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ɸʅʆʊɸʎɯʗ 

ʆʣʝʢʩʠʰʝʥ ɺ. ʆ. ɺʜʦʩʢʦʥʘʣʝʥʥʷ ʦʙʣʘʜʥʘʥʥʷ ʜʣʷ ʦʜʝʨʞʘʥʥʷ ʧʦʣʽʤʝʨʥʠʭ 

ʚʠʨʦʙʽʚ ʤʝʪʦʜʦʤ ʧʨʦʩʪʦʨʦʚʦʛʦ ʜʨʫʢʫ. ï ʂʚʘʣʽʬʽʢʘʮʽʡʥʘ ʥʘʫʢʦʚʘ ʧʨʘʮʷ ʥʘ ʧʨʘʚʘʭ 

ʨʫʢʦʧʠʩʫ. 

ɼʠʩʝʨʪʘʮʽʷ ʥʘ ʟʜʦʙʫʪʪʷ ʥʘʫʢʦʚʦʛʦ ʩʪʫʧʝʥʷ ʜʦʢʪʦʨʘ ʬʽʣʦʩʦʬʽʾ ʟʘ 

ʩʧʝʮʽʘʣʴʥʽʩʪʶ 133 çɻʘʣʫʟʝʚʝ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷè. ï ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ 

ʫʥʽʚʝʨʩʠʪʝʪ ʋʢʨʘʾʥʠ çʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ 

ʉʽʢʦʨʩʴʢʦʛʦè, ʂʠʾʚ, 2020. 

ɼʠʩʝʨʪʘʮʽʡʥʫ ʨʦʙʦʪʫ ʧʨʠʩʚʷʯʝʥʦ ʜʦʩʣʽʜʞʝʥʥʶ ʧʨʦʮʝʩʫ ʧʨʦʩʪʦʨʦʚʦʛʦ 

ʜʨʫʢʫ, ʘ ʩʘʤʝ ʚʧʣʠʚʫ ʦʩʥʦʚʥʠʭ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʥʘ ʚʝʣʠʯʠʥʫ 

ʤʽʞʰʘʨʦʚʦʾ ʘʜʛʝʟʽʾ ʪʘ ʣʦʢʘʣʴʥʫ ʜʝʬʦʨʤʘʮʽʶ ʥʘʥʝʩʝʥʦʛʦ ʪʝʨʤʦʧʣʘʩʪʠʯʥʦʛʦ 

ʧʦʣʽʤʝʨʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʚ ʧʨʦʮʝʩʽ ʦʭʦʣʦʜʞʝʥʥʷ, ʘ ʪʘʢʦʞ ʚʠʚʯʝʥʥʶ ʜʠʥʘʤʽʢʠ 

ʧʝʨʝʤʽʱʝʥʥʷ ʚʠʢʦʥʘʚʯʠʭ ʦʨʛʘʥʽʚ FDM 3D ʧʨʠʥʪʝʨʽʚ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʪʠʧʫ 

ʢʦʥʩʪʨʫʢʪʠʚʥʦʾ ʩʭʝʤʠ. 

ʇʨʦʚʝʜʝʥʦ ʘʥʘʣʽʪʠʯʥʠʡ ʦʛʣʷʜ ʩʫʯʘʩʥʦʛʦ ʩʪʘʥʫ ʜʦʩʣʽʜʞʝʥʴ ʪʝʭʥʦʣʦʛʽʾ 

ʧʨʦʩʪʦʨʦʚʦʛʦ ʜʨʫʢʫ. ʈʦʟʛʣʷʥʫʪʦ ʦʩʥʦʚʥʽ ʩʫʯʘʩʥʽ ʪʝʭʥʦʣʦʛʽʾ ʘʜʠʪʠʚʥʦʛʦ 

ʚʠʨʦʙʥʠʮʪʚʘ, ʩʠʩʪʝʤʘʪʠʟʦʚʘʥʦ ʢʦʥʩʪʨʫʢʮʽʾ ʫʩʪʘʪʢʫʚʘʥʥʷ 3D ʜʨʫʢʫ 

ʪʝʨʤʦʧʣʘʩʪʠʯʥʠʤʠ ʧʦʣʽʤʝʨʥʠʤʠ ʤʘʪʝʨʽʘʣʘʤʠ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʢʽʥʝʤʘʪʠʯʥʦʾ 

ʩʭʝʤʠ ʧʝʨʝʤʽʱʝʥʥʷ ʚʠʢʦʥʘʚʯʠʭ ʦʨʛʘʥʽʚ, ʨʦʟʛʣʷʥʫʪʦ ʪʠʧʠ ʢʦʥʩʪʨʫʢʮʽʡ 

ʜʨʫʢʫʚʘʣʴʥʠʭ ʛʦʣʦʚʦʢ ʥʘ ʦʩʥʦʚʽ ʧʘʪʝʥʪʥʦʛʦ ʧʦʰʫʢʫ, ʧʨʦʘʥʘʣʽʟʦʚʘʥʦ 

ʜʦʩʣʽʜʞʝʥʥʷ ʬʽʟʠʢʦ-ʤʝʭʘʥʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʜʨʫʢʦʚʘʥʠʭ ʚʠʨʦʙʽʚ ʚ ʟʘʣʝʞʥʦʩʪʽ 

ʚʽʜ ʦʩʥʦʚʥʠʭ ʧʘʨʘʤʝʪʨʽʚ 3D ʜʨʫʢʫ ʪʘ ʛʝʦʤʝʪʨʽʾ ʥʘʥʝʩʝʥʥʷ ʰʘʨʽʚ. 

ʇʨʦʚʝʜʝʥʠʡ ʦʛʣʷʜ ʧʦʢʘʟʘʚ, ʱʦ ʛʘʣʫʟʴ ʩʫʯʘʩʥʦʛʦ ʘʜʠʪʠʚʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ 

ʜʣʷ ʦʜʝʨʞʘʥʥʷ ʧʦʣʽʤʝʨʥʠʭ ʚʠʨʦʙʽʚ ʥʘʜʟʚʠʯʘʡʥʦ ʰʚʠʜʢʦ ʨʦʟʚʠʚʘʻʪʴʩʷ, ʧʨʦʪʝ 

ʧʽʜʭʦʜʠ ʜʦ ʢʦʥʩʪʨʫʶʚʘʥʥʷ ʥʦʚʠʭ ʪʠʧʽʚ ʦʙʣʘʜʥʘʥʥʷ ʥʝ ʚʨʘʭʦʚʫʶʪʴ ʚʣʘʩʪʠʚʦʩʪʝʡ 

ʚʠʪʨʘʪʥʦʛʦ ʤʘʪʝʨʽʘʣʫ. ɻʦʣʦʚʥʠʤ ʟʘʚʜʘʥʥʷʤ ʽʥʞʝʥʝʨʽʚ ʧʽʜ ʯʘʩ ʧʨʦʝʢʪʫʚʘʥʥʷ ʻ 

ʦʧʪʠʤʽʟʘʮʽʷ ʪʘ ʤʦʜʝʨʥʽʟʘʮʽʷ ʽʩʥʫʶʯʠʭ ʢʦʥʩʪʨʫʢʮʽʡ. ʊʘʢʦʞ ʥʝʜʦʩʪʘʪʥʴʦ ʚʠʚʯʝʥʠʤ 

ʻ ʧʠʪʘʥʥʷ ʧʨʦʮʝʩʫ ʬʦʨʤʫʚʘʥʥʷ ʛʦʪʦʚʠʭ ʚʠʨʦʙʽʚ. ʇʨʦʚʝʜʝʥʽ ʜʦʩʣʽʜʞʝʥʥʷ 

ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʟʨʘʟʢʽʚ ʥʝ ʜʘʶʪʴ ʪʦʯʥʠʭ ʜʘʥʠʭ ʧʨʦ ʚʝʣʠʯʠʥʫ ʪʘ 

ʧʨʠʨʦʜʫ ʤʽʞʰʘʨʦʚʦʾ ʘʜʛʝʟʽʾ, ʷʢʘ ʻ ʦʩʥʦʚʦʶ ʘʜʠʪʠʚʥʠʭ ʪʝʭʥʦʣʦʛʽʡ. ʅʘʚʽʪʴ ʚ 
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ʜʦʩʣʽʜʞʝʥʥʷʭ, ʱʦ ʧʨʦʚʦʜʠʣʠ ʚʠʧʨʦʙʦʚʫʚʘʥʥʷ ʥʘ ʩʪʘʪʠʯʥʠʡ ʦʜʥʦʦʩʴʦʚʠʡ ʨʦʟʪʷʛ 

ʚ ʧʦʧʝʨʝʯʥʦʤʫ ʥʘʧʨʷʤʢʫ ʜʦ ʥʘʥʝʩʝʥʥʷ ʰʘʨʽʚ, ʙʫʣʘ ʧʨʠʩʫʪʥʷ ʢʦʥʪʫʨʥʘ ʩʪʽʥʢʘ, ʘ 

ʮʝ, ʚ ʩʚʦʶ ʯʝʨʛʫ, ʻ ʥʝʢʦʨʝʢʪʥʠʤ ʜʣʷ ʚʩʪʘʥʦʚʣʝʥʥʷ ʚʝʣʠʯʠʥʠ ʤʽʞʰʘʨʦʚʦʾ ʘʜʛʝʟʽʾ. 

ɺʘʨʪʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʧʨʘʢʪʠʯʥʦ ʥʝ ʚʠʚʯʝʥʠʤ ʻ ʧʠʪʘʥʥʷ ʧʦʚʝʜʽʥʢʠ ʨʦʟʧʣʘʚʫ 

ʪʝʨʤʦʧʣʘʩʪʠʯʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʧʽʩʣʷ ʡʦʛʦ ʚʠʭʦʜʫ ʟ ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ, ʘ ʩʘʤʝ 

ʧʨʦʮʝʩ ʡʦʛʦ ʦʭʦʣʦʜʞʝʥʥʷ ʪʘ ʚʟʘʻʤʦʜʽʾ ʟ ʧʦʧʝʨʝʜʥʴʦ ʥʘʥʝʩʝʥʠʤ ʤʘʪʝʨʽʘʣʦʤ. 

ʆʢʨʝʤʦʶ ʧʨʠʢʣʘʜʥʦʶ ʪʝʤʦʶ, ʱʦ ʪʘʢʦʞ ʩʣʘʙʦ ʚʠʚʯʝʥʘ, ʻ ʧʠʪʘʥʥʷ ʜʠʥʘʤʽʢʠ ʨʫʭʫ 

ʚʠʢʦʥʘʚʯʠʭ ʦʨʛʘʥʽʚ ʪʘ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʦʙʣʘʜʥʘʥʥʷ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ 

ʢʦʥʩʪʨʫʢʪʠʚʥʦʾ ʩʭʝʤʠ. 

ɼʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ ʦʭʦʣʦʜʞʝʥʥʷ ʚ ʨʦʙʦʪʽ ʚʠʢʦʨʠʩʪʘʥʦ ʜʚʦʚʠʤʽʨʥʫ 

ʤʘʪʝʤʘʪʠʯʥʫ ʤʦʜʝʣʴ ʥʝʩʪʘʮʽʦʥʘʨʥʦʾ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ ʪʘ ʤʦʜʝʣʴ ʪʝʯʽʾ 

ʥʝʥʴʶʪʦʥʽʚʩʴʢʦʾ ʥʝʽʟʦʪʝʨʤʽʯʥʦʾ ʨʽʜʠʥʠ. ɼʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʜʝʬʦʨʤʫʚʘʥʥʷ ʰʘʨʫ 

ʧʦʣʽʤʝʨʫ ʧʽʜ ʜʽʻʶ ʚʣʘʩʥʦʾ ʚʘʛʠ ʟ ʦʜʥʦʯʘʩʥʠʤ ʦʭʦʣʦʜʞʝʥʥʷʤ ʧʽʩʣʷ ʥʘʥʝʩʝʥʥʷ ʥʘ 

ʧʦʧʝʨʝʜʥʽʡ ʰʘʨ ʨʦʟʚôʷʟʫʚʘʣʘʩʴ ʟʚôʷʟʘʥʘ ʪʝʨʤʦʤʝʭʘʥʽʯʥʘ ʟʘʜʘʯʘ ʟ ʫʨʘʭʫʚʘʥʥʷʤ 

ʩʪʝʧʝʥʝʚʦʾ ʟʘʣʝʞʥʦʩʪʽ ʚôʷʟʢʦʩʪʽ ʧʦʣʽʤʝʨʫ ʚʽʜ ʰʚʠʜʢʦʩʪʽ ʜʝʬʦʨʤʘʮʽʾ ʪʘ ʟʘʢʦʥʦʤ 

ɸʨʨʝʥʽʫʩʘ ʟʘʣʝʞʥʦʩʪʽ ʚôʷʟʢʦʩʪʽ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ. 

ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʧʦʢʘʟʘʣʠ, ʱʦ ʟʘ ʫʤʦʚ ʽʥʪʝʥʩʠʚʥʦʛʦ ʦʙʜʫʚʫ ʧʦʣʽʤʝʨ 

ʤʝʥʰ ʥʽʞ ʟʘ 1 ʩ ʚʩʪʠʛʘʻ ʦʭʦʣʦʜʠʪʠʩʴ ʜʦ ʪʝʤʧʝʨʘʪʫʨ, ʥʠʞʯʠʭ ʟʘ ʪʝʤʧʝʨʘʪʫʨʫ 

ʪʝʢʫʯʦʩʪʽ ʙʝʟ ʧʦʤʽʪʥʠʭ ʜʝʬʦʨʤʘʮʽʡ. ʇʨʦʪʝ ʜʣʷ ʥʝʜʦʧʫʱʝʥʥʷ ʢʦʨʦʙʣʝʥʥʷ ʪʘ 

ʨʦʟʰʘʨʫʚʘʥʥʷ ʚʠʨʦʙʽʚ ʪʝʤʧʝʨʘʪʫʨʘ ʥʝ ʤʘʻ ʚʠʭʦʜʠʪʠ ʟʘ ʧʝʚʥʽ ʤʝʞʽ, ʱʦ ʩʚʽʜʯʠʪʴ 

ʧʨʦ ʪʝ, ʱʦ ʧʦʚʠʥʝʥ ʙʫʪʠ ʚʩʪʘʥʦʚʣʝʥʠʡ ʧʝʚʥʠʡ ʤʽʥʽʤʘʣʴʥʠʡ ʧʨʦʤʽʞʦʢ ʯʘʩʫ ʜʦ 

ʥʘʥʝʩʝʥʥʷ ʥʘʩʪʫʧʥʦʛʦ ʰʘʨʫ, ʨʽʟʥʠʡ ʜʣʷ ʨʽʟʥʠʭ ʧʦʣʽʤʝʨʽʚ ʽ ʨʦʟʤʽʨʽʚ ʰʘʨʫ. ʎʝ 

ʥʘʢʣʘʜʘʻ ʦʙʤʝʞʝʥʥʷ ʥʘ ʜʦʧʫʩʪʠʤʫ ʰʚʠʜʢʽʩʪʴ ʨʦʙʦʪʠ 3D-ʧʨʠʥʪʝʨʘ. 

ʄʦʜʝʣʶʚʘʥʥʷ ʜʘʻ ʟʤʦʛʫ ʦʪʨʠʤʘʪʠ ʜʘʥʽ ʧʨʦ ʩʪʫʧʽʥʴ ʟʘʧʦʚʥʝʥʥʷ ʧʦʧʝʨʝʯʥʦʛʦ 

ʧʝʨʝʨʽʟʫ ʚʠʨʦʙʽʚ, ʚʩʪʘʥʦʚʠʪʠ ʧʨʠʯʠʥʠ ʧʦʷʚʠ ʜʝʬʝʢʪʽʚ ʪʘ ʧʽʜʽʙʨʘʪʠ ʦʧʪʠʤʘʣʴʥʽ 

ʪʦʚɦʠʥʠ, ʪʝʤʧʝʨʘʪʫʨʠ ʪʘ ʰʚʠʜʢʦʩʪʽ ʜʨʫʢʫ. 

ɼʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ ʨʦʟʪʷʛʫ ʜʨʫʢʦʚʘʥʠʭ ʟʨʘʟʢʽʚ ʚ ʧʦʧʝʨʝʯʥʦʤʫ ʜʦ 

ʥʘʧʨʷʤʫ ʥʘʥʝʩʝʥʥʷ ʰʘʨʽʚ ʟʘʩʪʦʩʦʚʘʥʦ ʜʠʩʢʨʝʪʥʫ ʤʘʪʝʤʘʪʠʯʥʫ ʤʦʜʝʣʴ ʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʛʨʘʥʠʯʥʦʛʦ ʝʣʝʤʝʥʪʘ ʥʘ ʦʩʥʦʚʽ ʤʝʪʦʜʫ ʰʪʨʘʬʫ ʜʣʷ 

ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʜʝʣʘʤʽʥʘʮʽʾ ʥʘʥʝʩʝʥʠʭ ʰʘʨʽʚ ʧʦʣʽʤʝʨʫ. 
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ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʧʦʢʘʟʘʣʠ, ʱʦ ʨʦʟʰʘʨʫʚʘʥʥʷ ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʦʯʠʥʘʶʯʠ 

ʟ ʢʨʘʾʚ ʧʦʚʝʨʭʥʽ ʢʦʥʪʘʢʪʫ ʰʘʨʽʚ ʟʘ ʩʭʝʤʦʶ ʢʨʠʭʢʦʛʦ ʨʫʡʥʫʚʘʥʥʷ.  

ʅʘʚʝʜʝʥʽ ʤʦʜʝʣʴ ʪʘ ʤʝʪʦʜʠʢʘ ʯʠʩʣʦʚʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʜʘʶʪʴ ʟʤʦʛʫ 

ʧʨʦʛʥʦʟʫʚʘʪʠ ʤʽʮʥʽʩʪʴ ʜʨʫʢʦʚʘʥʠʭ ʧʦʣʽʤʝʨʥʠʭ ʚʠʨʦʙʽʚ ʚ ʥʘʧʨʷʤʽ ʧʦʧʝʨʝʢ ʰʘʨʽʚ 

ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʘʥʠʭ ʚʠʧʨʦʙʫʚʘʥʴ ʜʨʫʢʦʚʘʥʠʭ ʟʨʘʟʢʽʚ ʥʘ 

ʨʦʟʪʷʛ. 

ɹʫʣʦ ʧʨʦʚʝʜʝʥʦ ʚʽʜʧʦʚʽʜʥʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʜʨʫʢʦʚʘʥʠʭ 

ʟʨʘʟʢʽʚ ʥʘ ʨʦʟʪʷʛ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʛʝʦʤʝʪʨʽʾ ʪʘ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ 3D 

ʜʨʫʢʫ ʪʘʢʠʭ, ʷʢ ʪʝʤʧʝʨʘʪʫʨʘ ʪʘ ʰʚʠʜʢʽʩʪʴ ʜʨʫʢʫ, ʘ ʪʘʢʦʞ ʚʠʩʦʪʘ ʪʘ ʜʦʚʞʠʥʘ 

ʥʘʥʝʩʝʥʦʛʦ ʰʘʨʫ.  

ɺʜʦʩʢʦʥʘʣʝʥʦ ʤʝʪʦʜʠʢʫ ʧʨʦʚʝʜʝʥʥʷ ʚʽʜʧʦʚʽʜʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʪʘ ʩʪʚʦʨʝʥʦ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʫ ʫʩʪʘʥʦʚʢʫ ʜʣʷ ʾʭ ʧʨʦʚʝʜʝʥʥʷ, ʱʦ ʚʢʣʶʯʘʻ ʤʝʭʘʥʽʯʥʫ ʪʘ 

ʝʣʝʢʪʨʦʥʥʫ ʯʘʩʪʠʥʠ, ʘ ʪʘʢʦʞ ʩʪʚʦʨʝʥʦ ʧʨʦʛʨʘʤʥʝ ʟʘʙʝʟʧʝʯʝʥʥʷ ʜʣʷ ʦʙʨʦʙʢʠ 

ʜʘʥʠʭ. ʉʪʚʦʨʝʥʘ ʫʩʪʘʥʦʚʢʘ ʪʘ ʚʽʜʧʦʚʽʜʥʽ ʤʝʪʦʜʠʢʠ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʚ 

ʥʘʚʯʘʣʴʥʦʤʫ ʧʨʦʮʝʩʽ ʧʽʜ ʯʘʩ ʚʠʢʦʥʘʥʥʷ ʣʘʙʦʨʘʪʦʨʥʠʭ ʨʦʙʽʪ, ʢʫʨʩʦʚʦʛʦ ʡ 

ʜʠʧʣʦʤʥʦʛʦ ʧʨʦʝʢʪʫʚʘʥʥʷ ʥʘ ʢʘʬʝʜʨʽ ʭʽʤʽʯʥʦʛʦ, ʧʦʣʽʤʝʨʥʦʛʦ ʪʘ ʩʠʣʽʢʘʪʥʦʛʦ 

ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ ʅʘʮʽʦʥʘʣʴʥʦʛʦ ʪʝʭʥʽʯʥʦʛʦ ʫʥʽʚʝʨʩʠʪʝʪʫ ʋʢʨʘʾʥʠ çʂʠʾʚʩʴʢʠʡ 

ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦè. 

ɻʨʫʧʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʟʨʘʟʢʽʚ ʥʘ ʨʦʟʪʷʛ ʜʘʣʘ ʟʤʦʛʫ 

ʚʩʪʘʥʦʚʠʪʠ ʨʷʜ ʟʘʣʝʞʥʦʩʪʝʡ ʚʝʣʠʯʠʥʠ ʤʽʞʰʘʨʦʚʦʾ ʘʜʛʝʟʽʾ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ ʪʘ 

ʰʚʠʜʢʦʩʪʽ ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ, ʘ ʪʘʢʦʞ ʪʦʚʱʠʥʠ ʥʘʥʝʩʝʥʦʛʦ ʰʘʨʫ.  

1. ɺʠʷʚʣʝʥʦ, ʱʦ ʽʩʥʫʻ ʦʧʪʠʤʘʣʴʥʠʡ ʜʽʘʧʘʟʦʥ ʪʝʤʧʝʨʘʪʫʨ                                 

(tʜʨʫʢʫ = 210...220Üʉ), ʧʨʠ ʷʢʦʤʫ ʟʥʘʯʝʥʥʷ ʤʽʞʰʘʨʦʚʦʾ ʘʜʛʝʟʽʾ ʜʦʩʷʛʘʻ 

ʤʘʢʩʠʤʘʣʴʥʠʭ ʟʥʘʯʝʥʴ. ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʤʝʥʰʠʭ, ʥʘʧʣʘʚʣʝʥʥʷ ʻ ʜʦʩʪʘʪʥʴʦ 

ʩʣʘʙʢʠʤ, ʘ ʧʨʠ ʚʠʱʠʭ ï ʚʽʜʙʫʚʘʻʪʴʩʷ ʨʝʢʨʠʩʪʘʣʽʟʘʮʽʷ ʧʦʣʽʤʝʨʫ, ʱʦ ʥʝʛʘʪʠʚʥʦ 

ʚʧʣʠʚʘʻ ʥʘ ʚʟʘʻʤʦʜʽʶ ʤʽʞ ʰʘʨʘʤʠ.  

2. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʧʨʠ ʥʠʟʴʢʠʭ ʰʚʠʜʢʦʩʪʷʭ (Vʜʨʫʢʫ Ò 20 ʤʤ/c ) 

ʧʝʨʝʤʽʱʝʥʥʷ ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ ʚʝʣʠʯʠʥʘ ʤʽʞʰʘʨʦʚʦʾ ʚʟʘʻʤʦʜʽʾ ʥʘ 8-10% 

ʥʠʞʯʝ, ʥʽʞ ʧʨʠ ʦʧʪʠʤʘʣʴʥʠʭ (Vʜʨʫʢʫ ʦʧʪ. = 30...40 ʤʤ/c ), ʚʥʘʩʣʽʜʦʢ ʣʦʢʘʣʴʥʦʛʦ 

ʧʝʨʝʛʨʽʚʫ ʰʘʨʫ ʪʝʨʤʦʧʣʘʩʪʠʯʥʦʛʦ ʧʦʣʽʤʝʨʫ; ʧʨʠ ʰʚʠʜʢʦʩʪʷʭ Vʜʨʫʢʫ > 50 ʤʤ/c 
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ʧʦʩʪʫʧʦʚʦ ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʨʠʚ ʥʘʥʝʩʝʥʦʛʦ ʰʘʨʫ ʽ ʷʢʽʩʪʴ ʟʨʘʟʢʽʚ ʧʦʩʪʫʧʦʚʦ ʧʘʜʘʻ. 

ʆʯʝʚʠʜʥʦ, ʱʦ ʰʚʠʜʢʽʩʪʴ ʜʨʫʢʫ ʚ ʧʝʨʰʫ ʯʝʨʛʫ ʚʧʣʠʚʘʻ ʥʘ ʯʘʩ ʤʽʞ ʥʘʥʝʩʝʥʥʷʤ 

ʜʚʦʭ ʩʫʩʽʜʥʽʭ ʰʘʨʽʚ, ʪʦʤʫ ʥʘʡʚʠʱʘ ʤʽʮʥʽʩʪʴ ʟʨʘʟʢʽʚ ʚʽʜʧʦʚʽʜʘʻ ʪʦʤʫ ʚʠʧʘʜʢʫ, 

ʢʦʣʠ ʥʘʩʪʫʧʥʠʡ ʰʘʨ ʥʘʥʦʩʠʪʴʩʷ ʥʘ ʩʪʘʙʽʣʴʥʠʡ ʚ ʛʝʦʤʝʪʨʽʾ, ʧʨʦʪʝ ʱʝ 

ʤʘʢʩʠʤʘʣʴʥʦ ʛʘʨʷʯʠʡ ʰʘʨ ʪʝʨʤʦʧʣʘʩʪʠʯʥʦʛʦ ʧʦʣʽʤʝʨʥʦʛʦ ʤʘʪʝʨʽʘʣʫ. 

3. ɺʝʣʠʯʠʥʘ ʤʽʞʰʘʨʦʚʦʾ ʚʟʘʻʤʦʜʽʾ ʧʨʘʢʪʠʯʥʦ ʥʝʟʤʽʥʥʘ ʜʣʷ ʟʨʘʟʢʽʚ ʟ 

ʪʦʚʱʠʥʦʶ ʰʘʨʫ ȹh ʘʨʫ Ò 1/3dʩʦʧʣʘ, ɿʽ ʟʨʦʩʪʘʥʥʷʤ ʪʦʚʱʠʥʠ ʤʽʮʥʽʩʪʴ ʧʘʜʘʻ ʽ ʧʨʠ 

ʢʨʠʪʠʯʥʠʭ ʟʥʘʯʝʥʥʷʭ (ȹh ʘʨʫ > 1/2dʩʦʧʣʘ) 3D ʜʨʫʢ ʩʪʘʻ ʥʝʤʦʞʣʠʚʠʤ. ʆʪʞʝ ʟ ʪʦʯʢʠ 

ʟʦʨʫ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʪʦʚʱʠʥ ʰʘʨʫ ȹh ʘʨʫ = 0,05é0,1dʩʦʧʣʘ ʻ ʥʝʨʘʮʽʦʥʘʣʴʥʠʤʠ ʽ ʥʝ 

ʚʧʣʠʚʘʶʪʴ ʥʘ ʤʽʮʥʽʩʪʴ ʚʠʨʦʙʽʚ. 

ʊʘʢʦʞ ʙʫʣʘ ʚʠʷʚʣʝʥʘ ʟʘʢʦʥʦʤʽʨʥʽʩʪʴ ʧʦʷʚʠ ʜʝʬʝʢʪʥʠʭ ʟʨʘʟʢʽʚ, ʤʽʮʥʽʩʪʴ ʷʢʠʭ 

ʙʫʣʘ ʤʝʥʰʦʶ ʥʘ 30 ï 80% ʟʘ ʤʽʮʥʽʩʪʴ ʽʥʰʠʭ ʟʨʘʟʢʽʚ ʚʽʜʧʦʚʽʜʥʦʾ ʛʨʫʧʠ. ʇʨʠ 

ʟʙʽʣʴʰʝʥʥʽ ʚʝʣʠʯʠʥʠ ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʨʽʟʫ ʥʘ 50% ʢʽʣʴʢʽʩʪʴ ʪʘʢʠʭ ʟʨʘʟʢʽʚ 

ʧʦʩʪʫʧʦʚʦ ʧʘʜʘʣʘ. ʎʝ ʧʦʚôʷʟʘʥʦ ʟ ʨʷʜʦʤ ʬʘʢʪʦʨʽʚ, ʘ ʩʘʤʝ ʥʝʜʦʝʢʩʪʨʫʟʽʻʶ ʧʦʣʽʤʝʨʥʦʾ 

ʩʠʨʦʚʠʥʠ ʥʘ ʧʦʯʘʪʢʫ ʧʦʙʫʜʦʚʠ ʥʦʚʦʛʦ ʰʘʨʫ, ʜʝʬʦʨʤʘʮʽʻʶ ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʨʽʟʫ 

ʰʘʨʫ ʧʽʜ ʯʘʩ ʦʭʦʣʦʜʞʝʥʥʷ, ʟʘʭʦʧʣʝʥʥʽ ʧʦʚʽʪʨʷ ʥʘʥʝʩʝʥʦʶ ʧʦʣʽʤʝʨʥʦʶ ʥʠʪʢʦʶ, ʘ 

ʪʘʢʦʞ ʚʽʙʨʘʮʽʷʤʠ ʨʦʙʦʯʦʾ ʧʣʘʪʬʦʨʤʠ ʪʘ ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ, ʱʦ ʫʪʚʦʨʶʶʪʴ 

ʤʽʢʨʦʧʦʨʦʞʥʠʥʠ ʥʘ ʤʝʞʽ ʜʚʦʭ ʰʘʨʽʚ. ɿʽ ʟʨʦʩʪʘʥʥʷʤ ʧʣʦʱʽ ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʨʽʟʫ, 

ʧʠʪʦʤʠʡ ʦʙôʻʤ ʪʘ ʚʽʨʦʛʽʜʥʽʩʪʴ ʧʦʷʚʠ ʢʨʠʪʠʯʥʠʭ ʜʝʬʝʢʪʽʚ ʟʤʝʥʰʫʻʪʴʩʷ, ʘ ʦʪʞʝ ʽ 

ʤʽʮʥʽʩʪʥʽ ʪʘ ʷʢʽʩʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʟʨʘʟʢʽʚ ʟʨʦʩʪʘʶʪʴ. 

ɻʨʫʧʘ ʜʦʩʣʽʜʽʚ ʧʦ ʚʠʚʯʝʥʥʶ ʜʠʥʘʤʽʢʠ ʨʫʭʫ ʚʠʢʦʥʘʚʯʠʭ ʦʨʛʘʥʽʚ, ʚ ʧʝʨʰʫ 

ʯʝʨʛʫ ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ 3D ʧʨʠʥʪʝʨʘ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʪʠʧʫ ʢʦʥʩʪʨʫʢʮʽʾ, ʜʘʣʘ 

ʟʤʦʛʫ ʜʦʩʣʽʜʠʪʠ ʧʨʦʮʝʩ ʥʘʥʝʩʝʥʥʷ ʪʝʨʤʦʧʣʘʩʪʠʯʥʦʛʦ ʧʦʣʽʤʝʨʥʦʛʦ ʚʠʪʨʘʪʥʦʛʦ 

ʤʘʪʝʨʽʘʣʫ, ʦʪʨʠʤʘʪʠ ʜʘʥʥʽ ʱʦʜʦ ʬʘʢʪʠʯʥʦʾ ʰʚʠʜʢʦʩʪʽ ʨʫʭʫ ʚ ʢʦʞʥʽʡ ʪʦʯʮʽ ʰʘʨʫ, 

ʚʠʷʚʠʪʠ ʤʽʩʮʷ ʟʫʧʠʥʢʠ ʪʘ ʧʨʠʩʢʦʨʝʥʥʷ. ɹʫʣʦ ʚʠʷʚʣʝʥʦ, ʱʦ ʰʚʠʜʢʽʩʪʴ ʜʨʫʢʫ ʟʘʚʞʜʠ 

ʤʝʥʰʘ (ʜʦ 50%) ʟʘ ʟʘʜʘʥʫ ʚ ʚʠʢʦʥʘʚʯʽʡ ʧʨʦʛʨʘʤʽ ʽ ʟʘʣʝʞʠʪʴ ʚʽʜ ʩʭʝʤʠ ʧʝʨʝʤʽʱʝʥʥʷ 

ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ. ʊʘʢʦʞ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʟʽ ʟʨʦʩʪʘʥʥʷʤ ʰʚʠʜʢʦʩʪʽ ʜʨʫʢʫ 

ʚʽʜʤʽʥʥʽʩʪʴ ʤʽʞ ʬʘʢʪʠʯʥʠʤ ʪʘ ʪʝʦʨʝʪʠʯʥʠʤ ʯʘʩʦʤ ʜʨʫʢʫ ʧʦʩʪʫʧʦʚʦ ʟʤʝʥʰʫʻʪʴʩʷ ʪʘ 

ʟʘʣʝʞʥʽʩʪʴ ʤʽʞ ʥʠʤʠ ʦʧʠʩʫʻʪʴʩʷ ʩʪʝʧʝʥʝʚʠʤ ʟʘʢʦʥʦʤ, ʧʨʠ ʯʦʤʫ ʜʣʷ ʚʩʽʭ ʪʠʧʽʚ 

ʢʦʥʩʪʨʫʢʮʽʡ. 
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ɹʫʣʘ ʟʘʧʨʦʧʦʥʦʚʘʥʘ ʤʝʪʦʜʠʢʘ ʧʦ ʦʮʽʥʮʽ ʪʦʯʥʦʩʪʽ ʚʠʛʦʪʦʚʣʝʥʥʷ ʪʦʥʢʦʩʪʽʥʥʠʭ 

ʢʨʫʧʥʦʛʘʙʘʨʠʪʥʠʭ ʬʦʨʤ ʥʘ ʦʩʥʦʚʽ ʟʥʘʭʦʜʞʝʥʥʷ ʧʦʣʷ ʚʽʜʭʠʣʝʥʴ ʤʽʞ 3D 

ʧʦʣʽʛʦʥʘʣʴʥʠʤ ʩʢʘʥʫʚʘʥʥʷʤ ʦʙôʻʢʪʘ ʪʘ ʙʘʟʦʚʦʶ ʪʚʝʨʜʦʪʽʣʴʥʦʶ ʬʦʨʤʦʶ, ʘ ʪʘʢʦʞ 

ʚʩʪʘʥʦʚʣʝʥʘ ʟʘʣʝʞʥʽʩʪʴ ʤʽʞ ʚʽʜʭʠʣʝʥʥʷʤ ʬʦʨʤʠ ʪʘ ʽʥʪʝʥʩʠʚʥʽʩʪʶ ʦʭʦʣʦʜʞʝʥʥʷ. 

ɼʦʩʣʽʜʞʝʥʥʷ ʧʦʢʘʟʘʣʦ ʦʧʪʠʤʘʣʴʥʽ ʟʥʘʯʝʥʥʷ ʨʝʞʠʤʽʚ ʦʭʦʣʦʜʞʝʥʥʷ. ʇʨʠ ʜʦʩʪʘʪʥʴʦ 

ʩʣʘʙʢʠʭ ʟʥʘʯʝʥʥʷʭ ʚʽʜʙʫʚʘʻʪʴʩʷ ʥʘʜʤʽʨʥʘ ʜʝʬʦʨʤʘʮʽʷ ʧʝʨʝʨʽʟʫ ʥʘʥʝʩʝʥʦʛʦ 

ʤʘʪʝʨʽʘʣʫ, ʘ ʧʨʠ ʢʨʠʪʠʯʥʦ ʚʠʩʦʢʠʭ, ʧʦʣʽʤʝʨ ʧʦʢʘʟʫʻ ʚʠʩʦʢʫ ʫʩʘʜʢʫ, ʱʦ ʪʘʢʦʞ 

ʥʝʛʘʪʠʚʥʦ ʚʧʣʠʚʘʻ ʥʘ ʪʦʯʥʽʩʪʴ ʚʠʛʦʪʦʚʣʝʥʥʷ.  

ʅʘʫʢʦʚʘ ʥʦʚʠʟʥʘ ʦʜʝʨʞʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʧʦʣʷʛʘʻ ʫ ʢʦʤʧʣʝʢʩʥʦʤʫ 

ʜʦʩʣʽʜʞʝʥʥʽ ʧʨʦʮʝʩʫ ʬʦʨʤʫʚʘʥʥʷ ʧʦʣʽʤʝʨʥʠʭ ʚʠʨʦʙʽʚ ʩʪʚʦʨʝʥʠʭ ʤʝʪʦʜʦʤ 3D 

ʜʨʫʢʫ, ʘ ʩʘʤʝ ʚʝʣʠʯʠʥʠ, ʛʝʦʤʝʪʨʽʾ, ʧʨʠʨʦʜʠ ʤʽʞʰʘʨʦʚʦʾ ʘʜʛʝʟʽʾ ʪʘ ʜʝʬʦʨʤʘʮʽʾ 

ʛʘʨʷʯʦʛʦ ʰʘʨʫ ʪʝʨʤʦʧʣʘʩʪʠʯʥʦʛʦ ʧʦʣʽʤʝʨʥʦʛʦ ʤʘʪʝʨʽʘʣʫ; ʩʪʚʦʨʝʥʽ ʤʝʪʦʜʽʚ 

ʨʦʟʨʦʙʢʠ ʽ ʚʜʦʩʢʦʥʘʣʝʥʥʷ ʧʨʦʮʝʩʫ ʪʘ ʦʙʣʘʜʥʘʥʥʷ FDM ʜʨʫʢʫ ʚ ʥʘʧʨʷʤʢʫ 

ʧʽʜʚʠʱʝʥʥʷ ʽʟʦʪʨʦʧʥʦʩʪʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʢʽʥʮʝʚʦʛʦ ʚʠʨʦʙʫ.  

ʅʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʽ ʨʝʟʫʣʴʪʘʪʠ ʜʠʩʝʨʪʘʮʽʡʥʦʾ ʨʦʙʦʪʠ ʚʧʨʦʚʘʜʞʝʥʦ ʚ 

ʥʘʚʯʘʣʴʥʠʡ ʧʨʦʮʝʩ ʢʘʬʝʜʨʠ ʭʽʤʽʯʥʦʛʦ, ʧʦʣʽʤʝʨʥʦʛʦ ʪʘ ʩʠʣʽʢʘʪʥʦʛʦ 

ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ ʅʘʮʽʦʥʘʣʴʥʦʛʦ ʪʝʭʥʽʯʥʦʛʦ ʫʥʽʚʝʨʩʠʪʝʪʫ ʋʢʨʘʾʥʠ çʂʠʾʚʩʴʢʠʡ 

ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦè, ʘ ʪʘʢʦʞ ʫ ʊʆɺ çʊʋʂɸʅɸ 

ɯʅɾʀʅɯʈʀʅɻ ʋʂʈɸɰʅɸè (ʤ. ʂʠʾʚ, ʂʠʾʚʩʴʢʘ ʦʙʣ.), ʱʦ ʧʽʜʪʚʝʨʜʞʝʥʦ ʘʢʪʘʤʠ 

ʚʧʨʦʚʘʜʞʝʥʥʷ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: 3D ʜʨʫʢ, 3D ʧʨʠʥʪʝʨ, FDM, ʘʜʠʪʠʚʥʘ ʪʝʭʥʦʣʦʛʽʷ, 

ʤʽʞʰʘʨʦʚʘ ʘʜʛʝʟʽʷ, ʧʦʣʽʤʝʨ, ʪʝʤʧʝʨʘʪʫʨʘ ʜʨʫʢʫ, ʰʚʠʜʢʽʩʪʴ ʜʨʫʢʫ. 
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ABSTRACT  

Oleksyshen V.O. Improvement of equipment for producing polymer products by 

spatial printing.ï Qualifying scientific work on the rights of the manuscript. 

A thesis for obtaining a scientific degree of a Ph.D on specialty 133 ï ñIndustrial 

Machinery Engineeringò. ï National Technical University of Ukraine ñIgor Sikorsky 

Kyiv  Polytechnic Instituteò, Kyiv, 2020. 

The dissertation is devoted to the study of the spatial printing process, namely, 

the impact of the main technological parameters on the value of interlayer adhesion 

and local deformation of the applied thermoplastic polymer material during the cooling 

process, as well as the study of the dynamics of movement of the executive parts of 

FDM 3D printers, depending on the type of design scheme. 

An analytical review of the current state of research on spatial printing 

technology is carried out. The main modern technologies of additive manufacturing are 

considered, the designs of 3D printing equipment with thermoplastic polymeric 

materials are systematized depending on the kinematic scheme of movement of the 

executive bodies, the types of designs of printheads based on patent searches are 

considered, studies of the physical and mechanical characteristics of printed products 

are analyzed depending on the main parameters of 3D printing and the geometry of the 

layers. 

The review showed that the industry of modern additive equipment for the 

production of polymer products is developing extremely rapidly, however, approaches 

to the design of new types of equipment do not take into account the properties of 

consumables. The main design task for engineers is to optimize and modernize existing 

structures. Also insufficiently studied is the issue of the process of forming finished 

products. The conducted studies of the mechanical properties of samples do not provide 

accurate data on the magnitude and nature of interlayer adhesion, which is the basis of 

additive technologies. Even in the studies, static uniaxial tensile tests were carried out 

in the transverse direction of the application of the layers, a contour wall was present, 

and this, in turn, is incorrect for establishing the value of interlayer adhesion. 
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It should be noted that the question of the behavior of the melt of thermoplastic 

material after it leaves the print head, and the very process of its cooling and interaction 

with the previously applied material, has practically not been studied. A separate 

applied topic, also poorly studied, is the issue of the dynamics of motion of the 

executive bodies and the performance of equipment, depending on the design scheme. 

To simulate the cooling process, a two-dimensional mathematical model of 

unsteady thermal conductivity and a model of the flow of a non-Newtonian non-

isothermal fluid are used. To simulate the deformation of the polymer layer under its 

own weight with simultaneous cooling after deposition on the previous layer, a related 

thermomechanical problem was solved taking into account the power-law dependence 

of the polymer viscosity on the strain rate and the Arrhenius law of the temperature 

dependence of viscosity. 

The results obtained showed that, under conditions of intensive blowing, the 

polymer in less than 1 s has time to cool to a temperature below the pour point without 

noticeable deformations. However, to prevent warping and delamination of products, 

the temperature should not go beyond certain limits, which indicates that a certain 

minimum period of time must be established before applying the next layer, it is 

different for different polymers and layer sizes. This imposes restrictions on the 

allowable speed of the 3D printer. 

Modeling allows to obtain data on the degree of filling the cross-section of 

products, establish the causes of defects and select the optimal thickness, temperature 

and printing speed. 

To simulate the process of stretching printed samples in the transverse to the 

direction of application of layers, a discrete mathematical model was applied using a 

limiting element based on the penalty method to predict the delamination of deposited 

polymer layers. 

The results obtained showed that delamination occurs starting from the edges of 

the contact surface of the layers according to the brittle fracture scheme. 
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The presented model and method of numerical simulation make it possible to 

predict the strength of printed polymer products in the direction across the layers based 

on experimental data of tensile tests of printed samples. 

Corresponding experimental studies of printed samples for rupture were carried 

out depending on the geometry and technological parameters of 3D printing, such as 

temperature and printing speed, as well as the height and length of the applied layer. 

The methodology for carrying out the relevant studies has been improved and an 

experimental setup has been created for their carrying out, including mechanical and 

electronic parts, and software for data processing has been created. The created 

installation and the corresponding methods are used in the educational process when 

performing laboratory work, coursework and diploma design at the Department of 

Chemical, Polymer and Silicate Engineering of the National Technical University of 

Ukraine "Igor Sikorsky Kyiv Polytechnic Institute". 

A group of experimental tensile studies of samples allowed to establish a number 

of dependences of the value of interlayer adhesion on the temperature and speed of the 

print head, as well as the thickness of the applied layer. 

1. It was revealed that there is an optimal temperature range                                     

(tprint = 210... 220ÁC), at which the value of interlayer adhesion reaches its maximum 

values. At lower temperatures, surfacing is rather weak, and at high temperatures, 

polymer recrystallization occurs, which negatively affects the interaction between the 

layers. 

2. It was found that at low speeds of movement of the print head                          

(Vprint Ò 20 mm/s ) the value of interlayer interaction is slightly lower than at optimal 

(Vprint = 30...40 mm/s), due to local overheating of the thermoplastic polymer; at 

printing speeds Vprint Ó 50 mm/s, the applied layer gradually breaks off and the quality 

of the samples gradually decreases. Obviously, the print speed primarily affects the 

time between the application of two adjacent layers, therefore the highest strength of 

the samples corresponds to the case when the next layer is applied on a geometry-stable 

but still very hot layer of thermoplastic polymer material. 
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3. The size of the interlayer interaction is practically unchanged for samples with 

a layer thickness of ȹlayer Ò 1/3 d nozzle. With increasing thickness, the strength decreases 

and at critical values (ȹlayer > 1/2 dnozzle) 3D printing becomes impossible. So from the 

point of view of the productivity of layer thicknesses ȹlayer = 0,05 ... 0,1 dnozzles are 

irrational and do not affect the strength of the products. 

Also, a regularity was found for the appearance of defective samples, the 

strength of which was lower by 30 - 80% of the strength of other samples of the 

corresponding group. With an increase in the cross-sectional value by 50%, the number 

of such samples gradually decreased. This is due to a number of factors, namely 

underdextrusion of the polymer raw material at the beginning of the construction of a 

new layer, deformation of the layer cross-section during cooling, air entrapment by the 

applied polymer thread, as well as vibrations of the working platform and the print 

head, form microcavities at the boundary of two layers. With an increase in the cross-

sectional area, the specific volume and the probability of the appearance of critical 

defects decrease, and, consequently, the strength and quality characteristics of the 

samples increase. 

A group of experiments to study the dynamics of motion of the executive bodies, 

primarily the print head of a 3D printer, depending on the type of design, made it 

possible to study the process of applying a thermoplastic polymer consumable, obtain 

data on the actual speed of movement at each point of the layer, and identify places of 

stopping and acceleration. It was found that the print speed is always slightly slower 

than the one specified in the executive program and is different depending on the 

pattern of movement of the print head. It was also found that with an increase in 

printing speed, the difference between the actual and theoretical printing times 

gradually decreases and the relationship between them is described by a power law, 

and for all types of designs. 

A methodology was proposed for assessing the accuracy of manufacturing thin-

walled large-sized molds based on finding the deviation field between 3D polygonal 

scanning of an object and the basic solid-state form, and the relationship between the 

deviation of the shape and the intensity of cooling was established. The study showed 
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the optimal values of the cooling modes. At sufficiently weak values, excessive 

deformation of the cross section of the applied material occurs, and at critically high 

values, the polymer shows high shrinkage, which also negatively affects the 

manufacturing accuracy. 

The scientific novelty of the research lies in a comprehensive study of the 

formation process of polymer products created by the 3D printing method, namely, the 

size, geometry, nature of interlayer adhesion and deformation of the hot layer of a 

thermoplastic polymer material; methods have been created to develop and improve 

the process and equipment of FDM printing in the direction of increasing the isotropy 

of the characteristics of the final product. 

The scientific and technical results of the dissertation work were introduced into 

the educational process of the Department of Chemical, Polymer and Silicate 

Engineering of the National Technical University of Ukraine "Igor Sikorsky Kyiv 

Polytechnic Institute", as well as in LLC "Tukan ENGINEERING UKRAINE" (Kiev, 

Kiev region), which is confirmed by the acts of implementation. 

Keywords: 3D printing, 3D printer, FDM, additive technology, interlayer 

adhesion, polymer, printing temperature, printing speed. 
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ʇɽʈɽʃɯʂ ʋʄʆɺʅʀʍ ʇʆɿʅɸʏɽʅʔ, ʉʀʄɺʆʃɯɺ ɯ ʉʂʆʈʆʏɽʅʔ 

æh ʘʨʫ ï ʪʦʚʱʠʥʘ ʰʘʨʫ, ʤʤ; 

tʜʨʫʢʫ  ï ʪʝʤʧʝʨʘʪʫʨʘ ʜʨʫʢʫ, Áʉ; 

Vʜʨʫʢʫ ï ʰʚʠʜʢʽʩʪʴ ʜʨʫʢʫ, ʤʤ/c; 

dʩʦʧʣʘ ï ʜʽʘʤʝʪʨ ʬʦʨʤʫʶʯʦʛʦ ʦʪʚʦʨʫ ʩʦʧʣʘ, ʤʤ; 

Sʧ.ʧ. ï ʧʣʦʱʘ ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʨʽʟʫ ʟʨʘʟʢʘ, ʤʤ2; 

t ï ʪʦʚʱʠʥʘ ʟʨʘʟʢʘ, ʤʤ; 

P ï ʥʘʚʘʥʪʘʞʝʥʥʷ ʥʘ ʨʦʟʪʷʛ, ʅ; 

[ů] ï ʤʝʞʘ ʤʽʮʥʦʩʪʽ ʥʘ ʨʦʟʪʷʛ, ʄʇʘ; 

– ï ʚôʷʟʢʽʩʪʴ, ʇʘĀʩ; 

‎  ï ʰʚʠʜʢʽʩʪʴ ʟʩʫʚʫ, ʩï1; 

Ŭ ï ʢʦʝʬʽʮʽʻʥʪ ʪʝʧʣʦʚʽʜʜʘʯʽ,  ; 

Tʪʝʦʨ  ï ʨʦʟʨʘʭʫʥʢʦʚʠʡ ʯʘʩ ʜʨʫʢʫ, ʩ; 

Tʬ ï ʬʘʢʪʠʯʥʠʡ ʯʘʩ ʜʨʫʢʫ, ʩ; 

Tô ï ʚʽʜʥʦʩʥʘ ʟʘʪʨʠʤʢʘ ʜʨʫʢʫ, %; 

dev ï ʚʽʜʭʠʣʝʥʥʷ ʪʦʯʢʠ, ʤʤ; 

Dʨʝʟ ï ʟʘʛʘʣʴʥʝ ʚʽʜʭʠʣʝʥʥʷ ʬʦʨʤʠ, ʤʤ 

 

ʆʩʥʦʚʥʽ ʩʢʦʨʦʯʝʥʥʷ: 

FDM ï Fused Deposition Modeling (ʬʦʨʤʫʚʘʥʥʷ ʤʝʪʦʜʦʤ ʥʘʧʣʘʚʢʠ); 

PLA ï Polylactic  (ʧʦʣʽʣʘʢʪʠʜ); 

3D ï  three-dimensional (ʪʨʠʚʠʤʽʨʥʠʡ); 

ʊʆɺ ï ʪʦʚʘʨʠʩʪʚʦ ʟ ʦʙʤʝʞʝʥʦʶ ʚʽʜʧʦʚʽʜʘʣʴʥʽʩʪʶ (ʧʨʠ ʥʘʟʚʽ ʫʩʪʘʥʦʚʠ); 

ʇʇ ï ʧʨʠʚʘʪʥʝ ʧʽʜʧʨʠʻʤʩʪʚʦ (ʧʨʠ ʥʘʟʚʽ ʫʩʪʘʥʦʚʠ); 

ʂʇɯ ʽʤ. ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦ ï ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʋʢʨʘʾʥʠ 

çʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦè. 

 

  



19 
 

ɺʉʊʋʇ 

ɸʢʪʫʘʣʴʥʽʩʪʴ ʪʝʤʠ. ʊʝʭʥʦʣʦʛʽʷ ʘʜʠʪʠʚʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ ʟʘ ʦʩʪʘʥʥʽ ʨʦʢʠ 

ʥʘʙʫʣʘ ʰʠʨʦʢʦʛʦ ʧʦʰʠʨʝʥʥʷ ʤʘʡʞʝ ʫ ʚʩʽʭ ʩʬʝʨʘʭ ʣʶʜʩʴʢʦʛʦ ʞʠʪʪʷ ʪʘ ʛʘʣʫʟʷʭ 

ʚʠʨʦʙʥʠʮʪʚʘ. ʉʘʤʘ ʽʜʝʷ ʧʨʦʩʪʦʨʦʚʦʛʦ ʜʨʫʢʫ ʟʘʨʦʜʠʣʘʩʷ ʥʘʧʨʠʢʽʥʮʽ ʥʘʧʨʠʢʽʥʮʽ 

1940-ʭ ʨʦʢʽʚ. ɼʦʚʛʠʡ ʯʘʩ ʚʦʥʘ ʙʫʣʘ ʣʠʰʝ ʯʘʩʪʠʥʦʶ ʥʘʫʢʦʚʠʭ ʜʦʩʣʽʜʞʝʥʴ.  

ʇʦʩʪʫʧʦʚʠʡ ʨʦʟʚʠʪʦʢ ʥʘʫʢʠ ʪʘ ʪʝʭʥʽʢʠ ʜʘʚ ʟʤʦʛʫ ʦʪʨʠʤʘʪʠ ʧʝʨʰʽ 

ʬʫʥʢʮʽʦʥʘʣʴʥʽ ʫʩʪʘʥʦʚʢʠ ʥʘ ʤʝʞʽ 80-ʭ ʪʘ 90-ʭ ʨʦʢʽʚ XX ʩʪ. ɺʞʝ ʥʘ ʧʦʯʘʪʢʫ      

2000-ʭ ʨʦʢʽʚ ʚʠʨʦʙʥʠʮʪʚʦ ʘʜʠʪʠʚʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʩʪʘʣʦ ʩʝʨʽʡʥʠʤ. ɿ ʪʠʭ ʧʽʨ 

ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʩʪʽʡʢʘ ʪʝʥʜʝʥʮʽʷ ʟʨʦʩʪʘʥʥʷ ʩʚʽʪʦʚʦʛʦ ʨʠʥʢʫ ʦʙʣʘʜʥʘʥʥʷ 

ʘʜʠʪʠʚʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ: ʟ 23 ʪʠʩ. ʰʪʫʢ ʫ 2011 ʨ. ʜʦ 450 ʪʠʩ. ʰʪʫʢ ʫ 2016 ʨ. 

ʆʯʽʢʫʻʪʴʩʷ, ʱʦ ʚ 2020 ʨ. ʙʫʜʝ ʧʨʦʜʘʥʦ 6,7 ʤʣʥ ʰʪ. ʧʨʠʩʪʨʦʾʚ ʘʜʠʪʠʚʥʦʛʦ 

ʚʠʨʦʙʥʠʮʪʚʘ, ʘ ʦʙʩʷʛ ʨʠʥʢʫ ʟʨʦʩʪʝ ʜʦ 21 ʤʣʨʜ. ʜʦʣʘʨʽʚ ʉʐɸ [1]. 

ʂʦʞʝʥ ʜʨʫʛʠʡ ʚʠʨʦʙʥʠʢ ʚ ʩʚʽʪʽ ʥʘʨʦʱʫʻ ʽʥʚʝʩʪʠʮʽʾ ʚ ʘʜʠʪʠʚʥʝ 

ʚʠʨʦʙʥʠʮʪʚʦ. ɺʞʝ ʧʦʥʘʜ 80% ʧʨʦʪʦʪʠʧʽʚ ʪʘ 60% ʬʫʥʢʮʽʦʥʘʣʴʥʠʭ ʚʫʟʣʽʚ 

ʚʠʛʦʪʦʚʣʷʶʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʨʦʩʪʦʨʦʚʦʛʦ ʜʨʫʢʫ [2]. ɸʥʘʣʽʪʠʢʠ ʚʩʴʦʛʦ ʩʚʽʪʫ 

ʚʙʘʯʘʶʪʴ ʚʠʙʫʭʦʚʠʡ ʨʽʩʪ ʚ ʪʝʭʥʦʣʦʛʽʾ ʘʜʠʪʠʚʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ. ʈʘʟʦʤ ʽʟ 

ʟʨʦʩʪʘʥʥʷʤ ʧʨʦʜʘʞʽʚ ʩʘʤʠʭ ʧʨʠʩʪʨʦʾʚ, ʚʽʜʙʫʚʘʻʪʴʩʷ ʩʪʨʽʤʢʠʡ ʨʽʩʪ ʨʠʥʢʫ 

ʩʫʧʫʪʥʽʭ ʪʦʚʘʨʽʚ ʪʘ ʧʦʩʣʫʛ [3]. ʆʩʥʦʚʥʠʤʠ ʜʨʘʡʚʝʨʘʤʠ ʟʨʦʩʪʘʥʥʷ ʻ ʧʽʜʧʨʠʻʤʩʪʚʘ, 

ʱʦ ʚʧʨʦʚʘʜʞʫʶʪʴ ʘʜʠʪʠʚʥʽ ʪʝʭʥʦʣʦʛʽʾ ʥʘ ʟʘʤʽʥʫ ʢʣʘʩʠʯʥʠʤ ʤʝʪʦʜʘʤ 

ʧʨʦʤʠʩʣʦʚʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ.   

ɺ ʫʤʦʚʘʭ ʨʠʥʢʦʚʦʾ ʝʢʦʥʦʤʽʢʠ ʪʘ ʚʠʩʦʢʦʾ ʢʦʥʢʫʨʝʥʮʽʾ ʥʘʡʙʽʣʴʰ ʚʘʞʣʠʚʠʤʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʙʫʜʴ-ʷʢʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʻ ʡʦʛʦ  ʮʽʥʘ ʪʘ ʷʢʽʩʪʴ ʧʨʦʜʫʢʮʽʾ. ʅʝ 

ʚʠʢʣʶʯʝʥʥʷʤ ʻ ʦʙʣʘʜʥʘʥʥʷ ʜʣʷ ʘʜʠʪʠʚʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ. ʅʘʡʧʦʰʠʨʝʥʽʰʠʤ 

ʪʠʧʦʤ ʫʩʪʘʪʢʫʚʘʥʥʷ ʜʣʷ ʧʨʦʩʪʦʨʦʚʦʛʦ ʜʨʫʢʫ ʻ ʧʨʠʥʪʝʨʠ, ʱʦ ʧʨʘʮʶʶʪʴ ʥʘ ʦʩʥʦʚʽ 

ʪʝʭʥʦʣʦʛʽʾ FDM (Fused Deposition Modeling ï ʬʦʨʤʫʚʘʥʥʷ ʤʝʪʦʜʦʤ ʥʘʧʣʘʚʢʠ). 

ɺʘʨʪʽʩʪʴ ʪʘʢʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʟʘʣʝʞʠʪʴ ʚʽʜ ʙʘʛʘʪʴʦʭ ʯʠʥʥʠʢʽʚ: ʷʢʦʩʪʽ 

ʢʦʤʧʣʝʢʪʫʶʯʠʭ ʤʝʭʘʥʽʯʥʦʾ ʯʘʩʪʠʥʠ, ʨʦʟʤʽʨʽʚ ʨʦʙʦʯʦʾ ʟʦʥʠ, ʪʠʧʫ ʩʠʨʦʚʠʥʥʦʛʦ 

ʤʘʪʝʨʽʘʣʫ ʪʘ ʽʥ. ʆʜʥʠʤ ʟ ʯʠʥʥʠʢʽʚ, ʱʦ ʚʧʣʠʚʘʶʪʴ ʥʘ ʚʘʨʪʽʩʪʴ, ʻ ʯʘʩ ʥʘ ʧʽʜʙʽʨ 

ʧʘʨʘʤʝʪʨʽʚ ʜʨʫʢʫ ʜʣʷ ʦʪʨʠʤʘʥʥʷ ʥʝʦʙʭʽʜʥʦʾ ʷʢʦʩʪʽ ʚʠʨʦʙʫ. ʅʝʟʚʘʞʘʶʯʠ ʥʘ ʪʝ, ɦ ʦ 
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ʪʝʭʥʦʣʦʛʽʷ 3D-ʜʨʫʢʫ ʧʦʣʽʤʝʨʥʠʤ ʤʘʪʝʨʽʘʣʦʤ ʻ ʰʠʨʦʢʦ ʨʦʟʧʦʚʩʶʜʞʝʥʦʶ, 

ʚʽʜʩʫʪʥʽ ʪʦʯʥʽ ʜʘʥʥʽ ʜʣʷ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʨʝʞʠʤʽʚ ʧʨʦʮʝʩʫ. ɹʽʣʴʰʽʩʪʴ ʟʥʘʯʝʥʴ 

ʧʽʜʙʠʨʘʶʪʴʩʷ ʽʥʪʫʾʪʠʚʥʦ, ʚʠʭʦʜʷʯʠ ʟ ʧʨʘʢʪʠʯʥʦʛʦ ʜʦʩʚʽʜʫ.   ʎʝ ʧʦʷʩʥʶʻʪʴʩʷ ʪʠʤ, 

ʱʦ ʧʦʣʽʤʝʨʥʽ ʤʘʪʝʨʽʘʣʠ ʤʘʶʪʴ ʩʢʣʘʜʥʽ ʬʽʟʠʢʦ-ʭʽʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʽ, ʟʘʟʚʠʯʘʡ, ʾʭ 

ʥʝ ʚʨʘʭʦʚʫʶʪʴ, ʘʙʦ ʚʨʘʭʦʚʫʶʪʴ ʣʠʰʝ ʯʘʩʪʢʦʚʦ,  ʧʨʠ ʧʨʦʝʢʪʫʚʘʥʥʽ 3D-ʧʨʠʥʪʝʨʽʚ 

ʪʘ ʧʨʠ ʥʘʣʘʛʦʜʞʝʥʥʽ ʧʨʦʮʝʩʫ ʧʨʦʩʪʦʨʦʚʦʛʦ ʜʨʫʢʫ ʢʦʥʢʨʝʪʥʦʛʦ ʚʠʨʦʙʫ [4-5]. 

ʅʘ ʷʢʽʩʪʴ ʩʬʦʨʤʦʚʘʥʦʛʦ (ʥʘʜʨʫʢʦʚʘʥʦʛʦ) ʚʠʨʦʙʫ ʚʧʣʠʚʘʶʪʴ ʪʘʢʽ 

ʢʦʥʩʪʨʫʢʪʠʚʥʦ-ʪʝʭʥʦʣʦʛʽʯʥʽ ʡ ʨʝʞʠʤʥʽ ʧʘʨʘʤʝʪʨʠ, ʷʢ ʪʝʤʧʝʨʘʪʫʨʥʠʡ ʨʝʞʠʤ, 

ʧʠʪʦʤʽ ʚʠʪʨʘʪʠ ʩʠʨʦʚʠʥʥʦʛʦ ʤʘʪʝʨʽʘʣʫ, ʨʝʞʠʤ ʦʭʦʣʦʜʞʝʥʥʷ ʚʞʝ ʝʢʩʪʨʫʜʦʚʘʥʦʛʦ 

ʤʘʪʝʨʽʘʣʫ, ʰʚʠʜʢʽʩʪʴ ʧʝʨʝʤʽʱʝʥʥʷ ʚʠʢʦʥʘʚʯʠʭ ʦʨʛʘʥʽʚ, ʽʥʝʨʮʽʡʥʽʩʪʴ ʪʘ ʛʝʦʤʝʪʨʽʷ 

ʨʫʭʦʤʠʭ ʚʫʟʣʽʚ. ɿʘʟʚʠʯʘʡ ʮʽ ʬʘʢʪʦʨʠ ʥʝ ʚʨʘʭʦʚʫʶʪʴʩʷ ʧʨʠ ʧʨʦʝʢʪʫʚʘʥʥʽ 

ʦʙʣʘʜʥʘʥʥʷ ʪʘ ʧʨʠ ʧʽʜʛʦʪʦʚʮʽ ʮʠʬʨʦʚʦʾ ʤʦʜʝʣʽ ʜʦ ʜʨʫʢʫ [4-5].  

ʊʘʢʦʞ ʥʝ ʚʨʘʭʦʚʫʶʪʴ ʧʦʚʝʜʽʥʢʫ ʨʦʟʧʣʘʚʣʝʥʦʛʦ ʤʘʪʝʨʽʘʣʫ, ʱʦ ʥʘʥʦʩʠʪʴʩʷ 

ʥʘ ʚʞʝ ʟʘʩʪʠʛʣʠʡ ʰʘʨ ʤʘʪʝʨʽʘʣʫ. ɺʚʘʞʘʶʪʴ, ʱʦ ʤʘʪʝʨʽʘʣ ʤʘʻ ʩʪʘʣʫ ʫ ʯʘʩʽ 

ʛʝʦʤʝʪʨʽʶ ʽ ʧʘʨʘʤʝʪʨʠ ʧʨʦʮʝʩʫ ʦʭʦʣʦʜʞʝʥʥʷ ʥʝ ʚʧʣʠʚʘʶʪʴ ʥʘ ʬʦʨʤʫ 

ʝʢʩʪʨʫʜʦʚʘʥʦʛʦ ʤʘʪʝʨʽʘʣʫ.     

ɿʚôʷʟʦʢ ʨʦʙʦʪʠ ʟ ʥʘʫʢʦʚʠʤʠ ʧʨʦʛʨʘʤʘʤʠ, ʧʣʘʥʘʤʠ, ʪʝʤʘʤʠ.  

ʈʦʙʦʪʘ ʚʠʢʦʥʫʚʘʣʘʩʴ ʟʛʽʜʥʦ ʟ ʜʝʨʞʙʶʜʞʝʪʥʦʶ ʥʘʫʢʦʚʦ-ʜʦʩʣʽʜʥʦʶ 

ʨʦʙʦʪʦʶ ʅʘʮʽʦʥʘʣʴʥʦʛʦ ʪʝʭʥʽʯʥʦʛʦ ʫʥʽʚʝʨʩʠʪʝʪʫ ʋʢʨʘʾʥʠ çʂʠʾʚʩʴʢʠʡ 

ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ  ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦè, ʘ ʩʘʤʝ: 

çʂʦʥʢʫʨʝʥʪʦʩʧʨʦʤʦʞʥʘ ʪʝʭʥʦʣʦʛʽʷ ʬʦʨʤʫʚʘʥʥʷ ʢʦʥʩʪʨʫʢʮʽʡʥʠʭ ʚʠʨʦʙʽʚ ʟ 

ʪʨʘʜʠʮʽʡʥʠʭ ʪʘ  ʥʘʥʦʤʦʜʠʬʽʢʦʚʘʥʠʭ ʧʦʣʽʤʝʨʥʠʭ ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚè     

(ˉ 2027-ʧ, 2017ï2019 ʨʨ., ˉ ɼʈ 0117U000444; ʟʘʤʦʚʥʠʢ ï ʄʽʥʽʩʪʝʨʩʪʚʦ ʦʩʚʽʪʠ ʽ 

ʥʘʫʢʠ ʋʢʨʘʾʥʠ; ʘʚʪʦʨ ï ʚʠʢʦʥʘʚʝʮʴ ʪʝʤʠ). 

ʄʝʪʘ ʽ ʟʘʜʘʯʽ ʜʦʩʣʽʜʞʝʥʥʷ ʻ ʚʠʟʥʘʯʝʥʥʷ ʚʟʘʻʤʦʟʘʣʝʞʥʦʩʪʽ ʦʩʥʦʚʥʠʭ 

ʧʘʨʘʤʝʪʨʽʚ ʧʨʦʩʪʦʨʦʚʦʛʦ ʜʨʫʢʫ, ʘ ʩʘʤʝ ʪʦʚʱʠʥʠ ʰʘʨʫ ʥʘʥʝʩʝʥʦʛʦ ʧʦʣʽʤʝʨʥʦʛʦ 

ʤʘʪʝʨʽʘʣʫ, ʪʝʤʧʝʨʘʪʫʨʠ ʝʢʩʪʨʫʜʝʨʘ, ʰʚʠʜʢʦʩʪʽ ʜʨʫʢʫ, ʨʝʞʠʤʥʠʭ ʧʘʨʘʤʝʪʨʽʚ 

ʦʭʦʣʦʜʞʝʥʥʷ, ʜʦʩʣʽʜʞʝʥʥʷ ʬʽʟʠʢʦ-ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʜʨʫʢʦʚʘʥʠʭ 

ʧʦʣʽʤʝʨʥʠʭ ʚʠʨʦʙʽʚ, ʚʢʣʶʯʘʶʯʠ ʘʜʛʝʟʽʡʥʫ ʤʽʮʥʽʩʪʴ ʤʽʞʰʘʨʦʚʦʾ ʚʟʘʻʤʦʜʽʾ, ʚ 

ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʨʦʟʤʽʨʽʚ ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ ʪʘ ʢʦʥʩʪʨʫʢʪʠʚʥʠʭ ʦʩʦʙʣʠʚʦʩʪʝʡ 
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3D-ʧʨʠʥʪʝʨʘ, ʘ ʪʘʢʦʞ ʚʜʦʩʢʦʥʘʣʝʥʥʷ ʢʦʥʩʪʨʫʢʮʽʡ ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ ʜʣʷ 

ʟʘʙʝʟʧʝʯʝʥʥʷ ʤʘʢʩʠʤʘʣʴʥʦʾ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʜʨʫʢʫ. 

ɺʜ̔ʧʦʚʽʜʥʦ ʜʦ ʤʝʪʠ ʧʦʩʪʘʚʣʝʥʦ ʪʘʢʽ ʟʘʜʘʯʽ: 

- ʜʦʩʣʽʜʠʪʠ ʜʠʥʘʤʽʢʫ ʧʨʦʮʝʩʫ ʧʨʦʩʪʦʨʦʚʦʛʦ ʜʨʫʢʫ ʜʣʷ ʨʽʟʥʠʭ 

ʢʽʥʝʤʘʪʠʯʥʠʭ ʩʭʝʤ ʧʝʨʝʤʽʱʝʥʥʷ ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ; 

- ʧʨʦʚʝʩʪʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʤʽʞʰʘʨʦʚʦʾ ʘʜʛʝʟʽʾ ʟʨʘʟʢʽʚ, 

ʩʪʚʦʨʝʥʠʭ ʧʨʠ ʨʽʟʥʠʭ ʧʘʨʘʤʝʪʨʘʭ ʜʨʫʢʫ ʪʘ ʜʽʘʤʝʪʨʘʭ ʩʦʧʣʘ ʜʨʫʢʫʚʘʣʴʥʦʾ 

ʛʦʣʦʚʢʠ; 

- ʧʨʦʚʝʩʪʠ ʘʥʘʣʽʟ ʪʦʯʥʦʩʪʽ ʚʠʛʦʪʦʚʣʝʥʥʷ ʤʝʪʦʜʦʤ ʧʨʦʩʪʦʨʦʚʦʛʦ ʜʨʫʢʫ 

ʢʨʫʧʥʦʛʘʙʘʨʠʪʥʠʭ ʚʠʨʦʙʽʚ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʜʠʥʘʤʽʢʠ ʦʭʦʣʦʜʞʝʥʥʷ ʧʦʣʽʤʝʨʥʦʛʦ 

ʤʘʪʝʨʽʘʣʫ; 

- ʧʨʦʚʝʩʪʠ ʯʠʩʣʦʚʽ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦʮʝʩʫ ʧʣʘʚʣʝʥʥʷ ʚ ʢʘʥʘʣʽ 

ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ ʪʘ ʧʨʦʮʝʩʫ ʦʭʦʣʦʜʞʝʥʥʷ ʥʘʥʝʩʝʥʦʛʦ ʪʝʨʤʦʧʣʘʩʪʠʯʥʦʛʦ 

ʧʦʣʽʤʝʨʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʜʽʘʤʝʪʨʘ ʩʦʧʣʘ ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ ʪʘ 

ʪʦʚʱʠʥʠ ʰʘʨʫ ʥʘʥʝʩʝʥʦʛʦ ʧʦʣʽʤʝʨʥʦʛʦ ʤʘʪʝʨʽʘʣʫ; 

- ʨʦʟʨʦʙʠʪʠ ʥʘ ʙʘʟʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʪʘ ʯʠʩʣʦʚʦʛʦ 

ʤʦʜʝʣʶʚʘʥʥʷ ʫʜʦʩʢʦʥʘʣʝʥʫ ʢʦʥʩʪʨʫʢʮʽʶ ʚʠʩʦʢʦʧʨʦʜʫʢʪʠʚʥʦʾ ʜʨʫʢʫʚʘʣʴʥʦʾ 

ʛʦʣʦʚʢʠ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʤʝʪʦʜʦʤ ʧʨʦʩʪʦʨʦʚʦʛʦ ʜʨʫʢʫ ʢʨʫʧʥʦʛʘʙʘʨʠʪʥʠʭ 

ʜʝʪʘʣʝʡ; 

- ʚʧʨʦʚʘʜʠʪʠ ʚʠʢʦʥʘʥʽ ʨʦʟʨʦʙʢʠ ʫ ʭʽʤʽʯʥʦʤʫ ʪʘ ʩʧʝʮʽʘʣʴʥʦʤʫ 

ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʽ. 

ʆʙôʻʢʪʦʤ ʜʦʩʣʽʜʞʝʥʥʷ ̒  FDM 3D-ʧʨʠʥʪʝʨʠ, ʧʨʠʟʥʘʯʝʥʽ ʜʣʷ ʧʨʦʩʪʦʨʦʚʦʛʦ 

ʜʨʫʢʫ ʧʦʣʽʤʝʨʥʠʭ ʪʝʨʤʦʧʣʘʩʪʠʯʥʠʭ ʤʘʪʝʨʽʘʣʽʚ.  

ʇʨʝʜʤʝʪʦʤ ʜʦʩʣʽʜʞʝʥʥʷ ʻ ʢʦʥʩʪʨʫʢʮʽʾ ʪʠʧʦʚʠʭ ʢʽʥʝʤʘʪʠʯʥʠʭ ʩʭʝʤ FDM 

3D-ʧʨʠʥʪʝʨʽʚ ʪʘ ʾʭ ʚʧʣʠʚ ʥʘ ʨʦʟʤʽʨʥʫ ʪʦʯʥʽʩʪʴ ʦʜʝʨʞʫʚʘʥʠʭ ʜʨʫʢʦʚʘʥʠʭ 

ʧʦʣʽʤʝʨʥʠʭ ʚʠʨʦʙʽʚ, ʜʦʩʣʽʜʞʝʥʥʷ ʚʧʣʠʚʫ ʪʝʤʧʝʨʘʪʫʨʠ ʝʢʩʪʨʫʜʝʨʘ, ʰʚʠʜʢʦʩʪʽ 

ʜʨʫʢʫ, ʨʝʞʠʤʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʦʭʦʣʦʜʞʝʥʥʷ, ʘ ʪʘʢʦʞ ʪʦʚʱʠʥʠ ʰʘʨʫ ʥʘʥʝʩʝʥʦʛʦ 

ʧʦʣʽʤʝʨʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʥʘ ʬʽʟʠʢʦ-ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ, ʚʢʣʶʯʘʶʯʠ ʤʽʞʰʘʨʦʚʫ 

ʘʜʛʝʟʽʶ ʥʘʜʨʫʢʦʚʘʥʦʛʦ ʤʘʪʝʨʽʘʣʫ, ʘ ʪʘʢʦʞ ʫʜʦʩʢʦʥʘʣʝʥʥʷ ʢʦʥʩʪʨʫʢʮʽʡ 

ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ. 
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ʄʝʪʦʜʠ ʜʦʩʣʽʜʞʝʥʥʷ.  

ʇʦʩʪʘʚʣʝʥʽ ʚ ʨʦʙʦʪʽ ʟʘʜʘʯʽ ʚʠʨʽʰʫʚʘʣʠʩʴ ʥʘ ʦʩʥʦʚʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ 

ʜʦʩʣʽʜʞʝʥʴ ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʜʨʫʢʦʚʘʥʠʭ ʚʠʨʦʙʽʚ, ʩʫʯʘʩʥʠʭ ʤʝʪʦʜʽʚ 

ʯʠʩʣʦʚʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʦʣʦʞʝʥʴ ʪʝʦʨʽʾ ʩʫʮʽʣʴʥʦʛʦ 

ʩʝʨʝʜʦʚʠʱʘ, ʤʝʪʦʜʫ ʩʢʽʥʯʝʥʥʠʭ ʝʣʝʤʝʥʪʽʚ ʥʘ ʙʘʟʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʚʠʟʥʘʯʝʥʠʭ 

ʬʽʟʠʢʦ-ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʜʨʫʢʦʚʘʥʠʭ ʟʨʘʟʢʽʚ. 

ʅʘʫʢʦʚʘ ʥʦʚʠʟʥʘ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ  

ɺʧʝʨʰʝ: 

- ʜʦʩʣʽʜʞʝʥʦ ʚʧʣʠʚ ʨʝʞʠʤʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʧʨʦʩʪʦʨʦʚʦʛʦ ʜʨʫʢʫ, ʘ ʩʘʤʝ 

ʪʝʤʧʝʨʘʪʫʨʠ ʝʢʩʪʨʫʜʝʨʘ, ʰʚʠʜʢʦʩʪʽ ʧʝʨʝʤʽʱʝʥʥʷ ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ ʪʘ 

ʜʽʘʤʝʪʨʘ ʾʾ ʩʦʧʣʘ, ʘ ʪʘʢʦʞ ʪʦʚʱʠʥʠ ʰʘʨʫ ʥʘʥʝʩʝʥʦʛʦ ʧʦʣʽʤʝʨʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʥʘ 

ʚʝʣʠʯʠʥʫ ʤʽʞʰʘʨʦʚʦʾ ʘʜʛʝʟʽʾ; 

- ʜʦʩʣʽʜʞʝʥʦ ʢʽʣʴʢʽʩʥʫ ʟʘʣʝʞʥʽʩʪʴ ʪʝʦʨʝʪʠʯʥʦʛʦ ʯʘʩʫ ʜʨʫʢʫ ʚʽʜ 

ʬʘʢʪʠʯʥʦʛʦ ʯʘʩʫ ʜʨʫʢʫ ʜʣʷ ʪʠʧʦʚʠʭ ʢʽʥʝʤʘʪʠʯʥʠʭ ʩʭʝʤ ʧʝʨʝʤʽʱʝʥʥʷ 

ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ ʽ ʧʨʦʚʝʜʝʥʘ ʦʮʽʥʢʘ ʪʦʯʥʦʩʪʽ ʪʘ ʷʢʦʩʪʽ ʚʠʛʦʪʦʚʣʝʥʥʷ 

ʜʨʫʢʦʚʘʥʠʭ ʚʠʨʦʙʽʚ ʜʣʷ ʜʦʩʣʽʜʞʝʥʠʭ ʢʽʥʝʤʘʪʠʯʥʠʭ ʩʭʝʤ;   

- ʧʨʦʚʝʜʝʥʦ ʢʦʤʧʣʝʢʩʥʝ ʚʠʧʨʦʙʫʚʘʥʥʷ ʜʨʫʢʦʚʘʥʠʭ ʟʨʘʟʢʽʚ, ʱʦ 

ʚʠʛʦʪʦʚʣʝʥʽ ʨʽʟʥʠʤʠ ʜʽʘʤʝʪʨʘʤʠ ʩʦʧʝʣ ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ ʧʨʠ ʨʽʟʥʠʭ ʨʝʞʠʤʘʭ 

ʜʨʫʢʫ: ʪʦʚʱʠʥʠ ʰʘʨʫ ʥʘʥʝʩʝʥʦʛʦ ʧʦʣʽʤʝʨʥʦʛʦ ʤʘʪʝʨʽʘʣʫ, ʪʝʤʧʝʨʘʪʫʨʠ 

ʝʢʩʪʨʫʜʝʨʘ, ʰʚʠʜʢʦʩʪʽ ʜʨʫʢʫ, ʨʝʞʠʤʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʦʭʦʣʦʜʞʝʥʥʷ, ʘ ʪʘʢʦʞ 

ʚʩʪʘʥʦʚʣʝʥʦ ʚʧʣʠʚ ʢʦʞʥʦʛʦ ʟ ʧʘʨʘʤʝʪʨʽʚ ʥʘ ʚʝʣʠʯʠʥʫ ʤʽʞʰʘʨʦʚʦʾ ʘʜʛʝʟʽʾ; ʮʝ ʜʘʻ 

ʟʤʦʛʫ ʚʩʪʘʥʦʚʠʪʠ ʝʬʝʢʪʠʚʥʽ ʧʘʨʘʤʝʪʨʠ ʧʨʦʩʪʦʨʦʚʦʛʦ ʜʨʫʢʫ ʪʝʨʤʦʧʣʘʩʪʠʯʥʠʤʠ 

ʧʦʣʽʤʝʨʥʠʤʠ ʤʘʪʝʨʽʘʣʘʤʠ ʜʣʷ ʦʜʝʨʞʘʥʥʷ ʚʠʨʦʙʽʚ ʟ ʧʦʢʨʘʱʝʥʠʤʠ ʤʝʭʘʥʽʯʥʠʤʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ; 

- ʧʨʦʚʝʜʝʥʦ ʥʘʪʫʨʥʽ ʪʘ ʯʠʩʣʦʚʽ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦ ʜʠʥʘʤʽʮʽ ʦʭʦʣʦʜʞʝʥʥʷ 

ʧʦʰʘʨʦʚʦ ʥʘʥʝʩʝʥʦʛʦ ʧʦʣʽʤʝʨʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʥʘ ʪʦʯʥʽʩʪʴ ʛʝʦʤʝʪʨʠʯʥʦʾ ʬʦʨʤʠ ʪʘ 

ʥʘ ʚʽʜʭʠʣʝʥʥʷ ʛʝʦʤʝʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʩʬʦʨʤʦʚʘʥʠʭ ʚʠʨʦʙʽʚ ʚʽʜ ʮʠʬʨʦʚʦʾ 

ʤʦʜʝʣʽ ʜʨʫʢʦʚʘʥʦʛʦ ʚʠʨʦʙʫ. 
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ʋʜʦʩʢʦʥʘʣʝʥʦ: 

- ʤʘʪʝʤʘʪʠʯʥʫ ʤʦʜʝʣʴ ʧʨʦʮʝʩʫ ʧʨʦʩʪʦʨʦʚʦʛʦ ʜʨʫʢʫ ʧʦʣʽʤʝʨʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ ʨʽʚʥʷʥʥʷʤʠ, ʱʦ ʜʦʟʚʦʣʷʶʪʴ ʚʨʘʭʦʚʫʚʘʪʠ ʤʽʞʰʘʨʦʚʫ ʚʟʘʻʤʦʜʽʶ ʪʘ 

ʜʠʥʘʤʽʢʫ ʦʭʦʣʦʜʞʝʥʥʷ ʥʘʥʝʩʝʥʦʛʦ ʨʦʟʧʣʘʚʣʝʥʦʛʦ ʤʘʪʝʨʽʘʣʫ; 

- ʟʘʜʘʯʫ ʜʚʦʚʠʤʽʨʥʦʛʦ ʥʝʩʪʘʮʽʦʥʘʨʥʦʛʦ ʦʭʦʣʦʜʞʝʥʥʷ ʚ ʧʦʻʜʥʘʥʥʽ ʟ 

ʟʘʜʘʯʝʶ ʨʫʭʫ ʥʝʥʴʶʪʦʥʽʚʩʴʢʦʛʦ ʤʘʪʝʨʽʘʣʫ, ʱʦ ʜʘʻ ʟʤʦʛʫ ʚʩʪʘʥʦʚʠʪʠ ʜʝʬʦʨʤʘʮʽʶ 

ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʨʽʟʫ ʥʘʥʝʩʝʥʦʛʦ ʰʘʨʫ;  

- ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ ʨʦʟʰʘʨʫʚʘʥʥʷ ʜʨʫʢʦʚʘʥʦʛʦ ʧʦʣʽʤʝʨʥʦʛʦ 

ʪʝʨʤʦʧʣʘʩʪʠʯʥʦʛʦ ʟʨʘʟʢʘ ʧʽʜ ʯʘʩ ʦʜʥʦʦʩʴʦʚʦʛʦ ʨʦʟʪʷʛʫ ʚ ʥʘʧʨʷʤʢʫ ʧʦʧʝʨʝʯʥʦʤʫ 

ʜʦ ʥʘʧʨʷʤʢʫ ʥʘʥʝʩʝʥʥʷ ʰʘʨʽʚ ʪʘ ʟʩʫʚʫ ʚ ʩʝʨʝʜʦʚʠʱʘʭ NASTRAN ʪʘ ANSYS. ʎʝ 

ʜʘʣʦ ʟʤʦʛʫ ʚʩʪʘʥʦʚʠʪʠ ʪʠʧʦʚʽ ʤʽʩʮʷ ʧʦʯʘʪʢʫ ʪʘ ʭʘʨʘʢʪʝʨ ʨʫʡʥʫʚʘʥʥʷ ʜʨʫʢʦʚʘʥʦʛʦ 

ʚʠʨʦʙʫ; 

-  ʟʜʽʡʩʥʝʥʦ ʢʦʤʧôʶʪʝʨʥʝ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ ʦʭʦʣʦʜʞʝʥʥʷ 

ʥʘʥʝʩʝʥʦʛʦ ʪʝʨʤʦʧʣʘʩʪʠʯʥʦʛʦ ʧʦʣʽʤʝʨʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʪʦʚʱʠʥʠ 

ʰʘʨʫ ʚ ʩʝʨʝʜʦʚʠʱʽ ANSYS POLYFLOW. ʎʝ ʜʘʣʦ ʟʤʦʛʫ ʚʩʪʘʥʦʚʠʪʠ ʨʦʟʤʽʨ 

ʢʦʥʪʘʢʪʫ ʤʽʞ ʰʘʨʘʤʠ ʚʠʨʦʙʫ, ʚʥʫʪʨʽʰʥʶ ʟʘʧʦʚʥʝʥʽʩʪʴ ʚʠʨʦʙʽʚ ʪʘ ʚʩʪʘʥʦʚʠʪʠ 

ʦʧʪʠʤʘʣʴʥʽ ʨʝʞʠʤʠ ʦʭʦʣʦʜʞʝʥʥʷ ʥʘʥʝʩʝʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ 

ʪʦʚʱʠʥʠ ʥʘʥʝʩʝʥʦʛʦ ʪʝʨʤʦʧʣʘʩʪʠʯʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʪʘ ʜʽʘʤʝʪʨʘ ʩʦʧʣʘ 

ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ; 

ɼʽʩʪʘʣʦ ʧʦʜʘʣʴʰʠʡ ʨʦʟʚʠʪʦʢ: 

- ʧʽʜʭʦʜʠ ʜʦ ʧʨʦʝʢʪʫʚʘʥʥʷ ʝʬʝʢʪʠʚʥʠʭ ʢʦʥʩʪʨʫʢʮʽʡ ʜʨʫʢʫʚʘʣʴʥʦʾ 

ʛʦʣʦʚʢʠ ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʤʝʪʦʜʽʚ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ-ʯʠʩʣʦʚʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ; 

- ʧʽʜʭʦʜʠ ʜʦ ʚʠʛʦʪʦʚʣʝʥʥʷ ʝʬʝʢʪʠʚʥʠʭ ʛʝʦʤʝʪʨʠʯʥʠʭ ʬʦʨʤ ʚʠʭʽʜʥʦʛʦ 

ʚʠʪʨʘʪʥʦʛʦ ʤʘʪʝʨʽʘʣʫ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʫ ʧʨʦʩʪʦʨʦʚʦʤʫ ʜʨʫʮʽ. 

ʇʨʘʢʪʠʯʥʝ ʟʥʘʯʝʥʥʷ ʦʜʝʨʞʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ, ʱʦ: 

- ʨʦʟʨʦʙʣʝʥʦ ʤʝʪʦʜʠʢʫ ʘʥʘʣʽʟʫ ʛʝʦʤʝʪʨʠʯʥʦʾ ʬʦʨʤʠ ʜʨʫʢʦʚʘʥʠʭ 

ʚʠʨʦʙʽʚ ʤʝʪʦʜʦʤ ʧʨʦʩʪʦʨʦʚʦʛʦ ʩʢʘʥʫʚʘʥʥʷ ʪʘ ʟʚʦʨʦʪʥʦʛʦ ʧʘʨʘʤʝʪʨʠʯʥʦʛʦ 

ʤʦʜʝʣʶʚʘʥʥʷ. ʎʝ ʜʘʣʦ ʟʤʦʛʫ ʚʩʪʘʥʦʚʠʪʠ ʚʽʜʭʠʣʝʥʥʷ ʨʦʟʤʽʨʽʚ ʪʘ ʪʦʯʥʦʩʪʽ 

ʧʦʚʝʨʭʦʥʴ ʜʨʫʢʦʚʘʥʦʛʦ ʚʠʨʦʙʫ ʚʽʜ ʪʝʦʨʝʪʠʯʥʦʾ ʮʠʬʨʦʚʦʾ ʤʦʜʝʣʽ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ 

ʨʝʞʠʤʫ ʦʭʦʣʦʜʞʝʥʥʷ ʧʨʦʮʝʩʫ 3D ʜʨʫʢʫ; 
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- ʨʦʟʨʦʙʣʝʥʦ ʤʝʪʦʜʠʢʫ ʧʨʦʚʝʜʝʥʥʷ ʜʦʩʣʽʜʞʝʥʴ ʤʽʞʰʘʨʦʚʦʾ ʘʜʛʝʟʽʾ 

ʜʨʫʢʦʚʘʥʠʭ ʟʨʘʟʢʽʚ, ʱʦ ʜʘʻ ʟʤʦʛʫ ʦʮʽʥʠʪʠ ʚʧʣʠʚ ʨʝʞʠʤʽʚ ʜʨʫʢʫ ʥʘ ʘʜʛʝʟʽʡʥʫ 

ʤʽʮʥʽʩʪʴ ʥʘʜʨʫʢʦʚʘʥʦʛʦ ʤʘʪʝʨʽʘʣʫ;  

- ʜʦʩʣʽʜʞʝʥʦ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʜʨʫʢʫ 3D ʧʨʠʥʪʝʨʽʚ ʨʽʟʥʠʭ ʢʽʥʝʤʘʪʠʯʥʠʭ 

ʩʭʝʤ ʧʝʨʝʤʽʱʝʥʥʷ ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ. ʎʝ ʜʘʻ ʟʤʦʛʫ ʚʠʟʥʘʯʠʪʠ ʚʧʣʠʚ ʪʠʧʫ 

ʤʝʭʘʥʽʢʠ 3D ʧʨʠʥʪʝʨʘ ʥʘ ʬʘʢʪʠʯʥʠʡ ʯʘʩ ʜʨʫʢʫ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʚʝʣʠʯʠʥʠ ʚʠʨʦʙʫ;  

- ʨʦʟʨʦʙʣʝʥʘ ʫʜʦʩʢʦʥʘʣʝʥʘ ʢʦʥʩʪʨʫʢʮʽʷ ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ ʜʣʷ 

ʜʨʫʢʫ ʚʝʣʠʢʦʛʘʙʘʨʠʪʥʠʭ ʚʠʨʦʙʽʚ, ʥʘ ʷʢʫ ʦʪʨʠʤʘʥʦ ʧʘʪʝʥʪ ʋʢʨʘʾʥʠ ʥʘ ʢʦʨʠʩʥʫ 

ʤʦʜʝʣʴ; 

- ʨʦʟʨʦʙʣʝʥʽ ʨʝʢʦʤʝʥʜʘʮʽʾ ʟ ʚʠʛʦʪʦʚʣʝʥʥʷ ʚʠʪʨʘʪʥʦʛʦ 

ʪʝʨʤʦʧʣʘʩʪʠʯʥʦʛʦ ʧʦʣʽʤʝʨʥʦʛʦ ʤʘʪʝʨʽʘʣʫ, ʥʘ ʷʢʽ ʦʪʨʠʤʘʥʦ ʧʘʪʝʥʪ ʋʢʨʘʾʥʠ ʥʘ 

ʢʦʨʠʩʥʫ ʤʦʜʝʣʴ; 

- ʚʩʪʘʥʦʚʣʝʥʽ ʧʘʨʘʤʝʪʨʠ ʜʨʫʢʫ ʪʘ ʦʭʦʣʦʜʞʝʥʥʷ, ʘ ʪʘʢʦʞ ʤʝʪʦʜʠ ʦʮʽʥʢʠ 

ʪʦʯʥʦʩʪʽ ʚʠʛʦʪʦʚʣʝʥʥʷ ʚʠʨʦʙʽʚ, ʷʢʽ ʜʘʣʠ ʟʤʦʛʫ ʚʠʛʦʪʦʚʣʷʪʠ ʢʨʫʧʥʦʛʘʙʘʨʠʪʥʽ 

ʤʦʜʝʣʽ (ʨʦʟʤʽʨʘʤʠ ʧʦʥʘʜ 1000 ʤʤ) ʜʣʷ ʘʝʨʦʜʠʥʘʤʽʯʥʠʭ ʚʠʧʨʦʙʫʚʘʥʴ                       

ʜʣʷ ʊʆɺ ñʊʋʂɸʅɸ ɯʅɾʀʅɯʈʀʅɻ ʋʂʈɸɰʅɸò. ʆʯʽʢʫʚʘʥʠʡ ʝʢʦʥʦʤʽʯʥʠʡ ʝʬʝʢʪ 

ʚʽʜ ʚʧʨʦʚʘʜʞʝʥʥʷ ʟʘʩʦʙʽʚ ʧʨʦʩʪʦʨʦʚʦʛʦ ʜʨʫʢʫ ʪʘ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʠʭ 

ʨʝʢʦʤʝʥʜʘʮʽʡ 3D ʜʨʫʢʫ ʛʘʙʘʨʠʪʥʠʭ ʚʠʨʦʙʽʚ ʩʢʣʘʚ ʙʣʠʟʴʢʦ 250 ʪʠʩ. ʛʨʥ. ʥʘ ʨʽʢ; 

- ʨʝʟʫʣʴʪʘʪʠ ʜʠʩʝʨʪʘʮʽʡʥʦʾ ʨʦʙʦʪʠ ʚʧʨʦʚʘʜʞʝʥʦ ʚ ʥʘʚʯʘʣʴʥʠʡ ʧʨʦʮʝʩ 

ʢʘʬʝʜʨʠ ʭʽʤʽʯʥʦʛʦ, ʧʦʣʽʤʝʨʥʦʛʦ ʪʘ ʩʠʣʽʢʘʪʥʦʛʦ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ ʂʇɯ ʽʤ. ɯʛʦʨʷ 

ʉʽʢʦʨʩʴʢʦʛʦ. 

ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ ʧʦʣʷʛʘʻ ʚ ʥʘʩʪʫʧʥʦʤʫ: 

- ʜʦʩʣʽʜʞʝʥʦ ʚʧʣʠʚ ʦʩʥʦʚʥʠʭ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʧʨʦʮʝʩʫ 

ʧʨʦʩʪʦʨʦʚʦʛʦ ʜʨʫʢʫ, ʘ ʩʘʤʝ ʪʝʤʧʝʨʘʪʫʨʠ, ʰʚʠʜʢʦʩʪʽ ʜʨʫʢʫ ʪʘ ʪʦʚʱʠʥʫ ʰʘʨʫ ʥʘ 

ʤʽʞʰʘʨʦʚʫ ʘʜʛʝʟʽʶ ʪʝʨʤʦʧʣʘʩʪʠʯʥʦʛʦ ʧʦʣʽʤʝʨʥʦʛʦ ʤʘʪʝʨʽʘʣʫ; 

- ʚʩʪʘʥʦʚʣʝʥʦ ʟʘʣʝʞʥʽʩʪʴ ʟʤʽʥʠ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʧʨʦʮʝʩʫ ʧʨʦʩʪʦʨʦʚʦʛʦ 

ʜʨʫʢʫ ʚʽʜ ʢʽʥʝʤʘʪʠʯʥʦʾ ʩʭʝʤʠ ʧʝʨʝʤʽʱʝʥʥʷ ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ; 

-     ʜʦʩʣʽʜʞʝʥʦ ʜʦʩʷʛʥʝʥʥʷ ʩʪʘʙʽʣʴʥʦʩʪʽ ʪʘ ʪʦʯʥʦʩʪʽ ʨʦʟʤʽʨʽʚ ʽ ʬʦʨʤʠ 

ʜʨʫʢʦʚʘʥʠʭ ʚʠʨʦʙʽʚ ʚ ʧʦʨʽʚʥʷʥʥʽ ʟ ʮʠʬʨʦʚʦʶ ʤʦʜʝʣʣʶ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʨʝʞʠʤʽʚ 

ʦʭʦʣʦʜʞʝʥʥʷ;  
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- ʫʜʦʩʢʦʥʘʣʝʥʦ ʯʠʩʣʦʚʫ ʤʦʜʝʣʴ ʧʨʦʮʝʩʫ ʦʭʦʣʦʜʞʝʥʥʷ ʧʨʠ ʚʠʭʦʜʽ ʟ 

ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ ʪʝʨʤʦʧʣʘʩʪʠʯʥʦʛʦ ʧʦʣʽʤʝʨʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʚ ʧʨʦʮʝʩʽ 

ʧʨʦʩʪʦʨʦʚʦʛʦ ʜʨʫʢʫ; 

-  ʫʜʦʩʢʦʥʘʣʝʥʦ ʤʘʪʝʤʘʪʠʯʥʫ ʤʦʜʝʣʴ ʧʨʦʮʝʩʫ ʥʝʣʽʥʽʡʥʦʛʦ 

ʜʝʬʦʨʤʫʚʘʥʥʷ ʙʘʛʘʪʦʰʘʨʦʚʠʭ ʟʨʘʟʢʽʚ, ʦʪʨʠʤʘʥʠʭ ʤʝʪʦʜʦʤ 3ɼïʜʨʫʢʫ. 

ɸʧʨʦʙʘʮʽʷ ʨʝʟʫʣʴʪʘʪʽʚ ʜʠʩʝʨʪʘʮʽʾ ʧʨʦʚʦʜʠʣʘʩʴ ʥʘ ʪʘʢʠʭ ʢʦʥʬʝʨʝʥʮʽʷʭ ʽ 

ʩʝʤʽʥʘʨʘʭ: 

- ʍɯɯI ʤʽʞʥʘʨʦʜʥʘ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʘ ʢʦʥʬʝʨʝʥʮʽ ̫ "ɸɺɯɸ-2017"      

(ʂʠʾʚ, 2017); 

- Vɯ ɺʩʝʫʢʨʘʾʥʩʴʢʘ ʥʘʫʢʦʚʦ-ʧʨʘʢʪʠʯʥʘ ʢʦʥʬʝʨʝʥʮʽ ̫ çɽʬʝʢʪʠʚʥʽ 

ʧʨʦʮʝʩʠ ʪʘ ʦʙʣʘʜʥʘʥʥʷ ʭʽʤʽʯʥʠʭ ʚʠʨʦʙʥʠʮʪʚ ʪʘ ʧʘʢʫʚʘʣʴʥʦʾ ʪʝʭʥʽʢʠè               

(ʂʠʾʚ, 2017); 

- ʍɯ ɺʩʝʫʢʨʘʾʥʩʴʢʘ ʥʘʫʢʦʚʦ-ʧʨʘʢʪʠʯʥʘ ʢʦʥʬʝʨʝʥʮʽ ̫ çɽʬʝʢʪʠʚʥʽ 

ʧʨʦʮʝʩʠ ʪʘ ʦʙʣʘʜʥʘʥʥʷ ʭʽʤʽʯʥʠʭ ʚʠʨʦʙʥʠʮʪʚ ʪʘ ʧʘʢʫʚʘʣʴʥʦʾ ʪʝʭʥʽʢʠè                

(ʂʠʾʚ, 2020); 

- VI ʄʽʞʥʘʨʦʜʥʘ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʘ ʢʦʥʬʝʨʝʥʮʽʷ ʟ ʧʨʦʙʣʝʤ ʚʠʱʦʾ 

ʦʩʚʽʪʠ ʽ ʥʘʫʢʠ ʊʂ-2020 çʇʨʦʛʨʝʩʠʚʥʽ ʥʘʧʨʷʤʢʠ ʨʦʟʚʠʪʢʫ ʪʝʭʥʦʣʦʛʽʯʥʠʭ 

ʢʦʤʧʣʝʢʩʽʚè (ʤ. ʃʫʮʴʢ, 2020); 

- ɯʍ ɺʩʝʫʢʨʘʾʥʩʴʢʘ ʥʘʫʢʦʚʦ-ʧʨʘʢʪʠʯʥʘ ʢʦʥʬʝʨʝʥʮʽ ̫ ʩʪʫʜʝʥʪʽʚ, 

ʘʩʧʽʨʘʥʪʽʚ ʪʘ ʤʦʣʦʜʠʭ ʚʯʝʥʠʭ çʇʨʠʢʣʘʜʥʘ ʛʝʦʤʝʪʨʽʷ, ʜʠʟʘʡʥ, ʦʙôʻʢʪʠ 

ʽʥʪʝʣʝʢʪʫʘʣʴʥʦʾ ʚʣʘʩʥʦʩʪʽ ʪʘ ʽʥʥʦʚʘʮʽʡʥʘ ʜʽʷʣʴʥʽʩʪʴ ʩʪʫʜʝʥʪʽʚ ʪʘ ʤʦʣʦʜʠʭ 

ʚʯʝʥʠʭè (ʂʠʾʚ, 2020); 

- IV-ʾ ʤʽʞʥʘʨʦʜʥʘ ʢʦʥʬʝʨʝʥʮʽʷ çʇʨʠʢʣʘʜʥʽ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʽ 

ʜʦʩʣʽʜʞʝʥʥʷè (ʤ. ɯʚʘʥʦ-ʌʨʘʥʢʽʚʩʴʢ, 2020). 

ʇʫʙʣʽʢʘʮʽʾ. ɿʘ ʪʝʤʦʶ ʨʦʙʦʪʠ ʦʧʫʙʣʽʢʦʚʘʥʦ 14 ʥʘʫʢʦʚʠʭ ʧʨʘʮʴ, ʫ ʪʦʤʫ 

ʯʠʩʣʽ 2 ʩʪʘʪʪʽ ʫ ʥʘʫʢʦʚʠʭ ʬʘʭʦʚʠʭ ʚʠʜʘʥʥʷʭ ʋʢʨʘʾʥʠ, ʟ ʥʠʭ 1 ʩʪʘʪʪʷ ʫ ʚʠʜʘʥʥʷʭ 

ʋʢʨʘʾʥʠ, ʷʢʽ ʚʢʣʶʯʝʥʽ ʜʦ ʤʽʞʥʘʨʦʜʥʠʭ ʥʘʫʢʦʤʝʪʨʠʯʥʠʭ ʙʘʟ, 1 ʩʪʘʪʪʷ ʫ 

ʟʘʨʫʙʽʞʥʦʤʫ ʬʘʭʦʚʦʤʫ ʚʠʜʘʥʥʽ, 3 ʧʘʪʝʥʪʠ ʥʘ ʢʦʨʠʩʥʫ ʤʦʜʝʣʴ, 5 ʪʝʟ ʜʦʧʦʚʽʜʝʡ ʚ 

ʟʙʽʨʥʠʢʘʭ ʤʘʪʝʨʽʘʣʽʚ ʢʦʥʬʝʨʝʥʮʽʡ. 
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ʉʪʨʫʢʪʫʨʘ ʪʘ ʦʙʩʷʛ ʜʠʩʝʨʪʘʮʽʾ. ɼʠʩʝʨʪʘʮʽʡʥʘ ʨʦʙʦʪʘ ʩʢʣʘʜʘʻʪʴʩʷ ʟʽ 

ʚʩʪʫʧʫ, ʯʦʪʠʨʴʦʭ ʨʦʟʜʽʣʽʚ, ʚʠʩʥʦʚʢʽʚ, ʩʧʠʩʢʫ ʚʠʢʦʨʠʩʪʘʥʠʭ ʜʞʝʨʝʣ ʽ ʜʦʜʘʪʢʽʚ. 

ʆʩʥʦʚʥʘ ʯʘʩʪʠʥʘ ʜʠʩʝʨʪʘʮʽʾ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ 128 ʩʪʦʨʽʥʢʘʭ ̔  ʤʽʩʪʠʪʴ 87 ʨʠʩʫʥʢʽʚ. 

ɿʘʛʘʣʴʥʠʡ ʦʙʩʷʛ ʨʦʙʦʪʠ ʩʪʘʥʦʚʠʪʴ 175 ʩʪʦʨʽʥʦʢ, ʫ ʪʦʤʫ ʯʠʩʣʽ 3 ʜʦʜʘʪʢʠ                    

ʥʘ 20 ʩʪʦʨʽʥʢʘʭ ̔  ʩʧʠʩʦʢ ʚʠʢʦʨʠʩʪʘʥʠʭ ʜʞʝʨʝʣ ʟ 91 ʥʘʡʤʝʥʫʚʘʥʥʷ ʥʘ 9 ʩʪʦʨʽʥʢʘʭ. 
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1 ʉʋʏɸʉʅʀʁ ʉʊɸʅ ɼʆʉʃɯɼɾɽʅʅʗ ʊɽʍʅʆʃʆɻɯɰ ʇʈʆʉʊʆʈʆɺʆɻʆ 

ɼʈʋʂʋ 

1.1 ʆʛʣʷʜ ʦʩʥʦʚʥʠʭ ʪʝʭʥʦʣʦʛʽʡ 3D ʜʨʫʢʫ 

ɺ ʥʘʰʽ ʜʥʽ ʫ ʩʬʝʨʽ ʪʝʭʥʦʣʦʛʽʾ ʧʨʦʩʪʦʨʦʚʦʛʦ ʜʨʫʢʫ ʽʩʥʫʻ ʙʝʟʣʽʯ ʧʨʠʩʪʨʦʾʚ 

ʜʘʥʦʾ ʪʝʭʥʦʣʦʛʽʾ. ʇʨʦʪʝ ʧʨʠʥʮʠʧʦʚʦʶ ʚʽʜʤʽʥʥʽʩʪʶ ʤʽʞ ʥʠʤʠ ʻ ʤʝʪʦʜ ʧʦʙʫʜʦʚʠ 

ʰʘʨʽʚ ʤʘʡʙʫʪʥʴʦʛʦ ʚʠʨʦʙʫ ʪʘ ʪʝ, ʷʢ ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʝʨʝʨʦʙʢʘ ʚʠʪʨʘʪʥʦʛʦ 

ʤʘʪʝʨʽʘʣʫ. ɺʠʭʦʜʷʯʠ ʟ ʮʴʦʛʦ ʽʩʥʫʶʪʴ ʥʘʩʪʫʧʥʽ ʤʝʪʦʜʠ: 

- ʬʦʨʤʫʚʘʥʥʷ ʤʝʪʦʜʦʤ ʥʘʧʣʘʚʢʠ (Fused Deposition Modelling ʘʙʦ 

Selective Deposition techniques) ï ʦʩʥʦʚʥʠʤ ʚʠʪʨʘʪʥʠʤ ʤʘʪʝʨʽʘʣʦʤ, ʷʢ ʧʨʘʚʠʣʦ, ʻ 

ʧʦʣʽʤʝʨʥʘ ʘʙʦ ʢʦʤʧʦʟʠʪʥʘ ʥʠʪʢʘ, ʱʦ ʧʣʘʚʠʪʴʩʷ ʚ ʢʘʥʘʣʽ ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ; 

- ʩʝʣʝʢʪʠʚʥʝ ʣʘʟʝʨʥʝ ʩʧʽʢʘʥʥʷ (Selective Laser Sintering ʘʙʦ Selective 

Binding technologies) ï ʩʪʚʦʨʝʥʥʷ ʧʨʦʩʪʦʨʦʚʦʛʦ ʦʙ'ʻʢʪʫ ʟ ʧʦʨʦʰʢʫ (ʷʢ ʧʨʘʚʠʣʦ, 

ʤʝʪʘʣʫ ʯʠ ʛʽʧʩʫ), ʟʘʩʪʦʩʦʚʫʶʯʠ ʟʚ'ʷʟʫʚʘʣʴʥʽ ʨʝʯʦʚʠʥʠ ʘʙʦ ʪʝʧʣʦ ʜʣʷ ʟʣʠʪʪʷ 

ʯʘʩʪʠʥʦʢ ʧʦʨʦʰʢʫ ʨʘʟʦʤ; 

- ʩʪʝʨʝʦʣʽʪʦʛʨʘʬʽʷ (StereoL ithogrAphy ʘʙʦ Selective Solidification 

technologies) - ʫʪʚʦʨʝʥʥʷ ʦʙ'ʻʢʪʫ ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʘʚʜʷʢʠ ʦʧʨʦʤʽʥʝʥʥʶ ʻʤʥʦʩʪʽ 

ʨʽʜʠʥʠ (ʬʦʪʦʧʦʣʽʤʝʨʫ), ʟʘʩʪʦʩʦʚʫʶʯʠ ʷʚʠʱʝ ʬʦʪʦʧʦʣʽʤʝʨʠʟʘʮʽʾ. 

ʅʝʱʦʜʘʚʥʦ ʙʫʣʘ ʧʨʠʡʥʷʪʘ ʪʘʢʦʞ ʢʣʘʩʠʬʽʢʘʮʽʷ ʪʘ ʥʘʙʽʨ ʩʪʘʥʜʘʨʪʽʚ, ʱʦ 

ʨʝʛʣʘʤʝʥʪʫʶʪʴ ʚʠʨʦʙʥʠʯʽ ʧʨʦʮʝʩʠ ʪʝʭʥʦʣʦʛʽʾ ʧʨʦʩʪʦʨʦʚʦʛʦ ʜʨʫʢʫ [6]. ɺʦʥʘ ʙʫʣʘ 

ʨʦʟʨʦʙʣʝʥʘ ɸʤʝʨʠʢʘʥʩʴʢʠʤ ʪʦʚʘʨʠʩʪʚʦʤ ʚʠʧʨʦʙʫʚʘʥʴ ʪʘ ʤʘʪʝʨʽʘʣʽʚ (American 

Society for Testing and Materials) ̔ ʚʢʣʶʯʘʻ  ʥʘʩʪʫʧʥʽ 7 ʢʘʪʝʛʦʨʽʡ: 

- Photopolymerisation (ʬʦʪʦʧʦʣʽʤʝʨʠʟʘʮʽʷ); 

- Material Jetting (ʩʪʨʫʤʝʥʝʚʝ ʥʘʥʝʩʝʥʥʷ); 

- Binder Jetting (ʟʣʠʧʘʥʥʷ ʤʘʪʝʨʽʘʣʫ); 

- Material Extrusion (ʝʢʩʪʨʫʟʽʷ); 

- Powder Bed Fusion (ʧʦʨʦʰʢʦʚʝ ʩʧʽʢʘʥʥʷ); 

- Sheet Lamination (ʣʠʩʪʦʚʘ ʣʘʤʽʥʘʮʽʷ); 

- Directed Energy Deposition (ʥʘʧʣʘʚʣʝʥʥʷ ʩʧʨʷʤʦʚʘʥʦʶ ʝʥʝʨʛʽʻʶ). 
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1.1.1 ʌʦʪʦʧʦʣʽʤʝʨʠʟʘʮʽʷ 

ʄʝʪʦʜ 3D ʜʨʫʢʫ (ʨʠʩ. 1.1) [7], ʱʦ ʙʘʟʫʻʪʴʩʷ ʥʘ ʷʚʠʱʽ ʬʦʪʦʧʦʣʽʤʝʨʠʟʘʮʽʾ ï 

ʪʚʝʨʜʽʥʥʽ ʨʝʘʢʪʦʧʣʘʩʪʠʯʥʦʾ ʩʤʦʣʠ ʧʽʜ ʜʽʻʶ ʦʧʨʦʤʽʥʝʥʥʷ. ʊʘʢʠʡ ʧʨʠʥʮʠʧ 

ʧʨʦʩʪʦʨʦʚʦʛʦ ʜʨʫʢʫ ʟôʷʚʠʚʩʷ ʦʜʥʠʤ ʽʟ ʧʝʨʰʠʭ [8], ʧʝʨʰʽ ʨʦʟʨʦʙʢʠ ʟôʷʚʠʣʠʩʷ ʚ 

ʩʝʨʝʜʠʥʽ 70-ʭ ʨʦʢʽʚ XX ʩʪ.   ʉʧʝʮʽʘʣʴʥʘ ʣʘʟʝʨʥʘ ʛʦʣʦʚʢʘ ʦʧʨʦʤʽʥʶʻ (ʟʘʩʚʽʯʫʻ) 

ʧʣʘʪʬʦʨʤʫ ʟʛʽʜʥʦ ʚʠʛʣʷʜʫ ʰʘʨʫ. ʇʣʘʪʬʦʨʤʘ ʦʧʫʩʢʘʻʪʴʩʷ ʥʘ ʪʦʚʱʠʥʫ ʰʘʨʫ ʽ 

ʧʨʦʮʝʩ ʧʦʚʪʦʨʶʻʪʴʩʷ ʟʥʦʚʫ. ɻʦʪʦʚʠʡ ʚʠʨʽʙ ʜʽʩʪʘʶʪʴ ʽʟ ʨʦʙʦʯʦʾ ʚʘʥʥʠ ʽ ʜʦʜʘʪʢʦʚʦ 

ʦʧʨʦʤʽʥʶʶʪʴ ʜʣʷ ʦʩʪʘʪʦʯʥʦʛʦ ʪʚʝʨʜʽʥʥʷ.  

 

ʈʠʩʫʥʦʢ 1.1 ï ʉʭʝʤʘ ʧʨʦʮʝʩʫ ʬʦʪʦʧʦʣʽʤʝʨʠʟʘʮʽʾ 

1.1.2 ʉʪʨʫʤʝʥʝʚʝ ʥʘʥʝʩʝʥʥʷ 

ʄʝʪʦʜ 3D-ʜʨʫʢʫ (ʨʠʩ. 1.2) [9], ʷʢʠʡ ʩʪʚʦʨʶʻ ʦʙ'ʻʢʪʠ ʰʣʷʭʦʤ ʥʘʥʝʩʝʥʥʷ 

ʩʪʨʫʤʝʥʷ ʤʘʪʝʨʽʘʣʫ. ʇʨʠʥʮʠʧ ʩʭʦʞʠʡ ʜʦ ʢʣʘʩʠʯʥʦʛʦ ʩʪʨʫʤʝʥʝʚʦʛʦ 2ɼ ʜʨʫʢʫ, 

ʧʨʦʪʝ ʟʘʤʽʩʪʴ ʬʘʨʙ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʧʦʣʽʤʝʨʥʽ ʩʤʦʣʽ ʥʠʟʴʢʦʾ ʚôʷʟʢʦʩʪʽ. ʅʘ 

ʧʣʘʪʬʦʨʤʫ ʨʦʟʧʠʣʶʻʪʴʩʷ ʤʘʪʝʨʽʘʣ ʫ ʚʠʛʣʷʜʽ ʰʘʨʫ, ʧʽʩʣʷ ʯʦʛʦ ʚʽʜʙʫʚʘʻʪʴʩʷ 

ʦʧʨʦʤʽʥʝʥʥʷ, ʧʣʘʪʬʦʨʤʘ ʦʧʫʩʢʘʻʪʴʩʷ ʽ ʧʨʦʮʝʩ ʧʦʚʪʦʨʶʻʪʴʩʷ. ʇʨʦʮʝʩ ʜʦʟʚʦʣʷʻ 
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ʩʪʚʦʨʶʚʘʪʠ ʙʘʛʘʪʦʢʦʣʴʦʨʦʚʽ ʦʙôʻʢʪʠ ʚʠʩʦʢʦʾ ʷʢʦʩʪʽ ʟ ʨʽʟʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʧʨʦʪʝ 

ʚʠʙʽʨ ʚʠʪʨʘʪʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʦʙʤʝʞʝʥʠʡ. 

   

 
 
 

ʈʠʩʫʥʦʢ 1.2 ï ʉʭʝʤʘ ʧʨʦʮʝʩʫ ʩʪʨʫʤʝʥʝʚʦʛʦ ʥʘʥʝʩʝʥʥʷ  

1.1.3 ɿʣʠʧʘʥʥʷ ʤʘʪʝʨʽʘʣʫ 

ʊʝʭʥʦʣʦʛʽʷ (ʨʠʩ. 1.3) [10] ʚʠʢʦʨʠʩʪʦʚʫʻ ʧʦʨʦʰʦʢ, ʷʢ ʤʘʪʝʨʽʘʣ ʦʩʥʦʚʠ, ʽ 

ʨʽʜʢʫ ʩʧʦʣʫʯʥʫ. ʇʨʦʮʝʩ ʥʘʩʪʫʧʥʠʡ: ʥʘ ʨʦʙʦʯʫ ʧʣʘʪʬʦʨʤʫ ʨʦʟʧʦʜʽʣʷʻʪʴʩʷ 

ʧʦʨʦʰʢʦʚʠʡ ʚʠʪʨʘʪʥʠʡ ʤʘʪʝʨʽʘʣ, ʜʨʫʢʫʚʘʣʴʥʘ ʛʦʣʦʚʢʘ ʥʘʥʦʩʠʪʴ ʟʚôʷʟʫʶʯʠʡ 

ʢʦʤʧʦʥʝʥʪ ʫ ʚʠʛʣʷʜʽ ʰʘʨʫ ʚʠʨʦʙʫ, ʧʣʘʪʬʦʨʤʘ ʦʧʫʩʢʘʻʪʴʩʷ ʽ ʧʨʦʮʝʩ ʧʦʚʪʦʨʶʻʪʴʩʷ 

ʟʥʦʚʫ. ʇʨʦʮʝʩ ʜʦʟʚʦʣʷʻ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʤʝʪʘʣʠ, ʧʦʣʽʤʝʨʠ ʪʘ ʢʝʨʘʤʽʢʫ, ʦʜʥʘʢ ʥʝ 

ʟʘʚʞʜʠ ʧʽʜʭʦʜʠʪʴ ʜʣʷ ʚʽʜʧʦʚʽʜʘʣʴʥʠʭ ʜʝʪʘʣʝʡ, ʯʝʨʝʟ ʧʨʠʩʫʪʥʽʩʪʴ ʥʝʩʪʘʙʽʣʴʥʦʛʦ 

ʟʚ'ʷʟʫʶʯʦʛʦ ʤʘʪʝʨʽʘʣʫ. ʂʨʽʤ ʪʦʛʦ ʷʢʽʩʪʴ ʧʦʚʝʨʭʥʽ ʥʝʜʦʩʪʘʪʥʴʦ ʚʠʩʦʢʘ ʽ ʯʘʩʪʦ 

ʥʝʦʙʭʽʜʥʘ  ʧʦʩʪ-ʦʙʨʦʙʢʘ. 
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ʈʠʩʫʥʦʢ 1.3 ï ʉʭʝʤʘ ʧʨʦʮʝʩʫ ʟʣʠʧʘʥʥʷ ʤʘʪʝʨʽʘʣʫ 

1.1.4 ɽʢʩʪʨʫʟʽʷ ʤʘʪʝʨʽʘʣʫ 

ʅʘʡʙʽʣʴʰ ʰʠʨʦʢʦ ʧʨʝʜʩʪʘʚʣʝʥʘ ʬʦʨʤʫʚʘʥʥʷʤ ʤʝʪʦʜʦʤ ʥʘʧʣʘʚʢʠ          

(FDM - Fused Deposition Modelling) (ʨʠʩ. 1.4) [11]. ʊʝʭʥʦʣʦʛʽʷ ʟʘʟʚʠʯʘʡ 

ʚʠʢʦʨʠʩʪʦʚʫʻ ʧʦʣʽʤʝʨʥʠʡ ʤʘʪʝʨʽʘʣ ʫ ʚʠʛʣʷʜʽ ʧʨʫʪʢʘ (ʬʽʣʘʤʝʥʪʫ), ʱʦ 

ʙʝʟʧʝʨʝʨʚʥʦ ʧʦʜʘʻʪʴʩʷ ʚ ʮʠʣʽʥʜʨʠʯʥʠʡ ʢʘʥʘʣ ʝʢʩʪʨʫʜʝʨʘ, ʨʦʟʧʣʘʚʣʶʻʪʴʩʷ ʽ 

ʚʠʭʦʜʠʪʴ ʯʝʨʝʟ ʩʦʧʣʦ. ɽʢʩʪʨʫʜʝʨ ʧʦʩʪʽʡʥʦ ʧʝʨʝʤʽʱʫʻʪʴʩʷ ʧʦ ʪʨʘʻʢʪʦʨʽʾ, ʱʦ 

ʚʽʜʧʦʚʽʜʘʻ ʢʦʥʪʫʨʘʤ ʰʘʨʽʚ. ʎʝ ʥʘʡʙʽʣʴʰ ʧʦʧʫʣʷʨʥʘ ʪʝʭʥʽʢʘ, ʷʢʘ 

ʚʠʢʦʨʠʩʪʦʚʫ̒ ʪʴʩʷ ʥʘ ʙʘʛʘʪʴʦʭ 3D-ʧʨʠʥʪʝʨʘʭ. 

ʇʨʦʮʝʩ ʻ ʚʽʜʥʦʩʥʦ ʥʝʜʦʨʦʛʠʤ, ʰʚʠʜʢʠʤ ʽ ʜʦʟʚʦʣʷʻ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ 

ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ ʤʘʪʝʨʽʘʣʽʚ (ABS, PLA, ʥʝʡʣʦʥ, PET, coPET,  PC, Elastan), ʧʨʦʪʝ 

ʪʦʯʥʽʩʪʴ ʢʽʥʮʝʚʦʾ ʤʦʜʝʣʽ ʻ ʥʠʟʴʢʦʶ ʧʦʨʽʚʥʷʥʦ ʟ ʽʥʰʠʤʠ ʪʝʭʥʦʣʦʛʽʷʤʠ 3D ʜʨʫʢʫ. 
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ʈʠʩʫʥʦʢ 1.4 ï ʉʭʝʤʘ ʧʨʦʮʝʩʫ ʝʢʩʪʨʫʟʽʾ ʤʘʪʝʨʽʘʣʫ 

1.1.5 ʇʦʨʦʰʢʦʚʝ ʩʧʽʢʘʥʥʷ 

ʊʝʭʥʦʣʦʛʽʷ ʧʦʨʦʰʢʦʚʦʛʦ ʩʧʽʢʘʥʥʷ (ʨʠʩ. 1.5) [12,13] ʚʢʣʶʯʘʻ ʥʘʩʪʫʧʥʽ 

ʤʝʪʦʜʠ: ʥʘʧʨʘʚʣʝʥʝ ʤʝʪʘʣʝʚʝ ʣʘʟʝʨʥʝ ʩʧʽʢʘʥʥʷ (DMLS - Direct Metal Laser 

Sintering), ʝʣʝʢʪʨʦʥʥʦ-ʧʨʦʤʝʥʝʚʝ ʧʣʘʚʣʝʥʥʷ (EBM - Electron Beam Melting), 

ʩʝʣʝʢʪʠʚʥʝ ʪʝʧʣʦʚʝ ʩʧʽʢʘʥʥʷ (SHS - Selective heat sintering), ʩʝʣʝʢʪʠʚʥʝ ʣʘʟʝʨʥʝ 

ʧʣʘʚʣʝʥʥʷ ʘʙʦ ʩʧʽʢʘʥʥʷ (SLM or S ï Selective Laser Melting or Sintering).  

ɺʩʽ ʮʽ ʤʝʪʦʜʠʢʠ ʤʦʞʫʪʴ ʙʫʪʠ ʧʦʜʽʙʥʠʤʠ ʜʦ ʧʦʧʝʨʝʜʥʴʦʛʦ ʧʨʦʮʝʩʫ 

ʟʣʠʧʘʥʥʷ ʤʘʪʝʨʽʘʣʫ, ʘʣʝ ʟʘʤʽʩʪʴ ʩʧʦʣʫʯʥʦʛʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʣʘʟʝʨʥʠʡ, ʘʙʦ 

ʝʣʝʢʪʨʦʥʥʠʡ ʧʨʦʤʽʥʴ, ʱʦ ʦʧʨʦʤʽʥʶʻ ʚʠʪʨʘʪʥʠʡ ʤʘʪʝʨʽʘʣ ʧʦ ʬʦʨʤʽ ʰʘʨʫ ʚʠʨʦʙʫ, 

ʜʣʷ ʨʦʟʧʣʘʚʣʝʥʥʷ ʧʦʨʦʰʢʫ.  
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ʈʠʩʫʥʦʢ 1.5 ï ʉʭʝʤʘ ʧʨʦʮʝʩʫ ʧʦʨʦʰʢʦʚʦʛʦ ʩʧʽʢʘʥʥʷ 

 

ʇʨʦʮʝʩʫ ʻ ʚʽʜʥʦʩʥʦ ʪʦʯʥʠʤ, ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʚʝʣʠʢʠʡ ʘʩʦʨʪʠʤʝʥʪ 

ʤʘʪʝʨʽʘʣʽʚ ï ʤʝʪʘʣʠ ʪʘ ʧʦʣʽʤʝʨʠ, ʚʠʪʨʘʪʥʠʡ ʤʘʪʝʨʽʘʣ ʪʘʢʦʞ ʚʠʢʦʥʫʻ ʨʦʣʴ 

ʧʽʜʪʨʠʤʢʠ. ʇʨʦʪʝ ʰʚʠʜʢʽʩʪʴ ʜʨʫʢʫ ʧʦʚʽʣʴʥʘ, ʧʦʪʨʝʙʫʻ ʚʠʩʦʢʠʭ ʝʥʝʨʛʦʟʘʪʨʘʪ ʽ 

ʩʢʣʘʜʥʘ ʚ ʦʙʩʣʫʛʦʚʫʚʘʥʥʽ.  

1.1.6 ʃʠʩʪʦʚʝ ʬʦʨʤʫʚʘʥʥʷ 

ʇʨʦʮʝʩʠ ʣʠʩʪʦʚʦʾ ʣʘʤʽʥʘʮʽʾ (ʨʠʩ. 1.6) [14] ʚʢʣʶʯʘʻ ʫʣʴʪʨʘʟʚʫʢʦʚʝ ʘʜʜʠʪʠʚʥʝ 

ʚʠʨʦʙʥʠʮʪʚʦ (UAM - Ultrasonic Additive Manufacturing) ʽ ʚʠʨʦʙʥʠʮʪʚʦ ʣʠʩʪʦʚʠʭ 

ʦʙ'ʻʢʪʽʚ (LOM - Laminated Object Manufacturing). UAM ʚʠʢʦʨʠʩʪʦʚʫʻ ʤʝʪʘʣʝʚʫ 

ʬʦʣʴʛʫ (ʘʣʁʤʽʥʽʡ, ʤʽʜʴ, ʥʝʨʞʘʚʽʶʯʘ ʩʪʘʣʴ ʪʠʪʘʥ), ʷʢʽ ʟôʻʜʥʫʶʪʴʩʷ ʤʽʞ ʩʦʙʦʶ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʟʚʘʨʶʚʘʥʥʷ. LOM ʷʚʣʷʻ ʩʦʙʦʶ ʘʥʘʣʦʛʽʯʥʠʡ ʧʨʦʮʝʩ, 

ʘʣʝ ʚʠʢʦʨʠʩʪʦʚʫʻ ʧʘʧʽʨ ʽ ʢʣʝʡ ʟʘʤʽʩʪʴ ʤʝʪʘʣʫ ʽ ʟʚʘʨʶʚʘʥʥʷ. 
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ʈʠʩʫʥʦʢ 1.6 ï ʉʭʝʤʘ ʧʨʦʮʝʩʫ ʣʠʩʪʦʚʦʛʦ ʬʦʨʤʫʚʘʥʥʷ 

 

ʇʨʦʮʝʩ ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʨʠ ʥʠʟʴʢʽʡ ʪʝʤʧʝʨʘʪʫʨʽ, ʪʦʤʫ, ʦʩʢʽʣʴʢʠ ʤʝʪʘʣ ʥʝ 

ʧʣʘʚʠʪʴʩʷ, ʚʠʤʘʛʘʻ ʚʽʜʥʦʩʥʦ ʥʝʚʝʣʠʢʦʾ ʝʥʝʨʛʽʾ. ʂʨʽʤ ʪʦʛʦ, ʦʩʥʦʚʥʠʤ ʩʠʨʦʚʠʥʥʠʤ 

ʤʘʪʝʨʽʘʣʦʤ ʻ ʬʦʣʴʛʘ ʘʙʦ ʧʣʽʚʢʘ, ʷʢʘ ʟʥʘʯʥʦ ʟʥʠʞʫʻ ʚʠʪʨʘʪʠ. ʇʨʦʪʝ, 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʧʝʨʝʚʘʞʥʦ ʜʣʷ  ʜʝʢʦʨʘʪʠʚʥʠʭ ʤʦʜʝʣʝʡ ʥʝ ʧʨʠʜʘʪʥʠʭ ʜʣʷ 

ʬʫʥʢʮʽʦʥʘʣʴʥʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ. 

1.1.7  ʅʘʧʣʘʚʣʝʥʥʷ ʩʧʨʷʤʦʚʘʥʦʶ ʝʥʝʨʛʽʻʶ 

ʅʘʧʣʘʚʣʝʥʥʷ ʩʧʨʷʤʦʚʘʥʦʶ ʝʥʝʨʛʽʾ (DED - Directed Energy Deposition) ʻ 

ʥʘʡʪʝʭʥʦʣʦʛʽʯʥʽʰʠʤ ʧʨʦʮʝʩʦʤ ʽ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʚ ʧʝʨʝʜʦʚʠʭ ʩʫʯʘʩʥʠʭ 

ʚʠʨʦʙʥʠʮʪʚʘʭ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʫʥʽʢʘʣʴʥʠʭ ʚʠʨʦʙʽʚ (ʨʠʩ. 1.7) [15]. ʆʩʥʦʚʦʶ ʻ 

ʨʦʙʦʪʠʟʦʚʘʥʘ ʨʫʢʘ-ʤʘʥʽʧʫʣʷʪʦʨ (4 ï 5 ʩʪʫʧʝʥʽʚ ʩʚʦʙʦʜʠ), ʱʦ ʧʦʩʪʫʧʦʚʦ ʧʦʜʘʻ 

ʤʘʪʝʨʽʘʣ ʫ ʚʠʛʣʷʜʽ ʜʨʦʪʫ ʪʘ ʝʥʝʨʛʽʶ ʜʣʷ ʡʦʛʦ ʧʣʘʚʣʝʥʥʷ ʚ ʢʦʞʥʫ ʪʦʯʢʫ ʚʠʨʦʙʫ.  

ʇʨʦʮʝʩ ʻ ʚʠʩʦʢʦʪʦʯʥʠʤ, ʚʠʢʦʨʠʩʪʦʚʫʻ ʨʽʟʥʽ ʪʠʧʠ ʚʠʪʨʘʪʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʜʘʻ 

ʤʦʞʣʠʚʽʩʪʴ ʢʦʥʪʨʦʣʶʚʘʪʠ ʩʪʨʫʢʪʫʨʫ ʟʝʨʥʘ, ʟʘʚʜʷʢʠ ʯʦʤʫ ʷʢʽʩʪʴ ʛʦʪʦʚʦʾ ʜʝʪʘʣʽ 
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ʥʘʜʟʚʠʯʘʡʥʦ ʚʠʩʦʢʘ. ʇʨʦʪʝ ʦʯʝʚʠʜʥʦ, ʱʦ ʜʘʥʠʡ ʧʨʦʮʝʩ ʜʦʩʪʘʪʥʴʦ ʩʢʣʘʜʥʠʡ ʽ 

ʜʦʨʦʛʠʡ, ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʚ ʦʜʠʥʠʯʥʠʭ ʚʠʧʘʜʢʘʭ ʪʘ ʧʦʪʨʝʙʫʻ ʜʦʜʘʪʢʦʚʦʛʦ 

ʚʠʚʯʝʥʥʷ. 

 

 

ʈʠʩʫʥʦʢ 1.7 ï ʉʭʝʤʘ ʧʨʦʮʝʩʫ ʩʧʨʷʤʦʚʘʥʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ 

1.2 ɺʠʙʽʨ ʪʝʭʥʦʣʦʛʽʾ 3D-ʜʨʫʢʫ ʪʘ ʨʦʟʛʣʷʜ ʾʾ ʧʽʜʚʠʜʽʚ 

ʈʦʟʛʣʷʥʫʚʰʠ ʦʩʥʦʚʥʽ ʩʫʯʘʩʥʽ ʪʝʭʥʦʣʦʛʽʾ 3D ʜʨʫʢʫ, ʟôʷʩʫʚʘʣʦʩʴ, ʱʦ  

ʙʽʣʴʰʽʩʪʴ ʟ ʥʠʭ ʻ ʥʝʜʦʩʪʘʪʥʴʦ ʚʠʚʯʝʥʠʤʠ ʽ ʯʘʩʪʦ ʽʩʥʫʶʪʴ ʫ ʚʠʛʣʷʜʽ ʧʨʦʪʦʪʠʧʽʚ. 

ʅʘʡʙʽʣʴʰ ʮʽʢʘʚʠʤ ʻ ʚʠʚʯʝʥʥʷ FDM ʧʨʠʥʪʝʨʽʚ ʯʝʨʝʟ ʪʝ, ʱʦ: 

- ʜʘʥʠʡ ʢʣʘʩ ʧʨʠʥʪʝʨʽʚ ʻ ʥʘʡʙʽʣʴʰ ʨʦʟʧʦʚʩʶʜʞʝʥʠʤ ʽ ʪʝʤʧʠ 

ʧʦʰʠʨʝʥʥʷ ʻ ʝʢʩʧʦʥʝʥʮʽʘʣʴʥʠʤʠ; 

- ʚʽʜʥʦʩʥʘ ʜʝʰʝʚʠʟʥʘ ʨʦʙʠʪʴ ʜʦʩʣʽʜʞʝʥʥʷ ʙʽʣʴʰ ʜʦʩʪʫʧʥʠʤ; 

- ʜʦʩʪʘʪʥʷ ʧʨʦʩʪʦʪʘ ʚʠʪʨʘʪʥʦʛʦ ʤʘʪʝʨʽʘʣʫ; 

- ʙʽʣʴʰʽʩʪʴ ʥʘʣʘʰʪʫʚʘʥʴ ʟʨʦʙʣʝʥʦ ʟ ʧʨʘʢʪʠʯʥʦʛʦ ʜʦʩʚʽʜʫ ʽ ʥʝ ʤʘʶʪʴ 

ʥʘʫʢʦʚʦʛʦ ʧʽʜˇʨʫʥʪʷ; 
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- ʜʦʩʣʽʜʞʝʥʥʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʘ ʧʨʠʨʦʜʠ ʨʦʙʦʯʦʛʦ ʤʘʪʝʨʽʘʣʫ ʚ ʧʨʦʮʝʩʽ 

3D ʜʨʫʢʫ ʻ ʦʩʦʙʣʠʚʦ ʮʽʢʘʚʠʤ ʜʣʷ ʨʦʟʚʠʪʢʫ ʪʝʭʥʦʣʦʛʽʾ ʧʝʨʝʨʦʙʢʠ ʧʦʣʽʤʝʨʽʚ. 

ʈʦʟʛʣʷʥʝʤʦ ʦʩʥʦʚʥʽ ʚʠʜʠ FDM 3D ʧʨʠʥʪʝʨʽʚ ʟ ʪʦʯʢʠ ʟʦʨʫ ʧʨʠʥʮʠʧʫ ʜʽʾ 

ʨʦʙʦʯʦʾ ʛʦʣʦʚʢʠ: 

1. 3D ʜʨʫʢ ʥʘ ʦʩʥʦʚʽ ʬʽʣʘʤʝʥʪʫ. 

2. 3D ʜʨʫʢ ʥʘ ʦʩʥʦʚʽ ʧʦʨʰʥʝʚʦʾ ʧʦʜʘʯʽ. 

3. 3D ʜʨʫʢ ʥʘ ʦʩʥʦʚʽ ʛʚʠʥʪʘ ɸʨʭʽʤʝʜʘ. 

1.2.1 3D ʜʨʫʢ ʥʘ ʦʩʥʦʚʽ ʬʽʣʘʤʝʥʪʫ 

ɼʨʫʢ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʦʣʽʤʝʨʥʦʾ ʩʪʨʽʯʢʠ (ʬʽʣʘʤʝʥʪʫ) ʘʙʦ Fused Deposition 

Modeling (FDM) ʙʫʚ ʨʦʟʨʦʙʣʝʥʠʡ ʉ. ʉʢʦʪʦʤ ʂʨʘʤʧʦʤ ʥʘʧʨʠʢʽʥʮʽ 1980-ʭ ʨʦʢʽʚ ʽ 

ʻ ʥʘʡʨʦʟʧʦʚʩʶʜʞʝʥʦʶ ʪʝʭʥʦʣʦʛʽʻʶ 3D ʜʨʫʢʫ [16, 17]. FDM ʧʨʠʥʪʝʨ (ʨʠʩ. 1.8) 

ʚʠʢʦʨʠʩʪʦʚʫʻ ʪʝʨʤʦʧʣʘʩʪʠʯʥʠʡ ʧʦʣʽʤʝʨʥʠʡ ʘʙʦ ʢʦʤʧʦʟʠʪʥʠʡ ʜʨʽʪ (ʬʽʣʘʤʝʥʪ). 

ɺʠʪʨʘʪʥʠʡ ʤʘʪʝʨʽʘʣ, ʯʝʨʝʟ ʨʦʣʠʢʦʚʠʡ ʤʝʭʘʥʽʟʤ ʧʦʜʘʯʽ, ʧʦʜʘʻʪʴʩʷ ʪʘ 

ʧʣʘʚʠʪʴʩʷ ʚ ʢʘʥʘʣʽ ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ. ʈʦʟʧʣʘʚ ʚʠʭʦʜʠʪʴ ʯʝʨʝʟ ʩʦʧʣʦ ʧʽʜ ʯʘʩ 

ʡʦʛʦ ʨʫʭʫ, ʧʦ ʟʘʜʘʥʽʡ ʪʨʘʻʢʪʦʨʽʾ. ʇʣʘʩʪʠʢ ʥʘʥʦʩʠʪʴʩʷ ʥʘ ʧʣʘʪʬʦʨʤʫ, ʩʣʽʜʫʶʯʠ 

ʢʝʨʫʶʯʽʡ ʧʨʦʛʨʘʤʽ. ʇʽʩʣʷ ʟʘʚʝʨʰʝʥʥʷ ʥʘʥʝʩʝʥʥʷ ʦʜʥʦʛʦ ʰʘʨʫ, ʜʨʫʢʫʚʘʣʴʥʘ 

ʛʦʣʦʚʢʘ ʧʽʜʥʽʤʘʻʪʴʩʷ ʘʙʦ ʨʦʙʦʯʘ ʧʣʘʪʬʦʨʤʘ ʦʧʫʩʢʘʻʪʴʩʷ ʥʘ ʪʦʚʱʠʥʫ ʰʘʨʫ, ʽ 

ʥʘʥʦʩʠʪʴʩʷ ʥʘʩʪʫʧʥʠʡ ʰʘʨ.  

FDM ʧʨʠʥʪʝʨʠ ʬʦʨʤʫʶʪʴ ʜʝʪʘʣʽ ʟ ʰʠʨʦʢʦʛʦ ʜʽʘʧʘʟʦʥʫ ʪʝʨʤʦʧʣʘʩʪʠʯʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ (ʘʢʨʠʣʦʥʽʪʨʠʣ-ʙʫʪʘʜʽʻʥʩʪʠʨʦʣ (ABS), ʧʦʣʽʣʘʢʪʠʜ (PLA), ʧʦʣʽʢʘʨʙʦʥʘʪ 

(PC), ʧʦʣʽʝʪʠʣʝʥʪʝʨʝʬʪʘʣʘʪ (PET) ʽ ʪ.ʜ.), ʘ ʪʘʢʦʞ ʢʦʤʧʦʟʠʮʽʡ ʥʘ ʾʭ ʦʩʥʦʚʽ 

(ʧʝʨʝʚʘʞʥʦ ʜʦʜʘʶʪʴʩʷ ʜʠʩʢʨʝʪʥʽ ʦʨʛʘʥʽʯʥʽ ʚʦʣʦʢʥʘ ʘʙʦ ʤʝʪʘʣʽʯʥʽ ʧʦʨʦʰʢʠ). 

ɸʩʦʨʪʠʤʝʥʪ ʩʫʯʘʩʥʦʛʦ ʚʠʪʨʘʪʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʟʘʜʦʚʦʣʴʥʷʻ ʧʨʘʢʪʠʯʥʦ ʚʩʽ 

ʧʦʪʨʝʙʠ ʱʦʜʦ ʚʣʘʩʪʠʚʦʩʪʝʡ ʜʨʫʢʦʚʘʥʠʭ ʜʝʪʘʣʝʡ, ʱʦ ʜʦʟʚʦʣʷʻ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ 

ʚ ʰʠʨʦʢʦʤʫ ʩʧʝʢʪʨʽ ʛʘʣʫʟʝʡ ʚʠʨʦʙʥʠʮʪʚʘ ï ʚʽʜ ʜʨʽʙʥʦʛʦ ʧʨʦʪʦʪʠʧʫʚʘʥʥʷ ʪʘ 

ʥʘʚʯʘʣʴʥʦʛʦ ʧʨʦʮʝʩʫ ʜʦ ʧʦʚʥʦʮʽʥʥʦʛʦ ʧʨʦʤʠʩʣʦʚʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ. 
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ʈʠʩʫʥʦʢ 1.8 ï ʇʨʠʥʮʠʧʦʚʘ ʩʭʝʤʘ ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ  FDM 3D 

ʧʨʠʥʪʝʨʘ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʻ ʬʽʣʘʤʝʥʪ 

1.2.2 3D ʜʨʫʢ ʥʘ ʦʩʥʦʚʽ ʧʦʨʰʥʝʚʦʾ ʧʦʜʘʯʽ 

ʈʦʙʦʯʠʡ ʙʫʥʢʝʨ ʟʘʧʦʚʥʶʻʪʴʩʷ ʤʘʪʝʨʽʘʣʦʤ ʽ ʥʘʛʨʽʚʘʶʪʴ ʜʦ ʨʦʙʦʯʦʾ 

ʪʝʤʧʝʨʘʪʫʨʠ (ʨʠʩ. 1.9). ɿʫʩʠʣʣʷ ʧʦʜʘʻʪʴʩʷ ʥʘ ʨʦʟʧʣʘʚʣʝʥʠʡ ʤʘʪʝʨʽʘʣ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʧʝʨʝʤʽʱʝʥʥʷ ʧʦʨʰʥʷ, ʷʢʠʡ ʚʠʰʪʦʚʭʫʻ ʤʘʪʝʨʽʘʣ ʟ ʩʦʧʣʘ, ʧʦ ʪʨʘʻʢʪʦʨʽʾ 

ʚʽʜʧʦʚʽʜʥʦ ʜʦ 3D-ʤʦʜʝʣʽ. 

ʅʝʟʚʘʞʘʶʯʠ ʥʘ ʩʚʦʶ ʧʨʦʩʪʦʪʫ ʽ ʧʝʨʝʚʘʛʠ ʧʨʦʮʝʩʫ, ʻ ʜʝʷʢʽ ʚʘʞʣʠʚʽ ʥʝʜʦʣʽʢʠ: 

- ʷʢʱʦ ʦʙ'ʻʢʪ ʟʘʥʘʜʪʦ ʚʝʣʠʢʠʡ, ʤʦʞʝ ʙʫʪʠ ʥʝʦʙʭʽʜʥʠʤ ʧʦʚʪʦʨʥʝ 

ʥʘʧʦʚʥʝʥʥʷ ʧʦʨʰʥʷ, ʱʦ ʚʠʢʣʠʢʘʻ ʧʝʨʝʙʦʾ ʚ ʧʨʦʮʝʩʽ ʜʨʫʢʫ ʪʘ ʦʭʦʣʦʜʞʝʥʥʷ 

ʜʨʫʢʦʚʘʥʦʛʦ ʚʠʨʦʙʫ ʽ ʧʦʨʰʥʷ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʦʛʘʥʦʾ ʘʜʛʝʟʽʾ ʤʽʞ ʰʘʨʘʤʠ; 

- ʤʘʪʝʨʽʘʣ ʥʘʛʨʽʚʘʻʪʴʩʷ ʫʟʜʦʚʞ ʧʦʨʰʥʷ, ʪʘʢ ʱʦ ʙʽʣʴʰ ʚʠʱʠʡ ʤʘʪʝʨʽʘʣ ʯʝʨʝʟ 

ʜʝʷʢʠʡ ʯʘʩ ʧʨʠ ʧʽʜʚʠʱʝʥʽʡ ʪʝʤʧʝʨʘʪʫʨʽ ʟʘʟʥʘʻ ʪʝʨʤʽʯʥʦʾ ʜʝʛʨʘʜʘʮʽʾ, ʱʦ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʦʛʘʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʤʘʪʝʨʽʘʣʫ; 

- ʚʘʞʣʠʚʦ, ʱʦ ʧʦʨʰʝʥʴ ʤʽʩʪʠʪʴ ʧʦʚʽʪʨʷ, ʷʢʠʡ ʧʝʨʝʨʠʚʘʻ ʧʨʦʮʝʩ, ʘ ʪʘʢʦʞ 

ʧʦʚʽʪʨʷʥʽ ʽʥʢʘʧʩʫʣʷʮʽʾ ʚ ʤʘʪʝʨʽʘʣʽ ʛʨʘʥʫʣ; 
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- ʜʘʥʘ ʢʦʥʩʪʨʫʢʮʽʷ ʨʦʟʨʦʙʣʷʣʘʩʴ ʜʣʷ ʨʦʙʦʪʠ ʟ ʧʦʣʽʤʝʨʥʠʤʠ ʤʘʪʝʨʽʘʣʘʤʠ, 

ʧʨʦʪʝ ʜʽʩʪʘʣʘ ʧʦʰʠʨʝʥʥʷ ʚ ʤʝʜʠʯʥʦʤʫ ʥʘʧʨʷʤʽ ʨʦʟʚʠʪʢʫ ʘʜʠʪʠʚʥʠʭ ʪʝʭʥʦʣʦʛʽʡ, 

ʘ ʩʘʤʝ ʚ ʨʦʙʦʪʽ ʟʽ ʩʪʦʚʙʫʨʦʚʠʤʠ ʢʣʽʪʠʥʘʤʠ. 

 

 

ʈʠʩʫʥʦʢ 1.9 ï ʇʨʠʥʮʠʧʦʚʘ ʩʭʝʤʘ ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ FDM 3D ʧʨʠʥʪʝʨʘ 

ʟ ʧʦʨʰʥʝʚʦʶ ʧʦʜʘʯʝʶ 

1.2.3 3D ʜʨʫʢ ʥʘ ʦʩʥʦʚʽ ʛʚʠʥʪʘ ɸʨʭʽʤʝʜʘ 

ʆʩʪʘʥʥʽʡ ʪʠʧ FDM 3D ʧʨʠʥʪʝʨʽʚ ʻ ʧʨʠʥʪʝʨ ʟ ʛʚʠʥʪʦʤ ɸʨʭʽʤʝʜʘ (ʰʥʝʢʦʤ) 

(ʨʠʩ. 1.10). ɯʜʝʷ ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ, ʱʦʙ ʩʪʚʦʨʠʪʠ FDM 3D ʧʨʠʥʪʝʨ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʻ 

ʩʪʘʥʜʘʨʪʥʫ ʛʨʘʥʫʣʫ, ʘ ʥʝ ʚʠʩʦʢʦʚʘʨʪʽʩʥʫ ʪʝʨʤʦʧʣʘʩʪʠʯʥʫ ʧʦʣʽʤʝʨʥʫ ʩʪʨʝʥʛʫ. 

ɻʦʣʦʚʥʠʤ ʝʣʝʤʝʥʪʦʤ ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ ʷʚʣʷʻʪʴʩʷ ʪʨʠʩʝʢʮʽʡʥʠʡ ʤʽʥʽ ï ʰʥʝʢ 

(ʘʥʘʣʦʛʽʯʥʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʚ ʧʨʦʤʠʩʣʦʚʠʭ ʝʢʩʪʨʫʜʝʨʘʭ). ʆʩʥʦʚʥʠʤʠ 

ʧʝʨʝʚʘʛʘʤʠ ʜʘʥʦʛʦ ʪʠʧʫ ʻ: 

- ʤʦʞʣʠʚʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ  ʛʨʘʥʫʣ ʷʢ ʤʘʪʝʨʽʘʣʫ, ʱʦ ʧʦʜʘʻʪʴʩʷ; 

- ʤʦʞʝ ʙʫʪʠ ʨʝʘʣʽʟʦʚʘʥʠʡ ʙʝʟʧʝʨʝʨʚʥʠʡ ʧʨʦʮʝʩ; 

- ʰʥʝʢ ʩʪʚʦʨʶʻ ʦʜʥʦʨʽʜʥʝ ʧʣʘʚʣʝʥʥʷ; 
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- ʤʦʞʣʠʚʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʧʨʘʢʪʠʯʥʦ ʚʩʽ ʪʠʧʠ ʛʨʘʥʫʣ ʪʘ ʩʪʚʦʨʶʚʘʪʠ 

ʢʦʤʧʦʟʠʮʽʾ ʥʘ ʾʭ ʦʩʥʦʚʽ. 

 

ʈʠʩʫʥʦʢ 1.10 ï ʇʨʠʥʮʠʧʦʚʘ ʩʭʝʤʘ ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ FDM 3D ʧʨʠʥʪʝʨʘ ʟ 

ʛʚʠʥʪʦʤ ɸʨʭʽʤʝʜʘ (ʰʥʝʢʦʤ) 

 

ʇʨʦʪʝ, ʥʝ ʜʠʚʣʷʯʠʩʴ ʥʘ ʚʩʝ ʧʝʨʝʚʘʛʠ, ʜʘʥʠʡ ʪʠʧ ʧʨʠʥʪʝʨʘ ʨʝʘʣʽʟʦʚʘʥʠʡ 

ʣʠʰʝ ʫ ʚʠʛʣʷʜʽ ʪʝʩʪʦʚʠʭ ʧʨʦʪʦʪʠʧʽʚ ʽ ʥʘ ʪʝʧʝʨʽʰʥʽʡ ʯʘʩ ʥʝ ʽʩʥʫʻ ʬʫʥʢʮʽʦʥʘʣʴʥʠʭ 

ʩʝʨʽʡʥʠʭ ʤʦʜʝʣʝʡ. ʆʩʥʦʚʥʦʶ ʧʨʦʙʣʝʤʦʶ ʜʘʥʦʛʦ ʪʠʧʫ ʻ ʩʢʣʘʜʥʘ ʢʦʥʩʪʨʫʢʮʽʷ, 

ʧʫʣʴʩʘʮʽʷ ʧʦʜʘʯʽ ʜʣʷ ʤʘʣʠʭ ʜʽʘʤʝʪʨʽʚ ʩʦʧʝʣ ʪʘ ʚʠʩʦʢʘ ʤʘʩʘ ʨʫʭʦʤʠʭ ʯʘʩʪʠʥ 

ʤʝʭʘʥʽʟʤʫ ʧʝʨʝʤʽʱʝʥʥʷ ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ.  

ɼʘʥʽʡ ʢʦʥʩʪʨʫʢʮʽʾ ʧʨʠʜʽʣʝʥʦ ʤʘʣʦ ʫʚʘʛʠ ʽ, ʚ ʨʘʟʽ ʩʪʚʦʨʝʥʥʷ 

ʬʫʥʢʮʽʦʥʘʣʴʥʦʛʦ ʩʝʨʽʡʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ, ʙʫʜʝ ʨʽʟʢʦ ʟʤʝʥʰʝʥʦ ʩʦʙʽʚʘʨʪʽʩʪʴ 3D 

ʜʨʫʢʫ ʪʘ ʨʦʟʰʠʨʝʥʦ ʛʘʣʫʟʽ ʚʠʢʦʨʠʩʪʘʥʥʷ  FDM ʪʝʭʥʦʣʦʛʽʾ, ʦʩʦʙʣʠʚʦ ʚ ʥʘʧʨʷʤʽ 

ʢʨʫʧʥʦʛʘʙʘʨʠʪʥʦʛʦ ʜʨʫʢʫ ʪʘ ʬʦʨʤʫʚʘʥʥʽ ʚʠʨʦʙʽʚ ʟ ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ. 
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1.3 ʆʩʥʦʚʥʽ ʢʽʥʝʤʘʪʠʯʥʽ ʩʭʝʤʠ FDM ʧʨʠʥʪʝʨʽʚ 

ʅʘ ʜʘʥʠʡ ʤʦʤʝʥʪ ʦʩʥʦʚʥʠʤʠ ʪʠʧʘʤʠ ʢʽʥʝʤʘʪʠʯʥʠʭ ʩʭʝʤ ʩʫʯʘʩʥʠʭ FDM 

ʧʨʠʥʪʝʨʽʚ ʜʣʷ ʜʨʫʢʫ ʟ ʧʦʣʽʤʝʨʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʪʘ ʢʦʤʧʦʟʠʮʽʡ ʻ: ʢʘʨʪʝʟʽʘʥʩʴʢʽ, 

ʜʝʣʴʪʘ, ʧʦʣʷʨʥʽ ʪʘ ʨʦʙʦʪʠʟʦʚʘʥʽ ʢʽʥʝʤʘʪʠʯʥʽ ʩʭʝʤʠ.  

1.3.1 ʂʘʨʪʝʟʽʘʥʩʴʢʘ ʩʭʝʤʘ 

ʂʘʨʪʝʟʽʘʥʩʴʢʘ ʩʭʝʤʘ - ʮʝ ʩʭʝʤʘ ʧʨʠ ʷʢʽʡ ʦʩʥʦʚʥʽ ʨʦʙʦʯʽ ʦʨʛʘʥʠ 3D ʧʨʠʥʪʝʨʘ 

(ʜʨʫʢʫʚʘʣʴʥʘ ʛʦʣʦʚʢʘ ʪʘ ʨʦʙʦʯʘ ʧʣʘʪʬʦʨʤʘ) ʧʝʨʝʩʫʚʘʻʪʴʩʷ ʚʟʜʦʚʞ 

ʚʟʘʻʤʦʧʝʨʧʝʥʜʠʢʫʣʷʨʥʠʭ ʦʩʝʡ X, Y ʪʘ Z. ʊʦʤʫ ʪʘʢʫ ʩʭʝʤʫ ʱʝ ʥʘʟʠʚʘʶʪʴ 

ʜʝʢʘʨʪʦʚʦʶ, ʙʦ ʚʩʽ ʨʦʙʦʯʽ ʧʝʨʝʤʽʱʝʥʥʷ ʧʨʠʩʪʨʦʶ ʦʧʠʩʫʶʪʴʩʷ ʚ ʜʝʢʘʨʪʦʚʠʭ 

ʢʦʦʨʜʠʥʘʪʘʭ. ɺ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʪʦʛʦ ʚʟʜʦʚʞ ʷʢʠʭ ʟ ʦʩʝʡ ʧʝʨʝʤʽʱʫʶʪʴʩʷ ʘʙʦ 

ʥʘʚʧʘʢʠ ʻ ʩʪʘʪʠʯʥʠʤʠ ʜʨʫʢʫʚʘʣʴʥʘ ʛʦʣʦʚʢʘ ʪʘ ʨʦʙʦʯʘ ʧʣʘʪʬʦʨʤʘ, ʽʩʥʫʶʪʴ 

ʥʘʩʪʫʧʥʽ ʚʘʨʽʘʥʪʠ ʢʽʥʝʤʘʪʠʯʥʠʭ ʩʭʝʤ 3D ʧʨʠʥʪʝʨʘ:   

1. ʇʣʘʪʬʦʨʤʘ ʨʫʭʘʻʪʴʩʷ ʚʟʜʦʚʞ ʦʜʥʽʻʾ ʛʦʨʠʟʦʥʪʘʣʴʥʦʾ ʦʩʽ (X ʘʙʦ Y), ʘ 

ʝʢʩʪʨʫʜʝʨ ʧʦ ʽʥʰʽʡ ʛʦʨʠʟʦʥʪʘʣʴʥʽʡ ʪʘ ʚʝʨʪʠʢʘʣʴʥʽʡ Z. 

ʅʘʡʤʘʩʦʚʽʰʦʶ ʤʦʜʝʣʣʶ ʪʘʢʦʾ ʩʭʝʤʠ ʻ 3D ʧʨʠʥʪʝʨ Prusa ʁʦʟʝʬʘ ʇʨʫʩʘ) 

(ʨʠʩ. 1.11) [18, 19]. ɼʘʥʘ ʤʦʜʝʣʴ, ʨʦʟʨʦʙʣʝʥʘ ʯʝʩʴʢʠʤ ʽʥʞʝʥʝʨʦʤ ʁʦʟʝʬʦʤ 

ʇʨʫʰʠ, ʟôʷʚʠʣʘʩʴ ʥʘ ʨʠʥʢʫ ʚ 2012 ʨʦʮʽ ʽ ʟ ʪʠʭ ʧʽʨ ʩʪʘʣʘ ʦʜʥʽʻʶ ʟ 

ʥʘʡʧʦʧʫʣʷʨʥʽʰʠʭ ʫ ʩʚʽʪʽ. ɼʘʥʘ ʤʦʜʝʣʴ ʪʘ ʢʽʥʝʤʘʪʠʯʥʘ ʩʭʝʤʘ ʟʘʛʘʣʦʤ ʤʘʻ ʧʨʦʩʪʫ 

ʤʝʭʘʥʽʢʫ, ʚʽʜʥʦʩʥʦ ʥʠʟʴʢʽ ʚʠʤʦʛʠ ʜʦ ʢʦʤʧʣʝʢʪʫʶʯʠʭ, ʧʨʦʩʪʘ ʚ ʦʙʩʣʫʛʦʚʫʚʘʥʥʽ, 

ʚʽʜʢʨʠʪʫ ʢʦʥʩʪʨʫʢʪʦʨʩʴʢʫ ʜʦʢʫʤʝʥʪʘʮʽʶ ʪʘ ʧʨʦʛʨʘʤʥʝ ʟʘʙʝʟʧʝʯʝʥʥʷ. 

ʉʝʨʝʜ ʥʝʜʦʣʽʢʽʚ ʦʩʦʙʣʠʚʦ ʥʝʦʙʭʽʜʥʦ ʚʠʜʽʣʠʪʠ ʥʘʩʪʫʧʥʽ: 

- ʚʽʜʢʨʠʪʠʡ ʢʦʨʧʫʩ ʩʪʚʦʨʶʻ ʥʝʩʪʘʙʽʣʴʥʠʡ ʛʨʘʜʽʻʥʪ ʪʝʤʧʝʨʘʪʫʨ ʨʦʙʦʯʦʾ 

ʟʦʥʠ, ʚʥʘʩʣʽʜʦʢ ʯʦʛʦ ʥʝʤʦʞʣʠʚʠʡ ʜʨʫʢ ʮʽʣʦʶ ʥʠʟʢʦʶ ʤʘʪʝʨʽʘʣʽʚ; 

- ʨʫʭʦʤʘ ʨʦʙʦʯʘ ʧʣʘʪʬʦʨʤʘ ʟʤʝʥʰʫʻ ʪʦʯʥʽʩʪʴ ʧʦʟʠʮʽʦʥʫʚʘʥʥʷ 

ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ ʪʘ ʟʙʽʣʴʰʫʻ ʟʘʛʘʣʴʥʫ ʚʽʙʨʘʮʽʶ ʢʦʥʩʪʨʫʢʮʽʾ; 

- ʚʥʘʩʣʽʜʦʢ ʪʦʛʦ, ʱʦ ʨʦʙʦʯʘ ʧʣʘʪʬʦʨʤʘ ʨʫʭʦʤʘ, ʚ ʙʽʣʴʰʦʩʪʽ ʚʠʧʘʜʢʽʚ ʾʾ 

ʛʘʙʘʨʠʪʠ ʥʝ ʧʝʨʝʚʠʱʫʶʪʴ 200 ʤʤ ʧʦ ʚʩʽʤ ʦʩʷʤ. 
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ʈʠʩʫʥʦʢ 1.11 ï FDM 3D ʧʨʠʥʪʝʨ ʢʦʥʩʪʨʫʢʮʽʾ Prusa 

 

2. ʇʣʘʪʬʦʨʤʘ ʨʫʭʘʻʪʴʩʷ ʚʟʜʦʚʞ ʚʝʨʪʠʢʘʣʴʥʦʾ ʦʩʽ Z, ʘ ʝʢʩʪʨʫʜʝʨ ʚ 

ʛʦʨʠʟʦʥʪʘʣʴʥʠʡ ʧʣʦʱʠʥʽ ʧʦ ʦʩʷʤ X ʪʘ Y. 

 

ʊʘʢʘ ʩʭʝʤʘ ʻ ʥʘʡʙʽʣʴʰ ʧʦʧʫʣʷʨʥʦʶ ʷʢ ʜʣʷ ʣʶʙʠʪʝʣʴʩʴʢʠʭ, ʪʘʢ ʽ ʜʣʷ 

ʧʨʦʬʝʩʽʡʥʠʭ 3D ʧʨʠʥʪʝʨʽʚ. ɻʦʣʦʚʥʠʤʠ ʧʽʜʚʠʜʘʤʠ ʜʘʥʦʾ ʢʽʥʝʤʘʪʠʢʠ ʻ:       

Makerbot [20], CoreXY [21] ʪʘ H-Bot [22]. 

ʂʽʥʝʤʘʪʠʢʘ Makerbot ʦʪʨʠʤʘʣʘ ʥʘʟʚʫ ʚʽʜ ʢʦʤʧʘʥʽʾ, ʱʦ ʚʧʝʨʰʝ ʚʠʧʫʩʪʠʣʘ 

ʧʨʠʥʪʝʨ ʜʘʥʦʾ ʩʭʝʤʠ [20] (ʨʠʩ. 1.12). ɺ ʪʘʢʽʡ ʩʭʝʤʽ ʜʚʠʛʫʥ, ʱʦ ʧʝʨʝʤʽʱʫʻ 

ʜʨʫʢʫʚʘʣʴʥʫ ʛʦʣʦʚʢʫ ʚʟʜʦʚʞ ʦʩʽ X, ʨʫʭʘʻʪʴʩʷ ʚʟʜʦʚʞ ʦʩʽ Y. ʈʦʙʦʯʘ ʧʣʘʪʬʦʨʤʘ 

ʢʨʽʧʠʪʴʩʷ ʢʦʥʩʦʣʴʥʦ ʜʦ ʦʩʽ Z ʽ ʻ ʥʝʟʘʣʝʞʥʦʶ ʚʽʜ ʽʥʰʠʭ ʦʩʝʡ. ʊʘʢʝ ʢʦʤʧʦʥʫʚʘʥʥʷ 

ʜʘʻ ʧʝʚʥʽ ʧʝʨʝʚʘʛʠ: ʩʪʘʙʽʣʴʥʠʡ ʛʨʘʜʽʻʥʪ ʨʦʙʦʯʦʾ ʟʦʥʠ, ʟʘʢʨʠʪʠʡ ʢʦʨʧʫʩ ʜʦʟʚʦʣʷʻ 

ʚʝʩʪʠ ʜʨʫʢ ʙʽʣʴʰʦʶ ʢʽʣʴʢʽʩʪʶ ʚʠʜʽʚ ʨʦʟʭʽʜʥʦʛʦ ʤʘʪʝʨʽʘʣʫ. ɼʦ ʥʝʜʦʣʽʢʽʚ 

ʚʽʜʥʦʩʷʪʴ:  

- ʜʚʠʛʫʥ (ʤʘʩʘ ʢʨʦʢʦʚʦʛʦ ʜʚʠʛʫʥʘ Nema 17 ʩʪʘʥʦʚʠʪʴ 350ʛ), ʱʦ ʧʝʨʝʤʽʱʫʻ 

ʜʨʫʢʫʚʘʣʴʥʫ ʛʦʣʦʚʢʫ, ʟʥʘʯʥʦ ʧʽʜʚʠʱʫʻ ʽʥʝʨʪʥʽʩʪʴ, ʪʦʤʫ ʤʘʢʩʠʤʘʣʴʥʘ ʰʚʠʜʢʽʩʪʴ 

ʜʨʫʢʫ ʥʝ ʧʝʨʝʚʠʱʫʻ 50-70 ʤʤ/c; 

- ʚʽʜʥʦʩʥʦ ʚʠʩʦʢʘ ʩʢʣʘʜʥʽʩʪʴ ʤʝʭʘʥʽʢʠ ʟʥʘʯʥʦ ʧʽʜʚʠʱʫʻ ʚʠʤʦʛʠ ʜʦ ʷʢʦʩʪʽ 

ʢʦʤʧʣʝʢʪʫʶʯʠʭ, ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʪʘ ʢʚʘʣʽʬʽʢʘʮʽʾ ʦʧʝʨʘʪʦʨʘ; 

- ʢʦʥʩʦʣʴʥʝ ʢʨʽʧʣʝʥʥʷ ʩʪʦʣʘ ʦʙʤʝʞʫʻ ʛʘʙʘʨʠʪʠ ʨʦʙʦʯʦʾ ʟʦʥʠ.   
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ʈʠʩʫʥʦʢ 1.12 - FDM 3D ʧʨʠʥʪʝʨ ʢʦʥʩʪʨʫʢʮʽʾ Makerbot ʨʽʟʥʠʭ ʧʦʢʦʣʽʥʴ 

 

ʂʽʥʝʤʘʪʠʢʘ CoreXY ʷʚʣʷʻʪʴʩʷ ʧʦʜʘʣʴʰʠʤ ʨʦʟʚʠʪʢʦʤ ʢʽʥʝʤʘʪʠʢʠ 

Makerbot (ʨʠʩ. 1.13). ɺ ʜʘʥʽʡ ʢʦʥʩʪʨʫʢʮʽʾ ʚʽʜʩʫʪʥʽʡ ʢʨʦʢʦʚʠʡ ʜʚʠʛʫʥ ʥʘ ʨʫʭʦʤʽʡ 

ʦʩʽ. ɺʩʽ ʜʚʠʛʫʥʠ ʟʘʬʽʢʩʦʚʘʥʽ ʥʘ ʥʝʩʫʯʽʡ ʨʘʤʽ. ɼʨʫʢʫʚʘʣʴʥʘ ʛʦʣʦʚʢʘ ʢʨʽʧʠʪʴʩʷ ʥʘ 

ʧʝʨʝʪʠʥʽ ʜʚʦʭ ʚʟʘʻʤʦʧʝʨʧʝʥʜʠʢʫʣʷʨʥʠʭ ʚʘʣʽʚ, ʱʦ ʬʽʢʩʫʶʪʴʩʷ ʥʘ ʦʩʷʭ X ʪʘ Y. 

ɼʘʥʘ ʢʦʥʩʪʨʫʢʮʽʷ ʜʘʻ ʚʠʩʦʢʫ ʷʢʽʩʪʴ ʪʘ ʪʦʯʥʽʩʪʴ ʜʨʫʢʫ, ʧʨʦʩʪʘ ʚ ʦʙʩʣʫʛʦʚʫʚʘʥʥʽ, 

ʚʽʜʥʦʩʥʦ ʥʝʚʠʩʦʢʫ ʚʘʨʪʽʩʪʴ, ʪʦʤʫ ʻ ʦʜʥʽʻʶ ʟ ʥʘʡʧʦʰʠʨʝʥʽʰʠʭ. ʗʩʢʨʘʚʠʤ 

ʧʨʝʜʩʪʘʚʥʠʢʦʤ ʜʘʥʦʾ ʢʽʥʝʤʘʪʠʢʠ ʻ ʧʨʠʥʪʝʨ ʢʦʤʧʘʥʽʾ Ultimaker . 

 

ʈʠʩʫʥʦʢ 1.13 ï ʂʦʥʩʪʨʫʢʮʽʾ ʤʝʭʘʥʽʢʠ ʪʠʧʫ CoreXY 

 

ʅʘ ʜʘʥʠʡ ʤʦʤʝʥʪ ʥʘʡʙʽʣʴʰ ʜʦʩʢʦʥʘʣʦʶ ʢʦʥʩʪʨʫʢʮʽʻʶ ʚʚʘʞʘʶʪʴ              

ʩʭʝʤʫ H-Bot [22] (ʨʠʩ. 1.14). ʏʘʩʪʦ ʜʘʥʫ ʢʽʥʝʤʘʪʠʢʫ ʚʢʣʶʯʘʶʪʴ ʜʦ ʪʠʧʫ CoreXY, 

ʧʨʦʪʝ ʚʦʥʘ ʤʘʻ ʨʷʜ ʧʨʠʥʮʠʧʦʚʠʭ ʚʽʜʤʽʥʥʦʩʪʝʡ. ʆʩʥʦʚʥʠʤ ʻ ʪʝ, ʱʦ ʚʩʷ ʩʠʩʪʝʤʘ 

ʧʨʠʚʦʜʠʪʴʩʷ ʚ ʨʫʭ ʟʘ ʜʦʧʦʤʦʛʦʶ ʦʜʥʦʛʦ ʟʫʙʯʘʪʦʛʦ ʨʝʤʝʥʷ, ʱʦ ʦʭʦʧʣʶʻ ʚʝʩʴ 

ʤʝʭʘʥʽʟʤ ʧʦ H-ʦʙʨʘʟʥʽʡ ʪʨʘʻʢʪʦʨʽʾ. ɼʨʫʢʫʚʘʣʴʥʘ ʛʦʣʦʚʢʘ ʨʫʭʘʻʪʴʩʷ ʧʦ ʨʝʣʴʩʦʚʽʡ 
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ʥʘʧʨʘʚʣʷʶʯʽʡ, ʢʽʥʮʽ ʷʢʦʾ ʟʘʢʨʽʧʣʝʥʽ ʜʦ ʥʘʧʨʘʚʣʷʶʯʠʭ ʦʩʽ Y. ɼʘʥʘ ʩʭʝʤʘ 

ʨʝʘʣʽʟʦʚʘʥʘ ʚ ʙʘʛʘʪʴʦʭ ʩʝʨʽʡʥʠʭ FDM 3D ʧʨʠʥʪʝʨʘʭ, ʧʨʦʪʝ ʥʘʡʙʽʣʴʰ ʧʦʧʫʣʷʨʥʘ 

ʩʝʨʝʜ ʢʘʩʪʦʤʥʠʭ (ʟʽʙʨʘʥʠʭ ʚʣʘʩʥʦʨʫʯ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʚʽʜʢʨʠʪʦʛʦ ʢʦʜʫ) 

ʧʨʠʥʪʝʨʽʚ.  

ɼʦ ʧʝʨʝʚʘʛ ʜʘʥʦʾ ʩʭʝʤʠ ʩʣʽʜ ʚʽʜʥʝʩʪʠ: ʤʽʥʽʤʘʣʴʥʘ ʽʥʝʨʮʽʷ ʨʫʭʦʤʠʭ ʦʨʛʘʥʽʚ 

(ʧʝʨʝʤʽʱʫʻʪʴʩʷ ʪʽʣʴʢʠ ʜʨʫʢʫʚʘʣʴʥʘ ʛʦʣʦʚʢʘ ʟʘʛʘʣʴʥʦʶ ʤʘʩʦʶ ʟʘʟʚʠʯʘʡ ʚʽʜ 50 ʜʦ 

120 ʛʨʘʤ); ʨʫʭ ʨʦʙʦʯʦʾ ʧʣʘʪʬʦʨʤʠ ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʦ ʦʩʽ Z ʚ ʟʘʢʨʠʪʦʤʫ ʢʦʨʧʫʩʽ, 

ʪʦʤʫ ʛʨʘʜʽʻʥʪ ʪʝʤʧʝʨʘʪʫʨ ʩʪʘʙʽʣʴʥʠʡ; ʚʠʩʦʢʘ ʪʦʯʥʽʩʪʴ ʜʨʫʢʫ (ʪʦʯʥʽʩʪʴ ʨʦʟʤʽʨʽʚ 

ʛʦʪʦʚʦʛʦ ʚʠʨʦʙʫ ʧʦ ʦʩʷʤ X ʪʘ Y ʜʦʩʷʛʘʻ Ñ 0,01 - 0,1 ʤʤ) ʪʘ ʰʚʠʜʢʽʩʪʴ ʜʨʫʢʫ 

(ʥʠʟʴʢʘ ʤʘʩʘ ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ ʜʦʟʚʦʣʷʻ ʜʦʩʷʛʘʪʠ ʰʚʠʜʢʽʩʪʴ ʜʨʫʢʫ ʜʦ 

120 ʤʤ/c). ʉʝʨʝʜ ʥʝʜʦʣʽʢʽʚ ʩʣʽʜ ʚʽʜʟʥʘʯʠʪʠ ʚʠʩʦʢʽ ʚʠʤʦʛʠ ʜʦ ʜʝʪʘʣʝʡ ʦʩʝʡ X ʪʘ Y 

(ʜʦʧʫʩʢʠ ʚʘʣʽʚ, ʤʘʪʝʨʽʘʣʠ ʚʪʫʣʦʢ) ʪʘ ʤʘʢʩʠʤʘʣʴʥʦ ʜʦʧʫʩʪʠʤʦʛʦ ʚʟʘʻʤʥʦʛʦ 

ʨʦʟʪʘʰʫʚʘʥʥʷ ʥʘʧʨʷʤʥʠʭ ʚʘʣʽʚ (ʢʫʪ ʥʘʭʠʣʫ ʫ ʚʩʽʭ ʧʣʦʱʠʥʘʭ ʥʝ ʙʽʣʴʰʝ 90Ü Ñ 10ôô). 

    

ʈʠʩʫʥʦʢ 1.14 ï FDM 3D-ʧʨʠʥʪʝʨ ʟ ʤʝʭʘʥʽʢʦʶ ʪʠʧʫ H-Bot 

 

ʇʝʨʝʚʘʛʠ ʢʽʥʝʤʘʪʠʢʠ H-Bot ʧʦ ʩʫʪʽ ʻ ʪʘʢʠʤʠ ʞ ʷʢ ʽ ʚ ʤʝʭʘʥʽʢʠ CoreXY, ʦʢʨʽʤ 

ʮʴʦʛʦ ʜʦ ʧʝʨʝʚʘʛ ʤʦʞʥʘ ʚʽʜʥʝʩʪʠ ʧʨʦʩʪʦʪʫ ʢʦʥʩʪʨʫʢʮʽʾ ʪʘ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ. ʇʨʦʪʝ 

 ̒ʥʝʦʙʭʽʜʥʽʩʪʴ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʚʠʩʦʢʦʚʘʨʪʽʩʥʽ ʨʝʣʴʩʦʚʽ ʥʘʧʨʘʚʣʷʶʯʽ, ʘ ʪʘʢʦʞ 

ʽʩʥʫʶʪʴ ʧʽʜʚʠʱʝʥʽ ʚʠʤʦʛʠ ʜʦ ʞʦʨʩʪʢʦʩʪʽ ʢʦʥʩʪʨʫʢʮʽʾ ʦʩʝʡ X ʪʘ Y, ʪʘʢ ʷʢ ʧʨʠ 

ʜʽʘʛʦʥʘʣʴʥʦʤʫ ʨʫʩʽ, ʨʫʭʦʤʘ ʙʘʣʢʘ ʧʝʨʝʩʫʚʘʻʪʴʩʷ ʦʜʥʠʤ ʜʚʠʛʫʥʦʤ, ʱʦ ʚ ʩʚʦʶ 

ʯʝʨʛʫ ʩʪʚʦʨʶʻ ʧʝʨʝʢʽʩ ʽ ʤʦʞʣʠʚʝ ʨʦʟʙʘʣʘʥʩʫʚʘʥʥʷ ʢʦʥʩʪʨʫʢʮʽʾ. 
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ʂʽʥʝʤʘʪʠʢʠ ʪʠʧʽʚ Core XY ʪʘ H-Bot ʥʘ ʜʘʥʠʡ ʤʦʤʝʥʪ ʻ ʥʘʡʙʽʣʴʰ 

ʧʦʧʫʣʷʨʥʠʤʠ ʫ ʩʚʽʪʽ, ʾʭ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʷʢ ʛʦʣʦʚʥʽ ʚʠʨʦʙʥʠʢʠ ʩʝʨʽʡʥʠʭ 3D 

ʧʨʠʥʪʝʨʽʚ ʪʘʢ ʽ ʦʢʨʝʤʽ ʽʥʞʝʥʝʨʠ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʢʘʩʪʦʤʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ. ɼʘʥʽ 

ʢʽʥʝʤʘʪʠʢʠ ʜʦʟʚʦʣʷʶʪʴ ʩʪʚʦʨʶʚʘʪʠ ʫʩʪʘʪʢʫʚʘʥʥʷ, ʱʦ ʚʠʨʽʰʫʻ ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ 

ʟʘʜʘʯ. 3D ʧʨʠʥʪʝʨʠ ʥʘ ʙʘʟʽ Core XY ʪʘ H-Bot ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʫ ʘʚʪʦʤʦʙʽʣʴʥʽʡ, 

ʘʚʽʘʙʫʜʽʚʥʽʡ ʧʨʦʤʠʩʣʦʚʦʩʪʽ, ʽʥʞʝʥʝʨʥʠʭ ʨʦʟʨʦʙʢʘʭ, ʽʥʜʫʩʪʨʽʾ ʨʦʟʚʘʛ, ʤʠʩʪʝʮʪʚʽ. 

3. ʇʣʘʪʬʦʨʤʘ ʨʫʭʘʻʪʴʩʷ ʧʦ ʦʜʥʽʡ ʛʦʨʠʟʦʥʪʘʣʴʥʽʡ ʪʘ ʚʝʨʪʠʢʘʣʴʥʽʡ ʦʩʽ, 

ʝʢʩʪʨʫʜʝʨ ï ʧʦ ʽʥʰʽʡ ʛʦʨʠʟʦʥʪʘʣʴʥʽʡ ʦʩʽ.  

ʇʦʜʽʙʥʘ ʜʦ Prusa, ʘʣʝ ʧʣʘʪʬʦʨʤʘ ʨʫʭʘʻʪʴʩʷ ʱʝ ʽ ʧʦ ʚʝʨʪʠʢʘʣʴʥʽʡ ʦʩʽ Z. ɼʘʥʘ 

ʩʭʝʤʘ (ʨʠʩ. 1.15) ʥʝ ʻ ʜʦʩʪʘʪʥʴʦ ʧʦʰʠʨʝʥʦʶ, ʻʜʠʥʦʶ ʢʦʤʝʨʮʽʡʥʦʶ ʤʦʜʝʣʣʶ ʻ 

ʧʨʠʥʪʝʨ UP ʚʽʜ ʢʦʤʧʘʥʽʾ PP3DP [23].  

 

 

ʈʠʩʫʥʦʢ 1.15 ï FDM 3D-ʧʨʠʥʪʝʨ UP ʢʦʤʧʘʥʽʾ PP3DP ʟ ʚʽʜʢʨʠʪʠʤ ʪʘ ʟʘʢʨʠʪʠʤ 

ʢʦʨʧʫʩʦʤ 

 

ʉʝʨʝʜ ʧʝʨʝʚʘʛ ʚʠʜʽʣʷʶʪʴ ʥʝʟʘʣʝʞʥʽʩʪʴ ʦʩʝʡ, ʤʦʞʣʠʚʽʩʪʴ ʟʙʽʣʴʰʫʚʘʪʠ 

ʚʠʩʦʪʫ ʜʨʫʢʫ (ʜʦ 500 ʤʤ), ʚʽʜʥʦʩʥʦ ʚʠʩʦʢʫ ʷʢʽʩʪʴ ʜʨʫʢʫ (ʪʦʯʥʽʩʪʴ ʜʨʫʢʫ ʜʦʩʷʛʘʻ 

0,15 ʤʤ, ʘ ʚʠʩʦʪʘ ʰʘʨʫ ʤʘʪʝʨʽʘʣʫ ʤʦʞʝ ʜʦʩʷʛʘʪʠ 150 ʤʢ) ʪʘ ʧʨʦʩʪʦʪʫ ʚ 

ʦʙʩʣʫʛʦʚʫʚʘʥʥʽ. ʇʨʦʪʝ ʚʠʩʦʢʘ ʽʥʝʨʪʥʽʩʪʴ (ʤʘʩʘ ʨʫʭʦʤʠʭ ʯʘʩʪʠʥ ʤʦʞʝ ʜʦʩʷʛʘʪʠ      

1 ʢʛ) ʪʘ ʥʝʩʪʘʙʽʣʴʥʽʩʪʴ ʛʨʘʜʽʻʥʪʘ ʨʦʙʦʯʦʾ ʟʦʥʠ ʟʤʝʥʰʫʻ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʪʘ 

ʢʽʣʴʢʽʩʪʴ ʚʠʜʽʚ ʚʠʪʨʘʪʥʠʭ ʤʘʪʝʨʽʘʣʽʚ. 
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4. ʇʣʘʪʬʦʨʤʘ ʥʝʨʫʭʦʤʘ, ʘ ʝʢʩʪʨʫʜʝʨ ʨʫʭʘʻʪʴʩʷ ʧʦ ʦʩʷʤ X,Y ʪʘ Z 

 

ʊʘʢʘ ʢʦʤʧʦʥʦʚʢʘ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʢʨʫʧʥʦʛʘʙʘʨʠʪʥʦʛʦ ʜʨʫʢʫ, ʢʦʣʠ ʚʘʛʘ 

ʜʝʪʘʣʽ ʚʽʜ ʜʝʢʽʣʴʢʦʭ ʢʽʣʦʛʨʘʤ, ʘ ʨʦʟʤʽʨʠ ʚʽʜ 500 ʤʤ. ɼʣʷ ʜʨʫʢʫ ʪʘʢʠʭ ʜʝʪʘʣʝʡ 

ʥʘʚʽʪʴ ʤʽʥʽʤʘʣʴʥʠʡ ʚʧʣʠʚ ʟʤʽʥʠ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʛʨʘʜʽʻʥʪʫ ʻ ʥʝʧʨʠʧʫʩʪʠʤʠʤ. 

ɼʘʥʘ ʩʭʝʤʘ ʧʦʰʠʨʝʥʘ ʚ ʽʥʜʫʩʪʨʽʘʣʴʥʦʤʫ ʧʨʦʪʦʪʠʧʫʚʘʥʥʽ. 3D ʧʨʠʥʪʝʨʠ ʪʘʢʦʾ 

ʩʭʝʤʠ ʩʝʨʽʡʥʦ ʚʠʛʦʪʦʚʣʷʶʪʴʩʷ ʢʦʤʧʘʥʽʻʶ Cosine [24] (ʨʠʩ. 1.16). 

ʇʝʨʝʚʘʛʠ: 

 - ʛʨʘʜʽʻʥʪ ʪʝʤʧʝʨʘʪʫʨʠ ʤʘʢʩʠʤʘʣʴʥʦ ʩʪʘʙʽʣʴʥʠʡ (ʨʦʙʦʯʘ ʟʦʥʘ ʟʥʘʭʦʜʠʪʴʩʷ 

ʚ ʪʝʨʤʦʢʘʤʝʨʽ, ʱʦ ʜʘʻ ʟʤʦʛʠ ʯʽʪʢʦ ʧʽʜʪʨʠʤʫʚʘʪʠ ʥʝʦʙʭʽʜʥʫ ʪʝʤʧʝʨʘʪʫʨʫ ʚʽʜ 40 ʜʦ 

100Üʉ); 

 - ʤʦʞʣʠʚʽʩʪʴ ʜʨʫʢʫ ʥʘʜʚʝʣʠʢʠʭ ʦʙôʻʢʪʽʚ (ʨʦʙʦʯʘ ʟʦʥʘ ʩʢʣʘʜʘʻ                           

ʜʦ  1100ʭ850ʭ850 ʤʤ); 

- ʟʘʛʘʣʴʥʘ ʥʠʟʴʢʘ ʽʥʝʨʮʽʷ (ʧʝʨʝʤʽʱʫʻʪʴʩʷ ʣʠʰʝ ʜʨʫʢʫʚʘʣʴʥʘ ʛʦʣʦʚʢʘ ʤʘʩʦʶ 

ʤʝʥʰʝ 1 ʢʛ) 

ʅʝʜʦʣʽʢʠ: 

- ʩʢʣʘʜʥʽʩʪʴ ʤʝʭʘʥʽʢʠ ʪʘ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ; 

- ʚʠʩʦʢʘ ʚʘʨʪʽʩʪʴ ʪʘ ʝʢʩʧʣʫʘʪʘʮʽʡʥʽ ʚʠʪʨʘʪʠ (ʫʩʪʘʪʢʫʚʘʥʥʷ ʢʦʰʪʫʻ ʚʽʜ 40 

ʪʠʩʷʯ USD, ʧʦʪʨʝʙʫʻ ʧʨʠʤʽʱʝʥʴ ʧʨʦʤʠʩʣʦʚʦʛʦ ʧʨʠʟʥʘʯʝʥʥʷ). 

 
 

ʈʠʩʫʥʦʢ 1.16 ï ʇʨʦʤʠʩʣʦʚʠʡ FDM 3D-ʧʨʠʥʪʝʨ AM1 ʢʦʤʧʘʥʽʾ Cosine 
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5. ʇʣʘʪʬʦʨʤʘ ʨʫʭʘʻʪʴʩʷ ʧʦ ʛʦʨʠʟʦʥʪʘʣʴʥʠʤ ʦʩʷʤ X ʪʘ Y, ʝʢʩʪʨʫʜʝʨ 

ʨʫʭʘʻʪʴʩʷ ʧʦ Z. 

ɼʘʥʘ ʤʝʭʘʥʽʢʘ ʮʽʢʘʚʘ ʪʠʤ, ʱʦ ʜʨʫʢ ʧʦ ʩʫʪʽ ʚʽʜʙʫʚʘʻʪʴʩʷ ʥʘʚʢʦʣʦ 

ʥʝʨʫʭʦʤʦʛʦ ʝʢʩʪʨʫʜʝʨʘ. ʇʨʦʪʝ ʰʠʨʦʢʦʛʦ ʧʨʘʢʪʠʯʥʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʪʘʢʘ 

ʤʝʭʘʥʽʢʘ ʥʝ ʦʪʨʠʤʘʣʘ. ʇʝʨʝʚʘʞʥʦ ʪʘʢʘ ʤʝʭʘʥʽʢʘ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʚ ʧʨʠʚʘʪʥʠʭ 

ʥʝʚʝʣʠʢʠʭ ʧʨʦʝʢʪʘʭ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʜʝʷʢʠʭ ʧʨʦʮʝʩʽʚ. ʇʨʠʢʣʘʜʦʤ ʩʝʨʽʡʥʦʛʦ 3D 

ʧʨʠʥʪʝʨʘ ʻ ʧʨʦʝʢʪ Tekma 3D (ʨʠʩ. 1.17) [25]. 

 

ʈʠʩʫʥʦʢ 1.17 ï FDM 3D-ʧʨʠʥʪʝʨ Tekma3D TM1 

 

ʐʠʨʦʢʦʛʦ ʧʨʘʢʪʠʯʥʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʪʘʢʘ ʤʝʭʘʥʽʢʘ ʥʝ ʦʪʨʠʤʘʣʘ ʟ ʨʷʜʫ 

ʦʯʝʚʠʜʥʠʭ ʧʨʠʯʠʥ: ʥʠʟʴʢʘ ʷʢʽʩʪʴ ʜʨʫʢʫ (ʙʣʠʟʴʢʦ 1 ʤʤ), ʤʘʣʘ ʨʦʙʦʯʘ ʟʦʥʘ             

(ʜʦ 100ʭ100ʭ100 ʤʤ), ʚʽʜʩʫʪʥʽʩʪʴ ʚʽʜʢʨʠʪʦʛʦ ʢʦʜʫ ʜʣʷ ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ 

ʪʦʱʦ. ʇʝʨʝʚʘʞʥʦ ʪʘʢʘ ʤʝʭʘʥʽʢʘ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʚ ʧʨʠʚʘʪʥʠʭ ʥʝʚʝʣʠʢʠʭ 

ʧʨʦʝʢʪʘʭ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʜʝʷʢʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʚʠʪʨʘʪʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʪʘ 

ʥʘʚʯʘʣʴʥʠʭ ʮʽʣʷʭ. 

1.3.2 ɼʝʣʴʪʘ ʩʭʝʤʘ 

ʄʝʭʘʥʽʢʘ ʪʠʧʫ ɼʝʣʴʪʘ [26] (ʨʠʩ. 1.18) ʫʥʽʢʘʣʴʥʘ ʪʠʤ, ʱʦ ʧʝʨʝʤʽʱʝʥʥʷ 

ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʚʟʘʻʤʦʟʘʣʝʞʥʠʭ ʥʘʧʨʘʚʣʷʶʯʠʭ 

ʦʩʝʡ XYZ, ʱʦ ʚ ʧʨʦʩʪʦʨʽ ʫʪʚʦʨʶʶʪʴ ʧʽʨʘʤʽʜʫ - ʪʝʪʨʘʝʜʨ. ɼʣʷ ʚʠʟʥʘʯʝʥʥʷ 
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ʧʝʨʝʤʽʱʝʥʴ ʥʝʦʙʭʽʜʥʘ ʪʨʠʛʦʥʦʤʝʪʨʠʯʥʘ ʬʫʥʢʮʽʷ, ʱʦ ʟʘʣʝʞʠʪʴ ʚʽʜ ʧʨʦʩʪʦʨʦʚʠʭ 

ʢʫʪʽʚ ʧʦʣʦʞʝʥʥʷ ʥʘʧʨʘʚʣʷʶʯʠʭ. ʊʘʢʠʡ ʧʨʠʥʮʠʧ ʜʦʟʚʦʣʷʻ ʪʦʯʥʦ ʧʦʟʠʮʽʦʥʫʚʘʪʠ 

ʝʢʩʪʨʫʜʝʨ, ʘʣʝ  ʥʝʚʝʣʠʯʢʝ ʚʽʜʭʠʣʝʥʥʷ ʧʦ ʦʜʥʽʡ ʟ ʦʩʝʡ ʧʽʜ ʯʘʩ ʟʙʠʨʘʥʥʷ ʧʨʠʩʪʨʦʶ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʘʛʘʣʴʥʦʛʦ ʟʙʦʶ ʚ ʧʦʟʠʮʽʦʥʫʚʘʥʥʽ.  

ɿʘʛʘʣʦʤ ʪʘʢʘ ʢʦʥʩʪʨʫʢʮʽʷ ʤʘʻ ʤʝʥʰʫ ʢʽʣʴʢʽʩʪʴ ʜʝʪʘʣʝʡ ʤʝʭʘʥʽʢʠ          

(ʙʣʠʟʴʢʦ 20-30%), ʜʦʟʚʦʣʷʻ ʚʝʩʪʠ ʜʨʫʢ ʟʘ ʙʽʣʴʰʦʾ ʰʚʠʜʢʦʩʪʽ ʜʨʫʢʫ ʚ ʧʦʨʽʚʥʷʥʥʽ 

ʟ ʢʘʨʪʝʟʽʘʥʩʴʢʠʤʠ ʩʭʝʤʘʤʠ (ʤʦʞʣʠʚʦ ʜʦʩʷʛʪʠ ʰʚʠʜʢʦʩʪʽ ʜʦ 200 ʤʤ/c), ʧʽʜ ʯʘʩ 

ʜʨʫʢʫ ʚʽʜʩʫʪʥʽʡ ñʚʦʙʣʽʥʛò (ʧʝʨʽʦʜʠʯʥʘ ʥʝʨʽʚʥʦʤʽʨʥʽʩʪʴ ʰʘʨʽʚ ʧʦ ʚʝʨʪʠʢʘʣʴʥʽʡ ʦʩʽ 

Z). ʇʨʦʪʝ ʚʩʽ ʧʝʨʝʚʘʛʠ ʤʦʞʣʠʚʽ ʟʘ ʫʤʦʚʠ ʚʠʢʦʨʠʩʪʘʥʥʷ ʙʽʣʴʰ ʪʦʯʥʠʭ ʜʝʪʘʣʝʡ 

ʤʝʭʘʥʽʢʠ (ʜʦʧʫʩʪʠʤʝ ʚʽʜʭʠʣʝʥʥʷ ʛʝʦʤʝʪʨʠʯʥʠʭ ʨʦʟʤʽʨʽʚ ʥʘʧʨʷʤʥʠʭ ʜʦ 50 ʤʢ) ʪʘ 

ʙʽʣʴʰ ʧʦʪʫʞʥʦʾ ʝʣʝʢʪʨʦʥʽʢʠ (ʧʦʪʨʽʙʥʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʮʠʬʨʦʚʽ ʧʣʘʪʠ ʟ 32-

ʙʽʪʥʦʶ ʘʨʭʽʪʝʢʪʫʨʦʶ). ʊʘʢʦʞ ʜʦʚʛʽ ʥʘʧʨʘʚʣʷʶʯʽ ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʥʝʝʬʝʢʪʠʚʥʦʛʦ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʦʩʽ Z (ʪʷʛʠ ʟʘʡʤʘʶʪʴ ʜʦ 40% ʜʦʚʞʠʥʠ ʥʘʧʨʘʚʣʷʶʯʠʭ).  

    

ʈʠʩʫʥʦʢ 1.18 ï ʊʠʧʦʚʠʡ ʚʠʛʣʷʜ FDM 3D-ʧʨʠʥʪʝʨʽʚ ʪʠʧʫ ɼʝʣʴʪʘ:                   

(ʟʣʽʚʘ ʥʘʧʨʘʚʦ)Mass Portal D300, 3DQuality Prism Pro Dual, Anet A4 
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1.3.3 ʇʦʣʷʨʥʘ ʩʭʝʤʘ 

ʇʦʣʷʨʥʘ ʢʽʥʝʤʘʪʠʢʘ ʻ ʥʘʡʥʦʚʽʰʦʶ, ʜʝ ʧʦʟʠʮʽʦʥʫʚʘʥʥʷ ʝʢʩʪʨʫʜʝʨʘ 

ʟʘʜʘʻʪʴʩʷ ʥʝ ʢʦʦʨʜʠʥʘʪʘʤʠ XYZ, ʘ ʨʘʜʽʫʩʦʤ ʪʘ ʢʫʪʦʤ. ʇʣʘʪʬʦʨʤʘ ʚ ʪʘʢʽʡ ʩʭʝʤʽ 

ʢʨʫʛʣʘ, ʦʙʝʨʪʘʻʪʴʩʷ ʪʘ ʨʫʭʘʻʪʴʩʷ ʚʟʜʦʚʞ ʛʦʨʠʟʦʥʪʘʣʴʥʦʾ ʦʩʽ. ʅʘʡʙʽʣʴʰ ʰʠʨʦʢʦ 

ʥʘ ʨʠʥʢʫ ʧʨʝʜʩʪʘʚʣʝʥʘ ʤʦʜʝʣʣʶ ʢʦʤʧʘʥʽʾ Polar [27] (ʨʠʩ. 1.19). 

3D-ʧʨʠʥʪʝʨʠ ʪʘʢʦʾ ʩʭʝʤʠ ʤʘʶʪʴ ʜʦʚʦʣʽ ʧʨʦʩʪʫ ʤʝʭʘʥʽʢʫ, ʣʝʛʢʽ ʚ 

ʦʙʩʣʫʛʦʚʫʚʘʥʥʽ, ʧʨʦʪʝ ʚʽʜʥʦʩʥʦ ʥʠʟʴʢʘ ʪʦʯʥʽʩʪʴ ʜʨʫʢʫ (ʚʽʜʭʠʣʝʥʥʷ ʤʦʞʝ 

ʜʦʩʷʛʘʪʠ Ñ0,5 ʤʤ), ʥʝʩʪʘʙʽʣʴʥʠʡ ʛʨʘʜʽʻʥʪ ʨʦʙʦʯʦʾ ʟʦʥʠ ʪʘ ʚʠʩʦʢʫ ̔ ʥʝʨʪʥʽʩʪʴ (ʤʘʩʘ 

ʨʫʭʦʤʠʭ ʯʘʩʪʠʥ ʜʦʩʷʛʘʻ 1 ʢʛ) ʥʝ ʜʘʣʠ ʟʤʦʛʠ ʜʽʩʪʘʪʠ ʧʦʧʫʣʷʨʥʽʩʪʴ ʩʝʨʝʜ 

ʢʦʨʠʩʪʫʚʘʯʽʚ. 

 
 

ʈʠʩʫʥʦʢ 1.19 ï FDM 3D-ʧʨʠʥʪʝʨ Polar 3D 

1.3.4 3D ʧʨʠʥʪʝʨ ʟ ʨʦʙʦʪʠʟʦʚʘʥʠʤ ʤʘʥʽʧʫʣʷʪʦʨʦʤ 

ʗʚʣʷʻʪʴʩʷ ʥʘʡʙʽʣʴʰ ʩʫʯʘʩʥʦʶ ʢʦʤʧʣʝʢʩʥʦʶ ʩʭʝʤʦʶ [28] (ʨʠʩ. 1.20). ɺʦʥʘ 

ʚʢʣʶʯʘʻ ʤʝʭʘʥʽʢʫ ʥʘ ʦʩʥʦʚʽ ʨʦʙʦʪʠʟʦʚʘʥʦʛʦ ʤʘʥʽʧʫʣʷʪʦʨʘ ʥʘ ʷʢʫ ʢʨʽʧʠʪʴʩʷ 

ʝʢʩʪʨʫʟʽʡʥʘ ʛʦʣʦʚʢʘ. ʊʘʢʘ ʩʭʝʤʘ ʻ ʙʘʛʘʪʦʬʫʥʢʮʽʦʥʘʣʴʥʦʶ (ʜʦʟʚʦʣʷʻ ʚʠʢʦʥʫʚʘʪʠ 
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ʽʥʰʽ ʚʠʜʠ ʨʦʙʽʪ ʧʽʩʣʷ ʟʘʤʽʥʠ ʨʦʙʦʯʠʭ ʦʨʛʘʥʽʚ), ʚʠʩʦʢʦʪʦʯʥʦʶ, ʟ ʚʝʣʠʢʦʶ 

ʨʦʙʦʯʦʶ ʟʦʥʦʶ, ʾʾ ʣʝʛʢʦ ʽʥʪʝʛʨʫʚʘʪʠ ʚ ʩʝʨʽʡʥʝ ʚʠʨʦʙʥʠʮʪʚʦ.  

ʇʝʨʝʚʘʞʥʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʷʢ ʜʦʧʦʚʥʝʥʥʷ ʜʦ ʩʝʨʽʡʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ, ʷʢ 

ʧʦʯʘʪʢʦʚʘ ʩʧʨʦʙʘ ʟʘʤʽʥʠʪʠ ʢʣʘʩʠʯʥʽ ʤʝʪʦʜʠ ʦʙʨʦʙʢʠ ʤʘʪʝʨʽʘʣʽʚ ʚ ʪʝʭʥʦʣʦʛʽʯʥʠʭ 

ʣʽʥʽʷʭ. ɽʢʩʧʣʫʘʪʘʮʽʷ ʧʦʜʽʙʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʚʠʤʘʛʘʻ ʚʠʩʦʢʦʾ ʢʚʘʣʽʬʽʢʘʮʽʾ 

ʦʙʩʣʫʛʦʚʫʶʯʦʛʦ ʧʝʨʩʦʥʘʣʫ ʽ ʚʠʢʦʨʠʩʪʦʚʫʻʪʩɹ ̫ ʥʘ ʚʠʩʦʢʦʪʝʭʥʦʣʦʛʽʯʥʠʭ 

ʚʠʨʦʙʥʠʮʪʚʘʭ ʪʘ ʢʦʥʩʪʨʫʢʪʦʨʩʴʢʠʭ ʙʶʨʦ.  

 

  

 

ʈʠʩʫʥʦʢ 1.20 ï ʇʦʨʪʘʪʠʚʥʠʡ ʙʘʛʘʪʦʬʫʥʢʮʽʦʥʘʣʴʥʠʡ ʨʦʙʦʪʠʟʦʚʘʥʠʡ 

ʤʘʥʽʧʫʣʷʪʦʨ ʟ ʤʦʞʣʠʚʽʩʪʶ 3D ʜʨʫʢʫ DOBOT M1 

1.3.5 ʇʦʨʽʚʥʷʥʥʷ ʦʩʥʦʚʥʠʭ ʢʦʥʩʪʨʫʢʪʠʚʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʆʛʣʷʜ ʦʩʥʦʚʥʠʭ ʢʦʥʩʪʨʫʢʪʠʚʥʠʭ ʩʭʝʤ ʚʩʪʘʥʦʚʠʚ, ʱʦ ʦʩʥʦʚʥʠʤʠ 

ʧʘʨʘʤʝʪʨʘʤʠ, ʱʦ ʚʧʣʠʚʘʶʪʴ ʥʘ ʷʢʽʩʪʴ ʪʘ ʝʬʝʢʪʠʚʥʽʩʪʴ ʜʨʫʢʫ, ʘ ʪʘʢʦʞ ʥʘ ʚʠʙʽʨ 

ʦʙʣʘʜʥʘʥʥʷ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʦʪʨʠʤʫʚʘʥʠʭ ʚʠʨʦʙʽʚ, ʻ: ʪʦʯʥʽʩʪʴ ʜʨʫʢʫ 

(ʧʦʟʠʮʽʦʥʫʚʘʥʥʷ ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ), ʨʫʭʦʤʽʩʪʴ ʨʦʙʦʯʦʾ ʧʣʘʪʬʦʨʤʠ ʚ 

ʧʣʦʱʠʥʽ ʥʘʥʝʩʝʥʥʷ ʚʠʪʨʘʪʥʦʛʦ ʧʦʣʽʤʝʨʥʦʛʦ ʤʘʪʝʨʽʘʣʫ, ʛʘʙʘʨʠʪʠ ʟʦʥʠ 

ʬʦʨʤʫʚʘʥʥʷ ʚʠʨʦʙʽʚ, ʰʚʠʜʢʽʩʪʴ ʧʝʨʝʤʽʱʝʥʥʷ ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ, ʩʢʣʘʜʥʽʩʪʴ 

ʢʦʥʩʪʨʫʢʮʽʾ ʪʘ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ, ʮʽʥʘ ʫʩʪʘʪʢʫʚʘʥʥʷ.  

ʅʠʞʯʝ ʥʘʚʝʜʝʥʦ ʧʦʨʽʚʥʷʣʴʥʘ ʟʚʝʜʝʥʘ ʪʘʙʣʠʮʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʦʩʥʦʚʥʠʭ 

ʤʦʜʝʣʝʡ FDM 3D ʧʨʠʥʪʝʨʽʚ ʢʦʞʥʦʾ ʟ ʨʦʟʛʣʷʥʫʪʠʭ ʩʭʝʤ. ʆʮʽʥʢʘ 1 ʚʽʜʧʦʚʽʜʘʻ 
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ʥʠʟʴʢʦʤʫ, 2 ï ʩʝʨʝʜʥʴʦʤʫ, ʘ 3 ï ʚʠʩʦʢʦʤʫ ʜʽʘʧʘʟʦʥʫ ʟʥʘʯʝʥʴ ʚʽʜʧʦʚʽʜʥʦʾ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ.  

ʊʘʙʣʠʮʷ 1.1 ï ʇʦʨʽʚʥʷʣʴʥʘ ʦʮʽʥʢʘ ʦʩʥʦʚʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ FDM 3D 

ʧʨʠʥʪʝʨʽʚ ʦʩʥʦʚʥʠʭ ʢʽʥʝʤʘʪʠʯʥʠʭ ʩʭʝʤ 
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Prusa i3 2 + 1 2 1 1 1 

Makerbot 2 - 2 2 2 2 2 

Ultimaker 2 - 2 2 2 2 2 

H-Bot Cust 3 - 3 2 2 2 2 

PP3DP 2 + 1 2 1 1 1 

AM1 3 - 3 3 3 3 3 

Tekma 3D 1 + 1 1 2 2 1 

Anet A4 3 - 2 3 3 3 2 

Polar 3D 2 - 1 2 2 2 1 

Dobot M1 3 - 3 2 3 3 3 

 

ʇʨʦʘʥʘʣʽʟʫʚʘʚʰʠ ʢʦʥʩʪʨʫʢʪʠʚʥʽ ʦʩʦʙʣʠʚʦʩʪʽ, ʧʝʨʝʚʘʛʠ ʪʘ ʥʝʜʦʣʽʢʠ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʩʫʯʘʩʥʠʭ FDM-ʧʨʠʥʪʝʨʽʚ, ʚʠʷʚʣʝʥʦ, ʱʦ ʦʩʦʙʣʠʚʠʡ ʽʥʪʝʨʝʩ 

ʩʪʘʥʦʚʠʪʴ ʧʨʠʥʪʝʨʠ ʢʘʨʪʝʟʽʘʥʩʴʢʦʾ ʩʭʝʤʠ, ʘ ʩʘʤʝ Prusa, Core-X ʪʘ H-Bot. 

ɺʠʢʦʨʠʩʪʘʥʥʷ ʮʠʭ ʩʭʝʤ ʻ ʥʘʡʙʽʣʴʰ ʤʘʩʦʚʠʤ ʚ ʫʩʽʭ ʩʬʝʨʘʭ, ʢʦʥʩʪʨʫʢʮʽʾ ʜʘʶʪʴ 

ʟʤʦʛʫ ʚʝʩʪʠ ʜʨʫʢ ʟ ʚʠʩʦʢʦʶ ʪʦʯʥʽʩʪʶ ʪʘ ʷʢʽʩʪʶ, ʚʽʜʟʥʘʯʘʶʪʴʩʷ ʚʽʜʥʦʩʥʦʶ 

ʧʨʦʩʪʦʪʦʶ ʪʘ ʥʘʜʽʡʥʽʩʪʶ.  ʉʘʤʝ 3ɼ-ʧʨʠʥʪʝʨʠ ʢʘʨʪʝʟʽʘʥʩʴʢʦʾ ʩʭʝʤʠ ʙʫʜʫʪʴ 

ʚʠʢʦʨʠʩʪʘʥʽ ʜʣʷ ʜʦʩʣʽʜʞʝʥʴ ʚ ʧʦʜʘʣʴʰʦʤʫ.  
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1.4 ʆʛʣʷʜ ʪʘ ʚʠʙʽʨ ʤʘʪʝʨʽʘʣʫ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ FDM ʜʨʫʢʫ 

ʅʘ ʜʘʥʠʡ ʯʘʩ ʥʘ ʨʠʥʢʫ ʚʠʪʨʘʪʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʜʣʷ FDM ʜʨʫʢʫ ʧʨʝʜʩʪʘʚʣʝʥʦ 

ʚʝʣʠʢʘ ʢʽʣʴʢʽʩʪʴ ʨʽʟʥʦʚʠʜʽʚ ʪʝʨʤʦʧʣʘʩʪʠʯʥʦʛʦ ʧʦʣʽʤʝʨʥʦʛʦ ʪʘ ʢʦʤʧʦʟʠʪʥʦʛʦ 

ʬʽʣʘʤʝʥʪʫ. ɼʦ 80% ʨʠʥʢʫ ʋʢʨʘʾʥʠ ʟʘʡʤʘʶʪʴ ʚʽʪʯʠʟʥʷʥʽ ʚʠʨʦʙʥʠʢʠ (U3DF ï 

Ukrainian 3D Factory [29], ʤ. ʂʠʾʚ; MonoFilament [30], ʤ. ʂʠʾʚ; 3DPlast[31], ʤ. 

ɺʠʰʛʦʨʦʜ, Plexiwire [32], ʤ. ʍʘʨʢʽʚ), ʨʝʰʪʘ - ʟʘʢʦʨʜʦʥʥʽ (Verbatim, ʉʐɸ; 

ColorFabb, ɻʦʣʣʘʥʜʽʷ; ESUN, ʂʠʪʘʡ ʪʘ ʽʥʰʽ).  

ʅʝ ʜʠʚʣʷʯʠʩʴ ʥʘ ʚʝʣʠʢʫ ʢʽʣʴʢʽʩʪʴ ʚʠʜʽʚ ʪʘ ʚʠʨʦʙʥʠʢʽʚ, ʩʝʨʝʜ ʩʧʦʞʠʚʘʯʽʚ 

ʦʩʦʙʣʠʚʦ ʧʦʧʫʣʷʨʥʽ ʣʠʰʝ ʥʘʩʪʫʧʥʽ ʪʠʧʠ ʧʣʘʩʪʠʢʽʚ: ABS - ʘʢʨʠʣʦʥʽʪʨʠʣ-

ʙʫʪʘʜʽʻʥ-ʩʪʠʨʦʣ, PLA ï ʧʦʣʽʣʘʢʪʠʜ, PET-G ï ʧʦʣʽʝʪʠʣʝʥʪʝʨʝʬʪʘʣʘʪ ʛʣʽʢʦʛʝʣʴ, 

HIPS - ʫʜʘʨʦʩʪʽʡʢʠʡ ʧʦʣʽʩʪʠʨʦʣ, ʘ ʪʘʢʦʞ PET ï ʧʦʣʽʝʪʠʣʝʥʪʝʨʝʬʪʘʣʘʪ ʪʘ NYLON 

ï ʥʝʡʣʦʥ. ɼʦ 70% ʨʠʥʢʫ ʧʨʠʭʦʜʠʪʴ ʥʘ PLA, ABS ʪʘ PET-G.  

ʅʘʡʰʠʨʰʝ ʚʠʢʦʨʠʩʪʘʥʥʷ ʦʪʨʠʤʘʚ ʧʦʣʽʣʘʢʪʠʜ. ʆʩʦʙʣʠʚʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʜʘʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʜʦʟʚʦʣʷʶʪʴ ʟʘʩʪʦʩʦʚʫʚʘʪʠ ʡʦʛʦ ʥʝ ʪʽʣʴʢʠ ʚ ʧʨʠʚʘʪʥʠʭ ʮʽʣʷʭ ʜʣʷ 

ʚʠʛʦʪʦʚʣʝʥʥʷ ʨʘʟʦʚʠʭ ʜʝʪʘʣʝʡ ʪʘ ʜʝʢʦʨʘʪʠʚʥʠʭ ʧʨʝʜʤʝʪʽʚ, ʘ ʽ ʫ ʧʨʦʤʠʩʣʦʚʠʭ 

ʚʠʨʦʙʥʠʯʠʭ ʣʘʥʮʶʛʘʭ. ʊʦʤʫ ʜʣʷ ʙʽʣʴʰ ʜʝʪʘʣʴʥʦʛʦ ʚʠʚʯʝʥʥʷ ʧʨʦʮʝʩʫ FDM 3D 

ʜʨʫʢʫ ʦʙʨʘʥʦ ʩʘʤʝ PLA ʚʠʨʦʙʥʠʮʪʚʘ ʢʦʤʧʘʥʽʾ U3DF ï Ukrainian 3D Factory. 

1.5 ʆʛʣʷʜ ʧʘʪʝʥʪʽʚ ʢʦʥʩʪʨʫʢʮʽʡ ʜʨʫʢʫʚʘʣʴʥʠʭ ʛʦʣʦʚʦʢ FDM 3D 

ʧʨʠʥʪʝʨʽʚ 

ʅʘ ʩʫʯʘʩʥʦʤʫ ʝʪʘʧʽ ʨʦʟʚʠʪʢʫ ʘʜʠʪʠʚʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʽʩʥʫʻ ʚʝʣʠʢʘ ʢʽʣʴʢʽʩʪʴ 

ʢʦʥʩʪʨʫʢʮʽʡ FDM 3D ʧʨʠʥʪʝʨʽʚ. ʂʦʞʥʘ ʟ ʥʠʭ ʤʘʻ ʩʚʦʾ ʧʝʨʝʚʘʛʠ ʪʘ ʥʝʜʦʣʽʢʠ. 

ʇʨʦʪʝ ʧʝʚʥʽ ʢʦʥʩʪʨʫʢʪʠʚʥʽ ʨʽʰʝʥʥʷ ʪʘ ʧʨʠʥʮʠʧʠ ʜʨʫʢʫ ʷʚʣʷʶʪʴʩʷ ʥʘʡʙʽʣʴʰ 

ʫʩʧʽʰʥʠʤʠ ʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʚ ʙʽʣʴʰʦʩʪʽ ʧʨʠʩʪʨʦʾʚ.  

ɿʘ ʦʩʪʘʥʥʻ ʜʝʩʷʪʠʣʽʪʪʷ ʚ ʨʘʤʢʘʭ ʨʠʥʢʫ ʩʬʦʨʤʫʚʘʣʠʩʷ ʨʷʜ ʢʦʤʧʘʥʽʡ ʧʦ 

ʚʠʛʦʪʦʚʣʝʥʥʶ FDM 3D ʧʨʠʥʪʝʨʽʚ. ʂʦʞʥʘ ʟ ʥʠʭ ʤʘʻ ʩʚʦʾ ʫʥʽʢʘʣʴʥʽ ʥʦʫ-ʭʘʫ ʪʘ 

ʪʝʭʥʽʯʥʽ ʨʽʰʝʥʥʷ ʥʘ ʷʢʽ ʦʪʨʠʤʘʥʦ ʧʨʦʤʠʩʣʦʚʽ ʧʘʪʝʥʪʠ. ʊʘʢʦʞ ʚ ʧʘʪʝʥʪʥʠʭ ʙʘʟʘʭ 
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ʩʚʽʪʫ ʻ ʨʷʜ ʮʽʢʘʚʠʭ ʚʠʥʘʭʦʜʽʚ, ʱʦ ʦʪʨʠʤʘʥʽ ʛʨʫʧʘʤʠ ʩʪʫʜʝʥʪʽʚ ʪʘ ʚʠʢʣʘʜʘʯʽʚ 

ʧʨʦʚʽʜʥʠʭ ʫʥʽʚʝʨʩʠʪʝʪʽʚ ʩʚʽʪʫ. 

ɺ [33] ʧʨʦʧʦʥʫʻʪʴʩʷ ʤʦʜʝʨʥʽʟʘʮʽʷ ʢʘʥʘʣʫ ʝʢʩʪʨʫʜʝʨʘ. ɼʣʷ ʮʴʦʛʦ 

ʧʨʦʧʦʥʫʻʪʴʩʷ ʧʦʜʦʚʞʠʪʠ ʟʦʥʫ ʧʣʘʚʣʝʥʥʷ ʝʢʩʪʨʫʜʝʨʘ ʪʘ ʚʩʪʘʥʦʚʠʪʠ ʥʘʛʨʽʚʘʯʽ 

ʚʟʜʦʚʞ ʦʩʽ ʛʦʣʦʚʢʠ. ʎʝ ʜʘʩʪʴ ʟʤʦʛʫ ʙʽʣʴʰ ʢʨʘʱʝ ʧʨʦʧʣʘʚʣʷʪʠ ʚʠʪʨʘʪʥʠʡ ʤʘʪʝʨʽʘʣ 

(ʬʽʣʘʤʝʥʪ), ʘ ʪʘʢʦʞ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʨʽʟʥʽ ʧʦʣʽʤʝʨʥʽ ʤʘʪʝʨʽʘʣʠ ʚ 

ʙʘʛʘʪʦʝʢʩʪʨʫʜʝʨʥʽʡ ʩʭʝʤʽ (Fig.4). ʇʨʦʪʝ ʪʘʢʝ ʨʽʰʝʥʥʷ ʥʘ ʜʘʥʠʡ ʤʦʤʝʥʪ ʥʝ ʜʽʩʪʘʣʦ 

ʧʦʰʠʨʝʥʥʷ ʚ ʢʦʤʝʨʮʽʡʥʦʤʫ ʦʙʣʘʜʥʘʥʥʽ. 

ʉʭʦʞʠʤ ʜʦ [33] ʻ ʧʘʪʝʥʪ [34], ʱʦ ʦʧʠʩʫʻ ʩʦʧʣʦʚʠʡ ʤʦʜʫʣʴ ʜʣʷ 3D-ʧʨʽʥʪʝʨʽʚ, 

ʷʢʠʡ ʤʽʩʪʠʪʴ ʤʝʭʘʥʽʟʤ ʧʦʜʘʯʽ ʧʨʫʪʢʘ ʧʦʣʽʤʝʨʥʦʛʦ ʤʘʪʝʨʽʘʣʫ, ʢʘʥʘʣ ʜʣʷ 

ʧʨʠʡʤʘʥʥʷ, ʥʘʛʨʽʚʘʣʴʥʠʡ ʙʣʦʢ, ʚʝʥʪʠʣʷʪʦʨ ʦʭʦʣʦʜʞʝʥʥʷ ʪʘ ʩʦʧʣʦ.  

ʋ ʜʦʢʫʤʝʥʪʽ [35] ʦʧʠʩʫʻʪʴʩʷ ʟʘʛʘʣʴʥʠʡ ʜʠʟʘʡʥ ʧʦʨʪʘʪʠʚʥʦʛʦ 3D ʧʨʠʥʪʝʨʘ. 

ʆʜʥʠʤ ʽʟ ʧʫʥʢʪʚ̔ ʻ ʢʦʥʩʪʨʫʢʮʽʷ ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ, ʱʦ ʧʦ ʩʫʪʽ ʻ 

ʦʧʪʠʤʽʟʦʚʘʥʠʤ ʚʘʨʽʘʥʪʦʤ [34]. ʉʭʝʤʠ [33-35] ʧʦ ʩʫʪʽ ʟʘʛʘʣʴʥʦʧʨʠʡʥʷʪʽ ʽ ʻ 

ʪʠʧʦʚʠʤʠ ʜʣʷ ʙʽʣʴʰʦʩʪʽ ʩʫʯʘʩʥʠʭ FDM 3D ʧʨʠʥʪʝʨʽʚ. 

ʅʘ ʜʘʥʠʡ ʯʘʩ ʢʦʥʩʪʨʫʢʮʽʾ ʩʪʘʥʜʘʨʪʥʠʭ FDM 3D ʧʨʠʥʪʝʨʽʚ ʧʦ ʩʫʪʽ 

ʜʦʩʷʛʥʫʣʠ ʧʽʢʫ ʩʚʦʾʭ ʤʦʞʣʠʚʦʩʪʝʡ. ʂʦʥʢʫʨʝʥʮʽʷ ʤʽʞ ʚʠʨʦʙʥʠʢʘʤʠ ʚʽʜʙʫʚʘʻʪʴʩʷ 

ʚ ʧʦʣʽ ʜʠʟʘʡʥʫ, ʤʘʨʢʝʪʠʥʛʫ, ʩʝʨʚʽʩʥʦʛʦ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʪʘ ʧʨʦʛʨʘʤʥʦʛʦ 

ʟʘʙʝʟʧʝʯʝʥʥʷ. ɯʥʞʝʥʝʨʥʠʭ ʨʦʟʨʦʙʦʢ ʥʠʥʽ ʦʩʦʙʣʠʚʦ ʧʦʪʨʝʙʫʻ ʦʙʣʘʜʥʘʥʥʷ, ʱʦ 

ʤʦʞʝ ʧʨʘʮʶʚʘʪʠ ʟ ʽʥʰʠʤʠ ʢʣʘʩʘʤʠ ʤʘʪʝʨʽʘʣʽʚ: ʢʦʤʧʦʟʠʮʽʡʥʠʤʠ, 

ʨʝʘʢʪʦʧʣʘʩʪʠʯʥʠʤʠ, ʩʠʣʽʢʦʥʘʤʠ ʽ ʪ.ʜ. ʂʣʘʩ ʪʘʢʠʭ ʧʨʠʩʪʨʦʾʚ ʧʨʝʜʩʪʘʚʣʝʥʠʡ 

ʩʣʘʙʢʦ ʽ ʢʽʣʴʢʽʩʪʴ ʧʘʪʝʥʪʽʚ ʜʦʚʦʣʽ ʦʙʤʝʞʝʥʠʡ.  

ɺʝʣʠʢʠʡ ʽʥʪʝʨʝʩ ʚʠʢʣʠʢʘʻ [36]. ʇʘʪʝʥʪ ʦʧʠʩʫʻ ʜʚʦʝʢʩʪʨʫʜʝʨʥʫ 

ʜʨʫʢʫʚʘʣʴʥʫ ʛʦʣʦʚʢʫ, ʦʜʥʘ ʟ ʷʢʠʭ ʻ ʦʩʥʦʚʥʦʶ ʽ ʧʦʜʘʻ ʧʦʣʽʤʝʨʥʠʡ ʤʘʪʝʨʽʘʣ, ʽʥʰʘ 

ï ʜʦʧʦʤʽʞʥʘ ʽ ʩʣʫʞʠʪʴ ʜʣʷ ʧʦʜʘʯʽ ʚʦʣʦʢʥʠʩʪʦʛʦ ʘʨʤʫʶʯʦʛʦ ʤʘʪʝʨʽʘʣʫ (ʢʘʨʙʦʥ, 

ʥʝʡʣʦʥ, ʘʨʘʤʽʜ ʽ ʪ.ʜ.). ʊʘʢʘ ʢʦʥʩʪʨʫʢʮʽʷ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʫʚʘʪʠ ʢʦʤʧʦʟʠʪʥʽ ʜʝʪʘʣʽ 

ʟ ʧʽʜʚʠʱʝʥʠʤʠ ʤʝʭʘʥʽʯʥʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. ʊʘʢʽ ʧʨʠʥʪʝʨʠ ʚʠʧʫʩʢʘʻ 

ʢʦʤʧʘʥʽʷ Markforged (ʚʣʘʩʥʝ ʾʡ ʽ ʥʘʣʝʞʠʪʴ ʘʚʪʦʨʩʴʢʽ ʧʨʘʚʘ ʥʘ ʧʘʪʝʥʪ), ʱʦ ʥʠʥʽ ʻ 

ʦʜʥʠʤ ʽʟ ʩʚʽʪʦʚʠʭ ʣʽʜʝʨʽʚ ʚ ʛʘʣʫʟʽ ʚʠʨʦʙʥʠʮʪʚʘ FDM 3D ʧʨʠʥʪʝʨʽʚ. 
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ʉʭʦʞʠʤ ʻ ʧʘʪʝʥʪ [37], ʜʝ ʪʘʢʦʞ ʚʠʢʦʨʠʩʪʘʥʘ ʙʘʛʘʪʦʝʢʩʪʨʫʜʝʨʥʘ ʩʭʝʤʘ, 

ʧʨʦʪʝ ʧʨʠʥʮʠʧʦʚʠʤ ʵ ʪʝ, ʱʦ ʢʣʘʩʠʯʥʘ ʜʨʫʢʫʚʘʣʴʥʘ ʛʦʣʦʚʢʘ ʩʪʚʦʨʶʻ ʟʦʚʥʽʰʥʽʡ 

ʧʝʨʠʤʝʪʨ ʚʠʨʦʙʫ ʟ ʪʝʨʤʦʧʣʘʩʪʠʯʥʦʛʦ ʤʘʪʝʨʽʘʣʫ, ʘ ʫ ʚʥʫʪʨʽʰʥʶ ʧʦʨʦʞʥʠʥʫ 

ʧʦʜʘʻʪʴʩʷ ʨʝʘʢʪʦʧʣʘʩʪʠʯʥʘ ʩʤʦʣʘ ʘʙʦ ʢʦʤʧʦʟʠʮʽʷ ʥʘ ʾʾ ʦʩʥʦʚʽ ʟ ʝʢʩʪʨʫʜʝʨʘ ʟ 

ʧʦʨʰʥʝʚʦʶ ʧʦʜʘʯʝʶ. ʉʭʝʤʘ ʻ ʜʦʚʦʣʽ ʧʝʨʩʧʝʢʪʠʚʥʦʶ, ʘʜʞʝ ʜʦʟʚʦʣʷʻ ʨʦʟʰʠʨʠʪʠ 

ʩʧʝʢʪʨ ʚʠʪʨʘʪʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʧʨʦʪʝ ʥʝ ʻ ʨʝʘʣʽʟʦʚʘʥʦʶ ʫ ʚʠʛʣʷʜʽ ʬʫʥʢʮʽʦʥʘʣʴʥʠʭ 

ʟʨʘʟʢʽʚ.  

1.6 ʆʛʣʷʜ ʜʦʩʣʽʜʞʝʥʴ ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʜʨʫʢʦʚʘʥʠʭ ʚʠʨʦʙʽʚ 

ʆʩʥʦʚʥʠʤ ʧʨʠʥʮʠʧʦʤ 3D ʜʨʫʢʫ ʷʚʣʷʻʪʴʩʷ ʥʘʥʝʩʝʥʥʷ ʨʦʟʧʣʘʚʣʝʥʦʛʦ 

ʤʘʪʝʨʽʘʣʫ ʥʘ ʚʞʝ ʟʘʩʪʠʛʣʠʡ ʰʘʨ. ɺʥʘʩʣʽʜʦʢ ʯʦʛʦ ʫʪʚʦʨʶʻʪʴʩʷ ʦʙôʻʢʪ ʟ 

ʥʝʦʜʥʦʨʽʜʥʠʤʠ (ʘʥʽʟʦʪʨʦʧʥʠʤʠ) ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. ʊʦʤʫ ʽʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʻ 

ʚʠʚʯʝʥʥʷ ʚʣʘʩʪʠʚʦʩʪʝʡ ʤʽʞ ʰʘʨʘʤʠ ʤʘʪʝʨʽʘʣʫ. ɼʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʮʴʦʛʦ ʧʠʪʘʥʥʷ 

ʧʨʦʚʦʜʠʣʠʩʴ ʚʠʧʨʦʙʦʚʫʚʘʥʥʷ ʜʨʫʢʦʚʘʥʠʭ ʟʨʘʟʢʽʚ ʥʘ ʤʽʮʥʽʩʪʴ. 

ɺ ʨʦʙʦʪʽ [38] ʚʠʧʨʦʙʦʚʫʚʘʣʠʩʴ ʜʨʫʢʦʚʘʥʽ ʪʘ ʚʠʛʦʪʦʚʣʝʥʽ ʤʝʪʦʜʦʤ ʣʠʪʪʷ ʧʽʜ 

ʪʠʩʢʦʤ ʟʨʘʟʢʠ ʟ ɸɹʉ ʧʣʘʩʪʠʢʫ. ɼʨʫʢʦʚʘʥʽ ʟʨʘʟʢʠ ʤʘʣʠ ʪʦʚʱʠʥʫ ʰʘʨʫ 0.1, 0.15 ʪʘ 

0.2 ʤʤ. ɺʠʧʨʦʙʦʚʫʚʘʥʥʷ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʨʦʟʪʷʛ ʚʟʜʦʚʞ ʥʘʧʨʷʤʢʫ ʰʘʨʫ, ʥʘ ʟʛʠʥ 

ʧʦʧʝʨʝʢ ʰʘʨʫ ʪʘ ʥʘ ʩʪʠʩʢʘʥʥʷ ʚʟʜʦʚʞ ʰʘʨʫ.  

ʇʨʠ ʨʦʟʪʷʛʫ ʚʟʜʦʚʞ ʰʘʨʫ ʜʝʱʦ ʚʠʱʽ ʥʘʧʨʫʞʝʥʥʷ ʥʘ ʨʦʟʪʷʛ ʙʫʣʠ ʜʣʷ ʟʨʘʟʢʽʚ 

ʟ ʤʽʥʽʤʘʣʴʥʦʶ ʪʦʚʱʠʥʦʶ ʰʘʨʫ (æh ʘʨʫ = 0,1 ʤʤ) (ʨʠʩ. 1.21). ʇʨʠ ʥʘʚʘʥʪʘʞʝʥʥʷʭ 

ʥʘ ʟʛʠʥ ʚʠʷʚʣʝʥʦ ʯʽʪʢʫ ʟʘʣʝʞʥʽʩʪʴ, ʱʦ ʧʨʠ ʟʨʦʩʪʘʥʥʽ ʪʦʚʱʠʥʠ ʰʘʨʫ ʟʙʽʣʴʰʫʻʪʴʩʷ 

ʤʘʢʩʠʤʘʣʴʥʦ ʜʦʧʫʩʪʠʤʝ ʥʘʧʨʫʞʝʥʥʷ.  

ʈʝʟʫʣʴʪʘʪʠ ʜʚʦʭ ʚʠʧʨʦʙʫʚʘʥʴ ʧʦʷʩʥʶʶʪʴʩʷ ʦʨʽʻʥʪʘʮʽʻʶ ʤʦʣʝʢʫʣ ʧʦʣʽʤʝʨʫ. 

ʇʨʠ ʥʘʥʝʩʝʥʥʽ ʤʘʪʝʨʽʘʣʫ ʙʽʣʴʰ ʪʦʥʢʠʤ ʰʘʨʦʤ, ʧʦʣʽʤʝʨʥʽ ʣʘʥʮʶʛʠ ʢʨʘʱʝ 

ʚʠʪʷʛʫʶʪʴʩʷ ʚʟʜʦʚʞ ʥʘʧʨʷʤʢʫ ʜʨʫʢʫ. ɺʥʘʩʣʽʜʦʢ ʮʴʦʛʦ ʚʠʥʠʢʘʻ ʘʥʽʟʦʪʨʦʧʽʷ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʟʨʘʟʢʽʚ ʚʟʜʦʚʞ ʨʽʟʥʠʭ ʥʘʧʨʷʤʢʽʚ ʽ ʯʠʤ ʪʦʥʰʠʡ ʰʘʨ ʪʠʤ ʟʥʘʯʝʥʥʷ 

ʥʘʧʨʫʞʝʥʴ ʚʟʜʦʚʞ ʽ ʧʦʧʝʨʝʢ ʰʘʨʫ ʤʘʶʪʴ ʙʽʣʴʰʫ ʨʽʟʥʠʮʶ. ɺʠʧʨʦʙʦʚʫʚʘʥʥʷ ʥʘ 

ʩʪʠʩʢʘʥʥʷ ʧʦʢʘʟʘʣʦ, ʱʦ ʛʨʘʥʠʯʥʽ ʥʘʧʨʫʞʝʥʥʷ ʚʠʱʽ ʜʣʷ ʙʽʣʴʰ ʪʦʚʩʪʠʭ ʰʘʨʽʚ.  
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ʈʠʩʫʥʦʢ 1.21 ï ʈʝʟʫʣʴʪʘʪʠ ʚʠʧʨʦʙʫʚʘʥʴ ʥʘ ʨʦʟʪʷʛ ʟʨʘʟʢʽʚ ʟ ʨʽʟʥʦʶ        

ʪʦʚʱʠʥʦʶ ʰʘʨʫ [38] 

ɺ ʧʨʘʮʽ [39] ʜʦʩʣʽʜʞʫʚʘʣʠʩʴ ʜʨʫʢʦʚʘʥʽ ʟʨʘʟʢʠ ʟ ʇʃɸ ʧʣʘʩʪʠʢʫ. ɼʣʷ 

ʚʠʧʨʦʙʫʚʘʥʴ ʚʠʛʦʪʦʚʣʝʥʦ ʜʦʩʣʽʜʥʽ ʟʨʘʟʢʠ, ʚ ʷʢʠʭ ʰʘʨʠ ʨʦʟʪʘʰʦʚʫʚʘʣʠʩʴ ʧʽʜ 

ʨʽʟʥʠʤ ʢʫʪʦʤ ʜʦ ʥʘʧʨʷʤʢʫ ʥʘʚʘʥʪʘʞʝʥʥʷ (0Ü, 45Ü ʪʘ 90Ü). ɺʩʽ ʟʨʘʟʢʠ ʤʘʶʪʴ 

ʢʦʥʪʫʨʥʠʡ ʰʘʨ.  

ɺʠʧʨʦʙʦʚʫʚʘʥʥʷ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʨʦʟʪʷʛ ʪʘ ʥʘ ʟʛʠʥ ʧʦ 5 ʨʘʟʽʚ ʜʣʷ ʢʦʞʥʦʛʦ 

ʟ ʪʠʧʽʚ ʟʨʘʟʢʽʚ. ɺʠʷʚʠʣʦʩʴ, ʱʦ ʥʘʡʙʽʣʴʰʝ ʩʝʨʝʜʥʻ ʟʥʘʯʝʥʥʷ ʤʘʢʩʠʤʘʣʴʥʦʛʦ 

ʥʘʧʨʫʞʝʥʥʷ ʜʣʷ ʟʨʘʟʢʽʚ ʫ ʷʢʠʭ ʰʘʨʠ ʨʦʟʪʘʰʦʚʘʥʽ ʧʽʜ 45Ü ʜʦ ʥʘʧʨʷʤʢʫ 

ʥʘʚʘʥʪʘʞʝʥʥʷ (ʨʠʩ. 1.22). ʊʘʢʦʞ ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ ʚʠʧʨʦʙʦʚʫʚʘʥʥʷ ʥʘ ʨʦʟʪʷʛ 

ʚʠʪʨʘʪʥʦʛʦ ʤʘʪʝʨʽʘʣʫ (ʬʽʣʘʤʝʥʪʫ). ʈʝʟʫʣʴʪʘʪʠ ʧʦʢʘʟʘʣʠ, ʱʦ ʤʘʢʩʠʤʘʣʴʥʝ 

ʟʥʘʯʝʥʥʷ ʥʘʧʨʫʞʝʥʥʷ ʤʝʥʰʝ ʟʘ ʤʘʢʩʠʤʘʣʴʥʝ ʜʣʷ ʜʨʫʢʦʚʘʥʠʭ ʟʨʘʟʢʽʚ.  

ɼʘʥʝ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʢʘʟʫʻ ʚʧʣʠʚ ʩʭʝʤʠ ʩʫʮʽʣʴʥʦʛʦ ʟʘʧʦʚʥʝʥʥʷ ʚʠʨʦʙʽʚ ʥʘ 

ʤʽʮʥʽʩʪʴ. ʇʨʦʪʝ, ʥʘʷʚʥʽʩʪʴ ʢʦʥʪʫʨʥʦʛʦ ʰʘʨʫ ʚʥʦʩʷʪʴ ʧʝʚʥʽ ʥʝʪʦʯʥʦʩʪʽ ʚ 

ʜʦʩʣʽʜʞʝʥʥʷ.   
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ʈʠʩʫʥʦʢ 1.22 ï ʈʝʟʫʣʴʪʘʪʠ ʚʠʧʨʦʙʫʚʘʥʴ ʥʘ ʨʦʟʪʷʛ ʟʨʘʟʢʽʚ ʟ ʨʽʟʥʦʶ 

ʦʨʽʻʥʪʘʮʽʻʶ ʰʘʨʽʚ ʚʽʜʥʦʩʥʦ ʥʘʧʨʷʤʢʫ ʥʘʚʘʥʪʘʞʝʥʥʷ [39] 

 

ɼʦʩʣʽʜʞʝʥʥʷ [40] ʧʨʦʚʦʜʠʣʠʩʷ ʥʘʜ ʥʘʡʙʽʣʴʰ ʧʦʧʫʣʷʨʥʠʤʠ ʤʘʨʢʘʤʠ 

ʧʣʘʩʪʠʢʽʚ PLA, ABS, PETG, Nylon, ASA, PC/ABS. ɼʣʷ ʢʦʞʥʦʛʦ ʟ ʧʣʘʩʪʠʢʽʚ ʙʫʣʠ 

ʚʠʛʦʪʦʚʣʝʥʽ ʟʨʘʟʢʠ ʟ ʨʽʟʥʠʤ ʟʘʧʦʚʥʝʥʥʷʤ 15,30,50,75,90 ʪʘ 100%. ʉʭʝʤʘ  

ʟʘʧʦʚʥʝʥʥʷ ʤʘʣʘ ʚʠʛʣʷʜ ʪʨʠʢʫʪʥʠʭ ʢʦʤʽʨʦʢ. ɺʩʽ ʟʨʘʟʢʠ ʤʘʶʪʴ ʢʦʥʪʫʨʥʠʡ ʰʘʨ.  

ʈʝʟʫʣʴʪʘʪʠ ʚʠʧʨʦʙʫʚʘʥʴ (ʨʠʩ. 1.23) ʧʦʢʘʟʘʣʠ ʥʘʡʤʽʮʥʽʰʽ ʤʘʨʢʠ ʧʣʘʩʪʠʢʽʚ 

ʪʘ ʪʝ, ʱʦ ʧʨʠ ʟʘʧʦʚʥʝʥʥʽ ʥʘ 100%, ʟʨʘʟʢʠ ʤʘʶʪʴ ʥʘʡʚʠʱʫ ʤʝʞʫ ʤʽʮʥʦʩʪʽ ʥʘ 

ʨʦʟʪʷʛ. ʅʘʡʮʽʢʘʚʽʰʠʤ ʻ ʪʝ, ʱʦ ʜʣʷ ʽʥʰʠʭ ʩʪʫʧʝʥʽʚ ʟʘʧʦʚʥʝʥʥʷ, ʚʽʜʩʫʪʥʷ 

ʧʨʷʤʦʧʨʦʧʦʨʮʽʡʥʘ ʟʘʣʝʞʥʽʩʪʴ ʚʽʜ ʤʽʮʥʦʩʪʽ. ɼʘʥʝ ʜʦʩʣʽʜʞʝʥʥʷ ʻ ʢʦʨʠʩʥʠʤ ʜʣʷ 

ʚʩʪʘʥʦʚʣʝʥʥʷ ʦʧʪʠʤʘʣʴʥʦʛʦ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʤʽʞ ʤʽʮʥʽʩʥʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ 

ʜʝʪʘʣʝʡ ʪʘ ʾʭ ʤʘʩʦʶ. ɼʣʷ ʧʨʠʢʣʘʜʫ, ʟʨʘʟʢʠ ʟ PLA ʧʣʘʩʪʠʢʫ ʟ ʟʘʧʦʚʥʝʥʥʷʤ 30% ʻ 

ʥʘʡʙʽʣʴʰ ʦʧʪʠʤʘʣʴʥʠʤʠ ʧʦ ʤʽʮʥʽʩʥʠʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ.  

ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʜʘʶʪʴ ʟʤʦʛʫ ʟʤʝʥʰʠʪʠ ʚʠʪʨʘʪʫ ʤʘʪʝʨʽʘʣʫ, ʘ ʦʪʞʝ ʽ 

ʯʘʩ ʚʠʛʦʪʦʚʣʝʥʥʷ. ʇʨʦʪʝ, ʜʦʩʣʽʜʞʝʥʥʷ ʻ ʜʫʞʝ ʚʠʙʽʨʢʦʚʠʤ, ʪʝʩʪʠ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘʜ 

ʟʨʘʟʢʘʤʠ ʦʜʥʽʻʾ ʩʭʝʤʠ ʟʘʧʦʚʥʝʥʥʷ ʪʘ ʥʘʚʘʥʪʘʞʫʚʘʣʠʩʴ ʟʫʩʠʣʣʷʤ ʥʘ ʨʦʟʪʷʛ. 

ʈʝʟʫʣʴʪʘʪʠ ʤʦʞʥʘ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʪʽʣʴʢʠ ʧʨʠ ʚʠʛʦʪʦʚʣʝʥʥʽ ʜʝʪʘʣʝʡ ʪʠʧʫ 

ñʩʪʝʨʞʝʥʴò, ʱʦ ʧʨʘʮʶʶʪʴ ʥʘ ʨʦʟʪʷʛ.  

ɿʨʘʟʢʠ, ʱʦ ʚʠʛʦʪʦʚʣʷʣʠʩʴ ʜʣʷ ʪʝʩʪʽʚ [41] ʩʭʦʞʽ ʟʽ ʟʨʘʟʢʘʤʠ ʜʣʷ [39]. ʊʘʢ ʩʘʤʦ 

ʙʫʣʦ ʚʠʢʦʨʠʩʪʘʥʦ PLA ʧʣʘʩʪʠʢ, ʘʣʝ ʚʥʫʪʨʽʰʥʻ ʟʘʧʦʚʥʝʥʥʷ ʙʫʣʦ ʧʽʜ  ʢʫʪʘʤʠ 0Ü, 

30Ü ʪʘ 60Ü. ʊʘʢʦʞ ʜʨʫʢ ʚʽʜʙʫʚʘʚʩʷ ʧʨʠ ʰʚʠʜʢʦʩʪʽ ʝʢʩʪʨʫʜʝʨʘ 30 ʤʤ/c; 50 ʤʤ/c ʪʘ 

70 ʤʤ/c; ʪʝʤʧʝʨʘʪʫʨʽ ʝʢʩʪʨʫʜʝʨʘ - 190Üʉ, 200Üʉ ʪʘ 210Üʉ.  
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ʈʠʩʫʥʦʢ 1.23 ï ʈʝʟʫʣʴʪʘʪʠ ʚʠʧʨʦʙʫʚʘʥʴ ʥʘ ʨʦʟʪʷʛ ʟʨʘʟʢʽʚ ʟ ʨʽʟʥʠʤ 

ʟʘʧʦʚʥʝʥʥʷʤ [40] 

 

ɺʩʴʦʛʦ ʙʫʣʦ ʚʠʛʦʪʦʚʣʝʥʦ 17 ʪʠʧʽʚ ʟʨʘʟʢʽʚ ʟ ʨʽʟʥʦʶ ʢʦʤʙʽʥʘʮʽʻʶ ʧʘʨʘʤʝʪʨʽʚ 

ʜʨʫʢʫ. ɺ ʘʙʩʦʣʶʪʥʦʤʫ ʚʠʨʘʞʝʥʥʽ ʟʥʘʯʝʥʥʷ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʥʘʧʨʫʞʝʥʥʷ ʨʦʟʪʷʛʫ 

ʙʫʣʠ ʚ ʤʝʞʘʭ ʚʽʜ 15,8 ʄʇʘ ʜʦ 23,6 ʄʇʘ. ɼʣʷ ʦʙʨʦʙʢʠ ʨʝʟʫʣʴʪʘʪʽʚ ʙʫʣʦ 

ʚʠʢʦʨʠʩʪʘʥʦ ʜʠʩʧʝʨʩʽʡʥʠʡ ʘʥʘʣʽʟ, ʱʦ ʚʠʟʥʘʯʘʻ ʚʧʣʠʚ ʢʦʞʥʦʛʦ ʟ ʧʘʨʘʤʝʪʨʽʚ 

(ʬʘʢʪʦʨʽʚ) ʜʨʫʢʫ.  

ὣ ὄ ὄὢ ὄὢ ὄὢὢȟ 

ʜʝ Y ï ʥʝʚʽʜʦʤʘ, B ï ʬʘʢʪʦʨ, k ï ʢʽʣʴʢʽʩʪʴ ʬʘʢʪʦʨʽʚ. 

ʆʪʨʠʤʘʥʽ ʟʘʣʝʞʥʦʩʪʽ ʧʦʢʘʟʘʣʠ ʚʽʨʦʛʽʜʥʽʩʪʴ ʚʧʣʠʚʫ ʢʦʞʥʦʛʦ ʟ ʬʘʢʪʦʨʽʚ, 

ʧʨʦʪʝ ʥʝ ʙʫʣʦ ʚʩʪʘʥʦʚʣʝʥʦ ʪʦʯʥʦʾ ʧʨʠʯʠʥʠ ʪʘʢʦʛʦ ʚʧʣʠʚʫ (ʨʠʩ. 1.24). 

 

ʈʠʩʫʥʦʢ 1.24 ï ɿʘʣʝʞʥʽʩʪʴ ʚʽʨʦʛʽʜʥʦʩʪʽ ʚʧʣʠʚʫ ʧʘʨʘʤʝʪʨʽʚ ʜʨʫʢʫ ʥʘ         

ʤʽʮʥʽʩʪʴ ʟʨʘʟʢʽʚ [41] 
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ʋ ʜʦʩʣʽʜʞʝʥʥʷʭ [42] ʧʦʨʽʚʥʶʚʘʣʠʩʴ ʤʽʮʥʽʩʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʟʨʘʟʢʽʚ ʟ 

ʨʽʟʥʦʶ ʛʫʩʪʠʥʦʶ ʪʘ ʩʭʝʤʦʶ ʟʘʧʦʚʥʝʥʥʷ. ɻʫʩʪʠʥʘ ʟʘʧʦʚʥʝʥʥʷ ʙʫʣʘ 0, 15, 20 ʪʘ 

100%. ɺʥʫʪʨʽʰʥʷ ʩʽʪʢʘ ʤʘʣʘ ʧʨʷʤʽ ʢʚʘʜʨʘʪʥʽ ʢʦʤʽʨʢʠ, ʢʚʘʜʨʘʪʥʽ ʢʦʤʽʨʢʠ ʧʽʜ 

ʢʫʪʦʤ 45Ü, ʨʽʚʥʦ- ʪʘ ʥʝʨʽʚʥʦʩʪʦʨʦʥʥʽ ʛʝʢʩʘʛʦʥʠ. ɹʫʣʦ ʚʩʪʘʥʦʚʣʝʥʦ ʟʘʣʝʞʥʽʩʪʴ 

ʤʽʮʥʦʩʪʽ ʚʽʜ ʩʭʝʤʠ ʚʥʫʪʨʽʰʥʴʦʛʦ ʟʘʧʦʚʥʝʥʥʷ (ʨʠʩ. 1.25). ʆʢʨʽʤ ʥʘʪʫʨʥʠʭ 

ʚʠʧʨʦʙʫʚʘʥʴ, ʙʫʣʠ ʧʨʦʚʝʜʝʥʽ ʯʠʩʣʦʚʽ ʨʦʟʨʘʭʫʥʢʠ ʤʝʪʦʜʦʤ ʩʢʽʥʯʝʥʥʠʭ ʝʣʝʤʝʥʪʽʚ.  

 

ʈʠʩʫʥʦʢ 1.25 ï ʈʝʟʫʣʴʪʘʪʠ ʚʠʧʨʦʙʫʚʘʥʴ ʥʘ ʨʦʟʪʷʛ ʟʨʘʟʢʽʚ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ 

ʛʫʩʪʠʥʠ ʪʘ ʩʭʝʤʠ ʟʘʧʦʚʥʝʥʥʷ [42] 

 

ʇʝʚʥʠʡ ʽʥʪʝʨʝʩ ʷʚʣʷʻ ʜʦʩʣʽʜʞʝʥʥʷ ʤʫʣʴʪʠʤʘʪʝʨʽʘʣʴʥʠʭ ʟʨʘʟʢʽʚ [43]. ɼʣʷ 

ʮʴʦʛʦ ʙʫʣʦ ʦʙʨʘʥʦ ʪʨʠ ʤʘʪʝʨʽʘʣʠ ABS, PLA ʪʘ HIPS. ʅʘ ʙʘʛʘʪʦʝʢʩʪʨʫʜʝʨʥʦʤʫ 3D 

ʧʨʠʥʪʝʨʽ ʙʫʣʦ ʥʘʜʨʫʢʦʚʘʥʦ ʨʷʜ ʟʨʘʟʢʽʚ ʪʦʚʱʠʥʦʶ 12 ʰʘʨʽʚ (ʪʦʚʱʠʥʘ ʦʜʥʦʛʦ 

ʰʘʨʫ 0,27 ʤʤ). ʆʩʦʙʣʠʚʽʩʪʶ ʻ ʪʝ, ʱʦ ʢʦʞʥʽ 4 ʰʘʨʠ ʟʤʽʥʶʚʘʚʩʷ ʪʠʧ ʚʠʪʨʘʪʥʦʛʦ 

ʤʘʪʝʨʘ̔ʣʫ. ʊʘʢʦʞ ʟʤʽʥʶʚʘʣʠʩʷ ʧʦʨʷʜʦʢ ʥʘʥʝʩʝʥʥʷ ʤʘʪʝʨʽʘʣʽʚ, ʛʫʩʪʠʥʘ 

ʟʘʧʦʚʥʝʥʥʷ (60, 80 ʪʘ 100%) ʪʘ ʰʚʠʜʢʽʩʪʴ ʜʨʫʢʫ 50, 60 ʪʘ 70 ʤʤ/c.  

ɺʩʴʦʛʦ ʙʫʣʦ ʚʠʛʦʪʦʚʣʝʥʦ 9 ʟʨʘʟʢʽʚ ʧʨʠ ʨʽʟʥʠʭ ʢʦʤʙʽʥʘʮʽʷʭ ʪʝʭʥʦʣʦʛʽʯʥʠʭ 

ʧʘʨʘʤʝʪʨʽʚ ʜʨʫʢʫ (ʧʦʨʷʜʦʢ ʥʘʥʝʩʝʥʥʷ ʤʘʪʝʨʽʘʣʽʚ, ʛʫʩʪʦʪʘ ʟʘʧʦʚʥʝʥʥʷ ʪʘ 

ʰʚʠʜʢʽʩʪʴ ʜʨʫʢʫ). ɺʠʷʚʣʝʥʦ, ʱʦ ʟʘʛʘʣʴʥʘ ʤʽʮʥʽʩʪʴ ʟʨʘʟʢʘ ʤʝʥʰʘ ʟʘ ʤʽʮʥʽʩʪʴ 

ʥʘʡʤʽʮʥʽʰʦʛʦ ʩʢʣʘʜʦʚʦʛʦ ʤʘʪʝʨʽʘʣʫ (ʨʠʩ. 1.26), ʧʨʦʪʝ ʙʽʣʴʰʘ ʟʘ ʤʽʮʥʽʩʪʴ 

ʥʘʡʩʣʘʙʰʦʛʦ ʚ ʢʦʤʧʦʟʠʮʽʾ. 
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ʈʠʩʫʥʦʢ 1.26 ï ʈʝʟʫʣʴʪʘʪʠ ʚʠʧʨʦʙʫʚʘʥʴ ʥʘ ʨʦʟʪʷʛ                   

ʤʫʣʴʪʠʤʘʪʝʨʽʘʣʴʥʠʭ ʟʨʘʟʢʽʚ [43]. 

 

ɼʦʩʣʽʜʞʝʥʥʷ [44] ʧʨʦʚʦʜʠʣʦʩʴ ʥʘʜ ʟʨʘʟʢʘʤʠ ʜʨʫʢʦʚʘʥʠʤʠ ʟ PLA. ɼʣʷ 

ʚʠʛʦʪʦʚʣʝʥʥʷ ʙʫʣʠ ʚʠʢʦʨʠʩʪʘʥʽ ʩʦʧʣʘ ʜʽʘʤʝʪʨʘʤʠ dʩʦʧʣʘ = 0,4; 0,6 ʪʘ 0,8 ʤʤ. ɼʨʫʢ 

ʜʣʷ ʢʦʞʥʦʛʦ ʜʽʘʤʝʪʨʘ ʩʦʧʣʘ ʚʽʚʩʷ ʟ ʨʽʟʥʦʶ ʪʦʚʱʠʥʦʶ ʰʘʨʫ æh ʘʨʫ (ʚʽʜ 0,06 ʜʦ 0,6 

ʤʤ). ɺ ʩʪʘʪʪʽ ʥʘʚʝʜʝʥʽ ʤʽʢʨʦʟʥʽʤʢʠ ʧʝʨʝʨʽʟʫ ʜʨʫʢʦʚʘʥʠʭ ʟʨʘʟʢʽʚ (ʨʠʩ. 1.27), ʱʦ 

ʜʘʶʪʴ ʢʘʨʪʠʥʫ ʫʢʣʘʜʘʥʥʷ ʰʘʨʽʚ ʨʽʟʥʦʾ ʪʦʚʱʠʥʠ. 

 

ʈʠʩʫʥʦʢ 1.27 ï ʄʽʢʨʦʟʥʽʤʢʠ ʨʦʟʨʽʟʫ ʟʨʘʟʢʽʚ ʥʘʜʨʫʢʦʚʘʥʠʭ ʩʦʧʣʦʤ dʩʦʧʣʘ=0,6ʤʤ 

ʪʘ ʪʦʚʱʠʥʘʤʠ ʰʘʨʫ æh ʘʨʫ = 0,1; 0,3 ʪʘ 0,6 ʤʤ [44] 

 

ʅʘ ʚʽʜʤʽʥʫ ʚʽʜ ʧʦʧʝʨʝʜʥʽʭ, ʜʦʩʣʽʜʞʝʥʥʷ [44] ʧʦʢʘʟʘʣʦ ʧʨʷʤʦʣʽʥʽʡʥʫ 

ʟʘʣʝʞʥʽʩʪʴ ʤʽʞ ʪʦʚʱʠʥʦʶ ʰʘʨʫ ʪʘ ʤʘʢʩʠʤʘʣʴʥʠʤ ʥʘʧʨʫʞʝʥʥʷʤ ʥʘ ʟʛʠʥ            

(ʨʠʩ. 1.28 ʘ). ʊʘʢʦʞ ʦʩʦʙʣʠʚʠʡ ʽʥʪʝʨʝʩ ʩʪʘʥʦʚʠʪʴ ʚʠʟʥʘʯʝʥʥʷ ʟʘʣʝʞʥʦʩʪʽ ʤʽʮʥʦʩʪʽ 

ʟʨʘʟʢʽʚ [ůʟʛʠʥ] ʜʦ  ʚʽʜʥʦʰʝʥʥʷ r ʜʽʘʤʝʪʨʘ ʩʦʧʣʘ dʩʦʧʣʘ ʜʦ ʪʦʚʱʠʥʠ ʰʘʨʫ æh ʘʨʫ: 

„  „
υψȟρω

ὶȢ
ȟ 

ʜʝ ůmax ï ʤʘʢʩʠʤʘʣʴʥʦ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʝ ʥʘʧʨʫʞʝʥʥʷ ʨʦʟʪʷʛʫ, ʄʇʘ; ʯʠʩʣʦ 

58,19 ʢʦʝʬʽʮʽʻʥʪ ʘʧʨʦʢʩʠʤʘʮʽʾ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʘʥʠʭ.  
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                                                        ʘ)                                                            ʙ) 

ʈʠʩʫʥʦʢ 1.28 ï ʄʝʞʘ ʤʽʮʥʦʩʪʽ ʥʘ ʟʛʠʥ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʪʦʚʱʠʥʠ ʥʘʧʣʘʚʣʝʥʦʛʦ 

ʰʘʨʫ ʜʦ ʨʽʟʥʠʭ ʜʽʘʤʝʪʨʽʚ ʩʦʧʣʘ (ʘ),  ʚʽʜʥʦʩʥʦ ʚʽʜʥʦʰʝʥʥʷ ʚʠʩʦʪʠ ʜʽʘʤʝʪʨʘ ʩʦʧʣʘ 

ʜʦ ʪʦʚʱʠʥʠ ʰʘʨʫ (ʙ) [44] 

 

ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʟʽ ʟʤʝʥʰʝʥʥʷʤ ʚʠʩʦʪʠ ʰʘʨʫ ʩʪʨʽʤʢʦ ʟʨʦʩʪʘʻ ʤʽʮʥʽʩʪʴ 

ʟʨʘʟʢʽʚ ʥʘ ʟʛʠʥ, ʧʨʦʪʝ ʧʨʠ ʥʘʙʣʠʞʝʥʥʽ ʚʠʩʦʪʠ ʰʘʨʫ ʜʦ 20 % ʚʽʜ ʜʽʘʤʝʪʨʘ ʩʦʧʣʘ, 

ʟʨʦʩʪʘʥʥʷ ʤʽʮʥʦʩʪʽ ʧʨʘʢʪʠʯʥʦ ʟʫʧʠʥʷʻʪʴʩʷ ʽ ʥʝ ʜʦʩʷʛʘʻ ʤʝʞʽ ʤʽʮʥʦʩʪʽ 

ʘʥʘʣʦʛʽʯʥʠʭ ʟʨʘʟʢʽʚ ʚʠʛʦʪʦʚʣʝʥʠʭ ʤʝʪʦʜʦʤ ʣʠʪʪʷ ʧʽʜ ʪʠʩʢʦʤ (ʨʠʩ. 1.28 ʙ). ʎʝ 

ʦʟʥʘʯʘʻ, ʱʦ ʤʘʡʞʝ ʥʝʤʦʞʣʠʚʦ ʧʦʚʪʦʨʠʪʠ ʩʫʮʽʣʴʥʫ ʟʘʧʦʚʥʝʥʽʩʪʴ ʧʦʧʝʨʝʯʥʦʛʦ 

ʧʝʨʝʨʽʟʫ ʪʘ ʪʝ, ʱʦ ʚʠʨʦʙʠ ʚʠʛʦʪʦʚʣʝʥʽ ʤʝʪʦʜʦʤ 3D ʜʨʫʢʫ, ʚʥʘʩʣʽʜʦʢ ʩʚʦʻʾ 

ʩʪʨʫʢʪʫʨʫ, ʤʘʶʪʴ ʚʽʜʤʽʥʥʽ ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ. 

1.7 ɺʠʩʥʦʚʢʠ ʽ ʟʘʚʜʘʥʥʷ ʜʦʩʣʽʜʞʝʥʴ 

ʇʨʦʚʝʜʝʥʠʡ ʨʦʟʛʣʷʜ ʨʽʟʥʦʤʘʥʽʪʥʠʭ ʜʞʝʨʝʣ ʧʦʢʘʟʘʚ, ʱʦ ʥʘ ʩʫʯʘʩʥʦʤʫ ʝʪʘʧʽ 

ʨʦʟʚʠʪʢʫ ʘʜʠʪʠʚʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʽʩʥʫʻ ʙʝʟʣʽʯ ʧʨʠʩʪʨʦʾʚ, ʱʦ ʜʘʶʪʴ ʟʤʦʛʫ 

ʩʪʚʦʨʶʚʘʪʠ ʦʙôʻʢʪʠ ʟ ʦʩʥʦʚʥʠʭ ʢʦʥʩʪʨʫʢʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʤʝʪʦʜʦʤ ʧʨʦʩʪʦʨʦ-

ʚʦʛʦ ʜʨʫʢʫ: ɼʣʷ ʧʦʜʘʣʴʰʦʛʦ ʨʦʟʚʠʪʢʫ ʛʘʣʫʟʽ ʧʦʣʽʤʝʨʥʦʛʦ ʧʝʨʝʨʦʙʥʦʛʦ 

ʦʙʣʘʜʥʘʥʥʷ ʦʩʦʙʣʠʚʠʡ ʽʥʪʝʨʝʩ ʩʪʘʥʦʚʠʪʴ ʪʝʭʥʦʣʦʛʽʷ FDM, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʻ 

ʧʦʣʽʤʝʨʥʫ ʪʝʨʤʦʧʣʘʩʪʠʯʥʫ ʩʠʨʦʚʠʥʫ.  

ʆʛʣʷʜ ʢʦʥʩʪʨʫʢʮʽʡ ʧʨʠʩʪʨʦʾʚ ʜʘʥʦʾ ʪʝʭʥʦʣʦʛʽʾ ʧʦʢʘʟʘʚ, ʱʦ ʛʘʣʫʟʴ ʩʪʨʽʤʢʦ 

ʨʦʟʚʠʚʘʻʪʴʩʷ ʽ ʤʘʻ ʝʢʩʧʦʥʝʥʮʽʡʥʠʡ ʨʽʩʪ, ʨʠʥʦʢ ʦʙʣʘʜʥʘʥʥʷ ʧʨʝʜʩʪʘʚʣʝʥʠʡ 



59 
 

ʜʝʩʷʪʢʘʤʠ ʢʦʤʧʘʥʽʡ ʟ ʨʽʟʥʠʭ ʯʘʩʪʠʥ ʩʚʽʪʫ, ʱʦ ʚʠʜʽʣʷʶʪʴ ʚʝʣʠʢʽ ʙʶʜʞʝʪʠ ʥʘ 

ʨʦʟʨʦʙʢʫ ʥʦʚʠʭ ʢʦʥʩʪʨʫʢʮʽʡ ʪʘ ʩʪʚʦʨʝʥʥʷ ʥʦʚʦʛʦ ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ ʜʣʷ 

ʢʝʨʫʚʘʥʥʷ ʪʘ ʧʦʩʪʦʦʙʨʦʙʢʠ 3D ʤʦʜʝʣʝʡ.  

ɺ ʪʦʡ ʞʝ ʯʘʩ ʩʘʤ ʧʨʦʮʝʩ ʬʦʨʤʫʚʘʥʥʷ ʚʠʨʦʙʽʚ ʚʠʚʯʝʥʠʡ ʜʦʩʠʪʴ ʩʣʘʙʢʦ, 

ʤʘʡʞʝ ʥʝʚʠʚʯʝʥʠʤ ʻ ʧʨʦʮʝʩ ʚʧʣʠʚʫ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 3D ʧʨʠʥʪʝʨʘ ʥʘ ʤʝʭʘʥʽʢʦ-

ʬʽʟʠʯʥʽ, ʛʝʦʤʝʪʨʠʯʥʽ, ʚʽʟʫʘʣʴʥʽ ʧʘʨʘʤʝʪʨʠ ʜʨʫʢʦʚʘʥʦʛʦ ʦʙôʻʢʪʫ. ʅʘ ʦʩʥʦʚʽ 

ʨʦʟʛʣʷʥʫʪʠʭ ʜʞʝʨʝʣ, ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ: 

- ʜʦʩʣʽʜʞʝʥʥʷ ʜʨʫʢʦʚʘʥʠʭ ʟʨʘʟʢʽʚ ʧʝʨʝʚʘʞʥʦ ʥʝ ʤʘʶʪʴ ʢʦʤʧʣʝʢʩʥʦʛʦ 

ʧʽʜʭʦʜʫ, ʘ ʨʦʟʛʣʷʜʘʶʪʴ ʣʠʰʝ ʜʝʷʢʽ ʧʘʨʘʤʝʪʨʠ ʜʨʫʢʫ ʽ ʯʘʩʪʦ ʪʽ, ʱʦ ʥʝ ʻ 

ʦʩʥʦʚʥʠʤʠ; 

- ʜʦʩʣʽʜʞʝʥʥʷ ʥʝ ʜʘʶʪʴ ʟʤʦʛʫ ʚʩʪʘʥʦʚʠʪʠ ʚʝʣʠʯʠʥʫ ʪʘ ʭʘʨʘʢʪʝʨ 

ʤʽʞʰʘʨʦʚʦʾ ʘʜʛʝʟʽʾ, ʘʜʞʝ ʟʨʘʟʢʠ ʜʣʷ ʜʦʩʣʽʜʽʚ ʚʠʛʦʪʦʚʣʷʶʪʴ ʟ ʢʦʥʪʫʨʥʠʤ ʰʘʨʦʤ 

ʪʘ ʟ ʨʽʟʥʦʶ ʩʭʝʤʦʶ ʪʘ ʛʫʩʪʠʥʦʶ ʟʘʧʦʚʥʝʥʥʷ; 

- ʧʨʘʢʪʠʯʥʦ ʚʽʜʩʫʪʥʻ ʚʠʚʯʝʥʥʷ ʢʦʥʩʪʨʫʢʮʽʡ ʦʙʣʘʜʥʘʥʥʷ ʪʘ ʡʦʛʦ ʚʧʣʠʚ 

ʥʘ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʪʘ ʷʢʽʩʪʴ ʜʨʫʢʫ; 

- ʧʨʘʢʪʠʯʥʦ ʥʝʚʠʚʯʝʥʠʤ ʻ ʩʪʘʥ ʧʦʣʽʤʝʨʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʧʽʩʣʷ ʚʠʭʦʜʫ ʟ 

ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ ʪʘ ʡʦʛʦ ʚʧʣʠʚ ʥʘ ʷʢʽʩʪʴ ʤʘʡʙʫʪʥʴʦʛʦ ʚʠʨʦʙʫ; 

- ʚʥʘʩʣʽʜʦʢ ʥʘʩʠʯʝʥʥʷ ʨʠʥʢʫ, ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʪʝʥʜʝʥʮʽʷ ʦʨʽʻʥʪʘʮʽʾ 

ʚʠʨʦʙʥʠʢʽʚ ʥʘ ʩʧʨʦʱʝʥʥʷ ʪʘ ʦʧʪʠʤʽʟʘʮʽʶ ʽʩʥʫʶʯʦʛʦ ʦʙʣʘʜʥʘʥʥʷ, ʨʝʟʫʣʴʪʘʪʦʤ 

ʯʦʛʦ ʻ ʥʝʜʦʩʪʘʪʥʻ ʧʨʠʜʽʣʝʥʥʷ ʫʚʘʛʠ ʜʦ ʩʪʚʦʨʝʥʥʷ ʥʦʚʠʭ ʤʝʪʦʜʽʚ ʜʨʫʢʫ ʪʘ 

ʨʦʟʰʠʨʝʥʥʶ ʽʩʥʫʶʯʦʛʦ ʩʧʝʢʪʨʫ ʚʠʪʨʘʪʥʦʛʦ ʤʘʪʝʨʽʘʣʫ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʚʽʜʩʫʪʥʻ ʢʦʤʧʣʝʢʩʥʝ ʜʦʩʣʽʜʞʝʥʥʷ, ʱʦ ʚʠʚʯʘʻ ʭʘʨʘʢʪʝʨ ʪʘ 

ʚʝʣʠʯʠʥʫ ʤʽʞʰʘʨʦʚʦʾ ʚʟʘʻʤʦʜʽʾ, ʚʧʣʠʚ ʥʘ ʥʝʾ ʦʩʥʦʚʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʧʨʦʩʪʦʨʦʚʦʛʦ 

ʜʨʫʢʫ, ʘ ʪʘʢʦʞ ʻ ʥʝʚʠʚʯʝʥʠʤ ʧʨʦʮʝʩ ʦʭʦʣʦʜʞʝʥʥʷ ʝʢʩʪʨʫʜʦʚʘʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʪʘ 

ʡʦʛʦ ʚʧʣʠʚ ʥʘ ʛʝʦʤʝʪʨʽʶ ʚʠʨʦʙʫ. 

ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʦʛʣʷʜʫ ʩʫʯʘʩʥʦʛʦ ʩʪʘʥʫ ʪʝʭʥʦʣʦʛʽʾ ʧʨʦʩʪʦʨʦʚʦʛʦ ʜʨʫʢʫ 

ʦʧʫʙʣʽʢʦʚʘʥʦ ʩʪʘʪʪʶ ʚ ʬʘʭʦʚʦʤʫ ʞʫʨʥʘʣʽ ʪʘ ʟʨʦʙʣʝʥʦ ʜʦʧʦʚʽʜʴ ʥʘ ʥʘʫʢʦʚʦ-

ʧʨʘʢʪʠʯʥʽʡ ʢʦʥʬʝʨʝʥʮʽʾ [45].  
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2 ʄɸʊɽʄɸʊʀʏʅɸ ʄʆɼɽʃʔ 

ɺ ʨʦʟʜʽʣʽ ʦʧʠʩʘʥʦ ʦʩʥʦʚʥʽ ʧʨʦʮʝʩʠ, ʱʦ ʚʽʜʙʫʚʘʶʪʴʩʷ ʚ ʢʣʘʩʠʯʥʦʤʫ 

ʧʨʠʥʪʝʨʽ ʥʘ ʦʩʥʦʚʽ ʪʝʭʥʦʣʦʛʽʾ FDM, ʧʦʯʠʥʘʶʯʠ ʚʽʜ ʚʣʘʩʪʠʚʦʩʪʝʡ ʧʦʣʽʤʝʨʥʦʾ 

ʩʪʨʝʥʛʠ ʚ ʢʘʥʘʣʽ ʝʢʩʪʨʫʜʝʨʘ, ʜʦ ʾʾ ʥʘʥʝʩʝʥʥʷ ʥʘ ʧʣʘʪʬʦʨʤʫ ʽ ʚʟʘʻʤʦʜʽʶ ʤʽʞ 

ʥʘʥʝʩʝʥʠʤʠ ʰʘʨʘʤʠ ʧʦʣʽʤʝʨʫ, ʘ ʪʘʢʦʞ ʦʧʠʩʘʥʦ ʪʝʧʣʦʚʽ ʪʘ ʽʥʰʽ ʧʨʦʮʝʩʠ. 

2.1 ʈʦʟʚôʷʟʫʶʯʽ ʨʽʚʥʷʥʥʷ ʪʝʯʽʾ ʧʦʣʽʤʝʨʫ 

ɺ'ʟ̫ʢʘ ʧʦʚʝʜʽʥʢʘ ʨʦʟʧʣʘʚʫ ʪʝʨʤʦʧʣʘʩʪʠʯʥʦʛʦ ʧʦʣʽʤʝʨʫ ʚ ʝʢʩʪʨʫʜʝʨʽ ʤʘʻ 

ʚʠʨʽʰʘʣʴʥʝ ʟʥʘʯʝʥʥʷ ʜʣʷ ʦʧʠʩʫ ʡʦʛʦ ʨʦʙʦʪʠ ʥʘ ʚʠʭʦʜʽ ʟ ʩʦʧʣʘ: 

ʈʦʟʛʣʷʜʘʻʤʦ ʟʘʜʘʯʫ ʪʝʯʽʾ ʧʦʣʽʤʝʨʫ ʚ ʢʘʥʘʣʽ ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ ʟʘ ʪʘʢʠʭ 

ʧʨʠʧʫʱʝʥʴ: 

ï ʧʨʦʮʝʩ ʝʢʩʪʨʫʟʽʾ ʩʪʘʮʽʦʥʘʨʥʠʡ; 

ï ʪʝʯʽʷ ʨʦʟʧʣʘʚʫ ï ʥʝʽʟʦʪʝʨʤʽʯʥʘ; 

ï ʧʦʣʽʤʝʨ ʥʝʩʪʠʩʣʠʚʠʡ (r = const); 

ï ʩʠʣʠ ʽʥʝʨʮʽʾ ʥʝʭʪʦʚʥʦ ʤʘʣʽ ʧʦʨʽʚʥʷʥʦ ʟ ʩʠʣʘʤʠ ʚôʷʟʢʦʩʪʽ:Re<< 1; 

ï ʰʚʠʜʢʽʩʪʴ ʥʘ ʩʪʽʥʮʽ ʜʦʨʽʚʥʶʻ ʥʫʣʶ: u|ʩʪʽʥʢʠ = 0. 

ʄʘʪʝʤʘʪʠʯʥʫ ʤʦʜʝʣʴ ʝʢʩʪʨʫʟʽʾ ʫʪʚʦʨʶʻ ʩʠʩʪʝʤʘ ʨʽʚʥʷʥʴ ʥʝʨʦʟʨʠʚʥʦʩʪʽ, 

ʨʫʭʫ ʪʘ ʝʥʝʨʛʽʾ (2.1 ï 2.3): 

ï ʨʽʜʠʥʘ ʥʝʩʪʠʩʣʠʚʘ (r=const), ʪʦʤʫ ʨʽʚʥʷʥʥʷ ʥʝʨʦʟʨʠʚʥʦʩʪʽ ʟʘʧʠʰʝʪʴʩʷ ʫ 

ʚʠʛʣʷʜʽ: 

0)( =nr- div                                                 (2.1) 

ʈʽʚʥʷʥʥʷ ʨʫʭʫ: 

Ĕ  
v

f v v
t

s r
µå õ

ÐÖ + = + ÖÐæ ö
µç ÷

                                   (2.2)
 

ʈʽʚʥʷʥʥʷ ʟʙʝʨʝʞʝʥʥʷ ʝʥʝʨʛʽʾ: 

( ) ()V
ĔĔ  T

dT
c T Q

dt
l s x=ÐÖ Ð + ÖÖ +

,                          (2.3) 
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ʜʝ r ï ʤʘʩʘ ʦʜʠʥʠʮʽ ʦʙôʻʤʫ (ʛʫʩʪʠʥʘ) ʤʘʪʝʨʽʘʣʫ, ʢʛ/ʤ3; v
C

 ï ʚʝʢʪʦʨ 

ʰʚʠʜʢʦʩʪʽ ʪʦʯʢʠ ʪʽʣʘ, ʤ/ʩ; Ĕs ï ʪʝʥʟʦʨ ʥʘʧʨʫʞʝʥʴ, ʇʘ;f
C

 ï ʚʝʢʪʦʨ ʟʦʚʥʽʰʥʴʦʾ 

ʩʠʣʠ, ʱʦ ʜʽʻ ʥʘ ʦʜʠʥʠʮʶ ʦʙôʻʤʫ ʪʽʣʘ, ʅ/ʤ3; v
CC
Ð  ï ʛʨʘʜʽʻʥʪ ʚʝʢʪʦʨʘ ʰʚʠʜʢʦʩʪʽ, ʤ/c;                      

)(VQ  ï ʰʚʠʜʢʽʩʪʴ ʟʦʚʥʽʰʥʴʦʛʦ ʦʙôʻʤʥʦʛʦ ʧʨʠʪʦʢʫ ʪʝʧʣʘ, ʚʽʜʥʝʩʝʥʘ ʜʦ ʦʜʠʥʠʮʽ 

ʤʘʩʠ, ɼʞ/ʢʛ. 

ɸʧʨʦʢʩʠʤʘʮʽʷ ʟʘʢʦʥʫ ʚôʷʟʢʦʩʪʽ ʟʜʽʡʩʥʶʚʘʣʘʩʴ ʟʘ ʟʘʢʦʥʦʤ:  

 

–
–

ρ ‗‎
                                                     ςȢτ 

 

ʜʝ ɖ0 ï ʚ'ʷʟʢʽʩʪʴ ʟʘ ʥʫʣʴʦʚʦʾ ʰʚʠʜʢʦʩʪʽ ʟʩʫʚʫ, ʇʘ
.ʩ; ɚ ï ʯʘʩ ʨʝʣʘʢʩʘʮʽʾ, ʩ;  

n ï ʧʦʢʘʟʥʠʢ ʩʪʝʧʝʥʶ. ɿʘ ʫʩʪʘʣʝʥʦʾ ʟʩʫʚʥʦʾ ʦʜʥʦʚʽʩʥʦʾ ʪʝʯʽʾ ʣʦʢʘʣʴʥʘ ʰʚʠʜʢʽʩʪʴ 

ʟʩʫʚʫ ʟʤʝʥʰʫʻʪʴʩʷ ʜʦ ʛʨʘʜʽʻʥʪʘ ʰʚʠʜʢʦʩʪʽ. 

ʊʘʢʦʞ ʩʣʽʜ ʚʨʘʭʦʚʫʚʘʪʠ ʪʝʤʧʝʨʘʪʫʨʥʫ ʟʘʣʝʞʥʽʩʪʴ ʚ'ʷʟʢʦʩʪʽ, ʦʩʢʽʣʴʢʠ 

ʤʘʪʝʨʽʘʣ ʧʝʨʝʙʫʚʘʻ ʚ ʥʝʽʟʦʪʝʨʤʽʯʥʠʭ ʫʤʦʚʘʭ, ʧʨʦʪʽʢʘʶʯʠ ʢʨʽʟʴ ʝʢʩʪʨʫʜʝʨ ʪʘ 

ʩʦʧʣʦ ʟ ʧʦʩʣʽʜʫʶʯʠʤ ʦʭʦʣʦʜʞʝʥʥʷʤ: 

– ὌὝ– ‎ȟ                                              (2.5) 

ɿʘʣʝʞʥʘ ʚʝʣʠʯʠʥʘ ʛʨʘʜʽʻʥʪʫ ʰʚʠʜʢʦʩʪʽ ʟʩʫʚʫ ï ʮʝ ʚʠʨʘʟ ʟʘʢʦʥʫ ʚôʷʟʢʦʩʪʽ ʟ 

ʧʨʠʜʘʪʥʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ, ʷʢʽ ʦʮʽʥʶʶʪʴʩʷ ʟʘ ʜʝʷʢʦʾ ʢʦʥʪʨʦʣʴʥʦʾ ʪʝʤʧʝʨʘʪʫʨʽ T0. 

ɼʣʷ ʪʝʤʧʝʨʘʪʫʨʥʦʾ ʟʘʣʝʞʥʦʩʪʽ ʙʫʣʘ ʚʠʢʦʨʠʩʪʘʥʘ ʤʦʜʝʣʴ ɸʨʨʝʥʽʫʩʘ:  

 

ὌὝ ̖̆ὥ̑
ρ

Ὕ

ρ

Ὕ
ȟ (2.6) 

 

ʜʝ ὥ ï ʝʥʝʨʛʽʷ ʘʢʪʠʚʘʮʽʾ, ɼʞ, T0 ï ʢʦʥʪʨʦʣʴʥʘ ʪʝʤʧʝʨʘʪʫʨʘ, ʂ. 

ɻʨʘʥʠʯʥʽ ʫʤʦʚʠ: 

ï 
0

0

n v ;

,

v

T T

Ö =ë
ì
=í

 ï ʥʘ ʚʠʭʽʜʥʦʤʫ ʧʝʨʝʨʽʟʽ ʧʦʪʦʢʫ ʨʽʜʠʥʠ ʟʘʜʘʶʪʴʩʷ ʡʦʛʦ 

ʥʦʨʤʘʣʴʥʘ ʰʚʠʜʢʽʩʪʴ ʽ ʪʝʤʧʝʨʘʪʫʨʘ; 
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ï 
îí

î
ì
ë

=Ð

=Ð

.0

;0

T

p
C

C

ï ʥʘ ʧʝʨʝʨʽʟʽ ʚʠʪʦʢʫ ʨʽʜʠʥʠ ʟʘʜʘʶʪʴʩʷ ʥʫʣʴʦʚʽ ʟʥʘʯʝʥʥʷ 

ʛʨʘʜʽʻʥʪʽʚ ʪʠʩʢʫ ʽ ʪʝʤʧʝʨʘʪʫʨʠ. 

ʅʘ ʙʽʯʥʽʡ ʩʪʽʥʮʽ ʧʨʠʡʤʘʻʤʦ ʛʨʘʥʠʯʥʽ ʫʤʦʚʠ ʪʨʝʪʴʦʛʦ ʨʦʜʫ: 

n Ā q = Ŭ(T ï Tw), 

ʜʝ n ï ʥʘʧʨʷʤ ʥʦʨʤʘʣʽ ʜʦ ʩʪʽʥʢʠ;  q ï ʧʦʪʦʯʥʠʡ ʪʝʧʣʦʚʠʡ ʧʦʪʽʢ; Ŭ ï ʢʦʝʬʽʮʽʻʥʪ 

ʪʝʧʣʦʚʽʜʜʘʯʽ; ʊ ï ʧʦʪʦʯʥʘ ʪʝʤʧʝʨʘʪʫʨʘ; Tw ï ʪʝʤʧʝʨʘʪʫʨʘ ʩʪʽʥʢʠ. 

2.2 ʆʮʽʥʢʘ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʫ 

ʇʝʨʰʠʡ ʟʘʢʦʥ ʪʝʨʤʦʜʠʥʘʤʽʢʠ ʩʪʚʝʨʜʞʫʻ, ʱʦ ʪʝʧʣʦʚʘ ʝʥʝʨʛʽʷ ʟʙʝʨʽʛʘʻʪʴʩʷ. 

ɺʠʭʦʜʷʯʠ ʟ ʮʴʦʛʦ ʚʠʟʥʘʯʝʥʥʷ, ʢʦʥʪʨʦʣʴʥʠʡ ʦʙôʻʤ ʤʦʞʥʘ ʚʠʟʥʘʯʠʪʠ ʷʢ 

    

”ὧ
Ὕ‏

ὸ‏
ὺ ὒὝ ὒ ήήȟ                                    ςȢχ 

                                                        

ʜʝ ɟ ï ʛʫʩʪʠʥʘ, ʢʛ/ʤ3, c ï ʧʠʪʦʤʘ ʪʝʧʣʦʻʤʥʽʩʪʴ, ɼʞ/ʢʛÁʉ, T ï ʪʝʤʧʝʨʘʪʫʨʘ ʷʢ 

ʬʫʥʢʮʽʷ T (x,y,z,t), ʂ, t ï ʯʘʩ, ʩ. 

ὒ

ừ
Ử
Ừ

Ử
ứ

ữ
Ử
Ữ

Ử
ử

 ï ʚʝʢʪʦʨʥʠʡ ʦʧʝʨʘʪʦʨ, ὺ

ὺ
ὺ
ὺ

 ï ʚʝʢʪʦʨ ʰʚʠʜʢʦʩʪʽ ʤʘʩʦʚʦʛʦ 

ʧʝʨʝʥʦʩʫ ʪʝʧʣʘ, ή  ʚʝʢʪʦʨ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʫ; ή ʢʦʝʬʽʮʽʻʥʪ ʪʝʧʣʦʚʽʜʜʘʯʽ ʥʘ 

ʦʜʠʥʠʮʶ ʦʙôʻʤʫ. 

ɺʠʨʘʟ {L}T ʽ {L}T{q} ʤʦʞʝ ʽʥʪʝʨʧʨʝʪʫʚʘʪʠʩʷ ʷʢ  ɳT ʽ  ɳϽ {q} ʚʽʜʧʦʚʽʜʥʦ, 

ʜʝ ɳ ï ʛʨʘʜʽʻʥʪ, ʘ  ɳ ï ʜʠʚʝʨʛʝʥʮʽʷ. 

ɼʘʣʽ ʟʘʩʪʦʩʦʚʫʻʤʦ ʟʘʢʦʥ ʌʫʨ'ʻ, ʷʢʠʡ ʧʦʚ'ʷʟʫʻ ʚʝʢʪʦʨ ʧʦʪʦʢʫ ʪʝʧʣʘ ʟ 

ʪʝʧʣʦʚʠʤ ʛʨʘʜʽʻʥʪʦʤ: 

ή Ὀ ὒὝȟ                                                (2.8) 
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ʜʝ 

Ὀ

ὑ π π
π ὑ π

π π ὑ
  - ʤʘʪʨʠʮʷ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ, 

Kxx, Kyy, Kzz ï ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʚ ʥʘʧʨʷʤʢʘʭ x, y ʪʘ z. 

ʇʦʻʜʥʫʶʯʠ ʨʽʚʥʷʥʥʷ (2.7) ʪʘ (2.8) ʦʪʨʠʤʫʻʤʦ: 

ʍὧ
Ὕ‏

ὸ‏
ὺ ὒὝ  ὒ Ὀ ὒὝ ή                                ςȢω 

ʈʦʟʰʠʨʶʶʯʠ ʨʽʚʥʷʥʥʷ (2.9) ʜʦ ʡʦʛʦ ʙʽʣʴʰ ʟʚʠʯʥʦʾ ʬʦʨʤʠ ʦʪʨʠʤʫʻʤʦ: 

ʍ̒
‬Ὕ

‬ὸ
ὺ
‬Ὕ

‬ὼ
ὺ
‬Ὕ

‬ώ
ὺ
‬Ὕ

‬ᾀ
  

  ή
‬

‬ὼ
ὑ
‬Ὕ

‬ὼ

‬

‬ώ
ὑ
‬Ὕ

‬ώ

‬

‬ᾀ
ὑ
‬Ὕ

‬ᾀ
                       ςȢρπ 

ʇʨʠʧʫʩʢʘʻʤʦ, ʱʦ ʚʩʽ ʝʬʝʢʪʠ ʤʦʞʥʘ ʦʧʠʩʘʪʠ ʫ ʛʣʦʙʘʣʴʥʽʡ ʜʝʢʘʨʪʦʚʽʡ 

ʩʠʩʪʝʤʽ ʢʦʦʨʜʠʥʘʪ. 

ʈʦʟʛʣʷʥʝʤʦ ʪʨʠ ʪʠʧʠ ʛʨʘʥʠʯʥʠʭ ʫʤʦʚ. ʇʝʨʝʜʙʘʯʘʻʪʴʩʷ, ʱʦ ʚʦʥʠ 

ʦʭʦʧʣʶʶʪʴ ʚʝʩʴ ʝʣʝʤʝʥʪ. 

1. ɿʘʜʘʥʽ ʪʝʤʧʝʨʘʪʫʨʠ, ʱʦ ʜʽʶʪʴ ʥʘ ʧʦʚʝʨʭʥʶ S1: 

T=T*,                                                    (2.11) 

ʜʝ T* - ʟʘʜʘʥʘ ʪʝʤʧʝʨʘʪʫʨʘ. 

2. ɿʘʜʘʥʠʡ ʪʝʧʣʦʚʠʡ ʧʦʪʽʢ ʯʝʨʝʟ ʧʦʚʝʨʭʥʶ S2: 

ή – ήᶻ ,                                         (2.12)  

ʜʝ – ï ʦʜʠʥʠʯʥʠʡ ʚʝʢʪʦʨ ʟʦʚʥʽʰʥʴʦʾ ʥʦʨʤʘʣʽ; ήᶻ - ʟʘʜʘʥʠʡ ʪʝʧʣʦʚʠʡ ʧʦʪʽʢ. 

3. ɿʘʜʘʥʽ ʢʦʥʚʝʢʪʠʚʥʽ ʧʦʚʝʨʭʥʽ, ʱʦ ʜʽʶʪʴ ʥʘʜ ʧʦʚʝʨʭʥʝʶ S3 (ʟʘʢʦʥ 

ʦʭʦʣʦʜʞʝʥʥʷ ʅʴʶʪʦʥʘ): 
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ή – ̒Ὕ Ὕ ȟ                                     (2.13) 

ʜʝ Ὤ ï ʢʦʝʬʽʮʽʻʥʪ ʧʦʚʝʨʭʥʽ, ʱʦ ʦʙʯʠʩʣʶʻʪʴʩʷ ʷʢ Ὕ Ὕ Ⱦς , ʷʢʱʦ ʜʣʷ ʝʣʝʤʝʥʪʘ 

ʥʝ ʚʢʘʟʘʥʦ ʽʥʰʝ; Ὕ ï ʤʘʩʦʚʘ ʪʝʤʧʝʨʘʪʫʨʘ ʜʦʪʠʯʥʦʾ ʨʽʜʠʥʠ; Ὕ ï ʪʝʤʧʝʨʘʪʫʨʘ ʥʘ 

ʧʦʚʝʨʭʥʽ ʤʦʜʝʣʽ.  

ɿʘʜʘʥʠʡ ʧʦʟʠʪʠʚʥʠʡ ʪʝʧʣʦʚʠʡ ʧʦʪʽʢ ʧʦʪʨʘʧʣʷʻ ʥʘ ʤʝʞʫ (ʪʦʙʪʦ ʚ ʥʘʧʨʷʤʢʫ, 

ʧʨʦʪʠʣʝʞʥʦʤʫ {ɐ}), ʱʦ ʧʦʷʩʥʶʻ ʥʝʛʘʪʠʚʥʠʡ ʟʥʘʢ ʚ ʨʽʚʥʷʥʥʽ (2.12 ï 2.13). 

ʇʦʻʜʥʫʶʯʠ ʨʽʚʥʷʥʥʷ (2.8) ʟ (2.12) ʪʘ (2.13) ʦʪʨʠʤʫʻʤʦ: 

– Ὀ ὒὝ ήᶻȟ                                      (2.14) 

– Ὀ ὒὝ Ὤ Ὕ ὝȢ                                   (2.15) 

ʇʦʤʥʦʞʠʚʰʠ ʨʽʚʥʷʥʥʷ (2.9) ʥʘ ʬʘʢʪʠʯʥʫ ʟʤʽʥʫ ʪʝʤʧʝʨʘʪʫʨʠ, ʽʥʪʝʛʨʫʚʘʚʰʠ 

ʧʦ ʦʙôʻʤʫ ʝʣʝʤʝʥʪʘ ʽ ʧʦʻʜʥʘʚʰʠ ʟ ʨʽʚʥʷʥʥʷʤ (2.15) ʽ ʨʽʚʥʷʥʥʷʤ (2.16) ʦʪʨʠʤʫʻʤʦ: 

”ὧ‏Ὕ
‬Ὕ

‬ὸ
ὺ ὒὝ ὒ Ὕ‏ Ὀ ὒὝ Ὠὺέὰ 

ὝήᶻὨὛ‏ ὝὬ‏ Ὕ ὝὨὛ  Ὕή Ὠὺέὰ           ςȢρφ‏

 

ʜʝ vol ï ʦʙôʻʤ  ʝʣʝʤʝʥʪʘ; ‏Ὕ ï ʜʦʧʫʩʪʠʤʘ ʬʘʢʪʠʯʥʘ ʪʝʤʧʝʨʘʪʫʨʘ.  

2.3 ʈʦʟʪʘʰʫʚʘʥʥʷ ʬʨʦʥʪʫ ʨʦʟʧʣʘʚʫ 

ʅʘʛʨʽʚʘʥʥʷ ʧʣʽʚʦʢ ʟʛʽʜʥʦ ʟ ʧʨʘʮʝʶ [46] ʦʧʠʩʘʥʦ ʜʚʦʚʠʤʽʨʥʦʶ (2D) 

ʦʩʝʩʠʤʝʪʨʠʯʥʦʶ ʩʪʘʮʽʦʥʘʨʥʦʶ ʤʦʜʝʣʣʶ ʧʨʦʚʽʜʥʦʩʪʽ, ʧʨʠʧʫʩʢʘʶʯʠ ʧʦʩʪʽʡʥʫ 

ʚʠʪʨʘʪʫ ʪʘ ʪʝʤʧʝʨʘʪʫʨʫ ʩʪʽʥʢʠ. ɹʝʟʧʦʩʝʨʝʜʥʻ ʚʠʨʽʰʝʥʥʷ ʮʽʻʾ ʟʘʜʘʯʽ ʥʘʚʦʜʠʪʴʩʷ ʟʘ 

ʟʘʣʝʞʥʽʩʪʶ: 
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ʃ ς ̖̆ ‗̑ᾀ
‒‗ὶ

‗‒‗
ȟ‒‗ πȟ 

 

(2.17) 

ʜʝ ʃ ï ʙʝʟʨʦʟʤʽʨʥʘ ʪʝʤʧʝʨʘʪʫʨʘ,   ὶ ̨ ᾀï ʙʝʟʨʦʟʤʽʨʥʽ ʨʘʜʽʫʩ ʪʘ ʜʦʚʞʠʥʘ, ʽ 

ʚʠʟʥʘʯʘʶʪʴʩʷ ʷʢ: 

ʃ
Ὕ Ὕ

Ὕ Ὕ
ȟὶ

ὶ

ὶ
ȟ̓  ́ᾀ

‌ᾀ

‡ὶ
 ȟ  (2.18) 

ʜʝ T  ï ʪʝʤʧʝʨʘʪʫʨʘ ʨʦʟʽʛʨʽʚʫ ʚ ʜʝʷʢʽʡ ʪʦʯʮʽ (r, z), ʂ; T0 ï ʪʝʤʧʝʨʘʪʫʨʘ 

ʩʪʽʥʢʠ, ʂ; T2 ï ʪʝʤʧʝʨʘʪʫʨʘ ʩʪʨʝʥʛʠ ʥʘ ʚʭʦʜʽ ʝʢʩʪʨʫʜʝʨʘ (z = 0),ʂ; ὶ ï ʨʘʜʽʫʩ 

ʩʪʨʝʥʛʠ, ʤ; ɻ ï ʢʦʝʬʽʮʽʻʥʪ ʪʝʤʧʝʨʘʪʫʨʦʧʨʦʚʽʜʥʦʩʪʽ ʩʪʨʝʥʛʠ, ʤ2/c;  ‡ ï ʰʚʠʜʢʽʩʪʴ 

ʩʪʨʝʥʛʠ, ʤ/c; ‗ ï ʢʦʨʽʥʴ ʬʫʥʢʮʽʾ ɹʝʩʩʝʣʷ ʥʫʣʴʦʚʦʛʦ ʧʦʨʷʜʢʫ ʧʝʨʰʦʛʦ ʨʦʜʫ (‒), 

ʘ ‒  ï ʬʫʥʢʮʽʷ ɹʝʩʩʝʣʷ ʧʝʨʰʦʛʦ ʧʦʨʷʜʢʫ ʧʝʨʰʦʛʦ ʨʦʜʫ. 

2.4 ʆʮʽʥʢʘ ʧʘʜʽʥʥʷ ʪʠʩʢʫ 

ʇʘʜʽʥʥʷ ʪʠʩʢʫ ʚ ʢʦʞʥʽʡ ʜʽʣʷʥʮʽ ʝʢʩʪʨʫʜʝʨʘ ʟʛʽʜʥʦ ʟ ʮʽʻʶ ʤʦʜʝʣʣʶ ʜʘʻʪʴʩʷ 

ʚʽʜʧʦʚʽʜʥʦ: 

 

Ўὖ ςὒ
‡
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(2.20) 
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Ўὖ ςὒ
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 ̖̆‌̑
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ρ

Ὕ
 

 

(2.21) 

ʜʝ ὒȟὒ Ὀ ʪʘ Ὀ  ʨʦʟʤʽʨʠ, ʱʦ ʚʽʜʧʦʚʽʜʘʶʪʴ ʨʠʩ. 2.1, ʤ; ɼ ï ʢʫʪ ʢʦʥʽʯʥʦʾ 

ʜʽʣʷʥʢʠ ʩʦʧʣʘ ʝʢʩʪʨʫʜʝʨʘ, ʨʘʜ; ʘ ά ʽ ‰ ʻ ʧʘʨʘʤʝʪʨʘʤʠ, ʱʦ ʚʽʜʧʦʚʽʜʘʶʪʴ 

ʢʦʝʬʽʮʽʻʥʪʘʤ ʩʪʝʧʝʥʝʚʦʛʦ ʨʽʚʥʷʥʥʷ [47-50]. 

ɿʘʛʘʣʴʥʠʡ ʧʝʨʝʧʘʜ ʪʠʩʢʫ ʚ ʝʢʩʪʨʫʜʝʨʽ ï ʩʫʤʘ ʧʘʜʽʥʥʷ ʪʠʩʢʫ ʚ ʢʦʞʥʽʡ 

ʜʽʣʷʥʮʽ: 

 

ʈʠʩʫʥʦʢ 2.1 ï ʂʘʥʘʣ ʝʢʩʪʨʫʜʝʨʘ ʨʦʟʜʽʣʝʥʠʡ ʥʘ ʪʨʠ ʟʦʥʠ 

2.5 ʈʦʟʰʠʨʝʥʥʷ ʽ ʦʭʦʣʦʜʞʝʥʥʷ ʢʨʘʧʣʽ ʨʦʟʧʣʘʚʫ 

ʋ ʛʦʣʦʚʮʽ ʝʢʩʪʨʫʜʝʨʘ ʨʦʟʧʣʘʚ ʧʦʣʽʤʝʨʫ ʟʥʘʭʦʜʠʪʴʩʷ ʧʽʜ ʥʘʧʨʫʞʝʥʥʷʤ, ʜʝ 

ʯʘʩʪʠʥʘ ʝʥʝʨʛʽʾ ʜʝʬʦʨʤʘʮʽʾ ʟʙʝʨʽʛʘʻʪʴʩʷ ʝʣʘʩʪʠʯʥʦʶ [50]. ʂʦʣʠ ʨʦʟʧʣʘʚ ʧʦʣʽʤʝʨʫ 

Ўὖ Ўὖ Ўὖ Ўὖ 
 

(2.22) 
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ʚʠʭʦʜʠʪʴ ʽʟ ʩʦʧʣʘ ʛʦʣʦʚʢʠ, ʚʽʣʴʥʘ ʤʝʞʘ ʨʦʟʧʣʘʚʫ ʧʦʣʽʤʝʨʫ ʜʦʟʚʦʣʷʻ ʢʨʘʧʣʽ 

ʧʦʣʽʤʝʨʫ ʰʚʠʜʢʦ ʧʨʠʡʤʘʪʠ ʧʨʦʬʽʣʴ ʰʚʠʜʢʦʩʪʽ ʧʦʪʦʢʫ, ʪʦʙʪʦ ʧʦʩʪʽʡʥʫ ʫ 

ʨʘʜʽʘʣʴʥʦʤʫ ʥʘʧʨʷʤʢʫ ʰʚʠʜʢʽʩʪʴ [47].  

ʂʦʣʠ ʨʦʟʧʣʘʚ ʧʦʣʽʤʝʨʫ ʙʽʣʴʰʝ ʥʝ ʩʪʨʠʤʫʻʪʴʩʷ ʩʪʽʥʢʘʤʠ ʢʘʥʘʣʫ, 

ʥʘʧʨʫʞʝʥʥʷ, ʱʦ ʜʽʶʪʴ ʥʘ ʨʦʟʧʣʘʚ ʫ ʩʦʧʣʽ, ʚʠʚʽʣʴʥʷʶʪʴʩʷ ʽ ʟʙʝʨʝʞʝʥʘ ʝʣʘʩʪʠʯʥʘ 

ʝʥʝʨʛʽʷ ʚʠʚʽʣʴʥʷʻʪʴʩʷ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʨʘʜʽʘʣʴʥʦʛʦ ʨʦʟʰʠʨʝʥʥʷ ʨʦʟʧʣʘʚʫ, ʷʢ 

ʧʦʢʘʟʘʥʦ ʥʘ ʈʠʩʫʥʦʢ 2.2 [50]. ʂʦʣʠ ʨʦʟʧʣʘʚ ʚʠʭʦʜʠʪʴ ʟ ʝʢʩʪʨʫʟʽʡʥʦʛʦ ʩʦʧʣʘ, ʚʽʥ 

ʪʘʢʦʞ ʧʽʜʜʘʻʪʴʩʷ ʢʦʥʚʝʢʪʠʚʥʦʤʫ ʦʭʦʣʦʜʞʝʥʥʶ ʚʽʜ ʧʦʚʽʪʨʷ, ʱʦ ʨʫʭʘʻʪʴʩʷ ʚ 

ʩʝʨʝʜʦʚʠʱʽ ʜʨʫʢʫ.  

ɹʝʣʣʽʥʽ [47] ʤʦʜʝʣʶʚʘʚ ʢʦʥʚʝʢʪʠʚʥʝ ʦʭʦʣʦʜʞʝʥʥʷ, ʙʝʨʫʯʠ ʜʦ ʫʚʘʛʠ 

ʢʦʝʬʽʮʽʻʥʪ ʪʝʧʣʦʧʝʨʝʜʘʯʽ h = 20 ɺʪ/ʤ2ʂ. ʇʨʦʮʝʩ ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʦʭʦʣʦʜʞʝʥʥʷ 

ʟʘʪʨʠʤʫʻʪʴʩʷ ʰʣʷʭʦʤ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ ʚʽʜ ʨʦʟʧʣʘʚʫ ʚ ʝʢʩʪʨʫʜʝʨʽ, ʷʢʠʡ 

ʧʽʜôʻʜʥʘʥʠʡ ʜʦ ʝʢʩʪʨʫʜʦʚʘʥʦʾ ʢʨʘʧʣʽ [47]. ɸʚʪʦʨ [47] ʦʪʨʠʤʘʚ ʜʝʱʦ ʥʝʩʧʦʜʽʚʘʥʠʡ 

ʥʘ ʧʝʨʰʠʡ ʧʦʛʣʷʜ ʨʝʟʫʣʴʪʘʪ: ʯʠʤ ʙʽʣʴʰʘ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʨʦʟʧʣʘʚʫ, ʪʠʤ 

ʧʦʚʽʣʴʥʽʰʝ ʢʫʣʴʢʘ ʦʭʦʣʦʜʞʫʚʘʪʠʤʝʪʴʩʷ ʥʘ ʚʠʭʦʜʽ ʟ ʝʢʩʪʨʫʟʽʡʥʦʛʦ ʩʦʧʣʘ. 

 

ʈʠʩʫʥʦʢ 2.2 ï ʈʦʟʰʠʨʝʥʥʷ ʥʘ ʩʦʧʣʽ ʚ ʧʨʦʮʝʩʽ ʝʢʩʪʨʫʟʽʾ 
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2.6 ʆʩʘʜʞʝʥʥʷ ʪʘ ʩʪʘʙʽʣʽʟʘʮʽʷ ʢʨʘʧʣʽ  

ʇʨʦʪʽʢʘʥʥʷ ʨʦʟʧʣʘʚʫ ʢʨʽʟʴ ʩʦʧʣʦ (ʜʽʣʷʥʢʘ III ʥʘ ʨʠʩ. 2.1), ʤʦʜʝʣʶʻʪʴʩʷ ʷʢ 

ʧʨʦʩʪʠʡ ʧʦʪʽʢ ʍʘʛʝʥ-ʇʫʘʟʝʡʣʷ, ʦʙ'ʻʤʥʠʡ ʧʦʪʽʢ Q,  [50]: 

 

ὗ
“
Ὀ
ς
Ўὖ

ψʂὒ
Ȣ                                         ςȢςσ 

 

ʇʣʦʱʘ ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʨʽʟʫ (A) ʩʪʨʝʥʛʠ ʙʫʜʝ ʦʙʝʨʥʝʥʦ ʧʨʦʧʦʨʮʽʡʥʦ 

ʰʚʠʜʢʦʩʪʽ ʩʦʧʣʘ (‡ ): 

 

ὃ
ὗ

‡
 Ȣ                                          (2.24) 

 

ʗʢʱʦ ʰʚʠʜʢʽʩʪʴ ʩʦʧʣʘ ʻ ʜʦʩʪʘʪʥʴʦ ʚʝʣʠʢʦʶ, ʚʠʪʽʢʘʥʥʷ ʩʪʘʻ ʥʝʩʪʘʙʽʣʴʥʠʤ ʽ 

ʧʝʨʝʨʠʚʯʘʩʪʠʤ. ʆʩʢʽʣʴʢʠ ʤʘʢʩʠʤʘʣʴʥʘ ʰʚʠʜʢʽʩʪʴ, ʜʣʷ ʷʢʦʾ ʢʨʘʧʣʷ ʟʘʣʠʰʘʻʪʴʩʷ 

ʩʪʘʙʽʣʴʥʦʶ ʪʘ ʙʝʟʧʝʨʝʨʚʥʦʶ, ʥʘʙʣʠʞʝʥʥʷ ʦʧʠʩʫʻʪʴʩʷ ʷʢ ʧʦʜʽʙʥʝ ʜʦ 

ʚʽʩʝʩʠʤʝʪʨʠʯʥʦʛʦ ʨʽʜʢʦʛʦ ʧʦʪʦʢʫ, ʱʦ ʜʦʟʚʦʣʷʻ ʦʮʽʥʠʪʠ ʤʘʢʩʠʤʘʣʴʥʫ ʰʚʠʜʢʽʩʪʴ 

ʩʦʧʣʘ [50-52]: 

 

‡
ὗʌ

Ὤ
ȟ (2.25) 

 

ʘ ʪʘʢʦʞ ʤʽʥʽʤʘʣʴʥʘ ʧʣʦʱʘ ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʨʽʟʫ [50-52]: 

 

ὃ
Ὤ

ʌ
ȟ (2.26) 

 

ʜʝ h - ʚʠʩʦʪʘ ʦʪʚʦʨʫ ʩʦʧʣʘ, ʤ; lkz - ʚʠʩʦʪʘ ʩʦʧʣʘ ʥʘʜ ʧʦʚʝʨʭʥʝʶ ʜʨʫʢʫ, ʤ. 
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2.7 ʆʭʦʣʦʜʞʝʥʥʷ ʰʘʨʫ ʪʘ ʟʚ'ʷʟʫʚʘʥʥʷ ʧʦʣʽʤʝʨʽʚ 

ʄʽʮʥʽʩʪʴ ʝʢʩʪʨʫʜʦʚʘʥʦʾ ʯʘʩʪʠʥʠ ʨʦʟʧʣʘʚʫ ʙʫʜʝ ʩʫʪʪʻʚʦ ʦʙʤʝʞʝʥʘ ʩʠʣʦʶ 

ʟʚ'ʷʟʢʫ ʤʽʞ ʩʫʩʽʜʥʽʤʠ ʢʨʘʧʣʷʤʠ ʤʘʪʝʨʽʘʣ. ʎʷ ʩʠʣʘ ʟʚ'ʷʟʢʽʚ ʙʫʜʝ ʬʫʥʢʮʽʻʶ ʝʥʝʨʛʽʾ 

ʘʜʛʝʟʽʾ/ʢʦʛʝʟʽʾ, ʷʢʘ ʯʘʩʪʢʦʚʦ ʟʘʣʝʞʠʪʴ ʚʽʜ ʦʙʣʘʩʪʽ ʢʦʥʪʘʢʪʫ ʤʽʞ ʥʠʪʢʘʤʠ ʧʦʣʽʤʝʨʫ. 

ʅʝʦʙʭʽʜʥʦʶ ʫʤʦʚʦʶ ʧʨʦʮʝʩʫ ʩʧʽʢʘʥʥʷ ʻ ʪʝ, ʱʦ ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʣʽʤʝʨʫ 

ʧʝʨʝʚʠʱʫʻ ʪʝʤʧʝʨʘʪʫʨʫ ʢʨʠʩʪʘʣʽʟʘʮʽʾ, Tg. ʇʨʠ ʚʠʭʦʜʽ ʟ ʩʦʧʣʘ ʨʦʟʧʣʘʚ ʟʥʘʯʥʦ 

ʧʝʨʝʚʠʱʫʻ ʮʶ ʪʝʤʧʝʨʘʪʫʨʫ; ʦʜʥʘʢ ʩʝʨʝʜʦʚʠʱʝ ʜʨʫʢʫ ʟʥʘʯʥʦ ʥʠʞʯʝ Tg. ʊʝʧʣʦ ʚʽʜ 

ʤʘʪʝʨʽʘʣʫ, ʱʦ ʚʠʭʦʜʠʪʴ ʟ ʩʦʧʣʘ, ʟʙʽʣʴʰʫʻ ʪʝʤʧʝʨʘʪʫʨʫ ʰʘʨʫ, ʷʢʠʡ ʥʘʥʦʩʠʪʴʩʷ ʥʘ 

ʧʦʚʝʨʭʥʶ Tg, ʱʦʙ ʟʘʙʝʟʧʝʯʠʪʠ ʟʚ'ʷʟʫʚʘʥʥʷ. ʆʪʞʝ, ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʪʘ 

ʪʝʧʣʦʻʤʥʽʩʪʴ ʤʘʪʝʨʽʘʣʽʚ ʚʽʜʽʛʨʘʶʪʴ ʢʣʶʯʦʚʫ ʨʦʣʴ ʫ ʚʠʟʥʘʯʝʥʥʽ ʞʠʪʪʻʟʜʘʪʥʠʭ 

ʫʤʦʚ ʝʢʩʧʣʫʘʪʘʮʽʾ ʧʨʦʮʝʩʫ. ʊʝʧʣʦ ʚʪʨʘʯʘʻʪʴʩʷ ʟ ʥʘʥʝʩʝʥʦʛʦ ʰʘʨʫ ʯʝʨʝʟ 

ʧʨʦʚʽʜʥʽʩʪʴ ʜʦ ʤʘʪʝʨʽʘʣʫ ʥʠʞʯʝ ʽ ʢʦʥʚʝʢʮʽʾ ʜʦ ʥʘʚʢʦʣʠʰʥʴʦʛʦ ʧʦʚʽʪʨʷ ʚ 

ʩʝʨʝʜʦʚʠʱʽ ʜʨʫʢʫ (ʨʠʩ. 2.3). 

ʂʽʣʴʢʘ ʤʦʜʝʣʝʡ ʨʦʟʨʦʙʣʝʥʦ ʜʣʷ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʪʝʨʤʽʯʥʦʾ ʽʩʪʦʨʽʾ 

ʥʘʥʝʩʝʥʦʛʦ ʰʘʨʫ. ʊʦʤʘʩ ʽ ʈʦʜʨʽʛʝʩ ʧʨʝʜʩʪʘʚʠʣʠ ʩʧʨʦʱʝʥʫ 2D ʪʝʨʤʽʯʥʫ ʤʦʜʝʣʴ, 

ʷʢʘ ʨʦʟʛʣʷʜʘʣʘ ʥʘʥʝʩʝʥʽ ʥʠʪʢʠ ʧʦʣʽʤʝʨʫ ʷʢ ʧʨʷʤʦʢʫʪʥʫ ʬʦʨʤʫ [53]. ʈʝʟʫʣʴʪʫʶʯʝ 

ʨʽʚʥʷʥʥʷ ʜʣʷ ʪʝʤʧʝʨʘʪʫʨʠ ʨʦʟʽʛʨʽʚʫ, ʫʩʝʨʝʜʥʝʥʝ ʧʦ ʰʠʨʠʥʽ ʥʠʪʢʠ, ʜʣʷ ʚʠʩʦʪʠ H 

ʪʘ ʰʠʨʠʥʠ W ʩʪʘʥʦʚʠʪʴ: 

Ὕ ὼȟώȟὸ Ὕ ρ ὥ ÓÉÎ‗ώÃÏÓ‍ὼ  

̖̆̑
Ὧ

ὅ
‗ ‍ ὸ  ȟ 

(2.27) 

 

ʜʝ 

ὥ
τὝᶻ

ὉὊ‗ɼ
ÓÉÎ
ω‗Ὄ

ς
ÓÉÎ
‗Ὄ

ς
ÓÉÎ
ɼὡ

ς
 ȟ (2.28) 

Ὁ
ρ

ς
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ÓÉÎρπ‗Ὄ

ς‗
ȟ   (2.29) 
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Ὂ
ρ

ς
‫
ÓÉÎ‗ɼὡ

ɼ
 ȟ  (2.30) 

ʜʝ t, C, k ʪʘ ʍ  ï ʯʘʩ, ʪʝʧʣʦʻʤʥʽʩʪʴ, ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʪʘ ʛʫʩʪʠʥʘ ʚʽʜʧʦʚʽʜʥʦ, 

ʘ ʚʣʘʩʥʠʤʠ ʟʥʘʯʝʥʥʷʤʠ ʻ ʢʦʨʽʥʴ ʨʽʚʥʷʥʴ [53]: 

‗ ÃÏÔυ‗Ὄ
Ὤ

Ὧ
ȟ 

 

(2.31) 

ʪʘ 

ɼÔÁÎ
ɼὡ

ς

Ὤ

Ὧ
ȟ 

                                           (2.32) 

ʍὅὃ‡
‬Ὕ

‬ὼ
ὃ
‬Ὧ
‬Ὕ
‬ὼ
‬ὼ

ὬὖὝ Ὕ ȟ 

                      (2.33) 

 

 

ʈʠʩʫʥʦʢ 2.3 - ɺʟʘʻʤʦʜʽʷ ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ ʟ ʝʢʩʪʨʫʜʦʚʘʥʠʤ ʰʘʨʦʤ 

ʎʝ ʩʧʨʦʩʪʠʣʦ ʢʝʨʫʶʯʽ ʨʽʚʥʷʥʥʷ ʜʣʷ ʦʜʥʦʚʠʤʽʨʥʦʛʦ ʧʝʨʝʭʽʜʥʦʛʦ ʨʽʚʥʷʥʥʷ 

ʪʝʧʣʦʧʝʨʝʜʘʯʽ ʘʥʘʣʽʪʠʯʥʠʤ ʨʽʰʝʥʥʷʤ ʷʢʦʛʦ ʻ: 
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Ὕ Ὕ Ὕ Ὕ ̖̆̑
ρ ρ τ‌–‡ὸ

ς‌
ȟ (2.34) 

‌
Ὧ

ʍὅ
ȟ̓  ́ɼ

Ὤὖ

ʍὅὃ‡
  (2.35) 

ʎʝʡ ʧʽʜʭʽʜ ʤʘʻ ʧʝʨʝʚʘʛʫ ʧʨʦʩʪʦʪʠ, ʘʣʝ ʥʝ ʜʦʟʚʦʣʷʻ ʧʝʨʝʜʙʘʯʠʪʠ ʙʫʜʴ-ʷʢʫ 

ʣʦʢʘʣʴʥʫ ʥʝʦʜʥʦʨʽʜʥʽʩʪʴ ʪʝʤʧʝʨʘʪʫʨʠ ʚʩʝʨʝʜʠʥʽ ʥʠʪʢʠ ʤʘʪʝʨʽʘʣʫ. 

2.8 ʄʦʜʝʣʶʚʘʥʥʷ ʦʭʦʣʦʜʞʝʥʥʷ ʪʘ ʜʝʬʦʨʤʫʚʘʥʥʷ ʰʘʨʫ ʧʦʣʽʤʝʨʫ 

ʄʽʮʥʽʩʪʴ ʚʠʨʦʙʫ ʚʟʜʦʚʞ ʰʘʨʽʚ ʙʫʜʝ ʚʠʱʦʶ, ʘʥʽʞ ʫ ʧʦʧʝʨʝʯʥʦʤʫ ʥʘʧʨʷʤʢʫ. 

ʎʝ ʧʦʚôʷʟʘʥʦ ʟ ʤʽʮʥʽʩʪʶ ʢʦʥʪʘʢʪʫ ʰʘʨʽʚ, ʷʢʘ ʤʝʥʰʘ ʤʽʮʥʦʩʪʽ ʩʫʮʽʣʴʥʦʛʦ 

ʧʦʣʽʤʝʨʫ, ʪʘ ʟ ʬʦʨʤʦʶ ʩʘʤʠʭ ʰʘʨʽʚ, ʷʢʽ ʥʝ ʧʦʚʥʽʩʪʶ ʟʘʧʦʚʥʶʶʪʴ ʧʝʨʝʨʽʟ.  

ɼʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʜʝʬʦʨʤʫʚʘʥʥʷ ʰʘʨʫ ʧʦʣʽʤʝʨʫ ʧʽʜ ʜʽʻʶ ʚʣʘʩʥʦʾ ʚʘʛʠ ʟ 

ʦʜʥʦʯʘʩʥʠʤ ʦʭʦʣʦʜʞʝʥʥʷʤ ʧʽʩʣʷ ʥʘʥʝʩʝʥʥʷ ʥʘ ʧʦʧʝʨʝʜʥʽʡ ʰʘʨ ʨʦʟʚôʷʟʫʚʘʣʘʩʴ 

ʟʚôʷʟʘʥʘ ʪʝʨʤʦʤʝʭʘʥʽʯʥʘ ʟʘʜʘʯʘ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʩʪʝʧʝʥʝʚʦʾ ʟʘʣʝʞʥʦʩʪʽ ʚôʷʟʢʦʩʪʽ 

ʧʦʣʽʤʝʨʫ ʚʽʜ ʰʚʠʜʢʦʩʪʽ ʜʝʬʦʨʤʘʮʽʾ ʪʘ ʟʘʢʦʥʦʤ ɸʨʨʝʥʽʫʩʘ ʟʘʣʝʞʥʦʩʪʽ ʚôʷʟʢʦʩʪʽ 

ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ.  

ʇʦʯʘʪʢʦʚʠʤʠ ʫʤʦʚʘʤʠ ʙʫʣʘ ʪʝʤʧʝʨʘʪʫʨʘ ʪʘ ʬʦʨʤʘ ʰʘʨʫ ʧʦʣʽʤʝʨʫ, ʘ 

ʛʨʘʥʠʯʥʠʤʠ ï ʪʝʧʣʦʚʽ ʛʨʘʥʠʯʥʽ ʫʤʦʚʠ ɯɯ-ʛʦ ʨʦʜʫ ʂʦʥʚʝʢʪʠʚʥʘ ʪʝʧʣʦʚʽʜʜʘʯʘ 

ʨʦʟʨʘʭʦʚʫʚʘʣʘʩʴ ʽʟ ʫʤʦʚʠ ʽʥʪʝʥʩʠʚʥʦʛʦ ʦʙʜʫʚʫ ʟ ʜʚʦʭ ʙʦʢʽʚ. ʗʢ ʧʝʨʝʨʦʙʣʶʚʘʥʠʡ 

ʤʘʪʝʨʽʘʣ ʧʝʨʝʜʙʘʯʘʚʩʷ ʧʦʣʽʣʘʢʪʠʜ (PLA). ʄʦʜʝʣʶʚʘʥʥʷ ʟʜʽʡʩʥʶʚʘʣʦʩʴ ʫ 

ʩʝʨʝʜʦʚʠʱʽ Ansys Poliflow. ɼʽʘʤʝʪʨ ʩʦʧʣʘ ʧʨʠʡʤʘʚʩʷ 1 ʤʤ, ʘ ʪʦʚʱʠʥʘ ʰʘʨʫ 

0,2 ʤʤ.  

ʈʦʟʧʦʜʽʣ ʪʝʤʧʝʨʘʪʫʨ ʚ ʽʟʦʣʽʥʽʷʭ ʪʘ ʬʦʨʤʘ ʰʘʨʫ ʧʽʩʣʷ 1 ʩ ʽʥʪʝʥʩʠʚʥʦʛʦ 

ʦʙʜʫʚʫ ʟ ʢʦʝʬʽʮʽʻʥʪʦʤ ʪʝʧʣʦʚʽʜʜʘʯʽ Ŭ = 250 ɺʪ/(ʤĀʂ) ʪʘ ʧʽʩʣʷ 7 ʩ ʙʝʟ ʦʙʜʫʚʫ ʟ 

Ŭ = 25 ɺʪ/(ʤĀʂ) ʧʦʢʘʟʘʥʦ ʥʘ ʈʠʩ. 2.4. 
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ʘ ï ʧʽʩʣʷ ʯʘʩʫ 1 ʩ ʟ ʢʦʝʬʽʮʽʻʥʪʦʤ ʪʝʧʣʦʚʽʜʜʘʯʽ Ŭ = 250 ɺʪ/(ʤĀʂ);  

ʙ ï ʧʽʩʣʷ ʯʘʩʫ 7 ʩ ʟ ʢʦʝʬʽʮʽʻʥʪʦʤ ʪʝʧʣʦʚʽʜʜʘʯʽ Ŭ = 25 ɺʪ/(ʤĀʂ) 

ʈʠʩʫʥʦʢ 2.4 ï ʈʦʟʧʦʜʽʣ ʪʝʤʧʝʨʘʪʫʨ ʪʘ ʬʦʨʤʘ ʰʘʨʫ ʟʘ ʨʽʟʥʠʭ ʫʤʦʚ 

ʦʭʦʣʦʜʞʝʥʥʷ 

 

ɿ ʨʠʩ. 2.4 ʚʠʪʽʢʘʻ, ʱʦ ʟʘ ʫʤʦʚ ʽʥʪʝʥʩʠʚʥʦʛʦ ʦʙʜʫʚʫ ʧʦʣʽʤʝʨ ʤʝʥʰ ʥʽʞ ʟʘ 1 ʩ 

ʚʩʪʠʛʘʻ ʦʭʦʣʦʜʠʪʠʩʴ ʜʦ ʪʝʤʧʝʨʘʪʫʨ, ʥʠʞʯʠʭ ʟʘ ʪʝʤʧʝʨʘʪʫʨʫ ʪʝʢʫʯʦʩʪʽ ʙʝʟ 

ʧʦʤʽʪʥʠʭ ʜʝʬʦʨʤʘʮʽʡ. ɺʦʜʥʦʯʘʩ ʚ ʜʨʫʛʦʤʫ ʚʠʧʘʜʢʫ ʰʘʨ ʚʩʪʠʛ ʚʪʨʘʪʠʪʠ ʬʦʨʤʫ 

ʜʦ ʦʭʦʣʦʜʞʝʥʥʷ. ʎʝ ʦʟʥʘʯʘʪʠʤʝ ʧʦʛʽʨʰʝʥʥʷ ʨʦʟʤʽʨʥʦʾ ʪʦʯʥʦʩʪʽ ʪʘ ʤʘʡʙʫʪʥʶ 

ʪʝʤʧʝʨʘʪʫʨʥʫ ʜʝʬʦʨʤʘʮʽʶ ʚʠʨʦʙʫ. 
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ʈʦʟʧʦʜʽʣ ʪʝʤʧʝʨʘʪʫʨ ʥʘ ʚʝʨʭʥʽʭ ʧʦʚʝʨʭʥʷʭ ʰʘʨʫ ʚ ʧʝʨʰʦʤʫ ʟ ʨʦʟʛʣʷʥʫʪʠʭ 

ʚʠʧʘʜʢʽʚ ʟʘ ʨʽʟʥʦʾ ʪʦʚʱʠʥʠ ʰʘʨʫ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 2.5. 

 

 ͊

 

ʙ 

ʘ ï ʪʦʚʱʠʥʘ 0,2 ʤʤ;  ʙ ï ʪʦʚʱʠʥʘ 0,4 ʤʤ 

ʈʠʩʫʥʦʢ 2.5 ï ʈʦʟʧʦʜʽʣ ʪʝʤʧʝʨʘʪʫʨ ʥʘ ʚʝʨʭʥʽʭ ʧʦʚʝʨʭʥʷʭ ʟʘ ʫʤʦʚ 

ʽʥʪʝʥʩʠʚʥʦʛʦ ʦʙʜʫʚʫ ʟʘ ʨʽʟʥʦʾ ʪʦʚʱʠʥʠ ʰʘʨʫ 

 

ʈʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ ʧʦʢʘʟʫʶʪʴ, ʱʦ ʪʝʤʧʝʨʘʪʫʨʘ ʥʘ ʚʝʨʭʥʽʡ ʧʦʚʝʨʭʥʽ 

ʧʝʨʝʜ ʥʘʥʝʩʝʥʥʷʤ ʥʘʩʪʫʧʥʦʛʦ ʰʘʨʫ ʟʘ ʪʦʚʱʠʥʠ 0,2 ʤʤ ʧʝʨʝʙʫʚʘʻ ʚ ʤʝʞʘʭ ʚʽʜ 70 

ʜʦ 90 Áʉ, ʘ ʟʘ ʪʦʚʱʠʥʠ 0,4 ʤʤ ï ʚʽʜ 76 ʜʦ 92Áʉ. ɼʣʷ ʥʝʜʦʧʫʱʝʥʥʷ ʢʦʨʦʙʣʝʥʥʷ ʪʘ 

ʨʦʟʰʘʨʫʚʘʥʥʷ ʚʠʨʦʙʽʚ ʮʷ ʪʝʤʧʝʨʘʪʫʨʘ ʥʝ ʤʘʻ ʚʠʭʦʜʠʪʠ ʟʘ ʤʝʞʽ 70Áʉ, ʱʦ ʩʚʽʜʯʠʪʴ 
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ʧʨʦ ʪʝ, ʱʦ ʧʨʦʤʽʞʦʢ ʯʘʩʫ ʜʦ ʥʘʥʝʩʝʥʥʷ ʥʘʩʪʫʧʥʦʛʦ ʰʘʨʫ ʧʦʚʠʥʝʥ ʙʫʪʠ ʙʽʣʴʰʠʤ 

2-3 ʩ. ʎʝ ʥʘʢʣʘʜʘʻ ʦʙʤʝʞʝʥʥʷ ʥʘ ʜʦʧʫʩʪʠʤʫ ʰʚʠʜʢʽʩʪʴ ʨʦʙʦʪʠ 3D-ʧʨʠʥʪʝʨʘ. 

ʅʘ ʨʠʩ. 2.6 ʧʦʢʘʟʘʥʦ ʨʦʟʧʦʜʽʣ ʬʦʨʤʠ ʪʘ ʪʝʤʧʝʨʘʪʫʨ ʰʘʨʫ ʪʦʚʱʠʥʦʶ 0,2ʤʤ 

ʟʘ ʨʽʟʥʠʭ ʫʤʦʚ. ʇʦʯʘʪʢʦʚʘ ʪʝʤʧʝʨʘʪʫʨʘ ʩʢʣʘʜʘʣʘ 220 Áʉ. 

 

ʘ 

 

ʙ 

ʘ ï ʟʘ ʯʘʩ 2 ʩ ʟ ʢʦʝʬʽʮʽʻʥʪʦʤ ʪʝʧʣʦʚʽʜʜʘʯʽ Ŭ = 20 ɺʪ/(ʤĀʂ); 

ʙ ï ʟʘ ʯʘʩ 1,5 ʩ ʟ ʢʦʝʬʽʮʽʻʥʪʦʤ ʪʝʧʣʦʚʽʜʜʘʯʽ Ŭ = 100 ɺʪ/(ʤĀʂ) 

ʈʠʩʫʥʦʢ 2.6 ï ʈʦʟʧʦʜʽʣ ʪʝʤʧʝʨʘʪʫʨ ʪʘ ʬʦʨʤʘ ʰʘʨʫ 

 

ɼʽʘʧʘʟʦʥ ʪʝʤʧʝʨʘʪʫʨ ʧʦʚʝʨʭʥʽ ʚ ʚʠʧʘʜʢʫ ʘ ʩʢʣʘʜʘʻ 387ï390 ʂ, ʘ ʫ ʚʠʧʘʜʢʫ 

ʙ ï 350ï354 ʂ. 

ʊʘʢʦʞ ʙʫʣʠ ʧʨʦʚʝʜʝʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʚʧʣʠʚʫ ʧʦʯʘʪʢʦʚʦʾ ʪʝʤʧʝʨʘʪʫʨʠ ʥʘ 

ʨʦʟʧʦʜʽʣ ʪʝʤʧʝʨʘʪʫʨʠ ʪʘ ʬʦʨʤʠ ʰʘʨʫ ʧʦʣʽʤʝʨʫ ʧʽʩʣʷ ʧʝʚʥʦʛʦ ʯʘʩʫ ʦʭʦʣʦʜʞʝʥʥʷ. 
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ɼʦʩʣʽʜʠ ʧʨʦʚʝʜʝʥʦ ʜʣʷ ʰʘʨʫ ʪʦʚʱʠʥʦʶ 0,3 ʤʤ ʧʽʩʣʷ ʯʘʩʫ 7 ʩ ʟ ʢʦʝʬʽʮʽʻʥʪʦʤ 

ʪʝʧʣʦʚʽʜʜʘʯʽ Ŭ = 25 ɺʪ/(ʤĀʂ) (ʙʝʟ ʦʙʜʫʚʫ). ʈʝʟʫʣʴʪʘʪʠ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 2.7. 

 
ʘ 

 
ʙ 

 
ʚ 

ʘ ï200 Áʉ; ʙ ï210 Áʉ; ʚ ï 220 Áʉ 

ʈʠʩʫʥʦʢ 2.7 ï ʈʦʟʧʦʜʽʣ ʪʝʤʧʝʨʘʪʫʨ ʪʘ ʬʦʨʤʘ ʰʘʨʫ ʙʝʟ ʦʙʜʫʚʫ ʟʘ ʨʽʟʥʦʾ 

ʧʦʯʘʪʢʦʚʦʾ ʪʝʤʧʝʨʘʪʫʨʠ 
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ʈʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ ʧʦʢʘʟʫʶʪʴ, ʱʦ ʟʘ ʪʝʤʧʝʨʘʪʫʨʠ, ʙʽʣʴʰʦʾ ʟʘ 200 Áʉ, 

ʰʘʨ ʚʪʨʘʯʘʻ ʬʦʨʤʫ ʧʽʜ ʜʽʻʶ ʚʣʘʩʥʦʾ ʚʘʛʠ. 

ʈʝʟʫʣʴʪʘʪʠ ʘʥʘʣʦʛʽʯʥʠʭ ʜʦʩʣʽʜʽʚ ʟʘ ʫʤʦʚ ʯʘʩʫ 0,5 ʩ ʟ ʢʦʝʬʽʮʽʻʥʪʦʤ 

ʪʝʧʣʦʚʽʜʜʘʯʽ Ŭ = 250 ɺʪ/(ʤĀʂ) (ʽʥʪʝʥʩʠʚʥʠʡ ʦʙʜʫʚ) ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 2.8. 

 
ʘ 

 
ʙ 

 
ʚ 

ʘ ï200 Áʉ; ʙ ï210 Áʉ; ʚ ï 220 Áʉ 

ʈʠʩʫʥʦʢ 2.8 ï ʈʦʟʧʦʜʽʣ ʪʝʤʧʝʨʘʪʫʨ ʪʘ ʬʦʨʤʘ ʰʘʨʫ ʟ ʽʥʪʝʥʩʠʚʥʠʤ ʦʙʜʫʚʦʤ ʟʘ 

ʨʽʟʥʦʾ ʧʦʯʘʪʢʦʚʦʾ ʪʝʤʧʝʨʘʪʫʨʠ 
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ɺʦʜʥʦʯʘʩ, ʰʘʨ ʪʦʚʱʠʥʦʶ 0,4 ʤʤ ʟʘ ʘʥʘʣʦʛʽʯʥʠʭ ʫʤʦʚ ʪʝʧʣʦʚʽʜʜʘʯʽ 

Ŭ = 250 ɺʪ/(ʤĀʂ) ʜʝʬʦʨʤʫʻʪʴʩʷ ʩʠʣʴʥʽʰʝ, ʘ ʪʝʤʧʝʨʘʪʫʨʠ ʥʘ ʧʦʚʝʨʭʥʽ ʟʙʝʨʽʛʘʶʪʴʩʷ 

ʙʽʣʴʰʠʤʠ (ʈʠʩ. 2.9). ʇʦʯʘʪʢʦʚʘ ʪʝʤʧʝʨʘʪʫʨʘ ʩʢʣʘʜʘʣʘ 220Áʉ, ʯʘʩ                     

ʦʭʦʣʦʜʞʝʥʥʷ 1 ʩ. 

 

 ͊

 

 ͋

ʘ ï ʚ ʩʧʝʢʪʨʘʣʴʥʦʤʫ ʚʠʛʣʷʜʽ ʧʦ ʧʝʨʝʨʽʟʫ; ʙ ï ʫ ʚʠʛʣʷʜʽ ʛʨʘʬʽʢʘ ʥʘ ʧʦʚʝʨʭʥʽ 

ʈʠʩʫʥʦʢ 2.9 ï ʈʦʟʧʦʜʽʣ ʪʝʤʧʝʨʘʪʫʨ ʪʘ ʬʦʨʤʘ ʰʘʨʫ ʟ ʽʥʪʝʥʩʠʚʥʠʤ ʦʙʜʫʚʦʤ 

ʟʘ ʪʦʚʱʠʥʠ ʰʘʨʫ 0,4 ʤʤ 
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ɯʟ ʛʨʘʬʽʢʘ ʥʘ ʨʠʩ. 2.9,ʙ ʚʠʜʥʦ, ʱʦ ʜʽʘʧʘʟʦʥ ʪʝʤʧʝʨʘʪʫʨ ʥʘ ʚʝʨʭʥʽʡ ʧʦʚʝʨʭʥʽ 

ʰʘʨʫ ʧʽʩʣʷ ʦʭʦʣʦʜʞʝʥʥʷ ʩʢʣʘʜʘʻ 351ï365ʂ. 

ɸʥʘʣʦʛʽʯʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʙʫʣʠ ʧʨʦʚʝʜʝʥʽ ʪʘʢʦʞ ʽʟ ʰʘʨʦʤ ʪʦʚʱʠʥʦʶ 0,2 ʤʤ 

ʟʘ ʯʘʩ 1 ʩ ʟ ʢʦʝʬʽʮʽʻʥʪʦʤ ʪʝʧʣʦʚʽʜʜʘʯʽ Ŭ = 250 ɺʪ/(ʤĀʂ). ʈʝʟʫʣʴʪʘʪ ʤʦʜʝʣʶʚʘʥʥʷ 

ʧʦʢʘʟʘʚ ʤʘʡʞʝ ʮʽʣʢʦʚʠʪʫ ʚʽʜʩʫʪʥʽʩʪʴ ʜʝʬʦʨʤʘʮʽʾ (ʨʠʩ. 2.11). 

 

ʈʠʩʫʥʦʢ 2.11 ï  ʈʦʟʧʦʜʽʣ ʪʝʤʧʝʨʘʪʫʨ ʪʘ ʬʦʨʤʘ ʰʘʨʫ ʟ ʫʨʘʭʫʚʘʥʥʷʤ 

ʢʨʠʚʠʟʥʠ ʥʠʞʥʴʦʛʦ ʰʘʨʫ ʪʦʚʱʠʥʦʶ 0,2 ʤʤ 

 

ʐʘʨ ʪʦʚʱʠʥʦʶ 0,4 ʤʤ ʜʝʬʦʨʤʫʻʪʴʩʷ ʥʘʜʪʦ ʩʠʣʴʥʦ, ʦʩʢʽʣʴʢʠ ʧʦʣʽʤʝʨ 

ʚʩʝʨʝʜʠʥʽ ʟʘʜʦʚʛʦ ʟʙʝʨʽʛʘʻʪʴʩʷ ʟ ʪʝʤʧʝʨʘʪʫʨʦʶ ʪʝʢʫʯʦʛʦ ʨʦʟʧʣʘʚʫ. ɺʦʜʥʦʯʘʩ ʰʘʨ 

ʪʦʚʱʠʥʦʶ 0,2 ʤʤ ʤʘʡʞʝ ʥʝ ʜʝʬʦʨʤʫʻʪʴʩʷ, ʧʨʦʪʝ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʜʨʫʢʫ ʧʨʠ ʥʴʦʤʫ 

ʟʘʤʘʣʘ. ʊʦʤʫ ʙʽʣʴʰ ʨʘʮʽʦʥʘʣʴʥʦʶ ʪʦʚʱʠʥʦʶ ʰʘʨʫ ʟ ʦʛʣʷʜʫ ʥʘ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ 

ʪʦʯʥʽʩʪ-ɹʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʻ 0,3 ʤʤ. ʅʘ ʨʠʩ. 2.12 ʧʦʢʘʟʘʥʦ ʨʦʟʧʦʜʽʣ ʬʦʨʤʠ ʪʘ 

ʪʝʤʧʝʨʘʪʫʨ ʰʘʨʫ ʯʘʩ 1 ʩ ʟ ʢʦʝʬʽʮʽʻʥʪʦʤ ʪʝʧʣʦʚʽʜʜʘʯʽ Ŭ = 250 ɺʪ/(ʤĀʂ). 
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ʘ 

 

ʙ 

ʘ ï ʚ ʩʧʝʢʪʨʘʣʴʥʦʤʫ ʚʠʛʣʷʜʽ ʧʦ ʧʝʨʝʨʽʟʫ; ʙ ï ʫ ʚʠʛʣʷʜʽ ʛʨʘʬʽʢʘ ʥʘ ʧʦʚʝʨʭʥʽ 

ʈʠʩʫʥʦʢ 2.12 ï  ʈʦʟʧʦʜʽʣ ʪʝʤʧʝʨʘʪʫʨ ʪʘ ʬʦʨʤʘ ʰʘʨʫ ʟ ʫʨʘʭʫʚʘʥʥʷʤ 

ʢʨʠʚʠʟʥʠ ʥʠʞʥʴʦʛʦ ʰʘʨʫ ʪʦʚʱʠʥʦʶ 0,3 ʤʤ 
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ʘ 

 

ʙ 

 

ʚ 

ʘ ï ʯʘʩ 2 ʩ, Ŭ = 20 ɺʪ/(ʤĀʂ); ʙ ï ʯʘʩ 1,5 ʩ, Ŭ = 100 ɺʪ/(ʤĀʂ);  

ʚ ï ʯʘʩ 1 ʩ, Ŭ = 250 ɺʪ/(ʤĀʂ) 

ʈʠʩʫʥʦʢ 2.13 ï  ʈʦʟʧʦʜʽʣ ʪʝʤʧʝʨʘʪʫʨ ʪʘ ʬʦʨʤʘ ʰʘʨʫ ʟ ʫʨʘʭʫʚʘʥʥʷʤ 

ʢʨʠʚʠʟʥʠ ʥʠʞʥʴʦʛʦ ʰʘʨʫ ʪʦʚʱʠʥʦʶ 0,4 ʤʤ 
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ɿʘ ʜʘʥʠʭ ʫʤʦʚ ʤʘʡʞʝ ʤʘʢʩʠʤʘʣʴʥʦʾ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʦʭʦʣʦʜʞʝʥʥʷ ʜʝʬʦʨʤʘʮʽʷ 

ʤʘʡʞʝ ʚʽʜʩʫʪʥʷ.  

ɿʘ ʪʦʚʱʠʥʠ ʰʘʨʫ 0,4 ʤʤ ʜʝʬʦʨʤʘʮʽʷ ʙʫʜʝ ʩʫʪʪʻʚʽʰʦʶ, ʦʩʦʙʣʠʚʦ ʟʽ 

ʟʤʝʥʰʝʥʥʷʤ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʦʙʜʫʚʫ (ʨʠʩ. 2.13). 

ʈʠʩ. 2.13 ʽʣʶʩʪʨʫʻ, ʱʦ ʟʘ ʪʦʚʱʠʥʠ ʰʘʨʫ 0,4 ʤʤ ʜʝʬʦʨʤʘʮʽʾ ʰʘʨʫ ʟʘʧʦʙʽʛʪʠ 

ʥʘ ʚʜʘʩʪʴʩʷ ʤʘʡʞʝ ʟʘ ʙʫʜʴ-ʷʢʠʭ ʨʝʞʠʤʽʚ ʦʭʦʣʦʜʞʝʥʥʷ, ʘ ʮʝ ʥʝʛʘʪʠʚʥʦ ʚʧʣʠʚʘʻ ʥʘ 

ʪʦʯʥʽʩʪʴ ʚʠʨʦʙʫ ʽ ʢʦʝʬʽʮʽʻʥʪ ʟʘʧʦʚʥʝʥʥʷ ʡʦʛʦ ʦʙôʻʤʫ ʤʘʪʝʨʽʘʣʦʤ. 

ʄʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʽʚ ʧʨʦʩʪʦʨʦʚʦʛʦ ʜʨʫʢʫ ʜʦʟʚʦʣʷʻ ʚʩʪʘʥʦʚʠʪʠ ʜʦʮʽʣʴʥʽ 

ʧʘʨʘʤʝʪʨʠ ʨʦʙʦʪʠ 3D-ʧʨʠʥʪʝʨʽʚ ʪʘ ʟôʷʩʫʚʘʪʠ ʧʨʠʯʠʥʠ ʧʦʷʚʠ ʜʝʬʝʢʪʽʚ ʜʨʫʢʦʚʘʥʠʭ 

ʚʠʨʦʙʽʚ. 

2.9 ɿʘʩʪʦʩʫʚʘʥʥʷ ʽʪʝʨʘʮʽʡʥʦ-ʘʥʘʣʽʪʠʯʥʦʾ ʪʝʦʨʽʾ ʧʨʦʩʪʦʨʦʚʠʭ ʩʠʩʪʝʤ  

ʋ ʟʚ'ʷʟʢʫ ʟ ʪʠʤ, ʱʦ ʚʣʘʩʪʠʚʦʩʪʽ ʢʦʛʝʟʽʡʥʠʭ ʟʦʥ ʤʽʞ ʰʘʨʘʤʠ, ʥʘʥʝʩʝʥʠʤʠ            

3ɼ-ʧʨʠʥʪʝʨʦʤ, ʤʦʞʫʪʴ ʽʩʪʦʪʥʦ ʚʽʜʨʽʟʥʷʪʠʩʷ ʚʽʜ ʚʣʘʩʪʠʚʦʩʪʝʡ ʩʘʤʦʛʦ ʰʘʨʫ, ʚ 

ʜʘʥʽʡ ʨʦʙʦʪʽ ʜʣʷ ʦʧʠʩʫ ʥʝʣʽʥʽʡʥʦʛʦ ʜʝʬʦʨʤʫʚʘʥʥʷ ʙʘʛʘʪʦʰʘʨʦʚʠʭ ʟʨʘʟʢʽʚ, 

ʦʪʨʠʤʘʥʠʭ ʤʝʪʦʜʦʤ 3ɼïʜʨʫʢʫ, ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʧʦʣʦʞʝʥʥʷ ʽʪʝʨʘʮʽʡʥʦ-

ʘʥʘʣʽʪʠʯʥʦʾ ʪʝʦʨʽʾ (ɯɸʊ) ʧʨʦʩʪʦʨʦʚʠʭ ʩʠʩʪʝʤ [54, 55], ʩʫʪʴ ʷʢʦʾ ʧʦʣʷʛʘʶʪʴ ʚ 

ʥʘʩʪʫʧʥʦʤʫ. 

ʂʦʤʧʦʥʝʥʪʠ ʚʝʢʪʦʨʘ ʧʝʨʝʤʽʱʝʥʴ ʙʘʛʘʪʦʰʘʨʦʚʦʛʦ ʟʨʘʟʢʘ ʧʦʜʘʶʪʴʩʷ ʫ 

ʚʠʛʣʷʜʽ: 

ό  Ὂ ὼ ὺ ὼȟὼ ȟ                                ςȢσφ 

ʜʝ ὺ - ʢʦʤʧʦʥʝʥʪʠ ʫʟʘʛʘʣʴʥʝʥʦʛʦ ʚʝʢʪʦʨʘ ʧʝʨʝʤʽʱʝʥʴ ʧʦʚʝʨʭʥʽ ʧʨʠʚʝʜʝʥʥʷ     

ὼὼ ʢʦʥʩʪʨʫʢʮʽʾ; Ὂ - ʬʫʥʢʮʽʾ ʧʨʠʚʝʜʝʥʥʷ (Ὂ ρȠ Ὂ ὼ). 

ɼʣʷ ʪʦʛʦ, ʱʦʙ ʚʝʢʪʦʨ ◊ᴆ  ʦʧʠʩʫʚʘʚ ʜʽʡʩʥʠʡ ʜʝʬʦʨʤʦʚʘʥʠʡ ʩʪʘʥ ʦʙʦʣʦʥʢʠ, 

ʥʝʦʙʭʽʜʥʦ ʚʠʢʦʥʘʥʥʷ ʚʘʨʽʘʮʽʡʥʦʛʦ ʧʨʠʥʮʠʧʫ ɻʘʤʽʣʴʪʦʥʘ-ʆʩʪʨʦʛʨʘʜʩʴʢʦʛʦ, ʘ 

ʩʘʤʝ: 

‏ ὡ ὃ ‏  ὡ ὃ  πȢ                        ςȢσχ 
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ʊʫʪ ʧʦʟʥʘʯʝʥʥʷ ʪʠʧʫ ‏  ʠ ‏  ʦʟʥʘʯʘʻ, ʱʦ ʚʘʨʽʶʚʘʥʥʷ ʬʫʥʢʮʽʦʥʘʣʘ 

ʧʨʦʚʦʜʠʪʴʩʷ ʧʦ ὺ ʘʙʦ Ὂ, ʚʽʜʧʦʚʽʜʥʦ; W ï ʧʦʪʝʥʮʽʡʥʘ ʝʥʝʨʛʽʷ ʜʝʬʦʨʤʫʚʘʥʥʷ 

ʟʨʘʟʢʘ;    A ï ʨʦʙʦʪʘ ʟʦʚʥʽʰʥʽʭ ʩʠʣ, ʧʨʠʢʣʘʜʝʥʠʭ ʜʦ ʟʨʘʟʢʘ. 

ɺʨʘʭʦʚʫʶʯʠ (2.36) ʪʘ ʥʝʟʘʣʝʞʥʽʩʪʴ ʚʘʨʽʘʮʽʡ ‏ὺ ʪʘ ‏Ὂ, ʦʪʨʠʤʫʻʤʦ 

ʨʦʟʚ'ʷʟʫʶʯʫ ʩʠʩʪʝʤʫ ʨʽʚʥʷʥʴ: 

ừ
Ử
Ừ

Ử
ứ ὃ

 

ὺȠ
‬ὺ

‬ὼ
Ƞ
‬ὺ

‬ὼ‬ὼ
ȠὊȠ
ὨὊ

Ὠὼ
Ƞ
ὨὊ

Ὠὼ
Ƞὴ ‏ Ὠὠ πȟ

ὄ

 

ὺȠ
‬ὺ

‬ὼ
Ƞ
‬ὺ

‬ὼ‬ὼ
ȠὊȠ
ὨὊ

Ὠὼ
Ƞ
ὨὊ

Ὠὼ
Ƞὴ ɿ Ὠὠ π

       ςȢσψ 

ʽ ʚʽʜʧʦʚʽʜʥʽ ʛʨʘʥʠʯʥʽ ʫʤʦʚʠ: 

ừ
Ử
Ừ

Ử
ứ ὥ

 

ὺȠ
‬ὺ

‬ὼ
ȠὊȠ
ὨὊ

Ὠὼ
Ƞή ‏ Ὠʃ πȟ

ὦ

 

ὺȠ
‬ὺ

‬ὼ
ȠὊȠ
ὨὊ

Ὠὼ
Ƞή ‏ Ὠʃ πȟ

                         ςȢσω   

ʜʝ ɗ ï ʧʣʦʱʘ ʧʦʚʝʨʭʥʽ ʧʨʠʢʣʘʜʘʥʥʷ ʟʦʚʥʽʰʥʽʭ ʩʠʣ ʽ ʧʝʨʝʤʽʱʝʥʴ. 

ɺʽʜʤʽʪʥʘ ʦʩʦʙʣʠʚʽʩʪʴ ʚʠʨʘʟʫ (2.38) ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ, ʱʦ ʨʦʟʚôʷʟʦʢ 

ʨʦʟʚ'ʷʟʫʶʯʦʾ ʩʠʩʪʝʤʠ ʨʽʚʥʷʥʴ ʟʘʙʝʟʧʝʯʫʻ ʚʠʟʥʘʯʝʥʥʷ ʥʝ ʪʽʣʴʢʠ ʚʝʢʪʦʨʘ 

ʫʟʘʛʘʣʴʥʝʥʠʭ ʥʝʚʽʜʦʤʠʭ ὺ, ʘʣʝ ʪʘʢʦʞ ʽ ʚʠʟʥʘʯʝʥʥʷ ʬʽʟʠʯʥʦ ʦʙˇʨʫʥʪʦʚʘʥʠʭ 

ʬʫʥʢʮʽʡ Ὂ, ʥʝʟʘʣʝʞʥʦ ʚʽʜ ʬʽʟʠʯʥʠʭ ʧʨʦʮʝʩʽʚ, ʱʦ ʧʨʦʪʽʢʘʶʪʴ ʚ ʤʘʪʝʨʽʘʣʽ 

ʢʦʥʩʪʨʫʢʮʽʾ ʚ ʙʫʜʴ-ʷʢʠʡ ʤʦʤʝʥʪ ʯʘʩʫ, ʪʘʢʠʭ ʷʢ ʧʣʘʩʪʠʯʥʝ ʜʝʬʦʨʤʫʚʘʥʥʷ, 

ʨʦʟʰʘʨʫʚʘʥʥʷ ʘʙʦ ʥʘʢʦʧʠʯʝʥʥʷ ʜʝʬʝʢʪʽʚ ʽ ʨʫʡʥʫʚʘʥʥʷ ʰʘʨʽʚ. 

ʈʦʟʚôʷʟʦʢ ʩʠʩʪʝʤʠ ʨʽʚʥʷʥʴ (2.38) ʧʨʷʤʠʤʠ ʤʝʪʦʜʘʤʠ ʤʦʞʝ ʚʠʷʚʠʪʠʩʷ 

ʫʪʨʫʜʥʝʥʠʤ. ʋ ʪʦʡ ʞʝ ʯʘʩ ʚʠʢʦʨʠʩʪʘʥʥʷ ʽʪʝʨʘʮʽʡʥʠʭ ʤʝʪʦʜʽʚ, ʷʢʽ ʧʦʣʷʛʘʶʪʴ ʚ 

ʧʦʩʣʽʜʦʚʥʦʤʫ ʫʪʦʯʥʝʥʥʽ ʢʦʤʧʦʥʝʥʪ ὺ,, ʘʙʦ ʬʫʥʢʮʽʡ  Ὂ, ʚʠʭʦʜʷʯʠ ʟ ʫʤʦʚʠ 

ʤʽʥʽʤʽʟʘʮʽʾ ʚʝʢʪʦʨʘ ʪʨʠʚʠʤʽʨʥʦʛʦ ʦʧʝʨʘʪʦʨʘ ʪʝʦʨʽʾ ʧʨʫʞʥʦʩʪʽ, ʜʦʟʚʦʣʷʻ ʽʩʪʦʪʥʦ 

ʩʧʨʦʩʪʠʪʠ ʦʪʨʠʤʘʥʥʷ ʰʫʢʘʥʦʛʦ ʨʦʟʚôʷʟʢʫ. ʋ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʜʨʫʛʘ ʧʽʜʩʠʩʪʝʤʘ 

ʨʽʚʥʷʥʴ (2.38), ʷʢ ʚʠʜʥʦ, ʧʨʝʜʩʪʘʚʣʷʻʪʴʩʷ ʫ ʚʠʛʣʷʜʽ ʩʠʩʪʝʤʠ ʟʚʠʯʘʡʥʠʭ 

ʜʠʬʝʨʝʥʮʽʘʣʴʥʠʭ ʨʽʚʥʷʥʴ ʚʽʜʥʦʩʥʦ ʬʫʥʢʮʽʡ  Ὂ i ʚ ʩʝʥʩʽ ʤʝʪʦʜʫ ʂʨʠʣʦʚʘ-

ʂʘʥʪʦʨʦʚʠʯʘ, ʪʦʙʪʦ: 
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$ Ὂ Ƞ
ὨὊ

Ὠὼ
Ƞ
ὨὊ

Ὠὼ
Ƞὴ πȟ                    ςȢτπ 

ʟ ʚʽʜʧʦʚʽʜʥʠʤʠ ʛʨʘʥʠʯʥʠʤʠ ʫʤʦʚʘʤʠ: 

Ä Ὂ Ƞ
ὨὊ

Ὠὼ
Ƞὴ πȟ                                  ςȢτρ 

ʂʦʝʬʽʮʽʻʥʪʠ ʚ ʨʽʚʥʷʥʥʷʭ (2.40) ʽ (2.41) ʧʨʝʜʩʪʘʚʣʷʶʪʴ ʩʦʙʦʶ ʽʥʪʝʛʨʘʣʴʥʽ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʱʦ ʟʘʣʝʞʘʪʴ ʚʽʜ ʢʦʤʧʦʥʝʥʪ ʥʘʧʨʫʞʝʥʦ-ʜʝʬʦʨʤʦʚʘʥʦʛʦ ʩʪʘʥʫ, 

ʦʪʨʠʤʘʥʦʛʦ ʥʘ ʽʪʝʨʘʮʽʾ n-1, ʘ ʩʘʤʝ: 

$  $ ὺ Ƞὴ Ὠʃȟ                       ςȢτς 

Ὠ  Ä ὺ Ƞὴ ὨʃȢ 

ʊʘʢʘ ʤʝʪʦʜʠʢʘ ʨʦʟʚôʷʟʢʫ ʦʩʥʦʚʥʦʾ ʩʠʩʪʝʤʠ ʨʽʚʥʷʥʴ (2.38) ʽʩʪʦʪʥʦ ʩʧʨʦʱʫʻ 

ʨʦʟʚôʷʟʦʢ ʟʘʜʘʯʽ, ʦʩʢʽʣʴʢʠ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ (2.40) ʧʨʝʜʩʪʘʚʣʷʶʪʴ ʩʦʙʦʶ ʩʠʩʪʝʤʫ 

ʟʚʠʯʘʡʥʠʭ ʜʠʬʝʨʝʥʮʽʘʣʴʥʠʭ ʨʽʚʥʷʥʴ, ʷʢʘ ʤʦʞʝ ʙʫʪʠ ʣʝʛʢʦ ʚʠʨʽʰʝʥʘ ʚʽʜʦʤʠʤʠ 

ʯʠʩʣʦʚʠʤʠ ʤʝʪʦʜʘʤʠ ʤʘʪʝʤʘʪʠʯʥʦʾ ʬʽʟʠʢʠ, ʘ ʧʨʠ ʚʽʜʧʦʚʽʜʥʦʤʫ ʫʛʨʫʧʦʚʘʥʥʶ 

ʥʝʚʽʜʦʤʠʭ ʜʦʧʫʩʢʘʻ ʪʘʢʦʞ ʦʪʨʠʤʘʥʥʷ ʘʥʘʣʽʪʠʯʥʦʛʦ ʨʦʟʚôʷʟʢʫ ʝʢʩʧʦʥʝʥʮʽʘʣʴʥʦʛʦ 

ʚʠʜʫ, ʘ ʩʘʤʝ: 

ừ
Ử
Ừ

Ử
ứ ό  ’   ὅ Ὡ  Ὃ Ⱦ‪ ‚

ό  • ὅ Ὡ  ὅ Ὡ  ` ‫

           ςȢτσ 

 

ʜʝ: ’ , ‚ , ‫ - ʢʦʤʧʦʥʝʥʪʠ ʚʝʢʪʦʨʘ ʪʘʥʛʝʥʮʽʘʣʴʥʠʭ ʧʝʨʝʤʽʱʝʥʴ, ʫʟʘʛʘʣʴʥʝʥʦʛʦ 

ʟʩʫʚʫ ʪʘ ʧʨʦʛʠʥ ʩʝʨʝʜʠʥʥʦʛʦ ʰʘʨʫ, ʚʽʜʧʦʚʽʜʥʦ; ὅ  ï ʢʦʥʩʪʘʥʪʠ ʽʥʪʝʛʨʫʚʘʥʥʷ, 

ʷʢʽ ʚʠʟʥʘʯʘʶʪʴʩʷ ʟ ʫʤʦʚ ʢʦʥʪʘʢʪʫ ʤʽʞ ʰʘʨʘʤʠ ʽ ʥʘ ʣʠʮʴʦʚʠʭ ʧʦʚʝʨʭʥʷʭ ʧʘʢʝʪʫ 
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ʰʘʨʽʚ; ὶ - ʽʥʪʝʛʨʘʣʴʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʜʝʬʦʨʤʫʚʘʥʥʷ ʧʘʢʝʪʘ, ʷʢʽ ʟʘʣʝʞʘʪʴ ʥʝ 

ʪʽʣʴʢʠ ʚʽʜ ʬʽʟʠʢʦ-ʤʝʭʘʥʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʡʦʛʦ ʰʘʨʽʚ, ʘʣʝ ʪʘʢʦʞ ʽ ʚʽʜ 

ʢʦʤʧʦʥʝʥʪ ʜʝʬʦʨʤʦʚʘʥʦʛʦ ʩʪʘʥʫ ʧʘʢʝʪʘ ʰʘʨʽʚ, ʚʠʟʥʘʯʝʥʦʛʦ ʥʘ ʽʪʝʨʘʮʽʾ n-1; 

Ὃ Ⱦ‪ ȟ ὣ  - ʯʘʩʪʢʦʚʽ ʨʦʟʚôʷʟʢʠ ʭʘʨʘʢʪʝʨʠʩʪʠʯʥʠʭ ʨʽʚʥʷʥʴ. 

ʆʩʦʙʣʠʚʽʩʪʶ ʦʪʨʠʤʘʥʠʭ ʨʽʰʝʥʴ ʻ ʪʝ, ʱʦ ʥʘ ʾʭ ʦʩʥʦʚʽ ʤʦʞʣʠʚʝ 

ʤʦʜʝʣʶʚʘʥʥʷ ʥʝ ʪʽʣʴʢʠ ʝʬʝʢʪʫ ʧʨʦʩʣʠʟʘʥʥʷ ʰʘʨʽʚ, ʘʣʝ ʪʘʢʦʞ ʝʬʝʢʪʫ ʦʙʪʠʩʢʘʥʥʷ 

(ʚʽʜʨʠʚʫ) ʰʘʨʽʚ ʦʜʠʥ ʚʽʜ ʦʜʥʦʛʦ. 

ʄʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ ʨʦʟʰʘʨʫʚʘʥʥʷ ʚʠʢʦʥʫʻʪʴʩʷ ʟʘ ʘʥʘʣʦʛʽʻʶ ʟ [56-58]. 

ʍʘʨʘʢʪʝʨʥʦʶ ʦʩʦʙʣʠʚʽʩʪʶ ʮʽʻʾ ʤʝʪʦʜʠʢʠ ʻ ʬʽʟʠʯʥʦ ʦʙˇʨʫʥʪʦʚʘʥʘ ʢʦʨʝʢʮʽʷ 

ʪʝʥʟʦʨʘ ʬʽʟʠʢʦ-ʤʝʭʘʥʽʯʥʠʭ ʢʦʥʩʪʘʥʪ ʟʨʫʡʥʦʚʘʥʦʾ ʦʙʣʘʩʪʽ ʥʘ ʦʩʥʦʚʽ ʛʽʧʦʪʝʟ, 

ʧʨʠʡʥʷʪʠʭ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʚʠʜʫ ʨʫʡʥʫʚʘʥʥʷ (ʨʠʩ. 2.14). 

 

 

ʈʠʩʫʥʦʢ 2.14 ï ʉʭʝʤʘ ʨʫʡʥʫʚʘʥʥʷ ʙʘʛʘʪʦʰʘʨʦʚʦʛʦ ʉɽ: ʘ ï ʚʠʭʽʜʥʠʡ 

ʙʘʛʘʪʦʰʘʨʦʚʠʡ ʟʨʘʟʦʢ; ʙ ï ʟʨʫʡʥʦʚʘʥʠʡ ʟʨʘʟʦʢ;  ʚ ï ʨʦʟʰʘʨʫʚʘʥʥʷ; ʛ ï ʟʘʛʘʣʴʥʘ 

ʢʘʨʪʠʥʘ ʨʫʡʥʫʚʘʥʥʷ 
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2.9.1 ɿʘʩʪʦʩʫʚʘʥʥʷ ʽʪʝʨʘʮʽʡʥʦʛʦ ʘʣʛʦʨʠʪʤʫ ʧʦʩʣʽʜʦʚʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ 

ʏʠʩʣʦʚʝ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʽʚ ʧʣʘʩʪʠʯʥʦʛʦ ʜʝʬʦʨʤʫʚʘʥʥʷ ʤʘʪʝʨʽʘʣʫ ʽ 

ʫʪʚʦʨʝʥʥʷ ʪʨʽʱʠʥʠ ʟʜʽʡʩʥʶʻʪʴʩʷ ʥʘ ʙʘʟʽ ʢʨʦʢʽʚ ʽʪʝʨʘʮʽʡʥʦʛʦ ʘʣʛʦʨʠʪʤʫ ʧʦʩʣʽ-

ʜʦʚʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ, ʟʘʩʥʦʚʘʥʦʛʦ ʥʘ ʤʦʜʠʬʽʢʦʚʘʥʦʤʫ ʤʝʪʦʜʽ ʅʴʶʪʦʥʘ - 

ʂʘʥʪʦʨʦʚʠʯʘ. ɸʥʘʣʽʟ ʧʣʘʩʪʠʯʥʦʛʦ ʜʝʬʦʨʤʫʚʘʥʥʷ ʰʘʨʽʚ ʢʦʥʩʪʨʫʢʮʽʾ ʟʜʽʡʩʥʶʻʪʴʩʷ 

ʥʘ ʙʘʟʽ ʦʩʥʦʚʥʠʭ ʧʦʣʦʞʝʥʴ ʪʝʦʨʽʾ ʧʣʘʩʪʠʯʥʦʾ ʪʝʯʽʾ ʟ ʪʨʘʥʩʣʷʮʽʡʥʠʤ ʽʟʦʪʨʦʧʥʠʤ 

ʟʤʽʮʥʝʥʥʷʤ [59]. 

ʏʠʩʣʦʚʝ ʽʥʪʝʛʨʫʚʘʥʥʷ ʨʽʚʥʷʥʴ (2.38) ʟʜʽʡʩʥʶʻʪʴʩʷ ʤʝʪʦʜʦʤ ʩʢʽʥʯʝʥʥʠʭ 

ʝʣʝʤʝʥʪʽʚ (ʉɽ). ɼʣʷ ʮʴʦʛʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʨʦʟʨʦʙʣʝʥʠʡ ʚ ʩʠʩʪʝʤʽ APROKS 

ʙʘʛʘʪʦʰʘʨʦʚʠʡ ʫʪʦʯʥʝʥʠʡ ʚʦʩʴʤʠʚʫʟʣʦʚʠʡ ʉɽ [54-56]. ʇʨʘʢʪʠʢʘ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʮʴʦʛʦ ʉɽ ʧʨʠ ʨʦʟʚôʷʟʢʫ ʚʝʣʠʢʦʛʦ ʯʠʩʣʘ ʪʝʩʪʦʚʠʭ ʽ ʧʨʠʢʣʘʜʥʠʭ ʟʘʜʘʯ ʧʦʢʘʟʘʣʘ 

ʡʦʛʦ ʝʬʝʢʪʠʚʥʽʩʪʴ ʧʨʠ ʜʦʩʣʽʜʞʝʥʥʽ ʧʨʦʮʝʩʽʚ ʥʝʣʽʥʽʡʥʦʛʦ ʜʝʬʦʨʤʫʚʘʥʥʷ ʽ 

ʨʫʡʥʫʚʘʥʥʷ ʙʘʛʘʪʦʰʘʨʦʚʠʭ ʧʨʦʩʪʦʨʦʚʠʭ ʢʦʥʩʪʨʫʢʮʽʡ [60-62]. 

ʄʦʜʝʣʴ ʩʧʝʮʽʘʣʴʥʦʛʦ ʙʘʛʘʪʦʰʘʨʦʚʦʛʦ ʫʪʦʯʥʝʥʦʛʦ ʚʦʩʴʤʠʚʫʟʣʦʚʦʛʦ ʉɽ ʟ 

ʯʘʩʪʢʦʚʦ ʟʨʫʡʥʦʚʘʥʠʤ ʰʘʨʦʤ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ.2.15. 

 
ʈʠʩʫʥʦʢ 2.15 ï ʄʦʜʝʣʶʚʘʥʥʷ ʯʘʩʪʢʦʚʦ ʟʨʫʡʥʦʚʘʥʦʛʦ ʰʘʨʫ ʙʘʛʘʪʦʰʘʨʦʚʦʛʦ ʉɽ 

ʇʨʠ ʮʴʦʤʫ, ʟʤʽʥʘ ʬʽʟʠʢʦ-ʤʝʭʘʥʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ m-ʛʦ ʰʘʨʫ ʟʘ ʥʘʷʚʥʦʩʪʽ 

ʚ ʥʴʦʤʫ ʟʦʥʠ ʨʦʟʰʘʨʫʚʘʥʥʷ ʚʠʟʥʘʯʘʻʪʴʩʷ ʟʘ ʟʘʣʝʞʥʽʩʪʶ 

˞
ᶻ

˞ ρ
Ὓ

Ὓ
ȟ                        ςȢττ 

˴͙͚ͦͤͭ͊ͭͤ͟ ΄͊ͪ ˿˩ ͒͡Ύ  

͔ͣͦ͒͡Ό͍͊ͤͤΎ 

2

ὼ   

ὼ  8    
7    

3 4

1

ὼ   

5    6    

˭ͦͤ͊ ͪͦ͘΄͍͊ͪͯ͊ͤͤΎ  

m-΄͊ͪͯ ˿˩Σ ͨͦ͡΅͊ {FR

̅ͪͦͤͭ ͪͦ͘΄͍͊ͪͯ͊ͤͤΎ 

˹͔͚͍ͪͯͤͦ͊ͤ͊͘ ͦͤ͊͘Σ 

ͨͦ͡΅͊ {SOL= SOR - SFR 

͔͒ {OR ς ͨ ͦ͡΅͊ ͍͔ͨͦͪͻͤ͜  
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ʜʝ: ˞  ï ʢʦʤʧʦʥʝʥʪʠ ʪʝʥʟʦʨʫ ʬʽʟʠʢʦ-ʤʝʭʘʥʽʯʥʠʭ ʢʦʥʩʪʘʥʪ ʥʝʟʨʫʡʥʦʚʘʥʦʛʦ 

ʢʦʥʪʘʢʪʥʦʛʦ m-ʛʦ ʰʘʨʫ ʝʣʝʤʝʥʪʘ; ˞
ᶻ

 ï ʢʦʤʧʦʥʝʥʪʠ ʪʝʥʟʦʨʫ ʬʽʟʠʢʦ-ʤʝʭʘʥʽʯʥʠʭ 

ʢʦʥʩʪʘʥʪ ʯʘʩʪʢʦʚʦ ʟʨʫʡʥʦʚʘʥʦʛʦ ʢʦʥʪʘʢʪʥʦʛʦ m-ʛʦ ʰʘʨʫ ʝʣʝʤʝʥʪʘ; Ὓ  ï 

ʧʣʦʱʘ ʟʨʫʡʥʦʚʘʥʦʾ ʧʦʚʝʨʭʥʽ ʢʦʥʪʘʢʪʥʦʛʦ m-ʛʦ ʰʘʨʫ ʉɽ; Ὓ  ï ʧʣʦʱʘ 

ʧʦʚʝʨʭʥʽ ʧʦʯʘʪʢʦʚʦʛʦ ʢʦʥʪʘʢʪʥʦʛʦ m-ʛʦ ʰʘʨʫ ʉɽ; n(m) ʠ k(m) ï ʢʦʥʩʪʘʥʪʠ 

ʤʘʪʝʨʽʘʣʫ m-ʛʦ ʰʘʨʫ, ʱʦ ʚʠʟʥʘʯʘʶʪʴʩʷ ʟ ʥʘʪʫʨʥʠʭ ʘʙʦ ʯʠʩʣʦʚʠʭ ʝʢʩʧʝʨʠʤʝʥʪʽʚ. 

 ʊʘʢʠʤ ʯʠʥʦʤ, ʧʨʦʩʫʚʘʥʥʷ ʬʨʦʥʪʫ ʚ ʢʦʥʪʘʢʪʥʦʤʫ ʰʘʨʽ ʉɽ ʟʜʽʡʩʥʶʻʪʴʩʷ ʟʘ 

ʨʘʭʫʥʦʢ ʚʨʘʭʫʚʘʥʥʷ ʟʤʽʥʠ ʞʦʨʩʪʢʦʩʪʽ ʮʴʦʛʦ ʰʘʨʫ, ʱʦ ʦʙʫʤʦʚʣʝʥʘ ʯʘʩʪʢʦʚʠʤ ʘʙʦ 

ʧʦʚʥʠʤ ʡʦʛʦ ʨʦʟʰʘʨʫʚʘʥʥʷʤ. 

ʇʨʠ ʜʦʩʣʽʜʞʝʥʥʽ ʛʝʦʤʝʪʨʠʯʥʦ ʥʝʣʽʥʽʡʥʦʛʦ ʜʝʬʦʨʤʫʚʘʥʥʷ ʢʦʥʩʪʨʫʢʮʽʡ 

ʤʝʪʦʜʦʤ ʩʢʽʥʯʝʥʥʠʭ ʝʣʝʤʝʥʪʽʚ ʦʩʦʙʣʠʚʦ ʘʢʪʫʘʣʴʥʠʤʠ ʻ ʧʠʪʘʥʥʷ, ʧʦʚôʷʟʘʥʽ ʟ 

ʧʨʠʟʥʘʯʝʥʥʷʤ ʘʧʨʦʢʩʠʤʫʶʯʠʭ ʬʫʥʢʮʽʡ, ʱʦ ʟʘʜʦʚʦʣʴʥʷʶʪʴ ʫʤʦʚʘʤ ʩʧʽʣʴʥʦʩʪʽ 

ʜʝʬʦʨʤʘʮʽʡ ʧʨʠ ʟʤʽʱʝʥʥʷʭ ʪʽʣʘ ʷʢ ʞʦʨʩʪʢʦʛʦ ʮʽʣʦʛʦ. ɿ ʮʽʻʾ ʧʨʠʯʠʥʠ, ʚ ʜʘʥʽʡ 

ʨʦʙʦʪʽ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦʮʝʩʽʚ ʨʦʟʧʦʚʩʶʜʞʝʥʥʷ ʪʨʽʱʠʥ ʚ ʬʽʟʠʯʥʦ ʽ 

ʛʝʦʤʝʪʨʠʯʥʦ ʥʝʣʽʥʽʡʥʽʡ ʧʦʩʪʘʥʦʚʮʽ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʘʩʴ ʄʉʉɽ, ʟʘʧʨʦʧʦʥʦʚʘʥʘ 

ʧʨʦʬ. ʉʘʭʘʨʦʚʠʤ ʆ. ʉ.  

ɺʽʜʧʦʚʽʜʥʦ ʟʽ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷʤʠ ɯɸʊ ʥʝʣʽʥʽʡʥʽ ʟʘʢʦʥʠ ʘʧʨʦʢʩʠʤʘʮʽʾ 

ʧʝʨʝʤʽʱʝʥʴ ʧʦ ʪʦʚʱʠʥʽ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 2.16. 

 

ʈʠʩʫʥʦʢ 2.16 ï ɸʧʨʦʢʩʠʤʘʮʽʷ ʢʦʤʧʦʥʝʥʪ ʚʝʢʪʦʨʘ ʧʝʨʝʤʽʱʝʥʴ ʙʘʛʘʪʦʰʘʨʦʚʦʛʦ 

ʫʪʦʯʥʝʥʦʛʦ ʚʦʩʴʤʠʚʫʟʣʦʚʦʛʦ ʉɽ ʚ ʚʠʧʘʜʢʫ ʨʦʟʰʘʨʫʚʘʥʥʷ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʪʝʨʪʷ  

 

ά  ς ͟ ͙͚ͦͤͭ͊ͭͤ͟ ΄͊ͪ ͒͡Ύ 

͔ͣͦ͒͡Ό͍͊ͤͤΎ 

ͪͦ͘΄͍͊ͪͯ͊ͤͤΎ 
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(◊
░

◄
 - ʢʦʤʧʦʥʝʥʪʠ ʤʦʜʫʣʷ ʚʝʢʪʦʨʫ ʧʝʨʝʤʽʱʝʥʴ ʚʫʟʣʘ t ʚ ʥʘʧʨʷʤʢʫ ░; 

Ἦ
ἱ

▬▫░▪◄ȟ▬▫░▪◄ ï ʩʢʘʣʷʨʥʽ ʬʫʥʢʮʽʾ ʧʨʠʚʝʜʝʥʥʷ, ʱʦ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴ ʩʪʫʧʽʥʴ 

ʥʝʦʜʥʦʨʽʜʥʦʩʪʽ ʨʦʟʧʦʜʽʣʫ ʜʝʬʦʨʤʘʮʽʡ ʧʦʧʝʨʝʯʥʦʛʦ ʟʩʫʚʫ ʧʦ ʪʦʚʱʠʥʽ ʧʘʢʝʪʫ 

ʰʘʨʽʚ ʛʨʘʥʽ ὴέὭὲὸȟὴέὭὲὸ ʉɽ ʚ ʥʘʧʨʷʤʢʫ ░; ◊
░

▬▫░▪◄□  
 - ʢʦʤʧʦʥʝʥʪʠ 

ʤʦʜʫʣʷ ʚʝʢʪʦʨʘ ʧʝʨʝʤʽʱʝʥʴ ʚ ʥʘʧʨʷʤʢʫ ░, ʱʦ ʚʠʟʥʘʯʝʥʽ ʥʘ ʚʝʨʭʥʽʡ (+) ʪʘ ʥʠʞʥʽʡ 

(-) ʧʦʚʝʨʭʥʷʭ ʰʘʨʫ □, ʚʫʟʣʘ  ÐÏÉÎὸ; Ἡ
ἱ

Ἳ
 ï ʢʦʝʬʽʮʽʻʥʪʠ ʰʪʨʘʬʫ, ʱʦ ʜʦʨʽʚʥʶʶʪʴ 

0 ʜʣʷ ʛʨʘʥʝʡ, ʷʢʽ ʻ ʩʧʽʣʴʥʠʤʠ ʟ ʛʨʘʥʷʤʠ ʩʫʩʽʜʥʽʭ ʩʪʘʥʜʘʨʪʥʠʭ ʚʦʩʴʤʠʢʫʪʦʚʠʭ ʉɽ 

(ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʫʤʦʚ ʩʫʤʽʩʥʦʩʪʽ ʧʦ ʧʝʨʝʤʽʱʝʥʥʷʤ) ʽ ʜʦʨʽʚʥʶʶʪʴ 1 ʫ ʚʩʽʭ 

ʽʥʰʠʭ ʚʠʧʘʜʢʘʭ) 

ʉʢʽʥʯʝʥʥʠʡ ʝʣʝʤʝʥʪ ʟʘʙʝʟʧʝʯʫʻ ʧʦʚʥʫ ʩʫʤʽʩʥʽʩʪʴ ʟʽ ʩʪʘʥʜʘʨʪʥʠʤ 

ʚʦʩʴʤʠʚʫʟʣʦʚʠʤ ʉɽ  ʪʘ ʤʘʻ ʥʘʩʪʫʧʥʽ ʩʫʪʪʻʚʽ ʧʝʨʝʚʘʛʠ: 

1. ʄʦʞʣʠʚʽʩʪʴ ʜʦʩʣʽʜʞʝʥʥʷ ʬʘʢʪʦʨʽʚ ʥʝʦʜʥʦʨʽʜʥʦʩʪʽ ʜʝʬʦʨʤʘʮʽʡ 

ʧʦʧʝʨʝʯʥʦʛʦ ʟʩʫʚʫ, ʱʦ ʟʘʣʝʞʘʪʴ ʥʝ ʪʽʣʴʢʠ ʚʽʜ ʩʧʽʚʚʽʜʥʦʰʝʥʴ ʞʦʨʩʪʢʽʩʥʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʘʣʝ ʡ ʚʽʜ ʢʦʤʧʦʥʝʥʪ ʅɼʉ ʧʘʢʝʪʫ; 

2. ʄʦʞʣʠʚʽʩʪʴ ʧʨʠʨʦʜʥʠʤ ʯʠʥʦʤ ʬʽʟʠʯʥʦ ʦʙˇʨʫʥʪʦʚʘʥʦ ʟʤʽʥʶʚʘʪʠ 

ʢʽʥʝʤʘʪʠʯʥʽ ʽ ʩʪʘʪʠʯʥʽ ʫʤʦʚʠ ʢʦʥʪʘʢʪʫ ʤʽʞ ʰʘʨʘʤʠ ʚ ʧʨʦʮʝʩʽ ʧʦʢʨʦʢʦʚʦʛʦ 

ʥʘʚʘʥʪʘʞʝʥʥʷ ʢʦʥʩʪʨʫʢʮʽʾ, ʱʦ ʜʦʟʚʦʣʠʪʴ ʤʦʜʝʣʶʚʘʪʠ ʧʨʦʮʝʩʠ ʥʘʢʦʧʠʯʝʥʥʷ 

ʜʝʬʝʢʪʽʚ, ʨʦʟʚʠʪʢʫ ʟʦʥ ʧʣʘʩʪʠʯʥʦʩʪʽ ʚ ʰʘʨʘʭ ʪʘ ʟʦʥ ʨʦʟʰʘʨʫʚʘʥʥʷ; 

3. ʉʪʽʡʢʽ ʧʦʢʘʟʥʠʢʠ ʟʙʽʞʥʦʩʪʽ ʨʽʰʝʥʴ ʧʦ ʚʠʟʥʘʯʝʥʥʶ ʢʦʤʧʦʥʝʥʪ ʅɼʉ ʷʢ 

ʤʘʩʠʚʥʠʭ ʪʨʠʚʠʤʽʨʥʠʭ ʪʽʣ, ʪʘʢ ʽ ʪʦʥʢʠʭ ʢʦʥʩʪʨʫʢʮʽʡ; 

4. ʇʨʠ ʟʤʽʥʽ ʬʽʟʠʢʦ-ʤʝʭʘʥʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʰʘʨʽʚ ʙʘʛʘʪʦʰʘʨʦʚʦʛʦ ʉɽ ʥʘ 

8 ʪʘ ʙʽʣʴʰʝ ʧʦʨʷʜʢʽʚ ʟʙʝʨʽʛʘʶʪʴʩʷ ʩʪʽʡʢʽ ʧʦʢʘʟʥʠʢʠ ʟʙʽʞʥʦʩʪʽ; 

5. ʇʦʨʷʜʦʢ ʨʦʟʨʽʰʫʶʯʦʾ ʩʠʩʪʝʤʠ ʨʽʚʥʷʥʴ ʥʝ ʟʘʣʝʞʠʪʴ ʚʽʜ ʢʽʣʴʢʦʩʪʽ ʰʘʨʽʚ ʚ 

ʧʘʢʝʪʽ; 

6. ʇʦʙʫʜʦʚʘ ʤʘʪʨʠʮʽ ʞʦʨʩʪʢʦʩʪʽ ʫʪʦʯʥʝʥʦʛʦ ʚʦʩʴʤʠʚʫʟʣʦʚʦʛʦ ʉɽ 

ʚʠʢʦʥʫʻʪʴʩʷ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʟʘʛʘʣʴʥʦʾ ʧʨʦʮʝʜʫʨʠ ʄʉʉɽ. 

ʇʝʨʝʚʠʟʥʘʯʝʥʥʷ ʘʧʨʦʢʩʠʤʫʶʯʠʭ ʬʫʥʢʮʽʡ ʚʝʢʪʦʨʘ ʧʝʨʝʤʽʱʝʥʴ ʧʦ ʪʦʚʱʠʥʽ 

ʧʘʢʝʪʫ ʰʘʨʽʚ ʉɽ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʫʪʚʦʨʝʥʠʭ ʟʦʥ ʨʦʟʰʘʨʫʚʘʥʥʷ ʟʜʽʡʩʥʶʻʪʴʩʷ ʥʘ 

ʦʩʥʦʚʽ ʽʪʝʨʘʮʽʡʥʦ-ʘʥʘʣʽʪʠʯʥʦʛʦ ʤʝʪʦʜʫ ʧʝʨʝʤʽʥʥʠʭ ʘʧʨʦʢʩʠʤʘʮʽʡ [54,55]. 
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ɼʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʬʽʟʠʯʥʦ ʥʝʣʽʥʽʡʥʦʾ ʧʦʚʝʜʽʥʢʠ ʤʘʪʝʨʽʘʣʫ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ 

ʪʝʦʨʽʷ ʧʣʘʩʪʠʯʥʦʾ ʪʝʯʽʾ. ʎʝ ʜʦʟʚʦʣʷʻ ʚʨʘʭʦʚʫʚʘʪʠ ʩʢʣʘʜʥʽʩʪʴ ʪʨʘʻʢʪʦʨʽʾ 

ʥʘʚʘʥʪʘʞʝʥʥʷ, ʟʤʽʥʥʽʩʪʴ ʧʘʨʘʤʝʪʨʽʚ ʧʣʘʩʪʠʯʥʦʩʪʽ, ʝʬʝʢʪ ɹʘʫʰʠʥʛʝʨʘ. ʆʩʢʽʣʴʢʠ 

ʘʩʠʤʧʪʦʪʠʯʥʽ ʤʝʪʦʜʠ ʚʠʟʥʘʯʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʫ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʥʘʚʘʥʪʘʞʝʥʴ (ʂɯʅ) 

ʥʝ ʤʦʞʫʪʴ ʙʫʪʠ ʟʘʩʪʦʩʦʚʘʥʽ ʚ ʨʘʟʽ ʨʦʟʚôʷʟʢʫ ʥʝʣʽʥʽʡʥʦʾ ʟʘʜʘʯʽ ʤʝʭʘʥʽʢʠ 

ʨʫʡʥʫʚʘʥʥʷ, ʚ ʨʦʙʦʪʽ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʝʥʝʨʛʝʪʠʯʥʠʡ ʤʝʪʦʜ ʧʦʜʘʪʣʠʚʦʩʪʽ ʜʣʷ 

ʚʠʟʥʘʯʝʥʥʷ ʚʠʚʽʣʴʥʝʥʥʷ ʝʥʝʨʛʽʾ G ʧʨʠ ʧʨʦʩʫʚʘʥʥʽ ʪʨʽʱʠʥʠ ʥʘ ʦʜʠʥʠʮʶ ʧʣʦʱʽ.  

2.9.2 ʉʫʪʥʽʩʪʴ ʤʝʪʦʜʫ ʧʦʜʘʪʣʠʚʦʩʪʽ 

ɽʥʝʨʛʝʪʠʯʥʠʡ ʢʨʠʪʝʨʽʡ ʨʫʡʥʫʚʘʥʥʷ ɻʨʽʬʽʪʩʘ [63] ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ, ʱʦ 

ʟʨʦʩʪʘʥʥʷ ʪʨʽʱʠʥʠ ʤʦʞʝ ʤʘʪʠ ʤʽʩʮʝ ʚ ʪʦʤʫ ʚʠʧʘʜʢʫ, ʷʢʱʦ ʩʠʩʪʝʤʘ ʤʦʞʝ 

ʚʠʜʽʣʠʪʠ ʝʥʝʨʛʽʶ, ʥʝʦʙʭʽʜʥʫ ʜʣʷ ʫʪʚʦʨʝʥʥʷ ʜʦʜʘʪʢʦʚʦʾ ʪʨʽʱʠʥʠ ʟ ʨʦʟʤʽʨʦʤ dʘ. ʋ 

ʚʠʧʘʜʢʫ ʧʣʘʩʪʠʥʠ ʟ ʥʝʨʫʭʦʤʠʤʠ ʢʨʘʷʤʠ ʟʦʚʥʽʰʥʻ ʥʘʚʘʥʪʘʞʝʥʥʷ ʥʝ ʤʦʞʝ 

ʟʜʽʡʩʥʠʪʠ ʥʽʷʢʦʾ ʨʦʙʦʪʠ. ʊʦʤʫ ʝʥʝʨʛʽʷ, ʥʝʦʙʭʽʜʥʘ ʜʣʷ ʨʦʩʪʫ ʪʨʽʱʠʥʠ, ʧʦʚʠʥʥʘ 

ʙʫʪʠ ʧʝʨʝʜʘʥʘ ʟʘ ʨʘʭʫʥʦʢ ʟʚʽʣʴʥʝʥʥʷ ʧʨʫʞʥʦʾ ʝʥʝʨʛʽʾ. ʗʢʱʦ ʢʨʘʾ ʧʣʘʩʪʠʥʠ ʧʽʜ ʯʘʩ 

ʨʦʟʰʠʨʝʥʥʷ ʪʨʽʱʠʥʠ ʤʦʞʫʪʴ ʚʽʣʴʥʦ ʧʝʨʝʤʽʱʘʪʠʩʷ, ʪʦ ʟʦʚʥʽʰʥʻ ʥʘʚʘʥʪʘʞʝʥʥʷ 

ʟʜʽʡʩʥʶʻ ʨʦʙʦʪʫ. ɺ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʧʨʫʞʥʘ ʝʥʝʨʛʽʷ, ʥʘʢʦʧʠʯʝʥʘ ʚ ʧʣʘʩʪʠʥʽ, ʱʦ ʥʝ 

ʟʤʝʥʰʫʻʪʴʩʷ, ʘ ʟʙʽʣʴʰʫʻʪʴʩʷ. 

ɼʣʷ ʧʣʘʩʪʠʥʠ ʦʜʠʥʠʯʥʦʾ ʪʦʚʱʠʥʠ ʫʤʦʚʫ ʟʨʦʩʪʘʥʥʷ ʪʨʽʱʠʥʠ ʤʦʞʥʘ 

ʟʘʧʠʩʘʪʠ ʫ ʚʠʛʣʷʜʽ: 

Ὠ

Ὠὥ
Ὂ Ὗ

Ὠὡ

Ὠὥ
ȟ                                             ςȢτυ 

ʜʝ U ï ʧʨʫʞʥʘ ʝʥʝʨʛʽʷ, ʱʦ ʤʽʩʪʠʪʴʩʷ ʚ ʧʣʘʩʪʠʥʽ; ʈ ï ʨʦʙʦʪʘ, ʱʦ ʟʜʽʡʩʥʶʶʪʴʩʷ 

ʟʦʚʥʽʰʥʴʦʶ ʩʠʣʦʶ; W  ï ʝʥʝʨʛʽʷ, ʥʝʦʙʭʽʜʥʘ ʜʣʷ ʫʪʚʦʨʝʥʥʷ ʪʨʽʱʠʥʠ. Ὃ ὨὊ

ὟȾὨὥ ï çʽʥʪʝʥʩʠʚʥʽʩʪʴ ʚʠʜʽʣʝʥʥʷ ʝʥʝʨʛʽʾè, ʘʙʦ çʩʠʣʘ ʨʦʟʢʨʠʪʪʷ ʪʨʽʱʠʥʠè, ʘ 

R=dW/da ï ʦʧʽʨ ʨʦʩʪʫ ʪʨʽʱʠʥʠ. 

ʈʦʟʛʣʷʥʝʤʦ ʧʣʘʩʪʠʥʫ ʪʦʚʱʠʥʠ ɺ, ʥʘ ʷʢʫ ʜʽʻ ʥʘʚʘʥʪʘʞʝʥʥʷ ʈ ʷʢ ʧʦʢʘʟʘʥʦ    

ʥʘ ʨʠʩ. 2.17. ʇʽʜ ʜʽʻʶ ʥʘʚʘʥʪʘʞʝʥʥʷ ʪʦʯʢʠ ʧʨʠʢʣʘʜʘʥʥʷ ʩʠʣʠ ʧʝʨʝʤʽʱʫʶʪʴʩʷ 

ʚʽʜʥʦʩʥʦ ʦʜʠʥ ʦʜʥʦʛʦ ʥʘ ʧʝʚʥʫ ʚʽʜʩʪʘʥʴ. ʇʨʠ ʟʙʽʣʴʰʝʥʥʽ ʨʦʟʤʽʨʫ ʪʨʽʱʠʥʠ ʥʘ da, 
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ʚʽʜʥʦʩʥʝ ʧʝʨʝʤʽʱʝʥʥʷ ʟʙʽʣʴʰʫʻʪʴʩʷ ʥʘ dv. ʆʪʞʝ, ʟʜʽʡʩʥʝʥʘ ʟʦʚʥʽʰʥʽʤʠ ʩʠʣʘʤʠ 

ʨʦʙʦʪʘ ʙʫʜʝ ʜʦʨʽʚʥʶʚʘʪʠ ʈdv. ɿʚʽʜʩʠ ʩʣʽʜʫʻ, ʱʦ: 

Ὃ
Ὠ

Ὠὥ
Ὂ Ὗ

ρ

ὄ
ὖ
Ὠὺ

Ὠὥ

ὨὟ

Ὠὥ
ȟ                         ςȢτφ 

ʜʝ ɺ ï ʪʦʚʱʠʥʘ ʧʣʘʩʪʠʥʠ (ʨʽʚʥʷʥʥʷ 2.45 ʟʘʧʠʩʘʥʦ ʜʣʷ ʧʣʘʩʪʠʥʠ ʦʜʠʥʠʯʥʦʾ 

ʪʦʚʱʠʥʠ), Ut ï ʧʦʚʥʘ ʧʨʫʞʥʘ ʝʥʝʨʛʽʷ, ʟʘʧʘʩʝʥʽ ʚ ʧʣʘʩʪʠʥʽ ʪʦʚʱʠʥʠ ɺ. ɼʝʬʦʨʤʘʮʽʾ 

ʚʚʘʞʘʶʪʴʩʷ ʧʨʫʞʥʠʤʠ. ɿʘ ʚʽʜʩʫʪʥʦʩʪʽ ʟʨʦʩʪʘʥʥʷ ʪʨʽʱʠʥʠ ʧʝʨʝʤʽʱʝʥʥʷ v 

ʧʨʦʧʦʨʮʽʡʥʝ ʥʘʚʘʥʪʘʞʝʥʥʶ: v = ʉʈ, ʜʝ ʉ ï ʧʦʜʘʪʣʠʚʽʩʪʴ ʧʣʘʩʪʠʥʠ (ʚʝʣʠʯʠʥʘ, 

ʟʚʦʨʦʪʥʘ ʾʾ ʞʦʨʩʪʢʦʩʪʽ). ɼʣʷ ʧʣʘʩʪʠʥʠ ʙʝʟ ʪʨʽʱʠʥʠ, ʱʦ ʤʘʻ ʜʦʚʞʠʥʫ L, ʰʠʨʠʥʫ 

W  ̔  ʪʦʚʱʠʥʫ ɺ, ʧʦʜʘʪʣʠʚʽʩʪʴ ʉ = L/(BWE), ʜʝ ɽ ï ʤʦʜʫʣʴ ʖʥʛʘ. ʇʨʫʞʥʘ ʝʥʝʨʛʽʷ 

ʧʣʘʩʪʠʥʠ (ʟ ʪʨʽʱʠʥʦʶ): 

Ὗ
ὖὺ

ς

ὅὖ

ς
Ȣ                                                 ςȢτχ 

ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ ʨʽʚʥʷʥʥʷ (2.47), ʤʦʞʥʘ ʦʙʯʠʩʣʠʪʠ ʚʝʣʠʯʠʥʫ, ʷʢʘ 

ʚʠʟʥʘʯʘʻʪʴʩʷ ʚʠʨʘʟʦʤ (2.46), ʟʚʽʜʢʠ ʦʪʨʠʤʘʻʤʦ: 

Ὃ
ρ

ὄ
ὖ
Ὠὅ

Ὠὥ
ὅὖ
Ὠὖ

Ὠὥ

ρ

ς
ὖ
Ὠὅ

Ὠὥ
ὅὖ
Ὠὖ

Ὠὥ

ὖ

ςὄ
 
Ὠὅ

Ὠὥ
Ȣ        ςȢτψ 

ʏʣʝʥʠ ʟ dʈ/da ʩʢʦʨʦʯʫʶʪʴʩʷ. ʎʝ ʦʟʥʘʯʘʻ, ʱʦ ʚʝʣʠʯʠʥʘ G ʥʝ ʟʘʣʝʞʠʪʴ ʚʽʜ 

ʪʦʛʦ, ʻ ʥʘʚʘʥʪʘʞʝʥʥʷ ʧʦʩʪʽʡʥʠʤ ʯʠ ʥʽ: 

Ὃ
ὖ

ςὄ

Ὠὅ

Ὠὥ

ρ

ὄ

ὨὟ

Ὠὥ

ρ

ὄ

ὨὟ

Ὠὥ
Ȣ                  ςȢτω 

ɺʝʣʠʯʠʥʘ G ʟʘʚʞʜʠ ʜʦʨʽʚʥʶʻ ʧʦʭʽʜʥʽʡ ʚʽʜ ʧʨʫʞʥʦʾ ʝʥʝʨʛʽʾ (ʧʨʦʪʝ ʟʥʘʢ ʮʽʻʾ 

ʚʝʣʠʯʠʥʠ ʧʨʠ ʨʽʟʥʠʭ ʫʤʦʚʘʭ ʥʘʚʘʥʪʘʞʝʥʥʷ ʨʽʟʥʠʡ: ʧʨʠ ʧʦʩʪʽʡʥʦʤʫ ʥʘʚʘʥʪʘʞʝʥʥʽ 

U ʟʙʽʣʴʰʫʻʪʴʩʷ, ʘ ʧʨʠ ʥʝʨʫʭʦʤʠʭ ʟʘʪʠʩʢʘʯʘʭ U ʟʤʝʥʰʫʻʪʴʩʷ). 

ʈʽʚʥʷʥʥʷ (2.49) ʷʚʣʷʻ ʩʦʙʦʶ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʤʽʞ ʰʚʠʜʢʽʩʪʶ ʚʠʜʽʣʝʥʥʷ 

ʝʥʝʨʛʽʾ ʽ ʧʽʜʜʘʪʣʠʚʽʩʪʴ. ʊʘʢʠʤ ʯʠʥʦʤ, ʟʽ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʤʽʞ G ʽ ʂ ʩʣʽʜʫʻ, ʱʦ ʜʣʷ 

ʧʣʦʩʢʦʛʦ ʥʘʧʨʫʞʝʥʦʛʦ ʩʪʘʥʫ: 
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ὑ ὉὋ
Ὁὖ

ςὄ

‬ὅ

‬ὥ
Ȣ                                              ςȢυπ 

ʋ ʚʠʧʘʜʢʫ ʧʣʦʩʢʦʾ ʜʝʬʦʨʤʘʮʽʾ ʫ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʩʣʽʜ ʜʦʜʘʪʠ (1ïv2). 

ʈʽʚʥʷʥʥʷ (2.50) ʜʦʟʚʦʣʷʻ ʚʠʟʥʘʯʘʪʠ K i G ʟ ʧʦʜʘʪʣʠʚʦʩʪʽ ʟʨʘʟʢʘ ʘʙʦ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʦʙʯʠʩʣʝʥʴ, ʘʙʦ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ. ʉʣʽʜ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʧʽʜʜʘʪʣʠʚʽʩʪʴ 

ʚʠʟʥʘʯʘʻʪʴʩʷ ʟʘ ʬʦʨʤʫʣʦʶ: 

ὅ
ὺ

ὖ
 ȟ                                                            ςȢυρ 

ʪʦʙʪʦ ʚʦʥʘ ʚʠʟʥʘʯʘʻʪʴʩʷ ʚʽʜʥʦʩʥʠʤ ʧʝʨʝʤʽʱʝʥʥʷʤ ʪʦʯʦʢ ʧʨʠʢʣʘʜʘʥʥʷ 

ʥʘʚʘʥʪʘʞʝʥʥʷ. ʈʽʚʥʷʥʥʷ (2.50) ʯʘʩʪʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʜʣʷ ʦʙʯʠʩʣʝʥʴ K ʤʝʪʦʜʦʤ 

ʩʢʽʥʯʝʥʥʠʭ ʝʣʝʤʝʥʪʽʚ. 

ʇʨʠʢʣʘʜʦʤ ʟʘʩʪʦʩʫʚʘʥʥʷ ʮʴʦʛʦ ʧʨʠʥʮʠʧʫ ʻ ʦʙʯʠʩʣʝʥʥʷ ʂ ʽ G ʜʣʷ ʟʨʘʟʢʘ, 

ʱʦ ʤʘʻ ʬʦʨʤʫ ʜʚʦʢʦʥʩʦʣʴʥʦʾ ʙʘʣʢʠ (ɼʂɹ) ʽ ʟʦʙʨʘʞʝʥʦʛʦ ʥʘ ʨʠʩ. 2.17. 

ʗʢʱʦ ʨʦʟʤʽʨ ʪʨʽʱʠʥʠ ʚʠʤʽʨʶʻʪʴʩʷ ʚʽʜ ʪʦʯʢʠ ʧʨʠʢʣʘʜʘʥʥʷ ʥʘʚʘʥʪʘʞʝʥʥʷ, 

ʪʦ ʟ ʪʝʦʨʽʾ ʧʨʦʩʪʦʛʦ ʟʛʠʥʫ ʩʣʽʜʫʻ, ʱʦ ʚʽʜʥʦʩʥʝ ʧʝʨʝʤʽʱʝʥʥʷ ʜʚʦʭ ʪʦʯʦʢ 

ʧʨʠʢʣʘʜʘʥʥʷ ʥʘʚʘʥʪʘʞʝʥʥʷ: 

ὺ
ςὖὥ

σὉὰ

ψὖὥ

ὉὬὄ
ȟ                                         ςȢυς 

ʆʪʞʝ, ʧʽʜʜʘʪʣʠʚʽʩʪʴ ʟʨʘʟʢʘ: 

ὅ
’

ὖ

ψὥ

ὉὬὄ
ȟ                                            ςȢυσ 

ɿʚʽʜʩʠ ʩʣʽʜʫʻ, ʱʦ ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʚʠʜʽʣʝʥʥʷ ʝʥʝʨʛʽʾ: 

Ὃ
ὖ

ςὄ

‬ὅ

‬ὥ

ρςὖὥ

ὉὬὄ
ȟ                                       ςȢυτ 

ʘ ʢʦʝʬʽʮʽʻʥʪ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʥʘʧʨʫʞʝʥʴ: 

ὑ ςЍσ
ὖ

ὬȾ
ὥ

ὦ
ȟ                                               ςȢυυ 
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ʈʠʩʫʥʦʢ 2.17 ï  ʉʭʝʤʘ ʥʘʚʘʥʪʘʞʝʥʥʷ ʜʚʦʢʦʥʩʦʣʴʥʦʾ ʙʘʣʢʠ 

ɼʣʷ ʮʴʦʛʦ ʚ ʨʦʙʦʪʽ ʚʠʢʦʨʠʩʪʘʥʦ ʢʨʦʢʦʚʦ-ʽʪʝʨʘʮʽʡʥʠʡ ʘʣʛʦʨʠʪʤ 

ʧʦʩʣʽʜʦʚʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ, ʟʘʩʥʦʚʘʥʠʡ ʥʘ ʤʦʜʠʬʽʢʦʚʘʥʦʤʫ ʤʝʪʦʜʽ ʅʴʶʪʦʥʘ-

ʂʘʥʪʦʨʦʚʠʯʘ [64]. ʇʝʨʝʬʦʨʤʫʚʘʥʥʷ ʤʘʪʨʠʮʽ ʞʦʨʩʪʢʦʩʪʽ ʚʠʢʦʥʫʻʪʴʩʷ ʥʘ ʧʦʯʘʪʢʫ 

ʯʝʨʛʦʚʦʛʦ ʢʨʦʢʫ ʧʦ ʥʘʚʘʥʪʘʞʝʥʥʶ ʽ ʧʽʩʣʷ ʢʦʞʥʦʛʦ ʝʪʘʧʫ ʧʨʦʩʫʚʘʥʥʷ ʪʨʽʱʠʥʠ. 

ʋʨʘʭʫʚʘʥʥʷ ʧʣʘʩʪʠʯʥʦʾ ʨʦʙʦʪʠ ʤʘʪʝʨʽʘʣʫ ʟʜʽʡʩʥʶʻʪʴʩʷ ʚ ʧʨʦʮʝʩʽ ʽʪʝʨʘʮʽʡ ʧʦ 

ʤʝʪʦʜʫ ʜʦʜʘʪʢʦʚʠʭ ʥʘʚʘʥʪʘʞʝʥʴ. ʉʫʪʪʻʚʦʶ ʚʽʜʤʽʥʥʽʩʪʶ ʮʴʦʛʦ ʘʣʛʦʨʠʪʤʫ ʻ ʪʝ, ʱʦ 

ʚ ʙʣʦʮʽ ʬʦʨʤʫʚʘʥʥʷ ʤʘʪʨʠʮʽ ʞʦʨʩʪʢʦʩʪʽ ʨʝʘʣʽʟʦʚʘʥʦ ʤʝʪʦʜʠ ʟʤʽʥʥʠʭ 

ʞʦʨʩʪʢʦʩʪʝʡ ʽ ʟʤʽʥʥʠʭ ʘʧʨʦʢʩʠʤʘʮʽʡ. 

ʄʦʞʣʠʚʽʩʪʴ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ ʨʦʟʰʘʨʫʚʘʥʥʷ ʙʘʛʘʪʦʰʘʨʦʚʠʭ 

ʢʦʥʩʪʨʫʢʮʽʡ ʥʘ ʙʘʟʽ ʙʘʛʘʪʦʰʘʨʦʚʦʛʦ ʚʦʩʴʤʠ ʚʫʟʣʦʚʦʛʦ ʫʪʦʯʥʝʥʦʛʦ ʉɽ ʨʦʟʛʣʷʥʫʪʘ 

ʥʘ ʧʨʠʢʣʘʜʽ ʤʦʜʝʣʴʥʦʾ ʟʘʜʘʯʽ ʧʨʦ ʜʦʩʣʽʜʞʝʥʥʷ ʜʝʬʦʨʤʫʚʘʥʥʷ ʪʨʠʰʘʨʦʚʦʾ ʚʽʣʴʥʦ 

ʦʧʝʨʪʦʾ ʙʘʣʢʠ ʟ ʪʦʥʢʠʤ ʩʝʨʝʜʥʽʤ ʰʘʨʦʤ (ʨʠʩ. 2.18). ʄʦʜʫʣʴ ʧʨʫʞʥʦʩʪʽ 

ʩʝʨʝʜʥʴʦʛʦ ʰʘʨʫ ʚʘʨʽʶʚʘʣʘʩʷ ʚ ʜʽʘʧʘʟʦʥʽ ʚʽʜ E2  = ρ ρπ Mʇa ʜʦ  

E2  = ρ ρπ Mʇa. ʇʘʨʘʣʝʣʴʥʦ ʚʠʢʦʥʫʚʘʣʠʩʷ ʨʦʟʨʘʭʫʥʢʠ ʙʘʣʢʠ ʟ ʚʠʢʦʨʠ-

ʩʪʘʥʥʷʤ ʩʪʘʥʜʘʨʪʥʦʛʦ ʙʘʛʘʪʦʰʘʨʦʚʦʛʦ (C3D8I) ʽ ʙʘʛʘʪʦʰʘʨʦʚʦʛʦ ʦʙʦʣʦʥʢʦʚʦʛʦ 

(S4R) ʝʣʝʤʝʥʪʽʚ (ʛʽʧʦʪʝʟʘ ʊʠʤʦʰʝʥʢʦ) ʟ ʙʽʙʣʽʦʪʝʢʠ ʉɽ ʩʠʩʪʝʤʠ ABAQUS. 

ʈʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʴ, ʥʘʚʝʜʝʥʠʭ ʥʘ ʨʠʩ. 2.18, ʚʽʜʦʙʨʘʞʘʶʪʴ ʟʘʣʝʞʥʽʩʪʴ 

ʟʤʽʥʠ ʧʨʦʛʠʥʫ ʮʝʥʪʨʘʣʴʥʦʾ ʪʦʯʢʠ ʙʘʣʢʠ ʚʽʜ ʟʥʘʯʝʥʥʷ ʩʪʫʧʝʥʷ n ʤʦʜʫʣʷ ʧʨʫʞʥʦʩʪʽ 

ʩʝʨʝʜʥʴʦʛʦ ʰʘʨʫ E2 = ρ ρπ. ɺ ʨʝʟʫʣʴʪʘʪʽ ʯʠʩʣʝʥʥʠʭ ʝʢʩʧʝʨʠʤʝʥʪʽʚ 

ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʧʨʠ ʟʤʽʥʽ ʞʦʨʩʪʢʦʩʪʽ ʩʝʨʝʜʥʴʦʛʦ ʰʘʨʫ ʥʘ ʰʽʩʪʴ ʧʦʨʷʜʢʽʚ ʽ ʙʽʣʴʰ 

ʟʦʚʥʽʰʥʽ ʰʘʨʠ ʧʦʯʠʥʘʶʪʴ ʢʦʚʟʘʪʠ ʥʝʟʘʣʝʞʥʦ ʦʜʠʥ ʚʽʜ ʦʜʥʦʛʦ, ʘ ʧʨʦʛʠʥ ʚ 

ʩʝʨʝʜʠʥʽ ʧʨʦʣʴʦʪʫ ʙʘʣʢʠ ʟʨʦʩʪʘʻ ʚ ʯʦʪʠʨʠ ʨʘʟʠ.  
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ʈʠʩʫʥʦʢ 2.18 ï ʇʨʦʛʠʥ ʮʝʥʪʨʘʣʴʥʦʾ ʪʦʯʢʠ ʙʘʣʢʠ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʧʦʢʘʟʥʠʢʘ 

ʩʪʝʧʝʥʽ ὲ ÌÏÇὉ  ʤʦʜʫʣʷ ʧʨʫʞʥʦʩʪʽ ʩʝʨʝʜʥʴʦʛʦ ʰʘʨʫ E2=ρ ρπ Mʇa; 

L (ʜʦʚʞʠʥʘ ʟʨʘʟʢʘ) = 20ʤʤ; B (ʰʠʨʠʥʘ ʟʨʘʟʢʘ) = 1ʤʤ; t1 (ʪʦʚʱʠʥʘ) = t3=0,499 ʤʤ;  

t2 = 0,002 ʤʤ;  E1 = ρ ρπMʇʘ; v = 0; P = 10 ʅ 

ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʧʦʚʥʽʩʪʶ ʫʟʛʦʜʞʫʻʪʴʩʷ ʟ ʚʽʜʦʤʠʤ ʟ ʦʧʦʨʫ ʤʘʪʝʨʽʘʣʽʚ 

ʚʠʨʽʰʝʥʥʷʤ ʮʴʦʛʦ ʟʘʚʜʘʥʥʷ ʜʣʷ ʧʨʦʛʠʥʫ ʨʝʩʦʨ, ʱʦ ʩʚʽʜʯʠʪʴ ʧʨʦ ʪʝ, ʱʦ ʥʘ ʙʘʟʽ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʥʦʛʦ ʉɽ ʤʦʞʣʠʚʦ ʢʦʨʝʢʪʥʝ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ ʨʦʟʰʘʨʫʚʘʥʥʷ. 

2.10 ʈʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ ʨʦʟʰʘʨʫʚʘʥʥʷ ʜʨʫʢʦʚʘʥʦʛʦ 

ʪʝʨʤʦʧʣʘʩʪʠʯʥʦʛʦ ʧʦʣʽʤʝʨʥʦʛʦ ʟʨʘʟʢʘ 

ɿ ʤʝʪʦʶ ʚʝʨʠʬʽʢʘʮʽʾ ʟʘʧʨʦʧʦʥʦʚʘʥʦʾ ʤʝʪʦʜʠʢʠ ʤʦʜʝʣʶʚʘʥʥʷ ʨʦʟʰʘʨʫʚʘʥʥʷ 

ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʤʽʞʰʘʨʦʚʦʾ ʚʟʘʻʤʦʜʽʾ ʙʫʣʦ ʚʠʢʦʥʘʥʦ ʤʦʜʝʣʶʚʘʥʥʷ ʟʛʽʜʥʦ 

ʥʘʚʝʜʝʥʦʾ ʤʦʜʝʣʽ ʫ ʩʝʨʝʜʦʚʠʱʽ NASTRAN. 

ɹʫʣʘ ʟʤʦʜʝʣʴʦʚʘʥʘ ʜʽʣʷʥʢʘ ʟʨʘʟʢʘ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʜʚʦʤ ʩʫʤʽʞʥʠʤ ʰʘʨʘʤ: 

ʰʠʨʠʥʘ ʟʨʘʟʢʘ t =10 ʤʤ, ʪʦʚʱʠʥʘ ʰʘʨʫ æh ʘʨʫ = 0,2ʤʤ, ʜʽʘʤʝʪʨ ʩʦʧʣʘ dʩʦʧʣʘ=0,5ʤʤ. 

ʉʝʨʝʜʠʥʘ ʩʽʪʢʠ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʟʦʥʽ ʜʦʪʠʢʫ ʜʚʦʭ ʰʘʨʽʚ, ʟʛʫʱʝʥʘ. ɺʣʘʩʪʠʚʦʩʪʽ 
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ʤʘʪʝʨʽʘʣʫ: ʤʝʞʘ ʤʽʮʥʦʩʪʽ ʧʨʠ ʥʘʚʘʥʪʘʞʝʥʥʽ ʥʘ ʨʦʟʪʷʛ [ů] = 52,8 ʄʇʘ, ʤʦʜʫʣʴ 

ʖʥʛʘ E=3,3ɻʇʘ, ʢʦʝʬʽʮʽʻʥʪ ʇʫʘʩʩʦʥʘ Õ = 0,28. 

ʅʘ ʨʠʩ. 2.19 ʧʦʢʘʟʘʥʦ ʨʦʟʨʘʭʫʥʢʦʚʫ ʩʭʝʤʫ ʟʨʘʟʢʘ.  

 
ʘ 

 

ʙ 

ʘ ï ʛʝʦʤʝʪʨʽʷ ʟʨʘʟʢʘ ʪʘ ʩʽʪʢʦʚʘ ʦʙʣʘʩʪʴ; ʙ ï ʬʨʘʛʤʝʥʪ ʟʨʘʟʢʘ ʟ ʟʘʢʨʽʧʣʝʥʥʷʤ ʽ 

ʥʘʚʘʥʪʘʞʝʥʥʷʤ 

ʈʠʩʫʥʦʢ 2.19 ï ʈʦʟʨʘʭʫʥʢʦʚʘ ʩʭʝʤʘ ʟʨʘʟʢʘ 

 

ʇʝʨʝʤʽʱʝʥʥʷ ʜʽʣʷʥʦʢ ʟʨʘʟʢʘ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 2.20. 

 

ʈʠʩʫʥʦʢ 2.20 ï ʈʦʟʧʦʜʽʣ ʧʝʨʝʤʽʱʝʥʴ ʜʽʣʷʥʦʢ ʟʨʘʟʢʘ 
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ʈʦʟʧʦʜʽʣ ʝʢʚʽʚʘʣʝʥʪʥʠʭ ʥʘʧʨʫʞʝʥʴ (ʨʠʩ. 2.21) ʧʦʢʘʟʫʻ, ʱʦ ʨʦʟʰʘʨʫʚʘʥʥʷ 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʦʯʠʥʘʶʯʠ ʟ ʢʨʘʾʚ ʧʦʚʝʨʭʥʽ ʢʦʥʪʘʢʪʫ ʰʘʨʽʚ. 

 

ʘ 

 

ʙ 

ʘ ï ʟʘʛʘʣʴʥʠʡ ʚʠʛʣʷʜ; ʙ ï ʟʙʽʣʴʰʝʥʦ ʙʽʣʷ ʤʽʩʮʷ ʢʦʥʮʝʥʪʨʘʮʽʾ ʥʘʧʨʫʞʝʥʴ 

ʈʠʩʫʥʦʢ 2.21 ï ʈʦʟʧʦʜʽʣ ʝʢʚʽʚʘʣʝʥʪʥʠʭ ʥʘʧʨʫʞʝʥʴ 

 

ɸʥʘʣʦʛʽʯʥʝ ʤʦʜʝʣʶʚʘʥʥʷ ʙʫʣʦ ʟʜʽʡʩʥʝʥʦ ʚ ʩʝʨʝʜʦʚʠʱʽ ANSYS. ʄʦʜʫʣʽ 

ʧʨʫʞʥʦʩʪʽ ʽ ʢʦʝʬʽʮʽʻʥʪʠ ʇʫʘʩʩʦʥʘ ʦʩʥʦʚʥʠʭ ʰʘʨʽʚ ʪʘ ʦʙʣʘʩʪʽ ʢʦʥʪʘʢʪʫ ʟʘʜʘʥʦ ʥʘ 
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ʦʩʥʦʚʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʚʠʟʥʘʯʝʥʠʭ ʟʥʘʯʝʥʴ (ʧ. 3.4.10). ʆʪʨʠʤʘʥʽ ʟʥʘʯʝʥʥʷ 

ʥʘʧʨʫʞʝʥʴ, ʱʦ ʚʠʥʠʢʘʶʪʴ ʚ ʢʦʥʪʘʢʪʥʦʤʫ ʰʘʨʽ ʧʨʠ ʨʦʟʪʷʛʫ ʪʘ ʟʩʫʚʽ (ʧʦʢʘʟʘʥʦ 

ʤʽʪʢʘʤʠ), ʚʽʜʧʦʚʽʜʘʶʪʴ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤ ʜʘʥʠʤ. ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ 

ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʨʫʡʥʽʚʥʝ ʥʘʧʨʫʞʝʥʥʷ ʥʘ ʨʦʟʪʷʛ ʦʩʥʦʚʥʦʛʦ ʰʘʨʫ ʩʢʣʘʣʦ 35,67 ʄʇʘ 

ʟʘ ʚʝʣʠʯʠʥʠ ʜʝʬʦʨʤʘʮʽʾ 1,42%. ɿʘ ʫʤʦʚ ʟʩʫʚʫ ʨʫʡʥʽʚʥʝ ʥʘʧʨʫʞʝʥʥʷ ʢʦʥʪʘʢʪʥʦʛʦ 

ʰʘʨʫ ʩʢʣʘʣʦ 17,92 ʄʇʘ ʟʘ ʚʝʣʠʯʠʥʠ ʜʝʬʦʨʤʘʮʽʾ 1,78%. ʇʦʭʠʙʢʘ ʤʦʜʝʣʶʚʘʥʥʷ 

ʩʢʣʘʜʘʻ ʥʝ ʙʽʣʴʰ ʥʽʞ 5-7%.   

 

ʈʠʩʫʥʦʢ 2.22 ï ʈʦʟʧʦʜʽʣ ʥʘʧʨʫʞʝʥʴ ʚ ʟʦʥʽ ʢʦʥʪʘʢʪʫ ʰʘʨʽʚ ʧʽʜ ʯʘʩ    

ʦʜʥʦʦʩʴʦʚʦʛʦ ʨʦʟʪʷʛʫ 

 

ʈʠʩʫʥʦʢ 2.23 ï ʈʦʟʧʦʜʽʣ ʥʘʧʨʫʞʝʥʴ ʚ ʟʦʥʽ ʢʦʥʪʘʢʪʫ ʰʘʨʽʚ ʧʽʜ ʯʘʩ  ʟʩʫʚʫ 
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ɿʘʧʨʦʧʦʥʦʚʘʥʽ ʤʦʜʝʣʴ ʪʘ ʤʝʪʦʜʠʢʘ ʯʠʩʣʦʚʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʜʘʶʪʴ ʟʤʦʛʫ 

ʧʨʦʛʥʦʟʫʚʘʪʠ ʤʽʮʥʽʩʪʴ ʜʨʫʢʦʚʘʥʠʭ ʧʦʣʽʤʝʨʥʠʭ ʚʠʨʦʙʽʚ ʚ ʥʘʧʨʷʤʽ ʧʦʧʝʨʝʢ ʰʘʨʽʚ 

ʥʘ ʦʩʥʦʚʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʘʥʠʭ ʚʠʧʨʦʙʫʚʘʥʴ ʜʨʫʢʦʚʘʥʠʭ ʟʨʘʟʢʽʚ ʥʘ ʨʦʟʪʷʛ. 

2.11 ɺʠʩʥʦʚʢʠ 

ʄʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ ʦʭʦʣʦʜʞʝʥʥʷ ʰʘʨʫ ʥʘʥʝʩʝʥʦʛʦ ʧʦʣʽʤʝʨʥʦʛʦ 

ʤʘʪʝʨʽʘʣʫ ʜʘʣʦ ʟʤʦʛʫ ʚʩʪʘʥʦʚʠʪʠ ʟʤʽʥʫ ʬʦʨʤʠ ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʨʽʟʫ ʫ ʯʘʩʽ. ɹʫʣʠ 

ʜʦʩʣʽʜʞʝʥʽ ʦʩʥʦʚʥʽ ʪʦʚʱʠʥʠ ʰʘʨʽʚ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʚ ʧʨʦʮʝʩʽ 3D ʜʨʫʢʫ. ɺ 

ʨʝʟʫʣʴʪʘʪʽ ʦʙʯʠʩʣʝʥʴ ʚʩʪʘʥʦʚʣʝʥʦ ʨʝʞʠʤʠ ʦʭʦʣʦʜʞʝʥʥʷ ʧʨʠ ʷʢʠʭ ʜʝʬʦʨʤʘʮʽʾ ʻ 

ʧʨʘʢʪʠʯʥʦ ʚʽʜʩʫʪʥʽ ʘʙʦ ʤʽʥʽʤʘʣʴʥʠʤʠ, ʘ ʪʘʢʦʞ ʚʩʪʘʥʦʚʣʝʥʽ ʢʨʠʪʠʯʥʽ ʨʝʞʠʤʠ ʧʨʠ 

ʷʢʠʭ ʥʝʤʦʞʣʠʚʦ ʫʥʠʢʥʫʪʠ ʚʝʣʠʢʠʭ ʜʝʬʦʨʤʘʮʽʡ ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʨʽʟʫ. 

ʄʦʜʝʣʶʚʘʥʥʷ ʜʘʻ ʟʤʦʛʫ ʦʪʨʠʤʘʪʠ ʜʘʥʽ ʧʨʦ ʩʪʫʧʽʥʴ ʟʘʧʦʚʥʝʥʥʷ ʧʦʧʝʨʝʯʥʦʛʦ 

ʧʝʨʝʨʽʟʫ ʚʠʨʦʙʽʚ, ʚʩʪʘʥʦʚʠʪʠ ʧʨʠʯʠʥʠ ʧʦʷʚʠ ʜʝʬʝʢʪʽʚ ʪʘ ʧʽʜʽʙʨʘʪʠ ʦʧʪʠʤʘʣʴʥʽ 

ʪʦʚʱʠʥʠ ʪʘ ʰʚʠʜʢʦʩʪʽ ʜʨʫʢʫ.  

ʄʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ ʚʠʧʨʦʙʦʚʫʚʘʥʥʷ ʥʘ ʨʦʟʪʷʛ ʧʦʢʘʟʘʣʠ ʥʝʨʽʚʥʦʤʽʨʥʽʩʪʴ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʜʨʫʢʦʚʘʥʦʛʦ ʟʨʘʟʢʘ ʚ ʥʘʧʨʷʤʽ ʧʦʧʝʨʝʢ ʰʘʨʽʚ ʪʘ ʧʦʢʘʟʘʣʦ 

ʟʘʨʦʜʞʝʥʥʷ ʨʦʟʰʘʨʫʚʘʥʥʷ ʧʦʧʝʨʝʢ ʰʘʨʽʚ.  

ʅʘʚʝʜʝʥʽ ʤʦʜʝʣʴ ʪʘ ʤʝʪʦʜʠʢʘ ʯʠʩʣʦʚʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʜʘʶʪʴ ʟʤʦʛʫ 

ʧʨʦʛʥʦʟʫʚʘʪʠ ʤʽʮʥʽʩʪʴ ʜʨʫʢʦʚʘʥʠʭ ʧʦʣʽʤʝʨʥʠʭ ʚʠʨʦʙʽʚ ʚ ʥʘʧʨʷʤʽ ʧʦʧʝʨʝʢ ʰʘʨʽʚ 

ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʘʥʠʭ ʚʠʧʨʦʙʫʚʘʥʴ ʜʨʫʢʦʚʘʥʠʭ ʟʨʘʟʢʽʚ ʥʘ 

ʨʦʟʪʷʛ. 

ʈʦʟʨʘʭʫʥʢʠ ʚʽʜʧʦʚʽʜʘʶʪʴ ʽʜʝʘʣʴʥʦ ʪʦʯʥʽʡ ʛʝʦʤʝʪʨʽʾ, ʟʦʥʘ ʢʦʥʪʘʢʪʫ ʻ 

ʧʦʩʪʽʡʥʦʶ ʧʦ ʧʝʨʝʨʽʟʫ ʪʘ ʜʦʚʞʠʥʽ ʟʨʘʟʢʘ. ʇʨʦʪʝ ʪʘʢʘ ʢʘʨʪʠʥʘ ʥʝʢʦʨʝʢʪʥʘ ʥʘ 

ʧʨʘʢʪʠʮʽ. ʊʦʤʫ ʥʝʦʙʭʽʜʥʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥʷ, ʱʦ ʚʽʜʧʦʚʽʜʘʶʪʴ 

ʫʤʦʚʘʤ ʤʘʪʝʤʘʪʠʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥ.̫ 

 

  



97 
 

3 ɽʂʉʇɽʈʀʄɽʅʊɸʃʔʅɽ ɼʆʉʃɯɼɾɽʅʅʗ 

3.1 ʆʧʠʩ ʦʙʣʘʜʥʘʥʥʷ ʜʣʷ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ 

3.1.1 ʆʧʠʩ FDM 3D-ʧʨʠʥʪʝʨʽʚ 

ɺʠʭʦʜʷʯʠ ʟ ʘʥʘʣʽʟʫ ʩʫʯʘʩʥʠʭ ʢʦʥʩʪʨʫʢʮʽʡ FDM 3D ʧʨʠʥʪʝʨʽʚ, ʜʣʷ ʜʨʫʢʫ 

ʟʨʘʟʢʽʚ ʙʫʣʦ ʦʙʨʘʥʦ ʜʚʘ ʪʠʧʠ ʢʦʥʩʪʨʫʢʮʽʡ ʤʝʭʘʥʽʢ: Prusa ʪʘ H-bot (ʨʠʩ. 3.1). 

ʆʩʥʦʚʥʽ ʪʝʭʥʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʠʩʪʨʦʾʚ ʥʘʚʝʜʝʥʽ ʚ ʊʘʙʣʠʮʽ 2.1. ɼʣʷ ʪʦʯʥʦʩʪʽ 

ʜʦʩʣʽʜʞʝʥʴ ʥʘ ʚʩʽʭ ʧʨʠʩʪʨʦʷʭ ʙʫʣʦ ʚʩʪʘʥʦʚʣʝʥʦ ʦʜʥʘʢʦʚʽ ʩʦʧʣʘ, ʪʝʨʤʦʜʘʪʯʠʢʠ ʪʘ 

ʪʠʧ ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ. 

  

ʈʠʩʫʥʦʢ 3.1 ï FDM 3D-ʧʨʠʥʪʝʨ ʪʠʧʫ Prusa I3, CoreXY ʪʘ H-bot 

ʊʘʙʣʠʮʷ 3.1 ï ʊʝʭʥʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ FDM 3D-ʧʨʠʥʪʝʨʽʚ ʪʠʧʫ Prusa I3, 

CoreXY ʪʘ H-bot 

 Prusa I3 H-Bot  Prusa I3 H-Bot 

ʊʠʧ FDM FDM Tʝʢʩ. ʤʘʢʩ. ,Üʉ 250 280 

ʉʦʧʣʦ 1 1 Tʧʣʘʪ. ʤʘʢʩ. ,Üʉ 120 120 

ɼʽʘʤʝʪʨ 

ʩʦʧʣʘ, ʤʤ 
0,5  0,5  

ʊʦʯʥʽʩʪʴ  

ʧʦ ʍY, ʤʤ 
0,012 0,004 
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ʇʨʦʜʦʚʞʝʥʥʷ ʊʘʙʣʠʮʽ 3.1 

 

ʈʦʙʦʯʘ 

ʟʦʥʘ, ʤʤ 

200x200 

x200 

310x310 

x340 

ʊʦʯʥʽʩʪʴ  

ʧʦ Z, ʤʤ 

0,004 0,002 

ʊʦʯʥʽʩʪʴ 

ʜʨʫʢʫ, ʤʤ 

Ñ0,1 ï 

0,2 

Ñ0,05 ï 

0,1 
D ʬʽʣʘʤ, ʤʤ 1,75 ʤʤ 1,75  

ʊʦʚʱʠʥʘ 

ʰʘʨʫ, ʤʤ 
0,1 ï 0,4  

0,05 ï 

0,6  

ʊʠʧ  

ʬʽʣʘʤʝʥʪʫ 

PLA,  

HIPS, 

coPET 

ABS, PLA,  

HIPS, 

coPET, 

NYLON 

ʐʚʠʜʢʽʩʪʴ 

ʜʨʫʢʫ, ʤʤ/c 
20-120  20-150  ʇʣʘʪʘ 8bit 32bit 

3.1.2 ʆʧʠʩ 3D ʩʢʘʥʝʨʽʚ 

ɼʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʛʝʦʤʝʪʨʽʾ ʜʨʫʢʦʚʘʥʠʭ ʚʠʨʦʙʽʚ ʚʠʢʦʨʠʩʪʘʥʦ 3D ʩʢʘʥʝʨʠ 

ʜʚʦʭ ʤʦʜʝʣʝʡ: Sense ʪʘ ARTEC EVA (ʨʠʩ. 3.2). ʆʩʥʦʚʥʽ ʪʝʭʥʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʧʨʠʩʪʨʦʾʚ ʥʘʚʝʜʝʥʦ ʚ Tʘʙʣʠʮʽ 3.2. 

       

ʈʠʩʫʥʦʢ 3.2 ï 3D ʩʢʘʥʝʨʠ ʪʠʧʫ Sence ʪʘ ARTEC EVA 
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ʊʘʙʣʠʮʷ 3.2 ï ʊʝʭʥʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 3D ʩʢʘʥʝʨʽʚ 

 
Senʩe ARTEC EVA 

ʊʦʯʥʽʩʪʴ ʪʦʯʢʠ, ʤʤ 0,5 0,1 

ʐʚʠʜʢʽʩʪʴ, ʪʦʯ/c 0,4 ʤʣʥ. 2 ʤʣʥ. 

ʊʦʯʥʽʩʪʴ, ʤʤ 1 0,5 

ɿʦʥʘ ʟʘʭʚʘʪʫ, ʩʤ3 45000 61000 

ʈʦʟʤʽʨʠ, ʤʤ 178ʭ129x35 262 Ĭ 158 Ĭ 63 

3.1.3 ʋʩʪʘʥʦʚʢʘ ʜʣʷ ʚʠʧʨʦʙʦʚʫʚʘʥʥʷ ʟʨʘʟʢʽʚ ʥʘ ʨʦʟʪʷʛ  

ɼʣʷ ʚʠʚʯʝʥʥʷ ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʜʨʫʢʦʚʘʥʠʭ ʚʠʨʦʙʽʚ ʙʫʣʦ ʩʪʚʦʨʝʥʦ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʫ ʫʩʪʘʥʦʚʢʫ (ʨʠʩ. 3.3). ʋʩʪʘʥʦʚʢʘ ʜʦʟʚʦʣʷʻ ʚʠʤʽʨʶʚʘʪʠ ʟʫʩʠʣʣʷ 

ʨʦʟʪʷʛʫ ʪʘ ʚʠʜʦʚʞʝʥʥʷ ʟʨʘʟʢʽʚ. ɹʫʣʘ ʨʦʟʨʦʙʣʝʥʘ ʝʣʝʢʪʨʦʥʥʘ ʮʠʬʨʦʚʘ                

ʩʭʝʤʘ  (ʨʠʩ. 3.4) ʪʘ ʩʪʚʦʨʝʥʦ ʧʨʦʛʨʘʤʥʝ ʟʘʙʝʟʧʝʯʝʥʥʷ ʜʣʷ ʢʝʨʫʚʘʥʥʷ ʫʩʪʘʥʦʚʢʦʶ 

ʪʘ ʦʙʨʦʙʢʠ ʜʘʥʠʭ (ʨʠʩ. 3.6).  

     

ʈʠʩʫʥʦʢ 3.3 ï ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘ ʫʩʪʘʥʦʚʢʘ ʜʣʷ ʚʠʧʨʦʙʫʚʘʥʴ ʥʘ ʨʦʟʪʷʛ 
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ʇʨʦʛʨʘʤʥʝ ʟʘʙʝʟʧʝʯʝʥʥʷ ʙʫʣʦ ʥʘʧʠʩʘʥʦ ʥʘ ʤʦʚʽ ʧʨʦʛʨʘʤʫʚʘʥʥʷ ʉ# 

ʜʦʟʚʦʣʷʻ ʢʝʨʫʚʘʪʠ ʧʝʨʝʤʽʱʝʥʥʷʤ ʚʠʢʦʥʘʚʯʠʭ ʦʨʛʘʥʽʚ, ʘ ʩʘʤʝ ʧʦʣʦʞʝʥʥʷʤ 

ʟʘʪʠʩʢʥʠʭ ʣʝʱʘʪ ʪʘ ʥʫʣʴʦʚʠʤ ʧʦʣʦʞʝʥʥʷʤ ʟʨʘʟʢʘ, ʦʪʨʠʤʫʚʘʪʠ ʜʘʥʥʽ ʟ ʜʘʪʯʠʢʽʚ ʚ 

ʨʝʞʠʤʽ ʨʝʘʣʴʥʦʛʦ ʯʘʩʫ, ʙʫʜʫʚʘʪʠ ʛʨʘʬʽʢ ʟʘʣʝʞʥʦʩʪʽ ʚʠʜʦʚʞʝʥʥʷ ʜʦʩʣʽʜʥʦʛʦ 

ʟʨʘʟʢʘ ʚʽʜ ʟʫʩʠʣʣʷ ʨʦʟʪʷʛʫ (ʨʠʩ. 3.6). ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘ ʫʩʪʘʥʦʚʢʘ ʜʣʷ 

ʚʠʧʨʦʙʫʚʘʥʴ ʥʘ ʨʦʟʪʷʛ ʦʪʨʠʤʫʻ ʜʘʥʽ ʟʘ ʜʦʧʦʤʦʛʦʶ ʚʠʩʦʢʦʪʦʯʥʦʛʦ ʪʝʥʟʦʜʘʪʯʠʢʘ 

S-ʪʠʧʫ YZC-516C ʪʘ ʝʥʢʦʜʝʨʘ KY-040 (ʨʠʩ. 3.5).  

ʊʝʥʟʦʜʘʪʯʠʢ YZC-516C ʚʠʢʦʨʠʩʪʦʚʫʚʘʚʩʷ ʜʣʷ ʚʠʤʽʨʫ ʟʫʩʠʣʣʷ ʨʦʟʪʷʛʫ. 

ʄʘʢʩʠʤʘʣʴʥʦ ʜʦʧʫʩʪʠʤʝ ʟʫʩʠʣʣʷ ï 50 ʢʛ. ɽʥʢʦʜʝʨ KY-040 ʚʠʢʦʨʠʩʪʦʚʫʚʘʚʩʷ ʜʣʷ 

ʚʠʤʽʨʫ ʧʝʨʝʤʽʱʝʥʥʷ. ɼʣʷ ʮʴʦʛʦ ʚʠʤʽʨʶʚʘʣʦʩʴ ʣʽʥʽʡʥʝ ʧʝʨʝʤʽʱʝʥʥʷ ʨʦʙʦʯʦʛʦ 

ʦʨʛʘʥʫ ʫʩʪʘʥʦʚʢʠ ʟʘ ʦʜʠʥ ʦʙʝʨʪ ʝʥʢʦʜʝʨʘ. ʆʪʨʠʤʘʥʝ ʟʥʘʯʝʥʥʷ ʚʥʦʩʠʣʦʩʴ ʚ ʤʝʥʶ 

ñʂʘʣʽʙʨʫʚʘʥʥʷò ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ ʫʩʪʘʥʦʚʢʠ.  

 

ʈʠʩʫʥʦʢ 3.4 ï ɽʣʝʢʪʨʦʥʥʘ ʩʭʝʤʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʾ ʫʩʪʘʥʦʚʢʠ 

  

ʈʠʩʫʥʦʢ 3.5 ï ɽʥʢʦʜʝʨ KY-040 ʪʘ ʪʝʥʟʦʜʘʪʯʠʢ S-ʪʠʧʫ YZC-516C 
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ʊʘʢʦʞ ʜʦ ʝʣʝʢʪʨʦʥʥʦʾ ʯʘʩʪʠʥʠ ʫʩʪʘʥʦʚʢʠ ʚʭʦʜʷʪʴ ʜʚʘ ʢʽʥʮʝʚʠʢʘ, ʷʢʽ 

ʦʙʤʝʞʫʶʪʴ ʧʝʨʝʤʽʱʝʥʥʷ ʚʠʢʦʥʘʚʯʠʭ ʦʨʛʘʥʽʚ. ʊʦʤʫ ʤʘʢʩʠʤʘʣʴʥʦ ʜʦʧʫʩʪʠʤʝ 

ʧʝʨʝʤʽʱʝʥʥʷ ʩʢʣʘʜʘʻ 15 ʩʤ. ʄʝʭʘʥʽʯʥʘ ʯʘʩʪʠʥʘ ʫʩʪʘʥʦʚʢʠ ʚʢʣʶʯʘʻ ʚ ʩʝʙʝ ʥʝʩʫʯʫ 

ʨʘʤʫ 1, ʯʝʨʚôʷʯʥʠʡ ʨʝʜʫʢʪʦʨ 3,  ʝʣʝʢʪʨʦʜʚʠʛʫʥ 2, ʛʚʠʥʪʦʚʫ ʧʘʨʫ 4, ʩʠʩʪʝʤʫ 

ʬʽʢʩʘʮʽʾ ʜʦʩʣʽʜʥʠʭ ʟʨʘʟʢʽʚ 6.  

ʋʩʪʘʥʦʚʢʘ ʧʨʘʮʶʻ  ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ.  ɽʣʝʢʪʨʦʜʚʠʛʫʥ  1 ʯʝʨʝʟ  ʨʝʤʽʥʥʫ 

ʧʝʨʝʜʘʯʫ  2  ʦʙʝʨʪʘʻ ʯʝʨʚôʷʯʥʠʡ  ʨʝʜʫʢʪʦʨ 3. ɺ ʟʫʙʯʘʪʦʤʫ ʢʦʣʝʩʽ ʨʝʜʫʢʪʦʨʘ 

ʚʩʪʘʚʣʝʥʘ ʛʘʡʢʘ ʯʝʨʝʟ ʷʢʫ ʧʨʦʭʦʜʠʪʴ ʨʽʟʴʙʦʚʠʡ ʚʘʣ 4. ɿʘʚʜʷʢʠ ʮʴʦʤʫ ʚʽʜʙʫʚʘʻʪʴʩʷ 

ʣʽʥʽʡʥʝ ʧʝʨʝʤʽʱʝʥʥʷ ʚʘʣʫ 4. ɼʦ ʥʝʾ ʧʨʠʢʨʽʧʣʝʥʽ ʬʽʢʩʫʶʯʽ ʛʫʙʢʠ 6, ʚ ʷʢʽ 

ʟʘʢʨʽʧʣʶʻʪʴʩʷ ʜʦʩʣʽʜʥʠʡ ʟʨʘʟʦʢ 5. ʏʝʨʝʟ ʚʝʨʭʥʽ ʛʫʙʢʠ 6 ʢʨʽʧʣʷʪʴʩʷ ʜʦ ʩʪʘʥʠʥʠ 8 

ʯʝʨʝʟ ʪʝʥʟʦʜʘʪʯʠʢ 7. 

 

 

ʈʠʩʫʥʦʢ 3.6 ï ɯʥʪʝʨʬʝʡʩ ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ ʧʨʦʛʨʘʤʠ ʢʝʨʫʚʘʥʥʷ ʪʘ 

ʚʠʤʽʨʶʚʘʥʥʷ ʜʘʥʠʭ ʫʩʪʘʥʦʚʢʠ ʜʣʷ ʚʠʧʨʦʙʦʚʫʚʘʥʥʷ ʟʨʘʟʢʽʚ ʥʘ ʨʦʟʪʷʛ 

ʇʘʥʝʣʴ ʢʝʨʫʚʘʥʥʷ: 

ʚʠʢʦʥʫʻ ʧʫʩʢ, 

ʧʝʨʝʤʽʱʝʥʥʷ ʪʘ 

ʚʠʭʽʜ  ʚ ʧʦʯʘʪʢʦʚʫ 

ʪʦʯʢʫ 
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3.2 ʄʝʪʦʜʠʢʘ ʜʦʩʣʽʜʞʝʥʥʷ 

ʅʘʡʙʽʣʴʰ ʧʦʰʠʨʝʥʠʡ ʚʠʜ ʚʠʧʨʦʙʫʚʘʥʴ ʜʣʷ ʦʮʽʥʢʠ ʤʝʭʘʥʽʯʥʠʭ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʤʘʪʝʨʽʘʣʽʚ - ʚʠʧʨʦʙʫʚʘʥʥʷ ʥʘ ʦʜʥʦʦʩʴʦʚʠʡ ʨʦʟʪʷʛ. ʆʜʥʦʚʽʩʥʝ 

ʨʦʟʪʷʛʥʝʥʥʷ ʻ ʥʘʡʙʽʣʴʰ ʧʨʦʩʪʠʤ ʟ ʪʦʯʢʠ ʟʦʨʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʟʜʽʡʩʥʝʥʥʷ, 

ʧʦʨʽʚʥʷʥʦ ʣʝʛʢʦ ʧʽʜʜʘʻʪʴʩʷ ʘʥʘʣʽʟʫ, ʜʦʟʚʦʣʷʻ ʟʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʦʜʥʦʛʦ ʜʦʩʚʽʜʫ 

ʚʠʟʥʘʯʠʪʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʘʢʠʭ ʥʘʡʚʘʞʣʠʚʽʰʠʭ ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ 

ʤʘʪʝʨʽʘʣʽʚ, ʷʢ ʧʨʫʞʥʽʩʪʴ, ʤʽʮʥʽʩʪʴ, ʩʪʘʪʠʯʥʘ ʚ'ʷʟʢʽʩʪʴ.  

ʄʝʪʦʜʠ ʚʠʧʨʦʙʫʚʘʥʥʷ ʥʘ ʩʪʘʪʠʯʥʠʡ ʨʦʟʪʷʛ ʩʪʘʥʜʘʨʪʠʟʦʚʘʥʽ. ɭ ʦʢʨʝʤʽ 

ʩʪʘʥʜʘʨʪʠ ʥʘ ʚʠʧʨʦʙʫʚʘʥʥʷ ʟʘ ʢʽʤʥʘʪʥʦʾ, ʟʤʝʥʰʝʥʦʾ ʪʘ ʟʙʽʣʴʰʝʥʦʾ ʪʝʤʧʝʨʘʪʫʨʘʭ. 

ʋ ʩʪʘʥʜʘʨʪʘʭ ʜʘʥʦ ʪʠʧʦʚʽ ʬʦʨʤʠ ʽ ʨʦʟʤʽʨʠ ʟʨʘʟʢʽʚ, ʦʧʠʩʘʥʽ ʤʝʪʦʜʠ ʚʠʟʥʘʯʝʥʥʷ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʷʢʽ ʦʮʽʥʶʶʪʴʩʷ ʚ ʭʦʜʽ ʝʢʩʧʝʨʠʤʝʥʪʫ, ʦʩʥʦʚʥʽ ʚʠʤʦʛʠ ʜʦ 

ʜʦʩʣʽʜʥʦʛʦ ʫʩʪʘʪʢʫʚʘʥʥʷ, ʤʝʪʦʜʠʢʠ ʧʨʦʚʝʜʝʥʥʷ ʝʢʩʧʝʨʠʤʝʥʪʫ ʽ ʦʙʨʦʙʢʠ 

ʢʽʥʮʝʚʠʭ ʨʝʟʫʣʴʪʘʪʽʚ. ʆʩʥʦʚʥʠʤ ʜʦʢʫʤʝʥʪʦʤ, ʱʦ ʨʝʛʣʘʤʝʥʪʫʻ ʜʦʩʣʽʜʞʝʥʥʷ 

ʧʦʣʽʤʝʨʥʠʭ ʟʨʘʟʢʽʚ ʥʘ ʨʦʟʪʷʛ ʻ ɻʆʉʊ 11262-80 [79]  (ʘʥʘʣʦʛ ASTM                 

Standard D628-14 [80] ) 

ʅʘ ʜʘʥʠʡ ʤʦʤʝʥʪ ʥʝ ʽʩʥʫʻ ʯʽʪʢʦʾ ʤʝʪʦʜʠʢʠ ʜʣʷ ʚʠʧʨʦʙʫʚʘʥʴ ʜʨʫʢʦʚʘʥʠʭ 

ʟʨʘʟʢʽʚ, ʦʩʦʙʣʠʚʦ ʥʘ ʨʦʟʪʷʛ ʤʽʞ ʰʘʨʘʤʠ. ʊʦʤʫ ʙʫʣʦ ʨʦʟʨʦʙʣʝʥʦ ʜʦʜʘʪʢʦʚʽ 

ʨʝʢʦʤʝʥʜʘʮʽʾ, ʱʦʜʦ ʚʠʛʦʪʦʚʣʝʥʥʷ ʪʘ ʜʦʩʣʽʜʞʝʥʥʷ ʥʘ ʨʦʟʪʷʛ ʜʨʫʢʦʚʘʥʠʭ ʟʨʘʟʢʽʚ 

ʪʘ ʚʠʢʦʨʠʩʪʘʥʦ ʚ ʥʘʩʪʫʧʥʽʡ ʤʝʪʦʜʠʮʽ. 

3.2.1 ɺʠʛʦʪʦʚʣʝʥʥʷ ʟʨʘʟʢʽʚ 

ɼʣʷ ʜʨʫʢʫ ʟʨʘʟʢʽʚ (ʨʠʩ. 3.7) ʥʝʦʙʭʽʜʥʦ ʜʦʪʨʠʤʫʚʘʪʠʩʴ ʥʘʩʪʫʧʥʠʭ 

ʨʝʢʦʤʝʥʜʘʮʽʡ: 

1. ʅʘ ʚʽʜʤʽʥʫ ʚʽʜ ʜʦʩʣʽʜʞʝʥʴ [38]-[44], ʜʝ ʟʨʘʟʢʠ ʜʨʫʢʫʶʪʴʩʷ ʣʝʞʘʯʠ ʥʘ 

ʧʣʘʪʬʦʨʤʽ, ʜʣʷ ʜʦʩʣʽʜʞʝʥʴ ʥʘ ʨʦʟʪʷʛ ʤʽʞ ʰʘʨʘʤʠ, ʟʨʘʟʢʠ ʜʨʫʢʫʶʪʴʩʷ 

ʚʝʨʪʠʢʘʣʴʥʦ. 

2. ɺ ʜʦʩʣʽʜʞʝʥʥʷʭ [38]-[44] ʟʘ ʦʜʠʥ ʨʘʟ ʜʨʫʢʫʻʪʴʩʷ ʧʝʚʥʘ ʢʽʣʴʢʽʩʪʴ 

ʟʨʘʟʢʽʚ. ɼʣʷ ʜʦʩʣʽʜʞʝʥʴ ʥʘ ʨʦʟʪʷʛ ʤʽʞ ʰʘʨʘʤʠ ʮʝ ʥʝ ʧʨʠʧʫʩʪʠʤʦ, ʘʜʞʝ ʧʨʠ 
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ʚʠʛʦʪʦʚʣʝʥʥʽ ʛʨʫʧʠ ʟʨʘʟʢʽʚ, ʧʨʠʩʫʪʥʷ ʚʝʣʠʢʘ ʢʽʣʴʢʽʩʪʴ ʧʝʨʝʭʦʜʽʚ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ 

ʜʦ ʚʝʣʠʢʦʾ ʢʽʣʴʢʦʩʪʽ ʜʝʬʝʢʪʥʠʭ ʤʽʩʮʴ. ʄʦʞʣʠʚʘ ʧʨʠʩʫʪʥʽʩʪʴ ʧʦʣʽʤʝʨʥʦʛʦ 

ñʧʘʚʫʪʠʥʥʷò ʘʙʦ ʤʽʩʮʴ ʥʝʜʦʝʢʩʪʨʫʟʽʾʾ.  

3. ʆʩʥʦʚʥʽ ʧʘʨʘʤʝʪʨʠ ʜʨʫʢʫ: ʪʠʧ ʤʘʪʝʨʽʘʣʫ ï PLA; ʜʽʘʤʝʪʨ ʩʦʧʣʘ    dʩʦʧʣʘ 

= 0, 5ʤʤ, ʪʦʚʱʠʥʘ ʰʘʨʫ ȹh ʘʨʫ = 0,2 ʤʤ, ʦʭʦʣʦʜʞʝʥʥʷ ï 100%. 

4. ɼʣʷ ʜʦʩʣʽʜʞʝʥʴ ʜʨʫʢʫʻʪʴʩʷ ʟʨʘʟʢʠ ʧʨʠ ʥʘʩʪʫʧʥʠʭ ʟʤʽʥʥʠʭ 

ʧʘʨʘʤʝʪʨʘʭ: ʰʚʠʜʢʽʩʪʴ ʜʨʫʢʫ Vʜʨ =  30, 40, 50 ʪʘ 70 ʤʤ/c; ʪʝʤʧʝʨʘʪʫʨʘ ʜʨʫʢʫ tʜʨʫʢʫ 

= 190, 200, 210, 220, 230, 240 ʪʘ 250 Üʉ. ɻʝʦʤʝʪʨʽʷ ʟʨʘʟʢʽʚ ʪʘʢʦʞ ʟʤʽʥʥʘ: ʪʦʚʱʠʥʘ 

ʟʨʘʟʢʽʚ tʟʨ = 1, 1.5 ʪʘ 2 ʤʤ ʘʙʦ 2,3 ʪʘ 4 ʜʽʘʤʝʪʨʠ ʩʦʧʣʘ dʩʦʧʣʘ ʚʽʜʧʦʚʽʜʥʦ. 

5. ʇʽʩʣʷ ʜʨʫʢʫ ʢʽʥʮʽ ʟʨʘʟʢʽʚ, ʱʦ ʟʘʪʠʩʢʘʶʪʴʩʷ ʚ ʛʫʙʢʠ, ʥʝʦʙʭʽʜʥʦ 

ʦʧʣʘʚʠʪʠ ʪʝʨʤʦʥʦʞʝʤ. ʊʘʢʘ ʦʧʝʨʘʮʽʶ ʜʦʜʘʻ ʜʦʜʘʪʢʦʚʦʾ ʤʽʮʥʦʩʪʽ ʽ ʟʨʘʟʦʢ ʥʝ 

ʨʫʡʥʫʻʪʴʩʷ ʧʨʠ ʟʘʪʠʩʢʘʥʥʽ.  

  

ʈʠʩʫʥʦʢ 3.7 ï ɿʨʘʟʦʢ ʪʘ ʟʙʽʣʴʰʝʥʝ ʟʦʙʨʘʞʝʥʥʷ ʜʽʣʷʥʢʠ ʟʨʘʟʢʫ 

3.2.2 ʇʦʨʷʜʦʢ ʧʨʦʚʝʜʝʥʥʷ ʚʠʧʨʦʙʫʚʘʥʴ ʥʘ ʨʦʟʪʷʛ 

1. ʇʝʨʝʜ ʢʦʞʥʦʶ ʛʨʫʧʦʶ ʜʦʩʣʽʜʽʚ ʪʝʥʟʦʜʘʪʯʠʢ ʢʘʣʽʙʨʫʶʪʴ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʝʪʘʣʦʥʥʦʛʦ ʚʘʥʪʘʞʫ. 

2. ɿʨʘʟʢʠ ʬʽʢʩʫʶʪʴʩʷ ʛʚʠʥʪʘʤʠ ʚ ʟʘʪʠʩʢʘʯʘʭ. ʇʦʪʨʽʙʥʦ ʩʣʽʜʢʫʚʘʪʠ, ʱʦʙ 

ʩʠʣʘ ʟʘʪʷʛʫʚʘʥʥʷ ʛʚʠʥʪʽʚ ʥʝ ʜʝʬʦʨʤʫʚʘʣʘ ʟʨʘʟʦʢ.  

3. ʌʽʢʩʘʮʽʷ ʟʨʘʟʢʽʚ ʜʦ ʥʠʞʥɹ ʦʾ ʛʫʙʢʠ ʥʝ ʞʦʨʩʪʢʘ, ʥʘ ʧʦʯʘʪʢʫ ʨʫʭʫ 

ʪʷʛʥʫʯʦʛʦ ʧʨʠʩʪʨʦʶ ʻ ʭʦʣʦʩʪʠʡ ʭʽʜ. ʎʝ ʟʘʙʝʟʧʝʯʫʻ ʚʽʜʩʫʪʥʽʩʪʴ ʚʧʣʠʚʫ ʩʪʘʨʪʦʚʠʭ 

ʨʠʚʢʽʚ ʥʘ ʟʨʘʟʦʢ. 
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4. ɺʨʘʭʦʚʫʻʪʴʩʷ ʪʦʡ ʨʝʟʫʣʴʪʘʪ, ʚ ʷʢʦʤʫ ʨʫʡʥʫʚʘʥʥʷ ʟʨʘʟʢʽʚ 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʦ ʤʝʞʽ ʰʘʨʫ ʪʘ ʟʥʘʭʦʜʠʪʴʩʷ ʥʘ ʥʘʡʚʫʞʯʽʡ ʜʽʣʷʥʮʽ ʥʘ ʧʝʚʥʽʡ 

ʚʽʜʩʪʘʥʽ ʚʽʜ ʟʘʪʠʩʢʘʯʽʚ. 

5. ʈʝʟʫʣʴʪʘʪ ʚʽʜʧʦʚʽʜʘʻ ʧʦʢʘʟʘʤ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʫʩʠʣʣʷ ʪʝʥʟʦʜʘʪʯʠʢʘ 

(ʚʠʚʦʜʠʪʴʩʷ ʥʘ ʽʥʪʝʨʬʝʡʩ ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ ʚ ʤʦʤʝʥʪ ʧʨʠʧʠʥʝʥʥʷ ʜʽʾ 

ʟʫʩʠʣʣʷ ʥʘ ʨʦʟʪʷʛ). 

6. ʈʝʟʫʣʴʪʘʪ ʚʽʜʧʦʚʽʜʘʻ ʧʦʢʘʟʘʤ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʫʩʠʣʣʷ ʪʝʥʟʦʜʘʪʯʠʢʘ 

(ʚʠʚʦʜʠʪʴʩʷ ʥʘ ʽʥʪʝʨʬʝʡʩ ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ ʚ ʤʦʤʝʥʪ ʧʨʠʧʠʥʝʥʥʷ ʜʽʾ 

ʟʫʩʠʣʣʷ). 

7. ɺʽʜʧʨʘʮʴʦʚʘʥʠʡ ʟʨʘʟʦʢ ʚʠʡʤʘʻʪʴʩʷ ʟ ʟʘʪʠʩʢʘʯʽʚ, ʪʷʛʥʫʯʠʡ ʤʝʭʘʥʽʟʤ 

ʧʦʚʝʨʪʘʻʪʴʩʷ ʚ ʥʫʣʴʦʚʝ ʧʦʣʦʞʝʥʥʷ ʽ ʜʣʷ ʢʦʞʥʦʛʦ ʪʠʧʫ ʟʨʘʟʢʽʚ ʧʨʦʚʦʜʠʪʴʩʷ 

ʚʠʧʨʦʙʦʚʫʚʘʥʥʷ ʥʘ ʨʦʟʪʷʛ 20 ʨʘʟʽʚ.  

3.2.3 ʇʣʘʥ ʜʦʩʣʽʜʞʝʥʴ 

ʆʩʥʦʚʥʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʧʨʦʩʪʦʨʦʚʦʛʦ ʜʨʫʢʫ ʻ ʪʦʚʱʠʥʘ ʰʘʨʫ, 

ʪʝʤʧʝʨʘʪʫʨʘ ʧʣʘʚʣʝʥʥʷ ʬʽʣʘʤʝʥʪʫ ʪʘ ʰʚʠʜʢʽʩʪʴ ʨʫʭʫ ʝʢʩʪʨʫʜʝʨʘ. ʈʦʟʛʣʷʥʝʤʦ ʷʢ 

ʚʧʣʠʚʘʻ ʢʦʞʝʥ ʟ ʧʘʨʘʤʝʪʨʽʚ ʥʘ ʜʨʫʢ ʪʘ ʥʘ ʟʣʠʧʘʥʥʷ ʰʘʨʽʚ ʤʘʪʝʨʽʘʣʫ. 

1. ʊʦʚʱʠʥʘ ʰʘʨʫ 

ʇʨʠ ʤʘʣʠʭ ʪʦʚʱʠʥʘʭ ʰʘʨʫ ʷʢʽʩʪʴ ʜʨʫʢʫ ʢʨʘʱʝ, ʧʨʦʪʝ ʧʨʠ ʟʘʥʘʜʪʦ ʤʘʣʠʭ 

ʟʥʘʯʝʥʥʷʭ ʪʝʧʣʦ ʚʽʜ ʥʘʥʝʩʝʥʦʛʦ ʰʘʨʫ ʤʦʞʝ ʜʝʬʦʨʤʫʚʘʪʠ ʧʦʧʝʨʝʜʥʽʡ ʭʦʣʦʜʥʠʡ 

ʰʘʨ. ʎʝ ʘʢʪʫʘʣʴʥʦ ʚ ʧʝʨʰʫ ʯʝʨʛʫ ʜʣʷ ʚʠʨʦʙʽʚ ʟ ʤʘʣʦʶ ʜʦʚʞʠʥʦʶ ʦʜʥʦʛʦ ʰʘʨʫ. 

ʇʨʠ ʟʘʥʘʜʪʦ ʚʝʣʠʢʠʭ ʪʦʚʱʠʥʘʭ ʰʘʨʫ ʧʘʜʘʻ ʧʣʦʱʘ ʢʦʥʪʘʢʪʫ ʽ ʨʽʟʢʦ ʧʦʛʽʨʰʫʻʪʴʩʷ 

ʘʜʛʝʟʽʷ. ɺʚʘʞʘʻʪʴʩʷ, ʱʦ ʦʧʪʠʤʘʣʴʥʝ ʟʥʘʯʝʥʥʷ ʪʦʚʱʠʥʠ ʰʘʨʫ ʤʝʥʰʝ ʧʦʣʦʚʠʥʠ 

ʜʽʘʤʝʪʨʘ ʩʦʧʣʘ (h<0,5dʩʦʧʣʘ) [82].  

2. ʊʝʤʧʝʨʘʪʫʨʘ ʧʣʘʚʣʝʥʥʷ 

ʇʨʠ ʟʘʥʘʜʪʦ ʥʠʟʴʢʽʡ ʪʝʤʧʝʨʘʪʫʨʽ ʚôʷʟʢʽʩʪʴ ʧʦʣʽʤʝʨʫ ʚʠʩʦʢʘ, ʧʨʦʭʦʜʞʝʥʥʷ 

ʧʦ ʢʘʥʘʣʫ ʝʢʩʪʨʫʜʝʨʘ ʫʩʢʣʘʜʥʝʥʝ, ʘʜʛʝʟʽʷ ʟ ʧʦʧʝʨʝʜʥʴʦ ʥʘʜʨʫʢʦʚʘʥʠʤ ʭʦʣʦʜʥʠʤ 

ʰʘʨʦʤ ʧʦʛʘʥʘ ʘʙʦ ʥʘʚʽʪʴ ʚʽʜʩʫʪʥʷ. ʇʨʠ ʧʦʩʪʫʧʦʚʦʤʫ ʟʙʽʣʴʰʝʥʥʽ ʪʝʤʧʝʨʘʪʫʨʠ 

ʜʘʥʥʽ ʧʘʨʘʤʝʪʨʠ ʧʦʢʨʘʱʫʶʪʴʩʷ.  
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ʗʢʱʦ ʪʝʤʧʝʨʘʪʫʨʘ ʟʘʥʘʜʪʦ ʚʠʩʦʢʘ, ʪʦ ʚʽʜʙʫʚʘʻʪʴʩʷ ʩʪʨʽʤʢʝ ʧʘʜʽʥʥʷ 

ʚôʷʟʢʦʩʪʽ ʧʦʣʽʤʝʨʫ, ʚʥʘʩʣʽʜʦʢ ʯʦʛʦ ʤʘʪʝʨʽʘʣ ʥʝ ʚʩʪʠʛʘʻ ʜʦʩʪʘʪʥʴʦ ʦʭʦʣʦʥʫʪʠ ʽ 

ʨʦʟʪʽʢʘʻʪʴʩʷ. ʎʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʫʪʚʦʨʝʥʥʷ ʟʘʟʦʨʽʚ ʤʽʞ ʰʘʨʘʤʠ, ʚʥʘʩʣʽʜʦʢ ʯʦʛʦ 

ʘʜʛʝʟʽʷ ʧʦʛʽʨʰʫʻʪʴʩʷ.  

3.  ʐʚʠʜʢʽʩʪʴ ʨʫʭʫ ʝʢʩʪʨʫʜʝʨʘ 

ʗʢʱʦ ʛʦʣʦʚʢʘ ʝʢʩʪʨʫʜʝʨʘ ʧʝʨʝʤʽʱʫʻʪʴʩʷ ʟʘʥʘʜʪʦ ʧʦʚʽʣʴʥʦ, ʪʦ ʪʝʧʣʦ ʩʦʧʣʘ 

ʤʦʞʝ ʜʝʬʦʨʤʫʚʘʪʠ ʧʦʧʝʨʝʜʥʽʡ ʭʦʣʦʜʥʠʡ ʰʘʨ, ʧʨʦʪʝ ʥʘ ʧʨʘʢʪʠʮʽ ʪʘʢʘ ʩʠʪʫʘʮʽʷ 

ʜʦʚʦʣʽ ʨʽʜʢʽʩʥʘ ʽ ʩʦʧʣʦ ʥʝ ʟʘʪʨʠʤʫʻʪʴʩʷ ʥʘ ʜʦʩʪʘʪʥʴʦ ʜʦʚʛʠʡ ʯʘʩ ʚ ʦʜʥʽʡ ʪʦʯʮʽ, 

ʱʦʙ ʚʩʪʠʛʥʫʪʠ ʧʨʦʛʨʽʪʠ ʧʦʧʝʨʝʜʥʽʡ ʰʘʨ. ʇʨʦʪʝ ʪʘʢʽ ʩʠʪʫʘʮʽʾ ʤʦʞʣʠʚʽ ʜʣʷ 

ʚʠʨʦʙʽʚ ʟ ʟʘʥʘʜʪʦ ʤʘʣʦʶ ʜʦʚʞʠʥʦʶ ʦʜʥʦʛʦ ʰʘʨʫ.  

ɿʙʽʣʴʰʝʥʥʽ ʰʚʠʜʢʦʩʪʽ ʨʫʭʫ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʪʦʛʦ, ʱʦ ʤʘʪʝʨʽʘʣ ʰʚʠʜʰʝ 

ʧʨʦʭʦʜʠʪʴ ʟʦʥʫ ʧʣʘʚʣʝʥʥʷ ʝʢʩʪʨʫʜʝʨʘ. ʇʨʠ ʚʠʩʦʢʠʭ ʟʥʘʯʝʥʥʷʭ ʰʚʠʜʢʦʩʪʽ 

ʤʘʪʝʨʽʘʣ ʥʝ ʜʦʩʪʘʪʥʴʦ ʧʨʦʛʨʽʚʘʻʪʴʩʷ, ʤʘʻ ʥʠʞʯʫ ʚôʷʟʢʽʩʪʴ ʘʙʦ ʥʘʚʽʪʴ ʥʝ 

ʧʨʦʧʣʘʚʣʷʻʪʴʩʷ ʚʩʝʨʝʜʠʥʽ ʬʽʣʘʤʝʥʪʫ (ʦʩʦʙʣʠʚʦ ʧʨʠ ʩʦʧʣʘʭ ʚʠʩʦʢʦʛʦ ʜʽʘʤʝʪʨʫ). 

ʎʝ ʚ ʩʚʦʶ ʯʝʨʛʫ ʪʘʢʦʞ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʦʛʘʥʦʛʦ ʟʣʠʧʘʥʥʷ ʤʽʞ ʰʘʨʘʤʠ ʤʘʪʝʨʽʘʣʫ.  

ɺʠʭʦʜʷʯʠ ʟ ʮʴʦʛʦ ʙʫʣʦ ʚʠʧʨʦʙʫʚʘʥʦ ʥʘʩʪʫʧʥʽ ʛʨʫʧʠ ʟʨʘʟʢʽʚ (ʊʘʙʣʠʮʷ 3.3) 

 

ʊʘʙʣʠʮʷ 3.3  ʊʠʧʠ ʜʦʩʣʽʜʥʠʭ ʜʨʫʢʦʚʘʥʠʭ ʟʨʘʟʢʽʚ 

 ̄ ʆʧʠʩ ʟʨʘʟʢʽʚ 

1 
ɿ ʤʽʥʽʤʘʣʴʥʦʶ ʧʣʦʱʝʶ ʧʝʨʝʨʽʟʫ (5 ʤʤ2) ʪʘ ʨʽʟʥʠʤʠ ʪʝʤʧʝʨʘʪʫʨʘʤʠ 

ʜʨʫʢʫ (tʜʨʫʢʫ = 190é250Áʉ) 

2 ɿ ʨʽʟʥʦʶ ʧʣʦʱʝʶ ʧʝʨʝʨʽʟʫ (Sʧʝʨ = 5,10,15 ʪʘ 20 ʤʤ
2) 

3 ɿʨʘʟʢʠ ʟ ʨʽʟʥʦʶ ʪʦʚʱʠʥʦʶ ʰʘʨʫ (ȹʰʘʨʫ=0,1é0,4ʤʤ) 

4 ɿ ʨʽʟʥʦʶ ʰʚʠʜʢʽʩʪʶ ʜʨʫʢʫ (Vʜʨʫʢʫ = 10é70 ʤʤ/c) 

5 ɿʨʘʟʢʠ ʧʽʜʜʘʥʽ ʪʝʨʤʦʦʙʨʦʙʮʽ ʪʘ ʦʧʨʦʤʽʥʝʥʥʶ 

6 ɿʨʘʟʢʠ ʟ ʜʝʮʠʤʝʪʨʦʚʦʶ ʰʢʘʣʦʶ 

7 

ɿʨʘʟʢʠ ʟ ʢʨʘʪʥʠʤ ʟʙʽʣʴʰʝʥʥʷʤ ʤʘʩʠ ʪʘ ʦʜʥʘʢʦʚʦʶ ʩʪʘʪʠʩʪʠʢʦʶ ʨʫʭʫ 

ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ (ʚʽʜʩʦʪʦʢ ʭʦʣʦʩʪʠʭ ʪʘ ʨʦʙʦʯʠʭ ʧʝʨʝʤʽʱʝʥʴ ʚʽʜ 

ʟʘʛʘʣʴʥʦʾ ʜʦʚʞʠʥʠ ʪʨʘʝʢʪʦʨʽʾ ʜʨʫʢʫ) 
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3.3 ʈʦʟʨʘʭʫʥʦʢ ʧʦʭʠʙʦʢ ʜʦʩʣʽʜʞʝʥʥʷ 

3.3.1  ʄʝʪʦʜʠʢʘ ʨʦʟʨʘʭʫʥʢʫ ʧʦʭʠʙʦʢ ʧʨʷʤʠʭ ʚʠʤʽʨʶʚʘʥʴ 

ɺʠʟʥʘʯʝʥʥʷ ʧʦʭʠʙʢʠ ʩʝʨʝʜʥʴʦʛʦ ʨʝʟʫʣʴʪʘʪʫ ʚʠʤʽʨʶʚʘʥʴ (ʷʢ ʧʨʷʤʠʭ, ʪʘʢ ʽ 

ʥʝʧʨʷʤʠʭ) ʬʽʟʠʯʥʠʭ ʚʝʣʠʯʠʥ ʟʜʽʡʩʥʶʻʪʴʩʷ ʟʘ ʤʝʪʦʜʠʢʦʶ, ʥʘʚʝʜʝʥʦʶ ʚ             

ʧʨʘʮʽ [81]. 

ʊʘʢ, ʧʦʭʠʙʢʫ ʩʝʨʝʜʥʴʦʛʦ ʨʝʟʫʣʴʪʘʪʫ ʧʨʷʤʠʭ ʚʠʤʽʨʶʚʘʥʴ ʬʽʟʠʯʥʠʭ ʚʝʣʠʯʠʥ 

ʚʠʢʦʥʫʻʪʴʩʷ ʚ ʪʘʢʽʡ ʧʦʩʣʽʜʦʚʥʦʩʪʽ. 

ɼʦʩʣʽʜʥʦ-ʽʥʩʪʨʫʤʝʥʪʘʣʴʥʫ ʧʦʤʠʣʢʫ ʩʝʨʝʜʥʴʦʛʦ ʨʝʟʫʣʴʪʘʪʫ ʚʠʤʽʨʶʚʘʥʴ 

ʬʽʟʠʯʥʦʾ ʚʝʣʠʯʠʥʠ x  ʚʠʟʥʘʯʘʶʪʴ ʟʘ ʟʘʣʝʞʥʽʩʪʶ: 

 

() 2 2 2

ʜʽʧ ʧʚʧ ʧʨ ʦʢʨ,xs = s +s +s                                     (3.1) 

ʜʝ ůʧʚʧ, ůʧʨ, ůʦʢʨ ï ʧʦʭʠʙʢʠ ʧʝʨʚʠʥʥʦʛʦ ʚʠʤʽʨʶʚʘʣʴʥʦʛʦ ʧʝʨʝʪʚʦʨʶʚʘʯʘ, 

ʧʨʠʣʘʜʫ ʪʘ ʦʢʨʫʛʣʝʥʥʷ, ʚʽʜʧʦʚʽʜʥʦ: 

ʜʧʧ

ʧʚʧ
3

D
s =

,                                              (3.2) 

ʧʨ ʚʠʤ

1

3 100
D

gå õ
s =æ ö

ç ÷,                                         (3.3) 

ʦʢʨ
12

C
s =

.                                                      (3.4) 

ʜʝ ȹʜʧʧ ï ʜʦʚʽʜʥʠʢʦʚʘ ʧʦʭʠʙʢʘ ʧʨʠʣʘʜʫ; 

ɔo ï ʢʣʘʩ ʪʦʯʥʦʩʪʽ ʧʨʠʣʘʜʫ; 

Dʚʠʤ ï ʜʽʘʧʘʟʦʥ ʚʠʤʽʨʶʚʘʥʥʷ ʧʨʠʣʘʜʫ; 

ʉ ï ʮʽʥʘ ʧʦʜʽʣʢʠ ʰʢʘʣʠ (ʩʪʫʧʽʥʴ ʜʠʩʢʨʝʪʠʟʘʮʽʾ ʮʠʬʨʦʚʦʛʦ ʚʽʜʣʽʢʫ) ʧʨʠʣʘʜʫ. 

ɺʠʧʘʜʢʦʚʘ ʧʦʤʠʣʢʘ ʩʝʨʝʜʥʴʦʛʦ ʨʝʟʫʣʴʪʘʪʫ ʩʪʘʥʦʚʠʪʴ 

 ()
( )

( )
2

1

1

1

n

i

i

x x x
n n =

q =x -
-
ä ,                                    (3.5) 
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ʜʝ xi ï -̔ʡ ʨʝʟʫʣʴʪʘʪ ʚʠʤʽʨʶʚʘʥʥʷ; 

ɝ ï ʢʦʝʬʽʮʽʻʥʪ ʉʪʴʶʜʝʥʪʘ, ʷʢʠʡ ʟʘʣʝʞʠʪʴ ʚʽʜ ʜʦʚʽʨʯʦʾ ʽʤʦʚʽʨʥʦʩʪʽ Pʜ ʽ 

ʢʽʣʴʢʦʩʪʽ ʚʠʤʽʨʶʚʘʥʴ n. 

ʇʦʚʥʘ ʧʦʭʠʙʢʘ ʧʨʷʤʦʛʦ ʚʠʤʽʨʶʚʘʥʥʷ ʬʽʟʠʯʥʦʾ ʚʝʣʠʯʠʥʠ ʦʙʯʠʩʣʶʻʪʴʩʷ ʟʘ 

ʬʦʨʤʫʣʦʶ: 

 

 
() () ()2 2

ʜʽʧx x xs = s +q
,                                (3.6) 

ʘ ʟʥʘʯʝʥʥʷ ʬʽʟʠʯʥʦʾ ʚʝʣʠʯʠʥʠ ʩʪʘʥʦʚʠʪʠʤʝ 

 
()x x x= °s

.                                      (3.7) 

3.3.2 ʈʦʟʨʘʭʫʥʦʢ ʧʦʭʠʙʢʠ ʚʠʤʽʨʶʚʘʥʥʷ ʟʫʩʠʣʣʷ ʨʦʟʪʷʛʫ 

ʇʦʭʠʙʢʘ ʚʠʤʽʨʶʚʘʥʥʷ ʟʫʩʠʣʣʷ ʨʦʟʪʷʛʫ ʟʛʽʜʥʦ ʟ (3.2) ʜʦʨʽʚʥʶʻ 

ʜʧʧ

ʧʚʧ

0,05
0,0167

3 3

D
s = =° =°  ʛ, 

ʜʝ ʜʦʚʽʜʥʠʢʦʚʘ ʧʦʭʠʙʢʘ ʪʝʥʟʦʜʘʪʯʠʢʘ YZC-516C ʩʪʘʥʦʚʠʪʴ:  

ʜʧʧ 0,05D =°  ʛ. 

ʇʦʭʠʙʢʘ ʧʨʠʣʘʜʫ ʟʛʽʜʥʦ ʟ (3.3) ʜʦʨʽʚʥʶʻ 

( )ʧʨ ʚʠʤ

1 1 0,05
100000 0,1 16,67

3 100 3 100
D

gå õ å õ
s = = Ö - =æ ö æ ö

ç ÷ ç ÷
 ʛ. 

ʇʦʭʠʙʢʘ ʦʢʨʫʛʣʝʥʥʷ ʟʛʽʜʥʦ ʟ (3.4) ʩʪʘʥʦʚʠʪʴ 

ʦʢʨ

0,1
0,0289

12 12

C
s = = =  ʛ. 

ɿʥʘʯʝʥʥʷ ʜʦʩʣʽʜʥʦ-ʽʥʩʪʨʫʤʝʥʪʘʣʴʥʦʾ ʧʦʤʠʣʢʠ ʚʠʟʥʘʯʘʻʤʦ ʟʛʽʜʥʦ ʟ (3.1): 
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() 2 2 2 2 2 2

ʜʽʧ ʧʚʧ ʧʨ ʦʢʨ0,0167 16,67 0,0289 16,67Ts = s +s +s = + + = ʛ. 

ʊʝʧʝʨ ʚʠʟʥʘʯʠʤʦ ʚʝʣʠʯʠʥʫ ʚʠʧʘʜʢʦʚʦʾ ʧʦʤʠʣʢʠ ʩʝʨʝʜʥʴʦʛʦ ʨʝʟʫʣʴʪʘʪʫ 

ʚʠʤʽʨʶʚʘʥʥʷ ʟʫʩʠʣʣʷ. ɼʣʷ ʚʠʟʥʘʯʝʥʥʷ ʚʠʧʘʜʢʦʚʦʾ ʧʦʭʠʙʢʠ ʧʨʦʚʦʜʠʣʠ ʧôʷʪʴ 

ʚʠʤʽʨʶʚʘʥʥʷ ʟʫʩʠʣʣʷ, ʷʢʽ ʩʪʘʥʦʚʠʣʠ 10; 9; 9,5; 10; 10 ʛ. 

ʉʝʨʝʜʥʻ ʘʨʠʬʤʝʪʠʯʥʝ ʟʫʩʠʣʣʷ ʩʪʘʥʦʚʠʪʴ: 

( )
_

1

1 1
10 9 9,5 10 10 9,7

5

n

i

i

P P
n =

= = + + + + =ä  

ʊʦʜʽ ʚʠʧʘʜʢʦʚʘ ʧʦʤʠʣʢʘ ʩʝʨʝʜʥʴʦʛʦ ʨʝʟʫʣʴʪʘʪʫ ʩʪʘʥʦʚʠʪʴ: 

()
( )

( )

( )
( ) ( ) ( ) ( ) ( )

2 2 2 2 2

2
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1
2,6 10 9,7 9 9,7 9,5 9,7 10 9,7 10 9,7

5 5 1

1

1

0,313ʛ,

n

i

i

P P P
n n =

= - + - + - + - + - =
-

q =x - =
-

è ø
ê ú

=

ä

 

ʜʝ ɝ=2,6 ï ʟʥʘʯʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʘ ʉʪʴʶʜʝʥʪʘ ʜʣʷ Pʜ = 0,95 ʽ n = 5 [81]. 

ʇʦʚʥʘ ʧʦʭʠʙʢʘ ʧʨʷʤʦʛʦ ʚʠʤʽʨʶʚʘʥʥʷ ʟʫʩʠʣʣʷ (3.6): 

() 2 216,67 0,313 16,673ms = + =  ʛ. 

ɺʝʣʠʯʠʥʘ ʟʫʩʠʣʣʷ ʚʽʜʧʦʚʽʜʥʦ ʜʦ (3.7) ʩʪʘʥʦʚʠʪʴ: 

() 16,673m m m m= °s = °  ʛ. 

ʋ ʙʽʣʴʰʦʩʪʽ ʚʠʤʽʨʶʚʘʥʴ ʬʽʟʠʯʥʠʭ ʚʝʣʠʯʠʥ ʟʥʘʯʝʥʥʷ ʚʠʧʘʜʢʦʚʦʾ ʧʦʤʠʣʢʠ 

ʾʭ ʩʝʨʝʜʥʴʦʛʦ ʨʝʟʫʣʴʪʘʪʫ ʟʥʘʯʥʦ ʤʝʥʰʝ ʚʽʜ ʟʥʘʯʝʥʥʷ ʜʦʩʣʽʜʥʦ-ʽʥʩʪʨʫʤʝʥʪʘʣʴʥʦʾ 

ʧʦʤʠʣʢʠ, ʪʦʤʫ ʥʘʜʘʣʽ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʧʦʚʥʦʾ ʧʦʭʠʙʢʠ ʧʨʷʤʦʛʦ ʚʠʤʽʨʶʚʘʥʥʷ 

ʬʽʟʠʯʥʠʭ ʚʝʣʠʯʠʥ ʜʦ ʫʚʘʛʠ ʧʨʠʡʤʘʻʪʴʩʷ ʪʽʣʴʢʠ ʜʦʩʣʽʜʥʦ-ʽʥʩʪʨʫʤʝʥʪʘʣʴʥʘ 

ʧʦʤʠʣʢʘ, ʪʦʙʪʦ ʧʨʠʡʤʘʻʤʦ, ʱʦ () ()ʜʽʧx xs =s . 
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3.3.3 ʈʦʟʨʘʭʫʥʦʢ ʧʦʭʠʙʢʠ ʚʠʤʽʨʶʚʘʥʥʷ ʚʽʜʭʠʣʝʥʥʷ ʬʦʨʤʠ 

ʇʦʭʠʙʢʘ ʚʠʤʽʨʶʚʘʥʥʷ ʟʛʽʜʥʦ ʟ (3.2) ʜʦʨʽʚʥʶʻ 

ʜʧʧ

ʧʚʧ

0,1
0,033

3 3

D
s = =° =° ʤʤ, 

ʜʝ ʜʦʚʽʜʥʠʢʦʚʘ ʧʦʭʠʙʢʘ 3D ʩʢʘʥʝʨʘ  ARTEC EVA ʩʪʘʥʦʚʠʪʴ:  

ʜʧʧ 0,1D =° ʤʤ. 

ʇʦʭʠʙʢʘ ʧʨʠʣʘʜʫ ʟʛʽʜʥʦ ʟ (3.3) ʜʦʨʽʚʥʶʻ 

( )ʧʨ ʚʠʤ

1 1 0,01
400 0,1 0,0133

3 100 3 100
D

gå õ å õ
s = = Ö - =æ ö æ ö

ç ÷ ç ÷
  

ʇʦʭʠʙʢʘ ʦʢʨʫʛʣʝʥʥʷ ʟʛʽʜʥʦ ʟ (3.4) ʩʪʘʥʦʚʠʪʴ 

ʦʢʨ

0,01
0,0028

12 12

C
s = = =  ʤʤ. 

ɿʥʘʯʝʥʥʷ ʜʦʩʣʽʜʥʦ-ʽʥʩʪʨʫʤʝʥʪʘʣʴʥʦʾ ʧʦʤʠʣʢʠ ʚʠʟʥʘʯʘʻʤʦ ʟʛʽʜʥʦ ʟ (3.1): 

() 2 2 2 2 2 2

ʜʽʧ ʧʚʧ ʧʨ ʦʢʨ0,033 0,0133 0,0028 0,0357Ts = s +s +s = + + = ʤʤ. 

ʊʝʧʝʨ ʚʠʟʥʘʯʠʤʦ ʚʝʣʠʯʠʥʫ ʚʠʧʘʜʢʦʚʦʾ ʧʦʤʠʣʢʠ ʩʝʨʝʜʥʴʦʛʦ ʨʝʟʫʣʴʪʘʪʫ 

ʚʠʤʽʨʶʚʘʥʥʷ ʚʽʜʩʪʘʥʽ. ɼʣʷ ʚʠʟʥʘʯʝʥʥʷ ʚʠʧʘʜʢʦʚʦʾ ʧʦʭʠʙʢʠ ʧʨʦʚʦʜʠʣʠ ʧôʷʪʴ 

ʚʠʤʽʨʶʚʘʥʴ ʚʽʜʩʪʘʥʽ, ʷʢʽ ʩʪʘʥʦʚʠʣʠ 100; 100,2; 100,1; 99,9; 100 ʤʤ. 

ʉʝʨʝʜʥʻ ʘʨʠʬʤʝʪʠʯʥʝ ʚʽʜʩʪʘʥʽ ʩʪʘʥʦʚʠʪʴ 

 

( )
_

1

1 1
100 100,2 100,1 99,9 100 100,04

5

n

i

i

l l
n =

= = + + + + =ä  ʤʤ 

. 

ʊʦʜʽ ʚʠʧʘʜʢʦʚʘ ʧʦʤʠʣʢʘ ʩʝʨʝʜʥʴʦʛʦ ʨʝʟʫʣʴʪʘʪʫ ʩʪʘʥʦʚʠʪʴ 
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( )

( )

( )

( ) ( ) ( )

( ) ( )

2 2 2

2 2

2

1

100 100,04 100,2 100,04 100,1 100,041
2,6

5 5 1 99,9 100,04 100 100,04

1

1

0,109ʤʤ,

n

i

i

l m m
n n =

- + - + - +
= =

- - + -
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-

è ø
é ù
é ùê ú

=
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ʜʝ ɝ=2,6 ï ʟʥʘʯʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʘ ʉʪʴʶʜʝʥʪʘ ʜʣʷ Pʜ = 0,95 ʽ n = 5. 

ʇʦʚʥʘ ʧʦʭʠʙʢʘ ʧʨʷʤʦʛʦ ʚʠʤʽʨʶʚʘʥʥʷ ʚʽʜʩʪʘʥʽ (3.6): 

 

() 2 20,0357 0,109 0,114ls = + =  ʤʤ. 

ɿʥʘʯʝʥʥʷ ʚʘʛʠ ʚʽʜʧʦʚʽʜʥʦ ʜʦ (3.7) ʩʪʘʥʦʚʠʪʴ 

()
_

0,114l l l l= °s = °  ʤʤ. 

3.3.4 ʈʦʟʨʘʭʫʥʦʢ ʧʦʭʠʙʢʠ ʚʠʤʽʨʶʚʘʥʥʷ ʪʦʚʱʠʥʠ 

ʇʦʭʠʙʢʘ ʪʦʚʱʠʥʠ ʟʛʽʜʥʦ ʟ (3.2) ʜʦʨʽʚʥʶʻ 

ʜʧʧ

ʧʚʧ

0,005
0,00167

3 3

D
s = =° =°  ʤʤ, 

ʜʝ ʜʦʚʽʜʥʠʢʦʚʘ ʧʦʭʠʙʢʘ ʝʣʝʢʪʨʦʥʥʦʛʦ ʰʪʘʥʛʝʣʴʮʠʨʢʫʣʷ ʩʪʘʥʦʚʠʪʴ:  

ʜʧʧ 0,005D =°  ʤʤ. 

ʇʦʭʠʙʢʘ ʝʣʝʢʪʨʦʥʥʦʛʦ ʰʪʘʥʛʝʣʴʮʠʨʢʫʣʷ ʟʛʽʜʥʦ ʟ (3.3) ʜʦʨʽʚʥʶʻ 

( )ʧʨ ʚʠʤ

1 1 0,05
100 0,1 0,0167

3 100 3 100
D

gå õ å õ
s = = Ö - =æ ö æ ö

ç ÷ ç ÷
  

ʇʦʭʠʙʢʘ ʦʢʨʫʛʣʝʥʥʷ ʟʛʽʜʥʦ ʟ (3.4) ʩʪʘʥʦʚʠʪʴ 

ʦʢʨ

0,01
0,0029

12 12

C
s = = =  ʤʤ. 
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ɿʥʘʯʝʥʥʷ ʜʦʩʣʽʜʥʦ-ʽʥʩʪʨʫʤʝʥʪʘʣʴʥʦʾ ʧʦʤʠʣʢʠ ʚʠʟʥʘʯʘʻʤʦ ʟʛʽʜʥʦ ʟ (3.1): 

() 2 2 2 2 2 2

ʜʽʧ ʧʚʧ ʧʨ ʦʢʨ0,00167 0,0167 0,0029 0,017ts = s +s +s = + + = ʤʤ. 

ʊʝʧʝʨ ʚʠʟʥʘʯʠʤʦ ʚʝʣʠʯʠʥʫ ʚʠʧʘʜʢʦʚʦʾ ʧʦʤʠʣʢʠ ʩʝʨʝʜʥʴʦʛʦ ʨʝʟʫʣʴʪʘʪʫ 

ʚʠʤʽʨʶʚʘʥʥʷ ʪʦʚʱʠʥʠ. ɼʣʷ ʚʠʟʥʘʯʝʥʥʷ ʚʠʧʘʜʢʦʚʦʾ ʧʦʭʠʙʢʠ ʧʨʦʚʦʜʠʣʠ ʯʦʪʠʨʠ 

ʚʠʤʽʨʶʚʘʥʥʷ ʪʦʚʱʠʥ, ʷʢʽ ʩʪʘʥʦʚʠʣʠ 5; 5; 5,03; 4,98; 5,01 ʤʤ. 

ʉʝʨʝʜʥʻ ʘʨʠʬʤʝʪʠʯʥʝ ʪʦʚʱʠʥʠ ʩʪʘʥʦʚʠʪʴ: 

 

( )
_

1

1 1
5 5 5,03 4,98 5,01 5,004

5

n

i

i

t t
n =

= = + + + + =ä  ʤʤ. 

ʊʦʜʽ ʚʠʧʘʜʢʦʚʘ ʧʦʤʠʣʢʘ ʩʝʨʝʜʥʴʦʛʦ ʨʝʟʫʣʴʪʘʪʫ ʩʪʘʥʦʚʠʪʴ: 

()
( )

( )

( )
( ) ( ) ( ) ( ) ( )

2 2 2 2 2

2

1

1
2,6 5 5,004 5 5,004 5,03 5,004 4,98 5,004 5,01 5,004

5 5 1

1

1

0,0211ʤʤ,

n

i

i

t t t
n n =

= - + - + - + - + - =
-

q =x - =
-

è ø
ê ú

=

ä

ʜʝ ɝ=2,6 ï ʟʥʘʯʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʘ ʉʪʴʶʜʝʥʪʘ ʜʣʷ Pʜ = 0,95 ʽ n = 5 . 

ʇʦʚʥʘ ʧʦʭʠʙʢʘ ʧʨʷʤʦʛʦ ʚʠʤʽʨʶʚʘʥʥʷ ʪʦʚʱʠʥʠ (3.6): 

 

() 2 20,017 0,0211 0,0271ts = + =  ʤʤ. 

ɿʥʘʯʝʥʥʷ ʪʦʚʱʠʥʠ ʚʽʜʧʦʚʽʜʥʦ ʜʦ (3.7) ʩʪʘʥʦʚʠʪʴ: 

() 0,0082t t t t= °s = °  ʤʤ. 
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3.4 ɼʦʩʣʽʜʞʝʥʥʷ ʜʨʫʢʦʚʘʥʠʭ ʟʨʘʟʢʽʚ ʥʘ ʤʽʮʥʽʩʪʴ 

3.4.1  ɼʦʩʣʽʜʞʝʥʥʷ ʚʠʪʨʘʪʥʦʛʦ ʤʘʪʝʨʽʘʣʫ (ʬʽʣʘʤʝʥʪʫ)  

ɼʣʷ ʚʠʟʥʘʯʝʥʥʷ ʤʝʞʽ ʤʽʮʥʦʩʪʽ ʚʠʪʨʘʪʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʧʨʦʚʝʜʝʥʦ 

ʚʠʧʨʦʙʦʚʫʚʘʥʥʷ PLA (Polylactide) ʬʽʣʘʤʝʥʪʫ  (dʬʽʣ = 1,75Ñ0,05 ʤʤ) ʚʠʨʦʙʥʠʮʪʚʘ 

ʢʦʤʧʘʥʽʾ U3DF (ʋʢʨʘʾʥʘ). ʉʝʨʝʜʥʻ ʟʥʘʯʝʥʥʷ ʤʝʞʽ ʤʽʮʥʦʩʪʽ ʧʨʠ ʨʦʟʪʷʛʫ ʩʪʘʥʦʚʠʪʴ 

[ůʬʽʣ] = 52,12 ʄʇʘ (ɼʦʜʘʪʦʢ ɸ, ʊʘʙʣ. ɸ1).  

ɼʘʥʘ ʚʝʣʠʯʠʥʘ ʙʫʜʝ ʚʠʢʦʨʠʩʪʘʥʘ ʜʣʷ ʧʦʨʽʚʥʷʥʥʷ ʟ ʤʽʮʥʽʩʪʶ ʟ ʜʨʫʢʦʚʘʥʠʤʠ 

ʟʨʘʟʢʘʤʠ ʽ ʧʨʠʡʥʷʪʘ, ʷʢ ʤʝʞʘ ʤʽʮʥʦʩʪʽ ʧʨʠ ʨʦʟʪʷʛʫ ʜʣʷ ʘʥʘʣʦʛʽʯʥʠʭ ʟʨʘʟʢʽʚ 

ʚʠʛʦʪʦʚʣʝʥʠʭ ʤʝʪʦʜʦʤ ʣʠʪʪʷ ʧʽʜ ʪʠʩʢʦʤ. 

3.4.2 ɼʦʩʣʽʜʞʝʥʥʷ ʟʨʘʟʢʽʚ ʟʽ ʩʪʘʣʠʤ ʧʝʨʝʨʽʟʦʤ ʪʘ ʰʚʠʜʢʽʩʪʶ ʨʫʭʫ 

ʝʢʩʪʨʫʜʝʨʘ, ʘʣʝ ʨʽʟʥʦʶ ʪʝʤʧʝʨʘʪʫʨʦʶ ʜʨʫʢʫ 

ʈʝʢʦʤʝʥʜʦʚʘʥʦʶ ʚʠʨʦʙʥʠʢʦʤ ʪʝʤʧʝʨʘʪʫʨʦʶ ʜʨʫʢʫ ʻ ʪʝʤʧʝʨʘʪʫʨʘ ʚ ʤʝʞʘʭ 

tʜʨʫʢʫ = 200é220 Üʉ. ɼʣʷ ʚʠʧʨʦʙʫʚʘʥʴ ʙʫʣʠ ʚʠʛʦʪʦʚʣʝʥʥʽ ʛʨʫʧʠ ʟʨʘʟʢʽʚ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʽʜ tʜʨʫʢʫ=190Üʉ ʜʦ 250Üʉ ʟ ʢʨʦʢʦʤ 10Áʉ. ʇʝʨʰʽ ʯʦʪʠʨʠ ʟʥʘʯʝʥʥʷ ʻ 

ʥʘʡʙʽʣʴʰ ʧʦʰʠʨʝʥʠʤʠ ʟʥʘʯʝʥʥʷʤʠ ʧʽʜ ʯʘʩ ʜʨʫʢʫ. ɹʫʣʦ ʚʠʧʨʦʙʫʚʘʥʦ ʧʦ 20 

ʟʨʘʟʢʽʚ ʜʣʷ ʢʦʞʥʦʛʦ ʟ ʪʝʤʧʝʨʘʪʫʨʥʠʭ ʨʝʞʠʤʽʚ.  

ɼʣʷ ʢʦʞʥʦʾ ʛʨʫʧʠ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʙʫʣʘ ʚʠʷʚʣʝʥʘ ʧʝʚʥʘ ʢʽʣʴʢʽʩʪʴ 

ʨʝʟʫʣʴʪʘʪʽʚ, ʱʦ ʚʠʧʘʜʘʻ ʟ ʟʘʛʘʣʴʥʦʾ ʢʘʨʪʠʥʠ ʪʘ ʥʝ ʣʝʞʠʪʴ ʚ ʤʝʞʘʭ ʜʦʩʣʽʜʞʝʥʴ 

ʽʥʰʠʭ ʘʚʪʦʨʽʚ [38-44]. ʇʨʦʪʝ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʪʝʤʧʝʨʘʪʫʨʠ ʜʨʫʢʫ, ʜʣʷ ʢʦʞʥʦʾ 

ʛʨʫʧʠ ʟʨʘʟʢʽʚ ʢʽʣʴʢʽʩʪʴ ʪʘʢʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʟʤʝʥʰʫʚʘʣʘʩʴ (ʨʠʩ. 3.8).  

ʆʯʝʚʠʜʥʠʤ ʻ ʚʧʣʠʚ ʪʝʤʧʝʨʘʪʫʨʠ ʜʨʫʢʫ ʥʘ ʷʢʽʩʪʴ ʧʦʻʜʥʘʥʥʷ ʰʘʨʽʚ ʤʽʞ 

ʩʦʙʦʶ, ʧʨʠʯʦʤʫ ʟʘ ʥʠʟʴʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʜʨʫʢʫ ʻ ʤʽʩʮʝ ʥʝʜʦʩʪʘʪʥʻ ʥʘʧʣʘʚʣʝʥʥʷ, ʘ 

ʧʨʠ ʚʠʩʦʢʠʭ ï ʧʝʨʝʢʨʠʩʪʘʣʽʟʘʮʽʷ ʧʦʣʽʤʝʨʫ, ʱʦ ʪʘʢʦʞ ʥʝʛʘʪʠʚʥʦ ʚʧʣʠʚʘʻ ʥʘ 

ʤʽʞʰʘʨʦʚʫ ʘʜʛʝʟʽʶ.  
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ɼʨʫʢ ʧʨʠ ʢʨʠʪʠʯʥʦ ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʟʘʛʘʣʽ ʥʝʤʦʞʣʠʚʠʡ, ʘʜʞʝ 

ʧʦʧʝʨʝʜʥʽʡ ʰʘʨ ʥʝ ʚʩʪʠʛʘʻ ʟʘʪʚʝʨʜʽʪʠ. ɼʣʷ ʥʝʜʝʬʝʢʪʥʠʭ ʟʨʘʟʢʽʚ ʢʦʞʥʦʾ ʛʨʫʧʠ 

ʙʫʣʦ ʚʠʟʥʘʯʝʥʦ ʩʝʨʝʜʥʻ ʟʥʘʯʝʥʥʷ ʛʨʘʥʠʮʽ ʤʽʮʥʦʩʪʽ [ůʩʝʨ.] (ʨʠʩ. 3.9).  

 

ʈʠʩʫʥʦʢ 3.8 ï ʂʽʣʴʢʽʩʪʴ ʟʨʘʟʢʽʚ ʟ ʜʝʬʝʢʪʘʤʠ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ ʜʨʫʢʫ 

 

 

ʈʠʩʫʥʦʢ 3.9 ï ɻʨʘʥʠʮʷ ʤʽʮʥʦʩʪʽ ʥʘ ʨʦʟʪʷʛ ʜʣʷ ʛʨʫʧ ʟʨʘʟʢʽʚ ʚ ʟʘʣʝʞʥʦʩʪʽ 

ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ ʜʨʫʢʫ 

ʇʦʚʥʽ ʨʝʟʫʣʴʪʘʪʠ ʚʠʧʨʦʙʫʚʘʥʴ ʥʘʚʝʜʝʥʽ ʚ ɼʦʜʘʪʢʫ ɸ, ʊʘʙʣ. ɸ2.  
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ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʧʦʢʘʟʘʣʠ ʟʘʣʝʞʥʽʩʪʴ ʤʽʮʥʦʩʪʽ ʟʨʘʟʢʽʚ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ 

ʜʨʫʢʫ. ʅʘʡʚʠʱʝ ʟʥʘʯʝʥʥʷ ʤʝʞʽ ʤʽʮʥʦʩʪʽ ʧʨʠ ʨʦʟʪʷʛʫ ʚʠʷʚʠʣʦʩʴ ʥʘ 30% ʤʝʥʰʝ ʟʘ 

ʤʽʮʥʽʩʪʴ ʘʥʘʣʦʛʽʯʥʠʭ ʟʨʘʟʢʽʚ ʚʠʛʦʪʦʚʣʝʥʠʭ ʤʝʪʦʜʦʤ ʣʠʪʪʷ ʧʽʜ ʪʠʩʢʦʤ.  

ɺʠʭʦʜʷʯʠ ʟ ʨʝʟʫʣʴʪʘʪʽʚ, ʦʯʝʚʠʜʥʦ, ʱʦ ʦʧʪʠʤʘʣʴʥʦʶ ʪʝʤʧʝʨʘʪʫʨʦʶ ʜʨʫʢʫ ʻ 

tʜʨʫʢʫ = 220Üʉ. ʊʦʤʫ ʜʣʷ ʥʘʩʪʫʧʥʠʭ ʝʪʘʧʽʚ ʚʠʧʨʦʙʫʚʘʥʴ, ʟʨʘʟʢʠ ʚʠʛʦʪʦʚʣʷʣʠʩʴ ʧʨʠ 

tʜʨʫʢʫ = 220Üʉ. 

3.4.3 ɼʦʩʣʽʜʞʝʥʥʷ ʟʨʘʟʢʽʚ ʟ ʨʽʟʥʠʤ ʧʝʨʝʨʽʟʦʤ ʪʘ ʩʪʘʣʦʶ ʰʚʠʜʢʽʩʪʶ 

ʨʫʭʫ ʝʢʩʪʨʫʜʝʨʘ ʪʘ ʪʝʤʧʝʨʘʪʫʨʦʶ ʜʨʫʢʫ 

ʅʘ ʥʘʩʪʫʧʥʦʤʫ ʝʪʘʧʽ ʧʝʨʝʨʽʟ ʟʨʘʟʢʽʚ ʧʦʩʪʫʧʦʚʦ ʟʙʽʣʴʰʫʚʘʣʦʩʷ ʥʘ 0,5ʤʤ 

(ʪʦʚʱʠʥʘ ʦʜʥʦʛʦ ʰʘʨʫ). ɹʫʣʦ ʚʠʛʦʪʦʚʣʝʥʦ ʧʦ 20 ʟʨʘʟʢʽʚ ʟ ʧʣʦʱʘʤʠ ʧʝʨʝʨʽʟʫ       

Sʧʝʨ = 10, 15 ʪʘ 20 ʤʤ
2. ɺ ʨʝʟʫʣʴʪʘʪʽ ʙʫʣʦ ʚʠʷʚʣʝʥʦ, ʱʦ ʟʥʘʯʝʥʥʷ ʤʝʞʽ ʤʽʮʥʦʩʪʽ 

ʧʨʠ ʨʦʟʪʷʛʫ ʧʨʘʢʪʠʯʥʦ ʥʝ ʟʤʽʥʠʣʦʩʴ, ʘ ʢʽʣʴʢʽʩʪʴ ʜʝʬʝʢʪʥʠʭ ʟʨʘʟʢʽʚ ʧʦʩʪʫʧʦʚʦ 

ʟʤʝʥʰʫʚʘʣʘʩʴ ʧʨʠ ʟʙʽʣʴʰʝʥʥʽ ʨʦʟʤʽʨʫ ʧʝʨʝʨʽʟʫ (ʨʠʩ. 3.10).  

 

 

ʘ) 
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ʙ) 

ʈʠʩʫʥʦʢ 3.10 ï ɼʝʬʝʢʪʠ ʥʘ ʤʝʞʽ ʢʦʥʪʘʢʪʫ ʰʘʨʽʚ:ʘ) ʤʘʢʨʦʬʦʪʦ ʤʝʞʽ ʢʦʥʪʘʢʪʫ 

ʰʘʨʽʚ ʟ ʧʦʨʦʞʥʠʥʘʤʠ; ʙ) ʢʽʣʴʢʽʩʪʴ ʟʨʘʟʢʽʚ ʟ ʥʠʟʴʢʦʶ ʤʽʮʥʽʩʪʶ ʚ ʜʦʩʣʽʜʞʫʚʘʥʽʡ 

ʛʨʫʧʽ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʧʣʦʱʽ ʧʝʨʝʨʽʟʫ 

ʅʘ ʨʠʩ. 3.10 (ʘ) ʧʦʢʘʟʘʥʽ ʤʘʢʨʦʟʥʽʤʢʠ ʧʝʨʝʨʽʟʫ ʟʨʘʟʢʽʚ ʥʘ ʤʝʞʽ ʢʦʥʪʘʢʪʫ 

ʰʘʨʽʚ. ʅʘ ʬʦʪʦ ʚʠʜʥʦ ʚʽʜʩʫʪʥʽʩʪʴ ʩʫʮʽʣʴʥʦʩʪʽ ʚʥʫʪʨʽʰʥʴʦʾ ʩʪʨʫʢʪʫʨʠ ʜʨʫʢʦʚʘʥʠʭ 

ʚʠʨʦʙʽʚ, ʽʩʥʫʶʪʴ ʧʦʨʦʞʥʠʥʠ ʤʽʞ ʥʘʥʝʩʝʥʠʤ ʪʝʨʤʦʧʣʘʩʪʠʯʥʠʤ ʧʦʣʽʤʝʨʥʠʤ 

ʤʘʪʝʨʽʘʣʦʤ ʚ ʤʝʞʘʭ ʦʜʥʦʛʦ ʰʘʨʫ ʪʘ ʤʽʞ ʜʚʦʤʘ ʩʫʩʽʜʥʽʤʠ, ʘ ʪʘʢʦʞ ʧʨʠʩʫʪʥʷ 

ʥʝʜʦʝʢʩʪʨʫʟʽʷ ʧʽʜ ʯʘʩ ʨʫʭʫ ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ. ʂʽʣʴʢʽʩʪʴ ʜʝʬʝʢʪʽʚ 

ʟʤʝʥʰʫʻʪʴʩʷ ʧʽʜ ʯʘʩ ʩʪʘʙʽʣʴʥʦʛʦ ʨʫʭʫ ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ, ʪʦʤʫ ʯʘʩʪʢʘ 

ʟʘʛʘʣʴʥʦʛʦ ʦʙôʻʤʫ ʧʦʨʦʞʥʠʥ ʪʘʢʦʞ ʟʤʝʥʰʫʻʪʴʩʷ. ɺʠʭʦʜʷʯʠ ʟ ʮʴʦʛʦ, ʚʝʣʠʯʠʥʘ 

ʤʽʞʰʘʨʦʚʦʾ ʚʟʘʻʤʦʜʽʾ ʻ ʚʠʱʦʶ ʜʣʷ ʟʨʘʟʢʽʚ ʟ ʙʽʣʴʰʦʶ ʧʣʦʱʝʶ ʧʦʧʝʨʝʯʥʦʛʦ 

ʧʝʨʝʨʽʟʫ ʪʘ ʤʽʥʽʤʘʣʴʥʦʶ ʢʽʣʴʢʽʩʪʶ ʟʘʤʢʥʫʪʠʭ ʢʦʥʪʫʨʽʚ ʚ ʤʝʞʘʭ ʦʜʥʦʛʦ ʰʘʨʫ. 

ʇʦʚʥʽ ʨʝʟʫʣʴʪʘʪʠ ʚʠʧʨʦʙʫʚʘʥʴ ʥʘʚʝʜʝʥʽ ʚ ɼʦʜʘʪʢʫ ɸ, ʊʘʙʣ. ɸ3. 

3.4.4 ɼʦʩʣʽʜʞʝʥʥʷ ʜʨʫʢʦʚʘʥʠʭ ʟʨʘʟʢʽʚ ʟ ʨʽʟʥʦʶ ʪʦʚʱʠʥʦʶ 

ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ 

ʊʦʚʱʠʥʘ ʰʘʨʫ ʦʜʠʥ ʟ ʛʦʣʦʚʥʠʭ ʧʘʨʘʤʝʪʨʽʚ, ʱʦ ʚʠʟʥʘʯʘʻ ʷʢʽʩʪʴ ʪʘ 

ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʜʨʫʢʫ. ʇʨʠʡʥʷʪʦ, ʱʦ ʪʦʚʱʠʥʘ ʰʘʨʫ ʧʦʚʠʥʥʘ ʥʝ ʧʝʨʝʚʠʱʫʚʘʪʠ 

ʧʦʣʦʚʠʥʠ ʜʽʘʤʝʪʨʘ ʩʦʧʣʘ: æh ʘʨʫ Ò 0,5 dʩʦʧʣʘ. ɼʣʷ ʚʠʟʥʘʯʝʥʥʷ ʚʧʣʠʚʫ ʮʴʦʛʦ 
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ʧʘʨʘʤʝʪʨʫ ʥʘ ʤʽʮʥʽʩʪʴ, ʙʫʣʦ ʚʠʛʦʪʦʚʣʝʥʦ ʟʨʘʟʢʠ ʟ æh ʘʨʫ = 0,1é0,35ʤʤ ʟ ʢʨʦʢʦʤ 

0,05ʤʤ. ʈʝʟʫʣʴʪʘʪʠ ʚʠʧʨʦʙʫʚʘʥʴ ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ (ʨʠʩ. 3.11). 

 

ʈʠʩʫʥʦʢ 3.11 - ɻʨʘʥʠʮʷ ʤʽʮʥʦʩʪʽ ʥʘ ʨʦʟʪʷʛ ʜʨʫʢʦʚʘʥʠʭ ʟʨʘʟʢʽʚ ʚ 

ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʪʦʚʱʠʥʠ ʰʘʨʫ 

 

ɺʠʷʚʠʣʦʩʴ, ʱʦ ʟʨʘʟʢʠ ʟ ʪʦʚʱʠʥʦʶ ʰʘʨʫ 0,1 ʪʘ 0,2 ʤʤ ʤʘʶʪʴ ʧʨʠʙʣʠʟʥʦ 

ʦʜʥʘʢʦʚʽ ʧʦʢʘʟʥʠʢʠ ʤʽʮʥʦʩʪʽ ʧʨʠ ʨʦʟʪʷʛʫ, ʘ ʟʨʘʟʢʠ ʟ ʪʦʚʱʠʥʦʶ 0,15 ʤʤ ʜʝʱʦ 

ʩʣʘʙʰʽ ʟʘ ʥʠʭ. ɿ ʧʦʩʪʫʧʦʚʠʤ ʟʙʽʣʴʰʝʥʥʷʤ ʪʦʚʱʠʥʠ ʰʘʨʫ, ʤʽʮʥʽʩʪʴ ʨʽʟʢʦ ʧʘʜʘʻ, 

ʷʢʽʩʪʴ ʙʽʯʥʦʾ ʧʦʚʝʨʭʥʽ ʧʘʜʘʻ, ʧʨʠ ʧʦʜʘʣʴʰʦʤʫ ʟʙʽʣʴʰʝʥʽ ʪʦʚʱʠʥʠ ʜʨʫʢ ʩʪʘʻ 

ʥʝʤʦʞʣʠʚʠʤ. 

ʇʦʚʥʽ ʨʝʟʫʣʴʪʘʪʠ ʚʠʧʨʦʙʫʚʘʥʴ ʥʘʚʝʜʝʥʽ ʚ ɼʦʜʘʪʢʫ ɸ, ʊʘʙʣ. ɸ4.  

3.4.5 ɼʦʩʣʽʜʞʝʥʥʷ ʟʨʘʟʢʽʚ ʟ ʤʘʢʩʠʤʘʣʴʥʠʤ ʧʝʨʝʨʽʟʦʤ ʪʘ ʨʽʟʥʦʶ 

ʰʚʠʜʢʽʩʪʶ ʨʫʭʫ ʝʢʩʪʨʫʜʝʨʘ 

ɼʣʷ ʧʦʜʘʣʴʰʠʭ ʚʠʧʨʦʙʫʚʘʥʴ ʥʘʜʨʫʢʦʚʘʥʽ ʟʨʘʟʢʠ ʟ ʧʝʨʝʨʽʟʦʤ Sʧʝʨ=20ʤʤ
2 

ʧʨʠ ʨʽʟʥʠʭ ʰʚʠʜʢʦʩʪʷʭ ʜʨʫʢʫ Vʜʨʫʢʫ = 30, 40, 50, 60 ʪʘ 70 ʤʤ/ʩ). ɼʘʥʠʡ ʧʘʨʘʤʝʪʨ 
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ʻ ʦʜʥʠʤ ʽʟ ʦʩʥʦʚʥʠʭ ʪʘ ʚʧʣʠʚʘʻ ʥʘ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʫʩʪʘʥʦʚʢʠ, ʷʢʽʩʪʴ ʜʨʫʢʫ ʪʘ 

ʥʘʚʘʥʪʘʞʝʥʥʷ ʥʘ ʨʫʭʦʤʽ ʦʨʛʘʥʠ. ɺʠʷʚʣʝʥʦ, ʱʦ ʟʽ ʟʨʦʩʪʘʥʥʷʤ ʰʚʠʜʢʦʩʪʽ ʜʨʫʢʫ 

ʧʦʯʘʣʘ ʟʥʠʞʫʚʘʪʠʩʴ ʚʽʟʫʘʣʴʥʘ ʷʢʽʩʪʴ ʟʨʘʟʢʽʚ, ʢʽʣʴʢʽʩʪʴ ʜʝʬʝʢʪʥʠʭ ʟʨʘʟʢʽʚ ʜʣʷ 

ʢʦʞʥʦʾ ʛʨʫʧʠ ʩʪʨʽʤʢʦ ʟʨʦʩʪʘʣʘ (ʨʠʩ. 3.12).  

 

ʈʠʩʫʥʦʢ 3.12 - ʂʽʣʴʢʽʩʪʴ ʟʨʘʟʢʽʚ ʟ ʜʝʬʝʢʪʘʤʠ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʰʚʠʜʢʦʩʪʽ ʜʨʫʢʫ 

 

 

ʈʠʩʫʥʦʢ 3.13 ï ɻʨʘʥʠʮʷ ʤʽʮʥʦʩʪʽ ʥʘ ʨʦʟʪʷʛ ʜʨʫʢʦʚʘʥʠʭ ʟʨʘʟʢʽʚ ʚ 

ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʰʚʠʜʢʦʩʪʽ ʜʨʫʢʫ 
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ʅʘ ʚʠʱʠʭ ʰʚʠʜʢʦʩʪʷʭ (Vʜʨʫʢʫ Ó 70ʤʤ/c) ʜʨʫʢ ʧʝʨʝʩʪʘʻ ʙʫʪʠ ʤʦʞʣʠʚʠʤ. 

ʅʘʡʢʨʘʱʽ ʧʦʢʘʟʥʠʢʠ ʤʽʮʥʦʩʪʽ ʚʠʷʚʠʣʠʩʴ ʫ ʟʨʘʟʢʽʚ ʥʘʜʨʫʢʦʚʘʥʠʭ ʧʨʠ Vʜʨʫʢʫ = 30 

ʤʤ/ʩ. ʇʨʠ ʯʦʤʫ ʟʨʘʟʢʠ ʜʨʫʢʦʚʘʥʽ ʥʘ ʥʠʞʯʠʭ ʰʚʠʜʢʦʩʪʷʭ (Vʜʨʫʢʫ = 10 ʪʘ 20 ʤʤ/ʩ) 

ʤʘʶʪʴ ʤʝʥʰʫ ʤʽʮʥʽʩʪʴ (ʨʠʩ. 3.13).  

ʇʦʚʥʽ ʨʝʟʫʣʴʪʘʪʠ ʚʠʧʨʦʙʫʚʘʥʴ ʥʘʚʝʜʝʥʽ ʚ ɼʦʜʘʪʢʫ ɸ, ʊʘʙʣ. ɸ5.  

3.4.6 ɼʦʩʣʽʜʞʝʥʥʷ ʚʧʣʠʚʫ ʪʝʨʤʦʦʙʨʦʙʢʠ ʪʘ ʦʧʨʦʤʽʥʝʥʥʷ ʥʘ 

ʤʽʞʰʘʨʦʚʫ ʘʜʛʝʟʽʶ 

 ɼʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʚʧʣʠʚʫ ʪʝʨʤʦʦʙʨʦʙʢʠ ʟʨʘʟʢʠ ʙʫʣʦ ʧʦʢʨʠʪʦ ʰʘʨʦʤ 

ʘʟʙʝʩʪʫ ʪʘ ʧʦʤʽʱʝʥʦ ʚ ʧʽʯ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ tʪʝʨʤ =  70, 80, 90 ʪʘ 100Üʉ ʥʘ 1 ʪʘ 2 

ʛʦʜ.  ʇʽʩʣʷ ʮʴʦʛʦ ʟʨʘʟʢʠ ʦʭʦʣʦʣʠ ʧʨʠ ʢʽʤʥʘʪʥʽʡ ʪʝʤʧʝʨʘʪʫʨʽ ʪʘ ʙʫʣʠ ʚʠʧʨʦʙʫʚʘʥʽ 

ʥʘ ʤʽʮʥʽʩʪʴ. ʄʽʮʥʽʩʪʴ ʟʨʘʟʢʽʚ ʚʧʘʣʘ ʚ ʜʝʢʽʣʴʢʘ ʨʘʟʽʚ, ʘ ʟʨʘʟʢʠ, ʱʦ ʟʥʘʭʦʜʠʣʠʩʴ 

ʜʦʚʰʠʡ ʯʘʩ ʚ ʧʝʯʽ, ʤʘʣʠ ʦʜʥʘʢʦʚʦ ʥʠʟʴʢʫ ʤʽʮʥʽʩʪʴ ʥʝʟʘʣʝʞʥʦ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ 

ʚʠʪʨʠʤʢʠ (ʨʠʩ. 3.14). 

 

ʏʘʩ ʚʠʪʨʠʤʢʠ: 1- 1ʛʦʜ; 2 ï 2ʛʦʜ 

ʈʠʩʫʥʦʢ 3.14 ï ɻʨʘʥʠʮʷ ʤʽʮʥʦʩʪʽ ʥʘ ʨʦʟʪʷʛ ʜʨʫʢʦʚʘʥʠʭ ʟʨʘʟʢʽʚ ʧʽʩʣʷ 

ʪʝʨʤʦʦʙʨʦʙʢʠ 
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ʈʠʩʫʥʦʢ 3.15 ï ɻʨʘʥʠʮʷ ʤʽʮʥʦʩʪʽ ʥʘ ʨʦʟʪʷʛ ʜʨʫʢʦʚʘʥʠʭ ʟʨʘʟʢʽʚ ʧʽʩʣʷ 

ʦʧʨʦʤʽʥʝʥʥʷ 

ʊʘʢʦʞ ʽʥʰʘ ʛʨʫʧʘ ʙʫʣʘ ʧʽʜʜʘʥʦ ʤʽʢʨʦʭʚʠʣʴʦʚʦʤʫ ʦʧʨʦʤʽʥʝʥʥʶ ʥʘ ʯʘʩ ʚʽʜ  

600 ʜʦ 1200 ʩ. ʄʽʮʥʽʩʪʴ ʟʨʘʟʢʽʚ ʧʦʩʪʫʧʦʚʦ ʧʘʜʘʣʘ ʽ ʧʽʩʣʷ ʧʝʚʥʦʛʦ ʯʘʩʫ 

ʦʧʨʦʤʽʥʝʥʥʷ ʜʦʩʷʛʘʣʘ ʩʚʦʛʦ ʢʽʥʮʝʚʦʛʦ ʤʽʥʽʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʥʷ (ʨʠʩ. 3.15). 

ʇʦʚʥʽ ʨʝʟʫʣʴʪʘʪʠ ʚʠʧʨʦʙʫʚʘʥʴ ʥʘʚʝʜʝʥʽ ʚ ɼʦʜʘʪʢʫ ɸ, ʊʘʙʣ. ɸ6.  

3.4.7 ɼʦʩʣʽʜʞʝʥʥʷ ʛʝʦʤʝʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ 

ɺʠʭʦʜʷʯʠ ʟ ʧʦʧʝʨʝʜʥʽʭ ʜʦʩʣʽʜʞʝʥʴ ʙʫʣʦ ʚʠʷʚʣʝʥʦ ʥʝʨʽʚʥʦʤʽʨʥʽʩʪʴ 

ʨʝʟʫʣʴʪʘʪʽʚ ʜʣʷ ʢʦʞʥʦʛʦ ʟ ʪʠʧʽʚ ʟʨʘʟʢʽʚ. ɼʦ ʪʦʛʦ ʞ ʚ ʢʦʞʥʽʡ ʛʨʫʧʽ ʚʠʧʨʦʙʫʚʘʥʴ 

ʥʘ ʤʽʮʥʽʩʪʴ ʙʫʣʘ ʧʝʚʥʘ ʢʽʣʴʢʽʩʪʴ ʝʢʩʧʝʨʠʤʝʥʪʽʚ, ʱʦ ʚʠʧʘʜʘʶʪʴ ʟ ʟʘʛʘʣʴʥʦʾ 

ʢʘʨʪʠʥʠ. ʊʦʤʫ ʥʝʦʙʭʽʜʥʦ ʜʝʪʘʣʴʥʦ ʜʦʩʣʽʜʠʪʠ ʜʝʪʘʣʴʥʦ ʛʝʦʤʝʪʨʠʯʥʽ ʧʘʨʘʤʝʪʨʠ 

ʢʦʞʥʦʛʦ ʦʢʨʝʤʦʛʦ ʰʘʨʫ. ɼʣʷ ʮʴʦʛʦ ʙʫʣʦ ʚʠʛʦʪʦʚʣʝʥʦ 10 ʧʨʷʤʦʢʫʪʥʠʭ ʟʨʘʟʢʽʚ 

ʜʦʚʞʠʥʦʶ 100 ʤʤ, ʚʠʩʦʪʦʶ 20 ʤʤ ʽ ʪʦʚʱʠʥʦʶ ʨʽʚʥʦʶ ʜʽʘʤʝʪʨʫ ʩʦʧʣʘ 0,5 ʤʤ   

(ʈʠʩʫʥʦʢ 3.16). 

ʇʘʨʘʤʝʪʨʠ ʜʨʫʢʫ ʚʽʜʧʦʚʽʜʘʣʠ ʥʘʡʙʽʣʴʰ ʦʧʪʠʤʘʣʴʥʠʤ ʟʛʽʜʥʦ ʧʦʧʝʨʝʜʥʽʭ 

ʨʝʟʫʣʴʪʘʪʽʚ (Vʜʨʫʢʫ = 30ʤʤ/c, ʪʝʤʧʝʨʘʪʫʨʘ ʜʨʫʢʫ tʜʨʫʢʫ = 220Üʉ, æh ʘʨʫ = 0,2 ʤʤ). 
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ʆʪʨʠʤʘʥʽ ʟʨʘʟʢʠ ʙʫʣʦ ʨʦʟʨʽʟʘʥʦ ʯʝʨʝʟ ʢʦʞʥʽ 10 ʤʤ. ɼʣʷ ʦʪʨʠʤʘʥʠʭ ʩʝʛʤʝʥʪʽʚ  

ʙʫʣʦ ʚʠʤʽʨʷʥʦ ʪʦʚʱʠʥʫ ʪʘ ʤʘʩʫ. ɿʤʽʥʘ ʪʦʚʱʠʥʠ ʰʘʨʫ ʥʘ ʨʠʩ. 3.17.   

  

 

ʈʠʩʫʥʦʢ 3.16 ï ʉʭʝʤʘ ʜʨʫʢʫ ʜʦʩʣʽʜʥʦʛʦ ʟʨʘʟʢʘ 

ɺʠʭʦʜʷʯʠ ʟ ʨʝʟʫʣʴʪʘʪʽʚ ʙʫʣʦ ʚʠʷʚʣʝʥʦ, ʱʦ ʪʦʚʱʠʥʘ ʰʘʨʫ, ʘ ʦʪʞʝ ʽ ʨʦʟʭʽʜ 

ʤʘʪʝʨʽʘʣʫ ʜʨʫʢʫʚʘʣʴʥʦʶ ʛʦʣʦʚʢʦʶ ʟʘ ʦʜʠʥʠʮʶ ʯʘʩʫ, ʻ ʥʝʨʽʚʥʦʤʽʨʥʦʶ                  

(ʨʠʩ. 3.17, 3.18).  

 

ʈʠʩʫʥʦʢ 3.17  ɿʤʽʥʘ ʪʦʚʱʠʥʠ ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ ʚʽʜ ʧʦʯʘʪʢʦʚʦʾ ʪʦʯʢʠ ʜʨʫʢʫ 
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ʈʠʩʫʥʦʢ 3.18 ï ɿʤʽʥʘ ʨʦʟʭʦʜʫ ʤʘʪʝʨʽʘʣʫ ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ ʚʽʜ 

ʧʦʯʘʪʢʦʚʦʾ ʪʦʯʢʠ ʜʨʫʢʫ 

 

ʅʘ ʧʦʯʘʪʢʫ ʪʦʚʱʠʥʘ ʤʝʥʰʘ ʟʘ ʜʽʘʤʝʪʨ ʩʦʧʣʘ, ʧʦʩʪʫʧʦʚʦ ʟʨʦʩʪʘʻ ʽ ʜʦ ʢʽʥʮʷ 

ʰʘʨʫ ʩʪʘʻ ʙʽʣʴʰʦʶ ʟʘ ʜʽʘʤʝʪʨ ʩʦʧʣʘ. ʊʦʙʪʦ ʥʘ ʧʦʯʘʪʢʫ ʨʫʭʫ ʧʨʠʩʫʪʥʷ 

ʥʝʜʦʝʢʩʪʨʫʟʽʷ, ʘ ʥʘʧʨʠʢʽʥʮʽ ñʨʦʟʙʫʭʘʥʥʷò ʰʘʨʫ.  ʊʘʢʦʞ ʥʘ ʧʨʦʤʽʞʢʫ ʚʽʜ ʧʦʯʘʪʢʫ 

ʰʘʨʫ ʙʫʣʘ ʧʨʠʩʫʪʥʷ ʜʝʣʘʤʽʥʘʮʽʷ (ʨʦʟʰʘʨʫʚʘʥʥʷ). ʊʘʢʘ ʢʘʨʪʠʥʘ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ 

ʥʘ ʧʝʨʰʽʡ ʪʨʝʪʠʥʽ ʟʨʘʟʢʘ. ʆʯʝʚʠʜʥʦ, ʱʦ ʧʨʠʩʫʪʥʽʩʪʴ ʪʘʢʠʭ ʤʽʩʮʴ ʧʦʩʣʘʙʣʶʻ 

ʟʘʛʘʣʴʥʫ ʤʽʮʥʽʩʪʴ ʟʨʘʟʢʘ.  

ʈʝʟʫʣʴʪʘʪʠ ʚʠʤʽʨʶʚʘʥʴ ʥʘʚʝʜʝʥʽ ʚ ɼʦʜʘʪʢʫ ɸ, ʊʘʙʣ. ɸ7.  

3.4.8 ɼʦʩʣʽʜʞʝʥʥʷ ʜʠʥʘʤʽʢʠ ʥʘʥʝʩʝʥʥʷ ʤʘʪʝʨʽʘʣʫ 

ɼʣʷ ʚʠʟʥʘʯʝʥʥʷ ʜʠʥʘʤʽʢʠ ʧʦʙʫʜʦʚʠ ʰʘʨʫ ʟʨʦʙʣʝʥʦ ʥʘʩʪʫʧʥʝ: 

1. ɿʤʦʜʝʣʴʦʚʘʥʦ ʟʨʘʟʢʠ ʜʦʚʞʠʥʦʶ 100 ʤʤ ʪʘ ʚʠʩʦʪʦʶ 20 ʤʤ ʟʽ ʰʢʘʣʦʶ 

ʫ ʚʠʛʣʷʜʽ ʩʪʽʥʦʢ ʯʝʨʝʟ ʢʦʞʥʽ 10ʤʤ. ʊʦʚʱʠʥʘ ʟʨʘʟʢʽʚ ʨʽʚʥʘ ʜʽʘʤʝʪʨʫ ʩʦʧʣʘ         

(tʟʨʘʟʢʘ = dʩʦʧʣʘ). 

2. ʇʘʨʘʤʝʪʨʠ ʜʨʫʢʫ ʚʽʜʧʦʚʽʜʘʣʠ ʥʘʡʦʧʪʠʤʘʣʴʥʽʰʠʤ ʨʝʞʠʤʘʤ 

ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʧʦʧʝʨʝʜʥʽʭ ʜʦʩʣʽʜʞʝʥʴ: tʜʨʫʢʫ = 220Üʉ; Vʜʨ = 30ʤʤ/c. ʇʝʨʝʭʽʜ ʥʘ 
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ʥʘʩʪʫʧʥʠʡ ʰʘʨ ʚʽʜʙʫʚʘʚʩʷ ʚ ʦʜʥʽʡ ʪʦʯʮʽ, ʪʦʤʫ ʤʘʪʝʨʽʘʣ ʥʘʥʦʩʠʪʴʩʷ ʧʨʠ 

ʧʝʨʝʤʽʱʝʥʥʽ ʝʢʩʪʨʫʜʝʨʘ ʟʣʽʚʘ ʥʘ ʧʨʘʚʦ, ʚ ʟʚʦʨʦʪʥʦʤʫ ʥʘʧʨʷʤʢʫ ʭʽʜ ʭʦʣʦʩʪʠʡ. 

3. ɿʨʘʟʦʢ ʨʦʟʤʽʱʫʚʘʚʩʷ ʚʟʜʦʚʞ ʦʩʽ ʍ 3D ʧʨʠʥʪʝʨʘ. ʅʘʚʧʨʦʪʠ ʥʘ ʨʽʚʥʽ 

ʨʦʙʦʯʦʾ ʧʣʘʪʬʦʨʤʠ ʚʩʪʘʥʦʚʣʶʻʪʴʩʷ ʚʽʜʝʦʢʘʤʝʨʘ, ʱʦ ʬʦʢʫʩʫʻʪʴʩʷ ʥʘ 

ʜʨʫʢʦʚʘʥʦʤʫ ʟʨʘʟʢʫ (ʨʠʩ. 3.19). 

4. ʇʽʩʣʷ ʟʘʚʝʨʰʝʥʥʷ ʧʦʙʫʜʦʚʠ ʰʢʘʣʠ, ʢʘʤʝʨʘ ʚʤʠʢʘʻʪʴʩʷ ʪʘ ʟʥʽʤʘʻʪʴʩʷ 

ʧʨʦʮʝʩ ʜʨʫʢʫ ʜʝʢʽʣʴʢʦʭ ʰʘʨʽʚ. ɼʣʷ ʦʜʥʦʛʦ ʟʨʘʟʢʘ ʟʡʦʤʢʘ ʧʦʚʪʦʨʶʻʪʴʩʷ 2-3 ʨʘʟʠ. 

5. ɼʘʥʽ ʦʧʝʨʘʮʽʾ ʥʝʦʙʭʽʜʥʦ ʟʨʦʙʠʪʠ ʜʣʷ ʧʨʠʥʪʝʨʽʚ ʟ ʤʝʭʘʥʽʢʦʶ ʪʠʧʫ 

Prusa ʪʘ H-Bot. 

 

ʈʠʩʫʥʦʢ 3.19 ï ʉʭʝʤʘ ʜʦʩʣʜ̔ʞʝʥʥʷ ʧʨʦʮʝʩʫ ʥʘʥʝʩʝʥʥʷ ʰʘʨʫ ʚʠʪʨʘʪʥʦʛʦ 

ʤʘʪʝʨʽʘʣʫ 

 

6. ɼʣʷ ʟʥʷʪʠʭ ʚʽʜʝʦ ʦʙʠʨʘʶʪʴʩʷ ʢʘʜʨʠ, ʱʦ ʚʽʜʧʦʚʽʜʘʶʪʴ ʧʨʦʮʝʩʫ 

ʧʦʙʫʜʦʚʠ ʦʜʥʦʛʦ ʰʘʨʫ ʚʽʜ ʧʦʯʘʪʢʫ ʥʘʥʝʩʝʥʥʷ ʤʘʪʝʨʽʘʣʫ ʜʦ ʧʦʚʝʨʥʝʥʥʷ 

ʝʢʩʪʨʫʜʝʨʘ ʚ ʥʫʣʴʦʚʝ ʧʦʣʦʞʝʥʥʷ ʟʚʦʨʦʪʥʽʤ ʭʦʣʦʩʪʠʤ ʭʦʜʦʤ.  

7. ʂʦʞʝʥ ʫʨʠʚʦʢ ʧʝʨʝʛʣʷʜʘʻʪʴʩʷ ʧʦʢʘʜʨʦʚʦ ʽ ʨʘʭʫʻʪʴʩʷ ʢʽʣʴʢʽʩʪʴ ʢʘʜʨʽʚ 

ʜʣʷ ʢʦʞʥʦʾ ʜʽʣʷʥʢʠ ʚ 10 ʤʤ. ʈʘʭʫʻʪʴʩʷ ʢʽʣʴʢʽʩʪʴ ʢʘʜʨʽʚ ʥʘ ʟʫʧʠʥʢʫ ʚ ʥʫʣʴʦʚʽʡ 

ʪʦʯʮʽ ʰʘʨʫ (ʨʠʩ. 3.20). 
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.  

ʈʠʩʫʥʦʢ 3.20 ï ʇʨʦʮʝʩ ʜʨʫʢʫ ʜʦʩʣʽʜʥʦʛʦ ʟʨʘʟʢʘ 

 

ʅʘ ʛʨʘʬʽʢʫ (ʨʠʩ. 3.21) ʚʠʜʥʦ, ʱʦ ʜʨʫʢʫʚʘʣʴʥʘ ʛʦʣʦʚʢʘ Prusa i3 ʧʝʚʥʠʡ ʯʘʩ 

ʧʝʨʝʙʫʚʘʣʘ ʥʘ ʤʽʩʮʽ, ʧʽʩʣʷ ʯʦʛʦ ʧʦʯʘʣʘ ʩʚʽʡ ʨʫʭ, ʧʨʦʪʝ ʥʝ ʜʦʩʷʛʣʘ ʚʩʪʘʥʦʚʣʝʥʦʛʦ 

ʟʥʘʯʝʥʥʷ ʰʚʠʜʢʦʩʪʽ (ʊʘʙʣʠʮʷ 3.4). ɺ ʢʽʥʮʝʚʽʡ ʪʦʯʮʽ ʰʘʨʫ ʙʫʣʘ ʧʝʚʥʘ ʟʫʧʠʥʢʘ ʪʘ 

ʧʦʯʘʪʦʢ ʭʦʣʦʩʪʦʛʦ ʭʦʜʫ, ʜʝ ʚʜʘʣʦʩʴ ʜʦʩʷʛʥʫʪʠ ʟʘʜʘʥʦʛʦ ʟʥʘʯʝʥʥʷ ʰʚʠʜʢʦʩʪʽ. 

ʈʝʟʫʣʴʪʫʶʯʠʡ ʯʘʩ ʜʨʫʢʫ ʩʢʣʘʚ:  Tʬʘʢʪ = 5,83 ʩ. 

ʗʢʙʠ ʰʚʠʜʢʽʩʪʴ ʜʨʫʢʫ ʙʫʣʘ ʧʦʩʪʽʡʥʦʶ ʽ ʚʽʜʧʦʚʽʜʘʣʘ ʟʘʜʘʥʠʤ, ʪʦʜʽ ʯʘʩ 

ʜʨʫʢʫ ʩʢʣʘʚ ʙʠ: 

Tʪʝʦʨ = L/Vʜʨʫʢʫ = 200/40 = 5 c. 

ʆʪʞʝ, ʚʽʜʥʦʩʥʘ ʟʘʪʨʠʤʢʘ ʜʨʫʢʫ ʜʣʷ ʦʜʥʦʛʦ ʰʘʨʫ ʜʣʷ Prusa i3 ʩʪʘʥʦʚʠʪʴ: 

Ὕ
Ὕ́̋̕Ȣ̓ Ὕ̓̆̏̑Ȣ

Ὕ́̋̕Ȣ̓
ρzππϷ

υȟψσɀυ

υ
ρzππϷρφȟφϷȢ 

ʅʘ ʛʨʘʬʽʢʫ (ʨʠʩ. 3.22) ʚʠʜʥʦ, ʱʦ ʜʨʫʢʫʚʘʣʴʥʘ ʛʦʣʦʚʢʘ H-Bot ʧʝʚʥʠʡ ʯʘʩ 

ʧʝʨʝʙʫʚʘʣʘ ʥʘ ʤʽʩʮʽ, ʧʽʩʣʷ ʯʦʛʦ ʧʦʯʘʣʘ ʩʚʽʡ ʨʫʭ, ʽ ʪʘʢ ʩʘʤʦ ʥʝ ʜʦʩʷʛʣʘ 

ʚʩʪʘʥʦʚʣʝʥʦʛʦ ʟʥʘʯʝʥʥʷ ʰʚʠʜʢʦʩʪʽ (ʊʘʙʣʠʮʷ 3.4). ɸʥʘʣʦʛʽʯʥʦ ʟ Prusa i3, ʚ 

ʢʽʥʮʝʚʽʡ ʪʦʯʮʽ ʰʘʨʫ ʙʫʣʘ ʧʝʚʥʘ ʟʫʧʠʥʢʘ ʪʘ ʧʦʯʘʪʦʢ ʭʦʣʦʩʪʦʛʦ ʭʦʜʫ, ʧʨʦʪʝ 

ʝʢʩʪʨʫʜʝʨ H-Bot ʪʘʢ ʽ ʥʝ ʜʦʩʷʛʥʫʚ ʟʘʜʘʥʦʛʦ ʟʥʘʯʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʜʣʷ ʭʦʣʦʩʪʦʛʦ 

ʭʦʜʫ.  

ʈʝʟʫʣʴʪʫʶʯʠʡ ʯʘʩ ʜʨʫʢʫ ʚʠʷʚʠʚʩʷ ʙʽʣʴʰʠʤ ʽ ʩʢʣʘʚ:  Tʬʘʢʪ = 7,033 ʩ. 

ʆʪʞʝ, ʚʽʜʥʦʩʥʘ ʟʘʪʨʠʤʢʘ ʜʨʫʢʫ ʜʣʷ ʦʜʥʦʛʦ ʰʘʨʫ ʩʪʘʥʦʚʠʪʴ: 

Ὕ
Ὕ́̋̕Ȣ̓ Ὕ̓̆̏̑Ȣ

Ὕ́̋̕Ȣ̓
ρzππϷ

χȟπσσɀυ

υ
ρzππϷτπ 
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ʈʠʩʫʥʦʢ 3.21 - ɻʨʘʬʽʢ ʰʚʠʜʢʦʩʪʽ ʨʫʭʫ ʝʢʩʪʨʫʜʝʨʘ 3D-ʧʨʠʥʪʝʨʘ                              

ʟ ʤʝʭʘʥʽʢʦʶ Prusa i3 

ʈʠʩʫʥʦʢ 3.22 - ɻʨʘʬʽʢ ʰʚʠʜʢʦʩʪʽ ʨʫʭʫ ʝʢʩʪʨʫʜʝʨʘ 3D-ʧʨʠʥʪʝʨʘ                              

ʟ ʤʝʭʘʥʽʢʦʶ H-Bot 

 

ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʧʦʢʘʟʫʶʪʴʩʷ ʜʠʥʘʤʽʢʫ ʨʫʭʫ ʝʢʩʪʨʫʜʝʨʘ ʚʟʜʦʚʞ ʰʘʨʫ. 

ɼʘʥʥʽ ʧʦ ʰʚʠʜʢʦʩʪʷʤ ʧʦʢʘʟʘʣʠ ʚʽʜʤʽʥʥʽʩʪʴ ʚʽʜ ʟʥʘʯʝʥʴ ʥʘʣʘʰʪʫʚʘʥʴ ʚ ʩʣʘʡʩʝʨʽ. 

ʇʦʨʽʚʥʷʥʥʷ ʜʘʥʠʭ ʟ ʥʘʣʘʰʪʫʚʘʥʥʷʤʠ ʜʣʷ ʦʙʦʭ ʪʠʧʽʚ ʤʝʭʘʥʽʢ ʥʘʩʪʫʧʥʽ: 
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ʊʘʙʣʠʮʷ 3.4 ï ʌʘʢʪʠʯʥʘ ʰʚʠʜʢʽʩʪʴ ʨʫʭʫ ʝʢʩʪʨʫʜʝʨʘ ʜʣʷ ʨʽʟʥʠʭ ʤʝʭʘʥʽʢ ʚ 

ʧʦʨʽʚʥʷʥʥʽ ʟ ʚʩʪʘʥʦʚʣʝʥʦʶ 

 ʉʣʘʡʩʝʨ Prusa I3 H-Bot 

Vʜʨʫʢʫ, ʤ/c 40 33 29 

Vʭʦʣ., ʤ/c 40 40 35 

 

ɼʣʷ ʦʙʦʭ ʪʠʧʽʚ ʤʝʭʘʥʽʢ ʚʠʷʚʠʣʦʩʴ, ʱʦ ʬʘʢʪʠʯʥʘ ʩʝʨʝʜʥʷ ʰʚʠʜʢʽʩʪʴ ʨʫʭʫ 

ʤʝʥhʘ ʚʽʜ ʟʘʜʘʥʠʭ. ʇʨʠ ʯʦʤʫ ʜʣʷ ʢʦʞʥʦʛʦ ʟ ʪʠʧʽʚ ʤʝʭʘʥʽʢ ʮʷ ʚʽʜʤʽʥʥʩ̔ʪʴ ʨʽʟʥʘ.  

ɼʣʷ ʚʠʟʥʘʯʝʥʥʷ ʚʽʜʤʽʥʥʦʩʪʽ ʚʠʟʥʘʯʠʤʦ ʨʽʟʥʠʮʶ ʚ ʯʘʩʽ ʜʨʫʢʫ ʟʨʘʟʢʽʚ ʚʽʜ 

ʪʝʦʨʝʪʠʯʥʦʾ ʧʨʠ ʨʽʟʥʠʭ ʰʚʠʜʢʦʩʪʷʭ ʜʨʫʢʫ. 

3.4.9 ɼʦʩʣʽʜʞʝʥʥʷ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʧʨʦʩʪʦʨʦʚʦʛʦ ʜʨʫʢʫ ʚ ʟʘʣʝʞʥʦʩʪʽ 

ʚʽʜ ʪʠʧʫ ʤʝʭʘʥʽʢʠ 

ɼʣʷ ʚʩʪʘʥʦʚʣʝʥʥʷ ʚʽʜʤʽʥʥʦʩʪʽ ʤʽʞ ʪʝʦʨʝʪʠʯʥʠʤ ʯʘʩʦʤ ʜʨʫʢʫ ʪʘ ʬʘʢʪʠʯʥʠʤ 

ʙʫʣʦ ʥʘʜʨʫʢʦʚʘʥʦ ʧʦ 5 ʟʨʘʟʢʽʚ ʥʘ ʧʨʠʥʪʝʨʘʭ ʨʽʟʥʠʭ ʤʝʭʘʥʽʢ ʧʨʠ ʨʽʟʥʠʭ 

ʰʚʠʜʢʦʩʪʷʭ ʜʨʫʢʫ Vʜʨʫʢʫ = 20, 30, 40 ʪʘ 50 ʤʤ/c. ɿʨʘʟʢʠ ʷʚʣʷʣʠ ʩʦʙʦʶ ʚʝʨʪʠʢʘʣʴʥʫ 

ʩʪʽʥʢʫ, ʨʦʟʤʽʨʠ ʷʢʦʾ ʧʦʩʪʫʧʦʚʦ ʧʨʦʧʦʨʮʽʡʥʦ ʟʙʽʣʴʰʫʚʘʣʠʩʴ. ʎʝ ʜʘʻ ʟʤʦʛʫ ʙʽʣʴʰ 

ʢʦʨʝʢʪʥʦ ʦʮʽʥʠʪʠ ʟʘʣʝʞʥʽʩʪʴ ʟʘʪʨʠʤʢʠ ʧʨʦʮʝʩʫ ʚʽʜ ʯʘʩʫ ʜʨʫʢʫ ʧʨʠ ʨʽʟʥʠʭ 

ʰʚʠʜʢʦʩʪʷʭ ʧʝʨʝʤʽʱʝʥʥʷ ʝʢʩʪʨʫʜʝʨʘ, ʪʘʢ ʷʢ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʭʦʣʦʩʪʠʭ ʪʘ 

ʨʦʙʦʯʠʭ ʧʝʨʝʤʽʱʝʥʴ ʜʣʷ ʢʦʞʥʦʾ ʜʝʪʘʣʽ ʦʜʥʘʢʦʚʽ.  

ɺʠʢʦʥʘʚʯʠʡ ʬʘʡʣ ʙʫʚ ʦʜʥʘʢʦʚʠʤ ʜʣʷ ʢʦʞʥʦʛʦ 3D ʧʨʠʥʪʝʨʘ, ʟʤʽʥʶʚʘʣʠʩʴ 

ʣʠʰʝ ʟʥʘʯʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʜʨʫʢʫ. ʇʽʩʣʷ ʢʦʞʥʦʛʦ ʜʨʫʢʫ, ʟʨʘʟʦʢ ʟʚʘʞʫʚʘʚʩʷ ʜʣʷ 

ʚʠʟʥʘʯʝʥʥʷ ʧʠʪʦʤʦʾ ʚʠʪʨʘʪʠ.  

ʅʘ ʨʠʩ. 3.23 ʧʦʢʘʟʘʥʦ ʟʘʣʝʞʥʽʩʪʴ ʚʽʜʥʦʩʥʦʾ ʟʘʪʨʠʤʢʠ ʚʽʜ ʯʘʩʫ ʜʨʫʢʫ ʜʣʷ 

ʨʽʟʥʠʭ ʰʚʠʜʢʦʩʪʝʡ ʧʝʨʝʤʽʱʝʥʥʷ ʚʠʢʦʥʘʚʯʠʭ ʦʨʛʘʥʽʚ 3D ʧʨʠʥʪʝʨʘ ʟ ʤʝʭʘʥʽʢʦʶ 

Prusa i3. 
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ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʤʘʩʠ ʚʠʨʦʙʫ ʟʨʦʩʪʘʻ ʚʽʜʥʦʩʥʘ ʟʘʪʨʠʤʢʘ 

ʜʨʫʢʫ. ɿʽ ʟʙʽʣʴʰʝʥʥʷʤ ʰʚʠʜʢʦʩʪʝʡ ʜʨʫʢʫ ʚʽʜʥʦʩʥʘ ʟʘʪʨʠʤʢʘ ʜʨʫʢʫ ʧʦʩʪʫʧʦʚʦ 

ʟʤʝʥʰʫʻʪʴʩʷ.    

ʇʨʦʚʽʚʰʠ ʩʪʝʧʝʥʝʚʫ ʘʧʨʦʢʩʠʤʘʮʽʶ ʤʦʞʣʠʚʦ ʚʩʪʘʥʦʚʠʪʠ ʟʘʣʝʞʥʽʩʪʴ 

ʬʘʢʪʠʯʥʦʛʦ ʯʘʩʫ ʜʨʫʢʫ ʚʽʜ ʪʝʦʨʝʪʠʯʥʦʛʦ ʜʣʷ ʟʘʜʘʥʦʾ ʰʚʠʜʢʦʩʪʽ ʜʨʫʢʫ ʜʣʷ 

ʤʝʭʘʥʽʢʠ ʪʠʧʫ Prusa i3: 

Tʬʘʢʪ = 0,5574 Tʪʝʦʨ 
0,326 ʧʨʠ Vʜʨʫʢʫ = 20 ʤʤ/c; 

Tʬʘʢʪ = 0,9261 Tʪʝʦʨ 0,2394 ʧʨʠ Vʜʨʫʢʫ = 30 ʤʤ/c; 

Tʬʘʢʪ = 0,8454 Tʪʝʦʨ 0,2395 ʧʨʠ Vʜʨʫʢʫ = 40 ʤʤ/c; 

Tʬʘʢʪ = 0,5092 Tʪʝʦʨ 0,2871 ʧʨʠ Vʜʨʫʢʫ = 50 ʤʤ/c. 

ʐʚʠʜʢʽʩʪʴ ʜʨʫʢʫ: 1 ï 20 ʤʤ/c; 2 ï 30 ʤʤ/c; 3 ï 40 ʤʤ/c; 4 ï 50 ʤʤ/c; 

ʈʠʩʫʥʦʢ 3.23 ï ɿʘʣʝʞʥʽʩʪʴ ʚʽʜʥʦʩʥʦʾ ʟʘʪʨʠʤʢʠ ʚʽʜ ʯʘʩʫ ʜʨʫʢʫ ʧʨʠ ʨʽʟʥʠʭ 

ʰʚʠʜʢʦʩʪʷʭ ʝʢʩʪʨʫʜʝʨʘ ʜʣʷ ʤʝʭʘʥʽʢʠ ʪʠʧʫ Prusa i3 
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ʐʚʠʜʢʽʩʪʴ ʜʨʫʢʫ: 1 ï 20 ʤʤ/c; 2 ï 30 ʤʤ/c; 3 ï 40 ʤʤ/c; 4 ï 50 ʤʤ/c;  

ʈʠʩʫʥʦʢ 3.24 ï ɿʘʣʝʞʥʽʩʪʴ ʚʽʜʥʦʩʥʦʾ ʟʘʪʨʠʤʢʠ ʚʽʜ ʯʘʩʫ ʜʨʫʢʫ ʧʨʠ ʨʽʟʥʠʭ 

ʰʚʠʜʢʦʩʪʷʭ ʝʢʩʪʨʫʜʝʨʘ ʜʣʷ ʤʝʭʘʥʽʢʠ ʪʠʧʫ H-bot 
 

ʅʘ ʨʠʩ. 3.24 ʧʦʢʘʟʘʥʦ ʟʘʣʝʞʥʽʩʪʴ ʚʽʜʥʦʩʥʦʾ ʟʘʪʨʠʤʢʠ ʚʽʜ ʯʘʩʫ ʜʨʫʢʫ ʜʣʷ 

ʨʽʟʥʠʭ ʰʚʠʜʢʦʩʪʝʡ ʧʝʨʝʤʽʱʝʥʥʷ ʚʠʢʦʥʘʚʯʠʭ ʦʨʛʘʥʽʚ 3D ʧʨʠʥʪʝʨʘ ʟ ʤʝʭʘʥʽʢʦʶ 

H-Bot. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʤʘʩʠ ʚʠʨʦʙʫ ʟʨʦʩʪʘʻ ʚʽʜʥʦʩʥʘ ʟʘʪʨʠʤʢʘ 

ʜʨʫʢʫ. ɿʽ ʟʙʽʣʴʰʝʥʥʷʤ ʰʚʠʜʢʦʩʪʝʡ ʜʨʫʢʫ ʚʽʜʥʦʩʥʘ ʟʘʪʨʠʤʢʘ ʜʨʫʢʫ ʧʦʩʪʫʧʦʚʦ 

ʟʤʝʥʰʫʻʪʴʩʷ.    

ʇʨʦʚʽʚʰʠ ʩʪʝʧʝʥʝʚʫ ʘʧʨʦʢʩʠʤʘʮʽʶ ʤʦʞʣʠʚʦ ʚʩʪʘʥʦʚʠʪʠ ʟʘʣʝʞʥʽʩʪʴ 

ʬʘʢʪʠʯʥʦʛʦ ʯʘʩʫ ʜʨʫʢʫ ʚʽʜ ʪʝʦʨʝʪʠʯʥʦʛʦ ʜʣʷ ʟʘʜʘʥʦʾ ʰʚʠʜʢʦʩʪʽ ʜʨʫʢʫ ʜʣʷ 

ʤʝʭʘʥʽʢʠ ʪʠʧʫ H-bot: 

Tʬʘʢʪ = 1,3001 Tʪʝʦʨ 0,3252 ʧʨʠ Vʜʨʫʢʫ = 20 ʤʤ/c; 

Tʬʘʢʪ = 0,8698 Tʪʝʦʨ 0,3612 ʧʨʠ Vʜʨʫʢʫ = 30 ʤʤ/c; 

Tʬʘʢʪ = 1,1983 Tʪʝʦʨ 0,3028 ʧʨʠ Vʜʨʫʢʫ = 40 ʤʤ/c; 

Tʬʘʢʪ = 0,835 Tʪʝʦʨ 0,3377 ʧʨʠ Vʜʨʫʢʫ = 50 ʤʤ/c. 
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ɺ ʨʝʟʫʣʴʪʘʪʽ ʙʫʣʦ ʚʠʷʚʣʝʥʦ, ʱʦ ʚʽʜʭʠʣʝʥʥʷ ʬʘʢʪʠʯʥʦʛʦ ʯʘʩʫ ʜʨʫʢʫ ʜʣʷ 

ʤʝʭʘʥʽʢʠ ʪʠʧʫ Prusa i3 ʙʫʣʦ ʤʝʥʰʠʤ, ʥʽʞ ʜʣʷ ʤʝʭʘʥʽʢʠ ʪʠʧʫ H-Bot. ʊʘʢʦʞ 

ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʟʽ ʟʨʦʩʪʘʥʥʷʤ ʰʚʠʜʢʦʩʪʽ ʜʨʫʢʫ ʚʽʜʥʦʩʥʘ ʟʘʪʨʠʤʢʘ ʧʦʩʪʫʧʦʚʦ 

ʧʘʜʘʻ ʜʣʷ ʦʙʦʭ ʤʝʭʘʥʽʢ, ʧʨʦʪʝ ʰʚʠʜʢʽʩʪʴ ʟʤʝʥʰʝʥʥʷ ʟʘʪʨʠʤʢʠ ʜʣʷ ʤʝʭʘʥʽʢʠ         

H-Bot ʻ ʤʝʥʰʦʶ ʥʘ 10-15%.  

3.4.10  ɺʠʟʥʘʯʝʥʥʷ ʤʦʜʫʣʽʚ ʧʨʫʞʥʦʩʪʽ ʪʘ ʟʩʫʚʫ 

ɼʣʷ ʟʥʘʭʦʜʞʝʥʥʷ ʦʩʥʦʚʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʨʫʞʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ 

ʧʨʦʚʝʜʝʥʦ ʜʦʜʘʪʢʦʚʝ ʚʠʧʨʦʙʫʚʘʥʥʷ ʩʫʮʽʣʴʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʪʘ ʜʨʫʢʦʚʘʥʠʭ ʟʨʘʟʢʽʚ 

ʥʘ ʨʦʟʪʷʛ ʪʘ ʟʩʫʚ. ʅʘ ʨʠʩ. 3.25 ʟʦʙʨʘʞʝʥʦ ʛʨʘʬʽʢ ʚʠʧʨʦʙʫʚʘʥʥʷ ʩʫʮʽʣʴʥʦʛʦ 

ʤʘʪʝʨʽʘʣʫ PLA (ʢʨʠʚʘ 1) ʪʘ ʜʨʫʢʦʚʘʥʦʛʦ ʟʨʘʟʢʘ (ʢʨʠʚʘ 2) ʥʘ ʨʦʟʪʷʛ.  

 

ʈʠʩʫʥʦʢ 3.25 ï ɻʨʘʬʽʢ ʟʘʣʝʞʥʦʩʪʽ ʥʘʧʨʫʞʝʥʥʷ ʪʘ ʚʽʜʥʦʩʥʦʾ ʜʝʬʦʨʤʘʮʽʾ 

ʧʨʠ ʨʦʟʪʷʛʫ: 1 ï ʩʫʮʽʣʴʥʠʡ ʤʘʪʝʨʽʘʣ, 2 ï ʜʨʫʢʦʚʘʥʠʡ ʟʨʘʟʦʢ 

ɿʛʽʜʥʦ ʛʨʘʬʽʢʘ ʤʦʞʣʠʚʦ ʚʩʪʘʥʦʚʠʪʠ ʤʦʜʫʣʴ ʖʥʛʘ ʜʣʷ ʚʠʪʨʘʪʥʦʛʦ 

ʤʘʪʝʨʽʘʣʫ ʪʘ ʧʨʠ ʨʦʟʪʷʛʫ ʜʨʫʢʦʚʘʥʠʭ ʟʨʘʟʢʽʚ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʰʘʨʫ. ʆʪʨʠʤʘʥʽ 

ʟʥʘʯʝʥʥʷ ʥʘʩʪʫʧʥʽ: 

Eʚʠʪʨ = 3,41 ɻʇʘ; Eʜʨʫʢ = 2,52 ɻʇʘ 

ʅʘ ʨʠʩ. 3.26 ʟʦʙʨʘʞʝʥʦ ʛʨʘʬʽʢ ʚʠʧʨʦʙʫʚʘʥʥʷ ʩʫʮʽʣʴʥʦʛʦ ʤʘʪʝʨʽʘʣʫ PLA 

(ʢʨʠʚʘ 1) ʪʘ ʜʨʫʢʦʚʘʥʦʛʦ ʟʨʘʟʢʘ (ʢʨʠʚʘ 2) ʥʘ ʟʩʫʚ. 
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ʈʠʩʫʥʦʢ 3.26 ï ɻʨʘʬʽʢ ʟʘʣʝʞʥʦʩʪʽ ʥʘʧʨʫʞʝʥʥʷ ʪʘ ʚʽʜʥʦʩʥʦʾ ʜʝʬʦʨʤʘʮʽʾ 

ʧʨʠ ʟʩʫʚʽ: 1 ï ʩʫʮʽʣʴʥʠʡ ʤʘʪʝʨʽʘʣ, 2 ï ʜʨʫʢʦʚʘʥʠʡ ʟʨʘʟʦʢ 

ɿʛʽʜʥʦ ʛʨʘʬʽʢʘ ʤʦʞʣʠʚʦ ʚʩʪʘʥʦʚʠʪʠ ʤʦʜʫʣʴ ʖʥʛʘ ʜʣʷ ʚʠʪʨʘʪʥʦʛʦ 

ʤʘʪʝʨʽʘʣʫ ʪʘ ʧʨʠ ʨʦʟʪʷʛʫ ʜʨʫʢʦʚʘʥʠʭ ʟʨʘʟʢʽʚ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʰʘʨʫ. ʆʪʨʠʤʘʥʽ 

ʟʥʘʯʝʥʥʷ ʥʘʩʪʫʧʥʽ: 

Gʚʠʪʨ = 1,25 ɻʇʘ; Gʜʨʫʢ = 2,52 ɻʇʘ 

ʊʘʢ ʷʢ: Ὃ , ʢʦʝʬʽʮʽʝʥʪ ʇʫʘʩʩʦʥʘ ʥʘʩʪʫʧʥʠʡ: 

ɜʚʠʪʨ =0,36, ɜʜʨʫʢ =0,23 

3.4.11  ɼʦʩʣʽʜʞʝʥʥʷ ʜʠʥʘʤʽʢʠ ʦʭʦʣʦʜʞʝʥʥʷ  

ʇʽʜ ʯʘʩʫ ʜʨʫʢʫ ʜʝʪʘʣʝʡ, ʦʩʦʙʣʠʚʦ ʪʦʥʢʦʩʪʽʥʥʠʭ, ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʨʦʮʝʩ 

ʜʝʬʦʨʤʘʮʽʾ ʬʦʨʤʠ ʚʥʘʩʣʽʜʦʢ ʥʝʜʦʩʪʘʪʥʴʦ ʰʚʠʜʢʦʛʦ ʦʭʦʣʦʜʞʝʥʥʷ ʧʦʣʽʤʝʨʥʦʛʦ 

ʤʘʪʝʨʽʘʣʫ. ɿʘʟʚʠʯʘʡ ʚʠʨʦʙʥʠʢʠ ʚʠʪʨʘʪʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʜʘʶʪʴ ʧʝʚʥʽ ʨʝʢʦʤʝʥʜʘʮʽʾ 

ʩʪʦʩʦʚʥʦ ʥʘʣʘʰʪʫʚʘʥʴ ʦʭʦʣʦʜʞʝʥʥʷ ʟʦʥʠ ʚʠʭʦʜʫ ʤʘʪʝʨʽʘʣʫ, ʧʨʦʪʝ ʚʦʥʠ ʥʝ 

ʚʢʘʟʫʶʪʴ ʚʧʣʠʚ ʥʘ ʪʦʯʥʽʩʪʴ ʚʠʛʦʪʦʚʣʝʥʥʷ ʜʝʪʘʣʝʡ.  

ɼʣʷ ʚʩʪʘʥʦʚʣʝʥʥʷ ʚʧʣʠʚʫ ʦʭʦʣʦʜʞʝʥʥʷ ʥʘ ʪʦʯʥʽʩʪʴ ʜʨʫʢʫ, ʟʘ ʦʩʥʦʚʫ ʚʟʷʪʦ 

ʬʨʘʛʤʝʥʪ ʪʦʥʢʦʩʪʽʥʥʦʾ (ʪʦʚʱʠʥʘ ʩʪʽʥʢʠ tʩʪʽʥʢʠ = 2ʤʤ) ʢʨʫʧʥʦʛʘʙʘʨʠʪʥʦʾ ʬʦʨʤʠ 

ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʤʘʪʨʠʮʽ ʚʘʢʫʫʤʥʦʛʦ ʬʦʨʤʫʚʘʥʥʷ ʜʣʷ ʊʆ ñIceClimeò                     

(ʤ. ʏʝʨʥʽʚʮʽ) (ʨʠʩ. 3.27). 
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ʘ)                                                         ʙ) 

  
ʚ)                                                            ʛ) 

ʘ) ʮʠʬʨʦʚʘ ʤʦʜʝʣʴ; ʙ) ʛʦʪʦʚʠʡ ʚʠʨʽʙ; ʚ) ʩʢʣʦʧʣʘʩʪʠʢʦʚʘ ʬʦʨʤʘ ʥʘ ʦʩʥʦʚʽ 

ʜʨʫʢʦʚʘʥʦʾ ʬʦʨʤʠ; ʛ)ʛʦʪʦʚʠʡ ʚʠʨʽʙ 

ʈʠʩʫʥʦʢ 3.27 ï ʇʨʦʮʝʩ ʚʠʛʦʪʦʚʣʝʥʥʷ ʢʦʤʧʦʟʠʪʥʦʾ ʤʘʪʨʠʮʽ ʥʘ ʦʩʥʦʚʽ 3D 

ʜʨʫʢʫ ʜʣʷ ʚʘʢʫʫʤʥʦʛʦ ʬʦʨʤʫʚʘʥʥʷ (ʧʨʦʜʦʚʞʝʥʥʷ) 

ʇʝʨʰʠʡ ʜʨʫʢ ʚʽʜʙʫʚʘʚʩʷ ʧʨʠ ʚʽʜʩʫʪʥʦʩʪʽ ʦʭʦʣʦʜʞʝʥʥʷ (Ŭ = 0 ɺʪ/(ʤĀʂ)). 

ʈʦʟʧʦʜʽʣ ʚʽʜʭʠʣʝʥʴ ʟʦʙʨʘʞʝʥʦ ʥʘ ʨʠʩ. 3.28. ɺʠʜʥʦ, ʱʦ ʜʝʬʦʨʤʦʚʘʥʽ ʟʦʥʠ 

ʧʨʠʩʫʪʥʽ ʧʦ ʚʩʽʡ ʧʦʚʝʨʭʥʽ ʜʝʪʘʣʽ.  

ʉʪʘʪʠʩʪʠʢʫ ʚʽʜʭʠʣʝʥʴ ʥʘʚʝʜʝʥʦ ʚ ʊʘʙʣʠʮʷ 3.5 

ʊʘʙʣʠʮʷ 3.5 ï ʉʪʘʪʠʩʪʠʢʘ ʚʽʜʭʠʣʝʥʴ ʧʨʠ Ŭ = 0 ɺʪ/(ʤĀʂ) 

Nʟʘʛ., 

ʰʪ. 

Nʚʽʜʭ., 

ʰʪ. 

devmax, 

ʤʤ 

Devʟʘʛ, 

ʤʤ 

7079 3546 3,47 1482 
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ʈʠʩʫʥʦʢ 3.28 ï ɿʘʛʘʣʴʥʠʡ ʚʠʛʣʷʜ ʢʘʨʪʠ ʚʽʜʭʠʣʝʥʴ ʧʨʠ ʚʽʜʩʫʪʥʦʩʪʽ 

ʦʭʦʣʦʜʞʝʥʥʷ (Ŭ = 0 ɺʪ/(ʤĀʂ)) 

ʆʯʝʚʠʜʥʦ, ʱʦ ʜʘʥʠʡ ʨʝʞʠʤ ʻ ʥʝʜʦʧʫʩʪʠʤʠʤ, ʤʘʡʞʝ ʧʦʣʦʚʠʥʘ ʧʦʚʝʨʭʥʽ 

ʜʝʪʘʣʽ ʻ ʜʝʬʦʨʤʦʚʘʥʦʶ, ʪʦʤʫ ʥʝʦʙʭʽʜʥʦ ʧʽʜʚʠʱʠʪʠ ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʦʭʦʣʦʜʞʝʥʥʷ. 

ɼʣʷ ʥʘʩʪʫʧʥʦʛʦ ʜʨʫʢʫ ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʧʽʜʚʠʱʝʥʦ ʜʦ Ŭ = 25 ɺʪ/(ʤĀʂ). 

ʈʦʟʧʦʜʽʣ ʚʽʜʭʠʣʝʥʴ ʟʦʙʨʘʞʝʥʦ ʥʘ ʨʠʩ. 3.29. ɺʠʜʥʦ, ʱʦ ʧʣʦʱʘ ʜʝʬʦʨʤʦʚʘʥʠʭ  

 

ʈʠʩʫʥʦʢ 3.29 ï ɿʘʛʘʣʴʥʠʡ ʚʠʛʣʷʜ ʢʘʨʪʠ ʚʽʜʭʠʣʝʥʴ ʧʨʠ ʤʽʥʽʤʘʣʴʥʦʤʫ 

ʦʭʦʣʦʜʞʝʥʥʽ (Ŭ = 25 ɺʪ/(ʤĀʂ)) 
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ʉʪʘʪʠʩʪʠʢʫ ʚʽʜʭʠʣʝʥʴ ʥʘʚʝʜʝʥʦ ʚ ʊʘʙʣʠʮʷ 3.6 

ʊʘʙʣʠʮʷ 3.6 ï ʉʪʘʪʠʩʪʠʢʘ ʚʽʜʭʠʣʝʥʴ ʧʨʠ Ŭ = 25 ɺʪ/(ʤĀʂ) 

Nʟʘʛ., 

ʰʪ. 

Nʚʽʜʭ., 

ʰʪ. 

devmax, 

ʤʤ 

Devʟʘʛ, 

ʤʤ 

7079 2125 2,03 815 

 

ɺ ʧʦʜʘʣʴʰʦʤʫ ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʧʽʜʚʠʱʝʥʦ ʜʦ Ŭ = 50 ɺʪ/(ʤĀʂ). ʈʦʟʧʦʜʽʣ 

ʚʽʜʭʠʣʝʥʴ ʟʦʙʨʘʞʝʥʦ ʥʘ ʨʠʩ. 3.30. ʇʣʦʱʘ ʜʝʬʦʨʤʦʚʘʥʠʭ ʟʦʥ ʜʝʱʦ ʟʤʝʥʰʠʣʘʩʴ, 

ʥʘ ʥʘʡʙʽʣʴʰʽʡ ʧʝʨʝʜʥʽʡ ʧʦʚʝʨʭʥʽ ʧʨʘʢʪʠʯʥʦ ʚʽʜʩʫʪʥʽ ʜʝʬʦʨʤʘʮʽʾ, ʧʨʦʪʝ ʥʘ 

ʧʦʭʠʣʽʡ ʧʦʚʝʨʭʥʽ ʚʝʣʠʢʘ ʢʽʣʴʢʽʩʪʴ ʪʦʯʦʢ ʚʩʝ ʱʝ ʚʠʱʝ ʢʨʠʪʠʯʥʦʛʦ ʚʽʜʭʠʣʝʥʥʷ 

(devʢʨʠʪ = 0,5ʤʤ).  

ʉʪʘʪʠʩʪʠʢʫ ʚʽʜʭʠʣʝʥʴ ʥʘʚʝʜʝʥʦ ʚ ʊʘʙʣʠʮʷ 3.7 

 

ʈʠʩʫʥʦʢ 3.30 ï ɿʘʛʘʣʴʥʠʡ ʚʠʛʣʷʜ ʢʘʨʪʠ ʚʽʜʭʠʣʝʥʴ ʧʨʠ ʤʽʥʽʤʘʣʴʥʦʤʫ 

ʦʭʦʣʦʜʞʝʥʥʽ (Ŭ = 50 ɺʪ/(ʤĀʂ)) 

ʊʘʙʣʠʮʷ 3.7 ï ʉʪʘʪʠʩʪʠʢʘ ʚʽʜʭʠʣʝʥʴ ʧʨʠ Ŭ = 50 ɺʪ/(ʤĀʂ) 

Nʟʘʛ., 

ʰʪ. 

Nʚʽʜʭ., 

ʰʪ. 

devmax, 

ʤʤ 

Devʟʘʛ, 

ʤʤ 

7079 843 1,37 351 
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ɺ ʧʦʜʘʣʴʰʦʤʫ ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʧʽʜʚʠʱʝʥʦ ʜʦ Ŭ = 100 ɺʪ/(ʤĀʂ). ʈʦʟʧʦʜʽʣ 

ʚʽʜʭʠʣʝʥʴ ʟʦʙʨʘʞʝʥʦ ʥʘ ʨʠʩ. 3.31. ʇʣʦʱʘ ʜʝʬʦʨʤʦʚʘʥʠʭ ʟʦʥ ʜʝʱʦ ʟʤʝʥʰʠʣʘʩʴ, 

ʥʘ ʥʘʡʙʽʣʴʰʽʡ ʧʝʨʝʜʥʽʡ ʧʦʚʝʨʭʥʽ ʧʨʘʢʪʠʯʥʦ ʚʽʜʩʫʪʥʽ ʜʝʬʦʨʤʘʮʽʾ, ʧʨʦʪʝ ʥʘ 

ʧʦʭʠʣʽʡ ʧʦʚʝʨʭʥʽ ʚʝʣʠʢʘ ʢʽʣʴʢʽʩʪʴ ʪʦʯʦʢ ʚʩʝ ʱʝ ʚʠʱʝ ʢʨʠʪʠʯʥʦʛʦ ʚʽʜʭʠʣʝʥʥʷ 

(devʢʨʠʪ = 1ʤʤ).  

ʉʪʘʪʠʩʪʠʢʫ ʚʽʜʭʠʣʝʥʴ ʥʘʚʝʜʝʥʦ ʚ ʊʘʙʣʠʮʷ 3.8 

 

ʈʠʩʫʥʦʢ 3.31 ï ɿʘʛʘʣʴʥʠʡ ʚʠʛʣʷʜ ʢʘʨʪʠ ʚʽʜʭʠʣʝʥʴ ʧʨʠ ʩʝʨʝʜʥʴʦʤʫ 

ʦʭʦʣʦʜʞʝʥʥʽ (Ŭ = 100 ɺʪ/(ʤĀʂ)) 

ʊʘʙʣʠʮʷ 3.8 ï ʉʪʘʪʠʩʪʠʢʘ ʚʽʜʭʠʣʝʥʴ ʧʨʠ Ŭ = 100 ɺʪ/(ʤĀʂ) 

Nʟʘʛ., 

ʰʪ. 

Nʚʽʜʭ., 

ʰʪ. 

devmax, 

ʤʤ 

Devʟʘʛ, 

ʤʤ 

7079 103 0,76 62 

 

ɺ ʧʦʜʘʣʴʰʦʤʫ ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʧʽʜʚʠʱʝʥʦ ʜʦ Ŭ = 150 ɺʪ/(ʤĀʂ). ʈʦʟʧʦʜʽʣ 

ʚʽʜʭʠʣʝʥʴ ʟʦʙʨʘʞʝʥʦ ʥʘ ʨʠʩ. 3.32. ɼʝʬʦʨʤʦʚʘʥʽ ʟʦʥʠ ʧʨʘʢʪʠʯʥʦ ʟʥʠʢʣʠ, ʥʘ 

ʧʦʭʠʣʽʡ ʧʦʚʝʨʭʥʽ ʚʩʝ ʱʝ ʟʘʣʠʰʠʣʘʩʴ ʥʝʚʝʣʠʢʘ ʢʽʣʴʢʽʩʪʴ ʪʦʯʦʢ, ʱʦ ʤʝʥʰʽ 

ʢʨʠʪʠʯʥʦʛʦ ʚʽʜʭʠʣʝʥʥʷ (devʢʨʠʪ = 1ʤʤ). ɿʘʛʘʣʦʤ ʜʘʥʠʡ ʨʝʞʠʤ 

ʦʭʦʣʦʜʞʝʥʥʷ  ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʘʪʠ ʤʘʢʩʠʤʘʣʴʥʦ ʪʦʯʥʽ ʚʠʨʦʙʠ. 
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ʉʪʘʪʠʩʪʠʢʫ ʚʽʜʭʠʣʝʥʴ ʥʘʚʝʜʝʥʦ ʚ ʊʘʙʣʠʮʷ 3.9.  

 

ʈʠʩʫʥʦʢ 3.32 ï ɿʘʛʘʣʴʥʠʡ ʚʠʛʣʷʜ ʢʘʨʪʠ ʚʽʜʭʠʣʝʥʴ ʧʨʠ ʽʥʪʝʥʩʠʚʥʦʤʫ 

ʦʭʦʣʦʜʞʝʥʥʽ (Ŭ = 150 ɺʪ/(ʤĀʂ)) 

ʊʘʙʣʠʮʷ 3.9 ï ʉʪʘʪʠʩʪʠʢʘ ʚʽʜʭʠʣʝʥʴ ʧʨʠ Ŭ = 150 ɺʪ/(ʤĀʂ) 

Nʟʘʛ., 

ʰʪ. 

Nʚʽʜʭ., 

ʰʪ. 

devmax, 

ʤʤ 

Devʟʘʛ, 

ʤʤ 

7079 84 0,63 42 

 

ʂʦʥʩʪʨʫʢʮʽʷ ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ ʜʦʟʚʦʣʷʻ ʧʦʜʘʣʴʰʝ ʧʽʜʚʠʱʝʥʥʷ 

ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʦʭʦʣʦʜʞʝʥʥʷ. ʅʘʩʪʫʧʥʝ ʟʥʘʯʝʥʥʷ ʩʪʘʥʦʚʠʪʴ Ŭ = 200 ɺʪ/(ʤĀʂ). 

ʈʦʟʧʦʜʽʣ ʚʽʜʭʠʣʝʥʴ ʟʦʙʨʘʞʝʥʦ ʥʘ ʨʠʩ. 3.33. ɺʠʷʚʠʣʦʩʴ, ʱʦ ʧʣʦʱʘ ʜʝʬʦʨʤʦʚʘʥʠʭ 

ʟʦʥ ʧʦʯʘʣʘ ʟʨʦʩʪʘʪʠ, ʚ ʧʝʨʰʫ ʯʝʨʛʫ ʥʘ ʧʦʭʠʣʽʡ ʧʦʚʝʨʭʥʽ, ʟôʷʚʠʣʘʩʴ ʧʝʚʥʘ 

ʢʽʣʴʢʽʩʪʴ ʪʦʯʦʢ, ʱʦ ʙʽʣʴʰʽ ʢʨʠʪʠʯʥʦʛʦ ʚʽʜʭʠʣʝʥʥʷ (devʢʨʠʪ = 1ʤʤ). ɿʘʛʘʣʦʤ ʜʘʥʠʡ 

ʨʝʞʠʤ ʦʭʦʣʦʜʞʝʥʥʷ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʘʪʠ ʧʨʠʙʣʠʟʥʫ ʪʦʯʥʽʩʪʴ, ʷʢ ʽ ʧʨʠ 

ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʦʭʦʣʦʜʞʝʥʥʷ Ŭ = 100 ɺʪ/(ʤĀʂ).  

ʉʪʘʪʠʩʪʠʢʫ ʚʽʜʭʠʣʝʥʴ ʥʘʚʝʜʝʥʦ ʚ ʊʘʙʣʠʮʷ 3.10 

ʊʘʙʣʠʮʷ 3.10 ï ʉʪʘʪʠʩʪʠʢʘ ʚʽʜʭʠʣʝʥʴ ʧʨʠ Ŭ = 200 ɺʪ/(ʤĀʂ) 

Nʟʘʛ., 

ʰʪ. 

Nʚʽʜʭ., 

ʰʪ. 

devmax, 

ʤʤ 

Devʟʘʛ, 

ʤʤ 

7079 107 0,71 169 
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ʈʠʩʫʥʦʢ 3.33 ï ɿʘʛʘʣʴʥʠʡ ʚʠʛʣʷʜ ʢʘʨʪʠ ʚʽʜʭʠʣʝʥʴ ʧʨʠ ʥʘʜʽʥʪʝʥʩʠʚʥʦʤʫ 

ʦʭʦʣʦʜʞʝʥʥʽ (Ŭ = 200 ɺʪ/(ʤĀʂ)) 

 

ʇʦʜʘʣʴʰʝ ʧʽʜʚʠʱʝʥʥʷ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʦʭʦʣʦʜʞʝʥʥʷ (Ŭ = 200 ɺʪ/(ʤĀʂ)) ʜʘʣʦ 

ʥʘʩʪʫʧʥʫ ʢʘʨʪʫ ʨʦʟʧʦʜʽʣʫ ʚʽʜʭʠʣʝʥʴ ʟʦʙʨʘʞʝʥʫ ʥʘ ʨʠʩ. 3.34. ɺʠʷʚʠʣʦʩʴ, ʱʦ 

ʧʣʦʱʘ ʜʝʬʦʨʤʦʚʘʥʠʭ ʟʦʥ ʧʨʦʜʦʚʞʠʣʘ ʟʨʦʩʪʘʥʥʷ, ʢʽʣʴʢʽʩʪʴ ʪʦʯʦʢ, ʱʦ ʙʽʣʴʰʽ 

ʢʨʠʪʠʯʥʦʛʦ ʚʽʜʭʠʣʝʥʥʷ (devʢʨʠʪ = 1ʤʤ), ʟʙʽʣʴʰʠʣʘʩʴ ʤʘʡʞʝ ʚʜʚʽʯʽ. ʆʯʝʚʠʜʥʦ, ʱʦ 

ʧʦʜʘʣʴʰʝ ʧʽʜʚʠʱʝʥʥʷ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʦʭʦʣʦʜʞʝʥʥʷ ʻ ʥʝʧʨʠʧʫʩʪʠʤ ʜʣʷ ʜʘʥʦʛʦ 

ʪʠʧʫ ʪʝʨʤʦʧʣʘʩʪʠʯʥʦʛʦ ʧʦʣʽʤʝʨʥʦʛʦ ʤʘʪʝʨʽʘʣʫ.  

ʉʪʘʪʠʩʪʠʢʫ ʚʽʜʭʠʣʝʥʴ ʥʘʚʝʜʝʥʦ ʚ ʊʘʙʣʠʮʷ 3.11 
 

ʊʘʙʣʠʮʷ 3.11 ï ʉʪʘʪʠʩʪʠʢʘ ʚʽʜʭʠʣʝʥʴ ʧʨʠ Ŭ = 250 ɺʪ/(ʤĀʂ) 

Nʟʘʛ., 

ʰʪ. 

Nʚʽʜʭ., 

ʰʪ. 

devmax, 

ʤʤ 

Devʟʘʛ, 

ʤʤ 

7079 182 1,12 394 

 

ʅʘ ʨʠʩ. 3.35 ʧʦʢʘʟʘʥʦ ʨʝʟʫʣʴʪʫʶʯʫ ʟʘʣʝʞʥʽʩʪʴ ʩʫʤʘʨʥʦʛʦ ʚʽʜʭʠʣʝʥʥʷ 

ʢʦʥʪʨʦʣʴʥʠʭ ʪʦʯʦʢ ʜʝʪʘʣʽ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʦʭʦʣʦʜʞʝʥʥʷ. 
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ʈʠʩʫʥʦʢ 3.34 ï ɿʘʛʘʣʴʥʠʡ ʚʠʛʣʷʜ ʢʘʨʪʠ ʚʽʜʭʠʣʝʥʴ ʧʨʠ ʥʘʜʽʥʪʝʥʩʠʚʥʦʤʫ 

ʦʭʦʣʦʜʞʝʥʥʽ (Ŭ = 250 ɺʪ/(ʤĀʂ))

 

ʈʠʩʫʥʦʢ 3.35 ï ɿʘʣʝʞʥʽʩʪʴ ʚʽʜʭʠʣʝʥʥʷ ʬʦʨʤʠ ʚʽʜ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʦʭʦʣʦʜʞʝʥʥʷ 

 

ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʧʨʠ ʧʦʚʥʽʡ ʚʽʜʩʫʪʥʦʩʪʽ ʦʭʦʣʦʜʞʝʥʥʷ ʪʦʯʥʽʩʪʴ 

ʚʠʛʦʪʦʚʣʝʥʥʷ ʥʘʡʛʽʨʰʘ, ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʽʥʪʝʥʩʠʚʥʦʩʪʽ, ʷʢʽʩʪʴ ʧʦʩʪʫʧʦʚʦ 

ʧʦʢʨʘʱʫʻʪʴʩʷ, ʧʨʦʪʝ ʧʨʠ ʥʘʜʪʦ ʽʥʪʝʥʩʠʚʥʠʭ ʨʝʞʠʤʘʭ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʟʥʦʚʫ 

ʥʘʨʦʩʪʘʥʥʷ ʨʝʟʫʣʴʪʫʶʯʦʛʦ ʚʽʜʭʠʣʝʥʥʷ. 
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ɯʥʪʝʥʩʠʚʥʽʩʪʴ ʦʭʦʣʦʜʞʝʥʥʷ, ɺʪ/(ʤĀʂ)



137 
 

3.5 ɺʠʩʥʦʚʢʠ 

ɺ ʭʦʜʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ ʨʷʜ ʚʠʧʨʦʙʫʚʘʥʴ 

ʜʨʫʢʦʚʘʥʠʭ ʟʨʘʟʢʽʚ, ʚʠʛʦʪʦʚʣʝʥʠʭ ʧʨʠ ʨʽʟʥʠʭ ʨʝʞʠʤʘʭ 3D ʜʨʫʢʫ. ɺʠʚʯʝʥʦ ʚʧʣʠʚ 

ʦʩʥʦʚʥʠʭ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʥʘ ʚʝʣʠʯʠʥʫ ʤʽʞʰʘʨʦʚʦʾ ʘʜʛʝʟʽʾ ʪʘ ʪʦʯʥʽʩʪʴ 

ʚʠʛʦʪʦʚʣʝʥʥʷ ʚʠʨʦʙʽʚ. ɼʦʩʣʽʜʞʝʥʦ ʢʽʥʝʤʘʪʠʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʨʫʭʫ 

ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ ʪʘ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʜʨʫʢʫ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ: 

ς ʜʣʷ ʚʝʣʠʯʠʥʠ ʤʽʞʰʘʨʦʚʦʾ ʘʜʛʝʟʽʾ ʽʩʥʫʻ ʜʽʘʧʘʟʦʥ ʪʝʤʧʝʨʘʪʫʨ ʜʨʫʢʫ ʧʨʠ 

ʷʢʦʤʫ ʜʦʩʷʛʘʶʪʴʩʷ ʥʘʡʚʠʱʽ ʧʦʢʘʟʥʠʢʠ ʤʽʮʥʦʩʪʽ (tʜʨʫʢʫ = 210é220Áʉ). ʇʨʠ 

ʥʠʞʯʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʘʜʛʝʟʽʷ ʜʚʦʭ ʰʘʨʽʚ ʥʝʜʦʩʪʘʪʥʷ, ʧʨʠ ʚʠʱʠʭ ï ʤʦʞʣʠʚʘ 

ʜʝʩʪʨʫʢʮʽʷ ʪʘ ʨʝʢʨʠʩʪʘʣʽʟʘʮʽʷ ʧʦʣʽʤʝʨʫ; 

ς ʚ ʢʦʞʥʽʡ ʛʨʫʧʽ ʧʨʠʩʫʪʥʷ ʯʘʩʪʠʥʘ ʟʨʘʟʢʽʚ (ʚʽʜ 10 ʜʦ 50%), ʜʣʷ ʷʢʠʭ 

ʤʘʢʩʠʤʘʣʴʥʝ ʥʘʧʨʫʞʝʥʥʷ ʥʘ ʨʦʟʪʷʛ ʩʪʘʥʦʚʠʪʴ ʜʦ 70% ʚʽʜ ʧʦʢʘʟʥʠʢʽʚ ʤʽʮʥʦʩʪʽ 

ʽʥʠhʭ ʟʨʘʟʢʽʚ ʛʨʫʧʠ, ʱʦ ʩʧʨʠʯʠʥʝʥʦ ʧʦʷʚʦʶ ʜʝʬʝʢʪʽʚ ʚʥʘʩʣʽʜʦʢ ʜʝʬʦʨʤʘʮʽʾ ʧʽʜ 

ʯʘʩ ʦʭʦʣʦʜʞʝʥʥʷ ʧʦʣʽʤʝʨʥʦʛʦ ʤʘʪʝʨʽʘʣʫ; 

- ʧʨʠ ʧʽʜʚʠʱʝʥʥʽ ʰʚʠʜʢʦʩʪʽ ʨʫʭʫ ʝʢʩʪʨʫʜʝʨʘ ʚʽʜʙʫʚʘʻʪʴʩʷ ʩʪʨʽʤʢʝ ʟʨʦʩʪʘʥʥʷ 

ʢʽʣʴʢʦʩʪʽ ʜʝʬʝʢʪʥʠʭ ʟʨʘʟʢʽʚ, ʚʥʘʩʣʽʜʦʢ ʚʝʣʠʢʦʾ ʢʽʣʴʢʦʩʪʽ ʜʝʬʦʨʤʘʮʽʡ ʧʨʠ 

ʦʧʣʠʚʘʥʥʽ ʧʦʣʽʤʝʨʫ ʧʽʜ ʯʘʩ ʦʭʦʣʦʜʞʝʥʥʷ. ʇʨʦʪʝ ʧʨʠ ʥʠʟʴʢʠʭ ʰʚʠʜʢʦʩʪʷʭ ʪʘʢʦʞ 

ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʧʦʩʣʘʙʣʝʥʥʷ ʟʨʘʟʢʽʚ ʥʘ 5-10% ʚʥʘʩʣʽʜʦʢ ʣʦʢʘʣʴʥʦʛʦ ʧʝʨʝʛʨʽʚʫ 

ʟʘʩʪʠʛʣʠʭ ʰʘʨʽʚ; 

- ʚʠʷʚʣʝʥʦ, ʱʦ ʪʦʚʱʠʥʘ ʰʘʨʫ ʧʦʩʪʫʧʦʚʦ ʟʨʦʩʪʘʻ ʚʽʜ ʤʝʥʰʠʭ ʜʦ ʙʽʣʴʰʠʭ ʟʘ 

ʜʽʘʤʝʪʨ ʩʦʧʣʘ dʩʦʧʣʘ = 0,5ʤʤ ʟʥʘʯʝʥʴ, ʪʦʤʫ ʱʦ ʧʨʠ ʧʦʯʘʪʢʫ ʚʠʭʦʜʫ ʧʦʣʽʤʝʨʫ ʟ 

ʦʪʚʦʨʫ ʢʘʥʘʣʫ ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ ʧʨʠʩʫʪʥʷ ʥʝʜʦʝʢʩʪʨʫʟʽʷ, ʱʦ ʧʦʩʪʫʧʦʚʦ 

ʟʤʽʥʶʻʪʴʩʷ ʨʦʟʙʫʭʘʥʥʷʤ ʤʘʪʝʨʽʘʣʫ; 

- ʚʠʚ̫ʣʝʥʦ, ʱʦ ʰʚʠʜʢʽʩʪʴ ʨʫʭʫ ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ ʚ ʙʽʣʴʰʦʩʪʽ ʚʠʧʘʜʢʽʚ 

ʤʝʥʰʘ ʟʘʜʘʥʦʾ, ʪʦʤʫ ʟʘʚʞʜʠ ʨʦʟʨʘʭʫʥʢʦʚʠʡ ʯʘʩ ʜʨʫʢʫ ʤʝʥʰʠʡ ʟʘ ʬʘʢʪʠʯʥʠʡ, ʧʨʠ 

ʯʦʤʫ ʟʽ ʟʨʦʩʪʘʥʥʷʤ ʰʚʠʜʢʦʩʪʽ ʜʨʫʢʫ ʮʷ ʨʽʟʥʠʮʷ ʧʦʩʪʫʧʦʚʦ ʩʧʘʜʘʻ ʟʛʽʜʥʦ 

ʩʪʝʧʝʥʝʚʦʛʦ ʟʘʢʦʥʫ; 

- ʚʩʪʘʥʦʚʣʝʥʦ ʚʧʣʠʚ ʚʝʣʠʯʠʥʠ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʦʭʦʣʦʜʞʝʥʥʷ ʥʘ ʪʦʯʥʽʩʪʴ, ʱʦ 

ʚʠʨʘʞʘʻʪʴʩʷ ʫ ʚʽʜʭʠʣʝʥʥʽ ʢʦʥʪʨʦʣʴʥʠʭ ʪʦʯʦʢ ʚʠʨʦʙʫ ʚʽʜ ʙʘʟʦʚʦʾ ʮʠʬʨʦʚʦʾ 

ʤʦʜʝʣʽ, ʚʠʛʦʪʦʚʣʝʥʥʷ ʪʦʥʢʦʩʪʽʥʥʦʾ ʜʝʪʘʣʽ ʤʝʪʦʜʦʤ 3D ʜʨʫʢʫ. ɺʠʷʚʣʝʥʦ, ʱʦ ʧʨʠ 
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ʚʽʜʩʫʪʥʦʩʪʽ ʦʭʦʣʦʜʞʝʥʥʷ ʚʽʜʙʫʚʘʻʪʴʩʷ ʤʘʢʩʠʤʘʣʴʥʘ ʜʝʬʦʨʤʘʮʽʷ ʬʦʨʤʠ ʜʝʪʘʣʽ 

(ʜʦ 30% ʢʦʥʪʨʦʣʴʥʠʭ ʪʦʯʦʢ ʚʽʜʭʠʣʝʥʽ ʙʽʣʴʰ, ʥʽʞ 0,5 ʤʤ), ʚʥʘʩʣʽʜʦʢ ʦʧʣʠʚʘʥʥʷ 

ʧʦʣʽʤʝʨʫ, ʱʦ ʧʦʩʪʫʧʦʚʦ ʟʤʝʥʰʫʻʪʴʩʷ ʧʨʠ ʧʽʜʚʠʱʝʥʥʽ ʽʥʪʝʥʩʠʚʥʦʩʪʽ 

ʦʭʦʣʦʜʞʝʥʥʷ (ʜʦ Ŭ = 150 ɺʪ/ʤĿʂ), ʧʨʦʪʝ ʧʨʠ ʧʦʜʘʣʴʰʦʤʫ ʟʙʽʣʴʰʝʥʥʽ                         

(ʜʦ Ŭ = 250 ɺʪ/ʤĿʂ) ʧʦʯʠʥʘʻʪʴʩʷ ʨʽʩʪ ʟʘʛʘʣʴʥʦʛʦ ʚʽʜʭʠʣʝʥʥʷ ʬʦʨʤʠ (ʜʦ 10% 

ʢʦʥʪʨʦʣʴʥʠʭ ʪʦʯʦʢ), ʱʦ ʧʦʚôʷʟʘʥʦ ʟ ʥʘʜʤʽʨʥʦʶ ʫʩʘʜʢʦʶ ʨʦʟʧʣʘʚʣʝʥʦʛʦ 

ʧʦʣʽʤʝʨʫ.   

ʇʨʦʚʝʜʝʥʽ ʜʦʩʣʽʜʠ ʜʦʟʚʦʣʷʶʪʴ ʚʩʪʘʥʦʚʠʪʠ ʷʢʽʩʥʽ ʪʘ ʢʽʣʴʢʽʩʥʽ ʜʘʥʽ ʱʦʜʦ 

ʧʨʠʨʦʜʠ ʪʘ ʚʝʣʠʯʠʥʠ ʤʽʞʰʘʨʦʚʦʾ ʚʟʘʻʤʦʜʽʾ ʪʘ ʚʩʪʘʥʦʚʠʪʠ ʚʟʘʻʤʦʟʘʣʝʞʥʽʩʪʴ 

ʦʩʥʦʚʥʠʭ ʧʘʨʘʤʝʪʨʽʚ 3D ʜʨʫʢʫ, ʘ ʩʘʤʝ ʪʝʤʧʝʨʘʪʫʨʠ ʪʘ ʰʚʠʜʢʦʩʪʽ ʜʨʫʢʫ, ʪʦʚʱʠʥʠ 

ʥʘʥʝʩʝʥʦʛʦ ʰʘʨʫ ʨʦʟʧʣʘʚʣʝʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʥʘ ʚʝʣʠʯʠʥʫ ʤʽʞʰʘʨʦʚʦʾ ʚʟʘʻʤʦʜʽʾ, ʘ 

ʪʘʢʦʞ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʦʙʜʫʚʫ ʥʘ ʪʦʯʥʽʩʪʴ ʚʠʛʦʪʦʚʣʝʥʥʷ ʜʝʪʘʣʝʡ.   

ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʜʦʩʣʽʜʞʝʥʥʷ ʙʫʣʦ ʦʧʫʙʣʽʢʦʚʘʥʦ ʩʪʘʪʪʽ [83,84] ʪʘ ʟʨʦʙʣʝʥʦ 

ʜʦʧʦʚʽʜ ̔ʥʘ ʥʘʫʢʦʚʦ-ʧʨʘʢʪʠʯʥʽʡ ʢʦʥʬʝʨʝʥʮʽʾ [85-88].  
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4 ɺʇʈʆɺɸɼɾɽʅʅʗ ɯ ʈɽʂʆʄɽʅɼɸʎɯɰ 

ʇʽʜ ʯʘʩ ʨʦʙʦʪʠ ʥʘʜ ʜʦʩʣʽʜʞʝʥʥʷʤʠ ʚ ʨʘʤʢʘʭ ʜʠʩʝʨʪʘʮʽʡʥʦʾ ʨʦʙʦʪʠ ʩʪʚʦʨʝʥʦ 

ʢʦʥʩʪʨʫʢʮʽʾ ʧʨʦʪʦʪʠʧʽʚ ʧʨʠʥʮʠʧʦʚʦ ʥʦʚʠʭ ʜʨʫʢʫʚʘʣʴʥʠʭ ʛʦʣʦʚʦʢ FDM 3D 

ʧʨʠʥʪʝʨʽʚ, ʘ ʪʘʢʦʞ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʯʠʩʣʦʚʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʨʦʟʰʠʨʝʥʦ ʧʽʜʭʽʜ ʜʦ 

ʥʘʣʘʰʪʫʚʘʥʥʷ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʧʨʦʮʝʩʫ ʧʨʦʩʪʦʨʦʚʦʛʦ ʜʨʫʢʫ, ʱʦ ʜʘʣʦ 

ʟʤʦʛʫ ʩʪʚʦʨʠʪʠ ʤʦʜʝʣʽ ʜʣʷ ʘʝʨʦʜʠʥʘʤʽʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʜʣʷ ʊʆɺ ñʊʋʂɸʅɸ 

ɯʅɾʀʅɯʈʀʅɻ ʋʂʈɸɰʅɸ ò, ʤ. ʂʠʾʚ.  

ʈʝʟʫʣʴʪʘʪʠ ʜʠʩʝʨʪʘʮʽʡʥʦʾ ʨʦʙʦʪʠ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʚ ʥʘʚʯʘʣʴʥʦʤʫ ʧʨʦʮʝʩʽ 

ʧʽʜ ʯʘʩ ʧʨʦʚʝʜʝʥʥʷ ʣʝʢʮʽʡʥʠʭ, ʧʨʘʢʪʠʯʥʠʭ, ʣʘʙʦʨʘʪʦʨʥʠʭ ʪʘ ʬʘʢʫʣʴʪʘʪʠʚʥʠʭ 

ʟʘʥʷʪʴ, ʚʧʨʦʚʘʜʞʫʶʪʴʩʷ ʚ ʨʘʤʢʘʭ ʥʦʚʠʭ ʪʝʤ ʜʣʷ ʢʫʨʩʦʚʠʭ ʧʨʦʝʢʪʽʚ ʽ ʨʦʙʽʪ ʟ 

ʜʠʩʮʠʧʣʽʥ çʇʨʦʝʢʪʫʚʘʥʥʷ ʪʘ ʜʠʟʘʡʥè, çʇʦʣʽʤʝʨʥʝ ʦʙʣʘʜʥʘʥʥè̫, ʘ ʪʘʢʦʞ ʧʽʜ ʯʘʩ 

ʚʠʢʦʥʘʥʥʷ ʜʠʧʣʦʤʥʦʛʦ ʧʨʦʝʢʪʫʚʘʥʥʷ ʥʘ ʢʘʬʝʜʨʽ ʭʽʤʽʯʥʦʛʦ, ʧʦʣʽʤʝʨʥʦʛʦ ʪʘ 

ʩʠʣʽʢʘʪʥʦʛʦ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ ʂʇɯ ʽʤ. ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦ (ʘʢʪʠ ʚʧʨʦʚʘʜʞʝʥʥʷ 

ʨʝʟʫʣʴʪʘʪʽʚ ʚ ʜʦʜʘʪʢʫ ɺ). 

4.1 ɽʢʩʪʨʫʜʝʨ ʧʨʠʩʪʨʦʶ ʜʣʷ ʪʨʠʚʠʤʽʨʥʦʛʦ ʜʨʫʢʫ 

ʉʧʨʦʝʢʪʦʚʘʥʘ [89] ʢʦʥʩʪʨʫʢʮʽʷ ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ (ʨʠʩ. 4.1) ʟʘʙʝʟʧʝʯʫʻ 

ʟʙʽʣʴʰʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʧʣʘʚʣʝʥʥʷ ʧʦʣʽʤʝʨʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʪʘ ʤʦʞʣʠʚʽʩʪʴ 

ʨʝʛʫʣʶʚʘʥʥʷ ʪʦʚʱʠʥʠ ʥʠʪʢʠ ʨʦʟʧʣʘʚʫ ʧʽʜ ʯʘʩ ʨʦʙʦʪʠ. ɼʘʥʘ ʟʘʜʘʯʘ ʚʠʨʽʰʫʻʪʴʩʷ 

ʪʠʤ, ʱʦ ʚ ʜʨʫʢʫʚʘʣʴʥʽʡ ʛʦʣʦʚʮʽ ʧʨʠʩʪʨʦʶ ʜʣʷ ʪʨʠʚʠʤʽʨʥʦʛʦ ʜʨʫʢʫ ʚ ʢʘʥʘʣʽ ʜʣʷ 

ʧʨʠʡʤʘʥʥʷ ʧʨʫʪʢʘ ʧʦʣʽʤʝʨʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʚʩʪʘʥʦʚʣʶʻʪʴʩʷ ʜʦʨʥ.  

ɽʢʩʪʨʫʜʝʨ ʧʨʠʩʪʨʦʶ ʜʣʷ ʪʨʠʚʠʤʽʨʥʦʛʦ ʜʨʫʢʫ (ʨʠʩ. 4.1) ʤʽʩʪʠʪʴ ʤʝʭʘʥʽʟʤ 

ʧʦʜʘʯʽ 1 ʧʦʣʽʤʝʨʥʦʛʦ ʤʘʪʝʨʽʘʣʫ 2, ʢʘʥʘʣ 3 ʜʣʷ ʧʨʠʡʤʘʥʥʷ ʧʨʫʪʢʘ 2, ʥʘʛʨʽʚʘʣʴʥʠʡ 

ʙʣʦʢ 4 ʽ ʩʦʧʣʦ 5. ɺ ʢʘʥʘʣʽ 3 ʚʩʪʘʥʦʚʣʝʥʦ ʜʦʨʥ 6. ɺ ʥʘʡʙʽʣʴʰ ʧʨʠʡʥʷʪʥʦʤʫ ʚʘʨʽʘʥʪʽ 

ʢʦʥʩʪʨʫʢʪʠʚʥʦʛʦ ʚʠʢʦʥʘʥʥʷ ʜʦʨʥ 6 ʚʠʢʦʥʘʥʦ ʟ ʤʦʞʣʠʚʽʩʪʶ ʦʩʴʦʚʦʛʦ 

ʧʝʨʝʤʽʱʝʥʥʷ ʚʽʜʥʦʩʥʦ ʢʘʥʘʣʫ 3 ʪʘ ʟʤʽʥʠ ʧʝʨʝʨʽʟʫ ʦʪʚʦʨʫ ʩʦʧʣʘ 5, ʘ ʧʨʫʪʦʢ 

ʧʦʣʽʤʝʨʥʦʛʦ ʤʘʪʝʨʽʘʣʫ 2 ʚʠʢʦʥʘʥʦ ʪʨʫʙʯʘʩʪʦʛʦ ʧʝʨʝʨʽʟʫ. 
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ʈʠʩʫʥʦʢ 4.1 ï ɽʢʩʪʨʫʜʝʨ ʧʨʠʩʪʨʦʶ ʜʣʷ ʪʨʠʚʠʤʽʨʥʦʛʦ ʜʨʫʢʫ 

 

ʇʨʫʪʦʢ 2 ʧʦʜʘʻʪʴʩʷ ʤʝʭʘʥʽʟʤʦʤ ʧʦʜʘʯʽ 1 ʜʦ ʢʘʥʘʣʫ 3, ʜʝ ʧʽʜ ʜʽʻʶ ʪʝʧʣʘ ʚʽʜ 

ʥʘʛʨʽʚʘʣʴʥʦʛʦ ʙʣʦʢʫ 4 ʧʦʯʠʥʘʻ ʧʣʘʚʠʪʠʩʴ. ʇʨʦʭʦʜʷʯʠ ʤʽʞ ʥʘʛʨʽʪʠʤʠ ʩʪʽʥʢʘʤʠ 

ʢʘʥʘʣʫ 3 ʪʘ ʜʦʨʥʘ 6, ʝʬʝʢʪʠʚʥʽʩʪʴ ʧʣʘʚʣʝʥʥʷ ʧʨʫʪʢʘ ʧʦʣʽʤʝʨʥʦʛʦ ʤʘʪʝʨʽʘʣʫ 2 

ʟʨʦʩʪʘʻ, ʱʦ ʜʘʻ ʟʤʦʛʫ ʧʽʜʚʠʱʠʪʠ ʰʚʠʜʢʽʩʪʴ ʡʦʛʦ ʧʦʜʘʯʽ. ɿʘʚʜʷʢʠ ʤʦʞʣʠʚʦʩʪʽ 

ʦʩʴʦʚʦʛʦ ʧʝʨʝʤʽʱʝʥʥʷ ʜʦʨʥʘ 6 ʚʽʜʥʦʩʥʦ ʢʘʥʘʣʫ 3 ʚʽʥ ʤʦʞʝ ʨʝʛʫʣʶʚʘʪʠ ʧʝʨʝʨʽʟ 

ʦʪʚʦʨʫ ʩʦʧʣʘ 5 ʘʙʦ ʧʝʨʝʢʨʠʚʘʪʠ ʡʦʛʦ ʧʦʚʥʽʩʪʶ, ʪʠʤ ʩʘʤʠʤ ʨʝʛʫʣʶʶʯʠ ʪʦʚʱʠʥʫ 

ʥʠʪʢʠ ʨʦʟʧʣʘʚʫ ʪʘ ʚʠʢʦʥʫʶʯʠ ʬʫʥʢʮʽʶ ʟʘʧʠʨʘʶʯʦʛʦ ʢʣʘʧʘʥʫ. ʊʘʢʠʤ ʯʠʥʦʤ 

ʜʦʩʷʛʘʻʪʴʩʷ ʟʙʽʣʴʰʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʧʣʘʚʣʝʥʥʷ ʧʦʣʽʤʝʨʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʪʘ 

ʤʦʞʣʠʚʽʩʪʴ ʨʝʛʫʣʶʚʘʥʥʷ ʪʦʚʱʠʥʠ ʥʠʪʢʠ ʨʦʟʧʣʘʚʫ ʧʽʜ ʯʘʩ ʨʦʙʦʪʠ, ʱʦ ʩʧʨʠʷʻ 

ʟʙʽʣʴʰʝʥʥʶ ʰʚʠʜʢʦʩʪʽ ʪʘ ʪʦʯʥʦʩʪʽ ʜʽʾ ʧʨʠʩʪʨʦʶ. 

4.2 ɽʢʩʪʨʫʜʝʨ ʧʨʠʩʪʨʦʶ ʜʣʷ ʪʨʠʚʠʤʽʨʥʦʛʦ ʜʨʫʢʫ ʘʨʤʦʚʘʥʠʭ 

ʧʦʣʽʤʝʨʥʠʭ ʚʠʨʦʙʽʚ 

ʈʦʟʨʦʙʣʝʥʠʡ [90] ʜʠʟʘʡʥ ʝʢʩʪʨʫʜʝʨʘ ʧʨʠʩʪʨʦʶ ʜʣʷ ʪʨʠʚʠʤʽʨʥʦʛʦ ʜʨʫʢʫ 

ʘʨʤʦʚʘʥʠʭ ʧʦʣʽʤʝʨʥʠʭ ʚʠʨʦʙʽʚ (ʨʠʩ. 4.2) ʜʦʟʚʦʣʷʻ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʙʝʟʧʝʨʝʨʚʥʽ 
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ʚʦʣʦʢʥʠʩʪʽ ʤʘʪʝʨʽʘʣʠ, ʱʦ ʧʽʜʚʠʱʫʶʪʴ ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʧʦʣʽʤʝʨʥʠʭ 

ʚʠʨʦʙʽʚ. ʇʦʩʪʘʚʣʝʥʘ ʟʘʜʘʯʘ ʚʠʨʽʰʫʻʪʴʩʷ ʪʠʤ, ʱʦ ʚ ʜʨʫʢʫʚʘʣʴʥʽʡ ʛʦʣʦʚʮʽ 

ʧʨʠʩʪʨʦʶ ʜʣʷ ʪʨʠʚʠʤʽʨʥʦʛʦ ʜʨʫʢʫ ʘʨʤʦʚʘʥʠʭ ʧʦʣʽʤʝʨʥʠʭ ʚʠʨʦʙʽʚ ʝʢʩʪʨʫʜʝʨ 

ʤʽʩʪʠʪʴ ʜʦʜʘʪʢʦʚʠʡ ʢʘʥʘʣ ʧʦʜʘʯʽ ʚʦʣʦʢʥʠʩʪʦʛʦ ʤʘʪʝʨʽʘʣʫ, ʱʦ ʩʧʨʷʞʝʥʠʡ ʥʘ 

ʚʠʭʦʜʽ ʽʟ ʩʦʧʣʘ ʟ ʢʘʥʘʣʦʤ ʜʣʷ ʧʦʜʘʯʽ ʧʦʣʽʤʝʨʥʦʛʦ ʤʘʪʝʨʽʘʣʫ. 

 

ʘ) 

  

ʙ) 

ʈʠʩʫʥʦʢ 4.2 ï ɽʢʩʪʨʫʜʝʨ ʧʨʠʩʪʨʦʶ ʜʣʷ ʪʨʠʚʠʤʽʨʥʦʛʦ ʜʨʫʢʫ ʘʨʤʦʚʘʥʠʭ 

ʧʦʣʽʤʝʨʥʠʭ ʚʠʨʦʙʽʚ: ʘ) ʧʨʠʥʮʠʧʦʚʘ ʩʭʝʤʘ; ʙ) ʛʦʪʦʚʘ ʢʦʥʩʪʨʫʢʮʽʷ  

ɽʢʩʪʨʫʜʝʨ ʧʨʠʩʪʨʦʶ ʜʣʷ ʪʨʠʚʠʤʽʨʥʦʛʦ ʜʨʫʢʫ ʘʨʤʦʚʘʥʠʭ ʧʦʣʽʤʝʨʥʠʭ 
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ʚʠʨʦʙʽʚ ʤʽʩʪʠʪʴ ʤʝʭʘʥʽʟʤ ʧʦʜʘʯʽ 1 ʧʨʫʪʢʘ ʧʦʣʽʤʝʨʥʦʛʦ ʤʘʪʝʨʽʘʣʫ 2, ʢʘʥʘʣ 3 ʜʣʷ 

ʧʨʦʩʫʚʘʥʥʷ ʧʦʣʽʤʝʨʥʦʛʦ ʤʘʪʝʨʽʘʣʫ 2, ʥʘʛʨʽʚʘʣʴʥʠʡ ʙʣʦʢ 4, ʩʦʧʣʦ 5, ʜʦʜʘʪʢʦʚʠʡ 

ʢʘʥʘʣ 6 ʧʦʜʘʯʽ ʚʦʣʦʢʥʠʩʪʦʛʦ ʤʘʪʝʨʽʘʣʫ 7, ʷʢʠʡ ʤʦʞʝ ʙʫʪʠ ʫ ʚʠʛʣʷʜʽ ʤʦʥʦʚʦʣʦʢʥʘ, 

ʨʦʚʽʥʛʘ, ʥʠʪʢʠ ʽ ʪ. ʧ.  

ʇʨʫʪʦʢ 2 ʧʦʜʘʻʪʴʩʷ ʤʝʭʘʥʽʟʤʦʤ ʧʦʜʘʯʽ 1 ʜʦ ʢʘʥʘʣʫ 3, ʜʝ ʧʽʜ ʜʽʻʶ ʪʝʧʣʘ ʚʽʜ 

ʥʘʛʨʽʚʘʣʴʥʦʛʦ ʙʣʦʢʫ 4 ʧʣʘʚʠʪʴʩʷ ʽ ʥʘʜʭʦʜʠʪʴ ʜʦ ʩʦʧʣʘ 5. ɺʦʜʥʦʯʘʩ ʚʦʣʦʢʥʠʩʪʠʡ 

ʤʘʪʝʨʽʘʣ 7 ʧʦʜʘʻʪʴʩʷ ʜʦ ʩʦʧʣʘ 5 ʢʨʽʟʴ ʜʦʜʘʪʢʦʚʠʡ ʢʘʥʘʣ 6, ʜʝ ʟôʻʜʥʫʻʪʴʩʷ ʟ 

ʨʦʟʧʣʘʚʣʝʥʠʤ ʧʦʣʽʤʝʨʦʤ ʽ ʚʠʭʦʜʠʪʴ ʨʘʟʦʤ ʟ ʥʠʤ ʽʟ ʩʦʧʣʘ 5, ʫʪʚʦʨʶʶʯʠ 

ʘʨʤʦʚʘʥʠʡ ʰʘʨ ʧʦʣʽʤʝʨʥʦʛʦ ʚʠʨʦʙʫ. ʊʘʢʠʤ ʯʠʥʦʤ, ʟʘ ʨʘʭʫʥʦʢ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʪʘʢʦʾ ʢʦʥʩʪʨʫʢʮʽʾ ʝʢʩʪʨʫʜʝʨʘ ʧʨʠʩʪʨʦʶ ʜʣʷ ʪʨʠʚʠʤʽʨʥʦʛʦ ʜʨʫʢʫ ʘʨʤʦʚʘʥʠʭ 

ʧʦʣʽʤʝʨʥʠʭ ʚʠʨʦʙʽʚ ʜʦʩʷʛʘʻʪʴʩʷ ʤʦʞʣʠʚʽʩʪʴ ʩʪʚʦʨʝʥʥʷ ʧʦʣʽʤʝʨʥʠʭ ʚʠʨʦʙʽʚ, 

ʥʘʧʦʚʥʝʥʠʭ ʙʝʟʧʝʨʝʨʚʥʠʤ ʚʦʣʦʢʥʠʩʪʠʤ ʤʘʪʝʨʽʘʣʦʤ, ʱʦ ʩʧʨʠʷʻ ʧʽʜʚʠʱʝʥʥʶ ʾʭ 

ʤʽʮʥʦʩʪʽ ʪʘ ʞʦʨʩʪʢʦʩʪʽ. 

4.3 ʉʧʦʩʽʙ ʪʨʠʚʠʤʽʨʥʦʛʦ ʜʨʫʢʫ ʧʦʣʽʤʝʨʥʠʭ ʤʘʪʝʨʽʘʣʽʚ 

ʈʦʟʨʦʙʣʝʥʠʡ [91] ʜʠʟʘʡʥ ʝʢʩʪʨʫʜʝʨʘ ʧʨʠʩʪʨʦʶ ʜʣʷ ʪʨʠʚʠʤʽʨʥʦʛʦ ʜʨʫʢʫ 

ʧʦʣʽʤʝʨʥʠʭ ʚʠʨʦʙʽʚ (ʨʠʩ. 4.3), ʷʢʠʡ ʟʘʙʝʟʧʝʯʫʻ ʤʦʞʣʠʚʽʩʪʴ ʩʪʚʦʨʝʥʥʷ ʚʠʨʦʙʽʚ 

ʰʣʷʭʦʤ ʧʦʰʘʨʦʚʦʛʦ ʥʘʥʝʩʝʥʥʷ ʨʽʜʢʦʛʦ ʢʦʤʧʦʥʝʥʪʫ, ʷʢʠʡ ʟʜʘʪʥʠʡ ʪʚʝʨʜʥʫʪʠ, ʚ 

ʧʦʨʦʞʥʠʥʫ, ʫʪʚʦʨʝʥʫ ʪʝʨʤʦʧʣʘʩʪʠʯʥʠʤ ʢʦʥʪʫʨʥʠʤ ʰʘʨʦʤ, ʱʦ ʧʦʢʨʘʱʠʪʴ 

ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʦʜʝʨʞʫʚʘʥʠʭ ʧʦʣʽʤʝʨʥʠʭ ʚʠʨʦʙʽʚ. ʇʦʩʪʘʚʣʝʥʘ ʟʘʜʘʯʘ 

ʚʠʨʽʰʫʻʪʴʩʷ ʪʠʤ, ʱʦ ʚ ʫʪʚʦʨʝʥʠʡ ʢʦʥʪʫʨʥʠʡ ʧʦʣʽʤʝʨʥʠʡ ʪʝʨʤʦʧʣʘʩʪʠʯʥʠʡ ʰʘʨ, 

ʨʽʜʢʠʡ ʢʦʤʧʦʥʝʥʪ ʧʦʜʘʶʪʴ ʢʨʽʟʴ ʩʦʧʣʦ ʟ ʢʣʘʧʘʥʦʤ, ʷʢʝ ʧʦʧʝʨʝʜʥʴʦ ʟôʻʜʥʫʶʪʴ 

ʰʣʘʥʛʦʤ ʟ ʻʤʥʽʩʪʶ ʜʣʷ ʨʽʜʢʦʛʦ ʢʦʤʧʦʥʝʥʪʫ ʪʘ ʧʨʠʩʪʨʦʻʤ ʡʦʛʦ ʧʦʜʘʯʽ.  

ʅʘ ʧʽʜʣʦʞʢʫ 1 ʥʘʥʦʩʷʪʴ ʢʦʥʪʫʨʥʠʡ ʰʘʨ 2 ʟʘʜʘʥʦʾ ʚʠʩʦʪʠ ʪʘ ʪʦʚʱʠʥʠ ʟ 

ʪʝʨʤʦʧʣʘʩʪʠʯʥʦʛʦ ʤʘʪʝʨʽʘʣʫ 3, ʷʢʠʡ ʨʦʟʧʣʘʚʣʷʶʪʴ ʽ ʧʦʜʘʶʪʴ ʝʢʩʪʨʫʟʽʡʥʦʶ 

ʛʦʣʦʚʢʦʶ 4 ʟʘ ʨʘʭʫʥʦʢ ʾʾ ʧʝʨʝʩʫʚʘʥʥʷ ʚʽʜʥʦʩʥʦ ʧʽʜʣʦʞʢʠ 1 ʧʦ ʛʦʨʠʟʦʥʪʘʣʴʥʠʭ 

ʢʦʦʨʜʠʥʘʪʘʭ X ʪʘ Y.  

ʋ ʧʦʨʦʞʥʠʥʫ, ʫʪʚʦʨʝʥʫ ʢʦʥʪʫʨʥʠʤ ʰʘʨʦʤ 2, ʟ ʻʤʥʦʩʪʽ 5 ʧʨʠʩʪʨʦʻʤ ʧʦʜʘʯʽ 

6 ʢʨʽʟʴ ʩʦʧʣʦ 7 ʪʘ ʚʽʜʢʨʠʪʠʡ ʢʣʘʧʘʥ 8 ʧʦʜʘʶʪʴ ʨʽʜʢʠʡ ʢʦʤʧʦʥʝʥʪ 9 ʜʦ ʨʽʚʥʷ, ʷʢʠʡ 
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ʥʝ ʧʝʨʝʚʠʱʫʻ ʚʠʩʦʪʫ ʢʦʥʪʫʨʥʦʛʦ ʰʘʨʫ 2. ʇʽʩʣʷ ʮʴʦʛʦ ʧʦʜʘʯʫ ʨʽʜʢʦʛʦ ʢʦʤʧʦʥʝʥʪʫ 

ʧʨʠʧʠʥʷʶʪʴ, ʢʣʘʧʘʥ 8 ʟʘʢʨʠʚʘʶʪʴ ʪʘ ʟʩʫʚʘʶʪʴ ʝʢʩʪʨʫʟʽʡʥʫ ʛʦʣʦʚʢʫ 4 ʚʽʜʥʦʩʥʦ 

ʧʽʜʣʦʞʢʠ 1 ʫ ʚʝʨʪʠʢʘʣʴʥʦʤʫ ʥʘʧʨʷʤʽ Z ʥʘ ʚʠʩʦʪʫ ʥʘʩʪʫʧʥʦʛʦ ʢʦʥʪʫʨʥʦʛʦ ʰʘʨʫ 

2. ʇʝʨʝʣʽʯʝʥʽ ʜʽʾ ʧʦʚʪʦʨʶʶʪʴ ʜʦ ʧʦʚʥʦʛʦ ʬʦʨʤʫʚʘʥʥʷ ʚʠʨʦʙʫ ʟʘʜʘʥʦʾ 

ʢʦʥʬʽʛʫʨʘʮʽʾ.  

 

 

ʈʠʩʫʥʦʢ 4.3  ɽʢʩʪʨʫʜʝʨ ʧʨʠʩʪʨʦʶ ʜʣʷ ʪʨʠʚʠʤʽʨʥʦʛʦ ʜʨʫʢʫ 

4.4 ɺʧʨʦʚʘʜʞʝʥʥʷ ʨʝʟʫʣʴʪʘʪʽʚ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʠʭ ʨʦʟʨʦʙʦʢ 

ɹʫʣʦ ʨʦʟʨʦʙʣʝʥʦ ʪʘ ʚʧʨʦʚʘʜʞʝʥʦ ʜʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʥʘ ʊʆɺ ñʊʋʂɸʅɸ 

ɯʅɾʀʅɯʈʀʅɻ ʋʂʈɸɯʅɸò ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʠʡ ʧʨʦʜʫʢʪ ʫ ʚʠʛʣʷʜʽ ʤʝʪʦʜʠʢʠ 

ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʛʦ ʧʨʦʝʢʪʫʚʘʥʥʷ ʪʘ 3D-ʤʦʜʝʣʝʡ ʦʙʣʘʜʥʘʥʥʷ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʤʦʜʝʣʝʡ 

ʜʣʷ ʘʝʨʦʜʠʥʘʤʽʯʥʠʭ ʚʠʧʨʦʙʫʚʘʥʴ, ʚ ʷʢʦʤʫ ʟʘʩʪʦʩʦʚʘʥʦ ʩʫʯʘʩʥʠʡ ʧʽʜʭʽʜ ʜʦ 

ʧʨʦʝʢʪʫʚʘʥʥʷ ʪʘ ʤʦʜʝʣʶʚʘʥʥʷ ʟ ʪʦʯʥʦʩʪʽ ʚʠʛʦʪʦʚʣʝʥʥʷ ʤʝʪʦʜʦʤ ʧʨʦʩʪʦʨʦʚʦʛʦ ʜʨʫʢʫ. 

ʉʪʚʦʨʝʥʽ ʪʨʠʚʠʤʽʨʥʽ ʤʦʜʝʣʽ ʢʦʥʩʪʨʫʢʮʽʡ ʜʦʟʚʦʣʷʶʪʴ ʙʽʣʴʰ ʪʦʯʥʦ ʦʙˇʨʫʥʪʫʚʘʪʠ 

ʚʠʙʽʨ ʾʭ ʛʝʦʤʝʪʨʠʯʥʠʭ ʽ ʢʦʥʩʪʨʫʢʪʠʚʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʪʘ ʫʥʠʢʥʫʪʠ ʙʘʛʘʪʴʦʭ ʧʦʤʠʣʦʢ ʧʽʜ 
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ʯʘʩ 3D-ʜʨʫʢʫ, ɦ ʦ ʭʘʨʘʢʪʝʨʥʽ ʧʨʠ ʚʠʛʦʪʦʚʣʝʥʥʽ ʪʨʘʜʠʮʽʡʥʠʤʠ ʤʝʪʦʜʘʤʠ. 

ʆʯʽʢʫʚʘʥʠʡ ʝʢʦʥʦʤʽʯʥʠʡ ʝʬʝʢʪ ʚʽʜ ʚʧʨʦʚʘʜʞʝʥʥʷ ʤʝʪʦʜʠʢʠ ʧʨʦʝʢʪʫʚʘʥʥʷ ʟ 

ʫʜʦʩʢʦʥʘʣʝʥʥʷ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʧʨʦʮʝʩʫ ʚʠʛʦʪʦʚʣʝʥʥʷ ʘʝʨʦʜʠʥʘʤʽʯʥʠʭ ʤʦʜʝʣʝʡ 

ʤʝʪʦʜʦʤ 3D-ʜʨʫʢʫ ʥʘ ʊʆɺ ñʊʋʂɸʅɸ ɯʅɾʀʅɯʈʀʅɻ ʋʂʈɸɯʅɸò ʩʢʣʘʜʘʻ 243 ʪʠʩʷʯʽ 

ʛʨʥ. ʥʘ ʨʽʢ. 

4.5 ɺʠʩʥʦʚʢʠ 

ʈʦʟʨʦʙʣʝʥʦ ʢʦʥʩʪʨʫʢʮʽʾ ʜʨʫʢʫʚʘʣʴʥʠʭ ʛʦʣʦʚʦʢ ʦʙʣʘʜʥʘʥʥʷ ʜʣʷ ʧʨʦʩʪʦʨʦʚʦʛʦ 

ʜʨʫʢʫ, ʱʦ ʜʦʟʚʦʣʷʶʪʴ: 

-  ʟʙʽʣʴʰʠʪʠ ʥʘ 55-65% ʢʦʥʪʘʢʪʥʫ ʧʣʦʱʫ ʧʣʘʚʣʝʥʥʷ ʚʠʪʨʘʪʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʙʽʣʴʰ ʪʝʭʥʦʣʦʛʽʯʥʦ ʧʨʦʩʪʦʛʦ ʫ ʚʠʛʦʪʦʚʣʝʥʥʽ ʧʦʣʽʤʝʨʥʦʛʦ ʪʨʫʙʯʘʩʪʦʛʦ 

ʜʨʦʪʫ (ʬʽʣʘʤʝʥʪ); 

- ʩʪʚʦʨʶʚʘʪʠ ʚʠʨʦʙʠ, ʘʨʤʦʚʘʥʽ ʥʝʧʝʨʝʚʥʠʤʠ ʚʦʣʦʢʥʠʩʪʠʤʠ ʤʘʪʝʨʽʘʣʘʤʠ; 

- ʚʠʛʦʪʦʚʣʷʪʠ ʚʠʨʦʙʠ ʥʘ ʦʩʥʦʚʽ ʨʽʜʢʠʭ ʨʝʘʢʪʦʧʣʘʩʪʠʯʥʠʭ ʩʤʦʣ, ʱʦ ʤʘʶʪʴ ʜʦʚʛʠʡ 

ʯʘʩ ʧʦʣʽʤʝʨʠʟʘʮʽʾ (ʚʽʜ 1 ʛʦʜ). 

 ʅʘ ʨʦʟʨʦʙʣʝʥʽ ʢʦʥʩʪʨʫʢʮʽʾ ʦʪʨʠʤʘʥʦ ʧʘʪʝʥʪʠ ʋʢʨʘʾʥʠ ʥʘ ʢʦʨʠʩʥʫ ʤʦʜʝʣʴ [89-91] 

ʪʘ ʟʨʦʙʣʝʥʦ ʜʦʧʦʚʽʜʴ ʥʘ ʥʘʫʢʦʚʦ-ʧʨʘʢʪʠʯʥʽʡ ʢʦʥʬʝʨʝʥʮʽʾ [82]. 

ʈʝʟʫʣʴʪʘʪʠ ʜʠʩʝʨʪʘʮʽʡʥʦʾ ʨʦʙʦʪʠ ʚʧʨʦʚʘʜʞʝʥʦ ʥʘ: 

- ʊʆɺ çʊʋʂɸʅɸ ɯʅɾʀʅɯʈʀʅɻ ʋʂʈɸɰʅɸè (ʤ. ʂʠʾʚ) ʧʨʠ ʧʨʦʝʢʪʫʚʘʥʥʽ ʪʘ 

ʚʠʛʦʪʦʚʣʝʥʥʽ ʤʦʜʝʣʝʡ ʜʣʷ ʘʝʨʦʜʠʥʘʤʽʯʥʦʛʦ ʚʠʧʨʦʙʦʚʫʚʘʥʥʷ. 
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ɺʀʉʅʆɺʂʀ 

1. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦʮʝʩʫ ʬʦʨʤʫʚʘʥʥʷ ʚʠʨʦʙʽʚ ʤʝʪʦʜʦʤ 

ʧʨʦʩʪʦʨʦʚʦʛʦ ʜʨʫʢʫ ʻ ʧʦʛʘʥʦ ʚʠʚʯʝʥʠʤ, ʽʩʥʫʶʯʽ ʜʦʩʣʽʜʞʝʥʥʷ ʚʠʚʯʘʶʪʴ ʣʠʰʝ 

ʚʧʣʠʚ ʦʢʨʝʤʠʭ ʧʘʨʘʤʝʪʨʽʚ 3D ʜʨʫʢʫ ʥʘ ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʚʠʨʦʙʽʚ, ʥʝ ʤʘʶʪʴ 

ʢʦʤʧʣʝʢʩʥʠʡ ʭʘʨʘʢʪʝʨ ʪʘ ʥʝ ʚʠʟʥʘʯʘʶʪʴ ʚʟʘʻʤʥʠʡ ʚʧʣʠʚ ʦʩʥʦʚʥʠʭ ʪʝʭʥʦʣʦʛʽʯʥʠʭ 

ʨʝʞʠʤʽʚ ʥʘ ʧʨʦʮʝʩ. 

2. ɺʜʦʩʢʦʥʘʣʝʥʦ ʪʘ ʧʨʦʚʝʜʝʥʦ ʢʦʤʧʣʝʢʩʥʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ 

ʜʦʩʣʽʜʞʝʥʥʷ, ʱʦ ʜʦʟʚʦʣʷʶʪʴ ʦʪʨʠʤʘʪʠ ʜʘʥʽ ʧʨʦ ʚʝʣʠʯʠʥʫ ʪʘ ʧʨʠʨʦʜʫ ʚʟʘʻʤʦʜʽʾ 

ʰʘʨʽʚ ʪʝʨʤʦʧʣʘʩʪʠʯʥʦʛʦ ʧʦʣʽʤʝʨʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʪʘ ʚʩʪʘʥʦʚʠʪʠ ʟʘʣʝʞʥʽʩʪʴ 

ʚʝʣʠʯʠʥʠ ʤʽʞʰʘʨʦʚʦʾ ʘʜʛʝʟʽʾ ʚʽʜ ʦʩʥʦʚʥʠʭ ʨʝʞʠʤʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʧʨʦʮʝʩʫ 3D 

ʜʨʫʢʫ.  

3. ʇʨʦʚʝʜʝʥʦ ʜʦʩʣʽʜʞʝʥʥʷ ʜʠʥʘʤʽʢʠ ʨʫʭʫ ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ ʨʽʟʥʠʭ 

ʤʝʭʘʥʽʯʥʠʭ ʩʭʝʤ FDM 3D ʧʨʠʥʪʝʨʘ ʪʘ ʚʩʪʘʥʦʚʣʝʥʦ ʟʘʣʝʞʥʽʩʪʴ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ 

ʫʩʪʘʪʢʫʚʘʥʥʷ ʚʽʜ ʰʚʠʜʢʦʩʪʽ ʧʝʨʝʤʽʱʝʥʥʷ ʚʠʢʦʥʘʚʯʠʭ ʦʨʛʘʥʽʚ. 

4. ʇʨʦʚʝʜʝʥʦ ʜʦʩʣʽʜʞʝʥʥʷ ʚʧʣʠʚʫ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʧʨʦʮʝʩʫ 

3D ʜʨʫʢʫ, ʚ ʧʝʨʰʫ ʯʝʨʛʫ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʦʭʦʣʦʜʞʝʥʥʷ, ʥʘ ʪʦʯʥʽʩʪʴ ʚʠʛʦʪʦʚʣʝʥʥʷ 

ʪʦʥʢʦʩʪʥ̔ʥʠʭ ʢʨʫʧʥʦʛʘʙʘʨʠʪʥʠʭ ʚʠʨʦʙʽʚ, ʨʦʟʨʦʙʣʝʥʦ ʤʝʪʦʜ ʢʽʣʴʢʽʩʥʦʾ ʦʮʽʥʢʠ 

ʚʽʜʭʠʣʝʥʥʷ ʬʦʨʤʠ ʜʨʫʢʦʚʘʥʦʛʦ ʦʙôʻʢʪʫ ʚʽʜ ʪʝʦʨʝʪʠʯʥʦʾ 3D ʤʦʜʝʣʽ. 

5. ʄʘʪʝʤʘʪʠʯʥʫ ʤʦʜʝʣʴ ʧʨʦʮʝʩʫ 3D ʜʨʫʢʫ ʧʦʣʽʤʝʨʥʠʤʠ 

ʪʝʨʤʦʧʣʘʩʪʠʯʥʠʤʠ ʤʘʪʝʨʽʘʣʘʤʠ ʜʦʧʦʚʥʝʥʦ ʨʽʚʥʷʥʥʷʤʠ, ʱʦ ʜʦʟʚʦʣʷʶʪʴ 

ʚʨʘʭʦʚʫʚʘʪʠ ʤʽʞʰʘʨʦʚʫ ʚʟʘʻʤʦʜʽʶ ʪʘ ʽʥʪʝʥʩʠʚʥʽʩʪʴ  ʦʭʦʣʦʜʞʝʥʥʷ ʥʘʥʝʩʝʥʦʛʦ 

ʨʦʟʧʣʘʚʣʝʥʦʛʦ ʤʘʪʝʨʽʘʣʫ. 

6. ʇʨʦʚʝʜʝʥʝ ʯʠʩʣʦʚʝ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ ʦʭʦʣʦʜʞʝʥʥʷ ʥʘʥʝʩʝʥʦʛʦ 

ʪʝʨʤʦʧʣʘʩʪʠʯʥʦʛʦ ʧʦʣʽʤʝʨʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʪʦʚʱʠʥʠ ʰʘʨʫ 

ʚʩʪʘʥʦʚʠʣʦ ʜʠʥʘʤʽʢʫ ʟʤʽʥʠ ʬʦʨʤʠ ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʨʽʟʫ ʰʘʨʫ ʫ ʯʘʩʽ ʚ ʟʘʣʝʞʥʦʩʪʽ 

ʚʽʜ ʽʥʪʝʥʩʠʚʥʦʩʪʽ, ʱʦ ʜʘʣʦ ʟʤʦʛʫ ʚʩʪʘʥʦʚʠʪʠ ʨʦʟʤʽʨ ʢʦʥʪʘʢʪʫ ʤʽʞ ʰʘʨʘʤʠ ʪʘ 

ʧʽʜʽʙʨʘʪʠ ʦʧʪʠʤʘʣʴʥʽ ʨʝʞʠʤʠ ʜʨʫʢʫ ʜʣʷ ʟʙʝʨʝʞʝʥʥʷ ʚʠʩʦʢʦʾ ʪʦʯʥʦʩʪʽ 

ʚʠʛʦʪʦʚʣʝʥʥʷ. 
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7. ʇʨʦʚʝʜʝʥʝ ʯʠʩʣʦʚʝ ʤʦʜʝʣʶʚʘʥʥʷ ʨʦʟʰʘʨʫʚʘʥʥʷ ʜʨʫʢʦʚʘʥʠʭ ʚʠʨʦʙʽʚ 

ʧʽʜ ʯʘʩ ʥʘʚʘʥʪʘʞʝʥʥʷ ʥʘ ʩʪʘʪʠʯʥʠʡ ʨʦʟʪʷʛ ʧʦʧʝʨʝʢ ʥʘʧʨʷʤʢʫ ʥʘʥʝʩʝʥʥʷ ʰʘʨʽʚ 

ʧʦʢʘʟʘʣʦ ʚʝʣʠʯʠʥʫ ʪʘ ʧʨʠʨʦʜʫ ʥʘʚʘʥʪʘʞʝʥʴ ʥʘ ʨʦʟʪʷʛ, ʟʘʧʨʦʧʦʥʦʚʘʥʘ ʤʝʪʦʜʠʢʘ 

ʯʠʩʣʦʚʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʜʦʟʚʦʣʷʻ ʚʠʟʥʘʯʠʪʠ ʚʝʣʠʯʠʥʫ ʤʽʞʰʘʨʦʚʦʾ ʚʟʘʻʤʦʜʽʾ ʪʘ 

ʧʨʦʛʥʦʟʫʚʘʪʠ ʤʽʩʮʝ ʧʦʷʚʠ ʨʦʟʰʘʨʫʚʘʥʥʷ. 

8. ʈʦʟʨʦʙʣʝʥʦ ʢʦʥʩʪʨʫʢʮʽʶ ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ, ʱʦ ʜʦʟʚʦʣʷʻ 

ʧʽʜʚʠʱʠʪʠ ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʧʣʘʚʣʝʥʥʷ ʚʠʪʨʘʪʥʦʛʦ ʪʝʨʤʦʧʣʘʩʪʠʯʥʦʛʦ ʧʦʣʽʤʝʨʥʦʛʦ 

ʤʘʪʝʨʽʘʣʫ ʪʘ ʨʝʛʫʣʶʚʘʪʠ ʜʽʘʤʝʪʨ ʥʠʪʢʠ ʚʠʭʽʜʥʦʛʦ ʨʦʟʧʣʘʚʫ. ɼʘʥʘ ʢʦʥʩʪʨʫʢʮʽʷ 

ʜʦʟʚʦʣʷʻ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʧʦʣʽʤʝʨʥʫ ʩʪʨʝʥʛʫ (ʬʽʣʘʤʝʥʪ) ʪʨʫʙʯʘʪʦʛʦ ʧʝʨʝʨʽʟʫ, 

ʱʦ ʙʽʣʴʰ ʧʨʦʩʪʠʡ ʫ ʚʠʛʦʪʦʚʣʝʥʥʽ. ʅʘ ʨʦʟʨʦʙʣʝʥʫ ʢʦʥʩʪʨʫʢʮʽʶ ʦʪʨʠʤʘʥʦ ʧʘʪʝʥʪ 

ʋʢʨʘʾʥʠ ʥʘ ʢʦʨʠʩʥʫ ʤʦʜʝʣʴ. 

9. ʈʦʟʨʦʙʣʝʥʦ ʢʦʥʩʪʨʫʢʮʽʶ ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ, ʱʦ ʜʦʟʚʦʣʷʻ 

ʘʨʤʫʚʘʪʠ ʚʠʨʦʙʠ ʙʝʟʧʝʨʝʨʚʥʠʤ ʚʦʣʦʢʥʠʩʪʠʤ ʤʘʪʝʨʽʘʣʦʤ, ʧʽʜʚʠʱʠʪʠ ʤʝʭʘʥʽʯʥʽ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʘ ʫʩʫʥʫʪʫ ʘʥʽʟʦʪʨʦʧʥʽʩʪʴ ʚʣʘʩʪʠʚʦʩʪʝʡ ʜʨʫʢʦʚʘʥʠʭ ʚʠʨʦʙʽʚ.   ʅʘ 

ʨʦʟʨʦʙʣʝʥʫ ʢʦʥʩʪʨʫʢʮʽʶ ʦʪʨʠʤʘʥʦ ʧʘʪʝʥʪ ʋʢʨʘʾʥʠ ʥʘ ʢʦʨʠʩʥʫ ʤʦʜʝʣʴ 

10. ʈʦʟʨʦʙʣʝʥʦ ʢʦʥʩʪʨʫʢʮʽʶ ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ, ʱʦ ʜʦʟʚʦʣʷʻ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʨʽʜʢʽ ʨʝʘʢʪʦʧʣʘʩʪʠʯʥʽ ʩʤʦʣʠ ʪʘ ʢʦʤʧʦʟʠʮʽʾ ʥʘ ʾʭ ʦʩʥʦʚʽ. ɼʘʥʘ 

ʢʦʥʩʪʨʫʢʮʽʷ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʫʚʘʪʠ ʽʟʦʪʨʦʧʥʽ ʚʠʨʦʙʠ ʟ ʰʠʨʦʢʠʤ ʩʧʝʢʪʨʦʤ 

ʤʝʭʘʥʽʯʥʠʭ ʪʘ ʭʽʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʥʘ ʦʩʥʦʚʽ ʢʣʘʩʠʯʥʦʛʦ FDM 3D ʧʨʠʥʪʝʨʘ. 

ʅʘ ʨʦʟʨʦʙʣʝʥʫ ʢʦʥʩʪʨʫʢʮʽʶ ʦʪʨʠʤʘʥʦ ʧʘʪʝʥʪ ʋʢʨʘʾʥʠ ʥʘ ʢʦʨʠʩʥʫ ʤʦʜʝʣʴ 

11. ʈʝʟʫʣʴʪʘʪʠ ʜʠʩʝʨʪʘʮʽʡʥʦʾ ʨʦʙʦʪʠ ʚʧʨʦʚʘʜʞʝʥʦ ʥʘ ʊʆɺ çʊʋʂɸʅɸ 

ɯʅɾʀʅɯʈʀʅɻ ʋʂʈɸɰʅɸè (ʤ. ʂʠʾʚ) ʧʨʠ ʧʨʦʝʢʪʫʚʘʥʥʽ ʪʘ ʚʠʛʦʪʦʚʣʝʥʥʽ 

ʘʝʨʦʜʠʥʘʤʽʯʥʠʭ ʤʦʜʝʣʝʡ ʪʘ ʫ ʥʘʚʯʘʣʴʥʠʡ ʧʨʦʮʝʩ ʢʘʬʝʜʨʠ ʍʇʉʄ ɯʍʌ               

çʂʇɯ ʽʤ. ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦè. 
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ɼʆɼɸʊʆʂ ɸ 

ʈɽɿʋʃʔʊɸʊʀ ɼʆʉʃɯɼɾɽʅʔ ɿʈɸɿʂɯɺ ʅɸ ʄɯʎʅɯʉʊʔ 

ʋʤʦʚʥʽ ʧʦʟʥʘʯʝʥʥʷ, ʱʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʫ ʪʘʙʣʠʮʷʭ: 

df ï ʜʽʘʤʝʪʨ ʚʠʪʨʘʪʥʦʛʦ ʤʘʪʝʨʽʘʣʫ, ʤʤ; 

ʘ ï ʰʠʨʠʥʘ ʟʨʘʟʢʘ, ʤʤ; 

b ï ʪʦʚʱʠʥʘ ʟʨʘʟʢʘ, ʤʤ; 

æh ʘʨʫ ï ʪʦʚʱʠʥʘ ʰʘʨʫ ʥʘʥʝʩʝʥʦʛʦ ʤʘʪʝʨʽʘʣʫ, ʤʤ; 

tʜʨʫʢʫ ï ʪʝʤʧʝʨʘʪʫʨʘ ʚʠʭʦʜʫ ʤʘʪʝʨʽʘʣʫ ʟ ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ, Áʉ; 

Vʜʨʫʢʫ ï ʰʚʠʜʢʽʩʪʴ ʧʝʨʝʤʽʱʝʥʥʷ ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ, ʤʤ/c; 

P ï ʥʘʚʘʥʪʘʞʝʥʥʷ ʥʘ ʨʦʟʪʷʛ, ʅ; 

ůmax ï ʥʘʧʨʫʞʝʥʥʷ ʧʨʠ ʨʦʟʪʷʛʫ, ʄʇʘ. 

ɸ.1. ɼʦʩʣʽʜʞʝʥʥʷ ʚʠʪʨʘʪʥʦʛʦ ʤʘʪʝʨʽʘʣʫ (ʬʽʣʘʤʝʥʪʫ) 

ʊʘʙʣʠʮʷ ɸ.1 ï ʈʝʟʫʣʴʪʘʪʠ ʚʠʧʨʦʙʦʚʫʚʘʥʴ ʬʽʣʘʤʝʥʪʫ ʥʘ ʨʦʟʪʷʛ. 

 ̄ df, ʤʤ P, ʅ ůmax, ʄʇʘ 

1 

1,75 

 

13,62 53,13535 

2 13,23 51,61385 

3 13,33 52,00398 

4 13 50,71656 

5 13,78 53,75955 

ɸ.2. ɼʦʩʣʽʜʞʝʥʥʷ ʟʨʘʟʢʽʚ, ʜʨʫʢʦʚʘʥʠʭ ʟʘ ʨʽʟʥʠʭ ʪʝʤʧʝʨʘʪʫʨ 

ʊʘʙʣʠʮʷ ɸ.2 ï ʈʝʟʫʣʴʪʘʪʠ ʚʠʧʨʦʙʦʚʫʚʘʥʴ ʜʨʫʢʦʚʘʥʠʭ ʟʨʘʟʢʽʚ ʥʘ ʨʦʟʪʷʛ. 

ʊʝʤʧʝʨʘʪʫʨʘ ʜʨʫʢʫ ʚʽʜ 190Áʉ ʜʦ 250Áʉ. 

 ̄ a, ʤʤ b, ʤʤ 
æh ʘʨʫ, 

ʤʤ 

tʜʨʫʢʫ,  

Áʉ 

Vʜʨʫʢʫ, 

ʤʤ/c 
P, ʅ ůmax, ʄʇʘ 

1 

 

1 

 

5 0,2 190 30 

123,54 24,708 

2 153,43 30,686 

3 159,21 31,842 

4 53 10,6 

5 159,59 31,918 
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 ̄ a, ʤʤ b, ʤʤ 
æh ʘʨʫ, 

ʤʤ 

tʜʨʫʢʫ, 

Áʉ 

Vʜʨʫʢʫ, 

ʤʤ/c 
P, ʅ ůmax, ʄʇʘ 

6 

1 5 0,2 190 30 

23,44 4,688 

7 54,76 10,952 

8 121,44 24,288 

9 149,93 29,986 

10 153,91 30,782 

11 132,92 26,584 

12 145,48 29,096 

13 155,6 31,12 

14 45,52 9,104 

15 138,73 27,746 

16 135 27 

17 144,46 28,892 

18 78,34 15,668 

19 93 18,6 

20 149,37 29,874 

1 

1 5 0,2 200 30 

91,32 18,264 

2 163,67 32,734 

3 157,55 31,51 

4 158,1 31,62 

5 90,36 18,072 

6 102,12 20,424 

7 112,37 22,474 

8 149,39 29,878 

9 104,54 20,908 

10 151,38 30,276 

11 164,12 32,824 

12 72,7 14,54 

13 53,35 10,67 

14 157,91 31,582 

15 155,78 31,156 

16 142,38 28,476 

17 62,38 12,476 

18 164,77 32,954 

19 152,39 30,478 

20 153,81 30,762 

1 

1 5 0,2 210 30 

155,3 31,06 

2 169,35 33,87 

3 168,21 33,642 

4 171,21 34,242 

5 119,48 23,896 
 

ʇʨʦʜʦʚʞʝʥʥʷ ʪʘʙʣʠʮʽ ɸ.2 
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 ̄ a, ʤʤ b, ʤʤ 
æh ʘʨʫ, 

ʤʤ 

tʜʨʫʢʫ, 

Áʉ 

Vʜʨʫʢʫ, 

ʤʤ/c 
P, ʅ ůmax, ʄʇʘ 

6 

1 5 0,2 210 30 

145,4 29,08 

7 85,83 17,166 

8 121,37 24,274 

9 157,95 31,59 

10 155,34 31,068 

11 167,12 33,424 

12 175,77 35,154 

13 68,53 13,706 

14 173,22 34,644 

15 55,21 11,042 

16 156,34 31,268 

17 102,38 20,476 

18 161,82 32,364 

19 165,45 33,09 

20 167,38 33,476 

1 

1 5 0,2 220 30 

88,35 17,67 

2 188,94 37,788 

3 175,44 35,088 

4 179,36 35,872 

5 171,45 34,29 

6 165,35 33,07 

7 126,78 25,356 

8 198,12 39,624 

9 187,68 37,536 

10 180,16 36,032 

11 154,38 30,876 

12 184,25 36,85 

13 166,64 33,328 

14 167,44 33,488 

15 175,27 35,054 

16 189,28 37,856 

17 131,74 26,348 

18 121,13 24,226 

19 165,48 33,096 

20 173,28 34,656 

1 

1 5 0,2 230 30 

73,41 14,682 

2 83,96 16,792 

3 162,44 32,488 

4 161,61 32,322 

5 160,38 32,076 

ʇʨʦʜʦʚʞʝʥʥʷ ʪʘʙʣʠʮʽ ɸ.2 
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 ̄ a, ʤʤ b, ʤʤ 
æh ʘʨʫ, 

ʤʤ 

tʜʨʫʢʫ, 

Áʉ 

Vʜʨʫʢʫ, 

ʤʤ/c 
P, ʅ ůmax, ʄʇʘ 

6 

1 5 0,2 230 30 

165,41 33,082 

7 166,77 33,354 

8 154,13 30,826 

9 158,75 31,75 

10 80,54 16,108 

11 154,38 30,876 

12 168,35 33,67 

13 156,61 31,322 

14 161,45 32,29 

15 45,27 9,054 

16 164,82 32,964 

17 158,74 31,748 

18 161,12 32,224 

19 159,81 31,962 

20 71,37 14,274 

1 

1 5 0,2 240 30 

143,75 28,75 

2 137,18 27,436 

3 151,89 30,378 

4 140,65 28,13 

5 56,3 11,26 

6 139,19 27,838 

7 134,85 26,97 

8 135,65 27,13 

9 141,35 28,27 

10 21,8 4,36 

11 105,6 21,12 

12 135,71 27,142 

13 134,85 26,97 

14 73,28 14,656 

15 141,33 28,266 

16 145,36 29,072 

17 38,71 7,742 

18 11,2 2,24 

19 140,28 28,056 

20 143,17 28,634 

1 

1 5 0,2 250 30 

113,51 22,702 

2 34,75 6,95 

3 112,74 22,548 

4 114,48 22,896 

5 61,28 12,256 

 

ʇʨʦʜʦʚʞʝʥʥʷ ʪʘʙʣʠʮʽ ɸ.2 
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 ̄ a, ʤʤ b, ʤʤ 
æh ʘʨʫ, 

ʤʤ 

tʜʨʫʢʫ, 

Áʉ 

Vʜʨʫʢʫ, 

ʤʤ/c 
P, ʅ ůmax, ʄʇʘ 

6 

1 5 0,2 230 30 

109,54 21,908 

7 104,17 20,834 

8 51,64 10,328 

9 112,54 22,508 

10 21,8 4,36 

11 41,2 8,24 

12 47,27 9,454 

13 108,54 21,708 

14 113,81 22,762 

15 112,21 22,442 

16 112,55 22,51 

17 38,71 7,742 

18 11,2 2,24 

19 110,81 22,162 

20 108,72 21,744 

ɸ.3. ɼʦʩʣʽʜʞʝʥʥʷ ʜʨʫʢʦʚʘʥʠʭ ʟʨʘʟʢʽʚ ʟ ʨʽʟʥʦʶ ʧʣʦʱʝʶ ʧʦʧʝʨʝʯʥʦʛʦ 

ʧʝʨʝʨʽʟʫ 

ʊʘʙʣʠʮʷ ɸ.3 ï ʈʝʟʫʣʴʪʘʪʠ ʚʠʧʨʦʙʦʚʫʚʘʥʴ ʜʨʫʢʦʚʘʥʠʭ ʟʨʘʟʢʽʚ ʥʘ ʨʦʟʪʷʛ. 

ʇʣʦʱʘ ʧʝʨʝʨʽʟʫ ʚʽʜ 5 ʜʦ 20 ʤʤ2 (ʜʘʥʽ ʜʣʷ 5 ʤʤ2 ʚ ʊʘʙʣ. ɸ.2) 

 ̄ a, ʤʤ b, ʤʤ 
æh ʘʨʫ, 

ʤʤ 

tʜʨʫʢʫ, 

Áʉ 

Vʜʨʫʢʫ, 

ʤʤ/c 
P, ʅ ůmax, ʄʇʘ 

1 

1 10 0,2 220 30 

350,31 35,031 

2 343,21 34,321 

3 347,72 34,772 

4 351,56 35,156 

5 312,43 31,243 

6 330,57 33,057 

7 112,92 11,292 

8 341,53 34,153 

9 372,64 37,264 

10 357,68 35,768 

11 117,58 11,758 

12 143,23 14,323 

13 345,64 34,564 

14 344,33 34,433 

ʇʨʦʜʦʚʞʝʥʥʷ ʪʘʙʣʠʮʽ ɸ.2 



162 
 

 

 ̄ a, ʤʤ b, ʤʤ 
æh ʘʨʫ, 

ʤʤ 

tʜʨʫʢʫ, 

Áʉ 

Vʜʨʫʢʫ, 

ʤʤ/c 
P, ʅ ůmax, ʄʇʘ 

15 

1 10 0,2 220 30 

366,72 36,672 

16 355,16 35,516 

17 348,62 34,862 

18 117,93 11,793 

19 339,27 33,927 

20 340,55 34,055 

1 

1,5 10 0,2 220 30 

540,11 36,00733 

2 545,25 36,35 

3 548,73 36,582 

4 533,01 35,534 

5 540,15 36,01 

6 578,53 38,56867 

7 599,92 39,99467 

8 301,24 20,08267 

9 544,21 36,28067 

10 563,57 37,57133 

11 565,65 37,71 

12 542,48 36,16533 

13 332,57 22,17133 

14 551,32 36,75467 

15 554,74 36,98267 

16 539,78 35,98533 

17 528,85 35,25667 

18 554,69 36,97933 

19 531,28 35,41867 

20 540,31 36,02067 

1 

2 10 0,2 220 30 

706,34 35,317 

2 496,72 24,836 

3 720,84 36,042 

4 729,35 36,4675 

5 722,52 36,126 

6 700,54 35,027 

7 688,92 34,446 

8 733,27 36,6635 

9 729,86 36,493 

10 700,29 35,0145 

11 703,72 35,186 

12 740,29 37,0145 

13 729,47 36,4735 

14 707,66 35,383 

ʇʨʦʜʦʚʞʝʥʥʷ ʪʘʙʣʠʮʽ ɸ.3 
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 ̄ a, ʤʤ b, ʤʤ 
æh ʘʨʫ, 

ʤʤ 

tʜʨʫʢʫ, 

Áʉ 

Vʜʨʫʢʫ, 

ʤʤ/c 
P, ʅ ůmax, ʄʇʘ 

15 

2 10 0,2 220 30 

713,92 35,696 

16 698,51 34,9255 

17 690,74 34,537 

18 554,64 27,732 

19 701,97 35,0985 

20 707,68 35,384 

ɸ.4. ɼʦʩʣʽʜʞʝʥʥʷ ʜʨʫʢʦʚʘʥʠʭ ʟʨʘʟʢʽʚ ʟ ʨʽʟʥʦʶ ʪʦʚʱʠʥʦʶ 

ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ 

ʊʘʙʣʠʮʷ ɸ.4 ï ʈʝʟʫʣʴʪʘʪʠ ʚʠʧʨʦʙʦʚʫʚʘʥʴ ʜʨʫʢʦʚʘʥʠʭ ʟʨʘʟʢʽʚ ʥʘ ʨʦʟʪʷʛ ʟ 

ʨʽʟʥʦʶ ʪʦʚʱʠʥʦʶ ʰʘʨʫ ʚʽʜ 0,1 ʜʦ 0,4 ʤʤ. 

 ̄ a, ʤʤ b, ʤʤ 
æh ʘʨʫ, 

ʤʤ 

tʜʨʫʢʫ, 

Áʉ 

Vʜʨʫʢʫ, 

ʤʤ/c 
P, ʅ ůmax, ʄʇʘ 

1 

2 10 0,1 220 30 

700,29 35,0145 

2 703,72 35,186 

3 700,29 35,0145 

4 729,47 36,4735 

5 707,66 35,383 

1 

2 10 0,15 220 30 

679,41 33,9705 

2 684,26 34,213 

3 693,29 34,6645 

4 674,12 33,706 

5 683,61 34,1805 

1 

2 10 0,2 220 30 

728,39 36,4195 

2 714,25 35,7125 

3 761,05 38,0525 

4 758,48 37,924 

5 712,07 35,6035 

1 

2 10 0,25 220 30 

654,92 32,746 

2 648,33 32,4165 

3 635,21 31,7605 

4 637,81 31,8905 

5 640,02 32,001 

1 

2 10 0,3 220 30 

541,92 27,096 

2 542,42 27,121 

3 534,42 26,721 

 

ʇʨʦʜʦʚʞʝʥʥʷ ʪʘʙʣʠʮʽ ɸ.3 
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 ̄ a, ʤʤ b, ʤʤ 
æh ʘʨʫ, 

ʤʤ 

tʜʨʫʢʫ, 

Áʉ 

Vʜʨʫʢʫ, 

ʤʤ/c 
P, ʅ ůmax, ʄʇʘ 

4 
2 10 0,3 220 30 

551,07 27,5535 

5 538,82 26,941 

1 

2 10 0,35 220 30 

290,04 14,502 

2 280,56 14,028 

3 283,25 14,1625 

4 275,74 13,787 

5 277,23 13,8615 

ɸ.5. ɼʦʩʣʽʜʞʝʥʥʷ ʟʨʘʟʢʽʚ, ʜʨʫʢʦʚʘʥʠʭ ʧʨʠ ʨʽʟʥʠʭ ʰʚʠʜʢʦʩʪʷʭ  

ʊʘʙʣʠʮʷ ɸ.5 ï ʈʝʟʫʣʴʪʘʪʠ ʚʠʧʨʦʙʦʚʫʚʘʥʴ, ʜʨʫʢʦʚʘʥʠʭ ʧʨʠ ʨʽʟʥʠʭ 

ʰʚʠʜʢʦʩʪʷʭ 

 ̄ a, ʤʤ b, ʤʤ 
æh ʘʨʫ, 

ʤʤ 

tʜʨʫʢʫ, 

Áʉ 

Vʜʨʫʢʫ, 

ʤʤ/c 
P, ʅ ůmax, ʄʇʘ 

1 

2 10 0,2 220 40 

683,47 34,1735 

2 665,00 33,25 

3 680,72 34,036 

4 433,57 21,6785 

5 702,92 35,146 

6 710,38 35,519 

7 673,74 33,687 

8 688,55 34,4275 

9 510,32 25,516 

10 698,68 34,934 

11 502,44 25,122 

12 670,5 33,525 

13 685,72 34,286 

14 705,22 35,261 

15 692,48 34,624 

16 690,54 34,527 

17 680,49 34,0245 

18 683,25 34,1625 

19 688,57 34,4285 

20 694,35 34,7175 

1 
2 10 0,2 220 50 

610,34 30,517 

2 591,45 29,5725 

 

ʇʨʦʜʦʚʞʝʥʥʷ ʪʘʙʣʠʮʽ ɸ.4 
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 ̄ a, ʤʤ b, ʤʤ 
æh ʘʨʫ, 

ʤʤ 

tʜʨʫʢʫ, 

Áʉ 

Vʜʨʫʢʫ, 

ʤʤ/c 
P, ʅ ůmax, ʄʇʘ 

3 

2 10 0,2 220 50 

621,72 31,086 

4 387,82 19,391 

5 620,38 31,019 

6 210,58 10,529 

7 578,64 28,932 

8 573,06 28,653 

9 614,61 30,7305 

10 184,67 9,2335 

11 365,48 18,274 

12 635,32 31,766 

13 612,42 30,621 

14 311,98 15,599 

15 594,42 29,721 

16 605,27 30,2635 

17 633,38 31,669 

18 621,26 31,063 

19 585,55 29,2775 

20 263,48 13,174 

1 

2 10 0,2 220 60 

410,23 20,5115 

2 452,37 22,6185 

3 437,75 21,8875 

4 173,55 8,6775 

5 132,07 6,6035 

6 421,73 21,0865 

7 436,95 21,8475 

8 154,23 7,7115 

9 414,84 20,742 

10 442,59 22,1295 

11 56,48 2,824 

12 428,35 21,4175 

13 424,48 21,224 

14 421,95 21,0975 

15 134,23 6,7115 

16 408,45 20,4225 

17 412,28 20,614 

18 102,95 5,1475 

19 418,22 20,911 

20 441,26 22,063 

1 
2 10 0,2 220 70 

610,34 30,517 

2 591,45 29,5725 

ʇʨʦʜʦʚʞʝʥʥʷ ʪʘʙʣʠʮʽ ɸ.5 
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 ̄ a, ʤʤ b, ʤʤ 
æh ʘʨʫ, 

ʤʤ 

tʜʨʫʢʫ, 

Áʉ 

Vʜʨʫʢʫ, 

ʤʤ/c 
P, ʅ ůmax, ʄʇʘ 

3 

2 10 0,2 220 70 

188,53 9,4265 

4 144,44 7,222 

5 251,65 12,5825 

6 223,75 11,1875 

7 105,89 5,2945 

8 137,44 6,872 

9 108,06 5,403 

10 210,27 10,5135 

11 173,25 8,6625 

12 185,21 9,2605 

13 192,35 9,6175 

14 143,57 7,1785 

15 175,32 8,766 

16 184,68 9,234 

17 188,78 9,439 

18 190,36 9,518 

19 191,26 9,563 

20 201,68 10,084 

ɸ.6. ɼʦʩʣʽʜʞʝʥʥʷ ʜʨʫʢʦʚʘʥʠʭ ʟʨʘʟʢʽʚ ʧʽʩʣʷ ʪʝʨʤʦʦʙʨʦʙʢʠ 

ʊʘʙʣʠʮʷ ɸ.6 ï ʈʝʟʫʣʴʪʘʪʠ ʚʠʧʨʦʙʦʚʫʚʘʥʴ ʜʨʫʢʦʚʘʥʠʭ  ʟʨʘʟʢʽʚ ʥʘ ʨʦʟʪʷʛ 

ʧʽʩʣʷ ʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ  

 ̄ a, ʤʤ b, ʤʤ 
æh ʘʨʫ, 

ʤʤ 

tʜʨʫʢʫ, 

Áʉ 

tʦʙʨʦʙʢʠ, 

Áʉ 

Tʦʙʨʦʙʢʠ, 

ʛʦʜ 
P, ʅ ůmax, ʄʇʘ 

1 

2 10 0,2 220 70 1 

485,53 24,2765 

2 476,85 23,8425 

3 481,68 24,084 

4 484,12 24,206 

1 

2 10 0,2 220 80 1 

300,72 15,036 

2 298,05 14,9025 

3 305,84 15,292 

4 304,9 15,245 

1 

2 10 0,2 220 90 1 

124,38 6,219 

2 125,17 6,2585 

3 127,63 6,3815 

4 120,59 6,0295 

 

ʇʨʦʜʦʚʞʝʥʥʷ ʪʘʙʣʠʮʽ ɸ.5 
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 ̄ a, ʤʤ b, ʤʤ 
æh ʘʨʫ, 

ʤʤ 

tʜʨʫʢʫ, 

Áʉ 

tʦʙʨʦʙʢʠ, 

Áʉ 

Tʦʙʨʦʙʢʠ, 

ʛʦʜ 
P, ʅ ůmax, ʄʇʘ 

1 

2 10 0,2 220 100 1 

102,5 5,125 

2 99,47 4,9735 

3 98,12 4,906 

4 100,05 5,0025 

1 

2 10 0,2 220 70 2 

117,24 5,862 

2 121,78 6,089 

3 115,88 5,794 

4 116,12 5,806 

1 

2 10 0,2 220 80 2 

102,87 5,1435 

2 101,65 5,0825 

3 103,98 5,199 

4 104,12 5,206 

1 

2 10 0,2 220 90 2 

93,54 4,677 

2 94,68 4,734 

3 92,15 4,6075 

4 94,88 4,744 

1 

2 10 0,2 220 100 2 

90,95 4,5475 

2 89,17 4,4585 

3 88,78 4,439 

4 91,05 4,5525 

ɸ.7. ɼʦʩʣʽʜʞʝʥʥʷ ʜʨʫʢʦʚʘʥʠʭ ʟʨʘʟʢʽʚ ʧʽʩʣʷ ʦʧʨʦʤʽʥʝʥʥʷ 

ʊʘʙʣʠʮʷ ɸ.7 ï ʈʝʟʫʣʴʪʘʪʠ ʚʠʧʨʦʙʦʚʫʚʘʥʴ ʜʨʫʢʦʚʘʥʠʭ  ʟʨʘʟʢʽʚ ʥʘ ʨʦʟʪʷʛ 

ʧʽʩʣʷ ʦʧʨʦʤʽʥʝʥʥʷ  

 ̄ a, ʤʤ b, ʤʤ 
æh ʘʨʫ, 

ʤʤ 

tʜʨʫʢʫ, 

Áʉ 

Tʦʧʨʦʤʽʥʝʥʥʷ,  

ʩ 
P, ʅ ůmax, ʄʇʘ 

1 

2 10 0,2 220 600 

101,35 5,362 

2 476,85 5,467 

3 481,68 5,421 

4 484,12 5,382 

1 

2 10 0,2 220 800 

485,53 4,144 

2 476,85 4,154 

3 481,68 4,14 

4 484,12 4,151 

 

 

ʇʨʦʜʦʚʞʝʥʥʷ ʪʘʙʣʠʮʽ ɸ.6 
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 ̄ a, ʤʤ b, ʤʤ 
æh ʘʨʫ, 

ʤʤ 

tʜʨʫʢʫ, 

Áʉ 

Tʦʧʨʦʤʽʥʝʥʥʷ,  

ʩ 
P, ʅ ůmax, ʄʇʘ 

1 

2 10 0,2 220 1000 

101,35 3,677 

2 476,85 3,586 

3 481,68 3,59 

4 484,12 3,621 

1 

2 10 0,2 220 1200 

485,53 3,548 

2 476,85 3,628 

3 481,68 3,615 

4 484,12 3,459 

 

 

 

 

  

ʇʨʦʜʦʚʞʝʥʥʷ ʪʘʙʣʠʮʽ ɸ.7 
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ɼʆɼɸʊʆʂ ɹ 

ʈɽɿʋʃʔʊɸʊʀ ɼʆʉʃɯɼɾɽʅʔ ɼʀʅɸʄɯʂʀ ʈʋʍʋ ɼʈʋʂʋɺɸʃʔʅʆɰ 

ɻʆʃʆɺʂʀ 

ɹ.1. ɺʠʟʥʘʯʝʥʥʷ ʛʝʦʤʝʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʜʨʫʢʦʚʘʥʦʛʦ ʟʨʘʟʢʘ 

ʊʘʙʣʠʮʷ ɹ.1 ï ʈʝʟʫʣʴʪʘʪʠ ʚʠʤʽʨʶʚʘʥʴ ʨʦʟʧʦʜʽʣʫ ʪʦʚʱʠʥ ʪʘ ʤʘʩ ʧʦ ʜʦʚʞʠʥʽ 

ʟʨʘʟʢʘ 

a, ʤʤ b, ʤʤ 
æh ʘʨʫ, 

ʤʤ 

tʜʨʫʢʫ, 

Áʉ 
S, ʤʤ aô, ʤʤ m, ʛ 

0,5 100 0,2 220 

0-10 0,42 0,104 

10-20 0,45 0,095 

20-30 0,47 0,1075 

30-40 0,5 0,115 

40-50 0,52 0,13 

50-60 0,52 0,13 

60-70 0,53 0,135 

70-80 0,55 0,1425 

80-90 0,56 0,145 

90-100 0,6 0,155 

ɹ.1. ɼʦʩʣʽʜʞʝʥʥʷ ʜʠʥʘʤʽʢʠ ʨʫʭʫ ʜʨʫʢʫʚʘʣʴʥʦʾ ʛʦʣʦʚʢʠ ʚ ʟʘʣʝʞʥʦʩʪʽ 

ʚʽʜ ʢʽʥʝʤʘʪʠʯʥʦʾ ʩʭʝʤʠ FDM 3D ʧʨʠʥʪʝʨʘ 

ʊʘʙʣʠʮʷ ɹ.1 ï ʈʝʟʫʣʴʪʘʪʠ ʚʠʤʽʨʶʚʘʥʴ ʰʚʠʜʢʦʩʪʽ ʨʫʭʫ ʜʨʫʢʫʚʘʣʴʥʦʾ ʥʘ 

ʨʽʟʥʠʭ ʜʽʣʷʥʢʘʭ ʜʨʫʢʫ ʟʨʘʟʢʘ ʜʣʷ ʤʝʭʘʥʽʢʠ ʪʠʧʫ Prusa i3 

 

a, ʤʤ b, ʤʤ 
æh ʘʨʫ, 

ʤʤ 

tʜʨʫʢʫ, 

Áʉ 
S, ʤʤ 

Nʢʘʜʨʽʚ, 

ʦʜ. 

Tʨʫʭʫ, 

ʩ 

Vʜʨʫʢʫ, 

ʤʤ/c 

0,5 100 0,2 220 

0 5 0,083 0,00 

10 29 0,567 20,69 

20 27 1,017 22,22 

30 24 1,417 25,00 

40 24 1,817 25,00 

50 24 2,217 25,00 



170 
 
 

a, ʤʤ b, ʤʤ æh ʘʨʫ, 

ʤʤ 

tʜʨʫʢʫ, 

Áʉ 
S, ʤʤ 

Nʢʘʜʨʽʚ, 

ʦʜ. 

Tʨʫʭʫ, 

ʩ 

Vʜʨʫʢʫ, 

ʤʤ/c 

0,5 100 0,2 220 

60 24 2,617 25,00 

70 24 3,017 25,00 

80 24 3,417 25,00 

90 24 3,817 25,00 

99,9 27 4,267 22,22 

100 5 4,350 0,00 

0,5 100 0,2 220 

110 20 4,683 30,00 

120 17 4,967 35,29 

130 17 5,250 35,29 

140 17 5,533 35,29 

150 17 5,817 35,29 

160 17 6,100 35,29 

0,5 100 0,2 220 

170 17 6,383 35,29 

180 17 6,667 35,29 

190 17 6,950 35,29 

200 5 7,033 0,00 

 

ʊʘʙʣʠʮʷ ɹ.2 ï ʈʝʟʫʣʴʪʘʪʠ ʚʠʤʽʨʶʚʘʥʴ ʰʚʠʜʢʦʩʪʽ ʨʫʭʫ ʜʨʫʢʫʚʘʣʴʥʦʾ 

ʛʦʣʦʚʢʠ ʥʘ ʨʽʟʥʠʭ ʜʽʣʷʥʢʘʭ ʜʨʫʢʫ ʟʨʘʟʢʘ ʜʣʷ ʤʝʭʘʥʽʢʠ ʪʠʧʫ H-Bot 

a, ʤʤ b, ʤʤ 
æh ʘʨʫ, 

ʤʤ 

tʜʨʫʢʫ, 

Áʉ 
S, ʤʤ 

Nʢʘʜʨʽʚ, 

ʦʜ. 

Tʨʫʭʫ, 

ʩ 

Vʜʨʫʢʫ, 

ʤʤ/c 

0,5 100 0,2 220 

0 4 0,067 0,00 

10 24 0,467 25,00 

20 22 0,833 27,27 

30 19 1,150 31,58 

40 19 1,467 31,58 

50 19 1,783 31,58 

60 19 2,100 31,58 

70 19 2,417 31,58 

80 19 2,733 31,58 

90 19 3,050 31,58 

99,9 22 3,417 27,27 

100 4 3,483 0,00 

110 17 3,767 35,29 

120 15 4,017 40,00 

130 15 4,267 40,00 
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a, ʤʤ b, ʤʤ 
æh ʘʨʫ, 

ʤʤ 

tʜʨʫʢʫ, 

Áʉ 
S, ʤʤ 

Nʢʘʜʨʽʚ, 

ʦʜ. 

Tʨʫʭʫ, 

ʩ 

Vʜʨʫʢʫ, 

ʤʤ/c 

0,5 100 0,2 220 140 15 4,517 40,00 

150 15 4,767 40,00 

160 15 5,017 40,00 

170 15 5,267 40,00 

180 15 5,517 40,00 

190 15 5,767 40,00 

200 4 5,833 0,00 
    

ɹ.3. ɼʦʩʣʽʜʞʝʥʥʷ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʜʨʫʢʫ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʢʽʥʝʤʘʪʠʯʥʦʾ 

ʩʭʝʤʠ FDM 3D ʧʨʠʥʪʝʨʘ 

ʊʘʙʣʠʮʷ ɹ.3 ï ʈʝʟʫʣʴʪʘʪʠ ʚʠʤʽʨʶʚʘʥʴ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʜʨʫʢʫ ʜʣʷ ʤʝʭʘʥʽʢ 

ʪʠʧʫ Prusa i3 ʪʘ H-Bot 

 ̄
ɿʦʙʨʘʞʝʥʥʷ 

ʜʝʪʘʣʽ 

 mʟʨ, 

ʛ 

V
ʜ
ʨ,
 
ʤ
ʤ
/
c

 

T
ʪ
ʝ
ʦ
ʨ
,
 
ʩ

 

Tʬʘʢʪ, ʩ 
ɺʽʜʥʦʩʥʘ 

ʟʘʪʨʠʤʢʘ, % 
P, ʛ/ʭʚ 

H-Bot Prusa H-Bot Prusa H-Bot Prusa 

1 

 

 

1,39 

 

20 608 671 4,70 4,70 9,39 0,131 0,124 

30 403 435 3,59 3,59 7,36 0,200 0,192 

40 308 318 331 3,14 6,95 0,262 0,252 

50 247 253 261 2,37 5,36 0,330 0,320 

2 

 

 

4,21 

 

 

20 2010 2150 2421 6,51 16,98 0,117 0,104 

30 1345 1424 1517 5,55 11,34 0,177 0,167 

40 985 1032 1083 4,55 9,05 0,245 0,233 

50 807 836 873 3,47 7,56 0,302 0,289 

3 

 

 

8,05 

 

20 4023 4371 5112 7,96 21,30 0,111 0,094 

30 2712 2910 3247 6,80 16,48 0,166 0,149 

40 1985 2105 2343 5,70 15,28 0,229 0,206 

50 1595 1673 1852 4,66 13,88 0,289 0,261 
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 ̄
ɿʦʙʨʘʞʝʥʥʷ 

ʜʝʪʘʣʽ 

 mʟʨ, 

ʛ 

V
ʜ
ʨ,
 
ʤ
ʤ
/
c

 

T
ʪ
ʝ
ʦ
ʨ
,
 
ʩ

 

Tʬʘʢʪ, ʩ 
ɺʽʜʥʦʩʥʘ 

ʟʘʪʨʠʤʢʘ, % 
P, ʛ/ʭʚ 

H-Bot Prusa H-Bot Prusa H-Bot Prusa 

4 

 

25,32 

20 10053 11268 13585 10,78 26,00 0,135 0,112 

30 6681 7212 8634 7,36 22,62 0,211 0,176 

40 5017 5286 5921 5,09 15,27 0,287 0,257 

50 4045 4231 4533 4,40 10,77 0,359 0,335 

5 

 

39,52 

 

20 19983 23512 28512 15,01 29,91 0,101 0,083 

30 13401 14659 17737 8,58 24,45 0,162 0,134 

40 10105 10914 12615 7,41 19,90 0,217 0,188 

50 7985 8530 9627 6,39 17,06 0,278 0,246 
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ɼʆɼɸʊʆʂ ɺ 

ɼʆʂʋʄɽʅʊʀ, ʑʆ ʇɯɼʊɺɽʈɼɾʋʖʊʔ ɺʇʈʆɺɸɼɾɽʅʅʗ 

ʈɽɿʋʃʔʊɸʊɯɺ ʈʆɹʆʊʀ 
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