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ʂʘʣʪʨʠʥʝ ʄʠʩʠʤ ɱʘʢʫʧʠ 

 

ʇʈʀɼʆʅɽʉ ʂʆʅ ʀʉʊʈɸɾʋɺɸɳɸʊɸ ʅɸ ʅɽʂʆʀ ʇʈʆʎɽʉʅʀ ʇɸʈɸʄɽʊʈʀ 

ʀ ʇʈʀʄɽʅɸʊɸ ʅɸ ɸɼʀʊʀɺʅɸʊɸ ʇʈʆʀɿɺʆɼʅɸ ʊɽʍʅʆʃʆɻʀɱɸ 

 

- ʈɽɿʀʄɽ- 

ʅʘʤʝʥʘʪʘ ʥʘ ʦʚʠʝ ʠʩʪʨʘʞʫʚʘˁʘ e ʜʘ ʩʝ ʦʧʨʝʜʝʣʠ ʝʬʝʢʪʦʪ ʥʘ ʥʝʢʦʠ ʚʣʝʟʥʠ ʧʘʨʘʤʝʪʨʠ 

(ʥʝʟʘʚʠʩʥʠ ʚʘʨʠʿʘʙʣʠ) ʢʘʿ ʘʜʠʪʠʚʥʘʪʘ ʪʝʭʥʦʣʦʛʠʿʘ, ʚʨʟ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ 

(ʟʘʚʠʩʥʘ ʚʘʨʠʿʘʙʣʘ), ʢʘʿ ʧʨʠʤʝʨʦʮʠʪʝ ʧʝʯʘʪʝʥʠ ʩʦ 3D-ʧʝʯʘʪʘʯʠ. ʈʘʧʘʚʦʩʪʘ ʥʘ 

ʧʦʚʨʰʠʥʘʪʘ ʩʝ ʘʥʘʣʠʟʠʨʘ ʧʨʝʢʫ ʧʘʨʘʤʝʪʨʠʪʝ Ra, Rz ʠ  Rq. ʄʝʨʝˁʘʪʘ ʥʘ ʨʘʧʘʚʦʩʪʘ ʩʝ 

ʨʝʘʣʠʟʠʨʘʘʪ ʚʦ ʪʨʠ ʧʨʘʚʮʠ, 0, 45 ʠ 90 ʩʪʝʧʝʥʠ, ʚʦ ʦʜʥʦʩ ʥʘ ʧʨʘʚʝʮʦʪ ʥʘ ʧʝʯʘʪʝˁʝ.  ɺʨʟ 

ʦʩʥʦʚʘ ʥʘ ʨʝʟʫʣʪʘʪʠʪʝ ʜʦʙʠʝʥʠ ʦʜ ʝʢʩʧʝʨʠʤʝʥʪʠʪʝ ʨʘʟʚʠʝʥʠ ʩʝ ʣʠʥʝʘʨʥʠ ʠ 

ʝʢʩʧʦʥʝʥʮʠʿʘʣʥʠ ʤʦʜʝʣʠ ʥʘ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʚʦ ʬʫʥʢʮʠʿʘ ʥʘ ʚʣʝʟʥʠʪʝ 

ʧʘʨʘʤʝʪʨʠ. ɺʦ ʜʝʣʦʪ ʟʘ ʧʨʠʤʝʥʘʪʘ ʥʘ ʘʜʠʪʠʚʥʠʪʝ ʪʝʭʥʦʣʦʛʠʠ ʠʩʪʨʘʞʫʚʘʥʘ ʝ ʧʨʠʤʝʥʘʪʘ 

ʚʦ ʦʙʣʘʩʪʘ ʥʘ ʨʘʜʠʦʪʝʨʘʧʠʿʘʪʘ, ʧʨʝʢʫ ʢʨʝʠʨʘˁʝ ʙʦʣʫʩ. 

ʀʩʪʨʘʞʫʚʘʥʘ ʝ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʥʘ ʧʨʠʤʝʨʦʮʠ ʠʟʨʘʙʦʪʝʥʠ ʦʜ ʪʨʠ ʨʘʟʣʠʯʥʠ 

ʪʝʨʤʦʧʣʘʩʪʠʯʥʠ ʤʘʪʝʨʠʿʘʣʠ, ʩʦ ʧʨʠʤʝʥʘ ʥʘ ʪʝʭʥʦʣʦʛʠʿʘʪʘ Fused Deposition Modeling 

(FDM), ʢʘʢʦ ʠ ʥʘ ʧʨʠʤʝʨʦʮʠ ʠʟʨʘʙʦʪʝʥʠ ʦʜ ʯʝʣʠʢ ʩʦ ʜʚʝ ʨʘʟʣʠʯʥʠ ʪʝʭʥʦʣʦʛʠʠ Fused 

Filament Fabrication (FFF) ʠ Direct Metal Laser Sintering (DMLS). 

ʉʦ ʮʝʣ ʜʘ ʩʝ ʦʧʪʠʤʠʟʠʨʘʘʪ ʧʨʦʮʝʩʥʠʪʝ ʧʘʨʘʤʝʪʨʠ, ʢʦʨʠʩʪʝʥʘ ʝ ʤʝʪʦʜʘʪʘ ʥʘ ʊʘʛʫʯʠ ʧʨʠ 

ʧʣʘʥʠʨʘˁʝ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʠʪʝ, ʧʦʟʥʘʪʘ ʫʰʪʝ ʠ ʢʘʢʦ Design of Experiments (DoE). ʉʦ 

ʤʝʪʦʜʘʪʘ ʥʘ ʊʘʛʫʯʠ ʜʦʙʠʝʥʠ ʩʝ ʜʝʚʝʪ ʨʘʟʣʠʯʥʠ ʢʦʤʙʠʥʘʮʠʠ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʠ ʩʦ ʪʨʠ 

ʥʝʟʘʚʠʩʥʠ ʚʘʨʠʿʘʙʣʠ ʠ ʪʨʠ ʥʠʚʦa ʥʘ ʛʦʣʝʤʠʥʠ ʥʘ ʚʘʨʠʿʘʙʣʠʪʝ, ʘ ʠʟʨʘʙʦʪʝʥʠ ʩʝ ʜʝʚʝʪ 

ʧʨʠʤʝʨʦʮʠ ʟʘ ʩʝʢʦʿ ʦʜ ʠʩʪʨʘʞʫʚʘʥʠʪʝ ʤʘʪʝʨʠʿʘʣʠ ʠ ʪʝʭʥʦʣʦʛʠʠ. 

ʊʝʨʤʦʧʣʘʩʪʠʯʥʠʪʝ ʤʘʪʝʨʠʿʘʣʠ Acrylonitrile Butadiene Styrene (ABS), Polylactic Acid 

(PLA), ʠ Polyethylene Terephthalate Glycol Modified (PETG) ʩʝ ʢʦʨʠʩʪʝʥʠ  ʚʦ 

ʝʢʩʧʝʨʠʤʝʥʪʠʪʝ ʟʘʨʘʜʠ ʥʠʚʥʠʪʝ ʩʚʦʿʩʪʚʘ ʠ ʰʠʨʦʢʘʪʘ ʧʨʠʤʝʥʘ. ʂʦʨʠʩʪʝʥʠ ʩʝ ʠʩʪʠʪʝ 

ʥʝʟʘʚʠʩʥʠ ʚʘʨʠʿʘʙʣʠ ʩʦ ʠʩʪʠʪʝ ʥʠʚʦa ʥʘ ʚʨʝʜʥʦʩʪʠ ʟʘ ʩʠʪʝ ʪʨʠ ʤʘʪʝʨʠʿʘʣʠ, ʠ ʪʦʘ: 

ʚʠʩʦʯʠʥʘ ʥʘ ʩʣʦʿʦʪ (0.1, 0.15 ʠ 0.2 mm), ʙʨʟʠʥʘ ʥʘ ʧʝʯʘʪʝˁʝ (70, 80 ʠ 90 mm/s) ʠ 

ʧʦʧʦʣʥʫʚʘˁʝ (30, 40 ʠ 50 %). ʂʦʨʠʩʪʝʥʘ ʝ ʪʝʭʥʦʣʦʛʠʿʘʪʘ DMLS ʟʘ ʠʩʪʨʘʞʫʚʘˁʝ ʥʘ 

ʧʨʠʤʝʨʦʮʠʪʝ ʠʟʨʘʙʦʪʝʥʠ ʦʜ ʥʝʨʺʦʩʫʚʘʯʢʠʦʪ ʯʝʣʠʢ 316L, ʩʦ ʩʣʝʜʥʠʚʝ ʥʝʟʘʚʠʩʥʠ 

ʧʘʨʘʤʝʪʨʠ: ʤʦ˃ʥʦʩʪ ʥʘ ʣʘʩʝʨʦʪ (180, 200 ʠ 220 W), ʙʨʟʠʥʘ ʥʘ ʩʢʝʥʠʨʘˁʝ (450, 500 ʠ 600 

mm/s) ʠ ʨʘʩʪʦʿʘʥʠʝ ʧʦʤʝʺʫ ʨʝʜʦʚʠʪʝ (0.07, 0.08 ʠ 0.09 mm).  ɿʘ ʪʝʭʥʦʣʦʛʠʿʘʪʘ FFF 

ʠʟʙʨʘʥʠ ʩʝ ʩʣʝʜʥʠʚʝ ʥʝʟʘʚʠʩʥʠ ʧʘʨʘʤʝʪʨʠ: ʙʨʟʠʥʘ ʥʘ ʧʝʯʘʪʝˁʝ (31.5, 35.0 ʠ 38.5 mm/s), 

ʧʦʧʦʣʥʝʪʦʩʪ (45, 50 ʠ 55 %) ʠ ʚʠʩʦʯʠʥʘ ʥʘ ʩʣʦʿʦʪ (0.18, 0.20 ʠ 0.22 mm). 

ɺʣʝʟʥʠʪʝ ʧʘʨʘʤʝʪʨʠ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʠʪʝ ʙʝʘ ʧʣʘʥʠʨʘʥʠ ʩʦ ʤʝʪʦʜʘʪʘ ʥʘ ʊʘʛʫʯʠ, ʜʦʜʝʢʘ 

ʪʝʦʨʝʪʩʢʠʪʝ ʤʦʜʝʣʠ ʥʘ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʩʝ ʜʦʙʠʝʥʠ ʩʦ ʢʦʨʠʩʪʝˁʝ ʥʘ 

ʨʝʛʨʝʩʠʦʥʘʪʘ ʘʥʘʣʠʟʘ ʥʘ ʥʝʟʘʚʠʩʥʠʪʝ ʚʘʨʠʿʘʙʣʠ. ʂʦʨʠʩʪʝʥʘ ʝ ʠ ʤʝʪʦʜʘʪʘ ʥʘ ʥʘʿʤʘʣʠ 

ʢʚʘʜʨʘʪʠ ʟʘ ʦʧʨʝʜʝʣʫʚʘˁʝ ʥʘ ʛʦʣʝʤʠʥʘʪʘ ʥʘ ʢʦʝʬʠʮʠʝʥʪʠʪʝ. ɺʨʟ ʦʩʥʦʚʘ ʥʘ ʩʝʪʦ ʪʦʘ 

ʢʨʝʠʨʘʥʠ ʩʝ ʤʘʪʝʤʘʪʠʯʢʠ ʤʦʜʝʣʠ ʟʘ ʪʨʠ ʨʘʟʣʠʯʥʠ ʧʨʘʚʮʠ ʠ ʪʨʠ ʨʘʟʣʠʯʥʠ ʤʝʨʥʠ 

ʛʦʣʝʤʠʥʠ ʥʘ ʧʨʦʬʠʣʠʪʝ ʥʘ ʨʘʧʘʚʦʩʪ.  
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v 
 

ʉʦ ʮʝʣ ʜʘ ʩʝ ʜʦʙʣʠʞʠ ʨʘʜʠʿʘʮʠʦʥʘʪʘ ʜʦʟʘ ʜʦ ʢʦʞʘʪʘ ʥʘ ʧʘʮʠʝʥʪʦʪ ʨʝʘʣʠʟʠʨʘʥʦ ʝ 

ʧʝʯʘʪʝˁʝ ʥʘ ʙʦʣʫʩ, ʩʧʦʨʝʜ ʦʙʣʠʢʦʪ ʥʘ ʣʠʮʝʪʦ ʥʘ ʧʘʮʠʝʥʪʦʪ. ʉʦ ʧʦʤʦʰ ʥʘ ʩʦʦʜʚʝʪʝʥ 

ʩʦʬʪʚʝʨ (Treatment Planning System (TPS)) ʥʘʧʨʘʚʝʥʠ ʩʝ ʧʨʝʩʤʝʪʢʠ ʟʘ ʜʠʩʪʨʠʙʫʮʠʿʘ ʠ 

ʧʦʤʝʩʪʫʚʘˁʝ ʥʘ ʜʦʟʘʪʘ ʧʨʠ ʨʘʜʠʦʣʦʰʢʠʦʪ ʪʨʝʪʤʘʥ.  

ʇʦʩʪʦʠ ʪʝʦʨʝʪʩʢʘ ʧʦʚʨʟʘʥʦʩʪ ʧʦʤʝʺʫ ʛʦʣʝʤʠʥʠʪʝ Ra, Rz ʠ Rq, ʰʪʦ ʝ ʧʦʪʚʨʜʝʥʦ ʠ ʩʦ 

ʤʝʨʝˁʘʪʘ. ʂʘʢʦ ʨʝʟʫʣʪʘʪ ʥʘ ʪʦʘ, ʧʨʠʢʘʞʘʥʠ ʩʝ ʩʘʤʦ ʤʝʨʝˁʘʪʘ ʥʘ Ra. ɿʘ ʠʟʤʝʨʝʥʠʪʝ 

ʚʨʝʜʥʦʩʪʠ ʥʘ Ra-0, Ra-45 ʠ Ra-90, ʜʝʬʠʥʠʨʘʥʘ ʝ ʧʦʚʨʟʘʥʦʩʪʘ ʧʦʤʝʺʫ ʥʝʟʘʚʠʩʥʠʪʝ 

ʧʘʨʘʤʝʪʨʠ ʠ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ. ʅʘʧʨʘʚʝʥʠ ʩʝ ʠ ʪʝʩʪʦʚʠ ʥʘ ʧʦʚʪʦʨʣʠʚʦʩʪ ʥʘ 

ʨʝʟʫʣʪʘʪʠʪʝ. ʉʘʤʦ ʟʘ Ra-90 ʝʚʠʜʝʥʪʠʨʘʥʦ ʝ ʤʘʣʦ ʦʪʩʪʘʧʫʚʘˁʝ ʧʨʠ ʧʦʚʪʦʨʫʚʘˁʝ ʥʘ 

ʝʢʩʧʝʨʠʤʝʥʪʠʪʝ, ʜʦʜʝʢʘ ʧʨʠ ʧʦʚʪʦʨʫʚʘˁʝ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʠʪʝ ʟʘ Ra-0 ʠ Ra-45 

ʟʘʙʝʣʝʞʘʥʠ ʩʝ ʛʦʣʝʤʠ ʦʪʩʪʘʧʫʚʘˁʘ.  

ɺʨʟ ʦʩʥʦʚʘ ʥʘ ʝʜʝʥ ʦʜ ʤʝʪʦʜʠʪʝ ʥʘ ʊʘʛʫʯʠ, ʧʦʟʥʘʪ ʢʘʢʦ Ăʧʦʤʘʣʦʪʦ ʝ ʧʦʜʦʙʨʦñ, 

ʘʥʘʣʠʟʠʨʘʥʠ ʩʝ ʨʝʟʫʣʪʘʪʠʪʝ ʥʘ ʥʝʢʦʠ ʤʘʪʝʤʘʪʠʯʢʠ ʤʦʜʝʣʠ. ʇʨʝʩʤʝʪʘʥʠ ʩʝ ʦʧʨʝʜʝʣʝʥʠ 

ʚʨʝʜʥʦʩʪʠ ʟʘ Ra-90, ʟʘ ʢʦʥʢʨʝʪʥʠ ʥʝʟʘʚʠʩʥʠ ʚʘʨʠʿʘʙʣʠ, ʠ ʜʦʙʠʝʥʠ ʩʝ ʟʘ: PLA (14.37 ʠ 

14.03 Õm), ABS (4.39 ʠ 4.54 Õm), PETG (6.20 ʠ 6.39 Õm) ʠ ʟʘ 316L ʩʦ DMLS (2.42 ʠ 3.59 

Õm), ʟʘ ʣʠʥʝʘʨʥʠʪʝ ʠ ʝʢʩʧʦʥʝʥʮʠʿʘʣʥʠʪʝ ʤʦʜʝʣʠ. ɺʣʠʿʘʥʠʝʪʦ ʥʘ ʩʠʥʪʝʨʫʚʘˁʝʪʦ ʠ 

ʦʪʩʪʨʘʥʫʚʘˁʝʪʦ ʥʘ ʚʨʟʠʚʥʦʪʦ ʩʨʝʜʩʪʚʦ ʚʨʟ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʢʘʿ ʧʨʠʤʝʨʦʮʠʪʝ 

ʠʟʨʘʙʦʪʝʥʠ ʦʜ ʯʝʣʠʢʦʪ 316L ʩʦ ʪʝʭʥʦʣʦʛʠʿʘʪʘ FFF ʥʝ ʩʤʝʝ ʜʘ ʩʝ ʟʘʥʝʤʘʨʫʚʘ, ʥʦ ʟʘʨʘʜʠ 

ʥʝʨʘʩʧʦʣʘʛʘˁʝ ʩʦ ʦʚʘʘ ʪʝʭʥʦʣʦʛʠʿʘ ʚʦ ʥʘʰʘʪʘ ʩʨʝʜʠʥʘ ʥʝ ʩʝ ʥʘʧʨʘʚʝʥʠ ʧʦʰʠʨʦʢʠ 

ʠʩʪʨʘʞʫʚʘˁʘ.   

ʇʨʝʩʤʝʪʘʥʠʪʝ ʚʨʝʜʥʦʩʪʠ ʢʘʿ ʣʠʥʝʘʨʥʠʪʝ ʠ ʝʢʩʧʦʥʝʥʮʠʿʘʣʥʠʪʝ ʤʦʜʝʣʠ ʟʘ Ra-90 ʛʠ 

ʟʘʜʦʚʦʣʫʚʘʘʪ ʩʠʪʝ ʩʪʘʪʠʩʪʠʯʢʠ ʢʨʠʪʝʨʠʫʤʠ, ʘ ʪʠʝ ʩʝ ʩʧʦʨʝʜʣʠʚʠ ʧʦʤʝʺʫ ʩʝʙʝ ʧʦ ʦʜʥʦʩ 

ʥʘ ʨʘʟʣʠʢʠʪʝ. ʉʝʧʘʢ, ʤʦʞʝ ʜʘ ʩʝ ʟʘʙʝʣʝʞʠ ʤʘʣʘ ʧʨʝʜʥʦʩʪ ʥʘ ʝʢʩʧʦʥʝʥʮʠʿʘʣʥʠʦʪ ʤʦʜʝʣ 

ʚʦ ʦʜʥʦʩ ʥʘ ʣʠʥʝʘʨʥʠʦʪ. ʂʘʢʦ ʨʝʟʫʣʪʘʪ ʥʘ ʪʦʘ ʧʦʜʘʪʦʮʠʪʝ ʢʦʠ ʩʝ ʛʝʥʝʨʠʨʘʥʠ ʩʦ 

ʝʢʩʧʦʥʝʥʮʠʿʘʣʥʠʪʝ ʤʦʜʝʣʠ ʩʪʘʪʠʩʪʠʯʢʠ ʧʦʜʦʙʨʦ ʩʝ ʦʜʥʝʩʫʚʘʘʪ ʚʦ ʦʜʥʦʩ ʥʘ ʦʥʠʝ 

ʜʦʙʠʝʥʠ ʩʦ ʣʠʥʝʘʨʥʠʪʝ ʤʦʜʝʣʠ. 

ɿʘʙʝʣʝʞʘʥʠ ʩʝ ʧʦʚʝ˃ʝ ʧʨʝʜʥʦʩʪʠ ʢʘʿ ʧʨʠʤʝʥʘʪʘ ʥʘ ʪʝʨʤʦʧʣʘʩʪʠʯʥʠʦʪ ʙʦʣʫʩ ʚʦ 

ʨʘʜʠʦʪʝʨʘʧʠʿʘʪʘ. ʅʝʛʦʚʘʪʘ ʧʨʠʤʝʥʘ ʧʨʝʜʠʟʚʠʢʫʚʘ ʧʦʤʝʩʪʫʚʘˁʝ ʥʘ ʘʧʩʦʨʙʠʨʘʥʘʪʘ ʜʦʟʘ 

ʚʦ ʪʢʠʚʦʪʦ. ʀʟʨʘʙʦʪʢʘ ʥʘ ʙʦʣʫʩ ʩʦ 3D-ʧʝʯʘʪʝˁʝ ʦʚʦʟʤʦʞʫʚʘ ʧʨʦʤʝʥʣʠʚʘ ʜʝʙʝʣʠʥʘ, ʰʪʦ 

ʧʦʤʘʛʘ ʚʦ ʧʨʠ ʨʘʤʥʦʤʝʨʥʘʪʘ ʨʘʩʧʨʝʜʝʣʙʘ ʥʘ ʨʘʜʠʿʘʮʠʿʘʪʘ. ʇʦʢʨʘʿ ʪʦʘ, ʧʨʝʮʠʟʥʦ 

ʧʝʯʘʪʝʥʠʦʪ ʙʦʣʫʩ ʤʦʞʝ ʜʘ ʩʝ ʜʦʧʨʝ ʜʦ ʢʦʞʘʪʘ ʥʘ ʧʘʮʠʝʥʪʦʪ, ʰʪʦ ʝ ʤʥʦʛʫ ʚʘʞʥʦ ʟʘ 

ʢʚʘʣʠʪʝʪʦʪ ʥʘ ʜʠʩʪʨʠʙʫʮʠʿʘ ʥʘ ʜʦʟʘʪʘ. 

 

ʂʣʫʯʥʠ ʟʙʦʨʦʚʠ: ʘʜʠʪʠʚʥʦ ʧʨʦʠʟʚʦʜʩʪʚʦ; 3D-ʧʝʯʘʪʝˁʝ; ʨʘʧʘʚʦʩʪ ʥʘ ʧʦʚʨʰʠʥʘʪʘ; 

ʪʝʨʤʦʧʣʘʩʪʠ  (PLA; ABS; PETG); ʤʝʪʘʣ (316L); ʪʝʦʨʝʪʩʢʠ ʤʦʜʝʣ; ʙʦʣʫʩ 
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CONTRIBUTION TO INVESTIGATIONS OF SOME PROCESS 

PARAMETERS AND APPLICATION OF ADDITIVE 

MANUFACTURING TECHNOLOGY  

 

- ABSTRACT - 

 

The purpose of this study was to determine the effect of input printing parameters, as 

independent variables, on the surface roughness, as a dependent variable, of workpieces 

printed by three-dimensional (3D) printers. The profiles of the Ra, Rz, and Rq parameters 

were analyzed to describe surface roughness. Three measurement directions 0, 45, and 90 

degrees in relation to the printing direction were used to develop linear and exponential 

models of the surface roughness of the parts created by the various input parameters. The 

effect of 3D-printed boluses was also studied. 

The surface roughness of three different thermoplastics was studied using the Fused 

Deposition Modeling (FDM) technology, and two different metal technologies, Fused 

Filament Fabrication (FFF) and Direct Metal Laser Sintering (DMLS). 

To optimize process parameters, Taguchi methods-orthogonal arrays were used in the Design 

of Experiments (DoE) for thermoplastic and metallic printed workpieces. The Taguchi 

method produces 9 different combinations when three independent variables with three levels 

are studied. As a result, nine workpieces were created using a specific combination of 

independent parameters. 

Acrylonitrile butadiene styrene (ABS), Polylactic Acid (PLA), and Polyethylene 

Terephthalate Glycol Modified (PETG) were used for thermoplastic workpiece testing due to 

their physical properties and wide application. The same independent variables with the same 

range values were used for three thermoplastics: layer height (0.1, 0.15, and 0.2 mm), print 

speed (70, 80, and 90 mm/s), and infilling (30, 40, and 50%). DMLS technology was used for 

testing workpieces made of 316L stainless steel, with the following parameters chosen as 

independent parameters: laser power (180, 200, and 220 W), scan speed (450, 500, and 600 

mm/s), and hatch spacing (0.07, 0.08, and 0.09 mm). While, for FFF technology as 

independent parameters were chosen: print speed (31.5, 35.0, and 38.5 mm/s), infill (45, 50, 

and 55%), and layer height (0.18, 0.20, and 0.22 mm). 

The printing input parameters were designed using the Taguchi method, which was used to 

optimize the process for performance, quality, and cost. 

The surface roughness theoretical models were developed using multiple regression analysis 

of independent variables. The least squares method was also used to estimate the value of the 

coefficients. Based on this, mathematical models for three different directions and three 

measurement profiles were created. 

The printed boluses were applied to a specific patient in order to deliver the dose close to the 

patient's skin. The calculation with commercial bolus and printed bolus was done using 
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Treatment Planning System (TPS) software. The dose distribution and dose shifting were 

investigated. 

A correlation between surface roughness profiles Ra, Rz, and Rq was noticed through the 

measurements. As a result, only Ra was reported. For the measured values of Ra-0, Ra-45, 

and Ra-90, the relationship between the independent parameters and surface roughness has 

been defined. The repeatability test was carried out for measurements of 0, 45, and 90 

degrees in relation to the printing direction. Only Ra-90 evidenced a restricted deviation 

when the same test was repeated, whereas Ra-0 and Ra-45 evidenced a broad range of 

deviation when the measurements were repeated. 

Based on one of the Taguchi methods "smaller is better" were analyzed the results of 

mathematical models. The following calculated values of surface roughness Ra-90 were 

found for specific independent parameters and their values under study were found: PLA 

(14.37 and 14.03 µm), ABS (4.39 and 4.54 µm), PETG (6.20 and 6.39 µm) and 316L by 

DMLS (2.42 and 3.59 µm), for linear and exponential models. The impact of Sintering and 

Debinding on the surface roughness of 316L created by FFF technology is not negligible, and 

those processes were done abroad and could not be closely investigated. 

The calculated results of the exponential and linear models for the Ra-90 file met all of the 

statistical criteria, and the differences between them were comparable. When compared to 

linear models, exponential models used to have a slight advantage. As a result, data generated 

by exponential models fit in better statistically than data generated by exponential models. 

Several advantages were discovered when thermoplastics were used as a bolus. Boluses can 

cause a shift of absorbed dose in the tissue when delivered. Printing boluses with a 3D printer 

allow for variable thickness, which aids in the uniform distribution of radiation. Furthermore, 

the printed bolus can be touched on the patient's skin, which is critical for the quality of dose 

distribution. 

 

 

Keywords: Additive Manufacturin; 3D printing; Surface roughness; Thermoplastics ( PLA; 

ABS; PETG); Metal (316L); Theoretical modeling; Bolus; 
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  ˎ˘ˍː˛ˑˍ˝˚˛˞˟ 

 

ˑ̏̈̃̏̌̆̓̆ ̍  ̉̅  ́̉  ̍̒ ̆̈́̂̌́̄̏̅́̑́̍ ̎  ́̒̉̓̆ ̋̏̉ ̐̑̏̆̒̉̏̎́̌̎̏̕ ̍  ̉̐̏̍̏̄̎́́  ̉

̍  ̪̉̐̑̔̇̉́ ̗̆̌̏̒̎́ ̙̐̏̅̑̋́ ̐̑̉ ̉̈̑́̂̏̓̋́̓́ ̎  ́ ̏ ̪̃̏ ̅̏̋̓̏̑́̓.  

˙  ̉̎̆̅̏̒̓́̒̔̃́́̓ ̈̂̏̑̏̃̉ ̒ ̏̋̏̉ ̂ ̉̒́̋́̌́ ̅  ̪́ ́̉̈̑́̈́̍ ̪̍̏́̓́ ̂̌́̄̏̅́̑̎̏̒̓ ̅ ̏

̪̍̏̏̓ ̘̐̏̉̓̔̃́̎ ̍̆̎̓̏̑ ˜̑̏ .̕ -̅  ̑ˏ̌́̅̉̍̉̑ ˑ̔̋̏̃̒̋̉. ˕̘̒̋̌̔̉̓̆̌̎̏ ̍  ̔̒ ̆

̈́̂̌́̄̏̅́̑̔̃́̍  ̈ ́̎̆̄̏̃̉̓̆ ̘̎́̔̎̉ ̒̏̃̆̓̉ ,  ̋̏̎̓̉̎̔̉̑́̎́ ̙̐̏̅̑̋́  ̉̓̑̐̆̎̉̆ 

̈ ́̃̑̆̍̆ ̎  ́̍̏̉̓̆ ̅̏̋̓̏̑̒̋̉ ̒̓̔̅̉̉. ˚̆̄̏̃̏̓̏ ̏̄̑̏̍̎̏ ̉̒̋̔̒̓̃̏ ̪̒̆̋̏̅̎̆̃̎̏ 

̙̂̆̆ ̐̑̉̒̔̓̎̏ ̃ ̗̏̐̑̏̆̒̏̓ ̎  ̮́̉̒̓̑́̇̔̃́̆  ̉ ̇ ̉̃̏̓. 

˕̒̓̏ ̓́̋́, ̒́̋́̍ ̅ ́ ̉  ̍ ̒ ̆ ̈́̂̌́̄̏̅́̑́̍ ̎  ́ ̃̑́̂̏̓̆̎̉̓̆ ̎  ́ ˙̙́̉̎̒̋̉̏̓ 

́̋̔̌̓̆̓̕ ̐̑̉ ˠ̎̉̃̆̑̈̉̓̆̓̏̓  ̃ ̏ ˜̙̑̉̓̉̎́, ̈ ́ ̎̉̃̎́̓́ ̙̐̏̅̑̋́ ̐̑̉ 

̉̈̑́̂̏̓̋́̓́ ̎  ̗̪́̅̉̒̆̑̓́̉́̓́. 

˙̪̏́̓́ ̂̌́̄̏̅́̑̎̏̒̓ ̏̅̉  ̉̋̏̎ ̍̏̉̓̆ ̗̒̏̑́̂̏̓̎̉̉  ̪̉̐̑̉́̓̆̌̉ ̈ ́̎̉̃̎̉̓̆ 

̉̎̒̐̉̑́̓̉̃̎̉ ̅̉̒̋̔̒̉̉  ̉ ̖̅̔̏̃̎́ ̙̐̏̅̑̋́ ̎̉̈ ̗̆̌̉̏̓ ̐̆̑̉̏̅ ̎  ́ ̍̏̉̓̆ 

̅̏̋̓̏̑̒̋̉ ̒̓̔̅̉̉. 

˚  ̪́̋̑́̏̓, ̎  ̏̈ ́̍̆̎̆  ̪̉̎́̃́̇̎̏  ̆̅  ̪́ ́̉̈̑́̈́̍ ̪̍̏́̓́ ̂̌́̄̏̅́̑̎̏̒̓ ̋̏̎ ̍̏̆̓̏ 

̪̒̆̍̆̒̓̃̏, ̐̏̒̆̂̎̏ ̋̏̎ ̍̏̉̓̆ ̑̏̅̉̓̆̌̉ ˙̉̒̉̍  ̉ ˢ́̍̉̅̆, ̒̏̐̑̔̄̏̓ ː̆̈̉̍  ̉

̗̅̆́̓́ ˑ̑̉̎  ̉˶̏̎, ̈ ́̎̉̃̎́̓́ ̎̆̒̏̍̎̆̎́ ̭̔̂̏̃, ̙̐̏̅̑̋ ́  ̗̪̉̉̎̒̐̉̑́̉́ ̈ ́̃̑̆̍̆ 

̎  ́̍̏̆̓̏ ́̋́̅̆̍̒̋̏ ̙̐́̓̆̆̒̓̃̉̆. ˚̉̃̎́̓́ ̃̆̑̂́ ̃ ̏̍̆̎̆ ̄ ̙̉̏̅̑̇̔̃́̆ ̎  ́

̃̉̒̏̋̏ ̎̉̃̏ ̪̍̏̏̓ ̖̅̔  ̗̪̉̍̏̓̉̃́̉́ ̈ ́̃̑̆̍̆ ̎  ̗́̆̌̉̏̓ ̗̐̑̏̆̒. 

 

˗́̌̓̑̉̎̆ ˶́̋̔̐̉ 
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1. ɺʆɺɽɼ 

1.1. ʄʦʪʠʚʘʮʠʿʘ 

ʉʚʝʜʦʮʠ ʩʤʝ ʥʘ ʙʨʟʠʦʪ ʪʝʭʥʦʣʦʰʢʠ ʨʘʟʚʦʿ ʢʦʿ ʠʤʘ ʩʠʣʥʦ ʚʣʠʿʘʥʠʝ ʚʨʟ ʥʘʰʠʦʪ ʞʠʚʦʪ ʠ 

ʨʘʙʦʪʘ, ʘ ʩʝʢʘʢʦ ˃ʝ ʙʠʜʝ ʠ ʨʝʰʘʚʘʯʢʠ ʟʘ ʢʚʘʣʠʪʝʪʦʪ ʥʘ ʥʘʰʝʪʦ ʞʠʚʝʝˁʝ ʠ ʠʜʥʠʥʘʪʘ ʥʘ 

ʯʦʚʝʰʪʚʦʪʦ. 

ɻʦʣʝʤʠʥʘʪʘ, ʰʠʨʦʯʠʥʘʪʘ ʠ ʢʦʤʧʣʝʢʩʥʦʩʪʘ ʥʘ ʪʝʭʥʦʣʦʰʢʠʦʪ ʨʘʟʚʦʿ ʫʢʘʞʫʚʘ ʜʝʢʘ 

ʪʨʘʥʩʬʦʨʤʘʮʠʿʘʪʘ ʢʦʿʘ ʩʝ ʩʣʫʯʫʚʘ ʝ ʩʦʩʝʤʘ ʨʘʟʣʠʯʥʘ ʦʜ ʪʦʘ ʰʪʦ ʜʦʩʝʛʘ ʯʦʚʝʰʪʚʦʪʦ ʛʦ 

ʜʦʞʠʚʝʘʣʦ. ʆʪʪʫʢʘ ʠ ʢʦʥʩʪʘʪʘʮʠʿʘʪʘ ʜʝʢʘ ʥʠʝ ʥʝʤʘʤʝ ʜʦʚʦʣʥʦ ʠʥʬʦʨʤʘʮʠʠ ʟʘ ʩʝʪʦ ʪʦʘ 

ʠ ʢʘʢʦ ʨʝʟʫʣʪʘʪ ʥʠʝ ʩⱪ ʫʰʪʝ ʥʝ ʟʥʘʝʤʝ ʢʘʢʚʘ ˃ʝ ʙʠʜʝ ʠʜʥʠʥʘʪʘ, ʥʦ ʥʘʰʠʦʪ ʦʜʛʦʚʦʨ 

ʪʨʝʙʘ ʜʘ ʙʠʜʝ ʩʦ ʛʦʣʝʤʘ ʛʨʠʞʘ ʠ ʩʦʦʜʚʝʪʝʥ ʥʘ ʟʘʯʫʚʫʚʘˁʝ ʥʘ ʦʜʨʞʣʠʚʦʩʪʘ ʥʘ ʥʘʰʘʪʘ 

ʧʣʘʥʝʪʘ.  

ʇʨʚʘʪʘ ʠʥʜʫʩʪʨʠʩʢʘ ʨʝʚʦʣʫʮʠʿʘ ʿʘ ʠʩʢʦʨʠʩʪʠ ʝʥʝʨʛʠʿʘʪʘ ʥʘ ʚʦʜʘʪʘ ʟʘ ʦʣʝʩʥʫʚʘˁʝ ʥʘ 

ʨʘʙʦʪʘʪʘ ʥʘ ʯʦʚʝʢʦʪ. ɺʦ ʚʪʦʨʘʪʘ ʩʝ ʧʦʿʘʚʠ ʝʣʝʢʪʨʠʯʥʘʪʘ ʝʥʝʨʛʠʿʘ, ʘ ʪʨʝʪʘʪʘ ʛʠ 

ʘʬʠʨʤʠʨʘ ʝʣʝʢʪʨʦʥʠʢʘʪʘ ʠ ʠʥʬʦʨʤʘʪʠʯʢʠʪʝ ʪʝʭʥʦʣʦʛʠʠ. ʉʝʛʘ ʝ ʚʦ ʪʝʢ ʏʝʪʚʨʪʘʪʘ 

ʠʥʜʫʩʪʨʠʩʢʘ ʨʝʚʦʣʫʮʠʿʘ ʢʦʿʘ ʛʠ ʦʙʝʜʠʥʫʚʘ ʬʠʟʠʯʢʘʪʘ, ʙʠʦʣʦʰʢʘʪʘ ʠ ʜʠʛʠʪʘʣʥʠʪʝ 

ʩʬʝʨʠ. 

ɸʜʠʪʠʚʥʦʪʦ ʧʨʦʠʟʚʦʜʩʪʚʦ (ɸʇ) ʝ ʜʝʣ ʦʜ ʏʝʪʚʨʪʘʪʘ ʠʥʜʫʩʪʨʠʩʢʘ ʨʝʚʦʣʫʮʠʿʘ, ʧʦʢʨʘʿ 

Cloud Computing, the Internet of Things (IoT), Cyber-Physical Systems (CPS), Blockchain, 

Big Data analytics, and Horizontal and Vertical System Integration [1, 2]. ʄʘʰʠʥʩʢʠʪʝ 

ʠʥʞʝʥʝʨʠ ʿʘ ʠʤʘʘʪ ʢʣʫʯʥʘʪʘ ʫʣʦʛʘ ʚʦ ʪʝʭʥʦʣʦʛʠʿʘʪʘ ʥʘ ɸʇ ʦʜ ʢʘʜʝ ʠ ʧʨʦʠʟʣʝʛʫʚʘ 

ʤʦʪʠʚʘʮʠʿʘʪʘ ʜʘ ʩʝ ʙʠʜʝ ʜʝʣ ʦʜ ʦʚʦʿ ʥʘʿʩʦʚʨʝʤʝʥ ʨʘʟʚʦʿ ʩʦ ʩʚʦʿ ʧʨʠʜʦʥʝʩ ʚʦ 

ʠʩʪʨʘʞʫʚʘˁʝʪʦ ʠ ʝʜʫʢʘʮʠʿʘʪʘ ʩʦ ʮʝʣ ʟʘ ʧʦʜʦʙʨʘ ʠʜʥʠʥʘ ʥʘ ʥʘʰʘʪʘ ʠ ʧʦʰʠʨʦʢʘʪʘ 

ʩʨʝʜʠʥʘ.  ʉʝ ʨʘʟʙʠʨʘ ʜʝʢʘ ʠ ʤʦʿʘʪʘ ʞʝʣʙʘ ʟʘ ʥʘʧʨʝʜʦʢ ʚʦ ʢʘʨʠʝʨʘʪʘ ʠ ʠʟʫʯʫʚʘˁʝ ʥʦʚʠ 

ʨʘʙʦʪʠ ʫʰʪʝ ʧʦʚʝ˃ʝ ʿʘ ʟʘʩʠʣʠ ʞʝʣʙʘʪʘ ʜʘ ʩʝ ʚʢʣʫʯʘʤ ʚʦ ʠʩʪʨʘʞʫʚʘˁʝʪʦ ʥʘ ʦʚʘʘ 

ʩʦʚʨʝʤʝʥʘ ʧʨʦʙʣʝʤʘʪʠʢʘ. 

1.2. ʇʨʝʜʤʝʪ ʥʘ ʠʩʪʨʘʞʫʚʘˁʝʪʦ 

ʇʨʝʜʤʝʪʦʪ ʥʘ ʠʩʪʨʘʞʫʚʘˁʝʪʦ ʥʘ ʦʚʘʘ ʜʦʢʪʦʨʩʢʘ ʜʠʩʝʨʪʘʮʠʿʘ ʝ ʠʩʪʨʘʞʫʚʘˁʝ ʥʘ 

ʧʨʦʮʝʩʥʠʪʝ ʧʘʨʘʤʝʪʨʠ ʠ ʧʨʠʤʝʥʘʪʘ ʥʘ ʥʝʢʦʠ ʘʜʠʪʠʚʥʠ ʪʝʭʥʦʣʦʛʠʠ. ʀʩʪʨʘʞʫʚʘˁʘʪʘ ʩʝ 

ʥʘʩʦʯʝʥʠ ʢʦʥ ʘʥʘʣʠʟʘ ʥʘ ʧʨʦʮʝʩʥʠʪʝ ʧʘʨʘʤʝʪʨʠ ʩʦ ʮʝʣ ʥʘ ʦʧʨʝʜʝʣʫʚʘˁʝ ʥʘ ʥʠʚʥʦʪʦ 

ʚʣʠʿʘʥʠʝ ʚʨʟ ʢʚʘʣʠʪʝʪʦʪ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʰʪʦ ʩʝ ʜʦʙʠʚʘ ʩʦ ʦʚʠʝ ʪʝʭʥʦʣʦʛʠʠ. 

ʂʠʥʝʤʘʪʠʢʘʪʘ ʥʘ ʦʚʠʝ ʧʨʦʮʝʩʠ ʫʢʘʞʫʚʘ ʥʘ ʩʫʰʪʝʩʪʚʝʥʘʪʘ ʨʘʟʣʠʢʘ ʚʦ ʦʜʥʦʩ ʥʘ 

ʩʫʧʩʪʨʘʢʪʥʠʪʝ ʪʝʭʥʦʣʦʛʠʠ  ʠ hʪʦ ʝ ʣʦʛʠʯʥʦ ʜʘ ʩʝ ʦʯʝʢʫʚʘ, ʠ ʩʫʰʪʝʩʪʚʝʥʘ ʨʘʟʣʠʢʘ ʚʦ 

ʜʦʙʠʝʥʘʪʘ ʧʦʚʨʰʠʥʘ ʧʦ ʦʙʨʘʙʦʪʢʘʪʘ. ʉʧʝʮʠʬʠʢʘʪʘ ʥʘ ʦʚʠʝ ʪʝʭʥʦʣʦʛʠʠ ʩⱪ ʫʰʪʝ ʥʝ ʜʘʚʘ 

ʥʠʚʥʘ ʰʠʨʦʢʘ ʧʨʠʤʝʥʘ ʠ ʦʪʪʫʢʘ ʥʘʰʠʪʝ ʠʩʪʨʘʞʫʚʘˁʘ ʩʝ ʫʧʘʪʝʥʠ ʠ ʢʦʥ ʥʠʚʥʘ ʧʨʠʤʝʥʘ 

ʚʦ ʧʦʜʦʙʨʫʚʘˁʝ ʥʘ ʨʘʜʠʦʪʝʨʘʧʠʿʘʪʘ ʚʦ ʤʝʜʠʮʠʥʘʪʘ.  
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ʆʧʪʠʤʠʟʘʮʠʿʘʪʘ ʥʘ ʧʘʨʘʤʝʪʨʠʪʝ ʥʘ 3D-ʧʝʯʘʪʝʥʠʪʝ ʜʝʣʦʚʠ ʝ ʚʘʞʝʥ ʜʝʣ ʚʦ ʫʩʧʝʰʥʦʩʪʘ 

ʥʘ ʧʨʠʤʝʥʘʪʘ ʥʘ ʦʚʘʘ ʪʝʭʥʦʣʦʛʠʿʘ. ɺʦʦʙʠʯʘʝʥʦ, ʧʦʩʪʘʚʝʥʠʪʝ ʦʜ ʩʪʨʘʥʘ ʥʘ 

ʧʨʦʠʟʚʦʜʠʪʝʣʦʪ ʧʨʦʮʝʩʥʠ ʧʘʨʘʤʝʪʨʠ ʥʘʿʯʝʩʪʦ ʥʝ ʛʦ ʛʘʨʘʥʪʠʨʘʘʪ ʧʦʩʘʢʫʚʘʥʠʦʪ ʢʚʘʣʠʪʝʪ 

ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʥʘ ʧʝʯʘʪʝʥʠʦʪ ʜʝʣ ʠ ʦʪʪʫʢʘ ʧʦʪʨʝʙʥʘ ʝ ʦʧʪʠʤʠʟʘʮʠʿʘ ʥʘ ʧʦʚʝ˃ʝ 

ʧʘʨʘʤʝʪʨʠ ʟʘ ʜʘ ʩʝ ʜʦʙʠʝ ʧʦʚʨʰʠʥʘ ʩʦ ʧʦʩʘʢʫʚʘʥ ʢʚʘʣʠʪʝʪ.  

ʅʘʰʠʪʝ ʠʩʪʨʘʞʫʚʘˁʘ ʦʧʬʘ˃ʘʘʪ ʢʦʨʠʩʪʝˁʝ ʨʘʟʣʠʯʥʠ ʚʠʜʦʚʠ ʪʝʨʤʦʧʣʘʩʪʠʯʝʥ ʤʘʪʝʨʠʿʘʣ 

(PLA, ABS ʠ  PETG) ʚʦ ʬʦʨʤʘ ʥʘ ʞʠʮʘ, ʥʦ ʠʩʪʦ ʪʘʢʘ ʠ ʤʝʪʘʣ (316L), ʚʦ ʬʦʨʤʘ ʥʘ ʞʠʮʘ 

ʠ ʧʨʘʰʦʢ. ʄʘʪʝʨʠʿʘʣʠʪʝ ʚʦ ʬʦʨʤʘ ʥʘ ʞʠʮʘ ˃ʝ ʩʝ ʠʩʪʨʘʞʫʚʘʘʪ ʩʦ ʪʝʭʥʦʣʦʛʠʿʘʪʘ FDM 

Fused Deposition Modeling ʠ FFF Fused Filament Fabricate, ʜʦʜʝʢʘ ʟʘ ʤʘʪʝʨʠʿʘʣʦʪ ʚʦ 

ʦʙʣʠʢ ʥʘ ʧʨʘʰʦʢ ʩʝ ʢʦʨʠʩʪʠ ʪʝʭʥʦʣʦʛʠʿʘʪʘ Direct Metal Laser Sintering DMLS. 

1.3.  ʄʝʪʦʜʦʣʦʛʠʿʘ ʥʘ ʠʩʪʨʘʞʫʚʘˁʝ  

ɿʘ ʜʘ ʩʝ ʨʝʘʣʠʟʠʨʘʘʪ ʧʨʝʜʚʠʜʝʥʠʪʝ ʠʩʪʨʘʞʫʚʘˁʘ ˃ʝ ʩʝ ʧʨʠʤʝʥʘʪ ʢʚʘʥʪʠʪʘʪʠʚʥʠ ʤʝʪʦʜʠ 

ʢʦʠ ʜʘʚʘʘʪ ʦʧʪʠʤʘʣʥʠ ʥʘʫʯʥʠ ʨʝʟʫʣʪʘʪʠ. ʂʚʘʥʪʠʪʘʪʠʚʥʠʪʝ ʤʝʪʦʜʠ ʢʦʨʠʩʪʘʪ 

ʩʠʩʪʝʤʘʪʩʢʠ ʧʨʠʩʪʘʧ ʧʨʠ ʠʩʪʨʘʞʫʚʘˁʝ ʥʘ ʧʦʿʘʚʠ ʠ/ʠʣʠ ʧʦʜʘʪʦʮʠ. ʅʘʿʯʝʩʪʦ ʜʘʚʘʘʪ 

ʦʜʛʦʚʦʨ ʥʘ ʚʨʩʢʘʪʘ ʧʦʤʝʺʫ ʠʟʤʝʨʝʥʠʪʝ ʚʨʝʜʥʦʩʪʠ ʠ ʟʘʢʦʥʠʪʦʩʪʘ ʥʘ ʬʝʥʦʤʝʥʦʪ ʢʦʿ ʩʝ 

ʠʩʪʨʘʞʫʚʘ.  

ɿʘ ʜʘ ʩʝ ʧʦʩʪʠʛʥʝ ʧʦʩʪʘʚʝʥʘʪʘ ʮʝʣ ʥʘ ʠʩʪʨʘʞʫʚʘˁʘʪʘ, ʤʝʪʦʜʦʣʦʛʠʿ ʘʪʘ ʥʘ ʠʩʪʨʘʞʫʚʘˁʘʪʘ 

˃ʝ ʩʝ ʙʘʟʠʨʘ ʚʨʟ: 

¶ ʀʩʪʨʘʞʫʚʘˁʝ ʥʘ ʣʠʪʝʨʘʪʫʨʥʠ ʠʟʚʦʨʠ. ɵʝ ʩʝ ʠʩʪʨʘʞʘʪ ʥʘʿʩʦʚʨʝʤʝʥʠʪʝ 

ʨʝʬʝʨʝʥʪʥʠ ʠʟʚʦʨʠ ʦʜ ʦʙʣʘʩʪʘ ʥʘ ɸʇ, ʚʢʣʫʯʫʚʘʿ˃ʠ ʧʫʙʣʠʢʫʚʘʥʠ ʪʨʫʜʦʚʠ ʚʦ 

ʩʧʠʩʘʥʠʿʘ, ʤʦʥʦʛʨʘʬʠʠ, ʜʦʢʪʦʨʩʢʠ ʠ ʤʘʛʠʩʪʝʨʩʢʠ ʜʠʩʝʨʪʘʮʠʠ, ʢʦʥʬʝʨʝʥʮʠʩʢʠ 

ʪʨʫʜʦʚʠ ʠ ʩʪʨʫʯʥʘ ʣʠʪʝʨʘʪʫʨʘ. ʀʩʪʦ ʪʘʢʘ ˃ʝ ʩʝ ʟʝʤʘʪ ʧʨʝʜʚʠʜ ʠ ʘʢʘʜʝʤʩʢʠʪʝ 

ʨʘʩʧʨʘʚʠ ʩʦ ʚʦʜʝʯʢʠ ʝʢʩʧʝʨʪʠ ʦʜ ʦʙʣʘʩʪʘ ʥʘ ʠʩʪʨʘʞʫʚʘˁʝʪʦ.  

¶ ɽʢʩʧʝʨʠʤʝʥʪʘʣʥʠ ʠʩʪʨʘʞʫʚʘˁʘ. ɿʘ ʚʝʨʠʬʠʢʘʮʠʿʘ ʥʘ ʭʠʧʦʪʝʟʠʪʝ ʚʦ ʦʚʘʘ 

ʜʠʩʝʨʪʘʮʠʿʘ, ʚʘʞʥʦ ʝ ʜʘ ʩʝ ʦʧʪʠʤʠʟʠʨʘʘʪ ʧʨʦʮʝʩʥʠʪʝ ʧʘʨʘʤʝʪʨʠ ʩʦ ʮʝʣ ʜʘ ʩʝ 

ʜʦʙʠʝ ʩʦʦʜʚʝʪʝʥ ʢʚʘʣʠʪʝʪ ʥʘ ʧʝʯʘʪʝʥʠʦʪ ʜʝʣ. ɿʘ ʪʘʘ ʮʝʣ ˃ʝ ʩʝ ʢʦʨʠʩʪʠ 

ʤʝʪʦʜʦʣʦʛʠʿʘʪʘ ʥʘ ʜʠʟʘʿʥ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʠʪʝ (DoE), ʧʨʝʢʫ ʧʨʠʤʝʥʘ ʥʘ ʤʝʪʦʜʘʪʘ 

ʥʘ ʊʘʛʫʯʠ ʢʦʿʘ ʜʘʚʘ ʩʢʨʘʪʝʥ ʙʨʦʿ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʠ ʠ ʚʦ ʢʦʥʢʨʝʪʥʠʦʪ ʩʣʫʯʘʿ ʟʘ 

ʯʝʪʠʨʠ ʥʝʟʘʚʠʩʥʠ ʧʘʨʘʤʝʪʨʠ ʜʘʚʘ 9 ʢʦʤʙʠʥʘʮʠʠ, ʚʦ ʢʦʠ ʩʝʢʦʿ ʦʜ ʧʘʨʘʤʝʪʨʠʪʝ 

ʠʤʘ 3 ʨʘʟʣʠʯʥʠ ʥʠʚʦʘ [3-5]. ʉʦ ʠʩʪʨʘʞʫʚʘˁʘʪʘ ʩʝ ʦʧʬʘʪʝʥʠ ʢʘʢʦ 

ʪʝʨʤʦʧʣʘʩʪʠʯʥʠʪʝ ʤʘʪʝʨʠʿʘʣʠ ʪʘʢʘ ʠ ʤʝʪʘʣʦʪ, ʘ ʩʝ ʢʦʨʠʩʪʠ ʩʫʨʦʚʠʥʘ ʚʦ ʦʙʣʠʢ ʥʘ 

ʞʠʮʘ ʠ ʧʨʘʰʦʢ. 

ʀʩʪʨʘʞʫʚʘʥʠʪʝ ʥʝʟʘʚʠʩʥʦ ʧʨʦʤʝʥʣʠʚʠ ʧʘʨʘʤʝʪʨʠ ʟʘ ʪʝʨʤʦʧʣʘʩʪʠʪʝ  ʩʝ: ʧʨʝʯʥʠʢ 

ʥʘ ʤʣʘʟʥʠʮʘʪʘ, ʚʠʩʦʯʠʥʘʪʘ ʥʘ ʩʣʦʿʦʪ, ʙʨʟʠʥʘʪʘ ʥʘ ʧʝʯʘʪʝˁʝ ʠ ʧʦʧʦʣʥʝʪʦʩʪ. ɿʘ 

ʤʝʪʘʣʦʪ ʩʝ ʢʦʨʠʩʪʘʪ ʜʚʝ ʨʘʟʣʠʯʥʠ ʪʝʭʥʦʣʦʛʠʠ FFF (ʟʘ ʤʘʪʝʨʠʿʘʣʠ ʚʦ ʦʙʣʠʢ ʥʘ 

ʞʠʮʘ) ʠ  DMLS, ʟʘ ʧʨʘʰʝʩʪ ʤʘʪʝʨʠʿʘʣ. ɿʘ ʪʝʨʤʦʧʣʘʩʪʠʯʥʠʪʝ ʤʘʪʝʨʠʿʘʣʠ ʢʘʢʦ 

ʥʝʟʘʚʠʩʥʦ ʧʨʦʤʝʥʣʠʚʠ ʩʝ ʢʦʨʠʩʪʘʪ ʧʦʛʦʨʝ ʩʧʦʤʝʥʘʪʠʪʝ ʚʘʨʠʿʘʙʣʠ, ʥʦ ʟʘ 

ʤʝʪʘʣʥʘʪʘ ʞʠʮʘ ʩʝ ʢʦʨʠʩʪʘʪ ʙʨʟʠʥʘʪʘ ʥʘ ʧʝʯʘʪʝˁʝ, ʠʩʧʦʣʥʝʪʦʩʪʘ ʠ ʚʠʩʦʯʠʥʘʪʘ 
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ʥʘ ʩʣʦʿʦʪ, ʜʦʜʝʢʘ ʟʘ ʪʝʭʥʦʣʦʛʠʿʘʪʘ DMLS ʪʦʘ ʩʝ ʤʦ˃ʥʦʩʪʘ ʥʘ ʣʘʩʝʨʦʪ, ʙʨʟʠʥʘʪʘ 

ʥʘ ʩʢʝʥʠʨʘˁʝ ʠ ʨʘʩʪʦʿʘʥʠʝʪʦ ʤʝ̋ʫ ʣʠʥʠʠʪʝ.  

ʂʚʘʣʠʪʝʪʦʪ ʥʘ ʧʦʚʨʰʠʥʘʪʘ (ʨʘʧʘʚʦʩʪʘ) ˃ʝ ʩʝ ʠʩʪʨʘʞʫʚʘ ʧʨʝʢʫ Ra, Rz, ʠ  Rq, ʧʨʠ 

ʰʪʦ ʩʦ ʧʦʤʦʰ ʥʘ ʨʝʛʨʝʩʠʦʥʘʪʘ ʘʥʘʣʠʟʘ ˃ʝ ʩʝ ʚʦʩʧʦʩʪʘʚʠ ʪʝʦʨʝʪʩʢʠ ʤʦʜʝʣ ʥʘ 

ʟʘʚʠʩʥʦʩʪ ʧʦʤʝʺʫ ʠʩʪʨʘʞʫʚʘʥʠʪʝ ʛʦʣʝʤʠʥʠ. 

ɿʘ ʠʩʪʨʘʞʫʚʘˁʘʪʘ ʚʦ ʦʙʣʘʩʪʘ ʥʘ ʨʘʜʠʦʪʝʨʘʧʠʿʘʪʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ 

ʛʝʦʤʝʪʨʠʿʘʪʘ ʥʘ ʧʘʮʠʝʥʪʦʪ ʩʝ ʨʝʘʣʠʟʠʨʘ ʩʦ ʢʦʤʧʿʫʪʝʨʩʢʘ ʪʦʤʦʛʨʘʬʠʿʘ (CT), ʩʦ 

ʧʦʩʣʝʜʦʚʘʪʝʣʥʘ ʦʙʨʘʙʦʪʢʘ ʥʘ ʩʣʠʢʘʪʘ ʥʠʟ ʩʦʬʪʚʝʨʩʢʠ ʨʝʰʝʥʠʿʘ ʢʦʠ ʛʝʥʝʨʠʨʘʘʪ 

ʢʦʜ ʟʘ 3D-ʧʝʯʘʪʝˁʝ. ɿʘ ʚʝʨʠʬʠʢʘʮʠʿʘʪʘ ʥʘ ʝʬʝʢʪʦʪ ʥʘ ʢʦʨʠʩʪʝˁʝ ʥʘ ʙʦʣʫʩʦʪ ʚʦ 

ʨʘʜʠʦʪʝʨʘʧʠʿʘʪʘ ʩʝ ʢʦʨʠʩʪʠ ʧʘʢʝʪʦʪ ʟʘ ʩʠʤʫʣʘʮʠʿʘ ʙʘʟʠʨʘʥ ʥʘ ʤʝʪʦʜʘʪʘ  Monte 

Carlo (MC).  

1.4. ʎʝʣʠ ʥʘ ʠʩʪʨʘʞʫʚʘˁʝʪʦ 

ʎʝʣʠʪʝ ʥʘ ʦʚʘʘ ʜʦʢʪʦʨʩʢʘ ʜʠʩʝʨʪʘʮʠʿʘ ʩʝ ʜʘ ʩʝ ʨʘʟʚʠʝ ʤʝʪʦʜʦʣʦʛʠʿʘ ʟʘ ʦʧʪʠʤʠʟʘʮʠʿʘ ʥʘ 

ʧʘʨʘʤʝʪʨʠʪʝ ʥʘ ʦʜʨʝʜʝʥʠ ʪʝʭʥʦʣʦʛʠʠ ʦʜ ɸʇ, ʘ ʧʦʩʝʙʥʦ ʚʦ ʜʝʣʦʪ ʟʘ ʧʦʩʪʠʛʥʫʚʘˁʝ 

ʚʠʩʦʢʦ ʥʠʚʦ ʥʘ ʢʚʘʣʠʪʝʪ ʥʘ ʜʦʙʠʝʥʘʪʘ ʧʦʚʨʰʠʥʘ. ʀʩʪʨʘʞʫʚʘˁʘʪʘ ˃ʝ ʛʠ ʦʧʬʘʪʘʪ ʢʘʢʦ 

ʪʝʨʤʦʧʣʘʩʪʠʯʥʠʪʝ ʤʘʪʝʨʠʿʘʣʠ ʪʘʢʘ ʠ ʯʝʣʠʢʦʪ, ʘ ˃ʝ ʙʠʜʘʪ ʨʘʟʛʣʝʜʘʥʠ ʠ ʪʨʠ ʪʠʧʘ ʥʘ 

ʪʝʭʥʦʣʦʛʠʠ ɸʇ. ɽʜʥʘ ʦʜ ʮʝʣʠʪʝ ʝ ʠ ʧʨʠʤʝʥʘʪʘ ʥʘ ɸʇ ʚʦ ʨʘʜʠʦʪʝʨʘʧʠʿʘʪʘ, ʢʘʢʦ 

ʩʧʝʮʠʬʠʯʝʥ ʩʣʫʯʘʿ ʥʘ ʧʦʪʨʝʙʘʪʘ ʦʜ ʦʚʠʝ ʪʝʭʥʦʣʦʛʠʠ. 

ʈʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʩʝ ʢʚʘʥʪʠʬʠʮʠʨʘ ʩʦ ʦʪʩʪʘʧʫʚʘˁʝʪʦ ʚʦ ʧʨʘʚʝʮʦʪ ʥʘ 

ʥʦʨʤʘʣʥʠʦʪ ʚʝʢʪʦʨ ʥʘ ʨʝʘʣʥʘʪʘ ʧʦʚʨʰʠʥʘ, ʚʦ ʩʧʦʨʝʜʙʘ ʩʦ ʥʝʢʦʿʘ ʠʜʝʘʣʥʘ ʩʦʩʪʦʿʙʘ. 

ʂʦʛʘ ʪʠʝ ʦʪʩʪʘʧʫʚʘˁʘ ʩʝ ʤʘʣʠ ʟʙʦʨʫʚʘʤʝ ʟʘ ʤʘʟʥʘ ʧʦʚʨʰʠʥʘ, ʜʦʜʝʢʘ ʢʦʛʘ ʩʝ ʛʦʣʝʤʠ 

ʪʦʛʘʰ ʩʪʘʥʫʚʘ ʟʙʦʨ ʟʘ ʛʨʫʙʘ ʧʦʚʨʰʠʥʘ. ʂʦʨʠʩʪʝʿ˃ʠ ʿʘ ʤʝʪʦʜʦʣʦʛʠʿʘʪʘ ʥʘ DoE ʩʝ 

ʠʩʪʨʘʞʫʚʘʘʪ ʪʨʠ ʧʘʨʘʤʝʪʨʠ ʥʘ ʢʚʘʣʠʪʝʪʦʪ ʥʘ ʧʦʚʨʰʠʥʘʪʘ Ra, Rz, ʠ Rq,  ʚʦ ʬʫʥʢʮʠʿʘ ʦʜ 

ʪʝʭʥʦʣʦʰʢʠʪʝ ʧʘʨʘʤʝʪʨʠ ʥʘ ʧʨʦʮʝʩʦʪ. 

ɺʦ ʜʝʣʦʪ ʟʘ ʧʨʠʤʝʥʘʪʘ ʥʘ ɸʇ ʮʝʣʪʘ ʝ ʜʘ ʩʝ ʠʩʪʨʘʞʠ ʥʝʛʦʚʘʪʘ ʧʨʠʤʝʥʘ ʟʘ ʦʜʨʝʜʝʥ 

ʩʧʝʮʠʬʠʯʝʥ ʩʣʫʯʘʿ, ʨʘʜʠʦʪʝʨʘʧʠʿʘʪʘ ʚʦ ʤʝʜʠʮʠʥʘʪʘ. ʎʝʣʪʘ ʝ ʜʘ ʩʝ ʨʘʟʨʘʙʦʪʠ ʧʨʦʮʝʜʫʨʘ 

ʟʘ ʜʠʟʘʿʥʠʨʘˁʝ ʠ ʠʟʨʘʙʦʪʢʘ ʥʘ ʙʦʣʫʩ ʢʦʿ ˃ʝ ʛʦ ʧʦʜʦʙʨʠ ʢʚʘʣʠʪʝʪʦʪ ʥʘ ʪʨʝʪʤʘʥʦʪ ʥʘ 

ʧʘʮʠʝʥʪʠʪʝ ʩʦ ʨʘʢ ʥʘ ʢʦʞʘʪʘ [6-12]. 

ɿʘ ʜʘ ʩʝ ʧʦʩʪʠʛʥʘʪ ʧʦʩʪʘʚʝʥʠʪʝ ʮʝʣʠ ˃ʝ ʙʠʜʝ ʧʦʪʨʝʙʥʦ ʜʘ ʩʝ ʨʝʘʣʠʟʠʨʘʘʪ ʩʣʝʜʥʠʚʝ 

ʘʢʪʠʚʥʦʩʪʠ: 

¶ ɼʠʟʘʿʥʠʨʘˁʝ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʠʪʝ ʟʘ ʦʧʪʠʤʠʟʘʮʠʿʘ ʥʘ ʧʘʨʘʤʝʪʨʠʪʝ ʥʘ 3D-

ʧʝʯʘʪʝˁʝ ʟʘ ʧʣʘʩʪʠʯʥʠ ʠ ʞeʣʝʟʥʠ ʤʘʪʝʨʠʿʘʣʠ  

¶ ʈʝʘʣʠʟʘʮʠʿʘ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʪʝ ʠ ʪʝʦʨʝʪʩʢʠ ʘʢʪʠʚʥʦʩʪʠ ʧʦʚʨʟʘʥʠ ʩʦ 

ʧʝʯʘʪʝˁʝ ʥʘ ʜʝʣʦʚʠʪʝ, ʤʝʨʝˁʘ ʥʘ ʦʜʨʝʜʝʥʠ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʧʦʚʨʰʠʥʠʪʝ ʠ 

ʨʘʟʨʘʙʦʪʢʘ ʥʘ ʩʦʦʜʚʝʪʥʘ ʘʥʘʣʠʪʠʯʢʘ ʟʘʚʠʩʥʦʩʪ ʚʨʟ ʙʘʟʘ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʪʝ 

ʧʦʜʘʪʦʮʠ ʜʦʙʠʝʥʠ ʦʜ ʝʢʩʧʝʨʠʤʝʥʪʠʪʝ 

¶ ɼʠʟʘʿʥʠʨʘˁʝ ʠ ʠʟʨʘʙʦʪʢʘ ʥʘ ʙʦʣʫʩ ʟʘ ʢʦʥʢʨʝʪʝʥ ʧʘʮʠʝʥʪ 

¶ ɺʝʨʠʬʠʢʘʮʠʿʘ ʥʘ ʜʦʟʠʤʝʪʨʠʩʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠ ʦʧʨʘʚʜʘʥʦʩʪʘ ʥʘ ʧʨʠʤʝʥʘʪʘ 

ʥʘ 3D ʧʝʯʘʪʝʥʠʦʪ ʙʦʣʫʩ. 
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1.5. ʍʠʧʦʪʝʟʠ 

ɺʨʟ ʦʩʥʦʚʘ ʧʨʝʣʠʤʠʥʘʨʥʠʪʝ ʠʩʪʨʘʞʫʚʘˁʘ ʠ ʫʚʠʜʦʪ ʚʦ ʣʠʪʝʨʘʪʫʨʥʠʪʝ ʠʟʚʦʨʠ ʤʦʞʘʪ ʜʘ 

ʩʝ ʜʝʬʠʥʠʨʘʘʪ ʩʣʝʜʥʠʚʝ ʭʠʧʦʪʝʟʠ: 

ʍʠʧʦʪʝʟʘ 1: ʉʦ ʧʨʠʤʝʥʘʪʘ ʥʘ ʜʠʟʘʿʥʠʨʘˁʝ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʠʪʝ ʤʦʞʝ ʜʘ ʩʝ ʦʧʨʝʜʝʣʠ ʢʦʿ 

ʦʜ ʚʣʝʟʥʠʪʝ ʧʘʨʘʤʝʪʨʠ ʠʤʘ ʥʘʿʛʦʣʝʤʦ ʚʣʠʿʘʥʠʝ ʚʨʟ ʢʚʘʣʠʪʝʪʦʪ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʥʘ 

ʧʝʯʘʪʝʥʠʪʝ 3D-ʧʨʠʤʝʨʦʮʠ ʠʟʨʘʙʦʪʝʥʠ ʦʜ ʪʝʨʤʦʧʣʘʩʪʠʢʘ ʠ ʤʝʪʘʣ ʠ ʩʦ ʧʨʠʤʝʥʘʪʘ ʥʘ  

ʨʘʟʣʠʯʥʠ ʪʝʭʥʦʣʦʛʠʠ. 

ʍʠʧʦʪʝʟʘ 2: ɼʘʣʠ ʝ ʚʦʟʤʦʞʥʦ ʜʘ ʩʝ ʢʨʝʠʨʘ ʤʘʪʝʤʘʪʠʯʢʠ ʤʦʜʝʣ ʩʦ ʢʦʿ ˃ʝ ʩʝ ʜʦʢʘʞʝ 

ʬʫʥʢʮʠʦʥʘʣʥʘʪʘ ʟʘʚʠʩʥʦʩʪ ʧʦʤʝʺʫ ʢʚʘʣʠʪʝʪʦʪ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʠ ʥʝʟʘʚʠʩʥʠʪʝ ʧʘʨʘʤʝʪʨʠ 

ʥʘ ʧʝʯʘʪʝʥʠʪʝ 3D-ʧʨʠʤʝʨʦʮʠ? 

ʍʠʧʦʪʝʟʘ 3: ʉʦ ʧʨʠʤʝʥʘ ʥʘ ʙʦʣʫʩ ʦʜ ʪʝʨʤʦʧʣʘʩʪʠʯʝʥ ʤʘʪʝʨʠʿʘʣ ʠʟʨʘʙʦʪʝʥ ʩʦ 3D-

ʧʝʯʘʪʝˁʝ ʩʧʨʝʤʘ ʦʙʣʠʢʦʪ ʥʘ ʧʘʮʠʝʥʪʦʪ, ʤʦʞʝ ʜʘ ʩʝ ʧʦʜʦʙʨʠ ʝʬʝʢʪʦʪ ʥʘ 

ʨʘʜʠʦʪʝʨʘʧʠʿʘʪʘ ʢʘʿ ʧʘʮʠʝʥʪʠʪʝ ʙʦʣʥʠ ʦʜ ʪʫʤʦʨ ʥʘ ʢʦʞʘʪʘ. 

1.6. ʆʯʝʢʫʚʘʥʠ ʨʝʟʫʣʪʘʪʠ ʠ  ʝʬʝʢʪʠ ʦʜ ʥʠʚʥʘʪʘ ʧʨʠʤʝʥʘ 

ɺʨʟ ʦʩʥʦʚʘ ʥʘ ʮʝʣʠʪʝ ʥʘ ʦʚʠʝ ʠʩʪʨʘʞʫʚʘˁʘ ʠ ʜʦʢʘʞʫʚʘˁʝ ʥʘ ʭʠʧʦʪʝʟʠʪʝ, ʜʦʙʠʝʥʠʪʝ 

ʨʝʟʫʣʪʘʪʠ ʠ ʝʬʝʢʪʠʪʝ ʦʜ ʥʠʚʥʘʪʘ ʧʨʠʤʝʥʘ ʙʠ ʤʦʞʝʣʝ ʜʘ ʩʝ ʩʫʤʠʨʘʘʪ ʥʘ ʩʣʝʜʥʠʦʚ 

ʥʘʯʠʥ: 

¶ ʈʝʟʫʣʪʘʪʠʪʝ ʦʜ ʧʨʠʤʝʥʘʪʘ ʥʘ DoE-ʦʧʪʠʤʠʟʘʮʠʿʘʪʘ ʥʘ ʢʚʘʣʠʪʝʪʦʪ ʥʘ 

ʦʙʨʘʙʦʪʝʥʘʪʘ ʧʦʚʨʰʠʥʘ ʠ ʜʦʙʠʝʥʠʪʝ ʨʝʣʘʮʠʠ ʦʚʦʟʤʦʞʫʚʘʘʪ ʥʘ ʨʝʣʘʪʠʚʥʦ ʙʨʟ ʠ 

ʝʜʥʦʩʪʘʚʝʥ ʥʘʯʠʥ ʦʧʨʝʜʝʣʫʚʘˁʝ ʥʘ ʧʘʨʘʤʝʪʨʠʪʝ ʥʘ ʧʝʯʘʪʝˁʝʪʦ. 

¶ ɵʝ ʩʝ ʩʪʝʢʥʘʪ ʜʦʧʦʣʥʠʪʝʣʥʠ ʩʦʟʥʘʥʠʿʘ ʟʘ ʬʝʥʦʤʝʥʦʪ ʥʘ ʢʚʘʣʠʪʝʪʦʪ ʥʘ 

ʧʝʯʘʪʝʥʠʪʝ 3D-ʧʨʦʠʟʚʦʜʠ ʟʘ ʦʧʨʝʜʝʣʝʥʠ ʪʝʨʤʦʧʣʘʩʪʠʯʥʠ ʤʘʪʝʨʠʿʘʣʠ ʠ ʤʝʪʘʣʠ.

  

¶ ʈʘʟʨʘʙʦʪʝʥʠʦʪ ʘʣʛʦʨʠʪʘʤ ʟʘ ʜʠʟʘʿʥʠʨʘˁʝ ʠ ʠʟʨʘʙʦʪʢʘ ʥʘ ʙʦʣʫʩ ʚʦ 

ʨʘʜʠʦʪʝʨʘʧʠʿʘʪʘ ˃ʝ ʦʪʚʦʨʠ ʧʘʪ ʟʘ ʥʝʛʦʚʘ ʧʨʠʤʝʥʘ ʚʦ ʤʝʜʠʮʠʥʘʪʘ ʠ ʧʦʜʦʙʨʫʚʘˁʝ 

ʥʘ ʝʬʝʢʪʠʪʝ ʦʜ ʨʘʜʠʦʪʝʨʘʧʠʿʘʪʘ. 

¶ ʈʝʟʫʣʪʘʪʠʪʝ ʦʜ ʠʩʪʨʘʞʫʚʘˁʘʪʘ ʥʘ ʝʬʝʢʪʦʪ ʚʨʟ ʨʘʜʠʦʪʝʨʘʧʠʿʘʪʘ ʥʘ ʙʦʣʫʩʦʪ ˃ʝ 

ʦʪʚʦʨʘʪ ʧʘʪʠʰʪʘ ʟʘ ʧʦʥʘʪʘʤʦʰʥʠ ʢʣʠʥʠʯʢʠ ʠʩʪʨʘʞʫʚʘˁʘ ʥʘ ʥʝʛʦʚʘʪʘ ʧʨʠʤʝʥʘ 

ʚʦ ʤʝʜʠʮʠʥʘʪʘ, ʚʨʟ ʦʩʥʦʚʘ ʥʘ ʧʨʠʤʝʥʘ ʥʘ ʨʘʟʣʠʯʥʠ ʤʘʪʝʨʠʿʘʣʠ ʠ ʪʝʭʥʦʣʦʰʢʠ 

ʧʘʨʘʤʝʪʨʠ.  
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2. ʇʈɽɻʃɽɼ ʅɸ ʃʀʊɽʈɸʊʋʈɸʊɸ ʈɽʃɽɺɸʅʊʅɸ ɿɸ ʀʉʊʈɸɾʋɺɸɳɸʊɸ 

ɸʜʠʪʠʚʥʦʪʦ ʧʨʦʠʟʚʦʜʩʪʚʦ (ɸʇ) ʿʘ ʟʛʦʣʝʤʫʚʘ ʩʚʦʿʘʪʘ ʚʘʞʥʦʩʪ ʚʦ ʧʦʩʣʝʜʥʦʪʦ 

ʜʝʩʝʪʣʝʪʠʝ. ʊʦʘ ʛʦ ʨʝʚʦʣʫʮʠʦʥʠʨʘʰʝ ʧʨʦʪʦʪʠʧʩʢʦʪʦ ʧʨʦʠʟʚʦʜʩʪʚʦ ʠ ʿʘ ʥʘʿʜʝ ʩʚʦʿʘʪʘ 

ʧʨʠʤʝʥʘ ʩʢʦʨʦ ʚʦ ʩʠʪʝ ʦʙʣʘʩʪʠ. ɸʇ ʫʰʪʝ ʩʝ ʩʨʝ˃ʘʚʘ ʠ ʢʘʢʦ ʪʨʠʜʠʤʝʥʟʠʦʥʘʣʥʦ 

ʧʝʯʘʪʝˁʝ (3D). ʊʦʘ ʧʨʝʪʩʪʘʚʫʚʘ ʩʫʰʪʠʥʩʢʘ ʜʚʠʞʝʯʢʘ ʩʠʣʘ ʢʘʿ ʀʥʜʫʩʪʨʠʿʘʪʘ 4.0 [13,14]. 

ʆʚʦʿ ʚʠʜ ʥʘ ʧʨʦʠʟʚʦʜʩʪʚʦ ʛʦ ʢʦʨʠʩʪʠ 3D-ʤʦʜʝʣʦʪ ʥʘ ʦʙʿʝʢʪʦʪ ʟʘ ʜʘ ʩʝ ʢʨʝʠʨʘ ʜʝʣ ʩʦ 

ʜʦʜʘʚʘˁʝ ʩʫʢʮʝʩʠʚʥʠ ʩʣʦʝʚʠ ʥʘ ʤʘʪʝʨʠʿʘʣʠ [15], ʦʪʚʦʨʘʿ˃ʠ ʤʦʞʥʦʩʪ ʟʘ ʢʨʝʠʨʘˁʝ 

ʜʝʣʦʚʠ ʩʦ ʢʦʤʧʣʝʢʩʥʘ ʛʝʦʤʝʪʨʠʿʘ ʠ ʨʘʟʥʦʚʠʜʥʠ ʤʘʪʝʨʠʿʘʣʠ ʥʘʤʝʥʝʪʠ ʟʘ ʥʘʿʨʘʟʣʠʯʥʠ 

ʧʨʠʤʝʥʠ [16,18]. ʆʚʘ ʩʫʰʪʝʩʪʚʝʥʦ ʩʝ ʨʘʟʣʠʢʫʚʘ ʦʜ ʩʫʧʩʪʨʘʢʪʥʦʪʦ ʧʨʦʠʟʚʦʜʩʪʚʦ ʢʘʿ ʢʦʝ 

ʧʨʦʠʟʚʦʜʦʪ ʩʝ ʦʬʦʨʤʫʚʘ ʩʦ ʦʜʚʦʿʫʚʘˁʝ ʥʘ ʤʘʪʝʨʠʿʘʣ ʟʘ ʜʘ ʩʝ ʜʦʙʠʝ ʧʦʩʘʢʫʚʘʥʘʪʘ 

ʛʝʦʤʝʪʨʠʿʘ [19]. 

ʊʝʭʥʦʣʦʛʠʿʘʪʘ ʥʘ ɸʇ ʠʤʘ ʢʣʫʯʥʘ ʫʣʦʛʘ ʚʦ ʤʥʦʛʫ ʦʙʣʘʩʪʠ ʦʜ ʠʥʜʫʩʪʨʠʿʘʪʘ ʠ ʞʠʚʦʪʦʪ ʠ 

ʥʝʿʟʠʥʘʪʘ ʚʘʞʥʦʩʪ ʩʝʢʦʿʜʥʝʚʥʦ ʩʝ ʟʛʦʣʝʤʫʚʘ. ɻʣʘʚʥʘʪʘ ʧʨʠʤʝʥʘ ʥʘ ʪʝʭʥʦʣʦʛʠʿʘʪʘ ʥʘ ɸʇ 

ʚʦʦʙʠʯʘʝʥʦ ʝ ʦʨʠʝʥʪʠʨʘʥʘ ʢʦʥ ʠʥʜʫʩʪʨʠʿʘʪʘ, ʧʦʩʝʙʥʦ ʢʦʥ ʘʝʨʦʥʘʫʪʠʢʘʪʘ, ʚʩʝʣʝʥʩʢʘʪʘ 

ʠʥʜʫʩʪʨʠʿʘ, ʛʨʘʜʝʞʥʠʰʪʚʦʪʦ, ʘʚʪʦʤʦʙʠʣʩʢʘʪʘ ʠʥʜʫʩʪʨʠʿʘ, ʤʝʜʠʮʠʥʘʪʘ, ʦʙʨʘʟʦʚʘʥʠʝʪʦ 

ʠ ʜʨʫʛʦ. ɿʘʨʘʜʠ ʥʝʿʟʠʥʘʪʘ ʧʦʧʫʣʘʨʥʦʩʪ ʦʚʘʘ ʪʝʭʥʦʣʦʛʠʿʘ ʝ ʚʦ ʮʝʥʪʘʨʦʪ ʥʘ ʠʥʪʝʥʟʠʚʥʠ 

ʠʩʪʨʘʞʫʚʘˁʘ ʚʦ ʤʥʦʛʫ ʠʩʪʨʘʞʫʚʘʯʢʠ ʮʝʥʪʨʠ ʠ ʠʥʜʫʩʪʨʠʠ. 

3D-ʧʝʯʘʪʝˁʝʪʦ ʝ ʧʨʦʮʝʩ ʥʘ ʧʨʦʠʟʚʦʜʩʪʚʦ ʥʘ ʪʨʠʜʠʤʝʥʟʠʦʥʘʣʥʠ ʦʙʿʝʢʪʠ ʦʜ ʜʠʛʠʪʘʣʥʠ 

ʜʘʪʦʪʝʢʠ. ɼʠʛʠʪʘʣʥʘʪʘ ʜʘʪʦʪʝʢʘ ʩʝ ʢʨʝʠʨʘ ʩʦ ʢʦʤʧʿʫʪʝʨʩʢʠ ʧʦʪʧʦʤʦʛʥʘʪʦʪʦ 

ʜʠʟʘʿʥʠʨʘˁʝ (CAD) ʥʘ ʦʙʿʝʢʪʦʪ, ʘ ʩʝ ʧʨʝʥʝʩʫʚʘ ʧʦʥʘʪʘʤʫ ʢʘʢʦ STL-ʜʘʪʦʪʝʢʘ. ɺʨʟ 

ʦʩʥʦʚʘ ʥʘ ʩʧʝʮʠʬʠʯʥʦʩʪʠʪʝ ʥʘ ʦʙʿʝʢʪʦʪ ʩʝ ʢʨʝʠʨʘʘʪ ʚʣʝʟʥʠʪʝ ʧʘʨʘʤʝʪʨʠ ʥʘ ʩʦʬʪʚʝʨʦʪ 

ʩʦ ʢʦʿ ʩʝ ʜʦʙʠʚʘ G-ʢʦʜʦʪ ʧʨʝʢʫ ʢʦʿ ʩʝ ʨʝʘʣʠʟʠʨʘ ʨʘʙʦʪʘʪʘ ʥʘ ʧʝʯʘʪʘʯʦʪ. 

ʆʚʘʘ ʪʝʭʥʦʣʦʛʠʿʘ ʠʤʘ ʰʠʨʦʢʘ ʧʨʠʤʝʥʘ ʚʦ ʤʥʦʛʫ ʦʙʣʘʩʪʠ ʠ ʟʘʨʘʜʠ ʥʝʿʟʠʥʘʪʘ ʥʠʩʢʘ 

ʮʝʥʘ, ʨʘʟʥʦʚʠʜʥʦʩʪ ʥʘ ʧʨʦʠʟʚʦʜʩʪʚʦʪʦ, ʥʘʤʘʣʫʚʘˁʝ ʥʘ ʚʢʫʧʥʦʪʦ ʚʨʝʤʝ ʥʘ ʧʨʦʠʟʚʦʜʩʪʚʦ 

ʠ ʝʜʥʦʩʪʘʚʥʦʩʪʘ ʟʘ ʢʦʨʠʩʪʝˁʝ. ɺʦ ʜʝʥʝʰʥʦ ʚʨʝʤʝ ʥʘ ʨʘʩʧʦʣʘʛʘˁʝ ʩʝ ʤʥʦʛʫ ʨʘʟʣʠʯʥʠ 

ʤʘʪʝʨʠʿʘʣʠ ʢʦʠ ʤʦʞʘʪ ʜʘ ʩʝ ʢʦʨʠʩʪʘʪ ʚʦ ɸʇ, ʢʘʢʦ ʰʪʦ ʩʝ ʤʝʪʘʣʠʪʝ [16], ʢʝʨʘʤʠʢʘʪʘ, 

ʧʣʘʩʪʠʢʘʪʘ, ʢʦʤʧʦʟʠʪʠʪʝ, ʧʦʣʠʤʝʨʥʠʪʝ ʤʘʪʝʨʠʿʘʣʠ, ʢʘʨʙʦʥʩʢʠʪʝ ʚʣʘʢʥʘ ʠ ʜʨ. [20]. 

ʅʘʿʯʝʩʪʦ ʢʦʨʠʩʪʝʥʠ ʤʝʪʘʣʥʠ ʤʘʪʝʨʠʿʘʣʠ ʩʝ ʥʝʨʺʦʩʫʚʘʯʢʠʦʪ ʯʝʣʠʢ, ʪʠʪʘʥʠʫʤʦʪ, 

ʤʘʛʥʝʟʠʫʤʦʪ, ʘʣʫʤʠʥʠʫʤʦʪ, ʣʝʛʫʨʠ Cr-Co ʠ ʜʨʫʛʠ [21-28]. ɺʦ ʧʦʩʣʝʜʥʦ ʚʨʝʤʝ ʦʚʘʘ 

ʪʝʭʥʦʣʦʛʠʿʘ ʛʦ ʧʨʠʚʣʝʯʝ ʚʥʠʤʘʥʠʝʪʦ ʥʘ ʧʦʚʝ˃ʝ ʩʝʢʪʦʨʠ ʤʝʺʫ ʢʦʠ ʠ ʥʘ ʙʠʦʤʝʜʠʮʠʥʘʪʘ 

[29]. ɺʦ ʤʝʜʠʮʠʥʘʪʘ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʤʦʜʝʣʠʨʘˁʝ ʚʦ ʭʠʨʫʨʛʠʿʘʪʘ [30], ʟʘ ʢʨʝʠʨʘˁʝ 

ʠʥʧʣʘʥʪʠ ʢʘʢʦ ʟʘʤʝʥʘ ʥʘ ʢʦʩʢʠ [31], ʟʘ ʙʦʣʫʩʠ [10ï12, 32], ʟʘ ʢʨʝʠʨʘˁʝ ʪʢʠʚʦ ʩʦ ʞʠʚʠ 

˃ʝʣʠʠ [33, 34], ʟʘ ʜʝʥʪʘʣʥʠ ʠʥʧʣʘʥʪʠ [35ï37], ʩʧʝʮʠʿʘʣʥʠ ʧʨʦʪʝʟʠ [38, 39] ʠ ʜʨʫʛʠ 

ʚʘʞʥʠ ʧʨʠʤʝʥʠ ʚʦ ʤʝʜʠʮʠʥʘʪʘ [11-12, 40]. ʂʘʢʦ ʨʝʟʫʣʪʘʪ ʥʘ ʩʝʪʦ ʪʦʘ ʩʝ ʿʘʚʫʚʘ ʠ ʧʦʠʤʦʪ 
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ó3D bio printingô ʢʦʿ ʦʟʥʘʯʫʚʘ ʜʝʢʘ ʤʘʪʝʨʠʿʘʣʦʪ ʢʦʿ ʩʝ ʧʝʯʘʪʠ  óbioinkô [41, 42], ʩʝ ʩʦʩʪʦʠ 

ʦʜ ʞʠʚʠ ˃ʝʣʠʠ, ʙʠʦʤʘʪʝʨʠʿʘʣʠ ʠʣʠ ʘʢʪʠʚʥʠ ʙʠʦʤʦʣʝʢʫʣʠ. 

ɸʥʘʣʦʛʥʦ ʥʘ ʘʜʠʪʠʚʥʦʪʦ ʧʨʦʠʟʚʦʜʩʪʚʦ 3D-ʙʠʦʧʝʯʘʪʝˁʝʪʦ ʩʝ ʨʝʘʣʠʟʠʨʘ ʩʦ ʥʘʥʝʩʫʚʘˁʝ 

ʩʣʦʝʚʠ ʙʠʦʤʘʪʝʨʠʿʘʣ ʟʘ ʜʘ ʩʝ ʢʨʝʠʨʘ 3D-ʦʙʿʝʢʪʦʪ, ʢʘʢʦ ʰʪʦ ʩʝ ʪʢʠʚʘʪʘ ʠʣʠ ʦʨʛʘʥʠʪʝ [43, 

44]. ʆʚʘʘ ʪʝʭʥʦʣʦʛʠʿʘ ʝ ʢʦʨʠʩʪʝʥʘ ʚʦ ʠʩʪʨʘʞʫʚʘˁʘʪʘ ʢʦʠ ʠʤʘʘʪ ʟʘ ʮʝʣ ʜʘ ʛʠ ʟʘʤʝʥʘʪ 

ʙʦʣʥʠʪʝ ʦʨʛʘʥʠ, ʢʘʢʦ ʙʫʙʨʝʟʠʪʝ ʠʣʠ ʩʨʮʝʪʦ. ʉʝ ʦʯʝʢʫʚʘ ʜʘ ʩʝ ʧʨʦʠʟʚʝʜʘʪ ʦʨʛʘʥʠ ʢʦʠ ˃ʝ 

ʛʠ ʠʩʧʦʣʥʫʚʘʘʪ ʠʩʪʠʪʝ ʙʠʦʣʦʰʢʠ ʬʫʥʢʮʠʠ ʢʘʢʦ ʠ ʧʨʠʨʦʜʥʠʪʝ ʦʨʛʘʥʠ, ʩʦ ʰʪʦ ʩʝ ʦʪʚʦʨʘ 

ʥʦʚʘ ʠʜʥʠʥʘ ʟʘ ʧʘʮʠʝʥʪʠʪʝ [45, 46]. 

ʈʘʟʚʦʿʥʠʦʪ ʪʨʝʥʜ ʥʘ ɸʇ ʝ ʥʘʩʦʯʝʥ ʢʦʥ ʩʫʰʪʝʩʪʚʝʥʘ ʪʨʘʥʩʬʦʨʤʘʮʠʿʘ ʥʘ ʩʚʝʪʦʪ, ʦʥʘʢʦʚ 

ʢʘʢʦʚ ʛʦ ʧʦʟʥʘʚʘʤʝ. ʄʥʦʛʫ ʧʦʪʨʦʰʫʚʘʯʢʠ ʜʦʙʨʘ ˃ʝ ʩʝ ʧʝʨʩʦʥʘʣʠʟʠʨʘʘʪ ʠ ˃ʝ ʩʝ 

ʧʨʦʠʟʚʝʜʫʚʘʘʪ ʧʦ ʥʘʨʘʯʢʘ, ʩʦ ʨʘʜʠʢʘʣʥʠ ʧʨʦʤʝʥʠ ʚʦ ʜʠʟʘʿʥʦʪ ʠ ʬʫʥʢʮʠʦʥʘʣʥʦʩʪʘ ʥʘ 

ʧʨʦʠʟʚʦʜʦʪ.  

ʉʝʧʘʢ, ʚʘʢʘ ʧʨʦʠʟʚʝʜʝʥʠʪʝ ʦʙʿʝʢʪʠ ˃ʝ ʤʦʨʘ ʜʘ ʛʠ ʠʩʧʦʣʥʘʪ ʩʪʘʥʜʘʨʜʠʪʝ ʟʘ ʢʚʘʣʠʪʝʪ ʟʘ 

ʦʜʨʝʜʝʥʠ ʧʘʨʘʤʝʪʨʠ, ʢʘʢʦ ʰʪʦ ʝ ʿʘʢʦʩʪʘ, ʪʦʢʩʠʯʥʦʩʪʘ, ʪʨʘʿʥʦʩʪʘ, ʢʚʘʣʠʪʝʪʦʪ ʥʘ 

ʧʦʚʨʰʠʥʘʪʘ ʠ ʜʨ. ʆʚʠʝ ʧʘʨʘʤʝʪʨʠ ʠ ʙʘʨʘˁʘ ʩʝ ʜʝʬʠʥʠʨʘʥʠ ʚʦ ʨʘʟʥʠʪʝ ʥʘʮʠʦʥʘʣʥʠ ʠ 

ʠʥʪʝʨʥʘʮʠʦʥʘʣʥʠ ʩʪʘʥʜʘʨʜʠ. ʅʘ ʧʨʠʤʝʨ, ʩʪʘʥʜʘʨʜʦʪ ISO 4287 ʛʠ ʜʘʚʘ ʪʝʨʤʠʥʦʣʦʛʠʿʘʪʘ, 

ʜʝʬʠʥʠʮʠʠʪʝ ʠ ʧʘʨʘʤʝʪʨʠʪʝ ʟʘ ʤʝʨʝˁʝ ʥʘ ʧʨʦʬʠʣʦʪ ʥʘ ʦʙʨʘʙʦʪʝʥʘʪʘ ʧʦʚʨʰʠʥʘ [47], 

ISO 25178-2 ʛʠ ʜʝʬʠʥʠʨʘ ʥʘʿʯʝʩʪʦ ʧʨʠʬʘʪʝʥʠʪʝ ʧʘʨʘʤʝʪʨʠ [48], ʜʦʜʝʢʘ  ASME B46.1-

2009 ʠ JIS B0601:2013 [49, 50] ʜʝʬʠʥʠʨʘʘʪ ʘʥʘʣʦʛʝʥ ʩʝʪ ʦʜ ʧʘʨʘʤʝʪʨʠ ʥʘ ʪʝʢʩʪʫʨʘʪʘ ʥʘ 

ʧʦʚʨʰʠʥʘʪʘ. ʆʜ ʤʥʦʛʫʪʝ ʧʘʨʘʤʝʪʨʠ ʥʘ ʪʝʢʩʪʫʨʘʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ, ʥʘʿʯʝʩʪʦ ʟʘʩʪʘʧʝʥ ʚʦ 

ʣʠʪʝʨʘʪʫʨʘʪʘ ʝ ʧʘʨʘʤʝʪʘʨʦʪ ʥʘ ʧʨʦʬʠʣʦʪ Ra, ʘʨʠʪʤʝʪʠʯʢʦ ʩʨʝʜʥʦ ʦʪʩʪʘʧʫʚʘˁʝ ʥʘ 

ʠʩʪʨʘʞʫʚʘʥʠʦʪ ʧʨʦʬʠʣ [51ï 57]. 

Rq ʝ ʢʦʨʝʥ ʦʜ ʩʨʝʜʥʘʪʘ ʚʨʝʜʥʦʩʪ ʥʘ  ʚʨʝʜʥʦʩʪʠʪʝ ʥʘ ʦʨʜʠʥʘʪʠʪʝ ʧʦ ʜʦʣʞʠʥʘʪʘ ʥʘ 

ʤʝʨʝˁʝʪʦ, ʦʪʪʫʢʘ ʦʚʘ ʝ ʚʪʦʨʠʦʪ ʥʘʿʯʝʩʪʦ ʢʦʨʠʩʪʝʥ ʧʘʨʘʤʝʪʘʨ ʥʘ ʪʝʢʩʪʫʨʘʪʘ [58ï60]. 

ɼʨʫʛ ʧʘʨʘʤʝʪʘʨ ʥʘ ʧʨʦʬʠʣʦʪ ʥʘ ʥʝʨʘʤʥʠʥʠʪʝ ʝ Rz (ʤʘʢʩʠʤʘʣʥʘ ʚʠʩʦʯʠʥʘ ʥʘ ʧʨʦʬʠʣʦʪ) 

[58], [59], ʢʘʢʦ ʠ Rt (ʚʢʫʧʥʘ ʚʠʩʦʯʠʥʘ ʥʘ ʧʨʦʬʠʣʦʪ) [61].  

ʄʥʦʛʫ ʦʜ ʪʝʭʥʦʣʦʛʠʠʪʝ ʥʘ ɸʇ ʩʝ ʨʘʟʚʠʝʥʠ ʦʢʦʣʫ ʤʥʦʛʫ ʩʧʝʮʠʬʠʯʥʠ ʤʘʪʝʨʠʿʘʣʠ ʠ ʪʦʘ 

ʥʘʤʝʪʥʫʚʘ ʩʠʣʥʘ ʚʨʩʢʘ ʧʦʤʝʺʫ ʧʨʠʤʝʥʘʪʘ, ʤʘʪʝʨʠʿʘʣʠʪʝ ʠ ʪʝʭʥʦʣʦʛʠʠʪʝ ʥʘ ɸʇ, ʰʪʦ 

ʠʩʪʦ ʪʘʢʘ ʪʨʝʙʘ ʜʘ ʩʝ ʠʤʘ ʧʨʝʜʚʠʜ ʧʨʠ ʧʣʘʥʠʨʘˁʝʪʦ ʥʘ ʤʝʨʝˁʘʪʘ ʥʘ ʢʚʘʣʠʪʝʪʦʪ ʥʘ 

ʧʦʚʨʰʠʥʘʪʘ, ʥʠʚʥʘʪʘ ʨʝʘʣʠʟʘʮʠʿʘ, ʘʥʘʣʠʟʘ ʥʘ ʧʦʜʘʪʦʮʠʪʝ ʠ ʥʠʚʥʦʪʦ ʢʦʨʠʩʪʝˁʝ [62]. 

ʅʝʨʘʤʥʠʥʠʪʝ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʩʝ ʚʘʞʥʘ ʪʝʤʘʪʠʢʘ ʢʘʿ ʪʝʭʥʦʣʦʛʠʠʪʝ ʥʘ ɸʇ, ʘ ʟʘ ʜʘ ʩʝ 

ʟʛʦʣʝʤʠ ʢʚʘʣʠʪʝʪʦʪ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʪʨʝʙʘ ʤʥʦʛʫ ʚʥʠʤʘʪʝʣʥʦ ʜʘ ʩʝ ʠʟʙʝʨʘʪ ʧʘʨʘʤʝʪʨʠʪʝ 

ʥʘ ʧʨʦʮʝʩʦʪ, ʢʘʢʦ ʠ ʥʘʯʠʥʦʪ ʥʘ ʤʝʨʝˁʝ. ʂʘʿ ʜʝʣʦʚʠʪʝ ʧʝʯʘʪʝʥʠ ʩʦ ʪʝʨʤʦʧʣʘʩʪʠʯʥʠ 

ʤʘʪʝʨʠʿʘʣʠ ʩʦ ʪʝʭʥʦʣʦʛʠʿʘʪʘ FDM, ʩʝ ʜʦʙʠʚʘ ʤʥʦʛʫ ʛʨʫʙʘ ʧʦʚʨʰʠʥʘ, ʧʦʩʝʙʥʦ ʢʦʛʘ ʩʝ 

ʩʧʦʨʝʜʫʚʘ ʩʦ ʥʝʢʦʠ ʜʨʫʛʠ ʧʨʦʮʝʩʠ [63]. ʂʘʿ ʤʝʪʘʣʥʠʪʝ ʜʝʣʦʚʠ ʧʝʯʘʪʝʥʠ ʩʦ 

ʪʝʭʥʦʣʦʛʠʠʪʝ FDM, DED ʠ PBF ʧʦʩʪʦʠ ʪʝʥʜʝʥʮʠʿʘ ʟʘ ʜʦʙʠʚʘˁʝ ʧʦʛʨʫʙʠ ʧʦʚʨʰʠʥʠ ʚʦ 
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ʩʧʦʨʝʜʙʘ ʩʦ ʜʨʫʛʠ ʧʨʦʮʝʩʠ. ʊʝʭʥʦʣʦʛʠʿʘʪʘ ʥʘ ɸʇ ʥʘ ʤʝʪʘʣʠʪʝ ʠʤʘ ʢʦʤʧʣʝʢʩʥʠ 

ʧʨʝʜʠʟʚʠʮʠ ʧʦʚʨʟʘʥʠ ʩʦ ʢʚʘʣʠʪʝʪʦʪ ʥʘ ʧʦʚʨʰʠʥʘʪʘ, ʥʦ ʟʥʘʯʠʪʝʣʥʠʪʝ ʧʦʪʝʥʮʠʿʘʣʠ ʥʘ 

ʥʦʚʠʪʝ ʪʝʭʥʦʣʦʛʠʠ ʦʪʚʦʨʘʘʪ ʧʘʪ ʢʦʥ ʨʝʰʘʚʘˁʝ ʥʘ ʦʚʠʝ ʧʨʝʜʠʟʚʠʮʠ [62]. 

ʀʩʪʨʘʞʫʚʘʯʠʪʝ ʢʦʨʠʩʪʘʪ ʨʘʟʣʠʯʥʠ ʪʝʭʥʠʢʠ ʟʘ ʦʧʪʠʤʠʟʘʮʠʿʘ ʥʘ ʧʨʦʮʝʩʥʠʪʝ ʧʘʨʘʤʝʪʨʠ 

ʥʘ ʦʜʨʝʜʝʥʠ ʧʨʦʮʝʩʠ. ʄʝʺʫ ʥʘʿʟʘʩʪʘʧʝʥʠʪʝ ʪʝʭʥʠʢʠ ʠ ʘʣʘʪʢʠ ʩʝ: Taguchi, S/N, ANOVA, 

Full Factorial Design, Genetic Algorithm Approach, ʠ DoE (Design of Experiment) [64]. 

ʇʦʩʪʦʿʘʪ ʨʘʟʣʠʯʥʠ ʤʝʪʦʜʦʣʦʛʠʠ ʠ ʫʨʝʜʠ ʟʘ ʢʚʘʥʪʠʬʠʢʘʮʠʿʘ ʥʘ ʢʚʘʣʠʪʝʪʦʪ ʥʘ ʨʘʧʘʚʦʩʪʘ 

ʥʘ ʧʦʚʨʰʠʥʘʪʘ. ʇʦʚʨʰʠʥʘʪʘ ʠʤʘ ʟʥʘʯʠʪʝʣʥʠ ʧʨʝʜʠʟʚʠʮʠ ʧʨʠ ʤʝʨʝˁʘʪʘ ʟʘʨʘʜʠ ʯʝʩʪʠʪʝ 

ʜʠʩʢʦʥʪʠʥʫʠʪʝʪʠ, ʚʝʨʪʠʢʘʣʥʠ ʙʨʘʥʠ, ʨʘʟʣʠʯʥʠ ʚʣʝʟʦʚʠ ʠ ʩʣ. ʇʨʠʨʦʜʘʪʘ ʥʘ ʦʚʠʝ 

ʪʦʧʦʛʨʘʬʠʠ ʝ ʧʦʜʝʜʥʘʢʦʚ ʧʨʝʜʠʟʚʠʢ ʟʘ ʢʦʥʪʘʢʪʥʠʪʝ ʠ ʙʝʩʢʦʥʪʘʢʪʥʠʪʝ ʤʝʪʦʜʠ ʥʘ 

ʤʝʨʝˁʘ. ʇʝʨʘʪʘ ʤʦʞʘʪ ʜʘ ʩʝ ʟʘʧʣʝʪʢʘʘʪ ʧʨʠ ʩʢʘʣʝʩʪʠ ʧʨʦʤʝʥʠ ʠ ʜʘ ʠʟʛʫʙʘʪ ʚʨʝʤʝʥʦ 

ʢʦʥʪʘʢʪ ʩʦ ʧʦʚʨʰʠʥʘʪʘ. ɹʝʩʢʦʥʪʘʢʪʥʠʪʝ ʤʝʨʝˁʘ ʩʝ ʩʦʦʯʫʚʘʘʪ ʩʦ ʧʨʦʙʣʝʤʠ ʧʦʚʨʟʘʥʠ ʩʦ 

ʢʦʩʠʥʘʪʘ ʥʘ ʩʚʝʪʣʠʥʘʪʘ, ʤʥʦʛʫʢʨʘʪʥʘ ʨʝʬʣʝʢʩʠʿʘ, ʥʠʟʦʢ ʢʦʥʪʨʘʩʪ ʥʘ ʩʣʠʢʘʪʘ ʠ ʩʣ. [65].  

ʊʝʨʤʦʧʣʘʩʪʠʯʥʠʪʝ ʤʘʪʝʨʠʿʘʣʠ ʠʤʘʘʪ ʚʠʩʦʢ ʦʪʧʦʨ ʥʘ ʫʜʘʨ, ʩʪʘʙʠʣʥʦʩʪ ʥʘ ʪʝʤʧʝʨʘʪʫʨʘ ʠ 

ʭʝʤʠʩʢʘ ʦʪʧʦʨʥʦʩʪ [66], ʩʦ ʨʝʣʘʪʠʚʥʦ ʚʠʩʦʢʘ ʿʘʢʦʩʪ ʠ ʤʦʜʫʣ [67]. ʊʠʝ ʩʝ 

ʙʠʦʨʘʟʛʨʘʜʣʠʚʠ ʠ ʩʝ ʢʦʨʠʩʪʘʪ ʚʦ ʩʦʚʨʝʤʝʥʠʪʝ ʧʨʦʠʟʚʦʜʠ ʚʦ ʪʝʢʩʪʠʣʥʘʪʘ ʠʥʜʫʩʪʨʠʿʘ ʠ 

ʧʘʢʫʚʘˁʝʪʦ, ʚʦ ʙʠʦʠʥʞʠʥʝʨʩʪʚʦʪʦ, ʢʘʿ ʩʦʦʜʚʝʪʥʠ ʤʝʜʠʮʠʥʩʢʠ ʧʨʠʤʝʥʠ, ʢʘʢʦ ʰʪʦ ʩʝ 

ʨʝʛʝʥʝʨʘʪʠʚʥʘʪʘ ʤʝʜʠʮʠʥʘ ʚʦ ʦʨʪʦʧʝʜʠʿʘʪʘ, ʩʪʦʤʘʪʦʣʦʛʠʿʘʪʘ, ʢʘʨʜʠʦʣʦʛʠʿʘʪʘ  ʠ ʜʨ. 

[68]. ʂʘʿ ʙʠʦʤʝʜʠʮʠʥʩʢʠʪʝ ʧʨʠʤʝʥʠ ʜʝʛʨʘʜʘʮʠʿʘʪʘ ʥʘ ʤʘʪʝʨʠʿʘʣʦʪ ʝ ʯʝʩʪʦ ʦʜʨʝʜʝʥʘ 

ʧʨʝʜʥʦʩʪ ʟʘʨʘʜʠ ʦʪʩʫʩʪʚʦʪʦ ʥʘ ʨʠʟʠʢ ʦʜ ʪʦʢʩʠʯʥʠ ʤʘʪʝʨʠʿʘʣʠ [69]. 

ʂʘʢʦ ʜʦʙʘʨ ʧʨʠʤʝʨ ʥʘ ʩʪʨʘʪʝʛʠʿʘ ʚʦ ʨʝʛʝʥʝʨʘʪʠʚʥʘʪʘ ʤʝʜʠʮʠʥʘ ʝ ʜʘ ʩʝ ʟʘʩʠʣʠ ʨʘʩʪʦʪ ʥʘ 

ʪʚʨʜʠʪʝ ʝʣʝʤʝʥʪʠ ʧʨʠ ʪʨʘʥʩʧʣʘʥʪʘʮʠʿʘ ʥʘ ʢʦʩʢʠʪʝ [70]. ʇʨʠ ʦʬʦʨʤʫʚʘˁʝ ʥʦʚʘ ʢʦʩʢʘ 

[71], ʚʣʦʰʢʘʪʘ ʦʜ PLA ʤʦʞʝ ʜʘ ʧʦʤʦʛʥʝ ʚʦ ʪʦʿ ʧʨʦʮʝʩ ʩʦ ʧʦʤʦʰ ʥʘ ʩʪʘʢʣʦ ʦʜ ʢʘʣʮʠʫʤ 

ʬʦʩʬʘʪ, ʢʦʝ ʠʤʘ ʭʝʤʠʩʢʘ ʢʦʤʧʦʟʠʮʠʿʘ ʩʧʦʩʦʙʥʘ ʜʘ ʛʦ ʤʝʥʫʚʘ ʩʪʝʧʝʥʦʪ ʥʘ ʜʝʛʨʘʜʘʮʠʿʘ ʠ 

ʜʘ ʛʦ ʧʨʠʣʘʛʦʜʫʚʘ ʢʦʥ ʢʦʩʢʘʪʘ. ʂʘʿ ʩʠʩʪʝʤʠ ʥʘ ʦʜʨʝʜʝʥʠ ʣʝʢʦʚʠ ʚʦʦʙʠʯʘʝʥʦ ʢʦʨʠʩʪʘʪ 

ʙʠʦʨʘʟʛʨʘʜʣʠʚʠ ʧʦʣʠʤʝʨʠ ʥʘʧʦʣʥʝʪʠ ʩʦ ʪʝʨʘʧʝʚʪʩʢʠ ʤʘʪʝʨʠʿʘʣ [72]. 

ʅʝʨʺʦʩʫʚʘʯʢʠʦʪ ʯʝʣʠʢ 316L e ʘʫʩʪʝʥʠʪʝʥ Cr-Ni ʯʝʣʠʢ ʩʦ ʩʠʣʥʘ ʿʘʯʠʥʘ ʠ ʦʪʧʦʨʝʥ ʥʘ 

ʢʦʨʦʟʠʿʘ ʠ ʦʜʨʝʜʝʥʠ ʢʠʩʝʣʠʥʠ, ʢʘʢʦ ʩʫʣʬʫʨʥʘʪʘ, ʭʠʜʨʦʭʣʦʨʥʘʪʘ ʠ ʜʨʫʛʠ. ʅʠʚʥʘʪʘ 

ʪʠʧʠʯʥʘ ʧʨʠʤʝʥʘ ʝ ʢʘʿ ʠʟʤʝʥʫʚʘʯʠʪʝ ʥʘ ʪʦʧʣʠʥʘ, ʠʟʜʫʚʥʠʪʝ ʩʠʩʪʝʤʠ ʢʘʿ ʚʦʟʠʣʘʪʘ, 

ʨʝʟʝʨʚʦʘʨʠʪʝ ʠ ʤʥʦʛʫ ʜʝʣʦʚʠ ʚʦ ʘʚʠʦʥʩʢʘʪʘ ʠ ʠʥʜʫʩʪʨʠʿʘʪʘ ʥʘ ʛʨʘʜʝˁʝ ʥʘ ʙʨʦʜʦʚʠ [73]. 
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3. ʊɽʆʈɽʊʉʂʀ ʆʉʅʆɺʀ 

3.1. ɸʜʠʪʠʚʥʦ ʧʨʦʠʟʚʦʜʩʪʚʦ (ɸʇ) 

ʆʜ ʩʚʦʝʪʦ ʧʦʿʘʚʫʚʘˁʝ ʚʦ 1980-ʪʝ ɸʇ ʩʝ ʢʘʨʘʢʪʝʨʠʟʠʨʘ ʩʦ ʠʟʚʦʥʨʝʜʥʦ ʙʨʟ ʨʘʟʚʦʿ ʩʦ 

ʟʥʘʯʠʪʝʣʥʦ ʚʣʠʿʘʥʠʝ ʚʨʟ ʧʨʦʠʟʚʦʜʥʠʪʝ ʪʝʭʥʦʣʦʛʠʠ, ʦʪʚʦʨʘʿ˃ʠ ʥʦʚʠ ʭʦʨʠʟʦʥʪʠ ʟʘ ʥʝʛʦʚʘ 

ʠʥʞʝʥʝʨʩʢʘ ʧʨʠʤʝʥʘ ʚʦ ʨʘʟʣʠʯʥʠ ʠʥʜʫʩʪʨʠʩʢʠ ʩʝʢʪʦʨʠ. ɸʜʠʪʠʚʥʦʪʦ ʧʨʦʠʟʚʦʜʩʪʚʦ ʝ 

ʪʝʭʥʦʣʦʛʠʿʘ ʢʦʿʘ ʛʦ ʦʬʦʨʤʫʚʘ ʧʨʦʠʟʚʦʜʦʪ ʥʘʥʝʩʫʚʘʿ˃ʠ ʪʝʥʢʠ ʝʜʠʥʠʯʥʠ ʩʣʦʝʚʠ ʝʜʝʥ ʚʨʟ 

ʜʨʫʛ ʠ ʢʘʢʦ ʪʘʢʚʘ ʫʰʪʝ ʝ ʧʦʟʥʘʪʘ ʠ ʢʘʢʦ 3D-ʧʝʯʘʪʝˁʝ.  

ɸʢʦ ʿʘ ʩʧʦʨʝʜʠʤʝ ʩʦ ʪʨʘʜʠʮʠʦʥʘʣʥʠʪʝ ʧʨʦʠʟʚʦʜʩʪʚʝʥʠ ʪʝʭʥʦʣʦʛʠʠ, ʪʘʘ ʠʤʘ ʟʥʘʯʠʪʝʣʥʠ 

ʧʨʝʜʥʦʩʪʠ, ʢʘʢʦ ʰʪʦ ʩʝ ʩʣʦʙʦʜʘ ʚʦ ʢʦʥʩʪʨʫʠʨʘˁʝʪʦ, ʥʠʩʢʘʪʘ ʮʝʥʘ, ʚʠʩʦʢʘʪʘ 

ʧʨʦʜʫʢʪʠʚʥʦʩʪ [74]. ʂʣʘʩʠʯʥʠʪʝ ʤʝʪʦʜʠ ʥʘ ʦʙʨʘʙʦʪʢʘ, ʢʘʢʦ ʰʪʦ ʩʝ ʩʫʧʩʪʨʘʢʪʥʦʪʦ 

ʧʨʦʠʟʚʦʜʩʪʚʦ ʠ ʧʣʘʩʪʠʯʥʘʪʘ ʦʙʨʘʙʦʪʢʘ ʩʝ ʦʛʨʘʥʠʯʝʥʠ ʚʦ ʢʨʝʠʨʘˁʝ ʥʘ ʦʙʣʠʮʠʪʝ.  

ʉʫʧʩʪʨʘʢʪʥʠʪʝ ʪʝʭʥʦʣʦʛʠʠ (ʪʝʭʥʦʣʦʛʠʠʪʝ ʥʘ ʦʙʨʘʙʦʪʢʘ ʩʦ ʨʝʞʝˁʝ) ʛʝʥʝʨʠʨʘʘʪ ʠ 

ʦʪʧʘʜʝʥ ʤʘʪʝʨʠʿʘʣ, ʰʪʦ ʥʝ ʝ ʩʣʫʯʘʿ ʩʦ ʘʜʠʪʠʚʥʠʪʝ ʪʝʭʥʦʣʦʛʠʠ [75, 76]. ʉʦ ʧʦʤʦʰ ʥʘ ɸʇ 

ʤʦʞʝ ʜʘ ʩʝ ʢʨʝʠʨʘʘʪ ʜʝʣʦʚʠ ʦʜ ʥʘʿʨʘʟʣʠʯʥʠ ʤʘʪʝʨʠʿʘʣʠ, ʢʘʢʦ ʰʪʦ ʩʝ ʯʝʣʠʢ, ʣʝʛʫʨʠ ʥʘ 

ʘʣʫʤʠʥʠʫʤ, ʣʝʛʫʨʠ ʥʘ ʪʠʪʘʥʠʫʤ, ʤʝʪʘʣʥʠ ʢʦʤʧʦʟʠʪʠ ʠ ʢʝʨʘʤʠʯʢʠ ʢʦʤʧʦʟʠʪʠ [77]. 

ɿʘʝʜʥʠʯʢʦ ʟʘ ʪʝʭʥʦʣʦʛʠʠʪʝ ɸʇ ʝ ʢʦʨʠʩʪʝˁʝʪʦ ʥʘ Computer-Aided Design (CAD), ʦʧʨʝʤʘ 

ʟʘ ʧʝʯʘʪʝˁʝ ʠ ʤʘʪʝʨʠʿʘʣ ʟʘ ʧʝʯʘʪʝˁʝ, ʢʦʿ ʤʦʞʝ ʜʘ ʙʠʜʝ ʧʦʣʠʤʝʨʝʥ, ʤʝʪʘʣʝʥ, ʢʝʨʘʤʠʢʘ 

ʠʣʠ ʦʨʛʘʥʩʢʠ ʤʘʪʝʨʠʿʘʣ.  

ʆʪʢʦʛʘ ʮʨʪʝʞʦʪ CAD ʝ ʢʨʝʠʨʘʥ, ʢʦʥʪʨʦʣʝʨʦʪ ʛʠ ʯʠʪʘ ʧʦʜʘʪʦʮʠʪʝ ʦʜ ʜʘʪʦʪʝʢʘʪʘ CAD ʠ 

ʢʨʝʠʨʘ ʪʝʥʢʠ ʩʣʦʝʚʠ ʥʘ ʤʘʪʝʨʠʿʘʣ ʢʦʠ ʩʝ ʨʝʜʘʪ ʝʜʝʥ ʚʨʟ ʜʨʫʛ ʩʦ ʰʪʦ ʩʝ ʛʨʘʜʠ 3D-

ʧʨʝʜʤʝʪʦʪ ʜʠʨʝʢʪʥʦ ʦʜ 3D CAD-ʤʦʜʝʣʦʪ, ʙʝʟ ʜʘ ʩʝ ʢʦʨʠʩʪʘʪ ʨʘʟʥʠ ʢʘʣʘʧʠ ʠ ʘʣʘʪʠ [78, 

79].  

ʉʠʪʝ ɸʇ-ʪʝʭʥʠʢʠ ʛʦ ʢʦʨʠʩʪʘʪ ʠʩʪʠʦʪ ʧʨʦʮʝʩ ʦʜ 5 ʯʝʢʦʨʠ: 

1. ʢʨʝʠʨʘˁʝ ʮʚʨʩʪ ʤʦʜʝʣ ʩʦ ʩʦʬʪʚʝʨʦʪ CAD  

2. ʧʨʝʪʚʦʨʘˁʝ ʥʘ CAD-ʤʦʜʝʣʦʪ ʚʦ STL-ʬʦʨʤʘʪ 

3. ʩʝʯʝˁʝ ʥʘ STL-ʤʦʜʝʣʦʪ ʟʘ ʩʧʝʮʠʬʠʯʥʠ ʚʣʝʟʥʠ ʧʘʨʘʤʝʪʨʠ ʠ ʢʨʝʠʨʘˁʝ 

ʜʘʪʦʪʝʢʘ G-ʢʦʜ  

4. ʧʝʯʘʪʝˁʝ ʥʘ ʜʝʣʦʪ ʩʣʦʿ ʧʦ ʩʣʦʿ 

5. ʧʦʩʪ ʧʨʦʮʝʩʠʨʘˁʝ, ʜʦʢʦʣʢʫ ʝ ʧʦʪʨʝʙʥʦ, ʩʦ ʯʠʩʪʝˁʝ ʠ ʟʘʚʨʰʥʘ ʦʙʨʘʙʦʪʢʘ ʥʘ 

ʜʝʣʦʪ [80]. 
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ʉʣʠʢʘ 3.1. ɻʝʥʝʨʘʣʥʘ ʢʣʘʩʠʬʠʢʘʮʠʿʘ ʥʘ ʧʨʦʮʝʩʠʪʝ ʢʘʿ ɸʇ [74] . 

ʀʩʪʦʨʠʩʢʠ ʛʣʝʜʘʥʦ ʪʝʭʥʦʣʦʛʠʿʘʪʘ ɸʇ ʝ ʚʦʚʝʜʝʥʘ ʚʦ 1980-ʪʝ ʠ ʥʘ ʧʦʯʝʪʦʢʦʪ ʙʠʣʘ 

ʦʛʨʘʥʠʯʝʥʘ ʥʘ ʧʨʦʪʦʪʠʧʦʚʠ ʠʣʠ ʤʘʣʠ ʩʝʨʠʠ. ʆʜ 2009 ʨʘʟʚʦʿʦʪ ʥʘ ɸʇ ʝ ʤʥʦʛʫ ʙʨʟ ʠ 

ʨʘʟʥʦʚʠʜʝʥ, ʚʦ ʩʤʠʩʣʘ ʥʘ ʨʘʟʣʠʯʥʠʪʝ ʠʥʜʫʩʪʨʠʩʢʠ ʧʨʠʤʝʥʠ ʠ ʢʦʨʠʩʪʝʥʠʪʝ ʤʘʪʝʨʠʿʘʣʠ. 

ʉʝʧʘʢ, ʫʰʪʝ ʠ ʜʝʥʝʩʢʘ ʝ ʚʦ ʨʘʟʚʦʿʥʘ ʬʘʟʘ ʠ ʩʝ ʙʦʨʠ ʟʘ ʦʩʚʦʿʫʚʘˁʝ ʥʦʚʠ ʧʨʠʤʝʥʠ ʠ 

ʤʘʪʝʨʠʿʘʣʠ ʩʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʚʦ ʛʦʣʝʤʠ ʩʝʨʠʠ ʠ ʩʦ ʚʠʩʦʢ ʢʚʘʣʠʪʝʪ ʥʘ ʧʨʦʠʟʚʦʜʦʪ [74]. 

 
ʉʣʠʢʘ 3.2. ʂʣʘʩʠʬʠʢʘʮʠʿʘ ʥʘ ɸʇ ʚʨʟ ʦʩʥʦʚʘ ʥʘ ʤʝʪʦʜʦʣʦʛʠʿʘʪʘ ʥʘ ʦʬʦʨʤʫʚʘˁʝ ʥʘ ʧʨʦʠʟʚʦʜʦʪ [74]  

ʅʘʿʨʘʟʣʠʯʥʠ ʪʝʭʥʦʣʦʛʠʠ ʩʦ ʨʘʟʣʠʯʥʠ ʧʨʝʜʥʦʩʪʠ, ʥʝʜʦʩʪʘʪʦʮʠ ʠ ʧʦʪʝʥʮʠʿʘʣ ʩʝ ʚʢʣʫʯʝʥʠ 

ʧʦʜ ʯʘʜʦʨʦʪ ʥʘ ɸʇ [81]. ʉʦʛʣʘʩʥʦ American Society for Testing and Materials [82], 

ʧʦʩʪʦʿʘʪ ʧʦʚʝ˃ʝ ʦʜ 50 ʨʘʟʣʠʯʥʠ ʪʝʭʥʦʣʦʛʠʠ ɸʇ, ʚʨʟ ʦʩʥʦʚʘ ʥʘ ʧʦʛʦʨʝ ʜʝʬʠʥʠʨʘʥʠʪʝ 

ʧʨʦʮʝʩʠ [83].  
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ʉʝʧʘʢ, ISO/ASTM 52900:2015 ʩʪʘʥʜʘʨʜʠʪʝ ʛʠ ʛʨʫʧʠʨʘʘʪ ʪʝʭʥʦʣʦʛʠʠʪʝ ɸʇ ʚʦ ʩʝʜʫʤ 

ʢʘʪʝʛʦʨʠʠ (ʩʣʠʢʘ 3.2): 

1. ʚʙʨʠʟʛʫʚʘˁʝ ʚʨʟʠʚʥʦ ʩʨʝʜʩʪʚʦ, Binder Jetting (BJ), 

2. ʥʘʩʦʯʝʥʦ ʥʘʥʝʩʫʚʘˁʝ ʝʥʝʨʛʠʿʘ, Directed Energy Deposition (DED),  

3. ʠʩʪʠʩʥʫʚʘˁʝ ʤʘʪʝʨʠʿʘʣ, Material Extrusion (ME),  

4. ʚʙʨʠʟʛʫʚʘˁʝ ʤʘʪʝʨʠʿʘʣ, Material Jetting (MJ),  

5. ʬʫʟʠʿʘ ʥʘ ʩʣʦʿ ʥʘ ʧʨʘʰʦʢ, Powder Bed Fusion (PBF), 

6. ʣʘʤʠʥʠʨʘˁʝ ʩʦ ʣʠʩʪʦʚʠ, Sheet Lamination (SL) ʠ  

7. ʬʦʪʦʧʦʣʠʤʝʨʠʟʘʮʠʿʘ ʚʦ ʢʘʜʘ, Vat Photopolymerization (VP) [84]. 

ɸʇ ʤʦʞʝ ʜʘ ʙʠʜʝ ʢʣʘʩʠʬʠʮʠʨʘʥʦ ʠ ʚʨʟ ʦʩʥʦʚʘ ʥʘ ʬʠʟʠʯʢʘʪʘ ʩʦʩʪʦʿʙʘ ʥʘ ʦʩʥʦʚʥʠʦʪ 

ʤʘʪʝʨʠʿʘʣ (ʮʚʨʩʪ, ʪʝʯʝʥ, ʧʨʘʰʝʩʪ, ʩʣʠʢʘ 3.3), ʤʝʜʠʫʤʦʪ ʢʦʿ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʧʨʦʮʝʩʠʨʘˁʝ 

ʥʘ ʦʩʥʦʚʥʠʦʪ ʤʘʪʝʨʠʿʘʣ (ʣʘʩʝʨʩʢʠ ʟʨʘʢ, ʫʣʪʨʘʚʠʦʣʝʪʦʚʘ ʩʚʝʪʣʠʥʘ, ʪʝʨʤʠʯʢʠ ʧʨʦʮʝʩ, 

ʩʣʠʢʘ 3.4) [85ï91]. 

ɸʇ-ʧʨʦʮʝʩʠʪʝ ʩʝ ʦʮʝʥʫʚʘʘʪ  ʩʦ ʢʦʨʠʩʪʝˁʝ ʥʘ ʤʥʦʛʫ ʧʘʨʘʤʝʪʨʠ, ʢʘʢʦ ʰʪʦ ʩʝ: ʙʨʟʠʥʘʪʘ,  

ʿʘʢʦʩʪʘ ʥʘ ʜʝʣʦʪ, ʨʝʟʦʣʫʮʠʿʘʪʘ, ʚʦʣʫʤʝʥʦʪ, ʪʨʦʰʦʢʦʪ, ʜʠʤʝʥʟʠʦʥʘʣʥʘʪʘ ʪʦʯʥʦʩʪ,  

ʢʚʘʣʠʪʝʪʦʪ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʠ ʜʨ. ʊʠʝ ʧʦʩʪʦʿʘʥʦ ʩʝ ʨʘʟʚʠʚʘʘʪ ʩʦ ʮʝʣ ʜʘ ʩʝ ʧʨʦʠʟʚʝʜʘʪ 

ʰʪʦ ʧʦʛʦʣʝʤʠ ʠ ʧʦʢʦʤʧʣʝʢʩʥʠ ʧʨʦʠʟʚʦʜʠ ʥʘ ʧʦʬʣʝʢʩʠʙʠʣʝʥ ʠ ʧʦʝʢʦʥʦʤʠʯʝʥ ʥʘʯʠʥ. 

 
ʉʣʠʢʘ 3.3. ʂʣʘʩʠʬʠʢʘʮʠʿʘ ʥʘ ɸʇ-ʧʨʦʮʝʩʦʪ ʚʨʟ ʦʩʥʦʚʘ ʥʘ ʪʠʧʦʪ ʥʘ ʦʩʥʦʚʥʠʦʪ ʤʘʪʝʨʠʿʘʣ [74] . 
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ʉʣʠʢʘ 3.4. ʂʣʘʩʠʬʠʢʘʮʠʿʘ ʥʘ ɸʇ ʚʨʟ ʦʩʥʦʚʘ ʥʘ ʤʝʜʠʫʤʦʪ ʢʦʿ ʝ ʢʦʨʠʩʪʝʥ ʟʘ ʧʨʦʮʝʩʠʨʘˁʝ [74] . 

 

ʂʣʘʩʠʬʠʢʘʮʠʿʘ ʥʘ ʧʨʦʮʝʩʠʪʝ ʥʘ ɸʜʠʪʠʚʥʦʪʦ ʧʨʦʠʟʚʦʜʩʪʚʦ (ɸʇ) 

ɺʙʨʠʟʛʫʚʘˁʝ ʚʨʟʠʚʥʦ ʩʨʝʜʩʪʚʦ (BJ) 

BJ ʝ ɸʇ-ʤʝʪʦʜ ʢʘʿ ʢʦʿ ʯʝʩʪʠʯʢʠʪʝ ʥʘ ʩʣʦʿ ʥʘ ʧʨʘʰʦʢ, ʥʘʥʝʩʝʥʠ ʥʘ ʧʣʘʪʬʦʨʤʘ, ʩʝ 

ʩʦʝʜʠʥʫʚʘʘʪ ʩʦ ʚʙʨʠʟʛʫʚʘˁʝ ʪʝʯʥʦ ʚʨʟʠʚʥʦ ʩʨʝʜʩʪʚʦ ʠ ʧʨʠʪʦʘ ʩʝ ʢʦʨʠʩʪʠ ʛʝʦʤʝʪʨʠʿʘʪʘ 

ʥʘ ʩʣʦʿʦʪ ʜʦʙʠʝʥʘ ʦʜ ʩʦʬʪʚʝʨʦʪ CAD. ʆʪʢʦʛʘ ˃ʝ ʩʝ ʠʟʨʘʙʦʪʠ ʝʜʝʥ ʩʣʦʿ, ʧʣʘʪʬʦʨʤʘʪʘ ʩʝ 

ʩʠʤʥʫʚʘ ʥʘʜʦʣʫ ʩʦ ʮʝʣ ʜʘ ʩʝ ʦʬʦʨʤʠ ʩʣʝʜʥʠʦʪ ʩʣʦʿ. ʂʦʛʘ ˃ʝ ʩʝ ʠʩʧʝʯʘʪʠ ʜʝʣʦʪ ʪʦʿ ʩʝ 

ʥʘʦʺʘ ʚʦ ʪʘʢʘʥʘʨʝʯʝʥʘ ʟʝʣʝʥʘ, ʠʣʠ ʥʝʟʘʚʨʰʝʥʘ, ʩʦʩʪʦʿʙʘ ʧʦ ʢʦʿʘ ʠʤʘ ʧʦʪʨʝʙʘ ʦʜ 

ʜʦʧʦʣʥʠʪʝʣʥʦ ʧʦʩʪʧʨʦʮʝʩʠʨʘˁʝ ʧʨʝʜ ʜʘ ʩʝ ʫʧʦʪʨʝʙʠ ʜʝʣʦʪ. ʏʝʩʪʦ ʩʝ ʜʦʜʘʚʘ ʠ 

ʜʦʧʦʣʥʠʪʝʣʥʘ ʩʫʧʩʪʘʥʮʠʘʿ ʩʦ ʮʝʣ ʜʘ ʩʝ ʧʦʜʦʙʨʘʪ ʤʝʭʘʥʠʯʢʠʪʝ ʦʩʦʙʠʥʠ ʥʘ ʜʝʣʦʪ. ɺʘʢʚʘ 

ʩʫʧʩʪʘʥʮʠʘʿ ʟʘ ʤʝʪʘʣʠʪʝ ʝ ʙʨʦʥʟʘʪʘ. ɼʨʫʛ ʥʘʯʠʥ ʥʘ ʜʦʨʘʙʦʪʢʘ ʝ ʜʘ ʩʝ ʟʘʛʨʝʝ ʜʝʣʦʪ ʚʦ 

ʧʝʯʢʘ ʟʘ ʜʘ ʩʝ ʦʙʝʟʙʝʜʠ ʥʝʛʦʚʦ ʩʠʥʪʝʨʫʚʘˁʝ. ɸʢʦ ʩʝ ʩʧʦʨʝʜʫʚʘ ʩʦ PBF, ʦʚʘʘ ʤʝʪʦʜʘ ʠʤʘ 

ʧʨʝʜʥʦʩʪ ʙʠʜʝʿ˃ʠ ʥʝ ʢʦʨʠʩʪʠ ʪʦʧʣʠʥʘ ʟʘ ʚʨʝʤʝ ʥʘ ʧʨʦʮʝʩʦʪ, ʩʦ ʰʪʦ ʩʝ ʠʟʙʝʛʥʫʚʘʘʪ 

ʟʘʦʩʪʘʥʘʪʠʪʝ ʥʘʧʦʥʠ ʚʦ ʜʝʣʦʪ [92]. 

ɻʣʘʚʥʠ ʧʨʝʜʥʦʩʪʠ ʥʘ ʦʚʘʘ ʪʝʭʥʠʢʘ ʩʝ: ʨʝʘʣʠʟʘʮʠʿʘ ʥʘ ʩʣʦʞʝʥʘ ʛʝʦʤʝʪʨʠʿʘ, ʥʝʤʘ ʧʦʪʨʝʙʘ 

ʦʜ ʩʪʨʫʢʪʫʨʘ ʟʘ ʧʦʜʜʨʰʢʘ, ʚʠʩʦʢʘ ʙʨʟʠʥʘ ʥʘ ʧʝʯʘʪʝˁʝ. ʄʦʞʝ ʜʘ ʢʦʨʠʩʪʠ ʰʠʨʦʢ ʩʧʝʢʪʘʨ 

ʥʘ ʤʘʪʝʨʠʿʘʣʠ, ʤʝʺʫ ʢʦʠ ʠ ʧʦʣʠʤʝʨʠ, ʤʝʪʘʣʠ, ʧʝʩʦʢ ʠ ʢʝʨʘʤʠʢʘ ʢʦʠ ʤʦʞʘʪ ʜʘ ʙʠʜʘʪ ʚʦ 

ʨʘʟʣʠʯʥʠ ʙʦʠ. ʇʦʢʨʘʿ ʪʦʘ, ʤʝʪʦʜʘʪʘ ʝ ʩʧʦʩʦʙʥʘ ʜʘ ʧʝʯʘʪʠ ʛʦʣʝʤʠ, ʢʦʤʧʣʝʢʩʥʠ 

ʢʦʤʧʦʥʝʥʪʠ ʩʦ ʥʠʩʢʘ ʮʝʥʘ ʥʘ ʯʠʥʝˁʝ, ʚʦ ʩʧʦʨʝʜʙʘ ʩʦ ʤʥʦʛʫ ʜʨʫʛʠ 3D-ʧʨʦʮʝʩʠ ʥʘ 

ʧʝʯʘʪʝˁʝ, ʢʘʢʦ ʠ ʜʘ ʧʨʦʠʟʚʝʜʫʚʘ ʚʠʩʦʢʦ ʚʨʝʜʥʠ ʧʨʦʠʟʚʦʜʠ ʩʦ ʨʦʙʫʩʥʘ ʩʪʨʫʢʪʫʨʘ [93ï

95]. 
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ʉʣʠʢʘ 3.5. ʐʝʤʘʪʩʢʠ ʧʨʠʢʘʟ ʥʘ BJ-ʧʨʦʮʝʩʦʪ [92]  

 
ʉʣʠʢʘ 3.6. ʀʣʫʩʪʨʘʮʠʿʘ ʥʘ ʤʝʪʦʜʘʪʘ ʥʘ ʚʙʨʠʟʛʫʚʘˁʝ ʚʨʟʠʚʥʦ ʩʨʝʜʩʪʚʦ(BJ), ʧʨʦʩʣʝʜʝʥʦ ʩʦ 

ʦʪʩʪʨʘʥʫʚʘˁʝ ʧʨʘʰʠʥʘ ʠ ʠʥʬʠʣʪʨʘʮʠʿʘ ʥʘ ʜʦʜʘʚʘˁʝ ʙʨʦʥʟʘ [96] . 

ʅʘʩʦʯʝʥʦ ʥʘʥʝʩʫʚʘˁʝ ʝʥʝʨʛʠʿʘ (DED) 

DED e ʨʝʣʘʪʠʚʥʦ ʩʣʦʞʝʥ ʧʨʦʮʝʩ ʥʘ 3D-ʧʝʯʘʪʝˁʝ ʠ ʠʤʘ ʩʣʠʯʥʦʩʪ ʩʦ ʪʝʭʥʦʣʦʛʠʿʘʪʘ PBF. 

ʊʘʘ ʢʦʨʠʩʪʠ ʬʦʢʫʩʠʨʘʥ ʠʟʚʦʨ ʥʘ ʝʥʝʨʛʠʿʘ, ʢʘʢʦ ʰʪʦ ʝ ʣʘʩʝʨʦʪ ʠʣʠ ʝʣʝʢʪʨʦʥʩʢʠʦʪ ʩʥʦʧ 

ʟʘ ʜʘ ʛʦ ʩʪʦʧʠ ʤʘʪʝʨʠʿʘʣʦʪ ʠ ʜʘ ʛʦ ʦʬʦʨʤʠ ʩʣʦʿʦʪ. ʄʘʪʝʨʠʿʘʣʦʪ ʩʝ ʪʦʧʠ ʚʦ ʠʩʪʦ ʚʨʝʤʝ ʩʦ 

ʥʝʛʦʚʦʪʦ ʥʘʥʝʩʫʚʘˁʝ ʧʨʝʢʫ ʤʣʘʟʥʠʮʘʪʘ. ʄʘʪʝʨʠʿʘʣʠʪʝ ʢʦʠ ʩʝ ʢʦʨʠʩʪʘʪ ʚʢʣʫʯʫʚʘʘʪ 

ʧʨʘʰʦʮʠ ʥʘ ʙʘʢʘʨ, ʥʝʨʺʦʩʫʚʘʯʢʠ ʯʝʣʠʮʠ, ʪʠʪʘʥʠʫʤ, ʢʦʙʘʣʪ ʠ ʜʨ. [97ï99]. 

ʆʚʘʘ ʪʝʭʥʦʣʦʛʠʿʘ ʯʝʩʪʦ ʩʝ ʥʘʨʝʢʫʚʘ ʠ ʩʦ ʜʨʫʛʠ ʠʤʠˁʘ, ʢʘʢʦ ʰʪʦ ʝ ʣʘʩʝʨʩʢʦ 

ʠʥʞʝʥʝʨʩʪʚʦ ʟʘ ʢʨʘʝʥ ʦʙʣʠʢ (laser-engineered net shaping (LENS)), ʜʠʨʝʢʪʥʦ ʥʘʥʝʩʫʚʘˁʝ 

ʤʝʪʘʣ (direct metal deposition (DMD)), ʠ ʘʜʠʪʠʚʥʦ ʧʨʦʠʟʚʦʜʩʪʚʦ ʩʝ ʝʣʝʢʪʨʦʥʩʢʠ ʩʥʦʧ 
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(electron beam additive manufacturing (EBAM)), ʚʦ ʟʘʚʠʩʥʦʩʪ ʦʜ ʩʧʝʮʠʬʠʯʥʘʪʘ ʧʨʠʤʝʥʘ 

ʠʣʠ ʤʝʪʦʜʘ [100]. ʄʘʪʝʨʠʿʘʣʦʪ ʢʦʿ ʧʦʤʠʥʫʚʘ ʥʠʟ ʤʣʘʟʥʠʮʘʪʘ ʝ ʚʦ ʦʙʣʠʢ ʥʘ ʧʨʘʰʦʢ ʠʣʠ 

ʞʠʮʘ, ʘ ʤʝʪʦʜʘʪʘ ʩʝ ʢʦʨʠʩʪʠ ʧʦʚʝ˃ʝ ʟʘ ʤʝʪʘʣʠ ʦʪʢʦʣʢʫ ʟʘ ʧʦʣʠʤʝʨʠ. ɿʘ ʤʝʪʘʣʠʪʝ ʢʘʿ ʢʦʠ 

ʝ ʚʢʣʫʯʝʥ ʪʠʪʘʥʠʫʤʦʪ ʠ ʥʝʛʦʚʠʪʝ ʣʝʛʫʨʠ, ʪʘʥʪʘʣʦʪ, ʪʫʥʛʩʪʘʤʦʪ, ʥʠʦʙʠʫʤʦʪ, 

ʥʝʨʺʦʩʫʚʘʯʢʠʦʪ ʯʝʣʠʢ ʠ ʘʣʫʤʠʥʠʫʤʦʪ, ʢʦʠʰʪʦ ʤʦʞʘʪ ʜʘ ʩʝ ʟʘʚʘʨʫʚʘʘʪ, ʤʦʞʘʪ ʜʘ ʩʝ 

ʧʝʯʘʪʘʪ ʩʦ ʤʝʪʦʜʘʪʘ DED. ɼʦʢʦʣʢʫ ʩʝ ʢʦʨʠʩʪʠ ʞʠʮʘ ʪʘʘ ʝ ʩʦ ʧʨʝʯʥʠʢ 1 ï 3 mm, ʘ 

ʯʝʩʪʠʯʢʠʪʝ ʥʘ ʧʨʘʰʦʢʦʪ ʩʝ ʩʣʠʯʥʠ ʥʘ ʦʥʠʝ ʢʘʢʦ ʢʘʿ ʤʝʪʘʣʫʨʛʠʿʘʪʘ ʥʘ ʧʨʘʰʦʮʠ ʠ ʩʝ ʩʦ 

ʧʨʝʯʥʠʢ 50 ï 150 ʤʠʢʨʦʥʠ. ʆʚʘʘ ʤʝʪʦʜʘ ʤʦʞʝ ʠʩʪʦ ʜʘ ʩʝ ʢʦʨʠʩʪʠ ʠ ʩʦ ʧʦʣʠʤʝʨʥʠ 

ʤʘʪʝʨʠʿʘʣʠ ʠ ʢʝʨʘʤʠʢʘ. ɺʦʦʙʠʯʘʝʥʦ DED ʝ ʟʥʘʯʠʪʝʣʥʦ ʧʦʙʨʟʘ ʠ ʧʦʝʚʪʠʥʘ ʦʜ PBF. 

ʇʨʝʜʥʦʩʪʠʪʝ ʥʘ DED ʩʝ ʚʦ ʢʦʨʠʩʪʝʥʠʦʪ ʤʘʪʝʨʠʿʘʣ ʢʘʢʦ ʠ ʚʦ ʚʨʝʤʝʪʦ ʥʘ ʣʘʜʝˁʝ ʠ 

ʧʝʯʘʪʝˁʝ ʢʦʠ ʩʝ ʟʥʘʯʠʪʝʣʥʦ ʧʦʤʘʣʠ ʚʦ ʦʜʥʦʩ ʥʘ PBF. ʆʚʘʘ ʤʝʪʦʜʘ ʩⱪ ʧʦʚʝ˃ʝ ʩʝ 

ʧʨʠʤʝʥʫʚʘ ʢʘʢʦ ʟʘʤʝʥʘ ʥʘ ʢʣʘʩʠʯʥʠʪʝ ʤʝʪʦʜʠ ʟʘ ʧʦʧʨʘʚʢʘ ʥʘ ʜʝʣʦʚʠʪʝ, ʧʦʩʝʙʥʦ ʢʘʿ 

ʢʦʤʧʣʝʢʩʥʠʪʝ ʠ ʧʨʝʮʠʟʥʠ ʜʝʣʦʚʠ ʢʘʢʦ ʢʘʿ ʧʦʧʨʘʚʢʘ ʥʘ ʦʰʪʝʪʝʥʠ ʪʫʨʙʠʥʩʢʠ ʣʦʧʘʪʢʠ 

ʠʣʠ ʧʨʦʧʝʣʝʨʠ. [101]. 

 

ʉʣʠʢʘ 3.7. ʐʝʤʘʪʩʢʠ ʧʨʠʢʘʟ ʥʘ DED-ʧʨʦʮʝʩʦʪ [19] . 

ʀʩʪʠʩʥʫʚʘˁʝ ʤʘʪʝʨʠʿʘʣ (ME) 

ME e ɸʇ-ʧʨʦʮʝʩ ʚʦ ʢʦʿ ʤʘʪʝʨʠʿʘʣ ʥʘʤʦʪʘʥ ʥʘ ʢʘʣʝʤ (ʚʦʦʙʠʯʘʝʥʦ ʪʝʨʤʦʧʣʘʩʪʠʯʝʥ 

ʧʦʣʠʤʝʨ) ʩʝ ʠʩʪʠʩʥʫʚʘ ʥʠʟ ʟʘʛʨʝʘʥʘ ʤʣʘʟʥʠʮʘ, ʩʦ ʧʦʩʪʦʿʘʥ ʧʨʠʪʠʩʦʢ ʠ ʚʦ ʢʦʥʪʠʥʫʠʪʝʪ 

ʦʬʦʨʤʫʚʘʿ˃ʠ ʛʦ ʜʝʣʦʪ ʩʣʦʿ ʧʦ ʩʣʦʿ (ʉʣʠʢʘ 3.8) ʆʚʘʘ ʤʝʪʦʜʘ ʫʰʪʝ ʝ ʧʦʟʥʘʪʘ ʠ ʢʘʢʦ Fused 

Filament Fabrication (FFF) ʠʣʠ ʠʟʨʘʙʦʪʢʘ ʥʘ ʩʧʦʝʥʠ ʢʦʥʮʠ. ʆʚʘʘ ʤʝʪʦʜʘ ʝ ʥʘʿʧʦʧʫʣʘʨʥʘ 

ʤʝʪʦʜʘ ʚʦ ʨʘʤʢʠʪʝ ʥʘ ɸʇ. 

ʐʠʨʦʢ ʩʧʝʢʪʘʨ ʥʘ ʤʘʪʝʨʠʿʘʣ ʤʦʞʝ ʜʘ ʩʝ ʠʩʪʠʩʥʫʚʘ ʩʦ ʧʦʤʦʰʥʘ FFF. ʅʘʿʯʝʩʪʦ 

ʢʦʨʠʩʪʝʥʠ ʪʝʨʤʦʧʣʘʩʪʠʯʥʠ ʤʘʪʝʨʠʿʘʣʠ ʩʝ acrylonitrile styrene acrylate (ASA), 

acrylonitrile butadiene styrene (ABS), polycarbonate, polyetherimide, polylactic acid (PLA) 

high-impact polystyrene (HIPS), thermoplastic polyurethane (TPU), aliphatic polyamides 

(PA, Nylon), ʢʘʢʦ ʠ ʧʣʘʩʪʠʢʘ ʩʦ ʚʠʩʦʢʠ ʧʝʨʬʦʨʤʘʥʩʠ ʢʘʢʦ ʰʪʦ ʝ:  polyether ether ketone 

(PEEK), ʠ polyetherimide (PEI) [74, 97, 102]. 
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ʉʣʠʢʘ 3.8. ʐʝʤʘʪʩʢʠ ʧʨʠʢʘʟ ʥʘ ɸʇ-ʧʨʦʮʝʩ ʩʦ ʠʩʪʠʩʥʫʚʘˁʝ ʥʘ ʤʘʪʝʨʠʿʘʣ (ʄɽ), Fused Filament Fabricate 

FFF [74] . 

ɻʣʘʚʥʠʪʝ ʧʨʝʜʥʦʩʪʠ ʥʘ (FDM) ʩʝ: ʢʨʝʠʨʘˁʝ ʢʦʥʮʝʧʪʫʘʣʝʥ ʤʦʜʝʣ/ʬʫʥʢʮʠʦʥʘʣʝʥ 

ʧʨʦʪʦʪʠʧ ʩʦ ʥʘʤʘʣʝʥ ʪʨʦʰʦʢ ʠ ʟʘ ʢʫʩʦ ʚʨʝʤʝ, ʠʟʨʘʙʦʪʢʘ ʥʘ ʛʦʪʦʚʠ ʧʨʦʠʟʚʦʜʠ ʙʝʟ 

ʪʨʦʰʦʮʠ ʠ ʧʦʪʨʝʙʥʦ ʚʨʝʤʝ ʟʘ ʠʟʨʘʙʦʪʢʘ ʥʘ ʘʣʘʪʠ ʠ ʦʙʨʘʙʦʪʢʘ,  ʬʣʝʢʩʠʙʠʣʥʦʩʪ ʥʘ 

ʤʘʪʝʨʠʿʘʣʦʪ ʚʦ ʦʜʥʦʩ ʥʘ ʤʘʥʠʧʫʣʠʨʘˁʝ ʠ ʦʙʨʘʙʦʪʢʘ, ʧʦʙʨʟ ʧʨʠʩʪʘʧ ʢʦʥ ʧʘʟʘʨʦʪ, 

ʦʪʩʫʩʪʚʫʚʘ ʛʫʙʠʪʦʢ ʥʘ ʧʨʘʰʝʩʪ ʤʘʪʝʨʠʿʘʣ, ʥʝʤʘ ʧʦʪʨʝʙʘ ʦʜ ʦʪʩʪʨʘʥʫʚʘˁʝ ʦʩʪʘʪʦʮʠ. 

ʇʦʢʨʘʿ ʪʦʘ ʤʘʪʝʨʠʿʘʣʠʪʝ ʢʘʢʦ ʰʪʦ ʝ ʢʝʨʘʤʠʢʘʪʘ, ʙʝʪʦʥʦʪ ʠʣʠ ʯʦʢʦʣʘʜʦʪʦ ʠʩʪʦ ʪʘʢʘ 

ʤʦʞʘʪ ʜʘ ʩʝ ʠʩʪʠʩʥʫʚʘʘʪ ʩʦ ʢʦʨʠʩʪʝˁʝ ʥʘ ʦʚʘʘ 3D-ʪʝʭʥʠʢʘ. ɺʦ ʧʦʥʦʚʦ ʚʨʝʤʝ 

ʥʘʧʨʝʜʦʢʦʪ ʥʘ ʠʩʪʠʩʥʫʚʘˁʝ ʥʘ ʤʘʪʝʨʠʿʘʣʠ ʦʜ ʛʨʫʧʘʪʘ ʥʘ ʤʘʩʪʠʣʘ, ʧʦʟʥʘʪʦ ʫʰʪʝ ʠ ʢʘʢʦ 

liquid deposition modeling (LDM) ʠʣʠ ʤʦʜʝʣʠʨʘˁʝ ʩʦ ʠʩʪʠʩʥʫʚʘˁʝ ʪʝʯʥʦʩʪ, ʦʪʚʦʨʘ ʥʦʚʠ 

ʧʨʦʩʪʦʨʠ ʥʘ ʦʚʘʘ ʪʝʭʥʠʢʘ [103].  

ɺʙʨʠʟʛʫʚʘˁʝ ʤʘʪʝʨʠʿʘʣ (MJ) 

MJ ʝ ʝʜʝʥ ʦʜ ʥʘʿʙʨʟʠʪʝ ʠ ʥʘʿʪʦʯʥʠ ɸʇ-ʧʨʦʮʝʩʠ ʢʘʿ ʢʦʠ ʪʝʯʥʠ ʢʘʧʢʠ ʦʜ ʦʜʨʝʜʝʥʠ 

ʤʘʪʝʨʠʿʘʣʠ ʟʘ ʛʨʘʜʙʘ ʠ ʧʦʜʜʨʰʢʘ ʩʝ ʚʙʨʠʟʛʫʚʘʘʪ ʚʨʟ ʧʣʘʪʬʦʨʤʘʪʘ ʟʘ ʛʨʘʜʙʘ. ʆʚʠʝ 

ʢʘʧʢʠ ʜʝʣʫʤʥʦ ʛʦ ʦʤʝʢʥʫʚʘʘʪ ʧʨʝʪʭʦʜʥʦ ʧʦʣʦʞʝʥʠʦʪ ʩʣʦʿ ʥʘ ʤʘʪʝʨʠʿʘʣ, ʧʦʩʣʝ ʰʪʦ ʪʦʿ 

ʩʝ ʟʘʛʨʝʚʘ ʩʦ UV-ʩʚʝʪʣʠʥʘ, ʩʝ ʟʘʮʚʨʩʪʫʚʘ ʠ ʩʝ ʩʠʤʥʫʚʘ ʦʜ ʧʣʘʪʬʦʨʤʘʪʘ. ʆʚʦʿ ʧʨʦʮʝʩ ʝ 

ʘʥʘʣʦʛʝʥ ʥʘ ʜʚʦʜʠʤʝʥʟʠʦʥʘʣʥʠʪʝ ʧʝʯʘʪʘʯʠ ʩʦ ʤʣʘʟ ʥʘ ʤʘʩʪʠʣʦ. 

ʄʘʪʝʨʠʿʘʣʠʪʝ ʢʦʠ ʩʝ ʢʦʨʠʩʪʘʪ ʚʦ ʦʚʦʿ ʧʨʦʮʝʩ ʩʝ ʛʝʥʝʨʘʣʥʦ ʪʝʨʤʦʩʪʘʙʠʣʥʠ 

ʬʦʪʦʧʦʣʠʤʝʨʠ (ʥʘ ʧʨʠʤʝʨ, acrylics), ʜʦʩʪʘʧʥʠ ʚʦ ʪʝʯʥʘ ʩʦʩʪʦʿʙʘ. ʉʝʧʘʢ ʄɱ ʠʤʘ 

ʦʜʨʝʜʝʥʠ ʦʛʨʘʥʠʯʫʚʘˁʘ, ʢʘʢʦ ʰʪʦ ʩʝ ʣʦʰʠ ʤʝʭʘʥʠʯʢʠ ʩʚʦʿʩʪʚʘ, ʦʩʝʪʣʠʚʦʩʪ ʥʘ 

ʩʚʝʪʣʠʥʘ, ʜʝʛʨʘʜʠʨʘˁʝ ʥʘ ʤʝʭʘʥʠʯʢʠʪʝ ʩʚʦʿʩʪʚʘ ʩʦ ʪʝʢʦʪ ʥʘ ʚʨʝʤʝ ʠ ʚʠʩʦʢʘ ʮʝʥʘ ʥʘ 

ʤʘʪʝʨʠʿʘʣʦʪ, ʰʪʦ ʛʠ ʯʠʥʠ ʥʝʧʨʠʬʘʪʣʠʚʠ ʟʘ ʦʜʨʝʜʝʥʠ ʥʘʤʝʥʠ [92]. 
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ʉʣʠʢʘ 3.9. ʐʝʤʘ ʥʘ ʄɱ-ʧʨʦʮʝʩʦʪ [92] . 

 

ʌʫʟʠʿʘ ʥʘ ʩʣʦʿ ʥʘ ʧʨʘʰʦʢ (PBF) 

PBF ʝ ʧʨʦʮʝʩ ʥʘ ɸʇ (ʉʣʠʢʘ 3.10) ʢʘʿ ʢʦʿ ʪʝʨʤʠʯʢʠʦʪ ʠʟʚʦʨ, ʢʘʢʦ ʰʪʦ ʝ ʣʘʩʝʨʩʢʠʦʪ ʩʥʦʧ, 

ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʬʫʟʠʿʘ ʥʘ ʧʨʘʰʝʩʪʠʪʝ ʯʝʩʪʠʯʢʠ ʩʦ ʮʝʣ ʜʘ ʩʝ ʨʝʘʣʠʟʠʨʘ ʧʨʝʜʤʝʪʦʪ ʨʘʟʚʠʝʥ 

ʚʦ CAD. ʉʦ ʢʦʨʠʩʪʝˁʝ ʥʦʞ ʟʘ ʠʟʨʘʤʥʫʚʘˁʝ ʩʝ ʦʙʝʟʙʝʜʫʚʘ ʫʥʠʬʦʨʤʥʦʩʪ ʥʘ ʩʣʦʿʦʪ. 

ʅʘʿʜʦʤʠʥʘʥʪʥʠ ʢʘʪʝʛʦʨʠʠ ʥʘ ʦʚʦʿ ʧʨʦʮʝʩ ʩʝ: selective laser melting (SLM), selective laser 

sintering (SLS), ʠ electron beam melting (EBM). ʉʝʢʦʿʘ ʦʜ ʦʚʠʝ ʚʘʨʠʿʘʥʪʠ ʠʤʘ ʩʚʦʠ 

ʧʨʝʜʥʦʩʪʠ ʠ ʤʘʥʠ ʠ ʟʘʪʦʘ ʝ ʜʦʙʨʦ ʜʘ ʩʝ ʦʮʝʥʫʚʘʘʪ ʚʨʟ ʦʩʥʦʚʘ ʥʘ ʥʠʚʥʘʪʘ ʧʨʠʤʝʥʘ. 

Direct Metal Laser Sintering DMLS ʧʨʠʧʘʺʘ ʢʦʥ ʬʘʤʠʣʠʿʘʪʘ ʥʘ ɸʇ-ʪʝʭʥʠʢʠ ʧʦʟʥʘʪʠ ʢʘʢʦ 

Selective Laser Sintering, SLS. ʆʚʦʿ ʧʨʦʮʝʩ ʝ ʧʨʠʢʘʞʘʥ ʥʘ ʉʣʠʢʘ 3.11. 

Kaj SLS-ʧʨʦʮʝʩʦʪ ʧʦʣʠʤʝʨʥʠʪʝ ʤʘʪʝʨʠʿʘʣʠ, ʢʘʢʦ ʰʪʦ ʩʝ nylon ʠʣʠ polyether ketone 

(PEKK), ʩʝ ʧʦʜʣʦʞʫʚʘʘʪ ʥʘ ʩʠʥʪʝʨʫʚʘˁʝ ʩʦ ʰʪʦ ʩʝ ʜʦʙʠʚʘ ʛʝʦʤʝʪʨʠʿʘʪʘ ʥʘ ʩʣʦʿʦʪ, ʘ 

ʧʦʪʦʘ ʠ ʮʝʣʠʦʪ 3D-ʧʨʝʜʤʝʪ. ʆʚʘʘ ʤʝʪʦʜʘ ʩʦ ʤʠʢʨʦʥʩʢʘ ʨʝʟʦʣʫʮʠʿʘ ʝ ʧʦʟʥʘʪʘ ʫʰʪʝ ʠ 

ʢʘʢʦ micro-selective laser sintering (µ-SLS) ʠ ʦʚʦʟʤʦʞʫʚʘ ʜʦʙʠʚʘˁʝ ʦʙʣʠʮʠ ʩʦ 

ʨʝʟʦʣʫʮʠʿʘ ʧʦʤʘʣʘ ʦʜ 5 µm [108]. 
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ʉʣʠʢʘ 3.10. ʐʝʤʘ ʥʘ PBF [92] . 

 

 
ʉʣʠʢʘ 3.11. ʐʝʤʘ ʥʘ SLS/DMLS-ʧʨʦʮʝʩ ʥʘ ɸʇ [74] . 

ʂʘʿ SLM ʣʘʩʝʨʦʪ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʦʙʝʟʙʝʜʫʚʘˁʝ ʪʦʧʣʠʥʘ ʟʘ ʮʝʣʦʩʥʦ ʪʦʧʝˁʝ ʥʘ ʧʨʘʰʦʢʦʪ, 

ʘ ʥʝ ʟʘ ʥʝʛʦʚʦ ʩʠʥʪʝʨʫʚʘˁʝ, ʢʘʢʦ ʰʪʦ ʝ ʩʣʫʯʘʿʦʪ ʢʘʿ SLS. ʇʨʦʮʝʩʦʪ ʛʣʘʚʥʦ ʩʝ ʢʦʨʠʩʪʠ ʟʘ 

ʧʨʘʝhʩʪʠ ʤʝʪʘʣʠ, ʢʘʢʦ ʰʪʦ ʩʝ ʘʣʫʤʠʥʠʫʤʩʢʠʪʝ ʣʝʛʫʨʠ, ʪʠʪʘʥʠʫʤ ʠ ʥʝʛʦʚʠʪʝ ʣʝʛʫʨʠ ʠ 

ʥʝʨʺʦʩʫʚʘʯʢʠʪʝ ʯʝʣʠʮʠ. ɺʦ ʦʚʦʿ ʧʨʦʮʝʩ ʩʝ ʢʦʨʠʩʪʠ ʠʥʝʨʪʥʘ ʘʪʤʦʩʬʝʨʘ ʚʦ ʢʦʤʦʨʘʪʘ ʥʘ 

ʧʨʦʮʝʩʦʪ (ʪʠʧʠʯʥʦ ʘʨʛʦʥ) ʩʦ ʮʝʣ ʜʘ ʩʝ ʟʘʰʪʠʪʠ ʦʜ ʦʢʩʠʜʘʮʠʿʘ ʠ/ʠʣʠ ʥʠʪʨʘʮʠʿʘ ʥʘ 

ʢʦʥʩʦʣʠʜʠʨʘʥʠʦʪ ʤʘʪʝʨʠʿʘʣ. ʂʘʿ EBM-ʧʨʦʮʝʩʦʪ ʚʦ ʢʦʤʦʨʘʪʘ ʩʝ ʦʙʝʟʙʝʜʫʚʘ ʚʘʢʫʫʤ 

ʥʘʤʝʩʪʦ ʠʥʝʨʪʥʘ ʘʪʤʦʩʬʝʨʘ.  
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ɼʨʫʛʠʪʝ ʜʚʝ ʧʦʤʘʣʢʫ ʨʘʩʧʨʦʩʪʨʘʥʝʪʠ PBF-ʪʝʭʥʠʢʠ ʩʝ fused with agent and energy ʠ 

thermal powder bed fusion [109ï112]. 

 
ʉʣʠʢʘ 3.12. ʐʝʤʘ ʥʘ SLM-ʧʨʦʮʝʩ[113]. 

ʇʨʦʮʝʩʦʪ PBF ʠʤʘ ʧʦʚʝ˃ʝ ʧʨʝʜʥʦʩʪʠ, ʤʝʺʫ ʢʦʠ: ʥʘʤʘʣʝʥʘ ʟʘʛʫʙʘ ʥʘ ʤʘʪʝʨʠʿʘʣ, 

ʥʘʤʘʣʝʥʦ ʚʨʝʤʝ ʟʘ ʨʘʟʚʦʿ ʥʘ ʧʨʦʠʟʚʦʜʦʪ,  ʙʨʟʠ ʧʨʦʪʦʪʠʧʦʚʠ ʠ ʧʦʜʦʙʨʝʥʦ ʤʘʣʦʩʝʨʠʩʢʦ 

ʧʨʦʠʟʚʦʜʩʪʚʦ, ʛʨʘʜʙʘ ʥʘ ʬʫʥʢʮʠʦʥʘʣʥʠ ʜʝʣʦʚʠ, ʮʝʣʦʩʥʘ ʠʟʨʘʙʦʪʢʘ ʧʦ ʧʦʪʨʝʙʘ ʠ 

ʥʘʧʫʰʪʘˁʝ ʥʘ ʢʦʥʮʝʧʪʦʪ ʥʘ ʥʝʧʨʦʤʝʥʣʠʚʘ ʢʦʥʩʪʨʫʢʮʠʿʘ, ʜʦʙʨʘ ʨʝʟʦʣʫʮʠʿʘ, ʝʬʠʢʘʩʥʦ 

ʨʝʮʠʢʣʠʨʘˁʝ ʥʘ ʥʝʠʩʢʦʨʠʩʪʝʥʠʦʪ ʧʨʘʰʦʢ, ʢʦʥʩʪʨʫʠʨʘˁʝ ʩʦ ʩʧʦʿʫʚʘˁʝ ʥʘ ʧʦʚʝ˃ʝ 

ʤʘʪʝʨʠʿʘʣʠ, ʢʘʢʦ ʰʪʦ ʩʝ ʢʝʨʘʤʠʢʘ, ʩʪʘʢʣʦ, ʧʣʘʩʪʠʢʘ, ʤʝʪʘʣʠ, ʣʝʛʫʨʠ, ʥʝʤʘˁʝ ʧʦʪʨʝʙʘ ʦʜ 

ʧʦʤʘʛʘʣʘ, ʟʛʦʣʝʤʫʚʘˁʝ ʥʘ ʧʨʦʜʫʢʪʠʚʥʦʩʪʘ ʩʦ ʧʦʧʦʣʥʫʚʘˁʝ ʥʘ ʨʘʙʦʪʥʦʪʦ ʧʦʜʨʘʯʿʝ ʩʦ 

ʧʦʚʝ˃ʝ ʜʝʣʦʚʠ [106]. 

ʅʝʢʦʠ ʦʜ ʛʣʘʚʥʠʪʝ ʥʝʜʦʩʪʘʪʦʮʠ ʩʝ: ʨʝʣʘʪʠʚʥʦ ʙʘʚʥʦ ʠ ʜʦʣʛʦ ʚʨʝʤʝ ʥʘ ʧʝʯʘʪʝˁʝ, ʯʝʩʪʦ 

ʩʝ ʙʘʨʘ ʧʦʩʪʧʨʦʮʝʩʠʨʘˁʝ ʟʘ ʦʪʩʪʨʘʥʫʚʘˁʝ ʥʘ ʧʦʪʧʠʨʘˁʝʪʦ ʠʣʠ ʧʦʜʦʙʨʫʚʘˁʝ ʥʘ 

ʤʝʭʘʥʠʯʢʠʪʝ ʦʩʦʙʠʥʠ, ʥʘʤʘʣʫʚʘˁʝ ʥʘ ʧʨʝʦʩʪʘʥʘʪʠʪʝ ʥʘʧʦʥʠ ʠ ʧʦʜʦʙʨʫʚʘˁʝ ʥʘ 

ʢʚʘʣʠʪʝʪʦʪ ʥʘ ʧʦʚʨʰʠʥʘʪʘ, ʩʣʘʙʠ ʩʪʨʫʢʪʫʨʥʠ ʩʚʦʿʩʪʚʘ/ʪʝʢʩʪʫʨʘ ʥʘ ʧʦʚʨʰʠʥʘ ʙʠʜʝʿ˃ʠ 

ʜʝʣʦʪ ʩʝ ʜʦʙʠʚʘ ʩʦ ʩʧʦʿʫʚʘˁʝ ʥʘ ʤʝʪʘʣʝʥ ʧʨʘʰʦʢ, ʢʚʘʣʠʪʝʪʦʪ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʝ ʟʘʚʠʩʝʥ 

ʦʜ ʛʦʣʝʤʠʥʘʪʘ ʥʘ ʯʝʩʪʠʮʠʪʝ ʥʘ ʧʨʘʰʦʢʦʪ, ʧʦʿʘʚʘ ʥʘ ʪʝʨʤʠʯʢʠ ʜʝʬʦʨʤʘʮʠʠ, ʟʛʦʣʝʤʝʥ 

ʪʨʦʰʦʢ ʟʘʨʘʜʠ ʨʝʣʘʪʠʚʥʦ ʛʦʣʝʤʘ ʧʦʪʨʦʰʫʚʘʯʢʘ ʥʘ ʝʥʝʨʛʠʿʘ [114]. 
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ʃʘʤʠʥʠʨʘˁʝ ʥʘ ʣʠʩʪʦʚʠ (SL) 

Kaj SL 3D-ʧʨʝʜʤʝʪʦʪ ʩʝ ʜʦʙʠʚʘ ʩʦ ʣʘʤʠʥʠʨʘˁʝ ʠ ʩʧʦʿʫʚʘˁʝ ʥʘ ʣʠʩʪʦʚʠ ʦʜ ʤʘʪʝʨʠʿʘʣ. 

ʄʝʪʦʜʦʪ ʥʘ ʩʧʦʿʫʚʘˁʝ ʤʦʞʝ ʜʘ ʝ ʩʦ ʣʝʧʝˁʝ, ʫʣʪʨʘʩʦʥʠʯʥʦ ʟʘʚʘʨʫʚʘˁʝ ʠʣʠ ʣʝʤʝˁʝ, ʘ 

ʟʘʚʨʰʥʠʦʪ ʦʙʣʠʢ ʩʝ ʜʦʙʠʚʘ ʠʣʠ ʩʦ ʩʝʯʝˁʝ ʩʦ ʣʘʩʝʨ ʠʣʠ ʩʦ CNC-ʦʙʨʘʙʦʪʢʘ. ɿʘʚʨʰʥʠʦʪ 

ʧʨʦʠʟʚʦʜ ʤʦʞʝ ʜʘ ʩʝ ʜʦʙʠʝ ʠʣʠ ʩʦ ʦʬʦʨʤʫʚʘˁʝ ʥʘ ʩʣʦʝʚʠʪʝ, ʘ ʧʦʪʦʘ ʩʦ ʥʠʚʥʦ 

ʩʧʦʿʫʚʘˁʝ ʠʣʠ ʩʦ ʩʧʦʿʫʚʘˁʝ ʠ ʧʦʩʣʝʜʦʚʘʪʝʣʥʦ ʦʬʦʨʤʫʚʘˁʝ ʚʦ 3D-ʦʙʣʠʢ. 

ʇʨʦʮʝʩʦʪ ʤʦʞʝ ʜʘ ʩʝ ʢʘʪʝʛʦʨʠʟʠʨʘ ʚʨʟ ʦʩʥʦʚʘ ʥʘ ʪʝʭʥʠʢʘʪʘ  ʥʘ ʣʘʤʠʥʠʨʘˁʝ ʢʦʿʘ ʩʝ 

ʢʦʨʠʩʪʠ ʟʘ ʩʧʦʿʫʚʘˁʝ ʥʘ ʣʘʤʠʥʘʪʠʪʝ ʧʦʤʝʺʫ ʩʝʙʝ, ʠ ʪʦʘ ʥʘ laminated object 

manufacturing (LOM),  ultrasonic additive manufacturing (UAM), ʠʣʠ plastic sheet 

lamination (PSL). UAM ʢʦʨʠʩʪʠ ʣʠʩʪʦʚʠ ʠʣʠ ʪʨʘʢʠ ʦʜ ʤʝʪʘʣ, ʢʦʠ ʟʘʝʜʥʦ ʩʝ ʩʧʦʿʫʚʘʘʪ ʩʦ 

ʧʨʠʤʝʥʘ ʥʘ ʫʣʪʨʘʩʦʥʠʯʥʦʪʦ ʟʘʚʘʨʫʚʘˁʝ. LOM ʝ ʩʣʠʯʝʥ ʧʨʠʩʪʘʧ ʢʦʿ ʢʘʢʦ ʤʘʪʝʨʠʿʘʣ 

ʢʦʨʠʩʪʠ ʭʘʨʪʠʿʘ ʠ ʣʝʧʘʢ ʟʘ ʥʝʿʟʠʥʦ ʩʧʦʿʫʚʘˁʝ [115]. 

 ʅʘ ʩʣʠʢʘ 3.13 ʝ ʧʨʠʢʘʞʘʥʘ ʰʝʤʘʪʘ ʥʘ ʧʨʦʮʝʩʦʪ ʥʘ ʣʘʤʠʥʠʨʘˁʝ ʩʦ ʣʠʩʪʦʚʠ. 

 

 
 

ʉʣʠʢʘ 3.13. ʇʨʦʮʝʩ ʥʘ ʣʘʤʠʥʠʨʘˁʝ ʩʦ ʣʠʩʪʦʚʠ  [116]. 

ʌʦʪʦʧʦʣʠʤʝʨʠʟʘʮʠʿʘ ʚʦ ʢʘʜʘ  

ʂʘʿ ʦʚʘʘ ʤʝʪʦʜʘ ʩʝ ʢʦʨʠʩʪʠ ʢʘʜʘ ʩʦ ʩʤʦʣʘ ʢʦʿʘ ʩʝ ʚʮʨʩʪʚʫʚʘ ʧʦʜ ʜʝʿʩʪʚʦ ʥʘ ʩʚʝʪʣʠʥʘ. 

ʇʨʝʜʤʝʪʦʪ ʩʝ ʦʬʦʨʤʫʚʘ ʩʦ ʢʦʨʠʩʪʝˁʝ ʩʦʦʜʚʝʪʝʥ ʣʘʩʝʨ ʩʦ ʢʦʿ ʩʣʦʿ ʧʦ ʩʣʦʿ ʩʝʣʝʢʪʠʚʥʦ ʩʝ 

ʟʘʮʚʨʩʪʫʚʘʘʪ ʧʦʝʜʠʥʝʯʥʠ ʜʝʣʦʚʠ ʦʜ ʩʤʦʣʘʪʘ. 

ʆʚʘʘ ʝ ʜʦʩʪʘ ʨʘʰʠʨʝʥʘ ʤʝʪʦʜʘ ʟʘ ʙʨʟʠ ʧʨʦʪʦʪʠʧʦʚʠ ʠ ʧʨʦʠʟʚʦʜʩʪʚʘ, ʧʨʠ ʰʪʦ ʩʝ ʜʦʙʠʚʘ 

ʚʠʩʦʢʘ ʨʝʟʦʣʫʮʠʿʘ ʠ ʦʜʣʠʯʝʥ ʢʚʘʣʠʪʝʪ ʥʘ ʧʦʚʨʰʠʥʘʪʘ, ʥʦ ʩʝʪʦ ʪʦʘ ʤʦʞʝ ʜʘ ʙʠʜʝ ʜʦʩʪʘ 

ʩʢʘʧʦ, ʘ ʧʨʦʠʟʚʦʜʦʪ ʩʦ ʪʝʢʦʪ ʥʘ ʚʨʝʤʝʪʦ ʜʘ ʙʠʜʝ ʢʨʰʣʠʚ. 
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ʉʣʠʢʘ 3.14. ʐʝʤʘ ʥʘ ʬʦʪʦʧʦʣʠʤʝʨʠʟʘʮʠʿʘ ʢʘʿ ʩʪʝʨʝʦʣʠʪʦʛʨʘʬʠʿʘ (SLA) [117]. 

ʄʦʞʝ ʜʘ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʢʨʝʠʨʘˁʝ ʢʦʥʮʝʧʮʠʩʢʠ ʤʦʜʝʣʠ, ʙʨʟʠ ʧʨʦʪʦʪʠʧʦʚʠ ʠ ʜʝʣʦʚʠ ʩʦ 

ʢʦʤʧʣʝʢʩʥʘ ʛʝʦʤʝʪʨʠʿʘ. SLA ʝ ʧʨʚʠʦʪ ʨʘʟʚʠʝʥ ʧʨʦʮʝʩ ʥʘ ɸʇ. ʂʘʿ ʦʚʦʿ ʧʨʦʮʝʩ ʜʝʣʦʪ ʩʝ 

ʜʦʙʠʚʘ ʩʦ ʠʟʣʦʞʫʚʘˁʝ ʥʘ ʬʦʪʦʯʫʚʩʪʚʠʪʝʣʥʘʪʘ ʩʤʦʣʘ ʥʘ ʟʨʘʢ ʦʜ ʫʣʪʨʘʚʠʦʣʝʪʦʚ ʣʘʩʝʨ 

(ʉʣʠʢʘ 3.14). 

 
ʉʣʠʢʘ 3.15. ɼʠʨʝʢʪʥʦ ʧʨʦʮʝʩʠʨʘˁʝ ʩʦ ʩʚʝʪʣʠʥʘ (DLP) [1] . 

ʂʦʛʘ ʬʦʪʦʯʫʚʩʪʚʠʪʝʣʥʘʪʘ ʩʤʦʣʘ ˃ʝ ʜʦʿʜʝ ʚʦ ʢʦʥʪʘʢʪ ʩʦ ʫʣʪʨʘʚʠʦʣʝʪʦʚʘʪʘ ʩʚʝʪʣʠʥʘ, ʩʝ 

ʚʮʨʩʪʚʫʚʘ ʠ ʪʘʢʘ ʩʝ ʦʬʦʨʤʫʚʘ ʩʣʦʿʦʪ. ʉʣʝʜʫʚʘ ʧʦʤʝʩʪʫʚʘˁʝ ʥʘʜʦʣʫ ʥʘ ʧʣʘʪʬʦʨʤʘʪʘ ʠ 

ʦʬʦʨʤʫʚʘˁʝ ʥʦʚʦ ʥʠʚʦ. ʉʦ ʦʚʘʘ ʤʝʪʦʜʘ ʤʦʞʘʪ ʜʘ ʩʝ ʢʦʨʠʩʪʘʪ ʨʘʟʣʠʯʥʠ ʤʘʪʝʨʠʿʘʣʠ 

[118]. 

Direct light processing (DLP) ʝ ʩʣʠʯʝʥ ʧʨʦʮʝʩ ʥʘ ʩʪʝʨʝʦʣʠʪʦʛʨʘʬʠʿʘʪʘ, ʩʦ ʪʦʘ ʰʪʦ ʪʫʢʘ 

ʩʝ ʢʦʨʠʩʪʠ DLP-ʧʨʦʝʢʪʦʨ ʥʘʤʝʩʪʦ ʫʣʪʨʘʚʠʦʣʝʪʦʚʘ ʩʚʝʪʣʠʥʘ (ʉʣʠʢʘ 3.15) [119]. 
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ʄʘʪʝʨʠʿʘʣʠ ʢʦʠ ʩʝ ʢʦʨʠʩʪʘʪ ʟʘ 3D-ʧʝʯʘʪʝˁʝ ʢʘʿ ɸʇ 

ʂʘʢʦ ʠ ʢʘʿ ʜʨʫʛʠʪʝ ʧʨʦʠʟʚʦʜʩʪʚʝʥʠ ʧʨʦʮʝʩʠ, 3D-ʧʝʯʘʪʝˁʝʪʦ ʙʘʨʘ ʚʠʩʦʢʦ ʢʚʘʣʠʪʝʪʥʠ 

ʤʘʪʝʨʠʿʘʣʠ, ʢʦʠ ʩʝ ʜʦʙʠʝʥʠ ʩʦʛʣʘʩʥʦ ʦʜʨʝʜʝʥʘ ʩʧʝʮʠʬʠʢʘʮʠʿʘ, ʟʘ ʜʘ ʩʝ ʜʦʙʠʝ ʚʠʩʦʢʦ 

ʢʚʘʣʠʪʝʪʝʥ ʧʨʦʠʟʚʦʜ. 

ɸʇ ʝ ʩʧʦʩʦʙʥʦ ʜʘ ʧʨʦʠʟʚʝʜʝ ʮʝʣʦʩʥʦ ʬʫʥʢʮʠʦʥʘʣʥʠ ʜʝʣʦʚʠ ʦʜ ʨʘʟʣʠʯʥʠ ʤʘʪʝʨʠʿʘʣʠ, 

ʢʘʢʦ ʰʪʦ ʩʝ ʢʝʨʘʤʠʢʘ, ʤʝʪʘʣ, ʧʦʣʠʤʝʨʠ, ʢʘʢʦ ʠ ʥʠʚʥʘ ʢʦʤʙʠʥʘʮʠʿʘ ʚʦ ʬʦʨʤʘ ʥʘ 

ʭʠʙʨʠʜʠ, ʢʦʤʧʦʟʠʪʠ ʠʣʠ ʩʧʝʮʠʬʠʯʥʦ ʜʝʬʠʥʠʨʘʥʠ ʤʘʪʝʨʠʿʘʣʠ [19]. 

ɸʜʠʪʠʚʥʦ ʧʨʦʠʟʚʦʜʩʪʚʦ ʩʦ ʤʝʪʘʣʠ 

ɿʘʨʘʜʠ ʥʠʚʥʠʪʝ ʧʦʩʘʢʫʚʘʥʠ ʤʝʭʘʥʠʯʢʠ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʤʝʪʘʣʠʪʝ ʩʝ ʤʦʞʝʙʠ ʥʘʿʯʝʩʪʦ 

ʢʦʨʠʩʪʝʥʠ ʤʘʪʝʨʠʿʘʣʠ ʚʦ ʠʥʞʝʥʝʨʩʪʚʦʪʦ. ʂʘʢʦ ʨʝʟʫʣʪʘʪ ʥʘ ʪʦʘ ʠʥʜʫʩʪʨʠʿʘʪʘ ʥʘ ɸʇ 

ʙʘʨʘ ʥʦʚʠ ʥʘʯʠʥʠ ʟʘ ʢʨʝʠʨʘˁʝ ʤʝʪʘʣʥʠ ʜʝʣʦʚʠ ʢʦʠ ʙʠ ʛʠ ʟʘʤʝʥʠʣʝ  ʢʦʥʚʝʥʮʠʦʥʘʣʥʦ 

ʧʨʦʠʟʚʝʜʝʥʠʪʝ ʜʝʣʦʚʠ. ʅʦʚʠʪʝ ʨʘʟʚʦʿʥʠ ʥʘʧʦʨʠ ʢʘʿ ʪʝʭʥʦʣʦʛʠʠʪʝ ʥʘ ɸʇ ʩʝ ʫʧʘʪʝʥʠ 

ʪʦʢʤʫ ʢʦʥ ʠʩʪʨʘʞʫʚʘˁʘ ʥʘ ʧʦʣʝʪʦ ʥʘ Metal Additive Manufacturing (MAM). 

ʆʜ ʥʝʦʜʘʤʥʘ ʤʥʦʛʫ ʤʝʪʘʣʥʠ ʢʦʤʧʦʥʝʥʪʠ ʤʦʞʘʪ ʜʘ ʩʝ ʠʟʨʘʙʦʪʘʪ ʩʦ ʪʝʭʥʦʣʦʛʠʿʘʪʘ ʥʘ ɸʇ 

ʢʦʨʠʩʪʝʿ˃ʠ ʥʝʨʺʦʩʫʚʘʯʢʠ ʯʝʣʠʢ, ʪʠʪʘʥʠʫʤ, ʣʝʛʫʨʠ ʥʘ ʘʣʫʤʠʥʠʫʤ, ʣʝʛʫʨʠ ʙʘʟʠʨʘʥʠ ʥʘ 

ʢʦʙʘʣʪ, ʣʝʛʫʨʠ ʙʘʟʠʨʘʥʠ ʥʘ ʥʠʢʝʣ ʠ ʜʨ. [120]. 

ʄʠʢʨʦʩʪʨʫʢʪʫʨʘʪʘ ʥʘ ʜʝʣʦʚʠʪʝ ʧʨʦʠʟʚʝʜʝʥʠ ʩʦ ɸʇ-ʧʨʦʮʝʩ ʠʤʘ ʛʦʣʝʤʦ ʚʣʠʿʘʥʠʝ ʥʘ 

ʤʝʭʘʥʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʜʝʣʦʪ, ʢʘʢʦ ʰʪʦ ʩʝ ʥʘʧʦʥʩʢʦʪʦ ʠ ʦʜʥʝʩʫʚʘˁʝʪʦ ʥʘ 

ʟʘʤʦʨ. ʆʚʘ ʧʨʝʜʠʟʚʠʢʫʚʘ ʟʛʦʣʝʤʝʥ ʠʥʪʝʨʝʩ ʢʘʿ ʦʥʠʝ ʢʦʠ ʩʝ ʟʘʥʠʤʘʚʘʘʪ ʩʦ ʪʝʭʥʦʣʦʛʠʿʘʪʘ 

ɸʇ ʢʦʥ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘʪʘ, ʬʦʨʤʠʨʘˁʝ ʥʘ ʬʘʟʠʪʝ ʠ ʪʝʨʤʠʯʢʘʪʘ ʦʙʨʘʙʦʪʢʘ [121, 122]. 

ʄʦʞʝ ʜʘ ʩʝ ʢʦʥʩʪʘʪʠʨʘ ʜʝʢʘ ʧʨʦʠʟʚʝʜʝʥʠʪʝ ʜʝʣʦʚʠ ʩⱪ ʫʰʪʝ ʛʠ ʥʝʤʘʘʪ ʠʩʧʦʣʥʝʪʦ 

ʦʯʝʢʫʚʘˁʘʪʘ ʢʦʠ ʧʨʝʜ ʥʠʚ ʛʠ ʠʤʘ ʧʦʩʪʘʚʝʥʦ ʠʥʜʫʩʪʨʠʿʘʪʘ. ʄʥʦʛʫ ʚʘʞʥʠ ʧʨʘʰʘˁʘ ʢʦʠ 

ʪʨʝʙʘ ʜʘ ʙʠʜʘʪ ʨʝʰʝʥʠ ʩʝ ʧʦʜʦʙʨʫʚʘˁʝ ʥʘ ʢʚʘʣʠʪʝʪʦʪ ʥʘ ʧʦʚʨʰʠʥʘʪʘ, ʧʨʦʜʫʢʪʠʚʥʦʩʪʘ 

ʥʘ ʧʨʦʠʟʚʦʜʩʪʚʦʪʦ, ʧʦʜʦʙʨʫʚʘˁʝ ʥʘ ʥʘʧʦʥʩʢʦʪʦ ʦʜʥʝʩʫʚʘˁʝ ʠ ʪʚʨʜʠʥʘʪʘ, ʢʘʢʦ ʠ 

ʟʘʤʦʨʦʪ ʠ ʭʦʤʦʛʝʥʦʩʪʘ ʥʘ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘʪʘ [123]. 

ʇʘʤʝʪʥʠ ʤʘʪʝʨʠʿʘʣʠ ʢʘʿ ɸʇ 

ɺʦʚʝʜʫʚʘˁʝʪʦ ʥʘ ʧʘʤʝʪʥʠʪʝ ʤʘʪʝʨʠʿʘʣʠ ʚʦ ʠʥʜʫʩʪʨʠʿʘʪʘ ʥʘ ɸʇ ʜʘʚʘ ʦʜʨʝʜʝʥʠ 

ʧʨʝʜʥʦʩʪʠ, ʢʘʢʦ ʰʪʦ ʩʝ ʨʝʢʦʥʬʠʛʫʨʠʨʘˁʝ ʥʘ ʧʝʯʘʪʝʥʘʪʘ ʩʪʨʫʢʪʫʨʘ ʠ ʜʦʙʠʚʘˁʝ 

ʩʦʦʜʚʝʪʥʠ ʩʚʦʿʩʪʚʘ ʥʘ ʤʘʪʝʨʠʿʘʣʦʪ ʩʦ ʪʝʢʦʪ ʥʘ  ʚʨʝʤʝʪʦ. ʆʧʰʪʦ ʟʝʤʝʥʦ ʣʝʛʫʨʠʪʝ ʩʦ 

ʤʝʤʦʨʠʿʘ ʥʘ ʦʙʣʠʢʦʪ (shape memory alloys (SMA) ʠ shape memory polymers (SMP)) ʩʝ 

ʚʝ˃ʝ ʧʨʠʤʝʥʝʪʠ ʢʘʿ ɸʇ ʢʘʢʦ 4D-ʤʘʪʝʨʠʿʘʣʠ ʟʘ ʜʘ ʩʝ ʧʨʦʠʟʚʝʜʘʪ ʜʝʣʦʚʠ ʥʘ ʝʣʘʩʪʠʯʥʠ 

ʨʦʙʦʪʩʢʠ ʩʠʩʪʝʤʠ, ʩʘʤʦʧʦʜʦʙʨʫʚʘʯʢʠ ʩʪʨʫʢʪʫʨʠ ʠ ʢʦʥʪʨʦʣʠʨʘʥʠ ʩʝʢʚʝʥʮʠʦʥʘʣʥʦ 

ʦʜʚʠʪʢʫʚʘʥʠ ʩʠʩʪʝʤʠ [124]. ɽʣʝʢʪʨʠʯʥʠʪʝ ʤʘʪʝʨʠʿʘʣʠ ʧʠʝʟʦ ʧʨʝʪʩʪʘʚʫʚʘʘʪ ʫʰʪʝ ʝʜʥʘ 

ʜʦʧʦʣʥʠʪʝʣʥʘ ʤʦʞʥʦʩʪ ʟʘ 3D-ʧʝʯʘʪʝˁʝʪʦ. ɿʘʝʜʥʦ ʩʦ ʛʝʥʝʨʠʨʘˁʝ ʝʥʝʨʛʠʿʘ ʠ 

ʘʢʪʫʘʮʠʿʘʪʘ, 3D-ʥʘʥʦʧʨʦʠʟʚʦʜʩʪʚʦʪʦ ʥʘ ʦʚʠʝ ʤʘʪʝʨʠʿʘʣʠ ʧʨʝʪʩʪʘʚʫʚʘ ʦʙʿʝʢʪ ʥʘ 

ʠʩʪʨʘʞʫʚʘˁʝ [125]. ʉʦ ʢʦʨʠʩʪʝˁʝʪʦ ʥʘ ʪʝʭʥʦʣʦʛʠʠʪʝ ʥʘ ɸʇ ʤʦʞʝ ʣʝʩʥʦ ʜʘ ʙʠʜʘʪ 
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ʧʨʦʠʟʚʝʜʝʥʠ ʩʣʦʞʝʥʠʪʝ ʦʙʣʠʮʠ ʥʘ ʧʦʣʠʤʝʨʠʪʝ ʟʘ ʤʝʤʦʨʠʿʘ ʥʘ ʦʙʣʠʮʠʪʝ. ɽʚʘʣʫʘʮʠʿʘʪʘ 

ʥʘ ʢʚʘʣʠʪʝʪʦʪ ʥʘ ʦʚʠʝ ʤʘʪʝʨʠʿʘʣʠ ʝ ʧʦʚʨʟʘʥʘ ʩʦ ʜʠʤʝʥʟʠʦʥʘʣʥʘʪʘ ʪʦʯʥʦʩʪ, ʢʚʘʣʠʪʝʪʦʪ 

ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʠ ʛʫʩʪʠʥʘʪʘ ʥʘ ʜʝʣʦʪ [126]. 

ʉʧʝʮʠʿʘʣʥʠ ʤʘʪʝʨʠʿʘʣʠ ʢʘʿ ʘʜʠʪʠʚʥʦʪʦ ʧʨʦʠʟʚʦʜʩʪʚʦ 

ʇʦʜʦʣʫ ʩʝ ʜʘʜʝʥʠ ʥʝʢʦʣʢʫ ʧʨʠʤʝʨʠ ʥʘ ʢʦʨʠʩʪʝˁʝ ʩʧʝʮʠʿʘʣʥʠ ʤʘʪʝʨʠʿʘʣʠ ʚʦ 3D-

ʧʝʯʘʪʝˁʝʪʦ.   

ʊʝʭʥʦʣʦʛʠʿʘ ʥʘ ʧʝʯʘʪʝˁʝ 3D ʤʦʞʝ ʜʘ ʧʨʦʠʟʚʝʜʝ ʢʦʿ ʙʠʣʦ ʦʙʣʠʢ ʩʦ ʢʦʨʠʩʪʝˁʝ 

ʧʨʝʭʨʘʥʙʝʥʠ ʤʘʪʝʨʠʿʘʣʠ, ʢʘʢʦ ʰʪʦ ʩʝ ʯʦʢʦʣʘʜʦ, ʤʝʩʦ, ʙʦʥʙʦʥʠ, ʧʠʮʘ, ʰʧʘʛʝʪʠ, ʩʦʩ ʠ 

ʜʨ. [127]. ʆʚʦʿ ʧʨʦʮʝʩ ʦʚʦʟʤʦʞʫʚʘ ʢʨʝʘʮʠʿʘ ʥʘ ʟʜʨʘʚʘ ʭʨʘʥʘ ʙʠʜʝʿ˃ʠ ʦʚʦʟʤʦʞʫʚʘ ʜʘ ʩʝ 

ʧʦʜʝʩʫʚʘʘʪ ʩʦʩʪʘʚʥʠʪʝ ʜʝʣʦʚʠ ʙʝʟ ʜʘ ʩʝ ʥʘʤʘʣʠ ʥʫʪʨʠʪʠʚʥʘʪʘ ʚʨʝʜʥʦʩʪ ʠ ʚʢʫʩʦʪ [128]. 

ʆʚʘʘ ʪʝʭʥʦʣʦʛʠʿʘ ʤʦʞʝ ʜʠʨʝʢʪʥʦ ʜʘ ʧʨʦʠʟʚʝʜʝ ʧʦʚʝ˃ʝʩʣʦʿʥʠ ʜʝʣʦʚʠ ʦʜ ʤʝʩʝʯʝʚʘʪʘ 

ʧʨʘʰʠʥʘ, ʰʪʦ ʤʦʞʝ ʜʘ ʠʤʘ ʜʠʨʝʢʪʥʘ ʧʨʠʤʝʥʘ ʟʘ ʥʘʩʝʣʫʚʘˁʝʪʦ ʥʘ ʄʝʩʝʯʠʥʘʪʘ [129]. 

ʉʦ ʧʨʠʤʝʥʘʪʘ ʥʘ ʦʚʘʘ ʪʝʭʥʦʣʦʛʠʿʘ ʤʦʜʥʘʪʘ ʠʥʜʫʩʪʨʠʿʘ ʠ ʠʥʜʫʩʪʨʠʿʘʪʘ ʥʘ ʥʘʢʠʪ ˃ʝ 

ʠʤʘʘʪ ʧʦʩʝʙʥʠ ʧʨʝʜʥʦʩʪʠ, ʢʘʢʦ ʰʪʦ ʩʝ ʧʦʢʫʩʦ ʚʨʝʤʝ ʟʘ ʧʨʦʠʟʚʦʜʩʪʚʦ, ʥʘʤʘʣʝʥ ʪʨʦʰʦʢ 

ʠ ʩʣ. [130]. 

ɺʦ ʪʝʢ ʩʝ ʨʘʩʧʨʘʚʠ ʦʢʦʣʫ ʤʦʞʥʦʪʦ ʢʦʨʠʩʪʝˁʝ ʥʘ ʦʚʠʝ ʪʝʭʥʦʣʦʛʠʠ ʚʦ ʛʨʘʜʝʞʥʘʪʘ 

ʠʥʜʫʩʪʨʠʿʘ ʥʘʩʦʯʝʥʠ ʢʦʥ ʠʩʪʨʘʞʫʚʘˁʘʪʘ ʥʘ ʙʝʪʦʥʦʪ ʠ ʜʨʫʛʠʪʝ ʤʘʪʝʨʠʿʘʣʠ ʢʘʢʦ ʤʦʞʥʠ 

ʤʘʪʝʨʠʿʘʣʠ ʟʘ ɸʇ [131]. 

ɸʇ ʚʦ ʭʠʜʨʘʫʣʠʢʘʪʘ ʠ ʝʣʝʢʪʨʦʥʠʢʘʪʘ  

MacCurdy et al. [132] ʛʠ ʠʩʪʨʘʞʫʚʘʣʝ ʠʥʦʚʘʪʠʚʥʠʪʝ ʤʦʞʥʦʩʪʠ ʢʘʿ ʧʨʦʠʟʚʦʜʠ ʩʦ ʧʦʚʝ˃ʝ 

ʤʘʪʝʨʠʿʘʣʠ. ʀʩʪʨʘʞʫʚʘˁʘʪʘ ʩʝ ʦʜʥʝʩʫʚʘʣʝ ʥʘ ʧʝʯʘʪʝʥʠ ʝʣʝʤʝʥʪʠ ʚʦ ʭʠʜʨʘʫʣʠʢʘʪʘ ʧʨʠ 

ʰʪʦ ʮʚʨʩʪʠʦʪ ʠ ʪʝʯʥʠʦʪ ʤʘʪʝʨʠʿʘʣ ʩʝ ʧʝʯʘʪʝʥʠ ʩʠʤʫʣʪʘʥʦ ʚʦ ʪʝʢʦʪ ʥʘ ʧʨʦʮʝʩʦʪ. 

ʄʝʪʦʜʘʪʘ Fused deposition modeling (FDM) ʩʦ ʧʦʚʝ˃ʝ ʤʣʘʟʥʠʮʠ ʝ ʢʦʨʠʩʪʝʥʘ ʟʘ 

ʧʨʦʠʟʚʦʜʩʪʚʦ ʥʘ ʩʪʨʫʢʪʫʨʠ ʢʦʠ ʩʦʜʨʞʘʪ ʢʨʫʪʠ, ʬʣʝʢʩʠʙʠʣʥʠ ʠ ʤʘʪʝʨʠʿʘʣʠ ʟʘ 

ʧʦʜʜʨʰʢʘ, ʢʘʢʦ ʠ ʜʘ ʩʝ ʥʘʧʦʣʥʘʪ ʠʩʪʦʚʨʝʤʝʥʦ ʠ ʩʦ ʬʣʫʠʜ. ʂʘʢʦ ʨʝʟʫʣʪʘʪ ʥʘ ʪʦʘ ʜʦʙʠʝʥ 

ʝ ʤʝʭʘʥʠʟʘʤ ʧʦʛʦʥʫʚʘʥ ʩʦ ʭʠʜʨʘʫʣʠʢʘ ʩʦ ʫʣʦʛʘ ʥʘ ʬʣʝʢʩʠʙʠʣʝʥ ʨʦʙʦʪʩʢʠ ʬʘ˃ʘʯ ʢʦʿ ʝ 

ʧʨʦʠʟʚʝʜʝʥ ʚʦ ʝʜʝʥ ʯʝʢʦʨ ʠ ʙʝʟ ʜʦʧʦʣʥʠʪʝʣʥʘ ʤʦʥʪʘʞʘ. ɺʢʣʫʯʫʚʘˁʝʪʦ ʥʘ 

ʩʧʨʦʚʦʜʣʠʚʠʪʝ ʩʫʧʩʪʘʥʮʠʠ ʚʦ ʧʨʦʮʝʩʦʪ ʥʘ ɸʇ ʦʚʦʟʤʦʞʫʚʘ ʝʣʝʢʪʨʦʥʩʢʠʪʝ ʢʦʣʘ ʜʘ 

ʙʠʜʘʪ ʚʛʨʘʜʝʥʠ ʚʦ ʦʙʿʝʢʪʦʪ ʰʪʦ ʩʝ ʧʝʯʘʪʠ. 

ɸʇ ʩʦ ʧʦʣʠʤʝʨʠ  

ʉʦ ʢʦʨʠʩʪʝˁʝʪʦ FDM ʤʦʞʝ ʜʘ ʩʝ ʜʦʙʠʝ 3D-ʜʝʣ ʩʦ ʥʘʥʝʩʫʚʘˁʝ ʧʦʩʪʘʧʥʠ ʩʣʦʝʚʠ ʥʘ 

ʚʙʨʠʟʛʘʥ ʪʝʨʤʦʧʣʘʩʪʠʯʝʥ ʤʘʪʝʨʠʿʘʣ, ʢʘʢʦ ʰʪʦ ʩʝ polylactic acid (PLA), acrylonitrile 

butadiene styrene (ABS), polypropylene (PP) ʠʣʠ polyethylene (PE) [133]. ɺʦ ʧʦʩʣʝʜʥʦ 

ʚʨʝʤʝ ʚʦ ʫʧʦʪʨʝʙʘ ʩʝ ʠ ʞʠʮʠ ʦʜ ʪʝʨʤʦʧʣʘʩʪʠʯʥʠ ʤʘʪʝʨʠʿʘʣʠ ʩʦ ʧʦʚʠʩʦʢʘ ʪʝʤʧʝʨʘʪʫʨʘ 

ʥʘ ʪʦʧʝˁʝ  ʢʘʢʦ ʰʪʦ ʩʝ  PEEK ʠ PMMA [134].  
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ɸʇ ʥʘ ʢʝʨʘʤʠʯʢʠ ʤʘʪʝʨʠʿʘʣʠ 

ʊʝʭʥʦʣʦʛʠʿʘʪʘ ɸʇ ʤʦʞʝ ʜʘ ʧʨʦʠʟʚʝʜʝ ʢʝʨʘʤʠʯʢʠ ʧʨʦʠʟʚʦʜʠ  ʠ ʧʨʦʠʟʚʦʜʠ ʦʜ ʙʝʪʦʥ ʙʝʟ 

ʜʘ ʠʤʘʘʪ ʧʫʢʥʘʪʠʥʠ ʠʣʠ ʛʦʣʝʤʠ  ʰʫʧʣʠʥʠ, ʩʦ ʦʧʪʠʤʠʟʘʮʠʿʘ ʥʘ ʧʘʨʘʤʝʪʨʠʪʝ ʥʘ 

ʧʨʦʮʝʩʦʪ. ʂʝʨʘʤʠʢʘʪʘ ʝ ʿʘʢʘ, ʪʨʘʿʥʘ ʠ ʦʪʧʦʨʥʘ ʥʘ ʦʛʘʥ. ɿʘʨʘʜʠ ʥʝʿʟʠʥʘʪʘ ʪʝʯʥʘ ʩʦʩʪʦʿʙʘ 

ʧʨʝʜ ʜʘ ʩʝ ʧʨʦʮʝʩʠʨʘ, ʪʘʘ ʤʦʞʝ ʜʘ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʢʘʢʦʚ ʙʠʣʦ ʦʙʣʠʢ ʠ ʝ ʩʦʦʜʚʝʪʥʘ ʟʘ 

ʠʜʥʠʥʘʪʘ ʥʘ ʛʨʘʜʝʞʥʠʰʪʚʦʪʦ, ʥʦ ʠ ʟʘ ʩʪʦʤʘʪʦʣʦʛʠʿʘʪʘ  ʠ ʚʩʝʣʝʥʩʢʠʪʝ ʠʩʪʨʘʞʫʚʘˁʘ 

[135, 136]. 

ɸʇ ʥʘ ʢʦʤʧʦʟʠʪʠ  

ʂʦʤʧʦʟʠʪʥʠʪʝ ʤʘʪʝʨʠʿʘʣʠ ʩʦ ʩʚʦʿʘʪʘ ʨʘʟʥʦʚʠʜʥʦʩʪ, ʤʘʣʘʪʘ ʪʝʞʠʥʘ ʠ ʥʘʤʝʥʩʢʠʪʝ 

ʩʚʦʿʩʪʚʘ ʿʘ ʨʝʚʦʣʫʮʠʦʥʘʣʠʟʠʨʘʘ ʠʥʜʫʩʪʨʠʿʘʪʘ. ʂʘʢʦ ʧʨʠʤʝʨ ʥʘ ʢʦʤʧʦʟʠʪʥʠ  ʤʘʪʝʨʠʿʘʣʠ 

ʩʝ  ʧʦʣʠʤʝʨʥʠʪʝ ʢʦʤʧʦʟʠʪʠ ʟʘʮʚʨʩʪʝʥʠ ʩʦ ʿʘʛʣʝʥʦʨʦʜʥʠ ʚʣʘʢʥʘ [137], ʢʘʢʦ ʠ ʦʥʠʝ 

ʟʘʮʚʨʩʪʝʥʠ ʩʦ ʩʪʘʢʣʝʥʠ ʚʣʘʢʥʘ [138]. ʆʥʠʝ ʩʦ ʢʘʨʙʦʥʩʢʠ ʚʣʘʢʥʘ ʰʠʨʦʢʦ ʩʝ ʢʦʨʠʩʪʘʪ ʚʦ 

ʘʚʠʦʥʩʢʘʪʘ ʠʥʜʫʩʪʨʠʿʘ ʟʘʨʘʜʠ ʥʠʚʥʘʪʘ ʚʠʩʦʢʘ ʩʧʝʮʠʬʠʯʥʘ ʢʨʫʪʦʩʪ, ʿʘʢʦʩʪ, ʜʦʙʨʘʪʘ 

ʦʪʧʦʨʥʦʩʪ ʢʦʥ ʢʦʨʦʟʠʿʘʪʘ ʠ ʜʦʙʨʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʟʘʤʦʨ [137]. ʂʦʤʧʦʟʠʪʠʪʝ ʩʦ 

ʩʪʘʢʣʝʥʠ ʚʣʘʢʥʘ ʰʠʨʦʢʦ ʩʝ ʢʦʨʠʩʪʘʪ ʚʦ ʨʘʟʥʠ ʧʨʠʤʝʥʠ ʠ ʟʘʨʘʜʠ ʨʝʣʘʪʠʚʥʦ ʥʠʩʢʘʪʘ 

ʮʝʥʘ ʚʦ ʦʜʥʦʩ ʥʘ ʜʦʙʠʝʥʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ [138, 139]. 

3.2. ʂʚʘʣʠʪʝʪ ʥʘ ʧʦʚʨʰʠʥʘʪʘ  

ʂʚʘʣʠʪʝʪʦʪ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʝ ʢʦʤʧʦʥʝʥʪʘ ʥʘ ʪʝʢʩʪʫʨʘʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʠ ʩʝ 

ʢʚʘʥʪʠʬʠʮʠʨʘ ʩʦ ʦʪʩʪʘʧʫʚʘˁʘʪʘ ʦʜ ʛʝʦʤʝʪʨʠʿʘʪʘ ʥʘ  ʧʦʚʨʰʠʥʘʪʘ. ʇʦʚʨʰʠʥʘʪʘ ʩʝ ʩʤʝʪʘ 

ʟʘ ʤʘʟʥʘ ʜʦʢʦʣʢʫ ʦʪʩʪʘʧʫʚʘˁʘʪʘ ʩʝ ʤʘʣʠ, ʘ ʜʦʢʦʣʢʫ ʩʝ ʛʦʣʝʤʠ ʪʘʘ ʩʝ ʩʤʝʪʘ ʟʘ ʛʨʫʙʘ. 

ɼʝʣʦʚʠʪʝ ʢʦʠ ʩʝ ʩʦ ʛʨʫʙʘ ʧʦʚʨʰʠʥʘ ʠʤʘʘʪ ʛʦʣʝʤ ʢʦʝʬʠʮʠʝʥʪ ʥʘ ʪʨʠʝˁʝ ʠ ʩʝ ʪʨʦʰʘʪ 

ʧʦʙʨʛʫ ʦʜ ʦʥʠʝ ʢʦʠ ʠʤʘʘʪ ʧʦʜʦʙʘʨ ʢʚʘʣʠʪʝʪ ʥʘ ʧʦʚʨʰʠʥʘʪʘ. ɿʘ ʤʥʦʛʫ ʧʨʠʤʝʥʠ ʚʦ 

ʠʥʞʝʥʝʨʩʪʚʦʪʦ ʢʚʘʣʠʪʝʪʦʪ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʝ ʦʜ ʛʦʣʝʤʘ ʚʘʞʥʦʩʪ ʠ ʪʦʿ ʪʨʝʙʘ ʜʘ ʙʠʜʝ ʰʪʦ 

ʝ ʤʦʞʥʦ ʧʦʛʦʣʝʤ ʟʘʨʘʜʠ ʧʝʨʬʦʨʤʘʥʩʠʪʝ ʠ ʪʨʘʿʥʦʩʪʘ ʥʘ ʜʝʣʦʚʠʪʝ. ʊʝʢʩʪʫʨʘʪʘ ʥʘ 

ʧʦʚʨʰʠʥʘʪʘ ʚʢʣʫʯʫʚʘ ʨʘʧʘʚʦʩʪ ʠ ʙʨʘʥʦʚʠʜʥʦʩʪ (ʩʣʠʢʘ 3.16) [50, 140ï142]. 

ʄʝʨʝˁʝʪʦ ʠ ʦʮʝʥʢʘʪʘ ʥʘ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʩʝ ʢʘʨʘʢʪʝʨʠʟʠʨʘ ʩʦ ʚʝ˃ʝ ʰʠʨʦʢʦ 

ʧʨʠʬʘʪʝʥʠ ʧʘʨʘʤʝʪʨʠ ʢʦʠ ʫʢʘʞʫʚʘʘʪ ʥʘ ʧʦʩʪʦʝˁʝ ʨʘʟʣʠʯʥʠ ʢʨʠʪʝʨʠʫʤʠ ʥʘ ʦʮʝʥʢʘ ʥʘ 

ʨʘʧʘʚʦʩʪʘ. 

ɺʦ ISO 4287 [141] ʩʪʘʥʜʘʨʜʦʪ, ʧʨʦʬʠʣʦʪ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʝ ʢʦʤʧʦʥʠʨʘʥ ʦʜ ʧʨʠʤʘʨʝʥ 

ʧʨʦʬʠʣ, ʧʨʦʬʠʣ ʥʘ ʨʘʧʘʚʦʩʪʘ  ʠ ʧʨʦʬʠʣ ʥʘ ʙʨʘʥʦʚʠʜʥʦʩʪʘ (ʩʣʠʢʘ 3.16) [143]. 

ʇʨʠʤʘʨʥʠʦʪ ʧʨʦʬʠʣ ʝ ʚʢʫʧʥʠʦʪ ʧʨʦʬʠʣ ʧʦ ʧʨʠʤʝʥʘʪʘ ʥʘ ʬʠʣʪʝʨʦʪ ʟʘ ʢʫʩʘ ʙʨʘʥʦʚʘ 

ʜʦʣʞʠʥʘ ɚs [144]. ʇʨʦʬʠʣʦʪ ʥʘ ʨʘʧʘʚʦʩʪ ʝ ʧʨʦʬʠʣʦʪ ʢʦʿ ʩʝ ʜʦʙʠʚʘ ʦʜ ʧʨʠʤʘʨʥʠʦʪ ʩʦ 

ʦʪʩʪʨʘʥʫʚʘˁʝ ʥʘ ʜʦʣʛʘʪʘ ʙʨʘʥʦʚʘ  ʜʦʣʞʠʥʘ ʩʦ ʢʦʨʠʩʪʝˁʝ ʥʘ ʚʠʩʦʢʦ ʧʦʿʘʩʝʥ ʬʠʣʪʝʨ ʩʦ 

ʰʠʨʦʯʠʥʘ ɚc.. ʇʨʦʬʠʣʦʪ ʥʘ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʥʘʤʝʨʥʦ ʩʝ ʤʦʜʠʬʠʮʠʨʘ ʠ 

ʧʨʝʪʩʪʘʚʫʚʘ ʦʩʥʦʚʘ ʟʘ ʦʮʝʥʢʘ ʥʘ ʧʘʨʘʤʝʪʨʠʪʝ ʟʘ ʢʚʘʣʠʪʝʪʦʪ ʥʘ ʧʦʚʨʰʠʥʘʪʘ. 

ʆʜʚʦʿʫʚʘˁʝʪʦ ʥʘ ʧʨʦʬʠʣʦʪ ʥʘ ʨʘʧʘʚʦʩʪʘ ʥʠ ʧʦʤʘʛʘ ʜʘ ʜʦʙʠʝʤʝ ʧʨʝʮʠʟʥʘ ʠʥʬʦʨʤʘʮʠʿʘ 

ʟʘ ʨʘʧʘʚʦʩʪʘ. 
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ʉʣʠʢʘ 3.16. ʇʨʠʢʘʟ ʥʘ ʧʨʦʬʠʣʦʪ ʥʘ ʧʦʚʨʰʠʥʘʪʘ [142]. 

ʇʦʩʪʦʿʘʪ ʧʦʚʝ˃ʝ ʧʘʨʘʤʝʪʨʠ ʧʦʚʨʟʘʥʠ ʩʦ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ. ʊʦʘ ʩʝ: ʧʘʨʘʤʝʪʨʠ ʥʘ 

ʘʤʧʣʠʪʫʜʘʪʘ (ʚʨʚʦʚʠ ʠ ʜʦʣʠʥʠ) (Rz, Rp, Rv, Rc, Rt), ʧʘʨʘʤʝʪʨʠ ʥʘ ʩʨʝʜʥʘʪʘ ʚʨʝʜʥʦʩʪ ʥʘ 

ʘʤʧʣʠʪʫʜʘʪʘ (Ra, Rq, Rsk, Rku), ʧʘʨʘʤʝʪʨʠ ʥʘ ʨʘʩʪʦʿʘʥʠʝʪʦ (RSm), ʭʠʙʨʠʜʥʠ 

ʧʘʨʘʤʝʪʨʠ (Rdq), ʧʘʨʘʤʝʪʨʠ ʢʦʠ ʩʝ ʦʜʥʝʩʫʚʘʘʪ ʥʘ ʨʘʟʥʠ ʩʦʦʜʥʦʩʠ  (Rmr, Rdc, Rmr), 

ʧʘʨʘʤʝʪʨʠ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʢʦʠ ʠʤʘʘʪ ʨʘʩʣʦʝʥʠ ʬʫʥʢʮʠʦʥʘʣʥʠ ʩʚʦʿʩʪʚʘ (Rk, Rpk, Rvk, 

Mr1, Mr2 ) [142, 145, 146]. ʉʠʪʝ ʦʚʠʝ ʧʘʨʘʤʝʪʨʠ ʩʝ ʚʦ ʩʦʛʣʘʩʥʦʩʪ ʩʦ ʠʥʪʝʨʥʘʮʠʦʥʘʣʥʠʪʝ 

ʩʪʘʥʜʘʨʜʠ ISO4287-1997 ʠ ISO13565-1996. 

ɿʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʪʝ ʠʩʪʨʘʞʫʚʘˁʘ ʚʦ ʦʚʘʘ ʜʠʩʝʨʪʘʮʠʿʘ ʟʝʤʝʥʠ ʩʝ ʥʘʿʯʝʩʪʦ ʧʨʠʤʝʥʫʚʘʥʠʪʝ 

ʧʘʨʘʤʝʪʨʠ ʥʘ ʨʘʧʘʚʦʩʪ Rz, Ra ʠ Rq ʟʘ ʢʦʠ ʥʠʚʥʘʪʘ ʛʨʘʬʠʯʢʘ ʠ ʤʘʪʝʤʘʪʠʯʢʘ ʧʨʝʪʩʪʘʚʘ 

ʩʝ ʜʘʜʝʥʠ ʥʘ ʩʣʠʢʠʪʝ 3.17, 3.20 ʠ 3.21.  

ʄʘʢʩʠʤʘʣʥʘʪʘ ʚʠʩʦʯʠʥʘ Rz (µm) ʧʨʝʪʩʪʘʚʫʚʘ ʩʫʤʘ ʦʜ ʤʘʢʩʠʤʘʣʥʠʪʝ ʚʠʩʦʯʠʥʠ Rp 

ʠ ʤʘʢʩʠʤʘʣʥʠʪʝ ʜʦʣʠʥʠ Rv ʥʘ ʧʨʦʬʠʣʦʪ ʥʘ ʨʝʬʝʨʝʥʪʥʘʪʘ ʜʦʣʞʠʥʘ. ʄʘʪʝʤʘʪʠʯʢʠ ʝ 

ʧʨʠʢʘʞʘʥʘ ʥʘ ʩʣʝʜʥʠʦʚ ʥʘʯʠʥ: 

      (3.1) 
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ʉʣʠʢʘ 3.17. ɻʨʘʬʠʯʢʠ ʧʨʠʢʘʟ ʥʘ Rz. 

ʄʘʢʩʠʤʘʣʥʘʪʘ ʚʠʩʦʯʠʥʘ ʥʘ ʧʨʦʬʠʣʦʪ Rp  ʿʘ ʧʨʝʪʩʪʘʚʫʚʘ ʤʘʢʩʠʤʘʣʥʘʪʘ ʚʠʩʦʯʠʥʘ ʥʘ 

ʧʨʦʬʠʣʦʪ ʚʦ ʨʘʤʢʠʪʝ ʥʘ ʨʝʬʝʨʝʥʪʥʘʪʘ ʜʦʣʞʠʥʘ. ʄʘʪʝʤʘʪʠʯʢʠ ʝ ʧʨʝʪʩʪʘʚʝʥʘ ʢʘʢʦ: 

     (3.2) 

 
ʉʣʠʢʘ 3.18. ɻʨʘʬʠʯʢʠ ʧʨʠʢʘʟ ʥʘ Rp. 

ʄʘʢʩʠʤʘʣʥʘʪʘ ʜʣʘʙʦʯʠʥʘ ʥʘ ʧʨʦʬʠʣʦʪ Rv ʿʘ ʧʨʝʪʩʪʘʚʫʚʘ ʤʘʢʩʠʤʘʣʥʘʪʘ ʜʣʘʙʦʯʠʥʘ 

ʥʘ ʧʨʦʬʠʣʦʪ ʚʦ ʨʘʤʢʠʪʝ ʥʘ ʨʝʬʝʨʝʥʪʥʘʪʘ ʜʣʘʙʦʯʠʥʘ. ʄʘʪʝʤʘʪʠʯʢʠ ʝ ʧʨʝʪʩʪʘʚʝʥʘ 

ʢʘʢʦ: 

     (3.3) 

 
ʉʣʠʢʘ 3.19. ɻʨʘʬʠʯʢʠ ʧʨʠʢʘʟ ʥa Rv. 
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ɸʨʠʪʤʝʪʠʯʢʦʪʦ ʩʨʝʜʥʦʪʦ ʢʚʘʜʨʘʪʥʦ ʦʪʩʪʘʧʫʚʘˁʝ   ʧʨʝʪʩʪʘʚʫʚʘ ʩʨʝʜʥʦ ʘʧʩʦʣʫʪʥʦ 

ʦʪʩʪʘʧʫʚʘˁʝ ʥʘ ʧʨʦʬʠʣʦʪ ʦʜ ʩʨʝʜʥʘʪʘ ʣʠʥʠʿʘ. ʄʘʪʝʤʘʪʠʯʢʠ ʝ ʧʨʝʪʩʪʘʚʝʥʦ ʢʘʢʦ: 

     (3.4) 

 
ʉʣʠʢʘ 3.20. ɻʨʘʬʠʯʢʠ ʧʨʠʢʘʟ ʥʘ Ra. 3.1 

ʉʨʝʜʥʦʪʦ ʢʚʘʜʨʘʪʥʦ ʦʪʩʪʘʧʫʚʘˁʝ Rq  ʧʨʝʪʩʪʘʚʫʚʘ ʩʨʝʜʥʦ ʢʚʘʜʨʘʪʥʦ ʦʪʩʪʘʧʫʚʘˁʝ ʥʘ 

ʩʢʝʥʠʨʘʥʠʦʪ ʧʨʦʬʠʣ ʦʜ ʩʨʝʜʥʘʪʘ ʣʠʥʠʿʘ. ʆʚʘʘ ʛʦʣʝʤʠʥʘ ʝ ʧʦʯʫʚʩʪʚʠʪʝʣʥʘ ʥʘ 

ʚʨʚʦʚʠʪʝ ʠ ʜʦʣʠʥʠʪʝ ʚʦ ʦʜʥʦʩ ʥʘ Ra, ʙʠʜʝʿ˃ʠ ʘʤʧʣʠʪʫʜʠʪʝ ʩʝ ʟʝʤʘʘʪ ʢʘʢʦ 

ʢʚʘʜʨʘʪʥʠ. 

¶ ʈʘʧʘʚʦʩʪ ʥʘ ʧʨʦʬʠʣʦʪ (2D) : Rq/Ra = 1.22 

¶ ʈʘʧʘʚʦʩʪ ʥʘ ʧʨʦʬʠʣʦʪ (3D) : Rq/Ra = 1.25 

 

ʄʘʪʝʤʘʪʠʯʢʠ ʝ ʧʨʠʢʘʞʘʥʘ ʢʘʢʦ:  

     (3.5) 

 
ʉʣʠʢʘ 3.21. ɻʨʘʬʠʯʢʠ ʧʨʠʢʘʟ ʥʘ Rq. 
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ʄʝʪʦʜʠ ʥʘ ʤʝʨʝˁʝ ʥʘ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ  

ʄʝʨʝˁʝʪʦ ʥʘ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʥʘ ʨʘʙʦʪʥʦʪʦ ʧʘʨʯʝ ʤʦʞʝ ʜʘ ʩʝ ʨʝʘʣʠʟʠʨʘ ʥʘ 

ʨʘʟʣʠʯʥʠ ʥʘʯʠʥʠ ʠ ʩʦ ʨʘʟʣʠʯʥʠ ʪʝʭʥʠʢʠ [147]. 

ɼʠʨʝʢʪʥʘʪʘ ʤʝʪʦʜʘ ʥʘ ʤʝʨʝˁʝ ʢʦʨʠʩʪʠ ʧʝʨʦ ʧʦʩʪʘʚʝʥʦ ʥʦʨʤʘʣʥʦ ʢʦʥ ʤʝʨʝʥʘʪʘ 

ʧʦʚʨʰʠʥʘ, ʘ ʧʨʠʢʘʞʘʥʠʦʪ ʧʨʦʬʠʣ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʧʨʝʩʤʝʪʢʘ ʥʘ ʧʘʨʘʤʝʪʨʠʪʝ ʥʘ 

ʨʘʧʘʚʦʩʪʘ. 

ʊʝʭʥʠʢʘʪʘ ʥʘ ʩʧʦʨʝʜʙʘ ʢʦʨʠʩʪʠ ʧʨʠʤʝʨʦʢ ʩʦ ʧʦʟʥʘʪʘ ʨʘʧʘʚʦʩʪ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʢʦʿ ʩʝ 

ʩʧʦʨʝʜʫʚʘ ʩʦ ʪʦʿ ʟʘ ʢʦʿ ʩʝ ʙʘʨʘ ʨʘʧʘʚʦʩʪʘ. ʇʨʠʤʝʨʦʢʦʪ ʝ ʥʘʧʨʘʚʝʥ ʩʦ ʠʩʪʠʦʪ ʧʨʦʮʝʩ, 

ʤʘʪʝʨʠʿʘʣ ʠ ʧʘʨʘʤʝʪʨʠ ʥʘ ʦʙʨʘʙʦʪʢʘ ʢʘʢʦ ʠ ʪʦʿ ʟʘ ʢʦʿ ʩʝ ʙʘʨʘ ʨʘʧʘʚʦʩʪʘ. 

ɹʝʩʢʦʥʪʘʢʪʥʘʪʘ ʤʝʪʦʜʘ ʢʦʨʠʩʪʠ ʩʚʝʪʣʠʥʘ ʥʘʤʝʩʪʦ ʧʝʨʦ ʟʘ ʜʘ ʩʝ ʜʦʙʠʝ ʧʨʦʬʠʣʦʪ ʥʘ 

ʨʘʧʘʚʦʩʪʘ. 

ʄʝʨʝˁʘʪʘ ʨʝʘʣʠʟʠʨʘʥʠ  ʚʦ ʪʝʢʦʪ ʥʘ ʧʨʦʮʝʩʦʪ ʚʩʫʰʥʦʩʪ ʿʘ ʢʦʨʠʩʪʘʪ ʪʝʭʥʠʢʘʪʘ ʥʘ 

ʧʨʝʧʦʟʥʘʚʘˁʝ ʦʙʣʠʮʠ, ʫʣʪʨʘʟʚʫʢʦʪ ʠ ʩʣ. ʩʦ ʢʦʠ ʚʦ ʪʝʢʦʪ ʥʘ ʧʨʦʮʝʩʦʪ ʩʝ ʜʦʙʠʚʘʘʪ 

ʧʘʨʘʤʝʪʨʠʪʝ ʥʘ ʨʘʧʘʚʦʩʪʘ. 

3.3 ʆʧʪʠʤʠʟʘʮʠʿʘ ʥʘ ʧʨʦʮʝʩʥʠʪʝ ʧʘʨʘʤʝʪʨʠ 

ʉʪʘʪʠʩʪʠʯʢʠʦʪ ʜʠʟʘʿʥ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʠʪʝ ʩʝ ʧʦʿʘʚʫʚʘ ʚʦ 1920-ʪʝ ʙʣʘʛʦʜʘʨʝʿ˃ʠ ʥʘ 

Ronald Aylmer Fisher [118]. ɺʪʦʨʘʪʘ ʝʨʘ ʥʘ ʜʠʟʘʿʥʦʪ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʠʪʝ ʟʘʧʦʯʥʫʚʘ ʚʦ 

1951 ʩʦ ʨʘʙʦʪʠʪʝ  ʥʘ Box ʠ Wilson [148] ʢʦʠ ʿʘ ʧʨʠʤʝʥʠʣʝ ʠʜʝʿʘʪʘ ʟʘ ʠʥʜʫʩʪʨʠʩʢʠ 

ʜʠʟʘʿʥ ʠ ʿʘ ʨʘʟʚʠʣʝ ʤʝʪʦʜʦʣʦʛʠʿʘʪʘ ʥʘ ʦʜʟʠʚʥʘʪʘ ʧʦʚʨʰʠʥʘ. 

ʉʠʩʪʝʤʦʪ ʟʘ ʜʠʟʘʿʥ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʠʪʝ ʢʨʝʠʨʘʥ ʦʜ Taguchi (ʊʘʛʫʯʠ) ʝ ʝʜʥʦ ʦʜ 

ʥʘʿʛʦʣʝʤʠʪʝ ʠʥʞʝʥʝʨʩʢʠ ʜʦʩʪʠʛʥʫʚʘˁʘ ʚʦ 20-ʦʪ ʚʝʢ.  

ʈʘʙʦʪʘʪʘ ʥʘ ʊʘʛʫʯʠ ʚʦ 1980-ʪʝ [78], ʠʘʢʦ ʥʝʢʦʠ ʿʘ ʩʤʝʪʘʘʪ ʟʘ ʢʦʥʪʨʦʚʝʨʟʥʘ, ʠʤʘ 

ʟʥʘʯʠʪʝʣʥʦ ʚʣʠʿʘʥʠʝ ʟʘ ʧʦʧʫʣʘʨʠʟʘʮʠʿʘʪʘ ʥʘ ʩʪʘʪʠʩʪʠʯʢʠʦʪ ʜʠʟʘʿʥ ʥʘ 

ʝʢʩʧʝʨʠʤʝʥʪʠʪʝ ʰʪʦ ʠʤʘʣʦ ʩʝʨʠʦʟʥʦ ʚʣʠʿʘʥʠʝ ʚʨʟ ʧʦʜʦʙʨʫʚʘˁʝʪʦ ʥʘ ʢʚʘʣʠʪʝʪʦʪ ʚʦ 

ʧʨʦʠʟʚʦʜʩʪʚʦʪʦ ʠ ʜʨʫʛʠʪʝ ʩʬʝʨʠ [146]. 

ʂʘʿ ʤʝʪʦʜʘʪʘ ʥʘ ʊʘʛʫʯʠ ʟʙʦʨʦʪ Ăʦʧʪʠʤʠʟʘʮʠʿʘñ ʦʟʥʘʯʫʚʘ ʥʘʿʜʦʙʨʦ ʥʠʚʦ ʥʘ 

ʫʧʨʘʚʫʚʘʯʢʠʪʝ ʧʘʨʘʤʝʪʨʠ. ɼʠʟʘʿʥʦʪ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʠʪʝ (DOE)  ʝ ʩʠʩʪʝʤʘʪʩʢʘ 

ʤʝʪʦʜʘ ʩʦ ʢʦʿʘ ʩʝ ʦʧʨʝʜʝʣʫʚʘ ʚʨʩʢʘʪʘ ʧʦʤʝʺʫ ʬʘʢʪʦʨʠʪʝ ʢʦʠ ʚʣʠʿʘʘʪ ʚʨʟ ʧʨʦʮʝʩʦʪ ʠ 

ʠʟʣʝʟʦʪ ʦʜ ʧʨʦʮʝʩʦʪ. ʆʚʘʘ ʠʥʬʦʨʤʘʮʠʿʘ ʝ ʧʦʪʨʝʙʥʘ ʟʘ ʜʘ ʤʦʞʝ ʜʘ ʩʝ ʫʧʨʘʚʫʚʘ ʩʦ 

ʚʣʝʟʦʪ ʥʘ ʧʨʦʮʝʩʦʪ ʩʦ ʮʝʣ ʦʧʪʠʤʠʟʘʮʠʿʘ ʥʘ ʠʟʣʝʟʦʪ. ʉʦ ʥʝʛʦʚʠʦʪ ʧʨʠʩʪʘʧ 

ʟʥʘʯʠʪʝʣʥʦ ʩʝ ʥʘʤʘʣʫʚʘ ʙʨʦʿʦʪ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʠʪʝ ʢʦʿ ʪʨʝʙʘ ʜʘ ʩʝ ʨʝʘʣʠʟʠʨʘ ʧʨʠ 

ʠʩʪʨʘʞʫʚʘˁʘʪʘ [149]. 
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3.4. ɼʠʟʘʿʥ-ʧʨʦʩʪʦʨ ʥʘ ʊʘʛʫʯʠ 

ɽʬʝʢʪʦʪ ʥʘ ʤʥʦʛʫʪʝ ʨʘʟʣʠʯʥʠ ʧʘʨʘʤʝʪʨʠ ʚʨʟ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠʪʝ ʥʘ ʧʨʦʮʝʩʦʪ ʤʦʞʝ ʜʘ 

ʩʝ ʠʩʪʨʘʞʠ ʩʦ ʢʦʨʠʩʪʝˁʝ  ʥʘ ʦʨʪʦʛʦʥʘʣʥʠʦʪ ʜʠʟʘʿʥ-ʧʨʦʩʪʦʨ ʧʨʝʜʣʦʞʝʥ ʦʜ ʊʘʛʫʯʠ. 

ɹʨʦʿʦʪ ʥʘ ʧʨʦʙʠ ʢʦʠ ʪʨʝʙʘ ʜʘ ʩʝ ʨʝʘʣʠʟʠʨʘʘʪ ʩʦʛʣʘʩʥʦ ʦʚʦʿ ʧʨʠʩʪʘʧ ʝ ʜʘʜʝʥ ʚʦ 

ʊʘʙʝʣʠʪʝ 3.1 ʠ 3.2.  

ʊʘʙʝʣʘ 3.1.  ʆʨʪʦʛʦʥʘʣʝʥ ʜʠʟʘʿʥ ʩʠʩʪʝʤ ʟʘ ʨʘʟʣʠʯʥʠ ʧʘʨʘʤʝʪʨʠ ʠ ʥʠʚʦʘ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪ. 

  ɹʨʦʿ ʥʘ ʧʘʨʘʤʝʪʨʠ (P) 

  2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

ɹ
ʨ
ʦ
ʿ
 
ʥ
ʘ
 
ʥ
ʠ
ʚ
ʦ
ʘ

 (
L

) 2 L4 L4 L8 L8 L8 L8 L12 L12 L12 L12 L16 L16 L16 L16 L32 

3 L9 L9 L9 L18 L18 L18 L18 L27 L27 L27 L27 L27 L36 L36 L36 

4 L16 L16 L16 L16 L32 L32 L32 L32 L32       

5 L25 L25 L25 L25 L25 L50 L50 L50 L50 L50 L50     

 

ʊʘʙʝʣʘ 3.2. ʆʨʪʦʛʦʥʘʣʝʥ ʜʠʟʘʿʥ ʩʠʩʪʝʤ ʟʘ ʨʘʟʣʠʯʥʠ ʧʘʨʘʤʝʪʨʠ ʠ ʥʠʚʦʘ ʥʘ 

ʝʢʩʧʝʨʠʤʝʥʪ (ʧʨʦʜʦʣʞʝʥʠʝ). 

  ɹʨʦʿ ʥʘ ʧʘʨʘʤʝʪʨʠ (P) 

  17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 

ɹ
ʨ
ʦ
ʿ
 
ʥ
ʘ
 
ʥ
ʠ
ʚ
ʦ

ʘ 
(L

) 2 L32 L32 L32 L32 L32 L32 L32 L32 L32 L32 L32 L32 L32 L32 L32 

3 L36 L36 L36 L36 L36 L36 L36         

4                

5                

ɿʘ ʜʘ ʩʝ ʦʧʨʝʜʝʣʠ ʝʬʝʢʪʦʪ ʢʦʿ ʩʝʢʦʿʘ ʦʜ ʚʘʨʠʿʘʙʣʠʪʝ ʛʦ ʠʤʘ ʚʨʟ ʠʟʣʝʟʦʪ ˃ʝ ʪʨʝʙʘ ʜʘ ʩʝ 

ʦʧʨʝʜʝʣʠ ʩʦʦʜʥʦʩʦʪ SN (the signal-to-noise ratio). ɺʦ ʨʘʚʝʥʢʘʪʘ ʢʦʿʘʰʪʦ ʩʣʝʜʫʚʘ Yi ʝ 

ʩʨʝʜʥʘ ʚʨʝʜʥʦʩʪ ʘ si  ʝ ʚʘʨʠʿʘʥʩʘ [150]. 

     (3.6) 

ʢʘʜʝ  

     (3.7) 

ʠ 

    (3.8) 
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ɺʦʦʙʠʯʘʝʥʦ ʧʦʩʪʦʿʘʪ ʪʨʠ ʢʘʪʝʛʦʨʠʠ ʥʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠʪʝ ʥʘ ʧʝʨʬʦʨʤʘʥʩʠʪʝ ʚʦ 

ʟʘʚʠʩʥʦʩʪ ʦʜ S/N ʩʦʦʜʥʦʩʦʪ:  

1 ʅʦʤʠʥʘʣʥʘʪʘ ʚʨʝʜʥʦʩʪ ʝ ʥʘʿʜʦʙʨʘ  

     (3.9) 

 

    (3.10) 

3. ʇʦ ʤʘʣʦʪʦ ʝ ʧʦʜʦʙʨʦ (ʤʠʥʠʤʠʟʠʨʘʿ) 

    (3.11) 

ʂʘʜʝ:  

  ʝ ʩʨʝʜʥʘ ʚʨʝʜʥʦʩʪ ʥʘ ʧʦʜʘʪʦʮʠʪʝ  

   ʝ ʚʘʨʠʿʘʥʩʘ  ʥʘ    

 n ʝ ʙʨʦʿ ʥʘ  ʧʨʦʙʠ 

 y ʝ ʧʦʜʘʪʦʢ ʦʜ ʧʨʦʙʘʪʘ 

ʉʦʦʜʥʦʩʦʪ S/N ʝ ʧʨʠʢʘʞʘʥ ʚʦ ʜʝʮʠʙʝʣʠ [151]. ʀʩʪʨʘʞʫʚʘˁʘʪʘ ʦʧʬʘʪʝʥʠ ʚʦ ʦʚʘʘ 

ʜʠʩʝʨʪʘʮʠʿʘ ʩʝ ʧʦʚʨʟʘʥʠ ʩʦ ʢʚʘʣʠʪʝʪʦʪ ʥʘ ʧʦʚʨʰʠʥʘʪʘ, ʘ ʮʝʣʪʘ ʝ ʜʘ ʩʝ ʜʦʙʠʿʘʪ ʰʪʦ 

ʧʦʤʘʣʠ ʚʨʝʜʥʦʩʪʠ ʥʘ ʥʝʨʘʤʥʠʥʠʪʝ, ʪ. ʝ. ʚʘʞʠ ʧʨʘʚʠʣʦʪʦ Ăʧʦ ʤʘʣʦʪʦ ʝ ʧʦ ʜʦʙʨʦ 

(ʤʠʥʠʤʠʟʠʨʘʿ)ñ. 

3.5. ʈʝʛʨʝʩʠʦʥʘ ʘʥʘʣʠʟʘ  

ɺʦ ʠʩʪʨʘʞʫʚʘˁʘʪʘ ʝ ʢʦʨʠʩʪʝʥʘ ʨʝʛʨʝʩʠʦʥʘʪʘ ʘʥʘʣʠʟʘ ʟʘ ʜʘ ʩʝ ʥʘʿʜʝ ʟʘʚʠʩʥʘʪʘ ʚʘʨʠʿʘʙʣʘ 

ʚʦ ʬʫʥʢʮʠʿʘ ʦʜ ʧʦʚʝ˃ʝ ʥʝʟʘʚʠʩʥʠ ʚʘʨʠʿʘʙʣʠ.  

   (3.12) 

 ʿʘ ʧʨʝʪʩʪʘʚʫʚʘ ʬʫʥʢʮʠʿʘʪʘ ʢʦʿʘ ʪʨʝʙʘ ʜʘ ʩʝ ʦʧʨʝʜʝʣʠ, a Ůi ʧʨʝʪʩʪʘʚʫʚʘ ʩʪʘʪʠʩʪʠʯʢʘ 

ʛʨʝʰʢʘ ʥʘ ʤʝʨʝˁʝ.  

ʆʙʣʠʢʦʪ ʥʘ ʬʫʥʢʮʠʿʘʪʘ ʤʦʞʝ ʜʘ ʙʠʜʝ ʣʠʥʝʘʨʝʥ (3.14) ʠʣʠ ʝʢʩʧʦʥʝʥʮʠʿʘʣʝʥ (3.15) ʠ ʚʦ 

ʪʦʿ ʩʣʫʯʘʿ ʨʘʚʝʥʢʠʪʝ ˃ʝ ʙʠʜʘʪ:   

   (3.13) 

     (3.14) 

ʢʘʜʝ ɓ0, ɓ1, ɓ2, ɓ3 ʠ ɓ4 ʩʝ ʨʝʛʨʝʩʠʦʥʠ ʢʦʝʬʠʮʠʝʥʪʠ, ʘ x1, x2, x3 ʠ x4 ʩʝ ʯʝʪʠʨʠʪʝ ʥʝʟʘʚʠʩʥʠ 

ʚʘʨʠʿʘʙʣʠ.  

ɿʘ ʜʘ ʩʝ ʠʜʝʥʪʠʬʠʮʠʨʘ ʢʦʿ ʦʜ ʤʦʜʝʣʠʪʝ ʝ ʧʦʩʦʦʜʚʝʪʝʥ ʟʘ ʥʘʰʠʦʪ ʩʣʫʯʘʿ ʥʘʧʨʘʚʝʥʘ ʝ 

ʢʦʨʝʣʘʮʠʦʥʘ ʘʥʘʣʠʟʘ. ʅʘʿʛʦʣʝʤʠʦʪ ʙʨʦʿ ʥʘ ʘʚʪʦʨʠ ʢʦʠ ʩʝ ʟʘʥʠʤʘʚʘʘʪ ʩʦ ʢʚʘʣʠʪʝʪʦʪ ʥʘ 

ʦʙʨʘʙʦʪʝʥʠʪʝ ʧʦʚʨʰʠʥʠ ʩʫʛʝʨʠʨʘʘʪ ʜʘ ʩʝ ʢʦʨʠʩʪʠ ʣʠʥʝʘʨʥʠʦʪ ʠʣʠ ʝʢʩʧʦʥʝʥʮʠʿʘʣʥʠʦʪ 

ʤʦʜʝʣ [152 ï 154]. 
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3.6. ʂʦʨʠʩʪʝʥ ʩʦʬʪʚʝʨ ʚʦ ʠʩʪʨʘʞʫʚʘˁʘʪʘ  

ɺʦ ʨʘʤʢʠʪʝ ʥʘ ʠʩʪʨʘʞʫʚʘˁʘʪʘ ʚʦ ʦʚʘʘ ʜʦʢʪʦʨʩʢʘ ʜʠʩʝʨʪʘʮʠʿʘ ʢʦʨʠʩʪʝʥʠ ʩʝ ʨʘʟʣʠʯʥʠ 

ʩʦʬʪʚʝʨʠ. SolidWorks ʝ ʢʦʨʠʩʪʝʥ ʟʘ ʜʠʟʘʿʥʠʨʘˁʝ ʥʘ ʜʝʣʦʚʠʪʝ ʢʦʠ ʩʝ ʧʝʯʘʪʝʥʠ ʩʦ ɸʇ. ɿʘ 

ʩʪʘʪʠʩʪʠʯʢʘʪʘ ʘʥʘʣʠʟʘ ʢʦʨʠʩʪʝʥ ʝ Minitab, version 21 [155], JMP 17 pro [156]  ʢʘʢʦ ʠ MS 

Excel with Data Analysis Tool [157] ʟʘ ʦʜʨʝʜʝʥʠ ʘʥʘʣʠʟʠ. ɿʘ ʧʨʠʢʘʟʦʪ ʥʘ ʛʨʘʬʠʯʢʠ 

ʤʦʜʝʣʠ 3D ʢʦʨʠʩʪʝʥ ʝ Matlab 2021 [158]. ɿʘ ʦʧʪʠʯʢʦ ʩʢʝʥʠʨʘˁʝ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʥʘ  

ʧʨʠʤʝʨʦʮʠʪʝ ʢʦʨʠʩʪʝʥ ʝ ʩʦʬʪʚʝʨʦʪ AmScope.  

ɺʦ ʜʝʣʦʪ ʟʘ ʩʝʯʝˁʝ ʥʘ ʤʦʜʝʣʦʪ, ʟʘ ʢʦʥʚʝʨʟʠʿʘ ʦʜ STL format ʚʦ G-ʢʦʜ ʢʦʨʠʩʪʝʥʠ  ʩʝ 

ʩʣʦʙʦʜʥʦ ʜʦʩʪʘʧʥʠʪʝ  PrusaSlicer [159] and Slc3r 1.3.0 [160] ɿʘ ʧʨʝʩʝʮʠʪʝ ʥʘ ʙʦʣʫʩʦʪ 

ʢʦʨʠʩʪʝʥʠ ʩʝ 3DSlicer ʠ  SlicerRT [161], ʘ ʟʘ ʨʘʩʧʦʨʝʜʦʪ ʥʘ ʨʘʜʠʿʘʮʠʿʘʪʘ ʢʘʿ 

ʠʩʪʨʘʞʫʚʘˁʘʪʘ ʚʦ ʨʘʜʠʦʪʝʨʘʧʠʿʘʪʘ ʢʦʨʠʩʪʝʥ ʝ ʩʦʬʪʚʝʨʦʪ Monaco [162]. 

3.7. ɽʬʝʢʪʦʪ ʥʘ ʙʦʣʫʩ ʧʨʠ ʪʨʝʪʤʘʥʦʪ ʚʦ ʨʘʜʠʦʪʝʨʘʧʠʿʘʪʘ  

ɹʨʦʿʦʪ ʠ ʨʘʟʥʦʚʠʜʥʦʩʪʘ ʥʘ ʧʨʠʤʝʥʘʪʘ ʥʘ ɸʇ ʩⱪ ʧʦʚʝ˃ʝ ʩʝ ʟʛʦʣʝʤʫʚʘ, ʧʦʩʝʙʥʦ ʚʦ 

ʧʦʩʣʝʜʥʠʪʝ ʛʦʜʠʥʠ. ʆʚʘʘ ʪʝʭʥʦʣʦʛʠʿʘ ʟʘʧʦʯʥʫʚʘ ʜʘ ʠʤʘ ʛʦʣʝʤʦ ʚʣʠʿʘʥʠʝ ʚʨʟ ʨʘʟʥʠʪʝ 

ʦʙʣʘʩʪʠ ʥʘ ʥʘʰʝʪʦ ʞʠʚʝʝˁʝ, ʤʝʺʫ ʢʦʠ ʠ ʚʨʟ ʤʝʜʠʮʠʥʘʪʘ. ɽʜʥʘ ʦʜ ʤʦʞʥʠʪʝ ʧʨʠʤʝʥʠ ʝ 

ʜʘ ʩʝ ʢʦʨʠʩʪʠ ʪʝʨʤʦʧʣʘʩʪʠʯʥʘ ʧʦʢʨʠʚʢʘ ʧʨʠ ʨʘʜʠʦʪʝʨʘʧʠʿʘʪʘ ʢʘʿ ʙʦʣʥʠʪʝ ʦʜ ʢʘʨʮʠʥʦʤ.  

ʇʝʨʩʦʥʘʣʠʟʘʮʠʿʘʪʘ ʥʘ ʙʦʣʫʩʦʪ (ʧʦʢʨʠʚʢʘ ʦʢʦʣʫ ʤʝʩʪʦʪʦ ʥʘ ʟʨʘʯʝˁʝ) ʤʦʞʝ ʜʘ ʛʦ 

ʟʛʦʣʝʤʠ ʢʚʘʣʠʪʝʪʦʪ ʥʘ ʪʝʨʘʧʠʿʘʪʘ ʢʘʿ ʙʦʣʥʠʪʝ ʦʜ ʨʘʢ ʥʘ ʢʦʞʘ ʙʠʜʝʿ˃ʠ ʦʙʣʠʢʦʪ ʥʘ 

ʢʦʤʝʨʮʠʿʘʣʥʠʪʝ ʙʦʣʫʩʠ ʥʝ ʤʦʞʘʪ ʧʝʨʬʝʢʪʥʦ ʜʘ ʥʘʣʝʛʥʘʪ ʚʨʟ ʢʦʞʘʪʘ ʥʘ ʨʘʟʣʠʯʥʠʪʝ 

ʧʘʮʠʝʥʪʠ ʧʨʠ ʨʘʜʠʦʪʝʨʘʧʠʿʘʪʘ ʩʦ Medical Linear Accelerator (LINAC). 

ɹʦʣʫʩʦʪ ʪʨʝʙʘ ʧʝʨʬʝʢʪʥʦ ʜʘ ʩʝ ʩʦʚʧʘʺʘ ʩʦ ʢʦʥʪʫʨʘʪʘ ʥʘ ʣʠʮʝʪʦ ʥʘ ʧʘʮʠʝʥʪʦʪ, ʟʘ ʜʘ 

ʦʥʝʚʦʟʤʦʞʠ ʧʨʦʜʠʨʘˁʝ ʚʦʟʜʫʭ ʧʦʤʝʺʫ ʙʦʣʫʩʦʪ ʠ ʢʦʞʘʪʘ ʥʘ ʧʘʮʠʝʥʪʦʪ. ɼʦʢʦʣʢʫ ʥʝ ʩʝ 

ʦʙʝʟʙʝʜʠ ʪʦʘ, ʘʧʩʦʨʙʠʨʘʥʘʪʘ ʜʦʟʘ ʠ ʥʝʿʟʠʥʘʪʘ ʭʦʤʦʛʝʥʦʩʪ ʚʦ ʧʦʜʨʘʯʿʝʪʦ ʥʘ ʠʥʪʝʨʝʩ ʢʘʿ 

ʧʘʮʠʝʥʪʦʪ ʥʝʤʘ ʜʘ ʩʝ ʟʛʦʣʝʤʠ. ʆʜ ʪʫʢʘ ʧʨʦʠʟʣʝʛʫʚʘ ʧʦʪʨʝʙʘʪʘ ʜʘ ʩʝ ʜʦʙʠʝ 

ʧʦʩʘʢʫʚʘʥʠʦʪ ʦʙʣʠʢ ʥʘ ʟʦʥʘʪʘ ʚʦ ʢʦʿʘ ʩʝ ʚʨʰʠ ʨʘʜʠʦʪʝʨʘʧʠʿʘʪʘ. ɿʘʜʘʯʘʪʘ ʥʘ 

ʨʘʜʠʦʪʝʨʘʧʝʚʪʦʪ ʝ ʜʘ ʛʦ ʧʦʜʛʦʪʚʠ ʙʦʣʫʩʦʪ ʟʘ ʦʧʨʝʜʝʣʝʥ ʪʨʝʪʤʘʥ ʠ ʨʝʛʠʦʥ ʥʘ ʧʘʮʠʝʥʪʦʪ. 

ʊʦʘ ʙʠ ʪʨʝʙʘʣʦ ʜʘ ʠʤʘ ʚʘʞʝʥ ʝʬʝʢʪ ʚʨʟ ʧʦʤʝʩʪʫʚʘˁʝʪʦ ʥʘ ʤʘʢʩʠʤʘʣʥʘʪʘ ʜʦʟʘ ʥʘ 

ʨʘʜʠʿʘʮʠʿʘ (Dmax) ʧʦʙʣʠʩʢʫ ʜʦ ʢʦʞʘʪʘ ʥʘ ʧʘʮʠʝʥʪʦʪ [163].  

ʂʦʤʝʨʮʠʿʘʣʥʠʪʝ ʙʦʣʫʩʠ ʩʝ ʥʘʧʨʘʚʝʥʠ ʦʜ ʣʠʩʪʦʚʠ ʥʘ ʦʜʨʝʜʝʥ ʤʘʪʝʨʠʿʘʣ ʢʦʠ ʩʝ 

ʜʝʬʦʨʤʠʨʘʘʪ ʧʨʠ ʥʠʚʥʦ ʟʘʛʨʝʚʘˁʝ ʚʦ ʪʦʧʣʘ ʚʦʜʘ (60 0C). ɼʝʙʝʣʠʥʘʪʘ ʥʘ ʙʦʣʫʩʦʪ ʪʨʝʙʘ 

ʜʘ ʩʝ ʧʨʠʣʘʛʦʜʫʚʘ ʚʦ ʟʘʚʠʩʥʦʩʪ ʦʜ ʢʦʞʘʪʘ ʥʘ ʧʘʮʠʝʥʪʦʪ, ʧʦʣʦʞʙʘʪʘ ʥʘ ʪʫʤʦʨʦʪ ʠ 

ʝʥʝʨʛʠʿʘʪʘ ʥʘ ʬʦʪʦʥʠʪʝ. 

ʄʘʢʩʠʤʘʣʥʠʦʪ ʧʨʦʮʝʥʪ ʥʘ ʜʣʘʙʦʯʠʥʩʢʘʪʘ ʜʦʟʘ ʤʦʞʝ ʜʘ ʩʝ ʧʦʩʪʠʛʥʝ ʥʘ ʦʜʨʝʜʝʥʘ 

ʜʣʘʙʦʯʠʥʘ ʥʘ ʪʢʠʚʦʪʦ ʥʘ ʧʘʮʠʝʥʪʦʪ ʠ ʪʘʘ ʝ ʧʦʟʥʘʪʘ ʢʘʢʦ ʤʘʢʩʠʤʘʣʥʘ ʜʣʘʙʦʯʠʥʩʢʘ ʜʦʟʘ 

(Dmax), ʘ ʝ ʨʝʟʫʣʪʘʪ ʥʘ ʝʬʝʢʪʦʪ ʥʘ ʥʘʪʨʫʧʫʚʘˁʝ [163]. 
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ɺʦ ʠʩʪʨʘʞʫʚʘˁʘʪʘ ʨʝʘʣʠʟʠʨʘʥʠ ʦʜ Shiau et al [164], ʩʝ ʧʨʝʧʦʨʘʯʫʚʘ ʢʦʨʠʩʪʝˁʝ ʙʦʣʫʩ ʚʦ 

ʩʣʫʯʘʠʪʝ ʢʦʛʘ ʪʫʤʦʨʦʪ ʩʝ ʨʘʰʠʨʠʣ ʚʦ ʨʝʛʠʦʥʦʪ ʥʘ ʣʠʮʝʪʦ. ʀ ʜʨʫʛʠ ʘʚʪʦʨʠ ʿʘ 

ʧʦʪʚʨʜʫʚʘʘʪ ʪʘʘ ʢʦʥʩʪʘʪʘʮʠʿʘ [11, 165, 166]. 

ʅʘʰʠʪʝ ʠʩʪʨʘʞʫʚʘˁʘ ʚʦ ʦʚʘʘ ʜʦʢʪʦʨʩʢʘ ʜʠʩʝʨʪʘʮʠʿʘ ʦʜʘʪ ʚʦ ʧʨʘʚʝʮ ʥʘ ʢʨʝʠʨʘˁʝ 

ʩʧʝʮʠʬʠʯʝʥ 3D-ʙʦʣʫʩ ʟʘ ʧʘʮʠʝʥʪʠʪʝ ʢʘʿ ʢʦʠ ʝ ʜʠʿʘʛʥʦʩʪʠʮʠʨʘʥ ʢʘʨʮʠʥʦʤ ʥʘ ʢʦʞʘʪʘ. 

ɼʘʪʦʪʝʢʘʪʘ DICOM (Digital Imaging and Communications in Medicine), ʢʦʿʘ ʝ ʛʝʥʝʨʠʨʘʥʘ 

ʩʦ ʩʢʝʥʝʨʦʪ ʟʘ ʩʠʤʫʣʘʮʠʿʘ ʩʦ ʢʦʤʧʿʫʪʝʨʩʢʘ ʪʦʤʦʛʨʘʬʠʿʘ (CT Sim), ˃ʝ ʩʝ ʧʨʦʮʝʩʠʨʘ ʩʦ 

ʦʪʚʦʨʝʥʦ ʜʦʩʪʘʧʥʠʦʪ ʩʦʬʪʚʝʨ ó3D Slicerô ʩʦ ʮʝʣ ʜʘ ʩʝ ʢʨʝʠʨʘ ʩʪʘʥʜʘʨʜʥʘʪʘ ʜʘʪʦʪʝʢʘ 

STL, ʧʦʪʨʝʙʥʘ ʟʘ 3D-ʧʝʯʘʪʝˁʝʪʦ ʥʘ ʙʦʣʫʩʦʪ. ɺʦ ʠʩʪʨʘʞʫʚʘˁʝʪʦ ʝ ʥʘʧʨʘʚʝʥʘ ʩʧʦʨʝʜʙʘ 

ʧʦʤʝʺʫ ʚʦʦʙʠʯʘʝʥʦ ʢʦʨʠʩʪʝʥʠʦʪ ʙʦʣʫʩ ʠ ʦʥʦʿ ʜʦʙʠʝʥ ʩʦ ʪʝʭʥʦʣʦʛʠʿʘʪʘ ʥʘ ɸʇ. 

ɺʝʨʠʬʠʢʘʮʠʿʘʪʘ ʥʘ ʜʦʟʘʪʘ ʥʘ ʦʜʨʝʜʝʥʘ ʜʣʘʙʦʯʠʥʘ ʝ ʨʝʘʣʠʟʠʨʘʥʘ ʩʦ ʩʦʬʪʚʝʨʦʪ ʢʦʿ ʛʦ 

ʢʦʨʠʩʪʠ ʘʣʛʦʨʠʪʤʦʪ ʄʦʥʪʝ ʂʘʨʣʦ.  
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4. ɽʂʉʇɽʈʀʄɽʅʊɸʃʅʀ ʀʉʊʈɸɾʋɺɸɳɸ 

ɺʦ ʦʚʘʘ ʜʠʩʝʨʪʘʮʠʿʘ ʩʝ ʠʩʪʨʘʞʫʚʘʘʪ ʪʨʠ ʧʘʨʘʤʝʪʨʠ ʥʘ ʢʚʘʣʠʪʝʪʦʪ ʥʘ ʧʦʚʨʰʠʥʘʪʘ  Ra, 

Rz ʠ Rq. ʀʩʪʨʘʞʫʚʘʥʠ ʩʝ ʪʝʨʤʦʧʣʘʩʪʠʯʥʠʪʝ ʤʘʪʝʨʠʿʘʣʠ PLA, ABS, PETG ʢʘʢʦ ʠ 

ʥʝʨʺʦʩʫʚʘʯʢʠʦʪ ʯʝʣʠʢ 316L. ʀʩʪʨʘʞʫʚʘˁʘʪʘ ʪʨʝʙʘ ʜʘ ʧʦʢʘʞʘʪ ʢʦʠ ʦʜ ʚʣʝʟʥʠʪʝ 

ʧʘʨʘʤʝʪʨʠ ʠʤʘʘʪ ʧʦʛʦʣʝʤʦ ʚʣʠʿʘʥʠʝ ʚʨʟ ʢʚʘʣʠʪʝʪʦʪ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʧʨʠ ʰʪʦ ʟʘ 

ʪʝʨʤʦʧʣʘʩʪʠʯʥʠʪʝ ʤʘʪʝʨʠʿʘʣʠ ʢʦʨʠʩʪʝʥʘ ʝ ʪʝʭʥʦʣʦʛʠʿʘʪʘ FDM, ʜʦʜʝʢʘ ʟʘ 

ʥʝʨʺʦʩʫʚʘʯʢʠʦʪ ʯʝʣʠʢ ʢʦʨʠʩʪʝʥʠ ʩʝ ʜʚʝ ʪʝʭʥʦʣʦʛʠʠ: ʪʝʭʥʦʣʦʛʠʿʘʪʘ FFF (ʚʦ ʦʙʣʠʢ ʥʘ 

ʞʠʮʘ) ʠ ʪʝʭʥʦʣʦʛʠʿʘʪʘ DMLS (ʚʦ ʦʙʣʠʢ ʥʘ ʧʨʘʚ). ʇʨʠ ʤʝʨʝˁʝʪʦ ʥʘ ʢʚʘʣʠʪʝʪʦʪ ʥʘ 

ʧʦʚʨʰʠʥʘʪʘ ʢʦʨʠʩʪʝʥʠ ʩʝ ʨʘʟʣʠʯʥʠ ʧʨʘʚʮʠ ʥʘ ʤʝʨʝˁʝ. 

ʉʦʛʣʘʩʥʦ ʥʝʢʦʠ ʠʩʪʨʘʞʫʚʘˁʘ [63, 167], ʤʝʨʝˁʘʪʘ ʩʝ ʧʨʘʚʝʥʠ ʚʦ ʪʨʠ ʧʨʘʚʮʠ, 0, 45, 90. 

ʅʝ ʧʦʩʪʦʠ ʧʦʩʝʙʥʦ ʦʙʿʘʩʥʫʚʘˁʝ ʟʦh ʪʦ ʝ ʪʦʘ ʥʘʧʨʘʚʝʥʦ, ʥʦ ʠʤʘʿ˃ʠ ʛʠ ʧʨʝʜʚʠʜ 

ʨʘʟʣʠʯʥʠʪʝ ʧʨʘʚʮʠ ʠ ʪʝʭʥʦʣʦʛʠʠ ʥʘ ʘʜʠʪʠʚʥʦʪʦ ʧʨʦʠʟʚʦʜʩʪʚʦ ʠ ʘʩʧʝʢʪʠʪʝ ʥʘ 

ʩʪʘʥʜʘʨʜʠʟʘʮʠʿʘʪʘ ʦʧʨʘʚʜʘʥʦ ʝ ʜʘ ʩʝ ʠʩʪʨʘʞʠ ʢʚʘʣʠʪʝʪʦʪ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʚʦ ʨʘʟʣʠʯʥʠ 

ʧʨʘʚʮʠ ʠ ʜʘ ʩʝ ʜʦʢʘʞʝ ʜʝʢʘ 90 ʝ ʧʨʘʚʦʪʦ ʨʝʰʝʥʠʝ ʠ ʟʘ ʦʚʠʝ ʪʝʭʥʦʣʦʛʠʠ. 

ɹʣʦʢ-ʜʠʿʘʛʨʘʤʦʪ ʥʘ ʪʝʢʦʪ ʥʘ ʠʩʪʨʘʞʫʚʘˁʝʪʦ ʝ ʧʨʠʢʘʞʘʥ ʥʘ ʩʣʠʢʘ 4.1. 

 
ʉʣʠʢʘ 4.1. ɹʣʦʢ-ʜʠʿʘʛʨʘʤ ʥʘ ʪʝʢʦʪ ʥʘ ʠʩʪʨʘʞʫʚʘˁʘʪʘ. 

 

4.1 ʇʨʠʤʝʥʘ ʥʘ ʤʦʜʝʣʠʨʘˁʝ ʩʦ ʩʧʦʝʥʠ ʩʣʦʝʚʠ (FDM) ʢʘʿ ʧʝʯʘʪʝˁʝ ʥʘ 

ʪʝʨʤʦʧʣʘʩʪʠʯʥʠ ʤʘʪʝʨʠʿʘʣʠ 

ʂʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʤʘʪʝʨʠʿʘʣʠʪʝ 

ʄʘʪʝʨʠʿʘʣʠʪʝ ʢʦʠ ʩʝ ʢʦʨʠʩʪʝʥʠ ʧʨʠ ʝʢʩʧʝʨʠʤʝʥʪʠʪʝ ʩʝ: PLA (Polylactic Acid) ʚʣʘʢʥʦ ʩʦ 

ʙʘʢʘʨʥʘ ʙʦʿʘ, ABS (Acrylonitrile Butadiene Styrene) ʮʨʥʦ ʚʣʘʢʥʦ ʠ PETG (Polyethylene 

Terephthalate Glycol Modified) ʞʦʣʪʦ ʚʣʘʢʥʦ, ʠ ʩʠʪʝ ʩʦ ʧʨʝʯʥʠʢ 1,75 mm. 

ʊʝʤʧʝʨʘʪʫʨʘʪʘ ʥʘ ʧʝʯʘʪʝˁʝ ʥʘ PLA e (190 ï 230) 0C, ʟʘ ABS ʝ (210 ï 240) 0C,  ʘ ʟʘ  

PETG ʝ (220 ï 250) 0C, ʘ ʩʨʝʜʥʠʪʝ ʚʨʝʜʥʦʩʪʠ ʩʝ  210 0C, 225 0C, ʠ  235 0C. 

ʊʝʤʧʝʨʘʪʫʨʘʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʥʘ ʢʦʿʘ ʩʝ ʧʝʯʘʪʠ ʟʘ PLA ʝ (20 ï 60) 0C, ʟʘ ABS ʝ (80 ï 

110) 0C ʠ ʟʘ PETG ʝ (80 ï 90) 0C, ʩʦ ʩʨʝʜʥʠ ʚʨʝʜʥʦʩʪʠ  60 0C, 95 0C ʠ 85 0C. 

ʉʣʠʢʘʪʘ 4.2 ʛʠ ʧʦʢʘʞʫʚʘ ʪʝʨʤʦʧʣʘʩʪʠʯʥʠʪʝ ʤʘʪʝʨʠʿʘʣʠ ʢʦʨʠʩʪʝʥʠ ʚʦ ʦʚʠʝ 

ʝʢʩʧʝʨʠʤʝʥʪʠ. 
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ʉʣʠʢʘ 4.2. ʊʝʨʤʦʧʣʘʩʪʠʯʥʠ ʤʘʪʝʨʠʿʘʣʠ ʢʦʨʠʩʪʝʥʠ ʚʦ ʠʩʪʨʘʞʫʚʘˁʘʪʘ. 

ʇʦʜʦʣʫ ʩʝ ʜʘʜʝʥʠ ʥʝʢʦʠ ʦʩʥʦʚʥʠ ʩʚʦʿʩʪʚʘ ʥʘ ʢʦʨʠʩʪʝʥʠʪʝ ʪʝʨʤʦʧʣʘʩʪʠʯʥʠ ʤʘʪʝʨʠʿʘʣʠ. 

PLA 

¶ ʂʨʫʪ, ʥʦ ʢʨʰʣʠʚ ʤʘʪʝʨʠʿʘʣ.  

¶ ʅʘʿʯʝʩʪʦ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʧʨʦʪʦʪʠʧʩʢʦ ʧʨʦʠʟʚʦʜʩʪʚʦ, ʠʛʨʘʯʢʠ ʟʘ ʥʘ ʤʘʩʘ, ʜʝʣʦʚʠ ʩʦ 

ʤʘʣʠ ʦʧʪʦʚʘʨʫʚʘˁʘ. 

¶ ʅʘʿʜʦʙʘʨ ʤʘʪʝʨʠʿʘʣ ʟʘ ʧʦʯʝʪʥʠʮʠ ʟʘʨʘʜʠ ʝʜʥʦʩʪʘʚʥʦʩʪʘ ʥʘ ʢʦʨʠʩʪʝˁʝʪʦ ʠ ʟʘʪʦʘ ʝ 

ʥʘʿʯʝʩʪʦ ʧʨʝʧʦʨʘʯʘʥ ʤʘʪʝʨʠʿʘʣ ʢʘʿ ʦʚʘʘ ʤʝʪʦʜʘ. 

ABS 

¶ ɱʘʢ ʝʣʘʩʪʠʯʝʥ ʤʘʪʝʨʠʿʘʣ, ʦʪʧʦʨʝʥ ʥʘ ʪʨʦʰʝˁʝ ʠ ʥʘ ʪʝʤʧʝʨʘʪʫʨʘ. 

¶ ɺʦʦʙʠʯʘʝʥʦ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʩʧʨʝʛʥʘʪʠ ʜʝʣʦʚʠ, ʢʘʢʦ ʰʪʦ ʩʝ ʟʘʧʯʝʥʠʮʠ, ʜʝʣʦʚʠ 

ʠʟʣʦʞʝʥʠ ʥʘ ʋɺ-ʟʨʘʯʝˁʝ ʠʣʠ ʧʨʦʪʦʪʠʧʩʢʠ ʜʝʣʦʚʠ. 

PETG 

¶  ʊʦʘ ʝ ʪʨʘʝʥ ʠ ʝʣʘʩʪʠʯʝʥ ʤʘʪʝʨʠʿʘʣ ʩʦ ʩʿʘʿʥʘ ʧʦʚʨʰʠʥʘ ʠ ʝ ʦʪʧʦʨʝʥ ʥʘ ʫʜʘʨ ʠ 

ʪʝʤʧʝʨʘʪʫʨʘ. 

¶ ʅʘʯʿʝʩʪʦ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʨʘʟʥʠ ʤʘʰʠʥʩʢʠ ʜʝʣʦʚʠ ʠ ʢʫʪʠʝʩʪʠ ʢʦʥʩʪʨʫʢʮʠʠ. 

¶ ʆʜʣʠʯʥʦ ʩʝ ʧʨʠʣʝʧʫʚʘ ʢʦʥ ʨʘʟʥʠ ʣʝʥʪʠ. 

ʇʝʨʩʦʥʘʣʝʥ 3ɼ-ʧʝʯʘʪʘʯ 

ʇʝʯʘʪʘʯʦʪ ʢʦʿ ʝ ʢʦʨʠʩʪʝʥ ʟʘ ʧʝʯʘʪʝˁʝ ʥʘ ʪʝʨʤʦʧʣʘʩʪʠʯʥʠʪʝ ʧʨʠʤʝʨʦʮʠ ʝ ORIGINAL 

PRUSA i3 MK3S+. ʊʦʿ ʢʦʨʠʩʪʠ ʜʚʘ ʨʘʟʣʠʯʥʠ ʧʨʝʯʥʠʢʘ: 2,85 ʠ 1,75 mm. ʇʦʤʘʣʠʦʪ 

ʧʨʝʯʥʠʢ ʝ ʥʘʿʯʝʩʪʦ ʢʦʨʠʩʪʝʥʘ ʤʣʘʟʥʠʮʘ ʠ ʥʝʤʘ ʥʝʢʦʝ ʚʣʠʿʘʥʠʝ ʚʨʟ ʢʚʘʣʠʪʝʪʦʪ ʥʘ 

ʧʝʯʘʪʝˁʝʪʦ. ʅʘ ʩʣʠʢʘʪʘ 4.3 ʝ ʧʨʠʢʘʞʘʥ ORIGINAL PRUSA i3 MK3S+, ʜʦʜʝʢʘ ʥʝʛʦʚʠʪʝ 

ʪʝʭʥʠʯʢʠ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʝ ʜʘʜʝʥʠ ʚʦ ʪʘʙʝʣʘ 4.1 
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ʉʣʠʢʘ 4.3. ʇʝʨʩʦʥʘʣʝʥ 3ɼ-ʧʝʯʘʪʘʯ ORIGINAL PRUSA i3 MK3S+. 

ʂʘʣʠʙʨʘʮʠʿʘ ʥʘ ORIGINAL PRUSA i3 MK3S+. ʂʘʣʠʙʨʘʮʠʿʘʪʘ ʥʘ 3D-ʧʝʯʘʪʘʯʠʪʝ ʝ 

ʟʘʜʦʣʞʠʪʝʣʥʘ ʧʨʝʜ ʜʘ ʩʝ ʟʘʧʦʯʥʝ ʩʦ ʥʝʛʦʚʦʪʦ ʢʦʨʠʩʪʝˁʝ. ʇʦʢʨʘʿ ʝʣʝʤʝʥʪʠʪʝ ʧʦʚʨʟʘʥʠ 

ʩʦ ʧʨʦʚʝʨʢʘʪʘ ʥʘ ʧʝʯʘʪʘʯʦʪ ʧʦ ʥʝʛʦʚʘʪʘ ʤʦʥʪʘʞʘ ʩʝ ʧʨʦʚʝʨʫʚʘ ʠʩʧʨʘʚʥʦʩʪʘ ʥʘ 

ʥʠʚʝʣʠʨʘˁʝʪʦ ʥʘ ʤʘʩʘʪʘ.  

ʊʘʙʝʣʘ 4.1 ʊʝʭʥʠʯʢʠ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ORIGINAL PRUSA i3 MK3S+. 

Build Volume 25×21×21 cm (9,84"×8,3"×8,3") 

Layer height 0,05 ï 0,35 mm 

Nozzle 0.4mm default, a wide range of other diameters/nozzles supported 

Filament diameter 1,75 mm 

Supported materials 

Wide range of thermoplastics, including PLA, PETG, ASA, ABS, 

PC (Polycarbonate), CPE, PVA/BVOH, PVB, HIPS, PP 

(Polypropylene), Flex, nGen, Nylon, Carbon filled, Wood fill, and 

other filled materials. 

Max travel speed 200+ mm/s 

Max nozzle temperature 300 °C / 572 °F 

Max heat bed temperature 120 °C / 248 °F 

Extruder  Direct Drive, Bondtech gears, E3D V6 hotend 

Print surface 
Removable magnetic steel sheets with different surface finishes, 

heat bed with cold corners compensation 

Printer dimensions (without spool) 7 kg, 50×55×40 cm; 19,6×21,6×15,7 in (X×Y×Z) 

Power consumption PLA settings: 80W / ABS settings: 120W 

Print surface 
Removable magnetic steel sheets with different surface finishes, 

heat bed with cold corners compensation 

Printer dimensions (without spool) 7 kg, 50×55×40 cm; 19,6×21,6×15,7 in (X×Y×Z) 

Max heat bed temperature 120 °C / 248 °F 

Power consumption PLA settings: 80W / ABS settings: 120W 

ʉʝ ʢʘʣʠʙʨʠʨʘʘʪ ʦʩʢʠʪʝ X/Y/Z  ʟʘ ʜʘ ʩʝ ʥʘʿʜʘʪ ʧʦʟʠʮʠʠʪʝ ʥʘ 4 ʪʦʯʢʠ ʥʘ ʢʘʣʠʙʨʘʮʠʿʘ 

ʟʘʨʘʜʠ ʠʩʧʨʘʚʥʦʩʪʘ ʥʘ ʥʠʚʝʣʠʨʘˁʝʪʦ ʥʘ ʤʘʩʘʪʘ. ʀʩʪʦʪʦ ʩʝ ʧʨʘʚʠ ʠ ʩʦ ʧʨʚʦʪʦ ʥʠʚʦ ʥʘ 
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ʧʝʯʘʪʝˁʝ.  ɼʦʢʦʣʢʫ ʩʝ ʧʨʝʤʝʩʪʫʚʘ ʧʝʯʘʪʘʯʦʪ ʥʘ ʥʝʢʦʿʘ ʜʨʫʛʘ ʣʦʢʘʮʠʿʘ, ʩʝ ʧʦʚʪʦʨʫʚʘ 

ʢʘʣʠʙʨʘʮʠʿʘʪʘ. ʅʘ ʢʨʘʿʦʪ ʩʝ ʧʨʦʚʝʨʫʚʘ ʨʘʩʪʦʿʘʥʠʝʪʦ ʧʦʤʝʺʫ ʤʣʘʟʥʠʢʦʪ ʠ ʤʘʩʘʪʘ, ʧʦ ʰʪʦ 

ʤʦʞʝ ʜʘ ʩʝ ʦʪʧʦʯʥʝ ʩʦ ʨʘʙʦʪʘ.  

ɼʠʟʘʿʥʠʨʘˁʝ ʥʘ ʧʨʠʤʝʨʦʮʠʪʝ  

ɿʘ ʪʨʠʪʝ ʨʘʟʣʠʯʥʠ ʪʝʨʤʦʧʣʘʩʪʠʯʥʠ ʤʘʪʝʨʠʿʘʣʠ ʜʠʟʘʿʥʦʪ ʥʘ ʧʨʠʤʝʨʦʮʠʪʝ ʝ ʨʝʘʣʠʟʠʨʘʥ 

ʩʦ ʩʦʬʪʚʝʨʦʪ SolidWorks. ʄʦʜʝʣʦʪ ʝ ʩʦʯʫʚʘʥ ʚʦ ʜʘʪʦʪʝʢʘʪʘ STL, ʘ ʧʦʪʦʘ ʩʝ ʠʟʙʨʘʥʠ 

ʧʘʨʘʤʝʪʨʠʪʝ ʦʧʨʝʜʝʣʝʥʠ ʩʦ ʤʝʪʦʜʦʣʦʛʠʿʘʪʘ DoE ʟʘ ʩʝʢʦʿ ʦʜ ʧʨʠʤʝʨʦʮʠʪʝ. ʈʝʘʣʠʟʠʨʘʥʦ 

ʝ ʩʝʯʝˁʝ ʥʘ ʤʦʜʝʣʦʪ ʧʦ ʩʣʦʝʚʠ ʠ ʛʝʥʝʨʠʨʘˁʝ ʥʘ G-ʢʦʜʦʚʠʪʝ ʟʘ ʧʝʯʘʪʝˁʝ. ɼʠʤʝʥʟʠʠʪʝ 

ʥʘ ʧʘʨʯʝʪʦ ʩʝ 20 x 10 x 10 mm (ʉʣʠʢʘ 4.4). ʅʘ ʩʣʠʢʘʪʘ 4.5 ʝ ʜʘʜʝʥ ʧʨʠʢʘʟ ʥʘ 

ʧʨʠʤʝʨʦʮʠʪʝ ʜʦʙʠʝʥʠ ʩʦ ʩʦʬʪʚʝʨʦʪ PrusaSlicer.  

 
ʉʣʠʢʘ 4.4. ʇʨʠʢʘʟ ʥʘ ʧʝʯʘʪʝʥʠ ʧʨʠʤʝʨʦʮʠ ʦʜ ʪʝʨʤʦʧʣʘʩʪʠʯʥʠʪʝ ʤʘʪʝʨʠʿʘʣʠ PLA, ABS ʠ PETG. 

 

 
ʉʣʠʢʘ 4.5. ʇʨʠʢʘʟ ʥʘ ʧʨʠʤʝʨʦʮʠʪʝ ʜʦʙʠʝʥʠ ʩʦ ʩʦʬʪʚʝʨʦʪ PrusaSlicer ʠ ʧʝʯʘʪʝʥʠ ʚʦ  X-Y ʨʘʤʥʠʥʘ  

ʇʨʘʚʝʮʦʪ ʥʘ ʛʨʘʜʝˁʝ ʥʘ ʧʨʠʤʝʨʦʮʠʪʝ ʩʦ 3D-ʧʝʯʘʪʘʯʦʪ e 450   ʢʘʢʦ ʰʪʦ ʝ ʧʨʠʢʘʞʘʥʦ ʥʘ 

ʩʣʠʢʘ 4.6. 
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ʉʣʠʢʘ 4.6. ʇʨʘʚʝʮ ʥʘ ʧʝʯʘʪʝˁʝ ʥʘ ʧʨʠʤʝʨʦʮʠʪʝ ʠʟʨʘʙʦʪʝʥʠ ʦʜ ʪʝʨʤʦʧʣʘʩʪʠʯʝʥ ʤʘʪʝʨʠʿʘʣ 

ɽʢʩʧʝʨʠʤʝʥʪʠʪʝ ʩʝ ʨʝʘʣʠʟʠʨʘʥʠ ʩʦ ʪʨʠ ʨʘʟʣʠʯʥʠ ʥʠʚʦʘ ʥʘ ʠʩʧʦʣʥʝʪʦʩʪ ʥʘ ʧʨʠʤʝʨʦʮʠʪʝ 

(30 %, 40 % ʠ 50 %) ʢʘʢʦ ʠ ʩʦ ʪʨʠ ʚʠʩʦʯʠʥʠ ʥʘ ʩʣʦʿʦʪ (0,1 mm, 0,15 mm, 0,2 mm), 

ʧʨʠʢʘʞʘʥʦ ʥʘ ʩʣʠʢʠ 4.7 ʠ 4.8. 

 

ʉʣʠʢʘ 4.7. ʀʩʧʦʣʥʝʪʦʩʪ ʥʘ ʧʨʠʤʝʨʦʮʠʪʝ. 

 
ʉʣʠʢʘ 4.8. ɺʠʩʦʯʠʥʠ ʥʘ ʩʣʦʿʦʪ ʢʘʿ ʧʨʠʤʝʨʦʮʠʪʝ. 

ɼʠʟʘʿʥ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʠʪʝ 

ɹʨʦʿʦʪ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʠ ʚʦ ʦʨʪʦʛʦʥʘʣʥʘʪʘ ʦʙʣʘʩʪ (ʆɸ) L9  ʝ ʠʟʙʨʘʥ ʩʦʛʣʘʩʥʦ ʤʝʪʦʜʘʪʘ 

ʥʘ ʊʘʛʫʯʠ (ɻʣʘʚʘ 3, ʊʘʙʝʣʘ 3.1), ʘ ʝ ʚʦ ʬʫʥʢʮʠʿʘ ʦʜ ʙʨʦʿʦʪ ʥʘ ʚʣʝʟʥʠʪʝ ʧʘʨʘʤʝʪʨʠ ʠ 

ʥʠʚʦʘ ʢʘʢʦ ʰʪʦ ʝ ʧʨʠʢʘʞʘʥʦ ʚʦ ʊʘʙʝʣʘ 4.2. ʀʩʪʠʪʝ ʧʘʨʘʤʝʪʨʠ ʠ ʥʠʚʦʘ ʩʝ ʟʘ ʩʠʪʝ ʪʨʠ 

ʚʠʜʘ ʥʘ ʪʝʨʤʦʧʣʘʩʪʠʯʝʥ ʤʘʪʝʨʠʿʘʣ. ʂʘʢʦ ʚʣʝʟʥʠ ʧʘʨʘʤʝʪʨʠ ʩʝ ʟʝʤʝʥʠ: ʧʨʝʯʥʠʢʦʪ ʥʘ 

ʤʣʘʟʥʠʮʘʪʘ (ND), ʚʠʩʦʯʠʥʘʪʘ ʥʘ ʩʣʦʿʦʪ (LH), ʙʨʟʠʥʘʪʘ ʥʘ ʧʝʯʘʪʝˁʝ (PS) ʠ 

ʧʦʧʦʣʥʝʪʦʩʪʘ (I). 



˨ͦͭͦͪͫ͊͟͟ ͙͔͒ͫͪͭ͊ͼ͙͊͞ ς ˴ ͙͔͊ͭͪͤ͡ ˳͙͊ͯͨ͟                                                 ̂˴ˮ˸ ς ˸ ͊΄͙͙ͤͫ͟  

 

36 
 

ʊʘʙʝʣʘ 4.2. ɺʣʝʟʥʠ ʧʘʨʘʤʝʪʨʠ ʠ ʥʠʚʥʠ ʥʠʚʦʘ ʟʘ ʪʝʨʤʦʧʣʘʩʪʠʯʥʠʪʝ ʤʘʪʝʨʠʿʘʣʠ 

ɹʨ.    ɺʣʝʟʥʠ ʧʘʘʨʤʝʪʨʠ                   ɽʜʠʥʠʮʠ 
ʂʦʜ ʥʘ 

ʧʘʨʘʤʝʪʘʨʦʪ 

ʅʠʚʦʘ 

1 2 3 

1 ʇʨʝʯʥʠʢ ʥʘ ʤʣʘʟʥʠʮʘʪʘ  (ND) mm X1 0,25 0,4 0,6 

2 ɺʠʩʦʯʠʥʘ ʥʘ ʩʣʦʿʦʪ  (LH) mm X2 0,10 0,15 0,20 

3 ɹʨʟʠʥʘ ʥʘ ʧʝʯʘʪʝˁʝ (PS) mm/s X3 70 80 90 

4 ʇʦʧʦʣʥʝʪʦʩʪ (I) % X4 30 40 50 

ʉʪʘʪʠʩʪʠʯʢʠʦʪ ʩʦʬʪʚʝʨ Minitab ʝ ʢʦʨʠʩʪʝʥ ʟʘ ʜʘ ʩʝ ʥʘʿʜʝ ʢʦʤʙʠʥʘʮʠʿʘʪʘ ʥʘ ʥʝʟʘʚʠʩʥʠʪʝ 

ʧʘʨʘʤʝʪʨʠ ʠ ʥʠʚʥʠʪʝ ʥʠʚʦʘ ʟʘ ʩʝʢʦʿ ʦʜ ʝʢʩʧʝʨʠʤʝʥʪʠʪʝ, ʘ ʩʠʪʝ ʢʦʤʙʠʥʘʮʠʠ ʩʝ 

ʧʨʠʢʘʞʘʥʠ ʚʦ ʊʘʙʝʣʘ 4.3.  

ʊʘʙʝʣʘ 4.3. ʇʨʠʢʘʟ ʥʘ ʤʘʪʨʠʮʘʪʘ L9 ʟʘ ʪʝʨʤʦʧʣʘʩʪʠʯʥʠʪʝ ʤʘʪʝʨʠʿʘʣʠ 

ʇʨʦʙʘ  

ʂʦʜʠʨʘʥʠ ʧʘʨʘʤʝʪʨʠ ʌʠʟʠʯʢʠ ʧʘʨʘʤʝʪʨʠ 

X1 X2 X3 X4 (Nd) (mm) (Lh) (mm) (Ps) (mm/s) (I)  (%) 

1 1 1 1 1 0,25 0,10 70 30 

2 1 2 2 2 0,25 0,15 80 40 

3 1 3 3 3 0,25 0,20 90 50 

4 2 1 2 3 0,4 0,10 80 50 

5 2 2 3 1 0,4 0,15 90 30 

6 2 3 1 2 0,4 0,20 70 40 

7 3 1 3 2 0,6 0,10 90 40 

8 3 2 1 3 0,6 0,15 70 50 

9 3 3 2 1 0,6 0,20 80 30 

4.2. ʇʨʠʤʝʥʘ ʥʘ ʪʝʨʤʦʧʣʘʩʪʠʯʝʥ ʤʘʪʝʨʠʿʘʣ ʚʦ ʨʘʜʠʦʪʝʨʘʧʠʿʘʪʘ (Bolus) 

ʉʦ ʮʝʣ ʜʘ ʩʝ ʟʛʦʣʝʤʠ ʜʦʟʘʪʘ ʥʘ ʟʨʘʯʝˁʝ ʥʘ ʢʘʨʮʠʥʦʤ ʥʘ ʢʦʞʘʪʘ ʥʘ ʣʠʮʝʪʦ ʩʝ ʧʨʝʜʣʘʛʘ 

ʢʦʨʠʩʪʝˁʝ ʥʘ ʩʧʝʮʠʿʘʣʥʘ ʧʦʢʨʠʚʢʘ (ʙʦʣʫʩ) ʢʦʿʘ ʝ ʚʦ ʦʙʣʠʢ ʥʘ ʣʠʮʝʪʦ ʥʘ ʧʘʮʠʝʥʪʦʪ. ʉʦ 

ʪʦʘ ˃ʝ ʩʝ ʧʦʩʪʠʛʥʝ ʧʦʤʝʩʪʫʚʘˁʝ ʥʘ ʤʘʢʩʠʤʘʣʥʘʪʘ ʜʦʟʘ ʥʘ ʨʘʜʠʿʘʮʠʿʘ (D
max
) ʧʦʙʣʠʩʢʫ ʜʦ 

ʢʦʞʘʪʘ ʥʘ ʧʘʮʠʝʥʪʦʪ. ɼʝʙʝʣʠʥʘʪʘ ʥʘ ʙʦʣʫʩʦʪ ʙʠ ʪʨʝʙʘʣʦ ʜʘ ʤʦʞʝ ʜʘ ʝ ʧʨʦʤʝʥʣʠʚʘ ʚʦ 

ʟʘʚʠʩʥʦʩʪ ʦʜ ʧʦʣʦʞʙʘʪʘ ʥʘ ʨʘʢʦʪ ʠ ʝʥʝʨʛʠʿʘʪʘ, ʢʘʢʦ ʰʪʦ ʝ ʧʨʠʢʘʞʘʥʦ ʥʘ ʩʣʠʢʘ 4.9. 
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ʉʣʠʢʘ 4.9. ɺʠʟʫʝʣʠʟʘʮʠʿʘ ʥʘ ʧʨʠʤʝʥʘ ʥʘ ʙʦʣʫʩʦʪ ʠ ʝʬʝʢʪʦʪ ʚʨʟ ʧʦʤʝʩʪʫʚʘˁʝʪʦ ʥʘ Dmax. 

ɿʘ ʜʘ ʩʝ ʢʨʝʠʨʘ 3D-ʙʦʣʫʩ ʠʟʙʨʘʥ ʝ ʧʘʮʠʝʥʪ ʢʘʿ ʢʦʿ ʝ ʜʠʿʘʛʥʦʩʪʠʮʠʨʘʥ ʢʘʨʮʠʥʦʤ ʥʘ 

ʢʦʞʘʪʘ. ʄʘʪʝʨʠʿʘʣʦʪ ʢʦʿ ʝ ʢʦʨʠʩʪʝʥ ʟʘ ʧʝʯʘʪʝˁʝ ʥʘ ʙʦʣʫʩʦʪ ʝ PLA.  

ʆʧʰʪʦ ʟʝʤʝʥʦ, ʚʦ ʢʣʠʥʠʯʢʘʪʘ ʧʨʘʢʪʠʢʘ, ʚʦʦʙʠʯʘʝʥʠʦʪ ʧʨʦʮʝʩ ʥʘ ʥʘʜʚʦʨʝʰʥʘ ʪʝʨʘʧʠʿʘ 

ʩʦ ʟʨʘʯʝˁʝ (EBRT) ʚʢʣʫʯʫʚʘ 5 ʛʣʘʚʥʠ ʯʝʢʦʨʠ:  

1. ʠʤʦʙʠʣʠʟʘʮʠʿʘ ʥʘ ʧʘʮʠʝʥʪʦʪ,  

2. ʩʠʤʫʣʘʮʠʿʘ, ʚʦʦʙʠʯʘʝʥʦ ʩʦ ʢʦʤʧʿʫʪʝʨʩʢʘ ʪʦʤʦʛʨʘʬʠʿʘ (CT), ʤʘʛʥʝʪʥʘ ʨʝʟʦʥʘʥʩʘ 

(MRI), ʠʣʠ ʥʝʢʦʿʘ ʜʨʫʛʘ ʪʝʭʥʠʢʘ ʟʘ ʢʨʝʠʨʘˁʝ ʩʣʠʢʘ,  

3. ʢʨʝʠʨʘˁʝ ʢʦʥʪʫʨʘ, ʩʝʛʤʝʥʪʘʮʠʿʘ ʥʘ ʪʫʤʦʨʦʪ ʠ ʦʨʛʘʥʠʪʝ,  

4. ʧʣʘʥʠʤʝʪʨʠʿʘ ʥʘ ʨʘʜʠʿʘʮʠʿʘʪʘ ʩʦ ʧʦʤʦʰ ʥʘ ʢʦʤʧʿʫʪʝʨʠʟʠʨʘʥʠʦʪ ʩʠʩʪʝʤ ʟʘ ʧʣʘʥʠʨʘˁʝ 

ʥʘ ʪʨʝʪʤʘʥʦʪ (TPS), ʢʦʿ ʛʦ ʩʠʤʫʣʠʨʘ ʧʨʦʮʝʩʦʪ ʥʘ ʨʘʜʠʦʪʝʨʘʧʠʿʘ ʠ ʩʦ ʢʦʿ ʧʨʘʚʝʮʦʪ ʥʘ 

ʟʨʘʢʦʪ ʥʘ ʜʦʟʘʪʘ ʠ ʥʝʛʦʚʠʦʪ ʠʥʪʝʥʟʠʪʝʪ ʩʝ ʦʧʪʠʤʠʟʠʨʘʘʪ ʩʦ ʮʝʣ ʧʦʜʦʙʘʨ ʪʨʝʪʤʘʥ ʥʘ 

ʧʘʮʠʝʥʪʦʪ, 

 5. ʪʨʝʪʤʘʥ ʥʘ ʧʘʮʠʝʥʪʦʪ, ʮʝʣʦʩʥʘʪʘ ʜʦʟʘ ˃ʝ ʩʝ ʧʨʠʤʝʥʠ ʢʘʿ ʧʘʮʠʝʥʪʦʪ ʚʦ ʧʦʚʝ˃ʝ ʤʘʣʠ 

ʜʝʣʦʚʠ. 

 

 
ʉʣʠʢʘ 4.10. ʐʝʤʘʪʩʢʠ ʧʨʠʢʘʟ ʥʘ ʧʨʦʮʝʩʦʪ ʥʘ ʜʠʟʘʿʥʠʨʘˁʝ ʠ ʧʝʯʘʪʝˁʝ ʥʘ 3D-ʙʦʣʫʩ. 
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ʉʝʢʦʿ ʙʦʣʫʩ ʝ ʫʥʠʢʘʪʝʥ ʠ ʥʘʧʨʘʚʝʥ ʟʘ ʦʜʨʝʜʝʥ ʨʝʛʠʦʥ ʥʘ ʧʘʮʠʝʥʪʦʪ, ʦʚʦʟʤʦʞʝʥʦ ʟʘʨʘʜʠ 

CT-ʩʠʤʫʣʘʮʠʿʘʪʘ ʥʘ ʧʘʮʠʝʥʪʦʪ. ɿʘ ʚʨʝʤʝ ʥʘ ʪʘʘ ʧʨʦʮʝʜʫʨʘ ʩʝ ʢʨʝʠʨʘ ʜʠʛʠʪʘʣʥʘ  ʩʣʠʢʘ 

ʥʘ ʧʘʮʠʝʥʪʦʪ ʩʦ ʠʥʪʝʨʘʢʮʠʿʘ ʥʘ X-ʟʨʘʮʠʪʝ ʩʦ ʪʝʣʦʪʦ ʥʘ ʧʘʮʠʝʥʪʦʪ. ʆʚʠʝ ʢʣʠʥʠʯʢʠ 

ʯʝʢʦʨʠ ʜʠʨʝʢʪʥʦ ʩʝ ʧʦʚʨʟʘʥʠ ʩʦ ʜʠʟʘʿʥʠʨʘˁʝʪʦ ʠ ʧʨʦʠʟʚʦʜʩʪʚʦʪʦ ʥʘ 3D-ʙʦʣʫʩʦʪ. ʆʚʦʿ 

ʧʨʦʮʝʩ ʝ ʧʨʝʪʩʪʘʚʝʥ ʥʘ ʩʣʠʢʘ 4.10. ʅʘ ʩʣʠʢʘʪʘ 4.11 ʝ ʩʠʤʫʣʘʮʠʿʘ ʥʘ ʪʝʣʦʪʦ ʥʘ 

ʧʘʮʠʝʥʪʦʪ ʩʦ CT-ʩʢʝʥʝʨ, ʘ ʥʘ 4.12 ʠʟʛʣʝʜʦʪ ʥʘ ʨʘʢʦʪ ʥʘ ʢʦʞʘʪʘ.  

 

 
 

F
ig

u
re

 6
. 

P
ic

tu
re

 o
f 
th

e
 r

e
a
l p

a
tie

n
t

 
F
ig

u
re

 7
. 

3
D

 p
a

tie
n
t 

sk
in

 s
e
g

m
e

n
ta

ti
o
n

 

 

 

 

ʉʣʠʢʘ 4.11. ʉʠʤʫʣʘʮʠʿʘ ʥʘ CT-ʩʢʝʥʝʨ. ʉʣʠʢʘ 4.12. ʀʟʛʣʝʜ ʥʘ ʨʘʢʦʪ. 

ɼʠʟʘʿʥʠʨʘˁʝʪʦ ʥʘ 3D-ʙʦʣʫʩʦʪ ʩʝ ʨʝʘʣʠʟʠʨʘ ʩʦ ʩʦʬʪʚʝʨʦʪ 3D Slicer. ʉʦ ʮʨʚʝʥʘ ʙʦʿʘ 

(ʉʣʠʢʘ 4.13) ʝ ʧʨʠʢʘʞʘʥ ʙʦʣʫʩʦʪ, ʜʦʙʠʝʥ ʩʦ ʩʢʝʥʠʨʘˁʝ ʥʘ ʧʘʮʠʝʥʪʦʪ. 

 

 
ʉʣʠʢʘ 4.13. ɻʣʘʚʥʠ ʯʝʢʦʨʠ ʜʦ ʢʨʝʠʨʘˁʝ ʥʘ STL ʬʘʿʣ. 
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ʅʝʟʘʚʠʩʥʠʪʝ ʚʣʝʟʥʠ ʧʘʨʘʤʝʪʨʠ ʩʝ ʤʥʦʛʫ ʚʘʞʥʠ ʚʦ ʢʨʝʠʨʘˁʝʪʦ ʥʘ ʙʦʣʫʩʦʪ ʩʦ ʮʝʣ ʜʘ ʩʝ 

ʜʦʙʠʝ ʚʠʩʦʢ ʢʚʘʣʠʪʝʪ (ʩʣʠʢʘ 4.14). ʊʦʘ ʩʝ: ʧʦʧʦʣʥʫʚʘˁʝ 90 %, ʚʠʩʦʯʠʥʘ ʥʘ ʩʣʦʿ 0.1 mm, 

ʧʨʝʯʥʠʢ ʥʘ ʤʣʘʟʥʠʮʘ 0.4 mm, ʪʝʤʧʝʨʘʪʫʨʘ ʥʘ ʤʣʘʟʥʠʮʘ (180 - 220) 0C, ʩʨʝʜʥʘ 215  0C, 

ʪʝʤʧʝʨʘʪʫʨʘ ʥʘ ʤʘʩʘʪʘ (20 - 60) 0C, ʚʨʝʤʝ ʥʘ ʧʝʯʘʪʝˁʝ 1 ʜʝʥ, 15 ʯʘʩʘ, 37 ʤʠʥʫʪʠ. 
 

 
ʉʣʠʢʘ 4.14. ɽʢʨʘʥ ʦʜ ʩʦʬʪʚʝʨʦʪ PrusaSlicer. 

ɿʘ ʜʘ ʩʝ ʢʨʝʠʨʘ ʛʣʘʚʘʪʘ ʥʘ ʧʘʮʠʝʥʪʦʪ ʠ ʙʦʣʫʩʦʪ (ʧʨʠʢʘʞʘʥʦ ʥʘ ʩʣʠʢʘ 4.15), ʩʝ ʟʘʜʘʜʝʥʠ 

ʠ ʧʘʨʘʤʝʪʨʠʪʝ ʥʘ ʧʦʧʦʣʥʝʪʦʩʪ ʠ ʪʦʘ 20 % ʟʘ ʛʣʘʚʘʪʘ ʠ 90 % ʟʘ ʙʦʣʫʩʦʪ. ɻʣʘʚʘʪʘ ʝ 

ʧʝʯʘʪʝʥʘ ʟʘʨʘʜʠ ʚʠʟʫʘʣʠʟʘʮʠʿʘ ʠ ʩʧʦʨʝʜʙʘ ʩʦ ʙʦʣʫʩʦʪ ʧʨʠ ʧʦʥʘʪʘʤʦʰʥʠ ʠʩʪʨʘʞʫʚʘˁʘ.  
 

 
ʉʣʠʢʘ 4.15. ʇʨʠʢʘʟ ʥʘ ʛʦʪʦʚʠʪʝ ʧʨʦʠʟʚʦʜʠ ʘ) ʛʣʘʚʘ ʟʘ ʚʨʝʤʝ ʥʘ ʧʝʯʘʪʝˁʝ, b) ʛʣʘʚʘ ʩʦ ʧʦʜʜʨʰʢʘ, c) ʙʦʣʫʩ 

ʟʘ ʚʨʝʤʝ ʥʘ ʧʝʯʘʪʝˁʝ d) ʙʦʣʫʩʦʪ ʧʦʩʪʘʚʝʥ ʥʘ ʛʣʘʚʘʪʘ ʢʘʢʦ ʚʦ ʚʨʝʤʝ ʥʘ ʪʨʝʪʤʘʥʦʪ. 
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4.3 ʇʨʠʤʝʥʘ ʥʘ ʪʝʭʥʦʣʦʛʠʿʘʪʘ FFF ʟʘ ʧʝʯʘʪʝˁʝ ʥʘ ʥʝʨʺʦʩʫʚʘʯʢʠ ʯʝʣʠʢ 316L 

ʄʘʪʝʨʠʿʘʣ ʥʘ ʧʨʠʤʝʨʦʢʦʪ 

ʄʘʪʝʨʠʿʘʣʦʪ ʢʦʿ ʝ ʢʦʨʠʩʪʝʥ ʟʘ ʠʟʨʘʙʦʪʢʘ ʥʘ ʧʨʠʤʝʨʦʮʠʪʝ ʩʦ ʦʚʘʘ ʪʝʭʥʦʣʦʛʠʿʘ ʝ 

Ultrafuse 316L Stainless Steel, ʚʦ ʦʙʣʠʢ ʥʘ ʞʠʮʘ ʩʦ 80 % ʤʝʪʘʣʝʥ ʧʨʘʰʦʢ, ʜʦʜʝʢʘ 

ʧʨʝʦʩʪʘʥʘʪʠʦʪ ʜʝʣ ʝ ʚʨʟʠʚʥʘ ʧʣʘʩʪʠʢʘ ʢʦʿʘ ʛʦ ʜʨʞʠ ʧʨʘʰʦʢʦʪ ʢʘʢʦ ʮʝʣʠʥʘ. ʇʨʝʯʥʠʢʦʪ 

ʥʘ ʞʠʮʘʪʘ ʤʦʞʝ ʜʘ ʝ 1.75 mm ʠ 2.85 mm, ʜʦʜʝʢʘ ʤʣʘʟʥʠʮʘʪʘ ʝ 0.4 mm ʠ ʝ ʦʪʧʦʨʥʘ ʥʘ 

ʘʙʨʘʟʠʿʘ. ʊʝʤʧʝʨʘʪʫʨʘʪʘ ʥʘ ʤʘʩʘʪʘ ʪʨʝʙʘ ʜʘ ʝ ʟʘʛʨʝʘʥʘ ʚʦ ʧʦʜʨʘʯʿʝʪʦ 90 ï 120 0C,  

ʜʦʜʝʢʘ ʪʝʤʧʝʨʘʪʫʨʘʪʘ ʥʘ ʤʣʘʟʥʠʮʘʪʘ ʝ 230 ï 250 0C.  

ʅʘ ʩʣʠʢʘʪʘ 4.16 ʝ ʧʨʠʢʘʞʘʥ ʢʘʣʝʤ ʩʦ ʤʘʪʝʨʠʿʘʣʦʪ Ultrafuse 316L Stainless Steel ʩʦ 

ʧʨʝʯʥʠʢ 1.75 mm, ʜʦʜʝʢʘ ʚʦ ʪʘʙʝʣʘ 4.4 ʝ ʜʘʜʝʥʘ ʥʝʛʦʚʘʪʘ ʩʧʝʮʠʬʠʢʘʮʠʿʘ.  

 
ʉʣʠʢʘ 4.16. ʂʘʣʝʤ ʩʦ ʤʘʪʝʨʠʿʘʣ Ultrafuse 316L Stainless Steel. 

ʊʘʙʝʣʘ 4.4. ʉʧʝʮʠʬʠʢʘʮʠʿʘ ʥʘ ʤʘʪʝʨʠʿʘʣʦʪ 3D Printing Filament Ultrafuse 316L Stainless 

Steel. 

Print bed temperature 90ï120 °C 

Nozzle temperature 230ï250 °C 

Recommended bed surface Glass + bed adhesive (Dimafix / polyimide tape) 

Nozzle diameter Ó 0.4 mm 

Filament diameter 1,75 mm and 2,85 mm 

Print speed 15ï50 mm/s 

Sintered part density 7850 kg/m³ 

Tensile strength, ISO 6892-1 561 MPa (XY), 521 MPa (ZX) 

Elongation at break, ISO 6892-1 53% (XY), 36% (ZX) 

Yield strength, ISO 6892-1 251 MPa (XY), 234 MPa (ZX) 

Impact strength Charpy (notched), ISO 148-1 111 kJ/m² (XY) 

Vickers hardness, ISO 6507-1 128 HV10 (XY), 128 HV10 (ZX) 

Tolerance ±0,05 mm 

Roundness ±0,05 mm 

Bending radius 5 ± 1 mm 
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ʆʪʩʪʨʘʥʫʚʘˁʝ ʥʘ ʚʨʟʠʚʥʦʪʦ ʩʨʝʜʩʪʚʦ ʠ ʩʠʥʪʠʪʝʨʫʚʘˁʝ 

ʇʦ 3D-ʧʝʯʘʪʝˁʝʪʦ ʥʘ ʧʨʠʤʝʨʦʮʠʪʝ ʦʜ ʤʝʪʘʣʦʪ ʚʦ ʦʙʣʠʢ ʥʘ ʞʠʮʘ ʩʝ ʜʦʙʠʚʘ Ăɿʝʣʝʥ ʜʝʣñ 

(ʩʣʠʢʘ 4.17). ʇʦʣʠʤʝʨʥʠʦʪ ʚʨʟʫʚʘʯ ʩʝ ʦʪʩʪʨʘʥʫʚʘ ʩʦ ʧʨʦʮʝʩʦʪ ʧʦʟʥʘʪ ʢʘʢʦ Catalytic 

Debinding (ʪʝʨʤʦʜʠʥʘʤʠʯʢʠ ʧʨʦʮʝʩ ʢʘʿ ʢʦʿ ʟʝʣʝʥʠʪʝ ʜʝʣʦʚʠ ʩʝ ʠʟʣʦʞʝʥʠ ʥʘ ʘʟʦʪʥʘ 

ʘʪʤʦʩʬʝʨʘ ʠ ʩʝ ʛʨʝʘʪ), ʧʦ ʰʪʦ ʩʝ ʜʦʙʠʚʘ ʪʘʢʘ ʥʘʨʝʯʝʥʠʦʪ Ăʂʘʬʝʘʚ ʜʝʣñ.  ʆʚʦʿ ʜʝʣ ʩʝ 

ʢʘʨʘʢʪʝʨʠʟʠʨʘ ʩʦ ʥʠʩʢʘ ʿʘʢʦʩʪ ʚʦ ʦʜʥʦʩ ʥʘ ʟʝʣʝʥʠʦʪ ʜʝʣ, ʥʦ ʝ ʜʠʤʝʥʟʠʦʥʘʣʥʦ ʩʪʘʙʠʣʝʥ. 

ɺʘʢʚʠʦʪ ʜʝʣ ʝ ʨʝʣʘʪʠʚʥʦ ʧʦʨʦʟʝʥ ʠ ʠʤʘ ʧʦʪʨʝʙʘ ʦʜ ʩʠʥʪʝʨʫʚʘˁʝ ʟʘ ʜʘ ʩʝ ʜʦʙʠʝ ʮʝʣʦʩʥʦ 

ʤʝʪʘʣʝʥ ʜʝʣ. ʉʠʥʪʝʨʫʚʘˁʝʪʦ ʩʝ ʨʝʘʣʠʟʠʨʘ ʥʘ ʪʝʤʧʝʨʘʪʫʨʘ ʦʜ 1370 0C, ʚʦ ʯʠʩʪʘ 

ʚʦʜʦʨʦʜʥʘ ʦʢʦʣʠʥʘ,  ʧʨʦʮʝʩ ʢʦʿ ʦʚʦʟʤʦʞʫʚʘ ʜʝʬʠʥʠʪʠʚʥʦ ʜʦʙʠʚʘˁʝ ʥʘ ʛʦʪʦʚʠʦʪ 

ʧʨʠʤʝʨʦʢ.  

 
ʉʣʠʢʘ 4.17. ɼʦʙʠʝʥʠ Ăɿʝʣʝʥʠ ʧʨʠʤʝʨʦʮʠñ ʧʦ ʧʝʯʘʪʝˁʝʪʦ ʥʘ Ultrafuse 316L Stainless Steel. 

ʇʨʠʢʘʟʦʪ ʥʘ ʛʦʪʦʚʠʦʪ ʧʨʠʤʝʨʦʢ ʝ ʜʘʜʝʥ ʥʘ ʩʣʠʢʘ 4.18, ʜʦʜʝʢʘ ʪʝʢʦʪ ʥʘ ʧʨʦʮʝʩʦʪ ʝ 

ʜʘʜʝʥ ʥʘ ʩʣʠʢʘ 4.19. 

 
ʉʣʠʢʘ 4.18. ʇʨʠʢʘʟ ʥʘ ʛʦʪʦʚ ʧʨʠʤʝʨʦʢ ʥʘ 3D-ʧʝʯʘʪʝʥ Ultrafuse 316L Stainless Steel ʩʦ ʪʝʭʥʦʣʦʛʠʿʘ FFF. 
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ʉʣʠʢʘ 4.19. ʇʨʦʮʝʩ ʥʘ ʜʦʙʠʚʘˁʝ ʥʘ ʜʝʣ ʩʦ ʪʝʭʥʦʣʦʛʠʿʘ FFF.  

3D-ʧʝʯʘʪʘʯ ʟʘ ʤʝʪʘʣ ʚʦ ʦʙʣʠʢ ʥʘ ʞʠʮʘ 

ɿʘ ʦʚʠʝ ʝʢʩʧʝʨʠʤʝʥʪʠ ʢʦʨʠʩʪʝʥ ʝ ʥʘʜʛʨʘʜʝʥʠʦʪ BCN3D Epsilon (W50) 3D Printer, ʢʦʿ ʝ 

ʤʦ˃ʝʥ ʧʨʦʬʝʩʠʦʥʘʣʝʥ 3D-ʧʝʯʘʪʘʯ ʢʦʿ ʠʩʧʦʨʘʯʫʚʘ ʠʟʚʦʥʨʝʜʥʠ ʬʫʥʢʮʠʦʥʘʣʥʠ ʜʝʣʦʚʠ ʩʦ 

ʚʠʩʦʢ ʢʚʘʣʠʪʝʪ ʠ ʧʨʝʮʠʟʥʦʩʪ. ɺʦ ʪʘʙʝʣʘʪʘ 4.5 ʩʝ ʜʘʜʝʥʠ ʪʝʭʥʠʯʢʠʪʝ ʧʘʨʘʤʝʪʨʠ ʥʘ 

ʧʝʯʘʪʘʯʦʪ.  

ʊʘʙʝʣʘ 4.5. ʊʝʭʥʠʯʢʠ ʧʘʨʘʤʝʪʨʠ ʥʘ 3D petatarot BCN3D Epsilon W50 Metal 3D Printer 

3D Printing technology Fused Filament Fabrication (FFF) 

Printing volume 420 mm x 300 mm x 400 mm 

Number of extruders 2 

Printing modes Single and Dual mode, Support mode, Duplication mode, Mirror mode 

Supported files *.gcode 

Certifications CE/FCC 

Filament diameter 2,85 ± 0,05 mm 

Layer height 0,05 mm ï 0,5 mm (custom profiles) 

Positioning resolution (X, Y, Z) 1,25 µm /1,25 µm /1µm 

Extruder maximum temperature 300 0C 

Heated bed maximum temperature 120 0C 

Build chamber maximum temperature 60 0C (depending on operating temperature) 

Software BCN3D Cura 

ʂʘʢʦ ʠ ʢʘʿ ʩʝʢʦʿ 3D-ʧʝʯʘʪʘʯ ʠ ʟʘ ʦʚʦʿ ʝ ʥʝʧʨʘʚʝʥʘ ʢʘʣʠʙʨʘʮʠʿʘ ʧʨʝʜ ʜʘ ʩʝ ʦʪʧʦʯʥʝ ʩʦ 

ʧʝʯʘʪʝˁʝʪʦ. ɼʠʟʘʿʥʦʪ ʥʘ ʧʨʠʤʝʨʦʮʠʪʝ ʝ ʨʝʘʣʠʟʠʨʘʥ ʩʦ ʩʦʬʪʚʝʨʦʪ Solidworks ʩʦ ʢʦʿ ʝ 

ʛʝʥʝʨʠʨʘʥʘ ʜʘʪʦʪʝʢʘʪʘ STL. ɿʘ ʩʝʢʦʿ ʦʜ ʧʨʠʤʝʨʦʮʠʪʝ ʩʝ ʠʟʙʨʘʥʠ ʩʦʦʜʚʝʪʥʠʪʝ 

ʧʘʨʘʤʝʪʨʠ ʩʦʛʣʘʩʥʦ ʧʣʘʥʦʪ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʠʪʝ ʩʦ ʰʪʦ ʩʝ ʦʚʦʟʤʦʞʠ ʛʝʥʝʨʠʨʘˁʝ ʥʘ G-

ʢʦʜʦʚʠʪʝ ʠ ʧʝʯʘʪʝˁʝ ʥʘ ʩʝʢʦʿ ʦʜ ʥʠʚʦʘʪʘ ʥʘ ʧʨʠʤʝʨʦʢʦʪ.  
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ʅʘʤʘʣʫʚʘˁʝ ʥʘ ʜʠʤʝʥʟʠʠʪʝ ʟʘʨʘʜʠ ʥʘʤʘʣʫʚʘˁʝ  ʥʘ ʜʝʣʦʪ 

ɿʘʨʘʜʠ ʧʨʝʤʠʥʦʪ ʥʘ ʜʝʣʦʪ ʦʜ ʢʘʬʝʘʚ ʜʝʣ ʚʦ ʤʝʪʘʣʝʥ ʜʝʣ, ʩʝ ʥʘʤʘʣʫʚʘʘʪ ʜʠʤʝʥʟʠʠʪʝ ʥʘ 

ʜʝʣʦʪ. ʆʚʘ ʪʨʝʙʘ ʜʘ ʩʝ ʟʝʤʝ ʚʦ ʦʙʼʠʨ ʧʨʠ ʜʠʟʘʿʥʠʨʘˁʝ ʥʘ ʜʝʣʦʪ. ʅʘʤʘʣʫʚʘˁʝʪʦ ʥʘ 

ʜʠʤʝʥʟʠʠʪʝ ʩʝ ʩʣʫʯʫʚʘ ʟʘʨʘʜʠ ʦʬʦʨʤʫʚʘˁʝʪʦ ʥʘ ʤʦʥʦʣʠʪʝʥ ʦʙʣʠʢ ʥʘ ʠʥʜʠʚʠʜʫʘʣʥʠʪʝ 

ʯʝʩʪʠʯʢʠ ʟʘ ʚʨʝʤʝ ʥʘ ʩʠʥʪʝʨʫʚʘˁʝʪʦ. ʅʘʤʘʣʫʚʘˁʝʪʦ ʧʦ Z-ʦʩʢʘʪʘ ʚʦʦʙʠʯʘʝʥʦ ʝ ʤʘʣʢʫ 

ʧʦʛʦʣʝʤʦ ʚʦ ʦʜʥʦʩ ʥʘ X ʠ  Y-ʦʩʢʠʪʝ ʟʘʨʘʜʠ ʧʝʯʘʪʝˁʝʪʦ ʩʣʦʿ ʧʦ ʩʣʦʿ.  

 
ʉʣʠʢʘ 4.20. ɼʠʤʝʥʟʠʠ ʥʘ 3D STL-ʤʦʜʝʣʦʪ. 

ɼʠʛʠʪʘʣʥʠʦʪ ʤʦʜʝʣ ʪʨʝʙʘ ʜʘ ʩʝ ʟʛʦʣʝʤʠ ʟʘ ʜʘ ʩʝ ʜʦʙʠʝ ʜʝʣ ʩʦ ʦʜʨʝʜʝʥʠ ʜʠʤʝʥʟʠʠ. 

ʄʦʜʝʣʦʪ 3D STL ʠ ʥʝʛʦʚʠʪʝ ʜʠʤʝʥʟʠʠ ʩʝ ʧʨʝʪʩʪʘʚʝʥʠ ʥʘ ʩʣʠʢʘʪʘ 4.20. ɿʘ ʧʨʦʮʝʩʦʪ ʥʘ 

ʦʪʩʪʨʘʥʫʚʘˁʝ ʥʘ ʚʨʟʠʚʥʦʪʦ ʩʨʝʜʩʪʚʦ ʠ ʩʠʥʪʝʨʫʚʘˁʝ ʟʘ ʦʩʢʠʪʝ Y ʠ Z ʢʦʨʠʩʪʝʥʦ ʝ 

ʟʛʦʣʝʤʫʚʘˁʝ ʦʜ 16 %, ʘ ʟʘ X ʦʩʢʘʪʘ 20 % (ʩʣʠʢʘ 4.21) 

 
ʉʣʠʢʘ 4.21. 3D STL Model ʩʦ ʩʢʨʘʪʫʚʘˁʘ 16 % ʟʘ Y ʠ Z; 20 % ʟʘ X. 

ɼʠʟʘʿʥʠʨʘˁʝ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʠʪʝ 

ʉʦʛʣʘʩʥʦ ʤʝʪʦʜʘʪʘ ʥʘ ʊʘʛʫʯʠ (ɻʣʘʚʘ 3, ʊʘʙʝʣʘ 3.1) ʩʝ ʢʦʨʠʩʪʠ ʦʨʪʦʛʦʥʘʣʥʠʦʪ ʧʨʦʩʪʦʨ 

L9 ʩʦ 3 ʧʘʨʘʤʝʪʨʠ ʠ 3 ʥʠʚʦʘ. ʆʨʪʦʛʦʥʘʣʥʠʦʪ ʧʨʦʩʪʦʨ L9 ʝ ʢʨʝʠʨʘʥ ʚʨʟ ʦʩʥʦʚʘ ʥʘ ʙʨʦʿʦʪ 

ʥʘ ʚʣʝʟʥʠʪʝ ʧʘʨʘʤʝʪʨʠ ʠ ʥʠʚʦʘʪʘ, ʢʘʢʦ ʰʪʦ ʝ ʧʨʠʢʘʞʘʥʦ ʚʦ ʊʘʙʝʣʘ 4.6. ʂʦʨʠʩʪʝʥʠ 

ʚʣʝʟʥʠ ʧʘʨʘʤʝʪʨʠ ʩʝ ɹʨʟʠʥʘ ʥʘ ʧʝʯʘʪʝˁʝ ( Ps), ʇʦʧʦʣʥʫʚʘˁʝ (Id), ɺʠʩʦʯʠʥʘ ʥʘ ʩʣʦʿʦʪ 

(Lh). ʊʘʙʝʣʘʪʘ 4.7 ʛʦ ʧʨʠʢʘʞʫʚʘ ʜʠʟʘʿʥʦʪ ʥʘ ʤʘʪʨʠʮʘʪʘ L9, ʚʦ ʢʦʿʘ ʩʝ ʧʨʠʢʘʞʘʥʠ ʩʠʪʝ 

ʢʦʤʙʠʥʘʮʠʠ ʥʘ ʥʝʟʘʚʠʩʥʠʪʝ ʧʘʨʘʤʝʪʨʠ ʠ ʥʠʚʥʠʪʝ ʥʠʚʦʘ, ʟʘ ʩʝʢʦʿ ʦʜ ʧʨʠʤʝʨʦʮʠʪʝ, 

ʜʦʙʠʝʥʠ ʩʦ Minitab Statistical Software. 
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ʊʘʙʝʣʘ 4.6. ɺʣʝʟʥʠ ʧʘʨʘʤʝʪʨʠ ʠ ʥʠʚʥʠ ʥʠʚʦʘ ʟʘ ʤʝʪʘʣʦʪ 316L Stainless Steel.  

ɹʨ.         ɺʣʝʟʝʥ ʧʘʨʘʤʝʪʘʨ           ʝʜʠʥʠʮʠ ʂʦʜ 
ʅʠʚʦ 

1 2 3 

1 ɹʨʟʠʥʘ ʥʘ ʧʝʯʘʪʝˁʝ (Ps) mm/s X1 31,5 35 38,5 

2 ʇʦʧʦʣʥʫʚʘˁʝ(Id) % X2 45 50 55 

3 ɺʠʩʦʯʠʥʘ ʥʘ ʩʣʦʿʦʪ  (Lh) mm X3 0,18 0,20 0,22 

ʊʘʙʝʣʘ 4.7. ɼʠʟʘʿʥ ʥʘ ʤʘʪʨʠʮʘʪʘ L9 ʟʘ ʤʝʪʘʣʦʪ 316L Stainless Steel. 

 

 

ʇʨʦʙʘ 

ʂʦʜʠʨʘʥʠ ʧʘʨʘʤʝʪʨʠ ʌʠʟʠʯʢʠ ʧʘʨʘʤʝʪʨʠ 

 X1 X2 X3 
(Ps) 

(mm/s) 
(Id) 
(%) 

            (Lh) 
(mm) 

1 1 1 1 31,5 45 0,18 

2 1 2 2 31,5 50 0,20 

3 1 3 3 31,5 55 0,22 

4 2 1 2 35,0 45 0,20 

5 2 2 3 35,0 50 0,22 

6 2 3 1 35,0 55 0,18 

7 3 1 3 38,5 45 0,22 

8 3 2 1 38,5 50 0,18 

9 3 3 2 38,5 55 0,20 

 

4.4 ʇʨʠʤʝʥʘ ʥʘ ʪʝʭʥʦʣʦʛʠʿʘʪʘ DMLS ʟʘ ʧʝʯʘʪʝˁʝ ʥʘ ʥʝʨʺʦʩʫʚʘʯʢʠ ʯʝʣʠʢ 316L 

ʄʘʪʝʨʠʿʘʣ ʥʘ ʧʨʠʤʝʨʦʢʦʪ 

ʉʦ ʮʝʣ ʟʘ ʩʧʦʨʝʜʙʘ ʢʦʨʠʩʪʝʥ ʝ ʠʩʪʠʦʪ ʤʘʪʝʨʠʿʘʣ 316L Stainless Steel ʟʘ ʧʝʯʘʪʝˁʝ ʥʘ 

ʧʨʠʤʝʨʦʮʠʪʝ ʢʘʢʦ ʠ ʢʘʿ ʪʝʭʥʦʣʦʛʠʿʘʪʘ FFF. ʈʘʟʣʠʢʘʪʘ ʝ ʚʦ ʪʦʘ ʰʪʦ ʢʘʿ ʪʝʭʥʦʣʦʛʠʿʘʪʘ 

DMLS  ʢʦʨʠʩʪʝʥʠʦʪ ʤʘʪʝʨʠʿʘʣ ʥʝ ʝ ʚʦ ʦʙʣʠʢ ʥʘ ʞʠʮʘ ʪʫʢʫ ʚʦ ʧʨʘʚ Stainless Steel 

Powder (1.4404/316L), ʢʘʢʦ ʰʪʦ ʝ ʧʨʠʢʘʞʘʥʦ ʥʘ ʩʣʠʢʘ 4.22. ɺʦ ʊʘʙʝʣʘʪʘ 4.8 ʜʘʜʝʥʠ ʩʝ 

ʭʝʤʠʩʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠ ʤʝʭʘʥʠʯʢʠʪʝ ʩʚʦʿʩʪʚʘ ʥʘ ʢʦʨʠʩʪʝʥʠʦʪ ʤʘʪʝʨʠʿʘʣ. 
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ʉʣʠʢʘ 4.22. ʅʝʨʺʦʩʫʚʘʯʢʠ ʯʝʣʠʢ Stainless Steel Powder 316L. 

ʊʘʙʝʣʘ 4.8. ʍʝʤʠʩʢʠ ʩʦʩʪʘʚ ʠ ʤʝʭʘʥʠʯʢʠ ʩʚʦʿʩʪʚʘ ʥʘ ʤʝʪʘʣʝʥ ʧʨʘʚ Stainless Steel 

1.4404/316L 
 

Element 
Concentration (wt%) 

acc.ASTM A276 

Physical Properties 

Fe balance Properties Value 

Ni 10 - 14 Density (g/cm3) 7,9 

Cr 16 - 18 Tensile strength UTS (MPa) >485 

Mo 2 - 3 Yield strength (MPa) >380 

C Max. 0,03 Youngôs modulus (GPa) >180 

Mn Max. 2 Elongation (%) <52 

Si Max. 1   

N Max. 0,1   

P Max. 0,045   

S Max. 0,015   

 

 

 

3D-ʧʝʯʘʪʘʯ ʟʘ ʤʝʪʘʣ TRUMPF TruPrint 2000 

ʇʝʯʘʪʘʯʦʪ ʝ ʠʥʜʫʩʪʨʠʩʢʠ ʧʝʯʘʪʘʯ ʢʦʿ ʿʘ ʢʦʨʠʩʪʠ ʪʝʭʥʦʣʦʛʠʿʘʪʘ DMLS ʩʦ ʢʦʨʠʩʪʝˁʝ ʥʘ 

ʤʝʪʘʣʝʥ ʧʨʘʚ ʟʘ 3D-ʧʝʯʘʪʝˁʝ.  

ʈʘʙʦʪʥʠʦʪ ʧʨʦʩʪʦʨ ʤʫ ʝ 200 x 200 x 200 mm. ʊʦʿ ʝ ʩʦ ʤʫʣʪʠʣʘʩʝʨʩʢʘ ʠʟʚʝʜʙʘ ʠ ʤʦʞʝ ʜʘ 

ʧʝʯʘʪʠ, ʩʠʤʫʣʪʘʥʦ, ʧʦʚʝ˃ʝ ʧʨʝʜʤʝʪʠ, ʢʘʢʦ ʰʪʦ ʝ ʧʨʠʢʘʞʘʥʦ ʥʘ ʩʣʠʢʘ 4.23. 
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ʉʣʠʢʘ 4.23. 3D-ʧʝʯʘʪʝˁʝ ʩʦ ʪʝʭʥʦʣʦʛʠʿʘ DMLS. 

ɼʚʘ ʣʘʩʝʨʘ ʦʜ 300 ʚʘʪʠ ʨʘʙʦʪʘʪ ʩʠʥʭʨʦʥʠʟʠʨʘʥʦ ʩʦ ʮʝʣ ʜʘ ʿʘ ʟʛʦʣʝʤʘʪ ʧʨʦʜʫʢʪʠʚʥʦʩʪʘ 

ʥʘ ʩʠʩʪʝʤʦʪ. ʇʨʝʯʥʠʢʦʪ ʥʘ ʬʦʢʫʩʦʪ ʥʘ ʣʘʩʝʨʦʪ ʝ 55 ʤʠʢʨʦʥʠ ʩʦ ʰʪʦ ʩʝ ʦʙʝʟʙʝʜʫʚʘ 

ʧʝʯʘʪʝˁʝ ʥʘ ʢʦʤʧʦʥʝʥʪʠ ʩʦ ʤʘʟʥʘ ʧʦʚʨʰʠʥʘ ʠ  ʟʛʦʣʝʤʝʥ ʢʚʘʣʠʪʝʪ ʥʘ ʧʨʦʠʟʚʦʜʦʪ, ʢʘʢʦ 

ʠ ʩʦ ʩʣʦʞʝʥʘ ʤʨʝʞʥʘ ʩʪʨʫʢʪʫʨʘ. ɺʦ ʊʘʙʝʣʘʪʘ 4.9 ʩʝ ʜʘʜʝʥʠ ʪʝʭʥʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʥʘ ʧʝʯʘʪʘʯʦʪ  TruPrint 2000. 

ʊʘʙʝʣʘ 4.9. ʊʝʭʥʠʯʢʠ ʧʦʜʘʪʦʮʠ ʟʘ 3D-ʧʝʯʘʪʘʯʦʪ TruPrint 2000. 

Model TruPrint 2000 

Brand  TRUMPF 

Software Tru Tops Print 

Technology SLM/DMLS 

Processable materials 

Metal powders for welding, such as stainless steels, tool steels, 

and aluminum, nickel-based, cobalt-chrome or titanium alloys, 

amorphous metals. 

Bild volume (Standard) Diameter 200 mm x 200 mm Height 

Preheating (standard) Up to 200 0C 

Maximum Laser Power at the workpiece 

(Trumpf fiber laser) 
300 W 

Beam diameter (Standard) 55 µm 

Layer thickness 20 ï 100 µm 

Electrical connection (voltage) 400/460 V 

Electrical connection (current intensity) 32 A 
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Electrical connection (line frequency) 50 Hz / 60 Hz 

Shielding gas Nitrogen, argon 

Dimensions (W x H x D) 2180 mm x 20308 mm x 1400 mm 

Weight (Including powder) 3200 kg 

ʂʘʢʦ ʠ ʢʘʿ ʩʝʢʦʿʘ ʦʜ ʪʝʭʥʦʣʦʛʠʠʪʝ ʟʘ 3D-ʧʝʯʘʪʝˁʝ ʠ ʦʚʜʝ ʝ ʨʝʘʣʠʟʠʨʘʥʘ ʢʘʣʠʙʨʘʮʠʿʘ 

ʧʨʝʜ ʧʦʯʝʪʦʢʦʪ ʥʘ ʧʝʯʘʪʝˁʝʪʦ. 

ɼʠʟʘʿʥʠʨʘˁʝ ʥʘ ʧʨʠʤʝʨʦʮʠʪʝ. 

ʀ ʚʦ ʦʚʦʿ ʩʣʫʯʘʿ ʜʠʟʘʿʥʠʨʘˁʝʪʦ ʥʘ ʧʨʠʤʝʨʦʮʠʪʝ ʝ ʨʝʘʣʠʟʠʨʘʥʦ ʩʦ ʩʦʬʚʝʨʦʪ Solidworks. 

ʄʦʜʝʣʦʪ ʝ ʧʨʝʥʝʩʝʥ ʧʨʝʢʫ ʜʘʪʦʪʝʢʘʪʘ STL, ʘ ʧʦʪʦʘ ʩʝ ʠʟʙʨʘʥʠ ʧʘʨʘʤʝʪʨʠʪʝ ʩʦʛʣʘʩʥʦ 

ʜʠʟʘʿʥʦʪ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʠʪʝ ʟʘ ʩʝʢʦʿ ʦʜ ʧʨʝʩʝʮʠʪʝ. ʉʣʝʜʫʚʘ ʛʝʥʝʨʠʨʘˁʝ ʥʘ G-ʢʦʜʦʪ ʠ 

ʧʝʯʘʪʝˁʝ. ʅʘ ʩʣʠʢʘʪʘ 4.24 ʩʝ ʧʨʠʢʘʞʘʥʠ ʦʪʧʝʯʘʪʝʥʠʪʝ ʧʨʠʤʝʨʦʮʠ ʩʦ ʧʨʠʤʝʥʘ ʥʘ 

ʪʝʭʥʦʣʦʛʠʿʘʪʘ DMLS.  

 
ʉʣʠʢʘ   4.24. ʆʪʧʝʯʘʪʝʥʠ ʧʨʠʤʝʨʦʮʠ ʩʦ ʪʝʭʥʦʣʦʛʠʿʘʪʘ DMSL. 

ɼʠʟʘʿʥ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʠʪʝ  

ʉʦʛʣʘʩʥʦ ʤʝʪʦʜʘʪʘ ʥʘ ʊʘʛʫʯʠ ʩʝ ʢʦʨʠʩʪʠ ʢʦʤʙʠʥʘʮʠʿʘʪʘ L9 ʦʜ ʦʨʪʦʛʦʥʘʣʥʠʦʪ ʧʨʦʩʪʦʨ, 

ʩʦ 3 ʧʘʨʘʤʝʪʨʠ ʠ 3 ʠʟʙʨʘʥʠ ʥʠʚʦʘ. ʂʘʢʦ ʚʣʝʟʥʠ ʧʘʨʘʤʝʪʨʠ ʩʝ ʟʝʤʝʥʠ ʤʦ˃ʥʦʩʪʘ ʥʘ 

ʣʘʩʝʨʦʪ (Lp), ʙʨʟʠʥʘʪʘ ʥʘ ʩʢʝʥʠʨʘˁʝ (Ss) ʠ ʨʘʩʪʦʿʘʥʠʝʪʦ ʧʦʤʝʺʫ ʣʠʥʠʠʪʝ (Hs). ɺʦ 

ʪʘʙʝʣʘʪʘ 4.10 ʩʝ ʧʨʠʢʘʞʘʥʠ ʧʘʨʘʤʝʪʨʠʪʝ ʠ ʥʠʚʥʠʪʝ ʚʨʝʜʥʦʩʪʠ, ʘ ʚʦ ʪʘʙʝʣʘʪʘ 4.11 ʝ 

ʧʨʠʢʘʞʘʥʘ ʤʘʪʨʠʮʘʪʘ L9, ʜʦʙʠʝʥʘ ʩʦ Minitab Statistical Softwares. 

ʊʘʙʝʣʘ 4.10. ɺʣʝʟʥʠ ʧʘʨʘʤʝʪʨʠ ʠ ʥʠʚʥʠ ʥʠʚʦʘ ʟʘ ʧʝʯʘʪʝˁʝ ʥʘ ʯʝʣʠʢʦʪ 316L ʩʦ 

ʪʝʭʥʦʣʦʛʠʿʘʪʘ DMSL Stainless Steel. 

ɹʨ.    ɺʣʝʟʥʠ ʧʘʨʘʤʝʪʨʠ                            ɽʜʠʥʠʮʠ      ʂʦʜ 
ʅʠʚʦʘ 

1 2 3 

1 ʄʦ˃ʥʦʩʪ ʥʘ ʣʘʩʝʨʦʪ (Lp) W X1 180 200 220 

2 ɹʨʟʠʥʘ ʥʘ ʩʢʝʥʠʨʘˁʝ (Ss) mm/s X2 450 500 600 

3 ʈʘʩʪʦʿʘʥʠʝ ʧʦʤʝʺʫ ʣʠʥʠʠʪʝ (Hs) mm X3 0,07 0,08 0,09 
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ʊʘʙʝʣʘ 4.11. ɼʠʟʘʿʥ ʥʘ ʤʘʪʨʠʮʘʪʘ L9 ʟʘ ʤʝʪʘʣʦʪ 316L Stainless Steel. 

 

ʇʨʦʙʘ 

ʂʦʜʠʨʘʥ ʧʘʨʘʤʝʪʘʨ ʌʠʟʠʯʢʠ ʧʘʨʘʤʝʪʘʨ 

X1 X2 X3 (Lp) (W) (Ss) (mm/s) (Hs) /(mm) 

1 1 1 1 180 450 0,07 

2 1 2 2 180 500 0,08 

3 1 3 3 180 600 0,09 

4 2 1 2 200 450 0,08 

5 2 2 3 200 500 0,09 

6 2 3 1 200 600 0,07 

7 3 1 3 220 450 0,09 

8 3 2 1 220 500 0,07 

9 3 3 2 220 600 0,08 
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4.5 ʄʝʨʝˁʝ ʥʘ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ  

ʈʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʥʘ ʧʨʠʤʝʨʦʮʠʪʝ ʝ ʤʝʨʝʥʘ ʩʦ ʫʨʝʜʦʪ ʟʘ ʤʝʨʝˁʝ ʥʘ ʨʘʧʘʚʦʩʪʘ 

ʥʘ Mitutoyo SJ-310. ʇʨʝʜ ʜʘ ʩʝ ʟʘʧʦʯʥʝ ʩʦ ʤʝʨʝˁʘʪʘ ʨʝʘʣʠʟʠʨʘʥʘ ʝ ʢʘʣʠʙʨʘʮʠʦʥʘ 

ʧʨʦʮʝʜʫʨʘ. ʂʦʨʠʩʪʝʥ ʝ ʩʪʘʥʜʘʨʜʝʥ ʧʨʠʤʝʨʦʢ ʧʨʦʠʟʚʝʜʝʥ ʦʜ ʄitutoyo ʩʦ Ra = 3,10 µm). 

ʅʘ ʩʣʠʢʘʪʘ 4.25 ʧʨʠʢʘʞʘʥʠ ʩʝ ʝʣʝʤʝʥʪʠʪʝ ʦʜ ʢʘʣʠʙʨʘʮʠʿʘʪʘ ʥʘ ʠʥʩʪʨʫʤʝʥʪʦʪ. 

 

ʉʣʠʢʘ 4.25. ʂʘʣʠʙʨʘʮʠʿʘ ʥʘ ʠʥʩʪʨʫʤʝʥʪʦʪ Mitutoyo SJ-310. 

ʀʥʩʪʨʫʤʝʥʪʦʪ ʧʨʠ ʤʝʨʝˁʝʪʦ ʛʠ ʧʦʢʘʞʫʚʘ ʧʘʨʘʤʝʪʨʠʪʝ ʥʘ ʨʘʧʘʚʦʩʪʘ: Ra, Rz, ʠ Rq. 

ɼʦʣʞʠʥʘʪʘ ʥʘ ʤʝʨʝˁʝ ʝ ʧʦʩʪʘʚʝʥʘ ʥʘ 0,8 mm, ʙʨʟʠʥʘʪʘ Vt = 0.5 mm/s, ʘʚʪʦʤʘʪʩʢʦ 

ʤʝʨʝˁʝ ʩʦ ʯʝʢʦʨ 0.5 Õm, ʩʦ ɻʘʫʩʦʚ ʧʨʦʬʠʣ. ɿʘ ʩʝʢʦʠ ʠʟʤʝʨʝʥʠ 8000 ʪʦʯʢʠ ʫʨʝʜʦʪ ʛʠ 

ʧʨʝʩʤʝʪʫʚʘ ʠʩʪʨʘʞʫʚʘʥʠʪʝ ʧʘʨʘʤʝʪʨʠ.  ʀʩʪʦ ʪʘʢʘ, ʦʚʠʝ ʧʘʨʘʤʝʪʨʠ ʩʝ ʧʨʝʥʝʩʝʥʠ ʚʦ 

ʩʦʬʪʚʝʨʦʪ Excel ʟʘ ʧʦʥʘʪʘʤʦʰʥʘ ʦʙʨʘʙʦʪʢʘ.  
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a) 

  

 

b) 

  

 

c) 

  
 

ʉʣʠʢʘ 4.26. ʄʝʨʝˁʝ ʥʘ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʘ) ʧʘʨʘʣʝʣʥʦ ʩʦ ʧʨʘʚʝʮʦʪ ʥʘ ʧʝʯʘʪʝˁʝ (0o), b) ʜʠʿʘʛʦʥʘʣʥʦ ʧʦ ʜʦʣʞʠʥʘʪʘ ʥʘ ʧʝʯʘʪʝˁʝ (45o), c) 

ʤʘʟʥʦ ʥʘ ʧʨʘʚʝʮʦʪ ʥʘ ʧʝʯʘʪʝˁʝ (90ę) (ʧʨʠʤʝʨʦʢ 7, ʩʣʫʯʘʝʥ ʠʟʙʦʨ). 
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4.6 ʄʝʪʦʜʦʣʦʛʠʿʘ ʥʘ ʩʪʘʪʠʩʪʠʯʢʠʪʝ ʧʨʝʩʤʝʪʢʠ ʠ ʥʠʚʥʠʦʪ 3D-ʧʨʠʢʘʟ  

ʆʙʿʝʢʪʦʪ ʥʘ  ʦʚʠʝ ʠʩʪʝʨʫʚʘˁʘ ʙʝʘ ʧʝʪ ʨʘʟʣʠʯʥʠ ʤʘʪʝʨʠʿʘʣʠ ʠ ʪʝʭʥʦʣʦʛʠʠ, ʢʘʿ ʢʦʠ ʩʝ 

ʠʩʪʨʘʞʫʚʘʘ ʧʘʨʘʤʝʪʨʠʪʝ ʥʘ ʨʘʧʘʚʦʩʪ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʠ ʟʘ ʩʝʢʦʿ ʦʜ ʧʘʨʘʤʝʪʨʠʪʝ ʩʝ 

ʠʩʪʨʘʞʫʚʘʰʝ ʚʣʠʿʘʥʠʝʪʦ ʥʘ ʧʨʘʚʝʮʦʪ ʥʘ ʤʝʨʝˁʘʪʘ ʥʘ ʨʘʧʘʚʦʩʪʘ. ɿʘ ʩʝʢʦʿ ʦʜ ʥʠʚ ʩʝ 

ʜʝʬʠʥʠʨʘʘʪ ʧʦ ʜʚʘ ʤʘʪʝʤʘʪʠʯʢʠ ʤʦʜʝʣʠ - ʣʠʥʝʘʨʝʥ ʠ ʝʢʩʧʦʥʝʥʮʠʿʘʣʝʥ. ɺʦ ʮʝʣʠʥʘ 

ʦʧʨʝʜʝʣʝʥʠ ʩʝ 90 ʩʧʝʮʠʬʠʯʥʠ ʤʘʪʝʤʘʪʠʯʢʠ ʨʘʚʝʥʢʠ ʩʦ ʧʦʤʦʰ ʥʘ ʨʝʛʨʝʩʠʦʥʘʪʘ ʘʥʘʣʠʟʘ, 

ʧʨʝʩʤʝʪʘʥʠ ʩʦ ʩʦʬʪʚʝʨʦʪ Data Analysis Tool package of MS Excel version 16. ʀʩʪʦ ʪʘʢʘ 

ʟʘ  2D-ʧʨʠʢʘʟʠʪʝ ʢʦʨʠʩʪʝʥ ʝ MS Excel. ɿʘ ʢʨʝʠʨʘˁʝ ʥʘ 3D-ʧʨʠʢʘʟʠʪʝ ʢʦʨʠʩʪʝʥ ʝ Matlab 

2021 version. ʆʜ ʩʝʪʦ ʦʚʘ ʧʨʦʠʟʣʝʛʫʚʘ ʜʝʢʘ ʩʝ ʜʝʬʠʥʠʨʘʥʠ 9 ʣʠʥʝʘʨʥʠ ʠ 9 

ʝʢʩʧʦʥʝʥʮʠʿʘʣʥʠ ʤʦʜʝʣʠ ʟʘ ʩʝʢʦʿʘ ʦʜ ʪʝʭʥʦʣʦʛʠʠʪʝ ʠ ʤʘʪʝʨʠʿʘʣʠʪʝ. ʅʘ ʩʣʠʢʘʪʘ 4.27 ʝ 

ʧʨʠʢʘʞʘʥʘ ʧʨʝʩʤʝʪʢʦʚʥʘʪʘ ʪʘʙʝʣʘ ʟʘ ʨʝʛʨʝʩʠʦʥʘʪʘ ʤʝʪʦʜʘ ʜʦʙʠʝʥʘ ʩʦ ʩʦʬʪʚʝʨʦʪ Data 

Analysis Tool package of MS Excel.  

 
ʉʣʠʢʘ 4.27. ʊʠʧʠʯʝʥ ʧʨʠʢʘʟ ʥʘ ʨʝʛʨʝʩʠʦʥʘʪʘ ʤʝʪʦʜʘ ʟʘ ʝʢʩʧʦʥʝʥʮʠʿʘʣʥʠʦʪ ʤʦʜʝʣ 45 ʩʪʝʧʝʥʠ ʟʘ 

ʤʘʪʝʨʠʿʘʣ PLA, ʛʝʥʝʨʠʨʘʥ ʦʜ ʩʦʬʪʚʝʨʦʪ Data Analysis Tools of MS Excel.  

ʆʚʘʘ ʘʣʘʪʢʘ ʜʘʚʘ ʤʥʦʛʫ ʢʦʨʠʩʥʠ ʩʪʘʪʠʩʪʠʯʢʠ ʧʘʨʘʤʝʪʨʠ ʟʘ ʠʩʪʨʘʞʫʚʘʥʠʦʪ ʧʨʦʮʝʩ, ʦʜ 

ʢʦʠ ʥʘʿʚʘʞʥʠ ʩʝ: 

¶ Multiple R ï ʇʦʚʝ˃ʝʢʨʘʪʝʥ ʢʦʨʝʣʘʮʠʦʥʝʥ ʢʦʝʬʠʮʠʝʥʪ ʧʦʤʝʺʫ ʪʨʠ ʠʣʠ ʧʦʚʝ˃ʝ 

ʚʘʨʠʿʘʙʣʠ 

¶ R-square ï ʉʦ ʧʨʠʙʣʠʞʥʘ ʚʨʝʜʥʦʩʪ ʦʜ 0.97 ʰʪʦ ʫʢʘʞʫʚʘ ʜʝʢʘ ʥʘʰʠʦʪ ʤʦʜʝʣ 

ʦʧʬʘ˃ʘ 97.9 % ʦʜ ʚʘʨʠʿʘʮʠʠʪʝ ʥʘ ʚʘʨʠʿʘʙʣʠʪʝ. ʉʝ ʧʦʜʨʘʟʙʠʨʘ ʜʝʢʘ ʢʦʣʢʫ ʝ 

ʧʦʚʠʩʦʢʘ ʚʨʝʜʥʦʩʪʘ ʥʘ ʦʚʦʿ ʧʦʢʘʟʘʪʝʣ ʪʦʣʢʫ ʝ ʧʦʜʦʙʨʘ ʧʨʦʮʝʥʢʘʪʘ. ɺʦ 

ʧʨʘʢʪʠʢʘʪʘ ʧʦʛʦʣʝʤʦ ʟʥʘʯʝˁʝ ʠʤʘ ʦʚʘʘ ʛʦʣʝʤʠʥʘ ʚʦ ʦʜʥʦʩ ʥʘ ʧʨʝʪʭʦʜʥʘʪʘ 

ʙʠʜʝʿ˃ʠ ʛʦ ʧʦʢʘʞʫʚʘ ʩʪʝʧʝʥʦʪ ʥʘ ʙʣʠʩʢʦʩʪ ʥʘ ʧʨʝʜʚʠʜʫʚʘʥʠʦʪ ʤʘʪʝʤʘʪʠʯʢʠ 

ʤʦʜʝʣ. 
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¶ ɸdjusted R-squared ï ʧʦʤʘʛʘ ʜʘ ʩʝ ʩʧʦʨʝʜʘʪ ʨʝʛʨʝʩʠʦʥʠʪʝ ʤʦʜʝʣʠ ʩʦ ʨʘʟʣʠʯʥʠ 

ʚʨʝʜʥʦʩʪʠ ʦʜ ʥʝʟʘʚʠʩʥʠʪʝ ʚʘʨʠʿʘʙʣʠ. ʄʦʜʝʣʠʪʝ ʩʦ ʧʦʚʠʩʦʢʘ ʚʨʝʜʥʦʩʪ ʥʘ ʦʚʦʿ 

ʧʦʢʘʟʘʪʝʣ ʩʝ ʧʦʜʦʙʨʠ. 

¶ Standard error ï ʧʦʢʘʞʫʚʘ ʢʦʣʢʫ ʝ ʣʦʰ ʨʝʛʨʝʩʠʦʥʠʦʪ ʤʦʜʝʣ, ʚʦ ʧʨʦʩʝʢ. 

ʇʦʤʘʣʠʪʝ ʚʨʝʜʥʦʩʪʠ ʦʟʥʘʯʫʚʘʘʪ ʜʝʢʘ ʨʘʩʪʦʿʘʥʠʝʪʦ ʧʦʤʝʺʫ ʨʝʘʣʥʠʪʝ ʪʦʯʢʠ ʠ 

ʦʥʠʝ ʦʜ ʤʦʜʝʣʦʪ ʩʝ ʧʦʤʘʣʠ.  

ɺʦ ʪʘʙʝʣʘʪʘ ANOVA, ʥʘʿʚʘʞʝʥ ʧʦʢʘʟʘʪʝʣ ʝ Significance F. ʆʚʦʿ ʪʝʩʪ ʦʧʨʝʜʝʣʫʚʘ ʜʘʣʠ 

ʤʦʜʝʣʦʪ ʩʦ ʩʠʪʝ ʥʝʛʦʚʠ ʥʝʟʘʚʠʩʥʠ ʚʘʨʠʿʘʙʣʠ ʝ ʧʦʜʦʙʘʨ ʚʦ ʦʜʥʦʩ ʥʘ ʚʨʩʢʘʪʘ ʩʦ 

ʟʘʚʠʩʥʘʪʘ ʚʘʨʠʿʘʙʣʘ. ɼʦʢʦʣʢʫ ʦʚʦʿ ʪʝʩʪ ʧʦʢʘʞʫʚʘ ʩʪʘʪʠʩʪʠʯʢʘ ʟʥʘʯʘʿʥʦʩʪ ʪʦʛʘʰ ʩʪʘʥʫʚʘ 

ʟʙʦʨ ʟʘ ʜʦʙʘʨ ʤʦʜʝʣ. 

ʊʘʙʝʣʘʪʘ ʩʦ ʢʦʝʬʠʮʠʝʥʪʠʪʝ ʿʘ ʧʦʢʘʞʫʚʘ ʧʨʦʮʝʥʢʘʪʘ ʥʘ ʧʘʨʘʤʝʪʨʠʪʝ ʟʘ ʥʝʟʘʚʠʩʥʠʪʝ 

ʚʘʨʠʿʘʙʣʠ ʚʦ ʥʘʰʠʦʪ ʤʦʜʝʣ ʟʘʝʜʥʦ ʩʦ ʚʨʝʜʥʦʩʪʘ ʠʥʪʝʨʩʝʧʪ (ʢʦʥʩʪʘʥʪʘ). ɺʨʝʜʥʦʩʪʘ p ʟʘ 

ʢʦʝʬʠʮʠʝʥʪʠʪʝ ʦʟʥʘʯʫʚʘ ʜʘʣʠ ʥʝʟʘʚʠʩʥʘʪʘ ʚʘʨʠʿʘʙʣʘ ʝ ʩʪʘʪʠʩʪʠʯʢʠ ʟʥʘʯʘʿʥʘ. ʂʦʛʘ p- 

ʚʨʝʜʥʦʩʪʘ ʝ ʧʦʤʘʣʘ 0,05 ʥʠʚʦ ʥʘ ʟʥʘʯʘʿʥʦʩʪ, ʪʦʛʘʰ ʥʝʟʘʚʠʩʥʘʪʘ ʚʘʨʠʿʘʙʣʘ ʝ ʟʥʘʯʘʿʥʘ. 

ʈʘʟʛʣʝʜʫʚʘˁʝʪʦ ʥʘ ʤʦʜʝʣʠʪʝ ʚʦ ʦʚʠʝ ʠʩʪʨʘʞʫʚʘˁʘ ʝ ʜʘʜʝʥʦ ʚʦ ʩʦʛʣʘʩʥʦʩʪ ʩʦ ʦʚʠʝ 

ʧʘʨʘʤʝʪʨʠ.  

ɿʘ ʩʠʪʝ ʤʘʪʝʤʘʪʠʯʢʠ ʤʦʜʝʣʠ ʢʨʝʠʨʘʥʠ ʩʝ 3ɼ-ʧʨʠʢʘʟʠ ʚʦ Matlab. ʇʦʜʨʘʯʿʘʪʘ ʥʘ ʚʣʝʟʥʠʪʝ 

ʧʘʨʘʤʝʪʨʠ ʩʝ ʚʦ ʨʘʤʢʠʪʝ ʥʘ ʦʥʠʝ ʨʘʟʛʣʝʜʫʚʘʥʠ ʚʦ DoE-ʘʥʘʣʠʟʠʪʝ. ʇʦʜʨʘʯʿʘʪʘ ʥʘ 

ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʩʝ ʛʨʘʥʠʯʥʠ ʦʜ ʧʦʜʘʪʦʮʠʪʝ ʜʦʙʠʝʥʠ ʩʦ ʜʠʟʘʿʥ ʥʘ 

ʝʢʩʧʝʨʠʤʝʥʪʠʪʝ, ʘ ʥʝ ʩʦ ʪʝʭʥʠʯʢʠʪʝ ʤʦʞʥʦʩʪʠ ʥʘ 3D-ʧʝʯʘʪʘʯʠʪʝ.  

ɿʘ ʩʝʢʦʿ ʦʜ ʤʦʜʝʣʠʪʝ ʩʝ ʢʨʝʠʨʘʥʠ ʜʚʘ 3D-ʧʨʠʢʘʟʠ. ʇʨʚʠʪʝ ʛʠ ʧʦʢʘʞʫʚʘʘʪ ʤʠʥʠʤʘʣʥʠʪʝ 

ʧʦʜʨʘʯʿʘ ʥʘ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʠʪʝ, ʢʦʠ ʩʝ ʢʨʝʠʨʘʥʠ ʚʨʟ ʦʩʥʦʚʘ ʥʘ ʚʨʝʜʥʦʩʪʠʪʝ ʥʘ 

ʥʝʟʘʚʠʩʥʠʪʝ ʧʘʨʘʤʝʪʨʠ ʢʦʠ ʛʠ ʜʘʚʘʘʪ ʤʠʥʠʤʘʣʥʠʪʝ ʚʨʝʜʥʦʩʪʠ ʥʘ ʨʘʧʘʚʦʩʪʘ. ɺʪʦʨʠʪʝ 

ʛʨʘʬʠʯʢʠ ʧʨʠʢʘʟʠ ʛʦ ʧʦʢʘʞʫʚʘʘʪ ʤʘʢʩʠʤʘʣʥʠʦʪ ʨʘʩʧʦʥ ʥʘ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʟʘ 

ʠʩʪʠʦʪ ʤʦʜʝʣ, ʚʨʟ ʦʩʥʦʚʘ ʥʘ ʚʨʝʜʥʦʩʪʠʪʝ ʥʘ ʥʝʟʘʚʠʩʥʠʪʝ ʧʘʨʘʤʝʪʨʠ ʢʦʠ ʛʠ ʜʘʚʘʘʪ 

ʤʘʢʩʠʤʘʣʥʠʪʝ ʚʨʝʜʥʦʩʪʠ ʥʘ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ.  

ʅʘ ʧʨʠʤʝʨ, ʤʘʪʝʤʘʪʠʯʢʠʦʪ ʤʦʜʝʣ ʜʦʙʠʝʥ ʩʦ ʨʝʛʨʝʩʠʦʥʘʪʘ ʤʝʪʦʜʘ, ʨʘʚʝʥʢʘ 4.1, ʝ 

ʝʢʩʧʦʥʝʥʮʠʿʘʣʥʠʦʪ ʤʦʜʝʣ: 

Ra45=6138,17*Nd
-0,273*L h

0,274*Ps
-1,231*I d

-0,424    (4.1) 

ɿʘ ʦʚʦʿ ʩʣʫʯʘʿ, ʠʟʙʨʘʥ ʩʣʫʯʘʿʥʦ, ʚʦ ʩʦʬʪʚʝʨʦʪ Matlab ʢʨʝʠʨʘʥʠ ʩʝ ʜʚʘ ʧʨʠʢʘʟʘ ʢʦʠ 

ʧʦʢʘʞʫʚʘʘʪ ʢʘʢʚʘ ʝ ʟʘʚʠʩʥʦʩʪʘ ʥʘ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ (µm) ʦʜ Lh - Layer High 

(mm) ʠ  Nd ï Nozzle Diameter (mm), ʜʦʜʝʢʘ Ps - Printing Speed (mm/s) and Ip - Infilling 

(%) ʩʝ ʟʝʤʝʥʠ ʢʘʢʦ ʢʦʥʩʪʘʥʪʥʠ. ɺʨʝʜʥʦʩʪʘ ʥʘ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ, ʩʦʛʣʘʩʥʦ 

ʨʘʚʝʥʢʘʪʘ 4.1,  ʤʦʞʝ ʜʘ ʠʤʘ ʤʠʥʠʤʘʣʥʘ ʠ ʤʘʢʩʠʤʘʣʥʘ ʚʨʝʜʥʦʩʪ. ʊʦʘ ʝ ʧʦʚʨʟʘʥʦ ʟʘ 

ʚʨʝʜʥʦʩʪʘ ʥʘ  Ps ʠ  Ip , ʢʦʠ ʤʦʨʘ ʜʘ ʙʠʜʘʪ ʢʦʥʩʪʘʥʪʥʠ ʟʘ ʜʘ ʩʝ ʢʨʝʠʨʘʘʪ ʧʨʠʢʘʟʠʪʝ. ɺʦ 

ʦʚʦʿ ʩʣʫʯʘʿ ʧʨʝʜʟʥʘʢʦʪ ʥʘ ʝʢʩʧʦʥʝʥʮʠʦʥʘʣʥʠʪʝ ʚʨʝʜʥʦʩʪʠ ʝ ʥʝʛʘʪʠʚʝʥ ʟʘ ʙʨʟʠʥʘʪʘ ʥʘ 

ʧʝʯʘʪʝˁʝʪʦ ʠ ʟʘ ʧʦʧʦʣʥʝʪʦʩʪʘ. ɿʥʘʯʠ ʘʢʦ ʪʠʝ ʧʘʨʘʤʝʪʨʠ ʛʠ ʜʦʙʠʿʘʪ ʥʘʿʛʦʣʝʤʠʪʝ 

https://statisticsbyjim.com/glossary/standard-error-regression/
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ʚʨʝʜʥʦʩʪʠ (Ps = 90 mm/s ʠ Ip = 50 %) ʪʦʛʘʰ Ra ˃ʝ ʿʘ ʜʦʙʠʝ ʤʠʥʠʤʘʣʥʘʪʘ ʚʨʝʜʥʦʩʪ (ʚʠʜʠ 

ʉʣʠʢʘ 4.28 ï a). ʀʩʪʦʚʨʝʤʝʥʦ, ʟʘ ʥʘʿʥʠʩʢʠʪʝ ʚʨʝʜʥʦʩʪʠ (Ps = 70 mm/s ʠ Ip = 30 %) 

ʨʘʧʘʚʦʩʪʘ ˃ʝ ʿʘ ʜʦʙʠʝ ʤʘʢʩʠʤʘʣʥʘʪʘ ʚʨʝʜʥʦʩʪ (ʉʣʠʢʘ 4.28-b). 

a) 

 

b) 

 

 ʉʣʠʢʘ 4.28. ʊʠʧʠʯʝʥ ʧʨʠʢʘʟ ʥʘ 3D-ʛʨʘʬʠʢ, ʟʘ ʝʢʩʧʦʥʝʥʮʠʿʘʣʝʥ ʤʦʜʝʣ ʩʦ 45 ʩʪʝʧʝʥʠ ʠʟʨʘʙʦʪʝʥ ʦʜ PLA, 

ʢʨʝʠʨʘʥ ʚʦ Matlab a) ʤʠʥʠʤʘʣʥʘ ʚʨʝʜʥʦʩʪ ʥʘ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ, ʢʦʛʘ I = 50 % ʠ Ps = 90 mm/s. 

b) ʤʘʢʩʠʤʘʣʥʘ ʚʨʝʜʥʦʩʪ ʥʘ ʨʘʧʘʚʦʩʪʘ, ʢʦʛʘ I = 30 % ʠ Ps = 70 mm/s. 

ʀʩʪʘʪʘ ʧʨʦʮʝʜʫʨʘ ʝ ʧʨʠʤʝʥʝʪʘ ʚʦ ʩʠʪʝ ʩʣʫʯʘʠ, ʩʘʤʦ ʩʦ ʝʜʥʘ ʨʘʟʣʠʢʘ ʢʦʛʘ ʟʥʘʢʦʪ ʥʘ 

ʝʢʩʧʦʥʝʥʮʠʿʘʣʦʪ ʝ ʧʦʟʠʪʠʚʝʥ ʟʘ ʥʘʿʛʦʣʝʤʠʪʝ ʚʨʝʜʥʦʩʪʠ ʥʘ ʧʘʨʘʤʝʪʨʠʪʝ, ʪʦʛʘʰ ʩʝ 

ʜʦʙʠʚʘ ʥʘʿʛʦʣʝʤʘʪʘ ʚʨʝʜʥʦʩʪ ʥʘ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʠ ʦʙʨʘʪʥʦ. 
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ʆʜ ʨʘʚʝʥʢʘʪʘ 4.1 ʝ ʛʝʥʝʨʠʨʘʥ 3D-ʛʨʘʬʠʢʦʪ (ʉʣʠʢʘ 4.28-ʘ), ʟʘ ʢʦʿ ʧʦʜʦʣʫ ʝ ʧʨʠʢʘʞʘʥ 

Ăm-codeñ. 

% m- code for Matlab  

n=0.25:0.008:0.6; %Declaration of Nozzle Diameter as vector.  

l=0.1:0.005:0.2; %Declaration of Layer Height as vector.  

I=50; S=90; %Declaration of c onstant values for Printing speed 

and Infilling  

[ N,L]=meshgrid(n,l); %Creation of matric, based on declared 

vectors  

Ra45=6138.17*(N.^ - 0.273).*(L.^0.274).*(S^ - 1.231)*(I^ - 0.424); % 

Equation 4.1  

surf(n,l,Ra45); %Creation of 3D surface plot  

%Below are all comm ands to generate the graph  

grid on 

ax = gca;  

c = ax.Color;  

ax.GridColor = 'blue' ;  

ax.GridAlpha = 0.3;  

grid(gca, 'minor' );  

colormap( 'turbo' );  

colorbar  

title( 'PLA, ʄʝʨʝˁʝ ʧʦʜ ʘʛʦʣ 45 ʩʪʝʧʝʥʠ', 'FontWeight' , 'bold' , 

'FontSize' ,12); %Title of graph  

subtitle( ' ʂʦʥʩʪʘʥʪʠ: ʇʦʧʦʣʥʫʚʘˁʝ 50% ʠ ɹʨʟʠʥʘ ʥʘ ʧʝʯʘʨʝˁʝ 

90mm/s' , 'FontWeight' , 'normal' , 'FontSize' ,10);  

xlabel( 'ʇʨʝʯʥʠʢ ʥʘ ʤʘʣʘʟʥʠʮʘʪʘ [mm]', 'FontWeight' , 'bold' 

, 'FontS ize' ,11);  

ylabel( 'ɺʠʩʦʯʠʥʘ ʥʘ ʩʣʦʿʦʪ [mm]','FontWeight', 'bold' 

, 'FontSize' ,11);  

zlabel( 'ʈʘʧʘʚʦʩʪ ʥʘ ʧʦʚʨʰʠʥʘʪʘ Ra- 45[µm]' , 'FontWeight' , 'bold' 

, 'FontSize' ,11);  

clear  

clc  

 

ʊʝʢʩʪʦʪ ʩʦ ʮʨʥʘ ʙʦʿʘ ʝ ʩʘʤʠʦʪ ʢʦʜ, ʪʦʿ ʩʦ ʟʝʣʝʥʘ, ʧʦʩʣʝ ʩʠʤʙʦʣʦʪ %, ʝ ʩʘʤʦ ʟʘ 

ʦʙʿʘʩʥʫʚʘˁʝ, ʜʦʜʝʢʘ ʪʝʢʩʪʦʪ ʚʦ ʚʠʦʣʝʪʦʚʦ ʩʝ ʧʦʿʘʚʫʚʘ ʥʘ ʠʟʣʝʟʥʠʦʪ ʬʘʿʣ/ʛʨʘʬʠʢ. 

ɼʦʢʦʣʢʫ ʩʘʢʘʤʝ ʜʘ ʛʦ ʢʨʝʠʨʘʤʝ b) ʛʨʘʬʠʢʦʪ ʥʘ ʩʣʠʢʘ 4.28 ˃ʝ ʦʩʪʘʥʝ ʠʩʪʠʦʪ ʢʦʜ, ʦʩʚʝʥ 

ʚʨʝʜʥʦʩʪʠʪʝ ʚʦ ʨʝʜʦʪ S = 90; I = 50; ʢʦʠ ˃ʝ ʩʝ ʧʨʦʤʝʥʘʪ ʚʦ  S = 70; I = 30, ʘ ʠʟʣʝʟʦʪ ˃ʝ 

ʿʘ ʜʦʙʠʝ ʤʘʢʩʠʤʘʣʥʘʪʘ ʚʨʝʜʥʦʩʪ ʟʘ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ.  
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5. ʈɽɿʋʃʊɸʊʀ ʀ ɼʀʉʂʋʉʀɱɸ  

5.1 ɺʦʚʝʜ  

ʇʨʝʪʭʦʜʥʠʪʝ ʛʣʘʚʠ ʛʦ ʦʙʿʘʩʥʠʿʘ ʜʠʟʘʿʥʦʪ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʦʪ ʙʘʟʠʨʘʥ ʥʘ ʤʝʪʦʜʦʣʦʛʠʿʘʪʘ 

ʥʘ ʊʘʛʫʯʠ. ʊʦʘ ʝ ʥʘʧʨʘʚʝʥʦ ʠʤʘʿ˃ʠ ʛʠ ʧʨʝʜʚʠʜ ʥʝʟʘʚʠʩʥʠʪʝ ʧʘʨʘʤʝʪʨʠ ʠ ʥʠʚʥʠʪʝ ʥʠʚʦʘ.  

ʇʨʠʤʝʨʦʮʠʪʝ ʙʝʘ ʦʪʧʝʯʘʪʝʥʠ ʥʘ 3D-ʧʝʯʘʪʘʯʠ, ʘ ʥʠʚʥʘʪʘ ʛʦʨʥʘ ʧʦʚʨʰʠʥʘ ʝ ʦʮʝʥʝʪʘ ʩʦ 

ʤʝʨʝˁʝ ʥʘ ʧʘʨʘʤʝʪʨʠʪʝ Ra, Rz, ʠ Rq, ʚʦ ʪʨʠ ʨʘʟʣʠʯʥʠ ʧʨʘʚʮʠ, ʧʦʜ ʘʛʦʣ 0, 45 ʠ 90 

ʩʪʝʧʝʥʠ (ʘʛʦʣ ʧʦʤʝʺʫ ʧʨʘʚʝʮʦʪ ʥʘ ʧʝʯʘʪʝˁʝ ʠ ʤʝʨʝˁʝ ʥʘ ʨʘʧʘʚʦʩʪʘ). 

ʂʦʨʠʩʪʝʿ˃ʠ ʿʘ ʤʫʣʪʠʨʝʛʨʝʩʠʦʥʘʪʘ ʚʘʨʠʿʘʙʠʣʥʘ ʤʝʪʦʜʘ, ʢʨʝʠʨʘʥʠ ʩʝ ʤʘʪʝʤʘʪʠʯʢʠ 

ʤʦʜʝʣʠ ʟʘ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ, ʟʝʤʘʿ˃ʠ ʛʠ ʚʦ ʧʨʝʜʚʠʜ ʨʘʚʝʥʢʠʪʝ ʦʜ ʛʣʘʚʘ 3, 

ʧʦʩʝʙʥʦ ʨʘʚʝʥʢʠʪʝ 3.13 ʟʘ ʣʠʥʝʘʨʥʠʦʪ ʤʦʜʝʣ ʠ 3.14 ʟʘ ʝʢʩʧʦʥʝʥʮʠʿʘʣʥʠʦʪ ʤʦʜʝʣ.  

ʎʝʣʪʘ ʥʘ ʦʚʠʝ ʠʩʪʨʘʞʫʚʘˁʘ ʙʝʰʝ ʜʘ ʩʝ ʜʠʟʘʿʥʠʨʘ ʝʢʩʧʝʨʠʤʝʥʪ, ʜʘ ʩʝ ʦʪʧʝʯʘʪʘʪ 

ʧʨʠʤʝʨʦʮʠʪʝ ʥʘ 3D-ʧʝʯʘʪʘʯʠ, ʜʘ ʩʝ ʤʦʜʝʣʠʨʘ ʠ ʜʘ ʩʝ ʝʚʘʣʫʠʨʘ ʨʘʧʘʚʦʩʪʘ ʥʘ 

ʧʦʚʨʰʠʥʘʪʘ ʥʘ ʧʨʠʤʝʨʦʮʠʪʝ ʟʘ ʪʨʠ ʪʝʨʤʦʧʣʘʩʪʠʯʥʠ ʤʘʪʝʨʠʿʘʣʠ (PLA, ABS ʠ PETG) 

ʢʦʠ ʩʝ ʧʝʯʘʪʝʥʠ ʩʦ ʪʝʭʥʦʣʦʛʠʿʘʪʘ FDM. ʀʩʪʦ ʪʘʢʘ ʢʦʨʠʩʪʝʥ ʝ ʠ ʥʝʨʺoʩʫʚʘʯʢʠ ʯʝʣʠʢ 

316L ʟʘ ʜʘ ʩʝ ʧʨʦʠʟʚʝʜʘʪ ʧʨʠʤʝʨʦʮʠ ʩʦ ʜʚʝ ʨʘʟʣʠʯʥʠ ʪʝʭʥʦʣʦʛʠʠ, DMLS ʠ  FFF. 

ʄʠʢʨʦʩʪʨʫʢʪʫʨʘʪʘ ʥʘ ʧʨʠʤʝʨʦʮʠʪʝ ʝ ʩʥʠʤʘʥʘ ʩʦ ʜʠʛʠʪʘʣʝʥ ʦʧʪʠʯʢʠ ʤʠʢʨʦʩʢʦʧ, ʩʦ ʮʝʣ 

ʟʘ ʩʧʦʨʝʜʙʘ ʥʘ ʨʘʟʣʠʯʥʠʪʝ ʧʨʠʤʝʨʦʮʠ.  

5.2 ʈʘʧʘʚʦʩʪ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʥʘ ʪʝʨʤʦʧʣʘʩʪʠʯʝʥ ʤʘʪʝʨʠʿʘʣ PLA ʧʝʯʘʪʝʥ ʩʦ 

ʪʝʭʥʦʣʦʛʠʿʘʪʘ FDM  

ɺʢʫʧʥʦ ʙʝʘ ʦʪʧʝʯʘʪʝʥʠ 9 ʧʨʠʤʝʨʦʮʠ, ʩʦ ʚʣʝʟʥʠ ʧʘʨʘʤʝʪʨʠ ʢʦʠ ʩʝ ʜʘʜʝʥʠ ʚʦ ʊʘʙʝʣʘ 4.2 

ʦʜ ɻʣʘʚʘ 4. ʇʦʚʨʰʠʥʠʪʝ ʥʝ ʩʝ ʜʦʧʦʣʥʠʪʝʣʥʦ ʦʙʨʘʙʦʪʫʚʘʥʠ ʩʦ ʥʝʢʦʿʘ ʦʜ 

ʧʦʩʪʧʨʦʮʝʩʥʠʪʝ ʪʝʭʥʦʣʦʛʠʠ. ʇʨʘʚʝʮʦʪ ʥʘ ʧʝʯʘʪʝˁʝ ʙʝʰʝ ʧʦʩʪʘʚʝʥ ʜʘ ʙʠʜʝ 45 ʩʪʝʧʝʥʠ 

ʚʦ ʦʜʥʦʩ ʥʘ ʦʨʠʝʥʪʘʮʠʿʘʪʘ ʥʘ ʧʘʨʯʝʪʦ ʠ ʪʦʿ ʩʝ ʤʝʥʫʚʘ ʥʘ 90 ʩʪʝʧʝʥʠ ʟʘ ʩʝʢʦʿ ʩʣʦʿ. 

ʇʨʦʬʠʣʠ ʥʘ ʧʨʠʤʝʨʦʮʠʪʝ, PLA 

ʇʨʦʬʠʣʠʪʝ ʥʘ ʩʠʪʝ ʧʝʯʘʪʝʥʠ ʧʨʠʤʝʨʦʮʠ ʩʝ ʠʟʤʝʨʝʥʠ ʠ ʧʦʢʘʞʘʥʠ ʥʘ ʉʣʠʢʘ 5.1. ɺʦ 

ʩʝʢʦʿʘ ʦʜ ʩʣʠʢʠʪʝ ʩʦ ʮʨʚʝʥʘ ʣʠʥʠʿʘ ʝ ʧʨʠʢʘʞʘʥ ʧʨʦʩʝʯʥʠʦʪ ʧʨʦʬʠʣ ʥʘ ʨʘʧʘʚʦʩʪʘ. ʅʘ 

ʧʨʠʤʝʨ, ʩʣʠʢʘʪʘ ʘ) ʛʠ ʧʨʠʢʘʞʫʚʘ ʧʨʦʬʠʣʠʪʝ ʦʜ 9 ʧʨʠʤʝʨʦʮʠ ʤʝʨʝʥʠ ʧʦʜ ʘʛʦʣ ʦʜ 0 

ʩʪʝʧʝʥʠ ʚʦ ʦʜʥʦʩ ʥʘ ʧʨʘʚʝʮʦʪ ʥʘ ʧʝʯʘʪʝˁʝ. ʈʘʩʧʦʥʦʪ ʥʘ Ra ʧʨʦʬʠʣʦʪ ʝ ʚʦ ʨʘʤʢʠʪʝ ʥʘ -

20 ʠ  20 µm. 

ʉʣʠʢʘʪʘ b) ʛʠ ʧʦʢʘʞʫʚʘ ʧʨʦʬʠʣʠʪʝ ʤʝʨʝʥʠ ʧʦʜ 45 ʩʪʝʧʝʥʠ ʚʦ ʦʜʥʦʩ ʥʘ ʧʨʘʚʝʮʦʪ ʥʘ 

ʧʝʯʘʪʝˁʝ. ɺʦ ʦʚʦʿ  ʩʣʫʯʘʿ ʨʘʩʧʦʥʦʪ ʥʘ ʧʨʦʬʠʣʦʪ Ra ʝ ʚʦ ʨʘʤʢʠʪʝ ʥʘ  -60 ʠ 60 µm. 

ʉʣʠʢʘʪʘ c) ʛʠ ʧʨʠʢʘʞʫʚʘ ʧʨʦʬʠʣʠʪʝ ʤʝʨʝʥʠ ʧʦʜ 90 ʩʪʝʧʝʥʠ ʚʦ ʦʜʥʦʩ ʥʘ ʧʨʘʚʝʮʦʪ ʥʘ 

ʧʝʯʘʪʝˁʝ. ʆʯʠʛʣʝʜʥʦ ʝ ʜʝʢʘ ʨʘʩʧʦʥʦʪ ʚʦ ʦʚʦʿ ʩʣʫʯʘʿ ʝ ʝʜʥʘʢʦʚ ʩʦ ʦʥʦʿ ʦʜ 45 ʩʪʝʧʝʥʠ. 
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ʇʨʦʩʝʯʥʠʦʪ ʧʨʦʬʠʣ ʥʘ Ra ʟʘ 0 ʩʪʝʧʝʥʠ ʥʝ ʧʦʢʘʞʫʚʘ ʧʝʨʠʦʜʠʯʥʦʩʪ. ʅʘʿʛʦʨʥʦʪʦ ʥʠʚʦ ʥʘ 

ʧʨʠʤʝʨʦʢʦʪ ʝ ʧʝʯʘʪʝʥʦ ʚʦ ʠʩʪʠʦʪ ʧʨʘʚʝʮ, ʘ ʤʝʨʥʦʪʦ ʧʝʨʦ ʥʝ ʤʝʨʝʣʦ ʥʘ ʚʪʦʨʦʪʦ ʥʠʚʦ, 

ʢʦʝ ʝ ʧʦʜ ʧʨʘʚ ʘʛʦʣ ʥʘ ʥʘʿʛʦʨʥʦʪʦ ʥʠʚʦ.  

a) 

 

b) 

 

c) 

 

d) 

 
ʉʣʠʢʘ 5.1. ʀʟʤʝʨʝʥʠ ʧʨʦʬʠʣʠ Ra a) ʟʘ ʜʝʚʝʪ ʧʨʠʤʝʨʦʮʠ ʦʜ PLA ʥʘ 0 ʩʪʝʧʝʥʠ,   b) ʟʘ ʜʝʚʝʪ ʧʨʠʤʝʨʦʮʠ ʦʜ 

PLA na 45 ʩʪʝʧʝʥʠ, c) ʟʘ ʜʝʚʝʪ ʧʨʠʤʝʨʦʮʠ ʥʘ 90 ʩʪʝʧʝʥʠ, d)  ʟʘ ʩʪʘʥʜʘʨʜʝʥ ʨʝʬʝʨʝʥʪʝʥ ʧʨʠʤʝʨʦʢ PLA. 

ɼʦʢʦʣʢʫ ʣʠʥʠʿʘʪʘ ʥʘ ʧʝʯʘʪʝˁʝ ʥʘ ʛʦʨʥʦʪʦ ʥʠʚʦ ʥʝ ʝ ʠʜʝʘʣʥʦ ʧʦʩʪʘʚʝʥʘ ʚʦ ʦʜʥʦʩ ʥʘ 

ʧʨʘʚʝʮʦʪ ʥʘ ʤʝʨʝˁʝ ʜʘ ʙʠʜʝ 0 ʩʪʝʧʝʥʠ, ʪʦʛʘʰ ʩʝ ʿʘʚʫʚʘʘʪ ʩʢʦʢʦʚʠ ʢʦʛʘ ʧʝʨʦʪʦ ˃ʝ ʿʘ 

ʧʨʝʩʝʯʝ ʣʠʥʠʿʘʪʘ ʥʘ ʧʝʯʘʪʝˁʝ, ʠʣʠ ˃ʝ ʠʤʘ ʤʠʥʠʤʫʤ ʢʦʛʘ ʧʦʤʠʥʫʚʘ ʧʦʤʝʺʫ ʜʚʝ 

ʧʝʯʘʪʝʥʠ ʣʠʥʠʠ. 
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ʊʘʙʝʣʘ 5.1. ʅʝʟʘʚʠʩʥʠ ʧʘʨʘʤʝʪʨʠ ʠ ʥʠʚʥʠʪʝ ʥʠʚʦʘ ʠ ʠʟʤʝʨʝʥʠ ʛʦʣʝʤʠʥʠ ʥʘ ʨʘʧʘʚʦʩʪʘ ʟʘ 

ʨʘʟʣʠʯʥʠ ʦʨʠʝʥʪʘʮʠʠ ʥʘ ʧʨʠʤʝʨʦʮʠʪʝ PLA. 

ɹʨ. 
Nd 

[mm] 

Lh 

[mm] 

Ps 

[mm/s] 

Id 

[%] 

Ra [ µm ] Rz [µm ] Rq [µm ] 

0 45 90 0 45 90 0 45 90 

1 0,25 0,10 70 30 1,16 6,12 6,95 5,28 22,40 27,08 1,40 6,94 7,93 

2 0,25 0,15 80 40 0,74 4,75 4,63 3,19 21,99 24,07 0,87 5,73 5,62 

3 0,25 0,20 90 50 1,02 4,40 3,31 5,49 25,72 20,35 1,25 5,50 4,29 

4 0,40 0,10 80 50 1,41 3,72 4,60 6,96 15,61 19,82 1,68 4,31 5,32 

5 0,40 0,15 90 30 1,19 4,49 5,09 7,77 21,72 23,23 1,50 5,46 6,03 

6 0,40 0,20 70 40 1,96 5,82 6,47 10,25 24,72 26,47 2,37 6,74 7,42 

7 0,60 0,10 90 40 1,19 3,04 4,09 7,19 16,49 24,14 1,48 3,89 5,13 

8 0,60 0,15 70 50 1,33 4,25 4,51 7,38 22,41 24,91 1,72 5,37 5,58 

9 0,60 0,20 80 30 2,29 4,81 4,84 12,96 25,91 29,29 2,93 6,09 6,40 

*ʆʚʠʝ ʧʘʨʘʤʝʪʨʠ ʩʝ ʥʝʟʘʚʠʩʥʠʪʝ ʚʘʨʠʿʘʙʣʠ: Nd ï ʧʨʝʯʥʠʢ ʥʘ ʤʣʘʟʥʠʮʘʪʘ Lh ï ʚʠʩʦʯʠʥʘ ʥʘ ʩʣʦʿʦʪ, Ps ï 

ʙʨʟʠʥʘ ʥʘ ʧʝʯʘʪʝˁʝ ʠ Id ï ʛʫʩʪʠʥʘ ʥʘ ʧʦʧʦʣʥʫʚʘˁʝ 

ʇʨʦʩʝʯʥʠʦʪ ʧʨʦʬʠʣ ʥʘ Ra ʟʘ 45 ʩʪʝʧʝʥʠ, ʧʦʢʘʞʫʚʘ ʤʥʦʛʫ ʧʦʛʦʣʝʤʘ ʧʝʨʠʦʜʠʯʥʦʩʪ ʦʜ 

ʦʥʦʿ ʥʘ 0 ʩʪʝʧʝʥʠ, ʰʪʦ ʧʦʩʝʙʥʦ ʩʝ ʧʦʿʘʚʫʚʘ ʚʦ ʚʪʦʨʠʦʪ ʜʝʣ ʥʘ ʧʨʠʢʘʟʦʪ. ʅʘʿʜʦʙʨʘ 

ʧʝʨʠʦʜʠʯʥʦʩʪ ʩʝ ʜʦʙʠʚʘ ʢʘʿ ʤʝʨʝˁʘʪʘ ʧʦʜ ʘʛʦʣ 90 ʩʪʝʧʝʥʠ. ʆʚʘ ʝ ʠ ʣʦʛʠʯʥʦ ʙʠʜʝʿ˃ʠ 

ʧʝʨʦʪʦ ʦʜʠ ʧʦʜ ʧʨʘʚ ʘʛʦʣ ʚʦ ʦʜʥʦʩ ʥʘ ʧʝʯʘʪʝʥʠʪʝ ʣʠʥʠʠ ʥʘ ʧʦʩʣʝʜʥʦʪʦ ʥʠʚʦ. ɱʘʩʥʦ 

ʤʦʞʝ ʜʘ ʩʝ ʚʠʜʘʪ 10 ʤʘʢʩʠʤʫʤʠ ʥʘ 4 mm ʜʦʣʞʠʥʘ, ʰʪʦ ʧʦʢʘʞʫʚʘ ʜʝʢʘ 0.4 mm ʝ 

ʨʘʩʪʦʿʘʥʠʝʪʦ ʧʦʤʝʺʫ ʩʦʩʝʜʥʠʪʝ ʣʠʥʠʠ ʥʘ ʪʦʘ ʥʠʚʦ.  

ʈʝʟʫʣʪʘʪʠʪʝ ʥʘ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʟʘ  Ra, Rz ʠ Rq, ʟʘ ʧʨʘʚʮʠʪʝ 0, 45 ʠ 90 

ʩʪʝʧʝʥʠ, ʟʘ ʩʝʢʦʿʘ ʦʜ ʧʨʦʙʠʪʝ, ʩʝ ʜʘʜʝʥʠ ʚʦ ʊʘʙʝʣʘ 5.1. 

ʊʝʦʨʝʪʩʢʠ ʤʦʜʝʣʠ ʟʘ ʧʘʨʘʤʝʪʘʨʦʪ ʥʘ ʨʘʧʘʚʦʩʪ Ra, ʟʘ PLA 

ɼʝʬʠʥʠʨʘʥʠ ʩʝ ʪʝʦʨʝʪʩʢʠʪʝ ʤʦʜʝʣʠ ʟʘ ʣʠʥʝʘʨʥʘ ʠ ʝʢʩʧʦʥʝʥʮʠʿʘʣʥʘ ʟʘʚʠʩʥʦʩʪ ʥʘ Ra, Rz 

ʠ Rq ʟʘ ʪʨʠʪʝ ʧʨʘʚʮʠ (0,45,90). 

ɺʨʟ ʦʩʥʦʚʘ ʥʘ ʧʦʜʘʪʦʮʠʪʝ ʦʜ ʊʘʙʝʣʘ 5.1 ʢʨʝʠʨʘʥ ʝ ʤʦʜʝʣʦʪ ʟʘ Ra ʠ ʧʨʠʢʘʞʘʥ ʚʦ ʊʘʙʝʣʘ 

5.2. (ɸʥʝʢʩ 2). ɺʦ ɼʦʜʘʪʦʢʦʪ 2 ʝ ʧʨʠʢʘʞʘʥʦ ʢʘʢʦ ʩʝ ʛʝʥʝʨʠʨʘʥʠ ʪʝʦʨʝʪʩʢʠʪʝ ʤʦʜʝʣʠ ʟʘ 

ʩʠʪʝ ʧʨʘʚʮʠ ʠ ʤʘʪʝʨʠʿʘʣʠ. ʀʩʪʦ ʪʘʢʘ ʧʦʢʘʞʘʥʠ ʩʝ ʧʨʝʩʤʝʪʢʠʪʝ ʟʘ ʛʝʥʝʨʠʨʘˁʝ ʥʘ 

ʛʨʘʬʠʢʦʥʠʪʝ ʟʘ ʩʪʘʪʠʩʪʠʯʢʘ ʜʠʩʪʨʠʙʫʮʠʿʘ ʥʘ ʧʦʜʘʪʦʮʠʪʝ. ɺʨʟ ʦʩʥʦʚʘ ʥʘ ʩʪʘʪʠʩʪʠʯʢʠʪʝ 

ʧʦʜʘʪʦʮʠ ʦʙʘʪʘ ʪʝʦʨʝʪʩʢʠ ʤʦʜʝʣʠ ʩʝ ʥʝʫʩʧʝʰʥʠ ʟʘ ʤʝʨʝˁʘʪʘ ʥʘ 0 ʩʪʝʧʝʥʠ. ɿʥʘʯʘʿʥʦʩʪʘ 

ʥʘ F,  ʦʜ ANOVA, ʩʝ ʧʨʝʧʦʨʘʯʫʚʘ ʜʘ ʠʤʘ ʚʨʝʜʥʦʩʪ ʟʘ ʘʣʬʘ ʢʦʝʬʠʮʠʝʥʪʦʪ ʧʦʤʘʣʘ ʦʜ 

0,05. ɺʦ ʦʚʦʿ ʩʣʫʯʘʿ, ʟʘ ʣʠʥʝʘʨʥʠʦʪ ʤʦʜʝʣ ʚʨʝʜʥʦʩʪʘ ʝ 0,24, ʘ ʟʘ ʝʢʩʧʦʥʝʥʮʠʿʘʣʥʠʦʪ 

0,29. ʆʯʠʛʣʝʜʥʦ ʜʝʢʘ ʨʝʟʫʣʪʘʪʠʪʝ ʦʜ ʦʚʦʿ ʤʦʜʝʣ ʥʝ ʩʝ ʩʪʘʪʠʩʪʠʯʢʠ ʟʥʘʯʘʿʥʠ.  
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ʊʝʦʨʝʪʩʢʠʪʝ ʤʦʜʝʣʠ ʟʘ 45 ʠ 90 ʩʪʝʧʝʥʠ ʧʦʢʘʞʫʚʘʘʪ ʩʠʣʥʘ ʚʨʩʢʘ ʧʦʤʝʺʫ ʥʝʟʘʚʠʩʥʠʪʝ ʠ 

ʟʘʚʠʩʥʠʪʝ ʚʘʨʠʿʘʙʣʠ. ɿʥʘʯʘʿʥʦʩʪʘ F ʝ ʧʦʥʠʩʢʘ ʦʜ ʘʣʬʘ ʚʨʝʜʥʦʩʪʘ (0,05). ʉʦ ʪʦʘ ʩʝ 

ʜʦʢʘʞʫʚʘ ʜʝʢʘ ʦʙʘʪʘ ʤʦʜʝʣʘ ʩʝ ʩʪʘʪʠʩʪʠʯʢʠ ʟʥʘʯʘʿʥʠ.  

ʊʘʙʝʣʘ 5.2. ʃʠʥʝʘʨʥʠ ʠ ʝʢʩʧʦʥʝʥʮʠʿʘʣʥʠ ʤʦʜʝʣʠ ʠ ʥʠʚʥʠʪʝ ʩʪʘʪʠʩʪʠʯʢʠ ʧʦʜʘʪʦʮʠ ʟʘ 0, 

45 ʠ 90 ʩʪʝʧʝʥʠ ʥʘ ʤʝʨʝˁʝ ʚʦ ʦʜʥʦʩ ʥʘ ʣʠʥʠʿʘʪʘ ʥʘ ʧʝʯʘʪʝˁʝ, ʟʘ Ra ʠ ʧʨʠʤʝʨʦʢ 

ʠʟʨʘʙʦʪʝʥ ʦʜ ʪʝʨʤʦʧʣʘʩʪʠʢʘ PLA.  
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0,825 0,681 0,381 0,240 

 
0,801 0,642 0,285 0,291 

4
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 0,985 0,971 0,226 0,002 

 
0,989 0,979 0,042 0,001 

9
0 

 0,932 0,870 0,575 0,046 

 
0,928 0,862 0,117 0,047 

* ʆʚʠʝ ʧʘʨʘʤʝʪʨʠ ʩʝ ʥʝʟʘʚʠʩʥʠʪʝ ʚʘʨʠʿʘʙʣʠ: Nd ï ʧʨʝʯʥʠʢ ʥʘ ʤʣʘʟʥʠʮʘʪʘ Lh ï ʚʠʩʦʯʠʥʘ ʥʘ ʩʣʦʿʦʪ, Ps ï 

ʙʨʟʠʥʘ ʥʘ ʧʝʯʘʪʝˁʝ ʠ Id ï ʛʫʩʪʠʥʘ ʥʘ ʧʦʧʦʣʥʫʚʘˁʝ 

ɸʧʩʦʣʫʪʥʘʪʘ ʚʨʝʜʥʦʩʪ ʥʘ ʢʦʝʬʠʮʠʝʥʪʦʪ ʥʘ ʢʦʨʝʣʘʮʠʿʘ R ʝ ʩʢʦʨʦ ʠʩʪ ʟʘ ʣʠʥʝʘʨʥʠʦʪ ʠ 

ʝʢʩʧʦʥʝʥʮʠʿʘʣʥʠʦʪ ʤʦʜʝʣ ʟʘ ʩʝʢʦʿ ʦʜ ʩʪʝʧʝʥʠʪʝ ʥʘ ʦʨʠʝʥʪʘʮʠʿʘ ʥʘ ʤʝʨʝˁʝ ʠ ʦʙʘʪʘ 

ʤʦʜʝʣʠ ʫʢʘʞʫʚʘʘʪ ʥʘ ʩʠʣʥʘ ʢʦʨʝʣʘʮʠʦʥʘ ʚʨʩʢʘ. ɿʘ 45 ʩʪʝʧʝʥʠ ʠʤʘ ʤʘʣʘ ʧʨʝʜʥʦʩʪ ʢʘʿ 

ʝʢʩʧʦʥʝʥʮʠʿʘʣʥʠʦʪ ʤʦʜʝʣ, ʘ ʩʧʨʦʪʠʚʥʦ ʝ ʟʘ ʤʦʜʝʣʦʪ ʟʘ 90 ʩʪʝʧʝʥʠ. ʀʩʪʦ ʪʘʢʘ, ʦʙʘʪʘ 

ʪʝʦʨʝʪʩʢʠ ʤʦʜʝʣʠ ʧʦʢʘʞʫʚʘʘʪ ʩʣʠʯʥʦʩʪ ʚʦ ʧʨʝʩʤʝʪʘʥʠʪʝ ʪʦʯʢʠ ʥʘ ʨʝʛʨʝʩʠʦʥʘʪʘ ʣʠʥʠʿʘ. 

ʆʚʦʿ ʢʦʝʬʠʮʠʝʥʪ ʝ ʦʧʨʝʜʝʣʝʥ ʩʦ  R square ʦʜ ʊʘʙʝʣʘ 5.2. 

ʀ ʧʦʢʨʘʿ ʩʣʠʯʥʦʩʪʘ ʥʘ ʦʙʘʪʘ ʪʝʦʨʝʪʩʢʠ ʤʦʜʝʣʘ ʟʘ 45 ʠ 90 ʩʪʝʧʝʥʠ ʥʘ ʤʝʨʝˁʝ, ʩʝʧʘʢ 

ʧʦʩʪʦʠ ʤʘʣʘ ʧʨʝʜʥʦʩʪ ʥʘ ʝʢʩʧʦʥʝʥʮʠʿʘʣʥʠʦʪ ʤʦʜʝʣ. ʉʪʘʥʜʘʨʜʥʘʪʘ ʛʨʝʰʢʘ ʥʘ 

ʝʢʩʧʦʥʝʥʮʠʿʘʣʥʠʦʪ ʤʦʜʝʣ ʝ ʜʦ ʧʝʪ ʧʘʪʠ ʧʦʤʘʣʘ ʦʜ ʦʥʘʘ ʥʘ ʣʠʥʝʘʨʥʠʦʪ, ʟʘ ʩʝʢʦʿʘ ʦʜ 

ʩʝʨʠʠʪʝ ʥʘ ʧʨʠʤʝʨʦʮʠ. 

ʆʜ ʪʝʩʪʦʪ ANOVA ʤʦʞʝ ʜʘ ʩʝ ʟʘʢʣʫʯʠ ʜʝʢʘ ʩʠʪʝ ʤʦʜʝʣʠ ʛʦ ʟʘʜʦʚʦʣʫʚʘʘʪ ʢʨʠʪʝʨʠʫʤʦʪ 

ʟʘ ʢʚʘʣʠʪʝʪ ʙʠʜʝʿ˃ʠ ʟʥʘʯʘʿʥʦʩʪʘ F ʝ ʧʦʤʘʣʘ ʦʜ ʘʣʬʘ ʚʨʝʜʥʦʩʪʘ (Ŭ = 0,05). 

ʉʠʪʝ ʥʝʟʘʚʠʩʥʠ ʚʘʨʠʿʘʙʣʠ ʥʘ ʦʙʘʪʘ ʤʦʜʝʣʠ, ʟʘ 45 ʩʪʝʧʝʥʠ, ʧʦʢʘʞʫʚʘʘʪ ʟʥʘʯʠʪʝʣʥʘ 

ʟʘʚʠʩʥʦʩʪ ʚʦ ʦʜʥʦʩ ʥʘ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʙʠʜʝʿ˃ʠ ʠʤʘʘʪ p-ʚʨʝʜʥʦʩʪ ʧʦʤʘʣʘ ʦʜ 

ʘʣʬʘ.  
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ɿʘ ʪʝʦʨʝʪʩʢʠʪʝ ʤʦʜʝʣʠ ʩʦ 90 ʩʪʝʧʝʥʠ, ʧʨʝʯʥʠʢʦʪ ʥʘ ʤʣʘʟʥʠʮʘʪʘ ʠ ʚʠʩʦʯʠʥʘʪʘ ʥʘ ʩʣʦʿʦʪ 

ʠʤʘʘʪ ʧʦʚʠʩʦʢʘ p-ʚʨʝʜʥʦʩʪ ʦʜ 0,05. ʆʩʪʘʥʘʪʠʪʝ ʥʝʟʘʚʠʩʥʠ ʚʘʨʠʿʘʙʣʠ ʫʩʧʝʰʥʦ ʛʦ 

ʧʦʤʠʥʫʚʘʘʪ p-ʢʨʠʪʝʨʠʫʤʦʪ.  

ʉʦ ʮʝʣ ʟʘ ʩʧʦʨʝʜʙʘ ʠ ʚʠʟʫʘʣʠʟʘʮʠʿʘ ʥʘ ʪʝʦʨʝʪʩʢʠʪʝ ʤʦʜʝʣʠ, ʧʨʝʩʤʝʪʘʥʘ ʝ ʚʨʝʜʥʦʩʪʘ R 

ʟʘ ʠʟʤʝʨʝʥʠʪʝ ʠ ʧʨʝʩʤʝʪʘʥʠʪʝ ʚʨʝʜʥʦʩʪʠ ʥʘ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ.  

 
ʉʣʠʢʘ 5.2. ɼʠʩʪʨʠʙʫʮʠʿʘ ʥʘ ʩʦʦʜʥʦʩʦʪ ʧʦʤʝʺʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ/ʪʝʦʨʝʪʩʢʠ ʨʝʟʫʣʪʘʪʠ ʟʘ ʣʠʥʝʘʨʥʠʪʝ ʠ 

ʪʝʦʨʝʪʩʢʠ ʤʦʜʝʣʠ ʚʦ ʠʩʪʨʘʞʫʚʘʥʠʪʝ ʧʨʘʚʮʠ, PLA. 

ɿʘ ʦʙʘʪʘ ʤʦʜʝʣʘ ʠ ʪʨʠʪʝ ʩʝʨʠʠ ʟʘ ʨʘʟʣʠʯʥʠ ʧʨʘʚʮʠ ʥʘ ʤʝʨʝˁʘ ʥʘʧʨʘʚʝʥʘ ʝ ʩʧʦʨʝʜʙʝʥʘ 

ʘʥʘʣʠʟʘ. ʉʦʦʜʥʦʩʦʪ ʥʘ ʜʦʙʠʝʥʠʪʝ ʚʨʝʜʥʦʩʪʠ ʟʘ ʠʟʤʝʨʝʥʠʪʝ ʠ ʧʨʝʩʤʝʪʘʥʠʪʝ ʛʦʣʝʤʠʥʠ 

ʥʘ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʝ ʧʨʠʢʘʞʘʥ ʥʘ ʩʣʠʢʘʪʘ 5.2. ɿʥʘʯʝˁʝʪʦ ʥʘ ʧʦʝʜʠʥʝʯʥʠʪʝ 

ʦʟʥʘʢʠ ʝ ʩʣʝʜʥʦʚʦ: ʮʨʚʝʥ ʢʨʫʛ = ʩʨʝʜʥʘ ʚʨʝʜʥʦʩʪ, ʢʫʪʠʿʘ = 50 % ʦʜ ʨʘʩʧʦʥʦʪ, 

ʚʝʨʪʠʢʘʣʥʘ ʮʨʚʝʥʘ ʣʠʥʠʿʘ = 90 % ʦʜ ʨʘʩʧʦʥʦʪ, ʭʦʨʠʟʦʥʪʘʣʥʘ ʮʨʚʝʥʘ ʣʠʥʠʿʘ ʚʦ ʢʫʪʠʿʘʪʘ 

= ʤʝʜʠʘʿʥʘ, ʮʨʥʠ ʣʠʥʠʠ ʥʘʜʚʦʨ ʦʜ ʢʫʪʠʿʘʪʘ = ʤʠʥʠʤʘʣʥʘ ʠ ʤʘʢʩʠʤʘʣʥʘ ʚʨʝʜʥʦʩʪ.  

ʆʯʠʛʣʝʜʥʦ ʝ ʜʝʢʘ ʜʠʩʪʨʠʙʫʮʠʿʘʪʘ ʥʘ ʩʦʦʜʥʦʩʦʪ ʧʦʤʝʺʫ ʪʝʦʨʝʪʩʢʠʪʝ ʠ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʪʝ ʚʨʝʜʥʦʩʪʠ ʟʘ Ra ï 0 ʝ ʤʥʦʛʫʢʨʘʪʥʦ ʧʦʚʠʩʦʢʘ ʚʦ ʦʜʥʦʩ ʥʘ 

ʨʝʟʫʣʪʘʪʠʪʝ ʟʘ 45 ʠ 90 ʩʪʝʧʝʥʠ. ʇʦʩʪʦʿʘʪ ʩʘʤʦ ʪʨʠ ʠʩʢʣʫʯʦʮʠ ʦʜ ʩʠʪʝ ʧʨʝʪʩʪʘʚʝʥʠ 

ʧʨʠʤʝʨʠ ʠ ʩʠʪʝ ʧʨʠʧʘʺʘʘʪ ʥʘ ʣʠʥʝʘʨʥʠʦʪ ʤʦʜʝʣ ʩʦ 0 ʩʪʝʧʝʥʠ. ʀʩʪʦ ʪʘʢʘ ʤʦʞʝ ʠ ʪʫʢʘ ʜʘ 

ʩʝ ʟʘʙʝʣʝʞʠ ʜʝʢʘ ʜʠʩʪʨʠʙʫʮʠʠʪʝ ʟʘ Ra-45 ʠ Ra-90 ʩʝ ʤʥʦʛʫ ʜʦʙʨʦ ʜʝʬʠʥʠʨʘʥʠ.  

ʉʧʦʨʝʜʙʘ ʧʦʤʝʺʫ ʧʘʨʘʤʝʪʨʠʪʝ ʟʘ ʨʘʧʘʚʦʩʪ Ra, Rz ʠ Rq ʟʘ ʠʟʤʝʨʝʥʠʪʝ ʠ 

ʧʨʝʩʤʝʪʘʥʠʪʝ ʚʨʝʜʥʦʩʪʠ ʟʘ ʪʝʨʤʦʧʣʘʩʪʠʢʘʪʘ PLA. 

ɺʦ ʦʚʘʘ ʩʝʢʮʠʿʘ ˃ʝ ʩʝ ʜʠʩʢʫʪʠʨʘ ʩʧʦʨʝʜʙʘʪʘ ʥʘ ʧʘʨʘʤʝʪʨʠʪʝ ʥʘ ʨʘʧʘʚʦʩʪ Ra, Rz ʠ Rq. 

ʉʠʪʝ ʦʚʠʝ ʧʘʨʘʤʝʪʨʠ ʩʝ ʤʝʨʝʥʠ ʟʘ ʠʩʪ ʧʨʠʤʝʨʦʢ ʠ ʨʝʟʫʣʪʘʪʠʪʝ ʟʘ ʩʝʢʦʿʘ ʦʜ ʩʝʨʠʠʪʝ ʩʝ 

ʧʨʠʢʘʞʘʥʠ ʚʦ ʪʘʙʝʣʘʪʘ 5.1. ʃʦʛʠʯʥʦ ʝ ʜʘ ʧʦʩʪʦʠ ʨʘʟʣʠʢʘ ʤʝʺʫ ʦʚʠʝ ʚʨʝʜʥʦʩʪʠ ʢʦʿʘ 

ʧʨʦʠʟʣʝʛʫʚʘ ʠ ʦʜ ʥʠʚʥʘʪʘ ʜʝʬʠʥʠʮʠʿʘ.  

ɿʘ ʠʩʪʠʦʪ ʧʨʠʤʝʨʦʢ ʧʘʨʘʤʝʪʘʨʦʪ Ra ʧʦʢʘʞʫʚʘ ʥʘʤʿʘʣʠ ʨʝʟʫʣʪʘʪʠ, ʧʦʪʦʘ ʤʘʣʢʫ 

ʧʦʛʦʣʝʤʠ Rq ʠ ʥʘ ʢʨʘʿʦʪ ʥʘʿʛʦʣʝʤʠʪʝ ʚʨʝʜʥʦʩʪʠ ʧʨʠʧʘʺʘʘʪ ʥʘ Rz. ʉʠʪʝ ʪʨʠ ʛʦʣʝʤʠʥʠ 

ʧʦʢʘʞʫʚʘʘʪ ʠʜʝʥʪʠʯʥʘ ʟʘʚʠʩʥʦʩʪ ʥʘ ʨʝʟʫʣʪʘʪʠʪʝ ʚʦ ʟʘʚʠʩʥʦʩʪ ʦʜ ʧʨʘʚʝʮʦʪ ʥʘ ʤʝʨʝˁʝ. 
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ʉʝʢʦʛʘʰ 0 ʧʨʘʚʝʮ ʥʘ ʤʝʨʝˁʝ ʧʦʢʘʞʫʚʘ ʥʘʿʤʘʣʠ ʨʝʟʫʣʪʘʪʠ, 45 ʩʪʝʧʝʥʠ ʝ ʩʦ ʥʘʿʤʘʣʢʫ 

ʯʝʪʠʨʠ ʧʘʪʠ ʧʦʛʦʣʝʤʠ ʚʨʝʜʥʦʩʪʠ ʦʜ 0 ʧʨʘʚʝʮʦʪ, ʜʦʜʝʢʘ ʧʨʘʚʝʮʦʪ ʦʜ 90 ʩʪʝʧʝʥʠ ʝ ʩʦ 

ʤʘʣʢʫ ʧʦʛʦʣʝʤʠ ʚʨʝʜʥʦʩʪʠ  ʦʜ ʧʨʘʚʝʮʦʪ ʦʜ 45 ʩʪʝʧʝʥʠ. 

 
ʉʣʠʢʘ 5.3. ʆʜʙʨʘʥʠ ʚʨʝʜʥʦʩʪʠ ʥʘ ʠʟʤʝʨʝʥʠ ʧʘʨʘʤʝʪʨʠ ʥʘ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʟʘ ʨʘʟʣʠʯʥʠ ʧʨʘʚʮʠ 

ʥʘ ʤʝʨʝˁʝ, PLA. 

ʉʪʘʙʠʣʥʦʩʪ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʘʪʘ ʧʦʚʪʦʨʣʠʚʦʩʪ ʥʘ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ Ra, 

ʟʘ PLA 

ʇʦʚʪʦʨʣʠʚʦʩʪʘ ʥʘ ʥʝʢʦʿ ʝʢʩʧʝʨʠʤʝʥʪ ʝ ʤʝʨʢʘ ʥʘ ʚʝʨʦʿʘʪʥʦʩʪ ʜʝʢʘ ʧʦʩʣʝ ʠʟʤʝʨʝʥʘʪʘ 

ʚʨʝʜʥʦʩʪ ʦʜ ʥʝʢʦʿ ʝʢʩʧʝʨʠʤʝʥʪ ʠʩʪʘʪʘ ˃ʝ ʩʝ ʧʦʚʪʦʨʠ ʧʨʠ ʧʦʚʪʦʨʫʚʘˁʝʪʦ ʥʘ 

ʝʢʩʧʝʨʠʤʝʥʪʦʪ ʧʦʜ ʠʩʪʠʪʝ ʫʩʣʦʚʠ. ʆʚʘ ʝ ʥʘʧʨʘʚʝʥʦ ʟʘ ʜʘ ʩʝ ʧʦʪʚʨʜʠ ʢʚʘʣʠʪʝʪʦʪ ʥʘ 

ʨʝʟʫʣʪʘʪʠʪʝ ʜʦʙʠʝʥʠ ʩʦ ʝʢʩʧʝʨʠʤʝʥʪʠʪʝ. 

ʀʩʪʠʪʝ ʧʨʠʤʝʨʦʮʠ ʦʜ PLA ʩʝ ʤʝʨʝʥʠ ʜʝʩʝʪ ʧʘʪʠ ʟʘ ʘʛʣʠʪʝ 0,45 ʠ 90 ʩʪʝʧʝʥʠ ʠ ʧʦ 

ʩʣʫʯʘʝʥ ʠʟʙʦʨ ʝ ʠʟʙʨʘʥ ʧʨʠʤʝʨʦʢ ʙʨʦʿ 1. ɿʘ ʩʝʢʦʿʘ ʩʝʨʠʿʘ ʦʜ ʤʝʨʝˁʘ ʝ ʧʨʝʩʤʝʪʘʥʘ 

ʩʨʝʜʥʘʪʘ ʚʨʝʜʥʦʩʪ ʢʦʿʘ ʝ ʧʦʜʝʣʝʥʘ ʩʦ ʠʟʤʝʨʝʥʘʪʘ ʚʨʝʜʥʦʩʪ. ʉʪʘʪʠʩʪʠʯʢʘʪʘ 

ʜʠʩʪʨʠʙʫʮʠʿʘ ʥʘ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʝ ʧʨʠʢʘʞʘʥʘ ʥʘ ʩʣʠʢʘ 5.4 

 
ʉʣʠʢʘ 5.4. ʇʦʚʪʦʨʣʠʚʦʩʪ ʥʘ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ (Ra, Rz ʠ Rq) ʟʘ 0,45 ʠ 90 ʩʪʝʧʝʥʠ ʥʘ ʤʝʨʝˁʝ, n 

= 10, ʟʘ PLA. 
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ʊʝʩʪʦʪ ʥʘ ʧʦʚʪʦʨʣʠʚʦʩʪ ʝ ʛʨʫʧʠʨʘʥ ʚʦ ʟʘʚʠʩʥʦʩʪ ʦʜ ʧʨʘʚʝʮʦʪ ʥʘ ʤʝʨʝˁʝ ʥʘ ʧʨʠʤʝʨʦʢʦʪ.  

ʐʠʨʦʢʠʦʪ ʨʘʩʧʦʥ  ʝ ʟʘ 0 ʧʨʘʚʝʮ ʥʘ ʤʝʨʝˁʝ, ʧʦʪʝʩʥʠʦʪ ʝ ʟʘ 45 ʩʪʝʧʝʥʠ, ʘ ʥʘʿʜʦʙʨʠʪʝ 

ʨʝʟʫʣʪʘʪʠ ʩʝ ʟʘ 90 ʩʪʝʧʝʥʠ ʥʘ ʤʝʨʝˁʝ. ʉʪʘʪʠʩʪʠʯʢʘʪʘ ʜʠʩʪʨʠʙʫʮʠʿʘ ʟʘ 0 ʧʨʘʚʝʮ ʥʘ 

ʤʝʨʝˁʝ ʧʦʢʘʞʫʚʘ ʰʠʨʦʢ ʨʘʩʧʦʥ ʥʘ ʨʝʟʫʣʪʘʪʠ ʧʨʠ ʤʝʨʝˁʝ ʥʘ ʠʩʪʠʪʝ ʧʨʠʤʝʨʦʮʠ. 

ʈʘʩʧʦʥʠʪʝ ʩʝ ʦʜ 28 % ʜʦ 62 %. ʄʦʞʝ ʜʘ ʩʝ ʟʘʢʣʫʯʠ ʜʝʢʘ ʧʨʠ ʤʝʨʝˁʘ ʚʦ ʧʨʘʚʝʮ ʦʜ 0 

ʩʪʝʧʝʥʠ ʥʝ ʩʝ ʜʦʙʠʚʘʘʪ ʠʩʪʠʪʝ ʨʝʟʫʣʪʘʪʠ ʧʨʠ ʧʦʚʪʦʨʫʚʘˁʝ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʠʪʝ. ʆʪʪʫʢʘ, 

ʤʦʞʝ ʜʘ ʢʦʥʩʪʘʪʠʨʘʤʝ ʜʝʢʘ ʤʝʨʝˁʝʪʦ ʩʦ ʧʨʘʚʝʮ ʦʜ 0 ʩʪʝʧʝʥʠ ʥʝ ʙʠ ʤʦʞʝʣʦ ʜʘ ʩʣʫʞʠ 

ʢʘʢʦ ʩʪʘʥʜʘʨʜ ʟʘ ʢʚʘʥʪʠʬʠʮʠʨʘˁʝ ʥʘ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ. 

ʉʪʘʪʠʩʪʠʯʢʘʪʘ ʜʠʩʪʨʠʙʫʮʠʿʘ  ʟʘ ʘʛʦʣ ʥʘ ʤʝʨʝˁʝ ʦʜ 45 ʩʪʝʧʝʥʠ ʧʨʠʧʘʺʘ ʢʦʥ ʨʘʩʧʦʥʠ ʦʜ 

8 % ʧʦʜ ʧʨʦʩʝʢʦʪ, ʧʘ ʩⱪ ʜʦ 9 % ʥʘʜ ʧʨʦʩʝʢʦʪ. ʀʩʪʦ ʪʘʢʘ ʠ ʦʚʦʿ ʨʘʩʧʦʥ ʤʦʞʝ ʜʘ ʩʝ ʩʤʝʪʘ 

ʟʘ ʜʦʩʪʘ ʰʠʨʦʢ ʟʘ ʜʘ ʧʨʝʪʩʪʘʚʫʚʘ ʢʨʠʪʝʨʠʫʤ ʟʘ ʢʨʝʠʨʘˁʝ ʥʘ ʤʘʪʝʤʘʪʠʯʢʠ ʤʦʜʝʣʠ. 

ʊʨʝʪʘʪʘ ʩʝʨʠʿʘ ʝ ʟʘ ʧʨʘʚʝʮ ʥʘ ʤʝʨʝˁʝ ʦʜ 90 ʩʪʝʧʝʥʠ. ʉʪʘʪʠʩʪʠʯʢʘʪʘ ʜʠʩʪʨʠʙʫʮʠʿʘ ʥʘ 

ʥʠʚʥʠʦʪ ʩʦʦʜʥʦʩ ʝ ʤʥʦʛʫ ʪʝʩʥʘ, ʦʜ ʧʦʤʘʣʢʫ ʦʜ 3 % ʦʜ ʩʨʝʜʥʘʪʘ ʚʨʝʜʥʦʩʪ, ʧʘ ʩⱪ ʜʦ 2 % 

ʥʘʜ. ʆʚʠʝ ʤʝʨʝˁʘ ʧʦʢʘʞʫʚʘʘʪ ʧʨʠʙʣʠʞʥʦ 95 % ʥʠʚʦ ʥʘ ʧʦʢʨʠʚʘˁʝ ʠ ʩʝ ʧʦʟʥʘʪʠ ʢʘʢʦ 

ʪʦʯʥʦʩʪ k = 2. 

ʂʚʘʣʠʪʝʪʦʪ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʦʪ ʥʘ ʧʦʚʪʦʨʣʠʚʦʩʪ ʤʦʞʝ ʣʦʛʠʯʢʠ ʜʘ ʩʝ ʦʙʿʘʩʥʠ ʩʦ 

ʧʦʜʝʪʘʣʥʘ ʘʥʘʣʠʟʘ ʥʘ ʧʨʘʚʝʮʦʪ ʥʘ ʤʝʨʝˁʝ. ʉʣʠʢʘʪʘ 5.5 ʿʘ ʧʦʢʘʞʫʚʘ ʛʦʨʥʘʪʘ ʧʦʚʨʰʠʥʘ 

ʥʘ ʧʨʠʤʝʨʦʢʦʪ. ʎʨʥʠʪʝ ʭʦʨʠʟʦʥʪʘʣʥʠ ʣʠʥʠʠ ʛʦ ʧʦʢʘʞʫʚʘʘʪ ʧʨʘʚʝʮʦʪ ʥʘ ʧʝʯʘʪʝʥʠʪʝ 

ʣʠʥʠʠ, ʜʦʜʝʢʘ ʮʨʚʝʥʠʪʝ ʣʠʥʠʠ ʛʦ ʧʦʢʘʞʫʚʘʘʪ ʧʨʘʚʝʮʦʪ ʥʘ ʤʝʨʝˁʝ. ɾʦʣʪʠʪʝ ʣʠʥʠʠ ʛʦ 

ʧʦʢʘʞʫʚʘʘʪ ʘʛʦʣʦʪ ʦʜ 45 ʩʪʝʧʝʥʠ, ʧʦʤʝʺʫ ʧʨʘʚʝʮʦʪ ʥʘ ʤʝʨʝˁʝ ʠ ʧʨʘʚʝʮʦʪ ʥʘ ʧʝʯʘʪʝʥʠʪʝ 

ʣʠʥʠʠ.  

ʂʦʛʘ ʩʝ ʦʙʠʜʫʚʘʤʝ ʜʘ ʛʦ ʧʦʚʪʦʨʠʤʝ ʤʝʨʝˁʝʪʦ ʩʦ ʧʨʘʚʝʮ ʦʜ 0 ʩʪʝʧʝʥʠ (ʉʣʠʢʘ 5.5c) ʪʨʝʙʘ 

ʜʘ ʙʠʜʝʤʝ ʤʥʦʛʫ ʧʨʝʮʠʟʥʠ ʙʠʜʝʿ˃ʠ ʠ ʥʘʿʤʘʣʦ ʦʪʩʪʘʧʫʚʘˁʝ ʚʦ ʦʨʠʝʥʪʘʮʠʿʘʪʘ ˃ʝ ʠʤʘ 

ʛʦʣʝʤʦ ʚʣʠʿʘʥʠʝ ʚʨʟ ʠʟʤʝʨʝʥʠʪʝ ʨʝʟʫʣʪʘʪʠ. ʄʦʞʝ ʜʘ ʩʝ ʟʘʢʣʫʯʠ ʜʝʢʘ ʧʦʩʪʘʚʫʚʘˁʝʪʦ ʥʘ 

ʤʝʨʥʘʪʘ ʦʧʨʝʤʘ ʤʦʞʝ ʜʘ ʠʤʘ ʛʦʣʝʤʦ ʚʣʠʿʘʥʠʝ ʚʨʟ ʨʝʟʫʣʪʘʪʠʪʝ. 

 

 
ʉʣʠʢʘ 5.5. ʄʝʨʝˁʝ ʥʘ ʧʨʘʚʝʮʦʪ ʥʘ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ (ʮʨʚʝʥʘ ʣʠʥʠʿʘ) ʚʦ ʦʜʥʦʩ ʥʘ ʧʨʘʚʝʮʦʪ ʥʘ 

ʧʝʯʘʪʝˁʝ (ʮʨʥʘ ʣʠʥʠʿʘ). a) 90 ʩʪʝʧʝʥʠ, b) 45 ʩʪʝʧʝʥʠ (ʘʛʦʣʦʪ ʝ ʜʝʬʠʥʠʨʘʥ ʩʦ ʞʦʣʪʘ ʣʠʥʠʿʘ) ʠ c) 0 

ʩʪʝʧʝʥʠ.  

a) b) 

c) 
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ʀʩʪʦ ʪʘʢʘ ʧʦʩʪʘʚʫʚʘˁʝ ʥʘ ʘʛʦʣʦʪ ʥʘ ʤʝʨʝˁʝ ʚʦ ʧʨʘʚʝʮ ʦʜ 45 ʩʪʝʧʝʥʠ (ʩʣʠʢʘ 5.5b) ʤʦʞʝ 

ʜʘ ʢʨʝʠʨʘ ʛʨʝʰʢʘ ʙʠʜʝʿ˃ʠ ʤʘʣʦʪʦ ʦʪʩʪʘʧʫʚʘˁʝ ʦʜ ʘʛʦʣʦʪ ˃ʝ ʛʦ ʟʛʦʣʝʤʠ ʠʣʠ ˃ʝ ʛʦ 

ʥʘʤʘʣʠ ʙʨʦʿʦʪ ʥʘ ʚʨʚʦʚʠ. ʄʦʞʝʤʝ ʜʘ ʟʘʢʣʫʯʠʤʝ ʜʝʢʘ ʥʘʿʤʘʣʘ ʛʨʝʰʢʘ ʟʘ ʚʨʝʤʝ ʥʘ 

ʧʦʩʪʘʚʫʚʘˁʝʪʦ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʦʪ ʝ ʦʥʘʘ ʧʨʠ 90 ʩʪʝʧʝʥʠ ʥʘ ʤʝʨʝˁʝ, ʟʘ ʤʝʨʝˁʝ ʥʘ 

ʧʨʠʤʝʨʦʮʠʪʝ ʦʜ ʪʝʨʤʦʧʣʘʩʪʠʢʘ PLA. ɿʘʨʘʜʠ ʪʦʘ, ʚʦ ʧʦʥʘʪʘʤʦʰʥʠʪʝ ʘʥʘʣʠʟʠ ˃ʝ ʙʠʜʘʪ 

ʧʨʝʪʩʪʘʚʝʥʠ ʩʘʤʦ ʨʝʟʫʣʪʘʪʠʪʝ ʦʜ ʤʝʨʝˁʘʪʘ ʧʨʠ 90 ʩʪʝʧʝʥʠ.  

ɿʥʘʯʘʿʥʦʩʪ ʥʘ ʥʝʟʘʚʠʩʥʠʪʝ ʧʘʨʘʤʝʪʨʠ ʚʨʟ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʚʨʟ ʦʩʥʦʚʘ ʥʘ 

ʪʝʦʨʝʪʩʢʠʦʪ ʤʦʜʝʣ, PLA 

ɻʣʘʚʥʘʪʘ ʥʘʤʝʨʘ ʚʦ ʦʚʠʝ ʠʩʪʨʘʞʫʚʘˁʘ ʝ ʜʘ ʩʝ ʥʘʿʜʝ ʩʦʦʜʚʝʪʥʘ ʢʦʤʙʠʥʘʮʠʿʘ ʥʘ 

ʥʝʟʘʚʠʩʥʠ ʚʘʨʠʿʘʙʣʠ ʠ ʧʨʝʮʠʟʥʦ ʜʘ ʩʝ ʦʧʨʝʜʝʣʠ ʛʦʣʝʤʠʥʘʪʘ ʠ ʨʘʩʧʦʥʦʪ ʥʘ ʨʘʧʘʚʦʩʪʘ ʥʘ 

ʧʦʚʨʰʠʥʘʪʘ Ra. ɽʢʩʪʨʝʤʥʠʪʝ ʚʨʝʜʥʦʩʪʠ ʥʘ ʨʘʧʘʚʦʩʪʘ, ʛʝʥʝʨʠʨʘʥʠ ʚʨʟ ʦʩʥʦʚʘ ʥʘ 

ʩʧʝʮʠʬʠʯʥʠ ʢʦʤʙʠʥʘʮʠʠ ʥʘ ʥʝʟʘʚʠʩʥʠʪʝ ʚʘʨʠʿʘʙʣʠ, ʩʝ ʧʨʠʢʘʞʘʥʠ ʚʦ ʊʘʙʝʣʘʪʘ 5.3.  

ʂʘʢʦ ʧʦ ʧʨʘʚʠʣʦ, ʣʠʥʝʘʨʥʠʪʝ ʤʦʜʝʣʠ ʜʘʚʘʘʪ ʤʘʣʢʫ ʧʦʤʘʣʠ ʨʝʟʫʣʪʘʪʠ ʚʦ ʦʜʥʦʩ ʥʘ 

ʝʢʩʧʦʥʝʥʮʠʿʘʣʥʠʪʝ ʤʦʜʝʣʠ. ɿʘ 90 ʩʪʝʧʝʥʠ ʤʠʥʠʤʘʣʥʠʪʝ ʠ ʤʘʢʩʠʤʘʣʥʠʪʝ ʚʨʝʜʥʦʩʪʠ ʟʘ 

ʣʠʥʝʘʨʥʠʦʪ ʠ ʝʢʩʧʦʥʝʥʮʠʿʘʣʥʠʦʪ ʤʦʜʝʣ  ʩʝ ʩʦʦʜʚʝʪʥʦ ʥʘ ʚʨʝʜʥʦʩʪʠʪʝ 2.83 ʠ 7.01 Õm ʠ 

3.31 ʠ 7.31 Õm.  

ʉʠʪʝ ʠʩʪʨʘʞʫʚʘʥʠ ʥʝʟʘʚʠʩʥʠ ʬʘʢʪʦʨʠ ʠʤʘʘʪ ʩʚʦʿʘ ʟʥʘʯʘʿʥʦʩʪ ʟʘ ʨʘʧʘʚʦʩʪʘ ʥʘ 

ʧʦʚʨʰʠʥʘʪʘ, ʥʦ ʥʠʚʥʘʪʘ ʚʘʞʥʦʩʪ ʝ ʨʘʟʣʠʯʥʘ ʟʘ ʨʘʟʣʠʯʝʥ ʤʦʜʝʣ. ʅʘ ʧʨʠʤʝʨ, ʘʢʦ ʩʝ 

ʧʦʨʝʜʘʪ ʚʨʟ ʦʩʥʦʚʘ ʥʘ ʚʣʠʿʘʥʠʝ, ʦʜ ʥʘʿʛʦʣʝʤʦʪʦ ʜʦ ʥʘʿʤʘʣʦʪʦ, ʟʘ ʣʠʥʝʘʨʥʠʦʪ ʤʦʜʝʣ, ˃ʝ 

ʜʦʙʠʝʤʝ: ʚʠʩʦʯʠʥʘ ʥʘ ʩʣʦʿʦʪ, ʧʨʝʯʥʠʢ ʥʘ ʤʣʘʟʥʠʮʘʪʘ, ʙʨʟʠʥʘ ʥʘ ʧʝʯʘʪʝˁʝ ʠ ʧʨʦʮʝʥʪ ʥʘ 

ʧʦʧʦʣʥʝʪʦʩʪ. ʂʘʿ ʝʢʩʧʦʥʝʥʮʠʿʘʣʥʠʦʪ ʤʦʜʝʣ ʨʝʜʦʩʣʝʜʦʪ ʝ: ʙʨʟʠʥʘ ʥʘ ʧʝʯʘʪʝˁʝ, ʧʨʦʮʝʥʪ 

ʥʘ ʧʦʧʦʣʥʝʪʦʩʪ, ʚʠʩʦʯʠʥʘ ʥʘ ʩʣʦʿʦʪ ʠ ʧʨʝʯʥʠʢ ʥʘ ʤʣʘʟʥʠʮʘʪʘ.   

ʆʜ ʨʘʚʝʥʢʠʪʝ ʥʘ ʪʝʦʨʝʪʩʢʠʪʝ ʤʦʜʝʣʠ ʝ ʨʘʟʙʠʨʣʠʚʦ ʜʝʢʘ ʢʦʛʘ ʧʨʝʜ ʢʦʝʬʠʮʠʝʥʪʦʪ ʥʘ 

ʚʘʨʠʿʘʙʣʘʪʘ ʝ ʥʝʛʘʪʠʚʝʥ ʧʨʝʜʟʥʘʢ ʪʦʛʘʰ ʩʦ ʟʛʦʣʝʤʫʚʘˁʝʪʦ ʥʘ ʚʨʝʜʥʦʩʪʘ ʥʘ ʚʘʨʠʿʘʙʣʘʪʘ 

˃ʝ ʩʝ ʥʘʤʘʣʫʚʘ ʛʦʣʝʤʠʥʘʪʘ ʥʘ ʨʘʧʘʚʦʩʪʘ ʠ ʦʙʨʘʪʥʦ. ʅʘʿʤʘʣʠ ʨʝʟʫʣʪʘʪʠ ʩʝ ʜʦʙʠʝʥʠ ʢʦʛʘ 

ʩʝ ʤʝʨʝʣʦ ʧʦʜ ʘʛʦʣ ʦʜ 0 ʩʪʝʧʝʥʠ, ʥʦ ʟʘʨʘʜʠ ʥʠʩʢʘʪʘ ʥʝʦʜʨʝʜʝʥʦʩʪ ʛʝʥʝʨʠʨʘʥʘ ʩʦ ʪʝʩʪʦʪ 

ʥʘ ʧʦʚʪʦʨʣʠʚʦʩʪ, ʪʠʝ ʥʝ ʤʦʞʘʪ ʜʘ ʠʤʘʘʪ ʥʘʫʯʥʘ ʥʠʪʫ ʧʨʘʢʪʠʯʥʘ ʧʨʠʤʝʥʘ.  
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ʊʘʙʝʣʘ 5.3. ɽʢʩʪʨʝʤʥʠ ʚʨʝʜʥʦʩʪʠ ʥʘ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʜʦʙʠʝʥʠ ʦʜ 

ʤʘʪʝʤʘʪʠʯʢʠʪʝ ʤʦʜʝʣʠ ʛʝʥʝʨʠʨʘʥʠ ʩʦ ʩʧʝʮʠʬʠʯʥʘ ʢʦʤʙʠʥʘʮʠʿʘ ʥʘ ʥʝʟʘʚʠʩʥʠʪʝ 

ʚʘʨʠʿʘʙʣʠ, PLA. 

ʇʨʘʚʝʮ 
ɽʢʩʪʨʝʤʥʠ 

ʚʨʝʜʥʦʩʪʠ 

           ʅʝʟʘʚʠʩʥʠ ʚʘʨʠʿʘʙʣʠ ʊʝʦʨʝʪʩʢʠ ʤʦʜʝʣ 

Nd 

[mm]  

Lh 

[mm]  

Ps 

[mm/s] 

Id 

[%]  

ʃʠʥʝʘʨʝʥ 

[µm]  

ɽʢʩʧʦʥʝʥʮʠ

ʿʘʣʝʥ [µm]  

0 

Min 0,25 0,1 90 50 0,31 0,73 

Max 0,60 0,2 70 30 2,10 2,30 

45 

Min 0,60 0,1 90 50 2,47 2,81 

Max 0,25 0,2 70 30 6,68 7,30 

90 

Min 0,60 0,2 90 50 2,83 3,31 

Max 0,25 0,1 70 30 7,01 7,31 

 

ɿʘ ʜʘ ʩʝ ʠʤʘ ʧʦʜʦʙʨʘ ʧʨʝʪʩʪʘʚʘ ʟʘ ʟʥʘʯʘʿʥʦʩʪʘ ʥʘ ʧʦʝʜʠʥʝʯʥʠʪʝ ʚʘʨʠʿʘʙʣʠ ʚʨʟ ʨʘʧʘʚʦʩʪʘ 

ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʜʝʬʠʥʠʨʘʥʘ ʩʦ Ra, ʛʝʥʝʨʠʨʘʥʠ ʩʝ 3D-ʧʨʠʢʘʟʠ.  

ʀʟʙʨʘʥʠ ʩʝ ʦʜʨʝʜʝʥʠ 3D-ʧʨʠʢʘʟʠ (ʉʣʠʢʘ 5.6) ʩʦ ʝʢʩʪʨʝʤʥʠ ʚʨʝʜʥʦʩʪʠ ʟʘ ʣʠʥʝʘʨʥʠʦʪ ʠ 

ʝʢʩʧʦʥʝʥʮʠʿʘʣʥʠʦʪ ʤʦʜʝʣʠ ʥʘ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ, ʟʘ 90 ʩʪʝʧʝʥʠ ʘʛʦʣ ʥʘ ʤʝʨʝˁʝ. 

ʅʘ ʦʚʠʝ ʧʨʠʢʘʟʠ x ʠ y ʛʦ ʧʨʝʪʩʪʘʚʫʚʘʘʪ ʨʘʩʧʦʥʦʪ ʥʘ ʥʝʟʘʚʠʩʥʠʪʝ ʚʘʨʠʿʘʙʣʠ, ʜʦʜʝʢʘ 

ʜʚʝʪʝ ʦʩʪʘʥʘʪʠ ʩʝ ʢʦʥʩʪʘʥʪʥʠ. ʅʘ z-ʦʩʢʘʪʘ ʝ ʧʨʠʢʘʞʘʥʘ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʢʦʿʘ 

ʩʝ ʠʩʪʨʘʞʫʚʘ. ɼʦʧʦʣʥʠʪʝʣʥʠ ʧʨʠʢʘʟʠ ʦʜ ʠʩʪʨʘʞʫʚʘˁʘʪʘ ʩʝ ʜʘʜʝʥʠ ʚʦ ɸʥʝʢʩ 1. ɺʦ ʦʚʦʿ 

ʜʦʜʘʪʦʢ ʛʠ ʠʤʘʤʝ ʜʠʿʘʛʨʘʤʠʪʝ ʟʘ Ra-0 ʠ Ra-45 ʩʪʝʧʝʥʠ, ʣʠʥʝʘʨʝʥ ʠ ʝʢʩʧʦʥʝʥʮʠʿʘʣʝʥ 

ʤʦʜʝʣ, ʟʘ ʤʘʪʝʨʠʿʘʣʠʪʝ PLA, ABS, PETG ʠ 316L. 
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a) 

 

b) 
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c) 

 

d) 

 
ʉʣʠʢʘ   5.6. ɺʨʝʜʥʦʩʪʠ ʥʘ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ Ra ʟʘ PLA: a) ʃʠʥʝʘʨʝʥ ʤʦʜʝʣ ʟʘ 90 ʩʪʝʧʝʥʠ, 

ʤʠʥʠʤʘʣʥʠ, b) Eʢʩʧʦʥʝʥʮʠʿʘʣʝʥ ʤʦʜʝʣ ʟʘ 90 ʩʪʝʧʝʥʠ, ʤʠʥʠʤʘʣʥʠ c) ʃʠʥʝʘʨʝʥ ʤʦʜʝʣ ʟʘ 90 ʩʪʝʧʝʥʠ, 

ʤʘʢʩʠʤʘʣʥʠ d) Eʢʩʧʦʥʝʥʮʠʿʘʣʝʥ ʤʦʜʝʣ ʟʘ 90 ʩʪʝʧʝʥʠ, ʤʘʢʩʠʤʘʣʥʠ. 
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5.3 ʈʘʧʘʚʦʩʪ ʥʘ ʧʦʚʨʰʠʥʘʪʘ Ra-90 ʟʘ ʪʝʨʤʦʧʣʘʩʪʠʢʘ ABS ʧʝʯʘʪʝʥʘ ʩʦ ʪʝʭʥʦʣʦʛʠʿʘ 

FDM  

ʉʝ ʧʦʢʘʞʘ ʥʠʟ ʝʢʩʧʝʨʠʤʝʥʪʠʪʝ ʩʦ ʧʣʘʩʪʠʢʘʪʘ PLA ʜʝʢʘ ʧʨʝʯʥʠʢʦʪ ʥʘ ʤʣʘʟʥʠʮʘʪʘ ʠʤʘ 

ʥʘʿʤʘʣʦ ʚʣʠʿʘʥʠʝ ʚʨʟ ʪʝʦʨʝʪʩʢʠʦʪ ʤʦʜʝʣ. ɿʘʪʦʘ, ʧʨʝʯʥʠʢʦʪ ʥʘ ʤʣʘʟʥʠʮʘʪʘ ʝ ʠʩʢʣʫʯʝʥ ʦʜ 

ʥʝʟʘʚʠʩʥʠʪʝ ʚʘʨʠʿʘʙʣʠ ʟʘ ʝʢʩʧʝʨʠʤʝʥʪʠʪʝ ʩʦ ʤʘʪʝʨʠʿʘʣʦʪ ABS (Acrylonitrile Butadiene 

Styrene). ʊʦʘ ʝ ʟʘʪʦʘ ʰʪʦ ʠʩʪʨʘʞʫʚʘʥʘʪʘ ʧʦʚʨʰʠʥʘ ʝ ʨʘʤʥʘ, ʥʦ ʜʦʢʦʣʢʫ ʪʘʘ ʝ ʠʟʚʠʪʢʘʥʘ, 

ʪʦʛʘʰ ʚʣʠʿʘʥʠʝʪʦ ʥʘ ʦʚʦʿ ʧʘʨʘʤʝʪʘʨ ʙʠ ʙʠʣʦ ʧʦʛʦʣʝʤʦ. 

ɺʦ ʊʘʙʝʣʘ 5.4 ʝ ʧʨʠʢʘʞʘʥ ʜʠʟʘʿʥʦʪ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʦʪ ʩʦ ʪʨʠ ʥʝʟʘʚʠʩʥʠ ʚʘʨʠʿʘʙʣʠ 

(ʚʠʩʦʯʠʥʘ ʥʘ ʩʣʦʿʦʪ, ʙʨʟʠʥʘ ʥʘ ʧʝʯʘʪʝˁʝ ʠ ʧʨʦʮʝʥʪ ʥʘ ʧʦʧʦʣʥʫʚʘˁʝ) ʠ ʪʨʠ ʥʠʚʦʘ ʥʘ 

ʚʨʝʜʥʦʩʪʠ, ʩʦʛʣʘʩʥʦ ʤʝʪʦʜʦʪ ʥʘ ʊʘʛʫʯʠ. 

ʊʘʙʝʣʘ 5.4. ʅʝʟʘʚʠʩʥʠ ʧʘʨʘʤʝʪʨʠ ʠ ʠʟʤʝʨʝʥʠ ʨʝʟʫʣʪʘʪʠ ʟʘ Ra-90, ABS. 

ɹʨ. 
L h - ʚʠʩʦʯʠʥʘ ʥʘ 

ʩʣʦʿʦʪ [mm]  

Ps - ʙʨʟʠʥʘ ʥʘ ʧʝʯʘʪʝˁʝ 

[mm/s] 

I p - ʛʫʩʪʠʥʘ ʥʘ 

ʧʦʧʦʣʥʫʚʘˁʝ [%]  

Ra - 90 

[µm]  

1 0,1 70 30 4,59 

2 0,1 80 40 4,96 

3 0,1 90 50 5,02 

4 0,15 70 40 5,32 

5 0,15 80 50 5,46 

6 0,15 90 30 5,73 

7 0,2 70 50 5,41 

8 0,2 80 30 6,12 

9 0,2 90 40 6,48 

ʂʘʢʦ ʰʪʦ ʙʝʰʝ ʠ ʧʦʨʘʥʦ ʩʧʦʤʝʥʘʪʘ ˃ʝ ʩʝ ʨʘʟʛʣʝʜʫʚʘ ʩʘʤʦ ʨʘʧʘʚʦʩʪʘ Rʘ-90 ʟʘ 

ʪʝʨʤʦʧʣʘʩʪʠʢʘʪʘ ABS. ʄʝʨʝˁʘʪʘ ʠ ʘʥʘʣʠʟʘʪʘ ʟʘ Rz ʠ Rq ʟʘ 0,45 ʠ 90 ʩʪʝʧʝʥʠ ʩʝ ʠʩʪʦ 

ʪʘʢʘ ʥʘʧʨʘʚʝʥʠ ʠ ʘʥʘʣʠʟʠʨʘʥʠ, ʥʦ ʪʫʢʘ ˃ʝ ʛʦ ʧʨʠʤʝʥʠʤʝ ʟʘʢʣʫʯʦʢʦʪ ʦʜ ʛʣʘʚʘ 5.2 ʟʘ 

ʪʝʨʤʦʧʣʘʩʪʠʢʘʪʘ PLA, ʘ ʩʝ ʦʜʥʝʩʫʚʘʘʪ  ʥʘ ʦʚʠʝ ʧʘʨʘʤʝʪʨʠ.  

ɿʘ ʦʚʠʝ ʝʢʩʧʝʨʠʤʝʥʪʠ ʨʘʩʧʦʥʦʪ ʠ ʚʨʝʜʥʦʩʪʠʪʝ ʥʘ ʥʝʟʘʚʠʩʥʠʪʝ ʚʘʨʠʿʘʙʣʠ ʩʝ ʠʩʪʠ ʢʘʢʦ ʠ 

ʟʘ ʪʝʨʤʦʧʣʘʩʪʠʢʘʪʘ PLA ʠ PETG, ʢʦʠ ʩʝ ʨʘʟʛʣʝʜʫʚʘʘʪ ʚʦ ʦʚʘ ʧʦʛʣʘʚʝʿ. 

ʇʨʦʬʠʣʠ ʥʘ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʥʘ ʧʨʠʤʝʨʦʮʠʪʝ ABS  

ɻʦʨʥʠʦʪ ʩʣʦʿ ʥʘ ʠʩʪʦʧʝʥʠʦʪ ʤʘʪʝʨʠʿʘʣ ʝ ʩʢʝʥʠʨʘʥ ʩʦ ʤʠʢʨʦʩʢʦʧ ʥʘ ʚʦʦʙʠʯʘʝʥʘʪʘ 

ʩʚʝʪʣʠʥʘ. ʇʨʝʯʥʠʢʦʪ ʥʘ ʧʣʘʩʪʠʯʥʠʦʪ ʢʦʥʝʮ ʝ 1.75, ʘ ʧʨʝʯʥʠʢʦʪ ʥʘ ʤʣʘʟʥʠʮʘʪʘ ʝ 0.4 mm. 
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ɿʘ ʜʘ ʩʝ ʧʦʩʪʠʛʥʝ ʜʦʙʘʨ ʢʚʘʣʠʪʝʪ ʥʘ ʧʦʚʨʰʠʥʘʪʘ, ʚʠʩʦʯʠʥʘʪʘ ʥʘ ʩʣʦʿʦʪ ʪʨʝʙʘ ʜʘ ʝ ʦʜ 15 

% ʜʦ 75 % ʦʜ ʧʨʝʯʥʠʢʦʪ ʥʘ ʤʣʘʟʥʠʮʘʪʘ. ɺʦ ʥʘʰʠʦʪ ʩʣʫʯʘʿ ʪʦʿ ʨʘʩʧʦʥ ʝ ʦʜ 0,1 ʜʦ 0,2 

mm. 

 
ʉʣʠʢʘ   5.7. ʀʟʤʝʨʝʥ ʠ ʧʨʝʩʤʝʪʘʥ ʧʨʦʬʠʣ ʥʘ ʧʨʠʤʝʨʦʢ 2 ʟʘ ʪʝʨʤʦʧʣʘʩʪʠʢʘ ABS. 

ʈʝʟʫʣʪʘʪʠʪʝ ʥʘ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʟʘ ʠʩʪʠʦʪ ʧʨʠʤʝʨʦʢ ʩʝ ʝʜʥʘʢʚʠ ʚʦ ʩʤʠʩʣʘ ʥʘ 

ʛʦʣʝʤʠʥʘ (ʉʣʠʢʘ 5.7). ʄʦʞʘʪ ʜʘ ʧʦʩʪʦʿʘʪ ʨʘʟʣʠʢʠ ʚʦ ʬʘʟʠʪʝ ʥʘ ʩʠʥʫʩʦʠʜʠʪʝ, ʢʦʠ 

ʧʦʥʝʢʦʛʘʰ ʤʦʞʝ ʜʘ ʟʘʧʦʯʥʘʪ ʚʦ ʧʦʯʝʪʥʘʪʘ ʪʦʯʢʘ ʥʘ ʩʠʩʪʝʤʦʪ ʠ ʜʘ ʟʘʚʨʰʘʪ ʚʦ 

ʤʘʢʩʠʤʫʤʦʪ, ʚʦ ʟʘʚʠʩʥʦʩʪ ʦʜ ʪʦʘ ʢʘʜʝ ʝ ʟʘʧʦʯʥʘʪʦ ʤʝʨʝˁʝʪʦ. 

ʊʝʦʨʝʪʩʢʠ ʤʦʜʝʣʠ ʥʘ ʧʘʨʘʤʝʪʘʨʦʪ Ra-90 ʟʘ ABS 

ɺʨʟ ʦʩʥʦʚʘ ʥʘ ʥʝʟʘʚʠʩʥʠʪʝ ʚʘʨʠʿʘʙʣʠ ʦʜ ʊʘʙʝʣʘ 5.5 ʧʨʝʩʤʝʪʘʥʠ ʩʝ ʪʝʦʨʝʪʩʢʠʪʝ ʤʦʜʝʣʠ 

ʟʘ Ra ʥʘ ʧʨʠʤʝʨʦʮʠʪʝ ʠʟʨʘʙʦʪʝʥʠ ʦʜ ʧʦʣʠʤʝʨʦʪ ABS. ʆʙʘʪʘ ʤʦʜʝʣʠ ʛʠ ʟʘʜʦʚʦʣʫʚʘʘʪ 

ʩʠʪʝ ʢʨʠʪʝʨʠʫʤʠ ANOVA ʟʘ ʘʣʬʘ ʢʦʝʬʠʮʠʝʥʪʦʪ ʜʘ ʝ ʧʦʤʘʣ ʦʜ 0.05 ʠ R square ʜʘ ʝ 

ʧʦʛʦʣʝʤ ʦʜ 90 %, ʟʘ ʩʠʪʝ ʧʦʜʘʪʦʮʠ ʥʘ ʠʩʪʨʘʞʫʚʘʥʘʪʘ ʨʘʧʘʚʦʩʪ.  

ʊʘʙʝʣʘ 5.5. ʃʠʥʝʘʨʝʥ ʠ ʝʢʩʧʦʥʝʥʮʠʿʘʣʝʥ ʤʦʜʝʣ ʠ ʥʠʚʥʠʪʝ ʩʪʘʪʠʩʪʠʯʢʠ ʧʦʜʘʪʦʮʠ ʟʘ Ra-

90, ʟʘ ʪʝʨʤʦʧʣʘʩʪʠʢʘ ABS. 
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 0,974 0,949 0,167 0,012 

 
0,979 0,959 0,027 0,002 

* ʆʚʠʝ ʧʘʨʘʤʝʪʨʠ ʩʝ ʥʝʟʘʚʠʩʥʠʪʝ ʚʘʨʠʿʘʙʣʠ: Lh ï ʚʠʩʦʯʠʥʘ ʥʘ ʩʣʦʿʦʪ, Ps ï ʙʨʟʠʥʘ ʥʘ ʧʝʯʘʪʝˁʝ ʠ Id 

ï ʛʫʩʪʠʥʘ ʥʘ ʧʦʧʦʣʥʫʚʘˁʝ 

ʈʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ Ra  ʧʨʘʢʪʠʯʥʦ ʝ ʠʩʪʘ ʚʦ ʩʤʠʩʣʘ ʥʘ multiple R ʢʦʨʝʣʘʮʠʦʥʠʦʪ 

ʢʦʝʬʠʮʠʝʥʪ ʟʘ ʣʠʥʝʘʨʥʠʦʪ ʠ ʝʢʩʧʦʥʝʥʮʠʿʘʣʥʠʦʪ ʤʦʜʝʣ. ʆʙʘʪʘ ʤʦʜʝʣʠ ʧʦʢʘʞʫʚʘʘʪ 

ʟʥʘʯʘʿʥʘ ʧʦʟʠʪʠʚʥʘ ʧʦʚʨʟʘʥʦʩʪ. ɼʦʧʦʣʥʠʪʝʣʥʦ, ʦʙʘʪʘ ʪʝʦʨʝʪʩʢʠ ʤʦʜʝʣʠ ʠʤʘʘʪ 
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ʩʧʦʨʝʜʣʠʚʠ ʧʨʦʮʝʥʝʪʠ ʚʨʝʜʥʦʩʪʠ ʥʘ ʨʝʛʨʝʩʠʦʥʘʪʘ ʣʠʥʠʿʘ. ɿʘʦʢʨʫʞʝʥʠʪʝ ʚʨʝʜʥʦʩʪʠ ʥʘ 

R square se  0.95 ʠ 0.96. 

ʇʨʝʜʟʥʘʮʠʪʝ ʥʘ ʥʝʟʘʚʠʩʥʠʪʝ ʚʘʨʠʿʘʙʣʠ ʠʩʪʦ ʪʘʢʘ ʧʦʢʘʞʫʚʘʘʪ ʩʣʠʯʥʦʩʪ ʧʦʤʝʺʫ ʦʙʘʪʘ 

ʤʦʜʝʣʘ. ɺʠʩʦʯʠʥʘʪʘ ʥʘ ʩʣʦʿʦʪ ʠ ʙʨʟʠʥʘʪʘ ʥʘ ʧʝʯʘʪʝˁʝ ʧʦʢʘʞʫʚʘʘʪ ʧʦʟʠʪʠʚʥʠ ʪʨʝʥʜʦʚʠ, 

ʜʦʜʝʢʘ ʛʫʩʪʠʥʘʪʘ ʥʘ ʧʦʧʦʣʥʫʚʘˁʝ ʧʦʢʘʞʫʚʘ ʥʝʛʘʪʠʚʝʥ ʪʨʝʥʜ. 

ɿʘʙʝʣʝʞʘʥʘ ʝ ʨʘʟʣʠʢʘ ʧʦʤʝʺʫ ʩʪʘʥʜʘʨʜʥʠʪʝ ʛʨʝʰʢʠ ʥʘ ʤʦʜʝʣʠʪʝ ʟʘ Ra-90. ʃʠʥʝʘʨʥʠʦʪ 

ʤʦʜʝʣ ʠʤʘ ʟʘ ʰʝʩʪ ʧʘʪʠ ʧʦʛʦʣʝʤʘ ʩʪʘʥʜʘʨʜʥʘ ʛʨʝʰʢʘ ʚʦ ʦʜʥʦʩ ʥʘ ʝʢʩʧʦʥʝʥʮʠʿʘʣʥʠʦʪ. 

ɿʥʘʯʘʿʥʦʩʪ ʥʘ ʥʝʟʘʚʠʩʥʠʪʝ ʧʘʨʘʤʝʪʨʠ ʟʘ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʚʨʟ ʦʩʥʦʚʘ ʥʘ 

ʪʝʦʨʝʪʩʢʠʪʝ ʤʦʜʝʣʠ, ABS 

ɿʘ  ʦʙʘʪʘ ʪʝʦʨʝʪʩʢʠ ʤʦʜʝʣʠ ʟʘʙʝʣʝʞʘʥʦ ʝ ʜʝʢʘ ʥʝʟʘʚʠʩʥʠʪʝ ʚʘʨʠʿʘʙʣʠ, ʚʠʩʦʯʠʥʘ ʥʘ 

ʩʣʦʿʦʪ ʠ ʙʨʟʠʥʘ ʥʘ ʧʝʯʘʪʝˁʝ, ʠʤʘʘʪ ʟʥʘʯʘʿʥʘ ʧʦʚʨʟʘʥʦʩʪ ʩʦ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ 

Ra-90. ʅʠʚʥʠʪʝ p-ʚʨʝʜʥʦʩʪʠ ʩʝ ʧʦʤʘʣʠ ʦʜ 0.05. ɺʨʝʜʥʦʩʪʘ ʟʘ ʚʘʨʠʿʘʙʣʘʪʘ ʛʫʩʪʠʥʘ ʥʘ 

ʧʦʧʦʣʥʫʚʘˁʝ ʟʘ ʣʠʥʝʘʨʥʠʦʪ, 0.23 ʠ ʝʢʩʧʦʥʝʥʮʠʿʘʣʥʠʦʪ 0.32 ʥʝ ʛʠ ʟʘʜʦʚʦʣʫʚʘʘʪ 

ʙʘʨʘʥʠʪʝ ʛʨʘʥʠʮʠ. 

ʊʘʙʝʣʘ 5.6. ɽʢʩʪʨʝʤʥʠ ʚʨʝʜʥʦʩʪʠ ʥʘ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʜʦʙʠʝʥʠ ʦʜ 

ʤʘʪʝʤʘʪʠʯʢʠʪʝ ʤʦʜʝʣʠ ʛʝʥʝʨʠʨʘʥʠ ʩʦ ʩʧʝʮʠʬʠʯʥʘ ʢʦʤʙʠʥʘʮʠʿʘ ʥʘ ʥʝʟʘʚʠʩʥʠʪʝ 

ʚʘʨʠʿʘʙʣʠ, ABS.  

ʇʨʘʚʝʮ 
ɽʢʩʪʨʝʤʥʠ 

ʚʨʝʜʥʦʩʪʠ 

ʅʝʟʘʚʠʩʥʠ ʚʘʨʠʿʘʙʣʠ ʊʝʦʨʝʪʩʢʠ ʤʦʜʝʣ 

Lh 

[mm]  

Ps 

[mm/s] 

Id 

[%]  

ʣʠʥʝʘʨʥʘ 

[µm]  

ʝʢʩʧʦʥʝʥʮʠʿʘ

ʣʝʥ [µm]  

90 
Min 0,1 70 50 4,391 4,538 

Max 0,2 90 30 6,307 6,436 

ɺʦ ʊʘʙʝʣʘ 5.8 ʜʘʜʝʥʠ ʩʝ ʝʢʩʪʨʝʤʥʠ ʚʨʝʜʥʦʩʪʠ ʥʘ ʨʘʧʘʚʦʩʪʘ, ʟʘ ʦʜʨʝʜʝʥʘ ʢʦʤʙʠʥʘʮʠʿʘ 

ʥʘ ʥʝʟʘʚʠʩʥʠʪʝ ʚʘʨʠʿʘʙʣʠ. ʄʦʞʝ ʜʘ ʩʝ ʟʘʙʝʣʝʞʠ ʛʦʣʝʤʘʪʘ ʩʣʠʯʥʦʩʪ ʥʘ ʦʙʘʪʘ ʪʝʦʨʝʪʩʢʠ 

ʤʦʜʝʣʠ, ʟʘ ʝʢʩʪʨʝʤʥʠʪʝ ʚʨʝʜʥʦʩʪʠ ʥʘ Ra. 

ɺʦ Matlab ʩʝ ʛʝʥʝʨʠʨʘʥʠ ʥʘʿʧʨʝʪʩʪʘʚʠʪʝʣʥʠ ʧʨʠʢʘʟʠ ʩʦ ʝʢʩʪʨʝʤʥʠ ʚʨʝʜʥʦʩʪʠ, ʦʜ ʢʦʠ 

ʤʦʞʝ ʜʘ ʩʝ ʚʠʜʠ ʚʣʠʿʘʥʠʝʪʦ ʥʘ ʥʝʟʘʚʠʩʥʠʪʝ ʚʘʨʠʿʘʙʣʠ ʚʨʟ ʨʘʧʘʚʦʩʪʘ ʟʘ Ra-90. 

ʇʨʠʢʘʞʘʥʠ ʩʝ ʯʝʪʠʨʠ 3D-ʧʨʠʢʘʟʠ ʥʘ ʩʣʠʢʘ 5.6. 

ʇʦʧʦʣʥʝʪʦʩʪʘ ʠ ʙʨʟʠʥʘʪʘ ʩʝ ʧʨʠʢʘʞʘʥʠ ʥʘ x ʠ y ʦʩʢʠʪʝ, ʜʦʜʝʢʘ ʚʠʩʦʯʠʥʘʪʘ ʥʘ ʩʣʦʿʦʪ ʝ 

ʢʦʥʩʪʘʥʪʥʘ ʛʦʣʝʤʠʥʘ (0.1 ʠ 0.2 mm ʟʘ ʤʠʥʠʤʘʣʥʘ ʠ ʤʘʢʩʠʤʘʣʥʘ ʚʨʝʜʥʦʩʪ). ʈʘʧʘʚʦʩʪʘ 

ʥʘ ʧʦʚʨʰʠʥʘʪʘ Ra-90 ʝ ʧʨʠʢʘʞʘʥʘ ʧʦ ʜʦʣʞʠʥʘʪʘ ʥʘ z-ʦʩʢʘʪʘ. ɺʦ ɸʥʝʢʩ 2 ʩʝ ʜʘʜʝʥʠ ʠ 

ʜʨʫʛʠ ʟʥʘʯʘʿʥʠ ʧʨʠʢʘʟʠ ʦʜ ʘʥʘʣʠʟʘʪʘ.  
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a) 

 

b) 
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c) 

 

d) 

 
ʉʣʠʢʘ 5.8. ɽʢʩʪʨʝʤʥʠ ʚʨʝʜʥʦʩʪʠ ʥʘ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ Ra -90 ʟʘ ABS-ʪʝʨʤʦʧʣʘʩʪʠʢʘ, ʘ) 

ʃʠʥʝʘʨʝʥ ʤʦʜʝʣ ʩʦ ʤʠʥʠʤʘʣʥʠ ʚʨʝʜʥʦʩʪʠ, b) ɽʢʩʧʦʥʝʥʮʠʿʘʣʝʥ ʤʦʜʝʣ ʩʦ ʤʠʥʠʤʘʣʥʠ ʚʨʝʜʥʦʩʪʠ, c) 

ʃʠʥʝʘʨʝʥ ʤʦʜʝʣ ʩʦ ʤʘʢʩʠʤʘʣʥʠ ʚʨʝʜʥʦʩʪʠ, d) ɽʢʩʧʦʥʝʥʮʠʿʘʣʝʥ ʤʦʜʝʣ ʩʦ ʤʘʢʩʠʤʘʣʥʠ ʚʨʝʜʥʦʩʪʠ. 
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5.4 ʈʘʧʘʚʦʩʪ ʥʘ ʧʦʚʨʰʠʥʘʪʘ Ra-90 ʟʘ ʪʝʨʤʦʧʣʘʩʪʠʢʘ PETG ʧʝʯʘʪʝʥʘ ʩʦ 

ʪʝʭʥʦʣʦʛʠʿʘ FDM  

ʇʨʝʯʥʠʢʦʪ ʥʘ ʤʣʘʟʥʠʮʘʪʘ ʛʦ ʠʤʘ ʥʘʿʤʘʣʦʪʦ ʚʣʠʿʘʥʠʝ ʚʦ ʪʝʦʨʝʪʩʢʠʦʪ ʤʦʜʝʣ, ʩʦʛʣʘʩʥʦ 

ʝʢʩʧʝʨʠʤʝʥʪʠʪʝ ʨʝʘʣʠʟʠʨʘʥʠ ʩʦ ʪʝʨʤʦʧʣʘʩʪʠʢʘʪʘ PLA. ʂʦʨʠʩʪʝʿ˃ʠ ʿʘ ʤʝʪʦʜʘʪʘ ʥʘ 

ʊʘʛʫʯʠ ʚʦ ʊʘʙʝʣʘ 5.7 ʧʨʠʢʘʞʘʥ ʝ ʜʠʟʘʿʥʦʪ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʦʪ ʩʦ ʪʨʠ ʥʝʟʘʚʠʩʥʠ 

ʚʘʨʠʿʘʙʣʠ ʠ ʪʨʠ ʥʠʚʦʘ ʥʘ ʚʘʨʠʿʘʙʣʠʪʝ, ʟʘ ʪʝʨʤʦʧʣʘʩʪʠʢʘʪʘ PETG (Polyethylene 

Terephthalate Glycol). ʂʘʢʦ ʠ ʚʦ ʧʨʝʪʭʦʜʥʠʦʪ ʩʣʫʯʘʿ ʥʝʟʘʚʠʩʥʠ ʚʘʨʠʿʘʙʣʠ ʩʝ: Lh ï 

ʚʠʩʦʯʠʥʘ ʥʘ ʩʣʦʿʦʪ (mm), Ps ï ɹʨʟʠʥʘ ʥʘ ʧʝʯʘʪʝˁʝ (mm/s) ʠ Ip ï ʇʨʦʮʝʥʪ ʥʘ 

ʧʦʧʦʣʥʝʪʦʩʪ (%) 

ʊʘʙʝʣʘ 5.7. ʅʝʟʘʚʠʩʥʠ ʧʘʨʘʤʝʪʨʠ ʠ ʠʟʤʝʨʝʥʠ ʨʝʟʫʣʪʘʪʠ ʟʘ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ Ra-

90, PETG  

ɹʨ. 
L h - ʚʠʩʦʯʠʥʘ ʥʘ 

ʩʣʦʿʦʪ [mm]  

Ps - ʙʨʟʠʥʘ ʥʘ 

ʧʝʯʘʪʝˁʝ [mm/s] 

I p - ʛʫʩʪʠʥʘ ʥʘ 

ʧʦʧʦʣʥʫʚʘˁʝ [%]  

Ra - 90  

[µm]  

1 0,1 70 30 6,45 

2 0,1 80 40 7,18 

3 0,1 90 50 7,44 

4 0,15 70 40 7,95 

5 0,15 80 50 8,18 

6 0,15 90 30 8,56 

7 0,2 70 50 7,39 

8 0,2 80 30 9,34 

9 0,2 90 40 9,94 

ʉʘʤʦ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ Ra-90 ˃ʝ ʩʝ ʘʥʘʣʠʟʠʨʘ ʩʦʛʣʘʩʥʦ ʦʙʿʘʩʥʫʚʘˁʘʪʘ ʜʘʜʝʥʠ 

ʚʦ ʧʦʛʣʘʚʿʝʪʦ 5.2. ʀ ʚʦ ʦʚʠʝ ʝʢʩʧʝʨʠʤʝʥʪʠ ʨʘʩʧʦʥʠʪʝ ʠ ʚʨʝʜʥʦʩʪʠʪʝ ʥʘ ʥʝʟʘʚʠʩʥʠʪʝ 

ʚʘʨʠʿʘʙʣʠ ʩʝ ʝʜʥʘʢʚʠ ʩʦ ʦʥʠʝ ʟʘ ʪʝʨʤʦʧʣʘʩʪʠʢʘʪʘ PLA ʠ ABS, ʦʙʨʘʙʦʪʝʥʠ ʚʦ 

ʧʨʝʪʭʦʜʥʠʪʝ ʧʦʛʣʘʚʿʘ.  

ʇʨʦʬʠʣʠ ʥʘ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʥʘ ʧʨʠʤʝʨʦʮʠʪʝ PETG  

ʉʝʢʦʿ ʦʜ ʧʨʠʤʝʨʦʮʠʪʝ ʝ ʤʝʨʝʥ ʩʦ ʠʥʩʪʨʫʤʝʥʪʦʪ ʟʘ ʤʝʨʝˁʝ ʥʘ ʨʘʧʘʚʦʩʪ, ʢʘʢʦ ʠ ʩʣʠʢʘʥʘ 

ʝ ʛʦʨʥʘʪʘ ʧʦʚʨʰʠʥʘ ʩʦ ʦʧʪʠʯʢʠ ʤʠʢʨʦʩʢʦʧ ʜʦʧʦʣʥʝʪ ʩʦ ʜʠʛʠʪʘʣʥʘ ʢʘʤʝʨʘ. ʈʝʘʣʠʟʠʨʘʥʠ 

ʩʝ ʜʝʚʝʪ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠ ʧʨʦʙʠ ʟʘ ʩʝʢʦʿ ʦʜ ʧʨʠʤʝʨʦʮʠʪʝ. ʉʝʢʦʿʘ ʦʜ ʧʨʦʙʠʪʝ ʛʦ ʜʘʜʝ 

ʧʨʠʤʝʨʥʠʦʪ ʧʨʦʬʠʣ, ʘ ʧʨʝʩʤʝʪʢʠʪʝ ʛʠ ʜʘʜʦʘ R-ʧʨʦʬʠʣʠʪʝ. ʅʘ ʩʣʠʢʘʪʘ 5.9 - ʩʝ ʜʘʜʝʥʠ 

ʧʨʦʬʠʣʠʪʝ ʜʦʙʠʝʥʠ ʦʜ ʧʨʠʤʝʨʦʢʦʪ 2. ʆʯʠʛʣʝʜʥʘ ʝ ʛʦʣʝʤʘʪʘ ʩʣʠʯʥʦʩʪ ʧʦʤʝʺʫ ʜʚʘʪʘ 

ʧʨʠʢʘʟʘ. 
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ʉʣʠʢʘ 5.9. ʀʟʤʝʨʝʥ ʠ ʧʨʝʩʤʝʪʘʥ ʧʨʦʬʠʣ ʦʜ ʧʨʠʤʝʨʦʢʦʪ ʙʨʦʿ 2 ʟʘ PETG. 

ɸʤʧʣʠʪʫʜʠʪʝ ʥʘ ʧʨʦʬʠʣʦʪ ʥʘ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ, ʚʦ ʥʘʿʛʦʣʝʤʠʦʪ ʙʨʦʿ ʥʘ ʩʣʫʯʘʠ,  

ʩʝ ʩʝʢʦʛʘʰ ʧʦʤʘʣʠ ʦʜ ʠʟʤʝʨʝʥʠʪʝ ʚʨʝʜʥʦʩʪʠ. ʇʦʚʨʰʠʥʠʪʝ ʥʘ ʧʨʠʤʝʨʦʮʠʪʝ ʩʝ 

ʙʨʘʥʦʚʠʜʥʠ, ʩʦ ʥʘʿʩʠʣʥʘ ʨʝʬʣʝʢʩʠʿʘ ʦʜ ʩʪʨʘʥʠʮʠʪʝ ʠ ʩʝʥʢʘ ʚʦ ʢʦʨʠʪʦʪʦ (ʩʣʠʢʘ 5.10).  

 
ʉʣʠʢʘ 5.10. ʇʨʠʢʘʟ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʥʘ ʧʨʠʤʝʨʦʢ ʦʜ PETG ʜʦʙʠʝʥ ʩʦ ʦʧʪʠʯʢʠ ʤʠʢʨʦʩʢʦʧ.  

ʉʣʠʢʠʪʝ ʜʦʙʠʝʥʠ ʩʦ ʦʧʪʠʯʢʠʦʪ ʤʠʢʨʦʩʢʦʧ ʢʦʨʠʩʪʝʘ ʟʫʤ X4 ʠ X10. ʇʦʚʨʰʠʥʘʪʘ ʝ 

ʦʩʚʝʪʣʫʚʘʥʘ ʩʦ ʃɽɼ-ʩʚʝʪʣʠʥʘ (Light Emitting Diode). ʅʘ ʩʣʠʢʘʪʘ 5.11-ʘ ʝ ʧʨʠʢʘʞʘʥʘ 

ʩʠʥʘ ʣʠʥʠʿʘ ʢʦʿʘ ʧʦʤʠʥʫʚʘ ʥʠʟ ʰʝʩʪ ʧʝʯʘʪʝʥʠ ʣʠʥʠʠ, ʩʦʦʜʚʝʪʥʦ ʦʟʥʘʯʝʥʠ ʩʦ ʙʨʦʝʚʠ. 

ʇʨʠʢʘʟʦʪ ʧʦʜ ʩʣʠʢʘʪʘ ʛʦ ʧʦʢʘʞʫʚʘ ʠʥʪʝʥʟʠʪʝʪʦʪ ʥʘ ʩʚʝʪʣʠʥʘʪʘ ʦʜʙʦʝʥ ʦʜ ʧʦʚʨʰʠʥʘʪʘ 

ʥʘ ʧʨʠʤʝʨʦʢʦʪ. ɹʦʿʘʪʘ ʥʘ ʧʨʦʬʠʣʥʠʪʝ ʣʠʥʠʠ ʩʝ ʤʝʥʫʚʘ ʚʦ ʟʘʚʠʩʥʦʩʪ ʥʘ ʩʚʦʿʩʪʚʘʪʘ ʥʘ 

ʨʝʬʣʝʢʩʠʿʘ ʥʘ ʤʘʪʝʨʠʿʘʣʦʪ, ʰʪʦ ʛʦ ʠʤʘ ʠ ʥʘʿʛʦʣʝʤʦʪʦ ʚʣʠʿʘʥʠʝ ʚʨʟ ʧʨʦʮʝʥʪʦʪ ʥʘ 

ʨʝʬʣʝʢʩʠʿʘʪʘ. 
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ʉʣʠʢʘ 5.11. ʉʢʝʥʠʨʘʥʘ ʩʦ ʦʧʪʠʯʢʠ ʤʠʢʨʦʩʢʦʧ ʧʦʚʨʰʠʥʘ ʦʜ ʧʨʠʤʝʨʦʢ 2 ʠʟʨʘʙʦʪʝʥ ʦʜ ʤʘʪʝʨʠʿʘʣ PETG, a) ʩʠʥʘʪʘ ʣʠʥʠʿʘ (2 mm) ʧʦʤʠʥʫʚʘ ʥʠʟ ʰʝʩʪ 

ʧʝʯʘʪʝʥʠ ʣʠʥʠʠ, ʘ ʧʦʜ ʥʝʘ ʝ ʧʨʦʬʠʣʦʪ ʩʦ ʰʝʩʪ ʩʧʝʮʠʬʠʯʥʠ ʤʘʢʩʠʤʫʤʠ, b) ʩʠʥʘʪʘ ʣʠʥʠʿʘ ʩʦ 1mm ʜʦʣʞʠʥʘ ʧʦʤʠʥʫʚʘ ʥʠʟ ʪʨʠ ʧʝʯʘʪʝʥʠ ʣʠʥʠʠ, ʘ ʧʦʜ ʥʝʘ 

ʩʝ ʧʦʢʘʞʘʥʠ ʧʨʦʬʠʣʠʪʝ.  

a) b) 

                   1    

                        2 

                              3 

 

                                     4 

                                            5 

                               6 

                     1 

 

               

                         

                                          2                                                   

 

                                                        3                                                                                                                          
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ʊʝʦʨʝʪʩʢʠ ʤʦʜʝʣʠ ʟʘ ʧʘʨʘʤʝʪʘʨʦʪ ʟʘ ʨʘʧʘʚʦʩʪ Ra, PETG 

ʀ ʚʦ ʦʚʦʿ ʧʨʠʢʘʟ ʩʝ ʜʘʜʝʥʠ ʘʥʘʣʠʟʠ ʩʘʤʦ ʟʘ ʠʟʤʝʨʝʥʠʪʝ ʧʨʠʤʝʨʦʮʠ ʧʦʜ ʘʛʦʣ ʦʜ 90 

ʩʪʝʧʝʥʠ. ʀ ʟʘ ʧʨʝʦʩʪʘʥʘʪʠʪʝ ʘʛʣʠ ʩʝ ʥʘʧʨʘʚʝʥʠ ʤʝʨʝˁʘ ʠ ʧʨʝʩʤʝʪʢʠ, ʥʦ ʟʘʢʣʫʯʦʮʠʪʝ ʦʜ 

ʘʥʘʣʠʟʘʪʘ ʥʘ ʪʝʨʤʦʧʣʘʩʪʠʢʘʪʘ PLA ʚʘʞʘʪ ʠ ʟʘ ʦʚʦʿ ʤʘʪʝʨʠʿʘʣ, ʚʦ ʦʜʥʦʩ ʥʘ ʘʛʦʣʦʪ ʥʘ 

ʤʝʨʝˁʝ.  

ʊʘʙʝʣʘ 5.8. ʃʠʥʝʘʨʝʥ ʠ ʝʢʩʧʦʥʝʥʮʠʿʘʣʝʥ ʤʦʜʝʣ ʠ ʥʠʚʥʠʪʝ ʩʪʘʪʠʩʪʠʯʢʠ ʧʦʜʘʪʦʮʠ ʟʘ Ra-

90, ʟʘ ʪʝʨʤʦʧʣʘʩʪʠʢʘ PETG  
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/ 0,933 0,871 0,501 0,012 

 
0,941 0,885 0,058 0,0088 

* ʆʚʠʝ ʧʘʨʘʤʝʪʨʠ ʩʝ ʥʝʟʘʚʠʩʥʠʪʝ ʚʘʨʠʿʘʙʣʠ:  Lh ï ʚʠʩʦʯʠʥʘ ʥʘ ʩʣʦʿʦʪ, Ps ï ʙʨʟʠʥʘ ʥʘ ʧʝʯʘʪʝˁʝ ʠ Id ï 

ʛʫʩʪʠʥʘ ʥʘ ʧʦʧʦʣʥʫʚʘˁʝ 
 

ʅʘʧʨʘʚʝʥʠ ʩʝ ʧʨʝʩʤʝʪʢʠ ʟʘ ʦʚʦʿ ʩʧʝʮʠʬʠʯʝʥ ʩʣʫʯʘʿ, ʘ ʨʝʟʫʣʪʘʪʠʪʝ ʩʝ ʧʨʠʢʘʞʘʥʠ ʚʦ 

ʪʘʙʝʣʘ 5.8.  

ʆʙʘʪʘ ʤʦʜʝʣʠ ʛʝʥʝʨʘʣʥʦ ʩʝ ʩʪʘʪʠʩʪʠʯʢʠ ʧʨʠʬʘʪʣʠʚʠ ʚʨʟ ʦʩʥʦʚʘ ʥʘ ʟʥʘʯʘʿʥʦʩʪʘ F ʥʘ 

ANOVA ʢʦʿʘ ʝ ʧʦʤʘʣʘ ʦʜ 0.05, ʜʦʜʝʢʘ ʨʘʧʘʚʦʩʪʘ Ra-90 ʥʘ ʠʟʤʝʨʝʥʠʪʝ ʧʨʠʤʝʨʦʮʠ 

ʩʦʦʜʚʝʪʩʪʚʫʚʘ 93 % ʚʦ ʦʜʥʦʩ ʥʘ  ʤʦʜʝʣʠʪʝ ʥʘ ʧʦʚʨʰʠʥʘʪʘ.  

ɿʥʘʯʘʿʥʦʩʪ ʥʘ ʥʝʟʘʚʠʩʥʠʪʝ ʧʘʨʘʤʝʪʨʠ ʟʘ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʚʨʟ ʦʩʥʦʚʘ ʥʘ 

ʪʝʦʨʝʪʩʢʠʪʝ ʤʦʜʝʣʠ, PETG 

ʊʘʙʝʣʘʪʘ 5.9 ʛʠ ʧʦʢʘʞʫʚʘ ʝʢʩʪʨʝʤʥʠʪʝ ʚʨʝʜʥʦʩʪʠ ʥʘ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ Ra-90 

ʜʦʙʠʝʥʠ ʩʦ ʦʜʨʝʜʝʥʘ ʢʦʤʙʠʥʘʮʠʿʘ ʥʘ ʥʝʟʘʚʠʩʥʠʪʝ ʚʘʨʠʿʘʙʣʠ. 

ʃʠʥʝʘʨʥʠʦʪ ʤʦʜʝʣ ʜʘʚʘ ʤʘʣʢʫ ʧʦʥʠʩʢʠ ʨʝʟʫʣʪʘʪʠ ʚʦ ʦʜʥʦʩ ʥʘ ʝʢʩʧʦʥʝʥʮʠʿʘʣʥʠʦʪ. 

ʄʠʥʠʤʘʣʥʠʪʝ ʠ ʤʘʢʩʠʤʘʣʥʠʪʝ ʚʨʝʜʥʦʩʪʠ ʟʘ Ra-90 ʟʘ ʣʠʥʝʘʨʥʠʦʪ ʤʦʜʝʣ ʩʝ 6.20 ʠ 9.81, ʘ 

ʟʘ ʝʢʩʧʦʥʝʥʮʠʿʘʣʥʠʦʪ 6.39 ʠ 9.96. ʉʠʪʝ ʠʩʪʨʘʞʫʚʘʥʠ ʥʝʟʘʚʠʩʥʠ ʚʘʨʠʿʘʙʣʠ ʠʤʘʘʪ ʩʚʦʝ 

ʚʣʠʿʘʥʠʝ ʚʨʟ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ. ɿʘ ʦʙʘʪʘ ʤʦʜʝʣʘ, ʘʢʦ ʛʠ ʥʘʨʝʜʠʤʝ ʦʜ ʦʥʦʿ ʩʦ 

ʥʘʿʚʠʩʦʢʦ ʚʣʠʿʘʥʠʝ ʜʦ ʦʥʦʿ ʩʦ ʥʘʿʤʘʣʦ, ˃ʝ ʜʦʙʠʝʤʝ: ʚʠʩʦʯʠʥʘ ʥʘ ʩʣʦʿʦʪ, ʙʨʟʠʥʘ ʥʘ 

ʧʝʯʘʪʝˁʝ, ʧʨʦʮʝʥʪ ʥʘ ʧʦʧʦʣʥʝʪʦʩʪ.  
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ʊʘʙʝʣʘ 5.9. ɽʢʩʪʨʝʤʥʠ ʚʨʝʜʥʦʩʪʠ ʥʘ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʜʦʙʠʝʥʠ ʦʜ 

ʤʘʪʝʤʘʪʠʯʢʠʪʝ ʤʦʜʝʣʠ ʛʝʥʝʨʠʨʘʥʠ ʩʦ ʩʧʝʮʠʬʠʯʥʘ ʢʦʤʙʠʥʘʮʠʿʘ ʥʘ ʥʝʟʘʚʠʩʥʠʪʝ 

ʚʘʨʠʿʘʙʣʠ,PETG  

ʇʨʘʚʝʮ 
ɽʢʩʪʨʝʤʥʘ 

ʚʨʝʜʥʦʩʪ 

ʅʝʟʘʚʠʩʥʠ ʚʘʨʠʿʘʙʣʠ ʊʝʦʨʝʪʩʢʠ ʤʦʜʝʣ 

Lh 

[mm]  

Ps 

[mm/s] 

Id 

[%]  

ʣʠʥʝʘʨʥʘ  

[µm]  

ʝʢʩʧʦʥʝʥʮʠʿʘ

ʣʝʥ  [µm]  

90 

Min 0,1 70 50 6,204 6,391 

Max 0,2 90 30 9,891 9,967 

ʂʨʝʠʨʘʥʠ ʩʝ 3D-ʧʨʠʢʘʟʠ ʩʦ ʮʝʣ ʟʘ ʚʠʟʫʘʣʠʟʘʮʠʿʘ ʥʘ ʚʣʠʿʘʥʠʝʪʦ ʥʘ ʥʝʟʘʚʠʩʥʠʪʝ 

ʚʘʨʠʿʘʙʣʠ ʚʨʟ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ Ra. ʅʘ ʩʣʠʢʘʪʘ 5.12 ʩʝ ʧʨʠʢʘʞʘʥʠ ʯʝʪʠʨʠ 

ʧʨʠʢʘʟʠ ʩʦ ʩʦʦʜʚʝʪʥʦ ʦʙʿʘʩʥʫʚʘˁʝ ʟʘ ʩʦʜʨʞʠʥʘʪʘ. ʅʘ ʧʨʠʢʘʟʠʪʝ x ʠ y ʛʠ ʧʨʠʢʘʞʫʚʘʘʪ 

ʨʘʩʧʦʥʠʪʝ ʥʘ ʥʝʟʘʚʠʩʥʠʪʝ ʚʘʨʠʿʘʙʣʠ, ʜʦʜʝʢʘ ʚʠʩʦʯʠʥʘʪʘ ʥʘ ʩʣʦʿʦʪ ʝ ʟʘʜʨʞʘʥʘ 

ʢʦʥʩʪʘʥʪʥʘ. ʅʘ z-ʦʩʢʘʪʘ ʝ ʧʨʠʢʘʞʘʥʘ ʨʘʧʘʚʦʩʪʘ Ra-90.   

a) 
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b) 

 

c) 
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d) 

 

ʉʣʠʢʘ 5.12. ɽʢʩʪʨʝʤʥʠ ʚʨʝʜʥʦʩʪʠ ʥʘ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ Ra -90 ʟʘ PETG ʪʝʨʤʦʧʣʘʩʪʠʢʘ, ʘ) 

ʃʠʥʝʘʨʝʥ ʤʦʜʝʣ ʩʦ ʤʠʥʠʤʘʣʥʠ ʚʨʝʜʥʦʩʪʠ, b) ɽʢʩʧʦʥʝʥʮʠʿʘʣʝʥ ʤʦʜʝʣ ʩʦ ʤʠʥʠʤʘʣʥʠ ʚʨʝʜʥʦʩʪʠ, c) 

ʃʠʥʝʘʨʝʥ ʤʦʜʝʣ ʩʦ ʤʘʢʩʠʤʘʣʥʠ ʚʨʝʜʥʦʩʪʠ, d) ɽʢʩʧʦʥʝʥʮʠʿʘʣʝʥ ʤʦʜʝʣ ʩʦ ʤʘʢʩʠʤʘʣʥʠ ʚʨʝʜʥʦʩʪʠ. 
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5.5 ɽʬʝʢʪʠ ʦʜ ʧʨʠʤʝʥʘʪʘ ʥʘ ʙʦʣʫʩ ʚʨʟ ʨʘʩʧʦʨʝʜʦʪ ʥʘ ʜʦʟʘʪʘ ʢʘʿ ʧʘʮʠʝʥʪʠʪʝ ʥʘ 

ʨʘʜʠʦʪʝʨʘʧʠʿʘ 

ʉʠʤʫʣʘʮʠʿʘʪʘ (ʩʢʝʥʠʨʘˁʝ) ʥʘ ʧʝʯʘʪʝʥʠʦʪ ʙʦʣʫʩ ʩʦ ʧʨʠʤʝʥʘ ʥʘ CT ʝ ʨʝʘʣʠʟʠʨʘʥʘ ʩʦ ʮʝʣ 

ʜʘ ʩʝ ʦʧʨʝʜʝʣʠ ʚʣʠʿʘʥʠʝʪʦ ʥʘ 3D ʧʝʯʘʪʝʥʠʦʪ ʙʦʣʫʩ ʚʨʟ ʢʚʘʣʠʪʝʪʦʪ ʥʘ ʪʨʝʪʤʘʥʦʪ ʥʘ 

ʧʘʮʠʝʥʪʦʪ ʢʦʿ ʝ ʧʦʜʣʦʞʝʥ ʥʘ ʨʘʜʠʦʪʝʨʘʧʠʿʘ. ɹʦʣʫʩʦʪ ʝ ʧʦʩʪʘʚʝʥ ʧʦʤʝʺʫ ʜʚʝ ʧʣʘʩʪʠʯʥʠ 

ʧʣʦʯʠ ʢʦʠ ʬʦʨʤʠʨʘʘʪ ʢʫʪʠʿʘ ʢʦʿʘ ʝ ʥʘʧʦʣʥʝʪʘ ʩʦ ʚʦʜʘ (ʉʣʠʢʘ 5.13). ɺʦʜʘʪʘ ʝ ʠʟʙʨʘʥʘ 

ʢʘʢʦ ʤʝʜʠʫʤ ʟʘʨʘʜʠ ʪʦʘ ʰʪʦ ʥʝʿʟʠʥʘʪʘ ʛʫʩʪʠʥʘ  ʝ ʩʣʠʯʥʘ ʥʘ ʦʥʘʘ ʦʜ ʯʦʚʝʢʦʚʦʪʦ ʪʢʠʚʦ. 

ɿʘ ʧʝʯʘʪʝˁʝʪʦ ʥʘ ʙʦʣʫʩʦʪ ʝ ʢʦʨʠʩʪʝʥ ʪʝʨʤʦʧʣʘʩʪʠʯʥʠʦʪ ʤʘʪʝʨʠʿʘʣ PLA. 

 

ʉʣʠʢʘ   5.13. ʉʠʤʫʣʘʮʠʿʘ ʩʦ CT ʥʘ 3D ʧʝʯʘʪʝʥ ʙʦʣʫʩ ʥʘʧʦʣʥʝʪ ʩʦ ʚʦʜʘ. 

ʇʣʘʥʦʪ ʟʘ ʪʨʝʪʠʨʘˁʝ ʥʘ ʧʘʮʠʝʥʪʦʪ ʩʦ ʙʦʣʫʩ ʝ ʝʜʥʘʢʦʚ ʥʘ ʦʥʦʿ ʢʘʢʦ ʢʘʿ ʪʨʝʪʤʘʥʦʪ ʥʘ 

ʧʘʮʠʝʥʪʠʪʝ ʙʝʟ ʙʦʣʫʩ. ʉʠʪʝ ʧʘʨʘʤʝʪʨʠ ʥʘ ʟʨʘʯʝˁʝ ʩʝ ʧʦʜʝʜʥʘʢʚʠ ʢʘʢʦ ʠ ʚʦ ʨʝʘʣʥʠʦʪ 

ʩʣʫʯʘʿ ʥʘ ʪʨʝʪʤʘʥ. ʂʦʨʠʩʪʝʥ ʝ ʩʦʬʪʚʝʨʦʪ Monaco, ʙʘʟʠʨʘʥ ʚʨʟ ʘʣʛʦʨʠʪʤʦʪ ʥʘ 

ʧʨʝʩʤʝʪʢʠʪʝ Monte Carlo, ʟʘ ʧʨʝʩʤʝʪʢʘ ʥʘ ʜʠʩʪʨʠʙʫʮʠʿʘʪʘ ʥʘ ʘʧʩʦʨʙʠʨʘʥʘʪʘ ʜʦʟʘ ʚʦ 

ʪʘʨʛʝʪʠʨʘʥʠʦʪ ʚʦʣʫʤʝʥ. ʇʣʘʥʠʨʘʥʠʦʪ ʪʘʨʛʝʪʠʨʘʥ ʚʦʣʫʤʝʥ (Planning Target Volume, 

PTV) ʝ ʣʦʮʠʨʘʥ ʙʣʠʩʢʫ ʜʦ ʢʦʞʘʪʘ ʥʘ ʧʘʮʠʝʥʪʦʪ ʠ ʪʨʝʙʘ ʜʘ ʜʦʙʠʝ ʚʢʫʧʥʦ 40 Gy (Gy ʝ 

ʝʜʠʥʠʮʘ ʥʘ ʘʧʩʦʨʙʠʨʘʥʘ ʜʦʟʘ  ʠʤʝʥʫʚʘʥʘ ʩʧʨʝʤʘ Louis Harold Gray). ʇʣʘʥʦʪ ʟʘ ʪʨʝʪʤʘʥ 

ʝ ʨʘʟʚʠʝʥ ʟʘ ʢʦʨʠʩʪʝˁʝ ʥʘ 6MV ʥʘ ʝʥʝʨʛʠʿʘ.  

ʅʘ ʩʣʠʢʘʪʘ 5.14 ʝ ʧʨʠʢʘʞʘʥʘ ʜʠʩʪʨʠʙʫʮʠʿʘʪʘ ʥʘ ʜʦʟʘʪʘ ʟʘ ʦʙʘʪʘ ʩʣʫʯʘʠ ʥʘ ʨʘʜʠʿʘʮʠʿʘ, 

ʙʝʟ ʠ ʩʦ ʙʦʣʫʩ.  
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ʉʣʠʢʘ   5.14. ʆʨʠʝʥʪʘʮʠʿʘ ʥʘ ʧʦʣʝʪʦ ʥʘ ʪʨʝʪʤʘʥʦʪ ʠ ʜʠʩʪʨʠʙʫʮʠʿʘ ʥʘ ʜʦʟʘʪʘ, a) ʚʦʦʙʠʯʘʝʥʘ 

ʧʨʦʮʝʜʫʨʘ, b) ʧʨʦʮʝʜʫʨʘ ʩʦ 3D ʧʝʯʘʪʝʥ ʙʦʣʫʩ.  

ɽʚʘʣʫʘʮʠʿʘʪʘ ʥʘ ʜʦʟʠʤʝʪʨʠʿʘʪʘ ʝ ʨʝʘʣʠʟʠʨʘʥʘ ʩʦ ʤʝʪʦʜʘʪʘ Report 50 ʥʘ International 

Commission on Radiation Units and Measurements (ICRU), ʥʘʤʝʥʝʪʘ ʟʘ ʪʝʭʥʠʢʘʪʘ ʥʘ 

ʤʦʜʘʣʠʪʝʪ 3DCRT, ʢʦʿʘ ʦʙʿʘʩʥʫʚʘ ʜʝʢʘ ʚʘʨʠʿʘʮʠʿʘʪʘ ʥʘ ʪʘʨʛʝʪʠʨʘʥʠʦʪ ʚʦʣʫʤʝʥ ʪʨʝʙʘ ʜʘ 

ʝ ʚʦ ʛʨʘʥʠʮʠʪʝ ʦʜ +7 % ʜʦ -5 % ʦʜ ʚʨʝʜʥʦʩʪʘ ʧʨʝʜʚʠʜʝʥʘ ʚʦ ʨʝʬʝʨʝʥʪʥʘʪʘ ʪʦʯʢʘ ʚʦ 

ʚʦʣʫʤʝʥʦʪ ʥʘ ʪʫʤʦʨʦʪ, ʩʦ ʦʧʨʝʜʝʣʝʥʘʪʘ ʚʨʝʜʥʦʩʪ ʥʘ ʘʧʩʦʨʧʮʠʿʘ [163]. 

ʊʘʙʝʣʘ 5.10. ɼʦʟʠʤʝʪʨʠʩʢʘ ʩʧʦʨʝʜʙʘ ʥʘ PTV ʧʦʤʝʺʫ ʧʣʘʥʦʚʠʪʝ ʥʘ ʪʨʝʪʠʨʘˁʝ ʢʦʛʘ ʝ 

ʢʦʨʠʩʪʝʥ ʙʦʣʫʩ ʠ ʢʦʛʘ ʥʝ ʝ ʢʦʨʠʩʪʝʥ. 

ɼʦʟʘ ʥʘ ʪʨʝʪʤʘʥ [Gy] 

ʄʘʢʩʠʤʘʣʥʘ  ʉʨʝʜʥʘ  

PTV < 107% ʦʜ ʮʝʣʪʘ PTV > 95% ʦʜ ʮʝʣʪʘ 

1. PTV ʩʪʘʥʜʘʨʜ 42,78 42,8 38,23 38 

2. PTV ʩʦ 3D ʙʦʣʫʩ 42,75 42,8 39,64 38 

 

ʊʘʨʛʝʪʠʨʘʥʘ ʜʦʟʘ ʟʘ ʦʙʘʪʘ ʩʣʫʯʘʠ ʝ 40 Gy. ʄʘʢʩʠʤʘʣʥʘʪʘ ʛʨʘʥʠʮʘ ʥʘ ʧʨʠʤʝʥʝʪʘʪʘ ʜʦʟʘ 

ʝ 107 %, ʰʪʦ ʟʘ ʮʝʣʥʘʪʘ ʜʦʟʘ ʦʜ 40 Gy ʧʨʝʪʩʪʘʚʫʚʘ 42.8 Gy. ʀʩʪʦʚʨʝʤʝʥʦ ʩʨʝʜʥʘʪʘ 

ʧʨʠʤʝʥʝʪʘ ʜʦʟʘ  ʪʨʝʙʘ ʜʘ ʝ  ʧʦʛʦʣʝʤʘ ʦʜ 95 % ʦʜ ʪʘʨʛʝʪʠʨʘʥʘʪʘ ʜʦʟʘ, ʰʪʦ ʦʜʛʦʚʘʨʘ ʥʘ 

38 Gy. ʄʘʢʩʠʤʘʣʥʠʪʝ ʧʣʘʥʠʨʘʥʠ ʜʦʟʠ ʟʘ ʦʙʘʪʘ ʩʣʫʯʘʠ, ʧʦ ʧʨʝʩʤʝʪʢʠʪʝ, ʧʦʢʘʞʫʚʘʘʪ 

ʩʣʠʯʥʦʩʪ ʢʘʿ ʦʙʝʪʝ ʤʝʪʦʜʠ. ʉʨʝʜʥʘʪʘ ʜʦʟʘ ʢʘʿ ʩʣʫʯʘʿʦʪ ʩʦ 3D-ʙʦʣʫʩ ʧʦʢʘʞʫʚʘ 4 % 

ʧʦʛʦʣʝʤʘ ʜʦʟʘ ʦʪʢʦʣʢʫ ʚʦ ʩʣʫʯʘʿʦʪ ʧʨʠ ʪʨʘʜʠʮʠʦʥʘʣʥʠʦʪ ʪʨʝʪʤʘʥ. ʄʦʞʝʤʝ ʜʘ 

ʟʘʢʣʫʯʠʤʝ ʜʝʢʘ ʧʨʠʤʝʥʘʪʘ ʥʘ ʙʦʣʫʩʦʪ ʠʤʘ ʧʦʟʠʪʠʚʥʦ ʚʣʠʿʘʥʠʝ ʩʦ ʧʦʤʝʩʪʫʚʘˁʝʪʦ ʥʘ 

ʜʦʟʘʪʘ ʧʦʙʣʠʩʢʫ ʜʦ ʢʦʞʘʪʘ ʥʘ ʧʘʮʠʝʥʪʦʪ, ʰʪʦ ʜʘʚʘ ʧʦʜʦʙʨʘ ʭʦʤʦʛʝʥʦʩʪ ʥʘ 

ʜʠʩʪʨʠʙʫʮʠʿʘʪʘ ʥʘ ʜʦʟʘʪʘ ʚʦ PTV. ʀʩʪʦʚʨʝʤʝʥʦ ʙʦʣʫʩʦʪ ˃ʝ ʿʘ ʥʘʤʘʣʠ ʪʝʤʧʝʨʘʪʫʨʘʪʘ ʥʘ 

ʞʝʰʢʘʪʘ ʪʦʯʢʘ ʥʘ ʢʦʞʘʪʘ ʥʘ ʧʘʮʠʝʥʪʦʪ. 
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5.6 ʈʘʧʘʚʦʩʪ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʥʘ ʧʨʠʤʝʨʦʢ ʦʜ ʥʝʨʺʦʩʫʚʘʯʢʠ ʯʝʣʠʢ 316L ʧʝʯʘʪʝʥ ʩʦ 

ʪʝʭʥʦʣʦʛʠʿʘʪʘ DMLS 

ʈʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʥʘ ʦʚʦʿ ʤʘʪʝʨʠʿʘʣ ʝ ʠʩʪʨʘʞʫʚʘʥ ʩʦ ʠʩʪʘʪʘ ʧʦʩʪʘʧʢʘ ʢʘʢʦ ʠ ʢʘʿ 

ʦʩʪʘʥʘʪʠʪʝ ʤʘʪʝʨʠʿʘʣʠ ʦʧʬʘʪʝʥʠ ʩʦ ʦʚʘ ʠʩʪʨʘʞʫʚʘˁʝ. ɺʨʟ ʦʩʥʦʚʘ ʥʘ ʤʝʪʦʜʘʪʘ ʥʘ 

ʊʘʛʫʯʠ ʟʘ ʜʠʟʘʿʥ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪ ʢʨʝʠʨʘʥʘ ʝ ʪʘʙʝʣʘ ʩʦ ʥʝʟʘʚʠʩʥʠ ʚʣʝʟʥʠ ʧʘʨʘʤʝʪʨʠ: 

ʤʦ˃ʥʦʩʪ ʥʘ ʣʘʩʝʨʦʪ (180, 200 ʠ 220), ʙʨʟʠʥʘ ʥʘ ʩʢʝʥʠʨʘˁʝ (450, 500 ʠ 600 mm/s) ʠ 

ʨʘʩʪʦʿʘʥʠʝ ʧʦʤʝʺʫ ʣʠʥʠʠʪʝ (0.07,0.08 ʠ 0.09 mm). ɺʦ ʊʘʙʝʣʘʪʘ 5.11 ʧʨʠʢʘʞʘʥʠ ʩʝ 

ʥʝʟʘʚʠʩʥʠʪʝ ʧʘʨʘʤʝʪʨʠ, ʠʟʤʝʨʝʥʠʪʝ ʚʨʝʜʥʦʩʪʠ ʟʘ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ Ra, Rz ʠ Rq, 

ʟʘ ʨʘʟʣʠʯʥʠ ʘʛʣʠ ʥʘ ʤʝʨʝˁʝ ʚʦ ʦʜʥʦʩ ʥʘ ʧʨʘʚʝʮʦʪ ʥʘ ʧʝʯʘʪʝˁʝ ʠ ʪʦʘ ʟʘ 0, 45 ʠ 90 

ʩʪʝʧʝʥʠ. 

ʊʘʙʝʣʘ 5.11. ʅʝʟʘʚʠʩʥʠ ʧʘʨʘʤʝʪʨʠ ʩʦ ʩʚʦʠʪʝ ʥʠʚʦʘ ʠ ʠʟʤʝʨʝʥʠ ʧʘʨʘʤʝʪʨʠ ʥʘ ʨʘʧʘʚʦʩʪʘ 

ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʟʘ ʨʘʟʣʠʯʥʠ ʦʨʠʝʥʪʘʮʠʠ ʥʘ ʤʝʨʝˁʝ ʟʘ ʧʨʠʤʝʨʦʮʠ ʦʜ ʯʝʣʠʢ 316L ʧʝʯʘʪʝʥʠ 

ʩʦ ʪʝʭʥʦʣʦʛʠʿʘ DMLS. 

ɹ
ʨ
.
 
 

  
 

L p 

(W) 

Ss 

(mm/s) 

Hs 

(mm) 

Ra [ µm ] Rz [µm ] Rq [µm ] 

0 45 90 0 45 90 0 45 90 

1 180 450 0,07 2,04 4,79 5,61 13,84 24,62 26,56 2,86 6,03 6,69 

2 180 500 0,08 2,03 4,03 5,30 9,53 13,84 24,27 2,81 5,03 6,52 

3 180 600 0,09 1,75 2,48 4,56 12,92 22,79 26,38 2,18 3,20 6,27 

4 200 450 0,08 2,28 5,34 6,32 12,87 19,00 24,72 3,05 6,26 7,41 

5 200 500 0,09 2,17 5,08 5,75 13,86 25,58 28,43 3,00 6,18 6,90 

6 200 600 0,07 1,43 2,38 4,27 9,40 13,46 20,05 2,15 3,04 5,14 

7 220 450 0,09 4,79 10,34 15,29 25,58 40,37 58,10 6,03 11,87 17,50 

8 220 500 0,07 2,70 7,53 12,19 16,12 30,74 48,72 3,66 8,82 15,14 

9 220 600 0,08 2,38 6,69 11,04 15,97 27,47 44,06 3,20 7,89 12,86 

* ʆʚʠʝ ʧʘʨʘʤʝʪʨʠ ʩʝ ʥʝʟʘʚʠʩʥʠ ʚʘʨʠʿʘʙʣʠ: Lp ï ʄʦ˃ʥʦʩʪ ʥʘ ʣʘʩʝʨʦʪ, Ss ï ɹʨʟʠʥʘ ʥʘ ʩʢʝʥʠʨʘˁʝ ʠ  Hs ï 

ʨʘʩʪʦʿʘʥʠʝ ʧʦʤʝʺʫ ʣʠʥʠʠʪʝ 

ʉʠʪʝ ʪʝʦʨʝʪʩʢʠ ʤʦʜʝʣʠ ʩʪʘʪʠʩʪʠʯʢʠ ʧʦʢʘʞʘʘ ʚʠʩʦʢʦ ʥʠʚʦ ʥʘ ʟʥʘʯʘʿʥʦʩʪ. ʅʘʿʚʠʩʦʢʘ 

ʟʥʘʯʘʿʥʦʩʪ ʦʜ ʠʩʪʨʘʞʫʚʘʥʠʪʝ ʚʘʨʠʿʘʙʣʠ ʚʨʟ ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʧʦʢʘʞʘ ʤʦ˃ʥʦʩʪʘ 

ʥʘ ʣʘʩʝʨʦʪ, ʧʦʪʦʘ ʙʨʟʠʥʘʪʘ ʥʘ ʩʢʝʥʠʨʘˁʝ, ʘ ʥʘʿʤʘʣʘ ʟʥʘʯʘʿʥʦʩʪ ʨʘʩʪʦʿʘʥʠʝʪʦ ʧʦʤʝʺʫ 

ʣʠʥʠʠʪʝ. ʄʦ˃ʥʦʩʪʘ ʥʘ ʣʘʩʝʨʦʪ ʠ ʨʘʩʪʦʿʘʥʠʝʪʦ ʧʦʤʝʺʫ ʣʠʥʠʠʪʝ ʧʦʢʘʞʫʚʘʘʪ ʧʦʟʠʪʠʚʥʘ 

ʟʥʘʯʘʿʥʦʩʪ, ʜʦʜʝʢʘ ʙʨʟʠʥʘʪʘ ʥʘ ʩʢʝʥʠʨʘˁʝ ʧʦʢʘʞʫʚʘ ʥʝʛʘʪʠʚʥʘ ʟʥʘʯʘʿʥʦʩʪ ʚʨʟ 

ʨʘʧʘʚʦʩʪʘ ʥʘ ʛʦʨʥʘʪʘ ʧʦʚʨʰʠʥʘ ʥʘ ʧʨʠʤʝʨʦʮʠʪʝ. ʀʟʤʝʨʝʥʠʪʝ ʚʨʝʜʥʦʩʪʠ ʧʨʝʪʩʪʘʚʫʚʘʘʪ 

ʩʨʝʜʥʘ ʚʨʝʜʥʦʩʪ ʦʜ ʜʚʝ ʤʝʨʝˁʘ ʚʦ ʠʩʪʘʪʘ ʧʦʟʠʮʠʿʘ ʥʘ ʠʩʪʠʦʪ ʧʨʠʤʝʨʦʢ.  
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ʇʨʦʬʠʣʠ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʥʘ ʧʨʠʤʝʨʦʮʠʪʝ 

ɻʦʨʥʘʪʘ ʧʦʚʨʰʠʥʘ ʥʘ ʧʨʠʤʝʨʦʮʠʪʝ ʝ ʩʢʝʥʠʨʘʥʘ ʩʦ ʦʧʪʠʯʢʠ ʤʠʢʨʦʩʢʦʧ ʥʘʜʛʨʘʜʝʥ ʩʦ 

ʜʠʛʠʪʘʣʥʘ ʢʘʤʝʨʘ. ɿʘ ʩʝʢʦʝ ʦʜ ʤʝʨʝˁʘʪʘ ʤʝʨʝʥ ʝ ʧʨʠʤʘʨʥʠʦʪ ʧʨʦʬʠʣ ʠ ʝ ʧʨʝʩʤʝʪʫʚʘʥʘ 

ʨʘʧʘʚʦʩʪʘ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʧʦʟʥʘʪʘ ʢʘʢʦ R-ʧʨʦʬʠʣ. ʅʘ ʩʣʠʢʘʪʘ 5.15 ʝ ʧʨʠʢʘʞʘʥ 

ʧʨʦʬʠʣʦʪ ʜʦʙʠʝʥ ʦʜ ʧʨʠʤʝʨʦʢʦʪ 1.   

 
ʉʣʠʢʘ   5.15. ʀʟʤʝʨʝʥ R-ʧʨʦʬʠʣ ʥʘ ʧʨʠʤʝʨʦʢ ʙʨʦʿ 1 ʠʟʨʘʙʦʪʝʥ ʦʜ ʯʝʣʠʢ 316L ʩʦ ʪʝʭʥʦʣʦʛʠʿʘ DMLS. 

ɻʦʨʥʘʪʘ ʧʦʚʨʰʠʥʘ ʥʘ ʧʨʠʤʝʨʦʢʦʪ ʙʨʦʿ 1 ʝ ʩʢʝʥʠʨʘʥʘ ʩʦ ʦʧʪʠʯʢʠ ʤʠʢʨʦʩʢʦʧ ʩʥʘʙʜʝʥ ʩʦ 

ʜʠʛʠʪʘʣʥʘ ʢʘʤʝʨʘ ʢʦʿʘ ʦʚʦʟʤʦʞʠ ʜʠʛʠʪʘʣʥʦ ʧʨʦʮʝʩʠʨʘˁʝ ʥʘ ʩʣʠʢʘʪʘ. ʉʝ ʟʘʙʝʣʝʞʫʚʘ 

ʙʨʘʥʦʚʠʪʦʩʪ ʥʘ ʧʦʚʨʰʠʥʘʪʘ ʩʦ ʨʘʟʣʠʯʥʘ ʨʝʬʣʝʢʩʠʿʘ ʥʘ ʜʣʘʙʠʥʠʪʝ ʠ ʩʪʨʘʥʠʮʠʪʝ. 

ʇʦʚʨʰʠʥʩʢʠʦʪ ʧʨʠʢʘʟ ʥʘ ʨʘʧʘʚʦʩʪʘ ʤʦʞʝ ʜʘ ʩʝ ʚʠʜʠ ʥʘ ʩʣʠʢʘ 5.16 ʥʘ ʢʦʿʘ ʤʘʢʩʠʤʫʤʠʪʝ 

ʛʠ ʧʦʢʘʞʫʚʘʘʪ ʣʠʥʠʠʪʝ ʥʘ ʧʝʯʘʪʝˁʝ. ʆʧʪʠʯʢʠʪʝ ʦʩʦʙʠʥʠ ʥʘ ʧʝʯʘʪʝʥʠʦʪ ʤʘʪʝʨʠʿʘʣ 

ʠʤʘʘʪ ʛʦʣʝʤʦ ʚʣʠʿʘʥʠʝ ʚʨʟ ʚʠʟʫʘʣʠʟʘʮʠʿʘʪʘ ʥʘ ʩʢʝʥʠʨʘʥʘʪʘ ʧʦʚʨʰʠʥʘ.  

  
ʉʣʠʢʘ   5.16 ʉʢʝʥʠʨʘʥʘ ʧʦʚʨʰʠʥʘ ʥʘ ʧʨʠʤʝʨʦʢ 1 ʩʦ ʨʘʟʣʠʯʥʦ ʟʛʦʣʝʤʫʚʘˁʝ (x4 ʠ x10), 316L ʩʦ DMLS. 








































































