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Integration of ultrasonic tomography with industrial production 
line for defectoscopy of semi-finished products 

 
 

Streszczenie. W artykule zaprezentowano zastosowanie ultradźwiękowej tomografii do wykrywania nieciągłości materiałowych w półproduktach 
przemysłowych. Technika ta, bazująca na sondach piezoelektrycznych, pozwala na bezinwazyjne badanie wnętrza obiektów, takich jak zbiorniki czy 
rurociągi. Przedstawiono konstrukcję systemu pomiarowego zintegrowanego z linią produkcyjną oraz przedstawiono porównawczą analizę 
rekonstrukcji obrazów dla komponentów jednorodnych i wadliwych. Przedstawiono porównanie na 3 różnych komponentach. 

 
Abstract. The article presents the application of ultrasonic tomography for detecting material discontinuities in industrial semi-finished products. This 
technique, based on piezoelectric sensors, allows for non-invasive examination of the interiors of objects such as tanks or pipelines. The design of a 
measurement system integrated with a production line and a comparative analysis of image reconstruction for homogeneous and defective 
components are presented. A comparison was made on three different components. (Integracja tomografii ultradźwiękowej z linią produkcyjną 
w defektoskopii półproduktów przemysłowych).  
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Introduction 
Ultrasonic tomography is one of the non-invasive 

methods of examining the interior of objects, which is based 
on the use of sensors placed on the surface of the item 
under examination. The technique is used both in medicine, 
where it is used to visualize tissues [1, 2], botany [3, 4], and 
in industry [5, 6], in particular to examine the interiors of 
tanks, chemical reactors [7, 8] and pipelines [9]. One of the 
applications of ultrasonic tomography, using measurements 
made with piezoelectric sensors, is the ability to detect 
discontinuities in homogeneous materials [10, 11, 12, 13]. 
This method, known as defectoscopy, is an important part 
of the process of quality control of semi-finished and 
finished products. Defectoscopy most often uses acoustic 
wave transmitters (piezoelectric probes) operating in the 
frequency range from 20 kHz to 10 MHz [14]. 

Three main types of ultrasonic tomography can be 
distinguished: reflection tomography, which records the 
reflection of waves and their time of return (TOF) from the 
internal structures of an object], transmission tomography, 
which measures the time of fly-through of a wave from the 
source to the receiver through the examined structure, and 
hybrid solutions, which combine both techniques. In the 
case of reflection tomography, if a material defect is 
detected in the product under study, the reflected waves 
reach the receiver faster than in the case of homogeneous 
materials, which makes it possible to precisely determine 
the distance of the defect from the edge of the object under 
study [15-17]. 

It is necessary to solve the inverse problem and develop 
appropriate image reconstruction algorithms to reconstruct 
an image of the object's interior from the collected data. 
One of the most widely used reconstruction methods in 
ultrasound tomography is the linear back-projection (LBP) 
method. It involves modeling the transmission of an 
ultrasound wave through a medium. For each point (x, y) in 
the image space, the algorithm sums the values of the 
reflected signals that may have originated from that point, 
based on the measured time delays of the signal. This 
process can be reduced to a matrix multiplication operation 
of the measurement vector and sensitivity matrix [5]. Other 
approaches include iterative methods that minimize specific 
objective functions, as well as spline-based back-projection 

algorithms, discretization models and artificial intelligence-
based algorithms. 

This article presents a measurement system installed on 
an in-line bench and a comparative analysis of image 
reconstruction for two cases: a homogeneous component 
and that one containing defects. In addition, the system's 
ability to detect material discontinuities and the potential for 
further development to improve the accuracy of 
identification and localization of defects in test objects are 
discussed. 
 
Methods 

Ultrasound tomography has a high noise level, affecting 
the quality of measurements, especially with a small 
number of sensors. Therefore, it is necessary to preprocess 
the data and properly remove the noise. In defectoscopic 
measurements, the most common frequency range is from 
20 kHz to 10 MHz, although ultrasonic technology allows 
frequencies as high as 1 GHz. The choice of frequency, and 
thus wavelength, depends on the physical parameters of 
the transmission medium, the characteristics of the defect 
and, in the case of medical applications, the tissues in the 
area under examination. The developed solution's initial 
operating frequency was set at 40 kHz. The frequency of 
the transmitter was crucial in determining the analog path of 
the signal under investigation. Dedicated timers in a 
cascaded arrangement were used to control the excitation 
of the transmitters as high-voltage pulses. Based on 
measurement practice, the most effective form of excitation 
turned out to be a five-fold application of a high-voltage 
pulse in the +-72V range. 

The measurement system consists of eight ultrasonic 
transducers arranged in two parallel rows (Fig. 1) along with 
a PCB tomograph board (Fig. 2). 

The measurements were made with a device equipped 
with two STM32 G4 microcontrollers, which control the 
operation of 8 UST ultrasonic probes placed parallel to the 
transport line. The measurement sequence generates an 
8x8 array in the form of each-to-any measurements. The 
analog measurement path begins by sending the signal 
received from the ultrasonic transducer to a dual low-noise 
amplifier (LNA) and a variable gain adjustable amplifier 
(VGA). After amplifying the analog signal, the conditioned 
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signal passes through a Butterworth low-pass filter. The 
signal is then passed to a buffer, the function of which is 
performed by an operational amplifier. In the analog path, 
the signal is converted to its envelope. The final step in 
conditioning the analog signal is feeding it into a combiner 
circuit, which adjusts the signal offset. Once the signal is 
fully processed and fed in differential form to an analog-to-
digital converter (ADC), it is then sent to image 
reconstruction modules via a Raspberry PI controller and 
Kafka broker. 

 

 

Fig. 1. Semi-industrial ultrasound tomography station - transducer 
arrangement 
 

 

Fig. 2. Semi-industrial ultrasonic tomography workstation - 
tomograph PCB with cover adapted to DIN13 connector. 
 

The model included eight transmitters (n ϵ N, |N|=8) 
arranged in two parallel lines, four in each, and the 
measurement taken yielded a vector of 64 values, with 
those corresponding to the P(n, n) measurement using a 
mask being zeroed. Reconstruction of the tomographic 
image can be performed using various algorithms that 
transform the measurement vector into an image reflecting 
the spatial distribution of the analyzed parameter by both 
classical methods and artificial intelligence algorithms. One 
technique is to solve the inverse problem using the LBP 
Linear Backprojection algorithm. This algorithm was also 
chosen in the realization of the described UST platform, and 
the main criterion for selection was the speed of operation, 
taking into account the known disadvantages in the form of 
lower resolution. The method boils down to solving the 
inverse problem by solving a system of equations, which, by 
the need for more data than the length of the measurement 
vector, is an ill-posed problem. It is an underdetermined 
system of equations. The way to solve it is to use a 
sensitivity matrix, where a transposed matrix approximates 

the inverse matrix, and the reconstruction formula is as 
follows: 

ε = ST c, 
 
where S is the sensitivity matrix and c is the measurement 
vector. In the system presented here, sound signals in 
transmission mode are analyzed. The reflected waves used 
for reflection solutions have been filtered out. In order to 
develop the sensitivity matrix, an algorithm was prepared to 
determine the spatial distribution of sound wave 
propagation. Using a simulation technique, the desired 
distribution of the parameter was determined for each pair 
of electrodes, taking into account the geometric 
characteristics of the measurement space on the production 
line. Once the reconstructed image was obtained, it was 
subjected to threshold filtering algorithms to remove 
irrelevant artifacts and thus sharpen the acquired 
tomogram. Finally, the data was converted to the range of 
values displayed in the visualization algorithm using a 
previously prepared color scale in black and white colors. 
Due to the undesirable artifacts accompanying a color 
scale, a monochromatic scale was finally chosen to ensure 
that the measured value of the tomographic data was 
maintained. 

A comparative study of solid composite blocks and a 
block with an irregular hole was conducted to assess the 
ability to detect inhomogeneities in the materials.    
 

Results and discussion 
The first experiment aimed at determining the best 

setting parameters for the measuring device (Table 1). Two 
parameters of the tomograph settings were configurable: 
the gain g and the comparator threshold tc. For the given 
set of result data, the settings g=1500 and tc=1925 were 
used. These values were determined experimentally as 
those that allow us to obtain the sharpest result image. 
Table 1 contains images of the reconstruction variants with 
the different tomographic set parameters adopted. 

 
Table 1. UST measurement against different settings (vertical view) 

g/tc Plastic - empty Epoxide - empty 
Epoxide with 

damage 
1500/ 
2000 

   
1500/ 
1975 

   
1500/ 
1950 
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1500/ 
1925 

   
1500/ 
1900 

   
1500/ 
1800 

   
 

This was followed by a second experiment comparing 
the results obtained for two types of measurements: 
measurement with a reference image and without a 
reference image. As a result, a set of tomographic images 
was obtained showing the difference in the distribution of 
the analyzed parameter for the different phantoms used: 
empty epoxy phantom, plastic empty phantom, and 
complete epoxy phantom with defect (Table 2). 

 
Table 2. UST measurement for three phantoms including: epoxy 
phantom empty, plastic phantom empty, full epoxy phantom with 
defect (top tomograms - with reference measurement, bottom 
measurements without reference measurement) 

   

   

Measurement without references  

   

Measurement with reference 

 

The results, despite the fact that they do not give 
precise information on the observable spatial changes of 
the reconstructed parameter on the basis of TOF vectors, 
allow for obtaining necessary information from the point of 
view of the production process. There are noticeable 
differences in the identifiable patterns of enhancement of 
the analyzed spatial variable. The spatial distribution of the 
TOF disturbance factor, and thus the determination of the 
precise state of the studied object is difficult to estimate. It 
was possible to obtain observations: there is a difference 
between the distribution of the parameter for two types of 
phantoms (empty phantom - epoxy, empty phantom - 
plastic), the amplifications between the selected 
transmitters are different for the empty phantom, as well as 
slight differences were noted for the full damaged phantom.  

The third experiment estimated the repeatability of the 
results by performing numerous measurement sequences. 
The results were positive. A tomographic image averaging 
algorithm was also applied for the indicated phantoms. The 
results confirm the existence of reproducible patterns of the 
obtained images with respect to the type of object located in 
the sensor measurement space, as confirmed by the 
graphics in Table 3. 

 
Table 3. Averaging of tomographic images for successive 
phantoms used. 

   

   

Phantom empty - 
resin  

Phantom empty-
plastic  

Phantom full epoxy 
with defect 

In addition, a study of changes in the analyzed spatial 
parameter as a function of the phantom's position in the 
UST sensor's measurement space was carried out. The 
device's ability to detect the correctness of the object's 
location in the measurement area was confirmed, as shown 
in Table 4. 

 

Table 4. Analysis of reconstructed UST images as a function of 
phantom position on the production line. 

   
 

 

 

 

 

 

Partial phantom 
placement position  

The half-phantom 
placement position  

Full phantom 
placement position 
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The experiments performed indicate the possibility of 
detecting material discontinuities in the longitudinal section 
of the phantom, although the results have low detail. They 
depend significantly on the number of transmitters, the 
reconstruction algorithm, and reconstruction parameters 
such as the sensitivity matrix. The ongoing work requires 
continuation and further, deeper research. There is a need 
to develop the developed tomographic tool. 

 
Conclusion 

The research demonstrates the potential of ultrasonic 
tomography in detecting material discontinuities, particularly 
in industrial applications. The study successfully highlighted 
differences in material homogeneity and defects by utilizing 
an array of eight ultrasonic transducers and implementing 
the Linear Back Projection (LBP) algorithm for image 
reconstruction. The experiments conducted on various 
types of phantom blocks (solid, plastic, and defective) 
showed that ultrasonic tomography can provide valuable 
spatial insights into material integrity. Although the results 
indicated certain limitations in spatial resolution and the 
ability to precisely identify the location of defects, the 
system's repeatability and ability to detect changes in the 
tested materials were confirmed. 

However, the study also identified several challenges, 
such as the influence of noise, the need for optimization of 
measurement parameters (like gain and comparator 
threshold), and the impact of the number of transducers on 
image quality. The selected frequency of 40 kHz and the 
experimental setup provided useful results, but there is a 
significant room for improvement in terms of accuracy and 
defect localization. Further development of the ultrasonic 
tomography system, including refining algorithms and 
increasing the number of sensors, could significantly 
enhance its capabilities. The results suggest a promising 
future for this technology in industrial and medical 
applications, provided that the continued research and 
optimization efforts are pursued. 
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