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ОПРЕДЕЛЕНИЕ ПАРАМЕТРОВ ДВУХЛУЧЕВОГО ЛАЗЕРНОГО 
РАСКАЛЫВАНИЯ СИЛИКАТНЫХ СТЕКОЛ С ИСПОЛЬЗОВАНИЕМ 

РЕГРЕССИОННЫХ И НЕЙРОСЕТЕВЫХ МОДЕЛЕЙ
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1)Гомельский государственный университет им. Ф. Скорины,  
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Министерства по чрезвычайным ситуациям Республики Беларусь,  
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Для создания нейросетевых и регрессионных моделей двухлучевого лазерного раскалывания силикатных сте-
кол были использованы результаты численного эксперимента, реализованного в программе конечно-элементного 
анализа Ansys. В модуле DesignXplorer программы Ansys Workbench с применением гранецентрированного вариан та 
центрального композиционного плана эксперимента были получены регрессионные модели двухлучевой лазерной 
резки стекла. В качестве варьируемых факторов использованы скорость обработки, параметры лазерных пуч-
ков, толщина стеклянной пластины и расстояние между зонами воздействия лазерного излучения и хладагента, 
а в качестве откликов – максимальные температуры и термоупругие напряжения растяжения в зоне лазерной 
обработки. С применением пакета TensorFlow реализованы построение и обучение искусственных нейронных 
сетей. Выполнено сравнение результатов определения максимальных температур и термоупругих напряжений 
в зоне лазерной обработки с использованием нейросетевых и регрессионных моделей.

Ключевые слова: лазерное раскалывание; стеклянная пластина; нейронная сеть; Ansys.
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The current work takes the results of the numerical experiment implemented in the Ansys finite element analysis pro-
gram to create the neural network and regression models of two-beam laser splitting of silicate glasses. The regression 
models of two-beam laser glass cutting have been obtained in the DesignXplorer module of Ansys Workbench using 
a face-centered version of the central composite design. The processing speed, the parameters of laser beams, the glass 
plate thickness, and the distance between the laser radiation and the refrigerant affected zones were used as variable fac-
tors. The maximum temperatures and thermoelastic tensile stresses in the laser processing area were used as responses. 
The artificial neural networks have been constructed and trained using the TensorFlow package. The results of deter-
mining the maximum temperatures and thermoelastic stresses in the laser treatment area using the neural network and 
regression models have been compared.

Keywords: laser splitting; glass plate; neural network; Ansys.

Introduction
Laser splitting is one of the methods for cutting silicate glasses, which is carried out as a result of the 

laser-induced crack formation during consecutive laser heating and action of the refrigerant on the treated 
surface [1–5]. At the same time, the use of two-beam schemes provides an increase in the efficiency of this 
technology [6 – 8].

Artificial neural networks (ANN) provide good results when modelling complex connections between in-
puts and outputs of the system. The wide application of neural networks is due to their capabilities in finding 
non-linear dependencies in multidimensional data sets [9 –11]. Currently, ANN are successfully used in various 
fields [9 –13]. The combination of ANN and the finite element method turns out to be effective in modelling 
laser treatment processes [14; 15], including modelling of laser glass splitting [16; 17]. Regression models 
of laser processing of materials [18; 19] are also successfully used, and a comparison of neural network and 
regression models of laser cutting of materials was carried out in [20].

This research uses the results of the numerical experiment implemented in the Ansys finite element analysis 
program to create neural network and regression models for two-beam laser splitting of silicate glasses with 
subsequent comparison of their efficiency.

Finite element analysis
To determine temperatures and thermoelastic stresses in silicate glass during two-beam laser splitting (fig. 1), 

a calculation program was prepared in the APDL programming language (Ansys parametric design language).
Calculations were performed for the plate with geometric dimensions of 30 × 10 × 4 mm. The resulting 

model consisted of 44 160 solid 70 elements for thermal analysis and solid 185 elements for strength analysis. 
The processing speed for the calculations was V = 0.02 m/s. The following values of the parameters of laser 
beams were used: semi-major axis A = 0.003 m, semi-minor axis B = 0.001 m for an elliptical beam with 
a radiation wavelength λ = 10.6 µm and a radiation power P = 10 W; the radius of the beam radiation spot is 
R = 0.001 m for a beam with a radiation wavelength λ = 1.06 µm and a radiation power P0 = 50 W. The distance 
between the action zones on the glass plate of the YAG laser and the refrigerant is h = 0.002 m. The refrigerant ef-
fect was believed to provide cooling of the glass surface with a heat transfer coefficient equal to 8000 W/(m2 ⋅ K). 
The following properties of silicate glasses were used for the calculations: density 2450 kg/m3, thermal con-
ductivity 0.88 W/(m ⋅ K), specific heat capacity 860 J/(kg ⋅ K), Poisson’s ratio 0.22, Young’s modulus 70 GPa, 
linear thermal expansion coefficient 89 ⋅ 10–7 °С–1 [2]. 

Figures 2 and 3 show the distribution of temperature fields and fields of thermoelastic stresses, characteris-
tic of a two-beam laser splitting schemes of glass plates. 
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For the selected calculation parameters, the values of the maximum tensile stresses in the treatment zone σyy 
and the maximum design temperatures T are 79 MPa and 689 K, respectively, with acceptable temperature 
values not exceeding the glass transition temperature equal to 789 K [2].

Regression model
In the DesignXplorer module of the Ansys Workbench software, a face-centered version of the central compo-

site plan of the experiment was generated for eight factors (P1 – P8) [21; 22]: P1 is the processing speed V, P2 is the 
glass plate thickness H, P3 and P4 are the semi-major axis A and semi-minor axis B of an elliptical beam with 
the radiation wavelength λ = 10.6 µm, P5 is the radius of the radiation spot R of the beam with the radiation wave-
length λ = 1.06 µm, P6 is the power P of the laser with the radiation wavelength λ = 10.6 µm, P7 is the power P0 

Fig. 1. Schematic of the mutual arrangement  
of the laser beams and refrigerant affected zones: 

position 1 corresponds to an elliptical laser beam with a wavelength of 10.6 µm,  
position 2 – to a round laser beam with a wavelength of 1.06 µm,  

position 3 – to the refrigerant, position 4 – to the laser beam section with a wavelength of 10.6 µm,  
position 5 – to the laser beam section with a wavelength of 1.06 µm,  

position 6 – to the refrigerant affected zone

Fig. 2. Temperature distribution in the volume of the processed plate, K

Fig. 3. Distribution of stresses σyy in the volume of the processed plate, MPa
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of the laser with radiation wavelength λ = 1.06 µm, P8 is the distance h between the action zones of the laser with 
the radiation wavelength λ = 1.06 µm and the refrigerant. According to the experimental plan, the calculations 
were performed for 81 combinations of input parameters (see version 1 in table 1), while the following output 
parameters were determined: the maximum temperature in the laser treatment zone T and the maximum tensile 
stresses σyy in the treatment zone. 

Ta b l e  1
Parameters of two-beam laser glass splitting

Parameters
Values

Version 1 (81 combinations) Version 2 (72 combinations)

P1 (V, m/s) 0.01; 0.025; 0.04 0.025; 0.035; 0.04
P2 (H, m) 0.003; 0.004; 0.005 0.003; 0.035
P3 (А, m) 0.002; 0.003; 0.004; 0.005 0.002 5; 0.003 5; 0.005
P4 (B, m) 0.000 5; 0.001; 0.001 5 0.001; 0.001 5
P5 (R, m) 0.000 5; 0.001; 0.001 5 0.001; 0.001 5
P6 (P, W) 5; 10; 15 7; 9; 15
P7 (P0, W) 40; 50; 60 45; 55; 60
P8 (h, m) 0.001; 0.002; 0.003 0.001; 0.002

The regression equations obtained using the DesignXplorer module connecting the output parameters (T, σyy) 
with the factors (V, H, A, B, R, P, P0, h) have the following form: 

Y1 = 7.3 – 2.7 ⋅ 102 ⋅ A – 7.6 ⋅ 102 ⋅ B +  
 + 1.6 ⋅ 10–1 ⋅ P + 2.8 ⋅ 102 ⋅ V ⋅ V + 1.7 ⋅ 105 ⋅ B ⋅ B – 1.9 ⋅ 10–3 ⋅ P ⋅ P + 
+ 2.3 ⋅ 103 ⋅ V ⋅ A – 6.0 ⋅ 10–1 ⋅ V ⋅ P + 7.2 ⋅ 104 ⋅ A ⋅ B – 5.2 ⋅ A ⋅ P – 

– 2.4 ⋅ 10 ⋅ B ⋅ P – 4.6 ⋅ 103 ⋅ R ⋅ h,
T Y= ⋅ +( ) −0 02 1 11

50
. ;

Y2 = 2.3 ⋅ 102 – 4.2 ⋅ 103 ⋅ V + 8.6 ⋅ 104 ⋅ B + 8.8 ⋅ 104 ⋅ R + 
+ 5.6 ⋅ P + 4.1 ⋅ 104 ⋅ V ⋅ V – 3.7 ⋅ 107 ⋅ B ⋅ B – 3.7 ⋅ 107 ⋅ R ⋅ R – 

– 5.7 ⋅ 105 ⋅ V ⋅ B – 2.5 ⋅ 10 ⋅ V ⋅ P + 7.8 ⋅ V ⋅ P0 + 9.7 ⋅ 104 ⋅ V ⋅ h – 
– 8.4 ⋅ 10 ⋅ H ⋅ P + 3.6 ⋅ 105 ⋅ A ⋅ B + 3.9 ⋅ 106 ⋅ B ⋅ R – 7.7 ⋅ 102 ⋅ B ⋅ P – 
– 8.3 ⋅ 104 ⋅ B ⋅ h – 4.6 ⋅ 102 ⋅ R ⋅ P – 4.0 ⋅ 106 ⋅ R ⋅ h + 2.2 ⋅ 10–2 ⋅ P ⋅ P0,

σyy Y= ⋅ +( ) −0 236 6 1 1
2

1 0 236 6

. .
/ .

Neural network application
Figure 4 shows a block diagram of the ANN simulation procedure. The training and test sets were ge nerated 

when solving the corresponding problems by the finite element method in the Ansys program. Here, 81 com-
binations of the central composite design were supplemented with another 72 combinations of calculations (see 
version 2 in table 1). Thus, neural networks training was carried out using two data sets consisting of 81 com-
binations of the central composite design (version A) and 135 combinations (version B) of the values of the 
two-beam laser splitting parameters formed by supplementing 81 combinations of version A with another 
54 combinations (see 2 versions of table 1). At the same time, a test set of 18 combinations of parameters was 
used to test neural network and regression models (see table 2).

Ta b l e  2
Test set of parameters

No. P1 
(V, m/s)

P2 
(H, m)

P3 
(А, m)

P4 
(B, m)

P5 
(R, m)

P6 
(P, W)

P7 
(P0, W)

P8 
(h, m) Т, K σyy, MPa

1 0.035 0.003 5 0.002 5 0.001 0.001 9 55 0.002 577 47.5
2 0.035 0.003 0.002 5 0.001 5 0.001 5 9 55 0.001 486 35.3
3 0.025 0.003 0.003 5 0.001 5 0.001 5 7 45 0.001 454 40.0
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No. P1 
(V, m/s)

P2 
(H, m)

P3 
(А, m)

P4 
(B, m)

P5 
(R, m)

P6 
(P, W)

P7 
(P0, W)

P8 
(h, m) Т, K σyy, MPa

4 0.035 0.003 0.002 5 0.001 0.001 7 45 0.002 514 37.9

5 0.035 0.003 5 0.002 5 0.001 0.001 7 55 0.002 514 41.5

6 0.025 0.003 0.003 5 0.001 0.001 7 55 0.002 526 57.1

7 0.035 0.003 0.002 5 0.001 0.001 9 55 0.002 577 47.8

8 0.035 0.003 0.002 5 0.001 0.001 9 45 0.001 577 44.0

9 0.035 0.003 0.002 5 0.001 5 0.001 5 9 45 0.001 486 32.6

10 0.025 0.003 5 0.002 5 0.001 0.001 7 55 0.002 560 56.2

11 0.035 0.003 5 0.002 5 0.001 0.001 9 60 0.002 577 49.3

12 0.035 0.003 0.002 5 0.001 5 0.001 5 15 55 0.001 615 48.9

13 0.04 0.003 0.003 5 0.001 5 0.001 5 7 45 0.001 417 25.2

14 0.035 0.003 5 0.005 0.001 0.001 7 55 0.002 460 42.4

15 0.04 0.003 0.003 5 0.001 0.001 7 60 0.002 476 39.3

16 0.035 0.003 0.005 0.001 0.001 9 45 0.001 508 45.8

17 0.035 0.003 0.002 5 0.001 5 0.001 5 9 60 0.001 486 36.7

18 0.04 0.003 5 0.002 5 0.001 0.001 7 55 0.002 497 36.7

Fully connected neural networks with architecture [8–50 –30 –10 –2] were used to determine the values of 
temperatures and thermoelastic stresses during two-beam laser splitting. The networks were formed using the 
TensorFlow machine learning library [10]. The networks used the ReLU (rectified linear unit) activation func-
tion, the Adam optimiser, which is a version of the stochastic gradient descent algorithm, and the MSE (mean 
squared error) loss function, which calculates the square of the difference between the predicted and target 
values. The number of epochs during network training was 500. 

Fig. 4. Block diagram of the simulation  
procedure using the neural network

E n d i n g  t a b l e  2
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Results and discussion
The following criteria were used to evaluate the resulting regression and neural network models: 

determination coefficient
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where di is the finite element values; yi is the values determined using regression and neural network models. 
The criteria values used to assess regression and neural network models are presented in tables 3–5.
Accordingly, the obtained data lead to a conclusion that the regression and neural network models have the 

necessary consistency with the results of finite-element analysis.
Ta b l e  3

Results of evaluating regression models

Criterion
Test set Central composite plan dataset  

(81 combinations)

T σуy T σуy

RMSE 8 1.71 ⋅ 106 13 4.55 ⋅ 106

MAE 7 1.20 ⋅ 106 9 3.31 ⋅ 106

MAPE 1.3 2.7 1.3 5.3
R2 0.976 8 0.964 9 0.998 3 0.984 9

Ta b l e  4
Results of evaluating the neural network model (version А)

Criterion
Test set Training set 

(81 combinations)

T σуy T σуy

RMSE 14 2.82 ⋅ 106 5 0.72 ⋅ 106

MAE 11 2.36 ⋅ 106 4 0.50 ⋅ 106

MAPE 2.1 5.4 0.6 0.9
R2 0.928 4 0.903 9 0.999 7 0.999 6

Ta b l e  5
Results of evaluating the neural network model (version В)

Criterion
Test set Training set 

(135 combinations)

T σуy T σуy

RMSE 8 1.15 ⋅ 106 5 0.76 ⋅ 106

MAE 6 0.84 ⋅ 106 3 0.49 ⋅ 106
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Criterion
Test set Training set 

(135 combinations)

T σуy T σуy

MAPE 1.2 2.0 0.4 0.8

R2 0.977 7 0.983 9 0.999 6 0.999 4

At the same time, for the datasets used to create regression models and train neural network models, the 
values of the average absolute percentage errors of MAPE when determining the maximum temperatures and 
tensile stresses in the laser processing zone turned out to be the highest for regression models. They amounted 
to 1.3 % for temperatures and 5.3 % for tensile stresses. Furthermore, for this dataset, the RMSE, MAE and R2 
values of the regression models exceeded the values of the corresponding criteria of neural network models. 
The results of the neural network trained on a set of parameters of the central composite plan turned out to 
be worse than the results of the regression models. In this case, for the test dataset, the results of the neural 
network model trained with 135 combinations of parameter values of the two-beam laser splitting (version B) 
proved to be the best.

The suggested architecture of the neural network model, trained with a small dataset, proved to be better 
at predicting the parameters of two-beam laser splitting compared to the suggested regression models. Thus, 
as in [20], it follows that the use of neural network models is preferable for predicting laser cutting parameters, 
including two-beam laser splitting.

Conclusions
The research performed by us shows the possibility of determining the modes of two-beam laser splitting 

of silicate glasses based on a combination of the finite element method, regression and neural network models. 
The numerical experiment brought about identifying the architecture of neural networks, which gives an ac-
ceptable result when determining the values of thermoelastic stresses and temperatures in the laser processing 
zone. A higher efficiency of neural network models in predicting the parameters of two-beam laser glass split-
ting compared to regression models has been shown.

Библиографические ссылки
1. Lumley RM. Controlled separation of brittle materials using a laser. Journal of the American Ceramic Society. 1969;48(9): 

850–854. 
2. Мачулка ГА. Лазерная обработка стекла. Москва: Советское радио; 1979. 135 с. (Массовая библиотека инженера 

«Электроника»).
3. Бокуть БВ, Кондратенко BC, Мышкоеоц ВН, Сердюков АН, Шалупаев CB. Термоупругие поля в твердых телах при их 

обработке лазерными пучками специальной геометрии. Минск: Институт физики АН БССР; 1987. 58 с. (Препринт. Институт 
физики АН БССР; № 487).

4. Kondratenko VS, inventor; PTG Precision Technology Center LLC, assignee. Method of splitting non-metallic materials. United 
States Patent US5609284A. 1997 March 11.  

5. Nisar S, Li L, Sheikh M. Laser glass cutting techniques – a review. Journal of Laser Applications. 2013;25(4):042010-1. DOI: 
10.2351/1.4807895.

6. Shalupaev SV, Shershnev EB, Nikityuk YuV, Sereda AA. Two-beam laser thermal cleavage of brittle nonmetallic materials. 
Journal of Optical Technology. 2006;73(5):356–359. DOI: 10.1364/JOT.73.000356.

7. Сысоев ВК, Вятлев ПА, Чирков АВ, Грозин ВА, Конященко ДА. Концепция двухлазерного термораскалывания стек-
лянных элементов для космических аппаратов. Вестник НПО имени С. А. Лавочкина. 2011;1:38–44. 

8. Junke Jiao, Xinbing Wang. Cutting glass substrates with dual-laser beams. Optics and Lasers in Engineering. 2009;47(7–8): 
860–864. DOI: 10.1016/j.optlaseng.2008.12.009.

9. Головко ВА, Краснопрошин ВВ. Нейросетевые технологии обработки данных. Минск: БГУ; 2017. 263 с. (Классиче-
ское университетское издание).

10. Chollet F. Deep learning with Python. Shelter Island: Manning Publications Co.; 2018. 384 p.
11. Bakhtiyari AN, Zhiwen Wang, Liyong Wang, Hongyu Zheng. A review on applications of artificial intelligence in modeling and 

optimization of laser beam machining. Optics & Laser Technology. 2021;135:1–18. DOI: 10.1016/j.optlastec.2020.106721.
12. Бессмельцев ВП, Булушев ЕД. Оптимизация режимов лазерной микрообработки (обзор). Автометрия. 2014;50(6):3–21. 
13. Rusia S, Pathak KK. Application of artificial neural network for analysis of triangular plate with hole considering different 

geometrical and loading parameters. Open Journal of Civil Engineering. 2016;6(1):31–41. DOI: 10.4236/ojce.2016.61004.

E n d i n g  t a b l e  5

http://dx.doi.org/10.1016/j.optlastec.2020.106721


42

Журнал Белорусского государственного университета. Физика. 2022;1:35–43
Journal of the Belarusian State University. Physics. 2022;1:35–43

14. Kant R, Joshi SN, Dixit US. An integrated FEM-ANN model for laser bending process with inverse estimation of absorptivity. 
Mechanics of Advanced Materials and Modern Processes. 2015;1:6. DOI: 10.1186/s40759-015-0006-1.

15. Kadri MB, Nisar S, Khan SZ, Khan WA. Comparison of ANN and finite element model for the prediction of thermal stresses 
in diode laser cutting of float glass. Optik – International Journal for Light and Electron Optics. 2015;126(19):1959–1964. DOI: 
10.1016/j.ijleo.2015.05.033.

16. Никитюк ЮВ, Сердюков АН, Прохоренко ВА, Аушев ИЮ. Применение искусственных нейронных сетей и метода ко-
нечных элементов для определения параметров обработки кварцевых золь-гель стекол эллиптическими лазерными пучками. 
Проблемы физики, математики и техники. 2021;3:30–36. DOI: 10.54341/20778708_2021_3_48_30.

17. Krasnoshchekov AA, Sobol’ BV, Solovjev AN, Cherpakov AV. Identification of crack-like defects in elastic structural ele-
ments on the basis of evolution algorithms. Russian Journal of Nondestructive Testing. 2011;47(6):412–419. DOI: 10.1134/S10618309 
11060088.

18. Хтет Аунг Лин, Таксанц МВ, Мисюров АИ. Математическая модель эффективности использования лазерного излуче-
ния при гибридной обработке. Вестник МГТУ имени Н. Э. Баумана. Серия: Машиностроение. 2015;3:71–79. DOI: 10.18698/ 
0236-3941-2015-3-71-79.

19. Gvozdev AE, Golyshev IV, Minaev IV, Sergeev NN, Tikhonova IV, Khonelidze DM, et al. Multiparametric optimization of 
laser cutting of steel sheets. Inorganic Materials: Applied Research. 2015;6(4):305–310. DOI: 10.1134/S2075113315040115.

20. Madić M, Radovanović M. Comparative modeling of CO2 laser cutting using multiple regression analysis and artificial neural 
network. International Journal of Physical Sciences. 2012;7(16):2422–2430. DOI: 10.5897/IJPS12.109.

21. Жогаль СП, Жогаль СИ, Максимей ВИ. Основы регрессионного анализа и планирования эксперимента. Гомель: Го-
мельский государственный университет имени Франциска Скорины; 1997. 94 с.

22. Моргунов АП, Ревина ИВ. Планирование и анализ результатов эксперимента. Омск: Издательство ОмГТУ; 2014. 344 с.

References
1. Lumley RM. Controlled separation of brittle materials using a laser. Journal of the American Ceramic Society. 1969;48(9): 

850–854. 
2. Machulka GA. Lazernaya obrabotka stekla [Laser processing of glass]. Moscow: Sovetskoe radio; 1979. 135 p. (Massovaya 

biblioteka  inzhenera «Elektronika»). Russian.
3. Bokut’ BV, Kondratenko VS, Myshkoeots VN, Serdyukov AN, Shalupaev SV. Termouprugie polya v tverdykh telakh pri ikh 

obrabotke lazernymi puchkami spetsial’noi geometrii [Thermoelastic fields in solids when they are being processed by special-geometry 
laser beams]. Minsk: Institut fiziki AN BSSR; 1987. 58 p. (Preprint. Institut fiziki AN BSSR; № 487). Russian.

4. Kondratenko VS, inventor; PTG Precision Technology Center LLC, assignee. Method of splitting non-metallic materials. United 
States Patent US5609284A. 1997 March 11.  

5. Nisar S, Li L, Sheikh M. Laser glass cutting techniques – a review. Journal of Laser Applications. 2013;25(4):042010-1. DOI: 
10.2351/1.4807895.

6. Shalupaev SV, Shershnev EB, Nikityuk YuV, Sereda AA. Two-beam laser thermal cleavage of brittle nonmetallic materials. 
Journal of Optical Technology. 2006;73(5):356–359. DOI: 10.1364/JOT.73.000356.

7. Sysoev VK, Vyatlev PA, Chirkov AV, Grozin VA, Konyashchenko DA. Two laser thermo splitting of glass elements for space-
craft conception. Vestnik NPO imeni S. A. Lavochkina. 2011;1:38–44. Russian.

8. Junke Jiao, Xinbing Wang. Cutting glass substrates with dual-laser beams. Optics and Lasers in Engineering. 2009;47(7–8): 
860–864. DOI: 10.1016/j.optlaseng.2008.12.009.

9. Golovko VA, Krasnoproshin VV. Neirosetevye tekhnologii obrabotki dannykh [Neural network technologies for data processing]. 
Minsk: Belarusian State University; 2017. 263 p. (Klassicheskoe universitetskoe izdanie). Russian.

10. Chollet F. Deep learning with Python. Shelter Island: Manning Publications Co.; 2018. 384 p.
11. Bakhtiyari AN, Zhiwen Wang, Liyong Wang, Hongyu Zheng. A review on applications of artificial intelligence in modeling and 

optimization of laser beam machining. Optics & Laser Technology. 2021;135:1–18. DOI: 10.1016/j.optlastec.2020.106721.
12. Bessmel’tsev VP, Bulushev ED. [Optimisation of laser microprocessing modes]. Avtometriya. 2014;50(6):3–21. Russian.
13. Rusia S, Pathak KK. Application of artificial neural network for analysis of triangular plate with hole considering different 

geometrical and loading parameters. Open Journal of Civil Engineering. 2016;6(1):31–41. DOI: 10.4236/ojce.2016.61004.
14. Kant R, Joshi SN, Dixit US. An integrated FEM-ANN model for laser bending process with inverse estimation of absorptivity. 

Mechanics of Advanced Materials and Modern Processes. 2015;1:6. DOI: 10.1186/s40759-015-0006-1.
15. Kadri MB, Nisar S, Khan SZ, Khan WA. Comparison of ANN and finite element model for the prediction of thermal stresses 

in diode laser cutting of float glass. Optik – International Journal for Light and Electron Optics. 2015;126(19):1959–1964. DOI: 
10.1016/j.ijleo.2015.05.033.

16. Nikitjuk YV, Serdyukov AN, Prohorenko VА, Aushev IY. Application of artificial neural networks and finite element method 
for determining the parameters of elliptic laser beam treatment of quartz sol-gel glasses. Problems of Physics, Mathematics and Tech-
nology. 2021;3:30–36. Russian. DOI: 10.54341/20778708_2021_3_48_30.

17. Krasnoshchekov AA, Sobol’ BV, Solovjev AN, Cherpakov AV. Identification of crack-like defects in elastic structural ele-
ments on the basis of evolution algorithms. Russian Journal of Nondestructive Testing. 2011;47(6):412–419. DOI: 10.1134/S10618309 
11060088.

18. Htet Aung Lin, Taksants МV, Misurov АI. Mathematical model of the efficiency of using laser radiation in hybrid processing. 
Herald of the Bauman Moscow State Technical University. Series: Mechanical Engineering. 2015;3:71–79. Russian. DOI: 10.18698/ 
0236-3941-2015-3-71-79.

https://elibrary.ru/contents.asp?id=33755098
http://dx.doi.org/10.1016/j.optlastec.2020.106721
https://elibrary.ru/contents.asp?id=33755098


Лазерная физика
Laser Physics

19. Gvozdev AE, Golyshev IV, Minaev IV, Sergeev NN, Tikhonova IV, Khonelidze DM, et al. Multiparametric optimization of 
laser cutting of steel sheets. Inorganic Materials: Applied Research. 2015;6(4):305–310. DOI: 10.1134/S2075113315040115.

20. Madić M, Radovanović M. Comparative modeling of CO2 laser cutting using multiple regression analysis and artificial neural 
network. International Journal of Physical Sciences. 2012;7(16):2422–2430. DOI: 10.5897/IJPS12.109.

21. Zhogal’ SP, Zhogal’ SI, Maksimei VI. Osnovy regressionnogo analiza i planirovaniya eksperimenta [Fundamentals of regres-
sion analysis and experiment design]. Gomel: Francisk Skorina Gomel State University; 1997. 94 p. Russian. 

22. Morgunov AP, Revina IV. Planirovanie i analiz rezul’tatov eksperimenta [Planning and analysis of the results of the experi-
ment]. Omsk: Izdatel’stvo OmGTU; 2014. 344 p. Russian.

Received 25.11.2021 / revised 04.01.2022 / accepted 04.01.2022.


