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Abstract

The problem of tiger striping is described: ostitlas of the print-
jet cause re-deposition of small aerosols far ftheir intended
location on the print-media. Experimental and nrica studies
of the problem have shown the main factors and ilpless
mitigation strategies for this print quality artefa

Introduction

Single-pass inkjet printers deposit a page-widetlswé droplets
onto media which moves parallel to the print-faseontrast with
scanning printers, which build up the image bytmgsmall parts
of the image in sequence. In single-pass inkjehtgrs, the
interaction between the jet induced by droplet tegacand the
cross-flow generated by media motion can causesadstess of
the vortices in the printhead-to-media gap. Thistesdiness
causes low Stokes number particles to be carriethdylow and
redeposited onto the media in such a way as toupeod visible
print artefact called ‘tiger striping’, ‘sand duginor ‘wood
graining’ [1], see Figure 1.

Figure 1. Print sample showing ‘tiger striping’.

Here, we discuss the important factors in the cgenwe of tiger
striping, as determined by experimental testing aocdherical
modelling. We then introduce two methods for mitigg against
this phenomenon.

Theory

Droplet and Printing Characteristics

The majority of this work was conducted with thestfigeneration
of Memjet printheads. These ejected main dropléts wlume
approximately 1.5 pL travelling at approximately &0s®. The
inks are aqueous with a density very close todhesater. The test

environment was a laboratory with temperature®@5 Smaller
satellite droplets are also ejected, typically onenore per main
droplet, with volumes in the range 5-200 fL. Thedids located
approximately 1-2 mm from the print-face, and itve® relative
to the printhead at speeds up to approximately Z5&ges-per-
minutes (ppm), or 0.37 m!s

Non-Dimensional Parameters

The motion of droplets in a flowing stream can baracterized
by the Stokes numbe§ which is the ratio of the characteristic
particle time [2]:
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Figure 2. Schematic of the print-zone (not to Scalderein the printhead
IC (PHIC) ejects droplets from several locationsoomedia locatedh,
away from the PHIC and which moves at a sggedlhe flow induced by
the large droplets causes counter-rotating vortizée situated either side
of the PHIC; these vortices trap smaller partisldsch can then be re-
deposited.

Here, p = density,d = size (or diameter)p = viscosity,U =
velocity, and the subscriptp’; ‘f and ‘«’ refer to particle, flow
and ambient values, respectiveRor large values of thg the
particles are not affected by the flow, whilst femall S the
particles are carried by the flow. For flow in frnthead-to-paper
gap, shown schematically in Figure 2, the flow eéloand length-
scale are the media speé#i,~ Um, and printhead-to-media gap
height,dr = hm. For the main droplet§=~ 10, suggesting that they
remain unaffected by the cross flow due to the medldtion. For
the satellites, the range is & 5< 1, meaning that they are carried
along by the induced flow.

As the main droplets travel through the print gapy slow due to
drag, and eventually, their instantaneous Stokesbeua will be of
order 1 or less and so they too will become carailedig by the
flow. The distance from the printhead at which tbicurs is



usually called the range, and it can be estimasettié product of
the droplet relaxation time, equation (1) and thi&al velocity.
For Memijet printers, the range is approximatelyré.fithe useful
range is, however, limited by the fact that aboveedain media
height, the print jet becomes unstable and tigguisg is observed
in prints. This limits the range of media thickngkat can be
accommodated within a given printing system: atpriwvhich is
supposed to print on envelopes (thickness > 5 mithyequire a
large print gap, say 6 mm, to keep the media heigidler the
critical value where tiger striping becomes objeable; for the
same print gap, standard papers with weights inahge 80 — 300
grams per square meter (gsm) which have a thickmdss
approximately 0.1 —0.35 mm, will then have a ménxdigght which
approaches the range, and so tiger stripes wdhbssue for those
media.

The main droplet Reynolds number is approximatélywhilst the
satellite droplet Reynolds number range is appretéty 3-12.
The Reynolds number of the gap is approximately. ZGtese
values are small enough that turbulence is notepteand so a
laminar model should suffice.

Method

Experimental Testing
Experimental tests were conducted on two diffetest printing
systems.

The first involved a single chip mounted on topaafeservoir of
ink, with the media held fixed whilst the print phinoved over the
surface. This system was used for print testingntiRg tests
involved forcing a fraction (up to 100%) of thewetiors in a single
or multiple (up to five) colour plane(s) to firetiia frequency of
operation from 2 to 11 kHz. A glossy print mediasvezlected as
this highlights any print density modulation. Thghase of
experimental testing revealed that the main factwdulating the
occurrence of tiger striping are: media height,gvapeed, droplet
size and printing density. All other things beingual, it is
desirable to have a media height as large as pedsitprovide
flexibility in the acceptable media types.

The second was an eleven chip printhead (A4 widit)nted in a
printer without covers, to permit access for vigatlon. In this

instance, the media moved under the printhead. FAswalization

was performed using a light sheet formed by passiogllimated

HeNe laser beam through a cylindrical lens. Thesheas aligned
with the droplet firing direction, with the dropsethemselves
providing the scattering. The images were captusiag an AVT

Pike 302b CCD camera.

Numerical Simulations

Transient solutions of the Navier-Stokes equatiamsing
Lagrangian treatment of the droplets were perfornusthg
ANSYS-Fluent-15. The droplets were two-way couptedthe
flow, although it was found that the smaller drdgpleould be
modelled without coupling without any change to tesults. The
print-zone geometry was created in SolidWorks ammbeed for
defeaturing using ANSYS-DesignModeler. The spatalvatives
are handled using least-squares cell-based vahegressure is
solved using the PRESTO! (PREssure Staggering @imilar
to the method outlined by Patankar [6]), whilst thementum is
solved via a second-order upwind scheme. The tteppsg was
second order implicit.

The particles are given an initial velocity norrt@the print-face.
Gravity and drag forces are computed at each tteye and their
motion is tracked in time. The drag law for thetjodes was taken
as one for spherical particles described in [5].

The simulation results were post-processed to m®dwmerical
prints. Computational fluid dynamics simulations ejection
across the page gap lead to large sets of datarimstof dot
placement which require synthesis. A natural meatutook for
is the optical density and its spatial variatiomrélwe developed
numerical techniques for constructing optical dgnéeld from
dot placement vectors. If drops fall reasonablyutady on the
page, it is possible to relate the optical densibd the dot
placement vector field. This approach works by tinga the
discrete data as samples of an underlying fictitismooth vector
field, which can then be subject to the technigufegctor calculus
and analytical continuum mechanics.

Consider a single collinear row of nozzles firingsltaneously
and periodically such that ideally tjiifeactuation of thé" nozzle
will put a dot at X, Yj), where4X (= Xi+1 — Xi) and4Y; are
constant, i.e. independentiadindj, so we can drop the subscripts.
Actually the {, j)" dot lands atxj, yij) = (Xi + Ui, Y; + vij) due to
its misdirection @i, vij).

That is, one dot lands not ok but onX + u and that fired
simultaneously from the neighbouring nozzle notXon 4X but
on X + AX + u + 4u. Thus thex-component of their separation is
notAX but4X + Au. Similarly the y-component of the separation
between successive dots from the same nozz¥ is Av. Thus
the area of the rectangular cell of dots isAst4X 4Y but

AY +4v) (UX +AU) =AY AX +AY Au + AX AV + AV Au
=AYAX (L +4u/ AX + Av | AY) + Au Av
~ A (1 +0) + higher order terms (4)
where
O=0ulox+ov/oy 5)

is the divergence of the dot displacement field.

The ideal rectangular grid has one dot per cefireb4X 4Y, but

the actual cell is distorted to have an area apmately 1 +©

times that. Since this cell still only contains otet, the areal
density of dots is divided by a factor 1o+

This is exactly analogous to the formula for thargye in volume
of a small portion of a body subject to strain {@jich says that
the divergence of the displacement is equal tditieeement of
volume per unit volume or the “cubical dilatatiooften called the
“dilatation™.

To within the limits of this linear approximatiome can use the
Maclaurin series 1 / (1 ®) ~ 1- 0 + O (6?), and so take the
optical density field as proportional to 10+ i.e. the divergence is
the relative defect of optical density.

In graphing this relative optical density field,-10, the value
should be associated with the displaced pointyy rather than
the ideal point X, Yj), in such cases where the displacement is
large enough that this makes a difference. Herexpécitly have

in mind cases in which the displacement is largaugh the
gradients of displacement are small enough fordibplacement

to be smooth from nozzle to nozzle and actuatiactoation. The
assumption is Hu, 4v)|| < ||dX, a4Y)]].

An experimental print is show in Figure 3, constegcfrom the
misplacement of im diameter droplets. The larger droplets pass
almost straight through the printhead-to-media gdys suggests
that in this instance, the tiger striping phenonmem® due to
misplacement of the smaller satellite droplets.



Print Direction
Figure 3. Numerical print.
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Figure 4. Comparison of experimental (left) and Buual (right) droplet
concentration. The numbers at the left refer totimaber of actuators from
the centre of the printing region. Flow is fromtiad-right.

Time Value = 045 (] ANSYS

Time Value = 0.48 5] AM%X%

Figure 5. Instantaneous vector fields near thetipead. Paper motion is
from right-to-left.

Results

Baseline Flow

The simulation predictions were validated by cormpaagainst
experimental flow visualization data at a number avbss-

printhead locations. The print test consisted peeted cycles of
firing of a single colour plane followed by firiral colour planes.
In each instance, a swath of 630 nozzles per cqitame were
fired with a 10 nozzle gap in the centre (thabise chip width).
The media gap height was set as 0.8 mm, the fireggiency was
11 kHz and the paper speed was set at 0.175. i@ numerical
predictions were post-processed to determine theiclea
concentration, these field values were re-scalébdeg@ange [0, 1]
and contours of concentration plotted in the plafésterest. The
comparison is presented in Figure 4.

=2/ — rowo
— row1

(1] 0.05 0.10 0.15 0.20 0.25 0.30
time (s)

row 0
row 1

@)

15

&
°

0.05 0.10 0.15 0.20 0.25 0.30
time (s)

(b)

w
(=

row 0
row 1

L] 0.05 0.10 0.15 0.20 0.25 0.30
time (s)

(©)

80

deflection (um)
IS
©

20— 0.05 0.10_0.45 0.20 0.25 0.30

time (s) (d)
Figure 6. Deflection of main droplets as a functiétime for two rows of
a single colour plane. (&), = 1 mm; (b)hn, = 1.7 mm; (C)hm = 2 mm;
(d) hn=3 mm.

The velocity vectors on the centre-plane are shoviigure 5 for
two instants spaced shortly apart in time. The pagion is from
right-to-left. The flow field is seen to change mhatically over the
duration displayed, with the vortex downstreamhef high speed
jet growing, whilst the vortex just upstream, néae print-face,
shrinks. We can also track the droplahisplacement (that is, in
the same direction as the paper motion) as a fumatf time



(Figure 6) which shows highly unstable behaviowurplots are
shown for different values of media height, hightigg the impact
of this design parameter on the unsteadiness dfave For these
plots, the misplacement is averaged over all of dbtuators
simulated in the two rows.

Mitigation Strategies

The flow-field resulting from the interaction ofetliet induced by
the droplets and the shear flow induced by the papation
appears to be nearly symmetrical about the ceftfe@rinthead.
This suggested a strategy of symmetry breakingetiuge the
impact of flow unsteadiness.

First, a pressure difference was applied betweemnpistream and
downstream ends of the domain. This proved quitecgfe as
evidenced by the absence of oscillation in the létogeflection
shown in Figure 7 for the case of pressure diffeesr= +/- 1 Pa.
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Figure 7. Deflection of main droplets with pressdifference applied

between upstream and downstream ends of simuldgiorain,h, = 2 mm.

(a) pressure difference = 1 Pa; (b) pressure diffeg = -1 Pa.

Figure 8. Print-zone with upstream roller, papewimg right-to-left.

Next, whilst considering system integration, it wealized [4] that
a paper handling component, a roller upstream efptint-zone
(see Figure 8), could provide a pressure differefit¢es roller
induces a small flow caused by shear with the smding air as it
rotates. The effect is similar to applying a snralgessure
difference than was used in the earlier simulatiigure 7). The
predicted main droplet deflection shown in Figuréo@ether with

the numerical prints shown in Figure 10, suggdsas tise of an
upstream roller is an effective strategy to mitgagainst flow
unsteadiness and to tame tiger striping.
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Figure 9. Droplet deflection with roller in pladg, = 2 mm.
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Figure 10. Comparison of numerical prints with avithout roller.

Conclusions

Flow in the print zone of a single pass printinggliation has been
characterized experimentally using laser light slésialization

and print testing. Numerical simulations using laaggian

treatment of the ejected droplets compare well With data sets.
For sufficiently high printhead-to-media gap hefghthe flow

becomes unsteady which results in patterns onrithewhich are

reminiscent of tiger stripes. The numerical modalswised to
assess two different mitigation strategies to sesgptiger stripes:
application of a pressure difference between thsetrepm and
downstream ends of the print-zone, and inclusicenrafler which

partially blocks the flow. Both strategies were efved to

dramatically reduce the incidence of tiger striping
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