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Abstract Experimental Approach

In liquid inkjet printing, a critical quality issue is the Sample Preparation
coalescence of ink on the media surface. This paper Test Samp|es were prepared by app|y|ng a thin topcoat
describes a technique for quantifying coalescence using &1 polymer on a photobase paper already coated with an
automated print quality analysis system. This techniqu@psorbent intercoat. Three different sample types (here
measures Spatial Variability of reflectance caused byjesignated Surface A, Surface B, and Surface C) were
coalescence. Uniformity is compared in test samples printegteated using different polymer topcoats. Test patterns were
with different printing technologies. ~ The technique wasthen printed on the samples using a Canon BJC-4300
used to study the effects of different media coatings on thgubble Jet inkjet printer and the OEM ink set. The test
magnitude of coalescence in |nk]et prlntlng The roles Obatterns consisted of red, green, blue, cyan, magenta'
the surface tension of the ink, the surface energy of thgellow, and black solid fill areas.
media and the rate of ink absorption by the media are For purposes of Comparison, print Samp|es were also
examined for InSIght into the mechanisms of CoaleSC]ence. produced using an HP Color LaserJet 5 laser printer and a
) Fujix Pictrd printer. The printers selected are generally
Introduction found to produce good uniformity. The Fujix printer, which
uses a silver halide photographic process with laser diode
Much time and effort have been invested in developingxposure, was chosen as a reference in this study for its
printing algorithms capable of producing excellent printexcellent uniformity in solid fills.
quality in inkjet printing’** Many factors operating in \1aasurements and Calculations

concert influence the ultimate quality of the print. For All coalescence measurements were made using a QEA
example, ink-media interactions and interactions betweehg_100g" Automated Print Quality Analysis System. All
inkjet drops play a critical role. If these interactions are NOL rface tension and contact angle measurements were made

well controlled, poor print quality characteristics such aﬁjsing a First Ten AngstrofisDynamic Contact Angle

bleed, featherlng, and cpalescence can regult. System. Coalescence calculations are detailed below.
This paper describes a quantification method for

characterizing coalescence with an automated print quality
measurement system. This method shows that the spatial
variability of reflectances in a solid fill area is an important
factor for quantifying coalescence. The role that media an

ink play in the phenomenon of coalescence and the Although there are many different aspects of print
underlying mechanisms are also examined quality, the quality of large areas of solid fill is often of
' particular interest, especially in “business graphics.” These

tend to contain a number of large areas filled with solid
colors, as in pie charts. While color accuracy can be
important in  business graphics applications, color
uniformity is typically more important than color accuracy.

(This contrasts with digital photos, where color accuracy is

Results

goalescence Quantification
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very important. However, because photoslasslikely to  its measurementsBecause of the logarithmic relationship
have solid fill areas, uniformity is less of a problem.) betwee OD and the amount of light reflected from a
Non-uniformity in solid fill areas can have many surface the use of OD in metrics of non-uniformity is not
causes. In inkjet printers, fine banglifone type of non-  suitable for analyzing the broad randereflectane levels
uniformity) is frequently causedybmissirg or poorly in color prints Second1SO 13660 uses a fixed tile size to
alignd jets Bleeding, feathering and coalescence, as notedlistinguish mottle from graininesmtroducirg an artificial
are other important contributorso begin to understad the  cut-off tha has not been fully tested, particularly for color
mechanisms that produce non-uniformity prints a  prints.
necessary starting point is to selastappropriatemeasure, In view of these limitations, & decidel not to apply
or metric, of uniformity. the ISO method as is, but to use a variant with some
Although there are many uniformityetricsavailable}  important differences. The two most significant differences
it is preferable to work wittan internationallyrecognized are 1) the use of simple Gray Scale Values (GSV) —
standard. The 1SO-13660 draft standardy #&xample, numbers between O and 255 — as the unit of reflectance
prescribes methods for measugrigrainines and mottle  and 2) the use of a variable tile siZ&ée GSV, in contras to
which are metrics of “micro uniformity” and “macro optical density, provides a lineascak for measuring
uniformity,” respectively. Figure 1 shows the proposed reflectanceard the variabk tile size takes into account the
ISO method schematically. A digitmhage of theprintarea  dependencyf mottle measurements on spatial frequency.
to be examined is acquired, typigally a digital cameanor  This second point is extremely critical in view of the fact
scanner The region of interest (ROI) is subdivided into onethat human perception of reflectance variations is also very
hundrel smalle regions called tiles. The ROI prescribed by sensitive to the scale of the non-uniformity.
the ISO draft standard (2.7 x 12.7 mm and the tiles are In atypical measuremerin our study, we obtained the
1.27 x 1.27 mm. Each tile within the ROI is 3030 pixels. mottle value for a captured field of view using the
Within each tile, the average optical density, and computational approach outlined in FigureThe measured
standard deviation of the optical density, are calculated. mottle is given as M, where M standfor mottle andt is
From this data, the mottle can be calculatetha standard the tile size. M,,, ., for example, is mottle measuredth a
deviations (stdev) ofn, and the graininess by the equationtile size of 500 pm. When interpreginmottle datg larger

in Figure 1. values indicate more non-uniformitgnd smalle values
indicate less non-uniformity.
From ISO/EC 13660: Figure 2 shows mottle measurements taken at a range
Image is divided into tiles of tile sizes on areas printed with sofitagenta The data
cnenlbnebredb e e T 6.2 showtha all five of the test samples have virtually identical
120172002133 a4 [l Graininess = I I o
n mottle values at # 1SO-specified cut-off frequency

correspondig to a tile size of 1270 pum. Despite the very
visible coalescene in some of these samples, the ISO
o methal could not detect the differences. On the other hand,
Each tile is . . . . - . .
T made up of pixels by using variabk tile sizes, distinct differences in mottle
among the five samples becerapparent particularly at

Mottle = stdev(m,)
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L‘\ —a— Canon BJC-4300, Surface A
% b 5 —&— Canon BJC-4300, Qurface B
\ —— HP Color LaserJet 5, Plain Paper
Figure 1. Image area is divided into a number of tiles for 4 —@— Canon BJC-4300, Surface C
calculating graininess and mottle. % . \ — FujixPictro
Mottle and Spatial Frequency % \\ \<_ 320um X ew&fg;’::ﬁf:;ggmme
Mottle as defined above was initially chosen as the € 2

measure of coalescence for this study because in percipl = \ ¢
is designed to exclude high frequency variationgmage 1
density associatedith halftoning and reveal the kinds of ———3
low frequency variations caused by coalescence. However 0 ‘ ‘
we recognize early on that ISO 13660 has limitations that 0 500 1000 1500
make it inappropriate for analyzing mottle due to Tile Size (m)
coalescenceFirst, ISO 13660 is intended for monochrome
printing and for that reason uses optical den&) in all Figure 2 Mottle of magenta solid fill areas
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After experimenting with different # sizes and
smaller tile sizes. Figure 3 shows images of the fiveobserving how our quantitative results correlated with
samples; the correspondence of these imagesthéo perceptiblenon-uniformityin the test samples, we decided
numerical results in Figure 2 is clear. From Figures®3n on atile size of 320 pm. This is above the lower limit of
severhdobservationgan be made. First, mottle is lowest for perceptibility derived for the Color LaserJet 5 sample.
the Fujix Pictro consistent with visual observation of the Comparing the mottle values at various tile sireFigure 2
samples. Second, for the Color LaserJet 5, mottle iswith the magnified samples in Figure 3, it is apparent that
relatively low at tile sizes above 160 um, while below 160the selected frequency exposes meaningful differences in
pm measured mottle rises sharpiyowever this sample,  uniformity. Greater mottle values can be observed at smaller
shown in Figure 3b, appears quite uniform to the observertile sizes but this has little practical value since at these
We speculate therefore that 160 pum is probably at the frequencis differences become imperceptible to the

lower limit of perceptibility. Third, the three inkjet samples

unaided eye.

show clear diﬁerences, Surface A ShOWing more mottle thaMOtﬂe Measurements for Different Colors

Surfa@ B, and Surface B showing more mottle than Surface

C. In fact, Surface C shows even less madttlan output
from the Color LaserJet 5. Surfacé and B are both
decidedly non-uniform, as can be seen in Figure 3.

a. Fujix Pictro b. HP LaserJet 5

c. Canon BJC 4300 d. Canon BJC 4300
Surface C Surface B

e. Canon BJC-4300
Surface A

Figure 3. Magnified magenta solid fills (contrast has been
adjusted for illustrative purposes).

Figures2 and 3 show results for solid magenta only
but the same measurements wer® amade for the other
primary and secondary colors. In everase the results
were similar to those for magenta. However, the blue and
red solid fill areas tended to show very éttheasurable

differencee between the print samples until the cell size go

below 300 pm.
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An important consideration in  making mottle
measurements on color prints is how trea different
colors For example cana mottle value of 1.2 on a cyan
printed area be compared with a mottle value ofdhz
yellow printedare@ Consider, as examples, the mottle data
for the Fujix printer samples and the Canon inkjet Surface B
sample shown in Figure 4. The data clearly indicate that
overall the inkjet sample has greater non-uniformity than
the Fujix sample. However, whenetindividud colors are
examinedthere are some surprises. Most notably, the data
suggestthat areasof yellow and white, the two lightest
colors on both samples have very large non-uniformity.
What are the implications of this observation?
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Figure 4. Mottle data for Fujix and Surface B samples

To explore the relationship betweareasurednottle
and the lightness of a colored area, a cross-pletcvemted,
as shown in Figure 5. This data, based @nRhijix print
sample shows a clear linear relationship between mottle
and average reflectance values. The samed treas
observedin the mottle results of the analysis of samples
from the HP Color LaserJet. This suggehtst something
'fundamental is at work here. n lterms of mottle the
correlation suggests that lighter colowl! typically have
more variation and larger madti/alues than darke colors
and that direct comparisons of mottle values from areas with

tdifferent colors may not be meaningful.
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Figure 5. Mottle data for Fujix printer sample for red(R),
green(G), blue(B), cyan(C), magenta(M), yellow(Y), black(BKk),
and white(W) solid fill areas

A key to analyzing ocomparingmottle data obtained
on samples of different colors can be gleanechfirigure 5.
Because of the linear relationship showve decideal to
divide the mottle values by their respective average
reflectane values, thereby obtaining normalized mottle

values The data in Figure 4 are shown normalized in Figure

6.
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It should be pointed out thatibtleissuesappea to be
involved in the normalized mottle analysigor example,
the simple normalization scheme makétadk areas
numerically worse (larger). This is an artifact of the fact
that the line in Figure 5 does not pass through the origin,
possibly a consequence of inherent noise time
measurement system.

In the next section, we will apply the normalizedttle
idea in investigating the physical basis of ink coalescence.
To do this we will look athe interaction betwea the Canon
inks and inkjet media. Figure 6 clearly shawatthe color
of the ink has a noticeable effect on the magnitude of
coalescence. This suggests thak ichemisty plays an
important role in the phenomenon of coalescerfeer
simplicity, we will restrict our stugto magen& ink. The
choice of magend is somewhat arbitrary. Figure 7 shows
the normalized mottle data for the magenta areas of the five
samples. This set of data will be examinedhiore detal in
the next section.
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Figure 7. Normalized magenta mottle measurements.

Coalescence Model

To predict, and hence control, coalescentdnkjet
ink-media combinations, an understanding efuhderlying
mechanisms must be developed. \Wtart with the

Figure 6. Normalized mottle data for Fujix and Surface B sampleglypotheSIS that coalescence is affected the surface

The resuls of normalization are quite dramatic.
Almost all color patches on the Fujix sample show

tensim of the ink, the surface energy of the media, and the
rate of drop stabilization in the media surface.
The surfae tensia of the inkjet ink and surface energy

consistently low values of normalized mottle, suggestingf the media play complementary roles in coalescence. A

that normalized mottle may tzeuseful“color-independent”
measure of non-uniformity. The inkjetample shows
significant variations in normalized mottle among the
different colors, with green and cyan exhibiting thorst
mottle. Using the Fujix data as a benchmaxlclea goal
can be developed for acceptable coalescence in inkje
printing. If the normalized mottle for the inkjsamples

certain amount of spreading of th& itropletsis neede for
complete, uniform fill. On the other hand, exxspreading
may allow too much drop-to-drop interaction and cause dye
to migrate from the point of applicatiorink spreadig can
be controlled both by adjusting the surface tension of the
ink and by adjusting the surface energy of the media.

To observe ink-media interactions, contaahgle

could be reduced to about 1.4%, we would expect theheasurements were made on the Surface A,dBCainkjet

printed imagesto look as uniform as the Fujix samples. An

media. The measurement instrument used allows

importantpoint here is that separate uniformity goals neegneasurement® be made in rapid succession so the rate of

not be set for each color; normalizingetimottle data
eliminates that need.
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change can be observed. Figure 8 shows data for dfops
magend ink. This ink had a measured surface tension of
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31.7 dyne/cm. The grapshows the contact angle
immediately after the ink is applied the surfae and the
contact angle has stabilized. The differeretwea the
initial and final contact angles is also shown.

Olnitial Conad Angle
(Degrees)

Copyright 1998, IS&T

Contact Angle (Degrees)

Surface A

Surface B
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Delta Contct Angle
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Figure 8. Contact angle data for magenta ink

An interesting phenomenon noted during this study was
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Figure 10. Cross plot of mottle and stabilization time.

Discussion

the rate at which drops applied to each surface reached their
final observed contact angle, as shown in Figure 9. Surface A quantitative image non-uniformity metriusing
A took a significantly longer time to reach fisal contact

angk than did either Surface C or B. Unfortunately, withpy coalescence of inkjet ink on paper.

the small difference between the initiand final contact
angle, a rate was difficult to determine for Surface B.
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variabk tile sizes is developed to measure mottle produced
Mottle
measurements on several inkjet papeescampare with
measuremesn laser prints and digital silver halide prints.
The mottle metric is shown to provide critigaformation
about the spatial content of non-uniformiéyd how this
differs among different printing technologies. Furthermore,
it is found that mottle can be “normalized” to compensate
for the effect of color differences, effectiyetreatirg a
measure of uniformity that is color independent.

This paper shows the dramatic effettifferentmedia
coatingson coalescencelhe phenomenon of coalescence is
complex The data reported here point to the importance of
the rate of drop stabilization. This stabilization may occur
because of surface tension and surface energy ®fiedt
may occur because of the rate at \khlee drop is absorbed
into the coating. Further work should focus on acquiring

Figure 9. Stabilization of contact angle with time.

data using drops approximately the size of actual

commercial inkjet drops (rather thahe relatively large

Figure 10 shows drop stabilization gncompare to
M,  This graph suggests thahe rate of drop
stabilization has an effect on coalescence, with slower rates
of stabilization leading to highecoalescence The slower
stabilizationrate may allow the dye in the ink drops more
time to migratke from the initial point of application. Figure
10 alsosuggestgha the rate of drop stabilization alone is
not the only controlling factor in coalescencer Erample,
while the stabilization time is lessrf&Gurfae B than for
Surface C, Surface B mottle is higlikanSurfae Cmottle.
Further investigation is needed to clarify the mechanisms
that account for this.
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dropsusd in this study.) Drop volume data versus time
and contact angle data versus time should also be collected.

Conclusions

The following can be summarized from this paper:

1) A metric of non-uniformity, called mottleis
developed.

2) Mottle is defined in such a way that the spatial
frequeng content of a non-uniformly filled area
can be examined.

3) Mottle can be normalizedin such a way that the
non-uniformity of areas of different color fill can
be directly compared.

4) The mottle metric is applied to the problem of

inkjet coalescence.
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5) The magnitude of coalescence is found to be. See http://home.fujifilm.com/info/products/digital/pictro/
related to the rate of stabilization of the contact  index.html for details.

7. ISO/IEC 13660 draft standard, Information technology —
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