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Abstract: Three dimensional(3D) displacements, which can be translated further into 3D strain, are key parameters for design, 
manufacturing and quality control. Using different optical setups, phase-shift methods, and algorithms, several different 3D electronic 
speckle pattern interferometry(ESPI) systems for displacement and strain measurements have been achieved and commercialized. This 
paper provides a review of the recent developments in ESPI systems for 3D displacement and strain measurement. After an overview of 
the fundamentals of ESPI theory, temporal phase-shift, and spatial phase-shift techniques, 3D deformation measurements by the 
temporal phase-shift ESPI system, which is suited well for static measurement, and by the spatial phase-shift ESPI system, which is 
particularly useful for dynamic measurement, are discussed. For each method, the basic theory, a brief derivation and different optical 
layouts are presented. The state of art application, potential and limitation of the ESPI systems are shown and demonstrated. 
 
Keywords: electronic speckle pattern interferometry(ESPI), three dimensional displacement and strain measurement, static loading,  
          dynamic loading, phase-shift technology 
 
 

 
1  Introduction∗ 

 
Three dimensional(3D) displacements, which can be 

translated further into 3D strain and stress, are the key 
parameter for design, manufacturing and quality control. 
Due to rapid development of the manufacturing industry, 
especially for automobile and aerospace applications, rapid 
and optimization design concepts have already been widely 
accepted. These concepts all require the support of rapid 
and high sensitive measurement of 3D displacements[1–7].  

The traditional technique for displacement and strain 
measurement is the resistance strain gauge method. Though 
it is still used by the industry due to its simplicity, it is a 
contact method which only provides point to point data. 
Results may be incorrect for an area where there is a strain 
concentration because of its low spatial resolution. 
Furthermore, the preparation of strain gauge measurement 
is time consuming. Therefore, advanced optical methods, 
due to their non-contact, full field characteristics, and high 
measurement sensitivity, have been widely accepted as 
displacement and strain measurement tool in industry[8–9]. 
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Of these methods, electronic speckle pattern interfere- 
ometry(ESPI) is the most sensitive and accurate method for 
full-field 3D displacement measurement[10–12]. 

ESPI measures displacement by evaluating the phase 
difference of two recorded speckle interferograms under 
different loading conditions. Combined with a phase shift 
technique, ESPI systems can measure the 3D displacement 
with dozens of nanometer level sensitivity. Cataloged by 
measurands, ESPI systems can be characterized as either 
out-of-plane, which measure the out-of-plane displacement 
w (displacement in the z-coordinate direction), or in-plane, 
which measures the in-plane displacement u (displacement 
in the x-coordinate direction) or v (displacement in the 
y-coordinate direction). For 3D measurement, all u, v, and 
w data are measured under a single loading. Different kinds 
of 3D measurement systems have been invented using 
different combinations of out-of-plane and in-plane setups. 
Cataloged by the phase extracting method, ESPI systems 
can be divided into fringe pattern ESPI systems, which 
were used in the early ages of ESPI, temporal phase shift 
ESPI systems, which are mainly suited for static or quasi 
static loading, and spatial phase-shift ESPI systems, which 
are suited well for dynamic loading[8–16]. By combining 
different measurands and phase extracting methods, a 
variety of ESPI systems exist for 3D displacement 
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measurement, and some of them have already been 
commercialized for real industry applications[16–18]. 

This paper provides a review of different approaches for 
3D ESPI systems to measure 3D displacements. Section 2 
provides an overview of the basic fundamentals of ESPI 
theory. Section 3 reviews the temporal phase-shift ESPI 
systems, which are the most widely used systems for 3D 
static displacement measurement. Section 4 discusses the 
spatial phase-shift ESPI system, which is specially 
designed for 3D dynamic displacement measurement. Basic 
theory and brief derivation are presented, and the potential 
capacities and limitations of ESPI systems for displacement 
measurement are discussed in detail. 

 
2  Basic Principle of ESPI for Displacement 

Measurement 
 
In optical interferometry, a phase difference is related to 

a displacement component. The fundamental of ESPI for 
measuring displacement components is to measure the 
relative phase difference between the object and reference 
beams[8]. This gives two key points of an ESPI system for 
displacement measurement: (1) Using different optical 
arrangements, ESPI systems can measure different 
displacement components; (2) Many technologies, through 
the use of a number of different phase evaluation 
algorithms, can be utilized to calculate the relative phase 
difference. A variety of ESPI systems have been invented 
and applied in real applications due to the combination of 
these two points[8–15]. 

In this section, the basic theory of ESPI is presented. 
First, a simple ESPI setup which measures out-of-plane 
displacement is discussed. Then an in-plane ESPI setup 
with two directional illuminations is shown. Finally, the 
fundamental configuration and theory for three dimensional 
displacement using ESPI are illustrated.  

 
2.1  Out-of-plane displacement measurement 
     using ESPI 

Fig. 1 shows an ESPI setup for out-of-plane 
displacement measurement[8, 10].  A laser is split by a beam 
splitter into two beams: a reference beam and an object 
beam. The object beam goes through a beam expander to 
illuminate the object with an angle to the observation 
direction. The defused light reflected by the object is 
collected by a lens and imaged on the CCD camera. The 
reference beam is reflected by a cube beam splitter and 
reaches the CCD plane.  The interference between the 
reference beam and object beam generates a speckle 
interferogram, also called a speckle pattern[8].  
  The object beam wave front and reference beam wave 
front can be expressed as follows: 
 

o o oexp(i ),U a φ         (1) 
 

r r rexp ),(iU a φ                (2) 

where Uo and Ur represent the object beam wave front and 
reference beam wave front, and φo and φr represent the 
phase of the object beam and reference beam, respectively. 
The intensity of the speckle pattern recorded on the CCD 
camera can be written as 

 

o
2 2

o r r o oo r r r)( )( 2 cos(* ).I U U U U a a a a φ φ        
          (3) 

 

 
Fig. 1.  ESPI setup for out-of-plane displacement measurement 

 
The phase difference between the object beam and 

reference beam can be defined as o r .θ φ φ   Eq. (3) can 
be rewritten as 

 
  0 (1 cos ),I I γ θ          (4) 

 
where I0(ao

2+ar
2) is the background and γ = [2aoar/ 

(ao
2+ar

2)] is the contrast. After the object is deformed, the 
intensity recorded on the CCD camera becomes 

 
  0[1 cos( )],I I γ θ           (5) 

 
where ∆, which denotes the relative phase difference of the 
speckle patterns before and after loading, can be expressed 
as 
 

o r o r o o r r o o( ) ( ) ( ) ( ) ,∆ φ φ φ φ φ φ φ φ φ φ               
        (6) 

 
where oφ  and rφ   represent the phase of the object beam 
and reference beam after loading. In the setup shown in Fig. 
1, the phase difference of the reference bean r rφ φ does 
not change due to the loading.  Therefore, the relative 
phase difference ∆ in this setup is equal to the phase 
difference of object beam o oφ φ . 

The relative phase difference ∆ results from a 
displacement caused by an applied loading. The 
relationship between the relative phase change ∆ and 
displacement can be written as 

    
2 2  ∆
λ λ

 d sπ π
 ( + + ),Au Bv Cw    (7) 
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where d(u, v, w) represents the displacement vector, 
where u and v are the in-plane components of the 
displacements in the x and y direction, respectively, and w 
is the out-of-plane component of the displacement. The 
sensitivity vector s can be expressed as s(A, B, C)T  
kiko. Here, ki and ko are the unit vectors in the 
illumination and observation direction, respectively, and A, 
B, C are the sensitivity parameters. For the out-of-plane 
displacement measurement setup shown in Fig. 1, if the 
camera and the illumination source are located in the xoz 
plane and the angle between the illumination and the 
observation directions, known as illumination angle, is α, 
then the sensitivity vector s becomes (sinα, 0, 1+cosα)T. 
The relationship in Eq. (7) can then be expressed in 
Polynomial form: 

 
2π [ sin (1 cos )].u w∆ α α
λ

     (8) 

 
If the camera and illumination source are located in the yoz 
plane, then Eq. (8) becomes 

 
2π [ sin (1 cos )].v w∆ α α
λ

     (9) 

 
If α is set to zero, the relationship between the out-of-plane 
displacement and the relative phase difference ∆ can be 
simplified as 

 
4π w∆
λ

  .     (10) 

 
Eq. (10) shows that, with zero illumination angle in the 
optical arrangement shown in Fig. 1, the out-of-plane 
displacement can be directly evaluated by measuring the 
relative phase difference ∆ in the speckle interferometry. 

 
2.2  In-plane displacement measurement using ESPI 

Fig. 2 shows a typical dual-beam ESPI setup for in-plane 
displacement measurement. Also known as a dual-beam 
illumination system, the two illumination beams illuminate 
the object symmetrically[14, 19, 21].  

 

 
Fig. 2.  Typical ESPI setup for in-plane displacement 

measurement 

In this setup, the relative phase difference ∆ shown in Eq. 
(6) becomes 

 
1 2 1 2 1 2( ) ( ) ,∆ φ φ φ φ ∆ ∆            (11) 

 
where φ1, φ2 and 1φ  , 2φ   represent the phase of beam 1 and  
beam 2 before and after loading, respectively. For the setup 
shown in Fig. 2, assume the illumination angle is +α for 
beam 1, and the illumination angle for the beam 2 is –α. 
Applying Eq. (8) for illumination beams 1 and 2, and 
assuming the laser source and CCD camera are located in 
the XOZ plane, the relative phase difference Δ of Eq. (11) 
becomes 

  1 2
4π  (sin ) .uα
λ

         (12) 

If the laser source and CCD camera are oriented in the YOZ 
plane, the relative phase change can be written as 

   4π  (sin ) .vα
λ

         (13) 

Eqs. (12) and (13) show that the in-plane displacement (u 
or v) can be directly evaluated by measuring the relative 
phase difference ∆ of a dual-beam illumination ESPI 
System. 

 
3  3D Displacement Measurement Using 

ESPI Systems for Static Loading 

  Eqs. (10), (12) and (13) show that the ESPI system is 
capable of determining both in-plane and out-of-plane 
displacements. The key point in determining these 
displacements is how to measure the relative phase 
difference ∆. In the early ages of ESPI, ∆ was measured 
from direct subtraction of Eq. (4) from Eq. (5), which gives 
a fringe map. The phase difference can then be determined 
using the fringe orders. This is known as the fringe map 
approach. In this approach, the resolution for measuring 
phase difference is 2π. Later, this method was replaced by 
phase shift techniques, which increased the measurement 
sensitivity and resolution tenfold or more. Different phase 
shift techniques have been developed in the last two 
decades. They can be classified as two types: the temporal 
phase shift technique, which is mainly suited for static 
measurement, and the spatial phase shift technique, which 
is mainly suited for dynamic measurement. This section 
will review the temporal phase-shift technique for 3D 
displacement measurement. A 44 temporal phase shift 
technique is introduced, as it is the most commonly used 
algorithm in the temporal phase shift ESPI system. Then, 
three different approaches to achieve 3D displacement 
measurements are illustrated. Cataloged by different 
algorithms to determine the three displacement components, 
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these approaches are known as follows: (1) multiple 
out-of-plane setup approach[8, 6, 5], (2) out-of-plane and 
in-plane combined setup approach[8, 6, 7], (3) speckle pattern 
correlation approach[28–31]. 
 
3.1  Brief review of temporal phase shift technique 

As mentioned above, measuring ∆ is the key point to 
determining the displacement. Eqs. (4) and (5) show that 
there are three unknowns in the quantitatively recorded 
intensity equation, which are the background I0, the 
contrast γ, and the phase distribution θ. Therefore, at least 
three linearly independent equations are needed to 
determine the phase distribution in Eq. (4) or Eq. (5). The 
temporal phase shift technique was developed to solve this 
problem[21–24]. Different research groups have developed 
several algorithms, such as 33, 44, 55, and NN 
algorithms. However, the main idea of each algorithm is 
similar: to solve the phase distribution from multi intensity 
equations by recording multi-intensity images in a time 
series. Because multiple images are required at each 
loading condition, the technology is mainly suited for 
displacement measurement with a static loading. 

Usually, a piezoelectric transducer(PZT) is utilized in 
ESPI setups as a phase shift component. A PZT can quickly 
move an accurate distance under a certain applied voltage. 
This enabled researchers to introduce a known phase shift 
to the optical path through step-by-step phase shifting and 
record multiple intensity maps with a given phase change. 
For example, for the most commonly used 44 temporal 
phase-shift algorithm, the PZT driver moves with a mirror 
in reference beam by four steps before loading, then moves 
another four steps after loading. For each step, the mirror 
moves a certain distance which corresponds to a phase 
change of π2. 

Before loading, four intensity maps are recorded by the 
four step phase shift: 

 
1 0

2 0 0

3 0 0

4 0 0

 [1  cos  ],

 1  cos    [1 sin ],

 [1  cos  ( )]  [1 cos ],

1  c

π
2

π

3π
2

os    [1  sin ],

I I

I I I

I I I

I I I

γ θ

γ θ γ θ

γ θ γ θ

γ θ γ θ

                                       

   (14) 

 
where γ is the contrast, and θ is the phase difference 
between the object beam and reference beam. 

Solving Eq. (14) for θ results in the following 
expression: 

 

4 2

1 3
 ( , )  arctan .

I Ix y
I I

θ
        

        (15) 

 
In the same sense, four intensity maps 1I  , 2I  , 3I   and 

4I   after loading are recorded and the corresponding phase 
difference θ is given by 

4 2

1 3
( , ) arctan .

I Ix y
I I

θ
          

        (16) 

By subtracting Eq. (15) from Eq. (16) and considering 
that the phase differences are phase maps of modulus 2π, 
the relative phase difference due to a loading can be 
determined by Eqs. (17) and (18): 

 
  ( , ) ( , ) ( , ) [if ( , ) , ]( ) ,x x y x yy x y x y∆ θ θ θ θ    (17) 

 
 ( , ) ( , ) ( , ) 2  (if ( , ) ( , )).x y x y x y x y x y∆ θ θ θ θπ      
          (18) 
 
Theoretically, for the temporal phase-shift technique, 

information from a 3 step phase shift is enough to evaluate 
the relative phase difference. However, the 4+4 temporal 
phase-shift algorithm is used more widely due to its simple 
calculation relationship, and the 5+5 algorithm is more 
accurate for the phase calculation. 

The ESPI system’s sensitivity increases tenfold or more 
by introducing a temporal phase-shift into the system. 
However, at the same time, the step shift also slows down 
the measurement speed, limiting its application mainly to 
static measurement. To overcome this disadvantage, several 
fast temporal phase shift algorithms, such as 41 and 31 
algorithm, have been reported. However, those algorithms 
are all based on strong assumptions, such as the 
background and contrast of the speckle patterns before and 
after loading must be constant. The algorithms increase the 
measurement speed, but lower the phase map quality[18–20]. 
The most suitable approach to solving dynamic 
displacement problems is still the spatial phase shift 
method, which will be discussed in section 4. 
 
3.2  Multiple out-of-plane setups approach 

 
3.2.1  Three out-of-plane setup system 

Eq. (7) shows a general relationship between the relative 
phase difference ∆ and the displacements u, v, and w. A, B, 
and C are the sensitivity factors and can be determined if 
the positions of the lasers and camera are known. In this 
equation, only the relative phase difference ∆ is known 
(determined either by the phase shift technique or fringe 
map approach), and u, v, and w are the three unknowns we 
want to determine. The most straight forward approach to 
solve for the 3 displacement components is to setup three 
ESPI setups with different illumination angles and one 
camera for observation. In combination with three switches, 
three speckle interferograms can be determined with 
different measurement sensitivity under a single loading. 
This approach was first reported by SHIBAYAMA K and 
UCHIYAMA H in 1971[25]. 

Fig. 3 shows the schematic of an ESPI system for 3D 
displacement measurement using three directional 
measuring systems. Each directional system uses an 
out-of-plane displacement measurement setup. An object 
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beam is used for illumination, and the reflected light meets 
with the reference beam in the image plane of the CCD 
camera. 
 

 
Fig. 3.  3D displacement measurement using 

 three out-of-plane ESPI system 
 

For each single illumination direction, one equation can 
be derived based on Eq. (7), resulting in a total of three 
linearly independent formulas: 

 

1 1 1 1
2 2 ( + + ),gL A u B v C w∆
λ λ
π π
∆  , 

2 2 2 2
2 2 ( + + ),gL A u B v C w∆
λ λ
π π
∆       (19) 

3 3 3 3
2 2 ( + + ).gL A u B v C w∆ ∆
λ λ
π π

   

 
Eq. (20) shows Eq. (19) in matrix form: 
 

1 1 11

2 2 2 2

3 3 3 3

2π
A B C u
A B C v

wA B C
λ

                         





.      (20) 

 
The three displacement components u, v and w can be 

evaluated by solving Eq. (20): 
 

1
1 1 1 1

2 2 2 2

33 3 3

2π

A B Cu
v A B C
w A B C

λ

                                    





.    (21) 

 
This type of 3D displacement measurement system is the 

most straight forward way to measure 3D displacement 
using ESPI. However, due to the complexity of inverting 
matrices, it is not commonly used for 3D displacement 
measurement. 

 
3.2.2  Four out-of-plane setup system 

The four out-of-plane setup system utilizes four separate 
out-of-plane ESPI measurement setups. The four 
interferometers are arranged in special orientations, e.g., 
two are arranged left and right of the camera and the other 

two at up and down side of the camera with an equal but 
opposite illumination angle. Each illumination direction has 
its own reference beam, as shown in Fig. 4, to measure the 
3D displacements. 

 

 
Fig. 4.  Illumination arrangement for four  

out-of-plane setup  
 

Applying Eqs. (8) and (9) to each single interferometer, 
an equation group can be obtained: 

 

   1
2 sin 1 cosv w∆ α α
λ
π      , 

    for yoz illumination plane, top,      (22a) 
 

   2
2 sin 1 cosu w∆ α α
λ
π      , 

    for xoz illumination plane, right,     (22b) 
 

    3
2 sin( ) 1 cos( )v w∆ α α
λ
π

     , 

    for yoz illumination plane, bottom,  (22c) 
 

   4
2 sin( ) 1 cos( )u w∆ α α
λ
π        . 

    for xoz illumination plane, left.     (22d) 
 
Through phase map subtraction and addition, the three 

displacement components u, v and w can be evaluated by 
 

1 3
4 ∆ ∆
λ

 
π (sin )vα ,       (23a) 

  

2 4
4 ∆ ∆
λ

 
π (sin )uα ,       (23b) 

 

1 3
4 ∆ ∆
λ

 
π (1 cos )wα ,     (23c) 

 

2 4
4 ∆ ∆
λ

 
π (1 cos )wα .    (23d) 
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A commercial 3D Electronic Speckle Pattern 
Interferometer system, called Q-100, has been designed by 
Dantec Dynamics based on this theory. This system is 
miniaturized and can be attached to the testing object which 
can eliminate the influence of rigid body movement[8,13].  

  
3.3  Out-of-plane and in-plane setup 
     combined approach 

A multiple Out-of-Plane setup approach described in 3.2 
can solve a full 3D displacement problem by creating 
multiple directional phase maps, and evaluating the three 
displacement components u, v and w using phase map 
addition or subtraction operations described in Eq. (23). 

The disadvantage of this approach is that it is not a direct 
measurement for out-of-plane or in-plane displacements.  
As a result, the fringe pattern of in-plane or out-of-plane 
displacement cannot be observed directly during the 
loading or measurement. Therefore, a more direct 3D 
displacement measurement approach, known as an out-of- 
plane and in-plane setup combined approach, has been 
developed[8, 27]. This method utilizes two in-plane ESPI 
setups to measure the two in-plane displacements u and v, 
and one out-of-plane ESPI setup to measure the 
out-of-plane displacement[8, 27]. By utilizing an optical 
switch, the three measurement setup can be integrated 
together. The schematic of the setup is shown in Fig. 5. 

 

 
Fig. 5.  Optical setup of out-of-plane and in-plane combined approach (BS: beam splitter; S: optical switcher) 

 
As shown in Fig. 5, the laser is separated into five beams: 

illumination beams 1 and 2 are set in the yoz plane to 
measure y-direction in-plane displacement v. and 
illumination beams 3 and 4 are set in xoz plane to measure 
x-direction displacement u. Beam 5 serves as a reference 
beam and forms an out-of-plane interferometer by 
combining with illumination 3 or 4. The system can also 
use two lasers, one for illuminating beams 1, and 2, and the 
other for beams 3, 4 and 5. The system measures the 
in-plane displacement u by opening the optical switcher S1 
and S2, while in-plane displacement v is measured by 
opening optical switcher S3 and S4. By opening one of the 
optical switchers of beams 3 and 4 and the reference beam 
5, the system can measure the out-of-plane component w. 

Based on Eqs. (12) and (13), the in-plane deformation u 
and v can be determined by 

 
    1 1(4πsin ),u ∆ λ α    (24a) 
 
    2 2(4πsin ),v ∆ λ α   (24b) 

where 1∆ and 2∆  can be read directly from the phase map 
created by the temporal phase shift algorithm and nα  is 
the directional illumination angle, n1, 2. 

Using the measurement phase map created by the 
out-of-plane ESPI setup, the out-of-plane displacement can 
be determined based off of Eqs. (8) and (9): 
   

out out out

out

(1 cos )sin
2π(1 cos )
u

w
∆ λ α α

α
 





,  (25a) 

     

  out out out

out

(1 cos )sin
2π(1 cos )
v

w
∆ λ α α

α
 





.  (25b)

          
where Δout is the phase determined by the phase map 
created from the out-of-plane ESPI system, and αout is the 
illumination angle. The in-plane deformation u and v can be 
calculated from Eq. (24a) and Eq. (24b). 

These three ESPI interferometers can be switched by 
order through the integration of an optical switch to the 
system. Because the in-plane ESPI setup and out-of-plane 
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setup measure the in-plane and out-of-plane displacement 
directly, there is no need to do further phase map operation, 
making real time phase map display possible (up to 2–3 
Hz)[27].  

This system has four illumination beams, two beams 
each in the horizontal and vertical direction to form an 
in-plane ESPI setup, which measures the in-plane 
displacement components u and v. By selecting one of 
those four beams as the illumination beam, combined with 
an inside build reference beam, an out-of-plane ESPI setup 
is formed which can measure the out-of-plane displacement 
directly. 

 
3.4  Speckle pattern correlation approach 

Besides the two illumination beam structured in-plane 
EPSI setup, another method exists to determine the in-plane 
displacement, known as electronic speckle photography or 
digital laser speckle correlation. This method determines 
the two in-plane displacement components through cross- 
correlation of corresponding sub-images. The correlation 
algorithm is purely mathematical, and is shown in detail in 
Refs. [28–31]. However, digital laser speckle correlation 
can only measure the in-plane displacement, so it cannot 
solve the full 3D displacement problem alone. 

Ref. [24] provides an approach to solve the problem, 
which utilizes a typical out-of-plane ESPI setup. In this 
approach, the out-of-plane displacement is measured 
directly by the out-of-plane ESPI system using the temporal 
step phase shift technique. The in-plane displacement is 
calculated from the speckle pattern image using the digital 
laser speckle correlation algorithm. The out-of-plane 
displacement is measured from the phase-map, while the 
in-plane displacement is calculated from speckle pattern 
images. The sensitivity of the system for in-plane 
displacement, as a result, is lower than the out-of-plane 
displacement, reaching about 10λ . However, due to its 
simple optical structure, it is suitable for practical 
applications which do not have a high in-plane sensitivity 
requirement. 

Recently, a three dimensional displacement measurement 
system, which purely uses the digital speckle correlation 
technique, has been reported in Ref. [29]. It still uses the 
conventional algorithm to calculate in-plane displacement 
with digital speckle photography. However, the 
out-of-plane displacement is not evaluated from 
out-of-plane ESPI. Instead, the out-of-plane displacement 
component is determined from the characteristic 
dependence of the speckle correlation on the spatial 
frequency. In this case, the system does not need a 
reference beam, resulting in an extremely simple setup 
consisting of a single camera with lens. However, as no 
phase shift technique is utilized, the measurement 
sensitivity is lower than the phase-shift ESPI system. 

 
4  3D Displacement Measurement Using 

ESPI Systems for Dynamic Loading 
 
The temporal phase-shift ESPI systems described in 

section 3 are usually suited for static or quasi-static 
measurement due to a requirement of multi images. For 
measurements under dynamic loading, spatial phase-shift 
ESPI systems are needed, because it is capable of 
evaluating a phase map from a single image[32–50].  

The spatial phase shift technique can be divided into two 
catalogs: one known as the multichannel spatial phase-shift 
approach, and the other called the frequency carrier spatial 
phase shift method. The earlier approach to solve 
dynamical loading problem was to use multichannel spatial 
phase shift method[36–38]. Later, the frequency carrier 
method, a more advanced technique, was introduced. This 
method records multiple speckle interferograms on a single 
image. A Fourier transform method provides a way to 
extract and separate the each phase information from this 
single image. In this section, the multichannel spatial 
phase-shift approach will be introduced and the frequency 
carrier spatial phase shift method will be discussed in 
detail[41, 43–44]. 

 
4.1  Multiple channel spatial phase-shift approach 

Temporal phase shift technique described above is to 
measure the phase distribution by recording multi-images 
(3 or 4 images) by a single camera in the time series. The 
Multiple channel spatial phase-shift approach is to record 
the 3 images (or 4 images or more) by three cameras (or 4 
cameras or more) simultaneously and to generate a phase 
shift ϕ between those cameras. The phase distribution can 
then quickly be determined[36–38].  

 
1 0

2 0

3 0

(1 cos ),
[1 cos( )],
[1 cos( 2 )],

I I
I I
I I

γ θ
γ θ ϕ
γ θ ϕ

        

         (26a) 

      
whereϕ is a phase shift between each camera. If the phase 
shift ϕ  2π3, the phase difference θ can be calculated by 

 

1 3

2 1 3

3( )
arctan

2
I I

I I I
θ




 
.   (26b) 

 
However, the setup arrangement in the multi cameras 

system, especially the generation of the phase shift between 
those cameras, is practically hard to achieve, and the 
turbulence caused by relative position movement will 
generate great error in this system. The cost of this 
approach is also great, so there have been few real 
applications for this kind of approach. Later on, an 
alternative idea was introduced to determine phase 
distribution with a single image by using only a single CCD 
camera. In this method, each pixel likes a channel. Instead 
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of creating phase shift among each camera, this idea is to 
generate a spatial phase shift among three neighborhood 
pixels by adjusting the reference beam. Fig. 6 shows the 
schematic of the idea. By setting the reference beam an 
appropriate angle α, an optical path difference(OPD) 
between two adjacent pixels is created: 

 
OPD  s·sinα,          (27a) 

 
where s is the pixel size. If a laser wavelength used is λ, a 
phase shift is obtained by  

 
ϕ  (OPD/λ) 2π  (s·sinα/λ) 2π.  (27b)   

 

 
Fig. 6.  Schematic of ESPI approach for generating 

 a spatial phase shift among pixels 
 

Using intensity data of three adjacent pixels, the phase 
distribution can be calculated as presented in Eq. (26)[37–38].  

 
4.2  1D frequency carrier spatial phase-shift    

method 
The multiple channel approach can determine phase 

distribution from a single speckle interferogram and, thus, 
it is suited for dynamic measurement. However, three or 
more pixels are needed to determine one point phase 
distribution which results in reducing the spatial resolution, 
and, thus, greatly influences the measurement accuracy. 
Additionally, this approach can only conduct one 
dimensional measurement, such as, the out-of-plane 
deformation measurement. To measure all three 
displacement components under a dynamic loading, three 
interferometers are needed and they must work 
simultaneously as well. To achieve this objective, a 
frequency carrier method must be introduced to measure 
multiple displacement components in one shot[39–41]. 

To better understand the 3D frequency carrier spatial 
phase-shift approach, a 1D frequency carrier method for 
out-of-plane displacement measurement will be introduced 
first. Fig. 7 shows the fundamental setup. The setup is 
similar to the conventional out-of-plane ESPI system, 
except that the reference beam is carried by an optical fiber 
and tilted with an arranged angle to illuminate the CCD 
plane. This special angle brings an additional spatial 
frequency into the reference beam. Utilizing this spatial 
frequency after the Fourier transform shifts the spectrums 

on the frequency domain. The spatial frequency also helps 
to separate the spectrums which contain the phase 
information of the recorded interferogram. After that, the 
phase information is filtered out by the Windowed Fourier 
inverse transform and evaluated. 

 

 
Fig. 7.  Schematic of spatial phase-shift holography setup 

 for Out-of-plane displacement measurement 
 

The wave fronts from the object beam (u1) and reference 
beam (u2) can be written as follows: 

 
 1 1( ,  ) ( ,  ) ex p i ( ,  ) ,u x y u x y x yϕ       (28) 

           
2 2 0 0( ,  ) ( ,  ) exp( 2 i 2 i ),x yu x y u x y f x f yπ π     (29) 

        
where 0 0(sin / ),x xf θ λ 0 0(sin / ),y yf θ λ  θ0x and θ0y are 
the directional illumination angles of the reference beam, 
and λ is the wavelength of the laser.  

The intensity recorded on the CCD camera can be 
expressed as follows: 

                                  
  * *

1 2 1 2( , ) ( ) ( ).I x y u u u u          (30) 
 

After Fourier transform, 
 

2 0
2 2
1 2 1 0( , ) ( , )*x y x yFI U U U f f U f f      

2 0 0 1( , ) ( , )*,x y x yU f f U f f         (31) 
 

where  is the convolution operation, U1(fx, fy)  FT(u1), 
U2(f0x, f0y)  FT(u2). 

Among the four terms in Eq. (31), U1
2U2

2 term, located 
at the center (fx, fy), is a low frequency term which mainly 
contains the background information. U1(fx, fy)U2(f0x, f0y) 
and U2(f0x, f0x)  U1(fx, fy) terms are conjugated terms, 
which are located at (fxf0x, fyf0y) and (f0xfx, f0yfy) 
respectively. This is shown in Fig. 8. 

 

 
Fig. 8.  Spectrum of speckle pattern image 
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By properly selecting an illumination angle for the 
reference beam and aperture size, the three spectrums on 
the Fourier domain can be separated, and, by properly 
selecting the windowed Fourier inverse transform(WIFT) 
and complex amplitude calculations, the phase difference 
can be calculated using Eq. (32), 

 

 1
0

2

2
0

1

Im[ ]
( , ) 2 2 arctan ,

Re[ ]

*

x y *

u ux y xf yf
u u

ϕ π π         (32) 

           
Im and Re denote the imaginary and real part of the 
complex numbers. 

After displacement, the phase difference can be 
calculated using Eq. (33): 

                    

 1
0

2
0

12

Im[ ]
( , ) 2 2 arctan .

Re[ ]

*

x y *

u ux y xf yf
u u

ϕ π π          (33)

            
By subtraction, the out-of-plane displacement can be 

evaluated from the relative phase difference: 
                                           

 2 (1 cos ) ,φ wϕ
λ

∆ απ
      (34) 

 
where α is the illumination angle and w is the out-of-plane 
displacement. Because the illumination angle α is very 
small for out-of-plane measurement, it can be regarded as 
zero. As a result, the (1cosα) term equals one. Then Eq. 
(34) becomes a simple linear relationship, and the out-of- 
plane displacement can be evaluated by a simple linear 
relationship. Fig. 9 shows a typical phase map evaluated 
from the 1D frequency carrier spatial phase-shift ESPI 
system. 

 

 
Fig. 9.  Phase map of a shearogram corresponding  

 to an out-of-plane displacement 
 
 

4.3  3D frequency carrier spatial phase-shift 
     ESPI system 

In section 4.2, a method was introduced which utilizes 
one spatial frequency shift to separate one interferogram 
spectrum on the frequency domain. This method can also 
be used to separate multiple interferogram spectrums by 
utilizing multiple spatial frequency shifts[46–51]. 

Fig. 10 shows the experimental setup of a 3D spatial 
phase-shift ESPI system. Three 1D frequency carrier phase 
shift ESPI setups are integrated together to measure the 
object from three different directions simultaneously.  
Three lasers of different wave lengths are used to avoid 
interference between different measurement directions.  

 

 
Fig. 10.  Schematic of 3D spatial phase-shift  

holography measurement setup 
 

The three reference beams are carried by optical fibers, 
each of them illuminating the CCD plane with a unique 
angle. In this case, three different frequency shifts are built 
into the three reference beam equations. Similarly with the 
1D phase evaluation processing, one single speckle pattern 
image is transformed on the frequency domain by Fourier 
Transform. 

Fig. 11 shows a spectrum of a speckle pattern image with 
three spatial frequency shifts. After Windowed Inverse 
Fourier Transform, three phase maps, corresponding to 
three directional measurements, are evaluated. The three 
evaluated phase maps can be further evaluated using Eq. 
(21) to calculate 3D displacement. 

 

 
Fig. 11.  Spectrum of speckle pattern image with three  

spatial frequency shift and evaluated phase maps 
 
Using this algorithm, three dimensional displacements 

can be calculated from a single speckle pattern image. This 
greatly increases the measurement speed, enabling the 
measurement of simultaneous 3D displacement under 
dynamic loading. The image processing procedure is shown 
in Fig. 12.  
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Fig. 12.  Image processing of 3D displacement     

measurement system 
 

This section discusses two types of spatial phase shift 
ESPI systems for 3D displacement measurement: Multiple 
Channel Spatial Phase-Shift ESPI system and frequency 
carrier spatial phase-shift ESPI system. However, in 
practice, the spatial phase shift technique can be combined 
with other phase evaluation techniques to form a hybrid 
measurement system. Ref. [45] is an example of this kind 
of system. 

Both systems are pure spatial phase shift systems. Ref. 
[45] reported a 3D ESPI system which combined the 1D 
frequency carrier spatial phase-shift ESPI technique with 
the digital speckle correlation technique. The reported 
system uses the 1D frequency carrier spatial phase-shift 
ESPI method to evaluate out-of-plane displacement using a 
single speckle pattern image, and the digital speckle 
correlation algorithm to calculate the in-plane 
displacement.  

 
5  Applications 

 
This section provides a selection of three typical 

applications of the 3D ESPI system in the manufacturing, 
microelectromechanical systems (MEMS) and biomedical 
industry.  

The 3D ESPI method is getting more and more 
acceptance in the manufacturing industry. It provides 
continuous full-field 3D displacement data, which can be 
easily transformed into strain by derivation. It is also 
suitable for the calibration, validation, and improvement of 
CAE models in the manufacturing industry.  

A strain tensor is expressed as 
 

.

u v w
x x x
u v w
y y y

u v w
z z z

ε

                                 

    (35) 

 
3D displacements u(x, y), v(x, y), and w(x, y) can be 

determined from the measurement results of 3D ESPI. The 
3D displacement measured is a function of x and y; thus the 
strains of the first two columns in the 3D strain tensor can 
be calculated by derivation[52]. The principle strain can also 
be determined using calculated strain components 

combined with the principles of Mohr’s circle. 
Fig. 13 shows a comparison between a 3D ESPI system 

(called Micro Star from a German Company) and the 
conventional strain gauge method for strain measurement 
of a composite component with a hole under a tensile stress. 
On the left of the hole, 4 resistance strain gauges were used 
to measure strains at four positions. At the same time, on 
the right of the hole, a 3D ESPI system was utilized to 
measure the full field strain. A comparison of the strain 
measurement results shows that the 3D ESPI system can 
measure full field strain with very high spatial resolution, 
while the conventional strain gauge can only measure the 
average and local strain over the gauge length. The curve 
demonstrates the strain distribution over a horizontal line 
on the right side and four points show the four strain gauge 
data on the left side. The original (zero position) of 
x-coordinate is the edge of the hole. Under a tensile stress, 
the strain distribution should be same or very close between 
left and right sides due to a symmetric relationship. The 
comparison shows that the strain data match well for the 
left three points, whereas, the strain at the leftmost strain 
gauge which is most close to the edge of the hole is much 
lower than the ESPI value because there was a strain 
concentration at the edge of hole and the strain was lowered 
due to an average function over the strain gauge area (about 
2 mm2 mm). It is obvious that ESPI has a high spatial 
resolution and provides more accurate data in the strain 
concentration area. 

 

 
Fig. 13.  3D ESPI application for strain measurement  

around a hole area 
 

Fig. 14 shows an application of measuring the motion of 
a MEMS mirror. The phase distributions before and after 
tilting the middle MEMS mirror are shown in Figs. 14(a) 
and (b). The phase difference between the two distributions 
gives the result in Fig. 14(c) showing the motion of the 
middle MEMS mirror induced by applying a voltage[53].  

Another example of 3D ESPI application is in the 
biomedical area. Bone is a mechanosensitive tissue that 
adapts its mass, architecture and mechanical properties to 
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external loading. In this application, a 3D ESPI system is 
used to study the 3D displacement and strain behavior 
under applied loading[10]. 

 

 
Fig. 14.  Displacement measurement  

for MEMS components 
 
Fig. 15 shows the measured mice bone. The bone is fixed 

in one end and free in the other end. The mechanical 
loading is applied by computer controlled piezoelectric 
loading device. Fig. 16 shows the measured 3D 
displacement and calculated principle strain under 1N force 
loading. 

 

 
Fig. 15.  Mouse femur on a sample table  

 

 
Fig. 16.  Microscopic displacements and strains on a femoral 

surface in response to 1N: ts 
 
 

6  Conclusions 
 
This paper reviews the ESPI technique for 3D 

displacement measurement. ESPI is a suitable optical 
measurement technique for 3D displacement and strain 
measurement. During the past decades, the ESPI method 
has received greater acceptance from the manufacturing 
industry for 3D displacement and strain measurement. It 
has also expanded its application into MEMS and 
biomedical industries. In the past decade, it has been 
developed from a 3D static measurement method into a 3D 
dynamic measurement method. It still has the potential for 
further exploration and applications. 
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