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Abstract The effects of time delay and spatial separation

between two adjacent laser pulses in blister-actuated laser-

induced forward transfer are studied experimentally and

computationally. Each laser pulse creates a blister that

expands into a liquid film, forming liquid jets to transfer

material from a donor substrate to an acceptor substrate.

For a fixed separation between the two laser pulses, time-

resolved imaging reveals a tilting of the second liquid jet

toward or away from the first jet, depending on the time

delay between pulses. Simulations of the same process

reveal that the first jet perturbs the ink-air interface around

it, and the initial angle of the liquid-air interface below the

second laser pulse is shown to be a good predictor of the

angle of the second jet. The time evolution of the initial

interface angle at a fixed separation is then investigated

analytically in terms of a viscously damped cylindrical

capillary wave, initiating once the jet retracts or pinches

off. This two-jet setup can be considered as a model system

for high repetition rate printing, so these results reveal

limits on the repetition rate and separation between pulses

for LIFT such that materials are printed in desired patterns.

Keywords Laser-induced forward transfer � Printing �
Jets � Capillary waves

1 Introduction

Laser-induced forward transfer (LIFT) is a direct-write

technique capable of printing precise patterns of a variety

of materials (Bohandy et al. 1986; Kyrkis et al. 2006;

Arnold et al. 2007), with applications in tissue engineering

(Ringeisen et al. 2006; Schiele et al. 2010; Palla-Papavlu

et al. 2011; Koch et al. 2012), organic electronics (Katt-

amis et al. 2011b; Shaw-Stewart et al. 2013; Zergioti

2013), and microelectronics (Kim et al. 2007; Birnbaum

et al. 2010; Duocastella et al. 2012). The attractive features

such as flexibility in choice of inks and ease of setup have

even led to an industrial implementation of the LIFT

technique (Hennig et al. 2012). In LIFT, a pulsed laser is

focused through a transparent support and absorbed in a

thin donor film, propelling material onto an acceptor sub-

strate. By translating the donor and acceptor substrates or

moving the pulse location with a rotating mirror between

pulses, user-defined patterns of high-resolution droplets

can be deposited.

As LIFT transitions from a research tool to a commer-

cial one, the speed with which patterns can be printed

becomes increasingly important. Two obvious limiting

factors in printing speed are the laser repetition rate and the

scanning speed, but laser repetition rates exceeding 1 MHz

are common and the pulse location can move on the order

of 1,000 m/s with high-speed scanning mirror galvanom-

eters (Hennig et al. 2012). The more interesting factor

when printing with these high repetition rates is the fluid

dynamics of adjacent jets. With a large separation or time

delay between pulses, we expect each transfer to be inde-

pendent, but as the repetition rates increase and spatial

separations decrease, we seek to understand how pertur-

bations from one jet may affect the formation of the next

and break the uniformity of the printed pattern.

By controlling the droplet spacing, uniform and con-

tinuous lines have been printed with conductive inks (Kim

et al. 2010; Rapp et al. 2011) and aqueous solutions (Palla-

Papavlu et al. 2013), but the time delays between pulses are
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relatively large in these cases, such that one droplet has

reached its steady-state shape before the next droplet is

transferred. By contrast, we use smaller time delays and

focus on the jet formation process as opposed to droplet

deposition. Numerous studies have examined jet formation

in LIFT using time-resolved imaging setups (Duocastella

et al. 2009; Kattamis et al. 2011a; Unger et al. 2011; Yan

et al. 2012; Boutopoulos et al. 2013a, b; Patrascioiu et al.

2014) or numerical simulations (Brown et al. 2012), but

these have typically focused on the formation of a single jet

from a single pulse.

One exception is the recent work of Biver et al. (2014),

in which they investigate the formation of multiple jets

experimentally. They printed a conductive ink containing

silver nanoparticles at a repetition rate of 500 kHz and

found an minimum spacing between pulses below which

the cavitation bubbles at the base of the jets interact, dis-

rupting the uniformity of the droplets.

The particular mechanism for transfer we consider is

blister-actuated (BA) LIFT, a variant of LIFT in which the

laser pulse is absorbed in a polymer layer, ablating a gas

pocket and forming a rapidly expanding blister (Brown

et al. 2010, 2012). With an ink layer coating the polymer

layer, the blister expansion provides the impulse for jet

formation. BA-LIFT has proven to be a useful technique

for transferring sensitive materials such as living stem cells

(Kattamis et al. 2007) and light-emitting organic molecules

(Kattamis et al. 2009, 2011b).

We study the effects of repetition rate and separation of

laser pulses in BA-LIFT by considering a model system of

two adjacent transfers, occurring with varying time delays

and separations. Experimentally, we use two lasers focused

at a fixed separation and vary the time delay between

pulses. Time-resolved imaging is used to observe a tilting

effect, in which the second jet is angled toward or away

from the first jet depending on the time delay between

pulses.

The fluid dynamics of this model system are also sim-

ulated numerically, following previous work simulating

BA-LIFT (Brown et al. 2012) and giving similar depen-

dences of second jet angle on time delay. Numerical results

show that the first laser pulse creates an axisymmetric jet

that disturbs the initially flat interface between liquid and

air, and the free surface below the second pulse can

therefore be angled relative to undisturbed surface. We find

that this angle is a good approximation for the angle of the

resulting jet. In other words, jets are formed normal to the

interface.

Since the interface angle is found to be a good predictor

for the angle of the jet, the evolution of the interface angle

with time is then presented, and the general features are

explained in terms of a viscously damped cylindrical cap-

illary wave that propagates outward once the first jet

pinches off at or retracts into the liquid film. Finally, we

discuss implications for printing patterns using BA-LIFT as

well as the applicability to other variations in LIFT.

2 Experimental methods

Donor substrates are prepared as described previously

(Brown et al. 2010), so only a brief overview is provided

here. Polyimide (PI2525) is spin-coated onto a square-inch

glass slide and baked in an oven to produce a 7�lm thick

polymer film. N-methyl-2-pyrrolidone (NMP), a solvent

used in organic inks (Kattamis et al. 2009), is then coated

onto the polyimide side using a blade coater. The donor

substrate is weighed before and after coating to calculate an

average film thickness, using the density of NMP,

q ¼ 1;030 kg/m3. We note that these estimates for film

thickness are only approximate since the film is not per-

fectly uniform and can change over time due to evaporation

and/or dewetting. The surface tension of NMP is

c ¼ 40:79 mN/m, and the viscosity is l ¼ 1:7 mPa � s.

To initiate the fluid transfers, we use two nanosecond

pulsed lasers, each with a wavelength of 355 nm. Both are

frequency-tripled Nd:YVO4 lasers (Coherent AVIA,

s ¼ 20 ns; and Spectra-Physics, s ¼ 30 ns). The beam

paths are combined using a polarizing beam splitter

(Fig. 1), and the lasers are aligned such that the two beams

are separated spatially by the desired distance D in the

focal plane of a 10� laser objective ðNA ¼ 0:25Þ. The

lateral separation D is controlled by adjusting the angle of

the mirror prior to the combination of the beam paths, and

the time delay between lasers is controlled with a digital

delay generator (SRS DG535). As found in Brown et al.

(2011), the polymer layer ruptures when the pulse is

focused too tightly, so the stage is translated vertically
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Fig. 1 Diagram of the LIFT-imaging setup. Two UV lasers are

combined with a polarizing beam splitter and focused through an

objective onto the absorbing layer of the donor substrate. A side-view

image is obtained when the flash lamp is triggered by the delay

generator, and top-view images are obtained with illumination from

an ordinary lamp (not shown)
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away from the focal plane, resulting in a spot size of about

20 lm. Pulse energies of approximately 5.3 and 5:6 lJ were

used in the experiments, resulting in equivalent fluences

around 1:7 J/cm2. Both lasers have an approximately

Gaussian beam profile.

Time-resolved images of the transfer process from a side

view are obtained with a microscope (InfiniTube with a

Mitutoyo 50� Long-WD Objective) attached to a CCD

camera (SPOT Insight IN1820). Illumination is provided

by strobing a 25-ns plasma-discharge flash lamp (HSPS

Nanolite) after a specified time delay relative to the second

laser pulse. The shutter of the camera is open for 500 ls,

but the 25-ns flash sets the time-resolution of the process.

The acceptor substrate is not included in order to make

illumination easier, following previous time-resolved

imaging studies (Brown et al. 2011; Duocastella et al.

2009). The donor assembly is moved with a translation

stage after each pair of pulses, and a top-down camera

(EO-5012C) is used to ensure pulses are fired in areas

where the polyimide is free from defects or previously

formed blisters.

Since this setup is intended as a model system for high

repetition rate printing, it is important that the variation in

energy between pulses is not too large. To that end, we

calibrated the energies of the two lasers until adjacent jets

formed from simultaneous pulses were of similar length, as

in the first panel in Fig. 2b. An energy meter (OPHIR) was

also used to measure pulse energies below an uncoated

glass slide after the laser objective. Pulses from both lasers

exhibited a shot-to-shot variation of roughly 2 %.

3 Experimental results

Two sets of time-resolved images with differing parame-

ters are presented in Fig. 2. For each case, various time

delays between laser pulses are considered. Five images are

taken for each time delay, and the delay between the sec-

ond pulse and the flash lamp is held fixed at 5 ls for the

first data set and 2 ls for the second. The angle of the

second jet relative to vertical is measured using ImageJ.

The laser pulses enter from the top and form blisters in

the polyimide layer, which are apparent from the wide

bases near the top of each image. The impulse provided by

these blisters to the liquid film leads to the formation of the

long and narrow liquid jets in the images (Brown et al.

2011). The jet on the left originates from the first laser

pulse, and the jet on the right is formed by the second

pulse.

By examining the left jet for increasing time delays in

Fig. 2, we can observe how a single jet evolves over time.

It eventually pinches off at the base due to surface tension,

around 30 ls in both cases here. The resulting filament then

contracts, and in the second set of images, it breaks up into

drops as a result of the Rayleigh-Plateau instability (Pla-

teau 1873; Rayleigh 1878; Eggers 1997).

The second jet does not evolve with increasing time

delays, as the delay between the second pulse and the flash

lamp is held fixed. However, a significant tilting of the

second jet is apparent in the snapshots, and the angle of

tilting varies with time delay while the first jet remains

vertical, normal to the film. Two angle measurements are

overlaid on each figure, and Fig. 3 shows a plot of these

second jet angles versus time delay for the two cases. Small

time delays lead to second jets with a negative angle, tilted

toward the first jets. As the time delay increases, this sec-

ond jet angle crosses zero degrees and becomes positive

before approaching zero again for long time delays

ð� 70 lsÞ.
Both cases exhibit a similarly shaped curve for the jet

angle versus time delay plot. The first data set has larger jet

angle magnitudes and reaches negative angles at much

shorter time delays than the second data set. Numerical

simulations, discussed below, are used to investigate the

origin of the dependence of second jet angle on time delay.

4 Numerical setup

To simulate BA-LIFT, we follow Brown et al. (2012), in

which the blister expansion is fixed by the laser pulse

energy and treated as a moving solid boundary with the

blister height defined by

hbðr; t;EÞ ¼ Xðr;EÞThðtÞ; ð1Þ

where

Xðr;EÞ ¼ H0ðEÞ 1� r=R0ðEÞð Þ2
h iC

; ð2Þ

ThðtÞ ¼
2

p
arctanðt=sÞ: ð3Þ

The temporal evolution is contained in ThðtÞ, and the

spatial function Xðr;EÞ gives the final blister shape as a

function of laser energy E. The empirical fits for H0ðEÞ and

R0ðEÞ as well as the time constant s ¼ 2:359� 10�8 s and

blister shape constant C ¼ 1:25 were obtained by fitting

experimentally measured profiles obtained for a top-hat

laser pulse with a diameter of 20 lm, as detailed in Brown

et al. (2010, 2012). The no-slip condition is still enforced at

the deforming solid-liquid boundary, prescribing a vertical

fluid velocity based on the blister profile evolution and

neglecting the small radial component that would arise

from stretching. Using these fits, the simulation of BA-

LIFT can focus on the fluid flow resulting from the blister
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(a)

(b)

Fig. 2 Time-resolved images of jets formed from two laser pulses

with varying time delays between them. The time delay between

pulses is given for each image, with the right pulse always fired after

the left. The average laser energy, liquid film thickness, separation

between the pulses, and time delay between the second pulse and the

strobing of the flash lamp are given for each case as E, H, D, and T2

respectively. a E � 5:6 lJ, H � 13 lm, D � 65 lm, T2 ¼ 5 ls.

b E � 5:3 lJ, H � 10 lm, D � 75 lm, T2 ¼ 2 ls
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expansion, which is decoupled from the complex laser-

polymer interaction. Thus, increasing the laser energy

merely increases the final blister radius and height, R0ðEÞ
and H0ðEÞ.

We note that the beam profiles of the lasers used in

experiments are approximately Gaussian, so the blisters

differ from the fits obtained with a top-hat beam. There-

fore, we do not attempt a fully quantitative correspondence

between experiments and simulations, but rather use sim-

ulations to probe the physical basis of jet tilting.

Two transfers of equal energy E are considered. The

coordinate system is defined such that the first transfer is

initiated at x ¼ 0 and t ¼ 0, and the second begins after a

time delay t ¼ T at a separation of x ¼ D.

To isolate the effect of the repetition rate, we choose

fixed representative values for most of the problem

parameters. The fluid properties of density, viscosity, and

surface tension are chosen to match that of NMP, which is

used for experiments. Gravity is neglected, as the change in

velocity of a jet over the time scale of the process

ð� 50 lsÞ is gDt � 5� 10�4 m/s, 4 orders of magnitude

smaller than typical velocities in simulations.

Two cases with varying laser energies and film thick-

nesses are considered, as they lead to significantly different

resulting dynamics. One has 6 lJ pulses with a 10 lm film

thickness, just above the threshold for fluid transfer,

breaking up into a droplet before the jet reaches a signifi-

cant length. The other has 7:5 lJ pulses with a 15 lm film

thickness, well above the threshold, forming a long jet that

reaches the bottom of the computational domain before

eventually pinching off near the blister. The 6 and 7:5 lJ

cases will also be referred to as the low-energy and high-

energy cases, respectively.

For each laser energy, a range of time delays are chosen

for the second blister expansion. The spatial separations

used are just over the minimum values of the blister

diameter, since experimentally, this allows the droplets to

be deposited closest together with the blisters still being

independent of each other and reproducible.

We use the open-source code Gerris (Popinet 2003,

2009) to simulate the blister expansion and subsequent jet

formation in 3D. Gerris solves the incompressible Navier-

Stokes equations using a finite-volume projection method,

with the interface represented by a volume of fluid (VOF)

method. Quad/octree adaptive mesh refinement is utilized

to increase spatial resolution in areas of interest.

The domain is an unstructured Cartesian grid in a cube

of side length 100 lm, illustrated in Fig. 4. The top wall is

a solid surface corresponding to the polymer layer, with the

deforming boundaries represented using a VOF approach.

The back and left boundaries are taken as planes of sym-

metry to reduce computational cost, so the normal velocity

is set to zero there. Lastly, the front, right, and bottom

boundaries are constant pressure boundaries to allow out-

flow and inflow.

The mesh is adaptively refined every timestep to resolve

the interface in areas of high curvature, with a maximum

refinement level of 9. Each additional level of refinement

divides a square cell into 4 smaller squares, so the edge

length of a cell at a refinement level r is L=2r. Since

L ¼ 100 lm, the minimum cell length is

100 lm=29 � 0:195 lm. A fixed refinement level of 7 is
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Fig. 3 Angle of second jet versus time delay for both experimental

tests. Error bars indicate �1 standard deviation in jet angle from 5

measurements

Fig. 4 Snapshot of the computational domain for the 6 lJ test case

with T ¼ 22 ls at t ¼ 29 ls. The domain is a cube with side length

100 lm. A slice of the adaptive mesh is shown at the back plane of

symmetry, with color denoting the level of refinement. Both blisters

have reached their steady-state shape on the top boundary, and the

liquid interface is colored according to the absolute value of

curvature. This curvature determines the local grid refinement each

time step (color figure online)
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used in cylinders of radius 60 lm and height 25 lm adja-

cent to where the two blisters expand, and a minimum level

of 4 is used elsewhere. The interface is also adaptively

refined to maintain a minimum level of 7. With adaptive

refinement, the pinch-off of droplets from jets is adequately

captured without having to waste computational resources

on uninteresting regions of the flow. Each simulation is run

using a single core of a standard desktop computer, taking

between 2 and 5 days to simulate out to t ¼ T þ 10 ls.

Grid independence is verified by comparing results from a

standard simulation to one with higher refinement levels (a

maximum of 10 due to curvature, 8 adjacent to the blisters,

and a minimum of 5) but a domain length of 150 lm instead

of 100 lm. This effectively means that the cell lengths are all

3=4 of the standard values. Both the high and low-energy

cases were tested at a single time delay, 34 ls for the high-

energy case and 22 ls for the low-energy case. A few metrics

were chosen to compare the standard and high-resolution

simulations, and the results of these comparisons are sum-

marized in Table 1. All quantities tested differ by less than

5 % between the two refinement levels, so we argue that the

standard simulation setup is well-resolved, providing phys-

ically accurate results. We also note that for simulations

which are coarser by one level, the results differ significantly

and the first jet does not even pinch off.

5 Numerical results and analysis

Figure 5 shows snapshots of second jets formed with

varying time delays between laser pulses for both the low-

energy and high-energy cases. Blue arrows show the angles

of the second jets a fixed time after the second blister starts

expanding.

We observe two striking features of the jets formed here.

First, the trend of negative angles for small time delays and

positive angles for large time delays is obtained, as seen in

the experimental results. A second observation is the var-

iation in jet lengths and widths. All profiles are taken at the

same fixed time after the formation of the second blister, so

one would naively expect them to be roughly the same size

as each other for a given energy. The differences can be

attributed to the curvature of the interface before the sec-

ond blister expansion. When the interface is concave

downward, a flow-focusing effect leads to a narrower and

faster jet. For longer time delays, the interface temporarily

becomes convex, and an opposite flow-defocusing effect

leads to shorter and wider jets that may not even pinch off

in the low-energy case. The experimental snapshots in

Fig. 2a, b also appear to display this behavior, with second

jet lengths that vary with time delay. This flow-focusing

effect has been studied and utilized previously to obtain

narrow high-speed jets in capillary tubes (Antkowiak et al.

2007; Tagawa et al. 2012; Peters et al. 2013) and bubbles

near a free surface (Thoroddsen et al. 2009). A quantitative

analysis of the effect in this case is beyond the scope of the

current paper, but additional studies are forthcoming.

In this paper, we focus on the tilting of the second jet, so in

order to elucidate the physical origin of the jet angles, each

panel of Fig. 5 also contains the interface just before the

second blister starts expanding, plotted as a dotted line. At

the separation distance D from the first pulse, the normal

vector to this interface is plotted in red. We immediately see

Table 1 Summary of grid-independence comparisons between standard and high-resolution simulations

Refinement level Standard High % error

Minimum cell width ðlmÞ 0.195 0.146

Low-energy case ðT ¼ 22 ls; tmax ¼ 37 lsÞ
tpinch ðlsÞ 12.77 12.60 1.3

Jet length at tpinch ðlmÞ 46.14 48.45 -4.8

First droplet volume ðlm3Þ 1,361 1,299 4.7

Angle of interface at t ¼ Tð�Þ 12.60 12.46 1.2

Angle of second jet at t ¼ T þ 7 lsð�Þ 7.53 7.84 -4.1

CPU time (days) 2.6 20.0

High-energy case ðT ¼ 34 ls; tmax ¼ 40 lsÞ
tpinchðlsÞ 25.85 26.12 -1.0

Angle of interface at t ¼ Tð�Þ 15.90 15.58 2.0

Angle of second jet at t ¼ T þ 2 lsð�Þ 11.88 11.89 -0.04

CPU time (days) 3.9 28.3

tpinch refers to the pinch-off time for the first jet. In the high-energy case, this refers to the pinch-off at the base near the blister, leaving a long

cylindrical jet, while in the low-energy case, a nearly spherical droplet pinches off. The angle of the interface and angle of the second jet are

defined more precisely below
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that the direction of this normal vector is roughly the same as

the direction of the second jet. This is measured quantita-

tively in Fig. 6, which tracks the angle of the normal to the

interface at x ¼ D (hereafter referred to as the interface

angle) over time and compares it with angles of second jets

when initiated with the corresponding time delays. We define

an angle of 0� to be vertically downward, positive angles for

vectors pointing away from the first jet, and negative angles

for vectors pointing toward the first jet. In the figure, each

marker denotes a unique simulation with its own time delay,

while the interface angle versus time delay curve is obtained

from one simulation with no second laser pulse. The second

jet angle is defined as the angle from the base of the second

blister to the furthest point on the second jet a fixed time T2

after the second pulse. This fixed time is chosen as T2 ¼ 7 ls

for the low-energy case and T2 ¼ 2 ls for the high-energy

case, the same as used in the snapshots in Fig. 5. For each

time delay T in both cases, Fig. 6 shows that the jet angle is

close to the interface angle, which quantitatively demon-

strates that the jets are produced approximately normal to the

interface.

This result is not surprising, since in an idealized case with

a flat interface, an infinitely deep liquid reservoir, and a

spherically symmetric impulse at some distance from the

interface to induce jet formation (like an expanding cavita-

tion bubble, which is often the mechanism used in LIFT),

symmetry dictates that the jet must be normal to the interface.

What we have shown is that the asymmetries due to a non-

uniform interface, vertical blister expansion, and finite film

thickness play a relatively minor role in determining jet angle

in these cases. Instead, the local normal vector at x ¼ D is a

good predictor of the direction of the second jet.

1 µs40 µm 5 µs 10 µs 15 µs

20 µs 22 µs 25 µs 40 µs

(a)

5 µs50 µm 10 µs 15 µs 20 µs

30 µs 34 µs 40 µs 50 µs

(b)

Fig. 5 2D slices of jets formed

from two simulated laser-

induced blister expansions with

varying time delays T between

expansions, specified for each

image. Dotted curves show the

interface just before the second

blister expansion, and the solid

curve shows the second jet

a 7 ls later or b 2 ls later. Blue

arrows illustrate the angle of the

second jet while red arrows

denote the normal to the

interface just before the second

blister starts expanding. a E ¼ 6

lJ, H ¼ 10 lm, D ¼ 40 lm.

b E ¼ 7:5 lJ, H ¼ 15 lm, D ¼
50 lm (color figure online)
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A natural question to ask is whether this second jet

angle depends on the time T2 between the second pulse

and the snapshot. We find that the angle typically starts

larger in magnitude for small T2 and approaches a steady

value as the jet length increases. In almost all cases, the

values chosen for T2 (7 ls for the low-energy simulations

and 2 ls for the high-energy simulations) are sufficient

that the second jet angle is close to its final value at

t ¼ T þ T2, only for T ¼ 40 ls and E ¼ 7:5 lJ is the

change in jet angle greater than 1�. Figure 7 shows

snapshots of this second jet over time with the jet angles

overlaid. The reason why this particular case does not

reach its final value within 2 ls goes back to the

observation that the convex curvature of the interface

before the second pulse leads to a flow-defocusing effect,

so this jet is much slower than the other jets formed

from 7:5 lJ pulses. Since the other simulations have

second jet angles that are close to their final values at

t ¼ T þ T2, we proceed with our definition of second jet

angle in terms of the fixed values of T2 for each energy.

For comparison, Fig. 8 shows time-resolved images for a

fixed time delay ðT ¼ 45 lsÞ and varying values of T2.

Again, the angle of the second jet does not change

significantly with the lamp time delay T2.

The next step is then to understand the shape of the

interface angle versus time delay curves in Fig. 6 in

order to predict tilting of liquid jets for different

parameters or other systems. By examining the dotted

lines in Fig. 5, we can see the evolution of the interface

over time with no second blister. For early times, the

first jet grows by dragging liquid from its surroundings

down into it, and this invariably causes a local minimum

in film thickness at some distance away; by conservation

of mass, as soon as the volume of liquid in the jet

(defined below the initial film thickness) surpasses the

volume displaced by the blister, any extra volume added

to the jet is volume lost from the initial film. This leads

to a local minimum in film thickness, since for large
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Fig. 6 Angle of the normal vector to the interface at x ¼ D over time

for both simulated cases with no second blister, along with the angle

of the second jet when initiated at the corresponding time. Second jet

angles are measured 7 ls ð2 lsÞ after the second blister starts

expanding in the low-energy (high-energy) case. Interface angles

and second jet angles correspond, respectively, to the angles of the

red and blue arrows in Fig. 5 (color figure online)
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Fig. 7 Snapshots of the second jet with increasing time for the high-

energy case with T ¼ 40 ls. The red arrow is the normal to the

interface at t ¼ T , and the blue crosses give the furthest point on the

jet from the base of the blister, defining a jet angle that evolves with

time. The jet angle starts large and decreases, approaching a steady

value as the jet gets longer. The difference in jet angles from t ¼
T þ 2 ls to t ¼ T þ 10 ls is 3:6�. The time between snapshots is

0:5 ls (color figure online)

Fig. 8 Overlay of time-resolved images with a fixed time delay T ¼
45 ls between pulses and varying lamp time delay T2 between the

second pulse and the flash lamp. Second jets are outlined in white for

lamp time delays T2 ¼ 1; 2; 3, and 5 ls. The rest of each image is

made partially transparent to show evolution of the first jet. The other

experimental parameters are D � 70 lm, H � 10 lm, and E � 5:3 lJ
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distances, the film thickness returns to its initial value.

As long as this local minimum is between the first jet

and x ¼ D, the normal vector to the interface will point

toward the first jet, explaining the negative angles seen

for small time delays.

Eventually, the first jet will pinch-off due to the Ray-

leigh-Plateau instability, and the position of this local

minimum is then observed to propagate outward radially.

This can be understood in terms of a cylindrical capillary

wave that propagates outward once pinch-off occurs. Fig-

ure 9 shows more clearly how the interface evolves after

pinch-off for both cases, revealing snapshots of the

spreading capillary wave responsible for the change in the

interface angle from negative to positive. The peaks in the

interface angle versus time delay curves in Fig. 6 corre-

spond to the time when the steepest part of the capillary

wave passes x ¼ D.

It is interesting to note that in the low-energy case, a

droplet pinches off leaving a small remnant jet that then

retracts back into the film, while in the high-energy case,

the jet stays intact as it leaves through the bottom of the

domain, eventually pinching off at the base near the

blister instead. The jet in the low-energy case pinches off

early, after 12:5 ls, and the remnant jet reaches the film

by t � 16 ls. The long jet in the high-energy case does

not pinch-off until t � 25:5 ls though, which delays the

initiation of the capillary wave, partly explaining the

12 ls difference in peak interface angle times between

cases. Another factor in this difference is that D is

chosen to be greater in the high-energy case because the

blisters are larger, so the capillary wave takes longer to

reach the point x ¼ D.

For other energies, the dynamics will be different

(Brown et al. 2012), with the possibility of satellite droplets

forming instead of a long stable jet. In any case, a cylin-

drical capillary wave will still be observed, initiated either

when a remnant jet or droplet retracts back into the film or

when pinch-off occurs at the base of the jet.

Another way to visualize this capillary wave is with the

contour plots in Fig. 10. These use contours to show the

interface angle as a function of both separation D and time

delay T . Areas with an interface angle between �1� and 1�

are clearly distinguished as white, showing regions of

parameter space where tilting of jets is expected to be

insignificant. The choice of 1� as the threshold angle is of

course arbitrary, but the general shape of the plot will not

depend on it.

Two regions remain in each plot: one with negative

angles, labeled A, and one with positive angles, labeled B.

These are regions of parameter space which will lead to

large second jet angles and should thus be avoided when

trying to print uniform patterns of droplets. We note that a

thin region of desirable interface angles separates regions

A and B, but the steep gradient in hi there makes the

margin for error small.

The diagonal shape of the regions shows that they

propagate outward over time, and the slopes of these

regions define wave speeds. There are many ways one can

choose to measure these wave speeds, and we choose to

track the peak in interface angle over time, as marked with

the thick white dashed lines in Fig. 10. That is, we find the

value of D at which the interface angle is a maximum for

successive values of T and obtain a time-varying wave

speed by calculating dDmax=dT , i.e., the slope of the white

dashed line. The slope of this line clearly changes over

time, showing a decreasing wave speed, so we examine the

initial and final values. For the high-energy case, the wave

speed between T ¼ 25 ls and T ¼ 40 ls is nearly constant

at 2.45 m/s, and by T ¼ 70 ls, it has slowed down to about

0.8 m/s. For the low-energy case, the wave speed between

T ¼ 15 ls and T ¼ 25 ls is nearly constant at 2.78 m/s, and

by T ¼ 40 ls, it has slowed down to about 0.9 m/s. The

initial wave speeds are more relevant, as they are the

propagation speeds while the interface angle is still large.

We can estimate the time for the capillary wave to pass a

set separation D using the group velocity of a capillary

wave,
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Fig. 9 Interface profiles after the first jet pinches off, revealing a

cylindrical capillary wave propagating outward on the film in both

cases. a High-energy case. b Low-energy case
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U ¼ 3

2
c ¼ 3

2

ffiffiffiffiffiffiffiffi
2pc
qk

s
; ð4Þ

where c is the phase velocity of a capillary wave, c is the

surface tension, q is the liquid density, and k is the

wavelength. We expect the wavelength to be primarily

determined by the blister radius, and if we extend the

blister shape into a sinusoidal capillary wave, we can

define a characteristic wavelength of k� 4R0. Indeed, the

first interface profiles after pinch-off in Fig. 9 reach their

minimum values reasonably close to x ¼ 2R0, (� 50 lm

for the high-energy case and � 40 lm for the low-energy

case), suggesting that 2R0 is a good estimate for k=2. This

approximation leads to

U � 3

2

ffiffiffiffiffiffiffiffiffiffi
pc

2qR0

r
: ð5Þ

Taking for the surface tension and density c ¼ 40:79 mN/m

and q ¼ 1;030 kg/m3, values corresponding to NMP, one

obtains U � 2:4 m/s for E ¼ 7:5 lJ and 2.7 m/s for

E ¼ 6 lJ. These approximate group velocities are in good

agreement with the initial wave velocities extracted from

simulations (Fig. 10) of 2.45 and 2.78 m/s.

Attenuation of this capillary wave is apparent from the

change in color along the positive and negative angle

regions in the contour plots in Fig. 10 and the fact that they
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Fig. 10 Contour plots of interface angle as a function of separation D

and time delay T for both the a high- and b low-energy cases.

Negative angles are denoted by dotted contours and blue colors in

region A while positive angles have solid contours and red colors in

region B. Interface angles jhij\1� lie within the white region, labeled

C, signifying areas of parameter space in which one expects

negligible second jet angles. The propagation of the maximum angle

for increasing times is illustrated with the white dashed curve (color

figure online)
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Fig. 11 Interface angle versus time delay for various fixed distances

D from the first pulse for both the a high- and b low-energy cases.

Each curve corresponds to a horizontal line from the respective

contour plot in Fig. 10, and the dotted lines define the band jhij\1�,
which we take as the threshold for negligible second jet angles
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end for large enough D and T . An alternative way to

observe attenuation is to compare interface angle versus

time delay curves for increasing values of D. This is

equivalent to taking horizontal lines of constant D from the

contour plots, and this is done in Fig. 11. The desirable

jhij\1� regions are indicated by the shaded bands in each

plot. We see that the crests of the waves rapidly decay as D

is increased, dropping below 1� by about 125 and 80 lm for

the high- and low-energy cases, respectively, while the

troughs persists longer, despite having a smaller initial

displacement from 0�.
In order to understand the attenuation more quantita-

tively, we refer to the capillary wave defined earlier and

tracked with the thick dashed line on the contour plots.

Along this path, we convert interface angle to interface

slope using oh=ox ¼ tan hi, where hðx; tÞ is the film

thickness, and hence, oh=ox is the interface slope. We fit

the decrease in peak interface slope with time by an

exponential decay AðtÞ ¼ A0 expð�t=sÞ, plotted for both

cases in Fig. 12. This gives time constants s ¼ 15:8 ls and

s ¼ 8:7 ls for the high- and low-energy cases, respectively.

These can be compared with calculations for 2D small-

amplitude sinusoidal waves propagating over a liquid with

a uniform depth H. Using the wavenumber k ¼ 2p=k and

phase velocity c ¼
ffiffiffiffiffiffiffiffiffiffi
kc=q

p
, the angular frequency x for

capillary waves is given by x ¼ c=k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c=ðqkÞ

p
.

We can then write the attenuation due to dissipation

from both the solid wall and internal motion in terms of

time constants for exponential decay as (Lighthill 1978)

sw ¼
ffiffiffiffiffiffi
2

mx

r
sinh 2kH

k
; ð6Þ

si ¼
1

2mk2
; ð7Þ

where m is the kinematic viscosity. These time constants

appear in the time-varying amplitude AðtÞ of a capillary

wave as AðtÞ ¼ A0 expð�t=swÞ expð�t=siÞ, so an effective

time constant is given by

seff ¼
1

1=sw þ 1=si

: ð8Þ

For the high-energy case, using the same k� 4R0 approx-

imation as before gives sw � 182 ls and si � 68 ls, lead-

ing to seff � 50 ls. The low-energy case gives sw � 87 ls

and si � 48 ls, leading to seff � 30 ls. These effective

time constants are about three times as large as the values

of 15.8 and 8:7 ls obtained from simulations. Viscous

effects play a larger role in modifying these cylindrical

capillary waves than this simple damping theory suggests,

as the wave speed slows significantly over time, but

nonetheless, it appears that the dissipation of a 2D small-

amplitude sinusoidal capillary wave can be used to give a

rough approximation of the rate of attenuation of cylin-

drical capillary waves arising in LIFT. One encouraging

feature of the theory is that si� k2, so higher-resolution jets

with shorter wavelengths will give smaller effective time

constants for attenuation. The resulting capillary waves

will dissipate faster, so the maximum acceptable repetition

rate before jet tilting is observed will increase.

6 Discussion and conclusions

Comparing second jet angles from experiments (Fig. 3)

and simulations (Fig. 6), qualitative agreement in the

general dependence of the second jet angle on time delay is

clear. The angle of the second jet dips to a minimum for
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Fig. 12 Attenuation of the peak interface slope with time for both

cases together with exponential fits
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Fig. 13 Angle of second jet versus time delay for the low- and high-

energy simulations, along with a third set of simulations with the

higher energy and thinner film. Jet angles are measured 7 ls after the

second pulse for the low-energy simulations and 2 ls after the second

pulse for the high-energy simulations
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small time delays, rises above 0 to a maximum for inter-

mediate time delays due to the passing capillary wave, and

falls back toward 0 for long time delays as the interface

flattens out again. The magnitudes of the jet angles

observed experimentally are also of the same order as those

from simulations. Experimental jet angles are somewhat

smaller, which is consistent with the experiments having

larger pulse separations, and thus more attenuation of the

capillary waves, than simulations.

One feature to notice is that second jet angles are largest

for the simulation with the higher pulse energies and

thicker 15-lm film. To probe whether film thickness or

pulse energy has a greater effect, another set of simulations

was run with 7:5 lJ pulses and D ¼ 50 lm but a thinner

10-lm film. The second jet angles for this case are com-

pared with the previous two sets of simulations in Fig. 13,

showing that the film thickness appears to be crucial in

determining the magnitude of the second jet tilting. Using

thicker films leads to capillary waves with larger ampli-

tudes and hence second jets with greater tilt angles. This is

also observed in the experimental results in Fig. 3,

although other parameters differ there as well.

Another interesting trend is the effect of pulse energy on

the second jet angle curve. As mentioned earlier, in the

simulations, the higher pulse energy leads to a later pinch-

off time as well as requiring a larger D, delaying the

capillary wave propagation and hence the time delay at

which the second jet angle crosses h ¼ 0. The third set of

simulations shows the same behavior, with a similar shape

to the low-energy case but delayed by about 5 ls.

Second jet angles in the experiments cross over from

negative to positive values at significantly longer time

delays ð� 40 lsÞ. This is again partly explained by the

greater separations used and partly explained by the later

pinch-off times. The images in Fig. 2 show that the first

jet does not pinch-off until about 30 ls in both cases,

5 ls later than the pinch-off time in the high-energy

simulations. There could also be differences in wave

speed due to wavelength that further delay the arrival of

the capillary wave at x ¼ D in experiments.

As mentioned earlier, differences in laser conditions

between experiments and simulations prevent a direct

quantitative comparison between the two, but there is

good agreement in the trends regardless, and the simu-

lations reveal the mechanism behind the tilting of adja-

cent liquid jets for two jet formation regimes. As long as

the laser pulses are close enough together and the time

delay is not too great, the free surface below the second

laser pulse will be angled toward or away from the first

jet, and the second jet is formed at a similar angle

toward or away from the first jet. For small delay times,

the flow of liquid from the surroundings into the jet

leads to a minimum in film thickness and causes the

angle to be toward the first jet. For larger delay times,

after the first jet pinches off, a decaying cylindrical

capillary wave propagates outward, angling the interface

away from the first jet temporarily. Eventually, the

capillary wave will pass and dissipate to return the film

to a uniform state, and the direction of the second jet

returns to vertical. Calculating the group velocity and

dissipation rates from 2D linear wave theory provides

approximations for the wave speed and attenuation of

this cylindrical capillary wave.

A natural question to ask is how these results would

change using a form of LIFT that relies on the growth of a

cavitation bubble as the impulse for jet formation. We

expect that jets will still be produced normal to the inter-

face, but one must be careful to choose D large enough

such that the cavitation bubbles do not overlap directly on

the film. Otherwise, bubble interactions will likely domi-

nate and diminish the uniformity of the jets, as suggested

by Biver et al. (2014). The capillary wave speed and

attenuation should be unchanged, however, so provided

that pulses are far enough apart, we would expect a similar

dependence of second jet angle versus time delay.

For high repetition rate printing using BA-LIFT, our

results show that in order to minimize deviations from

desired printing locations due to this tilting effect, one of

three approaches should be taken to keep the interface

angle small at the chosen separation D and time delay T .

These are most easily understood by referring to the

contour plots of Fig. 10, where region C denotes the

desirable region with angles less than 1� in magnitude.

They show that one possibility is to choose a high

enough repetition rate that the capillary wave does not

reach x ¼ D within the time delay T . This corresponds to

the top left corners of the contour plots and can be

written as T 	 D=U, where U is the predicted group

velocity of the capillary wave. Another option is to use a

low enough repetition rate that the peak of the capillary

wave from one pulse passes x ¼ D well before the next

pulse is fired. This condition is satisfied in the bottom

right corners of the contour plots, corresponding to

T 
 D=U. Lastly, one can disregard where the capillary

wave is if it dissipates enough that the interface angle is

negligible, and this condition is found in the top right

corners of the plots, corresponding to T 
 seff , where

seff is the calculated effective time constant for

dissipation.
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