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This paper focuses on the influence of Piezoelectric Transducer displacement error on the detection ability 
of Digital Shearography Speckle Pattern Interferometry. The estabilished model is based on the principle of 
shearography using the software of Ansys and Matlab. The simulation uses a circular thin aluminum plate with 
pressure exerted in the center as a model. The simulation conclusions show that when the loading intensity 
is large, the defect size is big, the defect location is near to the surface and close to loading, the influence of 
Piezoelectric Transducer displacement error on defect detection is weak. Defects can be detected easily. 
Otherwise, the influence is great, which may hardly detect the defect. To the best of our knowledge, it’s the first 
published paper focuses on the influence of Piezoelectric Transducer displacement error on the detection ability 
of Digital Shearography Speckle Pattern Interferometry. The conclusions can provide some useful guidance to 
the actual experiment.
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Влияние ошибок перемещения 
пьезоэлектрического привода  
на обнаружение дефектов в цифровой  
сдвиговой интерферометрии
© 2017 г.	 Y. G. Zhan; H. Y. Zhang; X. C. Ye; Y. Z. Zhou; Z. S. Qiu; F. Yang;  
	 P. Zhong; M. Jiang; H.Y. Zhou

Анализиуется влияние ошибок перемещения пьезоэлектрического привода на способность обнаруживать 
дефекты методами цифровой сдвиговой спекл-интерферометрии. Развитая модель основана на принципах 
сдвиговой интерферометрии и использует программные пакеты Ansys и Matlab. В качестве модели исполь- 
зовалась алюминиевая пластина в виде круга, нагружаемая в центре. Моделирование показало, что ког-
да величина нагрузки велика, размеры дефекта велики, он локализован вблизи поверхности и близок  
к точке нагружения, влияние ошибок перемещения пьезоэлектрического привода на способность обна-
руживать дефект невелико, и последний легко обнаружим. В противоположных случаях, это влияние  
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велико и дефект обнаружить трудно. Насколько нам известно, данная публикация является первой, в ко-
торой анализируется указанное влияние. В заключении приведены практические рекомендации, полезные 
при проведении реальных измерений.

INTRODUCTION
Digital Shearography Speckle Pattern Interfero- 
metry (DSSPI) is a non-destructive testing (NDT) 
technique which contains laser technique, electronic  
technique, image processing technique. Shearog-
raphy was first introduced in 1973 [1, 2]. It has the 
following advantages: whole-field, high sensitivity, 
non-contact and high accuracy. This technique is es-
pecially suitable for detecting defects in composite 
materials.

Phase-shifting technique is the key point in 
DSSPI. It can be divided into temporal phase-shift 
and spatial phase-shift, is the key point in DSSPI. 
The first spatial phase-shift digital shearography 
system is invented by G. Pedrini et al. in 1996 [3].  
In 2006, B. Bhaduri et al. introduced a double aper-
ture spatial phase-shift digital shearography system 
[4]. In 2013, Xin Xie et al. introduced a single aper-
ture spatial phase-shift shearography system based 
on Michelson interferometer [5, 6]. In this setup,  
a 4f system is introduced to enlarge the field of view, 
and free the measurement field size of shearography 
system from the limitation of the beam splitter size.  
In temporal phase-shift technique, usually, Piezo- 
electric Transducer (PZT) is utilized as phase shift 
components. It has many advantages such as: small 
volume, fast response, large amount of displacement, 
high precision, etc. [7]. However, no matter how high 
the precision PZT has, it will produce error with mov-
ing. Such displacement error will affect the accuracy 
of phase shift, thereby affecting defect detection.

To the best of our knowledge, few systematic 
studies have been reported on the displacement error 
of PZT’s influence on defect detection in DSSPI. This 
paper focuses on a DSSPI simulation system based 
on Ansys and Matlab software, which refer to the 
performance of P-841.10 Pizeo actuator and E-709.
SRG Pizeo controller manufactured by PI. Company. 
Through a series of simulations obtained at different 
defect size, defect depth, defect location and loading 
intensity, the displacement error of PZT’s influence 
on defect detection will be discussed.

2. PRINCIPLE INTRODUCTION

2.1. Principle of Shearography
Shearography is an interferometric method allow-
ing full-field measurement of surface displacement 
derivatives. As a result of the existence of shear 
component, a point of the object is mapped into two 
points in the image. Conversely, this is equivalent  
to bringing two separate points on the object surface 

to meet in the image plane. Because the object is illu-
minated with coherent light such as laser light which 
is capable of interference, the two overlapped portions 
of the sheared images interfere with each other [8].

The schematic diagram is illustrated in Fig. 1. 
Usually, a PZT is utilized as phase shift component. 
By pushing mirror 2 move to change the optical path 
of reference beam. By turning the mirror 1 to change 
the amount of shearing. Based on the wave equation 
of light, the light intensity recorded on a CCD cam-
era can be expressed as

	 0[1 + cos ].I I γ θ= 	 (1)

In Eq. (1), there are three unknown parameters, 
the background I0, the contrast γ, and the phase θ. 
In order to determine the phase θ, at least three in-
dependent equations are needed, such as multiple 
phase-shift steps. In each phase-shift step, a known 
additional phase is added into phase term, while the 
background and contrast term keeps constant. Take 
4+4 temporal phase-shift algorithm as example, 
the PZT driver moves with the mirror in reference 
beam by four steps. For each step, the mirror moves 
a distance of 1/8 wavelength which corresponds to 
a phase change of π/2 [9]. The four recorded phase-
shift images can be expressed as
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Fig. 1. Schematic diagram of shearography.
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By solving the equation, θ can be shown in the fol-
lowing expression:

	

4 2
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The light intensity after loading can be expres- 
sed as:

	 [ ]0 1 cos( ) .I I γ θ ∆= + + 	 (4)

In Eq. (4), Δ is an unknown phase introduced 
by loading, which is proportional to out of plane 
displacement’s first order differential ∂w/∂x [10]. 
Applying the same phase-shift method as Eq. (2), the 
phase after loading can be expressed as Eq. (5)
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By subtracting, the phase introduced by loading 
can be expressed as Eq. (6)

	 ( , ) ( , ) ( , ).x y x y x y∆ θ θ¢= - 	 (6)

In Eq. (6), Δ(x, y) is a wrapped phase, within the 
range of [–π, π]. By using the phase-unwrapping al-
gorithm, the first order differential of out-of-plane 
displacement can be obtained. When defects exist 

in the test object, sudden changes will appear in the 
first order differential of the out of plane displace-
ment. According to this principle, we can detect 
the defect by analyzing the curve of phase after  
unwrapping.

2.2. Principle of simulation
This paper focuses on a DSSPI simulation system 
based on Ansys and Matlab software. The finite el-
ement method (FEM) is a numerical technique for 
finding approximate solutions to boundary value 
problems for partial differential equations [11]. An-
sys is a software based on FEM which can be used in 
the areas of mechanics, electromagnetism, etc. Mat-
lab can analyze image signal conveniently because  
of its loose grammatical structure and powerful  
library functions. Combining the two softwares,  
it is convenient and efficient to build the simulation 
system.

First, a circular thin aluminum plate is designed 
using Ansys. The diameter is 100 mm and the thick-
ness is 4 mm. It is shown in Fig. 2a. Then, applying 
a 1 kPa pressure in the center of the plate to pro-
duce deformation. It is shown in Fig. 2b. Figure 2c 
shows an artificial defect which located in the center 
of plate with a diameter of 1 mm and a thickness of 
1 mm. Next, supplying the defected plate with the 

Fig. 2. Ansys simulation diagram (a) an aluminum plate without defect. Deformation of the plate (b). An aluminum plate 
with an artificial defect (c). Deformation of the plate with defect (d).

(a) (b)

(c) (d)
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same load as the plate without defect, its deformation 
is shown in Fig. 2d.

The simulation with Matlab is based on the da-
ta from Ansys. The wavelength of laser we choose  
is 532 nm and a 4 + 4 temporal phase-shift algorithm 
from Eq. (3) is used for defect detection. If there is 
no error in PZT, the system can produce a precise 
and equally spaced four steps phase-shift. Figure 
3a shows the unwrapped phase Δ1 based on Eq. (1). 
Figure 3b shows the unwrapped phase Δ2 after sup-
plying an artificial defect shown in Fig. 2c. Figu- 
re 3c shows the result of Fig. 3b minus Fig. 3a. Due 
to the symmetry of the plate, the central axis of the 
3D data is extracted for analysis, which is shown  
in Fig. 3d.

From Fig. 3c, the defect in the center of plate can 
be observed obviously. From Fig. 3d, it is clear that 
there exist a phase jump because of the defect.

In the real experiment, PZT will produce displace-
ment error. Take P-841.10 Pizeo actuator and E-709.
SRG Pizeo controller with superior performance 
manufactured by PI company as an example. Its dis-
placement error is 0.15%. Assume the wavelength is 
532 nm, the displacement error of PZT is in the range 
of [–0.1995 nm, 0.1995 nm] when the displacement 
is λ/8 (corresponding to the phase shift of π/2). So, 
there will exist a random jitter between –0.007 rad 
to 0.007 rad.

By using the same way as Fig. 3, when the dis-
placement error of PZT is 0.15%, unwrapped 
phase diagram of the plate without defect is shown  

in Fig. 4a, unwrapped phase diagram of the plate 
with defect is shown in Fig. 4b. Repeat the previous 
work, Fig. 4c and 4d is shown.

Compared Fig. 4d with 3d, it can be seen that the 
PZT displacement error will bring great influence on 
the defect detection even if the displacement error of 
PZT is 0.15%.

3. SIMULATION AND DATA ANALYSIS

3.1. The definition of SNR
Simulation and calculation show that the displace-
ment error of PZT effects the defect detection. For 
the convenience of comparison, the signal to noise 
ratio (SNR) is defined as

	
10 maxlg .SNR

δ
δ

=
¢ 	

(7)

Where δmax is the maximum phase in Fig. 3d  
or 4d,̀ δ¢ is the average absolute value of phase.  
The larger the SNR of the image, the easier the de-
fect can be detected. Based on Eq. (7), the SNR is 13 
in Fig. 3d and 7 in Fig. 4d. The image of SNR is 4.5 
is shown in Fig. 5. As can be seen from the figure, 
the random error caused by PZT makes the noise too 
large and defect can not be detected. So we agree 
that the defect can’t be detected when the SNR is less 
than 4.5.
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Fig. 3. Matlab simulation diagram (a) unwrapped phase 
without defect. Unwrapped phase with the defect (b). 
Phase after ’(b)-(a)’ in 3D (c). Phase after ’(b)-(a)’ in 2D (d).

Fig. 4. Matlab simulation diagram (a) unwrapped phase 
without defect. Unwrapped phase with the defect and PZT 
displacement error (b). Phase after ’(b)-(a)’ in 3D (c). 
Phase after ’(b)-(a)’ in 2D (d).
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Fig. 6. The SNR curve under different pressure (a). The SNR curve under different diameter of defects (b). The SNR curve 
under different depth of defects (c). The SNR curve under different location of defect (d).

3.2. Effect of loading pressure
Design a circular aluminium plate with a diameter 
of 100 mm and a thickness of 4 mm. At the center 
of the plate, a circle hollow hole with a diameter of 
2 mm and a depth of 1 mm is designed as the defect. 
Pressure is loaded in the center of the plate. All of 
the loading method used in this paper is the same.  
The loading pressure increased from 1 KPa to  
10 KPa with a step of 1 KPa. The SNR curve under 
different pressure is shown in Fig. 6a.

As can be seen from Fig. 6a, with the increase of 
the load intensity, the SNR of the system is gradu-
ally enhanced. The fitting curve is y = 2.21 + 0.96x, 
which indicates that the relation between SNR and 
the pressure is linear. When the pressure is less than 
3 KPa, the defect that at the center of a circle with 
diameter of 2 mm and depth of 1 mm can be hardly 
detected.
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Fig. 5. Phase image of SNR = 4.5.
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3.3. Effect of defect diameter
Keep the load at 1 KPa, the defect located in the cen-
ter with a depth of 1 mm. Diameter of the defect in-
creased from 1 mm to 10 mm with a step of 1 mm. 
The SNR curve under different diameter of defects 
is shown as Fig. 6b.

As shown in Fig. 6b, with the increase of the 
defect size, the SNR of the system is gradually en-
hanced. The fitting curve is y = 1.83 + 0.88x, which 
indicates that the relation between SNR and the di-
ameter of defects is linear. When the diameter of de-
fects is less than 3 mm, the defect at the center of 
plate with depth of 1 mm under the loading of 1 KPa 
can be hardly detected.

3.4. Effect of defect depth
Keep the load at 1 Kpa, the defect located in the cen-
ter with a diameter of 2 mm. Depth of defect increased 
from 0.2 mm to 1.4 mm with a step of 0.2 mm. The 
SNR curve under different depth of defects is shown 
as Fig. 6c.

As shown in Fig. 6c, with the increase of the 
depth of defects, the SNR of the system is gradu-
ally reduced. The fitting curve is y = 10.30 – 6.04x, 
which indicates that the relation between SNR and 
the depth of defects is linear. When the depth of de-
fects is more than 0.9 mm, the defect at the center 
of plate with diameter of 2 mm under the loading  
of 1 KPa can be hardly detected.

3.5. Effect of defect location
Keep the load at 2 Kpa, the depth is 1 mm and the di-
ameter is 2 mm. Location from loading of defect in-
creased from 3 mm to 27 mm with a step of 3 mm. 
The SNR curve under different location of defects is 
shown as Fig. 6d.

As shown in Fig. 6d, with the increase of the defect 
location from loading, the SNR of the system is grad-
ually reduced. The fitting curve is y = 8.36 – 0.22x, 
which indicates that the relation between the SNR 
and the location of defect is linear. When the defect 

location from loading is more than 17 mm, the defect 
with diameter of 2 mm and depth of 1 mm under the 
loading of 2 KPa can be hardly detected.

4. CONCLUSION
This paper is about a DSSPI simulation system based 
on the principle of shearography, and using the soft-
ware of Ansys and Matlab. The simulation uses  
a circular thin aluminum plate with a diameter of  
100 mm and thickness of 4 mm as a model, and pres-
sure is exerted in the center. The simulation focus-
es on the influence of PZT displacement error on the 
detection ability of DSSPI. Conclusions are as fol-
lowing: when the loading intensity is large, the de-
fect size is big, the defect location is near to the sur-
face and close to the loading, the influence of PZT 
displacement error on defect detection is weak. De-
fects can be detected easily. Otherwise, the influence 
is great, which may hardly detect the defect. When 
the pressure is less than 3 KPa, the defect that at 
the center of a circle with diameter of 2 mm or less, 
and depth of 1 mm or deeper can hardly be detected; 
when the size of defects is less than 3 mm, the defect 
at the center of plate with depth of 1 mm under the 
loading of 1 KPa can be hardly detected; when the 
depth of defects is more than 0.9 mm, the defect at 
the center of plate with size of 2 mm under the load-
ing pressure of 1 KPa can be hardly detected; when 
the defect location from loading is more than 17 mm, 
the defect with size of 2 mm and depth of 1 mm un-
der the loading of 2 KPa can be hardly detected.  
The above conclusions will guide the next step of the 
experiment.
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