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PREFACE 
 
 
 
 Digital speckle interferometric measurement techniques, including digital speckle 

pattern interferometry (DSPI, also called digital holography) and digital speckle pattern 

shearing interferometry (also called digital shearography), offer advantages such as high 

precision, high sensitivity, full-field measurement, non-contact, and real-time 

capabilities. They are widely applied in the measurement of deformation and the first 

derivative of deformation as well as in the detection of internal defects in various 

materials, especially for composite materials, in industrial settings, including the 

automotive and aerospace industries. 

Traditional measurement methods using speckle pattern interferometry can only 

target one parameter or a single spatial resolution at a time. However, in practical 

applications, measurements with multiple parameters or multiple spatial resolutions are 

beneficial to practical applications for material evaluations and nondestructive testing. To 

reach these goals, the most direct approach is to perform multiple repeated 

measurements, but this leads to increased time and detection costs. Additionally, in 

certain situations, repeated measurements are not feasible, therefore, the development of 

synchronized dual-sensitivity detection methods is useful for industrial applications. 

Current research on synchronized dual-sensitivity detection mainly falls into two 

categories. One category involves synchronously detecting different parameters at a 

single spatial resolution, while the other focuses on synchronously detecting the same 

parameter at different spatial resolutions. There is relatively abundant research on the 

first category, including synchronous dual-direction shearography, in-plane and out-of-
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plane deformation measurement, and deformation and first derivatives of deformations 

measurement. However, research on the second category is relatively limited, with few 

studies found. This research primarily focuses on the second category, namely, 

simultaneous dual-spatial resolution detection methods. 

The key points to achieve simultaneous dual-spatial resolution measurement 

include the following parts: design of the optical layout, obtaining dual spatial resolution, 

constructing dual channels, and obtaining phase information. The main challenges are 

how to design an optical setup which includes different field-of-views (i.e. dual channels) 

and how to separate the information (i.e. phase information) of the different field-of-

views recorded in a single image.  An innovative development by using polarization 

techniques, Fourier and inverse Fourier transforms, and spatial carrier phase-shifting 

technique was made to solve these challenges. This doctoral dissertation provides an 

overall introduction to the fundamental methods and principle involved. It also gives a 

summary of the current relevant research. 

The main research of this doctoral dissertation proposes a novel method utilizing 

digital holography to achieve simultaneous dual spatial resolution sensitivity 

measurements. This system marks the first application of holography for simultaneous 

dual spatial resolution sensitivity measurement. It accomplishes dual spatial resolution 

measurements by observing different-sized fields of view, establishes dual channels using 

polarization techniques to avoid cross-interference, and employs spatial carrier 

techniques to separate and extract phase information, thereby successfully achieving 

simultaneous dual spatial resolution measurements. 
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In addition, an improvement to overcome the current shortcoming of overlapping 

spectra in the existing dual-resolution shearography system. This improvement primarily 

addresses the issue of overlapping spectra only along the x-direction in the frequency 

domain. By adjusting the shearing direction and controlling the distribution of spectra in 

the frequency domain, the spectra corresponding to different resolutions are separated 

along the x and y directions respectively, effectively solving the overlaped spectral 

information. The development makes the current shearography dual-resolution system 

much easier and more practical.  
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ABSTRACT 
 
 
 

DEVELOPMENT OF SPECKLE PATTERN INTERFEROMETRY FOR 
SIMULTANEOUS DUAL SENSITIVE MEASUREMENT 

 
 

by 
 

Xiaowan Zheng 
 
 

Adviser:  Lianxiang Yang, Ph.D. 
 
 

 Digital speckle interferometry involves two main methods: digital speckle pattern 

interferometry (DSPI/Digital Holography) and digital speckle pattern shear 

interferometry (Digital Shearography). This technology allows for non-destructive, full-

field, high-precision measurements. 

In early stages, speckle interferometry was limited to measuring a single 

parameter in a single test, like in-plane or out-of-plane deformation or the first derivative 

of displacement (strain) along horizontal or vertical directions. However, advancements 

in speckle technology now allow simultaneous measurement of two of above parameters. 

These measurements systems, though, have limitations—they possess a single spatial 

resolution, resulting in certain drawbacks during deformation detection and non-

destructive testing, such as difficulty in evaluating dense fringes or overlooking smaller 

defects. 

Recent advancements have led to a new study using digital shearography, 

measuring one parameter with two different spatial resolutions. However, due to its 

recent emergence, there's limited literature on this method. Both measuring two 
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parameters with one spatial resolution and measuring one parameter with two spatial 

resolutions are referred to as dual-sensitive measurement. 

This study mainly concentrates on simultaneous measurement of target 

parameters using speckle pattern interferometry technology. It delves into two key areas: 

enhancing digital shearography to achieve dual parameters and dual spatial resolution 

measurements, and developing novel digital holography for dual spatial resolutions. 

The novel digital holography method employs different-sized fields of view and 

polarization techniques to establish independent optical channels. Unlike shearography 

systems, it uses spatial carrier phase-shifting technology to separate overlapped intensity 

maps. This method proves more convenient and practical than traditional methods by 

eliminating the need to adjust shear directions. Ultimately, this technique can 

simultaneously produce dual-sensitive measurement results at different spatial 

resolutions, reducing the need for redundant measurements and saving time and labor 

costs. With ongoing enhancements, this technology holds significant promise for 

industrial applications and interest researchers focused on experimental mechanics via 

speckle/holographic interferometry. 
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CHAPTER ONE 

INTRODUCTION AND SCOPE OF WORK 
 
 
 

1.1 Background 
 

Speckle interferometry is a full-field, non-contacting, high-precision optical 

interferometry technique suited for surface deformation and strain measurement as well 

as for nondestructive testing. Speckle interferometry includes two major technologies, 

speckle pattern interferometry (SPI) and speckle pattern shearing interferometry (SPSI). 

In recent decades of development, speckle pattern interferometry can be divided into 

photographic speckle pattern interferometry (PSPI), electronic speckle pattern 

interferometry (ESPI, also called TV-Holography) and Digital speckle pattern 

interferometry (DSPI, also called Digital Holography) [1-3]. Similarly, the speckle 

pattern shearing interferometry, also called shearography can be divided into 

photographic speckle pattern shearing interferometry (PSPSI), electronic speckle pattern 

shearing interferometry (ESPSI/TV-shearography) and digital speckle pattern shearing 

interferometry (DSPSI/digital shearography) [4-6]. 

Among the technologies mentioned above, the latest and most widely used are 

Digital shearography and digital holography. Digital holography directly measures the 

deformation. While digital shearography directly measures the deformation gradient 

(strain components). These two technology have been widely used for deformation 

measurements, strain measurement, and non-destructive testing (NDT) due to its 

advantages of high sensitivity, high accuracy, and whole-field, non-touch measurements.  
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The traditional speckle interferometry measurement method can only measure one 

parameter with a given field of view. If two parameters or one parameter with different 

fields of view are needed, repeated measurements must be carried out and these 

measurements are usually acceptable for some common measurements. It is, however, 

difficult for precise measurements, such as by digital holography and digital 

shearography which measure submicron deformations or relative deformations because 

the loading is hardly exactly repeated and, in some cases, repeated measurement are not 

allowed, which limit the practical applications of holography and shearography where 

multiple parameters measurement or one parameter with multiple fields of view are 

needed. Obviously, development of simultaneous measurement for multiple parameters 

or single parameter but with multiple sensitivities are needed.  

1.2 Review of existed research work 

This research is focused on the development of speckle interferometry system for 

simultaneous dual-sensitive measurements, belonging to dual-channel measurements or 

dual-parameter measurements Reported research on multi-channels measurements  can 

be divided into two categories: one is simultaneously to measure two parameters with 

same spatial resolution, e.g. to measure deformation and the first derivative of 

deformation simultaneously the other one is to measure one parameter, but with two 

fields of view simultaneously, e.g. a large field of view and a small field of view. almost 

all of the existing methods use the same spatial resolution, i.e., to measure two 

parameters with a same field of view. There are three kinds of examples of these. The 

first kind is to measure the first derivative of deformation in the x- and y- directions by 

digital shearography. In these systems, the two sensitivity results correspond to two 
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shearographic systems, one in the x-shearing direction to measure the first derivative of 

deformation in the x-direction and the other in the y-shearing direction to measure the 

first derivative of deformation in the y-direction. Three methods have been reported to 

separate the information from these two channels in the final results. The first one is to 

use a two-camera system to record the information of the two channels separately [7]. 

The second method is to observe different channels on one color camera using RGB 

channels in combination with different laser wavelengths [8]. The last method is to use 

one black/white camera based on the polarization technology to avoid cross-interference 

[9,10]. These types of two-channel digital shearographic systems can be useful for NDT 

because some defects are sensitive to different directions of the first derivative of 

deformation. The second example is a two sensitivities measurement system with the 

same spatial resolution that simultaneously measures the deformation and its first 

derivative. For these systems, one channel is related to a holographic/electronic speckle 

pattern interferometry (ESPI) system which can measure deformation and the other is 

related to a shearographic system which can directly measure the first derivative of the 

deformation [11–13]. Such kinds of systems are used if both the deformation and its 

derivative are needed at the same time. The last example is two sensitivity measurement 

systems with the same spatial resolution that simultaneously measure both out-of-plane 

and in-plane strains. In these systems, one channel is used for an out-of-plane 

shearographic system and the other for an in-plane shearographic system for strain 

measurement [14,15].  

Another application of dual-channel measurement is to measure only one 

parameter, but with different spatial resolutions, e.g. a large field of view to see whole 
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area and a small filed view to see an interested area with an enhanced spatial resolution. 

A Sagnac interferometer-based digital shearography system has been reported by Boyang 

Zhang, Xiaowan Zheng, et al. [16]. They used a Sagnac interferometer-based optical 

layout to enable a dual spatial resolution shearography system to measure the first 

derivative of deformation. It was the first report of a system that allows two shearograms, 

one for a large field of view and one for a small field of view, to be obtained 

simultaneously. The development of this technology advanced digital shearography for 

NDT. However, a deficiency of the developed technology is the phenomenon of spectrum 

aliasing because the two shearograms have the same shearing direction, e.g., in the x- 

shearing direction, and all the spectra lie on the x-axis. In shearography, the orientation 

and separation of the spectrum are determined by the shearing direction and shearing 

amounts, respectively. 

1.3 Scope of research 

Current research is focused on the development of simultaneous dual-sensitivity 

measurements utilizing speckle interferometry technology. Existing studies on 

simultaneous dual-sensitivity measurements primarily concentrate on synchronously 

measuring two parameters at the same spatial resolution. However, research on 

simultaneously measuring the same parameter at different spatial resolutions is very 

limited. Additionally, all the reported studies so far have been based on shearography 

systems, and there have been no documented publications using holography systems. The 

existing studies regarding simultaneous dual-spatial-resolution measurements also 

employ shearography technology. Nevertheless, the optical structure of such systems is 

relatively complex, and due to the spectral distribution only along the x-axis in the 
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frequency domain, spectral overlap is prone to occur. Shearography primarily measures 

the first derivative of deformation, while holography directly measures deformation. 

Although measuring the first derivative of deformation has benefits for non-destructive 

testing, in the field of experimental mechanics, measuring deformation is equally 

significant, sometimes even more crucial, as deformation represents an object's 

fundamental behavior under loading. In experimental mechanics and non-destructive 

testing, achieving high spatial resolution measurements for large-sized objects has always 

been a pressing issue. 

This thesis first improves the method of synchronous dual-spatial-resolution 

measurement using shearography technology. This enhancement encompasses two 

aspects: first, transitioning from measuring one parameter to measuring two parameters; 

second, addressing the issue of spectral overlap caused by the spectral distribution only 

along the x-axis in the frequency domain. 

The primary focus of this paper is on utilizing holography technology to achieve 

synchronous dual-spatial-resolution measurements. A novel dual-spatial-resolution 

holography system is proposed for deformation measurement, featuring a relatively 

simple optical setup that facilitates the easy separation of spectra from two channels. By 

adjusting the combined focal length, the two holographic sets can observe different fields 

of view, one with a large field of view and the other with a small field of view. To 

achieve synchronous measurements, polarization technology is employed to mitigate 

cross-interference between the two optical layouts [17]. Finally, using spatial carrier 

frequency technology [18], the reference beam is adjusted by introducing different carrier 

frequencies, thereby obtaining spatial carrier fringes in different directions in the speckle 
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pattern images captured by the two holographic devices. The distinct spatial carrier 

fringes in different directions enable easy separation of the spectra of the two interference 

patterns after FT (Fourier Transformation), overcoming the main drawback of spectral 

aliasing in dual-spatial-resolution shear imaging systems. By Fourier Transforming the 

spectra and applying windowing, the phase distributions of the two internal images can 

be extracted and separated. These phase distributions can then be utilized for deformation 

analysis and computation. Various application cases will be introduced, and the 

practicality of this method will be verified through experimental results. 

1.4 Dissertation structure arrangement 

In this dissertation, Chapter One gives the introduction and scope of works. 

Firstly, the research background of this paper is introduced, and the speckle 

interferometry and synchronous double sensitivity detection technology are briefly 

introduced. The development and research status of speckle interferometry synchronous 

double sensitivity detection are summarized in detail. Then, the problems in this 

technique are proposed, and the research in this paper is briefly explained. A 

measurement method using Shearography technology for simultaneous double spatial 

resolution is developed, and a new method using Holography for simultaneous double 

spatial resolution is proposed. 

Chapter Two introduces the basic theory of speckle interferometry. The 

development, basic theory and basic application of laser speckle, digital speckle 

interferometry (Digital Holography), and digital speckle shear interferometry (Digital 

shearography) are introduced respectively. 
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Chapter Three reviews the basic theory and basic method of phase shifting 

technology. Firstly, the real-time intensity method is introduced. Then the time phase 

shifting technique is explained. Finally, the space phase shift technology is introduced, 

with emphasis on the space carrier frequency phase shift technology. 

Chapter Four introduces the simultaneous sensitive measurement. In this chapter, 

recent research on dual sensitive measurement are reviewed. And the method to achieve 

the dual resolution is presented. Also, how to achieve the simultaneous dual resolution 

measurement is introduced in detail.  

In the Fifth chapter, an improvement of digital shearography for dual sensitivity 

simultaneous measurement is introduced. A method to solve the issue of overlap 

spectrum is introduced.  

Chapter Six introduces a development of simultaneous dual resolution digital 

holography system. This system presented a novel holography system to achieve dual 

resolution measurement simultaneously.  

In the end, Chapter Seven gives the conclusion. 
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CHAPTER TWO 

BASIC THEORY OF SPECKLE INTERFEROMETRY 
 
 
 

2.1 Speckle interferometry 
 

The physical basis of speckle interferometry is optical speckle phenomenon. 

Speckle can be simply described as follows: when a laser illuminates a rough surface, it 

will decompose into numerous coherent wavelet waves due to scattering phenomenon on 

the surface. These wavelets will interfere with each other. According to their phase 

difference, different bright spots or dark spots will appear randomly (phase difference 

leads to accumulation or elimination). This random distribution of bright spots or dark 

spots is called Speckle, and this optical phenomenon is called optical speckle 

phenomenon. Figure n shows the laser speckle pattern. This optical phenomenon was first 

discovered and proposed by Gordon and Rigden of Bell Laboratories in the United States 

in 1962 [19]. With the further study, people found that speckle looks random, but it 

conforms to the statistical law, and has measurable intensity and definite phase. This lays 

a theoretical foundation for speckle interferometry.  

Speckle interference technology can be divided into digital speckle interference 

technology and digital shear speckle interference technology. The difference lies in the 

fact that the reference light of digital speckle interferometry is not diffusing reflected by 

the surface of the object, while the reference light of digital shear speckle interferometry 

is mutual reference light. This difference makes the quantity measured by the two 

different, where the quantity measured by the digital speckle interferometry is the out-of-
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plane or in-plane deformation, while the quantity measured by the digital shear speckle 

interferometry is the first derivative of the deformation. 

 

 

Fig 2.1 Schematic of laser speckles 

 

The basic principle of speckle interference was first proposed by J.M.Burch and 

J.T. okardki in 1968, and has been successfully applied in the field of fatigue detection 

[20]. Subsequently, in 1970, British scientist Leendertz proposed a new method to 

monitor surface deformation of rough objects based on speckle interference principle, 

which was named speckle interferometry technology [21]. In 1973, on the basis of the 

traditional speckle interference technique, Y.Y.Hwang and C.E.Taylor proposed a new 

speckle interference technique named shear speckle interference technique by introducing 

shear amount into the optical path to change the optical path characteristics. So, speckle 

interferometry includes two technology speckle pattern interferometry-holograpy and 

speckle pattern shearing interferometry shearography. The basic idea of speckle 

interferometry is to generate coherent beam by laser and irradiate it to the surface of 
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rough object to form original speckle field, which is collected by digital acquisition 

equipment. After the object state changes, the new speckle field is collected again by 

digital acquisition equipment. By comparing the speckle field collected before and after 

the state change of the object, the speckle interference fringe pattern carrying the state 

change information of the object can be generated, and then obtain the state change 

information of the object through the follow-up processing of the digital image. 

However, the speckle interferometry technology has a great defect at the 

beginning of its appearance: that is, the speckle interferogram collected must be printed 

on the holographic dry plate, and it needs to go through complex subsequent physical 

processing such as development, fixing and reproduction. These subsequent processing 

processes must be carried out in strict darkroom, so the application of speckle 

interferometry technology is strictly limited. 

After the 1980s, due to the rapid development of computer technology and 

electronic technology, integrated electronic storage equipment, electronic collection 

equipment, computer processing equipment widely appeared in various fields. Their 

combination with speckle interferometry makes digital speckle interferometry come into 

being. Digital speckle interference technology is based on the traditional interference 

technology, through electronic acquisition equipment (such as industrial cameras) to 

collect the light intensity signal, and in the form of lattice into electrical signal storage. 

The acquisition equipment is connected with the computer system through the image 

acquisition card, and the electrical signal is transmitted to the computer as a digital signal, 

and the digital speckle interferogram is processed through the computer software, thus 

solving the limitation of the traditional speckle interferogram technology requiring 
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holographic dry plate for image recording, and its application is greatly expanded. Later, 

Yamaguchi in Japan and W.H. eter and W.F.Anson in the United States proposed and 

studied the digital speckle correlation calculation method. Pedrini from the University of 

Stuttgart in Germany has conducted in-depth research on the application of various 

electronic (digital) speckle interferometry technologies [22,23]. Hung conducted 

electronic and digital research on shear speckle interferometry. At the same time, Chinese 

scholars have also started to study the digital speckle interference technology. Wang 

Kaifu of Nanjing University of Aeronautics and Astronautics, He Xiaoyuan of Southeast 

University and other scholars have explored the application of speckle interference 

technology in the field of measurement [24]. 

 Now days, the digital speckle interferometry (DSPI) and digital speckle pattern 

shearing interferometry (DSPSI) are used wildly. 

2.2 The review of holography 

2.2.1 Brief introduction of digital holography 

Digital Holography has the advantages of large measuring range, measuring rough 

objects, multi-dimensional deformation and displacement measurement. The principle is 

that speckle is generated on the surface of the object by laser irradiation and interferes with 

the reference light on the CCD target surface. The light intensity of the object before and 

after deformation is collected by the CCD camera, and the intensity of the two 

interferogram before and after deformation is subtracted to obtain the deformation fringe 

field of the object in the sensitive direction of the optical path. In this way, the general 

information of the overall deformation of the object can be quickly obtained, and the 

general range of the deformation of the object can be determined through fringe order [25]. 
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Common digital holographic speckle interferometry optical paths are divided into in-plane 

deformation measurement optical paths and out-of-plane deformation measurement optical 

paths [26,27]. 

 2.2.2 The principle of digital holography 

The digital speckle interferometry (holography) measures the deformation of the 

object. The deformation of the object usually presents a three-dimensional distribution, in 

which the deformation perpendicular to the surface of the object is called out-of-plane 

deformation, which corresponds to the z direction and is represented by w, and the 

deformation along the horizontal and vertical directions of the surface of the object is 

called in-plane deformation, which corresponds to the x direction and y direction and is 

represented by u and v. Digital speckle interferometry can be used to measure out-of-

plane or in-plane deformation through different measurement optical paths. 

 

 

Fig 2.2 Sketch of digital holography setup to measure out-of-plane deformation 
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The principle of measuring out-of-plane deformation by digital speckle 

interferometry is shown in Figure 2.2. The laser emitted from the laser is divided into 

object light and reference light by Beam splitter (BS1). The object light is irradiated 

through the Beam expander (BE1), and the scattered light of the object is imaged on the 

CCD target plane through the spectroscopic prism (BS2). The reference light is 

introduced into the optical path through the beam splitting prism (BS2) after the beam 

expanding mirror (BE2), and interferes with the object light to form a speckled 

interferogram, which is recorded by the CCD camera in the form of intensity. 

Reference light and object light can be described  

𝑢ଵ = 𝑎ଵ𝑒௜ఝభ         

2.1 

𝑢ଶ = 𝑎ଶ𝑒௜ఝమ        

2.2 

Where 𝑎ଵ and 𝑎ଶ are the amplitudes of reference light and object light, 

respectively. 𝜑ଵ and 𝜑ଶ are the random phases of reference light and object light, 

respectively. 

Since the reference light and object light are both received by the CCD camera, 

their light wave superposition can be expressed as 

𝑢௧ = 𝑢ଵ + 𝑢ଶ = 𝑎ଵ𝑒௜ఝభ + 𝑎ଶ𝑒௜ఝమ  

2.3 

The intensity expression of speckle interferogram formed by the interference 

between reference light and object light is 
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𝐼 = 𝑢௧𝑢௧
∗ = ൫𝑎ଵ𝑒௜ఝభ + 𝑎ଶ𝑒௜ఝమ൯൫𝑎ଵ𝑒௜ఝభ + 𝑎ଶ𝑒௜ఝమ൯

∗
 

                   = ൫𝑎ଵ𝑒௜ఝభ + 𝑎ଶ𝑒௜ఝమ൯൫𝑎ଵ𝑒ି௜ఝభ + 𝑎ଶ𝑒ି௜ఝమ൯ 

                   = (𝑎ଵ
ଶ + 𝑎ଶ

ଶ) + 𝑎ଵ𝑎ଶൣ𝑒௜(ఝభିఝమ) + 𝑒ି௜(ఝభିఝమ)൧ 

                   = (𝑎ଵ
ଶ + 𝑎ଶ

ଶ) + 2𝑎ଵ𝑎ଶ cos(𝜑ଵ − 𝜑ଶ) 

                   = 𝐴 + 𝐵 cos 𝜑 

2.4 

Where * denotes complex conjugation. 

 𝑒௜(ఝభିఝమ) + 𝑒ି௜(ఝభିఝమ) = 2 𝑐𝑜𝑠(𝜑ଵ − 𝜑ଶ) is euler's formula. 𝐴 = 𝑎ଵ
ଶ + 𝑎ଶ

ଶ, 

𝐵 = 2𝑎ଵ𝑎ଶ. 𝜑 = (𝜑ଵ − 𝜑ଶ) is the phase difference between reference light and object 

light. 

When the object is deformed, the phase difference between the reference light and 

the object light changes to φᇱ. Therefore, the intensity expression of the speckle 

interferogram after the object deformation is 

𝐼ᇱ = 𝐴 + 𝐵 cos(𝜙 + ∆) 

2.5 

Where Δ is the relative phase change of the object light relative to the reference 

light caused by the deformation of the object. 

By subtracting the intensity of the speckle interferogram before and after the 

object deformation, the expression of the speckle phase diagram can be obtained as 

∆𝐼 = |𝐼ᇱ − 𝐼| = 𝐴 + 𝐵|cos(𝜙 + ∆) − cos ∅| 

2.6 

When ∆= 2𝑛𝜋, 𝑛 = 0, ±1, ±2, ⋯ , the light intensity is 0, and the speckle phase 

pattern appears as dark fringe. When ∆= (2𝑛 + 1)𝜋, 𝑛 = 0, ±1, ±2, ⋯, the light intensity 

reaches the maximum value and appears as a bright stripe on the speckle phase diagram. 
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Thus, the speckle phase pattern appears as a pattern of alternating light and dark stripes. 

In addition, since the relative phase change between two adjacent fringes Δ is 2π, the 

phase value at each fringe can be determined by calculating the fringe order, and the 

deformation information of the object can be obtained according to the expression of the 

relationship between the phase change and the deformation. 

Suppose that the Angle α between the illumination direction and the observation 

direction is equal to or close to 0, then the relative phase change Δ is only related to the 

out-of-plane deformation w, whose expression is 

∆=
4𝜋

𝜆
𝑤 

2.7 

An experimental result of measuring out-of-plane deformation by digital speckle 

interferometry is given as shown in Figure 2.3. Figure 2.3(a) is the speckle interferogram 

recorded before the object deformation, and Figure 2.3(b) is the speckle interferogram 

recorded after the object deformation. Intensity subtraction is applied to the speckle 

interferogram before and after the object deformation, and the speckle phase diagram can 

be obtained, as shown in Figure 2.3(c). The deformation component w in the z direction 

is shown as a circular stripe pattern with alternating light and dark. 
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Fig 2.3 (a) speckle interferogram before deformation; (b) speckle interferogram after 
deformation; (c) Speckle phase map 

 

 

  
Fig 2.4 Schematic of digital speckle pattern interferometry for the measurement of in-
plane deformation. 

 

The principle of digital speckle interferometry for measuring in-plane 

deformation is shown in Figure 2.4. The laser beam emitted by the laser is divided into 

two beams by the beam splitter mirror (BS), and after the beam expansion mirror (BE1, 

BE2), the measured object is irradiated at the same Angle. The light scattered by the 

object is imaged on the CCD target surface by the imaging system and interferes with 
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each other to form a speckle interferogram recorded by the CCD camera in the form of 

intensity. 

The intensity expression of the speckle interferogram before the object deformation is 

𝐼 = 𝐴 + 𝐵 cos(𝜙 + ∆) 

2.8 

The intensity expression of speckle interferogram after object deformation is 

𝐼ᇱ = 𝐴 + 𝐵 cos(𝜙 + ∆) 

2.9 

Where the relative phase change is Δ = Δଵ − Δଶ, where Δ1 and Δ2 are the phases 

of two beams of light caused by the deformation of the object, respectively 

When the illumination direction and the observation direction are in the XOZ 

plane and the Angle between them is α, Δ1 andΔ2 are represented as 

Δଵ =
2𝜋

𝜆
[sin 𝛼 ∙ 𝑢 + (1 + cos 𝛼)𝑤] 

2.10 

Δଶ =
2𝜋

𝜆
[−sin 𝛼 ∙ 𝑢 + (1 + cos 𝛼)𝑤] 

2.11 

At this time, the relative phase change Δ is only related to the in-plane deformation u, 

whose expression is 

∆=
4𝜋

𝜆
sin 𝛼 ∙ 𝑢 

2.12 
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When the illumination direction and the observation direction are located on the YOZ 

plane and the Angle between them is α, then Δ1 and Δ2 can be expressed as 

Δଵ =
2𝜋

𝜆
[sin 𝛼 ∙ 𝑣 + (1 + cos 𝛼)𝑤] 

2.13 

Δଶ =
2𝜋

𝜆
[−sin 𝛼 ∙ 𝑣 + (1 + cos 𝛼)𝑤] 

2.14 

At this time, the relative phase change Δ is only related to the in-plane deformation v, 

whose expression is 

∆=
4𝜋

𝜆
sin 𝛼 ∙ 𝑣 

2.15 

The experimental results of measuring in-plane deformation are shown in Figure 

2.5. Figure 2.5(a) is the speckle interferogram recorded before the object deformation, 

and Figure 2.5(b) is the speckle interferogram recorded after the object deformation. By 

intensity subtraction of the speckle interferogram before and after the object deformation, 

the speckle phase diagram can be obtained as shown in fig. 2.5(c) The deformation 

component u in the x direction shows a horizontal stripe pattern between light and dark, 

while the deformation in the y direction. The component v appears as a pattern of vertical 

stripes alternating between light and dark. 
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Fig 2.5 (a) speckle pattern image before deformation; (b) speckle pattern image after 
deformation; and (c) speckle pattern phase map. 
 

2.3 The review of shearography 

2.3.1 The development of digital shearography 

In 1970, Leendertz laid the foundation for speckle interferometry, outlining its 

fundamental principles. This method entails projecting laser light onto rough surfaces to 

create speckle patterns, and introducing a secondary reference beam for interference. By 

capturing speckle interference patterns before and after deformation, and performing 

phase subtraction, valuable information about surface deformation can be extracted. 

Subsequently, in 1971, Leendertz and Buttes harnessed cameras to record these 

interference patterns, paving the way for Electronic Speckle Pattern Interferometry 

(ESPI) after electronic processing [28,29]. 

In 1973, Leendertz and Buttes introduced Speckle Pattern Shearing 

Interferometry, colloquially known as Shearography [30]. Differing from ESPI, this 

technique splits the light reflected from an object's surface into two beams. One beam 

undergoes a shear process while the other remains unaffected, and their recombination 

generates a speckle interference pattern on the camera's surface. Analyzing the alterations 
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in speckle interference patterns before and after deformation allows for the computation 

of the first-order derivative of the object's surface deformation distribution. Due to its 

self-interferometric nature, shearography doesn't necessitate an additional reference 

beam, making it more resistant to external environmental disturbances. In 1982, y.y.h 

Hong further enhanced shearography, creating real-time shearography with significantly 

improved resolution, although this required a time-consuming wet chemical development 

process. This drawback significantly impeded its practical implementation. 

Post the 1990s, Television Shearography (TV Shearography) emerged, utilizing 

TV displays for real-time monitoring of fringe pattern changes. In 1990, C. Joenathan 

employed phase-shifting techniques with dual-beam illumination and TV cameras to 

quantify object strain. This approach enabled real-time observation of detection results 

and broadened the technology's application in industrial contexts. Nevertheless, this 

method was plagued by discernible limitations in spatial resolution. 

As the 21st century dawned and CCD and CMOS camera technologies advanced, 

the digitization of shearography images gave birth to Digital Shearography [31]. By 

subtracting recorded speckle intensity data from the camera, the first-order derivative of 

material deformation could be directly visualized on a computer screen, referred to as the 

intensity mode. This digital approach made phase-shifting techniques feasible, elevating 

sensitivity and reducing operational complexity in digital shearography applications. This 

breakthrough facilitated the practical integration of digital shearography in industrial 

environments. 
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Currently, grounded in the application of phase-shifting techniques, shearography 

has branched into two main classifications: Temporal Phase Shift Shearography (TPS-

DS) and Spatial Phase Shift Shearography (SPS-DS) [32, 33]. 

2.3.2 The principle of digital holography 

Digital shear speckle interferometry Measurement is the first derivative of the 

deformation of an object. This is due to the digital shear speckle interferometry technique 

which uses a shear device to introduce a shear amount so that the light reflected by two 

adjacent points on the surface of an object interferes with each other in the image plane. 

The measured phase change corresponds to the relative deformation of the two adjacent 

points, and can be further approximated as the first derivative of the deformation. The 

commonly used shear devices are optical wedge, Mahzand interference, Michelson 

interference and so on. Michelson interference is the most widely used shearing device 

because of its simple structure and easy to change the shearing quantity and shearing 

direction. Therefore, taking Michelson interferometry as an example, the basic principle 

of digital shear speckle interferometry is introduced. 

The principle of digital shear speckle interferometry to measure the first 

derivative of deformation is shown in Figure 2.6. The light scattered by the measured 

object is divided into two beams by the shear device and interferes with each other to 

form a speckle interferogram, which is recorded by the CCD camera in the form of 

intensity. By tilting one of the Michelson interference mirrors (Mirror, M1), the object 

light reflected by the mirror has a slight shift, so that it is misaligned with the object light 

reflected by the other mirror (M2). This dislocation is called shear, and the distance 

between two dislocated objects is called the shear on the image plane, which is equivalent 
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to the shear on the object plane. In general, shear refers to the amount of shear on the 

plane of the object. 

 

 

Fig 2.6 Schematic of digital shearography setup 

 

As the Figure 2.6, the laser passes through the beam expander and illuminate the 

object. The light reflected back can be represented as the equation below. 

𝑈 = 𝑎𝑒௜ఏ 

2.16 

U is the intensity of the light, i is the imaginary number, 𝑎 is the light amplitudes 

and θ is the random phase angle of the beam. While the light is divided into two waves by 

mirrors, the two beams can be written by the following equations. 

𝑈ଵ = 𝑎ଵ𝑒௜ఏభ  

2.17 

𝑈ଶ = 𝑎ଶ𝑒௜ఏమ  

2.18 
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𝜃1 and 𝜃2 are the random phase angles and 𝑎1 and 𝑎2 represent the light amplitudes of the 

two beams. The total light field Ut can be described as: 

𝑈௧ = 𝑈ଵ + 𝑈ଶ = 𝑎ଵ𝑒௜ఏభ + 𝑎ଶ𝑒௜ఏమ  

2.19 

The intensity can be expressed by: 

𝐼௧ = 𝑈௧𝑈௧
∗ = (𝑎ଵ

ଶ + 𝑎ଶ
ଶ) + 2𝑎ଵ𝑎ଶ cos(𝜃ଵ − 𝜃ଶ) 

2.20 

𝑈௧
∗ is the complex-conjugate of 𝑈௧. There are two forms to simplify the equations. 

𝐼ଵ = 𝐴 + 𝐵 cos 𝜙 = 𝐼଴(1 + 𝛾 cos 𝜙) 

2.21 

𝜙 represents the phase difference (𝜃1 – 𝜃2) between the light waves. A represent the 

average intensity or background intensity of the light while B is the term related to the 

amplitude of the interference. In another form, 𝐼0 is the background intensity and 𝛾 is the 

contrast. 

The phase becomes 𝜙 + Δ while the object is loaded. The new Intensity equation is: 

𝐼ଶ = 𝐴 + 𝐵 cos 𝜙 = 𝐼଴(1 + 𝛾 cos(𝜙 + Δ)) 

2.22 

As the recorded intensity is digitized and stored in a computer. It is easy to 

calculate the intensity subtraction before and after loading. A highly visible fringe pattern 

can be directly generated and even can be real-time observed from computer screen. The 

absolute value of intensity subtraction can be expressed by the subtraction from  

𝐼௦ = 𝐼଴𝛾[cos(𝜙 + Δ) − cos(𝜙)] 

2.23 
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When the Δ=2nπ and n equals to 0, 1, 2, 3..., Is becomes 0, which forms the dark 

fringes. Hence, a visible shearographic fringe pattern can be generated. The experimental 

results of measuring the first derivative of deformation by digital shear speckle 

interferometry are shown in Figure 2.8. Figure 2.8(a) is the speckle interferogram 

recorded before the object deformation, and Figure 2.8(b) is the speckle interferogram 

recorded after the object deformation. The intensity subtraction of the speckle 

interferogram before and after the object deformation can obtain the speckle phase 

diagram as shown in Figure 2.7(c), which is manifested as a butterfly stripe pattern with 

alternating light and dark. The first derivative component in the x direction appears as a 

horizontal butterfly stripe pattern, while the first derivative component in the y direction 

appears as a vertical butterfly stripe pattern. 

 

 

Fig 2.7 (a) speckle pattern image before deformation; (b) speckle pattern image after deformation; 
and (c) speckle pattern phase map. 
 

The shearogram pattern looks like a ‘butterfly’, it is also called butterfly pattern. 

The phase difference of the adjacent fringes is 2π. Based on the optical geometry 
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derivative, the relationship between phase and first derivative of deformation can be 

figured out as the equation below. 

Δ =
2𝜋

𝜆
[(𝑈ଵ sin 𝛼) + 𝑤ଵ(1 + cos 𝛼)] − [(𝑈ଶ sin 𝛼) + 𝑤ଶ(1 + cos 𝛼)] 

2.24 

Simplifying the equation and the new form is as the following. 

Δ =
2𝜋

𝜆
[𝛿𝑢(sin 𝛼) + 𝛿𝑤(1 + cos 𝛼)] 

2.25 

Since, Digital Shearography measures the relative displacement of the adjacent 

two points. Here, 𝑢, 𝑣, 𝑤 are the displacement components in x, y, z direction 

respectively on the first point. 𝑢1, 𝑣1, 𝑤1 are the displacement components in x, y, z 

direction respectively on the second point. 𝛿𝑢, 𝛿𝑣, 𝛿𝑤 are the difference of the 

displacement components in x, y, z direction respectively between two pints. If we 

assuming the shearing direction is in x-direction with the shearing amount of Δx, it 

divides the both sides of the equation above by Δx and Δx is very small, the equation 

above becomes. 

∆௫=
2𝜋

𝜆
൤(sin 𝛼)

𝜕𝑢

𝜕𝑥
+ (1 + cos 𝛼)

𝜕𝑤

𝜕𝑥
൨ 𝛿𝑥 

2.25 

If the device is in y shearing direction, the equation turns to be 

∆௬=
2𝜋

𝜆
൤(sin 𝛼)

𝜕𝑢

𝜕𝑦
+ (1 + cos 𝛼)

𝜕𝑤

𝜕𝑦
൨ 𝛿𝑦 

2.26 
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If the angle between the illumination direction and the observation direction is 0, 

the equations can be shorted as: 

∆௫=
4𝜋𝛿𝑥

𝜆

𝜕𝑤

𝜕𝑥
 

2.27 

∆௬=
4𝜋𝛿𝑦

𝜆

𝜕𝑤

𝜕𝑥
 

2.28 

Based on the equation, it can be found the phase change and the first derivative of 

deformation have a linear relationship in ideal assumption. Usually, the illumination 

angle is very small which can be ignored, so the Eq. 2.15 and Eq. 2.16 are the most 

common equations used. Since ESPI is earlier developed than the Shearography, it is 

necessary to make a comparison between two technologies to explain why the 

shearography is more popular.Figure 2.5 shows the difference between the ESPI and 

Shearography. A loading like thermal method or vacuum will make a buckling on the 

object surface. Since ESPI detects a defect by looking for displacement anomalies while 

Shearography looks for the strain anomalies. To demonstrate the concept described 

above, a square aluminum plate subjected to a point-load at the center of the backside is 

utilized to test by ESPI and Shearography. Figure 2.6(a) and Figure 2.6(b) show the ESPI 

fringe pattern andShearography fringe pattern respectively. Figure 2.7(a) shows the 

holographic application where some circular anomalous fringes appear at the position of 

delamination. Figure 2.7(b) shows the shearography application and the shearograms 

appear at the surface with inner defects. ESPI measures the deformation directly which is 

more sensitive but with an independent reference light, which is easily affected by the 
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external vibration. Without a good vibration isolated environment, ESPI cannot be 

applied. However, vibration isolated device could highly increase the cost and the space 

of the device, which limit ESPI industrialized process. In opposite, Digital Shearography 

measures the relative deformation between two adjacent points, and it is a self-

interference technology. External disturbance could be cancelled by the two beams with 

the same vibration mode, which becomes the most important advantages in speckle 

pattern interferometry in industry application. 

Digital speckle interferometry has the advantages of full-field measurement, non-

destructive measurement, non-contact measurement, high sensitivity, etc. Due to the 

different measurement optical path principles of Holography and shearography, their 

applications are different. Since the measured value is directly related to the displacement 

of the object, Holography can easily measure the displacement, deformation and other 

information of the object directly. Therefore, this technology is widely used to measure 

the deformation of the object or small rigid body displacement. Although shearography 

can not directly provide the result of the deformation of the object, instead to obtain the 

first derivative of the deformation of the object, it is widely used in the field of material 

nondestructive testing requiring qualitative measurement because it is insensitive to 

measuring the rigid body displacement of the object and has good anti-interference 

performance. 
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CHAPTER THREE 

PHASE SHIFT TECHNOLOGIES 
 
 
 

According to the principle of digital speckle interferometry, the phase value of the 

light reflected by the surface of the measured object changes due to the deformation of 

the surface. In order to measure the deformation of a surface, it is necessary to obtain its 

phase information. Therefore, obtaining phase information from speckle is the most 

important step of digital speckle interferometry. According to the different phase 

extraction technology, three kind of the phase extraction methods are commonly used, 

they are real-time intensity subtraction technology, time phase shift technology and space 

phase shift technology. 

3.1 Real-time intensity subtraction technology 

Among the methods of phase extraction, the most direct and simplest method is 

intensity phase subtraction. In this method, the speckle interferograms recorded before 

and after the object deformation, that is, the recorded intensity map, are subtracted to get 

the speckle phase map, so as to extract the required phase information. According to the 

formula (Chapter 2), the phase value at each fringe is determined by calculating the 

fringe order, and the phase difference is calculated by subtracting the different phase 

value. The phase measurement sensitivity of real-time intensity subtraction method is 

only one fringe and can only reach 2π. Moreover, this method can only obtain the phase 

information at the fringe, and the phase information between the fringes cannot be 

obtained, so that the real full-field measurement cannot be carried out, and the 

measurement information between the fringes can only be obtained by interpolation or 
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estimation. This makes the method very limited in practical application [34]. In general, 

the real-time strength subtraction technique is very practical and reliable, but the 

sensitivity of deformation measurement is relatively low. Therefore, this method is 

generally only used for qualitative detection during defect detection. 

𝐼ௗ = 𝐼ᇱ − 𝐼 = 𝐵[cos(𝜃 + ∆) − cos 𝜃] 

3.1 

When ∆ = 0, 2𝜋, 4𝜋,… = 2N𝜋,  N = 0, 1, 2, 3,… called as fringe order, 𝐼ௗ = 0, 

which correspond to dark fringe lines 

Fig 3.1 shows an example: A circular plate clamped all around loaded at center 

position. A fringe pattern is formed after taking a subtraction of I from I’.  

 

 

Fig 3.1 Sketch of real-time intensity subtraction 

 

Due to the low sensitivity of intensity subtraction method, in order to improve the 

measurement sensitivity and phase image quality of speckle interferometry, a variety of 

phase shifting techniques have been proposed. Phase shifting technology can be mainly 

divided into two categories: time phase shifting technology and space phase shifting 

technology [35-40]. The temporal phase shift technique is suitable for static 
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measurement, while the spatial phase shift technique is suitable for dynamic 

measurement. Phase shift technology is a new technology developed and applied since 

1980s. It can extract full-field phase information from the light intensity field of 

interferogram, so as to achieve full-field accurate measurement, effectively improve the 

fringe measurement accuracy and obtain full-field phase information. Its implementation 

principle is to introduce the known phase offset through the phase shift device to obtain 

the intensity value of the measurement point when the multiple phase offset, so as to 

solve the phase information in reverse. Through phase shifting technology, the phase 

information of the whole field is directly obtained, and the phase subdivision is carried 

out between fringes to obtain more phase information, and at the same time, the problem 

that too few fringes affect the measurement accuracy is solved [41-43]. 

3.2 Temporal phase shift technology 

In order to obtain a higher quality shearogram and increase the measurement 

sensitivity, the phase is generally obtained by phase shift technique. Catalog by phase-

shift techniques, the phase shift shearography can be divided into temporal phase shift 

shearography and spatial phase shift shearography. Among them, the temporal phase shift 

technology uses error averaging in time and in the actual measurement system, the 

aperture is relatively large, and the amount of information acquired by the camera is 

more, so it has better fringe quality. 

3.2.1 Introduction of temporal phase shift technology 

The temporal phase shift technique is the most widely used and precise phase 

extraction method in shear speckle interferometry. In this method, a dynamic phase 

shifter is introduced into the optical path while keeping the test object stable. This phase 
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shifter introduces a fixed phase value to the image formed on the camera surface. 

Multiple interferograms with different phase shifts are captured and solved using phase 

shifting formulas. This technique was originally proposed by Carré in 1966 and 

introduced to optical testing by Bruning et al. in 1974. Currently, commonly used 

methods include piezoelectric ceramic method, grating phase shifting method, and tilted 

glass method. 

Among them, the most commonly used method involves connecting a 

piezoelectric ceramic (PZT) to a reflective mirror in the shear part and controlling the 

movement of the PZT by applying a fixed voltage to introduce a fixed phase shift. 

Piezoelectric ceramics are materials that can convert mechanical energy into electrical 

energy and vice versa. The piezoelectric ceramic actuator is based on its inverse 

piezoelectric effect, which converts the voltage applied to the internal electrodes of the 

piezoelectric crystal into a small displacement. It drives the attached reflective mirror on 

its surface, thereby changing the optical path length of one of the light beams in the 

coherent light, thus achieving the phase shift. 

This method offers high displacement resolution, fast response, compact size, 

relatively low cost, and no heat generation. It has advantages such as simplicity of use, 

stable operation, good repeatability, and nanometer-level step displacement capability. In 

the introduction of phase shifting in speckle interferometry, it finds extensive applications 

[44]. 
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Figure 3.2 Voltage-to-displacement relationship o f a PZT mirror 

 

Piezoelectric ceramics (PZT) are the crucial components for implementing phase 

shifting. They are voltage-controlled devices capable of generating nanometer-level 

displacements. By altering the optical path, a certain phase value can be introduced. The 

relationship between voltage and displacement for each specific PZT element (as shown 

in Figure 3.2) should be provided by the manufacturer, where x1 is the beginning position 

of the PZT, x2 is the end position of the PZT. Ub is the voltage at the beginning position, 

ΔU is the voltage increment to make this change of the position of PZT. 

 As depicted in Figure 3.2 (V-x curve), the overall relationship between 

displacement and voltage is not linear. However, certain segments of the V-x curve 

follow a linear relationship. For practical purposes, we typically only utilize the linear 

portion of the V-x curve. The k sensitivity factor of PZT can be expressed as follows: 

𝑘 =
𝑥ଶ − 𝑥ଵ

∆𝑈
 

(3.1) 
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After the calibration, k is a known constant for the PZT. Then, the displacement is 

brought by the move of the PZT under given voltage increment can be calculated by: 

𝑑 = 𝑘∆𝑈 

(3.2) 

As shown in Figure 3.3, assuming the incident light reach the PZT mirrors with an 

incident angle of α. The displacement d is achieved with a ∆𝑈 voltage applied on the 

PZT, ∆𝐿 is the change of the physical light path, which equals to the amount ab and ac, 

which is double ab. The displacement d brings the optical path change ∆𝐿n, which can be 

written as: 

∆𝐿௡ = 𝑛∆𝐿 = 𝑛
2𝑑

cos 𝛼
= 𝑛

2𝑘∆𝑈

cos 𝛼
 

 (3.3) 

 

 

Figure 3.3. Optical path analyses on PZT mirror 
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The relationship between phase difference and optical path difference is as 

equation 3.4, Substitute formula 3.3 into formula 3.4, the phase value can be extracted 

from equation 3.5. 

∆𝜙 =
2𝜋

𝜆
∆𝐿௡ 

3.4 

∆𝜙 =
2𝜋

𝜆
∆𝐿௡ =

2𝜋

𝜆
൬𝑛

2𝑘∆𝑈

cos 𝛼
൰ =

4𝜋𝑛𝑘

𝜆 cos 𝛼
∆𝑈 

3.5 

 

  

Figure 3.4. The schematic of Digital Holography with PZT 

 

Figure 3.4 shows a digital speckle interferometry system using PZT for out-of-

plane deformation measurement. It utilizes the PZT to introduce different phases by 

reflecting the reference light. The laser beam emitted by the laser source is split into 

object light and reference light using a beam splitter (BS1). The object light is expanded 



 

 35

by a beam expander (BE1) and then illuminates the test object. The scattered light from 

the test object is imaged onto a CCD camera by a beam splitter (BS2). On the other hand, 

the reference light is expanded by another beam expander (BE2) and then reflected by a 

mirror driven by a piezoelectric ceramic (PZT). The reference light, after reflection by 

the PZT-controlled mirror, also enters the CCD camera through the same beam splitter 

(BS2) and interferes with the object light to form a speckle interferogram, which is 

recorded by the CCD camera in intensity form. 

The intensity expression of the speckle interferogram formed by the interference 

of the reference light and the object light is given by the following equation which is 

discussed in chapter 2: 

𝐼 = 𝐴 + 𝐵 cos 𝜑 

3.6 

Where A and B represent the background intensity and modulation intensity of the 

speckle interferogram, respectively. φ represents the phase difference between the 

reference light and the object light. These three parameters are all unknown, and 

theoretically, at least three equations are needed to form a system of equations to solve 

for the specific phase values. In other words, at least three phase-shift values need to be 

introduced, and three intensity images need to be captured in order to calculate the phase 

values. 

For speckle interferometry, subtracting the phase values before and after loading 

the object allows obtaining the phase distribution of the object deformation. In time 

phase-shift techniques, the phase values before and after loading the object can be 

obtained separately using the method mentioned above to construct the system of 
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equations. Commonly used methods include the 3+3 time phase-shifting algorithm and 

the 4+4 time phase-shifting algorithm. The numbers 3 or 4 refer to the number of 

introduced phase-shift values during the phase calculation. The part before the plus sign 

refers to the algorithm used before deformation, while the part after the plus sign refers to 

the algorithm used after deformation. In theory, any number of phase-shift values greater 

than or equal to 3 can be introduced before and after deformation. However, in practical 

applications, the three-step phase-shifting algorithm and the four-step phase-shifting 

algorithm are more commonly used [s64, 65]. The following section will mainly 

introduce the principles of the three-step and four-step phase-shifting techniques. 

3.2.2 3+3 temporal phase-shift algorithm 

Based on the aforementioned, in order to calculate the phase value φ using 

equation 3.6, we must introduce at least three phase-shift values, which can be achieved 

using the PZT technology mentioned earlier. The phases introduced in time phase-

shifting techniques typically have fixed differences between them, known as fixed-step 

phase shifts. For the three-step phase-shifting technique, the individual step phase shift is 

2π/3, and the system of equations they form is as follows: 

𝐼ଵ = 𝐴 + 𝐵 cos 𝜑 

𝐼ଶ = 𝐴 + 𝐵 cos ൬𝜑 +
2𝜋

3
൰ 

𝐼ଷ = 𝐴 + 𝐵 cos ൬𝜑 +
4𝜋

3
൰ 

3.7 

Solve 3.7, φ can be obtained. Equation 3.8 shows the result: 
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𝜑 = tanିଵ √3(𝐼ଷ − 𝐼ଶ)

2𝐼ଵ − 𝐼ଶ − 𝐼ଷ
 

3.8 

One small issue with this algorithm is that it needs to consider the final phase 

position, as the same arctangent value may produce two answers ranging from 0 to 2π. It 

is essential to consider the signs of both the numerator and denominator to determine the 

exact phase value. The rule is as follows: when both the numerator and denominator are 

positive, the phase value lies in the first quadrant; for a positive numerator and negative 

denominator, it lies in the second quadrant; for both a negative numerator and 

denominator, it lies in the third quadrant; and when the numerator is negative and the 

denominator is positive, the resulting phase value is in the fourth quadrant. 

Then the object under test is loaded, and the same method is used to introduce 

three individual step phase shifts, and the interference results are collected accordingly, 

leading to the following equations: 

𝐼ଵ
ᇱ = 𝐴 + 𝐵cos 𝜑ᇱ 

𝐼ଶ
ᇱ = 𝐴 + 𝐵 cos ൬ 𝜑ᇱ +

2𝜋

3
൰ 

𝐼ଷ
ᇱ = 𝐴 + 𝐵 cos ൬ 𝜑ᇱ +

4𝜋

3
൰ 

3.9 

By solving these equations 3.9, we can obtain the phase value 𝜑ᇱ of the object 

after deformation. 
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𝜑ᇱ = tanିଵ √3(𝐼ଷ
ᇱ − 𝐼ଶ

ᇱ )

2𝐼ଵ
ᇱ − 𝐼ଶ

ᇱ − 𝐼ଷ
ᇱ  

3.10 

 By subtracting the phase values before and after deformation, we can obtain the 

phase distribution of the object under test caused by deformation. Equation 3.11 shows 

the result: 

∆𝜑 = 𝜑ᇱ − 𝜑                 𝑓𝑜𝑟 = 𝜑ᇱ > 𝜑 

∆𝜑 = 𝜑ᇱ − 𝜑 + 2𝜋       𝑓𝑜𝑟 = 𝜑ᇱ < 𝜑 

3.11 

3.2.3 4+4 temporal phase shift algorithm 

In theory, using three equations is sufficient to obtain the required phase values. 

However, using four equations for computation is faster, simpler, and results in greater 

accuracy. Therefore, the algorithm that uses four equations for computation, known as 

the 4+4 phase-shifting algorithm, is the most widely applied technique in time phase-

shifting technology. This algorithm requires capturing four interference patterns of the 

object, both before and after deformation, with each pattern having a phase shift 

increment of π/2. 

The intensity expression for the interference pattern of the object before 

deformation is as follows: 
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𝐼ଵ = 𝐴 + 𝐵 cos 𝜑 

𝐼ଶ = 𝐴 + 𝐵 cos ቀ𝜑 +
𝜋

2
ቁ 

𝐼ଷ = 𝐴 + 𝐵 cos ൬𝜑 +
3𝜋

2
൰ 

𝐼ସ = 𝐴 + 𝐵 cos ൬𝜑 +
4𝜋

2
൰ 

3.12 

The phase difference for the object before deformation can be obtained by solving 

the equations as follows: 

φ = tanିଵ
𝐼ସ − 𝐼ଶ

𝐼ଵ − 𝐼ଷ
 

3.13 

Similarly, the intensity expression for the speckle interferogram of the object after 

deformation can be obtained by loading the object and introducing the phase shifts of π/2, 

3π/2, and 2π. It is given by: 

𝐼ଵ
ᇱ = 𝐴 + 𝐵cos 𝜑ᇱ 

𝐼ଶ
ᇱ = 𝐴 + 𝐵 cos ቀ 𝜑ᇱ +

𝜋

2
ቁ 

𝐼ଷ
ᇱ = 𝐴 + 𝐵 cos ൬ 𝜑ᇱ +

3𝜋

2
൰ 

𝐼ସ
ᇱ = 𝐴 + 𝐵 cos ൬ 𝜑ᇱ +

4𝜋

2
൰ 

 

3.14 
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The phase difference for the object before deformation can be obtained by solving 

the equations as follows: 

 

φ = tanିଵ
𝐼ସ

ᇱ − 𝐼ଶ
ᇱ

𝐼ଵ
ᇱ − 𝐼ଷ

ᇱ  

3.15 

By subtracting the phase values before and after deformation, we can obtain the 

phase distribution of the object under test caused by deformation. Equation 3.16 shows 

the result: 

∆𝜑 = 𝜑ᇱ − 𝜑                 𝑓𝑜𝑟 = 𝜑ᇱ > 𝜑 

∆𝜑 = 𝜑ᇱ − 𝜑 + 2𝜋       𝑓𝑜𝑟 = 𝜑ᇱ < 𝜑 

3.16 

The 4+4 time phase shift method is the most commonly used time phase shift 

technique in speckle interferometry due to its simplicity in calculation. 

Similarly, in practical measurements, to improve the detection speed, there are 

also 4+2 or 4+1 step phase shift algorithms. As mentioned in privious section , using 4+2 

or 4+1 steps can increase the detection speed, but the corresponding calculation results 

have lower quality compared to the 4+4 step phase shift algorithm. 

3.2.4 Other temporal phase shift algorithm 

The 3+3 phase shift algorithm is suitable for static loading tests. The 4+4 time 

phase shift algorithm provides simple calculations and highly accurate phase extraction 

results. However, this algorithm requires capturing four interferograms for each 

deformation state of the object, which takes enough time for multi-step phase shifting. 
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Moreover, it demands the object to remain stationary during the data acquisition process. 

Different phase shifting devices have varying operating speeds. For most mechanism-

based phase shifters, achieving dynamic or continuous loading poses a challenge to their 

shifting speed. Hence, the 4+4 algorithm is only suitable for static measurements [45-47]. 

To adapt to continuous or dynamic deformation scenarios, improvements have 

been made to the time phase shift algorithm, leading to the development of fast time 

phase shift algorithms, such as 3+1, 3+2, 4+1, and 4+2, time phase shift algorithms [48-

50]. These algorithms still require capturing three or four interferograms before object 

deformation to ensure adequate phase map quality. However, after deformation or during 

deformation, they achieve dynamic measurements by reducing the number of acquired 

images to some extent. Among them, the 4+1 time phase shift algorithm only needs one 

interferogram to be captured after deformation and enables dynamic measurements. 

However, the phase maps obtained by this algorithm usually contain a significant amount 

of speckle noise, making it suitable only for qualitative measurements and not suitable for 

high-precision quantitative measurements, thus limiting its application scope. On the 

other hand, the 4+2 time phase shift algorithm requires capturing two interferograms after 

deformation or during deformation, enabling dynamic measurements with a lower 

dynamic range. Although the phase map quality of this algorithm is significantly 

improved compared to the 4+1 time phase shift algorithm, it still lags behind the 4+4 

time phase shift algorithm. Similarly, there are other time phase shift algorithms as 

shown in Table 2.1. 
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Table 3.1 Temporal phase shift algorithms. 

 

 

In actual use, selection should be made according to the needs of detection. 

In simple terms, the time phase shift digital speckle interferometry technique 

involves capturing multiple interferograms with different phase shifts before object 

deformation and then solving them using the phase shift formula to obtain the full-field 

phase value θ before deformation. After object deformation, the same measurement 

process is repeated, and the new full-field phase value θ + Δ after deformation is also 

calculated. By subtracting the phases, the relative phase difference Δ representing the 

object deformation information is obtained. Based on the characteristics of different 

optical paths, the corresponding measurement values for the specific measurement path 

can be calculated. 
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Although time phase shift technique has many advantages, it also has the 

following drawbacks: From a design perspective, to ensure the correct implementation of 

phase shifting by the phase shifter, it is necessary to design matching drive control 

circuits and establish communication with the computer system (such as the PZT drive 

circuit in the piezoelectric ceramic method, and the motor drive circuit in the tilt glass 

method), which increases the design complexity and cost. From an application 

perspective, in time phase shift technique, the phase shifter requires some time to 

complete the physical process of multi-step phase shifting and the acquisition of multiple 

frames under the same object deformation state. As a result, it can only measure static or 

quasi-static object deformations, and dynamic measurements of object deformations 

cannot be achieved. Spatial phase shift technique and spatial carrier phase shift technique 

can overcome the above limitations of time phase shift technique. 

3.3 Spatial phase shift technology 

The time phase shift technique improves the measurement sensitivity by about 10 

to 30 times compared to the traditional intensity subtraction method. However, time 

phase shift technology requires the object under test to remain stationary and introduces 

fixed phase shifts multiple times, capturing multiple speckle interferograms before and 

after object deformation. Therefore, it is typically suitable for static measurements, which 

leads to low data acquisition rate and low phase map quality [51-55]. In practical 

applications, the state of the object under test may be continuously changing in real-time, 

and in such cases, using time phase shift technique may result in significant errors. 

Although fast time phase shift algorithms have been developed, their phase map quality 
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and measurement range are still limited. Therefore, a new phase extraction method called 

spatial phase shift technique has been proposed. 

Spatial phase shift is a completely new approach that can generate a phase map 

from a single frame of speckle interferogram. This technique enables dynamic 

measurements by extracting phase information from a single frame of speckle 

interferogram, and the data acquisition rate is only limited by the camera's acquisition 

rate [56-61]. Spatial phase shift technique introduces a fixed phase shift value 

continuously in space for the light reflected from the object under test. By performing a 

Fourier transform on the single interferogram and solving the phase information from the 

Fourier transform result, the surface phase information of the object under test can be 

obtained. Therefore, using spatial phase shift technique allows obtaining deformation 

information of the object under test even when it undergoes dynamic changes [62-63]. 

Spatial phase shift technique can be further divided into two categories: multi-channel 

spatial phase shift technique and spatial carrier technique. 

3.3.1 The multichannel spatial phase shift method 

The early approach to solving dynamic loading problems was to use the multi-

camera spatial phase shift method. The multi-camera spatial phase shift technique has 

both multi-camera and single-camera configurations. 

According to equation 𝐼 = 𝐴 + 𝐵 𝑐𝑜𝑠 𝜑, A, B and 𝜑 are all unknowns. To solve 

for the value of the phase 𝜑 , at least three equations are required. Following this idea, 

three or more CCD cameras can be placed at different positions, and fixed phase 

differences can be introduced at these positions. Multiple cameras simultaneously capture 
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speckle interferograms with known fixed phase shifts [64]. Figure 3.5 shows a multi-

camera multi-channel spatial phase shift system. 

 

 

Fig 3.5 Schematic of the multi-camera multichannel spatial phase shift system  

 

Although the multi-camera approach enables dynamic measurements, introducing 

phase shifts between cameras is challenging, and the system becomes complex with 

difficult adjustments. Vibrations or temperature changes can introduce significant errors 

between different cameras, and the use of multiple cameras increases the system cost 

[65]. As a result, this system had some applications in early dynamic testing, but 

currently, it is less commonly used in practical applications. 

Therefore, to reduce system complexity and cost, a single-camera configuration 

was proposed, which uses a single CCD camera to capture speckle interferograms and 

extract phase information [66]. In this method, each individual pixel is treated as a 

channel, and a certain optical path difference (OPD) is introduced between adjacent 

pixels by adjusting the incident angle α of the reference light, as shown in Figure 3.6. The 
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optical path difference between adjacent pixels can be further converted into phase 

changes, thus introducing a determined phase shift between pixel points. Then, by using 

intensity data from three or more adjacent pixels and applying the phase shift algorithm, 

the required phase values can be calculated, obtaining the relative phase difference 

caused by deformation before and after loading on the object [67, 68]. The prerequisite 

for this technique is that one speckle pattern needs to cover the corresponding number of 

pixel points [69-74]. 

 

  

Fig 3.6 Schematic of single-camera multi-channel spatial phase shift system 

 

To utilize the multi-channel spatial phase shifting method for phase extraction, 

several algorithms are available. The basic algorithms are similar to the time phase 

shifting method and can be roughly categorized into three-step, four-step, and arbitrary 

five-step algorithms. The difference lies in the requirement for a specific phase difference 

between adjacent pixels (three-step requires 120 degrees, four-step requires 90 degrees), 

while the arbitrary five-step method only requires that adjacent pixels have the same 
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phase difference without a specific value. Different algorithms have different optical 

setups and image qualities. 

Figure 3.6 shows the schematic diagram of the multi-channel method used to 

generate spatial phase shifting between pixels. The red lines represent object light, the 

blue lines represent reference light, and the circular speckles are pixel points on the CCD 

plane. OPD represents the optical path difference between two pixel points, denoted as 

ΔL, and S represents the distance between pixel points or the size of pixel points. The 

angle between the incident angle of the reference light and the normal direction of the 

camera plane is represented as α. Equation 3.17 describes the relationship between ΔL, 

pixel size S, and the illumination angle α. 

𝑂𝑃𝐷 = ∆𝐿 = 𝑆 sin 𝛼 

3.19 

If the laser wavelength used is λ, the relationship between the optical path 

difference ΔL and the phase difference Δ between two pixel points can be expressed as: 

∆𝐿

𝜆
=

∆

2𝜋
 

3.20 

Due to equation 3.19 and 3.20, the required phase difference between two 

adjacent pixel points can be represented as: 

∆= 2𝜋
𝑆 sin 𝛼

𝜆
 

3.21 

As shown, by adjusting α, we can obtain the desired fixed phase difference Δ. 

Taking the three-step phase shifting method as an example, we calculate the phase 
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information to obtain the phase map. By adjusting the aperture size to cover three pixels 

for each speckle, and adjusting α to introduce the fixed phase difference (2π/3), required 

for the three-step phase shifting method. we can use the recorded intensity information of 

speckle interferograms by the camera to extract the phase information using the three-

step phase shifting method. The intensity of the adjacent three pixels recorded by the 

camera can be represented as: 

𝐼ଵ = 𝐴 + 𝐵 cos 𝜑 

𝐼ଶ = 𝐴 + 𝐵 cos ൬𝜑 +
2𝜋

3
൰ 

𝐼ଷ = 𝐴 + 𝐵 cos ൬𝜑 +
4𝜋

3
൰ 

3.22 

In the equation, 𝐼1 to 𝐼3 represent the intensities of four pixels. A and B are 

parameters related to the background information. φ corresponds to the phase information 

of the corresponding speckle pattern. Therefore, the phase information of the speckle 

interferogram can be represented as: 

𝜑 = tanିଵ √3(𝐼ଷ − 𝐼ଶ)

2𝐼ଵ − 𝐼ଶ − 𝐼ଷ
 

3.23 

This method allows obtaining at least three phase information from a single 

speckle interferogram. In practical measurements, before and after deformation, only one 

image of the object needs to be captured to calculate the phase information of these two 

status respectively, then the subtraction of the two phase images yields the phase map of 

the object. 
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The single-camera structure of the multi-channel spatial phase-shifting technique 

also has its limitations. This method requires using intensity data from at least three 

pixels to determine the phase information, which significantly reduces the spatial 

resolution of the results. Additionally, the precision of adjusting the incident angle of the 

reference light with respect to the camera plane's normal direction also affects the 

measurement accuracy.  

3.3.2 The carrier frequency spatial phase shift method 

To overcome the limitations of the multi-channel spatial phase-shifting technique, 

another spatial phase-shifting technique suitable for dynamic measurements has been 

proposed, known as spatial carrier phase-shifting technique [75-77]. Compared to the 

multi-channel spatial phase-shifting technique, the spatial carrier phase-shifting technique 

can provide higher spatial resolution and extract and separate multiple phase information 

from a single speckle interferogram. Its method is simple, computationally convenient, 

and has a wide range of applications, making it a hot topic in speckle interferometry 

phase extraction methods. 

The frequency carrier technique is a traditional and mature technology in the field 

of communication. The general principle of this method is to modulate the signal carrying 

the target information with a high-frequency carrier frequency and propagate it in space. 

At the signal receiving end, the modulation information is demodulated to separate the 

signal with the target information [78, 79]. In spatial carrier phase-shifting technique, 

Fourier transform and inverse transform are used to convert and obtain the phase 

information. In 1996, G. Pedrini first applied this method to a Mach-Zehnder shear 
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speckle interferometry system and obtained the surface phase information of the tested 

object using spatial carrier phase-shifting technique [80]. 

The measurement using spatial carrier phase-shifting technique can be divided 

into three steps. First, the carrier information is introduced into the optical system, and a 

CCD records an intensity image. Unlike time phase-shifting technique and multi-camera 

multi-channel spatial phase-shifting technique, the spatial carrier phase-shifting technique 

does not require additional phase-shifting devices; instead, the phase shift process is 

achieved through the carrier. In digital speckle interferometry, the basic principle of 

introducing the carrier is to tilt the illumination angle of the reference light to generate a 

specific angle with another beam of laser light that enters vertically. Second, the intensity 

image is Fourier transformed to obtain the frequency domain spectrum, thus achieving 

the conversion from spatial domain to frequency domain. In the detection optical path, 

the mathematical expression of light intensity and carrier information can be formulated, 

and then Fourier transform can be applied to obtain the mathematical expression of light 

intensity after Fourier transformation. Third, in the frequency domain, the spectrum 

containing the target information is selected, and the inverse Fourier transform is used to 

convert the spectrum back to the required phase map. Figure 3.7 shows the results 

obtained in each step of this process. 
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Fig 3.7 The images of carrier frequency spatial phase shift method: (a) the intensity 
image with spatial carrier frequency, (b) Fourier spectrum distribution from the intensity 
image, (c) Phase map 

 

As shown in Figure 3.8, it illustrates the spatial carrier phase-shifting technique 

based on the system schematic. Let's use this system as an example to explain the spatial 

carrier phase-shifting technique. 

 

 

Fig 3.8 DSPI system based on spatial carrier phase-shifting 
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In the system, the laser emitted from the laser source is divided into object light 

and reference light by the beam splitter (BS1). The object light passes through the beam 

expander (BE1) to expand and illuminate the tested object. The light scattered by the 

tested object goes through an aperture (AP), imaging lens (L2), and another beam splitter 

(BS2) before forming an image on the CCD target surface. 

The reference light, after passing through the beam expander (BE2), passes 

through a collimating lens (L2) and BS2 before reaching the reflecting mirror M1. By 

adjusting the angle θ of M1, a spatial carrier is introduced. The modified reference light 

then reflects off BS2, enters the CCD, and interferes with the object light to form a 

speckle interferogram, which is recorded by the CCD camera in the form of intensity. 

In this way, the spatial carrier phase-shifting technique utilizes the spatial 

modulation introduced by the reflecting mirror M1 to achieve phase shifting in a single 

frame of the speckle interferogram. This technique provides higher spatial resolution and 

allows for the extraction of multiple phase information from a single image, making it a 

widely used and popular approach in speckle interferometry phase extraction. 

The reference light and object light can be represented as follows: 

𝑢଴ = |𝑢଴(𝑥, 𝑦)| exp[𝑖𝜙(𝑥, 𝑦)] 

3.23 

𝑢୰ = |𝑢௥(𝑥 + 𝛥𝑥, 𝑦 + 𝛥𝑦)| exp{ 𝑖[𝜙(𝑥 + 𝛥𝑥, 𝑦 + 𝛥𝑦) + 2𝜋(𝑓ఈೣ
𝑥 + 𝑓ఈ೤

𝑦)]} 

3.24 

where 𝑢௢ and 𝑢୰ are the object light and reference wave fronts. Tilted M1， Δx 

and Δy are the shearing distances in the x- and y-direction, respectively, while 𝑓ఈ, which 

represents the component of the spatial frequency introduced by shearing angle α, can be 

expressed as Equations (3.25) and (3.26): 
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𝑓ఈೣ
=

𝑠𝑖𝑛𝛼௫

𝜆
 

(3.25) 

𝑓ఈ೤
=

𝑠𝑖𝑛𝛼௬

𝜆
 

(3.26) 

where x and y are the x-direction and y-direction respectively. 

The intensity can be expressed as Equation (3.27): 

𝐼 = (𝑢଴ + 𝑢௥)(𝑢଴
∗ + 𝑢௥

∗) = 𝑢଴𝑢଴
∗ + 𝑢௥𝑢௥

∗ + 𝑢଴𝑢௥
∗ + 𝑢௥𝑢଴

∗ 

3.27 

The * denotes the complex conjugate of uo, and ur. The Fourier Transform 

converts the image from the spatial domain to the Fourier domain. Application of the 

Fourier Transform to Equation (3.27) transforms the equation into the following form: 

FT(𝐼) = 𝑈଴(𝑓௫ , 𝑓௬) ⊗ 𝑈଴(𝑓௫ , 𝑓௬)∗ + 𝑈௥[(𝑓௫ + 𝑓ఈೣ
), (𝑓௬ + 𝑓ఈ೤

)] ⊗ 𝑈௥[(𝑓௫ +

𝑓ఈೣ
), (𝑓௬ + 𝑓ఈ೤

)]∗ + 𝑈଴(𝑓௫ , 𝑓௬) ⊗ 𝑈௥[(𝑓௫ + 𝑓ఈೣ
), (𝑓௬ + 𝑓ఈ೤

)]∗ + 𝑈௥[(𝑓௫ + 𝑓ఈೣ
), (𝑓௬ +

𝑓ఈ೤
)] ⊗ 𝑈଴(𝑓௫ , 𝑓௬)∗   

3.28 

Here ⊗ is the convolution operation. 
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Fig 3.9 Schematic of Fourier spectrum 

 

The schematic diagram of the Fourier spectrum is shown in Figure 3.9. The 

central low-frequency component U1 U1
*+ U2 U2

* contains scene information, while 

the frequency components U1 U2
*and U2 U1

*contain the required phase information. 

The frequency components are symmetric about the origin and located at positions fx, fy 

and fx,fy in the Fourier spectrum. The width of the frequency components is 

determined by the aperture size. By appropriately adjusting the incident angle of the 

object light and selecting an appropriate aperture size, the Fourier domain can completely 

separate the spectrum containing various types of information. 

By extracting the frequency component U1 U2
* and performing an Inverse 

Fourier Transform (IFT), we can obtain u1u2∗. From there, we can calculate the phase 

difference between the reference light and the object light as follows: 
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𝜃 + 2𝜋 ቀ𝑓ఈೣ
𝑥 + 𝑓ఈ೤

𝑦ቁ = 𝑡𝑎𝑛ିଵ
Im[𝑢ଵ𝑢ଶ

∗]

Re[𝑢ଵ𝑢ଶ
∗]

 

3.28 

𝜃 = 𝜙(𝑥 + 𝛥𝑥, 𝑦 + 𝛥𝑦) − 𝜙(𝑥, 𝑦) 

3.29 

Here, Im and Re denote the imaginary and real part of the complex numbers 

respectively, and θ is the phase difference between the two tilted beams reflected from 

M1 and M2. 

With the same method, another phase distribution can be obtained after the object 

is loaded using the recorded images: 

𝜃ᇱ + 2𝜋 ቀ𝑓ఈೣ
𝑥 + 𝑓ఈ೤

𝑦ቁ = 𝑡𝑎𝑛ିଵ
Im[𝑢ଵ𝑢ଶ

∗]

Re[𝑢ଵ𝑢ଶ
∗]

 

3.30 

The relative phase difference due to a deformation can then be calculated as: 

∆𝜃 = 𝜃 − 𝜃ᇱ 

Spatial carrier phase-shifting technique requires only one frame of speckle 

interferogram to extract the phase information before and after object deformation, and 

its acquisition rate is not limited by the phase step but solely determined by the camera's 

capabilities, enabling high-speed dynamic measurements. However, this method suffers 

from spectral truncation and leakage, which can affect the measurement accuracy to some 

extent. To provide a more intuitive comparison of the phase quality achieved by different 

phase extraction methods, experimental results obtained using intensity subtraction, time 

phase-shifting technique, and spatial carrier technique are shown in Figure 3.9. Figure 

3.10(a) represents the speckle phase obtained by intensity subtraction of the speckle 
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interferograms before and after object deformation, Figure 3.10(b) shows the speckle 

phase obtained using the 4+4 time phase-shifting algorithm, and Figure 3.10(c) displays 

the speckle phase extracted through Fourier transform of the speckle interferogram. It can 

be observed that the phase quality obtained by intensity subtraction is the poorest, while 

the time phase-shifting technique yields the best phase quality. However, the time phase-

shifting technique is only suitable for static measurements. On the other hand, the spatial 

carrier technique, while applicable for dynamic measurements, shows a slight decrease in 

phase quality within a reasonable range, making it a more advantageous method 

compared to the other two phase extraction methods. 

 

 

Fig 3.10 Comparison of experimental results of phase extraction methods: (a) intensity 

subtraction; (b) temporal phase shift; and (c) carrier-frequency spatial phase shift. 
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CHAPTER FOUR 

SIMULTANEOUS DUAL SENSITIVE MEASUREMENT 
 
 
 

4.1 Introduction of simultaneous dual sensitive measurement 
 

In industrial testing, in some cases, multiple object parameter results are needed to 

evaluate the properties of materials. Such as surface deformation and strain, in-plane 

displacement and out-of-plane displacement, the strain of x direction and y direction, 

measurement results at different spatial resolution sand so on. Using traditional speckle 

interferometry methods, only one parameter result can be obtained per measurement. To 

obtain multiple measurement results, multiple repeated measurements must be carried 

out. Doing multiple measurements have many drawbacks. First, the loading amount and 

loading time of each measurement cannot be exactly the same, which leads to certain 

errors in the obtained results. Second, repeated measurement requires more labor costs 

and time costs, resulting in an increase in measurement costs. In addition, there are some 

situations in which repeated measurements cannot be performed, such as destructive 

experiments. So, the simultaneous dual sensitivities are needed for industrial 

measurements. 

4.1.1 The review of dual simultaneous sensitive measurement 

Current existed research on simultaneous double sensitivity can be divided into 

two broad categories. One is to measure two object parameters at the same time, and the 

other is to measure one object parameter at different spatial resolutions. 

 



 

 58

Up till now, many studies on measuring the parameters of two objects 

simultaneously have been published. In 2003, proposed for the first time, Steinchen W 

and Yang L a digital shear imaging system based on temporal phase shift technology to 

measure strain in the both x and y directions to realize strain measurement in the double 

shear direction[A5-7]. In 2016, Wang et al. introduced a Michelson interferometer-based 

spatial phase-shift digital shear imaging system to achieve strain measurement in both 

shear directions. In 2020, Boyang Z et al. propose a dual shearing shearography system 

based on a spatial light modulator (SLM) [81]. For the research on the simultaneous 

measurement of the first derivative of surface deformation and deformation, In 2013, Xin 

Xie et al introduced a method using digital Shearography technology and spatial phase 

shifting technology to achieve simultaneous measurement of surface deformation and 

strain [82] In 2019, Qihan Zhao et al. introduced the simultaneous measurement of 

surface deformation and strain in x, y, and z directions using multiple lasers. [83]. To 

research on simultaneous in-plane and out-of-plane displacement measurements. In 2019, 

Hooshmand-Ziafi et al. published a method of simultaneous measurement of in-plane and 

out-of-plane displacement using dual lasers and spatial phase-shifting techniques [84] In 

2019, Dong Jie proposed a digital Shearography system using a single laser and spatial 

phase-shifting technique to measure in-plane and out-of-plane displacements 

simultaneously. 

At the same time, there are few researches on the measurement of the same 

measurement object under different fraction rates. In 2021, Boyang Zhang et al proposed 

a digital Shearography measurement system based on spatially proportional double 
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spatial resolution, which realizes the measurement of double spatial resolution at the 

same time. 

4.1.2 The review of dual simultaneous special resolution sensitive measurement 

Currently, most optical inspection systems use a single camera with a fixed field 

of view to record images, resulting in only one resolution sensitivity per measurement. 

These systems for measuring a limited area of a specific object are efficient and simple. 

However, these systems have poor resolution and other drawbacks when measuring 

objects with internal defects of unknown size, and may overlook small size defects. In 

order to solve this problem, repeated measurements using multiple sets of equipment with 

different resolutions are necessary. However, this not only increases labor costs and test 

time, but also complicates measurement operations. In addition, in some cases, multiple 

measurements may not be possible. A measurement system with simultaneous spatial 

resolution is needed. 

How can dual spatial resolution measurement be achieved? One method is to use 

CCDs with different resolutions and change the resolution by switching CCDs, for 

example, utilizing a digital zoom camera, as shown in Figure 4.1. However, this approach 

depends on the characteristics of the equipment, and multiple CCD switches would 

increase time and cost.  
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Fig 4.1 Images recorded by digital zoom camera 

 

Another approach is to adjust the optical path by using different lenses to alter the 

observed field of view, thereby changing the spatial resolution. Figure 4.2 illustrates 

different fields of view, with Figure 4.2a representing a large field of view with relatively 

lower resolution, and Figure 4.2b representing a small field of view with relatively higher 

spatial resolution. By measuring the test object under different fields of view, different 

spatial resolutions can be achieved. Here, the concepts of large field of view and small 

field of view are relative. A large field of view for speckle pattern refers to a speckle 

pattern that can be clearly observed over the entire field. A small field of view is relative 

to the large field of view, representing a magnified view of a specific region's speckle 

pattern. As shown in Figure 4.2, if the deformed surface area is much smaller than the 

field of view, a small speckle point might be overlooked in the large field of view. 

However, it can be observed in the small field of view. 
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Fig.4.2 Large field of view and small field of view 

 

4.2 The method to achieve dual sensitive measurement 

In order to realize the measurement of synchronous double sensitivity, this section 

summarizes the different methods that have emerged successively. These methods mainly 

include using two cameras to construct two physical channels, using a single camera and 

constructed two optical channels superimposed together, using a single camera and 

constructed two optical channels independent of each other. 

4.2.1 Dual camera with two physical channels 

In 2003, Steinchen W and Yang L first proposed a dual shear direction digital 

shear imaging system based on time-phase shift technology [85-87]. The system uses two 

individual cameras as two interferometric systems, and the two cameras record the dual 

shear direction information at the same time in the corresponding shear direction, x and y 

direction. As shown in Figure 4.3, in this system, it stacks two Michelson interferometer, 

and three reflective mirrors are used, the large one is used as the PZT mirror which has 
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no shearing and utilized to generating phase shift.  The other two mirrors are sheared in 

the x and y directions respectively. In the configuration shown in Figure 4.3, the laser is 

spread out to illuminate the object and then incident into the top and bottom beam 

splitters, respectively. The top Michelson interferometer has a y-direction shear, while the 

bottom beam splitter has an x-direction shear. The two cameras are connected to the 

frame collector and can record images independently and simultaneously as two physical 

channels. All images will finally be transferred to the computer for processing with pre-

input parameters. In theory, different spatial resolutions can be obtained by adjusting the 

two cameras. This method is simple and direct, without additional design of measuring 

optical path, relatively easy to implement, and has been applied for a long time. 

However, there are some obvious problems with the system, such as the two 

CCDs having different coordinates and different shooting positions and angles. This is 

due to the fact that the two Michelson interferometers are stacked together, the incident 

lights enter from different angles. In the imaging plane, the two images of the two CCDs 

channels have different viewing angles. If the object is far away from the setup, this angle 

is negligible. However, if within a limited measurement area, especially in quantitative 

testing, the two images may present different surface information. In addition, the beam 

splitter can be used as a field diaphragm, reducing the field of view, so that the field of 

view is fixed or limited. Moreover, the two kinds of image acquisition equipment not 

only require high cost, but also introduce the problem of equipment consistency. Since 

different cameras have their own characteristics, even if triggered at the same time, 

system error cannot be avoided. In order to solve these problems, the first consideration is 
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to reduce the number of image acquisition equipment, using a single camera to measure 

two optical channels at the same time is a better optical structure. 

 

 

Fig, 4.3 The schematic of dual shearing shearography of two stacked interferometers 

 
4.2.2 Single camera with two mixed optical channels 

Due to the limitation of using multiple cameras to achieve simultaneous dual 

sensitive measurement, the method of using single camera to achieve simultaneous dual 

sensitive measurement has been developed. The key technology of this method lies in the 

design of the measuring optical path. With the reduction in the number of measuring 

cameras, the measurement cost is significantly lowered.  

The paper mentioned above, authored by Xin Xie et al., titled "Simultaneous 

measurement of deformation and the first derivative with spatial phase-shift digital 

shearography," utilized this single-camera synchronized dual-sensitivity measurement 

method. In this paper, the system used a Michelson interferometer as the shear device and 



 

 64

employs a single wavelength laser and a single CCD camera as the light source and 

recording element, respectively.  

 

 

Fig 4.4 Schematic of the multiplexed measurement method based on Michelson interferometer 

 

The principle of the multiplex measurement method based on Michelson 

interferometry is shown in Figure 4.4. The laser emitted by the laser source is split into 

object light and reference light by a beam splitter (BS). The object light, after being 

expanded by a beam expander (BE), illuminated the tested object. The scattered light from 

the object passes through an aperture (AP), imaging lens (L1), and shear device before 

being received by the CCD camera. The reference light is guided through an optical fiber, 

exits behind the lens (L1), and is introduced into the optical path before the shear device, 

and then it was also received by the CCD camera. The results of digital speckle 

interferometry (Hologram) were obtained from the interference of the reference light with 
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either of the object lights, while the results of digital shear speckle interferometry 

(Shearogram) are obtained from the interference of the two object lights produced by the 

shear device. Both sets of results are simultaneously recorded by the CCD camera in the 

form of intensities. 

This method also employs spatial carrier phase-shifting techniques. The original 

speckle image captured by the CCD camera contains information from both the hologram 

and shearogram. A Fourier Transform (FT) is applied to this image to separate the 

hologram and shearogram information. Then, a Fourier Transform is applied to the 

intensity image to obtain the Fourier spectrum containing the phase information, as shown 

in Figure 4.5a. Finally, the inverse Fourier Transform is performed to extract the speckle 

information (hologram and shearogram) from different optical channels using a single 

image. In summary, the method described in this paper utilizes spatial phase-shift digital 

shearography with a Michelson interferometer, a single wavelength laser, and a single CCD 

camera to perform simultaneous measurement of deformation and the first derivative with 

synchronized dual-sensitivity testing using spatial carrier techniques. But from figure 4.5, 

only two pairs of spectrum were used to evaluate, the other spectrums are not needed. 
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Fig 4.5 (a) Spectrum after Fourier Transform (FT); (b) Phase map of a hologram due to a 
deformation after Windowed Inverse Fourier Transform (WIFT) operation from Section 
F′; (c) Phase map of a shearogram due to a deformation after WIFT operation from 
Section C. [88] 

 

This method using single camera with multiple mixed optical channels primarily 

involves designing the optical path, constructing multiple optical channels, using a single 

camera to record intensity images, applying spatial phase-shifting techniques through 

Fourier transformation to obtain the frequency spectrum, and then using inverse Fourier 

Transform to extract the speckle information, thus achieving synchronized dual-sensitivity 

measurement. 

While this method overcomes the drawbacks of multi-camera systems by using a 

single camera for data recording, it also has its limitations. Multiple optical channels are 

mixed together, and there may be interference between these channels, leading to 

overlapping of the frequency spectrum or the presence of irrelevant spectral components 

during spatial phase-shifting, making the extraction of frequency spectra more challenging. 
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A relatively independent, cross-interference-free synchronized dual-sensitivity 

measurement method needs to be developed to address these issues. 

4.2.3 Single camera with two independent optical channels 

To avoid mutual interference between multiple optical channels, methods for 

constructing relatively independent optical channels have been developed. Currently, there 

are two main approaches in research to achieve relatively independent optical channels. 

The first method involves using multiple lasers with different frequencies as the 

illumination sources for detection. By using lasers with distinct frequencies, the 

interference between the optical channels can be minimized, ensuring that each channel 

remains relatively independent. 

The second method involves utilizing polarization techniques to split a single-

frequency laser into two beams of incoherent light. This creates two relatively independent 

and non-cross-interfering optical channels. 

These approaches allow researchers to overcome the challenges associated with 

cross-interference among optical channels, enabling more precise and accurate 

synchronized dual-sensitivity measurements. 

4.2.3.1 Dual frequency laser beam 

Qihan Zhao and his team proposed a method for synchronously measuring three 

parameters of objects. This method utilizes three lasers with different wavelengths as light 

sources and a single color camera as the recording element. By solving phase change 

equations that include different angular components, it obtains three-dimensional 

deformation and its first derivative information. The method is illustrated in Figure 4.6. 
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Fig 4.6 Schematic of the 3D multiplexed measurement method based on Michelson 
interferometer 

 

The three lasers with different frequencies (Laser-R, Laser-G, Laser-B) emit light 

that is split into object light and reference light by a beam splitter. The object light, after 

being expanded by a beam expander, illuminates the tested object. The reference light is 

guided through an optical fiber to be introduced into the optical path after the shear device, 

and both object and reference light are received by the color camera. 

By separating the color speckle interferograms generated by the color camera, the 

method can extract the digital speckle interferometry results and digital shear speckle 

interferometry results produced by each wavelength laser. From the color speckle 

interferograms, the individual monochromatic speckle interferograms and their 

corresponding frequency spectra for the RGB channels are obtained. By performing 
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Fourier Transform separately on each RGB channel's frequency spectrum, the frequency 

spectra of each individual monochromatic speckle interferogram are obtained. Fourier 

Inverse Transform is then applied to the selected frequency spectra to obtain the phase 

maps for the RGB channels.  

4.2.3.2 Single laser beam 

Based on the utilization of polarization technique, Boyang Zhang and his team 

studied the establishment of a dual-shear imaging system using a single laser and used laser 

polarization technology to replace multi-wavelength lasers and bandpass filters for signal 

separation. This approach allows for the creation of two relatively independent optical 

channels using a single laser. Figure 4.6 illustrates the schematic setup of this system. This 

system is based on an improved Michelson interferometer. The setup incorporates some 

ideas from the Siebert and Schmitz systems and is developed to record information from 

two shear directions in a single image using one camera. 

A coherent laser with a wavelength of 532 nm serves as the light source, and a λ/4 

waveplate is used to transform the laser from linearly polarized to circularly polarized. This 

is because, although a rough surface reflection can randomize a well-polarized laser into a 

randomly polarized one, most reflected waves will maintain their original polarization 

direction and are not evenly distributed. The λ/4 waveplate ensures that the light intensity 

is evenly divided 50:50 among each polarization direction when the light wave passes 

through the polarization beam splitter (PBS). AP and L1 represent the aperture and lens of 

the imaging system, while L2 and L3 are lenses of the 4f system used to enlarge the field 

of view. 
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The light waves reflected from the object are split into two beams by a regular beam 

splitter (BS). One of these two waves, not subjected to polarization processing, is named 

Light wave #R. It reaches the mirror M1 and is reflected back to the BS before entering the 

CCD. The other light wave enters a polarization Michelson interferometer consisting of 

PBS, M2, and M3 (as shown in Figure 4.7) and is split into two polarized sub-beams by 

the PBS. The sub-beam with the ordinary polarization direction is reflected by M2 and 

named Light wave #S. The second sub-beam with an extraordinary polarization direction 

reaches M3 and is named Light wave #P. By tilting M2 and M3 along the horizontal (x-

shear) and vertical (y-shear) directions, carrier frequency, shear direction, and shear 

distance are introduced. 

To separate the frequency spectrum of the two shear images in the spatial frequency 

domain, changes in the circular aperture's size are used to control the spectrum size, and 

the Fourier Transform method is applied to calculate the shear images. Finally, after the 

inverse Fourier Transform, the phase maps are obtained. 

 



 

 71

 

Fig 4.7 The schematic of polarized digital shearography for simultaneous dual shearing 
directions using modified Michelson Interferometer 

 

4.2.4 Polarization technique 

Polarization technique is a crucial method for establishing non-cross-interfering 

dual optical channels. Coherent light sources are used in speckle interferometry because 

coherent light possesses consistent spatial characteristics, frequency (wavelength), phase, 

and polarization states, enabling interference and measurement. Polarization is a property 

of transverse waves that specifies the geometric orientation of oscillation [89-93]. When 

coherent light is polarized, it loses its coherence as its oscillation directions are specified, 

and they are no longer consistent. Polarized light can be generated by allowing only one 
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polarization wave to pass through a polarizer, as shown in Figure 4.8. The black light 

represents circular polarization light, which becomes two red and blue polarized lights after 

being polarized. The red light is ordinary light, with its oscillation direction along the y-

axis, while the blue light represents extraordinary light, with its oscillation direction 

specified along the x-axis. These two polarized lights are incoherent and cannot interfere 

with each other. By utilizing these two incoherent lights to establish two independent 

optical channels, the interference between these two channels can be avoided. Thus, it 

becomes possible to create two relatively independent optical channels using a single laser. 

 

 

Fig 4.8 Sketch of polarization technique 

 
4.3 The method to achieve simultaneous dual spatial resolution measurement 

 
Simultaneous dual spatial resolution measurement is a technique that focuses on a 

single object but measures it at two different spatial resolutions simultaneously. This 

measurement requires obtaining two measurement results simultaneously. To implement 

synchronized dual spatial resolution measurement, two optical channels need to be 
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designed, with each channel corresponding to a different spatial resolution. This paper 

developed a digital shearography measurement system and designed a digital holography 

measurement system to achieve dual spatial resolution optical path. The polarization 

techniques are used to avoid the cross interference between the two optical channels. 

Spatial carrier phase-shifting techniques are employed to simultaneously separate and 

extract the phase maps at the two spatial resolutions from one intensity image recorded 

by CCD. These design and key technique enable simultaneous dual spatial resolution 

measurement be achieved.  

4.3.1 The major issue of simultaneous dual spatial resolution measurement 

The main focus of this paper is on utilizing speckle interferometry for simultaneous 

dual spatial resolution measurement. There are three main issues that need to be addressed. 

The first one is how to design a speckle interferometry setup with dual spatial resolution. 

The second is how to design relatively independent dual optical channels. And the third is 

how to synchronously separate and extract the speckle information from both channels 

using only single intensity image. 

During the detection process, as shown in Figure 4.9, when intensity subtraction or 

time shifting methods are used to measure the test object at different spatial resolutions, 

clear phase maps can be extracted from the intensity images recorded in each measurement 

repectively. However, if the intensity information of both spatial resolution channels is 

recorded simultaneously, the two speckle patterns from both channels will mix together, 

making it impossible to extract clear and independent phase maps at the same time.  
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Fig 4.9 Sketch of spackle pattern overlap 

 

Regarding the first issue, it can be resolved by using a lens system in combination 

with speckle technology, and the specific design approach will be detailed in Chapters 5 

and 6. As for the second issue, this study employs optical equipment to polarize a single 

laser beam into different polarization directions. A polarization beam splitter (PBS) can 

transform a non-polarized wave into two polarized waves with a 90-degree polarization 

angle difference. The PBS has a special coating on its diagonal interface with the following 

characteristics: one polarization direction of polarized light can only be reflected by the 

interface, while the other orthogonal polarization direction of the reflected light can only 

pass through the interface without being reflected. Consequently, after passing through the 

reflection interface of the PBS, two orthogonal polarized lights are obtained, and these two 
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polarized lights are not coherent. Figure 4.10 illustrates the working principle of the 

polarization beam splitter, where the circle represents the polarization direction 

perpendicular to the paper, and the arrow represents the polarization direction parallel to 

the paper. Circularly polarized light (represented by a circle and arrows) enters the PBS, 

and the reflected light is linearly polarized light with the polarization direction 

perpendicular to the paper, represented by S. The transmitted light through the PBS is 

linearly polarized light with the polarization direction parallel to the paper, represented by 

P. The detailed design of this setup will also be discussed in Chapters 5 and 6. The third 

issue will be addressed in the following section. 

 

 

Figure 4.10. The schematic of polarized beam splitter 

 

4.3.2 How to get dual spatial resolution results simultaneously 

In 1996, the first carrier frequency spatial phase-shift shearography system was reported 

by Pedrini et al., which subsequently led to more consideration of spatial phase-shift 

techniques for NDT (Non-Destructive Testing) applications. Spatial phase-shift techniques 

utilize Fourier Transform (FT) to convert intensity information into spectral information 
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shown as spectrum distribution in the frequency domain. As shown in Figure 4.11, the left 

image represents the intensity image, and after Fourier Transform, the intensity information 

from the left image is transformed into the spectral image in the spatial domain.  

 

 
Figure 4.11 Schematic diagram of Fourier Transfer optical application 
 

When employing spatial carrier phase-shift techniques, a carrier frequency is 

needed to be introduced, and after Fourier Transform, the spectrum containing intensity 

information is distributed in the frequency domain according to the introduced carrier 

frequency. This allows the speckle information mixed in the intensity image to be separated 

and represented as distinct spectral information in the frequency domain. By introducing 

different carrier frequencies in two relatively independent optical channels, separate 

spectral distributions can be obtained due to the different carrier frequency. Adjusting the 

carrier frequency enables the spectrum distribution to change in the frequency domain. 

Subsequently, an inverse Fourier Transform (IFT) is applied to the separated target spectra, 
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the clear phase maps for the two channels with different spatial resolutions can be obtained. 

Figure 4.12 explain this processing procedure. 

 

 

Figure 4.12 The process of extracting two phase maps simultaneously 
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CHAPTER FIVE 

IMPROVEMENT OF DIGITAL SHEAROGRAPHY FOR DUAL  
SENSITIVITY SIMULTANEOUS MEASUREMENT 

 
 
 

5.1 The review of digital shearography for simultaneous dual sensitivity measurement 
 

Application of speckle pattern interferometry for NDT has increased in aerospace, 

automotive, and other industrial areas because of its advantages of full-field measurement 

and high sensitivity. Digital shearography, one speckle pattern interferometry technique 

that is becoming more popular for NDT, can directly measure the first derivative of 

deformation with the advantage of robustness [94,95]. The interference in digital 

shearography is generated by two object beams sheared by a shearing component. 

However, most digital sherography applications can only work in one field of view per 

measurement, and some small defects may not be detected as a result. Multiple 

measurements of different fields of view are needed to solve this issue, which will increase 

the measurement time and cost. 

Boyang Zhang, Xiaowan Zheng et al. firstly proposed a Sagnac interferometer 

based dual sensitive shearography system to achieve simultaneous dual sensitive 

measurement. The system can perform dual sensitivity measurements on the same image 

plane based on the newly developed optical configuration [96]. 

Figure 5.1 illustrates the schematic diagram of the synchronized dual-space 

resolution shearography system. In the diagram, L represents an ideal convex lens. The 

system utilizes a coherent laser with a wavelength of 532nm as the light source, which is 

expanded by a beam expander before illuminating the object. The 50:50 beam splitter (BS) 



 

 79

divides the reflected waves into two beams, marked in blue. The tilted mirrors, M2 and 

M3, at 45 degrees direct these two beams to the polarization beam splitter (PBS). The PBS 

further converts these two non-polarized waves into two polarized waves with a 90-degree 

phase difference. The interface of the PBS is coated with a medium that reflects the s-

polarized light, represented in red, and transmits the p-polarized light, represented in green. 

 

 

Figure 5.1 Schematic of the simultaneous dual spatial resolution shearography system. 

 

The S-light (red) forms channel #Red, which contains information about the large 

field of view, while the P-light (green) forms channel #Green, which represents the small 

field of view or high-sensitivity view. By separately rotating the PBS and M4, shear can 

be introduced into channels #Red and #Green. 

The green channel and the red channel respectively constitute the digital 

shearography system for two different sizes of the field of view. 
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However, the spectrum easily overlaps because all of the spectrums are located in 

the x-direction, which is shown in Figure 5.2. In the image, D and E represent small field 

of view, B and C represent large field of view. D and B, C and E mix together. The phase 

information cannot be extracted clearly. 

 

 

Figure 5.2 Schematic of overlapped spectrum 

 

 In this dissertation, a developed method to separate the spectrum is proposed, 

resulting in two fields of view that lie in the x- and y-direction respectively. It not only 

separates the spectrum, but also performs simultaneous dual shearing direction 

measurements. The theory, schematic, equation derivation, and experiment results are 

presented in the following section. 

5.2 Theory and principle 

The typical shearography setup, shown in Figure 5.3, is used in this 

section as an example to show the fundamentals of the frequency carrier spatial phase-

shift technique [96]. A modified Michelson interferometer is used as the shearing device 

in the setup [97,98]. At both sides of the Michelson interferometer, two lenses (L1 and 

L2) with the same focus length are placed, which are used to enlarge the field of view 

[16]. The laser is a helium–neon laser with a wavelength of 632.8 nm. A beam expander 
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(BE) is used to expand the laser to illuminate the testing object. The diffused light 

reflected from the object then goes through the shearing device and forms the image on 

the CCD plane. M1 and M2 are two mirrors. When one mirror of them (M2) is tilted a 

small angle, the shearogram can be obtained and recorded by the CCD camera. [Xie et al, 

2013] A spatial frequency shift is introduced by the shearing that results from tilting M2. 

Using an FT, the speckle pattern image is transferred into a spectrum on the Fourier 

domain which contain the phase information of the recorded shearogram. 

 

 

Figure 5.3. Schematic of shearography setup 

 

The phase value can then be obtained by using an inverse FT (IFT). By analyzing 

the phase difference between before and after loading, the deformation gradient of the 

testing object due to the loading can be evaluated. The CCD camera captures two shared 

wave fronts from M1 and M2. These two wave fronts can be represented by Equations 

5.1 and 5.2: 



 

 82

𝑢ଵ = |𝑢ଵ(𝑥, 𝑦)| 𝑒𝑥𝑝[𝑖𝜙(𝑥, 𝑦)] 

5.1 

𝑢ଶ = |𝑢ଶ(𝑥 + 𝛥𝑥, 𝑦 + 𝛥𝑦)| 𝑒𝑥𝑝{ 𝑖[𝜙(𝑥 + 𝛥𝑥, 𝑦 + 𝛥𝑦) + 2𝜋(𝑓ఈೣ
𝑥 + 𝑓ఈ೤

𝑦)]} 

5.2 

where 𝑢ଵ and 𝑢ଶ are the two wave fronts reflected by the reference mirror M1 and 

M2, tilted mirror, respectively. Δx and Δy are the shearing distances in the x- and y-

direction, respectively, while 𝑓ఈ, which represents the component of the spatial frequency 

introduced by shearing angle α, can be expressed as Equations 5.3 and 5.4: 

𝑓ఈೣ
=

𝑠𝑖𝑛𝛼௫

𝜆
 

5.3 

𝑓ఈ೤
=

𝑠𝑖𝑛𝛼௬

𝜆
 

5.4 

where x and y are the x-direction and y-direction respectively. 

The intensity can be expressed as Equation 5.5: 

𝐼 = (𝑢ଵ + 𝑢ଶ)(𝑢ଵ
∗ + 𝑢ଶ

∗) = 𝑢ଵ𝑢ଵ
∗ + 𝑢ଶ𝑢ଶ

∗ + 𝑢ଵ𝑢ଶ
∗ + 𝑢ଶ𝑢ଵ

∗ 

5.5 

The * denotes the complex conjugate of 𝑢௜, i= 1 or 2. The Fourier Transform 

converts the image from the spatial domain to the Fourier domain. Application of the 

Fourier Transform to Equation 5.5 transforms the equation into the following form: 
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FT(𝐼) = 𝑈଴(𝑓௫ , 𝑓௬) ⊗ 𝑈଴(𝑓௫ , 𝑓௬)∗ + 𝑈௥[(𝑓௫ + 𝑓ఈೣ
), (𝑓௬ + 𝑓ఈ೤

)] ⊗ 𝑈௥[(𝑓௫ + 𝑓ఈೣ
), (𝑓௬

+ 𝑓ఈ೤
)]∗ + 𝑈଴(𝑓௫ , 𝑓௬) ⊗ 𝑈௥[(𝑓௫ + 𝑓ఈೣ

), (𝑓௬ + 𝑓ఈ೤
)]∗ + 𝑈௥[(𝑓௫ + 𝑓ఈೣ

), (𝑓௬

+ 𝑓ఈ೤
)] ⊗ 𝑈଴(𝑓௫ , 𝑓௬)∗ 

5.6 

Here ⊗ is the convolution operation. 

 

 

Figure 5.4. Schematic of spectrum of speckle pattern 

 

Figure 5.4 shows the Fourier spectrum of the speckle pattern. There are three 

spectra on the Fourier domain, which correspond to the four terms in Eq. (6) due to 

different spatial frequencies. In part A, the 𝑈ଵ ⊗ 𝑈ଵ
∗ + 𝑈ଶ ⊗ 𝑈ଶ 

∗ terms located at the center of 

the frequency domain are low frequency terms mainly from the background light. Part B, 

where 𝑈ଵ ⊗ 𝑈ଶ
∗ is located at ቀ−𝑓ఈೣ

, −𝑓ఈ೤
ቁ and part C, where 𝑈ଶ ⊗ 𝑈ଵ

∗ is located at ቀ𝑓ఈೣ
, 𝑓ఈ೤

ቁ 

contain the phase information of the shearogram. The part B moves due to ቀ−𝑓ఈೣ
, −𝑓ఈ೤

ቁ, the 

part C moves due to ቀ𝑓ఈೣ
, 𝑓ఈ೤

ቁ. 
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A = 𝑈ଵ(𝑓௫ , 𝑓௬) ⊗ 𝑈ଵ(𝑓௫ , 𝑓௬)∗ + 𝑈ଶ[(𝑓௫ + 𝑓ఈೣ
), (𝑓௬ + 𝑓ఈ೤

)] ⊗ 𝑈ଶ[(𝑓௫ + 𝑓ఈೣ
), (𝑓௬ + 𝑓ఈ೤

)]∗ 

5.7 

B = 𝑈ଵ(𝑓௫ , 𝑓௬) ⊗ 𝑈ଶ[(𝑓௫ + 𝑓ఈೣ
), (𝑓௬ + 𝑓ఈ೤

)]∗ 

5.8 

C = 𝑈ଶ[(𝑓௫ + 𝑓ఈೣ
), (𝑓௬ + 𝑓ఈ೤

)] ⊗ 𝑈ଵ(𝑓௫ , 𝑓௬)∗ 

5.9 

Figure 5.5 shows that the phase distributions can be calculated by using an IFT on 

circled area B or C. This result is shown in the following equation: 

 

 

Figure 5.5. Sketch of IFT 

 

𝜃 + 2𝜋 ቀ𝑓ఈೣ
𝑥 + 𝑓ఈ೤

𝑦ቁ = 𝑡𝑎𝑛ିଵ
Im[𝑢ଵ𝑢ଶ

∗]

Re[𝑢ଵ𝑢ଶ
∗]

 

5.10 

𝜃 = 𝜙(𝑥 + 𝛥𝑥, 𝑦 + 𝛥𝑦) − 𝜙(𝑥, 𝑦) 

5.11 
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Here, Im and Re denote the imaginary and real part of the complex numbers 

respectively, and θ is the phase difference between the two tilted beams reflected from 

M1 and M2. 

With the same method, another phase distribution can be obtained after the object 

is loaded using the recorded images: 

𝜃ᇱ + 2𝜋 ቀ𝑓ఈೣ
𝑥 + 𝑓ఈ೤

𝑦ቁ = 𝑡𝑎𝑛ିଵ
Im[𝑢ଵ𝑢ଶ

∗]

Re[𝑢ଵ𝑢ଶ
∗]

 

5.12 

The relative phase difference due to a deformation can then be calculated as: 

∆𝜃 = 𝜃 − 𝜃ᇱ 

5.13 

5.3 Experiment 

5.3.1 Experiment setup 

 

 
Figure 5.6. The real setup of the dual sensitivity shearography 
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Figure 5.6 shows a real dual resolution shearography system. The CCD camera 

this system used is 2453 x 2056-pixel grayscale, the pixel size is 3.45 µm in the 

horizontal direction and 3.45 µm in the vertical direction. The laser is a Verdi. The 

imaging lens, L1, was 35 mm focal length (f = 35 mm). The focal lengths of L2 and L3 

were 100mm (f =100 mm) while the focal lengths of L4 and L5 were 150mm 

(f=150mm). The normal beam splitter and polarized beam splitter both are 50:50 split 

ratios.  

5.3.2 Spectrum adjustment 

 

 

 

Figure 5.7. Sketch of the optical path of the setup [Zhang et al, 2022] 

 

As discussed in literature [99], Figure 5a shows the schematic of the optical path 

of the dual sensitivity system. Figure 5b shows the channel of the large field of view 

represented by a red line and Figure 5c shows the channel of the small field of view 

a b 

c 
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represented by a green line. The large field of view channel is a typical Sagnac 

interferometer based digital shearography setup. L1 is the image lens of the system, while 

L2 and L3 are used to extend the image distance. The small field of view channel is a 

modified Michelson Interferometer. The first arm goes from BS to M2 to L5 to M4, 

while the second arm goes from BS to M1 to L4 to M4 [Zhang et al, 2022]. As shown in 

Figure 5.2, the spectrum of the large and small fields of view tended to overlap during the 

experiment. Here, B and C represent the spectrum of the large field of view, while D and 

E represent the spectrum of the small field of view. 

A method is proposed to solve this issue. The spectrum will be clearly separated if 

the small vision spectrum is made to distribute in the x-direction while the large vision 

spectrum is made to distribute in the y-direction. At the same time, the setup can not only 

test fields of view of two different sizes, but also two shear directions, which allows for 

the detection of defects that lie on two different directions simultaneously. The spectrum 

of the simultaneous dual sensitivity shearography system is shown in Figure 5.8 a. For 

the spectrum map, B and C, which represent large fields of view, should be located in the 

y-direction as shown in Figure 5.8 b, while D and E, which represent small fields of view, 

should be located in the x-direction as shown in Figure 5.8 c.  
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Figure 5.8 Sketch of the spectrum distribution 

 

a 

b 

c 
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According to the principle introduced in the Theory section of this paper and 

Figure 2, part B moves due to ቀ−𝑓ఈೣ
, −𝑓ఈ೤

ቁ, while part C moves due to ቀ𝑓ఈೣ
, 𝑓ఈ೤

ቁ. For 

the large field of view channel, represented in Figure 5b by the red line, the two sheared 

lights can be described using Equations 5.14 and 5.15: 

𝑢௥ଵ(𝑥, 𝑦) = |𝑢௥(𝑥, 𝑦)| 𝑒𝑥𝑝[𝑖𝜙௥(𝑥, 𝑦)] 

5.14 

𝑢௥ଶ = |𝑢௥(𝑥 + 𝛥𝑥, 𝑦 + 𝛥𝑦)| 𝑒𝑥𝑝{ 𝑖[𝜙௥(𝑥 + 𝛥𝑥, 𝑦 + 𝛥𝑦) + 2𝜋(𝑓ଵೣ
𝑥 + 𝑓ଵ೤

𝑦)]} 

5.15 

We want to put the spectrums on y-direction so let 𝑓ଵೣ
= 0 and 𝛥𝑥 = 0, and 

results in Equations (16): 

𝑢௥ଶ = |𝑢௥(𝑥, 𝑦 + 𝛥𝑦)| 𝑒𝑥𝑝{ 𝑖[𝜙௥(𝑥, 𝑦 + 𝛥𝑦) + 2𝜋𝑓ଵ೤
𝑦]} 

5.16 

The intensity of the red channel can be described as Equation 5.17 

𝐼௥ = (𝑢௥ଵ + 𝑢௥ଶ)(𝑢௥ଵ
∗ + 𝑢௥ଶ

∗) = 𝑢௥ଵ𝑢௥ଵ
∗ + 𝑢௥ଶ𝑢௥ଶ

∗ + 𝑢௥ଵ𝑢௥ଶ
∗ + 𝑢௥ଶ𝑢௥ଵ

∗ 

5.17 

Due to the above, we can shear M2 only along the y-direction. The sketch of the 

spectrum is shown in Figure 7c. 
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Similarly, for the small field of view channel, represented in Figure 5c by the 

green line, the two sheared lights can be described using Equations 5.18 and 5.19: 

𝑢௚ଵ(𝑥, 𝑦) = ห𝑢௚(𝑥, 𝑦)ห 𝑒𝑥𝑝ൣ𝑖𝜙௚(𝑥, 𝑦)൧ 

5.18 

𝑢௚ଶ = |𝑢௚(𝑥 + 𝛥𝑥, 𝑦 + 𝛥𝑦)| 𝑒𝑥𝑝{ 𝑖[𝜙௚(𝑥 + 𝛥𝑥, 𝑦 + 𝛥𝑦) + 2𝜋(𝑓ଶೣ
𝑥 + 𝑓ଶ೤

𝑦)]} 

5.19 

The spectrums are placed in the x-direction by setting  𝑓ଶೣ
= 0  and 𝛥𝑦 = 0, 

resulting in Equations 5.20 and 5.21: 

𝑢௚ଶ = |𝑢௚(𝑥 + 𝛥𝑥, 𝑦)| 𝑒𝑥𝑝{ 𝑖[𝜙௥(𝑥 + 𝛥𝑥, 𝑦) + 2𝜋𝑓ଶೣ
𝑥]} 

5.20 

The intensity of the green channel can be described as Equation 5.21 

 

𝐼௚ = ൫𝑢௚ଵ + 𝑢௚ଶ൯൫𝑢௚ଵ
∗ + 𝑢௚ଶ

∗൯ = 𝑢௚ଵ𝑢௚ଵ
∗ + 𝑢௚ଶ𝑢௚ଶ

∗ + 𝑢௚ଵ𝑢௚ଶ
∗ + 𝑢௚ଶ𝑢௚ଵ

∗ 

5.21 

Due to the above, we can shear M4 only along the x-direction. The sketch of the 

spectrum is shown in Figure 7b. 

The intensity of the whole system can be described as Equation 5.22 
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𝐼 = 𝐼௥ + 𝐼௚ 

5.22 

Applying FT to the image recorded by the whole simultaneous dual sensitivity 

system results in the following: 

FT(𝐼) = 𝑈௥ଵ(𝑓௫ , 𝑓௬) ⊗ 𝑈௥ଵ(𝑓௫ , 𝑓௬)∗ + 𝑈௥ଶ(𝑓௫ , 𝑓௬ + 𝑓ଵ೤
) ⊗ 𝑈௥ଶ(𝑓௫ , 𝑓௬ + 𝑓ଵ೤

)∗

+ 𝑈௚ଵ(𝑓௫ , 𝑓௬) ⊗ 𝑈௚ଵ(𝑓௫ , 𝑓௬)∗ + 𝑈௚ଶ(𝑓௫ + 𝑓ଶೣ
, 𝑓௬) ⊗ 𝑈௚ଶ(𝑓௫ + 𝑓ଶೣ

, 𝑓௬)∗

+ 𝑈௥ଵ(𝑓௫ , 𝑓௬) ⊗ 𝑈௥ଶ(𝑓௫ , 𝑓௬ + 𝑓ଵ೤
)∗ + 𝑈௥ଶ(𝑓௫ , 𝑓௬ + 𝑓ଵ೤

) ⊗ 𝑈௥ଵ(𝑓௫ , 𝑓௬)∗

+ 𝑈௚ଵ(𝑓௫ , 𝑓௬) ⊗ 𝑈௚ଶ(𝑓௫ + 𝑓ଶೣ
, 𝑓௬)∗ + 𝑈௚ଶ(𝑓௫ + 𝑓ଶೣ

, 𝑓௬) ⊗ 𝑈௚ଵ(𝑓௫ , 𝑓௬)∗ 

5.23 

Equation (23) can be grouped into parts A, B, C, D, and E as follows: 

A = 𝑈௥ଵ(𝑓௫ , 𝑓௬) ⊗ 𝑈௥ଵ(𝑓௫ , 𝑓௬)∗ + 𝑈௥ଶ(𝑓௫ , 𝑓௬ + 𝑓ଵ೤
) ⊗ 𝑈௥ଶ(𝑓௫ , 𝑓௬ + 𝑓ଵ೤

)∗ +  𝑈௚ଵ(𝑓௫ , 𝑓௬)

⊗ 𝑈௚ଵ(𝑓௫ , 𝑓௬)∗ + 𝑈௚ଶ(𝑓௫ + 𝑓ଶೣ
, 𝑓௬) ⊗ 𝑈௚ଶ(𝑓௫ + 𝑓ଶೣ

, 𝑓௬)∗ 

5.24 

B = 𝑈௥ଵ(𝑓௫ , 𝑓௬) ⊗ 𝑈௥ଶ(𝑓௫ , 𝑓௬ + 𝑓ଵ೤
)∗ 

5.25 

C = 𝑈௥ଶ(𝑓௫ , 𝑓௬ + 𝑓ଵ೤
) ⊗ 𝑈௥ଵ(𝑓௫ , 𝑓௬)∗ 

5.26 
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D = 𝑈௚ଵ(𝑓௫ , 𝑓௬) ⊗ 𝑈௚ଶ(𝑓௫ + 𝑓ଶೣ
, 𝑓௬)∗ 

5.27 

E = 𝑈௚ଶ(𝑓௫ + 𝑓ଶೣ
, 𝑓௬) ⊗  𝑈௚ଵ(𝑓௫ , 𝑓௬)∗ 

5.28 

Part A represents the background information, and the remaining components 

represent the complex amplitudes of the interferogram. B and C represents the large field 

of view information, and D and E represents the small field of view information. Thus, the 

phase distribution in the Fourier domain can be achieved, as shown in Figure 7a. 

5.3.3 Results and discussion 

 

  

Figure 5.9 Spectrum map and two resolution shearograms 

 

A defect-free square aluminum plate with a size of 100x100 mm was used to verify 

the feasibility of the method. The plate was clamped all around and loaded at the center by 



 

 93

a screw micrometer, and images were recorded before and after loading. Applying FT, a 

spectrum distribution can be obtained as shown in Figure 5.9 a. Using IFT, two 

shearograms of two resolutions can be obtained as shown in Figures 5.9 b and 5.9 c  

To verify the functionality of the method proposed in this paper, an NDT 

application was performed on a round aluminum plate with a small sized defect. Shown 

in Figure 5.10, the plate was 10 mm thick and mounted on a sealed chamberwhich was 

connected to a vacuum. The defect has a diameter of 8mm, and the thickness to the 

surface is 0.6 mm. A 10KPa pressure difference was used to detect the defect, the result 

of which is shown in Figure 5.11. From the image, we can find that the small size defects 

may be ignored using the large field of view, but the small size defects can be found 

using the small field of view.  The accuracy of the test is increased as a result. 

 

 

Figure 5.10. The plate with defect on a sealed chamber 

 

c 

b 

a 
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Figure 5.11. The shearograms of large field vision and small field vision 

 

Simultaneous dual sensitivity measurements using sherography can obtain 

acceptable results using the new method to separate the spectrum distribution in the 

frequency domain. However, the setup is very complicated and requires the use of many 

pieces of optical equipment, resulting in an energy decrease that can affect the image 

quality. Future research will focus on developing the advanced setup and method further 

to simplify the measurement system and reduce the energy loss. 

5.4 Chapter summary 

This paper proposes adjusting the spectrum distribution in different directions to 

separate the spectrums and phase information on the spectrogram. Depending on the 

frequency carrier spatial technology, the setup can be adjusted to cause the large vision and 

small vision spectrums to be located in two different directions, one in the horizontal 

direction and the other in the vertical direction. Therefore, the phase information of each 

interferogram can be excavated by windowing the corresponding spectrum and taking the 

IFT. Meanwhile, the method can enable the system to detect defects in the x- and y-

direction. As shown by the experimental results, this method can increase the accuracy and 

efficiency of the simultaneous dual sensitivity shearography system. The experiments 

c 
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result show that this method can assist to develop the simultaneous dual sensitive 

shearograpy system. 
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CHAPTER SIX 

DEVELOPMENT OF SIMULTANEOUS DUAL-RESOLUTION 
DIGITALHOLOGRAPHY SYSTEM 

 
 
 

6.1 Digital holography for simultaneous dual sensitivity measurement 
 

This section is focused on the development of a digital holography system for 

simultaneous dual-resolution measurements. Digital holography has been widely used for 

deformation measurements and non-destructive testing (NDT) due to its advantages of high 

sensitivity, high accuracy, and whole-field, non-touch measurements. This dissertation 

presents research on a novel digital holography system that achieves dual spatial resolution 

measurements simultaneously by testing different-sized fields of view with a single 

camera. The novel system has two optical channels with two optical layouts of holography 

to measure deformation. By changing the combined focus length, the two holographic 

setups have different fields of view, i.e., one has a large and the other has a small field of 

view. To realize a simultaneous test, the polarization technique is used to avoid cross-

interference between the two optical layouts. Finally, spatial carrier fringes with different 

orientations are introduced into the two holographic setups by appropriately adjusting the 

reference beam of each setup. The different oriented spatial carrier fringes enable the 

spectrums of the two interferograms to be separated after a FT (Fourier transform) and the 

phase distributions of the two interferograms can be extracted and separated by windowing 

the spectrum to perform an IFT (inverse Fourier transform). The phase distributions can 

then be used to analyze and calculate the deformations. The experiment using this system 
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is described in this paper and the practicability of this method is verified by the obtained 

experimental results. 

6.2 Introduction 

The digital holography interferometry technique is a non-contact, full-field, and 

highly sensitive optical measurement method. It is widely used in a variety of industrial 

areas, including the automotive and aerospace industries, for deformation/strain 

measurements and non-destructive testing (NDT) [100–105]. For this technique, one laser 

beam is split into two beams. One, called the object beam, illuminates the object’s surface, 

while the other, called a reference beam, goes to a reference object, such as a mirror. These 

two beams meet at the CCD and interfere with each other on the CCD plane to produce an 

interferogram. The intensities of the interferograms can be recorded by a digital camera 

before and after loading. A visible fringe pattern, also called a hologram, that includes the 

object deformation information can be obtained to subtract the different intensity 

information and obtain deformation due to the applied load [106–109]. 

Currently, most optical inspection systems use a single camera with a fixed field of 

view to record images, resulting in only one resolution being obtained per measurement. 

However, some small defects may also be found without increasing the spatial resolution 

by improving the stability and the contrast of phase maps and avoiding air disturbances 

and environmental vibrations by a real-time phase processing method with high-frequency 

synchronizing trigger technology [110]. A high-spatial-resolution setup in combination 

with this technology would be even better for measuring smaller defects. Usually, one-

resolution systems suffer from some disadvantages: (1) when measuring the deformation 

of an object with a strain concentration in some locations, the fringe pattern may be too 
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dense to be resolved by the measurement system, which can cause the measurement to fail; 

(2) when conducting non-destructive testing, small-sized inner defects may be ignored due 

to a low spatial resolution. Measurements using different spatial resolutions would be 

necessary to solve these issues. Usually, separate multiple tests are used to observe 

different-sized fields of view. However, this will not only increase the labor costs and 

testing time, but also complicate the measurement operation. Furthermore, multiple 

measurements may not be achievable in some cases. Therefore, if a measurement is not 

repeatable, a simultaneous du-al-resolution measurement system with different fields of 

view is helpful. To reach this goal, two optical channels with large and small fields of view 

are required to achieve a simultaneous dual spatial resolution measurement using one 

experimental setup. 

Research on simultaneous measurement with two-channel systems has been re-

ported, but almost all of the existing methods use the same spatial resolution, i.e., the same 

field of view, to measure two targets. Examples of these are listed as follows: (1) Two-

channel systems with the same spatial resolution which measure the first derivative in the 

x- and y- directions. In these systems, the two channels correspond to two shearographic 

systems, one in the x-shearing direction to measure the first derivative of deformation in 

the x-direction and one in the y-shearing direction to measure the first derivative of 

deformation in the y-direction. Three methods have been reported to separate the 

information from these two channels in the final results. The first one is to use a two-camera 

system to record the information of the two channels separately [111]. The second method 

is to observe different channels on one color camera using RGB channels in combination 

with different laser wavelengths [112]. The last method is to use one black/white camera 
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based on the polarization technology to avoid cross-interference [113,114]. These types of 

two-channel digital shearographic systems can be useful for NDT because some defects 

are sensitive to different directions of the first derivative of deformation. (2) The second 

example is a two-channel system with the same spatial resolution that simultaneously 

measures the deformation and its first derivative. For these systems, one channel is related 

to a holographic/electronic speckle pattern interferometry (ESPI) system and the other is 

related to a shearographic sys-tem [115–117]. Such kinds of systems are used if both the 

deformation and its derivative are needed at the same time. (3) Our last example is two-

channel systems with the same spatial resolution that simultaneously measure both out-of-

plane and in-plane strains. In these systems, one channel is used for an out-of-plane 

shearographic system and the other for an in-plane shearographic system [118,119]. They 

are usually utilized for 3D strain measurements.  

Another application of two-channel systems is to test only one measurement target, 

but with different spatial resolutions. A Sagnac interferometer-based digital shearography 

system has been reported by Boyang Zhang et al. [120]. They used a Sagnac 

interferometer-based optical layout to enable a dual spatial resolution shearography system 

to measure the first derivative of deformation. It was the first recorded report of a system 

that allows two shearograms, one for a large field of view and one for a small field of view, 

to be obtained simultaneously. The development of this technology advanced digital 

shearography for NDT. However, a deficiency of the developed technology is the 

phenomenon of spectrum aliasing because the two shearograms have the same shearing 

direction, e.g., in the x- shearing direction, and all the spectra lie on the x-axis. In 

shearography, the orientation and separation of the spectrum are determined by the 
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shearing direction and shearing amounts, respectively. Avoiding the spectrum aliasing of 

the two shearograms requires careful selection and adjustment of the shearing amount of 

the two channels, which complicates the measurement. Xiaowan Zheng reported an 

improved method to place one spectrum on the x-axis and the other on the y-axis to avoid 

the overlap [121]. However, this system is a two-target measurement, i.e., one channel 

measures the x-direction derivative and the other channel measures the y-direction 

derivative. In this dissertation, we will present a novel dual-spatial-resolution holographic 

system to measure deformation, which has a relatively simple optical setup and can easily 

separate the spectra from two channels. By changing the combined focus length, the two 

holographic setups can observe different fields of view, i.e., one has a large and the other 

has a small field of view. To realize a simultaneous measurement, the polarization 

technique is used to avoid cross-interference between the two optical layouts [122]. Finally, 

based on the spatial carrier frequency technique [123], the reference beam is adjusted to 

introduce a different carrier frequency to obtain the spatial carrier fringes with different 

orientations in one speckle pattern image captured from the two holographic setups. The 

different oriented spatial carrier fringes enable the spectra of the two interferograms to be 

easily separated after a FT (Fourier transform), thus overcoming the main deficiency of 

spectrum aliasing reported in the dual-spatial-resolution shearographic system. The phase 

distributions of the two interferograms can be extracted and separated by windowing the 

spectrum to perform an IFT (inverse Fourier transform). The phase distributions can then 

be used to analyze and calculate the deformations. Different applications will be presented, 

and the practicability of this method is verified by the obtained experimental results. 
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6.3. Principle and Method 

Our objective to develop a dual-resolution system is to obtain full and local 

measurement results simultaneously. To achieve these dual sensitive resolution, two 

different size fields of view are needed. Full field can be observed under the large field of 

view, local can be detected under the small field of view. 

Figure 6.1 shows an optical setup to achieve simultaneous dual-resolution 

sensitivity measurements. The setup consists of a holography system using the multiple-

carrier-frequency spatial-phase-shift method combined with the polarization technique. 

The laser beam is split by beam splitter 1 (BS1) into two beams, an object beam and a 

reference beam. The object beam goes to the object’s surface, then is expanded through a 

beam expander (BE). Here, L1 to L4 are lenses with different focus lengths. Lens 1 (L1) is 

the image lens. Lens 2 (L2) and Lens 3 (L3) have the same focal length and are used to 

enlarge the field of view [124-126]. Lens 4 (L4) can enlarge the image to obtain a small 

field of view. The aperture (AP), placed just before the image lens (L1), is used to control 

the speckle size and spectrum pattern size on the Fourier domain. Beam splitter 2 (BS2) 

and beam splitter 3 (BS3) are beam splitters with a 50:50 ratio.  Polarized beam splitter 1 

(PBS 1) is a polarized beam splitter which can generate two non-coherent polarized object 

beams. Polarized beam splitter 2 (PBS2) is used to obtain two non-coherent polarized 

reference beams. The quarter-wave plate (QWP) can convert linearly polarized light to 

circular polarized light. A single-mode optical coupler (SOC) 50:50 splitter is used to split 

the reference beam into two beams that are both circular lights.  
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Figure 6.1. Sketch of simultaneous dual-resolution measurement system. 

 

A frequency-doubled Nd: YAG laser (532 nm green) is used in the system. The 

laser is separated into an object beam and reference beam by using beam splitter 1 (BS1). 

The object beam is expanded by a beam expander (BE), and illuminates the object. The 

diffused object’s light is reflected from the object, which is a circular light represented by 

a black line, then goes through the aperture (AP), image lens (L1), and lens L2 before 

arriving at the PBS. Here, the object beam is divided into two non-coherent polarized 

beams represented in red and blue, respectively. The red beam, or S-polarized light, is 

reflected by the PBS and goes through L4. It is then reflected by Mirror 1 (M1) before 

going into PBS1 again. After being reflected by PBS1 and BS2, the light goes through L3 
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and BS3 and is received by the CCD camera. The blue beam, or P-polarized light, goes 

through PBS1, then is reflected by mirror 2 (M2) before going into PBS1 again. The light 

is reflected by BS2, then goes through L3 and BS3 before arriving at the CCD camera. 

The reference beam goes through a quarter-wave plate (QWP) and is converted into 

circular lights. It then goes into a single-mode optical coupler splitter fiber (OCS), in which 

the reference light is split into two identical circular lights represented by black lines. These 

two beams propagate through two optical fibers, then arrive at polarized beam splitter 2 

(PBS2). Here, these two circular lights are converted to two non-coherent polarized lights 

which are represented by red and blue lines. These two polarized reference beams are 

independent. Different carrier frequencies can be introduced by adjusting the reference 

beams separately. The red line, or S-polarized light, is reflected by PBS2 and goes into 

BS3, where it is reflected before being received by the CCD camera. The blue line, 

representing P-polarized light, goes through PBS2 and is reflected by BS3 before arriving 

at the CCD camera. Here, the blue, P-polarized object and reference beams interfere with 

one another, and the red, S-polarized object and reference beams interfere with one another.  

Through the design described above, the first two main goals of this research paper 

are been realized: (1) Two in-coherent holographic setups without cross-interference have 

been built in a multiplexed measurement setup, with each setup being independent and 

consisting of an object beam and reference beam which are split into two pairs of polarized 

beams; (2) the two optical channels have different fields of view, large and small. The red-

S-polarized light goes through one more lens (L4) than the blue-P-polarized light, and the 

fields of view between the two channels can be adjusted by the focus length of L4. Next, 
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we will discuss how to separate the measuring results from a single image recorded by one 

camera. 

The carrier frequency used to obtain the frequency shift on the Fourier domain can 

be introduced by adjusting the two reference beams to change the incident angle from the 

normal of the CCD plane. The hologram of the large field of view is generated by 

interference between the blue polarized object beam and reference beam, which both 

represent P-polarized light. The hologram of the small field view is also obtained through 

interference between the red polarized object beam and the red reference beam, both S-

polarized light. The holograms of the large and small fields of view are simultaneously 

recorded by the CCD camera in the form of an intensity difference.  

These two reference beams and two object beams’ wave fronts can be represented 

by Equations 6.1 to 6.4: 

𝑢௥ଵ = |𝑢௥ଵ(𝑥, 𝑦)| 𝑒𝑥𝑝{ 𝑖[2𝜋(𝑓ଵೣ
𝑥 + 𝑓ଵ೤

𝑦)]} 

6.1 

𝑢௥ଶ = |𝑢௥ଶ(𝑥, 𝑦)| 𝑒𝑥𝑝{ 𝑖[2𝜋(𝑓ଶೣ
𝑥 + 𝑓ଶ೤

𝑦)]} 

6.2 

𝑢௢ଵ = |𝑢௢ଵ(𝑥, 𝑦)| 𝑒𝑥𝑝[𝑖𝜙ଵ(𝑥, 𝑦)] 

6.3 

𝑢௢ଶ = |𝑢௢ଶ(𝑥, 𝑦)| 𝑒𝑥𝑝[𝑖𝜙ଶ(𝑥, 𝑦)] 

6.4 
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where 𝑢୰ଵ is the wave front of the red polarized reference beam, 𝑢୰ଶ is the wave 

front of the blue polarized reference beam, 𝑢௢ଵ is the wave front of the red polarized 

object beam, and 𝑢௢ଶ is the wave front of the blue polarized object beam. The values 𝑓ଵ௫, 

𝑓ଵ௬, 𝑓ଶೣ
, and 𝑓ଶ೤

 represent the components of the spatial frequency. 𝑓ଵೣ
 and 𝑓ଵ೤

 are 

introduced by angle 𝛼ଶ between the red polarized reference beam and the normal of the 

CCD plane, while 𝑓ଶೣ
 and 𝑓ଶ೤

 are introduced by angle 𝛽ଶ between the blue polarized 

reference beam and the normal of the CCD plane. These components can be expressed as 

Equations 6.5 to 6.8, where λ is the laser wavelength 

 

𝑓ଵೣ
=

𝑠𝑖𝑛𝛼ଶ௫

𝜆
 

6.5 

𝑓ଵ೤
=

𝑠𝑖𝑛𝛼ଶ௬

𝜆
 

6.6 

𝑓ଶೣ
=

𝑠𝑖𝑛𝛽ଶ௫

𝜆
 

6.7 

𝑓ଶ೤
=

𝑠𝑖𝑛𝛽ଶ௬

𝜆
 

6.8 
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The intensity image of both large and small fields of view can be recorded on the 

CCD camera simultaneously. 𝑢௥ଵ  and 𝑢௥ଶ , as well as 𝑢௢ଵ  and 𝑢௢ଶ , are non-coherent 

polarized lights. 𝑢௥ଵ  and 𝑢௢ଵ  are both S-polarized lights, represented by red lines, that 

interfere together to obtain the hologram for the small field of view, while 𝑢௥ଶ and 𝑢௢ଶ are 

P-polarized lights, represented by blue lines, that result in the hologram of the large field 

of view when they interfere with each other. The intensity recorded can be expressed as 

follows: 

𝐼ௌ = (𝑢௥ଵ + 𝑢௢ଵ)(𝑢௥ଵ
∗ + 𝑢௢ଵ

∗) = 𝑢௥ଵ𝑢௥ଵ
∗ + 𝑢௢ଵ𝑢௢ଵ

∗ + 𝑢௥ଵ𝑢௢ଵ
∗ + 𝑢௢ଵ𝑢௥ଵ

∗ 

6.9 

𝐼௅ = (𝑢௥ଶ + 𝑢௢ଶ)(𝑢௥ଶ
∗ + 𝑢௢ଶ

∗) = 𝑢௥ଶ𝑢௥ଶ
∗ + 𝑢௢ଶ𝑢௢ଶ

∗ + 𝑢௥ଶ𝑢௢ଶ
∗ + 𝑢௢ଶ𝑢௥ଶ

∗ 

6.10 

𝐼 = 𝑢௥ଵ𝑢௥ଵ
∗ + 𝑢௥ଶ𝑢௥ଶ

∗ + 𝑢௢ଵ𝑢௢ଵ
∗ + 𝑢௢ଶ𝑢௢ଶ

∗ + 𝑢௥ଵ𝑢௢ଵ
∗ + 𝑢௢ଵ𝑢௥ଵ

∗ + 𝑢௥ଶ𝑢௢ଶ
∗ + 𝑢௢ଶ𝑢௥ଶ

∗ 

6.11 

The * denotes the complex conjugate of 𝑢௥ଵ, 𝑢௥ଶ, 𝑢௢ଵ, and 𝑢௢ଶ. 𝐼ௌ and 𝐼௅ are the 

intensity of the small field of view and the large field of view, respectively, while 𝐼 is the 

total intensity recorded by the CCD camera. The intensity image is converted to the Fourier 

domain to obtain the phase information by applying a Fourier transform to 𝐼. Equation 6.11 

is transformed into the following form: 
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FT(𝐼) = 𝑈௥ଵ ⊗ 𝑈௥ଵ
∗ + 𝑈௥ଶ ⊗ 𝑈௥ଶ

∗ + 𝑈௢ଵ ⊗ 𝑈௢ଵ
∗ + 𝑈௢ଶ ⊗ 𝑈௢ଶ

∗ + 𝑈௥ଵ ⊗ 𝑈௢ଵ
∗ + 𝑈௢ଵ

⊗ 𝑈௥ଵ
∗ + 𝑈௥ଶ ⊗ 𝑈௢ଶ

∗ + 𝑈௢ଶ ⊗ 𝑈௥ଶ
∗ 

6.12 

Here ⊗ is the convolution operation, 𝑈௥ଵ = FT(𝑢௥ଵ), 𝑈௥ଶ = FT(𝑢௥ଶ), 𝑈௢ଵ =

FT(𝑢௢ଵ), and 𝑈௢ଶ = FT(𝑢௢ଶ). 

Here ⊗ is the convolution operation, 𝑈௥ଵ = FT(𝑢௥ଵ), 𝑈௥ଶ = FT(𝑢௥ଶ), 𝑈௢ଵ =

FT(𝑢௢ଵ), and 𝑈௢ଶ = FT(𝑢௢ଶ). 

Figure 3 shows a sketch of the Fourier spectrum of the intensity images. Five 

spectra are distributed on the Fourier domain, corresponding to the eight terms in Equation 

6.12. Sections A contains 𝑈௥ଵ ⊗ 𝑈௥ଵ
∗ + 𝑈௥ଶ ⊗ 𝑈௥ଶ

∗ + 𝑈௢ଵ ⊗ 𝑈௢ଵ
∗ + 𝑈௢ଶ ⊗ 𝑈௢ଶ

∗, which 

are low-frequency components that represent the background in the spatial domain. 

Sections B and C represent the 𝑈௥ଶ ⊗ 𝑈௢ଶ
∗  and 𝑈௢ଶ ⊗ 𝑈௥ଶ

∗  parts, respectively, which 

contain information of the hologram for the large field of view. Sections D and E represent 

the 𝑈௥ଵ ⊗ 𝑈௢ଵ
∗ and 𝑈௢ଵ ⊗ 𝑈௥ଵ

∗ parts, respectively. These two parts contain information 

of the hologram for the small field of view. 
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Figure 6.2. Sketch of the Fourier spectrum. 

 

𝑢௢ଵ𝑢௥ଵ
∗ can be obtained by employing an inverse Fourier transform to window the 

spectrum of 𝑈௢ଵ ⊗ 𝑈௥ଵ
∗ . Similarly, 𝑢௢ଶ𝑢௥ଶ

∗  can be obtained using the same method. 

These results are shown in the following equations: 

𝜙ଵ(𝑥, 𝑦) − 2𝜋 ቀ𝑓ଵೣ
𝑥 + 𝑓ଵ೤

𝑦ቁ = 𝑡𝑎𝑛ିଵ
Im[𝑢௢ଵ𝑢௥ଵ

∗ ]

Re[𝑢௢ଵ𝑢௥ଵ
∗ ]

 

6.13 

𝜙ଶ(𝑥, 𝑦) − 2𝜋 ቀ𝑓ଶೣ
𝑥 + 𝑓ଶ೤

𝑦ቁ = 𝑡𝑎𝑛ିଵ
Im[𝑢௢ଶ𝑢௥ଶ

∗ ]

Re[𝑢௢ଶ𝑢௥ଶ
∗ ]

 

6.14 

Using the same method, after the object deforms, the distribution of an additional 

two phases can be obtained, as described in the following equations: 
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𝜙ଵ
ᇱ(𝑥, 𝑦) − 2𝜋 ቀ𝑓ଵೣ

𝑥 + 𝑓ଵ೤
𝑦ቁ = 𝑡𝑎𝑛ିଵ

Im[𝑢௢ଵ𝑢௥ଵ
∗ ]

Re[𝑢௢ଵ𝑢௥ଵ
∗ ]

 

6.15 

𝜙ଶ
ᇱ(𝑥, 𝑦) − 2𝜋 ቀ𝑓ଶೣ

𝑥 + 𝑓ଶ೤
𝑦ቁ = 𝑡𝑎𝑛ିଵ

Im[𝑢௢ଶ𝑢௥ଶ
∗ ]

Re[𝑢௢ଶ𝑢௥ଶ
∗ ]

 

6.16 

The relative phase difference in the large and small fields of view due to a 

deformation resulting from an applied load can then be calculated as follows: 

∆𝜙ௌ = 𝜙ଵ
ᇱ(𝑥, 𝑦) − 𝜙ଵ(𝑥, 𝑦) 

6.17 

∆𝜙௅ = 𝜙ଶ
ᇱ(𝑥, 𝑦) − 𝜙ଶ(𝑥, 𝑦) 

6.18 

Through the operation described above, our last goal, i.e., to separate the phase 

information from the two holographic setups recorded in a single image by a Fourier 

transform and inverse Fourier transform, is attained, and the deformations of the large and 

small fields of view resulting from the applied load can then be calculated by the 

determined phase distribution. It should be emphasized that the direction of the carrier 

frequency in the holographic system determines the orientation of the spectrum of the 

hologram after the Fourier transform. A special advantage of holography is that a direction 

change in the carrier frequency can easily be implemented by adjusting the incident angle 
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of the reference beams; therefore, the spectrum aliasing reported in the shearographic 

system can be solved easily in the dual-channel holographic system. 

6.4. Experiments and Results 

Figure 6.3 shows a simultaneous dual-spatial-resolution digital holography 

measurement system. This system utilizes a Verdi G5 laser as well as a 2453 × 2056-pixel 

grayscale CCD camera. The pixel sizes of the CCD camera in the horizontal direction and 

the vertical directions are both 3.45 µm. L1, L2, L3, and L4 are the lenses. The focal lengths 

of the imaging lens, L1, is 35 mm (f1 = 35 mm). The focal lengths of L2 and L3, placed 

on the two sides of the beam splitter, are 100 mm (f2 = f3 = 100 mm), and the focal length 

of L4 is 150 mm (f4 = 150 mm). The normal beam splitter and polarized beam splitter both 

have split ratios of 50:50. The single-mode optical coupler splitter is 50:50. 

The measurement procedure is as follows: (1) to take an image before the loading, 

(2) to load the object, and (3) to take an image again after the loading, then, to conduct an 

evaluation of the measured result by Fourier and inverse Fourier transforms. The time for 

the measurements is determined by steps 1 to 3. Taking two images requires just dozens of 

milliseconds and the loading can be conducted within dozens of seconds, therefore, the 

whole measurement can be performed within one minute.  
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Figure 6.3. Experiment setup. 

 

A 100 × 100 mm square aluminum plate was tested to verify the feasibility of the 

method. The plate was fixed along its four edges. A screw micrometer was used to apply a 

load to the center of the plate, and images before and after loading were captured for 

evaluation. A spectrum distribution was obtained, as shown in Figure 6.4a, by applying a 

FT. Then two holograms of two resolutions, as shown in Figure 6.4b,6.4c, were obtained 

by using an IFT to obtain the phase information and subtracting the phase value before and 

after loading. 
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Figure 6.4. Schematic of spectrum of speckle pattern image: (a) is the spectrum, (b) is the 
hologram of large field of view, and (c) is the hologram of small field of view. 

 

To verify the functionality of the digital holography system presented in this paper, 

an NDT application was performed on a round aluminum plate with a small-sized defect 

inside. The round plate had a thickness of 10 mm and was fixed on a 150 mm diameter 

sealed chamber. The sealed chamber was connected to a vacuum to load the round plate. 

The defect was a small circle with an 8 mm diameter and 0.6 mm of thickness to the surface. 

A 10 KPa pressure difference was applied to detect the defect, the result of which is shown 

in Figure 6. From the image, we can find that the whole area can be observed using the 

large field of view, but, as shown in Figure 6.5a, the small-sized defect may be ignored. 

However, the small-sized defects can be found under the small field of view, as shown as 

Figure 6.5b.  
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Figure 6.5. Hologram with defect using different field of view sizes. (a) Hologram 

of large field of view, (b) Hologram of small field of view. 

 

Another deformation test was completed using this system and a defect-free square 

aluminum plate. The plate was fixed all around with screws, and the plate size was 100 × 

100 mm. Figure 7 shows the phase map for the large field of view and small field of view, 

respectively. A load was applied at the center of the plate by a screw micrometer. Under 

the large field of view, the phase map, shown in Figure 7a, was very unclear because the 

large magnitude of the load caused the fringes to be too dense; as a result, it cannot be used 

to calculate the deformation. However, under the small field of view, the phase map, shown 

in Figure 7b, was clearer and could be used to calculate the deformation. 

 

 

Figure 6.6. Phase map under large and small fields of view. (a) Phase map of large field 
of view, and (b) Phase map of small field of view. 
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6.5. Discussion 

6.5.1. Adjustment of the System 

Figure 6.7 shows the optical layouts of the two holographic setups. Figure 8a shows 

the setup for the large field of view and the Figure 8b shows the setup for the small field 

of view. The difference between them is L4, as L4 is introduced to enlarge the image to 

obtain the small field of view. The size of the small field of view can be changed by 

adjusting the position and changing the focus length of L4, and while the size of the large 

field of view can be adjusted by adjusting the position and changing the focus length of 

L1. 

 

  

Figure 6.7. Sketch of two optical channels for two fields of view. (a) Optical 
channel for large field of view, and (b) Optical channel for small field of view. 

 

The image with the large field of view must be adjusted first to make both of the 

different fields of view form clear images on the image plane. Adjusting the image with 

the large field of view is relatively easy. Adjusting the image with the small field of view 
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on the same image plane is more challenging. It can be performed by adjusting the position 

of L4 in combination with that of mirror 1. Thus, it is important that mirror 1 should be 

able to be moved in the left and right directions. 

6.5.2. Separate the Spectrums 

After adjusting the two images with different fields of view into clear images on 

the image plane, it is also very important to adjust the reference beam of the two 

holographic setups to appropriate incident angles and planes. This is performed by 

introducing carrier fringes into the holograms. The two spectra transferred from the 

intensity images of the holograms should be separated to obtain good-quality phase maps. 

The orientation of the spectrum is determined by the direction of the carrier frequency. The 

advantage of the holographic system is the ease in changing the directions of carrier 

frequency; changing the direction is performed by adjusting the plane of the incident angle 

of the reference beam. The directions of the two carrier fringes should be checked before 

the Fourier transform is conducted. They should be orientated in different directions with 

a separation of at least 30 degrees. Figure 6.8 shows an ideal adjustment, in which the 

separation of the directions of the two carrier fringes is almost 90 degrees, resulting in two 

perfect mutually perpendicular spectrums. The phase distributions of the two holograms 

can then be easily separated by the inverse Fourier transform.  
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Figure 6.8. (a) Intensity image of an interferogram with carrier fringes, the area of 
the rectangle is magnified to show the carrier fringe. (b) Distribution of the spectrum. 

 

The size of the aperture of the camera is also important. A big aperture size leads 

to more light intensity going through the lens, allowing a relatively large object to be tested. 

This is desired in practical applications. However, a big aperture size results in a small 

speckle size. According to the sampling theorem, the speckle size should cover at least two 

pixels theoretically [128] and two to three times more practically, or at least four to six 

pixels [129]. Therefore, the aperture of the camera cannot be too big. Two adjustments can 

be performed to ensure a good measuring result with the small aperture: (1) enhancing the 

laser power to increase the light intensity to allow a relatively small aperture size to be 

used, and (2) using a CCD camera with a high resolution that has a relatively small pixel 

size to allow speckling, which results in covering more pixels. 
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6.6. Chapter summary 

A multiplexed holographic system for simultaneous dual-spatial-resolution 

measurements of deformation is presented in this paper. The main innovation of our 

research is we are the first to enable the digital holographic system to take simultaneous 

measurements with both the large and small fields of view and to observe whole-field 

deformations as well as local information, such as in the areas of strain concentration. The 

developed system is beneficial for deformation and strain measurements as well as for non-

destructive testing, especially if the loading is not repeatable. The polarization technique is 

used to obtain two polarized holographic setups with two different-sized fields of view, 

large and small, by changing the combined focus length. The phase distributions of two 

holograms have been successfully extracted from one image containing two holograms 

recorded by a single camera through the spatial carrier fringes’ phase shift method. The 

optical setup is relatively simple and the spectrums of two holograms can be separated 

easily by adjusting the orientation of the carrier fringes. This along with the good 

measurement results obtained from the setup increase its utility for practical applications. 

The special advantage of the system developed is its capability to perform simultaneous 

and dual-resolution measurements. This is particularly meaningful for some experiments 

which cannot be repeated; additionally, this can also lead to reduced labor and time costs 

associated with testing. The experiments conducted have demonstrated that the developed 

system is an effective tool to measure both whole and local information, especially in cases 

in which more detailed information is required for areas with a strain concentration and in 

cases in which smaller defects need to be found. 
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CHAPTER SEVEN 

CONCLUSION 
 
 
 

Spackle interferometry measurement technology is an optical detection method that 

offers advantages such as full-field, high sensitivity, high accuracy, and non-contact 

capabilities. After decades of development, this technology now mainly comprises digital 

holography and digital shearography techniques. These two methods have found 

widespread applications in aviation, automotive, and industrial sectors for deformations or 

stress detection in advanced materials and non-destructive testing. 

Typically, electronic scatter interferometry measurements are performed at a fixed 

spatial resolution for each measurement. However, this single-resolution detection system 

has the following drawbacks: 

When measuring the deformation of objects with strain concentration at specific 

locations, the fringe patterns may become too dense for the measurement system to handle, 

leading to measurement failures. 

In non-destructive testing, low spatial resolution may overlook small-sized internal 

defects. 

Therefore, using measurements with different spatial resolutions is an effective 

approach to address these issues. Usually, this involves multiple separate tests to observe 

different spatial resolutions, which not only increases labor and testing time but also 

complicates the measurement process. Additionally, in some cases, multiple measurements 

may not be feasible. 
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This dissertation primarily focuses on synchronized dual-resolution measurements. 

Firstly, it establishes two independent optical channels using polarization techniques to 

simultaneously observe two different-sized fields of view, achieving dual resolutions by 

observing these different-sized fields. Then, it introduces spatial carrier techniques to 

introduce carriers of different frequencies, transforming the intensity information that 

overlaps into spectrum distributions separated by different carriers in the spatial domain 

through Fourier transformation. Subsequently, it extracts scatter phase information from 

the separated spectra through inverse Fourier transformation, enabling synchronized dual-

resolution measurements. 

Based on these key technologies, this thesis primarily concentrates on proposing a 

novel holography system. It is the first to utilize digital holography technology to achieve 

synchronized dual spatial sensitivity measurements. Furthermore, this thesis enhances a 

shearography system, addressing the issue of spectrum distribution only along the x-axis, 

which leads to overlap, and increasing the number of parameters that can be simultaneously 

detected. 

However, both systems still have some issues. For the shearography system, the 

optical path design is complex, and it involves the use of multiple optical devices leading 

to a decrease in optical intensity. As for the holography system, the use of two sets of 

polarization optics results in significant energy loss, leading to lower precision in 

experimental results. Additionally, its resistance to interference is inferior to the 

shearography system. 
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In future research work, emphasis should be placed on addressing these 

shortcomings. This includes simplifying system design, reducing optical energy loss, 

improving detection precision, and enhancing interference resistance. 
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