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Curve/Probabilistic Fitting of Damage Metrics for Al-7075 

Materials Behavior by Using Electromechanical Impedance Method 

Highlights 

❖ The behavior of constrained piezoelectric wafer active sensor (PWAS)/Al-7075 was investigated. 

❖ It is aimed to compensate for the temperature effect using EFS and curve/probabilistic fitting.  

Graphical Abstract 

The behavior of the constrained piezoelectric sensor/Al-7075 has been investigated at varying temperatures. 

 

Figure 1. Flowchart of the study 

Aim 

This study aims to observe the behavior of the constrained piezoelectric sensor/Al-7075 at varying temperatures using 

the experimental and finite element method. In addition, it is aimed to compensate for the temperature effect after the 

experimental and numerical results are obtained. 

Design & Methodology 

In this study, the behavior of the constrained piezoelectric sensor/Al-7075 was studied at varying temperatures by 

using the experimental and finite element method. After experimental and numerical studies, it is aimed to compensate 

for the temperature effect using a compensation algorithm and curve/probabilistic fitting. 

Originality 

The numerical studies for the behavior of the constrained piezoelectric sensor/Al-7075 at varying temperatures are 

limited in the literature. All the experimental and numerical results are compensated for the temperature effect and 

analyzed using curve/probabilistic fitting for the first time. 

Findings 

It has been observed that as the temperature decreases, the frequency shifts to the right (increases) and the amplitude 

increases. This change has been compensated by using EFS. Three damage metrics decreased significantly after 

compensation. The best curves for RMSD, MAPD and CCDM were Richards, Exponential Association 3, and 

Sinusoidal curves, respectively, for non-compensated results. Johnson SB distribution for RMSD, MAPD and Error 

distribution for CCDM were the most appropriate distributions for experimental compensated damage metrics. 

Experimental and simulation results are close to each other. 

Conclusion  

In this study, Al-7075 sample was chosen for the experimental research, considering these structures exposed to 

varying ambient temperatures. A finite element model considering the temperature effect on the piezoelectric sensor 

and Al-7075 sample was proposed. The behavior of the constrained piezoelectric sensor/Al-7075 for varying 

temperatures has been investigated. EMI technique has great potential, much work is being done to resolve several 

problems. Future studies should focus more on real structures to identify critical problems using the EMI technique 

because most of the researches are conducted under laboratory conditions.  
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ABSTRACT 

The purpose of structural health monitoring is to provide information by making a simultaneous diagnosis of the status of the 

structure. Despite aging, environmental conditions and unforeseen circumstances, the construction should remain as specified in 

the design. Changing the environmental conditions causes the sensor and the host structure to change material properties. It is 

essential to take into account environmental conditions to prevent misdiagnosis. Therefore, the real cause of the change can be 

determined. 

In this study, the behavior of constrained piezoelectric wafer active sensor (PWAS)/Al 7075 was investigated by using 

electromechanical impedance method (EMI) under changing environmental conditions. Numerical studies on this material in the 

literature are limited and all the experimental/ numerical results are compensated for the temperature effect and analyzed using 

curve/probabilistic fitting approach for the first time. The sample used in the experimental work was modeled in ANSYS finite 

element program. In the experimental and numerical results, it has been observed that as the temperature decreases, the frequency 

shifts to the right and the amplitude increases. The experimental and simulation results were nearly the same. The temperature 

effect was compensated using the compensation algorithm for experimental and numerical studies. The results were compared 

using damage metrics. The experimental results were analyzed using a curve/probabilistic fitting approach. 

Keywords:  Structural health monitoring, piezoelectric sensors, electromechanical impedance method, temperature effect, 

damage metrics, curve fitting. 

Elektromekanik Empedans Yöntemi Kullanılarak Al-

7075 Malzeme Davranışı İçin Hasar Metriklerinin 

Eğrisel / Olasılıksal Tahmini 

ÖZ 

Yapısal sağlık izlemenin amacı, yapının durumunun eş zamanlı teşhisini yaparak bilgi sağlamaktır. Yaşlanmaya, çevresel koşullara 

ve öngörülemeyen koşullara rağmen yapı tasarımda belirtildiği gibi kalmalıdır. Çevresel koşulların değiştirilmesi, sensör ve 

eklendiği yapının malzeme özelliklerini değiştirmesine neden olur. Yanlış teşhisi önlemek için çevresel koşulları dikkate almak 

önemlidir. Bu sayede, değişimin gerçek nedeni belirlenebilir. 

Bu çalışmada değişen çevresel koşullar altında sınırlandırılmış piezoelektrik sensörün (PWAS)/Al davranışı elektromekanik 

empedans (EMI) yöntemi kullanılarak araştırılmıştır. Literatürde bu materyal üzerinde yapılan sayısal çalışmalar sınırlıdır. Tüm 

deneysel / sayısal sonuçlar sıcaklık etkisi için telafi edilmiştir ve ilk kez eğri/olasılıksal tahmin yaklaşımı kullanılarak analiz 

edilmiştir. Deneysel çalışmada kullanılan numune ANSYS sonlu elemanlar programında modellenmiştir. Deneysel ve sayısal 

sonuçlarda sıcaklık azaldıkça frekansın sağa doğru kaydığı ve genliğin arttığı gözlenmiştir. Deneysel ve sayısal sonuçların yakın 

olduğu belirlenmiştir. Sıcaklık etkisi, deneysel ve sayısal çalışmalar için telafi algoritması kullanılarak telafi edilmiştir. Sonuçlar 

hasar metrikleri kullanılarak karşılaştırılmıştır. Deneysel sonuçlar bir eğri/olasılıksal tahmin yaklaşımı kullanılarak analiz 

edilmiştir. 

Anahtar Kelimeler: Yapısal sağlık izleme, piezolektrik sensörler, elektromekanik empedans yöntemi, sıcaklık etkisi, hasar 

metrikleri, eğri uydurma.

1. INTRODUCTION 

Due to loading and environmental influences, there is 

constant deterioration in strength after the construction of 

mechanical, space and aviation structures. At the time of 

construction, it is impossible to provide consistent quality 

and  strength  for  these  structures. Therefore, there are  

differences in strength between structures. The difference 

can be considered to be undamaged if the threshold is 

below a specific value. Due to specific reasons, such as 

overload, changing environmental conditions, or fatigue, 

the difference may cause the damage to occur above the 

threshold limit if it increases. If the difference rises above 

the threshold value, the component cannot fulfill its task 

within the structure. Damage and failure are interrelated 

terms and vary from structure to structure. For example, 
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the failure threshold limit in aviation structures is much 

lower than in buildings [1]. 

Structural health monitoring (SHM) is a process in which 

specific strategies are applied to determine the damage’s 

location/size and the remaining life of the structure after 

the damage has occurred. With SHM, the response of the 

structural system or components under different loading 

and environmental conditions is continuously measured. 

SHM is used to monitor and assess the status and 

abnormalities of structures and components in the 

working situation during and after unexpected situations, 

due to damage [2]. 

SHM includes observing the dynamic response of the 

system with the help of sensors at regular intervals and 

determining the current state of operation using statistical 

analyzes. In the long run, this process is regularly 

updated to provide information on whether or not the 

output of the process is performing its predetermined 

functions. After non-deterministic events such as 

earthquakes, SHM is used for rapid status scanning and 

aims to provide reliable information on the integrity of 

the structure in real-time [3]. 

A successful SHM design requires the recognition and 

integration of the various components. The definition of 

health and performance metrics is the first component 

that needs basic knowledge. Unexpected situations can 

be encountered in buildings and structures. These 

situations emphasize the importance of automated health 

monitoring systems. These automated systems provide 

improving the performance of the buildings and 

structures with an excellent benefit/cost ratio and long-

term benefits [1] 

There are many studies within the scope of piezoelectric 

material characterization in structural monitoring in the 

literature. Hooker [4] experimentally investigated the 

temperature changes of the piezoelectric charge constants 

( 31d   and 33d  ) of piezoelectric ceramics PZT 4, PZT 

5A, PZT 5H between -150 °C and 250 °C and relative 

thermal expansion between 25 °C and 600 °C. All of the 

materials assessed in this study have suitable properties 

for use in aviation applications. They concluded that it is 

more important to consider when selecting materials for 

the applications where low temperature (i.e., < -50 °C) or 

high temperature (i.e., > 150 °C) characteristics that 

various properties of the material considerably deviate 

from room temperature behavior. Grisso and Inman [5] 

investigated the slope of the susceptance at varying 

temperatures. Sepehry et al. [6] presented a theoretical 

model considering piezoelectric wafer active sensor 

(PWAS) and Al 2024 material properties at different 

temperatures to determine the behavior of Al 2024 with 

PWAS at different temperatures. Experiments were 

carried out at 25 °C to 50 °C temperature range to 

validate the model. They indicated that theoretical and 

experimental studies are compatible. As a result of 

experimental and theoretical studies, it has been obtained 

that the real part of the impedance decreases because the 

increasing temperature changes the material properties of 

PWAS and it has been observed that natural frequency 

shifts horizontally to the left due to the change of the 

aluminum material properties with increasing 

temperature. Freitas et al. [7] found piezoelectric, 

mechanical and elastic properties of    (0.6) BiFeO3- (0.4) 

PbTiO3 ceramics focusing on high-temperature 

applications. Piezoelectric coefficients, 31g  

(piezoelectric voltage constant) and 31d (piezoelectric 

charge constant) are as high as other commercial piezo 

ceramics at room temperature with increasing 

temperature; these coefficients are stable at temperature 

(20 °C - 100 °C and 250 °C - 300  °C). They have 

concluded that the piezoelectric constants can be used as 

transducers and actuators for high-temperature 

applications due to their thermal stability at high 

temperatures. Gupta et al. [8] developed and 

experimentally validated a new draft for active structural 

vibration control using PZT 5H patches at high 

temperatures. The control law is derived by taking into 

account the variation of the piezoelectric stress 

coefficient ( 11 ) and the dielectric constant ( 33 ) with 

temperature in the piezoelectric equations. Since the 

dependence of 11  and 33  parameters on the 

temperature is analytically unknown, they have 

determined the temperature change of these parameters 

by curve fitting using experimentally measured data at 

high temperatures. Experiments have been carried out in 

cases where the variation of the 11 and 33  parameters 

for the active vibration control plate between 25 °C and 

75 °C is considered and neglected. The active vibration 

control has concluded that 11  and 33  parameters can 

be sustained at high temperatures when the temperature 

change is taken into consideration, while their 

performance cannot be sustained if they are neglected. 

Bukhari et al. [9] determined the temperature change of 

the piezoelectric charge constant 15d   at cryogenic 

temperatures (between 0 K and 300 K) for different 

ceramics (PZT, LiNbO3, and PMN-PT). This change is 

almost linear for PZT, LiNbO3 has the smallest d15, and 

PMN-PT has the largest 15d  value at room temperature. 

They determined that the 15d  values for LiNbO3 and 

PMN-PT at the lowest temperatures are about 6% and 

8%, respectively. Applications such as accurate stress 

measurement and calibration depend on the 15d  

parameter and temperature. As a result of this study, it 

was stated that the change in temperature was nearly the 

same, in LiNbO3 and other ceramics, the change was 

particularly great at low temperatures. Baptista et al. [10] 

studied the effect of temperature on electromechanical 

impedance signals in SHM. Zou et al. [11] investigated 

the amplitude of the signals detected at varying 

temperatures (30 °C, 40 °C, 50 °C, 60 °C, 70 °C, 80 °C) 

by introducing harmonic signals at different frequencies 
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(1-10-100-1000 Hz). Artificial neural network 

algorithms and optimization algorithms are widely 

common in structural health monitoring applications [12-

13]. Rabelo et al. [14] offered a statistical model for 

damage detection at varying temperatures   (-10 °C to 60 

°C) on Al 2024-T3 plates. Wandowski et al. [15] 

investigated the effect of temperature change on the real 

part of impedance (resistance) for damaged and 

undamaged states of carbon fiber reinforced polymers. 

Xu et al.[16] proposed a spectral element method to 

predict admittance by considering the effect of 

temperature on the piezoelectric sensor and structure 

attached to the surface. Haider et al. [17] found the 

material properties of the circular piezoelectric sensor at 

varying temperatures (50 °C - 250 °C). Rezvani et al. [18] 

compared four different methods to identify the damages 

in the structures. A steel beam with constant rectangular 

cross-section was used to compare these methods. It was 

obtained that the proposed methods can detect the 

damages easily. In terms of FEM modeling, there are 

several studies in the literature. Tseng and Wang [19] 

performed both experimental and numerical studies to 

two concrete beam structures, which resulted in increased 

root mean square deviation (RMSD) values when crack 

damage increased and closer to PZT transducers. Yang et 

al.[20] used ANSYS to apply the Electromechanical 

Impedance (EMI) technique to several models, including 

joining layers on an aluminum beam, and it was found 

that a perfect fit compared to experimental data up to 

1000 kHz. The authors also simulated the EMI technique 

in the frequency range from 30-60 °C to 400 kHz and 

simulation results fit well with experimental results. Lim 

and Soh [21] studied the use of EMI technique to estimate 

the remaining fatigue life of the aluminum structure via 

ANSYS 12.1. While characterizing crack lengths during 

their studies, they stated that correlation coefficient 

deviation metric (CCDM) results showed better results 

than RMSD.  Hamzeloo et al. [22] studied the EMI 

method to perform both experiments and simulations 

using ABAQUS on aluminum and steel samples. The test 

samples were hollow cylinders of different thicknesses, 

and the test was carried out in the frequency range of 10 

to 40 kHz. Via RMSD metric, the results showed that the 

increase in damage does not always increase the RMSD 

values.  

By using appropriate SHM methods, situations that 

cannot be detected in the early stages is appropriately 

determined, thus contributing to the development of 

countries' economies. Appropriate precautions can be 

taken if damage or cracks are detected early in the 

process before the building is unable to function. The 

collapse of bridges, tall buildings and other essential 

structures, accidents caused by train tracks, and accidents 

that occur in air crafts prevent the economic growth of 

the country and cause human resources to be lost at the 

same time. Constructions are designed for a specific 

lifetime, and it is assumed that during this time, the build 

is functioning correctly. With the help of appropriate 

SHM methods, it is possible to make considerable 

savings by increasing the lifetime of the structure and 

increasing its maintainability [1]. 

In this study, the behavior of the constrained 

piezoelectric sensor/Al 7075 at varying temperatures was 

studied by using the experimental and finite element 

method considering the effect of environmental 

conditions. The reason for selecting aluminum is that Al 

7075 is widely used in aviation applications and exposed 

to varying ambient temperatures during operation. After 

experimental and numerical studies, it is aimed to 

compensate for the temperature effect by using a 

compensation algorithm. Numerical studies on this 

material in the literature are limited and this is the 

motivation of the study. Also, all the experimental and 

numerical results are compensated for the temperature 

effect and analyzed using curve/probabilistic fitting for 

the first time. This work will contribute to damage 

control of the aviation structures in the industry. The 

study includes five parts. In the second section, 

experimental and numerical methods are given. Then, 

experimental/numerical results are explained, and 

temperature compensation is presented. After that, the 

experimental results are analyzed using 

curve/probabilistic fitting. In the end, the conclusion 

section is given. 

 

2.  EXPERIMENTAL and NUMERICAL METHOD                

2.1. Experimental Method 

Al 7075 sample was used in the experimental study. The 

sample used in the experiments is given in Fig.1. The 

dimensions of the sample were 30x30x3 mm. In the next 

step, impedance measurements of the samples were 

performed, at room temperature using Keysight E4990A 

impedance analyzer. Impedance measurements of the 

samples at varying temperatures were performed using 

the ARTICO LFE140 laboratory cooler (Fig.2). 

Experimental measurements were carried out with a 

temperature from -10 °C to -45 °C at 5 °C intervals. 

 

Figure 1. Al-7075 sample 
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Figure 2. Cooler 

 

Aluminum is widely used in aircraft parts, space and 

defense industry applications. In aviation applications, 

aircraft are subjected to varying ambient temperatures 

ranging from -55 °C to 80 °C [14]. Generally, aircraft 

body parts are lower than 0°C, so -10 °C to -45 °C 

temperature interval is taken into consideration in this 

study. 

A 10x10x0.5 mm piezoelectric sensor was bonded to the 

Al 7075 using M-Bond 200 adhesive. Then one of the 

probes was attached to the piezoelectric sensor soldered 

wire, while the other was not attached to the 

plate directly. This problem was solved with the help of 

the magnet of a copper cable. Fig. 3 shows the binding of 

the probes to the Al 7075 sample. After the probes were 

attached, measurements of the real part impedance data 

were performed at room temperature. In these 

measurements, the frequency range was 2 kHz-80 kHz in 

1000 steps. 

 

Figure 3. Attaching probes to the sample (Al 7075) 

 

2.2. Numerical Method 

In this section, the behavior of the constrained 

piezoelectric sensor at varying temperatures was 

modeled using ANSYS multi-physics software. SOLID5 

element was used for PWAS.  SOLID45 element was 

used for aluminum. According to Yang’s study [20], the 

effect of the adhesive layer can be neglected, so this 

effect was not taken into account. 

Material properties of the piezoelectric sensor at room 

temperature were entered into the ANSYS program using 

the data published by PI Ceramic, the manufacturer of the 

sensors supplied for the experimental study, on the 

internet [23]. The data obtained from the manufacturer 

cannot be directly entered into the ANSYS program. The 

necessary conversions should be made to the ANSYS 

program, as suggested in Imaoka [24]. Using these 

transformations, the manufacturer's data (25 °C) of the 

PIC255 piezoelectric sensor were entered into the 

ANSYS program. 

2.2.1. Stiffness / compliance matrix 

Elastic compliance ( s ) is defined as the strain that occurs 

in the result of the unit stress applied to the piezoelectric 

material in directions 11 and 33. Also, it can be defined 

as the inverse of the elastic modulus [25]. 

 

Es   = 

11 12 13

12 11 13

13 13 33

66

44

44

0 0 0

0 0 0

0 0 0

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0

s s s

s s s

s s s

s

s

s

 
 
 
 
 
 
 
 
  

 

Es    matrix is closely related to the modulus of 

elasticity, shear modulus and Poisson's ratio (Eqs.1-6). 
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1
 = =X YE

E E
s

 
(1) 

33

1
Z E

E
s

=  
(2) 
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1
=XY E
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(3) 

44

1
   YZ XZE

G G
s

= =  
(4) 

( )12 11  = −E E

XYs NU s  (5) 

( )13 33   = − =E E

YZ XZs NU s NU  (6) 
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66

Es  and 
44

Es values are not available in the 

manufacturer's data. These values are calculated using 

Eqs. 7- 8. 

( )66 11 12 2  E E Es s s= −                  (7) 

( )44 33 13 2  E E Es s s= −                   (8) 

In literature, there is no function or graphics related to the 

temperature change of these values of the PIC255 

piezoelectric sensors. Therefore, these values were 

determined using equations. 

The change of the Poisson's ratio with temperature is 

neglected and is assumed to be independent of the 

direction ( XYNU = XZNU = YZNU = = 0.34). The 

relationship between the shear modulus and the elastic 

modulus is defined in Eqs. 9-10. 

( )2 1  
=

+  

X
XY

E
G


                 (9) 

( )
 

2 1  
= =

+ 

Z
YZ XZ

E
G G


              (10) 

The variation of the elastic modulus with temperature is 

given in Eq.11 [26]. 

( )
( )0

–
160 4

P
p p

T T E
E T E

−
=               (11) 

pE is Young's modulus at the reference temperature, 

( )  pE T is Young's modulus at the measured 

temperature, T  is the ambient temperature, 0T  is the 

reference temperature, p  represents the piezoelectricity. 

The reference temperature is 25 °C. Elastic modules at 

the reference temperature were calculated using the 

values of 
11

Es  and 
33

Es supplied by the manufacturer for 

the PIC255 piezoelectric sensor. Using Eq.11, the elastic 

modulus of the PIC255 piezoelectric sensor at 

temperatures ranging from 0 °C to -45 °C at 5 °C 

intervals were calculated. 

Once the modulus of elasticity has been determined, the 

shear modulus is calculated for varying temperatures 

using Eqs. 9 and 10. The shear modules are calculated for 

the varying temperatures. Using Eqs.1 -8, all the 

parameters in the 
Es    matrix were determined for 

varying temperatures. This data will then be used to 

determine the conductivity matrix to be calculated and 

the piezoelectric matrix  e  related to the stress / electric 

field. 

2.2.2. Piezoelectric charge constants 

Piezoelectric materials are identified by three 

piezoelectric charge constants as 31d , 33d and 15d The 

matrix  d  was created by taking the parameters 31d ,

33d and 15d from the catalog values of the 

manufacturer’s. 

 d = 

31

31

33

15

15

0 0

0 0

0 0

0 0 0

0 0

0 0

d

d

d

d

d

 
 
 
 
 
 
 
 
 

 

In the ANSYS program, the matrix  e  is the matrix that 

relates the mechanical stress to the electric field. Using 

Eq.12, the manufacturer's data has been made available 

for the ANSYS program. 

   
1

 Ee s d
−

  =                (12) 

Using the recalculated 
1

Es
−

   matrices at different 

temperatures, the  e  matrices were calculated for 

varying temperatures. The matrix  d  was defined 

identically for all temperatures and is shown below. 

 

 d = 

0 0 180

0 0 180

0 0 400

0 0 0

0 550 0

550 0 0

− 
 

−
 
 
 
 
 
 
 

 

The  e  matrix generated for 25 ° C is given below.  

 e = 

0 0 7.53378

0 0 7.53378

0 0 14.19998

0 0 0

0 9.912232 0

9.912232 0 0

− 
 

−
 
 
 
 
 
 
 

 

 

2.2.3. Dielectric constants 

The relative dielectric constant is the ratio of the amount 

of load the piezoelectric element can store to the amount 

of load stored in the vacuum ( 0  = 8.85x10-12 F/m) [27]. 

The manufacturer data for piezoelectric materials are 

11 0/   and 33 0/  . The temperature-dependent 

function of the relative dielectric constants is derived 

from the plot of these values changed with temperature. 

Fig. 4 shows the percentage change of relative dielectric 

constants with respect to temperature. 
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Figure 4.  Change of relative dielectric constants according to 

the temperature [28] 

 

The functions of the relative dielectric constants derived 

from the temperature dependence were given in Eqs.13-

14. 

2

11 0/ 0.0103  3.4885   1585.4T T  = + +  (13) 

2

33 0/ 0.011  3.6999   1681.5= + +T T   (14) 

The coefficient of determination value (r2) in the two 

derived equations is 0.99. In these equations, T

represents temperature. The values of  11 0/   and 

33 0/   are calculated for the varying temperatures.          

The parameters of 11 0/   and 33 0/  cannot be 

entered directly into the ANSYS program from the 

manufacturer's catalog values. The manufacturer's data 

was defined by the matrix   
T . 

  
T = 

11 0

11 0

33 0

0 0

0 0

0 0

/

/

/

 

 

 

 
 
 
  

 

Eq. 15 has been used to adapt the manufacturer's data to 

the ANSYS program. 

   
1tS T Esd d 
−

     = −                    (15) 

The   
S  matrix generated for 25 °C is shown below. 

  
S = 

1033.986 0 0

0 1033.986 0

0 0 801.7345

 
 
 
  

 

After recalculating 
1−

  
Es  and   

T matrices for 

different temperatures,   
S  matrices were created for 

varying temperatures using Eq. 15. 

2.2.4. Density 

The equation proposed in Jyoti’s study [26] was used to 

calculate the change in density at varying temperatures 

(Eq. 16).  

( )
0

3
1 T





=

+  
 

               (16)                        

  (Coefficient of thermal expansion) of the 

piezoelectric sensor has a value ranging from   4×10-6 

(1/K) to 8×10-6 (1/K) for the manufacturer. Since   is 

defined as the average thermal expansion coefficient in 

Eq. 16,   value is assumed to be 6×10 -6 (1/K). The 

calculated density values are entered into the ANSYS 

program without any conversion while developing 

models for varying temperatures.  

2.2.5. The elasticity modulus of samples with 

piezoelectric sensors added at varying 

temperatures  

Eq. 17 is used for the change of the elasticity module with 

temperature [29]. 

  ( ) ( ) ( )0 0 0 0

E
E T E T T E T T

T



= + − = + −


   (17) 

0E  is Young's modulus at the reference temperature, E  

is Young's modulus at the measured temperature, T is 

the ambient temperature, 0T  is the reference temperature, 

and   represents the linear change of the Young module 

with temperature. The temperature-dependent function 

of the elastic modulus is given in Eq.18. 

( ) ( )5 24 10 0.0398 69.936E T x T T−= − − +  
(18) 

T represents the ambient temperature in °C, and ( )E T  

represents the elasticity modulus at T  temperature in 

GPa. After this function is substituted in Eq.17, the 

elastic modulus is calculated.  

2.2.6. Damping ratio 

In this study, the damping ratio was determined by using 

viscous damping principles. In viscous damping, the 

mass product factor value is 0, the   (stiffness product 

factor) value is greater than 0, and the constant damping 

ratio value is 0 [30]. Stiffness product factor value is 

calculated using Naillon equations. In Eqs.19-20, the 

suggested equations are given [31]  

1
=

mQ



                (19) 
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2 f =                 (20) 

  is the angular velocity in the largest mode (Hz) and 

mQ  is the mechanical quality factor. The mQ value is 

given as 80 in the PIC 255 piezoelectric sensor 

manufacturer's data.   value was determined as the 

result of an experimental study at 25 °C. 

2.2.7. Effective frequency shift (EFS)  

Effective frequency shift (EFS) is a simple method to 

compensate for the effect of temperature and can be 

applied in a wide variety of configurations under various 

conditions. By comparing the impedance obtained 

according to the temperature change with the reference 

impedance, the frequency shift is performed by forming 

the loop until the minimum correlation coefficient 

deviation metric (CCDM) index is obtained. In the 

calculations, the curves are shifted to the left (until the 

maximum cross-correlation is obtained) to compensate 

for this, as the fall of the temperature causes the 

impedance graphs to shift to the right. The equation of 

effective frequency shift is given in Eq.21.  

( ) ( ), 2,   corr i i f vRe Z Re Z = +              (21) 

( ),  corr iRe Z  represents the real part of the corrected 

real impedance value, ( )2,i fRe Z 
i ± f  is the real 

impedance value measurement (shifted by f ), v  

represents the average of the difference of the real 

impedance values between the two signals. 

While eight different temperature levels were used in the 

experimental study, ten different temperature levels were 

used in the numerical study. RMSD, MAPD (mean 

absolute percentage deviation) and CCDM were used as 

damage metrics. EFS algorithm was applied, and 

temperature compensation was performed according to 

the CCDM metric. 

 

3. EXPERIMENTAL AND NUMERICAL 

    RESULTS 

In this section, the effect of temperature on the 

constrained piezoelectric sensor was investigated by 

using experimental and finite element methods. The 

temperature effect was compensated for by using a 

compensation algorithm. 

3.1. Experimental Results 

Impedance measurements of the Al 7075 sample were 

performed at different temperatures. Measurements 

taken at room temperature as reference and 

measurements carried out for other temperatures were 

compared according to this reference measurement. 

Fig. 5 shows the impedance measurement results of Al 

7075 at room temperature. In Fig.5, it is clear that the 

mode amplitude at 26828 Hz is larger than the mode 

amplitude at 57045 Hz. Thus, experiments focused on the 

first mode. It was performed in 1000 steps in the 

frequency range of 20 kHz-30 kHz. Fig. 6 shows the 

results obtained from experimental studies at different 

temperatures. Compared to room temperature 

measurements, the frequency shifts to the right and the 

amplitude increases as the temperature drops. 

 

Figure 5.  Impedance measurements of Al 7075 sample at 

                  25 °C (Experimental) 

 

 

Figure 6. Impedance measurements of Al 7075 sample at 

varying temperatures (Experimental) 

 

3.2. Numerical Results 

The material properties of the piezoelectric sensor and Al 

7075 were defined in the ANSYS program. For the 

damping rate, the mass product factor value was 0, the 

constant damping ratio was 0, and for   value, Eqs. 19 

and 20 were used. The frequency value in the largest 

mode was set at 26746 Hz in the experimental run at 25 

°C. After substituting this value in the Eq. 20, the   

value was determined as 7.44x10-8 using Eq.19. 

The applied voltage value is 0 and 0.5 V, respectively. 

The number of steps is chosen as 1000, and the frequency 

range is chosen as 2 kHz-80 kHz, and results are obtained 

as seen in Fig. 7. 
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Figure 7. Impedance values of the Al-7075 sample at 25°C 

                 (Numerical)  

 

Simulation studies for 25 °C and other temperatures were 

carried out 15 kHz -25 kHz frequency range as the first 

mode amplitude larger than the second mode (Fig. 7). For 

25 °C, solutions for different mesh numbers were 

repeated, and the appropriate cell structure was 

determined by comparison with experimental 

measurements at 25 °C. The behavior of Al 7075 was 

examined at temperatures ranging from 0 °C to -45 °C at 

5 °C intervals after the appropriate mesh number was 

determined. 

The simulation studies were compared with experimental 

results using 1625, 5500, 11625 meh numbers. The 

optimal mesh number was 5500 (4500x1000) chosen at 

25 °C when considering the optimum solution time 

according to different trial simulation studies. 4500 

(30x30x5) represents the number of mesh on the plate, 

and 1000 (10x10x10) represents the number of mesh on 

the sensor. The selected mesh structure of the specimen 

was given in Fig.8. 

 

Figure 8. The mesh structure of Al 7075 with a piezoelectric 

sensor 

 

 The simulation results for temperatures ranging from 0 

°C to -45 °C at 5 °C intervals using the 4500x1000 cell 

structure were shown in Fig.9. As seen in the Figure, as 

the temperature decreases, the frequency shifts to the 

right and the amplitude value also increases. 

 

Figure 9. Impedance values of the Al-7075 sample at varying 

temperatures (Numerical) 

 

3.3. Experimental / Numerical Results in terms of 

Damage Metrics (non-compensated and 

compensated)  

Non-compensated experimental results by two damage 

metrics were given in Figs. 10-11. When the results are 

examined, it is seen that the damage metrics increase as 

the temperature difference increases. RMSD values 

range from 0.5 to 2. MAPD values are between 6-11. 

 

Figure 10. RMSD damage metric values of experimental 

results at different temperature values (non-

compensated)  

 

Figure 11. MAPD damage metric values of experimental  

results at different temperatures (non- 

compensated) 

CCDM metrics before and after compensation were 

given in Fig.12. These metrics decrease significantly 

after compensation. 
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Figure 12. CCDM metrics before and after compensation with 

hybridized EFS/Genetic algorithm  (Experimental) 

Compensated experimental results were shown in Figs. 

13-14, according to two damage metrics. RMSD values 

are between 0.25- 1.5. MAPD values range from 6 to 10. 

After the experimental results have been compensated, 

the damage metrics have decreased. 

 

Figure 13. RMSD damage metric values of experimental 

results at different temperatures(compensated) 

 

Figure 14. MAPD damage metric values of experimental  

                    results at different temperatures (compensated) 

Numerical results of non-compensated three damage 

metrics were given in Figs. 15-16. When the results are 

examined, the damage metrics increase as the 

temperature difference increases. 

 

Figure 15. RMSD damage metric values of simulation results 

at different temperatures (non-compensated)                

 

Figure 16. MAPD damage metric values of simulation results 

at different temperatures (non-compensated) 

CCDM metrics before and after compensation were 

given in Fig.17. These metrics decrease significantly 

after compensation. 

 

 

Figure 17. CCDM metrics before and after compensationwith 

hybridized EFS/Genetic algorithm  (simulation)        

The numerical results were shown in Figs. 18-19 with 

two damage metrics. Compensated damage metrics show 

a decline compared to the non-compensated damage 

metric values. 

 

Figure 18. RMSD damage metric values of simulation results 

at different temperatures (compensated) 

 

Figure 19. MAPD damage metric values of simulation   results 

at different temperatures (compensated) 
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In Figs. 20-21, experimental and simulated compensated 

impedance graphs are given, respectively. Compared to 

the figures before, the graphs shift to the left. 

 

Figure 20. Impedance graphs compensated at different 

temperatures in the 20-30 kHz frequency band 

(Experimental) 

 

Figure 21. Impedance graph compensated at different 

temperatures in the 15-25 kHz frequencyband 

(simulation) 

Since the linear variation coefficient of the elasticity 

module is not defined in the literature for Al 7075, the 

function of the temperature is taken into consideration 

after the function is derived from the graph. Therefore, 

there are differences between experimental and 

numerical studies. 

When all the results are analyzed, the real impedance 

graphs shift to the right with the temperature decrease. As 

the temperature change increases, the frequency shift 

increases. These graphics have been compensated by 

shifting them to the left. The values of damage metrics 

have decreased since they were compensated. In this 

context, it has been found that the results are consistent 

with the literature studies [6,10,15-17]. 

 

4. CURVE/PROBABILISTIC FITTING of  

     DAMAGE METRICS 

At this stage of the study, curve / probabilistic fitting was 

performed using experimentally obtained error metrics. 

In the first step, curve fitting was applied for the damage 

metric data that was not compensated. The independent 

variable was selected as temperature and the RMSD, 

MAPD and CCDM metrics were used as dependent 

variables. CURVEEXPERT software was used in the 

analysis. The results are given in Tables 1-2. The best 

curves for RMSD, MAPD, and CCDM were Richards, 

Exponential Association 3, and Sinusoidal curves, 

respectively. 

Since the data is expected to be temperature independent 

after compensation, the probabilistic fitting has been 

performed for this data. EASYFIT software was used in 

the analysis. Kolmogorov-Smirnov and Anderson-

Darling tested 56 different distributions by means of the 

Table 1. Curve fitting for error metrics 

Curves of 

RMSD 

R2/std.error Curves of 

MAPD 

R2/std.error Curves of 

CCDM 

R2/std.error 

1.Richards 0.9982/2.38e-2 1.Exponential 

Association 3 

0.99/1.51e-1 1.Sinusoidal 0.999/4.8e-3 

2.Reciprocal 

Quadric 

0.9981/2.40e-2 2.Rational 

model 

0.99/1.57e-1 2.Gaussian 0.994/5.47e-3 

3.Rational 

model 

0.9982/2.45e-2 3.Heat capacity 0.99/1.68e-1 3.Rational 

model 

0.995/5.4e-3 

4.Ratkowsky 

model  

0.9975/2.53e-2 4.Ratkowsky 

model 

0.99/1.72e-1 4.Richards 0.995/5.33e-3 

Table 2. Parameters for the best curves 

Curves Curve equation Parameters 

Richards y=a(1+eb-cx)1/d a=2.1 b=9.5 c=-2.25e-1 d=7.43 

Exponential Association 3 y=a(b-e-cx) a=8.48 b=1.37 c=-4.9e-2 

Sinusoidal y=a+bcos(cx+d) a=5.14e-1 b=3.2e-1 c=5.66e-2 

d=-3.27 
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tests for distribution. The results are given in Table 3. In 

addition, the results of the distribution suitability tests are 

given in Appendices 1-3. Johnson SB distribution for 

RMSD, MAPD and Error distribution for CCDM were 

the most appropriate distributions. In Figure 23, Johnson 

SB probabilistic distribution for RMSD is shown. The 

Johnson SB equations are given below (Eqs. 22-23). 

𝑓(𝑥) =
𝛿

𝜆√2𝜋𝑧(1−𝑧)
exp⁡(−

1

2
(𝛾 + 𝛿 ln (

𝑧

1−𝑧
))2)    (22) 

𝑧 =
𝑥−𝜁

𝜆
                                                                        (23) 

The Error function equations are given below (Eqs. 24-

27). 

𝑓(𝑥) = 𝑐1𝜎
−1exp⁡(−|𝑐𝑜𝑧|

𝑘)⁡⁡⁡⁡                             (24)  

𝑧 =
𝑥−𝜇

𝜎
                                                                        (25) 

𝑐0 = (
Γ(

3

𝑘
)

Γ(
1

k
)
)1/2                                                              (26) 

𝑐1 =
𝑘𝑐0

2Γ(
1

𝑘
)
⁡⁡⁡⁡                                                                 (27) 

 

Figure 23. Johnson SB distribution for RMSD 

 

5. CONCLUSIONS 

In this study, Al 7075 sample was chosen for the 

experimental research, considering these structures 

exposed to varying ambient temperatures. Also, a finite 

element model considering the temperature effect on the 

piezoelectric sensor and Al 7075 sample was proposed. 

The behavior of the constrained piezoelectric 

sensor/Al7075 for varying temperatures has been 

investigated. It has been observed that as the temperature 

decreases, the frequency shifts to the right (increases) and 

the amplitude increases. This change has been 

compensated by using EFS Three damage metrics 

decreased significantly after compensation. Therefore, it 

has been determined that there are no defects in the 

structure.  The best curves for RMSD, MAPD and 

CCDM were Richards, Exponential Association 3, and 

Sinusoidal curves, respectively for non-compensated 

results. Johnson SB distribution for RMSD, MAPD and 

Error distribution for CCDM were the most appropriate 

distributions for experimental compensated damage 

metrics. 

Experimental and simulation results are close to each 

other. Simulation studies are also considered to be 

sufficient when there is no possibility of experimental 

work. In later work, studies can be performed by 

selecting a wider range of temperatures. Experiments and 

simulations can be repeated for different sizes of 

specimens so that it can be determined whether or not the 

size effect is significant. Furthermore, by studying the 

behavior of defective samples at varying temperatures, 

two effects can be evaluated together.  

EMI technique has great potential, a lot of work is being 

done to resolve several problems. Future studies should 

focus more on real structures to identify critical problems 

using the EMI technique because most of the researches 

are conducted under laboratory conditions. Continuous 

research and advances in computer technologies will 

bring new solutions and ideas. Also, Artificial neural 

network approach can be integrated into EMI. 
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Table 3. Probabilistic fitting of damage metrics (The best probabilistic curves) 

RMSD  
Parameters 

 
MAPD  

Parameters 

 
CCDM  

Parameters 

 

1 Johnson  

SB 

 -continuous shape 

parameter=0.12 

 -continuous shape 

parameter=0.5 

 -continuous scale 

parameter=1.167 

 -continuous location 

parameter=0.25 

1.Johnson 

SB 

 -continuous shape 

parameter=-0.961 

 - continuous shape 

parameter=0.69 

 -continuous scale 

parameter=5.82 

 -continuous location 

parameter=4.18 

1. 

Error 

 -continuous 

shape 

parameter=100 

 -continuous 

scale 

parameter=0.06446 

 -continuous 

location 

parameter=0.10125 
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APPENDICES 

A.1.Goodness of Fit - Details/RMSD  

Johnson SB  [#28] 

Kolmogorov-Smirnov 

Sample Size=8 

Statistic=0.11096 

P-Value=0.99969 

a 

0.2 

0.1 

0.05 

0.02 

0.01 

Critical Value 

0.35831 

0.40962 

0.45427 

0.50654 

0.54179 

Reject? 

No 

No 

No 

No 

No 

Anderson-Darling 

Sample Size=8 

Statistic=0.14633 

Rank 

a 

0.2 

0.1 

0.05 

0.02 

0.01 

Critical Value 

1.3749 

1.9286 

2.5018 

3.2892 

3.9074 

Reject? 

No 

No 

No 

No 

A.2.Goodness of Fit - Details/MAPD 

Johnson SB  [#30] 

Kolmogorov-Smirnov 

Sample Size=8 

Statistic=0.14144 

P-Value=0.98937 

a 

0.2 

0.1 

0.05 

0.02 

0.01 

Critical Value 

0.35831 

0.40962 

0.45427 

0.50654 

0.54179 

Reject? 

No 

No 

No 

No 

No 

Anderson-Darling 

Sample Size=8 

Statistic=0.17222 

a 

0.2 

0.1 

0.05 

0.02 

0.01 

Critical Value 

1.3749 

1.9286 

2.5018 

3.2892 

3.9074 

Reject? 

No 

No 

No 

No 

No 

A.3. Goodness of Fit - Details/CCDM   

Error  [#9] 

Kolmogorov-Smirnov 

Sample Size=8 

Statistic=0.14725 

P-Value=0.98408 

a 

0.2 

0.1 

0.05 

0.02 
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494 

0.01 

Critical Value 

0.35831 

0.40962 

0.45427 

0.50654 

0.54179 

Reject? 

No 

No 

No 

No 

No 

Anderson-Darling 

Sample Size=8 

Statistic=0.2047 

a 

0.2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0.1 

0.05 

0.02 

0.01 

Critical Value 

1.3749 

1.9286 

2.5018 

3.2892 

3.9074 

Reject? 

No 

No 

No 

No 

No 

 


