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ABSTRACT

Laser Induced Forward Transfer (LIFT) is an additive direct-writing technique, in which a piece of material (ink) is transferred from a donor
to a receiver surface, utilizing a laser impulse. In practice, the process of jet formation can suffer from irreproducibility. We identify two pos-
sible destructive mechanisms due to multiple optical breakdowns (originating from imperfections of the optical system) and rarefaction
waves (originating from impurities), both with harmful consequences caused by cavitation. Based on experiments in a model system that
allows for visualization and numerical simulations employing the boundary integral method, we reveal the underlying fluid dynamics of both
mechanisms. Finally, to overcome the irreproducibility, we provide recommendations for the industrial use of LIFT.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5095520

Laser Induced Forward Transfer (LIFT) is a digital manufactur-
ing method that has shown great potential in 2D and 3D printing of a
wide range of materials, from metal printing1 to tissue engineering.2 In
the case of a liquid ink, the energy of a laser is absorbed inside a film
and, due to either thermal or optical breakdown, a bubble forms. The
bubble expansion then moves the free surface, which finally leads to
jet formation. For more information on the latest progress in the field,
we refer the readers to the review of Serra and Piqu�e3 and also the
book4 edited by the same authors.

A perfect LIFT process requires the formation of a clean straight
jet of the ink that later deposits a single droplet on the receiver sub-
strate. However, it is known that the LIFT process can suffer from irre-
producibility and uncertainty.5,6 In practice, side microjets or
fragmentation of the main jet can disrupt the printing process. In
order to improve the printing quality in the available techniques and
design new methodologies for the next generation of this technology,
it is essential to understand the sources of undesirable events in a LIFT
process. This is the focus of this letter.

Based on experiments to investigate the details of bubble and jet
formation in the early stage of the LIFT and corresponding numerical
simulations with the Boundary Integral Method (BIM), we will report
two possible destructive mechanisms, originating from multiple break-
downs and the reflection of shock waves at the free surface.

A schematic of the experimental setup is shown in Fig. 1. A green
laser pulse (Litron Nano S65–15PIV) with a duration of tp¼ 6ns is

focused inside the liquid, using a 10� objective lens (Thorlabs LMH-
10X-532). We tune the energy of the pulse with a k/2-wave plate, a
polarizing beam splitter (PBS), and a beam dump (BD). We measure
the energy of each pulse using an energy meter (EM) (Gentec QE8SP-
B-BL). The calibration relationship between the measured energy and
the transferred energy to the film was obtained with another energy
meter (Gentec QE12LP-H-MB, not shown here). The laser energy var-
ied between 1.5 mJ < E< 6 mJ in our experiments. Therefore, we are
above the threshold of plasma formation.7,8 Also, we avoid larger laser
energy where liquid fragmentation occurs due to significant inertia.
The laser beam has a diameter of 4mm. Using a Gaussian beam
approximation, we find a spot size diameter of �3.5lm. Note that we
did not measure the shape of the laser beam and assume that the effect
of any possible non-Gaussian shape is negligible. We use another
aligned laser beam (continuous, red and low power) and a CCD cam-
era to accurately determine the focal position inside the liquid. The
side view imaging is performed with a Shimadzu HPV-X2 high-speed
camera at either 200 Kfps or 5 Mfps. In all experiments, the high-
speed cameras were attached to a long distance microscope (Navitar
12X). For illumination, we used a cold high intensity collimated white
light source (Sumita LS-M352A), passing through a diffuser.

The liquid layer is Milli-Q water in a transparent container
(3 cm3) with hydrophobic walls, where the normal contact angle at the
side walls allows for visualization of the bubble dynamics and the jet
formation. We do not use any absorbing dye. Therefore, the bubble
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formation only occurs above the optical breakdown, i.e., the threshold
of plasma formation. Note that the majority of LIFT techniques utilize
thin films of the material (ink) with thicknesses as small as tens of
microns. In the present work, we opt to conduct the experiments in
relatively thick liquid films to be able to fully visualize the dynamics of
interest. Our technique is strongly related to what has been called
Film-Free LIFT,9 where the liquid layer is thick.

The control parameters are the focal height zf (distance between
the focal position and the free surface), the film height, and the laser
energy E. We avoid small focal heights, where ablationlike fragmented
jets form10,11 and focus on the regimes related to LIFT applications,
where a single jet is formed. The experiments were conducted by sys-
tematically changing the control parameters. Nonetheless, we have
observed the destructive mechanisms randomly, without any correla-
tion with the film thickness or focal positions. The results presented
here show typical and representative features.

Our numerical simulations are based on potential flow theory,
utilizing the boundary integral method (BIM). We thus assume that
the liquid around the bubble is inviscid and incompressible and the
flow is irrotational. Hence, we can describe the velocity field as
u ¼ r/, where / is the potential which satisfies the Laplace equation
r2 /¼ 0. Using Green’s second identity, the velocity potential can be
expressed in the form of an integral equation

cðr; tÞ/ðr; tÞ ¼
ð
@/ðq; tÞ
@n

Gðr; qÞ � /ðq; tÞ @Gðr; qÞ
@n

� �
dS; (1)

where r and q are the field and source points, respectively. cðr; tÞ is the
so-called solid angle. S includes all the boundaries (bubble, free surface,
and solid substrate) and @=@n is the normal derivative of the bound-
aries. Green’s function is taken as Gðr; qÞ ¼ 1=jr � qj þ 1=jr � q0j,
where q0 is the reflected image of q across the solid substrate. There is
no need to compute the integrals over the rigid wall in the numerical
simulation. Solving the system results in the normal velocities on the

boundaries and then the velocity vector. In each time-step, we updated
the position of the boundaries (d r=d t ¼ u) and then calculated the
new potential by time-integrating the dynamic boundary condition
(unsteady Bernoulli equation)

d/
dt
¼ jr/j2

2
� ðpb � p1Þ � r j

q
� g z; (2)

where pb and p1 are the gas pressure inside the bubble and the far
field pressure, r is the surface tension coefficient, q is the density, j is
the curvature, g is the gravitational acceleration, and z is the vertical
coordinate. For more details on the numerics, we refer to the studies
of Oguz and Prosperetti12 and Li et al.13,14 Note that all the simulations
here are performed in an axisymmetric configuration. To match the
simulation with the experiment, the initial bubble conditions (radius
R0, wall velocity u0, and pressure P0) are determined by the method
described by Brujan et al.,15 and the gas pressure inside the bubble
during the whole process is assumed to be adiabatic.

Figure 2 shows the time sequence of three experiments with com-
parable experimental conditions and their corresponding numerical
results. Panel (a) of Fig. 2 shows a “clean jet”: a desirable condition in
LIFT, when the shape of the jet is controlled. In contrast, panels (b)
and (c) of Fig. 2 show that for almost the same experimental condi-
tions, the liquid jet can experience intense or mild irregularities. We
find that these irregularities are associated with multibubble formation
due to “multiple breakdowns,”8,16 namely, when multiple cores of
plasmas are generated around the focal position. Consequently, more
than one bubble is formed. This phenomenon has been studied in the
past few decades.8,17,18 It was shown that multiple breakdown is a
probabilistic phenomenon and has a direct correlation with the impu-
rity of the liquid7,16,19 and the energy of the laser.16,18 Moreover, the
role of “moving breakdown,”20 optical aberrations,21 focusing
angle,16,22,23 and self-focusing8,24 has been addressed. In our experi-
ments, the multiple breakdown (if occurring) resulted in only one
additional smaller secondary bubble either on top or at the bottom of
the primary bubble. If the secondary bubble forms on top of the pri-
mary bubble, it can have consequences on the jet formation. As the
primary bubble grows, the secondary bubble is pushed by the sur-
rounding flow toward the jet at the free surface. At this stage, two sce-
narios are possible: if the thin liquid lubrication film between the
secondary bubble and the free surface ruptures, the bubble bursts and
an open cavity remains.25,26 The sizes of the bubbles (and therefore of
the cavities) observed in our experiments are much smaller than the
capillary length [Lc ¼ ðr=q gÞ1=2] and much larger than the visco-
capillary length (lvc ¼ l2=qr), where l is the viscosity. Therefore, the
collapse of the cavity is dominated by inertia and surface tension: the
capillary action results in the formation of a highly inertial secondary
jet that interferes with the main jet. Wemeasured the speed of this sec-
ondary jet to be as high as 25 m/s. The secondary jet also typically frag-
ments. This is detrimental in printing, as one loses control of the main
jet and the small fragmentation droplets will highly reduce the printing
quality.

In the second scenario, the secondary bubble does not burst.
Interestingly, this can still interrupt the jet formation by creating a
“tip”. In this case, the thin lubrication liquid film between the second-
ary bubble and the free surface does not rupture at the time scale of the
jet formation. However, the motion of the secondary bubble toward
the main jet locally increases the pressure, which in turn pushes the

FIG. 1. (a) Experimental setup for the investigation of laser induced cavitation in
LIFT (dimensions are not to scale). A 6 ns laser pulse is guided through a combina-
tion of a k/2 plate and a polarizing beam splitter (PBS) to control the beam energy.
We use an energy meter (EM) to measure the energy of the pulse. The laser
passes through a 10� objective lens (OL) and is focused on the desired focal posi-
tion. The test section is a transparent container with hydrophobic walls. The illumi-
nation of the test section is through a diffused back-light. The side view is imaged
with a high-speed camera attached to a long distance microscope (LDM). We use
a notch filter to protect the camera. In the schematic, BD denotes the beam dump.
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center of the jet [see the insets in Fig. 2(c)]. This type of interruption,
although not as harmful as the bursting bubbles, can still reduce the
repeatability of the final droplet size.

In our simulations, we could model all three of the phenomena
observed above. When multiple breakdown occurs, we introduce a
secondary bubble in our simulation system. Instead of simulating the
complex oscillation and deformation of the secondary bubble before it

approaches the free surface, this bubble was treated as a rigid sphere
and undergoes a specified motion, which before had been extracted
from the high-speed images. In the case of the bubble bursting, we per-
formed an ad-hoc modification: at a critical cut-off length, when the
minimum distance between the secondary bubble and the free film is
less than the local mesh size, we connected the bubble with the free
surface (similar to, e.g., Duchemin et al.,25 Deike et al.,26 and

FIG. 2. Examples of experimental obser-
vations (left) and numerical simulations
(right) for the three cases of (a) clean jet
where zf¼ 1 mm, E¼ 4.4 mJ, and
H¼ 5 mm. (b) Multiple bubble formation
and burst of the secondary bubble
(pointed by the red arrow) at the free sur-
face; zf¼ 1 mm, E¼ 4.4 mJ, and
H¼ 5 mm. (c) Multiple bubble formation
and tip formation due to the presence of
the secondary bubble; zf¼ 1mm, E¼ 4.4
mJ, and H¼ 4 mm. The insets in panels
(b) and (c) show the magnified view of the
region in which the tip is formed. The first
frames show (a) 15 ls, (b) 25 ls, and
(c) 25 ls after the plasma formation and
the time difference between the frames is
40 ls. The scale bar is 1 mm. The color-
ing in the numerical simulations gives the
pressure field normalized by the atmo-
spheric pressure. Note the much smaller
bubbles in (b) and (c).

FIG. 3. A thin jet formation due to the
burst of small bubbles generated due to
the reflection of the shock waves at the
interface. In the first panel, the blue arrow
shows the formed jet, while the secondary
bubble (red arrow) has not reached the
free surface yet. The jet grows and then
breaks up to microdroplets. In this experi-
ment, zf¼ 1mm, E¼ 4.4 mJ, and
H¼ 1.6 mm. The time difference between
the frames is 40ls. The scale bar is
1 mm. Multimedia view: https://doi.org/
10.1063/1.5095520.1
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Wang et al.27). The subsequent simulation is the interaction between
the big cavitation bubble and the free surface with a small cavity at the
center.

Besides what we explained above, our experiments also revealed
another source of detrimental effects. We observed fast thin secondary
jets in some of our experiments even when no multiple breakdown
occurs or the secondary bubble is far from the interface. Figure 3
(Multimedia view) shows an example, where a thin liquid jet forms
ahead of the main jet and then breaks up.

Similar observations were made in some previous experiments on
LIFT9 or liquid ablation.11 Looking at the first microseconds of the
bubble formation reveals that the origin of these jets is fundamentally
different from those shown in Fig. 2. Figure 4 (Multimedia view) shows
the time-resolved images of laser induced cavitation inside a film of
1.6mm, where images were recorded at 5 Mfps. Upon the plasma for-
mation, an elongated primary bubble and the secondary bubble are
formed. Note that, in this case, the secondary bubble is located below
the primary bubble. The initially spherical shock wave propagates
inside the liquid film until it reaches the free surface. The reflection of
the shock wave at the free surface results in rarefaction (or tensile)
waves due to the mismatch of the acoustic impedance.28 The rarefac-
tion wave carries a negative pressure which can be estimated as29

PS ¼ c1 qUS 10ðUS�c0Þ=c2 � 1ð Þ þ P1; (3)

where PS, and P1 are the shock and static pressure inside the liquid,
respectively, c0 � 1500 m/s is the speed of sound in water, and c1
� 5200 m/s and c2� 25300 m/s are constants from Rankine-Hugoniot
data for water.30 We measure US � 2500 m/s before the reflection by
processing the images of the shock front. In Eq. (3), an estimate of a
pressure of PS � �13MPa for the rarefaction wave follows (consider-
ing no loss in the reflection), which is efficient enough to generate a
cavitation cloud. Note that the measured pressure is about an order of
magnitude less negative than as predicted by homogeneous nucleation
theory.31 Nonetheless, the impurities in the liquid can easily lead to
heterogeneous cavitation, as previously reported in other experi-
ments.32–34 Also note that the cloud of cavitation bubbles due to rare-
faction waves is located in the path of the laser, where the liquid is
preheated (by the laser pulse), and therefore, weak spots are created.35

Since these bubbles are close to the free surface, they can easily migrate
upwards and occasionally burst [similar mechanisms as explained in
Fig. 2(b)]. Consequently, a high-speed liquid jet (like the one shown in

Fig. 3) forms. In comparison to the jets produced by the secondary
bubbles (Fig. 2), these jets are thinner and faster since the bubbles (cav-
ities) are smaller.25 In our experiments, we observed jets as fast as 52
m/s. Note that the cloud of bubbles formed below the primary bubbles
is the result of the reflection of the rarefaction waves at the bottom sur-
face of the container.

Similar to the secondary bubble due to multiple breakdown, the
cloud of bubbles due to the rarefaction wave is also detrimental in a
LIFT system. Both of them can result in uncontrolled jets and conse-
quently splatters on the print product. The destructive mechanisms dis-
cussed here are decoupled and can, in fact, occur at the same time and
cause more fault in the system. Although for the sake of proper visuali-
zation we performed our experiments with thick films, the results are
valid also for thinner films: in our tests, we observed both destructive
mechanisms also for films with the thickness below 1mm (not shown).
Note that the underlying bubble dynamics in thin films is more compli-
cated as the bubble interacts with the free surface and the bottom wall
at the same time. Further effort in both numerics and experiments is
required to study the details of bubble growth and collapse in this limit.

At the end of this letter, we would like to provide some recom-
mendations that can help to avoid the aforementioned detrimental
side effects. Purification and degassing the liquid ink can be an effec-
tive option to increase the repeatability. The size of the cavitation cloud
is directly related to impurities and dissolved gas inside the liquid.34

Additionally, there is evidence that purification can also help to reduce
the chance of multiple breakdown.7 Nevertheless, we want to note that
in practice, it is hard to achieve a fully degassed and pure ink (as we
also experienced in our experiments); specifically, the gas diffusion
from the free surface can quickly increase the chance of cavitation
near the free surface. Optical corrections to avoid multiple breakdown
seem to be an adequate method to prevent the secondary bubble. In
particular, it is shown that increasing the focusing angle23 significantly
reduced the chance of multiple plasma formation. This can simply be
achieved by expanding the beam before it enters the focusing objective
lens. Another method to control the multiple breakdown can be the
modification of the size and number of plasmas with a digital holo-
gram.36 However, since the shock wave formation is unavoidable, the
chance of the formation of a cavitation cloud is always present. Using
LIFT systems that are actuated by a blister (BA-LIFT)37 or feature
metal absorptive layers38 can avoid the problems with the small sec-
ondary bubbles, as one transfers the impulse to the liquid film via an
intermediate interface. In such a system, although the shocks can still

FIG. 4. The process of formation of the cavitation cloud near the free surface. (a) Creation of the elongated bubble and propagation of the shock pointed with the yellow arrow
(t¼ 0.4 ls). (b) Reflection of the shock wave at the interface and formation of the rarefaction waves that carry negative pressure, indicated with the red arrow. Bubbles form
(blue arrow) behind the rarefaction wave and along the path of the laser, where weak spots are formed due to preheating (t¼ 1.2 ls). (c) Propagation of the rarefaction wave
and formation of another cavitation cloud below the bubble due to the reflection at the substrate (t¼ 2.4 ls). For this experiment, zf ¼ 1 mm, E¼ 4.4 mJ, and H¼ 2mm.
Multimedia view: https://doi.org/10.1063/1.5095520.2
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propagate inside the film, the energy of the lasers is mostly absorbed
before entering the liquid film. Consequently, preheating is weaker
and the chance of the formation of a cavitation cloud is reduced.
Finally, a modification of the ink rheology can (if allowed in the appli-
cation) potentially control the dynamics of the bubbles inside the film
and avoid the bubble bursting. For instance, the increased effective vis-
cosity and the yield stress in elasto-viscoplastic materials39 can poten-
tially suppress the migration of small bubbles toward the interface.
The analysis of the latter is currently work in progress.

The authors thank C. Seyfert, G. Arutinov, and A. Prosperetti
for useful discussions. This work was funded by the Netherlands
Organisation for Scientific Research (NWO).
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