
20th International Symposium on Application of Laser and Imaging Techniques to Fluid Mechanics • LISBON | PORTUGAL • JULY 11-14, 2022

Background-Oriented Schlieren technique using Fast Checkerboard Demodulation for
extending measurement range of pressure of underwater shock waves

Y. Tagawa1,∗, M. Kawaguchi1, S. Ichihara1, J. Yee1,T. Shimazaki1

1: Dept. of Mech. Sys. Eng., Tokyo University of Agriculture and Technology, Japan
*Corresponding author: tagawayo@cc.tuat.ac.jp

Keywords: Background-Oriented Schlieren, Fast Checkerboard Demodulation, contactless
measurement.

ABSTRACT

We have successfully extended the measurement range by applying Fast Checkerboard Demodulation (FCD) to

Background-Oriented Schlieren (BOS) technique, which is a contactless measurement technique. In the experiment,

the apparent displacement field on the background image distorted by underwater shock waves were measured using

FCD-BOS and contact measurement pressure (hydrophone). The results show that the measurement limitation of FCD

is higher than the methods of previous studies which used Optical Flow (OF) and Digital Image Correlation (DIC) al-

gorithms. Since the displacement is detected from the frequency change due to the distortion of the background image,

FCD that combines fast Fourier transform (FFT) and a background image with a two-dimensional periodic pattern,

can be applied to the large distortion which is difficult to be detected using OF and DIC. The numerical approach in

our previous study(Shimazaki et al., 2022) showed that the measurement range of FCD-BOS is strongly influenced by

the background pattern. Therefore, this study also performed numerical investigation on the use of synthetic back-

ground images with the frequency of the resultant wave of two sine waves of different wavelengths for FCD-BOS.

The numerical results show that the measurement range using the synthetic background images with wavelengths of

(60,60/12) µm is three times larger than the experimental measurement range using the lattice grid (width: 20 µm)

background. In addition to the synthetic background of wavelengths of 60,60/12, the measurement accuracy, phase

wrapping, overlap, and aliasing artifacts of those of (40,40/12) and (30,30/12) were investigated. Such results show

the superiority of the background with the frequency of sine wave over that of square wave (lattice grid).

1. Introduction

Background-Oriented Schlieren (BOS) technique is a contactless measurement methods for pres-
sure field in fluid. It can quantify the density gradient in front of a background image by compar-
ing two background images with and without the density gradient. The background image with
density gradient is distorted in contrast to the background without the density gradient since the
refractive index of the fluid changes with density. The apparent displacement of the background
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image is then calculated using Digital Image Correlation (DIC) algorithm. The optical system of
BOS technique is relatively simple. It consists only of a background image, a camera, and a light
source. Moreover, it can be applied to various length scales (Venkatakrishnan & Meier (2004),
Hargather & Settles (2010), Bichal & Thurow (2010)). BOS technique using Digital Image Correla-
tion (DIC-BOS) with a randomly dotted background image was applied by Yamamoto et al. (2015)
to measure laser-induced underwater shock waves. It was further developed by Yamamoto et
al. (2018) into high resolution DIC-BOS which has successfully measure underwater shock wave
pressure up to 8 MPa. Apart from DIC-BOS, BOS technique using Optical Flow algorithm (OF-
BOS) was utilized by Hayasaka et al. (2016) to measure the pressure field of millimeter-scale laser-
induced underwater shock wave. In spite of these achievements, the pressure measurement range
of DIC-BOS and OF-BOS techniques are limited by their fundamental assumption in detecting dis-
placements of the background. As shown in Fig. 1(a), the size of each pixel of the background
image with the density gradient is assumed to be same as the image without density gradient in
front of the background. In other words, the background can be locally shifted but not distorted.
Thus, it is difficult to detect large density gradient. In order to solve this problem, it is necessary to
replace these conventional tracking algorithms. In this study, we employed Fast Checkerboard De-
modulation (FCD) proposed by Wildeman (2018) , which combines fast Fourier transform (FFT)
and a background image with a two-dimensional periodic pattern for displacement field detec-
tion. Since the displacement is detected from the frequency change due to the distortion of the
background image (see Fig. 1(b)), it can be applied to the large distortion which is difficult to be
detected using DIC and OF. Moreover, FCD can detect the displacement field at the resolution
same as the original image. Therefore, to expand the pressure measurement range of BOS tech-
nique, we investigated the detectable range of displacement when FCD is applied to measure the
pressure field of underwater shock wave.
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Figure 1. Types of backgrounds used for various BOS techniques.

2. Experimental method

The principle of BOS technique is explained in Fig. 2. BOS technique is a contactless method that
acquires the displacement field from the refractive index change due to the density gradient for
the calculation of the density field (or pressure field).

Figure 2. Principle of BOS technique. The black line (undistorted) is the light path without density gradient. The red
line (distorted) is the light path with density gradient.

In this paper, we focus on the the apparent displacement field caused by the distortion on the
background image, which is acquired using the BOS technique. For comparison, the apparent
displacement on the background image is also estimated from the contactly measured pressure.
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First, by using Tait equation (Vogel et al. (1996)) , the density is estimated from the pressure (Eq.
1).
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where p is pressure, � is density, andB and � are 314 MPa and 7.15, respectively. The density gradi-
ent is then calculated from the difference with the density of ambient fluid, and the refractive index
gradient is calculated from the density gradient using Gladstone-Dale equation (Venkatakrishnan
& Meier (2004)) (Eq. 2).

rn = Kr� (2)

where n is the refractive index and K is the Gladstone-Dale constant. Finally, the displacement is
calculated by integrating of the refractive index gradient with respect to z-axis (Eq. 3).
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where v is the displacement on the background image, ZD is the distance from the center of the
density gradient to the background image, and W is the length of the measurement target with the
density gradient along the optical axis.

Fig. 3 shows the schematic of the experimental setup. A pulsed laser (Nd: YAG laser Nano S PIV,
Litron Lasers Ltd., wavelength: 532 nm, pulse width: 6 ns) is focused through an objective lens
(SLMPLN 20X, Olympus, magnification: 20 times, NA value: 0.25) onto a point inside a container
filled with ultrapure water to generate an underwater shock wave. In this study, the periodic
pattern of horizontal and vertical lines (lattice grid) is chosen as the background. The lattice grid
background which has a width of 20 µm is placed at a distance of 0.5-1.2 mm from the center of the
shock wave. A high-resolution camera (EOS 80D, Canon, 4,000 × 6,000 pixels) is used to capture
the background with and without the underwater shock wave (distorted and undistorted images).
Simultaneously, the contact pressure of the shock wave is measured using a hydrophone (Müller-
Platte Needle Probe, Müller Instruments, Germany). The light source is a pulsed laser (SI-LUX
640, specialized Imaging Ltd., wavelength: 640 nm, pulse width: 10-20 ns).



20th LISBON Laser Symposium 2022

Pulsed laser

Delay generator
Oscilloscope

Laser
stroboscope

High resolution camera
(4,000�6,000 pixels)

Background

Hydrophone

Mirror

Objective lens (20x)

Shock wave

Pure water

Plasma

Figure 3. Schematic of the experimental setup.

Fig. 4 shows the images of the shock wave and the results of calculating the displacement by FCD.
The two images (distorted and undistorted) are slightly displaced from one another. The displace-
ment is detected by FCD analysis after aligning the two images. The displacement shows only
the vertical component (y-axis optical displacement). For comparison with the contact pressure
measured using hydrophone, since the effective diameter of the hydrophone is 0.25 mm, the dis-
placement in the range of ±0.125 mm in the x-direction from the center line of the hydrophone is
integrated and averaged in the x-direction. When a spherical shock wave propagates, the pressure
decreases. Under this experimental condition, the pressure is inversely proportional to the shock
wave propagation distance (Vogel et al. (1996)) . Therefore, the shock wave pressure at the time
of imaging is corrected from the shock wave propagation distance and the distance between the
shock wave and the hydrophone.
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Figure 4. Undistorted image, distorted image, and the displacement detected by FCD. Undistorted and distorted
images are the photographs of the background without and with a shock wave, respectively. FCD result shows the

y-axis optical displacement between both images.

3. Results and Discussion

3.1. Experimental results

The results are shown in Fig. 5. The displacement estimated from the contactly measured pressure
using Eqs. 1-3 (red solid line) is compared with that detected by the FCD (black solid line). The
maximum displacement (distance = 3.2 mm) and the negative displacement (distance = 3.0 mm)
estimated from the contactly measured pressure are successfully reproduced using FCD. A second
peak (distance = 2.4 mm) appears in the estimated displacement, which is caused by a part of the
shock wave which is re�ected on the background and returned to the hydrophone (Fig. 6). The
scond peak is not detected by FCD because the distanceZD is small. Note that even if the second
peak is detected by FCD, it would be smaller than the estimation from the contactly measured
pressure.
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Figure 5. The apparent displacement by FCD (ZD = 1.18 mm, spatial resolution = 1.23 µm/pixel, illumination time =
10 ns). The horizontal axis indicates the distance from the center of the shock wave, and the vertical axes indicate the
displacement and the shock wave pressure, respectively. The blue dashed line indicate the contact pressure measured

by the hydrophone, while the red and the black lines indicate the apparent displacement estimated from the
contactly measured pressure and that detected by FCD, respectively.

Figure 6. The re�ection of the shock wave on the background. The �rst shock wave reaches the hydrophone directly.
The second shock wave re�ects on the background and reaches the hydrophone.

Fig. 7 shows the comparison between the maximum displacement estimated from the contactly
measured pressure and that detected by FCD. In previous studies, the maximum displacement is 5
and 8 µm for DIC at high spatial resolution (spatial resolution: 1.1 µm/pixel) and OF at low spatial
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resolution (spatial resolution: 5.18 µm/pixel), respectively (Hayasaka et al. (2016), Yamamoto et al.
(2018)). As for our study, FCD detected displacements up to 10 µm at high spatial resolution (spa-
tial resolution: 0.88-1.23 µm/pixel). This indicates that the displacement detection performance of
FCD-BOS is superior to the previous methods (DIC, OF) in terms of spatial resolution and displace-
ment detection range. For BOS technique, if the spatial resolution is low, the pressure cannot be
estimated correctly as reported by Hayasaka et al. (2016). Therefore, extension of displacement de-
tection range under high spatial resolution will directly extends the pressure measurement range.
This is con�rmed by the data collected in our study which have a shock wave pressure up to 20
MPa, exceeding the measurement limit of 8 MPa by Yamamoto et al. (2018).

Figure 7. The maximum displacement estimated from the contactly measured pressure and that detected by FCD
(ZD = 0.55-1.18 mm, spatial resolution = 0.88-1.23 µm/pixel, illumination time = 10-20 ns). The horizontal axis

indicates the peak of the estimated displacement, and the vertical axis indicates the peak of displacement detected by
FCD. The red and blue dashed line indicate maximum detectable displacement of DIC and OF, respectively. The

black dashed line indicates the maximum detectable displacement of FCD.

When the maximum displacement is larger than 10 µm, the maximum displacement detected by
the FCD is 10 µm because FCD detects displacement from frequency change by Fourier transform
in the range of phase from -� to � . This phase range corresponds to the range of -10 to 10 µm be-
cause a lattice width of the background is 20 µm. When the maximum displacement is larger than
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10 µm, phase wrapping occurs. As a result, the displacement larger than 10 µm appears as a nega-
tive displacement while the maximum displacement is �xed at 10 µm. Since FCD is a displacement
detection method using Fourier transform, the detectable range of the displacement depends on
the frequency of the background. For example, for a background with a wavelength of 50 µm, it
is possible to detect a displacement up to a half wavelength(= 25 µm) corresponding to the phase
range from - � to � . By reducing the frequency (or increasing the wavelength) of the background,
detection of larger displacement will be possible. Accordingly, the range of pressure measurement
by BOS technique will extend. To accurately determine the applicable range of FCD displacement
detection without the possible in�uence of random errors from the experiment data, synthetic im-
ages (image size: 1500 x 750 pixels, spatial resolution: 1 µm/pixel) that mimic different periodic
background patterns were modulated and used for analysis by Shimazaki et al. (2022). The results
show that the maximum measurable displacement is approximately 10 µm for the lattice grid pat-
tern of 20 µm. In addition, for practical use, the effect of the line thickness of the lattice grid pattern
on the measurement accuracy was also investigated. It is found that the measurement accuracy is
higher for lattice grid patterns with lines thinner than the width of the blank region.

3.2. Numerical approach for effective background pattern using arti�cial images

3.2.1. Background images of composite waves

Hatanaka & Saito (2013) pointed out that when periodic patterns are used as background images,
the displacement detection range is narrowed due to phase wrapping. They also stated that the
use of a background image with two wavelengths is expected to expand the displacement detec-
tion range. Therefore, to investigate the effect of background patterns on the FCD displacement
detection range, we made three different background images (image size: 1500� 750 pixels, spa-
tial resolution: 1 µm/pixel), each of which has a pattern with two sinusoidal waves of different
wavelengths. A composite wave,
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�
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�
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� 2
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�
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was created by combining the sine waves of two different wavelengths � 1; � 2, where � 2 = � 1=12.
By placing the waves f (r ) in Eq. 4 parallelly and uniformly along the vertical and horizontal axes,
we created the background image shown in I 0 of Fig. 8. In this paper, � 1 is set to 30, 40, and 60, and
three types of background images are produced. A shockwave-shaped synthetic displacement is
added to the background image to create a distorted image. The speci�c method of adding the
synthesized apparent displacement follows that of Shimazaki et al. (2022).

3.2.2. Numerical result

Fig. 8 shows the typical results for the synthetic displacement �eld with maximum displacement
umax = 10 µm using periodic background pattern with three different composite waves with � 1 =
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Figure 8. Synthetic images (1500� 750 pixels) using three periodic background patterns with different
double-frequencycomposite waves and the x-direction displacement u (maximum displacement is 10 µm (= 10 pixel)

in this �gure). The radius of the red circle in each P0 P0 of each composite wave is krad .

30, 40, and 60. In the left of this �gure, I 0 is the background image and I is background image
distorted with umax = 10 µm. In the middle of the �gure, P0 and P are the power spectra in the
Fourier space (k-space) of I 0 and I , respectively. The radius of the circle in the P0 and P of each
composite wave is krad . krad decreases with increasing wavelength � 1 where the values are 0.15,
0.11, and 0.07 pixel� 1 for � 1 = 30, 40, and 60, respectively. As for the right of the �gure, the colour
contour shows the �eld of U, which is the x-direction displacement. In each of the contour, the
upper part shows the the synthetic displacement �eld with maximum displacement umax = 10 µm
(true) while the lower part shows the displacement �eld obtained using FCD. The results show that
the measurement accuracy of FCD depends on the background pattern where the displacement
�elds of � 1= 30 and 40 are almost identical to the true data, but the displacement �eld of � 1 = 60 is
partially different from true data. The difference of the displacement �eld of � 1 = 60 from the true
data is due to the small value krad which causes aliasing artifacts to occur. The mechanism for the
occurrence of the aliasing artifacts is explained in Shimazaki et al. (2022).
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