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ʥʘʥʦ-ʩʪʨʫʢʪʫʨʘ 

 

ʈʝʟʠʤʝ: ʋ ʦʚʦ ʿ ʜʦʢʪʦʨʩʢʦ ʿ ʜʠʩʝʨʪʘʮʠʿʠ ʠʟʫʯʘʚʘʥʦ ʝʿ ʦʩʮʠʣʘʪʦʨʥʦ 

ʧʦʥʘʰʘˁʝ ʨʘʟʣʠʯʠʪʠʭ ʪʠʧʦʚʘ ʝʣʘʩʪʠʯʥʦ ʩʧʨʝʛʥʫʪʠʭ ʥʘʥʦ-

ʩʪʨʫʢʪʫʨʘ ʩʘʯʠˁʝʥʠʭ ʦʜ ʜʚʝ ʫʛˀʝʥʠʯʥe ʥʘʥʦ-ʮʝʚʠ 

ʤʦʜʝʣʠʨʘʥe ʢʘʦ ʜʚʝ ʥʘʥʦ-ʛʨʝʜʝ, ʜʚa ʛʨʘʬʝʥʩʢa ʥʘʥʦ-ʣʠʩʪʠ˂ʘ 

ʤʦʜʝʣʠʨʘʥa ʢʘʦ ʜʚʝ ʥʘʥʦ-ʧʣʦʯʝ ʠ ʢʦʤʙʠʥʘʮʠʿʘ ʥʘʥʦ-ʧʣʦʯʝ ʠ 

ʜʚʦʩʪʨʘʥʦ ʟʘʢʨʠʚˀʝʥʝ ʧʣʠʪʢʝ ʥʘʥʦ-ˀʫʩʢʝ. ʂʦʜ ʩʧʝʮʠʿʘʣʥʦʛ 

ʩʣʫʯʘʿʘ ʿʝʜʥʝ ʥʘʥʦ-ʩʪʨʫʢʪʫʨʝ ʿʝ ʨʘʟʤʘʪʨʘʥʘ ʜʠʥʘʤʠʢʘ 

ʨʦʪʠʨʘʿʫ˂e ʥʘʥʦ-ʮʝʚʠ. ɿʘ ʥʘʚʝʜʝʥʝ ʥʘʥʦ-ʩʠʩʪʝʤʝ, ʧʨʠʤʝʥʦʤ 

Eringen-ʦʚʝ ʥʝʣʦʢʘʣʥʝ ʪʝʦʨʠʿʝ ʥʘʧʦʥʘ ʠ EulerïBernoulli-ʿʝʚʝ 

ʪʝʦʨʠʿʝ ʛʨʝʜʘ, ʪʝʦʨʠʝʿ ʧʣʦʯʘ Kirchhoff-Love ʠ ʣʠʥʝʘʨʥʝ 

ʪʝʦʨʠʿʝ ʧʣʠʪʢʠʭ ˀʫʩʢʠ Novozhilov-ʘ, ʠʟʚʝʜʝʥʝ ʩʫ 

ʜʠʬʝʨʝʥʮʠʿʘʣʥʝ ʿʝʜʥʘʯʠʥʝ ʢʦʿʝ ʦʧʠʩʫʿʫ ʤʘʣʘ ʪʨʘʥʩʚʝʨʟʘʣʥʘ 

ʧʦʤʝʨʘˁʘ ʝʣʘʩʪʠʯʥʦ ʩʧʨʝʛʥʫʪʠʭ ʥʘʥʦ-ʩʪʨʫʢʪʫʨʘ. ɿʘ ʨʝʰʘʚʘˁʝ 

ʜʦʙʠʿʝʥʠʭ ʜʠʬʝʨʝʥʮʠʿʘʣʥʠʭ ʿʝʜʥʘʯʠʥʘ ʤʘʣʠʭ ʪʨʘʥʩʚʝʨʟʘʣʥʠʭ 

ʦʩʮʠʣʘʮʠʿʘ ʘʥʘʣʠʟʠʨʘʥʠʭ ʥʘʥʦ-ʩʠʩʪʝʤʘ ʧʨʠʤʝˁʝʥʝ ʩʫ 

ʘʥʘʣʠʪʠʯʢʝ ʠ ʥʫʤʝʨʠʯʢʝ ʤʝʪʦʜʝ. ɼʝʪʘˀʥʦ ʿʝ ʩʧʨʦʚʝʜʝʥʘ 

ʘʥʘʣʠʟʘ ʩʪʘʙʠʣʥʦʩʪʠ ʠ ʘʥʘʣʠʟʘ ʩʣʦʙʦʜʥʠʭ ʠ ʧʨʠʥʫʜʥʠʭ 

(ʧʨʠʛʫʰʝʥʠʭ ʠ ʥʝʧʨʠʛʫʰʝʥʠʭ) ʦʩʮʠʣʘʮʠʿʘ ʝʣʘʩʪʠʯʥʦ 

ʩʧʨʝʛʥʫʪʠʭ ʥʘʥʦ-ʩʪʨʫʢʪʫʨʘ. ɿʘ ʧʦʩʤʘʪʨʘʥʝ ʩʧʨʝʛʥʫʪʝ ʥʘʥʦ-

ʩʪʫʢʪʫʨʝ ʘʥʘʣʠʪʠʯʢʠ ʩʫ ʦʜʨʝʹʝʥʝ ʚʨʝʜʥʦʩʪʠ ʩʦʧʩʪʚʝʥʠʭ 

ʢʨʫʞʥʠʭ ʬʨʝʢʚʝʥʮʠʿʘ, ʠʟʚʝʜʝʥʠ ʟʘʢʦʥʠ ʤʘʣʠʭ ʪʨʘʥʩʚʝʨʟʘʣʥʠʭ 

ʧʦʤʝʨʘˁʘ ʫʩʣʝʜ ʜʝʿʩʪʚʘ ʨʘʟʣʠʯʠʪʠʭ ʪʠʧʦʚʘ ʩʧʦˀʘʰˁʝʛ 

ʦʧʪʝʨʝ˂ʝˁʘ ʠ ʨʘʟʤʘʪʨʘʥʠ ʩʫ ʢʨʠʪʝʨʠʿʫʤʠ ʢʨʠʪʠʯʥʠʭ ʩʠʣʘ 

ʠʟʚʠʿʘˁʘ. ʂʦʥʪʠʥʫʘʣʥʦ ʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʦʨʝʹʝʥʦ ʭʘʨʤʦʥʠʿʩʢʦ 

ʦʧʪʝʨʝ˂ʝˁʝ, ʢʦʥʮʝʥʪʨʠʩʘʥʘ ʭʘʨʤʦʥʠʿʩʢʘ ʩʠʣʘ, ʧʦʢʨʝʪʥʘ ʩʠʣʘ 

ʢʦʥʩʪʘʥʪʥʦʛ ʠʥʪʝʥʟʠʪʝʪʘ ʠ ʧʦʢʨʝʪʥʘ ʭʘʨʤʦʥʠʿʩʢʘ ʩʠʣʘ ʩʫ 

ʪʠʧʦʚʠ ʦʧʪʝʨʝ˂ʝˁʘ ʟʘ ʢʦʿʘ ʩʫ ʧʨʠʢʘʟʘʥʘ ʘʥʘʣʠʪʠʯʢʘ ʨʝʰʝˁʘ ʠ 

ʥʫʤʝʨʠʯʢʘ ʘʥʘʣʠʟʘ ʧʨʠʥʫʜʥʠʭ ʦʩʮʠʣʘʮʠʿʘ. ɼʝʪʘˀʥʦ ʩʫ 

ʘʥʘʣʠʟʠʨʘʥʠ ʨʘʟʣʠʯʠʪʠ ʧʘʨʘʤʝʪʘʨʠ ʢʦʿʠ ʫʪʠʯʫ ʥʘ ʟʘʢʦʥʝ 

ʧʨʦʤʝʥʘ ʤʘʣʠʭ ʪʨʘʥʩʚʝʨʟʘʣʥʠʭ ʧʦʤʝʨʘˁʘ ʛʦʨˁʠʭ ʠ ʜʦˁʠʭ 

ʝʣʘʤʝʥʘʪʘ ʧʨʝʜʩʪʘʚˀʝʥʠʭ ʝʣʘʩʪʠʯʥʦ ʩʧʨʝʛʥʫʪʠʭ  ʥʘʥʦ-

ʩʪʨʫʢʪʫʨʘ. ʊʦ ʩʫ: ʥʝʣʦʢʘʣʥʠ ʧʘʨʘʤʝʪʘʨ, ʤʘʛʥʝʪʥʦ ʧʦʝˀ, 

ʨʘʜʠʿʫʩ ʟʘʢʨʠʚˀʝˁʘ ʢʦʜ ʜʚʦʩʪʨʘʥʦ ʟʘʢʨʠʚˀʝʥʝ ʧʣʠʪʢʝ ʥʘʥʦ-

ˀʫʩʢʝ, ʢʦʝʬʠʮʠʿʝʥʪʠ ʧʨʦʧʦʨʮʠʦʥʘʣʥʦʩʪʠ ʧʨʠʛʫʰʝˁʘ, 

ʨʘʟʣʠʯʠʪʝ ʚʨʝʜʥʦʩʪʠ ʩʧʦˀʘʰˁʠʭ ʦʧʪʝʨʝ˂ʝˁʘ, ʨʘʜʠʿʫʩ 

ʛʣʘʚʯʠʥʝ ʠ ʫʛʘʦʥʘ ʙʨʟʠʥʘ. ʂʦʜ ʘʥʘʣʠʟʝ ʢʨʠʪʠʯʥʠʭ ʩʠʣʘ 

ʠʟʚʠʿʘˁʘ ʠ ʟʘʢʦʥʝ ʧʨʦʤʝʥʘ ʤʘʣʠʭ ʪʨʘʥʩʚʝʨʟʘʣʥʠʭ ʧʦʤʝʨʘˁʘ 

ʧʨʠʛʫʰʝʥʠʭ ʠ ʥʝʧʨʠʛʫʰʝʥʠʭ ʦʩʮʠʣʘʮʠʿʘ ʧʨʠʢʘʟʘʥʠ ʩʫ 



 
 

ʫʪʠʮʘʿʠ ʨʘʟʣʠʯʠʪʠʭ ʤʘʪʝʨʠʿʘʣʥʠʭ ʠ ʛʝʦʤʝʪʨʠʿʩʢʠʭ 

ʧʘʨʘʤʝʪʘʨʘ. ʀʟʫʯʘʚʘˁʝ ʦʚʘʢʚʠʭ ʥʘʥʦ-ʩʠʩʪʝʤʘ  ʠʤʘ ʟʘ ʮʠˀ 

ʧʨʠʢʘʟ ʩʤʘˁʝˁa ʚʨʝʜʥʦʩʪʠ ʘʤʧʣʠʪʫʜʝ ʦʩʮʠʣʦʚʘˁʘ ʤʘʣʠʭ 

ʪʨʘʥʩʚʝʨʟʘʣʥʠʭ ʧʦʤʝʨʘˁʘ ʟʘ ʩʚʘ ʧʦʩʤʘʪʨʘʥʘ ʩʧʦˀʘʰˁʘ 

ʦʧʪʝʨʝ˂ʝˁʘ, ʘ ʫʩʣʝʜ ʧʦʨʘʩʪʘ ʠʥʪʝʥʟʠʪʝʪʘ ʤʘʛʥʝʪʥʦʛ ʧʦˀʘ ʠ 

ʧʦʨʘʩʪʘ ʥʝʣʦʢʘʣʥʦʛ ʧʘʨʘʤʝʪʨʘ. ʋʧʦʨʝʹʠʚʘʥʝ ʩʫ ʚʨʝʜʥʦʩʪʠ 

ʘʤʧʣʠʪʫʜʘ ʧʨʠʥʫʜʥʠʭ ʪʨʘʥʩʚʝʨʟʘʣʥʠʭ ʦʩʮʠʣʘʮʠʿʘ ʝʣʘʩʪʠʯʥʦ 

ʧʦʚʝʟʘʥʝ ʥʘʥʦ ʧʣʦʯʝ ʠ ʥʘʥʦ-ˀʫʩʢʝ ʩʘ ʩʠʩʪʝʤʦʤ 

ʧʨʝʜʩʪʘʚˀʝʥʠʤ ʦʜ ʜʚʝ ʝʣʘʩʪʠʯʥʦ ʩʧʦʿʝʥʝ ʥʘʥʦ-ʧʣʦʯʝ. 

ʇʦʢʘʟʘʥʦ ʿʝ ʜʘ ʿ ʝ ʫʪʠʮʘʿ ʟʘʢʨʠʚˀʝʥʦʩʪʠ ʥʘʥʦ ˀʫʩʢʝ ʦʜ ʚʝʣʠʢʦʛ 

ʟʥʘʯʘʿʘ. ʇʨʠʣʠʢʦʤ ʦʚʝ ʘʥʘʣʠʟʝ ʝʣʘʩʪʠʯʥʦ ʩʧʨʝʛʥʫʪʠʭ ʥʘʥʦ-

ʩʪʨʫʢʪʫʨʘ  ʜʦʢʘʟʘʥʦ ʿʝ ʜʘ ʛʦʨˁʠ ʧʦʙʫʹʝʥʠ ʝʣʝʤʝʥʪ ʥʘʥʦ-

ʩʠʩʪʝʤʘ (ʫ ʦʚʦʤ ʩʣʫʯʘʿʫ ʥʘʥʦ-ʧʣʦʯʘ) ʠʤʘ ʤʘˁʫ ʘʤʧʣʠʪʫʜʫ 

ʧʨʠʥʫʜʥʠʭ ʦʩʮʠʣʘʮʠʿʘ ʩʘʤʦ ʘʢʦ ʿʝ ʜʦˁʠ ʝʣʝʤʝʥʪ ʟʘʢʨʠʚˀʝʥ (ʫ 

ʦʚʦʤ ʩʣʫʯʘʿʫ ʥʘʥʦ-ˀʫʩʢʘ). ʅʘ ʩʤʘˁʝˁʝ ʘʤʧʣʠʪʫʜʝ ʧʦʙʫʹʝʥʝ 

ʛʦʨˁʝ ʥʘʥʦ-ʧʣʦʯʝ ʧʨʝʜʩʪʘʚˀʝʥʦʛ ʥʘʥʦ-ʩʠʩʪʝʤʘ ʫʪʠʯʝ, ʧʦʨʝʜ 

ʩʤʘˁʝˁʘ ʚʨʝʜʥʦʩʪʠ ʨʘʜʠʿʫʩʘ ʟʘʢʨʠʚˀʝʥʦʩʪʠ ʥʘʥʦ-ˀʫʩʢʝ ʠ 

ʧʦʚʝ˂ʘˁʝ ʚʨʝʜʥʦʩʪʠ ʥʝʣʦʢʘʣʥʦʛ ʧʘʨʘʤʝʪʨʘ, ʧʦʚʝ˂ʘˁʝ 

ʚʨʝʜʥʦʩʪʠ ʢʦʝʬʠʮʠʿʝʥʘʪʘ ʧʨʦʧʦʨʮʠʦʥʘʣʥʦʩʪʠ ʧʨʠʛʫʰʝˁʘ ʠ 

ʩʤʘˁʝˁʝ ʚʨʝʜʥʦʩʪʠ ʧʨʠʥʫʜʥʝ ʩʠʣʝ. ʉʠʤʫʣʘʮʠʿʘ ʤʦʣʝʢʫʣʘʨʥʝ 

ʜʠʥʘʤʠʢʝ ʟʘ ʥʝʢʝ ʦʜ ʥʘʚʝʜʝʥʠʭ ʝʣʘʩʪʠʯʥʦ ʩʧʨʝʛʥʫʪʠʭ ʥʘʥʦ-

ʩʪʨʫʢʪʫʨʘ  ʢʦʨʠʩʪʠ˂ʝ ʩʝ ʢʘʦ ʧʦʪʚʨʜʘ ʜʦʙʠʿʝʥʠʭ ʘʥʘʣʠʪʠʯʢʠʭ 

ʨʝʟʫʣʪʘʪʘ. ʈʝʟʫʣʪʘʪʠ ʠʟ ʦʚʦʛ ʨʘʜʘ ʩʫ ʚʝʨʠʬʠʢʦʚʘʥʠ ʧʦʨʝʹʝˁʝʤ 

ʩʘ ʨʝʟʫʣʪʘʪʠʤʘ ʢʦʿʠ ʩʫ ʧʫʙʣʠʢʦʚʘʥʠ ʫ ʨʝʬʝʨʝʥʪʥʠʤ ʥʘʫʯʥʠʤ 

ʯʘʩʦʧʠʩʠʤʘ.  
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ɿɸʍɺɸʃʅʆʉʊ 

 

ʆʚʘ ʜʦʢʪʦʨʩʢʘ ʜʠʩʝʨʪʘʮʠʿʘ ʫʨʘʹʝʥʘ ʿʝ ʥʘ ʂʘʪʝʜʨʠ ʟʘ ʤʝʭʘʥʠʢʫ, ʄʘʰʠʥʩʢʦʛ 

ʬʘʢʫʣʪʝʪʘ ʋʥʠʚʝʨʟʠʪʝʪʘ ʫ ʅʠʰʫ. ʌʠʥʘʥʩʠʿʩʢʠ ʿʝ ʧʦʜʨʞʘʥʘ ʦʜ ʩʪʨʘʥʝ ʄʠʥʠʩʪʘʨʩʪʚʘ 

ʥʘʫʢʝ, ʪʝʭʥʦʣʦʰʢʦʛ ʨʘʟʚʦʿʘ ʠ ʠʥʦʚʘʮʠʿʘ ʈʝʧʫʙʣʠʢʝ ʉʨʙʠʿʝ (ʋʛʦʚʦʨ ʙʨ. 451-03-47/2023-

01/200109).  

ʇʨʚʦ, ʞʝʣʠʤ ʜʘ ʩʝ ʟʘʭʚʘʣʠʤ ʩʚʦʤ ʤʝʥʪʦʨʫ ʜʨ ʀʚʘʥʫ ʈ. ʇʘʚʣʦʚʠ˂ʫ ʚʘʥʨ. ʧʨʦʬʝʩʦʨʫ 

ʂʘʪʝʜʨʝ ʟʘ ʤʝʭʘʥʠʢʫ, ʥʘ ʨʘʟʫʤʝʚʘˁʫ, ʩʫʛʝʩʪʠʿʘʤʘ ʠ ʧʦʜʨʰʮʠ ʪʦʢʦʤ ʠʟʨʘʜʝ ʤʦʿʝ ʜʦʢʪʦʨʩʢʝ 

ʜʠʩʪʝʨʪʘʮʠʿʝ.  

ʇʦʩʝʙʥʫ ʟʘʭʚʘʣʥʦʩʪ ʜʫʛʫʿʝʤ ʩʚʠʤ ʯʣʘʥʦʚʠʤʘ ʢʦʤʠʩʠʿʝ, ʜʨ ʄ. ʃʘʟʘʨʝʚʠ˂ʫ, ʨʝʜ. ʧʨʦʬ. 

ʄʘʰʠʥʩʢʦʛ ʬʘʢʫʣʪʝʪʘ ʫ ɹʝʦʛʨʘʜʫ ʠ ʧʨʦʬʝʩʦʨʠʤʘ ʩʘ ʄʘʰʠʥʩʢʦʛ ʬʘʢʫʣʪʝʪʘ ʫ ʅʠʰʫ ʜʨ ɻ. 

ɱʘʥʝʚʩʢʦʤ, ʜʨ ɱ. ʉʠʤʦʥʦʚʠ˂, ʜʨ ʀ. ʇʘʚʣʦʚʠ˂ʫ ʠ ʜʨ ɺ. ʉʪʦʿʘʥʦʚʠ˂ʫ, ʢʦʿʠ ʩʫ ʩʚʦʿʠʤ 

ʧʨʝʧʦʨʫʢʘʤʘ ʠ ʩʫʛʝʩʪʠʿʘʤʘ ʜʦʧʨʠʥʝʣʠ ʜʘ ʢʦʥʘʯʥʘ ʚʝʨʟʠʿʘ ʜʠʩʝʨʪʘʮʠʿʝ ʙʫʜʝ ʙʦˀʘ. 

ɿʘʭʚʘʣʥʦʩʪ ʜʫʛʫʿʝʤ ʜʨ ɱʫʣʠʿʘʥʠ ʉʠʤʦʥʦʚʠ˂, ʚʘʥʨ. ʧʨʦʬʝʩʦʨʫ ʂʘʪʝʜʨʝ ʟʘ ʤʝʭʘʥʠʢʫ 

ʰʪʦ ʩʝ ʪʝʤʝˀʥʦ ʧʦʩʚʝʪʠʣʘ ʦʚʦʿ ʜʦʢʪʦʨʩʢʦʿ ʜʠʩʝʨʪʘʮʠʿʠ ʠ ʜʘʣʘ ʢʦʨʠʩʥʝ ʩʘʚʝʪʝ. ʉʚʦʿʠʤ 

ʥʘʫʯʥʠʤ ʝʥʪʫʟʠʿʘʟʤʦʤ ʠ ʩʚʦʿʠʤ ʢʦʤʝʥʪʘʨʠʤʘ ʿʝ ʜʦʧʨʠʥʝʣʘ ʜʘ ʦʚʘ ʜʠʩʝʨʪʘʮʠʿʘ ʠʟʛʣʝʜʘ 

ʙʦˀʝ. 

ɾʝʣʠʤ ʜʘ ʩʝ ʟʘʭʚʘʣʠʤ ʧʨʦʬʝʩʦʨʢʠ ʜʨ ʂʘʪʠʮʠ (ʉʪʝʚʘʥʦʚʠ˂) ʍʝʜʨʠʭ ʢʦʿʘ ʤʠ ʿʝ ʧʨʚʘ 

ʧʨʫʞʠʣʘ ʧʨʠʣʠʢʫ ʜʘ ʩʝ ʙʘʚʠʤ ʥʘʫʯʥʦ-ʠʩʪʨʘʞʠʚʘʯʢʠʤ ʨʘʜʦʤ ʫʯʝʰ˂ʝʤ ʥʘ 

ʧʨʦʿʝʢʪʫ  ñɼʠʥʘʤʠʢʘ ʭʠʙʨʠʜʥʠʭ ʩʠʩʪʝʤʘ ʩʣʦʞʝʥʠʭ ʩʪʨʫʢʪʫʨʘ. ʄʝʭʘʥʠʢʘ 

ʤʘʪʝʨʠʿʘʣʘñ (2011-2019) ʫ ʄʘʪʝʤʘʪʠʯʢʦʤ ʠʥʩʪʠʪʫʪʫ ʉʨʧʩʢʝ ʘʢʘʜʝʤʠʿʝ ʥʘʫʢʘ ʠ ʫʤʝʪʥʦʩʪʠ 

ʫ ɹʝʦʛʨʘʜʫ. ʊʦʢʦʤ ʫʯʝʰ˂ʘ ʥʘ ʦʚʦʤ ʧʨʦʿʝʢʪʫ ʩʫ ʟʘʧʦʯʝʪʘ ʠʩʪʨʘʞʠʚʘˁʘ ʢʦʿʘ ʩʫ ʜʝʦ ʦʚʝ 

ʜʦʢʪʦʨʩʢʝ ʜʠʩʝʨʪʘʮʠʿʝ, ʘ ʦʩʪʚʘʨʝʥʘ ʩʫ ʫ ʩʘʨʘʨʘʜˁʠ ʩʘ ʢʦʣʝʛʦʤ  ʜʨ ɼʘʥʠʣʦʤ ʂʘʨʣʠʯʠ˂ʝʤ 

ʠ  ʧʨʦʬʝʩʦʨʠʤʘ ʩʘ ʄʘʰʠʥʩʢʦʛ ʬʘʢʫʣʪʝʪʘ, ʜʨ ʈ. ʇʘʚʣʦʚʠ˂ʝʤ,  ʜʨ ʇ. ʂʦʟʠ˂ʝʤ, ʜʨ ɻ. 

ɱʘʥʝʚʩʢʠʤ, ʜʨ ɼ. ɱʦʚʘʥʦʚʠ˂ʝʤ, ʜʨ ɺ. ʉʪʦʿʘʥʦʚʠ˂ʝʤ. 

ʉʚʠʤ ʧʨʦʬʝʩʦʨʠʤʘ ʩʘ ʂʘʪʝʜʨʝ ʟʘ ʤʝʭʘʥʠʢʫ ʫʧʫ˂ʫʿʝʤ ʚʝʣʠʢʫ ʟʘʭʚʘʣʥʦʩʪ ʥʘ ʩʪʨʧˀʝˁʫ 

ʠ ʧʨʦʥʘʣʘʞʝˁʫ ʦʜʛʦʚʦʨʘ ʥʘ ʤʦʿʘ ʧʠʪʘˁʘ. 

ʇʦʩʝʙʥʫ ʟʘʭʚʘʣʥʦʩʪ ʥʘ ʚʝʣʠʢʦʿ ʤʦʪʠʚʘʮʠʿʠ, ʙʝʩʧʨʝʢʦʨʥʦʤ ʨʘʟʫʤʝʚʘˁʫ ʠ ʩʪʨʧˀʝˁʫ  

ʜʫʛʫʿʝʤ ʩʚʦʤ ʩʫʧʨʫʛʫ ɸʣʝʢʩʘʥʜʨʫ ʠ ʜʝʮʠ ʄʠʠ ʠ ɸʣʝʢʩʠ. ʉʚʦʿʦʤ ˀʫʙʘʚˀʫ ʦʚʫ ʜʠʩʝʨʪʘʮʠʿʫ 

ʩʫ ʩʪʚʦʨʠʣʠ ʦʥʠ. ɿʘʭʚʘˀʫʿʝʤ ɹʦʛʫ ʰʪʦ ʩʫ ʙʘʰ ʦʥʠ ʤʦʿʘ ʩʨʝ˂ʘ ʠ ʰʪʦ ʤʠ ʠʭ ʿʝ ʜʘʨʦʚʘʦ. 

ɹʝʩʢʨʘʿʥʦ ʩʝ ʟʘʭʚʘˀʫʿʝʤ ʩʚʦʿʠʤ ʨʦʜʠʪʝˀʠʤʘ, ʤʘʤʠ ʉʣʘʹʘʥʠ ʠ ʪʘʪʠ ɹʨʘʥʠʩʣʘʚʫ ʢʘʦ ʠ 

ʙʨʘʪʫ ʄʘʨʿʘʥʫ ʠ ˁʝʛʦʚʦʿ ʧʦʨʦʜʠʮʠ ʥʘ ʩʪʨʧˀʝˁʫ ʠ ʨʘʟʫʤʝʚʘˁʫ ʢʘʢʦ ʫ ʞʠʚʦʪʫ ʪʘʢʦ ʠ ʧʨʠ 

ʠʟʨʘʜʠ ʦʚʝ ʜʦʢʪʦʨʩʢʝ ʜʠʩʝʨʪʘʮʠʿʝ.  

ɿʘ ʩʚʝ ʰʪʦ ʿʝʩʘʤ, ʤʦʛʫ ʠ ʫʤʝʤ ʟʘʭʚʘʣʥʦʩʪ ʜʫʛʫʿʝʤ ʨʦʜʠʪʝˀʠʤʘ. 

ʄʘʨʠʿʘ 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ăʏʦʚʝʢ ʦʜ ʥʘʫʢʝ ʥʝ ʮʠˀʘ ʥʘ ʠʟʨʘʚʘʥ ʨʝʟʫʣʪʘʪ 

ʦʜʤʘʭ. ʆʥ ʥʝ ʦʯʝʢʫʿʝ ʜʘ ˂ʝ ˁʝʛʦʚʝ ʥʘʧʨʝʜʥʝ ʠʜʝʿʝ 

ʙʠʪʠ ʦʜʤʘʭ ʩʧʨʝʤʥʦ ʧʨʠʭʚʘ˂ʝʥʝ. ɳʝʛʦʚ ʨʘʜ ʿʝ ʢʘʦ 

ʩʘʹʝˁʝ - ʟʘ ʙʫʜʫ˂ʥʦʩʪ. ɳʝʛʦʚʘ ʜʫʞʥʦʩʪ ʿʝ ʜʘ 

ʧʦʩʪʘʚʠ ʪʝʤʝˀʝ ʟʘ ʦʥʝ ʢʦʿʠ ˂ʝ ʜʦ˂ʠ ʠ ʧʦʢʘʞʝ ʧʫʪ. 

ʆʥ ʞʠʚʠ ʠ ʨʘʜʠ ʠ ʥʘʜʘ ʩʝ.ñ 
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1. ʋʚʦʜ 

ɿʥʘʯʘʿʥʘ ʜʦʩʪʠʛʥʫ˂ʘ ʟʘʩʥʠʚʘʥʘ ʥʘ ʅɸʅʆʊɽʍʅʆʃʆɻʀɱʀ ʙʝʣʝʞʝ ʫʩʧʝʭ ʜʫʞʝ ʦʜ 

ʿʝʜʥʝ ʜʝʮʝʥʠʿʝ.  ʅʘʥʦʪʝʭʥʦʣʦʛʠʿʘ ʿʝ ʜʝʦ ʥʘʫʢʝ ʢʦʠʿ ʩʝ ʙʘʚʠ ʧʨʦʫʯʘʚʘˁʝʤ ʬʠʟʠʯʢʠʭ, 

ʭʝʤʠʿʩʢʠʭ ʠ ʙʠʦʣʦʰʢʠʭ ʦʩʦʙʠʥʘ ʤʘʪʝʨʠʿʘ ʥʘ ʤʦʣʝʢʫʣʘʨʥʦʤ ʠ ʘʪʦʤʩʢʦʤ ʥʠʚʦʫ ʫ ʨʘʟʤʝʨʘʤʘ 

ʦʜ 1-100 nm (nm-ʥʘʥʦʤʝʪʘʨ, ʤʠʣʠʿʘʨʜʠʪʠ ʜʝʦ ʤʝʪʨʘ). ʈʘʟʚʦʿʝʤ ʩʝ ʙʨʦʿ ʠʥʦʚʘʮʠʿʘ ʫ 

ʦʙʣʘʩʪʠʤʘ ʤʝʜʠʮʠʥʝ, ʘʫʪʦ-ʠʥʜʫʩʪʨʠʿʝ, ʚʦʿʥʝ-ʠʥʜʫʩʪʨʠʿʝ, ʧʨʝʭʨʘʤʙʝʥʝ-ʠʥʜʫʩʪʨʠʿʝ, 

ʠʥʬʦʨʤʘʮʠʦʥʝ-ʪʝʭʥʦʣʦʛʠʿʝ ʧʨʦʰʠʨʠʦ ʟʙʦʛ ʧʨʠʤʝʥʝ ʜʦʩʪʠʛʥʫ˂ʘ ʥʘʥʦʪʝʭʥʦʣʦʛʠʿʝ. 

ʇʨʦʠʟʚʦʜˁʘ ʥʘʥʦʯʝʩʪʠʮʘ (nanoparticles), ʥʘʥʦʚʣʘʢʥʘ (nanofibers), ʥʘʥʦʰʠʧʢʠ 

(nanorods), ʥʘʥʦʞʠʮʘ (nanowires), ʥʘʥʦʪʨʘʢʘ (nanobelts), ʥʘʥʦʧʣʦʯʘ (nanoplates), 

ʥʘʥʦʮʝʚʠ/ʥʘʥʦʛʨʝʜʝ (nanotubes/nanobeams) ʧʨʝʜʩʪʘʚˀʘ ʥʠʟ ʢˀʫʯʥʠʭ ʩʪʨʫʢʪʫʨʘ ʫ ʨʘʟʚʦʿʫ 

ʥʘʥʦʪʝʭʥʦʣʦʛʠʿʝ. 

ʋʢʦʣʠʢʦ ʩʝ ʥʘʥʦ ʤʘʪʝʨʠʿʘʣʠ ʧʦʩʤʘʪʨʘʿʫ ʧʦ ʭʝʤʠʿʩʢʦʤ ʩʘʩʪʘʚʫ, ʦʥʜʘ ʩʝ ʤʦʛʫ 

ʧʦʜʝʣʠʪʠ ʥʘ ʦʨʛʘʥʩʢʝ ʠ ʥʝʦʨʛʘʥʩʢʝ.  

- ʅʝʦʨʛʘʥʩʢʠ ʥʘʥʦʤʘʪʝʨʠʿʘʣʠ ʙʘʟʠʨʘʿʫ ʩʝ ʥʘ ʤʝʪʘʣʥʠʤ ʦʢʩʠʜʠʤʘ ʠ ˁʠʭ ʥʝ ˂ʝʤʦ 

ʨʘʟʤʘʪʨʘʪʠ. 

- ʆʨʛʘʥʩʢʠ ʤʘʪʝʨʠʿʘʣʠ ʩʫ ʦʥʠ ʢʦʿʠ ʩʘʜʨʞʝ ʫʛˀʝʥʠʢ ʠ ʤʦʛʫ ʙʠʪʠ ʫ ʦʙʣʠʢʫ ʮʝʚʠ ʠʣʠ 

ʰʫʧˀʝ ʩʬʝʨʝ ʠ ʝʣʠʧʩʦʠʜʘ. ʋʛˀʝʥʠʯʥʝ ʥʘʥʦ-ʮʝʚʠ ʠ ʫʛˀʝʥʠʯʥʠ ʥʘʥʦ-ʣʠʩʪʠ˂ʠ ʠʤʘʿʫ 

ʤʝʭʘʥʠʯʢʝ, ʪʝʨʤʠʯʢʝ, ʝʣʝʢʪʨʠʯʥʝ, ʦʧʪʠʯʢʝ ʠ ʩʪʨʫʢʪʫʨʥʝ ʦʩʦʙʠʥʝ ʢʦʿʝ ʩʝ ʤʦʛʫ 

ʧʨʠʣʘʛʦʜʠʪʠ ʠ ʢʦʥʪʨʦʣʠʩʘʪʠ ʥʘ ʦʩʥʦʚʫ ʩʧʝʮʠʬʠʯʥʠʭ ʟʘʭʪʝʚʘ ʫ ʧʦʩʝʙʥʠʤ 

ʧʨʠʤʝʥʘʤʘ. 

ʋʛˀʝʥʠʯʥʝ ʥʘʥʦʮʝʚʠ (carbon nanotubes-CNTs) ʩʫ ʰʫʧˀʝ ʥʘʥʦʩʪʨʫʢʪʫʨʝ ʢʦʿʝ ʩʝ 

ʩʘʩʪʦʿʝ ʦʜ ʫʛˀʝʥʠʯʥʠʭ ʘʪʦʤʘ ʚʝʟʘʥʠʭ ʿʝʜʘʥ ʟʘ ʜʨʫʛʠ ʧʦʤʦ˂ʫ ʩʧ2 ʚʝʟʘ (ʦʙʣʠʢʘ ʭʝʢʩʘʛʦʥʘʣʥʝ 

ʨʝʰʝʪʢʝ). ʉʘʯʠˁʝʥʝ ʩʫ ʦʜ ʨʦʣʦʚʘʥʠʭ ʣʠʩʪʦʚʘ ʿʝʜʥʦʩʣʦʿʥʠʭ ʘʪʦʤʘ ʫʛˀʝʥʠʢʘ-ʛʨʘʬʝʥʘ, 

(ʚʠʜʝʪʠ ʉʣʠʢʫ 1ʘ). ʇʦʨʝʜ ʿʝʜʥʦʟʠʜʥʝ (single-walled carbon nanotubes-SWCNT) ʧʦʩʪʦʿʝ ʠ 

ʥʘʥʦʮʝʚʠ ʩʘ ʚʠʰʝ ʩʣʦʿʝʚʘ. ɼʚʦ ʠ ʚʠʰʝ ʩʣʦʿʥʠ ʩʠʩʪʝʤʠ ʙʠʣʦ ʜʘ ʩʝ ʩʘʩʪʦʿʝ ʦʜ ʥʘʥʦʮʝʚʠ ʠʣʠ 

ʥʘʥʦʧʣʦʯʘ ʤʦʛʫ ʙʠʪʠ ʧʦʚʝʟʘʥʠ van der Waals-ʦʚʠʤ ʩʠʣʘʤʘ. ɺʝ˂ʠʥʘ ʥʘʥʦʮʝʚʠ ʩʘ ʿʝʜʥʠʤ 

ʟʠʜʦʤ ʠʤʘ ʧʨʝʯʥʠʢ ʦʜ ʩʢʦʨʦ ʿʝʜʥʦʛ ʥʘʥʦʤʝʪʨʘ, ʩʘ ʜʫʞʠʥʦʤ ʮʝʚʠ ʢʦʿʘ ʤʦʞʝ ʙʠʪʠ ʚʠʰʝ 

ʤʠʣʠʦʥʘ ʧʫʪʘ ʜʫʞʘ. ɼʚʦʟʠʜʥʝ (double-walled carbon nanotubes-DWCNT ) ʠ ʚʠʰʝʟʠʜʥʝ 
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ʥʘʥʦʮʝʚʠ (multi-walled - MWCNT ) ʩʘʩʪʦʿʝ ʩʝ ʦʜ ʥʝʢʦʣʠʢʦ ʢʦʥʮʝʥʪʨʠʯʥʦ ʧʦʚʝʟʘʥʠʭ 

ʥʘʥʦʮʝʚʠ, ʧʨʝʯʥʠʢʘ ʜʦ 100 nm (ʉʣʠʢʘ 1ʙ). ɳʠʭʦʚʘ ʜʫʞʠʥʘ ʤʦʞʝ ʙʠʪʠ ʦʜ ʥʝʢʦʣʠʢʦ 

ʤʠʢʨʦʤʝʪʘʨʘ ʜʦ ʥʝʢʦʣʠʢʦ ʤʠʣʠʤʝʪʘʨʘ. 

 

ʉʣʠʢʘ 1 ʇʨʠʢʘʟ ʨʦʣʦʚʘˁʘ ʛʨʘʬʝʥʩʢʦʛ ʣʠʩʪʠ˂ʘ ʫ ʮʠʣʠʥʜʨʝ (CNT) 

ʆʩʦʙʠʥʝ ʫʛˀʝʥʠʯʥʠʭ ʤʘʪʝʨʠʿʘʣʘ ʩʫ: 

- ʤʝʭʘʥʠʯʢʘ ʟʘʪʝʟʥʘ ʯʚʨʩʪʦ˂ʘ ʠʤ ʿʝ ʠ ʜʦ 400 ʧʫʪʘ ʚʝ˂ʘ ʦʜ ʯʝʣʠʢʘ; 

- ʭʝʤʠʿʩʢʠ ʩʫ ʩʪʘʙʠʣʥʠ ʠ ʦʪʧʦʨʥʠ ʥʘ ʙʠʣʦ ʢʦʿʠ ʭʝʤʠʿʩʢʠ ʫʪʠʮʘʿ (ʦʪʧʦʨʥʠ ʩʫ ʥʘ 

ʢʦʨʦʟʠʿʫ); 

- ʠʟʫʟʝʪʥʦ ʩʫ ʬʣʝʢʩʠʙʠʣʥʠ; 

- ˁʠʭʦʚʘ ʛʫʩʪʠʥʘ ʿʝ ʰʝʩʪ ʧʫʪʘ ʤʘˁʘ ʦʜ ʛʫʩʪʠʥʝ ʯʝʣʠʢʘ ʠ ʟʙʦʛ ʪʦʛʘ ʩʫ ʪʘʢʦ ʣʘʢʠ ʠ 

ʪʘʥʢʠ; 

- ʠʤʘʿʫ ʚʠʩʦʢʫ ʪʦʧʣʦʪʥʫ ʧʨʦʚʦʜˀʠʚʦʩʪ. 

ʇʦʨʝʜ ʪʦʛʘ ʰʪʦ ʩʫ ʣʘʢʠ ʠ ʪʘʥʢʠ ʦʥʠ ʧʦʜʥʦʩʝ ʚʠʰʝʩʪʨʫʢʦ ʩʘʚʠʿʘˁʝ ʠ ʧʨʝʢʣʘʧʘˁʝ, 

ʧʨʠ ʪʦʤʝ ʠʤʘʿʫ ʚʝ˂ʫ ʩʘʚʦʿʥʫ ʢʨʫʪʦʩʪ.  

ɿʙʦʛ ʩʚʦʿʝ ʤʘʣʝ ʛʫʩʪʠʥʝ, ʚʝʣʠʢʝ ʯʚʨʩʪʦ˂ʝ, ʚʠʩʦʢʝ ʪʦʧʣʦʪʥʝ ʧʨʦʚʦʜˀʠʚʦʩʪʠ ʠ 

ʭʝʤʠʿʩʢʝ ʦʪʧʦʨʥʦʩʪʠ, ʦʯʝʢʫʿʝ ʩʝ ʜʘ ˂ʝ ʫʛˀʝʥʠʯʥʠ ʤʘʪʝʨʠʿʘʣʠ ʟʘʤʝʥʠʪʠ ʧʨʝʪʭʦʜʥʝ ʤʝʪʘʣʥʝ 

ʤʘʪʝʨʠʿʘʣʝ ʠ ʧʦʩʪʘʪʠ ʥʦʚʘ ʛʝʥʝʨʘʮʠʿʘ ʤʘʪʝʨʠʿʘʣʘ ʚʠʩʦʢʝ ʪʦʧʣʦʪʥʝ ʧʨʦʚʦʜˀʠʚʦʩʪʠ. 

ʉʚʘ ʦʚʘ ʩʚʦʿʩʪʚʘ ʠʭ ʯʠʥʠ ʚʝʦʤʘ ʧʨʠʚʣʘʯʥʠʤ ʟʘ ʙʨʦʿʥʝ ʧʨʠʤʝʥʝ: 

- ʢʦʜ ʤʦʣʝʢʫʣʘʨʥʠʭ ʩʝʥʟʦʨʘ ʟʘ ʜʝʪʝʢʮʠʿʫ ʙʠʦʣʦʰʢʠʭ ʠʣʠ ʭʝʤʠʿʩʢʠʭ ʚʨʩʪʘ; 

- ʢʦʜ ʦʤʦʛʫ˂ʘʚʘˁʘ ʨʘʥʠʿʠʭ ʦʪʢʨʠʚʘˁʘ ʥʝʫʨʦʪʦʢʩʠʯʥʠʭ ʛʘʩʦʚʘ ʫ ʢʘʙʠʥʘʤʘ ʘʚʠʦʥʘ 

ʠʣʠ ʙʠʦʤʝʪʨʠʿʝ ʧʠʣʦʪʘ; 
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- ʢʦʜ ʧʨʝʥʦʩʠʚʠʭ ʙʘʪʝʨʠʿʘ, ʟʙʦʛ ʩʤʘˁʝʥʝ ʪʝʞʠʥʝ, ʘ ʠ ʥʝʧʘʞˁʝ ʧʨʠʣʠʢʦʤ ʥʦʰʝˁʘ ʿʝʨ 

ʩʝ ʤʦʛʫ ʧʨʝʢʣʘʧʘʪʠ; 

- ʢʦʜ ʝʤʠʪʝʨʘ ʝʣʝʢʪʨʦʥʩʢʦʛ ʧʦˀʘ; 

- ˂ʝʣʠʿʘ ʟʘ ʩʢʣʘʜʠʰʪʝˁʝ ʚʦʜʦʥʠʢʘ; 

- ʣʠʪʠʿʫʤ-ʿʦʥʩʢʝ ʙʘʪʝʨʠʿʝ; 

- ʢʘʪʦʜʥʝ ʮʝʚʠ. 

ɿʙʦʛ ʥʘʚʝʜʝʥʠʭ ʦʩʦʙʠʥʘ ʤʘʪʝʨʠʿʘʣʘ ʢʦʿʝ ʩʫ ʚʝʦʤʘ ʜʦʙʨʝ, ʝʣʝʢʪʨʠʯʥʘ ʩʚʦʿʩʪʚʘ 

ʫʛˀʝʥʠʯʥʠʭ ʥʘʥʦʮʝʚʠ ʠ ʛʨʘʬʝʥʩʢʠʭ ʣʠʩʪʠ˂ʘ ʦʤʦʛʫ˂ʘʚʘʿʫ ʜʘ ʩʝ ʢʦʨʠʩʪʝ ʫ ʤʥʦʛʠʤ ʥʘʥʦ-

ʝʣʝʢʪʨʦ-ʤʝʭʘʥʠʯʢʠʤ ʩʠʩʪʝʤʠʤʘ (nano-electromechanical systems - NEMS). ʂʦʤʧʦʥʝʥʪʝ 

ʪʘʢʚʦʛ ʩʠʩʪʝʤʘ ʩʘʯʠˁʝʥʝ ʩʫ ʦʜ ʥʘʥʦ-ʤʘʪʝʨʠʿʘʣʘ, ʦʜʥʦʩʥʦ ʦʜ ʫʛˀʝʥʠʯʥʠʭ ʥʘʥʦ-ʮʝʚʠ ʠ 

ʛʨʘʬʝʥʩʢʠʭ ʣʠʩʪʠ˂ʘ.  NEMS ʫʨʝʹʘʿʠ ʩʝ ʩʤʘʪʨʘʿʫ ʤʘʣʠʤ ʢʦʥʩʪʨʫʢʪʠʚʥʠʤ (ʩʪʨʫʢʪʫʨʥʠʤ) 

ʝʣʝʤʝʥʪʠʤʘ ʩʘ ʜʠʤʝʥʟʠʿʘʤʘ ʦʜ ʠʣʠ ʠʩʧʦʜ 100 nm. ʆʚʦ ʠʭ ʨʘʟʣʠʢʫʿʝ ʦʜ ʤʠʢʨʦ-ʝʣʝʢʪʨʦ-

ʤʝʭʘʥʠʯʢʠʭ ʩʠʩʪʝʤʘ (ʤicroelectromechanical systems-ʄɽʄS), ʛʜʝ ʩʫ ʩʪʨʫʢʪʫʨʥʠ ʝʣʝʤʝʥʪʠ 

ʥʘ ʩʢʘʣʠ ʤʠʢʨʦʤʝʪʘʨʩʢʝ ʜʫʞʠʥʝ.  

ʅʘʥʦ-ʩʪʨʫʢʪʫʨʝ ʠʤʘʿʫ ʰʠʨʦʢ ʩʧʝʢʪʘʨ ʧʨʠʤʝʥʝ ʢʦʜ ʥʘʥʦ-ʩʝʥʟʦʨʘ, ʜʝʪʝʢʪʦʨʘ, ʤʠʥʠ 

ʨʦʙʦʪʘ, ʦʧʪʠʯʢʠʭ ʥʘʥʦ ʫʨʝʹʘʿʘ, ʦʨʛʘʥʩʢʠʭ-ʩʦʣʘʨʥʠʭ ˂ ʝʣʠʿʘ, ʜʦʜʠʨʥʠʭ ʝʢʨʘʥʘ, ʥʘʥʦ-ʘʥʪʝʥʘ 

ʠʪʜ. 

ʅʘ ʉʣʠʮʠ 2 ʧʨʠʢʘʟʘʥʦ ʿʝ ʥʝʢʦʣʠʢʦ ʩʧʨʝʛʥʫʪʠʭ ʥʘʥʦ-ʩʪʨʫʢʪʫʨʘ ʢʦʝʿ ʩʫ ʜʝʪʘˀʥʦ 

ʧʨʦʫʯʘʚʘʥʝ ʫ ʜʦʢʪʦʨʩʢʦʿ ʜʠʩʝʨʪʘʮʠʿʠ, ʢʘʦ ʠ ˁʠʭʦʚʘ ʧʨʠʤʝʥʘ ʢʦʜ ʥʘʥʦ-ʩʝʥʟʦʨʘ. ʅʘ ʉʣʠʮʠ 

2ʘ ʿ ʝ ʧʨʠʢʘʟʘʥ ʙʠʦʩʝʥʟʦʨ, ʜʦʢ ʿʝ ʥʘ ʉʣʠʮʠ 2ʙ ʜʘʪ ʿʝʜʘʥ ʝʣʝʢʪʨʦ-ʭʝʤʠʿʩʢʠ ʥʘʥʦ-ʩʝʥʟʦʨ ʯʠʿʠ 

ʿʝ ʧʨʝʪʚʘʨʘʯ ʥʘ ʙʘʟʠ ʛʨʘʬʝʥʘ, ʘ ʢʦʿʠ ʩʝ ʤʦʞʝ ʩʘʯʠʥʠʪʠ ʦʜ ʥʘʥʦ-ʮʝʚʠ, ʥʘʥʦ-ʧʣʦʯʘ ʠʣʠ ʥʘʥʦ-

ˀʫʩʢʠ ʧʨʠʢʘʟʘʥʠʭ ʥʘ ʉʣʠʮʠ 2ʚ. ɱʝʜʥʘ ʥʘʥʦ-ʪʨʘʢʘ ʢʦʿʘ ʿʝ ʧʨʠʢʘʟʘʥʘ ʥʘ ʉʣʠʮʠ 2ʙ ʩʝ ʤʦʞʝ 

ʥʘʧʨʘʚʠʪʠ ʦʜ ʧʨʠʢʘʟʘʥʠʭ ʩʧʨʝʛʥʫʪʠʭ ʥʘʥʦ-ʩʪʨʫʢʪʫʨʘ ʢʦʝʿ ʩʫ ʜʘʪʝ ʥʘ ʉʣʠʮʠ 2ʚ. ʉʚʝ 

ʨʘʟʤʘʪʨʘʥʝ ʥʘʥʦ-ʩʪʨʫʢʪʫʨʝ ʥʘ ʉʣʠʮʠ 2ʚ ʢʦʝʿ ʩʫ ʧʦʜ ʫʪʠʮʘʿʝʤ ʨʘʟʣʠʯʠʪʠʭ ʩʧʦˀʘʰˁʠʭ 

ʦʧʪʝʨʝ˂ʝˁʘ (ʨʘʟʥʠʭ ʥʘʥʦ-ʯʝʩʪʠʮʘ ʢʦʿʝ ʩʫ ʨʘʩʧʨʦʩʪʨʘˁʝʥʝ ʜʫʞ ʛʦʨˁʝʛ ʥʘʥʦ-ʝʣʝʤʝʥʪʘ), 

ʜʝʪʘˀʥʦ ˂ʝ ʩʝ ʘʥʘʣʠʟʠʨʘʪʠ ʫ ʥʘʩʪʘʚʢʫ ʦʚʝ ʜʦʢʪʦʨʩʢʝ ʜʠʩʝʨʪʘʮʠʿʝ.  
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ʉʣʠʢʘ 2 ʇʨʠʤʝʥʘ ʩʧʨʝʛʥʫʪʠʭ ʥʘʥʦ-ʩʪʨʫʢʪʫʨʘ ʥʘ ʘ) ʙʠʦ- ʥʘʥʦʩʝʥʟʦʨ ʠ ʙ) ʝʣʝʢʪʨʦ-

ʭʝʤʠʿʩʢʠ ʥʘʥʦʩʝʥʟʦʨ, ʚ) ʨʘʟʤʘʪʨʘʥʝ ʩʧʨʝʛʥʫʪʝ ʥʘʥʦ-ʩʪʨʫʢʪʫʨʝ  

 

ʀʩʪʨʘʞʠʚʘˁʘ ʠ ʨʝʟʫʣʪʘʪʠ ʠʟ ʦʙʿʘʚˀʝʥʠʭ ʨʘʜʦʚʘ, ʢʦʿʠ ʩʝ ʤʦʛʫ ʥʘ˂ʠ ʫ ʣʠʪʝʨʘʪʫʨʠ 

(Farrera, C. ʠ ʩʘʨʘʜʥʠʮʠ 2017, Norizan, M. N. ʠ ʩʘʨʘʜʥʠʮʠ 2020, Shi, J. X. ʠ ʩʘʨʘʜʥʠʮʠ 2021), 

ʩʚʝʜʦʯʝ ʜʘ ʿʝ ʧʨʠʤʝʥʘ ʥʘʥʦ-ʩʪʫʢʪʫʨʘ ʦʜ ʚʝʣʠʢʦʛ ʟʥʘʯʘʿʘ ʩʘ ʦʪʚʦʨʝʥʠʤ ʧʠʪʘˁʠʤʘ 

ʠʩʧʠʪʠʚʘˁʘ ʬʠʟʠʯʢʠʭ ʠ ʭʝʤʠʿʩʢʠʭ ʦʩʦʙʠʥʘ.  

ʂʘʦ ʰʪʦ ʿʝ ʚʝ˂ ʥʘʧʦʤʝʥʫʪʦ, ʥʘʥʦ-ʩʪʨʫʢʪʫʨʝ ʩʫ ʤʘʣʠ ʩʪʨʫʢʪʫʨʥʠ ʝʣʝʤʝʥʪʠ ʥʘ ʥʘʥʦ 

ʩʢʘʣʠ, ʪʝ ʩʝ ʫ ʦʚʦʿ ʜʦʢʪʦʨʩʢʦʿ ʜʠʩʝʨʪʘʮʠʿʠ ʟʘ ʥʘʥʦ-ʩʪʨʫʢʪʫʨʝ ʧʨʠʤʝˁʫʿʝ ʫʛˀʝʥʠʯʥʘ ʥʘʥʦ-

ʮʝʚ, ʛʨʘʬʝʥʩʢʠ ʣʠʩʪʠ˂ ʠ ʜʚʦʩʪʨʘʥʦ ʟʘʢʨʠʚˀʝʥʠ ʛʨʘʬʝʥʩʢʠ ʣʠʩʪʠ˂. ʋ ʤʝʭʘʥʠʮʠ ʩʝ ʬʠʟʠʯʢʠ 

ʤʦʜʝʣ ʫʛˀʝʥʠʯʥʝ ʥʘʥʦ-ʮʝʚʠ ʤʦʞʝ ʤʦʜʝʣʠʨʘʪʠ ʢʘʦ ʛʨʝʜʘ, ʛʨʘʬʝʥʩʢʠ ʣʠʩʪʠ˂ ʢʘʦ ʧʣʦʯʘ, ʘ 

ʜʚʦʩʪʨʘʥʦ ʟʘʢʨʠʚˀʝʥʠ ʛʨʘʬʝʥʩʢʠ ʣʠʩʪʠ˂ ʢʘʦ ˀʫʩʢʘ. ʇʨʠʤʝʥʦʤ ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʪʝʦʨʠʿʘ ʟʘ 

ʩʚʝ ʥʘʚʝʜʝʥʝ ʥʘʥʦ-ʝʣʝʤʝʥʪʝ, ʢʦʿʝ ˂ʝ ʩʝ ʫ ʦʚʦʿ ʜʦʢʪʦʨʩʢʦʿ ʜʠʩʝʨʪʘʮʠʿʠ ʧʨʝʜʩʪʘʚʠʪʠ (Reddy, 

J. N., 2002, Reddy, J. N., 2004, Reddy, J. N., 2006, Raġkoviĺ, D., 1965, Karliļiĺ, D. ʠ ʩʘʨʘʜʥʠʮʠ, 

2015ʘ, Amabili M., 2008) ʠ ʧʨʠʤʝʥʦʤ ʥʝʣʦʢʘʣʥʝ ʪʝʦʨʠʿʝ ʥʘʧʦʥʘ (Eringen, A. C., 1972, 1983, 

2002) ʤʦʛʫ ʩʝ ʥʘʧʠʩʘʪʠ ʿʝʜʥʘʯʠʥʝ ʢʦʿʠʤʘ ʩʝ ʦʧʠʩʫʿʝ ˁʠʭʦʚʦ ʦʩʮʠʣʦʚʘˁʝ ʠ ʦʙʿʘʰˁʘʚʘ 

ʜʠʥʘʤʠʢʘ. ʀʟʚʦʹʝˁʘ ʿʝʜʥʘʯʠʥʘ ʤʘʣʠʭ ʪʨʘʥʩʬʝʨʟʘʣʥʠʭ ʦʩʮʠʣʘʮʠʿʘ ʜʝʬʦʨʤʘʙʠʣʥʠʭ ʥʘʥʦ 

ʩʪʨʫʢʪʫʨʘ, ʛʨʝʜʘ, ʧʣʦʯʘ ʠ ˀʫʩʢʠ ʧʨʝʜʩʪʘʚˀʝʥʘ ʩʫ ʫ 2. ʇʦʛʣʘʚˀʫ ʜʠʩʝʨʪʘʮʠʿʝ.  

ʋ ʥʘʨʝʜʥʠʤ ʧʦʛʣʘʚˀʠʤʘ (ʇʦʛʣʘʚˀʫ 3, 4, 5) ʘʥʘʣʠʟʠʨʘʿʫ ʩʝ ʩʧʨʝʛʥʫʪʝ ʥʘʥʦ-

ʩʪʨʫʢʪʫʨʝ, ʢʦʿʝ ʩʝ ʤʦʜʝʣʠʨʘʿʫ ʢʘʦ ʜʚʝ ʝʣʘʩʪʠʯʥʦ ʧʦʚʝʟʘʥʝ ʫʛˀʝʥʠʯʥʝ ʥʘʥʦ-ʮʝʚʠ, ʜʚʘ 

ʛʨʘʬʝʥʩʢʘ ʣʠʩʪʠ˂ʘ ʠ ʩʧʨʝʛʘ ʛʨʘʬʝʥʩʢʦʛ ʣʠʩʪʠ˂ʘ ʠ ʜʚʦʩʪʨʘʥʦ ʟʘʢʨʠʚˀʝʥʦʛ ʛʨʘʬʝʥʩʢʦʛ 
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ʣʠʩʪʠ˂ʘ, (ʉʣʠʢʘ 2ʚ). ʉʧʨʝʞʫʠ˂ ʩʣʦʿ ʠʟʤʝʹʫ ʥʘʥʦ-ʝʣʝʤʝʥʘʪʘ ʤʦʜʝʣʠʨʘ ʩʝ Winkler-ʦʚʠʤ 

ʝʣʘʩʪʠʯʥʠʤ ʩʣʦʿʝʤ, ʢʦʿʠ ʧʨʝʜʩʪʘʚˀʘ ʤʝʹʫʘʪʦʤʩʢʝ ʩʠʣʝ ʠʟʤʝʹʫ ʜʚʘ ʥʘʥʦ-ʝʣʝʤʝʥʪʘ, ʧʦʧʫʪ 

van der Waʘls-ʦʚʝ ʠʥʪʝʨʘʢʮʠʿʝ (Ru, C. Q., 2001). ʆʚʘʢʦ ʩʧʨʝʛʥʫʪʝ  ʥʘʥʦ-ʩʪʨʫʢʪʫʨʝ ʩʫ 

ʠʟʣʦʞʝʥʝ ʜʝʿʩʪʚʫ ʩʧʦˀʘʰˁʠʤ ʪʨʘʥʩʚʝʨʟʘʣʥʠʤ ʦʧʪʝʨʝ˂ʝˁʠʤʘ, ʢʦʿʘ ʤʦʛʫ ʧʨʝʜʩʪʘʚʠʪʠ 

ʤʦʜʝʣʝ, ʥʘ ʧʨʠʤʝʨ, ʫʪʠʮʘ ʿʢʘʧˀʠʮʝ ʢʦʜ ʘʥʘʣʠʟʝ ʧʝʩʪʠʮʠʜʘ, (ʉʣʠʢʘ 2ʙ), ʠʣʠ ʥʝʢʦʛ ʜʨʫʛʦʛ 

ʩʧʦˀʘʰˁʝʛ ʝʬʝʢʪʘ ʥʘ ʥʘʥʦ-ʩʪʨʫʢʪʫʨʝ. ʇʨʝʜʩʪʘʚˀʝʥʠ ʬʠʟʠʯʢʠ ʤʦʜʝʣʠ ʩʚʠʭ ʩʧʨʝʛʥʫʪʠʭ 

ʥʘʥʦ-ʩʪʨʫʢʪʫʨʘ ʦʜʛʦʚʘʨʘʿʫ ʤʝʭʘʥʠʯʢʠʤ ʤʦʜʝʣʠʤʘ ʟʘ ʢʦʿʝ ˂ʝ ʩʝ ʠʟʚʝʩʪʠ ʿʝʜʥʘʯʠʥʝ ʤʘʣʠʭ 

ʪʨʘʥʩʚʝʨʟʘʣʥʠʭ ʦʩʮʠʣʘʮʠʿʘ ʠ ʥʘʠ˂ ˁʠʭʦʚʘ ʨʝʰʝˁʘ.  

ɿʘ ʧʦʩʤʘʪʨʘʥʝ ʩʧʨʝʛʥʫʪʝ ʥʘʥʦ-ʩʪʫʢʪʫʨʝ ʘʥʘʣʠʪʠʯʢʠ ʩʫ ʦʜʨʝʹʝʥʝ ʚʨʝʜʥʦʩʪʠ 

ʩʦʧʩʪʚʝʥʠʭ ʢʨʫʞʥʠʭ ʬʨʝʢʚʝʥʮʠʿʘ, ʠʟʚʝʜʝʥʠ ʟʘʢʦʥʠ ʤʘʣʠʭ ʪʨʘʥʩʚʝʨʟʘʣʥʠʭ ʧʦʤʝʨʘˁʘ 

ʫʩʣʝʜ ʜʝʿʩʪʚʘ ʨʘʟʣʠʯʠʪʠʭ ʪʠʧʦʚʘ ʩʧʦˀʘʰˁʝʛ ʦʧʪʝʨʝ˂ʝˁʘ, ʪʝ ʩʫ ʨʘʟʤʘʪʨʘʥʠ ʢʨʠʪʝʨʠʿʫʤʠ  

ʢʨʠʪʠʯʥʠʭ ʩʠʣʘ ʠʟʚʠʿʘˁʘ. ʊʠʧʦʚʠ ʦʧʪʝʨʝ˂ʝˁʘ ʢʦʿʘ ˂ʝ ʩʝ ʘʥʘʣʠʟʠʨʘʪʠ ʫ ʦʚʦʿ ʜʦʢʪʦʨʩʢʦʿ 

ʜʠʩʝʨʪʘʮʠʿʠ ʩʫ ʢʦʥʪʠʥʫʘʣʥʦ ʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʦʨʝʹʝʥʦ ʭʘʨʤʦʥʠʿʩʢʦ ʦʧʪʝʨʝ˂ʝˁʝ, 

ʢʦʥʮʝʥʪʨʠʩʘʥʘ ʭʘʨʤʦʥʠʿʩʢʘ ʩʠʣʘ, ʧʦʢʨʝʪʥʘ ʩʠʣʘ ʢʦʥʩʪʘʥʪʥʦʛ ʠʥʪʝʥʟʠʪʝʪʘ ʠ ʧʦʢʨʝʪʥʘ 

ʭʘʨʤʦʥʠʿʩʢʘ ʩʠʣʘ. 

ʇʨʠʢʘʟʘ˂ʝ ʩʝ ʫʪʠʮʘʿ  ʨʘʟʣʠʯʠʪʠʭ ʧʘʨʘʤʝʪʘʨʘ,  ʢʦʿʠ ʫʪʠʯʫ ʥʘ ʟʘʢʦʥʝ ʧʨʦʤʝʥʘ ʤʘʣʠʭ 

ʪʨʘʥʩʚʝʨʟʘʣʥʠʭ ʧʦʤʝʨʘˁʘ ʛʦʨˁʠʭ ʠ ʜʦˁʠʭ ʥʘʥʦ-ʝʣʘʤʝʥʘʪʘ, ʢʘʦ ʰʪʦ ʩʫ ʥʝʣʦʢʘʣʥʠ 

ʧʘʨʘʤʝʪʘʨ, ʤʘʛʥʝʪʥʦ ʧʦˀʝ, ʨʘʜʠʿʫʩ ʟʘʢʨʠʚˀʝˁʘ ʢʦʜ ʜʚʦʩʪʨʘʥʦ ʟʘʢʨʠʚˀʝʥʝ ʧʣʠʪʢʝ ʥʘʥʦ-

ˀʫʩʢʝ ʠ ʨʘʟʣʠʯʠʪʝ ʪʠʧʦʚʝ ʩʧʦˀʘʰˁʠʭ ʦʧʪʝʨʝ˂ʝˁʘ. ɸʥʘʣʠʟʘ ʦʚʠʭ ʩʧʨʝʛʥʫʪʠʭ ʥʘʥʦ-

ʩʪʨʫʢʪʫʨʘ ʩʘ ʫʪʠʮʘʿʝʤ ʨʘʟʣʠʯʠʪʠʭ ʧʘʨʘʤʝʪʘʨʘ ʤʦʞʝ ʜʦʧʨʠʥʝʪʠ ʧʦʙʦˀʰʘˁʫ ʧʨʦʿʝʢʪʦʚʘˁʘ 

ʥʘʥʦ-ʝʣʝʢʪʨʦʤʝʭʘʥʠʯʢʠʭ ʫʨʝʹʘʿʘ ʠ ʠʟ ʪʦʛ ʨʘʟʣʦʛʘ ʩʝ ʨʘʟʤʘʪʨʘ ʫ ʦʚʦʿ ʜʦʢʪʦʨʩʢʦʿ 

ʜʠʩʝʨʪʘʮʠʿʠ. 

ʇʦʩʝʙʘʥ ʩʣʫʯʘʿ ʿʝʜʥʝ ʥʘʥʦ-ʩʪʨʫʢʪʫʨʝ, ʛʜʝ ʿ ʝ ʨʘʟʤʘʪʨʘʥʘ ʜʠʥʘʤʠʢʘ ʨʦʪʠʨʘʿʫ˂e ʥʘʥʦ-

ʮʝʚʠ, ʦʜʥʦʩʥʦ ʨʦʪʠʨʘʿʫ˂ʝ ʥʘʥʦ-ʛʨʝʜʝ ʿʝ ʦʜ ʧʨʘʢʪʠʯʥʦʛ ʟʥʘʯʘʿʘ, ʧʦʩʝʙʥʦ ʢʘʜʘ ʩʝ ʠʩʧʠʪʫʿʝ 

ʫʪʠʮʘʿ ʩʧʦˀʘʰˁʝʛ ʦʧʪʝʨʝ˂ʝˁʘ. ʊʘʢʘʚ ʩʣʫʯʘʿ ʿʝ ʧʨʝʜʩʪʘʚˀʝʥ ʫ ʇʦʛʣʘʚˀʫ  6, ʛʜʝ ʩʝ ʧʦʨʝʜ 

ʫʪʠʮʘʿʘ ʩʧʦˀʘʰˁʝʛ ʪʨʘʥʩʚʝʨʟʘʣʥʦʛ ʦʧʪʝʨʝ˂ʝˁʘ ʨʘʟʤʘʪʨʘʿʫ ʠ ʫʪʠʮʘʿ  ʨʘʜʠʿʫʩʘ ʛʣʘʚʯʠʥʝ ʠ 

ʫʛʘʦʥʝ ʙʨʟʠʥʝ. ʆʚʘʢʚʦʤ ʘʥʘʣʠʟʦʤ ʠʩʧʠʪʫʿʫ ʩʝ ʩʚʦʿʩʪʚʘ ʢʦʿʘ ʤʦʛʫ ʥʘ˂ʠ ʧʨʠʤʝʥʫ ʢʦʜ 

ʦʩʦʚʠʥʘ ʥʘʥʦ-ʤʦʪʦʨʘ, ʪʘʯʥʠʿʝ ʭʠʙʨʠʜʠʟʦʚʘʥʠʤ ʥʘʥʦ-ʛʝʥʝʨʘʪʦʨʠʤʘ ʩʘ ʨʘʟʣʠʯʠʪʠʤ 

ʫʪʠʮʘʿʠʤʘ ʩʧʦˀʘʰˁʠʭ ʦʧʪʝʨʝ˂ʝˁʘ (Zhang B. ʠ ʩʘʨʘʜʥʠʮʠ 2016, Shi, J. X. ʠ ʩʘʨʘʜʥʠʮʠ 

2021). 
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1.1. ʆʧʰʪʘ ʨʘʟʤʘʪʨʘˁʘ 

ʋʛˀʝʥʠʯʥʝ ʥʘʥʦʮʝʚʠ (carbon nanotubes-CNTs) ʧʨʠʚʫʢʣʝ ʩʫ ʟʥʘʯʘʿʥʫ ʧʘʞˁʫ ʫ 

ʦʙʣʘʩʪʠ ʥʘʥʦʪʝʭʥʦʣʦʛʠʿʝ ʟʙʦʛ ʩʚʦʿʠʭ ʠʟʚʘʥʨʝʜʥʠʭ ʬʠʟʠʯʢʠʭ, ʭʝʤʠʿʩʢʠʭ ʠ ʤʝʭʘʥʠʯʢʠʭ 

ʩʚʦʿʩʪʘʚʘ. ʀʩʧʠʪʠʚʘˁʝ ʜʝʬʦʨʤʘʮʠʦʥʦʛ ʩʪʘˁʘ ʿʝʜʥʦʟʠʜʥʠʭ ʠ ʚʠʰʝʟʠʜʥʠʭ ʫʛˀʝʥʠʯʥʠʭ 

ʥʘʥʦ-ʮʝʚʠ ʧʨʠʢʘʟʘʥʦ ʿʝ ʫ ʨʘʜʦʚʠʤʘ (Iijima, S., 1991, Iijima, S. ʠ ʩʘʨʘʜʥʠʮʠ 1996, Hata, K. ʠ 

ʩʘʨʘʜʥʠʮʠ 2004).  ʇʨʦʫʯʘʚʘʚʘˁʝ ʬʠʟʠʯʢʠʭ ʩʚʦʿʩʪʚʘ ʫʛˀʝʥʠʯʥʝ ʥʘʥʦ-ʮʝʚʠ ʧʨʠʢʘʟʘʥʦ ʿʝ ʫ 

ʨʘʜʫ (Reich, S. ʠ ʩʘʨʘʜʥʠʮʠ 2008),  ʭʝʤʠʿʩʢʠʭ ʩʚʦʿʩʪʚʘ ʫ ʨʘʜʫ (Hu, J.ʠ ʩʘʨʘʜʥʠʮʠ 1999), ʜʦʢ 

ʿʝ ʠʩʧʠʪʠʚʘˁʝ ʤʝʭʘʥʠʯʢʠʭ ʩʚʦʿʩʪʚʘ ʠʟʚʨʰʝʥʦ ʫ ʨʘʜʫ (Lu, J. P. 1997). ʋ ʨʘʜʫ (Salvetat, J. P. 

ʠ ʩʘʨʘʜʥʠʮʠ 1999) ʧʨʠʢʘʟʘʥʘ ʩʫ ʩʚʦʿʩʪʚʘ ʥʘʥʦʮʝʚʠ ʫ ʰʠʨʝʤ ʢʦʥʪʝʢʩʪʫ ʥʘʫʢʝ ʦ 

ʤʘʪʝʨʠʿʘʣʠʤʘ ʛʜʝ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠ ʨʝʟʫʣʪʘʪʠ ʧʦʪʚʨʹʫʿʫ ʜʘ ʫʛˀʝʥʠʯʥʝ ʥʘʥʦʮʝʚʠ ʠʤʘʿʫ 

ʚʠʩʦʢʫ ʯʚʨʩʪʦ˂ʫ, ʠʟʚʘʥʨʝʜʥʫ ʬʣʝʢʩʠʙʠʣʥʦʩʪ ʠ ʝʣʘʩʪʠʯʥʦʩʪ. ʐʪʘʚʠʰʝ, ʦʚʘʢʚʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʧʨʫʞʘʿʫ ʠʤ ʰʠʨʦʢ ʩʧʝʢʪʘʨ ʧʨʠʤʝʥʝ ʧʨʠ ʜʠʟʘʿʥʠʨʘˁʫ ʫʨʝʹʘʿʘ ʥʘ ʥʘʥʦ-

ʩʢʘʣʠ, ʢʘʦ ʰʪʦ ʩʫ ʙʠʦʩʝʥʟʦʨʠ (Murmu, T. ʠ Adhikari, S.  2012, Adhikari, S. ʠ Chowdhury, R.  

2010), ʩʝʥʟʦʨʠ ʤʘʩʝ (Murmu, T. ʠ Adhikari, S.  2011ʘ, Li, C. ʠ Chou, T. W.  2004), 

ʥʘʥʦʘʢʪʫʘʪʦʨʠ (Li, C., Thostenson ʠ ʩʘʨʘʜʥʠʮʠ 2008 ʠ Roth, S. ʠ Baughman, R. H. 2002), 

ʥʘʥʦ-ʝʣʝʢʪʨʦʥʩʢʠ ʫʨʝʹʘʿʠ (Avouris, P. ʠ ʩʘʨʘʜʥʠʮʠ 2007). 

ʀʩʧʠʪʠʚʘˁʝ ʤʝʭʘʥʠʯʢʠʭ ʦʩʦʙʠʥʘ ʩʝ ʤʦʞʝ ʟʘʩʥʠʚʘʪʠ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʤ 

ʤʝʪʦʜʘʤʘ ʢʘʦ ʰʪʦ ʿʝ ʪʦ ʧʨʠʢʘʟʘʥʦ ʫ (Ruoff, R. S., 2003, Dresselhaus, M. S. ʠ ʩʘʨʘʜʥʠʮʠ 2005). 

ʊʘʢʚʠ ʝʢʩʧʝʨʠʤʝʥʪʠ ʩʫ ʟʘʭʪʝʚʥʠ ʧʦ ʧʠʪʘˁʫ ʮʝʥʝ ʢʦʰʪʘˁʘ ʠ ʢʦʥʪʨʦʣʝ ʩʚʠʭ ʧʘʨʘʤʝʪʘʨʘ 

ʥʘʥʦ-ʩʠʩʪʝʤʘ ʧʘ ʩʝ ʨʝʪʢʦ ʩʧʨʦʚʦʜʝ. ʇʦʩʪʦʿʝ ʠ ʪʝʦʨʠʿʩʢʠ ʘʩʧʝʢʪʠ ʢʦʿʠ ʦʙʫʭʚʘʪʘʿʫ 

ʘʪʦʤʠʩʪʠʯʢʝ ʤʝʪʦʜʝ ʠ ʤʝʪʦʜʝ ʤʝʭʘʥʠʢʝ ʢʦʥʪʠʥʫʫʤʘ. ʂʦʜ ʘʪʦʤʠʩʪʠʯʢʠʭ ʤʝʪʦʜʘ 

ʧʨʠʢʘʟʘʥʠʭ ʫ ʨʘʜʦʚʠʤʘ (Dubay, O. ʠ Kresse, G., 2003, Liu, Y. ʠ ʩʘʨʘʜʥʠʮʠ 2003), ʥʫʤʝʨʠʯʢʦ 

ʠʩʧʠʪʠʚʘˁʝ ʩʝ ʚʨʰʠ ʥʘ ʦʩʥʦʚʫ ʩʝʤʠ-ʝʤʧʠʨʠʿʩʢʠʭ ʤʝʪʦʜʘ, ʧʨʠʥʮʠʧʘ ʤʦʣʝʢʫʣʘʨʥʝ 

ʜʠʥʘʤʠʢʝ ʠ ʧʨʚʦʛ ʧʨʠʥʮʠʧʘ ʢʚʘʥʪʥʝ ʤʝʭʘʥʠʢʝ. ʅʘʿʝʬʠʢʘʩʥʠʿʠ ʿʝ ʧʨʠʥʮʠʧ ʤʦʣʝʢʫʣʘʨʥʝ 

ʜʠʥʘʤʠʢʝ ʢʦʿʠ ʦʙʫʭʚʘʪʘ ʩʠʩʪʝʤʝ ʩʘ ʚʝʣʠʢʠʤ ʙʨʦʿʝʤ ʯʝʩʪʠʮʘ ʘʪʦʤʘ ʠ ʤʦʣʝʢʫʣʘ, (Duan, W. 

H. ʠ ʩʘʨʘʜʥʠʮʠ 2007). ʆʚʘ ʤʝʪʦʜʘ ʠʟʠʩʢʫʿʝ ʜʫʛ ʧʨʦʮʝʩ ʧʨʦʨʘʯʫʥʘʚʘˁʘ ʠ ʥʠʿʝ ʧʦʛʦʜʥʘ ʟʘ 

ʧʨʠʤʝʥʫ.  

ʀʟ ʥʘʚʝʜʝʥʠʭ ʨʘʟʣʦʛʘ, ʫ ʧʦʛʣʝʜʫ ʧʨʠʤʝʥʝ ʠ ʿʝʜʥʦʩʪʘʚʥʦʩʪʠ ʩʚʝ ʩʫ ʧʨʠʚʣʘʯʥʠʿʝ 

ʤʝʪʦʜʝ ʤʝʭʘʥʠʢʝ ʢʦʥʪʠʥʫʫʤʘ ʢʦʿʝ ʦʣʘʢʰʘʚʘʿʫ ʠʩʧʠʪʠʚʘˁʝ ʜʠʥʘʤʠʯʢʦʛ ʧʦʥʘʰʘˁʘ ʥʘʥʦ-

ʩʪʨʫʢʪʫʨʘ ʢʦʨʠʩʪʝ˂ʠ ʪʝʦʨʠʿʩʢʝ ʤʦʜʝʣʝ ʛʨʝʜʘ, ʧʣʦʯʘ ʠ ˀʫʩʢʠ. ʄʝʪʦʜʘ ʥʝʣʦʢʘʣʥʝ ʤʝʭʘʥʠʢʝ 

ʢʦʥʪʠʥʫʫʤʘ ʟʥʘʪʥʦ ʿʝ ʧʦʛʦʜʥʠʿʘ ʟʘ ʧʨʠʤʝʥʫ ʠ ʟʘʭʪʝʚʘ ʤʘˁʝ ʨʘʯʫʥʘʨʩʢʝ ʨʝʩʫʨʩʝ ʧʦʪʨʝʙʥʝ 

ʟʘ ʦʙʨʘʜʫ ʨʝʟʫʣʪʘʪʘ ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʩʠʤʫʣʘʮʠʿʘʤʘ ʤʦʣʝʢʫʣʘʨʥʝ ʜʠʥʘʤʠʢʝ. ʅʘʿʯʝʰ˂ʝ ʩʝ ʫ 

ʣʠʪʝʨʘʪʫʨʠ ʧʨʦʫʯʘʚʘʿʫ ʩʚʦʿʩʪʚʘ ʫʛˀʝʥʠʯʥʝ ʥʘʥʦ-ʮʝʚʠ ʧʨʝʜʩʪʘʚˀʝʥʝ ʢʘʦ ʥʘʥʦ-ʛʨʝʜʘ, 

ʛʨʘʬʝʥʩʢʦʛ ʣʠʩʪʠ˂ʘ ʧʨʝʜʩʪʘʚˀʝʥʦʛ ʢʘʦ ʥʘʥʦ-ʧʣʦʯʘ ʠ ʟʘʢʨʠʚˀʝʥʦʛ ʛʨʘʬʝʥʩʢʦʛ ʣʠʩʪʠ˂ʘ 

ʧʨʝʜʩʪʘʚˀʝʥʦʛ ʢʘʦ ʥʘʥʦ-ˀʫʩʢʘ. ʊʝʦʨʠʿʘ ʢʦʿʘ ʧʨʘʪʠ ˁʠʭʦʚʦ ʠʟʫʯʘʚʘˁʝ ʿʝ ʥʝʣʦʢʘʣʥʘ 

ʪʝʦʨʠʿʘ ʝʣʘʩʪʠʯʥʦʩʪʠ, ʧʦʟʥʘʪʘ ʢʘʦ Eringen-ʦʚʘ ʪʝʦʨʠʿʘ (Eringen, A. C., 1972, 1983, 2002; 

Eringen, A. C. ʠ Edelen, D. G. B., 1972). ɿʘ ʨʘʟʣʠʢʫ ʦʜ ʢʣʘʩʠʯʥʝ ʪʝʦʨʠʿʝ ʝʣʘʩʪʠʯʥʦʩʪʠ ʛʜʝ 

ʪʝʥʟʦʨ ʥʘʧʦʥʘ ʫ ʧʦʩʤʘʪʨʘʥʦʿ ʪʘʯʢʠ ʟʘʚʠʩʠ ʦʜ ʪʝʥʟʦʨʘ ʜʝʬʦʨʤʘʮʠʿʝ ʫ ʪʦʿ ʪʘʯʢʠ, ʥʝʣʦʢʘʣʥʘ 
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ʪʝʦʨʠʿʘ ʥʘʧʦʥʘ ʦʙʫʭʚʘʪʘ ʝʬʝʢʪʝ ʥʘ ʤʘʣʦʿ ʩʢʘʣʠ ʛʜʝ ʿʝ ʥʘʧʦʥ ʫ ʧʦʩʤʘʪʨʘʥʦʿ ʪʘʯʢʠ ʬʫʥʢʮʠʿʘ 

ʧʦˀʘ ʜʝʬʦʨʤʘʮʠʿʘ ʫ ʩʚʘʢʦʿ ʪʘʯʢʠ ʜʦʤʝʥʘ. 

ʂʘʢʦ ʙʠ ʩʝ ʫʧʦʪʧʫʥʠʣʦ ʟʥʘˁʝ ʦ ʧʦʥʘʰʘˁʫ ʥʘʥʦ-ʤʘʪʝʨʠʿʘʣʘ ʢʘʦ ʰʪʦ ʩʫ ʫʛˀʝʥʠʯʥʝ 

ʥʘʥʦʮʝʚʠ (carbon nanotubes-CNTs) (Bellucci, S. ʠ ʩʘʨʘʜʥʠʮʠ 2007, Correa-Duarte, M. A. ʠ 

ʩʘʨʘʜʥʠʮʠ 2005) ʠ ʛʨʘʬʝʥʩʢʝ ʧʣʦʯʝ (Goerbig, M. O. ʠ ʩʘʨʘʜʥʠʮʠ 2006, Arani, A. G. ʠ 

Shokravi, M. 2014), ʤʥʦʛʠ ʠʩʪʨʘʞʠʚʘʯʠ ʩʫ ʨʘʟʤʘʪʨʘʣʠ ʫʪʠʮʘʿ ʤʘʛʥʝʪʥʦʛ ʧʦˀʘ. ʋ ʨʘʜʫ 

(Arani, A. G. ʠ ʩʘʨʘʜʥʠʮʠ 2013) ʘʥʘʣʠʟʠʨʘʥʝ ʩʫ ʪʨʘʥʩʚʝʨʟʘʣʥʝ ʦʩʮʠʣʘʮʠʿʝ ʥʘʥʦ-ʩʠʩʪʝʤʘ 

ʩʘʩʪʘʚˀʝʥʦʛ ʦʜ ʜʚʘ ʩʧʨʝʛʥʫʪʘ ʛʨʘʬʝʥʩʢʘ ʣʠʩʪʠ˂ʘ ʧʦʜ ʫʪʠʮʘʿʝʤ ʧʨʦʤʝʥʝ ʪʝʤʧʝʨʘʪʫʨʝ ʠ 

ʜʚʦʜʠʤʝʥʟʠʦʥʘʣʥʦʛ ʤʘʛʥʝʪʥʦʛ ʧʦˀʘ. ʇʨʠ ʨʝʰʘʚʘˁʫ ʧʘʨʮʠʿʘʣʥʠʭ ʜʠʬʝʨʝʥʮʠʿʘʣʥʠʭ 

ʿʝʜʥʘʯʠʥʘ ʧʨʠʤʝˁʝʥ ʿʝ ʤʝʪʦʜ ʜʠʬʝʨʝʥʮʠʿʘʣʥʠʭ ʢʚʘʜʨʘʪʫʨʘ.  ʇʨʘʚʘʮ ʜʝʿʩʪʚʘ ʤʘʛʥʝʪʥʦʛ 

ʧʦˀʘ ʧʨʝʜʩʪʘʚˀʝʥ ʿʝ ʦʜʨʝʹʝʥʠʤ ʫʛʣʦʤ ʫ ʦʜʥʦʩʫ ʥʘ ʩʪʨʘʥʠʮʝ ʧʣʦʯʝ. ʀʟʚʨʰʝʥʘ ʿʝ ʘʥʘʣʠʟʘ 

ʩʦʧʩʪʚʝʥʝ ʢʨʫʞʥʝ ʬʨʝʢʚʝʥʮʠʿʝ ʫ ʬʫʥʢʮʠʿʠ ʫʛʣʘ ʤʘʛʥʝʪʥʦʛ ʧʦˀʘ ʩʘ ʧʨʦʤʝʥʦʤ ʚʨʝʜʥʦʩʪʠ 

ʥʝʣʦʢʘʣʥʦʛ ʧʘʨʘʤʝʪʨʘ. ʋ ʨʘʜʫ (Narendar, S. ʠ ʩʘʨʘʜʥʠʮʠ 2012) ʿʝ ʧʨʠʢʘʟʘʥ ʫʪʠʮʘʿ 

ʣʦʥʛʠʪʫʜʠʥʘʣʥʦʛ ʤʘʛʥʝʪʥʦʛ ʧʦˀʘ ʥʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʜʠʩʧʝʨʟʠʿʝ ʪʘʣʘʩʘ ʿʝʜʥʦʟʠʜʥʝ 

ʫʛˀʝʥʠʯʥʝ ʥʘʥʦ-ʮʝʚʠ-SWCNT ʫʛʨʘʹʝʥʝ ʫ Pasternak-ʦʚ ʝʣʘʩʪʠʯʥʠ ʩʣʦʿ. ʇʨʠʤʝ˂ʝʥʦ ʿʝ ʜʘ 

ʧʨʠ ʚʝ˂ʦʿ ʚʨʝʜʥʦʩʪʠ ʥʝʣʦʢʘʣʥʦʛ ʧʘʨʘʤʝʪʨʘ ʙʨʟʠʥʘ ʪʘʣʘʩʘ ʨʘʩʪʝ ʩʘ ʧʦʚʝ˂ʘˁʝʤ ʚʨʝʜʥʦʩʪʠ 

ʤʘʛʥʝʪʥʦʛ ʧʦˀʘ, ʢʦʝʿ ʠʤʘ ʟʘʥʝʤʘʨˀʠʚ ʫʪʠʮʘʿ ʥʘ ʧʨʠʨʦʜʥʝ ʬʨʝʢʚʝʥʮʠʿʝ ʩʠʩʪʝʤʘ. ʅʘ ʦʩʥʦʚʫ 

Eringen-ʦʚʝ ʥʝʣʦʢʘʣʥʝ ʪʝʦʨʠʿʝ ʝʣʘʩʪʠʯʥʦʩʪʠ, ʫ ʨʘʜʫ (Murmu, T. ʠ ʩʘʨʘʜʥʠʮʠ 2012ʘ), ʘʫʪʦʨʠ 

ʩʫ ʠʟʫʯʘʚʘʣʠ ʪʨʘʥʩʚʝʨʟʘʣʥʝ ʦʩʮʠʣʘʮʠʿʝ ʜʚʦʟʠʜʥʝ ʫʛˀʝʥʠʯʥʝ ʥʘʥʦʮʝʚʠ-DWCNT ʧʦʜ 

ʫʪʠʮʘʿʝʤ ʣʦʥʛʠʪʫʜʠʥʘʣʥʦʛ ʤʘʛʥʝʪʥʦʛ ʧʦˀʘ. ɸʥʘʣʠʪʠʯʢʠ ʩʫ ʦʜʨʝʹʝʥʝ ʚʨʝʜʥʦʩʪʠ 

ʩʦʧʩʪʚʝʥʠʭ ʢʨʫʞʥʠʭ ʬʨʝʢʚʝʥʮʠʿʘ ʠ ʠʟʚʝʜʝʥʠ ʟʘʢʦʥʠ ʤʘʣʠʭ ʪʨʘʥʩʚʝʨʟʘʣʥʠʭ ʧʦʤʝʨʘˁʘ ʟʘ 

ʧʨʦʩʪʦ ʦʩʣʦˁʝʥʝ DWCNT. ʇʦʢʘʟʘʥʦ ʿʝ ʜʘ ʣʦʥʛʠʪʫʜʠʥʘʣʥʦ ʤʘʛʥʝʪʥʦ ʧʦˀʝ  ʧʦʚʝ˂ʘʚʘ 

ʚʨʝʜʥʦʩʪʠ ʩʦʧʩʪʚʝʥʠʭ ʢʨʫʞʥʠʭ ʬʨʝʢʚʝʥʮʠʿʘ DWCNT ʩʠʩʪʝʤʘ. ʋʪʠʮʘʿ ʘʢʩʠʿʘʣʥʦʛ 

ʤʘʛʥʝʪʥʦʛ ʧʦˀʘ ʥʘ ʜʠʥʘʤʠʯʢʦ ʧʦʥʘʰʘˁʝ ʜʚʦʩʪʨʫʢʦ ʩʧʨʝʛʥʫʪʠʭ ʿʝʜʥʦʟʠʜʥʠʭ ʫʛˀʝʥʠʯʥʠʭ 

ʥʘʥʦʮʝʚʠ ʧʨʠʢʘʟʘʥ ʿʝ ʫ ʨʘʜʫ (Murmu, T. ʠ ʩʘʨʘʜʥʠʮʠ 2012b). ʅʘʥʦ-ʮʝʚʠ ʩʫ ʤʦʜʝʣʠʨʘʥʝ 

ʧʦʤʦ˂ʫ ʩʥʦʧʘ ʛʨʝʜʘ Euler-Bernoulli-ʿʝʚʦʛ ʪʠʧʘ. ʇʨʠʤʝʥʦʤ ʤʝʪʦʜʝ ʨʘʟʜʚʘʿʘˁʘ 

ʧʨʦʤʝʥˀʠʚʠʭ ʨʝʰʘʚʘʥ ʿʝ ʩʠʩʪʝʤ ʦʜ ʜʚʝ ʩʧʨʝʛʥʫʪʝ ʧʘʨʮʠʿʘʣʥʝ ʜʠʬʝʨʝʥʮʠʿʘʣʥʝ ʿʝʜʥʘʯʠʥʝ 

ʠ ʜʦʙʠʿʝʥʦ ʿʝ ʨʝʰʝˁʝ ʟʘ ʧʨʠʨʦʜʥʫ ʬʨʝʢʚʝʥʮʠʿʫ ʥʘʥʦ-ʩʠʩʪʝʤʘ. ʊʘʢʦʹʝ, ʨʘʟʤʘʪʨʘʥ ʿʝ ʫʪʠʮʘʿ 

ʥʝʣʦʢʘʣʥʦʛ ʧʘʨʘʤʝʪʨʘ ʠ ʠʥʪʝʥʟʠʪʝʪ ʣʦʥʛʠʪʫʜʠʥʘʣʥʦʛ ʤʘʛʥʝʪʥʦʛ ʧʦˀʘ ʥʘ ʩʠʥʭʨʦʥʫ ʠ 

ʘʩʠʥʭʨʦʥʫ ʬʘʟʫ ʦʩʮʠʣʘʮʠʿʘ ʩʧʨʝʛʥʫʪʠʭ ʿʝʜʥʦʟʠʜʥʠʭ ʫʛˀʝʥʠʯʥʠʭ ʥʘʥʦʮʝʚʠ. ʋ ʨʘʜʫ 

(Claeyssen, J. R. ʠ ʩʘʨʘʜʥʠʮʠ 2013) ʧʨʦʫʯʘʚʘʥʝ ʩʫ ʧʨʠʥʫʜʥʝ ʦʩʮʠʣʘʮʠʿʝ ʿʝʜʥʦʟʠʜʥʝ 

ʫʛˀʝʥʠʯʥʝ ʥʘʥʦ-ʮʝʚʠ-SWCNT ʤʦʜʝʣʠʨʘʥʝ ʧʦʤʦ˂ʫ ʥʝʣʦʢʘʣʥʝ ʪʝʦʨʠʿʝ Euler-Bernoulli-

ʿʝʚʦʛ ʪʠʧʘ ʛʨʝʜʝ. ʂʦʨʠʩʪʝ˂ʠ ʥʝʣʦʢʘʣʥʫ ʪʝʦʨʠʿʫ ʝʣʘʩʪʠʯʥʦʩʪ ʠ Kirchhoff-ʦʚʫ ʪʝʦʨʠʿʫ ʧʣʦʯʘ, 

ʘʥʘʣʠʟʘ ʧʨʠʥʫʜʥʠʭ ʦʩʮʠʣʘʮʠʿʘ ʥʘʥʦ-ʧʣʦʯʘ ʧʨʠʢʘʟʘʥʘ ʿʝ ʫ ʨʘʜʫ (Aksencer, T. ʠ Aydogdu, M., 

2012). ʋʪʠʮʘʿ ʧʨʠʛʫʰʝˁʘ ʠ ʘʢʩʠʿʘʣʥʦʛ ʤʘʛʥʝʪʥʦʛ ʧʦˀʘ ʥʘ ʦʩʮʠʣʘʮʠʿʝ ʩʠʩʪʝʤʘ ʦʜ ʚʠʰʝ 

ʚʠʩʢʦʝʣʘʩʪʠʯʥʦ ʩʧʨʝʛʥʫʪʠʭ ʫʛˀʝʥʠʯʥʠʭ ʥʘʥʦʮʝʚʠ ʘʥʘʣʠʟʠʨʘʥʠ ʩʫ ʫ ʨʘʜʫ (Karliļiĺ, D. ʠ 

ʩʘʨʘʜʥʠʮʠ 2014a). ʇʨʦʙʣʝʤ ʩʪʦʭʘʩʪʠʯʢʝ ʩʪʘʙʠʣʥʦʩʪʠ ʚʠʰʝ ʚʠʩʢʦʝʣʘʩʪʠʯʥʦ ʧʦʚʝʟʘʥʠʭ 

ʥʘʥʦ ʛʨʝʜʘ ʨʘʟʤʘʪʨʘʥ ʿʝ ʫ ʨʘʜʫ (Pavloviĺ, R. I. ʠ ʩʘʨʘʜʥʠʮʠ 2016). ʋ ʨʘʜʫ ʿʝ ʜʝʪʘˀʥʦ 

ʧʨʦʫʯʘʚʘʥʘ ʩʪʘʙʠʣʥʦʩʪ ʦʚʘʢʚʦʛ ʩʠʩʪʝʤʘ ʧʦʜʚʨʛʥʫʪʦʛ ʘʢʩʠʿʘʣʥʠʤ ʩʪʦʭʘʩʪʠʯʢʠʤ ʩʠʣʘʤʘ 

ʢʦʿʝ ʩʫ ʤʦʜʝʣʠʨʘʥʝ ʧʨʦʮʝʩʠʤʘ ʙʝʣʦʛ, ʨʝʘʣʥʦʛ ʠ ʦʛʨʘʥʠʯʝʥʦʛ ʰʫʤʘ. ʅʘ ʦʩʥʦʚʫ Eringen-ʦʚʝ 



8 
 

ʥʝʣʦʢʘʣʥʝ ʪʝʦʨʠʿʝ, ʜʠʬʝʨʝʥʮʠʿʘʣʥʝ ʿʝʜʥʘʯʠʥʝ ʥʘʥʦ ʛʨʝʜʘ ʩʫ ʜʘʪʝ ʟʘ Helmholtz-ʦʚ ʠ ʙʠ-

Helmholtz-ʦʚ ʦʙʣʠʢ ʿʝʟʛʨʘ. 

ʄʥʦʛʠ ʠʩʪʨʘʞʠʚʘʯʠ ʩʫ ʬʦʢʫʩʠʨʘʣʠ ʩʚʦʿʘ ʠʩʪʨʘʞʠʚʘˁʘ ʥʘ ʦʜʨʝʹʝʥʠ ʧʨʦʙʣʝʤ 

ʧʨʠʥʫʜʥʠʭ ʦʩʮʠʣʘʮʠʿʘ ʢʘʦ ʰʪʦ ʿʝ ʫʪʠʮʘʿ ʧʦʢʨʝʪʥʠʭ ʥʘʥʦʯʝʩʪʠʮʘ ʥʘ ʥʘʥʦ-ʩʪʨʫʢʪʫʨʥʝ 

ʝʣʝʤʝʥʪʝ ʥʘʥʦʮʝʚʠ ʠ ʥʘʥʦʧʣʦʯa (Kiani, K., Mehri, B., 2010 ʠ ķimĸek, M., 2010). ʋ ʨʘʜʫ 

(ķimĸek, M., 2011) ʿʝ ʧʨʝʜʩʪʘʚˀʝʥʘ ʘʥʘʣʠʪʠʯʢʘ ʘʥʘʣʠʟʘ ʧʨʠʥʫʜʥʠʭ ʦʩʮʠʣʘʮʠʿʘ ʝʣʘʩʪʠʯʥʦ 

ʩʧʨʝʛʥʫʪʦʛ ʩʠʩʪʝʤʘ ʤʦʜʝʣʠʨʘʥʦʛ ʦʜ ʜʚʦʟʠʜʥʠʭ ʫʛˀʝʥʠʯʥʠʭ ʥʘʥʦʮʝʚʠ-DWCNT ʢʦʿʠ ʥʦʩʠ 

ʧʦʢʨʝʪʥʫ ʥʘʥʦʯʝʩʪʠʮʫ. ʋ ʪʦʤ ʨʘʜʫ ʿʝ ʨʘʟʤʘʪʨʘʥ ʫʪʠʮʘʿ ʥʝʣʦʢʘʣʥʦʛ ʧʘʨʘʤʝʪʨʘ, ʙʨʟʠʥʘ 

ʧʦʢʨʝʪʥʝ ʥʘʥʦʯʝʩʪʠʮʝ ʠ ʫʪʠʮʘʿ ʝʣʘʩʪʠʯʥʦʛ ʩʣʦʿʘ ʥʘ ʪʨʘʥʩʚʝʨʟʘʣʥʘ ʧʦʤʝʨʘˁʘ ʥʘʥʦ-

ʩʠʩʪʝʤʘ. ʋ ʨʘʜʫ (Pavloviĺ R. I. ʠ ʩʘʨʘʜʥʠʮʠ 2019ʘ) ʩʫ ʘʥʘʣʠʟʠʨʘʥʝ ʦʩʮʠʣʘʮʠʿʝ 

ʚʠʩʢʦʝʣʘʩʪʠʯʥʝ ʥʘʥʦ ʛʨʝʜʝ ʧʦʜ ʫʪʠʮʘʿʝʤ ʘʢʩʠʿʘʣʥʠʭ ʧʨʠʪʠʩʥʠʭ ʩʠʣʘ ʢʦʿʝ ʧʦʨʝʜ ʩʚʦʛ 

ʢʦʥʩʪʘʥʪʥʦʛ ʜʝʿʩʪʚʘ ʩʘʜʨʞʝ ʠ ʚʨʝʤʝʥʩʢʠ ʟʘʚʠʩʥʝ ʩʪʦʭʘʩʪʠʯʢʝ ʬʫʥʢʮʠʿʝ. ʇʨʠʤʝʥʦʤ 

ʥʝʣʦʢʘʣʥʝ ʪʝʦʨʠʿʝ ʛʨʘʜʠʿʝʥʪʘ ʚʠʰʝʛ ʨʝʜʘ ʠ ʜʠʨʝʢʪʥʝ ʤʝʪʦʜʝ ɲʘʧʫʥʦʚʘ, ʫ ʨʘʜʫ (Pavloviĺ, 

R. I. ʠ ʩʘʨʘʜʥʠʮʠ 2019ʙ) ʨʘʟʤʘʪʨʘʥʘ ʿʝ ʜʠʥʘʤʠʯʢʘ ʩʪʘʙʠʣʥʦʩʪ ʠ ʥʝʩʪʘʙʠʣʥʦʩʪ ʘʢʩʠʿʘʣʥʦ 

ʥʘʧʨʝʛʥʫʪʝ ʥʘʥʦ ʛʨʝʜʝ. 

ɸʥʘʣʠʟʘ ʩʣʦʙʦʜʥʠʭ ʦʩʮʠʣʘʮʠʿʘ ʦʨʪʦʪʨʦʧʥʠʭ ʥʘʥʦ-ʧʣʦʯʘ ʧʨʝʜʩʪʘʚˀʝʥʘ ʿʝ ʫ ʨʘʜʫ 

(Malekzadeh, P. ʠ ʩʘʨʘʜʥʠʮʠ 2011). ʋ ʨʘʜʫ (Murmu, T. ʠ Adhikari, S.  2011b) ʦʧʠʩʘʥʝ ʩʫ 

ʩʠʥʭʨʦʥʝ ʦʩʮʠʣʘʮʠʿʝ ʧʨʠ ʥʠʞʠʤ ʬʨʝʢʚʝʥʮʠʿʘʤʘ ʠ ʘʩʠʥʭʨʦʥʝ ʦʩʮʠʣʘʮʠʿʝ ʧʨʠ ʚʠʰʠʤ 

ʩʦʧʩʪʚʝʥʠʤ ʬʨʝʢʚʝʥʮʠʿʘʤʘ ʿʝʜʥʦʛ ʥʘʥʦ-ʩʠʩʪʝʤʘ ʩʘʯʠˁʝʥʦʛ ʦʜ ʜʚʝʿʫ ʩʧʨʝʛʥʫʪʠʭ ʥʘʥʦ-

ʧʣʦʯʘ. ʇʨʦʙʣʝʤ ʩʣʦʙʦʜʥʠʭ ʩʠʥʭʨʦʥʠʭ ʠ ʘʩʠʥʭʨʦʥʠʭ ʦʩʮʠʣʘʮʠʿʘ ʩʧʨʝʛʥʫʪʠʭ ʤʠʢʨʦ-ʛʨʝʜʘ 

ʧʨʠ ʫʪʠʮʘʿʫ ʧʨʦʤʝʥʝ ʪʝʤʧʝʨʘʪʫʨʝ ʘʥʘʣʠʟʠʨʘʥ ʿʝ ʫ  ʨʘʜʫ (Atanasov, M. S. ʠ ʩʘʨʘʜʥʠʮʠ 

2017b). ʇʨʦʙʣʝʤʠ ʦʩʮʠʣʦʚʘˁʘ ʥʘʥʦ-ʧʣʦʯʘ ʠ ʥʘʥʦ-ʛʨʝʜʘ ʧʦʜ ʫʪʠʮʘʿʝʤ ʨʘʟʣʠʯʠʪʠʭ 

ʧʘʨʘʤʝʪʘʨʘ ʟʘʫʟʝʣʠ ʩʫ ʟʥʘʯʘʿʥʦ ʤʝʩʪʦ ʫ ʪʝʦʨʠʿʩʢʦʤ ʠʩʪʨʘʞʠʚʘˁʫ ʢʦʜ ʤʥʦʛʠʭ ʠʩʪʨʘʞʠʚʘʯʘ. 

ʄʥʦʛʠ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʠ ʥʘʥʦ-ʤʦʜʝʣʠ ʟʘʩʥʦʚʘʥʠ ʩʫ ʥʘ ʧʨʦʫʯʘʚʘˁʫ ʫʪʠʮʘʿʘ ʥʝʣʦʢʘʣʥʦʛ ʠ 

ʤʥʦʛʠʭ ʜʨʫʛʠʭ ʧʘʨʘʤʝʪʘʨʘ ʥʘ ʧʦʥʘʰʘˁʝ ʘʥʘʣʠʟʠʨʘʥʦʛ ʩʠʩʪʝʤʘ (Stamenkoviĺ, M. ʠ 

ʩʘʨʘʜʥʠʮʠ 2016, Atanasov, M. S. ʠ ʩʘʨʘʜʥʠʮʠ 2017 ʠ Pavloviĺ ʠ ʩʘʨʘʜʥʠʮʠ 2020). ʏʠˁʝʥʠʮʝ 

ʜʘ ʥʝʣʦʢʘʣʥʠ ʧʘʨʘʤʝʪʘʨ ʥʘʨʦʯʠʪʦ ʫʪʠʯʝ ʥʘ ʪʨʘʥʩʚʝʨʟʘʣʥʝ ʦʩʮʠʣʘʮʠʿʝ ʥʘʥʦ-ʩʠʩʪʝʤʘ 

ʩʘʯʠˁʝʥʦʛ ʦʜ ʝʣʘʩʪʠʯʥʦ ʩʧʨʝʛʥʫʪʠʭ ʥʘʥʦ-ʧʣʦʯʘ, ʪʝ ʜʘ ʩʫ ʩʦʧʩʪʚʝʥʝ ʬʨʝʢʚʝʥʮʠʿʝ ʩʠʩʪʝʤʘ 

ʩʘ ʥʝʣʦʢʘʣʥʠʤ ʧʘʨʘʤʝʪʨʦʤ ʥʠʞʝ ʦʜ ʩʦʧʩʪʚʝʥʠʭ ʬʨʝʢʚʝʥʮʠʿʘ ʩʠʩʪʝʤʘ ʫ ʢʦʿʠʤʘ ʫʪʠʮʘʿ 

ʥʝʣʦʢʘʣʥʦʛ ʧʘʨʘʤʝʪʨʘ ʥʠʿʝ ʫʟʝʪ ʫ ʦʙʟʠʨ, ʜʦʢʘʟʘʥʝ ʩʫ ʫ ʨʘʜʫ (Adhikari, S. ʠ Murmu, T., 2011). 

ʆʩʮʠʣʘʮʠʿʝ ʛʨʘʬʝʥʩʢʦʛ ʣʠʩʪʠ˂ʘ, ʢʘʦ ʥʦʚʘ ʚʨʩʪʘ ʥʘʥʦ-ʩʝʥʟʦʨʘ ʤʘʩʝ, ʧʦʜ ʫʪʠʮʘʿʝʤ 

ʤʘʛʥʝʪʥʦʛ ʧʦˀʘ ʫ ʨʘʚʥʠ ʩʫ ʨʘʟʤʘʪʨʘʥʝ ʫ ʨʘʜʫ (Karliļiĺ, D. ʠ ʩʘʨʘʜʥʠʮʠ, 2015b), ʧʨʠ ʯʝʤʫ 

ʩʝ ʜʦʰʣʦ ʜʦ ʟʘʢˀʫʯʢʘ ʜʘ ʩʧʦˀʥʦ ʤʘʛʥʝʪʥʦ ʧʦˀʝ ʠʤʘ ʚʝʣʠʢʠ ʫʪʠʮʘʿ ʥʘ ʦʩʝʪˀʠʚʦʩʪ ʥʘʥʦ-

ʩʝʥʟʦʨʘ ʤʘʩʝ. ɸʥʘʣʠʟʘ ʧʨʦʩʪʦ ʦʩʣʦˁʝʥʝ ʦʨʪʦʪʨʦʧʥʝ ʿʝʜʥʦʩʣʦʿʥʝ ʛʨʘʬʝʥʩʢʝ ʧʣʦʯʝ ʢʦʿʘ 

ʣʝʞʠ ʥʘ ʚʠʩʢʦʝʣʘʩʪʠʯʥʦʿ Pasternak-ʦʚʦʿ ʧʦʜʣʦʟʠ ʠ ʢʦʿʘ ʿʝ ʠʟʣʦʞʝʥʘ ʩʧʦˀʥʠʤ 

ʦʧʪʝʨʝ˂ʝˁʠʤʘ ʜʘʪʘ ʿʝ ʫ (Arani, A. G. ʠ Jalaei, M. H., 2016). ʋʪʠʮʘʿʠ ʩʧʦˀʘʰˁʠʭ ʦʧʪʝʨʝ˂ʝˁʘ 

ʧʨʠ ʧʨʦʫʯʘʚʘˁʫ ʧʨʠʥʫʜʥʠʭ ʦʩʮʠʣʘʮʠʿʘ ʧʨʘʚʦʫʛʘʦʥʠʭ ʥʘʥʦ-ʧʣʦʯʘ ʘʥʘʣʠʟʠʨʘʥʠ ʩʫ ʫ ʨʘʜʫ 

(Assadi, A., 2013).  

ʄʥʦʛʠ ʠʩʪʨʘʞʠʚʘʯʠ ʩʫ ʟʘ ʧʦʚʝʟʠʚʘˁʝ ʜʚʘ ʠ ʚʠʰʝ ʝʣʝʤʝʥʘʪʘ  ʢʦʨʠʩʪʠʣʠ ʝʣʘʩʪʠʯʥʠ 

ʩʣʦʿ, ʢʦʿʠ ʩʝ ʘʧʨʦʢʩʠʤʠʨʘ Winkler-ʦʚʠʤ ʤʦʜʝʣʦʤ ʜʠʩʢʨʝʪʥʦ ʨʘʩʧʦʨʝʹʝʥʠʤ ʩʣʦʿʝʤ ʦʧʨʫʛʘ 
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ʣʠʥʝʘʨʥʠʭ ʢʨʫʪʦʩʪʠ ʢʦʿʝ ʜʝʣʫʿʫ ʧʦ ˁʠʭʦʚʦʿ ʧʦʚʨʰʠʥʠ. ɸʥʘʣʠʟʘ ʩʣʦʙʦʜʥʠʭ ʠ ʧʨʠʥʫʜʥʠʭ 

ʦʩʮʠʣʘʮʠʿʘ ʜʚʘ ʥʦʩʘʯʘ Euler-Bernoulli-ʿʝʚʦʛ ʪʠʧʘ ʩʧʨʝʛʥʫʪʘ Winkler-ʦʚʠʤ ʝʣʘʩʪʠʯʥʠʤ 

ʩʣʦʿʝʤ, ʧʨʝʜʩʪʘʚˀʝʥʘ ʿʝ ʫ ʨʘʜʦʚʠʤʘ (Zhang, Y. Q. ʠ ʩʘʨʘʜʥʠʮʠ 2008ʘ, 2008b, Oniszczuk Z., 

2000ʘ, Oniszczuk, Z. 2003). ɼʝʪʘˀʥʦ ʩʫ ʦʧʠʩʘʥʘ ʘʥʘʣʠʪʠʯʢʘ ʨʝʰʝˁʘ ʩʦʧʩʪʚʝʥʠʭ ʢʨʫʞʥʠʭ 

ʬʨʝʢʚʝʥʮʠʿʘ, ʘʤʧʣʠʪʫʜʘ ʠ ʦʙʣʠʢʘ ʦʩʮʠʣʦʚʘˁʘ. ʇʨʠʢʘʟʘʥ ʿʝ ʠ ʫʪʠʮʘʿ ʢʨʫʪʦʩʪʠ Winkler-ʦʚʦʛ 

ʝʣʘʩʪʠʯʥʦʛ ʩʣʦʿʘ ʥʘ ʬʨʝʢʚʝʥʮʠʿʝ ʠ ʘʤʧʣʠʪʫʜʝ ʩʠʩʪʝʤʘ. ʈʘʜ (Zhang, Y. Q. ʠ ʩʘʨʘʜʥʠʮʠ 

2008ʘ) ʧʦʩʣʫʞʠʦ ʿʝ ʟʘ ʚʘʣʠʜʘʮʠʿʫ ʨʝʟʫʣʪʘʪʘ ʫ ʪʨʝ˂ʝʤ ʧʦʛʣʘʚˀʫ ʦʚʝ ʜʠʩʝʨʪʘʮʠʿʝ ʟʘ ʩʣʫʯʘʿ 

ʢʘʜʘ ʿʝ ʫ ʿʝʜʥʘʯʠʥʘʤʘ ʟʘʥʝʤʘʨʝʥ ʥʝʣʦʢʘʣʥʠ ʧʘʨʘʤʝʪʘʨ ʯʠʤʝ ʩʝ ʥʝʣʦʢʘʣʥʘ ʪʝʦʨʠʿʘ ʩʚʝʣʘ ʥʘ 

ʣʦʢʘʣʥʫ.  ʋ ʨʘʜʦʚʠʤʘ (Janevski, G. ʠ ʩʘʨʘʜʥʠʮʠ 2020a  ʠ 2020b)  ʨʘʟʤʘʪʨʘʥʝ ʩʫ  ʩʣʦʙʦʜʥʝ 

ʦʩʮʠʣʘʮʠʿʝ ʝʣʘʩʪʠʯʥʠʭ ʥʘʥʦ-ʛʨʝʜʘ Euler-Bernoulli-ʿʝʚʦʛ ʠ ʊʠʤʦʰʝʥʢʦʚʦʛ ʪʠʧʘ ʧʦʜ 

ʜʝʿʩʪʚʦʤ ʪʝʨʤʠʯʢʠʭ ʦʧʪʝʨʝ˂ʝˁʘ ʠ ʘʥʘʣʠʟʠʨʘʥʝ ʩʫ ʢʨʠʪʠʯʥʝ ʩʠʣʝ ʠʟʚʠʿʘˁʘ. 

ʋ ʨʘʜʫ (Stamenkoviĺ, M. ʠ ʩʘʨʘʜʥʠʮʠ 2016) ʘʥʘʣʠʟʠʨʘʥʝ ʩʫ ʩʣʦʙʦʜʥʝ ʠ ʧʨʠʥʫʜʥʝ 

ʦʩʮʠʣʘʮʠʿʝ ʜʚʝ ʥʘʥʦ-ʮʝʚʠ ʩʧʨʝʛʥʫʪʝ Winkler-ʦʚʠʤ ʝʣʘʩʪʠʯʥʠʤ ʩʣʦʿʝʤ. ɼʝʪʘˀʥʦ ʩʫ 

ʦʧʠʩʘʥʘ ʘʥʘʣʠʪʠʯʢʘ ʨʝʰʝˁʘ ʩʦʧʩʪʚʝʥʠʭ ʬʨʝʢʚʝʥʮʠʿʘ, ʘʤʧʣʠʪʫʜʘ ʠ ʦʙʣʠʢʘ ʦʩʮʠʣʦʚʘˁʘ. 

ʉʧʨʦʚʝʜʝʥʘ ʿʝ ʜʝʪʘˀʥʘ  ʘʥʘʣʠʪʠʯʢʘ ʘʥʘʣʠʟʘ ʠ ʜʦʙʠʿʝʥʠ ʥʫʤʝʨʠʯʢʠ ʨʝʟʫʣʪʘʪʠ ʢʦʿʠ ʦʧʠʩʫʿʫ 

ʧʨʠʥʫʜʥʝ ʦʩʮʠʣʘʮʠʿʝ ʟʘ ʯʝʪʠʨʠ ʨʘʟʣʠʯʠʪʘ ʩʣʫʯʘʿʘ ʩʧʦˀʘʰˁʠʭ ʦʧʪʝʨʝ˂ʝˁʘ: ʩʣʫʯʘʿ ʢʘʜʘ 

ʜʝʣʫʿʝ ʢʦʥʪʠʥʫʘʣʥʦ ʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʦʨʝʹʝʥʦ ʭʘʨʤʦʥʠʿʩʢʦ ʦʧʪʝʨʝ˂ʝˁʝ, ʩʣʫʯʘʿ ʢʘʜʘ ʜʝʣʫʿʝ 

ʭʘʨʤʦʥʠʿʩʢʘ ʢʦʥʮʝʥʪʨʠʩʘʥʘ ʩʠʣʘ, ʩʣʫʯʘʿ ʢʘʜʘ ʜʝʣʫʿʝ ʧʦʢʨʝʪʥʘ ʩʠʣʘ ʢʦʥʩʪʘʥʪʥʦʛ 

ʠʥʪʝʥʟʠʪʝʪʘ ʠ ʩʣʫʯʘʿ ʢʘʜʘ ʜʝʣʫʿʝ ʧʦʢʨʝʪʥʘ ʭʘʨʤʦʥʠʿʩʢʘ ʩʠʣʘ. ʀʩʧʠʪʘʥ ʿʝ ʫʪʠʮʘʿ 

ʥʝʣʦʢʘʣʥʦʛ ʧʘʨʘʤʝʪʨʘ ʠ ʣʦʥʛʠʪʫʜʠʥʘʣʥʦʛ ʤʘʛʥʝʪʥʦʛ ʧʦˀʘ ʥʘ ʟʘʢʦʥʝ ʤʘʣʠʭ 

ʪʨʘʥʩʚʝʨʟʘʣʥʠʭ ʧʦʤʝʨʘˁʘ ʥʘʥʦ-ʩʠʩʪʝʤʘ.  ʈʝʟʫʣʪʘʪʠ ʫʪʠʮʘʿʘ ʧʨʠʪʠʩʥʠʭ ʘʢʩʠʿʘʣʥʠʭ ʩʠʣʘ ʠ 

ˁʠʭʦʚʦ ʜʝʿʩʪʚʦ ʥʘ ʘʤʧʣʠʪʫʜʝ ʦʩʮʠʣʦʚʘˁʘ ʧʦʢʘʟʘʣʠ ʩʫ ʚʝʦʤʘ ʜʦʙʨʦ ʩʣʘʛʘˁʝ ʩʘ 

ʨʝʟʫʣʪʘʪʠʤʘ ʠʟ ʨʘʜʘ (Zhang, Y. Q. ʠ ʩʘʨʘʜʥʠʮʠ 2008ʘ). 

ʋ ʨʘʜʦʚʠʤʘ (Oniszczuk, Z., 2000b, 2004) ʿʝ ʦʧʠʩʘʥ ʧʨʦʙʣʝʤ ʜʚʝʿʫ ʧʣʦʯʘ ʤʝʹʫʩʦʙʥʦ 

ʩʧʨʝʛʥʫʪʠʭ Winkler-ʦʚʠʤ ʝʣʘʩʪʠʯʥʠʤ ʩʣʦʿʝʤ. ɼʝʪʘˀʥʦ ʿʝ ʧʨʠʢʘʟʘʥʦ ʦʜʨʝʹʠʚʘˁʝ 

ʩʦʧʩʪʚʝʥʠʭ ʬʨʝʢʚʝʥʮʠʿʘ, ʘʤʧʣʠʪʫʜʘ ʠ ʦʙʣʠʢʘ ʦʩʮʠʣʦʚʘˁʘ. ʋ ʯʝʪʚʨʪʦʤ ʧʦʛʣʘʚˀʫ ʦʚʝ 

ʜʠʩʝʨʪʘʮʠʿʝ ʥʘ ʦʩʥʦʚʫ Kirchhoff-ʦʚʝ ʪʝʦʨʠʿʝ ʧʣʦʯʘ (Reddy, J. N., 2004, Reddy, J. N., 2006 ʠ 

Karliļiĺ, D., 2015) ʠ Eringen-ʦʚʝ ʥʝʣʦʢʘʣʥʝ ʪʝʦʨʠʿʝ ʝʣʘʩʪʠʯʥʦʩʪʠ (Eringen, A. C., 1972, 

Eringen, A. C., 2002) ʠʟʚʝʜʝʥʝ ʩʫ ʜʠʬʝʨʝʥʮʠʿʘʣʥʝ ʿʝʜʥʘʯʠʥʝ ʢʦʿʝ ʦʧʠʩʫʿʫ ʤʘʣʘ 

ʪʨʘʥʩʚʝʨʟʘʣʥʘ ʧʦʤʝʨʘˁʘ ʜʚʝʿʫ ʥʘʥʦ-ʧʣʦʯʘ ʤʝʹʫʩʦʙʥʦ ʧʦʚʝʟʘʥʠʭ Winkler-ʦʚʠʤ 

ʝʣʘʩʪʠʯʥʠʤ ʩʣʦʿʝʤ. ʈʘʜʦʚʠ (Oniszczuk, Z., 2000b, 2004) ʧʦʩʣʫʞʠʣʠ ʩʫ ʟʘ ʚʘʣʠʜʘʮʠʿʫ 

ʨʝʟʫʣʪʘʪʘ ʫ ʯʝʪʚʨʪʦʤ ʧʦʛʣʘʚˀʫ ʢʘʜʘ ʿʝ ʫ ʿʝʜʥʘʯʠʥʘʤʘ ʟʘʥʝʤʘʨʝʥ ʥʝʣʦʢʘʣʥʠ ʧʘʨʘʤʝʪʘʨ ʠ 

ʥʝʣʦʢʘʣʥʘ ʪʝʦʨʠʿʘ ʿʝ ʩʚʝʜʝʥʘ ʥʘ ʣʦʢʘʣʥʫ.  ʊʘʢʦʹʝ,  ʫ ʦʚʦʤ ʧʦʛʣʘʚˀʫ ʩʫ ʧʨʠʢʘʟʘʥʠ ʠ 

ʨʝʟʫʣʪʘʪʠ ʘʤʧʣʠʪʫʜʘ ʦʩʮʠʣʦʚʘˁʘ ʩʠʩʪʝʤʘ ʢʦʿʠ ʩʫ ʚʝʨʠʬʠʢʦʚʘʥʠ ʨʝʟʫʣʪʘʪʠʤʘ ʠʟ ʨʘʜʦʚʘ 

(Oniszczuk, Z., 2000b, 2004). 

ʋ ʨʘʜʫ (Atanasov, M. S. ʠ ʩʘʨʘʜʥʠʮʠ 2017a), ʨʘʟʤʘʪʨʘʥ ʿʝ ʩʣʫʯʘʿ ʜʚʝʿʫ ʥʘʥʦ-ʧʣʦʯʘ 

ʤʝʹʫʩʦʙʥʦ ʩʧʨʝʛʥʫʪʠʭ Winkler-ʦʚʠʤ ʝʣʘʩʪʠʯʥʠʤ ʩʣʦʿʝʤ ʢʘʦ ʠ ʫʪʠʮʘʿ ʣʦʥʛʠʪʫʜʠʥʘʣʥʦʛ 

ʤʘʛʥʝʪʥʦʛ ʧʦˀʘ ʥʘ ʦʜʥʦʩʝ ʘʤʧʣʠʪʫʜʘ ʦʩʮʠʣʦʚʘˁʘ ʥʘʥʦ-ʩʠʩʪʝʤʘ ʟʘ ʪʨʠ ʩʣʫʯʘʿʘ 

ʩʧʦˀʘʰˁʠʭ ʪʨʘʥʩʚʝʨʟʘʣʥʠʭ ʦʧʪʝʨʝ˂ʝˁʘ. 
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ʄʥʦʛʠ ʠʩʪʨʘʞʠʚʘʯʠ ʩʫ ʘʥʘʣʠʟʠʨʘʣʠ ʫʪʠʮʘʿ ʢʨʠʚʠʥʝ ʥʘ ʩʦʧʩʪʚʝʥʝ ʬʨʝʢʚʝʥʮʠʿʝ ʠ 

ʚʝʣʠʯʠʥʫ ʘʤʧʣʠʪʫʜʘ ʦʩʮʠʣʘʮʠʿʘ ʧʨʘʚʦʫʛʘʦʥʠʭ ʧʣʠʪʢʠʭ ˀʫʩʢʠ. ɱʝʜʥʦ ʦʜ ʪʘʢʚʠʭ 

ʠʩʪʨʘʞʠʚʘˁʘ ʜʘʪʦ ʿʝ ʫ ʨʘʜʫ (Leissa, A. W. ʠ ʩʘʨʘʜʥʠʮʠ 1971). ʉʘʚʨʝʤʝʥʘ ʠʩʪʨʘʞʠʚʘˁʘ, 

ʧʦʨʝʜ ʩʚʝʛʘ, ʨʘʟʤʘʪʨʘʿʫ ʠ ʫʪʠʮʘʿ ʥʝʣʦʢʘʣʥʦʛ ʧʘʨʘʤʝʪʨʘ ʥʘ ʜʠʥʘʤʠʯʢʦ ʧʦʥʘʰʘˁʝ 

ʤʝʭʘʥʠʯʢʠʭ ʩʠʩʪʝʤʘ ʥʘʥʦ-ˀʫʩʢʠ.  

ʆʪʚʦʨʝʥʝ ʧʣʠʪʢʝ ˀʫʩʢʝ ʠʤʘʿʫ ʚʝʣʠʢʝ ʨʘʜʠʿʫʩʝ ʟʘʢʨʠʚˀʝʥʦʩʪʠ ʫ ʧʦʨʝʹʝˁʫ ʩʘ 

ʦʩʪʘʣʠʤ ʧʘʨʘʤʝʪʨʠʤʘ ˀʫʩʢʝ. ʇʣʠʪʢʝ ˀʫʩʢʝ ʤʦʛʫ ʙʠʪʠ ʜʚʦʩʪʨʘʥʦ ʟʘʢʨʠʚˀʝʥʝ ʠ ʫ 

ʠʥʞʝˁʝʨʩʢʦʿ ʧʨʘʢʩʠ ʤʦʛʫ ʥʘ˂ʠ ʚʠʰʝ ʧʨʠʤʝʥʘ. ʉʣʦʙʦʜʥʝ ʦʩʮʠʣʘʮʠʿʝ ʢʦʤʧʦʟʠʪʥʦʛ ʩʠʩʪʝʤʘ 

ʢʦʿʠ ʩʝ ʩʘʩʪʦʿʠ ʦʜ ʩʧʨʝʛʥʫʪʝ ʧʣʦʯʝ ʠ ʮʠʣʠʥʜʨʠʯʥʝ ˀʫʩʢʝ ʧʨʝʜʩʪʘʚˀʝʥʝ ʩʫ ʫ (Hwu, C. ʠ 

ʩʘʨʘʜʥʠʮʠ 2017). ʉʚʝʦʙʫʭʚʘʪʥʘ ʘʥʘʣʠʟʘ ʩʣʦʙʦʜʥʠʭ ʦʩʮʠʣʘʮʠʿʘ ʜʚʦʩʪʨʘʥʦ ʟʘʢʨʠʚˀʝʥʠʭ 

ʧʣʠʪʢʠʭ ˀʫʩʢʠ ʠʟʨʘʹʝʥʠʭ ʦʜ ʦʨʪʦʪʨʦʧʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʿʝ ʧʨʝʜʩʪʘʚˀʝʥʘ ʫ ʨʘʜʫ (Ghavanloo, 

E. ʠ ʩʘʨʘʜʥʠʮʠ 2013). 

ʋ ʮʠˀʫ ʧʨʦʿʝʢʪʦʚʘˁʘ ʿʦʰ ʿʝʜʥʦʛ ʥʦʚʦʛ ʥʘʥʦʩʝʥʟʦʨʘ ʤʦʞʝ ʧʦʩʣʫʞʠʪʠ ʩʧʝʮʠʿʘʣʘʥ 

ʤʦʜʝʣ ʥʘʥʦ-ʩʠʩʪʝʤʘ ʩʘʩʪʘʚˀʝʥʦʛ ʦʜ ʥʘʥʦ-ʧʣʦʯʝ ʠ ʜʚʦʩʪʨʘʥʦ ʟʘʢʨʠʚˀʝʥʝ ʧʣʠʪʢʝ ʥʘʥʦ-

ˀʫʩʢʝ ʤʝʹʫʩʦʙʥʦ ʧʦʚʝʟʘʥʝ ʝʣʘʩʪʠʯʥʠʤ ʩʣʦʿʝʤ, ʢʦʿʠ ʩʝ ʘʧʨʦʢʩʠʤʠʨʘ Winkler-ʦʚʠʤ 

ʤʦʜʝʣʦʤ.  ʈʘʟʣʠʯʠʪʠ ʫʪʠʮʘʿʠ ʨʘʜʠʿʫʩʘ ʟʘʢʨʠʚˀʝʥʦʩʪʠ ʧʣʠʪʢʝ ʜʚʦʩʪʨʘʥʦ ʟʘʢʨʠʚˀʝʥʝ ʥʘʥʦ-

ˀʫʩʢʝ, ʚʝʣʠʯʠʥʝ ʧʨʠʥʫʜʥʝ ʩʠʣʝ, ʧʨʦʤʝʥʘ ʚʨʝʜʥʦʩʪʠ ʥʝʣʦʢʘʣʥʦʛ ʧʘʨʘʤʝʪʨʘ ʠ 

ʢʦʝʬʠʮʠʿʝʥʘʪʘ ʧʨʦʧʦʨʮʠʦʥʘʣʥʦʩʪʠ ʧʨʠʛʫʰʝˁʘ ʥʘ ʜʠʥʘʤʠʯʥʦ ʧʦʥʘʰʘˁʝ ʤʝʭʘʥʠʯʢʦʛ 

ʥʘʥʦ-ʩʠʩʪʝʤʘ ʩʫ ʜʝʪʘˀʥʦ ʘʥʘʣʠʟʠʨʘʥʠ ʫ ʧʝʪʦʤ ʧʦʛʣʘʚˀʫ ʦʚʝ ʜʦʢʪʦʨʩʢʝ ʜʠʩʝʨʪʘʮʠʿʝ. ʅʝʢʠ 

ʦʜ ʨʝʟʫʣʪʘʪʘ ʧʨʠʢʘʟʘʥʠʭ ʫ ʧʝʪʦʤ ʧʦʛʣʘʚˀʫ, ʧʨʠʢʘʟʘʥʠ ʩʫ ʫ ʨʘʜʦʚʠʤʘ (Atanasov, M. S. ʠ 

ʩʘʨʘʜʥʠʮʠ 2021 ʠ Atanasov, M. S. ʠ ʩʘʨʘʜʥʠʮʠ 2022). 

ʉʣʦʙʦʜʥʝ ʦʩʮʠʣʘʮʠʿʝ ʿʝʜʥʦʛ ʨʦʪʠʨʘʿʫ˂ʝʛ ʢʦʥʟʦʣʥʦʛ ʥʘʥʦ-ʥʦʩʘʯʘ ʘʥʘʣʠʟʠʨʘʥʝ ʩʫ ʫ 

ʨʘʜʫ (Pradhan, S. C. ʠ Murmu, T. 2010). ʋ ʨʘʜʫ ʩʫ ʜʝʪʘˀʥʦ ʧʨʦʫʯʘʚʘʥʠ ʫʪʠʮʘʿʠ ʥʝʣʦʢʘʣʥʦʛ 

ʧʘʨʘʤʝʪʨʘ, ʧʘʨʘʤʝʪʨʘ ʫʛʘʦʥʝ ʙʨʟʠʥʝ ʨʦʪʠʨʘˁʘ ʠ ʧʘʨʘʤʝʪʨʘ ʨʘʜʠʿʫʩʘ ʛʣʘʚʯʠʥʝ ʥʘ ʧʨʠʨʦʜʥʝ 

ʬʨʝʢʚʝʥʮʠʿʝ ʩʠʩʪʝʤʘ. ɼʠʥʘʤʠʢʘ ʨʦʪʠʨʘʿʫ˂ʝʛ ʥʘʥʦ-ʥʦʩʘʯʘ ʿʝ ʦʜ ʧʨʘʢʪʠʯʥʦʛ ʟʥʘʯʘʿʘ, 

ʧʦʩʝʙʥʦ ʢʘʜʘ ʩʝ ʠʩʧʠʪʫʿʝ ʫʪʠʮʘʿ ʩʧʦˀʘʰˁʝʛ ʦʧʪʝʨʝ˂ʝˁʘ. ʌʠʟʠʯʢʠ ʤʦʜʝʣ ʨʦʪʠʨʘʿʫ˂ʝʛ 

ʥʘʥʦ-ʥʦʩʘʯʘ ʚʘʞʘʥ ʿʝ ʟʘ ʥʦʚʝ ʤʠʥʠʿʘʪʫʨʥʝ ʫʨʝʹʘʿʝ. ʍʠʙʨʠʜʠʟʦʚʘʥʠ ʥʘʥʦ-ʛʝʥʝʨʘʪʦʨ ʩʝ 

ʤʦʞʝ ʧʨʝʜʩʪʘʚʠʪʠ ʢʘʦ ʥʘʥʦ-ʩʝʥʟʦʨ ʛʜʝ ʩʝ ʫʪʠʮʘʿ ʚʝʪʨʘ ʤʦʞʝ ʧʦʩʤʘʪʨʘʪʠ ʢʘʦ ʩʧʦˀʘʰˁʝ 

ʦʧʪʝʨʝ˂ʝˁʝ. ʐʪʦ ʩʝ ʪʠʯʝ ʥʘʥʦʩʪʨʫʢʪʫʨʘ, ʫʪʠʮʘʿ ˁʠʭʦʚʝ ʚʝʣʠʯʠʥʝ ʚʘʞʘʥ ʿʝ ʟʘ ˁʠʭʦʚʦ 

ʤʝʭʘʥʠʯʢʦ ʧʦʥʘʰʘˁʝ, ʿʝʨ ʩʫ ˁʠʭʦʚʝ ʜʠʤʝʥʟʠʿʝ ʤʘʣʝ ʠ ʫʧʦʨʝʜʠʚʝ ʩʘ ʤʦʣʝʢʫʣʘʨʥʠʤ 

ʨʘʩʪʦʿʘˁʠʤʘ. ʋ ʨʘʜʫ (Atanasov, M. S. ʠ ʩʘʨʘʜʥʠʮʠ, 2020) ʘʥʘʣʠʟʠʨʘʥʘ ʿʝ ʜʠʥʘʤʠʢʘ 

ʨʦʪʠʨʘʿʫ˂ʝʛ ʥʘʥʦ-ʥʦʩʘʯʘ ʢʦʥʟʦʣʥʦʛ ʪʠʧʘ, ʠʟʣʦʞʝʥʦʛ ʧʦʚʨʰʠʥʩʢʦʤ ʨʘʚʥʦʤʝʨʥʦ 

ʨʘʩʧʦʨʝʹʝʥʦʤ ʭʘʨʤʦʥʠʿʩʢʦʤ ʦʧʪʝʨʝ˂ʝˁʫ. ɸʥʘʣʠʟʠʨʘʥʠ ʩʫ ʩʣʫʯʘʿʝʚʠ ʧʨʠʥʫʜʥʠʭ 

ʥʝʧʨʠʛʫʰʝʥʠʭ ʠ ʧʨʠʛʫʰʝʥʠʭ ʦʩʮʠʣʘʮʠʿʘ ʥʘʥʦ-ʩʠʩʪʝʤʘ. ʇʨʠʢʘʟʘʥʠ ʩʫ ʫʪʠʮʘʿʠ ʥʝʣʦʢʘʣʥʦʛ 

ʧʘʨʘʤʝʪʨʘ, ʧʘʨʘʤʝʪʨʘ ʫʛʘʦʥʝ ʙʨʟʠʥʝ ʨʦʪʠʨʘˁʘ ʠ ʧʘʨʘʤʝʪʨʘ ʨʘʜʠʿʫʩʘ ʛʣʘʚʯʠʥʝ ʥʘ ʤʘʣʘ 

ʪʨʘʥʩʚʝʨʟʘʣʥʘ ʧʦʤʝʨʘˁʘ ʧʨʠʥʫʜʥʠʭ ʦʩʮʠʣʘʮʠʿʘ ʨʘʟʤʘʪʨʘʥʦʛ ʥʘʥʦ-ʥʦʩʘʯʘ. 

ɱʝʜʘʥ ʦʜ ʧʨʚʠʭ ʨʘʜʦʚʘ ʛʜʝ ʿʝ ʚʨʰʝʥʘ ʘʥʘʣʠʟʘ ʦʩʮʠʣʦʚʘˁʘ ʢʦʥʟʦʣʥʝ ʛʨʝʜʝ 

ʧʨʝʜʩʪʘʚˀʝʥʘ ʿʝ ʫ (Schilhansl, M. 1958). ʋ ʨʘʜʫ (Diken, H., 2000) ʘʥʘʣʠʟʠʨʘʥʘ ʿʝ ʜʠʥʘʤʠʢʘ 

ʨʦʪʠʨʘʿʫ˂ʝ Euler-Bernoulli-ʿʝʚʝ ʛʨʝʜʝ ʛʜʝ ʩʫ ʜʦʙʠʿʝʥʝ ʧʘʨʘʤʝʪʘʨʩʢʝ ʬʫʥʢʮʠʿʝ ʢʦʿʝ ʧʦʚʝʟʫʿʫ 
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ʧʦʤʝʨʘˁʝ ʚʨʭʘ ʛʨʝʜʝ ʩʘ ʦʩʪʘʣʠʤ ʧʘʨʘʤʝʪʨʠʤʘ ʨʦʪʘʮʠʿʝ. ɸʥʘʣʠʟʘ ʩʣʦʙʦʜʥʠʭ 

ʣʦʥʛʠʪʫʜʠʥʘʣʥʠʭ ʦʩʮʠʣʘʮʠʿʘ ʨʦʪʠʨʘʿʫ˂ʝʛ ʥʘʥʦ-ʰʪʘʧʘ ʟʘʩʥʦʚʘʥʘ ʥʘ Eringen-ʦʚʦʿ 

ʥʝʣʦʢʘʣʥʦʿ ʝʣʘʩʪʠʯʥʦʩʪʠ ʧʨʠʢʘʟʘʥʘ ʿʝ ʫ ʨʘʜʫ (Babaei, A. ʠ Yang, C. X., 2018). 

ɸʥʘʣʠʟʘ ʦʩʮʠʣʘʮʠʿʘ ʨʦʪʠʨʘʿʫ˂ʝ ʚʠʩʢʦʝʣʘʩʪʠʯʥʝ ʥʘʥʦ-ʮʝʚʠ ʥʘ ʚʠʩʢʦʝʣʘʩʪʠʯʥʦʤ 

Pasternak-ʦʚʦʤ  ʩʣʦʿʫ ʧʨʠʢʘʟʘʥʘ ʿʝ ʫ (Mohammadi, M. ʠ ʩʘʨʘʜʥʠʮʠ, 2016). ʋ ʨʘʜʫ (Murmu, 

T. ʠ Adhikari, S., 2010) ʘʥʘʣʠʟʠʨʘʥ ʿʝ ʤʦʜʝʣ ʥʝʣʦʢʘʣʥʝ ʮʝʚʠ ʠ ʠʩʧʠʪʘʥ ʫʪʠʮʘʿ ʥʝʣʦʢʘʣʥʦʛ 

ʧʘʨʘʤʝʪʨʘ, ʫʛʘʦʥʝ ʙʨʟʠʥʝ ʠ ʧʦʣʫʧʨʝʯʥʠʢʘ ʛʣʘʚʯʠʥʝ ʥʘ ʩʘʚʠʿʘˁʝ ʠ ʩʣʦʙʦʜʥʝ ʦʩʮʠʣʘʮʠʿʝ 

ʨʦʪʠʨʘʿʫ˂ʝ ʥʘʥʦ-ʢʦʥʟʦʣʝ. ʇʦʢʘʟʘʥʦ ʿʝ ʜʘ ʝʬʝʢʘʪ ʥʝʣʦʢʘʣʥʦʛ ʧʘʨʘʤʝʪʨʘ ʠʤʘ ʚʝʣʠʢʠ ʫʪʠʮʘʿ 

ʥʘ ʟʘʢʦʥʝ ʦʩʮʠʣʦʚʘˁʘ ʨʦʪʠʨʘʿʫ˂ʝ ʥʘʥʦ-ʛʨʝʜʝ. ʉʘ ʧʦʚʝ˂ʘˁʝʤ ʫʛʘʦʥʝ ʙʨʟʠʥʝ ʨʦʪʘʮʠʿʝ, 

ʝʬʝʢʘʪ ʥʝʣʦʢʘʣʥʦʛ ʧʘʨʘʤʝʪʨʘ ʫʪʠʯʝ ʥʘ ʧʦʚʝ˂ʘˁʝ ʬʨʝʢʚʝʥʮʠʿʝ ʟʘ ʧʨʚʠ ʤʦʜ ʦʩʮʠʣʦʚʘˁʘ. 

ʇʨʠ ʚʠʰʠʤ ʤʦʜʦʚʠʤʘ, ʬʨʝʢʚʝʥʮʠʿʘ ʩʝ ʩʤʘˁʫʿʝ ʩʘ ʧʦʚʝ˂ʘˁʝʤ ʚʨʝʜʥʦʩʪʠ ʥʝʣʦʢʘʣʥʦʛ 

ʧʘʨʘʤʝʪʨʘ. 

ɱʝʜʘʥ ʦʜ ʛʣʘʚʥʠʭ ʮʠˀʝʚʘ ʦʚʝ ʜʦʢʪʦʨʩʢʝ ʜʠʩʝʨʪʘʮʠʿʝ ʿʝ ʠʩʧʠʪʠʚʘˁʝ ʫʪʠʮʘʿʘ 

ʨʘʟʣʠʯʠʪʠʭ ʧʘʨʘʤʝʪʘʨʘ (ʥʘʥʦ ʩʢʘʣʝ, ʤʘʛʥʝʪʥʦʛ ʧʦˀʘ, ʨʘʜʠʿʫʩʘ ʟʘʢʨʠʚˀʝˁʘ, ʢʦʝʬʠʮʠʿʝʥʘʪʘ 

ʧʨʦʧʦʨʮʠʦʥʘʣʥʦʩʪʠ ʧʨʠʛʫʰʝˁʘ, ʨʘʟʣʠʯʠʪʠʭ ʚʨʝʜʥʦʩʪʠ ʩʧʦˀʘʰˁʠʭ ʦʧʪʝʨʝ˂ʝˁʘ, ʨʘʜʠʿʫʩʘ 

ʛʣʘʚʯʠʥʝ ʠ ʫʛʘʦʥʝ ʙʨʟʠʥʝ) ʥʘ ʟʘʢʦʥʝ ʧʨʦʤʝʥʘ ʤʘʣʠʭ ʪʨʘʥʩʚʝʨʟʘʣʥʠʭ ʦʩʮʠʣʘʮʠʿʘ ʛʦʨˁʠʭ ʠ 

ʜʦˁʠʭ ʥʘʥʦ-ʝʣʝʤʝʥʘʪʘ. ʂʦʥʪʠʥʫʘʣʥʦ ʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʦʨʝʹʝʥʦ ʭʘʨʤʦʥʠʿʩʢʦ ʦʧʪʝʨʝ˂ʝˁʝ, 

ʢʦʥʮʝʥʪʨʠʩʘʥʘ ʭʘʨʤʦʥʠʿʩʢʘ ʩʠʣʘ, ʧʦʢʨʝʪʥʘ ʩʠʣʘ ʢʦʥʩʪʘʥʪʥʦʛ ʠʥʪʝʥʟʠʪʝʪʘ ʠ ʧʦʢʨʝʪʥʘ 

ʭʘʨʤʦʥʠʿʩʢʘ ʩʠʣʘ ʩʫ ʪʠʧʦʚʠ ʦʧʪʝʨʝ˂ʝˁʘ ʟʘ ʢʦʿʘ ˂ʝ ʙʠʪʠ ʜʘʪʘ ʘʥʘʣʠʪʠʯʢʘ ʨʝʰʝˁʘ ʠ 

ʥʫʤʝʨʠʯʢʘ ʘʥʘʣʠʟʘ ʧʨʠʥʫʜʥʠʭ ʦʩʮʠʣʘʮʠʿʘ.  

ʉʧʨʝʛʥʫʪʠ ʥʘʥʦ-ʩʠʩʪʝʤʠ ʟʙʦʛ ʧʨʠʨʦʜʝ ʜʠʥʘʤʠʯʢʝ ʠʥʪʝʨʘʢʮʠʿʝ ʦʩʪʚʘʨʝʥʝ ʧʦʤʦ˂ʫ  

ʝʣʘʩʪʠʯʥʦʛ ʩʣʦʿʘ ʠʤʘʿʫ ʩʣʦʞʝʥʠʿʝ ʟʘʢʦʥʝ ʤʘʣʠʭ ʪʨʘʥʩʚʝʨʟʘʣʥʠʭ ʦʩʮʠʣʘʮʠʿʘ, ʠ 

ʤʫʣʪʠʧʣʠʢʦʚʘʥ ʙʨʦʿ ʧʨʠʨʦʜʥʠʭ ʬʨʝʢʚʝʥʮʠʿʘ ʩʧʨʝʛʥʫʪʦʛ ʩʠʩʪʝʤʘ. ɿʘ ʦʧʠʩʠʚʘˁʝ 

ʩʣʦʙʦʜʥʠʭ ʠ ʧʨʠʥʫʜʥʠʭ ʦʩʮʠʣʘʮʠʿʘ ʥʘʥʦ-ʩʠʩʪʝʤʘ ʠ ˁʠʭʦʚʫ ʧʨʠʤʝʥʫ ʫ ʥʘʥʦ-

ʝʣʝʢʪʨʦʤʝʭʘʥʠʯʢʠʤ ʩʠʩʪʝʤʠʤʘ (ʅɽʄʉ), ʥʘʿʚʠʰʝ ʩʝ ʧʨʠʤʝˁʫʿʝ ʪʝʦʨʠʿʩʢʦ ʠʩʪʨʘʞʠʚʘˁʝ 

ʨʘʟʚʠʿʝʥʦ ʥʘ ʦʩʥʦʚʫ ʥʘʥʦ-ʤʦʜʝʣʘ, ʢʦʿʠ ʜʘʿʫ ʧʨʚʫ ʘʧʨʦʢʩʠʤʘʮʠʿʫ ʨʝʰʝˁʘ ʠ ʦʧʠʩʫʿʫ 

ʜʠʥʘʤʠʢʫ ʤʘʣʠʭ ʪʨʘʥʩʚʝʨʟʘʣʥʠʭ ʧʦʤʝʨʘˁʘ.  
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1.2. Eringen-ʦʚa ʥʝʣʦʢʘʣʥʘ ʪʝʦʨʠʿʘ ʝʣʘʩʪʠʯʥʦʩʪʠ 

ʂʦʜ ʢʣʘʩʠʯʥʝ (ʣʦʢʘʣʥʝ) ʪʝʦʨʠʿʝ ʝʣʘʩʪʠʯʥʦʩʪʠ ʩʪʘˁʝ ʥʘʧʦʥʘ ʠ ʜʝʬʦʨʤʘʮʠʿʘ  ʫ ʪʘʯʢʠ 

ʥʝʢʦʛ ʧʦʩʤʘʪʨʘʥʦʛ ʝʣʘʩʪʠʯʥʦʛ ʪʝʣʘ ʟʘʚʠʩʝ ʦʜ ʩʧʦˀʘʰˁʝʛ ʦʧʪʝʨʝ˂ʝˁʘ, ʦʙʣʠʢʘ ʧʨʦʬʠʣʘ ʠ 

ʚʨʩʪʝ ʤʘʪʝʨʠʿʘʣʘ, ʜʦʢ ʩʝ ʢʦʥʩʪʠʪʫʪʠʚʥʘ ʨʝʣʘʮʠʿʘ ʚʝʟʝ ʥʘʧʦʥʘ ʠ ʜʝʬʦʨʤʘʮʠʿʘ ʫ ʧʦʩʤʘʪʨʘʥʦʿ 

ʪʘʯʢʠ ʬʦʨʤʠʨʘ ʧʦ Hook-ʦʚʦʤ ʟʘʢʦʥʫ ʢʘʦ ʠʜʝʘʣʥʦ ʣʠʥʝʘʨʥʘ. ɼʘʢʣʝ, ʩʪʘˁʘ ʅʘʧʦʥʘ ʠ 

ʜʝʬʦʨʤʘʮʠʿʘ ʟʘʚʠʩʝ ʦʜ ʩʧʦˀʘʰˁʝʛ ʦʧʪʝʨʝ˂ʝˁʘ, ʦʙʣʠʢʘ ʧʨʦʬʠʣʘ ʠ ʚʨʩʪʝ ʤʘʪʝʨʠʿʘʣʘ, ʘʣʠ 

ʚʝʟʘ ʠʟʤʝʹʫ ˁʠʭ ʿʝ ʜʠʨʝʢʪʥʦ ʣʠʥʝʘʨʥʦ ʧʨʦʧʦʨʮʠʦʥʘʣʥʘ ʫ ʫʩʣʦʚʠʤʘ ʠʜʝʘʣʥʝ ʝʣʘʩʪʠʯʥʦʩʪʠ 

ʧʨʠ ʥʘʧʦʥʠʤʘ ʤʘˁʠʤ ʦʜ ʥʘʧʦʥʘ ʥʘ ʛʨʘʥʠʮʠ ʝʣʘʩʪʠʯʥʦʩʪʠ. ʂʦʜ ʥʝʣʦʢʘʣʥʝ ʪʝʦʨʠʿʝ 

ʝʣʘʩʪʠʯʥʦʩʪʠ, ʩʪʘˁʝ ʥʘʧʦʥʘ ʫ ʥʝʢʦʿ ʪʘʯʢʠ ʜʦʤʝʥʘ ʿʝ ʜʝʬʠʥʠʩʘʥʦ ʢʘʦ ʬʫʥʢʮʠʿʘ ʩʪʘˁʘ 

ʜʝʬʦʨʤʘʮʠʿʘ ʥʝ ʩʘʤʦ ʫ ʪʦʿ ʪʘʯʢʠ, ʚʝ˂ ʢʘʦ ʬʫʥʢʮʠʿʘ ʩʪʘˁʘ ʜʝʬʦʨʤʘʮʠʿʘ ʫ ʩʚʠʤ ʪʘʯʢʘʤʘ 

ʧʦʩʤʘʪʨʘʥʦʛ ʜʦʤʝʥʘ.  

ʅʘ ʦʩʥʦʚʫ ʦʚʝ ʧʨʝʪʧʦʩʪʘʚʢʝ, ɽʨʠʥʛʝʥ ʿʝ ʫ ʩʚʦʿʠʤ ʨʘʜʦʚʠʤ (Eringen, A. C., 1972, 

1983, 2002) ʜʘʦ ʠʥʪʝʛʨʘʣʥʠ ʦʙʣʠʢ ʢʦʥʩʪʠʪʫʪʠʚʥʝ ʿʝʜʥʘʯʠʥʝ ʟʘ ʥʝʣʦʢʘʣʥʠ ʝʣʘʩʪʠʯʥʠ 

ʪʝʥʟʦʨ ʥʘʧʦʥʘ.  

ʋʪʠʮʘʿ ʥʘ ʚʨʝʜʥʦʩʪ ʥʘʧʦʥʘ ʫ ʩʚʠʤ ʪʘʯʢʘʤʘ ʜʦʤʝʥʘ ʨʝʛʫʣʠʰʝ ʩʝ ʬʫʥʢʮʠʿʦʤ 

ʩʣʘʙˀʝˁʘ (attenuation function) ʠʣʠ ʪʘʢʦʟʚʘʥʦʤ  ʬʫʥʢʮʠʿʦʤ ʿʝʟʛʨʘ ʢʦʿʘ ʿʝ ʦʙʨʥʫʪʦ 

ʧʨʦʧʦʨʮʠʦʥʘʣʥʘ ʨʘʩʪʦʿʘˁʫ ʠʟʤʝʹʫ ʨʝʬʝʨʝʥʪʥʝ ʪʘʯʢʝ ● ʠ ʩʫʩʝʜʥʝ ʪʘʯʢʝ ● ʠ ʩʘʜʨʞʠ 

ʠʥʬʦʨʤʘʮʠʿʝ ʦ ʥʝʣʦʢʘʣʥʦʤ ʧʘʨʘʤʝʪʨʫ. 

ʉʭʦʜʥʦ ʪʦʤʝ, ʟʘ ʯʚʨʩʪo ʪʝʣʦ ʟʘʧʨʝʤʠʥʝ ╥, ʢʦʥʩʪʠʪʫʪʠʚʥʠ ʦʜʥʦʩ ʠʟʤʝʹʫ ʩʪʘˁʘ ʥʘʧʦʥʘ ʠ 

ʜʝʬʦʨʤʘʮʠʿʘ ʿʝ ʧʨʝʜʩʪʘʚˀʝʥ  ʫ ʦʙʣʠʢʫ 

„ ὼ •ȿ● ●ȿȟ‖ὅ ‐ ●Ὠὠ● ȟᶅ●ɴ ὠȟ                     ρȢςȢρ 

ʛʜʝ ʿʝ ʫʟʝʪʘ ʮʝʣʦʢʫʧʥʘ ʟʘʧʨʝʤʠʥʘ ὠ ʝʣʘʩʪʠʯʥʦʛ ʪʝʣʘ.   

ʋ ʨʝʣʘʮʠʿʠ (1.2.1) ʬʠʛʫʨʠʰʫ ʩʣʝʜʝ˂ʠ ʯʣʘʥʦʚʠ 

- „ ὼ ʿʝ ʪʝʥʟʦʨ ʩʪʘˁʘ ʥʘʧʦʥʘ, 

- • ʿʝ ʬʫʥʢʮʠʿʘ ʿʝʟʛʨʘ ʠʣʠ ʬʫʥʢʮʠʿʘ ʩʣʘʙˀʝˁʘ (attenuation function) 

- ὅ  ʿʝ ʪʝʥʟʦʨ ʝʣʘʩʪʠʯʥʦʩʪʠ, 

- ‐  ʿʝ ʪʝʥʟʦʨ ʩʪʘˁʘ ʜʝʬʦʨʤʘʮʠʿʘ, 
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- ȿ● ●ȿ ʿʝ ʨʘʩʪʦʿʘˁʝ ʠʟʨʘʞʝʥʦ ɽʫʢʣʠʜʩʢʦʤ ʥʦʨʤʦʤ, 

- ‖ ʿʝ ʤʘʪʝʨʠʿʘʣʥʠ (ʥʝʣʦʢʘʣʥʠ) ʧʘʨʘʤʝʪʘʨ ʢʦʿʠ ʩʝ ʦʜʨʝʹʫʿʝ ʤʝʪʦʜʦʤ ʤʦʣʝʢʫʣʘʨʥʝ 

ʜʠʥʘʤʠʢʝ (ʄD) ʠʣʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ. 

 

ʇʦʜʠʥʪʝʛʨʘʣʥʘ ʬʫʥʢʮʠʿʘ •ȿ● ●ȿȟ‖ ʧʨʝʜʩʪʘʚˀʘ ʥʝʣʦʢʘʣʥʠ ʤʦʜʫʣ ʢʦʿʠ ʦʟʥʘʯʘʚʘ 

ʬʫʥʢʮʠʿʫ ʿʝʟʛʨʘ ʧʨʝʢʦ ʢʦʿʝ ʩʝ ʥʝʣʦʢʘʣʥʠ ʫʪʠʮʘʿʠ ʫ ʧʦʩʤʘʪʨʘʥʦʿ ʪʘʯʢʠ ●, ʠʟʘʟʚʘʥʠ 

ʣʦʢʘʣʥʠʤ ʜʝʬʦʨʤʘʮʠʿʘʤʘ ʫ ʪʘʯʢʠ ● ʜʠʨʝʢʪʥʦ ʫʚʦʜʝ ʫ ʢʦʥʩʪʠʪʫʪʠʚʥʝ ʨʝʣʘʮʠʿʝ. ʅʝʣʦʢʘʣʥʠ 

ʤʦʜʫʣ ʠʤʘ ʤʘʢʩʠʤʘʣʥʫ ʚʨʝʜʥʦʩʪ ʢʘʜʘ ʿʝ ● ●. ɺʨʝʜʥʦʩʪ ʥʝʣʦʢʘʣʥʦʛ ʤʦʜʫʣʘ ʦʧʘʜʘ ʢʘʜʘ 

ʩʝ ʚʝʣʠʯʠʥʘ ȿ● ●ȿ ʧʦʚʝ˂ʘʚʘ.  

ʄʘʪʝʨʠʿʘʣʥʠ ʧʘʨʘʤʝʪʘʨ ‖ ʩʝ ʤʦʞʝ ʧʨʝʜʩʪʘʚʠʪʠ ʠʟʨʘʟʦʤ 

‖
Ὡὥ

ὰ
ȟ                                                                       ρȢςȢς 

ʛʜʝ ʿʝ Ὡ ʤʘʪʝʨʠʿʘʣʥʘ ʢʦʥʩʪʘʥʪʘ ʢʦʿʘ ʟʘʚʠʩʠ ʦʜ ʚʨʩʪʝ ʥʘʥʦ-ʤʘʪʝʨʠʿʘʣʘ, ὥ ʿʝ ʫʥʫʪʨʘʰˁʘ 

ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʘ ʜʫʞʠʥʘ (ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ʫʛˀʝʥʠʯʥʠʭ ʚʝʟʘ -ʜʚʘ ʘʪʦʤʘ ʫʛˀʝʥʠʢʘ, 

ʧʘʨʘʤʝʪʘʨ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ, ʜʫʞʠʥʘ ʛʨʘʥʫʣʝ), ʜʦʢ ʿʝ ὰ ʩʧʦˀʘʰˁʘ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʘ 

ʜʫʞʠʥʘ (ʜʠʤʝʥʟʠʿʘ ʥʘʥʦ-ʮʝʚʠ, ʪʘʣʘʩʥʘ ʜʫʞʠʥʘ, ʜʫʞʠʥʘ ʧʨʩʣʠʥʝ). 

ʅʝʣʦʢʘʣʥʠ ʤʦʜʫʣ •ȿ● ●ȿȟ‖ ʩʝ ʤʦʞʝ ʧʨʝʜʩʪʘʚʠʪʠ ʧʨʝʢʦ Green-ʦʚʝ ʬʫʥʢʮʠʿʝ 

ʣʠʥʝʘʨʥʦʛ ʦʧʝʨʘʪʦʨʘ ʫ ʦʙʣʠʢʫ 

fl•ȿ● ●ȿ ●ȿ‏ ●ȿȟ                                                  ρȢςȢσ 

ʥʘ ʦʩʥʦʚʫ ʢʦʿʝ ʩʝ ʟʥʘʪʥʦ ʫʧʨʦh˂ʘʚʘ ʢʦʥʩʪʠʪʫʪʠʚʥʘ ʠʥʪʝʛʨʘʣʥʘ ʨʝʣʘʮʠʿʘ. ʋ ʠʟʨʘʟʫ (1.2.3) 

ʜʠʬʝʨʝʥʮʠʿʘʣʥʠ ʦʧʝʨʘʪʦʨ ʧʨʝʜʩʪʘʚˀʝʥ ʿʝ ʩʘ fl, ʜʦʢ ʿʝ ‏ Dirac-ʦʚʘ ʜʝʣʪʘ ʬʫʥʢʮʠʿʘ. 

ʋʥʦʰʝˁʝʤ ʣʠʥʝʘʨʥʦʛ ʜʠʬʝʨʝʥʮʠʿʘʥʦʛ ʦʧʝʨʘʪʦʨʘ ʫ ʿʝʜʥʘʯʠʥʫ (1.2.1) ʜʦʙʠʿʘ ʩʝ 

fl„ ὅ ‐Ȣ                                                               ρȢςȢτ 

ɽʨʠʥʛʝʥ ʿʝ ʧʦʩʪʘʚʠʦ ʣʠʥʝʘʨʥʠ ʜʠʬʝʨʝʥʮʠʿʘʣʥʠ ʦʧʝʨʘʪʦʨ ʫ ʩʣʝʜʝ˂ʝʤ ʦʙʣʠʢʫ 

fl ρ Ὡὥ ᶯȟ                                                         ρȢςȢυ 

ʛʜʝ ʿʝ ᶯ Laplace-ʦʚ ʦʧʝʨʘʪʦʨ. 
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ʃʠʥʝʘʨʥʠ ʜʠʬʝʨʝʥʮʠʿʘʣʥʠ ʦʧʝʨʘʪʦʨ fl ʤʦʞʝ ʠʤʘʪʠ ʨʘʟʣʠʯʠʪʫ ʬʦʨʤʫ ʟʘ ʩʚʘʢʠ 

ʧʦʿʝʜʠʥʘʯʥʠ ʩʣʫʯʘʿ ʬʫʥʢʮʠʿʝ •. ɽʨʠʥʛʝʥ ʛʘ ʿʝ ʧʨʝʜʩʪʘʚʠʦ ʠʟʨʘʟʦʤ (1.2.5). 

ʂʦʨʠʩʪʝ˂ʠ ʠʟʨʘʟʝ (1.2.4) ʠ (1.2.5) ʠ ʪʝʥʟʦʨ ʝʣʘʩʪʠʯʥʦʩʪʠ ʯʝʪʚʨʪʦʛ ʨʝʜʘ, ʧʨʠʢʘʟʘʥʦʛ 

ʫ ʨʘʜʦʚʠʤʘ (Eringen, A. C., 1972, Eringen, A. C., 2002, Reddy, J. N., 2007, Reddy, J. N., ʠ 

Pang, S. D., 2008), Eringen-ʦʚʘ ʥʝʣʦʢʘʣʥʘ ʢʦʥʩʪʠʪʫʪʠʚʥʘ ʨʝʣʘʮʠʿʘ ʠʟʤʝʹʫ ʩʪʘˁʘ ʥʘʧʦʥʘ ʠ 

ʜʝʬʦʨʤʘʮʠʿʘ ʩʝ ʤʦʞʝ ʥʘʧʠʩʘʪʠ ʫ ʦʙʣʠʢʫ 

 

ρ Ὡὥ ᶯ „ ὅ ‐ȟ                                                      ρȢςȢφ 

 

ʛʜʝ ʿʝ ʫʚʝʜʝʥ ʥʝʣʦʢʘʣʥʠ ʧʘʨʘʤʝʪʘʨ Ὡὥ ʢʦʿʠ ʦʧʠʩʫʿʝ ʫʪʠʮʘʿ ʫʥʫʪʨʘʰˁʝ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʝ 

ʥʘʥʦ ʜʫʞʠʥʝ ʧʨʠ ʩʪʘʪʠʯʢʦʿ ʠ ʜʠʥʘʤʠʯʢʦʿ ʘʥʘʣʠʟʠ ʥʘʥʦ-ʩʪʨʫʢʪʫʨʘ. 

ʅʘ ʦʩʥʦʚʫ ʠʟʨʘʟʘ (1.2.6) ʩʝ ʤʦʞʝ ʥʘʧʠʩʘʪʠ ʢʦʥʩʪʠʪʫʪʠʚʥʘ ʨʝʣʘʮʠʿʘ ʟʘ ʿʝʜʥʦ-

ʜʠʤʝʥʟʠʦʥʝ ʩʪʨʫʢʪʫʨʝ ʫ ʦʙʣʠʢʫ 

„ Ὡὥ
‬„

‬ὼ
Ὁ‐ ȟ                                                    ρȢςȢχ 

† Ὡὥ
‬†

‬ὼ
Ὃ‎ȟ                                                    ρȢςȢψ 

ʛʜʝ ʿʝ Ὁ Young-ʦʚ ʤʦʜʫʣ ʝʣʘʩʪʠʯʥʦʩʪʠ ʠ Ὃ ʤʦʜʫʣ (ʩʤʠʮʘˁʘ) ʢʣʠʟʘˁʘ. 

ʊʘʢʦʹʝ, ʧʨʠʤʝʥʦʤ ʨʝʣʘʮʠʿʝ (1.2.6) ʩʝ ʤʦʞʝ ʥʘʧʠʩʘʪʠ ʠ ʢʦʥʩʪʠʪʫʪʠʚʥʘ ʨʝʣʘʮʠʿʘ ʟʘ 

ʜʚʦ-ʜʠʤʝʥʟʠʦʥʝ ʭʦʤʦʛʝʥʝ ʠ ʠʟʦʪʨʦʧʥʝ ʥʘʥʦ-ʩʪʨʫʢʪʫʨʝ ʫ ʦʙʣʠʢʫ 

ρ Ὡὥ ᶯ

„
„
†

ụ
Ụ
Ụ
Ụ
ợ
Ὁ

ρ ’

’Ὁ

ρ ’
π

’Ὁ

ρ ’

Ὁ

ρ ’
π

π π Ὃ Ứ
ủ
ủ
ủ
Ủ‐
‐
‎
ȟ                            ρȢςȢω 

ʛʜʝ ʿʝ ᶯ Ў   , ’ je Poisson-ʦʚ ʢʦʝʬʠʮʠʿʝʥʪ ʥʘʥʦ-ʤʘʪʝʨʠʿʘʣʘ, „ , „ , ‐ , ‐  

ʩʫ ʥʦʨʤʘʣʥʠ ʥʘʧʦʥʠ ʠ ʜʝʬʦʨʤʘʮʠʿʝ ʫ ʧʨʘʚʮʠʤʘ ὼ ʠ ώ ʦʩʘ, †  ʿʝ ʪʘʥʛʝʥʮʠʿʘʣʥʠ ʥʘʧʦʥ ʠ 

‎  ʿʝ ʫʛʘʦ ʢʣʠʟʘˁʘ ʫ ʨʘʚʥʠ Oxy. 

ʉʣʠʯʥʦ, ʢʦʥʩʪʠʪʫʪʠʚʥʘ ʨʝʣʘʮʠʿʘ ʟʘ ʦʨʪʦʪʨʦʧʥʝ ʜʚʦ-ʜʠʤʝʥʟʠʦʥʝ ʥʘʥʦ-ʩʪʨʫʢʪʫʨʝ 

ʠʤʘ ʦʙʣʠʢ  
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ρ Ὡὥ Ў

„
„
†

ụ
Ụ
Ụ
Ụ
Ụ
ợ

Ὁ

ρ ’ ’

’ Ὁ

ρ ’ ’
π

’ Ὁ

ρ ’ ’

Ὁ

ρ ’ ’
π

π π Ὃ Ứ
ủ
ủ
ủ
ủ
Ủ
‐
‐
‎
ȟ               ρȢςȢρπ 

ʛʜʝ ʩʫ Ὁ ʠ Ὁ Young-ʦʚʠ ʤʦʜʫʣʠ ʝʣʘʩʪʠʯʥʦʩʪʠ ʤʘʪʝʨʠʿʘʣʘ ʫ ʜʚʘ ʦʨʪʦʛʦʥʘʣʥʘ ʧʨʘʚʮʘ 

(ʧʨʘʚʮʠ x ʠ y)  ʠʣʠ ʜʚʝ ʤʝʹʫʩʦʙʥʦ ʫʧʨʘʚʥʝ ʨʘʚʥʠ ʦʨʪʦʪʨʦʧʥʦʛ ʤʘʪʝʨʠʿʘʣʘ; ’  ʠ ’  ʩʫ 

Poisson-ʦʚʠ ʢʦʝʬʠʮʠʿʝʥʪʠ ʢʦʿʠ ʢʘʨʘʢʪʝʨʠʰʫ ʧʦʧʨʝʯʥʝ ʢʦʥʪʨʘʢʮʠʿʝ ʧʨʘʚʮʘ x ʫ ʦʜʥʦʩʫ ʥʘ 

ʧʨʘʚʘʮ y ʠ ʦʙʨʥʫʪʦ ʠ  Ὃ  ʿʝ ʤʦʜʫʣ ʩʤʠʮʘˁʘ. 

ʇʨʠʢʘʟʘʥʘ ʥʝʣʦʢʘʣʥʘ ʪʝʦʨʠʿʘ, ʢʦʿʫ ʿʝ ʫʚʝʦ ɽʨʠʥʛʝʥ (Eringen, A. C., 1983, 1972; 

Eringen, A. C. ʠ Edelen, D. G. B., 1972) ʧʦʢʘʟʘʣʘ ʿʝ ʜʘ ʩʝ ʟʘ ʦʜʨʝʹʝʥʫ ʢʣʘʩʫ ʬʫʥʢʮʠʿʝ ʿ ʝʟʛʨʘ, 

ʥʝʣʦʢʘʣʥʘ ʠʥʪʝʛʨʘʣʥʘ ʢʦʥʩʪʠʪʫʪʠʚʥʘ ʿʝʜʥʘʯʠʥʘ ʤʦʞʝ ʪʨʘʥʩʬʦʨʤʠʩʘʪʠ ʫ ʜʠʬʝʨʝʥʮʠʿʘʣʥʠ 

ʦʙʣʠʢ ʠ ʤʥʦʛʦ ʿʝ ʣʘʢʰʘ ʟʘ ʢʦʨʠʰ˂ʝˁʝ ʦʜ ʠʥʪʝʛʨʘʣʥʝ. ʋ ʨʘʜʫ (Fernández-Sáez, J. ʠ 

ʩʘʨʘʥʠʮʠ, 2016)  ʩʫ ʧʨʠʢʘʟʘʥʝ ʨʘʟʣʠʢʝ ʠʟʤʝʹʫ ʦʨʠʛʠʥʘʣʥʠʭ ʥʝʣʦʢʘʣʥʠʭ ʠʥʪʝʛʨʘʣʥʠʭ 

Eringen-ʦʚʠʭ ʤʦʜʝʣʘ ʠ ˁʝʛʦʚʠʭ ʜʠʬʝʨʝʥʮʠʿʘʣʥʠʭ ʧʘʥʜʘʥʘ, ʩʘ ʨʘʟʣʠʯʠʪʠʤ ʫʩʣʦʚʠʤʘ 

ʦʩʣʘˁʘˁʘ, ʢʦʿʠ ʩʝ ʦʙʠʯʥʦ ʩʤʘʪʨʘʿʫ ʧʦʪʧʫʥʦ ʝʢʚʠʚʘʣʝʥʪʥʠʤ. 

ɼʦʢʘʟʘʥʦ ʿʝ ʜʘ ʩʝ ʟʘ ʧʨʦʩʪʦ ʦʩʣʦˁʝʥ ʥʦʩʘʯ ʜʦʙʠʿʝʥʠ ʨʝʟʫʣʪʘʪʠ ʧʦʜʫʜʘʨʘʿʫ 

ʧʨʠʤʝʥʦʤ ʦʙʝ ʬʦʨʤʫʣʘʮʠʿʝ, ʙʠʣʦ ʜʘ ʩʝ ʢʦʨʠʩʪʠ ʥʝʣʦʢʘʣʥʘ ʠʥʪʝʛʨʘʣʥʘ ʠʣʠ ʥʝʣʦʢʘʣʘ 

ʜʠʬʝʨʝʥʮʠʿʘʣʥʘ ʢʦʥʩʪʠʪʫʪʠʚʥʘ ʿʝʜʥʘʯʠʥʘ. 

1.3. Maxwell-ʦʚʝ ʨʝʣʘʮʠʿʝ 

ʋ ʘʥʘʣʠʟʠ ʩʧʨʝʛʥʫʪʠʭ ʥʘʥʦ-ʩʠʩʪʝʤʘ ʢʦʿʠ ˂ʝ ʙʠʪʠ ʘʥʘʣʠʟʠʨʘʥʠ ʫ ʥʘʨʝʜʥʠʤ 

ʧʦʛʣʘʚˀʠʤʘ, ʫʢˀʫʯʝʥ ʿʝ ʫʪʠʮʘʿ ʣʦʥʛʠʪʫʜʠʥʘʣʥʦʛ ʤʘʛʥʝʪʥʦʛ ʧʦˀʘ ʢʦʿʝ ʩʝ ʧʨʦʩʪʠʨʝ ʜʫʞ 

ʘʢʩʠʿʘʣʥʦʛ ʧʨʘʚʮʘ ʥʘʥʦ-ʩʪʨʫʢʪʫʨʝ.  

ʅʘ ʦʩʥʦʚʫ ʨʘʜʦʚʘ (Narendar, S. ʠ ʩʘʨʘʜʥʠʮʠ 2012 ʠ Murmu, T. ʠ ʩʘʨʘʜʥʠʮʠ 2012ʘ ʠ 

2012b), ʿ ʝʜʥʘʯʠʥʘ ʢʦʿʘ ʧʦʚʝʟʫʿʝ ʛʫʩʪʠʥʫ ʩʪʨʫʿʝ  ἔ, ʚʝʢʪʦʨ ʜʠʩʪʨʠʙʫʮʠʿʝ ʤʘʛʥʝʪʥʦʛ ʧʦˀʘ ἰ, 

ʚʝʢʪʦʨ ʿʘʯʠʥʝ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ Ἥ  ʠ ʤʘʛʥʝʪʥʝ ʧʝʨʤʝʘʙʠʣʥʦʩʪʠ –, ʧʨʝʜʩʪʘʚˀʝʥʘ ʿʝ 

Maxwell-ʦʚʠʤ ʠʟʨʘʟʠʤʘ (Kraus, ɱ. 1984) ʫ ʩʣʝʜʝ˂ʝʤ ʦʙʣʠʢʫ 
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ἔ ᶯ ἰ ȟ ᶯ Ἥ
‬ἰ

‬ὸ
 ȟ       ɳϽἰ πȢ                                       ρȢσȢρ 

ɺʝʢʪʦʨ ʜʠʩʪʨʠʙʫʮʠʿʝ ʤʘʛʥʝʪʥʦʛ ʧʦˀʘ ἰ ʠ ʚʝʢʪʦʨ ʿʘʯʠʥʝ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ Ἥ  

ʜʝʬʠʥʠʩʘʥʠ ʩʫ ʥʘ ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ 

ἰ  ɳ ἣ ἒ ȟ     Ἥ –
‬ἣ

‬ὸ
ἒ ȟ                                                 ρȢσȢς 

ʛʜʝ ʿʝ 

ᶯ ░ ▒ ▓ Hamilton-ʦʚ ʦʧʝʨʘʪʦʨ ʜʦʢ ʩʫ (░ȟ▒ ̉ ▓) ʿʝʜʠʥʠʯʥʠ ʚʝʢʪʦʨʠ, 

ἣ ὼȟώȟᾀ ʿʝ ʚʝʢʪʦʨ ʧʦʣʦʞʘʿʘ ʠ  

ἒ Ὄȟπȟπ ʿʝ ʚʝʢʪʦʨ ʣʦʥʛʠʪʫʜʠʥʘʣʥʦʛ ʤʘʛʥʝʪʥʦʛ ʧʦˀʘ.  

ʋ ʦʚʦʤ ʨʘʜʫ ʿʝ ʧʦʪʨʝʙʥʦ ʥʘʧʦʤʝʥʫʪʠ ʜʘ ʩʝ ʣʦʥʛʠʪʫʜʠʥʘʣʥʦ ʤʘʛʥʝʪʥʦ ʧʦˀʝ 

ʧʨʦʩʪʠʨʝ ʩʘʤʦ ʫ ʘʢʩʠʿʘʣʥʦʤ ʧʨʘʚʮʫ ʥʘʥʦ-ʩʪʨʫʢʪʫʨʘ.  ʅʘ ʦʩʥʦʚʫ ʪʦʛʘ ʚʝʢʪʦʨ ʜʠʩʪʨʠʙʫʮʠʿʝ 

ʤʘʛʥʝʪʥʦʛ ʧʦˀʘ ʩʝ ʤʦʞʝ ʥʘʧʠʩʘʪʠ ʫ ʩʣʝʜʝ˂ʝʤ ʦʙʣʠʢʫ 

ἰ Ὄ
‬ὺ

‬ώ

‬ύ

‬ᾀ
ἱ Ὄ

‬ὺ

‬ὼ
ἲ Ὄ

‬ύ

‬ὼ
ἳȢ                                             ρȢσȢσ 

ɿʘʤʝʥʦʤ ʠʟʨʘʟʘ  (1.3.3) ʫ ʠʟʨʘʟ ʟʘ  ʛʫʩʪʠʥʫ ʩʪʨʫʿʝ  (1.3.1), ʩʣʝʜʠ 

ἔ ᶯ ἰ Ὄ
‬ὺ

‬ὼ‬ᾀ

‬ύ

‬ὼ‬ώ
ἱ Ὄ

‬ὺ

‬ώ‬ᾀ

‬ύ

‬ὼ

‬ύ

‬ᾀ
ἲ

Ὄ
‬ὺ

‬ὼ

‬ὺ

‬ώ

‬ύ

‬ᾀ‬ώ
ἳȢ                                                                             ρȢσȢτ 

ɺʝʢʪʦʨ Lorentz-ʦʚʝ ʩʠʣʝ ʠʟʘʟʚʘʥʝ ʣʦʥʛʠʪʫʜʠʥʘʣʥʠʤ ʤʘʛʥʝʪʥʠʤ ʧʦˀʝʤ ἒ ʠ 

ʛʫʩʪʠʥʦʤ ʩʪʨʫʿʝ ɱ ʜʘʪ ʿʝ ʨʝʣʘʮʠʦʿʤ 

Ἦ Ὢἱ Ὢἲ Ὢἳ ʂἔ ἒȟ                                                       ρȢσȢυ 

ʛʜʝ ʩʫ  ὪȟὪ ʠ Ὢ ʢʦʤʧʦʥʝʥʪʝ Lorentz-ʦʚʝ ʩʠʣʝ ʫ ʧʨʘʚʮʠʤʘ ʢʦʦʨʜʠʥʘʪʥʠʭ ʦʩʘ ὼȟώ ʠ ᾀ  

Ὢ πȟ                                                                                      ρȢσȢφ 

Ὢ –Ὄ
‬ὺ

‬ὼ

‬ὺ

‬ώ

‬ύ

‬ᾀ‬ώ
ȟ                                                  ρȢσȢχ 
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Ὢ –Ὄ
‬ύ

‬ὼ

‬ύ

‬ώ

‬ὺ

‬ᾀ‬ώ
Ȣ                                                 ρȢσȢψ 

ɿʘ ʥʘʥʦ-ʛʨʝʜʫ ʫʟʠʤʘ ʩʝ ʫ ʦʙʟʠʨ ʩʘʤʦ ʧʦʤʝʨʘˁʝ ύ ʫ ʧʨʘʚʮʫ ʦʩʝ ᾀ. ʇʨʝʪʧʦʩʪʘʚˀʘʤʦ 

ʜʘ ʩʫ ʧʦʤʝʨʘˁʘ ό ʠ ὺ ʫ ʧʨʘʚʮʫ ʢʦʦʨʜʠʥʘʪʥʠʭ ʦʩʘ ὼ ʠ ώ ʿ ʝʜʥʘʢʘ ʥʫʣʠ, ʧʘ ʿʝ ʪʘʜʘ ʢʦʤʧʦʥʝʥʪʘ 

Lorentz-ʦʚʝ ʩʠʣʝ ʫ ʧʨʘʚʮʫ z - ʦʩʝ 

Ὢ –Ὄ
‬ύ

‬ὼ
Ȣ                                                                    ρȢσȢω 

ʂʦʥʘʯʥʦ, ʤʦʛʫ˂ʝ ʿʝ ʥʘʧʠʩʘʪʠ ʩʠʣʫ ʢʦʿʘ ʜʝʣʫʿʝ ʧʦ ʿʝʜʠʥʠʮʠ ʧʦʚʨʰʠʥʝ ʜʫʞ ʥʘʥʦ-

ʩʪʨʫʢʪʫʨʝ  

ήὼȟὸ ὪὨὃ –ὃὌ
‬ύ

‬ὼ
Ȣ                                                ρȢσȢρπ 
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2. ʅʝʣʦʢʘʣʥʘ ʪʝʦʨʠʿʘ ʥʘʥʦ-ʮʝʚʠ, ʥʘʥʦ-ʧʣʦʯʘ ʠ 

ʥʘʥʦ-ˀʫʩʢʠ 

ʋ ʦʚʦʤ ʧʦʛʣʘʚˀʫ ʙʠ˂ʝ ʧʨʝʜʩʪʘʚˀʝʥʠ ʬʠʟʠʯʢʠ ʠ ˁʠʤʘ ʝʢʚʠʚʘʣʝʥʪʥʠ ʤʦʜʝʣʠ ʩʘ 

ʛʣʝʜʠʰʪʘ ʪʝʦʨʠʿʝ ʤʝʭʘʥʠʢʝ. ʅʘ ʦʩʥʦʚʫ ʟʘʢʦʥʘ, ʚʘʞʝ˂ʠʭ ʧʨʝʪʧʦʩʪʘʚʢʠ, ʢʘʦ ʠ ʟʘʩʥʦʚʘʥʦʩʪʠ 

ʥʘ ʧʦʟʥʘʪʠʤ ʪʝʦʨʠʿʘʤʘ, ʙʠ˂ʝ ʠʟʚʝʜʝʥʝ ʿʝʜʥʘʯʠʥʝ ʢʦʿʝ ʦʧʠʩʫʿʫ ʤʘʣʝ ʪʨʘʥʩʚʝʨʟʘʣʥʝ 

ʦʩʮʠʣʘʮʠʿʝ ʿʝʜʥʝ ʥʘʥʦ-ʛʨʝʜʝ, ʥʘʥʦ-ʧʣʦʯʝ ʠ ʥʘʥʦ ˀʫʩʢʝ. 

2.1. ʅʝʣʦʢʘʣʥʘ ʪʝʦʨʠʿʘ ʥʘʥʦ-ʮʝʚʠ ʟʘʩʥʦʚʘʥʘ ʥʘ Euler-

Bernoulli -ʿʝʚʦ ʿʪʝʦʨʠʿʠ ʛʨʝʜʝ 

ʅʘ ʦʩʥʦʚʫ ʤʦʣʝʢʫʣʘʨʥʦ ʜʠʥʘʤʠʯʢʠʭ ʩʠʤʫʣʘʮʠʿʘ ʠ ʥʝʣʦʢʘʣʥʦʛ ʤʦʜʝʣʘ ʫʛˀʝʥʠʯʥʝ 

ʥʘʥʦʮʝʚʠ, ʫ ʨʘʜʫ (Ansari, R. ʠ ʩʘʨʘʜʥʠʮʠ, 2012ʘ) ʧʦʢʘʟʘʥʦ ʿʝ ʜʘ ʩʝ ʬʠʢʩʠʨʘʥʠ ʩʣʦʿ ʘʪʦʤʘ 

ʫʛˀʝʥʠʢʘ, ʫ ʩʣʫʯʘʿʫ ʫʛˀʝʥʠʯʥʝ ʥʘʥʦʮʝʚʠ, ʤʦʞʝ ʧʨʝʜʩʪʘʚʠʪʠ ʛʨʘʥʠʯʥʠʤ ʫʩʣʦʚʠʤʘ ʧʨʦʩʪʦ 

ʦʩʣʦˁʝʥʝ ʥʘʥʦʛʨʝʜʝ. ʌʠʟʠʯʢʠ ʤʦʜʝʣ ʧʨʝʜʩʪʘʚˀʝʥ ʢʘʦ ʫʛˀʝʥʠʯʥʘ ʥʘʥʦ-ʮʝʚ, ʯʠʿʠ ʩʫ ʢʨʘʿˁʠ 

ʛʨʘʥʠʯʥʠ ʩʣʦʿʝʚʠ ʘʪʦʤʘ ʬʠʢʩʠʨʘʥʠ, ʜʘʪ ʿʝ ʥʘ ʉʣʠʮʠ 2.1.1ʘ. ʊʘʢʘʚ ʬʠʟʠʯʢʠ ʤʦʜʝʣ 

ʝʢʚʠʚʘʣʝʥʪʘʥ ʿʝ ʩʘ ʛʣʝʜʠʰʪʘ ʪʝʦʨʠʿʝ ʤʝʭʘʥʠʢʝ ʿʝʜʥʦʤ ʤʝʭʘʥʠʯʢʦʤ ʤʦʜʝʣʫ ʧʨʝʜʩʪʘʚˀʝʥʦʛ 

ʢʘʦ Euler-Bernoulli-ʿʝʚʘ ʛʨʝʜʘ, (ʉʣʠʢʘ 2.1.1ʙ). 

ɼʠʬʝʨʝʥʮʠʿʘʣʥʝ ʿʝʜʥʘʯʠʥʝ ʤʘʣʠʭ ʪʨʘʥʩʚʝʨʟʘʣʥʠʭ ʦʩʮʠʣʘʮʠʿʘ ʫʛˀʝʥʠʯʥʝ ʥʘʥʦ-

ʮʝʚʠ ʠʟʚʝʜʝʥʝ ʩʫ ʥʘ ʦʩʥʦʚʫ ʅʝʣʦʢʘʣʥʝ ʪʝʦʨʠʿʝ ʥʘʧʦʥʘ ʠ Euler-Bernoulli-ʿʝʚʝ ʪʝʦʨʠʿʝ ʛʨʝʜʘ. 

Euler-Bernoulli-ʿʝʚʘ ʥʘʥʦ-ʛʨʝʜʘ ʿ ʝ ʧʦʜ ʜʝʿʩʪʚʦʤ ʘʢʩʠʿʘʣʥʝ ʩʠʣʝ ʧʨʠʪʠʩʢʘ Ὂ ʫ ʧʨʘʚʮʫ 

ʦʩʝ x ʠ ʧʨʦʠʟʚʦˀʥʦ ʨʘʩʧʦʨʝʹʝʥʠʤ ʪʨʘʥʩʚʝʨʟʘʣʥʠʤ ʢʦʥʪʠʥʫʘʣʥʠʤ ʦʧʪʝʨʝ˂ʝˁʝʤ Ὢὼȟὸ ʫ 

ʧʨʘʚʮʫ ʦʩʝ z (ʫ ʧʦʧʨʝʯʥʦʤ ʧʨʘʚʮʫ ʫ ʦʜʥʦʩʫ ʥʘ ʦʩʫ x). ʇʦʚʨʰʠʥʘ ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ ʥʘʥʦ 

ʛʨʝʜʝ ʿʝ ʦʟʥʘʯʝʥʘ ʩʘ ɸ, Young-ʦʚ ʤʦʜʫʣ ʝʣʘʩʪʠʯʥʦʩʪʠ ʩʘ Ὁ ʠ ʛʫʩʪʠʥʘ ʩʘ ”. ʋʪʠʮʘʿ Lorentz-

ʦʚʝ ʤʘʛʥʝʪʥʝ ʩʠʣʝ ʿʝ ʪʘʢʦʹʝ ʫʢˀʫʯʝʥ ʠ ʫʟʨʦʢʦʚʘʥ ʿʝ ʘʢʩʠʿʘʣʥʠʤ ʤʘʛʥʝʪʥʠʤ ʧʦˀʝʤ ʢʦʿʝ 

ʜʝʣʫʿʝ ʫ ʩʤʝʨʫ ʦʩʝ x, ʢʘʦ ʰʪʦ ʿʝ ʧʨʠʢʘʟʘʥʦ ʥʘ ʉʣʠʮʠ 2.1.1. 

 



19 
 

 

ʉʣʠʢʘ 2.1.1 ʅʝʣʦʢʘʣʥʠ ʤʦʜʝʣ ʥʘʥʦ-ʮʝʚʠ ʠʟʣʦʞʝʥʝ ʜʝʿʩʪʚʫ ʘʢʩʠʿʘʣʥʦʛ ʤʘʛʥʝʪʥʦʛ ʧʦˀʘ ʠ 

ʜʝʿʩʪʚʫ ʪʨʘʥʩʚʝʨʟʘʣʥʦʛ ʦʧʪʝʨʝ˂ʝˁʘ; (╪) ʌʠʟʠʯʢʠ ʤʦʜʝʣ ʧʨʝʜʩʪʘʚˀʝʥ ʢʘʦ ʫʛˀʝʥʠʯʥʘ 

ʥʘʥʦ-ʮʝʚ ʯʠʿʠ ʩʫ ʢʨʘʿˁʠ ʛʨʘʥʠʯʥʠ ʩʣʦʿʝʚʠ ʘʪʦʤʘ ʬʠʢʩʠʨʘʥʠ ʠ (ʣ) ʄʝʭʘʥʠʯʢʠ ʤʦʜʝʣ 

ʧʨʝʜʩʪʘʚˀʝʥ ʢʘʦ ʥʘʥʦ-ʛʨʝʜʘ 

ʂʦʜ Euler-Bernoulli-ʿʝʚʝ ʪʝʦʨʠʿʝ ʛʨʝʜʘ ʚʘʞʝ ʩʣʝʜʝ˂ʝ ʧʨʝʪʧʦʩʪʘʚʢʝ, (ʚʠʜʝʪʠ Reddy, J. 

N., 2002):  

- ʥʝʤʘ ʜʝʬʦʨʤʘʮʠʿʝ ʫ ʧʨʘʚʮʫ ʦʩʝ z (ʫ ʧʨʘʚʮʫ ʜʝʙˀʠʥʝ ʛʨʝʜʝ), ʪʿ. ʧʦʧʨʝʯʥʠ ʧʨʝʩʝʢ 

ʛʨʝʜʝ ʦʩʪʘʿʝ ʥʝʧʨʦʤʝˁʝʥ ʥʘʢʦʥ ʜʝʬʦʨʤʘʮʠʿʝ, 

- ʥʝʤʘ ʟʘʢʨʠʚˀʝˁʘ ʧʦʧʨʝʯʥʠʭ ʧʨʝʩʝʢʘ,  

- ʧʦʧʨʝʯʥʠ ʧʨʝʩʝʮʠ ʛʨʝʜʝ ʦʩʪʘʿʫ ʫʧʨʘʚʥʠ ʥʘ ʘʢʩʠʿʘʣʥʫ ʦʩʫ ʫ ʪʦʢʫ ʠ ʥʘʢʦʥ 

ʜʝʬʦʨʤʘʮʠʿʘ,  

- ʟʘʥʝʤʘʨeʥʠ ʩʫ ʫʪʠʮʘʿʠ ʠʥʝʨʮʠʿʘ ʨʦʪʘʮʠʿʝ ʧʦʧʨʝʯʥʠʭ ʧʨʝʩʝʢʘ,  

- ʟʘʥʝʤʘʨʝʥ ʿʝ ʫʪʠʮʘʿ ʜʝʬʦʨʤʘʮʠʿʝ ʩʤʠʮʘˁʘ. 

ʂʦʤʧʦʥʝʥʪʝ ʧʦʤʝʨʘˁʘ ό (ὼ, ώ, ὸ), ὺӶ (ὼ, ώ, ὸ) ʠ ύ  (ὼ, ώ, ὸ) ʜʫʞ ʦʩʘ x, y, z ʤʦʛʫ ʩʝ 

ʧʨʠʢʘʟʘʪʠ ʫ ʩʣʝʜʝ˂ʝʤ ʦʙʣʠʢʫ 

ό ᾀ
‬ύὼȟὸ

‬ὼ
ȟ   ὺӶ πȟ   ύ ύὼȟὸȢ                                           ςȢρȢρ 

ʂʦʤʧʦʥʝʥʪʝ ʜʝʬʦʨʤʘʮʠʿʝ ʥʘʥʦ-ʛʨʝʜʝ ʠʤʘʿʫ ʦʙʣʠʢ 

‐ ᾀ
‬ύ

‬ὼ
ȟ      ‐ πȟ        ‐ πȟ ‎ πȟ    ‎ πȟ      ‎ πȟ       ςȢρȢς 
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ʧʨʠ ʯʝʤʫ ʩʫ ‐ ȟ‐  ̉ ‐  ʥʦʨʤʘʣʥʝ ʜʝʬʦʨʤʘʮʠʿʝ-ʜʠʣʘʪʘʮʠʿʝ, ʜʦʢ ʩʫ ‎ ȟ‎  ̉ ‎  

ʜʝʬʦʨʤʘʮʠʿʝ ʩʤʠʮʘˁʘ-ʢʣʠʟʘˁʘ. 

ɸʢʦ ʙʠ ʧʦʩʤʘʪʨʘʣʠ ʿʝʜʘʥ ʝʣʝʤʝʥʪʘʨʥʠ ʜʝʦ ʥʘʥʦ-ʛʨʝʜʝ ʧʨʠʢʘʟʘʥ ʥʘ ʉʣʠʮʠ 2.1.2, ʩʘ 

ʣʝʚʝ ʩʪʨʘʥʝ ʜʝʣʫʿʫ ʘʢʩʠʿʘʣʥʘ ʩʠʣʘ Ὂ, ʪʨʘʥʩʚʝʨʟʘʣʥʘ ʩʠʣʘ Ὂ ʠ ʤʦʤʝʥʪ ʩʘʚʠʿʘˁʘ ʄ, ʜʦʢ ʩʘ 

ʜʝʩʥʝ ʩʪʨʘʥʝ ʜʝʣʫʿʫ ʘʢʩʠʿʘʣʥʘ ʩʠʣʘ Ὂ, ʪʨʘʥʩʚʝʨʟʘʣʥʘ ʩʠʣʘ Ὂ ὨὊ ʠ ʤʦʤʝʥʪ ʩʘʚʠʿʘˁʘ ὓ

Ὠὓ, ʫʚʝ˂ʘʥ ʟʘ ʠʥʬʠʥʠʪʝʟʠʤʘʣʥʠ ʜʝʦ ʠʣʠ ʙʝʩʢʦʥʘʯʥʦ ʤʘʣʫ ʚʝʣʠʯʠʥʫ Ὠὓ Ὠὼ. ʉʚʝ ʪʨʠ 

ʚʝʣʠʯʠʥʝ ʟʘʚʠʩʝ ʦʜ ʢʦʦʨʜʠʥʘʪʝ ὼ ʠ ʤʦʛʫ ʙʠʪʠ ʧʨʦʤʝʥˀʠʚʝ. ʅʘ ʉʣʠʮʠ 2.1.2  ʫʛʘʦ ʦʙʨʪʘˁʘ 

ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ ʿʝ ʦʟʥʘʯʝʥ ʩʘ  ‌ ʠ ‌ Ὠ‌. ʄʘʩʘ ʝʣʝʤʝʥʪʘʨʥʦʛ ʜʝʣʘ ʥʘʥʦ-ʛʨʝʜʝ ʿʝ 

ʦʟʥʘʯʝʥʘ ʩʘ Ὠά ”ὃὨὼ. 

 

ʉʣʠʢʘ 2.1.2 ɽʣʝʤʝʥʪʘʨʥʠ ʜʝʦ ʥʘʥʦ-ʛʨʝʜʝ 

ʇʨʠʤʝʥʦʤ ʜʨʫʛʦʛ Newton-ʦʚʦʛ ʟʘʢʦʥʘ ʤʘʣʠʭ ʪʨʘʥʩʚʝʨʟʘʣʥʠʭ ʦʩʮʠʣʘʮʠʿʘ ʥʘ 

ʝʣʝʤʝʥʪʘʨʥʠ ʜʝʦ ʥʘʥʦ ʛʨʝʜʝ ʜʦʙʠʿʘ ʩʝ 

Ὂ Ὠά
‬ύ

‬ὸ
  O    

‬Ὂ

‬ὼ
Ὂ
‬ύ

‬ὼ
Ὢὼȟὸ ”ὃ

‬ύ

‬ὸ
ȟ               ςȢρȢσ 

ὓ π  O    ὊὨὼ ὓ ὓ Ὠὓ πȟ                         ςȢρȢτ 

ʧʨʠ ʯʝʤʫ ʩʫ ʪʨʘʥʩʚʝʨʟʘʣʥʘ ʩʠʣʘ ʠ ʨʝʟʫʣʪʫʿʫ˂ʠ ʤʦʤʝʥʪ ʩʘʚʠʿʘˁʘ  

Ὂ
‬̇

‬ὼ
ȟ                                                                    ςȢρȢυ  

ὓ ᾀ„ Ὠὃ
ˍ

Ȣ                                                            ςȢρȢφ  
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ʄʥʦʞʝˁʝʤ ʨʝʣʘʮʠʿʝ ρȢςȢχ ʩʘ ᾀὨὃ ʠ ʠʥʪʝʛʨʘˀʝˁʝʤ ʧʦ ʧʦʚʨʰʠʥʠ ʧʦʧʨʝʯʥʦʛ 

ʧʨʝʩʝʢʘ ʥʘʥʦ-ʛʨʝʜʝ ɸ, ʫʟʠʤʘʿʫ˂ʠ ʫ ʦʙʟʠʨ ʨʝʣʘʮʠʿʫ ʟʘ ʨʝʟʫʣʪʫʿʫ˂ʠ ʤʦʤʝʥʪ ʩʘʚʠʿʘˁʘ ςȢρȢφ 

ʜʦʙʠʿʘ ʩʝ 

ὓ Ὡὥ
Ћὓ

Ћὼ
ὉὍ
Ћύ

Ћὼ
Ȣ                                           ςȢρȢχ   

ʛʜʝ ʿʝ Ὅ ᷿ ᾀὨὃ
ˍ

 ʘʢʩʠʿʘʣʥʠ ʤʦʤʝʥʪ ʠʥʝʨʮʠʿʝ ʧʦʚʨʰʠʥʝ ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ.  

ɼʠʬʝʨʝʥʮʠʨʘˁʝʤ ʿʝʜʥʘʯʠʥʝ (2.1.7) ʜʚʘ ʧʫʪʘ ʧʦ ὼ, ʜʦʙʠʿʘ ʩʝ 

Ћὓ

Ћὼ
Ὡὥ

Ћὓ

Ћὼ
ὉὍ
Ћύ

Ћὼ
Ȣ                                       ςȢρȢψ  

ɿʘʤʝʥʦʤ ςȢρȢυ ʫ ςȢρȢσ ʜʦʙʠʿʘ ʩʝ  

Ћὓ

Ћὼ
”ὃ
‬ύ

‬ὸ
Ὂ
‬ύ

‬ὼ
ὪὼȟὸȢ                                        ςȢρȢω   

ʂʘʜʘ ʨʝʣʘʮʠʿʝ ςȢρȢω ʠ ςȢρȢχ ʟʘʤʝʥʠʤʦ ʫ ςȢρȢψ ʜʦʙʠʿʘ ʩʝ ʧʘʨʮʠʿʘʣʥʘ 

ʜʠʬʝʨʝʥʮʠʿʘʣʥʘ ʿʝʜʥʘʯʠʥʘ ʤʘʪʝʤʘʪʠʯʢʦʛ ʤʦʜʝʣʘ ʧʦʤʦ˂ʫ ʢʦʿʝ ʩʝ ʦʧʠʩʫʿʫ ʤʘʣʝ 

ʪʨʘʥʩʚʝʨʟʘʣʥʝ ʦʩʮʠʣʘʮʠʿʝ ʥʘʥʦ-ʛʨʝʜʝ ʫ ʦʙʣʠʢʫ 

ὉὍ
‬ύ

‬ὼ
”ὃ
‬ύ

‬ὸ
Ὂ
‬ύ

‬ὼ
Ὢὼȟὸ Ὡὥ

‬

‬ὼ
”ὃ
‬ύ

‬ὸ
Ὂ
‬ύ

‬ὼ
ὪὼȟὸȢ   

ςȢρȢρπ 

ɻʨʘʥʠʯʥʠ ʫʩʣʦʚʠ ʟʘ ʧʨʦʩʪʦ ʦʩʣʦˁʝʥʫ Euler-Bernoulli-ʿʝʚʫ ʥʘʥʦ-ʛʨʝʜʫ, ʧʨʠʤʝʥʦʤ 

ʥʝʣʦʢʘʣʥʝ ʪʝʦʨʠʿʝ ʝʣʘʩʪʠʯʥʦʩʪʠ, ʿʝʜʥʘʢʠ ʩʫ ʛʨʘʥʠʯʥʠʤ ʫʩʣʦʚʠʤʘ Euler-Bernoulli-ʿʝʚʦʛ 

ʤʦʜʝʣʘ ʧʨʦʩʪʦ ʦʩʣʦˁʝʥʝ ʛʨʝʜʝ ʟʘʩʥʦʚʘʥʦʛ ʥʘ ʢʣʘʩʠʯʥʦʿ ʪʝʦʨʠʿʠ ʝʣʘʩʪʠʯʥʦʩʪʠ (Lu, P. ʠ 

ʩʘʨʘʜʥʠʮʠ, 2006) 

̈ ́     ὼ π          ύπȟὸ π       ̉      
‬ύ

‬ὼ
πȟὸ πȟ                              ςȢρȢρρ 

̈ ́    ὼ ὒ       ύὒȟὸ πȟ  ̉         
‬ύ

‬ὼ
ὒȟὸ πȢ                           ςȢρȢρς 



22 
 

2.2. ʅʝʣʦʢʘʣʥʘ ʪʝʦʨʠʿʘ ʝʣʘʩʪʠʯʥʝ ʦʨʪʦʪʨʦʧʥʝ ʥʘʥʦ-ʧʣʦʯʝ 

ʟʘʩʥʦʚʘʥʘ ʥʘ Kirchhoff -ʦʚʦ ʿʪʝʦʨʠʿʠ ʧʣʦʯʘ 
 

 

ʅʘ ʦʩʥʦʚʫ ʤʦʣʝʢʫʣʘʨʥʦ ʜʠʥʘʤʠʯʢʠʭ ʩʠʤʫʣʘʮʠʿʘ ʠ ʥʝʣʦʢʘʣʥʦʛ ʤʦʜʝʣʘ ʛʨʘʬʝʥʩʢʦʛ 

ʣʠʩʪʠ˂ʘ, ʫ ʨʘʜʫ (Ansari, R. ʠ ʩʘʨʘʜʥʠʮʠ, 2010) ʧʦʢʘʟʘʥʦ ʿʝ ʜʘ ʩʝ ʬʠʢʩʠʨʘʥʠ ʩʣʦʿ ʘʪʦʤʘ 

ʫʛˀʝʥʠʢʘ, ʫ ʩʣʫʯʘʿʫ ʛʨʘʬʝʥʩʢʦʛ ʣʠʩʪʠ˂ʘ, ʤʦʞʝ ʧʨʝʜʩʪʘʚʠʪʠ ʛʨʘʥʠʯʥʠʤ ʫʩʣʦʚʠʤʘ ʧʨʦʩʪʦ 

ʦʩʣʦˁʝʥʝ ʥʘʥʦ-ʧʣʦʯʝ. ʌʠʟʠʯʢʠ ʤʦʜʝʣ ʧʨʝʜʩʪʘʚˀʝʥ ʢʘʦ ʛʨʘʬʝʥʩʢʠ ʣʠʩʪʠ˂, ʯʠʿʠ ʩʫ ʢʨʘʿˁʠ 

ʛʨʘʥʠʯʥʠ ʩʣʦʿʝʚʠ ʘʪʦʤʘ ʬʠʢʩʠʨʘʥʠ, ʜʘʪ ʿʝ ʥʘ ʉʣʠʮʠ 2.2.1ʘ. ʊʘʢʘʚ ʬʠʟʠʯʢʠ ʤʦʜʝʣ 

ʝʢʚʠʚʘʣʝʥʪʘʥ ʿʝ ʩʘ ʛʣʝʜʠʰʪʘ ʪʝʦʨʠʿʝ ʤʝʭʘʥʠʢʝ ʿʝʜʥʦʤ ʤʝʭʘʥʠʯʢʦʤ ʤʦʜʝʣʫ ʧʨʝʜʩʪʘʚˀʝʥʦʛ 

ʢʘʦ Kirchhoff-ʦʚʘ ʧʣʦʯʘ, (ʉʣʠʢʘ 2.2.1ʙ). 

ɼʠʬʝʨʝʥʮʠʿʘʣʥʝ ʿʝʜʥʘʯʠʥʝ ʤʘʣʠʭ ʪʨʘʥʩʚʝʨʟʘʣʥʠʭ ʦʩʮʠʣʘʮʠʿʘ ʫʛˀʝʥʠʯʥʝ ʥʘʥʦ-

ʧʣʦʯʝ ʦʜʨʝʜʠ˂ʝʤʦ ʥʘ ʦʩʥʦʚʫ Eringen-ʦʚʝ ʥʝʣʦʢʘʣʥʝ ʪʝʦʨʠʿʝ ʥʘʧʦʥʘ ʠ Kirchhoff-ʦʚʝ ʪʝʦʨʠʿʝ 

ʧʣʦʯʘ. 

ʅʘʥʦ-ʧʣʦʯʘ ʿʝ ʠʟʣʦʞʝʥʘ ʜʝʿʩʪʚʫ ʧʨʦʠʟʚʦˀʥʦ ʨʘʩʧʦʨʝʹʝʥʦʛ ʪʨʘʥʩʚʝʨʟʘʣʥʦʛ 

ʦʧʪʝʨʝ˂ʝˁʘ Ὢὼȟώȟὸ ʫ ʧʨʘʚʮʫ ʦʩʝ z. ʅʘʥʦ-ʧʣʦʯʘ ʠʤʘ ʜʫʞʠʥʫ a, ʰʠʨʠʥʫ b ʠ ʜʝʙˀʠʥʫ h 

ʢʦʿʘ ʿʝ ʿʝʜʥʘʢʘ ʜʝʙˀʠʥʠ ʿʝʜʥʦʛ ʘʪʦʤʘ. ʇʦʚʨʰʠʥʘ ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ ʥʘʥʦ ʧʣʦʯʝ ʿʝ ʦʟʥʘʯʝʥʘ 

ʩʘ ɸ, Young-ʦʚ ʤʦʜʫʣ ʝʣʘʩʪʠʯʥʦʩʪʠ ʩʘ Ὁ  ʠ ʛʫʩʪʠʥʘ ʤʘʪʝʨʠʿʘʣʘ ʥʘʥʦ-ʧʣʦʯʝ ʩʘ ”.  

ʅʘ ʦʩʥʦʚʫ Kirchhoff-ʦʚʝ ʪʝʦʨʠʿʝ ʧʣʦʯʘ (Reddy, J. N., 2004, Reddy, J. N., 2006, 

Raġkoviĺ, D., 1965 ʠ Karliļiĺ, D. ʠ ʩʘʨʘʜʥʠʮʠ, 2015ʘ), ʢʦʤʧʦʥʝʥʪʝ ʧʦʤʝʨʘˁʘ ό ὼȟώȟᾀȟὸȟ

ὺӶὼȟώȟᾀȟὸȟύ ὼȟώȟᾀȟὸ, ʧʨʦʠʟʚʦˀʥʝ ʪʘʯʢʝ ʩʨʝʜˁʝ ʧʦʚʨʰʠ ʥʘʥʦ-ʧʣʦʯʝ ʜʫʞ ʦʩʘ x, y, z 

ʤʦʛʫ ʩʝ ʥʘʧʠʩʘʪʠ ʫ ʩʣʝʜʝ˂ʝʤ ʦʙʣʠʢʫ 

ό όὼȟώȟὸ ᾀ
‬ύὼȟώȟὸ

‬ὼ
ȟ   ὺӶ ὺὼȟώȟὸ ᾀ

‬ύὼȟώȟὸ

‬ώ
ȟ   ύ ύὼȟώȟὸȢ     ςȢςȢρ 

ʂʦʤʧʦʥʝʥʪʝ ʜʝʬʦʨʤʘʮʠʿʝ ʥʘʥʦ-ʧʣʦʯʝ ʜʘʪʝ ʩʫ ʫ ʩʣʝʜʝ˂ʝʤ ʦʙʣʠʢʫ 

‐
‬ό

‬ὼ
ᾀ
‬ύ

‬ὼ
ȟ   ‐

‬ὺ

‬ώ
ᾀ
‬ύ

‬ώ
ȟ   ‎

‬ό

‬ώ

‬ὺ

‬ὼ
ςᾀ
‬ύ

‬ὼ‬ώ
Ȣ                ςȢςȢς 

ɸʢʦ ʿʝ ʩʘ ” ʦʟʥʘʯʝʥʘ ʛʫʩʪʠʥʘ ʤʘʪʝʨʠʿʘʣʘ ʥʘʥʦ-ʧʣʦʯʝ, ʘ ʩʘ  ʫʙʨʟʘˁʝ ʫ ʧʨʘʚʮʫ ʦʩʝ 

ᾀ, ʿ ʝʜʥʘʯʠʥʘ ʨʘʚʥʦʪʝʞʝ ʧʨʦʿʝʢʮʠʿʘ ʩʠʣʘ ʫ ᾀ ʧʨʘʚʮʫ ʠʤʘ ʦʙʣʠʢ 



23 
 

Ὂ Ὠά
‬ύ

‬ὸ
  O    

‬ὗ

‬ὼ

‬ὗ

‬ώ
Ὢὼȟώȟὸ ”ὃ

‬ύ

‬ὸ
Ȣ               ςȢςȢσ 

 

 

ʉʣʠʢʘ 2.2.1 ʅʝʣʦʢʘʣʥʠ ʤʦʜʝʣ ʥʘʥʦ-ʧʣʦʯʝ ʠʟʣʦʞʝʥʝ ʜʝʿʩʪʚʫ ʘʢʩʠʿʘʣʥʦʛ ʤʘʛʥʝʪʥʦʛ ʧʦˀʘ ʠ 

ʜʝʿʩʪʚʫ ʪʨʘʥʩʚʝʨʟʘʣʥʦʛ ʦʧʪʝʨʝ˂ʝˁʘ. (ὥ) ʌʠʟʠʯʢʠ ʤʦʜʝʣ ʧʨʝʜʩʪʘʚˀʝʥ ʢʘʦ ʿʝʜʥʦʩʣʦʿʥʘ 

ʛʨʘʬʝʥʩʢʘ ʧʣʦʯʘ, (ʣ) ʄʝʭʘʥʠʯʢʠ ʤʦʜʝʣ ʧʨʝʜʩʪʘʚˀʝʥ ʢʘʦ ʥʘʥʦ-ʧʣʦʯʘ 

 

ʉʣʠʢʘ 2.2.2 Eʣʝʤʝʥʪʘʨʥʠ ʜʝʦ ʥʘʥʦ-ʧʣʦʯʝ 

 

ʅʘ ʦʩʥʦʚʫ ʜʨʫʛʦʛ Newton-ʦʚʦʛ ʟʘʢʦʥʘ ʤʦʛʫ ʩʝ ʥʘʧʠʩʘʪʠ ʿʝʜʥʘʯʠʥʝ ʨʘʚʥʦʪʝʞʝ 

ʤʦʤʝʥʘʪʘ ʟʘ ʦʩʝ ὼ ʠ ώ ʧʨʠʢʘʟʘʥʦʛ ʝʣʝʤʝʥʪʘʨʥʦʛ ʜʝʣʘ ʧʣʦʯʝ ʥʘ ʉʣʠʮʠ 2.2.2 

ὓ π   O    
‬ὓ

‬ὼ

‬ὓ

‬ώ
ὗȟ                                                   ςȢςȢτ 




















































































































































































































































































































