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Abstract

We propose and demonstrate a new physical mechanism for producing liquid micro-
jets by taking an optoacoustic approach that can convert light to sound through a
carbon nanotube (CNT)-coated lens, where light from a pulsed laser is converted to
high momentum carried by the sound wave. The CNT lens can focus high-amplitude
sound waves to a micro-spot of < 100 wm near the air-water interface from the water
side, leading to micro-bubbles in water and subsequent micro-jets into the air. Laser-
flash shadowgraphy visualizes two consecutive jets closely correlated with bubble
dynamics. Due to the acoustic scattering from the interface, negative pressure
amplitudes are significantly increased up to 80 MPa, even allowing homogeneous
bubble nucleation. As a demonstration, this nozzle-free approach is applied to inject
colored liquid into a tissue-mimicking gel as well as print a material on a glass
substrate.
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I. INTRODUCTION

Liquid jetting accompanied by droplet formation is widely observed in nature. The
underlying mechanisms of liquid jetting vary with different driving forces, leading to
different characteristics of jets (e.g., jet column width and jet speed). Particular interest has
been given to micro-sized liquid jets for applications ranging from needle-free drug injection
[1,2] to high-resolution inkjet printing [3]. Among various jetting methods, the simplest one
is based on the incompressibility of liquid; a small amount of liquid is pushed out of a nozzle
due to the volume change induced by the deformation of a piezoelectric-driven membrane [4]
or by the expanding bubble within a liquid container that is thermally generated by a pulsed
laser [5], an electric discharger [6], or an electric heater [7]. Alternatively, high-speed jets are
produced by an impulsive acceleration that occurs when a tube filled with a liquid falls under
its own weight onto a solid surface [8,9]. More recently, Tagawa et al. reported supersonic
micro-jets (jet speed up to 850 m/s) produced by laser-induced bubbles and consequent shock
waves in an open liquid-filled capillary when the liquid surface inside the tube forms a
concave meniscus [10].

The aforementioned approaches either require nozzles (or equivalent) to eject liquids
from containers or to form a concave liquid meniscus, which makes it vulnerable to nozzle
clogging, especially when jetting liquids contain flakes, particles, or surface-adhesive
biological molecules (e.g., proteins). Some applications such as drug injection require high-
speed jets to penetrate resistive and lipid-rich skins [1]. These call for a nozzle-free high-
speed jetting. The existing nozzle-free jetting schemes have shown promise, but they have
limitations [1,11-14]. For example, a high intensity acoustic beam can lead to liquid ejection
when it is focused to the air-liquid interface, but the jets have relatively slow speed [11].
Earlier work showed that high-speed jets (up to 250 m/s) could be produced by bubble
collapse near the air-liquid interface, but in an uncontrolled manner [12]. Recently, jetting of
a highly viscous liquid was demonstrated through the interaction between a laser-induced
spherical bubble and the air-liquid interface [13,14]. In this process, the bulk liquid needs to
be optically transparent to laser light. Moreover, the laser-based method may not be suitable
for thermally unstable materials since high temperature can change the material properties
(e.g., the efficacy of drugs, especially protein-based materials), limiting its use in some
practical applications.

In this work, we demonstrate nozzle-free, high-speed liquid micro-jetting through a
non-thermal process by using a short focused acoustic pulse (<100 ns), which is generated by
a recently developed carbon-nanotube (CNT) optoacoustic transmitter capable of focusing to
a spot the size of approximately 100 um [15]. High-speed jets (up to 200 m/s) are induced by
the impingement of the short acoustic pulse on the air-water interface and subsequent
cavitation. Due to the acoustic scattering from the pressure-release boundary, the negative
amplitude of the optoacoustic pulse is significantly increased up to 80 MPa, even exceeding
the homogeneous nucleation threshold of water. Two types of jets during the process are
observed: primary slow jets caused by initial bubble growth and secondary fast jets produced



by bubble collapse. We show two possible applications: liquid printing on a substrate and
liquid injection into a tissue-mimicking material.

II. EXPERIMENTAL SETUP

A. Optoacoustic wave generation and jet formation

An experimental setup for liquid jetting and optoacoustic generation is illustrated in
Fig. 1(a). Liquid jets into the air are generated by focusing acoustic waves on the air-water
interface from the water side. The acoustic waves are produced by means of the optoacoustic
effect using an optoacoustic transmitter that consists of a transparent concave lens coated
with a carbon nanotube (CNT)-polymer composite (referred to as CNT lens thereafter)
[15,16]. The CNT composite, where CNTs are embedded in polydimethylsiloxane (PDMS)
elastomer, serves as an excellent light-to-sound converter because the CNTs efficiently
absorb an incident optical energy and convert it to heat that is rapidly transferred to the
surrounding PDMS with a high thermal expansion coefficient. The acoustic waves, excited
by a pulsed Nd:YAG laser beam (Continuum, Surelite [-20, A = 532 nm, pulse width = 6 ns),
are geometrically focused from the CNT lens (focal length ~ 5.5 mm), producing a pressure
pulse with a pulse width (< 100 ns) and a negative pressure amplitude (> 20 MPa).

To prevent from potential contamination of the CNT lens and to minimize acoustic
propagation loss (if jetting liquid has high viscosity), we first immerse the CNT lens in
deionized water which is then separated from jetting liquids by an acoustically transparent
film (plastic wrap; polyvinyl chloride (PVC), 12.5 um thickness). Water and a water-based
blue ink (Artist’s Loft, watercolor) are used as jetting liquids, which are supplied through a
capillary tube (500 um inner diameter) by a glass syringe (Micro-Mate, capacity 5 mL)
actuated by a manual linear translation stage (Newport). In this system, the liquid level is
controlled by the amount of a jetting material supplied by the syringe (see Supplemental
Material for figure S1 [17]). For jet printing experiment, we use a glass (Fisher, 500 um) as a
target substrate, which is cleaned in an ultrasonic bath using acetone and isopropyl alcohol
(IPA), and then dried with nitrogen gas. For liquid injection demonstration, agarose gel,
known as a tissue-mimicking material, is used as a target substrate. The target substrates are
controlled by a 3-axis motorized stage.

B. Visualization of jet formation

The jetting process is visualized by the laser-flash shadowgraph technique [18-20], a
pulsed pump-probe method that allows a probe laser pulse (N,-pumped dye laser, FWHM = 1
ns) to obtain images at different temporal moments specified by the time delay between the
pump (for exciting optoacoustic wave) and the probe pulses through the delay generator
(Stanford Research Systems, DG535). Time-resolved images of the acoustic waves, bubbles,
and jets can be captured by a CCD camera (Mightex) in the nanosecond resolution, which is
determined by the probe beam with a short exposure time of 1 ns.



The visualization experiment is conducted with two different setups: the air-side setup
for examining jetting and the water-side setup for bubble dynamics, as illustrated in Fig. 1(b).
This is because significant light scattering from a non-flat liquid meniscus induced by surface
tension makes it difficult to monitor phenomena that occur in close proximity of the air-water
interface. To correlate the results from two different setups, changes are minimized. For the
air-side imaging, the chamber is slightly overfilled with the water, forming the free surface
with a concave-down meniscus. For the water-side imaging, after adding water into the same
chamber, we only introduce a large air pocket (radius of curvature 2 mm) injected by a glass
syringe through a capillary tube (inner diameter 500 pm), while the others including the
optics alignment keep unchanged. The air pocket (2 mm) forms the air-water interface with a
concave shape and is much larger than the bubbles (200 um) formed by the focused acoustic
waves. To keep the same interface position as that for the air side imaging, the field-of-view
of the CCD is used as a reference position. The interface relative to the acoustic focus is then
placed by a 3-axis motorized stage capable of moving the capillary with 1 pm resolution.

II1. RESULTS AND DISCUSSION

A. Visualization of liquid micro-jets and bubbles

The optoacoustic waves generated by the concave CNT lens propagate in the water
toward the air-water interface, impinging on the interface and consequently producing water
jets in the air. To examine the jetting process, micro-jets in the air are monitored by the back-
illuminating shadowgraphy technique, as the time-resolved images are summarized in Fig.
2(a). At the laser energy E=50 mlJ/pulse, two consecutive micro-jets are observed for 15 ps
after the impingement of the waves: a primary slow jet and a secondary fast jet. First, the
primary jet starts to emerge from the air-water interface 1 us after the focused optoacoustic
pulse arrives at the interface (#=0). The water jet continues to grow until it reaches its
maximum height and then the height of the jet decreases, which is in turn followed by the
secondary fast jet (=10 ps) that grows more rapidly than the primary jet. The jet height
evolution is plotted in Fig. 3(a), exhibiting two different peaks, each corresponding to the
primary and secondary jets, respectively. It is observed that the second peak is higher than the
first one, as the height of the secondary jet is higher than that of the primary jet. Moreover,
the secondary jet is much faster than the initial jet. As shown in Fig. 3(b), the jet speed
linearly increases with laser energy. With laser energies £>50 mJ/pulse, the secondary jets
can reach up to 200 m/s, while the primary jets up to 50 m/s.

To elucidate the mechanism underlying the consecutive jet formation, we then
visualize the water side at the same laser energy as for the jet imaging (Fig. 2b). The densely-
packed bubbles nucleate in the immediate subsurface 100 ns after the short focused pressure
pulse hits the air-water interface. The explosive bubble formation, accompanied by the shock
wave (marked as S1), can contribute to the primary jet production by pushing the surrounding
liquid. Note that the shock wave (S1) originated from the bubble zone can be differentiated
from the incoming optoacoustic wave with a larger radius of curvature (/=- 300 ns). The
bubble cloud coalesces into a single large bubble with a defined bubble edge, but the bubble



zone remains similar in size until /=6 Us because bubbles can leave the bubble nucleation
zone before coalescing (see Supplemental Material for figure S2 [17]). Finally, the bubble
collapses at =10.1 us, generating a secondary shock wave (S2). By correlating the cavitation
images with the jetting images, we find that the bubble collapse coincides with the inception
of the secondary jet. This indicates that the secondary fast jet is induced by the bubble
collapse, while the primary slow jet is related to initial bubble growth and the impingement of
the focused optoacoustic wave. Also, the shrinking bubble may cause the first jet to be pulled
back before the second jet emerges, as it cannot be only explained by liquid surface tension
(see Supplemental Material for a discussion of surface tension effect [17]). As compared with
the bubble growth, the bubble collapse can yield more localized pressure, thus producing the
secondary jet with higher speed and smaller column width than the primary jet.

The shape of the air-water interface is important for the jet formation and the bubble

hydrodynamics. It has been reported that a concave-up interface (toward the air, U) with a

smaller radius of curvature can promote the kinematic focusing of the liquid, thus producing
high-speed jets, whereas the focusing is lost for the interface with a concave-down shape (N)
[10]. In this work, for the air-side imaging, the liquid interface is almost flat, no significant
focusing is expected. In contrast, for the water-side imaging, the liquid interface is noticeably
curved, forming a concave-up shape (U) with a radius of curvature 2 mm (much larger than

the bubble zone 200 um in diameter). To compare with the work above where they examined
the effect of contact angle (as the concavity of the interface) on liquid focusing, we estimate

the contact angle by assuming a capillary of 400 um in diameter, which is higher than 80°,

possibly leading to reduced liquid focusing. However, what is important is whether the
curved surface would significantly change the bubble lifetime. As reported in the literature
[21], bubble lifetime (first oscillation) decreases with decreasing radius of curvature. With the
radius of curvature obtained from the shadowgraph image, a decrease in the lifetime is
calculated to be less than 5% compared to that for the flat interface (see Supplemental
Material for the detailed calculation [17]).

The two consecutive jets were similarly observed elsewhere [22] by employing a
shock-wave lithotripter for acoustic cavitation. Contrast to our nozzle-free jetting, their
approach used a micro-hole in a silicon plate, which not only served as an bubble nucleation
site but also as a nozzle to eject a water jet. However, possibly, because of the friction
between the water and the micro-hole (500 um in depth), the jet speed was slower than ours,
and the primary jet was overlapped with the secondary jet (referred to as the ring jet in their
work). Moreover, our jetting is different from what was observed in laser-induced spherical
bubbles interacting with the free surface [13,14]. The thermal bubbles did not generate the
secondary jets, but primary slow jets toward the air and simultaneously a counter-jet toward
the bulk liquid. This difference may arise because the dynamics of the laser-induced single
spherical bubbles is substantially different from that of the non-spherical bubble cloud in this
work.

B. Acoustic interference effect and Homogeneous bubble nucleation



Since the jetting process is strongly related to the bubble dynamics in the water, we
examine the bubble nucleation by simulating the pressure field in the nucleation zone
(bubbles nucleate when the applied pressure amplitude is above the threshold pressure). To
calculate the pressure field near the air-water interface, the linear wave equation in a lossless
medium is solved by using a finite element method (the Courant number CFL < 0.05;
COMSOL Multiphysics 4.3b). For simplicity, the nonlinear wave propagation and
attenuation are assumed to be negligible because we focus on the acoustic interference in a
small region near the interface (z<200 pum, where z is the distance from the interface). Instead,
a proper incident pressure on the optoacoustic lens is chosen to match the measured signal at
the focus in the boundary-free field (referred to as free field hereafter). Moreover, the air-
water interface is simplified as a non-deformable boundary with an acoustic reflectance of
R = —1. Although the acoustic wave impinging on the fluid interface can lead to the interface
deformation, the non-deformable interface in our case is confirmed by the shadowgraph
images indicating no measurable deformation of the interface at the initial stage of bubble
growth (later, significant interface deformation occurs when jets emerges from the free
surface). Comparably, the interface deformation in a similar pressure range was calculated to
be less than 10 um elsewhere where accurate shock and interface capturing were simulated
using multicomponent Euler equation [23].

Figure 4(a) shows the calculated peak negative pressure field (surface plot with
contour lines) in water near the free surface, normalized to the maximum negative pressure
amplitude in the free field. The blue colored region with high negative amplitudes is laterally
confined because of tight focusing of the pressure pulse, which is in good agreement with the
measured acoustic spot size of approximately 100 pm. This high-amplitude region is also
localized near the interface (z<100 pwm). This localization is due to the acoustic interference;
the short acoustic wave is reflected from the interface and then is interfered with the rest of
the incoming wave. Notably, the blue region with a crescent shape is well matched with the
shape of the bubble cloud observed in the shadowgraph image (Fig. 4b), indicating that the
bubbles favorably nucleate in the high-amplitude zone.

To further examine the interference effect, the simulated pressure transients for
different distances (z) along =0 are plotted in Fig. 4(c). The dashed signal indicates the free-
field optoacoustic signal at the focus that has a bipolar waveform with a leading positive
amplitude (P, ), a trailing negative amplitude (P,_), and a peak-to-peak time delay (z ~ 45

ns). The interference signal transients (solid lines) calculated at different locations (z = 3, 6,
10, 15, 20, 30 um) carry an additional positive phase (i.e., tri-polar waveforms) due to the
acoustic reflection. With increasing the distance z, the signal amplitudes gradually increase.
At the locations z>10 wm, the negative amplitudes become higher than that of the free-field,
reaching to the maximum value at the distance z,, =30 pm, which corresponds to the sum of

the free-field negative and positive amplitudes (i.e., P, + P;_). The maximum locationz,

can be calculated using the peak-to-peak time delay t byz_. =c¢7/2 =30 pum (c is the speed

of sound) because the maximum occurs when the two peaks of the free-field signal are
exactly overlapped. This suggests that the location of the bubble cloud from the interface,



which significantly affects the characteristics of the jetting, can be controlled by the acoustic
waveform (more precisely, the peak-to-peak time delay 7). The optoacoustic waveform can
be tuned by a laser pulse duration and the thickness of the CNT layer. As shown in Fig. 4(d),
the positive and negative peak interference pressure ( P) are plotted as function of z. Beyond

the negative interference pressure amplitudes decrease down to the free-field amplitude,

Zmax’
while the positive pressure amplitudes remain constant. As indicated in the plot, the bubble
nucleation zone is defined as a region where the interference negative pressure amplitudes are
higher than the threshold pressure.

Due to the scattering effect, the negative pressure amplitudes can be significantly
increased. Figure 5 shows the peak pressure amplitudes as a function of laser energy. The
symbols indicate the free-field pressure amplitudes (circle and square) and the interference
pressures (triangle). While the free-field amplitudes are measured by a fiber-optic
hydrophone, the interference amplitudes are the estimated values because the hydrophone
(125 um in diameter) is too large to measure the signals at the locations close to the interface
(<100 wm). The estimation is made with the free-field pressures by the relation

P

i—

(Zo ) = P, +P, . Moreover, for laser energies higher than 15 mJ/pulse, we also need to
estimate the free-field negative amplitudes ( P;_) because above the laser energy, cavitation

occurs at the tip of the hydrophone, distorting the negative signals. We use the relation of

P =

inspection of the free-field signal, the positive amplitude is approximately twice higher than
the negative one). The interference pressure can reach up to 80 MPa, even exceeding the
homogeneous bubble nucleation threshold (60 MPa [23]). This offers an unique advantage
because the jetting enabled by the homogeneous bubble nucleation does not require
heterogencous nucleation sites such as particles and gases, allowing our approach to be
widely applicable regardless of the condition of water-based jetting liquids.

The homogenous bubble induced by the CNT lens is tolerable to a change in the free
surface level with respect to the position of the acoustic focus. As shown in Fig. 6, by moving
the air pocket and thus changing the interface positions relative to the acoustic focus (dashed
line), the bubble nucleation zones are visualized. All the bubble images taken at the time # =4

P, /2,as the dashed line (P, /2) fits to the measured negative amplitudes (by

us look alike both in size and position from the interface; the position from the interface (i.e.,
stand-off distance) is predetermined by the optoacoustic waveform (i.e., zyq ~ ¢t/2), which is
valid within an acoustic focal depth of approximately 500 um. As the stand-off distance is
important for the bubble dynamics and jetting, our jetting approach with the fixed stand-off
distance becomes controllable and reproducible even when the free surface is slightly
fluctuated.

C. Potential applications: liquid injection and printing

Finally, we show two potential applications including printing on a substrate and
liquid injection into a material. First, we demonstrate liquid printing on a glass substrate. It is
confirmed that the jet characteristics depends on the applied laser energy. At the laser energy
E = 32 ml/pulse, the secondary jet produces a single droplet with approximately 20 um in



diameter, while the primary jet does not (see Supplemental Material for figure S3 [17]). As
shown in Fig. 7(a), liquid droplets are deposited on the glass substrate. The deposited droplets
spaced 200 wm apart are formed by applying multiple laser pulses to obtain a sizable liquid
droplet. With the motorized system, the letter ‘M’ is printed on the glass substrate, and its
microscope image is shown in Fig. 7(b). The line width is approximately 30 wm, slightly
larger than the droplet diameter. The left side of the printed letter with slight liquid splashes
is lighter in color than its right side, which is possibly because the distance between the liquid
interface and the substrate is varied. The printing quality can be further improved by
optimizing several parameters, including laser operating conditions (such as laser pulse
energy, repetition rate), substrate moving speed, and more importantly a distance between
bubbles and the liquid surface.

Second, using the high-speed jets (up to 200 m/s), we demonstrate liquid injection
into a tissue-mimicking gel (agarose gel). For visual confirmation, we use a watercolor blue
ink as a drug substitute. Figure 8 shows jet-induced injection of the ink into the gel. The gel
with 1 mm thickness is placed right above the air-ink interface. The color ink can penetrate
into the material by applying several jets, which is clearly shown as the number N of applied
jets increase (N =0, 1, 2, 3, 10, and 20). It should be noted that our jetting method involving
two consecutive jets may have some limitations as a result of the combined effect of the two
jets with different characteristics. This effect can be mitigated by choosing the proper
distance between the air-liquid interface and the target substrate that is larger than the height
of the first jet, but lower than the second jet. Although additional optimization may be
necessary for actual skins, this preliminary result demonstrates the feasibility of our approach
to needle-free drug injection that requires a significant driving force to penetrate resistive,
lipid-rich skins.

IV. CONCLUSION

We have demonstrated a nozzle-free, high-speed liquid micro-jet produced by
acoustically generated bubbles near the air-water interface. The micro-bubbles were
homogeneously nucleated by a focused nanosecond-long pressure pulse generated by the
efficient carbon nanotube (CNT)-based light-to-sound converter. The homogeneous bubble
nucleation was enabled by the acoustic scattering of a nanosecond-long pressure pulse from
the air-water (pressure-release) boundary. Two consecutive micro-jets were influenced by
bubble dynamics: primary slow jet by initial bubble growth and primary fast jet by bubble
collapse.

Our approach has several practical advantages. First, this approach can broaden
choice of jetting materials. With the nozzle-free method, we can even use materials that
contain particles or flakes whose sizes are comparable to the size of typical nozzles. This
acoustic approach frees one from choosing only optically transparent (or weakly absorbing)
and thermally stable materials. Second, high-speed jets (> 200 m/s) are readily attainable by
taking advantage of bubble collapse, which can allow liquid injection to skins. Third, our
jetting method is quite tolerable to a change in the position of the liquid surface within the
acoustic focal length (approximately 500 um), which makes our process more controllable



even when the liquid level is slightly changed for some reasons such as evaporation and
jetting liquid consumption.

Based on the above advantages, our process can allow many potential applications.
We demonstrated two possible applications, among others: printing and liquid injection into
tissue mimicking materials.
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FIG. 1. (a) Experimental setup for bubble generation and liquid jetting. The focused
optoacoustic wave is generated by pulsed excitation of the carbon-nanotube (CNT)
optoacoustic transmitter (i.e., CNT lens). The jetting liquid fed through a capillary tube is
separated from water by an acoustically transparent film. (b) Visualization of jetting with the
air-side imaging setup where the chamber is overfilled with water, forming the free surface
with a concave-down shape. Visualization bubble nucleation with the water-side imaging
setup where the large air pocket forms the air-water interface with a concave-up shape.
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Fig. 2. Shadowgraph images of water micro-jets (a) and bubbles (b) at the air-water interface
(laser energy E = 50 mJ/pulse). At the time =0, the acoustic wave reaches the liquid interface.
(a) Jet dynamics in the air side: the primary jets (0<t<10 ps) and the secondary jets (£~10 ps).
The light-scattering objects such as the free surface with a concave-down shape, the jets, and
the optical fiber look black, while the air is colored as green. The optical fiber (125 wm in
diameter) is recorded as a reference object with a distance of approximately 350 um from the
free surface. The symbols indicate the up/down of the jets. The image for =10 ps is repeated
for easy comparison. (see Supplemental Material for an animated image [17]) (b) Bubble
nucleation at the air-water interface. Note the change in the color scheme: the transmitted
light through water is colored green, whereas the air pocket, bubbles, and shock waves that
can scatter back-illuminating light are colored black. Two shock waves are observed: the
primary shock wave (S1) generated by bubble nucleation, the secondary shock wave (S2) by
collapse of the bubble. The bar indicates a length of 100 um.
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Fig.3. The characteristics of water micro-jets. (a) The height (%) of micro-jets as a function of
time (£ = 50 mJ/pulse). The two different jets indicated by shaded regions with different
colors are observed before and after the bubble collapse: the primary slow jets (before the
bubble collapse) and the secondary fast jets (after the bubble collapse). The bubble collapse is
marked with a green arrow. (b) The jet speed as a function of laser energy (mJ/pulse). The
primary jets with a relatively slow speed (symbol: red circle) induced by the bubble growth
(up to V=35 m/s). The secondary jets with a high speed (symbol: blue square) produced by
the bubble collapse (up to V=250 m/s). The markers represent averaged values, while the
upper and lower errors show the maximum and minimum values.
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FIG. 4. Acoustic interference effect by the air-water interface. (a) The peak negative pressure
field near the free surface (surface plot with contour lines, width x height = 400 um x 200
pum), normalized to the maximum free-field negative amplitude. (b) The shadowgraph image
of bubble nucleation zone (laser energy E = 50 mJ/pulse). (¢) Normalized pressure transients
for different distances form the interface (» = 0; z =3, 6, 10, 15, 20, and 30 wm). The free-
field pressure transient with a bipolar waveform (the positive amplitude = a, the negative
amplitude = b, the peak-to-peak time delay = 7) is plotted with a dashed line. The maximum
negative amplitude corresponds to the sum of the free-field positive and negative amplitudes
(i.e., Ppn+Pr). (d) Normalized negative (symbol: blue square) and positive peak amplitudes
(symbol: red circle) as function of z. The maximum negative amplitudes at z,,, = 30 um (~

ct/2, where c is the speed of sound).



Homogeneous bubble nucleation (P > 60 MPa)
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FIG. 5. Peak pressure amplitudes as a function of laser pulse energy. The measured free-field
pressure amplitudes for negative (Pr, blue square) and positive (P, red circle). The
interference negative pressure amplitudes (P;., green triangle) at z = 30 um reconstructed
from the free-field (Pi. = Pp+Pr ~ 1.5P). The dashed line indicates half of the free-field
positive amplitudes for estimating the free-field negative amplitudes (Pz ~ 0.5Py). The
shaded region indicates a region where the negative pressure amplitudes are higher than the
homogeneous bubble nucleation threshold of water (> 60 MPa [21]).
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Fig. 6. Bubble nucleation tolerable to a change in the position of the free surface (£ = 50
mJ/pulse). The acoustic focus indicated by a dashed line is fixed while by adjusting the
position of the air pocket the air-water interface is moved up and down within the acoustic
focal length (approximately 500 wm). All the images are captured 4 us after the acoustic
wave reaches the focus (dashed line). The scale bar indicates a length of 100 wm.
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Fig. 7. (a) Liquid printing onto the glass substrate (£ = 35 mJ/pulse). Each spot is made by
multiple droplets while moving the glass substrate toward the right. The bar indicates a length
of 500 um. (b) Microscope image of the letter ‘M’ printed onto the glass substrate (£ = 35
mJ/pulse). The line is a width of 30 wm, which is surrounded by liquid splashes or droplets.
The bar indicates a length of 50 um.
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Fig. 8. Color ink injection into a tissue-mimicking material (agarose gel, thickness: 1 mm) at
E =50 mJ/pulse. The blue ink penetrates into the gel (marked as white arrows) for different
number N of applied jets (N=0, 1, 2, 3, 10, and 20). The bar indicates a length of 500 um.




