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1 Introduction

The fundamental theory of a focused liquid jet induced by 
shockwaves has been investigated for many years (Birkhoff 
et al. 1948; Milgram 1969; Antkowiak et al. 2007; Kiyama 
et al. 2016). Recently, there is considerable interest in the 
jet inside a microchannel for use in microfluidic devices 
since microjets can be applied for biomedical applications 
(Pitt et al. 2004; Tagawa et al. 2013), printing technology 
(Delrot et al. 2016), the generation of nano-jet (Xiong et al. 
2015), among others. The unique feature of the microjets 
is that the timescale of the jet formation (fluid dynamics 
timescale) tf becomes closer to that of shockwave propa-
gation (acoustic timescale) ta compared with macroscale 
case. For instance, in macroscale case (e.g., Milgram 
(1969)), tf ∼ R∕V ∼ O(10)ms (R: the curvature of the free 
surface O(10)mm, V: the typical flow velocity O(1) m/s) 
and ta ∼ L∕c ∼ O(0.01)ms (L: the length of the liquid col-
umn O(10)mm, c: the speed of sound O(1000)m/s), mean-
ing tf∕ta ∼ 1000. In contrast, in microjets case (the present 
research), tf ∼ R∕V ∼ O(10) μs and ta ∼ L∕c ∼ O(1) μ

s, meaning tf∕ta ∼ 10. It indicates that pressure profile of 
shockwaves might play a role on the jet in a microchannel. 
However, it has not been examined experimentally.

This study investigates the high-speed microjet induced 
by the shockwave propagation in a microchannel. We focus 
on the jet velocity, which is an essential quantity of microjets 
(Tagawa et al. 2012). For macroscale case, the velocity is 
supposed to be determined by a peak pressure value of shock 
front (Thompson 1972). For microscale case, however, 
Peters et al. (2013) had examined microjets using Boundary 
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Integral simulation and indicated that summation of pressure 
fluctuation (i.e., pressure impulse) decides the velocity of 
the microjet. We elucidate dominant quantity for microjets 
velocity by varying separately the peak pressure and pres-
sure impulse using non-spherical laser-induced shockwaves 
(Tagawa et al. 2016).

In addition, we discuss the cavitation upon a rarefaction 
wave reflected at the free surface since its onset is another 
factor for the jet velocity (Kiyama et al. 2016). The pressure 
inside a channel is relaxed when cavitation occurs (Daily 
et al. 2014), leading to jet velocity increment (Kiyama et al. 
2016). It has been considered that the peak pressure of the 
shock front determines cavitation inception in macroscale 
(Caupin and Herbert 2006; Herbert et al. 2006). While for 
latter stage of cavitation dynamics, it is indicated that pres-
sure impulse describes the bubble expansion (Ory et al. 
2000). We investigate the dominant factor (the peak pres-
sure or the pressure impulse) for cavitation inception in a 
microchannel.

These discussions should bring us insights for designing 
the microfluidic device using microjets.

2  Method

Two experimental setups were constructed for this study. 
The first setup was used to determine the effect of the shock-
wave pressure on the jet velocity in a microtube settled in a 
water tank (Fig. 1). The second setup was used to investi-
gate the effect of the shockwave pressure on cavitation in an 
L-shaped microchannel (Fig. 2).

2.1  Simultaneous measurement of underwater 
shockwave pressure and microjet velocity (water 
tank experiments)

Figure 1 shows the setup for measuring the underwater 
shockwave pressure and microjet velocity (hereafter, “water 
tank experiments”). The method and conditions for gener-
ating shockwaves are the same as those used in our pre-
vious study (Tagawa et al. 2016). Underwater shockwaves 
are generated by a 532-nm pulsed laser (Nd:YAG; Nano S 
PIV, Litron Lasers) with a pulse duration of 6 ns, focused 
through an objective lens (MPLN series, Olympus) inside a 
tank (300 × 300 × 450 mm3) filled with water. The water is 
distilled using a water purification system (Milli-Q Integral, 
Merck; 13 MΩ cm) at room temperature (15 ∼ 20 ◦C) and 
gas saturated. Using three types of objective lenses makes 
it possible to change the magnitudes of the peak pressure 
and pressure impulse of the shockwave. Table 1 shows the 
characteristics of each lens. The range of laser energy is 
3–10 mJ, and the measurement error is ± 5%.

The experiment is carried out using two setups (Fig. 1a, 
b) in order to obtain the shockwave pressure and jet veloc-
ity in two directions. In Fig.  1a, hydrophone (Needle 
Probe, Mueller Instruments; measurable range: − 10 to 
100 MPa; rise time: 50 ns, measurement error: ± 2% (Zhou 
et al. 2016)) is installed along the laser irradiation direc-
tion (hereafter, � = 0◦), and a narrow glass tube (d = 500 μ

m) is installed perpendicular to the laser irradiation direc-
tion (� = 90◦). Note that � denotes the angle from the laser 
irradiation direction. In Fig. 1b, the narrow glass tube is 
installed along the laser irradiation direction (� = 0◦), and 
the hydrophone is installed perpendicular to the laser irradia-
tion direction (� = 90◦). The time history of the shockwave 
pressure is measured using an oscilloscope (ViewGo II DS-
5554A, IWATSU; rise time: 750 ps; maximum sampling 
rate: 2 GS/s) connected to the hydrophone. The distance 
from the laser focal point to the end faces of the hydro-
phone and narrow glass tube is 5.0 ± 0.1 mm. One end of 
the narrow glass tube is connected via a plastic tube to an 
air-filled syringe. The position of the air–liquid interface in 
the glass tube is adjusted using a syringe pump (ULTRA 
70-3005, Harvard). The other end of the glass tube is open. 
The position of the air–liquid interface is adjusted to be 
at the end of the tube. When a laser-induced shockwave 
arrives at the air–liquid interface, the air–liquid interface 
forms a jet directed toward the inside of the narrow tube. 
The jet velocity Vj is measured from images captured using 
a high-speed camera (FASTCAM SA-X, Photron) with a 
spatial resolution of 1024 × 124 pixels and a recording rate 
of 80,000 fps. Specifically, Vj is measured between the image 
taken at the instant that the air–liquid interface inside the 
glass tube focuses and the next image, using the distance 
travelled by the tip of the jet. An LED light source (KL 1600 
LED, OLYMPUS) is used. The pulsed laser and high-speed 
camera are synchronized using a delay generator (Model 
575 Pulse/Delay Generator, BNC).

2.2  Microjet formation in L‑shaped microchannel 
(L‑shaped microchannel experiments)

Figure 2 shows the setup for forming a microjet inside 
the narrow tube (hereafter, “L-shaped microchannel 

Table 1  Variety of the microscope objective

N.A. the numerical aperture, W.D. the working distance, F.A. the 
focusing angle of the objective lens, Diameter the diameter of the 
focused laser beam

Magnification N.A W.D. (mm) F.A. Diameter (μm)

5× 0.10 20.0 1◦ 6.5
10× 0.25 10.6 4◦ 2.6
20× 0.25 25.0 6◦ 2.6
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experiments”). The equipment used to generate the jet and 
measure its velocity is the same as for the experiments in 
the water tank. The jet is formed inside the L-shaped micro-
channel (quartz glass, 10 × 5 × 25mm3). One section of the 
microchannel (800 μm in diameter) is connected to a syringe 
filled with dyed water. The energy absorption efficiency of 
dyed water is higher than that of pure water. Therefore, laser-
induced bubbles can occur at lower laser energies than in the 
water tank experiments. The range of input energy of the 
laser is 102–625 μJ, and the measurement error is ± 10%.  
Only the 10× objective lens is used. The position of the 
air–liquid interface is manipulated using a syringe pump. 
The range of distance H from the air–liquid interface to the 
laser-induced bubble is 800–2700 μm. The other section 
of the microchannel (diameter d = 500 μm) is open to the 
atmosphere and contains the air–liquid interface. The pulsed 
laser is focused on the orthogonal portion of the microchan-
nel. In Fig. 2a, the air–liquid interface that generates the jet 
is perpendicular to the laser irradiation direction (� = 90◦). 
In Fig. 2b, the air–liquid interface is in the laser irradiation 
direction (� = 0◦). Because the inside diameter of the micro-
channel is much smaller than the radius of the hydrophone, 
it is not possible to measure the pressure. In this experiment, 

the pressure distribution of the underwater shockwave gener-
ated is assumed to be the same as the pressure distribution 
of the shockwave generated in the water tank experiments.

3  Results and discussion(water tank experiments)

3.1  Preliminary experiment

This section confirms that the shockwaves used in this 
study are essentially the same as that in our previous report 
(Tagawa et al. 2016). Figure 3 shows time histories of 
shockwave pressure in the two directions measured in the 
water tank experiments. Note that the pressure in each 
direction is not measured simultaneously. The horizontal 
axis shows elapsed time from laser irradiation, and the ver-
tical axis shows pressure in gauge. The laser energy was 
taken to be 3.0 ± 0.6 mJ. The pressure waveform obtained 
for � = 90◦ differs greatly from that obtained for � = 0◦. 
For � = 90◦, there is one sharp pressure peak. For � = 0◦,  
the pressure changes gradually, and there is a greater num-
ber of pressure peaks. This agrees well with our report 
(Tagawa et al. 2016), so the shockwave generated using 

Fig. 1  Experimental setup 
for measuring shock pressure 
and jet velocity (water tank 
experiments). Expanded views 
show the measurement area in 
the water tank. The laser spot 
is situated on the origin. a The 
hydrophone is placed on � = 0

◦ 
(y-axis) and the glass tube on 
� = 90

◦ (x-axis). b The hydro-
phone on � = 90

◦ (x-axis) and a 
glass tube on the � = 0

◦ (y-axis)
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these experimental setups is considered to have an non-
spherically-symmetric pressure distribution, similar to that 
generated previously. In our report (Tagawa et al. 2016), 

we discussed the mechanism in detail and demonstrated 
that the peak pressure of the shockwave differs accord-
ing to the propagation direction, but the pressure impulse 
is equal regardless of the propagation direction. Thus, in 
this paper, we assumed that the pressure impulse for both 
propagation directions are equal.

3.2  Effect of pressure impulse and peak pressure 
on microjet velocity

The pressure impulse is given by the following equation:

Here, I,  t, and p are, respectively, indicate the pressure 
impulse, the time, and the pressure. Figure 4 shows the jet 
velocity versus the pressure impulse, where the range of 
laser energy is 3–10 mJ. The horizontal axis shows the pres-
sure impulse obtained using the hydrophone, and the vertical 
axis shows the velocity of the jet generated in the tube. The 
plots represent mean values obtained after conducting the 
test five times, and the error bars indicate the corresponding 
standard deviations. When the pressure impulse is below 
0.2 Pa s, the jet velocity is zero. When the pressure impulse 
is above 0.2 Pa s, the jet velocity is roughly proportional to 

(1)I = ∫ pdt

Fig. 2  Experimental setup 
for generating microjets 
in L-shaped microchannel 
(L-shaped microchannel experi-
ments). a and b Correspond to 
the microjet directed toward 
� = 90

◦ (x-axis) and � = 0
◦ 

(y-axis), respectively. The laser 
is incident from the positive 
side of the y-axis

Fig. 3  Pressure versus time measured by hydrophones placed at 
� = 90

◦ and � = 0
◦. The horizontal and vertical axes represent the 

time from laser irradiation and the pressure detected by the hydro-
phone, respectively. a Hydrophone: � = 90

◦, magnification: 5×; b 
hydrophone: � = 0

◦, magnification: 5×; c hydrophone: � = 90
◦, mag-

nification: 10×; d hydrophone: � = 0
◦, magnification: 10×; e hydro-

phone: � = 90
◦, magnification: 20×; f hydrophone: � = 0

◦, magnifica-
tion: 20×. The laser energy is 3.0 mJ
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the pressure impulse. In addition, the jet velocity is almost 
constant regardless of the type of objective lens and the ori-
entation of the equipment.

Figure 5 shows the peak pressure versus the pressure 
impulse measured using the hydrophone. Both quantities 

are measured simultaneously using one hydrophone. The 
peak pressure is proportional to the pressure impulse, but the 
gradient strongly depends on the propagation direction. The 
peak pressure for � = 90◦ is approximately three times higher 
than that for � = 0◦. If the jet velocity was dependent on the 
peak pressure, the jet velocities in Fig. 4 would vary accord-
ing to the direction of propagation. However, since this is 
not the case, the jet velocity is considered to be dependent 
on the pressure impulse, rather than the peak pressure. The 
timescale for jet formation tf ∼ R∕Vj is approximately 25 μ
s (R ∼ 250 μs, Vj ≈10 m/s), which is much larger than pres-
sure duration of the shockwave (typically less than 2 μs, see 
Fig. 3). Therefore the entire pressure impulse contributes 
to jet formation and determines microjet velocity. Note that 
the Laplace pressure (p = 2�∕R) on free surface is approxi-
mately 0.3 kPa (surface tension � ∼ 70 mN/m, R ∼ 250 μm), 
which is much lower than the shock pressure (∼ O(1) MPa). 
It indicates that the surface tension does not hinder the jet 
formation for both � = 0◦ and � = 90◦.

4  Results and discussion (L‑shaped microchannel 
experiments)

4.1  Changes in microjet velocity with presence/absence 
of cavitation

In the water tank experiments, when the distance from the 
laser-induced bubble to the air–liquid interface was 5 mm, 
the lowest peak pressure of the underwater shockwave was 
approximately 0.5 MPa (Fig. 5). If the shockwave traveling 
inside the L-shaped microchannel is comparable to that in 
the water tank, the rarefaction wave reflecting at the air–liq-
uid interface inside the L-shaped microchannel is consid-
ered to be smaller than the saturated vapor pressure of water 
(≈ 2 kPa). Therefore, the rarefaction wave is considered to 
cause cavitation in the liquid.

Kiyama et al. (2016) conducted macroscales experiments 
and reported that the onset of cavitation can change the jet 
velocity. The controllability of microjet velocity may get 
worse if the similar mechanism holds in a microchannel 
as well. Thus, here we address this issue. First, we look at 
microjets with lower energy (absence of cavitation). The 
jet velocity is not subject to the action of cavitation, so it is 
expected to depend on the magnitude of pressure impulse 
and not to change with the laser irradiation direction. Fig-
ure 6a shows snapshots taken during microjet formation for 
� = 0◦. In the initial state (t = 0), the air–liquid interface has 
a concave shape. A laser-induced bubble occurs (t = 17.5 μ
s) at the wall through which the laser passes. The air–liq-
uid interface displaces immediately, and a focused microjet 
forms. Figure 6b shows the jet velocity Vj for various values 
of H, in the case of � = 0◦ and � = 90◦. The vertical and 

Fig. 4  Microjet velocity versus pressure impulse. Circle markers: the 
glass tube and the hydrophone are arranged on � = 0

◦ and � = 90
◦, 

respectively (see Fig.  2a). Triangle markers: the glass tube and the 
hydrophone are arranged on � = 90

◦ and � = 0
◦, respectively (see 

Fig. 2b). Green, blue and red plots designate experiments with a 5×
, 10×, 20× objective microscope lens, respectively. The error bars cor-
respond to the standard deviation calculated from 5 trials (color figure 
online)

Fig. 5  Peak pressure versus pressure impulse. Markers and colors 
mean the same as shown in Fig. 4 (color figure online)
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horizontal axes are logarithmic. The laser energy is constant 
at 185 μJ. The plots represent mean values obtained after 
conducting the test five times, and the error bars indicate 
the standard deviations. The solid line shows the gradient of 
the inversely proportional relationship (Tagawa et al. 2012; 
Peters et al. 2013). Note that, for � = 0◦, the contact angle 
between the air and the liquid at the air–liquid interface 
changes with H due to the effect of gravity, so the values of 
Vj take account of changes in the contact angle (Tagawa et al. 
2012). All data collapse into one trend (black solid line) so 
the jet velocity for � = 0◦ is approximately equal to that for 
� = 90◦. The pressure impulse acting on the air–liquid inter-
face was equal in each setup, so the jet velocity is considered 
to be roughly constant regardless of direction, as expected. 
Figure 6b also suggests that the relationship between direc-
tion and the pressure profile in dyed water has similar trend 
to that in pure water, even if generation processes of shock-
wave in both liquids might be different [i.e., vaporization in 
dyed water and plasma-mediated ablation in pure water, see 
Vogel and Venugopalan (2003)].

Next, we look at microjets with higher energy. Figure 7a 
shows snapshots taken during microjet formation for � = 0◦.  

The distance H is 2000 μm. When t = 17.5 μs, cavitation 
occurs near the air–liquid interface, which is thought to 
have been generated by the rarefaction wave reflected at 
the air–liquid interface. Figure 7b shows the relationship 
between H and Vj. The laser energy is constant at 650 μJ. 
Cavitation occurred in most cases when the microjets meas-
ured in Fig. 7 formed. For � = 0◦, the relationship between 
H and Vj is inversely proportional (see black solid line), and 
this agrees well with that in Fig. 6a. On the other hand, for 
� = 90◦, the inversely proportional relationship no longer 
holds when H > 1500.

4.2  Probability of cavitation

We investigated that the difference of cavitation probabil-
ity to understand the jet velocity increment for larger H 
for � = 90◦. Figure 8 shows the probability of cavitation 
occurring in the L-shaped microchannel. The horizontal 
axis is the distance H from the laser-induced bubble to the 
air–liquid interface, and the vertical axis is the probability 
of cavitation. Each plot represents the probability from five 
trials. In this case, the laser energy is constant at 650 μJ. 

Fig. 6  a Photograph of the 
microjet generated during 
experiments in the L-shaped 
microchannel for � = 0

◦. H = 
1080 μm. The laser is incident 
from the right side, and the laser 
energy is 185 μJ. b Jet velocity 
as a function of distance from 
laser-induced bubble to the 
air–liquid interface. The laser is 
incident from the right side, and 
the laser energy is 185 μJ. The 
circles and triangles designate 
results for � = 0

◦ and � = 90
◦, 

respectively. The error bars are 
the standard deviation

Fig. 7  a Photograph of the 
microjet generated at � = 0

◦ 
with the cavitation bubbles. 
H = 2000 μm. The laser is 
incident from the right side, and 
the laser energy is 650 μJ. b Jet 
velocity as a function of dis-
tance from laser-induced bubble 
to the air–liquid interface. The 
laser is incident from the right 
side, and the laser energy is 
650 μJ. The circles and triangles 
designate results for � = 0

◦ and 
� = 90

◦, respectively. The error 
bars are the standard deviation
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As H increases, the amount of bubble nuclei is considered 
to increase with the volume of fluid. Therefore, the prob-
ability of cavitation increases with H (Kiyama et al. 2016). 
The probability of cavitation is approximated using the 
least-squares method using the sigmoid function [Prob. = 1 
⋅ [1 + exp ⟨ − { (x − a)∕b }⟩]−1] (Maxwell et al. 2011). The 
solid line (a = 811, b = 145) indicates the approximate 
curve for � = 90◦, and the dotted line (a = 1164, b = 260) 
indicates the approximate curve for � = 0◦. When H > 2000, 
the probability of cavitation at both directions is 1. Interest-
ingly, when H ≤ 2000, the probability at � = 90◦ is greater 
than at � = 0◦.

Cavitation can occur when the pressure around the bubble 
nucleus is lower than the vapor pressure. A large negative 
pressure increases the probability of cavitation (Maxwell 
et al. 2011). The magnitude of the negative pressure is con-
sidered to be proportional to the magnitude of the shock-
wave before it is reflected at the air–liquid interface (Fig. 3). 
Therefore, the magnitude of the peak value of negative pres-
sure at � = 90◦ is considered to be greater than that at � = 0◦.  
In fact, as already mentioned, the peak pressure of shock-
wave for � = 90◦ is higher than that for � = 0◦. The above 
results suggest that the probability of cavitation is affected 
by the magnitude of the peak pressure of the shockwave.

Here we discuss a possible scenario based on the the-
ory of bubble dynamics. The lifetime of cavitation bubble 
(Delale 2012) in this study is approximate 20–30 μs, much 
larger than pressure duration (∼ O(1) μs). Nevertheless, 
pressure impulse does not play any dominant role. It is 
likely that the force balance in rapid expansion of a bub-
ble is important. The motion of a homogeneous bubble is 
described by the Rayleigh–Plesset equation (Duguè et al. 
1992). This equation indicates that the expansion of a small 
bubble (i.e., cavitation nucleus) requires large pressure 

difference surpassing the Laplace pressure (= 2�∕Rb, 
where Rb is the radius of a bubble) across the bubble sur-
face. Unless the pressure difference exceeds the threshold 
(Laplace pressure ∼ O(1) MPa), the bubbles do not expand. 
Thus, the pressure impulse should not be considered as the 
criterion of cavitation onset.

Above findings might contribute to improve control-
lability of microjet velocity. When H is relatively small, 
cavitation does not occur in a microchannel. Thus, the jet 
velocity is constant irrespective to the direction of a laser 
irradiation, leading to the increase in freedom for design-
ing microjet generators. When H and the laser energy are 
relatively large, cavitation occurs. Although it can cause 
the cavitation-assisted increment of microjet velocity, the 
controllability of jet velocity gets worse. Our experimen-
tal results (see Fig. 8) indicate that a suitable choice of the 
direction of laser irradiation reduces cavitation onset, lead-
ing to high controllability of microjet velocity.

5  Conclusion

In this paper, we experimentally investigate the effect of 
a shockwave on the velocity of a microjet and underwater 
cavitation onset in a microchannel, focusing on the pressure 
impulse and peak pressure of the shockwave. we conduct 
two kind of experiments using a microtube in a tank and 
an L-shaped microchannel. Using the first experimental 
setup, we investigated the effect of the shockwave pres-
sure on the jet velocity in a water tank. We demonstrated 
that the jet velocity is dependent on the magnitude of the 
pressure impulse, regardless of the magnitude of the peak 
pressure. Using the second experimental setup, we investi-
gated the effect of the shockwave pressure on cavitation in 
an L-shaped microchannel. We showed that the probabil-
ity of cavitation changes according to the magnitude of the 
peak pressure. The jet velocity at the onset of cavitation 
can be considered to be affected by the peak pressure. In 
addition we discuss controllability of microjet velocity in 
a microchannel. We suggest that our novel findings have 
potentials to improve flexibility of the design or controllabil-
ity of microjet velocity.

Open Access This article is distributed under the terms of the 
Creative Commons Attribution 4.0 International License (http://crea-
tivecommons.org/licenses/by/4.0/), which permits unrestricted use, 
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to 
the Creative Commons license, and indicate if changes were made.

Fig. 8  Probability of cavitation as a function of distance from a laser-
induced bubble to meniscus. The circles and triangles are the prob-
abilities obtained for � = 0

◦ and � = 90
◦, respectively. The black line 

and dotted line are fits using a sigmoid function
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