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ľńĺĕƟŀ ĺńĽħŋĝňĺĔŅĶŐıĪĵƢŏıŊŗŀŒĝƟŒĬĚŅĬĪŅĚĪńĬĨĔĶĶĴ 
őħĵ ĦģĺńĥĬƢȮĔŅĠěĬĺĸňĔŋĸ 
ĽŅĕŅĺŇĝŅ ĺŇĪĵŅĔŅĶŐĸŃĺŇĻĺĔĶĶĴıŀĸŇŏĴŀĶƢȮŐįĬȮĔȮŐĭĭȮĔȮ2 ĶŃħńĭĮĶŇĠĠŅ

ĴľŅĭńĦĤŇĨ 
ŀŅěŅĶĵƢĪňŗĮĶŉĔļŅľĸńĔ įŌƟĝƞĺĵĻŅĽĨĶŅěŅĶĵƢȮħĶ,ȮĮŅŏěĶŅȮıńĥĬĩŅĭŋĨĶȮ 

 
ĭńĦĤŇĨĺŇĪĵŅĸńĵȮĴľŅĺŇĪĵŅĸńĵĻŇĸĮŅĔĶȮœħƟĶńĭıŇěŅĶĦŅŀĬŋĴńĨŇŒľƟŏĮƦĬĽƞĺĬľĬŉŗĚĕŀĚĔŅĶĻŉĔļŅ 

ĨŅĴľĸńĔĽŌĨĶĺŇĻĺĔĶĶĴĻŅĽĨĶĴľŅĭńĦĤŇĨ 
 

  
(ĶŀĚĻŅĽĨĶŅěŅĶĵƢȮħĶ,ěŋœĶĶńĨĬƢȮĬńĬĪŅĬŇĝ'  

ėĦĭħňĭńĦĤŇĨĺŇĪĵŅĸńĵ 

 
ıŇěŅĶĦŅŏľŖĬĝŀĭőħĵ 

 
   ĮĶŃīŅĬĔĶĶĴĔŅĶ 
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ŀŅěŅĶĵƢĪňŗĮĶŉĔļŅľĸńĔ 
(įŌƟĝƞĺĵĻŅĽĨĶŅěŅĶĵƢȮħĶ,ĮŅŏěĶŅȮıńĥĬĩŅĭŋĨĶ'  

  
 

ŀŅěŅĶĵƢĪňŗĮĶŉĔļŅĶƞĺĴ 
(ĶŀĚĻŅĽĨĶŅěŅĶĵƢȮħĶ,ĦńģĔŅĠěĬƢȮľĚĽƢĻĶňıńĬīƢ'  

  
 

įŌƟĪĶĚėŋĦĺŋĥŇĳŅĵŒĬ 
(ĶŀĚĻŅĽĨĶŅěŅĶĵƢĴŅĦıȮĮŅĬŃőĮĵ'  

  
 

įŌƟĪĶĚėŋĦĺŋĥŇĳŅĵĬŀĔ 
(ĻŅĽĨĶŅěŅĶĵƢȮħĶ,ĮĶŃĦńģȮőıīŇĵŃĶŅĝȮ'  
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59402203 : ĺŇĪĵŅĔŅĶŐĸŃĺŇĻĺĔĶĶĴıŀĸŇŏĴŀĶƢȮŐįĬȮĔȮŐĭĭȮĔȮ2 ĶŃħńĭĮĶŇĠĠŅĴľŅĭńĦĤŇĨ 
ėŜŅĽŜŅėńĠ : ŏĪėőĬőĸĵňĔŅĶıŇĴıƢ 3 ĴŇĨŇ, ĺńĽėŋėĶŀĭĲƤĬĝńŗĺėĶŅĺ, ıŀĸŇŐĸėĨŇĔŐŀĞŇħ 

ĬŅĵ ĦģĺńĥĬƢ ĔŅĠěĬĺĸňĔŋĸ: ĺńĽħŋĝňĺĔŅĶŐıĪĵƢŏıŊŗŀŒĝƟŒĬĚŅĬĪŅĚĪńĬĨĔĶĶĴ ŀŅěŅĶĵƢĪňŗ
ĮĶŉĔļŅĺŇĪĵŅĬŇıĬīƢ : įŌƟĝƞĺĵĻŅĽĨĶŅěŅĶĵƢ ħĶ. ĮŅŏěĶŅ ıńĥĬĩŅĭŋĨĶ 

 
ĚŅĬĺŇěńĵĬňŘŏĮƦĬĔŅĶĻŉĔļŅľŅĺńĽħŋĪħŐĪĬĪŅĚĪńĬĨĔĶĶĴĽŜŅľĶńĭŒĝƟŏĮƦĬĺńĽħŋėĶŀĭĲƤĬ

ĝńŗĺėĶŅĺĪŜŅěŅĔıŀĸŇŏĴŀĶƢĪňŗĽŅĴŅĶĩĵƞŀĵĽĸŅĵœħƟŒĬīĶĶĴĝŅĨŇŐĸŃĽŅĴŅĶĩĕŉŘĬĶŌĮħƟĺĵĔĶŃĭĺĬĔŅĶıŇĴıƢ
ĳŅı 3 ĴŇĨŇ (3D printing) ĪŜŅĔŅĶĻŉĔļŅőħĵĬŜŅıŀĸŇŐĸėĨŇĔŐŀĞŇħŏĽĶŇĴŐĶĚħƟĺĵįĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢĪňŗ
įƞŅĬĔŅĶĮĶńĭĮĶŋĚĽĳŅııŊŘĬįŇĺħƟĺĵĽŅĶŏĝŊŗŀĴĮĶŃĽŅĬœĞŏĶĬ APS ŏıŊŗŀĮĶńĭĮĶŋĚĽĴĭńĨŇŏĝŇĚĔĸŐĸŃŒľƟĴň
ĸńĔļĦŃıŊŘĬįŇĺĪňŗŒĔĸƟŏėňĵĚĔńĭĲƤĬěĶŇĚŐĸŃĬŜŅœĮĪħĽŀĭĽĴĭńĨŇĪŅĚėĺŅĴĶƟŀĬ ĽĴĭńĨŇŏĝŇĚĔĸŐĸŃĽĴĭńĨŇŏĝŇĚ
ĔŅĵĳŅı ĪŜŅĔŅĶįĽĴıŀĸŇŐĸėĨŇĔŐŀĞŇħĔńĭįĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢĪňŗĮĶŇĴŅĦ 5% 10% 15% ŐĸŃ 20% 
őħĵĬŘŜŅľĬńĔ ħƟĺĵŏėĶŊŗŀĚŀńħĶňħıĸŅĽĨŇĔĝĬŇħŏĔĸňĵĺľĬŀĬėŌƞ (Co-rotating Twin screw extruder) 
ŐĸŃĬŜŅœĮĕŉŘĬĶŌĮħƟĺĵĔĶŃĭĺĬĔŅĶĜňħĕŉŘĬĶŌĮıĸŅĽĨŇĔ(Injection molding) ŐĸŃŏĪėőĬőĸĵňĔŅĶıŇĴıƢ 3 
ĴŇĨŇ(3D printing) Őĭĭ Fused Deposition Modeling (FDM) ěŅĔĔŅĶĪħĽŀĭĽĴĭńĨŇĪŅĚėĺŅĴĶƟŀĬ
ıĭĺƞŅŀŋĦľĳŌĴŇėĸƟŅĵŐĔƟĺ (Glass transition temperature, Tg) ŐĸŃŀŋĦľĳŌĴŇĔŅĶľĸŀĴįĸŉĔ 
(Melting temperature, Tm) ĕŀĚĝŇŘĬĚŅĬĪňŗĕŉŘĬĶŌĮħƟĺĵĔĶŃĭĺĬĔŅĶĜňħŐĸŃŏĪėőĬőĸĵňĔŅĶıŇĴıƢ 3 ĴŇĨŇ 
ĴňėƞŅŒĔĸƟŏėňĵĚĔńĬ ŐĨƞıĭĺƞŅĝŇŘĬĚŅĬĪňŗœħƟěŅĔĔŅĶĕŉŘĬĶŌĮħƟĺĵŏĪėőĬőĸĵňĔŅĶıŇĴıƢ 3 ĴŇĨŇ ŒĬĽƞĺĬĕŀĚ
ĮĶŇĴŅĦįĸŉĔ(Xc) ĴňėƞŅĴŅĔĔĺƞŅĕŀĚĝŇŘĬĚŅĬĪňŗĕŉŘĬĶŌĮħƟĺĵĔĶŃĭĺĬĔŅĶĜňħ ěŅĔĔŅĶĻŉĔļŅĽĴĭńĨŇĶňŀŀĸŀĵň
ıĭĺƞŅĺńĽħŋĪŋĔĽŌĨĶŐĽħĚıķĨŇĔĶĶĴĔŅĶœľĸŐĭĭ Shear thinning ŐĽħĚĺƞŅĺńĽħŋĽŅĴŅĶĩĕŉŘĬĶŌĮħƟĺĵ
ŏĪėőĬőĸĵňĔŅĶıŇĴıƢ 3 ĴŇĨŇœħƟ ŏĴŊŗŀıŇěŅĶĦŅĽĴĭńĨŇŏĝŇĚĔĸőħĵĶĺĴ œħƟŐĔƞ ĴŀħŌĸńĽĔŅĶħŉĚĵŊħ (Tensile 
modulus) ėĺŅĴĨƟŅĬĪŅĬĨƞŀĔŅĶħńħőėƟĚ (Flexural modulus) ėĺŅĴĨƟŅĬĪŅĬĨƞŀŐĶĚĔħ 
(Compressive modulus) ıĭĺƞŅıŀĸŇŐĸėĨŇĔŐŀĞŇħįĽĴįĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢĮĶŇĴŅĦ 15% őħĵ
ĬŘŜŅľĬńĔ ĕŀĚĝŇŘĬĚŅĬĪňŗĕŉŘĬĶŌĮħƟĺĵŏĪėőĬőĸĵňĔŅĶıŇĴıƢ 3 ĴŇĨŇ ĽĴĭńĨŇŏĝŇĚĔĸĪňŗħňĪňŗĽŋħ ŐĸŃĸńĔļĦŃĪŅĚ
őėĶĚĽĶƟŅĚĽńĦģŅĬĺŇĪĵŅĝŇŘĬĚŅĬĪňŗĕŉŘĬĶŌĮħƟĺĵĔĶŃĭĺĬĔŅĶĜňħŐĸŃŏĪėőĬőĸĵňĔŅĶıŇĴıƢ 3 ĴŇĨŇ ıĭĺƞŅĔŅĶ
ĔĶŃěŅĵĨńĺĕŀĚįĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢĪňŗĮĶŇĴŅĦ 5-15% ŏĔŇħĕŉŘĬœħƟħň ŐĨƞĪňŗĮĶŇĴŅĦ 20% ŏĔŇħĔŅĶ
ĶĺĴĔĸŋƞĴĔńĬĕŀĚįĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢĽƞĚįĸŒľƟĽĴĭńĨŇŏĝŇĚĔĸĪńŘĚľĴħĸħĸĚ 
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ĭĪėńħĵƞŀĳŅļŅŀńĚĔķļ 

59402203 : Major (POLYMER SCIENCE AND ENGINEERING) 
Keyword : 3d-printing technology, polylactic acid, temporary dental crowns 

MR. NATHAWAT KANCHANAWALEEKUN : BIOMATERIAL FOR DENTISTRY 
APPLICATIONS THESIS ADVISOR : ASSISTANT PROFESSOR PAJEARA PATANATABUTR, 
Ph.D. 

This research is a study of alternative materials for temporary dental 
crowns made from biodegradable polymer, which are molded using 3D printing. 
Polylactic acid was reinforced with aluminum oxide powder treated surface by APS-
silane to improve mechanical and surface properties. Thermal , mechanical , and 
physical properties of the PLA composites were investigated. The PLA composites 
were obtained by mixing polylactic acid with 5, 10, 15 and 20% by weight of 
aluminum oxide powder using a co-rotating twin-screw extruder. The PLA composites 
were printed using 3D printing and compared to injected specimens molded by 
injection molding. The DSC results indicated that glass transition temperature (Tg) and 
melting temperature (Tm) of the composites obtained from 3D printing were similar 
to injection molding. However, the crystallinity (Xc) of 3D printed specimens was 
higher than that of the injection molded specimens. Rheological study revealed that 
all aluminum oxide/PLA composites showed shear-thinning flow behavior, indicating 
that the composites could be molded using 3D printing technology. Considering the 
overall mechanical properties such as tensile modulus, flexural modulus, and 
compressive modulus, the PLA composite with 15% by weight of aluminum oxide 
showed the best mechanical properties. In addition, morphological structure of the 
PLA composites showed good distribution of aluminum oxide powder at 5-15% by 
weight, but aggregation occurred at 20% by weight of aluminum oxide powder which 
related to the poorer mechanical properties. 
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ĔŇĨĨŇĔĶĶĴĮĶŃĔŅĻ 

 

ĔŇĨĨŇĔĶĶĴĮĶŃĔŅĻ 
  

ĚŅĬĺŇěńĵŐĸŃĺŇĪĵŅĬŇıĬīƢĜĭńĭĬňŘĽŜŅŏĶŖěœħƟħƟĺĵėĺŅĴĝƞĺĵŏľĸŊŀěŅĔįŌƟĝƞĺĵĻŅĽĨĶŅěŅĶĵƢ ħĶ.       
ĮŅŏěĶŅ ıńĥĬĩŅĭŋĨĶ ŐĸŃĶŀĚĻŅĽĨĶŅěŅĶĵƢ ħĶ. ĦńģĔŅĠěĬƢ ľĚĽƢĻĶňıńĬīƢ ŀŅěŅĶĵƢĪňŗĮĶŉĔļŅŐĸŃŀŅěŅĶĵƢ
ĪňŗĮĶŉĔļŅĶƞĺĴĺŇĪĵŅĬŇıĬīƢ ŒĬĔŅĶĽĸŃŏĺĸŅŒľƟėŜŅĮĶŉĔļŅŐĸŃėŀĵĝňŘŐĬŃŐĬĺĪŅĚŒĬĔŅĶĪŜŅĚŅĬĺŇěńĵ 
ĨĸŀħěĬŀĭĶĴĽńŗĚĽŀĬ ŐĸŃĝƞĺĵŐĔƟœĕĮƤĠľŅĨƞŅĚŕĪňŗŏĔŇħĕŉŘĬĕĦŃĪŜŅĚŅĬĺŇěńĵ įŌƟĺŇěńĵĕŀĕŀĭıĶŃėŋĦ
ŀŅěŅĶĵƢĪńŘĚĽŀĚĪƞŅĬŏĮƦĬŀĵƞŅĚĽŌĚ 

įŌƟĺŇěńĵĕŀĕŀĭıĶŃėŋĦįŌƟĝƞĺĵĻŅĽĨĶŅěŅĶĵƢ ħĶ. ĭŋĻĶŇĬĪĶƢ ŏęļŃĮŃĭŋĨĶ ĶŀĚĻŅĽĨĶŅěŅĶĵƢ 
ĴŅĦı ĮŅĬŃőĮĵ ŐĸŃĻŅĽĨĶŅěŅĶĵƢ ħĶ. ĮĶŃĦńģ őıīŇĵŃĶŅĝ ĪňŗĽĸŃŏĺĸŅĴŅŏĮƦĬĮĶŃīŅĬŐĸŃėĦŃĔĶĶĴ
ŒĬĔŅĶŒĬĔŅĶĽŀĭĺŇĪĵŅĬŇıĬīƢĬňŘĨĸŀħěĬŒľƟėŜŅŐĬŃĬŜŅŒĬĔŅĶĬŜŅœĮĮĶńĭŐĸŃŐĔƟœĕĚŅĬĺŇěńĵŐĸŃ
ĺŇĪĵŅĬŇıĬīƢĜĭńĭĬňŘŒľƟįƞŅĬĸŋĸƞĺĚœĮœħƟ ŐĸŃĕŀıĶŃĕŀĭėŋĦŀŅěŅĶĵƢĪŋĔĪƞŅĬĕŀĚĳŅėĺŇĝŅĺŇĪĵŅĔŅĶŐĸŃ
ĺŇĻĺĔĶĶĴĺńĽħŋ ėĦŃĺŇĻĺĔĶĶĴĻŅĽĨĶƢŐĸŃŏĪėőĬőĸĵňŀŋĨĽŅľĔĶĶĴ ĴľŅĺŇĪĵŅĸńĵĻŇĸĮŅĔĶ ĪňŗŀĭĶĴĽńŗĚĽŀĬ 
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ĭĪĪňŗȮ1  
ĭĪĬŜŅ 

1.1ȮėĺŅĴŏĮƦĬĴŅŐĸŃėĺŅĴĽŜŅėńĠĕŀĚŏĶŊŗŀĚ 
 ŒĬĮƤěěŋĭńĬĔŅĶėĶŀĭĲƤĬŒĬŏĮƦĬŐĬĺĪŅĚĔŅĶĶńĔļŅĪňŗœħƟįĸħňŒĬįŌƟĮƙĺĵĪŅĚĪńĬĨĔĶĶĴ őħĵĔŅĶ

ėĶŀĭĲƤĬĬńŘĬŏĮƦĬĔŅĶĭŌĶĦŃĲƤĬĪňŗœħƟĶńĭėĺŅĴŏĽňĵľŅĵľĶŊŀĔŅĶŐĨĔľńĔȮěŅĔĽŅŏľĨŋĨƞŅĚŕȮŏĝƞĬȮĔŅĶĽĭĲƤĬȮ

ĔŅĶŏĽŊŗŀĴĽĳŅıĕŀĚĲƤĬĨŅĴĔŅĸŏĺĸŅȮŐĸŃĲƤĬĪňŗĴňĶŌįŋĕĬŅħŒľĠƞĴŅĔȮŏıŊŗŀŒľƟĲƤĬĔĸńĭĴŅĴňėĺŅĴŐĕŖĚŐĶĚ

ŐĸŃĮĶŃĽŇĪīŇĳŅıŒĝƟĚŅĬœħƟŏľĴŊŀĬŏħŇĴȮŒĬĔŅĶĶńĔļŅĲƤĬĬńŘĬĴňľĸŅĵĔĶŃĭĺĬĔŅĶŐĸŃľĸŅĵĕńŘĬĨŀĬȮőħĵ

ŒĬĔŅĶĶńĔļŅĲƤĬőħĵĔĶŃĭĺĬĔŅĶėĶŀĭĲƤĬĬńŘĬĨƟŀĚŒĝƟĶŃĵŃŏĺĸŅŒĬĔŅĶĶńĔļŅȮőħĵįŌƟĶńĭĔŅĶĶńĔļŅĨƟŀĚ

ŏħŇĬĪŅĚĴŅŏıŊŗŀıĭŐıĪĵƢȮ2 ėĶńŘĚȮőħĵŒĬėĶńŘĚŐĶĔěŃŏĮƦĬĔŅĶėĶŀĭĲƤĬĝńŗĺėĶŅĺŏıŊŗŀĶŀŒľƟĶŅĔĲƤĬŏĪňĵĴĬńŘĬ

ŏĔŇħĔŅĶĮĶŃĽŅĬŏĕƟŅĔńĬĔńĭŏľĚŊŀĔőħĵŒĬĕńŘĬĨŀĬĬňŘěŃĴňĔŅĶŒĽƞĪňŗėĶŀĭĲƤĬĝńŗĺėĶŅĺĸĚœĮĔƞŀĬȮŏıŊŗŀŒľƟ

ŏľĚŊŀĔŏĔŇħĔŅĶĶńĔļŅŐĸŃŏĕƟŅĔńĬœħƟĔńĭĶŅĔĲƤĬŏĪňĵĴőħĵŒĝƟĶŃĵŃŏĺĸŅĮĶŃĴŅĦȮ2 ĽńĮħŅľƢȮőħĵĶŃľĺƞŅĚ

ĬńŘĬěŃĴňĔŅĶĬŜŅŐĭĭıŇĴıƢĲƤĬěŜŅĸŀĚœĮĵńĚľƟŀĚŐĸĮĽŜŅľĶńĭĪŜŅĲƤĬĪňŗĬŜŅĴŅėĶŀĭĲƤĬĩŅĺĶȮŏıŊŗŀŒľƟĴňĕĬŅħ

ŏľĴŅŃĽĴŐĸŃıŀħňŒĬĔŅĶĶńĔļŅȮŐĸŃȮĔŅĶĬńħıĭŐıĪĵƢėĶńŘĚĨƞŀœĮȮěŃŏĮƦĬĔŅĶĶŊŘŀĲƤĬĪňŗĬŜŅĴŅėĶŀĭĲƤĬ

ŐĭĭĝńŗĺėĶŅĺŀŀĔȮěŅĔĬńŘĬěŃĨŇħĵŉħĲƤĬĪňŗĬŜŅĴŅėĶŀĭĲƤĬŐĭĭĩŅĺĶĸĚœĮŐĸŃĨĶĺěŏĝŖėıĶƟŀĴĮĶńĭŐĨƞĚŒľƟ

ĴňėĺŅĴŏľĴŅŃĽĴȮY/-3[ 

 ŏĪėőĬőĸĵňĔŅĶıŇĴıƢȮ3 ĴŇĨŇȮĔŜŅĸńĚŏĮƦĬĪňŗĬŇĵĴĔńĬĴŅĔŒĬĮƤěěŋĭńĬȮŏĬŊŗŀĚěŅĔĴňėĺŅĴĽŃħĺĔŐĸŃ

ĶĺħŏĶŖĺŒĬĔŅĶĽĶƟŅĚĝŇŘĬĚŅĬĨƟĬŐĭĭ(Prototype) őħĵŏėĶŊŗŀĚıŇĴıƢȮ3 ĴŇĨŇĪňŗĬŇĵĴŒĝƟŒĬĮƤěěŋĭńĬȮėŊŀ

ŏėĶŊŗŀĚıŇĴıƢȮ3 ĴŇĨŇȮŐĭĭľńĺĜňħȮ(Fused Deposition Modeling) őħĵĺńĽħŋıŀĸŇŏĴŀĶƢŏĮƦĬĺńĽħŋĪňŗĬŇĵĴŒĝƟ

ŒĬĔŅĶıŇĴıƢĝŇŘĬĚŅĬĨƟĬŐĭĭȮŏĝƞĬıŀĸŇŐĸėĨŇĔŐŀĞŇħȮıŀĸŇŀŃėĶŇőĸœĬœĨĶĽƢ-ĭŇĺŅœħŀňĬ-ĽœĨĶňĬ(ABS) ŏĮƦĬ

ĨƟĬ 

 ŒĬĚŅĬĺŇěńĵĬňŘěŃŏĮƦĬĔŅĶĻŉĔļŅŏıŊŗŀľŅĺńĽħŋĪħŐĪĬĪňŗŏľĴŅŃĽĴŐĸŃĽŅĴŅĶĩĬŜŅĴŅĕŉŘĬĶŌĮŏĮƦĬĲƤĬ

ĝńŗĺėĶŅĺœħƟőħĵŒĝƟĔŅĶıŇĴıƢȮ3 ĴŇĨŇȮ(3D printing)ȮŏıŊŗŀĸħĶŃĵŃŏĺĸŅŒĬĔŅĶıŇĴıƢĲƤĬĝńŗĺėĶŅĺȮőħĵĪňŗėĶŀĭ

ĲƤĬĝńŗĺėĶŅĺĽƞĺĬĴŅĔĪŜŅĴŅěŅĔȮĺńĽħŋıŀĸŇŏĴŀĶƢěŜŅıĺĔŀŃėĶŇĸŇĔȮŏĝƞĬȮPMMA ȮĞŉŗĚĵƞŀĵĽĸŅĵŒĬīĶĶĴĝŅĨŇ

œħƟĵŅĔY4, 5[ȮŒĬĚŅĬĺŇěńĵĬňŘěŉĚĴňŐĬĺėŇħĪňŗěŃĪŜŅĪňŗėĶŀĭĲƤĬĝńŗĺėĶŅĺěŅĔȮıŀĸŇŐĸėĨŇĔŐŀĞŇħĞŉŗĚŏĮƦĬıŀĸŇ

ŏĴŀĶƢĪňŗĽŅĴŅĶĩĵƞŀĵĽĸŅĵœħƟŒĬīĶĶĴĝŅĨŇȮŐĸŃŏĽĶŇĴėĺŅĴŐĕŖĚŐĶĚħƟĺĵįĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢŏıŊŗŀŒľƟĴňĽň

ŒĔĸƟŏėňĵĚĔńĭĽňĲƤĬŐĸŃĴňĽĴĭńĨŇŏĝŇĚĔĸĪňŗħňĕŉŘĬȮ 
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1.2 ĺńĨĩŋĮĶŃĽĚėƢĕŀĚĔŅĶĺŇěńĵ 
1,0,/ȮŏıŊŗŀĻŉĔļŅľŅĺńĽħŋĪħŐĪĬĽŜŅľĶńĭĪňŗėĶŀĭĲƤĬĝńŗĺėĶŅĺĪŅĚĪńĬĨĔĶĶĴȮĻŉĔļŅĽĴĭńĨŇĪŅĚ

ėĺŅĴĶƟŀĬȮĽĴĭńĨŇŏĝŇĚĔĸȮŐĸŃĽĴĭńĨŇĪŅĚĔŅĵĳŅıȮĕŀĚĺńĽħŋĪħŐĪĬĪŅĚĪńĬĨĔĶĶĴĽŜŅľĶńĭŒĝƟŏĮƦĬĺńĽħŋ

ėĶŀĭĲƤĬĝńŗĺėĶŅĺ 

/,0,2 ŏıŊŗŀĻŉĔļŅĺŇīňĔŅĶĕŉŘĬĶŌĮĺńĽħŋĪħŐĪĬĽŜŅľĶńĭĪňŗėĶŀĭĲƤĬĝńŗĺėĶŅĺĪŅĚĪńĬĨĔĶĶĴȮőħĵ

ĺŇīňĔŅĶĕŉŘĬĶŌĮħƟĺĵĔĶŃĭĺĬĔŅĶĜňħıĸŅĽĨŇĔ ŏĮĶňĵĭŏĪňĵĭĔńĭŏĪėőĬőĸĵňĔŅĶıŇĴıƢȮ3 ĴŇĨŇȮ 

1.3 ŐĬĺėŇħŐĸŃĽĴĴŋĨŇģŅĬĕŀĚĚŅĬĺŇěńĵ 
 ŏĬŊŗŀĚĺńĽħŋĽŜŅľĶńĭĬŜŅĴŅĕŉŘĬĶŌĮĪňŗėĶŀĭĲƤĬĝńŗĺėĶŅĺĪŅĚĪńĬĨĔĶĶĴĬńŘĬĽƞĺĬĴŅĔĪŜŅĴŅěŅĔĺńĽħŋıŀ

ĸŇŏĴŀĶƢěŜŅıĺĔŀŃėĶŇĸŇĔȮŏĝƞĬ ıŀĸŇŏĴĪŇĸŏĴĪŅėĶŇŏĸĨȮ(PMMA) őħĵĪňŗėĶŀĭĲƤĬĝńŗĺėĶŅĺĬńŘĬěŃĨƟŀĚĪŇŘĚœĮȮ

ŏĴŊŗŀĴňĔŅĶŒĝƟĪňŗėĶŀĭĲƤĬŐĭĭĩŅĺĶȮĞŉŗĚŒĬĮƤěěŋĭńĬĔŅĶėĶŀĭĲƤĬŏĮƦĬĺŇīňĪňŗĬŇĵĴŀĵƞŅĚĴŅĔŒĬĔŅĶĶńĔļŅĲƤĬ

ěŅĔĽŅŏľĨŋĨƞŅĚŕȮŏĝƞĬȮĲƤĬįŋĕĬŅħŒľĠƞȮĲƤĬŐĨĔľńĔěŅĔŀŋĭńĨŇŏľĨŋȮľĶŊŀĔŅĶŏĽŊŗŀĴĽĳŅıĕŀĚĲƤĬĨŅĴ

ĔŅĸŏĺĸŅȮőħĵįŌƟĺŇěńĵĴňŐĬĺėŇħĪňŗěŃľŅĺńĽħŋĪňŗĽŅĴŅĶĩĪħŐĪĬıŀĸŇŏĴŀĶƢĝĬŇħıŀĸŇŀŃėŇĶŇĔȮŐĸŃĴňĽĴĭńĨŇ

ŏĝŇĚĔĸĪňŗħňȮĽŅĴŅĶĩĵƞŀĵĽĸŅĵœħƟŒĬīĶĶĴĝŅĨŇœħƟȮěŉĚĴňŐĬĺėŇħĪňŗěŃĬŜŅıŀĸŇŐĸėĨŇĔŐŀĞŇħ(PLA) ĴŅ

ĪħŐĪĬȮĞŉŗĚŒĬĮƤěěŋĭńĬıŀĸŇŐĸėĨŇĔŐŀĞŇħȮ(PLA) œħƟĶńĭėĺŅĴĬŇĵĴŀĵƞŅĚŐıĶƞľĸŅĵȮŏĬŊŗŀĚěŅĔŏĮƦĬĺńĽħŋıŀ

ĸŇŏĴŀĶƢĪňŗĽŅĴŅĶĩĵƞŀĵĽĸŅĵœħƟŒĬīĶĶĴĝŅĨŇȮŐĸŃĴňĽĴĭńĨŇŏĝŇĚĔĸĪňŗħňȮőħĵįŌƟĺŇěńĵœħƟĪŜŅĔŅĶįĽĴįĚŀĸŌĴŇŏĬňĵĴ

ŀŀĔœĞĨƢĸĚœĮŏıŊŗŀŒľƟıŀĸŇŐĸėĨŇĔŐŀĞŇħȮ(PLA) ĴňĽĴĭńĨŇŏĝŇĚĔĸĪňŗħňĕŉŘĬȮŀňĔĪńŘĚĵńĚĝƞĺĵŒľƟĴňĽĳŅııŊŘĬįŇĺ

ŒĔĸƟŏėňĵĚĔńĭĽňĲƤĬěĶŇĚȮěŅĔĬńŘĬĬŜŅœĮĪħĽŀĭĔŅĶĕŉŘĬĶŌĮħƟĺĵĔĶŃĭĺĬĔŅĶĜňħ (Injection molding) ŐĸŃ

ŏĪėőĬőĸĵňĔŅĶıŇĴıƢȮ1ȮĴŇĨŇȮ(3D printing)ȮőħĵŒĝƟŏėĶŊŗŀĚıŇĴıƢȮ3 ĴŇĨŇŐĭĭľńĺĜňħȮ(Fuse deposition 

modeling) ŏĬŊŗŀĚěŅĔŏĪėĬŇėĬňŘĴňĺŇīňĔŅĶŒĝƟĚŅĬĪňŗĚƞŅĵŐĸŃĴňĨƟĬĪŋĬĨŗŜŅȮěŅĔĬńŘĬĬŜŅĝŇŘĬĚŅĬĪňŗœħƟœĮĪŜŅĔŅĶ

ĪħĽŀĭĽĴĭńĨŇĪŅĚėĺŅĴĶƟŀĬȮĽĴĭńĨŇŏĝŇĚĔĸȮŐĸŃĽĴĭńĨŇĪŅĚĔŅĵĳŅı  

1.4 ĕŀĭŏĕĨĕŀĚĔŅĶĻŉĔļŅŐĸŃĕƟŀěŜŅĔńħĕŀĚĚŅĬĺŇěńĵ 
 1.4.1 ĺńĽħŋėŀĴőıĽŇĨĪňŗĪŜŅĔŅĶįĽĴĶŃľĺƞŅĚıŀĸŇŏĴŀĶƢȮėŊŀȮıŀĸŇŐĸėĨŇĔŐŀĞŇħȮŏĔĶħ 4032D 

ŐĸŃȮĺńĽħŋĪňŗĬŜŅĴŅįĽĴėŊŀįĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢȮŒĝƟŒĬĮĶŇĴŅĦȮ5% 10%Ȯ15% ŐĸŃ 20% őħĵĬŘŜŅľĬńĔȮ

ŐĸŃĪŜŅĔŅĶĮĶńĭĮĶŋĚıŊŘĬįŇĺŏĞĶŅĴŇĔŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢȮħƟĺĵĽŅĶŏĝŊŗŀĴĮĶŃĽŅĬœĞŏĸĬȮ1-AminopropyȮ

ltriethoxy-silane&APS' ĪňŗŀńĨĶŅĽƞĺĬȮ10% őħĵĬŘŜŅľĬńĔŏĪňĵĭĔńĭįĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢ 

  1.4.2 ĕŉŘĬĶŌĮŏĽƟĬĲƕĸŅŏĴĬĨƢȮ(Filament) ħƟĺĵŏėĶŊŗŀĚŀńħĶňħŐĭĭŏĔĸňĵĺľĬŀĬėŌƞȮ(Co-rotating 

Twin screw extruder) ĶŋƞĬȮSHJ-25ȮěŅĔĭĶŇļńĪȮYougteng ĮĶŃŏĪĻěňĬȮĕĬŅħŏĽƟĬįƞŅĬĻŌĬĵƢĔĸŅĚȮȮȮ
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ĽĔĶŌȮ03ȮĴŇĸĸŇŏĴĨĶȮĵŅĺȮ14.ȮŏĞĬĨŇŏĴĨĶȮŐĸŃėƞŅȮL/D ėŊŀȮ2.ȮŏıŊŗŀŒľƟœħƟŏĽƟĬȮExtrudate ĪňŗĴňĕĬŅħŏĽƟĬ

įƞŅĬĻŌĬĵƢĔĸŅĚȮ1.3-1.5ȮĴŇĸĸŇŏĴĨĶȮĬŜŅœĮĪħĽŀĭĔŅĶıŇĴıƢȮ3 ĴŇĨŇ 

 1.4.3 ŏėĶŊŗŀĚıŇĴıƢȮ1ȮĴŇĨŇŐĭĭĪňŗŒĝƟŒĬĚŅĬĺŇěńĵėŊŀȮŏėĶŊŗŀĚıŇĴıƢȮ1ȮĴŇĨŇȮ(3D-Printer) ŐĭĭȮFuse 

deposited modeling (FDM) ĶŋƞĬȮ335E1 įĸŇĨőħĵĭĶŇļńĪȮNTT Pro IIID Printer ĮĶŃŏĪĻœĪĵ 

1.5 ĺŇīňĔŅĶħŜŅŏĬŇĬĚŅĬĺŇěńĵőħĵĽńĚŏĕĮ 
1.5.1ȮĻŉĔļŅėƟĬėĺƟŅŏŀĔĽŅĶŐĸŃĭĪėĺŅĴĪňŗŏĔňŗĵĺĕƟŀĚĔńĭĚŅĬĺŇěńĵŏıŊŗŀĬŜŅĴŅĮĶŃĵŋĔĨƢŒĝƟ 

1.5.2ȮŀŀĔŐĭĭĺŇīňĔŅĶĪħĸŀĚŐĸŃĺŅĚŐįĬĔŅĶħŜŅŏĬŇĬĚŅĬĺŇěńĵ 

1.5.3ȮħŜŅŏĬŇĬĚŅĬĺŇěńĵőħĵŐĭƞĚŀŀĔŏĮƦĬĽƞĺĬĨƞŅĚŕħńĚĬňŘ 

 1.5.3.1 ĮĶńĭĮĶŋĚıŊŘĬįŇĺĕŀĚįĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞĨƢȮħƟĺĵĽŅĶŏĝŊŗŀĴĮĶŃĽŅĬœĞŏĸĬȮAPS 

ĪňŗŀńĨĶŅĽƞĺĬȮ10% őħĵĬŘŜŅľĬńĔŏĪňĵĭĔńĭįĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞĨƢŐĸŃĺŇŏėĶŅŃľƢľĴŌƞĲƤĚĔƢĝńĬħƟĺĵ

ŏėĶŊŗŀĚ Fourier transformation infrared spectroscopy (FTIR)  

 1.5.3.2 ĬŜŅįĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢĴŅĪŜŅĔŅĶįĽĴĔńĭıŀĸŇŐĸėĨŇĔŐŀĞŇħőħĵĴňĪńŘĚľĴħȮ5 

ĽŌĨĶȮĨŅĴŀńĨĶŅĽƞĺĬħńĚĨŅĶŅĚĪňŗ 1.1 ħƟĺĵŏėĶŊŗŀĚȮTwin-screw extruder ĝĬŇħȮco-rotating 

ŐĸŃĕŉŘĬŏĮƦĬŏĽƟĬĲƕĸŅŏĴĬĨƢĪňŗĴňĕĬŅħŏĽƟĬįƞŅĬĻŌĬĵƢĔĸŅĚȮ1.3-1.5ȮĴŇĸĸŇŏĴĨĶȮŏıŊŗŀĬŜŅœĮŒĝƟŒĬ

ĔĶŃĭĺĬĔŅĶıŇĴıƢȮ3 ĴŇĨŇȮŐĸŃĬŜŅŏĽƟĬĲƕĸŅŏĴĬĨƢĭŅĚĽƞĺĬœĮĨńħŏĮƦĬŏĴŖħŏıŊŗŀĻŉĔļŅĽĴĭńĨŇėĺŅĴ

ľĬŊħŏĭŊŘŀĚĨƟĬȮőħĵĔŅĶľŅėƞŅħńĝĬňĔŅĶœľĸȮMelt Flow index (MFI) ĕŀĚĺńĽħŋĨŅĴĴŅĨĶģŅĬȮ

ASTM D1238 

ĨŅĶŅĚĪňŗȮ1.1ȮŐĽħĚŀńĨĶŅĽƞĺĬĕŀĚıŀĸŇŐĸėĨŇĔŐŀĞŇħįĽĴįĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢ(Al2O3) 
ĨńĺŀĵƞŅĚ ŀńĨĶŅĽƞĺĬĬŘŜŅľĬńĔ ĬŘŜŅľĬńĔœĞŏĸĬŏĪňĵĭĔńĭįĚ

ŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢ ĬŘŜŅľĬńĔıŀĸŇŐĸėĨŇĔŐŀĞŇħ 
(g) 

ĬŘŜŅľĬńĔįĚŀĸŌĴŇŏĬňĵĴ
ŀŀĔœĞħƢ (g) 

PLA 100 - - 
5A_PLA 95 5 10 
10A_PLA 90 10 10 
15A_PLA 85 15 10 
20A_PLA 80 20 10 
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/,3,1,1ȮĕŉŘĬĶŌĮĝŇŘĬĚŅĬĽŜŅľĶńĭĔŅĶĪħĽŀĭĽĴĭńĨŇĨƟŅĬĪŅĬĨƞŀĔŅĶħŉĚĵŊħ (Tensile 

test) ĽĴĭńĨŇĨƟŅĬĪŅĬĨƞŀĔŅĶħńħőėƟĚȮ(Flexural test) ŐĸŃĽĴĭńĨŇĨƟŅĬĪŅĬĨƞŀĔŅĶĔħŀńħȮ

(Compressive test) ħƟĺĵŏėĶŊŗŀĚĜňħıĸŅĽĨŇĔȮ(Injection molding) 

1.5.1.2ȮĻŉĔļŅĽĴĭńĨŇĪŅĚėĺŅĴĶƟŀĬȮĽĴĭńĨŇŏĝŇĚĔĸȮŐĸŃĽĴĭńĨŇĪŅĚĔŅĵĳŅıȮĕŀĚĺńĽħŋ

ĕŀĚĝŇŘĬĚŅĬĪňŗœħƟěŅĔĔŅĶĕŉŘĬĶŌĮěŅĔĔĶŃĭĺĬĔŅĶĜňħ (Injection molding) ħƟĺĵŏėĶŊŗŀĚĴŊŀ

ĺŇŏėĶŅŃľƢ 

-ȮĻŉĔļŅĽĴĭńĨŇĪŅĚėĺŅĴĶƟŀĬĕŀĚĺńĽħŋħƟĺĵŏėĶŊŗŀĚȮDifferential scanning calorimetry 

(DSC) ŒĬőľĴħȮHeat-Cool-Heat ħƟĺĵȮŀńĨĶŅĔŅĶŒľƟėĺŅĴĶƟŀĬȮ1oC/min 

- ĻŉĔļŅĽĴĭńĨŇĔŅĶœľĸħƟĺĵŏėĶŊŗŀĚĪħĽŀĭĽĴĭńĨŇĔŅĶœľĸŐĭĭŐįƞĬėŌƞĕĬŅĬȮ(Parallel plate 

rheometer) őħĵŒĝƟĽĳŅĺŃĔŅĶĪħĽŀĭŐĭĭĮĶńĭėĺŅĴĩňŗŏĝŇĚĴŋĴȮ(Frequency sweep)Ȯőħĵ

ŒĝƟĝŇŘĬĚŅĬĪňŗœħƟěŅĔĔŅĶĕŉŘĬĶŌĮħƟĺĵŏėĶŊŗŀĚŀńħĕŉŘĬĶŌĮıĸŅĽĨŇĔȮ(Compression molding) ĕĬŅħ

ĝĬŇħĚŅĬĴňŏĽƟĬįƞŅĬĻŌĬĵƢĔĸŅĚȮ0ȮŏĞĬĨŇŏĴĨĶȮėĺŅĴľĬŅȮ0ȮĴŇĸĸŇŏĴĨĶȮ 

-ȮĻŉĔļŅĽĴĭńĨŇĪŅĚėĺŅĴĶƟŀĬĝŀĚĺńĽħŋŏĝŇĚĔĸŐĭĭœħĬŅĴŇĔĽƢȮ(Dynamic mechanical 

thermal analysis) ŒĝƟĽĳŅĺŃĔŅĶĪħĽŀĭŐĭĭĮĶńĭŀŋĦľĳŌĴŇȮ(Temperature sweep) őħĵ

ėĺŅĴĩňŗŐĸŃėĺŅĴŏėĶňĵħŒĬĔŅĶĪħĽŀĭėĚĪňŗȮŐĸŃŒľƟŐĶĚŒĬőľĴħħńħĚŀŐĭĭȮ1ȮěŋħȮ(Three-

point bending mode) ŒĝƟĝŇŘĬĚŅĬŒĬĔŅĶĪħĽŀĭěŅĔĝŇŘĬĚŅĬĽŜŅľĶńĭĪħĽŀĭĽĴĭńĨŇĨƟŅĬĪŅĬ

ĨƞŀĔŅĶħńħőėƟĚ 

- ĻŉĔļŅĽĴĭńĨŇėĺŅĴĨƟŅĬĪŅĬĨƞŀĔŅĶħŉĚĵŊħ (Tensile test) ĨŅĴĴŅĨĶģŅĬȮASTM D638  

-ȮĻŉĔļŅĽĴĭńĨŇėĺŅĴĨƟŅĬĪŅĬĨƞŀĔŅĶħńħőėƟĚȮ(Flexural test) ĨŅĴĴŅĨĶģŅĬȮASTM D790 

őħĵŒľƟŐĶĚŒĬőľĴħħńħĚŀŐĭĭȮ1ȮěŋħȮ(Three-point bending mode) 

-ȮĻŉĔļŅĽĴĭńĨŇėĺŅĴĨƟŅĬĪŅĬĨƞŀĔŅĶĔħŀńħȮ(Compressive test) ĨŅĴĴŅĨĶģŅĬȮASTM 

D695  

-ȮĻŉĔļŅėĺŅĴŐĕŖĚŐĶĚĭĬıŊŘĬįŇĺȮ(Shore hardness test) ħƟĺĵľńĺĔħŐĭĭȮShore D ĨŅĴ

ĴŅĨĶģŅĬȮISO 868  

- ĻŉĔļŅĽĴĭńĨŇĨƟŅĬĪŅĬĨƞŀĔŅĶĕńħĩŌȮ(Abrasion resistance) ĨŅĴĴŅĨĶģŅĬȮASTM D1630 

- ĻŉĔļŅĽĴĭńĨŇėĺŅĴĨƟŅĬĪŅĬĨƞŀĔŅĶĽŉĔľĶŀȮ(Wear resistance)  

-ȮĻŉĔļŅőėĶĚĽĶƟŅĚĽńĦģŅĬĺŇĪĵŅĕŀĚĝŇŘĬĚŅĬőħĵŒĝƟĔĸƟŀĚěŋĸĪĶĶĻĬƢŀŇŏĸŖĔĨĶŀĬŐĭĭĽƞŀĚĔĶŅħȮ

(Scanning electron microscope)  
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1.5.1.5ȮĕŉŘĬĶŌĮĝŇŘĬĚŅĬĽŜŅľĶńĭĔŅĶĪħĽŀĭħƟĺĵŏėĶŊŗŀĚıŇĴıƢȮ1ȮĴŇĨŇ (3D printing) 

ĽŜŅľĶńĭĔŅĶĪħĽŀĭĽĴĭńĨŇĪŅĚėĺŅĴĶƟŀĬȮĽĴĭńĨŇŏĝŇĚĔĸȮŐĸŃĽĴĭńĨŇĪŅĚĔŅĵĳŅıĕŀĚĺńĽħŋħƟĺĵ

ŏėĶŊŗŀĚĴŊŀĺŇŏėĶŅŃľƢ 

-ȮĕŉŘĬĶŌĮĝŇŘĬĚŅĬĨŅĴĴŅĨĶģŅĬĔŅĶĪħĽŀĭĽĴĭńĨŇĨƟŅĬĪŅĬĨƞŀĔŅĶĔħŀńħȮASTM D695 őħĵŒĝƟ

ŏėĶŊŗŀĚıŇĴıƢȮ1ȮĴŇĨŇ (3D printing) ȮĝŇŘĬĚŅĬĸŃȮ/0ȮĨńĺŀĵƞŅĚŏıŊŗŀĬŜŅœĮĪħĽŀĭĔŅĶĔħŀńħ 

-ȮĻŉĔļŅĽĴĭńĨŇĪŅĚėĺŅĴĶƟŀĬĕŀĚĺńĽħŋħƟĺĵŏėĶŊŗŀĚȮDifferential scanning calorimetry 

(DSC) ŒĬőľĴħȮHeat-Cool-Heat ħƟĺĵŀńĨĶŅĔŅĶŒľƟėĺŅĴĶƟŀĬȮ1ȮŀĚĻŅŏĞĸŏĞňĵĽĨƞŀĬŅĪňȮĕŀĚ

ĝŇŘĬĚŅĬĪňŗĕŉŘĬĶŌĮħƟĺĵŏĪėőĬőĸĵňĔŅĶıŇĴıƢȮ1ȮĴŇĨŇ(3D printing) 

-ȮĻŉĔļŅĽĴĭńĨŇĨƟŅĬĪŅĬĨƞŀĔŅĶĔħŀńħȮ(Compressive test) ĨŅĴĴŅĨĶģŅĬȮASTM D 695 

- ĻŉĔļŅĮĶŇĴŅĦĶŌıĶŋĬĪńŘĚľĴħ (Total porosity) ĕŀĚĝŇŘĬĚŅĬĪňŗĕŉŘĬĶŌĮħƟĺĵŏėĶŊŗŀĚıŇĴıƢȮ1ȮĴŇĨŇ 

(3D printing) Ȯ 

-ȮĻŉĔļŅėĺŅĴŐĕŖĚŐĶĚĭĬıŊŘĬįŇĺȮ(Shore hardness test) ħƟĺĵľńĺĔħŐĭĭȮShore D ĨŅĴ

ĴŅĨĶģŅĬȮISO 868  

-ȮĻŉĔļŅőėĶĚĽĶƟŅĚĽńĦģŅĬĺŇĪĵŅĕŀĚĝŇŘĬĚŅĬőħĵŒĝƟĔĸƟŀĚěŋĸĪĶĶĻĬƢŀŇŏĸŖĔĨĶŀĬŐĭĭĽƞŀĚĔĶŅħȮ

(Scanning electron microscope)  

1.5.1.4ȮĻŉĔļŅĽĴĭńĨŇŏĝŇĚĔĸŐĸŃĪŅĚĔŅĵĳŅıĕŀĚĺńĽħŋľĸńĚįƞŅĬĔŅĶěŋƞĴŐĝƞĝŇŘĬĚŅĬŒĬ

ĽŅĶĸŃĸŅĵĬŘŜŅĸŅĵŏĪňĵĴ (Artificial saliva test) ħƟĺĵŏėĶŊŗŀĚĴŊŀĺŇŏėĶŅŃľƢ 

- ĪŜŅĔŅĶěŋƞĴŐĝƞĝŇŘĬĚŅĬĨńĺŀĵƞŅĚĽŜŅľĶńĭĔŅĶĪħĽŀĭĽĴĭńĨŇĨƟŅĬĪŅĬĨƞŀĔŅĶĔħŀńħȮ

(Compressive test) ĨŅĴĴŅĨĶģŅĬȮASTM D695 ĕŀĚĝŇŘĬĚŅĬĪňŗĕŉŘĬĶŌĮħƟĺĵŏĪėőĬőĸĵňĔŅĶ

ıŇĴıƢȮ1ȮĴŇĨŇȮŐĸŃȮŐĸŃĔĶŃĭĺĬĔŅĶĜňħĕŉŘĬĶŌĮıĸŅĽĨŇĔ (Injection molding)  

-ȮĻŉĔļŅĽĴĭńĨŇĔŅĶħŌħĞŉĴĬŘŜŅŐĸŃĬŘŜŅĸŅĵŏĪňĵĴĕŀĚĝŇŘĬĚŅĬĪňŗĕŉŘĬĶŌĮħƟĺĵĔĶŃĭĺĬĔŅĶĜňħ 

(Injection molding) ŐĸŃŏĪėőĬőĸĵňĔŅĶıŇĴıƢȮ1ȮĴŇĨŇ(3D printing)ȮőħĵĔŅĶĝńŗĚĬŘŜŅľĬńĔ

ĝŇŘĬĚŅĬŏĮƖĵĔ 

- ĻŉĔļŅĔŅĶŏĮĸňŗĵĬŐĮĸĚŏĜħĽňőħĵĶĺĴĕŀĚĝŇŘĬĚŅĬĪňŗĕŉŘĬĶŌĮħƟĺĵĔĶŃĭĺĬĔŅĶĜňħ (Injection 

molding) ŐĸŃŏĪėőĬőĸĵňĔŅĶıŇĴıƢȮ1ȮĴŇĨŇ(3D printing) 

- ĻŉĔļŅĽĴĭńĨŇĨƟŅĬĪŅĬĨƞŀĔŅĶĔħŀńħȮ(Compressive test) ĨŅĴĴŅĨĶģŅĬȮASTM D695 

ĕŀĚĝŇŘĬĚŅĬĪňŗĕŉŘĬĶŌĮħƟĺĵĔĶŃĭĺĬĔŅĶĜňħ (Injection molding) ŐĸŃŏĪėőĬőĸĵňĔŅĶıŇĴıƢȮ1Ȯ

ĴŇĨŇ (3D printing)Ȯ 
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-ȮĻŉĔļŅőėĶĚĽĶƟŅĚĽńĦģŅĬĺŇĪĵŅĕŀĚĝŇŘĬĚŅĬőħĵŒĝƟĔĸƟŀĚěŋĸĪĶĶĻĬƢŀŇŏĸŖĔĨĶŀĬŐĭĭĽƞŀĚĔĶŅħȮ

(Scanning electron microscope)  

1.5.4ȮĺŇŏėĶŅŃľƢŐĸŃĽĶŋĮįĸĔŅĶĺŇěńĵ 

1.5.5ȮħŜŅŏĬŇĬĔŅĶŒľƟįĸĚŅĬľĶŊŀĽƞĺĬľĬŉŗĚĕŀĚįĸĚŅĬœħƟĶńĭĔŅĶĵŀĴĶńĭŒľƟĨňıŇĴıƢŒĬĺŅĶĽŅĶľĶŊŀ

ĽŇŗĚıŇĴıƢĪŅĚĺŇĝŅĔŅĶȮľĶŊŀĬŜŅŏĽĬŀĨƞŀĪňŗĮĶŃĝŋĴĺŇĝŅĔŅĶĪňŗĴňĶŅĵĚŅĬĔŅĶĮĶŃĝŋĴȮ(Proceeding) 

ŀĵƞŅĚĬƟŀĵȮ1 ŏĶŊŗŀĚ 

1.5.6 ěńħĪŜŅĶŌĮŏĸƞĴĺŇĪĵŅĬŇıĬīƢ 

1.5.7 ĽŀĭĺŇĪĵŅĬŇıĬīƢ 

/,4ȮįĸĪňŗėŅħĺƞŅěŃœħƟĶńĭěŅĔĚŅĬĺŇěńĵ 
/,4,/ȮĽŅĴŅĶĩŏĨĶňĵĴĺńĽħŋĪħŐĪĬĽŜŅľĶńĭĪňŗėĶŀĭĲƤĬĝńŗĺėĶŅĺĪŅĚĪńĬĨĔĶĶĴȮőħĵĽĴĭńĨŇĪŅĚ

ėĺŅĴĶƟŀĬȮĽĴĭńĨŇŏĝŇĚĔĸȮŐĸŃĽĴĭńĨŇĪŅĚĔŅĵĳŅıĪňŗħň 

 /,4,0ȮĽŅĴŅĶĩŒĝƟŏĪėőĬőĸĵňĔŅĶıŇĴıƢȮ1ȮĴŇĨŇŏıŊŗŀĕŉŘĬĶŌĮĺńĽħŋĔŅĶėĶŀĭĲƤĬĝńŗĺėĶŅĺĪŅĚȮȮȮȮȮȮȮȮȮ

ĪńĬĨĔĶĶĴŏıŊŗŀĝƞĺĵĸħĶŃĵŃŏĺĸŅŒĬĔŅĶĕŉŘĬĶŌĮœħƟ 
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ĭĪĪňŗȮ2  
ĪķļġňŐĸŃĚŅĬĺŇěńĵĪňŗŏĔňŗĵĺĕƟŀĚ 

2.1 ĺńĽħŋĝňĺĔŅĶŐıĪĵƢĪňŗŒĝƟŒĬĚŅĬĪńĬĨĔĶĶĴ 
2.1.1 ĺńĽħŋıŀĸŇŏĴŀĶƢ 
2.1.1.1 ıŀĸŇŏĴĪŇĸŏĴĪŅėĶŇŏĸĨȮ&PMMA) [7] 

 

 
ĶŌĮĪňŗȮ2.1 őėĶĚĽĶƟŅĚĕŀĚȮPMMA [8] 

 őėĶĚĽĶƟŅĚĕŀĚıŀĸŇŏĴĪŇĸŏĴĪŅėĶŇŏĸĨȮ&PMMA)ȮŐĽħĚŒĬĶŌĮĪňŗȮ2.1 őħĵıŀĸŇŏĴĪŇĸŏĴ

ĪŅėĶŇŏĸĨȮŏĮƦĬĺńĽħŋĪňŗĴňĔŅĶŒĝƟĴŅĬŅĬŐĸƟĺŒĬĪŅĚĪńĬĨĔĶĶĴȮŏĮƦĬĪňŗĬŇĵĴŒĬĔŅĶįĽĴĪňŗėĶŀĭĲƤĬȮŐĸŃĔŅĶ

įĸŇĨĲƤĬĮĸŀĴȮȮŏĬŊŗŀĚěŅĔĽĴĭńĨŇĪňŗħňȮŏĝƞĬȮĔŅĶĕŉŘĬĶŌĮĪňŗĚƞŅĵȮĔŅĶĞƞŀĴŐĞĴĽŃħĺĔȮȮĨƟĬĪŋĬĨŗŜŅŐĸŃĔŅĶ

ĵŀĴĶńĭĪňŗħňĕŀĚįŌƟĮƙĺĵȮŀňĔĪńŘĚȮėŋĦĽĴĭńĨŇĪŅĚĝňĺĳŅıœĴƞĴňĶĽȮœĴƞĴňĔĸŇŗĬȮőĮĶƞĚŒĽŐĸŃĴňĸńĔļĦŃėĺŅĴĚŅĴĪňŗ

ĵŀħŏĵňŗĵĴȮŐĨƞȮPMMA ŒĝƟŏĮƦĬĺńĽħŋģŅĬĲƤĬĮĸŀĴĴňĮƤĠľŅĴŅĔĴŅĵŏĝƞĬ ėĺŅĴĨƟŅĬĪŅĬŏĝŇĚĔĸĨŗŜŅȮėĺŅĴœĺ

ĨƞŀĔŅĶĔƞŀĨńĺĕŀĚěŋĸŇĬĪĶňĵƢěŅĔĽŇŗĚŐĺħĸƟŀĴŒĬĝƞŀĚĮŅĔĪňŗĮĬŏĮƘƨŀĬĽŌĚĕŅħėĺŅĴĪŉĭŐĽĚȮŐĸŃĮĢŇĔŇĶŇĵŅ

ĳŌĴŇŐıƟĽƞĺĬŒľĠƞŏĔŇħěŅĔĔŅĶĝŃĸƟŅĚĕŀĚĴŀĬŀŏĴŀĶƢȮĔŅĶŏĽŊŗŀĴĽĴĭńĨŇĪŅĚĔĸŐĸŃėĺŅĴĨƟŅĬĪŅĬĨƞŀĔŅĶ

ĽŉĔľĶŀŒĬĽĳŅıŐĺħĸƟŀĴħƟĺĵĬŘŜŅőħĵŏĜıŅŃŒĬĬŘŜŅĸŅĵĕŀĚĴĬŋļĵƢȮY4, 5[ 

2.1.1.2 ıŀĸŇŐĸėĨŇĔŐŀĞŇħȮY7[ 

ıŀĸŇŐĸėĨŇĔŐŀĞŇħȮ(PLA) ěńħŏĮƦĬœĭőŀıŀĸŇŏĴŀĶƢȮ(Biopolymer) ľĶŊŀıŀĸŇŏĴŀĶƢĪŅĚĝňĺĳŅıȮ
ĽńĚŏėĶŅŃľƢĴŅěŅĔĔĶħŐĸėĨŇĔȮ(lactic aicd) œħƟŏĮƦĬıŀĸŇŏŀĽŏĨŀĶƢĽŅĵőĞƞĨĶĚȮ(Ali]hatic polyester) Ȯ
ĔĶħŐĸėĨŇĔĬńŘĬįĸŇĨěŅĔĔĶŃĭĺĬĔŅĶľĴńĔŐĮƚĚľĶŊŀĬŘŜŅĨŅĸěŅĔıŊĝĪňŗĴňŐĮƚĚľĶŊŀĬŘŜŅĨŅĸŏĮƦĬŀĚėƢĮĶŃĔŀĭȮ
ŏĝƞĬȮĕƟŅĺĽŅĸňȮĕƟŅĺőıħȮĴńĬĽŜŅĮŃľĸńĚȮŀƟŀĵȮŐĸŃıŀĸŇŐĸėĨŇĔŐŀĞŇħŏĮƦĬıŀĸŇŏĴŀĶƢĮĶŃŏĳĪŏĪŀĶƢőĴĸŅ
ĽĨŇĔȮ(Thermoplastic) őħĵŐĽħĚőėĶĚĽĶƟŅĚĕŀĚıŀĸŇŐĸėĨŇĔŐŀĞŇħŒĬĶŌĮĪňŗȮ2.2 ıŀĸŇŐĸėĨŇĔŐŀĞŇħ
ĽŅĴŅĶĩĕŉŘĬĶŌĮœħƟěŅĔĔĶŃĭĺĬĔŅĶįĸŇĨĪńŗĺœĮ ŏĝƞĬ ĔŅĶĜňħĕŉŘĬĶŌĮ (Injection molding) ĔŅĶĕŉŘĬĶŌĮħƟĺĵ
ėĺŅĴĶƟŀĬ (Thermoforming) ĔŅĶŀńħĶňħ (Extrusion)ȮĔŅĶŀńħĕŉŘĬĶŌĮ (Compression molding) ŐĸŃ
ĔŅĶŏĮƙŅĕŉŘĬĶŌĮ (Blow molding)ȮY7, /.[  
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ĶŌĮĪňŗȮ2.2ȮőėĶĚĽĶƟŅĚĕŀĚıŀĸŇŐĸėĨŇĔŐŀĞŇħȮY7[ 

ĔŅĶĽńĚŏėĶŅŃľƢıŀĸŇŐĸėĨŇĔŐŀĞŇħěŃŏĔŇħįƞŅĬĮĢŇĔŇĶŇĵŅĽŅĴĶŌĮŐĭĭȮėŊŀȮĮĢŇĔŇĶŇĵŅĔŅĶıŀĸŇŏĴŀĶƢ
œĶŏĞĝńŗĬŐĭĭėĺĭŐĬƞĬȮ&Condensation polymerization)  ĮĢŇĔŇĶŇĵŅĔŅĶėĺĭŐĬƞĬŐĭĭŀŃĞŇőŀőĪĶĮƕėȮ
&Azeotropic dehydrative condensation) ŐĸŃĮĢŇĔŇĶŇĵŅĔŅĶĔŅĶĽńĚŏėĶŅŃľƢįƞŅĬĔŅĶŏĔŇħŐĸėœĪħƢȮ
&Lactide formation)   ĞŉŗĚĔŅĶĽńĚŏėĶŅŃľƢıŀĸŇŐĸėĨŇĔŐŀĞŇħőħĵįƞŅĬĔŅĶŏĮƕħĺĚȮ&Ring-opening 
polymerization) ĕŀĚŐĸėœĪħƢıŀĸŇŐĸĔĨŇĔŐŀĞŇħȮěŃĪŜŅŒľƟœħƟĬŘŜŅľĬńĔőĴŏĸĔŋĸĽŌĚȮ&ĴŅĔĔĺƞŅȮ/..,...Ȯ
ħŅĸĨńĬ'ȮȮŐĸŃıŀĸŇŐĸėĨŇħŐŀĞŇħĽƞĺĬŒľĠƞĪňŗŒĝƟĔńĬŒĬĮƤěěŋĭńĬĽƞĺĬĴŅĔŏĮƦĬıŀĸŇŐĸėĨŇĔĝĬŇħŐŀĸȮŏĔŊŀĭ
ĪńŘĚľĴħȮŏĶňĵĔĺƞŅȮıŀĸŇŐŀĸ-ŐĸėĨŇĔŐŀĞŇħȮ&PLLA) [9] 

 
2.1.2 ĺńĽħŋŏĞĶŅĴŇĔ 
ŏĞĶŅĴŇĔĽŅĴŅĶĩŐĭƞĚœħƟľĸŅĵŐĭĭŏĝƞĬȮŐĭƞĚĨŅĴŀĚėƢĮĶŃĔŀĭľĸńĔŀŋĦľĳŌĴŇĪňŗŒĝƟŏįŅȮľĶŊŀ

ĺŇīňĔŅĶĕŉŘĬĶŌĮŏĮƦĬĨƟĬȮőħĵŒĬĪŅĚĪńĬĨĔĶĶĴŀŀĔŏĮƦĬȮ1ȮĔĸŋƞĴħńĚĬňŘȮY//[ 
2.1.2.1 ŏĞĶŅĴŇĔħńŘĚŏħŇĴ &conventional, traditional ľĶŊŀȮfeldspaticceramic)  
őħĵŒĬĔĸŋƞĴĬňŘȮŏĮƦĬŏĞĶŅĴŇĔıĺĔŐĶĔĪňŗĬŜŅĴŅŒĝƟŒĬĪŅĚĪńĬĨĔĶĶĴĴňŀĚėƢĮĶŃĔŀĭľĸńĔėŊŀȮ

ŏĲĸħƢĽĮŅĶƢȮ&feldspar) ŐĸŃŀĚėƢĮĶŃĔŀĭŀŊŗĬœħƟŐĔƞȮėĺŀĨĞƢȮ&quartz)ȮŏĴŖħĽňőĸľŃȮ&metallic 

pigment)ȮĞŉŗĚŏĮƦĬŀŀĔœĞħƢĕŀĚőĸľŃĨƞŅĚŕĽŅĶĪŜŅŒľƟŏĔŇħėĺŅĴĪŉĭŐĽĚȮ&opacifier)ȮŏĝƞĬħňĭŋĔĽŅĶħńħ

ŐĮĶĚěŅĔŐĔĺ&glass modifier) ĽŅĶĪŜŅŒľƟŏĔŇħĔŅĶĺŅĺŐĽĚ&fluorescence)ȮŏĝƞĬȮĞňŏĶňĵĴŀŀĔ

œĞħ&cerium oxide)ŐĸŃĽŅĶĝƞĺĵŒĬĔŅĶĕŉŘĬĶŌĮ&modeling) œħŐĔŐėőŀĸŇĬ&kaolin)ȮŏĴŊŗŀĬŜŅ

ŀĚėƢĮĶŃĔŀĭĪńŘĚľĴħĴŅŏįŅĶĺĴĔńĬŐĸŃĭħŒľƟȮĸŃŏŀňĵħıĭĺƞŅĽƞĺĬĕŀĚėĺŀĨĞƢœĴĴňĔŅĶŏĮĸňŗĵĬŐĮĸĚȮ

ĽƞĺĬĕŀĚȮŏĲĸħƢĽĮŅĶƢȮ&feldspar) ŏĔŇħĔŅĶĽĸŅĵĨńĺœħƟŏĮƦĬĔĸŅĽŏĴĪĶŇĔĞƢȮ&glass matrix) ŐĸŃȮ

ŏĬŊŗŀĚěŅĔėĶŀĭĲƤĬőĸľŃŏėĸŊŀĭŏĞĶŅĴŇĔĬńŘĬĴňőėĶĚőĸľŃŀĵŌƞĳŅĵŒĬěŉĚĪŜŅŒľƟŏĔŇħėĺŅĴĪŉĭŐĽĚȮŏĮĬĕƟŀ

ěŜŅĔńħŏĶŊŗŀĚėĺŅĴĽĺĵĚŅĴȮŒĬĔĶĦňėĶŀĭĲƤĬĞňŗľĬƟŅȮőħĵĪňŗĲƤĬȮĕƟŅĚŏėňĵĚĕŀĚįŌƟĮĺĵőĮĶƞĚŐĽĚĴŅĔȮħńĚĬńŘĬěŉĚ

ĴňĔŅĶıńĥĬŅŏĞĶŅĴŇĔŒľƟĴňėĺŅĴŐĕŖĚŐĶĚĴŅĔĕŉŘĬȮŏıŊŗŀĽŅĴŅĶĩĽĶŅĚėĶŀĭĲƤĬĪňŗœĴƞĴňőėĶĚőĸľŃľĶŊŀĪňŗ

ŏĶňĵĔĺƞŅėĶŀĭĲƤĬŏĞĶŅĴŇĔĪńŘĚĞňŗ 
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 2.1.2.0ȮĔĸŅĽŏĞĶŅĴŇĔȮ&Glass-ceramics) 

ŏĮƦĬŏĞĶŅĴŇĔĪňŗĴňĔŅĶıńĥĬŅŒľƟĴňėĺŅĴŐĕŖĚŐĶĚĴŅĔĕŉŘĬȮőħĵŏıŇŗĴĔŅĶĮĶŇĴŅĦĕŀĚĺńĢĳŅėįĸŉĔ

(crystalline)ȮħƟĺĵĕĭĺĬĔŅĶĪňŗŏĶňĵĔĺŅĔŅĶŀĭĶƟŀĬ&ceraming) ĞŉŗĚŏĮƦĬĕĭĺĬĔŅĶėĺĭėŋĴĔŅĶŏĔŇħįĸŉĔ

&controlledcrystallization)ȮħƟĺĵėĺŅĴĶƟŀĬȮ&heattreatment)ȮĶƞĺĴĔńĭĔŅĶŒĽƞĽŅĶĽĶƟŅĚĬŇĺŏėĸňĵĽ

&nucleating agent) œĺŒĬŏĞĶŅĴŇĔŒľƟŏĮƦĬěŋħŏĶŇŗĴĨƟĬĕŀĚĕĭĺĬĔŅĶŏĔŇħįĸŉĔȮ&crystallization) őħĵŏĴŊŗŀ

ĬŜŅŏĞĶŅĴŇĔĬňŘœĮľĸŀĴĪňŗŀŋĦľĳŌĴŇŐĸŃĶŃĵŃŏĺĸŅĪňŗĔŜŅľĬħěŃĪŜŅŒľƟŏĔŇħįĸŉĔĪňŗĴňĶŌĮĶƞŅĚĔĸĴĔĸŊĬŏĮƦĬŏĬŊŘŀ

ŏħňĵĺĔńĬ&homogeneity) ŐĸŃĴňĮĶŇĴŅĦįĸŉĔěŜŅĬĺĬĴŅĔĔĶŃěŅĵŀĵŌŒĬĝńŘĬȮŏĞĶŅĴŇĔȮĮĶŇĴŅĦĕŀĚįĸŉĔĪňŗ

ŏıŇŗĴĕŉŘĬĪŜŅŒľƟėĺŅĴŐĕŖĚŐĶĚĕŀĚŏĞĶŅĴŇĔŏıŇŗĴĴŅĔĕŉŘĬŏĝƞĬĔńĬĞŉŗĚŏıňĵĚıŀĪňŗĬŜŅĴŅŒĝƟėĶŀĭĲƤĬŏĞĶŅĴŇĔĪńŘĚĞňŗ 

2.1.2.3 ŀŀĔœĞħƢŏĞĶŅĴŇĔȮ&Oxide Ceramic) 

ŀĚėƢĮĶŃĔŀĭľĸńĔȮĕŀĚŏĞĶŅĴŇĔĮĶŃŏĳĪĬňŘŏĮƦĬŀŀĔœĞħƢőĸľŃĞŉŗĚĴňėĺŅĴŐĕŖĚŐĶĚĴŅĔŐĨƞĴňĕƟŀȮ

ŏĽňĵėŊŀĴňĽňĕŅĺĕŋƞĬŐĸŃĪŉĭŐĽĚ ěŉĚŒĝƟŏĞĶŅĴŇĔĮĶŃŏĳĪĬňŘĪŜŅŏĮƦĬőėĶĚŏĞĶŅĴŇĔȮŐĸŃĺňŏĬňĵĶħƟŅĬĬŀĔħƟĺĵ

ŏĞĶŅĴŇĔĝĬŇħħńŘĚŏħŇĴȮőħĵŏĞĶŅĴŇĔĔĸŋƞĴĬňŘĮĶŃĔŀĭħƟĺĵŀŀĔœĞħƢőĸľŃĮĶŇĴŅĦĴŅĔŐĸŃĴňŀĚėƢĮĶŃĔŀĭĕŀĚ

ĞŇĸŇĔŅŀĵŌƞěŜŅĬĺĬĬƟŀĵħńĚĬńŘĬěŉĚœĴƞŏĔŇħıńĬīŃĔńĭŏĶĞŇĬĞňŏĴĬĨƢħƟĺĵĽŅĶėŌƞėĺĭœħƟȮŐĸŃœĴƞĽŅĴŅĶĩŏıŇŗĴėĺŅĴ

ĕĶŋĕĶŃĭĬıŊŘĬįŇĺħƟŅĬŒĬĔŅĶŒĝƟĔĶħĔńħ 

ȮŏĞĶŅĴŇĔĪňŗĴňŀĸŌĴŇĬŅŏĮƦĬĽƞĺĬĮĶŃĔŀĭľĸńĔȮ&alumina based ceramic)ȮŀĸŌĴŇĬŅŏĮƦĬŀŀĔœĞħƢ

ĕŀĚŀĸŌĴŇŏĬňĵĴĴňĽĴĭńĨŇȮĪňŗŐĕŖĚŐĶĚĴŅĔĽŅĴŅĶĩľĵŋħĔŅĶŏĔŇħĶŀĵĶƟŅĺ&crack stopper)ȮȮĽŜŅľĶńĭŏĞĶŅĴŇĔ

ĪňŗĴňŀĸŌĴŇĬŅŏĮƦĬĽƞĺĬĮĶŃĔŀĭľĸńĔĽŅĴŅĶĩŐĭƞĚŀŀĔŏĮƦĬĽŀĚȮĮĶŃŏĳĪĨŅĴĮĶŇĴŅĦĕŀĚŀĸŌĴŇĬŅȮœħƟŐĔƞȮ

ŏĞĶŅĴŇĔŏĽĶŇĴėĺŅĴŐĕŖĚŐĶĚħĺĵŀĸŌĴŇĬŅȮ&Aluminous reinforced ceramic)őħĵŏıŇŗĴĮĶŇĴŅĦŀĸŌĴŇĬŅ

ŒĬŏĞĶŅĴŇĔħńŘĚŏħŇĴĶƟŀĵĸŃȮ/5,.ȮŏĮƦĬĶƟŀĵĸŃȮ2.,.-3.,.ȮőħĵĬŜŘŅľĬńĔŒĬŏĞĶŅĴŇĔĬňŘĪŜŅŒľƟėĺŅĴŐĕŖĚŐĶĚĕŀĚ

ŏĞĶŅĴŇĔŏıŇŗĴĕŉŘĬŐĨƞėĺŅĴőĮĶƞĚŐĽĚȮĕŀĚŏĞĶŅĴŇĔĸħĸĚŀĵƞŅĚĴŅĔěŉĚĬŜŅĴŅŒĝƟŏĮƦĬőėĶĚŏĞĶŅĴŇĔȮ 

őėĶĚŏĞĶŅĴŇĔŐĪĶĔħƟĺĵŐĔƟĺȮ&Glass-infiltrated ceramic core)ŏĬŊŗŀĚěŅĔŏĞĶŅĴŇĔĪňŗŏĽĶŇĴ

ėĺŅĴŐĕŖĚŐĶĚħĺĵŀĸŌĴŇĬŅȮĴňĮĶŇĴŅĦŀĸŌĴŇĬŅŏıňĵĚĶƟŀĵĸŃȮ20-50ȮőħĵĬŜŘŅľĬńĔȮőħĵŏĨŇĴŀĸŌĴŇĬŅĸĚœĮŒĬ

ĕńŘĬĨŀĬĔŅĶįĸŇĨįĚŏĞĶŅĴŇĔŐĸŃœĴƞĽŅĴŅĶĩŏĨŇĴĸĚœĮȮœħƟĴŅĔĔĺƞŅĬňŘŐĸƟĺħńĚĬńŘĬĔŅĶŏıŇŗĴĮĶŇĴŅĦŀĸŌĴŇĬŅŒľƟ

ĴŅĔĕŉŘĬĨƟŀĚĪŜŅőħĵĺŇīňŀŊŗĬěŉĚŏĮƦĬĪňŗĴŅĕŀĚŏĞĶŅĴŇĔĝĬŇħĬňŘȮőħĵŒĝƟĺŇīňĕŉŘĬĶŌĮĽŀĚĕńŘĬȮĨŀĬŒĬĔŅĶĽĶƟŅĚőėĶĚ

ŏĞĶŅĴŇĔėŊŀĕńŘĬĨŀĬĽĸŇĮŐėĽĨŇĚ&slip casting) ŐĸƟĺĨŅĴħƟĺĵĕńŘĬĨŀĬĔŅĶŐĪĶĔħƟĺĵŐĔƟĺŒĬőėĶĚŏĞĶŅĴŇĔȮ

&glass-infiltration) 
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2.1.2.4 ĔŅĶĬŜŅŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢĴŅŒĝƟŒĬĚŅĬĪŅĚĪńĬĨĔĶĶĴȮY//[Ȯ 

ŒĬĪŅĚĪńĬĨĔĶĶĴĔŅĶėĶŀĭĲƤĬěŃŒĝƟĺńĽħŋěŜŅıĺĔŏĞĶŅĴŇĔŒĬĔŅĶėĶŀĭĲƤĬȮŒĬĪŅĚĪńĬĨĔĶĶĴ

ŏĞĶŅĴŇĔŏĶňĵĔěńħŏĮƦĬŀőĸľŃȮőħĵőėĶĚĽĶƟŅĚŀĬŇĬĪĶňĵƢĪňŗĴňĽƞĺĬįĽĴĶŃľĺƞŅĚŀŀĔĞŇŏěĬĔńĭőĸľŃľĶŊŀĽŅĶĔŉŗĚ

őĸľŃŏĮƦĬĭŅĚĽƞĺĬȮőħĵĽƞĺĬĴŅĔĴńĔŏĮƦĬȮőĞŏħňĵĴ(Na) ŐėĸŏĞňĵĴ(Ca) ŐĴĔĬňŏĞňĵĴ(Mg) ĞŇĸŇėŀĬ(Si) 

ĲŀĽĲŀĶńĽ(P) őĞőėĶŏĬňĵĴ(Zr) ŐĸŃȮœĪĪŅŏĬňĵĴ(Ti'ȮŏĞĶŅĴŇĔŒĬĪŅĚĪńĬĨĔĶĶĴĪňŗŒĝƟĔńĬŀĵƞŅĚŐıĶƞľĸŅĵ

ŒĬĮƤěěŋĭńĬėŊŀȮŀĸŌĴŇĬŅ(Al2O3) ĞŉŗĚŏĮƦĬĽŅĶĮĶŃĔŀĭŀŀĔœĞħƢĪňŗŐĕŖĚĪňŗĽŋħĝĬŇħľĬŉŗĚĪňŗĶŌƟěńĔȮŏĞĶŅĴŇĔĪňŗĪňŗŏĮƦĬ

īŅĨŋĝĬŇħŏħňĵĺĬńŘĬľŅĵŅĔȮŏıĶĝŏĮƦĬŏĞĶŅĴŇĔĪňŗĽŜŅėńĠĝĬŇħľĬŉŗĚĞŉŗĚŏĮƦĬĺńĽħŋīĶĶĴĝŅĨŇĪňŗŐĕŖĚĪňŗĽŋħőħĵŒĝƟŒĬ

ĔŅĶĨńħŏėĸŊŀĭĲƤĬ 

 őħĵĪńŗĺœĮŀĚėƢĮĶŃĔŀĭĕŀĚĽŅĶŀĬŇĬĪĶňĵƢĕŀĚĲƤĬėŊŀŏĞĶŅĴŇĔ-œŁħĶŀĔĞňŀŃıŅœĪħƢħńĚĬńŘĬȮȮȮȮȮ

ŏĞĶŅĴŇĔȮŏĝƞĬȮœŁħĶŀĔĞňŀŃıŅœĪħƢ&hydroxyapatite'ȮőĺĸŅĽőĪœĬĨƢ&wollastonite'ȮȮĩŌĔŒĝƟŏĮƦĬĺńĽħŋ

ĽŜŅľĶńĭĔŅĶĮĸŌĔĩƞŅĵĔĶŃħŌĔȮĔŅĶŒĝƟŏĞĶŅĴŇĔœħƟĶńĭĔŅĶĽĬńĭĽĬŋĬĺƞŅĴňėĺŅĴŏĕƟŅĔńĬœħƟĪŅĚĝňĺĳŅı

&biocompatibility'ȮėĺŅĴĽĺĵĚŅĴ(aesthetics) ėĺŅĴĪĬĪŅĬ&durability'ȮŐĸŃĔŅĶĮĶńĭŐĨƞĚĪňŗĚƞŅĵ

&customization'ȮėĺŅĴıŇŏĻļĕŀĚŏĞĶŅĴŇĔėĶŀĭĲƤĬėŊŀȮĴňėĺŅĴĽŅĴŅĶĩŒĬĔŅĶŏĸňĵĬŐĭĭĲƤĬīĶĶĴĝŅĨŇȮ

ĽňȮėĺŅĴőĮĶƞĚŐĽĚŐĸŃėĺŅĴŐĕŖĚŐĶĚȮŏĞĶŅĴŇėĴňėĺŅĴėĚĨńĺĳŅĵŒĬħňŏĵňŗĵĴŐĸŃĪĬĨƞŀĔŅĶĽŉĔľĶŀȮĔŅĶ

ěŜŅŐĬĔĮĶŃŏĳĪĕŀĚŏĞĶŅĴŇėŒĬĪŅĚĪńĬĨĔĶĶĴ ĬńŘĬŏĮƦĬœĮœĴƞœħƟŏĬŊŗŀĚěŅĔĴňĔŅĶĮĶńĭĮĶŋĚŀĚėƢĮĶŃĔŀĭ

ĴŅĔĴŅĵȮőħĵĨŅĶŅĚĪňŗȮ2.1 ĽƞĺĬĮĶŃĔŀĭĪńŗĺœĮĕŀĚŏĞĶŅĴŇĔŒĬĪŅĚĪńĬĨĔĶĶĴ 

ĨŅĶŅĚĪňŗȮ2.1 ĽƞĺĬĮĶŃĔŀĭĪńŗĺœĮĕŀĚŏĞĶŅĴŇĔŒĬĪŅĚĪńĬĨĔĶĶĴȮ[12] 
Materials wt% 
Silica ~62 
Alumina ~18 
Boric Oxide ~7 
Potash (K2O) ~7 
Soda (Na2O) ~4 
Other oxides ~2 

ŀĸŌĴŇŏĬňĵĴıŀĶƢĞŏĸĬ&Aluminous porcelain'ȮĴňĽƞĺĬįĽĴŏĮƦĬŐĔƟĺŐĸŃŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢ

ŀĵƞŅĚĬƟŀĵȮ35% őħĵĮĶŇĴŅĨĶȮőħĵŏĮƦĬŏĞĶŅĴŇĔľĸńĔĪňŗĬŇĵĴŒĝƟĔńĬĪńŗĺœĮŐĸŃĴňĕńŘĬĭŅĚŕĕŀĚŐıĸĨŇĬńĴȮŏĴŊŗŀ

ŏĪňĵĭĔńĭŏĞĶŅĴŇĔĸƟĺĬȮŐĔĬĪňŗŏĮƦĬőĸľŃěŃĴňėĺŅĴŐĕŖĚŐĶĚĔĺƞŅıŀĶƢĞŏĸĬȮėĺŅĴŐĕŖĚŐĶĚĨƞŀĔŅĶħńħőėƟĚ

&Ʋexural strength'ȮĕŀĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢĪňŗŏĮƦĬŐĔĬȮŀĵŌƞĪňŗȮ5..ȮMPaȮĞŉŗĚŒĔĸƟŏėňĵĚĔńĭŐĔĬěŅĔȮȮȮȮȮ
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In-Ceram ZirconiaȮŐĔĬŀĸŌĴŇŏĬňĵĴĭĶŇĽŋĪīŇśȮįĸŇĨőħĵĭĶŇļńĪȮTechceram Ltd.ȮőħĵěŃįĸŇĨȮdie Őĭĭ

ıŇŏĻļŏıŊŗŀŒľƟœħƟȮŐĔĬŀĸŌĴŇĬŅĪňŗĴňėĺŅĴľĬŅŐĬƞĬȮ6.-7.#ȮŐĸŃĩŌĔŏįŅĪňŗŀŋĦľĳŌĴŇȮ//5.ȮŀĚĻŅŏĞĸŏĞňĵĽ

ŏıŊŗŀŒľƟœħƟėĺŅĴŐĕŖĚŐĶĚŐĸŃėĺŅĴőĮĶƞĚŐĽĚĽŌĚĽŋħȮĔŅĶŒĝƟȮAluminous crowns ŏıŇŗĴĕŉŘĬŀĵƞŅĚĴŅĔ

ŒĬĝƞĺĚĔĸŅĚĮƖȮ1960 ĭĶŇļńĪ Nobel Biocare (Sweden)ȮœħƟĬŜŅĶŃĭĭĔŅĶĔħŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢĸĚĭĬ

ŐįƞĬőĸľŃȮőħĵĔŅĶĩŀħĶŌĮĪĶĚěŅĔħŅĵŐĸƟĺĬŜŅĴŅŏįŅőħĵŀĸŌĴŇĬŅŒĝƟŏıŊŗŀĪŜŅŐĔĬőėĶĚĽĶƟŅĚŏĞĶŅĴŇĔ

ĽŜŅľĶńĭĮĸŌĔĶŅĔĲƤĬŏĪňĵĴ&CeraOne®)ȮŐĸŃĽŜŅľĶńĭĪňŗėĶŀĭĲƤĬīĶĶĴħŅ&Procera®)ȮY/1[ 

 

2.1.3ȮőĸľŃįĽĴ 
2.1.3.1 œĪŏĪŏĬňĵĴȮY/2[ 

 œĪŏĪŏĬňĵĴĴňĽĴĭńĨŇĪňŗĪŜŅĮĢŇĔŇĶŇĵŅĔńĭŀŀĔĞŇŏěĬŒĬŀŅĔŅĻȮŏĔŇħŏĮƦĬĝńŘĬŀŀĔœĞħƢŏėĸŊŀĭĪňŗĭĶŇŏĺĦ

įŇĺȮĝƞĺĵĮƚŀĚĔńĬĔŅĶĔńħĔĶƞŀĬěŅĔĽŅĶŏėĴňŏĝƞĬŏħňĵĺĔńĭőėĶŏĴňĵĴĪňŗįĽĴŀĵŌƞŒĬŏľĸŖĔĔĸƟŅœĶƟĽĬŇĴ(Stainless 

steel) őħĵĝńŘĬŀŀĔœĞħƢĪňŗŏĔŇħĕŉŘĬěŃŏĮƦĬĝńŘĬĭŅĚŕȮĞŉŗĚĴňėĺŅĴŐĕŖĚŐĶĚŐĸŃĵŉħŐĬƞĬĔńĭĭĶŇŏĺĦıŊŘĬįŇĺĪŜŅŒľƟȮ

œĪŏĪŏĬňĵĴĴňėĺŅĴĨƟŅĬĪŅĬĨƞŀĔŅĶĔńħĔĶƞŀĬĽŌĚȮĽĴĭńĨŇŏĝŇĚĔĸŐĸŃĔŅĵĳŅıĕŀĚœĪŏĪŏĬňĵĴŐĸŃőĸľŃįĽĴ

œĪŏĪŏĬňĵĴěŃĴňėĺŅĴŐĨĔĨƞŅĚĔńĬĕŉŘĬŀĵŌƞĔńĭĮĶŇĴŅĦīŅĨŋĨƞŅĚŕȮĪňŗŏĮƦĬŀĚėƢĮĶŃĔŀĭȮ 

 ėĺŅĴĽŅĴŅĶŒĬĔŅĶŏĕƟŅĔńĬœħƟĔńĭŏĬŊŘŀŏĵŊŗŀ(Biocompatibility) ŏĬŊŗŀĚěŅĔőĸľŃįĽĴœĪŏĪŏĬňĵĴ

ěŃĴňĝńŘĬĕŀĚŀŀĔœĞħƢĪňŗľĬŅĮĶŃĴŅĦȮ5-10 ĬŅőĬŏĴĨĶȮĞŉŗĚĴňėĺŅĴŐĕŖĚŐĶĚŒĬĔŅĶĵŉħŏĔŅŃĔńĭįŇĺĕŀĚ

œĪŏĪŏĬňĵĴȮŐĸŃŏĮƦĬŀŀĔœĞħƢĪňŗŏĜŊŗŀĵĨƞŀĮĢŇĔŇĶŇĵŅĨƞŅĚŕȮĽŅĴŅĶĩĪĬĨƞŀĬŘŜŅȮŏĔĸŊŀȮĽĳŅıŐĺħĸƟŀĴĨƞŅĚŕ

ĳŅĵŒĬĶƞŅĚĔŅĵœħƟőħĵœĴƞŏĔŇħĔŅĶĽĸŅĵĨńĺȮŀňĔĪńŘĚĝńŘĬŀŀĔœĞħƢĕŀĚœĪŏĪŏĬňĵĴĵńĚĵŀĴŒľƟĕŀĚŏľĸĺȮőĮĶĨňĬȮ

ŏĬŊŘŀŏĵŊŗŀŐĕŖĚŐĸŃŏĬŊŘŀŏĵŊŗŀŀƞŀĬĨƞŅĚŕȮŏĕƟŅĴŅĵŉħŏĔŅŃœħƟŀĵƞŅĚŐĬĭĽĬŇĪ 

 2.1.3.2 ĔŅĶĬŜŅœĪŏĪŏĬňĵĴĴŅŒĝƟŒĬĪŅĚĪńĬĨĔĶĶĴėĶŀĭĲƤĬȮY/2, /3[ 

 
ĶŌĮĪňŗȮ2.3 ĶŅĔĲƤĬŏĪňĵĴĪňŗĪŜŅěŅĔőĸľŃœĪŏĪŏĬňĵĴȮY/4[ 
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őħĵĪńŗĺœĮőĸľŃĪňŗŒĝƟŒĬĚŅĬĪńĬĨĔĶĶĴėĶŀĭĲƤĬȮŐĸŃĲƤĬĮĸŀĴĝĬŇħĨŇħŐĬƞĬėĺĶĴňĽĴĭńĨŇĪňŗĴň

ėĺŅĴŐĕŖĚŐĶĚȮėĚĶŌĮȮĴňėĺŅĴŏĕƟŅĔńĬœħƟĔńĭŏĬŊŘŀŏĵŊŗŀŒĬĝƞŀĚĮŅĔȮœĴƞŏĔŇħĔŅĶĔńħĔĶƞŀĬŐĸŃĽŅĴŅĶĩĵŉħĨŇħĔńĭ

ıŀĶƢĞŏĸĬȮŒĬĶŃľĺƞŅĚĕńŘĬĨŀĬĔŅĶŏįŅıŀĶƢĞŏĸĬŀŀĔœĞħƢĪňŗįŇĺĕŀĚőĸľŃĽŅĴŅĶĩŐıĶƞŏĕƟŅœĮŒĬŏĬŊŘŀȮȮȮȮ

ıŀĶƢĞŏĸĬȮĪŜŅŒľƟŏĔŇħŐĶĚĵŉħĪŅĚŏėĴňĕŉŘĬȮĬŀĔěŅĔĬňŘœŀŀŀĬĕŀĚőĸľŃȮĨƟŀĚœĴƞĪŜŅŒľƟŏĔŇħĔŅĶŏĮĸňŗĵĬĽňĕŀĚ

ıŀĶƢĞŏĸĬȮŏľŖĬœħƟĺƞŅœĪŏĪŏĬňĵĴŏĮƦĬőĸľŃĪňŗĴňĽĴĭńĨŇĪňŗŏľĴŅŃĽĴĪňŗěŃĬŜŅĴŅŒĝƟŒĬĚŅĬĪńĬĨĔĶĶĴėĶŀĭĲƤĬȮ

ŏĬŊŗŀĚěŅĔĴňĽĴĭńĨŇĔŅĶĽĶƟŅĚĝńŘĬŀŀĔœĞħƢĭĶŇŏĺĦįŇĺœħƟŀĵƞŅĚĶĺħŏĶŖĺȮĪŜŅŒľƟĨƟŅĬĪŅĬĨƞŀĔŅĶĔńħĔĶƞŀĬœħƟħňȮ

ŀňĔĪńŘĚĴňėĺŅĴľĬŅŐĬƞĬĨŗŜŅĽŅĴŅĶĩĪŜŅĝŇŘĬĚŅĬĪňŗĴňĬŘŜŅľĬńĔŏĭŅœħƟħňȮŐĸŃĴňėĺŅĴŐĕŖĚŐĶĚĽŌĚȮŐĸŃĝńŘĬ

ŀŀĔœĞħƢĽŅĴŅĶĩľĸŋħŐĸŃŏĔŇħĔŅĶĵŉħĨŇħĔńĭıŀĶƢĞŏĸĬœħƟȮĪŜŅŒľƟĬŜŅĴŅŒĝƟŒĬĔŅĶŏĝŊŗŀĴĨƞŀőĸľŃĔńĭȮȮȮȮȮ

ıŀĶƢĞŏĸĬœħƟȮěŉĚĪŜŅŒľƟœĪŏĪŏĬňĵĴŏĮƦĬŀňĔĪŅĚŏĸŊŀĔľĬŉŗĚĪňŗŒĝƟĪħŐĪĬőĸľŃįĽĴĝĬŇħħńŘĚŏħŇĴȮŒĬĶŌĮĪňŗȮ2.3 

ŐĽħĚĶŅĔĲƤĬŏĪňĵĴĪňŗĪŜŅěŅĔőĸľŃœĪŏĪŏĬňĵĴȮőħĵĶŅĔĲƤĬŏĪňĵĴŏĮƦĬĔŅĶĬŜŅĶŅĔŏĪňĵĴĪňŗĪŜŅĴŅěŅĔĺńĽħŋ

œĪŏĪŏĬňĵĴľĶŊŀŏĞĶŅĴŇĔĪňŗĴňĸńĔļĦŃėĸƟŅĵĽĔĶŌŒĽƞŏĕƟŅœĮŒĬĕŅĔĶĶœĔĶȮőħĵŒĝƟĶŅĔĲƤĬŏĪňĵĴŏĮƦĬľĸńĔĵŉħ

ėĶŀĭĲƤĬȮĽŃıŅĬĲƤĬȮľĶŊŀĲƤĬĮĸŀĴĩŀħœħƟĪńŘĚĮŅĔŏıŊŗŀĪħŐĪĬĲƤĬĪňŗĽŌĠŏĽňĵœĮȮőħĵŒĝƟŏĺĸŅŒĬĔŅĶ

ĶńĔļŅĪńŘĚľĴħĮĶŃĴŅĦȮ3-6 ŏħŊŀĬȮőħĵĶŃĵŃŏĺĸŅŐĸŃěŜŅĬĺĬėĶńŘĚŒĬĔŅĶĴŅĶńĭĔŅĶĶńĔļŅĕŉŘĬĔńĭĮƤěěńĵ

ľĸŅĵĮĶŃĔŅĶȮŏĝƞĬȮĮĶŇĴŅĦŐĸŃėŋĦĳŅıĕŀĚĔĶŃħŌĔĕŅĔĶĶœĔĶȮěŜŅĬĺĬĲƤĬĪňŗĨƟŀĚĔŅĶĪŜŅĶŅĔĲƤĬŏĪňĵĴ

Y/4[ 

ěŅĔĚŅĬĺŇěńĵĕŀĚȮSutheera MongkhontreeratȮŐĸŃėĦŃȮY/5[ ŏĮƦĬĔŅĶĻŉĔļŅįĸĕŀĚĬŅőĬ

ĞŇĸŇĔŅȮ&Nano-silica) ĪňŗįƞŅĬĔŅĶĮĶńĭĽĳŅııŊŘĬįŇĺħƟĺĵĽŅĶœĞŏĸĬĨƞŀĽĴĭńĨŇĽĴĭńĨŇŏĝŇĚĔĸŐĸŃŏĽĩňĵĶĳŅı

ĕŀĚĽňĕŀĚıŀĸŇŏĴĪŇĸŏĴĪŅėĶŇŏĸĨ(PMMA)ȮőħĵĺńħěŅĔėƞŅěŅĔĴŅĨĶģŅĬ National Bureau of 

standards(NBS) ĪňŗŐĽħĚĸńĔļĦŃĔŅĶŏĮĸňŗĵĬŐĮĸĚĕŀĚĽňěŅĔėĸŇĬŇĔȮőħĵĔŜŅľĬħŒľƟėƞŅȮNBS ĪňŗŏĽĩňĵĶĽň

ŀĵŌƞĶŃľĺƞŅĚȮ0.0-1.5 ȮėƞŅȮNBS ĽŅĴŅĶĩėŜŅĬĺĦœħƟěŅĔėƞŅȮƇCV.,70ȮěŅĔĔŅĶĻŉĔļŅıĭĺƞŅȮĔŅĶĮĶńĭĮĶŋĚ

ĽĳŅııŊŘĬįŇĺĕŀĚĬŅőĬĞŇĸŇĔŅħƟĺĵĽŅĶœĞŏĸĬĽƞĚįĸŒľƟėƞŅĽĴĭńĨŇėĺŅĴĨƟŅĬĪŅĬĔŅĶħńħőėƟĚ(Flexural 

modulus)ȮĴňėƞŅĽŌĚĕŉŘĬŒĬĪŅĚĽĩŇĨŇȮŐĸŃĴňėƞŅėĺŅĴĨƟŅĬĪŅĬĔŅĶħńħőėƟĚĽŌĚĽŋħ(Flexural strength) 

ŏıŇŗĴĕŉŘĬħƟĺĵȮŐĸŃĔŅĶŏĮĸňŗĵĬŐĮĸĚŏĜħĽňħńĚŐĽħĚŒĬĨŅĶŅĚĪňŗȮ2.2 ŐĽħĚėƞŅĔŅĶŏĮĸňŗĵĬŐĮĸĚŏĜħĽňĕŀĚıŀ

ĸŇŏĴĪŇĸŏĴĪŅėĶŇŏĸĪ(PMMA)ĪňŗĴňĔŅĶĮĶńĭĳŅııŊŘĬįŇĺħƟĺĵĽŅĶœĞŏĸĬȮıĭĺƞŅıŀĸŇŏĴĪŇŏĴĪŅėĶŇŏĸĪ

(PMMA) ĪňŗĴňĔŅĶįĽĴĬŅőĬĞŇĸŇĔŅŐĸŃĮĶńĭĮĶŋĚĽĳŅııŊŘĬįŇĺħƟĺĵœĞŏĸĬȮ1% ĴňŏĽĩňĵĶĳŅıĕŀĚĽňĴŅĔĪňŗĽŋħ

őħĵĺńħěŅĔėƞŅĴŅĨĶģŅĬ National Bureau of standards(NBS) ĪňŗœĴƞŏĔŇĬȮ1.5  
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ĨŅĶŅĚĪňŗȮ2.2ȮŐĽħĚĔŅĶŏĮĸňŗĵĬŐĮĸĚŏĜħĽňıŀĸŇŏĴĪŇĸŏĴĪŅėĶŇŏĸĪȮ(PMMA) ĪňŗĴňĔŅĶĮĶńĭĳŅııŊŘĬįŇĺħƟĺĵ
ĽŅĶœĞŏĸĬȮY/5[ 

 

ěŅĔĚŅĬĺŇěńĵĕŀĚȮSaad Omar AlsharifȮŐĸŃėĦŃY/6[ȮŏĮƦĬĔŅĶĻŉĔļŅĮĶŇĴŅĦĔŅĶŏĨŇĴįĚ

ŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢĪňŗĽƞĚįĸĨƞŀĽĴĭńĨŇŏĝŇĚĔĸĕŀĚĺńĽħŋŏĽĶŇĴŀĚėƢĮĶŃĔŀĭĪŅĚĪńĬĨĔĶĶĴ (Dental resin 

composites, DRCs)ȮĔŅĶŏĨĶňĵĴȮDRC ěŃŒĝƟįĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢįĽĴĔńĭȮBis-GMAȮĪňŗŏĮƦĬȮȮȮȮȮȮȮȮȮȮȮȮ

ĴŀĬŀŏĴŀĶƢȮőħĵĮĶńĭĮĶŋĚĽĳŅııŊŘĬįŇĺĕŀĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢħƟĺĵĽŅĶŏĝŊŗŀĴĮĶŃĽŅĬœĞŏĸĬȮAPSȮįĽĴ

įĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢŒĬĮĶŇĴŅĦȮ40% 50% ŐĸŃ 60% őħĵĬŘŜŅľĬńĔȮěŅĔĬńŘĬĪħĽŀĭėĺŅĴŐĕŖĚĪňŗįŇĺ

ħƟĺĵŏĪėĬŇėȮVickers hardnessȮŐĽħĚįĸŒĬĶŌĮĪňŗȮ2.4 ıĭĺƞŅŏĴŊŗŀĮĶŇĴŅĦįĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢŏıŇŗĴĕŉŘĬ

ĽƞĚįĸŒľƟėƞŅȮVickers hardnessȮŏıŇŗĴĕŉŘĬȮőħĵŀĬŋĳŅėĕŀĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢĬńŘĬŐĕŖĚŐĸŃŏĮĶŅŃĴŅĔĔĺƞŅ

ŏĬŊŘŀĕŀĚĺńĽħŋŏĽĶŇĴŀĚėƢĮĶŃĔŀĭĪŅĚĪńĬĨĔĶĶĴȮ(DRCs)ȮħńĚĬńŘĬěŉĚŏĮƦĬŏľĨŋĪňŗĪŜŅŒľƟėƞŅȮVickers hardness 

ŏıŇŗĴĕŉŘĬȮ 

 

ĶŌĮĪňŗȮ2.4 Vickers hardness ĕŀĚĺńĽħŋŏĽĶŇĴŀĚėƢĮĶŃĔŀĭĪńĬĨĔĶĶĴȮ(DRCs)ȮĪňŗĴňĔŅĶįĽĴįĚŀĸŌĴŇŏĬňĵĴ
ŀŀĔœĞħƢĮĶŇĴŅĦĨƞŅĚŕȮY/6[ 
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ĶŌĮĪňŗȮ2.5ȮŐĽħĚįĸĪňŗœħƟěŅĔĔŅĶĪħĸŀĚėĺŅĴĨƟŅĬĪŅĬĔŅĶħńħőėƟĚȮıĭĺƞŅėƞŅȮFlexural 

modulus ĽŌĚĽŋħĴňėƞŅȮ5.7 MPa ŏĮƦĬĕŀĚĺńĽħŋŏĽĶŇĴŀĚėƢĮĶŃĔŀĭĪŅĚĪńĬĨĔĶĶĴ(DRCs)ȮĪňŗĴňĔŅĶįĽĴįĚ

ŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢȮ60% őħĵĬŘŜŅľĬńĔȮĔŅĶŏıŇŗĴĕŉŘĬĕŀĚėƞŅȮFlexural modulusȮŏĮƦĬįĸĴŅěŅĔĔŅĶ

ŏıŇŗĴĕŉŘĬĕŀĚįĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢ ŐĸŃŏĮƦĬįĸĴŅěŅĔĔŅĶĔĶŃěŅĵĨńĺĕŀĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢŀĵƞŅĚ

ĽĴŗŜŅŏĽĴŀŒĬŏĴĪĶŇĔĞƢȮĽƞĚįĸŒľƟĽŅĴŅĶĩĶńĭėĺŅĴŏėĶňĵħĪňŗĽŌĚĕŉŘĬœħƟȮŒĬĶŌĮĪňŗȮ2.6 ŐĽħĚėƞŅȮFlexural 

strength ıĭĺƞŅŏĴŊŗŀĮĶŇĴŅĦįĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢĴňėƞŅŏıŇŗĴĕŉŘĬȮěŃĽƞĚįĸŒľƟėƞŅȮFlexural strengthȮĴňėƞŅ

ĸħĸĚȮőħĵĴňėƞŅĸħĸĚŏĸŖĔĬƟŀĵŏĴŊŗŀŏĪňĵĭĔńĭŏĴĪĶŇĔĞƢĪňŗœĴƞĴňĔŅĶŏĨŇĴįĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢȮŏĬŊŗŀĚěŅĔĔŅĶ

ŏıŇŗĴĕŉŘĬĕŀĚįĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢȮĴňĶŌĮĶƞŅĚĪňŗœĴƞĽĴŗŜŅŏĽĴŀȮěŉĚœĴƞĕńħĕĺŅĚĔŅĶŐıĶƞĔĶŃěŅĵĕŀĚĶŀĵĶƟŅĺȮ

ŏĝƞĬŏħňĵĺĔńĭĔŅĶŏĨŇĴĽŅĶŏĨŇĴŐĨƞĚĪňŗŏĮƦĬŏĽƟĬŒĵ 

 
ĶŌĮĪňŗȮ2.5ȮFlexural modulus ĕŀĚĺńĽħŋŏĽĶŇĴŀĚėƢĮĶŃĔŀĭĪńĬĨĔĶĶĴȮ(DRCs)ȮĪňŗĴňĔŅĶįĽĴįĚ
ŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢĮĶŇĴŅĦĨƞŅĚŕY/6[ 

 

ĶŌĮĪňŗȮ2.6 Flexural strength ĕŀĚĺńĽħŋŏĽĶŇĴŀĚėƢĮĶŃĔŀĭĪńĬĨĔĶĶĴȮ(DRCs)ȮĪňŗĴňĔŅĶįĽĴįĚŀĸŌĴŇŏĬňĵĴ
ŀŀĔœĞħƢĮĶŇĴŅĦĨƞŅĚŕ Y/6[ 
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ěŅĔĚŅĬĺŇěńĵĕŀĚȮLamouri SamirȮŐĸŃȮėĦŃY/7[ȮŀĸŌĴŇĬŅŏĮƦĬľĬŉŗĚŒĬĺńĽħŋŏĞĶŅĴŇĔĪňŗĬŇĵĴŒĝƟ

ĔńĬŀĵƞŅĚĴŅĔŒĬĪŅĚĔŅĶŐıĪĵƢȮŏĝƞĬĔŅĶȮĻńĸĔĶĶĴĔĶŃħŌĔŐĸŃĔŅĶĮĸŌĔĩƞŅĵȮŏĬŊŗŀĚěŅĔĴňĽĴĭńĨŇĪŅĚ

ĔŅĵĳŅıŐĸŃĪŅĚŏėĴňĪňŗĬƞŅĽĬŒěȮŏıŊŗŀŒľƟœħƟŀĸŌĴŇĬŅĪňŗĴňėĺŅĴľĬŅŐĬƞĬĨŅĴĪňŗĨƟŀĚĔŅĶȮĨƟŀĚŒĝƟĔŅĶėĺĭėŋĴ

ĔŅĶįĸŇĨĪňŗĽĴĭŌĶĦƢŐĭĭȮĨńŘĚŐĨƞĔŅĶĽńĚŏėĶŅŃľƢįĚȮœĴƞěĬĩŉĚĔŅĶŏįŅȮȮGibbsite Al(OH)1ȮŐĸŃȮBoehmite 

(AlO(OH))ȮŏĮƦĬĽŅĶĨńŘĚĨƟĬĪňŗŒĝƟĴŅĔĪňŗĽŋħŒĬĔŅĶŏĨĶňĵĴȮalpha-Al0O1Ȯ 

 ŒĬĶŌĮĪňŗȮ2.7 ŐĽħĚĔŅĶŏĮĸňŗĵĬŏĲĽĕŀĚ gibbsite Al(OH)3 œĮŏĮƦĬȮalpha-A12O3ŒĬĶŃľĺƞŅĚ

ĔŅĶĭŜŅĭńħħƟĺĵėĺŅĴĶƟŀĬ&heat treatment'ȮŀĸŌĴŇŏĬňĵĴœŁħĶŀĔœĞħƢȮěŃŏĮĸňŗĵĬŏĮƦĬŀĸŌĴŇĬŅŒĬĕńŘĬŏĴĨƟŅȮ

ĔƞŀĬĪňŗěŃŏĮĸňŗĵĬĕńŘĬĽŋħĪƟŅĵŏĮƦĬȮalpha-Al0O1ȮŏıŊŗŀŏĽĩňĵĶĳŅıĪŅĚŏĪŀĶƢőĴœħĬŅĴŇĔȮBoehmite 

(AlO(OH))ȮěŃŏĮĸňŗĵĬŏĮƦĬȮgamma-Al0O1ȮĳŅĵŒĨƟŀŋĦľĳŌĴŇĮĶŃĴŅĦȮ3..ů33.Ȯ°CȮőħĵĔŅĶŏŀŅĬŘŜŅ

ŀŀĔěŅĔőėĶĚĽĶƟŅĚȮĔŅĶŏĮĸňŗĵĬȮgamma-Al0O1ȮőĴőĬėĸŇĬŇĔŏĲĽ(d = 1,34Ȯg cmƊ1)ȮœĮŏĮƦĬȮalpha-

Al0O1ȮŏŁĔĞŃőĔĬŀĸŏĲĽ &d = 1,76Ȯg cmƊ1'ȮěŃĴňĔŅĶĸħĸĚĕŀĚĮĶŇĴŅĨĶĩŉĚȮ10% ĪŜŅŒľƟŏĔŇħĔŅĶ

ŏıŇŗĴĕŉŘĬĴŅĔĕŀĚėĺŅĴľĬŅŐĬƞĬȮĔŅĶŏĮĸňŗĵĬȮtheta-Al0O1ȮœĮŏĮƦĬȮalpha-Al0O1ȮěŃŏĔŇħĕŉŘĬŒĬĝƞĺĚ

ŀŋĦľĳŌĴŇȮ/.3.ů/0..Ȯ°CȮĔŅĶŏĮĸňŗĵĬŐĮĸĚĬňŘŏĔŇħįƞŅĬĔĸœĔĪŅĚĔĸĔŅĶŏĨŇĭőĨĕŀĚĬŇĺŏėĸňĵĽȮŐĸŃȮŏĔĶĬȮ

őħĵœħƟĶńĭŀŇĪīŇıĸěŅĔĨńĺŐĮĶľĸŅĵŀĵƞŅĚŏĝƞĬȮĕĬŅħĕŀĚŏĔĶĬȮŀĚėƢĮĶŃĔŀĭĪŅĚŏėĴňȮŐĸŃŀńĨĶŅĔŅĶŒľƟ

ėĺŅĴĶƟŀĬȮĔŅĶŏĮĸňŗĵĬŏĲĽěŅĔȮtheta-Al0O1ȮŸȮalpha-Al0O1ȮĴňėĺŅĴĽŜŅėńĠŀĵƞŅĚĵŇŗĚĽŜŅľĶńĭĔŅĶŏįŅ

įĬŉĔŏıŊŗŀėĺĭėŋĴőėĶĚĽĶƟŅĚĪŅĚěŋĸĳŅė ĽĳŅĺŃĔŅĶŏįŅ(sintering'ȮĔŅĶĔƞŀĨńĺĕŀĚȮalpha-Al0O1ȮěŃ

ĔƞŀŒľƟŏĔŇħőėĶĚĽĶƟŅĚěŋĸĳŅėŐĭĭĽňŗŏľĸňŗĵĴěńĨŋĶńĽȮĪňŗĴňĶŌıĶŋĬĕĬŅħŒľĠƞȮĞŉŗĚıńĥĬŅĕŉŘĬŒĬĶŃľĺƞŅĚĔŅĶŏĮĸňŗĵĬ

ŏĲĽȮalpha-Al0O1ȮĬŀĔěŅĔĬňŘĔŅĶĻŉĔļŅĔŅĶŏĮĸňŗĵĬŐĮĸĚŏĲĽŒľƟŐĴƞĬĵŜŅĬńŘĬĪŜŅœħƟĵŅĔȮŏĬŊŗŀĚěŅĔĕńŘĬĨŀĬ

ĔŅĶŏĮĸňŗĵĬŏĲĽĬńŘĬĴňėĺŅĴœĴƞŏĽĩňĵĶŐĸŃėĺŅĴĺƞŀĚœĺĽŌĚȮĔŅĶĻŉĔļŅĨƞŅĚŕȮŐĽħĚŒľƟŏľŖĬĺƞŅĔŅĶĔńħŏĞŅŃ

ħƟĺĵıĸńĚĚŅĬĪňŗĽŌĚĴňŀŇĪīŇıĸĨƞŀĔŅĶŏĮĸňŗĵĬŏĲĽěŅĔȮŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢœĮŏĮƦĬ alpha-Al0O1ȮĪňŗŏĽĩňĵĶ

ĵŇŗĚĕŉŘĬȮĔŅĶŏĮĸňŗĵĬŏĲĽĬńŘĬĕŉŘĬŀĵŌƞĔńĭŀŋĦľĳŌĴŇȮŐĸŃĕĬŅħŀĬŋĳŅėȮĔŅĶĻŉĔļŅĭŅĚĽƞĺĬěŃŒĝƟŏĪėĬŇėȮX-rays 

diffractionȮĻŉĔļŅĶŃľĺƞŅĚĔŅĶŏĮĸňŗĵĬŏĲĽȮGibbsite Al(OH)1ȮŐĸŃȮBoehmite (AlOOH)ȮĪňŗŏĮĸňŗĵĬ

ŏĲĽŏĮƦĬȮalpha-Al0O1ȮıĭĺƞŅĕĬŅħįĸŉĔȮalpha-Al0O1ȮȮĪňŗĴňĶŌĮĶƞŅĚŏĮƦĬĪĶĚĔĸĴĕĬŅħŏĸŖĔœħƟĴŅěŅĔĔŅĶ

ŏĮĸňŗĵĬŏĲĽěŅĔȮBoehmiteȮŐĸŃĪĶĚĔĸĴĕĬŅħŒľĠƞœħƟĴŅĔěŅĔĔŅĶŏĮĸňŗĵĬŏĲĽĕŀĚ GibbsiteȮħńĚĬńŘĬ

įĚħŇĭŐĸŃĔŅĶĭħįĚěŉĚĴňėĺŅĴĽŜŅėńĠŀĵƞŅĚĵŇŗĚĽŜŅľĶńĭĔĶŃĭĺĬĔŅĶŏįŅįĸŉĔĔĸŅĽŀńħŐĬƞĬȮŏĪėĬŇėľĸŅĵ

ŀĵƞŅĚĩŌĔŒĝƟŏıŊŗŀĮĶńĭĮĶŋĚĔĶŃĭĺĬĔŅĶĝŋĭŐĕŖĚŏĝƞĬȮŏĴĸŖħȮalpha-Al0O1ȮȮŐĸŃĽŅĶŏĨŇĴŐĨƞĚĕŀĚŀĸŌĴŇĬŅ 
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ĶŌĮĪňŗȮ2.7ȮĔŅĶŏĮĸňŗĵĬŏĲĽĕŀĚ gibbsite Al(OH)3 œĮŏĮƦĬȮalpha-A12O3 [19] 

ěŅĔĚŅĬĺŇěńĵĕŀĚȮHayder AbbasȮŐĸŃȮY0.[ȮœħƟĪŜŅĔŅĶįĽĴŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢŐĸŃŐėĸŏĞňĵĴ

ŀŀĔœĞħƢĸĚŒĬıŀĸŇŏĴŀĶƢįĽĴĶŃľĺƞŅĚŀňıŀĔĞňŏĶĞŇĬŐĸŃıŀĸňŏŀĽŏĨŀĶƢŏĶĞŇĬŒĬŀńĨĶŅĽƞĺĬȮ4:96 (EP4% : 

96%UPE) ĽńĚŏėĶŅŃľƢőħĵĺŇīňĔŅĶȮSol-gel ŐĸŃĻŉĔļŅĕĬŅħĕŀĚŀĬŋĳŅėĪňŗĴňįĸĨƞŀĽĴĭńĨŇŏĝŇĚĔĸȮőħĵ

œħƟįĸĔŅĶĪħĽŀĭŐĶĚħŉĚ (Tensile test) őħĵĔŅĶĪħĽŀĭŐĶĚħŉĚŏĮƦĬĨńĺĔŜŅľĬħėĺŅĴŐĕŖĚŐĶĚĕŀĚĺńĽħŋ  

 

ĶŌĮĪňŗȮ2.8 Tensile strength ÃîÈßîæõÿâîä°ÝëâØöćÿëäõâĀäÈÕ­èãîÚùáóÅŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢŐĸŃ

ŐėĸŏĞňĵĴŀŀĔœĞħƢØöćÝ¬óÚÂóäÛ¬âØöćîùÔìáúâõ (a) 550 oC Āæñ (b) 850 oC [20] 

 ěŅĔĶŌĮĪňŗȮ2.8(a) ŐĽħĚįĸĪňŗœħƟěŅĔŅĶĪħĽŀĭėĺŅĴĨƟŅĬĪŅĬŐĶĚħŉĚĕŀĚıŀĸŇŏĴŀĶƢįĽĴĶŃľĺƞŅĚ

ŀňıŀĔĞňŏĶĞŇĬŐĸŃıŀĸňŏŀĽŏĨŀĶƢŏĶĞŇĬŒĬŀńĨĶŅĽƞĺĬȮ4:96ȮĪňŗŒĽƞŀĬŋĳŅėĬŅőĬėŀĴőıĽŇĨŐĸŃįƞŅĬĔŅĶĭƞĴĪňŗ 

ŀŋĦľĳŌĴŇȮ550 oCȮįĸĔŅĶĺŇěńĵıĭĺƞŅėĺŅĴĽńĴıńĬīƢĶŃľĺƞŅĚȮTensile strength ŐĸŃĮĶŇĴŅĦĔŅĶŏıŇŗĴĕŉŘĬ

ĕŀĚŀĬŋĳŅėŏĮƦĬĽńħĽƞĺĬőħĵĨĶĚĔńĬȮľĴŅĵėĺŅĴĺƞŅŀĬŋĳŅėĬŅőĬĪňŗŏıŇŗĴĕŉŘĬĽƞĚįĸŒľƟėĺŅĴĨƟŅĬĪŅĬŐĶĚħŉĚ

ĴňėƞŅŏıŇŗĴĕŉŘĬȮĭƞĚĝňŘĺƞŅıŊŘĬįŇĺĕŀĚŀĬŋĳŅėĬŅőĬĪňŗĽŌĚĝƞĺĵŏıŇŗĴėĺŅĴĽŅĴŅĶĩŒĬĔŅĶĩƞŅĵőŀĬŐĶĚĶŃľĺƞŅĚȮȮȮ
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ıŀĸŇŏĴŀĶƢįĽĴŐĸŃŀĬŋĳŅėĬŅőĬėŀĴőıĽŇĨ ĶŌĮĪňŗȮ2.8(b) ŐĽħĚįĸıķĨŇĔĶĶĴĔŅĶĨƟŅĬĪŅĬŐĶĚħŉĚĕŀĚ

ıŀĸŇŏĴŀĶƢįĽĴĶŃľĺƞŅĚŀňıŀĔĞňŏĶĞŇĬŐĸŃıŀĸŇŏŀĽŏĨŀĶƢŏĶĞŇĬŒĬŀńĨĶŅĽƞĺĬȮ4:96 įƞŅĬĔŅĶĭƞĴĪňŗŀŋĦľĳŌĴŇȮ

850 oCȮıĭĺƞŅĴňėƞŅȮTensile strength ĴňėƞŅŏıŇŗĴĕŉŘĬŏĴŊŗŀĮĶŇĴŅĦįĚȮŏıŇŗĴĕŉŘĬŐĨƞœħƟėƞŅĪňŗĬƟŀĵĔĺƞŅĔŅĶĭƞĴĪňŗ

ŀŋĦľĳŌĴŇȮ550 oC ĔŅĶĮĶńĭĮĶŋĚĽĴĭńĨŇŏĝŇĚĔĸŏĔŇħěŅĔĔŅĶėĺŅĴĽŅĴŅĶĩŒĬĔŅĶĔĶŃěŅĵĨńĺŐĸŃėĺŅĴ

ŐĕŖĚŐĶĚŒĬĔŅĶĵŉħĨŇħĕŀĚĺńĽħŋĬŅőĬėŀĴőıĽŇĨŒĬıŀĸŇŏĴŀĶƢŏĴĪĪĶŇĔĞƢħƟĺĵȮĔŅĶĸħĸĚĕŀĚėƞŅȮTensile 

strength ĪňŗŐĽħĚŒĬĶŌĮȮ2.8(a) ĪňŗĮĶŇĴŅĦȮ2% ŐĸŃĶŌĮȮ2.8(b)ȮĪňŗĮĶŇĴŅĦ1.5-2%ȮŏĮƦĬįĸĴŅěŅĔėĺŅĴ

ŐĨĔĨƞŅĚĕŀĚŀĬŋĳŅėŐĸŃĔŅĶĶĺĴĔĸŋƞĴĔńĬĕŀĚŀĬŋĳŅėȮŏĮĶňĵĭŏĽĴŊŀĬěŋħĶĺĴėĺŅĴŏėĶňĵħȮħńĚĬńŘĬĔŅĶ

ĶĺĴĔĸŋƞĴĔńĬĕŀĚŀĬŋĳŅėĪŜŅŒľƟŏĔŇħĔŅĶĸħĸĚĕŀĚĽĴĭńĨŇŏĝŇĚĔĸȮ 

 

ĶŌĮĪňŗȮ2.9ȮHardness shore D ĕŀĚıŀĸŇŏĴŀĶƢįĽĴĪňŗŏĽĶŇĴŐĶĚħƟĺĵŀĬŋĳŅėŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢŐĸŃ

ŐėĸŏĞňĵĴŀŀĔœĞħƢįƞŅĬĔŅĶĭƞĴĪňŗŀŋĦľĳŌĴŇȮ(a) 550 oC (b) ŐĸŃȮ850 oC [20] 

 ĔŅĶĪħĽŀĭėĺŅĴŐĕŖĚĪňŗıŊŘĬįŇĺŏĮƦĬıŊŘĬģŅĬĽŜŅėńĠĪňŗŒĝƟŒĬĔŅĶĶŃĭŋĺƞŅȮĺńĽħŋĬńŘĬŕĴňĽĴĭńĨŇĪňŗ

ŏľĴŅŃĽĴĔńĭĺńĨĩŋĮĶŃĽĚėƢŒĬĔŅĶĬŜŅœĮŒĝƟĚŅĬľĶŊŀœĴƞȮőħĵĶŌĮĪňŗȮ2.9(a) ŐĸŃ 2.9(b) ŐĽħĚėƞŅĪňŗœħƟěŅĔ

ĔŅĶĪħĽŀĭėĺŅĴŐĕŖĚĪňŗįŇĺĕŀĚıŀĸŇŏĴŀĶƢįĽĴĶŃľĺƞŅĚŀňıŀĔĞňŏĶĞŇĬŐĸŃıŀĸŇŏŀĽŏĨŀĶƢŏĶĞŇĬŒĬŀńĨĶŅĽƞĺĬȮ

4:96ȮĭƞĴĪňŗŀŋĦľĳŌĴŇȮ550 oC ŐĸŃȮ850 oC įĸĔŅĶĺŇěńĵıĭĺƞŅŏĴŊŗŀŀĬŋĳŅėĬŅőĬėŀĴőıĽŇĨŏıŇŗĴĕŉŘĬȮŒľƟėƞŅ

ėĺŅĴŐĕŖĚĴňėƞŅŏıŇŗĴĽŌĚĕŉŘĬȮŐĽħĚĺƞŅŀĬŋĳŅėĬŅőĬėŀĴőıĽŇĨĴňėĺŅĴĨƟŅĬĪŅĬĽŌĚĨƞŀĔŅĶĕňħĕƞĺĬȮŐĽħĚĩŉĚ

ėĺŅĴĽŅĴŅĶĩŒĬĔŅĶŏĕƟŅĔńĬœħƟĕŀĚıŀĸŇŏĴŀĶƢįĽĴŐĸŃŀĬŋĳŅėĬŅőĬėŀĴőıĽŇĨȮĔŅĶĸħĸĚĕŀĚĔŅĶ

ŐĨĔľńĔĕĬŅħŏĸŖĔĳŅĵŒĬĺńĽħŋėŀĴőıĽŇĨŐĽħĚŒľƟŏľŖĬĩŉĚĔŅĶŏıŇŗĴĕŉŘĬĕŀĚĽĴĭńĨŇŏĝŇĚĔĸħńĚĽńĚŏĔĨœħƟŒĬĶŌĮĪňŗȮ

2.8 ĪňŗŏĔŇħėĺŅĴŐĨĔĨƞŅĚŏĸŖĔĬƟŀĵĕŀĚĔŅĶŏıŇŗĴĕŉŘĬĕŀĚėƞŅȮTensile strength  
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ĶŌĮĪňŗȮ2.10 Flexural strength ĕŀĚıŀĸŇŏĴŀĶƢįĽĴĪňŗŏĽĶŇĴŐĶĚħƟĺĵŀĬŋĳŅėŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢŐĸŃ

ŐėĸŏĞňĵĴŀŀĔœĞħƢĬŅőĬėŀĴőıĽŇĨĪňŗįƞŅĬĔŅĶĭƞĴĪňŗŀŋĦľĳŌĴŇȮ(a) 550 oC ŐĸŃ(b) Ȯ850 oC [20] 

 ėĺŅĴĽŅĴŅĶĩŒĬĔŅĶĨƟŅĬĪŅĬĔŅĶħńħőėƟĚėŊŀĮĶŇĴŅĦėĺŅĴŐĕŖĚŐĶĚĕŀĚĺńĽħŋĪňŗĽŅĴŅĶĩĶńĭœħƟ

ĔƞŀĬĪňŗěŃĩŌĔŏĮĸňŗĵĬĶŌĮľĶŊŀŐĨĔľńĔȮŐĽħĚŒĬĶŌĮĪňŗȮ2.10a ŐĸŃȮb įĸĔŅĶĪħĽŀĭıĭĺƞŅıŀĸŇŏĴŀĶƢįĽĴȮ

ŏĴŊŗŀĴňĔŅĶŏıŇŗĴĕŉŘĬĕŀĚŀĬŋĳŅėĬŅőĬėŀĴőıĽŇĨȮĽƞĚįĸŒľƟėƞŅėĺŅĴĨƟŅĬĪŅĬĔŅĶħńħőėƟĚĴňėƞŅŏıŇŗĴĕŉŘĬȮŐĽħĚ

ŒľƟŏľŖĬĺƞŅŀĬŋĳŅėĬŅőĬėŀĴőıĽŇĨįĽĴŀĵŌƞĴňėĺŅĴĨƟŅĬĪŅĬŐĸŃėĺŅĴŐĕŖĚŐĶĚĪňŗĶŀĚĶńĭĬŘŜŅľĬńĔěŅĔ

ĳŅĵĬŀĔœħƟȮ 

ěŅĔĚŅĬĺŇěńĵĕŀĚȮNowakowska ToporowskaȮŐĸŃėĦŃȮY0/[ ŏĮƦĬĔŅĶĪħĽŀĭėĺŅĴ

ŐĕŖĚŐĶĚĕŀĚıŊŘĬįŇĺĺńĽħŋŏĴŊŗŀĪŜŅĔŅĶěŋƞĴŐĝƞŒĬĬŘŜŅĸŅĵŏĪňĵĴŏĮƦĬĶŃĵŃŏĺĸŅȮ7 30 ŐĸŃȮ90 ĺńĬȮőħĵŐĽħĚŒĬ

ĶŌĮĪňŗȮ2.11 ıĭĺƞŅȮĺńĽħŋĝĬŇħȮElite Soft Relining ŏĮƦĬĺńĽħŋĪňŗĴňĔŅĶŏĮĸňŗĵĬŐĮĸĚĕŀĚėƞŅėĺŅĴŐĕŖĚĬƟŀĵ

ĪňŗĽŋħȮŐĸŃĔŅĶŏıŇŗĴĕŉŘĬĕŀĚėƞŅėĺŅĴŐĕŖĚŒĬŒĬĺńĽħŋĝĬŇħȮGC Reline Soft ĴňėƞŅŀĵŌƞĮĶŃĴŅĦȮ10 Shore A 

ĨĸŀħĶŃĵŃŏĺĸŅŒĬĔŅĶĪħĸŀĚȮŒĬĕĦŃĪňŗĺńĽħŋĝĬŇħȮMegabase ŐĸŃȮMucoprenȮĴňėƞŅĔŅĶŏıŇŗĴĕŉŘĬŀĵŌƞ

ĮĶŃĴŅĦȮ19 Shore A ĺńĽħŋȮ2 ĝĬŇħĬňŘĴňėĺŅĴŏĽĩňĵĶĬƟŀĵĪňŗĽŋħŒĬŐĚƞĕŀĚėĺŅĴŐĕŖĚĪňŗıŊŘĬįŇĺȮŒĬĕĦŃĪňŗȮ

GC Reline SoftȮŐĸŃȮElite Soft Relining ŏĮƦĬĺńĽħŋĴňėĺŅĴŏĽĩňĵĶĪňŗĴŅĔĔĺƞŅȮėĺŅĴĵŊħľĵŋƞĬĕŀĚĺńĽħŋĴň

ĽńĴıńĬīƢĔńĬėĺĶĽŀħėĸƟŀĚĔńĬĔńĭėĺŅĴĵŊħľĵŋƞĬĕŀĚŏĵŊŗŀĭŋŒĬĝƞŀĚĮŅĔŐĸŃėƞŅȮWmsleŲqȮkmbsjsqȮ ĕŀĚ

ĺńĽħŋĪňŗȮœĴƞėĺĶĨŗŜŅĔĺƞŅėƞŅŏĬŊŘŀŏĵŊŗŀŒĬĝƞŀĚĮŅĔȮĞŉŗĚľĴŅĵėĺŅĴĺƞŅĽŜŅľĶńĭŏĵŊŗŀĭŋŒĬĝƞŀĚĮŅĔĪňŗĴňėĺŅĴĵŊħľĵŋƞĬ

ĬƟŀĵŒĝƟĔŅĶŀƞŀĬĨńĺŏĔŇĬœĮŏĮƦĬĕƟŀľƟŅĴŒĬĔŅĶŒĝƟĚŅĬ  

ŒĬĶŌĮĪňŗȮ2.12 ŐĽħĚėƞŅȮYoungŲq modulus ĕŀĚĺńĽħŋĪńŘĚľĴħıĭĺƞŅĴňėƞŅĶŃľĺƞŅĚȮ/,/ȮĩŉĚȮ1,5 

MPa ŒĬĕĦŃĪňŗėƞŅŏĜĸňŗĵėĺŅĴĵŊħľĵŋƞĬ YoungŲq modulus ĕŀĚŏĵŊŗŀĭŋĶŀĚĶńĭĲƤĬĮĸŀĴėŊŀȮ/,1ȮĩŉĚȮ3,. 

MPaȮħńĚĬńŘĬĺńĽħŋĝĬŇħȮElite Soft Relining ŀŅěŏľĴŅŃĽĴĔĺƞŅĽŜŅľĶńĭįŌƟĮƙĺĵĪňŗĴňŏĵŊŗŀĭŋŒĬĝƞŀĚĮŅĔĪňŗ
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ĵŊħľĵŋƞĬȮŐĸŃĔŅĶĸħĸĚĕŀĚėƞŅȮYoungŲ modulusȮŒĬĺńĽħŋĝĬŇħȮGC Reline Soft ŀŅěŏĮƦĬĺńĽħŋ

ĮĶŃőĵĝĬƢĽŜŅľĶńĭįŌƟĮƙĺĵĪňŗĴňĝƞŀĚĮŅĔĵŊħľĵŋƞĬĬƟŀĵĔĺƞŅŏĬŊŘŀŏĵŊŗŀĭŋŒĬĝƞŀĚĮŅĔ 

 

ĶŌĮĪňŗȮ2.11ȮHardness Shore A ĕŀĚĺńĽħŋŏĽĶŇĴŀĚėƢĮĶŃĔŀĭĪńŘĚȮ4 ĔĸŋƞĴ [21] 
 

 

ĶŌĮĪňŗȮ2.12ȮWmsleŲqȮkmbsjsq (MPa) ĕŀĚĺńĽħŋŏĽĶŇĴŀĚėƢĮĶŃĔŀĭĪńŘĚȮ4 ĔĸŋƞĴȮY0/[ 
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2.2 ĪńĬĨĔĶĶĴŐĸŃĔĶŃĭĺĬĔŅĶėĶŀĭĲƤĬ 
2.2.1ȮĪńĬĨĔĶĶĴ 

 ĪńĬĨĔĶĶĴȮ(Dentsitry)ȮĨŅĴıěĬŅĬŋĔĶĴĜĭńĭĶŅĝĭńĦĪŇĨĵĽĩŅĬȮı.Ļ. 2554 ĶŃĭŋĺƞŅȮȮȮȮȮȮȮȮȮȮȮ

ĪńĬĨĔĶĶĴȮėŊŀȮŴĔŅĶĶńĔļŅőĶėĪŅĚĲƤĬȮŏľĚŊŀĔȮĕŅĔĶĶœĔĶŐĸŃőĶėĳŅĵŒĬĝƞŀĚĮŅĔŵȮőħĵĔŅĶĪńĬĨĔĶĶĴ

ěŃĽŅĴŅĶĩŐĭƞĚœħƟľĸŅĔľĸŅĵĶŌĮŐĭĭY00[ 

2.2.1.1 ĪńĬĨĔĶĶĴĪńŗĺœĮ 

 ĪńĬĨĔĶĶĴĪńŗĺœĮėŊŀȮĔŅĶĨĶĺěĽĳŅıĝƞŀĚĮŅĔŐĸŃĲƤĬȮĔŅĶĪŜŅėĺŅĴĽŃŀŅħȮĶńĔļŅĽŋĳŅıŏľĚŊŀĔ

ŐĸŃĲƤĬŏıŊŗŀŒľƟĴňĽŋĕĳŅıĪňŗħňŐĸŃĴňŀŅĵŋĔŅĶŒĝƟĚŅĬĪňŗĵŅĺĬŅĬȮĮĶŃĔŀĭœĮħƟĺĵȮĔŅĶĨĶĺěőĶĚĪŅĚȮȮȮȮȮȮȮȮ

ĪńĬĨĔĶĶĴȮĔŅĶĕŌħľŇĬĮŌĬȮĔŅĶŀŋħĲƤĬȮŐĸŃĔŅĶĕńħĲƤĬ 

 2.2.1.2 ĪńĬĨĔĶĶĴŏıŊŗŀėĺŅĴĚŅĴ 

 ŏĮƦĬĺŇīňĪŅĚĪńĬĨĔĶĶĴĪňŗĝƞĺĵŒĬĔŅĶŏĽĶŇĴĽĶƟŅĚȮŐĸŃĴŋƞĚŏĬƟĬħƟŅĬĔŅĶıńĥĬŅėĺŅĴĽĺĵĚŅĴĕŀĚĲƤĬȮ

ĶŀĵĵŇŘĴȮĔŅĶĲŀĔĽňĲƤĬħƟĺĵŏĸŏĞŀĶƢȮĔŅĶĽĶƟŅĚĶŀĵĵŇŘĴĪňŗĽĺĵĚŅĴőħĵĔŅĶįĽĴįĽŅĬŐĸŃĮĶŃĵŋĔĨƢŒĝƟȮȮȮȮȮ

ĪńĬĨĔĶĶĴŏıŊŗŀėĺŅĴĚŅĴĮĶŃŏĳĪĨƞŅĚŕ 

 2.2.1.3 ĪńĬĨĔĶĶĴĶŅĔĲƤĬŏĪňĵĴ 

 ĔŅĶĮĸŌĔĶŅĔĲƤĬŏĪňĵĴŏĮƦĬĺŇīňĽĴńĵŒľĴƞŒĬĔŅĶŐĪĬĪňŗĶŅĔĲƤĬĪňŗŐĪƟěĶŇĚȮőħĵĪńĬĨŐıĪĵƢěŃĪŜŅĔŅĶ

ĮĸŌĔĶŅĔĲƤĬŏĪňĵĴĸĚĭĬĔĶŃħŌĔĶŀĚĶńĭȮĞŉŗĚěŃĽĶƟŅĚıŊŘĬģŅĬĪňŗŐĕŖĚŐĶĚŒľƟŐĔƞĲƤĬĪňŗĬŜŅĴŅĪħŐĪĬĲƤĬĪňŗ

ĽŌĠŏĽňĵœĮȮőħĵĪńŗĺœĮěŃįĸŇĨěŅĔĺńĽħŋœĪŏĪŏĬňĵĴĪňŗœħƟĶńĭĔŅĶĺŇĬŇěĜńĵĺƞŅœĴƞĔƞŀŒľƟŏĔŇħőĶėŐĸŃįĸėƟŅĚŏėňĵĚ

ŒħŕȮĨƞŀĶƞŅĚĔŅĵĴĬŋļĵƢ 

 2.2.1.4 ĪńĬĨĔĶĶĴĮĶŃħŇļģƢ 

 ĪńĬĨĔĶĶĴĮĶŃħŇļģƢŏĮƦĬŀĚėƢėĺŅĴĶŌƟŒľĴƞŐĕĬĚľĬŉŗĚĪňŗĝƞĺĵŒĬĔŅĶĽĶƟŅĚȮŐĸŃĪħŐĪĬĲƤĬĪňŗĽŌĠŏĽňĵ

œĮȮĔŅĶŐĔƟœĕĮƤĠľŅĲƤĬĪňŗŏĮĶŅŃĭŅĚľĶŊŀŐĨĔľńĔȮŏĝƞĬȮĺŇīňĔŅĶĮĸŌĔĶŅĲƤĬȮĪŜŅĲƤĬœĪŏĪŏĬňĵĴȮĔŅĶėĶŀĭ

ĲƤĬŐĸŃĽŃıŅĬĲƤĬȮĲƤĬĮĸŀĴŐĭĭĩŀħœħƟȮĔŅĶŀŋħĲƤĬħƟĺĵĺńĽħŋŏĶĞŇĬĽňŏħňĵĺĔńĭĲƤĬ 

 2.2.1.5 ĪńĬĨĔĶĶĴěńħĲƤĬ 

 ĔŅĶěńħĲƤĬŏĮƦĬĪńĬĨĔĶĶĴĽŅĕŅľĬŉŗĚĪňŗŒľƟėĺŅĴĽŜŅėńĠĕŀĚĔŅĶěńħŏĶňĵĚĨńĺĕŀĚĲƤĬȮŏıĶŅŃĲƤĬĪňŗ

ŏĶňĵĚĨńĺœĴƞŏĮƦĬĶŃŏĭňĵĭĬńŘĬěŃĽƞĚįĸĨƞŀőėĶĚľĬƟŅȮėĺŅĴĽŅĴŅĶĩŒĬĔŅĶĭħŏėňŘĵĺȮŐĸŃėĺŅĴĵŅĔĸŜŅĭŅĔ

ĔŅĶħŌŐĸĶńĔļŅėĺŅĴĽŃŀŅħĲƤĬ 

  

 

 



  21 

2.2.1.6 ĪńĬĨĔĶĶĴŏħŖĔȮ 

 ĪńĬĨĔĶĶĴŏħŖĔŏĮƦĬĔŅĶħŌŐĸĶńĔļŅĲƤĬĕŀĚŏħŖĔȮĶĺĴĩŉĚĔŅĶŒľƟėĺŅĴĶŌƟŐĸŃĺŇīňĔŅĶħŌŐĸĲƤĬĬŘŜŅĬĴȮ

ĞŉŗĚŏĔňŗĵĺĕƟŀĚőħĵĨĶĚĔńĭĪńĬĨĔĶĶĴĮƚŀĚĔńĬȮŏıŊŗŀŒľƟŏĔŇħėĺŅĴĽŜŅėńĠĕŀĚĔŅĶħŌŐĸĲƤĬŀĵƞŅĚĩŌĔĺŇīňŐĸŃ

ĮƚŀĚĔńĬĔŅĶŏĔŇħĲƤĬįŋȮĔŅĶħŌŐĸĶńĔļŅĲƤĬĨńŘĚŐĨƞŏħŖĔŕěŃĝƞĺĵŒľƟĴňĽŋĕĳŅıĲƤĬĪňŗŐĕŖĚŐĶĚœħƟŒĬĳŅĵľĸńĚ 

 2.2.1.7ȮĪńĬĨĔĶĶĴĮƚŀĚĔńĬ 

 ĪńĬĨĔĶĶĴĮƚŀĚĔńĬŏĮƦĬĔŅĶħŌŐĸĶńĔļŅĲƤĬŐĪƟĨŅĴīĶĶĴĝŅĨŇŒľƟĴňŀŅĵŋĔŅĶŒĝƟĚŅĬĪňŗĵŅĺĬŅĬœĮ

ĨĸŀħĝňĺŇĨȮĔŅĶħŌŐĸŏŀŅŒěŒĽƞĽŋĕĳŅıĲƤĬŀĚŏĶŅĨĸŀħŏĺĸŅĬńŘĬȮĵƞŀĴħňĔĺƞŅĔŅĶŏĕƟŅĶńĭĔŅĶĶńĔļŅľĶŊŀĺŇīňĔŅĶ

ĭŌĶĦŃĲƤĬŀĵƞŅĚŐĬƞĬŀĬȮ 

 

2.2.2 ĮĶŃŏĳĪĕŀĚĔŅĶėĶŀĭĲƤĬ 
2.2.3.1ȮĔŅĶėĶŀĭĲƤĬŐĭĭŒĝƟőĸľŃĸƟĺĬY/[ 

 

ĶŌĮĪňŗȮ2.13 ĔŅĶėĶŀĭĲƤĬŐĭĭŒĝƟőĸľŃĸƟĺĬȮY01[ 

ĶŌĮĪňŗȮ2.13 ŐĽħĚĔŅĶėĶŀĭĲƤĬŐĭĭŒĝƟőĸľŃĸƟĺĬȮőħĵĺńĽħŋőĸľŃĸƟĺĬĬńŘĬěŃĴňĕƟŀħňėŊŀȮėĺŅĴ

ŐĕŖĚŐĶĚŐĸŃĪĬĪŅĬĴŅĔŏĴŊŗŀŏĪňĵĭĔńĭĺńĽħŋĝĬŇħŀŊŗĬŕ ěŉĚŏľĴŅŃĽĴĔńĭĔŅĶĶńĔļŅĲƤĬĔĶŅĴȮŏıĶŅŃĲƤĬ

ĔĶŅĴĬńŘĬĪŜŅľĬƟŅĪňŗĭħŏėňŘĵĺȮĪŜŅŒľƟœħƟĶńĭŐĶĚĔħħńĬĴŅĔĔĺƞŅĲƤĬĭĶŇŏĺĦŀŊŗĬŕȮěŉĚėĺĶŒĝƟĺńĽħŋĪňŗĴňėĺŅĴ

ŐĕŖĚŐĶĚŒĬĔŅĶĶńĔļŅȮŐĸŃĴňĺŇīňĔŅĶįĸŇĨĪňŗĚƞŅĵĔĺƞŅĺŇīňŀŊŗĬȮŀňĔĪńŘĚĴňįĸħňĨƞŀĽŋĕĳŅıŏľĚŊŀĔĴŅĔĔĺƞŅȮŐĨƞĴň

ĕƟŀŏĽňĵėŊŀȮœĴƞĽŅĴŅĶĩĬŜŅĴŅŒĝƟŒĬĔŅĶĶńĔļŅĲƤĬĭĶŇŏĺĦħƟŅĬľĬƟŅœħƟŏĬŊŗŀĚěŅĔĽňĕŀĚőĸľŃĝńħŏěĬȮĪŜŅŒľƟ

ĽńĚŏĔĨŏľŖĬœħƟĚƞŅĵ 
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2.2.3.2 ĔŅĶėĶŀĭĲƤĬħƟĺĵĺńĽħŋŏĶĞŇĬŐĸŃŏĞĶŅĴŇĔ 

 
ĶŌĮĪňŗȮ2.14 ĔŅĶėĶŀĭĲƤĬŐĭĭŏĶĞŇĬŐĸŃŏĞĶŅĴŇĔȮY02[ 

ĶŌĮĪňŗȮ2.14 ŐĽħĚĔŅĶėĶŀĭĲƤĬħƟĺĵĺńĽħŋŏĞĶŅĴŇĔĬńŘĬĴňĕƟŀħňėŊŀȮĴňĽňŒĔĸƟŏėňĵĚĔńĭĽňĲƤĬĴŅĔĪňŗĽŋħȮ

ŏıĶŅŃĺńĽħŋŏĶĞŇĬŐĸŃŏĞĶŅĴŇĔĴňľĸŅĵŏĜħĽňȮĪńĬĨŐıĪĵƢĽŅĴŅĶĩŏĸŊŀĔŒĝƟőĪĬĽňŒľƟŏĕƟŅĔńĭĲƤĬěĶŇĚĕŀĚįŌƟĮƙĺĵ

œħƟȮŐĸŃŏĬŊŗŀĚěŅĔĴňĽňŒĔĸƟŏėňĵĚĔńĭĲƤĬĨŅĴīĶĶĴĝŅĨŇěŉĚĬŇĵĴŒĝƟŒĬĔŅĶĶńĔļŅĲƤĬĭĶŇŏĺĦħƟŅĬľĬƟŅȮŏıĶŅŃ

ŏĮƦĬĭĶŇŏĺĦĪňŗŏľŖĬœħƟĝńħŏěĬȮěńĚœĴƞėĺĶŒĝƟőĸľŃȮŐĸŃĪŜŅŒľƟĳŅıĸńĔļĦƢĕŀĚįŌƟĮƙĺĵœĴƞŏĮĸňŗĵĬŐĮĸĚȮĕƟŀŏĽňĵ

ėŊŀȮĔŅĶėĶŀĭĲƤĬĮĶŃŏĳĪĬňŘěŃĨƟŀĚĔĶŀĲƤĬĮĶŇĴŅĦĴŅĔȮőėĶĚĽĶƟŅĚĕŀĚĲƤĬěŉĚĩŌĔĔĶŀŀŀĔœĮĴŅĔŏĝƞĬĔńĬȮ

ěŉĚĚƞŅĵĨƞŀĔŅĶŀńĔŏĽĭŐĸŃĨŇħŏĝŊŘŀĴŅĔĔĺƞŅĔŅĶėĶŀĭĲƤĬĮĶŃŏĳĪŀŊŗĬŕ 

2.2.3.3 ĔŅĶėĶŀĭĲƤĬŐĭĭŒĝƟĺńĽħŋŏĞĶŅĴŇĔįĽĴőĸľŃ 

 

ĶŌĮĪňŗȮ2.15 ĔŅĶėĶŀĭĲƤĬŐĭĭŒĝƟĺńĽħŋŏĞĶŅĴŇĔįĽĴőĸľŃȮY03[ 

ĔŅĶėĶŀĭĲƤĬħƟĺĵĺńĽħŋŏĞĶŅĴŇĔįĽĴőĸľŃĴňĕƟŀħňėŊŀŒľƟĳŅıĸńĔļĦƢĪňŗŏĮƦĬīĶĶĴĝŅĨŇȮŏıĶŅŃŏĞĶŅ

ĴŇĔĴňĽňŒĔĸƟŏėňĵĚĔńĭĲƤĬěĶŇĚȮŀňĔĪńŘĚĴňĽƞĺĬįĽĴĕŀĚőĸľŃĝƞĺĵŏıŊŗŀėĺŅĴŐĕŖĚŐĶĚœħƟȮĴňėĺŅĴĪĬĪŅĬĴŅĔĔĺƞŅ

ĔŅĶėĶŀĭĲƤĬŐĭĭŏĞĶŅĴŇĔĸƟĺĬěŉĚŏľĴŅŃĔńĭĭĶŇŏĺĦĲƤĬĔĶŅĴĞŉŗĚŀĵŌƞŒĬħƟŅĬŒĬĪňŗĨƟŀĚĶńĭŐĶĚĔħħńĬ
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ĴŅĔĔĺƞŅĲƤĬħƟŅĬľĬƟŅȮŐĨƞĴňĕƟŀŏĽňĵėŊŀľŅĔĴňŏľĚŊŀĔĶƞĬȮŀŅěĴŀĚŏľŖĬŏĮƦĬĽňŏĕƟĴĭĶŇŏĺĦĲƤĬĪňŗĬŜŅĴŅėĶŀĭœĺƟ

ĞŉŗĚŒĝƟĔńĭĭĶŇŏĺĦŏľĚŊŀĔŏĬŊŗŀĚěŅĔŏĮƦĬĭĶŇŏĺĦĪňŗŏĮƦĬőĸľŃ 

 

2.2.3 ĔĶŃĭĺĬĔŅĶėĶŀĭĲƤĬ 
ĔŅĶėĶŀĭĲƤĬŏĮƦĬĔŅĶĭŌĶĦŃĲƤĬĪňŗœħƟĶńĭėĺŅĴŏĽňĵľŅĵľĶŊŀŐĨĔľńĔȮěŅĔĽŅŏľĨŋĨƞŅĚŕȮŏĝƞĬȮĔŅĶĽĭ

ĲƤĬȮľĶŊŀȮĔŅĶŏĽŊŀĴĽĳŅıĕŀĚĲƤĬĨŅĴĔŅĸŏĺĸŅȮĶĺĴĩŉĚĲƤĬĪňŗĲƤĬĪňŗœĴƞœħƟĶńĭĔŅĶĭŜŅĶŋĚĶńĔļŅŐĸŃĲƤĬĪňŗĴňĶŌįŋ

ĕĬŅħŒľĠƞȮŏıŊŗŀŒľƟĲƤĬĴňėĺŅĴŐĕŖĚŐĶĚŐĸŃĮĶŃĽŇĪīŇĳŅıŒĝƟĚŅĬœħƟŏľĴŊŀĬŏħŇĴħńĚŏħŇĴȮĔŅĶėĶŀĭĲƤĬĴńĔěŃ

ŒĝƟĺńĽħŋıŀĶƢŏĞŏĸĬľĶŊŀŏĞĶŅĴŇĔŏĮƦĬĽƞĺĬĮĶŃĔŀĭĞŉŗĚĽŅĴŅĶĩĮĶńĭĽňŒľƟŏĕƟŅĔńĭĽňĲƤĬĨŅĴīĶĶĴĝŅĨŇœħƟȮĽƞĺĬ

ĺńĽħŋŀŊŗĬȮŏĝƞĬȮĪŀĚȮőĸľŃįĽĴȮŀŃėĶňĸŇĔȮŐĸŃŏĞĶŅĴŇĔȮěŃĴňėĺŅĴŐĕŖĚŐĶĚĴŅĔĔĺƞŅıŀĶƢŏĞŏĸĬȮěŉĚĴńĔěŃŒĝƟ

ĽŜŅľĶńĭħƟŅĬľĸńĚĕŀĚĲƤĬȮőħĵĽƞĺĬŒľĠƞŐĸƟĺěŃŒĝƟıŀĶƢŏĞŏĸĬŏĝŊŗŀĴĨŇħĔńĭĳŅĵĬŀĔĕŀĚőĸľŃȮŏıĶŅŃőĸľŃ

ĪńŘĚĽŀĚĝĬŇħĴňėĺŅĴŐĕŖĚŐĶĚĴŅĔĔĺƞŅȮY//[ 

 ĔƞŀĬĪňŗěŃĪŜŅĔŅĶėĶŀĭĲƤĬĬńŘĬȮĲƤĬěŃĨƟŀĚĴňĕĬŅħŏĸŖĔĪňŗěŃŒĽƞĪňŗėĶŀĭĲƤĬŐĸŃĽŃıŅĬĲƤĬœħƟıŀħňȮ

ľĶŊŀŀŅěĴňĔŅĶĔĶŀĲƤĬŏıŊŗŀĸħĕĬŅħĲƤĬȮőħĵĪńĬĨŐıĪĵƢěŃĪŜŅŐĴƞıŇĴıƢĲƤĬŏıŊŗŀıŇĴıƢĲƤĬĽŜŅľĶńĭĪňŗėĶŀĭ

ĲƤĬȮŐĨƞĩƟŅľŅĔŒĝƟıŀĶƢŏĞŏĸĬȮĪńĬĨŐıĪĵƢěŃĔŜŅľĬħŏĜħĽňĪňŗŏľĴŅŃĽĴĽŜŅľĶńĭĪňŗėĶŀĭĲƤĬŐĸŃĪňŗĵŉħĲƤĬ

ĮĸŀĴŏıŊŗŀŒľƟŏĕƟŅĔńĭĲƤĬĪňŗĴňŀĵŌƞȮĔŅĶŒĝƟĶŀĵıŇĴıƢŏĝƞĬĬňŘȮĨƟŀĚŒĝƟľƟŀĚĪħĸŀĚĽŜŅľĶńĭĪńĬĨĔĶĶĴŒĬĔŅĶįĸŇĨĪňŗ

ėĶŀĭĲƤĬȮŐĸŃĪňŗĵŉħĲƤĬĮĸŀĴĨŅĴĺńĽħŋĪňŗĪńĬĨŐıĪĵƢŏĮƦĬįŌƟĔŜŅľĬħȮĪňŗėĶŀĭĲƤĬŐĸŃĪňŗĵŉħĲƤĬĮĸŀĴĽŜŅĶŀĚ

ĬňŘěŃĬŜŅĴŅėĶŀĭĲƤĬȮĪňŗŏĨĶňĵĴœĺƟĽŜŅľĶńĭȮĪňŗėĶŀĭĲƤĬŐĸŃĪňŗĵŉħĲƤĬĮĸŀĴĩŅĺĶĪňŗĔŜŅĸńĚįĸŇĨŀĵŌƞȮŏĴŊŗŀĪňŗėĶŀĭ

ĲƤĬŐĸŃĪňŗĵŉħĲƤĬĮĸŀĴįĸŇĨŏĽĶŖěŐĸƟĺȮĲƤĬĮĸŀĴĽŜŅĶŀĚěŃĩŌĔĩŀħŀŀĔȮŐĸŃŒĽƞĝŇŘĬĩŅĺĶĸĚœĮŐĪĬĪňŗőħĵ

ŒĝƟĮŌĬŀŋħĲƤĬȮŏĮƦĬĪňŗĵŉħY04[  

 ŀŅĵŋĔŅĶŒĝƟĚŅĬĕŀĚĪňŗėĶŀĭĲƤĬȮŐĸŃĪňŗĵŉħĲƤĬĮĸŀĴĬńŘĬĴňŀŅĵŋĔŅĶŒĝƟĚŅĬĨĸŀħĝňĺŇĨȮŐĨƞĭŅĚėĶńŘĚ

ŀŅěľĸĺĴŐĸŃľĸŋħœħƟȮħńĚĬńŘĬěŉĚĨƟŀĚŒľƟŒľƟŐĬƞĬȮŐĸŃĔŅĶĪŜŅėĺŅĴĽŃŀŅħĲƤĬĔƞŀĬĪňŗěŃŒĽƞĪňŗėĶŀĭĲƤĬȮ

ľĶŊŀĽŃıŅĬĲƤĬĩŅĺĶĸĚœĮȮŏıĶŅŃĽŃıŅĬĲƤĬŀŅěŃľĸĺĴŐĸŃĪŜŅŒľƟĔĶŃħŌĔĲƤĬĪňŗĵŉĔœĺƟĩŌĔĪŜŅĸŅĵőħĵŏĝŊŘŀ

őĶėœħƟȮĔŅĶĪŜŅŒľƟŏľĚŊŀĔŐĕŖĚŐĶĚĬńŘĬĨƟŀĚŐĮĶĚĲƤĬħƟĺĵĵŅĽňĲƤĬįĽĴȮĲĸŌŀŀœĶħƢĽŀĚėĶńŘĚĨƞŀĺńĬȮŐĸŃŒĝƟœľĴ

ĕńħĲƤĬĪŋĔĺńĬȮĬŀĔěŅĔĬňŘĵńĚĨƟŀĚœĮıĭĪńĬĨŐıĪĵƢĨŅĴĶŃĵŃȮŏĺĸŅĪňŗĔŜŅľĬħȮŐĸŃŒľƟĪńĬĨŐıĪĵƢĪŜŅėĺŅĴ

ĽŃŀŅħȮŐĸŃŏıŊŗŀĮƚŀĚĔńĬėĺŅĴŏĽňĵľŅĵĪňŗŏĔŇħěŅĔĲƤĬĮĸŀĴŐĸŃĪňŗĵŉħĲƤĬĮĸŀĴȮėĺĶĚħĔŅĶŏėňŘĵĺŀŅľŅĶ

ŐĕŖĚȮĬŘŜŅŐĕŖĚȮľĶŊŀĕŀĚŐĕŖĚŐĶĚĨƞŅĚŕȮĔŅĶėĶŀĭĲƤĬŏľĴŅŃĽŜŅľĶńĭįŌƟĪňŗĴňĲƤĬľńĔĭĶŇŏĺĦĮĸŅĵĲƤĬȮľĶŊŀįŌƟĪňŗĴň

ĶŌįŋĕŀĚĲƤĬĕĬŅħŒľĠƞȮľĶŊŀĴňĔŅĶŀŋħĲƤĬœĺƟŐĸƟĺĞŉŗĚĴňĕĬŅħŒľĠƞŐĸŃŀŋħĴŅĬŅĬŐĸƟĺȮ 
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2.2.3.1 ĶŀĵŀŋħĲƤĬĪňŗĴňĔŅĶŒĝƟĚŅĬĬŅĬ 

ĲƤĬĪňŗĴňĔŅĶŀŋħĴŅĬŅĬŐĸƟĺȮěŃŏĔŇħĔŅĶĽŉĔľĶŀȮŐĸŃŀƞŀĬŐŀĸĚŏĶŊŗŀĵŕŏĴŊŗŀĶŃĵŃŏĺĸŅįƞŅĬœĮȮ

ŐĸŃľŅĔĴňĔŅĶįŋĕŀĚĲƤĬŏıŇŗĴĴŅĔĕŉŘĬȮŀŅěĪŜŅŒľƟĔŅĶŀŋħĲƤĬŐĭĭĪńŗĺœĮĬńŘĬĴňĮĶŃĽŇĪīŇĳŅıœĴƞŏıňĵĚıŀȮ

ħńĚĬńŘĬĔŅĶėĶŀĭĲƤĬěŉĚŏĮƦĬĺŇīňĔŅĶŏľĴŅŃĽĴĴŅĔĔĺƞŅ 

 2.2.3.2 ĶŌįŋĕĬŅħŒľĠƞ 

 ĲƤĬĪňŗĴňĶŌįŋĕĬŅħŒľĠƞěŃĪŜŅŒľƟőėĶĚĽĶƟŅĚĕŀĚĲƤĬŀƞŀĬŐŀȮĔŅĶŀŋħĲƤĬŐĭĭīĶĶĴħŅœĴƞĽŅĴŅĶĩĪŜŅ

œħƟȮěŉĚėĺĶŒĝƞĺŇīňĔŅĶėĶŀĭĲƤĬŐĪĬȮŏıŊŗŀĪňŗěŃĶńĔļŅőėĶĚĽĶƟŅĚĕŀĚĲƤĬŏħŇĴœĺƟ 

 2.2.3.3 ĲƤĬĶƟŅĺľĶŊŀĲƤĬŐĨĔľńĔ 

 ĲƤĬĪňŗŐĨĔľńĔěŅĔěŅĔėĺŅĴŏĽňĵľŅĵĬńŘĬȮȮěŃŒĝƟĺŇīňĔŅĶėĶŀĭĲƤĬŏıĶŅŃĔŅĶŀŋħĲƤĬĬńŘĬœĴƞĽŅĴŅĶĩ

ĪŜŅœħƟŏĬŊŗŀĚěŅĔőėĶĚĽĶƟŅĚŀƞŀĬŐŀŏĔŇĬœĮȮĔŅĶėĶŀĭĲƤĬěŉĚŏĮƦĬĺŇīňĪňŗŏľĴŅŃĽĴŏĬŊŗŀĚěŅĔĝƞĺĵŒľƟŏĔŇħĔŅĶĵŉħ

ŏĔŅŃĪňŗħňĔĺƞŅŐĸŃĵńĚŏĮƦĬĔŅĶĮƚŀĚĔńĬĔŅĶŐĨĔľńĔĪňŗŀŅěŏĔŇħĕŉŘĬœħƟȮľŅĔĴňĔŅĶŐĨĔľńĔŒĔĸƟĭĶŇŏĺĦ

ŏĽƟĬĮĶŃĽŅĪȮĪńĬĨŐıĪĵƢěŃŐĬŃĬŜŅŒľƟĪŜŅĔŅĶĶńĔļŅĶŅĔĲƤĬĔƞŀĬŏĕƟŅĶńĭĔŅĶńĔļŅĔŅĶėĶŀĭĲƤĬȮŒĬĭŅĚ

ĔĶĦňĪňŗĲƤĬĴňĔŅĶŐĨĔľĶŊŀľńĔȮŀŅěœĴƞĽŅĴŅĶĩėĚœĺƟœħƟȮěŉĚŀŅěĨƟŀĚĴňĔŅĶĩŀĬŀŀĔȮŐĸŃŒĝƟĺŇīňĔŅĶėĶŀĭĲƤĬ

ĪńŘĚĞňŗŏıŊŗŀŏĮƦĬĔŅĶĶńĔļŅȮľŅĔıĭĺƞŅĲƤĬĴňĔŅĶŐĨĔľńĔȮŐĸŃœĴƞœħƟĶńĭĔŅĶĶńĔļŅȮŀŅěĪŜŅŒľƟŏĔŇħŐĶĚĔĶŃŐĪĔ

ĭĶŇŏĺĦĲƤĬĪňŗŐĨĔľńĔĴŅĔŏĔŇĬœĮȮěĬĪŜŅŒľƟĲƤĬĞňŗĬńŘĬĴňėĺŅĴįŇħĮĔĨŇĴŅĔŐĸŃŐĨĔľńĔĪńŘĚĞňŗŒĬĪňŗĽŋħ 

 2.2.3.4 ĔŅĶĶńĔļŅĶŅĔĲƤĬ 

 ľĸńĚěŅĔĔŅĶĶńĔļŅĶŅĔĲƤĬŐĸƟĺȮĲƤĬĞňŗĬńŘĬŀŅěĵńĚĴňėĺŅĴŏĮĶŅŃĭŅĚŀĵŌƞȮŐĸŃŀŅěěŃĪŜŅŒľƟŐĨĔľńĔ

œħƟȮĔŅĶėĶŀĭĲƤĬěŉĚŏĮƦĬĺŇīňĔŅĶĮƚŀĚĔńĬĪňŗħňĪňŗĽŋħ 

ĕńŘĬĨŀĬŒĬĔŅĶĶńĔļŅĴňľĸŅĵĔĶŃĭĺĬĔŅĶŐĸŃľĸŅĵĕńŘĬĨŀĬȮŀŅěĨƟŀĚŒĝƟĶŃĵŃŏĺĸŅŒĬĔŅĶĶńĔļŅȮ

0ȮėĶńŘĚȮŏĬŊŗŀĚěŅĔĴňĔŅĶĬŜŅŐĭĭıŇĴıƢĲƤĬěŜŅĸŀĚœĮĵńĚľƟŀĚŐĸĮĽŜŅľĶńĭĪŜŅĲƤĬĪňŗĬŜŅĴŅėĶŀĭĲƤĬȮŏıŊŗŀŒľƟĴň

ĕĬŅħŏľĴŅŃĽĴŐĸŃıŀħňŒĬĔŅĶĶńĔļŅY05[ 
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ĶŌĮĪňŗȮ2.16 ĔĶŃĭĺĬĔŅĶėĶŀĭĲƤĬȮY05[ 

ĶŌĮĪňŗȮ2.16 ŐĽħĚĕńŘĬĨŀĬŒĬĔŅĶėĶŀĭĲƤĬĝńŗĺėĶŅĺȮőħĵŒĬĔŅĶĬńħıĭŐıĪĵƢėĶńŘĚŐĶĔȮȮȮȮȮȮȮȮȮȮȮ

ĪńĬĨŐıĪĵƢěŃĪŜŅĔŅĶĨĶĺěĲƤĬŐĸŃĜňħĵŅĝŅĭĶŇŏĺĦĲƤĬĪňŗěŃĔĶŀĔƞŀĬĪňŗěŃĪŜŅĽŃıŅĬĲƤĬȮĔŅĶĔĶŀĲƤĬĬńŘĬ

ĪŜŅŏıŊŗŀŏĮƦĬģŅĬŒľƟŐĔƞĲƤĬŒľĴƞĪňŗěŃĴŅėĶŀĭĸĚœĮȮěŅĔģŅĬĲƤĬĪňŗĔĶŀĔĴňĔŅĶŀŋħĲƤĬœĺƟĽƞĺĬĪňŗŀŋħĲƤĬěŃħŉĚ

ŀŀĔȮŏĬŊŗŀĚěŅĔĴňĔŅĶĪŜŅĔŅĶėĶŀĭĲƤĬĸĚœĮŐĪĬĪňŗȮěŅĔĬńŘĬěŃıŇĴıƢĲƤĬŏıŊŗŀĪŜŅŐĭĭěŜŅĸŀĚŐĸŃĽƞĚ

ŐĭĭěŜŅĸŀĚœĮĵńĚľƟŀĚŐĸĮŏıŊŗŀĪŜŅĔŅĶıŇĴıƢĲƤĬĪňŗĬŜŅĴŅėĶŀĭĲƤĬȮěŅĔĬńŘĬĪńĬĨŐıĪĵƢěŃĪŜŅĔŅĶĨŇħĲƤĬĪňŗ

ĬŜŅĴŅėĶŀĭĲƤĬŐĭĭĝńŗĺėĶŅĺĽŜŅľĶńĭŒĝƟĚŅĬĶŃľĺƞŅĚĔŅĶĶŀįĸŇĨĲƤĬĪňŗĬŜŅĴŅėĶŀĭĲƤĬŐĭĭĩŅĺĶȮőħĵ

įŌƟĮƙĺĵėĺĶħŌŐĸĶńĔļŅėĺŅĴĽŃŀŅħȮĽŋĕŀĬŅĴńĵĳŅĵŒĬĝƞŀĚĮŅĔĕĦŃĨŇħĲƤĬĪňŗĬŜŅĴŅėĶŀĭĲƤĬŐĭĭĝńŗĺėĶŅĺȮ

ľŅĔĲƤĬĪňŗĬŜŅĴŅėĶŀĭĲƤĬĝńŗĺėĶŅĺĴňŀŅĔŅĶľĸĺĴľĶŊŀľĸŋħȮŒľƟıĵŅĵŅĴŒĽƞĲƤĬĪňŗĬŜŅĴŅėĶŀĭĲƤĬĝńŗĺėĶŅĺœĺƟ

ĨŜŅŐľĬƞĚŏħŇĴŐĸŃĪŜŅĔŅĶĬńħĪńĬĨŐıĪĵƢŏıŊŗŀĶńĔļŅŐĸŃŐĔƟœĕľŅĔœĴƞĽŅĴŅĶĩŒĽƞœħƟ 
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ĶŌĮĪňŗȮ2.17 ĕńŘĬĨŀĬĔŅĶĽĺĴŒĽƞĲƤĬŏĪňĵĴĭĬĶŅĔĲƤĬĮĸŀĴȮY05[ 

ĔŅĶĬńħıĭŐıĪĵƢėĶńŘĚĨƞŀœĮȮěŃŏĮƦĬĔŅĶĶŊŘŀĲƤĬĪňŗĬŜŅĴŅėĶŀĭĲƤĬŐĭĭĝńŗĺėĶŅĺŀŀĔȮĨŇħĵŉħĲƤĬĪňŗ

ĬŜŅĴŅėĶŀĭĲƤĬŐĭĭĩŅĺĶĭĬĲƤĬőħĵŒĬĶŌĮĪňŗȮ2.17ȮŐĽħĚĕńŘĬĨŀĬĔŅĶėĶŀĭĲƤĬħƟĺĵĲƤĬŏĪňĵĴľĸńĚĩŀħĪňŗ

ėĶŀĭĲƤĬĝńŗĺėĶŅĺŀŀĔȮěŅĔĬńŘĬĨĶĺěŏĝŖėıĶƟŀĴĮĶńĭŐĨƞĚŒľƟĴňėĺŅĴŏľĴŅŃĽĴ 

ľĴŅĵŏľĨŋȮ8ȮŀŅěĴňŀŅĔŅĶŏĽňĵĺĲƤĬĭĶŇŏĺĦĲƤĬĪňŗĬŜŅĴŅėĶŀĭĲƤĬŒĬĝƞĺĚȮ0-1ȮĽńĮħŅľƢŐĶĔȮľŅĔ

ĶńĭĮĶŃĪŅĬŀŅľŅĶľĶŊŀħŊŗĴĬŘŜŅĪňŗĴňŏĵŖĬěńħȮĞŉŗĚŀŅĔŅĶħńĚĔĸƞŅĺĩŊŀĺƞŅŏĮƦĬŀŅĔŅĶĮĔĨŇȮŐĸŃěŃľŅĵœĮŏŀĚŒĬ

ŏĺĸŅœĴƞĬŅĬȮŐĨƞľŅĔĴňŀŅĔŅĶŏĽňĵĺĲƤĬĴŅĔȮľĶŊŀĴňŀŅĔŅĶœĴƞĶŃėŅĵŏėŊŀĚĭĶŇŏĺĦĲƤĬĪňŗĬŜŅĴŅėĶŀĭĲƤĬȮŒľƟ

ĬńħıĭĪńĬĨŐıĪĵƢȮŏıŊŗŀŏĕƟŅĶńĭĔŅĶĨĶĺěŐĸŃĮĶńĭŐĨƞĚŐĔƟœĕŒľƟŏľĴŅŃĽĴ 

 

2.2.4 ĬŘŜŅĸŅĵĕŀĚĴĬŋļĵƢ 
ĬŘŜŅĸŅĵėŊŀĕŀĚŏľĸĺĪňŗĩŌĔĕńĭŀŀĔĴŅěŅĔĨƞŀĴĬŘŜŅĸŅĵĕĬŅħŒľĠƞŐĸŃŏĸŖĔȮŏĮƦĬĽƞĺĬĽŜŅėńĠĪňŗĽŋħĪňŗ

ĴňįĸĨƞŀĽĳŅĺŃĽĴħŋĸĕŀĚĝƞŀĚĮŅĔȮŀĚėƢĮĶŃĔŀĭĕŀĚĬŘŜŅĸŅĵŐĸŃĔŅĶľĸńŗĚĬńŘĬĕŉŘĬŀĵŌƞĔńĭĨƞŀĴĬŘŜŅĸŅĵȮŀŅĵŋ 

ŏıĻȮŐĸŃĮƤěěńĵĔĶŃĨŋƟĬȮĬŘŜŅĸŅĵĕŀĚĴĬŋļĵƢĬńŘĬĽƞĺĬŒľĠƞĮĶŃĔŀĭħƟĺĵĬŘŜŅȮ72-77#ȮŀĵƞŅĚœĶĔŖĨŅĴĽŇŗĚ

ĽŜŅėńĠȮėŊŀĽńħĽƞĺĬĕŀĚĬŘŜŅĸŅĵĮĶŃĔŀĭħƟĺĵőĮĶĨňĬȮőħĵŏĜıŅŃœĔĸőėőĮĶĨňĬȮŐĸŃœĕĴńĬȮĬŘŜŅĸŅĵĵńĚŀŋħĴ

œĮħƟĺĵėŅĶƢőĭœŁŏħĶĨŏĔĸŊŀŐĸŃĴňȮœĬőĨĶŏěĬĪňŗœĴƞŒĝƞőĮĶĨňĬȮŏĝƞĬȮĵŌŏĶňĵ ĔĶħĵŌĶŇėȮĔĶħŀŃĴŇőĬŐĸŃȮ

creatinineȮĬŀĔěŅĔĕńĭĩƞŅĵĕŀĚĨƞŀĴĬŘŜŅĸŅĵŐĸƟĺȮĬŘŜŅĸŅĵĵńĚĶĺĴĩŉĚĕŀĚŏľĸĺěŅĔŏľĚŊŀĔȮĽƞĺĬĮĶŃĔŀĭ

ŒĬĞňĶńŗĴ ŐĭėĪňŏĶňĵŐĸŃĽŅĶŏĴĨŅĭŀœĸĨƢěŅĔŐĭėĪňŏĶňĵȮŏĞĸĸƢŏĵŊŗŀĭŋįŇĺŐĸŃŏĞĸĸƢŏĴŖħŏĸŊŀħĕŅĺȮY06[ 



  27 

 
ĶŌĮĪňŗȮ2.18 ĨƞŀĴĬŘŜŅĸŅĵŐĸŃĽƞĺĬĮĶŃĔŀĭĕŀĚĨƞŀĴĬŘŜŅĸŅĵȮY06[ 

įŌƟŒľĠƞěŃľĸńĚĬŘŜŅĸŅĵĮĶŃĴŅĦȮ.,3-/ȮĸŇĨĶĨƞŀĺńĬĞŉŗĚȮ6.#ȮŏĮƦĬŏıĶŅŃĔŅĶĶńĭĮĶŃĪŅĬŀŅľŅĶ

ĔŅĶľĸńŗĚĕŀĚĬŘŜŅĸŅĵěŃĩŌĔėĺĭėŋĴŀńĨőĬĴńĨŇőħĵĶŃĭĭĮĶŃĽŅĪȮŐĽħĚŒĬĶŌĮĪňŗȮ2.18 ĔŅĶŏĮĸňŗĵĬŐĮĸĚŏĝŇĚ

ĮĶŇĴŅĦŐĸŃėŋĦĳŅıĕŀĚĬŘŜŅĸŅĵĬńŘĬŏĔŇħěŅĔőĶėŒĬĝƞŀĚĮŅĔȮŏĝƞĬȮőĶėŀńĸœĞŏĴŀĶƢȮőĶėŏĭŅľĺŅĬȮőĶėĮŀħ

ŏĶŊŘŀĶńĚȮŐĸŃőĶėĴŃŏĶŖĚȮőħĵŏĜıŅŃŏĬŊŘŀĚŀĔĪňŗĻňĶļŃŐĸŃėŀȮĭĪĭŅĪĽŜŅėńĠĕŀĚĬŘŜŅĸŅĵėŊŀĔŅĶĽĶƟŅĚ

ĽĳŅıŐĺħĸƟŀĴĔŅĶĮƚŀĚĔńĬĽŜŅľĶńĭĲƤĬŐĸŃŏĵŊŗŀĭŋŒĬĝƞŀĚĮŅĔĨƞŀėĺŅĴľĸŅĔľĸŅĵĕŀĚĔĸœĔĪňŗŏĮƦĬ

ŀńĬĨĶŅĵȮĽŇŗĚŏĶƟŅĪŅĚĝňĺĳŅıŐĸŃŏėĴňȮĬŀĔěŅĔĬňŘȮĬŘŜŅĸŅĵĵńĚĴňĽƞĺĬĝƞĺĵŒĬĶŃĵŃŐĶĔĕŀĚĔŅĶĵƞŀĵŀŅľŅĶ

ŐĸŃĴňĽƞĺĬŒĬĔŅĶĶńĭĶŌƟĶĽĝŅĨŇȮėŋĦĽĴĭńĨŇĕŀĚĬŘŜŅĸŅĵĵńĚĽŅĴŅĶĩĨƟŅĬŏĝŊŘŀŐĭėĪňŏĶňĵȮŏĝŊŘŀĶŅŐĸŃœĺĶńĽœħƟ

ħƟĺĵȮőħĵĔŅĶĮĶŅĔĢĨńĺĕŀĚĬŘŜŅĸŅĵŀŇĴĴŌőĬőĔĸĭŌĸŇĬĶĺĴĪńŘĚőĮĶĨňĬŒĬĶŃĭĭĳŌĴŇėŋƟĴĔńĬŏĝƞĬȮlactoferrin 

ŐĸŃȮlysozymeȮ 

ĬŘŜŅĸŅĵŏĪňĵĴĬńŘĬĴňœĺƟĽŜŅľĶńĭŒĝƟŒĬĔŅĶĪħĽŀĭĮĶŃĽŇĪīŇĳŅıĕŀĚĺńĽħŋĪňŗŒĝƟŒĬĝƞŀĚĮŅĔŏĬŊŗŀĚěŅĔ

ĬŘŜŅĸŅĵīĶĶĴĝŅĨŇĬńŘĬĴňĨńĺŐĮĶĪňŗĴŅĔŏĔŇĬœĮȮŐĨƞėĺŅĴŏĽĩňĵĶĕŀĚĺńĽħŋĪňŗŒĝƟŒĬĝƞŀĚĮŅĔĬńŘĬŏĮƦĬĽŇŗĚĽŜŅėńĠȮŐĨƞ

ĸŃŀĚėƢĮĶŃĔŀĭĕŀĚĬŘŜŅĸŅĵŏĪňĵĴĴňĭĪĭŅĪĽŜŅėńĠŒĬĔŅĶĻŉĔļŅȮœĴƞŏĮƦĬěŃŏĮƦĬĔŅĶĔńħĔĶƞŀĬȮėƞŅȮpH 

buffer ĔŅĶħŌħĞńĭĬŘŜŅȮľĶŊŀėĺŅĴėĚĪĬĕŀĚĺńĽħŋŒĬĝƞŀĚĮŅĔȮŏľŖĬœħƟĝńħĺƞŅĬŘŜŅĸŅĵŏĪňĵĴĬńŘĬȮėĸƟŅĵĔńĭ

ĬŘŜŅĸŅĵĴĬŋļĵƢĽŜŅľĶńĭŏĚŊŀĬœĕĪňŗŒĝƟĪħĽŀĭŒĬĝƞŀĚĮŅĔ ĮƤěěńĵ ŀŊŗĬŕĪňŗĨƟŀĚıŇěŅĶĦŅŏĝƞĬȮėĺŅĴŏĮƦĬıŇļȮ

ĮĶŇĴŅĦĭńıŏĲŀĶƢȮĽƞĺĬĮĶŃĔŀĭĕŀĚĽŅĶŀĬŇĬĪĶňĵƢȮŐĸŃŀŇĬĪĶňĵƢȮőħĵĮĶŇĴŅĦŐėĸŏĞňĵĴĨƟŀĚĮĶńĭŒľƟ

ıŀŏľĴŅŃĔńĭėƞŅȮpH ĪňŗŏĸŊŀĔŏĝƞĬŏħňĵĺĔńĬĔńĭŀĚėƢĮĶŃĔŀĭĪńŘĚľĴħȮőħĵĕŉŘĬŀĵŌƞĔńĭĺńĨĩŋĮĶŃĽĚėƢŐĸŃėĺŅĴ

ėĚĪĬĕŀĚŏĬŊŘŀŏĵŊŗŀĲƤĬŏĴŊŗŀĽńĴįńĽĔńĭĽŅĶĸŃĸŅĵȮY07[ 
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ěŅĔĭĪĺŇěŅĶĦƢŒĬĚŅĬĺŇěńĵĕŀĚȮDouglasȮHsiaoȮŐĸŃėĦŃȮY1.[ œħƟĺŇŏėĶŅŃľƢįĸĕŀĚȮDSC ĕŀĚ

ıŀĸŇŐĸėĨŇĔŐŀĞŇħŒĬĔŅĶŒľƟėĺŅĴĶƟŀĬȮ3 ėĶńŘĚȮŒĬĔŅĶŒľƟėĺŅĴĶƟŀĬėĶńŘĚĪňŗȮ1 ĮĶŅĔĢŀŋĦľĳŌĴŇȮTg  55.35 
oC ėŊŀĔŅĶŏĮĸňŗĵĬĽĩŅĬŃȮglassy ŏĮƦĬĽĩŅĬŃȮrubbery ĬŀĔěŅĔĬňŘȮŐĸŃıĭıňėħŌħėĺŅĴĶƟŀĬĪňŗĝńħŏěĬĪňŗȮ

56-60 oC. ĽƞĺĬŒĬĔŅĶŒľƟėĺŅĴĶƟŀĬėĶńŘĚĪňŗȮ2 ŐĸŃȮ3 ĽńĚŏĔĨŏľŖĬıňėȮTg ĸħĸĚĴŅĪňŗȮ52.91 CȮŐĸŃȮ

51.88 C ĨŅĴĸŜŅħńĭ ŒĬĽƞĺĬĕŀĚĔŅĶŒľƟėĺŅĴĶƟŀĬĪńŘĚȮ2 ėĶńŘĚȮıĭĺƞŅıňė endothermic ľŅĵœĮŒĬȮTg 

ŐĨƞĮĶŅĔĢıňėĪňŗěŋħľĸŀĴŏľĸĺ 2 ıňėȮĔŅĶĨĔįĸŉĔĕŀĚȮPLA ŏĮƦĬĽĴĭńĨŇĽŜŅėńĠŒĬĔŅĶŒľƟėĺŅĴĶƟŀĬėĶńŘĚ

ŐĶĔȮĽńĚŏĔĨŏľŖĬěŋħĽŌĚĽŋħĕŀĚėĺŅĴŏĮƦĬįĸĴŅěŅĔėŊĬĽĳŅıĕŀĚŏŀĬĪŅĮƖŏĴŊŗŀŏĽƟĬĲƕĸŅŏĴĬĨƢȮPLA œħƟĶńĭ

ėĺŅĴĶƟŀĬȮŏĮƦĬįĸĴŅěŅĔĔŅĶħŌħĞńĭıĸńĚĚŅĬėĺŅĴĶƟŀĬȮįĸŉĔĕŀĚıŀĸŇŐĸėĨŇĔŐŀĞŇħŏĔŇħĔŅĶěńħŏĶňĵĚĨńĺ

ŒľĴƞŐĸŃĪŜŅŒľƟĮĶŇĴŅĦįĸŉĔŏıŇŗĴĕŉŘĬȮŒĬĪŅĚĔĸńĭĔńĬȮıĭěŋħĽŌĚĽŋħŒĬĔŅĶėŅĵėĺŅĴĶƟŀĬŀĵŌƞĪňŗȮ111.81 oC 

ŏĮƦĬįĸĴŅěŅĔĔŅĶĨĔįĸŉĔŐĭĭėŅĵėĺŅĴĶƟŀĬĕŀĚıŀĸŇŐĸėĨŇĔŐŀĞŇħŏĔŇħŏĮƦĬıňėȮTcȮŐĸŃěŋħľĸŀĴŏľĸĺ

ĽŌĚĽŋħŀĵŌƞĪňŗȮ146.21 oC ŒĬĔŅĶŒľƟėĺŅĴĶƟŀĬėĶńŘĚĪňŗȮ2 ŐĸŃȮ3 ěŃĽńĚŏĔĨŀŋĦľĳŌĴŇľĸŀĴŏľĸĺȮ2 ěŋħȮőħĵ

ŐĽħĚŏĮƦĬȮTm1 ŐĸŃȮTm2 ŏĮƦĬįĸĴŅěŅĔėĺŅĴľĬŅĕŀĚįĸŉĔȮlamellae ĪňŗŐĨĔĨƞŅĚĔńĬĕŀĚıŀĸŇŐĸėĨŇĔ

ŐŀĞŇħȮőħĵėƞŅȮTm1 ŏĔŇħěŅĔĔŅĶľĸŀĴįĸŉĔĪňŗŏĔŇħěŅĔĔĶŃĭĺĬĔŅĶȮCold crystallizationȮ(Tc)ȮŒĬĕĦŃ

ĪňŗȮTm2 ŏĮƦĬįĸĴŅěŅĔĔŅĶľĸŀĴįĸŉĔŒĬĔĶŃĭĺĬĔŅĶŒľƟėĺŅĴĶƟŀĬȮŐĸŃıĭĺƞŅŏĴŊŗŀĴňĔŅĶŒľƟėĺŅĴĶƟŀĬĞŘŜŅȮ

ėŊŀĔŅĶŒľƟėĺŅĴĶƟŀĬėĶńŘĚĪňŗȮ2 ŐĸŃȮ3 ĬńŘĬěŃŏıŇŗĴėĺŅĴŐĨĔĨƞŅĚĶŃľĺƞŅĚȮTm1 ŐĸŃȮTm2  

 

ĶŌĮĪňŗȮ2.19 įĸȮDSC ĕŀĚ PLA (a)ȮDSC thermogram ĕŀĚĔŅĶŒľƟėĺŅĴėĶńŘĚĪňŗȮ1 2 ŐĸŃȮ3 (b) ŐĽħĚ
ėƞŅȮTg, Tc, Tm1, Tm2 ĕŀĚĔĶŅĲȮPLA Y1.[ 

https://www.sciencedirect.com/science/article/pii/S0929664619303390#!
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ěŅĔĚŅĬĺŇěńĵĕŀĚȮLamouriȮŐĸŃȮSamirȮY1/[ȮıĭĺƞŅœĭőŀŐŀĔĪňĲĔĸŅĽ(Bioactive glasses) 

ŏĮƦĬĺńĽħŋĪňŗĴňėĺŅĴĽŜŅėńĠȮĪňŗŒĝƟĚŅĬœħƟľĸŅĔľĸŅĵĪŅĚĺŇĻĺĔĶĶĴŏĬŊŘŀŏĵŊŗŀŐĸŃĪńĬĨĔĶĶĴȮőħĵŒĬħƟŅĬ

ĺŇĻĺĔĶĶĴŏĬŊŘŀŏĵŊŗŀĪŅĚĪńĬĨĔĶĶĴĬńŘĬȮőėĶĚĽĶƟŅĚĬŅőĬėĺĶěŃĴňĽĴĭńĨŇĪňŗĬƞŅĽĬŒěėŊŀȮĴňıŊŘĬįŇĺĽŌĚŐĸŃĶŌıĶŋĬ

ĪňŗŏľĴŅŃĽĴĔńĭıŊŘĬįŇĺȮőħĵŒĬĚŅĬĺŇěńĵĬňŘȮœħƟĪŜŅĔŅĶĽĶƟŅĚŏĽƟĬŒĵœĭőŀŐŀĔĪňĲĔĶŅĲȮ(Bioactive glassesȮ

fiber) ȮĕŉŘĬĴŅěŅĔȮĞŇĸŇĔŅȮ2ȮĝĬŇħȮėŊŀȮ ĝĬŇħȮ23S3ȮŐĸŃȮ/1-71ȮőħĵŒĝƟŏĪėĬŇėŀŇŏĸŖĔőĨĶĽĮƕĬĬŇŗĚ

(Electrospinning) ŒĬĔŅĶĕŉŘĬĶŌĮŏĽƟĬŒĵœĭőŀŐŀĔĪňĲĔĶŅĲȮȮěŅĔĬńŘĬĪŜŅĔŅĶěŋƞĴŐĝƞŒĬĽŅĶĸŃĸŅĵĬŘŜŅĸŅĵ

ŏĪňĵĴĽŀĚĝĬŇħĪňŗĴňŀĚėƢĮĶŃĔŀĭĪŅĚŏėĴňŐĨĔĨƞŅĚĔńĬȮőħĵĪŜŅĔŅĶěŋƞĴŐĝƞŐĸŃĺńħĮĶŇĴŅĦĔŅĶŏĮĸňŗĵĬŐĮĸĚ

ĕŀĚīŅĨŋŒĬĝƞĺĚŏĺĸŅĨƞŅĚŕȮįĸĔŅĶĺŇěńĵıĭĺƞŅĪńŘĚŐĔƟĺœĭőŀŐŀėĪňĲȮ23S3ȮŐĸŃȮ/1-71ȮŐĽħĚıķĨŇĔĶĶĴ

ĔŅĶŏĮĸňŗĵĬŐĮĸĚĕŀĚŐĶƞīŅĨŋĽŌĚŒĬĽŅĶĸŃĸŅĵĬŘŜŅĸŅĵŏĪňĵĴĪńŘĚȮ0ȮĝĬŇħ őħĵŒĬĨŅĶŅĚȮ2.3 ŐĽħĚĽƞĺĬįĽĴ

ĕŀĚĬŘŜŅĸŅĵŏĪňĵĴĪňŗŒĝƟŒĬĚŅĬĺŇěńĵȮŀĵƞŅĚœĶĔŖĨŅĴŀńĨĶŅĔŅĶĔƞŀĨńĺĕŀĚœŁħĶŀĔĞňŀŃıŅœĪĨƢȮ&HA) ıĭĺƞŅ

ĕŉŘĬŀĵŌƞĔńĭĝĬŇħĕŀĚŐĔƟĺŐĸŃŀĚėƢĮĶŃĔŀĭĕŀĚĬŘŜŅĸŅĵŏĪňĵĴȮĔŅĶĔƞŀĨńĺĕŀĚœŁħĶŀĔĞňŀŃıŅœĪĨƢȮ&HA) 

ŏĔŇħĕŉŘĬŒĬĞŇĸŇĔŅĝĬŇħȮ23S3ȮĔƞŀĬĝĬŇħ/1-71ȮŐĨƞľĸńĚěŅĔȮ1.ȮĺńĬĕŀĚĔŅĶěŋƞĴŐĝƞıĭĺƞŅıŊŘĬįŇĺĕŀĚȮ/1-71Ȯ

œĲŏĭŀĶƢĔĸŅĽĬńŘĬŏĮĸňŗĵĬŐĮĸĚŏĮƦĬįĸŉĔȮHA ĭĶŇĽŋĪīŇśŒĬĕĦŃĪňŗıŊŘĬįŇĺĞŇĸŇĔŅĝĬŇħȮ23S3ȮĴňŏĲĽįĸŉĔ

ĭŅĚŀĵƞŅĚŏıŇŗĴŏĨŇĴŏĝƞĬȮAragonite ŐĸŃŐėĸœĞĨƢȮ 

ĨŅĶŅĚĪňŗȮ2.3 ĽƞĺĬįĽĴĕŀĚĽŅĶŏėĴňĪňŗĬŜŅĴŅįĽĴŏĮƦĬĬŘŜŅĸŅĵŏĪňĵĴĨŅĴĽŌĨĶĕŀĚȮSAGF medium(AS-1) 
ŐĸŃȮCarter-Brugirard Saliva(AS-2)ȮY1/[ 

 

ěŅĔĚŅĬĺŇěńĵĕŀĚȮJame Jin Wu LeeȮŐĸŃȮėĦŃY10[ ŏĮƦĬĔŅĶĻŉĔļŅŏĮĶňĵĭŏĪňĵĭĽŅĶŏėĸŊŀĭ

ĲƤĬĔĶŅĴĕŀĚĴĬŋļĵƢȮőħĵŒĝƟŏĪėĬŇėȮNanoindentationȮŏıŊŗŀŒĝƟĪŜŅĕƟŀĴŌĸŒĬĽƞĺĬȮĴŀħŌĸńĽėĺŅĴĵŊħľĵŋƞĬ

(Elastic modulus) ŐĸŃȮėĺŅĴŐĕŖĚĭĬıŊŘĬįŇĺ(Hardness,H) ŒĬĽƞĺĬĨƞŅĚŕĕŀĚĽŅĶŏėĸŊŀĭĲƤĬŐĸŃ

ıŊŘĬįŇĺȮőħĵĨŅĶŅĚĪňŗȮ2.4 ŐĽħĚėƞŅĴŀħŌĸńĽĵŊħľĵŋƞĬŐĸŃėĺŅĴŐĕŖĚĪňŗıŊŘĬįŇĺĲƤĬĔĶŅĴȮĕŀĚĴĬŋļĵƢ(Homo 

sapiens) ĔŀĶŇĸĸƞŅ(Gorilla) ĞŇĬŐĮĬĞň(Pam troglodytes) ŐĸŃȮŀŋĶńĚŀŋĨńĚ(Pongo pyqmaeus) őħĵ
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ŏĮƦĬėƞŅĪňŗœħƟěŅĔĸŇĚŏıĻŏĴňĵĪŋĔĨńĺȮĽƞĺĬĴĬŋļĵƢœĴƞĶŃĭŋŏıĻȮěŅĔįĸĔŅĶĪħĽŀĭıĭĺƞŅȮėƞŅĴŀħŌĸńĽėĺŅĴ

ĵŊħľĵŋƞĬ(Elastic modulus)ȮĕŀĚĽŅĶŏėĸŊŀĭĲƤĬŒĬĔĸŋƞĴĨńĺŀĵƞŅĚȮĕŀĚĴĬŋļĵƢĴňėƞŅĨŗŜŅĪňŗĽŋħȮĨŅĴĴŅħƟĺĵȮ

ĔŀĶŇĸĸƞŅȮŀŋĶńĚŀŋĨńĚȮŐĸŃȮĝŇĴŐĮĬĞň 

ĨŅĶŅĚĪňŗȮ2.4ȮėƞŅĴŀħŌĸńĽėĺŅĴĵŊħľĵŋƞĬŐĸŃėĺŅĴŐĕŖĚĪňŗıŊŘĬįŇĺĕŀĚĽŅĶŏėĸŊŀĭĲƤĬ 
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2.3 ŏĪėőĬőĸĵňĔŅĶıŇĴıƢȮ3 ĴŇĨŇȮ 
2.3.1 ėĺŅĴĽŜŅėńĠĕŀĚŏĪėőĬőĸĵňĔŅĶıŇĴıƢȮ3 ĴŇĨŇ 

 ŏĪėőĬőĸĵňŒľĴƞŕŏĔŇħĕŉŘĬĴŅĔĴŅĵŐĸŃŏĪėőĬőĸĵňĪňŗĔŜŅĸńĚŏĮƦĬĪňŗĬŇĵĴŒĬĮƤěěŋĭńĬėŊŀȮŏĪėőĬőĸĵň

ĔŅĶıŇĴıƢȮ3 ĴŇĨŇ(3D printing) őħĵĔŅĶıŇĴıƢȮ3 ĴŇĨŇŏĮƦĬĔŅĶĽĶƟŅĚőĴŏħĸŏĽĴŊŀĬěĶŇĚ(Prototype)ȮľĶŊŀ

ĔŅĶĕŉŘĬĶŌĮĝŇŘĬĚŅĬĨƟĬŐĭĭĬńŘĬŏŀĚȮŏėĶŊŗŀĚıŇĴıƢȮ3 ĴŇĨŇœĴƞŒĝƟŏĶŊŗŀĚŒľĴƞŐĨƞĴňĮĶŃĺńĨŇĴŅĬŅĬĔĺƞŅȮ30 ĮƖŐĨƞĪňŗ

ŏĪėőĬőĸĵňĔŅĶıŇĴıƢȮ3 ĴŇĨŇĔĸńĭĴŅŏĮƦĬĪňŗĬŇĵĴŀňĔėĶńŘĚȮŏıĶŅŃĴňėĺŅĴıĵŅĵŅĴŒĬĔŅĶıńĥĬŅŏėĶŊŗŀĚıŇĴıƢȮ3 

ĴŇĨŇŒľƟŏĕƟŅĽŌƞįŌƟŒĝƟŒĬĶŃħńĭėĶńĺŏĶŊŀĬĴŅĔĕŉŘĬȮĬŀĔěŅĔĬńŘĬȮĺŇĪĵŅĻŅĽĨĶƢŒĬľĸŅĵŕĽŅĕŅȮĔŖıĵŅĵŅĴŒĬĔŅĶ

ĮĶŃĵŋĔĨƢŒĝƟľĸńĔĔŅĶĕŀĚĔŅĶıŇĴıƢȮ3 ĴŇĨŇœĮĽŌƟĔŅĶĺŇěńĭŒĬĶŃħńĭĪňŗĞńĭĞƟŀĬĕŉŘĬŏĶŊŗŀĵŕȮŏėĶŊŗŀĚıŇĴıƢȮ3 ĴŇĨŇ 

 ľĸńĔěŅĔĪňŗŏĪėőĬőĸĵňĔŅĶıŇĴıƢȮ3 ĴŇĨŇıńĥĬŅĕŉŘĬĴŅŏĶŊŗŀĵŕȮĔŖĴňŏĪėĬŇėĺŇīňĔŅĶĞńĭĞƟŀĬĕŉŘĬĴŅ

ıĶƟŀĴĔńĬŒĬľĸŅĵŕȮĽŅĵĚŅĬȮŏĝƞĬȮĔŅĶŀŀĔŐĭĭȮĺŇĻĺĔĶĶĴƢȮĔŅĶŐıĪĵƢȮěĬĩŉĚĔŅĶĭŇĬŐĸŃĺŇĪĵŅĔŅĶ

ŀĺĔŅĻȮŀňĔĪńŘĚĴňŏĪėĬŇėŏĔŇħĕŉŘĬĴŅĔĴŅĵŏıŊŗŀŒľƟŏľĴŅŃĽĴĔńĭĝŇŘĬĚŅĬŐĸŃĝĬŇħĕŀĚĺńĽħŋĪňŗĨƟŀĚĔŅĶĕŉŘĬĶŌĮȮ

ĨńĺŀĵƞŅĚĕŀĚŏĪėĬŇėĪňŗŒĝƟŒĬĔŅĶĕŉŘĬĶŌĮĝŇŘĬĚŅĬȮY11[ 

2.3.1.1 Stereo lithography (SLA) Ȯ 

 

ĶŌĮĪňŗȮ2.20 ŏĪėĬŇėĔŅĶıŇĴıƢȮ3 ĴŇĨŇŐĭĭȮStereo lithography (SLA) [33] 

ŏĪėĬŇėȮSLA ĩŊŀĺƞŅŏĮƦĬŏĪėőĬőĸĵňȮrapid prototypeȮŐĭĭŐĶĔĪňŗėŇħėƟĬĕŉŘĬĴŅȮŒĬĶŌĮĪňŗȮ2.20

ŐĽħĚŏĪėőĬőĸĵňĔŅĶıŇĴıƢȮ1ȮĴŇĨŇħƟĺĵŏėĶŊŗŀĚȮSLD őħĵŏĮƦĬĔŅĶĕŉŘĬĶŌĮĝŇŘĬĚŅĬħƟĺĵĔŅĶĵŇĚŏĸŏĞŀĶƢœĮĭĬ

ĕŀĚŏľĸĺȮŏıŊŗŀŒľƟĕŀĚŏľĸĺŒĬŐĨƞĸŃĝńŘĬŐĕŖĚĨńĺȮȮőħĵĺńĽħŋĪňŗŒĝƟěŃŏĮƦĬȮliquid photopolymer (resin) 

őħĵĝŇŘĬĚŅĬĪňŗœħƟěŃĴňėĺŅĴĸŃŏŀňĵħŐĸŃŐĴƞĬĵŜŅĽŌĚȮŐĨƞĶŅėŅŏėĶŊŗŀĚěńĔĶŐĸŃĔŅĶėƞŅŒĝƟěƞŅĵŒĬĔŅĶħŌŐĸ

ĶńĔļŅĔŖĽŌĚĨŅĴœĮħƟĺĵȮĨńĺŀĵƞŅĚĔŅĶŒĝƟŏĪėőĬőĸĵňȮSLA ŒĬĔŅĶĪŜŅľĴŅĔĶŋĔŒĝƟŏĺĸŅĪŜŅĪńŘĚĽŇŘĬȮ0ȮĝńŗĺőĴĚ 
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 2.3.1.2 Fused Deposition Modeling (FDM)  

 Ȯ 

 
ĶŌĮĪňŗȮ2.21 ŏĪėĬŇėĔŅĶıŇĴıƢȮ3 ĴŇĨŇŐĭĭȮFused Deposition Modeling (FDM) [33] 

 ŏĪėĬŇėȮFDM ŏĮƦĬȮŏĪėĬŇėĪňŗŐıĶƞľĸŅĵĪňŗĽŋħȮŏıĶŅŃŒĝƟĺńĽħŋŏĮƦĬŏĽƟĬĲƕĸŅŏĴĬĨƢľĶŊŀőĸľŃĪňŗıńĬ

ŏĮƦĬĴƟĺĬȮőħĵŒĬĶŌĮĪňŗȮ2.21 ŐĽħĚĕŉŘĬĨŀĬĔŅĶıŇĴıƢȮ3 ĴŇĨŇȮħƟĺĵŏėĶŊŗŀĚȮFDM őħĵŏĽƟĬĲƕĸŅŏĴĬĨƢěŃĩŌĔ

ĽƞĚįƞŅĬœĮĵńĚľńĺħŅĵȮőħĵľńĺħŅĵěŃľĸŀĴŐĪƞĚıĸŅĽĨŇĔŒľƟľĸŀĴŏľĸĺĔƞŀĬĬŜŅĴŅıŇĴıƢĸĚĭĬŐĪƞĬĺŅĚȮ

ŏĴŊŗŀıĸŅĽĨŇĔŀŀĔěŅĔľńĺħŅĵıĸŅĽĨŇĔěŃŐĕŖĚĨńĺŀĵƞŅĚĶĺħŏĶŖĺȮőħĵŏėĶŊŗŀĚıŇĴıƢěŃıƞĬĝŇŘĬĚŅĬŀŀĔĴŅĪň

ĸŃĝńŘĬȮěĬĔĶŃĪńŘĚŏĮƦĬĝŇŘĬĚŅĬőĴŏħĸȮ3 ĴŇĨŇĨŅĴĶŌĮĪĶĚĪňŗĨƟŀĚĔŅĶȮ[34] 

2.3.1.3 3D jet printer systems  

 
ĶŌĮĪňŗȮ2.22 ŏĪėĬŇėĔŅĶıŇĴıƢȮ3 ĴŇĨŇŐĭĭȮ1D jet printer systems [33] 
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ĶŌĮĪňŗȮ2.22 ŐĽħĚĕŉŘĬĨŀĬĔŅĶıŇĴıƢȮ3 ĴŇĨŇħƟĺĵŏėĶŊŗŀĚĝĬŇħ 3D jet printer ěŃŒĝƟľĸńĔĔŅĶĕŀĚȮ

Ink Jet printer ŐĨƞŏĮƦĬĔŅĶıŇĴıƢŒĬĶŌĮŐĭĭȮ3 ĴŇĨŇȮőħĵĔŅĶıƞĬĺńĽħŋĪňŗŏĮƦĬȮŏĪŀĶƢőĴıĸŅĽĨŇĔȮŏĝƞĬȮőıĸň

ŏŀĽŏĨŀĶƢȮįƞŅĬľńĺıƞĬŒľƟŏĮƦĬœĮĨŅĴĶŌĮĪĶĚĪňŗĨƟŀĚĔŅĶȮőħĵŏĮƦĬĺŇīňĪňŗŒĝƟĚŅĬĚƞŅĵȮŐĸŃĽĶƟŅĚŐĭĭěŜŅĸŀĚœħƟ

ŀĵƞŅĚĶĺħŏĶŖĺȮĺŇīňĬňŘĴňěŋħŏħƞĬŀĵŌƞĪňŗĽŅĴŅĶĩŏĸŊŀĔĽňĨƞŅĚŕœħƟȮ 

 2.3.1.4 Selective Laser Sintering (SLS) 

  
ĶŌĮĪňŗȮ2.23 ŏĪėĬŇėĔŅĶıŇĴıƢȮ3 ĴŇĨŇŐĭĭȮSelective Laser SinteringȮ(SLS) [33] 

ŒĬĶŌĮĪňŗȮ2.23 ŐĽħĚĕńŘĬĨŀĬĔŅĶıŇĴıƢȮ3 ĴŇĨŇħƟĺĵŏėĶŊŗŀĚĝĬŇħȮSLS őħĵĔŅĶŏįŅįĸŉĔĺńĨĩŋħŇĭĪňŗŒĝƟ

ħƟĺĵŐĽĚŏĸŏĞŀĶƢȮőħĵŒĝƟľĸńĔĔŅĶŏħňĵĺĔńĬĔńĭȮSLA ŐĨƞĪŜŅŒľƟĽŅĴŅĶĩŒĝƟĺńĽħŋĪňŗĴňėĺŅĴŐĕŖĚŐĶĚĴŅĔĔĺƞŅȮ

ŏĝƞĬȮThermoplasticȮNylon, Polyamide ŐĸŃȮPolystyrene őħĵĺńĨĩŋħŇĭĪňŗŒĝƟěŃŀĵŌƞŒĬĶŌĮįĚȮŏĝƞĬȮ

őĸľŃȮıĸŅĽĨŇĔȮŏĞĶŅĴŇĔŐĸŃŐĔƟĺȮőħĵŏėĶŊŗŀĚěŃŒĝƟŏĸŏĞŀĶƢĺŅħĶŌĮŐĭĭĕŉŘĬĪňĸŃĝńŘĬŐĸŃıƞĬįĚŏľĸƞŅĬňŘĸĚœĮ

ľĸŀĴĸŃĸŅĵĔĶŃĪńŗĚĔĸŅĵŏĮƦĬĝŇŘĬĚŅĬȮŐĨƞĺŇīňĬňŘŒĝƟŒĬŀŋĨĽŅľĔĶĶĴŏĪƞŅĬńŘĬ 

2.3.1.5 Powder bed fusion (PBF) 

 
ĶŌĮĪňŗȮ2.24 ŏĪėĬŇėĔŅĶıŇĴıƢȮ3 ĴŇĨŇŐĭĭȮPowder bed fusion (PBF) Y13[ 
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 ĶŌĮĪňŗȮ2.24 ŐĽħĚŏĪėĬŇėĔŅĶıŇĴıƢȮ3 ĴŇĨŇŐĭĭȮPowder bed fusion (PBF) őħĵŏĪėĬŇėĬňŘĬŇĵĴ

ŒĝƟŒĬĺńĽħŋĮĶŃŏĳĪőĸľŃȮőħĵŏĪėĬŇėĬňŘěŃĪŜŅĔŅĶĵŇĚŏĸŏĞŀĶƢľĶŊŀĸŜŅŐĽĚŀŇŏĸŖĔĨĶŀĬĸĚœĮĭĬĝńŘĬĕŀĚįĚ

őĸľŃŏıŊŗŀĪŜŅŒľƟőĸľŃľĸŀĴŏľĸĺȮőħĵĝńŘĬĕŀĚįĚőĸľŃěŃĩŌĔĸŜŅŏĸňĵĚŐĸŃėńħŏĸŊŀĔěŅĔőĮĶŐĔĶĴȮCAD 

ěŅĔĬńŘĬŏĸŏĞŀĶƢľĶŊŀĸŜŅŐĽĚŀŇŏĸŖĔĨĶŀĬěŃĵŇĚœĮĵńĚıŊŘĬįŇĺĕŀĚįĚőĸľŃŏıŊŗŀĪŜŅĔŅĶľĸŀĴŏľĸĺįĚőĸľŃœĮĪň

ĸŃĝńŘĬŕȮŐĸŃľĬŅĕŉŘĬŏĶŊŗŀĵŕĨŅĴĝŇŘĬĚŅĬĪňŗŀŀĔŐĭĭȮŏıŊŗŀŒľƟœħƟįĸŇĨĳńĦĤƢȮ3 ĴŇĨŇȮőħĵŏĪėĬŇėĬňŘĽŅĴŅĶĩĪŜŅ

œħƟŒĬĽĳŅıŐĺħĸƟŀĴĪňŗŏĮƦĬȮĔƠŅĞœĬőĨĶŏěĬĭĶŇĽŋĪīŇśľĶŊŀĔƠŅĞŀŅĶƢĔŀĬŏĪƞŅĬńŘĬȮ[36] 

 2.3.1.6 Direct energy deposition (DED)  

 
ĶŌĮĪňŗȮ2.25ȮŏĪėĬŇėĔŅĶıŇĴıƢȮ3 ĴŇĨŇŐĭĭȮDirect energy deposition (DED)ȮY13[ 

ĶŌĮĪňŗȮ2.25 ŐĽħĚŏĪėĬŇėĔŅĶıŇĴıƢȮ3 ĴŇĨŇȮħƟĺĵĺŇīňĔŅĶȮDirect energy deposition (DED)Ȯőħĵ

ĺŇīňĔŅĶȮDED ŏĮƦĬĺŇīňĔŅĶŏıŇŗĴĺńĽħŋœĮıĶƟŀĴĔńĭĔŅĶŒľƟėĺŅĴĶƟŀĬȮőħĵĔŅĶŒľƟėĺŅĴĶƟŀĬěŃŏĮƦĬĔŅĶŒľƟŐĭĭ

ŏĸŏĞŀĶƢȮĸŜŅŐĽĚŀŇŏĸŖĔĨĶŀĬȮľĶŊŀıĸŅĽĴŅȮĺńĽħŋĪňŗŏĮƦĬįĚőĸľŃľĶŊŀĸĺħěŃĪŜŅŒľƟĮĶŃĽŇĪīŇĳŅıŒĬĔŅĶ

ĽŃĽĴĕŀĚĝńŘĬŏĸŏĵŀĶƢĨŗŜŅĸĚŏĴŊŗŀŏĪňĵĭĔńĭĸĺħőĸľŃŏıňĵĚŀĵƞŅĚŏħňĵĺȮŏĬŊŗŀĚěŅĔĴňĭŅĚĽƞĺĬĪňŗœĴƞĩŌĔ

ľĸŀĴŏľĸĺȮőħĵĸŜŅŐĽĚŀŇŏĸŖĔĨĶŀĬĨƟŀĚĔŅĶĽĳŅĺŃĪňŗŏĮƦĬĽŋĠĠŅĔŅĻŏıŊŗŀœĴƞŒľƟŏĔŇħĮƤĠľŅĔŅĶ

ŀŀĔĞŇŏħĝńĬĨƞŀĶŃĭĭŏĸŏĞŀĶƢ 
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2.3.2 ĺńĽħŋĪňŗĬŇĵĴŒĝƟŒĬŏĪėőĬőĸĵňĔŅĶıŇĴıƢȮ1ȮĴŇĨŇ 
 2.3.2.1 ĺńĽħŋőĸľŃŐĸŃŀńĸĸŀĵȮ(Metal and Alloys) [37] 

 őħĵĪńŗĺœĮŒĬŏĪėőĬőĸĵňĔŅĶıŇĴıƢȮ3 ĴŇĨŇȮĺńĽħŋĮĶŃŏĳĪőĸľŃěŃĩŌĔŒĝƟŏĮƦĬĽŅĶŏĨŇĴŐĨƞĚŏıŊŗŀŒĝƟŒĬ

ŐŀĮıĸŇŏėĝńĬĕńŘĬĽŌĚŒĬŀŋĨĽŅľĔĶĶĴħƟŅĬĔŅĶĭŇĬŐĸŃŀĺĔŅĻȮĬŀĔěŅĔĬňŘĵńĚŒĝƟŒĬŀŋĨĽŅľĔĶĶĴħƟŅĬ

ĔŅĶŐıĪĵƢȮŐĸŃĔŅĶĮƚŀĚĔńĬħƟŅĬĵŅĬĵĬĨƢȮĕńŘĬĨŀĬĔŅĶıŇĴıƢȮ3 ĴŇĨŇĕŀĚĺńĽħŋĮĶŃŏĳĪőĸľŃěŃ

ĮĶŃĔŀĭħƟĺĵĕńŘĬĨŀĬĔŅĶľĸŀĴőĸľŃȮ&įĚľĶŊŀĸĺħ'ȮőħĵŒĝƟŐľĸƞĚıĸńĚĚŅĬŏĝƞĬȮŏĸŏĞŀĶƢľĶŊŀĸŜŅ

ŀŇŏĸŖĔĨĶŀĬȮĺńĽħŋőĸľŃĪňŗľĸŀĴŏľĸĺěŃĩŌĔıŇĴıƢŀŀĔĴŅŏĮƦĬȮĝńŘĬŕȮŏıŊŗŀĽĶƟŅĚĝŇŘĬĚŅĬȮőħĵŏĪėĬŇėĪňŗŒĝƟĔńĬ

ĴŅĔĪňŗĽŋħĽŜŅľĶńĭĔŅĶıŇĴıƢőĸľŃėŊŀȮpowder bed fusion (PBF) ŐĸŃȮDirect energy deposition Ȯ

&DED)  

2.3.2.1. ĺńĽħŋŏĞĶŅĴŇĔ(ceramics materials) [38] 

 ĺńĽħŋěŜŅıĺĔŏĞĶŅĴŇĔŐĸŃėŀĬĔĶňĨœĴƞŏľĴŅŃĽĴĽŜŅľĶńĭĔŅĶıŇĴıƢȮ3 ĴŇĨŇȮŏıĶŅŃĸńĔļĦŃĪňŗŏĮƦĬįĚ

ĕŀĚŏĞĶŅĴŇĔĬńŘĬœĴƞĽŅĴŅĶĩľĸŀĴĶĺĴĔńĬœħƟőħĵĔŅĶŒľƟėĺŅĴĶƟŀĬȮĦȮěŋħľĸŀĴŏľĸĺ(heating point) 

ŐĨƞŒĬĪŅĚĨĶĚĔńĬĕƟŅĴőĸľŃŐĸŃıŀĸŇŏĴŀĶƢĽŅĴŅĶĩľĸŀĴĶĺĴĔńĬœħƟőħĵĔŅĶŒľƟėĺŅĴĶƟŀĬěĬĩŉĚȮGlass 

transition temperature(Tg) ľĶŊŀȮŀŋĦľĳŌĴŇľĸĺĴŏľĸĺ(Tm) ŏĴŊŗŀŏĮĶňĵĭŏĪňĵĭĔńĭıŀĸŇŏĴŀĶƢŐĸŃ

őĸľŃŐĸƟĺŏĞĶŅĴŇĔěŋħľĸŀĴŏľĸĺĪňŗĽŌĚĴŅĔȮŏĮƦĬľĬŉŗĚŒĬėĺŅĴĪƟŅĪŅĵŀĵƞŅĚĴŅĔŒĬĔŅĶľŅĽŅĶŏĨŇĴŐĨƞĚĴŅ

ŒĝƟŒĬĔĶŃĭĺĬĔŅĶĪŅĚŀŋĨĽŅľĔĶĶĴȮĮƤěěŋĭńĬŏĪėĬŇėȮAM ĽŅĴŅĶĩįĸŇĨĝŇŘĬĚŅĬŏĞĶŅĴŇĔœħƟőħĵœĴƞĴňĶŀĵ

ŐĨĔȮľĶŊŀȮĶŌıĶŋĬĕĬŅħŒľĠƞőħĵĔŅĶŏıŇŗĴĮĶŃĽŇĪīŇĳŅıĕŀĚıŅĶŅĴŇŏĨŀĶƢĔĶŃĭĺĬĔŅĶȮAM ŐĸŃœħƟŏĞĶŅ

ĴŇĔĪňŗĴňĽĴĭńĨŇŏĝŇĚĔĸĪňŗėĸƟŅĵĔńĭĝŇŘĬĽƞĺĬŏĞĶŅĴŇĔŐĭĭħńŘĚŏħŇĴȮĬŀĔěŅĔĬňŘĵńĚĽŅĴŅĶĩįĸŇĨĝŇŘĬĽƞĺĬŏĞĶŅĴŇĔĪňŗ

ĮĶŅĻěŅĔĶŌıĶŋĬœħƟŀňĔħƟĺĵőħĵŒĝƟŏĪėĬŇėȮColloidal processing techniques ľĶŊŀȮĕńŘĬĨŀĬĔŅĶŏıŇŗĴ

ėĺŅĴľĬŅŐĬƞĬŒľƟĽŌĚĕŉŘĬľĸńĚěŅĔĔĶŃĭĺĬĔŅĶȮAM ĽŇŗĚĽŜŅėńĠėŊŀĨƟŀĚŏĬƟĬĺƞŅĔĶŃĭĺĬĔŅĶĪŅĚŀƟŀĴĪňŗ

ŏĔňŗĵĺĕƟŀĚĔńĭľĸŅĵĕńŘĬĨŀĬĴňėĺŅĴŏľĴŅŃĽĴĴŅĔĕŉŘĬŒĬĔŅĶįĸŇĨŏĞĶŅĴŇėĝĬŇħĨƞŅĚŕŒĬĕĦŃĪňŗ

ĔĶŃĭĺĬĔŅĶȮAM őħĵĨĶĚĞŉŗĚŏĔňŗĵĺĕƟŀĚĔńĭĕńŘĬĨŀĬŏħňĵĺŏĪƞŅĬńŘĬŏľĴŅŃĽĴĔĺƞŅŒĬĔŅĶįĸŇĨĝŇŘĬĽƞĺĬŏĞĶŅĴŇė

ŒĬŏĺĸŅŀńĬĽńŘĬ  

 ŀĵƞŅĚœĶĔŖĨŅĴĔĶŃĭĺĬĔŅĶȮAM ĔŖĴňĕƟŀěŜŅĔńħėŊŀėĺŅĴıĶƟŀĴŒĬĔŅĶŒĝƟĚŅĬŏĮƦĬĺńĽħŋŏĶŇŗĴĨƟĬ

ĽŜŅľĶńĭĔŅĶįĸŇĨĺńĨĩŋħŇĭȮŏıŊŗŀĨŀĭĽĬŀĚėĺŅĴĪƟŅĪŅĵĕŀĚĔŅĶįĸŇĨŏĞĶŅĴŇĔŒĬĔĶŃĭĺĬĔŅĶȮAM Eckel 

ŐĸŃėĦŃȮœħƟŏĽĬŀŐĬĺĪŅĚŒľĴƞŒĬĔŅĶįĸŇĨĝŇŘĬĽƞĺĬŏĞĶŅĴŇĔěŅĔĔŅĶıŇĴıƢȮ3 ĴŇĨŇȮőħĵěŃŒĝƟĴŀĬŀŏĴŀĶƢ

įĽĴĔńĭŏĞĶŅĴŇĔĔƞŀĬȮőħĵŒĝƟȮUV ŏĮƦĬȮphoto-initiaton ħńĚŐĽħĚŒĬĶŌĮĪňŗȮ0,26 őėĶĚĽĶƟŅĚĪňŗĴňĶŌĮŐĭĭĪňŗ

ĞƟĭĞƟŀĬŐĸŃĴňĶŌıĶŋĬȮŏĝƞĬȮŏľĸŖĔœĕěŋĔ&corkscrew'ȮŐĸŃőėĶĚĽĶƟŅĚĶńĚįŉŘĚĪňŗĽŅĴŅĶĩĮĶŃħŇļģƢœħƟőħĵĚƞŅĵȮ
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őħĵŒĝƟŏėĶŊŗŀĚıŇĴıƢŐĭĭȮstereolithography apparatus (SLA) 1D printerȮĝŇŘĬĽƞĺĬĪňŗıŇĴıƢȮ3 ĴŇĨŇȮĴň

ėĺŅĴŏĽĩňĵĶĪŅĚėĺŅĴĶƟŀĬĽŌĚľĸńĚĔŅĶŏįŅħƟĺĵĔĶŃĭĺĬĔŅĶȮœıőĶœĶĞŇĽĪňŗŀŋĦľĳŌĴŇȮ1000 oC ŐĸŃœĴƞĴň

ĔŅĶľħĨńĺȮĺńĽħŋŏĞĶŅĴŇėŏľĸƞŅĬňŘŏĮƦĬĪňŗĽĬŒěĕŀĚĶŃĭĭĮƚŀĚĔńĬėĺŅĴĶƟŀĬĝŇŘĬĽƞĺĬĵŅĬĵĬĨƢŀŋĮĔĶĦƢĭĶĶěŋ

ĳńĦĤƢŀŇŏĸŖĔĪĶŀĬŇĔĽƢĶŃĭĭœĲĲƚŅŏėĶŊŗŀĚĔĸœĲĲƚŅŏėĶŊŗŀĚŏĕňĵĬŐĭĭĴňĶŌıĶŋĬ 

 

ĶŌĮĪňŗȮ2.26 őėĶĚĽĶƟŅĚĶŌıĶŋĬĪňŗĕŉŘĬĶŌĮěŅĔĔĶŃĭĺĬĔŅĶıŇĴıƢȮ3 ĴŇĨŇY16[ 

2.3.3.2 ĺńĽħŋĝňĺĳŅı(Bio material)ȮY16[ 

 ĔŅĶıńĥĬŅĸƞŅĽŋħȮĺńĽħŋĪňŗŏĕƟŅĔńĬœħƟĪŅĚĝňĺĳŅıĽŅĴŅĶĩœħƟŒĝƟĔŅĶıŇĴıƢĕŉŘĬĶŌĮȮ3 ĴŇĨŇĽŜŅľĶńĭ

ŏĬŊŘŀŏĵŊŗŀĪňŗĴňĝňĺŇĨŐĸƟĺȮĞŉŗĚĽŅĴŅĶĩĮĶŃĵŋĔĨƢŒĝƟœħƟĔńĭĵŅȮŏıŊŗŀĨŀĭĽĬŀĚėĺŅĴěŜŅŏĮƦĬŒĬĔŅĶĮĸŌĔĩƞŅĵŀĺńĵĺŃȮ

őħĵĪńŗĺœĮĔŅĶıŇĴıƢĕŉŘĬĶŌĮȮ3 ĴŇĨŇĕŀĚĺńĽħŋĝňĺĳŅıĴňĕƟŀěŜŅĔńħŀĵƞŅĚĴŅĔȮıŀĸŇŏĴŀĶƢīĶĶĴĝŅĨŇŐĸŃıŀĸŇŏĴŀĶƢ

ĽńĚŏėĶŅŃľƢĪŅĚĝňĺĳŅıȮŏĝƞĬȮœħĭĸŖŀĔőėıŀĸŇŏĴŀĶƢ&diblock copolymers'ȮőĞŏħňĵĴŐŀĸěŇŏĬĨ(sodium 

alginate) œėőĨĞŅĬŐĸŃıŀĸŇŏĴŀĶƢĪňŗŒĝƟŀŃėĶňŏĸĪȮŐĨƞĔŅĶŏĸŊŀĔĺńĽħŋŏĮƦĬĕńŘĬĨŀĬĪňŗĽŜŅėńĠĪňŗĽŋħŒĬĔŅĶ

ıŇĴıƢĕŉŘĬĶŌĮȮ3 ĴŇĨŇȮľĬŉŗĚŒĬėĺŅĴĪƟŅĪŅĵĪňŗĽŜŅėńĠĽŜŅľĶńĭĔŅĶıŇĴıƢĕŉŘĬĶŌĮĺńĽħŋĝňĺĳŅıȮėŊŀĔŅĶĽĶƟŅĚ

őėĶĚĽĶƟŅĚŏĞĸĸƢŐĭĭȮ3 ĴŇĨŇȮħƟĺĵőėĶĚĽĶƟŅĚĪňŗĽĴĭŌĶĦƢȮKangȮŐĸŃėĦŃȮĶŅĵĚŅĬĺƞŅĽŅĴŅĶĩĽĶƟŅĚ

őėĶĚĽĶƟŅĚŏĬŊŘŀŏĵŊŗŀĕŀĚĴĬŋļĵƢœħƟľĸŅĵĶŌĮĪĶĚĪňŗĴňŐĸŃŒľƟĽĴĭńĨŇŏĝŇĚĔĸĪňŗħňħńĚŐĽħĚŒĬĶŌĮĪňŗȮ0,27 
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ĶŌĮĪňŗȮ2.27 ĶŃĭĭ Integrated tissueůorgan printer (ITOP) [38] 

 2.3.2.3 ĺńĽħŋıŀĸŇŏĴŀĶƢŐĸŃėŀĴőıĽŇĨ(Polymer and Composite materials) [37] 

 ĺńĽħŋıŀĸŇŏĴŀĶƢĩŊŀŏĮƦĬĺńĽħŋĪňŗŒĝƟĔńĬĪńŗĺœĮŒĬŀŋĨĽŅľĔĶĶĴĔŅĶıŇĴıƢȮ1ȮĴŇĨŇŏĬŊŗŀĚěŅĔĴňėĺŅĴ

ľĸŅĔľĸŅĵŐĸŃĚƞŅĵĨƞŀĔŅĶĬŜŅœĮŒĝƟĔńĭĔĶŃĭĺĬĔŅĶıŇĴıƢȮ1ȮĴŇĨŇĪňŗŐĨĔĨƞŅĚĔńĬȮıŀĸŇŏĴŀĶƢĽŜŅľĶńĭĔŅĶ

ıŇĴıƢȮ3 ĴŇĨŇȮěŃĴňĸńĔļĦŃŏĮƦĬŏĽƟĬĲƕĸŅŏĴĬĨƢȮĽƞĺĬŒľĠƞŏĮƦĬıŀĸŇŏĴŀĶƢĮĶŃŏĳĪŏĪŀĶƢőĴıĸŅĽĨŇĔȮ

ėĺŅĴĽŅĴŅĶĩŒĬĔŅĶŒĝƟĚŅĬĔŅĶıŇĴıƢȮ1ȮĴŇĨŇĕŀĚıŀĸŇŏĴŀĶƢŐĸŃėŀĴőıĽŇĨĬńŘĬĴňĔŅĶėƟĬıĭĴŅŏĮƦĬŏĺĸŅ

ľĸŅĵĮƖȮŒĬĔŅĶŒĝƟĚŅĬŒĬŀŋĨĽŅľĔĶĶĴĨƞŅĚȮŕȮŏĝƞĬĔŅĶĭŇĬŐĸŃŀĺĔŅĻȮĽĩŅĮƤĨĵĔĶĶĴȮĔŅĶįĸŇĨĕŀĚŏĸƞĬ

ŐĸŃĔŅĶŐıĪĵƢȮĕƟŀħňĕŀĚĔŅĶįĸŇĨėŀĴőıĽŇĨőħĵŒĝƟĔŅĶıŇĴıƢȮ1ȮĴŇĨŇȮėŊŀėĺŅĴĽŅĴŅĶĩŒĬĔŅĶĮĶńĭŐĨƞĚ

ĶŌĮĪĶĚŏĶĕŅėĦŇĨĪňŗĴňėĺŅĴŐĴƞĬĵŜŅĽŌĚȮĬŀĔěŅĔĬňŘĔĶŃĭĺĬĔŅĶĬňŘĵńĚĮĶŃľĵńħėƞŅŒĝƟěƞŅĵœħƟĴŅĔĔĺƞŅĺŇīňĔŅĶ

ĔƞŀĽĶƟŅĚŐĭĭħńŘĚŏħŇĴŀŊŗĬȮŏĝƞĬĔŅĶĕŉŘĬĶŌĮŐĸŃĔŅĶŀńħĕŉŘĬĶŌĮĽŜŅľĶńĭįĸŇĨĳńĦĤƢĪňŗĔŜŅľĬħŏŀĚȮŒĬĪŅĚĔĸńĭĔńĬ

įĸŇĨĳńĦƢıŀĸŇŏĴŀĶƢĪňŗĽĶƟŅĚőħĵŏėĶŊŗŀĚıŇĴıƢȮ1ȮĴŇĨŇĴńĔŒĝƟŏĮƦĬĝŇŘĬĚŅĬĨƟĬŐĭĭ(prototypes) ŏĬŊŗŀĚěŅĔĕŅħ

ėĺŅĴŐĕŖĚŐĔĶƞĚŐĸŃėĺŅĴĽŅĴŅĶĩŒĬĔŅĶŒĝƟĚŅĬĭŅĚŀĵƞŅĚȮőħĵŒĬĶŌĮĪňŗȮ2.26 ŐĽħĚĝŇŘĬĚŅĬȮScaffold Īňŗ

œħƟěŅĔĔŅĶıŇĴıƢȮ3 ĴŇĨŇěŅĔıŀĸŇŐĸėĨŇĔŐŀĞŇħőħĵĩƞŅĵĳŅıěŅĔŏĪėĬŇėȮSEM [37]Ȯ 
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ĶŌĮĪňŗȮ2.28 őėĶĚĽĶƟŅĚȮScaffold ĕŀĚȮPLA ĪňŗœħƟěŅĔĔŅĶıŇĴıƢȮ3 ĴŇĨŇȮ[37] 

ěŅĔĚŅĬĺŇěńĵĕŀĚȮ M. Heidari-RaranȮŐĸŃėĦŃȮY17[ œħƟĪŜŅĔŅĶĪħĸŀĚőħĵĔŅĶĬŜŅıŀĸŇŐĸ
ėĨŇĔŐŀĞŇħįĽĴĔńĭŏĽƟĬŒĵĨƞŀŏĬŊŗŀĚĕŀĚŏĪŀĶƢőĴıĸŅĽĨŇĔ(CRFT) ŐĸŃĬŜŅĴŅĕŉŘĬĶŌĮħƟĺĵŏĪėőĬőĸĵňıŇĴıƢ
ĳŅıȮ3 ĴŇĨŇȮħƟĺĵŏėĶŊŗŀĚȮfused deposition modeling (FDM)ȮĨŅĶŅĚĪňŗȮ2.5 ŐĽħĚėƞŅŏĮĶňĵĭŏĪňĵĭ
ĽĴĭńĨŇŏĝŇĚĔĸĕŀĚıŀĸŇŐĸėĨŇĔŐŀĞŇħ(PLA)ŐĸŃĺńĽħŋŏĽĶŇĴŀĚėƢĮĶŃĔŀĭıŀĸŇŐĸėĨŇĔŐŀĞŇħįĽĴŏĽƟĬŒĵ
ŏĪŀĶƢőĴıĸŅĽĨŇĔ(CCFR-PLA) ěŅĔĔŅĶĪħĽŀĭıĭĺƞŅĽĴĭńĨŇŏĝŇĚĔĸĪńŘĚľĴħĴňĔŅĶŏĮĸňŗĵĬŐĮĸĚȮėƞŅȮ
Tensile modulus ŐĸŃȮUltimate tensile strengthȮĕŀĚȮCCFR-PLA ŏĴŊŗŀŏĪňĵĭĔńĭȮPLA ĴňėƞŅ
ŏıŇŗĴĕŉŘĬĮĶŃĴŅĦȮ0.6#ȮŐĸŃȮ14#ȮĨŅĴĸŜŅħńĭ ėĺŅĴŏėĶňĵħĕŀĚȮCCFR-PLA ĸħĸĚĮĶŃĴŅĦȮ40#Ȯ
ŏĬŊŗŀĚěŅĔĔŅĶŏĽĶŇĴŐĶĚȮȮCCFR-PLA Ȯ 

ĨŅĶŅĚĪňŗȮ2.5 ŏĮĶňĵĭŏĪňĵĭĽĴĭńĨŇŏĝŇĚĔĸıŀĸŇŐĸėĨŇĔŐŀĞŇħ&PLA)ŐĸŃĺńĽħŋŏĽĶŇĴŀĚėƢĮĶŃĔŀĭıŀĸŇŐĸ
ėĨŇĔŐŀĞŇħįĽĴŏĽƟĬŒĵŏĪŀĶƢőĴıĸŅĽĨŇĔ&CCFR-PLA) 

 

 ěŅĔĚŅĬĺŇěńĵĕŀĚȮAntonioȮArnesanoȮŐĸŃėĦŃȮY2.[ ĪŜŅĔŅĶĻŉĔļŅőħĵĔŅĶįĽĴŀĸŌĴŇŏĬňĵĴ

ŀŀĔœĞħƢĸĚŒĬŏĽƟĬŒĵĕŀĚŏĪŀĶƢőĴıĸŅĽĨŇĔȮőħĵȮA1 ėŊŀŏĽƟĬŒĵĕŀĚŏĪŀĶƢőĴıĸŅĽĨŇĔĪňŗįĽĴįĚŀĸŌĴŇŏĬňĵĴ

ŀŀĔœĞħƢ50%őħĵĬŘŜŅľĬńĔȮŐĸŃȮA2 ėŊŀŏĽƟĬŒĵĕŀĚŏĪŀĶƢőĴıĸŅĽĨŇĔĪňŗįĽĴįĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢ57%

őħĵĬŘŜŅľĬńĔȮĪŜŅĔŅĶĕŉŘĬĶŌĮŏĮƦĬŏĽƟĬĲƕĸŅŏĴĬĨƢěŅĔĬńŘĬĬŜŅœĮıŇĴıƢĳŅıȮ3 ĴŇĨŇħƟĺĵŏėĶŊŗŀĚĝĬŇħȮFDM ŐĸŃ

ĪŜŅĔŅĶĻŉĔļŅĽĴĭńĨŇĶňŀŀĸŀĵňȮőħĵœħƟįĸŐĽħĚŒĬĶŌĮĪňŗȮ2.27ȮŐĽħĚėĺŅĴľĬŊħĕŀĚŏĽƟĬŒĵĕŀĚŏĪŀĶƢőĴ

https://www.sciencedirect.com/science/article/pii/S0272884219327427#!
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ıĸŅĽĨŇĔĪňŗįĽĴįĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢȮA1(50%) A2(57%) ŐĸŃPLA ŏĴŊŗŀŏĮĶňĵĭŏĪňĵĭĔńĬĶŃľĺƞŅĚėĺŅĴ

ľĬŊħĕŀĚȮPLA ȮĴňėƞŅĪňŗĨŗŜŅĔĺƞŅŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢȮ50%(A1) ŐĨƞĽŌĚĔĺƞŅŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢ57%(A2)Ȯőħĵ

ėƞŅĪňŗœħƟŀĵŌƞŒĬĝƞĺĚĪňŗŒĝƟŒĬĔŅĶıŇĴıƢĳŅıȮ3 ĴŇĨŇȮėĺŅĴľĬŊħĪňŗĽŌĚĕŉŘĬĕŀĚȮA0ȮĬńŘĬĴŅěŅĔĮĶŇĴŅĦŀĸŌĴŇŏĬňĵĴ

ŀŀĔœĞħƢĪňŗŏıŇŗĴĴŅĔĕŉŘĬȮ 

 

ĶŌĮĪňŗȮ2.29 ŏĮĶňĵĭŏĪňĵĭıķĨŇĔĶĶĴėĺŅĴľĬŊħŏĽƟĬŒĵĕŀĚŏĪŀĶƢőĴıĸŅĽĨŇĔĪňŗįĽĴįĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢȮ
A/&3.#'ȮA0&35#'ȮŐĸŃȮPLA [40] 

ěŅĔĚŅĬĺŇěńĵĕŀĚȮZhaobing LiuȮŐĸŃėĦŃȮY2/[ ĪŜŅĔŅĶĻŉĔļŅĽĴĭńĨŇŏĝŇĚĔĸĕŀĚıŀĸŇŐĸėĨŇĔ

ŐŀĞŇħŐĸŃĺńĽħŋŏĽĶŇĴŀĚėƢĮĶŃĔŀĭĪňŗŐĨĔĨƞŅĚĔńĬȮėŊŀȮįĚœĴƟȮŏĞĶŅĴŇĔȮĪŀĚŐħĚȮŀĸŌĴŇŏĬňĵĴȮŐĸŃŏĽƟĬŒĵ

ėŅĶƢĭŀĬȮőħĵĪħĽŀĭĽĴĭńĨŇĔŅĶħŉĚĵŊħ(Tensile)ȮŐĸŃȮĔŅĶħńħőėƟĚ(Flexural) őħĵœħƟįĸĔŅĶĪħĸŀĚħńĚ

ŐĽħĚŒĬĨŅĶŅĚĪňŗȮ2.6 ŐĸŃȮ2. ĨŅĴĸŜŅħńĭȮıĭĺƞŅĔŅĶįĽĴĺńĽħŋŏĽĶŇĴŀĚėƢĮĶŃĔŀĭĸĚœĮĬńŘĬĝƞĺĵŒľƟŏĔŇħĔŅĶ

ŏıŇŗĴĕŉŘĬŐĸŃĸħĸĚĕŀĚėƞŅȮmodulus ĕŀĚĺńĽħŋȮőħĵŒĬĽŌĨĶĪňŗĴňĔŅĶįĽĴȮŏĞĶŅĴŇĔȮĪŀĚŐħĚȮŐĸŃŀĸŌĴŇŏĬňĵĴȮ

ĬńŘĬĴňĔŅĶŏıŇŗĴĕŉŘĬĕŀĚėƞŅȮTensileȮmodulus ŐĸŃȮFlexuralȮmodulus ŐĸŃĽŌĨĶĪňŗŏĨŇĴŏĞĶŅĴŇĔĬńŘĬĴňėƞŅȮ

TensileȮmodulus ŐĸŃȮFlexuralȮmodulusȮĽŌĚĽŋħȮőħĵĴňėƞŅ /.34,1/ȮMPa ŐĸŃ 240/,15ȮMPaȮ

ĨŅĴĸŜŅħńĭȮŒĬĕĦŃĪňŗėƞŅȮTensile strength ŐĸŃȮFlexural strength ŏĮƦĬĕŀĚĽŌĨĶĪňŗĴňĔŅĶįĽĴ

ĪŀĚŐħĚȮőħĵĴňėƞŅȮ36,06 MPa ŐĸŃȮ//6,45ȮMPaȮĨŅĴĸŜŅħńĭȮĽƞĺĬĽŌĨĶĪňŗįĽĴȮŏĽƟĬŒĵėŅĶƢĭŀĬȮŐĸŃœĴƟ

ıĭĺƞŅĴňėƞŅ TensileȮmodulus ŐĸŃȮFlexuralȮmodulusȮĸħĸĚȮŏĴŊŗŀŏĪňĵĭĔńĭıŀĸŇŐĸėĨŇĔŐŀĞŇħ

ĭĶŇĽŋĪīŇśȮ 
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ĨŅĶŅĚĪňŗȮ2.6ȮĽĴĭńĨŇĔŅĶħŉĚĵŊħĕŀĚıŀĸŇŐĸėĨŇĔŐŀĞŇħŐĸŃĺńĽħŋŏĽĶŇĴŀĚėƢĮĶŃĔŀĭĝĬŇħĨƞŅĚŕ 

 

ĨŅĶŅĚĪňŗȮ2.7ȮĽĴĭńĨŇĔŅĶħńħőėƟĚĕŀĚıŀĸŇŐĸėĨŇĔŐŀĞŇħĺńĽħŋŏĽĶŇĴŀĚėƢĮĶŃĔŀĭĝĬŇħĨƞŅĚŕ 

 

ěŅĔĺŇěńĵĕŀĚȮNadir AyrilmisȮY/0[ȮĪŜŅĔŅĶĻŉĔļŅĽĴĭńĨŇĕŀĚıŊŘĬįŇĺĕŀĚĺńĽħŋĪňŗĽƞĚįĸĨƞŀĔŅĶ

ıŇĴıƢȮ3 ĴŇĨŇȮőħĵĺńĽħŋĪňŗŒĝƟŏĮƦĬȮPLA įĽĴįĚœĴƟĭħŐĸŃĕŉŘĬĶŌĮŏĮƦĬŏĽƟĬĲƕĸŅŏĴĬĨƢȮŏĴŊŗŀŒĝƟĺńĽħŋĪňŗıŇĴıƢŐĭĭ

ĽŅĴĴŇĨŇĴňĔŅĶıŇĴıƢŏĮƦĬĝńŘĬĭŅĚŕĞƟŀĬĪńĭĔńĬȮľĶŊŀĔŅĶŏėĸŊŀĭħƟĺĵĕŀĚŏľĸĺĭĬıŊŘĬįŇĺȮıŊŘĬįŇĺĪňŗľĵŅĭŐĸŃ

ėĺŅĴĽŅĴŅĶĩŒĬĔŅĶŏĮƖĵĔįŇĺĕŀĚĺńĽħŋĴňĭĪĭŅĪĽŜŅėńĠŒĬĔŅĶĔŜŅľĬħėŋĦĳŅıĕŀĚĝŇŘĬĚŅĬȮ 

 

ĶŌĮĪňŗȮ2.30ȮėĺŅĴľĵŅĭĕŀĚıŊŘĬįŇĺĕĬŅĬĔńĭĪŇĻĪŅĚĕŀĚĔŅĶıŇĴıƢȮ1ȮĴŇĨŇY/0[ 
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ĶŌĮĪňŗȮ2.31ȮėĺŅĴľĵŅĭĕŀĚıŊŘĬįŇĺĪňŗĨńŘĚĜŅĔĔńĭĪŇĻĪŅĚĕŀĚĔŅĶıŇĴıƢȮ1ȮĴŇĨŇY/0[ 

ěŅĔĔŅĶĪħĽŀĭıĭĺƞŅȮėĺŅĴľĵŅĭįŇĺĕŀĚĝŇŘĬĚŅĬĴňĔŅĶŏıŇŗĴĕŉŘĬŀĵƞŅĚĴňĬńĵĽŜŅėńĠŏĴŊŗŀŏıŇŗĴėĺŅĴ

ľĬŅŒĬĔŅĶĔŅĶıŇĴıƢĽŌĚĕŉŘĬȮėƞŅėĺŅĴľĵŅĭįŇĺĪňŗĕĬŅħĔńĭıŊŘĬįŇĺĞŉŗĚĕĬŅĬŐĸŃĨńŘĚĜŅĔĔńĭĺŇīňĔŅĶıŇĴıƢȮ

ŐĽħĚŒĬĶŌĮĪňŗȮ2.28 ŐĸŃȮ2.29 ĨŅĴĸŜŅħńĭȮėƞŅėĺŅĴľĵŅĭŏĜĸňŗĵĨŗŜŅĽŋħĪňŗĴňėƞŅȮ0,70ɛ ıĭŒĬĝŇŘĬĚŅĬĪňŗĴň

ľĬŅ .,.3ȮĴŇĸĸŇŏĴĨĶȮŒĬĕĦŃĪňŗėƞŅėĺŅĴľĵŅĭŏĜĸňŗĵĽŌĚĽŋħĴňėƞŅŏĪƞŅȮ5,64ɛȮıĭŒĬĝŇŘĬĚŅĬĪňŗĴňėĺŅĴľĬŅ

ĕŀĚĔŅĶıŇĴıƢ 1,.ȮĴŇĸĸŇŏĴĨĶȮȮįĸĔŅĶĺŇěńĵıĭĺƞŅĪŇĻĪŅĚĔŅĶıŇĴıƢĴňįĸĨƞŀėĺŅĴľĵŅĭĕŀĚĝŇŘĬĚŅĬ

ĪħĽŀĭŀĵƞŅĚĴňĬńĵĽŜŅėńĠȮŏĮƦĬįĸĴŅěŅĔĔŅĶıŇĴıƢĳŅıĪňŗŏĮƦĬĝńŘĬŕȮėĺŅĴŐĨĔĨƞŅĚĶŃľĺƞŅĚőėĶĚĽĶƟŅĚĪŅĚ

ŏĶĕŅėĦŇĨĶŃľĺƞŅĚőĴŏħĸěŅĔőĮĶŐĔĶĴȮCADȮŐĸŃĕńŘĬĨŀĬĔŅĶıŇĴıƢĳŅıěŅĔŏėĶŊŗŀĚȮFDMȮȮėĺŅĴ

ŐĴƞĬĵŜŅŒĬĔŅĶıŇĴıƢĝŇŘĬĚŅĬĪňŗĸħĸĚȮěŃŏıŇŗĴėĺŅĴľĵŅĭĕŀĚıŊŘĬįŇĺȮŐĸŃȮŒĬĪŅĚĔĸńĭĔńĬŏĴŊŗŀėĺŅĴľĬŅ

ĕŀĚĝńŘĬĸħĸĚȮėĺŅĴŐĴƞĬĵŜŅŒĬĔŅĶĚŅĬıŇĴıƢŏıŇŗĴĕŉŘĬŐĸŃĸħėĺŅĴľĵŅĭĕŀĚıŊŘĬįŇĺȮŐĨƞŏıŇŗĴŏĺĸŅŒĬĔŅĶ

ıŇĴıƢŐĸŃĽƞĚįĸŒľƟĮĶŃĽŇĪīŇĳŅıĸħĸĚ 

ěŅĔĚŅĬĺŇěńĵĕŀĚȮShadi HassanajilȮŐĸŃėĦŃȮY20[ ĻŉĔļŅĔŅĶŒĝƟŏĪėőĬőĸĵňĔŅĶıŇĴıƢȮ3 ĴŇĨŇ

ŏıŊŗŀıńĥĬŅőėĶĚĔĶŃħŌĔĪňŗŏĮƦĬĔŅĶįĽĴĔńĬĶŃľĺƞŅĚȮıŀĸŇŐĸėĨŇĔŐŀĞŇħȮıŀĸŇėŅőĮĶŐĸėőĨĬŐĸŃœŁħĶŀĔ

ĞňŀŃıŅœĪĨƢȮ(PLA/PCL/HA) őħĵįĽĴŏĮƦĬĽŅĶĸŃĸŅĵŐĸŃĪŜŅĔŅĶĕŉŘĬĶŌĮħƟĺĵĔŅĶıŇĴıƢȮ3 ĴŇĨŇȮĪŜŅŒľƟŏĔŇħĶŌ

ıĶŋĬħƟĺĵĺŇīňȮfreeze dryingȮŐĸŃĔŅĶĝŃŀĬŋĳŅėȮěŅĔįĸĔŅĶĪħĽŀĭĶŌıĶŋĬȮŒĬĶŌĮĪňŗ 2.32 ŐĽħĚĮĶŇĴŅĦ

ĶŌıĶŋĬĺńĽħŋįĽĴıŀĸŇŐĸėĨŇĔŐŀĞŇħȮıŀĸŇėŅőĮĶŐĸėőĨĬŐĸŃœŁħĶŀĔĞňŀŃıŅœĪĨƢ(PLA/PCL/HA)ȮőħĵĶŌĮ

ĪňŗȮ2.32a ıĭĺƞŅŏĴŊŗŀĴňĔŅĶįĽĴœŁħĶŀĔĞňŀŃıŅœĪĨƢ(HA) ĪňŗĮĶŇĴŅĦȮ35% ıĭĺƞŅĴňĮĶŇĴŅĦĶŌıĶŋĬŀĵŌƞĪňŗȮ

68-77% ŐĸŃŒĬĶŌĮȮ2.32b įĽĴœŁħĶŀĔĞňŀŃıŅœĪĨƢ(HA) ĪňŗĮĶŇĴŅĦȮ30-40% ıĭĺƞŅĮĶŇĴŅĦĶŌıĶŋĬ

ĸħĸĚŏĴŊŗŀĮĶŇĴŅĦįĽĴœŁħĶŀĔĞňŀŃıŅœĪĨƢ(HA)ĽŌĚĕŉŘĬȮĶŌĮĪňŗȮ2.33 ŐĽħĚėƞŅȮCompressive Modulus 

ĕŀĚĺńĽħŋįĽĴıŀĸŇŐĸėĨŇĔŐŀĞŇħȮıŀĸŇėŅőĮĶŐĸėőĨĬŐĸŃœŁħĶŀĔĞňŀŃıŅœĪĨƢ&PLA/PCL/HA)ȮŒĬĶŌĮȮ
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2.33b ıĭĺƞŅŏĴŊŗŀĮĶŇĴŅĦœŁħĶŀĔĞňŀŃıŅœĪĨƢ(HA) ĽŌĚĕŉŘĬĽƞĚįĸŒľƟėƞŅȮCompressive ModulusȮĽŌĚĕŉŘĬȮ

ŐĸŃ ĶŌĮȮ2.33dȮŏĴŊŗŀĮĶŇĴŅĦıŀĸŇŐĸėĨŇĔŐŀĞŇħĽŌĚĕŉŘĬĽƞĚįĸŒľƟėƞŅȮCompressive ModulusȮĽŌĚĕŉŘĬŐĴƟ

ěŃĴňĮĶŇĴŅĦĶŌıĶŋĬĪňŗĴŅĔĕŉŘĬĔŖĨŅĴ 

 

 

ĶŌĮĪňŗȮ2.32ȮĮĶŇĴŅĦĶŌıĶŋĬĺńĽħŋįĽĴıŀĸŇŐĸėĨŇĔŐŀĞŇħȮıŀĸŇėŅőĮĶŐĸėőĨĬŐĸŃœŁħĶŀĔĞňȮȮȮȮȮȮȮȮȮŀŃıŅ

œĪĨƢ(PLA/PCL/HA) Y20[ 

 

ĶŌĮĪňŗȮ2.33 ėƞŅȮCompressive Modulus ĕŀĚĺńĽħŋįĽĴıŀĸŇŐĸėĨŇĔŐŀĞŇħȮıŀĸŇėŅőĮĶŐĸėőĨĬŐĸŃœŁ

ħĶŀĔĞňŀŃıŅœĪĨƢ&PLA/PCL/HA)ȮY20[ 

  



  43 

ĭĪĪňŗȮ3  
ĺŇīňħŜŅŏĬŇĬĚŅĬĺŇěńĵ 

3.1 ĺńĽħŋŐĸŃĽŅĶŏėĴňĪňŗŒĝƟŒĬĚŅĬĺŇěńĵ 
 1,/,/ȮıŀĸŇŐĸėĨŇĔŐŀĞŇħ(PLA) ŒĝƟŏĮƦĬıŀĸŇŏĴŀĶƢŏĴĪĶŇĔĞƢȮŏĔĶħȮIngeo biopolymerȮ4043D 

LOT : EA-2828B133 įĸŇĨőħĵĭĶŇļńĪȮNatureWorks ĮĶŃŏĪĻĽľĶńģŀŏĴĶŇĔŅȮ     

3.1.2 įĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢȮ(Al2O3)ȮŏĔĶħȮ/7221ȮĕĬŅħȮ/3.Ȯmesh įĸŇĨőħĵĭĶŇļńĪȮ

Sigma-Aldrich  

3.1.3 ĽŅĶŏĝŊŗŀĴĮĶŃĽŅĬœĞŏĸĬȮ1-Aminopropyl triethoxysilane &APS' įĸŇĨőħĵĭĶŇļńĪȮ

Sigma-Aldrich 

3.1.4 ĽŅĶĽŜŅľĶńĭŒĝƟŒĬĔŅĶįĽĴĬŘŜŅĸŅĵŏĪňĵĴ (Artificial saliva) 

-ȮőĞŏħňĵĴőŁőħĶŏěĬėŅĶƢĭŀŏĬĨȮ(Sodium hydrogen carbonate, NaHCO3) ŏĔĶħ 

Analytical ReagentsȮĴĺĸőĴŏĸĔŋĸȮ62,./ȮĔĶńĴȮįĸŇĨőħĵĭĶŇļńĪ Ajax FinechemȮ 

-ȮőĞŏħňĵĴėĸŀœĶħƢȮ(Sodium chloride, NaCl) ŏĔĶħȮAnalytical ReagentsȮĴĺĸőĴŏĸĔŋĸȮ

36,22ȮĔĶńĴȮįĸŇĨőħĵĭĶŇļńĪȮLabscan asia  

-ȮőıŐĪĽŏĞňĵĴœĪőŀœĞĵŅŏĬĨȮ(Potassium thiocyanate, KSCN) ŏĔĶħ Analytical 

ReagentsȮĴĺĸőĴŏĸĔŋĸȮ97.18ȮĔĶńĴȮįĸŇĨőħĵĭĶŇļńĪ Ajax Finechem 

-ȮőĞŏħňĵĴœħőŁőħĶŏěĬŀŀőĪĲŀĽŏĲĨȮ(Sodium dihydrogen orthophosphate, 

NaH2PO4.2H2O) ŏĔĶħ Analytical ReagentsȮĴĺĸőĴŏĸĔŋĸȮ/34,./ȮĔĶńĴȮįĸŇĨőħĵĭĶŇļńĪ Ajax 

Finechem 

-ȮőıŐĪĽŏĞňĵĴėĸŀœĶħƢȮ(Potassium chloride, KCl)  ŏĔĶħ Analytical ReagentsȮĴĺĸ

őĴŏĸĔŋĸȮ74.56ȮĔĶńĴȮįĸŇĨőħĵĭĶŇļńĪ Ajax Finechem 

-ȮĵŌŏĶňĵ (Urea , KH2CONH2) ŏĔĶħ Analytical ReagentsȮĴĺĸőĴŏĸĔŋĸȮ60.06ȮĔĶńĴȮįĸŇĨ

őħĵĭĶŇļńĪ Ajax Finechem 

-ȮőıŐĪĽŏĞňĵĴœħőŁőħĶŏěĬŀŀőĪĲŀĽŏĲĨȮ(Potassium dihydrogen orthophosphate, 

NaH2PO4.2H2O) ŏĔĶħ Analytical ReagentsȮĴĺĸőĴŏĸĔŋĸȮ136.09ȮĔĶńĴȮįĸŇĨőħĵĭĶŇļńĪ Ajax 

Finechem 
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3.2 ŏėĶŊŗŀĚĴŊŀĪňŗŒĝƟŒĬĔŅĶįĽĴŐĸŃĕŉŘĬĶŌĮĝŇŘĬĚŅĬ 
 1,0,/ȮŏėĶŊŗŀĚŀńħĶňħıĸŅĽĨŇħĝĬŇħŏĔĸňĵĺľĬŀĬėŌƞȮ(Co-rotating Twin screw extruder) ĶŋƞĬȮ

SHJ-25ȮěŅĔĭĶŇļńĪȮYougteng ĮĶŃŏĪĻěňĬȮ 

 3.2,2 ŏėĶŊŗŀĚĜňħıĸŅĽĨŇĔ (Injection molding machine) ĶŋƞĬȮBA 250 CDC įĸŇĨőħĵĭĶŇļńĪȮ

Batterfeld ĮĶŃŏĪĻŀŀĽŏĨĶňĵ 

 3.2.3 ŏėĶŊŗŀĚıŇĴıƢȮ1ȮĴŇĨŇȮ(3D-Printer) ĶŋƞĬȮ335E1 įĸŇĨőħĵĭĶŇļńĪȮNTT Pro IIID Printer 

ĮĶŃŏĪĻœĪĵ 

1,0,1ȮŏėĶŊŗŀĚŀńħĕŉŘĬĶŌĮȮ(Compression molding machine) ěŅĔĭĶŇļńĪȮLabtech Engin-

eering Company ĮĶŃŏĪĻœĪĵ 

3,1 ŏėĶŊŗŀĚĴŊŀĪňŗŒĝƟŒĬĔŅĶĺŇŏėĶŅŃľƢ 
 3.2./ȮŏėĶŊŗŀĚȮFourier-transform infrared spectroscopyȮ(FTIR)ȮĶŋƞĬȮVERTEX70 įĸŇĨ

őħĵĭĶŇļńĪȮBRUKER ĮĶŃŏĪĻŏĵŀĶĴńĬ 

3.2.2 ŏėĶŊŗŀĚȮMelt flow index (MFI) ĶŋƞĬȮD7053 įĸŇĨőħĵĭĶŇļńĪȮKayeness inc.ȮĮĶŃŏĪĻ

ĽľĶńģŀŏĴĶŇĔŅ 

3.2.3ȮŏėĶŊŗŀĚ Differential scanning calorimeter (DSC) ĶŋƞĬȮDSC 1 Auto sample 

Robot įĸŇĨőħĵĭĶŇļńĪȮMettler Toledo ĮĶŃŏĪĻĽľĶńģŀŏĴĶŇĔŅ 

 3.2.2 Dynamic mechanical thermal analysis (DMA) ĶŋƞĬȮEPLEXOR 100 N įĸŇĨőħĵ

ĭĶŇļńĪȮGABO Instrument ĮĶŃŏĪĻŏĵŀĶĴńĬ 

 3.2.3 ŏėĶŊŗŀĚȮParallel plate rheometer ĶŋƞĬȮARES-G2 įĸŇĨőħĵĭĶŇļńĪȮTA Instruments 

ĮĶŃŏĪĻĽľĶńģŀŏĴĶŇĔŅ   

3.2.6 ŏėĶŊŗŀĚȮUniversal testing machine (UTM)ȮĶŋƞĬȮ3737ȮįĸŇĨőħĵĭĶŇļńĪȮInstron 

Engineering Corporation ĮĶŃŏĪĻĽľĶńģŀŏĴĶŇĔŅȮ 

1,0,7ȮŏėĶŊŗŀĚȮAbrasion tester ĶŋƞĬȮQC-617N įĸŇĨőħĵĭĶŇļńĪȮAVENO ĮĶŃŏĪĻěňĬ 

3.2.8 ŏėĶŊŗŀĚȮColor reader ĶŋƞĬȮCR-10 ěŅĔĭĶŇļńĪȮKonica Minolta Sensing Konica 

Minolta Sensing 

3.2.9 ŏėĶŊŗŀĚ Scanning electron microscope (SEM) ĶŋƞĬȮTabletop Microscope 

TM3030 įĸŇĨőħĵĭĶŇļńĪȮHITACHI ĮĶŃŏĪĻĠňŗĮŋƙĬ 
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3.2 ĺŇīňĔŅĶħŜŅŏĬŇĬĚŅĬĺŇěńĵ 
3.4.1ȮĔŅĶįĽĴȮĔŅĶĕŉŘĬĶŌĮŐĸŃĔŅĶıŇĽŌěĬƢŏŀĔĸńĔļĦƢıŀĸŇŐĸėĨŇĔŐŀĞŇħŐĸŃĺńĽħŋŏĽĶŇĴ

ŀĚėƢĮĶŃĔŀĭıŀĸŇŐĸėĨŇĔŐŀĞŇħįĽĴįĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢ ŐĸŃĔŅĶıŇĽŌěĬƢŏŀĔĸńĔļĦƢħƟĺĵŏĪėĬŇėȮ
FTIR 
 3.2,/.1ȮĮĶńĭĮĶŋĚıŊŘĬįŇĺĕŀĚįĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢħƟĺĵĽŅĶŏĝŊŗŀĴĮĶŃĽŅĬœĞŏĸĬ 1-

aminopropylȮtriethoxysilane (APS)ȮőħĵȮįĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢŐĝƞŒĬĽŅĶĸŃĸŅĵȮAPS ŒĬȮĬŘŜŅĔĸńŗĬ:

ŏŀĪŅĬŀĸȮĪňŗŀńĨĶŅĽƞĺĬȮ30:70(V/V) őħĵŒĝƟĽŅĶĸŃĸŅĵœĞŏĸĬȮ1 ĸŇĨĶĨƞŀŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢ(Al2O3)Ȯ03.Ȯ

ĔĶńĴȮĺńħȮpH ŒľƟŀĵŌƞĪňŗȮĮĶŃĴŅĦȮ4-5ȮĪŜŅĔŅĶŐĝƞįĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢŏĮƦĬŏĺĸŅȮ1 ĝńŗĺőĴĚȮěŅĔĬńŘĬĬŜŅįĚ

ŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢĴŅŒľƟėĺŅĴĶƟŀĬŏĮƦĬŏĺĸŅȮ3 ĝńŗĺőĴĚȮĪňŗŀŋĦľĳŌĴŇȮ80 oCȮĪŜŅĔŅĶĔĺĬĨĸŀħŏĺĸŅħƟĺĵȮ

Magnetic barȮŏĮƦĬĶŃĵŃŏĺĸŅȮ3 ĝńŗĺőĴĚȮľĸńĚěŅĔĬńŘĬĬŜŅĽŅĶĸŃĸŅĵĴŅĔĶŀĚħƟĺĵįƟŅĕŅĺĭŅĚĸŃŏŀňĵħȮ

ŐĸŃĬŜŅįĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢĪňŗįƞŅĬĔŅĶĮĶńĭĮĶŋĚıŊŘĬįŇĺĴŅŀĭŒĬĨŌƟŀĭĪňŗŀŋĦľĳŌĴŇȮ/0.ȮoCȮĶŃĵŃŏĺĸŅȮ/Ȯ

ĺńĬȮŏıŊŗŀŒľƟĬŘŜŅŐĸŃŏŀĪŅĬŀĸĶŃŏľĵŀŀĔěŅĔįĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢ ŐĸŃĪŜŅĔŅĶĺŇŏėĶŅŃľƢľĴŌƞĲƤĚĝńŗĬħƟĺĵ

ŏĪėĬŇėȮFourier transformation infrared spectroscopy (FTIR)ȮŏıŊŗŀĪŜŅĔŅĶıŇĽŌěĬƢŏŀĔĸńĔļĦƢĪŅĚ

őėĶĚĽĶƟŅĚŏıŊŗŀľŅľĴŌƞĲƤĚĔƢĝńŗĬȮSi-O-Si ĪňŗŏıŇŗĴĕŉŘĬŐĸŃľĴŌƞȮ-OH ĪňŗĸħĸĚŏıŊŗŀŏĮƦĬĔŅĶĵŊĬĵńĬĺƞŅĔŅĶĮĶńĭĮĶŋĚ

ıŊŘĬįŇĺĕŀĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢħƟĺĵĽŅĶŏĝŊŗŀĴĮĶŃĽŅĬœĞŏĸĬ APS ĽŅĴŅĶĩŏĔŇħĕŉŘĬœħƟȮőħĵĬŜŅįĚ

ŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢĴŅįĽĴĔńĭȮKBr ŒĬŀńĨĶŅĽƞĺĬȮ1:9 őħĵĬŘŜŅľĬńĔŐĸŃŀńħŏĮƦĬŐįƞĬħƟĺĵŏėĶŊŗŀĚŀńħœŁőħĶ

ĸŇĔȮěŅĔĬńŘĬĬŜŅĴŅĪħĽŀĭħƟĺĵőľĴħȮTR-FTIR 

ĨŅĶŅĚĪňŗȮ3.1 ŐĽħĚŀńĨĶŅĽƞĺĬįĽĴĶŃľĺƞŅĚıŀĸŇŐĸėĨŇĔŐŀĞŇħĔńĭįĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢĪňŗįƞŅĬĔŅĶ
ĮĶńĭĮĶŋĚıŊŘĬįŇĺħƟĺĵĽŅĶŏĝŊŗŀĴĮĶŃĽŅĬœĞŏĸĬĪňŗŒĝƟŒĬĚŅĬĺŇěńĵ 

ĨńĺŀĵƞŅĚ ŀńĨĶŅĽƞĺĬĬŘŜŅľĬńĔ 
ĬŘŜŅľĬńĔıŀĸŇŐĸėĨŇĔŐŀĞŇħ 

(g) 
ĬŘŜŅľĬńĔįĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢ 

(g) 
PLA 100 - 
5A_PLA 95 5 
10A_PLA 90 10 
15A_PLA 85 15 
20A_PLA 80 20 
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1,2.1.2ȮĔŅĶįĽĴıŀĸŇŐĸėĨŇĔŐŀĞŇħĔńĭįĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢĪňŗįƞŅĬĔŅĶĮĶńĭĮĶŋĚıŊŘĬįŇĺħƟĺĵ

ĽŅĶŏĝŊŗŀĴĮĶŃĽŅĬœĞŏĸĬŐĽħĚŀńĨĶŅĽƞĺĬĨŅĴĨŅĶŅĚĪňŗȮ3.1 őħĵĬŜŅŏĴŖħıŀĸŇŐĸėĨŇĔŐŀĞŇħœĮĪŜŅĔŅĶŀĭ

œĸƞėĺŅĴĝŊŘĬĪňŗŀŋĦľĳŌĴŇȮ60 oCȮŏĮƦĬĶŃĵŃŏĺĸŅȮ24 ĝńŗĺőĴĚȮŐĸŃĪŜŅĔŅĶįĽĴħƟĺĵŏėĶŊŗŀĚŀńħĶňħıĸŅĽĨŇĔ

ĝĬŇħŏĔĸňĵĺľĬŀĬėŌƞȮ(Co-rotating Twin screw extruder) ĪňŗŀŋĦľĳŌĴŇŒĬĔŅĶĕŉŘĬĶŌĮĨńŘĚŐĨƞĽƞĺĬĮƚŀĬ

ŏĴŖħœĮěĬĩŉĚľńĺħŅĵėŊŀȮ150 160 180 ŐĸŃȮ200 oCȮőħĵŒľƟėĺŅĴŏĶŖĺĶŀĭĔŅĶľĴŋĬĕŀĚĽĔĶŌŀĵŌƞĪňŗȮ40 

rpmȮŐĸŃŀńĨĶŅėĺŅĴŏĶŖĺŒĬĔŅĶħŉĚŏĽƟĬ(Puller speed) Īňŗ10 rpm ŏıŊŗŀŒľƟœħƟŏĽƟĬȮExtrudate ĪňŗĴňĕĬŅħ

ŏĽƟĬįƞŅĬĻŌĬĵƢĔĸŅĚȮ1.5-1.7 ĴŇĸĸŇŏĴĨĶĽŜŅľĶńĭĔŅĶĕŉŘĬĶŌĮħƟĺĵŏĪėőĬőĸĵňĔŅĶıŇĴıƢȮ3 ĴŇĨŇ 

3.4.1.3 ĕŉŘĬĶŌĮıŀĸŇŏĴŀĶƢħƟĺĵŏėĶŊŗŀĚĜňħıĸŅĽĨŇĔ (Injection molding) ŏıŊŗŀŒľƟœħƟĝŇŘĬĚŅĬ

ĽŜŅľĶńĭŒĝƟŒĬĔŅĶĪħĽŀĭĽĴĭńĨŇŏĝŇĚĔĸȮőħĵŒĝƟŀŋĦľĳŌĴŇŒĬĔŅĶĕŉŘĬĶŌĮĨńŘĚŐĨƞĽƞĺĬĮƚŀĬŏĴŖħœĮěĬĩŉĚľńĺħŅĵ

ėŊŀȮ150 160 180 ŐĸŃȮ200 oCȮőħĵĕŉŘĬĶŌĮŏĮƦĬȮ3ȮĝĬŇħĨŅĴĔŅĶĪħĽŀĭœħƟŐĔƞȮĽĴĭńĨŇĨƟŅĬĪŅĬĨƞŀĔŅĶ

ħŉĚĵŊħ (Tensile test) ĽĴĭńĨŇĨƟŅĬĪŅĬĨƞŀĔŅĶħńħőėƟĚȮ(Flexural test) ŐĸŃĽĴĭńĨŇĨƟŅĬĪŅĬĨƞŀĔŅĶĔħ

ŀńħȮ(Compressive test)  

3.4.1.4 ĕŉŘĬĶŌĮıŀĸŇŏĴŀĶƢħƟĺĵŏėĶŊŗŀĚıŇĴıƢĳŅıȮ3 ĴŇĨŇȮőħĵŒĝƟŏĽƟĬĲƕĸŅŏĴĬĨƢĪňŗĕŉŘĬĶŌĮœħƟěŅĔ

ĔĶŃĭĺĬĔŅĶŀńħĶňħıĸŅĽĨŇĔȮ(Extrusion) ĪňŗĴňŏĽƟĬįƞŅĬĻŌĬĵƢĔĸŅĚĮĶŃĴŅĦȮ1.5-1.7 ĴŇĸĸŇŏĴĨĶŏıŊŗŀŒľƟœħƟ

ĝŇŘĬĚŅĬĽŜŅľĶńĭŒĝƟŒĬĔŅĶĪħĽŀĭĽĴĭńĨŇĨƟŅĬĪŅĬĨƞŀĔŅĶĔħŀńħȮ(Compressive test)ȮĨŅĴĴŅĨĶģŅĬȮ

ASTM D695 őħĵĴňĕĬŅħȮėĺŅĴĔĺƟŅĚȮ13 ĴŇĸĸŇŏĴĨĶȮėĺŅĴĵŅĺȮ13 ĴŇĸĸŇŏĴĨĶȮŐĸŃėĺŅĴĽŌĚȮ26 

ĴŇĸĸŇŏĴĨĶȮőħĵŒĝƟŏėĶŊŗŀĚıŇĴıƢȮ3 ĴŇĨŇĝĬŇħȮFDM ĴňıŅĶŅĴŇŏĨŀĶƢĪňŗŒĝƟŒĬĔŅĶĕŉŘĬĶŌĮħńĚŐĽħĚŒĬĨŅĶŅĚĪňŗȮ3.2  

ĨŅĶŅĚĪňŗȮ3.2 ŐĽħĚıŅĶŅĴŇŏĨŀĶƢĪňŗŒĝƟŒĬĔŅĶĕŉŘĬĶŌĮŏėĶŊŗŀĚıŇĴıƢȮ3 ĴŇĨŇ 
ıŅĶŅĴŇŏĨŀĶƢ ėƞŅĪňŗŒĝƟĚŅĬ 

Infill density (%) 90 
Infill type Line 
Layer thickness (mm) 0.2 
Nozzle diameter (mm) 0.4 
Printing speed (mm/s) 50 
Raster orientation direction (o) ±45o 
Nozzle temperature (oC) 180 oC 
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3.4.2 ĻŉĔļŅħńĝĬňĔŅĶœľĸ ħƟĺĵŏėĶŊŗŀĚȮMelt flow indexer (MFI) ĨŅĴĴŅĨĶģŅĬȮASTM 

D/016ȮĕŀĚıŀĸŇŐĸėĨŇĔŐŀĞŇħŐĸŃĺńĽħŋŏĽĶŇĴŀĚėƢĮĶŃĔŀĭıŀĸŇŐĸėĨŇĔŐŀĞŇħįĽĴįĚŀĸŌĴŇŏĬňĵĴ

ŀŀĔœĞħƢ ĪňŗįƞŅĬĔŅĶĕŉŘĬĶŌĮħƟĺĵŏėĶŊŗŀĚŀńħĶňħıĸŅĽĨŇĔȮőħĵĬŜŅŏĴŖħıĸŅĽĨŇĔœĮŀĭŏĮƦĬĪňŗŀŋĦľĳŌĴŇȮ8.ȮoCȮ

ĶŃĵŃŏĺĸŅȮ24 ĝńŗĺőĴĚȮěŅĔĬńŘĬěŉĚĬŜŅœĮĪŜŅĔŅĶĪħĽŀĭĽĴĭńĨŇĔŅĶœľĸȮőħĵŒĝƟőľĸħĕĬŅħȮ0,/4ȮĔŇőĸĔĶńĴ

ŐĸŃŒĝƟŀŋĦľĳŌĴŇŒĬĔŅĶĪħĽŀĭȮ/7.ȮoCȮŐĸŃėŜŅĬĺĦėƞŅĪňŗœħƟŀŀĔĴŅŒĬľĬƞĺĵȮĔĶńĴ/10ĬŅĪň 

 

3.4.2 ĔŅĶĻŉĔļŅĽĴĭńĨŇĪŅĚėĺŅĴĶƟŀĬȮĽĴĭńĨŇŏĝŇĚĔĸŐĸŃĽĴĭńĨŇĪŅĚĔŅĵĳŅıĕŀĚĝŇŘĬĚŅĬıŀĸŇ
ŐĸėĨŇĔŐŀĞŇħŐĸŃĺńĽħŋŏĽĶŇĴŀĚėƢĮĶŃĔŀĭıŀĸŇŐĸėĨŇŐŀĞŇħįĽĴįĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢĪňŗĕŉŘĬĶŌĮħƟĺĵ
ĔĶŃĭĺĬĔŅĶĜňħıĸŅĽĨŇĔȮ 

3.4.2.1 ĻŉĔļŅĽĴĭńĨŇĪŅĚėĺŅĴĶƟŀĬħƟĺĵŏėĶŊŗŀĚȮDifferential scanning calorimeter (DSC) 

őħĵŒĝƟĬŘŜŅľĬńĔĕŀĚŏĴŖħıŀĸŇŐĸėĨŇĔŐŀĞŇħŐĸŃĺńĽħŋŏĽĶŇĴŀĚėƢĮĶŃĔŀĭıŀĸŇŐĸėĨŇĔŐŀĞŇħįĽĴįĚ

ŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢĮĶŃĴŅĦȮ6-8 ĴŇĸĸŇĔĶńĴȮĪħĽŀĭŒĬőľĴħȮheat-cool-heat ĻŉĔļŅĪňŗŀŋĦľĳŌĴŇĝƞĺĚȮ

30-180 ºC ŒĝƟŀńĨĶŅĔŅĶŒľƟėĺŅĴĶƟŀĬȮ3oC/min ĳŅĵŒĨƟĭĶĶĵŅĔŅĻœĬőĨĶŏěĬȮŐĸŃėŜŅĬĺĦĮĶŇĴŅĦ

įĸŉĔĨŅĴĽĴĔŅĶĪňŗȮ3.1 [43] 

#Va;Ȯ
ƇFk-ƇFaa

N̟J?Ȯ×ȮFkm
×/..   (ĽĴĔŅĶĪňŗȮ3.1)  

ŏĴŊŗŀ ƇFk ėŊŀȮEnthalpy of melting (J/g) 

 ƇFaa  ėŊŀȮEnthalpy of cold crystallization (J/g) 

 N̟J?Ȯ ėŊŀȮĽńħĽƞĺĬőħĵĬŘŜŅľĬńĔĕŀĚıŀĸŇŐĸėĨŇĔŐŀĞŇħŒĬĺńĽħŋ 

 Fk
m  ėŊŀȮEnthalpy of melting ĕŀĚıŀĸŇŐĸėĨŇĔŐŀĞŇħĪňŗĴňĮĶŇĴŅĦįĸŉĔȮ100% (93J/g) 

3.4.2.2 ĻŉĔļŅĽĴĭńĨŇŏĝŇĚĶňŀŀőĸĵňħƟĺĵŏėĶŊŗŀĚĪħĽŀĭĽĴĭńĨŇĔŅĶœľĸĕŀĚıŀĸŇŏĴŀĶƢŏĴŊŗŀĴňŐĶĚ

ŏĜŊŀĬĴŅĔĶŃĪŜŅĨƞŀĝŇŘĬĚŅĬȮőħĵĪħĽŀĭĽĴĭńĨŇĔŅĶœľĸħƟĺĵŏėĶŊŗŀĚȮRotational rheometer ĶŋƞĬȮARES 

G2 įĸŇĨőħĵĭĶŇļńĪȮTA ŐįƞĬėŌƞĕĬŅĬ(Parallel plate) ĪňŗŒĝƟĪŜŅěŅĔŏľĸŖĔĔĸƟŅĮĸŀħĽĬŇĴ(Stainless 

steel) ŒĝƟĶŃĭĭȮForced convection oven (FCO) ŒĬĔŅĶŒľƟėĺŅĴĶƟŀĬ őħĵŒĝƟĽĳŅĺŃĔŅĶĪħĽŀĭ

ŐĭĭĮĶńĭėĺŅĴĩňŗŏĝŇĚĴŋĴȮ(Angular frequency sweep)ȮĨńŘĚŐĨƞȮ1-100 ŏĶŏħňĵĬ/ĺŇĬŅĪňȮŀŋĦľĳŌĴŇĪňŗŒĝƟŒĬ

ĔŅĶĪħĽŀĭȮ180 oC őħĵȮőħĵŒĝƟĝŇŘĬĚŅĬĪňŗœħƟěŅĔĔŅĶĕŉŘĬĶŌĮħƟĺĵŏėĶŊŗŀĚŀńħĕŉŘĬĶŌĮıĸŅĽĨŇĔȮ

(Compression molding) ĕĬŅħĝĬŇħĚŅĬĴňŏĽƟĬįƞŅĬĻŌĬĵƢĔĸŅĚȮ05ȮĴŇĸĸŇŏĴĨĶȮėĺŅĴľĬŅȮ0ȮĴŇĸĸŇŏĴĨĶȮ

ĞŉŗĚŒĬĔŅĶĪħĸŀĚŒĬŒĝƟĶŃĵŃĔŅĶĨńħĕŀĭȮ(Trim gap) ĪňŗėĺŅĴĽŌĚȮ1.9 ĴŇĸĸŇŏĴĨĶȮőħĵėĺŅĴĽŌĚĬňŘěŃĪŜŅŒľƟ
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ĝŇŘĬĚŅĬœľĸœħƟŏĨŖĴŐįƞĬėŌƞĕĬŅĬĪňŗĴňĕĬŅħŏĽƟĬįƞŅĬĻŌĬĵƢȮ05ȮĴŇĸĸŇŏĴĨĶ ŐĸƟĺĪŜŅĔŅĶĪħĽŀĭĪňŗĶŃĵŃȮGap 

ĽŌĚȮ1.8 ĴŇĸĸŇŏĴĨĶ 

3.4.2.3 ĻŉĔļŅĽĴĭńĨŇĪŅĚėĺŅĴĶƟŀĬĝŀĚĺńĽħŋŏĝŇĚĔĸŐĭĭœħĬŅĴŇĔĽƢȮ(Dynamic mechanical 

thermal analysis) ŒĝƟĽĳŅĺŃĔŅĶĪħĽŀĭŐĭĭĮĶńĭŀŋĦľĳŌĴŇȮ(Temperature sweep) őħĵėĺŅĴĩňŗ

ŐĸŃėĺŅĴŏėĶňĵħŒĬĔŅĶĪħĽŀĭėĚĪňŗȮŐĸŃŒľƟŐĶĚŒĬőľĴħħńħĚŀŐĭĭȮ1ȮěŋħȮ(Three-point bending 

mode)ȮėĺŅĴĩňŗĪňŗŒĝƟŒĬĔŅĶĪħĽŀĭȮ1 ŏŁŇĶĨĞƢȮŐĸŃŀŋĦľĳŌĴŇĪħĽŀĭĨńŘĚŐĨƞȮ30-130 oC ħƟĺĵŀńĨĶŅĔŅĶŒľƟ

ėĺŅĴĶƟŀĬȮ5oC/min ŒĝƟĝŇŘĬĚŅĬŒĬĔŅĶĪħĽŀĭěŅĔĝŇŘĬĚŅĬĽŜŅľĶńĭĪħĽŀĭĽĴĭńĨŇĨƟŅĬĪŅĬĨƞŀĔŅĶħńħőėƟĚ

ĴŅĨńħħƟĺĵŏėĶŊŗŀĚȮlaser cutȮŒľƟĴňĸńĔļĦŃŏĮƦĬŐĪƞĚĽňŗŏľĸňŗĵĴıŊŘĬįƟŅĪňŗĴňĕĬŅħėĺŅĴĔĺƟŅĚȮ1 ŏĞĬĨŇŏĴĨĶȮ

ĵŅĺȮ4-4.5 ŏĞĬĨŇŏĴĨĶ  

3.4.2.4 ĻŉĔļŅĽĴĭńĨŇĨƟŅĬĪŅĬĨƞŀĔŅĶħŉĚĵŊħ (Tensile test) ĨŅĴĴŅĨĶģŅĬȮASTM D638 ĕŀĚ

ĝŇŘĬĚŅĬĪňŗĕŉŘĬĶŌĮħƟĺĵĔĶŃĭĺĬĔŅĶĜňħıĸŅĽĨŇĔ (Injection molding) ŒĝƟőľĸħŏĞĸĸƢĕĬŅħȮ5ȮĔŇőĸĬŇĺĨńĬȮ

ŐĸŃŒĝƟŀńĨĶŅĔŅĶħŉĚĵŊħȮ5ȮĴŇĸĸŇŏĴĨĶĨƞŀĬŅĪň ĳŅĵŒĬľƟŀĚĪňŗėĺĭėŋĴŀŋĦľĳŌĴŇĪňŗȮ25 oC őħĵĪŜŅĔŅĶĪħĽŀĭ

ėĺŅĴĨƟŅĬĪŅĬĨƞŀĔŅĶħŉĚĵŊħŏıŊŗŀľŅėƞŅȮWmsleŲqȮkmbsjsqȮėƞŅȮTensile strength ŐĸŃȮ

%Elongation at break ĪŜŅĔŅĶĪħĽŀĭĽŌĨĶĸŃȮ8 ĝŇŘĬĚŅĬȮŏıŊŗŀľŅėƞŅŏĜĸňŗĵŐĸŃĽƞĺĬŏĭňŗĵĚŏĭĬ

ĴŅĨĶģŅĬ 

3.4.2.5 ĻŉĔļŅĽĴĭńĨŇĨƟŅĬĪŅĬĨƞŀĔŅĶħńħőėƟĚȮ(Flexural test) ĨŅĴĴŅĨĶģŅĬȮASTM D790 

ĳŅĵŒĬľƟŀĚĪňŗėĺĭėŋĴŀŋĦľĳŌĴŇĪňŗȮ25 oC ĕŀĚĝŇŘĬĚŅĬĪňŗĕŉŘĬĶŌĮħƟĺĵĔĶŃĭĺĬĔŅĶĜňħıĸŅĽĨŇĔ (Injection 

molding) ŒĝƟőľĸħŏĞĸĸƢĕĬŅħȮ5ȮĔŇőĸĬŇĺĨńĬȮŐĸŃĪħĽŀĭħƟĺĵėĺŅĴŏĶŖĺĕŀĚľńĺĔħĝŇŘĬĚŅĬŏĪƞŅĔńĭȮ3.5Ȯ

ĴŇĸĸŇŏĴĨĶĨƞŀĬŅĪň őħĵŒĝƟĶŃĵŃȮSupport span ŏĪƞŅĔńĭȮ80 ĴŇĸĸŇŏĴĨĶȮĔħěĬĔĶŃĪńŗĚĩŉĚȮ5% strain 

őħĵŒľƟŐĶĚŒĬőľĴħħńħĚŀŐĭĭȮ1ȮěŋħȮ(Three-point bending mode)ȮĪŜŅĔŅĶĪħĽŀĭŏıŊŗŀľŅėƞŅ 

Flexural modulus ėƞŅȮFlexural strength ĪŜŅĔŅĶĪħĽŀĭĽŌĨĶĸŃȮ8 ĝŇŘĬĚŅĬȮŏıŊŗŀľŅėƞŅŏĜĸňŗĵŐĸŃ

ĽƞĺĬŏĭňŗĵĚŏĭĬĴŅĨĶģŅĬ 

3.4.2.6 ĻŉĔļŅĽĴĭńĨŇĨƟŅĬĪŅĬĨƞŀĔŅĶĔħŀńħȮ(Compressive test) ĨŅĴĴŅĨĶģŅĬ ASTM 

D695 ĳŅĵŒĬľƟŀĚĪňŗėĺĭėŋĴŀŋĦľĳŌĴŇĪňŗȮ25 oC ĕŀĚĝŇŘĬĚŅĬĪňŗĕŉŘĬĶŌĮħƟĺĵĔĶŃĭĺĬĔŅĶĜňħıĸŅĽĨŇĔ 

(Injection molding) ŐĸŃŏĪėőĬőĸĵňĔŅĶıŇĴıƢȮ3 ĴŇĨŇȮ(3D Printing)ȮőħĵŒĝƟőľĸħŏĞĸĸƢĕĬŅħȮ30ȮĔŇőĸ

ĬŇĺĨńĬȮŐĸŃŒĝƟŀńĨĶŅĔŅĶĔħ 1.3ȮĴŇĸĸŇŏĴĨĶĨƞŀĬŅĪň őħĵĪħĽŀĭľŅėƞŅȮCompressive modulus ĪŜŅ

ĔŅĶĪħĽŀĭĽŌĨĶĸŃȮ6 ĝŇŘĬĚŅĬȮŏıŊŗŀľŅėƞŅŏĜĸňŗĵŐĸŃĽƞĺĬŏĭňŗĵĚŏĭĬĴŅĨĶģŅĬ 
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3.4.2.7 ĻŉĔļŅėĺŅĴŐĕŖĚıŊŘĬįŇĺȮ(Shore hardness test) ĨŅĴĴŅĨĶģŅĬȮASTM D2240 ĕŀĚ

ĝŇŘĬĚŅĬĪňŗĕŉŘĬĶŌĮħƟĺĵĔĶŃĭĺĬĔŅĶĜňħıĸŅĽĨŇĔ (Injection molding) őħĵŒĝƟŏėĶŊŗŀĚȮDurometer ľńĺĔħ

ĝĬŇħȮShore D ĽŜŅľĶńĭĪħĽŀĭıĸŅĽĨŇĔȮőħĵŒĝƟőľĸħŏĞĸĸƢĕĬŅħȮ5 ĔŇőĸĬŇĺĨńĬȮĪŜŅĔŅĶĔħœĮĭĬıŊŘĬįŇĺ

ĕŀĚĝŇŘĬĚŅĬȮěŜŅĬĺĬȮ5 ĝŇŘĬĚŅĬȮŏıŊŗŀľŅėƞŅŏĜĸňŗĵŐĸŃĽƞĺĬŏĭňŗĵĚŏĭĬĴŅĨĶģŅĬ 

3.4.2.8 ĻŉĔļŅĽĴĭńĨŇĨƟŅĬĪŅĬĨƞŀĔŅĶĕńħĩŌȮ(Abrasion resistance) ĨŅĴĴŅĨĶģŅĬȮASTM 

D1630ȮŏıŊŗŀĺńħėĺŅĴėĚĪĬĕŀĚĺńĽħŋŏĴŊŗŀĴňĔŅĶŏĽňĵħĽňȮőħĵĬŜŅĝŇŘĬĚŅĬĪňŗĕŉŘĬĶŌĮěŅĔĔŅĶĪħĽŀĭĔŅĶĔħŀńħ

ĴŅĨńħħƟĺĵŏėĶŊŗŀĚȮlaser cut ŒľƟĴňĕĬŅħȮĔĺƟŅĚȮ25.5 ĴŇĸĸŇŏĴĨĶȮĵŅĺȮ25.5 ĴŇĸĸŇŏĴĨĶȮŐĸŃĴňėĺŅĴľĬŅȮ

6.35 ĴŇĸĸŇŏĴĨĶȮőħĵĪŜŅĔŅĶĕńħĩŌħƟĺĵŏėĶŊŗŀĚȮAbrasion Tester ĶŋƞĬȮQC-617N ŒĝƟĔĶŃħŅļĪĶŅĵŏĭŀĶƢ 

#40 ŏĽƟĬįƞŅĬĻŌĬĵƢĔĸŅĚĸƟŀĕńħȮ150 ĴŇĸĸŇŏĴĨĶȮėĺŅĴŏĶŖĺĶŀĭĔŅĶľĴŋĬȮ45 rpm őľĸħĕĬŅħȮ5 ĮŀĬħƢȮ

őħĵĨŀĬŐĶĔĪŜŅĕńħŏıŊŗŀŒľƟĝŇŘĬĚŅĬĴňıŊŘĬįŇĺőėƟĚŏĕƟŅĔńĭĸƟŀľĴŋĬĮĶŃĴŅĦȮ5 ĶŀĭȮěŅĔĬńŘĬĮĶńĭĶŃĵŃĔŅĶĕńħ

ŒľƟŏĪƞŅĔńĭȮ2.54 ĴŇĸĸŇŏĴĨĶȮŐĸŃĪŜŅĔŅĶĕńħŒľƟįŇĺėĺŅĴľĬŅĝŇŘĬĚŅĬľŅĵœĮȮ2.54 ĴŇĸĸŇŏĴĨĶȮŒĝƟĴŅĨĶģŅĬȮ

NBS ŒĬĔŅĶėĺŅĴĽŅĴŅĶĩŒĬĔŅĶĪĬĪŅĬĨƞŀĔŅĶĕńħėŊŀőħĵĴňĽŌĨĶėŜŅĬĺĦĨŅĴĽĴĔŅĶĪňŗȮ3.2 őħĵĪŜŅĔŅĶ

ĕńħĝŇŘĬĚŅĬŏĮƦĬěŜŅĬĺĬȮ5 ĨńĺŀĵƞŅĚ 

L@Q  
ěŜŅĬĺĬĶŀĭĔŅĶĕńħĝŇŘĬĚŅĬĪħĽŀĭ

ěŜŅĬĺĬĶŀĭĔŅĶĕńħĕŀĚĨńĺŀĵƞŅĚĴŅĨĶģŅĬ
/..    (ĽĴĔŅĶĪňŗȮ3.2) 

ěŜŅĬĺĬĶŀĭĔŅĶĕńħĕŀĚĝŇŘĬĚŅĬĪħĽŀĭȮėŊŀėƞŅĪňŗŏĔŇħĕŉŘĬěĶŇĚěŅĔĨńĺŀĵƞŅĚĪňŗĪŜŅĔŅĶĪħĽŀĭ 

ěŜŅĬĺĬĶŀĭĔŅĶĕńħĕŀĚĨńĺŀĵƞŅĚĴŅĨĶģŅĬȮėŊŀȮėƞŅĪňŗŏĔŇħĕŉŘĬěŅĔĔŅĶĕńħĨńĺŀĵƞŅĚĪħĽŀĭĴŅĨĶģŅĬ 

ĔŅĶĪħĽŀĭėĺŅĴėĚĪĬĨƞŀĔŅĶĽŉĔľĶŀĪŜŅœħƟőħĵĬŜŅĝŇŘĬĚŅĬĪŜŅĔŅĶĕńħĭĬĔĶŃħŅļĪĶŅĵȮ

ěŅĔĬńŘĬĪŜŅĔŅĶĺńħĬŘŜŅľĬńĔĕŀĚĝŇŘĬĚŅĬĔƞŀĬĪŜŅĔŅĶĪħĽŀĭȮŐĸŃĬŘŜŅľĬńĔĝŇŘĬĚŅĬľĸńĚĔŅĶĪħĽŀĭŐĸŃ

ĬŜŅœĮėŜŅĬĺĦĨŅĴĽĴĔŅĶĪňŗȮ3.3 [44] 

upȮ; 
kg-kd

J
    (ĽĴĔŅĶĪňŗȮ3.3) 

ŏĴŊŗŀ kg ėŊŀȮĬŘŜŅľĬńĔĕŀĚĝŇŘĬĚŅĬŏĶŇŗĴĨƟĬ 

 kd ėŊŀȮĬŘŜŅľĬńĔĕŀĚĝŇŘĬĚŅĬľĸńĚĔŅĶĪħĽŀĭ 

L ėŊŀȮėĺŅĴĵŅĺĕŀĚĝŇŘĬĚŅĬĪħĽŀĭ 

3.4.2.9 ĻŉĔļŅőėĶĚĽĶƟŅĚĽńĦģŅĬĺŇĪĵŅőħĵŒĝƟĔĸƟŀĚěŋĸĪĶĶĻĬƢŀŇŏĸŖĔĨĶŀĬŐĭĭĽƞŀĚĔĶŅħȮ

(Scanning electron microscope) ĕŀĚĝŇŘĬĚŅĬĪňŗįƞŅĬĔŅĶĪħĽŀĭĔŅĶħńħőėƟĚȮ(Flexural test) őħĵ

ĬŜŅĝŇŘĬĚŅĬĴŅĨńħĽƞĺĬĪňŗŏĔŇĬŀŀĔħƟĺĵŏėĶŊŗŀĚĨńħŏĸŏĞŀĶƢȮľĸńĚěŅĔĬńŘĬĬŜŅœĮŏėĸŊŀĭıŊŘĬįŇĺĶŀĵŐĨĔħƟĺĵĪŀĚ
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ŐĸŃŐıĸĨĨŇĬńĴħƟĺĵŏĪėĬŇėȮSputtering ŏıŊŗŀĮƚŀĚĔńĬĔŅĶĽŃĽĴĕŀĚĮĶŃěŋœĲĲƚŅĕĦŃĪŜŅĔŅĶĪħĽŀĭȮ

SEM őħĵŒĝƟĔŜŅĸńĚĕĵŅĵĽŌĚĽŋħȮ2000 ŏĪƞŅȮėĺŅĴĨƞŅĚĻńĔĵƢȮ(Acceleration voltage) 5.0 kV 

 

3.4.3 ĔŅĶĻŉĔļŅĽĴĭńĨŇĪŅĚėĺŅĴĶƟŀĬȮĽĴĭńĨŇŏĝŇĚĔĸ ŐĸŃĽĴĭńĨŇĪŅĚĔŅĵĳŅı ĕŀĚĝŇŘĬĚŅĬıŀ
ĸŇŐĸėĨŇĔŐŀĞŇħŐĸŃĺńĽħŋŏĽĶŇĴŀĚėƢĮĶŃĔŀĭıŀĸŇŐĸėĨŇŐŀĞŇħįĽĴįĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢĪňŗĕŉŘĬĶŌĮħƟĺĵ
ŏĪėőĬőĸĵňĔŅĶıŇĴıƢȮ3 ĴŇĨŇ  

3.4.3.1 ĻŉĔļŅĽĴĭńĨŇĪŅĚėĺŅĴĶƟŀĬħƟĺĵŏėĶŊŗŀĚȮDifferential scanning calorimeter (DSC) 

őħĵŒĝƟĬŘŜŅľĬńĔĕŀĚŏĴŖħıŀĸŇŐĸėĨŇĔŐŀĞŇħŐĸŃĺńĽħŋŏĽĶŇĴŀĚėƢĮĶŃĔŀĭıŀĸŇŐĸėĨŇĔŐŀĞŇħįĽĴįĚ

ŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢĮĶŃĴŅĦȮ6-8 ĴŇĸĸŇĔĶńĴěŅĔĪńŘĚȮ2 ĝŇŘĬĚŅĬȮĪħĽŀĭŒĬőľĴħȮheat-cool-heat ĻŉĔļŅ

ĪňŗŀŋĦľĳŌĴŇĝƞĺĚȮ30-180 ºC ŒĝƟŀńĨĶŅĔŅĶŒľƟėĺŅĴĶƟŀĬȮ3oC/min ĳŅĵŒĨƟĭĶĶĵŅĔŅĻœĬőĨĶŏěĬȮ 

3.4.3.2 ĻŉĔļŅĽĴĭńĨŇĨƟŅĬĪŅĬĨƞŀĔŅĶĔħŀńħȮ(Compressive test) ĨŅĴĴŅĨĶģŅĬ ASTM 

D695 ĳŅĵŒĬľƟŀĚĪňŗėĺĭėŋĴŀŋĦľĳŌĴŇĪňŗȮ25 oC ĕŀĚĝŇŘĬĚŅĬĪňŗĕŉŘĬĶŌĮħƟĺĵŏĪėőĬőĸĵňĔŅĶıŇĴıƢȮ3 ĴŇĨŇȮ(3D 

Printing)ȮőħĵŒĝƟőľĸħŏĞĸĸƢĕĬŅħȮ30ȮĔŇőĸĬŇĺĨńĬȮŐĸŃŒĝƟŀńĨĶŅĔŅĶĔħ 1.3ȮĴŇĸĸŇŏĴĨĶĨƞŀĬŅĪň őħĵ

ĪħĽŀĭľŅėƞŅȮCompressive modulus ĪŜŅĔŅĶĪħĽŀĭĽŌĨĶĸŃȮ6 ĝŇŘĬĚŅĬȮŏıŊŗŀľŅėƞŅŏĜĸňŗĵŐĸŃĽƞĺĬ

ŏĭňŗĵĚŏĭĬĴŅĨĶģŅĬ 

3.4.3.3 ĔŅĶĪħĽŀĭľŅĶŌıĶŋĬĪńŘĚľĴħȮ(Total porosity) ĕŀĚĝŇŘĬĚŅĬĪňŗĕŉŘĬĶŌĮħƟĺĵŏĪėőĬőĸĵň

ĔŅĶıŇĴıƢȮ3ĴŇĨŇȮőħĵĬŜŅĝŇŘĬĚŅĬœĮŀĭœĸƞėĺŅĴĝŊŘĬĪňŗŀŋĦľĳŌĴŇȮ80 oC ŏĮƦĬĶŃĵŃŏĺĸŅȮ1 ĺńĬěŅĔĬńŘĬĬŜŅ

ĝŇŘĬĚŅĬœĮĝńŗĚĬŘŜŅľĬńĔŐľƟĚȮěŅĔĬńŘĬĬŜŅĝŇŘĬĚŅĬœĮŐĝƞŒĬĬŘŜŅĔĸńŗĬŏĮƦĬĶŃĵŃŏĺĸŅȮ1 ĺńĬȮŐĸŃŏĴŊŗŀėĶĭ

ĔŜŅľĬħŏĺĸŅŒľƟŏĝŖħĝŇŘĬĚŅĬŒľƟŐľƟĚŐĸƟĺĬŜŅœĮĝńŗĚĬŘŜŅľĬńĔȮŐĸŃėŜŅĬĺĦľŅėƞŅĶŌıĶŋĬŏĮƕħȮ(Open porosity) 

ĨŅĴĽĴĔŅĶĪňŗȮ3.4[45] 

Rmr_jȮnmpmqgrw&#'Ȯ;
&kq_r-kbpwȮ'-́u_rcp

T ×/..                   (ĽĴĔŅĶĪňŗȮ3.4) 

ŏĴŊŗŀ kq_rȮ ėŊŀȮĬŘŜŅľĬńĔĕŀĚĝŇŘĬĚŅĬľĸńĚŐĝƞĬŘŜŅĔĸńŗĬ 

 kbpw ėŊŀȮĬŘŜŅľĬńĔĕŀĚĝŇŘĬĚŅĬľĸńĚĔŅĶŀĭ 

ú_rcp ėŊŀȮėĺŅĴľĬŅŐĬƞĬĕŀĚĬŘŜŅ 

T ėŊŀȮĮĶŇĴŅĨĶĕŀĚĝŇŘĬĚŅĬĪħĽŀĭ 
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3.4.3.4 ĻŉĔļŅėĺŅĴŐĕŖĚıŊŘĬįŇĺȮ(Shore hardness test) ĨŅĴĴŅĨĶģŅĬȮASTM D2240 ĕŀĚ

ĝŇŘĬĚŅĬĪňŗĕŉŘĬĶŌĮħƟĺĵĔĶŃĭĺĬĔŅĶĜňħıĸŅĽĨŇĔ (Injection molding) ŐĸŃŏĪėőĬőĸĵňĔŅĶıŇĴıƢȮ1ȮĴŇĨŇȮ

(3D Printing)ȮőħĵŒĝƟŏėĶŊŗŀĚȮDurometer ľńĺĔħĝĬŇħȮShore D ĽŜŅľĶńĭĪħĽŀĭıĸŅĽĨŇĔȮőħĵŒĝƟőľĸħ

ŏĞĸĸƢĕĬŅħȮ5 ĔŇőĸĬŇĺĨńĬȮĪŜŅĔŅĶĔħœĮĭĬıŊŘĬįŇĺĕŀĚĝŇŘĬĚŅĬȮěŜŅĬĺĬȮ5 ĝŇŘĬĚŅĬȮŏıŊŗŀľŅėƞŅŏĜĸňŗĵŐĸŃ

ĽƞĺĬŏĭňŗĵĚŏĭĬĴŅĨĶģŅĬ 

3.4.3.5 ĻŉĔļŅőėĶĚĽĶƟŅĚĽńĦģŅĬĺŇĪĵŅőħĵŒĝƟĔĸƟŀĚěŋĸĪĶĶĻĬƢŀŇŏĸŖĔĨĶŀĬŐĭĭĽƞŀĚĔĶŅħȮ

(Scanning electron microscope) ĕŀĚĝŇŘĬĚŅĬĪňŗįƞŅĬĔŅĶĪħĽŀĭĔŅĶħńħőėƟĚȮ(Flexural test) őħĵ

ĬŜŅĝŇŘĬĚŅĬĴŅĨńħĽƞĺĬĪňŗŏĔŇĬŀŀĔħƟĺĵŏėĶŊŗŀĚĨńħŏĸŏĞŀĶƢȮľĸńĚěŅĔĬńŘĬĬŜŅœĮŏėĸŊŀĭıŊŘĬįŇĺĶŀĵŐĨĔħƟĺĵĪŀĚ

ŐĸŃŐıĸĨĨŇĬńĴħƟĺĵŏĪėĬŇėȮSputtering ŏıŊŗŀĮƚŀĚĔńĬĔŅĶĽŃĽĴĕŀĚĮĶŃěŋœĲĲƚŅĕĦŃĪŜŅĔŅĶĪħĽŀĭȮ

SEM őħĵŒĝƟĔŜŅĸńĚĕĵŅĵĽŌĚĽŋħȮ2000 ŏĪƞŅȮėĺŅĴĨƞŅĚĻńĔĵƢȮ(Acceleration voltage) 5.0 kV 

3.4.4ȮĔŅĶĻŉĔļŅĽĴĭńĨŇŏĝŇĚĔĸŐĸŃĽĴĭńĨŇĪŅĚĔŅĵĳŅıĕŀĚĝŇŘĬĚŅĬıŀĸŇŐĸėĨŇĔŐŀĞŇħ
ŐĸŃĺńĽħŏĽĶŇĴŀĚėƢĮĶŃĔŀĭıŀĸŇŐĸėĨŇŐŀĞŇħįĽĴįĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢľĸńĚįƞŅĬĔŅĶěŋƞĴŐĝƞĝŇŘĬĚŅĬ
ŒĬĽŅĶĸŃĸŅĵĬŘŜŅĸŅĵŏĪňĵĴ (Artificial saliva test) ĕŀĚĝŇŘĬĚŅĬĪňŗĕŉŘĬĶŌĮěŅĔĔĶŃĭĺĬĔŅĶĜňħ
ıĸŅĽĨŇĔŐĸŃŏĪėőĬőĸĵňĔŅĶıŇĴıƢȮ3 ĴŇĨŇ 

3.4.4.1 ĪŜŅĔŅĶěŋƞĴŐĝƞĝŇŘĬĚŅĬĨńĺŀĵƞŅĚĽŜŅľĶńĭĔŅĶĪħĽŀĭĽĴĭńĨŇĨƟŅĬĪŅĬĨƞŀĔŅĶĔħŀńħȮ

(Compressive test) ĨŅĴĴŅĨĶģŅĬȮASTM D695 ĕŀĚĝŇŘĬĚŅĬĪňŗĕŉŘĬĶŌĮħƟĺĵĔĶŃĭĺĬĔŅĶĜňħĕŉŘĬĶŌĮ

ıĸŅĽĨŇĔ (Injection molding) ŐĸŃȮŏĪėőĬőĸĵňĔŅĶıŇĴıƢȮ1ȮĴŇĨŇȮőħĵŒĝƟĽŅĶĸŃĸŅĵĬŘŜŅĸŅĵŏĪňĵĴĪňŗĪŜŅ

ĔŅĶįĽĴĕŉŘĬŏŀĚĨŅĴĽŌĨĶĕŀĚȮCarter-Brugirard Saliva őħĵĴňĽƞĺĬįĽĴħńĚŐĽħĚŒĬĨŅĶŅĚĪňŗȮ3.3Ȯőħĵ

ĸŃĸŅĵŒĬĬŘŜŅĔĸńŗĬĭĶŇĽŋĪīŇśĮĶŅĻěŅĔœŀŀŀĬȮ(Deionized water) ŏĮƦĬěŜŅĬĺĬȮ1.5 ĸŇĨĶȮŐĸŃĺńħėƞŅȮpH 

ħƟĺĵŏėĶŊŗŀĚ pH Meter œħƟĮĶŃĴŅĦȮ6.8 ĪŜŅĔŅĶěŋƞĴŐĝƞħƟĺĵŒĝƟĮĶŇĴŅĦĬŘŜŅĸŅĵŏĪňĵĴȮ150 ĴŇĸĸŇĸŇĨĶȮĭĶĶěŋ

ĸĚŒĬĭňĔŏĔŀĶƢŐĸŃĬŜŅĝŇŘĬĚŅĬĴŅěŋƞĴŐĝƞȮőħĵŒĬȮ1ȮĭňĔŏĔŀĶƢěŃœĮĮĶŃĔŀĭœĮħƟĺĵĝŇŘĬĚŅĬ 2 ĔĸŋƞĴȮėŊŀ

ĝŇŘĬĚŅĬěŅĔĔĶŃĭĺĬĔŅĶĜňħĕŉŘĬĶŌĮıĸŅĽĨŇĔȮěŜŅĬĺĬȮ5 ĽŌĨĶȮŐĸŃĝŇŘĬĚŅĬěŅĔŏĪėőĬőĸĵňĔŅĶıŇĴıƢȮ1ȮĴŇĨŇȮ

ěŜŅĬĺĬȮ5 ĽŌĨĶĶĺĴŏĮƦĬȮ10 ĝŇŘĬĚŅĬŒĬȮ1 ĭňĔŏĔŀĶƢȮőħĵĪŜŅĔŅĶĪħĸŀĚŏĮƦĬěŜŅĬĺĬȮ5 ĨńĺŀĵƞŅĚ

ŏĮĶňĵĭŏĪňĵĭĔńĭĔŅĶěŋƞĴŐĝƞŒĬĬŘŜŅĔĸńŗĬĭĶŇĽŋĪīŇśĮĶŅĻěŅĔœŀŀŀĬȮ(Deionized water) ȮőħĵĪŜŅĔŅĶĭĶĶěŋ

ĝŇŘĬĚŅĬŏľĴŊŀĬĔńĬȮ 
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ĨŅĶŅĚĪňŗȮ3.3 ŐĽħĚĽƞĺĬįĽĴĕŀĚĽŅĶŏėĴňŒĬĬŘŜŅĸŅĵŏĪňĵĴĪňŗŒĝƟŒĬĚŅĬĺŇěńĵȮ[31] 
ĽŅĶŏėĴň ėĺŅĴŏĕƟĴĕƟĬȮ(ĔĶńĴ/ĸŇĨĶ) 

Sodium chloride (NaCl) 0.70 
Potassium chloride (KCl) 1.20 
Potassium dihydrogen orthophosphate (KH2PO4) 0.20 
Urea (KH2CONH2) 0.13 
Sodium hydrogen carbonate (NaHCO3) 1.50 
Potassium thiocyanate (KSCN) 0.33 
Sodium dihydrogen orthophosphate (Na2HPO4) 0.26 
 

3.4.4.2 ĻŉĔļŅĽĴĭńĨŇĔŅĶħŌħĞńĭĬŘŜŅ (Water absorption) ŐĸŃĔŅĶěŋƞĴŐĝƞŒĬĬŘŜŅĸŅĵŏĪňĵĴ 

(Artificial saliva test) ĕŀĚıŀĸŇŐĸėĨŇĔŐŀĞŇħŐĸŃĺńĽħŋŏĽĶŇĴŀĚėƢĮĶŃĔŀĭıŀĸŇŐĸėĨŇĔŐŀĞŇħįĽĴįĚ

ŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢȮħƟĺĵĝŇŘĬĚŅĬĪňŗĕŉŘĬĶŌĮħƟĺĵĔĶŃĭĺĬĔŅĶĜňħıĸŅĽĨŇĔ (Injection molding) ŐĸŃ

ŏĪėőĬőĸĵňĔŅĶıŇĴıƢȮ1ȮĴŇĨŇȮ(3D Printing)ȮőħĵĬŜŅĝŇŘĬĚŅĬĪňŗěŋƞĴŐĝƞŒĬĬŘŜŅĸŅĵŏĪňĵĴŐĸŃĬŘŜŅĔĸńŗĬĮĶŅĻěŅĔ

œŀŀŀĬ&Deionized water) ŒĬŐĨƞĸŃĭňĔŏĔŀĶƢĴŅĪŜŅĔŅĶĝńŗĚĬŘŜŅľĬńĔȮěŅĔĬńŘĬŒĝƟĔĶŃħŅļĪŇĝĝŌĞńĭĭĶŇŏĺĦ

ıŊŘĬįŇĺĕŀĚĝŇŘĬĚŅĬŒľƟŐľƟĚŐĸŃĪŜŅĔŅĶĝńŗĚħƟĺĵŏėĶŊŗŀĚĝńŗĚȮĪŜŅĔŅĶĝńŗĚĬŘŜŅľĬńĔĪŋĔŕȮ3 ĺńĬȮŏĮƦĬĶŃĵŃŏĺĸŅ 30 

ĺńĬȮőħĵĪŜŅĔŅĶĝńŗĚľĬńĔĝŇŘĬĚŅĬŒĬĪŋĔĭňĔŏĔŀĶƢĪňŗĪħĽŀĭ ěŅĔĬńŘĬĬŜŅĴŅėŜŅĬĺĦľŅŏĮŀĶƢŏĞŖĬĬŘŜŅľĬńĔĪňŗ

ŏıŇŗĴĕŉŘĬĨŅĴĽĴĔŅĶĪňŗȮ3.5 

#Ucgefr;Ȯ
u0-u/
u/
×/..         (ĽĴĔŅĶĪňŗȮ3.5) 

őħĵȮ w1 ėŊŀȮĬŘŜŅľĬńĔŐľƟĚĕŀĚĝŇŘĬĚŅĬĔƞŀĬĔŅĶĪħĽŀĭ 

 w2 ėŊŀȮĬŘŜŅľĬńĔĝŇŘĬĚŅĬŏĮƖĵĔȮĦȮĺńĬȮĪňŗĪħĽŀĭ 

 3.4.4.3 ĻŉĔļŅĔŅĶŏĮĸňŗĵĬŐĮĸĚŏĜħĽňĕŀĚıŀĸŇŐĸėĨŇĔŐŀĞŇħŐĸŃĺńĽħŋŏĽĶŇĴŀĚėƢĮĶŃĔŀĭıŀĸŇ

ŐĸėĨŇĔŐŀĞŇħįĽĴįĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢȮĕŀĚĝŇŘĬĚŅĬĕŉŘĬĶŌĮħƟĺĵĔĶŃĭĺĬĔŅĶĜňħıĸŅĽĨŇĔ (Injection 

molding) ŐĸŃŏĪėőĬőĸĵňĔŅĶıŇĴıƢȮ1ȮĴŇĨŇȮ(3D Printing)ȮĔƞŀĬŐĸŃľĸńĚěŋƞĴŐĝƞŒĬĬŘŜŅĸŅĵŏĪňĵĴħƟĺĵ

ŏėĶŊŗŀĚȮColor reader őħĵĪŜŅĔŅĶĺńħŒĬĨŌƟœĲŐĸŃŒĝƟŐĽĚŐĭĭȮdaylightȮĺńħėƞŅȮLȮa ŐĸŃȮb ěŅĔĬńŘĬĬŜŅœĮ

ėŜŅĬĺĦŏĮƦĬėƞŅȮƇCȮœħƟĨŅĴĽĴĔŅĶĪňŗȮ3.6ȮŏıŊŗŀıŇěŅĶĦŅĔŅĶŏĮĸňŗĵĬŐĮĸĚŏĜħĽňőħĵĪŜŅĔŅĶĺńħĽňŒĬĪŋĔ

ĨńĺŀĵƞŅĚĪňŗĪŜŅĔŅĶĪħĽŀĭ 
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   ƇC;Ȯ&J0-J/'
0
)&_0-_/'

0
)&̀0-̀ /'

0
Ȯ              (ĽĴĔŅĶĪňŗȮ3.6) 

őħĵȮ L1, a1 ŐĸŃȮb1 ŏĮƦĬėƞŅĪňŗĺńħœħƟěŅĔĝŇŘĬĚŅĬĔƞŀĬĔŅĶĪħĽŀĭȮ 

 L2, a2 ŐĸŃȮb2 ŏĮƦĬėƞŅĪňŗĺńħœħƟěŅĔĝŇŘĬĚŅĬľĸńĚĔŅĶĪħĽŀĭľĸńĚȮ 

 3.4.4.4 ĻŉĔļŅĽĴĭńĨŇĨƟŅĬĪŅĬĨƞŀĔŅĶĔħŀńħȮ(Compressive test) ĨŅĴĴŅĨĶģŅĬASTM 

D695 ĳŅĵŒĬľƟŀĚĪňŗėĺĭėŋĴŀŋĦľĳŌĴŇĪňŗȮ25 oC ĕŀĚĝŇŘĬĚŅĬĪňŗĕŉŘĬĶŌĮħƟĺĵĔĶŃĭĺĬĔŅĶĜňħıĸŅĽĨŇĔ 

(Injection molding) ŐĸŃŏĪėőĬőĸĵňĔŅĶıŇĴıƢȮ1ȮĴŇĨŇȮ(3D Printing)ȮőħĵŒĝƟőľĸħŏĞĸĸƢĕĬŅħȮ30ȮĔŇőĸ

ĬŇĺĨńĬȮŐĸŃŒĝƟŀńĨĶŅĔŅĶĔħ 1.3ȮĴŇĸĸŇŏĴĨĶĨƞŀĬŅĪň őħĵĪħĽŀĭľŅėƞŅȮCompressive modulus ŐĸŃ

ėƞŅȮCompressive strength ĪŜŅĔŅĶĪħĽŀĭĽŌĨĶĸŃȮ5 ĝŇŘĬĚŅĬȮŏıŊŗŀľŅėƞŅŏĜĸňŗĵŐĸŃĽƞĺĬŏĭňŗĵĚŏĭĬ

ĴŅĨĶģŅĬ 

3.4.4.5 ĻŉĔļŅėĺŅĴŐĕŖĚıŊŘĬįŇĺȮ(shore hardness test) ĨŅĴĴŅĨĶģŅĬȮASTM D2240 ĕŀĚ

ĝŇŘĬĚŅĬĪňŗĕŉŘĬĶŌĮħƟĺĵĔĶŃĭĺĬĔŅĶĜňħıĸŅĽĨŇĔ (Injection molding) ŐĸŃŏĪėőĬőĸĵňĔŅĶıŇĴıƢȮ1ȮĴŇĨŇȮ

(3D Printing)ȮőħĵŒĝƟŏėĶŊŗŀĚȮDurometer ľńĺĔħĝĬŇħȮShore D ĽŜŅľĶńĭĪħĽŀĭıĸŅĽĨŇĔȮőħĵŒĝƟőľĸħ

ŏĞĸĸƢĕĬŅħȮ5 ĔŇőĸĬŇĺĨńĬȮĪŜŅĔŅĶĔħœĮĭĬıŊŘĬįŇĺĕŀĚĝŇŘĬĚŅĬȮěŜŅĬĺĬȮ5 ĝŇŘĬĚŅĬȮŏıŊŗŀľŅėƞŅŏĜĸňŗĵŐĸŃ

ĽƞĺĬŏĭňŗĵĚŏĭĬĴŅĨĶģŅĬ 

3.4.4.6 ĻŉĔļŅőėĶĚĽĶƟŅĚĽńĦģŅĬĺŇĪĵŅőħĵŒĝƟĔĸƟŀĚěŋĸĪĶĶĻĬƢŀŇŏĸŖĔĨĶŀĬŐĭĭĽƞŀĚĔĶŅħȮ

(Scanning electron microscope) ĕŀĚĝŇŘĬĚŅĬĪňŗįƞŅĬĔŅĶĪħĽŀĭĔŅĶħńħőėƟĚȮ(Flexural test) őħĵ

ĬŜŅĝŇŘĬĚŅĬĴŅĨńħĽƞĺĬĪňŗŏĔŇĬŀŀĔħƟĺĵŏėĶŊŗŀĚĨńħŏĸŏĞŀĶƢȮľĸńĚěŅĔĬńŘĬĬŜŅœĮŏėĸŊŀĭıŊŘĬįŇĺĶŀĵŐĨĔħƟĺĵĪŀĚ

ŐĸŃŐıĸĨĨŇĬńĴħƟĺĵŏĪėĬŇėȮSputtering ŏıŊŗŀĮƚŀĚĔńĬĔŅĶĽŃĽĴĕŀĚĮĶŃěŋœĲĲƚŅĕĦŃĪŜŅĔŅĶĪħĽŀĭȮ

SEM őħĵŒĝƟĔŜŅĸńĚĕĵŅĵĽŌĚĽŋħȮ2000 ŏĪƞŅȮėĺŅĴĨƞŅĚĻńĔĵƢȮ(Acceleration voltage) 5.0 kV 
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ĭĪĪňŗȮ4  
įĸĔŅĶĪħĸŀĚŐĸŃĺŇěŅĶĦƢįĸĔŅĶĪħĸŀĚ 

ĚŅĬĺŇěńĵĬňŘĴňĺńĨĩŋĮĶŃĽĚėƢŏıŊŗŀĻŉĔļŅŐĸŃľŅĺńĽħŋĪħŐĪĬĽŜŅľĶńĭŒĝƟŏĮƦĬĺńĽħŋėĶŀĭĲƤĬĪŅĚĪńĬĨȮ

ĔĶĶĴĝńŗĺėĶŅĺ (Temporary dental crown)ȮőħĵŒĬĮƤěěŋĭńĬĪňŗėĶŀĭĲƤĬĝńŗĺėĶŅĺĽƞĺĬĴŅĔĪŜŅĴŅěŅĔ

ĺńĽħŋĮĶŃŏĳĪıŀĸŇŏĴŀĶƢěŜŅıĺĔŀŃėĶŇĸŇĔȮŏĝƞĬȮPMMA ȮĞŉŗĚĵƞŀĵĽĸŅĵŒĬīĶĶĴĝŅĨŇœħƟĵŅĔȮĚŅĬĺŇěńĵĬňŘěŉĚĴň

ŐĬĺėŇħľŅĺńĽħŋĪħŐĪĬĽŜŅľĶńĭĪňŗėĶŀĭĲƤĬĝńŗĺėĶŅĺěŅĔıŀĸŇŏĴŀĶƢĪňŗĽŅĴŅĶĩĵƞŀĵĽĸŅĵœħƟŒĬīĶĶĴĝŅĨŇ

ŐĸŃĽŅĴŅĶĩĕŉŘĬĶŌĮħƟĺĵĔĶŃĭĺĬĔŅĶıŇĴıƢĳŅıȮ3 ĴŇĨŇ ŏĬŊŗŀĚěŅĔĪňŗėĶŀĭĲƤĬĝńŗĺėĶŅĺĬńŘĬĴňĔŅĶŒĝƟĚŅĬŏıňĵĚȮ

2 ĽńĮħŅľƢŏĪƞŅĬńŘĬĔƞŀĬěŃĪŜŅĔŅĶŒĽƞĲƤĬĮĸŀĴŏĕƟŅœĮȮőħĵĺńĽħŋĪňŗįŌƟĺŇěńĵĽĬŒěĬŜŅĴŅĻŉĔļŅėŊŀȮıŀĸŇŐĸėĨŇĔ

ŐŀĞŇħȮĞŉŗĚıŀĸŇŐĸėĨŇĔŐŀĞŇħŏĮƦĬıŀĸŇŏĴŀĶƢĪňŗĽŅĴŅĶĩĵƞŀĵĽĸŅĵŒĬīĶĶĴĝŅĨŇœħƟȮŀňĔĪńŘĚĵńĚĬŇĵĴŒĝƟŒĬĔŅĶ

ĬŜŅœĮĕŉŘĬĶŌĮĝŇŘĬĚŅĬĨƟĬŐĭĭȮ(Prototype) ħƟĺĵŏĪėőĬőĸĵňĔŅĶıŇĴıƢȮ3 ĴŇĨŇȮŐĸŃŒĬĚŅĬĺŇěńĵĬňŘěŃŏĽĶŇĴŐĶĚ

ıŀĸŇŐĸėĨŇĔŐŀĞŇħħƟĺĵįĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢŏıŊŗŀŒľƟĴňĽňĪňŗŒĔĸƟŏėňĵĚĔńĭĲƤĬěĶŇĚŐĸŃĴňĽĴĭńĨŇŏĝŇĚėĺŅĴĶƟŀĬ

ŐĸŃĽĴĭńĨŇŏĝŇĚĔĸĪňŗħňĵŇŗĚĕŉŘĬȮħńĚĬńŘĬŒĬĚŅĬĺŇěńĵĬňŘěŃŏĔňŗĵĺĕƟŀĚĔńĭĔŅĶįĽĴŐĸŃĺŇŏėĶŅŃľƢĽĴĭńĨŇŏĝŇĚĔĸȮ

ĽĴĭńĨŇŏĝŇĚėĺŅĴĶƟŀĬȮŐĸŃĽĴĭńĨŇĪŅĚĔŅĵĳŅıĕŀĚıŀĸŇŐĸėĨŇĔŐŀĞŇħŐĸŃĺńĽħŋŏĽĶŇĴŀĚėƢĮĶŃĔŀĭıŀĸŇȮȮ

ŐĸėĨŇĔŐŀĞŇħįĽĴĔńĭįĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢȮĪňŗĮĶŇĴŅĦȮ5% 10% 15% ŐĸŃȮ20% őħĵĬŘŜŅľĬńĔȮőħĵ

įƞŅĬĔŅĶĕŉŘĬĶŌĮħƟĺĵĔĶŃĭĺĬĔŅĶĜňħĕŉŘĬĶŌĮıĸŅĽĨŇĔľĶŊŀŏĪėőĬőĸĵňĔŅĶıŇĴıƢȮ3 ĴŇĨŇȮőħĵŐĭƞĚĔŅĶĪħĸŀĚ

ŀŀĔŏĮƦĬȮ3 ĕńŘĬĨŀĬħńĚĬňŘ 

 ĨŀĬĪňŗȮ1 ĔŅĶįĽĴȮĔŅĶĕŉŘĬĶŌĮŐĸŃĔŅĶıŇĽŌěĬƢŏŀĔĸńĔļĦƢĕŀĚıŀĸŇŐĸėĨŇĔŐŀĞŇħŐĸŃĺńĽħŋŏĽĶŇĴ

ŀĚėƢĮĶŃĔŀĭıŀĸŇŐĸėĨŇĔŐŀĞŇħįĽĴįĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢ 

 ĨŀĬĪňŗȮ2 ĔŅĶĻŉĔļŅĽĴĭńĨŇŏĝŇĚĔĸȮĽĴĭńĨŇĪŅĚėĺŅĴĶƟŀĬȮŐĸŃĽĴĭńĨŇĪŅĚĔŅĵĳŅıĕŀĚȮȮȮȮȮȮȮȮȮȮȮȮ

ıŀĸŇŐĸėĨŇĔŐŀĞŇħŐĸŃĺńĽħŋŏĽĶŇĴŀĚėƢĮĶŃĔŀĭıŀĸŇŐĸėĨŇĔŐŀĞŇħįĽĴįĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢĪňŗĮĶŇĴŅĦ

ĨƞŅĚŕĕŀĚĕŉŘĬĚŅĬĪňŗĕŉŘĬĶŌĮħƟĺĵĔĶŃĭĺĬĔŅĶĜňħıĸŅĽĨŇĔȮ 

 ĨŀĬĪňŗȮ3 ĔŅĶĻŉĔļŅĽĴĭńĨŇŏĝŇĚĔĸȮĽĴĭńĨŇĪŅĚėĺŅĴĶƟŀĬ ŐĸŃĽĴĭńĨŇĪŅĚĔŅĵĳŅıĕŀĚıŀĸŇŐĸ

ėĨŇĔŐŀĞŇħŐĸŃĺńĽħŋŏĽĶŇĴŀĚėƢĮĶŃĔŀĭıŀĸŇŐĸėĨŇĔŐŀĞŇħįĽĴįĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢĪňŗĮĶŇĴŅĦĨƞŅĚŕĕŀĚ

ĝŇŘĬĚŅĬĪňŗĕŉŘĬĶŌĮħƟĺĵŏĪėőĬőĸĵňĔŅĶıŇĴıƢȮ3 ĴŇĨŇȮ 

ĨŀĬĪňŗȮ4 ĻŉĔļŅĽĴĭńĨŇŏĝŇĚĔĸ ĽĴĭńĨŇĪŅĚĔŅĵĳŅıȮıŀĸŇŐĸėĨŇĔŐŀĞŇħŐĸŃĺńĽħŋŏĽĶŇĴ

ŀĚėƢĮĶŃĔŀĭıŀĸŇŐĸėĨŇĔŐŀĞŇħįĽĴŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢĪňŗĮĶŇĴŅĦĨƞŅĚŕľĸńĚįƞŅĬĔŅĶěŋƞĴŐĝƞĝŇŘĬĚŅĬŒĬ



  55 

ĽŅĶĸŃĸŅĵĬŘŜŅĸŅĵŏĪňĵĴ (Artificial saliva test)ȮĕŀĚĝŇŘĬĚŅĬĪňŗĕŉŘĬĶŌĮħƟĺĵĔĶŃĭĺĬĔŅĶĜňħıĸŅĽĨŇĔľĶŊŀ

ŏĪėőĬőĸĵňĔŅĶıŇĴıƢȮ3 ĴŇĨŇ 

őħĵŒĬĚŅĬĺŇěńĵĬňŘĴňěŃĺŇŏėĶŅŃľƢįĸħƟĺĵĔŅĶėŜŅĬĺĦĪŅĚĽĩŇĨŇħƟĺĵĺŇīň ĺŇŏėĶŅŃľƢėĺŅĴŐĮĶĮĶĺĬ

ĪŅĚŏħňĵĺȮ(One-way ANOVA) ħƟĺĵĺŇīňĕŀĚȮR.A. Fisher ĪňŗėĺŅĴŏĝŊŗŀĴńŗĬȮ95%  

 

4.1 ĔŅĶįĽĴŐĸŃĔŅĶĕŉŘĬĶŌĮĕŀĚıŀĸŇŐĸėĨŇĔŐŀĞŇħŐĸŃĺńĽħŋŏĽĶŇĴŀĚėƢĮĶŃĔŀĭıŀĸŇŐĸėĨŇĔŐŀĞŇħ
įĽĴŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢ 

4.1.1 ĔŅĶıŇĽŌěĬƢŏŀĔĸńĔļĦƢĕŀĚįĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢľĸńĚįƞŅĬĔŅĶĮĶńĭĮĶŋĚĽĳŅııŊŘĬįŇĺ
ħƟĺĵĽŅĶŏĝŊŗŀĴĮĶŃĽŅĬœĞŏĸĬȮAPSȮħƟĺĵŏĪėĬŇėȮFTIRȮ 

 
ĶŌĮĪňŗȮ4.1 IR Spectrum ĕŀĚįĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢĪňŗœĴƞįƞŅĬĔŅĶĮĶńĭĮĶŋĚıŊŘĬįŇĺ(Untreated Al2O3) 
ŐĸŃįƞŅĬĔŅĶĮĶńĭĮĶŋĚıŊŘĬįŇĺħƟĺĵĽŅĶŏĝŊŗŀĴĮĶŃĽŅĬœĞŏĸĬȮ(APS treated Al2O3) 

ĔŅĶĮĶńĭĮĶŋĚıŊŘĬįŇĺĕŀĚįĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢĬńŘĬŏıŊŗŀĝƞĺĵŒľƟıŊŘĬįŇĺĕŀĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢĪňŗĮĔ

ėĸŋĴħƟĺĵľĴŌƞœŁħĶŀĔĞŇĸ(ůOH) ĬńŘĬĴňĮĶŇĴŅĦĪňŗĸħĸĚŐĸŃŏĔŇħėĺŅĴŏĕƟŅĔńĬœħƟĔńĭıŀĸŇŏĴŀĶƢĪňŗĬŜŅĴŅįĽĴ

ħƟĺĵėŊŀıŀĸŇŐĸėĨŇĔŐŀĞŇħ ěŉĚěŜŅŏĮƦĬĨƟŀĚľŅĽŅĶŏĝŊŗŀĴĮĶŃĽŅĬœĞŏĸĬȮAPS ĪňŗĽŅĴŅĶĩĪŜŅĮĢŇĔŇĶŇĵŅĔńĭ

ľĴŌƞœŁħĶŀĔĞŇĸ(ůOH) ĕŀĚįĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢ ŐĸŃŏĕƟŅĔńĬĔńĭıŀĸŇŐĸėĨŇĔŐŀĞŇħȮŒĬĚŅĬĺŇěńĵĬňŘŒĝƟȮ1-

Aminopropyl triethoxysilane &APS' ŒĬĔŅĶĮĶńĭĮĶŋĚıŊŘĬįŇĺĕŀĚįĚŀĸŌĴŇŏĬňĵĴŀŀĔœĞħƢ őħĵȮAPSȮ



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 



 


