Towards satellite free drop-on-demand printing of complex

fluids

Neil F. Morrison and Oliver G. Harlen; Department of Applied Mathematics, University of Leeds; Leeds, U.K.,
Stephen D. Hoath; Institute for Manufacturing, University of Cambridge; Cambridge, U.K.

Abstract

We investigate the influence of fluid properties on jet breakup
in the context of drop-on-demand inkjet printing. In drop-on-
demand printing, each drop remains temporarily connected to the
printhead by a ligament which thins while the drop is in flight.
Upon pinch-off the severed ligament may recoil into the leading
drop, or it may fragment into ‘satellite drops’ which reduce print-
ing resolution. A key goal of inkjet research is to prevent or im-
pede the creation of satellite drops while maintaining a high drop
speed.

Complex fluids often exhibit enhanced resistance to fragmen-
tation in jetting flows compared to Newtonian fluids of similar vis-
cosity [1]. Indeed, some complex fluids have been found in exper-
iments to produce satellite-free jets even at high drop speeds [2].
In this work we exploit rheological considerations with the aim
of eliminating satellite drops when printing at prescribed drop
speeds, without any alterations to the driving waveform other
than a simple amplification. In explicit terms, we attempt to de-
sign the rheology of the fluid in such a way as to calibrate its
effective viscosity during the key stages of a drop-on-demand flow
cycle.

Using a purely shear-thinning fluid model, we outline the
key fluid parameters and dimensionless groups and we use a La-
grangian finite-element numerical method [3] to simulate a drop-
on-demand printing flow under realistic industrial inkjet condi-
tions, exploring the parameter space of critical fluid properties
for a variety of drop speeds. We show that a shear-thinning fluid
model with calibrated viscosity plateaus is able to eliminate satel-
lites without compromising on drop speed and without adjusting
the driving waveform.

The present study complements previous work in which we
have presented results of drop-on-demand simulations for a vis-
coelastic fluid model with constant shear-viscosity [4], a general-
ized Newtonian fluid model (shear-thinning) [5], and the Giesekus
fluid model which is both viscoelastic and shear-thinning [6]. In
each case we demonstrated the capacity of non-Newtonian fluid
properties to reduce the number and net volume of satellite drops.
In these works, the elimination or reduction of satellites was con-
sidered only as a desirable potential outcome; by contrast, in the
current work the elimination of satellites is imposed as a require-
ment.

Introduction

Among the major challenges in contemporary inkjet research
are the enhancements of the speed, resolution, and material diver-
sity of the process in order to broaden the range of industrial and
commercial applications. These challenges may be addressed in a
number of ways depending on the extent to which each constituent
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part of the process may be modified, for example, by redesigning
the internal structure of the printhead or changing the actuation
waveform that drives the jetting, or by adjusting the fundamental
fluid properties of the ink (chiefly its viscosity and surface ten-
sion). An extension of the latter approach involves the exploita-
tion of non-Newtonian fluid phenomena, and in recent times this
has led to the development of several new applications of inkjet
technology [7] [8]. Viscoelastic effects may influence jetting be-
haviour profoundly [9] [10], as may the presence of a particulate
phase [11] [12].

Due to the various ingredients necessary to provide the re-
quired levels of performance and chemical stability, the majority
of fluids used in real inkjet applications are, in essence, colloidal
suspensions and consequently they may exhibit some degree of
non-Newtonian behaviour when subjected to rheological charac-
terization [13]. The local variation of viscosity in such a fluid can
influence the breakup dynamics of a particle-laden jet compared
to those of Newtonian jets [12], and may therefore determine
whether the fluid is suitable for a particular application. Con-
versely, the capacity to impose explicit control upon the breakup
behaviour, by making appropriate modifications to the rheologi-
cal properties of the ink, is an important versatility requirement
of industrial and commercial printing technologies [14]. A de-
tailed understanding of the effects of rheology on breakup is thus
an ongoing ambition of inkjet research.

In a drop-on-demand (DOD) inkjet printer each individual
drop is formed by the ejection of a finite ligament of ink from one
of an array of nozzles located directly above the target area for
deposition. This ligament subsequently either disintegrates into
a main drop and a series of smaller ‘satellite’ drops, or, prefer-
ably, contracts to form a single drop, before impacting on the tar-
get substrate. The fate of the ligament depends mainly on the
speed of printing and on the ink viscosity and surface tension (i.e.
the Reynolds, Weber, and Ohnesorge numbers of the flow) which
control its rate of capillary thinning [15]. In almost all applica-
tions the production of satellite drops in significant number or
volume is considered highly undesirable due to reduced resolu-
tion in the printed output.

Historically there have been few studies of the printing of
non-Newtonian fluids, although the subject has undergone sub-
stantial development in recent years as the complexity of the fluid
dynamics and the rich potential for novel applications have fu-
eled research in this area [7] [8]. Experimental studies of the
DOD printing of polymer solutions have revealed a diverse fam-
ily of viscoelastic jet behaviour depending on the concentration
and molecular weight of the polymer [16] [17], which have been
reproduced in simulations by the present authors, both qualita-
tively [4] and quantitatively [5]. Even small amounts of poly-
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mer may cause severely different breakup dynamics compared to
Newtonian printing, influencing both in-flight fragmentation and
detachment from the nozzle, and significant concentrations may
also impede jettability due to high elasticity in the ligament.

Shear-thinning fluid models have received somewhat less at-
tention, but have also been shown to exhibit markedly differ-
ent behaviour in filament stretching flows [18] and jet breakup
[19] compared to the purely Newtonian case. Doshi et al. [20]
performed a thorough analysis of capillary thinning rates for a
Carreau fluid [21] (and a power-law fluid as a limiting case),
which complemented contemporary work by Renardy [22] [23].
Drop formation has been addressed, as in computational work
by Yildirim and Basaran [24] who studied the influence of both
shear-thinning and shear-thickening rheology on dripping over a
range of flow rates, finding a rich family of regular and irregu-
lar patterns; parameters conducive to the potential suppression of
satellite drops were also discussed. Experiments on the forma-
tion of pendant drops of particle suspensions have also suggested
the reduction of satellites [11] [12] [25]. A recent experimental
survey by Clasen et al. [26] concerning the ejection of a variety
of complex fluids through millimetre-sized needles has provided
a valuable summary of non-Newtonian effects, including shear-
thinning. In a study more specific to high-speed printing, the
present authors have shown in simulations of Carreau fluids that
shear-thinning behaviour may reduce both the number and sizes
of satellites when printing at a prescribed main drop velocity [5],
and recent experiments by Hoath et al. [2] have corroborated these
overall conclusions.

In this work we consider the influence of non-Newtonian
rheology on the suppression of satellite drops in DOD simula-
tions; we use a shear-thinning fluid model and we explore its pa-
rameter space with the aim of eliminating satellite drops while
maintaining high drop speed.

Numerical method and boundary conditions

The simulations use an axisymmetric Lagrangian finite-
element method first developed for the study of creeping flow of
dilute polymer solutions [3]. The method has since been extended
to inertial flows and has been applied to inkjet printing of Newto-
nian and complex fluids [27] [4] [S]; details of the computational
methods may be found in these references. The shape of the noz-
zle used in the simulations is identical to that in references [4] and
[5], based on a Xaar 126 printhead with nozzle radius R = 25 um.
At the nozzle inlet a time-dependent velocity boundary condition
is imposed in the form of a ‘pull/push/pull’ drive waveform of
~ 30 us duration; this waveform is amplified in each simulation
in order to establish the maximum satellite-free jet speed for each
fluid modelled. Because of this amplification, the total volume of
ejected ink is not necessarily constant.

We assume that the jet is axisymmetric, so that it may be
fully described by a cylindrical coordinate system {r, 0,z} with
all flow variables independent of 6. The origin is taken as the
centre of the nozzle outlet, and the fluid is initially at rest. The
boundary conditions at the free surface are those of zero shear
stress and the pressure jump due to surface curvature,

i 1 1 1
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where o is the dimensionless stress tensor, 1 is the unit outward

i-o-t=0,
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normal to the interface, t is the unit tangent in the rz-plane, We
is the Weber number (defined in the following section), and R
and R, are the principal radii of curvature. External air pressure
is neglected. Symmetry conditions on the z-axis are u, = 0 and
0, = 0, and conditions of no-slip are applied at the rigid interior
printhead boundaries. The contact line (meniscus) between the
free surface and the printhead is held pinned at the nozzle edge
throughout.

The location of the free surface at each time-step is deter-
mined implicitly via a kinematic condition. In the simulations
this is realized automatically, since the mesh is Lagrangian and
the mesh nodes are advected with the local fluid velocity. Drag
due to air resistance is neglected, as are variations in temperature.

Fluid model and governing equations
The governing equations are the conservation of momentum
and mass for a generalized Newtonian fluid

Du
—=V.o, V-u=0, 2
Py (@)
where p is the fluid density, ¢ and u are the time and fluid velocity
respectively, and o is the stress tensor which may be expressed as

o =—pl+2u(7)E, ©)

where p is pressure and E = § (Vu+ (Vu)T) is the rate of strain
tensor.

Shear-thinning effects are incorporated via the response of
the viscosity u to the local shear rate ¥ = v/2E : E. In this work
we use the Carreau fluid model [21], which describes a smooth
transition from a zero shear rate viscosity [l to a limiting infinite
shear rate viscosity [, < lp. The response function is defined as:

u) =t (o) (11 0?) @

where 7}y is a representative value of the shear rate associated with
the onset of shear-thinning, and 7 is an index which determines the
degree of shear-thinning in the transition; throughout this work we
setn=0.3.

It should be emphasized that for a generalized Newtonian
fluid (GNF) the term “shear-thinning” really means “strain-rate-
thinning”, in the sense that the viscosity is assumed to decrease
as a function of the inner product of the strain-rate tensor. Thus
GNF models such as the Carreau fluid exhibit a reduced viscosity
both in pure shearing flow and in purely extensional flow, in con-
trast to the behaviour of most polymeric fluid models which show
extension hardening but may have a constant shear viscosity [28].

Using a representative velocity scale U = 6ms~! (based on
a typical intended drop speed), we define the Reynolds number
Re = pUR/ g, the Weber number We = pU?R/T (where T"is the
coefficient of surface tension) and the Ohnesorge number Oh =
Uo/+/PTR = v/We/Re. Gravity is negligible on the lengthscales
considered in this study. Throughout this work we keep p and I
constant, with We ~ 14, and we vary the zero shear rate viscosity
Uo (hence Re and Oh); typical values considered are Re ~ 10 and
Oh ~ 0.4, which are realistic values for many inkjet applications.
For flows involving jet breakup it is common to define a capillary
time f. = \/pR3 /T as the relevant timescale for inertio-capillary
thinning [29].
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Rheology and implications

In high-speed printing applications a fluid element experi-
ences extreme shear as it is ejected at a speed of order 6 m/s
through a nozzle of diameter 50 um or less, and the same fluid
element may then experience significant extension during the cap-
illary thinning of the ejected ligament. The shear rates in the noz-
zle and the thinning ligament may differ by an order of magnitude,
and so a shear-thinning fluid is likely to undergo a substantial fluc-
tuation in its viscosity during the printing process. Industrial rhe-
ologists may be able to exploit this behaviour by producing an
ink which has a suitable viscosity to shear-rate response (i.e. high
viscosity in the ligament, low viscosity in the nozzle), thereby op-
timizing the performance of the ink during each stage of the flow.

In order to choose appropriate values of the parameters in the
Carreau fluid model, we consider how the viscosity of the fluid
should vary during the three key phases of a drop-on-demand cy-
cle. Firstly there is high shear during the ‘push’ stage of the driv-
ing waveform as fluid is ejected rapidly through the nozzle; in
this phase the viscosity should be low for ease of ejection without
excessive amplification (i.e. voltage). Secondly there is extension
during the ‘pull’ stage of the driving which draws out a ligament
behind the leading drop; the viscosity should remain quite low in
this phase to allow prompt detachment of the ligament from the
printhead, but not so low that the capillary instability develops
fully along the ligament while it is still attached. Thirdly there is
the thinning of the detached ligament, during which phase the vis-
cosity should be high in order to delay breakup and maximize the
proportion of ink which ultimately ends up within the main drop,
ideally 100% (no satellites). We therefore wish to find values for
the Carreau model parameters which optimize the fluid properties
in each of these key phases.

An example case of the Carreau response function (), as
defined in Eq. 4, is shown in Fig. 1; for this case the model pa-
rameters were [y = 50mPas, flo = 3mPas, and jp = 10°s~ 1.
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Figure 1. The Carreau fluid model response function i(7y).

The two vertical lines plotted in Fig. 1 represent the esti-
mated range of deformation rates most relevant to the key DOD
flow phases discussed above. The right-hand line (7 = 100s~1)
is an approximate maximum shear rate in the nozzle (achieved
during the ‘push’ phase of the ejection), and the left-hand line
(7~ 1/t =5x 10*s™1) is an estimate of the relevant deforma-
tion rate during the capillary thinning of the ejected ligament. The
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interval between the two lines corresponds to the range of shear
rate variation during the critical stages of ligament ejection and
breakup, and thus our value of J, has been chosen in order that
the transition between the upper and lower viscosity plateaus (L
and U..) occurs precisely in this range.

Satellite-free jet speeds

In this study we keep o fixed (equal to 10° s~ 1) and consider
the effects of varying o and ... The results of varying jy have
been considered in a previous study [5]. For each case, simula-
tions were repeated iteratively with increasing amplitudes of the
driving waveform in order to determine the maximum satellite-
free jetting speed for each fluid. In general, as the amplitude
increases so the jet speed increases until a certain critical speed
beyond which the ligament no longer contracts fully and instead
satellite drops are formed. Fig. 2 shows the influence of rhe-
ology on the maximum satellite-free jetting speed. Fluids with
U = 10mPas are superior to Newtonian cases whereas fluids
with lower values of .. are superior only if 1y is above 60 mPas,
in which case is it possible to print without satellites at signifi-
cantly higher jet speeds.
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Figure 2. Maximum satellite-free jet speeds as a function of zero shear rate

viscosity 1, and infinite shear rate viscosity ... Each data-point represents
a different fluid.

At present we have considered only those cases for which the
driving amplitude for the maximum satellite-free jet was within a
factor of 1.5 times its default value (defined as the amplitude re-
quired to jet a particular Newtonian fluid at a speed of 6 m/s), as
excessive amplification without altering the shape or period of the
waveform would be considered unrealistic in some applications.
However, depending on the priorities or limitations of a particu-
lar application, shear-thinning rheology may improve the capacity
to jet faster without forming satellites. In particular, in Fig. 3 the
values of the amplification factor are plotted together with the cor-
responding jet speeds, and these results show that shear-thinning
fluids jet faster at the same drive amplitude compared to Newto-
nian fluids.

It should also be noted that in this study we do not incor-
porate any collisions or coalescence of droplets after ligament
breakup has occurred. In some cases it is apparent that such co-
alescence does occur, which, if taken into account, would result
in a redefinition of the maximum satellite-free jet speed and cor-
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satellite-free cases. Each data-point represents a different fluid.

responding adjustment of the results. However, as our aim is to
consider non-Newtonian effects on the flow dynamics prior to lig-
ament breakup, we choose not to incorporate such adjustments.

The preliminary results shown here demonstrate the clear po-
tential of shear-thinning rheology to enable inkjet printing at in-
creased jet speeds without satellite drops and without altering the
driving waveform beyond a simple amplification.
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