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created using different polymer topcoats. Test patterns were
Abstract then printed on the samples using a Canon BJC-4300
Bubble Jet' inkjet printer and the OEM ink set. The test

In liquid inkjet printing, a critical quality issue is the patterns consisted of red, green, blue, cyan, magenta,
coalescence of ink on the media surface. This papsafellow, and black solid fill areas.
describes a technique for quantifying coalescence using an For purposes of comparison, print samples were also
automated print quality analysis system. This techniqueroduced using an HP Color LaserJet 5 laser printer and a
measures spatial variability of reflectance caused byujix Pictrd printer. The printers selected are generally
coalescence. Uniformity is compared in test samples printe@und to produce good uniformity. The Fujix printer, which
with different printing technologies. The technique wasuses a silver halide photographic process with laser diode
used to study the effects of different media coatings on théxposure, was chosen as a reference in this study for its
magnitude of coalescence in inkjet printing. The roles ofxcellent uniformity in solid fills.
the surface tension of the ink, the surface energy of th®leasurements and Calculations
media and the rate of ink absorption by the media are All coalescence measurements were made using a QEA
examined for insight into the mechanisms of coalescence. 1AS-1000" Automated Print Quality Analysis System. All
surface tension and contact angle measurements were made
Introduction using a First Ten Angstrom®ynamic Contact Angle
System. Coalescence calculations are detailed below.
Much time and effort have been invested in developing
printing algorithms capable of producing excellent print Results
quality in inkjet printing’** Many factors operating in
example. inkcmedia iieractions and teractions  betweeGoaIEsCeNce Quantiication |
’ Although there are many different aspects of print

inkjet drops play a critical role. If these interactions are no uality, the quality of large areas of solid fill is often of

well controlled, poor print quality characteristics such asparticular interest, especially in “business graphics.” These

blee(Tihifsath:rgWrg,ggscﬁgilses;enCL?a%?ir;iggtsigE. method fo rtend to contain a number of large areas filled with solid
pap q colors, as in pie charts. While color accuracy can be

charsclering comescene it an Sulomated Pt el ¥porian n business _ graphics ” appications, ol
Y : P iformity is typically more important than color accuracy.

}’;{gg?'}!g Olzarlﬁili?;itr]aniizgsgesr]ocltlad EFI:]ea‘rreoa;els'[haz; Ir?gé)iga:rﬁ This contrasts with digital photos, where color accuracy is
d 9 X ery important. However, because photos are less likely to

Lnrl]( deellai)rq I%eTr?an?shmeg(;Teegfs% e(far;:](i)na;(ejscence and thﬁave solid fill areas, uniformity is less of a problem.)
ying ' Non-uniformity in solid fill areas can have many
causes. In inkjet printers, fine banding (one type of non-

Experimental Approach uniformity) is frequently caused by missing or poorly
i aligned jets. Bleeding, feathering and coalescence, as noted,
Sample Preparation are other important contributors. To begin to understand the

Test samples were prepared by applying a thin topcoghechanisms that produce non-uniformity in prints, a

of polymer on a photobase paper already coated with gfecessary starting point is to select an appropriate measure,
absorbent intercoat. Three different sample types (hergr metric of uniformity.

designated Surface A, Surface B, and Surface C) were



Although trere are nany uniformity metrics availablé, use of simple Gray SaalValues (GSV) — numbers
it is preferable to work with an internationally recognizedbetween 0 and 255 — as the tunii reflectan@ and 2) the
standard. Té ISO-136® draft standrd, for example, use of a wriable tile size. Th GSV, in contras to optical
prescribes methodfor measung grainines and mottlg density, provides a linear scale for meagynieflectance,
which are metrics of*micro uniformity” and “macro  andthe variabk tile size takes into account the dependency
uniformity,” respectively. Figure 1shows the proposed of mottle measurements on spatial frequencys $kcond
ISO methal schematically.A digital image 6 the print area point is extremelycritical in view of the fact that human
to be examied is acquied, typically by adigital camera or perceptionof reflectance variations is also very sensitive to
scanner. Taregion d interest (ROI) isubdividal intoone  the scale of the neaniformity.
hundred smaller regns called tiles. The RQrescrited by In a typical measurement our study, we obtairtkthe
the ISO draft standd is 127 x 12.7 mm and the tiles are mottle value for a captured felof view using the
1.27 x 1.27mm. Each tile within the ROI is 3030 pixels. ~ computational approach outlined in Figure leTeasured
Within each tile, the average opticaensity, m, and  mottle is given as M,,, where M stands for mottle ands
standad deviatia of the optical densityg, ar calculated. the tile size. M, for example, is mottle measured with a
From this data, the mottle can belculatel as the standard  tile size of 500 pm. When intereting mottle data, lares
deviations (stdevof m, and the grainess by the equation values indicate mer non-uniformity and smalle values

in Figure 1. indicgte less non-ufarmity.
Figure 2 shows mottle measurements taken at a range
From ISO/IEC 13660: of tile sizes on areas printadth solid magenta. Té data
Image is divided into cells show that all five of the test samples have virtualbntical
5~ Mmottle values at the ISO-specified cut-ofrequency
M1,01|M2:02)M3:03) 4,04 g Mi%| Graininess = A/ =i i correspondingo a tile size of 120 um. Despit the very
n visible coalescence in some dhese samples, the 1SO
Mottle = std ev(m,) method could not detectdldifferences On the othe hand,

by using variable tile sizes, distinct differences in mottle
among tke five samples b@mme apparentparticularly at

N Each tile is
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Mottle as defined above was initially chosen as the
measure otoalescence fathis stug becauseén principle it 0 ‘ ‘
is designed to exclude high frequgnvariations in image 0 500 1000 1500
density associatedith halftoningand revealthe kindsof Tile Size (um)

low frequency variations caused by coalescence. Hmer,
we recognized early on that ISO 13660 has limitatibas Figure 2 Moattle of magenta solid fll areas
make it inappropri@ for analyzing motte due to
coalescence. First, ISO 13660rgended for monoglome
printing and for that reason uses optical density (D all
its measurements Because of the logarithmic relationship
between OD and themount of light reflected frm a
surface, the use of OD in metricé mon-unformity is not
suitabk for analyZng the broad range foreflectance levels
in color prints. Second, ISO 1366uses a fixed tile size to
distinguish mottle from graininess, introducing atificial
cut-off that has nbbeenfully tested particulaty for color
prints.

In view o these limitations, we decid@ot toapply the
ISO method as is, but to use a watiwith some important
differences The two most significandifferences a 1) the

smaller tile sies. Figure 3 shows images of the five
samples; the correspondence of ¢hdmages to the
numerical results in Figer2 is clear From Figures2 ard 3,
several observations can be made. First, mottle is lowest for
the Fujix Pictro, consistent with visual observation of the
samples. Second, for the ColdaserJet 5, motl is
relatively low at tile sizes above 160 pwhile belowv 160
pm measuredmottle rises sharply. However, this sample,
shown in Figure 3b, appears quite ufdorm to the observer.
We speculate, therefore, th&60 pm is pobably at the
lower limit of perceptibility. Third, tk three inkjet samples
show clear diffeences, Surfac& showingmore mottle than



Surface B, and Surface B showing more mottle than Surfageellow printed area? Consider, as examples, the mottle data
C. In fact, Surface C shows even less mottle than outpdor the Fujix printer samples and the Canon inkjet Surface B
from the Color LaserJet 5. Surfaces A and B are boteample, shown in Figure 4. The data clearly indicate that
decidedly non-uniform, as can be seen in Figure 3. overall the inkjet sample has greater non-uniformity than the
Fujix sample. However, when the individual colors are
examined, there are some surprises. Most notably, the data
suggest that areas of 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 between measured mottle
and the lightness of a colored area, a cross-plot was created,
as shown in Figure 5. This data, based on the Fujix print
sample, shows a clear linear relationship between mottle
and average reflectance values. The same trend was
observed in the mottle results of the analysis of samples
e. Canon BJC-4300 from the HP Color LaserJet. This suggests that something

Surface A fundamental is at work here. In terms of mottle, the
correlation suggests that lighter colors will typically have
more variation and larger mottle values than darker colors

) ] and that direct comparisons of mottle values from areas with
Figures 2 and 3 show results for solid magenta only, bWitferent colors may not be meaningful.

the same measurements were also made for the other
primary and secondary colors. In every case, the results
were similar to those for magenta. However, the blue and
red solid fill areas tended to show very little measurable
difference between the print samples until the cell size got
below 300 pum.
After experimenting with different tile sizes and

observing how our quantitative results correlated with
perceptible non-uniformity in the test samples, we decided

Figure 3. Magnified magenta solid fills (contrast has been
adjusted for illustrative purposes).
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on a tile size of 320 um. This is above the lower limit of R 4 ©

perceptibility derived for the Color LaserJet 5 sample. 05 /B

Comparing the mottle values at various tile sizes in Figure 2 Bk

with the magnified samples in Figure 3, it is apparent that 0.0 ‘ ‘ ‘ ‘

the selected frequency exposes meaningful differences in 0 50 100 150 200 250
uniformity. Greater mottle values can be observed at smaller Average Reflectance (GSV)

tile sizes, but this has little practical value since at these

freqyenmes differences become imperceptible to the Figure 5. Mottle data for Fujix printer sample for red(R),
unaided eye. green(G), blue(B), cyan(C), magenta(M), yellow(Y), black(Bk),
Mottle Measurements for Different Colors and white(W) solid fill areas

An important consideration in making mottle
measurements on color prints is how to treat different
colors. For example, can a mottle value of 1.2 on a cyan
printed area be compared with a mottle value of 1.2 on a



A key to andyzing or comparing mottle data obtained
on sampleof differentcolors can be gleard from Figue 5.
Becaus of the linear relationship shown,ewdecided to
divide the mottle values bytheir respectie average
reflectance values, thalry obtaining normalized mottle
values. The data in Figaid are shan normalizel in Figure
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Figure 6. Normalized mottlelatafor Fujix and Surface B seples

The results of normalizationequite dramatic Almost

values of normalized mottle, suggestithat normalized
mottle may beuseful “color-indpendent” measure ofion-
uniformity. The inkjet sample shows significantriations
in normalized mottle among ¢tdifferent colors, withgreen
and cyan exhibiting the worst mottle. Usittge Fujix data
as a benchmk, a clea goal can be developed for
acceptable coalescence in inkjet printin§the normalized
mottle for theinkjet samples coulde reduced to about
1.4%, we would expect the printed images lbok as
uniform as the Fujix samplesAn important pointhere is
that separat uniformity goak need not be set for eacblor;
normalizingthe mottle data eliminates that need.

It should fe pointed outthat subtle issues appear to be
involved in the normalizé mottle analysis. For example,
the simple normalization schme makes black areas
numerically worse érger). This is an artifacof the fact
that the line in Figure 5 does not pakroughthe origin,
possiblf a consegence d inheent noise in the
measurement system.

In the rext section, we wllapply the normalizedmottle
idea in investigating #physical basis foink coalescence.
To do thiswe will look at the interaction between the Canon
inks and inkjet media Figure 6 cledy shows that the color
of the ink has a noticeable effect on thegmitude of
coalescence. This suggests thiak chemisty plays an
importart role in tke phenomenon of coalescence. For
simplicity, we will restrict our study to agenta ink. The
choice & magenta is somewhatbétrary. Figure 7 shows
the normalized mottle data foremagena area of the five
samples. This set of data will bgaminedn more detal in
the next section.
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Figure 7. Normalized magnta mottle mesurements.

Coalescence Model

To predict and hence controlgoalescence in inkjet ink-
media combinatins, an understaling of the undelying
mechanismsmust be devdoped We start with the
hypothesis that coalescence adfected ly the surface
tension of thank, the surfaceenergy of tlke media and the
rate of drop stabilization ithe media surface.

The surface tension oféhinkjet ink ard surfae erergy
of the media play complementey roles in coalescenceA

YEertain amant of sprading of the ink droplets is needkfor

complete, uiform fill. On the other handexces spreading
may allow toomuch diop-to-drop interaction and cause dye
to migrate fom the point of application. Ink spreding an
be contolled bah by adjusting the surface tensiof the ink
and by adjusting #hsurface eergy of the media.

To obsene ink-media interactions, contact angle
measuremestwere macde on the Surface A, B and C inkjet
media. Tle measurement instrumenuseal allows
measurements to bead®e in apid succession so éirate of
chang canbe observed Figure 8 shows datdor drops of
magenta ink This ik had a measured suriatension of
317 dyne/lcm The graph shows the contacangle
immediatey after the ink is appliedo the surfae andthe
contat angk has stabilized. The ddéfence between the
initial and final contact angles is also shown.
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Figure8. Contad angle data for magenta ink

An interesting pbnomenon noted dunig this study was
the rate at which drops appli¢o each surfae reached ther
final obsered contactangle, as shown ifrigure 9 Suface
A took a significantly longr time to reach its final contact
angle tha did either Surface C or BUnfortunately with



the smal differene between the initial and final contact effect ofcolor dfferencesgffectively creatig a measure of
angle, a rate was difilt to deternme for Surface B.
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Figure 9. Stabilizatin of contact angle vth time.

Figure 10 shows drop stabilization time compdrto
M., This graph suggests thaetrate of dropstabilization
has an effect on coalescence, hwislowa rates of
stabilization leading to higher coalescenc&he slower
stabilization rate may allow the dye inetimk dropsmore
time to migrate from thénitial point of application. Figure
10 also suggests that the eaif drop stabilization alone is
not the only controlling factor in coalescence. Fexample,
while the stabilization time is lefor Surfae B than for
Surfae C, Surfa@ Bmottle is higher than Surface C mottle.
Further investigation is needed ¢tarify the mechanisms
that accountor this.
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Figure 10. Cross plot of mottle and stabilzation time.

Discussion

A quantitative image non-uniformity metriusing
variable tile sizes is developed to measmottle producd
by coalescence of inkjet ink on pEp Mottle measurerents
on several inkjetpapers ar&eompaed with measureents
on laser prints and digital silver hatighrints. The mottle
metric is shown to provideritical information abou the
spatial content of nonuniformity and how this differs
amory different printing techndogies. Furthrmore, it is
found that mottle can be “normaliZeth compensat for the

uniformity that is color independent.

This paper shows thdramatic effecof different nedia
coatings orcoalescence. The phenomendrcoalescengis
complex The datareported hex pointto the importane of
the rate ofdrop stabilization. Tlsi stabilizationmay occur
becaus of surface tension and surfaenergy effects or it
may occur because of the ratevetich the drop is absorbed
into the coating. Furtm work shouldfocus a acquiring
data using bps approximately the size of actual
commercial inkjet drops (rather ah the relatively drge
drops usedn this study). Drop volume dataersus tine and
contact angle dateersus time should also be collected.

Conclusions
The following can bsummarizd from this paper:

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

2) Mottle is defined in such a way that the spatial
frequerty content of a non-uniforhy filled area
can be exaimed.

3) Mottle can be normalized in such a way thia¢
nonuniformity of areas of diffeant color fill can
be directly compared.

4) The mottle metric is appliedotthe problem of
inkjet coalescence.

5) The magnituet of coalescence is foundo tbe

relatedto the rag¢ of stabilization of the contact
angle ofink drops.
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