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Abstract
Introduction. Control of the presence of subsurface defects in products from composite 
materials is necessary for verification of products after release from production and in the 
process of operation.
Aim of the Study. The purpose of the presented work is to estimate the parameters of sub-
surface defects using local laser thermography, suitable for quality control of both small 
objects and suspicious areas of large objects with curved surfaces.
Materials and Methods. The laboratory setup on which this work was carried out includes 
a robotic arm, a COX CG640 thermal imager and a 3 W laser. The method was tested on 
a fiberglass sample with introduced delamination defect simulations located at different 
depths below the surface. By means of computer modeling rational parameters of thermo-
graphic control were selected, providing reliable detection of the defect at a depth of up to 
3 mm under the surface of the composite sample.
Results. Numerical modeling of surface temperature field induced by moving focused 
laser beam was carried out using COMSOL software package. It showed that laser beam 
with 3 W power moving at 5 mm/s provided the thermal contrast sufficient to detect 
the defects at the depth up to 3 mm. The obtained experimental data are in satisfactory 
agreement with numerical modeling both qualitatively and quantitatively. Experimen-
tal data were used to construct a regression model for determining defect depth based 
on the maximal thermal contrast and the time interval between heating and the contrast 
maximum.
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Discussion and Conclusion. The results obtained in this work allow us to propose a tech-
nique for detecting defects in fiberglass plastics and estimating their depth. The coefficient 
of determination for the obtained regression model was found to be equal to 0.95, and the 
mean square error of the metric was no more than 0.016 mm2. The use of a robotic arm 
to scan objects will make it possible to investigate objects with complex curved surfaces.

Keywords: laser scanning thermography, non-destructive testing, composite materials, fi-
nite element analysis, mathematical modeling
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Аннотация
Введение. Контроль наличия подповерхностных дефектов в изделиях из компози-
ционных материалов необходим при верификации изделий после выпуска из произ-
водства и в процессе эксплуатации. 
Цель исследования. Решение научной проблемы оценки параметров подповерхност-
ных дефектов по результатам точечной лазерной термографии, пригодной для конт-
роля качества как малогабаритных изделий, так и проблемных участков крупногаба-
ритных объектов с криволинейной поверхностью. 
Материалы и методы. Лабораторная установка, на которой проводились исследо-
вания, включала в себя робота-манипулятора, тепловизионную камеру COX CG640, 
источник лазерного воздействия мощностью до 3 Вт. Объектом исследования являл-
ся тестовый образец из стеклоуглепластика, содержащий имитации дефекта типа 
«расслоение», расположенные на различном расстоянии от поверхности. На основа-
нии математического моделирования подобраны рациональные режимы проведения 
термографического контроля, обеспечивающие надежное выявление дефекта в под-
поверхностном слое (до 3 мм) композиционного материала. 
Результаты исследования. В ходе исследования проведены численные расчеты 
температурного поля поверхности тестового образца с использованием пакета при-
кладных программ COMSOL после теплового воздействия движущимся лазером. 
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Результаты расчетов позволили определить рациональную скорость 5 мм/с движе-
ния лазера мощностью 3 Вт, обеспечивающую требуемый температурный контраст 
для дефектов с глубиной залегания до 3 мм. Полученные экспериментальные дан-
ные удовлетворительно совпадают с численным экспериментом как качественно, 
так и количественно. При этом результаты экспериментов позволили определить 
регрессионную модель для расчета глубины залегания дефекта по максимальному 
температурному контрасту и времени достижения этого контраста. 
Обсуждение и заключение. Результаты, полученные в ходе исследований, позволили 
предложить алгоритм обнаружения дефектов в изделиях из стеклоуглепластика, а также 
глубину их залегания. Коэффициент детерминации для полученной регрессионной мо-
дели оказался равным 0,95, а метрика MSE (средняя квадратическая ошибка) составила 
не более 0,016 мм2. Использование робота-манипулятора для сканирования изделия по-
зволит в будущем контролировать изделия со сложной криволинейной поверхностью.

Ключевые слова: лазерная сканирующая термография, неразрушающий контроль, ком-
позиционные материалы, конечно-элементный анализ, математическое моделирование
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Introduction
Composite materials are suitable for manufacturing lightweight and durable products, 

so they can be used in aircraft and automotive industries, and for a renewable energy 
sector. At the same time, these materials are subject to increased reliability requirements, 
making the task of detecting internal defects at different stages of manufacturing and 
operation especially relevant [1]. The defects such as delamination and fiber damage in 
the material can lead to reduced mechanical properties including strength and stiffness, 
resulting in a potential risk of structural failure.

To detect internal defects, non-destructive testing (NDT) methods are usually used. 
In the case of composite materials, the scientific and technical literature provides in-
formation about a variety of NDT methods for assessing the quality of materials and 
detecting defects. Infrared thermography [2], ultrasonic [3] and thermoacoustic tests [4], 
X-ray inspection [5] are just some of the methods used to inspect products made from 
composite materials. Each of the above methods has its own advantages and disadvan-
tages and associated areas of application. One of the most common methods is ultrasonic 
testing, which allows for accurate detection of internal defects, their position and size. 
The use of phased arrays and machine learning methods have significantly expanded 
the information content of the method and the accuracy of testing [6; 7]. However, this 
method has a drawback – there is a blind spot near the surface of the product. In ad-
dition, this method is demanding in terms of the quality of the test object surface and 
the presence of lubricant. Therefore, for such defects as delamination, lack of glue, and 
the defects located at a depth of 0 to 3 mm, it is advisable to use methods that are free 
of these disadvantages. Thermographic methods of active testing, which have recently 

https://doi.org/10.15507/2658-4123.034.202401.145-163
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been developed significantly, can be used as such [8; 9]. These methods are based on 
a specially organized thermal effect on the product material and subsequent registration 
of the temperature field of its surface, the distortion of which indicates the presence of 
internal inhomogeneities in the material. These inhomogeneities can be caused by em-
bedded elements, which are known in advance, and by defects that need to be detected. 
Halogen and xenon lamps, lasers, a flow of hot air or liquid, and thermoacoustic emis-
sion and dissipation of mechanical energy during friction or impact are used as a source 
of thermal influence [10‒12]. Additionally, there are known the methods involving the 
direct cooling of the tested product surface [13].

The use of incandescent lamps, in particular halogen lamps, which are most widely 
used in thermographic testing, makes it possible to heat quickly a large area of the test 
object and detect defects by the presence of anomalies in the non-stationary temperature 
field. However, in our opinion, the use of such lamps is not always advisable for several 
reasons. Firstly, the lamps do not provide uniform heating of the test object with a curved 
surface. Secondly, it is necessary to use various types of screens to protect against glares 
caused by the reflected infrared light of a hot lamp and its fittings from the surface of an 
object. In this regard, it makes sense to use local heating of the sample using a laser with 
the power necessary to achieve a given temperature contrast of the defective zone and 
a thermal imaging camera with a sensitivity threshold better than the temperature contrast 
of the defect in the thermal imaging image. The camera can be fixed  relative to the test 
object, or move along with the source being at a certain distance from it [14; 15]. To 
increase efficiency of testing, you can use several laser radiation sources placed at a fixed 
distance from each other (from several mm to several cm), or a laser beam deployed in 
a line [16]. In addition, the use of a robotic manipulator as a tool for moving the laser 
makes it possible to maintain a given direction of the light flux relative to the normal to 
the surface and, thus, ensure uniform heating of the sample along the movement trajec-
tory. If there are any structural inhomogeneities in the material, temperature anomalies 
zones occurring on its surface will be recorded using a thermal imaging camera. To 
detect the defects, researchers use technical vision systems based on machine learning 
technologies [17],  and classical image processing tools [10].

Laser spot thermography has a higher sensitivity to surface and subsurface defects, 
but low productivity, so it is advisable to use it for additional inspection of product 
problem areas detected by other inspection methods, or for inspection of small-sized 
products.  In the article by Rellinger T. and co-authors [18], it was shown that laser 
thermography in combination with other methods is a more reliable method than all 
currently known ones.

As the thermography analysis shows, the decisive effect on the effectiveness of testing 
is exerted by the choice of rational operating parameters when organizing the thermal 
effect on the test object, and the velocity of the thermal effect point on the surface of the 
sample. Thus, to measure these parameters, it is necessary to use numerical simulation 
of the temperature field on the sample surface that makes it possible to select acceptable 
testing parameters to ensure its effectiveness.

During a thermographic monitoring, it is important not only to find defects, but also 
to measure their boundaries and occurrence depth. Concerning long-pulse thermal effects 
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caused by the energy of halogen lamps, there are many studies devoted to determining 
the monitoring effectiveness and the occurrence depth of defects [19‒21]; however, no 
similar studies has been found for the method of laser point thermography. To solve the 
problem of measuring defect parameters using the results of laser point thermography, 
it was necessary to do the following:

1) through using mathematical modeling, select rational modes of thermographic test-
ing that ensure accurate detection of a “delamination” type defect in the subsurface layer 
of the composite material; 

2) develop an installation and verify the monitoring method using a test sample; 
3) develop a model to estimate the occurrence depth of defects, an algorithm for 

testing and data processing. 
Literature Review
In the article by Jiao D. and co-authors [16]  it is proposed  to use a method of la-

ser point thermography [18] for testing surface cracks with a small opening width, for 
which the linear laser scanning method produces blurred shapes and low temperature 
contrast. The proposed   analytical models of the temperature field on the surface of the 
test sample show that the temperature gradient at the heating point is influenced by the 
distance from the crack to the heating point, and the ratio of the sample material thermal 
conductivity coefficients and the substance filling the crack. The low thermal conductiv-
ity of the crack material makes it difficult to transfer heat through it that when scanning 
with a point heat source, leads to a sharp change in the temperature gradient. Thus, in 
the temperature distribution along the sample scanning line, where the trajectory of the 
heating spot intersects the crack, higher temperature fluctuations will be observed. Jiao 
D. and co-authors in their article [16] propose to restore the shape and location of the 
entire surface crack in the product after repeated laser scanning of the sample surface 
in different directions. However, the author did not consider the possibility of using this 
method to detect subsurface defects. 

In the article by Ibarra-Castanedo C. and co-authors [22],  there was studied robotic 
line scan thermography (LST) for testing the aerospace industry products. The method 
involves line-by-line heating of a part with simultaneous obtaining of a series of ther-
mograms using a thermal imager, which, together with a heating source, moves over 
a stationary sample. The robotic method enables to inspect large areas of objects under 
monitoring, following the “relief” of their surface with high accuracy and scanning 
velocity [14; 15]. The drawback of this method is inability to determine the occurrence 
depth of the defect, because the thermal imager moves with the heat source and records 
the areas temperature field concurrently after heating.

When using laser scanning thermography, an urgent task is to increase temperature 
contrasts. This is necessary to obtain information about the texture of the defect area, 
highlight the defect boundaries and increase the difference between the defect area and 
defect-free areas of the material. Contrast enhancement techniques typically involve 
converting sample surface temperature maps [23] or adjusting temperature distribution 
histograms [24]. However, when using these methods, noise in thermal images increases 
resulting in loss of defect information. That is why recently, special algorithms have 
been developed. For example, in the article by Li Y. and co-authors [25],  a method for 
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increasing the contrast of a thermal image with homomorphic technology was proposed. 
The essence of this technology is to perform a non-linear transformation of a thermal 
image with the result that the non-additive factors making up the image become additive 
to facilitate processing with increasing contrast in the frequency domain. 

Some methods are based on preprocessing the data from defect-free areas in the 
infrared range [26]. The study results have shown that this method effectively reduces 
the effect of uneven laser energy distribution on the defect detection efficiency and 
improves the quality of information about internal defects. Moreover, the combination 
of the proposed preprocessing method with pulsed phase thermography and principal 
component analysis algorithms improves the ability of laser infrared thermography to 
detect defects inside aircraft carbon fiber reinforced plastics .

In this regard, we can conclude that in general, scanning thermography is extremely 
sensitive to the  monitoring process parameters. Therefore, the study and justification of 
optimal modes of active thermal effect on the surface of samples through using numeri-
cal modeling for the correct and reliable operation of algorithms for post-processing 
temperature fields is an urgent task.

Materials and Methods
To select rational modes of the thermographic monitoring process, there were 

carried out numerical calculations of the temperature field of the virtual test sample 
surface. The equation of unsteady thermal conductivity (Fourier-Kirchhoff law) for 
a three-dimensional temperature field [27] was used to simulate the temperature field 
in the sample using the finite element method. The heat source was described in ac-
cordance with the equation1:

� � � � � � �
n q P f O e

e n
e0

, ,                                            (1)

where P0 is rated laser power, W; f (O,e) is a function that considers the direction and 
degree of heat release irregularities in the laser beam-heated area; O = O(x, y, z, τ)are 
coordinates of central laser focusing point at the current time τ; e is vector quantity 
describing the radiation direction in relation to the body surface; n is the normal vector 
to the sample surface; q is the heat flow vector.

Inside the heating spot, heat release occurs according to the normal distribution law, 
which corresponds to the equation2:
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where d is the set of points inside the laser beam at the current time; σ = 2.5 mm is the laser 
beam standard deviation with respect to the central laser focusing point coordinate. 

1 Yilbas B.S. Laser Heating Applications: Analytical Modelling. Elsevier; 2012.
2 Ibid.
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External heat transfer is convective heat transfer on the side walls in accordance 
with the criterion equations of natural convection on horizontal and vertical walls3, 
and radiant heat transfer on the side walls of the plate in accordance with the Stefan-
Boltzmann equation:

� � � �� �n q T Tamb�� 4 4
,                                          (4)

where Tamb = 20 °C is the ambient temperature. 
As a modeling object, we considered a plate made of fiberglass in the shape of a par-

allelepiped of size 150×40×10 mm. When modeling, the following material properties 
were: heat capacity с = 1 369 J/(kg⋅K), density ρ = 1 900 kg/m3, thermal conductivity 
0,3 W/(m⋅K). The internal cavity in the form of a parallelepiped of size 10×10×1 mm, 
located in the central part of the plate, was considered as a defect (Fig. 1).

F i g.  1.  A model sample, mm 

During the simulation, the heating spot moved along the middle line of the top 
face along the length of the sample long side. The following velocities for the laser 
beam moving were set: Vlaser = 5, 10 and 15 mm/s and the defect occurrence depth 
defdepth = 0.5; 1; 1.5; 2; 2.5 mm.   

As a result of numerical modeling, there were found the data of temperature distri-
butions on the surface of the sample along the laser scanning line. As an example there 
is given the temperature distribution (Fig. 2) across the red line (Fig.1) of a test sample 
containing a defect located at a depth of 1 mm. It can be seen that the presence of a defect 
significantly distorts the temperature field in the vicinity of the central point x = 75 mm. 
In this case, after the heating spot passes over the defect, the temperature difference 
(temperature contrast) between the defective and defect-free zones reaches its maximum.

For the velocities of the heating spot movement along the surface of the sample in 
the range from 5 to 15 mm/s, the values of temperature contrasts were calculated; plot-
ting the dependences shown in Figure 3 reveals that the most acceptable laser velocity 
can be determined to be 5 mm/s for a laser power of 3 W and a defect depth of 1 mm.

3 Kasatkin А.G. [Basic Processes and Devices of Chemical Technology : Textbook for Universities]. 
Moscow : Al'yanS; 2009. (In Russ.)
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F i g.  2.  Temperature of the sample surface along its length at different times (s),  

defdepth = 1 mm, Vlaser  = 5 mm/s

F i g.  3.  Temperature contrasts on the defective sample surface at a depth  
of 1 mm, 2 mm and 3 mm, for different laser velocities

The criteria to select the operating parameters for monitoring are the temperature 
contrast of the surface above the defect (reliably detected by a thermal imager), and the 
temperature of the sample material, which should not exceed 100 °C.

Thus, the results of numerical modeling indicate the advisability of choosing a ve-
locity of 5 mm/s, which provides a temperature contrast of at least 4 °C and heating the 
sample no more than 80 °C.
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To check the adequacy of the numerical calculations, there were carried out ex-
perimental studies of a control sample made of fiberglass 1 (Fig. 4), which is a plate 
200×350 mm and 5 mm thick. This sample had artificially created “delamination” type 
defects, because in it during the manufacturing process, there were placed titanium 
plates in a fluoroplastic shell at different depths (between 1 and 3 mm), which were later 
removed. Two groups A and B were formed, each containing six defects in the form of 
trapezoids, differing in size.

Group A defects with bases of 15 and 10 mm and a length of 50 mm had a depth 
of 1.2; 1.1; 2.3; 1.3; 1.0; 2.3 mm (according to Fig. 4 from left to right); and group B 
defects with bases of 5 and 10 mm and a length of 50 mm had a depth of 1.1; 3.1; 2.2; 
1.2; 3.0; 2.1 mm respectively.

F i g.  4.  Test sample sketch

The studies were carried out using a robotic complex consisting of a 5-axis robotic 
manipulator, the working part of which was a laser with adjustable power up to 3 W 
and a wavelength of 405 nm.

The basis of the robotic complex is a training and research manipulator with a spherical 
service area PASKAL DELTA 5Х-ARMDUINO (manufactured in Chelyabinsk (Russia). 
The Delta 5X robot (Fig. 5) belongs to the class of manipulators equipped with a direct 
computer testing system of the PCNC (Personal Computer Numerical Control) class. 
The robot control unit 3 receives data from the computer 5, interprets it and controls the 
movement of the working body 2 (laser) of the manipulator 1, energized by the power 
supply 8. The thermal imaging camera 6 COX CG640 is used to obtain information 
about the temperature field of the control object 7. It has uncooled long-wave bolometric 
detector with a resolution of 640x480 pixels, temperature sensitivity of no more than 
30 mK, lens with a focal length of 20 mm and manual focusing. 
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The laser power is controlled by a Type 4 Arduino controller via its Pulse Width 
Modulation (PWM) output.

F i g.  5.  Experimental setup

The thermal effect point moved from the laser along the sample surface at a given 
velocity by solving the inverse problem of kinematics and trajectory control.

During testing, the laser beam moved at a velocity of 5 mm/s along the surface of 
the control sample perpendicular to the long axes of the defective zones, thus scanning 
a set of defects with different depths. In addition, due to the trapezoidal shape of the 
defects at different laser passes, the trajectory of the heating point intersected the defects 
along segments of different lengths.

Based on thermal images recorded by a thermal imaging camera, thermograms were con-
structed using the developed software. To filter random noise, thermograms were smoothed 
using the convolve method from the NumPy library of the Python programming language.   

Results 
Figure 6a shows a typical thermal image frame when scanning the surface of a test 

object with a subsurface defect. In this case, the product surface (Fig. 6b) is inhomoge-
neous, which causes anisotropy of thermal properties.

а) b)
F i g.  6.  Temperature trace of a laser heating spot when passing through  

the product defect zone (a) and a photograph of the product material surface (b) 
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Based on the data obtained, the dependences of temperature on time and coordinate x 
in the defective (Fig. 7) and defect-free (Fig. 8) areas were revealed. The visible distortions 
of the temperature peaks at the moment of the heating spot passage of the sample area 
are explained by the inhomogeneity of the surface structure and thermal anisotropy of 
the material, which includes fibers with different emissivity degrees (Fig. 6b).

F i g.  7.  Thermograms at various times in the vicinity of the defect B4 (Fig. 4)

F i g.  8.  Thermograms at various points in time in the defect-free area

Of particular interest is the time dependence of the temperature difference in the 
defective and defect-free areas of the sample after passing through the laser heating spot, 
since the value of the maximum temperature and the time to reach this temperature are 
signs of the defect depth [28]. Fig. 9 shows the experimentally obtained dependences of 
temperature T2 on time τ for the defective area B4 and temperature T1 for the defect-free 
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are. During and after heating, the temperature difference is determined by surface het-
erogeneity and is uninformative for the model of the dependence of the defect depth 

∆T(τ) = T2(τ − ∆τ) − T1(τ),

where ∆τ is an interval between the start of heating at the points at which temperatures T2 
from T1 are measured. The cooling rate of the material depends on the presence of a de-
fect. The smaller is the depth of the defect, the earlier and more significantly the rate of 
temperature change decreases, and the greater the temperature contrast (Fig. 9) between 
the defective and defect-free areas of the sample. To determine the defect depth from ther-
mographic data, one can use analytical solutions obtained by solving a complex inverse 
problem of thermal conductivity or using the results of numerical calculations [13; 14]. 
The latter requires significant computing power and time. To estimate the defect occur-
rence depth, an estimation obtained using multivariate regression analysis is often suffi-
cient. For a model that allows predicting the defect occurrence depth using the empirical 
data, we formed training samples consisting of the values of variables (predictors) and the 
values of the quantity being determined (in accordance with Table 1).

F i g.  9.  Dependence of the temperature difference on time in the defective T2  
and defect-free T1 areas of the sample after passing the laser heating spot of defect B4 (Fig. 4)

Temperature values T2 and T1 for constructing thermograms were taken as the ave-
rage from an area of 20×20 pixels of the thermal image of the heating spot temperature 
trace (Fig. 6а). 

T a b l e  1 
Training sample structure 

№ Maximum temperature 
Тmax, °С

Time to reach maximum 
temperature, τmax, s

Depth of defect h, mm Defect width w, mm

1 6.64 3.9 1.2 7.1
2 5.54 4.2 1.1 6.6
3 0.74 13.7 3.0 7.0
4 0.8 14.0 3.1 7.2

… … … … …
30 4.05 5.01 2.2 12.1
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As a result of applying the nonlinear multivariate regression algorithm from the 
“Sklearn.linear_model” library of the Python programming language, a regression mo-
del was obtained that has the form: 

. . . .max maxh T w�� � � � � � �0 24 0 04 0 045 2 31� ,                            (5)

where h is predicted value of the defect occurrence depth. At the same time, the quality 
metrics of the regression model were  equal: coefficient of determination R2 = 0.95, and 
the mean square error MSE = 0.016 mm2. Model verification on the test sample also 
showed satisfactory results (Fig. 10). 

F i g.  10.  Scatter diagram for the regression model for determining the defect depth of the  
(* means predicted values; + means a model)

The results obtained during experimental studies made it possible to propose and 
implement the following algorithm for detecting and determining the occurrence depth 
of defects. 

1.	Determining scan paths for a product made of composite materials to identify 
defects with different orientations;

2.	Calculating control actions on the robot manipulator drives to implement the 
specified scan paths;

3.	Scanning a product with a laser at a constant velocity along specified scan paths;
4.	Constructing thermograms for scanning lines filtered from random noise using 

the “np.convolve” method based on temperatures obtained 10 s after passing the hea-
ting spot (Fig. 11). Thermograms for this time value will be informative for subsurface 
defects of the product located at depths of up to 3 mm.

5.	Determining local amplitude values Ti  (i = 1, 2,…, n) obtained thermograms and 
finding time values τi max after passing the heating spot, when these amplitudes become 
maximum and equal Ti max. By values τi max and Ti max  the defect depths are found using 
the regression model (2).



158158

ИНЖЕНЕРНЫЕ ТЕХНОЛОГИИ И СИСТЕМЫ  Том 34, № 1. 2024

Приборы и методы экспериментальной физики

F i g.  11.  Thermograms obtained for different times after passing the heating spot

6.	The boundaries of defects are determined by local maxima of the first derivative 
according to the x coordinate for the obtained thermogram (Fig. 12). As experiments 
have shown, the measuring error in the defect width based on the maximum and mini-
mum of the first derivative does not exceed 5% if the occurrence depth is up to 1 mm, 
and 10% if the occurrence depth is from 1 to 3 mm. 

F i g.  12.  Thermogram for A4 defect (y = 25 mm) after 4 s  
interval since heating beam passage
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F i g.  13.  The first derivative of the distribution T (x) according to the x coordinate  
to determine the defect boundaries 

Discussion and Conclusion
The paper discussed a robotic complex, which implements the method of dynamic 

scanning thermography  using the local thermal effect of a laser on the test object. The 
experimental studies carried out to identify subsurface defects of the “delamination” 
type have shown high sensitivity and the ability not only to determine the presence of 
a defect, but also to determine its boundaries and estimate its occurrence depth. The 
method is suitable for testing small-sized products, and  for more careful monitoring of 
problem areas of large-sized objects made of composite materials [14]. The experiments 
have shown that at the initial stage of the thermal process, the surface structure of the 
product is of great importance that makes it possible to record surface defects, but at 
the same time, makes it difficult to detect subsurface defects. To detect such defects ac-
curately, it is recommended to cover the surface of the test area with matte black paint. 
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