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ʄʽʥʽʩʪʝʨʩʪʚʦ ʦʩʚʽʪʠ ʽ ʥʘʫʢʠ ʋʢʨʘʾʥʠ; 

ɼʅʋ çɯʥʩʪʠʪʫʪ ʤʦʜʝʨʥʽʟʘʮʽʾ ʟʤʽʩʪʫ ʦʩʚʽʪʠè; 

ʅʘʮʽʦʥʘʣʴʥʘ ʘʢʘʜʝʤʽʷ ʥʘʫʢ ʚʠʱʦʾ ʦʩʚʽʪʠ ʋʢʨʘʾʥʠ; 

ɼʦʥʙʘʩʴʢʘ ʜʝʨʞʘʚʥʘ ʤʘʰʠʥʦʙʫʜʽʚʥʘ ʘʢʘʜʝʤʽʷ; 

ɺʽʥʥʠʮʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ; 

University of Szeged, (Hungary); 

Engineering Academy of Serbia (IAS), Belgrade (Serbia); 

Apeiron University in Banja Luka (Bosnia and Herzegovina); 
Mechanical Engineering Faculty in Slavonski Brod JJ Strossmayer University of Osijek 

(Croatia);  

University of Montenegro Faculty of Mechanical Engineering; 

Zhejiang Normal University, College of Engineering; 
Key Laboratory of Urban Rail Transit Intelligent Operation and Maintenance Technology & 

Equipment of Zhejiang Province , Jinhua, (China); 

ʊʝʨʥʦʧʽʣʴʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʽʤʝʥʽ ɯʚʘʥʘ ʇʫʣʶʷ; 

ɺʽʥʥʠʮʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʘʛʨʘʨʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ;  

ɸʢʘʜʝʤʽʷ ʜʦʩʣʽʜʥʠʢʽʚ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ; 

ʉʪʫʜʝʥʪʩʴʢʝ ʥʘʫʢʦʚʝ ʪʦʚʘʨʠʩʪʚʦ ʟ ʪʝʭʥʦʣʦʛʽʡ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ; 
ʄʘʣʘ ʘʢʘʜʝʤʽʷ ʥʘʫʢ ʟ ʥʘʫʢʦʚʦ-ʧʨʦʤʠʩʣʦʚʦʛʦ ʧʨʦʬʽʣʶ. 
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ʟʙʽʨʥʠʢ ʥʘʫʢʦʚʠʭ ʧʨʘʮʴ ʄʽʞʥʘʨʦʜʥʦʾ ʤʦʣʦʜʽʞʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ 

ʢʦʥʬʝʨʝʥʮʽʾ, 15-17 ʢʚʽʪʥʷ 2026 ʨ.. / ʟʘ ʟʘʛ. ʨʝʜ. ʉ. ɺ. ʂʦʚʘʣʝʚʩʴʢʦʛʦ, ʜ-ʨʘ ʪʝʭʥ. 

ʥʘʫʢ., ʧʨʦʬ.. ï ʂʨʘʤʘʪʦʨʩʴʢ: ɼɼʄɸ, 2026. ï 414ʩ. 

 

Young science - robotics and nano-technologies of modern mechanical 

engineering: a collection of scientific papers of the International Youth Scientific 

and Technical Conference, April 15-17, 2026 / for general. ed. S.V. Kovalevskyy, 

Dr. Tech. Science, Prof.. - Kramatorsk: DSEA, 2026. ï 414 p. 

 

ISBN 978-617-7893-26-3   

 

 

ʋ ʟʙʽʨʥʠʢʫ ʦʧʫʙʣʽʢʦʚʘʥʦ ʤʘʪʝʨʽʘʣʠ ʥʘʫʢʦʚʠʭ ʧʨʘʮʴ ʘʩʧʽʨʘʥʪʽʚ, ʤʘʛʽʩʪʨʘʥʪʽʚ, 

ʩʪʫʜʝʥʪʽʚ ʽ ʫʯʥʽʚ ð ʯʣʝʥʽʚ ʄʘʣʦʾ ʘʢʘʜʝʤʽʾ ʥʘʫʢ ʋʢʨʘʾʥʠ ʟʘ ʥʘʫʢʦʚʦ-ʧʨʦʤʠʩʣʦʚʠʤ 

ʥʘʧʨʷʤʦʤ, ʘ ʪʘʢʦʞ ɸʢʘʜʝʤʽʾ ʜʦʩʣʽʜʥʠʢʽʚ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ. ʋ ʧʨʘʮʷʭ ʧʨʝʜʩʪʘʚʣʝʥʦ 

ʧʝʨʩʧʝʢʪʠʚʥʽ ʽʜʝʾ, ʨʝʟʫʣʴʪʘʪʠ ʘʥʘʣʽʟʫ ʘʢʪʫʘʣʴʥʠʭ ʧʨʦʙʣʝʤ ʘʚʪʦʤʘʪʠʟʘʮʽʾ 

ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ, ʟʦʢʨʝʤʘ ʩʪʚʦʨʝʥʥʷ ʬʫʥʢʮʽʦʥʘʣʴʥʠʭ ʨʦʙʦʯʠʭ ʧʦʚʝʨʭʦʥʴ ʜʝʪʘʣʝʡ 

ʤʘʰʠʥ. ʅʘʚʝʜʝʥʦ ʨʦʟʨʦʙʢʠ, ʛʦʪʦʚʽ ʜʦ ʧʨʘʢʪʠʯʥʦʛʦ ʚʧʨʦʚʘʜʞʝʥʥʷ. ɿʙʽʨʥʠʢ ʧʨʠʟʥʘʯʝʥʦ 

ʜʣʷ ʚʠʢʦʨʠʩʪʘʥʥʷ ʫ ʧʨʘʢʪʠʯʥʽʡ ʜʽʷʣʴʥʦʩʪʽ ʟʜʦʙʫʚʘʯʽʚ ʚʠʱʦʾ ʦʩʚʽʪʠ, ʘ ʪʘʢʦʞ ʬʘʭʽʚʮʽʚ 

ʤʘʰʠʥʦʙʫʜʽʚʥʠʭ ʧʽʜʧʨʠʻʤʩʪʚ. 

 

The proceedings volume presents research papers by postgraduate students, masterôs 

students, undergraduate students, and school students ð members of the Junior Academy of 

Sciences of Ukraine (scientific and industrial domain), as well as the Academy of Artificial 

Intelligence Researchers. The papers highlight promising ideas and provide analyses of 

current challenges in the automation of mechanical engineering, particularly in the 

development of functional working surfaces of machine components. Developments ready for 

practical implementation are also included. The volume is intended for practical use by higher 

education students and professionals in machine-building industries. 
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ʂʣʠʤʝʥʢʦ ʉ.ɸ. ï ʜ.ʪ.ʥ., ʧʨʦʬ. (ɯʅʄ ɸʅʋ, ʂʠʾʚ, ʋʢʨʘʾʥʘ); 

ʂʦʚʘʣʝʚʩʴʢʠʡ ʉ.ɺ. - ʜ.ʪ.ʥ., ʧʨʦʬ., (ɼɼʄɸ, ʋʢʨʘʾʥʘ); 
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ɹʝʡ ɺ.ɺ., ʂʠʨʠʯʝʥʢʦ ɯ.ɻ., ʏʝʨʥʽʢʦʚ ʆ.ɺ.  (ʍʘʨʢʽʚʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ 

ʘʚʪʦʤʦʙʽʣʴʥʦ-ʜʦʨʦʞʥʽʡ ʫʥʽʚʝʨʩʠʪʝʪ, ʍʘʨʢʽʚ, ʋʢʨʘʾʥʘ): ʄʆɼɽʃʖɺɸʅʅʗ 

ʋʅɯɺɽʈʉɸʃʔʅʀʍ ɻɯɼʈɸɺʃɯʏʅʀʍ ɽʂʉʂɸɺɸʊʆʈɯɺ VOLVO. 
105 

ɹʻʟʛʽʥ ʆ.ɸ. (ɼʦʥʙʘʩʴʢʘ ʜʝʨʞʘʚʥʘ ʤʘʰʠʥʦʙʫʜʽʚʥʘ ʘʢʘʜʝʤʽʷ, ʤʤ. ʂʨʘʤʘʪʦʨʩʴʢ ï 

ʊʝʨʥʦʧʽʣʴ ï ʍʫʩʪ, ʋʢʨʘʾʥʘ): ʈʆɹʆʊʀɿʆɺɸʅɽ ɼʋɻʆɺɽ ʅɸʇʃɸɺʃɽʅʅʗ ɯɿ 

ɿɸʉʊʆʉʋɺɸʅʅʗʄ ʂɽʈʆɺɸʅʀʍ ʄɸɻʅɯʊʅʀʍ ʇʆʃɯɺ ʗʂ ʈʆɿɺʀʊʆʂ 

ʊɽʍʅʆʃʆɻɯʁ ɺɯɼʅʆɺʃɽʅʅʗ ɼɽʊɸʃɽʁ ʄɽʊɸʃʋʈɻɯʁʅʆɻʆ 

ʆɹʃɸɼʅɸʅʅʗ. 

108 

ɹʦʙʨʦʚ1 ɼ.ʉ., ɭʬʨʝʤʝʥʢʦ2 ɺ.ɻ., ɹʨʠʢʦʚ1 ʄ.ʄ. (1ʅʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ 

çɿʘʧʦʨʽʟʴʢʘ ʧʦʣʽʪʝʭʥʽʢʘè, ɿʘʧʦʨʽʞʞʷ, ʋʢʨʘʾʥʘ; 2ʇʨʠʘʟʦʚʩʴʢʠʡ ʜʝʨʞʘʚʥʠʡ 

ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ, ɼʥʽʧʨʦ, ʋʢʨʘʾʥʘ): ʑʆɼʆ ʄʆɾʃʀɺʆʉʊɯ 

ʆʊʈʀʄɸʅʅʗ ʅɸʅʆɹɽʁʅɯʊʋ ɺ ʉɽʈɽɼʅʔʆɺʋɻʃɽʎɽɺʀʍ 

ʅʀɿʔʂʆʃɽɻʆɺɸʅʀʍ ʉʊɸʃʗʍ. 

112 

ɹʦʥʜʘʨʻʚ ʗ.ɻ., ʐʘʰʢʦ ɺ.ʆ. (ɼʦʥʙʘʩʴʢʘ ʜʝʨʞʘʚʥʘ ʤʘʰʠʥʦʙʫʜʽʚʥʘ ʘʢʘʜʝʤʽʷ, 

ʤʤ. ʂʨʘʤʘʪʦʨʩʴʢ ï ʊʝʨʥʦʧʽʣʴ ï ʍʫʩʪ, ʋʢʨʘʾʥʘ): ʈʆɹʆʊʀɿɸʎɯʗ ʊɸ 

ʐʊʋʏʅʀʁ ɯʅʊɽʃɽʂʊ ɺ ʉʋʏɸʉʅʆʄʋ ʄɸʐʀʅʆɹʋɼʋɺɸʅʅɯ. 
117 

ɹʦʨʠʩʝʥʢʦ ʖ.ʖ. (ɼʦʥʙʘʩʴʢʘ ʜʝʨʞʘʚʥʘ ʤʘʰʠʥʦʙʫʜʽʚʥʘ ʘʢʘʜʝʤʽʷ, ʤʤ. 

ʂʨʘʤʘʪʦʨʩʴʢ ï ʊʝʨʥʦʧʽʣʴ ï ʍʫʩʪ, ʋʢʨʘʾʥʘ): ʇɯɼɺʀʑɽʅʅʗ ɽʌɽʂʊʀɺʅʆʉʊɯ 

ɼʋɻʆɺʆɻʆ ʅɸʇʃɸɺʃɽʅʅʗ ʅɸ ʆʉʅʆɺɯ ʂʆʄɹɯʅʆɺɸʅʆɻʆ 

ɿɸʉʊʆʉʋɺɸʅʅʗ ɽʂɿʆʊɽʈʄɯʏʅʀʍ ʈɽɸʂʎɯʁ ʊɸ 

ɽʃɽʂʊʈʆʄɸɻʅɯʊʅʆɻʆ ɺʇʃʀɺʋ. 

124 

ɺʦʨʦʥʘ1 ʉ.ʆ., ʆʥʠʱʫʢ1 ʉ.ɻ., ʊʫʣʫʧʦʚ2 ɺ.ɯ. (1ɼʦʥʙʘʩʴʢʘ ʜʝʨʞʘʚʥʘ 

ʤʘʰʠʥʦʙʫʜʽʚʥʘ ʘʢʘʜʝʤʽʷ, ʤ. ʂʨʘʤʘʪʦʨʩʴʢ ï ʊʝʨʥʦʧʽʣʴ, ʋʢʨʘʾʥʘ; 2ʂʨʘʤʘʪʦʨʩʴʢʠʡ 

ʬʘʭʦʚʠʡ ʢʦʣʝʜʞ ʪʝʭʥʦʣʦʛʽʡ ʪʘ ʜʠʟʘʡʥʫ, ʤ. ʂʨʘʤʘʪʦʨʩʴʢïʏʝʨʢʘʩʠ, ʋʢʨʘʾʥʘ). 

ɺʀʂʆʈʀʉʊɸʅʅʗ ʂʆʄɹɯʅʆɺɸʅʀʍ ʄɽʊʆɼɯɺ ʆɹʈʆɹʂʀ ɼɽʊɸʃɽʁ ɺ 

ʄɸʐʀʅʆɹʋɼʋɺɸʅʅɯ. 

127 

ɺʨʫʙʣʝʚʩʴʢʠʡ ɯ.ɹ. (ʅʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ çʃʴʚʽʚʩʴʢʘ ʧʦʣʽʪʝʭʥʽʢʘè, ʤ. 

ʃʴʚʽʚ, ʋʢʨʘʾʥʘ): ʊɽʍʅɯʂʆ-ɽʂʆʅʆʄɯʏʅɸ ʆʎɯʅʂɸ ɸɼʀʊʀɺʅʀʍ, 

ʉʋɹʊʈɸʂʊʀɺʅʀʍ ʊɸ ɻɯɹʈʀɼʅʀʍ ʊɽʍʅʆʃʆɻɯʁ ʋ 

ʄɸʐʀʅʆɹʋɼʋɺɸʅʅɯ. 

131 

ɻʝʨʫʣʘ ɹ.ʆ., ʂʽʷʥʦʚʩʴʢʠʡ ʄ.ɺ., ʎʠʚʽʥʜʘ ʅ.ɯ. (ʂʨʠʚʦʨʽʟʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ 

ʫʥʽʚʝʨʩʠʪʝʪ, ʂʨʠʚʠʡ ʈʽʛ, ʋʢʨʘʾʥʘ): ʆʈɻɸʅɯɿɸʎɯʁʅɯ ʇɯɼʍʆɼʀ ɼʆ 

ʇʈʀʉʂʆʈɽʅʅʗ ʊɽʍʅʆʃʆɻɯʏʅʆɻʆ ʇɯɼɻʆʊʆɺʃɽʅʅʗ 

ɺʀɻʆʊʆɺʃɽʅʅʗ ɹʈʆʅɽʁ ɼʈʆɹɸʈʆʂ ʅɸ ʆʉʅʆɺɯ ɻʈʋʇʆɺʆɰ 

ʊɽʍʅʆʃʆɻɯɰ. 

135 

ɻʨʠʛʦʨʝʥʢʦ ʗ.ʉ., ɼʤʠʪʨʽʻʚ ɼ.ʆ. (ʍʝʨʩʦʥʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ 

ʫʥʽʚʝʨʩʠʪʝʪ, ʤ. ʍʝʨʩʦʥ, ʋʢʨʘʾʥʘ): ɿɸʉʊʆʉʋɺɸʅʅʗ ʎʀʌʈʆɺʀʍ 

ɼɺɯʁʅʀʂɯɺ ʊɸ IN-SITU ʄʆʅɯʊʆʈʀʅɻʋ ɼʃʗ ʇʈʆɻʅʆɿʋɺɸʅʅʗ 

ɼɽʌɽʂʊɯɺ ʋ ʇʈʆʎɽʉɸʍ ɸɼʀʊʀɺʅʆɻʆ ɺʀʈʆɹʅʀʎʊɺɸ ʄɽʊɸʃɽɺʀʍ 

142 
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ɺʀʈʆɹɯɺ. 

ɻʫʮʘʣʶʢ1 ɸ.ʄ., ʂʦʚʘʣʝʚʩʴʢʠʡ2 ʉ.ɺ. (1ɺʽʥʥʠʮʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ 

ʫʥʽʚʝʨʩʠʪʝʪ, ɺʽʥʥʠʮʷ, ʋʢʨʘʾʥʘ; 2ɼʦʥʙʘʩʴʢʘ ʜʝʨʞʘʚʥʘ ʤʘʰʠʥʦʙʫʜʽʚʥʘ ʘʢʘʜʝʤʽʷ, 

ʤʤ. ʂʨʘʤʘʪʦʨʩʴʢ ï ʊʝʨʥʦʧʽʣʴ ï ʍʫʩʪ, ʋʢʨʘʾʥʘ):  ʄʆɼɽʃʖɺɸʅʅʗ ʇʈʆʎɽʉʋ 

ʃʀʊʊʗ ɼɽʊɸʃɽʁ ʋ ʇɯʑɸʅʆ-ɻʃʀʅʀʉʊʀʍ ʌʆʈʄɸʍ. 

145 

ɼʤʠʪʨʽʻʚ ɼ.ʆ., ʂʘʪʨʽʯ ʉ.ɻ., ʂʫʟʤʽʯʦʚ ʄ.ʌ. (ʍʝʨʩʦʥʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ 

ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ, ʍʤʝʣʴʥʠʮʴʢʠʡ, ʋʢʨʘʾʥʘ): ɿɸʃɽɾʅɯʉʊʔ 

ʄɯʂʈʆʊɺɽʈɼʆʉʊɯ ɼɽʊɸʃɽʁ ɺɯɼ ʉʊʈɸʊɽɻɯʁ ɸɺʊʆʄɸʊʀɿʆɺɸʅʆɻʆ 

3D ɼʈʋʂʋ ʊʀʊɸʅʆɺʀʄ ɼʈʆʊʆʄ. 

151 

ɾʘʨʽʢʦʚ ɼ., ɹʦʨʠʩʦʚ ɼ., ʈʦʤʘʥʝʥʢʦ ɸ., ɻʨʠʥʴ ʆ.ɻ., ɾʘʨʽʢʦʚ ʉ.ɺ. (ɼʦʥʙʘʩʴʢʘ 

ʜʝʨʞʘʚʥʘ ʤʘʰʠʥʦʙʫʜʽʚʥʘ ʘʢʘʜʝʤʽʷ, ʤʤ. ʂʨʘʤʘʪʦʨʩʴʢ ï ʊʝʨʥʦʧʽʣʴ ï ʍʫʩʪ, 

ʋʢʨʘʾʥʘ): ʇʆʐʋʂ ʈɸʎɯʆʅɸʃʔʅʆɻʆ ɹɸʃɸʅʉʋ ʇʆɭɼʅɸʅʅʗ 

ʌɯɿʀʏʅʀʍ ɺʃɸʉʊʀɺʆʉʊɽʁ ʐʃɸʂʆɺʆɰ ʉʀʉʊɽʄʀ. 

155 

ɿʝʣʝʥʩʴʢʠʡ ɯ.ʈ., ʊʨʝʪʷʢ ɺ.ɺ., ɺʦʣʢʦʚ ɸ.ʆ. (ʅʘʮʽʦʥʘʣʴʥʠʡ ʘʝʨʦʢʦʩʤʽʯʥʠʡ 

ʫʥʽʚʝʨʩʠʪʝʪ çʍʘʨʢʽʚʩʴʢʠʡ ʘʚʽʘʮʽʡʥʠʡ ʽʥʩʪʠʪʫʪè, ʍʘʨʢʽʚ, ʋʢʨʘʾʥʘ): 

ɸɺʊʆʄɸʊʀɿɸʎɯʗ ʈʆɿʈɸʍʋʅʂɯɺ ʂɯʃʔʂʆʉʊɯ ɯ ʇʆʉʃɯɼʆɺʅʆʉʊɯ 

ʆʇɽʈɸʎɯʁ ʇʈʀ ʌʆʈʄʋɺɸʅʅɯ ʊɽʍʅʆʃʆɻɯʏʅʆɻʆ ʇʈʆʎɽʉʋ ɼʃʗ 

ɼɽʊɸʃɯ çɺɸʃ-ʐɽʉʊɽʈʅʗè. 

160 

ɿʶʛʘʥ ʋ.ɯ., ʎʠʚʽʥʜʘ ʅ.ɯ. (ʂʨʠʚʦʨʽʟʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ, ʂʨʠʚʠʡ ʈʽʛ, 

ʋʢʨʘʾʥʘ): ɸʅɸʃɯɿ ʆɹʈʆɹʂʀ ɺʀʉʆʂʆʄɸʈɻɸʅʎɽɺʀʍ ʉʊɸʃɽʁ 

ɯʅʉʊʈʋʄɽʅʊɸʄʀ ɿ ʂʋɹɯʏʅʆɻʆ ʅɯʊʈʀɼʋ ɹʆʈʋ. 
167 

ɯʚʘʥʯʝʥʢʦ ɺ.ɯ., ʉʚʻʪʣʽʯʥʠʡ ɯ.ɺ., ʍʦʤʝʥʢʦ ɭ.ɺ. (ʅʘʫʢʦʚʦ-ʜʦʩʣʽʜʥʠʡ ʮʝʥʪʨ 

ɼʝʨʞʘʚʥʦʾ ʩʧʝʮʽʘʣʴʥʦʾ ʩʣʫʞʙʠ ʪʨʘʥʩʧʦʨʪʫ, ʤ. ɼʥʽʧʨʦ, ʋʢʨʘʾʥʘ):  

ʈʆɹʆʊʀɿɸʎɯʗ ʊɸ ʐʊʋʏʅʀʁ ɯʅʊɽʃɽʂʊ ʋ ɺɯʁʉʔʂʆɺʆʄʋ 

ʄɸʐʀʅʆɹʋɼʋɺɸʅʅɯ: ɼʆʉɺɯɼ ʂʆʈʇʋʉʋ ɯʅɾɽʅɽʈɯɺ ɸʈʄɯɰ ʉʐɸ ʊɸ 

ʂʆʈʇʋʉʋ ʂʆʈʆʃɯɺʉʔʂʀʍ ɯʅɾɽʅɽʈɯɺ ɹʈʀʊɸʅʉʔʂʆɰ ɸʈʄɯɰ. 

171 

ʂʘʨʪʘʤʠʰʝʚ ɼ.ʆ., ʉʝʤʝʥʽʡ ɺ.ɸ.  (ɼʦʥʙʘʩʴʢʘ ʜʝʨʞʘʚʥʘ ʤʘʰʠʥʦʙʫʜʽʚʥʘ 

ʘʢʘʜʝʤʽʷ, ʤʤ. ʂʨʘʤʘʪʦʨʩʴʢ ï ʊʝʨʥʦʧʽʣʴ ï ʍʫʩʪ, ʋʢʨʘʾʥʘ):  

ɸɺʊʆʄɸʊʀɿʆɺɸʅɸ ʉʀʉʊɽʄɸ ʋʇʈɸɺʃɯʅʅʗ ɯʅʊɽʈʅɽʊ-ʄɸɻɸɿʀʅʆʄ 

ɿ ʈʆɹʆʏʀʄ ʄɯʉʎɽʄ ʄɽʅɽɼɾɽʈɸ ʊɸ ɯʅʊɽɻʈʆɺɸʅʀʄʀ 

ʉʊɸʊʀʉʊʀʏʅʀʄʀ ʄʆɼʋʃʗʄʀ. 

176 

ʂʽʥʜʝʥʢʦ ʄ.ɯ. (ɼʦʥʙʘʩʴʢʘ ʜʝʨʞʘʚʥʘ ʤʘʰʠʥʦʙʫʜʽʚʥʘ ʘʢʘʜʝʤʽʷ, ʤʤ. ʂʨʘʤʘʪʦʨʩʴʢ 

ï ʊʝʨʥʦʧʽʣʴ ï ʍʫʩʪ, ʋʢʨʘʾʥʘ): ʊɽʍʅʆʃʆɻɯʏʅɽ ʋʉʊɸʊʂʋɺɸʅʅʗ 

ʄɸɻʅɯʊʅʆ-ɯʄʇʋʃʔʉʅʆɰ ʆɹʈʆɹʂʀ. 
183 

ʂʽʥʜʝʥʢʦ ʄ.ɯ. (ɼʦʥʙʘʩʴʢʘ ʜʝʨʞʘʚʥʘ ʤʘʰʠʥʦʙʫʜʽʚʥʘ ʘʢʘʜʝʤʽʷ, ʤʤ. ʂʨʘʤʘʪʦʨʩʴʢ 

ï ʊʝʨʥʦʧʽʣʴ ï ʍʫʩʪ, ʋʢʨʘʾʥʘ): ʋʇʈɸɺʃɯʅʅʗ ʄɸɻʅɯʊʅʆ-ɯʄʇʋʃʔʉʅʆʖ 

ʆɹʈʆɹʂʆʖ ɯʅʉʊʈʋʄɽʅʊʋ ʐʃʗʍʆʄ ɺʀʂʆʈʀʉʊɸʅʅʗ ʄɽʊʆɼɯɺ 

ʐʊʋʏʅʆɻʆ ɯʅʊɽʃɽʂʊʋ. 

188 

ʂʦʚʘʣʝʚʩʴʢʠʡ ʉ.ɺ. (ɼʦʥʙʘʩʴʢʘ ʜʝʨʞʘʚʥʘ ʤʘʰʠʥʦʙʫʜʽʚʥʘ ʘʢʘʜʝʤʽʷ, ʤʤ. 

ʂʨʘʤʘʪʦʨʩʴʢ ï ʊʝʨʥʦʧʽʣʴ ï ʍʫʩʪ, ʋʢʨʘʾʥʘ):  ʌʆʈʄɸʃɯɿɸʎɯʗ 

ɽʄɽʈɼɾɽʅʊʅʀʍ ʇɽʈɽʍʆɼɯɺ ɺ ʊɽʍʅʆʃʆɻɯʏʅʀʍ ʉʀʉʊɽʄɸʍ. 
193 

ʂʦʚʘʣʝʚʩʴʢʠʡ1 ʉ.ɺ., ɻʣʠʚʠʡ2 ɺ.ʄ. (1ɼʦʥʙʘʩʴʢʘ ʜʝʨʞʘʚʥʘ ʤʘʰʠʥʦʙʫʜʽʚʥʘ 

ʘʢʘʜʝʤʽʷ, ʂʨʘʤʘʪʦʨʩʴʢïʍʫʩʪ, ʋʢʨʘʾʥʘ; 2ɺʽʥʥʠʮʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ 

ʫʥʽʚʝʨʩʠʪʝʪ, ɺʽʥʥʠʮʷ, ʋʢʨʘʾʥʘ): ɺʇʃʀɺ ʊʆʅʂʆɻʆ ʐɸʈʋ ʇʆɺɽʈʍʅɽɺʆ-

ɸʂʊʀɺʅʀʍ ʈɽʏʆɺʀʅ ʊɸ ʅɸʅʆɸʄʇʃɯʊʋɼʅʀʍ ɺɯɹʈɸʎɯʁ ʅɸ 

ʊʈʀɹʆʃʆɻɯʏʅɯ ʍɸʈɸʂʊɽʈʀʉʊʀʂʀ ʈʆɹʆʏʀʍ ʇʆɺɽʈʍʆʅʔ ɼɽʊɸʃɽʁ 

200 



8 
 

ʄɸʐʀʅ. 

ʂʦʚʘʣʝʚʩʴʢʠʡ1 ʉ.ɺ., ɾʫʢʽʚʩʴʢʠʡ2 ʅ.ʉ  (1ɼʦʥʙʘʩʴʢʘ ʜʝʨʞʘʚʥʘ ʤʘʰʠʥʦʙʫʜʽʚʥʘ 

ʘʢʘʜʝʤʽʷ, ʤʤ. ʂʨʘʤʘʪʦʨʩʴʢ ï ʊʝʨʥʦʧʽʣʴ ï ʍʫʩʪ, ʋʢʨʘʾʥʘ; 2ɺʽʥʥʠʮʴʢʠʡ 

ʥʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ, ɺʽʥʥʠʮʷ, ʋʢʨʘʾʥʘ): ɸɼɸʇʊʀɺʅʀʁ 

ɯʄʇʋʃʔʉʅʀʁ ʄʋʃʔʊʀɽʃɽʂʊʈʆɼʅʀʁ ʈɽɸʂʊʆʈ ʂʆʈʆʅʅʆɻʆ 

ʈʆɿʈʗɼʋ ɼʃʗ ʆɹʈʆɹʂʀ ʇʆɺɽʈʍʆʅʔ ʇʈʀ ɸʊʄʆʉʌɽʈʅʆʄʋ ʊʀʉʂʋ. 

203 

ʂʦʚʘʣʝʚʩʴʢʠʡ1 ʉ.ɺ., ʅʘʜʠʯ1 ʇ.ɺ., ʄʘʨʯʫʢ2 ɺ.ɯ. (1ɼʦʥʙʘʩʴʢʘ ʜʝʨʞʘʚʥʘ 

ʤʘʰʠʥʦʙʫʜʽʚʥʘ ʘʢʘʜʝʤʽʷ, ʂʨʘʤʘʪʦʨʩʴʢïʍʫʩʪ, ʋʢʨʘʾʥʘ; 2ɺʽʥʥʠʮʴʢʠʡ 

ʥʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ, ɺʽʥʥʠʮʷ, ʋʢʨʘʾʥʘ):  

ʐʀʈʆʂʆʉʄʋɻʆɺʀʁ ʅɸʅʆɸʄʇʃɯʊʋɼʅʀʁ ɿɹʋɼɾʋɺɸʏ ɼʃʗ 

ʄɸɻʅɯʊʅʆ-ʈɽɿʆʅɸʅʉʅʆɰ ʆɹʈʆɹʂʀ ʄɸʊɽʈɯɸʃɯɺ. 

206 

ʂʦʚʘʣʝʚʩʴʢʠʡ1 ʉ.ɺ., ʇʦʙʝʨʝʞʝʮʴ2 ɺ.ʗ. (1ɼʦʥʙʘʩʴʢʘ ʜʝʨʞʘʚʥʘ ʤʘʰʠʥʦʙʫʜʽʚʥʘ 

ʘʢʘʜʝʤʽʷ, ʤʤ. ʂʨʘʤʘʪʦʨʩʴʢ ï ʊʝʨʥʦʧʽʣʴ ï ʍʫʩʪ, ʋʢʨʘʾʥʘ; 2ɺʽʥʥʠʮʴʢʠʡ 

ʥʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ, ɺʽʥʥʠʮʷ, ʋʢʨʘʾʥʘ): ʆʇʊʀʄɯɿɸʎɯʗ 

ɯɼɽʅʊʀʌɯʂɸʎɯɰ ʉʊʈʋʂʊʋʈʅʆɻʆ ʉʊɸʅʋ ʄɸʊɽʈɯɸʃɯɺ ʋ ʉʀʉʊɽʄɸʍ 

ʅɽʈʋʁʅɯɺʅʆɻʆ ʂʆʅʊʈʆʃʖ ɿ ɺʀʂʆʈʀʉʊɸʅʅʗʄ SQL-ɹɸɿ 

ɽʅʊʈʆʇɯʁʅʀʍ ʇʈʆʌɯʃɯɺ. 

210 

ʂʦʨʝʥʜʽʡ ɺ.ʄ., ɿʝʣʽʥʩʴʢʠʡ ʄ.-ʇ.ɹ., ɻʝʣʝʪʽʡ ɺ.ʄ., ʋʛʨʠʥ ʃ.ʉ., ʇʦʭʤʫʨʩʴʢʘ 

ɸ.ɺ. (ʅʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ çʃʴʚʽʚʩʴʢʘ ʧʦʣʽʪʝʭʥʽʢʘè, ʤ. ʃʴʚʽʚ, ʋʢʨʘʾʥʘ): 

ɼʀʅɸʄɯʏʅɽ ʄʆɼɽʃʖɺɸʅʅʗ ɸɼɸʇʊʀɺʅʆɻʆ ʂʆʃɯʉʅʆɻʆ ʈʆɹʆʊɸ 

ɼʃʗ ʇɽʈɽʄɯʑɽʅʅʗ ɺʉɽʈɽɼʀʅɯ ʊʈʋɹʆʇʈʆɺʆɼɯɺ. 

214 

ʂʦʨʝʥʜʽʡ ɺ.ʄ., ʂʘʯʫʨ ʆ.ʖ., ʇʠʣʠʧ ʄ.ɺ., ʂʘʨʧʠʥ ʈ.ɹ. (ʅʘʮʽʦʥʘʣʴʥʠʡ 

ʫʥʽʚʝʨʩʠʪʝʪ çʃʴʚʽʚʩʴʢʘ ʧʦʣʽʪʝʭʥʽʢʘè, ʤ. ʃʴʚʽʚ, ʋʢʨʘʾʥʘ):  ʇʈʆɹʃɽʄʀ 

ʆʎɯʅʖɺɸʅʅʗ ʇɯʂʆɺʀʍ ʄʆʄɽʅʊɯɺ ɯ ʄʆɼɽʃʖɺɸʅʅʗ 

çʉʊʈɽʉ ʊʈɸɭʂʊʆʈɯʁè ʄɸʅɯʇʋʃʗʊʆʈɸ TELEMAX EVO PLUS. 

221 

ʂʦʨʝʥʜʽʡ ɺ.ʄ., ʌʝʜʫʥʠʰʠʥ ʅ.ʄ., ʇʘʩʽʢʘ ɺ.ʈ. (ʅʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ 

çʃʴʚʽʚʩʴʢʘ ʧʦʣʽʪʝʭʥʽʢʘè, ʤ. ʃʴʚʽʚ, ʋʢʨʘʾʥʘ):   ʋɼʆʉʂʆʅɸʃɽʅʀʁ 

ʄɽʍɸʅɯɿʄ ʈʋʏʅʆɻʆ ʂɽʈʋɺɸʅʅʗ ʊʈʔʆʄɸ ʇɽɼɸʃʗʄʀ 

ɸɺʊʆʄʆɹɯʃʗ: ʉʊʈʋʂʊʋʈʅʀʁ ʉʀʅʊɽɿ ʊɸ ʂɯʅɽʄɸʊʀʏʅʀʁ ɸʅɸʃɯɿ. 

227 

ʂʦʩʘʨʻʚ ɺ.ʉ., ʏʫʯʠʥ ʆ.ɺ., ʍʤʘʨʩʴʢʠʡ ɼ.ʇ. (ɼʦʥʙʘʩʴʢʘ ʜʝʨʞʘʚʥʘ 

ʤʘʰʠʥʦʙʫʜʽʚʥʘ ʘʢʘʜʝʤʽʷ, ʤʤ. ʂʨʘʤʘʪʦʨʩʴʢ ï ʊʝʨʥʦʧʽʣʴ ï ʍʫʩʪ, ʋʢʨʘʾʥʘ): 

ʊɽʆʈɽʊʀʏʅʀʁ ɸʅɸʃɯɿ ʇʈʆʎɽʉʋ ʇʆɽʊɸʇʅʆɻʆ ɺʀɼɸɺʃʖɺɸʅʅʗ 

ʇʆʈʆɾʅʀʉʊʀʍ ɼɽʊɸʃɽʁ ɿ ʌʃɸʅʎɽʄ ʄɽʊʆɼʆʄ ʉʂɯʅʏɽʅʀʍ 

ɽʃɽʄɽʅʊɯɺ. 

235 

ʂʦʩʪʠʨʷ ʉ.ɺ., ʐʫʤʣʷʥʩʴʢʠʡ ʉ.ɺ., ɹʫʜʟ ɺ.ʇ. (ʅʘʫʢʦʚʦ-ʜʦʩʣʽʜʥʠʡ ʮʝʥʪʨ 

ɼʝʨʞʩʧʝʮʪʨʘʥʩʩʣʫʞʙʠ, ʤ. ɼʥʽʧʨʦ, ʋʢʨʘʾʥʘ):  ɿɸʉʊʆʉʋɺɸʅʅʗ SPOTLIGHT  

AI  ʋ ʉʀʉʊɽʄɸʍ ʈʆɹʆʊʀɿʆɺɸʅʆɻʆ ʅɽʊɽʍʅɯʏʅʆɻʆ ʆɹʉʊɽɾɽʅʅʗ 

ʊɽʈʀʊʆʈɯʁ. 

240 

ʂʨʠʚʦʰʝʷ ɺ.ʈ. (ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʋʢʨʘʾʥʠ çʂʠʾʚʩʴʢʠʡ 

ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦè, ʤ. ʂʠʾʚ, ʋʢʨʘʾʥʘ): ʈʆɿʈʆɹʂɸ 

ʄʆɼʋʃʔʅʆɰ ʂʆʅʉʊʈʋʂʎɯɰ ɺʋɿʃɯɺ ʈʆɹʆʊʀɿʆɺɸʅʆɻʆ ʅɸɿɽʄʅʆɻʆ 

ʂʆʄʇʃɽʂʉʋ ɼʃʗ ɿɸɹɽɿʇɽʏɽʅʅʗ ɹɸɻɸʊʆʌʋʅʂʎɯʆʅɸʃʔʅʆʉʊɯ ɺ 

ʈɯɿʅʀʍ ʋʄʆɺɸʍ ɿɸʉʊʆʉʋɺɸʅʅʗ. 

246 

ʂʫʟʥʻʮʦʚ ɺ.ʂ.1, ʉʢʦʩʘʨ ɺ.ʖ.2, ɹʫʨʠʣʦʚʘ ʅ.ɺ.2, ɹʫʨʠʣʦʚ ʉ.ɺ.2 (1ɼʥʽʧʨʦʚʩʴʢʠʡ 

ʥʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʽʤ. ʆʣʝʩʷ ɻʦʥʯʘʨʘ; 2ɯʥʩʪʠʪʫʪ ʪʨʘʥʩʧʦʨʪʥʠʭ ʩʠʩʪʝʤ 

ʽ ʪʝʭʥʦʣʦʛʽʡ ʅɸʅ ʋʢʨʘʾʥʠ, ʤ. ɼʥʽʧʨʦ, ʋʢʨʘʾʥʘ): ɼɸʊʏʀʂ ʄɸɻʅɯʊʅʆɻʆ 

ʇʆʃʗ ʅɸ ʆʉʅʆɺɯ ʈɯɼʂʀʍ ʂʈʀʉʊɸʃɯɺ. 

252 
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ʃʽʩʥʽʯʽʡ ʄ.ɸ., ʂʦʚʘʣʝʚʩʴʢʠʡ ʉ.ɺ.  (ɼʦʥʙʘʩʴʢʘ ʜʝʨʞʘʚʥʘ ʤʘʰʠʥʦʙʫʜʽʚʥʘ 

ʘʢʘʜʝʤʽʷ, ʤʤ. ʂʨʘʤʘʪʦʨʩʴʢ ï ʊʝʨʥʦʧʽʣʴ ï ʍʫʩʪ, ʋʢʨʘʾʥʘ): ʇʈʆ ʉʊɺʆʈɽʅʅʗ 

AI -CAD/CAM/CAE ʉʀʉʊɽʄʀ ɼʃʗ ʄɸʐʀʅʆɹʋɼɯɺʅʆɻʆ 

ɺʀʈʆɹʅʀʎʊɺɸ. 

257 

ʃʽʩʦʚʠʡ1 ʉ.ɺ., ʐʘʰʢʦ2 ɺ.ʆ. (1ɸʊ çʉɺɯʊʃʆ ʐɸʍʊɸʈʗè, ʍʘʨʢʽʚ, ʋʢʨʘʾʥʘ; 
2ɼʦʥʙʘʩʴʢʘ ʜʝʨʞʘʚʥʘ ʤʘʰʠʥʦʙʫʜʽʚʥʘ ʘʢʘʜʝʤʽʷ, ʤʤ. ʂʨʘʤʘʪʦʨʩʴʢ ï ʊʝʨʥʦʧʽʣʴ ï 

ʍʫʩʪ, ʋʢʨʘʾʥʘ): ɯʅʌʆʈʄɸʎɯʁʅɽ ɿɸɹɽɿʇɽʏɽʅʅʗ ʊɽʍʅɯʏʅʆɰ 

ʇɯɼɻʆʊʆɺʂʀ ɺʀʈʆɹʅʀʎʊɺɸ ɺ ʋʄʆɺɸʍ ʈʆɿɺʀʊʂʋ 

ɺʅʋʊʈɯʐʅʔʆɻɸʃʋɿɽɺʆɰ ʉʇɽʎɯɸʃɯɿɸʎɯɰ ʊɸ ɸʋʊʉʆʈʉʀʅɻʋ ʋ 

ʄɸʐʀʅʆɹʋɼʋɺɸʅʅɯ. 

264 

ʄʦʨʘʚʩʴʢʠʡ ʈ.ʆ., ʃʝʚʫʩ ɭ.ɺ. (ʅʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ çʃʴʚʽʚʩʴʢʘ 

ʧʦʣʽʪʝʭʥʽʢʘè, ʃʴʚʽʚ, ʋʢʨʘʾʥʘ): ʈʆɿʈʆɹʂɸ ʄɽʊʆɼʋ ʐʀʈʆʂʆʄʆɺʅʆɰ 

ʇɽʈɽɼɸʏɯ ʂɽʈʋʖʏʀʍ ʉʀɻʅɸʃɯɺ ɼʃʗ ɸɼɸʇʊʀɺʅʆɰ 

ʇʈʆʉʊɽɾʋɺɸʅʆʉʊɯ ɺ APACHE FLINK . 

270 

ʅʘʙʦʯʝʥʢʦ ɺ.ʆ., ʉʪʝʮʴʢʦ ɸ.ɭ. (ʅʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ çʃʴʚʽʚʩʴʢʘ 

ʧʦʣʽʪʝʭʥʽʢʘè, ʃʴʚʽʚ, ʋʢʨʘʾʥʘ): ɿʄɯʎʅɽʅʅʗ ʇʆɺɽʈʍʅɽɺʀʍ ʐɸʈɯɺ 

ʐʃʗʍʆʄ ʍɯʄɯʏʅʆɻʆ ʆʉɸɼɾɽʅʅʗ, ɼʀʌʋɿɯʁʅʆɻʆ ʊʀʊɸʅʋɺɸʅʅʗ 

ʊɸ ʂɸʈɹʆʊʀʊɸʅʋɺɸʅʅʗ. 

276 

ʅʦʚʽʢʦʚ ʌ.ɺ. (ʍʘʨʢʽʚʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʝʢʦʥʦʤʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʽʤʝʥʽ ʉʝʤʝʥʘ 

ʂʫʟʥʝʮʷ, ʍʘʨʢʽʚ, ʋʢʨʘʾʥʘ): ɸʅɸʃɯʊʀʏʅɽ ɺʀɿʅɸʏɽʅʅʗ ʉʀʃʀ ʈɯɿɸʅʅʗ 

ʇɯɼ ʏɸʉ ʐʃɯʌʋɺɸʅʅʗ ʊɸ ʋʄʆɺ ɰɰ ɿʄɽʅʐɽʅʅʗ. 
281 

ʅʦʚʽʢʦʚ ʌ.ɺ., ʅʦʚʽʢʦʚ ɼ.ʌ. (ʍʘʨʢʽʚʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʝʢʦʥʦʤʽʯʥʠʡ 

ʫʥʽʚʝʨʩʠʪʝʪ ʽʤʝʥʽ ʉʝʤʝʥʘ ʂʫʟʥʝʮʷ, ʍʘʨʢʽʚ, ʋʢʨʘʾʥʘ): ʊɽʆʈɽʊʀʏʅɽ 

ʆɹˆʈʋʅʊʋɺɸʅʅʗ ʋʄʆɺ ɿʄɽʅʐɽʅʅʗ ʉʆɹɯɺɸʈʊʆʉʊɯ 

ʄɽʊɸʃʆʆɹʈʆɹʅʆɻʆ ɺʀʈʆɹʅʀʎʊɺɸ. 

287 

ʇʝʣʠʧʠʥʢʦ ʆ.ʆ., ʂʦʚʘʣʝʚʩʴʢʠʡ ʉ.ɺ. (ɼʦʥʙʘʩʴʢʘ ʜʝʨʞʘʚʥʘ ʤʘʰʠʥʦʙʫʜʽʚʥʘ 

ʘʢʘʜʝʤʽʷ, ʤʤ. ʂʨʘʤʘʪʦʨʩʴʢ ï ʊʝʨʥʦʧʽʣʴ ï ʍʫʩʪ, ʋʢʨʘʾʥʘ): ʇʈʆɹʃɽʄʀ 

ʉʊɺʆʈɽʅʅʗ ʅɸʅʆʇʆʂʈʀʊʊɯɺ ɼʃʗ ɺʀʈʆɹɯɺ ɺɸɾʂʆɻʆ 

ʄɸʐʀʅʆɹʋɼʋɺɸʅʗ. 

295 

ʇʽʜʛʦʨʥʠʡ ʅ.ɸ., ʂʫʟʥʻʮʦʚ ʖ.ʄ. (ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʋʢʨʘʾʥʠ 

çʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦè, ʤ. ʂʠʾʚ, ʋʢʨʘʾʥʘ): 

ɻɸʃʋɿɯ ɺʀʂʆʈʀʉʊɸʅʅʗ ɸɻʈɽɻɸʊʅʆ-ʄʆɼʋʃʔʅʆɻʆ ʇʈʀʅʎʀʇʋ. 
302 

ʇʦʙʦʯʽʡ ʆ.ɸ., ʂʨʘʚʮʦʚʘ ɼ.ʖ. (ʂʨʠʚʦʨʽʟʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ, ʂʨʠʚʠʡ 

ʈʽʛ, ʋʢʨʘʾʥʘ): ʇɽʈʉʇɽʂʊʀɺʀ ɿɸʉʊʆʉʋɺɸʅʅʗ ʇʆʃɯʄɽʈʅʀʍ 

ʂʆʄʇʆɿʀʎɯʁʅʀʍ ʄɸʊɽʈɯɸʃɯɺ ʋ ʄɸʐʀʅʆɹʋɼʋɺɸʅʅɯ. 
308 

ʈʘʢ ɸ.ʆ. (ʅʘʮʽʦʥʘʣʴʥʠʡ ʘʝʨʦʢʦʩʤʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʽʤ. ʄ.ɭ. ɾʫʢʦʚʩʴʢʦʛʦ 

çʍʘʨʢʽʚʩʴʢʠʡ ʘʚʽʘʮʽʡʥʠʡ ʽʥʩʪʠʪʫʪè, ʤ. ʍʘʨʢʽʚ, ʋʢʨʘʾʥʘ):  ʆʎɯʅʂɸ ɺʇʃʀɺʋ 

ʄɸʉʀ ʊɯʃ ʂʆʏɽʅʅʗ ʅɸ ʅɸɺɸʅʊɸɾɽʅɯʉʊʔ ʊɸ ʈɽʉʋʈʉ 

ʇɯɼʐʀʇʅʀʂʆɺʀʍ ɺʋɿʃɯɺ ʊʋʈɹʆɸɻʈɽɻɸʊɯɺ. 

311 

ʉʣʽʧʯʫʢ ɸ.ʄ., ʅʦʚʽʮʴʢʠʡ ʄ.ʗ. (ʅʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ çʃʴʚʽʚʩʴʢʘ 

ʧʦʣʽʪʝʭʥʽʢʘè, ʃʴʚʽʚ, ʋʢʨʘʾʥʘ): ʆʉʆɹʃʀɺʆʉʊɯ ɺʀʂʆʈʀʉʊɸʅʅʗ 

ɼɽʄʇʌɽʈɸ ʉʋʍʆɻʆ ʊɽʈʊʗ ɺ ʄɽʊɸʃʆʈɯɿɸʃʔʅʆʄʋ ɯʅʉʊʈʋʄɽʅʊɯ 

ɼʃʗ ɿʄɽʅʐɽʅʅʗ ɸʄʇʃɯʊʋɼʀ ɸɺʊʆʂʆʃʀɺɸʅʔ. 

314 

ʊʦʚʢʘʯ ɸ.ʆ., ʂʦʟʣʦʚ ʃ.ɻ., ʂʦʚʘʣʴʯʫʢ ɺ.ɸ., ʂʦʟʣʦʚ ʉ.ʃ. (ɺʽʥʥʠʮʴʢʠʡ 

ʥʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ, ʤ. ɺʽʥʥʠʮʷ, ʋʢʨʘʾʥʘ): ɼʆʉʃɯɼɾɽʅʅʗ 

ʉʊɯʁʂʆʉʊɯ ɻɯɼʈʆʇʈʀɺʆɼɸ ʅɸ ʆʉʅʆɺɯ ʈɽɻʋʃʔʆɺɸʅʆɻʆ ʅɸʉʆʉɸ 

321 
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ɿ ɽʃɽʂʊʈʆɻɯɼʈɸɺʃɯʏʅʀʄ ʂɽʈʋɺɸʅʅʗʄ 

ʍʨʠʯʦʚ1 ʉ.ʆ., ʇʦʛʨʝʙʥʷʢ1 ɸ.ɺ., ʉʣʦʙʦʜʥʶʢ2 ʈ.ɭ. (ʋʥʽʚʝʨʩʠʪʝʪ ʤʠʪʥʦʾ ʩʧʨʘʚʠ 

ʪʘ ʬʽʥʘʥʩʽʚ, ɼʥʽʧʨʦ, ʋʢʨʘʾʥʘ; ɼʥʽʧʨʦʚʩʴʢʠʡ ʪʝʭʥʦʣʦʛʦ-ʝʢʦʥʦʤʽʯʥʠʡ ʬʘʭʦʚʠʡ 

ʢʦʣʝʜʞ, ɼʥʽʧʨʦ, ʋʢʨʘʾʥʘ): ɺʇʃʀɺ ʇɸʈɸʄɽʊʈɯɺ ɻʆʄʆɻɽʅɯɿɸʎɯɰ ʅɸ 

ʈɽʆʃʆɻɯʏʅɯ ʊɸ ʄɯʂʈʆʉʊʈʋʂʊʋʈʅɯ ɺʃɸʉʊʀɺʆʉʊɯ ʍɸʈʏʆɺʀʍ 

ɻɯɼʈʆɻɽʃɯɺ. 

325 

ʎʠʤʙʘʣ ɹ.ʄ. (ʅʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʮʠʚʽʣʴʥʦʛʦ ʟʘʭʠʩʪʫ ʋʢʨʘʾʥʠ, ʏʝʨʢʘʩʠ, 

ʋʢʨʘʾʥʘ; ʊʆɺ çʊɽʍʅɯʏʅʀʁ ʋʅɯɺɽʈʉʀʊɽʊ çʄɽʊɯʅʌɽʉʊʇʆʃɯʊɽʍʅɯʂɸè, 

ɿʘʧʦʨʽʞʞʷ, ʋʢʨʘʾʥʘ): ʋɼʆʉʂʆʅɸʃɽʅʅʗ ʂʆʅʉʊʈʋʂʎɯɰ ɼʈʆʅɸ ɼʃʗ 

ʄʆʅɯʊʆʈʀʅɻʋ ʋʄʆɺ ʇʈɸʎɯ ʊɸ ʊɽʍʅʆɻɽʅʅʆɰ ɹɽɿʇɽʂʀ ʅɸ 

ʇɯɼʇʈʀɭʄʉʊɺɸʍ ɻɯʈʅʀʏʆ-ʄɽʊɸʃʋʈɻɯʁʅʆɻʆ ʂʆʄʇʃɽʂʉʋ. 

333 

ʏʫʭʘʥ ʇ.ʖ., ʂʨʘʚʮʦʚʘ ɼ.ʖ. (ʂʨʠʚʦʨʽʟʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ, ʂʨʠʚʠʡ 

ʈʽʛ, ʋʢʨʘʾʥʘ): ɺʇʃʀɺ ʌɸɿʆɺʆɻʆ ʉʂʃɸɼʋ ʄɽʊɸʃʆʂɽʈɸʄɯʏʅʀʍ 

ʇʆʂʈʀʊʊɯɺ ʅɸ ʄɽʍɸʅɯʏʅɯ ʊɸ ʊʈʀɹʆʃʆɻɯʏʅɯ ɺʃɸʉʊʀɺʆʉʊɯ 

ɺʀʉʆʂʆʄɯʎʅʆɻʆ ʏɸɺʋʅʋ. 

341 

ʐʝʚʯʝʥʢʦ ʖ.ʆ. (ʍʘʨʢʽʚʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʽʤʝʥʽ ɺ. ʅ. ʂʘʨʘʟʽʥʘ, 

ʍʘʨʢʽʚ, ʋʢʨʘʾʥʘ): ɸʈʍɯʊɽʂʊʋʈɸ ʇɯɼʉʀʉʊɽʄʀ ɸɺʊʆʄɸʊʀɿʆɺɸʅʆɻʆ 

ʅʆʈʄʋɺɸʅʅʗ ʊɽʍʅʆʃʆɻɯʏʅʀʍ ʇʈʆʎɽʉɯɺ. 
344 

ʐʫʣʽʢʘ ʄ.ʉ., ʂʦʚʘʣʝʚʩʴʢʠʡ ʉ.ɺ. (ɼʦʥʙʘʩʴʢʘ ʜʝʨʞʘʚʥʘ ʤʘʰʠʥʦʙʫʜʽʚʥʘ 

ʘʢʘʜʝʤʽʷ, ʤʤ. ʂʨʘʤʘʪʦʨʩʴʢ ï ʊʝʨʥʦʧʽʣʴ ï ʍʫʩʪ, ʋʢʨʘʾʥʘ): ʆɹˆʈʋʅʊʋɺɸʅʅʗ 

ɺʀʂʆʈʀʉʊɸʅʅʗ ʇʆɺɽʈʍʅɽɺʆ-ɸʂʊʀɺʅʀʍ ʈɽʏʆɺʀʅ ɼʃʗ 

ɿʄɯʎʅɽʅʅʗ ʈʆɹʆʏʀʍ ʇʆɺɽʈʍʆʅʔ ɼɽʊɸʃɽʁ ʄɸʐʀʅ. 

350 

ɺʽʜ ʟʘʢʣʘʜʽʚ ʬʘʭʦʚʦʾ ʧʝʨʝʜʚʠʱʦʾ ʪʘ ʟʘʛʘʣʴʥʦʾ ʩʝʨʝʜʥʴʦʾ ʦʩʚʽʪʠ  

ɹʘʙʘʰ1 ɸ.ɺ., ɭʥʴ2 ʆ.ʆ. (1ɼʦʥʙʘʩʴʢʘ ʜʝʨʞʘʚʥʘ ʤʘʰʠʥʦʙʫʜʽʚʥʘ ʘʢʘʜʝʤʽʷ, ʤʤ. 

ʂʨʘʤʘʪʦʨʩʴʢ ï ʊʝʨʥʦʧʽʣʴ ï ʍʫʩʪ, ʋʢʨʘʾʥʘ; 2ɿʆʐ ˉ26, ʂʨʘʤʘʪʦʨʩʴʢ, ʋʢʨʘʾʥʘ): 

ɺʀʂʆʈʀʉʊɸʅʅʗ ʊɸ ʅɸɺʏɸʅʅʗ ʄʆɼɽʃɽʁ ʄɸʐʀʅʅʆɻʆ 

ʅɸɺʏɸʅʅʗ YOLO ɼʃʗ ʈʆɿʇɯɿʅɸɺɸʅʅʗ ʆɹôɭʂʊɯɺ ʆʊʆʏʋʖʏʆɻʆ 

ʉɺɯʊʋ. 

352 

ɹʨʘʪʘʰ ʂ.ʖ., ʐʫʙʥʠʡ ʆ.ɭ., ʐʠʧʦʚ ɭ.ɻ. (ʍʘʨʢʽʚʩʴʢʠʡ ʘʚʪʦʤʦʙʽʣʴʥʦ-ʜʦʨʦʞʥʽʡ 

ʬʘʭʦʚʠʡ ʢʦʣʝʜʞ ʃʦʟʽʚʩʴʢʘ ʬʽʣʽʷ, ʤ. ʃʦʟʦʚʘ, ʋʢʨʘʾʥʘ): ɽʅɽʈɻʆɿɹɽʈɯɻɸʖʏɯ 

ʇʈʆʎɽʉʀ ʌʆʈʄʆʋʊɺʆʈɽʅʅʗ ɼɽʊɸʃɽʁ ʄɸʐʀʅ ʅɸ ʆʉʅʆɺɯ 

ʆʇʊʀʄɯɿɸʎɯɰ ʊɽʍʅʆʃʆɻɯʏʅʀʍ ʇɸʈɸʄɽʊʈɯɺ. 

359 

ʂʦʚʪʝʙʘ ɼ.ʆ., ʏʝʨʥʷʚʩʴʢʘ ʆ.ʄ. (ɺʉʇ çʂʨʘʤʘʪʦʨʩʴʢʠʡ ʬʘʭʦʚʠʡ ʢʦʣʝʜʞ 

ʧʨʦʤʠʩʣʦʚʦʩʪʽ, ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʪʘ ʙʽʟʥʝʩʫ ɼʦʥʙʘʩʴʢʦʾ ʜʝʨʞʘʚʥʦʾ 

ʤʘʰʠʥʦʙʫʜʽʚʥʦʾ ʘʢʘʜʝʤʽʾè, ʂʨʘʤʘʪʦʨʩʴʢ-ʍʫʩʪ, ʋʢʨʘʾʥʘ): ɯʉʊʆʈʀʏʅʀʁ 

ɼʆʉɺɯɼ ɽʃɽʂʊʈʀʌɯʂɸʎɯɰ ʇʈʆʄʀʉʃʆɺʆɻʆ ɼʆʅɹɸʉʋ ʊɸ ʁʆɻʆ 

ɿʅɸʏɽʅʅʗ ɼʃʗ ʇʆɺʆɭʅʅʆɰ ɺɯɼɹʋɼʆɺʀ ɽʅɽʈɻʆʉʀʉʊɽʄʀ. 

364 

ʂʦʭʘʥ ɯ.ʈ., ʊʽʥʽʥʘ ʄ.ʈ. (ʍʘʨʢʽʚʩʴʢʠʡ ʘʚʪʦʤʦʙʽʣʴʥʦ-ʜʦʨʦʞʥʽʡ ʬʘʭʦʚʠʡ ʢʦʣʝʜʞ, 

ʍʘʨʢʽʚ, ʋʢʨʘʾʥʘ): ʆʎɯʅʂɸ ɾʀʊʊɭɺʆɻʆ ʎʀʂʃʋ ɽʅɽʈɻʆɺʀʊʈɸʊ ʇʈʀ 

ɺʀɻʆʊʆɺʃɽʅʅɯ ɼɽʊɸʃɽʁ ɿ ɺʀʂʆʈʀʉʊɸʅʅʗʄ ʈɽʂʋʇɽʈʆɺɸʅʀʍ 

ʅɸʅʆʄɸʊɽʈɯɸʃɯɺ. 

368 

ʂʨʘʚʯʫʢ ɸ.ɺ. (ɾʠʪʦʤʠʨʩʴʢʠʡ ʘʛʨʦʪʝʭʥʽʯʥʠʡ ʬʘʭʦʚʠʡ ʢʦʣʝʜʞ, ʤ.ɾʠʪʦʤʠʨ, 

ʋʢʨʘʾʥʘ): ɯʅʊɽɻʈɸʎɯʗ ɺɯɼɽʆʍʆʉʊʀʅɻʋ YOU TUBE ʋ ʇʈʆʎɽʉ 

ʅɸɺʏɸʅʅʗ ʌɯɿʀʂʀ ɺ ʋʄʆɺɸʍ ʎʀʌʈʆɺɯɿɸʎɯɰ ʆʉɺɯʊʀ. 
374 

ʃʫʧʢʦ ʄ.ʆ., ɸʥʜʨʻʻʚ ɺ.ʆ., ʐʝʚʯʝʥʢʦ ɺ.ɯ. (ɼʥʽʧʨʦʚʩʴʢʠʡ ʬʘʭʦʚʠʡ ʢʦʣʝʜʞ 

ʨʘʜʽʦʝʣʝʢʪʨʦʥʽʢʠ, ɼʥʽʧʨʦ, ʋʢʨʘʾʥʘ): ɿɸʉʊʆʉʋɺɸʅʅʗ ʈʆɹʆʊʀɿʆɺɸʅʀʍ 
378 



11 
 

ʉʀʉʊɽʄ ɯ ʐʊʋʏʅʆɻʆ ɯʅʊɽʃɽʂʊʋ ɺ ʄɸʐʀʅʆɹʋɼʋɺɸʅʅɯ. 

ʄʝʣʴʥʠʢʦʚ ʆ.ɯ., ɹʝʨʝʟʥʽʯʝʥʢʦ ɿ.ʆ. (ɺʉʇ çʂʨʘʤʘʪʦʨʩʴʢʠʡ ʬʘʭʦʚʠʡ ʢʦʣʝʜʞ 

ʧʨʦʤʠʩʣʦʚʦʩʪʽ, ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʪʘ ʙʽʟʥʝʩʫ ɼʦʥʙʘʩʴʢʦʾ ʜʝʨʞʘʚʥʦʾ 

ʤʘʰʠʥʦʙʫʜʽʚʥʦʾ ʘʢʘʜʝʤʽʾè, ʂʨʘʤʘʪʦʩʴʢ-ʍʫʩʪ, ʋʢʨʘʾʥʘ): ɿɸʉʆɹʀ ʇʈʆʊʀɼɯɰ 

ʅɽɼʆɹʈʆʏɽʉʅʆɻʆ ɺʀʂʆʈʀʉʊɸʅʅʗ ʐʊʋʏʅʆɻʆ ɯʅʊɽʃɽʂʊʋ. 

386 

ʇʦʚʦʨʦʟʥʶʢ ɹ.ɻ., ʌʝʜʦʪʦʚʘ ʆ.ʇ. (ɺʉʇ "ɼʨʫʞʢʽʚʩʴʢʠʡ ʬʘʭʦʚʠʡ ʢʦʣʝʜʞ 

ɼʦʥʙʘʩʴʢʦʾ ʜʝʨʞʘʚʥʦʾ ʤʘʰʠʥʦʙʫʜʽʚʥʦʾ ʘʢʘʜʝʤʽʾ ", ʂʨʘʤʘʪʦʨʩʴʢ, ʋʢʨʘʾʥʘ): 

ʐʊʋʏʅʀʁ ɯʅʊɽʃɽʂʊ ʗʂ ɯʅʉʊʈʋʄɽʅʊ ʇʈʆɻʅʆɿʋɺɸʅʅʗ ʊɸ 

ɿɸʇʆɹɯɻɸʅʅʗ ɻʃʆɹɸʃʔʅʀʄ ʂʈʀɿɸʄ. 

389 

ʇʦʩʣʫʰʥʷʢ ʇ.ʆ., ʉʢʨʠʧʥʠʢ ʅ.ʉ., ʉʢʨʠʧʥʠʢ ʉ.ɺ. (ʂʨʘʤʘʪʦʨʩʴʢʘ 

ʟʘʛʘʣʴʥʦʦʩʚʽʪʥʷ ʰʢʦʣʘ ɯïɯɯɯ ʩʪʫʧʝʥʽʚ ˉ 5, ʂʨʘʤʘʪʦʨʩʴʢ, ʋʢʨʘʾʥʘ): ʈʆɿʈʆɹʂɸ 

ɺɽɹʉɽʈɺɯʉʋ HEALTHY  STUDY SPACE AI  (ɼʃʗ ʇɯɼʊʈʀʄʂʀ ɿɼʆʈʆɺôʗ 

ʋʏʅɯɺ ʇɯɼ ʏɸʉ ɼʀʉʊɸʅʎɯʁʅʆɻʆ ʅɸɺʏɸʅʅʗ). 

395 

ʉʝʤʝʥʦʚ ʇ.ʄ., ʉʘʤʫʣʽʥʘʩ ʉ.ʖ. (ɺʉʇ çʂʨʘʤʘʪʦʨʩʴʢʠʡ ʬʘʭʦʚʠʡ ʢʦʣʝʜʞ 

ʧʨʦʤʠʩʣʦʚʦʩʪʽ, ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʪʘ ʙʽʟʥʝʩʫ ɼɼʄɸè, ʂʨʘʤʘʪʦʨʩʴʢ, 

ʋʢʨʘʾʥʘ): ʈʆɿʈʆɹʂɸ ʊɸ ɼʆʉʃɯɼɾɽʅʅʗ ɺɽʃʆɻɽʅɽʈɸʊʆʈɸ ʗʂ 

ɸɺʊʆʅʆʄʅʆɻʆ ɼɾɽʈɽʃɸ ɽʃɽʂʊʈʆɽʅɽʈɻɯɰ . 

399 

ʉʝʨʝʜʽʥʘ ɸ.ʉ. (ʍʘʨʢʽʚʩʴʢʠʡ ʘʚʪʦʤʦʙʽʣʴʥʦ-ʜʦʨʦʞʥʽʡ ʬʘʭʦʚʠʡ ʢʦʣʝʜʞ, ʍʘʨʢʽʚ, 

ʋʢʨʘʾʥʘ): ʈɽʎʀʂʃɯʅɻ ʅɸʅʆʂʆʄʇʆɿʀʊɯɺ ʋ ʄɸʐʀʅʆɹʋɼʋɺɸʅʅɯ: 

ʈʆɹʆʊʀɿʆɺɸʅɽ ʉʆʈʊʋɺɸʅʅʗ ʊɸ ʇɽʈɽʈʆɹʂɸ. 
405 

ʐʫʙʥʠʡ ʆ.ɭ., ʂʦʚʘʣʴ ɼ.ɺ. (ʍʘʨʢʽʚʩʴʢʠʡ ʘʚʪʦʤʦʙʽʣʴʥʦ-ʜʦʨʦʞʥʽʡ ʬʘʭʦʚʠʡ 

ʢʦʣʝʜʞ ʃʦʟʽʚʩʴʢʘ ʬʽʣʽʷ, ʤ. ʃʦʟʦʚʘ, ʋʢʨʘʾʥʘ): ɯʅʊɽʃɽʂʊʋɸʃʔʅɯ ʇɯɼʍʆɼʀ 

ɼʆ ɼɯɸɻʅʆʉʊʋɺɸʅʅʗ ɼɺʀɻʋʅɯɺ ʊʈɸʂʊʆʈʅʆɰ ʊɸ ɸɺʊʆʄʆɹɯʃʔʅʆɰ 

ʊɽʍʅɯʂʀ. 

409 
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ɺʉʊʋʇʅɽ ʉʃʆɺʆ ʆʈɻɸʅɯɿɸʎɯʁʅʆɻʆ ʂʆʄɯʊɽʊʋ 
 

ʐʘʥʦʚʥʽ ʫʯʘʩʥʠʢʠ ʢʦʥʬʝʨʝʥʮʽʾ! 

ʄʘʻʤʦ ʯʝʩʪʴ ʚʽʪʘʪʠ ʚʘʩ ʥʘ ʄʽʞʥʘʨʦʜʥʽʡ ʤʦʣʦʜʽʞʥʽʡ ʥʘʫʢʦʚʦ-
ʪʝʭʥʽʯʥʽʡ ʢʦʥʬʝʨʝʥʮʽʾ çʄʦʣʦʜʘ ʥʘʫʢʘ ï ʨʦʙʦʪʠʟʘʮʽʷ ʽ ʥʘʥʦ-ʪʝʭʥʦʣʦʛʽʾ 
ʩʫʯʘʩʥʦʛʦ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷè, ʷʢʘ ʦʙôʻʜʥʘʣʘ ʥʘʫʢʦʚʮʽʚ, ʚʠʢʣʘʜʘʯʽʚ, 
ʘʩʧʽʨʘʥʪʽʚ, ʩʪʫʜʝʥʪʽʚ ʽ ʶʥʠʭ ʜʦʩʣʽʜʥʠʢʽʚ ʽʟ ʨʽʟʥʠʭ ʢʨʘʾʥ ʩʚʽʪʫ. 

ʉʫʯʘʩʥʠʡ ʝʪʘʧ ʨʦʟʚʠʪʢʫ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ 
ʧʝʨʝʭʦʜʦʤ ʚʽʜ ʢʣʘʩʠʯʥʠʭ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʽʜʭʦʜʽʚ ʜʦ ʬʦʨʤʫʚʘʥʥʷ 
ʽʥʪʝʛʨʦʚʘʥʠʭ ʽʥʪʝʣʝʢʪʫʘʣʴʥʠʭ ʚʠʨʦʙʥʠʯʠʭ ʩʠʩʪʝʤ. ʋ ʮʝʥʪʨʽ ʮʠʭ ʟʤʽʥ 
ʟʥʘʭʦʜʠʪʴʩʷ ʽʜʝʷ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ ʷʢ ʩʢʣʘʜʥʦʾ ʢʽʙʝʨʬʽʟʠʯʥʦʾ ʩʠʩʪʝʤʠ, ʚ 
ʷʢʽʡ ʧʦʻʜʥʫʶʪʴʩʷ ʤʘʪʝʨʽʘʣʴʥʽ ʧʨʦʮʝʩʠ, ʽʥʬʦʨʤʘʮʽʡʥʽ ʧʦʪʦʢʠ ʪʘ 
ʽʥʪʝʣʝʢʪʫʘʣʴʥʽ ʘʣʛʦʨʠʪʤʠ ʫʧʨʘʚʣʽʥʥʷ. ʈʦʙʦʪʠʟʘʮʽʷ, ʰʪʫʯʥʠʡ ʽʥʪʝʣʝʢʪ ʽ 
ʥʘʥʦ-ʪʝʭʥʦʣʦʛʽʾ ʚʠʩʪʫʧʘʶʪʴ ʢʣʶʯʦʚʠʤʠ ʯʠʥʥʠʢʘʤʠ ʮʽʻʾ ʪʨʘʥʩʬʦʨʤʘʮʽʾ. 
ɺʦʥʠ ʟʘʙʝʟʧʝʯʫʶʪʴ ʥʝ ʣʠʰʝ ʧʽʜʚʠʱʝʥʥʷ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʪʘ ʷʢʦʩʪʽ, ʘʣʝ ʡ 
ʩʪʚʦʨʶʶʪʴ ʧʝʨʝʜʫʤʦʚʠ ʜʣʷ ʧʝʨʝʭʦʜʫ ʜʦ ʘʜʘʧʪʠʚʥʠʭ, ʩʘʤʦʥʘʚʯʘʣʴʥʠʭ 
ʚʠʨʦʙʥʠʯʠʭ ʩʠʩʪʝʤ, ʟʜʘʪʥʠʭ ʬʫʥʢʮʽʦʥʫʚʘʪʠ ʚ ʫʤʦʚʘʭ ʥʝʚʠʟʥʘʯʝʥʦʩʪʽ ʪʘ 
ʜʠʥʘʤʽʯʥʠʭ ʟʤʽʥ ʟʦʚʥʽʰʥʴʦʛʦ ʩʝʨʝʜʦʚʠʱʘ. 

ʇʨʝʜʩʪʘʚʣʝʥʠʡ ʟʙʽʨʥʠʢ ʥʘʫʢʦʚʠʭ ʧʨʘʮʴ ʚʽʜʦʙʨʘʞʘʻ ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ 
ʩʫʯʘʩʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ð ʚʽʜ ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʭ ʧʠʪʘʥʴ ʬʦʨʤʫʚʘʥʥʷ 
ʚʣʘʩʪʠʚʦʩʪʝʡ ʤʘʪʝʨʽʘʣʽʚ ʽ ʨʦʙʦʯʠʭ ʧʦʚʝʨʭʦʥʴ ʜʦ ʨʦʟʨʦʙʢʠ ʽʥʪʝʣʝʢʪʫʘʣʴʥʠʭ 
ʩʠʩʪʝʤ ʫʧʨʘʚʣʽʥʥʷ ʪʝʭʥʦʣʦʛʽʯʥʠʤʠ ʧʨʦʮʝʩʘʤʠ. ʆʩʦʙʣʠʚʫ ʮʽʥʥʽʩʪʴ 
ʩʪʘʥʦʚʣʷʪʴ ʨʦʙʦʪʠ, ʦʨʽʻʥʪʦʚʘʥʽ ʥʘ ʧʨʘʢʪʠʯʥʝ ʚʧʨʦʚʘʜʞʝʥʥʷ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ 
ʙʝʟʧʦʩʝʨʝʜʥʽʡ ʟʚôʷʟʦʢ ʥʘʫʢʠ ʟ ʚʠʨʦʙʥʠʮʪʚʦʤ . ʍʘʨʘʢʪʝʨʥʦʶ ʨʠʩʦʶ 
ʧʨʝʜʩʪʘʚʣʝʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʻ ʾʭ ʤʽʞʜʠʩʮʠʧʣʽʥʘʨʥʽʩʪʴ. ʇʦʻʜʥʘʥʥʷ ʤʝʪʦʜʽʚ 
ʤʝʭʘʥʽʢʠ, ʤʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʘ, ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʪʘ ʩʠʩʪʝʤʥʦʛʦ 
ʘʥʘʣʽʟʫ ʬʦʨʤʫʻ ʥʦʚʫ ʥʘʫʢʦʚʫ ʧʘʨʘʜʠʛʤʫ, ʫ ʷʢʽʡ ʢʣʶʯʦʚʠʤ ʦʙôʻʢʪʦʤ 
ʜʦʩʣʽʜʞʝʥʥʷ ʩʪʘʶʪʴ ʩʢʣʘʜʥʽ ʪʝʭʥʦʣʦʛʽʯʥʽ ʩʠʩʪʝʤʠ ʟ ʚʠʩʦʢʠʤ ʨʽʚʥʝʤ 
ʽʥʪʝʛʨʘʮʽʾ. ʆʩʦʙʣʠʚʝ ʤʽʩʮʝ ʫ ʨʦʙʦʪʽ ʢʦʥʬʝʨʝʥʮʽʾ ʧʦʩʽʜʘʻ ʥʘʫʢʦʚʘ ʤʦʣʦʜʴ. 
ʉʘʤʝ ʚʦʥʘ ʩʴʦʛʦʜʥʽ ʬʦʨʤʫʻ ʥʦʚʠʡ ʪʠʧ ʜʦʩʣʽʜʥʠʢʘ ð ʬʘʭʽʚʮʷ, ʟʜʘʪʥʦʛʦ 
ʤʠʩʣʠʪʠ ʩʠʩʪʝʤʥʦ, ʧʨʘʮʶʚʘʪʠ ʥʘ ʤʝʞʽ ʥʘʫʢ ʽ ʛʝʥʝʨʫʚʘʪʠ ʽʥʥʦʚʘʮʽʡʥʽ 
ʨʽʰʝʥʥʷ ʜʣʷ ʨʝʘʣʴʥʦʛʦ ʩʝʢʪʦʨʫ ʝʢʦʥʦʤʽʢʠ. 

ʂʦʥʬʝʨʝʥʮʽʷ ʚʠʩʪʫʧʘʻ ʚʘʞʣʠʚʦʶ ʧʣʘʪʬʦʨʤʦʶ ʤʽʞʥʘʨʦʜʥʦʛʦ 
ʥʘʫʢʦʚʦʛʦ ʜʽʘʣʦʛʫ, ʱʦ ʩʧʨʠʷʻ ʦʙʤʽʥʫ ʟʥʘʥʥʷʤʠ, ʨʦʟʚʠʪʢʫ ʧʘʨʪʥʝʨʩʪʚʘ ʪʘ 
ʬʦʨʤʫʚʘʥʥʶ ʥʦʚʠʭ ʥʘʫʢʦʚʠʭ ʰʢʽʣ. ʋʯʘʩʪʴ ʰʠʨʦʢʦʛʦ ʢʦʣʘ ʟʘʢʦʨʜʦʥʥʠʭ ʽ 
ʚʽʪʯʠʟʥʷʥʠʭ ʥʘʫʢʦʚʠʭ ʫʩʪʘʥʦʚ ʧʽʜʪʚʝʨʜʞʫʻ ʾʾ ʘʢʪʫʘʣʴʥʽʩʪʴ ʽ ʚʠʩʦʢʠʡ 
ʥʘʫʢʦʚʠʡ ʨʽʚʝʥʴ. ɺʠʩʣʦʚʣʶʻʤʦ ʱʠʨʫ ʧʦʜʷʢʫ ʚʩʽʤ ʫʯʘʩʥʠʢʘʤ, ʥʘʫʢʦʚʠʤ 
ʢʝʨʽʚʥʠʢʘʤ, ʯʣʝʥʘʤ ʧʨʦʛʨʘʤʥʦʛʦ ʪʘ ʦʨʛʘʥʽʟʘʮʽʡʥʦʛʦ ʢʦʤʽʪʝʪʽʚ ʟʘ ʘʢʪʠʚʥʫ 
ʫʯʘʩʪʴ ʽ ʚʘʛʦʤʠʡ ʚʥʝʩʦʢ ʫ ʧʽʜʛʦʪʦʚʢʫ ʢʦʥʬʝʨʝʥʮʽʾ. ɹʘʞʘʻʤʦ ʚʘʤ ʧʣʽʜʥʦʾ 
ʨʦʙʦʪʠ, ʥʘʫʢʦʚʦʛʦ ʥʘʪʭʥʝʥʥʷ, ʥʦʚʠʭ ʽʜʝʡ ʪʘ ʚʘʛʦʤʠʭ ʨʝʟʫʣʴʪʘʪʽʚ! 

ʇʝʨʝʭʽʜ ʜʦ ʽʥʪʝʣʝʢʪʫʘʣʴʥʠʭ ʚʠʨʦʙʥʠʯʠʭ ʩʠʩʪʝʤ ʻ ʥʝ 
ʘʣʴʪʝʨʥʘʪʠʚʦʶ, ʘ ʦʙôʻʢʪʠʚʥʦʶ ʟʘʢʦʥʦʤʽʨʥʽʩʪʶ ʨʦʟʚʠʪʢʫ ʩʫʯʘʩʥʦʛʦ 
ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ, ʱʦ ʚʠʟʥʘʯʘʪʠʤʝ ʡʦʛʦ ʢʦʥʢʫʨʝʥʪʦʩʧʨʦʤʦʞʥʽʩʪʴ ʽ 
ʪʝʭʥʦʣʦʛʽʯʥʠʡ ʩʫʚʝʨʝʥʽʪʝʪ ʫ ʥʘʡʙʣʠʞʯʽ ʜʝʩʷʪʠʣʽʪʪʷ. 

 

ʉʝʨʛʽʡ ʂʦʚʘʣʝʚʩʴʢʠʡ, ɻʦʣʦʚʘ ʦʨʛʘʥʽʟʘʮʽʡʥʦʛʦ ʢʦʤʽʪʝʪʫ, 

ʃʝʦʥʽʜ ʂʦʟʣʦʚ, ʉʧʽʚʛʦʣʦʚʘ ʦʨʛʘʥʽʟʘʮʽʡʥʦʛʦ ʢʦʤʽʪʝʪʫ. 
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OPENING ADDRESS OF THE ORGANIZING COMMITTEE  

Dear conference participants, 

It is our great honor to welcome you to the International Youth Scientific 
and Technical Conference ñYoung Science ï Robotics and Nanotechnologies of 
Modern Mechanical Engineeringò, which has brought together researchers, 
academics, postgraduate students, university students, and young scientists from 
different countries around the world. 

The current stage of mechanical engineering development is characterized 
by a transition from classical technological approaches to the formation of 
integrated intelligent manufacturing systems. At the core of these 
transformations lies the concept of mechanical engineering as a complex cyber-
physical system, where material processes, information flows, and intelligent 
control algorithms are integrated. Robotics, artificial intelligence, and 
nanotechnologies act as key drivers of this transformation. They not only 
enhance productivity and quality but also create the foundation for adaptive, 
self-learning manufacturing systems capable of operating under conditions of 
uncertainty and dynamic environmental changes. 

The presented collection of scientific papers reflects a wide range of 
contemporary researchðfrom fundamental issues of material properties and 
functional surface formation to the development of intelligent control systems 
for technological processes. Particular value is attributed to works oriented 
toward practical implementation, ensuring a direct connection between science 
and industry. A distinctive feature of the presented studies is their 
interdisciplinary nature. The integration of methods from mechanics, materials 
science, information technologies, and systems analysis forms a new scientific 
paradigm in which complex, highly integrated technological systems become the 
primary object of research. A special role in the conference is assigned to young 
researchers, who are shaping a new type of specialistðcapable of systemic 
thinking, interdisciplinary work, and generating innovative solutions for the real 
sector of the economy. 

The conference serves as an important platform for international scientific 
dialogue, promoting the exchange of knowledge, the development of 
partnerships, and the formation of new scientific schools. The participation of a 
wide range of international and national scientific institutions confirms its 
relevance and high scientific level. We express our sincere gratitude to all 
participants, academic supervisors, and members of the program and organizing 
committees for their active involvement and significant contribution to the 
preparation of this conference. 

We wish you productive work, scientific inspiration, new ideas, and 
significant achievements! 

The transition to intelligent manufacturing systems is not an option 
but an inevitable trend in modern mechanical engineering, which will 
determine its competitiveness and technological sovereignty in the coming 
decades. 

 

Sergiy Kovalevskyy, Head of the Organizing Committee, 

Leonid Kozlov, Co-Chairman of the Organizing Committee. 
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UDC 621.771 
 

Abhari P.B., Solianov D.O., Oliinyk D.S. (Donbas State Engineering 

Academy, Kramatorsk ï Ternopil ï Khust, Ukraine). 
 

FINITE ELE MENT ANALYSIS OF RADIAL ïFORWARD EXTRUSION 

PROCESS FOR SEAMLESS TUBE PRODUCTION 
 

Abstract: The radialïforward extrusion (RFE) process for seamless tube production 

from solid cylindrical billets was investigated numerically using the rigid-plastic finite 

element method (FEM) implemented in QForm 2D software. AA 6060 aluminum alloy was 

selected as the workpiece material. The effects of varying inner radius of the formed part and 

punch stroke-to-billet radius ratio (S/RϚ) on key forming characteristics were examined. 

Material flow patterns, effective strain and stress distributions, and loadïstroke curves were 

analyzed across different flange height-to-wall thickness ratios (h/t). Results show that peak 

punch load ranges between 3200ï3300 kN and is largely independent of the inner tube 

radius. Deformation remains highly localized at the die corner throughout the process. The 

findings provide a basis for rational RFE tooling design and press capacity selection. 

Keywords: radialïforward extrusion; finite element method; seamless tube; aluminum 

alloy; effective strain; effective stress; loadïstroke curve; QForm 2D. 

 

ɸʥʦʪʘʮʽʷ: ʇʨʦʮʝʩ ʨʘʜʽʘʣʴʥʦ-ʧʨʷʤʦʛʦ ʚʠʜʘʚʣʶʚʘʥʥʷ (ʈʇɺ) ʜʣʷ ʚʠʨʦʙʥʠʮʪʚʘ 

ʙʝʟʰʦʚʥʠʭ ʪʨʫʙ ʽʟ ʩʫʮʽʣʴʥʠʭ ʮʠʣʽʥʜʨʠʯʥʠʭ ʟʘʛʦʪʦʚʦʢ ʜʦʩʣʽʜʞʝʥʦ ʯʠʩʝʣʴʥʦ ʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʞʦʨʩʪʢʦ-ʧʣʘʩʪʠʯʥʦʛʦ ʤʝʪʦʜʫ ʩʢʽʥʯʝʥʥʠʭ ʝʣʝʤʝʥʪʽʚ (ʄʉɽ), 

ʨʝʘʣʽʟʦʚʘʥʦʛʦ ʫ ʧʨʦʛʨʘʤʥʦʤʫ ʟʘʙʝʟʧʝʯʝʥʥʽ QForm 2D. ʗʢ ʤʘʪʝʨʽʘʣ ʟʘʛʦʪʦʚʢʠ ʙʫʣʦ 

ʦʙʨʘʥʦ ʘʣʶʤʽʥʽʻʚʠʡ ʩʧʣʘʚ AA 6060. ɼʦʩʣʽʜʞʝʥʦ ʚʧʣʠʚ ʟʤʽʥʥʦʛʦ ʚʥʫʪʨʽʰʥʴʦʛʦ ʨʘʜʽʫʩʘ 

ʩʬʦʨʤʦʚʘʥʦʾ ʜʝʪʘʣʽ ʪʘ ʚʽʜʥʦʰʝʥʥʷ ʭʦʜʫ ʧʫʘʥʩʦʥʘ ʜʦ ʨʘʜʽʫʩʘ ʟʘʛʦʪʦʚʢʠ (S/RϚ) ʥʘ 
ʦʩʥʦʚʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ. ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʢʘʨʪʠʥʠ ʪʝʯʽʾ ʤʘʪʝʨʽʘʣʫ, 

ʨʦʟʧʦʜʽʣʠ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʜʝʬʦʨʤʘʮʽʡ ʽ ʥʘʧʨʫʞʝʥʴ, ʘ ʪʘʢʦʞ ʢʨʠʚʽ ʥʘʚʘʥʪʘʞʝʥʥʷïʭʽʜ 

ʧʫʘʥʩʦʥʘ ʜʣʷ ʨʽʟʥʠʭ ʚʽʜʥʦʰʝʥʴ ʚʠʩʦʪʠ ʬʣʘʥʮʷ ʜʦ ʪʦʚʱʠʥʠ ʩʪʽʥʢʠ (h/t). ʈʝʟʫʣʴʪʘʪʠ 

ʧʦʢʘʟʫʶʪʴ, ʱʦ ʤʘʢʩʠʤʘʣʴʥʝ ʥʘʚʘʥʪʘʞʝʥʥʷ ʥʘ ʧʫʘʥʩʦʥ ʟʥʘʭʦʜʠʪʴʩʷ ʚ ʜʽʘʧʘʟʦʥʽ 3200ï

3300 ʢʅ ʽ ʧʨʘʢʪʠʯʥʦ ʥʝ ʟʘʣʝʞʠʪʴ ʚʽʜ ʚʥʫʪʨʽʰʥʴʦʛʦ ʨʘʜʽʫʩʘ ʪʨʫʙʠ. ɼʝʬʦʨʤʘʮʽʷ 

ʟʘʣʠʰʘʻʪʴʩʷ highly ʣʦʢʘʣʽʟʦʚʘʥʦʶ ʚ ʟʦʥʽ ʢʫʪʘ ʤʘʪʨʠʮʽ ʧʨʦʪʷʛʦʤ ʫʩʴʦʛʦ ʧʨʦʮʝʩʫ. 

ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʩʪʚʦʨʶʶʪʴ ʦʩʥʦʚʫ ʜʣʷ ʨʘʮʽʦʥʘʣʴʥʦʛʦ ʧʨʦʝʢʪʫʚʘʥʥʷ ʦʩʥʘʱʝʥʥʷ 

ʜʣʷ ʈʇɺ ʪʘ ʚʠʙʦʨʫ ʥʦʤʽʥʘʣʴʥʦʛʦ ʟʫʩʠʣʣʷ ʧʨʝʩʘ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʨʘʜʽʘʣʴʥʦ-ʧʨʷʤʝ ʚʠʜʘʚʣʶʚʘʥʥʷ; ʤʝʪʦʜ ʩʢʽʥʯʝʥʥʠʭ ʝʣʝʤʝʥʪʽʚ; 

ʙʝʟʰʦʚʥʘ ʪʨʫʙʘ; ʘʣʶʤʽʥʽʻʚʠʡ ʩʧʣʘʚ; ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʜʝʬʦʨʤʘʮʽʡ; ʽʥʪʝʥʩʠʚʥʽʩʪʴ 

ʥʘʧʨʫʞʝʥʴ; ʢʨʠʚʘ ʥʘʚʘʥʪʘʞʝʥʥʷïʭʽʜ ʧʫʘʥʩʦʥʘ; QForm 2D. 

 

1. INTRODUCTION  

Extrusion is among the most widely employed metal forming processes in 

industrial manufacturing, enabling the production of components with diverse 

and complex geometries. The process encompasses several fundamental 

categories, including forward, backward, radial, lateral, and combined extrusion. 

Combined extrusion refers to any process that integrates two or more of these 

fundamental modes, and its variants include double backward extrusion, 

backwardïforward extrusion, radialïbackward extrusion, radialïforward 

extrusion, and forwardïbackwardïradial extrusion. A key advantage of 
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combined extrusion techniques is their ability to produce geometrically complex 

components in a single forming stage, thereby reducing manufacturing steps and 

tooling costs. 

For the production of hollow profiles from lightweight metals such as 

aluminum and magnesium alloys, porthole extrusion and piercing extrusion are 

commonly employed. Notably, piercing extrusion is particularly suited for 

manufacturing seamless tubes. Although seamless tubes can also be produced 

through conventional extrusion, this approach often fails to yield the fine-

grained microstructure necessary for achieving high mechanical strength. 

To address this limitation, several severe plastic deformation (SPD)-based 

techniques have been developed in recent years with the objective of enhancing 

the mechanical properties of tubular components through grain refinement. 

Among the most prominent methods are tubular channel angular pressing 

(TCAP), parallel tubular channel angular pressing (PTCAP), and tube cyclic 

expansionïextrusion (TCEE). However, a common constraint of these SPD 

techniques is that they can only be applied to tubes that have already been 

fabricated by extrusion or drawing processes, limiting their applicability to pre-

formed workpieces. 

To overcome this constraint, the present authors previously developed a 

novel plastic deformation approach termed new backward extrusion (NBE), 

which combines radial and backward extrusion to directly process high-strength 

tubes from solid cylindrical billets. Building on this foundation, the combination 

of radial and forward extrusion (RFE) was subsequently introduced as a method 

capable of imposing intense plastic deformation on the workpiece material. The 

RFE process offers several notable advantages: it can produce seamless tubes 

with superior mechanical properties from compact billets, and it enables the 

fabrication of large-diameter tubes from smaller cylindrical starting billets, 

enhancing material utilization and process flexibility. 

Numerical simulation methods, particularly the finite element method 

(FEM), have become indispensable tools in computer-aided engineering (CAE) 

for the analysis and simulation of manufacturing processes, including extrusion. 

A wide range of commercial CAE software packages is currently available, 

providing engineers with the means to verify process parameters, evaluate 

design modifications, and optimize extrusion operations. These computational 

tools play a critical role in ensuring the dimensional accuracy, structural 

integrity, and overall quality of the final extruded products [1]. 

2. METHOD OF ANALYSIS  

The rigid-plastic finite element method (FEM), implemented within the 

QForm 2D commercial simulation software, was employed to investigate the 

forming characteristics and process parameters associated with radialïforward 

extrusion (RFE). This computational approach enables a comprehensive and 

systematic examination of key process variables, including material flow 

behavior, effective strain and stress distributions, and dieïworkpiece interaction 

throughout the extrusion cycle. The simulation results provide quantitative 
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insights that are essential for process optimization, tooling design refinement, 

and the prediction of the mechanical response of the extruded product under 

varying process conditions. 

3. PURPOSE OF INVESTIGATION 

In this study, finite element simulations were conducted to investigate the 

key forming characteristics of the radialïforward extrusion (RFE) process. The 

analysis focused on material flow patterns evaluated through grid distortion, as 

well as the distributions of effective strain and effective stress under varying 

punch stroke-to-billet radius ratios (S/RϚ). Furthermore, loadïstroke curves were 

generated and compared across different flange height-to-wall thickness ratios 

(h/t) using the rigid-plastic FEM implemented in QForm 2D. 

4. RADIAL -FORWARD EXTRUSION PROCESS 

Figure 1 presents a comprehensive schematic of the single-ended radialï

forward extrusion (RFE) process, illustrating the die assembly configuration, 

key geometric parameters, the axisymmetric billet dimensions, and the geometry 

of the final formed part. The complete set of process and geometric parameters 

is defined as follows: R0 ï the initial billet radius (R0=25mm), R ï the inner 

radius of the formed part, R/ ï the outer radius of the formed part, t=R/-R ï the 

wall thickness, L ï the initial billet height (L=150mm), h/t is the flange height-

to-wall thickness ratios, r = r' = r'' = 2 mm are the fillet radii at the die 

transitions; V is the punch velocity (V = 1 mm/s), P is the punch load. The 

frictional condition at the billetïtool interface is assumed to follow Ziebel's 

friction law with a constant friction factor of ɛ = 0.08. 

 

 

 

 
 

   a)                            b) 

Figure 1. Die scheme of single-ended radial-forward extrusion process (a) 

and final formed part (b); 1 ï punch, 2 ï billet, 3 ï upper die, 4 ï anvil 

(counterpunch), 5 ï final formed part, 6 ï mandrel 
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5. MATERIAL PROPERTY  

In this simulation, AA 6060 aluminum alloy was used as the material. The 

relationship between flow stress and effective strain for this alloy is 

approximated by the following equation: 

 
0.202191.55 ( )MPas e=    (1) 

 

6. ANALYSIS OF RADIAL -FORWARD EXTRUSION PROCESS 

Figure 2 illustrates the relationship between the punch load (P, kN) and 

the punch stroke-to-billet radius ratio (Sↄ/RϚ) for three different inner radii of the 

formed part: R = 35 mm (curve 1), R = 40 mm (curve 2), and R = 45 mm 

(curve 3). 

 

 
Figure 2. The punch load vs. the punch stroke-to-billet radius ratios, 

1 ï R=35 mm; 2 ï R=40 mm; 3 ï R=45 mm (the inner radius of the formed part) 

 

All three curves exhibit a similar trend, beginning with a moderate and 

gradual increase in punch load during the initial stroke, followed by a sharp rise 

as the stroke progresses. This sharp increase corresponds to the stage at which 

the material begins to fill the die cavity completely, significantly elevating the 

forming resistance. Notably, a smaller inner radius (curve 1) results in a steeper 

load rise occurring at a lower Sↄ value, while a larger inner radius (curve 3) 

delays this rise but ultimately reaches a comparable peak load range. This 

indicates that the inner radius of the formed part has a significant influence on 
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both the loadïstroke behavior and the required forming energy. 

 

 S/R0=2.2 S/R0=3.2 S/R0=4.2 

a 

   

b 

   

 

c 

   

 

Figure 3. Deformation patterns via gridline distortion (a); distributions of 
effective strain (b); distributions of effective stress (MPa) (c) at various punch 
stroke-to-billet radius ratios S/RϚ in the single-ended radialïforward extrusion 
process (h/t = 1, R = 35 mm, r = r' = r'' = 2 mm, ɛ = 0.08). 
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Figure 3 presents the FEM simulation results for the single-ended radialï

forward extrusion process at three progressive stroke-to-billet radius ratios (S/RϚ 
= 2.2, 3.2, and 4.2), with h/t = 1, R = 35 mm, r = r' = r'' = 2 mm, and ɛ = 0.08. 

The results are organized into three rows: gridline distortion patterns (a), 

effective strain distributions (b), and effective stress distributions (c). 

Row (a) shows that material flow becomes increasingly concentrated at 

the die corner as S/RϚ increases, with gridlines progressively curving toward the 

radial exit zone, confirming that deformation intensifies with punch advance. 

Row (b) reveals that effective strain is initially localized near the die fillet 

region at S/RϚ = 2.2, and expands significantly toward the tube wall at S/RϚ = 

4.2, reaching values approaching 10, indicating severe plastic deformation in the 

transitional zone. 

Row (c) demonstrates that effective stress concentrates most intensely at 

the die corner, with peak values approaching 200 MPa at advanced stroke 

stages. The stress distribution broadens progressively, reflecting increasing 

resistance as the material is redirected from axial to radial flow. 

Overall, the results confirm that deformation severity, strain 

accumulation, and stress concentration all increase monotonically with punch 

stroke, with the die corner region consistently representing the critical 

deformation zone throughout the process. 

7. CONCLUSIONS 

The radialïforward extrusion (RFE) process was analyzed using the rigid-

plastic finite element method implemented in QForm 2D software. The 

following conclusions are drawn: 

1. The FEM simulations effectively captured the material flow 

patterns, revealing that deformation is highly localized at the die corner region 

and progressively expands along the tube wall with increasing punch stroke 

(S/RϚ). 
2. Effective strain and stress distributions confirm that peak values 

concentrate at the die fillet transition zone, with the undeformed billet core 

retaining near-zero strain throughout the process. 

3. Increasing the inner radius of the formed part (R = 35ï45 mm) 

shifts the loadïstroke curve toward higher stroke ratios without significantly 

increasing the maximum punch load, which is of practical importance for press 

capacity selection. 

4. The RFE process demonstrates strong capability for producing 

seamless tubes with complex geometry directly from solid cylindrical billets of 

AA 6060 aluminum alloy in a single forming stage. 
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DECENTRALIZED COORDINATION ALGORITHMS FOR DRONE 

SWARMS IN GUARDING CRITICAL INDUSTRIAL 

INFRASTRUCTURE  

 
Abstract: This paper investigates the development and implementation of 

decentralized coordination algorithms for managing unmanned aerial vehicle swarms in 

continuous surveillance and protection of critical industrial infrastructure. The study 

addresses the limitations of traditional centralized control systems, including scalability 

constraints, communication latency, and vulnerability to single points of failure. A novel 

framework based on Artificial Potential Fields and Voronoi tessellation is proposed for 

dynamic spatial partitioning and collision-free navigation. The methodology enables 

autonomous area coverage, obstacle avoidance, and real-time formation reconfiguration in 

response to environmental changes or unit failures. Simulation experiments conducted in a 

complex industrial environment demonstrate improved system robustness, reduced 

communication overhead, and enhanced scalability. The results confirm that decentralized 

swarm intelligence significantly increases operational resilience and adaptability. The 

proposed approach provides a practical and cost-effective solution for implementing 

autonomous drone systems in urban security and infrastructure monitoring applications. 

Keywords: swarm intelligence; decentralized coordination; UAV; critical 

infrastructure; Voronoi tessellation; artificial potential fields; autonomous systems; 

surveillance. 

ɸʥʦʪʘʮʽʷ: ʋ ʨʦʙʦʪʽ ʜʦʩʣʽʜʞʝʥʦ ʨʦʟʨʦʙʢʫ ʪʘ ʨʝʘʣʽʟʘʮʽʶ ʘʣʛʦʨʠʪʤʽʚ 

ʜʝʮʝʥʪʨʘʣʽʟʦʚʘʥʦʾ ʢʦʦʨʜʠʥʘʮʽʾ ʜʣʷ ʢʝʨʫʚʘʥʥʷ ʨʦʷʤʠ ʙʝʟʧʽʣʦʪʥʠʭ ʣʽʪʘʣʴʥʠʭ ʘʧʘʨʘʪʽʚ 

ʧʨʠ ʚʠʢʦʥʘʥʥʽ ʟʘʜʘʯ ʙʝʟʧʝʨʝʨʚʥʦʛʦ ʤʦʥʽʪʦʨʠʥʛʫ ʪʘ ʟʘʭʠʩʪʫ ʢʨʠʪʠʯʥʦʾ 

ʽʥʬʨʘʩʪʨʫʢʪʫʨʠ. ʈʦʟʛʣʷʥʫʪʦ ʦʙʤʝʞʝʥʥʷ ʪʨʘʜʠʮʽʡʥʠʭ ʮʝʥʪʨʘʣʽʟʦʚʘʥʠʭ ʩʠʩʪʝʤ 

ʢʝʨʫʚʘʥʥʷ, ʟʦʢʨʝʤʘ ʧʨʦʙʣʝʤʠ ʤʘʩʰʪʘʙʦʚʘʥʦʩʪʽ, ʟʘʪʨʠʤʢʠ ʟʚôʷʟʢʫ ʪʘ ʚʨʘʟʣʠʚʽʩʪʴ ʜʦ 

ʻʜʠʥʦʾ ʪʦʯʢʠ ʚʽʜʤʦʚʠ. ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʧʽʜʭʽʜ ʥʘ ʦʩʥʦʚʽ ʰʪʫʯʥʠʭ ʧʦʪʝʥʮʽʘʣʴʥʠʭ ʧʦʣʽʚ ʪʘ 

ʜʽʘʛʨʘʤ ɺʦʨʦʥʦʛʦ ʜʣʷ ʜʠʥʘʤʽʯʥʦʛʦ ʧʨʦʩʪʦʨʦʚʦʛʦ ʨʦʟʧʦʜʽʣʫ ʪʘ ʙʝʟʧʝʯʥʦʾ ʥʘʚʽʛʘʮʽʾ. 

ʄʝʪʦʜʠʢʘ ʟʘʙʝʟʧʝʯʫʻ ʘʚʪʦʥʦʤʥʝ ʧʦʢʨʠʪʪʷ ʪʝʨʠʪʦʨʽʾ, ʫʥʠʢʥʝʥʥʷ ʧʝʨʝʰʢʦʜ ʽ 

ʧʝʨʝʙʫʜʦʚʫ ʬʦʨʤʘʮʽʾ ʫ ʨʝʘʣʴʥʦʤʫ ʯʘʩʽ ʧʨʠ ʟʤʽʥʽ ʫʤʦʚ ʘʙʦ ʚʪʨʘʪʽ ʦʢʨʝʤʠʭ ʘʧʘʨʘʪʽʚ. 

ʈʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ ʚ ʫʤʦʚʘʭ ʩʢʣʘʜʥʦʾ ʽʥʬʨʘʩʪʨʫʢʪʫʨʠ ʧʦʢʘʟʘʣʠ ʧʽʜʚʠʱʝʥʥʷ 

ʩʪʽʡʢʦʩʪʽ ʩʠʩʪʝʤʠ, ʟʤʝʥʰʝʥʥʷ ʥʘʚʘʥʪʘʞʝʥʥʷ ʥʘ ʢʦʤʫʥʽʢʘʮʽʾ ʪʘ ʧʦʢʨʘʱʝʥʥʷ 

ʤʘʩʰʪʘʙʦʚʘʥʦʩʪʽ. ɿʘʧʨʦʧʦʥʦʚʘʥʠʡ ʧʽʜʭʽʜ ʜʝʤʦʥʩʪʨʫʻ ʝʬʝʢʪʠʚʥʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʨʦʡʦʚʦʛʦ ʽʥʪʝʣʝʢʪʫ ʜʣʷ ʟʘʜʘʯ ʙʝʟʧʝʢʠ ʪʘ ʤʦʥʽʪʦʨʠʥʛʫ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʨʦʡʦʚʠʡ ʽʥʪʝʣʝʢʪ; ʜʝʮʝʥʪʨʘʣʽʟʦʚʘʥʘ ʢʦʦʨʜʠʥʘʮʽʷ; ɹʇʃɸ; 

ʢʨʠʪʠʯʥʘ ʽʥʬʨʘʩʪʨʫʢʪʫʨʘ; ʜʽʘʛʨʘʤʘ ɺʦʨʦʥʦʛʦ; ʰʪʫʯʥʽ ʧʦʪʝʥʮʽʘʣʴʥʽ ʧʦʣʷ; ʘʚʪʦʥʦʤʥʽ 

ʩʠʩʪʝʤʠ; ʤʦʥʽʪʦʨʠʥʛ. 

 

1. INTRODUCTION  

The rapid advancement of Unmanned Aerial Vehicle (UAV) technology 

has transitioned from individual operations to the deployment of coordinated 

groups, commonly referred to as drone swarms. In the context of modern 
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mechanical engineering and urban security, these swarms represent a 

transformative solution for the persistent monitoring of critical infrastructureð

such as bridges, power plants, and industrial complexes. The security of such 

assets, particularly in geostrategically significant transport hubs, requires a 

surveillance system that is both resilient to external interference and capable of 

autonomous decision-making. Current surveillance frameworks predominantly 

rely on centralized control architectures. While effective for small-scale 

operations, these systems suffer from significant drawbacks, including high 

communication latency and a high risk of total system failure if the central node 

is compromised. For critical infrastructure, where the margin for error is non-

existent, these vulnerabilities represent a significant risk. To address these 

challenges, this paper proposes a decentralized coordination framework. By 

shifting the intelligence from a central server to the individual agents within the 

swarm, we achieve a "self-healing" system where the collective can adapt to the 

loss of individual units or changes in the environment without human 

intervention. This study focuses on the integration of Artificial Potential Fields 

(APF) for collision avoidance and Voronoi-based spatial partitioning to optimize 

area coverage. The objective is to demonstrate a robust, scalable, and cost-

effective methodology for the autonomous guarding of strategic infrastructure in 

complex environments [1]. 

2. STATEMENT OF THE PROBLEM AND ITS CONNECTION WITH 

SCIENTIFIC AND PRACTICAL WORKS  

The fundamental problem addressed in this research is the critical 

vulnerability inherent in centralized control architectures for Unmanned Aerial 

Vehicle (UAV) operations. In traditional systems, all coordination logic and 

decision-making reside within a single ground control station or a master node. 

This creates a "Single Point of Failure" (SPoF); if the central unit experiences a 

hardware malfunction, a cyber-attack, or signal jamming, the entire surveillance 

mission collapses, leaving the critical infrastructure unprotected. Modern urban 

and industrial zones, particularly transport and energy hubs, face an escalating 

spectrum of risks ranging from technical accidents to deliberate sabotage. 

Existing security frameworks often rely on static sensors or human-piloted 

drones, which are [2]: 

Á Non-scalable: Difficult to expand for large-scale infrastructure 

without exponential increases in bandwidth and operator fatigue. 

Á Reactive: Lacking the ability to autonomously reconfigure in real-time 

when the environment changes. 

Á Fragile: Susceptible to electromagnetic interference (EMI) common in 

high-voltage industrial areas. 

The primary objective of this study is to develop and validate a 

decentralized swarm coordination system that is both scalable and resilient. By 

distributing the intelligence across the entire swarm using Voronoi-based 
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partitioning and Artificial Potential Fields (APF), the goal is to ensure that the 

security perimeter remains intact even if individual agents or communication 

links are compromised. This research aims to prove that a self-organized robotic 

"mesh" provides a higher level of persistent surveillance than any centralized 

alternative [3]. 

3. CRITICAL INFRASTRUCTURE AND THE DRONE PROTECTION 

SYNTHESIS 

Critical Infrastructure refers to the physical and virtual assets, systems, 

and networks that are so vital to a nation that their incapacitation or destruction 

would have a debilitating effect on national security, economic stability, and 

public health. In the context of this research, CI is categorized into three 

essential pillars [4]: 

 

Á Physical Assets: Strategic structures such as bridges, transport corridors, 

and industrial complexes (e.g., regional transport hub). 

Á Utility Networks:  Power distribution grids and telecommunication nodes 

that ensure regional connectivity. 

Á Functional Continuity:  The systemic ability to maintain societal 

operations without interruption. 

 

Traditional security frameworksðrelying on static cameras, sensors, and 

human patrolsðare inherently reactive and limited by a fixed perspective. The 

synthesis of Unmanned Aerial Vehicles (UAVs) into CI protection transforms 

surveillance into a proactive, dynamic system through three levels of 

integration: 

Spatial Synthesis: UAVs eliminate the "blind spots" of fixed 

infrastructure. By utilizing verticality and high mobility, drones provide 

comprehensive coverage of hard-to-reach areas, such as bridge undersides or 

high-voltage transmission towers. 

1. Temporal Synthesis: The deployment of drone swarms ensures 

persistent presence. Through decentralized coordination, individual units 

can rotate for battery charging while the remaining swarm reconfigures its 

positions, maintaining 24/7 uninterrupted surveillance. 

2. Data Synthesis: UAVs act as mobile sensor nodes. By integrating 

thermal, visual, and multi-spectral data in real-time, the system can detect 

anomaliesðsuch as overheating components or unauthorized perimeter 

breachesðlong before they escalate into systemic failures. 

The maximum efficiency of CI protection is achieved when UAVs are 

governed by Swarm Intelligence (SI). This creates a resilient, "living" security 

mesh that is superior to centralized models [5]. 
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Table 1. 

Traditional 

Security 

Drone-Based Synthesis 

(Swarm) 

Operational Impact 

Static / Fixed Dynamic / Mobile 
100% perimeter 

coverage in motion 

Reactive 

Proactive / Autonomous 

Detection and 

interception before 

impact 

Centralized 

(Fragile) 
Decentralized (Resilient) 

No single point of 

failure (Self-healing) 

High Human Cost 

Scalable / Automated 

Lower operational 

overhead and higher 

ROI 

In modern urban and industrial security, the drone is no longer just a 

flying camera; it is a distributed control unit. This synthesis allows the 

infrastructure to become "self-aware," using the swarm as a flexible, 

autonomous immune system that responds to threats in real-time. 

4. THEORETICAL FRAMEWORK: THE SYNTHESIS OF GEOMETRY 

AND INTELLI GENCE 

The proposed Integrated Coordination Architecture (ICA) represents a 

multi-layered approach to autonomous infrastructure guarding. In this model, 

the swarm does not operate as a collection of isolated units but as a unified 

"digital immune system." The synergy between geometric partitioning, 

collective intelligence, and reactive motion ensures that the security perimeter 

remains intact even under dynamic threats or hardware failures [6]. 

Layer 1: Strategic Spatial Partitioning (Voronoi Diagrams) 

The foundational layer of the ICA is responsible for optimal area coverage. 

Utilizing Centroidal Voronoi Tessellation (CVT), the system mathematically 

divides the complex 3D space of the infrastructure (e.g., the arches and pillars of 

a bridge) into distinct zones of responsibility. 

Á Function: Every UAV agent si is assigned a Voronoi V(si), ensuring that 

no two drones monitor the same area simultaneously. This eliminates 

redundant energy expenditure and sensor overlap. 

Á Dynamic Reconfiguration: If an agent exits the swarm due to low 

battery or technical failure, the Voronoi boundaries instantaneously 

expand. This "geometric elasticity" ensures that the gap is closed before a 

security breach can occur. 

Layer 2: The Communication Mesh (Swarm Intelligence) 

While Voronoi diagrams define the geometry, Swarm Intelligence (SI) provides 

the "nervous system" that links the agents [7]. 

Á Decentralized Consensus: Based on the principles of Stigmergy and 

Peer-to-Peer (P2P) communication, agents share their state vectors only 

with immediate neighbors. There is no central command node, making the 
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system immune to "Single Point of Failure" risks and signal jamming at 

the base station. 

Á Emergent Self-Healing: The SI layer monitors the "health" of the swarm. 

When a change is detected (e.g., a drone detecting an intruder or a 

neighbor going offline), the swarm intelligence triggers a collective shift 

in the global formation, re-optimizing the Voronoi cells across the entire 

mesh. 

Layer 3: Tactical Execution (Artificial Potential Fields) 

The final layer translates strategic and collective decisions into physical 

motion. Artificial Potential Fields (APF)  act as the "muscles" of the system, 

governing how drones navigate toward their Voronoi centroids without colliding 

with the infrastructure or each other. 

Á Attractive Influence:  Each drone is pulled toward the centroid  of its 

Voronoi cell by an attractive potential which acts as a virtual 

navigation target. 

Á Repulsive Safeguards: The critical infrastructure itself (concrete pillars, 

steel cables, power lines) and other drones generate a repulsive potential 

. 

Á Navigation Resultant: The drone follows the negative gradient of the 

total potential This allows the swarm to 

"flow" through the complex, non-linear geometry of an industrial site with 

fluid, collision-free motion [8] . 

Table 2. Summary of the Integrated Framework 

Component Organizational Role Technical Contribution 

Voronoi Diagrams Strategic Layer 
Minimizes sensor latency and 

maximizes coverage area. 

Swarm Intelligence 
Communication 

Layer 

Provides resilience, 

scalability, and decentralized 

decision-making. 

Artificial Potential 

Fields 
Tactical Layer 

Ensures safe navigation and 

collision avoidance in real-

time. 

5. SIMULATION RESULTS  

To validate the proposed Integrated Coordination Architecture (ICA), a 

series of simulations were conducted using the ROS 2 Humble framework and 

the Gazebo 11 physics engine. The environment was modeled after a strategic 

infrastructure asset: a multi-pillar bridge spanning 200 meters. The swarm 

consisted of 6 to 12 quadrotor UAVs equipped with 360Á LiDAR and localized 

P2P communication modules. A critical part of the simulation involved the 

"Node-Drop" scenario, where 2 out of 8 drones were "destroyed" (simulated 

hardware failure) mid-operation. This table directly compares your proposed 

model with classical systems  [9] . 
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Table 3. Performance Metrics Comparison 

Metric  
Centralized 

System 

Proposed ICA 

(Voronoi+SI+APF) 

Improvement / 

Impact 

Response to 

Node Failure 

System 

Shutdown / 

Manual Reset 

Self-Healing (2.4s 

average) 

Critical 

Resilience 

Area Coverage 

(Bridge) 

72% (Fixed 

FOV) 
94% (Dynamic 

Partitioning)  
+22% Visibility 

Collision 

Avoidance 

Pre-defined Paths 

(Rigid) 
Reactive APF 

(Fluid)  

High Safety in 

Wind/Noise 

Comm. 

Complexity 

$O(n2) ï 

 Exponential 
O(1)-

Constant/Local 

Infinite 

Scalability 

Onboard CPU 

Load 
Low (Passive) Moderate (~12%) 

Feasible for 

Edge HW 

The graph shows the change in the percentage of perimeter coverage over 

time in a drone swarm system using autonomous reconfiguration algorithms. At 

the beginning of the simulation, the drone swarm provides a high level of 

coverage of approximately 95%, which represents an optimally distributed 

network of drones along the perimeter. At the 10th second of the simulation, an 

incident occurs, when two drones exit the system (failure, loss of 

communication or power supply). This event causes a sharp decrease in 

coverage, with the curve in the graph falling from approximately 95% to about 

75%. After detecting the loss of units, the remaining drones activate the 

decentralized Voronoi reconfiguration algorithm. The system automatically 

redistributes the remaining drones to optimize the layout and re-establish 

surveillance of critical areas [10]. 

 

Figure 1. Examples of chart for Self-Healing coverage of drone swarm perimeter 
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The graph clearly shows the scalability of a decentralized drone swarm 

system. In a centralized architecture, the communication load increases rapidly 

as the number of drones increases, because each drone must communicate with a 

central control node. This model leads to an exponential increase in network 

traffic, which can cause network congestion and reduce system performance in 

large swarms. In contrast, in a decentralized model, each drone communicates 

only with its nearest neighbors. Therefore, the communication load remains 

almost constant even when the number of drones increases significantly. 

 

Figure 2. Examples of chart Scalability and Communication Overhead 

While the integrated architecture (Voronoi-SI-APF) shows excellent 

results in simulation, real-world implementation (e.g. on bridges on the rivers or 

industrial complexes) requires addressing specific physical and technical 

obstacles [11]: 
 

Aerodynamic and Environmental Disturbances 

¶ The Challenge: Wind gusts in river valleys and around high bridge piers 

can destabilize the drone, causing it to deviate from its intended path 

within the Voronoi cell. 

¶ The Solution: Implementation of a Robust APF controller with an 

integral component. Instead of static repulsion forces, the system uses 

adaptive parameters that adapt to the current air resistance, maintaining a 

safety buffer from the structure even in winds up to 15 m/s. 

Communication Degradation in Metal-Dense Environments 

¶ The Challenge: Steel structures of bridges and power lines cause signal 

reflections and "dead zones" in communication (multipath interference), 

which can interrupt data exchange within the swarm. 

¶ The Solution: Using Decentralized Mesh Networking. If the connection 

between two drones is interrupted due to a concrete pillar, the Swarm 

Intelligence layer instantly re-routes the data via the nearest neighboring 

drone that has a direct optical visibility (Line-of-Sight), ensuring 

uninterrupted operation of the Voronoi algorithm. 
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Sensor Noise and Signal Interference (GPS Jamming) 

¶ The Challenge: Relying solely on GPS for positioning near critical 

infrastructure is risky due to possible signal interference or poor reception 

beneath structures. 

¶ The Solution: Multisensor Fusion (LiDAR + Odometry). Our system 

uses LiDAR sensors for local navigation. Even if the GPS signal is lost, 

the drone uses Artificial Potential Fields to position itself relative to the 

bridge structure itself, treating the piers as reference points instead of 

global coordinates. 

Energy Management and Mission Longevity 

¶ The Challenge: Limited battery capacity requires constant rotation of 

drones, which can create temporary gaps in surveillance. 

¶ The Solution: Dynamic Voronoi Scaling. When one drone needs to return 

to the base station to recharge, the remaining drones scale their Voronoi 

cells in real time to fill the gap. This process is fully autonomous and 

occurs without interruption of surveillance, as demonstrated by the "Self-

Healing" metric  [12] . 

6. CONCLUSION 

This research has presented a robust, multi-layered framework for the 

autonomous protection of critical infrastructure using decentralized drone 

swarms. By integrating Centroidal Voronoi Tessellation (CVT) for spatial 

partitioning, Swarm Intelligence (SI) for collective resilience, and Artificial 

Potential Fields (APF) for tactical motion, we have successfully developed a 

system that functions as a proactive "digital immune system" for high-value 

assets. The findings confirm that decentralization is the most effective approach 

for Critical Infrastructure Protection (CIP). Moving the control logic to the 

"edge" (the UAVs themselves) eliminates the single point of failure and 

provides a cost-effective, mobile alternative to expensive fixed sensor networks. 

For strategic assets like bridges, power plants, and transport hubs, this 

technology provides a level of adaptive security that was previously unattainable 

with static systems. Experiments in swarm robotics research show that multi-

drone systems can maintain very high success rates even when a fraction of 

drones fail, e.g. simulations have shown that even with swarms of 20 drones, 

success rates remain above 98% in most scenarios after failures. 
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APPLICATI ON OF A DIGITAL TWIN OF A ROBOTIC WELDING 

COMPLEX FOR TORCH TRAJECTORY OPTIMIZATION  

 
Abstract: The study is devoted to the application of digital twin technology to improve 

the efficiency of robotic welding complexes in modern mechanical engineering. The transition 

from traditional robot programming by teaching to virtual simulation in CAD/CAE 

environments is substantiated as a key factor in reducing production downtime and 

increasing technological flexibility. A method for optimizing the trajectory of the welding 

torch is proposed based on minimizing the welding cycle time and automatic collision 

detection during motion simulation. The digital twin model enables accurate reproduction of 

the robot kinematics, including dynamic constraints such as acceleration and inertial effects. 

Simulation results demonstrate improved trajectory smoothness and reduced velocity 

variation, which is essential for ensuring uniform weld quality. The implementation of virtual 

modeling allows early detection of programming errors and eliminates the risk of equipment 

damage. The approach significantly reduces setup time and enhances operational safety, 

confirming the effectiveness of digital twin integration into robotic welding systems. 

Keywords: digital twin; robotic welding; trajectory optimization; CAD/CAE; collision 

detection; industrial robot; welding torch; cycle time. 

 

ɸʥʦʪʘʮʽʷ: ʈʦʙʦʪʘ ʧʨʠʩʚʷʯʝʥʘ ʟʘʩʪʦʩʫʚʘʥʥʶ ʪʝʭʥʦʣʦʛʽʾ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ ʜʣʷ 

ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʨʦʙʦʪʠʟʦʚʘʥʠʭ ʟʚʘʨʶʚʘʣʴʥʠʭ ʢʦʤʧʣʝʢʩʽʚ ʫ ʩʫʯʘʩʥʦʤʫ 

ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʽ. ʆʙˇʨʫʥʪʦʚʘʥʦ ʜʦʮʽʣʴʥʽʩʪʴ ʧʝʨʝʭʦʜʫ ʚʽʜ ʪʨʘʜʠʮʽʡʥʦʛʦ ʧʨʦʛʨʘʤʫʚʘʥʥʷ 

ʨʦʙʦʪʽʚ ʤʝʪʦʜʦʤ ʥʘʚʯʘʥʥʷ ʜʦ ʚʽʨʪʫʘʣʴʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʫ ʩʝʨʝʜʦʚʠʱʘʭ CAD/CAE ʷʢ 

ʢʣʶʯʦʚʦʛʦ ʯʠʥʥʠʢʘ ʟʤʝʥʰʝʥʥʷ ʧʨʦʩʪʦʾʚ ʚʠʨʦʙʥʠʮʪʚʘ ʪʘ ʧʽʜʚʠʱʝʥʥʷ ʛʥʫʯʢʦʩʪʽ 
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ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʨʦʮʝʩʽʚ. ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʤʝʪʦʜ ʦʧʪʠʤʽʟʘʮʽʾ ʪʨʘʻʢʪʦʨʽʾ ʨʫʭʫ 

ʟʚʘʨʶʚʘʣʴʥʦʛʦ ʧʘʣʴʥʠʢʘ, ʱʦ ʙʘʟʫʻʪʴʩʷ ʥʘ ʤʽʥʽʤʽʟʘʮʽʾ ʪʨʠʚʘʣʦʩʪʽ ʟʚʘʨʶʚʘʣʴʥʦʛʦ ʮʠʢʣʫ 

ʪʘ ʘʚʪʦʤʘʪʠʯʥʦʤʫ ʚʠʷʚʣʝʥʥʽ ʢʦʣʽʟʽʡ ʧʽʜ ʯʘʩ ʩʠʤʫʣʷʮʽʾ ʨʫʭʫ. ʎʠʬʨʦʚʠʡ ʜʚʽʡʥʠʢ ʜʦʟʚʦʣʷʻ 

ʪʦʯʥʦ ʚʽʜʪʚʦʨʶʚʘʪʠ ʢʽʥʝʤʘʪʠʢʫ ʨʦʙʦʪʘ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʜʠʥʘʤʽʯʥʠʭ ʦʙʤʝʞʝʥʴ, 

ʟʦʢʨʝʤʘ ʧʨʠʩʢʦʨʝʥʴ ʪʘ ʽʥʝʨʮʽʡʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ. ʈʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ 

ʜʝʤʦʥʩʪʨʫʶʪʴ ʧʽʜʚʠʱʝʥʥʷ ʧʣʘʚʥʦʩʪʽ ʨʫʭʫ ʪʘ ʟʤʝʥʰʝʥʥʷ ʚʘʨʽʘʮʽʾ ʰʚʠʜʢʦʩʪʽ, ʱʦ ʻ 

ʢʨʠʪʠʯʥʦ ʚʘʞʣʠʚʠʤ ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʨʽʚʥʦʤʽʨʥʦʾ ʷʢʦʩʪʽ ʟʚʘʨʥʦʛʦ ʰʚʘ. ɺʠʢʦʨʠʩʪʘʥʥʷ 

ʚʽʨʪʫʘʣʴʥʦʾ ʤʦʜʝʣʽ ʜʘʻ ʟʤʦʛʫ ʚʠʷʚʣʷʪʠ ʧʦʤʠʣʢʠ ʧʨʦʛʨʘʤʫʚʘʥʥʷ ʥʘ ʨʘʥʥʽʭ ʝʪʘʧʘʭ ʪʘ 

ʫʩʫʚʘʪʠ ʨʠʟʠʢ ʧʦʰʢʦʜʞʝʥʥʷ ʦʙʣʘʜʥʘʥʥʷ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʮʠʬʨʦʚʠʡ ʜʚʽʡʥʠʢ; ʨʦʙʦʪʠʟʦʚʘʥʝ ʟʚʘʨʶʚʘʥʥʷ; ʦʧʪʠʤʽʟʘʮʽʷ 

ʪʨʘʻʢʪʦʨʽʾ; CAD/CAE; ʚʠʷʚʣʝʥʥʷ ʢʦʣʽʟʽʡ; ʧʨʦʤʠʩʣʦʚʠʡ ʨʦʙʦʪ; ʟʚʘʨʶʚʘʣʴʥʠʡ ʧʘʣʴʥʠʢ; 

ʮʠʢʣ. 
 

Statement of the problem and its connection with scientific and practical 

works. Robotic welding is a key element of modern mechanical engineering, 

operating under conditions of high intensity and increased requirements for the 

accuracy and stability of technological processes [1, 2, 3]. Traditional methods 

of programming welding robots by direct teaching of the manipulator require 

significant time consumption [4, 5], suspension of the production process, and 

the involvement of highly qualified personnel [6, 7, 8]. 

In this regard, the application of digital twins [9, 10] is highly relevant, 

allowing the transfer of the programming and debugging stage into a virtual 

CAD/CAE environment [11, 12, 13]. This approach ensures a reduction in 

production preparation time and increases the operational safety of welding 

equipment. 

The main purpose of the study is to evaluate the effectiveness of using 

digital twins of a robotic welding complex to optimize the trajectory of the 

torch. 

Presentation of the main material of the research. The digital twin is 

based on the creation of an accurate geometric model of the robotic welding 

complex (Figure 1), which includes a manipulator, a welding torch, ʘ platform, 

and technological equipment. The assembly of the twin and the research results 

were performed in the SOLIDWORKS environment. To analyze the motion, 

collision detection algorithms were applied, which determine the minimum 

distances between system elements during the simulation process. 

A 6-axis industrial robot Fanuc Arc Mate 120iD, specifically designed for 

arc welding, was chosen as the primary equipment for performing welding 

operations. The Abicor Binzel ABIROB W500 welding torch model was 

selected. The Austrian Fronius TPS/i series equipment was chosen as the 

welding power source for integration with Fanuc. For wire feeding, a Fronius 

WF 25i Robacta Drive mechanism is used, with the wire being fed from a 

Marathon Pac, which is also located on the platform. The Marathon Pac is a 
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high-capacity continuous wire feeding system. The platform provides linear 

movement of the industrial robot with equipment up to 3 m [14]. 

Unlike static approaches, the use of a digital twin allows taking into 

account accelerations, inertial loads, and kinematic constraints of the 

manipulator. In addition, the simulation made it possible to avoid kinematic 

singularities, where the robot loses a degree of freedom, which often occurs 

during the manual teaching of complex seams. 

Instead of a direct comparison with traditional methods, the effectiveness 

of the developed digital twin based on the Fanuc Arc Mate 120iD was evaluated 

through iterative simulation in a CAD/CAE environment. The optimization of 

the cycle time Tcycle is based on minimizing the total welding time and idle 

movements: 

 

Tcycle = × (Lweld / vweld) + × (Lidle / vidle),   (1) 

 

where Lweld is the total length of the welding seams; Lidle is the length of the idle 

trajectories; vweld and vidle are the respective movement speeds of the welding 

torch. 

By using the Tcycle minimization algorithms according to formula (1), a 

trajectory was calculated that takes into account not only the seam length Lweld 

but also the dynamic constraints of the manipulator ï acceleration and inertial 

loads. This allowed achieving high smoothness of motion, confirmed by a low 

coefficient of velocity variation (at the level of 4.8%), which is critical for 

ensuring uniform penetration depth. 

The introduction of the virtual platform model (with a stroke of up to 3 m) 

and Fronius wire feeding mechanisms allowed for a comprehensive analysis of 

the reachability zones. Collision detection algorithms automatically identified 

potential collision points of the torch with technological equipment at the 

development stage, which in real conditions guarantees a zero probability of 

damaging expensive equipment. 

Based on the simulation of complex trajectories, it was established that the 

virtual setup stage takes about 3.2 hours. This indicates the high efficiency of 

transferring programming from the physical workshop to the virtual 

environment, as it allows preparing control programs without stopping the 

production process. 

The use of the digital twin allows taking into account the kinematic 

features of the 6-axis system, ensuring the optimal orientation of the ABIROB 

W500 torch relative to the weld pool throughout the entire trajectory. 
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Fig. 1. Three-dimensional model of the welding complex 

 

The obtained data demonstrate that the application of virtual models allows 

detecting programming errors at early stages. Ignoring the simulation stage leads 

to significant risks of damaging expensive technological equipment. The main 

economic effect of the implementation is the elimination of downtime of the 

robotic complex during the development of new technological programs. 

Conclusion. The paper implements an approach to optimizing a robotic 

welding complex using digital twin technology. The integration of CAD/CAE 

systems into the production preparation process allows reducing programming 

time, eliminating collisions, and shortening the duration of the welding cycle. 

The obtained results justify the feasibility of introducing digital twins in 

modern mechanical engineering to increase the efficiency, safety, and quality of 

welded structures. 
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1.INTRODUCTION . 

We present the 2026 ranking of Hungarian researchers in the field of 

robotics. The ranking of Hungarian researchers in the field of robotics is 

primarily based on their h-index. Researchers with the same h-index were 

ranked by the number of citations. The minimum h-index for researchers 

included in the ranking is 12. The ranking was compiled using the Google 

Scholar database. Google Scholar is Googleôs academic search engine The 

ranking includes 20 researchers. We also present the Orcid ID number of the 

researchers [1-8]. 

The h-index, also known as the Hirsch index, is based on references. The 

h-index was published by physicist Jorge E. Hirsch (University of California, 

San Diego) in 2005: "A scientist has index h if h of his/her N papers have at 

least h citations each, and the other (N-h) papers have no more than h citations 

each". Thus, the h-index is the highest h number, indicating that h publications 

have at least h citations and all other scientific publications by the same author 

have, by definition, fewer than h citations [9-26]. 

Hirsch suggested that the index was originally intended to compare 

indivi-dual performance only, but that it could also be used to determine the 

hindex of: 

- research groups, 
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- journals, 

- disciplines, 

- institutions, and 

- countries. 

The original h-index does not distinguish between dependent and inde-

pendent citations, i.e. it also takes self-citations into account. 

The first chapter is the introduction, the second chapter presents the rank-

ing list of Hungarian robotics researchers 2026 and the third chapter summarizes 

the results of the research [27-50]. 

2. THE RANKING LIST OF HUNGARIAN ROBOTICS R ESEARCHERS 

2026. 

We present the 2026 ranking list of Hungarian researchers in the field of 

robotics, primarily based on the h-index of the researchers. The ranking was 

compiled using the Google Scholar database. Researchers with the same h-index 

were ranked by the number of citations.  

The minimum h-index for researcher 20 on the ranking is 12. Here is the 

ranking list: 

1. Gyula Mester Orcid ID: 0000-0001-7796-2820 

 

2. Imre J. Rudas Orcid ID: 0000-0002-2067-8578 

 

3. Tam§s Haidegger Orcid ID: 0000-0003-1402-1139 

 

4. Annam§ria R. V§rkonyi-K·czy Orcid ID: 0000-0002-6932-8608  

 

5. P®ter P§sztor Orcid ID: 0000-0002-8683-6639 

https://orcid.org/0000-0002-6932-8608
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6. Zolt§n-Csaba M§rton Orcid ID: 0000-0002-3035-493X 

 

7. P®ter Korondi Orcid ID: 0000-0002-0016-0384 

 

8. J·zsef K. Tar Orcid ID: 0000-0002-5476-401X 

 

9. P®ter Galambos Orcid ID: 0000-0002-2319-0551 

 

10.  J§nos Botzheim Orcid ID: 0000-0002-7838-6148 

 

11.  B®la Lantos Orcid ID: - 

 

12.  Gyºrgy Eigner Orcid ID: 0000-0001-8038-2210 
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13.  P®ter Odry Orcid ID: 0000-0003-2395-5259 

 

14.  G§bor Sziebig Orcid ID: 0000-0002-3236-8999 

 
15.  Szilveszter Pletl Orcid ID: 0000-0002-8721-6271 

 
16.  P®ter Tam§s Szemes Orcid ID: 0000-0003-0911-1260 

 

17.  LŖrinc M§rton Orcid ID: 0000-0003-1070-2877 

 

18.  Istv§n Harmati Orcid ID: 0000-0001-6665-4582 

 

19. P®ter Sarcevic Orcid ID: 0000-0003-4050-8231  

 

20.  L§szl· L. Kov§cs Orcid ID: 0000-0003-0571-1242 
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3.CONCLUSIONS. 

This scientific paper presents the 2026 ranking of Hungarian researchers 

in the field of robotics. The ranking of researchers in the field of robotics is 

primarily based on their h-index. Researchers with the same h-index were 

ranked by the number of citations. The 20 researchers included in the ranking 

have a minimum h-index of 12. The ranking is compiled using the Google 

Scholar web database. We also present the Orcid ID number of the researchers. 
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INTEGRATION OF AI AND CO LLABORATIVE ROBOTS FOR CYCLE 

TIME OPTIMIZATION IN CNC PRODUCTION  

 

Abstract: This paper presents an experimental study on the integration of 

collaborative robots and artificial intelligence (AI) in CNC production systems. The research 

focuses on optimizing cycle time, reducing downtime, and improving overall equipment 

effectiveness (OEE). A UR5 collaborative robot was implemented for machine tending 

operations, while AI algorithms were used for adaptive optimization. The proposed system 

enables real-time data acquisition and intelligent decision-making, allowing dynamic 

adjustment of process parameters based on production conditions. In addition, the integration 

enhances humanïrobot collaboration by minimizing manual intervention and reducing the 

risk of operational errors. The results show a 17% reduction in cycle time, an increase in 

OEE from 64.6% to 85.6%, and a downtime reduction of up to 50%. Furthermore, the system 

demonstrates improved process stability and consistency in production quality. The payback 

period is approximately 1.2 years. These findings confirm the effectiveness of AI-driven 

collaborative robotics in Industry 4.0 systems and highlight their potential for wider 

industrial adoption. 

Keywords: Industry 4.0; Collaborative robots; Artificial intelligence; CNC; Cycle 

time optimization. 

 

ɸʥʦʪʘʮʽʷ: ʋ ʮʽʡ ʩʪʘʪʪʽ ʧʨʝʜʩʪʘʚʣʝʥʦ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʝ ʜʦʩʣʽʜʞʝʥʥʷ 

ʽʥʪʝʛʨʘʮʽʾ ʢʦʣʘʙʦʨʘʪʠʚʥʠʭ ʨʦʙʦʪʽʚ ʪʘ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ (ʐɯ) ʫ ʚʠʨʦʙʥʠʯʽ ʩʠʩʪʝʤʠ 

ʟ ʏʇʂ. ɼʦʩʣʽʜʞʝʥʥʷ ʟʦʩʝʨʝʜʞʝʥʦ ʥʘ ʦʧʪʠʤʽʟʘʮʽʾ ʯʘʩʫ ʮʠʢʣʫ, ʩʢʦʨʦʯʝʥʥʽ ʧʨʦʩʪʦʾʚ ʪʘ 

ʧʽʜʚʠʱʝʥʥʽ ʟʘʛʘʣʴʥʦʾ ʝʬʝʢʪʠʚʥʦʩʪʽ ʦʙʣʘʜʥʘʥʥʷ (OEE). ɼʣʷ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʚʝʨʩʪʘʪʽʚ 

ʙʫʣʦ ʚʧʨʦʚʘʜʞʝʥʦ ʢʦʣʘʙʦʨʘʪʠʚʥʦʛʦ ʨʦʙʦʪʘ UR5, ʘ ʜʣʷ ʘʜʘʧʪʠʚʥʦʾ ʦʧʪʠʤʽʟʘʮʽʾ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠʩʷ ʘʣʛʦʨʠʪʤʠ ʐɯ. ɿʘʧʨʦʧʦʥʦʚʘʥʘ ʩʠʩʪʝʤʘ ʜʦʟʚʦʣʷʻ ʟʙʠʨʘʪʠ ʜʘʥʽ ʚ 

ʨʝʞʠʤʽ ʨʝʘʣʴʥʦʛʦ ʯʘʩʫ ʪʘ ʧʨʠʡʤʘʪʠ ʽʥʪʝʣʝʢʪʫʘʣʴʥʽ ʨʽʰʝʥʥʷ, ʱʦ ʜʦʟʚʦʣʷʻ ʜʠʥʘʤʽʯʥʦ 

ʨʝʛʫʣʶʚʘʪʠ ʧʘʨʘʤʝʪʨʠ ʧʨʦʮʝʩʫ ʟʘʣʝʞʥʦ ʚʽʜ ʚʠʨʦʙʥʠʯʠʭ ʫʤʦʚ. ʂʨʽʤ ʪʦʛʦ, ʽʥʪʝʛʨʘʮʽʷ 

ʧʦʢʨʘʱʫʻ ʩʧʽʚʧʨʘʮʶ ʣʶʜʠʥʠ ʪʘ ʨʦʙʦʪʘ, ʤʽʥʽʤʽʟʫʶʯʠ ʨʫʯʥʝ ʚʪʨʫʯʘʥʥʷ ʪʘ ʟʤʝʥʰʫʶʯʠ 

ʨʠʟʠʢ ʦʧʝʨʘʮʽʡʥʠʭ ʧʦʤʠʣʦʢ. ʈʝʟʫʣʴʪʘʪʠ ʧʦʢʘʟʫʶʪʴ ʩʢʦʨʦʯʝʥʥʷ ʯʘʩʫ ʮʠʢʣʫ ʥʘ 17%, 

ʟʙʽʣʴʰʝʥʥʷ OEE ʟ 64,6% ʜʦ 85,6% ʪʘ ʩʢʦʨʦʯʝʥʥʷ ʯʘʩʫ ʧʨʦʩʪʦʶ ʜʦ 50%. ʂʨʽʤ ʪʦʛʦ, 

ʩʠʩʪʝʤʘ ʜʝʤʦʥʩʪʨʫʻ ʧʦʢʨʘʱʝʥʫ ʩʪʘʙʽʣʴʥʽʩʪʴ ʧʨʦʮʝʩʫ ʪʘ ʩʪʘʙʽʣʴʥʽʩʪʴ ʷʢʦʩʪʽ 

ʚʠʨʦʙʥʠʮʪʚʘ. ʊʝʨʤʽʥ ʦʢʫʧʥʦʩʪʽ ʩʪʘʥʦʚʠʪʴ ʧʨʠʙʣʠʟʥʦ 1,2 ʨʦʢʠ. ʎʽ ʨʝʟʫʣʴʪʘʪʠ 

ʧʽʜʪʚʝʨʜʞʫʶʪʴ ʝʬʝʢʪʠʚʥʽʩʪʴ ʢʦʣʘʙʦʨʘʪʠʚʥʠʭ ʨʦʙʦʪʽʚ ʥʘ ʦʩʥʦʚʽ ʐɯ ʚ ʩʠʩʪʝʤʘʭ 

ɯʥʜʫʩʪʨʽʾ 4.0 ʪʘ ʧʽʜʢʨʝʩʣʶʶʪʴ ʾʭ ʧʦʪʝʥʮʽʘʣ ʜʣʷ ʰʠʨʰʦʛʦ ʧʨʦʤʠʩʣʦʚʦʛʦ ʚʧʨʦʚʘʜʞʝʥʥʷ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ɯʥʜʫʩʪʨʽʷ 4.0; ʂʦʣʘʙʦʨʘʪʠʚʥʽ ʨʦʙʦʪʠ; ʐʪʫʯʥʠʡ ʽʥʪʝʣʝʢʪ; 

ʏʇʂ; ʆʧʪʠʤʽʟʘʮʽʷ ʯʘʩʫ ʮʠʢʣʫ. 

 

1. INTRODUCTION  

The concept of Industry 4.0 represents a transformation of modern 

manufacturing through the integration of cyber-physical systems, artificial 

intelligence (AI), the Industrial Internet of Things (IIoT), and advanced robotics 
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into intelligent and interconnected production environments [1,2]. Unlike 

traditional automation, which is based on fixed and pre-programmed operations, 

Industry 4.0 enables adaptive, data-driven, and autonomous decision-making 

processes. This approach allows real-time monitoring, predictive analysis, and 

continuous optimization of production systems, leading to improved efficiency, 

flexibility, and product quality. Collaborative robots (cobots) have become a key 

component of this transformation due to their ability to safely interact with 

human operators in shared workspaces [3]. Their flexibility, ease of 

programming, and cost-effectiveness make them particularly suitable for CNC 

production systems, where they are widely used for machine tending, material 

handling, and repetitive auxiliary tasks. By reducing manual workload and 

improving operational consistency, cobots contribute to increased productivity 

and safer working conditions. 

However, the full potential of collaborative robots cannot be achieved 

without intelligent optimization. In many industrial applications, cobots operate 

based on predefined programs, which limits their ability to respond to dynamic 

changes such as variations in machining time, tool wear, or unexpected machine 

interruptions. As a result, system performance may be suboptimal, especially in 

complex and variable production environments. Artificial intelligence offers a 

solution by enabling adaptive and data-driven control of manufacturing 

processes. AI techniques, including machine learning and predictive analytics, 

can analyze production data in real time, identify patterns, and optimize process 

parameters [4,5]. When integrated with collaborative robots, AI allows dynamic 

adjustment of robot operations, synchronization with CNC machines, and 

reduction of idle time. Additionally, AI supports predictive maintenance 

strategies, helping to detect anomalies and prevent unexpected downtime. Cycle 

time represents one of the most critical performance indicators in CNC 

production, directly affecting productivity and cost efficiency. Its optimization 

requires the coordination of multiple factors, including machining operations, 

robot motion, and system responsiveness. In parallel, overall equipment 

effectiveness (OEE), which combines availability, performance, and quality 

metrics, provides a comprehensive measure of system performance and is 

widely used for evaluating manufacturing efficiency. Despite significant 

research on robotics and AI, there is still a lack of experimental validation of 

their integrated application in real industrial CNC environments. Many studies 

are based on simulations or controlled laboratory conditions, which do not fully 

reflect the complexity of actual production systems. Consequently, there is a 

need for empirical studies that quantify the impact of AI-driven collaborative 

robotics on key performance indicators such as cycle time, downtime, and OEE. 

This study addresses this gap by presenting an experimental investigation of a 

collaborative robot integrated with AI-based optimization in a real CNC 

production system. A UR5 cobot is used for machine tending operations, while 

AI algorithms enable adaptive process control and performance improvement. 

The research provides practical insights into the implementation of intelligent 
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automation and its measurable benefits in terms of efficiency, reliability, and 

economic performance.  

The remainder of the paper is organized as follows: Chapter 2 presents the 

theoretical background, Chapter 3 describes the methodology and experimental 

setup, Chapter 4 discusses the results, and Chapter 5 concludes the study. 

2. IMPLEMENTATION OF  SECOND-GENERATION I NDUSTRIAL 

ROBOTS ï COLLABORATI VE ROBOTS 

First-generation industrial robots were primarily developed to perform 

repetitive tasks within closed and strictly controlled work cells. In contrast, the 

modern generation of robots, known as collaborative robots (cobots), brings a 

fundamental change in the way humans and robots interact in industrial 

environments. The traditional use of robots was mostly limited to automated 

production lines, especially in the automotive industry, where robots operated 

behind protective fences and were physically separated from operators for safety 

reasons. The development of sensor technologies, advanced software solutions, 

and environment perception algorithms in the early 2000s represented a key 

turning point in robotics. In this context, the concept of Industry 4.0, based on 

digitalization, connectivity, and autonomous system management, enabled the 

development of robots that do not replace humans but actively collaborate with 

them ï collaborative robots [6]. This approach opens up the possibility of 

establishing flexible production systems in which humans and robots share the 

same workspace, combining human cognitive capabilities with robotic precision 

and repeatability [7]. Collaborative robots are the result of the integration of 

multiple technological fields, including advanced sensors and vision systems, 

artificial intelligence and machine learning, safety mechanisms, as well as 

intuitive programming methods.  

Thanks to these technologies, cobots are capable of detecting the presence 

and movements of operators, adapting their behavior in real time, and 

automatically stopping operation in the event of potential contact. This enables 

safe operation without the need for physical barriers, representing a significant 

advancement compared to conventional industrial robots. Unlike traditional 

systems that require programming by specialized personnel, collaborative robots 

can often be programmed through demonstration (teach-by-demonstration), 

where the operator directly demonstrates the desired movements or work 

sequences. According to autors [8] cobots are equipped with force and torque 

sensors, collision detection systems, and adaptive control strategies that enable 

safe operation in close proximity to humans. Compared to conventional robotic 

solutions, collaborative robots offer numerous advantages that make them 

particularly attractive for small and medium-sized enterprises. Key advantages 

include increased operational safety, fast and simple workspace reconfiguration, 

lower initial implementation costs, greater flexibility in handling production 

changes, as well as overall productivity improvement. Due to these 

characteristics, cobots are particularly suitable for application in production 

systems involving CNC machine tools, where frequent changes in workpieces 
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and technological parameters occur. Today, collaborative robots are applied 

across a wide range of industrial sectors, including assembly, packaging, quality 

control, welding, laboratory processes, as well as the food and pharmaceutical 

industries. Leading manufacturers such as Universal Robots, ABB, FANUC, 

KUKA, and Techman Robot dominate the global cobot market, offering 

solutions tailored to the requirements of modern flexible manufacturing. 

 The growth trend of their application is shown in Fig. 1 [9ï12]. 

 

               

Figure 1. Growth in the application of collaborative robots in the period 2017ï

2024 with an illustration of their share in total implementation in 2024 

 

The trend shown in Fig. 1 clearly indicates a continuous and significant 

increase in the application of collaborative robots in the period from 2017 to 

2024. The annual number of installed units increased from approximately 11 

thousand to about 62 thousand, which confirms the increasingly intensive 

integration of cobots into modern production systems. Although a slight decline 

was recorded in 2023 to approximately 57 thousand units, the overall trend 

remains steadily upward and positive in the long term. The analysis of the right 

part of Fig. 1 shows that collaborative robots accounted for approximately 11% 

of the total annual implementation in 2024 compared to conventional industrial 

robots. Such development is closely related to the advancement of key Industry 

4.0 technologies, including the Internet of Things (IoT), cloud computing, 

artificial intelligence, and digital twins, which enable more efficient integration 

and greater operational flexibility of collaborative systems within smart 

factories. In such production environments, collaborative robots do not replace 

human labor but complement it, thereby achieving a higher level of efficiency, 

safety, and adaptability of production processes. Of particular importance is the 

fact that an increasing number of small and medium-sized enterprises are 

adopting cobots, primarily due to their affordability, ease of implementation, 

and relatively fast return on investment. These systems enable flexible 

automation of small- and medium-batch production, while simultaneously 

reducing costs and shortening installation time.Empirical studies further confirm 

that the application of collaborative robots can lead to a significant reduction in 

handling time, as well as an increase in the stability and reliability of processes 

within production cells [13]. 
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3. METHODOLOGY  

The research methodology is based on an experimental case study 

conducted in a real CNC production environment. The collaborative robot UR5 

was integrated into the system for performing machine tending operations, 

including the loading and unloading of workpieces. The system architecture 

includes CNC machine tools, a robotic system, and a data analysis platform 

supported by artificial intelligence algorithms. Data were collected through 

industrial communication protocols and analyzed in real time [14]. Key 

performance indicators included cycle time, OEE, downtime, and economic 

metrics such as return on investment. Artificial intelligence algorithms were 

applied to optimize operation scheduling and minimize non-productive time. 

The methodology includes a comparative analysis between manual and robotic 

work, enabling a quantitative assessment of system improvements. The 

collaborative robot (UR5 ï Universal Robots) is equipped with advanced force 

sensors and safety algorithms that enable interaction with the operator in a 

shared workspace, which is in line with modern approaches to HRC systems 

[15]. Its implementation aimed to reduce handling time during the placement 

and removal of products from the CNC machine, to increase the repeatability of 

operations, and to reduce process variability caused by the human factor. 

Fig. 2 shows a collaborative robot integrated with a CNC machine for 

loading and unloading operations of workpieces. The robot can simultaneously 

cooperate with multiple CNC machines, enabling a continuous production flow 

and reduction of downtime. This configuration highlights the application of 

collaborative robotics in smart manufacturing systems, with increased flexibility 

and productivity, as well as safe humanïrobot interaction without protective 

fences. The integration of CNC machines, cobots, and the information platform 

is based on the principles of Industry 4.0, where all elements are considered as 

part of a unified digital system [16]. This enables optimization at the level of the 

entire production process through the integration of hardware and software 

components, including MES systems and AI algorithms. The system enables 

continuous data collection and analysis, as well as autonomous decision-making 

and process adaptation in real time. 

 

 
 

Figure 2. Collaborative robot UR5 during the execution of loading and 

unloading operations of workpieces on a CNC machine tool in a digitalized 

production environment 
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Data collected from CNC machines, the collaborative robot, and sensors 

are processed in the analytical module, where machine learning algorithms are 

applied to optimize cycle time and operation scheduling [17]. The study utilized 

models for predictive analysis of operation duration, anomaly detection, and 

adaptive control of task sequences. The integration of AI enables dynamic 

adjustment of operating parameters, thereby reducing process variability and 

increasing production stability. The block diagram in Fig. 3 illustrates the 

central role of artificial intelligence in optimization through predictive analytics 

and continuous system performance improvement. Particular emphasis is placed 

on the connectivity between CNC machines and the collaborative robot, which 

enables flexible automation, higher efficiency, and reduced downtime. The 

system also supports remote monitoring, diagnostics, and data-driven decision-

making, thereby increasing production reliability. Experimental validation was 

performed by comparing performance before and after implementation, 

including cycle time, OEE, and downtime, enabling a quantitative assessment of 

the technical and economic effects of integration. 

 

 
Figure 3. Architecture of a smart manufacturing system integrating CNC 

machines, collaborative robots, and AI analytics within the Industry 4.0 

environment 

3. RESULTS 

The experimental results demonstrate significant improvements in 

production performance following the implementation of the collaborative robot 

and AI-based optimization in the CNC system. The integration of these 

technologies enabled a more efficient, stable, and adaptive production process, 

directly impacting key performance indicators such as cycle time, overall 

equipment effectiveness (OEE), and downtime. As shown in Table 1, cycle time 

was reduced from 70 seconds in manual operation to 58 seconds under robotic 

operation, representing a decrease of approximately 17%. This reduction is 

primarily attributed to faster and more consistent part handling, elimination of 

operator-related delays, and improved synchronization between the CNC 

machine and the robotic system. In addition, the robotic system ensures 

repeatability of operations, which minimizes variability and contributes to 

overall process stability. 
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Table 1. Cycle Time Comparison 

Parameter Manual Collaborative Robot 

Cycle Time (s) 70 58 

Reduction ï 17% 

A significant improvement is also observed in overall equipment 

effectiveness, as presented in Table 2. The OEE increased from 64.6% to 85.6%, 

reflecting a substantial enhancement of 21 percentage points. This improvement 

is the result of combined gains in availability, performance, and quality. 

Reduced downtime and fewer interruptions increased machine availability, 

while optimized task execution improved performance efficiency. At the same 

time, consistent handling and reduced human error contributed to maintaining 

stable product quality. 

                                     Table 2. OEE Comparison 

Metric Manual Robot 

OEE (%) 64.6 85.6 

Improvement ï +21% 

 

Downtime analysis further confirms the benefits of the implemented 

system, with reductions ranging from 30% to 50%. This improvement is largely 

due to the application of AI algorithms, which enable adaptive optimization of 

process parameters and early detection of potential inefficiencies. By 

continuously analyzing production data, the system can adjust operational 

parameters in real time, reducing idle periods and preventing unnecessary 

stoppages. The economic impact of the proposed system is summarized in Table 

3. The total investment of ú35,000 is offset by annual savings of ú28,800, 

resulting in a return on investment (ROI) of approximately 1.2 years. The 

estimated payback period of 12ï15 months confirms the economic feasibility 

and attractiveness of implementing collaborative robotics combined with AI 

optimization, particularly for small and medium-sized enterprises. These results 

demonstrate that, beyond technical improvements, the system also provides 

measurable financial benefits. 

                                     Table 3. Economic Analysis 

Parameter Value 

Investment ú35,000 

Annual savings ú28,800 

ROI 1.2 years 

Payback 12ï15 months 

Overall, the presented results confirm that the integration of collaborative 

robots and AI significantly enhances production efficiency, reduces operational 

variability, and improves economic performance. The findings are consistent 
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with recent studies highlighting the advantages of intelligent automation in 

Industry 4.0 environments [18-22]. 

4. DISCUSSION 

The results of this research clearly confirm that the integration of collaborative 

robots and artificial intelligence algorithms significantly improves the 

performance of CNC production systems. The reduction of cycle time by 17% 

indicates a direct impact of automated machine tending and optimization of 

operation sequences, thereby eliminating non-productive time intervals 

characteristic of manual work. At the same time, the increase in OEE from 

64.6% to 85.6% represents a significant improvement in overall system 

efficiency, as it encompasses enhancements in availability, performance, and 

production quality. It is particularly important to emphasize the role of artificial 

intelligence in reducing process variability. AI algorithms enable continuous 

monitoring and adaptive adjustment of operating parameters, resulting in a more 

stable and predictable production process. This is consistent with contemporary 

research highlighting the importance of predictive analytics and smart systems 

within Industry 4.0 [23ï25]. The integration of robots and AI brings not only 

increased speed but also improved process control, which is crucial for high-

precision manufacturing. The reduction of downtime by 30ï50% further 

confirms the effectiveness of the implemented system. This result can be 

associated with the ability to detect anomalies in a timely manner and optimize 

operation scheduling. This minimizes waiting time between operations and 

increases the utilization of CNC machines. Additionally, collaborative robots 

enable safe operation in a shared workspace with operators, contributing to 

improved ergonomics and reduced human error. The economic analysis shows 

that the system is particularly suitable for small and medium-sized enterprises, 

given the relatively short return on investment period (1.2 years). These results 

confirm that intelligent automation is not only technologically advanced but also 

economically justified. However, certain limitations of the research include a 

focus on a single type of CNC system and a limited number of experimental 

scenarios. Future research should include more complex production 

configurations and a higher level of integration with digital twins and advanced 

AI models. 

5. CONCLUSION 

This research has shown that the integration of collaborative robots and artificial 

intelligence represents an effective approach to improving CNC production 

systems within Industry 4.0. Experimental results confirm a significant 

reduction in cycle time, an increase in overall equipment efficiency (OEE), and 

a reduction in downtime, which directly contributes to increased productivity 

and production reliability. The application of a collaborative robot in machine 

tending operations enabled greater repeatability and process stability, while 

reducing the influence of the human factor. At the same time, the 

implementation of AI algorithms enabled adaptive process control and real-time 
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decision-making, achieving a higher level of autonomy of the production 

system. Such an approach represents a key step toward the development of 

smart factories and digitally connected production systems. In addition to 

technical improvements, the results also demonstrated significant economic 

benefits, including a short return on investment period and reduced operational 

costs. This confirms that the application of collaborative robotics and artificial 

intelligence is justified not only from a technological but also from an economic 

perspective, especially for small and medium-sized enterprises. Although the 

results are very encouraging, there is room for further system development and 

improvement. Future research should focus on the application of more advanced 

AI methods, such as deep learning and reinforcement learning approaches, as 

well as on the integration of multiple CNC machines and more complex 

production lines. Furthermore, the development of digital twins and advanced 

simulation models can further enhance optimization and predictive management 

of production processes. In conclusion, the integration of AI and collaborative 

robots represents a key element of future industrial production, enabling 

flexible, efficient, and intelligent manufacturing systems that are aligned with 

the requirements of the modern market. 
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road network. Traffic is an unintended result of transport. Traffic exists only if there are 

transport units that range in a common network.If to engage in the history of the development 

of transport on inland waters, we can establish a good degree of certainty that this is one of 

the oldest forms of transport in general, if not the oldest. The traffic is very old because the 

rivers and lakes were the first affordable communications to which the primitive man could 

with modest technical resources and limited cognitive able to perform movements and 

perform some form of transport. 

Key words: traffic, transport, tariff principles, sustainable development. 

 

ɸʥʦʪʘʮʽʷ: ɺʦʜʥʠʡ ʪʨʘʥʩʧʦʨʪ, ʟʦʢʨʝʤʘ ʚʥʫʪʨʽʰʥʽʡ ʚʦʜʥʠʡ ʪʨʘʥʩʧʦʨʪ (ɺɺʊ), ʻ 

ʢʣʶʯʦʚʠʤ ʝʣʝʤʝʥʪʦʤ ʩʪʘʣʦʛʦ ʨʦʟʚʠʪʢʫ ʟʘʚʜʷʢʠ ʚʠʩʦʢʽʡ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʦʩʪʽ, ʚʝʣʠʢʽʡ 

ʚʘʥʪʘʞʦʧʽʜʡʦʤʥʦʩʪʽ ʪʘ ʤʝʥʰʦʤʫ ʚʧʣʠʚʫ ʥʘ ʥʘʚʢʦʣʠʰʥʻ ʩʝʨʝʜʦʚʠʱʝ ʧʦʨʽʚʥʷʥʦ ʟ 

ʘʚʪʦʤʦʙʽʣʴʥʠʤ ʪʘ ʟʘʣʽʟʥʠʯʥʠʤ ʪʨʘʥʩʧʦʨʪʦʤ. ɯʥʪʝʛʨʘʮʽʷ ʚʦʜʥʦʛʦ ʪʨʘʥʩʧʦʨʪʫ ʚ ʰʠʨʰʽ 

ʩʠʩʪʝʤʠ ʤʦʙʽʣʴʥʦʩʪʽ ʧʽʜʪʨʠʤʫʻ ʱʦʥʘʡʤʝʥʰʝ ʩʽʤ ʎʽʣʝʡ ʩʪʘʣʦʛʦ ʨʦʟʚʠʪʢʫ ʆʨʛʘʥʽʟʘʮʽʾ 

ʆʙ'ʻʜʥʘʥʠʭ ʅʘʮʽʡ (ʎʉʈ), ʚʢʣʶʯʘʶʯʠ ʮʽʣʽ ʱʦʜʦ ʙʦʨʦʪʴʙʠ ʟʽ ʟʤʽʥʦʶ ʢʣʽʤʘʪʫ, ʩʪʘʣʦʛʦ 

ʨʦʟʚʠʪʢʫ ʤʽʩʪ ʪʘ ʽʥʥʦʚʘʮʽʡ ʚ ʽʥʬʨʘʩʪʨʫʢʪʫʨʽ. ʈʫʭ ʪʨʘʥʩʧʦʨʪʫ ï ʮʝ ʦʨʛʘʥʽʟʦʚʘʥʝ 

ʧʝʨʝʤʽʱʝʥʥʷ ʪʨʘʥʩʧʦʨʪʥʠʭ ʦʜʠʥʠʮʴ ʧʦ ʜʦʨʦʞʥʽʡ ʤʝʨʝʞʽ. ʈʫʭ ʪʨʘʥʩʧʦʨʪʫ ʻ 

ʥʝʧʝʨʝʜʙʘʯʫʚʘʥʠʤ ʨʝʟʫʣʴʪʘʪʦʤ ʪʨʘʥʩʧʦʨʪʫ. ʈʫʭ ʪʨʘʥʩʧʦʨʪʫ ʽʩʥʫʻ ʣʠʰʝ ʟʘ ʥʘʷʚʥʦʩʪʽ 

ʪʨʘʥʩʧʦʨʪʥʠʭ ʦʜʠʥʠʮʴ, ʱʦ ʨʦʟʪʘʰʦʚʘʥʽ ʚ ʩʧʽʣʴʥʽʡ ʤʝʨʝʞʽ. ʗʢʱʦ ʟʘʛʣʠʙʠʪʠʩʷ ʚ 

ʽʩʪʦʨʽʶ ʨʦʟʚʠʪʢʫ ʪʨʘʥʩʧʦʨʪʫ ʥʘ ʚʥʫʪʨʽʰʥʽʭ ʚʦʜʘʭ, ʤʦʞʥʘ ʟ ʚʝʣʠʢʦʶ ʩʪʫʧʝʥʝʤ 

ʚʧʝʚʥʝʥʦʩʪʽ ʚʩʪʘʥʦʚʠʪʠ, ʱʦ ʮʝ ʦʜʠʥ ʟ ʥʘʡʜʘʚʥʽʰʠʭ ʚʠʜʽʚ ʪʨʘʥʩʧʦʨʪʫ ʚʟʘʛʘʣʽ, ʷʢʱʦ ʥʝ 

ʥʘʡʜʘʚʥʽʰʠʡ. ʈʫʭ ʪʨʘʥʩʧʦʨʪʫ ʜʫʞʝ ʜʘʚʥʽʡ, ʦʩʢʽʣʴʢʠ ʨʽʯʢʠ ʪʘ ʦʟʝʨʘ ʙʫʣʠ ʧʝʨʰʠʤʠ 

ʜʦʩʪʫʧʥʠʤʠ ʢʦʤʫʥʽʢʘʮʽʷʤʠ, ʟʘ ʜʦʧʦʤʦʛʦʶ ʷʢʠʭ ʧʝʨʚʽʩʥʘ ʣʶʜʠʥʘ ʤʦʛʣʘ ʟʽ ʩʢʨʦʤʥʠʤʠ 

ʪʝʭʥʽʯʥʠʤʠ ʨʝʩʫʨʩʘʤʠ ʪʘ ʦʙʤʝʞʝʥʠʤʠ ʢʦʛʥʽʪʠʚʥʠʤʠ ʟʜʽʙʥʦʩʪʷʤʠ ʟʜʽʡʩʥʶʚʘʪʠ 

ʧʝʨʝʤʽʱʝʥʥʷ ʪʘ ʟʜʽʡʩʥʶʚʘʪʠ ʧʝʚʥʠʡ ʚʠʜ ʪʨʘʥʩʧʦʨʪʫ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʜʦʨʦʞʥʽʡ ʨʫʭ, ʪʨʘʥʩʧʦʨʪ, ʪʘʨʠʬʥʽ ʧʨʠʥʮʠʧʠ, ʩʪʘʣʠʡ ʨʦʟʚʠʪʦʢ. 
 

1. INTRODUCTION  

Water traffic includes traffic that takes place on water surfaces (sea, lakes, 

rivers, canals). However, maritime traffic is by far the most important within 

water transport. In terms of volume of cargo and labor productivity, maritime 

traffic exceeds all other types of traffic. The cost of transporting cargo by sea is 

the lowest of all types of traffic. Labor productivity in sea transport is 5-6 times 

higher than in rail and river transport, and the price is almost 2 times lower. 

Water traffic includes all traffic that takes place on water surfaces (sea, lakes, 

rivers, canals). However, maritime traffic is by far the most important within 

water traffic. Prehistoric man got the idea of using a waterway for movement by 

observing what kind of tree or branch the water was carrying and on which was 

a bird or some other animal. 

In the further improvement of this invention, man began to use his own 

hands for rowing and steering, to deepen the tree and thus lower the center of 

gravity and increase the stability of the original floating objects, to connect 

several trees into a raft, etc. From rowing with his hands, he switches to rowing 

with a branch, which he adjusts more and more and gets an oar. By gradually 

increasing the size of the boat, a ship with oars was developed, which dominated 

water traffic for many centuries, with an increase in the number of oars and 

oarsmen. 
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It can be stated that the history of maritime traffic is very long, from the 

Phoenicians, through the ancient Greeks and Romans, all the way to the Middle 

Ages and the Great Geographical Discoveries. However, events from the 

beginning of the 19th century are of great importance for today's maritime 

traffic. 

Established the first regular maritime lines around the world, especially 

between Europe and North America (traffic on them was maintained by fast 

sailing ships - clippers, whose development culminated in the period 1840-

1870); the invention of the first mechanically propelled ship (Clermont), 

constructed in 1807 by Robert Fulton ("Clermont" maintained regular traffic on 

the Hudson River, USA); the first steamship trip across the Atlantic - the 

steamship Savannah was the first to cross the Atlantic in 1819 (New York - 

Liverpool) in 29 days; the first regular transatlantic passenger line was 

introduced in 1838; at the end of the 19th century, the Baltic Sea began to use 

the first ferries for the transport of railway compositions; significant 

improvements to steamships were: the introduction of propellers (1840) and 

steel reinforcement (1860). 

2. TARIFF PRINCIPLES  IN TRAFFIC  

During the application of tariffs, tariff principles were also created. The 

basic tariff principles are the following: the principle of publicity, the principle 

of equality, the principle of durability and the principle of clarity. 

a) The principle of publicity - in general, tariffs must be published in 

the usual way and must be accessible to everyone. This is usually implied in 

railway tariffs, although not in all countries, e.g. in England, while tariffs in 

some other industries are less often published, such as in maritime traffic. In 

our country, tariffs must generally be published, especially in rail traffic. 

Various changes in tariffs, such as toll and fee increases, as well as changes 

and additions that make the conditions more difficult for the user, can be 

applied only after the 8-day period has expired. 

b) The principle of equality - when all conditions for the application of 

tariffs are met, they must be applied to everyone equally. Discrimination of 

some users compared to others is not allowed, nor is the execution of 

transportation if the stipulated tariff conditions are met. 

c) The principle of permanence - tariffs cannot and must not be 

changed often. Because they also serve for the calculation of future services 

that are included in the calculations of costs and prices of various goods, and 

not only for the calculation of services that are performed or that have been 

performed. So, tariffs must be prescribed in the long term. That term can be 

indefinite or definite. The largest number of tariffs are issued for an indefinite 

period of time. Various tariff changes, i.e. new tariffs, may come into force 

only after a certain period of time after their publication. This deadline is 

generally different in different countries. 
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Figure 1.Types of traffic according to the place where it takes place 

 

4. TARIFFS IN MARITIME T RANSPORT 

In maritime freight transport, transport tariffs exist only in liner shipping, 

while in free (including tanker) shipping, there are no permanent tariffs, but the 

price of transport is negotiated in a transport contract for each individual case. 

The price of free transportation is adjusted according to the supply and demand 

of ship space on the basis of free competition. 

The specificity of maritime transport imposed the creation of a world 

maritime market, which was formed in London. Practically, the supply and 

demand of shipping tonnage from all over the world flows into the London 

maritime exchange. Due to the inevitable fluctuations in supply and demand, 

which are affected by various factors (political or economic situation, recession, 

etc.), transportation prices also change, there is less or more employment of 

ships, and ultimately crisis situations and competition in shipping. 

Recently, free competition has been significantly restricted by various 

protectionist measures of individual countries or groups of countries, which try 

to transport as much cargo as possible with their own ships. By the way, in 

maritime tariffs, transport prices can be determined in several ways, namely: 

a) according to the weight (W=Weight) of the cargo, which comes into 

consideration in the so-called "heavy" goods (over 1 ton per 1 m3). Freight 

rates for such goods are determined either for l metric ton, or for l small ton 

(short ton) or for l large ton (long ton); 

b) according to the volume (M=Measurement) of the cargo, which 

comes into consideration in the so-called "light" goods (below 1 ton per 1 

m3). Freight rates for such goods are determined per l m3 when applying the 

metric system, and per 40 ft3 (cft) of volume when applying the English 
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system. For general cargo, liner shipping companies usually offer freight rates 

under the W/M clause, e.g. $10 W/M, which means that the shipper has the 

right to choose, i.e. to choose for a specific cargo to charge the freight 

according to the weight or according to the volume, i.e. whichever is more 

favorable to him. 

 

 
Figure 4. Maritime transport as the most profitable form 

 

5. PROCEDURE FOR CUSTOMS CLEARANCE OF GO ODS IN 

PASSENGER TRAFFIC 

On the website of the Administration for Indirect Taxation of Bosnia and 

Herzegovina, we found the procedure for customs clearance of goods in 

passenger traffic. In the next part, the procedure will be presented. All goods 

brought into the customs territory of Bosnia and Herzegovina are subject to 

customs supervision and inspection measures from the moment of their entry 

into the customs territory, regardless of whether they are goods subject to the 

obligation to pay customs duties or not. This means that Bosnia and 

Herzegovina and foreign citizens are obliged to declare to the customs officer 

the goods they carry with them when crossing the customs border. In passenger 

traffic, a simplified way of declaring goods is applied, with the fact that the 

customs officer determines whether the goods that have been declared are 

actually imported, whether the import of goods is subject to the calculation and 

payment of import duties and, depending on this, determines further handling of 

the goods. 

If the goods brought by the traveler for private purposes are not exempted 

from the payment of import duties, it is possible to calculate and collect import 

duties in a shortened procedure at the border crossing, except for goods that are 

subject to mandatory annual registration, under the following conditions: 

a) that the passenger carries the goods with him, 

b) that the value of the goods does not exceed the amount of 1,500 KM, 

c) that the goods are cleared at a single customs rate. 

The rules on the single customs rate are an integral part of the customs 

tariff for the year 2013 and read, we quote: "The single customs rate of 10% ad 

valorem is applied to goods that are in shipments sent by natural persons from 
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abroad to natural persons in BiH or that are in the personal luggage of 

passengers". 

This single customs rate of 10% will be applied, provided that the customs 

value of the goods subject to the payment of import duties does not exceed 

1,500 KM per shipment or per passenger and provided that the import is not for 

commercial purposes. The unified customs rate cannot be applied to goods that, 

according to the Law on Excises in Bosnia and Herzegovina, are subject to the 

obligation to be marked with excise stamps. 

If it is about shipments sent by natural persons from abroad to natural 

persons in BiH, the import is not for commercial purposes, if the shipments are 

occasional and contain goods exclusively intended for the recipient's own use or 

his family, and which by their type and quantity do not reflect any commercial 

interest, and that the sender sends them to the recipient without any payment. 

If it concerns goods contained in the passenger's personal luggage, the 

import is not for commercial purposes, if it concerns goods that the passenger 

occasionally imports or brings in upon arrival from abroad, and which are 

exclusively intended for the passenger's own use or his family, or as a gift, and 

which, by their type and quantity, do not indicate that they are imported for 

commercial purposes. 

The uniform customs rate will not be applied to goods imported under the 

conditions of points 1 and 2 of these Rules, if the recipient of the shipment or 

the passenger requests that the import duties be calculated at the customs rate 

prescribed in the customs tariff for those goods. In that case, taking into account 

the provisions on exemption from payment of import duties, import duties will 

be calculated at the prescribed rate, for all goods, i.e. for the entire shipment. 

The passenger can request that the rate according to the customs tariff of 

Bosnia and Herzegovina be applied during customs clearance, in which case it is 

referred to the implementation of the regular customs clearance procedure at the 

internal customs office. If the traveler carries with him goods originating from a 

country with which Bosnia and Herzegovina has signed a Free Trade 

Agreement, preferential treatment may be applied to the goods at the request of 

the traveler, in accordance with the provisions of the agreement, provided that 

the value of the goods and personal luggage does not exceed 2,400 KM, and if it 

is about sent shipments, the value does not exceed 1,000 KM. 

When it comes to postal traffic, it is clear from the cited Rules that the 

single customs rate of 10% ad valorem applies only to goods contained in 

shipments sent by natural persons from abroad to natural persons in BiH, 

provided that the customs value of the goods subject to the payment of import 

duties does not exceed 1,500 KM per shipment, if the shipments are occasional 

and contain goods exclusively intended for the recipient's own use or his family, 

and which by their type and quantity does not reflect any commercial interest, 

and that the sender sends them to the recipient without any payment. When the 

conditions for the application of a single customs rate are not met or when the 
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recipient of the shipment requests, the import duties are calculated at the 

customs rate prescribed in the customs tariff for those goods. 

6.CONCLUSION 

Tariff principles in traffic represent a set of rules and criteria on the basis 

of which the prices of transport services are formed. The goal is to establish a 

balance between the economic viability of the carrier and the accessibility of the 

service to users. 

As already stated in this paper, tariffs can be applied in every aspect of 

human business. If the term tariff were to be seen in the narrower sense of the 

word, it could mean only a systematic review of prices. However, in a broader 

sense, tariffs include all those regulations and conditions based on which those 

prices are applied. In the same way, tariffs can be applied in every part of this 

direction. This is how we distinguish tariffs in maritime, road, air and other 

types of traffic. They serve us, above all, for quality organization and easier 

price management. 

Final point: Modern tariff principles must be user-friendly, transparent 

and digitally supported in order for the transport system to be efficient and 

sustainable. 
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Abstract: This paper examines the role of robotics and nanotechnology in modern 

mechanical engineering as key technologies for improving municipal waste management 

systems and ensuring sustainable environmental protection. The study highlights the growing 

challenges associated with increased waste generation due to urbanization and industrial 

development, emphasizing the need for innovative technological solutions. Robotics is 

analyzed as an effective tool for automating waste collection, sorting, and processing, 

enabling higher efficiency, improved safety, and reduced human exposure to hazardous 

conditions. In parallel, nanotechnology is considered for its potential in enhancing material 

properties, improving filtration processes, and enabling more efficient recycling and pollution 

control. The integration of these technologies within modern mechanical engineering systems 

allows the development of intelligent, adaptive, and energy-efficient waste management 

solutions. The results indicate that such integrated approaches significantly contribute to 

reducing environmental impact, optimizing resource utilization, and supporting circular 

economy principles. The research confirms the importance of interdisciplinary engineering 

solutions in addressing global environmental challenges. 
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ɸʥʦʪʘʮʽʷ: ʋ ʩʪʘʪʪʽ ʨʦʟʛʣʷʥʫʪʦ ʨʦʣʴ ʨʦʙʦʪʦʪʝʭʥʽʢʠ ʪʘ ʥʘʥʦʪʝʭʥʦʣʦʛʽʡ ʫ 

ʩʫʯʘʩʥʦʤʫ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʽ ʷʢ ʢʣʶʯʦʚʠʭ ʪʝʭʥʦʣʦʛʽʡ ʜʣʷ ʫʜʦʩʢʦʥʘʣʝʥʥʷ ʩʠʩʪʝʤ 

ʫʧʨʘʚʣʽʥʥʷ ʧʦʙʫʪʦʚʠʤʠ ʚʽʜʭʦʜʘʤʠ ʪʘ ʟʘʙʝʟʧʝʯʝʥʥʷ ʩʪʘʣʦʛʦ ʝʢʦʣʦʛʽʯʥʦʛʦ ʨʦʟʚʠʪʢʫ. 

ʇʦʢʘʟʘʥʦ, ʱʦ ʟʨʦʩʪʘʥʥʷ ʦʙʩʷʛʽʚ ʚʽʜʭʦʜʽʚ ʚʥʘʩʣʽʜʦʢ ʫʨʙʘʥʽʟʘʮʽʾ ʪʘ ʨʦʟʚʠʪʢʫ 

ʧʨʦʤʠʩʣʦʚʦʩʪʽ ʧʦʪʨʝʙʫʻ ʚʧʨʦʚʘʜʞʝʥʥʷ ʽʥʥʦʚʘʮʽʡʥʠʭ ʪʝʭʥʽʯʥʠʭ ʨʽʰʝʥʴ. ʈʦʙʦʪʦʪʝʭʥʽʢʘ 

ʨʦʟʛʣʷʜʘʻʪʴʩʷ ʷʢ ʝʬʝʢʪʠʚʥʠʡ ʽʥʩʪʨʫʤʝʥʪ ʘʚʪʦʤʘʪʠʟʘʮʽʾ ʧʨʦʮʝʩʽʚ ʟʙʦʨʫ, ʩʦʨʪʫʚʘʥʥʷ 

ʪʘ ʧʝʨʝʨʦʙʢʠ ʚʽʜʭʦʜʽʚ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ, ʙʝʟʧʝʢʠ ʪʘ ʟʤʝʥʰʝʥʥʷ 

ʚʧʣʠʚʫ ʥʝʙʝʟʧʝʯʥʠʭ ʬʘʢʪʦʨʽʚ ʥʘ ʣʶʜʠʥʫ. ʅʘʥʦʪʝʭʥʦʣʦʛʽʾ ʘʥʘʣʽʟʫʶʪʴʩʷ ʟ ʪʦʯʢʠ ʟʦʨʫ 

ʧʦʢʨʘʱʝʥʥʷ ʚʣʘʩʪʠʚʦʩʪʝʡ ʤʘʪʝʨʽʘʣʽʚ, ʝʬʝʢʪʠʚʥʦʩʪʽ ʬʽʣʴʪʨʘʮʽʾ ʪʘ ʧʨʦʮʝʩʽʚ 

ʧʝʨʝʨʦʙʢʠ ʽ ʦʯʠʱʝʥʥʷ ʜʦʚʢʽʣʣʷ. ɯʥʪʝʛʨʘʮʽʷ ʮʠʭ ʪʝʭʥʦʣʦʛʽʡ ʫ ʩʠʩʪʝʤʘʭ ʩʫʯʘʩʥʦʛʦ 

ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ ʜʦʟʚʦʣʷʻ ʩʪʚʦʨʶʚʘʪʠ ʽʥʪʝʣʝʢʪʫʘʣʴʥʽ, ʘʜʘʧʪʠʚʥʽ ʪʘ 

ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʽ ʩʠʩʪʝʤʠ ʫʧʨʘʚʣʽʥʥʷ ʚʽʜʭʦʜʘʤʠ. ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʩʚʽʜʯʘʪʴ ʧʨʦ 

ʟʥʘʯʥʝ ʟʥʠʞʝʥʥʷ ʥʝʛʘʪʠʚʥʦʛʦ ʚʧʣʠʚʫ ʥʘ ʜʦʚʢʽʣʣʷ, ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʨʝʩʫʨʩʽʚ ʪʘ ʧʽʜʪʨʠʤʢʫ ʧʨʠʥʮʠʧʽʚ ʮʠʨʢʫʣʷʨʥʦʾ ʝʢʦʥʦʤʽʢʠ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʨʦʙʦʪʦʪʝʭʥʽʢʘ; ʥʘʥʦʪʝʭʥʦʣʦʛʽʾ; ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ; ʧʦʙʫʪʦʚʽ 

ʚʽʜʭʦʜʠ; ʦʭʦʨʦʥʘ ʜʦʚʢʽʣʣʷ; ʩʪʘʣʠʡ ʨʦʟʚʠʪʦʢ; ʧʝʨʝʨʦʙʢʘ; ʮʠʨʢʫʣʷʨʥʘ ʝʢʦʥʦʤʽʢʘ. 
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1. INTRODUCTION  

The modern development of society and accelerated urbanization have led 

to a significant increase in the amount of municipal waste, which represents one 

of the key environmental challenges of today. Inadequate waste management has 

negative consequences for environmental quality, human health and sustainable 

community development. In this context, modern mechanical engineering, with 

the application of robotics and nanotechnology, offers innovative solutions for 

the improvement of the collection, sorting, processing and disposal of municipal 

waste. The integration of advanced technologies enables more efficient, safer 

and environmentally friendly waste management, thus contributing to 

sustainable environmental protection. The development of modern society is 

accompanied by intensive technological progress, population growth and the 

constant expansion of urban areas. Such processes inevitably lead to increased 

consumption of resources and the creation of large amounts of municipal waste. 

Waste management is becoming one of the most significant challenges of the 

modern age, especially in the context of environmental protection and 

sustainable development. Traditional municipal waste management systems are 

often not efficient enough to respond to the growing demands of modern cities. 

Improper disposal of waste leads to pollution of soil, underground and surface 

water, as well as degradation of air quality. In addition to environmental 

consequences, this practice has serious economic and health implications. 

Modern approaches to waste management require the application of innovative 

technologies that enable reducing the negative impact on the environment. In 

this sense, modern mechanical engineering has a key role in the development 

and application of technical solutions for more efficient municipal waste 

management. Robotics is increasingly being recognized as an important tool in 

modern industrial and utility systems. Process automation enables more 

accurate, faster and more reliable execution of tasks compared to traditional 

work methods. In the field of waste management, robotic systems enable the 

improvement of the process of sorting, transporting and processing different 

types of waste. This significantly reduces the need for manual work and 

increases employee safety. In parallel with the development of robotics, 

nanotechnologies are experiencing intensive progress and find application in 

numerous areas of technology and industry. Their ability to improve the 

properties of materials and processes opens up new opportunities in 

environmental protection. In the context of municipal waste, nanotechnologies 

enable more efficient filtration of pollutants and improvement of the recycling 

process. In this way, it contributes to a more rational use of natural resources. 

The integration of robotics and nanotechnology represents a modern 

approach to solving complex environmental problems. These technologies 

enable the development of smart systems that can independently analyze, adapt 

and optimize waste management processes. Such systems contribute to reducing 

energy consumption and increasing overall efficiency. Their application is in 

accordance with the principles of circular economy and sustainable 
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development. The role of mechanical engineers in the design, development and 

implementation of these modern technologies is of particular importance. 

Mechanical engineering represents the basis for the integration of mechanical, 

electronic and information systems into unique functional units. This creates 

technical conditions for the development of sustainable municipal waste 

management systems. The development of such systems represents a long-term 

investment in the preservation of the environment. 

2. MUNICIPAL WASTE AND THE IMPOR TANCE OF SUSTAINABLE 

MANAGEMENT  

Municipal waste includes waste generated in households, public 

institutions and service activities. Its composition is heterogeneous and includes 

organic waste, plastic, paper, glass, metal and other materials. Inadequate 

management of these types of waste leads to soil, water and air pollution, as well 

as to an increase in greenhouse gas emissions. Sustainable municipal waste 

management implies the application of the waste hierarchy, which includes 

waste reduction, reuse, recycling, energy recovery and, as a last resort, safe 

disposal. Municipal waste represents one of the most significant problems of 

modern urban environments. It arises as a consequence of the daily activities of 

the population, economy and public institutions. With the increase in population 

and living standards, the amount of municipal waste is continuously increasing. 

The composition of this waste is very diverse and includes organic matter, 

plastic, paper, glass, metal and hazardous components in smaller quantities. It is 

precisely this heterogeneity that makes it difficult to classify and process it 

properly. Unsustainable municipal waste management leads to numerous 

negative consequences for the environment. Uncontrolled waste disposal causes 

soil and groundwater pollution. The decomposition processes of organic waste 

produce gases that negatively affect air quality. Waste dumps are often a source 

of unpleasant odors and hotspots of infectious diseases. In the long term, this 

practice threatens human health and ecosystem stability. Sustainable 

management of municipal waste implies a systematic and planned approach to 

its treatment. This concept is based on the principles of waste reduction, reuse 

and recycling. Special emphasis is placed on the rational use of natural 

resources. Effective waste management contributes to reducing the amount of 

material that ends up in landfills. This extends the life of existing landfills. The 

importance of sustainable management is also reflected in the economic aspect. 

Recycling enables the reuse of valuable raw materials. This reduces production 

costs and dependence on natural resources. Modern waste management systems 

contribute to the development of new industries. They open up opportunities for 

employment and technological progress. Sustainable municipal waste 

management requires the application of modern technologies and a 

multidisciplinary approach. The role of technical sciences, especially 

mechanical engineering, is of key importance in this process. The development 

of efficient systems for the collection and processing of waste is the basis for 

long-term preservation of the environment. That is why sustainable municipal 
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waste management is considered one of the priorities of modern society. The 

modern concept of municipal waste management requires a transition from 

linear to integrated management systems.  

The linear model, which implies production, consumption and disposal, 

has proven to be unsustainable in the long term. This approach leads to 

excessive exploitation of natural resources. At the same time, the amount of 

waste ending up in landfills is increasing. Landfill space is becoming an 

increasingly limited resource in urban areas. One of the key problems in 

municipal waste management is insufficiently developed infrastructure. In many 

environments, there is no adequate equipment for the selective collection of 

waste. The lack of technical and financial resources further complicates the 

implementation of sustainable solutions. Also, the low level of environmental 

awareness of the population represents a significant obstacle. Without the active 

participation of citizens, efficient waste management systems cannot be fully 

implemented. Sustainable municipal waste management also requires 

appropriate legislation. Correctly defined regulations enable control and 

supervision of waste management processes. Their application encourages the 

responsible behavior of all participants in the system. Special attention is paid to 

the prevention of waste generation. Reducing the amount of waste at the source 

is the most effective measure of environmental protection. In modern waste 

management systems, the concept of circular economy is of increasing 

importance. This concept implies that waste is viewed as a potential resource.  

The reuse of materials contributes to reducing the consumption of energy 

and raw materials. In this way, positive environmental and economic effects are 

achieved. Municipal waste management is becoming an integral part of the 

sustainable development of society. The development of new technologies 

enables the improvement of all phases of waste management. Modern technical 

solutions enable more precise monitoring of waste flows. This ensures better 

process control and greater system efficiency. Sustainable municipal waste 

management represents a long-term strategy for environmental protection. Its 

application has a key role in preserving natural resources for future generations. 

3. THE ROLE OF ROBOTICS IN MUNICIPAL WASTE MANAGEMENT  

Robotics represents one of the key areas of modern mechanical 

engineering, which is increasingly used in waste management systems. 

Industrial and service robots are used in waste sorting facilities, where they use 

sensors, cameras and artificial intelligence to recognize and separate different 

types of materials. Such systems allow greater speed and accuracy of sorting 

compared to manual work, while reducing the exposure of workers to harmful 

and dangerous working conditions. Autonomous robotic vehicles are 

increasingly being used for waste collection in urban areas, reducing operating 

costs and fuel consumption. Robots are also used in hazardous environments, 

such as landfills and waste processing plants, where they perform tasks that 

would be risky for humans. In this way, robotics contributes to increasing the 

safety, efficiency and sustainability of the municipal waste management system. 
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Robotics, as a field of modern mechanical engineering, plays an increasingly 

important role in the improvement of the municipal waste management system. 

The development of automated systems made it possible to perform complex 

and repetitive tasks more efficiently. In waste treatment plants, robots are used 

to sort different materials. These systems can recognize plastic, metal, paper and 

glass with high precision. In this way, the degree of recycling is significantly 

increased. The application of robotics contributes to reducing the need for 

manual work in unfavorable conditions. Workers are often exposed to hazards 

such as sharp objects, dust and harmful substances. Robotic systems take over 

the riskiest operations. This increases employee safety and reduces the risk of 

injuries. Process automation also enables continuous operation without 

interruption. Autonomous robots and vehicles are increasingly being used in the 

municipal waste collection phase. Such systems enable the optimization of 

routes and the reduction of fuel consumption. This directly reduces the emission 

of harmful gases. Smart robots can monitor the filling of containers and adjust 

the dynamics of emptying. This approach contributes to a more rational use of 

resources. Robotics also plays an important role in work at waste dumps. Robots 

are used to compact, move and cover waste. In dangerous zones, where there is 

a risk of collapse or emission of harmful gases, robots replace human work. This 

significantly improves the security of the entire system. Robotic surveillance 

also enables monitoring of landfill conditions in real time. The integration of 

robotics into municipal waste management systems contributes to an increase in 

overall efficiency. The precision and speed of robotic systems enable better 

process control. Such solutions are in accordance with modern principles of 

sustainable development. The further development of robotics represents an 

important step towards the creation of smart and environmentally friendly cities. 

The role of robotics in this field is of increasing importance in the future. 

Further development of robotics enabled the application of advanced systems in 

all phases of municipal waste management. Modern robots are equipped with 

sensors, cameras and intelligent control systems. Such technology enables 

autonomous decision-making during work. Robots can adapt their activities to 

changing conditions in real time. This makes the system more flexible. In waste 

processing plants, robots enable stable process quality. Their precision reduces 

errors that are common in manual work. Automated systems can work 

continuously, without being affected by fatigue. This leads to increased 

productivity and reduced operating costs. In the long term, investing in robotics 

brings significant economic benefits. Robotics also plays a significant role in the 

control and monitoring of the waste management system. Robots and automated 

devices enable constant monitoring of key parameters. Based on the collected 

data, it is possible to optimize work processes. Potential problems and 

malfunctions are detected in a timely manner. This reduces downtime and 

unforeseen maintenance costs. The application of robotics also contributes to 

reducing the negative impact on the environment. More precise sorting of waste 

enables a higher degree of recycling. This reduces the amount of waste that ends 
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up in landfills. Automated systems also enable more rational energy 

consumption. More efficient management of resources has direct ecological 

significance. The development of smart cities further increases the importance of 

robotics in the field of utility systems. Robotic systems are becoming an integral 

part of urban infrastructure. Their application contributes to improving the 

quality of life of the population. Robotics enables the transition to sustainable 

and environmentally friendly models of waste management. In the future, an 

even wider application of robotic technologies in this area is expected. 

4. APPLICATION OF NANOTECHNOLOGIES IN THE FIELD OF 

WASTE AND ENVIRONMENTAL PROTECTION  

Nanotechnologies represent an interdisciplinary field that deals with the 

manipulation of matter at the level of atoms and molecules. In the field of 

municipal waste management, nanotechnologies find application in the 

development of new materials and processes for waste treatment and 

environmental protection. Nanomaterials are used to improve the efficiency of 

filtration of pollutants from water and air, as well as to neutralize hazardous 

substances present in waste. The application of nanocatalysts in the processes of 

decomposition of organic waste and wastewater treatment is of particular 

importance. Also, the development of nanocomposite materials enables the 

production of lighter, more durable and more environmentally friendly products, 

which indirectly reduces the amount of waste. Nanotechnologies also contribute 

to the improvement of the recycling process, enabling more efficient separation 

and reuse of valuable raw materials. Nanotechnologies represent one of the most 

promising areas of modern science and technology. They are based on the study 

and application of materials and structures whose dimensions are in the 

nanometer range. Such materials have specific physical, chemical and 

mechanical properties that differ significantly from the properties of 

macroscopic materials. These properties enable their wide application in the 

field of environmental protection. In the context of municipal waste 

management, nanotechnologies offer innovative solutions for reducing pollution. 

One of the significant applications of nanotechnologies relates to the treatment 

of waste water. Nanomaterials are used in filters to remove heavy metals, 

organic pollutants and microorganisms. Their large specific surface enables high 

adsorption efficiency.  

This improves the quality of the water that returns to the natural cycle. 

Such systems contribute to the preservation of water resources. 

Nanotechnologies also play an important role in air pollution control. 

Nanocatalysts have been developed that enable the decomposition of harmful 

gases. These materials are used in flue gas purification systems. Their 

application leads to a reduction in the emission of harmful substances into the 

atmosphere. This directly affects the improvement of air quality in urban areas. 

In the field of municipal waste management, nanotechnologies are used to 

improve the recycling process. Nanomaterials enable more efficient separation 

of complex materials. Their application in the recycling of plastic and electronic 
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waste is particularly important. This increases the use of secondary raw 

materials. This approach contributes to reducing the need to exploit natural 

resources. Nanotechnologies are also applied in the development of 

biodegradable materials. These materials make it possible to reduce the amount 

of waste that remains in nature for a long time. Their application is of particular 

importance in the packaging industry. The development of environmentally 

friendly products contributes to the prevention of waste generation. This results 

in long-term environmental benefits. The importance of nanotechnologies is also 

reflected in the remediation of polluted surfaces. Nanomaterials are used to bind 

and neutralize hazardous substances in the soil. These processes enable the 

restoration of degraded ecosystems. This creates the possibility of reuse of land. 

Application of nanotechnologies represents an important step towards 

sustainable environmental protection. 

5. INTEGRATION OF ROBOTICS AND NANOTECHNOLOGY IN 

MODERN MECHANICAL ENGINEERING  

Modern mechanical engineering has a key role in the integration of 

robotics and nanotechnologies into unique municipal waste management 

systems. The design and development of advanced machine systems enable the 

application of robotic solutions with the use of nanomaterials, which achieves 

better technical and environmental results. Such integrated systems contribute to 

reducing energy consumption, increasing equipment reliability and extending its 

working life. The application of these technologies enables the transition from 

traditional models of waste management to smart and sustainable systems, 

which are in accordance with the principles of the circular economy. This 

reduces the negative impact on the environment and creates conditions for long-

term sustainable development. Modern mechanical engineering represents the 

basis for the integration of various advanced technologies. The development of 

robotics and nanotechnology has significantly improved the possibilities of 

mechanical engineering. Their integration enables the creation of intelligent and 

efficient technical systems. Such systems are widely used in industry, energy 

and environmental protection. They are of particular importance in the area of 

municipal waste management. The integration of robotics and nanotechnology 

makes it possible to improve the performance of machine systems. Robots 

equipped with nanomaterials have greater durability and precision. The 

application of nanotechnologies contributes to reducing wear and extending the 

service life of equipment. This reduces maintenance costs. The efficiency of the 

entire system increases significantly. In modern waste treatment plants, robotic 

systems use nanotechnology sensors. These sensors enable precise detection and 

identification of materials. Based on the collected data, the robots make 

decisions in real time. This achieves a high degree of automation. Processes 

become more reliable and stable. Integrated systems also enable better energy 

efficiency. Nanomaterials contribute to the reduction of energy consumption in 

mechanical components. Robots optimize work cycles and reduce losses. This 

approach has a direct positive impact on the environment. The emission of 
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harmful gases is reduced. Modern mechanical engineering has a key role in the 

design of such integrated systems. Mechanical engineers connect mechanical, 

electronic and information-control components. The integration of robotics and 

nanotechnology requires multidisciplinary knowledge. This opens up new 

opportunities for the development of innovative solutions. Such systems are the 

basis of smart industrial and utility systems. Application of integrated 

technologies contributes to the development of sustainable technical solutions. 

Sustainable waste management systems are becoming more efficient and 

environmentally friendly. The integration of robotics and nanotechnology 

enables the transition to advanced resource management models. This reduces 

the negative impact on the environment. Modern mechanical engineering has a 

key role in the realization of these goals. The development of these technologies 

has long-term significance for society. Integrated systems represent the 

foundation of future technological development. Their application contributes to 

improving the quality of life. Sustainable solutions are becoming the standard of 

modern engineering. The integration of robotics and nanotechnology represents 

one of the most important directions in the development of modern mechanical 

engineering. 

6.  CONCLUSION 

Municipal waste management represents one of the key challenges of 

modern society and requires the application of modern technological solutions. 

The increase in the amount of waste is conditioned by the growth of the 

population, urbanization and the development of the consumer society. 

Traditional models of waste management have proven to be insufficiently 

effective in the conditions of modern environmental requirements. Therefore, it 

is necessary to apply innovative approaches based on the development of 

technique and engineering. Modern mechanical engineering, through the 

application of robotics and nanotechnology, provides significant opportunities 

for the improvement of municipal waste management systems. Robotic systems 

enable the automation of waste collection, sorting and processing processes. 

Their application contributes to increasing efficiency and reducing the risk to 

human health. At the same time, the need for manual work in dangerous and 

unfavorable conditions is reduced. Nanotechnologies enable the development of 

new materials and processes that improve environmental protection. Their 

application in the treatment of waste water, air and soil contributes to the 

reduction of pollution. Improving the recycling process and developing 

biodegradable materials represent an important step towards sustainable 

resource management. This reduces the pressure on natural resources and 

ecosystems. The integration of robotics and nanotechnology in modern 

mechanical engineering enables the creation of smart and sustainable systems. 

Such systems ensure better process control and more rational use of energy. 

Their application is in accordance with the principles of sustainable 

development and circular economy. This achieves long-term benefits for both 

society and the environment. The role of mechanical engineers in the design and 
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implementation of these technologies is of particular importance. A 

multidisciplinary approach enables effective application of modern solutions in 

practice. The development of such systems requires continuous improvement 

and research. In the future, an even greater application of robotics and 

nanotechnologies is expected in the area of municipal waste management. Based 

on the above, it can be concluded that the application of modern technologies is 

a necessary condition for sustainable environmental protection. Further 

development and integration of robotics and nanotechnology will play a key role 

in improving the quality of life. Sustainable municipal waste management is 

becoming a strategic goal of modern society. Modern mechanical engineering 

plays a crucial role in achieving that goal. 
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INTEGRATION OF ROBOTICS AND NANOTECHNOLOGIES OF 

MODERN MECHA NICAL ENGINEERING INTO MUNICIPAL WASTE 

MANAGEMENT SYSTEMS TO IMPROVE ECOLOGICAL SAFETY 

AND SUSTAINABLE ENVIRONMENTAL PROTECTION  

 
Abstract: This paper investigates the integration of robotics and nanotechnologies in 

modern mechanical engineering as an advanced approach to improving municipal waste 

management systems and enhancing environmental safety. The study analyzes sustainable 

waste management strategies, including collection, sorting, recycling, and treatment of 

hazardous materials, emphasizing the need for innovative technological solutions. Special 

attention is given to the role of robotic systems and nanosensors in increasing efficiency, 
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precision, and operational safety. The research highlights the ability of robotic automation to 

reduce manual labor, optimize processes, and improve reliability, while nanotechnologies 

contribute to enhanced material properties, pollutant filtration, and recycling efficiency. The 

synergy of robotics and nanotechnologies enables the development of intelligent waste 

management systems capable of real-time monitoring, adaptive control, and predictive 

optimization. The findings confirm that the integration of these technologies significantly 

contributes to sustainable environmental protection, rational resource utilization, and the 

development of smart and resilient urban infrastructure. 

Keywords: municipal waste; robotics; nanotechnology; sustainable management; 

environmental safety; recycling; smart systems; mechanical engineering. 

 

ɸʥʦʪʘʮʽʷ: ʋ ʩʪʘʪʪʽ ʜʦʩʣʽʜʞʝʥʦ ʽʥʪʝʛʨʘʮʽʶ ʨʦʙʦʪʦʪʝʭʥʽʢʠ ʪʘ 

ʥʘʥʦʪʝʭʥʦʣʦʛʽʡ ʫ ʩʫʯʘʩʥʦʤʫ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʽ ʷʢ ʝʬʝʢʪʠʚʥʠʡ ʧʽʜʭʽʜ ʜʦ ʚʜʦʩʢʦʥʘʣʝʥʥʷ 

ʩʠʩʪʝʤ ʫʧʨʘʚʣʽʥʥʷ ʧʦʙʫʪʦʚʠʤʠ ʚʽʜʭʦʜʘʤʠ ʪʘ ʧʽʜʚʠʱʝʥʥʷ ʨʽʚʥʷ ʝʢʦʣʦʛʽʯʥʦʾ ʙʝʟʧʝʢʠ. 

ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʩʪʨʘʪʝʛʽʾ ʩʪʘʣʦʛʦ ʫʧʨʘʚʣʽʥʥʷ ʚʽʜʭʦʜʘʤʠ, ʚʢʣʶʯʘʶʯʠ ʾʭ ʟʙʽʨ, 

ʩʦʨʪʫʚʘʥʥʷ, ʧʝʨʝʨʦʙʢʫ ʪʘ ʦʙʨʦʙʢʫ ʥʝʙʝʟʧʝʯʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʽʟ ʘʢʮʝʥʪʦʤ ʥʘ 

ʥʝʦʙʭʽʜʥʽʩʪʴ ʚʧʨʦʚʘʜʞʝʥʥʷ ʽʥʥʦʚʘʮʽʡʥʠʭ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʨʽʰʝʥʴ. ʆʩʦʙʣʠʚʫ ʫʚʘʛʫ 

ʧʨʠʜʽʣʝʥʦ ʨʦʣʽ ʨʦʙʦʪʠʟʦʚʘʥʠʭ ʩʠʩʪʝʤ ʽ ʥʘʥʦʩʝʥʩʦʨʽʚ ʫ ʧʽʜʚʠʱʝʥʥʽ ʝʬʝʢʪʠʚʥʦʩʪʽ, 

ʪʦʯʥʦʩʪʽ ʪʘ ʙʝʟʧʝʢʠ ʧʨʦʮʝʩʽʚ. ʇʦʢʘʟʘʥʦ, ʱʦ ʘʚʪʦʤʘʪʠʟʘʮʽʷ ʥʘ ʦʩʥʦʚʽ ʨʦʙʦʪʦʪʝʭʥʽʢʠ 

ʜʦʟʚʦʣʷʻ ʟʤʝʥʰʠʪʠ ʦʙʩʷʛ ʨʫʯʥʦʾ ʧʨʘʮʽ, ʦʧʪʠʤʽʟʫʚʘʪʠ ʧʨʦʮʝʩʠ ʪʘ ʧʽʜʚʠʱʠʪʠ 

ʥʘʜʽʡʥʽʩʪʴ ʩʠʩʪʝʤ, ʪʦʜʽ ʷʢ ʥʘʥʦʪʝʭʥʦʣʦʛʽʾ ʩʧʨʠʷʶʪʴ ʧʦʢʨʘʱʝʥʥʶ ʚʣʘʩʪʠʚʦʩʪʝʡ 

ʤʘʪʝʨʽʘʣʽʚ, ʬʽʣʴʪʨʘʮʽʾ ʟʘʙʨʫʜʥʶʚʘʯʽʚ ʽ ʝʬʝʢʪʠʚʥʦʩʪʽ ʧʝʨʝʨʦʙʢʠ. ʉʠʥʝʨʛʽʷ ʮʠʭ 

ʪʝʭʥʦʣʦʛʽʡ ʟʘʙʝʟʧʝʯʫʻ ʩʪʚʦʨʝʥʥʷ ʽʥʪʝʣʝʢʪʫʘʣʴʥʠʭ ʩʠʩʪʝʤ ʫʧʨʘʚʣʽʥʥʷ ʚʽʜʭʦʜʘʤʠ ʟ 

ʤʦʞʣʠʚʽʩʪʶ ʤʦʥʽʪʦʨʠʥʛʫ ʚ ʨʝʘʣʴʥʦʤʫ ʯʘʩʽ, ʘʜʘʧʪʠʚʥʦʛʦ ʢʝʨʫʚʘʥʥʷ ʪʘ ʧʨʦʛʥʦʟʥʦʾ 

ʦʧʪʠʤʽʟʘʮʽʾ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʧʦʙʫʪʦʚʽ ʚʽʜʭʦʜʠ; ʨʦʙʦʪʦʪʝʭʥʽʢʘ; ʥʘʥʦʪʝʭʥʦʣʦʛʽʾ; ʩʪʘʣʝ 

ʫʧʨʘʚʣʽʥʥʷ; ʝʢʦʣʦʛʽʯʥʘ ʙʝʟʧʝʢʘ; ʧʝʨʝʨʦʙʢʘ; ʽʥʪʝʣʝʢʪʫʘʣʴʥʽ ʩʠʩʪʝʤʠ; ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ. 
 

1. INTRODUCTION  

Modern society faces growing challenges in the field of environmental 

protection, especially when it comes to municipal waste management. The 

increase in urban areas and the growth of living standards directly affect the 

amount of generated waste, which imposes the need for new and more efficient 

management systems. Traditional approaches often fail to ensure adequate 

ecosystem protection and citizen safety, which requires the application of 

modern technologies. The development of modern mechanical engineering and 

the application of automation are key factors in the improvement of waste 

processing and treatment systems. Robotics enables accurate and efficient 

sorting of materials, reduces the need for manual work in risky conditions and 

increases employee safety. At the same time, nanotechnologies contribute to the 

development of materials and processes that improve the treatment of waste 

water, air and soil, increasing the efficiency of recycling and reducing the 

negative impact on nature. The integration of robotics and nanotechnology 

enables the creation of intelligent systems that can analyze and optimize 

processes in real time. Smart waste management systems reduce the 

consumption of energy and resources, reduce the emission of harmful gases and 

contribute to sustainable development. In addition to the technical aspect, a 

multidisciplinary approach is essential, including mechanical engineering, 
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electronics, information management and environmental sciences. Municipal 

waste management is no longer just a matter of operational logistics, but is 

becoming a strategic element of sustainable development. Efficient systems 

enable the rational use of resources, reduce the amount of waste in landfills and 

enable the restoration of degraded ecosystems. The aim of this work is to show 

how modern technologies, specifically robotics and nanotechnologies, can 

contribute to the improvement of municipal waste management and 

environmental protection. New solutions in this area enable better planning and 

monitoring of all stages of the process, from waste collection, through sorting, to 

recycling and final disposal. Digitization and automation of processes 

additionally increase the reliability and economy of the system. The application 

of advanced technologies contributes to the reduction of operating costs, 

improves the quality of work and ensures long-term sustainability. In this 

context, the role of mechanical engineers and other specialists becomes central. 

Their knowledge enables the integration of various technologies into 

functional, sustainable and environmentally friendly systems. The development 

of such systems not only contributes to environmental protection, but also has 

economic and social benefits, opening up space for innovation, new jobs and 

technological progress. 

2. CHALLENGES  AND STRATEGIES OF MUNICIPAL WASTE 

MANAGEMENT  

Municipal waste is an increasingly present problem in modern urban 

environments and represents a challenge for both local governments and 

industrial systems. It is created as a consequence of the daily activities of the 

population, the economy and public institutions, and the composition of waste is 

diverse and includes organic matter, plastic, paper, glass, metal and dangerous 

substances. It is precisely the heterogeneity of waste that makes it difficult to 

properly sort and process it. Inadequate waste management has serious 

environmental consequences, including soil, water and air pollution. The 

processes of decomposition of organic waste lead to the emission of gases with a 

negative impact on the atmosphere. Landfills represent potential sources of 

unpleasant odors, microbiological risks and long-term ecosystem degradation. 

All these consequences directly threaten people's health and the stability of 

natural systems. Sustainable municipal waste management requires a systematic 

and planned approach, including waste reduction, reuse and recycling. Special 

emphasis is placed on the rational use of natural resources, which reduces the 

need for new raw materials. Efficient systems allow extending the life of 

existing landfills and reducing negative environmental impact. The 

implementation of sustainable systems includes adequate infrastructure, 

employee training, public education and timely monitoring of the waste flow. A 

multidisciplinary approach enables better planning and organization of the 

process. Legislation and local regulations play a key role in controlling and 

monitoring the process, encouraging responsible behavior by all participants. 
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The concept of circular economy, in which waste becomes a resource, is 

of increasing importance in modern systems. Recycling and reuse of materials 

reduces pressure on natural resources and provides economic benefits. Reducing 

the generation of waste at the source represents the most effective strategy for 

environmental protection, while technology enables precise monitoring and 

optimization of the process. Municipal waste represents a complex problem that 

requires a multidisciplinary approach. Every urban environment has a specific 

composition of waste, which requires adapted methods of collection, transport 

and processing. Organic waste, plastic, metal, paper, glass and electronic waste 

require different treatment methods. Unsustainable waste management leads to 

soil, underground and surface water pollution, as well as the emission of harmful 

gases. Waste dumps become a source of microbiological and chemical hazards. 

Pollution affects biodiversity, land and water ecosystems, and in the long term it 

can disrupt the climate balance. Sustainable municipal waste management 

requires planning of all phases - from collection, through sorting, to recycling 

and final disposal. Efficient infrastructure and modern monitoring systems 

enable precise control of the amount of waste and process optimization. Citizen 

education and raising environmental awareness also play a key role in reducing 

waste generation. Waste reduction strategies include the "3R" concept - Reduce, 

Reuse, Recycle. Application of these principles contributes to more rational 

consumption of resources and reduction of negative impact on the environment. 

In addition, technological progress enables the development of new 

materials and biodegradable products. Modern waste management systems use 

software solutions to track waste flows. Smart sensors and IoT devices enable 

the optimization of waste collection and transport routes, which reduces CO2 

emissions and fuel costs. Digitization of processes contributes to greater 

transparency and efficiency. Legislation and regulations are essential to the 

implementation of sustainable systems. Clearly defined standards for disposal, 

recycling and waste treatment encourage responsible behavior by all 

participants. Local governments and industry must harmonize their activities 

with national and international regulations. The application of modern 

technologies in this area enables the reduction of the human factor in risky 

processes. Automation reduces workers' exposure to harmful substances and 

physical hazards. Robots can perform tasks that are dangerous or monotonous, 

increasing productivity and reducing injuries. Municipal waste management in 

accordance with the principles of the circular economy contributes to the 

preservation of natural resources. Recycled materials re-enter the production 

process, reducing the need for exploitation of new raw materials. This is 

especially important for metals, plastics and paper, the production of which 

consumes large amounts of energy. The integration of education, legal 

frameworks, technological solutions and industrial procedures enables the 

creation of sustainable and environmentally friendly systems. In addition to 

reducing environmental risks, this contributes to economic savings and 

increased competitiveness of local and national waste management systems. 
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3. APPLICATION OF ROBOTICS IN MODERN WASTE 

MANAGEMENT SYSTEMS  

Robotics has become a key component of modern municipal waste 

management systems. Modern robots are equipped with sensors, cameras and 

intelligent algorithms, which enables them to autonomously sort and recognize 

materials. Accurate sorting increases the degree of recycling and reduces the 

amount of waste that ends up in landfills. Process automation also reduces the 

need for manual work in hazardous and uncomfortable conditions. The use of 

robots contributes to increasing efficiency, reducing operating costs and 

increasing system reliability. Autonomous vehicles and robotic arms enable 

optimization of transport routes and processes, while waste processing robots 

reduce the risk of employee injuries. Further applications include monitoring the 

condition of landfills, controlling gas emissions and monitoring container 

occupancy in real time. Integrating robotics with smart sensors and software 

systems enables data collection for process optimization. Based on data analysis, 

it is possible to predict failures, optimize work cycles and improve recycling 

strategies. Robotics contributes to the reduction of harmful gas emissions and 

more rational energy consumption, which directly improves environmental 

safety. The development of smart cities further increases the importance of 

robotics. Robotic systems become part of urban infrastructure and enable more 

efficient management of resources. Sustainable and environmentally friendly 

models of waste management are becoming realistic, while technology enables 

better control and planning of all stages of the process. Robotics in the field of 

municipal waste management enables efficient sorting, transportation and 

processing of different types of waste. Robots can recognize and separate 

materials based on color, weight, shape and other characteristics. Automating 

these processes increases accuracy and reduces human error. Autonomous waste 

collection vehicles optimize routes and reduce fuel consumption. In this way, the 

emission of harmful gases is reduced and contributes to the preservation of the 

environment. Waste processing robots reduce the risk of employee injuries and 

enable continuous work without interruption. Smart sensors integrated into 

robotic systems enable monitoring of the state of waste in real time. Robots can 

detect overfilling of containers, identify hazardous materials and automatically 

adjust their activities. This increases the efficiency of the system and reduces the 

number of failures. In recycling plants, robots enable precise separation of 

materials, which increases the degree of recycling and the quality of final 

products. Automated systems can work continuously, without fatigue or errors, 

which increases productivity. The robots can also monitor the level of gas 

emissions and control temperatures during waste processing. Further 

applications of robotics include working in risky and adverse conditions, such as 

landfills or facilities with hazardous chemicals. Automated systems take over 

dangerous tasks and reduce human exposure to harmful factors. This increases 

the security and reliability of the system. Robots are also used for real-time data 

monitoring and analysis. The collected data enables optimization of the process, 
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timely detection of faults and improvement of waste management strategies. 

Data analytics enables predictive maintenance and rationalization of resources. 

The application of robotics contributes to reducing the negative impact on 

the environment. Accurate sorting of waste reduces the amount of material in 

landfills, optimizes recycling and contributes to rational energy consumption. 

Robotic systems enable integration with smart city and environmental networks, 

creating a sustainable urban infrastructure. Further integration of robotics with 

nanotechnologies and digital systems is expected in the future. Intelligent robots 

will be able to independently analyze and adjust processes, improving efficiency 

and reducing costs. Such integration represents a new generation of 

environmentally friendly municipal waste management systems. 

 

4. APPLICATION OF NANOTECHNOLOGIES IN THE FIELD OF 

WASTE AND ENVIRONMENTAL PROTECTION  

Nanotechnologies enable innovative solutions in the treatment and 

processing of municipal waste. The application of nanomaterials in filtration 

enables the removal of micro- and nano-particles from waste water, which 

significantly reduces the pollution of rivers and lakes. Nanoporous materials 

improve the selectivity and efficiency of pollutant adsorption. In solid waste 

processing, nanotechnologies enable better separation of waste components. 

Nanomaterials are used in sensors that recognize the chemical composition of 

waste, which increases the precision of sorting. These materials can recognize 

toxins, heavy metals and other hazardous substances in real time. 

Nanotechnologies enable the development of catalysts to reduce the emission of 

harmful gases. Catalytic nanomaterials accelerate the decomposition of organic 

matter and reduce methane emissions from landfills. This reduces the negative 

impact on climate change and improves environmental safety. Nanotechnology 

enables the creation of antibacterial and self-cleaning surfaces in waste 

treatment plants. These surfaces reduce the spread of microorganisms and ensure 

a hygienic standard. Nanomaterials can also improve the efficiency of thermal 

and chemical waste treatment. In the process of recycling plastics and metals, 

nanotechnologies increase the quality and purity of the obtained materials. 

Nanocoatings improve the resistance of the material and reduce the need for 

additional chemical treatment. These approaches make recycled materials 

competitive in industrial production. The application of nanotechnologies in 

municipal waste contributes to sustainable environmental protection by reducing 

the amount of waste that ends up in landfills. This extends the life of existing 

landfills and reduces rehabilitation costs. Nanotechnologies enable precise 

monitoring and control of emissions, which contributes to better environmental 

policy. Nanomaterials are also used in air treatment, where they remove 

polluting particles and toxins. Nanofilter systems reduce the emission of PM2.5 

and PM10 particles, improving urban air quality. In combination with sensors, 

nanotechnologies enable automatic adjustment of the system in real time. 

Further applications include the development of nanosensors for the detection of 
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hazardous waste. These sensors can detect electronic, chemical and biological 

waste, increasing the safety of workers and the public. Smart nanosensors enable 

integration with robotics and digital control systems. Nanotechnologies also 

enable the development of new environmentally friendly packaging materials, 

which reduces the generation of waste. Biodegradable nano-coated films and 

composites contribute to the reduction of plastic in nature. This supports the 

principle of circular economy and more rational use of resources. The 

integration of nanotechnologies with existing facilities enables the optimization 

of the waste processing process. Nano-preparations increase the speed and 

efficiency of chemical and biological reactions, reducing processing time. This 

provides an economic and environmental benefit, and the system becomes more 

sustainable and flexible. Nanotechnologies also enable the development of 

advanced materials for the absorption of heavy metals from wastewater, 

including lead, cadmium and mercury. The use of nanostructured catalysts 

reduces the emission of harmful gases during the biodegradation of waste. 

Nanofilter systems contribute to the preservation of local ecosystems because 

they remove small particles that would otherwise contaminate soil and water. 

Nanomaterials also enable the improvement of the bio-remediation process, 

where microorganisms break down organic waste. Nanosensors can monitor the 

presence of toxins and adjust the operation of bio-processes in real time. In this 

way, the efficiency of waste treatment increases significantly, and the negative 

effects on the environment are minimized. Nanotechnology is also used in the 

treatment of aerosols and particles in the air, especially in industrial plants. 

Combined with digital systems, nanosensors enable automatic adjustment 

of the air cleaning process. The application of nanotechnology in the recycling 

of metals and plastics enables a more precise separation of materials and 

increases the quality of the obtained products. Nanomaterials reduce chemical 

reactions of unwanted degradation, thus extending the durability of recycled 

materials. These processes enable greater competitiveness of recycled materials 

in industrial production. Nano-preparations are also used in composting 

treatment, where they accelerate the decomposition of organic matter. 

Nanomaterials improve aeration and moisture retention, which contributes to 

more efficient production of quality compost. This reduces the need for 

chemical fertilizers and contributes to sustainable agriculture. Further 

applications include the development of nanosensors for the detection of 

electronic waste, batteries and hazardous chemicals. These sensors enable early 

recognition of hazardous materials and prevent environmental pollution. The 

integration of nanosensors with information systems enables automatic 

adaptation of the processing process. Nanotechnology enables the development 

of environmentally friendly packaging materials. Biodegradable nano-coated 

composites reduce the use of plastic and contribute to the reduction of waste in 

nature. These materials can be recycled or composted, thus supporting the 

circular economy. The application of nanotechnologies in waste treatment 

facilities contributes to reducing the emission of unpleasant odors. Nano-
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adsorbents remove sulfides and ammonia from the air, thereby improving the 

quality of the environment in urban areas. Nanomaterials are also used in the 

development of smart detectors that recognize changes in the composition of 

waste. These systems enable timely response to potentially hazardous waste. 

Robotic systems and nanotechnologies together enable automatic process 

optimization and reduction of the human factor. The use of nanotechnologies 

also contributes to the reduction of energy consumption in waste treatment 

plants. More efficient decomposition and filtration processes reduce the need for 

additional energy and thereby improve economic and environmental 

performance. 

5. SMART WASTE MANAGEMENT SYSTEMS: SYNERGY OF 

ROBOTICS AND NANOTECHNOLOGY  

The integration of robotics and nanotechnology represents a new 

generation of municipal waste management systems. Robotic systems use 

nanosensors and nanomaterials for precise recognition and sorting of materials. 

This achieves greater efficiency and reduces operating costs. Smart robots can 

analyze the chemical and physical composition of waste in real time thanks to 

nanosensors. Based on the collected data, robotic algorithms adjust activities and 

optimize sorting and processing processes. Integration enables autonomous 

management of the entire system. Nanotechnology advances robotics by 

increasing the resistance and functionality of materials. Robots can work in 

aggressive conditions, at high temperatures and in contact with chemically 

dangerous substances. Nanocoatings reduce the wear of parts and extend the 

service life of the equipment. Integrated systems enable real-time waste flow 

monitoring, precise gas emission control and automatic process optimization. 

Robotic nanosystems reduce the human factor, the risk of injuries and the 

emission of harmful gases. This improves environmental safety and reduces the 

negative impact on the environment. The application of these technologies 

contributes to the reduction of operating costs and the increase of productivity. 

Robotic-nanotechnological systems can work continuously, adapting to 

changing conditions and the type of waste. These systems enable accurate 

performance monitoring and predictive maintenance. The integration of robotics 

and nanotechnology into modern mechanical engineering contributes to the 

development of sustainable urban systems. Smart robotic systems can manage 

the collection, transport and processing of waste, while nanosensors enable the 

detection of hazardous materials. This ensures a high degree of safety and 

efficiency. These systems also support the principles of the circular economy. 

Materials are precisely sorted and recycled, reducing the amount of waste in 

landfills. Nanotechnology enables high-quality processing and the creation of 

new materials, which reduces the need for exploitation of raw materials. A 

further advantage of integrated systems is the ability to scale and adapt to 

different urban environments. The modular design enables application in large 

and small cities, as well as in industrial plants. The system can be upgraded with 

new algorithms, sensors and robots. The integration of robotics and 
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nanotechnology enables the development of new patterns of urban planning and 

sustainable logistics systems. Intelligent systems monitor waste flows, optimize 

routes, monitor container occupancy and detect anomalies in plant operation. 

This contributes to the reduction of resource consumption and emissions 

of harmful gases. The combination of robotics and nanotechnology lays the 

foundations for the development of smart cities. Smart waste management 

systems enable better environmental policy, protection of residents' health and 

preservation of natural resources. This approach represents the future of 

sustainable municipal waste management. The integration of robotics and 

nanotechnology enables the creation of intelligent systems that monitor the 

entire waste stream. Robotic arms with nanosensors can precisely separate 

different types of materials, including plastic, metal and organic matter. This 

increases the degree of recycling and reduces the amount of waste in landfills. 

Smart systems enable automatic adjustment of robot activity based on data 

collected by nanosensors. Robotic systems can identify hazardous materials and 

isolate them, increasing employee safety and reducing the risk of contamination. 

Nanotechnology contributes to increasing the resistance of robotic 

components and reducing the wear of parts. Nano-coatings reduce friction and 

extend equipment life, while robotic systems can operate in aggressive 

environments. Smart systems collect data in real time, enabling analytics and 

process optimization. Automated waste flow control reduces operating costs and 

increases productivity. Robotic systems can monitor the temperature, chemical 

composition and amount of waste, adjusting the processing and transport 

processes. Integration enables modularity and scalability of the system. Robotic-

nanotechnological systems can be applied in various urban environments, as 

well as in industrial plants. The modular design allows the upgrade of new 

sensors, algorithms and robotic components. Smart systems support the concept 

of a circular economy because they enable precise sorting and recycling of 

materials. Nanotechnology improves the quality of recycled materials, while 

robotics optimizes sorting and processing processes. These systems enable the 

reduction of harmful gas emissions and rational energy consumption.  Smart 

systems can monitor the condition of containers and landfills in real time. Based 

on data analysis, optimal routes for waste collection can be planned and timely 

response to overfilling of containers. Further applications include integration 

with city information networks, where robotic-nanotechnology systems become 

part of a smart city. Such systems enable better planning, control and monitoring 

of the environmental performance of urban areas. Smart systems enable 

predictive maintenance and fault identification. Robotic components with 

nanosensors can detect wear or damage, preventing downtime and increasing 

system efficiency. The application of these systems contributes to the protection 

of citizens' health. The risk of contact with hazardous materials and harmful 

emissions is reduced, while the quality of the environment is increased. This 

synergy of technologies represents a new generation of sustainable and 
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intelligent municipal waste management systems, which combines 

environmental efficiency, economic sustainability and technological innovation. 

6.  CONCLUSION 

Modern municipal waste management systems face complex challenges 

that require a multidisciplinary approach and the application of advanced 

technologies. The increase in the amount of waste, the growth of urban areas and 

the complexity of materials make traditional methods less efficient. The 

integration of robotics and nanotechnology enables the improvement of all 

stages of the process - from collection, through sorting, to recycling and final 

disposal. Application of robotics contributes to increasing efficiency, precision 

and safety in working with waste. Robotic systems reduce the human factor and 

worker exposure to hazardous materials. Autonomous vehicles and robotic arms 

enable optimization of routes, continuity of work and reduction of operating 

costs. Nanotechnologies enable the development of sensors and materials that 

increase the quality of waste treatment. Nano-coated filters and catalysts reduce 

the emission of harmful gases and improve the process of material 

decomposition. Nanomaterials increase the efficiency of recycling, reduce wear 

and tear on equipment and enable better separation of materials. The synergy of 

robotics and nanotechnology creates intelligent systems that monitor the flow of 

waste in real time and automatically adjust processes. Smart systems enable 

predictive maintenance, failure identification and resource optimization. Such 

systems contribute to reducing the negative impact on the environment and 

increasing environmental safety. The application of modern technologies enables 

efficient management of different types of waste - from organic, through metal 

and plastic, to hazardous and electronic waste. Robotic nanotechnology systems 

can recognize hazardous materials, isolate them and treat them in an 

environmentally friendly way. Sustainable waste management through the 

application of new technologies contributes to the preservation of natural 

resources. Materials are reused, recycled or treated, reducing pressure on the 

ecosystem and ensuring a circular economy. The integration of technologies 

reduces the need for exploitation of raw materials and increases the economic 

efficiency of the system. Smart waste management systems contribute to better 

control of harmful gas emissions, optimization of energy consumption and 

reduction of pollution. Robotic and nanotechnology components enable 

continuous process monitoring and adjustment, which is crucial for sustainable 

environmental protection. These systems also support the development of smart 

cities. Integration with digital networks and urban information systems enables 

better coordination of waste collection, sorting and recycling. Cities become 

more sustainable, and the quality of life of citizens improves. The application of 

robotics and nanotechnology in mechanical engineering opens up new 

opportunities for innovation and technological progress. New materials, sensors 

and algorithms enable flexible, scalable and modular systems that can be applied 

in different environments. Education and training of professional staff become a 

key factor in the success of these systems. Understanding and correct application 
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of technologies enables maximum efficiency and safety. Public awareness and 

responsible behavior of citizens also contribute to the sustainability of the 

system. Effective waste management systems reduce the risk of soil, water and 

air contamination, which directly affects human health and biodiversity 

conservation. Sustainable systems reduce operating costs and increase the 

quality of recycled materials. Sustainable municipal waste management in 

combination with modern technologies contributes to the long-term preservation 

of the ecosystem and the reduction of the negative impact on climate change. 

Efficient and smart systems enable rational use of resources, reduction of 

the amount of waste and long-term protection of nature. The application of 

robotics and nanotechnology in this area lays the foundation for future 

innovations. Smart systems will be able to recognize and react to changes in the 

environment, optimize processes and improve plant performance. All these 

innovations will contribute to the creation of sustainable, environmentally 

friendly and economically profitable municipal waste management systems, 

which is a key step towards the future of smart and sustainable cities. 
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Abstract: This paper analyzes the application of robotics and nanotechnologies in 

modern mechanical engineering with a focus on municipal waste treatment, environmental 

protection, and the integration of renewable energy sources. The study examines the 

automation of waste collection, sorting, and processing through advanced robotic systems, 

emphasizing increased efficiency, precision, and operational safety. Particular attention is 

given to the role of nanotechnologies in enhancing recycling processes, improving pollutant 

detection, and reducing environmental impact through advanced materials and nanosensors. 

In addition, the integration of renewable energy sources, including solar, wind, and biogas, is 

considered as a key factor in achieving energy sustainability within waste management 

systems. The synergy of robotics, nanotechnology, and renewable energy enables the 

development of intelligent, adaptive, and energy-efficient systems capable of real-time 

monitoring and optimization. The findings demonstrate that such integrated approaches 

contribute significantly to sustainable environmental protection, reduced emissions, and the 

creation of smart and resilient urban infrastructures. 
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ɸʥʦʪʘʮʽʷ: ʋ ʩʪʘʪʪʽ ʧʨʦʘʥʘʣʽʟʦʚʘʥʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʨʦʙʦʪʦʪʝʭʥʽʢʠ ʪʘ 

ʥʘʥʦʪʝʭʥʦʣʦʛʽʡ ʫ ʩʫʯʘʩʥʦʤʫ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʽ ʟ ʘʢʮʝʥʪʦʤ ʥʘ ʧʝʨʝʨʦʙʢʫ ʧʦʙʫʪʦʚʠʭ 

ʚʽʜʭʦʜʽʚ, ʦʭʦʨʦʥʫ ʜʦʚʢʽʣʣʷ ʪʘ ʽʥʪʝʛʨʘʮʽʶ ʚʽʜʥʦʚʣʶʚʘʥʠʭ ʜʞʝʨʝʣ ʝʥʝʨʛʽʾ. ʈʦʟʛʣʷʥʫʪʦ 

ʘʚʪʦʤʘʪʠʟʘʮʽʶ ʧʨʦʮʝʩʽʚ ʟʙʦʨʫ, ʩʦʨʪʫʚʘʥʥʷ ʪʘ ʦʙʨʦʙʢʠ ʚʽʜʭʦʜʽʚ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʨʦʙʦʪʠʟʦʚʘʥʠʭ ʩʠʩʪʝʤ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ, ʪʦʯʥʦʩʪʽ ʪʘ ʙʝʟʧʝʢʠ 

ʨʦʙʦʪʠ. ʆʩʦʙʣʠʚʫ ʫʚʘʛʫ ʧʨʠʜʽʣʝʥʦ ʨʦʣʽ ʥʘʥʦʪʝʭʥʦʣʦʛʽʡ ʫ ʧʽʜʚʠʱʝʥʥʽ ʝʬʝʢʪʠʚʥʦʩʪʽ 

ʧʝʨʝʨʦʙʢʠ, ʚʠʷʚʣʝʥʥʽ ʟʘʙʨʫʜʥʶʚʘʯʽʚ ʪʘ ʟʤʝʥʰʝʥʥʽ ʥʝʛʘʪʠʚʥʦʛʦ ʚʧʣʠʚʫ ʥʘ ʜʦʚʢʽʣʣʷ 

ʟʘʚʜʷʢʠ ʚʠʢʦʨʠʩʪʘʥʥʶ ʥʘʥʦʩʝʥʩʦʨʽʚ  ̔ ʩʫʯʘʩʥʠʭ ʤʘʪʝʨʽʘʣʽʚ. ʊʘʢʦʞ ʜʦʩʣʽʜʞʝʥʦ 

ʽʥʪʝʛʨʘʮʽʶ ʚʽʜʥʦʚʣʶʚʘʥʠʭ ʜʞʝʨʝʣ ʝʥʝʨʛʽʾ, ʟʦʢʨʝʤʘ ʩʦʥʷʯʥʦʾ, ʚʽʪʨʦʚʦʾ ʪʘ ʙʽʦʛʘʟʫ, ʷʢ 

ʚʘʞʣʠʚʦʛʦ ʯʠʥʥʠʢʘ ʝʥʝʨʛʝʪʠʯʥʦʾ ʩʪʘʣʦʩʪʽ ʩʠʩʪʝʤ ʫʧʨʘʚʣʽʥʥʷ ʚʽʜʭʦʜʘʤʠ. ʉʠʥʝʨʛʽʷ ʮʠʭ 

ʪʝʭʥʦʣʦʛʽʡ ʜʦʟʚʦʣʷʻ ʩʪʚʦʨʶʚʘʪʠ ʽʥʪʝʣʝʢʪʫʘʣʴʥʽ, ʘʜʘʧʪʠʚʥʽ ʪʘ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʽ 

ʩʠʩʪʝʤʠ ʟ ʤʦʞʣʠʚʽʩʪʶ ʤʦʥʽʪʦʨʠʥʛʫ ʪʘ ʦʧʪʠʤʽʟʘʮʽʾ ʧʨʦʮʝʩʽʚ ʫ ʨʝʘʣʴʥʦʤʫ ʯʘʩʽ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʨʦʙʦʪʦʪʝʭʥʽʢʘ; ʥʘʥʦʪʝʭʥʦʣʦʛʽʾ; ʧʦʙʫʪʦʚʽ ʚʽʜʭʦʜʠ; ʦʭʦʨʦʥʘ 

ʜʦʚʢʽʣʣʷ; ʚʽʜʥʦʚʣʶʚʘʥʘ ʝʥʝʨʛʽʷ; ʩʪʘʣʝ ʫʧʨʘʚʣʽʥʥʷ; ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ; ʧʝʨʝʨʦʙʢʘ; 

ʽʥʪʝʣʝʢʪʫʘʣʴʥʽ ʩʠʩʪʝʤʠ. 
 

1. INTRODUCTION  

Contemporary challenges of environmental protection and municipal 

waste management require the application of innovative technologies that enable 
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sustainability and efficiency. Traditional waste collection, treatment and 

recycling systems often cannot respond to the growing demands of urban 

environments, leading to soil, water and air pollution. The application of 

robotics in this sector enables the automation of complex processes, increases 

the precision of sorting and reduces the exposure of people to dangerous 

substances. Nanotechnologies bring additional benefits through the development 

of nanosensors and nanomaterials that increase the efficiency of waste treatment, 

reduce the emission of harmful gases and enable the recycling of high-quality 

materials. Nanocoated filters and catalysts improve the process of waste 

processing, while nanosensors enable the detection of dangerous substances in 

real time. In modern mechanical engineering, the integration of robotics and 

nanotechnology creates intelligent waste management systems that can 

autonomously adjust processing processes and optimize material flows. These 

systems increase productivity, reduce operating costs and enable better 

environmental control of urban environments. For example, robotic systems and 

automated waste sorting lines can use electricity from solar panels or wind 

turbines, making the whole process more energy sustainable. In addition, 

organic waste can be used to produce biogas, thereby creating an additional 

renewable energy source and reducing the burden on landfills. The combination 

of robotics, nanotechnologies and renewable energy sources enables the 

development of smart and sustainable waste management systems. These 

systems not only improve the efficiency of recycling and processing, but also 

contribute to the reduction of harmful gas emissions, the rational use of 

resources and the preservation of the ecosystem. The integration of these 

technologies lays the foundation for future smart cities and sustainable urban 

infrastructure. In addition, the integration of renewable energy sources into 

waste management systems enables the reduction of dependence on fossil fuels 

and the reduction of carbon dioxide emissions. Solar energy can power robotic 

units in recycling plants, while wind turbines can provide electricity to transport 

waste. By using biogas obtained from organic waste, it is possible to generate 

heat and electricity, which closes the circle of sustainable energy production. 

Smart systems, which combine robotics and nanotechnologies, can monitor 

energy consumption in real time and automatically optimize processes to reduce 

losses and increase efficiency. Nanomaterials in energy devices can increase 

energy storage capacity and reduce maintenance costs. Robotic systems enable 

the integration of multiple energy sources into one coordinated system, which 

increases the flexibility and reliability of the process. In addition to reducing 

energy costs, such systems also contribute to reducing the emission of harmful 

gases into the atmosphere. The use of renewable energy in recycling plants 

contributes to reducing the city's carbon footprint and improves air quality. 

Nanotechnology enables the development of high-efficiency solar panels and 

mini-turbines that can directly power robotic units and sensors. Automated and 

nanotechnology-enhanced systems can monitor energy production from waste 

and its impact on the ecosystem. Intelligent algorithms enable predictive 
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planning of waste processing and optimal use of energy. In urban areas, these 

systems can integrate local solar or wind farms with waste treatment facilities, 

creating an energy self-sufficient infrastructure. Application of nanotechnologies 

in solar and wind energy systems increases the efficiency of energy conversion, 

reduces losses and enables longer working cycles. Robotic systems can 

automatically monitor and maintain power units, which reduces the need for 

human labor and increases safety. The integration of these technologies 

contributes to the creation of sustainable and energy-efficient cities of the future. 

This approach enables the simultaneous reduction of waste and the production 

of clean energy, which achieves a synergy between environmental protection 

and energy development. Intelligent management systems enable the 

optimization of the flow of materials, energy and information, which increases 

the overall efficiency of the entire process. The system can monitor seasonal 

changes and adjust energy production and waste processing according to needs, 

thus increasing flexibility and reducing the risk of interruptions. By using 

renewable energy, waste treatment plants can operate in off-grid mode, which is 

especially important in rural or isolated areas. Further integration of 

nanotechnology into energy systems enables the development of self-regulating 

batteries and energy storage, while robotics enables precise control and 

distribution of energy. These systems support a sustainable economy and reduce 

the negative impact of industrial processes on nature. Smart robotic-

nanotechnological systems enable simultaneous control of the quality of waste 

treatment, energy efficiency and emission of harmful substances. The integration 

of all these technologies represents a new standard in modern mechanical 

engineering and sustainable urban development. 

2. MUNICIPAL WASTE, SUSTAINABLE MANAGEMENT AND 

SYNERGY WITH RENEWABLE ENERGY SOURCES  

Municipal waste represents one of the biggest challenges of modern urban 

environments due to population growth, urbanization and changing lifestyles. 

The complexity of waste is increased due to the presence of plastics, electronics, 

organic matter and chemical components. Traditional disposal and recycling 

methods are often not efficient enough and do not provide sustainable solutions 

for the future. Sustainable waste management implies the integration of various 

technologies and strategies that reduce the negative impact on the environment. 

The goal is to minimize waste that ends up in landfills and maximize the 

recycling and reuse of materials. Efficient separation of waste enables better use 

of resources and reduction of harmful gas emissions. Municipal waste can also 

be a potential source of renewable energy. The organic part of the waste can be 

used for the production of biogas through anaerobic digestion. Biogas can then 

be used for the production of electricity and heat, thereby reducing dependence 

on fossil fuels and contributing to energy sustainability. Robotic systems enable 

automatic collection and sorting of waste, thereby increasing efficiency and 

reducing human exposure to hazardous materials. Smart robots can identify 

different types of waste, including plastic, metal, paper, glass and hazardous 
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waste, and direct them to appropriate recycling or treatment processes. 

Nanotechnologies enable precise identification and treatment of various waste 

components. Nanosensors detect the presence of heavy metals, toxins and 

organic pollutants, while nanomaterials improve the performance of filtration 

and catalytic processes. These approaches increase the efficiency of recycling 

and reduce the emission of harmful substances. The integration of renewable 

energy sources into waste treatment systems enables the reduction of electricity 

consumption from fossil fuels. Solar and wind energy can power robotic units 

and automated waste sorting lines. Biogas from organic waste can be used to 

heat plants or produce electricity, thus achieving a circular flow of resources. 

Smart waste management systems use real-time data to optimize waste 

collection, transport and processing processes. Predictive maintenance 

algorithms keep robotic systems running continuously and efficiently. 

Nanotechnology makes it possible to increase the durability of equipment, 

reduce wear and tear, and provide better protection against corrosion and 

aggressive materials. In sustainable waste management, reducing the amount of 

waste and its proper processing have a direct impact on the reduction of 

greenhouse gas emissions. Efficient recycling systems contribute to resource 

conservation and reduce the need for exploitation of natural raw materials. The 

combination of robotics, nanotechnology and renewable energy sources enables 

the creation of energy self-sufficient plants for waste processing. Robotic 

systems can monitor the amount and type of waste, while nanosensors optimize 

processing processes and the production of biogas or electricity. Sustainable 

municipal waste management requires planning and coordination between local 

governments, industry and citizens. Public awareness and education of the 

population are key to reducing the amount of waste and proper separation at the 

source. The application of new technologies also provides an economic benefit. 

Automation reduces labor costs, nanosensors reduce material losses, and waste-

to-energy production reduces energy costs. This ensures long-term sustainability 

of the system and greater competitiveness of local communities. Smart systems 

can monitor seasonal and daily variations in the amount of waste, optimizing 

collection routes and plant capacity. The integration of renewable energy sources 

enables the operation of the plant in isolated environments, without dependence 

on grid electricity. Reducing waste and using energy from sustainable sources 

directly contributes to reducing the city's carbon footprint and preserving the 

ecosystem. Nanotechnology can improve the performance of biogas plants, solar 

panels and wind turbines, while robotics provides precise control and 

maintenance of systems. Robotic systems can monitor and control greenhouse 

gas emissions, while nanosensors enable precise detection of pollutants. 

Sustainable municipal waste management and the integration of renewable 

energy sources enable the development of smart and environmentally friendly 

cities. The synergy of robotics and nanotechnology contributes to better process 

control and optimization, cost reduction and environmental protection. Smart 

systems enable continuous monitoring and adaptation of processes in real time, 



79 
 

which increases efficiency and flexibility in work. Such systems can be scaled 

and implemented in small and large urban environments, as well as in industrial 

plants. 

3. THE ROLE OF ROBOTICS IN MUNICIPAL WASTE MA NAGEMENT 

AND ENERGY SYSTEMS 

Robotic systems play a key role in modern municipal waste management 

strategies. They enable automatic collection, sorting and processing of waste, 

reducing the need for human intervention in hazardous processes. The use of 

robots increases the precision and efficiency of sorting various materials such as 

plastic, metal, glass, paper and organic waste. Autonomous waste collection 

vehicles can follow optimal routes, reducing fuel consumption and emissions. 

Robotic arms in recycling facilities enable the selective separation of hazardous 

or hard-to-degrade material, which reduces the risk of contamination. Robots 

with integrated nanosensors can detect toxins, heavy metals and chemical 

pollutants, which enables timely adjustments to the processing process. 

Automated systems can monitor the quality of waste treatment and energy 

production in real time. The combination of robotics and nanotechnologies 

enables integration into energy systems based on renewable energy sources. For 

example, robotic lines can use electricity from solar panels or biogas obtained 

from the processing of organic waste. This increases energy efficiency and 

reduces dependence on fossil fuels. Smart algorithms allow robotic systems to 

anticipate variations in the amount and type of waste, adjusting the operation of 

sorting and processing lines. Robotic systems can operate 24/7, which increases 

productivity and reduces plant downtime. In urban areas, the integration of 

robots with city information networks enables the optimization of waste 

collection and processing. Systems can analyze data from sensors in containers, 

recognize overfilling and automatically dispatch vehicles to locations where 

needed. Robots can also monitor biogas production, control anaerobic digesters 

and optimize the amount of energy obtained from organic waste. Using 

nanosensors, robotic systems monitor the chemical composition of waste and the 

efficiency of the energy production process. Integrating robotics into recycling 

systems reduces labor costs and increases safety. Human workers are freed from 

direct contact with hazardous materials, while robotic systems perform 

hazardous tasks with precision and reliability. Robotic lines can be modular, 

which allows easy upgrading of new sensors, algorithms and components. Thus, 

the systems remain flexible and adaptable to changes in the amount and 

composition of waste. The application of robotics in combination with 

renewable energy sources contributes to the energy sustainability of the plant. 

Robots can monitor the health of solar panels, wind turbines and batteries, 

optimizing operation based on available energy and plant needs. In industrial 

plants, robotic systems enable precise manipulation of hazardous materials and 

optimization of waste transport towards recycling or treatment. Nanotechnology 

further improves robot performance, reducing wear and increasing resistance to 

corrosion and aggressive materials. Smart robotic systems contribute to the 
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creation of energy self-sufficient plants, where robotic lines work in accordance 

with the production of energy from waste and renewable sources. This creates a 

circular flow of materials and energy, which is the basic principle of sustainable 

development. The integration of robots enables continuous monitoring and 

evaluation of the process, which increases the quality of recycled materials and 

the safety of operations. Robotic systems can quickly detect and isolate 

hazardous waste, thereby reducing the risk of environmental contamination. The 

application of robotics in combination with nanotechnologies and renewable 

energy sources represents a key step towards the development of smart and 

sustainable cities of the future. Intelligent systems enable the simultaneous 

control of waste, energy and pollutant emissions, which contributes to 

environmental and energy sustainability. These systems can be applied both in 

large urban centers and in smaller local communities, thereby increasing the 

availability of sustainable technologies. Smart robotic systems contribute to the 

preservation of natural resources, reducing pollution and increasing the safety of 

citizens. Robotics in the management of municipal waste and energy systems 

enables the creation of integrated, sustainable and energy-efficient plants. These 

systems represent a synergy of technologies that respond to the needs of modern 

society and urban environments. 

4. APPLICATION OF NANOTECHNOLOGIES IN WASTE AND 

ENVIRONMENTAL PROTECTION  

Nanotechnologies bring revolutionary changes in municipal waste 
treatment and environmental protection. Their application enables the 
development of nanosensors, nanomaterials and nano-transitions that increase 
the efficiency of recycling and reduce the emission of harmful substances. 
Nanosensors enable detection of heavy metals, toxins, organic pollutants and 
chemicals in real time. Nanomaterials can improve the performance of filters, 
catalysts and membranes in waste processing processes. For example, 
nanocoated catalysts accelerate the decomposition of organic matter and reduce 
the generation of harmful gases during waste treatment. Nanotechnology enables 
the precise separation of microplastics from waste and guides that enable the 
control of particulate emissions in the air. The integration of nanotechnologies 
into recycling systems reduces the loss of resources and improves the quality of 
recycled materials. For example, nanosensors in sorting lines can automatically 
identify and classify plastic, metal and glass with high precision. This increases 
the efficiency of recycling and reduces the amount of waste that ends up in 
landfills. Nanotechnology enables the development of highly efficient 
membranes for the filtration of waste water, which reduces the pollution of 
rivers, lakes and groundwater. Nanomaterials improve the absorption capacity of 
heavy metals and toxins, thereby reducing the negative impact of industrial and 
municipal waste on the environment. The combination of nanotechnology and 
robotics enables automatic process control, monitoring and adjustment of waste 
processing parameters in real time. Robotic units equipped with nanosensors can 
monitor the chemical composition of waste and optimize energy production 
from organic waste. Application of nanotechnologies in biogas plants enables 
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higher efficiency of methane production from organic waste. Nanomaterials can 
improve enzymatic reactions and reduce energy losses during fermentation. 
Biogas can then be used for heating or electricity generation, which contributes 
to the integration of renewable sources into waste management. Nanotechnology 
is also applied in solar and wind energy systems that power waste treatment 
plants. Nanosensors can monitor the performance of solar panels, wind turbines 
and batteries, while nanomaterials increase the efficiency of energy conversion 
and reduce losses. The robotic systems then distribute the energy towards the 
waste processing and sorting lines. Smart nanosensor systems can monitor 
pollution in real time and suggest optimizations in the waste processing process. 
The integration of these technologies enables the simultaneous control of waste 
and energy, reducing the emission of harmful gases and increasing the 
sustainability of the plant. Nanotechnology enables the treatment of hazardous 
and electronic waste. Nanomaterials can isolate heavy metals and toxins, while 
nanosensors monitor process efficiency. Robotic units perform hazardous tasks, 
reducing the risk of contamination and worker injury. The combination of 
nanotechnologies, robotics and renewable energy sources contributes to energy 
sustainable and environmentally friendly systems. Smart systems can predict 
variations in the composition of waste, the amount of biogas or the production of 
solar and wind energy, adjusting the operation of processing and sorting lines. 
Nanotechnology improves the longevity of equipment, reduces wear, and 
increases resistance to chemically aggressive materials. This reduces 
maintenance costs and increases plant efficiency. Robotic units can continuously 
monitor parameters and intervene when nanosensors detect irregularities. 
Application of nanotechnology enables precise detection of microplastics, 
chemical pollutants and toxins in air, water and soil. Nanosensors in 
combination with robotic systems enable timely corrective actions, thereby 
reducing the negative impact on the ecosystem. Nanotechnology enables the 
creation of new materials that can absorb harmful gases or use waste materials 
for energy production. For example, nanomaterials in filters can absorb CO  and 
other greenhouse gases, while energy from waste powers robotic lines and 
renewable energy sources. These systems can work in real time, predicting 
changes in the amount of waste, energy production and material quality. 
Intelligent algorithms optimize processes, which achieves synergy between 
waste processing, energy production and environmental protection. Smart 
systems enable the simultaneous control of waste, energy and emissions of 
harmful substances, which contributes to sustainability and environmental 
safety. The integration of nanotechnology with robotics and renewable energy 
sources creates efficient, safety-reliable and energy-sustainable plants. The 
application of nanotechnologies in recycling, waste treatment and energy 
production is the basis of smart and sustainable cities. Such systems enable 
rational use of resources, reduction of pollution and preservation of biodiversity. 
Nanotechnology enables the improvement of the production process of solar 
energy, wind energy and biogas, thus achieving energy efficiency and reducing 
the negative impact on the environment. Robotic units use these energy sources 
to operate lines and optimize processes, thus achieving a circular flow of 
materials and energy. The combination of nanotechnologies, robotics and 
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renewable energy sources contributes to the creation of environmentally 
sustainable and energy efficient systems that can be applied in urban and rural 
environments. Intelligent systems enable monitoring and control of all 
processes, thereby reducing the risk of pollution and increasing efficiency. These 
advanced systems represent the foundations of future smart cities, where waste 
management and energy production function according to the principles of 
sustainability. The synergy of nanotechnologies, robotics and renewable energy 
sources enables environmentally friendly, energy-efficient and long-term 
sustainable infrastructures. 

5. INTEGRATED SYSTEMS OF ROBOTICS, NANOTECHNOLOGY 
AND RENEWABLE ENERGY SOURCES IN MODERN MECHANICAL 
ENGINEERING  

Modern mechanical engineering increasingly strives for the integration of 
advanced technologies that enable efficient and sustainable management of 
resources. The combination of robotics, nanotechnologies and renewable energy 
sources is the basis for creating smart and energy-sustainable systems. These 
integrated systems enable simultaneous control of municipal waste, energy 
production and environmental protection. Robotic units can automatically 
collect, sort and process waste, while nanosensors monitor the chemical 
composition and level of pollution. This increases the precision of the process 
and reduces human exposure to hazardous substances. The integration of 
renewable energy sources, such as solar, wind and bioenergy, enables powering 
robotic lines and energy-sustainable production. Smart algorithms optimize 
system operation in real time, adjusting line capacities, energy production and 
waste processing. Robotic systems can monitor biogas production from organic 
waste and direct energy to sorting and processing lines. Nanomaterials increase 
the efficiency of filters, catalysts and membranes, reducing the emission of 
harmful substances. Combined systems enable reduction of labor and energy 
costs, increase of productivity and improvement of environmental performance 
of the plant. The integration of nanosensors into robotic units enables the 
detection of microplastics, heavy metals and organic pollutants, which 
contributes to the preservation of the ecosystem. These systems enable real-time 
operation, adapting to changes in waste composition, energy availability and the 
needs of urban environments. Process automation reduces downtime and 
increases processing capacity, while nanotechnology improves equipment 
longevity. Integrated systems contribute to the plant's energy self-sufficiency, 
where energy production from waste and renewable sources drives processing 
lines. Robotic systems can manage energy flow, control plant parameters, and 
predict needs according to seasonal changes. Nanotechnology improves the 
performance of solar panels and wind turbines, increasing energy storage 
capacity and reducing losses. Robotic units can monitor battery status, biogas 
production and line efficiency, optimizing the operation of the entire system. 
 Integrated systems enable predictive maintenance of equipment, timely 
detection of faults and adaptation of waste processing lines. Nanotechnology 
and robotics enable precise process control, while renewable energy sources 
ensure sustainable production. These systems contribute to reducing dependence 



83 
 

on fossil fuels and increasing the energy efficiency of the plant. Robotic units 
can monitor the performance of solar panels, wind turbines and biogas plants, 
while nanosensors enable the detection of chemical pollutants and the 
monitoring of processing quality. The integration of nanotechnologies into 
energy systems enables the creation of materials with high energy storage 
capacity, while robotics provides precise distribution control. These systems 
enable the simultaneous control of waste, energy production and environmental 
protection. The application of integrated systems contributes to sustainable 
urbanization and the development of smart cities. Robotic units, nanotechnology 
and renewable energy sources work in synergy, increasing productivity and 
reducing negative impact on nature. Nanotechnology enables the development 
of high-performance filters and catalysts, while robotic systems monitor plant 
operation and adjust processing parameters in real time. Energy systems from 
renewable sources power the entire process, reducing costs and emissions. 
Integrated systems enable flexible scaling of waste processing capacity and 
energy production, which is key to adapting to changes in urban environments. 
Robotic units can be modular, which allows easy upgrading of new sensors and 
components. Smart algorithms enable the optimization of the flow of materials, 
energy and information, thus achieving the efficiency and sustainability of the 
process. Nanotechnology increases the durability and resistance of equipment, 
while robotics enables automated control and monitoring of all phases. 
Integrated systems contribute to the reduction of greenhouse gas emissions, the 
reduction of waste and the preservation of natural resources. Robotic units can 
monitor biogas production, the condition of solar panels and wind turbines, thus 
ensuring energy-sustainable waste processing. Nanotechnology enables the 
development of new materials for absorbing pollutants and converting waste 
into energy. Robotic units manage these processes, enabling precise control and 
optimization. These integrated systems enable the simultaneous control of 
resources, waste and energy, thus achieving a synergy between technologies and 
sustainable development. The application of these systems contributes to energy 
efficiency, reducing the negative impact on the environment and increasing 
safety. Integrated systems of robotics, nanotechnology and renewable energy 
sources represent the future of modern engineering and sustainable urban 
infrastructure. They enable the development of smart cities, efficient waste 
recycling and energy sustainability, which is the main goal of modern 
engineering. 

6.  CONCLUSION 

The integration of robotics, nanotechnology and renewable energy sources 
into modern mechanical engineering represents a key step towards sustainable 
municipal waste management. The application of robotics enables automatic 
collection, sorting and processing of waste, increasing the efficiency and safety 
of the process. Nanotechnologies improve the precision of pollutant detection 
and optimize the operation of filters, catalysts and membranes. The combination 
of these technologies enables the simultaneous control of waste, energy and 
emissions of harmful substances. The integration of renewable energy sources 
reduces the dependence on fossil fuels and increases the energy sustainability of 
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the plant. Robotic units can monitor the production of biogas, the operation of 
solar panels and wind turbines, optimizing the distribution of energy. Smart 
algorithms enable predictive planning, adapting waste processing and energy 
production processes to changes in the amount and composition of waste. 
Nanomaterials increase the durability of equipment, reduce wear and tear and 
reduce maintenance costs. The application of these technologies reduces the 
emission of particles and harmful gases, contributing to the preservation of the 
environment. Systems based on robotics and nanotechnology contribute to the 
creation of energy self-sufficient and environmentally friendly plants. Process 
automation reduces human exposure to hazardous substances and increases 
work safety. The integration of renewable energy sources into these systems 
enables sustainable production of electricity and heat. The comprehensive 
application of these technologies contributes to the development of smart cities, 
efficient waste recycling and resource conservation. The synergy of robotics, 
nanotechnology and renewable energy sources lays the foundation for 
sustainable urban development. These systems represent the future of modern 
engineering and environmental protection. 
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implementation challenges are identified, such as the closed nature of CNC systems, 
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demonstrated that hybrid approaches provide the most effective solution for developing 

adaptive digital twins that enhance production efficiency and enable predictive control 
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Keywords: digital twin, cyber-physical systems, IIoT, hybrid modeling, ISO 23247, 

manufacturing equipment, Smart Manufacturing. 

 

ɸʥʦʪʘʮʽʷ: ʋ ʩʪʘʪʪʽ ʧʨʦʘʥʘʣʽʟʦʚʘʥʦ ʩʫʯʘʩʥʽ ʤʝʪʦʜʠʢʠ ʩʪʚʦʨʝʥʥʷ ʮʠʬʨʦʚʠʭ 

ʜʚʽʡʥʠʢʽʚ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʚ ʫʤʦʚʘʭ ʨʦʟʚʠʪʢʫ ʢʽʙʝʨʬʽʟʠʯʥʠʭ ʚʠʨʦʙʥʠʯʠʭ 

ʩʠʩʪʝʤ. ʈʦʟʛʣʷʥʫʪʦ ʦʩʥʦʚʥʽ ʧʽʜʭʦʜʠ ʜʦ ʤʦʜʝʣʶʚʘʥʥʷ, ʟʦʢʨʝʤʘ ʬʽʟʠʯʥʦ-ʦʨʽʻʥʪʦʚʘʥʽ, 

ʜʘʥʽ-ʦʨʽʻʥʪʦʚʘʥʽ ʪʘ ʛʽʙʨʠʜʥʽ ʤʝʪʦʜʠ, ʷʢʽ ʟʘʙʝʟʧʝʯʫʶʪʴ ʨʽʟʥʠʡ ʨʽʚʝʥʴ ʪʦʯʥʦʩʪʽ ʪʘ 

ʘʜʘʧʪʠʚʥʦʩʪʽ ʮʠʬʨʦʚʠʭ ʤʦʜʝʣʝʡ. ɺʠʩʚʽʪʣʝʥʦ ʝʪʘʧʠ ʩʪʚʦʨʝʥʥʷ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ, 

ʚʢʣʶʯʘʶʯʠ ʽʥʪʝʛʨʘʮʽʶ ʩʝʥʩʦʨʽʚ, ʦʙʨʦʙʢʫ ʜʘʥʠʭ, ʧʦʙʫʜʦʚʫ ʤʦʜʝʣʝʡ ʪʘ ʩʠʥʭʨʦʥʽʟʘʮʽʶ ʟ 

ʬʽʟʠʯʥʠʤ ʦʙôʻʢʪʦʤ ʫ ʨʝʘʣʴʥʦʤʫ ʯʘʩʽ. ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʘʨʭʽʪʝʢʪʫʨʥʽ ʧʨʠʥʮʠʧʠ 

ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʩʪʘʥʜʘʨʪʫ ISO 23247 ʪʘ ʨʦʣʴ ʪʝʭʥʦʣʦʛʽʡ IIoT, Edge/Cloud computing ʽ 

ʮʠʬʨʦʚʠʭ ʧʣʘʪʬʦʨʤ ʫ ʟʘʙʝʟʧʝʯʝʥʥʽ ʽʥʪʝʛʨʘʮʽʾ ʪʘ ʤʘʩʰʪʘʙʦʚʘʥʦʩʪʽ. ʆʢʨʝʩʣʝʥʦ 

ʧʨʦʙʣʝʤʠ ʚʧʨʦʚʘʜʞʝʥʥʷ, ʟʦʢʨʝʤʘ ʟʘʢʨʠʪʽʩʪʴ ʩʠʩʪʝʤ ʏʇʂ, ʩʢʣʘʜʥʽʩʪʴ ʦʙʨʦʙʢʠ 

ʚʝʣʠʢʠʭ ʦʙʩʷʛʽʚ ʜʘʥʠʭ ʪʘ ʷʚʠʱʝ çmodel driftè. ɼʦʚʝʜʝʥʦ, ʱʦ ʛʽʙʨʠʜʥʽ ʧʽʜʭʦʜʠ ʻ ʥʘʡʙʽʣʴʰ 

ʝʬʝʢʪʠʚʥʠʤʠ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʘʜʘʧʪʠʚʥʠʭ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ, ʱʦ ʟʘʙʝʟʧʝʯʫʶʪʴ 

ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʚʠʨʦʙʥʠʮʪʚʘ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʮʠʬʨʦʚʠʡ ʜʚʽʡʥʠʢ, ʢʽʙʝʨʬʽʟʠʯʥʽ ʩʠʩʪʝʤʠ, IIoT, ʛʽʙʨʠʜʥʝ 

ʤʦʜʝʣʶʚʘʥʥʷ, ISO 23247, ʚʠʨʦʙʥʠʯʝ ʦʙʣʘʜʥʘʥʥʷ, Smart Manufacturing. 

 

Problem Statement. The fundamental basis for the transformation of 

modern mechanical engineering production is the development of Cyber-

Physical Production Systems (CPPS), which ensure deep and continuous 

convergence of computational resources, networking technologies, and physical 

processes. [1, 2].  

Despite the high level of automation, the majority of modern 

manufacturing equipment, including machine tools, remain information-isolated 
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systems. They operate predominantly based on the execution of rigidly pre-

programmed instructions (G-code), lacking the capability for advanced self-

diagnostics, adaptation to stochastic disturbances during the cutting process, and 

horizontal interoperability with other elements of the production environment 

[1]. This results in a critical gap between the stage of virtual process planning 

within CAD/CAM/CAE systems and the actual execution of operations in the 

physical domain. The consequences of this gap include machining under 

suboptimal cutting conditions, the occurrence of unpredictable thermal 

deformations, premature and unpredicted tool wear, the emergence of self-

excited vibrations (chatter), and, consequently, a reduction in the overall 

equipment effectiveness (OEE) [1, 3]. 

The concept of the Digital Twin (DT) provides a comprehensive and 

systemic solution to the aforementioned problem. A Digital Twin (DT) of 

manufacturing equipment is not merely a static three-dimensional model, but a 

high-fidelity, multiphysics, multiscale, data-integrated virtual replica that is 

continuously synchronized with its physical counterpart in real time [3ï6]. 

The implementation of DT technology has enabled the emergence of a 

new generation of manufacturing equipment ï Cyber-Physical Machine Tools 

(CPMT) [1, 2]. Within the paradigm of Smart Manufacturing, the development 

of DTs for manufacturing equipment facilitates the transition from a reactive to 

a proactive control model, in which critical situations, failures, or deviations of 

functional parameters are identified and mitigated within the virtual 

environment prior to their manifestation in the physical system [4, 5]. 

Accordingly, the analysis and systematization of approaches to the 

development of Digital Twins for manufacturing equipment make it possible to 

identify the most effective methodologies and algorithms, forming the basis for 

a structured and unified framework. Such a framework ensures high quality, 

reliability, reproducibility, scalability, and cost efficiency in the development of 

Digital Twins for manufacturing equipment and related systems. 

Analysis of recent research and publications. The evolution of 

scientific perspectives on the Digital Twin concept demonstrates a rapid 

transition from theoretical constructs to established industrial standards. The DT 

concept was first introduced by Michael Grieves in 2002 as an informational 

mirror model for product lifecycle management [7]. In 2012, the NASA space 

agency integrated Digital Twin technology for predicting the condition of 

aerospace systems [3]. 

Over the past decade, there has been a significant increase in applied 

research focused on the development of DT for manufacturing processes and 

machine tools. In particular, in studies [1, 2], Liu, Chao et al. proposed the 

concept of the Machine Tool Cyber Twin (MTCT) and developed a 

methodology for transitioning from conventional CNC machine tools to cyber-

physical machine tools. F. Tao and M. Zhang, in works [8, 9], introduced a 

multi-layer DT architecture based on a five-dimensional model oriented toward 

big data convergence. 
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The monograph [10] presents simulation models of dynamic 

characteristics, machining processes, energy efficiency, and related aspects, 

forming the basis for the development of a machine tool DT as a cyber-physical 

system. 

In studies [11, 12], the authors proposed a holistic concept of a Digital 

Twin for a CNC milling machine, along with its implementation in the 

MWorks/Modelica environment for predicting the remaining useful life and the 

failure probability of ball screw drives. 

The authors of [13] developed algorithms for identifying the parameters 

of machine tool dynamic stiffness using a Digital Twin framework. 

An analysis of the literature indicates a shift in scientific focus from the 

development of purely isolated simulation models (white-box models) toward 

comprehensive hybrid systems (grey-box models), which are continuously 

updated in real time through artificial intelligence algorithms and standardized 

IoT interfaces. In parallel, an active standardization process is underway, as 

evidenced by the adoption of the ISO 23247 series of standards [14, 15], aimed 

at addressing interoperability challenges among heterogeneous equipment in 

modern manufacturing environments. 

The objective of this study is to identify, comprehensively analyze, and 

systematize contemporary approaches, architectures, and methodologies for the 

development of Digital Twins of manufacturing equipment. 

Presentation of the main material. In contemporary scientific literature 

[16ï18] and regulatory documents (in particular, the ISO 23247 standard) [14], 

the concept of a Digital Twin is defined as a fit-for-purpose virtual 

representation of an observable manufacturing element, comprising the physical 

element itself, its digital model, and bidirectional information links between 

them, which ensure synchronization and continuous interaction in real time. 

The fundamental distinction of a Digital Twin lies in the level of 

automation of data processing, the degree of data integration, and the 

directionality of information flows between the physical object and its digital 

counterpart. These differences, based on studies [4, 5, 6, 16ï18], are 

systematized in Table 1. 

Table 1 ï Toward the definition of concepts of digital representations of 

physical objects  

Concept Data flow 

between 

objects 

(physical Ÿ 

digital) 

Data flow 

between 

objects 

(digital Ÿ 

physical) 

Characteristics and application 

examples 

Digital 

Model 

Manual Manual Virtual representation of an object 

without automatic connection to it. 

Any changes in the physical object are 

manually entered into the model by an 

engineer. Example: static 3D CAD 
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model of a machine tool. 

Digital 

Shadow 

Automatic Manual One-way data flow. The model 

automatically changes its state 

synchronously with the physical object 

but cannot influence it. Example: 

SCADA system, dashboard for 

monitoring spindle temperature. 

Digital 

Twin 

Automatic Automatic Two-way communication. The model 

receives data, analyzes it, generates 

control commands, and automatically 

influences the physical process. 

Example: adaptive adjustment of 

machine tool feed to avoid vibrations. 

The evolution of DT implementation into production infrastructure can be 

assessed using maturity models [19ï21]. According to the ISO/IEC 30186 series 

[19], ISO 22549-2 [21], and the MESA MOM methodology, five main maturity 

levels of digital twins for technological equipment are distinguished (Fig. 1). 

 

 

Figure 1 ï Five main maturity levels of digital twins for technological 

equipment 
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The development of the core foundation of a DT requires the selection of 

an appropriate modeling methodology capable of describing, with the necessary 

accuracy, the behavior of technological equipment as a complex mechatronic 

system. Current approaches and methodologies for creating DT are classified 

into five main paradigms: 

- Physics-based modeling; 

- Data-driven methods; 

- Hybrid approaches; 

- Multi -physics and multi-scale modeling; 

- Model-Based Systems Engineering (MBSE). 

Physics-based modeling (White-box) for the mathematical description of 

technical system behavior is founded on fundamental laws of physics, 

mathematics, and kinematics [22, 23, 24]. The main advantages are a high level 

of interpretability (transparency of cause-and-effect relationships) and the ability 

to extrapolate results to operating modes for which no experimental data have 

been accumulated [24]. However, physics-based models are characterized by 

high computational complexity, which makes their direct use for real-time 

process control infeasible. 

Data-driven modeling (Black-box) is based on the application of 

machine and deep learning algorithms to uncover hidden patterns within 

industrial data arrays [22, 23]. This approach is notable for its high inference 

speed, making it suitable for real-time monitoring. Nevertheless, its drawbacks 

include the "black-box effect" (low interpretability of results), dependence on 

vast volumes of heterogeneous data, and an inability to adequately respond to 

situations that fall outside the training dataset. 

Digital twin creation methodologies based on hybrid modeling (Grey-

box) synergistically combine the advantages of physics-based and data-driven 

approaches while mitigating their respective drawbacks. In the hybrid paradigm, 

a physics-based model can be used offline to generate theoretical data for 

extreme machining conditions. On this data, combined with real data, a so-called 

surrogate model or a physics-informed neural network is trained [24]. The 

resulting surrogate model is then integrated into the digital twin core, ensuring 

the physical plausibility of the results. 

Multi -physics and multi-scale modeling. Technological equipment 

represents a typical cyber-physical, mechatronic system. Developing an 

adequate digital twin thereof requires a multi-domain (multi -physics) approach, 

which involves the co-simulation of mechanical, electrical, hydraulic, and 

algorithmic subsystems within a unified environment [26]. Multi-scale 

capability refers to the model's ability to handle physical processes at different 

spatial and temporal levels: from the micro-level of chip interaction with the tool 

rake face to the macro-level of thermal deformations of the entire machine tool 

structure. 

Model-Based Systems Engineering (MBSE) involves the use of digital 

models as the primary carrier of information throughout the system lifecycle. 



90 
 

The use of standardized languages such as SysML (Systems Modeling 

Language) allows for the formalization of system requirements, as well as 

structural and behavioral relationships among all subsystems of the 

technological equipment [25, 27]. MBSE ensures continuous and automatic 

validation of any changes made to the virtual architecture of the digital twin. 

This significantly reduces the risks associated with creating digital twins of 

technological equipment. 

Building upon the CPMT concept [1, 2, 11, 28], the methodology for 

creating a digital twin comprises the following stages: 

1. Creation of the physical integration level: retrofitting an existing 

machine tool with additional sensors (vibration acceleration, temperature, 

cutting force, acoustic emission, etc.) featuring enhanced embedded signal 

processing capabilities. 

2. Data fusion and pre-processing: raw high-frequency signals from 

sensors undergo digital filtering, noise reduction, and spatiotemporal 

synchronization. Disparate data streams are aggregated and linked to specific 

machine tool components using a unified semantic model. 

3. Construction and tuning of three-dimensional geometric, kinematic, 

and multi-physics models representing the state of the technological equipment. 

4. Virtual-real mapping: establishing a continuous connection between the 

physical and virtual objects via industrial protocols. 

5. Validation, verification, and optimization: comparing values predicted 

by the virtual model with actual sensor readings. Based on the detected 

deviations, optimization algorithms adjust the internal parameters of the digital 

twin model, ensuring the DT's adaptability to changes in the state of the 

technological equipment or environmental conditions. 

Modern digital twin architectures are evolving toward standardization, 

interoperability, and distributed computing, enabling the integration of disparate 

equipment into unified production systems. ISO has developed the standard ISO 

23247 "Digital Twin Framework for Manufacturing" [14, 15], which defines a 

reference four-level architecture for digital twins in mechanical engineering. 

The classical digital twin architecture is incapable of handling the volume 

of data generated by built-in and additionally integrated sensors within a cyber-

physical machine tool due to the vast number of high-frequency signals. 

Therefore, modern digital twin architectures are distributed across edge and 

cloud computing (Edge/Cloud Computing) [10, 28]. 

The creation of a digital twin for technological equipment is impossible 

without an appropriate platform (DT Platforms). Leading global developers ï 

Siemens MindSphere, PTC ThingWorx, Ansys Twin Builder, and AWS IoT 

TwinMaker ï offer cloud-based and hybrid platforms (IoT OS) that act as 

integrators for all components of the twin [28]. These platforms provide a 

Digital Thread between CAD/CAE models, control systems, and sensor data 
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from technological equipment, as well as offering an environment for deploying 

analytics and machine learning algorithms. 

Despite their significant potential, the widespread industrial 

implementation of digital twin faces a number of serious technical and 

organizational obstacles. 

The most significant challenge is the closed nature of most CNC systems, 

which effectively renders them information "black boxes." Industrial data are 

often noisy, contain gaps, and are highly imbalanced. The number of records of 

technological equipment operating under normal conditions far exceeds the 

number of records containing anomalies, thereby complicating the training of 

neural networks. 

High-fidelity physics-based modeling, particularly nonlinear finite 

element analysis and CFD analysis of thermodynamics, demands enormous 

computational resources and hours of machine time. Consequently, their direct 

integration into the real-time control loop of a machine tool is currently 

practically infeasible. 

Due to changes in the state of technological equipment over its 

operational lifetime, its initial idealized virtual model gradually loses relevance. 

This is the so-called "model drift" phenomenon. The development of reliable 

automated self-calibration algorithms for digital twins throughout the entire 

service life of technological equipment remains an open scientific challenge. 

Despite the emergence of standards (ISO 23247, OPC UA), the 

integration of diverse equipment, legacy systems, sensors from different 

manufacturers, and corporate IT systems into a unified "digital thread" remains 

an extremely labor-intensive and costly engineering endeavor. 

The further development of digital twin technologies will move toward 

enhancing their cognitive capabilities, computational speed, and global 

convergence. 

Conclusions. The analysis of existing digital twin creation methodologies 

demonstrates that the highest efficiency is achieved through the use of a hybrid 

(Grey-box) approach, which synergistically combines the reliability of 

deterministic physics-based models with the speed and adaptability of artificial 

intelligence algorithms for real-time data processing.  

The most promising directions for future research are: 

- overcoming the closed architecture problem of CNC systems (eliminating 

"black boxes") to ensure unimpeded and secure access to internal 

telemetry; 

- developing efficient mathematical methods for self-calibration and 

adaptive modification of simulation models of technological equipment, 

taking into account changes in its state throughout the lifecycle; 

- advancing cognitive digital twin technologies capable of autonomous 

decision-making and their integration into the network architectures of 

industrial metaverses. 
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The implementation of these directions will ultimately transform digital 

twins from a powerful analytical tool into an indispensable autonomous 

intelligence for the smart manufacturing of the future. 
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IMPROVING THE DESIGN OF INTERNAL DIMENSIONAL DEVICES  

INSTALLED INSIDE A CLOSED -LOOP WIND TUNNEL IN ORDER  

TO REDUCE ADDITIONAL DRAG LOSSES  
 

Abstract: This paper addresses the additional drag losses of a smoke generator and 

support struts in a closed-loop wind tunnel. A functionally and aerodynamically integrated 

design method is proposed, transforming conventional cylindrical shapes into teardrop or 

symmetric airfoil streamlined bodies. The smoke generator features a smooth windward side, 

flush-mounted micro-orifice nozzles, and recessed controls on the leeward side. The support 

struts adopt symmetric airfoil sections, adjustable bases, conical fairings, and carbon fibre 

composite. CFD and experiments demonstrate drag reductions of 84.3% for the smoke 

generator and 88.6% for the struts, with a combined additional drag reduction of 

approximately 85% and significantly improved flow quality.  

Keywords: industrial design, fluid mechanics, turbulent flow control, closed-loop wind 

tunnel; smoke generator; support strut; additional drag loss; streamlined design; 

aerodynamic optimisation. 

 

ɸʥʦʪʘʮʽʷ: ʋ ʜʘʥʽʡ ʩʪʘʪʪʽ ʨʦʟʛʣʷʜʘʶʪʴʩʷ ʜʦʜʘʪʢʦʚʽ ʚʪʨʘʪʠ ʥʘ 

ʘʝʨʦʜʠʥʘʤʽʯʥʠʡ ʦʧʽʨ ʜʠʤʦʛʝʥʝʨʘʪʦʨʘ ʽ ʦʧʦʨʥʠʭ ʩʪʽʡʦʢ ʚ ʘʝʨʦʜʠʥʘʤʽʯʥʽʡ ʪʨʫʙʽ ʽʟ 

ʟʘʤʢʥʫʪʠʤ ʢʦʥʪʫʨʦʤ. ʇʨʦʧʦʥʫʻʪʴʩʷ" ʬʫʥʢʮʽʦʥʘʣʴʥʦ ʽ ʘʝʨʦʜʠʥʘʤʽʯʥʦ ʽʥʪʝʛʨʦʚʘʥʠʡ " 

ʤʝʪʦʜ ʧʨʦʝʢʪʫʚʘʥʥʷ, ʱʦ ʜʦʟʚʦʣʷʻ ʧʝʨʝʪʚʦʨʠʪʠ ʟʚʠʯʘʡʥʽ ʮʠʣʽʥʜʨʠʯʥʽ ʬʦʨʤʠ ʚ 

ʢʨʘʧʣʝʧʦʜʽʙʥʽ ʘʙʦ ʩʠʤʝʪʨʠʯʥʽ ʦʙʪʽʯʥʽ ʪʽʣʘ. ɼʠʤʦʛʝʥʝʨʘʪʦʨ ʤʘʻ ʛʣʘʜʢʫ ʥʘʚʽʪʨʷʥʫ 

ʩʪʦʨʦʥʫ, ʚʩʪʘʥʦʚʣʝʥʽ ʚʨʽʚʝʥʴ ʩʦʧʣʘ ʟ ʤʽʢʨʦʦʪʚʦʨʘʤʠ ʽ ʚʙʫʜʦʚʘʥʽ ʝʣʝʤʝʥʪʠ ʫʧʨʘʚʣʽʥʥʷ ʟ 
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ʧʽʜʚʽʪʨʷʥʦʛʦ ʙʦʢʫ. ʆʧʦʨʥʽ ʩʪʦʚʧʠ ʤʘʶʪʴ ʩʠʤʝʪʨʠʯʥʽ ʧʨʦʬʽʣʽ, ʨʝʛʫʣʴʦʚʘʥʽ ʦʩʥʦʚʠ, 

ʢʦʥʽʯʥʽ ʦʙʪʽʯʥʠʢʠ ʪʘ ʢʦʤʧʦʟʠʪ ʟ ʚʫʛʣʝʮʝʚʦʛʦ ʚʦʣʦʢʥʘ. CFD ʽ ʝʢʩʧʝʨʠʤʝʥʪʠ 

ʜʝʤʦʥʩʪʨʫʶʪʴ ʟʥʠʞʝʥʥʷ ʣʦʙʦʚʦʛʦ ʦʧʦʨʫ ʥʘ 84,3% ʜʣʷ ʜʠʤʦʛʝʥʝʨʘʪʦʨʘ ʽ ʥʘ 88,6% ʜʣʷ 

ʩʪʽʡʦʢ, ʧʨʠ ʮʴʦʤʫ ʩʫʤʘʨʥʠʡ ʜʦʜʘʪʢʦʚʠʡ ʣʦʙʦʚʠʡ ʦʧʽʨ ʟʥʠʞʫʻʪʴʩʷ ʧʨʠʙʣʠʟʥʦ ʥʘ 85% ʽ 

ʟʥʘʯʥʦ ʧʦʣʽʧʰʫʻʪʴʩʷ ʷʢʽʩʪʴ ʧʦʪʦʢʫ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʧʨʦʤʠʩʣʦʚʠʡ ʜʠʟʘʡʥ, ʘʝʨʦʤʝʭʘʥʽʢʘ, ʫʧʨʘʚʣʽʥʥʷ ʪʫʨʙʫʣʝʥʪʥʠʤ 

ʧʦʪʦʢʦʤ, ʘʝʨʦʜʠʥʘʤʽʯʥʘ ʪʨʫʙʘ ʽʟ ʟʘʤʢʥʫʪʠʤ ʢʦʥʪʫʨʦʤ; ʜʠʤʦʛʝʥʝʨʘʪʦʨ; ʦʧʦʨʥʘ 

ʩʪʽʡʢʘ; ʜʦʜʘʪʢʦʚʠʡ ʣʦʙʦʚʠʡ ʦʧʽʨ; ʦʙʪʽʯʥʘ ʢʦʥʩʪʨʫʢʮʽʷ; ʘʝʨʦʜʠʥʘʤʽʯʥʘ ʦʧʪʠʤʽʟʘʮʽʷ. 
 

1. INTRODUCTION  (SUBJECT OF STUDY, BASIC DESCRIPTION OF 

RESEARH RELEVANCE, APPROACHES AND PRIORITY AREAS ) 

1.1 Subject of Study 

The subject of this paper is the internal dimensional devices installed 

inside a closed-loop (closed-test-section) wind tunnel, specifically focusing on 

two key types of equipment: 

1.Smoke generator (tracer particle generator): an auxiliary device used 

for flow visualization and Particle Image Velocimetry (PIV) measurements. Its 

function is to generate micron-sized tracer particles upstream of the wind tunnel 

to reveal the flow behaviour around the test model. 

2.Support struts beneath the model support platform: load-bearing 

structures used to secure the test model and enable attitude adjustments (e.g., 

angle of attack, sideslip angle). 

In conventional wind tunnel designs, these two types of devices typically 

employ circular, rectangular, or other non-streamlined cross-sections. As a 

result, they generate significant additional drag in the airflow, induce wakes, 

vortices, and turbulent fluctuations, increase the total pressure loss of the wind 

tunnel circuit, degrade the flow quality in the test section, and potentially affect 

the accuracy and repeatability of experimental data. 

1.2 Basic Description of Research Relevance 

The primary advantage of a closed-loop wind tunnel is its ability to 

provide a high-quality, low-turbulence, uniform flow field with relatively low 

energy consumption. However, every component in the wind tunnel circuitð

whether active (e.g., fan section, turning vanes) or passive (e.g., measurement 

and support devices)ðcontributes to total pressure loss. In traditional design 

practice, internal dimensional devices such as smoke generators and support 

struts are often installed as functional accessories in an "afterthought" manner, 

with little or no consideration given to their aerodynamic shapes. 

The problems arising from this neglect include: 

¥ Reduced energy efficiency: The additional drag from non-streamlined 

devices directly increases the fan power demand, raising operating costs. For 

research or industrial wind tunnels operating over long periods, the 

cumulative energy loss can be substantial. 

¥ Degraded flow quality: The K§rm§n vortex streets and wake regions 

generated by circular or bluff-body flows propagate downstream, 
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contaminating the test section flow and interfering with the observation of 

fine aerodynamic phenomena such as boundary layer transition and 

separation. 

¥ Increased measurement uncertainty: The wake from support struts may 

directly impinge on the model base or afterbody, affecting the accuracy of 

pressure, lift, and drag coefficient measurements. Non-uniform particle 

distribution from the smoke generator can also introduce bias in PIV 

velocity measurements. 

¥ Limited test capability:  Strong wake disturbances and vibrations may 

restrict the operable wind speed range and the attainable model attitude 

angles. 

Therefore, aerodynamic optimization of these two types of internal 

dimensional devicesðto minimize drag and flow interference while preserving 

their original functionalityðis an important technical approach for improving 

overall wind tunnel performance and ensuring high-quality experimental data. 

This research not only offers direct economic benefits (energy savings) but also 

contributes to a paradigm shift in wind tunnel design, moving from "component 

assembly" to "flow-path integration". 

1.3 Research Approaches and Priority Areas 

This study adopts a combined methodology of Computational Fluid 

Dynamics (CFD) simulation and wind tunnel experimental validation, following 

a technical route of "analysis ï design ï evaluation ï validation". The specific 

research approaches and priority areas are as follows: 

(1) FunctionalïStructural Decoupling Analysis of Devices 

The first step is to perform a functionalïstructural decomposition of the 

smoke generator and support struts, identifying which components must be 

retained (e.g., liquid reservoir, heating element, nozzles, electrical connectors, 

mounting flanges) and which can be optimized or relocated. On this basis, a 

functional constraint checklist is established to provide boundary conditions for 

subsequent shape design. 

(2) Streamlined Aerodynamic Shape Design 

¥ Smoke generator: Replace the traditional cylindrical/rectangular housing 

with an airfoil (e.g., NACA 00 series), teardrop, or spindle shape; replace 

protruding nozzles with flush-mounted micro-orifice arrays or porous 

sintered metal plates; relocate all control elements (power switch, indicators, 

filler port, communication connectors) to the leeward side with recessed or 

flush mounting. 

¥ Support struts: Replace circular cross-sections with symmetric airfoil 

sections (e.g., NACA 0015)(Fig. 1), optimising the thickness-to-chord ratio; 

design conical streamlined fairings to eliminate step-induced separation; for 

multi-strut systems, optimise the relative positions and spacing to avoid 

wake superposition and resonance. 
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Figure 1 NACA 0015 

(3) Prototype Manufacturing and Experimental Validation 

Additive manufacturing (3D printing) or precision machining is used to 

fabricate prototypes of the optimised devices. Force balance measurements 

(drag), flow visualisation (smoke-wire/laser sheet), and PIV measurements are 

conducted in a small closed-loop wind tunnel to validate the drag reduction and 

flow quality improvement, and to compare with CFD results for calibration. 

(4) System Integration and Cumulative Loss Assessment 

The optimised smoke generator and support struts are installed 

simultaneously in the wind tunnel circuit. The mutual wake interactions and the 

combined interference with the test section flow are evaluated. The total 

additional drag reduction and the reduction in total circuit pressure loss are 

calculated. 

Priority areas: 

¥ Compact integration technology for internal components (reservoir, 

electronics, heating element) within a streamlined housing for the smoke 

generator; 

¥ Uniform outflow design and anti-clogging measures for flush-mounted 

micro-orifice nozzles; 

¥ Multi -objective optimisation of airfoil support struts considering load, 

stiffness, and drag; 

¥ General design guidelines that can be extended to other internal dimensional 

devices (e.g., total pressure rakes, hot-wire probes). 

Through the above research, this paper aims to develop a set of 

"functionally and aerodynamically integrated" design methods for internal 

dimensional devices, providing theoretical foundations and engineering 

examples for efficient, low-disturbance operation of closed-loop wind tunnels. 
 

2. THE STUDIED PROBLEM STATEMENT AND IMPORTANCE  

2.1 Problem Statement 

In typical small to medium-scale closed-loop wind tunnels, smoke 

generators (tracer particle generators) and support struts beneath the model 

support platform are two types of internal devices that are indispensable yet 

whose aerodynamic impact is generally overlooked. Existing designs usually 

prioritise functionality and manufacturing cost, with almost no consideration 
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given to the interference caused by their shape. The specific problems arising 

from this situation can be summarised as follows. 

2.1.1 Smoke Generator Aspects 

¥ Non-streamlined shape: Commercially available or custom-built smoke 

generators mostly adopt cylindrical tanks, rectangular boxes, or irregular 

housings with pronounced edges. Under oncoming flow, such shapes 

generate large pressure drag, with drag coefficients (Cd) typically between 

1.0 and 1.2 (based on frontal area). 

¥ Severe local protrusions: To meet operational and connection 

requirements, the device surface often features protruding power switches, 

adjustment knobs, indicator light covers, aviation connectors, filler caps, and 

injection nozzles. Each of these protrusions acts as a small bluff body, 

inducing local vortices and increasing total drag. 

¥ Crude nozzle design: Conventional smoke injection tubes are usually metal 

or plastic tubes protruding from the housing, with diameters ranging from a 

few millimeters to over ten millimeters. These protruding structures not only 

generate drag themselves but also produce slender wake jets downstream, 

interfering with the uniformity of the flow field behind them. 

¥ Sensitive upstream installation position: Smoke generators are typically 

installed near the settling chamber exit or the contraction section inlet, i.e., 

directly upstream of the test section. Their wakes and turbulent fluctuations 

propagate directly downstream, contaminating the entire flow field in the 

test section and thereby affecting the accuracy of aerodynamic force 

measurements on the model. 

2.1.2 Support Strut Aspects 

¥ Unfavorable cross-sectional shape: The struts beneath the model support 

platform are often constant-section circular cylinders, with diameters 

typically between 10 mm and 20 mm. Flow past a circular cylinder exhibits 

a classic K§rm§n vortex street; the vortex shedding frequency varies with 

wind speed, which may induce structural vibration and leave a wide, 

turbulent wake downstream. 

¥ Abrupt connections: The junctions between the struts and the platform, as 

well as between the struts and the tunnel wall, often employ right-angle 

welding or direct bolting, creating steps or gaps. These geometric 

discontinuities trigger flow separation and reattachment, generating 

additional local losses. 

¥ Mutual interference between multiple struts: When two or more parallel 

support struts are present (e.g., in twin-strut configurations), their wakes 

interact. This can lead to vortex shedding lock-in, wake broadening, or a 

sharp increase in turbulence intensity, further deteriorating the flow 

environment in the model region. 

¥ Insufficient stiffness and damping: Slender circular cylinders are prone to 

bending and torsional vibrations under aerodynamic loads, especially near 

the vortex shedding resonance frequency. These vibrations are transmitted 
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through the support platform to the model, introducing spurious fluctuations 

in the measured signals. 

2.2 Importance 

Aerodynamic optimization of smoke generators and support struts to 

reduce their additional drag losses has multiple important implications, spanning 

energy economy, experimental accuracy, testing capability, and design 

methodology. 
2.2.1 Energy Efficiency and Operating Costs 

¥ The total pressure loss in a wind tunnel directly determines the fan power 

required to maintain a given wind speed. Reducing the additional drag of 

internal devices decreases circuit losses and thereby saves energy. 

¥ For research or industrial wind tunnels operating more than 8 hours per day, 

annual electricity savings can reach thousands to tens of thousands of 

kilowatt-hours, while also reducing the load on fan motors, 

variable-frequency drives, and other equipment, extending their service life. 

¥ The energy saving effect is even more pronounced in wind tunnels that 

require long-duration continuous operation (e.g., material fatigue testing, 

climatic simulation). 

2.2.2 Flow Quality and Data Accuracy 

¥ The wakes of smoke generators and support struts are among the main 

sources of additional turbulence in the test section. Through streamlined 

optimisation, the downstream turbulence intensity can be reduced by 60%ï

75%, bringing the test section flow closer to an ideal uniform flow. 

¥ After reducing the interference of support strut wakes on model base 

pressure, the measurement uncertainty of drag coefficient can be lowered by 

approximately 30%, which is critical for accurately determining key 

quantities such as aircraft drag increments and automotive drag coefficients. 

¥ Flush-mount nozzles and uniform particle release improve the homogeneity 

of tracer particle distribution for PIV measurements, reducing velocity errors 

caused by concentration gradients. 

2.2.3 Safety and Reliability 

¥ Streamlined designs eliminate sharp edges and protrusions, reducing 

component vibration and stress concentrations under high-speed flow, 

thereby lowering the risk of fatigue failure. 

¥ By optimising damping and stiffness, vortex-induced vibrations can be 

effectively suppressed, preventing resonance between the support system 

and the tunnel structure and ensuring long-term operational safety. 

2.2.4 Methodological Value for Design 

¥ The ñfunctionally and aerodynamically integratedò design approach 

proposed in this studyðincluding functional-structural decoupling, 

leeward-side integration, flush-mount nozzles, and airfoil-section strutsð

can be extended to other intrusive devices in wind tunnels, such as total 
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pressure rakes, hot-wire probes, angle-of-attack mechanisms, and turning 

vanes. 

¥ The resulting design guidelines and optimisation procedures can provide 

theoretical foundations and engineering examples for the low-drag design of 

new wind tunnels and the retrofitting of existing facilities. 

¥ The methodology may also be applicable to other fluid experiment facilities, 

such as recirculating water channels and cavitation tunnels, offering 

cross-domain generality. 

2.2.5 Filling Research Gaps 

¥ As noted in the literature analysis, there is almost no existing work on the 

aerodynamic design of smoke generators, and studies on support struts have 

focused mainly on model interference rather than circuit losses. This 

research directly addresses these neglected gaps by providing systematic 

optimisation schemes and experimental data. 

¥ By optimising two types of devices simultaneously and evaluating their 

cumulative effects, this study fills the gap in research on multi-device joint 

optimisation and system integration. 

In summary, addressing the additional drag problem of smoke generators 

and support struts is not only a direct means of improving wind tunnel 

performance and economy, but also an important undertaking for ensuring 

high-accuracy aerodynamic measurements, expanding wind tunnel testing 

capabilities, and advancing the design philosophy of wind tunnels. Therefore, 

this research has clear engineering value and academic significance. 

3. PRINCIPAL  IDEAS AND RESEARCH RESULTS DESCRIPTION 

3.1 Principal  ideas 

The core idea of this research is to transform the smoke generator and 

support struts from ñfunction-first, aerodynamics-neglectedò auxiliary devices 

into ñfunctionally and aerodynamically integratedò wind tunnel components. 

This is embodied in two design principles: 

¥ Streamlined shape: Replace traditional cylindrical or rectangular 

cross-sections with aerodynamically optimal shapes (airfoil, teardrop) to 

reduce drag at the source. 

¥ Flush surfaces: Convert all protruding nozzles, switches, connectors, and 

sight glasses into flush-mounted or embedded features, or relocate them to 

the leeward side, eliminating local flow disturbances. 

3.1.1 Design considerations: continuous versus discontinuous curvature 
Before finalising the teardrop shape for the smoke generator housing, 

alternative fairing geometries were examined. In particular, a convex shape with 

discontinuous curvature (e.g., a blunt front end followed by an abrupt change in 

slope, creating a ñpolylineò profile) was considered. Such shapes are known to 

offer certain practical advantages: 
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¥ Structural strength and stiffness: A discontinuous curvature can act as an 

integral rib, increasing the local bending stiffness without adding extra 

weight. This is especially beneficial at the connection between the fairing 

and the functional main body of the smoke generator. 

¥ Internal space utilisation: A shape with a distinct ñstepò or ñshoulderò can 

provide a more regular rectangular cavity inside the housing, making it 

easier to accommodate components such as the liquid reservoir, motor, and 

control board. 

¥ Flow control potential: In certain bluff-body or moderately slender fairings, 

a deliberate small step or sharp corner can generate a fixed separation 

bubble. This bubble acts like a ñrollerò, lifting the main flow shear layer and 

causing downstream reattachment, which may suppress the periodic 

shedding of the K§rm§n vortex street and reduce vibration and noise. 

Discontinuous curvature can also act as a transition trigger, promoting 

earlier transition to turbulence and thereby delaying large-scale separation, a 

strategy used in vehicle side mirrors and building rounded corners. 

Given that the primary goal of this study is to minimise additional drag 

and flow disturbance for high-quality PIV experiments, continuous curvature 

(teardrop profile) was selected for the windward side and the main body of the 

smoke generator. Nevertheless, at the non-critical leeward side connections 

(e.g., where the fairing attaches to the functional main body), a small step 

(discontinuous curvature) is intentionally retained to create a rib-like 

reinforcement, improving structural integrity without significantly affecting the 

upstream flow. This hybrid approach balances aerodynamic performance with 

practical manufacturability and internal space utilisation. 

3.2 Optimised Design of the Smoke Generator 

3.2.1 Functional Components That Must Be Retained 

Before performing shape optimisation, it is necessary to identify which 

components of the smoke generator must be retained, because optimisation 

cannot sacrifice basic functionality. These components include: the liquid 

reservoir for storing smoke fluid, the heating element (or atomiser) that 

generates the smoke, the nozzle for releasing particles, the power connector, the 

control circuit board, the operation switches (power and smoke on/off), status 

indicators, a liquid level indicator, and a filler port. Optimisation does not 

remove these parts; it changes their shape and layout. 

3.2.2 Shape Selection 

Based on the trade off analysis presented in Section 3.1.1, the teardrop 

profile with continuous curvature was adopted for the smoke generator housing. 

The teardrop features a smoothly rounded nose and a sharp tail, forming a fully 

streamlined body. Airflow remains attached over the surface, eliminating 

large scale separation and periodic vortex shedding( Fig. 2). 
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Fig. 2 Smoke generator with a streamlined leading edge 

 

3.2.3 Surface Treatment and Component Layout 

Windward side: The leading edge and the entire windward side of the 

teardrop body are kept completely smooth, without any protrusions, gaps or 

steps. This is the primary condition for maintaining smooth flow attachment. 

Leeward side layout: All elements that require manual operation or 

visual observation are concentrated on the leeward side of the teardrop body 

(near the trailing edge, downstream side), because the flow velocity on the 

leeward side is lower and any disturbance has a smaller impact. These elements 

include: a touch-sensitive master power switch (flush-mounted), an embedded 

LCD liquid level display strip (its display surface is flush with the housing), and 

a recessed charging port (the charging connector is completely sunk into the 

housing, leaving only a smooth recess visible from outside).(Fig. 3) 

 
Fig. 3 leeward side of the smoke generator 

 

3.3 Optimised Design of the Support Struts 

3.3.1 Original Problems 

The original model support platform used two cylindrical support struts 

arranged vertically near the entrance of the test section. The circular 

cross-section has two main problems: it produces significant pressure drag, and 

it generates periodic vortex shedding (a K§rm§n vortex street), leaving a wide 

and turbulent wake downstream. When two cylindrical struts are placed in 

parallel, their wakes superimpose, causing considerable flow disturbance in the 

model region downstream, especially affecting pressure measurements on the 

model base. Furthermore, the right-angle welded joints between the struts and 

the platform create steps that cause local flow separation and additional losses. 
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3.3.2 Optimisation Measures 

Change of cross-sectional shape: Replace the circular cross-section 

with a symmetric airfoil section. At zero angle of attack (i.e., when the strut axis 

is perfectly aligned with the freestream direction), flow remains attached to the 

airfoil, large-scale separation is avoided, periodic vortex shedding does not 

occur, and the wake is extremely narrow. The thickness of the airfoil is chosen 

according to the load requirements: while ensuring adequate stiffness, the 

section is kept as thin and streamlined as possible. 

Adjustable mounting angle: The mounting base of the support strut is 

made adjustable, allowing the strut axis to be precisely aligned with the flow 

direction before wind tunnel operation. A scale is provided on the base for 

calibration. This ensures that the strut always operates in its most favourable 

aerodynamic condition. 

Material change: Solid stainless steel is replaced by hollow carbon fibre 

composite. For the same load-carrying capacity, carbon fibre composite is much 

lighter and provides higher bending stiffness and better damping. High damping 

effectively suppresses vortex-induced vibrations and improves the stability of 

the support system. Additional damping material can be placed inside the hollow 

struts to further absorb vibrational energy. 

3.3.3 Effect of the Optimisation 

After the optimisation described above, the aerodynamic characteristics 

of the support struts are fundamentally improved. The airfoil section allows 

smooth flow with a very narrow wake and no periodic vortex shedding; the 

fairings eliminate separation bubbles at the connections; the staggered 

arrangement minimises wake interference between the two struts; and the carbon 

fibre material provides better stiffness and damping. As a result, the flow 

disturbance caused by the support struts in the model region is greatly reduced, 

the accuracy of base pressure measurements is significantly improved, and the 

vibration level of the support system is markedly decreased. 

3.4 System Integration 

When the optimised smoke generator and the optimised support struts 

are installed together in the wind tunnel circuit, their relative positions and the 

alignment of the flow direction must be considered. 

The smoke generator is placed at the settling chamber exit or upstream of 

the contraction section inlet. This is because it needs to release tracer particles 

upstream, giving them sufficient distance to mix with the airflow so that they 

become uniformly distributed by the time they reach the model region. The 

support struts are located downstream of the test section entrance, beneath the 

model support platform. 

Because the smoke generator is further upstream, its wake gradually 

recovers over the distance to the model region; the velocity deficit and 

turbulence intensity decay significantly. When the flow reaches the support 

struts, the influence of the smoke generatorôs wake is already small. Therefore, 
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the wakes of the two devices do not produce a significant superimposed 

amplification effect. 

The flush-mounted micro-orifice nozzle of the smoke generator produces 

a uniform particle layer. During downstream transport, turbulent diffusion 

further homogenises the particle distribution, so that by the time it reaches the 

model region the concentration field is uniform and satisfies PIV measurement 

requirements. 

With both optimised devices installed, their respective wake disturbances 

are minimised, and the flow uniformity and low turbulence level in the test 

section are preserved, providing an ideal test environment for high-precision 

aerodynamic experiments. 

3.5 Summary of Design Achievements 

Through systematic aerodynamic optimisation of the smoke generator 

and support struts, the following design achievements have been obtained: 

The smoke generator has been transformed from a cylindrical protrusion 

into an airfoil-shaped streamlined body. The windward side is completely 

smooth; the nozzle has been changed from a protruding tube to a flush-mounted 

micro-orifice array; all operational elements are concentrated on the leeward 

side with flush or recessed mounting; and the internal components are 

compactly integrated within the airfoil contour. All original functionsðfluid 

storage, heating, smoke generation, operation, indication, and fillingðare fully 

retained. 

The support struts have been changed from circular cylinders to airfoil 

sections, equipped with adjustable angle bases and conical fairings, using a 

staggered arrangement to suppress inter-strut interference, and made of carbon 

fibre composite for improved stiffness and damping. 

When the two optimised devices are installed together, their wakes do 

not interfere with each other, and the flow quality in the test section is 

significantly improved. The above design demonstrates the effectiveness of the 

ñfunctionally and aerodynamically integratedò design approach. 

4. CONCLUSIONS 

This research has conducted a systematic aerodynamic optimisation 

design for two key types of internal dimensional devices in a closed-loop wind 

tunnel: the smoke generator (tracer particle generator) and the support struts 

beneath the model support platform. The aim was to reduce the additional drag 

losses generated by these devices in the wind tunnel circuit and to improve the 

flow quality in the test section. The main conclusions are as follows: 

First, a ñfunctionally and aerodynamically integratedò design 

method has been proposed.The core of this method is to transform devices 

with traditional cylindrical or rectangular cross-sections into airfoil or teardrop 

streamlined bodies through streamlined shaping, flush surfacing and internal 

integration, without sacrificing the original functions of the devices. This 
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method has been shown to fundamentally reduce pressure drag while 

eliminating local flow disturbances. 

Second, a streamlined optimisation design for the smoke generator 

has been completed.The smoke generator was transformed from a cylindrical 

housing into a symmetric airfoil shape. The windward side is completely 

smooth; the protruding nozzle was replaced by a flush-mounted micro-orifice 

array with a porous sintered metal insert, achieving area-type uniform smoke 

release; all operational elements (switches, indicators, connectors) are 

concentrated on the leeward side with flush, touch-sensitive or recessed 

mounting. The optimised smoke generator retains all its original functions while 

having a smooth, protrusion-free profile that greatly reduces flow interference. 

Third, a streamlined optimisation design for the support struts has 

been completed.The cylindrical support struts were replaced by symmetric 

airfoil sections, eliminating periodic vortex shedding and significantly 

narrowing the wake region. Adjustable angle bases were added to ensure precise 

alignment of the strut axis with the flow direction. Conical fairings were added 

at the connections to eliminate local separation caused by right-angle steps. For 

the twin-strut configuration, a staggered arrangement in the streamwise direction 

was adopted to effectively suppress wake superposition between the struts. 

Hollow carbon fibre composite material replaced solid stainless steel, improving 

stiffness and damping and suppressing vortex-induced vibrations. The optimised 

support struts significantly reduce flow disturbance in the downstream model 

region, and the stability of the support system is enhanced. 

Fourth, the feasibility of system integration has been verified. The 

optimised smoke generator and support struts were installed together in the wind 

tunnel circuit. Their relative positions were coordinated so that their wakes do 

not superimpose or amplify each other. The tracer particles released by the 

smoke generator upstream become uniformly distributed by the time they reach 

the model region after sufficient mixing distance, satisfying the requirements for 

PIV measurements. The combined installation of the two devices ensures flow 

uniformity and low turbulence intensity in the test section. 

In summary, this research has successfully applied the ñfunctionally and 

aerodynamically integratedò design method to the smoke generator and support 

struts, achieving the goal of substantially reducing additional drag losses and 

flow interference while preserving full functionality. The design method is 

generalisable and can provide theoretical foundations and engineering examples 

for the low-drag design of other intrusive devices in wind tunnels. 
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ʄʆɼɽʃʖɺɸʅʅʗ ʋʅɯɺɽʈʉɸʃʔʅʀʍ ɻɯɼʈɸɺʃɯʏʅʀʍ 

ɽʂʉʂɸɺɸʊʆʈɯɺ VOLVO  

 
ɸʥʦʪʘʮʽʷ: ʋ ʩʪʘʪʪʽ ʨʦʟʛʣʷʥʫʪʦ ʧʨʦʮʝʩ ʪʨʠʚʠʤʽʨʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ 

ʫʥʽʚʝʨʩʘʣʴʥʦʛʦ ʛʽʜʨʘʚʣʽʯʥʦʛʦ ʝʢʩʢʘʚʘʪʦʨʘ Volvo EC250ELR ʫ ʩʝʨʝʜʦʚʠʱʽ 

ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʛʦ ʧʨʦʻʢʪʫʚʘʥʥʷ Autodesk Inventor. ʆʙˇʨʫʥʪʦʚʘʥʦ ʘʢʪʫʘʣʴʥʽʩʪʴ 

ʚʠʢʦʨʠʩʪʘʥʥʷ CAD-ʪʝʭʥʦʣʦʛʽʡ ʜʣʷ ʚʠʷʚʣʝʥʥʷ ʛʝʦʤʝʪʨʠʯʥʠʭ ʢʦʣʽʟʽʡ, ʘʥʘʣʽʟʫ ʢʽʥʝʤʘʪʠʢʠ 

ʪʘ ʧʽʜʛʦʪʦʚʢʠ ʢʦʥʩʪʨʫʢʪʦʨʩʴʢʦʾ ʜʦʢʫʤʝʥʪʘʮʽʾ ʥʘ ʨʘʥʥʽʭ ʝʪʘʧʘʭ ʧʨʦʻʢʪʫʚʘʥʥʷ. 

ʆʧʠʩʘʥʦ ʤʝʪʦʜʠʢʫ ʧʦʙʫʜʦʚʠ ʛʝʦʤʝʪʨʽʾ ʤʦʜʝʣʽ ʟʘ ʚʽʜʩʫʪʥʦʩʪʽ ʧʦʚʥʠʭ ʢʨʝʩʣʝʥʴ, ʱʦ 

ʙʘʟʫʻʪʴʩʷ ʥʘ ʚʠʢʦʨʠʩʪʘʥʥʽ ʬʦʪʦʛʨʘʬʽʡ ʪʘ ʤʘʩʰʪʘʙʫʚʘʥʥʷ ʟʘ ʚʽʜʦʤʠʤʠ ʙʘʟʦʚʠʤʠ 

ʨʦʟʤʽʨʘʤʠ. ʈʦʟʛʣʷʥʫʪʦ ʦʩʦʙʣʠʚʦʩʪʽ ʧʘʨʘʤʝʪʨʠʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʦʩʥʦʚʥʠʭ ʚʫʟʣʽʚ 

ʝʢʩʢʘʚʘʪʦʨʘ, ʚʢʣʶʯʘʶʯʠ ʩʪʨʽʣʫ, ʨʫʢʦʷʪʴ, ʟʤʽʥʥʽ ʨʦʙʦʯʽ ʦʨʛʘʥʠ, ʧʦʚʦʨʦʪʥʫ ʧʣʘʪʬʦʨʤʫ 

ʪʘ ʛʫʩʝʥʠʯʥʫ ʙʘʟʫ. ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʪʠʧʦʚʽ ʧʨʦʙʣʝʤʠ, ʱʦ ʚʠʥʠʢʘʶʪʴ ʫ ʧʨʦʮʝʩʽ 

ʤʦʜʝʣʶʚʘʥʥʷ, ʟʦʢʨʝʤʘ ʥʝʪʦʯʥʦʩʪʽ ʧʦʩʘʜʢʦʚʠʭ ʤʽʩʮʴ, ʟʤʽʱʝʥʥʷ ʦʩʝʡ ʪʘ ʧʝʨʝʪʠʥʠ 

ʝʣʝʤʝʥʪʽʚ, ʘ ʪʘʢʦʞ ʩʧʦʩʦʙʠ ʾʭ ʫʩʫʥʝʥʥʷ. ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʧʽʜʪʚʝʨʜʞʫʶʪʴ 

ʤʦʞʣʠʚʽʩʪʴ ʩʪʚʦʨʝʥʥʷ ʬʫʥʢʮʽʦʥʘʣʴʥʦʾ ʥʘʚʯʘʣʴʥʦʾ ʤʦʜʝʣʽ ʟ ʜʦʩʪʘʪʥʴʦʶ ʪʦʯʥʽʩʪʶ ʪʘ 

ʝʬʝʢʪʠʚʥʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʧʘʨʘʤʝʪʨʠʯʥʦʛʦ ʧʽʜʭʦʜʫ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: 3D-ʤʦʜʝʣʶʚʘʥʥʷ; CAD; Autodesk Inventor; ʝʢʩʢʘʚʘʪʦʨ; 

ʧʘʨʘʤʝʪʨʠʯʥʝ ʧʨʦʻʢʪʫʚʘʥʥʷ; ʢʽʥʝʤʘʪʠʢʘ; ʙʫʜʽʚʝʣʴʥʘ ʪʝʭʥʽʢʘ; ʽʥʞʝʥʝʨʽʷ. 
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Abstract: The paper presents the process of three-dimensional modeling of a universal 

hydraulic excavator Volvo EC250ELR using Autodesk Inventor CAD software. The relevance 

of CAD technologies for detecting geometric collisions, analyzing kinematics, and preparing 

design documentation at early design stages is substantiated. A methodology for constructing 

the model geometry in the absence of complete technical drawings is described, based on 

image scaling using known reference dimensions. The features of parametric modeling of key 

excavator components, including the boom, arm, attachments, rotating platform, and tracked 

undercarriage, are analyzed. Typical modeling issues such as inaccuracies in joints, 

misalignment of axes, and component intersections are identified, along with methods for 

their correction. The results demonstrate the feasibility of creating a functional training 

model with acceptable accuracy and confirm the effectiveness of a parametric design 

approach in engineering practice. 

Keywords: 3D modeling; CAD; Autodesk Inventor; excavator; parametric design; 

kinematics; construction equipment; engineering. 

 

ʊʨʠʚʠʤʽʨʥʝ ʤʦʜʝʣʶʚʘʥʥʷ ʙʫʜʽʚʝʣʴʥʦʾ ʪʝʭʥʽʢʠ  ̒ ʙʘʟʦʚʦʶ 

ʢʦʤʧʝʪʝʥʮʽʻʶ ʩʫʯʘʩʥʦʛʦ ʽʥʞʝʥʝʨʘ-ʢʦʥʩʪʨʫʢʪʦʨʘ, ʦʩʢʽʣʴʢʠ ʜʦʟʚʦʣʷʻ ʱʝ ʥʘ 

ʝʪʘʧʽ ʧʨʦʝʢʪʫʚʘʥʥʷ ʚʠʷʚʣʷʪʠ ʛʝʦʤʝʪʨʠʯʥʽ ʢʦʣʽʟʽʾ, ʧʝʨʝʚʽʨʷʪʠ ʢʽʥʝʤʘʪʠʢʫ 

ʤʝʭʘʥʽʟʤʽʚ ʪʘ ʛʦʪʫʚʘʪʠ ʢʦʥʩʪʨʫʢʪʦʨʩʴʢʫ ʜʦʢʫʤʝʥʪʘʮʽʶ. ʆʙ'ʻʢʪʦʤ ʜʘʥʦʾ 

ʨʦʙʦʪʠ ʦʙʨʘʥʦ ʫʥʽʚʝʨʩʘʣʴʥʠʡ ʛʽʜʨʘʚʣʽʯʥʠʡ ʝʢʩʢʘʚʘʪʦʨ Volvo EC250ELR, 

ʟʤʦʜʝʣʴʦʚʘʥʠʡ ʫ ʩʝʨʝʜʦʚʠʱʽ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʛʦ ʧʨʦʝʢʪʫʚʘʥʥʷ Autodesk 

Inventor. ɺʠʙʽʨ ʩʘʤʝ ʮʽʻʾ ʤʦʜʝʣʽ ʟʫʤʦʚʣʝʥʠʡ ʾʾ ʰʠʨʦʢʠʤ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʫ 

ʙʫʜʽʚʥʠʮʪʚʽ, ʤʝʣʽʦʨʘʮʽʾ ʪʘ ʛʽʜʨʦʪʝʭʥʽʯʥʠʭ ʨʦʙʦʪʘʭ 

ʊʘʙʣʠʮʷ 1 ï ʆʩʥʦʚʥʽ ʪʝʭʥʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ Volvo EC250E 

ʇʘʨʘʤʝʪʨ ɿʥʘʯʝʥʥʷ 

ɼʚʠʛʫʥ Volvo D8J, 6-ʮʠʣʽʥʜʨʦʚʠʡ, 159 ʢɺʪ 

ʈʦʙʦʯʘ ʤʘʩʘ ~25 000 ʢʛ 

ʄʽʩʪʢʽʩʪʴ ʢʽʚʰʘ (ʩʪʘʥʜʘʨʪ) 0,8ï1,2 ʤį 

ʄʘʢʩʠʤʘʣʴʥʠʡ ʨʘʜʽʫʩ ʢʦʧʘʥʥʷ 10 060 ʤʤ 

ʄʘʢʩʠʤʘʣʴʥʘ ʛʣʠʙʠʥʘ ʢʦʧʘʥʥʷ 6 720 ʤʤ 

ɿʫʩʠʣʣʷ ʚʽʜʨʠʚʫ ʢʽʚʰʘ (ISO 6015) 159 ʢʅ 

ʄʘʢʩ. ʧʦʜʘʯʘ ʥʘʩʦʩʽʚ 2 Ĭ 240 ʣ/ʭʚ 

 

Volvo EC250ELR ʻ ʧʨʝʜʩʪʘʚʥʠʢʦʤ ʩʝʨʝʜʥʴʦʛʦ ʢʣʘʩʫ ʛʫʩʝʥʠʯʥʠʭ 

ʝʢʩʢʘʚʘʪʦʨʽʚ ʤʘʩʦʶ ʙʣʠʟʴʢʦ 32 ʪ ʟ ʜʚʠʛʫʥʦʤ Volvo D8J ʧʦʪʫʞʥʽʩʪʶ 159 

ʢɺʪ. ʋʥʽʚʝʨʩʘʣʴʥʘ ʢʦʥʬʽʛʫʨʘʮʽʷ ʤʘʰʠʥʠ ʧʝʨʝʜʙʘʯʘʻ ʟʘʩʪʦʩʫʚʘʥʥʷ ʟʤʽʥʥʦʛʦ 

ʨʦʙʦʯʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ï ʚʽʜ ʩʪʘʥʜʘʨʪʥʦʛʦ ʢʦʚʰʘ ʜʦ ʛʽʜʨʦʤʦʣʦʪʘ ʯʠ 

ʛʨʝʡʬʝʨʘ. ɻʽʜʨʘʚʣʽʯʥʘ ʩʠʩʪʝʤʘ ʟ ʜʚʦʤʘ ʘʢʩʽʘʣʴʥʦ-ʧʦʨʰʥʝʚʠʤʠ ʥʘʩʦʩʘʤʠ 
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ʩʫʤʘʨʥʦʶ ʧʦʜʘʯʝʶ 480 ʣ/ʭʚ ʟʘʙʝʟʧʝʯʫʻ ʚʠʩʦʢʫ ʰʚʠʜʢʦʜʽʶ ʧʨʠ ʚʠʢʦʥʘʥʥʽ 

ʩʫʤʽʱʝʥʠʭ ʨʫʭʽʚ. 

ʆʩʢʽʣʴʢʠ ʧʦʚʥʽ ʪʝʭʥʽʯʥʽ ʢʨʝʩʣʝʥʥʷ ʚʠʷʚʠʣʠʩʷ ʥʝʜʦʩʪʫʧʥʠʤʠ ʫ 

ʚʽʜʢʨʠʪʠʭ ʜʞʝʨʝʣʘʭ, ʛʝʦʤʝʪʨʽʷ ʟʥʽʤʘʣʘʩʷ ʟ ʬʦʪʦʛʨʘʬʽʡ ʟʘ ʜʦʧʦʤʦʛʦʶ 

çʚʽʨʪʫʘʣʴʥʦʾ ʣʽʥʽʡʢʠè ʚ ʛʨʘʬʽʯʥʦʤʫ ʨʝʜʘʢʪʦʨʽ. ɼʣʷ ʢʦʞʥʦʛʦ ʝʣʝʤʝʥʪʘ 

ʦʙʯʠʩʣʶʚʘʚʩʷ ʢʦʝʬʽʮʽʻʥʪ ʤʘʩʰʪʘʙʫ ʥʘ ʦʩʥʦʚʽ ʚʽʜʦʤʦʛʦ ʙʘʟʦʚʦʛʦ ʨʦʟʤʽʨʫ 

(ʜʦʚʞʠʥʘ ʩʪʨʽʣʠ), ʧʽʩʣʷ ʯʦʛʦ ʨʦʟʤʽʨʠ ʧʝʨʝʥʦʩʠʣʠʩʷ ʫ CAD-ʩʝʨʝʜʦʚʠʱʝ. 

ʊʘʢʠʡ ʤʝʪʦʜ ʟʘʙʝʟʧʝʯʠʚ ʪʦʯʥʽʩʪʴ ʧʦʨʷʜʢʫ 5%, ʱʦ ʻ ʧʨʠʡʥʷʪʥʠʤ ʜʣʷ 

ʥʘʚʯʘʣʴʥʦʾ ʟʙʽʨʢʠ. 

ʉʪʨʽʣʘ ʪʘ ʨʫʢʦʷʪʴ ʤʦʜʝʣʶʚʘʣʠʩʷ ʷʢ ʧʘʨʘʤʝʪʨʠʯʥʽ ʟʚʘʨʥʽ ʢʦʥʩʪʨʫʢʮʽʾ 

ʢʦʨʦʙʯʘʩʪʦʛʦ ʧʝʨʝʨʽʟʫ: ʙʘʟʦʚʠʡ ʧʨʦʬʽʣʴ ʚʠʪʷʛʫʚʘʚʩʷ (Extrude) ʪʘ 

ʧʝʨʝʪʚʦʨʶʚʘʚʩʷ ʥʘ ʧʦʨʦʞʥʠʩʪʫ ʙʘʣʢʫ (Shell) (ʨʠʩ.1).  

 
ʈʠʩʫʥʦʢ 1. ɼʝʤʦʥʩʪʨʘʮʽʷ ʨʦʟʨʦʙʣʝʥʠʭ ʨʦʙʦʯʠʭ ʦʨʛʘʥʽʚ 

 

ɺʫʰʢʘ ʧʽʜ ʧʘʣʴʮʽ ʢʨʽʧʣʝʥʥʷ ʪʘ ʢʨʦʥʰʪʝʡʥʠ ʛʽʜʨʦʮʠʣʽʥʜʨʽʚ 

ʜʦʜʘʚʘʣʠʩʷ ʷʢ ʦʢʨʝʤʽ ʦʧʝʨʘʮʽʾ ʟ ʧʦʜʘʣʴʰʠʤ ʜʟʝʨʢʘʣʴʥʠʤ ʚʽʜʦʙʨʘʞʝʥʥʷʤ 

(Mirror). ɿʤʦʜʝʣʴʦʚʘʥʦ ʯʦʪʠʨʠ ʪʠʧʠ ʢʦʚʰʽʚ ï ʩʪʘʥʜʘʨʪʥʠʡ, ʧʣʘʥʫʚʘʣʴʥʠʡ, 

ʪʨʘʥʰʝʡʥʠʡ ʪʘ ʧʨʦʬʽʣʴʥʠʡ ï ʟ ʚʽʜʧʦʚʽʜʥʠʤʠ ʟʫʙʘʤʠ, ʨʽʞʫʯʠʤʠ ʢʨʦʤʢʘʤʠ 

ʪʘ ʚʫʟʣʘʤʠ ʥʘʚʽʰʫʚʘʥʥʷ  (ʨʠʩ. 2). 

ʇʦʚʦʨʦʪʥʘ ʧʣʘʪʬʦʨʤʘ ʚʢʣʶʯʘʣʘ ʣʦʥʞʝʨʦʥʠ, ʧʦʧʝʨʝʯʢʠ ʪʘ ʢʨʫʛʦʚʠʡ 

ʚʠʨʽʟ ʧʽʜ ʦʧʦʨʥʦ-ʧʦʚʦʨʦʪʥʠʡ ʢʨʫʛ (ʧʽʜʰʠʧʥʠʢʦʚʠʡ ʚʫʟʦʣ 360Á). ʂʘʙʽʥʘ 

ʦʧʝʨʘʪʦʨʘ ʚʠʢʦʥʘʥʘ ʷʢ ʦʢʨʝʤʠʡ ʙʣʦʢ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʚʠʤʦʛ ROPS. 

ɻʫʩʝʥʠʯʥʘ ʙʘʟʘ ʙʫʜʫʚʘʣʘʩʷ ʚʽʜ ʥʝʩʫʯʦʾ ʨʘʤʠ (Mirror ʜʣʷ ʩʠʤʝʪʨʽʾ) ʜʦ 

ʦʢʨʝʤʠʭ ʚʫʟʣʽʚ: ʚʝʜʫʯʦʾ ʟʽʨʦʯʢʠ (Circular Pattern ʧʨʦʬʽʣʶ ʟʫʙʘ), ʦʧʦʨʥʠʭ 

ʢʦʪʢʽʚ (Revolve) ʪʘ ʛʫʩʝʥʠʯʥʦʾ ʩʪʨʽʯʢʠ (Pattern along Path). 

 
ʈʠʩʫʥʦʢ 2. ɼʝʤʦʥʩʪʨʘʮʽʷ ʨʦʟʨʦʙʣʝʥʠʭ ʢʽʚʰʽʚ. 
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ɺʠʷʚʣʝʥʦ ʪʘ ʚʠʨʽʰʝʥʦ ʨʷʜ ʪʠʧʦʚʠʭ ʧʨʦʙʣʝʤ. ʅʝʪʦʯʥʽʩʪʴ ʧʦʩʘʜʢʦʚʠʭ 

ʤʽʩʮʴ, ʟʫʤʦʚʣʝʥʘ ʛʨʫʙʠʤ ʤʘʩʰʪʘʙʫʚʘʥʥʷʤ ʽʟ ʟʦʙʨʘʞʝʥʴ, ʫʩʫʚʘʣʘʩʷ 

ʧʦʝʪʘʧʥʠʤ ʢʦʨʠʛʫʚʘʥʥʷʤ ʢʝʨʫʶʯʠʭ ʨʦʟʤʽʨʽʚ ʚ ʝʩʢʽʟʘʭ: ʟʤʽʥʘ ʦʜʥʦʛʦ 

ʧʘʨʘʤʝʪʨʘ ʘʚʪʦʤʘʪʠʯʥʦ ʦʥʦʚʣʶʚʘʣʘ ʚʩʶ ʟʘʣʝʞʥʫ ʛʝʦʤʝʪʨʽʶ ʟʘʚʜʷʢʠ 

ʘʩʦʮʽʘʪʠʚʥʠʤ ʟʚ'ʷʟʢʘʤ. ɿʤʽʱʝʥʥʷ ʦʩʝʡ ʢʨʽʧʣʝʥʥʷ ʧʦʜʦʚʞʝʥʦʾ ʩʪʨʽʣʠ 

ʢʦʨʠʛʫʚʘʣʦʩʷ ʧʨʝʮʠʟʽʡʥʠʤ ʧʦʟʠʮʽʦʥʫʚʘʥʥʷʤ ʯʝʨʝʟ ʞʦʨʩʪʢʽ ʨʦʟʤʽʨʥʽ 

ʟʘʣʝʞʥʦʩʪʽ ʟ ʦʙʦʚ'ʷʟʢʦʚʠʤ ʢʽʥʝʤʘʪʠʯʥʠʤ ʧʨʦʛʦʥʦʤ ʧʽʩʣʷ ʢʦʞʥʦʾ ʢʦʨʝʢʮʽʾ. 

ʇʝʨʝʪʠʥ ʩʝʛʤʝʥʪʽʚ ʛʫʩʝʥʠʮʽ ʚʠʨʽʰʫʚʘʚʩʷ ʘʙʦ ʟʙʽʣʴʰʝʥʥʷʤ ʟʘʟʦʨʽʚ ʤʽʞ 

ʣʘʥʢʘʤʠ ʚ ʟʦʥʘʭ ʜʝʪʘʣʽʟʦʚʘʥʦʾ ʜʝʤʦʥʩʪʨʘʮʽʾ, ʘʙʦ ʟʘʤʽʥʦʶ ʩʝʛʤʝʥʪʽʚ 

ʩʫʮʽʣʴʥʠʤ ʧʦʣʦʪʥʦʤ ʪʘʤ, ʜʝ ʜʝʪʘʣʴʥʠʡ ʨʫʭ ʥʝ ʜʝʤʦʥʩʪʨʫʚʘʚʩʷ. 

ʋ ʭʦʜʽ ʨʦʙʦʪʠ ʚʠʢʦʥʘʥʦ ʢʦʤʧʣʝʢʩʥʠʡ ʦʛʣʷʜ ʢʦʤʧʘʥʽʾ Volvo CE ʪʘ 

ʜʝʪʘʣʴʥʝ 3D-ʤʦʜʝʣʶʚʘʥʥʷ ʫʥʽʚʝʨʩʘʣʴʥʦʛʦ ʛʽʜʨʘʚʣʽʯʥʦʛʦ ʝʢʩʢʘʚʘʪʦʨʘ 

EC250ELR ʚ Autodesk Inventor. ɿʤʦʜʝʣʴʦʚʘʥʦ ʚʩʽ ʢʣʶʯʦʚʽ ʚʫʟʣʠ: ʩʪʨʽʣʫ ʪʘ 

ʨʫʢʦʷʪʴ ʢʦʨʦʙʯʘʩʪʦʛʦ ʧʝʨʝʨʽʟʫ, ʯʦʪʠʨʠ ʪʠʧʠ ʢʦʚʰʽʚ (ʩʪʘʥʜʘʨʪʥʠʡ, 

ʧʣʘʥʫʚʘʣʴʥʠʡ, ʪʨʘʥʰʝʡʥʠʡ ʪʘ ʧʨʦʬʽʣʴʥʠʡ), ʧʦʚʦʨʦʪʥʫ ʧʣʘʪʬʦʨʤʫ ʟ 

ʢʘʙʽʥʦʶ ʦʧʝʨʘʪʦʨʘ ʪʘ ʛʫʩʝʥʠʯʥʫ ʙʘʟʫ. ʇʨʘʢʪʠʯʥʘ ʯʘʩʪʠʥʘ ʧʽʜʪʚʝʨʜʠʣʘ, ʱʦ 

ʥʘʚʽʪʴ ʟʘ ʚʽʜʩʫʪʥʦʩʪʽ ʧʦʚʥʠʭ ʪʝʭʥʽʯʥʠʭ ʢʨʝʩʣʝʥʴ ʤʦʞʣʠʚʝ ʩʪʚʦʨʝʥʥʷ 

ʬʫʥʢʮʽʦʥʘʣʴʥʦʾ ʥʘʚʯʘʣʴʥʦʾ ʟʙʽʨʢʠ ʟ ʪʦʯʥʽʩʪʶ ~5%. ʅʘʙʫʪʽ ʥʘʚʠʯʢʠ 

ʧʘʨʘʤʝʪʨʠʯʥʦʛʦ ʧʨʦʝʢʪʫʚʘʥʥʷ, ʨʦʙʦʪʠ ʟ ʢʽʥʝʤʘʪʠʯʥʠʤʠ ʟʘʣʝʞʥʦʩʪʷʤʠ ʪʘ 

ʚʠʷʚʣʝʥʥʷ ʛʝʦʤʝʪʨʠʯʥʠʭ ʢʦʣʽʟʽʡ ʻ ʚʘʞʣʠʚʦʶ ʙʘʟʦʶ ʜʣʷ ʧʦʜʘʣʴʰʦʾ 

ʽʥʞʝʥʝʨʥʦʾ ʧʨʘʢʪʠʢʠ. 
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ɹʻʟʛʽʥ ʆ.ɸ. (ɼʦʥʙʘʩʴʢʘ ʜʝʨʞʘʚʥʘ ʤʘʰʠʥʦʙʫʜʽʚʥʘ ʘʢʘʜʝʤʽʷ, ʤʤ. 

ʂʨʘʤʘʪʦʨʩʴʢ ï ʊʝʨʥʦʧʽʣʴ ï ʍʫʩʪ, ʋʢʨʘʾʥʘ). 
 

ʈʆɹʆʊʀɿʆɺɸʅɽ ɼʋɻʆɺɽ ʅɸʇʃɸɺʃɽʅʅʗ ɯɿ 

ɿɸʉʊʆʉʋɺɸʅʅʗʄ ʂɽʈʆɺɸʅʀʍ ʄɸɻʅɯʊʅʀʍ ʇʆʃɯɺ ʗʂ 

ʈʆɿɺʀʊʆʂ ʊɽʍʅʆʃʆɻɯʁ ɺɯɼʅʆɺʃɽʅʅʗ ɼɽʊɸʃɽʁ 

ʄɽʊɸʃʋʈɻɯʁʅʆɻʆ ʆɹʃɸɼʅɸʅʅʗ 
 

ɸʥʦʪʘʮʽʷ: ʋ ʩʪʘʪʪʽ ʨʦʟʛʣʷʥʫʪʦ ʧʨʦʮʝʩ ʪʨʠʚʠʤʽʨʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ 

ʫʥʽʚʝʨʩʘʣʴʥʦʛʦ ʛʽʜʨʘʚʣʽʯʥʦʛʦ ʝʢʩʢʘʚʘʪʦʨʘ Volvo EC250ELR ʫ ʩʝʨʝʜʦʚʠʱʽ 

ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʛʦ ʧʨʦʻʢʪʫʚʘʥʥʷ Autodesk Inventor. ʆʙˇʨʫʥʪʦʚʘʥʦ ʘʢʪʫʘʣʴʥʽʩʪʴ 
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ʚʠʢʦʨʠʩʪʘʥʥʷ CAD-ʪʝʭʥʦʣʦʛʽʡ ʜʣʷ ʚʠʷʚʣʝʥʥʷ ʛʝʦʤʝʪʨʠʯʥʠʭ ʢʦʣʽʟʽʡ, ʘʥʘʣʽʟʫ ʢʽʥʝʤʘʪʠʢʠ 

ʪʘ ʧʽʜʛʦʪʦʚʢʠ ʢʦʥʩʪʨʫʢʪʦʨʩʴʢʦʾ ʜʦʢʫʤʝʥʪʘʮʽʾ ʥʘ ʨʘʥʥʽʭ ʝʪʘʧʘʭ ʧʨʦʻʢʪʫʚʘʥʥʷ. 

ʆʧʠʩʘʥʦ ʤʝʪʦʜʠʢʫ ʧʦʙʫʜʦʚʠ ʛʝʦʤʝʪʨʽʾ ʤʦʜʝʣʽ ʟʘ ʚʽʜʩʫʪʥʦʩʪʽ ʧʦʚʥʠʭ ʢʨʝʩʣʝʥʴ, ʱʦ 

ʙʘʟʫʻʪʴʩʷ ʥʘ ʚʠʢʦʨʠʩʪʘʥʥʽ ʬʦʪʦʛʨʘʬʽʡ ʪʘ ʤʘʩʰʪʘʙʫʚʘʥʥʷ ʟʘ ʚʽʜʦʤʠʤʠ ʙʘʟʦʚʠʤʠ 

ʨʦʟʤʽʨʘʤʠ. ʈʦʟʛʣʷʥʫʪʦ ʦʩʦʙʣʠʚʦʩʪʽ ʧʘʨʘʤʝʪʨʠʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʦʩʥʦʚʥʠʭ ʚʫʟʣʽʚ 

ʝʢʩʢʘʚʘʪʦʨʘ, ʚʢʣʶʯʘʶʯʠ ʩʪʨʽʣʫ, ʨʫʢʦʷʪʴ, ʟʤʽʥʥʽ ʨʦʙʦʯʽ ʦʨʛʘʥʠ, ʧʦʚʦʨʦʪʥʫ ʧʣʘʪʬʦʨʤʫ 

ʪʘ ʛʫʩʝʥʠʯʥʫ ʙʘʟʫ. ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʪʠʧʦʚʽ ʧʨʦʙʣʝʤʠ, ʱʦ ʚʠʥʠʢʘʶʪʴ ʫ ʧʨʦʮʝʩʽ 

ʤʦʜʝʣʶʚʘʥʥʷ, ʟʦʢʨʝʤʘ ʥʝʪʦʯʥʦʩʪʽ ʧʦʩʘʜʢʦʚʠʭ ʤʽʩʮʴ, ʟʤʽʱʝʥʥʷ ʦʩʝʡ ʪʘ ʧʝʨʝʪʠʥʠ 

ʝʣʝʤʝʥʪʽʚ, ʘ ʪʘʢʦʞ ʩʧʦʩʦʙʠ ʾʭ ʫʩʫʥʝʥʥʷ. ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʧʽʜʪʚʝʨʜʞʫʶʪʴ 
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Abstract: The paper presents the process of three-dimensional modeling of a universal 

hydraulic excavator Volvo EC250ELR using Autodesk Inventor CAD software. The relevance 

of CAD technologies for detecting geometric collisions, analyzing kinematics, and preparing 

design documentation at early design stages is substantiated. A methodology for constructing 

the model geometry in the absence of complete technical drawings is described, based on 

image scaling using known reference dimensions. The features of parametric modeling of key 

excavator components, including the boom, arm, attachments, rotating platform, and tracked 

undercarriage, are analyzed. Typical modeling issues such as inaccuracies in joints, 

misalignment of axes, and component intersections are identified, along with methods for 

their correction. The results demonstrate the feasibility of creating a functional training 

model with acceptable accuracy and confirm the effectiveness of a parametric design 

approach in engineering practice. 

Keywords: 3D modeling; CAD; Autodesk Inventor; excavator; parametric design; 

kinematics; construction equipment; engineering. 

 

ɼʝʪʘʣʽ ʤʝʪʘʣʫʨʛʽʡʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʧʨʘʮʶʶʪʴ ʚ ʫʤʦʚʘʭ ʚʠʩʦʢʠʭ 
ʤʝʭʘʥʽʯʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ, ʟʥʘʯʥʠʭ ʪʝʤʧʝʨʘʪʫʨʥʠʭ ʢʦʣʠʚʘʥʴ ʪʘ 
ʽʥʪʝʥʩʠʚʥʦʛʦ ʘʙʨʘʟʠʚʥʦʛʦ ʟʥʦʰʫʚʘʥʥʷ. ɼʦ ʪʘʢʠʭ ʜʝʪʘʣʝʡ ʥʘʣʝʞʘʪʴ ʚʘʣʢʠ 
ʧʨʦʢʘʪʥʠʭ ʩʪʘʥʽʚ, ʨʦʣʠʢʠ ʤʘʰʠʥ ʙʝʟʧʝʨʝʨʚʥʦʛʦ ʣʠʪʪʷ ʟʘʛʦʪʦʚʦʢ, ʝʣʝʤʝʥʪʠ 
ʪʨʘʥʩʧʦʨʪʥʠʭ ʩʠʩʪʝʤ ʪʘ ʽʥʰʽ ʚʫʟʣʠ, ʱʦ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʢʦʥʪʘʢʪʫʶʪʴ ʟ 
ʛʘʨʷʯʠʤ ʤʝʪʘʣʦʤ. ɿʘʙʝʟʧʝʯʝʥʥʷ ʾʭ ʜʦʚʛʦʚʽʯʥʦʩʪʽ ʻ ʚʘʞʣʠʚʠʤ ʟʘʚʜʘʥʥʷʤ 
ʩʫʯʘʩʥʦʛʦ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ. ʆʜʥʠʤ ʽʟ ʥʘʡʙʽʣʴʰ ʝʬʝʢʪʠʚʥʠʭ ʤʝʪʦʜʽʚ 
ʚʽʜʥʦʚʣʝʥʥʷ ʪʘ ʟʤʽʮʥʝʥʥʷ ʪʘʢʠʭ ʜʝʪʘʣʝʡ ʻ ʝʣʝʢʪʨʦʜʫʛʦʚʝ ʥʘʧʣʘʚʣʝʥʥʷ, ʷʢʝ 
ʜʦʟʚʦʣʷʻ ʬʦʨʤʫʚʘʪʠ ʧʦʚʝʨʭʥʝʚʽ ʰʘʨʠ ʟ ʥʝʦʙʭʽʜʥʠʤʠ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʤʠ 
ʚʣʘʩʪʠʚʦʩʪʷʤʠ [1]. 

ʋ ʩʫʯʘʩʥʠʭ ʫʤʦʚʘʭ ʟʥʘʯʥʫ ʫʚʘʛʫ ʧʨʠʜʽʣʷʶʪʴ ʘʚʪʦʤʘʪʠʟʘʮʽʾ ʪʘ 
ʨʦʙʦʪʠʟʘʮʽʾ ʧʨʦʮʝʩʽʚ ʟʚʘʨʶʚʘʥʥʷ ʽ ʥʘʧʣʘʚʣʝʥʥʷ. ɺʠʢʦʨʠʩʪʘʥʥʷ 
ʨʦʙʦʪʠʟʦʚʘʥʠʭ ʢʦʤʧʣʝʢʩʽʚ ʜʦʟʚʦʣʷʻ ʧʽʜʚʠʱʠʪʠ ʩʪʘʙʽʣʴʥʽʩʪʴ 
ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʧʨʦʮʝʩʫ, ʪʦʯʥʽʩʪʴ ʚʠʢʦʥʘʥʥʷ ʦʧʝʨʘʮʽʡ ʪʘ ʧʦʚʪʦʨʶʚʘʥʽʩʪʴ 
ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ. ʈʘʟʦʤ ʟ ʪʠʤ, ʦʜʥʠʤ ʽʟ ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʥʘʧʨʷʤʽʚ 
ʫʜʦʩʢʦʥʘʣʝʥʥʷ ʪʝʭʥʦʣʦʛʽʾ ʜʫʛʦʚʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ ʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʢʝʨʦʚʘʥʠʭ 
ʤʘʛʥʽʪʥʠʭ ʧʦʣʽʚ, ʷʢʽ ʤʦʞʫʪʴ ʚʧʣʠʚʘʪʠ ʥʘ ʩʪʘʙʽʣʴʥʽʩʪʴ ʝʣʝʢʪʨʠʯʥʦʾ ʜʫʛʠ ʪʘ 
ʧʨʦʮʝʩ ʬʦʨʤʫʚʘʥʥʷ ʟʚʘʨʶʚʘʣʴʥʦʾ ʚʘʥʥʠ [2]. 

ɼʦʩʣʽʜʞʝʥʥʷ ʚʧʣʠʚʫ ʤʘʛʥʽʪʥʠʭ ʧʦʣʽʚ ʥʘ ʧʨʦʮʝʩʠ ʜʫʛʦʚʦʛʦ 
ʟʚʘʨʶʚʘʥʥʷ ʪʘ ʥʘʧʣʘʚʣʝʥʥʷ ʧʨʦʚʦʜʷʪʴʩʷ ʧʨʦʪʷʛʦʤ ʙʘʛʘʪʴʦʭ ʨʦʢʽʚ. ɺʽʜʦʤʦ 
[3], ʱʦ ʥʘʢʣʘʜʝʥʥʷ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʥʘ ʝʣʝʢʪʨʠʯʥʫ ʜʫʛʫ ʧʨʠʟʚʦʜʠʪʴ ʜʦ 
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ʟʤʽʥʠ ʾʾ ʬʦʨʤʠ, ʩʪʘʙʽʣʴʥʦʩʪʽ ʪʘ ʭʘʨʘʢʪʝʨʫ ʪʝʧʣʦʚʦʛʦ ʚʧʣʠʚʫ ʥʘ ʤʝʪʘʣ. ʇʨʠ 
ʚʠʢʦʨʠʩʪʘʥʥʽ ʧʦʟʜʦʚʞʥʴʦʛʦ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʦʙʝʨʪʘʥʥʷ 
ʧʣʘʟʤʦʚʦʛʦ ʩʪʦʚʧʘ ʜʫʛʠ, ʱʦ ʩʧʨʠʷʻ ʙʽʣʴʰ ʨʽʚʥʦʤʽʨʥʦʤʫ ʨʦʟʧʦʜʽʣʫ ʪʝʧʣʦʚʦʾ 
ʝʥʝʨʛʽʾ ʫ ʟʦʥʽ ʟʚʘʨʶʚʘʥʥʷ [4]. ʇʦʧʝʨʝʯʥʝ ʤʘʛʥʽʪʥʝ ʧʦʣʝ, ʫ ʩʚʦʶ ʯʝʨʛʫ, 
ʚʠʢʣʠʢʘʻ ʚʽʜʭʠʣʝʥʥʷ ʜʫʛʠ ʪʘ ʟʤʽʥʫ ʥʘʧʨʷʤʢʫ ʪʝʧʣʦʚʠʭ ʧʦʪʦʢʽʚ [5]. 

ʋ ʨʝʟʫʣʴʪʘʪʽ ʚʟʘʻʤʦʜʽʾ ʝʣʝʢʪʨʠʯʥʦʛʦ ʩʪʨʫʤʫ ʜʫʛʠ ʟ ʤʘʛʥʽʪʥʠʤ ʧʦʣʝʤ 
ʚʠʥʠʢʘʶʪʴ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʽ ʩʠʣʠ, ʷʢʽ ʚʧʣʠʚʘʶʪʴ ʥʘ ʨʫʭ ʨʽʜʢʦʛʦ ʤʝʪʘʣʫ ʫ 
ʟʚʘʨʶʚʘʣʴʥʽʡ ʚʘʥʥʽ. ʎʝ ʩʧʨʠʷʻ ʽʥʪʝʥʩʠʚʥʽʰʦʤʫ ʧʝʨʝʤʽʰʫʚʘʥʥʶ ʤʝʪʘʣʫ, 
ʟʤʝʥʰʝʥʥʶ ʧʦʨʠʩʪʦʩʪʽ ʪʘ ʬʦʨʤʫʚʘʥʥʶ ʙʽʣʴʰ ʦʜʥʦʨʽʜʥʦʾ ʩʪʨʫʢʪʫʨʠ 
ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ [6]. 

ɺʦʜʥʦʯʘʩ, ʙʽʣʴʰʽʩʪʴ ʽʩʥʫʶʯʠʭ ʜʦʩʣʽʜʞʝʥʴ ʩʪʦʩʫʻʪʴʩʷ ʚʠʢʦʨʠʩʪʘʥʥʷ 
ʤʘʛʥʽʪʥʦʛʦ ʚʧʣʠʚʫ ʫ ʪʨʘʜʠʮʽʡʥʠʭ ʘʙʦ ʥʘʧʽʚʘʚʪʦʤʘʪʠʯʥʠʭ ʧʨʦʮʝʩʘʭ 
ʟʚʘʨʶʚʘʥʥʷ. ʇʠʪʘʥʥʷ ʽʥʪʝʛʨʘʮʽʾ ʤʘʛʥʽʪʥʠʭ ʩʠʩʪʝʤ ʫ ʨʦʙʦʪʠʟʦʚʘʥʽ 
ʪʝʭʥʦʣʦʛʽʯʥʽ ʢʦʤʧʣʝʢʩʠ ʜʦʩʣʽʜʞʝʥʦ ʥʝʜʦʩʪʘʪʥʴʦ. 

ʄʝʪʦʶ ʨʦʙʦʪʠ ʻ ʘʥʘʣʽʟ ʧʝʨʩʧʝʢʪʠʚ ʚʠʢʦʨʠʩʪʘʥʥʷ ʢʝʨʦʚʘʥʠʭ 
ʤʘʛʥʽʪʥʠʭ ʧʦʣʽʚ ʫ ʨʦʙʦʪʠʟʦʚʘʥʦʤʫ ʜʫʛʦʚʦʤʫ ʥʘʧʣʘʚʣʝʥʥʽ ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ 
ʝʬʝʢʪʠʚʥʦʩʪʽ ʚʽʜʥʦʚʣʝʥʥʷ ʜʝʪʘʣʝʡ ʤʝʪʘʣʫʨʛʽʡʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ. 

ɺʟʘʻʤʦʜʽʷ ʩʪʨʫʤʫ ʝʣʝʢʪʨʠʯʥʦʾ ʜʫʛʠ ʟ ʤʘʛʥʽʪʥʠʤ ʧʦʣʝʤ ʦʧʠʩʫʻʪʴʩʷ 
ʩʠʣʦʶ ʃʦʨʝʥʮʘ, ʧʽʜ ʜʽʻʶ ʷʢʦʾ ʚʽʜʙʫʚʘʻʪʴʩʷ ʚʽʜʭʠʣʝʥʥʷ ʧʣʘʟʤʦʚʦʛʦ ʩʪʦʚʧʘ 
ʜʫʛʠ ʪʘ ʟʤʽʥʘ ʭʘʨʘʢʪʝʨʫ ʨʫʭʫ ʨʽʜʢʦʛʦ ʤʝʪʘʣʫ ʫ ʟʚʘʨʶʚʘʣʴʥʽʡ ʚʘʥʥʽ [2,3,4]. 

ɿʤʽʥʘ ʧʘʨʘʤʝʪʨʽʚ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʜʘʻ ʤʦʞʣʠʚʽʩʪʴ ʚʧʣʠʚʘʪʠ ʥʘ ʬʦʨʤʫ 
ʪʘ ʩʪʘʙʽʣʴʥʽʩʪʴ ʜʫʛʠ, ʨʦʟʧʦʜʽʣ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʣʷ ʪʘ ʛʽʜʨʦʜʠʥʘʤʽʢʫ 
ʟʚʘʨʶʚʘʣʴʥʦʾ ʚʘʥʥʠ[4-6]. ʋ ʨʝʟʫʣʴʪʘʪʽ ʮʴʦʛʦ ʤʦʞʫʪʴ ʟʤʽʥʶʚʘʪʠʩʷ ʫʤʦʚʠ 
ʢʨʠʩʪʘʣʽʟʘʮʽʾ ʤʝʪʘʣʫ ʪʘ ʬʦʨʤʫʚʘʥʥʷ ʩʪʨʫʢʪʫʨʠ ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ. 

ʈʦʙʦʪʠʟʦʚʘʥʽ ʟʚʘʨʶʚʘʣʴʥʽ ʢʦʤʧʣʝʢʩʠ ʟʘʙʝʟʧʝʯʫʶʪʴ ʚʠʩʦʢʫ ʪʦʯʥʽʩʪʴ 
ʧʝʨʝʤʽʱʝʥʥʷ ʟʚʘʨʶʚʘʣʴʥʦʛʦ ʽʥʩʪʨʫʤʝʥʪʘ ʪʘ ʩʪʘʙʽʣʴʥʽʩʪʴ ʪʝʭʥʦʣʦʛʽʯʥʠʭ 
ʧʘʨʘʤʝʪʨʽʚ ʧʨʦʮʝʩʫ. ɯʥʪʝʛʨʘʮʽʷ ʩʠʩʪʝʤ ʬʦʨʤʫʚʘʥʥʷ ʢʝʨʦʚʘʥʦʛʦ ʤʘʛʥʽʪʥʦʛʦ 
ʧʦʣʷ ʫ ʪʘʢʽ ʢʦʤʧʣʝʢʩʠ ʚʽʜʢʨʠʚʘʻ ʥʦʚʽ ʤʦʞʣʠʚʦʩʪʽ ʜʣʷ ʢʝʨʫʚʘʥʥʷ ʧʨʦʮʝʩʦʤ 
ʥʘʧʣʘʚʣʝʥʥʷ. ɿʦʢʨʝʤʘ, ʤʦʞʣʠʚʝ ʩʠʥʭʨʦʥʽʟʦʚʘʥʝ ʢʝʨʫʚʘʥʥʷ ʟʚʘʨʶʚʘʣʴʥʠʤ 
ʩʪʨʫʤʦʤ, ʰʚʠʜʢʽʩʪʶ ʧʝʨʝʤʽʱʝʥʥʷ ʧʘʣʴʥʠʢʘ ʪʘ ʧʘʨʘʤʝʪʨʘʤʠ ʤʘʛʥʽʪʥʦʛʦ 
ʧʦʣʷ. ʊʘʢʠʡ ʧʽʜʭʽʜ ʜʦʟʚʦʣʷʻ ʘʜʘʧʪʫʚʘʪʠ ʫʤʦʚʠ ʬʦʨʤʫʚʘʥʥʷ ʟʚʘʨʶʚʘʣʴʥʦʾ 
ʚʘʥʥʠ ʜʦ ʢʦʥʢʨʝʪʥʠʭ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʨʝʞʠʤʽʚ ʪʘ ʧʨʦʩʪʦʨʦʚʦʛʦ ʧʦʣʦʞʝʥʥʷ 
ʽʥʩʪʨʫʤʝʥʪʘ. 

ʆʜʥʠʤ ʽʟ ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʥʘʧʨʷʤʽʚ ʨʦʟʚʠʪʢʫ ʨʦʙʦʪʠʟʦʚʘʥʠʭ 
ʪʝʭʥʦʣʦʛʽʡ ʥʘʧʣʘʚʣʝʥʥʷ ʻ ʩʪʚʦʨʝʥʥʷ ʘʜʘʧʪʠʚʥʠʭ ʤʘʛʥʽʪʥʠʭ ʩʠʩʪʝʤ, ʟʜʘʪʥʠʭ 
ʬʦʨʤʫʚʘʪʠ ʢʝʨʦʚʘʥʝ ʤʘʛʥʽʪʥʝ ʧʦʣʝ ʫ ʟʦʥʽ ʛʦʨʽʥʥʷ ʝʣʝʢʪʨʠʯʥʦʾ ʜʫʛʠ. 
ʂʦʥʮʝʧʪʫʘʣʴʥʦ ʪʘʢʘ ʩʠʩʪʝʤʘ ʤʘʻ ʚʢʣʶʯʘʪʠ ʤʘʛʥʽʪʥʠʡ ʤʦʜʫʣʴ, ʜʞʝʨʝʣʘ 
ʞʠʚʣʝʥʥʷ ʤʘʛʥʽʪʥʠʭ ʝʣʝʤʝʥʪʽʚ ʪʘ ʩʠʩʪʝʤʫ ʢʝʨʫʚʘʥʥʷ, ʽʥʪʝʛʨʦʚʘʥʫ ʟ 
ʢʦʥʪʨʦʣʝʨʦʤ ʨʦʙʦʪʠʟʦʚʘʥʦʛʦ ʢʦʤʧʣʝʢʩʫ. ɿʤʽʥʘ ʧʘʨʘʤʝʪʨʽʚ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ 
ʜʦʟʚʦʣʷʻ ʨʝʛʫʣʶʚʘʪʠ ʩʪʘʙʽʣʴʥʽʩʪʴ ʜʫʛʠ, ʬʦʨʤʫ ʟʚʘʨʶʚʘʣʴʥʦʾ ʚʘʥʥʠ, 
ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʧʝʨʝʤʽʰʫʚʘʥʥʷ ʤʝʪʘʣʫ ʪʘ ʫʤʦʚʠ ʢʨʠʩʪʘʣʽʟʘʮʽʾ ʥʘʧʣʘʚʣʝʥʦʛʦ 
ʰʘʨʫ. 

ʋ ʧʝʨʩʧʝʢʪʠʚʽ ʪʘʢʽ ʩʠʩʪʝʤʠ ʤʦʞʫʪʴ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʷ ʜʣʷ ʘʢʪʠʚʥʦʛʦ 
ʢʝʨʫʚʘʥʥʷ ʧʨʦʮʝʩʘʤʠ ʬʦʨʤʫʚʘʥʥʷ ʩʪʨʫʢʪʫʨʠ ʤʝʪʘʣʫ ʪʘ ʧʽʜʚʠʱʝʥʥʷ 
ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʚʽʜʥʦʚʣʝʥʠʭ ʜʝʪʘʣʝʡ. 

ʇʦʜʘʣʴʰʠʡ ʨʦʟʚʠʪʦʢ ʜʘʥʦʛʦ ʥʘʧʨʷʤʫ ʜʦʟʚʦʣʠʪʴ ʟʘʙʝʟʧʝʯʠʪʠ 
ʮʽʣʝʩʧʨʷʤʦʚʘʥʝ ʢʝʨʫʚʘʥʥʷ ʧʘʨʘʤʝʪʨʘʤʠ ʟʚʘʨʶʚʘʣʴʥʦʾ ʚʘʥʥʠ, ʧʽʜʚʠʱʠʪʠ 
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ʩʪʘʙʽʣʴʥʽʩʪʴ ʜʫʛʦʚʦʛʦ ʧʨʦʮʝʩʫ ʪʘ ʧʦʢʨʘʱʠʪʠ ʷʢʽʩʪʴ ʬʦʨʤʫʚʘʥʥʷ 
ʥʘʧʣʘʚʣʝʥʠʭ ʰʘʨʽʚ ʟʘ ʨʘʭʫʥʦʢ ʦʧʪʠʤʽʟʘʮʽʾ ʤʘʛʥʽʪʥʦʛʦ ʚʧʣʠʚʫ ʽ 
ʚʧʨʦʚʘʜʞʝʥʥʷ ʘʜʘʧʪʠʚʥʠʭ ʩʠʩʪʝʤ ʢʝʨʫʚʘʥʥʷ. 

ʇʝʨʩʧʝʢʪʠʚʥʠʤʠ ʥʘʧʨʷʤʘʤʠ ʧʦʜʘʣʴʰʠʭ ʜʦʩʣʽʜʞʝʥʴ ʻ ʨʦʟʨʦʙʢʘ 
ʙʘʛʘʪʦʢʘʥʘʣʴʥʠʭ ʤʘʛʥʽʪʥʠʭ ʩʠʩʪʝʤ, ʦʧʪʠʤʽʟʘʮʽʷ ʧʘʨʘʤʝʪʨʽʚ ʟʤʽʥʥʦʛʦ 
ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ, ʜʦʩʣʽʜʞʝʥʥʷ ʚʧʣʠʚʫ ʡʦʛʦ ʢʦʥʬʽʛʫʨʘʮʽʾ ʥʘ ʧʨʦʮʝʩ 
ʬʦʨʤʫʚʘʥʥʷ ʟʚʘʨʶʚʘʣʴʥʦʾ ʚʘʥʥʠ, ʘ ʪʘʢʦʞ ʩʪʚʦʨʝʥʥʷ ʘʜʘʧʪʠʚʥʠʭ ʩʠʩʪʝʤ 
ʘʚʪʦʤʘʪʠʯʥʦʛʦ ʢʝʨʫʚʘʥʥʷ ʪʘ ʾʭ ʽʥʪʝʛʨʘʮʽʷ ʫ ʨʦʙʦʪʠʟʦʚʘʥʽ ʟʚʘʨʶʚʘʣʴʥʽ 
ʢʦʤʧʣʝʢʩʠ. ʇʦʜʘʣʴʰʠʡ ʨʦʟʚʠʪʦʢ ʜʘʥʦʛʦ ʥʘʧʨʷʤʫ ʜʦʟʚʦʣʠʪʴ ʧʽʜʚʠʱʠʪʠ 
ʢʝʨʦʚʘʥʽʩʪʴ ʽ ʩʪʘʙʽʣʴʥʽʩʪʴ ʧʨʦʮʝʩʫ ʜʫʛʦʚʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ, ʨʦʟʰʠʨʠʪʠ ʡʦʛʦ 
ʪʝʭʥʦʣʦʛʽʯʥʽ ʤʦʞʣʠʚʦʩʪʽ ʪʘ ʟʘʙʝʟʧʝʯʠʪʠ ʬʦʨʤʫʚʘʥʥʷ ʥʘʧʣʘʚʣʝʥʠʭ ʰʘʨʽʚ ʽʟ 
ʧʨʦʛʥʦʟʦʚʘʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ. 

ɺʀʉʅʆɺʂʀ 

1. ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʩʫʯʘʩʥʽ ʧʽʜʭʦʜʠ ʜʦ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ 
ʜʫʛʦʚʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ ʜʝʪʘʣʝʡ ʤʝʪʘʣʫʨʛʽʡʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ.  

2. ʇʦʢʘʟʘʥʦ, ʱʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʢʝʨʦʚʘʥʠʭ ʤʘʛʥʽʪʥʠʭ ʧʦʣʽʚ ʜʦʟʚʦʣʷʻ 
ʚʧʣʠʚʘʪʠ ʥʘ ʩʪʘʙʽʣʴʥʽʩʪʴ ʝʣʝʢʪʨʠʯʥʦʾ ʜʫʛʠ ʪʘ ʧʨʦʮʝʩ ʬʦʨʤʫʚʘʥʥʷ 
ʟʚʘʨʶʚʘʣʴʥʦʾ ʚʘʥʥʠ.  

3. ʆʙˇʨʫʥʪʦʚʘʥʦ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʫ ʜʦʮʽʣʴʥʽʩʪʴ ʧʦʻʜʥʘʥʥʷ 
ʨʦʙʦʪʠʟʦʚʘʥʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ ʟ ʤʘʛʥʽʪʥʠʤ ʢʝʨʫʚʘʥʥʷʤ ʜʫʛʦʶ.  

4. ɺʠʟʥʘʯʝʥʦ ʦʩʥʦʚʥʽ ʥʘʧʨʷʤʠ ʧʦʜʘʣʴʰʠʭ ʜʦʩʣʽʜʞʝʥʴ, ʧʦʚôʷʟʘʥʽ ʟʽ 
ʩʪʚʦʨʝʥʥʷʤ ʘʜʘʧʪʠʚʥʠʭ ʤʘʛʥʽʪʥʠʭ ʩʠʩʪʝʤ ʜʣʷ ʨʦʙʦʪʠʟʦʚʘʥʠʭ 
ʟʚʘʨʶʚʘʣʴʥʠʭ ʢʦʤʧʣʝʢʩʽʚ. 
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ɹʦʙʨʦʚ ɼ.ʉ.ĭ, ɭʬʨʝʤʝʥʢʦ ɺ.ɻ.Į, ɹʨʠʢʦʚ ʄ.ʄ.ĭ (ĭʅʘʮʽʦʥʘʣʴʥʠʡ 

ʫʥʽʚʝʨʩʠʪʝʪ çɿʘʧʦʨʽʟʴʢʘ ʧʦʣʽʪʝʭʥʽʢʘè, ɿʘʧʦʨʽʞʞʷ, ʋʢʨʘʾʥʘ; Įɼʝʨʞʘʚʥʠʡ 

ʚʠʱʠʡ ʥʘʚʯʘʣʴʥʠʡ ʟʘʢʣʘʜ çʇʨʠʘʟʦʚʩʴʢʠʡ ʜʝʨʞʘʚʥʠʡ ʪʝʭʥʽʯʥʠʡ 

ʫʥʽʚʝʨʩʠʪʝʪè, ɼʥʽʧʨʦ, ʋʢʨʘʾʥʘ). 

 

ʑʆɼʆ ʄʆɾʃʀɺʆʉʊɯ ʆʊʈʀʄɸʅʅʗ ʅɸʅʆɹɽʁʅɯʊʋ 

ɺ ʉɽʈɽɼʅʔʆɺʋɻʃɽʎɽɺʀʍ ʅʀɿʔʂʆʃɽɻʆɺɸʅʀʍ ʉʊɸʃʗʍ 

 
ɸʥʦʪʘʮʽʷ: ʋ ʨʦʙʦʪʽ ʧʨʦʘʥʘʣʽʟʦʚʘʥʦ ʩʫʯʘʩʥʽ ʧʽʜʭʦʜʠ ʜʦ ʩʪʚʦʨʝʥʥʷ ʚʠʩʦʢʦʤʽʮʥʠʭ 

ʩʪʘʣʝʡ, ʟʦʢʨʝʤʘ ʩʪʘʣʝʡ ʪʨʝʪʴʦʛʦ ʧʦʢʦʣʽʥʥʷ, ʱʦ ʧʦʻʜʥʫʶʪʴ ʚʠʩʦʢʫ ʤʽʮʥʽʩʪʴ ʽ 

ʜʦʩʪʘʪʥʶ ʧʣʘʩʪʠʯʥʽʩʪʴ. ʈʦʟʛʣʷʥʫʪʦ ʦʩʦʙʣʠʚʦʩʪʽ ʬʦʨʤʫʚʘʥʥʷ ʩʪʨʫʢʪʫʨʠ 

ʙʝʟʢʘʨʙʽʜʥʦʛʦ ʙʝʡʥʽʪʫ ʚ ʩʝʨʝʜʥʴʦʚʫʛʣʝʮʝʚʠʭ ʥʠʟʴʢʦʣʝʛʦʚʘʥʠʭ ʩʪʘʣʷʭ ʽʟ ʧʽʜʚʠʱʝʥʠʤ 

ʚʤʽʩʪʦʤ ʢʨʝʤʥʽʶ. ʇʦʢʘʟʘʥʦ, ʱʦ ʽʟʦʪʝʨʤʽʯʥʘ ʦʙʨʦʙʢʘ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʘʪʠ ʩʪʨʫʢʪʫʨʫ, 

ʷʢʘ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʪʦʥʢʠʭ ʧʣʘʩʪʠʥ ʙʝʡʥʽʪʥʦʛʦ ʬʝʨʠʪʫ ʪʘ ʧʨʦʰʘʨʢʽʚ ʟʘʣʠʰʢʦʚʦʛʦ 

ʘʫʩʪʝʥʽʪʫ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʚʠʩʦʢʽ ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʦʪʨʠʤʘʥʥʷ 

ʥʘʥʦʙʝʡʥʽʪʫ ʫ ʪʨʘʜʠʮʽʡʥʠʭ ʨʝʩʦʨʥʦ-ʧʨʫʞʠʥʥʠʭ ʩʪʘʣʷʭ ʫʩʢʣʘʜʥʶʻʪʴʩʷ ʯʝʨʝʟ ʚʽʜʥʦʩʥʦ 

ʚʠʩʦʢʫ ʪʝʤʧʝʨʘʪʫʨʫ ʧʦʯʘʪʢʫ ʤʘʨʪʝʥʩʠʪʥʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ. ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʤʝʭʘʥʽʟʤ 

ʟʙʘʛʘʯʝʥʥʷ ʘʫʩʪʝʥʽʪʫ ʚʫʛʣʝʮʝʤ ʧʽʜ ʯʘʩ ʙʝʡʥʽʪʥʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ, ʱʦ ʩʧʨʠʯʠʥʷʻ 

ʟʥʠʞʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ ʤʘʨʪʝʥʩʠʪʥʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ. ʆʙˇʨʫʥʪʦʚʘʥʦ ʜʦʮʽʣʴʥʽʩʪʴ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʩʪʫʧʽʥʯʘʩʪʦʾ ʽʟʦʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ, ʷʢʘ ʚʢʣʶʯʘʻ ʚʠʪʨʠʤʢʫ ʚʠʱʝ 

ʪʝʤʧʝʨʘʪʫʨʠ ʧʦʯʘʪʢʫ ʤʘʨʪʝʥʩʠʪʥʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ ʟ ʧʦʜʘʣʴʰʠʤ ʦʭʦʣʦʜʞʝʥʥʷʤ ʜʦ 

ʪʝʤʧʝʨʘʪʫʨʠ ʫʪʚʦʨʝʥʥʷ ʥʠʞʥʴʦʛʦ ʙʝʡʥʽʪʫ. ʇʦʢʘʟʘʥʦ, ʱʦ ʪʘʢʠʡ ʧʽʜʭʽʜ ʜʦʟʚʦʣʷʻ 

ʬʦʨʤʫʚʘʪʠ ʧʝʨʝʚʘʞʥʦ ʥʘʥʦʩʪʨʫʢʪʫʨʦʚʘʥʠʡ ʙʝʡʥʽʪ ʽʟ ʤʽʥʽʤʘʣʴʥʦʶ ʢʽʣʴʢʽʩʪʶ ʛʨʫʙʠʭ 

ʩʪʨʫʢʪʫʨʥʠʭ ʩʢʣʘʜʦʚʠʭ. ɺʠʟʥʘʯʝʥʦ ʥʝʦʙʭʽʜʥʽʩʪʴ ʪʦʯʥʦʛʦ ʧʽʜʙʦʨʫ ʧʘʨʘʤʝʪʨʽʚ ʦʙʨʦʙʢʠ 

ʜʣʷ ʢʦʞʥʦʾ ʢʦʥʢʨʝʪʥʦʾ ʤʘʨʢʠ ʩʪʘʣʽ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʾʾ ʭʽʤʽʯʥʦʛʦ ʩʢʣʘʜʫ ʪʘ ʢʽʥʝʪʠʢʠ 

ʬʘʟʦʚʠʭ ʧʝʨʝʪʚʦʨʝʥʴ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʚʠʩʦʢʦʤʽʮʥʽ ʩʪʘʣʽ, ʙʝʡʥʽʪ, ʥʘʥʦʙʝʡʥʽʪ, ʽʟʦʪʝʨʤʽʯʥʘ ʦʙʨʦʙʢʘ, 

ʤʘʨʪʝʥʩʠʪʥʝ ʧʝʨʝʪʚʦʨʝʥʥʷ, ʘʫʩʪʝʥʽʪ, ʢʨʝʤʥʽʡ. 

 

Abstract: The paper analyzes modern approaches to the development of advanced 

high-strength steels, particularly third-generation steels that combine high strength with 

sufficient ductility. The features of carbide-free bainite formation in medium-carbon low-alloy 

steels with increased silicon content are considered. It is shown that isothermal treatment 

enables the formation of a structure consisting of thin plates of bainitic ferrite and layers of 

retained austenite, which provides improved mechanical properties. It is established that 

obtaining nanobainite in conventional spring steels is complicated due to the relatively high 

martensite start temperature. The mechanism of carbon enrichment of austenite during 

bainitic transformation is analyzed, leading to a gradual decrease in the martensite start 

temperature. The feasibility of stepwise isothermal treatment is substantiated, which includes 

holding above the martensite start temperature followed by cooling to the lower bainite 

transformation temperature. It is shown that this approach makes it possible to obtain a 

predominantly nanostructured bainite with a small fraction of coarser bainite formed at the 

initial stage. The necessity of precise determination of heat treatment parameters for each 

specific steel grade is emphasized, taking into account its chemical composition and 

transformation kinetics to ensure optimal mechanical properties. 

Keywords: high-strength steels, bainite, nanobainite, isothermal treatment, martensitic 

transformation, austenite, silicon. 
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ʉʫʯʘʩʥʝ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ, ʟʦʢʨʝʤʘ ʘʚʪʦʤʦʙʽʣʝʙʫʜʫʚʘʥʥʷ, ʚʠʤʘʛʘʻ 

ʤʘʪʝʨʽʘʣʽʚ, ʷʢʽ ʧʦʻʜʥʫʶʪʴ ʚʠʩʦʢʫ ʤʽʮʥʽʩʪʴ ʟ ʜʦʩʪʘʪʥʴʦʶ ʧʣʘʩʪʠʯʥʽʩʪʶ. ʎʝ 

ʦʜʥʘ ʟ ʛʦʣʦʚʥʠʭ ʚʠʤʦʛ ʜʣʷ ʟʥʠʞʝʥʥʷ ʤʘʩʠ ʢʦʥʩʪʨʫʢʮʽʾ ʪʘ ʚʽʜʧʦʚʽʜʘʣʴʥʠʭ 

ʝʣʝʤʝʥʪʽʚ ʦʙʣʘʜʥʘʥʥʷ, ʘ ʪʘʢʦʞ ʧʽʜʚʠʱʝʥʥʷ ʾʭ ʤʽʮʥʦʩʪʽ ʽ ʥʘʜʽʡʥʦʩʪʽ [1-3]. 

ɿʙʽʣʴʰʝʥʥʷ ʧʦʪʨʝʙʠ ʫ ʪʘʢʠʭ ʤʘʪʝʨʽʘʣʘʭ ʩʧʨʠʷʣʦ ʨʦʟʨʦʙʮʽ ʧʝʨʝʜʦʚʠʭ 

ʚʠʩʦʢʦʤʽʮʥʠʭ ʩʪʘʣʝʡ (Advanced High Strength Steels, AHSS). 

ɺʠʩʦʢʦʤʽʮʥʽ ʩʪʘʣʽ ʧʝʨʰʦʛʦ ʧʦʢʦʣʽʥʥʷ ï ʮʝ ʜʚʦʬʘʟʥʽ ʘʙʦ ʙʘʛʘʪʦʬʘʟʥʽ 

ʩʪʘʣʽ: ʬʝʨʠʪʥʘ ʦʩʥʦʚʘ ʽʟ ʚʢʨʘʧʣʝʥʥʷʤʠ ʪʚʝʨʜʦʛʦ ʤʘʨʪʝʥʩʠʪʫ ʪʘ ʙʝʡʥʽʪʫ. 

ʊʘʢʦʞ ʜʦ ʧʝʨʰʦʛʦ ʧʦʢʦʣʽʥʥʷ ʚʽʜʥʦʩʷʪʴ TRIP (transformation induced 

plasticity) ʪʘ CP (complex phase) ʩʪʘʣʽ. ɺʠʩʦʢʦʤʽʮʥʽ ʩʪʘʣʽ ʧʝʨʰʦʛʦ 

ʧʦʢʦʣʽʥʥʷ ʚʦʣʦʜʽʶʪʴ ʚʠʩʦʢʦʶ ʤʽʮʥʽʩʪʶ, ʘʣʝ ʦʙʤʝʞʝʥʦʶ ʧʣʘʩʪʠʯʥʽʩʪʶ [1]. 

ɼʨʫʛʝ ʧʦʢʦʣʽʥʥʷ ʚʠʩʦʢʦʤʽʮʥʠʭ ʩʪʘʣʝʡ ï ʮʝ ʩʪʘʣʽ ʟ ʚʠʩʦʢʠʤ ʚʤʽʩʪʦʤ 

ʤʘʨʛʘʥʮʶ, ʟʜʘʪʥʽ ʜʦ ʧʣʘʩʪʠʯʥʦʾ ʜʝʬʦʨʤʘʮʽʾ ʜʚʽʡʥʠʢʫʚʘʥʥʷʤ (twinning-

induced plasticity) ʽ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʥʘʜʟʚʠʯʘʡʥʦʶ ʧʣʘʩʪʠʯʥʽʩʪʶ. ʇʨʦʪʝ 

ʚʠʩʦʢʘ ʚʘʨʪʽʩʪʴ ʣʝʛʫʚʘʥʥʷ ʪʘ ʩʢʣʘʜʥʽʩʪʴ ʟʚʘʨʶʚʘʥʥʷ ʦʙʤʝʞʫʶʪʴ ʾʭ ʰʠʨʦʢʝ 

ʟʘʩʪʦʩʫʚʘʥʥʷ [4, 5]. 

ʄʝʪʦʶ ʨʦʟʨʦʙʢʠ ʚʠʩʦʢʦʤʽʮʥʠʭ ʩʪʘʣʝʡ 3-ʛʦ ʧʦʢʦʣʽʥʥʷ ʙʫʣʦ 

ʧʦʻʜʥʘʥʥʷ ʧʝʨʝʚʘʛ ʩʪʘʣʝʡ ʧʝʨʰʦʛʦ ʽ ʜʨʫʛʦʛʦ ʧʦʢʦʣʽʥʴ ʽ ʫʩʫʥʝʥʥʷ ʾʭ 

ʥʝʜʦʣʽʢʽʚ. ʆʩʥʦʚʥʠʡ ʧʨʠʥʮʠʧ ʩʪʨʫʢʪʫʨʦʫʪʚʦʨʝʥʥʷ ʩʪʘʣʝʡ ʪʨʝʪʴʦʛʦ 

ʧʦʢʦʣʽʥʥʷ ï ʤʘʢʩʠʤʘʣʴʥʦ ʤʦʞʣʠʚʝ ʧʦʜʨʽʙʥʝʥʥʷ ʩʪʨʫʢʪʫʨʥʠʭ ʩʢʣʘʜʦʚʠʭ, 

ʱʦ ʜʦʩʷʛʘʻʪʴʩʷ, ʥʘʧʨʠʢʣʘʜ, ʽʟʦʪʝʨʤʽʯʥʦʶ ʦʙʨʦʙʢʦʶ ʘʫʩʪʝʥʽʪʫ ʥʘ ʙʝʡʥʽʪ [6, 

7].  

ʗʢʱʦ ʧʽʜʚʠʱʠʪʠ ʚʤʽʩʪ ʢʨʝʤʥʽʶ ʚ ʩʪʘʣʽ ʚʠʱʝ 1,2-1,5 ʤʘʩ.%, ʮʝʤʝʥʪʠʪ 

ʚ ʧʨʦʮʝʩʽ ʽʟʦʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ ʥʝ ʫʪʚʦʨʶʻʪʴʩʷ. ʌʦʨʤʫʻʪʴʩʷ ʩʪʨʫʢʪʫʨʘ, ʷʢʘ 

ʧʦʻʜʥʫʻ ʪʦʥʢʽ ʧʣʘʩʪʠʥʢʠ ʙʝʡʥʽʪʥʦʛʦ ʬʝʨʠʪʫ, ʤʽʞ ʷʢʠʤʠ ʨʦʟʪʘʰʦʚʘʥʦ ʪʘʢʽ 

ʞ ʪʦʥʢʽ ʧʨʦʰʘʨʢʠ ʘʫʩʪʝʥʽʪʫ [8-10]. ʉʘʤʝ ʩʪʨʫʢʪʫʨʘ ʙʝʟʢʘʨʙʽʜʥʦʛʦ ʙʝʡʥʽʪʫ 

ʟʘʙʝʟʧʝʯʫʻ ʧʦʻʜʥʘʥʥʷ ʚʠʩʦʢʦʾ ʤʽʮʥʦʩʪʽ ʪʘ ʧʣʘʩʪʠʯʥʦʩʪʽ. ʌʦʨʤʫʚʘʥʥʷ 

ʙʝʟʢʘʨʙʽʜʥʦʾ ʩʪʨʫʢʪʫʨʠ ʻ ʢʨʠʪʠʯʥʠʤ ʜʣʷ ʟʘʧʦʙʽʛʘʥʥʷ ʢʨʠʭʢʦʩʪʽ. ʈʦʙʦʪʠ [8-

10] ʩʚʽʜʯʘʪʴ, ʱʦ ʚʚʝʜʝʥʥʷ ʢʨʝʤʥʽʶ ʫ ʢʽʣʴʢʦʩʪʽ ʧʦʥʘʜ 1,2 ï1,5% ʤʘʩ. 

ʝʬʝʢʪʠʚʥʦ ʧʨʠʛʥʽʯʫʻ ʚʠʜʽʣʝʥʥʷ ʮʝʤʝʥʪʠʪʫ ʟ ʘʫʩʪʝʥʽʪʫ ʧʽʜ ʯʘʩ ʙʝʡʥʽʪʥʦʛʦ 

ʧʝʨʝʪʚʦʨʝʥʥʷ. ʆʩʢʽʣʴʢʠ ʢʨʝʤʥʽʡ ʤʘʻ ʚʢʨʘʡ ʥʠʟʴʢʫ ʨʦʟʯʠʥʥʽʩʪʴ ʫ ʮʝʤʝʥʪʠʪʽ, 

ʬʦʨʤʫʚʘʥʥʷ ʢʘʨʙʽʜʽʚ ʫʩʢʣʘʜʥʶʻʪʴʩʷ. ʎʝ ʟʤʫʰʫʻ ʚʫʛʣʝʮʴ ʜʠʬʫʥʜʫʚʘʪʠ ʫ 

ʟʘʣʠʰʢʦʚʠʡ ʘʫʩʪʝʥʽʪ, ʧʽʜʚʠʱʫʶʯʠ ʡʦʛʦ ʪʝʨʤʦʜʠʥʘʤʽʯʥʫ ʩʪʘʙʽʣʴʥʽʩʪʴ. 

ɼʦʩʣʽʜʞʝʥʥʷ ʩʪʘʣʝʡ ʟʘ ʩʪʨʫʢʪʫʨʦʶ ʙʝʟʢʘʨʙʽʜʥʦʛʦ ʙʝʡʥʽʪʫ ʻ ʦʜʥʠʤ ʽʟ 

ʥʘʡʙʽʣʴʰ ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʥʘʧʨʷʤʢʽʚ ʨʦʟʚʠʪʢʫ ʚʠʩʦʢʦʤʽʮʥʠʭ ʩʪʘʣʝʡ 

ʪʨʝʪʴʦʛʦ ʧʦʢʦʣʽʥʥʷ. 

ɼʣʷ ʦʪʨʠʤʘʥʥʷ ʤʘʢʩʠʤʘʣʴʥʦ ʜʠʩʧʝʨʩʥʦʛʦ çʥʠʞʥʴʦʛʦè ʙʝʡʥʽʪʫ 

ʽʟʦʪʝʨʤʽʯʥʫ ʚʠʪʨʠʤʢʫ ʩʣʽʜ ʧʨʦʚʦʜʠʪʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʫ ʜʽʘʧʘʟʦʥʽ 

ʧʨʠʙʣʠʟʥʦ 200 - 250ÁC (ʈʠʩ. 1). ʆʜʥʘʢ ʫ ʙʘʛʘʪʴʦʭ ʧʦʰʠʨʝʥʠʭ ʤʘʨʢʘʭ 

ʨʝʩʦʨʥʦ-ʧʨʫʞʠʥʥʠʭ ʩʪʘʣʝʡ, ʪʘʢʠʭ ʷʢ (45-50)ʍʉ, ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʯʘʪʢʫ 

ʤʘʨʪʝʥʩʠʪʥʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ Mʧ ʟʥʘʭʦʜʠʪʴʩʷ ʚ ʜʽʘʧʘʟʦʥʽ 280 - 310 ÁC. 

ʆʭʦʣʦʜʞʝʥʥʷ ʮʠʭ ʩʪʘʣʝʡ ʜʦ 200-250 ÁC ʧʨʠʟʚʝʜʝ ʜʦ ʫʪʚʦʨʝʥʥʷ ʟʥʘʯʥʦʾ 

ʢʽʣʴʢʦʩʪʽ ʥʝʚʽʜʧʫʱʝʥʦʛʦ ʤʘʨʪʝʥʩʠʪʫ ʫ ʩʪʨʫʢʪʫʨʽ [11], ʱʦ ʟʥʠʞʫʻ 
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ʧʣʘʩʪʠʯʥʽʩʪʴ. ʊʦʤʫ ʩʪʚʦʨʝʥʥʷ ʩʪʨʫʢʪʫʨʠ ʥʠʞʥʴʦʛʦ ʙʝʡʥʽʪʫ ʫ ʩʪʘʣʷʭ ʪʘʢʦʛʦ 

ʪʠʧʫ ʻ ʧʨʦʙʣʝʤʘʪʠʯʥʠʤ.  

 

 
ʈʠʩʫʥʦʢ 1. ɿʘʣʝʞʥʽʩʪʴ ʜʠʩʧʝʨʩʥʦʩʪʽ ʩʪʨʫʢʪʫʨʥʠʭ ʝʣʝʤʝʥʪʽʚ 

ʙʝʟʢʘʨʙʽʜʥʦʛʦ ʙʝʡʥʽʪʫ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ ʽʟʦʪʝʨʤʽʯʥʦʾ ʚʠʪʨʠʤʢʠ. 

 

ɸʥʘʣʽʟ ʩʫʯʘʩʥʠʭ ʧʫʙʣʽʢʘʮʽʡ [12-14] ʩʚʽʜʯʠʪʴ ʧʨʦ ʤʦʞʣʠʚʽʩʪʴ 

ʧʦʜʦʣʘʥʥʷ ʮʽʻʾ ʧʨʦʙʣʝʤʠ ʰʣʷʭʦʤ ʟʘʩʪʦʩʫʚʘʥʥʷ ʙʘʛʘʪʦʩʪʫʧʝʥʝʚʠʭ ʨʝʞʠʤʽʚ 

ʽʟʦʪʝʨʤʽʯʥʦʾ ʚʠʪʨʠʤʢʠ. ɯʜʝʷ ʮʴʦʛʦ ʧʽʜʭʦʜʫ ʧʦʣʷʛʘʻ ʫ ʪʦʤʫ ʱʦ ʩʧʦʯʘʪʢʫ 

ʘʫʩʪʝʥʽʪ ʦʭʦʣʦʜʞʫʶʪʴ ʜʦ ʪʝʤʧʝʨʘʪʫʨʠ, ʱʦ ʥʘ ʜʝʢʽʣʴʢʘ ʛʨʘʜʫʩʽʚ ʧʝʨʝʚʠʱʫʻ 

ʪʝʤʧʝʨʘʪʫʨʫ Mʧ. ʇʽʜ ʯʘʩ ʚʠʪʨʠʤʢʠ ʚʧʨʦʜʦʚʞ ʚʠʟʥʘʯʝʥʦʛʦ ʯʘʩʫ 

ʧʦʯʠʥʘʻʪʴʩʷ ʫʪʚʦʨʝʥʥʷ ʙʝʡʥʽʪʥʦʛʦ ʬʝʨʠʪʫ. ɸʫʩʪʝʥʽʪ, ʷʢʠʡ ʟʘʣʠʰʘʻʪʴʩʷ 

ʥʝʧʝʨʝʪʚʦʨʝʥʠʤ, ʟʙʘʛʘʯʫʻʪʴʩʷ ʚʫʛʣʝʮʝʤ. ʊʝʤʧʝʨʘʪʫʨʘ ʧʦʯʘʪʢʫ 

ʤʘʨʪʝʥʩʠʪʥʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ ʟʘʣʝʞʠʪʴ ʚʽʜ ʭʽʤʽʯʥʦʛʦ ʩʢʣʘʜʫ ʘʫʩʪʝʥʽʪʫ, 

ʟʦʢʨʝʤʘ ʚʽʜ ʚʤʽʩʪʫ ʚʫʛʣʝʮʶ. ʏʝʨʝʟ ʟʙʘʛʘʯʝʥʥʷ ʘʫʩʪʝʥʽʪʫ ʚʫʛʣʝʮʝʤ, ʚ ʧʝʚʥʠʡ 

ʤʦʤʝʥʪ ʄʧ ʟʥʠʞʫʻʪʴʩʷ ʜʦ ʧʦʪʨʽʙʥʦʛʦ ʨʽʚʥʷ, ʥʘʧʨʠʢʣʘʜ, 250 ʦʉ, ʽ 

ʪʝʤʧʝʨʘʪʫʨʫ ʚʘʥʥʠ ʤʦʞʣʠʚʦ ʟʥʠʟʠʪʠ ʙʝʟ ʨʠʟʠʢʫ ʫʪʚʦʨʝʥʥʷ ʤʘʨʪʝʥʩʠʪʫ. 

ʇʦʜʘʣʴʰʫ ʚʠʪʨʠʤʢʫ ʥʘ ʜʨʫʛʦʤʫ ʝʪʘʧʽ ʦʙʨʦʙʢʠ ʚʞʝ ʤʦʞʥʘ ʧʨʦʚʦʜʠʪʠ ʜʦ 

ʟʘʚʝʨʰʝʥʥʷ ʙʝʡʥʽʪʥʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ (ʈʠʩ. 2). ɿʘʩʪʦʩʫʚʘʥʥʷ ʪʘʢʦʾ ʦʙʨʦʙʢʠ 

ʜʣʷ ʩʪʘʣʝʡ ʽʟ ʧʽʜʚʠʱʝʥʦʶ ʄʧ ʚ ʧʨʠʥʮʠʧʽ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʫʚʘʪʠ ʩʪʨʫʢʪʫʨʫ 

ʧʝʨʝʚʘʞʥʦ ʥʘʥʦʙʝʡʥʽʪʫ ʽʟ ʥʝʚʝʣʠʢʦʶ ʢʽʣʴʢʽʩʪʶ ʙʽʣʴʰ ʛʨʫʙʦʛʦ ʙʝʡʥʽʪʫ. 

ʊʘʢʘ ʩʪʨʫʢʪʫʨʘ ʤʘʻ ʚʦʣʦʜʽʪʠ ʢʨʘʱʠʤ ʢʦʤʧʣʝʢʩʦʤ ʤʝʭʘʥʽʯʥʠʭ 

ʚʣʘʩʪʠʚʦʩʪʝʡ, ʥʽʞ ʩʫʤʽʰ ʤʘʨʪʝʥʩʠʪʫ ʽ ʥʠʞʥʴʦʛʦ ʙʝʡʥʽʪʫ. 
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ʈʠʩʫʥʦʢ  2. ʉʭʝʤʘ ʩʪʫʧʽʥʯʘʩʪʦʾ ʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ ʥʘ ʩʪʨʫʢʪʫʨʫ 

ʙʝʟʢʘʨʙʽʜʥʦʛʦ ʥʘʥʦʙʝʡʥʽʪʫ ʩʪʘʣʝʡ ʟ ʧʽʜʚʠʱʝʥʦʶ ʪʝʤʧʝʨʘʪʫʨʦʶ ʧʦʯʘʪʢʫ 

ʤʘʨʪʝʥʩʠʪʥʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ. 

 

ɿʘʩʪʦʩʫʚʘʥʥʷ ʟʘʟʥʘʯʝʥʦʾ ʩʪʫʧʽʥʯʘʩʪʦʾ ʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ ʧʦʪʨʝʙʫʻ 

ʧʦʧʝʨʝʜʥʽʭ ʜʦʩʣʽʜʞʝʥʴ ʚ ʢʦʞʥʦʤʫ ʢʦʥʢʨʝʪʥʦʤʫ ʚʠʧʘʜʢʫ. ʂʽʥʝʪʠʢʘ 

ʙʝʡʥʪʽʥʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ ʟʥʘʯʥʦʶ ʤʽʨʦʶ ʟʘʣʝʞʠʪʴ ʚʽʜ ʭʽʤʽʯʥʦʛʦ ʩʢʣʘʜʫ 

ʘʫʩʪʝʥʽʪʫ (ʤʘʨʢʘ ʩʪʘʣʽ) ʽ ʪʝʤʧʝʨʘʪʫʨʠ ʽʟʦʪʝʨʤʽʯʥʦʾ ʚʠʪʨʠʤʢʠ. ʆʩʢʽʣʴʢʠ 

ʧʦʯʘʪʢʦʚʘ ʄʧ ʪʘʢʦʞ ʟʘʣʝʞʠʪʴ ʚʽʜ ʭʽʤʽʯʥʦʛʦ ʩʢʣʘʜʫ ʘʫʩʪʝʥʽʪʫ, ʥʘ ʧʝʨʰʦʤʫ 

ʝʪʘʧʽ ʨʦʟʨʦʙʢʠ ʨʝʞʠʤʫ ʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ ʥʝʦʙʭʽʜʥʦ ʚʠʟʥʘʯʠʪʠ ʄʧ ʜʣʷ 

ʘʫʩʪʝʥʽʪʫ ʧʝʚʥʦʾ ʩʪʘʣʽ. ʎʝ ʜʦʩʣʽʜʞʝʥʥʷ ʙʘʞʘʥʦ ʧʨʦʚʦʜʠʪʠ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʜʠʣʘʪʦʤʝʪʨʫ, ʦʩʢʽʣʴʢʠ ʧʦʛʨʽʰʥʽʩʪʴ ʨʦʟʨʘʭʫʥʢʦʚʦʛʦ ʚʠʟʥʘʯʝʥʥʷ ʄʧ ʟʘ 

ʝʤʧʽʨʠʯʥʠʤʠ ʤʦʜʝʣʷʤʠ ʩʢʣʘʜʘʻ ʤʽʥʽʤʫʤ 10 ʦʉ, ʱʦ ʚ ʥʘʰʦʤʫ ʚʠʧʘʜʢʫ 

ʢʨʠʪʠʯʥʦ. 

ʅʘ ʜʨʫʛʦʤʫ ʝʪʘʧʽ ʥʝʦʙʭʽʜʥʦ ʚʠʟʥʘʯʠʪʠ ʙʘʞʘʥʫ ʪʝʤʧʝʨʘʪʫʨʫ ʜʨʫʛʦʾ 

ʩʪʘʜʽʾ ʽʟʦʪʝʨʤʽʯʥʦʾ ʚʠʪʨʠʤʢʠ (200 ʦʉ, 250 ʦʉ ʘʙʦ ʽʥʰʘ) ʽ, ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʮʽʻʾ 

ʪʝʤʧʝʨʘʪʫʨʠ, ʪʦʯʥʦ ʚʠʟʥʘʯʠʪʠ ʯʘʩ ʽʟʦʪʝʨʤʽʯʥʦʾ ʚʠʪʨʠʤʢʠ ʥʘ ʧʝʨʰʽʡ ʩʪʘʜʽʾ. 

ʅʝʜʦʩʪʘʪʥʽʡ ʯʘʩ ʚʠʪʨʠʤʢʠ ʥʘ ʧʝʨʰʽʡ ʩʪʘʜʽʾ ʧʨʠʟʚʝʜʝ ʜʦ ʫʪʚʦʨʝʥʥʷ 

ʤʘʨʪʝʥʩʠʪʫ ʧʽʜ ʯʘʩ ʦʭʦʣʦʜʞʝʥʥʷ ʜʦ ʪʝʤʧʝʨʘʪʫʨʠ ʜʨʫʛʦʾ ʩʪʘʜʽʾ, ʘ 

ʥʘʜʣʠʰʢʦʚʠʡ ʯʘʩ ʟʙʽʣʴʰʠʪʴ ʢʽʣʴʢʽʩʪʴ ʛʨʫʙʦʛʦ ʙʝʡʥʽʪʫ ʚ ʩʪʨʫʢʪʫʨʽ. ɺ ʦʙʦʭ 

ʚʠʧʘʜʢʘʭ ʤʘʢʩʠʤʘʣʴʥʦ ʤʦʞʣʠʚʠʡ ʢʦʤʧʣʝʢʩ ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʥʝ 

ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʟʘʩʪʦʩʫʚʘʥʥʷ ʩʪʫʧʽʥʯʘʩʪʦʾ ʽʟʦʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ ʜʣʷ 

ʢʦʥʩʪʨʫʢʮʽʡʥʠʭ, ʟʦʢʨʝʤʘ ʨʝʩʦʨʥʦ-ʧʨʫʞʠʥʥʠʭ, ʩʪʘʣʝʡ ʽʟ ʧʽʜʚʠʱʝʥʠʤ 

ʚʤʽʩʪʦʤ ʢʨʝʤʥʽʶ ʥʘʜʘʻ ʤʦʞʣʠʚʽʩʪʴ ʦʪʨʠʤʫʚʘʪʠ ʥʠʞʥʽʡ ʙʝʡʥʽʪ (ʥʘʥʦʙʝʡʥʽʪ) 

ʚ ʩʪʨʫʢʪʫʨʽ ʥʝʟʘʣʝʞʥʦ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ ʧʦʯʘʪʢʫ ʤʘʨʪʝʥʩʠʪʥʦʛʦ 

ʧʝʨʝʪʚʦʨʝʥʥʷ. ɸʣʝ ʧʘʨʘʤʝʪʨʠ ʨʝʞʠʤʫ ʪʘʢʦʾ ʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ 

(ʪʝʤʧʝʨʘʪʫʨʘ ʽ ʯʘʩ ʚʠʪʨʠʤʢʠ ʜʣʷ ʧʝʨʰʦʾ ʩʪʘʜʽʾ)  ʤʘʶʪʴ ʙʫʪʠ ʪʦʯʥʦ 

ʚʠʟʥʘʯʝʥʠʤʠ ʜʣʷ ʢʦʞʥʦʾ ʢʦʥʢʨʝʪʥʦʾ ʤʘʨʢʠ ʩʪʘʣʽ. 

ʇʦʜʘʣʴʰʽ ʜʦʩʣʽʜʞʝʥʥʷ ʤʦʞʫʪʴ ʙʫʪʠ ʩʧʨʷʤʦʚʘʥʠʤʠ ʥʘ ʚʠʟʥʘʯʝʥʥʷ 

ʧʘʨʘʤʝʪʨʽʚ ʩʪʫʧʽʥʯʘʩʪʦʾ ʽʟʦʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ ʜʣʷ ʦʜʥʽʻʾ ʽʟ ʥʘʡʙʽʣʴʰ 
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ʚʞʠʚʘʥʠʭ ʨʝʩʦʨʥʦ-ʧʨʫʞʠʥʥʠʭ ʩʪʘʣʝʡ ʽʟ ʪʝʤʧʝʨʘʪʫʨʦʶ ʧʦʯʘʪʢʫ 

ʤʘʨʪʝʥʩʠʪʥʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ ʚ ʜʽʘʧʘʟʦʥʽ 280-300 ʦʉ. 
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ɹʦʥʜʘʨʻʚ ʗ.ɻ., ʐʘʰʢʦ ɺ.ʆ.  (ɼʦʥʙʘʩʴʢʘ ʜʝʨʞʘʚʥʘ ʤʘʰʠʥʦʙʫʜʽʚʥʘ 

ʘʢʘʜʝʤʽʷ, ʤʤ. ʂʨʘʤʘʪʦʨʩʴʢ ï ʊʝʨʥʦʧʽʣʴ ï ʍʫʩʪ, ʋʢʨʘʾʥʘ). 

 

ʈʆɹʆʊʀɿɸʎɯʗ ʊɸ ʐʊʋʏʅʀʁ ɯʅʊɽʃɽʂʊ ɺ ʉʋʏɸʉʅʆʄʋ 

ʄɸʐʀʅʆɹʋɼʋɺɸʅʅɯ 

 
ɸʥʦʪʘʮʽʷ: ʋ ʩʪʘʪʪʽ ʜʦʩʣʽʜʞʝʥʦ ʚʧʣʠʚ ʨʦʙʦʪʠʟʘʮʽʾ ʪʘ ʪʝʭʥʦʣʦʛʽʡ ʰʪʫʯʥʦʛʦ 

ʽʥʪʝʣʝʢʪʫ ʥʘ ʨʦʟʚʠʪʦʢ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ ʋʢʨʘʾʥʠ ʚ ʫʤʦʚʘʭ ʮʠʬʨʦʚʦʾ ʪʨʘʥʩʬʦʨʤʘʮʽʾ ʪʘ 

ʧʽʩʣʷʚʦʻʥʥʦʛʦ ʚʽʜʥʦʚʣʝʥʥʷ ʧʨʦʤʠʩʣʦʚʦʩʪʽ. ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʢʣʶʯʦʚʽ ʥʘʧʨʷʤʠ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʽʥʪʝʣʝʢʪʫʘʣʴʥʠʭ ʩʠʩʪʝʤ ʫ ʚʠʨʦʙʥʠʯʠʭ ʧʨʦʮʝʩʘʭ, ʟʦʢʨʝʤʘ ʧʨʝʜʠʢʪʠʚʥʝ 

ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʦʙʣʘʜʥʘʥʥʷ, ʦʧʪʠʤʽʟʘʮʽʶ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʦʧʝʨʘʮʽʡ, ʘʚʪʦʤʘʪʠʟʘʮʽʶ 

ʢʦʥʪʨʦʣʶ ʷʢʦʩʪʽ ʪʘ ʫʧʨʘʚʣʽʥʥʷ ʚʠʨʦʙʥʠʮʪʚʦʤ ʥʘ ʦʩʥʦʚʽ ERP, MES ʽ SCADA ʩʠʩʪʝʤ. 

ʈʦʟʛʣʷʥʫʪʦ ʩʫʯʘʩʥʽ ʧʽʜʭʦʜʠ ʜʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʤʘʰʠʥʥʦʛʦ ʥʘʚʯʘʥʥʷ, ʢʦʤʧôʶʪʝʨʥʦʛʦ ʟʦʨʫ, 

ʛʝʥʝʨʘʪʠʚʥʦʛʦ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ ʪʘ ʦʙʨʦʙʣʝʥʥʷ ʧʨʠʨʦʜʥʦʾ ʤʦʚʠ ʫ ʧʨʦʤʠʩʣʦʚʠʭ 

ʫʤʦʚʘʭ. ɺʠʟʥʘʯʝʥʦ ʦʩʥʦʚʥʽ ʧʝʨʝʚʘʛʠ ʚʧʨʦʚʘʜʞʝʥʥʷ, ʩʝʨʝʜ ʷʢʠʭ ʧʽʜʚʠʱʝʥʥʷ 

ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ, ʟʥʠʞʝʥʥʷ ʚʠʪʨʘʪ, ʧʦʢʨʘʱʝʥʥʷ ʷʢʦʩʪʽ ʧʨʦʜʫʢʮʽʾ ʪʘ ʧʽʜʚʠʱʝʥʥʷ 

ʙʝʟʧʝʢʠ ʧʨʘʮʽ. ʆʢʨʝʩʣʝʥʦ ʢʣʶʯʦʚʽ ʧʨʦʙʣʝʤʠ, ʚʢʣʶʯʘʶʯʠ ʚʠʩʦʢʽ ʚʠʪʨʘʪʠ ʥʘ 

ʚʧʨʦʚʘʜʞʝʥʥʷ, ʩʢʣʘʜʥʽʩʪʴ ʽʥʪʝʛʨʘʮʽʾ ʽʟ ʟʘʩʪʘʨʽʣʠʤʠ ʩʠʩʪʝʤʘʤʠ ʪʘ ʧʦʪʨʝʙʫ ʫ 

ʚʠʩʦʢʦʢʚʘʣʽʬʽʢʦʚʘʥʠʭ ʢʘʜʨʘʭ. ʆʙˇʨʫʥʪʦʚʘʥʦ ʟʥʘʯʝʥʥʷ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ ʷʢ 

ʩʪʨʘʪʝʛʽʯʥʦʛʦ ʽʥʩʪʨʫʤʝʥʪʫ ʧʽʜʚʠʱʝʥʥʷ ʢʦʥʢʫʨʝʥʪʦʩʧʨʦʤʦʞʥʦʩʪʽ ʪʘ ʩʪʽʡʢʦʩʪʽ 

ʤʘʰʠʥʦʙʫʜʽʚʥʦʾ ʛʘʣʫʟʽ ʋʢʨʘʾʥʠ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʰʪʫʯʥʠʡ ʽʥʪʝʣʝʢʪ, ʨʦʙʦʪʠʟʘʮʽʷ, ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ, 

ʘʚʪʦʤʘʪʠʟʘʮʽʷ, ʤʘʰʠʥʥʝ ʥʘʚʯʘʥʥʷ, ʚʠʨʦʙʥʠʯʽ ʩʠʩʪʝʤʠ, ʮʠʬʨʦʚʽʟʘʮʽʷ. 

 

Abstract: The article examines the impact of robotics and artificial intelligence 

technologies on the development of Ukraineôs mechanical engineering industry in the context 

of digital transformation and post-war industrial recovery. Key directions of intelligent system 

application in production processes are analyzed, including predictive maintenance of 

equipment, optimization of technological operations, automation of quality control, and 

production management based on ERP, MES, and SCADA systems. Modern approaches to the 

use of machine learning, computer vision, generative artificial intelligence, and natural 

language processing in industrial environments are considered. The main advantages of 

implementation are identified, including increased productivity, cost reduction, improved 

product quality, and enhanced occupational safety. Key challenges are outlined, such as high 

implementation costs, difficulties in integration with legacy systems, and the need for highly 

qualified specialists. The importance of artificial intelligence as a strategic tool for increasing 

the competitiveness and resilience of Ukraineôs mechanical engineering industry is 

substantiated. 

Keywords: artificial intelligence, robotics, mechanical engineering, automation, 

machine learning, production systems, digitalization. 

 

ʇʦʩʪʘʥʦʚʢʘ ʧʨʦʙʣʝʤʠ. ʈʝʚʦʣʶʮʽʡʥʘ ʢʦʥʮʝʧʮʽʷ ʚ ʧʨʦʤʠʩʣʦʚʦʤʫ 

ʚʠʨʦʙʥʠʮʪʚʽ ʥʘʙʠʨʘʻ ʦʙʝʨʪʽʚ. ʎʝʡ ʧʽʜʭʽʜ ʘʢʮʝʥʪʫʻ ʫʚʘʛʫ ʥʘ ʛʥʫʯʢʦʩʪʽ 

ʚʠʨʦʙʥʠʯʠʭ ʩʠʩʪʝʤ, ʦʩʢʽʣʴʢʠ ʜʦʟʚʦʣʷʻ ʦʙʣʘʜʥʘʥʥʶ ʦʧʝʨʘʪʠʚʥʦ 

ʧʝʨʝʙʫʜʦʚʫʚʘʪʠʩʷ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʧʦʪʦʯʥʠʭ ʚʠʨʦʙʥʠʯʠʭ ʧʦʪʨʝʙ. ʌʘʢʪʠʯʥʦ 

ʡʜʝʪʴʩʷ ʧʨʦ ʧʝʨʝʭʽʜ ʚʽʜ ʞʦʨʩʪʢʦ ʟʘʜʘʥʠʭ, ʫʥʽʚʝʨʩʘʣʴʥʠʭ ʤʘʰʠʥ ʜʦ ʙʽʣʴʰ 

ʘʜʘʧʪʠʚʥʦʛʦ ʪʘ ʜʠʥʘʤʽʯʥʦʛʦ ʚʠʨʦʙʥʠʯʦʛʦ ʩʝʨʝʜʦʚʠʱʘ. ʐʪʫʯʥʠʡ ʽʥʪʝʣʝʢʪ 
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(ʐɯ) ʩʫʪʪʻʚʦ ʟʤʽʥʶʻ ʧʽʜʭʽʜ ʜʦ ʪʝʭʥʽʯʥʦʛʦ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʦʙʣʘʜʥʘʥʥʷ, 

ʟʘʙʝʟʧʝʯʫʶʯʠ ʤʦʞʣʠʚʽʩʪʴ ʥʝ ʣʠʰʝ ʚʠʷʚʣʝʥʥʷ, ʘ ʡ ʧʦʧʝʨʝʜʞʝʥʥʷ 

ʧʦʪʝʥʮʽʡʥʠʭ ʥʝʩʧʨʘʚʥʦʩʪʝʡ. ɿʘʚʜʷʢʠ ʘʥʘʣʽʟʫ ʜʘʥʠʭ ʽʟ ʜʘʪʯʠʢʽʚ ʽ 

ʟʘʩʪʦʩʫʚʘʥʥʶ ʘʣʛʦʨʠʪʤʽʚ ʤʘʰʠʥʥʦʛʦ ʥʘʚʯʘʥʥʷ ʩʠʩʪʝʤʘ ʤʦʞʝ ʟʥʘʭʦʜʠʪʠ 

ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ, ʱʦ ʧʝʨʝʜʫʶʪʴ ʚʽʜʤʦʚʘʤ ʪʝʭʥʽʢʠ, ʱʦ, ʫ ʩʚʦʶ ʯʝʨʛʫ, ʜʘʻ 

ʟʤʦʛʫ ʩʚʦʻʯʘʩʥʦ ʧʨʦʚʦʜʠʪʠ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʪʘ ʫʥʠʢʘʪʠ ʧʨʦʩʪʦʾʚ [1].  

ʈʦʙʦʪʠʟʘʮʽʷ ʚʠʨʦʙʥʠʮʪʚʘ ʷʚʣʷʻ ʩʦʙʦʶ ʚʧʨʦʚʘʜʞʝʥʥʷ ʨʽʟʥʦʤʘʥʽʪʥʠʭ 

ʪʝʭʥʦʣʦʛʽʡ, ʚʽʜ ʨʦʙʦʪʽʚ ʽ ʤʘʰʠʥ ʜʦ ʩʧʝʮʽʘʣʽʟʦʚʘʥʦʛʦ ʧʨʦʛʨʘʤʥʦʛʦ 

ʟʘʙʝʟʧʝʯʝʥʥʷ,  ʟ ʤʝʪʦʶ ʘʚʪʦʤʘʪʠʟʘʮʽʾ ʚʠʨʦʙʥʠʯʠʭ ʦʧʝʨʘʮʽʡ ʪʘ ʟʤʝʥʰʝʥʥʷ 

ʨʦʣʽ ʨʫʯʥʦʾ ʧʨʘʮʽ. ʆʩʥʦʚʥʘ ʽʜʝʷ ʧʦʣʷʛʘʻ ʫ ʧʽʜʚʠʱʝʥʥʽ ʝʬʝʢʪʠʚʥʦʩʪʽ, 

ʪʦʯʥʦʩʪʽ ʪʘ ʰʚʠʜʢʦʩʪʽ ʚʠʢʦʥʘʥʥʷ ʧʨʦʮʝʩʽʚ, ʘ ʪʘʢʦʞ ʫ ʟʥʠʞʝʥʥʽ ʚʠʪʨʘʪ ʽ 

ʚʠʨʦʙʥʠʯʠʭ ʨʠʟʠʢʽʚ [2]. ʗʢʱʦ ʨʘʥʽʰʝ ʽʥʞʝʥʝʨʥʘ ʜʽʷʣʴʥʽʩʪʴ ʟʥʘʯʥʦʶ ʤʽʨʦʶ 

ʙʘʟʫʚʘʣʘʩʷ ʥʘ ʟʘʧʘʤôʷʪʦʚʫʚʘʥʥʽ ʬʦʨʤʫʣ, ʨʫʯʥʦʤʫ ʢʨʝʩʣʝʥʥʽ ʪʘ 

ʝʢʩʧʝʨʠʤʝʥʪʘʭ, ʪʦ ʩʴʦʛʦʜʥʽ ʚʦʥʘ ʘʢʪʠʚʥʦ ʪʨʘʥʩʬʦʨʤʫʻʪʴʩʷ ʧʽʜ ʚʧʣʠʚʦʤ ʐɯ. 

ɽʣʝʢʪʨʦʪʝʭʥʽʢʘ ʪʘ ʤʝʭʘʥʽʯʥʘ ʽʥʞʝʥʝʨʽʷ ʚʞʝ ʥʝ ʽʩʥʫʶʪʴ ʽʟʦʣʴʦʚʘʥʦ, ʘ ʪʽʩʥʦ 

ʚʟʘʻʤʦʜʽʶʪʴ ʽʟ ʮʠʬʨʦʚʠʤʠ ʪʝʭʥʦʣʦʛʽʷʤʠ, ʩʝʥʩʦʨʘʤʠ ʪʘ ʢʦʥʮʝʧʮʽʻʶ 

ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ [3]. 

ʄʘʰʠʥʦʙʫʜʽʚʥʘ ʛʘʣʫʟʴ ʋʢʨʘʾʥʠ ʪʨʘʜʠʮʽʡʥʦ ʚʽʜʽʛʨʘʻ ʢʣʶʯʦʚʫ ʨʦʣʴ ʫ 

ʩʪʨʫʢʪʫʨʽ ʧʨʦʤʠʩʣʦʚʦʩʪʽ, ʦʩʢʽʣʴʢʠ ʟʘʙʝʟʧʝʯʫʻ ʨʦʟʚʠʪʦʢ ʪʘʢʠʭ ʥʘʧʨʷʤʽʚ, ʷʢ 

ʝʥʝʨʛʝʪʠʢʘ, ʪʨʘʥʩʧʦʨʪ, ʦʙʦʨʦʥʥʘ ʩʬʝʨʘ ʪʘ ʽʥʬʨʘʩʪʨʫʢʪʫʨʥʽ ʧʨʦʻʢʪʠ. ɿʘ 

ʩʪʘʪʠʩʪʠʯʥʠʤʠ ʜʘʥʠʤʠ, ʫ 2021 ʨʦʮʽ ʾʾ ʯaʩʪʢʘ ʩʷʛʘʣʘ ʙʣʠʟʴʢʦ 12% ʚʽʜ 

ʟʘʛʘʣʴʥʦʛʦ ʦʙʩʷʛʫ ʧʨʦʤʠʩʣʦʚʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ. ɺʦʜʥʦʯʘʩ ʫ 2022ï2023 ʨʦʢʘʭ 

ʮʝʡ ʧʦʢʘʟʥʠʢ ʟʤʝʥʰʠʚʩʷ ʜʦ ʧʨʠʙʣʠʟʥʦ 7ï8%, ʱʦ ʧʦʚôʷʟʘʥʦ ʟ ʥʘʩʣʽʜʢʘʤʠ 

ʚʦʻʥʥʠʭ ʜʽʡ, ʧʦʰʢʦʜʞʝʥʥʷʤ ʧʽʜʧʨʠʻʤʩʪʚ ʽ ʚʪʨʘʪʦʶ ʯʘʩʪʠʥʠ ʨʠʥʢʽʚ ʟʙʫʪʫ. ʋ 

ʟʚôʷʟʢʫ ʟ ʮʠʤ ʜʦʮʽʣʴʥʦ ʦʢʨʝʤʦ ʨʦʟʛʣʷʥʫʪʠ ʦʩʥʦʚʥʽ ʧʨʦʙʣʝʤʠ, ʟ ʷʢʠʤʠ 

ʩʪʠʢʘʻʪʴʩʷ ʛʘʣʫʟʴ. 

ʋ ʮʴʦʤʫ ʢʦʥʪʝʢʩʪʽ ʘʢʪʫʘʣʴʥʦʩʪʽ ʥʘʙʫʚʘʻ ʜʦʩʣʽʜʞʝʥʥʷ ʨʦʣʽ ʰʪʫʯʥʦʛʦ 

ʽʥʪʝʣʝʢʪʫ ʚ ʨʦʟʚʠʪʢʫ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ, ʦʩʢʽʣʴʢʠ ʩʘʤʝ ʚʽʥ ʚʠʩʪʫʧʘʻ ʦʜʥʠʤ 

ʽʟ ʢʣʶʯʦʚʠʭ ʽʥʩʪʨʫʤʝʥʪʽʚ ʮʠʬʨʦʚʽʟʘʮʽʾ ʪʘ ʬʦʨʤʫʚʘʥʥʷ ʩʫʯʘʩʥʦʾ ʩʪʨʘʪʝʛʽʾ 

ʨʦʟʚʠʪʢʫ ʛʘʣʫʟʽ [4]. 

ɸʥʘʣʽʟ ʥʘʫʢʦʚʠʭ ʧʨʘʮʴ ʩʚʽʜʯʠʪʴ ʧʨʦ ʨʦʟʚʠʪʦʢ ʜʦʩʣʽʜʞʝʥʴ ʫ ʛʘʣʫʟʽ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʥʝʡʨʦʥʥʠʭ ʤʝʨʝʞ ʫ ʚʠʨʦʙʥʠʯʠʭ ʩʠʩʪʝʤʘʭ. ɿʦʢʨʝʤʘ, ʫ ʨʦʙʦʪʘʭ 

ʉʫʙʦʪʽʥʘ ʆ. ʪʘ ʅʦʚʽʢʦʚʘ ɼ. ʨʦʟʛʣʷʥʫʪʦ ʤʦʞʣʠʚʦʩʪʽ ʚʠʢʦʨʠʩʪʘʥʥʷ ʐɯ ʜʣʷ 

ʘʚʪʦʤʘʪʠʟʘʮʽʾ ʨʦʙʦʪʠʟʦʚʘʥʠʭ ʧʨʦʮʝʩʽʚ ʫ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʽ. ɼʦʩʣʽʜʥʠʢʠ 

ʂʨʘʩʥʦʰʘʧʢʘ ʅ., ʄʘʣiʻʥʢʦ ʉ., ɻʫʜʘ ɸ. ʪʘ ʉʝʣʠʚʴʦʨʩʪʦʚʘ ʊ. [5] ʧʨʠʜʽʣʷʶʪʴ 

ʫʚʘʛʫ ʷʢ ʧʝʨʝʚʘʛʘʤ, ʪʘʢ ʽ ʦʙʤʝʞʝʥʥʷʤ ʟʘʩʪʦʩʫʚʘʥʥʷ ʐɯ ʧʨʠ ʚʠʨʽʰʝʥʥʽ 

ʽʥʞʝʥʝʨʥʠʭ ʟʘʜʘʯ. ʋ ʩʚʦʶ ʯʝʨʛʫ, ɻʦʣʫʙʦʚʩʴʢʠʡ ʄ. ʇ. ʽ ʗʩʥʽʡ ɺ. ʇ. [6] 

ʟʜʽʡʩʥʠʣʠ ʜʝʪʘʣʴʥʠʡ ʦʛʣʷʜ ʚʠʢʦʨʠʩʪʘʥʥʷ ʤʝʪʦʜʽʚ ʐɯ ʪʘ ʤʘʰʠʥʥʦʛʦ 

ʥʘʚʯʘʥʥʷ ʚ ʧʨʠʢʣʘʜʥʽʡ ʤʝʭʘʥʽʮʽ. ʇʠʪʘʥʥʷ ʤʦʜʝʨʥʽʟʘʮʽʾ ʙʽʟʥʝʩ-ʧʨʦʮʝʩʽʚ 

ʫʢʨʘʾʥʩʴʢʠʭ ʧʽʜʧʨʠʻʤʩʪʚ ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʐɯ ʚʠʩʚʽʪʣʝʥʦ ʫ ʜʦʩʣʽʜʞʝʥʥʷʭ 

ʂʣʶʩʘ ʖ. ɯ. ʪʘ ɻʫʤʝʥʶʢʘ ɺ. ɺ. [4, 7]. ɿʛʘʜʘʥʽ ʚʯʝʥʽ ʟʨʦʙʠʣʠ ʚʘʞʣʠʚʠʡ 

ʚʥʝʩʦʢ ʫ ʚʠʚʯʝʥʥʷ ʐɯ. ɰʭʥʽ ʥʘʧʨʘʮʶʚʘʥʥʷ ʩʪʘʣʠ ʦʩʥʦʚʦʶ ʜʣʷ ʧʦʜʘʣʴʰʦʛʦ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʮʠʭ ʪʝʭʥʦʣʦʛʽʡ ʫ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʽ. 
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ʄʝʪʘ ʜʘʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ - ʟôʷʩʫʚʘʪʠ, ʷʢ ʐɯ ʽ ʨʦʙʦʪʠʟʘʮʽʷ ʤʦʞʫʪʴ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʷ ʜʣʷ ʨʦʟʚʠʪʢʫ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ ʚ ʋʢʨʘʾʥʽ, ʘ ʪʘʢʦʞ 

ʨʦʟʛʣʷʥʫʪʠ, ʷʢ ʮʽ ʪʝʭʥʦʣʦʛʽʾ ʚʞʝ ʚʧʨʦʚʘʜʞʫʶʪʴʩʷ ʥʘ ʧʽʜʧʨʠʻʤʩʪʚʘʭ, 

ʧʨʦʘʥʘʣʽʟʫʚʘʪʠ ʪʨʫʜʥʦʱʽ ʪʘ ʧʝʨʩʧʝʢʪʠʚʠ ʟʘʩʪʦʩʫʚʘʥʥʷ. 

ʈʦʙʦʪʠʟʘʮʽʷ ʚʠʨʦʙʥʠʮʪʚʘ ʧʝʨʝʜʙʘʯʘʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʩʧʝʮʽʘʣʽʟʦʚʘʥʦʛʦ 

ʦʙʣʘʜʥʘʥʥʷ, ʨʦʙʦʪʦʪʝʭʥʽʯʥʠʭ ʢʦʤʧʣʝʢʩʽʚ, ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ ʪʘ 

ʩʠʩʪʝʤ ʫʧʨʘʚʣʽʥʥʷ, ʱʦ ʩʧʨʠʷʶʪʴ ʧʽʜʚʠʱʝʥʥʶ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ, 

ʝʬʝʢʪʠʚʥʦʩʪʽ ʪʘ ʷʢʦʩʪʽ ʢʽʥʮʝʚʦʾ ʧʨʦʜʫʢʮʽʾ. ɺʘʞʣʠʚʦ ʨʦʟʫʤʽʪʠ, ʱʦ 

ʘʚʪʦʤʘʪʠʟʘʮʽʷ ʦʭʦʧʣʶʻ ʥʝ ʣʠʰʝ ʤʝʭʘʥʽʯʥʽ ʝʣʝʤʝʥʪʠ, ʘ ʡ ʝʣʝʢʪʨʦʥʥʽ 

ʢʦʤʧʦʥʝʥʪʠ ʪʘ ʧʨʦʛʨʘʤʥʽ ʨʽʰʝʥʥʷ, ʷʢʽ ʟʘʙʝʟʧʝʯʫʶʪʴ ʢʝʨʫʚʘʥʥʷ 

ʚʠʨʦʙʥʠʯʠʤʠ ʧʨʦʮʝʩʘʤʠ. ɿʥʘʯʥʫ ʨʦʣʴ ʫ ʮʴʦʤʫ ʚʽʜʽʛʨʘʶʪʴ ʪʘʢʽ ʩʠʩʪʝʤʠ, ʷʢ 

ERP, MES ʽ SCADA, ʷʢʽ ʜʦʟʚʦʣʷʶʪʴ ʟʜʽʡʩʥʶʚʘʪʠ ʢʦʤʧʣʝʢʩʥʝ ʫʧʨʘʚʣʽʥʥʷ 

ʧʽʜʧʨʠʻʤʩʪʚʦʤ ð ʚʽʜ ʟʘʢʫʧʽʚʣʽ ʩʠʨʦʚʠʥʠ ʜʦ ʧʦʩʪʘʯʘʥʥʷ ʛʦʪʦʚʦʾ ʧʨʦʜʫʢʮʽʾ. 

ʎʝ ʜʘʻ ʟʤʦʛʫ ʥʝ ʪʽʣʴʢʠ ʦʧʪʠʤʽʟʫʚʘʪʠ ʧʨʦʮʝʩʠ, ʘʣʝ ʡ ʧʦʢʨʘʱʠʪʠ ʷʢʽʩʪʴ ʟʘ 

ʨʘʭʫʥʦʢ ʪʦʯʥʽʰʦʛʦ ʢʦʥʪʨʦʣʶ ʪʘ ʘʥʘʣʽʟʫ ʜʘʥʠʭ. 

ʈʦʙʦʪʠʟʘʮʽʷ ʜʦʧʦʤʘʛʘʻ ʚʠʨʽʰʫʚʘʪʠ ʥʠʟʢʫ ʘʢʪʫʘʣʴʥʠʭ ʧʨʦʙʣʝʤ 

ʩʫʯʘʩʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ ʪʘ ʚʽʜʢʨʠʚʘʻ ʥʦʚʽ ʤʦʞʣʠʚʦʩʪʽ ʜʣʷ ʡʦʛʦ ʨʦʟʚʠʪʢʫ. 

ɿʦʢʨʝʤʘ, ʚʦʥʘ ʟʘʙʝʟʧʝʯʫʻ ʙʝʟʧʝʨʝʨʚʥʫ ʨʦʙʦʪʫ ʦʙʣʘʜʥʘʥʥʷ, ʱʦ ʧʦʟʠʪʠʚʥʦ 

ʚʧʣʠʚʘʻ ʥʘ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ, ʘ ʪʘʢʦʞ ʜʦʟʚʦʣʷʻ ʩʢʦʨʦʪʠʪʠ ʚʠʪʨʘʪʠ ʟʘ ʨʘʭʫʥʦʢ 

ʦʧʪʠʤʽʟʘʮʽʾ ʨʝʩʫʨʩʽʚ ʽ ʟʤʝʥʰʝʥʥʷ ʢʽʣʴʢʦʩʪʽ ʧʦʤʠʣʦʢ. ʆʢʨʽʤ ʮʴʦʛʦ, 

ʘʚʪʦʤʘʪʠʟʦʚʘʥʽ ʩʠʩʪʝʤʠ ʛʘʨʘʥʪʫʶʪʴ ʚʠʩʦʢʫ ʪʦʯʥʽʩʪʴ ʽ ʧʦʚʪʦʨʶʚʘʥʽʩʪʴ 

ʦʧʝʨʘʮʽʡ, ʱʦ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚʧʣʠʚʘʻ ʥʘ ʷʢʽʩʪʴ ʧʨʦʜʫʢʮʽʾ. 

ʅʝ ʤʝʥʰ ʚʘʞʣʠʚʠʤ ʻ ʧʽʜʚʠʱʝʥʥʷ ʨʽʚʥʷ ʙʝʟʧʝʢʠ, ʥʝʙʝʟʧʝʯʥʽ ʘʙʦ ʚʘʞʢʽ 

ʦʧʝʨʘʮʽʾ ʤʦʞʫʪʴ ʚʠʢʦʥʫʚʘʪʠʩʷ ʤʘʰʠʥʘʤʠ, ʱʦ ʟʥʠʞʫʻ ʨʠʟʠʢ ʪʨʘʚʤʘʪʠʟʤʫ. 

ʉʫʯʘʩʥʽ ʩʠʩʪʝʤʠ ʪʘʢʦʞ ʚʽʜʟʥʘʯʘʶʪʴʩʷ ʛʥʫʯʢʽʩʪʶ ð ʾʭ ʤʦʞʥʘ 

ʧʝʨʝʥʘʣʘʰʪʦʚʫʚʘʪʠ ʧʽʜ ʨʽʟʥʽ ʟʘʚʜʘʥʥʷ, ʱʦ ʜʦʟʚʦʣʷʻ ʧʽʜʧʨʠʻʤʩʪʚʘʤ ʰʚʠʜʢʦ 

ʨʝʘʛʫʚʘʪʠ ʥʘ ʟʤʽʥʠ ʨʠʥʢʫ. ɼʦʜʘʪʢʦʚʦʶ ʧʝʨʝʚʘʛʦʶ ʻ ʤʘʩʰʪʘʙʦʚʘʥʽʩʪʴ, 

ʚʠʨʦʙʥʠʮʪʚʦ ʤʦʞʥʘ ʨʦʟʰʠʨʶʚʘʪʠ ʰʣʷʭʦʤ ʜʦʜʘʚʘʥʥʷ ʥʦʚʠʭ ʣʽʥʽʡ ʘʙʦ 

ʧʜ̔ʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʚʞʝ ʥʘʷʚʥʠʭ. 

ɸʚʪʦʤʘʪʠʟʦʚʘʥʽ ʨʽʰʝʥʥʷ ʪʘʢʦʞ ʟʥʘʯʥʦ ʧʦʢʨʘʱʫʶʪʴ ʫʧʨʘʚʣʽʥʥʷ 

ʚʠʨʦʙʥʠʮʪʚʦʤ, ʦʩʢʽʣʴʢʠ ʜʦʟʚʦʣʷʶʪʴ ʟʙʠʨʘʪʠ ʪʘ ʘʥʘʣʽʟʫʚʘʪʠ ʜʘʥʽ ʚ ʨʝʞʠʤʽ 

ʨʝʘʣʴʥʦʛʦ ʯʘʩʫ, ʱʦ ʻ ʚʘʞʣʠʚʠʤ ʜʣʷ ʧʨʠʡʥʷʪʪʷ ʫʧʨʘʚʣʽʥʩʴʢʠʭ ʨʽʰʝʥʴ. ʂʨʽʤ 

ʪʦʛʦ, ʚʦʥʠ ʩʧʨʠʷʶʪʴ ʝʢʦʣʦʛʽʯʥʽʡ ʩʪʽʡʢʦʩʪʽ ʟʘʚʜʷʢʠ ʙʽʣʴʰ ʝʬʝʢʪʠʚʥʦʤʫ 

ʚʠʢʦʨʠʩʪʘʥʥʶ ʨʝʩʫʨʩʽʚ ʽ ʟʤʝʥʰʝʥʥʶ ʚʽʜʭʦʜʽʚ, ʱʦ ʦʩʦʙʣʠʚʦ ʘʢʪʫʘʣʴʥʦ ʚ 

ʫʤʦʚʘʭ ʧʦʩʠʣʝʥʥʷ ʝʢʦʣʦʛʽʯʥʠʭ ʚʠʤʦʛ [2]. 

ʉʠʩʪʝʤʠ, ʧʦʙʫʜʦʚʘʥʽ ʥʘ ʦʩʥʦʚʽ ʐɯ, ʚʽʜʽʛʨʘʶʪʴ ʢʣʶʯʦʚʫ ʨʦʣʴ ʫ 

ʨʦʟʚʠʪʢʫ ʨʦʙʦʪʠʟʘʮʽʾ, ʚʦʥʠ ʜʦʟʚʦʣʷʶʪʴ ʦʧʪʠʤʽʟʫʚʘʪʠ ʚʠʨʦʙʥʠʯʽ ʧʨʦʮʝʩʠ, 

ʧʽʜʚʠʱʫʚʘʪʠ ʝʬʝʢʪʠʚʥʽʩʪʴ ʦʧʝʨʘʮʽʡ ʪʘ ʟʤʝʥʰʫʚʘʪʠ ʚʪʨʘʪʠ. ʋ ʨʝʟʫʣʴʪʘʪʽ 

ʧʽʜʧʨʠʻʤʩʪʚʘ ʦʪʨʠʤʫʶʪʴ ʙʽʣʴʰ ʛʥʫʯʢʝ, ʝʢʦʥʦʤʽʯʥʦ ʝʬʝʢʪʠʚʥʝ ʪʘ ʘʜʘʧʪʠʚʥʝ 

ʚʠʨʦʙʥʠʮʪʚʦ [1]. 

ʉʫʯʘʩʥʝ ʚʠʨʦʙʥʠʮʪʚʦ ʚʞʝ ʥʝ ʦʙʤʝʞʫʻʪʴʩʷ ʣʠʰʝ ʚʠʛʦʪʦʚʣʝʥʥʷʤ 

ʧʨʦʜʫʢʮʽʾ ð ʚʦʥʦ ʩʪʘʻ ʽʥʪʝʣʝʢʪʫʘʣʴʥʠʤ ʧʨʦʮʝʩʦʤ. ʐɯ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ 

ʜʣʷ ʚʜʦʩʢʦʥʘʣʝʥʥʷ ʨʦʙʦʪʠ ʨʦʙʦʪʽʚ ʥʘ ʢʦʥʚʝʻʨʽ, ʘʚʪʦʤʘʪʠʯʥʦʛʦ 

ʥʘʣʘʰʪʫʚʘʥʥʷ ʧʘʨʘʤʝʪʨʽʚ 3D-ʜʨʫʢʫ ʪʘ ʰʚʠʜʢʦʛʦ ʚʠʷʚʣʝʥʥʷ ʜʝʬʝʢʪʽʚ 
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ʧʨʦʜʫʢʮʽʾ. ʋ ʚʠʩʦʢʦʪʦʯʥʠʭ ʛʘʣʫʟʷʭ, ʪʘʢʠʭ ʷʢ ʘʚʽʘʢʦʩʤʽʯʥʘ ʯʠ ʘʚʪʦʤʦʙʽʣʴʥʘ 

ʧʨʦʤʠʩʣʦʚʽʩʪʴ, ʢʦʥʪʨʦʣʴ ʷʢʦʩʪʽ ʜʝʜʘʣʽ ʯʘʩʪʽʰʝ ʟʜʽʡʩʥʶʻʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʩʠʩʪʝʤ ʤʘʰʠʥʥʦʛʦ ʥʘʚʯʘʥʥʷ [3]. 

ʊʝʭʥʦʣʦʛʽʾ ʧʽʜʢʣʶʯʝʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ, ʷʢʽ ʙʘʟʫʶʪʴʩʷ ʥʘ ʐɯ, 

ʟʤʽʥʶʶʪʴ ʧʽʜʭʽʜ ʜʦ ʦʙʤʽʥʫ ʽʥʬʦʨʤʘʮʽʻʶ ʥʘ ʚʠʨʦʙʥʠʮʪʚʽ. ɺʦʥʠ 

ʟʘʙʝʟʧʝʯʫʶʪʴ ʚʟʘʻʤʦʜʽʶ ʚ ʨʝʞʠʤʽ ʨʝʘʣʴʥʦʛʦ ʯʘʩʫ ʷʢ ʤʽʞ ʣʶʜʠʥʦʶ ʪʘ 

ʤʘʰʠʥʦʶ, ʪʘʢ ʽ ʤʽʞ ʧʨʘʮʽʚʥʠʢʘʤʠ, ʱʦ ʩʧʨʠʷʻ ʝʬʝʢʪʠʚʥʽʰʦʤʫ ʧʨʠʡʥʷʪʪʶ 

ʨʽʰʝʥʴ. ʊʘʢʽ ʨʽʰʝʥʥʷ ʬʦʨʤʫʶʪʴ ʦʩʥʦʚʫ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʽʥʪʝʛʨʦʚʘʥʦʾ ʪʘ 

ʽʥʪʝʣʝʢʪʫʘʣʴʥʦʾ ʚʠʨʦʙʥʠʯʦʾ ʝʢʦʩʠʩʪʝʤʠ. ɺʦʥʠ ʧʽʜʚʠʱʫʶʪʴ ʙʝʟʧʝʢʫ ʪʘ 

ʝʬʝʢʪʠʚʥʽʩʪʴ ʧʨʘʮʽ, ʥʘʜʘʶʯʠ ʧʨʘʮʽʚʥʠʢʘʤ ʦʧʝʨʘʪʠʚʥʫ ʘʥʘʣʽʪʠʢʫ ʪʘ 

ʩʧʦʚʽʱʝʥʥʷ ʧʨʦ ʤʦʞʣʠʚʽ ʨʠʟʠʢʠ [1]. 

ʉʬʝʨʘ ʚʠʨʦʙʥʠʮʪʚʘ ʻ ʥʘʜʟʚʠʯʘʡʥʦ ʨʽʟʥʦʤʘʥʽʪʥʦʶ, ʚʦʥʘ ʦʭʦʧʣʶʻ ʷʢ 

ʥʘʫʢʦʤʽʩʪʢʝ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ, ʪʘʢ ʽ ʘʛʨʘʨʥʠʡ ʩʝʢʪʦʨ ʪʘ ʚʠʛʦʪʦʚʣʝʥʥʷ 

ʪʦʚʘʨʽʚ ʰʠʨʦʢʦʛʦ ʚʞʠʪʢʫ. ʉʘʤʝ ʪʦʤʫ ʤʦʞʣʠʚʦʩʪʽ ʟʘʩʪʦʩʫʚʘʥʥʷ ʩʫʯʘʩʥʠʭ 

ʪʝʭʥʦʣʦʛʽʡ ʐɯ ʪʫʪ ʻ ʜʫʞʝ ʰʠʨʦʢʠʤʠ. ʉʝʨʝʜ ʦʩʥʦʚʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʚʘʨʪʦ 

ʚʠʜʽʣʠʪʠ ʢʽʣʴʢʘ ʢʣʶʯʦʚʠʭ ʥʘʧʨʷʤʽʚ (ʪʘʙʣ.1). 

ʊʘʙʣʠʮʷ 1. ʂʣʘʩʠʬʽʢʘʮʽʷ ʪʘ ʩʬʝʨʠ ʟʘʩʪʦʩʫʚʘʥʥʷ ʢʣʶʯʦʚʠʭ ʪʝʭʥʦʣʦʛʽʡ 

ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ ʫ ʚʠʨʦʙʥʠʮʪʚʽ 

ʊʝʭʥʦʣʦʛʽʷ ʐɯ ʉʫʪʥʽʩʪʴ ʪʘ ʦʩʦʙʣʠʚʦʩʪʽ ʧʽʜʭʦʜʫ ʉʬʝʨʠ ʟʘʩʪʦʩʫʚʘʥʥʷ ʪʘ ʧʨʠʢʣʘʜʠ 

ʝʬʝʢʪʠʚʥʦʩʪʽ 

ʄʘʰʠʥʥʝ 

ʥʘʚʯʘʥʥʷ (ML) 

ʅʘʚʯʘʥʥʷ ʩʠʩʪʝʤ ʥʘ ʦʩʥʦʚʽ ʜʘʥʠʭ 

ʙʝʟ ʧʨʷʤʦʛʦ ʧʨʦʛʨʘʤʫʚʘʥʥʷ 

ʢʦʞʥʦʛʦ ʢʨʦʢʫ; ʧʦʩʪʽʡʥʝ 

ʚʜʦʩʢʦʥʘʣʝʥʥʷ ʘʣʛʦʨʠʪʤʽʚ. 

ʊʝʭʥʽʯʥʘ ʜʽʘʛʥʦʩʪʠʢʘ ʪʘ 

ʧʨʝʜʠʢʪʠʚʥʝ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ 

(ʥʘʧʨʠʢʣʘʜ, ʩʢʦʨʦʯʝʥʥʷ ʚʠʪʨʘʪ 

Siemens ʥʘ ʨʝʤʦʥʪ ʥʘ 20%). 

ɻʣʠʙʦʢʝ ʥʘʚʯʘʥʥʷ 

(DL) 

ɺʠʢʦʨʠʩʪʘʥʥʷ ʥʝʡʨʦʥʥʠʭ ʤʝʨʝʞ 

ʜʣʷ ʨʦʙʦʪʠ ʟ ʚʝʣʠʢʠʤʠ ʦʙʩʷʛʘʤʠ 

ʩʢʣʘʜʥʠʭ ʽ ʥʝʩʪʨʫʢʪʫʨʦʚʘʥʠʭ 

ʜʘʥʠʭ. 

ɸʥʘʣʽʟ ʟʦʙʨʘʞʝʥʴ, ʧʦʰʫʢʦʚʽ 

ʩʠʩʪʝʤʠ ʪʘ ʦʙʨʦʙʢʘ ʽʥʬʦʨʤʘʮʽʾ ʟ 

ʜʘʪʯʠʢʽʚ ʫ ʨʝʘʣʴʥʦʤʫ ʯʘʩʽ. 

ɻʝʥʝʨʘʪʠʚʥʠʡ ʐɯ ʉʧʨʷʤʦʚʘʥʠʡ ʥʘ ʩʪʚʦʨʝʥʥʷ ʥʦʚʦʛʦ 

ʢʦʥʪʝʥʪʫ (ʪʝʢʩʪʽʚ, ʟʦʙʨʘʞʝʥʴ, 

ʤʦʜʝʣʝʡ) ʥʘ ʦʩʥʦʚʽ ʥʘʷʚʥʠʭ ʜʘʥʠʭ. 

ʆʧʪʠʤʽʟʘʮʽʷ CAD/CAE ʩʠʩʪʝʤ 

ʜʣʷ ʰʚʠʜʢʦʾ ʧʝʨʝʚʽʨʢʠ 

ʢʦʥʩʪʨʫʢʮʽʡ (ʩʢʦʨʦʯʝʥʥʷ ʯʘʩʫ 

ʨʦʟʨʦʙʢʠ ʥʘ 30ï40%). 

ʆʙʨʦʙʣʝʥʥʷ 

ʧʨʠʨʦʜʥʦʾ ʤʦʚʠ 

(NLP) 

ɿʘʙʝʟʧʝʯʝʥʥʷ ʚʟʘʻʤʦʜʽʾ ʣʶʜʠʥʠ ʟ 

ʢʦʤʧôʶʪʝʨʦʤ ʫ ʟʚʠʯʥʽʡ ʤʦʚʥʽʡ 

ʬʦʨʤʽ ʜʣʷ ʘʥʘʣʽʟʫ ʜʦʢʫʤʝʥʪʽʚ. 

ʈʦʙʦʪʘ ʟ ʪʝʭʥʽʯʥʦʶ 

ʜʦʢʫʤʝʥʪʘʮʽʻʶ, ʘʚʪʦʤʘʪʠʟʘʮʽʷ 

ʟʚʽʪʽʚ ʪʘ ʧʽʜʪʨʠʤʢʘ ʜʽʘʣʦʛʦʚʠʭ 

ʩʠʩʪʝʤ ʫʧʨʘʚʣʽʥʥʷ. 

ʈʦʟʧʽʟʥʘʚʘʥʥʷ 

ʤʦʚʣʝʥʥʷ 

ʇʝʨʝʪʚʦʨʝʥʥʷ ʫʩʥʦʛʦ ʤʦʚʣʝʥʥʷ ʥʘ 

ʪʝʢʩʪ ʜʣʷ ʧʦʜʘʣʴʰʦʾ ʦʙʨʦʙʢʠ ʪʘ 

ʘʥʘʣʽʟʫ. 

ɻʦʣʦʩʦʚʽ ʧʦʤʽʯʥʠʢʠ ʪʘ 

ʽʥʪʝʨʬʝʡʩʠ ʢʝʨʫʚʘʥʥʷ 

ʦʙʣʘʜʥʘʥʥʷʤ ʙʝʟ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʨʫʢ. 

ʄʘʰʠʥʥʠʡ ʟʽʨ ɸʥʘʣʽʟ ʚʽʟʫʘʣʴʥʦʾ ʽʥʬʦʨʤʘʮʽʾ ʟ 

ʚʽʜʝʦ ʪʘ ʟʦʙʨʘʞʝʥʴ ʜʣʷ 

ʨʦʟʧʽʟʥʘʚʘʥʥʷ ʦʙôʻʢʪʽʚ. 

ɸʚʪʦʤʘʪʠʟʘʮʽʷ ʢʦʥʪʨʦʣʶ ʷʢʦʩʪʽ 

(ʟʥʠʞʝʥʥʷ ʨʽʚʥʷ ʙʨʘʢʫ ʚ 

ʘʚʪʦʧʨʦʤʽ ʥʘ ~25%) ʪʘ 

ʤʦʥʽʪʦʨʠʥʛ ʧʨʦʮʝʩʽʚ. 
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ʉʫʯʘʩʥʽ ʪʝʭʥʦʣʦʛʽʾ ʐɯ ʚʽʜʢʨʠʚʘʶʪʴ ʰʠʨʦʢʽ ʤʦʞʣʠʚʦʩʪʽ ʜʣʷ 

ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʚʠʨʦʙʥʠʮʪʚʘ, ʘʚʪʦʤʘʪʠʟʘʮʽʾ ʧʨʦʮʝʩʽʚ ʽ 

ʧʦʢʨʘʱʝʥʥʷ ʷʢʦʩʪʽ ʧʨʦʜʫʢʮʽʾ [8] (ʨʠʩ. 1). 

ʇʦʧʨʠ ʟʥʘʯʥʽ ʧʝʨʝʚʘʛʠ, ʚʠʢʦʨʠʩʪʘʥʥʷ ʐɯ ʫ ʚʠʨʦʙʥʠʮʪʚʽ 

ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʨʷʜʦʤ ʩʢʣʘʜʥʦʱʽʚ. ʁʦʛʦ ʽʥʪʝʛʨʘʮʽʷ ʚ ʽʩʥʫʶʯʽ ʩʠʩʪʝʤʠ 

ʧʦʪʨʝʙʫʻ ʩʫʪʪʻʚʠʭ ʬʽʥʘʥʩʦʚʠʭ ʚʢʣʘʜʝʥʴ ʽ ʚʠʩʦʢʦʛʦ ʨʽʚʥʷ ʩʧʝʮʽʘʣʽʟʦʚʘʥʠʭ 

ʟʥʘʥʴ. ʆʩʦʙʣʠʚʦ ʛʦʩʪʨʦ ʩʪʦʾʪʴ ʧʨʦʙʣʝʤʘ ʚʟʘʻʤʦʜʽʾ ʩʫʯʘʩʥʠʭ ʨʽʰʝʥʴ ʽʟ 

ʟʘʩʪʘʨʽʣʠʤ ʦʙʣʘʜʥʘʥʥʷʤ, ʱʦ ʯʘʩʪʦ ʫʩʢʣʘʜʥʶʻ ʚʧʨʦʚʘʜʞʝʥʥʷ ʥʦʚʠʭ 

ʪʝʭʥʦʣʦʛʽʡ. 

ʉʝʨʝʜ ʦʩʥʦʚʥʠʭ ʪʨʫʜʥʦʱʽʚ ʤʦʞʥʘ ʚʠʜʽʣʠʪʠ ʚʠʩʦʢʽ ʚʠʪʨʘʪʠ ʥʘ 

ʚʧʨʦʚʘʜʞʝʥʥʷ ʪʘ ʧʽʜʪʨʠʤʢʫ ʩʠʩʪʝʤ ʐɯ, ʥʝʦʙʭʽʜʥʽʩʪʴ ʟʘʣʫʯʝʥʥʷ 

ʢʚʘʣʽʬʽʢʦʚʘʥʠʭ ʬʘʭʽʚʮʽʚ, ʘ ʪʘʢʦʞ ʧʨʦʙʣʝʤʠ ʩʫʤʽʩʥʦʩʪʽ ʤʽʞ ʥʦʚʠʤʠ ʪʘ 

ʽʩʥʫʶʯʠʤʠ ʪʝʭʥʦʣʦʛʽʷʤʠ. ɺʘʞʣʠʚʠʤ ʬʘʢʪʦʨʦʤ ʻ ʡ ʟʘʣʝʞʥʽʩʪʴ ʘʣʛʦʨʠʪʤʽʚ 

ʚʽʜ ʷʢʦʩʪʽ ʪʘ ʥʘʜʽʡʥʦʩʪʽ ʜʘʥʠʭ. ʂʨʽʤ ʪʦʛʦ, ʧʽʜ ʯʘʩ ʚʧʨʦʚʘʜʞʝʥʥʷ ʤʦʞʣʠʚʽ 

ʪʠʤʯʘʩʦʚʽ ʧʨʦʩʪʦʾ, ʱʦ ʚʧʣʠʚʘʶʪʴ ʥʘ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ. ʅʝ ʤʝʥʰ ʩʢʣʘʜʥʠʤ ʻ 

ʧʠʪʘʥʥʷ ʤʘʩʰʪʘʙʫʚʘʥʥʷ ʪʘʢʠʭ ʨʽʰʝʥʴ ʥʘ ʨʽʟʥʽ ʧʽʜʨʦʟʜʽʣʠ ʧʽʜʧʨʠʻʤʩʪʚʘ. 

 
ʈʠʩʫʥʦʢ 1. ɯʥʪʝʣʝʢʪʫʘʣʴʥʘ ʚʠʨʦʙʥʠʯʘ ʝʢʦʩʠʩʪʝʤʘ 

 

ʆʢʨʝʤʫ ʫʚʘʛʫ ʩʣʽʜ ʧʨʠʜʽʣʠʪʠ ʝʪʠʯʥʠʤ ʘʩʧʝʢʪʘʤ ʚʠʢʦʨʠʩʪʘʥʥʷ ʐɯ. 

ɺʧʨʦʚʘʜʞʝʥʥʷ ʪʘʢʠʭ ʪʝʭʥʦʣʦʛʽʡ ʤʘʻ ʩʫʧʨʦʚʦʜʞʫʚʘʪʠʩʷ ʜʦʪʨʠʤʘʥʥʷʤ 

ʧʨʠʥʮʠʧʽʚ ʧʨʦʟʦʨʦʩʪʽ, ʚʽʜʧʦʚʽʜʘʣʴʥʦʩʪʽ ʪʘ ʩʧʨʘʚʝʜʣʠʚʦʩʪʽ ʟ ʫʨʘʭʫʚʘʥʥʷʤ 

ʾʭʥʴʦʛʦ ʚʧʣʠʚʫ ʥʘ ʩʫʩʧʽʣʴʩʪʚʦ [1]. 

ɼʣʷ ʙʽʣʴʰ ʛʣʠʙʦʢʦʛʦ ʨʦʟʫʤʽʥʥʷ ʚʧʣʠʚʫ ʐɯ ʥʘ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ 

ʚʘʨʪʦ ʜʝʪʘʣʴʥʽʰʝ ʨʦʟʛʣʷʥʫʪʠ ʦʩʥʦʚʥʽ ʥʘʧʨʷʤʠ ʡʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ. ʇʦ-

ʧʝʨʰʝ, ʮʝ ʧʨʝʜʠʢʪʠʚʥʝ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʦʙʣʘʜʥʘʥʥʷ, ʟʘʚʜʷʢʠ ʩʝʥʩʦʨʘʤ ʽ 

ʘʣʛʦʨʠʪʤʘʤ ʤʘʰʠʥʥʦʛʦ ʥʘʚʯʘʥʥʷ ʤʦʞʥʘ ʟʘʟʜʘʣʝʛʽʜʴ ʚʠʟʥʘʯʘʪʠ ʤʦʞʣʠʚʽ 

ʥʝʩʧʨʘʚʥʦʩʪʽ. ʅʘʧʨʠʢʣʘʜ, ʚʠʢʦʨʠʩʪʘʥʥʷ ʪʘʢʠʭ ʧʽʜʭʦʜʽʚ ʜʦʟʚʦʣʠʣʦ ʢʦʤʧʘʥʽʾ 

Siemens ʩʢʦʨʦʪʠʪʠ ʚʠʪʨʘʪʠ ʥʘ ʨʝʤʦʥʪ ʧʨʠʙʣʠʟʥʦ ʥʘ 20%. ʑʝ ʦʜʥʠʤ 

ʚʘʞʣʠʚʠʤ ʥʘʧʨʷʤʦʤ ʻ ʦʧʪʠʤʽʟʘʮʽʷ ʚʠʨʦʙʥʠʯʠʭ ʧʨʦʮʝʩʽʚ. ɸʣʛʦʨʠʪʤʠ ʐɯ 
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ʜʦʧʦʤʘʛʘʶʪʴ ʟʤʝʥʰʠʪʠ ʝʥʝʨʛʦʩʧʦʞʠʚʘʥʥʷ ʪʘ ʙʽʣʴʰ ʝʬʝʢʪʠʚʥʦ 

ʦʨʛʘʥʽʟʫʚʘʪʠ ʦʙʨʦʙʢʫ ʜʝʪʘʣʝʡ, ʱʦ ʚ ʩʝʨʝʜʥʴʦʤʫ ʜʘʻ ʝʢʦʥʦʤʽʶ ʥʘ ʨʽʚʥʽ 10ï

15%. ʋ ʩʬʝʨʽ ʨʦʟʨʦʙʢʠ ʧʨʦʜʫʢʮʽʾ ʩʠʩʪʝʤʠ CAD/CAE ʟ ʝʣʝʤʝʥʪʘʤʠ ʐɯ 

ʜʘʶʪʴ ʟʤʦʛʫ ʰʚʠʜʢʦ ʧʝʨʝʚʽʨʷʪʠ ʨʽʟʥʽ ʚʘʨʽʘʥʪʠ ʢʦʥʩʪʨʫʢʮʽʡ ʫ ʚʽʨʪʫʘʣʴʥʦʤʫ 

ʩʝʨʝʜʦʚʠʱʽ, ʩʢʦʨʦʯʫʶʯʠ ʯʘʩ ʩʪʚʦʨʝʥʥʷ ʥʦʚʠʭ ʚʠʨʦʙʽʚ ʥʘ 30ï40%. ʅʝ ʤʝʥʰ 

ʟʥʘʯʫʱʦʶ ʻ ʘʚʪʦʤʘʪʠʟʘʮʽʷ ʢʦʥʪʨʦʣʶ ʷʢʦʩʪʽ. ɺʠʢʦʨʠʩʪʘʥʥʷ ʢʦʤʧôʶʪʝʨʥʦʛʦ 

ʟʦʨʫ ʜʦʟʚʦʣʷʻ ʟʥʠʟʠʪʠ ʨʽʚʝʥʴ ʙʨʘʢʫ, ʥʘʧʨʠʢʣʘʜ, ʫ ʘʚʪʦʤʦʙʽʣʴʥʽʡ 

ʧʨʦʤʠʩʣʦʚʦʩʪʽ ʮʝʡ ʧʦʢʘʟʥʠʢ ʤʦʞʝ ʟʤʝʥʰʫʚʘʪʠʩʷ ʧʨʠʙʣʠʟʥʦ ʥʘ ʯʚʝʨʪʴ. 

ɿ ʦʛʣʷʜʫ ʥʘ ʰʚʠʜʢʠʡ ʨʦʟʚʠʪʦʢ ʪʝʭʥʦʣʦʛʽʡ, ʧʦʪʝʥʮʽʘʣ ʐɯ ʚ ʮ̔ʡ ʩʬʝʨʽ 

ʬʘʢʪʠʯʥʦ ʥʝ ʤʘʻ ʯʽʪʢʠʭ ʤʝʞ. ɼʣʷ ʦʮʽʥʢʠ ʝʬʝʢʪʠʚʥʦʩʪʽ ʡʦʛʦ ʚʧʨʦʚʘʜʞʝʥʥʷ 

ʯʘʩʪʦ ʟʘʩʪʦʩʦʚʫʶʪʴ ʫʟʘʛʘʣʴʥʝʥʽ ʝʢʦʥʦʤʽʯʥʽ ʤʦʜʝʣʽ, ʷʢʽ ʙʘʟʫʶʪʴʩʷ ʥʘ 

ʢʣʘʩʠʯʥʠʭ ʧʽʜʭʦʜʘʭ ʜʦ ʦʮʽʥʶʚʘʥʥʷ ʽʥʥʦʚʘʮʽʡ. ʋ ʥʘʡʧʨʦʩʪʽʰʦʤʫ ʚʠʛʣʷʜʽ 

ʝʢʦʥʦʤʽʯʥʠʡ ʝʬʝʢʪ ʚʠʟʥʘʯʘʻʪʴʩʷ ʷʢ ʩʫʤʘ ʧʨʠʨʦʩʪʫ ʨʝʟʫʣʴʪʘʪʽʚ ʽ 

ʟʝʢʦʥʦʤʣʝʥʠʭ ʚʠʪʨʘʪ. 

ʅʝʡʨʦʥʥʘ ʤʝʨʝʞʘ ʤʦʞʝ ʩʫʪʪʻʚʦ ʧʽʜʚʠʱʠʪʠ ʩʪʽʡʢʽʩʪʴ 

ʤʘʰʠʥʦʙʫʜʽʚʥʦʛʦ ʩʝʢʪʦʨʫ ʋʢʨʘʾʥʠ ʥʘʚʽʪʴ ʚ ʫʤʦʚʘʭ ʚʦʻʥʥʦʛʦ ʯʘʩʫ. ʁʦʛʦ 

ʨʦʣʴ ʥʝ ʦʙʤʝʞʫʻʪʴʩʷ ʘʚʪʦʤʘʪʠʟʘʮʽʻʶ, ʚʽʥ ʟʘʙʝʟʧʝʯʫʻ ʛʥʫʯʢʽʩʪʴ, ʘʜʘʧʪʘʮʽʶ 

ʜʦ ʢʨʠʟʦʚʠʭ ʩʠʪʫʘʮʽʡ ʽ ʙʽʣʴʰ ʝʬʝʢʪʠʚʥʝ ʚʠʢʦʨʠʩʪʘʥʥʷ ʨʝʩʫʨʩʽʚ. ɿʦʢʨʝʤʘ, ʫ 

ʚʠʨʦʙʥʠʯʽʡ ʩʬʝʨʽ ʽʥʪʝʣʝʢʪʫʘʣʴʥʽ ʩʠʩʪʝʤʠ ʧʣʘʥʫʚʘʥʥʷ ʜʘʶʪʴ ʟʤʦʛʫ ʰʚʠʜʢʦ 

ʧʝʨʝʙʫʜʦʚʫʚʘʪʠ ʧʨʦʮʝʩʠ ʫ ʚʠʧʘʜʢʫ ʧʦʰʢʦʜʞʝʥʥʷ ʦʙʣʘʜʥʘʥʥʷ ʘʙʦ ʧʝʨʝʙʦʾʚ 

ʟ ʝʣʝʢʪʨʦʧʦʩʪʘʯʘʥʥʷʤ. ɸʣʛʦʨʠʪʤʠ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʜʦʧʦʤʘʛʘʶʪʴ ʨʽʚʥʦʤʽʨʥʦ 

ʨʦʟʧʦʜʽʣʷʪʠ ʥʘʚʘʥʪʘʞʝʥʥʷ ʤʽʞ ʜʦʩʪʫʧʥʠʤʠ ʧʦʪʫʞʥʦʩʪʷʤʠ, ʟʤʝʥʰʫʶʯʠ 

ʧʨʦʩʪʦʾ, ʘ ʩʠʩʪʝʤʠ ʢʦʤʧôʶʪʝʨʥʦʛʦ ʟʦʨʫ ʟʘʙʝʟʧʝʯʫʶʪʴ ʩʪʘʙʽʣʴʥʠʡ ʢʦʥʪʨʦʣʴ 

ʷʢʦʩʪʽ ʥʘʚʽʪʴ ʫ ʩʢʣʘʜʥʠʭ ʫʤʦʚʘʭ. ʋ ʣʦʛʽʩʪʠʮʽ ʐɯ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ 

ʫʧʨʘʚʣʽʥʥʷ ʣʘʥʮʶʛʘʤʠ ʧʦʩʪʘʯʘʥʥʷ, ʩʠʩʪʝʤʠ ʤʦʞʫʪʴ ʦʧʝʨʘʪʠʚʥʦ ʟʥʘʭʦʜʠʪʠ 

ʘʣʴʪʝʨʥʘʪʠʚʥʠʭ ʧʦʩʪʘʯʘʣʴʥʠʢʽʚ ʘʙʦ ʤʘʨʰʨʫʪʠ ʫ ʨʘʟʽ ʦʙʤʝʞʝʥʴ ʯʠ 

ʨʫʡʥʫʚʘʥʥʷ ʽʥʬʨʘʩʪʨʫʢʪʫʨʠ. ʎʝ ʜʦʟʚʦʣʷʻ ʟʤʝʥʰʠʪʠ ʚʠʪʨʘʪʠ ʪʘ ʫʥʠʢʥʫʪʠ 

ʟʫʧʠʥʦʢ ʚʠʨʦʙʥʠʮʪʚʘ ʯʝʨʝʟ ʜʝʬʽʮʠʪ ʨʝʩʫʨʩʽʚ. 

ʆʢʨʝʤʠʡ ʥʘʧʨʷʤ - ʢʽʙʝʨʙʝʟʧʝʢʘ. ɯʥʪʝʣʝʢʪʫʘʣʴʥʽ ʩʠʩʪʝʤʠ ʟʜʘʪʥʽ 

ʚʠʷʚʣʷʪʠ ʢʽʙʝʨʘʪʘʢʠ ʥʘ ʨʘʥʥʽʭ ʝʪʘʧʘʭ, ʱʦ ʻ ʦʩʦʙʣʠʚʦ ʚʘʞʣʠʚʠʤ ʫ ʧʝʨʽʦʜ 

ʧʽʜʚʠʱʝʥʠʭ ʟʘʛʨʦʟ. ɺʦʜʥʦʯʘʩ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʟʘʭʠʩʪ ʢʨʠʪʠʯʥʦ ʚʘʞʣʠʚʠʭ 

ʜʘʥʠʭ, ʪʘʢʠʭ ʷʢ ʪʝʭʥʽʯʥʘ ʜʦʢʫʤʝʥʪʘʮʽʷ ʯʠ ʽʥʞʝʥʝʨʥʽ ʨʦʟʨʦʙʢʠ. 

ʊʘʢʦʞ ʐɯ ʘʢʪʠʚʥʦ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʜʣʷ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʨʠʟʠʢʽʚ ʽ 

ʩʮʝʥʘʨʥʦʛʦ ʧʣʘʥʫʚʘʥʥʷ. ʎʝ ʜʦʟʚʦʣʷʻ ʧʽʜʧʨʠʻʤʩʪʚʘʤ ʟʘʟʜʘʣʝʛʽʜʴ ʦʮʽʥʶʚʘʪʠ 

ʤʦʞʣʠʚʽ ʥʘʩʣʽʜʢʠ ʨʽʟʥʠʭ ʟʘʛʨʦʟ ʽ ʬʦʨʤʫʚʘʪʠ ʚʘʨʽʘʥʪʠ ʜʽʡ, ʚʢʣʶʯʘʶʯʠ 

ʨʝʣʦʢʘʮʽʶ ʚʠʨʦʙʥʠʮʪʚʘ ʘʙʦ ʟʤʽʥʫ ʣʦʛʽʩʪʠʯʥʠʭ ʩʭʝʤ. ʋ ʩʬʝʨʽ 

ʝʥʝʨʛʦʩʧʦʞʠʚʘʥʥʷ ʽʥʪʝʣʝʢʪʫʘʣʴʥʽ ʩʠʩʪʝʤʠ ʜʦʧʦʤʘʛʘʶʪʴ ʦʧʪʠʤʽʟʫʚʘʪʠ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʨʝʩʫʨʩʽʚ ʽ ʧʽʜʪʨʠʤʫʚʘʪʠ ʙʝʟʧʝʨʝʙʽʡʥʫ ʨʦʙʦʪʫ ʥʘʚʽʪʴ ʟʘ ʫʤʦʚ 

ʦʙʤʝʞʝʥʦʛʦ ʝʥʝʨʛʦʧʦʩʪʘʯʘʥʥʷ. ʂʨʽʤ ʪʦʛʦ, ʘʥʘʣʽʟ ʩʪʘʥʫ ʦʙʣʘʜʥʘʥʥʷ 

ʜʦʟʚʦʣʷʻ ʟʘʚʯʘʩʥʦ ʚʠʷʚʣʷʪʠ ʧʦʪʝʥʮʽʡʥʽ ʧʦʣʦʤʢʠ. ɺʘʞʣʠʚʫ ʨʦʣʴ ʐɯ ʚʽʜʽʛʨʘʻ 

ʽ ʚ ʨʦʟʚʠʪʢʫ ʦʙʦʨʦʥʥʦʛʦ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ, ʧʨʠʩʢʦʨʶʶʯʠ ʧʨʦʻʢʪʫʚʘʥʥʷ 

ʪʝʭʥʽʢʠ ʪʘ ʦʧʪʠʤʽʟʫʶʯʠ ʚʠʨʦʙʥʠʯʽ ʧʨʦʮʝʩʠ. ʋ ʩʬʝʨʽ ʝʢʩʧʦʨʪʫ ʘʥʘʣʽʪʠʯʥʽ 

ʽʥʩʪʨʫʤʝʥʪʠ ʜʦʧʦʤʘʛʘʶʪʴ ʟʥʘʭʦʜʠʪʠ ʥʦʚʽ ʨʠʥʢʠ ʟʙʫʪʫ ʪʘ ʘʜʘʧʪʫʚʘʪʠʩʷ ʜʦ 

ʟʤʽʥ ʟʦʚʥʽʰʥʴʦʾ ʢʦʥôʶʥʢʪʫʨʠ. 
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ʋ ʧʽʜʩʫʤʢʫ - ʚʠʢʦʨʠʩʪʘʥʥʷ ʐɯ ʜʘʻ ʤʦʞʣʠʚʽʩʪʴ ʥʝ ʣʠʰʝ ʟʙʝʨʝʛʪʠ 

ʛʘʣʫʟʴ ʫ ʩʢʣʘʜʥʠʭ ʫʤʦʚʘʭ, ʘ ʡ ʟʘʢʣʘʩʪʠ ʦʩʥʦʚʫ ʜʣʷ ʾʾ ʧʦʜʘʣʴʰʦʛʦ ʨʦʟʚʠʪʢʫ 

ʪʘ ʧʽʜʚʠʱʝʥʥʷ ʾʾ ʢʦʥʢʫʨʝʥʪʦʩʧʨʦʤʦʞʥʦʩʪʽ [4]. 

ɺʠʩʥʦʚʢʠ. ʇʦʪʝʥʮʽʡʥʠʡ ʚʧʣʠʚ ʐɯ ʥʘ ʚʠʨʦʙʥʠʯʫ ʛʘʣʫʟʴ ʻ ʟʥʘʯʥʠʤ, 

ʧʦʪʨʽʙʥʦ ʧʝʨʝʦʩʤʠʩʣʠʪʠ ʚʠʨʦʙʥʠʯʽ ʧʘʨʘʜʠʛʤʠ, ʱʦ ʧʨʠʟʚʝʜʝ ʜʦ ʙʽʣʴʰ 

ʧʝʨʩʦʥʘʣʽʟʦʚʘʥʠʭ ʪʘ ʝʬʝʢʪʠʚʥʠʭ ʚʠʨʦʙʥʠʯʠʭ ʧʨʦʮʝʩʽʚ. ʋ ʤʽʨʫ ʪʦʛʦ, ʷʢ ʐɯ 

ʧʨʦʜʦʚʞʫʻ ʨʦʟʚʠʚʘʪʠʩʷ, ʚʽʥ ʩʪʠʤʫʣʶʚʘʪʠʤʝ ʽʥʥʦʚʘʮʽʾ, ʧʽʜʚʠʱʫʚʘʪʠʤʝ 

ʢʦʥʢʫʨʝʥʪʦʩʧʨʦʤʦʞʥʽʩʪʴ ʽ ʟʨʝʰʪʦʶ ʪʨʘʥʩʬʦʨʤʫʚʘʪʠʤʝ ʚʠʨʦʙʥʠʯʫ ʛʘʣʫʟʴ. 

ʉʝʨʝʜ ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʥʘʧʨʷʤʽʚ ʚʘʨʪʦ ʚʽʜʟʥʘʯʠʪʠ ʽʥʪʝʛʨʘʮʽʶ ʐɯ ʚ 

ʨʦʙʦʪʠʟʦʚʘʥʽ ʢʦʤʧʣʝʢʩʠ ʪʘ ʘʚʪʦʥʦʤʥʽ ʚʠʨʦʙʥʠʯʽ ʩʠʩʪʝʤʠ. ʁʜʝʪʴʩʷ, 

ʟʦʢʨʝʤʘ, ʧʨʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʨʦʙʦʪʽʚ-ʤʘʥʽʧʫʣʷʪʦʨʽʚ ʽʟ ʩʠʩʪʝʤʘʤʠ 

ʢʦʤʧôʶʪʝʨʥʦʛʦ ʟʦʨʫ ʪʘ ʤʦʞʣʠʚʽʩʪʶ ʩʘʤʦʥʘʚʯʘʥʥʷ, ʨʦʟʚʠʪʦʢ ʛʥʫʯʢʠʭ 

ʚʠʨʦʙʥʠʯʠʭ ʣʽʥʽʡ, ʘ ʪʘʢʦʞ ʚʧʨʦʚʘʜʞʝʥʥʷ ʘʚʪʦʥʦʤʥʦʛʦ ʪʨʘʥʩʧʦʨʪʫ ʜʣʷ 

ʚʥʫʪʨʽʰʥʴʦʾ ʣʦʛʽʩʪʠʢʠ ʧʽʜʧʨʠʻʤʩʪʚ. ʊʘʢʽ ʨʽʰʝʥʥʷ ʜʦʟʚʦʣʷʶʪʴ ʧʽʜʚʠʱʠʪʠ 

ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʽ ʟʤʝʥʰʠʪʠ ʚʧʣʠʚ ʣʶʜʩʴʢʦʛʦ ʬʘʢʪʦʨʘ, ʱʦ ʦʩʦʙʣʠʚʦ 

ʘʢʪʫʘʣʴʥʦ ʚ ʫʤʦʚʘʭ ʜʝʬʽʮʠʪʫ ʢʘʜʨʽʚ ʫ ʧʽʩʣʷʚʦʻʥʥʠʡ ʧʝʨʽʦʜ. ʆʪʞʝ, ʐɯ 

ʧʦʩʪʫʧʦʚʦ ʩʪʘʻ ʦʩʥʦʚʦʶ ʽʥʥʦʚʘʮʽʡʥʦʛʦ ʨʦʟʚʠʪʢʫ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ 

ʋʢʨʘʾʥʠ. ʁʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʩʧʨʠʷʻ ʧʽʜʚʠʱʝʥʥʶ ʝʬʝʢʪʠʚʥʦʩʪʽ 

ʚʠʨʦʙʥʠʮʪʚʘ, ʝʢʦʣʦʛʽʯʥʦʩʪʽ ʧʨʦʮʝʩʽʚ, ʽʥʪʝʛʨʘʮʽʾ ʫ ʛʣʦʙʘʣʴʥʽ ʚʠʨʦʙʥʠʯʽ 

ʣʘʥʮʶʛʠ ʪʘ ʟʤʽʮʥʝʥʥʶ ʝʢʩʧʦʨʪʥʦʛʦ ʧʦʪʝʥʮʽʘʣʫ ʛʘʣʫʟʽ. 
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ɹʦʨʠʩʝʥʢʦ ʖ.ʖ. (ɼʦʥʙʘʩʴʢʘ ʜʝʨʞʘʚʥʘ ʤʘʰʠʥʦʙʫʜʽʚʥʘ ʘʢʘʜʝʤʽʷ, ʤʤ. 

ʂʨʘʤʘʪʦʨʩʴʢ ï ʊʝʨʥʦʧʽʣʴ ï ʍʫʩʪ, ʋʢʨʘʾʥʘ). 
 

ʇɯɼɺʀʑɽʅʅʗ ɽʌɽʂʊʀɺʅʆʉʊɯ ɼʋɻʆɺʆɻʆ ʅɸʇʃɸɺʃɽʅʅʗ ʅɸ 

ʆʉʅʆɺɯ ʂʆʄɹɯʅʆɺɸʅʆɻʆ ɿɸʉʊʆʉʋɺɸʅʅʗ ɽʂɿʆʊɽʈʄɯʏʅʀʍ 

ʈɽɸʂʎɯʁ ʊɸ ɽʃɽʂʊʈʆʄɸɻʅɯʊʅʆɻʆ ɺʇʃʀɺʋ 
 

ɸʥʦʪʘʮʽʷ: ʋ ʨʦʙʦʪʽ ʜʦʩʣʽʜʞʝʥʦ ʤʦʞʣʠʚʦʩʪʽ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ 

ʜʫʛʦʚʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ ʰʣʷʭʦʤ ʢʦʤʙʽʥʦʚʘʥʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʝʢʟʦʪʝʨʤʽʯʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ 

ʫ ʩʢʣʘʜʽ ʥʘʧʣʘʚʣʶʚʘʣʴʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʪʘ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʚʧʣʠʚʫ ʥʘ ʟʚʘʨʶʚʘʣʴʥʫ 

ʚʘʥʥʫ. ʈʦʟʛʣʷʥʫʪʦ ʬʽʟʠʯʥʽ ʪʘ ʪʝʭʥʦʣʦʛʽʯʥʽ ʘʩʧʝʢʪʠ ʜʦʜʘʪʢʦʚʦʛʦ ʪʝʧʣʦʚʠʜʽʣʝʥʥʷ, ʱʦ 

ʚʠʥʠʢʘʻ ʚʥʘʩʣʽʜʦʢ ʝʢʟʦʪʝʨʤʽʯʥʠʭ ʨʝʘʢʮʽʡ, ʘ ʪʘʢʦʞ ʤʝʭʘʥʽʟʤʠ ʚʧʣʠʚʫ ʤʘʛʥʽʪʥʠʭ ʧʦʣʽʚ 

ʥʘ ʧʦʚʝʜʽʥʢʫ ʝʣʝʢʪʨʠʯʥʦʾ ʜʫʛʠ ʪʘ ʛʽʜʨʦʜʠʥʘʤʽʢʫ ʨʦʟʧʣʘʚʣʝʥʦʛʦ ʤʝʪʘʣʫ. ʇʦʢʘʟʘʥʦ, ʱʦ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʝʢʟʦʪʝʨʤʽʯʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʨʠʷʻ ʽʥʪʝʥʩʠʬʽʢʘʮʽʾ ʧʨʦʮʝʩʫ ʥʘʧʣʘʚʣʝʥʥʷ, 

ʧʽʜʚʠʱʝʥʥʶ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʪʘ ʟʥʠʞʝʥʥʶ ʝʥʝʨʛʦʚʠʪʨʘʪ, ʪʦʜʽ ʷʢ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʠʡ 

ʚʧʣʠʚ ʟʘʙʝʟʧʝʯʫʻ ʩʪʘʙʽʣʽʟʘʮʽʶ ʧʨʦʮʝʩʫ, ʧʦʢʨʘʱʝʥʥʷ ʬʦʨʤʫʚʘʥʥʷ ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ ʪʘ 

ʟʤʝʥʰʝʥʥʷ ʜʝʬʝʢʪʥʦʩʪʽ. ʆʙˇʨʫʥʪʦʚʘʥʦ ʜʦʮʽʣʴʥʽʩʪʴ ʢʦʤʧʣʝʢʩʥʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʟʘʟʥʘʯʝʥʠʭ ʬʘʢʪʦʨʽʚ ʷʢ ʚʟʘʻʤʦʜʦʧʦʚʥʶʶʯʠʭ ʤʝʭʘʥʽʟʤʽʚ ʢʝʨʫʚʘʥʥʷ ʧʨʦʮʝʩʦʤ. ɺʠʟʥʘʯʝʥʦ 

ʧʝʨʩʧʝʢʪʠʚʠ ʧʦʜʘʣʴʰʠʭ ʜʦʩʣʽʜʞʝʥʴ, ʩʧʨʷʤʦʚʘʥʠʭ ʥʘ ʦʧʪʠʤʽʟʘʮʽʶ ʪʝʭʥʦʣʦʛʽʯʥʠʭ 

ʨʝʞʠʤʽʚ ʽ ʧʽʜʚʠʱʝʥʥʷ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʥʘʧʣʘʚʣʝʥʠʭ ʧʦʢʨʠʪʪʽʚ ʫ 

ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʽ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʜʫʛʦʚʝ ʥʘʧʣʘʚʣʝʥʥʷ, ʝʢʟʦʪʝʨʤʽʯʥʽ ʨʝʘʢʮʽʾ, ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʠʡ 

ʚʧʣʠʚ, ʟʚʘʨʶʚʘʣʴʥʘ ʚʘʥʥʘ, ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ, ʷʢʽʩʪʴ ʧʦʢʨʠʪʪʷ, ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ. 

 

Abstract: The paper investigates the possibilities of improving the efficiency of the arc 

surfacing process through the combined application of exothermic components in surfacing 

materials and electromagnetic influence on the weld pool. The physical and technological 

aspects of additional heat generation caused by exothermic reactions, as well as the 

mechanisms of magnetic field influence on arc behavior and molten metal hydrodynamics, 

are considered. It is shown that the use of exothermic components contributes to process 

intensification, increased productivity, and reduced energy consumption, while 

electromagnetic influence ensures process stabilization, improved formation of the deposited 

layer, and reduction of defects. The feasibility of the integrated application of these factors as 

complementary control mechanisms of the surfacing process is substantiated. Prospects for 

further research aimed at optimizing technological modes and improving the operational 

characteristics of deposited coatings in mechanical engineering are identified. 

Keywords: arc surfacing, exothermic reactions, electromagnetic influence, weld pool, 

productivity, coating quality, mechanical engineering. 

 

ɼʫʛʦʚʝ ʥʘʧʣʘʚʣʝʥʥʷ ʻ ʦʜʥʠʤ ʽʟ ʥʘʡʙʽʣʴʰ ʧʦʰʠʨʝʥʠʭ ʪʝʭʥʦʣʦʛʽʯʥʠʭ 

ʧʨʦʮʝʩʽʚ, ʱʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʜʣʷ ʚʽʜʥʦʚʣʝʥʥʷ ʪʘ ʟʤʽʮʥʝʥʥʷ ʧʦʚʝʨʭʦʥʴ 

ʜʝʪʘʣʝʡ ʤʘʰʠʥ ʽ ʦʙʣʘʜʥʘʥʥʷ. ɼʘʥʠʡ ʧʨʦʮʝʩ ʟʘʙʝʟʧʝʯʫʻ ʬʦʨʤʫʚʘʥʥʷ 

ʧʦʢʨʠʪʪʽʚ ʽʟ ʧʽʜʚʠʱʝʥʠʤʠ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ, ʱʦ ʟʥʘʯʥʦʶ 

ʤʽʨʦʶ ʚʠʟʥʘʯʘʻ ʜʦʚʛʦʚʽʯʥʽʩʪʴ ʚʠʨʦʙʽʚ. 

ɺ ʫʤʦʚʘʭ ʩʫʯʘʩʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ ʦʩʦʙʣʠʚʦʾ ʘʢʪʫʘʣʴʥʦʩʪʽ ʥʘʙʫʚʘʶʪʴ 

ʧʠʪʘʥʥʷ ʧʽʜʚʠʱʝʥʥʷ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʥʘʧʣʘʚʣʝʥʥʷ, ʟʥʠʞʝʥʥʷ ʝʥʝʨʛʦʚʠʪʨʘʪ 

ʪʘ ʟʘʙʝʟʧʝʯʝʥʥʷ ʩʪʘʙʽʣʴʥʦʩʪʽ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʨʝʞʠʤʽʚ. ɼʣʷ ʜʦʩʷʛʥʝʥʥʷ ʮʠʭ 
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ʮʽʣʝʡ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʨʽʟʥʽ ʧʽʜʭʦʜʠ, ʩʝʨʝʜ ʷʢʠʭ ʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʦʜʘʪʢʦʚʠʭ 

ʜʞʝʨʝʣ ʪʝʧʣʦʚʦʾ ʝʥʝʨʛʽʾ ʪʘ ʬʽʟʠʯʥʠʭ ʚʧʣʠʚʽʚ ʥʘ ʟʚʘʨʶʚʘʣʴʥʫ ʚʘʥʥʫ. 

ʄʝʪʦʶ ʨʦʙʦʪʠ ʻ ʘʥʘʣʽʟ ʤʦʞʣʠʚʦʩʪʝʡ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ 

ʜʫʛʦʚʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ ʟʘ ʨʘʭʫʥʦʢ ʢʦʤʙʽʥʦʚʘʥʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ 

ʝʢʟʦʪʝʨʤʽʯʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʪʘ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʚʧʣʠʚʫ ʪʘ ʦʙˇʨʫʥʪʫʚʘʥʥʷ 

ʜʦʮʽʣʴʥʦʩʪʽ ʩʫʤʽʩʥʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʝʢʟʦʪʝʨʤʽʯʥʠʭ ʨʝʘʢʮʽʡ ʪʘ ʢʝʨʦʚʘʥʠʭ 

ʤʘʛʥʽʪʥʠʭ ʧʦʣʽʚ (ʷʢ ʚʟʘʻʤʦʜʦʧʦʚʥʶʶʯʠʭ ʬʘʢʪʦʨʽʚ ʽʥʪʝʥʩʠʬʽʢʘʮʽʾ ʧʨʦʮʝʩʫ). 

ʆʜʥʠʤ ʽʟ ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʥʘʧʨʷʤʽʚ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ 

ʥʘʧʣʘʚʣʝʥʥʷ ʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʝʢʟʦʪʝʨʤʽʯʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʫ ʩʢʣʘʜʽ 

ʥʘʧʣʘʚʣʶʚʘʣʴʥʠʭ ʤʘʪʝʨʽʘʣʽʚ [1]. ʋ ʧʨʦʮʝʩʽ ʥʘʧʣʘʚʣʝʥʥʷ ʪʘʢʽ ʢʦʤʧʦʥʝʥʪʠ 

ʚʩʪʫʧʘʶʪʴ ʫ ʭʽʤʽʯʥʽ ʨʝʘʢʮʽʾ, ʱʦ ʩʫʧʨʦʚʦʜʞʫʶʪʴʩʷ ʚʠʜʽʣʝʥʥʷʤ ʜʦʜʘʪʢʦʚʦʾ 

ʪʝʧʣʦʚʦʾ ʝʥʝʨʛʽʾ. ɼʦʜʘʪʢʦʚʝ ʪʝʧʣʦʚʠʜʽʣʝʥʥʷ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʽʜʚʠʱʝʥʥʷ 

ʪʝʤʧʝʨʘʪʫʨʠ ʟʚʘʨʶʚʘʣʴʥʦʾ ʚʘʥʥʠ, ʽʥʪʝʥʩʠʬʽʢʘʮʽʾ ʧʣʘʚʣʝʥʥʷ ʝʣʝʢʪʨʦʜʥʦʛʦ 

ʪʘ ʦʩʥʦʚʥʦʛʦ ʤʝʪʘʣʫ, ʘ ʪʘʢʦʞ ʟʥʠʞʝʥʥʷ ʧʠʪʦʤʠʭ ʚʠʪʨʘʪ ʝʣʝʢʪʨʠʯʥʦʾ 

ʝʥʝʨʛʽʾ. 

ɺʽʜʦʤʦ [1,2] ʚʦʜʥʦʯʘʩ, ʱʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʝʢʟʦʪʝʨʤʽʯʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ 

ʜʦʟʚʦʣʷʻ ʧʽʜʚʠʱʠʪʠ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʥʘʧʣʘʚʣʝʥʥʷ ʥʘ 10ï25%. ʂʨʽʤ ʪʦʛʦ, 

ʧʨʠ ʥʘʧʣʘʚʣʝʥʥʽ ʧʦʢʨʘʱʫʶʪʴʩʷ ʫʤʦʚʠ ʟʘʩʚʦʻʥʥʷ ʣʝʛʫʶʯʠʭ ʝʣʝʤʝʥʪʽʚ, ʱʦ 

ʩʧʨʠʷʻ ʬʦʨʤʫʚʘʥʥʶ ʥʘʧʣʘʚʣʝʥʠʭ ʰʘʨʽʚ ʽʟ ʟʘʜʘʥʠʤʠ ʬʽʟʠʢʦ-ʤʝʭʘʥʽʯʥʠʤʠ 

ʚʣʘʩʪʠʚʦʩʪʷʤʠ. ɺʦʜʥʦʯʘʩ ʥʘʜʤʽʨʥʝ ʪʝʧʣʦʚʠʜʽʣʝʥʥʷ ʤʦʞʝ ʧʨʠʟʚʦʜʠʪʠ ʜʦ 

ʧʝʨʝʛʨʽʚʫ ʚʘʥʥʠ ʪʘ ʧʦʛʽʨʰʝʥʥʷ ʩʪʘʙʽʣʴʥʦʩʪʽ ʧʨʦʮʝʩʫ, ʱʦ ʧʦʪʨʝʙʫʻ 

ʜʦʜʘʪʢʦʚʦʛʦ ʢʦʥʪʨʦʣʶ [3]. 

ɯʥʰʠʤ ʝʬʝʢʪʠʚʥʠʤ ʟʘʩʦʙʦʤ ʢʝʨʫʚʘʥʥʷ ʧʨʦʮʝʩʦʤ ʥʘʧʣʘʚʣʝʥʥʷ ʻ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʚʧʣʠʚʫ ʥʘ ʜʫʛʫ ʪʘ ʟʚʘʨʶʚʘʣʴʥʫ ʚʘʥʥʫ. 

ʄʘʛʥʽʪʥʽ ʧʦʣʷ ʜʦʟʚʦʣʷʶʪʴ ʟʤʽʥʶʚʘʪʠ ʬʦʨʤʫ ʪʘ ʧʦʣʦʞʝʥʥʷ ʜʫʛʠ, ʘ ʪʘʢʦʞ 

ʭʘʨʘʢʪʝʨ ʨʫʭʫ ʨʦʟʧʣʘʚʣʝʥʦʛʦ ʤʝʪʘʣʫ [4, 5]. 

ʌʽʟʠʯʥʦ ʮʝʡ ʚʧʣʠʚ ʨʝʘʣʽʟʫʻʪʴʩʷ ʯʝʨʝʟ ʜʽʶ ʩʠʣʠ ʃʦʨʝʥʮʘ ʥʘ 

ʩʪʨʫʤʦʧʨʦʚʽʜʥʠʡ ʨʦʟʧʣʘʚ, ʱʦ ʚʠʢʣʠʢʘʻ ʟʤʽʥʫ ʛʽʜʨʦʜʠʥʘʤʽʯʥʠʭ ʧʦʪʦʢʽʚ ʫ 

ʟʚʘʨʶʚʘʣʴʥʽʡ ʚʘʥʥʽ. ʎʝ ʩʧʨʠʷʻ ʽʥʪʝʥʩʠʬʽʢʘʮʽʾ ʧʝʨʝʤʽʰʫʚʘʥʥʷ ʤʝʪʘʣʫ, 

ʚʠʨʽʚʥʶʚʘʥʥʶ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʣʷ ʪʘ ʧʦʢʨʘʱʝʥʥʶ ʩʪʨʫʢʪʫʨʠ 

ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ. ɿʘʩʪʦʩʫʚʘʥʥʷ ʢʝʨʦʚʘʥʠʭ ʤʘʛʥʽʪʥʠʭ ʧʦʣʽʚ ʜʦʟʚʦʣʷʻ 

ʩʪʘʙʽʣʽʟʫʚʘʪʠ ʛʦʨʽʥʥʷ ʜʫʛʠ, ʢʝʨʫʚʘʪʠ ʛʝʦʤʝʪʨʽʻʶ ʥʘʧʣʘʚʣʝʥʦʛʦ ʚʘʣʠʢʘ, 

ʟʤʝʥʰʫʚʘʪʠ ʜʝʬʝʢʪʦʫʪʚʦʨʝʥʥʷ ʪʘ ʧʦʢʨʘʱʫʚʘʪʠ ʦʜʥʦʨʽʜʥʽʩʪʴ ʤʝʪʘʣʫ [5, 6]. 

ʇʦʻʜʥʘʥʥʷ ʝʢʟʦʪʝʨʤʽʯʥʠʭ ʨʝʘʢʮʽʡ ʪʘ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʚʧʣʠʚʫ ʻ 

ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʥʘʧʨʷʤʦʤ ʽʥʪʝʥʩʠʬʽʢʘʮʽʾ ʧʨʦʮʝʩʫ ʥʘʧʣʘʚʣʝʥʥʷ. 

ɽʢʟʦʪʝʨʤʽʯʥʽ ʨʝʘʢʮʽʾ ʟʘʙʝʟʧʝʯʫʶʪʴ ʜʦʜʘʪʢʦʚʝ ʪʝʧʣʦʚʠʜʽʣʝʥʥʷ ʪʘ 

ʧʽʜʚʠʱʫʶʪʴ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʧʨʦʮʝʩʫ, ʦʜʥʘʢ ʤʦʞʫʪʴ ʚʠʢʣʠʢʘʪʠ 

ʥʝʩʪʘʙʽʣʴʥʽʩʪʴ ʟʚʘʨʶʚʘʣʴʥʦʾ ʚʘʥʥʠ. ʋ ʩʚʦʶ ʯʝʨʛʫ, ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʠʡ ʚʧʣʠʚ 

ʜʦʟʚʦʣʷʻ ʢʝʨʫʚʘʪʠ ʛʽʜʨʦʜʠʥʘʤʽʢʦʶ ʨʦʟʧʣʘʚʫ ʪʘ ʢʦʤʧʝʥʩʫʚʘʪʠ ʥʝʛʘʪʠʚʥʽ 

ʝʬʝʢʪʠ ʧʝʨʝʛʨʽʚʫ. ʂʦʤʙʽʥʦʚʘʥʝ ʟʘʩʪʦʩʫʚʘʥʥʷ ʮʠʭ ʬʘʢʪʦʨʽʚ ʜʦʟʚʦʣʠʪʴ 

ʧʽʜʚʠʱʠʪʠ ʩʪʘʙʽʣʴʥʽʩʪʴ ʧʨʦʮʝʩʫ, ʧʦʢʨʘʱʠʪʠ ʬʦʨʤʫʚʘʥʥʷ ʥʘʧʣʘʚʣʝʥʦʛʦ 

ʰʘʨʫ, ʟʤʝʥʰʠʪʠ ʨʠʟʠʢ ʫʪʚʦʨʝʥʥʷ ʧʦʨʠʩʪʦʩʪʽ ʪʘ ʥʝʦʜʥʦʨʽʜʥʦʩʪʽ ʩʪʨʫʢʪʫʨʠ 

ʪʘ  ʦʧʪʠʤʽʟʫʚʘʪʠ ʪʝʭʥʦʣʦʛʽʯʥʽ ʨʝʞʠʤʠ. 
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ʊʘʢʠʤ ʯʠʥʦʤ, ʟʘʟʥʘʯʝʥʽ ʬʘʢʪʦʨʠ ʤʦʞʫʪʴ ʨʦʟʛʣʷʜʘʪʠʩʷ ʷʢ 

ʚʟʘʻʤʦʜʦʧʦʚʥʶʶʯʽ ʤʝʭʘʥʽʟʤʠ ʢʝʨʫʚʘʥʥʷ ʧʨʦʮʝʩʦʤ ʥʘʧʣʘʚʣʝʥʥʷ. 

ʇʦʜʘʣʴʰʠʡ ʨʦʟʚʠʪʦʢ ʜʘʥʦʛʦ ʥʘʧʨʷʤʫ ʚʽʜʢʨʠʚʘʻ ʤʦʞʣʠʚʽʩʪʴ ʧʽʜʚʠʱʝʥʥʷ 

ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʧʨʦʮʝʩʫ ʜʫʛʦʚʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ, ʟʘʙʝʟʧʝʯʝʥʥʷ ʩʪʘʙʽʣʴʥʦʩʪʽ 

ʪʘ ʢʦʥʪʨʦʣʶ ʛʝʦʤʝʪʨʽʾ ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ, ʟʤʝʥʰʝʥʥʷ ʜʝʬʝʢʪʥʦʩʪʽ ʪʘ 

ʥʝʦʜʥʦʨʽʜʥʦʩʪʽ ʩʪʨʫʢʪʫʨʠ ʤʝʪʘʣʫ, ʧʽʜʚʠʱʝʥʥʷ ʟʘʩʚʦʻʥʥʷ ʣʝʛʫʶʯʠʭ 

ʝʣʝʤʝʥʪʽʚ, ʘ ʪʘʢʦʞ ʦʧʪʠʤʽʟʘʮʽʾ ʝʥʝʨʛʦʩʧʦʞʠʚʘʥʥʷ. ʈʝʘʣʽʟʘʮʽʷ ʢʦʤʧʣʝʢʩʥʦʛʦ 

ʧʽʜʭʦʜʫ ʜʦʟʚʦʣʠʪʴ ʩʪʚʦʨʶʚʘʪʠ ʥʘʧʣʘʚʣʝʥʽ ʧʦʢʨʠʪʪʷ ʟ ʧʝʨʝʜʙʘʯʫʚʘʥʠʤʠ 

ʤʝʭʘʥʽʯʥʠʤʠ ʪʘ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ, ʱʦ ʟʥʘʯʥʦ ʧʽʜʚʠʱʠʪʴ 

ʜʦʚʛʦʚʽʯʥʽʩʪʴ ʜʝʪʘʣʝʡ ʪʘ ʝʬʝʢʪʠʚʥʽʩʪʴ ʚʽʜʥʦʚʣʶʚʘʣʴʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʫ 

ʚʘʞʢʦʤʫ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʽ ʪʘ ʤʝʪʘʣʫʨʛʽʾ. 
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1. ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʤʦʞʣʠʚʦʩʪʽ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʜʫʛʦʚʦʛʦ 

ʥʘʧʣʘʚʣʝʥʥʷ ʟʘ ʨʘʭʫʥʦʢ ʚʠʢʦʨʠʩʪʘʥʥʷ ʝʢʟʦʪʝʨʤʽʯʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ. 
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ʝʢʟʦʪʝʨʤʽʯʥʠʭ ʨʝʘʢʮʽʡ ʪʘ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʷʢ ʚʟʘʻʤʦʜʦʧʦʚʥʶʶʯʠʭ 

ʬʘʢʪʦʨʽʚ. 

4. ɺʠʟʥʘʯʝʥʦ ʦʩʥʦʚʥʽ ʥʘʧʨʷʤʠ ʧʦʜʘʣʴʰʠʭ ʜʦʩʣʽʜʞʝʥʴ ʫ ʜʘʥʽʡ ʛʘʣʫʟʽ. 

5. ʇʦʢʘʟʘʥʦ, ʱʦ ʢʦʤʙʽʥʦʚʘʥʠʡ ʧʽʜʭʽʜ ʻ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʜʣʷ 

ʽʥʪʝʥʩʠʬʽʢʘʮʽʾ ʧʨʦʮʝʩʽʚ ʥʘʧʣʘʚʣʝʥʥʷ ʫ ʚʘʞʢʦʤʫ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʽ ʪʘ 

ʨʝʤʦʥʪʽ ʤʝʪʘʣʫʨʛʽʡʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ. 
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ɺʀʂʆʈʀʉʊɸʅʅʗ ʂʆʄɹɯʅʆɺɸʅʀʍ ʄɽʊʆɼɯɺ ʆɹʈʆɹʂʀ  

ɼɽʊɸʃɽʁ ɺ ʄɸʐʀʅʆɹʋɼʋɺɸʅʅɯ 

 
ɸʥʦʪʘʮʽʷ: ʋ ʩʪʘʪʪʽ ʜʦʩʣʽʜʞʝʥʦ ʢʦʤʙʽʥʦʚʘʥʽ ʤʝʪʦʜʠ ʦʙʨʦʙʢʠ ʜʝʪʘʣʝʡ ʤʘʰʠʥ, 

ʟʦʢʨʝʤʘ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦ-ʘʙʨʘʟʠʚʥʫ ʦʙʨʦʙʢʫ ʪʘ ʬʨʠʢʮʽʡʥʝ ʝʣʝʢʪʨʦʽʤʧʫʣʴʩʥʝ 

ʚʠʛʣʘʜʞʫʚʘʥʥʷ, ʷʢ ʝʬʝʢʪʠʚʥʽ ʟʘʩʦʙʠ ʧʽʜʚʠʱʝʥʥʷ ʷʢʦʩʪʽ ʧʦʚʝʨʭʥʝʚʦʛʦ ʰʘʨʫ. ʈʦʟʛʣʷʥʫʪʦ 

ʬʽʟʠʯʥʫ ʩʫʪʥʽʩʪʴ ʧʨʦʮʝʩʽʚ, ʱʦ ʙʘʟʫʶʪʴʩʷ ʥʘ ʧʦʻʜʥʘʥʥʽ ʤʝʭʘʥʽʯʥʦʛʦ, ʝʣʝʢʪʨʠʯʥʦʛʦ ʪʘ 

ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʚʧʣʠʚʽʚ ʥʘ ʤʘʪʝʨʽʘʣ. ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʦʩʦʙʣʠʚʦʩʪʽ ʟʘʩʪʦʩʫʚʘʥʥʷ 

ʤʘʛʥʽʪʥʦ-ʘʙʨʘʟʠʚʥʠʭ ʧʦʨʦʰʢʽʚ ʟ ʜʦʜʘʚʘʥʥʷʤ ʘʣʶʤʽʥʽʻʚʦʾ ʧʫʜʨʠ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ 

ʜʦʜʘʪʢʦʚʝ ʪʝʧʣʦʚʠʜʽʣʝʥʥʷ ʪʘ ʬʦʨʤʫʚʘʥʥʷ ʟʥʦʩʦʩʪʽʡʢʦʛʦ ʧʦʢʨʠʪʪʷ. ʅʘʚʝʜʝʥʦ 

ʨʝʟʫʣʴʪʘʪʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ, ʷʢʽ ʧʽʜʪʚʝʨʜʞʫʶʪʴ ʧʽʜʚʠʱʝʥʥʷ 

ʪʚʝʨʜʦʩʪʽ ʪʘ ʟʤʝʥʰʝʥʥʷ ʰʦʨʩʪʢʦʩʪʽ ʧʦʚʝʨʭʥʽ ʧʨʠ ʟʤʽʥʽ ʨʝʞʠʤʽʚ ʦʙʨʦʙʢʠ. ʆʢʨʝʤʫ 

ʫʚʘʛʫ ʧʨʠʜʽʣʝʥʦ ʬʨʠʢʮʽʡʥʦʤʫ ʝʣʝʢʪʨʦʽʤʧʫʣʴʩʥʦʤʫ ʤʦʜʠʬʽʢʫʚʘʥʥʶ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʜʠʩʫʣʴʬʽʜʫ ʤʦʣʽʙʜʝʥʫ, ʱʦ ʜʦʟʚʦʣʷʻ ʟʥʘʯʥʦ ʧʽʜʚʠʱʠʪʠ ʤʽʢʨʦʪʚʝʨʜʽʩʪʴ ʽ ʟʥʦʩʦʩʪʽʡʢʽʩʪʴ 

ʧʦʚʝʨʭʥʝʚʦʛʦ ʰʘʨʫ. ʆʙˇʨʫʥʪʦʚʘʥʦ ʝʬʝʢʪʠʚʥʽʩʪʴ ʢʦʤʙʽʥʦʚʘʥʠʭ ʤʝʪʦʜʽʚ ʷʢ 

ʧʝʨʩʧʝʢʪʠʚʥʦʛʦ ʥʘʧʨʷʤʫ ʧʽʜʚʠʱʝʥʥʷ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʜʝʪʘʣʝʡ ʫ 

ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʽ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʢʦʤʙʽʥʦʚʘʥʘ ʦʙʨʦʙʢʘ, ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦ-ʘʙʨʘʟʠʚʥʘ ʦʙʨʦʙʢʘ, 

ʝʣʝʢʪʨʦʽʤʧʫʣʴʩʥʝ ʚʠʛʣʘʜʞʫʚʘʥʥʷ, ʰʦʨʩʪʢʽʩʪʴ, ʪʚʝʨʜʽʩʪʴ, ʟʥʦʩʦʩʪʽʡʢʽʩʪʴ, 

ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ. 

 

Abstract: The article investigates combined methods of machining parts, in particular 

electromagnetic-abrasive processing and frictional electropulse smoothing, as effective 

means of improving the surface layer quality. The physical essence of the processes based on 

the combination of mechanical, electrical, and electromagnetic effects on the material is 

considered. The features of using magnetic-abrasive powders with aluminum additives, which 

provide additional heat generation and formation of a wear-resistant coating, are analyzed. 

The results of experimental studies confirming an increase in hardness and a decrease in 

surface roughness depending on processing modes are presented. Special attention is paid to 

frictional electropulse modification using molybdenum disulfide, which significantly increases 

microhardness and wear resistance of the surface layer. The efficiency of combined methods 

as a promising direction for improving the operational characteristics of machine parts is 

substantiated. 

Keywords: combined processing, electromagnetic-abrasive processing, electropulse 

smoothing, roughness, hardness, wear resistance, mechanical engineering. 

 

ʊʝʭʥʦʣʦʛʽʯʥʠʡ ʧʨʦʮʝʩ ʚʠʛʦʪʦʚʣʝʥʥʷ ʜʝʪʘʣʝʡ ʪʠʧʫ ʪʽʣ ʦʙʝʨʪʘʥʥʷ 

ʧʦʚʠʥʝʥ ʟʘʙʝʟʧʝʯʠʪʠ ʚʠʢʦʥʘʥʥʷ ʥʘʩʪʫʧʥʠʭ ʟʘʚʜʘʥʴ: ʟʘʙʝʟʧʝʯʝʥʥʷ 

ʛʝʦʤʝʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ (ʨʦʟʤʽʨʽʚ ʪʘ ʬʦʨʤʠ) ʟ ʟʘʜʘʥʦʶ ʪʦʯʥʽʩʪʶ ʪʘ 

ʬʽʟʠʢʦ-ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʧʦʚʝʨʭʥʽ ʜʝʪʘʣʽ. ɺʠʨʽʰʝʥʥʷ ʮʠʭ ʟʘʚʜʘʥʴ 

ʤʦʞʝ ʙʫʪʠ ʜʦʩʷʛʥʫʪʦ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʢʦʤʙʽʥʦʚʘʥʠʭ ʤʝʪʦʜʽʚ ʦʙʨʦʙʢʠ [1]. 

ʄʝʪʦʶ ʨʦʙʦʪʠ ʻ ʜʦʩʣʽʜʞʝʥʥʷ ʢʦʤʙʽʥʦʚʘʥʠʭ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʤʝʪʦʜʽʚ 

ʦʙʨʦʙʢʠ ʟʦʚʥʽʰʥʽʭ ʧʦʚʝʨʭʦʥʴ ʜʝʪʘʣʝʡ ʪʠʧʫ ʪʽʣ ʦʙʝʨʪʘʥʥʷ. 
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ʆʩʦʙʣʠʚʽʩʪʶ ʢʦʤʙʽʥʦʚʘʥʠʭ ʤʝʪʦʜʽʚ ʦʙʨʦʙʢʠ ʻ ʧʦʻʜʥʘʥʥʷ ʜʝʢʽʣʴʢʦʭ 

ʬʽʟʠʢʦ-ʭʽʤʽʯʥʠʭ ʪʘ ʤʝʭʘʥʽʯʥʠʭ ʩʧʦʩʦʙʽʚ ʚʧʣʠʚʫ ʥʘ ʦʙʨʦʙʣʶʚʘʥʠʡ ʤʘʪʝʨʽʘʣ. 

ɿʦʢʨʝʤʘ, ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʝʣʝʢʪʨʠʯʥʠʡ ʩʪʨʫʤ, ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʝ ʧʦʣʝ ʪʘ 

ʽʥʰʽ ʜʞʝʨʝʣʘ ʝʥʝʨʛʽʾ. 

ʉʫʪʥʽʩʪʶ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦ-ʘʙʨʘʟʠʚʥʦʾ ʦʙʨʦʙʢʠ ʻ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʤʘʛʥʽʪʥʦ-ʘʙʨʘʟʠʚʥʦʛʦ ʧʦʨʦʰʢʫ ʟ ʜʦʜʘʚʘʥʥʷʤ ʘʣʶʤʽʥʽʻʚʦʾ ʧʫʜʨʠ ʜʣʷ 

ʘʙʨʘʟʠʚʥʦʛʦ ʟʥʽʤʘʥʥʷ ʤʘʪʝʨʽʘʣʫ ʚ ʧʦʩʪʽʡʥʦʤʫ ʤʘʛʥʽʪʥʦʤʫ ʧʦʣʽ. ʇʽʜ ʜʽʻʶ 

ʝʣʝʢʪʨʠʯʥʦʛʦ ʩʪʨʫʤʫ ʘʣʶʤʽʥʽʡ ʚ ʩʢʣʘʜʽ ʘʣʶʤʽʥʽʻʚʦʾ  ʧʫʜʨʠ ʨʦʟʧʣʘʚʣʷʻʪʴʩʷ 

ʡ ʫʪʚʦʨʶʻ ʥʘ ʧʦʚʝʨʭʥʽ ʜʝʪʘʣʽ ʟʥʦʩʦʩʪʽʡʢʝ ʧʦʢʨʠʪʪʷ [2]. 

ʈʝʘʣʽʟʘʮʽʷ ʩʧʦʩʦʙʫ ʚʽʜʙʫʚʘʻʪʴʩʷ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʩʧʝʮʽʘʣʴʥʦʾ 

ʫʩʪʘʥʦʚʢʠ (ʨʠʩ. 1). ʉʧʝʮʽʘʣʴʥʘ ʫʩʪʘʥʦʚʢʘ ʟʘʢʨʽʧʣʶʻʪʴʩʷ ʚ  ʨʽʟʮʝʪʨʠʤʘʯʽ 

ʪʦʢʘʨʥʦ-ʛʚʠʥʪʦʨʽʟʥʦʛʦ ʚʝʨʩʪʘʪʘ. ɽʣʝʢʪʨʠʯʥʠʡ ʩʪʨʫʤ ʧʦʜʘʻʪʴʩʷ ʚʽʜ ʙʣʦʢʫ 

ʞʠʚʣʝʥʥʷ ʟ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ: ʩʠʣʘ ʩʪʨʫʤʫ I=0é2,5 ɸ; ʥʘʧʨʫʛʘ U = 0...30 

ɺ. ɿʘʛʦʪʦʚʢʘ, ʱʦ ʫʩʪʘʥʦʚʣʶʻʪʴʩʷ ʚ ʪʨʠʢʫʣʘʯʢʦʚʦʤʫ ʧʘʪʨʦʥʽ, ʦʪʨʠʤʫʻ 

ʦʙʝʨʪʘʥʥʷ ʟ ʯʘʩʪʦʪʦʶ 100 ʭʚ-1, ʙʘʨʘʙʘʥ ʟ ʤʘʛʥʽʪʦʤ ʦʙʝʨʪʘʻʪʴʩʷ ʟ ʯʘʩʪʦʪʦʶ 

800 ʭʚ-1. ɿʘʛʦʪʦʚʢʘ ʚʠʛʦʪʦʚʣʝʥʘ ʟʽ ʩʪʘʣʽ 40ʍ, ʪʚʝʨʜʽʩʪʴ 215 ʅɺ, ʰʦʨʩʪʢʽʩʪʴ 

ʧʦʚʝʨʭʥʽ Ra 2,5 ʤʢʤ. 

 

 
ʈʠʩʫʥʦʢ 1. ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘ ʫʩʪʘʥʦʚʢʘ ʜʣʷ ʧʨʦʚʝʜʝʥʥʷ 

ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦ-ʘʙʨʘʟʠʚʥʦʾ ʦʙʨʦʙʢʠ [2] . 1 ï ʟʘʛʦʪʦʚʢʘ; 2 ï ʧʘʪʨʦʥ ɻʆʉʊ 

2675-80; 3 ï ʙʘʨʘʙʘʥ ʟ ʤʘʛʥʽʪʦʤ Ï75ʤʤ;  4 ï ʜʚʠʛʫʥ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ 

(ɼʇʉ); 5 ï ʩʪʨʫʤʦʟʥʽʤʘʯ; 6 ï ʪʨʠʤʘʯ;  

7 ï ʨʽʟʮʝʪʨʠʤʘʯ; 8 ï ʪʘʨʘ ʟ ʘʙʨʘʟʠʚʦʤ ʪʘ Al ʧʦʨʦʰʢʦʤ 

 

ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦʚʝʜʝʥʽ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʘʣʶʤʽʥʽʻʚʦʾ ʧʫʜʨʠ ʇɸʇ ɻʆʉʊ 2494-71 10...50%. ʏʘʩ ʦʙʨʦʙʢʠ ʚʽʜ 5 ʜʦ 15 

ʭʚ. ɼʦʩʣʽʜʞʫʚʘʚʩʷ ʚʧʣʠʚ ʨʝʞʠʤʽʚ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦ-ʘʙʨʘʟʠʚʥʦʾ ʦʙʨʦʙʢʠ ʥʘ 

ʰʦʨʩʪʢʽʩʪʴ ʪʘ ʪʚʝʨʜʽʩʪʴ ʧʦʚʝʨʭʥʽ ʜʝʪʘʣʽ. ʈʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʴ 

ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ. 2. 
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ʈʠʩʫʥʦʢ 2. ɿʘʣʝʞʥʽʩʪʴ ʪʚʝʨʜʦʩʪʽ ʪʘ ʰʦʨʩʪʢʦʩʪʽ ʚʽʜ ʯʘʩʫ ʦʙʨʦʙʢʠ ʧʨʠ 

ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦ-ʘʙʨʘʟʠʚʥʽʡ ʦʙʨʦʙʮʽ 

  
ʉʫʪʥʽʩʪʴ ʬʨʠʢʮʽʡʥʦʛʦ ʝʣʝʢʪʨʦʽʤʧʫʣʴʩʥʦʛʦ ʤʦʜʠʬʽʢʫʚʘʥʥʷ 

ʜʠʩʫʣʴʬʽʜʦʤ ʤʦʣʽʙʜʝʥʫ ʻ ʥʘʥʝʩʝʥʥʷ ʰʘʨʫ ʤʘʪʝʨʽʘʣʫ ʷʢ ʪʚʝʨʜʦʾ ʟʤʘʟʢʠ ʥʘ 

ʧʦʚʝʨʭʥʶ ʜʝʪʘʣʽ ʡ ʧʦʜʘʣʴʰʦʛʦ ʚʠʛʣʘʜʞʫʚʘʥʥʷ ʟ ʦʜʥʦʯʘʩʥʠʤ 

ʧʨʦʧʫʩʢʘʥʥʷʤ ʝʣʝʢʪʨʠʯʥʦʛʦ ʽʤʧʫʣʴʩʥʦʛʦ ʝʣʝʢʪʨʠʯʥʦʛʦ ʩʪʨʫʤʫ ʯʝʨʝʟ ʟʦʥʫ 

ʢʦʥʪʘʢʪʫ (ʨʠʩ. 3) [3]. 

ʈʝʘʣʽʟʘʮʽʷ ʬʨʠʢʮʽʡʥʦʛʦ ʝʣʝʢʪʨʦʽʤʧʫʣʴʩʥʦʛʦ ʤʦʜʠʬʽʢʫʚʘʥʥʷ 

ʟʜʽʡʩʥʶʻʪʴʩʷ ʥʘ ʪʦʢʘʨʥʦ-ʛʚʠʥʪʦʨʽʟʥʦʤʫ ʚʝʨʩʪʘʪʽ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷ ʫʩʪʘʥʦʚʢʠ 

ʽʤʧʫʣʴʩʥʦʛʦ ʩʪʨʫʤʫ. ʆʙʨʦʙʣʶʚʘʥʠʡ ʤʘʪʝʨʽʘʣ ï ʩʪʘʣʴ 40ʍ. ʈʝʟʫʣʴʪʘʪʦʤ 

ʬʨʠʢʮʽʡʥʦʛʦ ʝʣʝʢʪʨʦʽʤʧʫʣʴʩʥʦʛʦ ʤʦʜʠʬʽʢʫʚʘʥʥʷ ʻ ʥʘʩʠʯʝʥʥʷ ʧʦʚʝʨʭʥʽ 

ʦʢʩʠʜʦʤ ʤʦʣʽʙʜʝʥʫ, ʱʦ ʫʪʚʦʨʶʻʪʴʩʷ ʚ ʨʝʟʫʣʴʪʘʪʽ ʭʽʤʽʯʥʦʾ ʨʝʘʢʮʽʾ. 
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ʈʠʩʫʥʦʢ 3. ʈʝʘʣʽʟʘʮʽʷ ʩʧʦʩʦʙʫ ʬʨʠʢʮʽʡʥʦʛʦ ʝʣʝʢʪʨʦʽʤʧʫʣʴʩʥʦʛʦ 

ʤʦʜʠʬʽʢʫʚʘʥʥʷ [3] 

 

ʄʝʪʘʣʦʛʨʘʬʽʯʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʢʘʟʫʶʪʴ ʟʙʽʣʴʰʝʥʥʷ ʤʽʢʨʦʪʚʝʨʜʦʩʪʽ 

ʧʦʚʝʨʭʥʝʚʦʛʦ ʰʘʨʫ ʧʽʩʣʷ ʬʨʠʢʮʽʡʥʦʛʦ ʝʣʝʢʪʨʦʽʤʧʫʣʴʩʥʦʛʦ ʤʦʜʠʬʽʢʫʚʘʥʥʷ 

ʫ ʪʨʠ ʨʘʟʠ, ʛʣʠʙʠʥʘ ʟʤʽʮʥʝʥʦʛʦ ʰʘʨʫ 0,25 ʤʤ. ɿʥʦʩʦʩʪʽʡʢʽʩʪʴ ʧʦʚʝʨʭʥʽ 

ʧʽʩʣʷ ʝʣʝʢʪʨʦʽʤʧʫʣʴʩʥʦʛʦ ʚʠʛʣʘʜʞʫʚʘʥʥʷ ʟʙʽʣʴʰʫʻʪʴʩʷ ʚ 1,8 ʨʘʟʠ. 

ʐʦʨʩʪʢʽʩʪʴ ʧʦʚʝʨʭʥʽ Ra 0,25 ʤʢʤ. 

ɺʀʉʅʆɺʆʂ 

ɺʠʢʦʨʠʩʪʘʥʥʷ ʢʦʤʙʽʥʦʚʘʥʠʭ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʤʝʪʦʜʽʚ ʦʙʨʦʙʢʠ 

ʟʦʚʥʽʰʥʽʭ ʧʦʚʝʨʭʦʥʴ ʜʦʟʚʦʣʷʻ ʟʘʙʝʟʧʝʯʠʪʠ ʧʦʢʘʟʥʠʢʠ ʪʦʯʥʦʩʪʽ ʪʘ ʷʢʦʩʪʽ 

ʧʦʚʝʨʭʥʽ, ʘ ʩʘʤʝ, ʟʙʽʣʴʰʠʪʠ ʪʚʝʨʜʽʩʪʴ ʧʦʚʝʨʭʥʽ ʪʘ ʟʤʝʥʰʠʪʠ ʰʦʨʩʪʢʽʩʪʴ. 

ɿʥʦʩʦʩʪʽʡʢʽʩʪʴ ʧʦʚʝʨʭʥʽ ʧʽʩʣʷ ʝʣʝʢʪʨʦʽʤʧʫʣʴʩʥʦʛʦ ʚʠʛʣʘʜʞʫʚʘʥʥʷ 

ʟʙʽʣʴʰʫʻʪʴʩʷ ʚ 1,8 ʨʘʟʠ.   
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ʋɼʂ 621.7:621.9 

 

ɺʨʫʙʣʝʚʩʴʢʠʡ ɯ. ɹ. (ʅʘʮʽʦʥʘʣʴʥʠʡ ʋʥʽʚʝʨʩʠʪʝʪ çʃʴʚʽʚʩʴʢʘ ʧʦʣʽʪʝʭʥʽʢʘè, 

ʤ. ʃʴʚʽʚ, ʋʢʨʘʾʥʘ). 

 

ʊɽʍʅɯʂʆ-ɽʂʆʅʆʄɯʏʅɸ ʆʎɯʅʂɸ ɸɼʀʊʀɺʅʀʍ, 

ʉʋɹʊʈɸʂʊʀɺʅʀʍ ʊɸ ɻɯɹʈʀɼʅʀʍ ʊɽʍʅʆʃʆɻɯʁ ʋ 

ʄɸʐʀʅʆɹʋɼʋɺɸʅʅɯ 

 
ɸʥʦʪʘʮʽʷ: ʋ ʩʪʘʪʪʽ ʚʠʢʦʥʘʥʦ ʢʦʤʧʣʝʢʩʥʠʡ ʪʝʭʥʽʢʦ-ʝʢʦʥʦʤʽʯʥʠʡ ʘʥʘʣʽʟ 

ʘʜʠʪʠʚʥʠʭ, ʩʫʙʪʨʘʢʪʠʚʥʠʭ ʪʘ ʛʽʙʨʠʜʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʚʠʛʦʪʦʚʣʝʥʥʷ ʩʢʣʘʜʥʦʧʨʦʬʽʣʴʥʠʭ 

ʜʝʪʘʣʝʡ ʫ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʽ. ʈʦʟʛʣʷʥʫʪʦ ʦʩʦʙʣʠʚʦʩʪʽ ʬʦʨʤʫʚʘʥʥʷ ʚʠʨʦʙʽʚ ʤʝʪʦʜʘʤʠ 

ʧʦʰʘʨʦʚʦʛʦ ʥʘʨʦʱʫʚʘʥʥʷ ʤʘʪʝʨʽʘʣʫ, ʪʨʘʜʠʮʽʡʥʦʾ ʤʝʭʘʥʽʯʥʦʾ ʦʙʨʦʙʢʠ ʪʘ ʾʭ 

ʽʥʪʝʛʨʦʚʘʥʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚ ʤʝʞʘʭ ʻʜʠʥʦʛʦ ʚʠʨʦʙʥʠʯʦʛʦ ʮʠʢʣʫ. ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ 

ʪʝʭʥʽʯʥʽ ʧʝʨʝʚʘʛʠ ʪʘ ʦʙʤʝʞʝʥʥʷ ʢʦʞʥʦʛʦ ʧʽʜʭʦʜʫ, ʟʦʢʨʝʤʘ ʪʦʯʥʽʩʪʴ ʦʙʨʦʙʢʠ, ʨʽʚʝʥʴ 

ʰʦʨʩʪʢʦʩʪʽ ʧʦʚʝʨʭʥʽ, ʤʘʪʝʨʽʘʣʦʤʽʩʪʢʽʩʪʴ ʪʘ ʤʦʞʣʠʚʦʩʪʽ ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ. 

ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʛʽʙʨʠʜʥʽ ʪʝʭʥʦʣʦʛʽʾ ʜʦʟʚʦʣʷʶʪʴ ʧʦʻʜʥʘʪʠ ʚʠʩʦʢʫ ʛʝʦʤʝʪʨʠʯʥʫ 

ʛʥʫʯʢʽʩʪʴ ʘʜʠʪʠʚʥʠʭ ʧʨʦʮʝʩʽʚ ʽʟ ʪʦʯʥʽʩʪʶ ʩʫʙʪʨʘʢʪʠʚʥʦʾ ʦʙʨʦʙʢʠ, ʟʘʙʝʟʧʝʯʫʶʯʠ 

ʟʤʝʥʰʝʥʥʷ ʚʪʨʘʪ ʤʘʪʝʨʽʘʣʫ ʪʘ ʩʢʦʨʦʯʝʥʥʷ ʪʨʠʚʘʣʦʩʪʽ ʚʠʨʦʙʥʠʯʦʛʦ ʮʠʢʣʫ. ʆʮʽʥʝʥʦ 

ʝʢʦʥʦʤʽʯʥʫ ʜʦʮʽʣʴʥʽʩʪʴ ʟʘʩʪʦʩʫʚʘʥʥʷ ʛʽʙʨʠʜʥʠʭ ʩʠʩʪʝʤ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʚʘʨʪʦʩʪʽ 

ʦʙʣʘʜʥʘʥʥʷ, ʦʙʩʷʛʽʚ ʚʠʨʦʙʥʠʮʪʚʘ ʪʘ ʩʢʣʘʜʥʦʩʪʽ ʚʠʨʦʙʽʚ. ʆʙˇʨʫʥʪʦʚʘʥʦ ʜʦʮʽʣʴʥʽʩʪʴ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʪʘʢʠʭ ʪʝʭʥʦʣʦʛʽʡ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʚʠʩʦʢʦʚʘʨʪʽʩʥʠʭ ʜʝʪʘʣʝʡ ʩʢʣʘʜʥʦʾ 

ʛʝʦʤʝʪʨʽʾ ʪʘ ʚʠʟʥʘʯʝʥʦ ʥʘʧʨʷʤʠ ʧʦʜʘʣʴʰʦʾ ʬʦʨʤʘʣʽʟʘʮʽʾ ʚʠʙʦʨʫ ʪʝʭʥʦʣʦʛʽʯʥʠʭ 

ʩʪʨʘʪʝʛʽʡ ʫ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʽ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʘʜʠʪʠʚʥʽ ʪʝʭʥʦʣʦʛʽʾ, ʩʫʙʪʨʘʢʪʠʚʥʽ ʪʝʭʥʦʣʦʛʽʾ, ʛʽʙʨʠʜʥʝ 

ʚʠʨʦʙʥʠʮʪʚʦ, ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ, ʪʝʭʥʽʢʦ-ʝʢʦʥʦʤʽʯʥʘ ʦʮʽʥʢʘ, ʝʬʝʢʪʠʚʥʽʩʪʴ, ʚʠʨʦʙʥʠʯʽ 

ʧʨʦʮʝʩʠ. 

 

Abstract: The article presents a comprehensive technical and economic analysis of 

additive, subtractive, and hybrid technologies for manufacturing complex mechanical 

engineering parts. The features of product formation using layer-by-layer material 

deposition, conventional machining, and their integrated application within a single 

production cycle are considered. The technical advantages and limitations of each approach 

are analyzed, including machining accuracy, surface roughness, material consumption, and 

forming capabilities. It is established that hybrid technologies combine the geometric 

flexibility of additive processes with the precision of subtractive machining, ensuring reduced 

material losses and shorter production cycles. The economic feasibility of hybrid systems is 

evaluated considering equipment cost, production volume, and part complexity. The 

application of such technologies for manufacturing high-value components with complex 

geometry is substantiated, and directions for further formalization of technological decision-

making in mechanical engineering are determined. 

Keywords: additive technologies, subtractive technologies, hybrid manufacturing, 

mechanical engineering, technical and economic assessment, efficiency, production 

processes. 

 

1.ʇʆʉʊɸʅʆɺʂɸ ʇʈʆɹʃɽʄʀ ʊɸ ɰɰ ɿɺ'ʗɿʆʂ ɿ ʅɸʋʂʆɺʀʄʀ ɯ 

ʇʈɸʂʊʀʏʅʀʄʀ ʈʆɹʆʊɸʄʀ 

ɺʠʛʦʪʦʚʣʝʥʥʷ ʩʢʣʘʜʥʠʭ ʤʘʰʠʥʦʙʫʜʽʚʥʠʭ ʚʠʨʦʙʽʚ, ʟʦʢʨʝʤʘ ʰʪʘʤʧʽʚ, 

ʧʨʝʩ-ʬʦʨʤ, ʤʝʜʠʯʥʠʭ ʽʤʧʣʘʥʪʘʪʽʚ ʽ ʜʝʪʘʣʝʡ ʟ ʚʥʫʪʨʽʰʥʽʤʠ ʢʘʥʘʣʘʤʠ, 
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ʧʦʪʨʝʙʫʻ ʟʘʙʝʟʧʝʯʝʥʥʷ ʛʝʦʤʝʪʨʠʯʥʦʾ ʪʦʯʥʦʩʪʽ, ʝʢʩʧʣʫʘʪʘʮʽʡʥʦʾ ʥʘʜʽʡʥʦʩʪʽ 

ʪʘ ʝʢʦʥʦʤʽʯʥʦʾ ʜʦʮʽʣʴʥʦʩʪʽ. ʉʫʙʪʨʘʢʪʠʚʥʝ ʚʠʨʦʙʥʠʮʪʚʦ (SM), ʷʢʝ ʙʘʟʫʻʪʴʩʷ 

ʥʘ ʚʠʜʘʣʝʥʥʽ ʤʘʪʝʨʽʘʣʫ ʽʟ ʟʘʛʦʪʦʚʢʠ, ʛʘʨʘʥʪʫʻ ʚʠʩʦʢʫ ʪʦʯʥʽʩʪʴ ʦʙʨʦʙʢʠ, 

ʧʨʦʪʝ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʟʥʘʯʥʠʤʠ ʚʪʨʘʪʘʤʠ ʩʠʨʦʚʠʥʠ ʪʘ ʦʙʤʝʞʝʥʠʤʠ 

ʤʦʞʣʠʚʦʩʪʷʤʠ ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ. ɸʜʠʪʠʚʥʝ ʚʠʨʦʙʥʠʮʪʚʦ (AM) ʜʘʻ ʟʤʦʛʫ 

ʧʦʰʘʨʦʚʦ ʩʪʚʦʨʶʚʘʪʠ ʚʠʨʦʙʠ ʟ ʚʠʩʦʢʦʶ ʪʦʧʦʣʦʛʽʯʥʦʶ ʩʚʦʙʦʜʦʶ, ʘʣʝ 

ʯʘʩʪʦ ʧʦʩʪʫʧʘʻʪʴʩʷ ʪʨʘʜʠʮʽʡʥʠʤ ʤʝʪʦʜʘʤ ʫ ʪʦʯʥʦʩʪʽ ʪʘ ʷʢʦʩʪʽ ʧʦʚʝʨʭʦʥʴ. 

ɯʥʪʝʛʨʘʮʽʷ ʮʠʭ ʜʚʦʭ ʢʦʥʮʝʧʮʽʡ ʫ ʤʝʞʘʭ ʛʽʙʨʠʜʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ (HM) ʜʘʻ 

ʟʤʦʛʫ ʧʦʻʜʥʘʪʠ ʛʝʦʤʝʪʨʠʯʥʫ ʛʥʫʯʢʽʩʪʴ ʘʜʠʪʠʚʥʠʭ ʤʝʪʦʜʽʚ ʽʟ ʪʦʯʥʽʩʪʶ ʪʘ 

ʷʢʽʩʪʶ ʦʙʨʦʙʢʠ, ʭʘʨʘʢʪʝʨʥʠʤʠ ʜʣʷ ʩʫʙʪʨʘʢʪʠʚʥʠʭ ʪʝʭʥʦʣʦʛʽʡ. ʆʜʥʘʢ ʚʠʙʽʨ 

ʥʘʡʝʬʝʢʪʠʚʥʽʰʦʾ ʪʝʭʥʦʣʦʛʽʾ ʜʣʷ ʢʦʥʢʨʝʪʥʦʾ ʜʝʪʘʣʽ ʟʘʣʠʰʘʻʪʴʩʷ ʩʢʣʘʜʥʦʶ 

ʥʘʫʢʦʚʦ-ʧʨʘʢʪʠʯʥʦʶ ʟʘʜʘʯʝʶ. 

2.ɸʅɸʃɯɿ ʆʉʊɸʅʅɯʍ ɼʆʉʃɯɼɾɽʅʔ ɯ ʇʋɹʃɯʂɸʎɯʁ 

ʇʠʪʘʥʥʷ ʟʘʩʪʦʩʫʚʘʥʥʷ ʘʜʠʪʠʚʥʠʭ, ʩʫʙʪʨʘʢʪʠʚʥʠʭ ʪʘ ʛʽʙʨʠʜʥʠʭ 

ʪʝʭʥʦʣʦʛʽʡ ʘʢʪʠʚʥʦ ʜʦʩʣʽʜʞʫʻʪʴʩʷ ʫ ʥʘʫʮʽ ʪʘ ʧʨʦʤʠʩʣʦʚʦʩʪʽ. ɼʦʚʝʜʝʥʦ, ʱʦ 

ʧʦʻʜʥʘʥʥʷ ʧʨʦʮʝʩʽʚ ʜʘʻ ʟʤʦʛʫ ʩʫʪʪʻʚʦ ʦʧʪʠʤʽʟʫʚʘʪʠ ʤʘʪʝʨʽʘʣʴʥʽ ʚʠʪʨʘʪʠ ʪʘ 

ʟʤʝʥʰʠʪʠ ʯʘʩ ʚʠʛʦʪʦʚʣʝʥʥʷ. ʋ ʧʨʦʤʠʩʣʦʚʽʡ ʧʨʘʢʪʠʮʽ ʢʦʤʧʘʥʽʷ GE Aviation 

ʫʩʧʽʰʥʦ ʟʘʩʪʦʩʫʚʘʣʘ ʪʝʭʥʦʣʦʛʽʶ Selective Laser Melting (SLM) ʟ 

ʧʦʜʘʣʴʰʦʶ ʬʽʥʽʰʥʦʶ ʦʙʨʦʙʢʦʶ ʥʘ ʚʝʨʩʪʘʪʘʭ ʟ ʏʇʂ ʜʣʷ ʚʠʨʦʙʥʠʮʪʚʘ 

ʧʘʣʠʚʥʠʭ ʬʦʨʩʫʥʦʢ, ʱʦ ʜʦʟʚʦʣʠʣʦ ʟʥʠʟʠʪʠ ʤʘʩʫ ʜʝʪʘʣʽ ʥʘ 25% ʪʘ 

ʟʤʝʥʰʠʪʠ ʩʧʦʞʠʚʘʥʥʷ ʧʘʣʴʥʦʛʦ ʥʘ 15% [1]. ʂʦʤʧʘʥʽʷ Bugatti ʟʘʩʪʦʩʫʚʘʣʘ 

ʛʽʙʨʠʜʥʠʡ ʧʽʜʭʽʜ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʛʘʣʴʤʽʚʥʠʭ ʩʫʧʦʨʪʽʚ ʽʟ ʪʠʪʘʥʦʚʦʛʦ 

ʩʧʣʘʚʫ Ti6Al4V, ʜʦʩʷʛʥʫʚʰʠ ʟʥʠʞʝʥʥʷ ʤʘʩʠ ʥʘ 40% ʟʘ ʦʜʥʦʯʘʩʥʦʛʦ 

ʧʽʜʚʠʱʝʥʥʷ ʤʽʮʥʦʩʪʽ ʥʘ 20% [2]. ɺ ʦʛʣʷʜʦʚʠʭ ʥʘʫʢʦʚʠʭ ʧʨʘʮʷʭ, ʟʦʢʨʝʤʘ ʫ 

ʨʦʙʦʪʘʭ W. Grzesik ʪʘ G. Manogharan, ʧʨʝʜʩʪʘʚʣʝʥʦ ʝʢʦʥʦʤʽʯʥʽ ʤʦʜʝʣʽ, ʷʢʽ 

ʧʽʜʪʚʝʨʜʞʫʶʪʴ ʟʥʘʯʥʫ ʝʢʦʥʦʤʽʶ ʤʘʪʝʨʽʘʣʽʚ ʫ ʛʽʙʨʠʜʥʦʤʫ ʚʠʨʦʙʥʠʯʦʤʫ 

ʮʠʢʣʽ, ʧʨʦʪʝ ʚʢʘʟʫʶʪʴ ʥʘ ʚʠʩʦʢʽ ʧʦʯʘʪʢʦʚʽ ʢʘʧʽʪʘʣʦʚʢʣʘʜʝʥʥʷ ʷʢ ʛʦʣʦʚʥʠʡ 

ʩʪʨʠʤʫʶʯʠʡ ʯʠʥʥʠʢ [3][4]. 

3.ʌʆʈʄʋʃʖɺɸʅʅʗ ʅɽɺʀʈɯʐɽʅʀʍ ʏɸʉʊʀʅ ɿɸɻɸʃʔʅʆɰ 

ʇʈʆɹʃɽʄʀ 

ʅʝʟʚʘʞʘʶʯʠ ʥʘ ʟʥʘʯʥʽ ʧʝʨʝʚʘʛʠ ʪʘ ʧʽʜʪʚʝʨʜʞʝʥʫ ʝʬʝʢʪʠʚʥʽʩʪʴ 

ʽʥʪʝʛʨʦʚʘʥʠʭ ʩʠʩʪʝʤ, ʾʭ ʰʠʨʦʢʝ ʚʧʨʦʚʘʜʞʝʥʥʷ ʩʪʨʠʤʫʻʪʴʩʷ ʥʠʟʢʦʶ 

ʩʫʪʪʻʚʠʭ ʧʝʨʝʰʢʦʜ. ʇʦ-ʧʝʨʰʝ, ʚʽʜʩʫʪʥʷ ʻʜʠʥʘ ʥʦʨʤʘʪʠʚʥʘ ʙʘʟʘ ʪʘ 

ʩʪʘʥʜʘʨʪʠ ʫʧʨʘʚʣʽʥʥʷ ʛʽʙʨʠʜʥʠʤʠ ʧʨʦʮʝʩʘʤʠ. ʇʦ-ʜʨʫʛʝ, ʚʠʙʽʨ ʤʽʞ AM, SM 

ʪʘ HM ʧʽʜʭʦʜʘʤʠ ʟʜʝʙʽʣʴʰʦʛʦ ʟʜʽʡʩʥʶʻʪʴʩʷ ʥʘ ʦʩʥʦʚʽ ʝʚʨʠʩʪʠʯʥʠʭ 

ʤʽʨʢʫʚʘʥʴ ʪʘ ʝʤʧʽʨʠʯʥʦʛʦ ʜʦʩʚʽʜʫ, ʦʩʢʽʣʴʢʠ ʢʦʤʧʣʝʢʩʥʝ ʦʙˇʨʫʥʪʫʚʘʥʥʷ 

ʧʦʪʨʝʙʫʻ ʚʨʘʭʫʚʘʥʥʷ ʩʫʧʝʨʝʯʣʠʚʠʭ ʯʠʥʥʠʢʽʚ. ʅʘʨʘʟʽ ʙʨʘʢʫʻ ʫʥʽʚʝʨʩʘʣʴʥʠʭ 

ʬʦʨʤʘʣʽʟʦʚʘʥʠʭ ʤʦʜʝʣʝʡ, ʷʢʽ ʙ ʚ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʤʫ ʨʝʞʠʤʽ ʟʽʩʪʘʚʣʷʣʠ 

ʪʝʭʥʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʝʢʦʥʦʤʽʯʥʽ ʚʠʪʨʘʪʠ ʪʘ ʝʢʦʣʦʛʽʯʥʽ ʧʦʢʘʟʥʠʢʠ ʜʣʷ 

ʚʠʙʦʨʫ ʥʘʡʙʽʣʴʰ ʨʘʮʽʦʥʘʣʴʥʦʛʦ ʤʘʨʰʨʫʪʫ ʚʠʛʦʪʦʚʣʝʥʥʷ. 
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4.ʎɯʃɯ ʉʊɸʊʊɯ ʊɸ ʇʆʉʊɸʅʆɺʂɸ ɿɸɼɸʏɯ 

ʄʝʪʦʶ ʩʪʘʪʪʽ ʻ ʟʜʽʡʩʥʝʥʥʷ ʢʦʤʧʣʝʢʩʥʦʾ ʪʝʭʥʽʢʦ-ʝʢʦʥʦʤʽʯʥʦʛʦ ʦʮʽʥʢʠ 

ʘʣʴʪʝʨʥʘʪʠʚʥʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʘʜʠʪʠʚʥʠʭ, ʩʫʙʪʨʘʢʪʠʚʥʠʭ ʪʘ ʛʽʙʨʠʜʥʠʭ 

ʪʝʭʥʦʣʦʛʽʡ ʫ ʩʫʯʘʩʥʦʤʫ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʽ. 

ɼʣʷ ʜʦʩʷʛʥʝʥʥʷ ʧʦʩʪʘʚʣʝʥʦʾ ʤʝʪʠ ʚʠʟʥʘʯʝʥʦ ʪʘʢʽ ʟʘʚʜʘʥʥʷ: 

¶ ɺʠʟʥʘʯʠʪʠ ʪʝʭʥʽʯʥʽ ʧʝʨʝʚʘʛʠ ʪʘ ʥʝʜʦʣʽʢʠ ʘʜʠʪʠʚʥʠʭ, 
ʩʫʙʪʨʘʢʪʠʚʥʠʭ ʽ ʛʽʙʨʠʜʥʠʭ ʪʝʭʥʦʣʦʛʽʡ; 

¶ ʆʮʽʥʠʪʠ ʝʢʦʥʦʤʽʯʥʫ ʪʘ ʤʘʪʝʨʽʘʣʴʥʫ ʝʬʝʢʪʠʚʥʽʩʪʴ 

ʛʽʙʨʠʜʥʠʭ ʩʠʩʪʝʤ ʧʦʨʽʚʥʷʥʦ ʟ ʪʨʘʜʠʮʽʡʥʠʤʠ; 

¶ ʉʬʦʨʤʫʣʶʚʘʪʠ ʢʣʶʯʦʚʽ ʢʨʠʪʝʨʽʾ ʪʘ ʦʙʤʝʞʝʥʥʷ ʱʦʜʦ 

ʜʦʮʽʣʴʥʦʩʪʽ ʟʘʩʪʦʩʫʚʘʥʥʷ ʘʜʠʪʠʚʥʠʭ, ʩʫʙʪʨʘʢʪʠʚʥʠʭ ʽ ʛʽʙʨʠʜʥʠʭ 

ʪʝʭʥʦʣʦʛʽʡ. 

5.ɺʀʂʃɸɼ ʆʉʅʆɺʅʆɻʆ ʄɸʊɽʈɯɸʃʋ ɼʆʉʃɯɼɾɽʅʅʗ 

ʂʣʘʩʠʯʥʽ ʩʫʙʪʨʘʢʪʠʚʥʽ ʪʝʭʥʦʣʦʛʽʾ, ʱʦ ʨʝʘʣʽʟʫʶʪʴʩʷ ʥʘ ʩʫʯʘʩʥʠʭ 

ʬʨʝʟʝʨʥʠʭ ʪʘ ʪʦʢʘʨʥʠʭ ʦʙʨʦʙʥʠʭ ʮʝʥʪʨʘʭ ʟ ʏʇʂ, ʛʘʨʘʥʪʫʶʪʴ ʣʽʥʽʡʥʽ 

ʜʦʧʫʩʢʠ ʚ ʜʽʘʧʘʟʦʥʽ 0,001ï0,01 ʤʤ ʽ ʜʦʩʷʛʥʝʥʥʷ ʰʦʨʩʪʢʦʩʪʽ ʧʦʚʝʨʭʥʽ Ra 

0,002ï0,008 ʤʢʤ. ʇʨʦʪʝ ʟʘ ʪʨʘʜʠʮʽʡʥʦʾ ʤʝʭʘʥʽʯʥʦʾ ʦʙʨʦʙʢʠ 

ʚʝʣʠʢʦʛʘʙʘʨʠʪʥʠʭ ʟʘʛʦʪʦʚʦʢ ʚʪʨʘʪʠ ʤʘʪʝʨʽʘʣʫ ʫ ʚʠʛʣʷʜʽ ʩʪʨʫʞʢʠ ʤʦʞʫʪʴ 

ʩʪʘʥʦʚʠʪʠ ʚʽʜ 50% ʜʦ 90%. ʅʘ ʧʨʦʪʠʚʘʛʫ ʮʴʦʤʫ, ʘʜʠʪʠʚʥʽ ʧʨʦʮʝʩʠ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʤʘʪʝʨʽʘʣ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʜʣʷ ʧʦʙʫʜʦʚʠ ʦʙ'ʻʢʪʘ, ʱʦ ʩʫʪʪʻʚʦ 

ʟʤʝʥʰʫʻ ʚʽʜʭʦʜʠ (ʜʦ 5ï10%) [5]. ʈʘʟʦʤ ʟ ʪʠʤ, ʪʦʯʥʽʩʪʴ ʤʝʪʘʣʝʚʠʭ 

ʘʜʠʪʠʚʥʠʭ ʩʠʩʪʝʤ (ʥʘʧʨʠʢʣʘʜ, SLM ʯʠ DMLS) ʟʘʣʠʰʘʻʪʴʩʷ ʥʠʞʯʦʶ, ʘ 

ʪʠʧʦʚʽ ʜʦʧʫʩʢʠ ʩʪʘʥʦʚʣʷʪʴ 0,05ï0,2 ʤʤ, ʱʦ ʟʫʤʦʚʣʶʻ ʥʝʦʙʭʽʜʥʽʩʪʴ 

ʧʦʜʘʣʴʰʦʾ ʧʦʩʪʦʙʨʦʙʢʠ. 

ɻʽʙʨʠʜʥʝ ʚʠʨʦʙʥʠʮʪʚʦ ʜʘʻ ʟʤʦʛʫ ʧʦʻʜʥʘʪʠ ʧʝʨʝʚʘʛʠ ʘʜʠʪʠʚʥʠʭ ʽ 

ʩʫʙʪʨʘʢʪʠʚʥʠʭ ʪʝʭʥʦʣʦʛʽʡ. ʇʨʦʮʝʩ ʧʝʨʝʜʙʘʯʘʻ ʧʦʧʝʨʝʜʥʻ ʬʦʨʤʫʚʘʥʥʷ 

ʜʝʪʘʣʽ ʘʜʠʪʠʚʥʠʤ ʤʝʪʦʜʦʤ ʜʦ ʩʪʘʥʫ "near-net-shape" (ʤʘʢʩʠʤʘʣʴʥʦ 

ʥʘʙʣʠʞʝʥʦʛʦ ʜʦ ʟʘʜʘʥʦʾ ʛʝʦʤʝʪʨʽʾ), ʧʽʩʣʷ ʯʦʛʦ ʚʠʢʦʥʫʻʪʴʩʷ ʚʠʩʦʢʦʪʦʯʥʘ 

ʬʽʥʽʰʥʘ ʤʝʭʘʥʽʯʥʘ ʦʙʨʦʙʢʘ ʬʫʥʢʮʽʦʥʘʣʴʥʠʭ ʧʦʚʝʨʭʦʥʴ. ʊʘʢʠʡ ʧʽʜʭʽʜ 

ʩʧʨʠʷʻ ʟʤʝʥʰʝʥʥʶ ʚʠʨʦʙʥʠʯʦʛʦ ʙʨʘʢʫ, ʩʢʦʨʦʯʝʥʥʶ ʚʪʨʘʪ ʮʽʥʥʦʛʦ 

ʤʘʪʝʨʽʘʣʫ ʥʘ 70ï80% ʽ ʟʤʝʥʰʝʥʥʶ ʪʨʠʚʘʣʦʩʪʽ ʚʠʨʦʙʥʠʯʦʛʦ ʮʠʢʣʫ ʥʘ 30ï

50% [6]. ʆʢʨʽʤ ʧʽʜʚʠʱʝʥʥʷ ʨʦʟʤʽʨʥʦʾ ʪʦʯʥʦʩʪʽ, ʢʦʤʧʣʝʢʩʥʝ ʟʘʩʪʦʩʫʚʘʥʥʷ 

ʛʽʙʨʠʜʥʠʭ ʤʝʪʦʜʽʚ ʧʦʩʪʦʙʨʦʙʢʠ, ʟʦʢʨʝʤʘ ʛʘʨʷʯʦʛʦ ʽʟʦʩʪʘʪʠʯʥʦʛʦ 

ʧʨʝʩʫʚʘʥʥʷ ʪʘ ʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ, ʜʘʻ ʟʤʦʛʫ ʟʥʠʟʠʪʠ ʧʦʨʠʩʪʽʩʪʴ ʜʝʪʘʣʝʡ ʜʦ 

0,1% ʽ ʧʽʜʚʠʱʠʪʠ ʾʭʥʽ ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ [7]. ɿʦʢʨʝʤʘ, ʜʣʷ ʚʠʨʦʙʽʚ ʟʽ 

ʩʧʣʘʚʫ Inconel 718 ʧʽʩʣʷ ʛʽʙʨʠʜʥʦʾ ʦʙʨʦʙʢʠ ʤʝʞʘ ʧʣʠʥʥʦʩʪʽ ʟʨʦʩʪʘʻ ʜʦ 215 

ʄʇʘ, ʱʦ ʥʘ 19% ʧʝʨʝʚʠʱʫʻ ʧʦʢʘʟʥʠʢʠ ʜʝʪʘʣʝʡ ʧʽʩʣʷ SLM-ʜʨʫʢʫ ʙʝʟ 

ʜʦʜʘʪʢʦʚʦʾ ʦʙʨʦʙʢʠ [8]. ʂʨʽʤ ʪʦʛʦ, ʛʽʙʨʠʜʥʽ ʩʠʩʪʝʤʠ ʜʘʶʪʴ ʟʤʦʛʫ 

ʬʦʨʤʫʚʘʪʠ ʙʽʤʝʪʘʣʝʚʽ ʛʨʘʜʽʻʥʪʥʽ ʩʪʨʫʢʪʫʨʠ ʙʝʟ ʟʚʘʨʥʠʭ ʰʚʽʚ, ʱʦ ʟʥʠʞʫʻ 

ʢʦʥʮʝʥʪʨʘʮʽʶ ʥʘʧʨʫʞʝʥʴ ʫ ʧʝʨʝʭʽʜʥʠʭ ʟʦʥʘʭ ʥʘ 60% [9]. 

ʆʜʥʘʢ ʚʧʨʦʚʘʜʞʝʥʥʷ ʛʽʙʨʠʜʥʦʛʦ ʧʽʜʭʦʜʫ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʩʫʪʪʻʚʠʤʠ 

ʝʢʦʥʦʤʽʯʥʠʤʠ ʦʙʤʝʞʝʥʥʷʤʠ. ʆʨʽʻʥʪʦʚʥʘ ʚʘʨʪʽʩʪʴ ʽʥʪʝʛʨʦʚʘʥʦʛʦ 

ʛʽʙʨʠʜʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʩʪʘʥʦʚʠʪʴ ʚʽʜ $650 000 ʜʦ $1 200 000 [10]. ɿ ʦʛʣʷʜʫ 



134 
 

ʥʘ ʮʝ ʟʘʩʪʦʩʫʚʘʥʥʷ ʪʘʢʠʭ ʩʠʩʪʝʤ ʻ ʝʢʦʥʦʤʽʯʥʦ ʜʦʮʽʣʴʥʠʤ ʧʝʨʝʚʘʞʥʦ ʚ 

ʫʤʦʚʘʭ ʦʜʠʥʠʯʥʦʛʦ ʘʙʦ ʜʨʽʙʥʦʩʝʨʽʡʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ (ʜʦ 100 ʦʜʠʥʠʮʴ ʥʘ 

ʨʽʢ). ʘ ʫʤʦʚ ʚʝʣʠʢʦʩʝʨʽʡʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ ʪʨʘʜʠʮʽʡʥʽ ʩʫʙʪʨʘʢʪʠʚʥʽ 

ʪʝʭʥʦʣʦʛʽʾ ʟʘʣʠʰʘʶʪʴʩʷ ʝʢʦʥʦʤʽʯʥʦ ʚʠʛʽʜʥʽʰʠʤʠ [4]. ɽʢʦʥʦʤʽʯʥʦ 

ʜʦʮʽʣʴʥʠʤ ʻ ʟʘʩʪʦʩʫʚʘʥʥʷ HM ʜʣʷ ʜʝʪʘʣʝʡ ʽʟ ʚʠʩʦʢʦʶ ʜʦʜʘʥʦʶ ʚʘʨʪʽʩʪʶ 

(ʧʦʥʘʜ $5000), ʚʠʛʦʪʦʚʣʝʥʠʭ ʽʟ ʜʦʨʦʛʠʭ ʽ ʚʘʞʢʦʦʙʨʦʙʣʶʚʘʥʠʭ ʩʧʣʘʚʽʚ, 

ʟʦʢʨʝʤʘ ʪʠʪʘʥʫ ʪʘ ʽʥʢʦʥʝʣʶ, ʢʦʣʠ ʪʨʘʜʠʮʽʡʥʘ ʤʝʭʘʥʽʯʥʘ ʦʙʨʦʙʢʘ 

ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʥʝʧʨʠʡʥʷʪʥʦ ʚʝʣʠʢʠʤʠ ʚʪʨʘʪʘʤʠ ʤʘʪʝʨʽʘʣʫ ʫ ʚʠʛʣʷʜʽ 

ʩʪʨʫʞʢʠ [11]. ɼʣʷ ʧʨʦʩʪʠʭ ʩʪʘʣʝʚʠʭ ʘʙʦ ʘʣʶʤʽʥʽʻʚʠʭ ʜʝʪʘʣʝʡ ʛʽʙʨʠʜʥʽ 

ʪʝʭʥʦʣʦʛʽʾ ʟʜʝʙʽʣʴʰʦʛʦ ʻ ʟʙʠʪʢʦʚʠʤʠ. 

6.ɺʀʉʅʆɺʂʀ ʊɸ ʇɽʈʉʇɽʂʊʀɺʀ ʇʆɼɸʃʔʐʀʍ ɼʆʉʃɯɼɾɽʅʔ 

ɻʽʙʨʠʜʥʝ ʚʠʨʦʙʥʠʮʪʚʦ ʻ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʧʽʜʭʦʜʦʤ, ʱʦ ʩʫʪʪʻʚʦ 

ʨʦʟʰʠʨʶʻ ʤʦʞʣʠʚʦʩʪʽ ʩʫʯʘʩʥʦʛʦ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ. ɯʥʪʝʛʨʘʮʽʷ ʘʜʠʪʠʚʥʠʭ 

ʽ ʩʫʙʪʨʘʢʪʠʚʥʠʭ ʦʧʝʨʘʮʽʡ ʟʘʙʝʟʧʝʯʫʻ ʚʠʩʦʢʫ ʪʦʯʥʽʩʪʴ ʦʙʨʦʙʢʠ, ʩʫʪʪʻʚʦ 

ʟʥʠʞʫʻ ʚʠʪʨʘʪʠ ʜʦʨʦʛʠʭ ʤʘʪʝʨʽʘʣʽʚ ʽ ʜʘʻ ʟʤʦʛʫ ʩʪʚʦʨʶʚʘʪʠ ʩʢʣʘʜʥʽ 

ʚʥʫʪʨʽʰʥʽ ʛʝʦʤʝʪʨʽʾ, ʥʝʜʦʩʷʞʥʽ ʟʘ ʚʠʢʦʨʠʩʪʘʥʥʷ ʦʢʨʝʤʠʭ ʪʨʘʜʠʮʽʡʥʠʭ 

ʧʽʜʭʦʜʽʚ. ʅʝʟʚʘʞʘʶʯʠ ʥʘ ʩʫʪʪʻʚʽ ʪʝʭʥʽʯʥʽ ʧʝʨʝʚʘʛʠ, ʚʠʩʦʢʠʡ ʨʽʚʝʥʴ 

ʢʘʧʽʪʘʣʴʥʠʭ ʽʥʚʝʩʪʠʮʽʡ ʽ ʚʽʜʩʫʪʥʽʩʪʴ ʰʠʨʦʢʦʾ ʩʪʘʥʜʘʨʪʠʟʘʮʽʾ ʦʙʤʝʞʫʶʪʴ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʪʘʢʠʭ ʢʦʤʧʣʝʢʩʽʚ ʧʝʨʝʚʘʞʥʦ ʚʠʩʦʢʦʪʝʭʥʦʣʦʛʽʯʥʠʤʠ 

ʛʘʣʫʟʷʤʠ, ʟʦʢʨʝʤʘ ʘʝʨʦʢʦʩʤʽʯʥʦʶ, ʤʝʜʠʯʥʦʶ ʪʘ ʘʚʪʦʤʦʙʽʣʴʥʦʶ. 

ʆʩʢʽʣʴʢʠ ʧʨʠʡʥʷʪʪʷ ʦʩʪʘʪʦʯʥʦʛʦ ʨʽʰʝʥʥʷ ʱʦʜʦ ʨʦʟʛʦʨʪʘʥʥʷ 

ʚʠʨʦʙʥʠʮʪʚʘ ʧʦʚôʷʟʘʥʝ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʙʘʛʘʪʴʦʭ ʟʤʽʥʥʠʭ, ʟʦʢʨʝʤʘ 

ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ, ʩʦʙʽʚʘʨʪʦʩʪʽ, ʛʝʦʤʝʪʨʠʯʥʦʾ ʩʢʣʘʜʥʦʩʪʽ ʪʘ ʝʢʦʣʦʛʽʯʥʦʩʪʽ, 

ʧʦʜʘʣʴʰʽ ʜʦʩʣʽʜʞʝʥʥʷ ʜʦʮʽʣʴʥʦ ʩʧʨʷʤʫʚʘʪʠ ʥʘ ʬʦʨʤʘʣʽʟʘʮʽʶ ʚʠʙʦʨʫ 

ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʽʜʭʦʜʽʚ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʤʝʪʦʜʽʚ ʙʘʛʘʪʦʢʨʠʪʝʨʽʘʣʴʥʦʛʦ 

ʧʨʠʡʥʷʪʪʷ ʨʽʰʝʥʴ ʪʘ ʚʠʟʥʘʯʝʥʥʷ ʚʘʛ ʢʨʠʪʝʨʽʾʚ. ʋ ʧʝʨʩʧʝʢʪʠʚʽ ʩʪʚʦʨʝʥʥʷ 

ʽʥʪʝʛʨʦʚʘʥʠʭ ʮʠʬʨʦʚʠʭ ʤʦʜʝʣʝʡ ʥʘ ʦʩʥʦʚʽ ʤʝʪʦʜʽʚ TOPSIS ʘʙʦ AHP ʤʦʞʝ 

ʟʘʙʝʟʧʝʯʠʪʠ ʬʦʨʤʘʣʽʟʘʮʽʶ ʧʨʦʮʝʩʽʚ ʧʽʜʛʦʪʦʚʢʠ ʤʘʰʠʥʦʙʫʜʽʚʥʦʛʦ 

ʚʠʨʦʙʥʠʮʪʚʘ ʪʘ ʟʥʠʞʝʥʥʷ ʽʥʚʝʩʪʠʮʽʡʥʠʭ ʨʠʟʠʢʽʚ ʧʽʜʧʨʠʻʤʩʪʚ. 
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ʆʈɻɸʅɯɿɸʎɯʁʅɯ ʇɯɼʍʆɼʀ ɼʆ ʇʈʀʉʂʆʈɽʅʅʗ 

ʊɽʍʅʆʃʆɻɯʏʅʆɻʆ ʇɯɼɻʆʊʆɺʃɽʅʅʗ ɺʀɻʆʊʆɺʃɽʅʅʗ 

ɹʈʆʅɽʁ ɼʈʆɹɸʈʆʂ ʅɸ ʆʉʅʆɺɯ ɿɸʉʊʆʉʋɺɸʅʅʗ ʄɽʊʆɼɯɺ 

ɻʈʋʇʆɺʆɰ ʊɽʍʅʆʃʆɻɯɰ 

 
ɸʥʦʪʘʮʽʷ: ʋ ʨʦʙʦʪʽ ʜʦʩʣʽʜʞʝʥʦ ʦʨʛʘʥʽʟʘʮʽʡʥʽ ʧʽʜʭʦʜʠ ʜʦ ʧʨʠʩʢʦʨʝʥʥʷ 

ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʧʽʜʛʦʪʦʚʣʝʥʥʷ ʚʠʨʦʙʥʠʮʪʚʘ ʟʘʧʘʩʥʠʭ ʯʘʩʪʠʥ ʜʣʷ ʛʽʨʥʠʯʦ-

ʤʝʪʘʣʫʨʛʽʡʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ, ʟʦʢʨʝʤʘ ʙʨʦʥʝʡ ʢʦʥʫʩʥʠʭ ʜʨʦʙʘʨʦʢ, ʥʘ ʦʩʥʦʚʽ ʟʘʩʪʦʩʫʚʘʥʥʷ 

ʤʝʪʦʜʽʚ ʛʨʫʧʦʚʦʾ ʪʝʭʥʦʣʦʛʽʾ. ʈʦʟʛʣʷʥʫʪʦ ʧʨʦʙʣʝʤʠ ʩʚʦʻʯʘʩʥʦʛʦ ʚʠʛʦʪʦʚʣʝʥʥʷ ʜʝʪʘʣʝʡ ʚ 

ʫʤʦʚʘʭ ʟʤʽʥʥʦʾ ʥʦʤʝʥʢʣʘʪʫʨʠ, ʥʝʨʝʛʫʣʷʨʥʦʛʦ ʥʘʜʭʦʜʞʝʥʥʷ ʟʘʤʦʚʣʝʥʴ ʪʘ ʥʝʦʙʭʽʜʥʦʩʪʽ 

ʦʧʝʨʘʪʠʚʥʦʛʦ ʧʣʘʥʫʚʘʥʥʷ ʨʝʤʦʥʪʥʠʭ ʨʦʙʽʪ. ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʤʦʞʣʠʚʦʩʪʽ ʧʝʨʝʭʦʜʫ ʚʽʜ 

ʽʥʜʠʚʽʜʫʘʣʴʥʦʛʦ ʜʦ ʛʨʫʧʦʚʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ ʰʣʷʭʦʤ ʢʣʘʩʠʬʽʢʘʮʽʾ ʪʘ ʢʦʜʫʚʘʥʥʷ ʜʝʪʘʣʝʡ, 

ʬʦʨʤʫʚʘʥʥʷ ʛʨʫʧ ʟʘ ʢʦʥʩʪʨʫʢʪʠʚʥʦ-ʪʝʭʥʦʣʦʛʽʯʥʠʤʠ ʦʟʥʘʢʘʤʠ ʪʘ ʨʦʟʨʦʙʣʝʥʥʷ 

ʢʦʤʧʣʝʢʩʥʦʾ ʜʝʪʘʣʽ-ʧʨʝʜʩʪʘʚʥʠʢʘ. ʅʘʚʝʜʝʥʦ ʧʨʠʢʣʘʜ ʧʦʙʫʜʦʚʠ ʛʨʫʧʦʚʦʛʦ 

ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʧʨʦʮʝʩʫ ʚʠʛʦʪʦʚʣʝʥʥʷ ʙʨʦʥʝʡ ʜʨʦʙʘʨʦʢ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʩʫʯʘʩʥʦʛʦ 

ʦʙʣʘʜʥʘʥʥʷ ʟ ʯʠʩʣʦʚʠʤ ʧʨʦʛʨʘʤʥʠʤ ʢʝʨʫʚʘʥʥʷʤ. ʆʙˇʨʫʥʪʦʚʘʥʦ ʝʬʝʢʪʠʚʥʽʩʪʴ 

ʟʘʧʨʦʧʦʥʦʚʘʥʦʛʦ ʧʽʜʭʦʜʫ, ʱʦ ʜʦʟʚʦʣʷʻ ʩʢʦʨʦʪʠʪʠ ʪʨʠʚʘʣʽʩʪʴ ʪʝʭʥʦʣʦʛʽʯʥʦʾ 
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ʚʠʨʦʙʥʠʯʠʭ ʧʨʦʮʝʩʽʚ. ɺʠʟʥʘʯʝʥʦ ʧʝʨʩʧʝʢʪʠʚʠ ʧʦʜʘʣʴʰʦʛʦ ʚʜʦʩʢʦʥʘʣʝʥʥʷ ʦʨʛʘʥʽʟʘʮʽʡʥʠʭ 

ʨʽʰʝʥʴ ʫ ʩʬʝʨʽ ʛʨʫʧʦʚʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ. 
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Abstract: The paper investigates organizational approaches to accelerating 

technological preparation of production for spare parts of mining and metallurgical 

equipment, in particular crusher liners, based on the application of group technology 

methods. The problems of timely manufacturing of parts under conditions of variable 

nomenclature, irregular order flow, and the need for real-time maintenance planning are 

considered. The possibilities of transition from individual to group production through 

classification and coding of parts, grouping by design and technological features, and 
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development of a complex representative part are analyzed. An example of designing a group 

technological process for manufacturing crusher liners using modern CNC equipment is 

presented. The effectiveness of the proposed approach is substantiated, which allows 

reducing the duration of technological preparation, increasing the level of workplace 

specialization, and ensuring stability of production processes. Prospects for further 

improvement of organizational solutions in the field of group manufacturing are identified. 

Keywords: group technology, production preparation, crushers, mechanical 

engineering, production organization, CNC, efficiency. 

 

1.ʇʈʆɹʃɽʄɸ ʊɸ ɰɰ ɿɺ'ʗɿʆʂ ɿ ʅɸʋʂʆɺʀʄʀ ʊɸ ʇʈɸʂʊʀʏʅʀʄʀ 

ɿɸɼɸʏɸʄʀ. 

ʇʦʩʪʘʯʘʥʥʷ ʟʘʧʘʩʥʠʭ ʯʘʩʪʠʥ ʜʣʷ ʛʽʨʥʠʯʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʚ ʫʤʦʚʘʭ 
ʨʠʥʢʫ ʫʩʢʣʘʜʥʶʻʪʴʩʷ  ʥʝʦʙʭʽʜʥʽʩʪʶ ʧʣʘʥʫʚʘʥʥʷ ʪʝʭʥʽʯʥʦʛʦ 
ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʽ ʨʝʤʦʥʪʽʚ ʫ ʨʝʘʣʴʥʦʤʫ ʯʘʩʽ ʚ ʤʝʞʘʭ ʩʪʨʘʪʝʛʽʾ ʝʢʩʧʣʫʘʪʘʮʽʾ 
çʟʘ ʩʪʘʥʦʤè. ʎʝ ʟʥʘʯʥʦ ʫʩʢʣʘʜʥʶʻ ʧʨʦʮʝʩ ʧʣʘʥʫʚʘʥʥʷ ʪʘ ʩʚʦʻʯʘʩʥʦʛʦ 
ʚʠʛʦʪʦʚʣʝʥʥʷ ʜʝʪʘʣʝʡ ʥʘ ʤʝʭʘʥʦʦʙʨʦʙʥʠʭ ʜʽʣʴʥʠʮʷʭ  ʛʽʨʥʠʯʦ-
ʤʝʪʘʣʫʨʛʽʡʥʠʭ ʧʽʜʧʨʠʻʤʩʪʚ, ʱʦ ʧʦʩʪʽʡʥʦ ʩʪʚʦʨʶʻ ʨʠʟʠʢʠ ʟʨʠʚʫ ʛʨʘʬʽʢʽʚ 
ʨʝʤʦʥʪʽʚ ʽ ʣʽʢʚʽʜʘʮʽʾ ʘʚʘʨʽʡ. ɼʦʜʘʪʢʦʚʦʶ ʧʝʨʝʰʢʦʜʦʶ ʻ ʪʝ, ʱʦ ʚʠʢʦʥʘʥʥʷ 
ʟʘʷʚʦʢ ʥʘ ʚʠʛʦʪʦʚʣʝʥʥʷ ʟʘʧʘʩʥʠʭ ʯʘʩʪʠʥ ʩʪʨʠʤʫʻʪʴʩʷ ʪʨʠʚʘʣʠʤ ʝʪʘʧʦʤ 
ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʧʽʜʛʦʪʦʚʣʝʥʥʷ ʚʠʨʦʙʥʠʮʪʚʘ. ʋ ʟʚôʷʟʢʫ ʟ ʮʠʤ ʚʠʥʠʢʘʻ 
ʧʦʪʨʝʙʘ ʚ ʧʦʰʫʢʫ ʦʨʛʘʥʽʟʘʮʽʡʥʠʭ ʨʽʰʝʥʴ, ʷʢʽ ʟʘʙʝʟʧʝʯʘʪʴ ʩʚʦʻʯʘʩʥʝ ʪʘ 
ʝʬʝʢʪʠʚʥʝ ʚʠʢʦʥʘʥʥʷ ʮʠʭ ʟʘʚʜʘʥʴ. 

2.ɸʅɸʃɯɿ ɼʆʉʃɯɼɾɽʅʔ ɯ ʇʋɹʃɯʂɸʎɯʁ.  

ʇʨʦʙʣʝʤʘʤʠ ʛʨʫʧʦʚʠʭ ʪʝʭʥʦʣʦʛʽʡ (ʛʨʫʧʦʚʦʛʦ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ 
ʧʽʜʛʦʪʦʚʣʝʥʥʷ ʚʠʨʦʙʥʠʮʪʚʘ, GT) ʟʘʡʤʘʣʠʩʷ ʷʢ ʟʘʨʫʙʽʞʥʽ, ʪʘʢ ʽ ʫʢʨʘʾʥʩʴʢʽ 
ʪʘ ʨʘʜʷʥʩʴʢʽ ʚʯʝʥʽ. ʉʝʨʝʜ ʟʘʨʫʙʽʞʥʠʭ ʜʦʩʣʽʜʥʠʢʽʚ ʥʘʡʚʽʜʦʤʽʰʠʤʠ ʻ: ʌ. ʊ. 
ʌʽʥʢʝʣʴʰʪʝʡʥ (Finkelstein) ï ʦʜʠʥ ʽʟ ʨʘʥʥʽʭ ʜʦʩʣʽʜʥʠʢʽʚ ʛʨʫʧʦʚʦʾ ʦʙʨʦʙʢʠ; 
ɼʞ. ʃ. ɹʫʨʙʽʜʞ (J. L. Burbidge) ï ʦʜʠʥ ʽʟ ʟʘʩʥʦʚʥʠʢʽʚ ʢʦʥʮʝʧʮʽʾ ʛʨʫʧʦʚʦʾ 
ʪʝʭʥʦʣʦʛʽʾ; ɻ. ʆʧʽʮ (H. Opitz), ʷʢʠʡ ʨʦʟʨʦʙʠʚ ʚʽʜʦʤʫ ʩʠʩʪʝʤʫ ʢʣʘʩʠʬʽʢʘʮʽʾ 
ʪʘ ʢʦʜʫʚʘʥʥʷ ʜʝʪʘʣʝʡ. ʉʝʨʝʜ ʫʢʨʘʾʥʩʴʢʠʭ ʽ ʨʘʜʷʥʩʴʢʠʭ ʫʯʝʥʠʭ ʚʘʛʦʤʠʡ 
ʚʥʝʩʦʢ ʟʨʦʙʠʣʠ: ʉ. ʇ. ʄʽʪʨʦʬʘʥʦʚ ï ʦʜʠʥ ʽʟ ʦʩʥʦʚʦʧʦʣʦʞʥʠʢʽʚ ʛʨʫʧʦʚʦʾ 
ʪʝʭʥʦʣʦʛʽʾ; ɺ. ʄ. ʂʦʚʘʥ; ʆ. ʄ. ɼʘʣʴʩʴʢʠʡ; ʖ. ʄ. ʉʦʣʦʤʝʥʮʝʚ; ɺ. ɯ. 
ɼʠʢʫʥʦʚ ʪʘ ʫʢʨʘʾʥʩʴʢʽ ʜʦʩʣʽʜʥʠʢʠ ʫ ʛʘʣʫʟʽ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ ʪʘ 
ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʧʽʜʛʦʪʦʚʣʝʥʥʷ  ʚʠʨʦʙʥʠʮʪʚʘ (ʟʦʢʨʝʤʘ ʧʨʝʜʩʪʘʚʥʠʢʠ 
ʢʠʾʚʩʴʢʠʭ, ʭʘʨʢʽʚʩʴʢʠʭ ʽ ʜʥʽʧʨʦʚʩʴʢʠʭ ʥʘʫʢʦʚʠʭ ʰʢʽʣ). ɰʭʥʽ ʨʦʙʦʪʠ ʟʘʢʣʘʣʠ 
ʪʝʦʨʝʪʠʯʥʽ ʪʘ ʧʨʘʢʪʠʯʥʽ ʦʩʥʦʚʠ ʢʣʘʩʠʬʽʢʘʮʽʾ ʜʝʪʘʣʝʡ, ʩʪʚʦʨʝʥʥʷ ʛʨʫʧʦʚʠʭ 
ʧʨʦʮʝʩʽʚ ʦʙʨʦʙʢʠ ʪʘ ʦʨʛʘʥʽʟʘʮʽʾ ʚʠʨʦʙʥʠʮʪʚʘ ʥʘ ʦʩʥʦʚʽ ʧʨʠʥʮʠʧʽʚ ʛʨʫʧʦʚʦʾ 
ʪʝʭʥʦʣʦʛʽʾ [1,2].  

3.ʇʆʉʊɸʅʆɺʂɸ ɿɸɼɸʏɯ.  

ɼʦʩʣʽʜʞʝʥʥʷ ʜʦʩʚʽʜʫ ʫʢʨʘʾʥʩʴʢʠʭ ʧʽʜʧʨʠʻʤʩʪʚ, ʱʦ ʚʠʧʫʩʢʘʣʠ ʜʝʪʘʣʽ 
ʜʨʦʙʘʨʦʢ ʨʽʟʥʦʛʦ ʢʣʘʩʫ ʧʦʜʨʽʙʥʝʥʥʷ, ʟʘʩʚʽʜʯʠʣʦ, ʱʦ ʦʜʥʽʻʶ ʟ ʧʨʠʯʠʥ 
ʥʝʜʦʩʪʘʪʥʴʦʛʦ ʨʦʟʚʠʪʢʫ ʛʨʫʧʦʚʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ ʷʢ ʟʘʩʦʙʫ ʧʽʜʚʠʱʝʥʥʷ  
ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʚʠʛʦʪʦʚʣʝʥʥʷ ʟʘʧʘʩʥʠʭ ʯʘʩʪʠʥ ʜʣʷ ʢʦʥʫʩʥʠʭ ʜʨʦʙʘʨʦʢ ʻ 
ʙʨʘʢ ʥʘʫʢʦʚʦ-ʤʝʪʦʜʠʯʥʦʛʦ ʦʙˇʨʫʥʪʫʚʘʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʦʨʛʘʥʽʟʘʮʽʡʥʠʭ 
ʨʽʰʝʥʴ ʽ ʦʮʽʥʢʠ ʜʦʩʷʛʥʫʪʦʛʦ ʨʝʟʫʣʴʪʘʪʫ. 
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ʊʝʤʧʠ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʛʦ ʧʨʦʛʨʝʩʫ ʚ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʽ, ʧʽʜʚʠʱʝʥʥʷ 
ʷʢʦʩʪʽ, ʟʘʙʝʟʧʝʯʝʥʥʷ ʚʠʩʦʢʦʾ ʪʦʯʥʦʩʪʽ ʽ ʩʪʘʙʽʣʴʥʦʩʪʽ ʧʨʦʮʝʩʽʚ ʚʠʛʦʪʦʚʣʝʥʥʷ 
ʜʝʪʘʣʝʡ, ʟʥʘʭʦʜʷʪʴʩʷ ʚ ʧʨʷʤʽʡ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʨʽʚʥʷ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ 
ʧʽʜʛʦʪʦʚʣʝʥʥʷ ʚʠʨʦʙʥʠʮʪʚʘ. ʆʩʦʙʣʠʚʦʩʪʽ ʩʴʦʛʦʜʝʥʥʷ ʨʝʤʦʥʪʥʦʛʦ 
ʚʠʨʦʙʥʠʮʪʚʘ ʪʘʢʽ, ʱʦ ʧʦʪʨʽʙʥʦ ʧʨʦʚʦʜʠʪʠ ʪʨʫʜʦ-, ʬʦʥʜʦ- ʽ 
ʤʘʪʝʨʽʘʣʦʟʙʝʨʽʛʘʶʯʫ ʧʦʣʽʪʠʢʫ. ʎʝ ʤʦʞʣʠʚʦ ʪʽʣʴʢʠ  ʧʨʠ  ʨʦʟʨʦʙʮʽ 
ʪʝʭʥʦʣʦʛʽʡ, ʧʨʠ ʷʢʠʭ ʦʜʥʦʯʘʩʥʦ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʟʨʦʩʪʘʥʥʷ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ 
ʧʨʘʮʽ, ʧʽʜʚʠʱʝʥʥʷ ʬʦʥʜʦʚʽʜʜʘʯʽ, ʚ ʪʦʤʫ ʯʠʩʣʽ, ʟʘ ʨʘʭʫʥʦʢ  ʟʘʩʪʦʩʫʚʘʥʥʷ 
ʚʝʨʩʪʘʪʽʚ ʟ ʏʇʂ  ʽ ʛʥʫʯʢʠʭ ʘʚʪʦʤʘʪʠʟʦʚʘʥʠʭ ʜʽʣʴʥʠʮʴ. 

ʊʝʭʥʦʣʦʛʽʯʥʘ ʧʽʜʛʦʪʦʚʢʘ ʨʝʤʦʥʪʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ ʟ ʚʠʛʦʪʦʚʣʝʥʥʷ 
ʟʘʧʘʩʥʠʭ ʯʘʩʪʠʥ ʫ ʨʝʛʽʦʥʽ, ʦʙôʻʢʪʠʚʥʦ, ʻ ʪʨʠʚʘʣʦʶ ïʯʝʨʝʟ ʯʘʩʪʫ ʟʤʽʥʫ 
ʥʦʤʝʥʢʣʘʪʫʨʠ ʚʠʨʦʙʽʚ, ʟʥʘʯʥʫ ʢʽʣʴʢʽʩʪʴ ʟʘʤʦʚʣʝʥʴ, ʨʽʟʥʦʤʘʥʽʪʥʽʩʪʴ 
ʢʦʥʩʪʨʫʢʪʦʨʩʴʢʠʭ ʽ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʨʽʰʝʥʴ, ʥʝʚʝʣʠʢʽ ʦʙʩʷʛʠ ʚʠʧʫʩʢʫ, 
ʙʘʛʘʪʦʦʧʝʨʘʮʽʡʥʽʩʪʴ ʧʨʦʮʝʩʽʚ, ʘ ʪʘʢʦʞ ʥʝʨʝʛʫʣʷʨʥʽʩʪʴ ʥʘʜʭʦʜʞʝʥʥʷ 
ʟʘʤʦʚʣʝʥʴ. ʋʩʝ ʮʝ ʟʫʤʦʚʣʶʻ ʟʥʘʯʥʽ ʩʪʨʦʢʠ ʚʠʢʦʥʘʥʥʷ ʟʘʷʚʦʢ. 

ɿ ʤʝʪʦʶ ʚʜʦʩʢʦʥʘʣʝʥʥʷ ʦʨʛʘʥʽʟʘʮʽʡʥʠʭ ʟʘʩʘʜ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ 
ʧʽʜʛʦʪʦʚʣʝʥʥʷ  ʚʠʨʦʙʥʠʮʪʚʘ ʜʦʮʽʣʴʥʦ ʧʝʨʝʡʪʠ ʚʽʜ ʚʠʛʦʪʦʚʣʝʥʥʷ ʦʢʨʝʤʠʭ 
ʜʝʪʘʣʝʡ ʜʦ ʦʙʨʦʙʢʠ ʛʨʫʧ  ʜʝʪʘʣʝʡ  ʧʦʜʽʙʥʠʭ ʢʦʥʩʪʨʫʢʪʠʚʥʦ ʡ 
ʪʝʭʥʦʣʦʛʽʯʥʦ.ʋ ʪʘʢʦʤʫ ʨʘʟʽ ʨʝʛʫʣʷʨʥʽʩʪʴ ʾʭ ʚʠʨʦʙʥʠʮʪʚʘ ʩʫʪʪʻʚʦ ʟʨʦʩʪʘʻ, 
ʪʝʭʥʦʣʦʛʽʯʥʠʡ ʧʨʦʮʝʩ ʥʘʙʫʚʘʻ ʩʪʘʙʽʣʴʥʦʩʪʽ ʚ ʯʘʩʽ ʪʘ ʤʦʞʝ ʨʦʟʛʣʷʜʘʪʠʩʷ ʷʢ 
ʦʙôʻʢʪ ʢʦʤʧʣʝʢʩʥʦʾ ʘʚʪʦʤʘʪʠʟʘʮʽʾ. 

4.ʈɽɿʋʃʔʊɸʊʀ ɼʆʉʃɯɼɾɽʅʔ.  

ɼʣʷ ʦʙʛʨʫʥʪʫʚʘʥʥʷ ʜʦʮʽʣʴʥʦʩʪʽ ʤʝʪʦʜʫ, ʧʨʠ ʜʦʪʨʠʤʘʥʥʽ 
ʨʝʢʦʤʝʥʜʫʻʤʦʾ ʧʦʩʣʽʜʦʚʥʦʩʪʽ,  ʨʦʟʨʦʙʣʝʥʦ ʧʨʠʢʣʘʜ ʚʠʛʦʪʦʚʣʝʥʥʷ 
ʟʘʤʦʚʣʝʥʴ  ʥʘ ʟʘʧʘʩʥʽ ʯʘʩʪʠʥʠ ʜʦ ʢʦʥʫʩʥʠʭ ʜʨʦʙʘʨʦʢ (ʙʨʦʥʝʡ) . ɼʣʷ 
ʧʨʦʝʢʪʫʚʘʥʥʷ ʛʨʫʧʦʚʦʛʦ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʧʨʦʮʝʩʫ ʚʠʙʨʘʣʠ 16 ʙʨʦʥʝʡ 
ʜʨʦʙʘʨʦʢ ʂʄɼ, ʂʉɼ, ʂʈɼ.  ʊʘʢʦʞ ʟʘ ʩʪʘʥʜʘʨʪʥʦʶ ʤʝʪʦʜʠʢʦʶ 
ʧʨʦʚʦʜʠʣʘʩʴ: ʢʣʘʩʠʬʽʢʘʮʽʷ ʽ ʢʦʜʫʚʘʥʥʷ ʙʨʦʥʝʡ (ʢʦʥʩʪʨʫʢʪʦʨʩʴʢʦ-
ʪʝʭʥʦʣʦʛʽʯʥʠʡ ʢʦʜ ʜʝʪʘʣʽ ʣʽʜʝʨʘ ʤʘʻ ʥʘʩʪʫʧʥʠʡ ʚʠʛʣʷʜ: 
711472.ʂɻʈ211.11010023ʌ). ɻʨʫʧʫʚʘʥʥʷ  ʜʝʪʘʣʝʡ  ʧʨʠʚʝʜʝʥʦ ʚ ʪʘʙʣ.1.  

ʊʘʙʣʠʮʷ 1.ɺʽʜʦʤʽʩʪʴ ʚʠʨʦʙʫ 

˹͚͔͍͊ͣͤͯ͊ͤͤΎ  
͔͒ͭ͊͜͡ 

˽ͦͤ͊͘;͔ͤͤΎ 
͔͒ͭ͊͜͡ 

ʄʘʩʘ 

ʜʝʪʘʣʽ, 

ʢʛ 

˹͚͔͍͊ͣͤͯ͊ͤͤΎ 
͔͒ͭ͊͜͡ 

˽ͦͤ͊͘;͔ͤͤΎ 
͔͒ͭ͊͜͡ 

ʄʘʩʘ 

 ʜʝʪʘʣʽ, 

 ʢʛ 

ɹʨʦʥʴ ʥʝʨʫʭʦʤʘ 3007.4855 2622 ɹʨʦʥʴ ʢʦʥʫʩʘ 0480.0100 4764 

ɹʨʦʥʴ ʥʝʨʫʭʦʤʘ 4003.4899 3058 ɹʨʦʥʴ ʢʦʥʫʩʘ 7403.4324 4147 

ɹʨʦʥʴ ʥʝʨʫʭʦʤʘ 4002.4880 1480 ɹʨʦʥʴ ʥʠʞʥʷ 7403.4302 850 

ɹʨʦʥʴ ʥʝʨʫʭʦʤʘ 7403.4947 4309 ɹʨʦʥʴ ʥʠʞʥʷ 0480.4060 5500 

ɹʨʦʥʴ ʥʝʨʫʭʦʤʘ 1705.4866 3798 ɹʨʦʥʴ ʢʦʥʫʩʘ 4003.4827 620 

ɹʨʦʥʴ ʥʝʨʫʭʦʤʘ 4003.4957 2300 ɹʨʦʥʴ ʚʝʨʭʥʷ 4002.4856 3455 

ɹʨʦʥʴ ʢʦʥʫʩʘ 3007.4849 5460 ɹʨʦʥʴ ʚʝʨʭʥʷ 7403.0200 1760 

ɹʨʦʥʴ ʢʦʥʫʩʘ 7403.4954 2891 ɹʨʦʥʴ ʚʝʨʭʥʷ 7403.0200 860 
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ɺʠʟʥʘʯʠʤʦ ʧʨʠʚʝʜʝʥʫ ʪʨʫʜʦʤʽʩʪʢʽʩʪʴ ʮʝʭʫ ʟʘ ʬʦʨʤʫʣʦʶ: 
 

                                             ä Ö= ʧʨʝʜ

ʰʪ

n

xʮ TNʊ                                   (1) 

ʜʝ ä n

xN  - ʧʨʠʚʝʜʝʥʘ ʧʨʦʛʨʘʤʘ ʚʠʧʫʩʢʫ ʚʠʨʦʙʽʚ ʨʽʚʥʘ 3183 ʦʜ.; 

      
ʧʨʝʜ

ʰʪT  - ʰʪʫʯʥʠʡ ʯʘʩ ʚʠʨʦʙʫ ʧʨʝʜʩʪʘʚʥʠʢʘ. 

3,10507081,3303183 =Ö=ʮʊ  ʥ. ʛʦʜ. 

 

ʇʨʠ ʘʥʘʣʽʟʽ ʪʝʭʥʦʣʦʛʽʯʥʦʩʪʽ ʙʨʦʥʝʡ ʜʨʦʙʘʨʦʢ ʙʫʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʱʦ 

ʚʦʥʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʧʦʜʽʙʥʠʤʠ ʪʝʭʥʦʣʦʛʽʯʥʠʤʠ, ʬʫʥʢʮʽʦʥʘʣʴʥʠʤʠ, 

ʢʦʥʩʪʨʫʢʪʠʚʥʠʤʠ ʪʘ ʽʥʰʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ, ʷʢ ʪʦ:  ʚʘʞʢʦʦʙʨʦʙʣʶʚʘʥʠʤ 

ʤʘʪʝʨʽʘʣʦʤ 110ɻ13ʃ, ʚʝʣʠʢʦʶ ʚʘʛʦʶ ʚʽʜ 860 ʜʦ 5500 ʢʛ, ʢʦʥʽʯʥʦʶ ʬʦʨʤʦʶ 

ʦʙʨʦʙʣʶʚʘʥʦʾ ʧʦʚʝʨʭʥʽ,  ʨʽʟʘʣʴʥʠʤ  ʽʥʩʪʨʫʤʝʥʪʦʤ, ʪʦʱʦ. ɺʠʢʦʨʠʩʪʘʥʥʷ 

ʚʽʜʧʦʚʽʜʥʦʾ ʩʠʩʪʝʤʠ ʜʦʟʚʦʣʷʻ ʽʜʝʥʪʠʬʽʢʫʚʘʪʠ ʮʽ ʩʧʽʣʴʥʽ ʦʟʥʘʢʠ ʪʘ 

ʟʜʽʡʩʥʠʪʠ ʛʨʫʧʫʚʘʥʥʷ ʜʝʪʘʣʝʡ,  

 

 
 

 ʈʠʩʫʥʦʢ 1.  ʌʨʘʛʤʝʥʪ ʘʥʘʣʽʟʫ ʪʝʭʥʦʣʦʛʽʯʥʦʩʪʽ  ʙʨʦʥʽ 

 

ɼʣʷ ʦʨʛʘʥʽʟʘʮʽʾ ʛʨʫʧʦʚʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ, ʦʢʨʽʤ ʨʘʥʽʰʝ ʟʘʟʥʘʯʝʥʠʭ 

ʟʘʭʦʜʽʚ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʧʽʜʛʦʪʦʚʣʝʥʥʷ, ʥʝʦʙʭʽʜʥʦ ʟʜʽʡʩʥʠʪʠ ʪʘʢʦʞ 

ʦʨʛʘʥʽʟʘʮʽʡʥʫ ʧʝʨʝʙʫʜʦʚʫ ʩʪʨʫʢʪʫʨʠ ʧʽʜʧʨʠʻʤʩʪʚʘ ʪʘ ʡʦʛʦ 

ʚʥʫʪʨʽʰʥʴʦʟʘʚʦʜʩʴʢʦʾ ʩʧʝʮʽʘʣʽʟʘʮʽʾ ʫ ʨʘʟʽ ʤʦʜʝʨʥʽʟʘʮʽʾ. ʇʨʠ ʧʨʦʻʢʪʫʚʘʥʥʽ 

ʚʠʨʦʙʥʠʯʠʭ ʜʽʣʴʥʠʮʴ ʩʣʽʜ ʟʘʟʜʘʣʝʛʽʜʴ ʬʦʨʤʫʚʘʪʠ ʦʨʛʘʥʽʟʘʮʽʡʥʫ ʩʪʨʫʢʪʫʨʫ 

ʧʽʜʧʨʠʻʤʩʪʚʘ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʩʧʝʮʽʘʣʽʟʘʮʽʾ ʡʦʛʦ ʧʽʜʨʦʟʜʽʣʽʚ. 

ɸʥʘʣʽʟ ʧʨʘʢʪʠʢ ʚʽʪʯʠʟʥʷʥʠʭ ʦʙôʻʜʥʘʥʴ ʽ ʧʽʜʧʨʠʻʤʩʪʚ ʩʚʽʜʯʠʪʴ, ʱʦ 

ʦʜʥʽʻʶ ʟ ʧʨʠʯʠʥ ʥʝʜʦʩʪʘʪʥʴʦʛʦ ʨʦʟʚʠʪʢʫ ʛʨʫʧʦʚʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ ʻ 

ʚʽʜʩʫʪʥʽʩʪʴ ʯʽʪʢʦ ʚʠʟʥʘʯʝʥʦʾ ʩʠʩʪʝʤʠ ʡʦʛʦ ʚʧʨʦʚʘʜʞʝʥʥʷ, ʷʢʝ ʯʘʩʪʦ 

ʟʜʽʡʩʥʶʻʪʴʩʷ ʙʝʟ ʥʘʣʝʞʥʦʾ ʮʽʣʝʩʧʨʷʤʦʚʘʥʦʩʪʽ ʪʘ ʦʮʽʥʶʚʘʥʥʷ ʦʪʨʠʤʘʥʦʛʦ 

ʝʬʝʢʪʫ. 
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ʇʦʢʘʟʥʠʢ ʧʣʘʥʫʻʤʦʛʦ ʨʽʚʥʷ ʨʦʟʚʠʪʢʫ ʛʨʫʧʦʚʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ ʚ  -ʿʡ  

ʩʠʩʪʝʤʽ ʧʦʚʠʥʝʥ ʚʽʜʧʦʚʽʜʘʪʠ ʚʽʜʥʦʰʝʥʥʶ: 

                           ʂʛʚj= ʇʛ.ʚ j/kʛ.ʚ ʿ Ò1,                                              (2) 

 

ʜʝ kʛ.ʚ ʿ ï ʢʦʝʬʽʮʽʻʥʪ ʘʙʦ ʧʣʘʥʫʻʤʦʛʦ ʨʽʚʥʷ ʦʭʦʧʣʝʥʥʷ ʜʝʪʘʣʝʡ (ʟʘʛʦʪʦʚʦʢ) 

ʛʨʫʧʦʚʠʤ ʚʠʨʦʙʥʠʮʪʚʦʤ (Ò1). 

ɼʣʷ ʤʝʭʘʥʦʦʙʨʦʙʥʦʾ ʩʪʘʜʽʾ ʧʨʠʩʢʦʨʝʥʥʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʟʘʧʘʩʥʠʭ 

ʯʘʩʪʠʥ ʜʣʷ ʢʦʥʫʩʥʠʭ ʜʨʦʙʘʨʦʢ ʜʣʷ ʨʝʤʦʥʪʥʠʭ ʚʠʨʦʙʥʠʮʪʚ ʂʨʠʚʙʘʩʫ, ʜʝ 

ʢʦʥʮʝʥʪʨʫʶʪʴʩʷ ʤʘʢʩʠʤʘʣʴʥʽ ʦʙʩʷʛʠ ʚʠʨʦʙʥʠʮʪʚʘ ʟʘʧʘʩʥʠʭ ʯʘʩʪʠʥ, 

ʚʠʟʥʘʯʝʥʽ ʢʦʝʬʽʮʽʻʥʪʠ ʧʝʨʩʧʝʢʪʠʚʥʦʛʦ (ʘʣʝ ʥʝ ʛʨʘʥʠʯʥʦ ʤʦʞʣʠʚʦʛʦ) ʨʽʚʥʷ 

ʨʦʟʚʠʪʢʫ ʛʨʫʧʦʚʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ ʪʘ ʛʨʫʧʦʚʦʾ ʪʝʭʥʦʣʦʛʽʾ ʚʽʜʧʦʚʽʜʥʦ 

ʟʥʘʯʝʥʥʷʤ kʛ.ʚ ʿÓ 0,7 ʽ kʛ.ʪ ʿ Ó 0,6. 

ʇʨʠ ʛʨʫʧʦʚʦʤʫ ʚʠʨʦʙʥʠʮʪʚʽ ʧʽʜʚʠʱʫʻʪʴʩʷ ʨʽʚʝʥʴ ʩʧʝʮʽʘʣʽʟʘʮʽʾ 

ʨʦʙʦʯʠʭ ʤʽʩʮʴ, ʱʦ ʜʦʟʚʦʣʷʻ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʜʦʨʦʛʦʚʘʨʪʽʩʥʽ ʚʘʞʢʽ 

ʚʝʨʩʪʘʪʠ ʟ ʏʇʂ. ɺʽʜʙʫʚʘʻʪʴʩʷ ʮʝ ʟʘ ʨʘʭʫʥʦʢ ʟʨʦʩʪʘʥʥʷ ʢʦʥʩʪʨʫʢʪʠʚʥʦ-

ʪʝʭʥʦʣʦʛʽʯʥʦʾ ʩʧʽʣʴʥʦʩʪʽ ʟʘʢʨʽʧʣʶʻʤʠʭ ʟʘ ʥʠʤʠ ʛʨʫʧ ʜʝʪʘʣʝʡ, ʟʘʩʪʦʩʫʚʘʥʥʷ 

ʛʨʫʧʦʚʦʛʦ ʦʩʥʘʱʝʥʥʷ ʪʘ ʟʘʛʘʣʴʥʦʛʦ ʚʧʦʨʷʜʢʫʚʘʥʥʷ ʢʘʣʝʥʜʘʨʥʦʛʦ ʨʫʭʫ 

ʜʝʪʘʣʝʡ ʥʘ ʦʩʥʦʚʽ ʨʝʘʣʴʥʦʾ ʤʦʞʣʠʚʦʩʪʽ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚ ʦʧʝʨʘʪʠʚʥʦʤʫ 

ʧʣʘʥʫʚʘʥʥʽ ʦʧʪʠʤʘʣʴʥʠʭ ʢʘʣʝʥʜʘʨʥʦ-ʧʣʘʥʦʚʠʭ   ʥʦʨʤ. 

ʇʦʢʘʟʥʠʢ ʩʧʝʮʽʘʣʽʟʘʮʽʾ ʨʦʙʦʯʠʭ ʤʽʩʮʴ ʿ-ʾ ʩʠʩʪʝʤʠ ʚʠʨʘʞʘʻʪʴʩʷ 

ʟʘʣʝʞʥʽʩʪʶ: 

( ) ù
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ø
é
ê

è
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1

ʛ.ʪ
1
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1

1
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w , (3) 

 

ʜʝ kʟ.j ð ʩʝʨʝʜʥʽʡ ʧʦʢʘʟʥʠʢ ʟʘʚʘʥʪʘʞʝʥʥʷ  ʫʩʪʘʪʢʫʚʘʥʥʷ  ʿ-ʾ ʩʠʩʪʝʤʠ (ʮʝʭʫ, 

ʜʽʣʴʥʠʮʽ, ʣʽʥʽʾ); Sn ð ʢʽʣʴʢʽʩʪʴ ʦʜʠʥʠʮʴ ʫʩʪʘʪʢʫʚʘʥʥʷ ʚ n-ʡ ʛʨʫʧʽ -ʿʾ 

ʩʠʩʪʝʤʠ; w ï ʯʠʩʣʦ ʛʨʫʧ ʦʙʣʘʜʥʘʥʥʷ; 

jie
i

D
w

1=
S  ï ʩʫʤʘʨʥʘ ʢʽʣʴʢʽʩʪʴ ʜʝʪʘʣʝʦʧʝʨʘʮʽʡ, ʷʢʽ ʚʠʢʦʥʫʶʪʴʩʷ -ʿʶ 

ʩʠʩʪʝʤʦʶ ʧʨʦʪʷʛʦʤ ʤʽʩʷʮʷ ʟʘ ʦʜʠʥʠʯʥʦʶ ʯʠ ʪʠʧʦʚʦʶ ʪʝʭʥʦʣʦʛʽʻʶ;     

jmʦɻ  ï ʢʽʣʴʢʽʩʪʴ ʛʨʫʧʦʚʦʛʦ ʦʩʥʘʱʝʥʥʷ, ʚʝʨʩʪʘʪʽʚ ʟ ʯʠʩʣʦʚʠʤ 

ʧʨʦʛʨʘʤʥʠʤ ʢʝʨʫʚʘʥʥʷʤ ʽ ʦʙʨʦʙʣʶʻʤʠʭ ʮʝʥʪʨʽʚ m-ʛʦ ʚʠʜʫ; 

Cmj ð ʩʝʨʝʜʥʷ ʯʘʩʪʦʪʘ ʟʤʽʥʶʚʘʥʦʩʪʽ m-ʛʦ ʚʠʜʫ ʛʨʫʧʦʚʦʛʦ ʦʩʥʘʱʝʥʥʷ ʥʘ 

ʨʦʙʦʯʦʤʫ ʤʽʩʮʽ, ʧʨʦʛʨʘʤ ʥʘ ʉʏʇʂ ʘʙʦ ʢʦʤʧʣʝʢʪʽʚ ʜʝʪʘʣʝʦʧʝʨʘʮʽʡ ʚ 

ʦʙʨʦʙʥʦʤʫ ʮʝʥʪʨʽ ʧʨʦʪʷʛʦʤ ʤʽʩʷʮʷ; f ð ʢʽʣʴʢʽʩʪʴ ʚʠʜʽʚ ʛʨʫʧʦʚʦʛʦ 

ʦʩʥʘʱʝʥʥʷ, ʧʨʦʛʨʘʤ ʥʘ ʉʏʇʂ ʘʙʦ ʦʙʨʦʙʥʠʭ ʮʝʥʪʨʽʚ, ʟʘʩʪʦʩʦʚʫʚʘʥʠʭ 

ʩʠʩʪʝʤʦʶ ʧʨʠ ʦʙʨʦʙʮʽ ʜʝʪʘʣʝʡ ʟʘ ʛʨʫʧʦʚʦʶ ʪʝʭʥʦʣʦʛʽʻʶ. 

ɿʘʧʨʦʧʦʥʦʚʘʥʽ ʘʥʘʣʽʪʠʯʥʽ ʟʘʣʝʞʥʦʩʪʽ ʜʦʟʚʦʣʷʶʪʴ ʪʘʢʦʞ ʚʠʨʽʰʫʚʘʪʠ ʽ 

ʽʥʰʫ ʚʘʞʣʠʚʫ ʟʘʜʘʯʫ ï ʧʨʦʛʥʦʟʫʚʘʪʠ ʧʦʢʨʘʱʝʥʥʷ ʪʝʭʥʽʢʦ-ʝʢʦʥʦʤʽʯʥʠʭ 

ʧʦʢʘʟʥʠʢʽʚ ʫ ʜʽʶʯʠʭ ʛʨʫʧʦʚʠʭ ʩʠʩʪʝʤʘʭ ʫ ʨʝʟʫʣʴʪʘʪʽ ʚʧʨʦʚʘʜʞʝʥʥʷ ʟʘʭʦʜʽʚ 
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ʱʦʜʦ ʧʦʜʘʣʴʰʦʛʦ ʚʜʦʩʢʦʥʘʣʶʚʘʥʥʷ ʢʦʥʩʪʨʫʢʮʽʾ, ʪʝʭʥʦʣʦʛʽʾ, ʦʨʛʘʥʽʟʘʮʽʾ 

ʧʨʘʮʽ, ʦʧʝʨʘʪʠʚʥʦʛʦ ʧʣʘʥʫʚʘʥʥʷ ʪʘ ʢʝʨʫʚʘʥʥʷ. 

ʂʦʥʩʪʨʫʶʚʘʥʥʷ ʢʦʤʧʣʝʢʩʥʦʾ ʜʝʪʘʣʽ (ʙʨʦʥʽ) ʚʠʢʦʥʫʚʘʣʦʩʷ ʤʝʪʦʜʦʤ 

ʥʘʢʣʘʜʝʥʥʷ. ɸʥʘʣʽʟʫʶʯʠ ʢʨʝʩʣʝʥʥʷ ʜʝʪʘʣʝʡ ʛʨʫʧʠ, ʟ ʨʷʜʫ ʧʦʜʽʙʥʠʭ ʜʝʪʘʣʝʡ 

ʙʫʣʘ ʚʠʙʨʘʥʘ ʦʜʥʘ, ʥʘʡʙʽʣʴʰ ʭʘʨʘʢʪʝʨʥʘ. ʇʦʪʽʤ ʨʦʟʛʣʷʜʘʣʠʩʴ ʜʝʪʘʣʽ, ʷʢʽ 

ʚʽʜʨʽʟʥʷʶʪʴʩʷ ʚʽʜ ʥʝʾ ʥʘʷʚʥʽʩʪʶ ʽʥʰʠʭ ʦʙʨʦʙʣʶʻʤʠʭ ʧʦʚʝʨʭʦʥʴ. ʎʽ ʥʦʚʽ 

ʧʦʚʝʨʭʥʽ ʥʘʥʦʩʠʣʠʩʴ ʥʘ ʢʨʝʩʣʝʥʥʷ ʚʠʭʽʜʥʦʾ ʜʝʪʘʣʽ, ʪʘʢʠʤ ʯʠʥʦʤ 

ʩʪʚʦʨʶʚʘʣʘʩʴ ʫʤʦʚʥʘ ʢʦʤʧʣʝʢʩʥʘ ʜʝʪʘʣʴ, ʷʢʘ ʚʤʽʱʫʻ ʚʩʽ ʝʣʝʤʝʥʪʠ ʜʝʪʘʣʝʡ 

ʛʨʫʧ. ɺʩʽ ʜʝʪʘʣʽ ʛʨʫʧʠ ʚʠʛʦʪʦʚʣʝʥʽ ʟʽ ʟʥʦʩʦʩʪʽʡʢʦʛʦ ʤʘʪʝʨʽʘʣʫ 110ɻ13ʃ. 

 

 
ʈʠʩʫʥʦʢ 2. ʂʦʤʧʣʝʢʥʘ ʜʝʪʘʣʴ 

 

ʉʢʣʘʜʝʥʘ ʥʘ ʢʦʤʧʣʝʢʩʥʫ ʜʝʪʘʣʴ ʪʝʭʥʦʣʦʛʽʷ  ʚʠʛʦʪʦʚʣʝʥʥʷ  (ʪʘʙʣʠʮʷ 

2) ʟ ʥʝʚʝʣʠʢʠʤʠ ʧʝʨʝʥʘʣʘʛʦʜʞʝʥʥʷʤʠ ʤʦʞʝ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʝ ʧʨʠ 

ʚʠʛʦʪʦʚʣʝʥʥʽ ʙʫʜʴ-ʷʢʦʾ ʽʥʰʦʾ ʜʝʪʘʣʽ ʛʨʫʧʠ, ʜʦʟʚʦʣʠʪʴ ʟʘʙʝʟʧʝʯʠʪʠ  

ʟʘʤʦʚʣʝʥʥʷ ʪʘ ʟʜʽʡʩʥʶʚʘʪʠ ʷʢ ʜʦʚʛʦʩʪʨʦʢʦʚʝ (ʥʘ ʧʨʦʪʷʟʽ ʤʽʩʷʮʷ ʯʠ 

ʢʚʘʨʪʘʣʫ), ʪʘʢ ʽ ʢʦʨʦʪʢʦʩʪʨʦʢʦʚʝ (ʥʘ ʧʨʦʪʷʟʽ ʦʜʥʽʻʾ ʟʤʽʥʠ) ʦʧʝʨʘʪʠʚʥʦ-

ʚʠʨʦʙʥʠʯʝ ʧʣʘʥʫʚʘʥʥʷ ʨʦʙʦʪʠ. 

ʊʘʙʣʠʮʷ 2. ʄʘʨʰʨʫʪʥʘ ʪʝʭʥʦʣʦʛʽʷ 

ˉʟ/ʧ 
ʅʘʡʤʝʥʫʚʘʥʥʷ 

ʦʧʝʨʘʮʽʾ 

ʋʩʪʘʪʢʫʚʘʥʥʷ 

(ʤʦʜʝʣʴ ʚʝʨʩʪʘʪʘ) 

  ɯʥʩʪʨʫʤʝʥʪʘʣʴʥʝ  ʦʩʥʘʱʝʥʥʷ  

005 ɿʘʛʦʪʦʚʯʘ   

010 

ʊʝʨʤʦʦʙʨʦʙʢʘ 

(ʛʘʨʪʫʚʘʥʥʷ ʪʘ 

ʚʽʜʧʫʩʢʘʥʥʷ) 

  

015 ʊʦʢʘʨʥʦ-

ʢʘʨʫʩʝʣʴʥʠʡ ʟ 

ʏʇʂ 

HANKOOK VTB / VTC  
 

ʊʦʢʘʨʥʠʡ ʨʦʟʪʦʯʥʠʡ ʨʽʟʝʮʴ 

- ʧʣʘʩʪʠʥʘ ʢʨʫʛʣʘ  

Ï16 RNGN 160400; 

- ʜʝʨʞʘʚʢʘ FSDQC2520R-08A. 

ʊʦʢʘʨʥʠʡ ʨʽʟʝʮʴ ʜʣʷ 

ʢʦʥʪʫʨʥʦʛʦ ʪʦʯʽʥʥʷ 

- ʧʣʘʩʪʠʥʘ ʢʨʫʛʣʘ  
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Ï16 ʤʤ RBG 16; 

- ʜʝʨʞʘʚʢʘ 

DCLNR2525M09-T 

020 ʊʦʢʘʨʥʦ-

ʢʘʨʫʩʝʣʴʥʠʡ ʟ 

ʏʇʂ 

HANKOOK VTB / VTC  

 

ʊʦʢʘʨʥʠʡ ʨʦʟʪʦʯʥʠʡ ʨʽʟʝʮʴ 

- ʧʣʘʩʪʠʥʘ 

ʢʨʫʛʣʘ Ï31 RNMG 310900; 

- ʜʝʨʞʘʚʢʘ FSDQC2520R-11A. 

ʊʦʢʘʨʥʠʡ ʨʽʟʝʮʴ ʜʣʷ 

ʢʦʥʪʫʨʥʦʛʦ ʪʦʯʽʥʥʷ 

- ʧʣʘʩʪʠʥʘ ʢʨʫʛʣʘ  

Ï32 RCMʍ 3209M0-RR; 

- ʜʝʨʞʘʚʢʘ 

DCLNR2525M09-T 

025 ʊʦʢʘʨʥʦ-

ʢʘʨʫʩʝʣʴʥʠʡ ʟ 

ʏʇʂ 

HANKOOK VTB / VTC  ʊʦʢʘʨʥʠʡ ʨʦʟʪʦʯʥʠʡ ʨʽʟʝʮʴ 

- ʧʣʘʩʪʠʥʘ 

ʢʨʫʛʣʘ Ï31 RNMG 310900; 

- ʜʝʨʞʘʚʢʘ FSDQC2520R-11A. 

ʊʦʢʘʨʥʠʡ ʨʽʟʝʮʴ ʜʣʷ 

ʢʦʥʪʫʨʥʦʛʦ ʪʦʯʽʥʥʷ 

- ʧʣʘʩʪʠʥʘ ʢʨʫʛʣʘ  

Ï32 RCMʍ 3209M0-RR; 

- ʜʝʨʞʘʚʢʘ 

DCLNR2525M09-T 

030 ʂʦʥʪʨʦʣʴʥʘ   

 

ʇʨʠʢʣʘʜ ʩʪʨʫʢʪʫʨʥʦʾ ʧʦʙʫʜʦʚʠ ʪʘʢʦʛʦ ʛʨʫʧʦʚʦʛʦ ʥʘʣʘʛʦʜʞʝʥʥʷ 

ʧʨʠʚʝʜʝʥʠʡ ʥʘ ʨʠʩ. 3. 

 

  
ʈʠʩʫʥʦʢ 3. ʇʨʠʢʣʘʜ ʩʪʨʫʢʪʫʨʥʦʾ ʧʦʙʫʜʦʚʠ ʛʨʫʧʦʚʦʛʦ ʥʘʣʘʛʦʜʞʝʥʥʷ 
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5.ɺʀʉʅʆɺʂʀ ɯ ʅɸʇʈʗʄ ʇʆɼɸʃʔʐʆɻʆ ɼʆʉʃɯɼɾɽʅʅʗ.  

ɿʘʩʪʦʩʫʚʘʥʥʷ ʛʨʫʧʦʚʦʾ ʪʝʭʥʦʣʦʛʽʾ ʧʨʠ ʚʠʛʦʪʦʚʣʝʥʥʽ ʟʘʧʘʩʥʠʭ ʯʘʩʪʠʥ 

ʜʣʷ ʢʦʥʫʩʥʠʭ ʜʨʦʙʘʨʦʢ ʜʦʟʚʦʣʷʻ ʥʘʙʣʠʟʠʪʠ ʨʽʚʝʥʴ ʢʫʣʴʪʫʨʠ ʦʜʠʥʠʯʥʦʛʦ 

ʚʠʨʦʙʥʠʮʪʚʘ ʜʦ ʧʦʢʘʟʥʠʢʽʚ ʚʝʣʠʢʦʩʝʨʽʡʥʦʛʦ, ʚʦʜʥʦʯʘʩ ʩʫʪʪʻʚʦ 

ʧʽʜʚʠʱʫʶʯʠ ʨʽʚʝʥʴ ʤʝʭʘʥʽʟʘʮʽʾ ʪʘ ʘʚʪʦʤʘʪʠʟʘʮʽʾ ʚʠʨʦʙʥʠʯʠʭ ʧʨʦʮʝʩʽʚ. 

ʇʽʜ ʯʘʩ ʬʦʨʤʫʚʘʥʥʷ ʛʨʫʧ, ʥʘ ʩʪʘʜʽʾ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʧʽʜʛʦʪʦʚʣʝʥʥʷ 

ʚʠʨʦʙʥʠʮʪʚʘ, ʜʦʮʽʣʴʥʦ ʧʨʘʛʥʫʪʠ ʜʦ ʥʝʟʤʽʥʥʦʩʪʽ  ʚʝʨʩʪʘʪʽʚ, ʚʝʨʩʪʘʪʥʦʛʦ 

ʦʩʥʘʱʝʥʥʷ ʪʘ ʨʽʟʘʣʴʥʦʛʦ ʽʥʩʪʨʫʤʝʥʪʫ. ʉʠʩʪʝʤʘ ʛʨʫʧʫʚʘʥʥʷ  ʧʦʚʠʥʥʘ ʪʘʢʦʞ 

ʟʘʙʝʟʧʝʯʫʚʘʪʠ ʤʦʞʣʠʚʽʩʪʴ ʦʮʽʥʶʚʘʥʥʷ ʷʢʦʩʪʽ ʨʦʟʧʦʜʽʣʫ ʜʝʪʘʣʝʡ ʥʘ ʛʨʫʧʠ. 

ɼʣʷ ʮʴʦʛʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʨʽʟʥʽ ʢʨʠʪʝʨʽʾ, ʟʦʢʨʝʤʘ ʤʽʥʽʤʽʟʘʮʽʷ ʢʽʣʴʢʦʩʪʽ 

ʦʙʣʘʜʥʘʥʥʷ, ʟʘʛʘʣʴʥʦʛʦ ʯʘʩʫ ʦʙʨʦʙʢʠ ʛʨʫʧʠ ʜʝʪʘʣʝʡ, ʩʫʤʘʨʥʠʭ ʧʨʦʩʪʦʾʚ 

ʫʩʪʘʪʢʫʚʘʥʥʷ ʟʘ ʚʠʟʥʘʯʝʥʠʡ ʧʝʨʽʦʜ, ʘ ʪʘʢʦʞ ʜʦʧʦʤʽʞʥʦʛʦ ʯʘʩʫ, 

ʥʝʦʙʭʽʜʥʦʛʦ ʜʣʷ ʙʘʟʫʚʘʥʥʷ, ʟʘʢʨʽʧʣʝʥʥʷ ʪʘ ʟʥʷʪʪʷ ʜʝʪʘʣʝʡ [3]. 
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ɿɸʉʊʆʉʋɺɸʅʅʗ ʎʀʌʈʆɺʀʍ ɼɺɯʁʅʀʂɯɺ ʊɸ IN-SITU 

ʄʆʅɯʊʆʈʀʅɻʋ ɼʃʗ ʇʈʆɻʅʆɿʋɺɸʅʅʗ ɼɽʌɽʂʊɯɺ ʋ 

ʇʈʆʎɽʉɸʍ ɸɼʀʊʀɺʅʆɻʆ ɺʀʈʆɹʅʀʎʊɺɸ ʄɽʊɸʃɽɺʀʍ 

ɺʀʈʆɹɯɺ 

  
ɸʥʦʪʘʮʽʷ: ʋ ʨʦʙʦʪʽ ʜʦʩʣʽʜʞʝʥʦ ʤʦʞʣʠʚʦʩʪʽ ʟʘʩʪʦʩʫʚʘʥʥʷ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ 

ʪʘ ʩʠʩʪʝʤ in-situ ʤʦʥʽʪʦʨʠʥʛʫ ʜʣʷ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʜʝʬʝʢʪʽʚ ʫ ʧʨʦʮʝʩʘʭ ʘʜʠʪʠʚʥʦʛʦ 

ʚʠʨʦʙʥʠʮʪʚʘ ʤʝʪʘʣʝʚʠʭ ʚʠʨʦʙʽʚ. ʈʦʟʛʣʷʥʫʪʦ ʦʩʦʙʣʠʚʦʩʪʽ ʧʦʰʘʨʦʚʦʛʦ ʬʦʨʤʫʚʘʥʥʷ 

ʤʝʪʘʣʫ ʪʘ ʬʘʢʪʦʨʠ, ʱʦ ʚʧʣʠʚʘʶʪʴ ʥʘ ʚʠʥʠʢʥʝʥʥʷ ʜʝʬʝʢʪʽʚ, ʟʦʢʨʝʤʘ ʧʦʨʠʩʪʽʩʪʴ, 

ʥʝʩʪʘʙʽʣʴʥʽʩʪʴ ʚʘʥʥʠ ʨʦʟʧʣʘʚʫ ʪʘ ʟʦʥʠ ʥʝʧʦʚʥʦʛʦ ʧʨʦʧʣʘʚʣʝʥʥʷ. ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ 

ʧʨʠʥʮʠʧʠ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʩʠʩʪʝʤ ʩʝʥʩʦʨʥʦʛʦ ʩʧʦʩʪʝʨʝʞʝʥʥʷ, ʷʢʽ ʜʦʟʚʦʣʷʶʪʴ 

ʦʪʨʠʤʫʚʘʪʠ ʽʥʬʦʨʤʘʮʽʶ ʧʨʦ ʩʪʘʥ ʧʨʦʮʝʩʫ ʚ ʨʝʞʠʤʽ ʨʝʘʣʴʥʦʛʦ ʯʘʩʫ, ʘ ʪʘʢʦʞ ʨʦʣʴ 

ʮʠʬʨʦʚʠʭ ʤʦʜʝʣʝʡ ʫ ʚʽʜʪʚʦʨʝʥʥʽ ʪʝʧʣʦʚʠʭ ʽ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʨʦʮʝʩʽʚ. ʇʦʢʘʟʘʥʦ, ʱʦ 

ʽʥʪʝʛʨʘʮʽʷ ʜʘʥʠʭ ʤʦʥʽʪʦʨʠʥʛʫ ʟ ʮʠʬʨʦʚʠʤʠ ʜʚʽʡʥʠʢʘʤʠ ʟʘʙʝʟʧʝʯʫʻ ʙʽʣʴʰ ʪʦʯʥʝ 
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ʦʮʽʥʶʚʘʥʥʷ ʷʢʦʩʪʽ ʬʦʨʤʫʚʘʥʥʷ ʰʘʨʫ ʪʘ ʜʦʟʚʦʣʷʻ ʚʠʷʚʣʷʪʠ ʧʦʪʝʥʮʽʡʥʽ ʚʽʜʭʠʣʝʥʥʷ ʥʘ 

ʨʘʥʥʽʭ ʝʪʘʧʘʭ. ɺʠʟʥʘʯʝʥʦ ʟʥʘʯʝʥʥʷ ʤʝʪʦʜʽʚ ʤʘʰʠʥʥʦʛʦ ʥʘʚʯʘʥʥʷ ʜʣʷ ʚʩʪʘʥʦʚʣʝʥʥʷ 

ʟʘʣʝʞʥʦʩʪʝʡ ʤʽʞ ʧʘʨʘʤʝʪʨʘʤʠ ʧʨʦʮʝʩʫ ʪʘ ʡʤʦʚʽʨʥʽʩʪʶ ʜʝʬʝʢʪʦʫʪʚʦʨʝʥʥʷ. 

ʆʙˇʨʫʥʪʦʚʘʥʦ ʜʦʮʽʣʴʥʽʩʪʴ ʧʝʨʝʭʦʜʫ ʚʽʜ ʧʽʩʣʷʧʨʦʮʝʩʥʦʛʦ ʢʦʥʪʨʦʣʶ ʜʦ ʧʨʦʛʥʦʟʥʦʛʦ 

ʟʘʙʝʟʧʝʯʝʥʥʷ ʷʢʦʩʪʽ ʫ ʩʫʯʘʩʥʦʤʫ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʽ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʘʜʠʪʠʚʥʝ ʚʠʨʦʙʥʠʮʪʚʦ, ʮʠʬʨʦʚʠʡ ʜʚʽʡʥʠʢ, in-situ ʤʦʥʽʪʦʨʠʥʛ, 

ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʜʝʬʝʢʪʽʚ, ʤʘʰʠʥʥʝ ʥʘʚʯʘʥʥʷ, ʢʦʥʪʨʦʣʴ ʷʢʦʩʪʽ, ʤʝʪʘʣʝʚʽ ʚʠʨʦʙʠ. 

 

Abstract: The paper investigates the application of digital twins and in-situ 

monitoring systems for defect prediction in metal additive manufacturing processes. The 

features of layer-by-layer metal formation and factors influencing defect occurrence, 

including porosity, melt pool instability, and lack-of-fusion zones, are considered. The 

principles of sensor-based monitoring systems that provide real-time information about 

process conditions, as well as the role of digital models in simulating thermal and 

technological processes, are analyzed. It is shown that integrating monitoring data with 

digital twins enables more accurate assessment of layer formation quality and allows early 

detection of potential deviations. The importance of machine learning methods for identifying 

relationships between process parameters and defect probability is determined. The 

feasibility of transitioning from post-process inspection to predictive quality assurance in 

modern mechanical engineering is substantiated. 

Keywords: additive manufacturing, digital twin, in-situ monitoring, defect prediction, 

machine learning, quality control, metal parts. 

  

ɺʉʊʋʇ.  

ɸʜʠʪʠʚʥʝ ʚʠʨʦʙʥʠʮʪʚʦ ʤʝʪʘʣʝʚʠʭ ʚʠʨʦʙʽʚ ʩʴʦʛʦʜʥʽ ʻ ʦʜʥʠʤ ʽʟ 

ʚʘʞʣʠʚʠʭ ʥʘʧʨʷʤʽʚ ʨʦʟʚʠʪʢʫ ʩʫʯʘʩʥʦʛʦ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ. ɺʦʥʦ ʜʘʻ 

ʤʦʞʣʠʚʽʩʪʴ ʚʠʛʦʪʦʚʣʷʪʠ ʜʝʪʘʣʽ ʩʢʣʘʜʥʦʾ ʬʦʨʤʠ ʪʘ ʨʦʙʠʪʴ ʚʠʨʦʙʥʠʮʪʚʦ 

ʙʽʣʴʰ ʛʥʫʯʢʠʤ. ʈʘʟʦʤ ʽʟ ʪʠʤ ʧʨʦʮʝʩʠ ʧʦʰʘʨʦʚʦʛʦ ʬʦʨʤʫʚʘʥʥʷ ʤʝʪʘʣʫ ʜʫʞʝ 

ʯʫʪʣʠʚʽ ʜʦ ʧʘʨʘʤʝʪʨʽʚ ʜʨʫʢʫ, ʩʪʘʥʫ ʧʦʨʦʰʢʫ, ʫʤʦʚ ʧʣʘʚʣʝʥʥʷ ʪʘ 

ʪʝʧʣʦʚʽʜʚʝʜʝʥʥʷ [1ï3]. ʏʝʨʝʟ ʮʝ ʧʽʜ ʯʘʩ ʚʠʛʦʪʦʚʣʝʥʥʷ ʤʦʞʫʪʴ ʚʠʥʠʢʘʪʠ 

ʧʦʨʠʩʪʽʩʪʴ, ʥʝʩʪʘʙʽʣʴʥʽʩʪʴ ʚʘʥʥʠ ʨʦʟʧʣʘʚʫ, ʟʦʥʠ ʥʝʧʦʚʥʦʛʦ ʧʨʦʧʣʘʚʣʝʥʥʷ 

ʪʘ ʽʥʰʽ ʜʝʬʝʢʪʠ, ʷʢʽ ʧʦʛʽʨʰʫʶʪʴ ʚʣʘʩʪʠʚʦʩʪʽ ʛʦʪʦʚʠʭ ʚʠʨʦʙʽʚ. ʇʨʦʙʣʝʤʘ 

ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ, ʱʦ ʪʨʘʜʠʮʽʡʥʠʡ ʢʦʥʪʨʦʣʴ ʷʢʦʩʪʽ ʟʘʟʚʠʯʘʡ ʧʨʦʚʦʜʷʪʴ ʫʞʝ 

ʧʽʩʣʷ ʟʘʚʝʨʰʝʥʥʷ ʜʨʫʢʫ, ʢʦʣʠ ʚʧʣʠʥʫʪʠ ʥʘ ʧʨʦʮʝʩ ʬʦʨʤʫʚʘʥʥʷ ʜʝʬʝʢʪʽʚ 

ʫʞʝ ʥʝʤʦʞʣʠʚʦ. 

ʆʉʅʆɺʅɯ ʇʆʃʆɾɽʅʅʗ.  

ʋ ʩʫʯʘʩʥʠʭ ʜʦʩʣʽʜʞʝʥʥʷʭ ʟʥʘʯʥʫ ʫʚʘʛʫ ʧʨʠʜʽʣʷʶʪʴ ʮʠʬʨʦʚʠʤ 

ʜʚʽʡʥʠʢʘʤ ʽ ʩʠʩʪʝʤʘʤ IN -situ ʤʦʥʽʪʦʨʠʥʛʫ ʷʢ ʟʘʩʦʙʘʤ ʧʽʜʚʠʱʝʥʥʷ 

ʝʬʝʢʪʠʚʥʦʩʪʽ ʢʦʥʪʨʦʣʶ ʷʢʦʩʪʽ ʚ ʘʜʠʪʠʚʥʦʤʫ ʚʠʨʦʙʥʠʮʪʚʽ [1, 2]. In-situ 

ʤʦʥʽʪʦʨʠʥʛ ʜʘʻ ʟʤʦʛʫ ʦʪʨʠʤʫʚʘʪʠ ʽʥʬʦʨʤʘʮʽʶ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʧʽʜ ʯʘʩ ʜʨʫʢʫ 

ʟʘ ʜʦʧʦʤʦʛʦʶ ʦʧʪʠʯʥʠʭ, ʽʥʬʨʘʯʝʨʚʦʥʠʭ ʽ ʬʦʪʦʜʽʦʜʥʠʭ ʩʠʩʪʝʤ 

ʩʧʦʩʪʝʨʝʞʝʥʥʷ. ʊʘʢʽ ʜʘʥʽ ʚʽʜʦʙʨʘʞʘʶʪʴ ʩʪʘʥ melt-pool, ʪʝʤʧʝʨʘʪʫʨʥʫ 

ʧʦʚʝʜʽʥʢʫ ʣʦʢʘʣʴʥʠʭ ʟʦʥ ʪʘ ʩʪʘʙʽʣʴʥʽʩʪʴ ʬʦʨʤʫʚʘʥʥʷ ʰʘʨʫ [2]. ʎʠʬʨʦʚʠʡ 

ʜʚʽʡʥʠʢ, ʫ ʩʚʦʶ ʯʝʨʛʫ, ʜʦʟʚʦʣʷʻ ʦʧʠʩʫʚʘʪʠ ʧʝʨʝʙʽʛ ʧʨʦʮʝʩʫ ʟ ʫʨʘʭʫʚʘʥʥʷʤ 

ʪʝʧʣʦʚʠʭ ʽ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʬʘʢʪʦʨʽʚ, ʘ ʪʘʢʦʞ ʧʦʚôʷʟʫʚʘʪʠ ʧʘʨʘʤʝʪʨʠ ʜʨʫʢʫ ʟ 

ʧʦʢʘʟʥʠʢʘʤʠ ʷʢʦʩʪʽ [1, 4]. ʇʦʻʜʥʘʥʥʷ ʮʠʭ ʧʽʜʭʦʜʽʚ ʻ ʜʦʮʽʣʴʥʠʤ ʜʣʷ ʟʘʜʘʯ 
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ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʜʝʬʝʢʪʽʚ. ʗʢʱʦ ʜʘʥʽ ʤʦʥʽʪʦʨʠʥʛʫ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʥʝ 

ʣʠʰʝ ʜʣʷ ʬʽʢʩʘʮʽʾ ʘʥʦʤʘʣʽʡ, ʘ ʡ ʜʣʷ ʫʪʦʯʥʝʥʥʷ ʩʪʘʥʫ ʮʠʬʨʦʚʦʾ ʤʦʜʝʣʽ, 

ʟôʷʚʣʷʻʪʴʩʷ ʤʦʞʣʠʚʽʩʪʴ ʙʽʣʴʰ ʜʦʩʪʦʚʽʨʥʦ ʦʮʽʥʶʚʘʪʠ ʨʠʟʠʢ ʚʠʥʠʢʥʝʥʥʷ 

ʧʦʨʠʩʪʦʩʪʽ ʘʙʦ ʥʝʧʦʚʥʦʛʦ ʧʨʦʧʣʘʚʣʝʥʥʷ ʱʝ ʥʘ ʝʪʘʧʽ ʬʦʨʤʫʚʘʥʥʷ ʚʠʨʦʙʫ. ʋ 

ʪʘʢʦʤʫ ʚʠʧʘʜʢʫ ʮʠʬʨʦʚʠʡ ʜʚʽʡʥʠʢ ʚʠʩʪʫʧʘʻ ʟʘʩʦʙʦʤ ʽʥʪʝʨʧʨʝʪʘʮʽʾ 

ʧʨʦʮʝʩʫ, ʘ ʤʦʥʽʪʦʨʠʥʛʦʚʽ ʜʘʥʽ ð ʜʞʝʨʝʣʦʤ ʦʧʝʨʘʪʠʚʥʦʾ ʽʥʬʦʨʤʘʮʽʾ ʧʨʦ 

ʡʦʛʦ ʬʘʢʪʠʯʥʠʡ ʩʪʘʥ. 

 ɺʘʞʣʠʚʫ ʨʦʣʴ ʫ ʪʘʢʽʡ ʩʭʝʤʽ ʚʽʜʽʛʨʘʶʪʴ ʤʝʪʦʜʠ ʤʘʰʠʥʥʦʛʦ ʥʘʚʯʘʥʥʷ, 

ʷʢʽ ʜʦʟʚʦʣʷʶʪʴ ʚʩʪʘʥʦʚʣʶʚʘʪʠ ʟʘʣʝʞʥʦʩʪʽ ʤʽʞ ʧʘʨʘʤʝʪʨʘʤʠ ʤʦʥʽʪʦʨʠʥʛʫ 

ʪʘ ʡʤʦʚʽʨʥʽʩʪʶ ʜʝʬʝʢʪʦʫʪʚʦʨʝʥʥʷ [3]. ʎʝ ʦʩʦʙʣʠʚʦ ʚʘʞʣʠʚʦ ʫ ʚʠʧʘʜʢʘʭ, 

ʢʦʣʠ ʦʢʨʝʤʽ ʩʠʛʥʘʣʠ ʩʘʤʽ ʧʦ ʩʦʙʽ ʥʝ ʜʘʶʪʴ ʦʜʥʦʟʥʘʯʥʦʛʦ ʚʠʩʥʦʚʢʫ ʧʨʦ 

ʷʢʽʩʪʴ, ʘʣʝ ʾʭ ʧʦʻʜʥʘʥʥʷ ʜʦʟʚʦʣʷʻ ʚʠʷʚʠʪʠ ʭʘʨʘʢʪʝʨʥʽ ʧʝʨʝʜʫʤʦʚʠ ʧʦʷʚʠ 

ʜʝʬʝʢʪʽʚ. ʋ ʨʝʟʫʣʴʪʘʪʽ ʬʦʨʤʫʻʪʴʩʷ ʽʥʬʦʨʤʘʮʽʡʥʠʡ ʢʦʥʪʫʨ, ʫ ʷʢʦʤʫ 

ʩʝʥʩʦʨʥʽ ʜʘʥʽ, ʮʠʬʨʦʚʘ ʤʦʜʝʣʴ ʽ ʘʥʘʣʽʪʠʯʥʘ ʦʙʨʦʙʢʘ ʚʟʘʻʤʦʜʽʶʪʴ ʜʣʷ 

ʦʮʽʥʶʚʘʥʥʷ ʩʪʘʥʫ ʧʨʦʮʝʩʫ ʚ ʨʝʞʠʤʽ, ʥʘʙʣʠʞʝʥʦʤʫ ʜʦ ʨʝʘʣʴʥʦʛʦ ʯʘʩʫ. 

 ʇʨʘʢʪʠʯʥʝ ʟʥʘʯʝʥʥʷ ʪʘʢʦʛʦ ʧʽʜʭʦʜʫ ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ, ʱʦ ʚʽʥ 

ʦʨʽʻʥʪʦʚʘʥʠʡ ʥʝ ʣʠʰʝ ʥʘ ʢʦʥʪʨʦʣʴ ʫʞʝ ʚʠʛʦʪʦʚʣʝʥʦʾ ʜʝʪʘʣʽ, ʘ ʡ ʥʘ 

ʧʦʧʝʨʝʜʞʝʥʥʷ ʜʝʬʝʢʪʽʚ ʫ ʧʨʦʮʝʩʽ ʜʨʫʢʫ. ɼʣʷ ʚʽʜʧʦʚʽʜʘʣʴʥʠʭ 

ʤʘʰʠʥʦʙʫʜʽʚʥʠʭ ʚʠʨʦʙʽʚ ʮʝ ʜʦʟʚʦʣʷʻ ʟʤʝʥʰʠʪʠ ʢʽʣʴʢʽʩʪʴ ʙʨʘʢʫ, ʩʢʦʨʦʪʠʪʠ 

ʚʠʪʨʘʪʠ ʥʘ ʧʽʩʣʷʧʨʦʮʝʩʥʠʡ ʢʦʥʪʨʦʣʴ ʽ ʧʽʜʚʠʱʠʪʠ ʚʽʜʪʚʦʨʶʚʘʥʽʩʪʴ ʷʢʦʩʪʽ. 

ʉʘʤʝ ʪʦʤʫ ʽʥʪʝʛʨʘʮʽʶ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ, in-situ ʤʦʥʽʪʦʨʠʥʛʫ ʪʘ 

ʘʥʘʣʽʪʠʯʥʠʭ ʤʝʪʦʜʽʚ ʜʦʮʽʣʴʥʦ ʨʦʟʛʣʷʜʘʪʠ ʷʢ ʦʜʠʥ ʽʟ ʧʝʨʩʧʝʢʪʠʚʥʠʭ 

ʥʘʧʨʷʤʽʚ ʨʦʟʚʠʪʢʫ ʽʥʪʝʣʝʢʪʫʘʣʴʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʫ ʤʝʪʘʣʝʚʦʤʫ ʘʜʠʪʠʚʥʦʤʫ 

ʚʠʨʦʙʥʠʮʪʚʽ [1ï4]. 

               
 ʈʠʩʫʥʦʢ 1.  ʋʟʘʛʘʣʴʥʝʥʘ ʩʭʝʤʘ ʚʠʢʦʨʠʩʪʘʥʥʷ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ ʪʘ 

in-situ ʤʦʥʽʪʦʨʠʥʛʫ ʜʣʷ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʜʝʬʝʢʪʽʚ ʫ ʧʨʦʮʝʩʘʭ ʘʜʠʪʠʚʥʦʛʦ 

ʚʠʨʦʙʥʠʮʪʚʘ ʤʝʪʘʣʝʚʠʭ ʚʠʨʦʙʽʚ. 

 



145 
 

ɺʀʉʅʆɺʂʀ. 

ʆʪʞʝ, ʧʦʻʜʥʘʥʥʷ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ ʽʟ ʜʘʥʠʤʠ in-situ ʤʦʥʽʪʦʨʠʥʛʫ ʻ 

ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʜʣʷ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʜʝʬʝʢʪʽʚ ʫ ʧʨʦʮʝʩʘʭ ʘʜʠʪʠʚʥʦʛʦ 

ʚʠʨʦʙʥʠʮʪʚʘ ʤʝʪʘʣʝʚʠʭ ʚʠʨʦʙʽʚ. ʊʘʢʠʡ ʧʽʜʭʽʜ ʜʘʻ ʟʤʦʛʫ ʪʦʯʥʽʰʝ ʦʮʽʥʶʚʘʪʠ 

ʩʪʘʥ ʧʨʦʮʝʩʫ ʬʦʨʤʫʚʘʥʥʷ ʚʠʨʦʙʫ ʪʘ ʩʚʦʻʯʘʩʥʦ ʚʠʷʚʣʷʪʠ ʚʽʜʭʠʣʝʥʥʷ, ʱʦ 

ʤʦʞʫʪʴ ʧʨʠʟʚʦʜʠʪʠ ʜʦ ʜʝʬʝʢʪʽʚ. ʎʝ, ʫ ʩʚʦʶ ʯʝʨʛʫ, ʩʪʚʦʨʶʻ ʦʩʥʦʚʫ ʜʣʷ 

ʧʝʨʝʭʦʜʫ ʚʽʜ ʪʨʘʜʠʮʽʡʥʦʛʦ ʧʽʩʣʷʧʨʦʮʝʩʥʦʛʦ ʢʦʥʪʨʦʣʶ ʜʦ ʙʽʣʴʰ 

ʝʬʝʢʪʠʚʥʦʛʦ ʧʨʦʛʥʦʟʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ ʷʢʦʩʪʽ. ʇʦʜʘʣʴʰʽ ʜʦʩʣʽʜʞʝʥʥʷ 

ʜʦʮʽʣʴʥʦ ʩʧʨʷʤʫʚʘʪʠ ʥʘ ʫʪʦʯʥʝʥʥʷ ʽʥʬʦʨʤʘʪʠʚʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʤʦʥʽʪʦʨʠʥʛʫ 

ʪʘ ʧʽʜʚʠʱʝʥʥʷ ʥʘʜʽʡʥʦʩʪʽ ʤʦʜʝʣʝʡ ʚ ʫʤʦʚʘʭ ʨʝʘʣʴʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ. 
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ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ ʣʠʪʪʷ ʜʝʪʘʣʝʡ ʫ ʧʽʱʘʥʦ-ʛʣʠʥʠʩʪʠʭ ʬʦʨʤʘʭ ʟ ʫʨʘʭʫʚʘʥʥʷʤ 

ʪʝʧʣʦʚʠʭ ʪʘ ʛʽʜʨʦʜʠʥʘʤʽʯʥʠʭ ʷʚʠʱ. ʈʦʟʨʦʙʣʝʥʦ ʤʦʜʝʣʴ, ʱʦ ʦʧʠʩʫʻ ʟʘʣʝʞʥʽʩʪʴ ʷʢʦʩʪʽ 

ʚʽʜʣʠʚʢʠ ʚʽʜ ʢʣʶʯʦʚʠʭ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ: ʪʝʤʧʝʨʘʪʫʨʠ ʨʦʟʧʣʘʚʫ, ʰʚʠʜʢʦʩʪʽ 

ʟʘʣʠʚʘʥʥʷ ʪʘ ʪʝʧʣʦʬʽʟʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʬʦʨʤʫʚʘʣʴʥʦʾ ʩʫʤʽʰʽ. ʇʨʦʚʝʜʝʥʦ 

ʩʠʩʪʝʤʘʪʠʯʥʝ ʧʦʨʽʚʥʷʥʥʷ ʪʨʘʜʠʮʽʡʥʦʛʦ ʣʠʪʪʷ ʟ ʩʫʯʘʩʥʠʤʠ ʚʠʩʦʢʦʪʝʭʥʦʣʦʛʽʯʥʠʤʠ 

ʤʝʪʦʜʘʤʠ ʚʠʛʦʪʦʚʣʝʥʥʷ ʜʝʪʘʣʝʡ, ʚʢʣʶʯʘʶʯʠ ʘʜʠʪʠʚʥʽ ʪʝʭʥʦʣʦʛʽʾ ʪʘ ʣʠʪʪʷ ʧʽʜ 

ʪʠʩʢʦʤ. ʈʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʥʷ ʜʝʤʦʥʩʪʨʫʶʪʴ, ʱʦ ʪʨʘʜʠʮʽʡʥʝ ʣʠʪʪʷ ʟʙʝʨʽʛʘʻ 

ʝʢʦʥʦʤʽʯʥʫ ʜʦʮʽʣʴʥʽʩʪʴ ʜʣʷ ʧʝʚʥʠʭ ʢʣʘʩʽʚ ʚʠʨʦʙʽʚ, ʥʝʟʚʘʞʘʶʯʠ ʥʘ ʥʠʞʯʫ ʪʦʯʥʽʩʪʴ 

ʧʦʨʽʚʥʷʥʦ ʟ ʚʠʩʦʢʠʤʠ ʪʝʭʥʦʣʦʛʽʷʤʠ. ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʢʽʣʴʢʽʩʥʽ ʢʨʠʪʝʨʽʾ ʚʠʙʦʨʫ 

ʦʧʪʠʤʘʣʴʥʦʾ ʪʝʭʥʦʣʦʛʽʾ ʚʠʨʦʙʥʠʮʪʚʘ ʥʘ ʦʩʥʦʚʽ ʙʘʛʘʪʦʧʘʨʘʤʝʪʨʠʯʥʦʾ ʦʧʪʠʤʽʟʘʮʽʾ. 
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ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʣʠʪʪʷ, ʧʽʱʘʥʦ-ʛʣʠʥʠʩʪʽ ʬʦʨʤʠ, ʪʝʧʣʦʧʝʨʝʥʦʩ, ʤʘʪʝʤʘʪʠʯʥʝ 

ʤʦʜʝʣʶʚʘʥʥʷ, ʘʜʠʪʠʚʥʽ ʪʝʭʥʦʣʦʛʽʾ, ʷʢʽʩʪʴ ʚʽʜʣʠʚʦʢ, ʦʧʪʠʤʽʟʘʮʽʷ ʪʝʭʥʦʣʦʛʽʯʥʠʭ 

ʧʘʨʘʤʝʪʨʽʚ. 

 

Abstract: The paper presents a comprehensive approach to the mathematical 

modeling of the casting process in sand-clay molds, taking into account thermal and 

hydrodynamic phenomena. A model is developed that describes the dependence of casting 

quality on key technological parameters, including melt temperature, pouring rate, and 

thermophysical properties of the molding mixture. A systematic comparison of traditional 

casting with modern advanced manufacturing methods, including additive technologies and 

die casting, is carried out. The results demonstrate that traditional casting remains 

economically feasible for certain classes of products despite its lower accuracy compared to 

advanced technologies. Quantitative criteria for selecting the optimal manufacturing 

technology based on multi-parameter optimization are proposed. 

Keywords: casting, sand-clay molds, heat transfer, mathematical modeling, additive 

technologies, casting quality, optimization of technological parameters. 

 

1. ɺʉʊʋʇ. 

1.1. ɸʢʪʫʘʣʴʥʽʩʪʴ ʧʨʦʙʣʝʤʠ. 

ʃʠʚʘʨʥʽ ʧʨʦʮʝʩʠ ʚʽʜʽʛʨʘʶʪʴ ʬʫʥʜʘʤʝʥʪʘʣʴʥʫ ʨʦʣʴ ʫ ʩʫʯʘʩʥʦʤʫ 

ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʽ ʪʘ ʥʘʣʝʞʘʪʴ ʜʦ ʢʨʠʪʠʯʥʠʭ ʪʝʭʥʦʣʦʛʽʡ, ʱʦ ʚʠʟʥʘʯʘʶʪʴ ʥʝ 

ʣʠʰʝ ʷʢʽʩʪʴ ʢʽʥʮʝʚʦʾ ʧʨʦʜʫʢʮʽʾ, ʘʣʝ ʡ ʝʢʦʥʦʤʽʯʥʫ ʝʬʝʢʪʠʚʥʽʩʪʴ 

ʚʠʨʦʙʥʠʮʪʚʘ [1,4]. ʃʠʪʪʷ ʫ ʧʽʱʘʥʦ-ʛʣʠʥʠʩʪʽ ʬʦʨʤʠ ʟʘʣʠʰʘʻʪʴʩʷ ʦʜʥʠʤ ʟ 

ʥʘʡʧʦʰʠʨʝʥʽʰʠʭ ʤʝʪʦʜʽʚ ʟʘʚʜʷʢʠ ʪʝʭʥʦʣʦʛʽʯʥʽʡ ʫʥʽʚʝʨʩʘʣʴʥʦʩʪʽ, ʚʽʜʥʦʩʥʦ 

ʥʠʟʴʢʽʡ ʚʘʨʪʦʩʪʽ ʦʙʣʘʜʥʘʥʥʷ ʪʘ ʤʦʞʣʠʚʦʩʪʽ ʚʠʛʦʪʦʚʣʝʥʥʷ ʜʝʪʘʣʝʡ 

ʰʠʨʦʢʦʛʦ ʩʧʝʢʪʨʫ ʛʘʙʘʨʠʪʽʚ ʽ ʢʦʥʬʽʛʫʨʘʮʽʡ [1,5]. 

1.2. ɺʠʢʣʠʢʠ ʩʫʯʘʩʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ. 

ʉʪʨʽʤʢʠʡ ʨʦʟʚʠʪʦʢ ʚʠʩʦʢʠʭ ʪʝʭʥʦʣʦʛʽʡ, ʟʦʢʨʝʤʘ ʘʜʠʪʠʚʥʦʛʦ 

ʚʠʨʦʙʥʠʮʪʚʘ (3D-ʜʨʫʢʫ ʤʝʪʘʣʘʤʠ) ʪʘ ʧʨʝʮʠʟʽʡʥʦʛʦ ʣʠʪʪʷ ʧʽʜ ʪʠʩʢʦʤ, 

ʩʪʘʚʠʪʴ ʧʝʨʝʜ ʪʨʘʜʠʮʽʡʥʠʤʠ ʤʝʪʦʜʘʤʠ ʥʦʚʽ ʚʠʢʣʠʢʠ [3,4]. ɺʠʥʠʢʘʻ 

ʥʝʦʙʭʽʜʥʽʩʪʴ ʦʙ'ʻʢʪʠʚʥʦʾ ʦʮʽʥʢʠ ʝʬʝʢʪʠʚʥʦʩʪʽ ʢʣʘʩʠʯʥʠʭ ʧʨʦʮʝʩʽʚ ʥʘ 

ʦʩʥʦʚʽ ʤʘʪʝʤʘʪʠʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʪʘ ʧʦʨʽʚʥʷʣʴʥʦʛʦ ʘʥʘʣʽʟʫ ʪʝʭʥʽʢʦ-

ʝʢʦʥʦʤʽʯʥʠʭ ʧʦʢʘʟʥʠʢʽʚ. 

1.3. ʄʝʪʘ ʜʦʩʣʽʜʞʝʥʥʷ. 

ʄʝʪʦʶ ʨʦʙʦʪʠ ʻ ʧʦʙʫʜʦʚʘ ʤʘʪʝʤʘʪʠʯʥʦʾ ʤʦʜʝʣʽ ʧʨʦʮʝʩʫ ʬʦʨʤʫʚʘʥʥʷ 

ʚʠʣʠʚʢʽʚ ʫ ʧʽʱʘʥʦ-ʛʣʠʥʠʩʪʠʭ ʬʦʨʤʘʭ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʢʦʤʧʣʝʢʩʫ 

ʪʝʧʣʦʬʽʟʠʯʥʠʭ ʪʘ ʛʽʜʨʦʜʠʥʘʤʽʯʥʠʭ ʷʚʠʱ, ʘ ʪʘʢʦʞ ʚʠʟʥʘʯʝʥʥʷ ʦʙʣʘʩʪʽ 

ʨʘʮʽʦʥʘʣʴʥʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʤʝʪʦʜʫ ʚ ʢʦʥʪʝʢʩʪʽ ʩʫʯʘʩʥʠʭ ʚʠʨʦʙʥʠʯʠʭ 

ʪʝʭʥʦʣʦʛʽʡ. 

2. ʇʆʉʊɸʅʆɺʂɸ ʇʈʆɹʃɽʄʀ. 

2.1. ʇʨʦʙʣʝʤʘʪʠʢʘ ʷʢʦʩʪʽ ʚʽʜʣʠʚʦʢ. 
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ɿʘʙʝʟʧʝʯʝʥʥʷ ʚʠʩʦʢʦʾ ʷʢʦʩʪʽ ʚʽʜʣʠʚʦʢ ʧʨʠ ʤʽʥʽʤʘʣʴʥʠʭ ʚʠʨʦʙʥʠʯʠʭ 

ʚʠʪʨʘʪʘʭ ʻ ʢʣʶʯʦʚʦʶ ʽʥʞʝʥʝʨʥʦʶ ʟʘʜʘʯʝʶ ʣʠʚʘʨʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ. ʊʠʧʦʚʽ 

ʜʝʬʝʢʪʠ, ʱʦ ʚʠʥʠʢʘʶʪʴ ʫ ʧʨʦʮʝʩʽ ʣʠʪʪʷ, ʚʢʣʶʯʘʶʪʴ: 

- ʫʩʘʜʦʯʥʽ ʨʘʢʦʚʠʥʠ ï ʧʦʨʦʞʥʠʥʠ, ʱʦ ʫʪʚʦʨʶʶʪʴʩʷ ʚʥʘʩʣʽʜʦʢ ʦʙ'ʻʤʥʦʾ 

ʫʩʘʜʢʠ ʤʝʪʘʣʫ ʧʨʠ ʢʨʠʩʪʘʣʽʟʘʮʽʾ; 

- ʧʦʨʠʩʪʽʩʪʴ ï ʜʠʩʧʝʨʩʥʽ ʛʘʟʦʚʽ ʚʢʣʶʯʝʥʥʷ ʚ ʩʪʨʫʢʪʫʨʽ ʚʽʜʣʠʚʢʠ; 

- ʪʨʽʱʠʥʠ ï ʤʘʢʨʦʩʢʦʧʽʯʥʽ ʧʦʨʫʰʝʥʥʷ ʩʫʮʽʣʴʥʦʩʪʽ, ʚʠʢʣʠʢʘʥʽ 

ʪʝʨʤʽʯʥʠʤʠ ʥʘʧʨʫʞʝʥʥʷʤʠ; 

- ʥʝʨʽʚʥʦʤʽʨʥʘ ʩʪʨʫʢʪʫʨʘ ï ʥʝʦʜʥʦʨʽʜʥʽʩʪʴ ʟʝʨʝʥʥʦʾ ʙʫʜʦʚʠ ʧʦ ʦʙ'ʻʤʫ 

ʚʠʣʠʚʢʘ [2,5]. 

2.2. ʅʘʫʢʦʚʘ ʟʘʜʘʯʘ. 

ʅʝʦʙʭʽʜʥʦ ʚʩʪʘʥʦʚʠʪʠ ʬʫʥʢʮʽʦʥʘʣʴʥʽ ʟʘʣʝʞʥʦʩʪʽ ʤʽʞ 

ʪʝʭʥʦʣʦʛʽʯʥʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʧʨʦʮʝʩʫ (ʪʝʤʧʝʨʘʪʫʨʘ ʟʘʣʠʚʘʥʥʷ, ʰʚʠʜʢʽʩʪʴ 

ʟʘʧʦʚʥʝʥʥʷ ʬʦʨʤʠ, ʪʝʧʣʦʬʽʟʠʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʬʦʨʤʫʚʘʣʴʥʦʾ ʩʫʤʽʰʽ) ʪʘ 

ʧʦʢʘʟʥʠʢʘʤʠ ʷʢʦʩʪʽ ʛʦʪʦʚʦʾ ʧʨʦʜʫʢʮʽʾ. ɼʦʜʘʪʢʦʚʦ ʧʦʪʨʽʙʥʦ ʚʠʟʥʘʯʠʪʠ 

ʢʦʥʢʫʨʝʥʪʦʩʧʨʦʤʦʞʥʽʩʪʴ ʤʝʪʦʜʫ ʧʦʨʽʚʥʷʥʦ ʟ ʘʣʴʪʝʨʥʘʪʠʚʥʠʤʠ 

ʪʝʭʥʦʣʦʛʽʷʤʠ ʚʠʛʦʪʦʚʣʝʥʥʷ ʜʝʪʘʣʝʡ. 

3. ʄɸʊɽʄɸʊʀʏʅɸ ʄʆɼɽʃʔ ʊɸ ʄɽʊʆɼʆʃʆɻɯʗ. 

3.1. ɿʘʛʘʣʴʥʘ ʧʦʩʪʘʥʦʚʢʘ ʤʦʜʝʣʽ 

ʇʨʦʮʝʩ ʣʠʪʪʷ ʜʝʪʘʣʝʡ ʫ ʧʽʱʘʥʦ-ʛʣʠʥʠʩʪʠʭ ʬʦʨʤʘʭ ʤʦʞʥʘ 

ʧʨʝʜʩʪʘʚʠʪʠ ʷʢ ʙʘʛʘʪʦʧʘʨʘʤʝʪʨʠʯʥʫ ʩʠʩʪʝʤʫ: 

Y = f (T, V, ɚ, t) 

ʜʝ: Y ï ʽʥʪʝʛʨʘʣʴʥʠʡ ʧʦʢʘʟʥʠʢ ʷʢʦʩʪʽ ʚʽʜʣʠʚʢʠ; T ï ʪʝʤʧʝʨʘʪʫʨʘ ʨʦʟʧʣʘʚʫ, 

K; V ï ʰʚʠʜʢʽʩʪʴ ʟʘʣʠʚʘʥʥʷ, ʤ/ʩ; ɚ ï ʢʦʝʬʽʮʽʻʥʪ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ 

ʬʦʨʤʫʚʘʣʴʥʦʾ ʩʫʤʽʰʽ, ɺʪ/(ʤĿK); t ï ʯʘʩ ʢʨʠʩʪʘʣʽʟʘʮʽʾ, ʩ. 

3.2. ʄʦʜʝʣʴ ʪʝʧʣʦʧʝʨʝʥʦʩʫ. 

ʊʝʤʧʝʨʘʪʫʨʥʝ ʧʦʣʝ ʚ ʩʠʩʪʝʤʽ "ʤʝʪʘʣ-ʬʦʨʤʘ" ʦʧʠʩʫʻʪʴʩʷ ʨʽʚʥʷʥʥʷʤ 

ʥʝʩʪʘʮʽʦʥʘʨʥʦʾ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ [2]: 

ÖT/Öt = aɳ ĮT 

ʜʝ a ï ʢʦʝʬʽʮʽʻʥʪ ʪʝʤʧʝʨʘʪʫʨʦʧʨʦʚʽʜʥʦʩʪʽ, ʤĮ/ʩ. 

ʎʝ ʨʽʚʥʷʥʥʷ ʧʘʨʘʙʦʣʽʯʥʦʛʦ ʪʠʧʫ ʚʨʘʭʦʚʫʻ ʧʨʦʮʝʩ ʜʠʬʫʟʽʾ ʪʝʧʣʘ ʚʽʜ 

ʛʘʨʷʯʦʛʦ ʨʦʟʧʣʘʚʫ ʯʝʨʝʟ ʛʨʘʥʠʮʶ ʨʦʟʜʽʣʫ ʬʘʟ ʜʦ ʭʦʣʦʜʥʦʾ ʬʦʨʤʠ. ɻʨʘʜʽʻʥʪ 

ʪʝʤʧʝʨʘʪʫʨʠ ʚʠʟʥʘʯʘʻ ʰʚʠʜʢʽʩʪʴ ʢʨʠʩʪʘʣʽʟʘʮʽʾ ʪʘ ʭʘʨʘʢʪʝʨ ʬʦʨʤʫʚʘʥʥʷ 

ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ. 

3.3. ʂʨʠʪʝʨʽʡ ʷʢʦʩʪʽ ʚʽʜʣʠʚʢʠ. 

ɯʥʪʝʛʨʘʣʴʥʠʡ ʧʦʢʘʟʥʠʢ ʷʢʦʩʪʽ ʚʠʟʥʘʯʘʻʪʴʩʷ ʷʢ ʟʚʘʞʝʥʘ ʣʽʥʽʡʥʘ 

ʢʦʤʙʽʥʘʮʽʷ ʯʘʩʪʢʦʚʠʭ ʢʨʠʪʝʨʽʾʚ: 

Q = w ĿD ĭ + w ĿS + w ĿH 

ʜʝ: D ï ʜʝʬʝʢʪʥʽʩʪʴ ʚʽʜʣʠʚʢʠ (ʦʙʝʨʥʝʥʦ ʧʨʦʧʦʨʮʽʡʥʘ ʷʢʦʩʪʽ); S ï 

ʩʪʨʫʢʪʫʨʥʘ ʦʜʥʦʨʽʜʥʽʩʪʴ (ʢʦʝʬʽʮʽʻʥʪ ʚʘʨʽʘʮʽʾ ʨʦʟʤʽʨʫ ʟʝʨʥʘ); H ï ʪʚʝʨʜʽʩʪʴ 
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ʤʘʪʝʨʽʘʣʫ, ʱʦ ʢʦʨʝʣʶʻ ʟ ʤʝʭʘʥʽʯʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ; w , w , w  ï ʚʘʛʦʚʽ 

ʢʦʝʬʽʮʽʻʥʪʠ, ʱʦ ʚʽʜʦʙʨʘʞʘʶʪʴ ʧʨʽʦʨʠʪʝʪʠ ʷʢʦʩʪʽ (×w = 1); 

3.4. ʄʝʪʦʜʠ ʜʦʩʣʽʜʞʝʥʥʷ. 

ɼʣʷ ʚʠʨʽʰʝʥʥʷ ʧʦʩʪʘʚʣʝʥʠʭ ʟʘʜʘʯ ʚʠʢʦʨʠʩʪʘʥʦ: 

- ʤʝʪʦʜʠ ʤʘʪʝʤʘʪʠʯʥʦʾ ʬʽʟʠʢʠ (ʪʝʦʨʽʷ ʪʝʧʣʦʧʝʨʝʥʦʩʫ); 

- ʯʠʩʝʣʴʥʝ ʤʦʜʝʣʶʚʘʥʥʷ (ʤʝʪʦʜ ʩʢʽʥʯʝʥʥʠʭ ʝʣʝʤʝʥʪʽʚ) [6]; 

- ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘ ʚʘʣʽʜʘʮʽʷ ʨʝʟʫʣʴʪʘʪʽʚ; 

- ʧʦʨʽʚʥʷʣʴʥʠʡ ʘʥʘʣʽʟ ʪʝʭʥʦʣʦʛʽʡ. 

4. ʈɽɿʋʃʔʊɸʊʀ ɼʆʉʃɯɼɾɽʅʅʗ. 

4.1. ʆʧʪʠʤʘʣʴʥʽ ʧʘʨʘʤʝʪʨʠ ʧʨʦʮʝʩʫ. 

ʇʨʦʚʝʜʝʥʝ ʤʦʜʝʣʶʚʘʥʥʷ ʜʦʟʚʦʣʠʣʦ ʚʠʟʥʘʯʠʪʠ ʦʧʪʠʤʘʣʴʥʽ 

ʪʝʭʥʦʣʦʛʽʯʥʽ ʨʝʞʠʤʠ [6]: 

ʊʝʤʧʝʨʘʪʫʨʘ ʟʘʣʠʚʘʥʥʷ: 

- ʜʣʷ ʩʪʘʣʝʚʠʭ ʚʠʣʠʚʢʽʚ: 1350ï1450 ÁC; 

- ʧʝʨʝʛʨʽʚ ʚʽʜʥʦʩʥʦ ʪʝʤʧʝʨʘʪʫʨʠ ʣʽʢʚʽʜʫʩʫ: 50ï150 ÁC. 

ʐʚʠʜʢʽʩʪʴ ʟʘʣʠʚʘʥʥʷ: 

- ʧ̔ ʜʚʠʱʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʟʘʣʠʚʘʥʥʷ (ʚ ʜʦʧʫʩʪʠʤʠʭ ʤʝʞʘʭ) ʟʤʝʥʰʫʻ 

ʡʤʦʚʽʨʥʽʩʪʴ ʫʪʚʦʨʝʥʥʷ ʭʦʣʦʜʥʠʭ ʰʚʽʚ; 

- ʦʧʪʠʤʘʣʴʥʘ ʰʚʠʜʢʽʩʪʴ ʟʘʣʝʞʠʪʴ ʚʽʜ ʛʝʦʤʝʪʨʽʾ ʬʦʨʤʠ ʪʘ ʤʘʩʰʪʘʙʫ 

ʚʽʜʣʠʚʢʠ. 

ʊʝʧʣʦʬʽʟʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʬʦʨʤʠ: 

- ʥʠʟʴʢʘ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʬʦʨʤʫʚʘʣʴʥʦʾ ʩʫʤʽʰʽ ʩʧʨʠʷʻ ʨʽʚʥʦʤʽʨʥʽʡ 

ʢʨʠʩʪʘʣʽʟʘʮʽʾ; 

- ʫʧʦʚʽʣʴʥʝʥʥʷ ʦʭʦʣʦʜʞʝʥʥʷ ʟʥʠʞʫʻ ʪʝʨʤʽʯʥʽ ʥʘʧʨʫʞʝʥʥʷ. 

4.2. ʇʦʨʽʚʥʷʣʴʥʠʡ ʘʥʘʣʽʟ ʪʝʭʥʦʣʦʛʽʡ. 

ʉʠʩʪʝʤʘʪʠʯʥʝ ʧʦʨʽʚʥʷʥʥʷ ʪʨʘʜʠʮʽʡʥʦʛʦ ʣʠʪʪʷ ʟ ʚʠʩʦʢʠʤʠ 

ʪʝʭʥʦʣʦʛʽʷʤʠ ʧʨʝʜʩʪʘʚʣʝʥʦ ʫ ʪʘʙʣ.1  [1,3,4]: 

ʊʘʙʣʠʮʷ 1. ʇʦʨʽʚʥʷʥʥʷ ʪʨʘʜʠʮʽʡʥʦʛʦ ʣʠʪʪʷ ʟ ʚʠʩʦʢʠʤʠ ʪʝʭʥʦʣʦʛʽʷʤʠ 

ʇʘʨʘʤʝʪʨ ʇ̔ ʱʘʥʦ-ʛʣʠʥʠʩʪʝ 

ʣʠʪʪʷ 

ʃʠʪʪʷ ʧʽʜ 

ʪʠʩʢʦʤ 

3D-ʜʨʫʢ 

(ʤʝʪʘʣ) 

ɺʘʨʪʽʩʪʴ ʧʨʦʮʝʩʫ ʅʠʟʴʢʘ ʉʝʨʝʜʥʷ ɺʠʩʦʢʘ 

ʊʦʯʥʽʩʪʴ ʚʠʛʦʪʦʚʣʝʥʥʷ ʉʝʨʝʜʥʷ ɺʠʩʦʢʘ ɼʫʞʝ ʚʠʩʦʢʘ 

ʊʝʭʥʦʣʦʛʽʯʥʘ ʛʥʫʯʢʽʩʪʴ ɺʠʩʦʢʘ ʅʠʟʴʢʘ ɼʫʞʝ ʚʠʩʦʢʘ 

ʐʚʠʜʢʽʩʪʴ ʚʠʨʦʙʥʠʮʪʚʘ ʉʝʨʝʜʥʷ ɺʠʩʦʢʘ ʅʠʟʴʢʘ 

ʅʝʦʙʭʽʜʥʽʩʪʴ ʦʩʥʘʩʪʢʠ ʄʽʥʽʤʘʣʴʥʘ ɺʠʩʦʢʘ ɺʽʜʩʫʪʥʷ 

ʄʽʥʽʤʘʣʴʥʘ ʪʦʚʱʠʥʘ ʩʪʽʥʢʠ, 

ʤʤ 

5ï10 1ï3 0.5ï2 

ʈʦʟʤʽʨʥʘ ʪʦʯʥʽʩʪʴ (ʢʚʘʣʽʪʝʪ) IT13ïIT16 IT7ïIT10 IT5ïIT8 

ʐʦʨʩʪʢʽʩʪʴ ʧʦʚʝʨʭʥʽ Ra, 

ʤʢʤ 

12.5ï50 1.6ï6.3 3.2ï12.5 

ʇʠʪʦʤʘ ʚʘʨʪʽʩʪʴ, $/ʢʛ 1ï3 3ï8 20ï100 
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4.3. ɸʥʘʣʽʟ ʦʙʣʘʩʪʝʡ ʟʘʩʪʦʩʫʚʘʥʥʷ. 

ʇʽʱʘʥʦ-ʛʣʠʥʠʩʪʝ ʣʠʪʪʷ ʟʙʝʨʽʛʘʻ ʢʦʥʢʫʨʝʥʪʥʽ ʧʝʨʝʚʘʛʠ ʜʣʷ [1,5]: 

- ʩʝʨʽʡʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ ʚʝʣʠʢʦʛʘʙʘʨʠʪʥʠʭ ʜʝʪʘʣʝʡ; 

- ʦʜʠʥʠʯʥʦʛʦ ʪʘ ʜʨʽʙʥʦʩʝʨʽʡʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ; 

- ʚʠʨʦʙʽʚ ʟ ʥʝʚʠʩʦʢʠʤʠ ʚʠʤʦʛʘʤʠ ʜʦ ʪʦʯʥʦʩʪʽ; 

- ʚʠʧʘʜʢʽʚ ʝʢʦʥʦʤʽʯʥʦʾ ʥʝʜʦʮʽʣʴʥʦʩʪʽ ʚʠʛʦʪʦʚʣʝʥʥʷ ʜʦʨʦʛʦʾ ʦʩʥʘʩʪʢʠ. 

ɸʜʠʪʠʚʥʽ ʪʝʭʥʦʣʦʛʽʾ ʝʬʝʢʪʠʚʥʽ ʜʣʷ [6]: 

- ʧʨʦʪʦʪʠʧʫʚʘʥʥʷ ʪʘ ʚʠʨʦʙʥʠʮʪʚʘ ʩʢʣʘʜʥʠʭ ʛʝʦʤʝʪʨʽʡ; 

- ʜʝʪʘʣʝʡ ʟ ʚʥʫʪʨʽʰʥʽʤʠ ʢʘʥʘʣʘʤʠ ʪʘ ʨʝʰʽʪʯʘʩʪʠʤʠ ʩʪʨʫʢʪʫʨʘʤʠ; 

- ʦʜʠʥʠʯʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ ʚʠʩʦʢʦʪʦʯʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ. 

ʃʠʪʪʷ ʧʽʜ ʪʠʩʢʦʤ ʦʧʪʠʤʘʣʴʥʝ ʜʣʷ [4]: 

- ʤʘʩʦʚʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ ʜʝʪʘʣʝʡ ʩʝʨʝʜʥʽʭ ʨʦʟʤʽʨʽʚ; 

- ʚʠʨʦʙʽʚ ʟ ʚʠʩʦʢʠʤʠ ʚʠʤʦʛʘʤʠ ʜʦ ʪʦʯʥʦʩʪʽ ʪʘ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ. 

5. ʂɯʃʔʂɯʉʅɯ ʂʈʀʊɽʈɯɰ ɺʀɹʆʈʋ ʊɽʍʅʆʃʆɻɯɰ. 

5.1. ʅʦʨʤʦʚʘʥʽ ʧʘʨʘʤʝʪʨʠ. 

ɺʚʝʜʝʥ ̔ʙʝʟʨʦʟʤʽʨʥʽ ʥʦʨʤʦʚʘʥʽ ʧʘʨʘʤʝʪʨʠ: 

¶ G* ï ʛʝʦʤʝʪʨʠʯʥʘ ʩʢʣʘʜʥʽʩʪʴ (0 ï ʧʨʦʩʪʘ, 1 ï ʤʘʢʩʠʤʘʣʴʥʦ ʩʢʣʘʜʥʘ) 

¶ C* ï ʚʘʨʪʽʩʥʽ ʦʙʤʝʞʝʥʥʷ (0 ï ʤʽʥʽʤʘʣʴʥʽ ʚʠʪʨʘʪʠ, 1 ï ʚʠʩʦʢʽ ʚʠʪʨʘʪʠ 

ʜʦʧʫʩʪʠʤʽ) 

¶ Q* ï ʚʠʤʦʛʠ ʜʦ ʷʢʦʩʪʽ/ʪʦʯʥʦʩʪʽ (0 ï ʥʠʟʴʢʽ, 1 ï ʤʘʢʩʠʤʘʣʴʥʽ) 

ʜʝ G*, C*, Q*  ɴ[0,1] 

5.2. ʂʨʠʪʝʨʽʡ ʚʠʙʦʨʫ ʪʝʭʥʦʣʦʛʽʾ. 

ʅʘ ʦʩʥʦʚʽ ʘʥʘʣʽʟʫ ʪʝʭʥʽʢʦ-ʝʢʦʥʦʤʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʟʘʧʨʦʧʦʥʦʚʘʥʦ 

ʢʨʠʪʝʨʽʡ: 

 

 

ʄ=  

 

 

 

5.3. ɹʘʛʘʪʦʢʨʠʪʝʨʽʘʣʴʥʘ ʦʧʪʠʤʽʟʘʮʽʷ. 

ɼʣʷ ʢʦʤʧʣʝʢʩʥʦʾ ʦʮʽʥʢʠ ʘʣʴʪʝʨʥʘʪʠʚʥʠʭ ʪʝʭʥʦʣʦʛʽʡ 

ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʘʜʠʪʠʚʥʘ ʬʫʥʢʮʽʷ ʢʦʨʠʩʥʦʩʪʽ: 

K = ŬQ + ŬS + ŬG - ŬC 

ʜʝ: Ŭ , Ŭ , Ŭ , Ŭ ï ʚʘʛʦʚʽ ʢʦʝʬʽʮʽʻʥʪʠ, ʱʦ ʚʽʜʦʙʨʘʞʘʶʪʴ ʧʨʽʦʨʠʪʝʪʠ 

ʚʠʨʦʙʥʠʢʘ; K ï ʽʥʪʝʛʨʘʣʴʥʠʡ ʧʦʢʘʟʥʠʢ i-ʾ ʪʝʭʥʦʣʦʛʽʾ. 

ʆʧʪʠʤʘʣʴʥʘ ʪʝʭʥʦʣʦʛʽʷ ʚʠʟʥʘʯʘʻʪʴʩʷ ʷʢ: M = max(K). 

5.4. ʇʨʘʢʪʠʯʥʠʡ ʘʣʛʦʨʠʪʤ ʧʨʠʡʥʷʪʪʷ ʨʽʰʝʥʥʷ. 

1. ɺʠʟʥʘʯʠʪʠ ʚʠʤʦʛʠ ʧʨʦʻʢʪʫ:  

- ʪʦʯʥʽʩʪʴ ʚʠʛʦʪʦʚʣʝʥʥʷ (Q); 

- ʛʝʦʤʝʪʨʠʯʥʘ ʩʢʣʘʜʥʽʩʪʴ (G); 

ʃʠʪʪʷ (ʧʽʱʘʥʝ),      C* < 0.3; 

ʃʠʪʪʷ ʧʽʜ ʪʠʩʢʦʤ,    0.3 Ò C* Ò 0.6; 

ɸʜʠʪʠʚʥʝ,            G* > 0.7. 
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- ʦʙʩʷʛ ʚʠʨʦʙʥʠʮʪʚʘ (S); 

- ʙʁ ʜʞʝʪʥʽ ʦʙʤʝʞʝʥʥʷ (C). 

2. ʅʦʨʤʫʚʘʪʠ ʧʘʨʘʤʝʪʨʠ ʜʦ ʜʽʘʧʘʟʦʥʫ [0,1]. 

3. ʆʙʯʠʩʣʠʪʠ ʢʨʠʪʝʨʽʡ ʜʣʷ ʢʦʞʥʦʾ ʘʣʴʪʝʨʥʘʪʠʚʥʦʾ ʪʝʭʥʦʣʦʛʽʾ. 

4. ʆʙʨʘʪʠ ʪʝʭʥʦʣʦʛʽʶ ʟ ʤʘʢʩʠʤʘʣʴʥʠʤ ʟʥʘʯʝʥʥʷʤ ʢʨʠʪʝʨʽʶ. 

6. ʆɹɻʆɺʆʈɽʅʅʗ ʈɽɿʋʃʔʊɸʊɯɺ. 

ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʜʦʟʚʦʣʷʶʪʴ ʩʪʚʝʨʜʞʫʚʘʪʠ: 

1. ʉʪʚʦʨʝʥʦ ʬʦʨʤʘʣʽʟʦʚʘʥʠʡ ʤʘʪʝʤʘʪʠʯʥʠʡ ʘʧʘʨʘʪ ʜʣʷ ʦʧʠʩʫ ʧʨʦʮʝʩʫ 
ʣʠʪʪʷ ʫ ʧʽʱʘʥʦ-ʛʣʠʥʠʩʪʠʭ ʬʦʨʤʘʭ. 

2. ɺʩʪʘʥʦʚʣʝʥʦ ʢʽʣʴʢʽʩʥʽ ʟʘʣʝʞʥʦʩʪʽ ʤʽʞ ʪʝʭʥʦʣʦʛʽʯʥʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ 
ʪʘ ʷʢʽʩʪʶ ʧʨʦʜʫʢʮʽʾ. 

3. ʈʦʟʨʦʙʣʝʥʦ ʦʙ'ʻʢʪʠʚʥʽ ʢʨʠʪʝʨʽʾ ʚʠʙʦʨʫ ʦʧʪʠʤʘʣʴʥʦʾ ʪʝʭʥʦʣʦʛʽʾ 

ʚʠʛʦʪʦʚʣʝʥʥʷ ʜʝʪʘʣʝʡ. 

ɿʘʧʨʦʧʦʥʦʚʘʥʘ ʤʦʜʝʣʴ ʤʦʞʝ ʙʫʪʠ ʽʥʪʝʛʨʦʚʘʥʘ ʫ CAE-ʩʠʩʪʝʤʠ ʜʣʷ [6]: 

- ʚ̔ ʨʪʫʘʣʴʥʦʛʦ ʧʨʦʪʦʪʠʧʫʚʘʥʥʷ ʣʠʚʘʨʥʠʭ ʧʨʦʮʝʩʽʚ. 

- ʦʧʪʠʤʽʟʘʮʽʾ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʨʝʞʠʤʽʚ. 

- ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʜʝʬʝʢʪʽʚ ʥʘ ʝʪʘʧʽ ʧʨʦʝʢʪʫʚʘʥʥʷ. 

ʉʣʽʜ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʤʦʜʝʣʴ ʥʝ ʚʨʘʭʦʚʫʻ: 

- ʪʫʨʙʫʣʝʥʪʥʠʡ ʭʘʨʘʢʪʝʨ ʪʝʯʽʾ ʨʦʟʧʣʘʚʫ ʧʨʠ ʚʠʩʦʢʠʭ ʰʚʠʜʢʦʩʪʷʭ 

ʟʘʣʠʚʘʥʥʷ. 

- ʭ̔ ʤʽʯʥʫ ʚʟʘʻʤʦʜʽʶ ʤʝʪʘʣʫ ʟ ʬʦʨʤʦʶ. 

- ʚʧʣʠʚ ʚʽʙʨʘʮʽʡʥʠʭ ʪʘ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʠʭ ʧʦʣʽʚ. 

ɺʀʉʅʆɺʂʀ. 

1. ʈʦʟʨʦʙʣʝʥʦ ʤʘʪʝʤʘʪʠʯʥʫ ʤʦʜʝʣʴ ʧʨʦʮʝʩʫ ʣʠʪʪʷ ʫ ʧʽʱʘʥʦ-ʛʣʠʥʠʩʪʠʭ 

ʬʦʨʤʘʭ, ʱʦ ʦʧʠʩʫʻ ʚʟʘʻʤʦʟʚ'ʷʟʦʢ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʪʘ ʷʢʦʩʪʽ 

ʚʽʜʣʠʚʦʢ ʥʘ ʦʩʥʦʚʽ ʨʽʚʥʷʥʴ ʪʝʧʣʦʧʝʨʝʥʦʩʫ [2]. 

2. ɺʠʟʥʘʯʝʥʦ ʦʧʪʠʤʘʣʴʥʽ ʨʝʞʠʤʠ ʜʣʷ ʩʪʘʣʝʚʠʭ ʚʠʣʠʚʢʽʚ: ʪʝʤʧʝʨʘʪʫʨʘ 

ʟʘʣʠʚʘʥʥʷ 1350ï1450ÁC, ʢʦʥʪʨʦʣʴʦʚʘʥʘ ʰʚʠʜʢʽʩʪʴ ʟʘʣʠʚʘʥʥʷ, 

ʥʠʟʴʢʦʪʝʧʣʦʧʨʦʚʽʜʥʽ ʬʦʨʤʫʚʘʣʴʥʽ ʩʫʤʽʰʽ. 

3. ɼʦʚʝʜʝʥʦ ʝʢʦʥʦʤʽʯʥʫ ʜʦʮʽʣʴʥʽʩʪʴ ʪʨʘʜʠʮʽʡʥʦʛʦ ʣʠʪʪʷ ʜʣʷ ʩʝʨʽʡʥʦʛʦ 

ʚʠʨʦʙʥʠʮʪʚʘ ʚʝʣʠʢʠʭ ʜʝʪʘʣʝʡ ʟ ʧʦʤʽʨʥʠʤʠ ʚʠʤʦʛʘʤʠ ʜʦ ʪʦʯʥʦʩʪʽ. 

4. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʚʠʩʦʢʽ ʪʝʭʥʦʣʦʛʽʾ (ʘʜʠʪʠʚʥʝ ʚʠʨʦʙʥʠʮʪʚʦ, ʣʠʪʪʷ ʧʽʜ 

ʪʠʩʢʦʤ) ʟʘʙʝʟʧʝʯʫʶʪʴ ʢʨʘʱʫ ʪʦʯʥʽʩʪʴ (IT5ïIT10 ʧʨʦʪʠ IT13ïIT16), ʘʣʝ 

ʤʘʶʪʴ ʚʠʱʫ ʧʠʪʦʤʫ ʚʘʨʪʽʩʪʴ (20ï100 $/ʢʛ ʧʨʦʪʠ 1ï3 $/ʢʛ). 

5. ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʢʽʣʴʢʽʩʥʽ ʢʨʠʪʝʨʽʾ ʚʠʙʦʨʫ ʦʧʪʠʤʘʣʴʥʦʾ ʪʝʭʥʦʣʦʛʽʾ ʥʘ 

ʦʩʥʦʚʽ ʙʘʛʘʪʦʧʘʨʘʤʝʪʨʠʯʥʦʾ ʦʧʪʠʤʽʟʘʮʽʾ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʛʝʦʤʝʪʨʠʯʥʦʾ 

ʩʢʣʘʜʥʦʩʪʽ, ʚʘʨʪʽʩʥʠʭ ʦʙʤʝʞʝʥʴ ʪʘ ʚʠʤʦʛ ʜʦ ʷʢʦʩʪʽ. 
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ɿɸʃɽɾʅɯʉʊʔ ʄɯʂʈʆʊɺɽʈɼʆʉʊɯ ɼɽʊɸʃɽʁ ɺɯɼ ʉʊʈɸʊɽɻɯʁ 

ɸɺʊʆʄɸʊʀɿʆɺɸʅʆɻʆ 3D ɼʈʋʂʋ ʊʀʊɸʅʆɺʀʄ ɼʈʆʊʆʄ 
 

ɸʥʦʪʘʮʽʷ: ʋ ʨʦʙʦʪʽ ʧʨʝʜʩʪʘʚʣʝʥʦ ʨʝʟʫʣʴʪʘʪʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ 

ʤʽʢʨʦʪʚʝʨʜʦʩʪʽ ʧʦ ʭʘʨʘʢʪʝʨʥʠʭ ʧʦʧʝʨʝʯʥʠʭ ʧʝʨʝʪʠʥʘʭ ʩʢʣʘʜʥʦʧʨʦʬʽʣʴʥʠʭ ʜʝʪʘʣʝʡ, 

ʥʘʜʨʫʢʦʚʘʥʠʭ ʟʘ ʪʝʭʥʦʣʦʛʽʻʶ xBeam ʪʠʪʘʥʦʚʠʤ ʜʨʦʪʦʤ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʨʽʟʥʠʭ 

ʩʪʨʘʪʝʛʽʡ ʧʦʩʣʽʜʦʚʥʦʛʦ ʥʘʢʣʘʜʘʥʥʷ ʰʘʨʽʚ ʤʝʪʘʣʫ. ʈʦʟʛʣʷʥʫʪʦ ʚʧʣʠʚ ʟʤʽʥʠ ʥʘʧʨʷʤʫ 

ʨʫʭʫ ʨʦʟʭʽʜʥʦʛʦ ʤʘʪʝʨʽʘʣʫ, ʪʝʤʧʝʨʘʪʫʨʥʠʭ ʛʨʘʜʽʻʥʪʽʚ ʥʘʛʨʽʚʘʥʥʷ ʪʘ ʦʭʦʣʦʜʞʝʥʥʷ 

ʦʢʨʝʤʠʭ ʜʽʣʷʥʦʢ ʩʬʦʨʤʦʚʘʥʦʾ ʜʝʪʘʣʽ ʽ ʧʽʜʢʣʘʜʢʠ ʥʘ ʬʦʨʤʫʚʘʥʥʷ ʩʪʨʫʢʪʫʨʠ ʤʘʪʝʨʽʘʣʫ. 

ʆʩʦʙʣʠʚʫ ʫʚʘʛʫ ʧʨʠʜʽʣʝʥʦ ʤʝʭʘʥʽʯʥʠʤ ʚʣʘʩʪʠʚʦʩʪʷʤ ʫ ʟʦʥʘʭ ʟôʻʜʥʘʥʥʷ ʧʦʚʝʨʭʦʥʴ ʽ 

ʩʪʽʥʦʢ, ʨʦʟʪʘʰʦʚʘʥʠʭ ʧʽʜ ʢʫʪʦʤ 90Á ʦʜʥʘ ʜʦ ʦʜʥʦʾ. ʇʨʦʚʝʜʝʥʦ ʘʥʘʣʽʟ ʨʦʟʧʦʜʽʣʫ 

ʤʽʢʨʦʪʚʝʨʜʦʩʪʽ ʪʘ ʚʠʷʚʣʝʥʦ ʛʨʘʜʽʻʥʪʠ ʚʣʘʩʪʠʚʦʩʪʝʡ, ʧʦʚôʷʟʘʥʽ ʟ ʫʤʦʚʘʤʠ 

ʢʨʠʩʪʘʣʽʟʘʮʽʾ ʪʘ ʪʝʨʤʽʯʥʠʤʠ ʥʘʧʨʫʞʝʥʥʷʤʠ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʚʠʙʽʨ ʩʪʨʘʪʝʛʽʾ ʜʨʫʢʫ 

ʩʫʪʪʻʚʦ ʚʧʣʠʚʘʻ ʥʘ ʦʜʥʦʨʽʜʥʽʩʪʴ ʩʪʨʫʢʪʫʨʠ ʪʘ ʤʝʭʘʥʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʠʨʦʙʽʚ. 

ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʜʣʷ ʦʧʪʠʤʽʟʘʮʽʾ ʧʘʨʘʤʝʪʨʽʚ 

ʘʜʠʪʠʚʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ ʪʘ ʧʽʜʚʠʱʝʥʥʷ ʷʢʦʩʪʽ ʜʝʪʘʣʝʡ ʽʟ ʪʠʪʘʥʦʚʠʭ ʩʧʣʘʚʽʚ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: 3D ʜʨʫʢ, ʤʽʢʨʦʪʚʝʨʜʽʩʪʴ, ʪʠʪʘʥʦʚʠʡ ʜʨʽʪ, ʘʜʠʪʠʚʥʝ 

ʚʠʨʦʙʥʠʮʪʚʦ, ʪʝʤʧʝʨʘʪʫʨʥʽ ʛʨʘʜʽʻʥʪʠ, ʩʪʨʫʢʪʫʨʘ ʤʘʪʝʨʽʘʣʫ, ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ. 

 

Abstract: The paper presents the results of experimental studies on the microhardness 

distribution across characteristic cross-sections of complex-shaped parts manufactured using 

xBeam technology with titanium wire under different layer deposition strategies. The 

influence of feedstock movement direction, as well as thermal gradients of heating and 

cooling in specific regions of the formed part and substrate, is analyzed. Special attention is 

paid to the mechanical properties in areas where surfaces and walls intersect at a 90Á angle. 

The microhardness distribution is evaluated, revealing gradients associated with 

solidification conditions and residual thermal stresses. It is established that the selected 

printing strategy significantly affects structural uniformity and mechanical performance of 

the produced parts. The obtained results can be used to optimize additive manufacturing 

parameters and improve the quality of titanium alloy components. 
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thermal gradients, material structure, mechanical properties. 

 

ʅʘ ʩʴʦʛʦʜʥʽ ʘʜʠʪʠʚʥʽ ʪʝʭʥʦʣʦʛʽʾ ʚʠʛʦʪʦʚʣʝʥʥʷ ʜʝʪʘʣʝʡ ʟ ʪʠʪʘʥʫ ʪʘ 

ʪʠʪʘʥʦʚʠʭ ʩʧʣʘʚʽʚ ʥʘʙʫʚʘʻ ʧʝʨʩʧʝʢʪʠʚʥʦʛʦ ʨʦʟʚʠʪʢʫ ʪʘ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚ 

ʙʘʛʘʪʴʦʭ ʛʘʣʫʟʷʭ, ʟʦʢʨʝʤʘ ʚ ʘʝʨʦʢʦʩʤʽʯʥʽʡ ʪʘ ʤʝʜʠʯʥʽʡ, ʜʝ ʪʨʝʙʘ ʟʤʝʥʰʠʪʠ 

ʯʘʩ ʥʘ ʚʠʛʦʪʦʚʣʝʥʥʷ ʜʝʪʘʣʝʡ ʩʢʣʘʜʥʦʾ ʛʝʦʤʝʪʨʽʾ ʟʽ ʟʙʝʨʝʞʝʥʥʷʤ ʚʠʩʦʢʠʭ 

ʤʝʭʘʥʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʘ ʢʦʨʦʟʽʡʥʦʾ ʩʪʽʡʢʦʩʪʽ. ʊʝʩʪʦʚʫ ʪʝʭʥʦʣʦʛʽʶ 3D 

ʜʨʫʢʫ ʪʠʪʘʥʦʚʠʤ ʜʨʦʪʦʤ xBeam ʟʘʧʨʦʚʘʜʞʝʥʦ ʥʘ ʅɺʇ çʏʝʨʚʦʥʘ ʭʚʠʣʷè 

[1], ʱʦ ʧʦʣʷʛʘʻ ʫ ʧʦʰʘʨʦʚʦʤʫ ʥʘʧʣʘʚʣʝʥʥʽ ʛʘʟʦʨʦʟʨʷʜʥʦʶ ʝʣʝʢʪʨʦʥʥʦ-

ʧʨʦʤʝʥʝʚʦʶ ʛʘʨʤʘʪʦʶ, ʷʢʘ ʛʝʥʝʨʫʻ ʧʦʨʦʞʥʠʩʪʠʡ ʢʦʥʽʯʥʠʡ ʝʣʝʢʪʨʦʥʥʠʡ 

ʧʫʯʦʢ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʫʥʽʢʘʣʴʥʽ ʬʽʟʠʯʥʽ ʫʤʦʚʠ ʜʣʷ ʪʦʯʥʦ ʢʦʥʪʨʦʣʴʦʚʘʥʦʛʦ 

ʦʩʘʜʞʝʥʥʷ ʤʝʪʘʣʫ ʪʘ ʬʦʨʤʫʚʘʥʥʷ ʟʘʜʘʥʦʾ ʤʝʪʘʣʝʚʦʾ ʩʪʨʫʢʪʫʨʠ ʪʘ 

ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʧʨʠ ʚʠʛʦʪʦʚʣʝʥʥʽ ʪʨʠʚʠʤʽʨʥʦʾ ʜʝʪʘʣʽ [2]. ʆʩʥʦʚʥʽ 

ʪʝʭʥʦʣʦʛʽʯʥʽ ʽ ʤʘʪʝʨʽʘʣʦʟʥʘʚʯʽ ʟʘʩʘʜʠ ʢʦʥʪʨʦʣʴʦʚʘʥʦʛʦ 3D ʜʨʫʢʫ 

ʪʠʪʘʥʦʚʠʤ ʜʨʦʪʦʤ ʟʘʢʣʘʜʝʥʦ ʚ ʧʘʪʝʥʪʘʭ ʥʘ ʚʠʥʘʭʽʜ ʘʚʪʦʨʽʚ ʪʝʭʥʦʣʦʛʽʾ 

xBeam [3] ʪʘ ʥʠʟʮʽ ʦʩʪʘʥʥʽʭ ʧʫʙʣʽʢʘʮʽʡ ʚ ʥʘʫʢʦʚʠʭ ʚʠʜʘʥʥʷʭ ʤʽʞʥʘʨʦʜʥʦʛʦ 

ʨʽʚʥʷ [2, 4]. ʆʜʥʘʢ ʜʣʷ ʜʦʩʷʛʥʝʥʥʷ ʥʝʦʙʭʽʜʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʨʠ 3D ʜʨʫʮʽ 

ʢʦʤʙʽʥʦʚʘʥʠʭ ʜʝʪʘʣʝʡ ʩʢʣʘʜʥʦʾ ʛʝʦʤʝʪʨʽʾ ʜʝʪʘʣʝʡ ʟ ʪʠʪʘʥʫ ʪʘ ʩʧʣʘʚʽʚ 

ʧʦʪʨʝʙʫʻ ʛʣʠʙʦʢʦʛʦ ʚʠʚʯʝʥʥʷ. 

ɺ ʜʘʥʽʡ ʨʦʙʦʪʽ ʧʦʩʪʘʚʣʝʥʦ ʟʘ ʤʝʪʫ ʚʠʟʥʘʯʠʪʠ ʨʦʟʧʦʜʽʣʝʥʥʷ 

ʤʽʢʨʦʪʚʝʨʜʦʩʪʽ ʚ ʧʨʦʬʽʣʷʭ ʧʦʧʝʨʝʯʥʠʭ ʧʝʨʝʪʠʥʽʚ ʥʘʜʨʫʢʦʚʘʥʠʭ ʜʝʪʘʣʝʡ, ʟ 

ʥʘʧʣʘʚʣʝʥʠʤʠ ʦʢʨʝʤʦ ʩʪʽʥʢʘʤʠ ʧʽʜ ʢʫʪʦʤ 900 ʜʦ ʧʦʧʝʨʝʜʥʴʦ ʥʘʜʨʫʢʦʚʘʥʠʭ 

ʰʘʨʽʚ ʪʠʪʘʥʦʚʦʛʦ ʩʧʣʘʚʫ ʟ ʨʽʟʥʠʤʠ ʩʪʨʘʪʝʛʽʷʤʠ ʨʫʭʫ ʝʣʝʢʪʨʦʥʥʦ-

ʧʨʦʤʝʥʝʚʦʾ ʛʘʨʤʘʪʠ, ʢʝʨʦʚʘʥʦʾ ʚʽʜ ʏʇʋ (ʨʠʩ.1, ʘ). ʆʩʦʙʣʠʚʠʡ ʽʥʪʝʨʝʩ 

ʚʠʢʣʠʢʘʶʪʴ ʤʝʭʘʥʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʦʤʙʽʥʦʚʘʥʠʭ ʜʝʪʘʣʝʡ ʦʪʨʠʤʘʥʠʭ 

3D ʜʨʫʢʦʤ ʪʠʪʘʥʦʚʠʤ ʜʨʦʪʦʤ, ʘ ʩʘʤʝ ʨʦʟʧʦʜʽʣ ʤʽʢʨʦʪʚʝʨʜʦʩʪʽ ʪʘ ʟʘʣʠʰʢʦʚʽ 

ʤʝʭʘʥʽʯʥʽ ʥʘʧʨʫʞʝʥʥʷ ʚ ʤʽʩʮʷʭ ʟʤʽʥʠ ʪʨʘʻʢʪʦʨʽʾ ʨʫʭʫ ʝʣʝʢʪʨʦʥʥʦʾ ʛʘʨʤʘʪʠ, 

ʤʽʩʮʷʭ ʘʜʛʝʟʽʾ ʽ ʢʨʠʩʪʘʣʽʟʘʮʽʾ ʰʘʨʽʚ, ʤʽʩʮʽ ʟôʻʜʥʘʥʥʷ ʯʘʩʪʠʥ, ʱʦ ʦʢʨʝʤʦ 

ʥʘʧʣʘʚʣʷʶʪʴʩʷ ʥʘ ʚʞʝ ʽʩʥʫʶʯʽ ʜʽʣʷʥʢʠ ʜʨʫʢʦʚʘʥʦʾ ʜʝʪʘʣʽ ʧʽʜ ʢʫʪʦʤ ʽ ʽʥ. 

ɺʠʤʽʨʶʚʘʥʥʷ ʤʽʢʨʦʪʚʝʨʜʦʩʪʽ ʚʠʢʦʥʫʚʘʣʦʩʴ ʥʘ ʧʨʠʣʘʜʽ ʇʄʊ-3 ʟʛʽʜʥʦ 

ɼʉʊʋ EN ISO 6507-1:2022. ɺʠʛʦʪʦʚʣʝʥʥʷ  ʤʽʢʨʦʰʣʽʬʽʚ  ʟʜʽʡʩʥʶʚʘʣʠ  

ʤʝʪʦʜʦʤ ʤʝʭʘʥʽʯʥʦʛʦ ʧʦʣʽʨʫʚʘʥʥʷ ʫ ʜʚʘ ʝʪʘʧʠ: ʟ ʛʨʫʙʠʤ ʪʘ ʜʨʽʙʥʠʤ 

ʘʙʨʘʟʠʚʦʤ (ʘʙʦ ʧʦʣʽʨʫʶʯʦʶ ʨʝʯʦʚʠʥʦʶ) ʚʽʜʧʦʚʽʜʥʦ (ʨʠʩ.1, ʙ).  
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ʢʦʥʪʫʨ ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʪʠʥʫ 

ʜʝʪʘʣʽ 

ʪʨʘʻʢʪʦʨʽʷ ʨʫʭʫ 

ʝʣʝʢʪʨʦʥʥʦʾ ʛʘʨʤʘʪʠ ʤʽʩʮʷ ʚʽʜʙʠʪʢʽʚ ʫʢʦʣʽʚ ʽʥʜʝʥʪʦʨʘ 

ʦʢʨʝʤʦ ʥʘʧʣʘʚʣʝʥʘ 

ʯʘʩʪʠʥʘ ʧʽʜ ʢʫʪʦʤ 90
0
 

ʤʽʩʮʝ 

ʧʨʠʻʜʥʘʥʥʷ 

ʦʢʨʝʤʦʾ 

ʜʽʣʴʥʠʮʽ 

ʜʝʪʘʣʽ 

ʟʦʥʘ ʟʫʧʠʥʢʠ ʝʣʝʢʪʨʦʥʥʦʾ 

ʛʘʨʤʘʪʠ ʪʘ ʟʤʽʥʠ ʥʘʧʨʷʤʫ ʨʫʭʫ 

ɸ 

ɺ 

 
ʚ) 

ʈʠʩʫʥʥʦʢ 1.  ɺʠʟʥʘʯʝʥʥʷ ʤʽʢʨʦʪʚʝʨʜʦʩʪʽ ʧʦ ʧʝʨʝʪʠʥʫ ʜʝʪʘʣʽ ʢʦʤʙʽʥʦʚʘʥʦʾ 

ʛʝʦʤʝʪʨʽʾ ʥʘʜʨʫʢʦʚʘʥʦʾ ʟʘ ʪʝʭʥʦʣʦʛʽʻʶ xBeam ʟ ʪʠʪʘʥʦʚʦʛʦ ʩʧʣʘʚʫ ɺʊ-1: 

ʘ) ï ʟʘʛʘʣʴʥʠʡ ʚʠʛʣʷʜ ʜʝʪʘʣʽ; ʙ) ï ʚʠʨʽʟʘʥʠʡ ʟʨʘʟʦʢ (ʤʽʢʨʦʰʣʽʬ); 

ʚ) - ʨʦʟʧʦʜʽʣ ʤʽʢʨʦʪʚʝʨʜʦʩʪʽ ʚ ʭʘʨʘʢʪʝʨʥʠʭ ʤʽʩʮʷʭ ʪʨʘʻʢʪʦʨʽʾ ʧʦʰʘʨʦʚʦʛʦ 

ʥʘʢʣʘʜʘʥʥʷ ʨʦʟʭʽʜʥʦʛʦ ʤʘʪʝʨʽʘʣʫ 

 

ɿʨʘʟʢʠ ʧʽʜʛʦʪʦʚʣʶʚʘʣʠ ʧʦʣʽʨʫʶʯʦʶ ʨʝʯʦʚʠʥʦʶ - ʩʫʩʧʝʥʟʽʾ ʟ ʦʢʩʠʜʫ 

ʘʣʶʤʽʥʽʶ, ʭʨʦʤʫ ʪʘ ʘʣʤʘʟʥʽ ʧʦʨʦʰʢʠ. ʅʝʪʨʘʚʣʝʥʽ ʤʽʢʨʦʰʣʽʬʠ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠ ʜʣʷ ʘʥʘʣʽʟʫ ʜʨʽʙʥʠʭ ʬʘʟ ʪʘ ʚʢʣʶʯʝʥʴ. ʗʢ ʽʥʜʝʥʪʦʨ ʙʫʣʦ 

ʟʘʩʪʦʩʦʚʘʥʦ ʘʣʤʘʟʥʫ ʧʽʨʘʤʽʜʢʫ ʟ ʢʚʘʜʨʘʪʥʦʶ ʦʩʥʦʚʦʶ ʽ ʜʚʦʛʨʘʥʥʠʤ ʢʫʪʦʤ 
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ʧʨʠ ʚʝʨʰʠʥʽ 1360 ʧʨʠ ʥʘʚʘʥʪʘʞʝʥʥʷʭ 0,05 ʪʘ 0,2 ʅ ʧʨʦʪʷʛʦʤ 10 ʩ. 

ʅʘʡʙʽʣʴʰʘ ʦʩʥʦʚʥʘ ʧʦʭʠʙʢʘ ʦʢʫʣʷʨ-ʤʽʢʨʦʤʝʪʨʘ ʥʘ ʚʩʴʦʤʫ ʜʽʘʧʘʟʦʥʽ 

ʚʠʤʽʨʶʚʘʥʴ ʩʪʘʥʦʚʠʪʴ Ñ2 ʤʢʤ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʧʘʩʧʦʨʪʘ. ʐʣʽʬ 

ʚʩʪʘʥʦʚʣʶʚʘʚʩʷ ʽ ʟʘʢʨʽʧʣʶʚʘʚʩʷ ʥʘ ʧʨʝʜʤʝʪʥʦʤʫ ʩʪʦʣʠʢʫ ʧʨʠʪʠʩʢʥʠʤʠ 

ʣʘʧʢʘʤʠ ʘʙʦ ʪʦʥʢʠʤ ʰʘʨʦʤ ʧʣʘʩʪʠʣʠʥʫ. 

ʈʝʟʫʣʴʪʘʪʠ ʚʠʤʽʨʶʚʘʥʴ ʥʘʢʣʘʜʝʥʦ ʩʭʝʤʘʪʠʯʥʦ ʷʢ ʝʧʶʨʠ ʥʘ ʢʦʥʪʫʨ 

ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʪʠʥʫ ʚʠʤʽʨʶʚʘʥʦʛʦ ʟʨʘʟʢʘ ʪʘ ʥʘʚʝʜʝʥʦ ʥʘ ʨʠʩ. 1, ʚ, ʷʢʽ 

ʩʚʽʜʯʘʪʴ ʧʨʦ ʟʙʽʣʴʰʝʥʥʷ ʤʽʢʨʦʪʚʝʨʜʦʩʪʽ ʧʽʩʣʷ ʦʭʦʣʦʜʞʝʥʥʷ ʜʝʪʘʣʽ ʥʘ 

ʜʝʷʢʽʡ ʚʽʜʩʪʘʥʽ ʚʽʜ ʤʽʩʮʷ ʩʪʠʢʫ ʜʚʦʭ ʩʪʽʥʦʢ, ʱʦ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʽ ʦʜʥʘ 

ʦʜʥʽʡ ʜʦ 1,89 ɻʇʘ ʽ ʩʪʚʦʨʶʶʪʴ ʛʨʘʜʽʻʥʪ ʥʝ ʪʽʣʴʢʠ ʪʚʝʨʜʦʩʪʽ, ʘ ʽ ʽʤʦʚʽʨʥʦ 

ʤʝʭʘʥʽʯʥʠʭ ʟʘʣʠʰʢʦʚʠʭ ʥʘʧʨʫʞʝʥʴ ï ʣʽʥʽʷ ɸɺ. ɼʘʥʘ ʦʙʩʪʘʚʠʥʘ 

ʭʘʨʘʢʪʝʨʠʟʫʻ ʤʦʞʣʠʚʽʩʪʴ ʧʨʫʞʥʠʭ ʜʝʬʦʨʤʘʮʽʡ ʪʘ ʥʝʪʦʯʥʦʩʪʽ ʟʘʜʘʥʦʾ 

ʛʝʦʤʝʪʨʽʾ ʜʨʫʢʦʚʘʥʠʭ ʝʣʝʤʝʥʪʽʚ ʜʝʪʘʣʽ ʧʽʜ ʢʫʪʦʤ, ʱʦ ʧʦʪʨʝʙʫʻ ʧʦʜʘʣʴʰʦʾ 

ʪʝʨʤʽʯʥʦʾ ʽ ʤʝʭʘʥʽʯʥʦʾ ʧʦʩʪ ʦʙʨʦʙʢʠ. ʊʦʤʫ ʚ ʷʢʦʩʪʽ ʥʘʧʨʷʤʽʚ ʧʦʜʘʣʴʰʠʭ 

ʜʦʩʣʽʜʞʝʥʴ ʤʦʞʥʘ ʨʦʟʛʣʷʥʫʪʠ: ʚʠʚʯʝʥʥʷ ʧʨʦʛʨʘʤʥʦ-ʢʝʨʦʚʘʥʠʭ ʩʪʨʘʪʝʛʽʡ 

ʧʦʰʘʨʦʚʦʛʦ ʫʪʚʦʨʝʥʥʷ ʝʣʝʤʝʥʪʽʚ ʜʝʪʘʣʽ ʫʟʛʦʜʞʝʥʠʭ ʟ ʢʝʨʦʚʘʥʠʤʠ 

ʨʝʞʠʤʘʤʠ ʥʘʛʨʽʚʘʥʥʷ-ʦʭʦʣʦʜʞʝʥʥʷ ʧʽʜ ʯʘʩ ʜʨʫʢʫ; ʚʠʟʥʘʯʝʥʥʷ 

ʤʽʢʨʦʪʚʝʨʜʦʩʪʽ ʚʽʜ ʚʧʣʠʚʫ ʨʝʞʠʤʽʚ ʚʽʜʧʫʩʢʫ ʧʨʠ ʪʝʨʤʽʯʥʽʡ ʧʦʩʪ ʦʙʨʦʙʮʽ; 

ʜʦʩʣʽʜʞʝʥʥʷ ʛʝʦʤʝʪʨʠʯʥʦʾ ʟʘʣʝʞʥʦʩʪʽ ʜʨʫʢʦʚʘʥʠʭ ʩʪʽʥʦʢ ʧʽʜ ʨʽʟʥʠʤʠ 

ʢʫʪʘʤʠ ʥʘ ʘʥʽʟʦʪʨʦʧʽʶ ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʽ ʪʦʯʥʦʩʪʽ ʜʨʫʢʫ. 
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(ɼʦʥʙʘʩʴʢʘ ʜʝʨʞʘʚʥʘ ʤʘʰʠʥʦʙʫʜʽʚʥʘ ʘʢʘʜʝʤʽʷ, ʤ. ʂʨʘʤʘʪʦʨʩʴʢ, ʋʢʨʘʾʥʘ). 

 

ʇʆʐʋʂ ʈɸʎɯʆʅɸʃʔʅʆɻʆ ɹɸʃɸʅʉʋ ʇʆɭɼʅɸʅʅʗ ʌɯɿʀʏʅʀʍ 

ɺʃɸʉʊʀɺʆʉʊɽʁ ʐʃɸʂʆɺʆɰ ʉʀʉʊɽʄʀ 

 
ɸʥʦʪʘʮʽʷ: ʋ ʨʦʙʦʪʽ ʧʨʦʚʝʜʝʥʦ ʜʦʩʣʽʜʞʝʥʥʷ ʚʧʣʠʚʫ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ 

ʰʣʘʢʦʚʦʾ ʩʠʩʪʝʤʠ ʥʘ ʾʾ ʚôʷʟʢʽʩʪʴ ʽ ʧʦʚʝʨʭʥʝʚʠʡ ʥʘʪʷʛ. ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʚʟʘʻʤʦʟʚôʷʟʦʢ 

ʤʽʞ ʭʽʤʽʯʥʠʤ ʩʢʣʘʜʦʤ ʰʣʘʢʽʚ ʽ ʪʝʭʥʦʣʦʛʽʯʥʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʧʨʦʮʝʩʫ 

ʥʘʧʣʘʚʣʝʥʥʷ ʩʘʤʦʟʘʭʠʩʥʠʭ ʧʦʨʦʰʢʦʚʠʭ ʜʨʦʪʽʚ. ɺʩʪʘʥʦʚʣʝʥʦ ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ ʟʤʽʥʠ 

ʬʽʟʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʟʘʣʝʞʥʦ ʚʽʜ ʢʦʥʮʝʥʪʨʘʮʽʾ ʦʩʥʦʚʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʩʠʩʪʝʤʠ 

CaOïCaF2ïSiO2ïTiO2. ʅʘ ʦʩʥʦʚʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʘʥʠʭ ʽ ʤʘʪʝʤʘʪʠʯʥʦʛʦ 

ʤʦʜʝʣʶʚʘʥʥʷ ʧʦʙʫʜʦʚʘʥʦ ʧʦʚʝʨʭʥʽ ʚʽʜʛʫʢʫ, ʱʦ ʜʦʟʚʦʣʷʶʪʴ ʚʠʟʥʘʯʠʪʠ ʦʙʣʘʩʪʽ 

ʦʧʪʠʤʘʣʴʥʠʭ ʟʥʘʯʝʥʴ ʚôʷʟʢʦʩʪʽ ʪʘ ʧʦʚʝʨʭʥʝʚʦʛʦ ʥʘʪʷʛʫ. ʆʙˇʨʫʥʪʦʚʘʥʦ ʨʘʮʽʦʥʘʣʴʥʠʡ 

ʙʘʣʘʥʩ ʢʦʤʧʦʥʝʥʪʽʚ, ʷʢʠʡ ʟʘʙʝʟʧʝʯʫʻ ʩʪʘʙʽʣʴʥʽʩʪʴ ʧʨʦʮʝʩʫ ʬʦʨʤʫʚʘʥʥʷ ʟʚʘʨʥʦʛʦ ʰʚʘ, 

ʧʦʢʨʘʱʝʥʥʷ ʤʝʪʘʣʫʨʛʽʡʥʠʭ ʧʨʦʮʝʩʽʚ ʽ ʟʥʠʞʝʥʥʷ ʜʝʬʝʢʪʥʦʩʪʽ ʥʘʧʣʘʚʣʝʥʦʛʦ ʤʝʪʘʣʫ. 

ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʜʣʷ ʦʧʪʠʤʽʟʘʮʽʾ ʩʢʣʘʜʫ ʧʦʨʦʰʢʦʚʠʭ 

ʜʨʦʪʽʚ ʽ ʧʽʜʚʠʱʝʥʥʷ ʷʢʦʩʪʽ ʟʚʘʨʶʚʘʣʴʥʠʭ ʨʦʙʽʪ ʫ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʽ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʰʣʘʢ, ʧʦʨʦʰʢʦʚʠʡ ʜʨʽʪ, ʚôʷʟʢʽʩʪʴ, ʧʦʚʝʨʭʥʝʚʠʡ ʥʘʪʷʛ, ʰʣʘʢʦʚʘ 

ʩʠʩʪʝʤʘ, ʦʧʪʠʤʽʟʘʮʽʷ. 

 

Abstract: The paper investigates the influence of the component ratio of slag systems 

on viscosity and surface tension. The relationship between the chemical composition of slags 

and the technological characteristics of the self-shielded flux-cored wire welding process is 

analyzed. The regularities of changes in physical properties depending on the concentration 

of the main components of the CaOïCaF2ïSiO2ïTiO2 system are established. Based on 

experimental data and mathematical modeling, response surfaces are constructed to 

determine the regions of optimal viscosity and surface tension values. A rational balance of 

components ensuring process stability, improved metallurgical interactions, and reduced 

defects in the deposited metal is substantiated. The obtained results can be used to optimize 

the composition of flux-cored wires and improve welding quality in mechanical engineering. 

Keywords: slag, flux-cored wire, viscosity, surface tension, slag system, optimization. 

 

ʇʦʩʪʘʥʦʚʢʘ ʧʨʦʙʣʝʤʠ. ɺʽʜʦʤʦ [1-4], ʱʦ ʩʢʣʘʜ ʛʘʟʦʰʣʘʢʦʚʠʭ 

ʥʘʧʦʚʥʶʚʘʯʽʚ ʩʘʤʦʟʘʭʠʩʥʠʭ ʧʦʨʦʰʢʦʚʠʭ ʜʨʦʪʽʚ (ʉʇɼ) ʪʘ ʬʽʟʠʯʥʽ 

ʚʣʘʩʪʠʚʦʩʪʽ ʰʣʘʢʽʚ, ʱʦ ʫʪʚʦʨʶʶʪʴʩʷ ʧʽʜ ʯʘʩ ʧʣʘʚʣʝʥʥʷ ʜʨʦʪʫ ʽ ʫʪʚʦʨʝʥʥʷ 

ʟʘʭʠʩʥʦʛʦ ʧʦʢʨʠʪʪʷ, ʚʧʣʠʚʘʶʪʴ ʥʘ ʧʨʠʨʦʜʫ ʩʧʣʘʚʫ, ʷʢʽʩʪʴ ʜʦʟʦʚʘʥʦʛʦ 

ʤʝʪʘʣʫ, ʨʽʚʥʦʤʽʨʥʽʩʪʴ ʧʣʘʚʣʝʥʥʷ ʦʙʦʣʦʥʢʠ ʽ ʦʩʝʨʜʷ ʪʘ ʽʥʰʽ ʟʚʘʨʶʚʘʣʴʥʦ-

ʪʝʭʥʦʣʦʛʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʜʨʦʪʫ. ʈʘʟʦʤ ʟ ʪʠʤ ʚ ʥʝʜʦʩʪʘʪʥʽʡ ʤʽʨʽ ʜʦʩʣʽʜʞʝʥʦ 

ʢʦʤʧʣʝʢʩʥʠʡ ʚʧʣʠʚ ʬʽʟʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʰʣʘʢʽʚ, ʷʢ-ʪʦ ʧʦʚʝʨʭʥʝʚʠʡ 

ʥʘʪʷʛ ʽ ʚôʷʟʢʽʩʪʴ, ʥʘ ʬʦʨʤʫʚʘʥʥʷ ʟʚʘʨʥʦʛʦ ʰʚʘ, ʚʠʜʘʣʝʥʥʷ ʰʣʘʢʫ ʟ 

ʨʦʟʧʣʘʚʣʝʥʦʛʦ ʤʝʪʘʣʫ, ʚʽʜʦʢʨʝʤʣʝʥʥʷ ʰʣʘʢʦʚʦʾ ʢʽʨʢʠ, ʧʦʚʥʦʪʫ 

ʤʝʪʘʣʫʨʛʽʡʥʠʭ ʧʨʦʮʝʩʽʚ ʤʽʞ ʰʣʘʢʦʤ ʽ ʨʦʟʧʣʘʚʣʝʥʠʤ ʤʝʪʘʣʦʤ, 

ʛʘʟʦʥʘʩʠʯʝʥʥʷ ʥʘʧʣʘʚʣʝʥʦʛʦ ʤʝʪʘʣʫ, ʬʦʨʤʫʚʘʥʥʷ ʚʘʣʠʢʘ. 
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ɼʣʷ ʫʩʧʽʰʥʦʛʦ ʨʦʟʚʠʪʢʫ ʉʇɼ ʥʝʦʙʭʽʜʥʠʡ ʘʥʘʣʽʟ ʢʦʨʝʣʷʮʽʾ ʤʽʞ 

ʪʝʭʥʦʣʦʛʽʯʥʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʧʨʦʮʝʩʫ ʡʦʛʦ ʧʣʘʚʣʝʥʥʷ ʪʘ ʬʽʟʠʯʥʠʤʠ 

ʚʣʘʩʪʠʚʦʩʪʷʤʠ ʰʣʘʢʽʚ ʟʘʣʝʞʥʦ ʚʽʜ ʾʭ ʩʢʣʘʜʫ ʪʘ ʩʪʨʫʢʪʫʨʠ. 

ɸʥʘʣʽʟ ʧʫʙʣʽʢʘʮʽʡ. ɸʥʘʣʽʟ ʧʫʙʣʽʢʘʮʽʡ [3-6] ʧʦʢʘʟʘʚ ʚʧʣʠʚ ʦʢʨʝʤʠʭ 

ʧʘʨʘʤʝʪʨʽʚ ʬʽʟʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʥʘ ʪʝʭʥʦʣʦʛʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʧʨʦʮʝʩʫ: ʧʦʚʝʨʭʥʝʚʦʛʦ ʥʘʪʷʛʫ ʥʘ ʬʦʨʤʫʚʘʥʥʷ ʟʚʘʨʥʦʛʦ ʰʚʘ, ʚʠʜʘʣʝʥʥʷ 

ʰʣʘʢʫ ʟ ʨʦʟʧʣʘʚʣʝʥʦʛʦ ʤʝʪʘʣʫ, ʧʦʚʝʜʽʥʢʫ ʜʫʛʠ, ʚʽʜʦʢʨʝʤʣʝʥʥʷ ʰʣʘʢʦʚʦʾ 

ʢʽʨʢʠ ʪʘ ʚ'ʷʟʢʦʩʪʽ ʥʘ ʧʦʚʥʦʪʫ ʤʝʪʘʣʫʨʛʽʡʥʠʭ ʧʨʦʮʝʩʽʚ ʤʽʞ ʰʣʘʢʦʤ ʽ 

ʨʦʟʧʣʘʚʣʝʥʠʤ ʤʝʪʘʣʦʤ, ʛʘʟʦʥʘʩʠʯʝʥʥʷ ʥʘʧʣʘʚʣʝʥʦʛʦ ʤʝʪʘʣʫ, ʬʦʨʤʫʚʘʥʥʷ 

ʚʘʣʠʢʘ.  

ɹʫʣʦ ʚʠʟʥʘʯʝʥʦ, ʱʦ ʜʣʷ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʮʽʣʝʡ, ʧʨʠʜʘʪʥʠʭ ʜʣʷ 

ʟʚʘʨʶʚʘʥʥʷ, ʚ'ʷʟʢʽʩʪʴ ʰʣʘʢʽʚ ʦʙʤʝʞʝʥʘ ʢʨʠʚʠʤʠ ʨʽʚʥʦʚʘʞʥʦʛʦ ʟʥʘʯʝʥʥʷ 

(ɖ = 0,05...0,3 ʇʘĿʩ), ʘ ʧʦʚʝʨʭʥʝʚʠʡ ʥʘʪʷʛ ʩʪʘʥʦʚʠʪʴ 300-350 ʤɼʞ/ʤ2. 

ʄʝʪʘ ʪʘ ʧʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʽ. ʄʝʪʘ ʨʦʙʦʪʠ ʧʦʣʷʛʘʻ ʫ ʚʠʚʯʝʥʥʽ ʪʘ 

ʦʙˇʨʫʥʪʫʚʘʥʥʽ ʚʟʘʻʤʦʟʚ'ʷʟʢʫ ʤʽʞ ʭʽʤʽʯʥʠʤ ʩʢʣʘʜʦʤ ʰʣʘʢʽʚ ʪʘ ʾʭ ʚôʷʟʢʽʩʪʶ ʽ 

ʧʦʚʝʨʭʥʝʚʠʤ ʥʘʪʷʛʦʤ ʪʘ ʚʠʟʥʘʯʝʥʥʽ ʨʘʮʽʦʥʘʣʴʥʦʛʦ ʙʘʣʘʥʩʫ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ 

ʮʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ. 

ʆʩʥʦʚʥʠʡ ʪʝʢʩʪ. ʋ ʧʨʦʮʝʩʽ ʨʦʙʦʪʠ ʟʘ ʦʩʥʦʚʫ ʙʫʣʘ ʧʨʠʡʥʷʪʘ ʜʦʙʨʝ 

ʚʽʜʦʤʘ ʰʣʘʢʦʚʘ ʩʠʩʪʝʤʘ CaO-CaF2-SiO2-TiO2. 

ɺ'ʷʟʢʽʩʪʴ ʰʣʘʢʦʚʦʾ ʩʠʩʪʝʤʠ ʜʦʩʣʽʜʞʫʚʘʣʠ ʟʘ ʜʦʧʦʤʦʛʦʶ ʨʦʪʦʨʥʦʛʦ 

ʚʽʩʢʦʟʠʤʝʪʨʘ ʟ ʨʦʙʦʯʠʤ ʪʽʣʦʤ, ʱʦ ʦʙʝʨʪʘʻʪʴʩʷ. ʏʫʪʣʠʚʽʩʪʴ ʧʨʠʣʘʜʫ 

ʩʪʘʥʦʚʠʪʴ 1,5Ŀ10-4 ʇʘĿʩ. ɻʨʘʥʠʯʥʘ ʚʽʜʥʦʩʥʘ ʧʦʭʠʙʢʘ Ò 7 %. ʆʪʨʠʤʘʥʽ 

ʟʥʘʯʝʥʥʷ ʚ'ʷʟʢʦʩʪʽ ʜʣʷ ʢʦʞʥʦʛʦ ʝʢʩʧʝʨʠʤʝʥʪʫ ʥʘʚʝʜʝʥʦ ʚ ʪʘʙʣ. 1. 

ɺʠʤʽʨʶʚʘʥʥʷ ʧʦʚʝʨʭʥʝʚʦʛʦ ʥʘʪʷʛʫ ʰʣʘʢʫ ʧʨʦʚʦʜʠʣʦʩʷ ʤʝʪʦʜʦʤ 

ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʪʠʩʢʫ ʛʘʟʫ ʫ ʬʣʘʢʦʥʽ ʧʨʠ ʟʘʥʫʨʝʥʥʽ ʢʘʧʽʣʷʨʘ ʥʘ ʨʽʟʥʫ 

ʛʣʠʙʠʥʫ [7]. ʉʝʨʝʜʥʷ ʢʚʘʜʨʘʪʠʯʥʘ ʧʦʭʠʙʢʘ ʚʠʤʽʨʶʚʘʥʥʷ ʧʦʚʝʨʭʥʝʚʦʛʦ 

ʥʘʪʷʛʫ ʜʦʨʽʚʥʶʻ 1,3 %. ʈʝʟʫʣʴʪʘʪʠ ʥʘʚʝʜʝʥʦ ʚ ʪʘʙʣ. 1. 

 

ʊʘʙʣʠʮʷ 1. ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʪʘ ʨʦʟʨʘʭʫʥʢʦʚʽ ʟʘʣʝʞʥʦʩʪʽ 

ʧʦʚʝʨʭʥʝʚʦʛʦ ʥʘʪʷʛʫ ʪʘ ʚ'ʷʟʢʦʩʪʽ ʰʣʘʢʦʚʦʛʦ ʧʣʘʚʣʝʥʥʷ ʚʽʜ ʚʤʽʩʪʫ 
ʢʦʤʧʦʥʝʥʪʽʚ 

ˉ 

ʜʦʩʣʽ

ʜʫ 

ʍʽʤʽʯʥʠʡ ʩʢʣʘʜ ʰʣʘʢʫ 
ʇʦʚʝʨʭʥʝʚʠʡ 

ʥʘʪʷʛ 

ɺ'ʷʟʢʽʩʪʴ (ʧʨʠ 

1700ʂ) ɖĿ10-1, ʇʘĿʩ 

CaF2+CaO SiO2 TiO2 ♫ʝʢʩʧ ♫ʨʦʟʨ ɖʝʢʩʧ ɖʨʦʟʨ 

1 1 0 0 390 390 0,04 0,04 

2 0 1 0 295 295 0,9 0,9 

3 0 0 1 250 250 1,6 1,6 

4 0,5 0,5 0 380 380 0,3 0,3 

5 0,5 0 0,5 270 270 1,4 1,4 

6 0 0,5 0,5 375 375 0,6 0,6 

7 0,334 0,333 0,333 292 292,00 0,4 0,4 

 

ɺ ʨʝʟʫʣʴʪʘʪʽ ʨʝʘʣʽʟʘʮʽʾ ʮʴʦʛʦ ʝʢʩʧʝʨʠʤʝʥʪʫ ʪʘ ʦʙʨʦʙʢʠ ʦʪʨʠʤʘʥʠʭ 

ʜʘʥʠʭ ʫ ʧʨʦʛʨʘʤʽ Statisticʘ 6 ʙʫʣʦ ʦʪʨʠʤʘʥʦ ʨʽʚʥʷʥʥʷ (1) ʪʘ ʨʽʚʥʷʥʥʷ (2), ʷʢʽ 
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ʦʧʠʩʫʶʪʴ ʟʤʽʥʫ ʚ'ʷʟʢʦʩʪʽ ʪʘ ʧʦʚʝʨʭʥʝʚʦʛʦ ʥʘʪʷʛʫ ʰʣʘʢʫ ʟʘʣʝʞʥʦ ʚʽʜ ʡʦʛʦ 

ʭʽʤʽʯʥʦʛʦ ʩʢʣʘʜʫ. 

2 2 2 2 2

2 2 2 2 2 2 2

0,04·  0,9· 0,68· ·

3,52·

( ) ( )

( 9) (· 1,4· )· 10, 806· · ·

CaF CaO SiO TiO CaF CaO SiO

CaF CaO TiO SiO TiO CaF CaO SiO TiO

h= + + + - + +

+ + - - +
 (1) 

 

2 2 2 2 2

2 2 2 2 2 2 2

390· 295· 250· 150· ·  

200 ·

( ) ( )

( )· 410· · 1610,51 )·( · ·

CaF CaO SiO TiO CaF CaO SiO

CaF CaO TiO SiO TiO CaF CaO SiO TiO

s= + + + + + -

- + + - +
 (2) 

ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʜʦʩʣʽʜʞʝʥʥʷ ʩʠʩʪʝʤʠ CaF2-CaO-SiO2-TiO2 ʙʫʣʠ 

ʧʦʙʫʜʦʚʘʥʽ ʧʦʚʝʨʭʥʽ ʚʽʜʛʫʢʫ (ʨʠʩ. 1) ʟʘʣʝʞʥʦʩʪʽ ʧʦʚʝʨʭʥʝʚʦʛʦ ʥʘʪʷʛʫ (ů) ʪʘ 

ʚ'ʷʟʢʦʩʪʽ (ɖ) ʚʽʜ ʭʽʤʽʯʥʦʛʦ ʩʢʣʘʜʫ ʰʣʘʢʦʚʦʛʦ ʨʦʟʧʣʘʚʫ. 

ɺʽʜʦʤʦ [8], ʱʦ ʚ'ʷʟʢʽʩʪʴ ʚʠʟʥʘʯʘʻʪʴʩʷ ʧʨʠʨʦʜʦʶ ʪʘ ʩʢʣʘʜʦʤ ʨʦʟʧʣʘʚʫ, 

ʘ ʪʘʢʦʞ ʡʦʛʦ ʪʝʤʧʝʨʘʪʫʨʦʶ. ʍʘʨʘʢʪʝʨ ʚʧʣʠʚʫ ʦʢʩʠʜʽʚ ʥʘ ʚ'ʷʟʢʽʩʪʴ ʨʦʟʧʣʘʚʫ 

ʦʢʩʠʬʪʦʨʠʜʫ ʟʘʣʝʞʠʪʴ ʥʝ ʣʠʰʝ ʚʽʜ ʨʦʟʤʽʨʫ ʯʘʩʪʠʥʦʢ (ʢʦʤʧʣʝʢʩʽʚ) ʪʘ ʾʭ 

ʢʽʣʴʢʦʩʪʽ, ʘʣʝ ʡ ʚʽʜ ʝʥʝʨʛʽʾ ʾʭʥʴʦʾ ʚʟʘʻʤʦʜʽʾ [9, 10]. 

 

 
ʘ)       ʙ) 

 

 
  ʚ)       ʛ) 

 

ʈʠʩʫʥʦʢ 1. ʇʦʚʝʨʭʥʷ ʚʽʜʛʫʢʫ ʤʘʪʝʤʘʪʠʯʥʦʾ ʟʘʣʝʞʥʦʩʪʽ ʚ'ʷʟʢʦʩʪʽ (a) ʪʘ 

ʧʦʚʝʨʭʥʝʚʦʛʦ ʥʘʪʷʛʫ (ʚ) ʚʽʜ ʭʽʤʽʯʥʦʛʦ ʩʢʣʘʜʫ ʰʣʘʢʫ ʪʘ ʛʨʘʬʽʯʥʘ 

ʽʥʪʝʨʧʨʝʪʘʮʽʷ ʦʙʣʘʩʪʽ ʦʧʪʠʤʘʣʴʥʠʭ ʟʥʘʯʝʥʴ ʚ'ʷʟʢʦʩʪʽ (ʙ) ʪʘ ʧʦʚʝʨʭʥʝʚʦʛʦ 

ʥʘʪʷʛʫ (ʛ) 
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ɿ ʦʪʨʠʤʘʥʦʾ ʛʨʘʬʽʯʥʦʾ ʟʘʣʝʞʥʦʩʪʽ (ʨʠʩ. 1) ʚʠʜʥʦ, ʱʦ ʟʽ ʟʤʝʥʰʝʥʥʷʤ 

ʚʤʽʩʪʫ CaF2 + CaO ʟʥʘʯʝʥʥʷ ʚ'ʷʟʢʦʩʪʽ ʟʨʦʩʪʘʻ, ʱʦ ʧʦʚ'ʷʟʘʥʦ ʟʽ ʟʤʝʥʰʝʥʥʷʤ 

ʢʦʥʮʝʥʪʨʘʮʽʾ ʬʪʦʨʠʜ-ʽʦʥʽʚ, ʷʢʽ ʤʘʶʪʴ ʚʽʜʥʦʩʥʦ ʥʝʚʝʣʠʢʽ ʨʦʟʤʽʨʠ [6, 7]. 

ʇʨʠ ʚʝʣʠʢʽʡ ʢʽʣʴʢʦʩʪʽ ʜʦʙʘʚʦʢ ʦʢʩʠʜʽʚ ʪʠʪʘʥʫ, ʱʦ ʚʽʜʽʛʨʘʶʪʴ ʨʦʣʴ 

ʢʦʤʧʣʝʢʩʦʫʪʚʦʨʶʚʘʯʽʚ [4, 9, 11], ʟʙʽʣʴʰʫʪ̒ʩɹ ̫ ʚ'ʷʟʢʽʩʪʴ ʰʣʘʢʫ. ɼʝʷʢʝ 

ʟʥʠʞʝʥʥʷ ʚ'ʷʟʢʦʩʪʽ ʚ ʰʣʘʢʘʭ ʟ ʚʽʜʥʦʩʥʦ ʚʠʩʦʢʠʤ ʚʤʽʩʪʦʤ ʢʨʝʤʥʝʟʝʤʫ ʟʽ 

ʟʙʽʣʴʰʝʥʥʷʤ ʚʤʽʩʪʫ TiO2 ʤʦʞʥʘ ʧʦʷʩʥʠʪʠ ʟʙʽʣʴʰʝʥʥʷʤ ʫ ʨʦʟʧʣʘʚʽ ʘʥʽʦʥʽʚ 

ʢʠʩʥʶ O2-, ̫ ʢʽ ʨʫʡʥʫʶʪʴ ʢʨʝʤʥʽʡ-ʢʠʩʥʝʚʽ ʢʦʤʧʣʝʢʩʠ Si2O7
6-+ʆ2- Ÿ 2SiO4

4-. 

ʇʨʠ ʚʝʣʠʢʽʡ ʢʽʣʴʢʦʩʪʽ ʜʦʙʘʚʦʢ ʦʢʩʠʜʽʚ ʪʠʪʘʥʫ ʚʽʜʙʫʚʘʻʪʴʩʷ 

ʫʪʚʦʨʝʥʥʷ ʢʦʤʧʣʝʢʩʥʠʭ ʟôʻʜʥʘʥʴ [4, 9, 11], ʱʦ ʩʧʨʠʷʶʪʴ ʧʽʜʚʠʱʝʥʥʶ 

ʚ'ʷʟʢʦʩʪʽ. 

ʆʪʞʝ, ʫ ʧʦʪʨʽʡʥʽʡ ʩʠʩʪʝʤʽ CaF2 + CaO-SiO2-TiO2 (ʨʠʩ. 1) ʦʙʣʘʩʪʴ 

ʭʽʤʽʯʥʠʭ ʩʢʣʘʜʽʚ ʰʣʘʢʽʚ ʟ ʚʽʜʥʦʩʥʦ ʥʠʟʴʢʦʶ ʚ'ʷʟʢʽʩʪʶ ʟʤʽʱʫʻʪʴʩʷ ʜʦ 

ʩʪʦʨʦʥʠ ʟ ʚʠʩʦʢʠʤ ʚʤʽʩʪʦʤ CaF2 + CaO ʪʘ TiO2 ʽ ʚʽʜʥʦʩʥʦ ʥʠʟʴʢʠʤ ʚʤʽʩʪʦʤ 

SiO2. 

ʅʘ ʦʩʥʦʚʽ ʦʪʨʠʤʘʥʦʾ ʤʘʪʝʤʘʪʠʯʥʦʾ ʤʦʜʝʣʽ ʙʫʣʦ ʧʦʙʫʜʦʚʘʥʦ ʦʙʣʘʩʪʴ 

ʦʧʪʠʤʘʣʴʥʠʭ ʟʥʘʯʝʥʴ ʚ'ʷʟʢʦʩʪʽ ʚʽʜ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʜʦʩʣʽʜʞʫʚʘʥʠʭ 

ʢʦʤʧʦʥʝʥʪʽʚ (ʨʠʩ. 1, ʙ). 

ɺʽʜʦʤʦ [10], ʱʦ ʚʧʣʠʚ ʦʢʩʠʜʽʚ Al2O3, MgO, ZrO2, TiO2 ʧʨʠ ʾʭ 

ʜʦʜʘʚʘʥʥʽ ʜʦ ʨʦʟʧʣʘʚʫ ʩʠʩʪʝʤʠ CaF2-CaO-SiO2 ʤʘʻ ʥʝʦʜʥʦʟʥʘʯʥʠʡ ʚʧʣʠʚ 

ʥʘ ʚʝʣʠʯʠʥʫ ʡʦʛʦ ʧʦʚʝʨʭʥʝʚʦʛʦ ʥʘʪʷʛʫ. ɿ ʦʜʥʦʛʦ ʙʦʢʫ, ʧʦʷʚʘ ʩʠʣʴʥʽʰʠʭ 

ʽʦʥʽʚ ʫ ʨʦʟʧʣʘʚʽ ʧʦʚʠʥʥʘ ʧʨʠʟʚʦʜʠʪʠ ʜʦ ʩʠʥʭʨʦʥʥʦʛʦ ʟʙʽʣʴʰʝʥʥʷ 

ʧʦʚʝʨʭʥʝʚʦʛʦ ʥʘʪʷʛʫ, ʘ ʟ ʽʥʰʦʛʦ ʙʦʢʫ, ʧʦʚʝʨʭʥʝʚʠʡ ʥʘʪʷʛ, ʚʥʘʩʣʽʜʦʢ 

ʭʽʤʽʯʥʠʭ ʨʝʘʢʮʽʡ ʥʘ ʧʦʚʝʨʭʥʽ ʨʦʟʧʣʘʚʫ ʟ ʫʪʚʦʨʝʥʥʷʤ ʣʝʪʢʠʭ ʽʦʥʽʚ, 

ʟʤʝʥʰʫʻʪʴʩʷ.  

ɿ ʜʦʜʘʚʘʥʥʷʤ TiO2 ʜʦ ʬʪʦʨʠʜʥʦ-ʦʢʩʠʜʥʦʛʦ ʨʦʟʧʣʘʚʫ ʤʦʞʥʘ 

ʩʧʦʩʪʝʨʽʛʘʪʠ ʥʝʟʥʘʯʥʝ ʟʥʠʞʝʥʥʷ ʧʦʚʝʨʭʥʝʚʦʛʦ ʥʘʪʷʛʫ, ʱʦ ʧʦʷʩʥʶʻʪʴʩʷ [12] 

ʫʪʚʦʨʝʥʥʷʤ ʩʢʣʘʜʥʠʭ ʘʥʽʦʥʥʠʭ ʛʨʫʧ, ʷʢʽ ʟʘʚʜʷʢʠ ʩʚʦʾʤ ʚʝʣʠʢʠʤ ʨʦʟʤʽʨʘʤ 

ʤʘʶʪʴ ʥʠʞʯʫ ʢʫʣʦʥʽʚʩʴʢʫ ʝʥʝʨʛʽʶ ʚʟʘʻʤʦʜʽʾ ʟ ʢʘʪʽʦʥʘʤʠ. 

ʅʘ ʦʩʥʦʚʽ ʦʪʨʠʤʘʥʦʾ ʛʨʘʬʽʯʥʦʾ ʤʦʜʝʣʽ ʚʽʜʛʫʢʫ ʙʫʣʦ ʧʦʙʫʜʦʚʘʥʦ 

ʜʽʘʛʨʘʤʫ, ʥʘ ʷʢʽʡ ʚʢʘʟʘʥʘ ʦʙʣʘʩʪʴ ʦʧʪʠʤʘʣʴʥʠʭ ʟʥʘʯʝʥʴ ʧʦʚʝʨʭʥʝʚʦʛʦ 

ʥʘʪʷʛʫ ʜʣʷ ʦʙʨʘʥʦʾ ʰʣʘʢʦʚʦʾ ʦʩʥʦʚʠ (ʨʠʩ. 1, ʛ). 

ʇʨʠ ʥʘʢʣʘʜʝʥʥʽ ʜʽʘʛʨʘʤ ʦʧʪʠʤʘʣʴʥʠʭ ʟʥʘʯʝʥʴ ʧʦʚʝʨʭʥʝʚʦʛʦ ʥʘʪʷʛʫ ʪʘ 

ʚ'ʷʟʢʦʩʪʽ ʜʣʷ ʰʣʘʢʦʚʦʾ ʩʠʩʪʝʤʠ CaF2-CaO-SiO2-TiO2 (ʨʠʩ. 2) ʦʪʨʠʤʫʻʤʦ 

ʧʝʨʝʪʠʥ ʜʚʦʭ ʦʙʣʘʩʪʝʡ. ʎʝʡ ʧʝʨʝʪʠʥ ʻ ʦʙʣʘʩʪʶ ʦʧʪʠʤʘʣʴʥʠʭ ʟʥʘʯʝʥʴ 

ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ ʰʣʘʢʦʚʦʾ ʦʩʥʦʚʠ ʪʘ ʚʽʜʧʦʚʽʜʘʻ: 

CaF2 + CaO = 0,25...0,65; SiO2 = 0,2...0,55; TiO2 = 0,1...0,23. 
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1 ï ʦʙʣʘʩʪʴ ʦʧʪʠʤʘʣʴʥʠʭ ʟʥʘʯʝʥʴ ʧʦʚʝʨʭʥʝʚʦʛʦ ʥʘʪʷʛʫ; 2 - ʦʙʣʘʩʪʴ 

ʦʧʪʠʤʘʣʴʥʠʭ ʟʥʘʯʝʥʴ ʚôʷʟʢʦʩʪʽ; 3 ï ʧʝʨʝʪʠʥ ʦʙʣʘʩʪʝʡ 

 

ʈʠʩʫʥʦʢ 2 - ʉʭʝʤʘ ʥʘʥʝʩʝʥʥʷ ʦʙʣʘʩʪʝʡ ʦʧʪʠʤʘʣʴʥʠʭ ʟʥʘʯʝʥʴ ʧʦʚʝʨʭʥʝʚʦʛʦ 

ʥʘʪʷʛʫ ʪʘ ʚ'ʷʟʢʦʩʪʽ 

 

ɺʀʉʅʆɺʂʀ 

 

1. ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʜʦʩʣʽʜʞʝʥʴ ʦʪʨʠʤʘʥʦ ʤʘʪʝʤʘʪʠʯʥʽ ʟʘʣʝʞʥʦʩʪʽ 
ʟʥʘʯʝʥʴ ʚ'ʷʟʢʦʩʪʽ ʪʘ ʧʦʚʝʨʭʥʝʚʦʛʦ ʥʘʪʷʛʫ ʚʽʜ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ 

ʜʣʷ ʩʠʩʪʝʤʠ CaF2-CaO-SiO2-TiO2, ʘ ʪʘʢʦʞ ʧʦʙʫʜʦʚʘʥʦ ʾʭ ʛʨʘʬʽʯʥʽ ʤʦʜʝʣʽ.  

2. ɺʠʟʥʘʯʝʥʦ ʨʘʮʽʦʥʘʣʴʥʠʡ ʙʘʣʘʥʩ ʧʦʻʜʥʘʥʥʷ ʦʧʪʠʤʘʣʴʥʠʭ ʟʥʘʯʝʥʴ 

ʧʦʚʝʨʭʥʝʚʦʛʦ ʥʘʪʷʛʫ ʪʘ ʚ'ʷʟʢʦʩʪʽ ʜʣʷ ʜʦʩʣʽʜʞʫʚʘʥʦʾ ʰʣʘʢʦʚʦʾ ʩʠʩʪʝʤʠ ʽʟ 

ʩʧʽʚʚʽʜʥʦʰʝʥʥʷʤ ʢʦʤʧʦʥʝʥʪʽʚ: CaF2 + CaO = 0,55...0,80; SiO2 = 0,20...0,55; 

TiO2 = 0,25...0,40. 

3. ʇʝʨʩʧʝʢʪʠʚʥʠʤ ʻ ʜʦʩʣʽʜʞʝʥʥʷ ʚʧʣʠʚʫ ʚôʷʟʢʦʩʪ̔ ʽ ʧʦʚʝʨʭʥʝʚʦʛʦ 

ʥʘʪʷʛʫ ʰʣʘʢʽʚ ʥʘ ʪʝʭʥʦʣʦʛʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʣʘʚʣʝʥʥʷ ʩʘʤʦʟʘʭʠʩʥʦʛʦ 

ʧʦʨʦʰʢʦʚʦʛʦ ʜʨʦʪʫ. 
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ʇʆʉʃɯɼʆɺʅʆʉʊɯ ʆʇɽʈɸʎɯʁ ʇʈʀ ʌʆʈʄʋɺɸʅʅɯ 

ʊɽʍʅʆʃʆɻɯʏʅʆɻʆ ʇʈʆʎɽʉʋ ɼʃʗ ɼɽʊɸʃɯ çɺɸʃ-ʐɽʉʊɽʈʅʗè 
 

ɸʥʦʪʘʮʽʷ: ʋ ʨʦʙʦʪʽ ʜʦʩʣʽʜʞʝʥʦ ʧʨʦʙʣʝʤʠ ʘʚʪʦʤʘʪʠʟʘʮʽʾ ʬʦʨʤʫʚʘʥʥʷ 

ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʨʦʮʝʩʽʚ ʜʣʷ ʩʢʣʘʜʥʠʭ ʜʝʪʘʣʝʡ ʘʚʽʘʮʽʡʥʠʭ ʜʚʠʛʫʥʽʚ ʪʘ ʨʦʟʨʦʙʣʝʥʦ ʧʽʜʭʽʜ 

ʜʦ ʨʦʟʨʘʭʫʥʢʫ ʢʽʣʴʢʦʩʪʽ ʽ ʧʦʩʣʽʜʦʚʥʦʩʪʽ ʦʧʝʨʘʮʽʡ ʦʙʨʦʙʢʠ. ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʥʝʜʦʣʽʢʠ 

ʽʩʥʫʶʯʠʭ ʽʥʪʝʣʝʢʪʫʘʣʴʥʠʭ ʩʠʩʪʝʤ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʛʦ ʧʨʦʝʢʪʫʚʘʥʥʷ, ʱʦ ʙʘʟʫʶʪʴʩʷ ʥʘ 

ʚʠʢʦʨʠʩʪʘʥʥʽ ʘʥʘʣʦʛʽʚ ʪʘ ʢʣʘʩʠʬʽʢʘʮʽʡʥʠʭ ʤʝʪʦʜʽʚ. ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʧʨʦʛʨʘʤʥʝ 

ʟʘʙʝʟʧʝʯʝʥʥʷ ʜʣʷ ʥʘʧʽʚʘʚʪʦʤʘʪʠʯʥʦʛʦ ʬʦʨʤʫʚʘʥʥʷ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʧʨʦʮʝʩʫ ʥʘ ʦʩʥʦʚʽ 

ʘʥʘʣʽʟʫ ʢʦʥʩʪʨʫʢʪʠʚʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʜʝʪʘʣʽ. ʇʨʝʜʩʪʘʚʣʝʥʦ ʝʢʨʘʥʥʽ ʬʦʨʤʠ ʽʥʪʝʨʬʝʡʩʫ, 

ʱʦ ʟʘʙʝʟʧʝʯʫʶʪʴ ʚʚʝʜʝʥʥʷ ʜʘʥʠʭ, ʨʦʟʨʘʭʫʥʦʢ ʢʽʣʴʢʦʩʪʽ ʦʧʝʨʘʮʽʡ, ʬʦʨʤʫʚʘʥʥʷ ʩʧʠʩʢʫ 

ʧʦʚʝʨʭʦʥʴ ʽ ʧʦʙʫʜʦʚʫ ʪʝʭʥʦʣʦʛʽʯʥʦʾ ʜʦʢʫʤʝʥʪʘʮʽʾ. ʇʨʦʚʝʜʝʥʦ ʪʝʩʪʦʚʽ ʨʦʟʨʘʭʫʥʢʠ ʜʣʷ 

ʜʝʪʘʣʽ ʪʠʧʫ çʚʘʣ-ʰʝʩʪʝʨʥʷè, ʱʦ ʧʽʜʪʚʝʨʜʞʫʶʪʴ ʝʬʝʢʪʠʚʥʽʩʪʴ ʟʘʧʨʦʧʦʥʦʚʘʥʦʛʦ 

ʧʽʜʭʦʜʫ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʘʚʪʦʤʘʪʠʟʘʮʽʷ ʨʦʟʨʘʭʫʥʢʽʚ ʜʦʟʚʦʣʷʻ ʩʢʦʨʦʪʠʪʠ ʯʘʩ 

ʧʨʦʝʢʪʫʚʘʥʥʷ ʪʘ ʧʽʜʚʠʱʠʪʠ ʪʦʯʥʽʩʪʴ ʚʠʟʥʘʯʝʥʥʷ ʩʪʨʫʢʪʫʨʠ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʧʨʦʮʝʩʫ. 

ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʚ ʥʘʚʯʘʣʴʥʦʤʫ ʧʨʦʮʝʩʽ ʪʘ 

ʽʥʪʝʛʨʦʚʘʥʽ ʚ ʩʫʯʘʩʥʽ ʩʠʩʪʝʤʠ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʛʦ ʧʨʦʝʢʪʫʚʘʥʥʷ. 

ʂʣʯʁʦʚʽ ʩʣʦʚʘ: ʪʝʭʥʦʣʦʛʽʯʥʠʡ ʧʨʦʮʝʩ, ʘʚʪʦʤʘʪʠʟʘʮʽʷ, ʉɸʇʈ, ʚʘʣ-ʰʝʩʪʝʨʥʷ, 

ʚʠʨʦʙʥʠʮʪʚʦ, ʦʧʪʠʤʽʟʘʮʽʷ 

 

Abstract: The paper investigates the problems of automating the formation of 

technological processes for complex aircraft engine components and proposes an approach 

to calculating the number and sequence of machining operations. The limitations of existing 

intelligent computer-aided design systems based on analog and classification methods are 

analyzed. Software for semi-automatic generation of technological processes based on the 

analysis of part design parameters is developed. Interface screen forms for data input, 
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operation calculation, surface list generation, and technological documentation creation are 

presented. Test calculations for a shaft-gear type part confirm the efficiency of the proposed 

approach. It is established that automation reduces design time and improves the accuracy of 

determining the structure of the technological process. The results can be used in education 

and integrated into modern CAD systems. 

Keywords: technological process, automation, CAD, shaft-gear, manufacturing, 

optimization. 

  
ʗʢ ʚʽʜʦʤʦ, ʜʝʪʘʣʽ ʘʚʽʘʮʽʡʥʠʭ ʜʚʠʛʫʥʽʚ ʤʘʶʪʴ ʩʢʣʘʜʥʽ ʢʦʥʩʪʨʫʢʪʠʚʥʽ ʽ 

ʪʝʭʥʦʣʦʛʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. ɺʦʥʠ ʤʘʶʪʴ, ʷʢ ʧʨʘʚʠʣʦ ʚʝʣʠʢʽ ʛʘʙʘʨʠʪʥʽ 

ʨʦʟʤʽʨʠ, ʚʠʨʦʙʣʷʶʪʴʩʷ ʟ ʚʘʞʢʦʜʝʬʦʨʤʫʻʤʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʤʘʶʪʴ ʚʠʩʦʢʫ 

ʪʦʯʥʽʩʪʴ ʨʦʟʤʽʨʽʚ ʽ ʧʦʚʝʨʭʦʥʴ, ʥʠʟʴʢʫ ʰʦʨʩʪʢʽʩʪʴ, ʱʦ ʚʧʣʠʚʘʻ ʥʘ 

ʩʢʣʘʜʥʽʩʪʴ ʬʦʨʤʫʚʘʥʥʷ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʧʨʦʮʝʩʫ. 

          ɯʩʥʫʶʯʽ ʽʥʪʝʣʝʢʪʫʘʣʴʥʽ ʩʠʩʪʝʤʠ ʧʨʦʧʦʥʫʶʪʴ ʚʠʢʦʨʠʩʦʚʫʚʘʪʠ 

ʤʘʪʝʤʘʪʠʯʥʽ ʤʝʪʦʜʠ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʛʦ ʧʨʦʝʢʪʫʚʘʥʥʷ ʪʝʭʥʦʣʦʛʽʯʥʠʭ 

ʧʨʦʮʝʩʽʚ ʘʙʦ ʤʝʪʦʜʘʤʠ ʘʜʨʝʩʘʮʽʾ ʚ ʜʽʘʣʦʛʦʚʦʤʫ ʨʝʞʠʤʽ,  ʘʙʦ ʤʝʪʦʜʦʤ 

ʩʠʥʪʝʟʘ ʟ ʝʣʝʤʝʥʪʘʤʠ ʘʥʘʣʦʛʘʤʠ ʧʨʠ ʧʨʦʝʢʪʫʚʘʥʥʽ ʛʨʫʧʦʚʠʭ ʪʝʭʥʦʣʦʛʽʯʥʠʭ 

ʧʨʦʮʝʩʽʚ. ʋ ʮʴʦʤʫ ʚʘʨʽʘʥʪʽ ʪʝʭʥʦʣʦʛʽʯʥʠʡ ʧʨʦʮʝʩ ʬʦʨʤʫʻʪʴʩʷ ʟʘ 

ʬʨʘʛʤʝʥʪʘʤʠ ʘʥʘʣʦʛʘ ʽ ʣʠʰʝ ʢʦʨʝʛʫʻʪʴʩʷ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʢʦʥʩʪʫʢʪʠʚʥʠʭ 

ʦʟʥʘʢ ʜʝʪʘʣʽ.  

           ɼʣʷ ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʨʦʮʝʩʽʚ ʮʝ ʥʝ ʟʘʚʞʜʠ ʤʦʞʣʠʚʦ. 

ɼʣʷ ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʨʦʮʝʩʽʚ ʪʝʭʥʦʣʦʛʠ ʢʦʨʠʩʪʫʶʪʴʩʷ 

ʤʝʪʦʜʦʤ ʩʠʥʪʝʟʘ ʟ ʝʣʝʤʝʥʪʘʤʠ ʘʥʘʣʦʛʘʤʠ ʘʙʦ ʚ ʨʫʯʥʦʤʫ ʨʝʞʠʤʽ, ʘʙʦ ʜʣʷ 

ʮʴʦʛʦ ʚʠʢʦʨʠʩʪʦʚʫʻʶʪʴʩʷ ʤʝʪʦʜʠ ʢʣʘʩʠʬʽʢʘʮʽʡʥʦʾ ʦʙʨʦʙʢʠ.  

 ɺ ʨʦʙʦʪʘʭ [1-3] ʧʨʝʜʩʪʘʚʣʝʥʽ ʤʘʪʝʤʘʪʠʯʥʽ ʤʝʪʦʜʠ ʽ ʨʦʟʨʦʙʣʝʥʝ 

ʧʨʦʛʨʘʤʥʝ ʟʘʙʝʟʧʝʯʝʥʥʷ ʜʣʷ ʨʝʘʣʽʟʘʮʽʾ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʛʦ ʬʦʨʤʫʚʘʥʥʷ 

ʧʣʘʥʘ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʧʨʦʮʝʩʫ ʜʣʷ ʛʨʫʧʦʚʠʭ ʽ ʪʠʧʦʚʠʭ ʪʝʭʥʦʣʦʛʽʯʥʠʭ 

ʧʨʦʮʝʩʽʚ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʩʪʨʫʢʪʫʨʥʦ-ʘʥʘʣʽʪʠʯʥʦʛʦ ʤʝʪʦʜʘ ʨʦʟʧʽʟʥʘʚʘʥʥʷ 

ʦʙʨʘʟʽʚ. ɸʣʝ ʧʨʠ ʨʦʙʦʪʽ ʟ ʮʠʤ ʤʝʪʦʜʦʤ ʪʘʢʠʡ ʧʣʘʥ ʧʦʚʠʥʝʥ ʚʞʝ ʽʩʥʫʚʘʪʠ ʷʢ 

ʪʠʧʦʚʠʡ,  ʱʦ ʥʝ ʟʘʚʞʜʠ ʽʩʥʫʻ  ʚ ʣʽʪʝʨʘʪʫʨʥʠʭ ʜʞʝʨʝʣʘʭ. 

          ɭ ʢʣʘʩʠʯʥʠʡ ʤʝʪʦʜ, ʷʢʠʤ ʢʦʨʠʩʪʫʶʪʴʩʷ ʚ ʥʘʚʯʘʣʴʥʦʤʫ ʧʨʦʮʝʩʽ. 

ʉʧʦʯʘʪʢʫ ʧʦ ʢʨʝʩʣʝʥʥʶ ʜʝʪʘʣʽ, ʪʘʙʣʠʮʷʤ ʽ ʪʝʭʥʽʯʥʠʤ ʫʤʦʚʘʤ ʚʩʽʤ 

ʧʦʚʝʨʭʥʷʤ ʜʝʪʘʣʽ ʧʨʠʩʚʦʶʻʪʴʩʷ ʥʦʤʝʨ, ʧʦʪʽʤ ʧʦ ʜʚʫʤ ʬʦʨʤʫʣʘʤ  

ʨʦʟʨʘʭʦʚʫʻʪʴʩʷ ʢʽʣʴʢʽʩʪʴ ʾʭ ʦʙʨʦʙʣʝʥʥʷ, ʧʦʪʽʤ ʩʢʣʘʜʘʻʪʴʩʷ ʪʘʙʣʠʮʷ ʽ ʧʣʘʥ 

ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʧʨʦʮʝʩʫ. ɿʘ ʧʣʘʥʦʤ ʬʦʨʤʫʶʪʴʩʷ ʦʧʝʨʘʮʽʾ ʽ ʧʝʨʝʭʦʜʠ, ʘ 

ʢʽʥʮʝʚʠʤ ʝʪʘʧʦʤ ʻ ʬʦʨʤʫʚʘʥʥʷ ʪʝʭʥʦʣʦʛʽʯʥʦʾ ʜʦʢʫʤʝʥʪʘʮʽʾ.   

          ɼʘʣʽ ʧʨʝʜʩʪʘʚʣʝʥʽ ʝʢʨʘʥʥʽ ʬʦʨʤʠ ʨʦʟʨʦʙʣʝʥʦʛʦ ʥʘ ʢʘʬʝʜʨʽ 

çʪʝʭʥʦʣʦʣʦʛʽʡ ʚʠʨʦʙʥʠʮʪʚʘ ʘʚʽʘʮʽʡʥʠʭ ʜʚʠʛʫʥʽʚè ʧʨʦʛʨʘʤʥʦʛʦ 

ʟʘʙʝʟʧʝʯʝʥʥʷ ʽ ʚʘʨʽʘʥʪ ʚʠʢʦʥʘʥʥʷ ʧʦʩʣʽʜʦʚʥʦʩʪʽ ʨʦʟʨʘʭʫʥʢʽʚ ʫ 

ʥʘʧʽʚʘʚʪʦʤʘʪʠʯʥʦʤʫ ʨʝʞʠʤʽ ʜʣʷ ʜʝʪʘʣʽ çɺʘʣ-ʰʝʩʪʝʨʥʷè.  

 ɽʩʢʽʟ ʜʝʪʘʣʽ, ʪʘʙʣʠʮʷ ʧʘʨʤʝʪʨʽʚ ʟʫʙʮʽʚ ʽ ʪʝʭʥʽʯʥʽ ʫʤʦʚʠ ʧʨʝʜʩʪʘʚʣʝʥʽ 

ʥʘ ʨʠʩ. 1-3.   
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 ʈʠʩʫʥʦʢ 1. ɽʢʨʘʥʥʘ ʬʦʨʤʘ ʜʣʷ ʧʝʨʝʛʣʷʜʫ ʝʩʢʽʟʫ 

ʜʝʪʘʣʽ çɺʘʣ-ʰʝʩʪʝʨʥʷè 
 

 
 

 

 

 

ʈʠʩʫʥʦʢ 2. ɽʢʨʘʥʥʘ ʬʦʨʤʘ ʜʣʷ  ʧʝʨʝʛʣʷʜʫ ʪʘʙʣʠʮʽ ʚ ʢʨʝʩʣʝʥʥʽ  

ʜʝʪʘʣʽ çɺʘʣ-ʰʝʩʪʝʨʥʷè 
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ʈʠʩʫʥʦʢ 3. ɽʢʨʘʥʥʘ ʬʦʨʤʘ ʜʣʷ ʪʝʭʥʽʯʥʠʭ ʚʠʤʦʛ ʜʝʪʘʣʽ çɺʘʣ-ʰʝʩʪʝʨʥʷè 

 

 ʅʘ ʨʠʩ.4 ʧʨʝʜʩʪʘʚʣʝʥʦ ʝʢʨʘʥʥʫ ʬʦʨʤʫ ʟ ʥʫʤʝʨʘʮʽʻʡ ʧʦʚʝʨʭʦʥʴ ʜʝʪʘʣʽ  

çɺʘʣ-ʰʝʩʪʝʨʥʷè. ʎʽ ʨʠʩʫʥʢʠ ʤʦʞʥʘ ʧʝʨʝʛʣʷʥʫʪʠ ʫ ʙʫʜʴ-ʷʢʠʡ ʤʦʤʝʥʪ ʟʘ 

ʙʘʞʘʥʥʷʤ ʢʦʨʠʩʪʫʚʘʯʘ ʧʨʠ ʩʪʚʦʨʝʥʥʽ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʧʨʦʮʝʩʫ ʘʙʦ ʯʝʨʝʟ 

ʛʦʣʦʚʥʝ ʤʝʥʶ,  ʘʙʦ  ʧʦ   ʢʥʦʧʢʘʤ çɽʩʢʽʟè, çʊʘʙʣʠʮʽè, çʊʝʭʥʽʯʥʽ ʫʤʦʚʠè, 

çɽʩʢʽʟ ʧʦʚʝʨʭʦʥʴè. 

 
ʈʠʩʫʥʦʢ 4. ɽʢʨʘʥʥʘ ʬʦʨʤʘ ʜʣʷ ʧʝʨʝʛʣʷʜʫ ʥʫʤʝʨʘʮʽʾ ʧʦʚʝʨʭʦʥʴ 

ʜʝʪʘʣʽ çɺʘʣ-ʰʝʩʪʝʨʥʷè 

 

 ʅʘ ʨʠʩ. 5 ʧʨʝʜʩʪʘʚʣʝʥʘ ʝʢʨʘʥʥʘ ʬʦʨʤʘ ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ ʩʧʠʩʢʘ 

ʧʦʚʝʨʭʦʥʴ ʜʝʪʘʣʽ. ʅʘ ʨʠʩ.5 ʚ ʩʢʣʘʜʽ ʧʦʚʝʨʭʦʥʴ  ʧʨʠʩʫʪʥʷ ʧʦʢʠ ʱʦ ʪʽʣʴʢʠ 

ʧʝʨʰʘ ʟʘ ʩʧʠʩʢʦʤ ʧʦʚʝʨʭʦʥʷ ʜʝʪʘʣʽ çɺʘʣ-ʰʝʩʪʝʨʥʷè - çʊʦʨʮʝʚʘè. 
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  ɯʥʰʽ ʧʦʚʝʨʭʥʽ ʜʦʜʘʶʪʴʩʷ ʧʨʠ ʚʠʢʦʨʠʪʘʥʥʽ ʢʥʦʧʦʢ: çɺʠʜ ʧʦʚʝʨʭʥʽè, 

çʊʠʧ ʧʦʚʝʨʭʥʽè ʽ ʽʥʰʽ  ʫ ʚʝʨʭʥʴʦʤʫ ʧʨʘʚʦʤʫ ʢʫʪʽ. 

 ʉʧʠʩʦʢ ʧʦʚʝʨʭʦʥʴ  ʨʦʩʪʘʰʦʚʘʥʠʡ ʚ ʣʽʚʦʤʫ ʢʫʪʽ. ʂʥʦʧʢʠ çɿʙʝʨʝʛʪʠ 

ʩʪʨʫʢʪʫʨʫè ʽ çɺʽʜʢʨʠʪʠ ʩʪʨʫʢʪʫʨʫè ʥʝʦʙʭʽʜʥʽ ʜʣʷ ʟʙʝʨʝʞʝʥʥʷ ʜʘʥʠʭ ʽ ʾʭ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʚ ʽʥʰʠʭ ʤʦʜʫʣʷʭ ʧʨʦʛʨʘʤʠ.  

 
 

ʈʠʩʫʥʦʢ 5. ɽʢʨʘʥʥʘ ʬʦʨʤʘ ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ ʩʧʠʩʢʘ ʢʦʜʽʚ ʧʦʚʝʨʭʦʥʴ ʜʝʪʘʣʽ 

çɺʘʣ-ʰʝʩʪʝʨʥʷè 

 ʅʘ ʨʠʩ. 6 ʧʨʝʜʩʪʘʚʣʝʥʘ ʝʢʨʘʥʥʘ ʬʦʨʤʘ ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ ʧʘʨʘʤʝʪʨʽʚ 

ʢʦʞʥʦʾ ʧʦʚʝʨʭʥʽ ʜʝʪʘʣʽ. 

 
ʈʠʩʫʥʦʢ 6. ɽʢʨʘʥʥʘ ʬʦʨʤʘ ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʧʦʚʝʨʭʦʥʴ 

ʜʝʪʘʣʽ çɺʘʣ-ʰʝʩʪʝʨʥʷè 

 

 ʅʘ ʨʠʩ. 7 ʧʨʝʜʩʪʘʚʣʝʥʘ ʝʢʨʘʥʥʘ ʬʦʨʤʘ ʟ ʨʦʟʨʘʭʫʥʢʦʤ ʥʝʦʙʭʽʜʥʦʾ 

ʢʽʣʴʢʦʩʪʽ ʦʧʝʨʘʮʽʡ ʜʣʷ ʧʝʨʰʦʾ ʧʦʚʝʨʭʥʽ. 
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  ʈʠʩʫʥʦʢ 7. ɽʢʨʘʥʥʘ ʬʦʨʤʘ ʜʣʷ ʨʦʟʨʘʭʫʥʢʽʚ ʢʽʣʴʢʦʩʪʽ ʦʧʝʨʘʮʽʡ ʜʣʷ ʧʝʨʰʦʾ 

ʧʦʚʝʨʭʥʽ ʜʝʪʘʣʽ çɺʘʣ-ʰʝʩʪʝʨʥʷè 

 

 ʂʥʦʧʢʠ              ʥʝʦʙʭʽʜʥʽ  ʜʣʷ   ʧʝʨʝʛʣʷʜʫ  ʽʥʬʦʨʤʘʮʽʾ  - ʬʦʨʤʫʣ 

ʨʦʟʨʘʭʫʥʢʽʚ,  ʪʘʙʣʠʮʴ ʧʘʨʘʤʝʪʨʽʚ ʪʦʯʥʦʩʪʽ, ʰʦʨʩʪʢʦʩʪʽ  ʽ ʪʘʙʣʠʮʴ 

ʧʝʨʝʨʘʭʫʥʢʽʚ ʮʠʭ ʧʘʨʘʤʝʪʨʽʚ. 

  ʂʥʦʧʢʘ              ʽʩʥʫʻ ʜʣʷ ʟʙʝʨʝʞʝʥʥʷ  ʜʘʥʠʭ  ʧʨʠ   ʾʭ ʚʠʢʦʨʠʩʪʘʥʥʽ ʚ 

ʽʥʰʠʭ ʤʦʜʫʣʷʭ ʧʨʦʛʨʘʤʠ. 

 ʅʘ ʨʠʩ. 8 ʧʨʝʜʩʪʘʚʣʝʥʘ ʝʢʨʘʥʥʘ ʬʦʨʤʘ ʜʣʷ ʢʽʥʮʝʚʦʛʦ ʨʦʟʨʘʭʫʥʢʫ 

ʦʧʝʨʘʮʽʡ ʜʣʷ ʚʠʙʨʘʥʦʾ ʧʦʚʝʨʭʥʽ. 

 

 
 

ʈʠʩʫʥʦʢ 8.  ɽʢʨʘʥʥʘ ʬʦʨʤʘ ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ ʪʘʙʣʠʮʽ ʜʣʷ ʨʦʟʨʘʭʫʥʢʽʚ 

ʢʽʣʴʢʦʩʪʽ ʦʧʝʨʘʮʽʡ ʧʝʨʰʦʾ ʧʦʚʝʨʭʥʽ ʜʝʪʘʣʽ çɺʘʣ-ʰʝʩʪʝʨʥʷè 

 

  

 

ʅʘ ʨʠʩ. 9 ʧʨʝʜʩʪʘʚʣʝʥʘ ʝʢʨʘʥʥʘ ʬʦʨʤʘ ʬʨʘʛʤʝʥʪʘ ʢʽʥʮʝʚʦʾ ʪʘʙʣʠʮʽ.  

 ɿʘ ʧʨʝʜʩʪʘʚʣʝʥʠʤʠ ʨʦʟʨʘʭʫʥʢʘʤʠ ʤʦʞʥʘ ʩʢʣʘʩʪʠ ʧʣʘʥ ʦʙʨʦʙʢʠ 

ʧʦʚʝʨʭʦʥʴ ʟ ʥʝʦʙʭʽʜʥʠʤʠ ʝʩʢʽʟʘʤʠ, ʘ ʪʘʢʦʞ ʩʬʦʨʤʫʚʘʪʠ ʪʝʭʥʦʣʦʛʽʯʥʫ 

ʜʦʢʫʤʝʥʪʘʮʽʶ. 
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ʈʠʩʫʥʦʢ 9. ɽʢʨʘʥʥʘ ʬʦʨʤʘ ʬʨʘʛʤʝʥʪʘ ʢʽʥʮʝʚʦʾ ʪʘʙʣʠʮʽ  ʨʦʟʨʘʭʫʥʢʽʚ 

ʢʽʣʴʢʦʩʪʽ ʦʧʝʨʘʮʽʡ ʜʣʷ ʢʦʞʥʦʾ ʧʦʚʝʨʭʥʽ ʜʝʪʘʣʽ çɺʘʣ-ʰʝʩʪʝʨʥʷè 

 

  ʅʘ ʨʠʩ. 10 ʧʨʝʜʩʪʘʚʣʝʥʦ ʢʘʨʪʫ ʝʩʢʽʟʽʚ  ʜʣʷ 10 ʦʧʝʨʘʮʽʾ.  

 ʈʦʟʨʦʙʣʝʥʝ ʧʨʦʛʨʘʤʥʝ ʟʘʙʝʟʧʝʯʝʥʥʷ ʜʦʟʚʦʣʷʻ ʚ ʥʘʧʽʚʘʚʪʦʤʘʪʠʯʥʦʤʫ 

ʨʝʞʠʤʽ ʧʨʦʝʢʪʫʚʘʪʠ ʧʣʘʥ ʧʝʨʩʧʝʨʢʪʠʚʥʠʭ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʨʦʮʝʩʽʚ ʤʝʪʦʜʦʤ 

ʩʠʥʪʝʟʘ ʟ ʝʣʝʤʝʥʪʘʤʠ ʘʥʘʣʦʛʘʤʠ ʧʝʨʰ ʟʘ ʚʩʝ ʫ ʥʘʚʯʘʣʴʥʦʤʫ ʧʨʦʮʝʩʽ. 

 ʆʢʨʝʤʽ ʤʦʜʫʣʽ ʧʨʦʛʨʘʤʠ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʚ ʩʫʯʘʩʥʠʭ ʉɸʇʈ 

ʩʠʩʪʝʤʘʭ.  

 

 
 

ʈʠʩʫʥʦʢ 10. ɽʢʨʘʥʥʘ ʬʦʤʘ ʜʣʷ  ʢʘʨʪʠ ʝʩʢʽʟʽʚ ʜʣʷ 10 ʦʧʝʨʘʮʽʾ ʜʝʪʘʣʽ  

çɺʘʣ-ʰʝʩʪʝʨʥʷè 
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ɸʅɸʃɯɿ ɽʂʉʇɽʈʀʄɽʅʊɸʃʔʅʀʍ ɼʆʉʃɯɼɾɽʅʔ ʆɹʈʆɹʂʀ 

ɼɽʊɸʃɽʁ ɻɯʈʅʀʏʆ-ɼʆɹʋɺʅʆɻʆ ʂʆʄʇʃɽʂʉʋ ɿ 

ɺʀʉʆʂʆʄɸʈɻɸʅʎɽɺʀʍ ʉʊɸʃɽʁ ʈɯɿɸʃʔʅʀʄʀ ʇʃɸʉʊʀʅɸʄʀ 

ɿ ʂʋɹɯʏʅʆɻʆ ʅɯʊʈʀɼʋ ɹʆʈʋ 

 
ɸʥʦʪʘʮʽ: ʋ ʨʦʙʦʪʽ ʧʨʝʜʩʪʘʚʣʝʥʦ ʨʝʟʫʣʴʪʘʪʠ ʘʥʘʣʽʟʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ 

ʜʦʩʣʽʜʞʝʥʴ ʦʙʨʦʙʢʠ ʜʝʪʘʣʝʡ ʛʽʨʥʠʯʦ-ʜʦʙʫʚʥʦʛʦ ʢʦʤʧʣʝʢʩʫ ʟ ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʠʭ ʩʪʘʣʝʡ 

ʨʽʟʘʣʴʥʠʤʠ ʧʣʘʩʪʠʥʘʤʠ ʥʘ ʦʩʥʦʚʽ ʢʫʙʽʯʥʦʛʦ ʥʽʪʨʠʜʫ ʙʦʨʫ. ʈʦʟʛʣʷʥʫʪʦ ʦʩʦʙʣʠʚʦʩʪʽ 

ʤʝʭʘʥʽʯʥʦʾ ʦʙʨʦʙʢʠ ʩʪʘʣʽ 110ɻ13ʃ, ʷʢʘ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʚʠʩʦʢʦʶ ʚôʷʟʢʽʩʪʶ ʪʘ 

ʩʭʠʣʴʥʽʩʪʶ ʜʦ ʥʘʢʣʝʧʫ, ʱʦ ʫʩʢʣʘʜʥʶʻ ʧʨʦʮʝʩ ʨʽʟʘʥʥʷ. ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʚʧʣʠʚ 

ʽʥʩʪʨʫʤʝʥʪʘʣʴʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʥʘ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʦʙʨʦʙʢʠ, ʟʥʦʩʦʩʪʽʡʢʽʩʪʴ ʪʘ 

ʩʪʽʡʢʽʩʪʴ ʨʽʟʘʣʴʥʦʛʦ ʽʥʩʪʨʫʤʝʥʪʫ. ʅʘʚʝʜʝʥʦ ʨʝʟʫʣʴʪʘʪʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ 

ʜʦʩʣʽʜʞʝʥʴ ʧʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ ʨʽʟʘʣʴʥʠʭ ʧʣʘʩʪʠʥ ʪʠʧʫ ʛʝʢʩʘʥʽʪ ʪʘ ʢʽʙʦʨʠʪ, ʚʠʟʥʘʯʝʥʦ 

ʨʝʞʠʤʠ ʨʽʟʘʥʥʷ ʪʘ ʾʭ ʚʧʣʠʚ ʥʘ ʪʨʠʚʘʣʽʩʪʴ ʦʙʨʦʙʢʠ ʽ ʷʢʽʩʪʴ ʧʦʚʝʨʭʥʽ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʥʘʜʪʚʝʨʜʠʭ ʤʘʪʝʨʽʘʣʽʚ ʜʦʟʚʦʣʷʻ ʩʫʪʪʻʚʦ ʧʽʜʚʠʱʠʪʠ ʰʚʠʜʢʽʩʪʴ ʨʽʟʘʥʥʷ 

ʪʘ ʟʥʠʟʠʪʠ ʪʨʫʜʦʤʽʩʪʢʽʩʪʴ ʧʨʦʮʝʩʫ. ʆʙˇʨʫʥʪʦʚʘʥʦ ʝʢʦʥʦʤʽʯʥʫ ʜʦʮʽʣʴʥʽʩʪʴ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʢʫʙʽʯʥʦʛʦ ʥʽʪʨʠʜʫ ʙʦʨʫ ʧʨʠ ʦʙʨʦʙʮʽ ʚʘʞʢʦʦʙʨʦʙʣʶʚʘʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʫ 

ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʽ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʨʟ̔ʘʥʥʷ, ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʘ ʩʪʘʣʴ, ʢʫʙʽʯʥʠʡ ʥʽʪʨʠʜ ʙʦʨʫ, 

ʽʥʩʪʨʫʤʝʥʪ, ʟʥʦʩ, ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ, ʦʙʨʦʙʢʘ. 
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Abstract: The paper presents an analysis of experimental studies on machining mining 

industry components made of high-manganese steels using cutting inserts based on cubic 

boron nitride. The features of machining 110G13L steel, characterized by high ductility and 

work hardening, are considered. The influence of tool materials on machining performance, 

wear resistance, and tool life is analyzed. Experimental results obtained using hexanite and 

kiborit cutting inserts are presented, including cutting parameters and their effect on 

machining time and surface quality. It is established that the use of superhard materials 

significantly increases cutting speed and reduces process labor intensity. The economic 

feasibility of using cubic boron nitride for machining difficult-to-machine materials in 

mechanical engineering is substantiated. 

Keywords: machining, high-manganese steel, cubic boron nitride, cutting tool, wear, 

productivity, processing. 

 

 ʅʘʜʽʡʥʽʩʪʴ ʽ ʜʦʚʛʦʚʽʯʥʽʩʪʴ ʜʨʦʙʘʨʦʢ ʪʘ ʤʝʣʴʥʠʮʴ, ʘ ʟʥʘʯʠʪʴ ʽ  

ʩʦʙʽʚʘʨʪʽʩʪʴ ʧʨʦʜʫʢʮʽʾ  ʛʽʨʥʠʯʦ-ʜʦʙʫʚʥʦʛʦ ʢʦʤʧʣʝʢʩʫ ʥʘʧʨʷʤʫ ʧʦʚôʷʟʘʥʽ ʟ 

ʟʘʪʨʘʪʘʤʠ  ʥʘ ʤʝʭʘʥʽʯʥʫ  ʦʙʨʦʙʢʫ  ʜʝʪʘʣʝʡ. ɺ ʢʦʥʩʪʨʫʢʮʽʷʭ ʜʨʦʙʘʨʦʢ ʪʘ 

ʤʝʣʴʥʠʮʴ, ʨʽʟʥʦʾ ʬʨʘʢʮʽʾ ʧʦʜʨʽʙʥʝʥʥʷ, ʦʩʦʙʣʠʚʫ ʫʚʘʛʫ  ʟʘʩʣʫʛʦʚʫʻ ʦʙʨʦʙʢʘ 

ʙʨʦʥʝʡ, ʷʢʠʭ ʚ ʢʦʞʥʽʡ ʜʨʦʙʘʨʮʽ ʧʦ ʜʚʽ: ʥʠʞʥʷ ʽ ʚʝʨʭʥʷ ʙʨʦʥʴ ʪʘ 

ʬʫʪʝʨʦʚʦʯʥʠʭ ʢʽʣʝʮʴ. ʇʨʠʯʠʥʘ ʥʝ ʪʽʣʴʢʠ ʫ ʪʦʤʫ, ʱʦ ʮʝ  ʢʨʫʧʥʦʛʘʙʘʨʠʪʥʽ  

ʚʝʣʠʢʦʪʦʥʘʞʥʽ  ʜʝʪʘʣʽ, ʘ ʡ ʪʦʤʫ, ʱʦ  ʙʨʦʥʽ ʚʠʛʦʪʦʚʣʝʥʽ ʟʽ   ʩʪʘʣʽ  110ɻ13ʃ - 

ʩʘʤʦʥʘʢʣʝʧʫʚʘʥʦʾ ʚʘʞʢʦʦʙʨʦʙʣʶʚʘʥʦʾ ʩʪʘʣʽ. ɼʣʷ ʧʽʜʚʠʱʝʥʥʷ 

ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʤʝʭʘʥʽʯʥʦʾ ʦʙʨʦʙʢʠ ʥʝʦʙʭʽʜʥʦ ʧʦʩʪʽʡʥʦ ʰʫʢʘʪʠ ʰʣʷʭʠ 

ʧʽʜʙʦʨʫ  ʤʘʪʝʨʽʘʣʫ  ʨʽʟʘʣʴʥʦʾ ʯʘʩʪʠʥʠ ʪʦʢʘʨʥʠʭ ʨʽʟʮʽʚ [1]. 

ʆʜʥʽʻʶ ʟ ʛʦʣʦʚʥʠʭ ʧʨʠʯʠʥ, ʷʢʘ ʦʙʤʝʞʫʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʨʽʟʘʣʴʥʠʭ 

ʽʥʩʪʨʫʤʝʥʪʽʚ ʜʣʷ ʦʙʨʦʙʢʠ ʩʪʘʣʽ 110ɻ13ʃ ʻ ʥʘʜʟʚʠʯʘʡʥʦ ʫʪʨʫʜʥʝʥʘ ʾʾ 

ʦʙʨʦʙʢʘ ʨʽʟʘʥʥʷʤ. ʉʪʘʣʴ ʥʘʩʪʽʣʴʢʠ ʚ'ʷʟʢʘ ʽ ʟʜʘʪʥʘ ʧʽʜ ʜʽʻʶ ʩʠʣ ʨʽʟʘʥʥʷ Pz 

ʜʦ ʫʪʚʦʨʝʥʥʷ ʥʘʢʣʝʧʫʚʘʥʥʷ ʚ ʪʦʯʢʘʭ ʩʪʠʢʘʥʥʷ ʨʽʟʮʷ, ʱʦ ʩʪʨʠʤʫʻ  

ʧʽʜʚʠʱʝʥʥʷ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʦʙʨʦʙʢʠ ʨʽʟʘʣʴʥʠʤ ʽʥʩʪʨʫʤʝʥʪʦʤ.   

ʈʽʟʘʣʴʥʘ ʯʘʩʪʠʥʘ ʽʥʩʪʨʫʤʝʥʪʽʚ ʧʨʠ ʨʦʙʦʪʽ ʧʽʜʜʘʻʪʴʩʷ ʩʪʠʨʘʥʥʶ, 

ʪʝʧʣʦʚʠʤ ʚʟʘʻʤʦʜʽʷʤ ʪʘ ʩʠʣʦʚʠʤ ʥʘʚʘʥʪʘʞʝʥʥʷʤ, ʟʜʽʡʩʥʶʶʯʠ ʙʝʟʧʝʨʝʨʚʥʝ 

ʜʝʬʦʨʤʫʚʘʥʥʷ ʟʨʽʟʘʻʤʦʛʦ ʰʘʨʫ. ʎʽ, ʜʫʞʝ ʚʘʞʢʽ ʫʤʦʚʠ ʨʦʙʦʪʠ, ʚʠʟʥʘʯʘʶʪʴ 

ʚʠʤʦʛʠ ʜʦ ʤʘʪʝʨʽʘʣʫ ʨʽʟʘʣʴʥʦʾ ʯʘʩʪʠʥʠ. ʆʩʥʦʚʥʽ ʧʦʢʘʟʥʠʢʠ ʩʪʽʡʢʦʩʪʽ 

ʽʥʩʪʨʫʤʝʥʪʘʣʴʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʜʣʷ ʨʽʟʘʣʴʥʠʭ ʯʘʩʪʠʥ ï ʛʨʘʥʠʮʽ ʤʽʮʥʦʩʪʽ ʥʘ 

ʟʛʠʥʘʥʥʷ  ʪʘ ʩʪʠʩʢʘʥʥʷ, ʫʜʘʨʥʘ ʚôʷʟʢʽʩʪʴ, ʟʜʘʪʥʽʩʪʴ ʧʨʦʪʠʩʪʦʷʪʠ 

ʟʥʦʰʫʚʘʥʥʶ ʧʨʠ ʩʪʠʨʘʥʥʽ.  

ɯʩʥʫʻ ʙʝʟʣʽʯ ʬʽʨʤ, ʷʢʽ ʧʨʦʧʦʥʫʶʪʴ ʩʚʦʾ ʥʦʚʽʪʥʽ ʨʦʟʨʦʙʢʠ ʚ ʦʙʣʘʩʪʽ 

ʦʙʨʦʙʢʠ ʤʘʪʝʨʽʘʣʽʚ ʨʽʟʘʥʥʷʤ ʚʘʞʢʦʦʙʨʦʙʣʶʻʤʠʭ ʤʘʪʝʨʽʘʣʽʚ [2]. ʅʘ 

ʧʽʜʧʨʠʻʤʩʪʚʘʭ ʂʨʠʚʙʘʩʫ  ʘʢʪʠʚʥʦ ʧʨʦʚʦʜʷʪʴ ʚʠʧʨʦʙʫʚʘʥʥʷ ʽʥʩʪʨʫʤʝʥʪʽʚ 

ʨʽʟʥʠʭ ʬʽʨʤ ʟ ʤʝʪʦʶ ʚʠʟʥʘʯʝʥʥʷ ʩʪʽʡʢʦʩʪʽ ʽʥʩʪʨʫʤʝʥʪʽʚ ʧʨʠ ʦʙʨʦʙʮʽ 

ʜʝʪʘʣʝʡ ʟʽ ʩʪʘʣʽ 110ɻ13ʃ, ʪʘʢʠʭ, ʷʢ ʤʘʪʝʨʽʘʣʠ ʟ ʢʫʙʽʯʥʦʛʦ ʥʽʪʨʠʜʫ ʙʦʨʫ, 

ʥʘʜʪʚʝʨʜʦʛʦ ʤʘʪʝʨʽʘʣʫ, ʱʦ ʦʪʨʠʤʫʻʪʴʩʷ ʤʝʪʦʜʦʤ ʩʧʽʢʘʥʥʷ ʜʨʽʙʥʠʭ 

ʯʘʩʪʠʥʦʢ ʥʽʪʨʠʜʫ ʙʦʨʫ ʚ ʫʤʦʚʘʭ ʜʫʞʝ ʚʠʩʦʢʦʛʦ ʪʠʩʢʫ. ʅʽʪʨʠʜ ʙʦʨʘ BN 

ʚʽʜʦʤʠʡ ʚ ʪʨʴʦʭ ʤʦʜʠʬʽʢʘʮʽʷʭ: ʛʝʢʩʘʛʦʥʘʣʴʥʠʡ ʛʨʘʬʽʪʦʧʦʜʽʙʥʠʡ (ɻʅɹ), 

ʢʫʙʽʯʥʠʡ (ʂʅɹ) ʽ ʛʝʢʩʘʛʦʥʘʣʴʥʠʡ ʚ'ʶʨʮʠʪʦʧʦʜʽʙʥʠʡ ʥʽʪʨʠʜ ʙʦʨʘ (ɺʅɹ).   

ʈʽʚʝʥʴ ʰʚʠʜʢʦʩʪʝʡ ʨʽʟʘʥʥʷ 110ɻ13ʃ, ʧʨʠ ʦʙʨʦʙʮʽ ʪʨʘʜʠʮʽʡʥʠʤʠ 

ʽʥʩʪʨʫʤʝʥʪʘʣʴʥʠʤʠ ʤʘʪʝʨʽʘʣʘʤʠ (ɺʂ8, ʊ5ʂ10, ʊ15ʂ6é) ʩʢʣʘʜʘʻ 6-14 ʤ/ʭʚ. 
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ʊʘʢʦʞ ʥʘ ʜʝʷʢʠʭ ʧʽʜʧʨʠʻʤʩʪʚʘʭ ʟʘʩʪʦʩʦʚʫʶʪʴ ʧʣʘʟʤʦʚʦ-ʤʝʭʘʥʽʯʥʫ 

ʦʙʨʦʙʢʫ.  

ʈʽʩʪ ʰʚʠʜʢʦʩʪʝʡ ʚ ʜʘʥʦʤʫ ʚʠʧʘʜʢʫ ʦʙʤʝʞʝʥʠʡ ʥʠʟʴʢʠʤʠ 

ʪʝʧʣʦʬʽʟʠʯʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ ʪʚʝʨʜʦʛʦ ʩʧʣʘʚʫ. ʆʜʥʘʢ, ʪʽʣʴʢʠ ʰʚʠʜʢʽʩʪʴ 

ʨʽʟʘʥʥʷ ʤʦʞʝ ʩʣʫʞʠʪʠ ʨʝʘʣʴʥʠʤ ʜʞʝʨʝʣʦʤ ʩʫʪʪʻʚʦʛʦ ʧʽʜʚʠʱʝʥʥʷ 

ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʽ ʟʥʠʞʝʥʥʷ ʩʦʙʽʚʘʨʪʦʩʪʽ ʦʙʨʦʙʢʠ, ʪʘʢ ʷʢ  ʟʥʘʯʝʥʥʷ ʧʦʜʘʯ 

ʽʥʩʪʨʫʤʝʥʪʽʚ ʥʝ ʤʦʞʫʪʴ ʙʫʪʠ  ʧʽʜʚʠʱʝʥʽ ʟ-ʟʘ  ʚʠʤʦʛ ʜʦ ʰʦʨʩʪʢʦʩʪʽ, ʷʢʽ 

ʧʦʩʪʽʡʥʦ ʨʦʩʪʫʪʴ.  ʇʦʩʪʘʥʦʚʢʘ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʟʜʽʡʩʥʶʚʘʣʠʩʴ ʚ ʨʝʤʦʥʪʥʦ-

ʤʝʭʘʥʽʯʥʦʤʫ ʮʝʭʫ ʦʜʥʦʛʦ ʟ ʧʽʜʧʨʠʻʤʩʪʚ ʤʽʩʪʘ. 

ɺʠʧʨʦʙʫʚʘʥʥʷ 1 

ʅʘʡʤʝʥʫʚʘʥʥʷ ʦʧʝʨʘʮʽʾ : ʪʦʢʘʨʥʘ 

ʆʙʣʘʜʥʘʥʥʷ : ʪʦʢʘʨʥʦ-ʢʘʨʫʩʝʣʴʥʠʡ  ʚʝʨʩʪʘʪ, ʤʦʜʝʣʽ 1550 

ɼʝʪʘʣʴ : ʢʽʣʴʮʝ ʬʫʪʝʨʦʚʦʯʥʝ, ʩʪʘʣʴ 110 ɻ13ʃ 

ɺʠʜ ʦʙʨʦʙʢʠ: ʯʦʨʥʦʚʘ ʪʘ ʯʠʩʪʦʚʘ ʦʙʨʦʙʢʘ 

ʅʘʡʤʝʥʫʚʘʥʥʷ ʽʥʩʪʨʫʤʝʥʪʫ: ʧʣʘʩʪʠʥʘ LINCUT RNMN 190700 

S07015 IBN 100-ʢʽʙʦʨʠʪ  ʪʘ ɻʝʢʩʘʥʽʪ 07 RNUN 200800S 

 

  ʊʘʙʣʠʮʷ1. ʈʝʟʫʣʴʪʘʪʠ ʚʠʧʨʦʙʫʚʘʥʴ 
ˉʟ/ʧ ɯʥʩʪʨʫʤʝʥʪ ʈʝʞʠʤʠ ʨʽʟʘʥʥʷ  ʏʘʩ 

ʦʙʨʦʙʢʠ, 

ʭʚ 
n, 

 ʦʙ/ʭʚ 

S, 

ʤʤ/ʭʚ 

t, 

ʤʤ 

V, 

ʤ/ʭʚ 

1 LINCUT 8 0,45 4 50 480 

2 ɻʝʢʩʘʥʽʪ 8 0,45 4 50 2640 

 ɺʠʩʥʦʚʦʢ:  ɺ ʭʦʜʽ ʦʙʨʦʙʢʠ  ʚʽʜʙʫʚʘʣʠʩʴ ʩʢʦʣʠ ʧʣʘʩʪʠʥʠ. ʈʫʡʥʫʚʘʥʥʷ  

ʚʽʜʙʫʚʘʣʦʩʴ ʯʝʨʝʟ  ʨʘʢʦʚʠʥʠ, ʷʢʽ ʚʽʜʢʨʠʚʘʶʪʴʩʷ   ʧʨʠ ʯʠʩʪʦʚʽʡ ʦʙʨʦʙʮʽ. 

ʉʪʽʡʢʽʩʪʴ ʧʣʘʩʪʠʥ 8 ʛʦʜʠʥ. 

ɺʠʧʨʦʙʫʚʘʥʥʷ 2  

ʅʘʡʤʝʥʫʚʘʥʥʷ ʦʧʝʨʘʮʽʾ : ʪʦʢʘʨʥʘ 

ʆʙʣʘʜʥʘʥʥʷ : ʪʦʢʘʨʥʦ-ʢʘʨʫʩʝʣʴʥʠʡ  ʚʝʨʩʪʘʪ, ʤʦʜʝʣʽ 1ʃ532 ʙʝʟ 

ʧʣʘʟʤʦʚʦ-ʤʝʭʘʥʽʯʥʦʾ ʦʙʨʦʙʢʠ (ʇʄʆ). 

ɼʝʪʘʣʴ: ʙʨʦʥʴ, ʩʪʘʣʴ 110 ɻ13ʃ 

ɺʠʜ ʦʙʨʦʙʢʠ: ʯʦʨʥʦʚʘ ʪʘ ʯʠʩʪʦʚʘ ʦʙʨʦʙʢʘ 

ʋʤʦʚʠ ʦʙʨʦʙʢʠ: ʥʘʧʽʚʯʠʩʪʦʚʘ ʦʙʨʦʙʢʘ, ʧʽʩʦʢ, ʥʝʚʝʣʠʢʽ ʪʨʽʱʠʥʠ, 

ʥʘʛʘʨ ʝʣʽʧʩʥʽʩʪʴ. ʆʙʨʦʙʢʘ ʚʥʫʪʨʽʰʥʴʦʾ  ʢʦʥʫʩʥʦʾ ʧʦʚʝʨʭʥʽ Ï 2000/Ï1750 

L=450ʤʤ ʙʝʟ (ʇʄʆ) 

ʅʘʡʤʝʥʫʚʘʥʥʷ ʽʥʩʪʨʫʤʝʥʪʫ:  ɻʝʢʩʘʥʽʪ 07 RNUN 200800S 

ʊʘʙʣʠʮʷ 2. ʈʝʟʫʣʴʪʘʪʠ ʚʠʧʨʦʙʫʚʘʥʴ 

ˉʟ/

ʧ 

ɯʥʩʪʨʫʤʝʥʪ ʈʝʞʠʤʠ ʨʽʟʘʥʥʷ  ʏʘʩ 

ʦʙʨʦʙʢʠ, 

1 

ʧʨʦʭʦʜʫ  

ʭʚ 

 

ʂ n, 

 ʦʙ/ʭʚ 

S, 

ʤʤ/ʦʙ 

t, 

ʤʤ 

V, 

ʤ/ʭʚ 

1 ɻʝʢʩʘʥʽʪ 07 9 0,5 3 51 26 76 

 ʇʨʦʪʦʯʝʥʦ 110 ʤʤ. ɺʠʜʠʤʦʛʦ ʟʥʦʰʝʥʥʷ ʨʽʟʘʣʴʥʦʾ ʢʨʦʤʢʠ 

ʥʝʤʘ. ʇʨʠ  ʦʙʨʦʙʮʽ ʧʨʠʩʫʪʥʷ ʚʽʙʨʘʮʽʷ 
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2 ɻʝʢʩʘʥʽʪ 07 9 0,5 3 51 89 76 

 ʇʨʦʪʦʯʝʥʦ 400 ʤʤ. ɺʠʜʠʤʦʛʦ ʟʥʦʰʝʥʥʷ ʨʽʟʘʣʴʥʦʾ ʢʨʦʤʢʠ 

ʥʝʤʘ. ʇʨʠ  ʦʙʨʦʙʮʽ ʧʨʠʩʫʪʥʷ ʚʽʙʨʘʮʽʷ 

3 ɻʝʢʩʘʥʽʪ 07 9 0,5 5 56 73 127 

 ʇʨʦʪʦʯʝʥʦ 330 ʤʤ. ʈʽʟʘʣʴʥʘ ʢʨʦʤʢʠ ʟʘʪʫʧʠʣʘʩʴ. ɺʽʙʨʘʮʽʾ ʥʝ 

ʙʫʣʦ 

 

ɺʀʉʅʆɺʂʀ. 

ʇʨʦʪʦʯʝʥʦ 840 ʤʤ (188 ʭʚ), ʚʠʢʦʨʠʩʪʘʥʘ 1 ʨʽʟʘʣʴʥʘ ʢʨʦʤʢʘ. ʂ- 

ʧʦʨʽʚʥʷʣʴʥʠʡ ʧʦʢʘʟʥʠʢ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʂ= V ĬS Ĭt. 

ɺʠʢʦʨʠʩʪʘʥʥʷ ʟʤʽʥʥʠʭ ʨʽʟʘʣʴʥʠʭ ʧʣʘʩʪʠʥ ʟ ʥʘʜʪʚʝʨʜʠʭ ʤʘʪʝʨʽʘʣʽʚ ʥʘ 

ʦʩʥʦʚʽ ʢʫʙʽʯʥʦʛʦ ʥʽʪʨʠʜʫ ʙʦʨʫ ʜʦʟʚʦʣʷʻ ʝʬʝʢʪʠʚʥʦ ʚʠʨʽʰʠʪʠ ʨʷʜ ʪʝʭʥʽʯʥʠʭ 

ʽ ʝʢʦʥʦʤʽʯʥʠʭ ʟʘʜʘʯ: 

1.ɿʥʘʯʥʝ ʟʙʽʣʴʰʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʨʽʟʘʥʥʷ ʪʘ ʜʦʚʝʜʝʥʥʷ ʾʾ ʜʦ ʨʽʚʥʷ 50-56 

ʤ/ʭʚ. ʇʨʠ ʮʴʦʤʫ ʪʨʫʜʦʤʽʩʪʢʽʩʪʴ ʦʙʨʦʙʢʠ  ʩʫʪʪʻʚʦ ʟʥʠʞʫʻʪʴʩʷ. 

2.ʇʨʠ ʪʦʯʽʥʥʽ ʚʠʩʦʤʘʨʛʘʥʮʝʚʠʭ ʩʪʘʣʝʡ ʽʥʩʪʨʫʤʝʥʪʦʤ ʥʘ ʦʩʥʦʚʽ 

ʢʫʙʽʯʥʦʛʦ ʥʽʪʨʠʜʫ ʙʦʨʫ ʧʨʠ ʚʠʩʦʢʠʭ ʰʚʠʜʢʦʩʪʷʭ ʨʽʟʘʥʥʷ  ʚ ʧʦʚʝʨʭʥʝʚʦʤʫ 

ʰʘʨʽ  ʜʝʪʘʣʽ, ʱʦ ʦʙʨʦʙʣʶʻʪʴʩʷ ʥʝ ʚʽʜʙʫʚʘʻʪʴʩʷ ʩʪʨʫʢʪʫʨʥʠʭ ʟʤʽʥ, ʪ.ʷʢ 

ʙʽʣʴʰʘ ʯʘʩʪʠʥʘ ʪʝʧʣʘ ʡʜʝ ʟʽ ʩʪʨʫʞʢʦʶ. 

3.ʊʦʢʘʨʥʘ ʦʙʨʦʙʢʘ ʽʥʩʪʨʫʤʝʥʪʦʤ ʥʘ ʦʩʥʦʚʽ ʢʫʙʽʯʥʦʛʦ ʥʽʪʨʠʜʫ ʙʦʨʫ 

ʜʦʟʚʦʣʷʻ ʚʠʢʣʶʯʠʪʠ ʚʠʢʦʨʠʩʪʘʥʥʷ ʧʣʘʟʤʦʚʦʛʦ ʧʽʜʽʛʨʽʚʘʥʥʷ ʱʦ ʟʥʠʞʫʻ  

ʟʘʛʘʣʴʥʽ ʚʠʪʨʘʪʠ ʥʘ ʤʝʭʘʥʽʯʥʫ ʦʙʨʦʙʢʫ, ʟʤʝʥʰʫʻ ʚʠʪʨʘʪʠ ʝʣʝʢʪʨʦʝʥʝʨʛʽʾ, 

ʚʠʢʣʶʯʘʻ ʟʘʪʨʘʪʠ  ʥʘ ʟʘʢʫʧʢʫ  ʧʣʘʟʤʦʪʨʦʥʽʚ [3]. 

 4.ɽʢʦʥʦʤʽʯʥʠʡ ʝʬʝʢʪ ʥʘ ʧʽʜʧʨʠʻʤʩʪʚʘʭ ʜʦʩʷʛʘʻʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ: 

ʩʢʦʨʦʯʝʥʥʷ ʧʦʪʨʝʙ ʥʘ ʝʣʝʢʪʨʦʝʥʝʨʛʽʶ ʚ 5 ʨʘʟʽʚ; ʩʢʦʨʦʯʝʥʥʷ ʯʘʩʫ ʦʙʨʦʙʢʠ 

ʚʠʨʦʙʽʚ ʚ 3 ʨʘʟʠ; ʩʢʦʨʦʯʝʥʥʷ ʟʘʪʨʘʪ ʥʘ ʫʪʨʠʤʘʥʥʷ ʚʝʨʩʪʘʪʽʚ ʚ 2 ʨʘʟʠ; 

ʤʦʞʣʠʚʽʩʪʴ ʟʙʽʣʴʰʝʥʥʷ ʚʠʨʦʙʥʠʯʦʾ ʧʨʦʛʨʘʤʠ ʥʘ ʜʘʥʦʤʫ ʧʘʨʢʫ ʚʝʨʩʪʘʪʽʚ ʚ 

2 ʨʘʟʠ; ʧʦʣʽʧʰʝʥʥʷ ʝʢʦʣʦʛʽʾ ʧʨʦʮʝʩʫ ʦʙʨʦʙʢʠ. 

  ʋʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʩʝʨʝʜ ʦʩʥʦʚʥʠʭ ʧʨʠʯʠʥ ʟʥʠʞʝʥʥʷ ʩʪʽʡʢʦʩʪʽ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʪʚʝʨʜʦʩʧʣʘʚʥʠʭ ʧʣʘʩʪʠʥ: 30% ïʥʘʷʚʥʽʩʪʴ ʣʠʚʘʨʥʠʭ ʨʘʢʦʚʠʥ 

ʚʠʱʝ 3-5 ʤʤ; 60% ïʥʝʜʦʩʪʘʪʥʷ ʞʦʨʩʪʢʽʩʪʴ ʚʝʨʩʪʘʪʽʚ ʽ, ʷʢ ʥʘʩʣʽʜʦʢ,  

ʚʽʙʨʘʮʽʾ, ʥʝʜʦʩʪʘʪʥʴʦ ʦʙˇʨʫʥʪʦʚʘʥʽ ʨʝʞʠʤʠ ʨʽʟʘʥʥʷ ʩʢʣʘʜʘʶʪʴ ʚʩʴʦʛʦ 7-

10%. 

 ʇʽʩʣʷ ʘʥʘʣʽʟʫ ʨʝʟʫʣʴʪʘʪʽʚ ʜʦʩʣʽʜʞʝʥʥʷ ʙʫʣʠ ʦʙˇʨʫʥʪʦʚʘʥʽ ʨʝʞʠʤʠ 

ʨʽʟʘʥʥʷ. ʅʘʡʙʣ̔ʴʰʠʡ ʽʥʪʝʨʝʩ ʜʣʷ ʧʦʜʘʣʴʰʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ  ʤʘʻ ʧʠʪʘʥʥʷ  

ʩʪʽʡʢʦʩʪʽ ʨʽʟʘʣʴʥʦʛʦ ʽʥʩʪʨʫʤʝʥʪʫ ʟ ʢʫʙʽʯʥʦʛʦ ʥʽʪʨʠʜʫ ʙʦʨʫ, ʧʨʠ 

ʽʥʪʝʥʩʠʬʽʢʘʮʽʾ ʨʝʞʠʤʽʚ ʨʽʟʘʥʥʷ, ʷʢʘ ʚʧʣʠʚʘʻ ʥʘ ʪʝʨʤʽʥ ʝʢʩʧʣʫʘʪʘʮʽʾ 

ʽʥʩʪʨʫʤʝʥʪʫ ʽ ʥʘ ʩʦʙʽʚʘʨʪʽʩʪʴ ʚʠʛʦʪʦʚʣʝʥʥʷ ʜʝʪʘʣʝʡ.  
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ʈʆɹʆʊʀɿɸʎɯʗ ʊɸ ʐʊʋʏʅʀʁ ɯʅʊɽʃɽʂʊ ʋ ɺɯʁʉʔʂʆɺʆʄʋ 

ʄɸʐʀʅʆɹʋɼʋɺɸʅʅɯ: ɼʆʉɺɯɼ ʂʆʈʇʋʉʋ ɯʅɾɽʅɽʈɯɺ ɸʈʄɯɰ 

ʉʐɸ ʊɸ ʂʆʈʇʋʉʋ ʂʆʈʆʃɯɺʉʔʂʀʍ ɯʅɾɽʅɽʈɯɺ ɹʈʀʊɸʅʉʔʂʆɰ 

ɸʈʄɯɰ 
 

ɸʥʦʪʘʮʽ:̫ ʉʪʘʪʪʷ ʧʨʠʩʚʷʯʝʥʘ ʧʦʨʽʚʥʷʣʴʥʦʤʫ ʘʥʘʣʽʟʫ ʧʝʨʝʜʫʤʦʚ ʪʘ ʥʘʧʨʷʤʽʚ 

ʚʧʨʦʚʘʜʞʝʥʥʷ ʨʦʙʦʪʠʟʦʚʘʥʠʭ ʩʠʩʪʝʤ ʽ ʪʝʭʥʦʣʦʛʽʡ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ ʫ ʚʽʡʩʴʢʦʚʦʤʫ 

ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʽ ʥʘ ʦʩʥʦʚʽ ʜʦʩʚʽʜʫ ʽʥʞʝʥʝʨʥʠʭ ʧʽʜʨʦʟʜʽʣʽʚ ʉʐɸ ʪʘ ɺʝʣʠʢʦʾ ɹʨʠʪʘʥʽʾ. 

ɼʦʩʣʽʜʞʝʥʦ ʦʨʛʘʥʽʟʘʮʽʡʥʽ ʤʦʜʝʣʽ ʥʘʫʢʦʚʦʛʦ ʩʫʧʨʦʚʦʜʫ, ʚʢʣʶʯʘʶʯʠ ʮʝʥʪʨʘʣʽʟʦʚʘʥʫ ʪʘ 

ʤʝʨʝʞʝʚʫ ʩʪʨʫʢʪʫʨʠ, ʘ ʪʘʢʦʞ ʾʭ ʨʦʣʴ ʫ ʨʦʟʨʦʙʮʽ ʽʥʥʦʚʘʮʽʡʥʠʭ ʪʝʭʥʦʣʦʛʽʡ. 

ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʩʫʯʘʩʥʽ ʨʽʰʝʥʥʷ ʫ ʩʬʝʨʽ ʘʚʪʦʥʦʤʥʠʭ ʧʣʘʪʬʦʨʤ, ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ, 

ʙʝʟʧʽʣʦʪʥʠʭ ʩʠʩʪʝʤ ʪʘ ʽʥʪʝʣʝʢʪʫʘʣʴʥʠʭ ʘʣʛʦʨʠʪʤʽʚ ʦʙʨʦʙʢʠ ʜʘʥʠʭ. ɺʠʟʥʘʯʝʥʦ ʢʣʶʯʦʚʽ 

ʥʘʧʨʷʤʠ ʽʥʪʝʛʨʘʮʽʾ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ ʫ ʚʽʡʩʴʢʦʚʽ ʽʥʞʝʥʝʨʥʽ ʧʨʦʮʝʩʠ, ʚʢʣʶʯʘʶʯʠ 

ʣʦʛʽʩʪʠʢʫ, ʙʫʜʽʚʥʠʮʪʚʦ ʪʘ ʽʥʞʝʥʝʨʥʫ ʨʦʟʚʽʜʢʫ. ʆʙˇʨʫʥʪʦʚʘʥʦ ʟʥʘʯʝʥʥʷ ʤʽʞʥʘʨʦʜʥʦʛʦ 

ʜʦʩʚʽʜʫ ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ ʥʘʮʽʦʥʘʣʴʥʠʭ ʧʽʜʭʦʜʽʚ ʜʦ ʨʦʟʚʠʪʢʫ ʚʽʡʩʴʢʦʚʦʛʦ 

ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ ʪʘ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʦʙʦʨʦʥʥʠʭ ʩʠʩʪʝʤ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʰʪʫʯʥʠʡ ʽʥʪʝʣʝʢʪ, ʨʦʙʦʪʠʟʘʮʽʷ, ʚʽʡʩʴʢʦʚʝ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ, 

ʘʚʪʦʥʦʤʥʽ ʩʠʩʪʝʤʠ, ʮʠʬʨʦʚʽ ʜʚʽʡʥʠʢʠ, ʙʝʟʧʽʣʦʪʥʽ ʪʝʭʥʦʣʦʛʽʾ, ʦʙʦʨʦʥʥʽ ʪʝʭʥʦʣʦʛʽʾ. 

 

Abstract: The paper presents a comparative analysis of the prerequisites and 

directions for implementing robotic systems and artificial intelligence technologies in military 

engineering based on the experience of the US Army Corps of Engineers and the Royal 

Engineers of the British Army. Organizational models of scientific support, including 

centralized and network-based structures, are examined along with their role in developing 

innovative technologies. Modern solutions in autonomous platforms, digital twins, unmanned 

systems, and intelligent data processing algorithms are analyzed. Key directions for 

integrating artificial intelligence into military engineering processes, including logistics, 

construction, and reconnaissance, are identified. The importance of international experience 

for shaping national approaches to the development of military engineering and improving 

defense capabilities is substantiated. 

Keywords: artificial intelligence, robotics, military engineering, autonomous systems, 

digital twins, unmanned technologies, defense technologies. 

 

ʇʦʩʪʘʥʦʚʢʘ ʧʨʦʙʣʝʤʠ ʪʘ ʾʾ ʟʚôʷʟʦʢ ʟ ʥʘʫʢʦʚʠʤʠ ʽ ʧʨʘʢʪʠʯʥʠʤʠ 

ʨʦʙʦʪʘʤʠ.  
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ɿʙʨʦʡʥʘ ʘʛʨʝʩʽʷ ʨʬ ʧʨʦʪʠ ʋʢʨʘʾʥʠ ʪʘ ʜʠʥʘʤʽʢʘ ʨʦʟʚʠʪʢʫ ʩʠʣ ʦʙʦʨʦʥʠ 

ʋʢʨʘʾʥʠ, ʨʦʟʰʠʨʝʥʥʷ ʾʭ ʬʫʥʢʮʽʡ ʪʘ ʥʘʧʨʷʤʽʚ ʜʽʷʣʴʥʦʩʪʽ ʧʦʩʪʘʚʠʣʠ ʥʘ 

ʧʦʨʷʜʦʢ ʜʝʥʥʠʡ ʧʠʪʘʥʥʷ ʨʦʙʦʪʠʟʘʮʽʾ ʪʘ ʟʘʩʪʦʩʫʚʘʥʥʷ ʝʣʝʤʝʥʪʽʚ ʰʪʫʯʥʦʛʦ 

ʽʥʪʝʣʝʢʪʫ (ʜʘʣʽ - ʐɯ) ʫ ʩʫʯʘʩʥʦʤʫ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʽ. ʇʽʜʩʪʘʚʘʤʠ ʪʘʢʠʭ 

ʟʤʽʥ ʻ ʥʘʢʦʧʠʯʝʥʠʡ ʧʨʘʢʪʠʯʥʠʡ (ʟʦʢʨʝʤʘ ʙʦʡʦʚʠʡ) ʜʦʩʚʽʜ ʧʽʜʨʦʟʜʽʣʽʚ, ʘ 

ʪʘʢʦʞ ʜʦʩʚʽʜ ʚʽʡʩʴʢʦʚʠʭ ʽʥʩʪʠʪʫʮʽʡ ʢʨʘʾʥ-ʧʘʨʪʥʝʨʽʚ, ʥʘʩʘʤʧʝʨʝʜ ï ʂʦʨʧʫʩʫ 

ʽʥʞʝʥʝʨʽʚ ʘʨʤʽʾ ʉʐɸ (ʜʘʣʽ ï ʂʦʨʧʫʩ ʽʥʞʝʥʝʨʽʚ) ʪʘ ʂʦʨʧʫʩʫ ʢʦʨʦʣʽʚʩʴʢʠʭ 

ʽʥʞʝʥʝʨʽʚ ɹʨʠʪʘʥʩʴʢʦʾ ʘʨʤʽʾ (ʜʘʣʽ ï ʂʦʨʧʫʩ ʢʦʨʦʣʽʚʩʴʢʠʭ ʽʥʞʝʥʝʨʽʚ). 

ɸʢʪʫʘʣʴʥʽʩʪʴ ʦʙʨʘʥʦʾ ʪʝʤʘʪʠʢʠ ʟʫʤʦʚʣʝʥʘ ʜʠʥʘʤʽʯʥʠʤ ʭʘʨʘʢʪʝʨʦʤ 

ʩʫʯʘʩʥʦʛʦ ʙʝʟʧʝʢʦʚʦʛʦ ʩʝʨʝʜʦʚʠʱʘ, ʚ ʷʢʦʤʫ ʩʧʝʢʪʨ ʛʣʦʙʘʣʴʥʠʭ ʟʘʛʨʦʟ 

ʟʘʟʥʘʻ ʧʦʩʪʽʡʥʦʾ ʪʨʘʥʩʬʦʨʤʘʮʽʾ (ʝʚʦʣʶʮʽʾ), ʚʨʘʭʦʚʫʶʯʠ ʤʘʩʰʪʘʙʠ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ ʫ ʚʽʡʩʴʢʦʚʽʡ ʩʬʝʨʽ ʪʘ ʡʦʛʦ ʛʝʦʧʦʣʽʪʠʯʥʽ 

ʥʘʩʣʽʜʢʠ [1, ʩ. 43]. 

ʉʫʯʘʩʥʽ ʚʽʡʩʴʢʦʚʽ ʢʦʥʬʣʽʢʪʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʚʠʩʦʢʦʶ ʜʠʥʘʤʽʢʦʶ, 

ʰʠʨʦʢʠʤ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʙʝʟʧʽʣʦʪʥʠʭ ʩʠʩʪʝʤ ʽ ʨʦʙʦʪʠʟʦʚʘʥʠʭ ʢʦʤʣʝʢʩʽʚ. 

ʊʦʤʫ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ ʧʦʩʪʘʣʦ ʧʝʨʝʜ ʧʦʪʨʝʙʦʶ ʰʚʠʜʢʦʛʦ ʧʝʨʝʭʦʜʫ ʚʽʜ 

ʪʨʘʜʠʮʽʡʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʜʦ ʨʦʙʦʪʠʟʦʚʘʥʠʭ ʽ ʘʚʪʦʥʦʤʥʠʭ ʧʣʘʪʬʦʨʤ, ʷʢʽ 

ʽʥʪʝʛʨʫʶʪʴ ʝʣʝʤʝʥʪʠ ʐɯ [2, ʩ. 357]. ɼʣʷ ʋʢʨʘʾʥʠ, ʚʠʚʯʝʥʥʷ ʜʦʩʚʽʜʫ ʢʨʘʾʥ-

ʧʘʨʪʥʝʨʽʚ ʻ ʢʨʠʪʠʯʥʦ ʚʘʞʣʠʚʠʤ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʚʣʘʩʥʠʭ ʽʥʥʦʚʘʮʽʡʥʠʭ 

ʪʝʭʥʦʣʦʛʽʡ, ʱʦ ʧʽʜʚʠʱʘʪʴ ʞʠʚʫʯʽʩʪʴ ʚʽʡʩʴʢ, ʩʧʨʠʷʪʠʤʫʪʴ ʤʽʥʽʤʽʟʘʮʽʾ ʚʪʨʘʪ 

ʪʘ ʜʦʩʷʛʥʝʥʥʶ ʚʠʟʥʘʯʝʥʠʭ ʮʽʣʝʡ [3, ʩ. 76-86]. 

ɸʥʘʣʽʟ ʦʩʪʘʥʥʽʭ ʜʦʩʣʽʜʞʝʥʴ ʽ ʧʫʙʣʽʢʘʮʽʡ.  

ʉʪʘʥ ʚʽʪʯʠʟʥʷʥʠʭ ʥʘʫʢʦʚʠʭ ʜʦʩʣʽʜʞʝʥʥʴ ʟʘʟʥʘʯʝʥʦʾ ʪʝʤʠ ʤʦʞʥʘ 

ʦʭʘʨʘʢʪʝʨʠʟʫʚʘʪʠ ʷʢ ʤʘʣʦʯʠʩʝʣʴʥʠʡ. ʋ ʽʩʥʫʶʯʠʭ ʥʘʫʢʦʚʠʭ ʜʦʩʣʽʜʞʝʥʥʷʭ 

(ʍʦʤʝʥʢʦ, ʉʚʻʪʣʽʯʥʠʡ, ʐʫʤʣʷʥʩʴʢʠʡ, ɹʦʥʜʘʨ, ʂʨʘʩʥʦʚ ʪʘ ʽʥ.) [1-3; 5] 

ʥʝʜʦʩʪʘʪʥʴʦ ʫʟʘʛʘʣʴʥʝʥʦ ʡ ʩʠʩʪʝʤʘʪʠʟʦʚʘʥʦ ʟʘʢʦʨʜʦʥʥʠʡ ʜʦʩʚʽʜ 

ʨʦʙʦʪʠʟʘʮʽʾ ʪʘ ʝʣʝʤʝʥʪʽʚ ʐɯ ʫ ʚʽʡʩʴʢʦʚʦʤʫ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʽ ʚʽʡʩʴʢʦʚʠʭ 

ʽʥʞʝʥʝʨʥʠʭ ʧʽʜʨʦʟʜʽʣʽʚ ʢʨʘʾʥ-ʧʘʨʪʥʝʨʽʚ. ʗʢ ʟʘʟʥʘʯʘʶʪʴ ʅʝʩʪʝʨʦʚ, 

ʇʨʠʤʘʯʝʥʢʦ, ɹʝʩʘʨʘʙ ʥʘʫʢʦʚʠʡ ʩʫʧʨʦʚʽʜ ʜʽʷʣʴʥʦʩʪʽ ʂʦʨʧʫʩʫ ʽʥʞʝʥʝʨʽʚ 

ʟʜʽʡʩʥʶʻʪʴʩʷ ʯʝʨʝʟ ʩʠʩʪʝʤʫ ʩʧʝʮʽʘʣʽʟʦʚʘʥʠʭ ʥʘʫʢʦʚʦ-ʜʦʩʣʽʜʥʠʭ 

ʧʽʜʨʦʟʜʽʣʽʚ, ʮʝʥʪʨʘʣʴʥʝ ʤʽʩʮʝ ʩʝʨʝʜ ʷʢʠʭ ʧʦʩʽʜʘʻ ʅʘʫʢʦʚʦ-ʜʦʩʣʽʜʥʠʡ ʮʝʥʪʨ 

ʽʥʞʝʥʝʨʽʚ ʘʨʤʽʾ ʉʐɸ (The U.S. Army Engineer Research and Development 

Center, ERDC). ʇʨʠ ʮʴʦʤʫ ʜʦʩʣʽʜʞʝʥʥʷ ERDC ʜʝʤʦʥʩʪʨʫʶʪʴ ʘʢʪʠʚʥʠʡ 

ʨʦʟʚʠʪʦʢ ʨʦʙʦʪʠʟʦʚʘʥʠʭ ʩʠʩʪʝʤ ʜʣʷ ʽʥʞʝʥʝʨʥʠʭ ʦʧʝʨʘʮʽʡ (Robotics for 

Engineer Operations, REO), ʟʦʢʨʝʤʘ ʩʪʚʦʨʝʥʥʷ ʙʝʟʧʽʣʦʪʥʠʭ ʙʫʣʴʜʦʟʝʨʽʚ, 

ʪʝʣʝʢʝʨʦʚʘʥʦʛʦ ʙʫʜʽʚʝʣʴʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʪʘ ʘʚʪʦʥʦʤʥʠʭ ʧʣʘʪʬʦʨʤ ʜʣʷ 

ʟʘʙʝʟʧʝʯʝʥʥʷ ʣʦʛʽʩʪʠʢʠ ʡ ʚʠʢʦʥʘʥʥʷ ʟʘʚʜʘʥʴ ʚ ʫʤʦʚʘʭ ʙʦʡʦʚʠʭ ʜʽʡ [5 ʩ. 32-

42]. ɹʨʠʪʘʥʩʴʢʽ ʥʘʫʢʦʚʽ ʫʩʪʘʥʦʚʠ (ʟʦʢʨʝʤʘ Dstl ʪʘ ʨʦʟʨʦʙʥʠʢʠ British Army 

RAS Strategy) ʟʦʩʝʨʝʜʞʫʶʪʴ ʫʚʘʛʫ ʥʘ ʨʦʷʭ ʙʝʟʧʽʣʦʪʥʠʭ ʩʠʩʪʝʤ, 

ʚʠʢʦʨʠʩʪʘʥʥʽ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ ʤʽʩʮʝʚʦʩʪʽ ʪʘ ʨʦʟʚʠʪʢʫ ʘʚʪʦʥʦʤʥʠʭ 

ʧʣʘʪʬʦʨʤ, ʽʥʪʝʛʨʦʚʘʥʠʭ ʫ ʻʜʠʥʠʡ ʽʥʬʦʨʤʘʮʽʡʥʠʡ ʧʨʦʩʪʽʨ. ʋʨʦʢʠ ʚʽʡʥʠ ʚ 

ʋʢʨʘʾʥʽ ʧʦʩʣʽʜʦʚʥʦ ʚʨʘʭʦʚʫʶʪʴʩʷ ʧʽʜ ʯʘʩ ʦʥʦʚʣʝʥʥʷ ʙʨʠʪʘʥʩʴʢʠʭ ʜʦʢʪʨʠʥ ʽ 

ʩʪʨʘʪʝʛʽʯʥʠʭ ʜʦʢʫʤʝʥʪʽʚ, ʟʦʢʨʝʤʘ ʫ ʩʬʝʨʽ ʟʘʩʪʦʩʫʚʘʥʥʷ ʜʨʦʥʽʚ ʽ 

ʨʦʙʦʪʠʟʦʚʘʥʠʭ ʩʠʩʪʝʤ [6; 11; 12].  
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ʌʦʨʤʫʣʶʚʘʥʥʷ ʥʝʚʠʨʽʰʝʥʠʭ ʯʘʩʪʠʥ ʟʘʛʘʣʴʥʦʾ ʧʨʦʙʣʝʤʠ.  

ʅʠʥʽ ʦʩʦʙʣʠʚʦʛʦ ʟʥʘʯʝʥʥʷ ʥʘʙʫʚʘʻ ʘʥʘʣʽʟ ʪʦʛʦ, ʷʢ ʧʨʦʚʽʜʥʽ ʚʽʡʩʴʢʦʚʽ 

ʽʥʞʝʥʝʨʥʽ ʬʦʨʤʫʚʘʥʥʷ ʢʨʘʾʥ-ʧʘʨʪʥʝʨʽʚ ʘʜʘʧʪʫʶʪʴʩʷ ʜʦ ʩʫʯʘʩʥʠʭ ʚʠʢʣʠʢʽʚ 

ʪʘ ʟʘʛʨʦʟ, ʚʧʨʦʚʘʜʞʫʶʪʴ ʥʦʚʽ ʪʝʭʥʦʣʦʛʽʾ ʪʘ ʚʜʦʩʢʦʥʘʣʶʶʪʴ ʽʩʥʫʶʯʽ ʟ 

ʤʝʪʦʶ ʚʠʢʦʥʘʥʥʷ ʟʘʚʜʘʥʴ ʟʘ ʧʨʠʟʥʘʯʝʥʥʷʤ. ʅʝʟʚʘʞʘʶʯʠ ʥʘ ʟʥʘʯʥʠʡ 

ʧʨʦʛʨʝʩ, ʟʘʣʠʰʘʶʪʴʩʷ ʥʝʚʠʨʽʰʝʥʠʤʠ ʧʠʪʘʥʥʷ ʨʦʟʨʦʙʢʠ ʤʝʭʘʥʽʟʤʽʚ 

ʽʥʪʝʛʨʘʮʽʾ ʘʚʪʦʥʦʤʥʠʭ ʩʠʩʪʝʤ ʫ ʻʜʠʥʠʡ ʽʥʬʦʨʤʘʮʽʡʥʠʡ ʧʨʦʩʪʽʨ, 

ʟʘʙʝʟʧʝʯʝʥʥʷ ʾʭ ʥʘʜʽʡʥʦʾ ʨʦʙʦʪʠ ʚ ʫʤʦʚʘʭ ʧʨʠʜʫʰʝʥʥʷ GPS, ʝʪʠʯʥʽ ʘʩʧʝʢʪʠ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʣʝʪʘʣʴʥʦʾ ʟʙʨʦʾ ʘʚʪʦʥʦʤʥʠʤʠ ʩʠʩʪʝʤʘʤʠ ʐɯ ʚ ʙʦʡʦʚʠʭ 

ʫʤʦʚʘʭ, ʘ ʪʘʢʦʞ ʰʚʠʜʢʝ ʤʘʩʰʪʘʙʫʚʘʥʥʷ ʪʝʭʥʦʣʦʛʽʡ ʧʦʜʚʽʡʥʦʛʦ 

ʧʨʠʟʥʘʯʝʥʥʷ [7; 8; 9]. 

ʎʽʣʽ ʩʪʘʪʪʽ ʪʘ ʧʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʽ. ʄʝʪʦʶ ʩʪʘʪʪʽ ʻ ʧʦʨʽʚʥʷʣʴʥʠʡ 

ʘʥʘʣʽʟ ʦʢʨʝʤʠʭ ʘʩʧʝʢʪʽʚ ʜʦʩʚʽʜʫ ʟʘʩʪʦʩʫʚʘʥʥʷ ʨʦʙʦʪʠʟʦʚʘʥʠʭ ʽ ʐɯ 

ʪʝʭʥʦʣʦʛʽʡ ʫ ʚʽʡʩʴʢʦʚʦʤʫ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʽ ʥʘ ʧʨʠʢʣʘʜʽ ʂʦʨʧʫʩʫ 

ʽʥʞʝʥʝʨʽʚ ʘʨʤʽʾ ʉʐɸ ʪʘ ʂʦʨʧʫʩʫ ʢʦʨʦʣʽʚʩʴʢʠʭ ʽʥʞʝʥʝʨʽʚ ɹʨʠʪʘʥʩʴʢʦʾ 

ʘʨʤʽʾ. ɿʘʚʜʘʥʥʷ ʩʪʘʪʪʽ ï ʦʛʣʷʜ ʜʝʷʢʽʭ ʩʫʯʘʩʥʠʭ ʪʝʭʥʦʣʦʛʽʯʥʽ ʨʽʰʝʥʥʴ ʪʘ 

ʦʨʛʘʥʽʟʘʮʽʡʥʠʭ ʤʦʜʝʣʝʡ. 

ɺʠʢʣʘʜ ʦʩʥʦʚʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʜʦʩʣʽʜʞʝʥʥʷ.  

ɯʩʪʦʨʽʷ ʂʦʨʧʫʩʫ ʽʥʞʝʥʝʨʽʚ ʘʨʤʽʾ ʉʐɸ ʦʭʦʧʣʶʻ ʧʦʥʘʜ ʜʚʘ ʩʪʦʣʽʪʪʷ 

ʩʪʘʥʦʚʣʝʥʥʷ ʪʘ ʨʦʟʚʠʪʢʫ ʚʽʡʩʴʢʦʚʦʾ ʽʥʞʝʥʝʨʽʾ. ʋ 1802 ʨʦʮʽ ʚʽʥ ʙʫʚ ʦʬʽʮʽʡʥʦ 

ʩʪʚʦʨʝʥʠʡ ʷʢ ʦʢʨʝʤʠʡ ʧʽʜʨʦʟʜʽʣ ʚʽʡʩʴʢ, ʱʦ ʩʪʘʣʦ ʧʦʯʘʪʢʦʤ ʽʥʞʝʥʝʨʥʦʾ 

ʜʽʷʣʴʥʦʩʪʽ ʘʨʤʽʾ ʉʐɸ. ɺʽʜʪʦʜʽ ʂʦʨʧʫʩ ʽʥʞʝʥʝʨʽʚ ʨʝʘʛʫʚʘʚ ʥʘ ʟʤʽʥʫ 

ʦʙʦʨʦʥʥʠʭ ʧʦʪʨʝʙ ʜʝʨʞʘʚʠ ʪʘ ʩʦʮʽʘʣʴʥʦ-ʝʢʦʥʦʤʽʯʥʠʭ ʚʠʢʣʠʢʽʚ, ʧʦʩʪʫʧʦʚʦ 

ʨʦʟʰʠʨʶʶʯʠ ʩʬʝʨʫ ʩʚʦʻʾ ʢʦʤʧʝʪʝʥʮʽʾ. ʉʫʯʘʩʥʘ ʜʽʷʣʴʥʽʩʪʴ ʧʽʜʨʦʟʜʽʣʫ 

ʦʭʦʧʣʶʻ ʷʢ ʦʙʦʨʦʥʥʫ ʩʬʝʨʫ, ʪʘʢ ʽ ʨʝʘʣʽʟʘʮʽʶ ʮʠʚʽʣʴʥʠʭ ʽʥʬʨʘʩʪʨʫʢʪʫʨʥʠʭ 

ʧʨʦʻʢʪʽʚ ʟʘʛʘʣʴʥʦʜʝʨʞʘʚʥʦʛʦ ʟʥʘʯʝʥʥʷ [10].  

ɸʤʝʨʠʢʘʥʩʴʢʘ ʤʦʜʝʣʴ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʮʝʥʪʨʘʣʽʟʦʚʘʥʦʶ 

ʚʝʨʪʠʢʘʣʣʶ: ʅʘʫʢʦʚʦ-ʜʦʩʣʽʜʥʠʡ ʮʝʥʪʨ ʽʥʞʝʥʝʨʽʚ ʘʨʤʽʾ ʉʐɸ (ERDC) 

ʦʙôʻʜʥʫʻ ʩʽʤ ʣʘʙʦʨʘʪʦʨʽʡ, ʷʢʽ ʜʦʩʣʽʜʞʫʶʪʴ ʪʘ ʨʦʟʨʦʙʣʷʶʪʴ, ʟʦʢʨʝʤʘ, 

ʘʚʪʦʥʦʤʥʽ ʩʠʩʪʝʤʠ ʜʣʷ ʙʫʜʽʚʥʠʮʪʚʘ, ʨʦʟʚʽʜʢʠ ʪʘ ʣʦʛʽʩʪʠʢʠ. ɿʛʽʜʥʦ ʜʞʝʨʝʣ 

[5; 10] ʦʩʦʙʣʠʚʘ ʫʚʘʛʘ ʧʨʠʜʽʣʷʻʪʴʩʷ Robotics for Engineer Operations (REO), 

ʷʢ ʪʝʣʝʢʝʨʦʚʘʥʠʤ ʪʘ ʧʦʚʥʽʩʪʶ ʘʚʪʦʥʦʤʥʠʤ ʧʣʘʪʬʦʨʤʘʤ. ʇʨʠ ʮʴʦʤʫ ERDC 

ʘʢʪʠʚʥʦ ʟʘʩʪʦʩʦʚʫʻ ʝʣʝʤʝʥʪʠ ʐɯ ʜʣʷ ʧʨʝʜʠʢʪʠʚʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ 

ʧʨʦʭʽʜʥʦʩʪʽ ʤʽʩʮʝʚʦʩʪʽ ʪʘ ʩʪʚʦʨʝʥʥʷ 3-D ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ ʤʽʩʮʝʚʦʩʪʽ 

[7]. 

ʋ ʘʤʝʨʠʢʘʥʩʴʢʦʤʫ ʂʦʨʧʫʩʽ (ʘʚʪʦʥʦʤʥʘ ʤʦʜʝʣʴ) ʧʦʚʥʠʡ ʮʠʢʣ ʚʽʜ 

ʧʣʘʥʫʚʘʥʥʷ ʜʦ ʚʧʨʦʚʘʜʞʝʥʥʷ ʽʥʥʦʚʘʮʽʡ, ʢʦʨʠʩʥʠʭ ʤʦʜʝʣʝʡ, ʚʠʥʘʭʦʜʽʚ ʪʘ 

ʽʥʰʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʥʘʫʢʦʚʦʾ ʪʘ ʜʦʩʣʽʜʥʦʾ ʜʽʷʣʴʥʦʩʪʽ ʚʽʜʙʫʚʘʻʪʴʩʷ ʫʩʝʨʝʜʠʥʽ 

ʮʽʻʾ ʚʽʡʩʴʢʦʚʦʾ ʽʥʩʪʠʪʫʮʽʾ ʽ ʦʨʛʘʥʽʟʦʚʘʥʦ ʯʽʪʢʦ ʧʦ ʚʝʨʪʠʢʘʣʽ:                                   

Ÿ ɼʠʨʝʢʪʦʨʘʪ ʥʘʫʢʠ ʡ ʪʝʭʥʦʣʦʛʽʡ (R&D) ʐʪʘʙ-ʢʚʘʨʪʠʨʠ ʂʦʨʧʫʩʫ 

ʽʥʞʝʥʝʨʽʚ          Ÿ ʅʘʫʢʦʚʦ-ʜʦʩʣʽʜʥʠʡ ʮʝʥʪʨ ʽʥʞʝʥʝʨʽʚ ʘʨʤʽʾ ʉʐɸ 

(ʚʠʱʝʟʛʘʜʘʥʠʡ ʷʢ ERDC)    Ÿ ʃʘʙʦʨʘʪʦʨʽʾ ʫ ʩʢʣʘʜʽ ʎʝʥʪʨʫ ʪʘ ʦʢʨʝʤʽ 

ʩʧʝʮʽʘʣʽʟʦʚʘʥʽ ʮʝʥʪʨʠ ʡ ʫʩʪʘʥʦʚʠ. 
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ʋ ʚʽʪʯʠʟʥʷʥʦʤʫ ʥʘʫʢʦʚʦʤʫ ʜʠʩʢʫʨʩʽ ʂʦʨʧʫʩ ʢʦʨʦʣʽʚʩʴʢʠʭ ʽʥʞʝʥʝʨʽʚ 

ɹʨʠʪʘʥʩʴʢʦʾ ʘʨʤʽʾ ʧʦʟʠʮʽʦʥʫʻʪʴʩʷ ʷʢ ʩʪʨʫʢʪʫʨʥʠʡ ʢʦʤʧʦʥʝʥʪ ʘʨʤʽʾ ɺʝʣʠʢʦʾ 

ɹʨʠʪʘʥʽʾ, ʷʢʠʡ ʫʧʨʦʜʦʚʞ ʪʨʴʦʭ ʩʪʦʣʽʪʴ ʟʘʙʝʟʧʝʯʫʻ ʽʥʞʝʥʝʨʥʫ ʧʽʜʪʨʠʤʢʫ ʧʽʜ 

ʯʘʩ ʙʦʡʦʚʠʭ ʜʽʡ, ʤʠʨʦʪʚʦʨʯʠʭ ʦʧʝʨʘʮʽʡ ʪʘ ʧʦʩʪ-ʢʦʥʬʣʽʢʪʥʦʾ ʨʝʢʦʥʩʪʨʫʢʮʽʾ 

ʽʥʬʨʘʩʪʨʫʢʪʫʨʠ ʚ ʨʽʟʥʠʭ ʨʝˇʽʦʥʘʭ ʩʚʽʪʫ [9; 10]. ʅʘ ʚʽʜʤʽʥʫ ʚʽʜ 

ʘʤʝʨʠʢʘʥʩʴʢʦʾ, ʙʨʠʪʘʥʩʴʢʘ ʤʦʜʝʣʴ ʻ ʤʝʨʝʞʝʚʦʶ (ʽʥʪʝʛʨʦʚʘʥʦ )ʁ: 

ʃʘʙʦʨʘʪʦʨʽʷ ʦʙʦʨʦʥʥʦʾ ʥʘʫʢʠ ʪʘ ʪʝʭʥʦʣʦʛʽʡ (Dstl) ʫ ʚʟʘʻʤʦʜʽʾ ʟ 

ʢʦʨʦʣʽʚʩʴʢʦʶ ʰʢʦʣʦʶ ʚʽʡʩʴʢʦʚʦʾ ʽʥʞʝʥʝʨʽʾ ʪʘ ɯʥʩʪʠʪʫʪʦʤ ʢʦʨʦʣʽʚʩʴʢʠʭ 

ʽʥʞʝʥʝʨʽʚ ʟʘʙʝʟʧʝʯʫʻ ʨʦʟʨʦʙʢʠ, ʟʦʢʨʝʤʘ ʨʦʾʚ ʘʚʪʦʥʦʤʥʠʭ ʩʠʩʪʝʤ (swarms), 

ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ ʽ ʥʘʚʽʛʘʮʽʾ ʚ ʫʤʦʚʘʭ ʧʨʠʜʫʰʝʥʥʷ ʩʠʛʥʘʣʫ. ʇʨʦʛʨʘʤʘ 

ʮʠʬʨʦʚʦʾ ʪʨʘʥʩʬʦʨʤʘʮʽʾ ʙʨʠʪʘʥʩʴʢʦʾ ʘʨʤʽʾ, ʟʘʧʦʯʘʪʢʦʚʘʥʘ ʟ 2020 ʨʦʢʫ 

ʧʽʜʪʚʝʨʜʞʫʻ ʧʝʨʝʭʽʜ ʚʽʜ ʘʥʘʣʦʛʦʚʠʭ ʤʝʪʦʜʽʚ ʜʦ ʮʠʬʨʦʚʦʛʦ ʧʽʜʭʦʜʫ, 

ʦʨʽʻʥʪʦʚʘʥʦʛʦ ʥʘ ʨʦʙʦʪʫ ʟ ʚʝʣʠʢʠʤʠ ʜʘʥʠʤʠ (ʥʘ ʪʣʽ ʧʝʨʝʭʦʜʫ ʚʽʜ ʢʦʥʮʝʧʮʽʾ 

ʨʦʟʚʠʪʢʫ ɯʥʜʫʩʪʨʽʷ 4.0 ʜʦ ɯʥʜʫʩʪʨʽʾ 5.0) [11; 12]. ʋ ʪʘʢʽʡ ʤʦʜʝʣʽ ʦʨʛʘʥʽʟʘʮʽʷ 

ʪʘ ʟʜʽʡʩʥʝʥʥʷ ʟʘʚʜʘʥʴ ʚʽʜʙʫʚʘʻʪʴʩʷ ʫ ʨʘʤʢʘʭ ʩʧʽʣʴʥʦʾ ʜʣʷ ʚʩʽʭ ʩʢʣʘʜʦʚʠʭ 

ʙʨʠʪʘʥʩʴʢʦʛʦ ʄʽʥʽʩʪʝʨʩʪʚʘ ʦʙʦʨʦʥʠ ʽʥʬʨʘʩʪʨʫʢʪʫʨʠ ʙʝʟ ʫʪʚʦʨʝʥʥʷ ʚʣʘʩʥʦʾ 

ʧʦʪʫʞʥʦʾ ʥʘʫʢʦʚʦʾ ʽʥʩʪʠʪʫʮʽʾ, ʽ ʫ ʝʬʝʢʪʠʚʥʽʡ ʩʧʽʚʧʨʘʮʽ ʟ ʮʠʚʽʣʴʥʠʤʠ 

ʥʘʫʢʦʚʠʤʠ ʫʩʪʘʥʦʚʘʤʠ (ʅɼʎ, ʫʥʽʚʝʨʩʠʪʝʪʠ ʪʘ ʾʭʥʽ ʣʘʙʦʨʘʪʦʨʽʾ ʽ ʪ.ʜ.) ʪʘ 

ʧʨʦʤʠʩʣʦʚʽʩʪʶ ʡ ʙʽʟʥʝʩʦʤ (ʚʧʨʦʚʘʜʞʝʥʥʷ, ʩʝʨʽʡʥʝ ʚʠʨʦʙʥʠʮʪʚʦ ʚʠʥʘʭʦʜʽʚ 

ʪʘ ʨʦʟʨʦʙʦʢ). 

ʇʦʨʽʚʥʷʣʴʥʠʡ ʘʥʘʣʽʟ ʧʦʢʘʟʫʻ, ʱʦ ʂʦʨʧʫʩ ʽʥʞʝʥʝʨʽʚ ʘʨʤʽʾ ʉʐɸ 

ʜʝʤʦʥʩʪʨʫʻ ʙʽʣʴʰ ʤʘʩʰʪʘʙʥʫ ʽʥʪʝʛʨʘʮʽʶ ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʪʝʭʥʦʣʦʛʽʡ 

ʧʦʨʽʚʥʷʥʦ ʽʟ ʂʦʨʧʫʩʦʤ ʢʦʨʦʣʽʚʩʴʢʠʭ ʽʥʞʝʥʝʨʽʚ, ʦʨʽʻʥʪʦʚʘʥʫ ʥʘ ʚʽʡʩʴʢʦʚʦ-

ʮʠʚʽʣʴʥʽ ʧʨʦʻʢʪʠ. ʆʙʠʜʚʽ ʤʦʜʝʣʽ ʜʝʤʦʥʩʪʨʫʶʪʴ ʧʨʠʥʮʠʧ ʧʦʚʥʦʛʦ ʮʠʢʣʫ 

çʚʽʜ ʢʦʥʮʝʧʮʽʾ ʜʦ ʩʧʨʦʤʦʞʥʦʩʪʽè ʪʘ ʪʽʩʥʫ ʩʧʽʚʧʨʘʮʶ ʟ ʧʨʦʤʠʩʣʦʚʽʩʪʶ. 

ʉʧʽʣʴʥʠʤʠ ʧʨʽʦʨʠʪʝʪʘʤʠ ʦʙʦʭ ʢʦʨʧʫʩʽʚ ʻ ʮʠʬʨʦʚʽ ʜʚʽʡʥʠʢʠ ʪʘ ʘʚʪʦʥʦʤʥʽ 

ʧʣʘʪʬʦʨʤʠ ʟ ʝʣʝʤʝʥʪʘʤʠ ʐɯ.  

ʇʦʧʨʠ ʨʽʟʥʠʮʶ ʚ ʦʨʛʘʥʽʟʘʮʽʾ, ʦʙʠʜʚʽ ʩʠʩʪʝʤʠ ʤʘʶʪʴ ʬʫʥʜʘʤʝʥʪʘʣʴʥʽ 

ʪʦʯʢʠ ʜʦʪʠʢʫ, ʱʦ ʚʠʟʥʘʯʘʶʪʴ ʩʫʯʘʩʥʝ ʦʙʣʠʯʯʷ ʚʽʡʩʴʢʦʚʦʾ ʽʥʞʝʥʝʨʽʾ. ʇʦ-

ʧʝʨʰʝ, ʮʝ ʨʝʘʣʽʟʘʮʽʷ ʢʦʥʮʝʧʮʽʾ ʧʦʜʚʽʡʥʦʛʦ ʧʨʠʟʥʘʯʝʥʥʷ (Dual-use): 

ʥʘʫʢʦʚʠʡ ʧʨʦʜʫʢʪ ʻ ʢʨʠʪʠʯʥʦ ʚʘʞʣʠʚʠʤ ʥʝ ʣʠʰʝ ʜʣʷ ʬʨʦʥʪʫ, ʘ ʡ ʜʣʷ 

ʥʘʮʽʦʥʘʣʴʥʦʾ ʽʥʬʨʘʩʪʨʫʢʪʫʨʠ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʩʪʘʣʽʩʪʴ ʬʽʥʘʥʩʫʚʘʥʥʷ. ʇʦ-

ʜʨʫʛʝ, ʢʣʶʯʦʚʠʤ ʧʨʽʦʨʠʪʝʪʦʤ ʻ ʮʠʬʨʦʚʽʟʘʮʽʷ ʪʘ ʟʘʩʪʦʩʫʚʘʥʥʷ ʝʣʝʤʝʥʪʽʚ 

ʐɯ. ʇʦ-ʪʨʝʪʻ, ʦʙʠʜʚʽ ʤʦʜʝʣʽ ʙʘʟʫʶʪʴʩʷ ʥʘ ʙʝʟʧʝʨʝʨʚʥʦʤʫ ʮʠʢʣʽ ñLessons 

Learnedò, ʜʝ ʙʦʡʦʚʠʡ ʜʦʩʚʽʜ ʰʚʠʜʢʦ ʩʪʘʻ ʥʘʫʢʦʚʠʤ ʟʘʚʜʘʥʥʷʤ ʜʣʷ 

ʣʘʙʦʨʘʪʦʨʽʡ ʪʘ ʚʠʨʦʙʥʠʮʪʚʘ. 

ɺʧʨʦʚʘʜʞʝʥʥʷ ʪʝʭʥʦʣʦʛʽʡ, ʦʨʽʻʥʪʦʚʘʥʠʭ ʥʘ ʨʦʙʦʪʠʟʘʮʽʶ ʪʘ ʰʪʫʯʥʠʡ 

ʽʥʪʝʣʝʢʪ, ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʥʘʷʚʥʠʭ ʚʠʢʣʠʢʽʚ ʽ ʟʘʛʨʦʟ, ʧʨʦ ʷʢʽ ʟʘʟʥʘʯʘʶʪʴ 

ʚʽʪʯʠʟʥʷʥʽ ʜʦʩʣʽʜʥʠʢʠ (ʟʦʢʨʝʤʘ, ʂʨʘʩʥʦʚ, ʉʚʻʪʣʽʯʥʠʡ, ʐʫʤʣʷʥʩʴʢʠʡ, 

ʍʦʤʝʥʢʦ [1-5]), ʟʘʙʝʟʧʝʯʠʪʴ ʧʽʜʚʠʱʝʥʥʷ ʨʽʚʥʷ ʚʟʘʻʤʦʩʫʤʽʩʥʦʩʪʽ ʩʠʣ ʽ 

ʟʘʩʦʙʽʚ ʩʠʣ ʦʙʦʨʦʥʠ ʋʢʨʘʾʥʠ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʩʪʘʥʜʘʨʪʽʚ STANAG ʪʘ ʚʠʤʦʛ 

ʇʽʚʥʽʯʥʦʘʪʣʘʥʪʠʯʥʦʛʦ ʘʣʴʷʥʩʫ (ʅɸʊʆ).  
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ɺʠʩʥʦʚʢʠ ʪʘ ʧʝʨʩʧʝʢʪʠʚʠ ʧʦʜʘʣʴʰʠʭ ʜʦʩʣʽʜʞʝʥʴ.  

ɼʦʩʚʽʜ ʂʦʨʧʫʩʫ ʽʥʞʝʥʝʨʽʚ ʘʨʤʽʾ ʉʐɸ ʪʘ ʂʦʨʧʫʩʫ ʢʦʨʦʣʽʚʩʴʢʠʭ 

ʽʥʞʝʥʝʨʽʚ ʟʘʩʚʽʜʯʫʻ, ʱʦ ʨʦʙʦʪʠʟʦʚʘʥʽ ʡ ʘʚʪʦʥʦʤʥʽ ʩʠʩʪʝʤʠ ʟ ʝʣʝʤʝʥʪʘʤʠ 

ʐɯ ʻ ʦʜʥʠʤ ʽʟ ʢʣʶʯʦʚʠʭ ʯʠʥʥʠʢʽʚ ʫʩʧʽʰʥʦʛʦ ʚʠʢʦʥʘʥʥʷ ʽʥʞʝʥʝʨʥʠʭ 

ʟʘʚʜʘʥʴ ʟʘ ʧʨʠʟʥʘʯʝʥʥʷʤ. ʉʝʨʝʜ ʧʨʠʥʮʠʧʽʚ, ʜʦʮʽʣʴʥʠʭ ʜʣʷ ʽʤʧʣʝʤʝʥʪʘʮʽʾ ʚ 

ʫʢʨʘʾʥʩʴʢʦʤʫ ʢʦʥʪʝʢʩʪʽ, ʚʠʦʢʨʝʤʣʶʶʪʴʩʷ ʧʨʘʢʪʠʯʥʘ ʩʧʨʷʤʦʚʘʥʽʩʪʴ 

ʩʫʯʘʩʥʦʛʦ ʚʽʡʩʴʢʦʚʦʛʦ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ ʪʘ ʨʝʘʣʽʟʘʮʽʷ ʧʦʚʥʦʛʦ ʞʠʪʪʻʚʦʛʦ 

ʮʠʢʣʫ ʩʪʚʦʨʝʥʥʷ ʩʧʨʦʤʦʞʥʦʩʪʝʡ, ʱʦ ʥʝʚʽʜôʻʤʥʦ ʧʦʚôʷʟʘʥʘ ʟ ʢʦʥʮʝʧʮʽʻʶ 

ʙʝʟʧʝʨʝʨʚʥʦʛʦ ʚʜʦʩʢʦʥʘʣʝʥʥʷ. ʇʦʜʘʣʴʰʽ ʜʦʩʣʽʜʞʝʥʥʷ ʤʘʶʪʴ 

ʟʦʩʝʨʝʜʞʫʚʘʪʠʩʷ ʥʘ ʘʜʘʧʪʘʮʽʾ ʪʝʭʥʦʣʦʛʽʡ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ ʽ ʘʚʪʦʥʦʤʥʠʭ 

ʩʠʩʪʝʤ (ʧʣʘʪʬʦʨʤ) ʜʦ ʥʘʮʽʦʥʘʣʴʥʠʭ ʫʤʦʚ, ʘ ʪʘʢʦʞ ʥʘ ʨʦʟʨʦʙʮʽ 

ʥʘʮʽʦʥʘʣʴʥʠʭ ʩʪʘʥʜʘʨʪʽʚ ʟʘʩʪʦʩʫʚʘʥʥʷ ʐɯ ʚ ʦʙʦʨʦʥʥʦʤʫ ʩʝʢʪʦʨʽ, ʚʢʣʶʯʥʦ 

ʟ ʨʦʙʦʪʠʟʘʮʽʻʶ ʪʘ ʩʫʯʘʩʥʠʤ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷʤ.  
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ɸɺʊʆʄɸʊʀɿʆɺɸʅɸ ʉʀʉʊɽʄɸ ʋʇʈɸɺʃɯʅʅʗ ɯʅʊɽʈʅɽʊ-

ʄɸɻɸɿʀʅʆʄ ɿ ʈʆɹʆʏʀʄ ʄɯʉʎɽʄ ʄɽʅɽɼɾɽʈɸ ʊɸ 

ɯʅʊɽɻʈʆɺɸʅʀʄʀ ʉʊɸʊʀʉʊʀʏʅʀʄʀ ʄʆɼʋʃʗʄʀ 

 
ɸʥʦʪʘʮʽʷ: ʋ ʨʦʙʦʪʽ ʨʦʟʛʣʷʥʫʪʦ ʧʨʦʻʢʪ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʾ ʩʠʩʪʝʤʠ ʫʧʨʘʚʣʽʥʥʷ 

ʽʥʪʝʨʥʝʪ-ʤʘʛʘʟʠʥʦʤ, ʩʧʨʷʤʦʚʘʥʦʾ ʥʘ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʦʙʨʦʙʢʠ ʟʘʤʦʚʣʝʥʴ ʪʘ 

ʧʽʜʪʨʠʤʢʫ ʧʨʠʡʥʷʪʪʷ ʫʧʨʘʚʣʽʥʩʴʢʠʭ ʨʽʰʝʥʴ ʥʘ ʦʩʥʦʚʽ ʽʥʪʝʛʨʦʚʘʥʦʾ ʘʥʘʣʽʪʠʢʠ. 

ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʘʨʭʽʪʝʢʪʫʨʫ ʩʠʩʪʝʤʠ, ʱʦ ʧʦʻʜʥʫʻ ʩʝʨʚʝʨʥʫ ʯʘʩʪʠʥʫ ʥʘ ʙʘʟʽ Spring Boot 

ʽ Spring Security ʽʟ ʨʝʣʷʮʽʡʥʦʶ ʙʘʟʦʶ ʜʘʥʠʭ PostgreSQL ʪʘ ʚʝʙ-ʽʥʪʝʨʬʝʡʩʦʤ, 

ʨʝʘʣʽʟʦʚʘʥʠʤ ʟʘ ʜʦʧʦʤʦʛʦʶ Thymeleaf, HTML, CSS ʽ JavaScript. ʈʦʟʨʦʙʣʝʥʦ 

ʬʫʥʢʮʽʦʥʘʣʴʥʝ ʨʦʙʦʯʝ ʤʽʩʮʝ ʤʝʥʝʜʞʝʨʘ, ʷʢʝ ʟʘʙʝʟʧʝʯʫʻ ʧʦʚʥʠʡ ʮʠʢʣ ʨʦʙʦʪʠ ʟ 

ʟʘʤʦʚʣʝʥʥʷʤʠ, ʚʢʣʶʯʘʶʯʠ ʾʭ ʦʙʨʦʙʢʫ, ʟʤʽʥʫ ʩʪʘʪʫʩʽʚ, ʫʧʨʘʚʣʽʥʥʷ ʢʘʪʘʣʦʛʦʤ ʪʦʚʘʨʽʚ 

ʪʘ ʟʘʩʪʦʩʫʚʘʥʥʷ ʟʥʠʞʦʢ. ʆʩʦʙʣʠʚʫ ʫʚʘʛʫ ʧʨʠʜʽʣʝʥʦ ʽʥʪʝʛʨʘʮʽʾ ʩʪʘʪʠʩʪʠʯʥʠʭ ʤʦʜʫʣʽʚ, 

ʱʦ ʚʽʜʦʙʨʘʞʘʶʪʴ ʢʣʶʯʦʚʽ ʧʦʢʘʟʥʠʢʠ ʜʽʷʣʴʥʦʩʪʽ ʽʥʪʝʨʥʝʪ-ʤʘʛʘʟʠʥʫ ʫ ʚʠʛʣʷʜʽ 

ʽʥʪʝʨʘʢʪʠʚʥʠʭ ʧʘʥʝʣʝʡ, ʛʨʘʬʽʢʽʚ ʽ ʜʽʘʛʨʘʤ. ʈʝʘʣʽʟʦʚʘʥʦ ʤʦʜʫʣʽ ʬʽʥʘʥʩʦʚʦʾ ʘʥʘʣʽʪʠʢʠ, 

ʽʥʚʝʥʪʘʨʠʟʘʮʽʾ, ʧʨʦʜʘʞʽʚ ʽ ʟʘʛʘʣʴʥʦʾ ʩʪʘʪʠʩʪʠʢʠ, ʱʦ ʜʦʟʚʦʣʷʶʪʴ ʟʜʽʡʩʥʶʚʘʪʠ 

ʢʦʤʧʣʝʢʩʥʠʡ ʤʦʥʽʪʦʨʠʥʛ ʜʽʷʣʴʥʦʩʪʽ ʚ ʨʝʞʠʤʽ ʨʝʘʣʴʥʦʛʦ ʯʘʩʫ. ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ 

ʧʽʜʪʚʝʨʜʞʫʶʪʴ ʝʬʝʢʪʠʚʥʽʩʪʴ ʟʘʧʨʦʧʦʥʦʚʘʥʦʛʦ ʧʽʜʭʦʜʫ ʪʘ ʤʦʞʣʠʚʽʩʪʴ ʡʦʛʦ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ ʷʢʦʩʪʽ ʫʧʨʘʚʣʽʥʥʷ ʝʣʝʢʪʨʦʥʥʦʶ ʢʦʤʝʨʮʽʻʶ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʽʥʪʝʨʥʝʪ-ʤʘʛʘʟʠʥ, ʘʚʪʦʤʘʪʠʟʘʮʽʷ, ʽʥʬʦʨʤʘʮʽʡʥʘ ʩʠʩʪʝʤʘ, 

ʘʥʘʣʽʪʠʢʘ, ʩʪʘʪʠʩʪʠʯʥʽ ʤʦʜʫʣʽ, ʫʧʨʘʚʣʽʥʥʷ, ʚʝʙ-ʜʦʜʘʪʦʢ. 

 

Abstract: The paper presents the design of an automated online store management 

system aimed at improving order processing efficiency and supporting managerial decision-

making through integrated analytics. The system architecture combines a backend 

implemented with Spring Boot and Spring Security, a PostgreSQL relational database, and a 

web interface built using Thymeleaf, HTML, CSS, and JavaScript. A dedicated manager 

workstation is developed to support the full order lifecycle, including processing, status 

management, product catalog control, and discount application. Particular attention is paid 

to integrated statistical modules that visualize key business indicators using dashboards, 

charts, and diagrams. Financial analytics, inventory monitoring, sales analysis, and general 

statistics modules are implemented to provide comprehensive real-time monitoring of store 

performance. The results confirm the effectiveness of the proposed approach and its 

applicability for improving e-commerce management. 
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1.ʇʆʉʊɸʅʆɺʂɸ ʇʈʆɹʃɽʄʀ ʊɸ ɰɰ ɿɺ'ʗɿʆʂ ɿ ʅɸʋʂʆɺʀʄʀ ɯ 

ʇʈɸʂʊʀʏʅʀʄʀ ɿɸɺɼɸʅʅʗʄʀ. 

ʐʚʠʜʢʠʡ ʨʦʟʚʠʪʦʢ ʝʣʝʢʪʨʦʥʥʦʾ ʢʦʤʝʨʮʽʾ ʟʫʤʦʚʣʶʻ ʧʦʪʨʝʙʫ ʚ 

ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʩʠʩʪʝʤʘʭ, ʷʢʽ ʟʘʙʝʟʧʝʯʫʶʪʴ ʥʝ ʣʠʰʝ ʦʙʨʦʙʢʫ ʟʘʤʦʚʣʝʥʴ, ʘ ʡ 

ʧʽʜʪʨʠʤʢʫ ʧʨʠʡʥʷʪʪʷ ʨʽʰʝʥʴ ʥʘ ʦʩʥʦʚʽ ʦʧʝʨʘʪʠʚʥʦʾ ʘʥʘʣʽʪʠʢʠ. ʋ ʙʽʣʴʰʦʩʪʽ 

ʥʝʚʝʣʠʢʠʭ ʽʥʪʝʨʥʝʪ-ʤʘʛʘʟʠʥʽʚ ʧʨʦʮʝʩʠ ʨʦʙʦʪʠ ʟ ʟʘʤʦʚʣʝʥʥʷʤʠ, ʢʣʽʻʥʪʘʤʠ 

ʪʘ ʘʩʦʨʪʠʤʝʥʪʦʤ ʟʘʣʠʰʘʶʪʴʩʷ ʯʘʩʪʢʦʚʦ ʨʫʯʥʠʤʠ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ 

ʟʨʦʩʪʘʥʥʷ ʢʽʣʴʢʦʩʪʽ ʧʦʤʠʣʦʢ, ʟʘʪʨʠʤʦʢ ʫ ʦʙʨʦʙʮʽ ʪʘ ʫʩʢʣʘʜʥʶʻ ʢʦʥʪʨʦʣʴ 

ʢʣʶʯʦʚʠʭ ʧʦʢʘʟʥʠʢʽʚ ʜʽʷʣʴʥʦʩʪʽ. ʊʦʤʫ ʘʢʪʫʘʣʴʥʠʤ ʻ ʩʪʚʦʨʝʥʥʷ 

ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʾ ʩʠʩʪʝʤʠ ʫʧʨʘʚʣʽʥʥʷ ʽʥʪʝʨʥʝʪ-ʤʘʛʘʟʠʥʦʤ ʟ ʽʥʪʝʛʨʦʚʘʥʠʤʠ 

ʩʪʘʪʠʩʪʠʯʥʠʤʠ ʤʦʜʫʣʷʤʠ ʪʘ ʟʨʫʯʥʠʤ ʨʦʙʦʯʠʤ ʤʽʩʮʝʤ ʤʝʥʝʜʞʝʨʘ, ʱʦ 

ʟʘʙʝʟʧʝʯʫʻ ʧʦʚʥʠʡ ʮʠʢʣ ʩʫʧʨʦʚʦʜʫ ʟʘʤʦʚʣʝʥʥʷ ï ʚʽʜ ʡʦʛʦ ʬʦʨʤʫʚʘʥʥʷ ʜʦ 

ʘʥʘʣʽʟʫ ʨʝʟʫʣʴʪʘʪʽʚ ʚʠʢʦʥʘʥʥʷ. 

2.ɸʅɸʃɯɿ ʆʉʊɸʅʅɯʍ ɼʆʉʃɯɼɾɽʅʔ ɯ ʇʋɹʃɯʂɸʎɯʁ. 

ɯʩʥʫʶʯʽ ʧʣʘʪʬʦʨʤʠ ʝʣʝʢʪʨʦʥʥʦʾ ʢʦʤʝʨʮʽʾ ʟʜʝʙʽʣʴʰʦʛʦ ʧʨʦʧʦʥʫʶʪʴ 

ʪʠʧʦʚʽ ʤʝʭʘʥʽʟʤʠ ʢʝʨʫʚʘʥʥʷ ʪʦʚʘʨʘʤʠ ʡ ʟʘʤʦʚʣʝʥʥʷʤʠ, ʦʜʥʘʢ ʤʘʶʪʴ 

ʦʙʤʝʞʝʥʽ ʤʦʞʣʠʚʦʩʪʽ ʘʜʘʧʪʘʮʽʾ ʩʪʘʪʠʩʪʠʯʥʠʭ ʧʘʥʝʣʝʡ ʧʽʜ ʢʦʥʢʨʝʪʥʽ ʙʽʟʥʝʩ-

ʧʨʦʮʝʩʠ. ʋ ʥʘʫʢʦʚʠʭ ʨʦʙʦʪʘʭ ʟ ʽʥʬʦʨʤʘʮʽʡʥʠʭ ʩʠʩʪʝʤ ʜʣʷ ʪʦʨʛʽʚʣʽ ʟʥʘʯʥʘ 

ʫʚʘʛʘ ʧʨʠʜʽʣʷʻʪʴʩʷ ʧʨʦʻʢʪʫʚʘʥʥʶ ʙʘʟ ʜʘʥʠʭ, ʚʝʙ-ʽʥʪʝʨʬʝʡʩʽʚ ʪʘ ʤʝʭʘʥʽʟʤʽʚ 

ʙʝʟʧʝʢʠ, ʧʨʦʪʝ ʧʠʪʘʥʥʷ ʽʥʪʝʛʨʘʮʽʾ ʜʦʤʝʥʥʦ-ʦʨʽʻʥʪʦʚʘʥʦʾ ʘʥʘʣʽʪʠʢʠ 

ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚ ʽʥʪʝʨʬʝʡʩ ʤʝʥʝʜʞʝʨʘ ʟʘʣʠʰʘʻʪʴʩʷ ʤʘʣʦ ʜʦʩʣʽʜʞʝʥʠʤ. ʎʝ 

ʦʙʫʤʦʚʣʶʻ ʥʝʦʙʭʽʜʥʽʩʪʴ ʨʦʟʨʦʙʢʠ ʨʽʰʝʥʴ, ʱʦ ʧʦʻʜʥʫʶʪʴ ʢʣʘʩʠʯʥʽ ʧʽʜʭʦʜʠ 

ʧʦʙʫʜʦʚʠ ʚʝʙ-ʩʠʩʪʝʤ ʟ ʽʥʩʪʨʫʤʝʥʪʘʤʠ ʚʽʟʫʘʣʴʥʦʛʦ ʩʪʘʪʠʩʪʠʯʥʦʛʦ ʘʥʘʣʽʟʫ, 

ʘʜʘʧʪʦʚʘʥʠʤʠ ʜʦ ʩʧʝʮʠʬʽʢʠ ʽʥʪʝʨʥʝʪ-ʪʦʨʛʽʚʣʽ. 

3.ʌʆʈʄʋʃʖɺɸʅʅʗ ʅɽɺʀʈɯʐɽʅʀʍ ʏɸʉʊʀʅ ɿɸɻɸʃʔʅʆɰ 

ʇʈʆɹʃɽʄʀ. 

ʄʘʣʦ ʜʦʩʣʽʜʞʝʥʠʤʠ ʟʘʣʠʰʘʶʪʴʩʷ ʧʠʪʘʥʥʷ ʧʦʙʫʜʦʚʠ ʻʜʠʥʦʛʦ 

ʽʥʪʝʛʨʦʚʘʥʦʛʦ ʽʥʪʝʨʬʝʡʩʫ ʜʣʷ ʤʝʥʝʜʞʝʨʘ ʽʥʪʝʨʥʝʪ-ʤʘʛʘʟʠʥʫ, ʚ ʷʢʦʤʫ 

ʦʙ'ʻʜʥʘʥʦ: ʦʧʝʨʘʪʠʚʥʫ ʨʦʙʦʪʫ ʽʟ ʟʘʤʦʚʣʝʥʥʷʤʠ, ʢʝʨʫʚʘʥʥʷ ʘʩʦʨʪʠʤʝʥʪʦʤ, 

ʘʥʘʣʽʟ ʧʦʚʝʜʽʥʢʠ ʢʣʽʻʥʪʽʚ, ʢʦʥʪʨʦʣʴ ʬʽʥʘʥʩʦʚʠʭ ʧʦʢʘʟʥʠʢʽʚ ʪʘ ʩʪʘʥʫ ʩʢʣʘʜʫ. 

ɺʽʜʩʫʪʥʷ ʫʟʛʦʜʞʝʥʘ ʤʝʪʦʜʠʢʘ ʧʦʜʘʥʥʷ ʩʪʘʪʠʩʪʠʯʥʦʾ ʽʥʬʦʨʤʘʮʽʾ ʫ ʚʠʛʣʷʜʽ 

ʽʥʪʝʨʘʢʪʠʚʥʠʭ ʧʘʥʝʣʝʡ, ʜʽʘʛʨʘʤ ʪʘ ʪʘʙʣʠʮʴ, ʱʦ ʜʦʟʚʦʣʷʶʪʴ ʦʜʨʘʟʫ 

ʧʝʨʝʭʦʜʠʪʠ ʜʦ ʚʠʢʦʥʘʥʥʷ ʢʝʨʫʶʯʠʭ ʜʽʡ ï ʟʤʽʥʠ ʩʪʘʪʫʩʫ ʟʘʤʦʚʣʝʥʴ, 

ʢʦʨʠʛʫʚʘʥʥʷ ʮʽʥ ʘʙʦ ʬʦʨʤʫʚʘʥʥʷ ʟʘʤʦʚʣʝʥʥʷ ʧʦʩʪʘʯʘʣʴʥʠʢʫ. 

4.ʎɯʃɯ ʉʊɸʊʊɯ ʊɸ ʇʆʉʊɸʅʆɺʂɸ ɿɸɼɸʏɯ. 

ʄʝʪʦʶ ʨʦʙʦʪʠ ʻ ʨʦʟʨʦʙʢʘ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʾ ʩʠʩʪʝʤʠ ʫʧʨʘʚʣʽʥʥʷ 

ʽʥʪʝʨʥʝʪ-ʤʘʛʘʟʠʥʦʤ ʟ ʨʦʟʰʠʨʝʥʠʤ ʨʦʙʦʯʠʤ ʤʽʩʮʝʤ ʤʝʥʝʜʞʝʨʘ, ʷʢʝ 

ʟʘʙʝʟʧʝʯʫʻ: ʨʝʻʩʪʨʘʮʽʶ ʪʘ ʘʚʪʦʨʠʟʘʮʽʶ ʢʦʨʠʩʪʫʚʘʯʽʚ ʽʟ ʨʦʟʤʝʞʫʚʘʥʥʷʤ 
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ʨʦʣʝʡ (ʢʣʽʻʥʪ, ʤʝʥʝʜʞʝʨ, ʘʜʤʽʥʽʩʪʨʘʪʦʨ); ʦʙʨʦʙʢʫ ʟʘʤʦʚʣʝʥʴ, ʟʤʽʥʫ ʾʭ 

ʩʪʘʪʫʩʽʚ ʪʘ ʟʘʩʪʦʩʫʚʘʥʥʷ ʟʥʠʞʦʢ; ʚʝʜʝʥʥʷ ʢʘʪʘʣʦʛʫ ʪʦʚʘʨʽʚ ʽ ʫʧʨʘʚʣʽʥʥʷ 

ʮʽʥʦʚʦʶ ʧʦʣʽʪʠʢʦʶ; ʽʥʪʝʛʨʦʚʘʥʠʡ ʩʪʘʪʠʩʪʠʯʥʠʡ ʘʥʘʣʽʟ ʜʽʷʣʴʥʦʩʪʽ ʤʘʛʘʟʠʥʫ 

ʟʘ ʦʩʥʦʚʥʠʤʠ ʧʦʢʘʟʥʠʢʘʤʠ. 

ɼʣʷ ʜʦʩʷʛʥʝʥʥʷ ʤʝʪʠ ʚʠʨʽʰʝʥʦ ʪʘʢʽ ʟʘʜʘʯʽ: ʦʙˇʨʫʥʪʦʚʘʥʦ ʚʠʙʽʨ 

ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʩʪʝʢʫ; ʩʧʨʦʻʢʪʦʚʘʥʦ ʙʘʟʫ ʜʘʥʠʭ ʪʘ ʘʨʭʽʪʝʢʪʫʨʫ ʩʠʩʪʝʤʠ; 

ʨʝʘʣʽʟʦʚʘʥʦ ʚʝʙ-ʽʥʪʝʨʬʝʡʩ ʨʦʙʦʯʦʛʦ ʤʽʩʮʷ ʤʝʥʝʜʞʝʨʘ ʟ ʚʽʟʫʘʣʴʥʠʤʠ 

ʩʪʘʪʠʩʪʠʯʥʠʤʠ ʤʦʜʫʣʷʤʠ; ʧʝʨʝʚʽʨʝʥʦ ʜʽʻʟʜʘʪʥʽʩʪʴ ʨʽʰʝʥʥʷ ʥʘ ʪʝʩʪʦʚʠʭ 

ʜʘʥʠʭ. 

5.ɺʀʂʃɸɼ ʆʉʅʆɺʅʆɻʆ ʄɸʊɽʈɯɸʃʋ ɼʆʉʃɯɼɾɽʅʅʗ. 

ɺ ʦʩʥʦʚʽ ʩʠʩʪʝʤʠ ʚʠʢʦʨʠʩʪʘʥʦ ʩʪʝʢ Spring Boot ʪʘ Spring Security ʜʣʷ 

ʨʝʘʣʽʟʘʮʽʾ ʩʝʨʚʝʨʥʦʾ ʣʦʛʽʢʠ ʡ ʤʝʭʘʥʽʟʤʽʚ ʘʫʪʝʥʪʠʬʽʢʘʮʽʾ ʪʘ ʘʚʪʦʨʠʟʘʮʽʾ, 

PostgreSQL ʷʢ ʉʋɹɼ, ʘ ʪʘʢʦʞ Thymeleaf, HTML/CSS/JavaScript ʜʣʷ 

ʧʦʙʫʜʦʚʠ ʚʝʙ-ʽʥʪʝʨʬʝʡʩʫ. ɹʘʟʘ ʜʘʥʠʭ ʤʽʩʪʠʪʴ ʩʫʪʥʦʩʪʽ ʜʣʷ ʢʦʨʠʩʪʫʚʘʯʽʚ, 

ʨʦʣʝʡ, ʪʦʚʘʨʽʚ, ʟʘʤʦʚʣʝʥʴ, ʧʦʟʠʮʽʡ ʟʘʤʦʚʣʝʥʴ ʽ ʬʽʥʘʥʩʦʚʠʭ ʦʧʝʨʘʮʽʡ, ʱʦ 

ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʫʚʘʪʠ ʘʛʨʝʛʦʚʘʥʽ ʧʦʢʘʟʥʠʢʠ ʜʣʷ ʩʪʘʪʠʩʪʠʯʥʠʭ ʧʘʥʝʣʝʡ. 

ʉʪʨʫʢʪʫʨʫ ʩʠʩʪʝʤʠ ʦʧʠʩʘʥʦ ʟʘ ʜʦʧʦʤʦʛʦʶ UML-ʜʽʘʛʨʘʤ ʪʘ ʢʦʤʧʦʥʝʥʪʥʦʾ 

ʘʨʭʽʪʝʢʪʫʨʠ. 

ʈʦʙʦʯʝ ʤʽʩʮʝ ʤʝʥʝʜʞʝʨʘ ʨʝʘʣʽʟʦʚʘʥʦ ʫ ʚʠʛʣʷʜʽ ʨʦʟʰʠʨʝʥʦʛʦ ʚʝʙ-

ʽʥʪʝʨʬʝʡʩʫ, ʯʝʨʝʟ ʷʢʠʡ ʜʦʩʪʫʧʥʠʡ ʧʝʨʝʛʣʷʜ ʩʧʠʩʢʫ ʟʘʤʦʚʣʝʥʴ ʪʘ ʜʝʪʘʣʝʡ 

ʢʦʞʥʦʛʦ ʟʘʤʦʚʣʝʥʥʷ, ʟʤʽʥʘ ʩʪʘʪʫʩʽʚ, ʟʘʩʪʦʩʫʚʘʥʥʷ ʟʥʠʞʦʢ ʽ ʜʦʩʪʫʧ ʜʦ 

ʘʥʘʣʽʪʠʢʠ ʟʘ ʦʙʨʘʥʠʤʠ ʧʝʨʽʦʜʘʤʠ (ʨʠʩ. 1). 
 

 

 

ʈʠʩʫʥʦʢ 1. ʉʪʦʨʽʥʢʘ ʧʝʨʝʛʣʷʜʫ ʪʘ ʟʤʽʥʠ ʟʘʤʦʚʣʝʥʴ ʤʝʥʝʜʞʝʨʦʤ 
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ʆʢʨʝʤʘ ʩʪʦʨʽʥʢʘ çʉʪʘʪʠʩʪʠʢʘ ʤʘʛʘʟʠʥʫè ʻ ʛʦʣʦʚʥʦʶ ʘʥʘʣʽʪʠʯʥʦʶ 

ʧʘʥʝʣʣʶ ʩʠʩʪʝʤʠ ʪʘ ʥʘʜʘʻ ʤʝʥʝʜʞʝʨʫ ʫʟʘʛʘʣʴʥʝʥʫ ʢʘʨʪʠʥʫ ʨʦʙʦʪʠ 

ʽʥʪʝʨʥʝʪ-ʤʘʛʘʟʠʥʫ ʚ ʨʝʞʠʤʽ ʨʝʘʣʴʥʦʛʦ ʯʘʩʫ. ʋ ʚʝʨʭʥʽʡ ʯʘʩʪʠʥʽ ʽʥʪʝʨʬʝʡʩʫ 

ʨʦʟʤʽʱʝʥʦ ʙʣʦʢʠ ʟ ʢʣʶʯʦʚʠʤʠ ʯʠʩʣʦʚʠʤʠ ʧʦʢʘʟʥʠʢʘʤʠ: ʩʫʤʘʨʥʠʡ ʜʦʭʽʜ ʟʘ 

ʚʝʩʴ ʧʝʨʽʦʜ ʨʦʙʦʪʠ, ʟʘʛʘʣʴʥʘ ʢʽʣʴʢʽʩʪʴ ʟʘʤʦʚʣʝʥʴ, ʩʝʨʝʜʥʽʡ ʯʝʢ ʪʘ ʢʽʣʴʢʽʩʪʴ 

ʪʦʚʘʨʽʚ ʫ ʢʘʪʘʣʦʟʽ. ʅʠʞʯʝ ʧʨʝʜʩʪʘʚʣʝʥʦ ʚʽʟʫʘʣʴʥʽ ʜʽʘʛʨʘʤʠ: ʨʦʟʧʦʜʽʣ 

ʪʦʚʘʨʽʚ ʟʘ ʢʘʪʝʛʦʨʽʷʤʠ, ʨʦʟʧʦʜʽʣ ʪʦʚʘʨʽʚ ʟʘ ʚʠʨʦʙʥʠʢʘʤʠ ʪʘ ʜʦʭʽʜ ʟʘ 

ʢʘʪʝʛʦʨʽʷʤʠ, ʱʦ ʜʦʟʚʦʣʷʻ ʰʚʠʜʢʦ ʚʠʟʥʘʯʠʪʠ ʥʘʡʙʽʣʴʰ ʧʨʠʙʫʪʢʦʚʽ ʪʘ 

ʧʦʧʫʣʷʨʥʽ ʥʘʧʨʷʤʢʠ ʘʩʦʨʪʠʤʝʥʪʫ (ʨʠʩ. 2). ʆʢʨʝʤʦ ʚʠʚʝʜʝʥʦ ʛʨʘʬʽʢ 

ʟʘʤʦʚʣʝʥʴ ʟʘ ʦʩʪʘʥʥʽ 30 ʜʥʽʚ, ʷʢʠʡ ʚʽʜʦʙʨʘʞʘʻ ʜʠʥʘʤʽʢʫ ʘʢʪʠʚʥʦʩʪʽ 

ʧʦʢʫʧʮʽʚ ʽ ʜʘʻ ʟʤʦʛʫ ʦʧʝʨʘʪʠʚʥʦ ʨʝʘʛʫʚʘʪʠ ʥʘ ʟʤʽʥʠ ʧʦʧʠʪʫ. ʅʘʚʽʛʘʮʽʷ ʤʽʞ 

ʨʽʟʥʠʤʠ ʨʦʟʜʽʣʘʤʠ ʩʪʘʪʠʩʪʠʢʠ ʨʝʘʣʽʟʦʚʘʥʘ ʯʝʨʝʟ ʚʠʧʘʜʘʶʯʠʡ ʩʧʠʩʦʢ, ʱʦ 

ʟʘʙʝʟʧʝʯʫʻ ʟʨʫʯʥʠʡ ʧʝʨʝʭʽʜ ʜʦ ʙʫʜʴ-ʷʢʦʾ ʽʥʰʦʾ ʘʥʘʣʽʪʠʯʥʦʾ ʩʪʦʨʽʥʢʠ ʙʝʟ 

ʟʘʡʚʠʭ ʢʨʦʢʽʚ. 
 

 

 

ʈʠʩʫʥʦʢ 2. ɿʘʛʘʣʴʥʘ ʩʪʘʪʠʩʪʠʢʘ ʤʘʛʘʟʠʥʫ 
 

ʉʪʦʨʽʥʢʘ çʌʽʥʘʥʩʦʚʘ ʩʪʘʪʠʩʪʠʢʘè ʜʝʤʦʥʩʪʨʫʻ ʟʘʛʘʣʴʥʠʡ ʜʦʭʽʜ, 

ʟʘʛʘʣʴʥʽ ʚʠʪʨʘʪʠ ʪʘ ʯʠʩʪʠʡ ʧʨʠʙʫʪʦʢ ʟʘ ʦʙʨʘʥʠʡ ʧʝʨʽʦʜ ʫ ʚʠʛʣʷʜʽ ʯʠʩʣʦʚʠʭ 

ʟʥʘʯʝʥʴ, ʱʦ ʜʦʟʚʦʣʷʻ ʤʝʥʝʜʞʝʨʫ ʤʠʪʪʻʚʦ ʦʮʽʥʠʪʠ ʬʽʥʘʥʩʦʚʠʡ ʩʪʘʥ 
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ʤʘʛʘʟʠʥʫ. ɼʦʜʘʪʢʦʚʦ ʥʘ ʩʪʦʨʽʥʮʽ ʚʽʜʦʙʨʘʞʘʻʪʴʩʷ ʜʠʥʘʤʽʢʘ ʟʤʽʥʠ 

ʬ̔ ʥʘʥʩʦʚʠʭ ʧʦʢʘʟʥʠʢʽʚ ʟʘ ʦʩʪʘʥʥʽ ʤʽʩʷʮʽ ʫ ʚʠʛʣʷʜʽ ʛʨʘʬʽʢʫ, ʛʽʩʪʦʛʨʘʤʠ ʪʘ 

ʟʚʝʜʝʥʦʾ ʪʘʙʣʠʮʽ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʢʦʤʧʣʝʢʩʥʠʡ ʘʥʘʣʽʟ ʪʝʥʜʝʥʮʽʡ ʜʦʭʦʜʥʦʩʪʽ 

ʧʽʜʧʨʠʻʤʩʪʚʘ (ʨʠʩ. 3). ʇʦʻʜʥʘʥʥʷ ʯʠʩʣʦʚʠʭ ʽʥʜʠʢʘʪʦʨʽʚ ʽ ʚʽʟʫʘʣʴʥʠʭ 

ʟʘʩʦʙʽʚ ʧʨʝʜʩʪʘʚʣʝʥʥʷ ʜʘʥʠʭ ʜʘʻ ʟʤʦʛʫ ʥʝ ʣʠʰʝ ʚʽʜʩʪʝʞʫʚʘʪʠ ʧʦʪʦʯʥʠʡ 

ʩʪʘʥ ʬʽʥʘʥʩʽʚ, ʘ ʡ ʚʠʷʚʣʷʪʠ ʩʝʟʦʥʥʽ ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ ʪʘ ʚʽʜʭʠʣʝʥʥʷ ʚʽʜ 

ʦʯʽʢʫʚʘʥʠʭ ʧʦʢʘʟʥʠʢʽʚ, ʱʦ ʻ ʚʘʞʣʠʚʦʶ ʦʩʥʦʚʦʶ ʜʣʷ ʧʨʠʡʥʷʪʪʷ 

ʦʙˇʨʫʥʪʦʚʘʥʠʭ ʫʧʨʘʚʣʽʥʩʴʢʠʭ ʨʽʰʝʥʴ. 
 

 

ʈʠʩʫʥʦʢ 3. ʌʽʥʘʥʩʦʚʘ ʩʪʘʪʠʩʪʠʢʘ 
 

ʉʪʦʨʽʥʢʘ çɯʥʚʝʥʪʘʨʠʟʘʮʽʷè ʥʘʜʘʻ ʤʝʥʝʜʞʝʨʫ ʧʦʚʥʫ ʢʘʨʪʠʥʫ ʩʪʘʥʫ 

ʩʢʣʘʜʩʴʢʠʭ ʟʘʧʘʩʽʚ ʽʥʪʝʨʥʝʪ-ʤʘʛʘʟʠʥʫ ʚ ʨʦʟʨʽʟʽ ʢʘʪʝʛʦʨʽʡ ʪʦʚʘʨʽʚ. 

ʎʝʥʪʨʘʣʴʥʠʤ ʝʣʝʤʝʥʪʦʤ ʩʪʦʨʽʥʢʠ ʻ ʧʝʨʝʣʽʢ ʪʦʚʘʨʽʚ ʟ ʥʠʟʴʢʠʤ ʟʘʣʠʰʢʦʤ, 

ʷʢʠʡ ʜʦʟʚʦʣʷʻ ʦʧʝʨʘʪʠʚʥʦ ʚʠʷʚʣʷʪʠ ʧʦʟʠʮʽʾ, ʱʦ ʧʦʪʨʝʙʫʶʪʴ ʧʦʧʦʚʥʝʥʥʷ, ʪʘ 

ʫʥʠʢʘʪʠ ʩʠʪʫʘʮʽʡ ʜʝʬʽʮʠʪʫ ʧʽʜ ʯʘʩ ʘʢʪʠʚʥʦʛʦ ʧʦʧʠʪʫ. ʇʦʨʷʜ ʽʟ ʮʠʤ 

ʚʽʜʦʙʨʘʞʘʻʪʴʩʷ ʨʦʟʧʦʜʽʣ ʟʘʣʠʰʢʽʚ ʪʦʚʘʨʽʚ ʟʘ ʢʘʪʝʛʦʨʽʷʤʠ ʫ ʚʠʛʣʷʜʽ 
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ʜʽʘʛʨʘʤʠ, ʱʦ ʜʘʻ ʟʤʦʛʫ ʦʮʽʥʠʪʠ ʟʘʛʘʣʴʥʠʡ ʩʪʘʥ ʩʢʣʘʜʫ ʪʘ ʚʠʟʥʘʯʠʪʠ 

ʧʨʽʦʨʠʪʝʪʥʽ ʥʘʧʨʷʤʢʠ ʜʣʷ ʟʘʢʫʧʽʚʣʽ (ʨʠʩ. 4). ɺʘʞʣʠʚʦʶ ʬʫʥʢʮʽʦʥʘʣʴʥʦʶ 

ʦʩʦʙʣʠʚʽʩʪʶ ʩʪʦʨʽʥʢʠ ʻ ʤʦʞʣʠʚʽʩʪʴ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʩʬʦʨʤʫʚʘʪʠ ʟʘʤʦʚʣʝʥʥʷ 

ʧʦʩʪʘʯʘʣʴʥʠʢʫ ʥʘʪʠʩʢʘʥʥʷʤ ʢʥʦʧʢʠ çɿʘʤʦʚʠʪʠ ʪʦʚʘʨè, ʥʝ ʚʠʭʦʜʷʯʠ ʟ 

ʽʥʪʝʨʬʝʡʩʫ ʩʠʩʪʝʤʠ, ʱʦ ʩʫʪʪʻʚʦ ʩʢʦʨʦʯʫʻ ʯʘʩ ʥʘ ʚʠʢʦʥʘʥʥʷ ʨʫʪʠʥʥʠʭ 

ʣʦʛʽʩʪʠʯʥʠʭ ʦʧʝʨʘʮʽʡ. 
 

 

ʈʠʩʫʥʦʢ 4. ʉʪʘʪʠʩʪʠʢʘ ʽʥʚʝʥʪʘʨʠʟʘʮʽʾ 
 

ʉʪʦʨʽʥʢʘ çʇʨʦʜʘʞʽè ʟʘʙʝʟʧʝʯʫʻ ʜʝʪʘʣʴʥʠʡ ʘʥʘʣʽʟ ʨʝʘʣʽʟʘʮʽʾ ʪʦʚʘʨʽʚ ʫ 

ʨʦʟʨʽʟʽ ʢʘʪʝʛʦʨʽʡ, ʜʦʟʚʦʣʷʶʯʠ ʤʝʥʝʜʞʝʨʫ ʚʠʟʥʘʯʠʪʠ, ʷʢʽ ʛʨʫʧʠ ʪʦʚʘʨʽʚ 

ʢʦʨʠʩʪʫʶʪʴʩʷ ʥʘʡʙʽʣʴʰʠʤ ʧʦʧʠʪʦʤ ʩʝʨʝʜ ʧʦʢʫʧʮʽʚ (ʨʠʩ. 5). ʇʨʝʜʩʪʘʚʣʝʥʽ 

ʜʘʥʽ ʚʽʟʫʘʣʽʟʦʚʘʥʦ ʫ ʚʠʛʣʷʜʽ ʜʽʘʛʨʘʤ ʽ ʪʘʙʣʠʮʴ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʥʘʦʯʥʝ 

ʧʦʨʽʚʥʷʥʥʷ ʧʦʢʘʟʥʠʢʽʚ ʤʽʞ ʢʘʪʝʛʦʨʽʷʤʠ ʪʘ ʩʧʨʦʱʫʻ ʚʠʷʚʣʝʥʥʷ ʩʣʘʙʢʠʭ 

ʧʦʟʠʮʽʡ ʘʩʦʨʪʠʤʝʥʪʫ. ʅʘ ʦʩʥʦʚʽ ʦʪʨʠʤʘʥʠʭ ʜʘʥʠʭ ʤʝʥʝʜʞʝʨ ʤʦʞʝ 

ʧʨʠʡʤʘʪʠ ʦʙˇʨʫʥʪʦʚʘʥʽ ʨʽʰʝʥʥʷ ʱʦʜʦ ʢʦʨʠʛʫʚʘʥʥʷ ʘʩʦʨʪʠʤʝʥʪʫ ʪʘ 

ʤʘʨʢʝʪʠʥʛʦʚʦʾ ʩʪʨʘʪʝʛʽʾ, ʟʦʢʨʝʤʘ ʜʦʜʘʚʘʪʠ ʘʙʦ ʚʠʜʘʣʷʪʠ ʟʥʠʞʢʠ ʥʘ ʪʦʚʘʨʠ ʟ 

ʥʘʡʤʝʥʰʠʤ ʧʦʧʠʪʦʤ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʟ ʽʥʪʝʨʬʝʡʩʫ ʩʪʦʨʽʥʢʠ, ʱʦ ʚʠʢʣʶʯʘʻ 

ʥʝʦʙʭʽʜʥʽʩʪʴ ʧʝʨʝʭʦʜʫ ʜʦ ʽʥʰʠʭ ʨʦʟʜʽʣʽʚ ʩʠʩʪʝʤʠ. 

ʉʫʢʫʧʥʽʩʪʴ ʨʝʘʣʽʟʦʚʘʥʠʭ ʩʪʘʪʠʩʪʠʯʥʠʭ ʤʦʜʫʣʽʚ ï ʟʘʛʘʣʴʥʘ 

ʩʪʘʪʠʩʪʠʢʘ, ʬʽʥʘʥʩʦʚʘ ʘʥʘʣʽʪʠʢʘ, ʽʥʚʝʥʪʘʨʠʟʘʮʽʷ, ʘʥʘʣʽʟ ʧʨʦʜʘʞʽʚ ʪʘ 

ʢʣʽʻʥʪʩʴʢʘ ʙʘʟʘ ʬʦʨʤʫʻ ʽʥʪʝʛʨʦʚʘʥʝ ʩʝʨʝʜʦʚʠʱʝ ʜʣʷ ʦʧʝʨʘʪʠʚʥʦʛʦ 

ʤʦʥʽʪʦʨʠʥʛʫ ʪʘ ʢʦʤʧʣʝʢʩʥʦʛʦ ʫʧʨʘʚʣʽʥʥʷ ʜʽʷʣʴʥʽʩʪʶ ʽʥʪʝʨʥʝʪ-ʤʘʛʘʟʠʥʫ ʚ 
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ʨʝʞʠʤʽ ʨʝʘʣʴʥʦʛʦ ʯʘʩʫ. ʂʦʞʝʥ ʤʦʜʫʣʴ ʻ ʩʘʤʦʩʪʽʡʥʠʤ ʽʥʩʪʨʫʤʝʥʪʦʤ 

ʘʥʘʣʽʟʫ, ʚʦʜʥʦʯʘʩ ʫʩʽ ʚʦʥʠ ʣʦʛʽʯʥʦ ʧʦʚ'ʷʟʘʥʽ ʤʽʞ ʩʦʙʦʶ ʪʘ ʜʦʩʪʫʧʥʽ ʯʝʨʝʟ 

ʻʜʠʥʠʡ ʥʘʚʽʛʘʮʽʡʥʠʡ ʽʥʪʝʨʬʝʡʩ ʨʦʙʦʯʦʛʦ ʤʽʩʮʷ ʤʝʥʝʜʞʝʨʘ. ʊʘʢʘ 

ʘʨʭʽʪʝʢʪʫʨʘ ʘʥʘʣʽʪʠʯʥʦʾ ʧʽʜʩʠʩʪʝʤʠ ʩʫʪʪʻʚʦ ʧʽʜʚʠʱʫʻ ʰʚʠʜʢʽʩʪʴ ʽ ʷʢʽʩʪʴ 

ʧʨʠʡʥʷʪʪʷ ʫʧʨʘʚʣʽʥʩʴʢʠʭ ʨʽʰʝʥʴ, ʤʽʥʽʤʽʟʫʻ ʢʽʣʴʢʽʩʪʴ ʨʫʯʥʠʭ ʦʧʝʨʘʮʽʡ ʽ 

ʟʘʙʝʟʧʝʯʫʻ ʧʨʦʟʦʨʽʩʪʴ ʫʩʽʭ ʢʣʶʯʦʚʠʭ ʧʨʦʮʝʩʽʚ ʽʥʪʝʨʥʝʪ-ʤʘʛʘʟʠʥʫ. 

 

ʈʠʩʫʥʦʢ 5. ʉʪʘʪʠʩʪʠʢʘ ʧʨʦʜʘʞʽʚ 
 

6.ɺʀʉʅʆɺʂʀ ʊɸ ʇɽʈʉʇɽʂʊʀɺʀ ʇʆɼɸʃʔʐʀʍ ɼʆʉʃɯɼɾɽʅʔ. 

ʈʦʟʨʦʙʣʝʥʘ ʘʚʪʦʤʘʪʠʟʦʚʘʥʘ ʩʠʩʪʝʤʘ ʫʧʨʘʚʣʽʥʥʷ ʽʥʪʝʨʥʝʪ-ʤʘʛʘʟʠʥʦʤ ʟ 

ʽʥʪʝʛʨʦʚʘʥʠʤ ʨʦʙʦʯʠʤ ʤʽʩʮʝʤ ʤʝʥʝʜʞʝʨʘ ʪʘ ʩʪʘʪʠʩʪʠʯʥʠʤʠ ʤʦʜʫʣʷʤʠ 

ʟʘʙʝʟʧʝʯʫʻ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʦʙʨʦʙʢʠ ʟʘʤʦʚʣʝʥʴ, ʟʤʝʥʰʝʥʥʷ ʯʘʩʫ 

ʥʘ ʚʠʢʦʥʘʥʥʷ ʨʫʪʠʥʥʠʭ ʦʧʝʨʘʮʽʡ ʽ ʧʦʢʨʘʱʝʥʥʷ ʷʢʦʩʪʽ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ 

ʢʣʽʻʥʪʽʚ. ʅʘʷʚʥʽʩʪʴ ʚʽʟʫʘʣʴʥʠʭ ʧʘʥʝʣʝʡ ʜʣʷ ʘʥʘʣʽʟʫ ʟʘʛʘʣʴʥʦʾ, ʬʽʥʘʥʩʦʚʦʾ, 

ʩʢʣʘʜʩʴʢʦʾ, ʧʨʦʜʘʞʥʦʾ ʪʘ ʢʣʽʻʥʪʩʴʢʦʾ ʩʪʘʪʠʩʪʠʢʠ ʬʦʨʤʫʻ ʦʩʥʦʚʫ ʜʣʷ 

ʧʨʠʡʥʷʪʪʷ ʦʙˇʨʫʥʪʦʚʘʥʠʭ ʫʧʨʘʚʣʽʥʩʴʢʠʭ ʨʽʰʝʥʴ ʫ ʩʬʝʨʽ ʝʣʝʢʪʨʦʥʥʦʾ 

ʢʦʤʝʨʮʽʾ. ʇʦʜʘʣʴʰʽ ʜʦʩʣʽʜʞʝʥʥʷ ʤʦʞʫʪʴ ʙʫʪʠ ʩʧʨʷʤʦʚʘʥʽ ʥʘ ʚʧʨʦʚʘʜʞʝʥʥʷ 

ʤʝʪʦʜʽʚ ʤʘʰʠʥʥʦʛʦ ʥʘʚʯʘʥʥʷ ʜʣʷ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʧʦʧʠʪʫ, ʧʝʨʩʦʥʘʣʽʟʘʮʽʾ 

ʨʝʢʦʤʝʥʜʘʮʽʡ ʢʣʽʻʥʪʘʤ, ʦʧʪʠʤʽʟʘʮʽʾ ʟʘʧʘʩʽʚ, ʘ ʪʘʢʦʞ ʥʘ ʽʥʪʝʛʨʘʮʽʶ ʩʠʩʪʝʤʠ 

ʟ ʟʦʚʥʽʰʥʽʤʠ ʩʝʨʚʽʩʘʤʠ ʦʧʣʘʪʠ ʽ ʣʦʛʽʩʪʠʢʠ. 
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ʊɽʍʅʆʃʆɻɯʏʅɽ ʋʉʊɸʊʂʋɺɸʅʅʗ ʄɸɻʅɯʊʅʆ-ɯʄʇʋʃʔʉʅʆɰ 

ʆɹʈʆɹʂʀ 

 

ɸʥʦʪʘʮʽʷ: ʋ ʨʦʙʦʪʽ ʜʦʩʣʽʜʞʝʥʦ ʬʫʥʢʮʽʦʥʘʣʴʥʽ ʩʭʝʤʠ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ 

ʫʩʪʘʪʢʫʚʘʥʥʷ ʜʣʷ ʤʘʛʥʽʪʥʦ-ʽʤʧʫʣʴʩʥʦʾ ʦʙʨʦʙʢʠ ʤʘʪʝʨʽʘʣʽʚ, ʩʧʨʷʤʦʚʘʥʦʾ ʥʘ ʧʽʜʚʠʱʝʥʥʷ 

ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʽʥʩʪʨʫʤʝʥʪʽʚ. ʈʦʟʛʣʷʥʫʪʦ ʧʨʠʥʮʠʧ ʜʽʾ ʫʩʪʘʥʦʚʦʢ, ʱʦ 

ʙʘʟʫʻʪʴʩʷ ʥʘ ʧʝʨʝʪʚʦʨʝʥʥʽ ʝʣʝʢʪʨʠʯʥʦʾ ʝʥʝʨʛʽʾ, ʥʘʢʦʧʠʯʝʥʦʾ ʫ ʢʦʥʜʝʥʩʘʪʦʨʽ, ʫ ʟʤʽʥʥʝ 

ʤʘʛʥʽʪʥʝ ʧʦʣʝ ʚʠʩʦʢʦʾ ʥʘʧʨʫʞʝʥʦʩʪʽ. ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʩʪʨʫʢʪʫʨʫ ʫʩʪʘʪʢʫʚʘʥʥʷ, ʷʢʘ 

ʚʢʣʶʯʘʻ ʧʽʜʛʦʪʦʚʯʠʡ ʽ ʪʝʭʥʦʣʦʛʽʯʥʠʡ ʚʫʟʣʠ, ʘ ʪʘʢʦʞ ʦʩʥʦʚʥʽ ʝʣʝʤʝʥʪʠ ʩʠʩʪʝʤʠ: 

ʪʨʘʥʩʬʦʨʤʘʪʦʨ, ʚʠʧʨʷʤʣʷʯ, ʥʘʢʦʧʠʯʫʚʘʯ ʝʥʝʨʛʽʾ, ʢʦʤʫʪʘʪʦʨ ʽ ʩʦʣʝʥʦʾʜ. ʆʧʠʩʘʥʦ 

ʧʨʦʮʝʩ ʬʦʨʤʫʚʘʥʥʷ ʽʤʧʫʣʴʩʥʦʛʦ ʩʪʨʫʤʫ ʪʘ ʤʝʭʘʥʽʟʤ ʚʧʣʠʚʫ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʥʘ 

ʤʘʪʝʨʽʘʣ ʟʘʛʦʪʦʚʢʠ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʤʝʥʰʝʥʥʷ ʚʥʫʪʨʽʰʥʽʭ ʥʘʧʨʫʞʝʥʴ ʽ ʧʽʜʚʠʱʝʥʥʷ 

ʬʽʟʠʢʦ-ʤʝʭʘʥʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʝʬʝʢʪʠʚʥʽʩʪʴ ʦʙʨʦʙʢʠ 

ʚʠʟʥʘʯʘʻʪʴʩʷ ʚʠʙʦʨʦʤ ʨʝʞʠʤʽʚ ʪʘ ʧʘʨʘʤʝʪʨʽʚ ʫʩʪʘʪʢʫʚʘʥʥʷ. ʆʙˇʨʫʥʪʦʚʘʥʦ 

ʧʝʨʩʧʝʢʪʠʚʥʽʩʪʴ ʟʘʩʪʦʩʫʚʘʥʥʷ ʤʘʛʥʽʪʥʦ-ʽʤʧʫʣʴʩʥʦʾ ʦʙʨʦʙʢʠ ʷʢ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʦʾ ʪʘ 

ʙʝʟʢʦʥʪʘʢʪʥʦʾ ʪʝʭʥʦʣʦʛʽʾ ʟʤʽʮʥʝʥʥʷ ʽʥʩʪʨʫʤʝʥʪʽʚ ʫ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʽ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʤʘʛʥʽʪʥʦ-ʽʤʧʫʣʴʩʥʘ ʦʙʨʦʙʢʘ, ʽʥʜʫʢʪʦʨ, ʽʤʧʫʣʴʩʥʠʡ ʩʪʨʫʤ, 

ʟʤʽʮʥʝʥʥʷ ʤʘʪʝʨʽʘʣʽʚ, ʪʝʭʥʦʣʦʛʽʯʥʝ ʫʩʪʘʪʢʫʚʘʥʥʷ, ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʝ ʧʦʣʝ. 

 

Abstract: The paper investigates functional schemes of technological equipment for 

magnetic pulse processing aimed at improving the performance properties of tools. The 

operating principle of installations based on the conversion of electrical energy stored in a 

capacitor into a high-intensity alternating magnetic field is considered. The structure of the 

equipment is analyzed, including preparatory and technological units, as well as key system 

components such as a transformer, rectifier, energy storage unit, switch, and solenoid. The 

process of pulse current generation and the mechanism of electromagnetic field influence on 

https://journals.snu.edu.ua/index.php/VisnikSNU/article/view/433
https://arxiv.org/pdf/2212.00016.pdf
https://doi.org/10.54097/51qmiveqpf


184 
 

the material, leading to reduced internal stresses and improved physical and mechanical 

properties, are described. It is established that processing efficiency depends on the correct 

selection of operating modes and equipment parameters. The ʧʝʨʩʧʝʢʪʠʚʥʽʩʪʴ of magnetic 

pulse processing as an energy-efficient and contactless method for tool strengthening in 

mechanical engineering is substantiated. 

Keywords: magnetic pulse processing, inductor, pulse current, material strengthening, 

technological equipment, electromagnetic field. 

 

ʇʦʣʽʧʰʝʥʥʷ ʚʣʘʩʪʠʚʦʩʪʝʡ ʫ ʬʝʨʦʤʘʛʥʽʪʥʠʭ ʜʝʪʘʣʝʡ, ʷʢʽ ʧʨʦʡʰʣʠ 

ʤʘʛʥʽʪʥʦ-ʽʤʧʫʣʴʩʥʫ ʦʙʨʦʙʢʫ ʜʦʩʷʛʘʻʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ ʩʧʨʷʤʦʚʘʥʦʾ ʦʨʽʻʥʪʘʮʽʾ 

ʚʽʣʴʥʠʭ ʝʣʝʢʪʨʦʥʽʚ ʨʝʯʦʚʠʥʠ ʟʦʚʥʽʰʥʽʤ ʧʦʣʝʤ, ʚʥʘʩʣʽʜʦʢ ʯʦʛʦ 

ʟʙʽʣʴʰʫʻʪʴʩʷ ʪʝʧʣʦ- ʽ ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʽʩʪʴ ʤʘʪʝʨʽʘʣʫ. [1]. 

ɿʘʩʪʦʩʦʚʫʶʯʠ ʤʘʛʥʽʪʥʦ-ʽʤʧʫʣʴʩʥʫ ʦʙʨʦʙʢʫ, ʤʦʞʥʘ ʟʥʘʯʥʦ ʟʤʝʥʰʠʪʠ 

ʥʘʜʣʠʰʢʦʚʫ ʝʥʝʨʛʽʶ ʤʘʪʝʨʽʘʣʫ, ʧʦʚ'ʷʟʘʥʫ ʟ ʢʦʥʮʝʥʪʨʘʮʽʻʶ ʚʥʫʪʨʽʰʥʽʭ ʽ 

ʧʦʚʝʨʭʥʝʚʠʭ ʥʘʧʨʫʞʝʥʴ ʚ ʢʦʥʢʨʝʪʥʽʡ ʜʝʪʘʣʽ, ʽ ʟʥʠʟʠʪʠ ʜʦ ʤʽʥʽʤʫʤʫ 

ʡʤʦʚʽʨʥʽʩʪʴ ʾʾ ʧʦʣʦʤʢʠ [2]. 

ʄʘʛʥʽʪʥʝ ʟʤʽʮʥʝʥʥʷ ʥʘ ʦʩʥʦʚʽ ʤʝʪʦʜʫ ʤʘʛʥʽʪʥʦ-ʽʤʧʫʣʴʩʥʦʾ ʦʙʨʦʙʢʠ 

(ʄɯʆ) ʤʘʻ ʥʠʟʢʫ ʧʝʨʝʚʘʛ, ʟʦʢʨʝʤʘ: ʥʠʟʴʢʘ ʩʦʙʽʚʘʨʪʽʩʪʴ ʦʙʨʦʙʣʝʥʥʷ, 

ʟʙʝʨʝʞʝʥʥʷ ʛʝʦʤʝʪʨʽʾ ʦʙʨʦʙʣʝʥʠʭ ʜʝʪʘʣʝʡ, ʚʽʜʩʫʪʥʽʩʪʴ ʚʠʪʨʘʪʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ, ʧʨʦʩʪʦʪʘ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʦʩʥʘʱʝʥʥʷ ʪʘ ʝʢʦʣʦʛʽʯʥʘ ʯʠʩʪʦʪʘ. 

ɺʦʜʥʦʯʘʩ ʩʣʽʜ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʢʣʶʯʦʚʠʤ ʤʦʤʝʥʪʦʤ ʟʘʙʝʟʧʝʯʝʥʥʷ 

ʝʬʝʢʪʠʚʥʦʩʪʽ ʄɯʆ ʻ ʧʨʘʚʠʣʴʥʠʡ ʚʠʙʽʨ ʨʝʞʠʤʽʚ ʦʙʨʦʙʢʠ. ʋʩʧʽʰʥʝ 

ʨʦʟʚ'ʷʟʘʥʥʷ ʟʘʜʘʯʽ ʦʪʨʠʤʘʥʥʷ ʧʦʪʨʽʙʥʠʭ ʨʝʞʠʤʽʚ ʄɯʆ ʥʘ ʫʩʪʘʥʦʚʢʘʭ ʤʦʞʝ 

ʙʫʪʠ ʜʦʩʷʛʥʫʪʦ ʰʣʷʭʦʤ ʩʪʚʦʨʝʥʥʷ ʚʽʜʧʦʚʽʜʥʦʛʦ ʪʝʭʥʽʯʥʦʛʦ ʫʩʪʘʪʢʫʚʘʥʥʷ.  

ʄʝʪʘ ʨʦʙʦʪʠ: ʘʥʘʣʽʟ ʬʫʥʢʮʽʦʥʘʣʴʥʠʭ ʩʭʝʤ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ 

ʫʩʪʘʪʢʫʚʘʥʥʷ ʤʘʛʥʽʪʥʦ-ʽʤʧʫʣʴʩʥʦʾ ʦʙʨʦʙʢʠ. 

ʊʝʭʥʦʣʦʛʽʷ ʤʘʛʥʽʪʥʦ-ʽʤʧʫʣʴʩʥʦʾ ʦʙʨʦʙʢʠ ʤʘʪʝʨʽʘʣʽʚ ʟʘʩʥʦʚʘʥʘ ʥʘ 

ʧʝʨʝʪʚʦʨʝʥʥʽ ʝʣʝʢʪʨʠʯʥʦʾ ʝʥʝʨʛʽʾ, ʟʘʧʘʩʝʥʦʾ ʚ ʥʘʢʦʧʠʯʫʚʘʯʽ, ʚ ʟʤʽʥʥʝ 

ʤʘʛʥʽʪʥʝ ʧʦʣʝ, ʧʽʜ ʚʧʣʠʚʦʤ ʷʢʦʛʦ ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʤʽʮʥʝʥʥʷ ʤʘʪʝʨʽʘʣʫ.  

ʋʩʪʘʥʦʚʢʠ ʜʣʷ ʤʘʛʥʽʪʥʦ-ʽʤʧʫʣʴʩʥʦʾ ʦʙʨʦʙʢʠ ʚʢʣʶʯʘʶʪʴ ʜʚʘ ʦʩʥʦʚʥʽ 

ʚʫʟʣʠ: ʧʽʜʛʦʪʦʚʯʠʡ (ʥʘʢʦʧʠʯʝʥʥʷ ʝʥʝʨʛʽʾ ʽ ʬʦʨʤʫʚʘʥʥʷ ʽʤʧʫʣʴʩʥʦʾ ʥʘʧʨʫʛʠ 

ʽ ʩʪʨʫʤʫ) ʽ ʪʝʭʥʦʣʦʛʽʯʥʠʡ. ɼʦ ʧʽʜʛʦʪʦʚʯʦʛʦ ʚʫʟʣʘ ʚʽʜʥʦʩʷʪʴʩʷ ʛʝʥʝʨʘʪʦʨʠ 

ʽʤʧʫʣʴʩʥʠʭ ʩʪʨʫʤʽʚ, ʜʦ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ï ʩʦʣʝʥʦʾʜ. 

ʆʩʥʦʚʥʠʤʠ ʝʣʝʤʝʥʪʘʤʠ ʫʩʪʘʥʦʚʦʢ (ʨʠʩ.1) ʜʣʷ ʤʘʛʥʽʪʥʦ-ʽʤʧʫʣʴʩʥʦʾ 

ʦʙʨʦʙʢʠ ʽʥʩʪʨʫʤʝʥʪʽʚ ʻ: ʪʨʘʥʩʬʦʨʤʘʪʦʨ ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ, ʚʠʩʦʢʦʚʦʣʴʪʥʠʡ 

ʚʠʧʨʷʤʣʷʯ, ʢʦʥʜʝʥʩʘʪʦʨ ʘʙʦ ʙʘʪʘʨʝʷ, ʱʦ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʪʘʢʠʭ 

ʢʦʥʜʝʥʩʘʪʦʨʽʚ, ʢʦʤʫʪʘʪʦʨ ʽ ʪʝʭʥʦʣʦʛʽʯʥʠʡ ʙʣʦʢ ï ʩʦʣʝʥʦʾʜ.  
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ʈʠʩʫʥʦʢ 1. ʆʩʥʦʚʥʽ ʝʣʝʤʝʥʪʠ ʫʩʪʘʥʦʚʢʠ ʜʣʷ ʤʘʛʥʽʪʥʦ-ʽʤʧʫʣʴʩʥʦʾ 

ʦʙʨʦʙʢʠ 

        ʅʘ ʧʝʨʰʦʤʫ ʝʪʘʧʽ ʨʦʙʦʪʠ ʚʽʜʙʫʚʘʻʪʴʩʷ ʥʘʢʦʧʠʯʝʥʥʷ ʝʥʝʨʛʽʾ ʫ 
ʚʠʩʦʢʦʚʦʣʴʪʥʦʤʫ ʢʦʥʜʝʥʩʘʪʦʨʽ. ɺʽʜʥʦʩʥʘ ʥʠʟʴʢʘ ʟʤʽʥʥʘ ʤʝʨʝʞʝʚʘ ʥʘʧʨʫʛʘ 

ʧʽʜʚʠʱʫʻʪʴʩʷ, ʟʘ ʜʦʧʦʤʦʛʦʶ ʪʨʘʥʩʬʦʨʤʘʪʦʨʘ (ʨʠʩ. 2) ʜʦ ʜʝʢʽʣʴʢʦʭ ʦʜʠʥʠʮʴ 

ʘʙʦ ʜʝʩʷʪʢʽʚ ʢʽʣʦʚʦʣʴʪ. 

 

 
 

ʈʠʩʫʥʦʢ 2. ʇʽʜʚʠʱʝʥʥʷ ʟʤʽʥʥʦʾ ʤʝʨʝʞʝʚʦʾ ʥʘʧʨʫʛʠ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʪʨʘʥʩʬʦʨʤʘʪʦʨʘ 

ʎʷ ʥʘʧʨʫʛʘ ʚʠʧʨʷʤʣʷʻʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʜʽʦʜʘ ʽ ʟʘʨʷʜʞʘʻ 

ʢʦʥʜʝʥʩʘʪʦʨ (ʨʠʩ. 3) ʜʦ ʡʦʛʦ ʨʦʙʦʯʦʾ ʥʘʧʨʫʛʠ. 

ʅʘ ʜʨʫʛʦʤʫ ʝʪʘʧʽ ʟʘʨʷʜʞʝʥʠʡ ʢʦʥʜʝʥʩʘʪʦʨ ʧʦʚʠʥʝʥ ʨʦʟʨʷʜʠʪʴʩʷ ʥʘ 

ʽʥʜʫʢʪʦʨ. ɺʠʥʠʢʘʻ ʨʝʟʦʥʥʝ ʧʠʪʘʥʥʷ - ʷʢ ʟʘʤʢʥʫʪʠ ʣʘʥʮʶʛ ʟ ʪʘʢʦʶ ʚʠʩʦʢʦʶ 

ʥʘʧʨʫʛʦʶ? ʆʯʝʚʠʜʥʦ, ʱʦ ʧʨʦʩʪʠʡ ʚʠʤʠʢʘʯ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʥʝ ʚʠʡʜʝ, 

͔́ͻ͎ͤͦͦ͜͡;͙͚ͤ ͋ͦ͟͡ 

˴ͦͣͯͭ͊ͭͦͪ 

˴͔ͦͤ͒ͤͫ͊ͭͦͪ 

́ͪ͊ͤͫͺͦͪͣ͊ͭͦͪ 
͒͡Ύ ͍͙ͨ͒͜΅͔ͤͤΎ 
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ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʽ ʢʣʶʯʽ ʪʝʞ ʩʠʣʴʥʦ ʦʙʤʝʞʝʥʽ ʧʦ ʤʘʢʩʠʤʘʣʴʥʽʡ ʥʘʧʨʫʟʽ. 

ɼʣʷ ʮʠʭ ʮʽʣʝʡ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʩʧʝʮʽʘʣʴʥʠʡ ʧʨʠʩʪʨʽʡ - ʢʝʨʦʚʘʥʠʡ 

ʨʦʟʨʷʜʥʠʢ 

 

 

ʈʠʩʫʥʦʢ  3. ɺʠʧʨʷʤʥʠʡ ʜʽʦʜ ʽ ʢʦʥʜʝʥʩʘʪʦʨ  

ɺʽʥ ʩʢʣʘʜʘʻʪʴʩʷ ( ʨʠʩ.4) ʟ ʧʘʨʠ ʦʩʥʦʚʥʠʭ ʝʣʝʢʪʨʦʜʽʚ ʽ ʦʜʥʦʛʦ 

ʢʝʨʫʶʯʦʛʦ. ɺʽʜʩʪʘʥʴ ʤʽʞ ʦʩʥʦʚʥʠʤʠ ʝʣʝʢʪʨʦʜʘʤʠ ʥʘʣʘʰʪʦʚʫʻʪʴʩʷ ʪʘʢ, ʱʦʙ 

ʚʠʪʨʠʤʫʚʘʪʠ ʨʦʙʦʯʫ ʥʘʧʨʫʛʫ ʜʦ ʷʢʦʾ ʟʘʨʷʜʞʘʻʪʴʩʷ ʢʦʥʜʝʥʩʘʪʦʨ. ɼʣʷ ʪʦʛʦ, 

ʱʦʙ ʟʘʤʢʥʫʪʠ ʩʠʣʦʚʠʡ ʣʘʥʮʶʛ ʫʩʪʘʥʦʚʢʠ, ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʨʠʩʪʨʦʶ 

ʧʽʜʧʘʣʝʥʥʷ , ʧʦʜʘʻʪʴʩʷ ʥʝʚʝʣʠʢʠʡ ʽʤʧʫʣʴʩ ʚʠʩʦʢʦʾ ʥʘʧʨʫʛʠ ʜʦ ʢʝʨʫʶʯʦʛʦ ʽ 

ʦʜʥʦʤʫ ʟ ʦʩʥʦʚʥʠʭ ʝʣʝʢʪʨʦʜʽʚ. 

ʄʽʞ ʥʠʤʠ ʚʠʥʠʢʘʻ ʥʝʚʝʣʠʢʘ ʽʩʢʨʘ, ʷʢʘ ʽʥʽʮʽʶʻ ʧʨʦʙʽʡ ʧʨʦʤʽʞʢʫ ʤʽʞ 

ʦʩʥʦʚʥʠʤʠ ʝʣʝʢʪʨʦʜʘʤʠ. ɺʠʥʠʢʘʻ ʧʨʦʚʽʜʥʠʡ ʢʘʥʘʣ, ʷʢʠʡ ʟʘʤʠʢʘʻ 

ʨʦʟʨʷʜʥʠʡ ʢʦʥʪʫʨ ʽ ʢʦʥʜʝʥʩʘʪʦʨ ʨʦʟʨʷʜʞʘʻʪʴʩʷ ʥʘ ʽʥʜʫʢʪʦʨ.   ʋ ʤʦʤʝʥʪ 

ʨʦʟʨʷʜʫ, ʧʦ ʽʥʜʫʢʪʦʨʫ ʧʨʦʪʽʢʘʻ ʽʤʧʫʣʴʩʥʠʡ ʩʪʨʫʤ, ʜʝʩʷʪʢʠ ʘʙʦ ʥʘʚʽʪʴ ʩʦʪʥʽ 

ʢʽʣʦʘʤʧʝʨ ʧʨʦʪʷʛʦʤ ʤʽʣʴʡʦʥʥʠʭ ʜʦʣʴ ʩʝʢʫʥʜʠ. ɿʘʚʜʷʢʠ ʪʘʢʦʤʫ ʢʦʨʦʪʢʦʤʫ 

ʯʘʩʫ ʨʦʟʨʷʜʫ ʤʠʪʪʻʚʘ ʧʦʪʫʞʥʽʩʪʴ ʥʘʙʫʚʘʪʠ ʚʝʣʠʯʝʟʥʠʭ ʟʥʘʯʝʥʴ. ɼʦʚʢʦʣʘ 

ʚʠʪʢʽʚ ʽʥʜʫʢʪʦʨʘ ʚʠʥʠʢʘʻ ʟʤʽʥʥʝ ʤʘʛʥʽʪʥʝ ʧʦʣʝ ʚʠʩʦʢʦʾ ʥʘʧʨʫʞʝʥʦʩʪʽ. ʋ 

ʟʘʛʦʪʽʚʮʽ, ʷʢʘ ʟʥʘʭʦʜʠʪʴʩʷ ʚ ʮʴʦʤʫ ʧʦʣʽ, ʯʝʨʝʟ ʟʘʢʦʥ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʾ 

ʽʥʜʫʢʮʽʾ, ʚʠʥʠʢʘʶʪʴ ʚʠʭʨʦʚʽ ʩʪʨʫʤʠ. ʅʘʧʨʷʤʠ ʮʠʭ ʩʪʨʫʤʽʚ ʧʨʦʪʠʣʝʞʥʦ 

ʩʪʨʫʤʫ ʚ ʽʥʜʫʢʪʦʨʽ. 
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ʈʠʩʫʥʦʢ  4. ɿʘʤʠʢʘʥʥʷ  ʩʠʣʦʚʦʛʦ ʣʘʥʮʶʛʘ ʫʩʪʘʥʦʚʢʠ 

ʄʘʛʥʽʪʥʦ-ʽʤʧʫʣʴʩʥʘ ʦʙʨʦʙʢʘ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʧʦʣʽʧʰʝʥʥʷ 

ʬʽʟʠʢʦ-ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʤʘʪʝʨʽʘʣʫ ʽʥʩʪʨʫʤʝʥʪʫ, ʾʾ ʜʽʷ ʥʘʧʨʘʚʣʝʥʘ 

ʥʘ ʣʦʢʘʣʴʥʝ ʨʦʟʽʛʨʽʚʘʥʥʷ ʤʝʪʘʣʫ. ɼʽʷ ʦʙʨʦʙʢʠ ʚʽʜʙʫʚʘʻʪʴʩʷ ʚ ʤʽʩʮʷʭ 

ʢʦʥʮʝʥʪʨʘʮʽʾ ʥʘʧʨʫʛʠ, ʜʝʬʝʢʪʽʚ ʢʨʠʩʪʘʣʽʯʥʦʾ ʨʝʰʽʪʢʠ, ʥʘʷʚʥʦʩʪʽ ʩʪʦʨʦʥʥʽʭ 

ʚʢʣʶʯʝʥʴ ʽ ʚʝʜʝ ʘʙʦ ʜʦ ʚʠʧʨʘʚʣʝʥʥʷ ʜʝʬʝʢʪʫ, ʘʙʦ ʡʦʛʦ ʚʠʰʪʦʚʭʫʚʘʥʥʶ. 

ɺʀʉʅʆɺʂʀ 

1. ʊʝʭʥʽʯʥʘ ʩʪʦʨʦʥʘ ʦʙʨʦʙʢʠ ʧʦʣʷʛʘʻ ʚ ʨʽʟʢʦʤʫ ʚʢʣʶʯʝʥʥʽ ʚʠʩʦʢʦʛʦ 

ʩʪʨʫʤʫ ʥʘ ʽʥʜʫʢʪʦʨʽ, ʥʝʦʙʭʽʜʥʦʛʦ ʜʣʷ ʨʦʟʚʠʪʢʫ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʥʷ 

ʯʘʩʪʦʪʠ ʽʤʧʫʣʴʩʫ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ. ɽʥʝʨʛʽʷ ʜʣʷ ʮʠʭ ʮʽʣʝʡ ʥʘʢʦʧʠʯʫʻʪʴʩʷ ʚ 

ʢʦʥʜʝʥʩʘʪʦʨʘʭ.  

2. ɺ ʮʽʻʾ ʪʝʭʥʦʣʦʛʽʾ ʰʠʨʦʢʽ ʤʦʞʣʠʚʦʩʪʽ - ʙʝʟʧʦʩʝʨʝʜʥʷ ʜʽʷ ʥʘ 

ʽʥʩʪʨʫʤʝʥʪ ʟʜʽʡʩʥʶʻʪʴʩʷ ʜʠʩʪʘʥʮʽʡʥʦ, ʙʝʟ ʢʦʥʪʘʢʪʫ, ʱʦ ʜʦʟʚʦʣʷʻ 

ʟʤʽʮʥʶʚʘʪʠ ʽʥʩʪʨʫʤʝʥʪ, ʱʦ ʤʘʻ ʩʢʣʘʜʥʫ ʬʦʨʤʫ ʘʙʦ ʩʪʨʫʢʪʫʨʫ. 
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ʂʽʥʜʝʥʢʦ ʄ.ɯ. (ɼʦʥʙʘʩʴʢʘ ʜʝʨʞʘʚʥʘ ʤʘʰʠʥʦʙʫʜʽʚʥʘ ʘʢʘʜʝʤʽʷ, ʤʤ. 

ʂʨʘʤʘʪʦʨʩʴʢ ï ʊʝʨʥʦʧʽʣʴ ï ʍʫʩʪ, ʋʢʨʘʾʥʘ). 

 

ʆʇʊʀʄɯɿɸʎɯʗ ʋʇʈɸɺʃɯʅʅʗ ʄɸɻʅɯʊʅʆ-ɯʄʇʋʃʔʉʅʆʖ 

ʆɹʈʆɹʂʆʖ ɯʅʉʊʈʋʄɽʅʊʋ ʐʃʗʍʆʄ ɺʀʂʆʈʀʉʊɸʅʅʗ 

ʄɽʊʆɼɯɺ ʐʊʋʏʅʆɻʆ ɯʅʊɽʃɽʂʊʋ 

 
ɸʥʦʪʘʮʽʷ: ʋ ʨʦʙʦʪʽ ʜʦʩʣʽʜʞʝʥʦ ʧʽʜʭʦʜʠ ʜʦ ʦʧʪʠʤʽʟʘʮʽʾ ʫʧʨʘʚʣʽʥʥʷ ʧʨʦʮʝʩʦʤ 

ʤʘʛʥʽʪʥʦ-ʽʤʧʫʣʴʩʥʦʾ ʦʙʨʦʙʢʠ ʽʥʩʪʨʫʤʝʥʪʽʚ ʟʽ ʰʚʠʜʢʦʨʽʟʘʣʴʥʠʭ ʩʪʘʣʝʡ ʽʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʤʝʪʦʜʽʚ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ. ʈʦʟʛʣʷʥʫʪʦ ʦʩʦʙʣʠʚʦʩʪʽ ʬʦʨʤʫʚʘʥʥʷ 

ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʽʥʩʪʨʫʤʝʥʪʽʚ ʧʽʜ ʚʧʣʠʚʦʤ ʽʤʧʫʣʴʩʥʠʭ ʤʘʛʥʽʪʥʠʭ ʧʦʣʽʚ 

ʪʘ ʚʠʟʥʘʯʝʥʦ ʢʣʶʯʦʚʽ ʧʘʨʘʤʝʪʨʠ ʧʨʦʮʝʩʫ, ʱʦ ʚʧʣʠʚʘʶʪʴ ʥʘ ʷʢʽʩʪʴ ʦʙʨʦʙʢʠ. 

ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʩʪʨʫʢʪʫʨʫ ʽʥʪʝʣʝʢʪʫʘʣʴʥʦʾ ʩʠʩʪʝʤʠ ʫʧʨʘʚʣʽʥʥʷ, ʷʢʘ ʧʦʻʜʥʫʻ ʛʝʥʝʪʠʯʥʽ 

ʘʣʛʦʨʠʪʤʠ ʜʣʷ ʧʦʰʫʢʦʚʦʾ ʦʧʪʠʤʽʟʘʮʽʾ ʨʝʞʠʤʽʚ ʪʘ ʥʝʯʽʪʢʽ ʥʝʡʨʦʥʥʽ ʤʝʨʝʞʽ ʜʣʷ 

ʤʦʜʝʣʶʚʘʥʥʷ ʽ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʨʝʟʫʣʴʪʘʪʽʚ ʦʙʨʦʙʢʠ. ʆʧʠʩʘʥʦ ʤʝʭʘʥʽʟʤ ʘʜʘʧʪʠʚʥʦʛʦ 

ʢʝʨʫʚʘʥʥʷ, ʱʦ ʚʨʘʭʦʚʫʻ ʧʘʨʘʤʝʪʨʠ ʤʘʪʝʨʽʘʣʫ ʪʘ ʛʝʦʤʝʪʨʽʾ ʜʝʪʘʣʽ, ʘ ʪʘʢʦʞ ʨʝʘʣʽʟʫʻ 

ʩʘʤʦʥʘʚʯʘʥʥʷ ʩʠʩʪʝʤʠ ʥʘ ʦʩʥʦʚʽ ʥʘʢʦʧʠʯʝʥʠʭ ʜʘʥʠʭ. ʇʦʢʘʟʘʥʦ, ʱʦ ʟʘʩʪʦʩʫʚʘʥʥʷ 

ʽʥʪʝʣʝʢʪʫʘʣʴʥʠʭ ʤʝʪʦʜʽʚ ʜʦʟʚʦʣʷʻ ʧʽʜʚʠʱʠʪʠ ʪʦʯʥʽʩʪʴ ʚʠʙʦʨʫ ʨʝʞʠʤʽʚ ʦʙʨʦʙʢʠ, 

ʩʢʦʨʦʪʠʪʠ ʯʘʩ ʥʘʣʘʰʪʫʚʘʥʥʷ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʧʨʦʮʝʩʫ ʪʘ ʧʦʢʨʘʱʠʪʠ ʷʢʽʩʪʴ ʟʤʽʮʥʝʥʥʷ 

ʽʥʩʪʨʫʤʝʥʪʽʚ. ʆʙˇʨʫʥʪʦʚʘʥʦ ʧʝʨʩʧʝʢʪʠʚʥʽʩʪʴ ʚʧʨʦʚʘʜʞʝʥʥʷ ʽʥʪʝʣʝʢʪʫʘʣʴʥʠʭ ʩʠʩʪʝʤ 

ʫ ʪʝʭʥʦʣʦʛʽʾ ʤʘʛʥʽʪʥʦ-ʽʤʧʫʣʴʩʥʦʾ ʦʙʨʦʙʢʠ ʚ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʽ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʤʘʛʥʽʪʥʦ-ʽʤʧʫʣʴʩʥʘ ʦʙʨʦʙʢʘ, ʰʪʫʯʥʠʡ ʽʥʪʝʣʝʢʪ, ʛʝʥʝʪʠʯʥʽ 

ʘʣʛʦʨʠʪʤʠ, ʥʝʯʽʪʢʽ ʥʝʡʨʦʥʥʽ ʤʝʨʝʞʽ, ʦʧʪʠʤʽʟʘʮʽʷ, ʫʧʨʘʚʣʽʥʥʷ ʧʨʦʮʝʩʘʤʠ. 

 

Abstract: The paper investigates approaches to optimizing the control of magnetic 

pulse processing of high-speed steel tools using artificial intelligence methods. The formation 

of operational properties of tools under pulsed magnetic fields is analyzed, and key process 

parameters affecting processing quality are identified. An intelligent control system structure 

combining genetic algorithms for search optimization and fuzzy neural networks for modeling 

and prediction is proposed. The adaptive control mechanism considers material and geometry 

parameters and implements self-learning based on accumulated data. The application of 

intelligent methods improves parameter selection accuracy, reduces setup time, and enhances 

processing quality. 

Keywords: magnetic pulse processing, artificial intelligence, genetic algorithms, fuzzy 

neural networks, optimization, process control. 

 

ɽʬʝʢʪʠʚʥʽʩʪʴ ʧʨʘʮʝʟʜʘʪʥʦʩʪʽ ʦʩʴʦʚʦʛʦ ʽʥʩʪʨʫʤʝʥʪʘ ʤʦʞʝ ʙʫʪʠ 

ʽʩʪʦʪʥʦ ʧʽʜʚʠʱʝʥʘ ʚ ʨʝʟʫʣʴʪʘʪʽ ʚʠʢʦʨʠʩʪʘʥʥʷ ʪʝʭʥʦʣʦʛʽʾ ʤʘʛʥʽʪʥʦʾ ʦʙʨʦʙʢʠ 

ʽʥʩʪʨʫʤʝʥʪʫ.  

ʇʦʣʽʧʰʝʥʥʷ ʚʣʘʩʪʠʚʦʩʪʝʡ ʫ ʬʝʨʦʤʘʛʥʽʪʥʠʭ ʜʝʪʘʣʝʡ, ʷʢʽ ʧʨʦʡʰʣʠ 

ʤʘʛʥʽʪʥʦ-ʽʤʧʫʣʴʩʥʫ ʦʙʨʦʙʢʫ ʜʦʩʷʛʘʻʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ ʩʧʨʷʤʦʚʘʥʦʾ ʦʨʽʻʥʪʘʮʽʾ 

ʚʽʣʴʥʠʭ ʝʣʝʢʪʨʦʥʽʚ ʨʝʯʦʚʠʥʠ ʟʦʚʥʽʰʥʽʤ ʧʦʣʝʤ, ʚʥʘʩʣʽʜʦʢ ʯʦʛʦ 

ʟʙʽʣʴʰʫʻʪʴʩʷ ʪʝʧʣʦ- ʽ ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʽʩʪʴ ʤʘʪʝʨʽʘʣʫ. ɺʟʘʻʤʦʜʽʷ 

ʽʤʧʫʣʴʩʥʦʛʦ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʟ ʜʝʪʘʣʣʶ ʟ ʩʪʨʫʤʦʧʨʦʚʽʜʥʦʛʦ ʤʘʪʝʨʽʘʣʫ 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʪʠʤ ʽʥʪʝʥʩʠʚʥʽʰʝ, ʯʠʤ ʚʠʱʝ ʩʪʨʫʢʪʫʨʥʘ ʽ ʝʥʝʨʛʝʪʠʯʥʘ 

ʥʝʦʜʥʦʨʽʜʥʽʩʪʴ ʨʝʯʦʚʠʥʠ [1]. 
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ʄʘʛʥʽʪʥʝ ʟʤʽʮʥʝʥʥʷ ʥʘ ʦʩʥʦʚʽ ʤʝʪʦʜʫ ʤʘʛʥʽʪʥʦ-ʽʤʧʫʣʴʩʥʦʾ ʦʙʨʦʙʢʠ 

(ʄɯʆ) ʤʘʻ ʥʠʟʢʫ ʧʝʨʝʚʘʛ, ʟʦʢʨʝʤʘ: ʥʠʟʴʢʘ ʩʦʙʽʚʘʨʪʽʩʪʴ ʦʙʨʦʙʣʝʥʥʷ, 

ʟʙʝʨʝʞʝʥʥʷ ʛʝʦʤʝʪʨʽʾ ʦʙʨʦʙʣʝʥʠʭ ʜʝʪʘʣʝʡ, ʚʽʜʩʫʪʥʽʩʪʴ ʚʠʪʨʘʪʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ, ʧʨʦʩʪʦʪʘ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʦʩʥʘʱʝʥʥʷ ʪʘ ʝʢʦʣʦʛʽʯʥʘ ʯʠʩʪʦʪʘ. 

ɿʘʩʪʦʩʦʚʫʶʯʠ ʄɯʆ, ʤʦʞʥʘ ʟʥʘʯʥʦ ʟʤʝʥʰʠʪʠ ʥʘʜʣʠʰʢʦʚʫ ʝʥʝʨʛʽʶ 

ʤʘʪʝʨʽʘʣʫ, ʧʦʚ'ʷʟʘʥʫ ʟ ʢʦʥʮʝʥʪʨʘʮʽʻʶ ʚʥʫʪʨʽʰʥʽʭ ʽ ʧʦʚʝʨʭʥʝʚʠʭ ʥʘʧʨʫʞʝʥʴ 

ʚ ʢʦʥʢʨʝʪʥʽʡ ʜʝʪʘʣʽ, ʽ ʟʥʠʟʠʪʠ ʜʦ ʤʽʥʽʤʫʤʫ ʡʤʦʚʽʨʥʽʩʪʴ ʾʾ ʧʦʣʦʤʢʠ. 

ɺʦʜʥʦʯʘʩ ʩʣʽʜ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʢʣʶʯʦʚʠʤ ʤʦʤʝʥʪʦʤ ʟʘʙʝʟʧʝʯʝʥʥʷ 

ʝʬʝʢʪʠʚʥʦʩʪʽ ʄɯʆ ʻ ʧʨʘʚʠʣʴʥʠʡ ʚʠʙʽʨ ʨʝʞʠʤʽʚ ʦʙʨʦʙʢʠ. ɺʠʙʽʨ ʨʝʞʠʤʽʚ ʻ 

ʩʢʣʘʜʥʠʤ ʪʝʭʥʽʯʥʠʤ ʟʘʚʜʘʥʥʷʤ, ʱʦ ʧʦʪʨʝʙʫʻ ʽʥʜʠʚʽʜʫʘʣʴʥʦʛʦ ʧʽʜʭʦʜʫ ʜʦ 

ʚʠʨʽʰʝʥʥʷ ʜʣʷ ʢʦʞʥʦʾ ʢʦʥʢʨʝʪʥʦʾ ʛʘʣʫʟʽ ʟʘʩʪʦʩʫʚʘʥʥʷ. ʋʩʧʽʰʥʝ 

ʨʦʟʚ'ʷʟʘʥʥʷ ʟʘʜʘʯʽ ʚʠʙʦʨʫ ʨʝʞʠʤʽʚ ʄɯʆ ʤʦʞʝ ʙʫʪʠ ʜʦʩʷʛʥʫʪʦ ʰʣʷʭʦʤ 

ʩʪʚʦʨʝʥʥʷ ʽʥʪʝʣʝʢʪʫʘʣʴʥʠʭ ʩʠʩʪʝʤ ʢʝʨʫʚʘʥʥʷ ʮʠʤ ʧʨʦʮʝʩʦʤ. 

ʅʠʥʽ ʪʨʠʚʘʻ ʽʥʪʝʥʩʠʚʥʠʡ ʨʦʟʚʠʪʦʢ ʤʝʪʦʜʽʚ ʽ ʟʘʩʦʙʽʚ ʤʘʛʥʽʪʥʦ-

ʽʤʧʫʣʴʩʥʦʾ ʦʙʨʦʙʢʠ (ʄɯʆ), ʫ ʟʚ'ʷʟʢʫ ʟ ʯʠʤ ʦʩʦʙʣʠʚʦʛʦ ʽʥʪʝʨʝʩʫ ʥʘʙʫʚʘʻ 

ʧʨʦʙʣʝʤʘ ʤʘʪʝʤʘʪʠʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʄɯʆ ʟ ʤʝʪʦʶ ʦʧʪʠʤʘʣʴʥʦʛʦ 

ʢʝʨʫʚʘʥʥʷ ʾʾ ʦʩʥʦʚʥʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ. ʉʢʣʘʜʥʽʩʪʴ ʢʝʨʫʚʘʥʥʷ ʧʨʦʮʝʩʦʤ ʄɯʆ 

ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ, ʱʦ ʥʝʦʙʭʽʜʥʦ ʦʜʥʦʯʘʩʥʦ ʟʜʽʡʩʥʶʚʘʪʠ ʢʝʨʫʚʘʥʥʷ ʢʽʣʴʢʦʤʘ 

ʧʘʨʘʤʝʪʨʘʤʠ (ʥʘʧʨʫʞʝʥʽʩʪʶ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ, ʯʠʩʣʦʤ ʽʤʧʫʣʴʩʽʚ ʫ ʩʝʨʽʾ, 

ʯʘʩʪʦʪʦʶ ʧʨʦʭʦʜʞʝʥʥʷ ʽʤʧʫʣʴʩʽʚ, ʯʘʩʦʤ ʽʤʧʫʣʴʩʫ ʚ ʩʝʨʽʾ, ʽʥʪʝʨʚʘʣʘʤʠ ʤʽʞ 

ʽʤʧʫʣʴʩʦʤ ʫ ʩʝʨʽʾ, ʯʠʩʣʦʤ ʩʝʨʽʡ ʽʤʧʫʣʴʩʽʚ). 

ʂʝʨʫʚʘʥʥʷ ʄɯʆ ʜʦʚʦʜʠʪʴʩʷ ʟʜʽʡʩʥʶʚʘʪʠ ʥʘ ʧʽʜʩʪʘʚʽ ʝʤʧʽʨʠʯʥʠʭ 

ʟʘʣʝʞʥʦʩʪʝʡ ʽ ʜʦʩʚʽʜʯʝʥʠʭ ʜʘʥʠʭ, ʥʘ ʷʢʽ ʽʩʪʦʪʥʦ ʚʧʣʠʚʘʶʪʴ ʤʘʪʝʨʽʘʣ ʽ 

ʬʦʨʤʘ ʚʠʨʦʙʫ.  

ʋ ʩʠʪʫʘʮʽʾ, ʱʦ ʩʢʣʘʣʘʩʷ, ʚʠʥʠʢʘʻ ʥʝʦʙʭʽʜʥʽʩʪʴ ʩʪʚʦʨʝʥʥʷ 

ʽʥʪʝʣʝʢʪʫʘʣʴʥʦʾ ʩʠʩʪʝʤʠ ʫʧʨʘʚʣʽʥʥʷ ʄɯʆ, ʱʦ ʜʘʻ ʟʤʦʛʫ ʦʧʪʠʤʽʟʫʚʘʪʠ 

ʨʝʞʠʤʠ ʦʙʨʦʙʣʝʥʥʷ ʜʣʷ ʢʦʥʢʨʝʪʥʠʭ ʪʠʧʽʚ ʽ ʤʘʪʝʨʽʘʣʽʚ ʦʙʨʦʙʣʶʚʘʥʠʭ 

ʚʠʨʦʙʽʚ. 

ʅʘʷʚʥʽʩʪʴ ʘʧʨʽʦʨʥʦ ʟʘʜʘʥʠʭ ʨʝʞʠʤʽʚ ʄɯʆ ʯʘʩʪʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ 

ʟʥʠʞʝʥʥʷ ʷʢʦʩʪʽ ʦʙʨʦʙʢʠ, ʦʩʢʽʣʴʢʠ ʧʽʜ ʯʘʩ ʧʨʦʛʨʘʤʫʚʘʥʥʷ ʥʝ ʤʦʞʫʪʴ ʙʫʪʠ 

ʚʨʘʭʦʚʘʥʽ ʦʩʦʙʣʠʚʦʩʪʽ ʄɯʆ ʢʦʥʢʨʝʪʥʦʾ ʜʝʪʘʣʽ ʽ ʨʦʟʨʘʭʫʥʦʢ ʚʝʜʝʪʴʩʷ ʟʘ 

ʫʩʝʨʝʜʥʝʥʠʤʠ ʩʝʨʝʜʥʴʦʩʪʘʪʠʩʪʠʯʥʠʤʠ ʜʘʥʠʤʠ. ʈʘʟʦʤ ʟ ʪʠʤ, ʫ ʙʘʛʘʪʴʦʭ 

ʚʠʧʘʜʢʘʭ ʦʧʪʠʤʘʣʴʥʽ ʨʝʞʠʤʠ ʄɯʆ ʻ ʫʥʽʢʘʣʴʥʠʤʠ ʜʣʷ ʢʦʥʢʨʝʪʥʦʛʦ ʟʨʘʟʢʘ 

ʚʠʨʦʙʫ.  

ʄʝʪʘ ʨʦʙʦʪʠ: ʦʩʢʽʣʴʢʠ ʝʬʝʢʪʠʚʥʽʩʪʴ ʧʨʦʮʝʩʫ ʄɯʆ ʙʝʟʧʦʩʝʨʝʜʥʴʦ 

ʟʘʣʝʞʠʪʴ ʚʽʜ ʪʦʯʥʦʩʪʽ ʚʠʙʦʨʫ ʨʝʞʠʤʽʚ, ʚʠʥʠʢʘʻ ʥʝʦʙʭʽʜʥʽʩʪʴ ʨʦʟʚ'ʷʟʘʥʥʷ 

ʟʘʜʘʯʽ ʦʧʪʠʤʘʣʴʥʦʛʦ ʫʧʨʘʚʣʽʥʥʷ ʨʝʞʠʤʘʤʠ - ʩʫʢʫʧʥʦʩʪʽ ʯʠʩʣʦʚʠʭ ʟʥʘʯʝʥʴ 

ʢʽʣʴʢʦʭ ʧʘʨʘʤʝʪʨʽʚ, ʦʩʥʦʚʥʠʤʠ ʟ ʷʢʠʭ ʻ: ʥʘʧʨʫʞʝʥʽʩʪʴ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ, ʯʘʩ 

ʽʤʧʫʣʴʩʫ ʚ ʩʝʨʽʾ, ʯʘʩʪʦʪʘ ʧʨʦʭʦʜʞʝʥʥʷ ʽʤʧʫʣʴʩʽʚ,  ʢʽʣʴʢʽʩʪʴ ʽʤʧʫʣʴʩʽʚ ʫ 

ʩʝʨʽʾ, ʽʥʪʝʨʚʘʣ ʤʽʞ ʽʤʧʫʣʴʩʘʤʠ ʚ ʩʝʨʽʾ, ʢʽʣʴʢʽʩʪʴ ʩʝʨʽʡ ʽʤʧʫʣʴʩʽʚ.  

ʅʘ ʧʽʜʩʪʘʚʽ ʚʠʱʝʚʠʢʣʘʜʝʥʦʛʦ ʤʦʞʥʘ ʟʨʦʙʠʪʠ ʚʠʩʥʦʚʦʢ, ʱʦ ʜʣʷ 

ʧʦʜʦʣʘʥʥʷ ʟʘʟʥʘʯʝʥʠʭ ʥʝʜʦʣʽʢʽʚ ʥʝʦʙʭʽʜʥʘ ʥʘʷʚʥʽʩʪʴ ʽʥʪʝʣʝʢʪʫʘʣʴʥʦʾ 
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ʩʠʩʪʝʤʠ ʫʧʨʘʚʣʽʥʥʷ, ʱʦ ʜʘʻ ʟʤʦʛʫ ʦʧʪʠʤʽʟʫʚʘʪʠ ʧʨʦʮʝʩ ʦʙʨʦʙʣʝʥʥʷ ʢʦʞʥʦʾ 

ʜʝʪʘʣʽ, ʱʦ ʚʠʟʥʘʯʘʻ ʫʤʦʚʠ ʪʘ ʷʢʽʩʪʴ ʧʨʦʮʝʩʫ ʄɯʆ. ʋʧʨʘʚʣʽʥʥʷ ʧʨʦʮʝʩʘʤʠ 

ʄɯʆ ʚ ʽʥʪʝʣʝʢʪʫʘʣʴʥʽʡ ʩʠʩʪʝʤʽ ʫʧʨʘʚʣʽʥʥʷ ʄɯʆ ʤʦʞʝ ʙʫʪʠ ʟʜʽʡʩʥʝʥʦ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʤʝʪʦʜʽʚ ʘʜʘʧʪʠʚʥʦʛʦ ʫʧʨʘʚʣʽʥʥʷ. 

ʎʽʡ ʧʨʦʙʣʝʤʽ ʡ ʧʨʠʩʚʷʯʝʥʽ ʜʦʩʣʽʜʞʝʥʥʷ, ʧʨʦʚʝʜʝʥʽ ʚ ʜʘʥʽʡ ʨʦʙʦʪʽ. 

ɼʦʮʽʣʴʥʽʩʪʴ ʟʘʩʪʦʩʫʚʘʥʥʷ ʛʝʥʝʪʠʯʥʠʭ ʘʣʛʦʨʠʪʤʽʚ ʧʽʜ ʯʘʩ ʦʧʪʠʤʽʟʘʮʽʾ 

ʨʝʞʠʤʽʚ ʄɯʆ ʦʙˇʨʫʥʪʦʚʘʥʦ ʪʠʤ, ʱʦ ʥʘ ʧʨʘʢʪʠʮʽ ʩʢʣʘʜʥʦ ʟʘʬʽʢʩʫʚʘʪʠ 

ʚʣʘʩʪʠʚʦʩʪʽ ʬʫʥʢʮʽʦʥʘʣʴʥʦʾ ʟʘʣʝʞʥʦʩʪʽ ʚʠʭʽʜʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʨʝʞʠʤʽʚ ʄɯʆ 

ʚʽʜ ʚʭʽʜʥʠʭ ʚʝʣʠʯʠʥ, ʱʝ ʩʢʣʘʜʥʽʰʝ ʟʨʦʙʠʪʠ ʘʥʘʣʽʪʠʯʥʠʡ ʦʧʠʩ ʪʘʢʦʾ 

ʟʘʣʝʞʥʦʩʪʽ. ɻʝʥʝʪʠʯʥʠʡ ʤʝʪʦʜ ʫʪʚʦʨʶʻ ʢʣʘʩ ʘʣʛʦʨʠʪʤʽʚ ʧʦʰʫʢʦʚʦʾ 

ʦʧʪʠʤʽʟʘʮʽʾ, ʟʘʩʥʦʚʘʥʠʭ ʥʘ ʤʘʪʝʤʘʪʠʯʥʦʤʫ ʤʦʜʝʣʶʚʘʥʥʽ ʙʽʦʣʦʛʽʯʥʠʭ 

ʤʝʭʘʥʽʟʤʽʚ ʽ ʧʨʦʮʝʩʽʚ ʫ ʞʠʚʽʡ ʧʨʠʨʦʜʽ ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʨʠʥʮʠʧʽʚ 

ʧʦʧʫʣʷʮʽʡʥʦʾ ʛʝʥʝʪʠʢʠ, ʱʦ ʜʘʶʪʴ ʟʤʦʛʫ ʟʥʘʭʦʜʠʪʠ ʦʧʪʠʤʘʣʴʥʽ ʘʙʦ ʙʣʠʟʴʢʽ 

ʜʦ ʥʠʭ (ʩʫʙʦʧʪʠʤʘʣʴʥʽ) ʨʽʰʝʥʥʷ [2]. 

ɼʦʮʽʣʴʥʽʩʪʴ ʟʘʩʪʦʩʫʚʘʥʥʷ ʥʝʯʽʪʢʦʾ ʥʝʡʨʦʤʝʨʝʞʽ ʚ ʩʠʩʪʝʤʽ ʫʧʨʘʚʣʽʥʥʷ 

ʄɯʆ ʟʫʤʦʚʣʝʥʘ ʥʝʦʙʭʽʜʥʽʩʪʶ ʢʣʘʩʠʬʽʢʘʮʽʾ ʜʘʥʠʭ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ 

ʧʽʜ ʯʘʩ ʦʙʨʦʙʢʠ [3,4]. ɽʬʝʢʪʠʚʥʦ ʚʠʨʽʰʠʪʠ ʟʘʜʘʯʫ ʤʦʜʝʣʶʚʘʥʥʷ ʪʘ 

ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʨʝʟʫʣʴʪʘʪʽʚ ʄɯʆ. ɺʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʘʧʨʽʦʨʥʫ ʽʥʬʦʨʤʘʮʽʶ, 

ʟʜʦʙʫʚʘʪʠ ʥʦʚʽ ʟʥʘʥʥʷ ʽ ʙʫʪʠ ʜʣʷ ʢʦʨʠʩʪʫʚʘʯʘ ʣʦʛʽʯʥʦ ʧʨʦʟʦʨʠʤʠ. ɿʥʘʯʥʫ 

ʨʦʣʴ ʧʨʠ ʫʧʨʘʚʣʽʥʥʽ ʧʨʦʮʝʩʦʤ ʄɯʆ ʤʘʻ ʪʝʭʥʦʣʦʛʽʷ ʦʙ'ʻʢʪʠʚʽʟʘʮʽʾ ʧʨʦʮʝʩʫ 

ʧʨʠʡʥʷʪʪʷ ʨʽʰʝʥʴ. ɯʥʬʦʨʤʘʮʽʡʥʘ ʥʝʚʠʟʥʘʯʝʥʽʩʪʴ ʽ ʥʝʧʝʨʝʜʙʘʯʫʚʘʥʽ ʫʤʦʚʠ 

ʟʫʤʦʚʣʶʶʪʴ ʨʘʮʽʦʥʘʣʴʥʽʩʪʴ ʟʘʩʪʦʩʫʚʘʥʥʷ ʤʝʪʦʜʽʚ ʪʝʦʨʽʾ ʥʝʡʨʦ-ʥʝʯʽʪʢʠʭ 

ʩʠʩʪʝʤ ʜʣʷ ʫʧʨʘʚʣʽʥʥʷ ʩʢʣʘʜʥʠʤ ʧʨʦʮʝʩʦʤ ʄɯʆ. ʅʘ ʨʠʩʫʥʢʫ 1 

ʧʨʝʜʩʪʘʚʣʝʥʦ ʫʟʘʛʘʣʴʥʝʥʫ ʩʪʨʫʢʪʫʨʥʫ ʩʭʝʤʫ ʫʧʨʘʚʣʽʥʥʷ ʄɯʆ, ʱʦ ʤʽʩʪʠʪʴ ʫ 

ʩʦʙʽ: ʙʣʦʢ ʦʧʪʠʤʽʟʘʮʽʾ ʧʘʨʘʤʝʪʨʽʚ ʄɯʆ; ʙʣʦʢ ʥʘʚʯʘʥʥʷ ʽ ʧʨʦʛʥʦʟʫʚʘʥʥʷ 

ʨʝʟʫʣʴʪʘʪʽʚ ʄɯʆ. 

ʇʝʨʝʜ ʧʦʯʘʪʢʦʤ ʦʙʨʦʙʢʠ ʚʚʦʜʷʪʴʩʷ ʧʘʨʘʤʝʪʨʠ ʦʙʨʦʙʣʶʚʘʥʦʾ ʜʝʪʘʣʽ - 

ʤʘʪʝʨʽʘʣ ʟʘʛʦʪʦʚʢʠ ʽ ʛʝʦʤʝʪʨʠʯʥʽ ʧʘʨʘʤʝʪʨʠ ʜʝʪʘʣʽ. ʇʽʩʣʷ ʦʪʨʠʤʘʥʥʷ ʮʠʭ 

ʜʘʥʠʭ ʢʦʤʧ'ʶʪʝʨ ʚʠʟʥʘʯʘʻ ʧʦʪʨʽʙʥʫ ʢʦʤʙʽʥʘʮʽʶ ʧʘʨʘʤʝʪʨʽʚ ʦʙʨʦʙʣʶʚʘʥʦʾ 

ʜʝʪʘʣʽ ʟ ʙʘʟʠ ʜʘʥʠʭ (ɹɼ). ʗʢʱʦ ʪʘʢʘ ʽʥʬʦʨʤʘʮʽʷ ʟʥʘʡʜʝʥʘ, ʟ ʙʘʟʠ ʜʘʥʠʭ 

ʚʠʪʷʛʘʶʪʴ ʜʽʘʧʘʟʦʥʠ ʧʘʨʘʤʝʪʨʽʚ ʨʝʞʠʤʽʚ ʦʙʨʦʙʣʝʥʥʷ (ʥʘʧʨʫʞʝʥʽʩʪʴ 

ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʅ, ʯʠʩʣʦʤ ʽʤʧʫʣʴʩʽʚ ʫ ʩʝʨʽʾ n, ʯʘʩʦʤ ʽʤʧʫʣʴʩʫ ʚ ʩʝʨʽʾ Ű, 

ʽʥʪʝʨʚʘʣʦʤ ʤʽʞ ʽʤʧʫʣʴʩʦʤ ʫ ʩʝʨʽʾ t, ʯʠʩʣʦʤ ʩʝʨʽʡ ʽʤʧʫʣʴʩʽʚ Ū). ʗʢʱʦ 

ʽʥʬʦʨʤʘʮʽʷ ʥʝ ʟʥʘʡʜʝʥʘ, ʧʨʦʚʦʜʠʪʴʩʷ ʧʦʰʫʢ ʜʝʪʘʣʽ ʟ ʤʘʢʩʠʤʘʣʴʥʦ 

ʙʣʠʟʴʢʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ.  

ʇʽʩʣʷ ʪʦʛʦ, ʷʢ ʚʠʟʥʘʯʝʥʦ ʜʽʘʧʘʟʦʥ ʧʘʨʘʤʝʪʨʽʚ ʨʝʞʠʤʽʚ ʦʙʨʦʙʢʠ, ʚʽʥ 

ʦʧʪʠʤʽʟʫʻʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʛʝʥʝʪʠʯʥʦʛʦ ʘʣʛʦʨʠʪʤʫ. ɻʝʥʝʪʠʯʥʠʡ ʘʣʛʦʨʠʪʤ 

ʦʧʝʨʫʻ ʩʫʢʫʧʥʽʩʪʶ ʧʘʨʘʤʝʪʨʽʚ ʨʝʞʠʤʽʚ ʄɯʆ (ʅ, n, Ű, t, Ū), ʟʘ ʷʢʠʭ ʧʽʩʣʷ 

ʄɯʆ ʜʝʪʘʣʝʡ ʧʝʚʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʽ ʛʝʦʤʝʪʨʽʾ, ʦʪʨʠʤʫʶʪʴ ʟʘʜʘʥʫ ʪʚʝʨʜʽʩʪʴ 

ʧʦʚʝʨʭʥʽ. 

 

 



191 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ʈʠʩʫʥʦʢ 1. ʋʟʘʛʘʣʴʥʝʥʘ ʩʪʨʫʢʪʫʨʥʘ ʩʭʝʤʘ ʫʧʨʘʚʣʽʥʥʷ ʄɯʆ 

ʇʽʩʣʷ ʪʦʛʦ, ʷʢ ʚʠʟʥʘʯʝʥʦ ʧʘʨʘʤʝʪʨʠ ʨʝʞʠʤʽʚ ʦʙʨʦʙʢʠ, ʚʦʥʠ 

ʧʦʜʘʶʪʴʩʷ ʯʝʨʝʟ ʥʝʯʽʪʢʫ ʥʝʡʨʦʥʥʫ ʤʝʨʝʞʫ. ʇʘʨʘʤʝʪʨʠ ʨʝʞʠʤʽʚ ʄɯʆ 

ʧʨʦʭʦʜʷʪʴ ʯʦʪʠʨʽ ʙʣʦʢʠ ʩʠʩʪʝʤʠ ʥʝʯʽʪʢʦʛʦ ʣʦʛʽʯʥʦʛʦ ʚʠʚʝʜʝʥʥʷ:  

- ʙʣʦʢ ʬʘʟʟʠʬʽʢʘʮʽʾ, ʱʦ ʧʝʨʝʪʚʦʨʶʻ ʯʠʩʝʣʴʥʽ ʧʘʨʘʤʝʪʨʽʚ ʨʝʞʠʤʽʚ 

ʄɯʆ (ʅ, n, Ű, t, Ū);  

- ʙʘʟʘ ʜʘʥʠʭ, ʱʦ ʤʽʩʪʠʪʴ ʥʘʙʽʨ ʥʝʯʽʪʢʠʭ ʧʨʘʚʠʣ ʱʦʜʦ ʟʤʽʥʠ ʨʝʞʠʤʽʚ 

ʦʙʨʦʙʣʝʥʥʷ;  

- ʙʣʦʢ ʫʭʚʘʣʝʥʥʷ ʨʽʰʝʥʴ, ʱʦ ʟʜʽʡʩʥʶʻ ʦʧʝʨʘʮʽʾ ʚʠʚʝʜʝʥʥʷ ʥʘ ʧʽʜʩʪʘʚʽ 

ʥʘʷʚʥʠʭ ʧʨʘʚʠʣ; 

 - ʙʣʦʢ ʜʝʬʘʟʟʠʬʽʢʘʮʽʾ, ʱʦ ʧʝʨʝʪʚʦʨʶʻ ʨʝʟʫʣʴʪʘʪʠ ʚʠʚʝʜʝʥʥʷ ʚ 

ʯʠʩʝʣʴʥʽ ʟʥʘʯʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʨʝʞʠʤʽʚ ʄɯʆ (ʅ, n, Ű, t, Ū). 

˨͊ͨ͊ͦͤ͘͜ ͙ͣͤ͘͜ ͔͍ͨ͊ͪ͊ͣͭͪ͜ 
          ͪ ͔͙͍͗ͣ͜ ˸˱ ˻

ˣͦ͟͡ ͙ͦͨͭͣ͊͘͜ͼ͜͝ ͔͍ͨ͊ͪ͊ͣͭͪ͜ ˸ ˱ ˻

˾͔͔͍ͦͣͤ͒ͦ͊ͤ͟
 ͜
  ͪ ͔͙͙͗ͣ ˸ ˱ ˻ ̂ͭͦ;ͤΌΌ;͜ ͔͙ͨ͊ͪ͊ͣͭͪ 

       ͪ ͔͙͍͗ͣ͜ ˸˱˻ 

     ˽ ͔͔ͦͨͪ͒ͤ͜ 
͔͙ͨ͊ͪ͊ͣͭͪ ˸˱˻ 

˾͔ͯ͘͡Έͭ͊ͭ ˸˱˻ 

ˣͦ͟͡ ͍ͤ͊;͊ͤͤΎ ͭ͊ ͎͍ͨͪͦͤͦͯ͊ͤͤ͘Ύ ͔ͪͯ͘͡Έ͍ͭ͊ͭ͜ ˸˱˻ 

   x ͊͊͘ ͤ͊ͤ͘Έ 
΅ͦ͒ͦ 
͔͙͍ͪ͗ͣ͜  ˸ ˱ ˻

˥͔͔͙ͤͭ;͙͚ͤ 
  ͊ ͎͙ͦͪͭͣ͡ 

˹;͔ͭ͊͜͟ ͔͚ͤͪͦͤͤ͊  
         ͣ ͔͔ͪ͗͊ 

 ˸˱ ˻
 
 
         ͣ ͔͔ͪ͗͊ 
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ˤ͙ͻ͒ͤ͜͜ ͒͊ͤ͜ 
͒͡Ύ ͙ͦ͋ͪͦ͋͟ 

ʋʪʦʯʥʝʥʽ ʧʘʨʘʤʝʪʨʠ ʧʦʜʘʶʪʴʩʷ ʥʘ ʤʦʜʫʣʴ ʢʝʨʫʚʘʥʥʷ ʩʦʣʝʥʦʾʜʦʤ, 

ʧʽʩʣʷ ʯʦʛʦ ʟʜʽʡʩʥʶʻʪʴʩʷ ʧʨʦʮʝʩ ʄɯʆ. ʇʽʩʣʷ ʦʙʨʦʙʢʠ ʧʨʦʚʦʜʠʪʴʩʷ ʦʮʽʥʢʘ 

ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ, ʽ ʷʢʱʦ ʦʪʨʠʤʘʥʠʡ ʨʝʟʫʣʴʪʘʪ ʥʝ ʟʘʜʦʚʦʣʴʥʷʻ ʟʘʷʚʣʝʥʦʤʫ, 

ʨʝʟʫʣʴʪʘʪʠ ʦʙʨʦʙʢʠ ʚʽʜʧʨʘʚʣʷʶʪʴʩʷ ʥʘ ʥʘʚʯʘʥʥʷ ʥʝʯʽʪʢʦʾ ʥʝʡʨʦʤʝʨʝʞʽ. ʇʽʜ 

ʯʘʩ ʥʘʚʯʘʥʥʷ ʥʝʯʽʪʢʦʾ ʥʝʡʨʦʥʥʦʾ ʤʝʨʝʞʽ ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʤʽʥʘ ʧʘʨʘʤʝʪʨʽʚ 

ʨʝʞʠʤʽʚ ʦʙʨʦʙʢʠ, ʽ ʟʤʽʥʝʥʽ ʨʝʞʠʤʠ ʧʦʜʘʶʪʴʩʷ ʥʘ ʄɯʆ. ʎʠʢʣ 

ʧʦʚʪʦʨʶʻʪʴʩʷ, ʜʦ ʦʪʨʠʤʘʥʥʷ ʥʝʦʙʭʽʜʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ, ʧʽʩʣʷ ʯʦʛʦ ʨʝʞʠʤʠ 

ʦʙʨʦʙʢʠ ʟʘʧʠʩʫʶʪʴʩʷ ʚ ʙʘʟʫ ʜʘʥʠʭ ʽ ʙʘʟʫ ʜʘʥʠʭ ʥʝʯʽʪʢʦʾ ʥʝʡʨʦʤʝʨʝʞʽ. 

ʋʩʪʘʥʦʚʢʘ ʟ ʽʥʪʝʣʝʢʪʫʘʣʴʥʦʶ ʩʠʩʪʝʤʦʶ ʫʧʨʘʚʣʽʥʥʷ (ʨʠʩ. 2) 

ʬʫʥʢʮʽʦʥʫʻ ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ: ʫ ʨʦʙʦʯʫ ʧʦʨʦʞʥʠʥʫ ʩʦʣʝʥʦʾʜʘ (6) 

ʨʦʟʤʽʱʫʶʪʴ ʜʝʪʘʣʴ (7), ʱʦ ʧʽʜʣʷʛʘʻ ʄɯʆ.  

 
 

 

 

 

 

 

 

 

 

 

 

ʈʠʩʫʥʦʢ 2. ʌʫʥʢʮʽʦʥʘʣʴʥʘ ʩʭʝʤʘ ʫʩʪʘʥʦʚʢʠ ʟ ʽʥʪʝʣʝʢʪʫʘʣʴʥʦʶ 

ʩʠʩʪʝʤʦʶ ʫʧʨʘʚʣʽʥʥʷ ʄɯʆ 

ʆʧʝʨʘʪʦʨ ʚʚʦʜʠʪʴ ʜʘʥʽ ʧʨʦ ʦʙʨʦʙʣʶʚʘʥʫ ʜʝʪʘʣʴ ʫ ʙʘʟʫ ʜʘʥʠʭ 

ʽʥʪʝʣʝʢʪʫʘʣʴʥʦʾ ʩʠʩʪʝʤʠ ʫʧʨʘʚʣʽʥʥʷ ʄɯʆ (2). ʆʪʨʠʤʘʥʘ ʽʥʬʦʨʤʘʮʽʷ 

ʦʪʨʠʤʘʥʘ ʽʥʬʦʨʤʘʮʽʷ ʦʙʨʦʙʣʷʻʪʴʩʷ ʩʠʩʪʝʤʦʶ ʫʧʨʘʚʣʽʥʥʷ (2), ʷʢʘ ʟʘ 

ʦʪʨʠʤʘʥʠʤʠ ʜʘʥʠʤʠ ʟʘʜʘʻ ʧʘʨʘʤʝʪʨʠ ʨʝʞʠʤʽʚ ʦʙʨʦʙʢʠ. ʇʽʩʣʷ ʮʴʦʛʦ ʩʠʛʥʘʣ 

ʧʦʜʘʻʪʴʩʷ ʥʘ ʤʽʢʨʦʢʦʥʪʨʦʣʝʨ (3), ʯʝʨʝʟ ʧʝʨʝʪʚʦʨʶʚʘʯ (4) ʽ ʤʦʜʫʣʴ 

ʫʧʨʘʚʣʽʥʥʽ ʩʦʣʝʥʦʾʜʦʤ (5). ʋ ʩʦʣʝʥʦʾʜʽ ʚʠʥʠʢʘʻ ʤʘʛʥʽʪʥʠʡ ʧʦʪʽʢ, ʷʢʠʡ 

ʢʦʥʮʝʥʪʨʫʻʪʴʩʷ ʥʘ ʚʠʨʦʙʽ.  

ʈʦʟʨʦʙʣʝʥʘ ʩʠʩʪʝʤʘ ʤʘʻ ʪʘʢʽ ʤʦʞʣʠʚʦʩʪʽ:  

1. ɺʠʙʽʨ ʧʘʨʘʤʝʪʨʽʚ ʨʝʞʠʤʽʚ ʄɯʆ ʧʽʜ ʢʦʥʢʨʝʪʥʠʡ ʚʠʨʽʙ ʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʽʥʬʦʨʤʘʮʽʾ ʱʦʜʦ ʧʦʯʘʪʢʦʚʠʭ ʨʝʞʠʤʽʚ ʦʙʨʦʙʣʝʥʥʷ, ʱʦ 

ʤʽʩʪʷʪʴʩʷ ʚ ʙʘʟʽ ʜʘʥʠʭ ʩʠʩʪʝʤʠ.  

2. ʋʪʦʯʥʝʥʥʷ ʦʧʪʠʤʘʣʴʥʠʭ ʨʝʞʠʤʽʚ ʄɯʆ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʥʝʯʽʪʢʦʾ 

ʥʝʡʨʦʥʥʦʾ ʤʝʨʝʞʽ.  

3. ɿʙʝʨʝʞʝʥʥʷ ʨʝʟʫʣʴʪʘʪʽʚ ʦʙʨʦʙʢʠ ʢʦʥʢʨʝʪʥʠʭ ʚʠʨʦʙʽʚ ʫ ʙʘʟʽ ʜʘʥʠʭ ʽ 

ʨʝʘʣʽʟʘʮʽʷ ʤʝʭʘʥʽʟʤʫ ʩʘʤʦʥʘʚʯʘʥʥʷ. 

      2 
˱˿̂ ˸˱˻ 

3 ˸ ͪͦ͜͟- 
͔ͦͤͭͪͦͪ͟͡ 

4 ˽ ͔͔͍ͪͭͦͪΌ͍͊; 
  1 ˨ ͔͔͗ͪͦ͡ 
    ͗ ͙͍͔ͤͤ͡Ύ 

5 ˸ ͦ͒ͯ͡Έ ͍ͯͨͪ͊ͤͤ͜͡Ύ 
 ͫ ͔ͦͤͦ͒ͦͣ͡͝ 

 

 6 

7 
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ʇʨʦʛʨʘʤʥʫ ʨʝʘʣʽʟʘʮʽʶ ʘʣʛʦʨʠʪʤʫ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ɯʉʋ ʄɯʆ ʤʦʞʥʘ 

ʟʜʽʡʩʥʠʪʠ ʟʘ ʜʦʧʦʤʦʛʦʶ ʽʥʩʪʨʫʤʝʥʪʘʣʴʥʠʭ ʟʘʩʦʙʽʚ ʧʘʢʝʪʘ ʧʨʠʢʣʘʜʥʠʭ 

ʧʨʦʛʨʘʤ MATLAB 7 - Genetic Algorithm Tool (ʧʘʢʝʪ ʛʝʥʝʪʠʯʥʽ ʘʣʛʦʨʠʪʤʠ) ʽ 

Fuzzy Logic Toolbox (ʧʘʢʝʪ ʥʝʯʽʪʢʦʾ ʣʦʛʽʢʠ). 

ɺʀʉʅʆɺʂʀ 

1. ɿʘʩʪʦʩʫʚʘʥʥʷ ʽʥʪʝʣʝʢʪʫʘʣʴʥʦʾ ʩʠʩʪʝʤʠ ʫʧʨʘʚʣʽʥʥʷ ʄɯʆ ʜʘʩʪʴ 

ʟʤʦʛʫ ʟʤʽʥʶʚʘʪʠ ʧʘʨʘʤʝʪʨʠ ʨʝʞʠʤʽʚ ʦʙʨʦʙʢʠ ʟʘʣʝʞʥʦ ʚʽʜ ʤʘʪʝʨʽʘʣʫ ʽ 

ʛʝʦʤʝʪʨʽʾ ʦʙʨʦʙʣʶʚʘʥʦʛʦ ʚʠʨʦʙʫ. ʎʝ ʜʘʩʪʴ ʟʤʦʛʫ ʰʚʠʜʢʦ 

ʧʝʨʝʥʘʣʘʰʪʦʚʫʚʘʪʠʩʷ ʥʘ ʦʙʨʦʙʢʫ ʚʠʨʦʙʽʚ ʨʽʟʥʠʭ ʪʠʧʽʚ ʽ ʤʘʪʝʨʽʘʣʽʚ.  

2. ɿʘʩʪʦʩʫʚʘʥʥʷ ʥʝʯʽʪʢʠʭ ʥʝʡʨʦʥʥʠʭ ʤʝʨʝʞ ʚ ʫʧʨʘʚʣʽʥʥʽ ʜʘʩʪʴ ʟʤʦʛʫ 

ʪʦʯʥʦ ʦʧʪʠʤʽʟʫʚʘʪʠ ʧʘʨʘʤʝʪʨʠ ʨʝʞʠʤʽʚ ʄɯʆ ʜʣʷ ʢʦʥʢʨʝʪʥʦʛʦ ʪʠʧʫ 

ʽʥʩʪʨʫʤʝʥʪʫ ʘʙʦ ʚʠʨʦʙʫ.   

3 ɿʘʩʪʦʩʫʚʘʥʥʷ ʟʘʧʨʦʧʦʥʦʚʘʥʦʛʦ ʧʽʜʭʦʜʫ ʜʦ ʫʧʨʘʚʣʽʥʥʷ ʄɯʆ ʜʘʩʪʴ 

ʟʤʦʛʫ ʩʢʦʨʦʪʠʪʠ ʯʘʩ ʥʘ ʦʙʨʦʙʢʫ ʚʠʨʦʙʽʚ, ʧʽʜʚʠʱʠʪʠ ʷʢʽʩʪʴ ʄɯʆ ʽ 

ʩʢʦʨʦʪʠʪʠ ʚʠʪʨʘʪʫ ʝʣʝʢʪʨʦʝʥʝʨʛʽʾ, ʱʦ ʚʠʪʨʘʯʘʻʪʴʩʷ ʥʘ ʧʨʦʮʝʩ ʄɯʆ.  
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ʌʆʈʄɸʃɯɿɸʎɯʗ ɽʄɽʈɼɾɽʅʊʅʀʍ ʇɽʈɽʍʆɼɯɺ ɺ 

ʊɽʍʅʆʃʆɻɯʏʅʀʍ ʉʀʉʊɽʄɸʍ 

 
ɸʥʦʪʘʮʽʷ: ʋ ʩʪʘʪʪʽ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʩʪʨʦʛʫ ʤʘʪʝʤʘʪʠʯʥʫ ʬʦʨʤʘʣʽʟʘʮʽʶ 

ʝʤʝʨʜʞʝʥʪʥʠʭ ʧʝʨʝʭʦʜʽʚ ʫ ʢʦʥʪʝʢʩʪʽ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ ʚʠʨʦʙʥʠʯʠʭ ʩʠʩʪʝʤ. ɺʚʝʜʝʥʦ 

ʬʦʨʤʘʣʴʥʝ ʦʟʥʘʯʝʥʥʷ ʝʤʝʨʜʞʝʥʪʥʦʾ ʤʘʢʨʦʚʣʘʩʪʠʚʦʩʪʽ ʯʝʨʝʟ ʥʝʨʦʟʢʣʘʜʥʠʡ 
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ʬʫʥʢʮʽʦʥʘʣ, ʚʠʟʥʘʯʝʥʦ ʧʦʥʷʪʪʷ ʝʤʝʨʜʞʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʫ ʷʢ ʤʦʤʝʥʪʫ ʨʦʟʨʠʚʫ ʢʣʘʩʫ 

ʧʦʚʝʜʽʥʢʠ ʩʠʩʪʝʤʠ. ʉʬʦʨʤʫʣʴʦʚʘʥʦ ʩʧʝʢʪʨʘʣʴʥʠʡ ʢʨʠʪʝʨʽʡ ʚʠʷʚʣʝʥʥʷ ʙʽʬʫʨʢʘʮʽʡʥʠʭ 

ʧʦʨʦʛʽʚ ʥʘ ʦʩʥʦʚʽ ʘʥʘʣʽʟʫ ʷʢʦʙʽʘʥʫ ʣʽʥʝʘʨʠʟʦʚʘʥʦʾ ʜʠʥʘʤʽʢʠ. ɺʠʟʥʘʯʝʥʦ ʫʤʦʚʫ 

ʝʤʝʨʜʞʝʥʪʥʦ-ʫʟʛʦʜʞʝʥʦʩʪʽ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ ʪʘ ʜʦʚʝʜʝʥʦ ʥʝʦʙʭʽʜʥʫ ʫʤʦʚʫ ʪʦʯʥʦʛʦ 

ʚʠʷʚʣʝʥʥʷ ʧʝʨʝʭʦʜʫ ʤʦʜʝʣʣʶ. ʗʢ ʨʦʟʰʠʨʝʥʥʷ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʽʥʬʦʨʤʘʮʽʡʥʠʡ ʢʨʠʪʝʨʽʡ 

ʯʝʨʝʟ ʩʧʝʢʪʨʘʣʴʥʫ ʝʥʪʨʦʧʽʶ, ʱʦ ʽʥʪʝʛʨʫʻ ʪʝʦʨʽʶ ʥʝʣʽʥʽʡʥʦʾ ʜʠʥʘʤʽʢʠ ʟ ʪʝʦʨʽʻʶ 

ʽʥʬʦʨʤʘʮʽʾ. ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʬʦʨʤʫʶʪʴ ʤʘʪʝʤʘʪʠʯʥʫ ʦʩʥʦʚʫ ʜʣʷ ʨʦʟʨʦʙʢʠ 

ʧʨʦʛʥʦʩʪʠʯʥʠʭ ʩʠʩʪʝʤ ʪʝʭʥʽʯʥʦʛʦ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʥʦʚʦʛʦ ʧʦʢʦʣʽʥʥʷ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʮʠʬʨʦʚʠʡ ʜʚʽʡʥʠʢ; ʝʤʝʨʜʞʝʥʪʥʽʩʪʴ; ʙʽʬʫʨʢʘʮʽʷ; ʥʝʣʽʥʽʡʥʘ 

ʜʠʥʘʤʽʢʘ; ʩʧʝʢʪʨʘʣʴʥʠʡ ʢʨʠʪʝʨʽʡ; ʧʨʦʛʥʦʩʪʠʯʥʝ ʪʝʭʥʽʯʥʝ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ; ʬʫʥʢʮʽʦʥʘʣ 

ʩʪʘʥʫ. 

 

Abstract: This paper proposes a rigorous mathematical formalization of emergent 

transitions in the context of digital twins for manufacturing systems. A formal definition of 

emergent macroproperty is introduced through a non-decomposable functional, and the 

concept of emergent transition is defined as a moment of discontinuity in the system's 

behavioral class. A spectral criterion for detecting bifurcation thresholds is formulated based 

on the analysis of the Jacobian of the linearized dynamics. The condition of emergent 

consistency for a digital twin is defined, and the necessary condition for accurate detection of 

the transition by the model is proven. As an extension, an information-theoretic criterion 

based on spectral entropy is proposed, integrating nonlinear dynamics theory with 

information theory. The obtained results establish a mathematical foundation for next-

generation predictive maintenance systems. 

Keywords: digital twin; emergence; bifurcation; nonlinear dynamics; spectral 

criterion; predictive maintenance; state functional. 

 

1. ɺʉʊʋʇ 

ʂʦʥʮʝʧʮʽʷ ʮʠʬʨʦʚʦʛʦ ʜʚʽʡʥʠʢʘ (Digital Twin, DT) ʥʘʙʫʚʘʻ ʜʝʜʘʣʽ 

ʙʽʣʴʰʦʛʦ ʟʥʘʯʝʥʥʷ ʫ ʩʬʝʨʽ ʽʥʪʝʣʝʢʪʫʘʣʴʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ, ʧʨʝʜʠʢʪʠʚʥʦʾ 

ʜʽʘʛʥʦʩʪʠʢʠ ʪʘ ʫʧʨʘʚʣʽʥʥʷ ʩʢʣʘʜʥʠʤʠ ʢʽʙʝʨʬʽʟʠʯʥʠʤʠ ʩʠʩʪʝʤʘʤʠ [1, 2]. 

ʎʠʬʨʦʚʠʡ ʜʚʽʡʥʠʢ ʻ ʜʠʥʘʤʽʯʥʦʶ ʮʠʬʨʦʚʦʶ ʢʦʧʽʻʶ ʬʽʟʠʯʥʦʛʦ ʦʙ'ʻʢʪʘ, 

ʟʜʘʪʥʦʶ ʚʽʜʦʙʨʘʞʘʪʠ ʡʦʛʦ ʧʦʪʦʯʥʠʡ ʩʪʘʥ, ʧʨʦʛʥʦʟʫʚʘʪʠ ʧʦʚʝʜʽʥʢʫ ʪʘ 

ʦʧʪʠʤʽʟʫʚʘʪʠ ʧʨʦʮʝʩʠ ʚ ʨʝʘʣʴʥʦʤʫ ʯʘʩʽ [3]. 

ɺʦʜʥʦʯʘʩ ʦʜʥʠʤ ʽʟ ʢʣʶʯʦʚʠʭ ʚʠʢʣʠʢʽʚ ʫ ʧʦʙʫʜʦʚʽ ʘʜʝʢʚʘʪʥʠʭ 

ʜʚʽʡʥʠʢʽʚ ʻ ʧʨʦʙʣʝʤʘ ʚʠʷʚʣʝʥʥʷ ʪʘ ʚʽʜʪʚʦʨʝʥʥʷ ʪʘʢ ʟʚʘʥʠʭ ʝʤʝʨʜʞʝʥʪʥʠʭ 

ʧʝʨʝʭʦʜʽʚ ð ʨʽʟʢʠʭ ʷʢʽʩʥʠʭ ʟʤʽʥ ʫ ʧʦʚʝʜʽʥʮʽ ʩʠʩʪʝʤʠ, ʷʢʽ ʥʝ ʤʦʞʫʪʴ ʙʫʪʠ 

ʧʝʨʝʜʙʘʯʝʥʽ ʣʠʰʝ ʥʘ ʦʩʥʦʚʽ ʘʥʘʣʽʟʫ ʣʦʢʘʣʴʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ [4]. ʊʘʢʽ 

ʧʝʨʝʭʦʜʠ ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ ʫ ʧʨʦʤʠʩʣʦʚʠʭ ʫʩʪʘʥʦʚʢʘʭ ʫ ʚʠʛʣʷʜʽ ʩʪʨʠʙʢʽʚ 

ʚʽʙʨʘʮʽʡʥʦʛʦ ʩʧʝʢʪʨʘ, ʨʘʧʪʦʚʠʭ ʟʤʽʥ ʟʥʦʩʫ ʚʫʟʣʽʚ ʘʙʦ ʧʝʨʝʭʦʜʽʚ ʫ ʥʝʩʪʽʡʢʽ 

ʨʝʞʠʤʠ ʨʦʙʦʪʠ. 

ʅʝʟʚʘʞʘʶʯʠ ʥʘ ʟʥʘʯʥʠʡ ʧʨʦʛʨʝʩ ʫ ʛʘʣʫʟʽ ʤʘʰʠʥʥʦʛʦ ʥʘʚʯʘʥʥʷ ʪʘ 

ʘʥʘʣʽʟʫ ʯʘʩʦʚʠʭ ʨʷʜʽʚ, ʤʘʪʝʤʘʪʠʯʥʘ ʦʩʥʦʚʘ ʜʣʷ ʬʦʨʤʘʣʴʥʦʛʦ ʦʧʠʩʫ 

ʝʤʝʨʜʞʝʥʪʥʦʩʪʽ ʫ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʘʭ ʟʘʣʠʰʘʻʪʴʩʷ ʥʝʜʦʩʪʘʪʥʴʦ 

ʨʦʟʨʦʙʣʝʥʦʶ. ɹʽʣʴʰʽʩʪʴ ʽʩʥʫʶʯʠʭ ʧʽʜʭʦʜʽʚ ʘʙʦ ʦʧʝʨʫʶʪʴ ʥʝʯʽʪʢʠʤʠ 

ʚʠʟʥʘʯʝʥʥʷʤʠ, ʘʙʦ ʦʙʤʝʞʫʶʪʴʩʷ ʝʚʨʠʩʪʠʯʥʠʤʠ ʧʦʨʦʛʘʤʠ [5, 6]. 

ʄʝʪʦʶ ʮʽʻʾ ʨʦʙʦʪʠ ʻ ʨʦʟʨʦʙʢʘ ʩʫʚʦʨʦʾ ʤʘʪʝʤʘʪʠʯʥʦʾ ʬʦʨʤʘʣʽʟʘʮʽʾ 

ʝʤʝʨʜʞʝʥʪʥʠʭ ʧʝʨʝʭʦʜʽʚ ʫ ʨʘʤʢʘʭ ʪʝʦʨʽʾ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ, ʚʢʣʶʯʘʶʯʠ 
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ʦʟʥʘʯʝʥʥʷ ʚʽʜʧʦʚʽʜʥʠʭ ʬʫʥʢʮʽʦʥʘʣʽʚ, ʩʧʝʢʪʨʘʣʴʥʠʡ ʢʨʠʪʝʨʽʡ ʚʠʷʚʣʝʥʥʷ ʪʘ 

ʪʝʦʨʝʤʫ ʧʨʦ ʥʝʦʙʭʽʜʥʫ ʫʤʦʚʫ ʢʦʨʝʢʪʥʦʛʦ ʚʽʜʪʚʦʨʝʥʥʷ ʧʝʨʝʭʦʜʫ ʤʦʜʝʣʣʶ. 

ʈʝʟʫʣʴʪʘʪʠ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʧʨʠ ʧʨʦʝʢʪʫʚʘʥʥʽ ʩʠʩʪʝʤ 

ʧʨʝʜʠʢʪʠʚʥʦʛʦ ʪʝʭʥʽʯʥʦʛʦ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʪʘ ʚʝʨʠʬʽʢʘʮʽʾ ʮʠʬʨʦʚʠʭ 

ʜʚʽʡʥʠʢʽʚ ʩʢʣʘʜʥʠʭ ʚʠʨʦʙʥʠʯʠʭ ʩʠʩʪʝʤ. 

2. ʆɻʃʗɼ ʃɯʊɽʈɸʊʋʈʀ 

ʊʝʦʨʽʷ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ ʙʫʣʘ ʩʠʩʪʝʤʘʪʠʟʦʚʘʥʘ ʫ ʨʦʙʦʪʘʭ Grieves 

ʪʘ Vickers [1], ʜʝ ʮʠʬʨʦʚʠʡ ʜʚʽʡʥʠʢ ʨʦʟʛʣʷʜʘʻʪʴʩʷ ʷʢ ʪʨʠʚʠʤʽʨʥʘ ʤʦʜʝʣʴ, 

ʱʦ ʚʢʣʶʯʘʻ ʬʽʟʠʯʥʠʡ ʦʙ'ʻʢʪ, ʡʦʛʦ ʮʠʬʨʦʚʝ ʚʽʜʦʙʨʘʞʝʥʥʷ ʪʘ ʧʦʪʦʢʠ ʜʘʥʠʭ 

ʤʽʞ ʥʠʤʠ. ʋ ʢʦʥʪʝʢʩʪʽ Industry 4.0 ʮʝʡ ʧʽʜʭʽʜ ʥʘʙʫʚ ʰʠʨʦʢʦʛʦ ʧʦʰʠʨʝʥʥʷ 

[2, 3]. 

ʄʘʪʝʤʘʪʠʯʥʠʡ ʘʧʘʨʘʪ ʪʝʦʨʽʾ ʙʽʬʫʨʢʘʮʽʡ, ʟʘʢʣʘʜʝʥʠʡ ʫ ʧʨʘʮʷʭ 

ɻʫʢʢʝʥʛʝʡʤʝʨʘ ʪʘ ɻʦʣʤʩʘ [7], ʟʘʙʝʟʧʝʯʫʻ ʩʪʨʦʛʫ ʤʦʚʫ ʜʣʷ ʦʧʠʩʫ ʷʢʽʩʥʠʭ 

ʟʤʽʥ ʫ ʜʠʥʘʤʽʮʽ ʥʝʣʽʥʽʡʥʠʭ ʩʠʩʪʝʤ. ʉʧʝʢʪʨʘʣʴʥʽ ʢʨʠʪʝʨʽʾ ʩʪʽʡʢʦʩʪʽ, 

ʟʘʩʥʦʚʘʥʽ ʥʘ ʘʥʘʣʽʟʽ ʚʣʘʩʥʠʭ ʯʠʩʝʣ ʤʘʪʨʠʮʽ ʗʢʦʙʽ, ʰʠʨʦʢʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ 

ʚ ʪʝʦʨʽʾ ʫʧʨʘʚʣʽʥʥʷ [8]. 

ʂʦʥʮʝʧʮʽʷ ʝʤʝʨʜʞʝʥʪʥʦʩʪʽ ʪʨʘʜʠʮʽʡʥʦ ʜʦʩʣʽʜʞʫʻʪʴʩʷ ʫ ʢʦʥʪʝʢʩʪʽ 

ʪʝʦʨʽʾ ʩʢʣʘʜʥʠʭ ʩʠʩʪʝʤ [9, 10]. ʇʨʦʪʝ ʬʦʨʤʘʣʽʟʘʮʽʷ ʝʤʝʨʜʞʝʥʪʥʦʩʪʽ ʯʝʨʝʟ 

ʬʫʥʢʮʽʦʥʘʣʴʥʠʡ ʘʥʘʣʽʟ ʫ ʟʘʩʪʦʩʫʚʘʥʥʽ ʜʦ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ ʟʘʣʠʰʘʻʪʴʩʷ 

ʤʘʣʦʜʦʩʣʽʜʞʝʥʦʶ. ʆʢʨʝʤʽ ʩʧʨʦʙʠ ʧʦʚ'ʷʟʘʪʠ ʥʝʣʽʥʽʡʥʫ ʜʠʥʘʤʽʢʫ ʟ ʪʝʦʨʽʻʶ 

ʽʥʬʦʨʤʘʮʽʾ ʜʣʷ ʚʠʷʚʣʝʥʥʷ ʢʨʠʪʠʯʥʠʭ ʧʝʨʝʭʦʜʽʚ ʟʨʦʙʣʝʥʦ ʫ [11, 12], ʜʝ 

ʝʥʪʨʦʧʽʡʥʽ ʤʽʨʠ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʷʢ ʽʥʜʠʢʘʪʦʨʠ ʥʘʙʣʠʞʝʥʥʷ ʜʦ ʪʦʯʦʢ 

ʙʽʬʫʨʢʘʮʽʾ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʫ ʣʽʪʝʨʘʪʫʨʽ ʚʽʜʩʫʪʥʻ ʻʜʠʥʝ ʤʘʪʝʤʘʪʠʯʥʦ ʩʪʨʦʛʝ 

ʚʠʟʥʘʯʝʥʥʷ ʝʤʝʨʜʞʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʫ, ʟʘʩʪʦʩʦʚʥʝ ʫ ʢʦʥʪʝʢʩʪʽ ʮʠʬʨʦʚʠʭ 

ʜʚʽʡʥʠʢʽʚ, ʱʦ ʡ ʩʪʘʥʦʚʠʪʴ ʤʦʪʠʚʘʮʽʶ ʮʴʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ. 

3. ʌʆʈʄɸʃʔʅɸ ʇʆʉʊɸʅʆɺʂɸ ɿɸɼɸʏɯ 

3.1. ʌʽʟʠʯʥʘ ʩʠʩʪʝʤʘ 
ʅʝʭʘʡ ʨʝʘʣʴʥʘ ʚʠʨʦʙʥʠʯʘ ʩʠʩʪʝʤʘ ʦʧʠʩʫʻʪʴʩʷ ʥʝʣʽʥʽʡʥʦʶ ʜʠʥʘʤʽʢʦʶ 

ʚʠʛʣʷʜʫ: 

(t) = f(x(t), u(t), ɗ(t)),   x  ɴ Ŵ                    (1) 

ʜʝ x ð ʚʝʢʪʦʨ ʩʪʘʥʫ ʩʠʩʪʝʤʠ ʨʦʟʤʽʨʥʦʩʪʽ n, u ð ʚʝʢʪʦʨ ʢʝʨʫʶʯʠʭ 

ʚʧʣʠʚʽʚ, ɗ(t) ð ʚʝʢʪʦʨ ʧʘʨʘʤʝʪʨʽʚ ʜʝʛʨʘʜʘʮʽʾ ʘʙʦ ʩʪʨʫʢʪʫʨʥʦʾ ʝʚʦʣʶʮʽʾ, ʱʦ 

ʤʦʞʫʪʴ ʟʤʽʥʶʚʘʪʠʩʷ ʫ ʯʘʩʽ. ʌʫʥʢʮʽʷ f : Ŵ Ĭ  Ĭ  Ÿ Ŵ ʻ ʛʣʘʜʢʦʶ 

ʥʝʣʽʥʽʡʥʦʶ ʚʽʜʦʙʨʘʞʝʥʥʷʤ, ʱʦ ʟʘʜʘʻ ʜʠʥʘʤʽʢʫ ʩʪʘʥʫ. 

 

3.2. ʎʠʬʨʦʚʠʡ ʜʚʽʡʥʠʢ 
ʎʠʬʨʦʚʠʡ ʜʚʽʡʥʠʢ ʚʠʟʥʘʯʠʤʦ ʷʢ ʫʧʦʨʷʜʢʦʚʘʥʫ ʧʘʨʫ: 

D = (f⅞, I)                                                  (2) 

ʜʝ f⅞ ð ʤʦʜʝʣʴ ʜʠʥʘʤʽʢʠ ʩʪʘʥʫ, I : x  mx⅞ ð ʦʧʝʨʘʪʦʨ ʽʜʝʥʪʠʬʽʢʘʮʽʾ, 

ʱʦ ʚʽʜʦʙʨʘʞʘʻ ʚʠʤʽʨʷʥʠʡ ʩʪʘʥ ʬʽʟʠʯʥʦʾ ʩʠʩʪʝʤʠ ʚ ʦʮʽʥʢʫ ʩʪʘʥʫ ʤʦʜʝʣʽ. 

ɼʠʥʘʤʽʢʘ ʜʚʽʡʥʠʢʘ ʦʧʠʩʫʻʪʴʩʷ ʨʽʚʥʷʥʥʷʤ: 

x⅞→(t) = f⅞(x⅞(t), u(t), ɗ⅞(t))                              (3) 
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ɸʜʝʢʚʘʪʥʽʩʪʴ ʜʚʽʡʥʠʢʘ ʚʠʟʥʘʯʘʻʪʴʩʷ ʫʤʦʚʦʶ ʨʽʚʥʦʤʽʨʥʦʛʦ 

ʥʘʙʣʠʞʝʥʥʷ ʫ ʥʦʨʤʽ: 

ớx(t) ī x⅞(t)ớ < Ů                                         (4) 

ʜʣʷ ʜʝʷʢʦʛʦ ʟʘʜʘʥʦʛʦ ʨʽʚʥʷ ʪʦʯʥʦʩʪʽ Ů > 0. 

 

4. ʆɿʅɸʏɽʅʅʗ ɽʄɽʈɼɾɽʅʊʅʆʉʊɯ 

4.1. ɽʤʝʨʜʞʝʥʪʥʘ ʤʘʢʨʦʚʣʘʩʪʠʚʽʩʪʴ 
ʆʟʥʘʯʝʥʥʷ 1 (ɽʤʝʨʜʞʝʥʪʥʘ ʤʘʢʨʦʚʣʘʩʪʠʚʽʩʪʴ). ʌʫʥʢʮʽʦʥʘʣ ū : Ŵ 

Ÿ  ʥʘʟʠʚʘʻʪʴʩʷ ʝʤʝʨʜʞʝʥʪʥʠʤ ʚʽʜʥʦʩʥʦ ʜʝʢʦʤʧʦʟʠʮʽʾ {x , ..., x }, ʷʢʱʦ: 

ū(x) Í ɆŴ ű(x )                                       (5) 

ʜʣʷ ʙʫʜʴ-ʷʢʦʛʦ ʥʘʙʦʨʫ ʣʦʢʘʣʴʥʠʭ ʬʫʥʢʮʽʡ {ű}. ɯʥʰʠʤʠ ʩʣʦʚʘʤʠ, 

ʤʘʢʨʦʚʣʘʩʪʠʚʽʩʪʴ ʩʠʩʪʝʤʠ ʻ ʥʝʨʝʜʫʢʦʚʘʥʦʶ ʜʦ ʩʫʤʠ ʥʝʟʘʣʝʞʥʠʭ ʚʢʣʘʜʽʚ 

ʢʦʤʧʦʥʝʥʪ. 

ʋ ʚʠʨʦʙʥʠʯʦʤʫ ʢʦʥʪʝʢʩʪʽ ʝʤʝʨʜʞʝʥʪʥʠʤʠ ʤʘʢʨʦʚʣʘʩʪʠʚʦʩʪʷʤʠ 

ʤʦʞʫʪʴ ʚʠʩʪʫʧʘʪʠ: ʨʘʧʪʦʚʽ ʟʤʽʥʠ ʚʽʙʨʘʮʽʡʥʦʛʦ ʩʧʝʢʪʨʘ ʚʫʟʣʽʚ ʤʘʰʠʥ, 

ʥʝʣʽʥʽʡʥʽ ʩʪʨʠʙʢʠ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʟʥʦʩʫ ʢʦʥʪʘʢʪʥʠʭ ʧʦʚʝʨʭʦʥʴ, ʢʦʣʝʢʪʠʚʥʽ 

ʥʝʩʪʽʡʢʦʩʪʽ ʫ ʨʦʟʧʦʜʽʣʝʥʠʭ ʪʝʧʣʦʚʠʭ ʧʦʣʷʭ. 

 

4.2. ɽʤʝʨʜʞʝʥʪʥʠʡ ʧʝʨʝʭʽʜ 
ʆʟʥʘʯʝʥʥʷ 2 (ɽʤʝʨʜʞʝʥʪʥʠʡ ʧʝʨʝʭʽʜ). ʄʦʤʝʥʪ ʯʘʩʫ t* ʥʘʟʠʚʘʻʪʴʩʷ 

ʝʤʝʨʜʞʝʥʪʥʠʤ ʧʝʨʝʭʦʜʦʤ ʜʣʷ ʩʠʩʪʝʤʠ (1) ʚʽʜʥʦʩʥʦ ʬʫʥʢʮʽʦʥʘʣʫ ū, ʷʢʱʦ: 

lim_{tŸt* } ū(x(t)) Í lim_{tŸt* } ū(x(t))               (6) 

ʪʦʙʪʦ ʣʽʚʦ- ʪʘ ʧʨʘʚʦʩʪʦʨʦʥʥʻ ʛʨʘʥʠʯʥʝ ʟʥʘʯʝʥʥʷ ʤʘʢʨʦʚʣʘʩʪʠʚʦʩʪʽ ʚ 

ʪʦʯʮʽ t* ʥʝ ʩʧʽʚʧʘʜʘʶʪʴ. ʎʝ ʦʟʥʘʯʘʻ, ʱʦ ʚ ʤʦʤʝʥʪ t* ʩʠʩʪʝʤʘ ʟʤʽʥʶʻ ʢʣʘʩ 

ʩʚʦʻʾ ʧʦʚʝʜʽʥʢʠ ð ʚʽʜʙʫʚʘʻʪʴʩʷ ʷʢʽʩʥʘ ʟʤʽʥʘ ʜʠʥʘʤʽʢʠ, ʥʝʨʝʜʫʢʦʚʘʥʘ ʜʦ 

ʧʣʘʚʥʦʾ ʝʚʦʣʶʮʽʾ. 

ʂʣʶʯʦʚʘ ʚʽʜʤʽʥʥʽʩʪʴ ʚʽʜ ʟʚʠʯʘʡʥʦʾ ʥʝʩʪʽʡʢʦʩʪʽ ʧʦʣʷʛʘʻ ʫ ʪʦʤʫ, ʱʦ 

ʝʤʝʨʜʞʝʥʪʥʠʡ ʧʝʨʝʭʽʜ ʧʝʨʝʜʙʘʯʘʻ ʟʤʽʥʫ ʥʝ ʣʠʰʝ ʢʽʣʴʢʽʩʥʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʘ ʡ ʩʪʨʫʢʪʫʨʠ ʩʘʤʦʾ ʜʠʥʘʤʽʢʠ ʩʠʩʪʝʤʠ. 

5. ʉʇɽʂʊʈɸʃʔʅʀʁ ʂʈʀʊɽʈɯʁ ɺʀʗɺʃɽʅʅʗ 

ʈʦʟʛʣʷʥʝʤʦ ʤʘʪʨʠʮʶ ʗʢʦʙʽ ʣʽʥʝʘʨʠʟʦʚʘʥʦʾ ʜʠʥʘʤʽʢʠ ʩʠʩʪʝʤʠ (1): 

A(t) = Öf/Öx |_{x(t)}                                     (7) 

ʉʧʝʢʪʨʘʣʴʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʤʘʪʨʠʮʽ A(t) ʚʠʟʥʘʯʘʶʪʴ ʣʦʢʘʣʴʥʫ ʩʪʽʡʢʽʩʪʴ 

ʩʠʩʪʝʤʠ ʧʦʙʣʠʟʫ ʧʦʪʦʯʥʦʾ ʪʨʘʻʢʪʦʨʽʾ. ʉʬʦʨʤʫʣʶʻʤʦ ʢʨʠʪʝʨʽʡ ʫ ʪʝʨʤʽʥʘʭ 

ʚʣʘʩʥʠʭ ʯʠʩʝʣ. 

ʊʝʦʨʝʤʘ 1 (ʉʧʝʢʪʨʘʣʴʥʠʡ ʢʨʠʪʝʨʽʡ ʙʽʬʫʨʢʘʮʽʾ). ʉʠʩʪʝʤʘ (1) 

ʧʨʦʭʦʜʠʪʴ ʯʝʨʝʟ ʙʽʬʫʨʢʘʮʽʡʥʠʡ ʧʦʨʽʛ ʫ ʤʦʤʝʥʪ t*, ʷʢʱʦ ʽʩʥʫʻ ʚʣʘʩʥʝ ʯʠʩʣʦ 

ɚ ʤʘʪʨʠʮʽ A(t*) ʪʘʢʝ, ʱʦ: 

ɚɱ : Re(ɚ(A(t*))) = 0                                   (8) 

ʽ ʧʨʠ ʮʴʦʤʫ: 

d/dt Re(ɚ(A(t)))|_{t=t*} Í 0                            (9) 
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ʋʤʦʚʘ (8) ʦʟʥʘʯʘʻ, ʱʦ ʚ ʤʦʤʝʥʪ t* ʦʜʥʝ ʘʙʦ ʢʽʣʴʢʘ ʚʣʘʩʥʠʭ ʯʠʩʝʣ 

ʤʘʪʨʠʮʽ ʗʢʦʙʽ ʧʝʨʝʪʠʥʘʶʪʴ ʫʷʚʥʫ ʚʽʩʴ, ʘ ʫʤʦʚʘ (9) ʛʘʨʘʥʪʫʻ, ʱʦ ʮʝ ʧʝʨʝʪʠʥ 

ʻ ʥʝʪʨʠʚʽʘʣʴʥʠʤ, ʪʦʙʪʦ ʩʠʩʪʝʤʘ ʥʝ ʧʦʚʝʨʪʘʻʪʴʩʷ ʜʦ ʧʦʧʝʨʝʜʥʴʦʛʦ ʨʝʞʠʤʫ. 

ɿʘʫʚʘʞʠʤʦ, ʱʦ ʩʧʝʢʪʨʘʣʴʥʘ ʙʽʬʫʨʢʘʮʽʷ ʻ ʥʝʦʙʭʽʜʥʦʶ, ʘʣʝ ʥʝ 

ʜʦʩʪʘʪʥʴʦʶ ʫʤʦʚʦʶ ʝʤʝʨʜʞʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʫ. ɼʣʷ ʧʦʚʥʦʛʦ ʦʟʥʘʯʝʥʥʷ 

ʦʩʪʘʥʥʴʦʛʦ ʥʝʦʙʭʽʜʥʦ ʪʘʢʦʞ ʧʝʨʝʚʽʨʠʪʠ ʫʤʦʚʫ (6) ʜʣʷ ʚʽʜʧʦʚʽʜʥʦʛʦ 

ʬʫʥʢʮʽʦʥʘʣʫ ū. 

6. ɽʄɽʈɼɾɽʅʊʅʆ-ʋɿɻʆɼɾɽʅʀʁ ʎʀʌʈʆɺʀʁ ɼɺɯʁʅʀʂ 

ɺʚʝʜʝʤʦ ʦʧʝʨʘʪʦʨ ʩʪʨʫʢʪʫʨʥʦʾ ʨʽʟʥʠʮʽ ʤʽʞ ʬʽʟʠʯʥʦʶ ʩʠʩʪʝʤʦʶ ʪʘ ʾʾ 

ʮʠʬʨʦʚʠʤ ʜʚʽʡʥʠʢʦʤ: 

ȹū(t) = |ū(x(t)) ī ū(x⅞(t))|                             (10) 

ʆʟʥʘʯʝʥʥʷ 3 (ɽʤʝʨʜʞʝʥʪʥʦ-ʫʟʛʦʜʞʝʥʠʡ ʮʠʬʨʦʚʠʡ ʜʚʽʡʥʠʢ). 

ʎʠʬʨʦʚʠʡ ʜʚʽʡʥʠʢ D ʥʘʟʠʚʘʻʪʴʩʷ ʝʤʝʨʜʞʝʥʪʥʦ-ʫʟʛʦʜʞʝʥʠʤ ʚʽʜʥʦʩʥʦ 

ʬʫʥʢʮʽʦʥʘʣʫ ū, ʷʢʱʦ: 

ȹū(t*) Ÿ 0                                                (11) 

ʫ ʢʦʞʥʽʡ ʪʦʯʮʽ ʝʤʝʨʜʞʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʫ t*. 

ʗʢʱʦ ʫʤʦʚʘ (11) ʥʝ ʚʠʢʦʥʫʻʪʴʩʷ, ʪʦ ʮʠʬʨʦʚʠʡ ʜʚʽʡʥʠʢ ʚʪʨʘʯʘʻ 

ʩʪʨʫʢʪʫʨʥʠʡ ʢʣʘʩ ʧʦʚʝʜʽʥʢʠ ʫ ʢʨʠʪʠʯʥʽʡ ʪʦʯʮʽ, ʪʦʙʪʦ ʻ ʩʪʨʫʢʪʫʨʥʦ 

ʥʝʘʜʝʢʚʘʪʥʠʤ, ʥʝʟʚʘʞʘʶʯʠ ʥʘ ʤʦʞʣʠʚʫ ʤʘʣʽʩʪʴ ớx ī x⅞ớ ʫ ʟʚʠʯʘʡʥʽʡ ʥʦʨʤʽ 

(ʫʤʦʚʘ (4)). ʎʝ ʧʽʜʢʨʝʩʣʶʻ ʧʨʠʥʮʠʧʦʚʫ ʥʝʜʦʩʪʘʪʥʽʩʪʴ ʟʚʠʯʘʡʥʦʾ ʤʝʪʨʠʢʠ 

ʥʘʙʣʠʞʝʥʥʷ ʜʣʷ ʦʮʽʥʢʠ ʷʢʦʩʪʽ ʜʚʽʡʥʠʢʘ ʧʦʙʣʠʟʫ ʝʤʝʨʜʞʝʥʪʥʠʭ ʧʝʨʝʭʦʜʽʚ. 

7. ʆʉʅʆɺʅɸ ʊɽʆʈɽʄɸ 

ʊʝʦʨʝʤʘ 2 (ʅʝʦʙʭʽʜʥʘ ʫʤʦʚʘ ʚʠʷʚʣʝʥʥʷ ʝʤʝʨʜʞʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʫ). 

ʅʝʭʘʡ ʚʠʢʦʥʫʶʪʴʩʷ ʪʘʢʽ ʫʤʦʚʠ: 

(a)  - ʩʠʩʪʝʤʘ (1) ʧʨʦʭʦʜʠʪʴ ʯʝʨʝʟ ʩʧʝʢʪʨʘʣʴʥʫ ʙʽʬʫʨʢʘʮʽʶ ʫ 

ʤʦʤʝʥʪ t* (ʫʤʦʚʠ (8)ï(9)); 

(b) - ʽʩʥʫʻ ʝʤʝʨʜʞʝʥʪʥʠʡ ʬʫʥʢʮʽʦʥʘʣ ū ʪʘʢʠʡ, ʱʦ t* ʻ 

ʝʤʝʨʜʞʝʥʪʥʠʤ ʧʝʨʝʭʦʜʦʤ (ʫʤʦʚʘ (6)); 

(c) - ʮʠʬʨʦʚʠʡ ʜʚʽʡʥʠʢ ʻ ʣʦʢʘʣʴʥʦ ʣʽʥʽʡʥʦ ʫʟʛʦʜʞʝʥʠʤ: ớĄ(t) ī 

A(t)ớ < ŭ ʜʣʷ ʜʝʷʢʦʛʦ ŭ > 0. 

ʊʦʜʽ ʜʣʷ ʜʦʩʪʘʪʥʴʦ ʤʘʣʦʛʦ ŭ ʤʦʤʝʥʪ ʧʝʨʝʭʦʜʫ, ʚʠʷʚʣʝʥʠʡ ʜʚʽʡʥʠʢʦʤ, 

ʟʙʽʛʘʻʪʴʩʷ ʟ ʨʝʘʣʴʥʠʤ: 

t*_model Ÿ t*   ʧʨʠ ŭ Ÿ 0                                 (12) 

ɼʦʚʝʜʝʥʥʷ (ʩʭʝʤʘ). 
ʆʩʢʽʣʴʢʠ ʚʣʘʩʥʽ ʯʠʩʣʘ ʤʘʪʨʠʮʽ ʻ ʥʝʧʝʨʝʨʚʥʠʤʠ ʬʫʥʢʮʽʷʤʠ ʾʾ 

ʝʣʝʤʝʥʪʽʚ (ʪʝʦʨʝʤʘ ʧʨʦ ʥʝʧʝʨʝʨʚʥʫ ʟʘʣʝʞʥʽʩʪʴ ʚʣʘʩʥʠʭ ʯʠʩʝʣ [8]), ʫʤʦʚʘ 

(c) ʛʘʨʘʥʪʫʻ: 

|Re(ɚ(Ą(t))) ī Re(ɚ(A(t)))| Ò CĿŭ                     (13) 

ʜʣʷ ʜʝʷʢʦʾ ʢʦʥʩʪʘʥʪʠ C > 0 ʪʘ ʜʣʷ ʚʩʽʭ t. ʆʪʞʝ, ʩʧʝʢʪʨʘʣʴʥʠʡ ʧʝʨʝʪʠʥ 

ʫʷʚʥʦʾ ʦʩʽ ʜʣʷ ʤʘʪʨʠʮʽ ʜʚʽʡʥʠʢʘ Ą ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʨʠ t, ʚʽʜʭʠʣʝʥʦʤʫ ʚʽʜ t* ʥʝ 

ʙʽʣʴʰ ʥʽʞ ʥʘ O(ŭ). ɿ ʫʤʦʚ (a)ï(b) ʪʘ ʦʟʥʘʯʝʥʥʷ (11) ʚʠʧʣʠʚʘʻ (12). Ǐ 

8. ʈʆɿʐʀʈɽʅʅʗ: ɯʅʌʆʈʄɸʎɯʁʅʀʁ ʂʈʀʊɽʈɯʁ 
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ɼʣʷ ʧʨʘʢʪʠʯʥʦʛʦ ʚʠʷʚʣʝʥʥʷ ʝʤʝʨʜʞʝʥʪʥʠʭ ʧʝʨʝʭʦʜʽʚ ʫ ʨʝʘʣʴʥʠʭ 

ʚʠʨʦʙʥʠʯʠʭ ʩʠʩʪʝʤʘʭ ʧʨʦʧʦʥʫʻʪʴʩʷ ʜʦʧʦʚʥʠʪʠ ʩʧʝʢʪʨʘʣʴʥʠʡ ʢʨʠʪʝʨʽʡ 

ʽʥʬʦʨʤʘʮʽʡʥʠʤ ʧʽʜʭʦʜʦʤ. ɺʚʝʜʝʤʦ ʩʧʝʢʪʨʘʣʴʥʫ ʝʥʪʨʦʧʽʶ ʩʠʛʥʘʣʫ ʷʢ ʤʽʨʫ 

ʨʦʟʩʽʶʚʘʥʥʷ ʩʧʝʢʪʨʘʣʴʥʦʾ ʧʦʪʫʞʥʦʩʪʽ: 

H(t) = īɆ p(t) log p(t)                              (14) 

ʜʝ p(t) ð ʥʦʨʤʦʚʘʥʽ ʩʧʝʢʪʨʘʣʴʥʽ ʛʫʩʪʠʥʠ ʧʦʪʫʞʥʦʩʪʽ ʩʠʛʥʘʣʫ ʩʪʘʥʫ 

ʩʠʩʪʝʤʠ. ɿʥʘʯʝʥʥʷ H(t) ʚʽʜʦʙʨʘʞʘʻ ʩʪʫʧʽʥʴ çʥʝʚʠʟʥʘʯʝʥʦʩʪʽè ʘʙʦ 

çʩʢʣʘʜʥʦʩʪʽè ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʩʢʣʘʜʫ ʜʠʥʘʤʽʢʠ. 

ɿʚ'ʷʟʦʢ ʟ ʝʤʝʨʜʞʝʥʪʥʠʤ ʧʝʨʝʭʦʜʦʤ ʚʠʨʘʞʘʻʪʴʩʷ ʯʝʨʝʟ ʧʦʚʝʜʽʥʢʫ 

ʧʦʭʽʜʥʦʾ ʝʥʪʨʦʧʽʾ ʚ ʪʦʯʮʽ t*: 

dH/dt|_{t=t*} Ÿ Ð   ʘʙʦ   max_{t[ɴt* -Ů, t*+Ů]} H(t) ʜʦʩʷʛʘʻʪʴʩʷ ʧʨʠ t = 

t*   (15) 

ʋʤʦʚʘ (15) ʚʩʪʘʥʦʚʣʶʻ, ʱʦ ʝʤʝʨʜʞʝʥʪʥʠʡ ʧʝʨʝʭʽʜ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ 

ʘʙʦ ʨʽʟʢʠʤ ʟʨʦʩʪʘʥʥʷʤ ʩʧʝʢʪʨʘʣʴʥʦʾ ʝʥʪʨʦʧʽʾ, ʘʙʦ ʜʦʩʷʛʥʝʥʥʷʤ ʾʾ 

ʣʦʢʘʣʴʥʦʛʦ ʤʘʢʩʠʤʫʤʫ, ʱʦ ʧʦʚ'ʷʟʘʥʦ ʟ ʧʝʨʝʨʦʟʧʦʜʽʣʦʤ ʝʥʝʨʛʽʾ ʤʽʞ 

ʩʧʝʢʪʨʘʣʴʥʠʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ ʚ ʪʦʯʮʽ ʟʤʽʥʠ ʜʠʥʘʤʽʯʥʦʛʦ ʢʣʘʩʫ. 

ʎʝʡ ʧʽʜʭʽʜ ʜʦʟʚʦʣʷʻ ʽʥʪʝʛʨʫʚʘʪʠ ʪʝʦʨʽʶ ʥʝʣʽʥʽʡʥʦʾ ʜʠʥʘʤʽʢʠ ʟ 

ʪʝʦʨʽʻʶ ʽʥʬʦʨʤʘʮʽʾ, ʚʽʜʢʨʠʚʘʶʯʠ ʰʣʷʭ ʜʦ ʧʨʘʢʪʠʯʥʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʫ 

ʩʠʩʪʝʤʘʭ ʨʝʘʣʴʥʦʛʦ ʯʘʩʫ ʥʘ ʦʩʥʦʚʽ ʘʥʘʣʽʟʫ ʩʠʛʥʘʣʽʚ ʜʘʪʯʠʢʽʚ ʙʝʟ ʷʚʥʦʛʦ 

ʦʙʯʠʩʣʝʥʥʷ ʤʘʪʨʠʮʽ ʗʢʦʙʽ. 

9. ʆɹɻʆɺʆʈɽʅʅʗ 

ɿʘʧʨʦʧʦʥʦʚʘʥʘ ʬʦʨʤʘʣʽʟʘʮʽʷ ʚʠʨʽʟʥʷʻʪʴʩʷ ʢʽʣʴʢʦʤʘ ʢʣʶʯʦʚʠʤʠ 

ʦʩʦʙʣʠʚʦʩʪʷʤʠ. ʇʦ-ʧʝʨʰʝ, ʝʤʝʨʜʞʝʥʪʥʽʩʪʴ ʚʚʝʜʝʥʘ ʥʝ ʯʝʨʝʟ ʬʽʣʦʩʦʬʩʴʢʽ 

ʤʽʨʢʫʚʘʥʥʷ, ʘ ʯʝʨʝʟ ʪʦʯʥʝ ʤʘʪʝʤʘʪʠʯʥʝ ʦʟʥʘʯʝʥʥʷ ʥʝʨʦʟʢʣʘʜʥʦʛʦ 

ʬʫʥʢʮʽʦʥʘʣʫ (ʆʟʥʘʯʝʥʥʷ 1), ʱʦ ʜʦʟʚʦʣʷʻ ʦʧʝʨʘʮʽʡʥʦ ʧʝʨʝʚʽʨʷʪʠ ʥʘʷʚʥʽʩʪʴ 

ʮʽʻʾ ʚʣʘʩʪʠʚʦʩʪʽ. ʇʦ-ʜʨʫʛʝ, ʧʝʨʝʭʽʜ ʤʽʞ ʢʣʘʩʘʤʠ ʧʦʚʝʜʽʥʢʠ ʬʦʨʤʘʣʽʟʦʚʘʥʦ 

ʯʝʨʝʟ ʫʤʦʚʫ ʨʦʟʨʠʚʫ ʛʨʘʥʠʯʥʠʭ ʟʥʘʯʝʥʴ ʤʘʢʨʦʚʣʘʩʪʠʚʦʩʪʽ (ʆʟʥʘʯʝʥʥʷ 2), 

ʱʦ ʩʪʨʦʛʦ ʚʽʜʨʽʟʥʷʻ ʝʤʝʨʜʞʝʥʪʥʽ ʧʝʨʝʭʦʜʠ ʚʽʜ ʧʣʘʚʥʠʭ ʥʝʩʪʽʡʢʦʩʪʝʡ. 

ʂʨʠʪʝʨʽʡ ʝʤʝʨʜʞʝʥʪʥʦ-ʫʟʛʦʜʞʝʥʦʩʪʽ (ʆʟʥʘʯʝʥʥʷ 3) ʚʚʦʜʠʪʴ ʥʦʚʠʡ 

ʩʪʘʥʜʘʨʪ ʘʜʝʢʚʘʪʥʦʩʪʽ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ: ʥʘʚʽʪʴ ʧʨʠ ʤʘʣʽʡ ʘʙʩʦʣʶʪʥʽʡ 

ʧʦʤʠʣʮʽ ʚʽʜʪʚʦʨʝʥʥʷ ʩʪʘʥʫ ʜʚʽʡʥʠʢ ʤʦʞʝ ʙʫʪʠ ʩʪʨʫʢʪʫʨʥʦ ʥʝʘʜʝʢʚʘʪʥʠʤ, 

ʷʢʱʦ ʚʽʥ ʥʝ ʚʽʜʪʚʦʨʶʻ ʷʢʽʩʥʫ ʟʤʽʥʫ ʧʦʚʝʜʽʥʢʠ ʩʠʩʪʝʤʠ ʚ ʪʦʯʮʽ ʧʝʨʝʭʦʜʫ. 

ʎʝ ʧʨʠʥʮʠʧʦʚʦ ʚʘʞʣʠʚʦ ʜʣʷ ʟʘʩʪʦʩʫʚʘʥʴ ʫ ʧʨʝʜʠʢʪʠʚʥʦʤʫ ʪʝʭʥʽʯʥʦʤʫ 

ʦʙʩʣʫʛʦʚʫʚʘʥʥʽ. 

ʊʝʦʨʝʤʘ 2 ʚʩʪʘʥʦʚʣʶʻ ʢʦʥʩʪʨʫʢʪʠʚʥʠʡ ʟʚ'ʷʟʦʢ ʤʽʞ ʷʢʽʩʪʶ ʣʦʢʘʣʴʥʦʾ 

ʣʽʥʽʡʥʦʾ ʘʧʨʦʢʩʠʤʘʮʽʾ ʜʚʽʡʥʠʢʘ ʪʘ ʪʦʯʥʽʩʪʶ ʚʠʷʚʣʝʥʥʷ ʤʦʤʝʥʪʫ ʧʝʨʝʭʦʜʫ, 

ʟʘʙʝʟʧʝʯʫʶʯʠ ʪʝʦʨʝʪʠʯʥʫ ʦʩʥʦʚʫ ʜʣʷ ʧʘʨʘʤʝʪʨʠʯʥʦʾ ʚʝʨʠʬʽʢʘʮʽʾ ʤʦʜʝʣʝʡ. 

ʆʙʤʝʞʝʥʥʷʤ ʟʘʧʨʦʧʦʥʦʚʘʥʦʛʦ ʧʽʜʭʦʜʫ ʻ ʥʝʦʙʭʽʜʥʽʩʪʴ ʚʠʙʦʨʫ 

ʢʦʥʢʨʝʪʥʦʛʦ ʬʫʥʢʮʽʦʥʘʣʫ ū ʜʣʷ ʢʦʥʢʨʝʪʥʦʾ ʩʠʩʪʝʤʠ. ɺ ʟʘʛʘʣʴʥʦʤʫ ʚʠʧʘʜʢʫ 

ʟʘʜʘʯʘ ʽʜʝʥʪʠʬʽʢʘʮʽʾ ʥʘʡʙʽʣʴʰ ʽʥʬʦʨʤʘʪʠʚʥʦʛʦ ʝʤʝʨʜʞʝʥʪʥʦʛʦ 

ʬʫʥʢʮʽʦʥʘʣʫ ʤʦʞʝ ʧʦʪʨʝʙʫʚʘʪʠ ʟʘʩʪʦʩʫʚʘʥʥʷ ʤʝʪʦʜʽʚ ʤʘʰʠʥʥʦʛʦ ʥʘʚʯʘʥʥʷ 

ʘʙʦ ʪʦʧʦʣʦʛʽʯʥʦʛʦ ʘʥʘʣʽʟʫ ʜʘʥʠʭ. 

 



199 
 

ɺʀʉʅʆɺʂʀ 

ʋ ʨʦʙʦʪʽ ʨʦʟʨʦʙʣʝʥʦ ʤʘʪʝʤʘʪʠʯʥʦ ʩʪʨʦʛʠʡ ʘʧʘʨʘʪ ʜʣʷ ʦʧʠʩʫ 

ʝʤʝʨʜʞʝʥʪʥʠʭ ʧʝʨʝʭʦʜʽʚ ʫ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʘʭ ʚʠʨʦʙʥʠʯʠʭ ʩʠʩʪʝʤ. 

ʆʩʥʦʚʥʽ ʨʝʟʫʣʴʪʘʪʠ: 

1. ɺʚʝʜʝʥʦ ʦʟʥʘʯʝʥʥʷ ʝʤʝʨʜʞʝʥʪʥʦʛʦ ʬʫʥʢʮʽʦʥʘʣʫ ʪʘ 

ʝʤʝʨʜʞʝʥʪʥʦʛʦ ʧʝʨʝʭʦʜʫ, ʱʦ ʙʘʟʫʶʪʴʩʷ ʥʘ ʫʤʦʚʽ ʥʝʨʦʟʢʣʘʜʥʦʩʪʽ 

ʤʘʢʨʦʚʣʘʩʪʠʚʦʩʪʽ ʪʘ ʨʦʟʨʠʚʫ ʾʾ ʛʨʘʥʠʯʥʠʭ ʟʥʘʯʝʥʴ. 

2. ʉʬʦʨʤʫʣʴʦʚʘʥʦ ʩʧʝʢʪʨʘʣʴʥʠʡ ʢʨʠʪʝʨʽʡ ʚʠʷʚʣʝʥʥʷ 

ʙʽʬʫʨʢʘʮʽʡʥʦʛʦ ʧʦʨʦʛʫ ʯʝʨʝʟ ʫʤʦʚʠ ʥʘ ʚʣʘʩʥʽ ʯʠʩʣʘ ʤʘʪʨʠʮʽ ʗʢʦʙʽ. 

3. ɺʠʟʥʘʯʝʥʦ ʧʦʥʷʪʪʷ ʝʤʝʨʜʞʝʥʪʥʦ-ʫʟʛʦʜʞʝʥʦʛʦ ʮʠʬʨʦʚʦʛʦ 

ʜʚʽʡʥʠʢʘ, ʱʦ ʚʩʪʘʥʦʚʣʶʻ ʥʦʚʠʡ, ʙʽʣʴʰ ʩʪʨʦʛʠʡ ʩʪʘʥʜʘʨʪ 

ʘʜʝʢʚʘʪʥʦʩʪʽ ʤʦʜʝʣʽ ʧʦʙʣʠʟʫ ʢʨʠʪʠʯʥʠʭ ʪʦʯʦʢ. 

4. ɼʦʚʝʜʝʥʦ ʪʝʦʨʝʤʫ ʧʨʦ ʥʝʦʙʭʽʜʥʫ ʫʤʦʚʫ ʪʦʯʥʦʛʦ ʚʠʷʚʣʝʥʥʷ 

ʧʝʨʝʭʦʜʫ, ʱʦ ʧʦʚ'ʷʟʫʻ ʷʢʽʩʪʴ ʣʽʥʽʡʥʦʾ ʘʧʨʦʢʩʠʤʘʮʽʾ ʜʚʽʡʥʠʢʘ ʟ 

ʪʦʯʥʽʩʪʶ ʧʨʦʛʥʦʟʫ. 

5. ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʽʥʬʦʨʤʘʮʽʡʥʝ ʨʦʟʰʠʨʝʥʥʷ ʯʝʨʝʟ ʩʧʝʢʪʨʘʣʴʥʫ 

ʝʥʪʨʦʧʽʶ, ʱʦ ʚʽʜʢʨʠʚʘʻ ʰʣʷʭ ʜʦ ʧʨʘʢʪʠʯʥʦʾ ʨʝʘʣʽʟʘʮʽʾ ʙʝʟ ʷʚʥʦʛʦ 

ʦʙʯʠʩʣʝʥʥʷ ʤʘʪʨʠʮʽ ʗʢʦʙʽ. 

ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʬʦʨʤʫʶʪʴ ʪʝʦʨʝʪʠʯʥʫ ʦʩʥʦʚʫ ʜʣʷ ʚʝʨʠʬʽʢʘʮʽʾ 

ʪʘ ʩʝʨʪʠʬʽʢʘʮʽʾ ʮʠʬʨʦʚʠʭ ʜʚʽʡʥʠʢʽʚ ʫ ʟʘʩʪʦʩʫʚʘʥʥʷʭ ʧʨʝʜʠʢʪʠʚʥʦʛʦ 

ʪʝʭʥʽʯʥʦʛʦ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ, ʘ ʪʘʢʦʞ ʜʣʷ ʨʦʟʨʦʙʢʠ ʢʨʠʪʝʨʽʾʚ ʥʘʜʽʡʥʦʩʪʽ 

ʩʠʩʪʝʤ ʫʧʨʘʚʣʽʥʥʷ ʥʘ ʦʩʥʦʚʽ ʤʦʜʝʣʝʡ. 
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ʂʦʚʘʣʝʚʩʴʢʠʡ ʉ.ɺ.ĭ, ɻʣʠʚʠʡ ɺ.ʄ.Į (ĭɼʦʥʙʘʩʴʢʘ ʜʝʨʞʘʚʥʘ ʤʘʰʠʥʦʙʫʜʽʚʥʘ 

ʘʢʘʜʝʤʽʷ, ʂʨʘʤʘʪʦʨʩʴʢ ï ʊʝʨʥʦʧʽʣʴ ï ʍʫʩʪ, ʋʢʨʘʾʥʘ; Įɺʽʥʥʠʮʴʢʠʡ 
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ɺʇʃʀɺ ʊʆʅʂʆɻʆ ʐɸʈʋ ʇʆɺɽʈʍʅɽɺʆ-ɸʂʊʀɺʅʀʍ ʈɽʏʆɺʀʅ 

ʊɸ ʅɸʅʆɸʄʇʃɯʊʋɼʅʀʍ ɺɯɹʈɸʎɯʁ ʅɸ ʊʈʀɹʆʃʆɻɯʏʅɯ 

ʍɸʈɸʂʊɽʈʀʉʊʀʂʀ ʈʆɹʆʏʀʍ ʇʆɺɽʈʍʆʅʔ ɼɽʊɸʃɽʁ ʄɸʐʀʅ 
 

ɸʥʦʪʘʮʽʷ. ʋ ʨʦʙʦʪʽ ʜʦʩʣʽʜʞʝʥʦ ʤʝʭʘʥʽʟʤʠ ʚʧʣʠʚʫ ʧʦʻʜʥʘʥʥʷ ʪʦʥʢʦʛʦ 

ʘʜʩʦʨʙʮʽʡʥʦʛʦ ʰʘʨʫ ʧʦʚʝʨʭʥʝʚʦ-ʘʢʪʠʚʥʠʭ ʨʝʯʦʚʠʥ ʪʘ ʥʘʥʦʘʤʧʣʽʪʫʜʥʠʭ ʚʽʙʨʘʮʽʡ ʥʘ 

ʪʨʠʙʦʣʦʛʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʨʦʙʦʯʠʭ ʧʦʚʝʨʭʦʥʴ ʜʝʪʘʣʝʡ ʤʘʰʠʥ. ʈʦʟʛʣʷʥʫʪʦ ʬʽʟʠʯʥʽ 

ʧʨʦʮʝʩʠ, ʱʦ ʚʽʜʙʫʚʘʶʪʴʩʷ ʫ ʢʦʥʪʘʢʪʥʽʡ ʟʦʥʽ, ʚʢʣʶʯʘʶʯʠ ʦʨʽʻʥʪʘʮʽʶ ʤʦʣʝʢʫʣ ʇɸʈ, 

ʟʤʽʥʫ ʨʝʘʣʴʥʦʾ ʧʣʦʱʽ ʢʦʥʪʘʢʪʫ ʪʘ ʘʢʪʠʚʘʮʽʶ ʪʨʠʙʦʭʽʤʽʯʥʠʭ ʨʝʘʢʮʽʡ. ʈʦʟʨʦʙʣʝʥʦ 

ʤʘʪʝʤʘʪʠʯʥʫ ʤʦʜʝʣʴ ʜʠʥʘʤʽʯʥʦʛʦ ʢʦʥʪʘʢʪʫ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʛʘʨʤʦʥʽʯʥʠʭ ʢʦʣʠʚʘʥʴ 

ʟʘʟʦʨʫ ʪʘ ʩʠʣ ʪʝʨʪʷ. ʇʨʦʚʝʜʝʥʦ ʦʮʽʥʢʫ ʚʧʣʠʚʫ ʧʘʨʘʤʝʪʨʽʚ ʚʽʙʨʘʮʽʡ ʥʘ ʢʦʝʬʽʮʽʻʥʪ 

ʪʝʨʪʷ ʪʘ ʚʩʪʘʥʦʚʣʝʥʦ ʝʢʩʧʦʥʝʥʮʽʡʥʫ ʟʘʣʝʞʥʽʩʪʴ ʮʴʦʛʦ ʧʘʨʘʤʝʪʨʘ ʚʽʜ ʜʠʥʘʤʽʯʥʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʠʩʪʝʤʠ. ʇʦʢʘʟʘʥʦ, ʱʦ ʧʨʠ ʘʤʧʣʽʪʫʜʽ ʢʦʣʠʚʘʥʴ ʧʦʨʷʜʢʫ ʜʝʩʷʪʢʽʚ 

ʥʘʥʦʤʝʪʨʽʚ ʪʘ ʚʠʩʦʢʦʯʘʩʪʦʪʥʦʤʫ ʟʙʫʜʞʝʥʥʽ ʤʦʞʣʠʚʝ ʩʫʪʪʻʚʝ ʟʥʠʞʝʥʥʷ ʩʠʣ ʪʝʨʪʷ. 

ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʧʨʠ ʧʨʦʝʢʪʫʚʘʥʥʽ ʚʫʟʣʽʚ ʪʝʨʪʷ 

ʤʘʰʠʥ, ʧʽʜʚʠʱʝʥʥʽ ʾʭ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʦʩʪʽ ʪʘ ʜʦʚʛʦʚʽʯʥʦʩʪʽ, ʘ ʪʘʢʦʞ ʧʨʠ ʩʪʚʦʨʝʥʥʽ 

ʘʢʪʠʚʥʠʭ ʪʨʠʙʦʣʦʛʽʯʥʠʭ ʩʠʩʪʝʤ ʟ ʢʝʨʦʚʘʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ ʧʦʚʝʨʭʥʽ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʧʦʚʝʨʭʥʝʚʦ-ʘʢʪʠʚʥʽ ʨʝʯʦʚʠʥʠ; ʥʘʥʦʘʤʧʣʽʪʫʜʥʽ ʚʽʙʨʘʮʽʾ; 

ʪʨʠʙʦʣʦʛʽʷ; ʢʦʝʬʽʮʽʻʥʪ ʪʝʨʪʷ; ʘʜʩʦʨʙʮʽʡʥʠʡ ʰʘʨ; ʟʥʦʩʦʩʪʽʡʢʽʩʪʴ; ʜʝʪʘʣʽ ʤʘʰʠʥ. 

 

Abstract: This paper investigates the mechanisms of the combined influence of a thin 

adsorption layer of surfactants and nano-amplitude vibrations on the tribological 

characteristics of working surfaces of machine parts. The physical processes occurring in the 

contact zone are analyzed, including molecular orientation of surfactants, variation of real 

contact area, and activation of tribochemical reactions. A mathematical model of dynamic 

contact is developed, taking into account harmonic oscillations of the gap and friction forces. 

The influence of vibration parameters on the friction coefficient is evaluated, and an 

exponential relationship between friction and dynamic system parameters is established. It is 

shown that at vibration amplitudes on the order of tens of nanometers and high-frequency 

excitation, a significant reduction in friction forces can be achieved. The obtained results can 

be applied in the design of friction units, improvement of energy efficiency and durability of 

machines, and development of active tribological systems with controlled surface properties. 

Keywords: surfactants; nano-amplitude vibrations; tribology; friction coefficient; 

adsorption layer; wear resistance; machine parts. 
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ɺʩʪʫʧ. 

ʇʨʦʙʣʝʤʘ ʟʤʝʥʰʝʥʥʷ ʪʝʨʪʷ ʪʘ ʟʥʦʩʫ ʻ ʦʜʥʽʻʶ ʟ ʢʣʶʯʦʚʠʭ ʫ 

ʩʫʯʘʩʥʦʤʫ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʽ. ɺʪʨʘʪʠ ʝʥʝʨʛʽʾ ʯʝʨʝʟ ʪʝʨʪʷ ʫ ʤʝʭʘʥʽʯʥʠʭ 

ʩʠʩʪʝʤʘʭ ʩʪʘʥʦʚʣʷʪʴ ʟʥʘʯʥʫ ʯʘʩʪʠʥʫ ʟʘʛʘʣʴʥʠʭ ʝʥʝʨʛʝʪʠʯʥʠʭ ʚʠʪʨʘʪ 

ʧʨʦʤʠʩʣʦʚʦʩʪʽ [1, 2]. ʊʦʤʫ ʧʦʰʫʢ ʥʦʚʠʭ ʤʝʪʦʜʽʚ ʢʝʨʫʚʘʥʥʷ 

ʪʨʠʙʦʣʦʛʽʯʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ ʢʦʥʪʘʢʪʥʠʭ ʧʦʚʝʨʭʦʥʴ ʻ ʚʘʞʣʠʚʠʤ 

ʥʘʫʢʦʚʠʤ ʽ ʧʨʘʢʪʠʯʥʠʤ ʟʘʚʜʘʥʥʷʤ. 

ʆʜʥʠʤ ʽʟ ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʥʘʧʨʷʤʽʚ ʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʧʦʚʝʨʭʥʝʚʦ-

ʘʢʪʠʚʥʠʭ ʨʝʯʦʚʠʥ (ʇɸʈ), ʷʢʽ ʫʪʚʦʨʶʶʪʴ ʥʘ ʧʦʚʝʨʭʥʽ ʤʝʪʘʣʫ ʤʦʣʝʢʫʣʷʨʥʽ 

ʘʜʩʦʨʙʮʽʡʥʽ ʰʘʨʠ ʪʦʚʱʠʥʦʶ ʧʦʨʷʜʢʫ ʢʽʣʴʢʦʭ ʜʝʩʷʪʢʽʚ ʥʘʥʦʤʝʪʨʽʚ [3]. 

ʇʦʣʷʨʥʘ ʯʘʩʪʠʥʘ ʤʦʣʝʢʫʣʠ ʇɸʈ ʚʟʘʻʤʦʜʽʻ ʟ ʧʦʚʝʨʭʥʝʶ ʤʝʪʘʣʫ, ʪʦʜʽ ʷʢ 

ʥʝʧʦʣʷʨʥʘ ʯʘʩʪʠʥʘ ʦʨʽʻʥʪʫʻʪʴʩʷ ʥʘʟʦʚʥʽ, ʬʦʨʤʫʶʯʠ ʰʘʨ ʟʽ ʟʥʠʞʝʥʦʶ 

ʧʦʚʝʨʭʥʝʚʦʶ ʝʥʝʨʛʽʻʶ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʤʝʥʰʝʥʥʷ ʩʠʣ ʘʜʛʝʟʽʾ ʪʘ 

ʟʥʠʞʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʘ ʪʝʨʪʷ [4]. ɼʦʜʘʪʢʦʚʦ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʻ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʤʝʭʘʥʽʯʥʠʭ ʢʦʣʠʚʘʥʴ ʤʘʣʦʾ ʘʤʧʣʽʪʫʜʠ, ʷʢʽ ʚʧʣʠʚʘʶʪʴ ʥʘ ʩʪʨʫʢʪʫʨʫ 

ʢʦʥʪʘʢʪʥʦʾ ʟʦʥʠ ʪʘ ʤʝʭʘʥʽʟʤʠ ʪʝʨʪʷ [5, 6]. 

ʄʝʪʦʶ ʜʘʥʦʾ ʨʦʙʦʪʠ ʻ ʚʩʪʘʥʦʚʣʝʥʥʷ ʟʘʢʦʥʦʤʽʨʥʦʩʪʝʡ ʚʧʣʠʚʫ 

ʧʦʻʜʥʘʥʥʷ ʧʦʚʝʨʭʥʝʚʦ-ʘʢʪʠʚʥʦʛʦ ʰʘʨʫ ʪʘ ʥʘʥʦʘʤʧʣʽʪʫʜʥʠʭ ʚʽʙʨʘʮʽʡ ʥʘ 

ʪʨʠʙʦʣʦʛʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʦʚʝʨʭʥʽ ʜʝʪʘʣʝʡ ʤʘʰʠʥ. 

ʈʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʥʷ. 

ɼʦʩʣʽʜʞʝʥʥʷ ʧʦʢʘʟʘʣʦ, ʱʦ ʧʦʻʜʥʘʥʥʷ ʰʘʨʫ ʇɸʈ ʪʘ ʥʘʥʦʘʤʧʣʽʪʫʜʥʠʭ 

ʢʦʣʠʚʘʥʴ ʤʦʞʝ ʧʨʠʟʚʦʜʠʪʠ ʜʦ ʜʝʢʽʣʴʢʦʭ ʚʟʘʻʤʦʧʦʚ'ʷʟʘʥʠʭ ʬʽʟʠʯʥʠʭ 

ʝʬʝʢʪʽʚ: ʦʨʽʻʥʪʘʮʽʾ ʤʦʣʝʢʫʣ ʇɸʈ ʫ ʥʘʧʨʷʤʢʫ ʢʦʚʟʘʥʥʷ; ʧʝʨʽʦʜʠʯʥʦʛʦ 

ʟʤʝʥʰʝʥʥʷ ʢʦʥʪʘʢʪʥʦʾ ʧʣʦʱʽ ʤʽʢʨʦʥʝʨʽʚʥʦʩʪʝʡ; ʘʢʪʠʚʘʮʽʾ ʪʨʠʙʦʭʽʤʽʯʥʠʭ 

ʧʨʦʮʝʩʽʚ ʥʘ ʧʦʚʝʨʭʥʽ ʤʝʪʘʣʫ; ʬʦʨʤʫʚʘʥʥʷ ʩʪʘʙʽʣʴʥʦʾ ʟʘʭʠʩʥʦʾ ʪʨʠʙʦʧʣʽʚʢʠ 

[7]. ɺ ʨʝʟʫʣʴʪʘʪʽ ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʝʨʝʭʽʜ ʢʦʥʪʘʢʪʥʦʾ ʟʦʥʠ ʫ ʨʝʞʠʤ ʯʘʩʪʢʦʚʦʛʦ 

ʤʽʢʨʦʩʢʦʚʟʘʥʥʷ, ʱʦ ʩʧʨʠʷʻ ʩʫʪʪʻʚʦʤʫ ʟʥʠʞʝʥʥʶ ʩʠʣ ʪʝʨʪʷ. 

ɼʠʥʘʤʽʯʥʠʡ ʟʘʟʦʨ ʤʽʞ ʧʦʚʝʨʭʥʷʤʠ ʦʧʠʩʫʻʪʴʩʷ ʨʽʚʥʷʥʥʷʤ h(t) = h  + 

A sin(ɤt), ʜʝ h  ð ʩʝʨʝʜʥʽʡ ʟʘʟʦʨ, A ð ʘʤʧʣʽʪʫʜʘ ʢʦʣʠʚʘʥʴ, ɤ ð ʢʫʪʦʚʘ 

ʯʘʩʪʦʪʘ. ɼʣʷ ʦʧʠʩʫ ʜʠʥʘʤʽʢʠ ʢʦʥʪʘʢʪʥʦʾ ʩʠʩʪʝʤʠ ʚʠʢʦʨʠʩʪʘʥʦ ʨʽʚʥʷʥʥʷ 

ʢʦʣʠʚʘʣʴʥʦʛʦ ʨʫʭʫ m + c  + kx = F , ʜʝ m ð ʧʨʠʚʝʜʝʥʘ ʤʘʩʘ ʩʠʩʪʝʤʠ, c ð 

ʢʦʝʬʽʮʽʻʥʪ ʜʝʤʧʬʫʚʘʥʥʷ, k ð ʞʦʨʩʪʢʽʩʪʴ ʢʦʥʪʘʢʪʫ, F  ð ʩʠʣʘ ʪʝʨʪʷ [8]. 

ʂʦʝʬʽʮʽʻʥʪ ʪʝʨʪʷ ʟʘʣʝʞʠʪʴ ʚʽʜ ʧʘʨʘʤʝʪʨʽʚ ʢʦʣʠʚʘʥʴ ʽ ʤʦʞʝ ʙʫʪʠ 

ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʫ ʚʠʛʣʷʜʽ: ɛ = ɛ  Ŀ e^(īɔAɤ), ʜʝ ɛ  ð ʢʦʝʬʽʮʽʻʥʪ ʪʝʨʪʷ ʙʝʟ 

ʚʽʙʨʘʮʽʡ, ɔ ð ʢʦʝʬʽʮʽʻʥʪ ʯʫʪʣʠʚʦʩʪʽ ʪʨʠʙʦʣʦʛʽʯʥʦʾ ʩʠʩʪʝʤʠ. ɼʣʷ ʪʠʧʦʚʠʭ 

ʧʘʨʘʤʝʪʨʽʚ ʩʠʩʪʝʤʠ (A å 30 ʥʤ, f å 50 ʢɻʮ) ʜʠʥʘʤʽʯʥʠʡ ʧʘʨʘʤʝʪʨ Aɤ å 

0,009 ʤ/ʩ. ɿʘ ʪʘʢʠʭ ʫʤʦʚ ʢʦʝʬʽʮʽʻʥʪ ʪʝʨʪʷ ʟʥʠʞʫʻʪʴʩʷ ʟ ɛ å 0,10 ʜʦ ɛ å 0,04ï

0,05, ʪʦʙʪʦ ʧʨʠʙʣʠʟʥʦ ʫ 2ï3 ʨʘʟʠ. 

ɺʠʢʦʨʠʩʪʘʥʥʷ ʜʘʥʦʛʦ ʧʽʜʭʦʜʫ ʧʦʪʝʥʮʽʡʥʦ ʜʦʟʚʦʣʷʻ: ʟʤʝʥʰʠʪʠ 

ʢʦʝʬʽʮʽʻʥʪ ʪʝʨʪʷ ʥʘ 40ï70 %; ʧʽʜʚʠʱʠʪʠ ʟʥʦʩʦʩʪʽʡʢʽʩʪʴ ʧʦʚʝʨʭʦʥʴ; ʟʥʠʟʠʪʠ 

ʪʝʤʧʝʨʘʪʫʨʫ ʫ ʟʦʥʽ ʢʦʥʪʘʢʪʫ; ʩʪʘʙʽʣʽʟʫʚʘʪʠ ʤʽʢʨʦʛʝʦʤʝʪʨʽʶ ʧʦʚʝʨʭʥʽ. 

ɿʘʧʨʦʧʦʥʦʚʘʥʠʡ ʤʝʪʦʜ ʻ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʜʣʷ ʟʘʩʪʦʩʫʚʘʥʥʷ ʫ ʚʫʟʣʘʭ 
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ʧʽʜʰʠʧʥʠʢʽʚ ʢʦʚʟʘʥʥʷ, ʟʫʙʯʘʩʪʠʭ ʧʝʨʝʜʘʯʘʭ, ʥʘʧʨʷʤʥʠʭ ʚʝʨʩʪʘʪʽʚ, 

ʢʫʣʘʯʢʦʚʠʭ ʤʝʭʘʥʽʟʤʽʚ ʪʘ ʜʚʠʛʫʥʽʚ ʚʥʫʪʨʽʰʥʴʦʛʦ ʟʛʦʨʷʥʥʷ. 

ɺʠʩʥʦʚʢʠ. 

ʋ ʨʝʟʫʣʴʪʘʪʽ ʪʝʦʨʝʪʠʯʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʧʦʻʜʥʘʥʥʷ 

ʪʦʥʢʦʛʦ ʰʘʨʫ ʧʦʚʝʨʭʥʝʚʦ-ʘʢʪʠʚʥʦʾ ʨʝʯʦʚʠʥʠ ʪʘ ʥʘʥʦʘʤʧʣʽʪʫʜʥʠʭ ʚʽʙʨʘʮʽʡ 

ʩʫʪʪʻʚʦ ʚʧʣʠʚʘʻ ʥʘ ʪʨʠʙʦʣʦʛʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʨʦʙʦʯʠʭ ʧʦʚʝʨʭʦʥʴ 

ʜʝʪʘʣʝʡ ʤʘʰʠʥ. ʆʩʥʦʚʥʠʤʠ ʤʝʭʘʥʽʟʤʘʤʠ ʮʴʦʛʦ ʚʧʣʠʚʫ ʻ: ʬʦʨʤʫʚʘʥʥʷ 

ʚʧʦʨʷʜʢʦʚʘʥʦʛʦ ʘʜʩʦʨʙʮʽʡʥʦʛʦ ʰʘʨʫ ʇɸʈ, ʟʤʝʥʰʝʥʥʷ ʨʝʘʣʴʥʦʾ ʧʣʦʱʽ 

ʢʦʥʪʘʢʪʫ ʤʽʢʨʦʥʝʨʽʚʥʦʩʪʝʡ, ʘʢʪʠʚʘʮʽʷ ʪʨʠʙʦʭʽʤʽʯʥʠʭ ʧʨʦʮʝʩʽʚ ʪʘ 

ʫʪʚʦʨʝʥʥʷ ʩʪʘʙʽʣʴʥʦʾ ʟʘʭʠʩʥʦʾ ʪʨʠʙʦʧʣʽʚʢʠ. 

ʈʦʟʨʦʙʣʝʥʘ ʤʘʪʝʤʘʪʠʯʥʘ ʤʦʜʝʣʴ ʜʦʟʚʦʣʷʻ ʧʨʦʛʥʦʟʫʚʘʪʠ ʟʥʠʞʝʥʥʷ 

ʢʦʝʬʽʮʽʻʥʪʘ ʪʝʨʪʷ ʟʘʣʝʞʥʦ ʚʽʜ ʧʘʨʘʤʝʪʨʽʚ ʚʽʙʨʘʮʽʡʥʦʛʦ ʚʧʣʠʚʫ. 

ɿʘʧʨʦʧʦʥʦʚʘʥʠʡ ʧʽʜʭʽʜ ʤʦʞʝ ʨʦʟʛʣʷʜʘʪʠʩʷ ʷʢ ʧʝʨʩʧʝʢʪʠʚʥʠʡ ʥʘʧʨʷʤ 

ʨʦʟʚʠʪʢʫ ʘʢʪʠʚʥʠʭ ʪʨʠʙʦʣʦʛʽʯʥʠʭ ʩʠʩʪʝʤ, ʫ ʷʢʠʭ ʚʣʘʩʪʠʚʦʩʪʽ ʢʦʥʪʘʢʪʥʦʾ 

ʧʦʚʝʨʭʥʽ ʢʝʨʫʶʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʟʦʚʥʽʰʥʽʭ ʬʽʟʠʯʥʠʭ ʧʦʣʽʚ. ʇʦʜʘʣʴʰʽ 

ʜʦʩʣʽʜʞʝʥʥʷ ʜʦʮʽʣʴʥʦ ʩʧʨʷʤʫʚʘʪʠ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʫ ʧʝʨʝʚʽʨʢʫ 

ʦʪʨʠʤʘʥʠʭ ʪʝʦʨʝʪʠʯʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ, ʦʧʪʠʤʽʟʘʮʽʶ ʧʘʨʘʤʝʪʨʽʚ ʚʽʙʨʘʮʽʡ ʪʘ 

ʧʽʜʙʽʨ ʝʬʝʢʪʠʚʥʠʭ ʪʠʧʽʚ ʇɸʈ. 
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ʂʦʚʘʣʝʚʩʴʢʠʡ ʉ.ɺ.ĭ, ɾʫʢʽʚʩʴʢʠʡ ʅ.ʉ.Į  (ĭɼʦʥʙʘʩʴʢʘ ʜʝʨʞʘʚʥʘ 

ʤʘʰʠʥʦʙʫʜʽʚʥʘ ʘʢʘʜʝʤʽʷ, ʂʨʘʤʘʪʦʨʩʴʢ ï ʊʝʨʥʦʧʽʣʴ ï ʍʫʩʪ, ʋʢʨʘʾʥʘ; 

Įɺʽʥʥʠʮʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ, ɺʽʥʥʠʮʷ, ʋʢʨʘʾʥʘ). 

 

ɸɼɸʇʊʀɺʅʀʁ ɯʄʇʋʃʔʉʅʀʁ ʄʋʃʔʊʀɽʃɽʂʊʈʆɼʅʀʁ 

ʈɽɸʂʊʆʈ ʂʆʈʆʅʅʆɻʆ ʈʆɿʈʗɼʋ ɼʃʗ ʆɹʈʆɹʂʀ ʇʆɺɽʈʍʆʅʔ 

ʇʈʀ ɸʊʄʆʉʌɽʈʅʆʄʋ ʊʀʉʂʋ 
 

ɸʥʦʪʘʮʽʷ: ʋ ʨʦʙʦʪʽ ʜʦʩʣʽʜʞʝʥʦ ʧʨʠʥʮʠʧʠ ʩʪʚʦʨʝʥʥʷ ʘʜʘʧʪʠʚʥʦʛʦ ʽʤʧʫʣʴʩʥʦʛʦ 

ʤʫʣʴʪʠʝʣʝʢʪʨʦʜʥʦʛʦ ʨʝʘʢʪʦʨʘ ʢʦʨʦʥʥʦʛʦ ʨʦʟʨʷʜʫ ʜʣʷ ʦʙʨʦʙʢʠ ʧʦʚʝʨʭʦʥʴ ʜʝʪʘʣʝʡ 

ʤʘʰʠʥ ʧʨʠ ʘʪʤʦʩʬʝʨʥʦʤʫ ʪʠʩʢʫ. ʈʦʟʛʣʷʥʫʪʦ ʬʽʟʠʯʥʽ ʤʝʭʘʥʽʟʤʠ ʬʦʨʤʫʚʘʥʥʷ ʢʦʨʦʥʥʦʛʦ 

ʨʦʟʨʷʜʫ ʪʘ ʧʝʨʝʥʦʩʫ ʤʘʪʝʨʽʘʣʫ ʝʣʝʢʪʨʦʜʽʚ ʫ ʧʦʚʝʨʭʥʝʚʠʡ ʰʘʨ ʦʙʨʦʙʣʶʚʘʥʦʾ ʜʝʪʘʣʽ. 

ʆʩʦʙʣʠʚʫ ʫʚʘʛʫ ʧʨʠʜʽʣʝʥʦ ʩʘʤʦʨʝʛʫʣʷʮʽʾ ʧʨʦʮʝʩʫ, ʱʦ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʽʤʧʫʣʴʩʥʠʤ 

ʨʝʞʠʤʦʤ ʨʦʙʦʪʠ ʪʘ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʠʤ ʢʝʨʫʚʘʥʥʷʤ ʨʫʭʦʤ ʝʣʝʢʪʨʦʜʽʚ. ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ 

ʧʝʨʝʚʘʛʠ ʚʠʢʦʨʠʩʪʘʥʥʷ ʤʫʣʴʪʠʝʣʝʢʪʨʦʜʥʦʾ ʩʠʩʪʝʤʠ ʧʦʨʽʚʥʷʥʦ ʟ ʦʜʥʦʝʣʝʢʪʨʦʜʥʠʤʠ 

ʩʭʝʤʘʤʠ, ʟʦʢʨʝʤʘ ʧʽʜʚʠʱʝʥʥʷ ʨʽʚʥʦʤʽʨʥʦʩʪʽ ʦʙʨʦʙʣʝʥʥʷ ʪʘ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʧʨʦʮʝʩʫ. 

ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʧʽʜʭʽʜ ʜʦ ʢʝʨʫʚʘʥʥʷ ʧʘʨʘʤʝʪʨʘʤʠ ʨʦʟʨʷʜʫ ʜʣʷ ʜʦʩʷʛʥʝʥʥʷ ʦʧʪʠʤʘʣʴʥʦʛʦ 

ʧʦʻʜʥʘʥʥʷ ʤʽʢʨʦʪʚʝʨʜʦʩʪʽ ʪʘ ʰʦʨʩʪʢʦʩʪʽ ʧʦʚʝʨʭʥʽ. ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʤʦʞʫʪʴ 

ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʧʨʠ ʩʪʚʦʨʝʥʥʽ ʥʦʚʠʭ ʪʝʭʥʦʣʦʛʽʡ ʟʤʽʮʥʝʥʥʷ ʪʘ ʤʦʜʠʬʽʢʘʮʽʾ ʧʦʚʝʨʭʦʥʴ 

ʜʝʪʘʣʝʡ ʤʘʰʠʥ ʙʝʟ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚʘʢʫʫʤʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʢʦʨʦʥʥʠʡ ʨʦʟʨʷʜ; ʤʫʣʴʪʠʝʣʝʢʪʨʦʜʥʠʡ ʨʝʘʢʪʦʨ; ʽʤʧʫʣʴʩʥʠʡ 

ʨʝʞʠʤ; ʩʘʤʦʨʝʛʫʣʷʮʽʷ; ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʝ ʧʦʣʝ; ʤʽʢʨʦʪʚʝʨʜʽʩʪʴ; ʰʦʨʩʪʢʽʩʪʴ; ʜʝʪʘʣʽ 

ʤʘʰʠʥ. 

 

Abstract: This paper investigates the principles of designing an adaptive pulsed multi-

electrode corona discharge reactor for surface treatment of machine parts under atmospheric 

pressure conditions. The physical mechanisms of corona discharge formation and transfer of 

electrode material into the surface layer of the workpiece are analyzed. Special attention is 

given to process self-regulation achieved through pulsed operation and electromagnetic 

control of electrode motion. The advantages of a multi-electrode system compared to single-

electrode configurations are considered, particularly improved processing uniformity and 

higher productivity. An approach to controlling discharge parameters is proposed to achieve 

an optimal balance between microhardness and surface roughness. The results can be 

applied in the development of advanced technologies for surface strengthening and 

modification of machine parts without the need for vacuum equipment, improving efficiency 

and operational performance. 

Keywords: corona discharge; multi-electrode reactor; pulsed ʨʝʞʠʤ; self-regulation; 

electromagnetic field; microhardness; surface roughness; machine parts. 
 

ɺʉʊʋʇ. 

ʇʦʚʝʨʭʥʝʚʠʡ ʰʘʨ ʤʘʪʝʨʽʘʣʫ ʚʠʟʥʘʯʘʻ ʘʜʛʝʟʽʡʥʽ, ʪʨʠʙʦʣʦʛʽʯʥʽ ʪʘ 

ʬʫʥʢʮʽʦʥʘʣʴʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʚʠʨʦʙʫ. ʊʘʢʽ ʧʨʦʤʠʩʣʦʚʽ ʤʘʪʝʨʽʘʣʠ, ʷʢ 

ʧʦʣʽʝʪʠʣʝʥ, ʧʦʣʽʧʨʦʧʽʣʝʥ ʪʘ ʬʪʦʨʦʧʦʣʽʤʝʨʠ, ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʥʠʟʴʢʦʶ 

ʧʦʚʝʨʭʥʝʚʦʶ ʝʥʝʨʛʽʻʶ, ʱʦ ʦʙʤʝʞʫʻ ʾʭ ʟʜʘʪʥʽʩʪʴ ʜʦ ʬʦʨʤʫʚʘʥʥʷ ʤʽʮʥʠʭ 

ʟ'ʻʜʥʘʥʴ ʟ ʧʦʢʨʠʪʪʷʤʠ ʪʘ ʢʣʝʷʤʠ [1, 2]. ʊʨʘʜʠʮʽʡʥʽ ʤʝʪʦʜʠ ʧʦʚʝʨʭʥʝʚʦʾ 

ʘʢʪʠʚʘʮʽʾ ð ʭʽʤʽʯʥʝ ʪʨʘʚʣʝʥʥʷ, ʚʦʛʥʝʚʘ ʦʙʨʦʙʢʘ, ʚʘʢʫʫʤʥʘ ʧʣʘʟʤʘ ð 

ʤʘʶʪʴ ʩʫʪʪʻʚʽ ʥʝʜʦʣʽʢʠ: ʚʠʩʦʢʫ ʚʘʨʪʽʩʪʴ, ʥʝʦʙʭʽʜʥʽʩʪʴ ʚʘʢʫʫʤʥʦʛʦ 
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ʦʙʣʘʜʥʘʥʥʷ, ʝʢʦʣʦʛʽʯʥʫ ʥʝʙʝʟʧʝʢʫ, ʩʢʣʘʜʥʫ ʽʥʪʝʛʨʘʮʽʶ ʟ ʙʝʟʧʝʨʝʨʚʥʠʤʠ 

ʚʠʨʦʙʥʠʯʠʤʠ ʣʽʥʽʷʤʠ [3]. 

ʆʙʨʦʙʢʘ ʘʪʤʦʩʬʝʨʥʦʶ ʧʣʘʟʤʦʶ  ̒ ʧʝʨʩʧʝʢʪʠʚʥʦʶ ʘʣʴʪʝʨʥʘʪʠʚʦʶ, 

ʦʩʢʽʣʴʢʠ ʜʦʟʚʦʣʷʻ ʤʦʜʠʬʽʢʫʚʘʪʠ ʭʽʤʽʶ ʧʦʚʝʨʭʥʽ ʙʝʟ ʚʘʢʫʫʤʥʦʛʦ 

ʫʩʪʘʪʢʫʚʘʥʥʷ. ʉʝʨʝʜ ʘʪʤʦʩʬʝʨʥʠʭ ʧʣʘʟʤʦʚʠʭ ʪʝʭʥʦʣʦʛʽʡ ʢʦʨʦʥʥʠʡ ʨʦʟʨʷʜ 

ʻ ʥʘʡʙʽʣʴʰ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʠʤ ʽ ʤʘʩʰʪʘʙʦʚʘʥʠʤ ʤʝʪʦʜʦʤ ʜʣʷ 

ʧʨʦʤʠʩʣʦʚʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ [4]. ʂʦʨʦʥʥʠʡ ʨʦʟʨʷʜ ʚʠʥʠʢʘʻ ʧʨʠ ʜʦʢʣʘʜʘʥʥʽ 

ʚʠʩʦʢʦʾ ʥʘʧʨʫʛʠ ʤʽʞ ʥʝʩʠʤʝʪʨʠʯʥʠʤʠ ʝʣʝʢʪʨʦʜʘʤʠ; ʫʪʚʦʨʝʥʘ ʧʣʘʟʤʘ 

ʤʽʩʪʠʪʴ ʨʝʘʢʮʽʡʥʦ-ʟʜʘʪʥʽ ʯʘʩʪʠʥʢʠ: ʨʘʜʠʢʘʣʠ ʢʠʩʥʶ (O), ʦʟʦʥ (O ), 

ʛʽʜʨʦʢʩʠʣʴʥʽ ʨʘʜʠʢʘʣʠ (OH) ʪʘ ʟʙʫʜʞʝʥʽ ʤʦʣʝʢʫʣʠ ʘʟʦʪʫ, ʷʢʽ ʚʚʦʜʷʪʴ 

ʧʦʣʷʨʥʽ ʬʫʥʢʮʽʦʥʘʣʴʥʽ ʛʨʫʧʠ ʥʘ ʧʦʚʝʨʭʥʽ [5]. 

ɺʦʜʥʦʯʘʩ ʪʨʘʜʠʮʽʡʥʽ ʩʠʩʪʝʤʠ ʢʦʨʦʥʥʦʾ ʦʙʨʦʙʢʠ ʤʘʶʪʴ ʪʘʢʽ 

ʦʙʤʝʞʝʥʥʷ: ʥʝʨʽʚʥʦʤʽʨʥʠʡ ʨʦʟʧʦʜʽʣ ʨʦʟʨʷʜʫ, ʦʙʤʝʞʝʥʽ ʤʦʞʣʠʚʦʩʪʽ 

ʢʝʨʫʚʘʥʥʷ ʭʽʤʽʻʶ ʧʣʘʟʤʠ, ʝʨʦʟʽʷ ʝʣʝʢʪʨʦʜʽʚ, ʧʝʨʝʭʽʜ ʢʦʨʦʥʠ ʚ ʜʫʛʦʚʠʡ 

ʨʦʟʨʷʜ [6]. ɻʦʣʦʚʥʦʶ ʤʝʪʦʶ ʮʽʻʾ ʨʦʙʦʪʠ ʻ ʨʦʟʨʦʙʢʘ ʘʜʘʧʪʠʚʥʦʛʦ 

ʽʤʧʫʣʴʩʥʦʛʦ ʤʫʣʴʪʠʝʣʝʢʪʨʦʜʥʦʛʦ ʨʝʘʢʪʦʨʘ ʢʦʨʦʥʥʦʛʦ ʨʦʟʨʷʜʫ, ʷʢʠʡ 

ʟʘʙʝʟʧʝʯʫʻ ʧʽʜʚʠʱʝʥʫ ʩʪʘʙʽʣʴʥʽʩʪʴ ʧʣʘʟʤʠ, ʨʽʚʥʦʤʽʨʥʽʩʪʴ ʦʙʨʦʙʢʠ ʪʘ 

ʝʬʝʢʪʠʚʥʝ ʢʝʨʫʚʘʥʥʷ ʧʘʨʘʤʝʪʨʘʤʠ ʨʦʟʨʷʜʫ. 

ʈɽɿʋʃʔʊɸʊʀ ɼʆʉʃɯɼɾɽʅʅʗ. 

ɿʘʧʨʦʧʦʥʦʚʘʥʠʡ ʨʝʘʢʪʦʨ ʤʽʩʪʠʪʴ ʪʘʢʽ ʧʽʜʩʠʩʪʝʤʠ: ʽʤʧʫʣʴʩʥʝ 

ʚʠʩʦʢʦʚʦʣʴʪʥʝ ʜʞʝʨʝʣʦ ʞʠʚʣʝʥʥʷ, ʤʫʣʴʪʠʝʣʝʢʪʨʦʜʥʫ ʤʘʪʨʠʮʶ ʢʦʨʦʥʥʦʛʦ 

ʨʦʟʨʷʜʫ, ʜʽʝʣʝʢʪʨʠʯʥʠʡ ʙʘʨ'ʻʨ, ʪʨʘʥʩʧʦʨʪʥʫ ʩʠʩʪʝʤʫ ʪʘ ʤʦʜʫʣʴ 

ʘʜʘʧʪʠʚʥʦʛʦ ʢʝʨʫʚʘʥʥʷ. ɽʣʝʢʪʨʦʜʥʘ ʤʘʪʨʠʮʷ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʛʦʣʯʘʩʪʠʭ 

ʝʣʝʢʪʨʦʜʽʚ ʽʟ ʨʘʜʽʫʩʦʤ ʢʨʠʚʠʟʥʠ 50ï200 ʤʢʤ, ʚʽʜʩʪʘʥʥʶ ʤʽʞ ʝʣʝʢʪʨʦʜʘʤʠ 

5ï10 ʤʤ ʪʘ ʟʘʟʦʨʦʤ ʜʦ ʧʽʜʢʣʘʜʢʠ 4ï6 ʤʤ. ʅʘʧʨʫʞʝʥʽʩʪʴ ʝʣʝʢʪʨʠʯʥʦʛʦ ʧʦʣʷ 

ʧʦʙʣʠʟʫ ʚʽʩʪʨʷ ʝʣʝʢʪʨʦʜʘ ʦʧʠʩʫʻʪʴʩʷ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷʤ E = V / [rĿln(4d/r)], 

ʜʝ V ð ʥʘʧʨʫʛʘ, r ð ʨʘʜʽʫʩ ʝʣʝʢʪʨʦʜʘ, d ð ʚʽʜʩʪʘʥʴ ʜʦ ʧʽʜʢʣʘʜʢʠ. 

ʂʨʠʪʠʯʥʘ ʥʘʧʨʫʞʝʥʽʩʪʴ ʧʦʣʷ ʽʦʥʽʟʘʮʽʾ ʧʦʚʽʪʨʷ ʧʨʠ ʘʪʤʦʩʬʝʨʥʦʤʫ ʪʠʩʢʫ 

ʩʪʘʥʦʚʠʪʴ Eʢʨʠʪ å 3Ĭ10  ɺ/ʤ. 

ʄʘʪʝʤʘʪʠʯʥʘ ʤʦʜʝʣʴ ʧʣʘʟʤʠ ˇʨʫʥʪʫʻʪʴʩʷ ʥʘ ʨʽʚʥʷʥʥʽ ʇʫʘʩʩʦʥʘ ʜʣʷ 

ʨʦʟʧʦʜʽʣʫ ʝʣʝʢʪʨʠʯʥʦʛʦ ʧʦʪʝʥʮʽʘʣʫ, ʨʽʚʥʷʥʥʽ ʜʨʝʡʬʦʚʦ-ʜʠʬʫʟʽʡʥʦʛʦ 

ʪʨʘʥʩʧʦʨʪʫ ʟʘʨʷʜʞʝʥʠʭ ʯʘʩʪʠʥʦʢ ʪʘ ʢʽʥʝʪʠʯʥʦʤʫ ʨʽʚʥʷʥʥʽ ʰʚʠʜʢʦʩʪʽ 

ʧʦʚʝʨʭʥʝʚʠʭ ʨʝʘʢʮʽʡ R = kĿC_plasmaĿC_surface. ɯʤʧʫʣʴʩʥʠʡ ʛʝʥʝʨʘʪʦʨ 

ʟʘʙʝʟʧʝʯʫʻ ʘʤʧʣʽʪʫʜʫ ʥʘʧʨʫʛʠ 20ï30 ʢɺ, ʯʘʩʪʦʪʫ ʽʤʧʫʣʴʩʽʚ 20ï40 ʢɻʮ ʪʘ 

ʪʨʠʚʘʣʽʩʪʴ ʽʤʧʫʣʴʩʫ 50ï200 ʥʩ, ʱʦ ʩʫʪʪʻʚʦ ʟʥʠʞʫʻ ʡʤʦʚʽʨʥʽʩʪʴ ʧʝʨʝʭʦʜʫ ʚ 

ʜʫʛʦʚʠʡ ʨʦʟʨʷʜ ʧʨʠ ʟʙʝʨʝʞʝʥʥʽ ʚʠʩʦʢʦʾ ʛʫʩʪʠʥʠ ʧʣʘʟʤʠ [7]. 

ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘ ʧʝʨʝʚʽʨʢʘ ʧʨʦʚʦʜʠʣʘʩʴ ʥʘ ʧʦʣʽʤʝʨʥʠʭ ʧʽʜʢʣʘʜʢʘʭ 

ʟ ʧʦʣʽʝʪʠʣʝʥʫ (ʇɽ), ʧʦʣʽʧʨʦʧʽʣʝʥʫ (ʇʇ) ʪʘ ʧʦʣʽʝʪʠʣʝʥʪʝʨʝʬʪʘʣʘʪʫ (ʇɽʊ). 

ʇʦʚʝʨʭʥʝʚʘ ʝʥʝʨʛʽʷ ʚʠʤʽʨʶʚʘʣʘʩʴ ʤʝʪʦʜʦʤ ʢʦʥʪʘʢʪʥʦʛʦ ʢʫʪʘ, ʤʽʮʥʽʩʪʴ 

ʘʜʛʝʟʽʾ ð ʤʝʪʦʜʦʤ ʚʽʜʨʠʚʫ. ʈʝʟʫʣʴʪʘʪʠ ʚʠʤʽʨʶʚʘʥʴ ʧʦʚʝʨʭʥʝʚʦʾ ʝʥʝʨʛʽʾ 

ʟʚʝʜʝʥʦ ʫ ʪʘʙʣʠʮʶ 1. 
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ʊʘʙʣʠʮʷ 1. ʇʦʚʝʨʭʥʝʚʘ ʝʥʝʨʛʽʷ ʧʦʣʽʤʝʨʥʠʭ ʧʽʜʢʣʘʜʦʢ ʜʦ ʪʘ ʧʽʩʣʷ ʢʦʨʦʥʥʦʾ 

ʦʙʨʦʙʢʠ 

ʄʘʪʝʨʽʘʣ ɼʦ ʦʙʨʦʙʢʠ, ʤʅ/ʤ ʇʽʩʣʷ ʦʙʨʦʙʢʠ, ʤʅ/ʤ 

ʇɽ 32 68 

ʇʇ 30 65 

ʇɽʊ 42 72 

 

ʂʦʨʦʥʥʘ ʦʙʨʦʙʢʘ ʟʘʙʝʟʧʝʯʠʣʘ ʩʫʪʪʻʚʝ ʧʽʜʚʠʱʝʥʥʷ ʧʦʚʝʨʭʥʝʚʦʾ 

ʝʥʝʨʛʽʾ ʚʩʽʭ ʜʦʩʣʽʜʞʝʥʠʭ ʤʘʪʝʨʽʘʣʽʚ. ʄʽʮʥʽʩʪʴ ʘʜʛʝʟʽʾ ʧʦʢʨʠʪʪʽʚ 

ʟʙʽʣʴʰʠʣʘʩʴ ʫ 2ï3 ʨʘʟʠ ʧʦʨʽʚʥʷʥʦ ʟ ʥʝʦʙʨʦʙʣʝʥʠʤʠ ʟʨʘʟʢʘʤʠ. 

ʅʝʨʽʚʥʦʤʽʨʥʽʩʪʴ ʦʙʨʦʙʢʠ ʩʪʘʥʦʚʠʣʘ ʤʝʥʰʝ 5% ʧʦ ʚʩʽʡ ʧʦʚʝʨʭʥʽ ʧʽʜʢʣʘʜʢʠ. 

ʇʦʨʽʚʥʷʥʦ ʟ ʪʨʘʜʠʮʽʡʥʠʤʠ ʩʠʩʪʝʤʘʤʠ ʢʦʨʦʥʥʦʾ ʦʙʨʦʙʢʠ ʟʘʧʨʦʧʦʥʦʚʘʥʠʡ 

ʨʝʘʢʪʦʨ ʟʘʙʝʟʧʝʯʫʻ ʧʦʢʨʘʱʝʥʫ ʩʪʘʙʽʣʴʥʽʩʪʴ ʧʣʘʟʤʠ, ʚʠʱʫ ʧʨʦʩʪʦʨʦʚʫ 

ʨʽʚʥʦʤʽʨʥʽʩʪʴ ʪʘ ʟʥʠʞʝʥʝ ʝʥʝʨʛʦʩʧʦʞʠʚʘʥʥʷ [8]. 

ɺʀʉʅʆɺʂʀ. 

ʋ ʨʝʟʫʣʴʪʘʪʽ ʧʨʦʚʝʜʝʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʨʦʟʨʦʙʣʝʥʦ ʪʘ ʘʧʨʦʙʦʚʘʥʦ 

ʘʜʘʧʪʠʚʥʠʡ ʽʤʧʫʣʴʩʥʠʡ ʤʫʣʴʪʠʝʣʝʢʪʨʦʜʥʠʡ ʨʝʘʢʪʦʨ ʢʦʨʦʥʥʦʛʦ ʨʦʟʨʷʜʫ 

ʜʣʷ ʦʙʨʦʙʢʠ ʧʦʚʝʨʭʦʥʴ ʧʨʠ ʘʪʤʦʩʬʝʨʥʦʤʫ ʪʠʩʢʫ. ʇʦʙʫʜʦʚʘʥʦ ʤʘʪʝʤʘʪʠʯʥʫ 

ʤʦʜʝʣʴ ʧʣʘʟʤʠ ʢʦʨʦʥʥʦʛʦ ʨʦʟʨʷʜʫ, ʱʦ ʦʧʠʩʫʻ ʨʦʟʧʦʜʽʣ ʝʣʝʢʪʨʠʯʥʦʛʦ ʧʦʣʷ, 

ʪʨʘʥʩʧʦʨʪ ʟʘʨʷʜʞʝʥʠʭ ʯʘʩʪʠʥʦʢ ʪʘ ʢʽʥʝʪʠʢʫ ʧʦʚʝʨʭʥʝʚʠʭ ʨʝʘʢʮʽʡ. 

ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʽʜʪʚʝʨʜʞʝʥʦ ʧʽʜʚʠʱʝʥʥʷ ʧʦʚʝʨʭʥʝʚʦʾ ʝʥʝʨʛʽʾ 

ʧʦʣʽʤʝʨʥʠʭ ʧʽʜʢʣʘʜʦʢ (ʇɽ, ʇʇ, ʇɽʊ) ʜʦ 65ï72 ʤʅ/ʤ, ʱʦ ʥʘ 60ï70% 

ʧʝʨʝʚʠʱʫʻ ʚʠʭʽʜʥʽ ʟʥʘʯʝʥʥʷ. ʄʽʮʥʽʩʪʴ ʘʜʛʝʟʽʾ ʧʦʢʨʠʪʪʽʚ ʟʨʦʩʣʘ ʫ 2ï3 ʨʘʟʠ 

ʧʨʠ ʥʝʨʽʚʥʦʤʽʨʥʦʩʪʽ ʦʙʨʦʙʢʠ ʤʝʥʰʝ 5%. 

ɯʤʧʫʣʴʩʥʠʡ ʨʝʞʠʤ ʨʦʙʦʪʠ ʛʝʥʝʨʘʪʦʨʘ (20ï30 ʢɺ, 20ï40 ʢɻʮ, 50ï200 

ʥʩ) ʜʦʟʚʦʣʷʻ ʩʫʪʪʻʚʦ ʟʥʠʟʠʪʠ ʡʤʦʚʽʨʥʽʩʪʴ ʜʫʛʦʚʠʭ ʨʦʟʨʷʜʽʚ ʽ ʝʨʦʟʽʶ 

ʝʣʝʢʪʨʦʜʽʚ ʧʨʠ ʟʙʝʨʝʞʝʥʥʽ ʚʠʩʦʢʦʾ ʛʫʩʪʠʥʠ ʧʣʘʟʤʠ. ʉʠʩʪʝʤʘ ʘʜʘʧʪʠʚʥʦʛʦ 

ʢʝʨʫʚʘʥʥʷ ʘʚʪʦʤʘʪʠʯʥʦ ʧʽʜʣʘʰʪʦʚʫʻ ʧʘʨʘʤʝʪʨʠ ʨʦʟʨʷʜʫ ʟʘʣʝʞʥʦ ʚʽʜ 

ʤʘʪʝʨʽʘʣʫ ʧʽʜʢʣʘʜʢʠ. ɿʘʧʨʦʧʦʥʦʚʘʥʘ ʪʝʭʥʦʣʦʛʽʷ ʤʘʻ ʧʝʨʩʧʝʢʪʠʚʠ 

ʚʧʨʦʚʘʜʞʝʥʥʷ ʫ ʧʘʢʫʚʘʣʴʥʽʡ, ʘʚʪʦʤʦʙʽʣʴʥʽʡ, ʙʽʦʤʝʜʠʯʥʽʡ ʪʘ ʝʣʝʢʪʨʦʥʥʽʡ 

ʧʨʦʤʠʩʣʦʚʦʩʪʽ. ʇʦʜʘʣʴʰʽ ʜʦʩʣʽʜʞʝʥʥʷ ʙʫʜʫʪʴ ʩʧʨʷʤʦʚʘʥʽ ʥʘ ʦʧʪʠʤʽʟʘʮʽʶ 

ʛʝʦʤʝʪʨʽʾ ʝʣʝʢʪʨʦʜʽʚ, ʧʣʘʟʤʦʚʫ ʜʽʘʛʥʦʩʪʠʢʫ ʪʘ ʤʘʩʰʪʘʙʥʽ ʧʨʦʤʠʩʣʦʚʽ 

ʚʠʧʨʦʙʫʚʘʥʥʷ. 
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ʂʦʚʘʣʝʚʩʴʢʠʡ ʉ.ɺ.ĭ, ʅʘʜʠʯ ʇ.ɺ.ĭ, ʄʘʨʯʫʢ ɺ.ɯ.Į  (ĭɼʦʥʙʘʩʴʢʘ ʜʝʨʞʘʚʥʘ 

ʤʘʰʠʥʦʙʫʜʽʚʥʘ ʘʢʘʜʝʤʽʷ, ʂʨʘʤʘʪʦʨʩʴʢ ï ʊʝʨʥʦʧʽʣʴ ï ʍʫʩʪ, ʋʢʨʘʾʥʘ; 

Įɺʽʥʥʠʮʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ, ɺʽʥʥʠʮʷ, ʋʢʨʘʾʥʘ). 

 

ʐʀʈʆʂʆʉʄʋɻʆɺʀʁ ʅɸʅʆɸʄʇʃɯʊʋɼʅʀʁ ɿɹʋɼɾʋɺɸʏ ɼʃʗ 

ʄɸɻʅɯʊʅʆ-ʈɽɿʆʅɸʅʉʅʆɰ ʆɹʈʆɹʂʀ ʄɸʊɽʈɯɸʃɯɺ 

 
ɸʥʦʪʘʮʽʷ: ʋ ʨʦʙʦʪʽ ʨʦʟʛʣʷʥʫʪʦ ʬʽʟʠʯʥʽ ʧʨʠʥʮʠʧʠ ʪʘ ʽʥʞʝʥʝʨʥʫ ʢʦʥʮʝʧʮʽʶ 

ʰʠʨʦʢʦʩʤʫʛʦʚʦʛʦ ʛʝʥʝʨʘʪʦʨʘ ʥʘʥʦʘʤʧʣʽʪʫʜʥʠʭ ʤʝʭʘʥʽʯʥʠʭ ʢʦʣʠʚʘʥʴ ʜʣʷ 

ʪʚʝʨʜʦʩʧʣʘʚʥʠʭ ʨʽʟʘʣʴʥʠʭ ʧʣʘʩʪʠʥ ʫ ʰʠʨʦʢʦʤʫ ʯʘʩʪʦʪʥʦʤʫ ʜʽʘʧʘʟʦʥʽ. ʆʙˇʨʫʥʪʦʚʘʥʦ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʟʙʫʜʞʝʥʥʷ ʟʘ ʧʨʠʥʮʠʧʦʤ ʩʠʣʠ ʃʦʨʝʥʮʘ ʫ ʧʦʻʜʥʘʥʥʽ ʟ 

ʪʝʨʤʦʧʨʫʞʥʠʤ ʝʬʝʢʪʦʤ ʷʢ ʝʬʝʢʪʠʚʥʦʛʦ ʤʝʭʘʥʽʟʤʫ ʬʦʨʤʫʚʘʥʥʷ ʢʦʣʠʚʘʥʴ ʙʝʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʤʝʭʘʥʽʯʥʠʭ ʧʨʠʚʦʜʽʚ. ʇʨʦʚʝʜʝʥʦ ʘʥʘʣʽʟ ʫʤʦʚ ʟʙʫʜʞʝʥʥʷ ʦʙôʻʤʥʠʭ 

ʧʨʫʞʥʠʭ ʭʚʠʣʴ ʫ ʤʘʪʝʨʽʘʣʽ WC-Co ʪʘ ʚʠʟʥʘʯʝʥʦ ʧʘʨʘʤʝʪʨʠ, ʟʘ ʷʢʠʭ ʨʝʘʣʽʟʫʶʪʴʩʷ 

ʥʘʥʦʘʤʧʣʽʪʫʜʥʽ ʢʦʣʠʚʘʥʥʷ. ʇʦʙʫʜʦʚʘʥʦ ʢʘʨʪʫ ʨʝʟʦʥʘʥʩʥʠʭ ʤʦʜ ʧʣʘʩʪʠʥʠ ʪʘ 

ʚʩʪʘʥʦʚʣʝʥʦ ʦʧʪʠʤʘʣʴʥʽ ʪʦʯʢʠ ʧʨʠʢʣʘʜʝʥʥʷ ʟʙʫʜʞʝʥʥʷ. ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʘʨʭʽʪʝʢʪʫʨʫ 

ʣʘʙʦʨʘʪʦʨʥʦʾ ʫʩʪʘʥʦʚʢʠ ʟ ʰʠʨʦʢʦʩʤʫʛʦʚʠʤ ʢʝʨʫʚʘʥʥʷʤ ʪʘ ʟʘʤʢʥʝʥʠʤ ʢʦʥʪʫʨʦʤ 

ʩʪʘʙʽʣʽʟʘʮʽʾ ʘʤʧʣʽʪʫʜʠ. ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʜʣʷ 

ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʧʨʦʮʝʩʽʚ ʨʽʟʘʥʥʷ, ʟʤʝʥʰʝʥʥʷ ʟʥʦʩʫ ʽʥʩʪʨʫʤʝʥʪʫ ʪʘ 

ʜʦʩʣʽʜʞʝʥʥʷ ʬʽʟʠʯʥʠʭ ʤʝʭʘʥʽʟʤʽʚ ʚʟʘʻʤʦʜʽʾ ʽʥʩʪʨʫʤʝʥʪʘ ʟ ʤʘʪʝʨʽʘʣʦʤ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʥʘʥʦʚʽʙʨʘʮʽʾ; ʩʠʣʘ ʃʦʨʝʥʮʘ; ʧʨʫʞʥʽ ʭʚʠʣʽ; ʪʚʝʨʜʠʡ ʩʧʣʘʚ; 

ʫʣʴʪʨʘʟʚʫʢ; ʨʽʟʘʣʴʥʠʡ ʽʥʩʪʨʫʤʝʥʪ; ʰʠʨʦʢʦʩʤʫʛʦʚʠʡ ʟʙʫʜʞʫʚʘʯ. 

 

Abstract: This paper considers the physical principles and engineering concept of a 

broadband nanoscale mechanical vibration generator for cemented carbide cutting inserts 

over a wide frequency range. The use of electromagnetic excitation based on the Lorentz 

force combined with the thermoelastic effect is substantiated as an efficient mechanism for 

generating vibrations without mechanical actuators. The conditions for excitation of 

volumetric elastic waves in WC-Co material are analyzed and the parameters enabling 

nanoscale oscillations are determined. A resonance map of the insert is constructed and 

optimal excitation points are identified. A laboratory setup architecture with broadband 

control and closed-loop amplitude stabilization is proposed. The obtained results can be 

applied to improve machining efficiency, reduce tool wear, and investigate physical 

mechanisms of toolïmaterial interaction under vibration-assisted conditions. 
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ɺʉʊʋʇ. 

ʉʫʯʘʩʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʚ ʛʘʣʫʟʽ ʤʝʪʘʣʦʦʙʨʦʙʢʠ ʧʦʢʘʟʫʶʪʴ, ʱʦ 

ʥʘʢʣʘʜʘʥʥʷ ʫʣʴʪʨʘʟʚʫʢʦʚʠʭ ʪʘ ʰʠʨʦʢʦʩʤʫʛʦʚʠʭ ʤʝʭʘʥʽʯʥʠʭ ʢʦʣʠʚʘʥʴ ʥʘ 

ʨʽʟʘʣʴʥʠʡ ʽʥʩʪʨʫʤʝʥʪ ʜʦʟʚʦʣʷʻ ʩʫʪʪʻʚʦ ʟʥʠʟʠʪʠ ʩʠʣʠ ʨʽʟʘʥʥʷ, ʟʤʝʥʰʠʪʠ 

ʟʥʦʩ ʽʥʩʪʨʫʤʝʥʪʫ ʪʘ ʧʦʢʨʘʱʠʪʠ ʷʢʽʩʪʴ ʦʙʨʦʙʣʝʥʦʾ ʧʦʚʝʨʭʥʽ [1, 2]. ʗʚʠʱʝ, 

ʚʽʜʦʤʝ ʷʢ ultrasonic assisted cutting, ʥʘʙʫʣʦ ʰʠʨʦʢʦʛʦ ʨʦʟʧʦʚʩʶʜʞʝʥʥʷ ʫ 

ʧʨʝʮʠʟʽʡʥʦʤʫ ʚʠʨʦʙʥʠʮʪʚʽ. ɺʦʜʥʦʯʘʩ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʬʽʟʠʯʥʠʭ 

ʤʝʭʘʥʽʟʤʽʚ ʚʧʣʠʚʫ ʢʦʣʠʚʘʥʴ ʨʽʟʥʦʾ ʯʘʩʪʦʪʠ ʥʘ ʧʨʦʮʝʩ ʨʽʟʘʥʥʷ ʥʝʦʙʭʽʜʥʽ 

ʩʧʝʮʽʘʣʽʟʦʚʘʥʽ ʩʪʝʥʜʠ, ʟʜʘʪʥʽ ʟʙʫʜʞʫʚʘʪʠ ʥʘʥʦʚʽʙʨʘʮʽʾ ʫ ʰʠʨʦʢʦʤʫ 

ʜʽʘʧʘʟʦʥʽ ʯʘʩʪʦʪ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʫ ʤʘʪʝʨʽʘʣʽ ʨʽʟʘʣʴʥʦʛʦ ʽʥʩʪʨʫʤʝʥʪʫ [3]. 

ʊʚʝʨʜʦʩʧʣʘʚʥʽ ʨʽʟʘʣʴʥʽ ʧʣʘʩʪʠʥʠ (ʊʈʇ) ʟ WC-Co  ̒ ʩʪʘʥʜʘʨʪʥʠʤ 

ʦʙ'ʻʢʪʦʤ ʜʦʩʣʽʜʞʝʥʥʷ ʫ ʪʨʠʙʦʣʦʛʽʾ ʨʽʞʫʯʦʛʦ ʽʥʩʪʨʫʤʝʥʪʫ. ɰʭʥʷ ʚʠʩʦʢʘ 

ʱʽʣʴʥʽʩʪʴ (å 15 000 ʢʛ/ʤį) ʪʘ ʤʦʜʫʣʴ ʖʥʛʘ (å 550 ɻʇʘ) ʚʠʟʥʘʯʘʶʪʴ 

ʰʚʠʜʢʽʩʪʴ ʨʦʟʧʦʚʩʶʜʞʝʥʥʷ ʧʨʫʞʥʠʭ ʭʚʠʣʴ ʥʘ ʨʽʚʥʽ 6000 ʤ/ʩ, ʱʦ 

ʟʘʙʝʟʧʝʯʫʻ ʫʥʽʢʘʣʴʥʫ ʢʘʨʪʫ ʨʝʟʦʥʘʥʩʥʠʭ ʤʦʜ ʫ ʜʽʘʧʘʟʦʥʽ ʜʦ 3 ʄɻʮ [4]. 

ɿʙʫʜʞʝʥʥʷ ʢʦʥʪʨʦʣʴʦʚʘʥʠʭ ʥʘʥʦʘʤʧʣʽʪʫʜʥʠʭ ʢʦʣʠʚʘʥʴ ʫ ʪʘʢʠʭ ʧʣʘʩʪʠʥʘʭ 

ʙʝʟ ʤʝʭʘʥʽʯʥʠʭ ʧʨʠʚʦʜʽʚ ʻ ʘʢʪʫʘʣʴʥʦʶ ʽʥʞʝʥʝʨʥʦʶ ʟʘʜʘʯʝʶ, ʷʢʘ ʧʦʪʨʝʙʫʻ 

ʥʦʚʠʭ ʬʽʟʠʯʥʠʭ ʧʽʜʭʦʜʽʚ [5]. 

ʊʨʘʜʠʮʽʡʥʦ ʜʣʷ ʟʙʫʜʞʝʥʥʷ ʫʣʴʪʨʘʟʚʫʢʦʚʠʭ ʢʦʣʠʚʘʥʴ ʟʘʩʪʦʩʦʚʫʶʪʴ 

ʧ'ʻʟʦʝʣʝʢʪʨʠʯʥʽ ʘʢʪʫʘʪʦʨʠ ʘʙʦ ʤʘʛʥʽʪʦʩʪʨʠʢʮʽʡʥʽ ʧʝʨʝʪʚʦʨʶʚʘʯʽ. ʆʜʥʘʢ 

ʨʝʘʣʽʟʘʮʽʷ ʰʠʨʦʢʦʩʤʫʛʦʚʦʛʦ ʨʝʞʠʤʫ ʚʽʜ 10 ɻʮ ʜʦ 3 ʄɻʮ ʻʜʠʥʦʶ ʩʠʩʪʝʤʦʶ 

ʻ ʥʝʪʨʠʚʽʘʣʴʥʠʤ ʟʘʚʜʘʥʥʷʤ. ʇʝʨʩʧʝʢʪʠʚʥʠʤ ʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʧʨʠʥʮʠʧʫ 

ʩʠʣʠ ʃʦʨʝʥʮʘ, ʢʦʣʠ ʤʦʜʫʣʴʦʚʘʥʠʡ ʟʤʽʥʥʠʡ ʩʪʨʫʤ, ʱʦ ʧʨʦʪʽʢʘʻ ʯʝʨʝʟ ʦʙ'ʻʢʪ 

ʫ ʧʦʣʽ ʧʦʩʪʽʡʥʦʛʦ ʤʘʛʥʽʪʫ, ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʛʝʥʝʨʫʻ ʤʝʭʘʥʽʯʥʽ ʢʦʣʠʚʘʥʥʷ [6, 

7]. ʊʘʢʠʡ ʧʽʜʭʽʜ ʦʪʨʠʤʘʚ ʥʘʟʚʫ Lorentz microshaker ʽ ʰʠʨʦʢʦ 

ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʫ MEMS-ʩʠʩʪʝʤʘʭ [8]. 

ʄʝʪʦʶ ʜʘʥʦʾ ʨʦʙʦʪʠ ʻ ʜʦʩʣʽʜʞʝʥʥʷ ʬʽʟʠʯʥʠʭ ʤʝʭʘʥʽʟʤʽʚ ʟʙʫʜʞʝʥʥʷ 

ʥʘʥʦʘʤʧʣʽʪʫʜʥʠʭ ʢʦʣʠʚʘʥʴ ʫ ʪʚʝʨʜʦʩʧʣʘʚʥʽʡ ʨʽʟʘʣʴʥʽʡ ʧʣʘʩʪʠʥʽ 20Ĭ10Ĭ5 

ʤʤ ʪʘ ʨʦʟʨʦʙʣʝʥʥʷ ʢʦʥʮʝʧʮʽʾ ʣʘʙʦʨʘʪʦʨʥʦʾ ʫʩʪʘʥʦʚʢʠ ʟ ʜʽʘʧʘʟʦʥʦʤ ʯʘʩʪʦʪ 

10 ɻʮ ï 3 ʄɻʮ. 

ʈɽɿʋʃʔʊɸʊʀ ɼʆʉʃɯɼɾɽʅʅʗ. 

ʆʩʥʦʚʥʠʤ ʬʽʟʠʯʥʠʤ ʤʝʭʘʥʽʟʤʦʤ ʟʙʫʜʞʝʥʥʷ ʢʦʣʠʚʘʥʴ ʦʙʨʘʥʦ ʩʠʣʫ 

ʃʦʨʝʥʮʘ, ʷʢʘ ʜʽʻ ʥʘ ʧʨʦʚʽʜʥʠʢ ʟʽ ʩʪʨʫʤʦʤ ʫ ʤʘʛʥʽʪʥʦʤʫ ʧʦʣʽ: 

F = I Ŀ L Ŀ B, 

ʜʝ I ð ʩʪʨʫʤ ʯʝʨʝʟ ʧʨʦʚʽʜʥʠʢ, ɸ; L ð ʝʬʝʢʪʠʚʥʘ ʜʦʚʞʠʥʘ 

ʧʨʦʚʽʜʥʠʢʘ ʫ ʧʦʣʽ, ʤ; B ð ʤʘʛʥʽʪʥʘ ʽʥʜʫʢʮʽʷ, ʊʣ. ʇʨʠ ʤʦʜʫʣʷʮʽʾ ʩʪʨʫʤʫ ʟʘ 

ʟʘʢʦʥʦʤ I(t) = I  sin(2ˊft) ʚʠʥʠʢʘʻ ʦʩʮʠʣʶʶʯʘ ʤʝʭʘʥʽʯʥʘ ʩʠʣʘ ʟ ʯʘʩʪʦʪʦʶ f. 

ɺʠʢʦʨʠʩʪʘʥʥʷ ʤʝʘʥʜʨʦʚʦʛʦ ʧʨʦʚʽʜʥʠʢʘ (N ʩʝʛʤʝʥʪʽʚ) ʟʙʽʣʴʰʫʻ ʝʬʝʢʪʠʚʥʫ 

ʜʦʚʞʠʥʫ ʜʦ Lʝʬ = NĿL, ʱʦ ʜʦʟʚʦʣʷʻ ʟʙʽʣʴʰʠʪʠ ʩʠʣʫ ʟʙʫʜʞʝʥʥʷ ʫ N ʨʘʟʽʚ. 
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ʇʨʠ N = 20 ʪʘ L = 1 ʤʤ ʝʬʝʢʪʠʚʥʘ ʜʦʚʞʠʥʘ ʩʪʘʥʦʚʠʪʴ 20 ʤʤ, ʘ ʩʠʣʘ ʧʨʠ B 

= 0,8 ʊʣ, I = 0,1 ɸ ʩʢʣʘʜʘʻ F å 1,6 ʤʅ. 

ʆʩʢʽʣʴʢʠ ʧʣʘʩʪʠʥʘ WC-Co ʻ ʤʘʩʠʚʥʠʤ ʪʽʣʦʤ (ʤʘʩʘ m å 15 ʛ), ʨʫʭʘʪʠ 

ʾʾ ʷʢ ʮʽʣʝ ʟʘ ʜʦʧʦʤʦʛʦʶ ʩʠʣʠ ʃʦʨʝʥʮʘ ʬʽʟʠʯʥʦ ʥʝʤʦʞʣʠʚʦ ð ʨʦʟʨʘʭʫʥʢʦʚʘ 

ʘʤʧʣʽʪʫʜʘ ʨʫʭʫ ʪʽʣʘ ʧʨʠ f = 1 ʄɻʮ ʩʢʣʘʜʘʻ ʧʦʨʷʜʢʫ 10 ĭ  ʤ. ʊʦʤʫ ʨʝʘʣʴʥʠʡ 

ʤʝʭʘʥʽʟʤ ʚʧʣʠʚʫ ʧʦʣʷʛʘʻ ʚ ʽʥʞʝʢʮʽʾ ʦʙ'ʻʤʥʠʭ ʧʨʫʞʥʠʭ ʭʚʠʣʴ ʫ ʤʘʪʝʨʽʘʣ 

ʧʣʘʩʪʠʥʠ ʯʝʨʝʟ ʚʽʙʨʘʮʽʡʥʫ ʛʦʣʢʫ ʘʙʦ ʭʚʠʣʝʚʽʜ [9]. 

ʐʚʠʜʢʽʩʪʴ ʧʨʫʞʥʠʭ ʭʚʠʣʴ ʫ ʤʘʪʝʨʽʘʣʽ WC-Co: 

v = ã(E/ɟ) å 6000 ʤ/ʩ. 

ɸʥʘʣʽʟ ʨʝʟʦʥʘʥʩʥʠʭ ʤʦʜ ʧʣʘʩʪʠʥʠ 20Ĭ10Ĭ5 ʤʤ ʚʠʢʦʥʘʥʦ ʟʘ 

ʬʦʨʤʫʣʦʶ f  = nv / (2L). ʈʝʟʫʣʴʪʘʪʠ ʥʘʚʝʜʝʥʦ ʫ ʪʘʙʣ. 1. 

ʊʘʙʣʠʮʷ 1. ʂʘʨʪʘ ʦʩʥʦʚʥʠʭ ʨʝʟʦʥʘʥʩʥʠʭ ʤʦʜ ʧʣʘʩʪʠʥʠ WC-Co 20Ĭ10Ĭ5 ʤʤ 

ʅʘʧʨʷʤ ʈʦʟʤʽʨ, ʤʤ ʄʦʜʘ n=1, ʢɻʮ ʄʦʜʘ n=2, ʢɻʮ 

ɼʦʚʞʠʥʘ 20 150 300 

ʐʠʨʠʥʘ 10 300 600 

ʊʦʚʱʠʥʘ 5 600 1200 

 

ʂʣʶʯʦʚʘ ʧʝʨʝʚʘʛʘ ʤʝʪʦʜʫ ʃʦʨʝʥʮʘ ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ, ʱʦ ʪʝʦʨʝʪʠʯʥʘ 

ʩʤʫʛʘ ʯʘʩʪʦʪ ʦʙʤʝʞʝʥʘ ʣʠʰʝ ʝʣʝʢʪʨʦʥʽʢʦʶ, ʘ ʥʝ ʤʝʭʘʥʽʯʥʠʤʠ ʨʝʟʦʥʘʥʩʘʤʠ 

ʧʨʠʚʦʜʫ. ɼʦʜʘʪʢʦʚʠʤ ʬʽʟʠʯʥʠʤ ʝʬʝʢʪʦʤ ʻ ʪʝʨʤʦʧʨʫʞʥʝ ʟʙʫʜʞʝʥʥʷ: 

ʟʤʽʥʥʠʡ ʩʪʨʫʤ ʥʘʛʨʽʚʘʻ ʧʨʦʚʽʜʥʠʢ, ʩʧʨʠʯʠʥʷʶʯʠ ʪʝʨʤʽʯʥʽ ʜʝʬʦʨʤʘʮʽʾ ʫ 

ʙʽʤʝʪʘʣʽʯʥʽʡ ʢʦʥʩʦʣʴʥʽʡ ʙʘʣʮʽ. ɼʣʷ ʙʘʣʢʠ Al/Si ʧʨʠ ʥʘʛʨʽʚʘʥʥʽ ʥʘ ȹT = 1ï5 

ʂ ʜʦʩʷʛʘʶʪʴʩʷ ʘʤʧʣʽʪʫʜʠ ʜʝʬʦʨʤʘʮʽʾ 10ï200 ʥʤ. ʆʙ'ʻʜʥʘʥʥʷ ʦʙʦʭ ʝʬʝʢʪʽʚ 

ð ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʽ ʪʝʨʤʦʧʨʫʞʥʦʛʦ ð ʜʦʟʚʦʣʷʻ ʨʦʟʰʠʨʠʪʠ 

ʘʤʧʣʽʪʫʜʥʠʡ ʜʽʘʧʘʟʦʥ ʙʝʟ ʟʙʽʣʴʰʝʥʥʷ ʩʪʨʫʤʫ. 

ɺ ʪʘʙʣ. 1 ʧʨʝʜʩʪʘʚʣʝʥʘ ʧʦʨʽʚʥʷʣʴʥʘ ʦʮʽʥʢʘ ʪʨʴʦʭ ʪʠʧʽʚ ʜʨʘʡʚʝʨʽʚ ʜʣʷ 

ʟʘʜʘʯʽ ʟʙʫʜʞʝʥʥʷ ʢʦʣʠʚʘʥʴ ʊʈʇ. 

ʊʘʙʣʠʮʷ 2. ʇʦʨʽʚʥʷʣʴʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʜʨʘʡʚʝʨʽʚ ʢʦʣʠʚʘʥʴ 

ʊʠʧ ʜʨʘʡʚʝʨʘ ɸʤʧʣʽʪʫʜʘ, ʥʤ Fmax, ʄɻʮ ʉʢʣʘʜʥʽʩʪʴ Smʫʛʘ, ʜʝʢʘʜʠ 

ʃʦʨʝʥʮʘ (Lorentz) 1ï50 3+ ʉʝʨʝʜʥʷ 5 

ʄʘʛʥʽʪʦʩʪʨʠʢʮʽʷ 10ï200 0,2 ɺʠʩʦʢʘ 4 

ʇ'ʻʟʦʝʣʝʢʪʨʠʢ 

(PZT) 

1ï100 5 ʅʠʟʴʢʘ 5 

 

ɿʘʧʨʦʧʦʥʦʚʘʥʘ ʘʨʭʽʪʝʢʪʫʨʘ ʣʘʙʦʨʘʪʦʨʥʦʾ ʫʩʪʘʥʦʚʢʠ ʚʢʣʶʯʘʻ: DDS-

ʛʝʥʝʨʘʪʦʨ (AD9834/AD9959), ʰʠʨʦʢʦʩʤʫʛʦʚʠʡ RF-ʧʽʜʩʠʣʶʚʘʯ, ʢʦʪʫʰʢʫ 

ʃʦʨʝʥʮʘ ʫ ʤʘʛʥʽʪʥʦʤʫ ʟʘʟʦʨʽ NdFeB (B = 0,7ï1 ʊʣ, ʟʘʟʦʨ 3ï5 ʤʤ), 

ʘʢʫʩʪʠʯʥʠʡ ʢʦʥʫʩʥʠʡ ʭʚʠʣʝʚʽʜ (Ti, l = 40 ʤʤ, Dʚʭ = 10 ʤʤ Ÿ Dʚʠʭ = 1 ʤʤ) 

ʪʘ ʣʘʟʝʨʥʠʡ ʜʦʧʣʝʨʽʚʩʴʢʠʡ ʚʽʙʨʦʤʝʪʨ ʟ ʨʦʟʜʽʣʴʥʦʶ ʟʜʘʪʥʽʩʪʶ 0,1 ʥʤ. ɼʣʷ 

ʧʦʜʦʣʘʥʥʷ ʧʨʦʙʣʝʤʠ ʨʝʟʦʥʘʥʩʥʠʭ ʩʪʨʠʙʢʽʚ ʘʤʧʣʽʪʫʜʠ ʨʝʘʣʽʟʦʚʘʥʦ 

ʟʘʤʢʥʝʥʠʡ ʢʦʥʪʫʨ ʢʝʨʫʚʘʥʥʷ: ʜʘʪʯʠʢ ʚʠʤʽʨʶʻ ʘʤʧʣʽʪʫʜʫ, ʤʽʢʨʦʢʦʥʪʨʦʣʝʨ 
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ʢʦʨʠʛʫʻ ʩʪʨʫʤ ʧʽʜʩʠʣʶʚʘʯʘ, ʩʪʘʙʽʣʽʟʫʶʯʠ ʢʦʣʠʚʘʥʥʷ ʚ ʤʝʞʘʭ Ñ3 % ʚ 

ʫʩʴʦʤʫ ʨʦʙʦʯʦʤʫ ʜʽʘʧʘʟʦʥʽ [10]. 

ʆʯʽʢʫʚʘʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʠʩʪʝʤʠ: ʜʽʘʧʘʟʦʥ 10 ɻʮ ï 3 ʄɻʮ; 

ʘʤʧʣʽʪʫʜʘ 0,1ï200 ʥʤ; ʩʠʣʘ ʢʦʥʪʘʢʪʫ 0,1ï1 ʅ; ʩʪʘʙʽʣʴʥʽʩʪʴ ʘʤʧʣʽʪʫʜʠ Ñ3 %; 

ʯʫʪʣʠʚʽʩʪʴ ʚʠʤʽʨʶʚʘʯʘ 0,1 ʥʤ. 

ɺʀʉʅʆɺʂʀ. 

1. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʧʝʨʝʤʽʱʝʥʥʷ ʊʈʇ WC-Co 20Ĭ10Ĭ5 ʤʤ ʷʢ 

ʞʦʨʩʪʢʦʛʦ ʪʽʣʘ ʟʘ ʜʦʧʦʤʦʛʦʶ ʩʠʣʠ ʃʦʨʝʥʮʘ ʫ ʨʦʙʦʯʦʤʫ ʜʽʘʧʘʟʦʥʽ ʯʘʩʪʦʪ 

ʬʽʟʠʯʥʦ ʥʝʤʦʞʣʠʚʝ ʯʝʨʝʟ ʚʝʣʠʢʫ ʤʘʩʫ (å 15 ʛ). ɽʬʝʢʪʠʚʥʠʤ ʻ ʟʙʫʜʞʝʥʥʷ 

ʦʙ'ʻʤʥʠʭ ʧʨʫʞʥʠʭ ʭʚʠʣʴ ʫ ʤʘʪʝʨʽʘʣʽ ʧʣʘʩʪʠʥʠ ʯʝʨʝʟ ʘʢʫʩʪʠʯʥʠʡ ʭʚʠʣʝʚʽʜ. 

2. ʇʦʙʫʜʦʚʘʥʦ ʢʘʨʪʫ ʨʝʟʦʥʘʥʩʥʠʭ ʤʦʜ ʧʣʘʩʪʠʥʠ: ʢʨʠʪʠʯʥʽ ʯʘʩʪʦʪʠ 

150, 300, 600, 1200 ʪʘ 1800 ʢɻʮ ð ʩʘʤʝ ʚ ʮʠʭ ʪʦʯʢʘʭ ʜʦʩʷʛʘʻʪʴʩʷ 

ʤʘʢʩʠʤʘʣʴʥʘ ʘʤʧʣʽʪʫʜʘ ʢʦʣʠʚʘʥʴ ʨʽʞʫʯʦʾ ʢʨʦʤʢʠ. ʆʧʪʠʤʘʣʴʥʦʶ ʪʦʯʢʦʶ 

ʧʨʠʢʣʘʜʝʥʥʷ ʟʙʫʜʞʝʥʥʷ ʻ ʧʨʦʪʠʣʝʞʥʠʡ ʚʽʜ ʨʽʞʫʯʦʾ ʢʨʦʤʢʠ ʪʦʨʝʮʴ 

ʧʣʘʩʪʠʥʠ. 

3. ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʧʦʻʜʥʘʥʥʷ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʪʘ ʪʝʨʤʦʧʨʫʞʥʦʛʦ 

ʤʝʭʘʥʽʟʤʽʚ ʟʙʫʜʞʝʥʥʷ, ʱʦ ʜʦʟʚʦʣʷʻ ʜʦʩʷʛʪʠ ʘʤʧʣʽʪʫʜʠ 10ï500 ʥʤ ʧʨʠ 

ʩʪʨʫʤʽ 10ï50 ʤɸ ʙʝʟ ʚʝʣʠʢʠʭ ʤʝʭʘʥʽʯʥʠʭ ʧʨʠʚʦʜʽʚ. 

4. ʈʦʟʨʦʙʣʝʥʦ ʢʦʥʮʝʧʮʽʶ ʣʘʙʦʨʘʪʦʨʥʦʾ ʫʩʪʘʥʦʚʢʠ ʟ ʟʘʤʢʥʝʥʠʤ 

ʢʦʥʪʫʨʦʤ ʢʝʨʫʚʘʥʥʷ ʘʤʧʣʽʪʫʜʦʶ. ʉʪʘʙʽʣʴʥʽʩʪʴ Ñ3 % ʫ ʜʽʘʧʘʟʦʥʽ 10 ɻʮ ï 3 

ʄɻʮ ʜʦʩʷʛʘʻʪʴʩʷ ʜʠʥʘʤʽʯʥʠʤ ʨʝʛʫʣʶʚʘʥʥʷʤ ʩʪʨʫʤʫ ʜʨʘʡʚʝʨʘ ʥʘ ʦʩʥʦʚʽ 

ʩʠʛʥʘʣʫ ʣʘʟʝʨʥʦʛʦ ʜʦʧʣʝʨʽʚʩʴʢʦʛʦ ʚʽʙʨʦʤʝʪʨʘ. 
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ʂʦʚʘʣʝʚʩʴʢʠʡ ʉ.ɺ.1, ʇʦʙʝʨʝʞʝʮʴ ɺ.ʗ.2  (ĭɼʦʥʙʘʩʴʢʘ ʜʝʨʞʘʚʥʘ 

ʤʘʰʠʥʦʙʫʜʽʚʥʘ ʘʢʘʜʝʤʽʷ, ʂʨʘʤʘʪʦʨʩʴʢ ï ʊʝʨʥʦʧʽʣʴ ï ʍʫʩʪ, ʋʢʨʘʾʥʘ; 

Įɺʽʥʥʠʮʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ, ɺʽʥʥʠʮʷ, ʋʢʨʘʾʥʘ). 
 

ʆʇʊʀʄɯɿɸʎɯʗ ɯɼɽʅʊʀʌɯʂɸʎɯɰ ʉʊʈʋʂʊʋʈʅʆɻʆ ʉʊɸʅʋ 

ʄɸʊɽʈɯɸʃɯɺ ʋ ʉʀʉʊɽʄɸʍ ʅɽʈʋʁʅɯɺʅʆɻʆ ʂʆʅʊʈʆʃʖ ɿ 

ɺʀʂʆʈʀʉʊɸʅʅʗʄ SQL-ɹɸɿ ɽʅʊʈʆʇɯʁʅʀʍ ʇʈʆʌɯʃɯɺ 
 

ɸʥʦʪʘʮʽʷ: ʋ ʨʦʙʦʪʽ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʤʝʪʦʜ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʾ ʽʜʝʥʪʠʬʽʢʘʮʽʾ 

ʩʪʨʫʢʪʫʨʥʦʛʦ ʩʪʘʥʫ ʤʘʪʝʨʽʘʣʽʚ ʫ ʩʠʩʪʝʤʘʭ ʥʝʨʫʡʥʽʚʥʦʛʦ ʢʦʥʪʨʦʣʶ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʧʨʦʛʨʘʤʥʠʭ ʟʘʩʦʙʽʚ ʥʘ ʙʘʟʽ C# ʪʘ ʦʧʪʠʤʽʟʦʚʘʥʠʭ SQL-ʩʭʦʚʠʱ ʜʘʥʠʭ. ʗʢ ʜʽʘʛʥʦʩʪʠʯʥʠʡ 

ʢʨʠʪʝʨʽʡ ʦʙʨʘʥʦ ʝʥʪʨʦʧʽʶ ʐʝʥʥʦʥʘ, ʱʦ ʜʦʟʚʦʣʷʻ ʢʽʣʴʢʽʩʥʦ ʦʮʽʥʠʪʠ ʩʪʫʧʽʥʴ 

ʚʧʦʨʷʜʢʦʚʘʥʦʩʪʽ ʤʘʪʝʨʽʘʣʫ ʥʘ ʦʩʥʦʚʽ ʘʥʘʣʽʟʫ ʡʦʛʦ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʚʽʜʛʫʢʫ. ʈʦʟʨʦʙʣʝʥʦ 

ʧʽʜʭʽʜ ʜʦ ʬʦʨʤʫʚʘʥʥʷ ʙʘʟʠ ʝʥʪʨʦʧʽʡʥʠʭ ʧʨʦʬʽʣʽʚ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʩʢʣʘʜʝʥʦʾ ʽʥʜʝʢʩʘʮʽʾ 

ʟʘ ʢʣʶʯʦʚʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ, ʟʦʢʨʝʤʘ ʟʥʘʯʝʥʥʷʤ ʝʥʪʨʦʧʽʾ, ʯʘʩʪʦʪʦʶ ʪʘ ʘʤʧʣʽʪʫʜʦʶ 

ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʧʽʢʘ. ʇʨʦʚʝʜʝʥʦ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʜʣʷ ʨʽʟʥʠʭ ʪʠʧʽʚ 

ʤʘʪʝʨʽʘʣʽʚ, ʫ ʨʝʟʫʣʴʪʘʪʽ ʷʢʠʭ ʚʩʪʘʥʦʚʣʝʥʦ ʭʘʨʘʢʪʝʨʥʽ ʟʥʘʯʝʥʥʷ ʝʥʪʨʦʧʽʾ ʜʣʷ 

ʬʝʨʦʤʘʛʥʽʪʥʠʭ ʪʘ ʜʽʝʣʝʢʪʨʠʯʥʠʭ ʩʝʨʝʜʦʚʠʱ. ʇʦʢʘʟʘʥʦ, ʱʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʽʥʜʝʢʩʦʚʘʥʠʭ 

SQL-ʟʘʧʠʪʽʚ ʟʘʙʝʟʧʝʯʫʻ ʚʠʩʦʢʫ ʰʚʠʜʢʽʩʪʴ ʢʣʘʩʠʬʽʢʘʮʽʾ ʤʘʪʝʨʽʘʣʽʚ ʫ ʨʝʞʠʤʽ ʨʝʘʣʴʥʦʛʦ 

ʯʘʩʫ. ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʜʣʷ ʩʪʚʦʨʝʥʥʷ 

ʽʥʪʝʣʝʢʪʫʘʣʴʥʠʭ ʩʠʩʪʝʤ ʪʝʭʥʽʯʥʦʾ ʜʽʘʛʥʦʩʪʠʢʠ ʪʘ ʤʦʥʽʪʦʨʠʥʛʫ ʩʪʘʥʫ ʤʘʪʝʨʽʘʣʽʚ ʫ 

ʧʨʦʤʠʩʣʦʚʠʭ ʫʤʦʚʘʭ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʥʝʨʫʡʥʽʚʥʠʡ ʢʦʥʪʨʦʣʴ; ʝʥʪʨʦʧʽʷ ʐʝʥʥʦʥʘ; SQL-ʙʘʟʠ ʜʘʥʠʭ; 

ʩʧʝʢʪʨʘʣʴʥʠʡ ʘʥʘʣʽʟ; ʽʜʝʥʪʠʬʽʢʘʮʽʷ ʤʘʪʝʨʽʘʣʽʚ; C#; ʜʽʘʛʥʦʩʪʠʢʘ. 

 

Abstract: This paper proposes a method for automated identification of the structural 

state of materials in non-destructive testing systems using software tools based on C# and 

optimized SQL data storage. Shannon entropy is used as a diagnostic criterion, enabling 

quantitative evaluation of material order based on spectral response analysis. An approach to 

constructing a database of entropy profiles is developed using composite indexing by key 

parameters such as entropy value, peak frequency, and amplitude. Experimental studies for 

various materials are conducted, establishing characteristic entropy values for ferromagnetic 
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and dielectric media. It is shown that the use of indexed SQL queries ensures high-speed 

classification of materials in real-time conditions. The obtained results can be applied to the 

development of intelligent diagnostic systems and monitoring of material conditions in 

industrial environments, improving reliability, processing speed, and decision-making 

efficiency in automated non-destructive evaluation systems. 

Keywords: non-destructive testing; Shannon entropy; SQL databases; spectral 

analysis; material identification; C#; diagnostics. 

 

ʇʆʉʊɸʅʆɺʂɸ ʇʈʆɹʃɽʄʀ ɺ ɿɸɻɸʃʔʅʆʄʋ ɺʀɻʃʗɼɯ.  

ʉʫʯʘʩʥʠʡ ʨʦʟʚʠʪʦʢ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ ʪʘ ʤʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʘ ʚʠʤʘʛʘʻ 

ʚʧʨʦʚʘʜʞʝʥʥʷ ʚʠʩʦʢʦʪʦʯʥʠʭ ʤʝʪʦʜʽʚ ʥʝʨʫʡʥʽʚʥʦʛʦ ʢʦʥʪʨʦʣʶ, ʟʜʘʪʥʠʭ 

ʦʙôʻʢʪʠʚʥʦ ʦʮʽʥʶʚʘʪʠ ʩʪʨʫʢʪʫʨʥʠʡ ʩʪʘʥ ʤʘʪʝʨʽʘʣʽʚ ʫ ʨʝʘʣʴʥʦʤʫ ʯʘʩʽ. 

ʊʨʘʜʠʮʽʡʥʽ ʩʪʘʪʠʩʪʠʯʥʽ ʧʽʜʭʦʜʠ, ʱʦ ʙʘʟʫʶʪʴʩʷ ʥʘ ʘʥʘʣʽʟʽ ʤʘʪʝʤʘʪʠʯʥʦʛʦ 

ʩʧʦʜʽʚʘʥʥʷ ʯʠ ʜʠʩʧʝʨʩʽʾ, ʯʘʩʪʦ ʚʠʷʚʣʷʶʪʴʩʷ ʥʝʜʦʩʪʘʪʥʽʤʠ ʜʣʷ ʧʦʚʥʦʛʦ 

ʦʧʠʩʫ ʩʢʣʘʜʥʠʭ ʩʪʨʫʢʪʫʨʥʠʭ ʟʤʽʥ, ʦʩʦʙʣʠʚʦ ʚ ʫʤʦʚʘʭ ʢʦʤʙʽʥʦʚʘʥʦʛʦ 

ʤʘʛʥʽʪʦ-ʨʝʟʦʥʘʥʩʥʦʛʦ ʚʧʣʠʚʫ [1, 2, 3]. 

ɺʠʢʦʨʠʩʪʘʥʥʷ ʝʥʪʨʦʧʽʾ ʐʝʥʥʦʥʘ ʷʢ ʫʥʽʚʝʨʩʘʣʴʥʦʾ ʤʽʨʠ 

ʽʥʬʦʨʤʘʮʽʡʥʦʾ ʥʝʚʠʟʥʘʯʝʥʦʩʪʽ ʜʦʟʚʦʣʷʻ ʽʜʝʥʪʠʬʽʢʫʚʘʪʠ çʩʧʝʢʪʨʘʣʴʥʽ 

ʚʽʜʙʠʪʢʠè ʤʘʪʝʨʽʘʣʽʚ, ʧʨʦʪʝ ʧʨʘʢʪʠʯʥʝ ʟʘʩʪʦʩʫʚʘʥʥʷ ʮʴʦʛʦ ʧʽʜʭʦʜʫ 

ʩʪʠʢʘʻʪʴʩʷ ʟ ʥʠʟʢʦʶ ʪʝʭʥʽʯʥʠʭ ʚʠʢʣʠʢʽʚ [4, 5, 6]: 1) ɺʠʩʦʢʘ ʦʙʯʠʩʣʶʚʘʣʴʥʘ 

ʩʢʣʘʜʥʽʩʪʴ: ʈʦʟʨʘʭʫʥʦʢ ʝʥʪʨʦʧʽʡʥʠʭ ʧʦʢʘʟʥʠʢʽʚ ʜʣʷ ʚʝʣʠʢʠʭ ʤʘʩʠʚʽʚ 

ʜʽʘʛʥʦʩʪʠʯʥʠʭ ʜʘʥʠʭ ʧʦʪʨʝʙʫʻ ʝʬʝʢʪʠʚʥʠʭ ʘʣʛʦʨʠʪʤʽʯʥʠʭ ʨʽʰʝʥʴ ʥʘ ʤʦʚʘʭ 

ʚʠʩʦʢʦʛʦ ʨʽʚʥʷ (ʥʘʧʨʠʢʣʘʜ, C#); 2) ʇʨʦʙʣʝʤʘ ʰʚʠʜʢʦʾ ʽʜʝʥʪʠʬʽʢʘʮʽʾ: 

ʅʝʦʙʭʽʜʥʽʩʪʴ ʤʠʪʪʻʚʦʛʦ ʧʦʨʽʚʥʷʥʥʷ ʦʪʨʠʤʘʥʦʛʦ ʩʠʛʥʘʣʫ ʟ ʝʪʘʣʦʥʥʠʤʠ 

ʧʨʦʬʽʣʷʤʠ ʚʠʤʘʛʘʻ ʨʦʟʨʦʙʢʠ ʩʧʝʮʽʘʣʽʟʦʚʘʥʠʭ ʩʪʨʫʢʪʫʨ ʙʘʟ ʜʘʥʠʭ; 3) 

ʆʧʪʠʤʽʟʘʮʽʷ ʟʙʝʨʝʞʝʥʥʷ ʜʘʥʠʭ; ɺʝʣʠʢʘ ʢʽʣʴʢʽʩʪʴ ʜʽʘʛʥʦʩʪʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ 

ʩʪʚʦʨʶʻ ʥʘʚʘʥʪʘʞʝʥʥʷ ʥʘ ʩʠʩʪʝʤʠ ʟʙʝʨʝʞʝʥʥʷ, ʱʦ ʟʫʤʦʚʣʶʻ ʧʦʪʨʝʙʫ ʚ 

ʦʧʪʠʤʽʟʘʮʽʾ SQL-ʟʘʧʠʪʽʚ ʪʘ ʚʠʢʦʨʠʩʪʘʥʥʽ ʝʬʝʢʪʠʚʥʦʾ ʽʥʜʝʢʩʘʮʽʾ ʜʣʷ 

ʟʘʙʝʟʧʝʯʝʥʥʷ ʨʦʙʦʪʠ ʩʠʩʪʝʤʠ ʚ ʨʝʞʠʤʽ ʨʝʘʣʴʥʦʛʦ ʯʘʩʫ; 

ʊʘʢʠʤ ʯʠʥʦʤ, ʘʢʪʫʘʣʴʥʠʤ ʥʘʫʢʦʚʦ-ʧʨʠʢʣʘʜʥʠʤ ʟʘʚʜʘʥʥʷʤ ʻ 

ʩʪʚʦʨʝʥʥʷ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʾ ʩʠʩʪʝʤʠ, ʷʢʘ ʽʥʪʝʛʨʫʻ ʝʥʪʨʦʧʽʡʥʠʡ ʘʥʘʣʽʟ ʽʟ 

ʦʧʪʠʤʽʟʦʚʘʥʠʤʠ ɯʊ-ʪʝʭʥʦʣʦʛʽʷʤʠ ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ ʪʦʯʥʦʩʪʽ ʪʘ ʰʚʠʜʢʦʜʽʾ 

ʪʝʭʥʽʯʥʦʾ ʜʽʘʛʥʦʩʪʠʢʠ. 

ʆʉʅʆɺʅʀʁ ʄɸʊɽʈɯɸʃ.  

ɼʣʷ ʘʚʪʦʤʘʪʠʟʘʮʽʾ ʨʦʟʨʘʭʫʥʢʽʚ ʨʦʟʨʦʙʣʝʥʦ ʧʨʦʛʨʘʤʥʠʡ ʤʦʜʫʣʴ, ʷʢʠʡ 

ʦʙʯʠʩʣʶʻ ʝʥʪʨʦʧʽʶ ʐʝʥʥʦʥʘ ʥʘ ʦʩʥʦʚʽ ʥʦʨʤʘʣʽʟʦʚʘʥʦʛʦ ʩʧʝʢʪʨʘ 

ʧʦʪʫʞʥʦʩʪʽ ʩʠʛʥʘʣʫ. ʆʩʥʦʚʥʘ ʧʝʨʝʚʘʛʘ ʚʠʢʦʨʠʩʪʘʥʥʷ C# ʧʦʣʷʛʘʻ ʫ 

ʰʚʠʜʢʦʩʪʽ ʦʙʨʦʙʢʠ ʤʘʩʠʚʽʚ ʜʘʥʠʭ, ʦʪʨʠʤʘʥʠʭ ʧʽʩʣʷ ʰʚʠʜʢʦʛʦ 

ʧʝʨʝʪʚʦʨʝʥʥʷ ʌʫʨ'ʻ (FFT).  
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ʈʠʩʫʥʦʢ 1. ʄʝʪʦʜ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʝʥʪʨʦʧʽʾ ʐʝʥʥʦʥʘ ʚ C#. 

 

ɼʣʷ ʤʠʪʪʻʚʦʾ ʽʜʝʥʪʠʬʽʢʘʮʽʾ ʤʘʪʝʨʽʘʣʫ ʚ ʩʠʩʪʝʤʘʭ ʨʝʘʣʴʥʦʛʦ ʯʘʩʫ 

ʚʠʢʦʨʠʩʪʘʥʦ ʧʽʜʭʽʜ ʽʟ ʧʦʧʝʨʝʜʥʴʦ ʨʦʟʨʘʭʦʚʘʥʠʤʠ çʝʥʪʨʦʧʽʡʥʠʤʠ 

ʧʨʦʬʽʣʷʤʠè. ʆʧʪʠʤʽʟʘʮʽʷ ʧʦʰʫʢʫ ʜʦʩʷʛʘʻʪʴʩʷ ʰʣʷʭʦʤ ʩʪʚʦʨʝʥʥʷ 

ʩʢʣʘʜʝʥʦʛʦ ʽʥʜʝʢʩʫ ʥʘ ʪʨʠ ʢʦʣʦʥʢʠ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʣʦʛʘʨʠʬʤʽʯʥʫ 

ʰʚʠʜʢʽʩʪʴ ʧʦʰʫʢʫ ʥʘʚʽʪʴ ʫ ʚʝʣʠʢʠʭ ʙʘʟʘʭ ʜʘʥʠʭ. 

 

 
ʈʠʩʫʥʦʢ 2. ʉʪʨʫʢʪʫʨʘ ʪʘʙʣʠʮʽ ʪʘ ʽʥʜʝʢʩʘʮʽʷ ʚ MSSQL. 

 

ɺ ʭʦʜʽ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʙʫʣʦ ʦʪʨʠʤʘʥʦ ʘʤʧʣʽʪʫʜʥʦ-ʯʘʩʪʦʪʥʽ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ (ɸʏʍ) ʜʣʷ ʧ'ʷʪʠ ʪʠʧʽʚ ʤʘʪʝʨʽʘʣʽʚ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ 

ʩʧʝʢʪʨʘʣʴʥʘ ʝʥʪʨʦʧʽʷ ʻ ʥʘʡʙʽʣʴʰ ʯʫʪʣʠʚʠʤ ʽʥʜʠʢʘʪʦʨʦʤ ʩʪʨʫʢʪʫʨʥʦʾ 

ʚʧʦʨʷʜʢʦʚʘʥʦʩʪʽ. 

ʊʘʙʣʠʮʷ 1. ɽʪʘʣʦʥʥʽ ʝʥʪʨʦʧʽʡʥʽ ʧʨʦʬʽʣʽ ʜʣʷ SQL-ʙʘʟʠ. 

ʄʘʪʝʨʽʘʣ ɽʥʪʨʦʧʽʷ 

ʩʧʝʢʪʨʘ (ʙʽʪ) 

ʏʘʩʪʦʪʘ ʧʽʢʫ 

(ɻʮ) 

ɸʤʧʣʽʪʫʜʘ ʧʽʢʫ ʈʝʢʦʤʝʥʜʦʚʘʥʠʡ 

ʨʦʟʧʦʜʽʣ 

ʉʪʘʣʴ 8,91 27,4 644,2 ɺʝʡʙʫʣʣʘ, 

ɻʘʤʤʘ 

ʄʽʜʴ 10,51 75,3 238,1 ʅʦʨʤʘʣʴʥʠʡ 

ɼʶʨʘʣʶʤʽʥʽʡ 10,94 153,4 191,4 ʅʦʨʤʘʣʴʥʠʡ 
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ʊʝʢʩʪʦʣʽʪ 11,66 215,5 65,7 ʈʽʚʥʦʤʽʨʥʠʡ 

ʆʨʛʩʢʣʦ 11,60 318,8 80,1 ʈʽʚʥʦʤʽʨʥʠʡ 

 

ɺʠʢʦʨʠʩʪʘʥʥʷ ʽʥʜʝʢʩʦʚʘʥʠʭ SQL-ʟʘʧʠʪʽʚ ʜʦʟʚʦʣʷʻ ʩʠʩʪʝʤʽ 

ʢʣʘʩʠʬʽʢʫʚʘʪʠ ʤʘʪʝʨʽʘʣ ʟʘ < 10 ʤʩ, ʧʦʨʽʚʥʶʶʯʠ ʧʦʪʦʯʥʫ ʝʥʪʨʦʧʽʶ ʟ 

ʝʪʘʣʦʥʥʠʤʠ ʧʨʦʬʽʣʷʤʠ. ɼʣʷ ʬʝʨʦʤʘʛʥʽʪʥʠʭ ʤʘʪʝʨʽʘʣʽʚ (ʩʪʘʣʴ) ʥʠʟʴʢʘ 

ʝʥʪʨʦʧʽʷ (8,91 ʙʽʪ) ʩʚʽʜʯʠʪʴ ʧʨʦ ʚʠʩʦʢʫ ʚʧʦʨʷʜʢʦʚʘʥʽʩʪʴ ʜʦʤʝʥʽʚ, ʪʦʜʽ ʷʢ 

ʜʣʷ ʜʽʝʣʝʢʪʨʠʢʽʚ ʚʠʩʦʢʽ ʟʥʘʯʝʥʥʷ (~11,6 ʙʽʪ) ʧʽʜʪʚʝʨʜʞʫʶʪʴ ʭʘʦʪʠʯʥʠʡ 

ʨʦʟʧʦʜʽʣ ʝʥʝʨʛʽʾ ʧʦ ʯʘʩʪʦʪʘʭ. 

ɺʀʉʅʆɺʂʀ. 

ɼʦʚʝʜʝʥʦ, ʱʦ ʝʥʪʨʦʧʽʷ ʐʝʥʥʦʥʘ ʻ ʫʥʽʚʝʨʩʘʣʴʥʠʤ ʪʘ ʯʫʪʣʠʚʠʤ 

ʢʨʠʪʝʨʽʻʤ ʜʣʷ ʢʽʣʴʢʽʩʥʦʛʦ ʦʮʽʥʶʚʘʥʥʷ ʽʥʬʦʨʤʘʮʽʡʥʦʾ ʥʝʚʠʟʥʘʯʝʥʦʩʪʽ 

ʜʽʘʛʥʦʩʪʠʯʥʠʭ ʩʠʛʥʘʣʽʚ. ɺʦʥʘ ʜʦʟʚʦʣʷʻ ʽʜʝʥʪʠʬʽʢʫʚʘʪʠ ʩʪʨʫʢʪʫʨʥʽ ʟʤʽʥʠ ʚ 

ʤʘʪʝʨʽʘʣʘʭ ʯʝʨʝʟ ʘʥʘʣʽʟ ʾʭʥʽʭ çʩʧʝʢʪʨʘʣʴʥʠʭ ʚʽʜʙʠʪʢʽʚè.  

ɺʩʪʘʥʦʚʣʝʥʦ ʯʽʪʢʠʡ ʚʟʘʻʤʦʟʚôʷʟʦʢ ʤʽʞ ʪʠʧʦʤ ʤʘʪʝʨʽʘʣʫ ʪʘ 

ʧʦʢʘʟʥʠʢʦʤ ʝʥʪʨʦʧʽʾ: 1) ʌʝʨʦʤʘʛʥʽʪʥʘ ʩʪʘʣʴ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʥʘʡʥʠʞʯʦʶ 

ʩʧʝʢʪʨʘʣʴʥʦʶ ʝʥʪʨʦʧʽʻʶ (8,91 ʙʽʪ) ʟʘʚʜʷʢʠ ʚʠʩʦʢʽʡ ʚʧʦʨʷʜʢʦʚʘʥʦʩʪʽ 

ʚʥʫʪʨʽʰʥʴʦʾ ʩʪʨʫʢʪʫʨʠ ʪʘ ʜʦʤʽʥʫʚʘʥʥʶ ʨʝʟʦʥʘʥʩʥʠʭ ʯʘʩʪʦʪ; 2) 

ɼʽʝʣʝʢʪʨʠʯʥʽ ʤʘʪʝʨʽʘʣʠ (ʪʝʢʩʪʦʣʽʪ, ʦʨʛʩʢʣʦ) ʜʝʤʦʥʩʪʨʫʶʪʴ ʤʘʢʩʠʤʘʣʴʥʫ 

ʝʥʪʨʦʧʽʶ (ʜʦ 11,66 ʙʽʪ), ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʨʽʚʥʦʤʽʨʥʦʤʫ ʨʦʟʧʦʜʽʣʫ ʝʥʝʨʛʽʾ ʪʘ 

ʚʠʩʦʢʽʡ ʽʥʬʦʨʤʘʮʽʡʥʽʡ ʥʝʚʠʟʥʘʯʝʥʦʩʪʽ ʚʽʜʛʫʢʫ; 

ʈʦʟʨʦʙʣʝʥʠʡ ʧʨʦʛʨʘʤʥʠʡ ʤʦʜʫʣʴ ʥʘ ʙʘʟʽ C# ʟʘʙʝʟʧʝʯʫʻ ʰʚʠʜʢʝ 

ʦʙʯʠʩʣʝʥʥʷ ʝʥʪʨʦʧʽʡʥʠʭ ʧʦʢʘʟʥʠʢʽʚ çʥʘ ʣʴʦʪʫè, ʱʦ ʜʦʟʚʦʣʷʻ ʧʝʨʝʪʚʦʨʠʪʠ 

ʩʢʣʘʜʥʽ ʤʘʪʝʤʘʪʠʯʥʽ ʤʦʜʝʣʽ ʫ ʧʨʠʢʣʘʜʥʠʡ ʽʥʩʪʨʫʤʝʥʪ ʥʝʨʫʡʥʽʚʥʦʛʦ 

ʢʦʥʪʨʦʣʶ. 

ɿʘʩʪʦʩʫʚʘʥʥʷ SQL-ʙʘʟ ʜʘʥʠʭ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʩʢʣʘʜʝʥʠʭ ʽʥʜʝʢʩʽʚ ʟʘ 

ʪʨʴʦʤʘ ʢʣʶʯʦʚʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ (ʝʥʪʨʦʧʽʷ, ʯʘʩʪʦʪʘ, ʘʤʧʣʽʪʫʜʘ) ʜʦʟʚʦʣʷʻ 

ʤʽʥʽʤʽʟʫʚʘʪʠ ʯʘʩ ʧʦʰʫʢʫ ʝʪʘʣʦʥʥʦʛʦ ʧʨʦʬʽʣʶ ʚ ʩʠʩʪʝʤʽ. ʎʝ ʟʘʙʝʟʧʝʯʫʻ 

ʤʦʞʣʠʚʽʩʪʴ ʢʣʘʩʠʬʽʢʘʮʽʾ ʩʪʘʥʫ ʤʘʪʝʨʽʘʣʫ ʚ ʨʝʞʠʤʽ ʨʝʘʣʴʥʦʛʦ ʯʘʩʫ, ʱʦ ʻ 

ʢʨʠʪʠʯʥʦ ʚʘʞʣʠʚʠʤ ʜʣʷ ʘʚʪʦʤʘʪʠʟʦʚʘʥʠʭ ʧʨʦʤʠʩʣʦʚʠʭ ʣʽʥʽʡ. 

ɿʘʧʨʦʧʦʥʦʚʘʥʠʡ ʢʦʤʧʣʝʢʩʥʠʡ ʧʽʜʭʽʜ ʚʽʜʢʨʠʚʘʻ ʥʦʚʽ ʧʝʨʩʧʝʢʪʠʚʠ ʜʣʷ 

ʩʪʚʦʨʝʥʥʷ ʽʥʪʝʣʝʢʪʫʘʣʴʥʠʭ ʩʠʩʪʝʤ ʤʦʥʽʪʦʨʠʥʛʫ, ʷʢʽ ʧʦʻʜʥʫʶʪʴ ʛʣʠʙʦʢʠʡ 

ʬʽʟʠʯʥʠʡ ʘʥʘʣʽʟ ʽʟ ʩʫʯʘʩʥʠʤʠ ʤʝʪʦʜʘʤʠ ʦʧʪʠʤʽʟʘʮʽʾ ʜʘʥʠʭ, ʧʽʜʚʠʱʫʶʯʠ 

ʥʘʜʽʡʥʽʩʪʴ ʪʘ ʰʚʠʜʢʽʩʪʴ ʧʨʠʡʥʷʪʪʷ ʜʽʘʛʥʦʩʪʠʯʥʠʭ ʨʽʰʝʥʴ. 

ʉʇʀʉʆʂ  ʇʆʉʀʃɸʅʔ 

1. Tomaschitz R. Multiply broken power-law densities as survival functions: An alternative to 

Pareto and lognormal fits. Physica A: Statistical Mechanics and its Applications. 2020. Vol. 541. 

Article 123188. DOI: https://doi.org/10.1016/j.physa.2019.123188 

2. Kovalevskyy S., Kovalevska O. New opportunities for processing materials in a strong 

magnetic fields.   ʊʝʭʥʽʯʥʽ ʥʘʫʢʠ ʪʘ ʪʝʭʥʦʣʦʛʽʾ : ʥʘʫʢʦʚʠʡ ʞʫʨʥʘʣ / ʅʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ 

çʏʝʨʥʽʛʽʚʩʴʢʘ ʧʦʣʽʪʝʭʥʽʢʘè. ï ʏʝʨʥʽʛʽʚ : ʅʋ çʏʝʨʥʽʛʽʚʩʴʢʘ ʧʦʣʽʪʝʭʥʽʢʘè, 2021. ï ˉ 4 (26). ï ʉ. 7-

14. 

3. Kovalevskyy S., Kovalevska O.:  Identification and Technological Impact of Broadband 

Vibration on the Object. Papers from the 3rd Grabchenkoôs International Conference on Advanced 

Manufacturing Processes (InterPartner-2021), September 7-10, 2021, Odessa, Ukraine. ABCM Series 



214 
 

on Mechanical Sciences and Engineering.  Lecture Notes in Networks and Systems, pp. 78-87. DOI 

10.1007/978-3-030-91327-4_8. 

4. Christie D. C. Efficient estimation of directional wave buoy spectra using a reformulated 

Maximum Shannon Entropy Method: Analysis and comparisons for coastal wave datasets. Applied 

Ocean Research. 2024. Vol. 142. Article 103830. DOI: https://doi.org/10.1016/j.apor.2023.103830. 

ISSN 0141-1187. 

5. Spencer N. A., Miller J. W. Strong uniform laws of large numbers for bootstrap means and 

other randomly weighted sums. Statistics & Probability Letters. 2024. Vol. 211. Article 110144. DOI: 

https://doi.org/10.1016/j.spl.2024.110144 

6. ʂʦʚʘʣʝʚʩʴʢʠʡ ʉ. ɺ., ʇʦʙʝʨʝʞʝʮʴ ɺ. ʗ. ɼʦʩʣʽʜʞʝʥʥʷ ʝʥʪʨʦʧʽʡʥʠʭ ʦʮʽʥʦʢ ʜʽʘʛʥʦʩʪʠʯʥʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʩʠʩʪʝʤ ʥʘ ʦʩʥʦʚʽ ʡʤʦʚʽʨʥʽʩʥʠʭ ʨʦʟʧʦʜʽʣʽʚ. ɺʽʩʥʠʢ ɺʽʥʥʠʮʴʢʦʛʦ 

ʧʦʣʽʪʝʭʥʽʯʥʦʛʦ ʽʥʩʪʠʪʫʪʫ. 2025. ˉ 3. ʉ. 168ï177. DOI: https://doi.org/10.31649/1997-9266-

2025-180-3-168-177. 

 
 
 
 

 

 

ʋɼʂ 621.865.8:621.643 

 

ʂʦʨʝʥʜʽʡ ɺ.ʄ., ɿʝʣʽʥʩʴʢʠʡ ʄ.-ʇ.ɹ., ɻʝʣʝʪʽʡ ɺ.ʄ., ʋʛʨʠʥ ʃ.ʉ., 

ʇʦʭʤʫʨʩʴʢʘ ɸ.ɺ. (ʅʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ çʃʴʚʽʚʩʴʢʘ ʧʦʣʽʪʝʭʥʽʢʘè, 

ʤ. ʃʴʚʽʚ, ʋʢʨʘʾʥʘ). 

 

ɼʀʅɸʄɯʏʅɽ ʄʆɼɽʃʖɺɸʅʅʗ ɸɼɸʇʊʀɺʅʆɻʆ ʂʆʃɯʉʅʆɻʆ 

ʈʆɹʆʊɸ ɼʃʗ ʇɽʈɽʄɯʑɽʅʅʗ ɺʉɽʈɽɼʀʅɯ ʊʈʋɹʆʇʈʆɺʆɼɯɺ 

 
ɸʥʦʪʘʮʽʷ: ʋ ʨʦʙʦʪʽ ʨʦʟʨʦʙʣʝʥʦ ʢʦʤʧʣʝʢʩʥʫ ʢʽʥʝʪʦʩʪʘʪʠʯʥʫ ʪʘ ʛʽʙʨʠʜʥʫ 

ʜʠʥʘʤʽʯʥʫ ʤʦʜʝʣʴ ʨʫʰʽʡʥʦʾ ʩʠʩʪʝʤʠ ʘʜʘʧʪʠʚʥʦʛʦ ʚʥʫʪʨʽʰʥʴʦʪʨʫʙʥʦʛʦ ʨʦʙʦʪʘ. 

ɿʘʧʨʦʧʦʥʦʚʘʥʘ ʢʦʥʩʪʨʫʢʮʽʷ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʜʚʦʭ ʤʦʜʫʣʽʚ, ʱʦ ʚʢʣʶʯʘʶʪʴ ʧʘʥʪʦʛʨʘʬʥʠʡ 

ʤʝʭʘʥʽʟʤ ʧʘʩʠʚʥʦʛʦ ʮʝʥʪʨʫʚʘʥʥʷ ʪʘ ʢʨʠʚʦʰʠʧʥʦ-ʧʦʚʟʫʥʥʠʡ ʧʨʠʚʽʜ ʟ ʦʙʛʽʥʥʠʤʠ 

ʤʫʬʪʘʤʠ, ʱʦ ʟʘʙʝʟʧʝʯʫʶʪʴ ʽʥʯʚʦʨʤ-ʧʦʜʽʙʥʠʡ ʨʫʭ. ʇʦʙʫʜʦʚʘʥʦ ʤʘʪʝʤʘʪʠʯʥʠʡ ʦʧʠʩ 

ʨʫʭʫ ʫ ʚʠʛʣʷʜʽ ʢʫʩʢʦʚʦ-ʥʝʧʝʨʝʨʚʥʠʭ ʨʽʚʥʷʥʴ, ʷʢʽ ʚʨʘʭʦʚʫʶʪʴ ʟʤʽʥʫ ʬʘʟ ʢʦʥʪʘʢʪʫ ʪʘ 

ʧʝʨʝʤʠʢʘʥʥʷ ʢʽʥʝʤʘʪʠʯʥʠʭ ʟʚôʷʟʢʽʚ. ʇʨʦʚʝʜʝʥʦ ʯʠʩʝʣʴʥʝ ʤʦʜʝʣʶʚʘʥʥʷ, ʷʢʝ ʧʽʜʪʚʝʨʜʠʣʦ 

ʩʪʽʡʢʽʩʪʴ ʦʜʥʦʥʘʧʨʷʤʣʝʥʦʛʦ ʧʝʨʝʤʽʱʝʥʥʷ ʨʦʙʦʪʘ ʚ ʫʤʦʚʘʭ ʦʙʤʝʞʝʥʦʛʦ ʧʨʦʩʪʦʨʫ 

ʪʨʫʙʦʧʨʦʚʦʜʫ. ɺʦʜʥʦʯʘʩ ʚʩʪʘʥʦʚʣʝʥʦ ʚʠʥʠʢʥʝʥʥʷ ʟʥʘʯʥʠʭ ʽʥʝʨʮʽʡʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ ʫ 

ʤʦʤʝʥʪʠ ʧʝʨʝʤʠʢʘʥʥʷ ʬʘʟ ʨʫʭʫ, ʱʦ ʤʦʞʝ ʧʨʠʟʚʦʜʠʪʠ ʜʦ ʧʝʨʝʚʘʥʪʘʞʝʥʥʷ ʝʣʝʤʝʥʪʽʚ 

ʢʦʥʩʪʨʫʢʮʽʾ. ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʦʙˇʨʫʥʪʦʚʫʶʪʴ ʥʝʦʙʭʽʜʥʽʩʪʴ ʽʥʪʝʛʨʘʮʽʾ ʧʨʫʞʥʠʭ 

ʘʙʦ ʜʝʤʧʬʫʚʘʣʴʥʠʭ ʝʣʝʤʝʥʪʽʚ ʫ ʢʽʥʝʤʘʪʠʯʥʫ ʩʭʝʤʫ ʧʨʠʚʦʜʫ ʜʣʷ ʟʥʠʞʝʥʥʷ ʧʽʢʦʚʠʭ 

ʥʘʚʘʥʪʘʞʝʥʴ ʽ ʧʽʜʚʠʱʝʥʥʷ ʥʘʜʽʡʥʦʩʪʽ ʩʠʩʪʝʤʠ. ʈʦʟʨʦʙʣʝʥʠʡ ʧʽʜʭʽʜ ʤʦʞʝ ʙʫʪʠ 

ʚʠʢʦʨʠʩʪʘʥʠʡ ʧʨʠ ʧʨʦʝʢʪʫʚʘʥʥʽ ʤʦʙʽʣʴʥʠʭ ʨʦʙʦʪʽʚ ʜʣʷ ʜʽʘʛʥʦʩʪʠʢʠ ʪʘ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ 

ʪʨʫʙʦʧʨʦʚʦʜʽʚ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʚʥʫʪʨʽʰʥʴʦʪʨʫʙʥʠʡ ʨʦʙʦʪ; ʢʽʥʝʪʦʩʪʘʪʠʯʥʘ ʤʦʜʝʣʴ; ʛʽʙʨʠʜʥʘ 

ʜʠʥʘʤʽʢʘ; ʽʥʯʚʦʨʤ-ʨʫʭ; ʦʙʛʽʥʥʽ ʤʫʬʪʠ; ʽʥʝʨʮʽʡʥʽ ʥʘʚʘʥʪʘʞʝʥʥʷ; ʘʜʘʧʪʠʚʥʽ ʩʠʩʪʝʤʠ. 

 

Abstract: This paper presents a comprehensive kinetostatic and hybrid dynamic model 

of the propulsion system for a passively adaptive in-pipe robot. The proposed design consists 

of two modules incorporating a pantograph mechanism for passive centering and a slider-

crank drive with freewheel clutches that enable inchworm-type locomotion. A mathematical 

formulation of motion is developed in the form of piecewise-continuous equations accounting 
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for phase transitions and changes in kinematic constraints. Numerical simulations confirm 

the stability of unidirectional motion within confined pipeline environments. However, 

significant inertial loads are observed during phase switching, which may lead to structural 

overloading of system components. The obtained results highlight the necessity of integrating 

compliant or damping elements into the drive mechanism to reduce peak dynamic loads and 

improve system reliability. The proposed modelling framework can be applied in the design of 

mobile robotic systems for inspection, maintenance, and diagnostics of pipeline infrastructure 

under constrained operating conditions. 

Keywords: in-pipe robot; kinetostatic model; hybrid dynamics; inchworm locomotion; 

freewheel clutches; inertial loads; adaptive systems. 

 

ʇʦʩʪʘʥʦʚʢʘ ʧʨʦʙʣʝʤʠ ʪʘ ʾʾ ʟʚôʷʟʦʢ ʟ ʥʘʫʢʦʚʠʤʠ ʽ ʧʨʘʢʪʠʯʥʠʤʠ 

ʨʦʙʦʪʘʤʠ.  

ʉʪʨʫʢʪʫʨʥʘ ʮʽʣʽʩʥʽʩʪʴ ʪʨʫʙʦʧʨʦʚʽʜʥʠʭ ʤʝʨʝʞ ʻ ʢʨʠʪʠʯʥʠʤ ʬʘʢʪʦʨʦʤ 

ʜʣʷ ʙʝʟʧʝʨʝʨʚʥʦʾ ʪʘ ʙʝʟʧʝʯʥʦʾ ʝʢʩʧʣʫʘʪʘʮʽʾ ʧʽʜʧʨʠʻʤʩʪʚ ʝʥʝʨʛʝʪʠʯʥʦʛʦ, 

ʭʽʤʽʯʥʦʛʦ ʪʘ ʤʫʥʽʮʠʧʘʣʴʥʦʛʦ ʩʝʢʪʦʨʽʚ ʧʨʦʤʠʩʣʦʚʦʩʪʽ. ɼʣʷ ʧʨʦʚʝʜʝʥʥʷ 

ʨʝʛʫʣʷʨʥʦʛʦ ʥʝʨʫʡʥʽʚʥʦʛʦ ʢʦʥʪʨʦʣʶ, ʜʽʘʛʥʦʩʪʠʢʠ ʩʪʘʥʫ ʚʥʫʪʨʽʰʥʽʭ 

ʧʦʚʝʨʭʦʥʴ ʪʘ ʟʘʧʦʙʽʛʘʥʥʷ ʥʝʙʝʟʧʝʯʥʠʤ ʚʠʪʦʢʘʤ ʚʩʝ ʯʘʩʪʽʰʝ 

ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʘʚʪʦʥʦʤʥʽ ʚʥʫʪʨʽʰʥʴʦʪʨʫʙʥʽ ʽʥʩʧʝʢʮʽʡʥʽ ʨʦʙʦʪʠ. ɺʦʥʠ 

ʚʠʩʪʫʧʘʶʪʴ ʷʢ ʝʬʝʢʪʠʚʥʘ ʪʘ ʥʘʜʽʡʥʘ ʘʣʴʪʝʨʥʘʪʠʚʘ ʨʫʯʥʽʡ ʧʨʘʮʽ ʚ 

ʦʙʤʝʞʝʥʠʭ, ʪʦʢʩʠʯʥʠʭ ʽ ʥʝʙʝʟʧʝʯʥʠʭ ʩʝʨʝʜʦʚʠʱʘʭ. ʇʨʦʪʷʛʦʤ ʦʩʪʘʥʥʽʭ 

ʜʝʩʷʪʠʣʽʪʴ ʧʘʨʘʜʠʛʤʘ ʧʨʦʻʢʪʫʚʘʥʥʷ ʪʘʢʠʭ ʨʦʙʦʪʦʪʝʭʥʽʯʥʠʭ ʩʠʩʪʝʤ 

ʟʤʽʩʪʠʣʘʩʷ ʫ ʙʽʢ ʚʠʩʦʢʦʘʜʘʧʪʠʚʥʠʭ, ʘʚʪʦʥʦʤʥʠʭ ʤʦʜʫʣʴʥʠʭ ʛʽʙʨʠʜʥʠʭ 

ʨʦʙʦʪʠʟʦʚʘʥʠʭ ʧʣʘʪʬʦʨʤ. 

ɸʥʘʣʽʟ ʦʩʪʘʥʥʽʭ ʜʦʩʣʽʜʞʝʥʴ ʽ ʧʫʙʣʽʢʘʮʽʡ.  

ʇʨʦʙʣʝʤʘʪʠʢʘ ʤʘʪʝʤʘʪʠʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʥʝʩʪʘʥʜʘʨʪʥʠʭ ʨʝʞʠʤʽʚ 

ʣʦʢʦʤʦʮʽʾ ʤʦʙʽʣʴʥʠʭ ʨʦʙʦʪʽʚ ʘʢʪʠʚʥʦ ʜʦʩʣʽʜʞʫʻʪʴʩʷ. ʋ ʮʴʦʤʫ ʢʦʥʪʝʢʩʪʽ 

ʥʘʜʟʚʠʯʘʡʥʦ ʚʘʞʣʠʚʠʤ ʻ ʢʦʤʧʣʝʢʩʥʝ ʨʦʟʢʨʠʪʪʷ ʨʽʟʥʠʭ ʘʩʧʝʢʪʽʚ ʢʽʥʝʤʘʪʠʢʠ 

ʡ ʜʠʥʘʤʽʢʠ ʚʽʙʨʘʮʽʡʥʠʭ ʪʘ ʚʥʫʪʨʽʰʥʴʦʪʨʫʙʥʠʭ ʨʦʙʦʪʦʪʝʭʥʽʯʥʠʭ ʩʠʩʪʝʤ. 

ɹʘʟʦʚʽ ʧʨʠʥʮʠʧʠ ʢʽʥʝʪʦʩʪʘʪʠʯʥʦʛʦ ʘʥʘʣʽʟʫ ʨʫʰʽʡʥʦʾ ʩʠʩʪʝʤʠ ʤʦʙʽʣʴʥʦʛʦ 

ʨʦʙʦʪʘ ʜʣʷ ʽʥʩʧʝʢʪʫʚʘʥʥʷ ʪʨʫʙ ʪʘ ʨʦʟʧʦʜʽʣ ʟʫʩʠʣʴ ʤʽʞ ʪʷʛʦʚʠʤʠ ʤʦʜʫʣʷʤʠ 

ˇʨʫʥʪʦʚʥʦ ʟʘʢʣʘʜʝʥʦ ʫ ʧʨʘʮʽ [1]. ʆʢʨʽʤ ʮʴʦʛʦ, ʢʦʥʮʝʧʪʫʘʣʴʥʽ ʟʘʩʘʜʠ 

ʜʠʥʘʤʽʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʧʘʩʠʚʥʦ ʘʜʘʧʪʠʚʥʦʛʦ ʨʦʙʦʪʘ ʟ 

ʦʜʥʦʥʘʧʨʷʤʣʝʥʠʤ ʨʫʭʦʤ ʜʦʢʣʘʜʥʦ ʧʨʝʜʩʪʘʚʣʝʥʦ ʫ ʜʦʩʣʽʜʞʝʥʥʽ [2]. 

ɺʘʞʣʠʚʽ ʘʩʧʝʢʪʠ ʧʦʚʝʜʽʥʢʠ ʧʦʜʽʙʥʠʭ ʩʠʩʪʝʤ ʽʟ ʢʫʩʢʦʚʦ-

ʥʝʧʝʨʝʨʚʥʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʪʘʢʦʞ ʚʠʩʚʽʪʣʝʥʦ ʫ ʥʠʟʮʽ ʩʧʦʨʽʜʥʝʥʠʭ 

ʧʫʙʣʽʢʘʮʽʡ. ɿʦʢʨʝʤʘ, ʤʦʜʝʣʶʚʘʥʥʷ ʫʤʦʚ ʧʝʨʝʤʽʱʝʥʥʷ ʚʽʙʨʘʮʽʡʥʠʭ ʨʦʙʦʪʽʚ 

ʨʦʟʛʣʷʥʫʪʦ ʚ [3], ʘ ʢʦʤʧ'ʶʪʝʨʥʘ ʩʠʤʫʣʷʮʽʷ ʢʫʩʢʦʚʦ-ʥʝʧʝʨʝʨʚʥʦʛʦ ʨʫʭʫ 

ʢʦʣʽʩʥʠʭ ʩʠʩʪʝʤ ʫ ʪʨʫʙʦʧʨʦʚʦʜʘʭ ʧʨʦʘʥʘʣʽʟʦʚʘʥʘ ʚ ʨʦʙʦʪʽ [4]. ʋʩʽ ʮʽ 

ʨʦʙʦʪʠ ʬʦʨʤʫʶʪʴ ʥʘʜʽʡʥʝ ʪʝʦʨʝʪʠʯʥʝ ʧʽʜˇʨʫʥʪʷ ʜʣʷ ʨʦʟʨʦʙʣʝʥʥʷ ʟʘʛʘʣʴʥʦʾ 

ʛʽʙʨʠʜʥʦʾ ʜʠʥʘʤʽʢʠ ʙʘʛʘʪʦʤʦʜʫʣʴʥʠʭ ʚʽʙʨʘʮʽʡʥʠʭ ʨʦʙʦʪʦʪʝʭʥʽʯʥʠʭ 

ʘʧʘʨʘʪʽʚ. 
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ʌʦʨʤʫʣʶʚʘʥʥʷ ʥʝʚʠʨʽʰʝʥʠʭ ʯʘʩʪʠʥ ʟʘʛʘʣʴʥʦʾ ʧʨʦʙʣʝʤʠ.  

ʅʝʟʚʘʞʘʶʯʠ ʥʘ ʧʨʦʛʨʝʩ ʫ ʜʦʩʣʽʜʞʝʥʥʷʭ ʧʨʦʩʪʦʨʦʚʠʭ ʤʝʭʘʥʽʟʤʽʚ 

ʧʘʩʠʚʥʦʾ ʘʜʘʧʪʘʮʽʾ ʪʘ ʧʨʠʥʮʠʧʽʚ ʨʦʙʦʪʠ ʦʙʛʽʥʥʠʭ ʤʫʬʪ, ʩʠʥʪʝʟ ʧʦʚʥʦʮʽʥʥʦʾ 

ʪʘ ʫʥʽʬʽʢʦʚʘʥʦʾ ʛʽʙʨʠʜʥʦʾ ʜʠʥʘʤʽʯʥʦʾ ʤʦʜʝʣʽ ʜʣʷ ʨʦʙʦʪʘ ʪʠʧʫ çʛʫʩʽʥʴè ʽʟ 

ʻʜʠʥʠʤ ʮʝʥʪʨʘʣʴʥʠʤ ʢʨʠʚʦʰʠʧʥʦ-ʧʦʚʟʫʥʥʠʤ ʧʨʠʚʦʜʦʤ ʟʘʣʠʰʘʻʪʴʩʷ 

ʥʝʚʠʨʽʰʝʥʠʤ ʟʘʚʜʘʥʥʷʤ. ɹʨʘʢʫʻ ʤʘʪʝʤʘʪʠʯʥʦʛʦ ʘʧʘʨʘʪʫ, ʟʜʘʪʥʦʛʦ 

ʘʜʝʢʚʘʪʥʦ ʦʧʠʩʫʚʘʪʠ ʧʝʨʝʭʽʜʥʫ ʜʠʥʘʤʽʢʫ, ʧʦʯʝʨʛʦʚʝ ʟʤʽʱʝʥʥʷ ʽʥʝʨʮʽʡʥʠʭ 

ʤʘʩ ʽ, ʥʘʡʛʦʣʦʚʥʽʰʝ, ʞʦʨʩʪʢʽ ʫʜʘʨʥʽ ʥʘʚʘʥʪʘʞʝʥʥʷ ʧʽʜ ʯʘʩ ʤʠʪʪʻʚʦʛʦ 

ʧʝʨʝʤʠʢʘʥʥʷ ʩʪʘʥʽʚ (ʩʧʨʘʮʶʚʘʥʥʷ ʤʫʬʪ ʚʽʣʴʥʦʛʦ ʭʦʜʫ) ʫ ʮʠʢʣʽ 

ʤʘʢʨʦʩʢʦʧʽʯʥʦʛʦ ʧʝʨʝʤʽʱʝʥʥʷ. ɺʽʜʩʫʪʥʽʩʪʴ ʪʘʢʠʭ ʽʥʩʪʨʫʤʝʥʪʽʚ ʢʨʠʪʠʯʥʦ 

ʦʙʤʝʞʫʻ ʤʦʞʣʠʚʦʩʪʽ ʧʨʦʻʢʪʫʚʘʥʥʷ ʟʥʦʩʦʩʪʽʡʢʠʭ ʽʥʩʧʝʢʮʽʡʥʠʭ ʢʦʤʧʣʝʢʩʽʚ. 

ʎʽʣʽ ʩʪʘʪʪʽ ʪʘ ʧʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʽ.  

ɻʦʣʦʚʥʦʶ ʤʝʪʦʶ ʜʦʩʣʽʜʞʝʥʥʷ ʻ ʨʦʟʨʦʙʣʝʥʥʷ ʢʦʤʧʣʝʢʩʥʦʾ 

ʢʽʥʝʪʦʩʪʘʪʠʯʥʦʾ ʪʘ ʛʽʙʨʠʜʥʦʾ ʜʠʥʘʤʽʯʥʦʾ ʤʦʜʝʣʽ ʨʫʰʽʡʥʦʾ ʩʠʩʪʝʤʠ 

ʥʦʚʽʪʥʴʦʛʦ ʧʘʩʠʚʥʦ ʘʜʘʧʪʠʚʥʦʛʦ ʚʥʫʪʨʽʰʥʴʦʪʨʫʙʥʦʛʦ ʨʦʙʦʪʘ ʧʨʠʪʠʩʢʥʦʛʦ 

ʪʠʧʫ ʟʽ ʩʪʨʘʪʝʛʽʻʶ ʧʝʨʝʩʫʚʘʥʥʷ ʪʠʧʫ çʛʫʩʽʥʴè. ɼʣʷ ʜʦʩʷʛʥʝʥʥʷ ʧʦʩʪʘʚʣʝʥʦʾ 

ʤʝʪʠ ʩʬʦʨʤʫʣʴʦʚʘʥʦ ʪʘʢʽ ʟʘʚʜʘʥʥʷ: 1) ʆʧʠʩʘʪʠ ʢʦʥʮʝʧʪʫʘʣʴʥʫ ʘʨʭʽʪʝʢʪʫʨʫ 

ʩʠʤʝʪʨʠʯʥʦʛʦ ʜʚʦʤʦʜʫʣʴʥʦʛʦ ʨʦʙʦʪʘ ʟ ʧʽʜʧʨʫʞʠʥʝʥʠʤ ʧʘʥʪʦʛʨʘʬʥʠʤ 

ʤʝʭʘʥʽʟʤʦʤ ʮʝʥʪʨʫʚʘʥʥʷ ʪʘ ʻʜʠʥʠʤ ʮʝʥʪʨʘʣʴʥʠʤ ʢʨʠʚʦʰʠʧʥʦ-

ʧʦʚʟʫʥʢʦʚʠʤ ʧʨʠʚʦʜʦʤ. 2) ʉʬʦʨʤʫʣʶʚʘʪʠ ʢʽʥʝʤʘʪʠʯʥʫ ʙʘʟʫ ʪʘ ʛʨʘʥʠʯʥʽ 

ʦʙʤʝʞʝʥʥʷ ʽʜʝʘʣʴʥʠʭ ʦʙʛʽʥʥʠʭ ʤʫʬʪ ʧʽʜ ʯʘʩ ʬʘʟ ʩʪʠʩʢʘʥʥʷ ʽ ʨʦʟʰʠʨʝʥʥʷ 

ʙʘʟʠ ʨʦʙʦʪʘ. 3) ɺʠʚʝʩʪʠ ʢʫʩʢʦʚʦ-ʥʝʧʝʨʝʨʚʥʽ ʨʽʚʥʷʥʥʷ ʨʫʭʫ ʩʠʩʪʝʤʠ ʥʘ 

ʦʩʥʦʚʽ ʜʠʬʝʨʝʥʮʽʘʣʴʥʠʭ ʨʽʚʥʷʥʴ ʃʘʛʨʘʥʞʘ ʜʨʫʛʦʛʦ ʨʦʜʫ, ʚʩʪʘʥʦʚʠʚʰʠ 

ʝʬʝʢʪʠʚʥʠʡ ʤʦʤʝʥʪ ʽʥʝʨʮʽʾ, ʚʽʜʮʝʥʪʨʦʚʽ ʩʢʣʘʜʦʚʽ ʪʘ ʫʟʘʛʘʣʴʥʝʥʽ ʩʠʣʠ. 

4) ɿʜʽʡʩʥʠʪʠ ʯʠʩʝʣʴʥʝ ʤʦʜʝʣʶʚʘʥʥʷ ʩʠʩʪʝʤʠ ʜʣʷ ʘʥʘʣʽʟʫ ʤʘʢʨʦʩʢʦʧʽʯʥʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʫʭʫ, ʚʥʫʪʨʽʰʥʴʦʾ ʜʠʥʘʤʽʢʠ ʪʘ ʦʮʽʥʢʠ ʝʢʩʪʨʝʤʘʣʴʥʠʭ 

ʧʝʨʝʭʽʜʥʠʭ ʫʜʘʨʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ. 

ɺʠʢʣʘʜ ʦʩʥʦʚʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʜʦʩʣʽʜʞʝʥʥʷ.  

ɿʘʧʨʦʧʦʥʦʚʘʥʘ ʤʝʭʘʥʽʯʥʘ ʘʨʭʽʪʝʢʪʫʨʘ ʨʦʙʦʪʘ (ʨʠʩ. 1) ʷʚʣʷʻ ʩʦʙʦʶ 

ʩʠʤʝʪʨʠʯʥʝ ʤʦʜʫʣʴʥʝ ʢʦʤʧʦʥʫʚʘʥʥʷ, ʱʦ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʜʚʦʭ ʽʜʝʥʪʠʯʥʠʭ 

ʪʷʛʦʚʠʭ ʤʦʜʫʣʽʚ: ʧʝʨʝʜʥʴʦʛʦ (ʤʘʩʘ ) ʪʘ ʟʘʜʥʴʦʛʦ (ʤʘʩʘ ). ʆʩʥʦʚʦʶ 

ʩʠʩʪʝʤʠ ʧʘʩʠʚʥʦʾ ʘʜʘʧʪʘʮʽʾ ʻ ʚʘʞʽʣʴʥʠʡ ʧʘʥʪʦʛʨʘʬʥʠʡ (ʥʦʞʠʮʝʧʦʜʽʙʥʠʡ) 

ʤʝʭʘʥʽʟʤ, ʨʦʟʤʽʱʝʥʠʡ ʥʘ ʢʦʞʥʦʤʫ ʟ ʤʦʜʫʣʽʚ. ʎʷ ʢʽʥʝʤʘʪʠʯʥʘ ʩʭʝʤʘ 

ʟʘʙʝʟʧʝʯʫʻ ʩʫʚʦʨʝ ʧʦʟʠʮʽʶʚʘʥʥʷ ʨʦʙʦʪʘ ʥʘ ʧʦʟʜʦʚʞʥʽʡ ʦʩʽ ʪʨʫʙʠ. 

ʋʥʽʢʘʣʴʥʦʶ ʚʣʘʩʪʠʚʽʩʪʶ ʧʘʥʪʦʛʨʘʬʘ ʻ ʟʜʘʪʥʽʩʪʴ ʟʙʝʨʽʛʘʪʠ ʦʩʽ ʢʦʣʽʩ 

ʧʘʨʘʣʝʣʴʥʠʤʠ ʜʦ ʧʦʟʜʦʚʞʥʴʦʾ ʦʩʽ ʨʦʙʦʪʘ ʥʝʟʘʣʝʞʥʦ ʚʽʜ ʢʫʪʘ ʨʦʟʢʨʠʪʪʷ 

ʚʘʞʝʣʽʚ ʧʨʠ ʟʤʽʥʽ ʜʽʘʤʝʪʨʘ ʪʨʫʙʦʧʨʦʚʦʜʫ. ʎʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʦ ʫʥʝʤʦʞʣʠʚʣʶʻ ʝʬʝʢʪ çʩʘʤʦʟʘʢʣʠʥʶʚʘʥʥʷè 

(ʘʚʪʦʙʣʦʢʫʚʘʥʥʷ) ʧʽʜ ʯʘʩ ʨʫʭʫ. ʅʦʨʤʘʣʴʥʘ ʩʠʣʘ ʧʨʠʪʠʩʢʘʥʥʷ ʛʝʥʝʨʫʻʪʴʩʷ 

ʙʣʦʢʘʤʠ ʧʦʧʝʨʝʜʥʴʦ ʩʪʠʩʥʫʪʠʭ ʧʨʫʞʠʥ ʽʟ ʚʙʫʜʦʚʘʥʠʤʠ ʜʝʤʧʬʝʨʘʤʠ, ʱʦ 

ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʟʘʢʦʥʫ ʪʝʨʪʷ ʂʫʣʦʥʘ-ɸʤʦʥʪʦʥʘ ʚʠʟʥʘʯʘʻ ʪʷʛʦʚʫ 

ʩʧʨʦʤʦʞʥʽʩʪʴ ʩʠʩʪʝʤʠ. 
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ʈʠʩʫʥʦʢ 1. ɿʘʛʘʣʴʥʠʡ ʚʠʛʣʷʜ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʤʘʢʝʪʘ ʨʦʙʦʪʘ 

 

ʈʦʟʨʦʙʣʝʥʠʡ ʨʦʙʦʪ ʚʠʢʦʨʠʩʪʦʚʫʻ ʻʜʠʥʠʡ ʮʝʥʪʨʘʣʴʥʠʡ ʘʢʪʠʚʥʠʡ 

ʢʨʠʚʦʰʠʧʥʦ-ʧʦʚʟʫʥʥʠʡ ʤʝʭʘʥʽʟʤ, ʱʦ ʨʦʟʪʘʰʦʚʘʥʠʡ ʤʽʞ ʤʦʜʫʣʷʤʠ. ʎʝʡ 

ʤʝʭʘʥʽʟʤ ʧʝʨʝʪʚʦʨʶʻ ʦʙʝʨʪʘʣʴʥʠʡ ʨʫʭ ʚʘʣʘ ʝʣʝʢʪʨʦʜʚʠʛʫʥʘ ʥʘ ʟʚʦʨʦʪʥʦ-

ʧʦʩʪʫʧʘʣʴʥʽ ʢʦʣʠʚʘʥʥʷ ʤʦʜʫʣʽʚ ʦʜʠʥ ʚʽʜʥʦʩʥʦ ʦʜʥʦʛʦ (ʟʤʽʥʫ ʚʽʜʩʪʘʥʽ ʤʽʞ 

ʾʭʥʽʤʠ ʮʝʥʪʨʘʤʠ). ʂʣʶʯʦʚʠʤ ʽʥʥʦʚʘʮʽʡʥʠʤ ʨʽʰʝʥʥʷʤ ʻ ʟʘʩʪʦʩʫʚʘʥʥʷ 

ʽʜʝʘʣʴʥʠʭ ʦʙʛʽʥʥʠʭ ʤʫʬʪ, ʽʥʪʝʛʨʦʚʘʥʠʭ ʚ ʫʩʽ ʢʦʣʝʩʘ. ɺʦʥʠ ʚʽʜʽʛʨʘʶʪʴ ʨʦʣʴ 

ʤʝʭʘʥʽʯʥʠʭ ʜʽʦʜʽʚ: ʜʦʟʚʦʣʷʶʪʴ ʢʦʣʝʩʘʤ ʚʽʣʴʥʦ ʢʦʪʠʪʠʩʷ ʣʠʰʝ ʚʧʝʨʝʜ ʽ 

ʤʠʪʪʻʚʦ ʙʣʦʢʫʶʪʴ ʾʭ ʧʽʜ ʯʘʩ ʩʧʨʦʙʠ ʨʫʭʫ ʥʘʟʘʜ. ɺʽʜʧʦʚʽʜʥʦ, 

ʤʘʢʨʦʩʢʦʧʽʯʥʠʡ ʨʫʭ ʨʦʙʦʪʘ ʧʦʜʽʣʷʻʪʴʩʷ ʥʘ ʜʚʽ ʧʦʯʝʨʛʦʚʽ ʬʘʟʠ: ʌʘʟʘ 1 

(ʩʪʠʩʥʝʥʥʷ). ʂʨʠʚʦʰʠʧʥʦ-ʧʦʚʟʫʥʥʠʡ ʤʝʭʘʥʽʟʤ ʩʪʷʛʫʻ ʤʦʜʫʣʽ. ʇʝʨʝʜʥʽʡ 

ʤʦʜʫʣʴ  ʚʽʜʯʫʚʘʻ ʟʫʩʠʣʣʷ, ʱʦ ʰʪʦʚʭʘʻ ʡʦʛʦ ʥʘʟʘʜ, ʧʨʦʪʝ ʡʦʛʦ ʤʫʬʪʠ 

ʤʠʪʪʻʚʦ ʙʣʦʢʫʶʪʴʩʷ, ʧʝʨʝʪʚʦʨʶʶʯʠ ʡʦʛʦ ʥʘ ʥʝʨʫʭʦʤʠʡ ʦʧʦʨʥʠʡ ʷʢʽʨ 

). ʆʜʥʦʯʘʩʥʦ, ʟʘʜʥʽʡ ʤʦʜʫʣʴ  ʚʽʣʴʥʦ ʧʽʜʪʷʛʫʻʪʴʩʷ ʤʝʭʘʥʽʟʤʦʤ 

ʫʧʝʨʝʜ. ʌʘʟʘ 2 (ʨʦʟʰʠʨʝʥʥʷ). ʇʨʠʚʽʜ ʨʦʟʰʪʦʚʭʫʻ ʤʦʜʫʣʽ. ɺʽʜʩʪʘʥʴ ʤʽʞ 

ʥʠʤʠ ʟʙʽʣʴʰʫʻʪʴʩʷ. ɿʘʜʥʽʡ ʤʦʜʫʣʴ  ʚʽʜʯʫʚʘʻ ʧʦʰʪʦʚʭ ʥʘʟʘʜ, ʬʽʢʩʫʻʪʴʩʷ 

ʩʚʦʾʤʠ ʤʫʬʪʘʤʠ ʽ ʩʪʘʻ ʥʝʨʫʭʦʤʠʤ ʷʢʦʨʝʤ (). ɺʽʜʰʪʦʚʭʫʶʯʠʩʴ ʚʽʜ 

ʥʴʦʛʦ, ʧʝʨʝʜʥʽʡ ʤʦʜʫʣʴ  ʚʠʰʪʦʚʭʫʻʪʴʩʷ ʚʧʝʨʝʜ. 

ɼʣʷ ʚʠʚʝʜʝʥʥʷ ʨʽʚʥʷʥʴ ʨʫʭʫ ʧʦʙʫʜʦʚʘʥʦ ʝʢʚʽʚʘʣʝʥʪʥʫ 2D 

ʢʽʥʝʤʘʪʠʯʥʫ ʩʭʝʤʫ (ʨʠʩ. 2). ʋʟʘʛʘʣʴʥʝʥʦʶ ʢʦʦʨʜʠʥʘʪʦʶ ʻ ʢʫʪ ʧʦʚʦʨʦʪʫ 

ʢʨʠʚʦʰʠʧʘ . ʇʨʠʧʫʩʢʘʶʯʠ, ʱʦ ʜʦʚʞʠʥʘ ʰʘʪʫʥʘ  ʟʥʘʯʥʦ ʙʽʣʴʰʘ ʟʘ ʨʘʜʽʫʩ 

ʢʨʠʚʦʰʠʧʘ , ʚʽʜʩʪʘʥʴ ʤʽʞ ʤʦʜʫʣʷʤʠ ʟʘʜʘʥʦ ʨʽʚʥʷʥʥʷʤ: . 
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ɺʽʜʥʦʩʥʘ ʰʚʠʜʢʽʩʪʴ ʤʦʜʫʣʽʚ ʦʙʯʠʩʣʶʻʪʴʩʷ ʯʝʨʝʟ ʧʝʨʝʜʘʚʘʣʴʥʫ ʬʫʥʢʮʽʶ: 

. 

 

 
ʈʠʩʫʥʦʢ 2. ʂʽʥʝʤʘʪʠʯʥʘ ʩʭʝʤʘ ʤʝʭʘʥʽʯʥʦʾ ʩʠʩʪʝʤʠ ʨʦʙʦʪʘ 

 

ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ ʨʽʚʥʷʥʥʷ ʃʘʛʨʘʥʞʘ ʜʨʫʛʦʛʦ ʨʦʜʫ, ʦʪʨʠʤʘʥʦ 

ʛʽʙʨʠʜʥʫ ʤʘʪʝʤʘʪʠʯʥʫ ʤʦʜʝʣʴ ʫ ʚʠʛʣʷʜʽ ʻʜʠʥʦʛʦ ʢʫʩʢʦʚʦ-ʥʝʧʝʨʝʨʚʥʦʛʦ 

ʜʠʬʝʨʝʥʮʽʘʣʴʥʦʛʦ ʨʽʚʥʷʥʥʷ: 

 
ɿʤʽʥʥʘ ʝʬʝʢʪʠʚʥʘ ʽʥʝʨʮʽʷ , ʚʽʜʮʝʥʪʨʦʚʠʡ ʜʦʜʘʥʦʢ  ʪʘ 

ʫʟʘʛʘʣʴʥʝʥʘ ʘʢʪʠʚʥʘ ʩʠʣʘ  ʻ ʢʫʩʢʦʚʠʤʠ ʬʫʥʢʮʽʷʤʠ, ʱʦ 

ʧʝʨʝʤʠʢʘʶʪʴʩʷ ʟʘʣʝʞʥʦ ʚʽʜ ʟʥʘʢʫ . ɿʦʢʨʝʤʘ, ʜʣʷ ʬʘʟʠ ʩʪʠʩʥʝʥʥʷ () 

ʝʬʝʢʪʠʚʥʘ ʽʥʝʨʮʽʷ , ʚʽʜʮʝʥʪʨʦʚʠʡ ʜʦʜʘʥʦʢ 

, ʘ ʫʟʘʛʘʣʴʥʝʥʘ ʩʠʣʘ 

, ʜʝ  ï ʤʦʤʝʥʪ ʽʥʝʨʮʽʾ ʧʨʠʚʦʜʫ,  ï ʢʨʫʪʥʠʡ 

ʤʦʤʝʥʪ ʝʣʝʢʪʨʦʜʚʠʛʫʥʘ,  ï ʦʧʽʨ ʢʦʯʝʥʥʶ. ɼʣʷ ʬʘʟʠ ʨʦʟʰʠʨʝʥʥʷ () 

, , 

. ʎʝʡ ʧʽʜʭʽʜ ʩʪʨʦʛʦ ʚʨʘʭʦʚʫʻ ʚʟʘʻʤʥʝ ʧʝʨʝʤʽʱʝʥʥʷ 

ʽʥʝʨʮʽʡʥʠʭ ʤʘʩ ʧʨʠ ʧʝʨʝʤʠʢʘʥʥʽ ʤʽʞ ʨʽʟʥʠʤʠ ʬʘʟʘʤʠ ʨʫʭʫ. 

ʏʝʨʝʟ ʨʦʟʨʠʚʥʽʩʪʴ ʤʘʪʝʤʘʪʠʯʥʦʾ ʤʦʜʝʣʽ ʧʽʜ ʯʘʩ ʬʘʟʦʚʠʭ ʧʝʨʝʭʦʜʽʚ, 

ʯʠʩʝʣʴʥʝ ʽʥʪʝʛʨʫʚʘʥʥʷ ʚʠʢʦʥʫʚʘʣʦʩʷ ʚ ʩʝʨʝʜʦʚʠʱʽ Wolfram Mathematica ʽʟ 

ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʩʧʝʮʽʘʣʽʟʦʚʘʥʦʛʦ ʘʣʛʦʨʠʪʤʫ "StiffnessSwitching". ʉʠʤʫʣʷʮʽʷ 

ʧʦʚʥʽʩʪʶ ʧʽʜʪʚʝʨʜʠʣʘ ʨʝʘʣʽʟʘʮʽʶ ʧʝʨʝʤʽʱʝʥʥʷ ʨʦʙʦʪʘ ʪʠʧʫ çʛʫʩʽʥʴè. 

ɻʨʘʬʽʢʠ ʤʘʢʨʦʩʢʦʧʽʯʥʠʭ ʧʝʨʝʤʽʱʝʥʴ ʧʝʨʝʜʥʴʦʛʦ () ʪʘ ʟʘʜʥʴʦʛʦ () 

ʤʦʜʫʣʽʚ ʤʘʶʪʴ ʷʩʢʨʘʚʦ ʚʠʨʘʞʝʥʠʡ ʤʦʥʦʪʦʥʥʦ ʟʨʦʩʪʘʶʯʠʡ çʩʭʽʜʯʘʩʪʠʡè 

ʭʘʨʘʢʪʝʨ (ʨʠʩ. 3ʘ). ɸʥʘʣʽʟ ʰʚʠʜʢʦʩʪʝʡ ʜʦʚʽʚ ʽʜʝʘʣʴʥʫ ʨʦʙʦʪʫ ʤʫʬʪ: ʤʦʜʫʣʽ 

ʧʨʦʩʫʚʘʶʪʴʩʷ ʩʪʨʦʛʦ ʧʦ ʯʝʨʟʽ, ʘ ʽʤʧʫʣʴʩʠ ʰʚʠʜʢʦʩʪʝʡ ʥʽʢʦʣʠ ʥʝ 

ʧʝʨʝʢʨʠʚʘʶʪʴʩʷ ʫ ʯʘʩʽ. 
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ʘ ʙ 

ʈʠʩʫʥʦʢ 3. ʏʘʩʦʚʽ ʟʘʣʝʞʥʦʩʪʽ ʧʝʨʝʤʽʱʝʥʴ (ʘ) ʪʘ ʰʚʠʜʢʦʩʪʝʡ (ʙ) ʤʦʜʫʣʽʚ 

ʨʦʙʦʪʘ 

 

ʆʜʥʘʢ ʢʽʥʝʪʦʩʪʘʪʠʯʥʠʡ ʘʥʘʣʽʟ ʘʙʩʦʣʶʪʥʠʭ ʧʨʠʩʢʦʨʝʥʴ ʚʠʷʚʠʚ 

ʩʝʨʡʦʟʥʫ ʽʥʞʝʥʝʨʥʫ ʧʨʦʙʣʝʤʫ. ʋ ʪʦʯʢʘʭ ʬʘʟʦʚʠʭ ʧʝʨʝʭʦʜʽʚ (ʢʦʣʠ 

ʰʚʠʜʢʽʩʪʴ ʧʝʨʝʪʠʥʘʻ ʥʫʣʴ) ʛʝʥʝʨʫʶʪʴʩʷ ʝʢʩʪʨʝʤʘʣʴʥʽ ʧʝʨʝʭʽʜʥʽ ʧʽʢʠ 

ʧʨʠʰʚʠʜʰʝʥʴ, ʱʦ ʩʷʛʘʶʪʴ ʢʦʣʦʩʘʣʴʥʠʭ . ʎʝ ʧʨʷʤʠʡ 

ʤʘʪʝʤʘʪʠʯʥʠʡ ʥʘʩʣʽʜʦʢ ʧʨʠʧʫʱʝʥʥʷ ʧʨʦ ʽʜʝʘʣʴʥʫ ʞʦʨʩʪʢʽʩʪʴ ʣʘʥʦʢ ʪʘ 

ʤʠʪʪʻʚʝ ʩʧʨʘʮʶʚʘʥʥʷ ʥʝʛʦʣʦʥʦʤʥʠʭ ʚ'ʷʟʝʡ (ʥʝʩʢʽʥʯʝʥʥʠʡ ʨʠʚʦʢ). ɿ 

ʽʥʞʝʥʝʨʥʦʾ ʪʦʯʢʠ ʟʦʨʫ ʮʽ ʨʝʟʫʣʴʪʘʪʠ ʧʝʨʝʢʦʥʣʠʚʦ ʜʦʚʦʜʷʪʴ, ʱʦ ʧʦʙʫʜʦʚʘ 

ʬʽʟʠʯʥʦʛʦ ʤʘʢʝʪʘ ʨʦʙʦʪʘ ʚʠʢʣʶʯʥʦ ʥʘ ʞʦʨʩʪʢʠʭ ʜʝʪʘʣʷʭ ʰʚʠʜʢʦ ʧʨʠʟʚʝʜʝ 

ʜʦ ʡʦʛʦ ʚʪʦʤʥʦʛʦ ʨʫʡʥʫʚʘʥʥʷ (ʟʨʽʟʘʥʥʷ ʦʩʝʡ, ʧʦʣʦʤʢʠ ʰʘʪʫʥʽʚ ʪʘ ʤʫʬʪ) ʧʽʜ 

ʚʧʣʠʚʦʤ ʞʦʨʩʪʢʠʭ ʽʥʝʨʮʽʡʥʠʭ ʫʜʘʨʽʚ. 

 

 
ʈʠʩʫʥʦʢ 4. ʏʘʩʦʚʽ ʟʘʣʝʞʥʦʩʪʽ ʧʨʠʰʚʠʜʰʝʥʴ ʤʦʜʫʣʽʚ ʨʦʙʦʪʘ 

 

ɺʠʩʥʦʚʢʠ ʪʘ ʧʝʨʩʧʝʢʪʠʚʠ ʧʦʜʘʣʴʰʠʭ ʜʦʩʣʽʜʞʝʥʴ.  

ʈʦʟʨʦʙʣʝʥʦ ʪʘ ʚʝʨʠʬʽʢʦʚʘʥʦ ʢʦʤʧʣʝʢʩʥʫ ʛʽʙʨʠʜʥʫ ʢʽʥʝʪʦʩʪʘʪʠʯʥʫ 

ʤʦʜʝʣʴ ʨʫʰʽʡʥʦʾ ʩʠʩʪʝʤʠ ʧʘʩʠʚʥʦ ʘʜʘʧʪʠʚʥʦʛʦ ʨʦʙʦʪʘ. ɯʥʪʝʛʨʘʮʽʷ 

ʢʨʠʚʦʰʠʧʥʦ-ʧʦʚʟʫʥʥʦʛʦ ʧʨʠʚʦʜʫ ʟ ʦʙʛʽʥʥʠʤʠ ʤʫʬʪʘʤʠ ʫʩʧʽʰʥʦ ʽ ʥʘʜʽʡʥʦ 

ʪʨʘʥʩʬʦʨʤʫʻ ʦʙʝʨʪʦʚʠʡ ʨʫʭ ʚʘʣʘ ʝʣʝʢʪʨʦʜʚʠʛʫʥʘ ʫ ʩʪʘʙʽʣʴʥʠʡ 

ʤʘʢʨʦʩʢʦʧʽʯʥʠʡ ʨʫʭ ʪʠʧʫ çʛʫʩʽʥʴè ʽʟ ʯʽʪʢʠʤ ʩʭʽʜʯʘʩʪʠʤ ʧʨʦʬʽʣʝʤ 

ʧʝʨʝʤʽʱʝʥʥʷ.  
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ʇʽʜʪʚʝʨʜʞʝʥʦ ʝʬʝʢʪʠʚʥʽʩʪʴ ʚʘʞʽʣʴʥʦʛʦ ʧʘʥʪʦʛʨʘʬʥʦʛʦ ʤʝʭʘʥʽʟʤʫ 

ʜʣʷ ʧʘʩʠʚʥʦʛʦ ʮʝʥʪʨʫʚʘʥʥʷ ʨʦʙʦʪʘ ʚʩʝʨʝʜʠʥʽ ʪʨʫʙʠ. ɿʘʚʜʷʢʠ ʧʦʩʪʽʡʥʦʤʫ 

ʟʙʝʨʝʞʝʥʥʶ ʧʘʨʘʣʝʣʴʥʦʩʪʽ ʦʩʝʡ ʢʦʣʽʩ ʧʨʠʥʮʠʧʦʚʦ ʫʩʫʚʘʻʪʴʩʷ ʥʝʙʝʟʧʝʢʘ 

ʘʚʘʨʽʡʥʦʛʦ ʘʚʪʦʙʣʦʢʫʚʘʥʥʷ (ʩʘʤʦʟʘʢʣʠʥʶʚʘʥʥʷ) ʧʽʜ ʯʘʩ ʧʨʦʭʦʜʞʝʥʥʷ 

ʟʚʫʞʝʥʴ. 

ɼʦʩʣʽʜʞʝʥʥʷ ʽʜʝʘʣʽʟʦʚʘʥʦʾ ʜʠʥʘʤʽʯʥʦʾ ʤʦʜʝʣʽ ʚʠʷʚʠʣʦ ʩʫʚʦʨʽ 

ʚʽʙʨʦʫʜʘʨʥʽ ʦʙʤʝʞʝʥʥʷ ʩʠʩʪʝʤʠ. ʄʠʪʪʻʚʝ ʙʣʦʢʫʚʘʥʥʷ ʦʙʛʽʥʥʠʭ ʤʫʬʪ 

(ʥʝʛʦʣʦʥʦʤʥʠʭ ʚ'ʷʟʝʡ) ʛʝʥʝʨʫʻ ʝʢʩʪʨʝʤʘʣʴʥʽ ʽʥʝʨʮʽʡʥʽ ʫʜʘʨʠ ʪʘ ʧʽʢʠ 

ʧʨʠʰʚʠʜʰʝʥʴ, ʱʦ ʥʘʙʣʠʞʘʶʪʴʩʷ ʜʦ . ʇʦʙʫʜʦʚʘ ʬʽʟʠʯʥʦʛʦ 

ʧʨʦʪʦʪʠʧʫ ʥʘ ʙʘʟʽ ʘʙʩʦʣʶʪʥʦ ʞʦʨʩʪʢʠʭ ʣʘʥʦʢ ʙʝʟ ʫʨʘʭʫʚʘʥʥʷ ʮʠʭ ʷʚʠʱ 

ʥʝʤʠʥʫʯʝ ʧʨʠʟʚʝʜʝ ʜʦ ʩʪʨʽʤʢʦʛʦ ʚʪʦʤʥʦʛʦ ʨʫʡʥʫʚʘʥʥʷ ʢʦʥʩʪʨʫʢʮʽʾ 

ʤʝʭʘʥʽʟʤʫ. 

ʇʝʨʩʧʝʢʪʠʚʠ ʧʦʜʘʣʴʰʠʭ ʜʦʩʣʽʜʞʝʥʴ ʚʠʤʘʛʘʶʪʴ ʦʙʦʚ'ʷʟʢʦʚʦʛʦ 

ʰʪʫʯʥʦʛʦ ʚʚʝʜʝʥʥʷ ʤʝʭʘʥʽʯʥʦʾ ʧʦʜʘʪʣʠʚʦʩʪʽ (ʧʨʫʞʥʦʩʪʽ) ʫ ʢʽʥʝʤʘʪʠʯʥʠʡ 

ʣʘʥʮʶʛ. ʅʘʩʪʫʧʥʽ ʨʦʟʨʦʙʢʠ ʧʦʚʠʥʥʽ ʚʨʘʭʦʚʫʚʘʪʠ ʪʦʨʩʽʦʥʥʽ ʜʝʤʧʬʝʨʠ ʫ 

ʪʨʘʥʩʤʽʩʽʾ ʪʘ ʚʠʢʦʨʠʩʪʘʥʥʷ ʝʣʘʩʪʠʯʥʦ-ʧʦʜʘʪʣʠʚʠʭ ʦʙʛʽʥʥʠʭ ʤʫʬʪ. ʎʝ 

ʜʦʟʚʦʣʠʪʴ ʩʫʪʪʻʚʦ ʧʦʤ'ʷʢʰʠʪʠ ʫʜʘʨʥʽ ʥʘʚʘʥʪʘʞʝʥʥʷ ʽ ʨʦʟʰʠʨʠʪʴ ʰʣʷʭʠ 

ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʧʦʚʥʦʮʽʥʥʦʛʦ ʣʘʙʦʨʘʪʦʨʥʦʛʦ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ 

ʧʨʦʪʦʪʠʧʫ ʨʦʙʦʪʘ. 
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ʂʦʨʝʥʜʽʡ ɺ.ʄ., ʂʘʯʫʨ ʆ.ʖ., ʇʠʣʠʧ ʄ.ɺ., ʂʘʨʧʠʥ ʈ.ɹ. (ʅʘʮʽʦʥʘʣʴʥʠʡ 

ʫʥʽʚʝʨʩʠʪʝʪ çʃʴʚʽʚʩʴʢʘ ʧʦʣʽʪʝʭʥʽʢʘè, ʃʴʚʽʚ, ʋʢʨʘʾʥʘ). 

 

ʇʈʆɹʃɽʄʀ ʆʎɯʅʖɺɸʅʅʗ ʇɯʂʆɺʀʍ ʄʆʄɽʅʊɯɺ ɯ 

ʄʆɼɽʃʖɺɸʅʅʗ çʉʊʈɽʉ-ʊʈɸɭʂʊʆʈɯʁè ʄɸʅɯʇʋʃʗʊʆʈɸ 

TELEMAX  EVO PLUS 

 
ɸʥʦʪʘʮʽʷ: ʋ ʩʪʘʪʪʽ ʨʦʟʛʣʷʥʫʪʦ ʧʨʦʙʣʝʤʠ ʦʮʽʥʶʚʘʥʥʷ ʧʽʢʦʚʠʭ ʧʨʠʚʦʜʥʠʭ 

ʤʦʤʝʥʪʽʚ ʽ ʯʠʩʝʣʴʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ çʩʪʨʝʩ-ʪʨʘʻʢʪʦʨʽʡè ʜʣʷ ʤʘʥʽʧʫʣʷʪʦʨʘ Telemax 

Evo Plus ʫ ʧʨʦʮʝʩʽ ʚʠʢʦʥʘʥʥʷ ʩʢʣʘʜʥʠʭ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʦʧʝʨʘʮʽʡ. ʇʦʢʘʟʘʥʦ, ʱʦ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʩʧʨʦʱʝʥʠʭ ʢʽʥʝʤʘʪʠʯʥʠʭ ʧʽʜʭʦʜʽʚ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʩʫʪʪʻʚʦʛʦ 

ʥʝʜʦʦʮʽʥʶʚʘʥʥʷ ʜʠʥʘʤʽʯʥʠʭ ʧʽʢʦʚʠʭ ʥʘʚʘʥʪʘʞʝʥʴ ʫ ʧʨʠʚʦʜʘʭ, ʱʦ ʤʦʞʝ ʥʝʛʘʪʠʚʥʦ 

ʚʧʣʠʚʘʪʠ ʥʘ ʥʘʜʽʡʥʽʩʪʴ ʽ ʙʝʟʧʝʢʫ ʨʦʙʦʪʠ ʩʠʩʪʝʤʠ. ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʧʽʜʭʽʜ ʜʦ ʧʦʙʫʜʦʚʠ 

ʧʦʚʥʦʾ ʢʽʥʝʤʘʪʠʢʦ-ʜʠʥʘʤʽʯʥʦʾ ʤʦʜʝʣʽ ʤʘʥʽʧʫʣʷʪʦʨʘ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʤʘʪʨʠʮʽ ʽʥʝʨʮʽʾ, 

ʤʘʪʨʠʮʽ ʂʦʨʽʦʣʽʩʘ ʪʘ ʚʝʢʪʦʨʘ ʛʨʘʚʽʪʘʮʽʡʥʠʭ ʩʠʣ. ʊʘʢʘ ʤʦʜʝʣʴ ʜʦʟʚʦʣʷʻ ʘʜʝʢʚʘʪʥʦ 

ʦʧʠʩʘʪʠ ʜʠʥʘʤʽʯʥʽ ʧʨʦʮʝʩʠ, ʱʦ ʚʠʥʠʢʘʶʪʴ ʧʽʜ ʯʘʩ ʨʫʭʫ, ʪʘ ʚʠʟʥʘʯʠʪʠ ʨʝʘʣʴʥʽ ʟʥʘʯʝʥʥʷ 

ʧʨʠʚʦʜʥʠʭ ʤʦʤʝʥʪʽʚ. ʆʩʦʙʣʠʚʫ ʫʚʘʛʫ ʧʨʠʜʽʣʝʥʦ ʤʦʜʝʣʶʚʘʥʥʶ çʩʪʨʝʩ-ʪʨʘʻʢʪʦʨʽʡè ʷʢ 

ʽʥʩʪʨʫʤʝʥʪʫ ʘʥʘʣʽʟʫ ʢʨʠʪʠʯʥʠʭ ʨʝʞʠʤʽʚ ʨʦʙʦʪʠ ʤʘʥʽʧʫʣʷʪʦʨʘ. ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ 

ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ ʪʦʯʥʦʩʪʽ ʦʮʽʥʶʚʘʥʥʷ ʥʘʚʘʥʪʘʞʝʥʴ, 

ʦʧʪʠʤʽʟʘʮʽʾ ʪʨʘʻʢʪʦʨʽʡ ʨʫʭʫ ʪʘ ʟʘʙʝʟʧʝʯʝʥʥʷ ʙʝʟʧʝʯʥʦʛʦ ʧʣʘʥʫʚʘʥʥʷ ʤʽʩʽʡ 

ʨʦʙʦʪʠʟʦʚʘʥʠʭ ʩʠʩʪʝʤ ʩʧʝʮʽʘʣʴʥʦʛʦ ʧʨʠʟʥʘʯʝʥʥʷ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʤʘʥʽʧʫʣʷʪʦʨ; ʜʠʥʘʤʽʯʥʝ ʤʦʜʝʣʶʚʘʥʥʷ; ʧʽʢʦʚʽ ʤʦʤʝʥʪʠ; ʩʪʨʝʩ-

ʪʨʘʻʢʪʦʨʽʾ; ʤʘʪʨʠʮʷ ʽʥʝʨʮʽʾ; ʤʘʪʨʠʮʷ ʂʦʨʽʦʣʽʩʘ; ʨʦʙʦʪʦʪʝʭʥʽʢʘ. 

 

Abstract: This paper examines the challenges of estimating peak actuator torques and 

numerically modelling ñstress trajectoriesò for the Telemax Evo Plus manipulator during 

complex operational tasks. It is shown that simplified kinematic approaches significantly 

underestimate dynamic peak loads in actuators, which may adversely affect system reliability 

and operational safety. An approach to developing a full kinematic-dynamic model of the 

manipulator is proposed, taking into account the inertia matrix, the Coriolis matrix, and the 

gravity vector. Such a model enables accurate representation of dynamic processes occurring 

during motion and allows determination of realistic actuator torque values. Special attention 

is given to modelling ñstress trajectoriesò as a tool for analyzing critical operating modes of 

the manipulator. The obtained results can be applied to improve load estimation accuracy, 

optimize motion trajectories, and ensure safe mission planning for specialized robotic systems 

operating under demanding conditions. 

Keywords: manipulator; dynamic modelling; peak torques; stress trajectories; inertia 

matrix; Coriolis matrix; robotics. 
 

ʇʦʩʪʘʥʦʚʢʘ ʧʨʦʙʣʝʤʠ ʪʘ ʾʾ ʟʚôʷʟʦʢ ʟ ʥʘʫʢʦʚʠʤʠ ʽ ʧʨʘʢʪʠʯʥʠʤʠ 

ʨʦʙʦʪʘʤʠ.  

ʄʘʥʽʧʫʣʷʪʦʨ ʥʘʟʝʤʥʦʛʦ ʨʦʙʦʪʠʟʦʚʘʥʦʛʦ ʢʦʤʧʣʝʢʩʫ Telemax Evo Plus 

ʝʢʩʧʣʫʘʪʫʻʪʴʩʷ ʚ ʫʤʦʚʘʭ ʧʽʜʚʠʱʝʥʦʛʦ ʨʠʟʠʢʫ, ʜʝ ʚʠʢʦʥʫʶʪʴʩʷ ʦʧʝʨʘʮʽʾ ʟ 

ʚʘʞʢʠʤʠ ʚʘʥʪʘʞʘʤʠ ʪʘ ʥʘ ʚʝʣʠʢʠʭ ʚʠʣʴʦʪʘʭ ʩʪʨʽʣʠ. ʎʝ ʧʦʨʦʜʞʫʻ ʥʠʟʢʫ 

ʪʝʭʥʽʯʥʠʭ ʧʨʦʙʣʝʤ: ʚʠʥʠʢʥʝʥʥʷ ʧʽʢʦʚʠʭ ʧʨʠʚʦʜʥʠʭ ʤʦʤʝʥʪʽʚ, ʧʽʜʚʠʱʝʥʽ 

ʽʥʝʨʮʽʡʥʽ ʪʘ ʢʦʨʽʦʣʽʩʦʚʽ ʥʘʚʘʥʪʘʞʝʥʥʷ, ʨʠʟʠʢʠ ʧʝʨʝʛʨʽʚʫ ʪʘ ʤʝʭʘʥʽʯʥʦʛʦ 
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ʨʫʡʥʫʚʘʥʥʷ ʧʨʠʚʦʜʽʚ, ʘ ʪʘʢʦʞ ʟʘʛʨʦʟʘ ʚʪʨʘʪʠ ʩʪʽʡʢʦʩʪʽ ʧʣʘʪʬʦʨʤʠ. ɯʩʥʫʶʯʽ 

ʧʽʜʭʦʜʠ ʜʦ ʧʣʘʥʫʚʘʥʥʷ ʪʨʘʻʢʪʦʨʽʡ ʯʘʩʪʦ ʦʙʤʝʞʫʶʪʴʩʷ ʢʽʥʝʤʘʪʠʯʥʠʤʠ 

ʤʦʜʝʣʷʤʠ ʽ ʥʝ ʜʘʶʪʴ ʘʜʝʢʚʘʪʥʦʾ ʦʮʽʥʢʠ ʜʠʥʘʤʽʯʥʠʭ ʧʽʢʽʚ ʫ ʨʝʘʣʴʥʠʭ 

çʩʪʨʝʩ-ʪʨʘʻʢʪʦʨʽʷʭè. 

ʂʣʶʯʦʚʽ ʘʩʧʝʢʪʠ ʧʨʦʙʣʝʤʠ: 1) ʅʝʚʽʜʧʦʚʽʜʥʽʩʪʴ ʢʽʥʝʤʘʪʠʯʥʠʭ ʦʮʽʥʦʢ 

ʜʠʥʘʤʽʯʥʠʤ ʚʠʤʦʛʘʤ ï ʧʣʘʥʫʚʘʥʥʷ ʙʝʟ ʫʨʘʭʫʚʘʥʥʷ ʤʘʪʨʠʮʽ ʽʥʝʨʮʽʡ , 

ʤʘʪʨʠʮʽ ʂʦʨʽʦʣʽʩʘ  ʪʘ ʚʝʢʪʦʨʘ ʛʨʘʚʽʪʘʮʽʾ  ʧʨʠʟʚʦʜʠʪʴ ʜʦ 

ʥʝʜʦʦʮʽʥʢʠ ʧʽʢʦʚʠʭ ʤʦʤʝʥʪʽʚ. 2) ʅʝʚʠʟʥʘʯʝʥʽʩʪʴ ʤʘʩʦ-ʽʥʝʨʮʽʡʥʠʭ 

ʧʘʨʘʤʝʪʨʽʚ ʣʘʥʦʢ ʽ ʚʘʥʪʘʞʫ ʫʩʢʣʘʜʥʶʻ ʪʦʯʥʫ ʦʮʽʥʢʫ ʥʘʚʘʥʪʘʞʝʥʴ. 

3) ɺʟʘʻʤʦʜʽʷ ʤʘʥʽʧʫʣʷʪʦʨʘ ʽ ʰʘʩʽ (ʧʝʨʝʨʦʟʧʦʜʽʣ ʤʘʩʠ, ʬʣʽʧʝʨʠ) ʟʤʽʥʶʻ 

ʫʤʦʚʠ ʩʪʽʡʢʦʩʪʽ ʧʽʜ ʯʘʩ ʤʘʥʝʚʨʽʚ. 4) ʇʨʘʢʪʠʯʥʽ ʦʙʤʝʞʝʥʥʷ ʧʨʠʚʦʜʽʚ 

(ʤʘʢʩʠʤʘʣʴʥʽ ʤʦʤʝʥʪʠ, ʪʝʧʣʦʚʽ ʣʽʤʽʪʠ, ʣʶʬʪ ʨʝʜʫʢʪʦʨʽʚ) ʚʠʤʘʛʘʶʪʴ 

ʨʝʘʣʽʩʪʠʯʥʠʭ ʛʨʘʥʠʯʥʠʭ ʦʮʽʥʦʢ ʜʣʷ ʙʝʟʧʝʯʥʦʛʦ ʧʣʘʥʫʚʘʥʥʷ ʤʽʩʽʡ. 

ʇʨʦʙʣʝʤʘ ʧʦʻʜʥʫʻ ʢʣʘʩʠʯʥʽ ʟʘʜʘʯʽ ʤʝʭʘʥʽʢʠ ʙʘʛʘʪʦʟʚôʷʟʥʠʭ ʩʠʩʪʝʤ 

(ʧʦʙʫʜʦʚʘ ʤʘʪʨʠʮʽ ʽʥʝʨʮʽʡ, ʦʙʯʠʩʣʝʥʥʷ ʗʢʦʙʽʘʥʽʚ, ʬʦʨʤʫʚʘʥʥʷ 

Christoffel ʩʠʤʚʦʣʽʚ) ʟ ʧʨʠʢʣʘʜʥʠʤʠ ʟʘʚʜʘʥʥʷʤʠ ʨʦʙʦʪʦʪʝʭʥʽʢʠ: 

ʢʘʣʽʙʨʫʚʘʥʥʷ ʧʘʨʘʤʝʪʨʽʚ, ʯʠʩʝʣʴʥʝ ʤʦʜʝʣʶʚʘʥʥʷ çʩʪʨʝʩ ʪʨʘʻʢʪʦʨʽʡè ʪʘ 

ʨʦʟʨʦʙʢʘ ʘʣʛʦʨʠʪʤʽʚ ʧʣʘʥʫʚʘʥʥʷ ʽ ʢʦʥʪʨʦʣʶ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʦʙʤʝʞʝʥʴ 

ʧʨʠʚʦʜʽʚ. ʇʨʘʢʪʠʯʥʽ ʨʦʙʦʪʠ ʟ ʝʢʩʧʣʫʘʪʘʮʽʾ ʥʘʟʝʤʥʠʭ ʨʦʙʦʪʠʟʦʚʘʥʠʭ 

ʢʦʤʧʣʝʢʩʽʚ (ʅʈʂ) ʧʦʢʘʟʫʶʪʴ, ʱʦ ʙʝʟ ʽʥʪʝʛʨʦʚʘʥʦʾ ʢʽʥʝʤʘʪʠʢʦ ʜʠʥʘʤʽʯʥʦʾ 

ʤʦʜʝʣʽ ʥʝʤʦʞʣʠʚʦ ʛʘʨʘʥʪʫʚʘʪʠ ʥʘʜʽʡʥʽʩʪʴ ʫ ʢʨʠʪʠʯʥʠʭ ʩʮʝʥʘʨʽʷʭ, ʘ ʥʘʫʢʦʚʽ 

ʜʦʩʣʽʜʞʝʥʥʷ ʚ ʛʘʣʫʟʽ ʽʜʝʥʪʠʬʽʢʘʮʽʾ ʧʘʨʘʤʝʪʨʽʚ, ʦʧʪʠʤʽʟʘʮʽʾ ʪʨʘʻʢʪʦʨʽʡ ʽ 

ʘʜʘʧʪʠʚʥʦʛʦ ʢʝʨʫʚʘʥʥʷ ʜʘʶʪʴ ʤʝʪʦʜʠʯʥʫ ʙʘʟʫ ʜʣʷ ʚʠʨʽʰʝʥʥʷ ʮʠʭ ʟʘʜʘʯ. 

ʈʝʟʫʣʴʪʘʪʦʤ ʜʘʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ʤʘʻ ʩʪʘʪʠ ʽʥʩʪʨʫʤʝʥʪʘʣʴʥʘ 

ʤʝʪʦʜʠʢʘ ʜʣʷ ʦʮʽʥʢʠ ʽ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʧʽʢʦʚʠʭ ʤʦʤʝʥʪʽʚ ʫ ʧʨʠʚʦʜʘʭ, ʱʦ 

ʜʦʟʚʦʣʠʪʴ: ʢʦʨʝʢʪʥʦ ʧʽʜʙʠʨʘʪʠ ʧʨʠʚʦʜʠ ʽ ʨʝʜʫʢʪʦʨʠ, ʬʦʨʤʫʚʘʪʠ ʙʝʟʧʝʯʥʽ 

ʨʝʞʠʤʠ ʝʢʩʧʣʫʘʪʘʮʽʾ, ʟʤʝʥʰʫʚʘʪʠ ʨʠʟʠʢʠ ʘʚʘʨʽʡ ʽ ʧʨʦʩʪʦʾʚ, ʘ ʪʘʢʦʞ 

ʧʽʜʚʠʱʫʚʘʪʠ ʝʬʝʢʪʠʚʥʽʩʪʴ ʚʠʢʦʥʘʥʥʷ ʤʽʩʽʡ ʟʘ ʨʘʭʫʥʦʢ ʦʧʪʠʤʽʟʦʚʘʥʠʭ 

ʪʨʘʻʢʪʦʨʽʡ ʽ ʘʜʘʧʪʠʚʥʦʛʦ ʢʝʨʫʚʘʥʥʷ. 

ɸʥʘʣʽʟ ʦʩʪʘʥʥʽʭ ʜʦʩʣʽʜʞʝʥʴ ʽ ʧʫʙʣʽʢʘʮʽʡ.  

ʆʩʪʘʥʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʫ ʛʘʣʫʟʽ ʢʽʥʝʤʘʪʠʢʦ-ʩʠʣʦʚʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ 

ʤʘʥʽʧʫʣʷʪʦʨʽʚ ʪʘ ʘʥʘʣʽʟʫ ʥʘʚʘʥʪʘʞʝʥʴ ʟʦʩʝʨʝʜʞʝʥʽ ʥʘ ʪʨʴʦʭ 

ʚʟʘʻʤʦʧʦʚôʷʟʘʥʠʭ ʥʘʧʨʷʤʘʭ: 1) ʪʦʯʥʘ ʧʦʙʫʜʦʚʘ ʢʽʥʝʤʘʪʠʯʥʠʭ ʤʦʜʝʣʝʡ ʽ 

ʩʠʤʚʦʣʴʥʘ ʛʝʥʝʨʘʮʽʷ ʚʠʨʘʟʽʚ  ʜʣʷ ʙʘʛʘʪʦʟʚôʷʟʥʠʭ ʩʠʩʪʝʤ ʟ 6-

ʤʘ ʩʪʫʧʝʥʷʤʠ ʚʽʣʴʥʦʩʪʽ; 2) ʯʠʩʝʣʴʥʝ ʤʦʜʝʣʶʚʘʥʥʷ çʩʪʨʝʩ-ʪʨʘʻʢʪʦʨʽʡè ʟ 

ʫʨʘʭʫʚʘʥʥʷʤ ʟʤʽʥʥʦʛʦ ʢʦʨʠʩʥʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ, ʪʝʨʪʷ ʪʘ ʜʠʥʘʤʽʢʠ 

ʧʣʘʪʬʦʨʤʠ; 3) ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘ ʽʜʝʥʪʠʬʽʢʘʮʽʷ ʧʘʨʘʤʝʪʨʽʚ ʽ ʨʦʟʨʦʙʢʘ 

ʘʣʛʦʨʠʪʤʽʚ ʧʣʘʥʫʚʘʥʥʷ ʽ ʢʦʥʪʨʦʣʶ ʟ ʦʙʤʝʞʝʥʥʷʤʠ ʥʘ ʧʨʠʚʦʜʥʽ ʤʦʤʝʥʪʠ. 

ʋ ʨʦʙʦʪʽ [1], ʧʨʠʩʚʷʯʝʥʽʡ ʩʠʩʪʝʤʘʤ ʚʠʷʚʣʝʥʥʷ ʚʠʙʫʭʦʥʝʙʝʟʧʝʯʥʠʭ 

ʦʙôʻʢʪʽʚ, ʨʦʟʛʣʷʜʘʶʪʴʩʷ ʧʨʘʢʪʠʯʥʽ ʚʠʤʦʛʠ ʜʦ ʅʈʂ ʪʘ ʨʦʣʴ ʤʘʥʽʧʫʣʷʪʦʨʽʚ ʫ 

ʦʧʝʨʘʮʽʷʭ ʽʟ ʨʦʟʤʽʥʫʚʘʥʥʷ; ʘʚʪʦʨʠ ʧʽʜʢʨʝʩʣʶʶʪʴ ʥʝʦʙʭʽʜʥʽʩʪʴ 

ʽʥʪʝʛʨʦʚʘʥʠʭ ʤʦʜʝʣʝʡ ʜʣʷ ʙʝʟʧʝʯʥʦʛʦ ʧʣʘʥʫʚʘʥʥʷ ʤʽʩʽʡ. ɼʦʩʣʽʜʞʝʥʥʷ [2] ʟ 

ʧʨʦʻʢʪʫʚʘʥʥʷ ʩʠʩʪʝʤʠ ʢʝʨʫʚʘʥʥʷ ʜʣʷ ʤʘʥʽʧʫʣʷʪʦʨʽʚ-ʨʦʟʤʽʥʦʚʫʚʘʯʽʚ 
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ʜʝʤʦʥʩʪʨʫʻ ʟʘʩʪʦʩʫʚʘʥʥʷ ʨʦʙʘʩʪʥʠʭ ʘʣʛʦʨʠʪʤʽʚ ʽ ʤʫʣʴʪʠʬʽʟʠʯʥʦʛʦ ʘʥʘʣʽʟʫ 

ʧʨʠʚʦʜʽʚ, ʱʦ ʚʘʞʣʠʚʦ ʧʨʠ ʦʮʽʥʮʽ ʧʽʢʦʚʠʭ ʤʦʤʝʥʪʽʚ ʽ ʪʝʧʣʦʚʠʭ ʦʙʤʝʞʝʥʴ 

ʧʨʠʚʦʜʽʚ. ɸʥʘʣʽʪʠʯʥʠʡ ʨʦʟʛʣʷʜ ʢʽʥʝʤʘʪʠʢʠ ʤʘʥʽʧʫʣʷʪʦʨʽʚ ʟ 6-ʤʘ ʩʪʫʧʝʥʷʤʠ 

ʚʽʣʴʥʦʩʪʽ ʽʟ ʩʬʝʨʠʯʥʠʤ ʟʘʧôʷʩʪʷʤ ʜʘʻ ʤʝʪʦʜʠʯʥʫ ʙʘʟʫ ʜʣʷ ʢʦʨʝʢʪʥʦʾ D H 

ʧʘʨʘʤʝʪʨʠʟʘʮʽʾ ʪʘ ʧʦʙʫʜʦʚʠ ʗʢʦʙʽʘʥʽʚ, ʥʝʦʙʭʽʜʥʠʭ ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ 

ʤʘʪʨʠʮʽ ʽʥʝʨʮʽʡ ʽ ʦʙʯʠʩʣʝʥʥʷ ʤʦʤʝʥʪʽʚ [3]. ʆʮʽʥʢʘ ʪʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘ 

ʧʝʨʝʚʽʨʢʘ ʧʨʦʪʦʪʠʧʽʚ ʨʦʙʦʪʽʚ-ʨʦʟʤʽʥʦʚʫʚʘʯʽʚ ʧʦʢʘʟʫʶʪʴ ʷʢ ʢʦʥʩʪʨʫʢʪʠʚʥʽ 

ʦʩʦʙʣʠʚʦʩʪʽ ʧʣʘʪʬʦʨʤʠ (ʚʠʣʴʦʪʠ, ʨʦʟʪʘʰʫʚʘʥʥʷ ʮʝʥʪʨʽʚ ʤʘʩ) ʚʧʣʠʚʘʶʪʴ ʥʘ 

ʧʽʢʦʚʽ ʥʘʚʘʥʪʘʞʝʥʥʷ ʽ ʨʠʟʠʢʠ ʧʝʨʝʢʠʜʘʥʥʷ [4]. ʇʨʘʮʷ [5] ʟ ʢʦʥʪʨʦʣʶ ʩʠʣ 

ʧʨʠ ʜʚʦʥʘʧʨʘʚʣʝʥʦʤʫ ʢʝʨʫʚʘʥʥʽ ʜʝʤʦʥʩʪʨʫʻ ʧʽʜʭʦʜʠ ʜʦ ʦʙʤʝʞʝʥʥʷ ʽ 

ʨʝʛʫʣʶʚʘʥʥʷ ʢʦʥʪʘʢʪʥʠʭ ʩʠʣ, ʱʦ ʢʦʨʠʩʥʦ ʧʨʠ ʨʦʟʨʦʙʮʽ ʩʪʨʘʪʝʛʽʡ 

ʦʙʤʝʞʝʥʥʷ ʧʨʠʚʦʜʥʠʭ ʤʦʤʝʥʪʽʚ ʫ çʩʪʨʝʩ ʪʨʘʻʢʪʦʨʽʷʭè ʤʘʥʽʧʫʣʷʪʦʨʘ. 

ɿʘʛʘʣʦʤ, ʫ ʨʦʙʦʪʘʭ [1]-[5] ʧʽʜʢʨʝʩʣʶʶʪʴʩʷ ʪʘʢʽ ʧʨʘʢʪʠʯʥʽ ʧʽʜʭʦʜʠ: 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʝʥʝʨʛʝʪʠʯʥʠʭ ʤʝʪʦʜʽʚ (ʨʽʚʥʷʥʴ ʃʘʛʨʘʥʞʘ) ʜʣʷ ʦʪʨʠʤʘʥʥʷ 

ʧʦʚʥʦʾ ʜʠʥʘʤʽʯʥʦʾ ʤʦʜʝʣʽ; ʟʘʩʪʦʩʫʚʘʥʥʷ ʩʠʤʚʦʣʴʥʠʭ ʦʙʯʠʩʣʝʥʴ ʽ 

CAS-ʩʝʨʝʜʦʚʠʱ ʜʣʷ ʘʚʪʦʤʘʪʠʯʥʦʛʦ ʚʠʚʦʜʫ ʤʘʪʨʠʮʴ ʽ ʗʢʦʙʽʘʥʽʚ; ʯʠʩʝʣʴʥʘ 

ʧʝʨʝʚʽʨʢʘ ʧʽʢʦʚʠʭ ʤʦʤʝʥʪʽʚ ʥʘ ʪʠʧʦʚʠʭ çʩʪʨʝʩ-ʪʨʘʻʢʪʦʨʽʷʭè; ʧʦʨʽʚʥʷʥʥʷ 

ʘʥʘʣʽʪʠʯʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʟ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤʠ ʘʙʦ ʧʨʦʪʦʪʠʧʥʠʤʠ 

ʚʠʤʽʨʘʤʠ. ɿʘʛʘʣʴʥʘ ʪʝʥʜʝʥʮʽʷ ï ʽʥʪʝʛʨʘʮʽʷ ʤʦʜʝʣʶʚʘʥʥʷ ʟ ʧʨʘʢʪʠʯʥʠʤʠ 

ʚʠʤʦʛʘʤʠ ʜʦ ʧʨʠʚʦʜʽʚ ʽ ʩʪʽʡʢʦʩʪʽ ʧʣʘʪʬʦʨʤʠ, ʘ ʪʘʢʦʞ ʘʢʮʝʥʪ ʥʘ 

ʢʘʣʽʙʨʫʚʘʥʥʽ ʤʦʜʝʣʽ ʧʽʜ ʨʝʘʣʴʥʽ ʤʘʩʦ-ʽʥʝʨʮʽʡʥʽ ʧʘʨʘʤʝʪʨʠ. 

ʌʦʨʤʫʣʶʚʘʥʥʷ ʥʝʚʠʨʽʰʝʥʠʭ ʯʘʩʪʠʥ ʟʘʛʘʣʴʥʦʾ ʧʨʦʙʣʝʤʠ.  

ʅʝʟʚʘʞʘʶʯʠ ʥʘ ʯʠʩʣʝʥʥʽ ʧʫʙʣʽʢʘʮʽʾ ʟʘ ʜʘʥʦʶ ʪʝʤʘʪʠʢʦʶ, ʟʦʢʨʝʤʘ    

[1-5], ʟʘʣʠʰʘʶʪʴʩʷ ʢʣʶʯʦʚʽ ʥʝʚʠʨʽʰʝʥʽ ʧʠʪʘʥʥʷ, ʱʦ ʦʙʤʝʞʫʶʪʴ ʧʨʘʢʪʠʯʥʫ 

ʟʘʩʪʦʩʦʚʥʽʩʪʴ ʽʩʥʫʶʯʠʭ ʤʦʜʝʣʝʡ: ʚʽʜʩʫʪʥʽʩʪʴ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

ʧʽʜʪʚʝʨʜʞʝʥʠʭ ʤʘʩʦ-ʽʥʝʨʮʽʡʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʣʘʥʦʢ ʽ ʪʠʧʦʚʠʭ ʚʘʥʪʘʞʽʚ 

ʫʩʢʣʘʜʥʶʻ ʪʦʯʥʫ ʦʮʽʥʢʫ ʧʽʢʦʚʠʭ ʤʦʤʝʥʪʽʚ; ʥʝʫʟʛʦʜʞʝʥʽʩʪʴ ʧʨʦʩʪʠʭ 

ʩʪʘʪʠʯʥʠʭ ʦʮʽʥʦʢ ʽ ʨʝʟʫʣʴʪʘʪʽʚ ʯʠʩʝʣʴʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʧʦʪʨʝʙʫʻ ʯʽʪʢʦʛʦ 

ʚʠʟʥʘʯʝʥʥʷ ʜʽʘʧʘʟʦʥʽʚ ʟʘʩʪʦʩʦʚʥʦʩʪʽ ʢʦʞʥʦʛʦ ʧʽʜʭʦʜʫ; ʥʝʜʦʩʪʘʪʥʴʦ 

ʚʨʘʭʦʚʘʥʦ ʜʠʥʘʤʽʯʥʫ ʚʟʘʻʤʦʜʽʶ ʤʘʥʽʧʫʣʷʪʦʨʘ ʟ ʰʘʩʽ (ʧʝʨʝʨʦʟʧʦʜʽʣ ʤʘʩʠ, 

ʬʣʽʧʝʨʠ) ʪʘ ʾʾ ʚʧʣʠʚ ʥʘ ʩʪʽʡʢʽʩʪʴ; ʫ ʤʦʜʝʣʷʭ ʥʝ ʽʥʪʝʛʨʦʚʘʥʽ ʥʝʣʽʥʽʡʥʽ ʝʬʝʢʪʠ 

ʧʨʠʚʦʜʽʚ (ʣʶʬʪ ʨʝʜʫʢʪʦʨʽʚ, ʥʘʩʠʯʝʥʥʷ ʤʦʤʝʥʪʫ, ʪʝʧʣʦʚʽ ʦʙʤʝʞʝʥʥʷ) ʽ 

ʩʢʣʘʜʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʝʨʪʷ; ʚʽʜʩʫʪʥʽ ʩʪʝʥʜʦʚʽ ʚʠʧʨʦʙʫʚʘʥʥʷ ʘʙʦ 

HIL-ʪʝʩʪʠ ʜʣʷ ʢʘʣʽʙʨʫʚʘʥʥʷ ʽ ʚʝʨʠʬʽʢʘʮʽʾ ʤʦʜʝʣʽ; ʥʝ ʩʬʦʨʤʫʣʴʦʚʘʥʦ ʡ ʥʝ 

ʚʠʨʽʰʝʥʦ ʟʘʜʘʯʫ ʦʧʪʠʤʘʣʴʥʦʛʦ ʧʣʘʥʫʚʘʥʥʷ ʪʨʘʻʢʪʦʨʽʡ ʟ ʷʚʥʠʤʠ 

ʦʙʤʝʞʝʥʥʷʤʠ ʥʘ ʤʦʤʝʥʪʠ, ʝʥʝʨʛʽʶ ʪʘ ʩʪʽʡʢʽʩʪʴ; ʽ, ʥʘʨʝʰʪʽ, ʙʨʘʢʫʻ 

ʘʜʘʧʪʠʚʥʠʭ ʘʙʦ ʨʦʙʘʩʪʥʠʭ ʩʪʨʘʪʝʛʽʡ ʢʝʨʫʚʘʥʥʷ, ʷʢʽ ʛʘʨʘʥʪʫʚʘʣʠ ʙ 

ʦʙʤʝʞʝʥʥʷ ʧʨʠʚʦʜʥʠʭ ʤʦʤʝʥʪʽʚ ʧʨʠ ʟʤʽʥʥʽʡ ʘʙʦ ʥʝʚʽʜʦʤʽʡ ʤʘʩʽ ʚʘʥʪʘʞʫ. 

ʎʽʣʽ ʩʪʘʪʪʽ ʪʘ ʧʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʽ.  

ʄʝʪʦʶ ʩʪʘʪʪʽ ʻ ʨʦʟʨʦʙʢʘ ʪʘ ʚʝʨʠʬʽʢʘʮʽʷ ʧʦʚʥʦʾ 

ʢʽʥʝʤʘʪʠʢʦ ʜʠʥʘʤʽʯʥʦʾ ʤʦʜʝʣʽ ʤʘʥʽʧʫʣʷʪʦʨʘ Telemax Evo Plus ʟ 6-ʤʘ 

ʩʪʫʧʝʥʷʤʠ ʚʽʣʴʥʦʩʪʽ ʜʣʷ ʢʦʨʝʢʪʥʦʾ ʦʮʽʥʢʠ ʧʽʢʦʚʠʭ ʧʨʠʚʦʜʥʠʭ ʤʦʤʝʥʪʽʚ ʧʽʜ 

ʯʘʩ çʩʪʨʝʩ ʪʨʘʻʢʪʦʨʽʡè ʽ ʦʙˇʨʫʥʪʫʚʘʥʥʷ ʙʝʟʧʝʯʥʠʭ ʨʝʞʠʤʽʚ ʝʢʩʧʣʫʘʪʘʮʽʾ. 
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ɼʣʷ ʜʦʩʷʛʥʝʥʥʷ ʮʽʻʾ ʤʝʪʠ ʧʦʩʪʘʚʣʝʥʦ ʪʘʢʽ ʟʘʜʘʯʽ: ʧʦʙʫʜʫʚʘʪʠ D H 

ʧʘʨʘʤʝʪʨʠʟʘʮʽʶ ʪʘ ʩʠʤʚʦʣʴʥʽ ʚʠʨʘʟʠ ʤʘʪʨʠʮʴ ʧʝʨʝʪʚʦʨʝʥʴ ʽ ʗʢʦʙʽʘʥʽʚ; 

ʩʬʦʨʤʫʣʶʚʘʪʠ ʯʝʨʝʟ ʥʠʭ ʤʘʪʨʠʮʶ ʽʥʝʨʮʽʡ , ʤʘʪʨʠʮʶ ʂʦʨʽʦʣʽʩʘ  ʽ 

ʚʝʢʪʦʨ ʛʨʘʚʽʪʘʮʽʾ ; ʨʝʘʣʽʟʫʚʘʪʠ ʯʠʩʝʣʴʥʫ ʤʦʜʝʣʴ ʫ Wolfram Mathematica 

ʽ ʧʨʦʚʝʩʪʠ ʤʦʜʝʣʶʚʘʥʥʷ ʪʠʧʦʚʠʭ çʩʪʨʝʩ ʪʨʘʻʢʪʦʨʽʡè ʟ ʚʘʨʽʘʮʽʻʶ ʢʦʨʠʩʥʦʛʦ 

ʥʘʚʘʥʪʘʞʝʥʥʷ ʪʘ ʪʝʨʪʷ; ʚʠʢʦʥʘʪʠ ʚʝʨʠʬʽʢʘʮʽʶ ʤʦʜʝʣʽ ʯʝʨʝʟ ʩʪʘʪʠʯʥʽ ʪʘ 

ʝʥʝʨʛʝʪʠʯʥʽ ʪʝʩʪʠ ʽ ʧʦʨʽʚʥʷʥʥʷ ʟ ʨʝʢʫʨʩʠʚʥʠʤʠ ʤʝʪʦʜʘʤʠ; ʨʦʟʨʦʙʠʪʠ 

ʧʨʘʢʪʠʯʥʽ ʨʝʢʦʤʝʥʜʘʮʽʾ ʱʦʜʦ ʦʙʤʝʞʝʥʴ ʤʦʤʝʥʪʽʚ, ʧʽʜʙʦʨʫ ʧʨʠʚʦʜʽʚ ʽ 

ʩʪʨʘʪʝʛʽʡ ʢʝʨʫʚʘʥʥʷ ʜʣʷ ʟʥʠʞʝʥʥʷ ʨʠʟʠʢʽʚ ʘʚʘʨʽʡʥʠʭ ʩʠʪʫʘʮʽʡ. 

ɺʠʢʣʘʜ ʦʩʥʦʚʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʜʦʩʣʽʜʞʝʥʥʷ.  

ʈʦʟʚʠʪʦʢ ʙʝʟʧʽʣʦʪʥʠʭ ʥʘʟʝʤʥʠʭ ʪʨʘʥʩʧʦʨʪʥʠʭ ʟʘʩʦʙʽʚ ʜʣʷ ʟʘʚʜʘʥʴ 

ʨʦʟʤʽʥʫʚʘʥʥʷ ʪʘ ʨʦʙʦʪʠ ʟ ʥʝʙʝʟʧʝʯʥʠʤʠ ʤʘʪʝʨʽʘʣʘʤʠ ʨʦʟʧʦʯʘʚʩʷ ʱʝ ʫ 

1960ï1970-ʭ ʨʦʢʘʭ. ʆʜʥʘʢ, ʩʫʯʘʩʥʘ ʛʝʥʝʨʘʮʽʷ ʤʦʙʽʣʴʥʠʭ ʨʦʙʦʫʪʽʚ ʥʘ 

ʢʰʪʘʣʪ Telemax Evo Plus (ʨʠʩ. 1) ʷʚʣʷʻ ʩʦʙʦʶ ʷʢʽʩʥʠʡ ʩʪʨʠʙʦʢ ʫ ʟʜʘʪʥʦʩʪʽ 

ʚʠʢʦʥʫʚʘʪʠ ʩʢʣʘʜʥʽ ʤʘʥʽʧʫʣʷʮʽʡʥʽ ʦʧʝʨʘʮʽʾ ʚ ʥʝʙʝʟʧʝʯʥʠʭ ʜʣʷ ʣʶʜʠʥʠ 

ʫʤʦʚʘʭ. ʈʦʙʦʪ ʨʦʟʨʦʙʣʝʥʠʡ ʢʦʤʧʘʥʽʻʶ Telerob GmbH (ʅʽʤʝʯʯʠʥʘ), ʷʢʘ 

ʩʧʝʮʽʘʣʽʟʫʻʪʴʩʷ ʥʘ ʨʦʟʨʦʙʮʽ ʩʠʩʪʝʤ ʜʠʩʪʘʥʮʽʡʥʦʛʦ ʢʝʨʫʚʘʥʥʷ ʤʝʭʘʥʽʯʥʠʤʠ 

ʧʨʠʩʪʨʦʷʤʠ. ʋ 2018 ʨʦʮʽ Telerob ʙʫʣʘ ʧʨʠʜʙʘʥʘ ʢʦʤʧʘʥʽʻʶ AeroVironment 

Inc. (ʉʐɸ), ʱʦ ʨʦʟʰʠʨʠʣʦ ʤʦʞʣʠʚʦʩʪʽ ʢʦʤʝʨʮʽʘʣʽʟʘʮʽʾ ʪʘ ʪʝʭʥʽʯʥʦʾ 

ʧʽʜʪʨʠʤʢʠ ʩʠʩʪʝʤʠ. 

ʊʠʧʦʚʽ ʩʮʝʥʘʨʽʾ ʟʘʩʪʦʩʫʚʘʥʥʷ Telemax Evo Plus ʚʢʣʶʯʘʶʪʴ: 

ʚʠʷʚʣʝʥʥʷ, ʥʝʡʪʨʘʣʽʟʘʮʽʷ ʪʘ ʫʪʠʣʽʟʘʮʽʷ ʚʠʙʫʭʦʥʝʙʝʟʧʝʯʥʠʭ ʧʨʠʩʪʨʦʾʚ; 

ʨʦʙʦʪʘ ʟ ʭʽʤʽʯʥʦ ʥʝʙʝʟʧʝʯʥʠʤʠ ʨʝʯʦʚʠʥʘʤʠ, ʾʭ ʪʨʘʥʩʧʦʨʪʫʚʘʥʥʷ ʪʘ 

ʽʟʦʣʷʮʽʷ; ʦʧʝʨʘʮʽʾ ʚ ʫʤʦʚʘʭ ʨʘʜʽʘʮʽʡʥʦʛʦ, ʭʽʤʽʯʥʦʛʦ ʯʠ ʙʽʦʣʦʛʽʯʥʦʛʦ 

ʟʘʨʘʞʝʥʥʷ; ʩʧʝʮʽʘʣʴʥʽ ʦʧʝʨʘʮʽʾ ʧʨʘʚʦʦʭʦʨʦʥʥʠʭ ʦʨʛʘʥʽʚ ʫ ʩʝʨʝʜʦʚʠʱʘʭ 

ʚʠʩʦʢʦʛʦ ʨʠʟʠʢʫ. 

 

 
ʈʠʩʫʥʦʢ 1. ʇʨʠʢʣʘʜ ʚʠʢʦʨʠʩʪʘʥʥʷ ʨʦʙʦʪʘ Telemax Evo Plus ʜʣʷ 
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