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Abstract

:

In this paper, we propose a method of distributed sensory systems designing for monitoring of surface cracks in highly loaded constructions based on electrical impedance tomography. A thin conductive film with contacts on the perimeter applied on the monitored surface is used as a crack sensor. Registration and monitoring of surface cracks using the developed modified method of electrical impedance tomography (EIT) are carried out. The proposed method differs from the traditional EIT method as it has considerably lower computational complexity with sufficient resolving power. This makes it possible to use the proposed EIT method for continuous rapid monitoring of surface cracks during the operation of a controlled construction in real-time mode. The main stages of the proposed modified EIT method, a block diagram of the crack image reconstruction algorithm and a method for processing the crack images, which provide the possibility for adjusting the sensitivity of the monitoring system, are considered. The main modules of the monitoring system software are described. Analysis of the imitative modeling results of the cracks registering processes as a function of size, shape, and the arrangement of cracks, the number of boundary contacts of the distributed sensor, the step of the grid, and the parameters of a digital filter are considered. Comparative analysis of the developed and standard EIT methods for surface cracks monitoring in constructive elements was performed.
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1. Introduction


Monitoring of cracks occurring in highly loaded structural elements during their operation plays a key role in ensuring the safety and reliability of technical facilities. The hulls of aircraft and ships, the elements of bridges, cranes, and drilling rigs, etc. are subjected to significant mechanical stresses during their operation, initiating the formation and growth of fatigue cracks, which can lead to the destruction of constructions and associated risk for human health and life [1,2]. Therefore, especially relevant are research and development in the field of creating systems of monitoring the integrity of structural elements in the mode of their operation in real-time.



To solve this problem electromagnetic, ultrasonic, optical, radiographic, thermal, electrical methods and other methods are used [3,4,5,6,7,8]. However, none of the above-listed cracks monitoring methods can be described as universal. For instance, the electromagnetic and ultrasonic methods can be effective under stationary conditions, nevertheless, they cannot be used to monitor the cracks of mobile objects in real-time mode. The piezoelectric and the electrical sensor systems, which are based on film conductors, are convenient for cracks registration in mobile objects while they are operating. However, they can provide only selective monitoring of the surface being analyzed. For example, the distributed sensor (a system of mutually orthogonal film conductors deposited on a polymer dielectric film, which has been located on a controlled surface) reported in [8] can provide short-term cracks registration, which is sufficient for monitoring the integrity of construction during its operation in real-time mode. As a consequence, minimization of the registered crack dimension, in this case, requires an increase in the number of film conductors. Correspondingly, one should increase the number of contacts, which in turn makes the signal processing system of the sensor more complicated. This means that an important topic is to provide continuous control of the occurrence of cracks and their evolution in certain critical areas of the surface of structural elements using a monitoring system with a small number of sensor contacts.



Continuous monitoring of cracks on areas of interest on construction surfaces can be provided using a distributed sensor. This consists of a conductive film with a given specific conductivity, which completely covers the monitored surface and has electrical contacts located along the perimeter [9,10,11,12,13,14,15,16,17,18]. In case the material of the test object has a high conductivity (for example, metal or metal alloy), a sensor film is applied to the dielectric layer present on the monitored surface [7,8]. When the tensile strength limit of the sensor film, which is determined by its thickness, material, and method of deposition is achieved, cracks will appear in it, which are approximately the same in shape, size, and location as the cracks in the monitoring object. Registration and monitoring of cracks in the sensor film can be performed using the method of electrical impedance tomography (EIT) [9,10,11,12,13,14,15,16,17,18,19,20].



Measurements are carried out with the help of the boundary contacts of the film. A current is passed through two contacts, called current contacts. The remaining (measuring) contacts are used for the voltages measurement. The implementation of the EIT consists of obtaining a large number of measurements for various combinations of current contacts and performing for each measurement, the iterative procedures of numerical solutions of the forward and inverse EIT problems [9,10,11,12,13,14,15,16,17,18].



The forward problem of EIT consists of finding the spatial distribution of the potential in the sensor film for the spatial distribution of the film specific conductivity. The most accurate model of the forward problem is the complete electrode model (CEM). The CEM takes into account the boundary contact resistances. The CEM consists of the Laplace Equation (1), boundary conditions (2)–(4), and additional condition (5) [10]:


∇(σ⋅∇φ) = 0;



(1)






φ + zcσ⋅∂φ/∂n = Uc;



(2)






σ⋅∂φ/∂n = 0;



(3)






∫σ⋅(∂φ/∂n)dSc = Ic;



(4)






Σ Ic = 0,



(5)




where σ is the specific conductivity of the sensor film; φ is the electrostatic potential; Ic is the current passed through the current contact; Uc is the voltage on the c-th boundary contact; Sc is the cross-sectional area of the current contact; n is an outward-pointing normal to the boundary; zc is the contact impedance between c-th contact and the sensor film.



Equation (4) is the boundary condition for current contacts. Equation (2) is the boundary condition for measuring contacts. It takes into account the contact impedance contribution to the contact potential. Equation (3) is the Neumann condition on the contact-free boundaries of the sensor film. Additional conditions (5) reflect the charge conservation. They also need to be satisfied [10].



The EIT inverse problem iteratively minimizes the difference between a vector of experimentally measured boundary voltages Um and the vector of boundary voltages F(σ) predicted by the forward problem (1)–(5) solution. This minimization can be described by expression (6) [9].


σ* = arg minσ(||Um − F(σ)|| 2),



(6)




where σ* is a vector of the specific conductivity distribution that satisfies the minimization.



The F(σ) is defined as a result of linearization performed by a Taylor series expansion on the initial specific conductivity σ(0) according to expressions (7)–(9) [9]:


F(σ) ≈ F(σ(0)) + J⋅Δσ;



(7)






J = ∂F(σ(0))/∂σ;



(8)






Δσ = σ − σ(0),



(9)




where J is a sensitivity matrix and Δσ is the matrix of conductivity increments.



The matrix Δσ is defined by the Tikhonov regularization procedure because J is severely rank-deficient. The specific conductivity distribution is updated iteratively according to expression (10) until the error is sufficiently minimized [9]:


σ(k+1) = σ(k) + Δσ,



(10)




where k is the iteration number.



The EIT is well-known and effective method for defect diagnostics. At the same time, the reconstruction problem in EIT is an ill-posed inverse problem, in the sense that the solution is not unique and it is extremely sensitive to measurement noise and modeling errors [10]. The number of boundary contacts, and their size and shape exert a significant influence on the accuracy of the method. As a result, to ensure the required accuracy, it is necessary to increase the number of contacts and the number of grid nodes. This leads to a corresponding increase in the dimension of the EIT problem and, in combination with the iterative character of the numerical solution of the forward and inverse problems, significantly increases the simulation time and increases the requirements for computational resources [15]. In addition, the number of iterations (1)–(10) can change significantly with the size and localization of the cracks, which is an additional problem for registering and monitoring of cracks in the operating mode of the testing object using EIT in real-time.



These disadvantages of cracks detection using EIT were widely investigated and analyzed in [10,11]. In these works, quantitative as well as qualitative crack image EIT-reconstructions were considered. The qualitative difference imaging of cracks reconstruction, as a result of global linearization, is useful when the objective is only to detect and locate cracks. The difference imaging is performed using two sets of EIT measurements. The First is a reference measurement on the defect-free sensor film, and second one is a measurement after cracking. This approach avoids high computational complexity but gives only an approximate qualitative measure of the size and location of the crack. In addition, unwanted artifacts may appear on the image [10,11].



In contrast to the difference imaging, so-called absolute imaging of cracks do not use global linearization. Therefor absolute imaging is a quantitative method for crack image reconstruction. This needs a very computationally expensive iterative solution for a nonlinear inverse problem [10,11].



It should also be noted that in many cases of cracks monitoring in real-time (for example, in the case of aircraft in flight), reducing the time of crack registration is much more important than highly accurate determination of size, shape, and location.



This work is devoted to solving the aforementioned problems by means of development and investigation of a simplified EIT method, and its software implementation for continuous control (registration and monitoring) of surface cracks in real-time. In comparison with the standard EIT methods described in [9,10,11,12,13,14,15,16,17,18], the proposed method excludes iterations and the regularization procedure. An accuracy reduction connected with this feature is partially compensated for by a proposed method of digital filtration of cracks images.




2. Modified Method of Surface Cracks Registration and Monitoring


When using electrical impedance tomography for cracks detection, it is important to determine only the relative changes in the conductivity of the sensor film. This opens opportunities for simplification of cracks detection methods and algorithms.



In this work, to solve the problems of electrical impedance tomography listed above, a modified EIT method has been developed. This method does not require iterative procedures. It is significantly less sensitive to the number of measuring contacts and to the step of the grid.



The proposed method provides for periodic measurement of the relative changes in the conductivity of the sensor film between all pairs of contacts located along the perimeter of the film. To do this, the measured conductivity values are normalized by the conductivity values of the initial defect-free film between the corresponding pairs of contacts stored in the system memory.



When measuring the conductivity between any pair of contacts, the density of the measuring current is distributed unevenly throughout the entire volume of the sensor film. In order to simplify the algorithm of cracks detection, we propose to introduce, as an approximation, “conditional conduction channels” (CCC) of a given width between pairs of contacts of the sensor film. This approximation introduces the assumption that the entire measuring current flows inside the corresponding CCC with a uniform distribution of current density over the cross-section of the CCC.



The essence of the proposed method of reconstruction of the images of cracks is to determine for each node of the grid, a relative change in the conductivity of the sensor film averaged over the number of CCCs into which this node enters, which follows the digital filtration of the resulting image. In contrast with the standard EIT method, these procedures exclude the sensitivity matrix and iterative calculations. Therefore regularization is also not required.



The developed method provides for the following main stages:




	
Formation of the initial conductivity matrix named MCI by measuring the conductivity between all pairs of contacts along the perimeter of a defect-free sensor film. The dimension of the MCI matrix is NC − 1 × NC − 1, where NC is a total number of boundary contacts. The element of the m-th row and the n-th column of the MCI matrix is equal to the conductivity measured between the m-th and n-th contacts. The MCI matrix is formed once at the calibration stage of the monitoring system, and stored in the system memory;



	
Formation of the normalized matrix of film conductivity named MCN during registration and monitoring of cracks. The dimension of the MCN matrix is equal to the dimension of MCI. The element of the m-th row and the n-th column of the MCN matrix is defined as the result from dividing the conductivity of the sensor film measured between the m-th and n-th contacts in the monitoring process by the value of the element of the m-th row and the n-th column of the MCI matrix. The MCN matrix is redefined with the frequency specified by the requirements for the parameters of the monitoring system;



	
Reconstruction of the image of cracks using the normalized MCN matrix of conductivity of film on a two-dimensional rectangular grid:


R = {(xi, yj) | i = 1, 2, …, I; j = 1, 2, …, J},



(11)




where i, j are the grid nodes indexes; xi, yj are the grid nodes coordinates; I is the number of grid nodes along the x coordinate; J is the number of grid nodes along the y coordinate;



	
Digital filtering of cracks images in order to adjust the sensitivity threshold of the monitoring system and optimize the contrast of the recorded image.








The developed algorithm for reconstructing the image of cracks (stage 3 of the modified EIT method) is illustrated by the block diagram shown in Figure 1 and a schematic representation of a sensor film with 12 contacts (C1–C12) along the perimeter, shown in Figure 2.



The result of the cracks image reconstruction is the determination of the spatial distribution of the relative specific conductivity of the sensor film averaged over the number of CCC for each node of grid in the form of matrix named MCS with a dimension corresponding to the dimension of the coordinate grid R (11). Reconstruction of the image of cracks is performed using the normalized matrix of conductivity MCN on the grid R and includes the following procedures:




	
Loading of the normalized matrix of conductivity MCN, grid R and parameter values W, NC, I, J (block 1 in Figure 1), where W is the half-width of the “conditional conduction channel” (Figure 2). Between adjacent contacts, the width of the CCC is assumed to be W; for example, between the contacts C8 and C9 in Figure 2. The parameter W is a tuning parameter. In the proposed method, the parameter W is a constant for all pairs of boundary contacts, including adjacent contacts. The minimum value of W is determined by the requirement that there are no nodes of the coordinate grid (xi, yj) that are not included in any CCC. Consequently in this case, W is defined by the sensor film size and the number of boundary contacts. However, the other versions of the proposed method with dependence on the W parameter on the distances between boundary contacts will be considered in following works;



	
Formation of a matrix of conditional conduction channels named MCH and a matrix of averaged normalized values of the conductivity named MCS of dimension I × J corresponding to the dimension of the coordinate grid R, with zero elements (blocks 2–7 in Figure 1);



	
Sequential execution for all nodes of the grid (xi, yj) in the following procedures:




	
Determination of the total number of ССCs, which include the node (xi, yj), and assigning this value to the element of the i-th row and the j-th column of the MCH matrix (blocks 8–16 in Figure 1). The implementation of this procedure is shown in Figure 2 by the example of determining the belonging of the point D(xi, yj) to the conditional conduction channel between the contacts C1 and C7. For this purpose, a triangle ABD with vertices A and B at the central points of contacts C1 and C7 is constructed. The height h, dropped to the side AB from the vertex D is determined in accordance with the expressions presented in block 9 in Figure 1, where a, b, and c are the length of the sides of triangle ABD, and p is half of the triangle ABD perimeter.



If h ≤ W then node (xi, yj) is included in the corresponding CCC and the value of element MCHi,j is incremented by 1 (blocks 10 and 11 in Figure 1);



	
Determination of the element value of the i-th row and the j-th column of the matrix of averaged normalized values of the conductivity MCS (blocks 8–20 in Figure 1) by summing the elements of the normalized matrix of conductivity of the film MCN with the indexes m, n corresponding to the pairs of contacts whose CCCs include the (xi, yj) node (block 11 in Figure 1), and then dividing the sum by the element value of the i-th row and the j-th column of the MCH matrix (block 17 in Figure 1);








	
Storing and transferring the matrix of averaged normalized values of specific conductivity MCS to a block of cracks images with digital filtering in order to optimize the contrast of the registered image (block 22 in Figure 1). Digital filtration of cracks images was performed in accordance with expressions (12) and (13):


MCFi,j = MCSi,j + γ⋅(MCSi,j − CNTH);



(12)






CNTH = min(MCS) + KF⋅[1 − min(MCS)],



(13)




where MCSi,j is the element of the i-th row and j-th column of the matrix of average normalized values of specific conductivity; CNTH is a threshold normalized value of specific conductivity; γ, and KF are the digital filter coefficients; MCFi,j is an element of the i-th row and the j-th column of the matrix named MCF from the results of digital filtering.








The elements of the matrix of averaged normalized values of the specific conductivity MCSi,j satisfy the condition (14).


0 ≤ MCSi,j ≤ 1.



(14)







The elements of the digital filtering results matrix MCFi,j must also satisfy condition (14). Therefore, if condition (14) in the filtering process is violated, the values of MCFi,j are restricted as follows:


if MCFi,j < 0, ⇒ MCFi,j = 0;



(15)






if MCFi,j > 1, ⇒ MCFi,j = 1.



(16)







The filter coefficient KF in expression (13) determines the threshold normalized value of the specific conductivity. It is selected in the range:


0 < KF < 1.



(17)







The filter coefficient γ in expression (12) determines the depth of contrast of the result of digital filtering. The coefficients γ and KF allow the filter to be adjusted to be the most efficient display of cracks with sizes corresponding to a specified range of values, and thus to adjust the sensitivity of the monitoring system.




3. Imitative Modeling Software Package


To investigate the effectiveness of the proposed modified method of registration and monitoring surface cracks, an imitative modeling software package was developed [21]. This software package includes a software implementation of the cracks image reconstruction algorithm presented in details in Figure 1 and the digital filter described by expressions (12)–(17), as well as a software module of generating the MCI and MCN conductivity matrices and imitating cracks in the sensor film.



The software module of generating the MCI and MCN conductivity matrices and imitating cracks in the sensor film implements the following procedures:




	
Recording of the nodal values of the defect-free sensor film specific conductivity σi,j in the matrix MCI. Initial spatial distribution of the specific conductivity may be defined as uniform to imitate an ideal sensor film or as random given fluctuations of the conductivity to imitate a real film;



	
Imitation of cracks by setting low values of specific conductivity σi,j in certain grid nodes (xi, yj) according to the necessary form and size of the crack;



	
Numerical solution of the finite-difference representation (18) of the Laplace Equation (1) on the two-dimensional rectangular grid (11) for the sensor film without defects, as well as for the sensor film with cracks:


[(σi+1,j + σi,j)⋅(φi+1,j − φi,j) − (σi,j + σi–1,j)⋅(φi,j − φi–1,j)]/(2⋅hx2) +

+ [(σi,j+1 + σi,j)⋅(φi,j+1 − φi,j) − (σi,j + σi,j–1)⋅(φi,j − φi,j–1)]/(2⋅hy2) = 0,

i = 2, 3, …, I – 1;   j = 2, 3, …, J − 1,



(18)




where i, j are the node indexes excluding boundary nodes; σi,j, σi+1,j, σi–1,j, σi,j+1, σi,j–1 are the nodal values of the sensor film specific conductivity; φi,j, φi+1,j, φi–1,j, φi,j+1, φi,j–1 are the nodal values of the electrostatic potential; hx is a grid step along the direction x; hy is a grid step along the direction y.



For the contacts Cm and Cn, between which the conductivity is measured, the Dirichlet boundary conditions (19) are used:


φi,j = Um,n,



(19)




where Um,n is the voltage between contacts Cm and Cn.



For the remaining boundaries of the sensor film the finite-difference representation (20) of the Neumann boundary conditions (3) are used:


(φ2,j − φ1,j)/hx = 0;

(φI,j − φI–1,j)/hx = 0;

(φi,2 − φi,1)/hy = 0;

(φi,J − φi,J–1)/hy = 0;



(20)







	
Calculation of the spatial distributions of the normal component of current density jC on the boundaries of contacts Cm and Cn for the sensor film without defects, as well as for the sensor film with cracks using expressions (21) for the different locations of the contacts:


jC1,j = σ1,j⋅(φ2,j − φ1,j)/hx;

jCI,j = σI,j⋅(φI,j − φI–1,j)/hx;

jCi,1 = σi,1 ⋅(φi,2 − φi,1)/hy;

jCi,J = σi,J⋅(φi,J − φi,J–1)/hy;



(21)







	
Calculation of the currents ICm and ICn, flowing through the contacts Cm and Cn, between which the conductivity of the sensor film without cracks is measured by numerical integration of the normal component of the current density over the area of the contacts. Verification of the condition (22):


ICm + ICn = 0;



(22)







	
Calculation of the currents JCm and JCn, flowing through the contacts Cm and Cn, between which the conductivity of the sensor film with cracks is measured, by numerical integration of the normal component of current density over the area of the contacts. Verification of the condition (23):


JCm + JCn = 0;



(23)







	
Assignment to the element of the m-th row and the n-th column of the matrix MCI of the conductivity value Gm,n between the contacts Cm and Cn for the film without cracks, determined by the expression (24):


MCIm,n = Gm,n = |ICm|/Um,n;



(24)







	
Assignment to the element of the m-th row and the n-th column of the matrix MCN of the conductivity value between the contacts Cm and Cn for the film with cracks normalized by the MCIm,n, determined by the expression (25):


MCNm,n = (|JCm|/Um,n)/MCIm,n.



(25)













4. Results of Imitative Modeling and Discussion


In the process of the study of the effectiveness of the proposed modified method of surface cracks registration and monitoring using a software package [21], the results of imitative modeling were obtained by varying the following parameters:




	
Number of contacts to the sensor film;



	
Number of grid nodes;



	
Digital filter parameters;



	
Size of cracks;



	
Location of cracks;



	
Specific conductivity of the initial (defect-free) sensor film.








The results of imitative modeling of the crack detection process, obtained by the number of grid nodes 73 × 73 for 8, 12, 16, 20, and 24 boundary contacts, are shown in Figure 3.



The results of imitative modeling of the crack detection process, obtained for 12 boundary contacts and for the number of grid nodes 31 × 31, 79 × 79, 103 × 103, are shown in Figure 4.



The results in Figure 3 and Figure 4 were obtained at the parameters of the digital filter γ = 1 × 104, KF = 0.03 for the manganin sensor film with a specific conductivity of 2.33 × 106 S/m.



The imitative modeling results presented in Figure 3 and Figure 4 showed that at the number of contacts of 12 and more, the increase in the number of contacts and the number of grid nodes practically did not affect the detection efficiency of cracks and the quality of their images. Only at a number of contacts of less than 12 was there is a significant decrease in the cracks image quality. The properties of the proposed method provided a significant reduction in the required hardware resources and computational complexity when implemented in comparison with the standard EIT method.



The results of the imitative modeling of the process of registering the crack shown in Figure 4a, obtained at the number of grid nodes 103 × 103 for the 12 boundary contacts and for the parameters of the digital filter γ = 1 × 104, KF = 0.03–0.09 are shown in Figure 5.



As shown above, the essence of the proposed method of reconstruction of the images of cracks was to determine for each node of the grid, a relative change in the conductivity of the sensor film averaged over the number of "conditional conduction channels", into which this node entered. In contrast with the standard EIT method, these procedures excluded the sensitivity matrix and iterative calculations. Therefore, regularization was also not required. Obviously, this led not only to a minimization of the complexity and time for the calculations, but to some reduction in the accuracy of the proposed method in comparison with the standard EIT. This accuracy reduction was partially compensated by the proposed method of digital filtration of the cracks images.



Confirmation of the acceptability and efficiency of the CCC approximation with the uniform spatial distribution of the current density were the results of imitative modeling, as shown in Figure 3, Figure 4, Figure 5, Figure 6, Figure 7 and Figure 8. However, another version of the proposed method with some more realistic approximations of the uneven distributions of the current density in the CCCs will be considered in future works.



The results presented in Figure 5 show that the change in the KF parameter of the digital filter had a significant effect on the image quality of the registered crack, and allows tuning of the cracks monitoring system to a specified minimum size of the crack. It is important to note that such tuning can be carried out in the mode of the system operation according to a certain algorithm developed in accordance with the requirements for the operating conditions of the monitoring object.



The results of imitative modeling of the process of cracks detection, obtained for the 16 boundary contacts and the parameters of the digital filter γ = 1 × 104, KF = 0.05, for different sizes of cracks and different variants of cracks locations, are shown in Figure 6 and Figure 7 respectively.



The simulation results presented in Figure 6 and Figure 7 demonstrate satisfactory sensitivity of the proposed method to the sizes and spatial localization of the registered cracks at a relatively small number of contacts (more than 12) and a small number of grid nodes (in the considered examples 41 × 41 and 49 × 49). In this case, with a certain distortion in the sizes and spatial arrangement of the cracks images, due to the peculiarities of the proposed method, in particular, the absence of iterative procedures in the reconstruction of these images was observed. Figure 6 and Figure 7 show that the observed distortions in the size and spatial arrangement of the cracks were insignificant and permissible for the purpose of diagnostics of the integrity of the technical objects.



The results of imitative modeling of the process of crack registration, obtained for the specific conductivity of the initial sensor film 8.93 × 105 S/m (nichrome), 2.33 × 106 S/m (manganin), and 1.82 × 107 S/m (tungsten), are shown in Figure 8.



The images presented in Figure 8 show that the proposed method of cracks registration and monitoring gave the same results when using conductive sensory films with different conductivity values (in the considered examples 8.93 × 105–1.82 × 107 S/m).



The insensitivity to the specific conductivity of the sensor film material was important for ensuring the reproducibility of the characteristics of the cracks registration and the monitoring systems in the process of their production, and was provided by normalizing the elements of the MCN matrix in accordance with expression (25).



This property is also extremely important for ensuring the effective functioning of the monitoring system under the influence of destabilizing factors of the external environment; for example, when the temperature of the controlled surface is changed by several tens of degrees.



In this case, to extend the operating temperature range, it is necessary to:




	
supplement the system of registering and monitoring cracks by the temperature sensor of the sensor film;



	
when forming the initial MCI conductivity matrix, carry out conductivity measurements between all pairs of contacts along the perimeter of a defect-free sensor film in the entire required temperature range with a certain increment in temperature set in accordance with the required accuracy of determining the size and location of the cracks. The MCI matrixes obtained for all temperature values must be stored in the system memory;



	
when forming the normalized MCN matrix of film conductivity during the registration and monitoring of cracks, perform the normalization in accordance with expression (25) using elements of the MCI matrix corresponding to the current temperature sub-band recorded by the temperature sensor.








Because the required number of boundary contacts of the sensor film was small, an increase in the number of MCI matrices in accordance with the number of temperature sub-bands did not constitute a technical problem and did not require significant computing resources. A more serious problem was the change in the mechanical properties of the sensor film when the temperature varied over a wide range, which must be taken into account when choosing the film material, and is a separate task.



At the hardware implementation of the proposed method of registering and monitoring of cracks, the conductivity of the sensor film can be measured by one of the well-known methods [22,23]. Taking into account that the measurement of the conductivity of the initial sensor film and the conductivity of the film during the monitoring of cracks is carried out by one method, the procedure (25) of normalizing the MCN matrix will help to minimize the effect of systematic error in conductivity measurements on the efficiency of registering and monitoring of cracks.




5. Conclusions


As a result of the performed study, a method of continuous control of surface cracks and monitoring of their growth, based on measuring the changes in conductivity between contacts of the sensor conductive film, which ensures high productivity in the process of cracks detection, has been developed. A method of processing the image of cracks and providing the possibility of adjusting the sensitivity of the monitoring system, has been proposed. An algorithm and software implementation for the developed monitoring method [21] have been considered.



The results of imitative modeling of the surface cracks monitoring system have been obtained. An analysis of simulation results depending on the size, shape, and location of the cracks, on the number of peripheral contacts to the distributed sensor, and on the number of grid nodes determining the resolution and computational complexity of the proposed method, has been performed.



It has been shown that in comparison with the standard EIT methods described in [9,10,11,12,13,14,15,16,17,18], the proposed method excludes iterations and regularization procedures. This leads not only to minimization of the complexity and time of calculations, but to some reduction of the accuracy of the proposed method in comparison with the standard EIT. An accuracy reduction connected with this feature is partially compensated for by the proposed method of digital filtration of cracks images.



At the same time, other variants of the proposed method with more realistic approximations of nonuniform current density distributions in “conditional conduction channels”, and with the dependence of the CCC width on the distances between boundary contacts, will be considered in the following works.
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Figure 1. Block diagram of algorithm for image reconstruction of cracks. 
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Figure 2. Schematic representation of a sensor film with twelve contacts C1–C12. Dotted lines show the boundaries of conditional conduction channels with a width of 2W between pairs of contacts. 
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Figure 3. Results of imitative modeling of the crack (a) detection process obtained at a specific conductivity of the initial sensor film of 2.33 × 106 S/m, with a grid node number of 73 × 73, for the parameters of the digital filter γ = 1 × 104, KF = 0.03 for 8 (b), 12 (c), 16 (d), 20 (e), and 24 (f) contacts. 
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Figure 4. Results of imitative modeling of the process of the crack (a) detection obtained at a specific conductivity of the initial sensor film at 2.33 × 106 S/m, for the 12 contacts, with the digital filter parameters γ = 1 × 104 and KF = 0.03 for the coordinate grids with a node number of 31 × 31 (b), 79 × 79 (c), 103 × 103 (d). 
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Figure 5. Results of the imitative modeling of the process of registering the crack shown in Figure 4a, obtained at a specific conductivity of the initial sensor film of 2.33 × 106 S/m, with a grid node number of 103 × 103, for the 12 contacts, for the parameters of the digital filter γ = 1 × 104, KF = 0.03 (a), KF = 0.05 (b), KF = 0.07 (c), KF = 0.09 (d). 
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Figure 6. Results of the imitative modeling (b), (d), (f) obtained at a specific conductivity of the initial sensor film of 2.33 × 106 S/m, with a grid node number of 49 × 49, at the parameters of the digital filter γ = 1 × 104, KF = 0.05, for the 16 contacts, for crack sizes 2.5 mm (a), 15 mm (c), and 30 mm (e). 
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Figure 7. Results of the imitative modeling (b), (d), (f) obtained at a specific conductivity of the initial sensor film of 2.33 × 106 S/m, at a grid node number of 41 × 41, at the parameters of the digital filter γ = 1 × 104, KF = 0.05, for the 16 contacts, for different variants of crack location: center (a), bottom side (c), and upper-left corner (e). 






Figure 7. Results of the imitative modeling (b), (d), (f) obtained at a specific conductivity of the initial sensor film of 2.33 × 106 S/m, at a grid node number of 41 × 41, at the parameters of the digital filter γ = 1 × 104, KF = 0.05, for the 16 contacts, for different variants of crack location: center (a), bottom side (c), and upper-left corner (e).



[image: Electronics 07 00131 g007]







[image: Electronics 07 00131 g008 550] 





Figure 8. Results of imitative modeling of the process of crack (a) registration, obtained at a grid node number of 49 × 49, at the digital filter parameters γ = 1 × 104, KF = 0.05, for the 16 contacts, for the initial sensor film conductivity of 8.93 × 105 S/m (nichrome) (b), 2.33 × 106 S/m (manganin) (c), and 1.82 × 107 S/m (tungsten) (d). 
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