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Understanding jet formation from non-Newtonian fluids is important to improve the quality of
various printing and dispensing techniques. Here, we use a laser-based nozzle-less method to inves-
tigate impulsively formed jets of non-Newtonian fluids. Experiments with a time-resolved imaging
setup demonstrate multiple regimes during jet formation that can result in zero, single or multiple
drops per laser pulse. These regimes depend on the ink thickness, ink rheology, and laser energy. For
optimized printing it is desirable to select parameters that result in a single-drop breakup, however,
the strain-rate dependent rheology of these inks makes it challenging to determine these conditions
a priori. Rather, we present a methodology to characterize these regimes using dimensionless pa-
rameters evaluated from the process parameters and measured ink rheology that are obtained prior
to printing and so offer a criterion for single-drop breakup.

Liquid jet formation and subsequent breakup to form
droplets depend on the interplay among the elastic, iner-
tial, capillary, and viscous effects [IH3]. The underlying
forces also dictate whether a liquid filament will result in
multiple, single or zero droplets [4,[5]. While the behavior
of jets from Newtonian fluids (Newtonian jets) and drop
formation are more predictable with the well-understood
Rayleigh-Plateau [0} [7] instability, it is observed that jets
from non-Newtonian fluids (non-Newtonian jets) gener-
ally exhibit different structures compared to Newtonian
jets due to their strain-rate dependent rheology and in-
herent viscoelasticity and/or viscoplasticity. An example
of this phenomenon for non-Newtonian jets is the obser-
vation of “beads-on-a-string” formation, which refers to
a nearly periodic arrangement of drops connected along
an unbroken but narrow polymeric thread [8 @]. Mod-
eling of the “beads-on-a-string” dynamics showed that a
low ratio of the viscous to inertia-capillary time scales
(or Ohnesorge number) [I0HI2] and aspect ratios larger
than a critical value for a given polymer [13] enhance
bead formation. Such structures on non-Newtonian jets
should be understood and controlled, if possible, for a
given engineering application.

In this Letter, we investigate the formation of jets from
viscoelastic dilute polymer solutions. In particular, we
seek to identify a methodology to determine the optimum
printing conditions to yield single-drop breakup following
formation of a jet. As an experimental technique, blister-
actuated laser induced forward transfer (BA-LIFT) is
used [I4]. BA-LIFT has been developed as a nozzle-less
printing technique in which a laser pulse is absorbed by
an interfacial layer that forms a rapidly growing blister
(figure [Th), where the blister results from the plastic de-
formation on the polyimide layer [I5]. This technique,
along with other LIFT variants, has been used exten-
sively for the printing of technologically relevant mate-
rials [I6HI9]. Studies on BA-LIFT found that after the
rapid formation of the blister and the transfer of the ki-
netic energy to the fluid, a jet starts to form normal to
the blister due to the inertial forcing, and the surround-
ing fluid is pulled from the vicinity of the blister towards
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FIG. 1. BA-LIFT experimental setup and blister formation.
(a) A schematic of the experimental setup of BA-LIFT along
with the representation of the substrate and blister formation.
The ink with thickness H in the vicinity of the blister under-
goes shear flow to form the jet. (b) A contour plot of a 21.7
wd blister profile as it appears under the confocal microscope.
The dashed red line is the centerline of the blister. (c) Blister
profiles created with high and low energies.

its center [20, 2I]. This phenomenon makes BA-LIFT
a useful platform to investigate non-Newtonian inks, be-
cause the rheology of these materials changes depending
on the applied strain-rate. A typical blister generated
using the BA-LIFT experimental setup (figure [Th) has a
Gaussian-like profile as shown in figure[Ip. In this study,
two different energy levels are used to generate blisters,
with the shape profiles of these blisters presented in figure
[[c. The formation of a jet and material transfer depend
on the combination of experimental parameters including
laser energy, ink layer thickness and the rheology of the
material to be printed.

Xanthan gum solutions, which exhibit shear-thinning
and viscoselastic behavior similar to inks such as silver
pastes [22], are chosen as a model ink to investigate the
jetting behavior. Solutions are prepared with five dif-
ferent xanthan gum concentrations [XGJ: 0.05, 0.1, 0.2,



0.4, and 0.8 wt.% in water and water-glycerol mixtures.
Representative results of viscosity versus shear rate from
shear rheology measurements are presented in figure 2h.
The dependence on shear rate for the viscosities of these
solutions can be expressed with a power law in the form
of u(¥) = a§™. We measure the viscoelastic relaxation
time A from the diameter-thinning dynamics of a gravity
jet [23] as depicted in figure [2b. In this figure, the time
axis denotes the time before the pinch-off of the jet (tg—t)
and the filament diameter (D,,;,,) is the smallest diame-
ter along the filament (see the inset of figure ) During
pinch-off, the exponential part of the curve can be fitted
with the profile Dy, o< exp(zx(to — t)) [23) 24], which
allows an estimate of A. Increasing polymer concentra-
tion results in longer relaxation times, as expected [25];
the relaxation time remains almost the same for different
ratios of water and glycerol [26].

In our BA-LIFT experiments, five different jetting and
drop formation regimes are observed from time-resolved
imaging results. One of these regimes is the “no jetting”
regime, where the supplied energy to the fluid is insuf-
ficient for jet formation. Figure presents the jetting
without breakup regime where the incident laser energy
is high enough to initiate the jet formation, however it
is insufficient for the jet go through pinch-off [27]. This
limiting behavior is a consequence of a combination of
the viscoelastic effects that result from the resistance of
polymer chains to extension, and surface tension that re-
sists the propagation of a filament due to the creation
of new surface. The “multiple-drop breakup” regime is
shown in figure[Bp. For viscoelastic fluids, sometimes this
response has been referred in the literature [9] as “beads-
on-a-string” (BOAS) breakup. Since the BOAS regime
results in multiple droplets transferred to a substrate, it
is not desirable for high-resolution printing [28]. Also, a
turbulent-like regime is observed as shown in figure [3k,
which was recently identified as ligament-mediated frag-
mentation [29] and results in a spray-like ejection process
and gets completed before a uniform jet is formed.

Single-drop pinch-off is depicted in figure [3d. It is the
most desirable operating regime for printing. We ob-
serve that higher xanthan gum concentrations with small
ink layer thicknesses result in single-drop pinch-off, while
lower polymer concentrations allow for the formation of
multiple drops. Figure shows the distribution of the
five jetting regimes with changing xanthan gum concen-
tration for water-based solutions.

The governing forces and the observed dynamical
regimes are better understood when the dimensionless
parameters are evaluated. The time scales of the forces
for jet formation derive from elastic, the inertia-capillary,
and visco-capillary effects. The elastic time scale is char-
acterized by the relaxation time A, which is evaluated as
described above. The inertia-capillary time scale can be
defined as t, = \/pH3 /o = \/0.118 /wg, where o denotes
the surface tension, p is the density of the fluid, and H is

102 .
® 0.1% W
s 0.2%W
10!t % o 0 0.1% WG (50-50 wt.%)
- e, 0 0.2% WG (50-50 wt.%)
=]
—_— 0 -E. 6 !J © (u]
w10 “"_‘. LN o
1] ~a - a o
o o  fom O
D nl *.®a 0 4
210 - "-O 0 g
H(Y)=0.365(y) 0642 Cey “uo % o
—~ 0 ™
102 e
-3
10
@) 10! 10° 10! 10° 10°
v (s
104
Ad ‘
a4 LS
A > v
A R 4 o
3 4 >P_ o
‘é‘ 10 ‘,}, y‘b > v v o (o]
’ Y =
= o g b
£ A o wrge”
e
[a] rorss L)
107 /3
A 005%
> 0.10%
2 v 0.20%
O 0.40%
= 0.80%
10! .
0 50 100 150 200
(b) tD-t(ms)

FIG. 2. Shear and elongational rheometry of xanthan gum
solutions. (a) Shear viscosity (u) of 0.1 wt.% and 0.2 wt.%
[XG] with water (W) and water-glycerol (WG 50-50 wt.%)
mixtures as a function of shear rate (7). (b) Change of the
minimum diameter (Dmin) of gravity-driven jets (inset) cre-
ated using different [XG] with water as the solvent plotted
against the time before pinch-off (to —t), where to denotes the
pinch-off time. The exponential fits Dyin o< exp(%}\(to —1))
are performed on the curves during thinning before pinch-off
and shown as dashed lines. The smallest and largest relax-
ation times are evaluated as 6.8 ms (0.05 wt.%) and 18 ms (0.8
wt.%), respectively. The complete list of values is presented
in [26].

the ink layer thickness, which is proportional to the jet
radius [26] [30], and wg defines the conventional Rayleigh
capillary instability growth rate [31]. The visco-capillary
time scale [I] is defined as t,, = ugH /o, where ug denotes
the zero shear viscosity.

The Ohnesorge, Oh = po/+/poH, and Deborah De =
Awpg, numbers have been used in the literature [T11 [30]
to compare the relative effects of the underlying forces.
Previous studies have considered the zero-shear viscos-
ity for the viscous time scale while evaluating the Ohne-
sorge number [32]. However, in thin-film configurations
with BA-LIFT, analytical and numerical studies of the
early time dynamics show that the fluid pulled from the
sides experiences shear [21], so the effective shear viscos-
ity should be changed accordingly using the rheological
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FIG. 3. Different jetting regimes observed in BA-LIFT ex-
periments with high-energy (21.7 pJ) blisters. (a) Jetting
without breakup. (b) Multiple-drop breakup. (c) Ligament-
mediated fragmentation. (d) Single-drop breakup. Scale bars
represent 100 pm.

data. We address this problem by evaluating a charac-
teristic shear rate (9.;) from analytical energy and mass
balances defined for the blister (figure[5)). We define Uy, as
the time and space-averaged blister velocity, AV} is the
volume of the blister evaluated using numerical integra-
tion from the profile obtained using confocal microscopy,
e is the elongational viscosity whose evaluation is ex-
plained in [26], Hj, is the blister height, Uje; is the veloc-
ity of the jet in the normal direction to the fluid layer,
AV = nR?H is the volume of the fluid that is assumed
to be set into motion, A A is the new area created by the
deformation of the free surface, Uspeqr is the maximum
value of the shear velocity that is assumed to have a lin-
ear profile (figure [5)), and Rp denotes the blister radius.
Then, the energy balance can be written as:
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FIG. 4. Ink thickness, xanthan gum concentration, and laser
energy affect the resulting regime. (a) Different regimes ob-
tained for solutions with water solvents changing with xan-
than gum concentration ([XG]) and ink thickness (H) for the
high-energy blister (21.7 uJ). (b) A plot of De* versus Oh*,
where De* = Awgr(Uc/Uy) with U. = y/o/pH and Uy is the
average blister velocity depending on the laser energy [26].
De* = Oh™ line divides the regimes with breakup from the
regimes without breakup. Different colors represent differ-
ent regimes as shown in the legend of the plot. Squares (H)
represent data obtained with higher laser energy (21.7 uJ),
whereas circles (o) represent data obtained with lower laser
energy (17.4 plJ).

which is accompanied by an approximate mass balance:

Ujetﬂ'Rlz) = @QWRbH . (2)

In the energy balance , the first expression on the
left-hand side denotes the kinetic energy supplied to the
fluid due to the motion of the blister. We assume that
there is a no-slip boundary condition between the moving
blister and the fluid that is attached to the solid surface,
so that at early times the fluid has the same velocity as
the blister. The second term on the left-hand side rep-
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FIG. 5. Jet formation during BA-LIFT. (a) Side view during
jet formation. Dashed boundaries define the control volume
for the analytical model. (b) Top view of the process. Flow
is inward with a characteristic shear rate ..

resents the energy lost to the viscous dissipation with
the expansion of the blister. Here it is assumed that the
applied stress from the blister on the fluid is in the ex-
tensional direction because the blister expands normal to
the surface of the polymer. Accordingly, the elongational
viscosity (ie;) is included in the analysis with the strain
rate given in the normal direction.

The energy remaining after the initial motion and dis-
sipation consists of three different contributions as shown
in the right-hand side of . The first term on the right-
hand side is the kinetic energy of the jet. The second
term represents the energy cost of forming new surface
area, where A A is evaluated numerically from the profile
of the blister. The last term is the energy lost to dissi-
pation in an approximate shear flow. Here the viscosity
is taken as the zero-shear viscosity, which in turn results
in a more conservative estimate of the shear velocity.

The approximate mass balance given in accounts
for the mass leaving the control domain with the mean
velocity (Ujet), and the mass entering the domain from
the sides through the cylindrical face of the control vol-
ume with the mean velocity (Uspear/2), where a linear
velocity profile across the film was assumed. Using the
shear flow speed of the fluid in the vicinity of the blister
(Ushear) calculated from these balances, the characteris-
tic shear rate is estimated as e, = Ushear/H. Knowing
Yen, the resulting effective Ohnesorge number Oh* is eval-
uated as Oh* = t%/t. = u(Yen)//poH, where pu(3ep) is
the viscosity evaluated with the characteristic shear rate
from the rheological data.

While the Deborah number, De = Awg, is convention-
ally used to include the effect of elasticity in the anal-
ysis of non-Newtonian filaments [I1] B3], it should be
noted that De does not include any information that is
related to the forcing, which is produced by the rapid
expansion of the blister. The forcing directly affects the
amount of stretching of the filament, which should be
expected to influence the fluid properties. In particu-
lar, the viscoelastic filament exhibits larger stresses with
stretching, and the effective relaxation time of the poly-
mer solution decreases with increasing strain rate [34], 35].

The relative stretching of a filament can be denoted with
the aspect ratio of the jet Ly,q./H, where Ly,q, is the
jet intact length before the breakup. The jet extends
until it breaks up at tyreakup = tev H =~ Uctpreakup
since H is comparable to the jet radius [26], where
U. = \/o/pH is a typical inertially estimated breakup
speed. Also, Lz = Ustbreakup, Where Uy is the laser-
energy-dependent time and space-averaged blister veloc-
ity used as an estimate for the jet velocity in the ax-
ial direction, which is a measure of stretching. Since
H/L, 0z ~ U. /Uy, we propose a modification to the Deb-
orah number as De* = Awg (U./Uy).

The comparison of the two modified dimensionless pa-
rameters, De* and Oh*, leads to the separation of the
observed regimes as shown in figure[dp. For a filament to
breakup into droplets, the capillary thinning should over-
come the viscous resistance, which leads to the condition
te >t or Oh* < 1 as given in the literature for New-
tonian filaments [5]. Furthermore, since the viscoelas-
tic filaments produce higher radial stresses as they are
stretched, the effective relaxation time can be expected
to fulfill the condition AH/L,,q, >t for the breakup.

The multiple drop regimes can be separated from the
single-drop regime by examining the Ohnesorge number
[5l, M1]. A numerical study [11] recently investigated the
thinning of viscoelastic filaments fixed between two cir-
cular plates, and multiple drop formation was reported
to be suppressed for Oh > 0.5. In our experiments this
threshold can be expected to be lower due to the energy
dissipated shearing the ink layer in the BA-LIFT config-
uration.

The region of jetting without breakup can be separated
from the no-jetting region by examining the early times
of the process prior to jet formation. If the inertial effect
is large relative to the deformation caused by the rapidly
forming blister, all of the energy is absorbed by the film,
and no jet is formed. To check the influence of inertia, the
inertia-capillary time scale, t., again applies and should
be compared with the time scale of the elastic effects, .
Therefore, the region separating no jetting from jetting
without breakup can be roughly described by horizontal
De = const. or De* = const. line (fig. [4b).

Furthermore, the regime diagram presented in fig. [fp
shows that the De* = OR* line separates the jetting
regimes with breakup from the regimes without breakup.
Also, no breakup is observed for Oh* > 1. The Oh* ~ 0.2
line can be used to separate multiple drop regimes from
the single-drop regime. In addition, the unmodified Deb-
orah number threshold separating the no jetting from
jetting without breakup regimes is evaluated as De ~ 10
for the higher laser energy (21.7 uJ), and De = 35 for
the lower laser energy (17.4 pJ). For the single-drop ejec-
tion to take place, the three conditions mentioned above,
De* > Oh*, 0.2 < Oh* < 1, and De > const., should be
satisfied. These dimensionless numbers can be evaluated
using the experiment parameters before the printing is



performed, and the criteria presented here can be used to
predict the resulting regime of the jetting process, which
is crucial for the success of the drop-on-demand deposi-
tion techniques. The methodology described in this study
can be generalized to other dispensing and printing ap-
plications that utilize jets. The general conclusions and
guidelines can help enable new high-resolution printing
methods with other viscoelastic materials.

We acknowledge Prof. Giovanna Tomaiuolo for the
fruitful discussions on oscillatory rheometry.
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