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ABSTRACT OF THE INVENTION

An improved optical concentration sensor
is provided for use with continuous ink jet
printers. The optical concentration sensor has an
optical cell which can contain a fluid to be tested,
at least one light source for passing light through
the fluid, at least one light detector for detecting
light transmitted through the fluid, and electronics
for monitoring a first output from the light
detector and providing a second output related to
concentration of the fluid. Specifically, the
improvement comprises curved 1nner surfaces of the
optical cell walls for producing at least one region
with a narrow gap for transmission of light through
the fluid and regions with wider gaps for more
efficient flow of fluid through the cell.
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OPTICAL CONCENTRATION SENSOR

Technical Field
The present invention relates to
optical concentration sensing devices and, more
particularly, to measurement of ink concentration

for control in jet fluid systems.

Background Art
In a continuous ink jet fluid system,

the ink used, which includes a carrier fluid, such
as water or a solvent, and dye, is continuously
recirculated through the system. As it is
recirculated, it mixes with air in the return lines
and 1s maintained under vacuum in the ink reservoir.
Evaporation of the carrier fluid due to the air-ink
interaction increases the dye concentration of the
ink which changes various fluid properties such as
viscosity and surface tension. Therefore the
optimal parameters used to control the ink jet
printing process change as the ink concentration
varies. As would be obvious to one skilled in the
art, affecting ink properties such as viscosity is
detrimental, since the energy required to stimulate
filaments is determined partially by the viscosity
of the fluid.

Proper dye concentration is essential to
the stable operation of an ink jet print head. The
measurement of dye concentration is used to
determine the amount of replenisher needed to mix
with the ink to compensate for the carrier fluid
lost due to evaporation. When printing rates are
high, the ink usage rate due to printing is much
higher than loss rate due to evaporation, therefore
the fluid system can be refilled with ink without
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significantly affecting the ink concentration.

Alternatively, when little or no
printing is being done, the system is in an idle
condition and the evaporation rate of the carrier
fluid is typically higher than the amount of ink
removed during printing. In this instance, then,
the 1nk concentration level increases. A
replenishment fluid is needed to bring the ink
concentration level down to the proper mixture.

Maintalning ink concentration in a
continuous ink jet printing system is known in the
art. One prior art method for controlling the ink
concentration involves counting the print drops. By
knowing the number of drops printed and the typical
drop size, derived from hole size, one has a measure
of the amount of ink printed; the actuations of the
float in the tank are used to determine the volume
of f£fluid lost from the tank; the difference between
the améunt of fluid lost from the tank and the
amount printed is assumed to be vehicle lost due to
evaporation. Counting printed drops is open loop
control with no feedback parameters. This scheme is
sensitive to the accuracy of the estimated drop
volume. Small holes size errors or pressure
variations can produce drop volumes larger or small
than assumed by the control system. Ink losses due
to spillage or leakage can also not be accounted
for. As a result, this scheme cannot maintain the
ink concentration required for high print quality
applications.

Ink concentration has also been
monitored by means of the resistivity if the ink, as
in patent U.S. Patent No. 3,761,953 and European
Patent No. 0597628A. Resistivity control also is

not precise. The resistivity of the ink is not only
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atfected by the ionic content of the dye but also by
ions from impurities in the dye stuff and the ink
vehicle. Temperature also affects resistivity and
calibration curves are necessary to correlate the
concentration and resistivity at various
temperatures. Furthermore, the resistivity of the
ink also changes with time after the ink has been
initially installed in the system. As a result,
resistivity is less than an ideal indicator of ink
concentration.

Thus, these previous methods of
concentration control are indirect and do not
measure a property of the ink directly linked to
concentration. Absorption of light by the ink is
directly tied to the concentration of ink. U.S.
Patent Nos. 5,373,366 and 5,241,189 describe a
method for monitoring the concentration of the ink
by means of the optical absorption. Ink, being
pumped‘to the printhead, passes through a optical
cell consisting of closely spaced transparent glass
walls. Light from an LED passes through the ink in
the cell and is detected by a photodiode. The
amount of light detected by the photodiode depends
not only on the concentration of the ink but also on
the thickness of the optical cell. For a highly
absorbing black ink, a very thin optical cell must
be used to allow sufficient light to be detected.
The small gap through which the fluid must pass in
the optical cell can result in unacceptably high
pressure drops at the required flow rates.

To reduce the pressure drop, the width
of the cell must be fairly large. The resulting
large surface area of the optical plates makes the
spacing of the optical plates sensitive to changes
in ink pressure. As the absorption of the light in
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the cell varies exponentially with the spacing, the
apparent concentration of the ink, as indicated by

the optical absorption in the optical cell, varies

with ink pressure.

The optical concentration sensor
described in U.S. Patent No. 5,241,189 uses an
infrared light emitting diode. Not all dyes and
pigment used in inks are absorbing in the IR. As a
result, the 189 patent is not applicable for use
with all inks. Even with a visible light spectrum,
different inks, especially different color inks,
have wildly different light absorption
characteristics. To provide the desired ink
concentration sensitivity for the different inks,
one would need to use optical cells whose thickness
must be matched to the ink of choice. This is not a
practical option.

Clearly, what 1s needed 1is an ink
concentration sensor which can be used effectively
with a broad range of inks without the need to be
specially tuned for each selected ink. Furthermore,
the sensor should not be sensitive to the ink

pressure nor should it produce excessive pressure

drops.

Summary of the Invention
It is an object of the present invention

to provide an optical concentration sensor capable
of detecting the concentration of an ink by

measuring the amount of light passing through a thin
slice of i1nk. The electrical output of the sensor

is directly proportional to the concentration.
In accordance with one aspect of the

present invention, an improved optical concentration

sensor is provided for use with continuous ink jet
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printers. The optical concentration sensor has an
optical cell which can contain a fluid to be tested,
at least one light source for passing light through
the fluid, at least one light detector for detecting
light transmitted through the fluid, and electronics
for monitoring a first output from the light
detector and providing a second output related to
concentration of the fluid. Specifically, the
improvement comprises curved inner surfaces of the
optical cell walls for producing at least one region
with a narrow gap for transmission of light through
the fluid and regions with wider gaps for more
efficient flow of fluid through the cell.

Other objects and advantages of the
present invention will be apparent from the

following description and the appended claims.

Brief Description of the Drawings
Fig. 1A is an exploded view of an

optical concentration sensor;

Fig. 1B illustrates a section view of
the assembled OCS of Fig. 1A, taken along line B-B
of Fig. 1A;

Fig. 2 1llustrates one embodiment of the
optical cell, in accordance with the present
invention; and

Fig. 3 1s a block diagram of the optical

concentration sensor of the present invention.

Detailed Description of the Invention
The optical concentration sensor of the

present invention provides an electrical voltage
output directly proportional to the concentration of
the ink flowing through it, regardless of color. 1In

prior art optical concentration sensors, the thin
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fluid channel required to make the optical
transmission measurements produced excessive
pressure drops in the fluid system. This problem
1s eliminated 1n the present invention by replacing
the flat glass plate walls of the optical cell with
curved walls. As shown in Fig. 2, closely spaced
curved glass walls provide the desired small gap for
transmitting light through the ink. Because of the
curvature of the glass walls, the narrow gap quickly
widens out. As a result, the pressure drop of the
ink flowing through the channel is greatly reduced.

If the outer surfaces of the glass
walls are also appropriately curved, the light can
be focused down through the narrow gap region of the
optical cell and onto the photodetector. 1In this
way, the optical sensor can more efficiently use the
light from the light source.

These two desirable functions can be met
by usiﬁg glaés or optically transparent lenses,
beads or rods for the closely spaced walls of the
optical cell. An additional advantage of replacing
the glass plate walls of the prior art optical cells
with lenses, beads or rods is that these tend to be
much stiffer than the glass walls of the optical
cells 1n the prior art. Therefore they are much
less likely to be deflected outward, and therefore
to change the optical gap, in response to the
pressure of the ink in the cell.

In one preferred embodiment, two glass
rods 12 in plane with each other form the optical
path with the gap G between them for the ink to be
tested. In a preferred embodiment, the rods are

sloped with respect to each other to provide
different thicknesses of ink fluid for each light

path. For example, the gap at the end G, can be
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different from the gap at the end G,, illustrated in
Fig. 1A, with Gy, for example, being 0.0012" and G,
by contrast being 0.006 inches.

The ideal optical concentration sensor
of the present invention is a universal device that
can be used on multiple inks ranging from black to
color, and provides voltage output directly
proportional to the ink concentration. Inks absorb
different frequencies of light depending upon their
color. For instance, cyan ink absorbs yellow light,
magenta absorbs green light, and yellow ink absorbs
blue light. Black ink, of course, absorbs nearly
all colors.

In order to detect changes in
concentration of a particular color ink, the
wavelengths of light which are most strongly
absorbed by that ink must be monitored. The
absorption rate intensity of an ink at such
wavelehgths strongly absorbed by an ink will change
as the ink concentration changes. At wavelengths not
absorbed by the ink, light will always pass through
that ink at the same level no matter what the
concentration. Light at these not absorbed
wavelengths will produce a high background output
from the photodetector, lowering the sensitivity of
the system to changes in ink concentration. Thus,
to get maximum sensitivity to changes in ink
concentration, only light with wavelengths that are
highly absorbed by the ink should be used in the

optical concentration sensor.

Therefore, to monitor the concentration
of a variety of inks and colors, the optical
concentration sensor according to the present
invention is equipped with four sources of light:
red, amber, green, and blue LEDs. If cyan ink
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concentration is being monitored, the amber LED is
employed; i1f magenta, the green; and if yellow, the
blue. For black ink, a red LED is used, although
other color sources would also be acceptable. It
has been found that LED's (notably orange and
yvellow) emit infrared light in addition to their
visible light. To prevent this undesired IR
emission from being detected, suitable suppression
means, such as KG5 Schott glass filters, may be used
in the optical path. These filters give optimum
suppression of the IR while being quite transparent
in the visible. 1In addition to filtering out the IR
emissions, color gelatin filters are employed for
the green and blue light paths to narrow the band of
frequencies which reach the detectors to those that
are most readily absorbed by the magenta and yellow
inks, respectively. The intent 1s to enhance the
sensitivity to changes in concentration for these
inks. -By choosing the light sources i1in this way to
match the emission spectra of the light source with
the high absorption region of the spectra for each
ink, the maximum sensitivity to concentration for
each color and type of ink can be obtained.

In addition to this preferred embodiment
which uses different colored LED's with IR filters,
it is also possible to employ a white light with
appropriate filters or in combination with
spectrally sensitive detectors. Alternatively, a
white light could be used in combination with a
prism or diffraction grating to spread out the
spectrum. It would then be possible to utilize an
array detector such as a CCD, or other means to
detect the transmitted light i1n the spectral range
of interest. Referring now to the drawings, an

exploded view of an optical concentration sensor 10



10

15

20

25

30

35

CA 02291966 1999-12-10

~-9- SDP215PA

is shown in Fig. 1A, and Fig. 1B illustrates a
section view of the assembled OCS 10, taken along
line B-B of Fig. 1A. The sensor 10 COmprises glass
rods 12, one fitting into each half 14 and 16 of the
OCS 10. Light passes from LED 22 through the first
rod 12a. A minimal gap 24 between the rods 12
varies from approximately 1.2 mils to 6 mils over
the length of the rods, for purposes explained
below. The light passes through a specified ink
thickness in this gap 24 and through the second rod
12b. From there, the light passes through filters
18 and infrared filter 20, to light detectors 26.
The photodiodes 26, therefore, detect the light
transmitted through the thickness of ink fluid and
light filters.

The optical concentration sensor of the
present invention further comprises a cell housing
which is a means for holding the glass rods, the
light éources, the light detectors, and the light
filters, in relationship to each other so that the
light passes from the LED through a first optical
cell wall rod, through the specified ink thickness,
through a second optical cell wall rod, through the
light filters and to the light detectors. The rods
are bonded to either of two halves of the cell
housing, each of which has cavity for the rod. One
half has holes for insertion of LEDs and a light
path to the rod. The other half has holes for a
light path from the rod to the filters and
photodetectors. The halves may be assembled
together with one or more shims to set the specified
thickness of ink through which the light must pass.
The shims, however, may be internal, assembled
between the rods or shims are external, assembled

between the halves.
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Because black ink is many times more
absorptive than any color ink, a very thin thickness
of black ink is required in comparison to color inks
to pass a detectable level of light through it.
Therefore, the optical concentration sensor 10
provides the gap 24 which varies along the length of
the fused quartz rods. A series of four apertures
28 along the‘length of the sensor rods 12 provide
stations at which different colored LEDs 22 are
inserted. At the narrowest gap (approx. .001"-
.002") red light is passed through the ink for black
ink. At the widest gap (approx. .006") blue light
1s passed through the ink for yellow ink. Thus, the
sensor 10 1s configured in such a way that an
appropriate gap is associated with a particular
color LED. Depending on the color of ink in the
sensor, the proper LED must be turned on to allow
regulation of the concentration of that color.

| The 1nk gap 24 between the rods 12a and
12b may be set using shims to space the halves
appropriately. The rods 12 are fixed in each half
14 and 16 such that there is no gap between the rods
when the halves are assembled together without
shims. Then shims are installed to provide the gaps
required at the red LED for black ink and at the
blue LED for yellow ink. For example, 0.001" shims
may be used for the red LED gap and a 0.005" shim
for the blue LED.

An alternative embodiment, rather than
employing a tapered gap between the glass rods, uses
two palrs of glass rods. For example, the first
palr of rods would be closely spaced to provide the
small gap required for black ink. The second pair
of rods would have a large gap appropriate for use
with color inks. These two pair of glass rods can
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be contained in one housing. It will be recognized
that a functionally equivalent system can be
produced using multiple rods, for example three
rods, where a longer rod is paired with two rods.
One pairing would have a small gap and the other
palring a larger gap.

In addition, the optical concentration
sensor of the present invention comprises means for
sealing the sensor from leaking fluid. The rods are
sealed with the epoxy used to bond the rods to the
halves. The halves are sealed by means of an o-
ring.

Finally, the optical concentration
sensor of the present invention comprises means for
allowing ink to continuously flow through the
optical concentration sensor. This can be
accomplished by any suitable means, such as, for
example, threaded inlet and outlet ports connected
to the-cavity for the rod in one of halves, whereby
ink flows parallel to the rods from inlet to outlet.
Alternatively, a threaded inlet port can be on one
half, and the outlet port on the other half, whereby
ink flows across the rods through the gap between
the rods. That is, flow is perpendicular to the
axis of the rods.

Referring now to Fig. 2, there is
illustrated one embodiment of the optical cell 10.
In that embodiment fluid flow 30 is perpendicular to
the axis of the glass rods 12. 1In Fig. 2, the ink
flow 1s perpendicular in the direction of arrows 30,
between the two glass rods 12. Epoxy seals around
the glass rods prevent the ink from flowing into the
space by the LED 22 or photodetectors 26. Inlet and
outlet ports are indicated by arrows 32 and 34,

respectively. Flow parallel to the rods reduces the
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risk of air bubbles being trapped between the glass
rods, which would produce incorrect concentration
readings. Flow parallel to the glass rods also
reduces the size of the inlet and outlet plenums.
With flow perpendicular to the glass rods, fairly
large plenums are required to get uniform flow
across the length of the glass rods. Without such
plenums, there could be stagnant zones with minimal
ink flow present. Optical sensors located near
these stagnant zones could have trouble tracking
changes in the ink concentration.

In one preferred application of the
optical concentration sensor, 1ink is pumped through
the sensor by a small dedicated ink pump. The use
of a separate pump for the concentration sensor is
advantageous 1in that it allows the flow rate through
the sensor to be optimized for best sensor
stability, and the pressure to the concentration
sensor can be maintained even if the ink pressure to
the printhead must be changed.

The optical concentration sensor further
comprises means for powering the light sources and
means for conditioning the output of the light
detectors to be directly proportional to the ink
concentration. The light transmitted through a
given thickness of ink is exponentially related to
the absorptivity (a function of the dye
characteristics and the concentration of the dye)
and the thickness of the ink. That is

lightout _mATCHt
I@w%h

Loss =

where A 1s a constant and C is the concentration and
t 1s the path length in the ink. The output of the
photodetector will therefore vary exponentially with
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concentration. A logarithmic amplifier is used to
produce an output which varies linearly with
concentration. In addition to providing a linear
relationship to concentration, the logarithmic
amplifier increases the dynamic range of the
concentration sensor allowing it to work more
effectively over a wider range of concentrations and
ink absorption levels.

Logarithmic amplifiers, which use diodes
or transistors as the feedback element across an op
amp, are intrinsically quite temperature dependent.
It 1s necessary to use a temperature correction or
compensation system. One preferred means to do this
1s to use a matching logarithmic amplifier to
amplify a reference signal. By subtracting off this
logarithmic reference signal from the
logarithmically amplified detector output, most of
the temperature dependence can be removed.

‘ Fig. 3 shows the block diagram for the
OCS electronics. As was described in U.S. Patent
No. 5,373,366, totally incorporated herein by
reference, the LED's are driven by a square wave
signal from an oscillator 36. As each color ink
requires a different LED, LED selector means into
block 38 are used to drive the desired LED. The
light 40 passing through the optical cell is
detected by the photodiodes at block 42. The output
1s then amplified by a pre-filter and then by the
logarithmic amplifier at block 44. The output of
the log amplifier then goes to a band pass filter
with differential inputs at block 46.

The oscillator 36 output pulse wave
shape 1s converted by a voltage level shifter 48 to
create a square wave with an average voltage of 0
VDC at. The signal is also phase shifted to match
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the phase shift produced in the optical path. This
square wave 18 connected to the reference transistor
log amplifier at block 50 which has been made to
match the signal log amplifier. The circuit
parameters have been adjusted to produce a log
reference signal. Because the reference square wave
1s substantially constant with temperature, the log
reference signal will have temperature dependence
produced only by the log amplifier.

The output from the reference log
amplifier is subtracted from the signal log
amplifier output in the next circuit stage. This
provides the basic temperature compensation of the
OCS. An additional signal is added to the
subtraction process to null out the constant
component . |

The resulting signal is then demodulated
at block 52 for i1ts 1kHz component in the next
stage.‘ The demodulator 1s a +1 gain circuit which
has 1ts galin controlled by the logic level value of
the signal from oscillator 36. The +1 gain chopper
circult has superior demodulation characteristics
for this application because it output product is
independent of the actual levels of the oscillator
signal. The demodulator shifts the 1kHz signal down
to DC. After additional gain and bias voltage
adjustment at block 54, the signal has a spectral
(DC) component which is related to the ink
concentration. A low pass filter at block 56 is
used to remove unwanted AC components. The output
voltage 58 1is then related to the concentration of
the i1nk, varying approximately linearly with
concentration.

The use of the glass rods in the optical

cell i1s beneficial for several reasons. First, the
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curvature of the glass rods provides a region with a
small gap for transmitting light through the ink,
while also allowing the gap to increase away from
that region to allow ink to pass through the cell
with a small pressure drop. Second, the rods
provide significantly more rigidity than the glass
plate walls used in the prior art. Third, the
curvature of the outer surface of glass rods, near
the LED and the photodetectors, serve to focus the
light from the LED's through the narrowest section
of the optical cell and onto the photodetectors.
Fourth, compared with flat glass plates, the rods
are less likely to produces variations in the gap
due to burrs or contamination of the spacers.

In the detailed description, reference
has been made to glass lenses, beads or rods. It
should be understood that any suitable optically
transparent material, including fused quartz or
various plastics, which is compatible with the inks
may be used.

The invention has been described in
detail with particular reference to certain
preferred embodiments thereof, but it will be
understood that modifications and variations can be
effected within the spirit and scope of the

invention.



10

15

20

25

30

35

CA 02291966 1999-12-10

~-16- SDP215PA

What is claimed 1is:

1. An improved optical concentration sensor having
an optical cell which can contain within walls a
fluid to be tested, at least one light source for
passing light through the fluid, at least one light
detector for detecting light transmitted through the
fluid, and electronic means for monitoring a first
output from the at least one light detector and
providing a second output related to concentration
of the fluid, the improvement comprising:

curved inner surfaces of the optical
cell walls;

at least one narrow region with a narrow
gap for transmission of light through the fluid, the
at least one narrow region being produced by the
curved inner surfaces;

| at least one wide region with a wider

gap for more efficient flow of fluid through the
cell, the at least one wide region being produced by

the curved i1nner surfaces.

2. An improved optical concentration sensor as
claimed in claim 1 further comprising focusing means
to focus light from the at least one light source
through the fluid and onto the at least one light
detector.

3. An improved optical concentration sensor as
claimed in claim 1 further comprising means for
measuring concentration of the fluid using a
selected portion of a color spectrum appropriate for
the fluid being tested.

4. A process for generating images which comprises



10

15

20

25

30

35

CA 02291966 1999-12-10

-17- SDP215PA

incorporating into an ink jet printer having
associated printheads the optical concentration
sensor of claim 1, whereby the printer comprises
means for self-calibrating the optical concentration

SEINSOor.

5. A process as claimed in claim 4 wherein the
printer further comprises means for monitoring fluid
concentration independent of flow of fluid to the

printheads.

6. An optical concentration sensor for measuring
the concentrations of different inks comprising:

an optical cell which can contain within
walls an ink to be tested;

at least one light source for passing
light through the ink;

at least one light detector for
detecting light transmitted through the ink; and

means for measuring the concentration of
the ink 1in the optical cell using a selected portion

of a color spectrum appropriate for the ink being
tested.

7. An optical concentration sensor as claimed in
claim 6 further comprising means for measuring
concentration of the fluid using a selected portion
of a color spectrum appropriate for the fluid being
tested.

8. An optical concentration sensor for an ink jet
printer, comprising:
an optical cell which can contain within

walls a fluid to be tested;
at least one light source for passing
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light through the fluid;
at least one light detector for
detecting light transmitted through the fluid; and
a logarithmic amplifier to produce an

output which varies linearly with concentration.

9. An optical concentration sensor for an ink jet
printer as claimed in claim 8 further comprising

curved inner surfaces of the optical cell walls.

10. A process for generating images which comprises
incorporating into an ink jet printer having
assocliated printheads the optical concentration
sensor of claim 8, whereby the printer comprises
means for self-calibrating the optical concentration

SEerlsox.
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