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ABSTRACT 

Measurement of an underwater shock wave in a microtube (micro channel) is extremely difficult because a using a 
probe for direct measurement significantly disturbs the flow. As a non-contact measurement, the background-oriented 
schlieren (BOS) technique is applied on this study to measure pressure of the underwater shock wave a in microtube. 
BOS technique is able to obtain the density-gradient field associated to the pressure field. However, applying BOS 
technique to a micro-scale underwater shockwave is challenging since the required spatial resolution is considerably 
high. We use a high-resolution camera and a micro-dot background pattern manufactured by MEMS. We quantify the 
pressure field disturbed by the shock wave using high-resolution BOS technique.  Additionally, the microjet velocity 
is obtained for the validation of our BOS system. The pressure of the shock front near the air-water interface increases 
with the maximum microjet velocity from 0.4 to 0.9 mJ of irradiated laser energy. Thus, our BOS technique is applied 
to measure the underwater shock wave pressure of up to 8 MPa. This BOS system might be applied to design more 
efficient microjet generation system for needle-free injection devices.   
 

 

1. Introduction 
 
Underwater shock waves generated in a microchannel are essential for rapid transport of liquids 
in microfluidic devices. Typical examples include the generation of high-speed micro jets 
applicable for needle-free injection systems (Menezes et al 2009; Tagawa et al 2013). Direct 
measurements of a shock wave in a microtube by using probes (e.g. needle type hydrophones) are 
difficult because of the flow disruption in such a tiny area. For non-contact measurement, we apply 
here the background-oriented schlieren (BOS) technique (Meier 1998; Venkatakrishnan and Meier 
2004) to an underwater shock wave. The BOS technique is able to provide density gradients and 
quantify pressure fields (Venkatakrishnan et al 2013; Suriyanarayanan et al 2012; Hargather and 
Settles 2010; Hargather 2013; Mizukaki et al 2014) with a simple setup in comparison to other 
visualization techniques such as schlieren and holographic interferometry. In a recent study, 
Yamamoto et al. (2015) were successful to apply the BOS technique to an underwater shock wave. 
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Hayasaka et al. (2016) quantified the shock pressure field in millimetric scales using an Optical-
flow-based BOS technique. However, applying BOS technique to measure the pressure field of an 
underwater shockwave in the micro-scale is challenging since spatial resolution required for the 
measurement is extremely high. 
In this study we present results of non-invasive measurement of the pressure of the underwater 
shock wave in a microtube by using the BOS technique. We use a high-resolution camera and a 
micro-dot background pattern. Furthermore, we improve the data analysis of our previous 
method for calculating pressure field. We compare the pressure value at the air-water interface just 
before the shock wave impinge with the microjet velocity generated by corresponding underwater 
shock waves (Tagawa et al 2012; Truangan 2013; Hayasaka et al. 2017) for validation. The microjet 
velocity is obtained from simultaneous high-speed recording. 
 
2. Background-oriented schlieren technique 
 

 
Fig.1 Principle of BOS technique 

 
Figure 1. illustrates the configuration of the BOS technique where a background with random dot 
pattern, a backlight and a high-resolution camera are aligned. The BOS technique visualizes and 
quantifies the density gradients based on the variation of refractive index of fluids. The variation 
of refractive index is detected from local displacements of the background image. We compare an 
image with density gradients to that without density gradients using a Particle Image Velocimetry 
(PIV) cross-correlation algorithm. The vertical displacement v (y-axis direction, see Fig.1) is related 
to the variation of the refractive index as, 
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where ZD is the distance from the background to the density field with W its thickness, n is the 
refractive index, n0 is the refractive index of ambient air and Ccorr (= 2/(1+2W/ZD)) is the correction 
coefficient in the near-field of the BOS technique (Van Hinsberg et al. 2014). The relationship 
between the refractive index n and the density of fluids ρ is given by the Gladstone-Dale equation, 
 
 	𝑛 = 𝐾𝜌 + 1	 	 	 	 	 	 	 	 	 	 	 	    (2)	 	 	 	 	 	 	 	 	
	 	 	 	  
where K is the Gladstone-Dale constant with value	of	water	3.34×10-4 m3/kg. Substituting eq. (2) 
into eq. (1) yields, 
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By adding the displacements in the u and v directions where u is the displacement in x-coordinate 
(see Fig. 1) with spatial differentiation i.e.divergence of eq. (3) , following the Poisson equation is 
obtained. 
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Note that the displacements u and v are integrated values in the direction of the line of sight of the 
camera (z-coordinate). We calculate the density field by solving the Poisson equation (eq. (4)) and 
the pressure field by using the Tait equation, 
 

 F8G
F:8G

= ? 9
9:
E
H

       (5) 

 
where T and β are constants with values 314 MPa and 7, respectively. The width of the observation 
W is 70 µm, the distance from the observation center to the background ZD is 500 µm, the refraction 
index of water n0 is 1.333 and the hydrostatic density ρ0 is 998 kg/m3.  
 
3. Experimental setup 
 
A pulsed laser (Nd: YAG laser Nano S PIV, Litron Lasers wavelength: 532 nm, pulse width: 6 ns) 
is focused using and objective lens (SLMPLN 20 X, Olympus, magnification: 20 times, NA value: 
0.25) to ultra-pure water contained in a rectangular capillary tube (inner size: 500 μm, outer size: 
1,000 μm) in order to generate an underwater shock (See Fig. 2). We photograph the propagation 
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of the underwater shock wave with a high-resolution CMOS camera (EOS Kiss X5, Canon, spatial 
resolution: 1.1μm / pixel, photographing resolution: 4,000 × 6,000 pixels) and a laser light source 
(SI-LUX 640, Specialized Imaging Ltd., wavelength: 640 nm, pulse width: 20 ns) for obtaining clear 
images. A shock-wave generated microjet is captured with an ultrahigh-speed camera (FASTCAM 
SA-X2, Photron, frame rate: 50,000 fps) and a different laser light source (CW Laser, IL-106B, 
HARDsoft, wavelength 462 nm). A delay generator (Model 575, BNC) synchronizes the pulse laser, 
the high-resolution camera, the high-speed camera, and the light sources. In order to filter the laser 
light sources of multiple wavelengths, we install a high pass filter for the high-resolution camera 
and a band pass filter for the high-speed camera. We use a background micro-dot pattern (8 × 8 
μm) produced by MEMS techniques placed behind the rectangular tube at a distance of 500 µm. 
An energy meter (EnergyMax-RS J0MB-HE, Coherent, USA, measurable range: 12 μJ-Hz) 
measures the irradiation energy of the laser pulse using a half mirror (a multilayered film plate 
half mirror, OptoSigma, transmittance: 50% up to20 mJ). The energy of a single pulse is varied 
from 0.4 mJ to 1.2 mJ.  

 
Fig.2 A Sketch of the experimental setup. 

 
4. Results and Discussion 
We analyze the data obtained in this experiment as follows. The perturbed and unperturbed 
background images (Fig.3 (i) and (ii)) are processed using a PIV-type cross-correlation algorithm 
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yielding the displacement field shown in Fig. 3(iii). Since the displacements are values integrated 
in the z-coordinate, it is necessary to reconstruct the displacement field in the x-y cross section on 
the tube axis. We implement a spline interpolation after the PIV analysis in order to improve the 
spatial resolution of displacement field, which is essential for the reconstruction (Yamamoto et al. 
2015; Hayasaka et al. 2016). We use the inverse Radon transformation assuming that “the 
underwater shock wave is generated on the tube axis” and that “the underwater shock wave is 
spherically symmetric unless it reflects at the wall”. The reconstructed displacement field is shown 
in Fig. 3(iv). The density field is obtained by solving the Poisson equation of the divergence of this 
displacement field (Eq. (4)). The atmospheric pressure on the tube wall, the region ahead of the 
shock wave, and at the bubble generation point are introduced as boundary conditions. Finally, 
we obtain the pressure field using the density field using Tait equation (Eq. (5)) as shown in Fig. 
3(v). The jet velocity is obtained from the position of the jet tip as a function of time from image 
sequences of jet generation. 
 

 
Fig. 3 (i) Non-disturbed background image. (ii) Disturbed image due to the underwater shock 
wave. (iii) Displacement field obtained from two images (i) and (ii) using PIV analysis. (iv) 
Divergence field of the reconstructed displacements. (v) Pressure field calculated from the 
divergence field (iv). 
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Figure 4 shows the underwater shock wave propagating in the micro-scale rectangular tube 
obtained from the BOS technique.  Note that the laser pulse is irradiated at t = 0 µs. The spherical 
shock wave generated at the tube axis propagates through the water (t = 0.3 µs) and forms 
characteristic wave nodes and antinodes due to the wall interaction (t = 0.8 µs~1.8 µs). It should 
be noted that the shock front along the axis of the tube propagates through water without reflecting 
at any walls. We investigate the relationship between the shock pressure on the axis of the tube 
near the air-water interface (t = 1.8 µs) and the jet velocity in order to validate the pressure 
measured by our BOS system. 
 

 
Fig. 4 Pressure field obtained from BOS technique. Time sequence of the propagation of the laser-
induced shock wave in the micro-scale tube. 
 
Figure 5 (a) shows the high-speed jet generation. We confirm that the air-water interface is 
deformed and the microjet with focused (conical) shape is generated. The temporal evolution of 
the jet velocity is shown in Fig. 5 (b) showing that the jet reaches a maximum velocity when the 
concave air-water interface converges (Fig. 5 (a), t = 0.06 ms). The jet velocity is then decelerated 
due to surface tension effects and reaches an asymptotic value as reported by Tagawa et al. (2012). 
 



19th International Symposium on the Application of Laser and Imaging Techniques to Fluid Mechanics・LISBON | PORTUGAL ・JULY  16 – 19, 2018 
 

 
Fig. 5 (a) Jet generation after a laser pulse is generated. The subsequent images are taken 0.06 ms 
apart and (b) jet velocity as a function of time after the laser pulse is generated. The velocity is 
obtained from the sequent images of the jet generation in (a). 
 
Figure 6 shows the pressure of the shock front and the jet velocity as a function of the laser energy. 
The pressure of the shock wave increases up to about 8 MPa proportionally to the irradiated laser 
energy while the jet velocity increases as discussed by Tagawa et al. (2012) and Hayasaka et al. 
(2017). This indicates that the shock pressure is reasonably measured by the BOS technique. 
However, for higher laser energy (more than 0.9 mJ) the shock pressure decreases with the energy 
while the jet velocity further increases. It suggests that the applicable range of this BOS technique 
is accurate up to 8 MPa, four times larger than the pressure measured by previous investigation 
(Hayasaka et al. 2016). This is due to the increased spatial resolution of the observation image (cf. 
Yamamoto et al. (2015)) and the improved data analysis. It is worth to note that the pressure of the 
shock front immediately after laser irradiation (Fig. 4, t = 0.3 µs) should be extremely high, which 
is beyond the range our BOS technique is able to measure.  
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Fig. 6 Shock wave pressure near the air-water interface (blue squares) and maximum jet velocity 
(red circles) as a function of the input energy.       
 
5. Conclusion 
 
In summary, the BOS technique is applied to an underwater shock wave generated in a 
micrometric scale rectangular tube. We have visualized and quantified the shock wave by the BOS 
technique using a micro-dot background pattern manufactured by MEMS and a high-resolution 
camera. The microjet velocity has been obtained in order to validate the measured pressure. The 
pressure of the shock front near the air-water interface increases with the jet tip velocity of the 
microjet up to 0.9 mJ of irradiated laser energy. We therefore have confirmed that our improved 
BOS technique is able to measure underwater shock wave pressures up to 8 MPa. This BOS 
technique can be applied for robust design of microjet generation system for needle-free injection 
devices.  
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