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Abstract: The detection of crack on materials is an important issue in industry. On the contrary to 
conventional methods, such as manual inspection, sensor detection, and image processing techniques, 
a new simple method to detect the crack is proposed with optical voice recorder based on digital 
holography in this paper. Holograms obtained with sound waves passing through the materials are 
recorded by using the digital holography technique. Temporal behavior of the sound wave passing 
through the material, which is obtained from these holograms, gives image of crack. In this article, 
cracks in various materials are determined by the proposed new method, and crack images obtained 
with this new system are presented. 
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1. Introduction 

The deformations (defects), which frequently 
occur in the material, have been investigated with a 
variety of studies. These deformations are porosity, 
debonding, delamination, crack, etc. From among 
these, the detection of crack is one of the main 
issues for researchers [1‒6]. It can be made in two 
ways: destructive testing and non-destructive testing 
[7‒10]. In destructive testing, since manual 
inspection depends on specialist’s experience with 
the help of surveying instruments, the accuracy 
cannot be guaranteed in quantitative analysis. On the 
other hand, for reliable and fast crack surface 
analysis, automatic crack detection is developed 
instead of the manual inspection procedures. This 
detection method is very effective for some of the 
non-destructive testing techniques, such as infrared 

and thermal testing, ultrasonic testing, laser testing, 
radiographic testing, and testing with image 
processing [11‒22]. Moreover, in destructive testing, 
due to the fact that the surface texture has been 
destroyed in destructive testing, non-destructive 
testing techniques are preferred to detect the crack in 
the materials.  

For non-destructive testing (NDT), there are 
some optical methods, which use the non-contact 
measurement system such as interferometry and 

holograph [23, 24]. Among these techniques, digital 
holography (DH) is commonly used to measure 
deformations [25‒33], and at the same time it is 

used to determine the properties of material. For 
example, Şan et al. [34] tested the performance of 
core materials under the effect of static magnetic 

field by using DH. Furthermore, DH technique is 
also used to test the surface flatness and detect 
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cracks in material [35‒37].  

In this work, such a system based on off-axis 

digital holography, where the acusto-optics effect is 

formed, is used to detect crack. This system was 

recently developed by Matoba et al. [38]. The crack 

detection with this system can be made by using 

frequency or intensity distributions of sound wave 

reconstructed from sound holograms [39]. In this 

paper, the latter is used for crack detection. How the 

sound wave behaves when passing through the 

material can be determined by using the 

acusto-optics effect. In this context, for the first time, 

the temporal phase profiles (sound wave) obtained 

from the sound holograms are used to measure this 

effect. For each pixel point of recorded holograms, 

the temporal phase profile is extracted and 

3-dimensional (3D) images are obtained by using 

the maximum amplitude values in these profiles. 

Since the amplitude change is expected in the 

fractured regions, the presence and shape of the 

crack are determined by analyzing the 3D images 

after unwrapping process of the maximum 

amplitude values of temporal phase distributions. In 

this study, three different materials, namely, glass, 

wood, and metal, are investigated. Instead of using 

more than one specimen, it is intended to give 

results for different materials. Thus, it is proved that 

no matter which material is tested with the proposed 

system, cracks can be determined. In addition, the 

change of the sound wave around the crack in the 

material over time can be visualized with the 

proposed system. Lastly, it is concluded that the 

intended system can indicates if the specimen have 

crack or not. 

The rest of the paper is organized as follows. In 

Section 2, the methodology is introduced. The 

method used for reconstruction of sound waves is 

given in this section. The experimental results 

obtained to show cracks in materials are presented in 

Section 3. The last section is defined as conclusion 

part. 

2. Methodology 

The purpose of this paper is to detect cracks on 

material and to image these cracks by NDT. For this, 

an off axis-digital holographic interferometry (see 

Fig. 1) [39] is used and holograms obtained with the 

sound waves passing through the material on object 

arm of this interferometry are recorded. In this 

interferometry, He-Ne laser is selected as a light 

source with the output power of 10 mW and 

wavelength of 633 nm. 
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Fig. 1 Optical setup with schematic diagram [39].  

A beam from He-Ne laser is filtered by using 
spatial filter and expanded by using lens. Then, the 

expanded light is split into two rays by using a cube 
beam splitter (BS1) to form the reference and object 
arms. BS1 has a division ratio of 50 : 50. The 

reference beam is directed to Mirror 1 (M1), and the 
object beam is directed to Mirror 2 (M2). Then, 
these beams are sent to the beam splitter (BS2) and 

complementary metal oxide semiconductor (CMOS) 
camera, respectively. To create the phase difference 
between two arms, the object beam is modulated 

with the sound wave. The sound wave produced by 
using function generator is transmitted to medium 
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by a loudspeaker. After that, it is propagated through 
the material surface.  

Object and reference beams are combined to 

create a hologram on the CMOS camera (132 × 132 

pixels), whose pixel size is 14 μm × 14 μm.  

In this system, it is possible to detect the 

presence of a crack in two ways. The first way is 

based on the examination of a shift at frequency of 

the sound wave reconstructed from digital 

holograms [39]. The second way is based on the 

intensity of voice passing through the material.  

In current study, how the sound wave behaves 

when passing through the material is presented by 

extracting the 3 dimensional (3D) image. Thus, the 

crack detection is performed by determining which 

points of the material have high or low amplitude 

while the sound wave passes through the material. In 

this context, the sound waves transmitted to the 

medium are passed through a material and 

transferred to the object arm of the interferometer. 

Thus, the sound holograms are recorded. Firstly, 

temporal phase profiles are found for each pixel 

point of the sound holograms. The maximum 

amplitude values of these phase profiles obtained by 

using N holograms (6000 holograms in this work) 

are determined. So, the maximum amplitude value 

as much as the pixel number of a hologram is 

obtained. As a result, the behavior of the sound wave 

passing through the material is given in 3D. The 

amplitude values of the sound waves passing 

through the region where the crack is presented are 

displayed with the 3D images. The steps of this 

crack detection are presented by the flowchart in  

Fig. 2. 
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Fig. 2 Flowchart of crack detection.  
In this study, the temporal phase information is 

obtained for all pixels. This information is 

calculated by using the Fourier transform method 

(FTM), which was proposed by Takeda [40] for the 
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first time in 1982. The mathematical formula of 

recorded hologram can be expressed as follows: 
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(1) 
where the complex fields of object and reference 
waves are expressed as  OB ,A x y  and  REF ,A x y . 
The coordinate of hologram plane is given by 

 ,  x y . In addition, the phase of hologram is 
expressed as  ,  x y . The atmospheric pressure 
and the pressure due to the sound waves are defined 
as 0P  and P , respectively. The refractive index of 
air is given with n. The temporal phase is formed by 
this refractive index change. Moreover, in the 
expression I(x, y), the first two terms on the right 
side of the equation contain completely the 
amplitude information of the hologram, while the 
third term includes the phase information. 

The Fourier transform is performed in order to 
extract the temporal phase distribution from the 
series of hologram, and it is expressed as follows: 

    , ,x yG k I x y  .           (2) 

The first step of signal processing is to take the 
line by line Fourier transform of the hologram. Then 
the direct current (DC) component and the 
imaginary part are eliminated by band pass filtering 
process. Finally, the phase information [as expressed 
in (4)] is obtained by taking the inverse fast Fourier 
transform (IFFT). 

    1
,,   x yc x y G k            (3) 
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c x y
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where  ,x y  is a wrap phase and in the interval 

of  ,     . This phase is unwrapped by a 
suitable algorithm, which is presented in MATLAB, 
in respect to x and y axes. 

3. Results and discussion 

In the proposed system, crack detection is 

performed by imaging sound wave passing through 
the material with digital holographic interferometry. 
Crack analysis is carried out in two steps. In Step 1, 
the glass and wooden materials, on which crack can 

be seen with naked eye, are used. In Step 2, 
measurements are taken from the metal surface, on 
which crack cannot be seen. Sound waves can be 

used at different frequencies for crack detection in 
the materials used in this study. These sound waves 
are passed through the surface by means of a 

loudspeaker and transferred to the object arm in the 
interferometric system and the sound holograms are 
recorded. 

As the sound wave passes through these 
materials, its amplitude changes over time. Shortly, 
in this state, while the sound wave passes through a 

material, its energy changes. Because the atoms in 
the material are in motion, the direction of the sound 
wave moving in the material changes. This means 

that the frequency and the wavelength of the sound 
also change. If there is a crack in the material, the 
incoming sound wave will be subject to diffraction 

and scattering. With this scattering, the amplitude of 
the sound reduces in the cracked region. Therefore, 
the propagation speed of the sound wave decreases 

and the amplitude (intensity-energy) of the wave 
also reduces accordingly. In this study, the 
difference between the reference (sound wave 

passing through non-cracked surface) and wave 
passing through the cracked surface is given by 3D 
images. Whether the material is cracked or not is 

determined by looking at these 3D images. 
The crack detection with the proposed system is 

firstly made for material with visible cracks. For 

example, it is possible to see the cracks found on 
glass and wooden surfaces. In the first phase of the 
study, the crack detection is performed by using 

reference and cracked glass surfaces, respectively. 
Sound wave, which has a frequency value of 1 kHz, 
is used to determine the crack. In digital holographic 

interferometry, when sound hologram is recorded, 
the sampling is made according to Nyquist criteria 
for reconstruction of sound wave. That is, the 
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sampling frequency should be at least 2 times or 
greater than the maximum frequency of the used 
sound wave. If the sampling frequency of the sound 
wave is 1 fmax, the recording time of the imaging 

sensor must be shorter than 1 / 2 fmax. Therefore, a 
minimum of 2000 samples per second should be 
taken for a sound wave with a frequency of 1 kHz. 

The high-speed CMOS camera, which is used as an 
imaging sensor in the experimental setup, has a high 
resolution. If the used sampling frequency is 

increased, the resolution of this camera will be 
reduced. Reduction of resolution results in the 
distortion of 3D images obtained for the crack. In 

this case, the crack detection cannot be done 
correctly. In some studies, the results are also 
obtained for sound waves with a frequency higher 

than 1 kHz. However, due to the above-mentioned 
reason, the cracks in the images could not be 
determined exactly. Therefore, a sound wave with a 

frequency of 1 kHz is used. 

The reference and cracked glass surfaces used in 

Fig. 3 are given. Figure 3(a) shows the reference 

glass surface and Fig. 3(b) shows the cracked glass 

surface. This crack is shown by a white circle in   

Fig. 3(b).  

 

Crack 

 (a)                     (b) 

Fig. 3 Glass materials (a) reference glass surface and      
(b) glass surface with crack. 
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Fig. 4 3D image of the temporal behavior of the sound wave passing through the glass surface for :(a) unwrapped situation of 
maximum values of temporal phase distribution for reference glass material, (b) unwrapped situation of maximum values of temporal 
phase distribution for crack glass material, (c) wrapped state of the difference between (a) and (b), and (d) unwrapped situation of the 
difference between (a) and (b). 
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In Fig. 4, 3D image is presented to show the 

temporal behavior of the sound wave passing 

through the reference and cracked glass surfaces. 

Whereas the sound wave passes directly from the 

non-cracked section, it passes through the cracked 

part by decreasing its intensity. This means that the 

intensity of the sound wave passing through the 

cracking zone is decreasing, which can be clearly 

seen in Fig. 4. The crack on the figure is indicated by 

a black circle. 

In Fig. 4, the x and y axes represent the pixel 

numbers of the hologram. The z-axis refers to the 

intensity (maximum amplitude value) of the sound 

wave after passing through the material. The 

unwrapped situation of the maximum values of 

temporal phase distributions for reference glass 

material is shown in Fig. 4(a). Likewise, this 

distribution is presented in Fig. 4(b) for the crack 

glass material. In addition, the difference between 

reference and crack glass materials is obtained for 

both wrapped and unwrapped situations. They are 

also shown in Figs. 4(c) and 4(d), respectively. 

However, as the sound wave passes through the 

cracked glass surface, its intensity decreases. This 

state can be seen from Fig. 4(c) and 4(d). 

3D image obtained for the glass surface clearly 

shows that crack detection by using sound wave in 

the digital holography system is a very convenient 

method for non-destructive measurement. When   

Fig. 4(d) and Fig. 3(b) are compared, it can be clearly 

seen that the crack detection on the glass surface is 

accurately performed. 
 

Crack 

 
(a)                     (b) 

Fig. 5 Wooden materials: (a) reference wooden surface and 
(b) wooden surface with crack.  

In the second phase of this study, crack detection 
is performed for wooden materials. In Fig. 5, 
reference and cracked wooden materials are shown. 
The crack in wooden materials is shown with a 

black circle in Fig. 5(b). In this part of the work, the 
sound wave with a frequency value of 1 kHz is used 
when recording hologram. This sound wave is 

transmitted to the object arm of interferometer when 
passing through the reference and cracked materials, 
respectively. 

As seen from Fig. 5(b), the crack is located at the 
upper right side of wooden materials. In the 3D 
image shown in Fig. 6, the temporal behavior of the 

sound wave as it passes through the reference and 
cracked wooden materials is presented. From this 
3D image, the crack is clearly visible. 

In Figs. 6(a) and 6(b), the unwrapped situations 
of the maximum values of temporal phase 
distributions for reference and cracked wooden 

materials are given, respectively. On the other hand, 
the difference between reference and cracked 
wooden materials, which are obtained under both 

wrapped and unwrapped situations respectively, is 
presented in Figs. 6(c) and 6(d). When Figs. 6(c), 
6(d), and 5(b) are compared, cracks in wooden 

materials can be seen. As in the glass material, when 
the sound wave passes through the cracked wooden 
materials, the sound intensity decreases. As it can be 

seen from Fig. 6(b), there is a significant drop in 
intensity where the crack occurs. This means that 
when the sound wave passes through the cracked 

area, the intensity of the sound is reduced. On the 
other hand, the intensity of the sound passing 
through the non-cracked regions has a high 

amplitude value. Therefore, a bump is observed in 
cracked area, which can be seen clearly in Figs. 6(c) 
and 6(d). This bump is shown in black circle. 

In order to prove the validity of this work, first, 

the existing crack on the material that can be easily 

seen with the naked eye is determined (glass and 

wooden materials). In the light of the results 

obtained from system, the proposed system can be 

used for crack detection by non-destructive 



Gülhan USTABAŞ KAYA et al.: Crack Detection by Optical Voice Recorder Based on Digital Holography 

 

333

inspection. Furthermore, it is possible to detect 

cracks that are not visible through this system as 

well. For example, it is impossible to see cracks in 

metal materials by naked eyes. That’s why, in the 

third phase of this work, cracks on metal that are not 

seen by the naked eye are detected. Reference and 

cracked metal materials used in this study are shown 

in Fig. 7. 
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Fig. 6 3D image of the temporal behavior of the sound wave passing through the wooden surface for: (a) unwrapped situation of 

maximum values of temporal phase distribution for reference wooden material, (b) unwrapped situation of maximum values of 
temporal phase distribution for crack wooden material, (c) wrapped state of difference between (a) and (b), and (d) unwrapped 
situation of difference between (a) and (b).  

 
(a)                        (b) 

Fig. 7 Metal materials: (a) reference metal surface and    
(b) metal surface with crack. 

Metals are damaged over time. These materials 

can be scratched, cracked, etc. If the crack size is in 

millimeter, it is possible to see the cracks on the 

surface of the material. In this case, there is no need 

for a system to detect cracks. If the size of these 

cracks is at the micrometer level, cracks cannot be 

seen by naked eyes. In this case, a device or a 

system for crack detection must be used. The cracks 

on the glass surfaces can be seen easily because they 

are in millimeters. Since it is impossible to see the 

cracks in the micrometer level in metals, crack 

detection has been done with the proposed system in 

this study. In this article, in order to increase the 

effect of the study, both the visible and invisible 

cracks for the naked eyes are imaged. 

Since cracks in metal materials cannot be seen, 
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the image of the crack is given by scanning electron 

microscope (SEM). In the SEM image, the crack is 

marked with a white circle in Fig. 8. The crack in 

this image resembles the veins of a leaf. 
 

Crack 

 

Fig. 8 SEM image of metal surface with crack. 

As mentioned above, it is possible to detect 
cracks with holographic recording of sound waves 

passing through metal material. This is done by  
extracting a 3D image showing how the intensity 
changes over time as the sound wave passes through 
the material, as shown in Fig. 9. Here, the sound 
wave with a frequency of 2 kHz is used when 
recording hologram. This sound wave is given to the 
object arm of interferometer by being passed 
through the reference and cracked materials, 
respectively. 

The unwrapped situations of the maximum 
values of temporal phase distributions for reference 
and cracked metal material are shown in Figs. 9(a) 
and 9(b), respectively. Moreover, the differences 

between both reference and crack metal materials 
are obtained for wrapped and unwrapped situations, 
which are presented in Figs. 9(c) and 9(d), 

respectively. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9 3D image of the temporal behavior of the sound wave passing through the metal surface for: (a) unwrapped situation of 
maximum values of temporal phase distribution for reference metal material, (b) unwrapped situation of maximum values of temporal 
phase distribution for crack metal material, (c) wrapped state of difference between (a) and (b), and (d) unwrapped situation of 
difference between (a) and (b). 
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In Fig. 9, cracks in the metal material can easily 
be discerned. The crack portion of metal materials is 
shown by a black circle in Figs. 9(b) to 9(d). When 
the sound wave passes through the crack zone, its 

intensity drops, which is illustrated in green color. 
3D images in Figs. 9(c) and 9(d) show that the crack 
pattern obtained by the proposed system is very 

similar to the crack pattern given by SEM, which 
means that it is possible to detect cracks whatever 
they can be seen or not by naked eyes. 

4. Conclusions 

In this paper, it is shown that it is feasible to 
detect cracks on materials by using sound holograms, 
which are recorded with digital holography. The 

recorded sound holograms are digitally analyzed to 
extract temporal amplitude distribution (sound wave, 
which is transferred to medium while the hologram 

is recorded in holographic setup). In addition, 3D 
images of sound wave whose behavior changes 
when passing through material are given and the 

crack detection is done by using 3D images.  
Although the crack detection can be performed 

for glass, wooden and metal materials in this study, 

the amount of the crack cannot be given. In the 
future study, it is planned to give the size of the 
cracks with the system proposed in this study. As a 

result, this study is thought to bring a new 
perspective on the issue of the contactless crack 
detection. 
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