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Abstract

In Blister-Actuated Laser-Induced Forward Transfer (BA-LIFT) the direct interaction between the laser pulse and the
transference fluid is removed interposing an intermediate polyimide layer that absorbs and pushes away the fluid. A study
of the transference mechanisms has been made through a Phase Field model in COMSOL Multiphysics. The differences
between the experimental images and the simulations led to the suggestion of a cavitation bubble. Contrary to the LIFT
process, this bubble cannot be laser-induced, as there is no direct interaction owing to the polyimide layer, so it must be
mechanically induced.

In this work, some shadowgraphy images of the cavitation bubble along with its effects on the Phase Field FEM-CFD
model are shown. In the numerical model, the expansion of the main jet —including the observed secondary effects— can
be reproduced. Including a second push 9 ps after the blister expansion makes the fluid take the secondary effects’ shapes.
Considering a cavitation bubble like in other LIFT processes —in which the bubble has been generated directly by the laser
pulse—, there are three possible causes of its appearance: absorption of the laser pulse in the fluid —through the polyimide
intermediate layer—, thermal evaporation due to heat conduction, or pressure fall due to fluid velocity. Besides, a
mechanical rebound of the elastically deformed blister has also been considered, as the effects in the model suggest. After
the analysis, the only explanations that cannot be rejected —the depressurization area in front of the blister— led to the
proposed hypothesis: the velocity field from the blister expansion causes a cavitation bubble in front of itself, whose
effects are equivalent to the cavitation of the vapor bubble described in other LIFT techniques.
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1. Introduction

Blister-Actuated Laser-Induced Forward Transfer (BA-LIFT) is a modified LIFT process to transfer small
volumes of fluid without interaction with the laser pulse. To achieve that, an intermediate polymeric layer is
set in the laser beam path between the glass substrate and the fluid (Brown, Kattamis, & Arnold, 2010;
Marquez et al., 2020). Some unexpected effects during the formation of the jet such as bulgy shapes have
been spotted (Moreno-Labella, Munoz-Martin, Marquez, Morales, & Molpeceres, 2021), though they cannot
be explained only considering the flow dynamics derived from a pure mechanical push. The observed dynamics
fit with the appearance of a cavitation bubble, which has been observed, and whose effects have been
introduced in the CFD-FEM model to replicate the effects. The images have been acquired using a high-speed
time-resolved shadowgraphy system (Moreno-Labella et al., 2021).

2. Laminar-Flow Phase-Field FEM-CFD model

A FEM CFD axisymmetric model has been built in COMSOL Multiphysics® 5.3a to simulate the BA-LIFT
process. The Phase-Field method, which considers the minimization of mixing energy taken as the sum of the
surface energy and bulk energy of the flow (Yue, Feng, Liu, & Shen, 2004), has been chosen for this study
instead of Level Set (Lopez, 2017; Rubio, 2014) or Volume of Fluid definitions (VOF) (Brasz, Arnold, Stone, &
Lister, 2015; Kalaitzis et al., 2019). The Phase-Field auxiliary function to follow the interface, ®, has a range of
values between 0 (fluid) to 1 (air) —the interface, thus, is diffuse and centered around 0.5—, according to the
definition of the method in COMSOL Multiphysics® (COMSOL multiphysics® [computer software]).

The motion of each phase is governed by two fluid mechanics equations (Batchelor, 2007; Ferziger, Peric,
& Street, 2019; Gresho & Sani, 2000; Panton, 2005): continuity equation particularized for incompressible flow
(1) and momentum equation (2), both from Navier-Stokes equations.

V.-u=0 (D

pou/dt+ p(u-V)u=V-[-pl + p(Vu+ Vu")] + F, + Fy ()

The last two terms in equation (2) are two external forces: gravity (Fg) and surface tension (Fg). In the
model, F, has so little influence that it can be neglected, so only surface tension remains present in (2), and is
implemented in Phase-Field method as follows, involving G, the chemical potential (Yue et al., 2004):

Fg =GV 3)

G=A(-V*d + d(d* — 1)/¢%) 4

In these equations, A stands for the mixing energy density, and € represents a capillary width linked to the
thickness of the fluid interface. There are two additional equations to track the position of the interface:

Ad/dt + (u- V) = V- yA/e2 Vi (5)
Y =-V-e2Vd + ($* — D (6)

These involved quantities, as well as y and o —the surface tension coefficient— are interrelated through:

o =2v2/3-1/¢ @)
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The mobility tuning parameter, x, governs the diffusion-related time for the interface, according to the
Cahn-Hilliard diffusion (Cahn & Hilliard, 1958). The volume fraction of fluid is computed as follows:

V¢ = min(max((1 + ¢)/2,0),1) ©)]

The properties of the materials are calculated as the weighted sum of those of each phase:
p=Vep, + (1= Vppy (10)
H= Vi, + (1 — Vo (11)

The movement of the fluid in BA-LIFT is only induced by the push of the blister, implemented as a moving
wall. This blister model, shown in equations (12-16), has been similarly set in some other studies (Brown, 2011;
Lépez, 2017; Rubio, 2014). The blister has been estimated by taking images and measuring it for the work
conditions using a high-speed imaging system. Its evolution may be split into two separable functions: its
spatial evolution, only dependent on its radius —B(r)—, and its unitary time response —T(t)—. By multiplying
these two functions, the displacement equation turns out as follows:

8(r,t) = B(r) - T(t) (12)

To define T(t), many images of the blister expansion have been taken to fix the parameters of the
polynomial steps. This experiment was done at 22 uJ, a typical work energy value (Fig. 1). Three stages are
distinguished: an initial quick expansion, an elastic shrinking recovery, and a stabilized stage. In the model, the
blister expands for the first 70 ns. Then, it recovers elastically within the following 0.5 pus. Once it has deflated,
it is assumed that no further evolution takes place.
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Fig. 1. First-microsecond analysis and modeling of blister dynamics for 22 pJ. Blister height measurements (red circles) are plotted in
real height units and polynomial fit (blue solid line) is represented as a normalized height by dividing by the infinite-time blister height.
Representative images have also been put along to exemplify the three different stages during blister evolution (Moreno-Labella et
al., 2021)

Height data —and thus the temporal function— has been normalized by dividing the measurements between
the blister infinite-time height —after a microsecond-. The resultant curve is the input for the model (Fig. 1 and
Fig. 4), written —with time in microseconds— as the linear combination of two unitary steps:

T, (t) = 3569941 - t> — 624740 - t* + 29155 - 3 (13)

T,(t) = —192-t°+ 240 -t* —80 - t3 (14)
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1.5 -T;(t) t < 0.070 ps
T(t) =515+ 0.5 - T,(t—0.07) 0.070 us <t < 0.570 ps (15)
1 t>0.570 ps

The spatial function takes acquaintance of the geometrical shape of the blister (Fig. 2) —without taking into

account its time evolution— by the mathematical function:
1.25

B(r) = Ho(max((1 —r/R)?,0)) (16)

Blister radius (m)

Fig. 2. Blister shape function and blister image comparison at its maximum (up) and at a stabilized time (down). The laser pulse is still
visible in the first image (Moreno-Labella et al., 2021)

Ho and Ro are the height and the radius of the blister, respectively, at times at which no significant evolution
occurs. Their dependence on the energy is given by a second-degree polynomial for the height and logarithmic
function for the radius (Hong, 2020). Sweeping over the energy from 15 to 50 W allows fitting the proposed
curves for these work conditions (Fig. 3).

H, = —0.0006 - E2 + 0.3421 - E + 7.0237 a7

R, = 9 - log(E) + 20 (18)

In these equations (Equations 17 and 18), E stands for the laser pulse energy. Some examples of these
images are shown in Fig. 1 and Fig. 2.
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Fig. 3. Polynomial and logarithmic adjustment for blister height (blue-solid line) and radius (green-dash line), respectively, for times
at which no further quick evolution has been observed in the blister, as a function of laser pulse energy. Experimental points have
been added over its corresponding line (Moreno-Labella et al., 2021)
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This parametrization simplifies the model, as only E is needed to define the blister dimensions. The
described model closely replicates BA-LIFT for typical transferences. Different conditions have been simulated

and validated both against other published models and images taken by the described system (Brown, Brasz,
Ventikos, & Arnold, 2012).

3. Simulations of BA-LIFT standard regimes

Under ideal conditions, the BA-LIFT transference occurs through a single laminar jet (Yan, Huang, Xu, &
Chrisey, 2012). This transference regime is closely replicated by the described model (Fig. 6). The temporal
evolution of the blister (Fig. 4) is derived from image studies carried out by some authors (Brown et al., 2010;
Kattamis, Brown, & Arnold, 2011) and blister measurements obtained with the time-resolved image
acquisition system (Fig. 1 and Fig. 2).
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Fig. 4. Temporal function of the blister for the first 20 ps with no consideration of further effects (Moreno-Labella et al., 2021)

The non-transference regime —in which the fluid is only elastically deformed— appears for low laser pulse
energies, high viscosities, or thick layers of fluid. Experimental images and simulation results are compared in
Fig. 5 for a particular case of this regime of transference for high viscosity water-glycerol mixture (80 %wt
glycerol; 45 mPa-s (Cheng, 2008)). The experimental fluid layer thickness is set to 7010 um. In the model, the
best agreement with the experiments was obtained for 60 um fluid thickness considering a laser pulse energy
of 19 w.

Fig. 5. Non-transference regime images versus simulation comparison (fluid: water-glycerol at 80 %wt, 45 mPa-s, thickness: 70£10 pm
(experimental) and 60 um (simulation), energy: 19 p) (Moreno-Labella et al., 2021)

On the contrary, the jet-transference regime occurs for high laser pulse energies, low viscosities, or thin
layers of fluid. The starting fluid bell-like structure has enough energy to beat surface tension and viscosity
forces and travels towards the acceptor as a jet. Experimental images and simulation results are compared in
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Fig. 6 for a particular case of this regime of transference for intermediate viscosity water-glycerol mixture (66
%wt glycerol; 13 mPa-s (Cheng, 2008)). Fluid layer thickness is set to 30+10 um. In the model, the best
agreement with the experiments has been obtained for 40 um thickness considering a laser pulse energy of
27 W.

Fig. 6. Jet regime images versus simulation comparison (fluid: water-glycerol at 66 %wt, 13 mPa-s, thickness: 30£10 um (experimental)
and 40 um (simulation), energy: 27 W) (Moreno-Labella et al., 2021)

4. Cavitation bubble images: a modified BA-LIFT setup

The standard BA-LIFT setup was modified to study the appearance of a bubble in front of the polyimide
layer. To this purpose, a BA-LIFT substrate —glass and polyimide layer— was placed onto a mass of pure water
confined in an optical glass cuvette instead of a thin layer (Fig. 7) to avoid the distortion of the interface in the
optical path of the camera. The acquired images have been taken through the same high-speed image system
as in the standard regimes study for water-glycerol mixtures (Moreno-Labella et al., 2021). Though no jet is
generated due to the fluid confinement, and thus the fluid speeds are lower than in regular BA-LIFT, the fluid
used in this experiment —pure water— is easier to suffer from cavitation due to its lower viscosity and vapor
pressure (Carr, Townsend, & Badger, 1925).

BA-LIFT BA-LIFT
regular set-up modified set-up
Donor Donor
Intermediate layer Intermediate layer
Fluid Fluid

| |

Fig. 7. Regular setup for BA-LIFT (left): a thin layer of fluid ejects a small portion of the material, and modified setup (right): an infinite

Acceptor

mass of fluid is set below the polyimide layer for this study (Moreno-Labella, Munoz-Martin, Morales, & Molpeceres, 2021)
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In the acquired images, the spot in which the laser pulse interacts with the polyimide layer can be seen. An
infinite-time image is shown to spot the shape and size of the stabilized-time blister, as a reference (Fig. 8, d).
For short times (less than 9 us), either a single or multiples cavitation bubbles grow and join (Fig. 8, a) until it
overexpands at its maximum (Fig. 8, b). Then, it starts to contract until its implosion (Fig. 8, c), whose dynamics
follow the behavior of cavitation bubbles generated by direct laser interaction or high-frequency sonic waves,
for instance (Maiga, 2016). The described model (Moreno-Labella et al., 2021) was also used to analyze the
pressure field generated in this modified setup, whose results at 1 ps are shown in Fig. 8, e. As no phase change
has been included in the model, it only shows the possibility of cavitation phenomena without considering the
dynamics of the bubble. The behavior of the bubble varies in time due to the specific conditions of each single
laser pulse, but its implosion always happens between 7 and 11 ps.
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Fig. 8. Directly-observed bubble below the polyimide layer at short times (less than 9 us) (a), at its maximum expansion (around 9 ps)
(b), and its contraction stage (after 9 us) (c). A long-time image shows the blister without the bubble (d), as well as the depressurized
zone at 1 s in the described CFD model (e) (Moreno-Labella et al., 2021)

5. Model modification to include the effects of the cavitation bubble

The fluid is accelerated after the implosion of the cavitation bubble, so a second push is introduced ad hoc
in the model moving wall, similarly as the first initial movement reproduces the expansion of the blister (Fig.
9). The adjustment of the delay (t) between the two pushes has been made through the analysis of the
experimental images. The best results are gotten when the second push happens at times near 9 ps. The
temporal function is defined in Equation 19.

1.5- T, (t) t < 0.070 ps
1.5+ 0.5 -T,(t—0.07) 0.070 us <t < 0.120 ps
1 0.120 pus < t < 8.500 ps
T =4 1+T(t—8.5) 8.500 us <t < 9.000 us  (19)

1.5- T, (t—9.0) 9.000 us <t < 9.070 ps
0.5 T,(t—9.07) 9.070 us <t < 9.570 ps
1 t = 9.570 ps
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Fig. 9. The modified temporal function that includes the blister push and the second push due to the bubble at 9 us (Moreno-Labella
etal., 2021)

This simplified model closely reproduces the bulgy shapes by only introducing this second push, as shown
in Fig. 10. The fluid is water-glycerol at 66 %wt (13 mPa-s), in a layer of 3010 um thick in the experiments and
40 pum in the simulation, with a pulse energy of 48 pJ. In the first row, the second image (Fig. 10, 0.5 us)
compares the initial growth of the deformed shape: simulation and experiments are close. The third
comparison in the series (Fig. 10, 3.0 pus) shows that the experimental image differs from the simulation as said
before. The fluid develops in a much wider bell-like shape, possibly because a phase change occurs, an amount
of vapor is generated, and expands itself (Robinson, Blake, Kodama, Shima, & Tomita, 2001). After a while (Fig.
10, 7.0 ps, and 9.0 ps), the over-expanded bell begins to collapse, and the simulation and the experiments
come close again. In the second row, the push of the fluid takes place. The first image (Fig. 10, 9.0 us) shows
the time at which the jet has the shape that the only mechanical model predicts. After the second push in the
simulation and the pressure peak in the experiment, a bulgy shape begins to grow in the shape of small
shoulders, as compared in the next two pictures (Fig. 10, 10.0 pus and 12.0 us). Finally, surface tension reshapes
the modified jet and fluid detachment is seen in both experiments and simulation (Fig. 10, 14.0 us). Only
including the push that has been observed in the images is enough to replicate the secondary effects.

Fig. 10. Comparison between acquired images and simulations considering water-glycerol mixture. Secondary effects are closely
simulated assuming the second push. Two stages can be distinguished: bubble generation phase (upper row) and bubble burst phase
(lower row) (fluid: water-glycerol at 66 %wt, 13 mPa-s, thickness: 30+10 um (experimental) and 40 um (simulation), energy: 48 )
(Moreno-Labella et al., 2021)
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6. Conclusions

Shadowgraphy images of the jet generated in BA-LIFT have been compared to simulations in COMSOL. The
transference regimes, such as jet expansion or bulgy shapes, that have been previously observed in other LIFT
techniques, have been also experimentally obtained by introducing the effects of an observed cavitation
bubble as an ad hoc second push of the moving wall at 9 ps from the expansion of the blister.

The BA-LIFT process has been characterized due to the absence of direct interaction between the laser
pulse and the fluid, so it is an only and purely mechanical process. The bubble must come from the
depressurization of the fluid in front of the blister, given the impossibility of laser absorption in the fluid.
Besides, several images of the cavitation bubble have been acquired considering an infinite fluid setup instead
of a thin layer. Its appearance and implosion match the shape that the BA-LIFT jet gets for short times —
explained by the purely mechanical model—, as well as the come-up of the bulgy shapes for intermediate times
—only after considering the presence of a cavitation bubble—.
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