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ത࢜࿦จ

಺༰֓ߎ

ંΓࢴ͸͔͘ݹΒ਌͠·Ε͖ͯͨจԽͰ͋Γܳज़Ͱ͋ͬͨɻ࣌୅͕ਐΉʹͭΕંΓࢴ͸ֶ޻ʹऔΓࠐ·Εɺં

Γߏࢴ଄Λ༻͍Δ͜ͱͰݻڧͳߏ଄Λ࣮ͨ͠ݱɻߋʹંΓߏࢴ଄͸ܰ͘ബ͍ͨΊɺอଘͷͨΊͷ৔ॴ΍༌ૹͷͨ

ΊͷΤωϧΪʔɺ͞Βʹ͸ࡐྉΛઅ໿Ͱ͖Δɻػࢉܭͷೳྗ্͕͕ͬͨࠓɺෳࡶͳંΓઢύλʔϯ΍ંΓࢴͷม

ͷղੳ͕Ͱ͖ܗͷ࿈ଓతͳมࢴɻંΓ͕ͨͬ޿ʹؾͷ෯͸ҰࢴղੳͰ͖ΔΑ͏ʹͳΓɺંΓ͔͘ࡉͳͲ͕ࢠͷ༷ܗ

ΔΑ͏ʹͳͬͨࠓɺಈ͖ͷෆٞ͞ࢥͱֶ޻తʹ༗༻ͳੑ࣭͔Βม͢ܗΔંΓ͕ࢴண໨͞Ε͍ͯΔɻ͔͠͠ંΓࢴ

ͷมܗʹ͸ɺܰ͞΋ബ͞΋ॏ͞ࢹΕ͍ͯͳ͔͔ͬͨߏػΒมܗͷͨΊͷߏػΛԉ༻͍ͯ͠Δঢ়ଶͰ͋Δɻͦͷͨ

ΊંΓࢴͷܰ͞ɾബ͞Λॏ͠ࢹͳ͍มܗͷͨΊͷ͕ߏػɺંΓࢴͷར఺Ͱ͋Δܰബ͞Λଛͳ͍ͬͯͨɻຊ࿦จͰ

͸มܗͷͨΊͷߏػͱճ࿏͑ܰ͞ബʹ࣮͠ݱɺંΓࢴͷར఺Λ࠷େ͔ͨ͠׆ʹݶม͢ܗΔંΓࢴΛ࣮͢ݱΔɻ

·ͣऔΓ૊Μͩڀݚ͸ɺࢴʹಋిੑΠϯΫΛҹߏͯ͠࡮੒໘શͯΛిؾతʹ઀ଓ͢ΔڀݚͰ͋ΔɻંΓࢴͷࢸ

ΔॴͰมܗΛͨ͢͜ىΊʹ͸ɺંΓࢴͷࢸΔॴ΁ΤωϧΪʔΛ͢څڙΔඞཁ͕͋Δɻଟ͘ͷΞΫνϡΤʔλͰ༻

͍ΔిؾΤωϧΪʔΛંΓࢴશମʹ͖ߦ౉ΒͤΔͨΊɺࢴશମʹ͕޿Δಋઢ͕ඞཁͰ͋ΔɻࢴʹಋిੑΠϯΫΛ

ҹܰ͠࡮ബ͔ͭ҆ՁʹಋઢΛ࣮͢ݱΔ࣮૷ํ๏ͷڀݚ͸ࠓ·ͰߦΘΕ͖͕ͯͨɺຊڀݚͰ͸ͦͷ഑ઢύλʔϯʹ

౿ΈࠐΈɺંΓ͕ࢴ༗͢Δ਺ֶతɾزԿֶతͳੑ࣭Λ׆༻ͯ͠ҹ࡮ͷΈͰશͯͷߏ੒໘΁ͷ഑ઢΛ࣮ͨ͠ݱɻ͜

ͷΞϧΰϦζϜʹ͸഑ઢͷՄ൱൑ผ΍ɺෆՄೳͰ͋ͬͨ৔߹ʹ഑ઢΛՄೳͱ͢ΔંΓࢴ΁ͷઃܭมߋ΋ؚΉɻͦ

ͯ͠શମ΁ͷ഑ઢͷԠ༻ྫͱͯ͠ɺಋిੑΠϯΫΛҹߏͨ͠࡮੒໘Λిۃͱͯ͠ѻ͏ɺࢴશମΛΞΫνϡΤʔλͱ

͢ΔεϐʔΧΛՄೳͱͨ͠ɻ͜ͷख๏ʹΑΓંΓࢴͷશମʹిؾΤωϧΪʔΛ౸ୡͤ͞ΒΕɺંΓࢴͷมܗΛࢸ

ΔॴͰ࣮ݱͰ͖Δɻ

ෆՄೳͰ͋ΔɻͦͷͨΊ഑ઢ͚ͩͰͳ͕ޚ͸ಉ࣌ʹੜ͡ɺ࣌ؒతͳ੍ܗͷมࢴతʹ઀ଓ͚ͨͩ͠Ͱ͸ંΓؾి
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νϡΤʔλ΁ͷڅڙΛ࣮͢ݱΔɻ·ͣંΓࢴͷܗঢ়Λೖྗͱ͢ΔͨΊʹɺͦΕͧΕͷંΕઢͷ֯౓ʹΑͬͯಋ௨

ͱஅઢΛ੾Γସ͑Δߏ଄Λ͑ߟΔɻͦͯ͜͠ͷߏ଄Λ௚ྻɾฒྻ઀ଓ͢Δ͜ͱͰɺંΕઢͷ֯౓ͷ૊Έ߹Θͤʹ

Αͬͯಋ௨ɾஅઢΛ੾Γସ͑Δճ࿏Λ࣮͢ݱΔɻ͜ͷճ࿏ΛɺిݯͱΞΫνϡΤʔλΛ઀ଓ͢Δಋઢʹૠೖ͢Δ

͜ͱͰɺંΓࢴͷܗঢ়ʹΑͬͯɺΞΫνϡΤʔλ΁ͷిݯͷڅڙΛ੍͢ޚΔɻ͜ͷճ࿏Λ࿦ཧࣜͱରԠͤ͞Δ͜

ͱͰɺॴ๬ͷλΠϛϯάͰॴ๬ͷΞΫνϡΤʔλΛۦಈ͢Δճ࿏Λ࣮͠ݱɺมܗͷॱংΛ੍ͨ͠ޚɻຊఏҊ͸೚

ҙͷ࿦ཧࣜʹରԠͰ͖ɺ֤ΞΫνϡΤʔλΛ೚ҙͷ৚݅ͰۦಈͰ͖Δɻ͜ͷख๏ʹΑΓબ୒తʹΞΫνϡΤʔλ

Ͱ͖ΔɻޚͷॱংΛ੍ܗͷมࢴɺંΓ͠څڙΛݯిʹ

ંΓࢴͷมܗ͸ɺ΋ͪΖΜΞΫνϡΤʔλͰྗΛ༩͑Δ͜ͱʹΑͬͯ΋ੜ͡Δ͕ɺྗͦͷ΋ͷ͕ػցతʹ఻Θ

Δ͜ͱͰ΋ੜ͡Δɻͦ͜ͰɺߏػͷΈͰͷมܗͷ૬࡞ޓ༻ʹண໨͠ɺػցతͳมܗͷ఻ൖʹ͍ͭͯͨ͠ڀݚɻં

Γࢴͷมܗʹ͸ɺ߶ମંͱݺ͹ΕΔંΓ໨ͷ֯౓ͷΈ͕มԽ͢Δมܗͱ͸ผʹɺߏ੒໘ͷ஄ੑมܗΛؚΉม͕ܗ

ଘ͢ࡏΔɻ͜ͷΑ͏ͳมܗͰ͸ંΓࢴ಺෦ʹ஄ੑΤωϧΪʔ͕஝͑ΒΕɺͦΕΏ͑ͦͷΤωϧΪʔΛ׆༻Ͱ͖Ε

͹ɺ࣍ͷมܗΛ࣮ݱͰ͖Δɻ஄ੑมܗΛ൐͏ંΓࢴΛػցతʹ઀ଓ͢Δ͜ͱͰɺมܗΛ఻ൖͤ͞ΔߏػΛ࣮͠ݱ

ͨɻຊ࿦จͰ͸ԁ౵ંͱݺ͹ΕΔෳ਺ͷ҆ఆͳঢ়ଶΛ࣋ͭંΓࢴΛ༻͍ɺҟͳΔ҆ఆঢ়ଶ΁ͱભҠ͢Δม͕࣍ܗʑ
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తʹ͸ɺෳ਺ͷંΓ໨Λ੍͢ޚΔ৔߹ʹ͸ͦͷંΓ໨ʹͦΕͧΕରԠ͢ΔΞΫνϡΤʔλΛඞཁͱ͢Δɻ͔͠͠

ΞΫνϡΤʔλͷ૿Ճ͸ܰബ͞Λࣦ͏ཁҼͷҰͭͰ͋ΓɺંΓߏػࢴͷΈͰॱংಈ࡞Λ࣮ݱͰ͖Ε͹େ෯ͳܰബ

Խ͕ՄೳͱͳΔɻػցతͳมܗͷ఻ൖ͸ɺશͯಉ͡ܗঢ়ͷંΓࢴʹΑ࣮͕ͬͯͨ͠ݱɺԁ౵ંͷύϥϝʔλΛͦ

ΕͧΕௐઅ͠ɺԁ౵ંͷ஄ੑΤωϧΪʔΛมԽͤ͞Δ͜ͱͰɺԁ౵ં͝ͱʹม͕ܗੜ͡ΔλΠϛϯάʹࠩҟ͕ੜ

͡Δɻ͜ͷΑ͏ʹંΓ໨ύλʔϯͷࠩʹΑͬͯ෺ཧಛੑ͕ҟͳΔԁ౵ં͸ɺม͕ܗҟͳΔ͚ͩͰͳ͘ɺ஄ੑมܗʹ

ΑΔ཭ࢄతͳ҆ఆͳঢ়ଶΛ࣋ͭੑ࣭ʹΑΓɺஈ֊తʹม͢ܗΔɻ͕ͨͬͯ͠ɺ1ΞΫνϡΤʔλͰͷ੍ޚʹ΋͔͔

ΘΒͣஈ֊తʹԁ౵ં͕ม͢ܗΔߏ଄͕ՄೳͰ͋Δɻͦͯ͠ંΓࢴͷભҠͷॱ൪ʹଘ͢ࡏΔώεςϦγεಛੑ౳

΋·ͱΊɺંΓࢴͷมܗͷॱংΛ੍ޚͰ͖ΔߏػΛ࣮ͨ͠ݱɻ͜ͷख๏ʹΑΓɺંΓઢͷ޻෉ͷΈͰંΓࢴͷม

Ͱ͖ɺ·ͨॴ๬ͷંΓ໨ͷΈΛંͬͨঢ়ଶ΋ޚͷॱংΛ੍ܗ 1ΞΫνϡΤʔλͰ࣮ݱͰ͖Δɻ
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ͷ·ͱࢴΔંΓ͢ܗΛ౷߹ͨ͠ҠಈϩϘοτΛ࣮૷͢Δ͜ͱͰมޚցతͳ੍ػͱޚతͳ੍ؾɺిʹޙ࠷ͯͦ͠

Ίͱ͢Δɻԁ౵ં͸ల։ঢ়ଶͱऩॖঢ়ଶͰ҆ఆͰ͋Γɺͦͷ 2ঢ়ଶʹ͸௕͞Ҏ֎ʹ΋༷ʑͳܗঢ়ύϥϝʔλΛม

Խͤ͞Δɻ͜ΕΒͷมԽΛ༻͍ͯ஍໘ͱͷຎࡲΛ੍͢ޚΔͳͲɺڥ؀ͱͷ૬࡞ޓ༻Λ੍͠ޚҠಈΛ࣮͢ݱΔɻҠ

ಈʹ͸ԁ౵ંΛॱʹ৳ॖͤ͞Δඞཁ͕͋Γɺ͜ͷॱংΛԁ౵ંͷંΓઢύλʔϯͷ޻෉ʹΑ࣮ͬͯ͢ݱΔ͜ͱͰɺ

1ΞΫνϡΤʔλͰͷҠಈΛ࣮͢ݱΔɻͦͯ͠͞Βʹɺ͜ͷΞΫνϡΤʔλΛંΓࢴͷܗঢ়Λೖྗͱͨ͠࿦ཧճ࿏

Ͱిؾతʹ੍͢ޚΔɻຊ࿦จͰఏҊ͢Δԁ౵ંͱ࿦ཧճ࿏͸ܰബͳߏػͱճ࿏Ͱ͋ΓɺܰബͳߏػʹΑͬͯંΓࢴ

ͷมܗΛ͜͢͜ىͱʹ੒ޭ͍ͯ͠Δɻຊ࿦จ͸Ҏ্ͷྲྀΕͰܰബͳ੍ޚճ࿏ͱܰബͳػցཁૉͰҠಈϩϘοτΛ

ɻͨ͠ݱ࣮
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ୈ1ষ

͸͡Ίʹ

1.1 ຊڀݚ

ຊڀݚͰ͸ɺંΓࢴͷมܗΛܰ͢͜ىബͳߏػͱճ࿏ΛఏҊ͢Δɻओͳ੒Ռ͸

• ંΓઢύλʔϯ͕Ұචॻ͖ՄೳͰ͋Ε͹ҹ࡮ͷΈͰ࿈ଓͨ͠ిۃύλʔϯΛ࣮ݱͰ͖Δੑ࣭ͷൃݟ

• ௚ྲྀిݯͱಔςʔϓճ࿏ͷΈͰͷܗঢ়هԱ߹ۚͷ੍ޚʹΑΔɺંΓࢴͷ܁Γฦ͠มܗಈ࡞ͷ࣮ݱ

• ඇରশͳϙςϯγϟϧΤωϧΪʔʹΑΔɺંΓࢴͷมܗΛ࣍ʑͱؾి͢͜ىΛ༻͍ͳ͍ߏ଄ͷ࣮ݱ

• ෳ਺ͷ૒҆ఆߏ଄Λ૊Έ߹ΘͤʹΑΔɺ1ΞΫνϡΤʔλͰͷෳ਺ͷંΓ໨ΛॱʹંΔ੍ޚͷ࣮ݱ

Ͱ͋Γɺ͜ΕΒΛશͯܰͯ͘ബ͍ߏ଄Ͱ࣮ͨ͠ݱɻ͜ΕΒʹΑΓંΓࢴΛܰബͳߏػͱճ࿏Ͱมܗɾ੍ͤ͞ޚΒ

ΕΔɻ

1.1.1 ંΓࢴɾંΓֶ޻ࢴɾંࢉܭΓࢴɾͦͯ͠ຊڀݚͷ໨త

ંΓࢴ

ંΓࢴͱ͸ɺ஗͘ͱ΋࣌ށߐ୅ʹ͸೔ຊͰָ͠·Ε͍ͯͨจԽͰ͋Γܳज़Ͱ͋ΓɺࢴΛંΔߦҝͱંΒΕͨࢴ

ͷ૒ํΛંΓࢴͱݺͿɻࢴΛંΔ͜ͱͰฏ໘ܗঢ়ͷ໛༷Λ࢈Έ͚ͩͩ͢Ͱͳ͘ɺཱମܗঢ়Λ࡞Γ্͛ΒΕɺͦͷ

͸ਤʹࢴΒંΔ੍໿΋ָ͠ΊΔɻ༗໊ͳંΓ͔ࢴঢ়ͷܳज़తͳඒ͠͞ͷΈͳΒͣɺ1ຕͷܗ 1.1ͷΑ͏ͳંΓ௽͕

ଘ͢ࡏΔɻʮࢴʯΛંΔߦҝʹ੍͢ݶΕ͹ɺਓ͕ؒߦ͏ߦҝͱͳΔ͕ɺฏ໘্ͷ෺ମΛંΓͳ͕Βऩೲ͢Δೳྗ

ਤ 1.1: චऀ੍͕ંͨ͠࡞Γ௽ɻܳज़తʹ͸༏Ε͍ͯΔ͔΋͠Εͳ͍͕ɺֶ޻తʹ͸ಛʹՁ஋͸ͳ͍ɻ

͸২෺΍ಈ෺ͷମۥʹ΋ݟΒΕΔ [1]ɻਐԽΛ܁Γฦͨ݁͠Ռɺಛʹࠛ஬ͷᠯ͸ɺඈ࣌ߦʹͷ໘ੵ͚ͩͰͳ͘ᠯ຺

ͷҐஔ΍ల։࣌ؒͳͲ΋ྀͨ͠ߟඒ͘͠߹ཧతͳંΓ৞ΈύλʔϯΛ࣮͍ͯ͠ݱΔ [2]ɻ·ͨҙࢥΛ࣋ͨͳ͍෺ମ

Ͱ͑͞ɺ੍ڧతʹԡͭ͠Ϳͤ͹ࣗવ͕උ͑Δ࠷খ࡞༻ͷݪཧͷ݁Ռͱͯ͠෺ମΛฏୱʹંΓ৞ΉંΓઢύλʔϯ

Λੜ੒͢Δɻ͜ΕΒͷύλʔϯ͸ָͯ͘͠ݟඒ͠͞Λ͡ײΒΕΔ͚ͩͰͳ͘ɺֶ޻తʹ༗༻ͳੑ࣭΋࣋ͭɻ
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ંΓֶ޻ࢴ

ંΓࢴ͸ͦͷͨݟ໨΍਺ֶతͳඒ͠͞Λ͚࣋ͭͩͰ͸ͳ͘ɺֶ޻ͷ෼໺ʹਐग़͍ͯ͠Δɻྫ͑͹ɺਓ޻Ӵ੕ʹ౥

͸ͦͷ୅දͰ͋Δࢴ͹ΕΔંΓݺ଄͸༗໊Ͱ͋Γɺϛ΢ϥંΓͱߏΕͨંΓͨͨΈ͞ࡌ [3]ɻંΓֶ޻͕ࢴͷ෼໺

ʹਐग़ͨ͠ཧ༝ɾੑ࣭͸͍͔ͭ͋͘Δ͕ɺ͜͜Ͱ͸ओཁͳ 3఺Λಛʹ঺հ͢Δɻ

1఺໨͸ɺϖΠϩʔυϑΣΞϦϯάͷΑ͏ͳݶΒΕۭͨؒʹେ͖ͳߏ଄Λ٧ΊࠐΉͨΊʹඞཁͳʮίϯύΫτʹ

ંΓ৞ΊΔੑ࣭ʯͰ͋Δ [4, 5]ɻંΓࢴ͸ͦͷ໊ͷ௨Γݩͷܗঢ়͸ฏ໘Ͱ͋Γɺฏ໘͸ബͯ͘৔ॴΛऔΓʹ͍͘ɻ

·ͨંΓࢴͱݴΘΕΔࣄ͸ͳ͘ͱ΋ɺંΓ৞ΈҜࢠ΍ંΓ৞ΈࡿͳͲͷʮંΓ৞Έʯ͕ͭ͘ߏ଄෺͸ଟ͘ɺඞཁͳ

࣌Ҏ֎ʹ͸ίϯύΫτʹऩೲͰ͖Δੑ࣭͸ੜ׆ʹ΋ࠜ෇͍͍ͯΔɻٯʹ೔ৗੜ͔׆Β཭Ε͍ͯΔ͕ંΓߏࢴ଄͕

ඞཁͳ෼໺ʹӉ஦ֶ͕͋޻ΓɺϩέοτͷΑ͏ͳੵ͞ݶ੍͘͠ݫ͕ྔࡌΕΔ৔ॴͰ΋ંΓ৞Έߏ଄͕׆༻͞Εͯ

͖ͨɻଠཅޫൃిύωϧ͸Ӊ஦ۭؒͰ͸͍޿໘ੵͰଠཅޫΛड͚औΔඞཁ͕͋Δ͕ɺϩέοτ͸ͦͷΑ͏ͳେ͖

ͳ໘ੵΛͦͷ··ଧ্ͪ͛Δ͜ͱ͸Ͱ͖ͳ͍ͨΊɺંΓߏࢴ଄ΛંΓͨͨΜͰଧ্͍ͪ͛ͯΔɻ·ͨɺଧ্ͪ͛

Ͱͷల։͕๬·͍ͨ͠Ίɺϛ΢ϥંΓͳͲͷޚӴ੕ͷओཁ෦ͱͷ઀ଓ෦෇ۙͷ੍޻ଠཅޫύωϧͱਓʹޙͨ 1ࣗ

༝౓ͷંΓߏࢴ଄͕༻͍ΒΕΔ౳ɺ෼໺ʹΑΔಠಛͷ੍໿΋͋Δ [3]ɻ·ͨମ಺ʹೖΕΔંΓࢴʹ͍ͭͯ΋ίϯύ

Ϋτ͞͸ॏཁͰ͋ΔɻңͷதΛௐ΂ΔͨΊͷϩϘοτ͸ͦͷҿΈࠐΈ΍͢͞ͷͨΊʹίϯύΫτͳঢ়ଶͰͷҿ༻

͕๬·͘͠ɺંΓٕࢴज़Λ༻͍ͨҿΈࠐΉϩϘοτ͕ఏҊ͞Ε͍ͯΔ [6]ɻ͜ͷΑ͏ʹɺମੵΛখ͘͞Ͱ͖Δੑ࣭

͸ંΓࢴͷਅ਷ͷҰͭͰ͋ΓɺંΓߏࢴ଄Λ͏࢖ʹ͋ͨͬͯ͸࠷େ͔͢׆ݶ΂͖ੑ࣭Ͱ͋Δɻ

2఺໨͸ʮ͍ܰੑ࣭ʯͰ͋Δɻ1఺໨Ͱड़΂ͨંΓࢴΛখͨͨ͘͞ΊΔੑ࣭͸ɺಉ࣌ʹখ͞ͳܗঢ়͕େ͖͘ల։

Ͱ͖Δੑ࣭΋ҙຯ͢Δɻখ͞ͳܗঢ়Λ࣮ݱͰ͖Δ͜ͱ͸ͦͷখ͞͞ʹର͢Δ࣭ྔΛ࣋ͭ͜ͱΛҙຯ͠ɺେ͖͘ల։

͢Δࡍʹ࣭ྔ͸มΘΒͳ͍ͨΊͨݟ໨ʹର͍ͯܰ͠ߏ଄ͱͳΔɻͦͯͨ͠ݟ໨͕ల։ͯ͠େ͖͘ͳΔ͚ͩͰ͸ͳ

͘ɺల։͍ͨ͠ޓ͕ࢴʹ઀͠ݻఆ͋͠͏͜ͱͰߏ͍ڧ଄Λ࣮ݱͰ͖Δɻྫ͑͹ંΓߏࢴ଄͸ܰ͞ͱ͞ڧΛ͔͠׆ɺ

μϯϘʔϧ΍ϋχΧϜߏ଄ΛڬΜͩαϯυΠονύωϧ͕ػۭߤͷচͳͲʹ༻͍ΒΕ͍ͯΔ [7, 8]ɻ୯ͳΔฏ໘ͷ

ΛಘΒΕΔ͞ڧ͛ۂྉͱൺ΂ΔͱɺஈϘʔϧ΍αϯυΠονύωϧ͸ॏ͞Λ΄ͱΜͲม͑Δ͜ͱͳ͘߶ੑͱࡐ [8]ɻ

ஈϘʔϧ΍αϯυΠονύωϧ͸ࢴͷྔͭ·Γॏ͞͸ 3ഒఔ౓Ͱ͋Δʹ΋͔͔ΘΒͣɺࢴͷ֯౓ͷ޻෉ʹΑͬͯ 3

ഒҎ্ͷڧ౓Λ࣮͍ͯ͠ݱΔ [9]ɻް͞͸ࡐྉͱͳΔࢴ΄ͲͰ͸ͳ͍͕ɺࢴঢ়ͷஈϘʔϧ΍ύωϧ͸ബܰͦ͘͘͠

ͯͦͷ༏ΕͨিܸٵऩੑೳʹΑΓɺஈϘʔϧ͸ಛʹ෺ྲྀͰඇৗʹҰൠతʹ࢖༻͞Ε͍ͯΔɻ·ͨϋχΧϜαϯυ

Πονύωϧ͸ɺ੡଄ίετ͕ൺֱత͍ߴͷͰɺػۭߤ΍ϩέοτͳͲͷΑΓॏྔͷݶΒΕͨ෼໺Ͱ࢖༻͞Εͯ

͍Δɻଞʹ΋ Paper Bridge Design Challengeͱݺ͹ΕΔίϯςετͰ͸ɺബ͕ͯ͘ۂΓ΍͍͢ࢴͰ΋ɺ3࣍ݩʹ

ંΔ͜ͱʹΑͬͯඇৗʹߏ͍ڧ଄Λ࣮͍ͯ͠ݱΔɻ͍͍ՃݮʹંͬͨંΓࢴͰ΋τϥεߏ଄͕ࣗવͱੜ·ΕΔͳ

ͲͰͦΕͳΓͷڧ౓ΛੜΉҰํͰɺྑ͘͞ࢉܭΕͨંΓࢴ͸͘ڻ΂͖ڧ౓Λ࣮͢ݱΔ [10]ɻ͜ͷΑ͏ʹɺ༌ૹͷͨ

Ίʹܰ͘͢Δੑ࣭΋ંΓࢴͷਅ਷ͷҰͭͰ͋ΓɺંΓߏࢴ଄Λ͏࢖ʹ͋ͨͬͯ͸࠷େ͔͢׆ݶ΂͖ੑ࣭Ͱ͋Δɻ

3఺໨͸ʮ؆୯ʹ࡞ΕΔ͜ͱʯͰ͋ΔɻίϯύΫτͰ͋Δੑ࣭ͱ͍ܰੑ࣭ʹൺ΂ΔͱંΓࢴͷֶ޻తԠ༻΁ͷߩ

จԽΛৢ੒͢Δʹ͋ͨΓॏཁͳཁૉͰ͋ͬͨͰ͋ࢴΛ૿΍͠ɺંΓޱਓࢴΕΔ͜ͱ͸ંΓ࡞ʹ͸ྼΔ͕ɺ؆୯ݙ

Ζ͏ɻಛʹ΋ͱ΋ͱͷંΓࢴ͸ʮෆ੾ਖ਼ํܗҰຕંʯͱݺͿ 1ຕͷ͔ࢴΒ࡞ΔંΓࢴΛ࠷΋ඒ͍͠ંΓࢴͱͯ͠

͓Γɺ͜Ε͸੡଄্ͷར఺ͱͯ͠΋ѻ͑Δɻ1ຕͷฏ໘ͷࡐྉ͔ΒંΓͨͨΉ͜ͱͰ੡଄͢Δख๏͸ɺগྔੜ࢈ʹ

΋େྔੜ࢈ʹ΋ద͍ͯ͠Δɻઌ΄Ͳ঺հͨ͠ϋχΧϜίΞ͸ɺฏ໘ͷࡐྉ͔Β௚઀ɾ࿈ଓతʹ ੒ܗঢ়Λܗݩ3࣍

Ͱ͖Δͱ͍͏ϝϦοτΛ࣋ͭ [7]ɻߋʹɺࣗંݾͷٕज़Λ༻͍Δ͜ͱͰɺࣗಈతʹ૊Έ্͕ΔંΓߏࢴ଄΋ఏҊ͞

Ε͓ͯΓɺωδཹΊ΍઀ணΛؚ·ͳ͍੡଄աఔ͸ࣗંݾͱݺ͹ΕΔࣗൃతʹંΕΔંΓࢴʹΑͬͯฏ໘͔ΒંΓ

্͕Δ෼໺Λ૑ͬͨ [11, 12]ɻ

ଞʹ΋ฏୱͳߏ଄ΛંΓࢴͱଊ͑ΔંΓֶ޻ࢴ͸ଘ͠ࡏɺંΓ໨ͷͳ͍ࢴͰ͋ΕͲ۶͠࠲ͳ͕ΒંΕΔ༷ࢠ͸

ંΓࢴͱଊ͑ΒΕΔ [13, 14]ɻ͜ΕΒͷ௵ΕΔύλʔϯ΍௵ΕΔࡍͷিܸٵऩྗ͸ࣗಈंͷલ໘ͷߏ଄ʹ༗༻Ͱ͋

Δɻ·͔ͨࢴΒંΓύλʔϯΛ͑ߟΔख๏ͱ͸ҟͳΓɺԁ౵΍ԁਲ਼ͷܗঢ়Λݩͱͯ͠Ͳ͏ંΓ৞Ή͔Λ͑ߟΔࢥ

૝΋௵͢ύλʔϯ͔ΒಘΒΕΔ [15]ɻಘΒΕͨύλʔϯΛղੳͯ͠ϞσϧԽ͠ԁ౵΍ԁਲ਼ͷෛՙͷখ͍͞ંΓ৞Έ

ํΛ࣮͍ͯ͠ݱΔɻ͜ͷΑ͏ͳղੳʹΑΓ਺ֶతʹ͸ંΓ৞Ίͳ͍ܗঢ়ΛંΓ৞ΉͨΊͷ਺ཧ͕੔͖ͬͯͨɻ

Ҏ্ͷΑ͏ʹɺܰബͰ͋Δੑ࣭Λத৺ͱͯ͠ંΓࢴͷંΓͨͨΊΔߏ͍ڧ଄͕͔͞׆Ε͖ͯͨɻંΓઢΛઃܭ

ͯ͠ॴ๬ͷܗঢ়ɾ߶ੑΛ࣮͢ݱΔٕज़͸ੜ׆ʹঃʑʹࠜ͟͠ɺָ͠Ή͚ͩͷߏ଄͔Βֶ޻తʹՁ஋ͷ͋ΔંΓࢴ

͕૿Ճ͖ͯͨ͠ɻ
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ࢴΓંࢉܭ

Λ݉උ͢Δػࢉܭࢠ଎ͳిߴԿֶͷӥஐͱزͯͦ͠ ࢴΓંࢉܭΛ਺ֶతʹѻ͏͜ͱ͕૿͑ɺࢴ͸ંΓʹل21ੈ

ͱݺ͹ΕΔ෼໺ོ͕੝ΛۃΊ͍ͯΔɻંΓࢴͷల։ਤઐ༻ΤσΟλͰ͋ΔORIPA[17]͸୯ʹల։ਤΛฤू͢Δͩ

͚Ͱͳ͘ɺંΓͨͨΈܗঢ়ਪఆ·ͰΛ࣮͠ݱɺࢴͷॏͳΓॱ·Ͱંྀͨ͠ߟΓ৞ΈޙͷܗͷྻڍΛՄೳͱ͍ͯ͠

Δɻଞʹ΋ฏ৫ΓͷͨΊͷπʔϧͳͲ͕ఏҊ͞ΕɺػࢉܭΛં͔ͨ͠׆Γ૿͕ࢴՃ͍ͯ͠Δɻ͔͠͠ંΓࢴͷزԿ

ֶ͸ҰےೄͰ͸͍͔ͣɺػࢉܭΛ࣋ͬͯͯ͠΋೉͍͠໰୊͸ଟ͘ଘ͢ࡏΔɻྫ͑͹ંΓࢴΛંΔ্Ͱ౰વඞཁͱͳ

Δ ୯௖఺ͷંΓͷ৚݅ݩ3࣍ [20]΍ತଟ໘ମͷల։ਤͷ༗ແ [21]͑͞ະղܾͰ͋ΓɺંΓࢴͷ࿈ଓతͳมԽΛଊ

͑Δ͜ͱ͸೉͍͠ɻ୯७ͳંΓઢύλʔϯͷ૊Έ߹ΘͤͰ͋ͬͯ΋ɺ߶ମંΓͷՄ൱൑ผ [18]΍ඈͼग़Δֆຊͷ

Մ൱൑ผ [19]ͳͲɺྔࢉܭͷരൃ͕ূ໌͞Ε͍ͯΔߏ଄͸ଟ͍ɻಛʹ 2000೥୆ͷڀݚ͸͜ͷΑ͏ʹ਺ֶతͳ࿦จ

͕ଟ͘ɺ͜ΕΒ͸ંΓࢴͷܗঢ়ʹΑͬͯ͸ͦͷંΓ৞Έ͕ՄೳͰ͋Δ͔͑͞൑ผ͕೉͘͠ͳΔ͜ͱΛ͍ࣔͯ͠Δɻ

ҰํͰંΓࢴͷࢉܭʹ͓͍ͯ༗༻ͳੑ࣭΋ಘΒΕ͖͍ͯͯΔɻ࢛৭ఆཧ΍ࣗಈূ໌ͷΑ͏ʹ৽ͨͳఆཧΛࢉܭ

Ε͍ͯΔɻྫ͞ݱͰ࣮ػࢉܭ͸๲େͳखؒ΍ೳྗΛඞཁͱ͢Δख๏͕ʹ͏ߦग़͢Θ͚Ͱ͸ͳ͍͕ɺਓؒͷखͰ͕ػ

͑͹೚ҙͷଟ໘ମΛંΓ৞ΉΞϧΰϦζϜ [22]΍ɺંΓઢύλʔϯͱંͬͨޙͷܗঢ়ͷಉ࣌ฤू [23]͸Ұൠతͳ

ਓؒͷखͰ͏ߦʹ͸๲େͳखؒ΍ೳྗ͕ඞཁͱͳΔྫͰ͋Δɻෳ਺ͷ௚ํମ͕ંΕΔల։ਤ͸ɺݩʑ͸ਓؒͷख

ʹΑͬͯʢίϯϐϡʔλΛ࢖Θͣʹʣൃ͞ݟΕͨ෺Ͱ͋Δ͕ [24]ɺػࢉܭͷొ৔ʹΑΓଟ͘ͷྫ͕ൃ͞ݟΕΔΑ͏

ʹͳͬͨ [25]ɻෳ਺ͷਖ਼ଟ໘ମͷڞ௨͢Δల։ਤΛ͚ͭݟΔʢະղܾʣ໰୊͸ਖ਼ଟ໘ମʹཱ͍ۙମʹڞ௨͢Δల։

ਤͷൃݟʹͭͳ͕Γɺ28ܻͷ਺Λ༻͍ͨ࿈෼਺ల։ʹΑΓඇৗʹߴਫ਼౓ͳల։ਤΛ΋࣮͢ݱΔͳͲɺػࢉܭͳΒ

Ͱ͸ͷల։ਤ΋ൃ͞ݟΕͨɻͦͯ͠ଟ͘ͷંΓࢴͷંΓઢύλʔϯ͕௚ઢͷΈͰߏ੒͞Ε͍͕ͯͨɺۂઢͷંΓ

໨Λ༻͍ͨંΓ͑͞ࢴՄೳͱͳΓɺંΓࢴͷ෯͕ࢉܭೳྗʹΑͬͯ΋ٸ଎ʹ͍͕ͯͬ޿Δ [26]ɻ

͜ͷΑ͏ͳ਺ֶతͳࢥ૝ʹΑΔڀݚʹ͓͍ͯ΋࣮ࡍͷંΓࢴΛ͕࢝ڀݚྀͨ͠ߟ·Γɺ୯७ંΓͱ thickંΓࢴ

͕ͦͷ୅දͰ͋Δɻ୯७ંΓͱ͸ฏୱͳঢ়ଶͷࢴΛ௚ઢͰંΔૢ࡞Ͱ͋Γɺ֎ଆ͔Β࿈ଓ͢Δ͍͔ͭ͘ͷࢴΛಉ

࣌ʹંΔૢ࡞ͷΈΛં͢ڐΓͰ͋Δ [27]ɻ୯७ંΓ͸શͯͷંΓࢴΛ࣮͢ݱΔૢ࡞Ͱ͸ͳ͍͕ɺ୯७ͳػցͰ΋Մ

ೳͳΑ͏ͳૢ࡞Ͱ͋ΔͨΊʹ࣮༻ʹ͍ۙɻંΓઢύλʔϯͱ࠷ऴతͳܗঢ়͚ͩͰͳ͘ɺͦͷૢ࣮͕࡞༻తͰ͋Δ

͔·Ͱͨ͑ߟख๏Ͱ͋Γɺૢ࣮ݱ͍͓ͯʹ࡞తͳཁૉ͕٧Ίࠐ·Ε͍ͯΔɻthickંΓࢴ͸ͦͷ໊ͷ௨Γް͞Λ࣋

Ε͍ͯΔ·ࠐతͳཁૉ͕٧Ί࣮ݱ͍͓ͯʹྉࡐͰ͋ΓɺࢴྉͰͷંΓࡐͭ [28]ɻ͜ΕΒͷΑ͏ͳંΓࢴͷʮཧ૝త

Ͱ͸ͳ͍ੑ࣭ʯʹண໨͢Δ͜ͱͰɺંࢉܭΓࢴͷ݁ՌΛંΓֶ޻ࢴ΁Ԡ༻͠΍͘͢ͳ͖ͬͯͨɻ

͜ͷΑ͏ͳഎ͕͋ܠΓɺંΓࢴͷՊֶࡍࠃձٞͰ͸͍·ͩ਺ֶతͳڀݚ͸ଟ͍΋ͷͷ 2010೥୆ʹ͸ֶज़తʹ΋

଄ߏΔϙοϓΞοϓ࡞Β͔ࢴతԠ༻͕૿Ճ͠ɺ1ຕͷֶ޻ [29]΍ྻंͷۭؾ఍߅ͷݮ࡟ [30]ͳͲɺ࣮෺Λ൐͏ڀݚ

͕૿Ճ͍ͯ͠Δɻͦͯ͠࠷৽ͷંΓࢴͷՊֶࡍࠃձٞͰ͋Δ 7OSMEͰ͸ϩϘςΟΫεͷηογϣϯ͕૑ઃ͞Ε

ΔͳͲɺંΓࢴͷʮಈ͖ʯΛѻ͏ൃ׆͕ڀݚͰ͋Δɻྫ͑͹ϩϘοτͷ٭ʹંΓߏࢴ଄ΛऔΓೖΕΔ͜ͱͰద౓

ͳॊΒ͔͞ͱ෮ྗݩΛ༻͍ͯ҆ఆͨ͠าߦΛ࣮ͨ͠ݱΓ [31]ɺඞཁͳ͚࣌ͩ௕͍࿹Λ৳͹ͯ͠෺Λ͔ͭΉߏػ [32]

Λ࣮ͨ͠ݱΓ͖͍ͯͯ͠Δɻೋ଍าߦϩϘοτͷ٭΍υϩʔϯʹ౥͢ࡌΔߏػ͸ॏ͕͞ॏཁͳҼࢠͰ͋Γɺจݙ

[31]΍จݙ [32]͸ંΓߏࢴ଄΁ͱஔ͖͑׵Δ෦෼ͷબ୒ʹ͸ཧʹ͔ͳ͍ͬͯΔɻ͔͜͠͠ΕΒ͸ંΓߏࢴ଄Λϩ

Ϙοτͷ͘͝Ұ෦ʹऔΓೖΕͨ΋ͷͰ͋ΓɺંΓࢴಛ༗ͷੑ࣭Λ༻͍ͨڀݚʹൺ΂ɺંΓߏࢴ଄ͷܰബ͞͸ੜ͔͠

੾Ε͍ͯΔͱ͸͑ݴͳ͍ɻྫ͑͹ೋ଍าߦϩϘοτશମ͕ΑΓܰബͰ͋Ε͹ೋ଍าߦϩϘοτͷ٭͸ΑΓ؆ૉͳ

଄ߏബͳܰʹߋ଄ΛߏࢴՃͰ͖ΔͩΖ͏ɻ͜ͷΑ͏ʹંΓ૿ʹߋՄೳͰ͋ΓɺυϩʔϯͷϖΠϩʔυ΋ݱ଄Ͱ࣮ߏ

ʹ͢Δར఺͸ଟ͍ɻडಈతʹม͢ܗΔંΓࢴʢྫ͑͹จݙ [31]ʣ͸ͦͷมܗͷͨΊͷΞΫνϡΤʔλͳͲΛඞཁͱ

͠ͳ͍ͨΊϩϘοτͷܰྔԽʹ΋د༩͢Δ͕ɺจݙ [32]͸ίϯύΫτ͞ͷΈ͕࣮͞ݱΕ͓ͯΓɺυϩʔϯʹக໋

తͳॏ͞͸ղܾͰ͖͍ͯͳ͍ɻͭ·ΓંΓߏࢴ଄ͱ͸ରরతʹંΓߏࢴ଄Λมͤ͞ܗΔͨΊͷߏػ΍ճ࿏͸ॏ͘

͔͞͹͓ͬͯΓɺਅʹંΓߏࢴ଄ͷར఺Λ͔ͨ͢׆Ίʹ͸ંΓߏࢴ଄Λมͤ͞ܗΔͨΊͷߏػ΍ճ࿏ͷܰബԽ΋

ॏཁͰ͋Δɻ

͸୯७Ͱ͋ΓΞΫܗͷมࢴΔख๏Ͱ͋Ε͹ͦΕͧΕͷંΓ͑׵଄Ͱஔ͖ߏࢴΘΕ͍ͯΔҰ෦ͷΈΛંΓߦঢ়ݱ

νϡΤʔλͳͲ΋গͳ͘ࡁΉɻ͔͠͠ંΓߏࢴ଄ΛΑΓશମʹऔΓೖΕͨંΓࢴͷมܗΛ͑ߟΔͱɺΞΫνϡΤʔ

λͳͲ΋૿Ճ͠ɺมܗΛͨ͢͜ىΊͷߏػͱճ࿏ͷܰബԽ͕ࠓҎ্ʹॏཁͳཁૉͱͳΔͰ͋Ζ͏ɻ
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ຊڀݚͷ໨తͱൣғ

ͦ͜Ͱຊ࿦จ͸ܰͯ͘ബ͍ંΓࢴͷมܗͷ࣮ݱΛ໨ඪͱͨ͠ɻͦͯ͠ຊڀݚͷ໨త͸ɺܰബͳߏػʹΑΔมܗ

ͷ࣮ݱͱɺͦΕʹΑΔંΓࢴͷར఺Ͱ͋ΔܰബͳંΓࢴϩϘοτͷ࣮ݱͰ͋Δɻ

ંΓࢴͷม͕ܗ 1ΧॴͰ͔͠ੜ͡ͳ͍৔߹ʹ͸ͦͷมܗͷΈΛܰബͳߏػͰ࣮͢ݱΕ͹ྑ͘ɺܰബͳߏػɾΞ

ΫνϡΤʔλͱܰബͳճ࿏Λબ୒࣮ͯ͠૷͢ΔͷΈͰ͋Γɺຊ࿦จͰ͸ਂ͘ड़΂ͳ͍ɻ͔͠͠શମΛંΓࢴͱ͢Δ

Α͏ͳ͜Ε͔ΒͷંΓࢴͷมܗΛ͑ߟΔͱɺંΓࢴͷมܗΛෳ਺ՕॴͰ͢͜ىඞཁ͕ੜ͡Δɻ

·ͣંΓࢴͷมܗΛંΓࢴͷࢸΔॴͰͨ͢͜ىΊʹ͸ɺંΓࢴͷࢸΔॴʹมܗͷͨΊͷΤωϧΪʔΛ͢څڙΔ

ඞཁ͕͋ΔɻંΓࢴΛมͤ͞ܗΔଟ͘ͷ৔߹ɺిؾΛ༻͍ͨΞΫνϡΤʔλʹΑͬͯมͤ͞ܗΔͨΊɺ·ͣిؾ

ΤωϧΪʔΛંΓࢴͷࢸΔॴʹ͢څڙΔʮ഑ઢʯΛѻ͏ɻ

ຊ࿦จͰ͸ંΓࢴͷද໘ʹಋిੑΠϯΫΛҹ͠࡮ɺશͯͷߏ੒໘Λిؾతʹ઀ଓ͢Δ͜ͱʹΑͬͯંΓࢴͷม

Ͱ͖Δૉ஍Λͭ͘ΔɻಋిੑΠϯΫ͸ඇৗʹܰബͰ͋ΓɺδϟϯύઢͳͲΛඞཁͱ͠ͳ͍഑ݱΛॴ๬ͷ৔ॴͰ࣮ܗ

ઢͱ͢Δ͜ͱͰܰബͳߏ଄ͷΈͰંΓࢴશମ΁ిؾΤωϧΪʔΛڅڙͰ͖Δɻ͔͠͠ંΓࢴͷมܗʹ͸มܗಉ࢜

ʹଘ͢ࡏΔ࣌ؒతͳґଘؔ܎΋ଘ͢ࡏΔɻ୯ʹిؾΤωϧΪʔΛ͖ߦ౉ΒͤΔ഑ઢ͚ͩͰ͸ɺશͯͷม͕ܗ΄΅

ಉ࣌ʹੜͯ͡͠·͏ͨΊɺۭؒతͳΤωϧΪʔͷڅڙʹՃ͑ɺ࣌ؒతͳڅڙͷ੍ޚ΋ඞཁͰ͋Δɻͦ͜Ͱ࣌ؒత

ͳ੍ޚͱͯ͠ંΓࢴͷঢ়ଶʢܗঢ়ʣΛೖྗͱͯ͠ɺંΓࢴʹ౥͞ࡌΕͨΞΫνϡΤʔλͷۦಈঢ়ଶΛ੍͢ޚΔγ

εςϜΛߏங͢ΔɻંΓࢴͷͦΕͧΕͷંΕ໨ʹରͯ͠ɺંΕ֯ʹԠͯ͡ग़ྗΛม͑ΔૉࢠΛ౥͠ࡌɺͦͷૉࢠ

ͷग़ྗΛ࿦ཧճ࿏Ͱॲཧ͢Δ͜ͱͰΞΫνϡΤʔλͷಈ࡞৚݅ͱ͢Ε͹ɺંΓࢴͷঢ়ଶʹΑͬͯۦಈঢ়ଶΛ੾Γ

ସ͑ΔγεςϜΛߏஙͰ͖ΔɻຊڀݚͰ͸͜ͷγεςϜΛܰബʹ࣮͢ݱΔͨΊʹܰബͳηϯαΛ։ൃ͚ͨͩ͠Ͱ

ͳ͘ɺંΕ֯ʹԠͯ͡มԽ͢Δग़ྗΛిѹͷߴ௿ͱ͢ΔͷͰ͸ͳ͘ɺಋ௨ͱஅઢͱ͢Δ͜ͱͰ࿦ཧճ࿏Λૉࢠಉ࢜

ͷ઀ଓؔ܎ͷΈͰ࣮͠ݱɺܰബͳΞΫνϡΤʔλͷ੍ޚΛ࣮͢ݱΔɻ࿦ཧճ࿏Λܰബͳۚଐ൘Ͱ࣮૷͢Δ͜ͱͰ

ܰബͳߏ଄ͷΈͰ࿦ཧճ࿏Λߏங͢Δ͚ͩͰͳ͘ɺંΓࢴͷܗঢ়Λطଘͷख๏ʹൺ΂ߴਫ਼౓ʹ೺ѲͰ͖Δख๏Λ

ɻͨ͠ݱ࣮ʹΛܰബޚతͳճ࿏ɾ੍ؾͷͨΊʹඞཁͳిܗஙͨ͠ɻҎ্ͷΑ͏ʹมߏ

ͦͯ࣍͠ʹมܗͷͨΊʹඞཁͳػցతͳߏػΛ͑ߟΔɻંΓࢴ͸ϦϯΫߏػͷΑ͏ʹ߶ମͷ૊Έ߹Θͤͱͯ͠

ԕ͘·ͰมܗΛҾ͖͜͢͜ىͱ͕Ͱ͖Δɻ͔ͦ͠͠ΕҎ֎ʹ΋ɺߏ੒໘ͷ஄ੑมܗͱ஄ੑมܗʹ൐͏ΤωϧΪʔ

ʹΑΔมܗͷ఻ൖ͕ՄೳͰ͋ΔɻมܗΛҾ͖ߏػ͢͜ىͱͯ͜͠ͷ஄ੑมܗΛ༻͍ͨԁ౵ંͱݺ͹ΕΔંΓࢴͷ

ղੳΛ͍ߦɺંΓࢴͷ཭Εͨͱ͜Ζ·ͰมܗΛ఻ൖͤ͞ΔߏػΛ࣮͢ݱΔɻ

ͦͯ͠ճ࿏ಉ༷ɺػցతʹ΋ંΓࢴͷมܗͷ࣌ؒతͳ੍ޚΛͨ͏ߦΊɺճ࿏Λ༻͍ͣʹஈ֊తͳมܗΛҾ͖ى

ΔλΠϛϯάΛௐ੔͠ɺॱ͢ܗঢ়Λௐઅ͢Δ͜ͱͰ֤ԁ౵ં͕มܗ΋ඞཁͰ͋Δɻຊ࿦จͰ͸ԁ౵ંͷߏػ͢͜

ংಈ࡞Λߏ଄͚ͩͰ࣮ͨ͠ݱɻ·ͨߋʹมܗͷॱং͕มܗͷ͖޲ʹΑͬͯҟͳΔੑ࣭ʹ͍ͭͯ΋ղੳ͠ɺંΓࢴ

ͷมܗͷॱংͷ੍ޚΛ·ͱΊͨɻ

ͷঢ়ଶΛೖྗͱ͠ࢴ͸ંΓޚΛ༥߹ͨ͠ҠಈϩϘοτΛ࣮૷͢Δɻ͜ͷϩϘοτͷ੍ߏػճ࿏ͱʹޙ࠷ͯͦ͠

ͨ࿦ཧճ࿏ʹΑͬͯΞΫνϡΤʔλΛ੍͢ޚΔɻΞΫνϡΤʔλ͸ંΓࢴશମʹྗΛ༩͑Δ͕ɺҠಈϩϘοτ͸

ͦΕͧΕͷંΓ໨Λॱ൪ʹಈ͔͢͜ͱͰҠಈΛ࣮͢ݱΔɻҠಈϩϘοτ͸ෳ਺ͷϞδϡʔϧ͔Βߏ੒͞Ε͓ͯΓɺ

ͦΕͧΕͷϞδϡʔϧΛผʑʹಈ͠࡞ͳ͚Ε͹ͳΒͳ͍ɻ͜ͷஈ֊తɾஞ࣍తͳಈ࡞Λԁ౵ંΛ༻͍ͨॱংಈ࡞

ʹΑΓ࣮͠ݱɺϩϘοτʹ౥͞ࡌΕ͍ͯΔΞΫνϡΤʔλ͸ ɻ͜ΕʹΑΓɺ໨తͰ͋ͬͨܰബͳͨ͠ݮ࡟ʹݸ1

ม͢ܗΔંΓࢴͷڀݚͷకΊ͘͘Γͱ͢Δɻ

ܰബ鱯
มܗ鱞鲐ં鲏ࢴ

ߏػ

ճ࿏ ഑ઢ ࿦ཧճ࿏
ୈ 3ষ

఻ൖ ॱংಈ࡞

ୈ 2ষ

ୈ 1ষ

ܰബ鱯
Ҡಈ鳥鳔鲻鳀

ୈ 5ষୈ 4ষ

ୈ 6ষ

ݱ࣮

ਤ 1.2: ֤ষͷ੒ՌͱຊจͷྲྀΕ
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1.1.2 ֤ষʹ͍ͭͯ

ਤ 1.2ʹࣔͨ͠ྲྀΕͰຊ࿦จ͸ߏ੒͞ΕΔɻୈ 2ষͰిؾత഑ઢΛɺୈ 3ষͰͦͷ഑ઢΛܗঢ়ʹΑͬͯมԽ͞

ͤબ୒తʹ௨ి͢Δ࿦ཧճ࿏Λɺୈ 4ষͰػցతͳมܗͷ఻ൖΛɺୈ 5ষͰͦͷมܗͷ఻ൖΛॱʹߏػ͢͜ىΛɺ

ͦͯ͠ୈ 6ষͰ͸ୈ 3ষͱୈ 5ষͷ੒ՌΛ૊Έ߹ΘͤΔ͜ͱͰ໨తͰ͋ͬͨܰബͳϩϘοτΛ࣮ͨ͠ݱ಺༰Λड़

΂ΔɻҎ߱ɺ֤ষ͕ѻ͏ൣғʹ͍ͭͯड़΂Δɻ

ୈ 2ষɹંΓࢴͷߏ੒໘ͷిؾత઀ଓ

ୈ 2ষͰ͸ɺࢴʹಋిੑΠϯΫΛృ෍͠ɺిѹΛ͔͚Δ͜ͱͰిۃͱͯ͠༻͍ΔԠ༻ʹඞཁͳిۃύλʔϯͷੜ੒

ʹ͍ͭͯड़΂Δɻখ໘ର 1૊ʹͷΈిݯΛ઀ଓ͢Δ͚ͩͰɺଞͷখ໘ʹ͸ಋిੑΠϯΫͷҹ࡮ύλʔϯʹΑͬͯ

ిѹΛҹՃ͢Δख๏Ͱ͋Δɻখ໘΁ͷಋిੑΠϯΫͷృ෍͸ɺ෺Λ෇ணͤ͞Δख๏ͱͯ͠͸࠷΋ܰബͳख๏Ͱ͋

ΓɺંΓࢴͷܰബ͞ΛࣦΘͣʹిؾతͳ઀ଓΛ࣮ݱͰ͖Δɻຊ࿦จͰ͸ɺҹ࡮ͷΈͰ഑ઢ͕ՄೳͰ͋Δ͔ͷ൑ผ

ख๏ͱҹ࡮ύλʔϯͷಋग़ΞϧΰϦζϜΛఏҊ͠ɺಋిੑΠϯΫʹΑΔંΓࢴશମ΁ͷిؾΤωϧΪʔͷڅڙΛ

ঢ়Λม͑ͳ͍··ંΓઢύλʔܗऴతͳ࠷ͷࢴΔɻ·ͨɺ഑ઢ͕ෆՄೳͰ͋Δύλʔϯʹରͯ͠΋ɺંΓ͢ݱ࣮

ϯΛमਖ਼͠ɺ഑ઢΛՄೳʹ͢Δख๏΋ఏҊͨ͠ɻୈ 2ষͷ੒ՌʹΑΓɺંΓࢴͷશମ΁ͱిؾΤωϧΪʔΛڅڙ

͢Δ͜ͱͰɺંΓࢴͷมܗΛΞΫνϡΤʔλΛ෇͚Δ͚ͩͰͲ͜Ͱ΋ੜͤ͡͞ΒΕΔճ࿏Λ࣮͢ݱΔɻ·ͨɺં

Γࢴશମʹ͞څڙΕͨిؾΤωϧΪʔΛ༻͍Δ୅දతͳྫͱͯ͠ɺߏ੒໘ͷಋిύλʔϯΛίϯσϯαεϐʔΧ

ͱͯ͠༻͍ΔԠ༻ʹ͚ٞͯ޲࿦Λల։͢Δɻ

ୈ 3ষɹંΓࢴͷॱংಈ࡞ͷͨΊͷ࿦ཧճ࿏

ୈ 2ষ͸ಋઢʹΑͬͯిѹΛંΓࢴશମʹ͖ߦ౉Βͤɺॴ๬ͷ৔ॴʹΞΫνϡΤʔλΛ౥͢ࡌΕ͹ંΓࢴͷมܗ

Λ࣮ݱͰ͖ΔΑ͏ʹͳͬͨɻ͔͠͠ɺৗʹશମʹిѹΛ͖ߦ౉ΒͤΔಋઢ͸ɺৗʹશͯͷΞΫνϡΤʔλΛۦಈ

ͯ͠͠·͏ɻ͔͠͠ંΓࢴͷมܗʹ͸ॱং͕ॏཁͰ͋ΔͨΊɺୈ 3ষͰ͸ંΓࢴͷܗঢ়ʹΑͬͯΞΫνϡΤʔλ

·Ͱͷ഑ઢΛ੾Γସ͑Δ͜ͱͰɺંΓࢴͷܗঢ়ʹΑͬͯۦಈ͢ΔΞΫνϡΤʔλΛ੾Γସ͑Δ࿦ཧճ࿏Λ࣮͢ݱ

ΔɻંΓࢴͷܗঢ়ʹΑͬͯిؾΤωϧΪʔͷڅڙΛ੾Γସ͑ΔͨΊʹɺંΓ໨͕ંΕ͍ͯΔͱ͖ͷΈಋ௨͢Δճ

࿏ͱɺંΓ໨͕ંΕ͍ͯͳ͍ͱ͖ͷΈಋ௨͢Δճ࿏Λ·ͣఏҊ͢Δɻ͜ΕʹΑΓંΓ໨ͷঢ়ଶʹΑͬͯΞΫνϡ

Τʔλͷಈ࡞Λ੍ޚͰ͖Δɻෳ਺ͷંΓ໨ͷঢ়ଶΛ༻͍Δ৔߹ʹ͸ͦΕͧΕͷંΓ໨ʹಋ௨/அઢΛ੾Γସ͑Δճ

࿏Λ౥͠ࡌɺͦͷճ࿏Λ௚ྻɾฒྻʹ઀ଓ͢Δ͜ͱͰંΓ໨ͷঢ়ଶͷ࿦ཧੵɾ࿦ཧ࿨ͰΞΫνϡΤʔλΛۦಈͰ

͖Δɻ͜ͷ࿦ཧճ࿏Λෳ਺ͷΞΫνϡΤʔλʹ౥͠ࡌɺಈ࡞ͷλΠϛϯάΛͣΒ͢͜ͱͰ܁Γฦ͠ಈ࡞Λ࣮͠ݱɺ

ICΛඞཁͱ͠ͳ੍͍ޚΛ࣮͢ݱΔɻຊఏҊΛܰബʹ࣮͢ݱΔͨΊʹಔςʔϓͰಋઢͱંΓ֯ʹΑͬͯಋ௨ΛมԽ

ͤ͞ΔηϯαΛ࣮૷͠ɺ௚ྲྀిݯͷΈͰ܁Γฦ͠ಈ࡞Λ࣮͢ݱΔંΓࢴΛ੡͢࡞Δɻ

ୈ 4ষɹԁ౵ંʹ͓͚Δมܗͷػցత఻ൖ

ୈ 4ষͰ͸ɺྗֶతʹมܗΛ͢͜ىख๏ʹ͍ͭͯड़΂Δɻୈ 2ষ΍ୈ 3ষͰѻͬͨંΓࢴʹ෇ணͤͨ͞෺ମʹΑ

Δมܗͱ͸ҟͳΓɺંΓࣗࢴ਎ͷܗঢ়΍஄ੑมܗʹΑΔมܗͰ͋ΔɻંΓࢴͷมܗʹ͸߶ମંͱݺ͹ΕΔߏ੒໘

Λશ͘มԽͤ͞ͳ͍มܗҎ֎ʹɺߏ੒໘Λมͤ͞ܗɺ஄ੑΤωϧΪʔΛ൐ͬͯੜ͡Δม͕͋ܗΔɻ߶ମં͸਺ֶ

తʹඇৗʹ੍͍͠ݫ໿ͷԼͰͷΈมܗͰ͖ΔંͰ͋Γɺෳ਺ͷંΓ໨Λ઀ଓ͢Ε͹͢Δ΄Ͳͦͷ੍໿͕͘͠ݫͳ

Δͷʹର͠ɺߏ੒໘ͷมܗΛڐ༰͢Δ͜ͱͰ੍໿͸େ෯ʹ؇࿨͞ΕɺંΓࢴͷมܗͷ෯͸Ұ͕޿ʹؾΔɻͦͯ͠

ંΓࢴͷมܗʹ൐͏஄ੑΤωϧΪʔΛ༻͍Δ͜ͱͰɺมܗʹΤωϧΪʔ΍ྗΛ෇ਵͤ͞ΒΕΔɻ͜ͷΤωϧΪʔ

Λ༻͍ͯมܗΛ఻ൖͤ͞Δख๏Λୈ 4ষͰ͸ѻ͏ɻߏ੒໘ͷ஄ੑมܗΛ൐͏ંΓࢴʹʮԁ౵ંʯͱݺ͹ΕΔંΓ

͸৳௕ঢ়ଶͱऩॖঢ়ଶͷܗΓɺͦͷಛ௃తͳ஄ੑม͕͋ࢴ 2छྨͷ҆ఆঢ়ଶΛ࣋ͭɻԁ౵ંͷม͢ܗΔ෦෼Λػ

ցతʹ઀ଓ͢Δ͜ͱͰɺҟͳΔ҆ఆঢ়ଶ΁ભҠͨ͠ԁ౵ંͷมܗΛ࣍ʑͱ఻ൖͤ͞ɺෳ਺ͷԁ౵ંͷભҠΛҰ౓

ͷ఻ൖͷ୅දతͳԠ༻ͱͯ͠ɺόωܗΛ఻ൖͤ͞ΒΕΔɻมܗΑΓ཭Εͨ৔ॴ΁ͱมʹߏػͰ͖Δɻ͜ͷݱ࣮ʹ

ͳͲʹΑͬͯΤωϧΪʔΛิঈ͢Δ͜ͱͰݮਰ͠ͳ͍มܗͷભҠΛ࣮͠ݱɺෆݮਰ఻ૹ࿏·Ͱٞ࿦Λల։͢Δɻ

ୈ 5ষɹԁ౵ંʹΑΔॱংಈ࡞ͷ࣮ݱ

ୈ 6෦͸ંΓࢴͷંΓઢύλʔϯͷ޻෉͚ͩͰɺॱʹม͢ܗΔߏػΛ࣮͢ݱΔɻҟͳΔંΓઢύλʔϯ͸มܗʹ

ඞཁͳྗɾΤωϧΪʔ΋ҟͳΔͨΊɺద੾ͳઃܭʹΑΓಉ͡ྗ͕ՃΘͬͨͱ͖ʹ͑͞ॴ๬ͷॱংͰมܗΛੜ͡͞

ͤΒΕΔɻ͞ΒʹɺώεςϦγεޮՌΛ༗͢ΔંΓߏࢴ଄Λ༻͍Δ͜ͱͰɺ1ΞΫνϡΤʔλͷ੍ޚʹ΋͔͔ΘΒ

ͣෳ਺ͷંΓ໨ͷঢ়ଶΛॴ๬ͷύλʔϯʹมԽͰ͖ΔɻҎ্ͷંΓઢύλʔϯͷ޻෉ͷΈͰͨͬߦมܗͷ੍ޚʹ

ΑΓ 1ΞΫνϡΤʔλͰҠಈ͢ΔϩϘοτΛ࣮૷͠ɺͦͷҠಈ΍ભҠΛ͢࡯؍ΔɻંΓઢύλʔϯʹஞ࣍తͳ੍
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ͳ͛ΔɻͭʹࢴബͳંΓܰ͠ݮ࡟Ή͜ͱͰɺΞΫνϡΤʔλΛࠐΛೖΕޚ

ୈ 6ষͦͯ͠ޙ࠷ʹୈ 3෦Ͱѻͬͨಔςʔϓճ࿏Ͱୈ 6෦ͷΞΫνϡΤʔλΛ੍͢ޚΔϩϘοτΛ࣮͠ݱɺຊ

࿦จͷूେ੒ͱ͢Δɻ͜ͷϩϘοτ͸௚ྲྀిѹ͕ҹՃ͞ΕΔ͚ͩͰಈ࡞Λ։࢝͠ԁ౵ંΛ৳ॖͤ͞Δɻ৳ॖʹΑ

Γಔςʔϓ͕ϞʔλʹҹՃ͢Δిѹͷ͖޲Λ੾Γସ͑ΔͨΊɺICΛඞཁͱ͠ͳ͍ 1ΞΫνϡΤʔλͰಈ͘ંΓࢴ

Ͱ͋Δɻ
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ୈ 2ষͷ಺༰͸ɺંΓࢴͷมܗΛܰ͢͜ىബͳߏػͰ͋Γճ࿏Ͱ͋ΔɻંΓࢴϩϘοτͷओͳར఺͸ܰ͞ͱബ͞

Ͱ͋Γɺ͜ΕΒͷར఺ΛଛͳΘͳ͍ͨΊʹܰബͳΞΫνϡΤʔλΛ༻͍ͯંΓࢴΛมͤ͞ܗΔख๏͕ఏҊ͞Εͯ

͖ͨɻͦͷதͰ΋ຊୈ 2ষͰ͸ܰബͳΞΫνϡΤʔλͱͯ͠ಇ͘ཁૉͱͯ͠ંΓࢴʹష෇͢Δۚଐഩ΍ృ෍͢Δ

ಋిੑΠϯΫΛ༻͍Δ৔߹ʹண໨͢Δɻྫ͑͹Χοτج൘ͷಔഩʢΧοτج൘ɾಔுੵ૚൘ɺαϯϋϠτʣͷಔ

ഩް 35 µm΍ಋిੑΠϯΫͷ 0.3 µm౳ɺۚଐഩ΍ಋిੑΠϯΫ͸Ϟʔλͱൺ΂ͯඇৗʹബ͍Ͳ͜Ζ͔ɺҰൠతͳ
ίϐʔ༻ࢴͷް͞ 90 µmͱൺ΂ͯ΋ଝ৭ͳ͍ɻۚଐഩ΍ಋిੑΠϯΫΛখ໘ʹిۃΛ഑ஔ͠ɺిۃʹిѹΛҹՃ
͢Δ͜ͱͰંΓࢴͷมܗΛߏػ͢͜ىͱͯ͠࢖ΘΕ͖ͯͨɻ

֤খ໘ʹΤωϧΪʔΛ༩͑Δۦಈ͸୯७Ͱ͋Δ͕ɺશͯͷখ໘ʹిѹΛҹՃ͢Δͱख͕ؒ૿Ճ͢Δ͚ͩͰͳ͘

഑ઢ͕ॏ͘ް͘ͳΓಘΔɻैདྷ͸͜ͷ഑ઢ΋ۚଐഩ΍ಋిੑΠϯΫͰ࣮͠ݱΑ͏ͱ͍͕ͯͨ͠ɺ഑ઢՄೳͳંΓ

Λඞཁۀ࡞ɺͦͷ൑ผ΍ಋग़͸ਓྗͰ͋Γਫ਼ਆతͳۤ௧ͱ࣌ؒͱखؒΛཁ͢Δ͠ࡏଘ͕ࢴͱ഑ઢෆՄೳͳંΓࢴ

ͱ͍ͯͨ͠ɻຊୈ 2ষͰ͸ંΓઢύλʔϯ͔Β഑ઢͷՄ൱൑ผΛ͍ߦɺ഑ઢՄೳͰ͋Ε͹ͦͷ۩ମతͳ഑ઢΛಋ

ग़͢ΔΞϧΰϦζϜΛఏҊ͢Δɻ·ͨ഑ઢ͕ෆՄೳͰ͋Δ৔߹ʹ͸ɺ࠷ऴతͳંΓࢴͷܗঢ়Λ΄ͱΜͲม͑ͣʹ

഑ઢ͕Մೳͳύλʔϯ΁ͱมͤ͞ܗΔख๏΋ఏҊͨ͠ɻ

ຊ੒ՌʹΑΓɺંΓઢύλʔϯ΍ંΓܗࢴঢ়͔Βશిۃʹ഑ઢ͢Δ࿈ଓ഑ઢύλʔϯΛಋग़Ͱ͖ɺ1খ໘ʢҰ

෦ʣʹ֎෦͔ΒΤωϧΪʔΛ༩͑Δ͚ͩͰશମͷಉ࣌มܗΛՄೳͱ͢Δɻ

ୈ 2ষͷ੒Ռ͸ɺ

[C4]Ԟ୩จಙɼ੪౻Ұ࠸ɼՃ౻๜୓ɼ઒ܓݪതɼ“ંΓࢴεϐʔΧͷͨΊͷిۃͷ࿈ଓ഑ઢՄ൱൑ผɼ“৘ใॲ

ཧֶձશࠃେձߨԋ࿦จू, no.6B-06, March 2019.

Ͱൃද͞Εͨ಺༰ͷ࠶ར༻ΛؚΉɻ

2.1 খ໘ిۃ΁ͷ࿈ଓ഑ઢͷඞཁੑ

5೥Ҏ಺ʹग़൛༧ఆ

2.2 ୈ2ষͷؔ࿈ڀݚɾલఏ஌ࣝ

2.2.1 2৭ృΓ෼͚

ୈ 2ষͰѻ͏ 2৭ృΓ෼͚ͱ͸ɺάϥϑཧ࿦ʹ͓͚Δ໘࠼৭ͷ 1෼໺Ͱ͋ΓɺลΛڞ༗͢ΔྖҬಉ࢜ΛҟͳΔ 2

৭ͰృΓ෼͚Δ໰୊΍ɺͦͷղͰ͋Δ 2৭ͰృΓ෼͚ͨύλʔϯΛ͢ࢦɻͦͯ͠ 2৭ͰͷృΓ෼͚͸ʮ֎पΛআ

͖ɺશͯͷ௖఺ͷ࣍਺͕ۮ਺Ͱ͋Δʯύλʔϯʹରͯ͠ՄೳͰ͋Δ [39, 40]ɻྺ࢙తʹ༗໊ͳ࢛৭໰୊ʢ࢛৭ఆཧʣ

ͷΑ͏ͳ 3৭Ҏ্ͰͷృΓ෼͚ͱ͸ҟͳΓɺ2৭ͰͷృΓ෼͚͸͋Δ 1ͭͷྖҬʹ৭Λృͬͨ৔߹ʹɺྡ઀͢Δ໘

શͯͷ৭ΛҰҙʹܾఆ͢ΔɻͦͷͨΊృΓ෼͚ͷ૊Έ߹Θͤͷ୳ࡧʹ͓͍ͯ૊Έ߹Θͤരൃ΋͖ͣىɺখ໘ͷ਺

ʹൺྫͨ࣌ؒ͠Ͱ 2৭ృΓ෼͚ͷՄ൱൑ผ͕ՄೳͰ͋Δ [41]ɻ௖఺Λத৺ʹ͑ߟΔͱɺ͋Δখ໘͔Βॱ٭஫ 1ʹ৭

ΛަޓʹృΓ෼͚Δͱࣗ෼ࣗ਎ͷ৭͕ໃ६͠ͳ͍৔߹͸ɺͦͷ௖఺Λ୺఺ͱͯ࣋ͭ͠ลͷ਺͕ۮ਺Ͱ͋Δ৔߹ͷ

ΈͰ͋Δɻͭ·Γɺ͋Δ௖఺ͷ࣍਺͕ۮ਺Ͱ͋Ε͹ͦͷ௖఺ۙ๣ʹରͯ͠ՄೳͳృΓ෼͚͕ଘ͠ࡏɺ͋Δ௖఺ͷ

࣍਺͕ح਺Ͱ͋Ε͹ͦͷ௖఺पลʹରͯ͑͠͞ՄೳͳృΓ෼͚͕ଘ͠ࡏͳ͍ɻ·ͨɺͦͷ௖఺෇ۙʹରͯ͠Մೳ

஫٭ 1ྫ͑͹ਖ਼ͷճసํ޲
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ͳృΓ෼͚͸ɺ1ͭͷղͱͦͷ৭Λ൓సͨ͠ղͷ߹ܭ 2௨Γ͔͠ଘ͠ࡏͳ͍ɻ͋Δ௖఺ۙ๣Ͱໃ६͠ͳ͍ృΓ෼͚

͸ͦͷ௖఺ʹ઀ଓ͍ͯ͠Δลͷ΋͏ยํͷ௖఺ͰͷృΓ෼͚Λໃ६ͤ͞ͳ͍ͨΊɺʮ֎पΛআ͖ɺશͯͷ௖఺ͷ࣍

਺͕ۮ਺Ͱ͋Δʯ৔߹ʹ͸ંΓઢύλʔϯʹରͯ͠খ໘Λ 2৭ͰృΓ෼͚ΒΕΔ͜ͱ͕େہతʹ΋੒ཱ͢Δɻં

ΓࢴͷృΓ෼͚ʹؔͯ͠ɺંΓࢴͷ֎ʹ͸ిۃ͸ଘ͠ࡏͳ͍ͨΊ֎प͸৭Λ࣋ͨͳ͍ɺͭ·ΓͲͷ৭͕ྡ઀ͯ͠

͍ͯ΋໰୊ͳ͍ͱͯ͠ѻͬͯΑ͘ɺ֎पʹ͓͚Δ௖఺ͷ࣍਺ʹ੍໿͸ͳ͍ɻ

2.2.2 ฏୱંͱ 2৭ృΓ෼͚

ୈ 2ষͷେ෦෼Ͱ͸ɺిۃͷछྨ͸ 2छྨʹ੍͢ݶΔɻ͜Ε͸࣮͢ࡏΔԠ༻ྫͰ͋ΔΩϟύγλɾεϐʔΧɾΞ

ΫνϡΤʔλ͕ 2छྨͷి͔ۃΒͳΔྫͰ͋ͬͨͨΊɺͦͯ͠ฏୱંͷల։ਤ͕ 2৭ʹృΓ෼͚ΒΕΔੑ࣭͕஌

ΒΕ͍ͯΔͨΊͰ͋Δɻฏୱંͷల։ਤ͸ંΒΕͨঢ়ଶͰද͖޲ͷখ໘ͱཪ͖޲ͷখ໘ͱͷ 2छྨͷྖҬʹ෼͚

ΒΕΔɻͦͯ͠ɺลͰྡ઀͢Δখ໘͸ৗʹંΓ໨Λհͨ͠খ໘Ͱ͋ΔͨΊɺද͖޲ͷখ໘ʹลͰྡ઀͢Δখ໘͸

શͯཪ͖޲ͷখ໘Ͱ͋Γɺཪ͖޲ͷখ໘ʹลͰྡ઀͢Δখ໘͸ද͖޲ͷখ໘ͱͳΔɻͦͷ͖޲ʹରͯ͠ 2৭Λର

Ԡͤ͞Ε͹ɺฏୱંͷখ໘ͷ 2৭ృΓ෼͚ΛಘΒΕΔɻંΓࢴͷԠ༻ʹ͸ʮബ͘ંΓͨͨΊΔੑ࣭ʯʹண໨͢Δ

Ԡ༻͕ଟ͍ͨΊɺฏୱંͷੑ࣭͸ඇৗʹ༗༻Ͱ͋Δɻ

ྡΓ߹͏ྖҬ͕ҟͳΔ৭ʹͳΔ 2৭ͰͷృΓ෼͚ͷҰྫ͕ɺਤ 2.1ͷਤʹࣔ͢ 2৭΁ͷృΓ෼͚Ͱ͋Δ٭஫ 2ɻਤ

ਤ 2.1: 2৭ృΓ෼͚ͷྫ

2.1ͷখ໘ʹରԠ͢ΔંΓઢύλʔϯʹ͓͍ͯɺંΓࢴ಺෦ͷ௖఺ͷ࣍਺͸શͯ 4Ͱ͋ΓɺͦΕΏ͑ 2৭ృΓ෼͚

͕ՄೳͰ͋Δɻ

ฏୱં͕ՄೳͰ͋Ε͹ 2৭ృΓ෼͚͕ՄೳͰ͋Δ͕ɺ2৭ృΓ෼͚͕ՄೳͰ͋Ε͹ฏୱં͕Մೳͱ͸ݶΒͳ͍ɻ

ɺਤ࣮ࣄ 2.1͸ 2৭ృΓ෼͚͕ՄೳͰ͋Δ͕ฏୱં͕ෆՄೳͳਤܗͰ͋Δɻຊୈ 2ষͷ಺༰͸ΑΓ͍޿ 2৭ృΓ

෼͚Մೳͳਤܗʹର͢Δख๏Ͱ͋ΓɺฏୱંΑΓൣ͍޿ғʹద༻Մೳͳख๏Ͱ͋Δɻ͔͠͠ຊୈ 2ষͰઆ໌ͨ͠ 2

৭ృΓ෼͚ͷԠ༻Ͱ͸ɺදΛ͍͍ͯ޲Δ໘ͱཪΛ͍͍ͯ޲Δ໘͸ྡ઀͢ΔΑ͏ʹॏͳΔ͜ͱͰޮՌతʹిྗ͕ۃ

Λൃ͢شΔɻ͔͠͠ɺ2৭ృΓ෼͚ͳΒ͹ৗʹྡ઀͢ΔΑ͏ʹॏͳΔ໘͕ҟͳΔ৭Ͱ͋Δ͜ͱ·Ͱ͸อূ͠ͳ͍ɻ

ฏୱં͕ՄೳͰ͋Δ͔ͷ൑ผ͸NPࠔ೉ͱূ໌͞Ε͍ͯΔͨΊຊ࿦จͰ͸ѻΘͣɺฏୱંͷՄ൱ʹ͔͔ΘΒͣ 2৭

ృΓ෼͚͕ՄೳͰ͋ΔύλʔϯશମΛѻ͏ [42]ɻ

ྫ͑͹ɺ3খ໘ͷฏୱંʹ͸ɺਤ 2.2(a)ͷΑ͏ʹަޓʹંΔฏୱંͱɺਤ 2.2(b)ͷΑ͏ʹ͖רऔΔΑ͏ʹંΔ

ฏୱંͷ 2छྨ͕ଘ͢ࡏΔɻ͔͠͠ 2৭ృΓ෼͚Ͱ͡ېΒΕ͍ͯΔʮลΛհͯ͠ྡ઀͢Δখ໘͕ಉ͡৭Ͱ͋ͬͯ

(a) (b)

ਤ 2.2: 2छྨͷฏୱંɻදΛ͍͍ͯ޲Δখ໘Λ࣮ઢͰɺཪΛ͍͍ͯ޲Δখ໘ΛഁઢͰද͍ͯ͠Δɻ(a)

Δίϝϯ͍͍ͯ޲Δ৔߹ʹ͸දΛંʹޓऔΔΑ͏ʹંΔ৔߹ɻަ͖רʹ͖޲Δ৔߹ɻ(b)ಉ͡ંʹޓަ

τཪΛ͍͍ͯ޲Δখ໘͸ަޓʹॏͳΓ߹͏͕ɺಉ͖͡޲ʹંΔ৔߹ʹ͸ަޓʹॏͳΓ߹Θͳ͍ɻ

͸͍͚ͳ͍ʯͱ͍͏ੑ࣭͸ɺંΓࢴͷԠ༻ʹ௚઀ඞཁͳੑ࣭Ͱ͸ͳ͍ɻͦͷͨΊਤ 2.2(b)ͷΑ͏ͳ৔߹͸ลͰ઀

͍ͯ͠Δ෦෼Ͱ࿈ଓ഑ઢ͢Ε͹ྑ͍ɻ·ͨɺຊୈ 2ষͰड़΂Δख๏͸ંΓઢʹͱΒΘΕͣ 2৭ͰృΓ෼͚ΒΕͨ

ྖҬʹର͢Δ໰୊ʹର͢Δख๏ͱͯࠩ͑͠͠ࢧͳ͍٭஫ 3ɻ
஫٭ 2ฏୱંՄೳͰ͸ͳ͍͕ 2 ৭ͰͷృΓ෼͚͕ՄೳͰ͋Δɻ
஫٭ 3͜ͷંΓํʹҼͬͯॏͳΓ߹͍͕ҟͳΔٞ࿦͸෇࿥??Ͱ͏ߦ
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5೥Ҏ಺ʹग़൛༧ఆ

2.3 ࿈ଓ഑ઢՄ൱൑ผ

5೥Ҏ಺ʹग़൛༧ఆ

2.3.1 ֎पʹลͰྡ઀ͨ͠ྖҬͷ৭Λ༻͍ͨ࿈ଓ഑ઢՄ൱൑ผ

͜͜Ͱ͸ɺંΓઢύλʔϯ͔Βੜ੒͞Εͨ 2৭ͰͷృΓ෼͚ΛޙͨͬߦɺંΓࢴͷ֎पʹ஫໨͢Δ͜ͱͰɺ࿈ଓ

഑ઢͷՄ൱Λ൑ผ͢Δख๏Λ঺հ͢Δɻਤ??(a)͸ɺࠨӈͷࠇͷྖҬ͕࿈ଓ഑ઢෆՄೳͰ͋ͬͨਤ??(a)ͷ֎෦ͷ

ྖҬʹΑΓ࿈ଓ഑ઢ͕ՄೳͳྫΛࣔͨ͠ɻຊख๏ʮ֎पʹลͰྡ઀ͨ͠ྖҬͷ৭Λ༻͍ͨ࿈ଓ഑ઢՄ൱൑ผʯ͸

ʮ֎෦ͷྖҬʹΑͬͯ࿈ଓ഑ઢͷՄ൱͕มԽ͢ΔͷͰ͋Ε͹ɺ࠷΋֎ଆͷྖҬʹண໨ͯ͠͸Ͳ͏͔ʯΛ݁ͨ͑ߟՌɺ

ಋग़͞Εͨ൑ผख๏Ͱ͋Δɻ

൑ผख๏͸✓ ✏
ఆཧ 1. ୯࿈݁ͳฏ໘্ͷɺ࿈݁ͳંΓઢύλʔϯʹର͢Δ࿈ଓ഑ઢՄ൱൑ผख๏

֎पͱลΛڞ༗͢Δখ໘ʹ஫໨͠ɺͦͷ 2৭ృΓ෼͚ͷ৭ͷ੾ΓସΘΓ͕Ұप͢Δؒʹ 2ճҎԼͰ͋Ε͹ɺ࿈

ଓ഑ઢ͕Մೳɺͦ͏Ͱͳ͚Ε͹ෆՄೳɻ✒ ✑
Ͱ͋Δɻ΄΅ࣗ໌ʹಉ஋ͳ൑ผख๏ͱͯ͠ɺ✓ ✏
ఆཧ 2. ୯࿈݁ͳฏ໘্ͷɺ࿈݁ͳંΓઢύλʔϯʹର͢Δ࿈ଓ഑ઢՄ൱൑ผख๏ 2

֎पͷࠇ৭ͷ෦෼ͱന৭ͷ෦෼͕aͦΕͧΕ࿈ଓͰ͋ΔͳΒ͹࿈ଓ഑ઢ͕Մೳɺͦ͏Ͱͳ͚Ε͹ෆՄೳɻ
aଘ͢ࡏΔͳΒ͹✒ ✑

͕ଘ͢ࡏΔɻ

ఆཧ 2͸ɺఆཧ 1ͱ֎पͷ৭͸Ұप͢ΔͱݩͷྖҬʹ౸ୡ͠ݩͷ৭ʹͳΔͨΊɺ੾ΓସΘΓ͕ 2ճҎԼͳΒ͹ɺ

֎पͷ৭͸શͯಉ͡৭Ͱ͋Δ٭஫ 4͔ɺ੾ΓସΘΓͷؒͷΈ࢝఺ͷ࣍ͷྖҬͱ͸ҟͳΔ৭͕࿈ଓ͢Δ٭஫ 5ੑ࣭͔Β

ಋ͔ΕΔɻ·ͨɺࠇ৭ͷྖҬ͕ෆ࿈ଓͳ৔߹ɺࠇ৭ͷ෦෼ΛִͯΔ෦෼͸ന৭Ͱ͋ΔͨΊɺന৭ͷྖҬ΋ෆ࿈ଓ

ʹͳΔͷͰɺʮͦΕͧΕ࿈ଓʯͰͳ͘ɺʮগͳ͘ͱ΋ͲͪΒ͔ʯ͕࿈ଓͰ͋Δ͚ͩͰྑ͍ͱ΋͑ݴΔ٭஫ 6ɻ

۩ମྫͷਤ??(a)ͱਤ??(b)Ͱ͸֎पͷ৭ͷ੾ΓସΘΓ͸ͦΕͧΕ 4ճͰ͋ΔͨΊɺ࿈ଓ഑ઢ͕ෆՄೳͰ͋Δͱ

ਖ਼͘͠൑ผ͞ΕΔɻͦͯ͠ਤ??(a’)ͱਤ??(b’)Ͱ͸֎पͷ৭ͷ੾ΓସΘΓ͸ͦΕͧΕ 2ճͰ͋ΔͨΊɺ࿈ଓ഑ઢ

͕ՄೳͰ͋Δͱਖ਼͘͠൑ผ͞ΕΔɻ֎पͷ৭ͷ੾ΓସΘΓ͕ 0ճͰ͋Δྫͱͯ͠ਤ 2.3ͷΑ͏ͳਤ͕͋ܗΔ͕ɺ2

৭ͰృΓ෼͚ՄೳͰ͋Γɺ࿈ଓ഑ઢ΋ՄೳͰ͋Δɻ

(a) (b)

ਤ 2.3: ֎पͷ৭ͷ੾ΓସΘΓ͕ 0ճͰ͋Δਤܗͷྫɻ(a)2৭ͰృΓ෼͚ՄೳͰ͋Γɺ(b)࿈ଓ഑ઢ΋

ՄೳͰ͋Δɻ

஫٭ 4৭ͷ੾ΓସΘΓ͕ 0 ճͰ͋Δ৔߹
஫٭ 5৭ͷ੾ΓସΘΓ͕ 2 ճͰ͋Δ৔߹
஫٭ 6͜Εʹ͍ͭͯ͸ 2 ৭ͰͷΈ੒Γཱͭੑ࣭Ͱ͋Δ
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৭ͷ੾ΓସΘΓ͕ 3ճҎ্Ͱ͋Δ৔߹٭஫ 7ɺਤ??(b)ͷ༷ʹɺࠇ͏߹͍͔޲৭ͷྖҬΛ࿈ଓʹ͢Δͱന৭͕࿈ଓ

Ͱ͸ͳ͘ͳΓɺ͍͔޲߹͏ന৭ͷྖҬΛ࿈ଓʹ͢Δͱࠇ৭͕࿈ଓͰ͸ͳ͘ͳΔɻͦͷͨΊࠇ৭ͱന৭ͷͲͪΒ͔

͕ෆ࿈ଓʹͳͬͯ͠·͏ɻਤ??ͷ (b)͸ͲͪΒ͔͕ෆ࿈ଓʹͳͬͯ͠·͏࠷΋؆୯ͳྫͰ͋Δɻ

ਤ 2.4ͷΑ͏ʹɺ৭ͷ੾ΓସΘΓ͕ 4ճͰ͋Δ৔߹ɺͲͪΒͷ৭΋पลͰ࿈ଓͰ͸ͳ͍ɻͦͷͨΊยํͷ৭ʢਤ

2.4தͰ͸ࠇʣΛ࿈݁ͤ͞Δͱɺͦͷܦ࿏ʹΑΓ΋͏ยํͷ৭ʢਤ 2.4தͰ͸നʣ͸Ͳ͔͜Ͱ෼அ͞ΕΔɻ·ͨɺ

ਤ 2.4: ֎पͷ৭ͷ੾ΓସΘΓ͕ 3ճҎ্Ͱ͋Δͱɺยํͷ৭Λ࿈݁ͤ͞Δ͜ͱʹΑΓɺ΋͏ยํͷ৭

͕෼அ͞ΕΔ༷ࢠɻਤதͰ͸ࠇ৭Λ࿈ଓ഑ઢͤͨ݁͞Ռɺന৭ͷ࿈ଓ഑ઢ͸ࠇ৭ͷ഑ઢʹΑͬͯ෼அ

͞Ε͍ͯΔɻ۩ମతʹͲͷ෦෼Ͱෆ࿈ଓͱͳΔ͔Λࣔ͢͜ͱͳ͘ɺෆ࿈ଓͰ͋Δ͜ͱΛূ໌Ͱ͖Δɻ

৭ͷ੾ΓସΘΓ͕ 6ճҎ্Ͱ͋Δ৔߹ʹ΋ɺਤ 2.4ͷύλʔϯؚ͕·ΕΔɻͦͷͨΊ৭ͷ੾ΓସΘΓ͕ 4ճҎ্Ͱ

͋Ε͹ɺগͳ͘ͱ΋ยํͷ৭ʹରͯ͠࿈ଓ഑ઢ͕੒Γཱͨͳ͍ɻ͕ͨͬͯ͠ఆཧ 1͸ඞཁ৚݅Ͱ͋Δɻఆཧ 1͕

े෼৚݅Ͱ͋Δূ໌͸ୈ 2.4.2ষͷ۩ମతͳ࿈ଓ഑ઢύλʔϯͷಋग़ʹ͓͍ͯ͏ߦɻ

ఆཧ 1Ͱ͸ɺʮ֎पͱลΛڞ༗͢Δখ໘ʹ஫໨͠ɺͦͷ 2৭ృΓ෼͚ͷ৭ͷ੾ΓସΘΓ͕Ұप͢Δؒʹ 2ճҎԼ

Ͱ͋Ε͹ɺ࿈ଓ഑ઢ͕Մೳʯͱड़΂ͨɻ͔͠͠ఆཧͷ໊લʹ͋Δ௨Γʮ୯࿈݁ͳฏ໘্ʯͱʮ࿈݁ͳંΓઢύλʔ

ϯʯͷ ঢ়ͷ੍໿Ͱ͋ΔͨΊɺୈ??અͰड़΂Δ͜ͱͱ͠ɺܗͷࢴͷ੍໿͕͋Δɻʮ୯࿈݁ͳฏ໘্ʯʹ͍ͭͯ͸ݸ2

͜͜Ͱ͸ંΓઢʹண໨͢Δɻʮ࿈݁ͳંΓઢύλʔϯʯͰ͸ͳ͍ંΓઢύλʔϯ͸ʮ࿈݁Ͱ͸ͳ͍ંΓઢύλʔϯʯ

Ͱ͋Γɺਤ 2.5ͷΑ͏ͳɺ࿈ଓ഑ઢ͕ෆՄೳͳྫ͕൑ผͰ͖Δൣғ͔Βআ͔Ε͍ͯΔɻ͜ΕΒͷෆՄೳͳྫ͸ɺ۩

(a) (b)

ਤ 2.5: ֎पͷ৭ͷ੾ΓସΘΓ͕ 0Ͱ͋Δʹ΋͔͔ΘΒͣɺ࿈ଓ഑ઢ͕ෆՄೳͳྫɻ(a)ฏୱંෆՄೳ

ͳંΓઢύλʔϯɻ(b)ฏୱંՄೳͳύλʔϯɻ

ମతͳ࿈ଓ഑ઢͷಋग़ʹඞཁͰ͋Δʮશͯͷಉ͡৭ͷখ໘͕ɺಉ͡৭ͷখ໘΋͘͠͸ͦͷ௖఺ͷΈΛܦ༝ͯ͠઀

͠߹͍ͬͯΔʢશҬͰ͋Δʣʯಛ௃Λ࣋ͨͳ͍ંΓઢύλʔϯͰ͋Δɻਤ 2.5(a)͸ฏୱંෆՄೳͳંΓઢύλʔϯ

Ͱ͋Γɺਤ 2.5(b)͸ฏୱંՄೳͳંΓઢύλʔϯͰ͋ΔɻͦͷͨΊฏୱંͷՄ൱൑ผͱ͸ؔ܎ͳ͘ੜ͡ΔંΓઢ

ύλʔϯͰ͋Γɺ੍໿ͱͯ͠ඞཁͱͳΔɻ

ਤ 2.5͸ڞʹ֎पͷ৭ͷ੾ΓସΘΓͷ਺͕ 0ճͰ͕͋ͬͨɺਤ 2.6ͷΑ͏ʹ֎पͷ৭ͷ੾ΓସΘΓ͕ 2ճͰ͋ͬ

ͯ΋ɺಉ༷ʹ࿈ଓ഑ઢ͕ෆՄೳͳྫ΋ଘ͢ࡏΔɻ

ਤ 2.5(a)ͷΑ͏ͳɺંΓ໨ಉ͕࢜֎पΛհͯ͑͠͞઀ଓ͍ͯ͠ͳ͍ύλʔϯ͸ɺͦ΋ͦ΋ંΔ͜ͱ͕ෆՄೳͳ

ંΓઢύλʔϯͰ͋Δɻࠓճͷ഑ઢͷझࢫ͸ 2৭ృΓ෼͚ʹର͢Δ഑ઢͰ͸ͳ͘ɺʢฏ໘Ͱ͸ͳ͘ͱ΋ʣંΓͨͨ

Έ͕ੜ͡ΔંΓࢴʹର͢Δ഑ઢͰ͋ΔɻͦͷͨΊਤ 2.5(b)ͷΑ͏ͳগͳ͘ͱ΋௖఺Ͱ͸֎पʹྡ઀͍ͯ͠ΔંΓ

ઢύλʔϯʹ͍ͭͯͷΈ͑ߟΕ͹ྑ͍ɻ

ਤ 2.5ͱਤ 2.6ͱΛݟൺ΂Δͱɺӈ্ͷ໌Δ͍ փ৭ ͷখ໘٭஫ 8Λ௥Ճ͢Δ͜ͱͰɺ࿈ଓ഑ઢ͕Մೳͳঢ়ଶΛ࿈

ଓ഑ઢ͕ෆՄೳͳঢ়ଶ΁ͱมԽ͍ͤͯ͞Δɻ

஫٭ 7Ұप͢ΔͨΊ৭ͷ੾ΓସΘΓ͸ۮ਺Ͱ༗Γɺ৭ͷ੾ΓସΘΓͷճ਺͸࣮ࡍʹ͸ 4 ճҎ্Ͱ͋Δ
஫٭ 8ന৭ͷখ໘ͷྖҬʹ෼ྨ͞ΕΔ
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(a) (b)

ਤ 2.6: ֎पͷ৭ͷ੾ΓସΘΓ͕ 2Ͱ͋Δʹ΋͔͔ΘΒͣɺ࿈ଓ഑ઢ͕ෆՄೳͳྫɻ(a)ฏୱંෆՄೳ

ͳંΓઢύλʔϯɻ(b)ฏୱંՄೳͳύλʔϯɻਤ 2.5ͷӈ্ʹ৽ͨͳྖҬʢ փ৭ ʣΛੜ੒͢Δ͜ͱ

Ͱ৭ͷ੾ΓସΘΓΛ 2૿Ճ͍ͤͯ͞Δɻ

͜ͷมԽ͸֎प෇ۙΛ༻͍ͨඍখͳมԽͰՄೳͰ͋Δɻࡏݱͷͱ͜ΖඞཁͰ͸ͳ͍͕ɺฏୱંʹݶΒͳ͚Ε͹ɺ

࿈ଓ഑ઢՄೳͳંΓઢύλʔϯ͔ΒɺંΓ໨Λ௥Ճ͢Δ͜ͱͰ࿈ଓ഑ઢෆՄೳͳখ໘Λൃੜͤ͞Δ͜ͱ͸ՄೳͰ

͋Δɻ

ਤ 2.5ʹ͸ɺಉ͡৭ͷখ໘ͱͦͷ௖఺ͷΈΛܦ༝ͯ͠౸ୡͰ͖ͳ͍ಉ͡৭ͷখ໘͕ଘ͢ࡏΔɻਤ 2.5(a)Ͱ͸͍ࠇ

খ໘ͱന͍খ໘͕ɺਤ 2.5(b)Ͱ͸ന͍খ໘͕ͦͷΑ͏ͳঢ়ଶͰ͋Δɻ͜ͷΑ͏ͳɺʮಉ͡৭ͷখ໘ͱͦͷ௖఺Λܦ

༝ͯ͠౸ୡͰ͖ͳ͍ಉ͡৭ͷখ໘͕ଘ͢ࡏΔঢ়ଶʯ٭஫ 9Λʮʢͦͷ৭ͷྖҬ͕ʣ෼அʢ͞Ε͍ͯΔʣʯͱද͢ݱΔɻ

͞Βʹɺ͋Δ 1ͭͷখ໘΋͘͠͸͔ͦ͜Βಉ͡৭ͷখ໘ͱͦͷ௖఺ͷΈΛܦ༝ͯ͠౸ୡՄೳͷಉ͡৭ͷখ໘ू߹

ʹର͠ɺͦͷ৭͕ʮ෼அʯ͞Ε͍ͯΔ৔߹ʹ͸ɺͦͷখ໘ʢू߹ʣΛʮʢಉ͡৭ͷখ໘ͱͦͷ௖఺Λܦ༝ͯ͠౸ୡ

Ͱ͖ͳ͍খ໘ू߹͔Βʣཱ͍ͯ͠ݽΔʯͱද͢ݱΔ٭஫ 10ɻ

1ͭͰ΋ཱͨ͠ݽখ໘͕ଘ͢ࡏΕ͹ɺͦͷཱͨ͠ݽখ໘ʹ͸࿈ଓ഑ઢ͕ෆՄೳͰ͋ΔͨΊɺͦͷંΓࢴશମʹର

ͯ͠΋࿈ଓ഑ઢ͕ෆՄೳͰ͋Δɻͦͯ͠ɺ͜ͷ൑ผख๏Ͱ͸֎पͷ৭ʹͷΈ஫໨͓ͯ͠Γɺ಺෦ʹଘ͢ࡏΔཱ͠ݽ

ͨখ໘ͷଘࡏ͸֎प͚ͩͰ͸൑அͰ͖ͳ͍ɻಛʹɺਤ 2.5ʹࣔ͢ͷύλʔϯ͸ࠇҰ৭ͷύλʔϯͱ֎पͷ৭͸ಉ͡

Ͱ͋ΓɺͦΕΏ͑ʹશͯͷ௖఺ʹ͓͍ͯ࣍਺͸ۮ਺Ͱ͋ΔͨΊɺ֎पʹӨڹΛ༩͑ͳ͍ύλʔϯͰ͋Δɻͦͷͨ

Ίຊख๏ʮ֎पͱลΛڞ༗͢Δখ໘ʹ஫໨͠ɺͦͷ৭ͷ੾ΓସΘΓ͕Ұप͢Δؒʹ 2ճҎԼͰ͋Ε͹ɺͦͯͦ͠

ͷͱ͖ʹݶΓ࿈ଓ഑ઢ͕ՄೳͰ͋ΔʯͰ͸ʮཱͨ͠ݽখ໘͕ଘ͠ࡏͳ͍͜ͱʯΛࣄલʹ஌্ͬͨͰͷΈద༻Ͱ͖

Δ࿈ଓ഑ઢՄ൱൑ผख๏Ͱ͋Δɻখ໘ू߹Ͱ͸ͳ͘ Δʯ͸ʮ֎पཱ͍ͯ͠ݽͷখ໘Λѻ͏৔߹ʹ͸ʮখ໘͕ݸ1

ͱڞ༗͍ͯ͠ΔลΛআ͖ɺͦͷখ໘ͷ௖఺ͷ࣍਺͕શͯ 2Ͱ͋Δʯͱಉ஋Ͱ͋Δɻͦͯ͠ɺʮখ໘ू߹ཱ͕ͯ͠ݽ

͍Δʯ͸ʮ֎पͱڞ༗͍ͯ͠ΔลΛআ͖ɺͦͷখ໘ू߹ͷ಺෦ͷลΛऔΓআ͘ͱ௖఺ͷ࣍਺͕શͯ 2Ͱ͋Δʯͱ

ಉ஋Ͱ͋Δɻখ໘΋͘͠͸খ໘ू߹ཱ͕͍ͯ͠ݽΔ͔ͷ൑ఆ͸ɺͦΕͧΕͷ৭ʹରͯ͠ಠཱͯ͑͠ߦΔͨΊɺܭ

͸ͦΕ΄Ͳ໰୊ʹͳΒͳ͍ɻྔࢉ

·ͨɺখ໘ͷ઀ଓؔ܎ΛάϥϑͰදͤ͹ޮ཰తʹখ໘ू߹ͷཱݽΛ൑ఆͰ͖Δɻখ໘Λ௖఺ͱͯ͠ɺ௖఺Λڞ༗

͢Δಉ͡৭ͷখ໘ΛลͰ઀ଓͨ͠άϥϑΛ͑ߟΔͱɺখ໘ཱ͕͍ͯ͠ݽΔ৔߹ʹ͸ɺখ໘ͷ઀ଓؔ܎Λද͢άϥ

ϑ͸શҬͰ͸ͳ͍άϥϑͱͳΔɻάϥϑ͕શҬͰ͋Δ͔ͷ൑ผ͸ɺ઀ଓؔ܎ͷάϥϑΛͲ͏֨ೲ͢Δ͔ʹΑͬͯ

ଟগӨڹ͸͋Δ΋ͷͷɺ෯༏ઌ୳ࡧΛ༻͍Δ͜ͱͰ O(ลͷ਺٭஫ 11)ͰՄೳͰ͋Δɻ

2.4 ࿈ଓ഑ઢख๏
2.4.1 ࿈ଓ഑ઢख๏ͷඞཁੑ

ͷఆཧه্ 1ɺఆཧ??Λ༻͍ͨ൑ผ๏Ͱ࿈ଓ഑ઢͷՄ൱͸൑ఆͰ͖Δɻ͔͠͠࿈ଓ഑ઢՄೳͰ͋ΔͳΒ͹ৗʹ഑

ઢΛແ࡞ҝʹͯͬߦ΋࿈ଓ഑ઢՄೳͱ͸ݶΒͳ͍ɻྫ͑͹ਤ 2.7(a)͸ਤ 2.7(b)ͷ༷ʹ 2৭ృΓ෼͚ՄೳͰ͋Δɻ

ͦͯ͠ɺখ໘ͷ৭ͷ੾ΓସΘΓ͕ 0ճͰ͋Γɺಉ༷ʹંΓઢͷҰචॻ͖͸ՄೳͰ͋ΔͨΊɺͲͪΒͷ൑ผख๏ʹ

Αͬͯ΋࿈ଓ഑ઢ͕ՄೳͰ͋Δͱ൑ผ͞ΕΔɻ΋ͪΖΜɺ࣮ࡍʹਤ 2.7(c)ͷΑ͏ʹ࿈ଓ഑ઢՄೳͰ͋Δɻ

஫٭ 9ͭ·Γɺʮશͯͷಉ͡৭ͷখ໘͕ɺಉ͡৭ͷখ໘΋͘͠͸ͦͷ௖఺ͷΈΛܦ༝ͯ͠઀͠߹͍ͬͯΔʢશҬͰ͋ΔʣʯΛຬͨ͞ͳ͍ঢ়ଶ
஫٭ 10ਤ 2.3 ͷΑ͏ʹɺಉ͡৭ͷখ໘͕ 1 ͔ͭ͠ଘ͠ࡏͳ͍৔߹ʹ͸ɺଞͷಉ͡৭ͷখ໘͕ଘ͠ࡏͳ͍ͨΊɺଞͷಉ͡৭ͷখ໘ʹ౸ୡ͢Δ͜ͱ
͸ෆՄೳͰ͋Δɻ͔͠͠ɺ0 ༝ܦશͯͷখ໘ʹ઀ଓͰ͖͍ͯΔͱղऍ͢ΔͳͲͰɺશͯͷಉ͡৭ͷখ໘͕ಉ͡৭ͷখ໘΋͘͠͸ͦͷ௖఺Λݸ
ͯ͠઀͠߹͍ͬͯΔͱଊ͑ɺཱ͍ͯ͠ݽΔͱ͸ද͠ݱͳ͍ɻ

஫٭ 11খ໘ಉ࢜ͷ઀ଓͷ਺
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͔͠͠ɺਤ 2.7(d)ͷΑ͏ʹத৺ͷ͍ࠇখ໘͔Β์ࣹঢ়ʹ઀ଓ͢Δͱɺ4ݸͷന͍খ໘͸࿈ଓ഑ઢෆՄೳʹͳͬͯ

͠·͏ɻ͜ͷΑ͏ʹɺ഑ઢՄೳͰ͋Δిۃύλʔϯʹରͯ͠࿈ଓ഑ઢ͕༰қʹ٭஫ 12ಘΒΕΔͱ͸ݶΒͳ͍ɻ

(a) net (b) bi-color (c) correct (d) bad

ਤ 2.7: ࿈ଓ഑ઢ͕͏·͍͘͘഑ઢྫͱ͏·͍͔͘ͳ͍഑ઢྫɻແ࡞ҝʹ઀ଓͯ͠࿈ଓ഑ઢ͕͏·͍͘

͘ͱ͸ݶΒͳ͍ɻ(a)ృΓ෼͚ՄೳͳંΓࢴͷల։ਤɻ(b)2৭ృΓ෼͚ɻંΓઢύλʔϯ͸࿈ଓ഑ઢ͕

ՄೳͰ͋Γ (c)ͷΑ͏ʹ࿈ଓ഑ઢՄೳ͕ͩ (d)Ͱ͸࿈ଓ഑ઢ͕ෆՄೳʹͳΔɻ

௖఺ͷ઀ଓύλʔϯΛશ௨Γ͢ࢼख๏͸΋ͪΖΜిۃύλʔϯΛಋग़Ͱ͖Δ͕ɺਤ 2.8ͷΑ͏ʹɺ࣍਺͕େ͖͍

௖఺ʹରͯ͠͸ଟ͘ͷ઀ଓύλʔϯ͕ଘ͢ࡏΔɻ͜ͷ௖఺Ͱͷ઀ଓͷύλʔϯͷ਺͸ɺ઀ଓؔࠩ͠ަ͕܎ͳ͍Α

vertices of
degree 4

vertices of
degree 6

vertices of
degree 8

14 ways
(in total)

ਤ 2.8: ௖఺ͷ࣍਺ͱ઀ଓύλʔϯྫɻ࣍਺ͷ૿Ճʹରͯ͠઀ଓύλʔϯ਺΋૿Ճ͢Δɻ

͏ͳྖҬͷ෼ׂʹ૬౰͢Δɻ͢Δͱɺʮඇަࠩ෼ׂ਺ʯͱ΋ݺ͹ΕΔΧλϥϯ਺͕ͦͷ਺ʹରԠ͠ɺ࣍਺͕ 2n΋

͘͠͸ 2n + 1ͷ௖఺ʹରͯ͠ Cn =
(2n)!

(n+ 1)!n!
≈ 4n

n
3
2
√
π
௨Γͷ઀ଓύλʔϯ͕ଘ͢ࡏΔ͜ͱͱͳΓɺࢦ਺ؔ਺

తʹ૿Ճ͢Δ [44]ɻ͞Βʹɺ͜ͷύλʔϯ਺͕௖఺͝ͱʹଘ͠ࡏɺͦΕͧΕΛಠཱʹ͑ߟΔ૯౰ͨΓͰ͸ɺ௖఺ͦ

ΕͧΕͷύλʔϯͷ਺Λֻ͚߹Θͤͨ਺ͷ࿈ଓ഑ઢΛ͑ߟΔඞཁ͕͋Δ٭஫ 13ɻ͜ͷΑ͏ͳ૯౰ͨΓͷύλʔϯ਺

͸ೋॏࢦ਺ؔ਺తʹ૿Ճ͢ΔͨΊɺ૯౰ͨΓ͸࣮ݱతͰ͸ͳ͍ɻͦ͜Ͱɺ۩ମతͳྫΛ༻͍ͯޮ཰తͳ࿈ଓ഑ઢ

ੜ੒ΞϧΰϦζϜΛ঺հ͢Δɻ

஫٭ 12ͭͳ͛ΒΕΔ৔ॴΛ͚࣍ͭݟୈͭͳ͛Δᩦཉ๏Ͱ
஫٭ 13ྫ͑͹ਤ 2.7 ͸ 16 ௨ΓͰ͋Δ͕ɺҰൠతͳંΓ௽ͷંΓઢύλʔϯ͸࣍਺͕ 4 ͷ௖఺͕ 37 ɺ࣍਺͕ݸ 6 ͷ௖఺͕ 1 ɺ࣍਺͕ݸ 9 ͷ௖
఺͕ 2 ༗ΔͨΊɺC37ݸ

2 C3C2
4 ≈ 1.35× 1014 ௨Γͷ઀ଓύλʔϯΛ͜͢ࢼͱͱͳΓɺͦΕͧΕʹରͯ͠࿈ଓ഑ઢΛ࣮͍ͯ͠ݱΔ͔Λ֬ೝ͢

Δ͜ͱ͸΄΅ෆՄೳͰ͋Δ
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2.4.2 શҬ໦Λ༻͍ͨ࿈ଓ഑ઢಋग़

ຊख๏͸ɺ֎पʹลͰྡ઀ͨ͠ྖҬͷ৭Λ༻͍ͨ࿈ଓ഑ઢՄ൱൑ผʹରԠ͢Δख๏Ͱ͋Δɻ͔͠͠֎पͷ௖఺

Ͱͷ઀ଓύλʔϯΛઌʹܾఆ͢Δఔ౓ͷରԠͰ͋Γɺ͍ؔڧ࿈͸ͳ͍ɻ

(a) (b) (c) (d)

(g2)(g)(e) (f)

ਤ 2.9: ృΓ෼͚Մ൱ͷ൑ผͱશҬ໦Λ༻͍ͨ഑ઢಋग़ɻখ໘ͷྡ઀ؔ܎Λද͢άϥϑͷશҬ໦ͷ઀ଓ

ͱରԠ͢Δ഑ઢʹΑΓ࿈ଓ഑ઢ͕ՄೳͰ͋Δɻ(a)ંΓઢύλʔϯɻ(b)2৭ృΓ෼͚ύλʔϯɻ(c)֎

पͱลΛڞ༗͢Δখ໘ʹ஫໨͠ɺͦͷ৭ͷ੾ΓସΘΓ͕Ұप͢Δؒʹ 2ճҎԼͰ͋Δ൑ఆɻ(d)֎पͱ

ลΛڞ༗͢Δখ໘Λ࿈݁ͤ͞Δɻ(e)௖఺Ͱͷྡ઀ؔ܎ΛลͰදͨ͠ਤɻന͍ྖҬʹରͯ͠͸఺ઢͰɺ

Ͱ͋Δɻ(f)ന܎ઢͰͦͷάϥϑΛද͢ɻ࣮ઢ͸ɺ(d)ͷஈ֊Ͱ࿈݁͞Εͨؔ࠯Ҭʹରͯ͠͸Ұ఺ྖ͍ࠇ

৭ͷྖҬʢ఺ઢͷάϥϑʣʹରͯ͠શҬ໦Λߏஙͨ͠ྫɻ(g)ಋग़͞Εͨ࿈ଓ഑ઢύλʔϯɻ(g2)࣍਺

͕ 8ͷ௖఺෇ۙͷ (g)ͷ֦େਤɻ[45]

·ͣɺਤ 2.9(a)ͷύλʔϯ͕༩͑ΒΕͨͱ͢Δ [45]ɻฏୱંՄೳͳંΓઢύλʔϯͰ͋Γɺ2৭ృΓ෼͚͕Մೳ

Ͱ͋ΔɻંΓઢύλʔϯͷ೚ҙͷখ໘ΛબͼลͰྡ઀͢Δখ໘ΛॱʹҟͳΔ৭ʹృΔૢ࡞ʹΑΓɺਤ 2.9(b)ͷ 2

৭ృΓ෼͚͕ҰҙʹಘΒΕΔ٭஫ 14ɻ࣍ʹਤ 2.9(c)ͷΑ͏ʹ֎पͷ৭ͷΈʹ஫໨͠৭ͷೖΕସΘΓ͕ 2ճҎԼɺͭ

·Γ࿈ଓ഑ઢՄೳͰ͋Δੑ࣭Λ֬ೝ͢Δɻຊख๏͸࿈ଓ഑ઢ͕ՄೳͰ͋ΔਤܗʹͷΈରԠ͢ΔͨΊɺਤ 2.9(c)ͷ

ஈ֊Ͱ৭ͷೖΕସΘΓ͕ 4ճҎ্Ͱ͋Ε͹ɺંΓઢύλʔϯΛ͑ߟ௚͢ɻͨͩ͠ɺશͯͷಉ͡৭ͷখ໘͸௖఺Ͱ

͸શҬͰ͋Δͱ͢Δ٭஫ 15ɻ

ਤ 2.9(d)ͷΑ͏ʹ֎पͰ৭͕࿈ଓ͢Δ৔ॴʹؔͯ͠͸ɺͦͷ৭Ͱ֎पͷখ໘ಉ࢜Λ઀ଓ͢Δɻ٭஫ 16࣍ʹɺ֤৭

ʹରͯ͠খ໘Λ௖఺ͱͨ͠௖఺Ͱͷྡ઀Λลͱ͢ΔάϥϑΛٻΊΔɻന৭ͷখ໘ʹର͢Δྡ઀άϥϑΛਤ 2.9(e)

ͷ఺ઢʹࣔ͢ɻ·ͨɺߟࢀͷͨΊʹࠇʹ͍ͭͯͷখ໘Λ௖఺ͱ͠௖఺Ͱͷྡ઀Λลͱ͢Δάϥϑ΋ਤ 2.9(e)ʹҰ

఺࠯ઢͰࣔ͢ɻ

͜ͷάϥϑ಺ͰɺશҬ໦Λߏங͢Δͱɺ໦͸ด࿏Λ࣋ͨͳ͍ͨΊࠇ৭ͷྖҬΛཱͣͤ͞ݽɺશҬੑ͸શͯͷന৭

ͷখ໘Λ࿈ଓ഑ઢͤ͞Δɻྡ઀άϥϑ͔ΒશҬ໦͕Ұҙʹܾ·Δͱ͸ݶΒͳ͍͕ɺਤ 2.9(f)ͷΑ͏ʹ͍ͣΕ͔ͷ

શҬ໦Λಋग़͢Ε͹্هͷੑ࣭͸ຬͨ͞ΕΔɻಛʹ੍໿Λઃ͚ͳ͍શҬ໦ͷߏங͸ด࿏͕ੜ͡ͳ͍Α͏ʹॱʹ઀

ଓ͢Δ͚ͩͰՄೳͰ͋ΔͨΊɺྔࢉܭ΋ O(|F |)Ͱ͋Δ٭஫ 17ɻ

ͦͯ͠ɺਤ 2.9(g)ͷΑ͏ʹ͜ͷશҬ໦ͷ࿈݁ʹରԠ͢ΔΑ͏ʹ௖఺ʹ഑ઢύλʔϯΛ෇Ճ͢ΔॲཧͰ࿈ଓ഑ઢ

Δɻͦͷ௖఺Ͱੜ͍ͯ͡Δ࿈͕݁ɺશͯಉ৭Ͱ͋Δ৔߹ʹ͸ͦͷ௖఺෇ۙΛԁঢ়ʹృΓͭͿ͢͜ͱͰ഑͢ݱ࣮͕

ઢ͕ՄೳͰ͋Δɻͦͷ௖఺Ͱੜ͍ͯ͡Δ࿈͕݁ɺશͯಉ৭Ͱͳ͍৔߹ʹ͸ɺਤ 2.9(g)ͷ࣍਺͕ 8ͷ௖఺ͷΑ͏ʹɺ

ઔܗΛ૊Έ߹ΘͤͨృΓ෼͚͕ඞཁͱͳΔɻ࣍਺͕ 8ͷ௖఺ͷ֦େਤ͸ਤ 2.9(g2)ͷΑ͏ʹͳΓɺਤ 2.9(f)ͷ੨͍

Ұ఺࠯ઢͱ੺͍఺ઢ͕ͦΕͧΕ੨৭ͱ੺৭ͷ࣮ઢͷΑ͏ʹ࿈݁͞ΕΔ͜ͱͰ࿈ଓ഑ઢ͕࣮͢ݱΔɻ

஫٭ 14৭Λ൓సͨ͠ύλʔϯ͸ಉҰͷృΓ෼͚ύλʔϯͱ͢Δ
஫٭ 15͜ͷॲཧʹ͍ͭͯ͸಺෦ͷંΓઢύλʔϯΛݟΔඞཁ͕͋Δɻ
஫٭ ճѻ͏ਤࠓ16 2.9(d)Ͱ͸શͯͷ֎पͷ௖఺ͷ࣍਺͕ 4ҎԼͰ͋Δ͕ɺ6Ҏ্Ͱ͋Δ৔߹͸֎पʹྡ઀͍ͯ͠ͳ͍ྖҬΛ࿈݁͠ͳ͍Α͏ʹ஫
ҙ͢Δɻ

஫٭ 17੍໿Λઃ͚Δ৔߹ʹ͍ͭͯ͸ୈ??খઅͰड़΂Δɻ
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2.5 ୈ2ষͷ·ͱΊ

ୈ 2ষͰ͸ɺંΓઢύλʔϯʹର͢Δ࿈ଓ഑ઢͷՄ൱൑ผख๏ͱɺՄೳͳ৔߹ͷ۩ମతͳ഑ઢಋग़ΞϧΰϦζ

ϜΛ঺հͨ͠ɻ

ຊख๏͕ఏҊ͞ΕΔલ͸ɺ഑ઢ͕Մೳ͔Θ͔Βͳ͍··ɺਓ͕ؒखۀ࡞Ͱ࿈ଓ഑ઢΛ୳͍ͯͨ͠ɻ͔͠͠ɺ൑

ผख๏ͱ۩ମతͳ഑ઢύλʔϯͷಋग़ΞϧΰϦζϜ͕Ͱ͖ͨࠓɺଘ͠ࡏͳ͍഑ઢύλʔϯΛ໛͢ࡧΔແବ͸ͳ͘

ͳΓɺ഑ઢ͕ଘ͢ࡏΕ͹ࣗಈతʹύλʔϯΛੜ੒Ͱ͖ΔɻϢʔβ͕࡞੒༷ͨ͠ʑͳܗঢ়ͷંΓࢴͳͲΛɺͦͷ··

εϐʔΧͱͯ͠࢖༻͢Δ഑ઢઃܭΛେ෯ʹ؆୯ʹ͢Δɻ

ୈ 2ষ͸ɺંΓࢴͷมܗΛͨ͢͜ىΊͷܰബͳճ࿏ͱͯ͠ಋిੑΠϯΫʹண໨͠ɺͦͷҹ࡮ύλʔϯͷΞϧΰ

ϦζϜΛߏங͢Δ͜ͱͰҹ࡮ͷΈͰ࣮͢ݱΔΞΫνϡΤʔλɾ഑ઢΛ࣮ͨ͠ݱɻ͜ΕʹΑΓ഑ઢ͞Ε͍ͯΔ෦෼

શମΛಉ࣌ʹมͤ͞ܗΔճ࿏Λ࣮ͨ͠ݱɻ



ୈ3ষ

ંΓࢴͷॱংಈ࡞ͷͨΊͷ࿦ཧճ࿏

ຊୈ 3ষ͕ड़΂Δ಺༰͸ંΓࢴͷมܗΛॱʹܰ͢͜ىബͳճ࿏Ͱ͋Δɻ

ຊୈ 3ষͰ͸มܗΛ͢͜ىΞΫνϡΤʔλͱͯ͠ܗঢ়هԱ߹ۚΛ༻͍Δɻܗঢ়هԱ߹ۚ͸ग़ྗͷΘΓʹܰബͰ

͋ΔͨΊɺܗʹطঢ়هԱ߹ۚ͸ંΓࢴͷมܗʹ༻͍ΒΕ͖ͯͨɻຊୈ 3ষͷςʔϚʮॱʹมܗΛ͢͜ىʯͷ࣮ݱ

ͷͨΊɺશͯͷܗঢ়هԱ߹ۚʹిѹ͕ҹՃ͠͏Δճ࿏͕ॱʹܗঢ়هԱ߹ۚͷۦಈΛ࣮͢ݱΔγεςϜΛߏங͢Δɻ

ैདྷܗঢ়هԱ߹ۚΛ༻͍ͨંΓࢴͷมܗʹ͸ɺԹ౓Ͱۦಈ͢ΔͨΊڥ؀ͷԹ౓΍෩଎ʹΑͬͯมҐ͕༰қʹม

Խ͢ΔͨΊϞʔλ౳ͱൺ΂Δͱ੍͕ޚ೉͍͠໰୊͕͋ͬͨɻͦͯ͠ɺܗঢ়هԱ߹ۚͷۦಈʹ͸ંΓ֯Λ؍ଌ͢Δ

ೳͳηϯα΍ͦͷपลճ࿏΋ඞཁͰ͋ͬͨɻੑߴ

ຊୈ 3ষͰ͸ɺંΓࢴϩϘοτͷଟ͕͘ඞཁͱ͢ΔંΓ֯ͷ৘ใ͕ɺંΓ֯ࣗମͷ৘ใͰ͸ͳ͘ંΓ֯ͱ͖͠

͍஋ͷେখؔ܎Ͱ͋Δ͜ͱʹண໨ͨ͠ɻͦͯ͠ߴਫ਼౓͔ͭ࿈ଓతͳંΓ֯ͷมԽͷऔಘΛఘΊΔ୅ΘΓʹɺ͖͠

͍஋ͱͷେখؔ܎ͷΈΛߴਫ਼౓ͰٻΊΔηϯαΛಔςʔϓͰബ࣮͘૷ͨ͠ɻ

ैདྷͷηϯαͷଟ͘͸఍߅஋ͷมԽ΍ిѹͷߴ௿Ͱ࿈ଓతʹ֯౓Λग़ྗ͕ͨ͠ɺຊୈ 3ষͰఏҊ͢Δബ͍ηϯ

α͸ಋ௨ͱஅઢʹΑͬͯେখؔ܎Λग़ྗ͢ΔɻͦͷͨΊɺηϯαͱ௚ྻʹిݯͱܗঢ়هԱ߹ۚΛ઀ଓ͢Ε͹ંΓ

͕֯௚઀ܗঢ়هԱ߹ۚͷۦಈɺͻ͍ͯ͸ંΓࢴͷมܗΛͤ͜ىΔɻ͜ͷੑ࣭ͱग़ྗͷෆ࿈ଓੑ͔ΒɺఏҊ͢Δಔ

ςʔϓʹΑΔηϯαΛಔςʔϓεΠονͱݺͿɻ͜ͷಔςʔϓεΠονΛ͋ΔંΕ͔֯Βஅઢʹ੾ΓସΘΔΑ͏

ʹઃ͠ܭɺ͋ΔંΕ֯·Ͱ͸ܗঢ়هԱ߹͕ۚۦಈ͢Δ͕ͦͷંΕ֯Ҏ্Ͱ͸ܗঢ়هԱ߹͕ۚఀ͠ࢭɺ໨తͷંΕ

֯෇ۙͰ҆ఆ͢ΔΑ͏ͳಈ͕࡞Մೳͱ͢Δɻ

ͦͯ͠͞ΒʹಔςʔϓεΠονΛ௚ྻ΍ฒྻʹ઀ଓ͠ɺΑΓෳࡶͳ৚݅ʹΑΔܗঢ়هԱ߹ۚͷۦಈ΋࣮ͨ͠ݱɻ

ຊఏҊʹΑΓશମʹిѹΛҹՃ͢Δ͚ͩͰંΓࢴͷܗঢ়ʹΑͬͯಔςʔϓͷಋ௨͕ؔ܎มԽ͠ܗঢ়هԱ߹ۚΛ੍

ͳ͍ബ͘͠ࡌಈ͢ΔɺICΛ౥ۦԱ߹ۚͰهঢ়ܗՄೳͱͳΔɻຊ੒ՌʹΑΓɺ͕ޚΔ੍͢ܗΔ͜ͱͰɺॱʹม͢ޚ

͍ͯܰંΓࢴϩϘοτ͕࣮ݱͰ͖Δɻ

ຊୈ 3ষͷ੒Ռ͸ɺ

[C1]Ԟ୩จಙɼ઒ܓݪതɼ“ಔςʔϓճ࿏ͷഉଞత࿦ཧ࿨ͷԁ౵ંΛ༻͍࣮ͨ૷ɼ”ిࢠ৘ใ௨৴ֶձٕज़ڀݚ

ใࠂʢCASʣɼvol.119, no.313, CAS2019-52, pp.59–64, Nov. 2019.

[C2]Ԟ୩จಙɼ઒ܓݪതɼ“ग़ྗΛೖྗʹϑΟʔυόοΫ͢Δ͜ͱͰ܁Γฦ͠ભҠΛߏ੒͢Δ૊Έ߹Θͤճ࿏ͷ؆

୯ԽʹΑΔϩόετੑɼ”ిࢠ৘ใ௨৴ֶձٕज़ڀݚใࠂʢCOMPʣɼvol.119, no.249, COMP2019-21, pp.27–34,

Oct. 2019.

[C3]Ԟ୩จಙɼ઒ܓݪതɼ“ંΓࢴϩϘοτͷ੍ޚճ࿏ͷࣗ཯෼ޚ੍ࢄΛ༻͍ͨ؆୯Խɼ”ిࢠ৘ใ௨৴ֶձι

αΠΤςΟେձߨԋ࿦จूɼno.N-1-1, Sept. 2019.

Ͱൃද͞Εͨ಺༰ͷ࠶ར༻ΛؚΉɻ

3.1 ંΓࢴϩϘοτͷ੍ޚͷ໰୊఺

ɹંΓࢴϩϘοτ͸ɺϩϘοτΛബ͍ঢ়ଶͰ༌ૹͰ͖ΔͨΊɺେྔͷϩϘοτΛ༌ૹ͍ͨ͠৔߹΍ɺݶΒΕͨ

ۭؒͷதͰബ͍ঢ়ଶͰ༌ૹ͢Δ৔߹ʹඇৗʹศརͰ͋Δɻ͞ΒʹɺંΓࢴϩϘοτ͸౥͞ࡌΕͨόοςϦͱΞΫ

νϡΤʔλΛ༻͍ͯ֎෦͔Βͷૢ࡞ΛඞཁͱͤͣંΓ্͕Γɺઃ͞ܭΕͨܗঢ়΁ͱม͢ܗΔࣗંݾͱݺ͹ΕΔ෼

໺ͷൃ׆͕ڀݚʹͳͬͨɻͦͷͨΊɺখ͘͞ંΓͨͨΊΔੑ࣭ɺ૊Έཱͯͷख͕͍ؒΒͳ͍ੑ࣭͕༗༻ͳɺӉ஦

ʹଧ্ͪ͛ΔϩϘοτ΍ੜମ಺Ͱಈ͘ϩϘοτͳͲͱͯ͠ண໨͞Ε͖ͯͨɻ

ͦͯ͠ɺંΓࢴϩϘοτͷ༌ૹ໘ʹ͓͚Δར఺͸ɺંΓࢴϩϘοτͷܰ͞ɾബ͞ʢখ͞͞ʣʹ͋Γɺͦͷར఺Λ
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ଛͳΘͳ͍ͨΊʹബ͍ʢখ͍͞ʣܗঢ়هԱ߹ۚΛΞΫνϡΤʔλͱͯ͠༻͍ΒΕ͍ͯΔɻܗঢ়هԱ߹ۚ͸ɺ೤Λ

༩͑Δͱݩͷܗঢ়ʹ໭Ζ͏ͱ͢Δྗ͕ಇ͘߹ۚͰ͋Γɺ֎෦͔Β೤Λ༩͑Δ͔ɺిྲྀΛྲྀͯ͠δϡʔϧ೤Λ༻͍ͯ

ಈ͢ΔͨۦԱ߹ۚͷԹ౓Ͱهঢ়ܗԱ߹ۚ͸֎෦͔Β༩͑ͨ೤ྔ΍ిྲྀྔͰ͸ͳ͘ɺهঢ়ܗಈ͞ΕΔɻ͔͠͠ɺۦ

Ίɺ੍͕ޚ೉͍͠໰୊Λ༗͢Δɻ

ैདྷ͸͜ͷ໰୊ΛɺંΓ֯ηϯαΛ౥ͯ͠ࡌϑΟʔυόοΫ੍ޚΛͯͬߦղܾ͍ͯͨ͠ɻ͔͠͠ંΓ֯Λऔಘ

͢ΔͨΊͷηϯα͸ંΓࢴϩϘοτͷް͞Λ૿Ճͤ͞ΔཁҼͰ͋Γɺߴਫ਼౓͔ͭബ͍ηϯα͕ొ৔͢Δ͜ͱ͸ͳ

͔ͬͨɻߴਫ਼౓͔ͭബ͍ηϯα͕࣮͢ݱΕ͹ɺܗঢ়هԱ߹ۚͷΑ͏ͳෆ҆ఆͳΞΫνϡΤʔλΛંΓࢴϩϘοτ

ʹ༻͍ΒΕΔΑ͏ʹͳΔɻ

ંΓࢴϩϘοτͷ΄ͱΜͲͷ੍ޚ͸ߴਫ਼౓͔ͭ࿈ଓతͳંΓ֯ͷมԽΛऔಘ͢Δʹ΋͔͔ΘΒͣɺ࣮ࡍʹ༻͍ͯ

͍Δ৘ใ͸໨తͷ֯౓·ͰมԽ͔ͨ͠ͷ൑அͷΈͰ͋ͬͨɻͦͷͨΊɺ͋ΔંΕ֯·ͰંΕ͔ͨͲ͏͔Λߴਫ਼౓

ʹऔಘͰ͖Ε͹ɺଞͷ֯౓ʹ͓͚Δߴਫ਼౓ͳ֯౓͸ෆཁͰ͋Δɻຊୈ 3ষͰ͸͜ͷੑ࣭ʹண໨͠ɺ֯౓ͷେখؔ

੒͞ΕɺંΕ֯ߏɻηϯα͸ಔςʔϓͰͨ͠ݱͷΈͷ൑ఆͷΈͷೳྗ͔࣋ͨ͠ͳ͍͕ܰബͳંΕ֯ηϯαΛ࣮܎

ͷେখؔ܎Λಋ௨ͱஅઢʹΑͬͯग़ྗ͢ΔͨΊɺ͜ͷηϯαΛಔςʔϓεΠονͱݺͿɻ

ຊୈ 3ষͰ͸ɺఏҊ͢ΔಔςʔϓεΠονͷ༗༻ੑΛ͔֬ΊΔͨΊʹɺંΓߏࢴ଄ʹηϯαΛ౥͠ࡌɺંΓࢴ

ϩϘοτͷঢ়ଶΛ೺Ѳ͠ɺॴ๬ͷॱ൪ͰંΔ੍ޚΛ͏ߦɻैདྷͷ੍ޚͰ͸ɺࣗંݾͱݺ͹ΕΔڀݚͰ͋Γɺॴ๬ͷ

ॱ൪ͰંΔ੍ޚΛ͍ͯͬߦΔɻͦͷࣗંݾ͸಺֎ͷ੍ޚΛඞཁͱ͠ɺϩϘοτͷ಺෦ʹ੍͕͋ޚΔ৔߹ʹ͸ ICͳ

ͲͷްΈͷ͋ΔૉࢠΛඞཁͱ͍ͯͨ͠ɻͦͯ͠ɺ֎෦ͷ੍ޚͰ͸ંΓࢴͷۦಈγεςϜશମͷॏྔ͕૿Ճͯ͠͠

·͍ɺલड़ͨ͠Ӊ஦ʹଧ্ͪ͛ΔϩϘοτͳͲʹ͸ద͞ͳ͍ɻຊఏҊ͸ɺ֎෦ͷ੍ثޚ΋ཁΒͣɺ಺෦Ͱ͸ബ͍ճ

࿏ͱ੍ޚγεςϜΛ࣮ͨͨ͠ݱΊɺ͜ͷްΈʹΑΔ໰୊ΛղܾͰ͖Δख๏Ͱ͋Γɺߴਫ਼౓ͳܗঢ়هԱ߹ۚͷ੍ޚ

΋Մೳͱ͢Δɻ
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3.2 ୈ3ষͷؔ࿈ڀݚ

ɹຊষͰ͸ɺैདྷͷંΓࢴϩϘοτͷ੍ޚɾैདྷͷંΓࢴϩϘοτͷঢ়ଶͷ೺Ѳɾബ͍ճ࿏ͷ 3෼໺ʹ෼͚ͯ

ؔ࿈ڀݚΛ঺հ͢ΔɻैདྷͷંΓࢴϩϘοτͷ੍ޚΛΞΫνϡΤʔλͱͱ΋ʹ঺հ͠ɺંΓࢴϩϘοτ͕ͲͷΑ

͏ͳΞΫνϡΤʔλΛ༻͍͖͔ͯͨɾͲͷΑ͏ͳ੍ޚʹΑΓॴ๬ͷಈ͖Λ࣮͔͖ͨͯ͠ݱΛड़΂Δɻ

·ͣɺંΓࢴϩϘοτʹηϯαΛ໌ࣔతʹ͸͚͍ͭͯͳ੍͍ޚΛ঺հ͢Δɻͭ·ΓɺϚΠίϯͳͲͷܭଌثػΛ

༻͍ͨϑΟʔυόοΫ੍ޚҎ֎ͷ੍ޚͰ͋Δɻ

࣍ʹɺંΓࢴϩϘοτͷঢ়ଶΛ೺Ѳ͢ΔߏػΛ঺հ͢ΔɻંΓࢴϩϘοτͷར఺ΛଛͳΘͳ͍Α͏ͳɺঢ়ଶͷ

೺ѲʹऔΓ૊ΜͰ͍Δ͕ڀݚଟ͍ɻ·ͨંΓࢴϩϘοτͷঢ়ଶΛ೺Ѳ͢ΔͨΊͰ͸ͳͯ͘΋ɺຊୈ 3ষͰηϯα

ͱͯ͠༻͍ΔߏػʹΑ͘ߏػͨࣅΛ࣋ͭંΓߏࢴ଄Λ঺հ͢Δɻ

Λ༻͍Δ͕ɺಋઢΛඞཁͱ͠ͳ͍Θ͚Ͱߏػͳ͍͠ࡌɺബ͍ճ࿏Λ঺հ͢ΔɻఏҊख๏͸ूੵճ࿏Λ౥ʹޙ࠷

͸ͳ͍ɻͦ͜ͰɺఏҊ͢Δߏ଄ʹߟࢀʹͨ͠ബ͍ճ࿏ͱͦΕͧΕͷಛੑΛ঺հ͢Δɻ

3.2.1 ैདྷͷંΓࢴϩϘοτͷ੍ޚ

ંΓߏࢴ଄͸ಛఆͷΞΫνϡΤʔλʹറΒΕͨߏ଄Ͱ͸ͳ͍ͨΊɺ༷ʑͳΞΫνϡΤʔλΛ༻੍͍ͨߦ͕ޚΘΕ

͍ͯΔɻಛʹܗঢ়هԱ߹ۚɾϚΠΫϩϦχΞαʔϘɾ௚ྲྀϞʔλΛ༻੍͍ͯ͢ޚΔંΓࢴϩϘοτ͕ఏҊ͞Εͯ

͓Γɺ௚ྲྀϞʔλɾϚΠΫϩϦχΞαʔϘɾܗঢ়هԱ߹ۚͷॱͰߴ଎ʹҠಈ͢Δ͜ͱ͕ՄೳͰ͋Δ [33]ɻจݙ [33]

Ͱ঺հ͞Ε͍ͯΔϩϘοτ͸ਓ͕ؒखۀ࡞Ͱંͬͯ࡞ΔϩϘοτͰ͋Γɺ2͔࣌ؒΒ 3͔͚࣌ؒͯ 100mmఔ౓ͷ

େ͖͞ͷϩϘοτΛ੡͍ͯ͠࡞Δɻ͜ͷϩϘοτ͸ɺ1ຕͷࡐྉʹճ࿏ྨΛ౥͠ࡌɺॴ๬ͷܗঢ়΁ͱંΓͨͨΉ͜

ͱͰϩϘοτͯ͠׬੒͢Δ΋ͷͰ͋Γɺ1ຕͷฏ໘ࡐྉ͔Β੍࡞Ͱ͖Δར఺΋࣋ͭɻ

͜ͷΑ͏ʹΞΫνϡΤʔλΛ౥͢ࡌΔ৔߹ɺݐங෺ͷΑ͏ͳେܕͷߏ଄ [46]Ͱ͋Ε͹ɺ͍ΘΏΔʮࢴʯͰ͋Δখ

໘ͷް͞΋૿Ճ͢ΔͨΊɺΞΫνϡΤʔλʹٻΊΔബ͞ͳͲͷ੍ݶ͸গͳ͘ͳΔɻ͔͠͠ɺʮંΓࢴϩϘοτʯͱ

ͯ͠ఏҊ͞Ε͍ͯΔ΋ͷ͸ɺͦͷ΄ͱΜͲ͕ܰྔͰ͋Δੑ࣭΍ബܕͰ͋Δੑ࣭Λ͔ͨ͢׆ΊʹંΓߏࢴ଄Λ༻͍

͍ͯΔɻͦͯ͠ɺͦͷંΓߏࢴ଄ͷར఺ΛଛͳΘͳ͍ͨΊʹɺܰྔͰখܕͳΞΫνϡΤʔλΛ༻͍Δ͜ͱ͕ଟ͍ɻ

ΞΫνϡΤʔλʹ஫໨͢ΔͱɺંΓߏࢴ଄Ͱಛʹ༻͍ΒΕΔΞΫνϡΤʔλʹ͸ܗঢ়هԱ߹͕ۚ͋͛ΒΕΔɻܗ

ঢ়هԱ߹ۚͱ͸ɺܗঢ়ճ෮Թ౓ͱݺ͹ΕΔԹ౓·ͰՃ೤͢ΔͱهԱ͞Εͨܗঢ়ʹ໭ΔࡐྉͰ͋Δɻܗঢ়هԱ߹ۚ

͸ͦͷ໊ͷ௨ΓۚଐͰ͋ΔͨΊɺిؾΛ௨͠ɺͦͷిྲྀʹΑΔൃ೤Ͱۦಈ͢Δ͜ͱ΋Ͱ͖ΔɻҰൠతʹɺΞΫνϡ

Τʔλ͸ෳ਺ͷ෦඼ͷ૬࡞ޓ༻ʹΑͬͯྗɾӡಈΛൃੜͤ͞Δ͕ɺܗঢ়هԱ߹ۚ͸ͦͷૉࣗࡐମ͕ܗঢ়ΛมԽ͞

ͤΔɻෳ਺ͷ෦඼ͷ૬࡞ޓ༻͸Ϟʔϝϯτ΍ڑ཭ʹΑͬͯྗΛൃੜͤ͞ΔͨΊɺେ͖ͳྗΛੜΉͨΊʹ͸େ͖ͳ

ঢ়ͳͲɺଞͷܗঢ়΍ബ͍ܗΛ࢘ΔͨΊɺখ͍͞ܗମ͕มࣗࡐԱ߹ۚ͸ૉهঢ়ܗঢ়΋ඞཁͱͳͬͯ͠·͏ɻҰํͰܗ

ΞΫνϡΤʔλͰ͸ࠔ೉ͳܗঢ়ͰಛʹศརͰ͋Δ [47, 48]ɻ

ಛʹંΓࢴͰ͸ɺܗ͍ࡉঢ়هԱ߹ۚΛંΓࢴϩϘοτͷར఺ΛଛͳΘͳ͍ΞΫνϡΤʔλͱͯ͠ར༻Ͱ͖Δɻ·

΋Մೳͱ͍ͯ͠Δɻܗ෉͢Δ͜ͱͰΑΓେ͖ͳม޻ʹ΍ฏ໘ͳͲܕঢ়ΛόωܗԱ߹ۚͷهঢ়ܗͨ

Λ༩͑ΒΕͳ͍͚ͩͰͳ͘ಉྗʹ޲ํٯঢ়ʹ໭Ζ͏ͱ͢Δྗ͕ಇ͚ͩ͘Ͱ͋ΓɺܗͷݩԱ߹ۚ୯ମͰ͸هঢ়ܗ

Ա߹ۚ͸ಉ͡มҐʹରͯ͠͸͡Ίͯهঢ়ܗΛ͔͚͚ͭͮΒΕΔΞΫνϡΤʔλͰ΋ͳ͍ɻͦΕΏ͑ɺྗʹ޲ํ͡

ৗʹಉ͡ํ޲ͷྗΛ༩͑ΔΞΫνϡΤʔλͱͯ͠ಇ͘ɻͦͷͨΊɺԟ෮ӡಈͳͲͷ܁Γฦ͠ӡಈΛ࣮͢ݱΔࡍʹ

͸ɺόωͷΑ͏ͳଞͷཁૉͰྗΛൃੜͤ͞Δ͔ɺ፰ے߅ͷΑ͏ʹෳ਺ͷܗঢ়هԱ߹ۚΛ౥͕ߏػͨ͠ࡌඞཁͰ͋

Δ [49, 50]ɻ·ͨܗঢ়هԱ߹ۚͷܗঢ়ճ෮Թ౓͕ࣨԹΑΓ΋͍ߴ৔߹ɺܗঢ়هԱ߹ۚ͸ྫྷΊΔ͜ͱͰ࠶౓ͷมܗΛ

֎Ͱ͖ΔΑ͏ʹͳΔͨΊɺྫݱ࣮ [51]΋͋Δ͕Ճ೤͚ͩʹΑΓ੍͢ޚΔγεςϜ͕ଟ͍ɻܗঢ়هԱ߹ۚ͸ંΓࢴ

ϩϘοτ͚ͩʹ࢖ΘΕ͍ͯΔΘ͚Ͱ͸ͳ͍͕ɺൺֱతߴՁͳͨΊιϑτϩϘοτͳͲͷݶΒΕͨʢಛघͳʣ༻్

ΘΕΔ͜ͱ͕ଟ͍࢖͍͓ͯʹ [50]ɻ·ͨॏྔ͋ͨΓͷྗ΋͍ͨڧΊɺܰ͞ΛٻΊΒΕΔϩϘοτʹ΋࢖ΘΕ͍ͯΔ

[52]ɻจݙ [52]ͷϩϘοτ͸੍ޚ෦෼ɾόοςϦ͕ϩϘοτͷ֎ʹ͋Δ͕ɺ150mm× 15mmͷϩϘοτΛ 0.03 g

ͷܗঢ়هԱ߹ۚͰۦಈ͓ͤͯ͞Γɺશମͷॏྔ 1.2 gʹൺ΂Δͱ 1/400ͷॏྔͰ͋Δɻ

ϞʔλͳͲͷ੍ޚʹؔͯ͠͸ɺંΓࢴϩϘοτʹݶΒͣΑ͘͞ڀݚΕ͍ͯΔͨΊຊୈ 3ষͰ͸ड़΂ͣɺંΓࢴ
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Ա߹ۚ͸ܰ͘ɾബ͘ɾهঢ়ܗΛϞʔλͳͲͱൺֱ͠ͳ͕ΒੑೳΛ·ͱΊΔɻޚ੍ͯͬߜʹۚ߹Աهঢ়ܗΘΕΔ࢖ʹ

ॊΒ͔͍ͨΊʹંΓࢴϩϘοτͱ͸ඇৗʹ૬ੑ͕ྑ͍͕ɺҰํͰܗঢ়ͷ੍͕ޚ೉͍͠ [49]ɻϞʔλͳͲ͸ిྲྀΛྲྀ

͢ͱͦͷ͚࣌ؒͩྗΛൃੜ͢Δ͕ɺܗঢ়هԱ߹ۚ͸ܗঢ়ճ෮Թ౓ʹୡ͔ͯ͠ΒͷΈྗΛൃ͢شΔɻͦͯ͠ɺۚଐ

Ͱ͋ΔͨΊԹ౓͸͙͢఻ΘΓɺܗঢ়هԱ߹ۚͷҰ෦ͷΈͷۦಈ΋೉͍͠ɻ

ΛޚΤϯίʔμ΍֯౓ηϯαΛ༻͍ͯϑΟʔυόοΫ੍ʹޚ͸͋Δ͕ɺ֯౓੍ڀݚ͏ߦΛޚԱ߹ۚͷ੍هঢ়ܗ

ঢ়Λճ෮͔͚ͤͨ͞ঢ়ଶʣΛҡ࣋͢Δܗঢ়ʢܗͰ͸த్൒୺ͳޚΔ΋ͷ͕ଟ͘ɺ࣌ؒ෯΍ిྲྀྔ͚ͩͷ੍͍ͯͬߦ

͜ͱ͸೉͍͠ [49, 53]ɻંΓࢴϩϘοτʹ͓͍ͯ͸ɺ΍͸Γ֯౓੍ޚʹΤϯίʔμ΍֯౓ηϯαΛ༻͍Δͱɺͦͷ

෦෼͸ંΓߏࢴ଄Ͱ͸ͳ͘ͳΓɺް͍ߏ଄ͱͳͬͯ͠·͏ɻ

ͦ͜Ͱɺܗঢ়هԱ߹ۚͷঢ়ଶΛৄ͢ޚ੍ʹࡉΔͷͰ͸ͳ͘ɺҰఆ࣌ؒܗঢ়هԱ߹ۚʹΤωϧΪʔΛ༩͑Δ୯७

ͳ੍ै͕ޚདྷͷંΓߏࢴ଄ͰߦΘΕ͖ͯͨ [54]ɻܗঢ়هԱ߹͕ۚม͢ܗΔͷʹे෼ͳ࣌ؒܗঢ়هԱ߹ۚΛՃ೤ͯ͠

͍ͨͯ͠ݱΓฦ͠ӡಈΛ࣮܁Γฦ͠ʹΑΓ܁͏ߦ౓Ճ೤Λ࠶Β͔ͯ͠ܗมʹޙΊͨࢭಈ͠ɺՃ೤Λۦ [54]ɻ

·ͨંΓߏࢴ଄͕͍ޓʹͿ͔ͭΔ͜ͱͰ෺ཧతʹมܗΛఀͤ͞ࢭΔ੍ޚ΋ଘ͢ࡏΔ [55]ɻ͜ͷߏ଄͸ંΓߏࢴ଄

ͷް͞Λ׆༻ͯ͠ɺಛఆͷ֯౓Λ·Ͱ͔͕͠ۂΒͳ͍Α͏ʹ෺ཧతͳ߆ଋΛ༩͑Δ΋ͷͰ͋Γɺߏ଄શମΛΦʔ

ϒϯʹೖΕɺಉ࣌ʹ೤͢Δ͜ͱͰઃ͞ܭΕͨܗঢ়΁ͷมܗΛ࣮ͨ͠ݱɻ͜ͷߏ଄͸ɺՃ೤ޙͷܗঢ়Λࣄલʹઃܭ

͢Δ͜ͱͰઃ͞ܭΕͨ֯౓·ͰંΕ͕ۂΔؔઅΛ༗͍ͯ͠Δɻ͔͠͠ɺΞΫνϡΤʔλͰ༷ʑͳ֯౓Λ࣮ͯ͠ݱ

͍ΔΘ͚Ͱ͸ͳ͘ɺΞΫνϡΤʔλΛ੍͍ͯ͠ޚΔͱ͸͍͕͍ͨݴɻ·ͨ͜ͷંΓߏࢴ଄΋Ұ౓͚ͩͷܗঢ়มԽͰ

͋Γɺ܁Γฦ͠ಈ࡞Λં͏ߦΓࢴϩϘοτͷ੍ޚ͸ෆՄೳͰ͋Δɻ

ঢ়΁ͱભҠ͠Α͏ͱ͢ΔྗΛൃੜͤ͞ΔΞΫνϡΤʔλʹɺޫ͕রࣹ͞ΕΔͱมܗԱ߹ۚͱಉ͘͡ɺ͋Δهঢ়ܗ

ΔϙϦϚʔ͕͋Δ͢ܗ [56]ɻ͜ͷϙϦϚʔ͸ޫΛরࣹ͞ΕΔͱؔઅΛ͛ۂΔΑ͏ʹ഑ஔ͞Ε͓ͯΓɺޫΛরࣹ͢Δ

͜ͱͰંΓ৞·ΕΔંΓݱ࣮͕ࢴͰ͖Δɻ͞Βʹɺಛఆͷ೾௕ͷޫ͕রࣹ͞Εͨͱ͖ʹม͢ܗΔϙϦϚʔΛ༻ҙ͢

Δ͜ͱͰɺͦΕͧΕͷϙϦϚʔʹରԠ͢Δ৭ͷޫ͕রࣹ͞ΕΔͱͦΕͧΕͷϙϦϚʔ͕ม͢ܗΔߏ଄͕࣮ݱͰ͖

Δɻͦͷߏ଄ʹҟͳΔ৭ͷޫΛॱʹ౰ͯΔ͜ͱͰɺॴ๬ͷॱ൪ͰંΓ͛ۂΒΕΔ [57]ɻͨͩ͜͠ͷ෼໺ͷڀݚ͸ɺ

ΔͷΈͰ͋͢ܗ଄͸΄ͱΜͲҰ౓มߏʢself-foldingʣͱ໊෇͚ΒΕ͍ͯΔંݾͱಉ༷ɺࣗંݾԱ߹ۚͷࣗهঢ়ܗ

Δ٭஫ 1ɻ

͜ͷΑ͏ʹɺંΓࢴϩϘοτͷ੍ޚʹ͸ɺ͕ޚ੍͍͔ࡉ೉͍͠ͱ͏ݴ໰୊͕͋ͬͨɻ࣮ࡍʹɺܗঢ়هԱ߹ۚʹ

ిྲྀΛྲྀ͚࣌ؒͩ͢Ͱ੍ͨ͠ޚͱ͜Ζܗঢ়هԱ߹͕ۚ೤͞Ε͗͢Δ໰୊΋ੜͨ͡ɻ೤͗͢͠Δͱܗঢ়ճ෮Թ౓Ͱ

Ա߹ۚͷෆ҆ఆੑͷهঢ়ܗঢ়ʹ໭Βͳ͘ͳΔੑ࣭͸ɺܗͷݩ 1ͭͰ͋ΓɺిྲྀΛ௕࣌ؒྲྀ͢͜ͱͰੜͯ͡͠·͏

[58]ɻ·ͨܗঢ়هԱ߹ۚΛ೤͗͢͠Δ͜ͱʹΑͬͯपลͷ෦඼͕ղ͚ͨΓয͛ͨΓ͢Δੑݥة΋ੜͨ͡ɻ

͔͠͠ɺܗঢ়هԱ߹ۚͷྫྷ٫ͷଟ͘͸ࣗવྫྷ٫Ͱ͋ΓपғͷԹ౓΍෩଎ʹӨ͞ڹΕΔͨΊɺৗʹಉ࣌ؒ͡ͷ௨

ిͰͷ੍ޚͰ͸ॴ๬ͷܗঢ়Λ࣮ݱͰ͖ͳ͍ɻͦͷͨΊɺԹ౓΍෩଎͕ҟͳΔڥ؀Ͱಈͤ͞࡞ΔͨΊʹ͸ɺԹ౓΍

෩଎Λଌఆ͠ɺͦΕʹରԠ͢ΔϞσϧ͕ඞཁͱͳΔɻ͞Βʹ෩ʹ͍ͭͯड़΂ΔͱɺંΓࢴͷΑ͏ͳܰͯ͘ද໘ੵ

ͷେ͖ͳߏ଄͸෩͕ྗͱͯ͠΋͸ͨΒͨ͘Ίɺֻ͔Δྗ΋มԽͯ͠͠·͏ɻ

͜ͷΑ͏ʹɺܗঢ়هԱ߹ۚͰંΓࢴϩϘοτΛۦಈ͢Δ৔߹ʹ͸ɺ࣮ࡍʹંΕ͍ͯΔ͔Λ೺Ѳ͢ΔͨΊͷηϯ

αΛ౥͠ࡌͳ੍͍ޚ͸ඇৗʹ೉͍͠ɻͦ͜Ͱɺ࣍અͰ͸ંΓࢴϩϘοτͷঢ়ଶΛ೺Ѳ͢ΔͨΊʹߦΘΕ͖ͯͨ޻

෉Λ঺հ͢Δɻ

஫٭ 1ຊ࿦จͰ͸܁Γฦ͠ಈ࡞·Ͱѻ͏ͨΊɺ൚༻ੑ͸ຊख๏্͕Ͱ͋Δɻ
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3.2.2 ैདྷͷંΓࢴϩϘοτͷঢ়ଶͷ೺Ѳ

લड़ͨ͠ͱ͓ΓɺંΓࢴϩϘοτͷঢ়ଶΛ೺Ѳ͢ΔͨΊʹɺ͏࢖ΞΫνϡΤʔλʹ͔͔ΘΒͣͦΕͧΕͷؔઅʹ

Τϯίʔμ΍֯౓ηϯαΛ༻͍ͨϑΟʔυόοΫ੍͕͋ޚΔ [49, 53]ɻ͔͠͠ɺͦͷΑ͏ͳཁૉ͸ંΓࢴͷར఺Ͱ

͋Δܰ͞΍ബ͞ΛଛͶΔཁૉͱͳͬͯ͠·͏ɻંΓࢴϩϘοτͷঢ়ଶΛ೺Ѳ͢ΔͨΊʹɺંΓࢴͷར఺ΛଛͶͯ͠

·ͬͯ͸ͦ΋ͦ΋ંΓࢴΛ༻͍Δҙຯ͕൒ͯ͠͠ݮ·͏ͨΊɺຊઅͰ͸ંΓࢴͷར఺Ͱ͋Δܰ͞ͱബ͞ΛଛͶͳ

͍ɺܰബͳηϯαΛ঺հ͢Δɻ

ંΓࢴͷঢ়ଶͷ୅දతͳ΋ͷʹɺંΕઢͷંΕ͕֯͋ΔɻંΓࢴͷখ໘͕ม͠ܗͳ͍ͷͰ͋Ε͹ɺંΕઢύλʔ

ϯͱંΕ͚֯ͩͰંΓߏࢴ଄ͷঢ়ଶ͸ҰҙʹಛఆͰ͖Δɻͦ͜ͰɺͦͷંΕઢ෇ۙʹۂ཰ηϯαΛ౥͢ࡌΔ͜ͱ

ͰɺͦͷંΕઢͷঢ়ଶΛ೺Ѳ͢Δߦ͕ڀݚΘΕͨ [59]ɻബບʹҹ͞࡮ΕͨಋిΠϯΫύλʔϯͷ఍߅஋͕ۂ཰ʹ

ΑͬͯมԽ͢Δ͜ͱΛ༻͍ɺͦͷંΕઢͷંΕ֯Λਪఆ͢Δख๏Ͱ͋Δ͕ɺ͕ࠩޡେ͖͍໰୊͕͋Δ [59]ɻ

͔͜͠͠ͷΑ͏ͳಋిΠϯΫύλʔϯͷ఍߅஋Λ༻͍Δख๏͸ɺಋిΠϯΫΛҹ͢࡮Δ͚ͩͰՄೳͰ͋Γɺ੡

଄͕༰қͰ͋Δར఺Λ࣋ͪɺಋిΠϯΫ΋ඇৗʹബ͍ͨΊંΓࢴͱͷ૬ੑ͸ྑ͍ɻ࣮ࡍɺຽੜ඼ͷΠϯΫδΣοτ

ϓϦϯλΛ༻͍ͯಋిΠϯΫΛҹ͢࡮Δ͜ͱͰંΓ֯౓Ҏ֎ʹ΋༷ʑͳηϯα͕࣮ݱͰ͖Δ [60]ɻۜΠϯΫΛ༻͍

ͨख๏ʹ͍ͭͯ͸ɺۜΠϯΫͰճ࿏Λ࡞Δख๏ͱͯ͠ఏҊ͞Ε͍ͯΔͨΊ 3.2.3અͰৄ͘͠ड़΂Δɻ͔͜͠͠ͷη

ϯα͸ඇৗʹ౥͕ࡌ༰қͰ͋ΔͳͲͷར఺ͷҰํͰɺඪ४ภ͕ࠩ 10◦ Λ௒͑Δਫ਼౓ͷѱ͕͞໨ཱͭɻ

཰ηϯαʹ͸ۂΔɻ͕͋ڀݚ͍ͨ༺ʹޚΓɺͦͷಛੑΛड़΂Δͱͱ΋ʹϩϘοτͷ੍࡞଄Ͱߏ཰ηϯαΛଟ૚ۂ

ώεςϦγεಛੑ͕͋Γɺಉ֯͡౓Ͱ͍͕ͯͯͬۂ΋ͦΕ͕ંΕ͕ۂΔ్தͰ͋Δ͔ɺͦΕͱ΋։్͘தͰ͋Δ͔

Ͱग़ྗ͕ҟͳΔੑ࣭Λ༗͢Δ [61]ɻ͜ͷηϯαΛ༻͍ͨ֯౓ͷऔಘʹ͸෼ѹճ࿏Λ༻͍͍ͯΔͨΊɺग़ྗ͕ిѹʹ

ͳ͍ͬͯΔ͕ɺ఍߅ͷมԽΛ༻͍ͨۂ཰ηϯαͱݪཧ͸ಉ͡Ͱ͋ΔɻಋిΠϯΫύλʔϯͷ఍߅஋Λଌఆͨ͠ݚ

ڀ [60]ͱൺ΂ΔͱɺΞΫνϡΤʔλͱ΄΅ಉ͡৔ॴʹઃஔ͞Ε͍ͯΔ͚ͩͰͳ͘ɺϩϘοτΛߏ੒͢Δখ໘ʹڬ

·Ε͍ͯΔߏ଄্ͷ޻෉΋͋Γɺඪ४ภ͕ࠩ 4◦ ະຬͱਫ਼౓͕վળ͞Ε͍ͯΔɻ

มԽΛ༻͍ͯѹྗηϯα΋ബ࣮͘૷͢Δ͜ͱ͕ՄೳͰ͋Δ߅཰ηϯαҎ֎ʹ΋ɺ఍ۂ [62]ɻྲྀ͍ࡉ࿏ʹಋిྲྀମ

ʢeGaInʣΛྲྀ͠ࠐΈɺͦͷ఍߅஋Λଌఆ͢Δ͜ͱͰද໘ͷѹྗΛଌఆ͢Δख๏Ͱ͋Δɻ͜ͷख๏͸ɺ఺ରশͰ΄

ͱΜͲઢରশͷӔܕ͖רͷྲྀ࿏ʹΑΔ୯ͳΔѹྗଌఆҎ֎ʹɺྲྀ࿏ํ޲ʹ͔͔͍ͬͯΔྗʹରͯ͠΋఍͕߅มԽ

͢ΔύλʔϯͳͲ΋ՄೳͰ͋Δɻѹྗʹ఍͕߅ൺྫͯ͠มԽ͢ΔͷͰ͸ͳ͘ɺࢦ਺ؔ਺తʹมԽ͢ΔͨΊɺখ͞

ͳѹྗมԽΛٻΊΔ͜ͱ͸೉͍͠ηϯαͰ͋Δɻ

ંΓઢ෦෼Ҏ֎ʹηϯαΛऔΓ෇͚Δํ๏ʹ੺֎ઢ LED٭஫ 2ͱϑΥττϥϯδελΛ༻͍ͯɺଟ૚ߏ଄ͰંΓ

֯Ληϯγϯά͢Δख๏͕͋Δ [63]ɻ͜ͷख๏͸ബ͍ࡐྉΛషΓ෇͚Δ͚ͩͰ͸ͳ͍͕ɺਤ 3.1ͷΑ͏ʹബ͍ 4અ

ͷฏߦϦϯΫΛંΓ໨෇ۙʹߏங͠ɺͦͷϦϯΫʹ LEDͱϑΥττϥϯδελΛऔΓ෇͚ͨൺֱతബ͍ߏ଄Ͱ͋

Δɻ4અϦϯΫ͸ฏ࢛ߦลܗܗঢ়Ͱ͋Γɺฏ࢛ߦลܗͷ 1ͭͷ͕֯؍ଌ͍ͨ͠ંΓ໨Ͱ͋Γɺͦͷ͍͔޲߹͏͕֯

LEDͱϑΥττϥϯδελʹڬ·Εͨߏ଄Ͱ͋Δɻฏ࢛ߦลܗͷ͍͔޲߹͏֯͸౳͍ͨ͠ΊɺLEDͱϑΥττϥ

ϯδελͷͳ֯͢͸ંΓ໨ͷ֯౓ͱҰக͢ΔɻLEDͷޫ͕ϑΥττϥϯδελʹ౰ͨΔͱɺͦͷޫͷ͞ڧʹԠ͡

ͯϑΥττϥϯδελ͸Ԡ౴ΛมԽͤ͞ΔɻϑΥττϥϯδελʹ౰ͨΔޫ͕͘ڧͳΕ͹ͳΔ΄ͲϑΥττϥϯ

δελΛྲྀΕΔిྲྀ͸ଟ͘ͳΓɺϑΥττϥϯδελͷΤϛολ–ίϨΫλؒͷిѹ͸௿Լ͢ΔɻͦͷͨΊɺંΕ

ΔʹͭΕ͕ͯۂ LEDͷޫ͕͘ڧϑΥττϥϯδελʹ͋ͨΔΑ͏ʹͳΕ͹ɺϑΥττϥϯδελͷ୺ిؒࢠѹ͕

௿Լ͠ɺͦͷిѹΛ A/Dมث׵ʹΑͬͯऔಘ͢Δ͜ͱͰંΕ͕֯औಘͰ͖Δɻ͜ͷख๏͸ࠓ·Ͱ঺հͨ͠ɺ෺ମ

ͷมܗʹ൐͏఍߅ͷมԽʹൺ΂Δͱਫ਼౓͕Α͘ɺಉ͡ηϯαͰ͋Ε͹ඪ४ภ͕ࠩ 0.2◦ ͱඇৗʹখ͍ࠩ͞ޡͰͷଌ

ఆ͕ՄೳͰ͋Δ [63]ɻ10ηοτͷηϯαΛ࣮૷͠ɺͦͷݸମࠩΛؚΊͨࠩޡͰ΋ඪ४ภ͕ࠩ 3◦ͱͳ͓ͬͯΓɺ֯

౓ͷมԽʹରͯ͠ిѹ͕΄ͱΜͲมΘΒͳ͍ྖҬͰ΋͍ߴਫ਼౓Λ࣮͍ͯ͠ݱΔ [63]ɻ

͜ͷંΓߏࢴ଄͸ܗঢ়هԱϙϦϚʔ٭஫ 3Λ༻੍͍ͯ͞ޚΕ͓ͯΓɺܗঢ়هԱϙϦϚʔ͸ܗঢ়هԱ߹ۚͱಉ༷ʹ

Ұํ޲ʹͷΈಈ͘ΞΫνϡΤʔλͰ͋ΔͨΊɺೖྗిྲྀ͕ඇৗʹ୹࣌ؒͷిྲྀΛԿ౓΋܁Γฦ͠ྲྀ͢Α͏ͳܗঢ়

ͱͳ͍ͬͯΔ [63]ʢจݙதͷ Fig. 10 Λࢀরʣɻ࠷୹࣌ؒͰ໨తͷ֯౓ʹ੍ޚͰ͖͍ͯΔΘ͚Ͱ͸ͳ͍͕ɺΦʔ

όʔγϡʔτͷଘ͠ࡏͳ੍͍͕ޚՄೳͱͳ͍ͬͯΔҰํͰɺ੍ޚͷޙ൒Ͱ࠶౓௕࣌ؒͷిྲྀΛྲྀ͢͜ͱʹͳͬͯ

͍ΔͳͲɺ໨త֯౓ʹ͍͔ۙͮͯΒͷ௥ै͕஗͘ɺد͕ࠩޡ༩͍ͯ͠ΔͱࢥΘΕΔڍಈ΋ଘ͢ࡏΔ [63]ʢจݙதͷ

஫٭ 2ൃޫμΠΦʔυɻLight Emitting Diode
஫٭ Ͱ͋Δɻࡐঢ়ʹ໭Δੑ࣭Λ࣋ͭૉܗͷݩԱ߹ۚͱಉ༷ʹಛఆͷԹ౓Ҏ্ʹͳΔͱهঢ়ܗԱϙϦϚʔ͸هঢ়ܗ3
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ਤ 3.1: LEDτϑΥττϥϯδελΛ༻͍ͨંΓ֯ηϯαɻ

Fig. 10(a) 90 s෇ۙΛࢀরʣ٭஫ 4ɻ

·ͨখ໘ʹిۃΛ౥ͯ͠ࡌɺΩϟύγλϯεΛଌఆ͢Δ͜ͱͰ֎෦ͷঢ়ଶΛ೺Ѳ͢Δख๏΋͋Δ [64]ɻ͜ͷख๏

͸খ໘ͷిۃͱਓମͷؒʹੜ͡ΔΩϟύγλϯεΛଌఆ͢Δ͜ͱͰਓମͷۙ઀ɾ઀৮Λݕ஌͢Δख๏Ͱ͋Δɻฏ

ͲΩϟύγλϯε͸େ͖͘΄͕ͮۙ͘ۃ཭ʹ൓ൺྫ͢ΔͨΊɺిڑͷؒۃͷΩϟύγλϯε͸ɺిؒۃฏ൘ిߦ

ͳΔɻ͜ͷੑ࣭Λ΋͍ͪͯɺۃ൘ͷڑ཭Λଌఆ͢Δ΋ͷͰ͋ΔɻંΓ໨ʹଘ͢ࡏΔ৔߹͸ɺۃ൘͕ฏߦͱ͸ݶΒ

ͳ͍ͨΊɺ൓ൺྫ͢ΔΘ͚Ͱ͸ͳ͍͕ɺંΓ͕֯૿Ճ͢ΔʹͭΕͯΩϟύγλϯε΋૿Ճ͢Δɻ

Ωϟύγλϯε͸ۃ൘ؒͷڑ཭ʹΑͬͯมԽ͢ΔͨΊɺεϙϯδͷΑ͏ͳॊΒ͔͍ૉࡐΛڬΜͩฏߦฏ൘ؒʹ

ֻ͔Δྗ΋ଌఆͰ͖Δ [64]ɻͨͩ͠ɺް͞ͷมԽΛ༻͍Δख๏Ͱ͋ΔͨΊɺͦͷ৔߹ʹ͸ॊΒ͔͍ૉࡐͷް͕͞ඞ

ཁʹͳͬͯ͠·͏্ɺް͞ʹ൓ൺྫ͢ΔΩϟύγλϯεʹΑΔଌఆͰ͋ΔͨΊް͞ͷมԽʹରͯ͠ྗͷଌఆ͕೉

͘͠ͳΔྖҬ͕ଘ͢ࡏΔɻ

·ͨಉ࿦จ [64]ͰɺόΠεςʔϒϧεΠονߏ଄͕ఏҊ͞Ε͓ͯΓɺΩϟύγλϯεͰ͸ͳ͘ి͕ۃ௚઀઀৮

͢Δ͜ͱʹΑΓి͕ۃಋ௨͠ɺిؾతʹ઀ଓ͞ΕΔ͜ͱʹΑΔঢ়ଶͷ೺Ѳ΋Մೳͱ͞Εͨ [64]ɻ͜ͷख๏͸ɺ઀৮

͍ͯ͠Δঢ়ଶͱ઀৮͍ͯ͠ͳ͍ঢ়ଶͷ 2छྨͷঢ়ଶΛ۠ผ͢Δ͜ͱͷΈ͕ՄೳͰ͋ΓɺͲͷఔ౓ͷંΕ֯Ͱ͋Δ

͔·Ͱ͸೺ѲͰ͖ͳ͍ɻ͜ͷΑ͏ͳిۃͷ௚઀తͳ઀৮͸ 13૚ͷߏ଄Ͱ࣮͞ݱΕͨྫ͕͋Δ [64]ɻຊ࣭తʹ͸ࢴ

ʹಋిੑͷ෺࣭͕෇ਵ͢Δɺ΋͘͠͸ɺখ໘͕ಋిੑͷ෺࣭Ͱ͋ΔઃܭͰՄೳͰ͋ΔͨΊɺ2૚΋͘͠͸ 1૚Ͱͷ

࣮૷͕ՄೳͰ͋Γɺബ͍ߏ଄΁ͷԠ༻͸ՄೳͰ͋Δɻ

͜͜·Ͱ͸ɺখ໘͸ࢴͳͲͷηϯαͷੑೳΛͦΕ΄ͲଛͳΘͳ͍ఔ౓ͷް͞Ͱ࡞ΒΕͨߏ଄Ͱ͋ͬͨɻϩϘοτ

ࣗମ͕ηϯαͱͳΓϩϘοτͷܗঢ়ͷมԽ͕ΩϟύγλϯεͷมԽʹͭͳ͕Δ͜ͱΛԠ༻ͨ͠ɺϩϘοτͷঢ়ଶͷ

೺Ѳख๏͕ఏҊ͞Ε͍ͯΔ [65]ɻ4ΧॴͷંΓ໨ͦΕͧΕʹɺંΕΔͱ఍߅஋͕খ͘͞ͳΔύλʔϯΛҹ͢࡮Δ͜

ͱͰɺϩϘοτࣗମͷ఍߅஋Λଌఆͯ͠Ͳͷఔ౓ંΕ͍ͯΔͷ͔Λ೺Ѳ͢Δ͜ͱ͕ՄೳͰ͋Δɻಉ༷ʹɺΩϟύ

γλϯε͕มԽ͢Δిۃ഑ஔɾΠϯμΫλϯε͕มԽ͢Δిۃ഑ஔ΋ՄೳͰ͋Δ [65]ɻ

͜ͷંΓߏࢴ଄͸ɺՃ೤͢Δͱऩॖ͢ΔϙϦԘԽϏχϧʢPoly-Vinyl Chloride, PVCʣͷ྆໘ʹऩॖ͠ͳ͍ࡐྉ

ͷ૚Λઃ͚Δ͜ͱͰՃ೤Λӡಈʹม͍ͯ͠׵ΔɻϙϦԘԽϏχϧ͸ 65 ◦Cʙ75 ◦CͰऩॖ͢ΔૉࡐͰ͋Δ [65]ɻ͠

͔͠ɺՃ೤ʹΑΔԹ౓্ঢ͕ଓ͍ͨ৔߹ɺ100 ◦CͰղ͚࢝Ίͯ͠·͏ [66]ɻ͜ͷΑ͏ʹɺϙϦԘԽϏχϧΛ༻͍

ͨख๏΋աՃ೤ʹ஫ҙ͢Δඞཁ͕͋ΔͨΊɺ֯౓ͷऔಘ͕ඞཁͱ͞Εͨɻ

Ҏ্ͷΑ͏ʹɺંΓࢴϩϘοτͷঢ়ଶΛ೺Ѳ͢ΔͨΊʹɺ

• Τϯίʔμ΍֯౓ηϯαΛ༻͍ͨ֯౓औಘ

• ಋిΠϯΫͷ఍߅஋ͷมԽΛ༻͍ͨۂ཰ηϯα

• ಋిྲྀମͷ఍߅஋ͷมԽΛ༻͍ͨѹྗηϯα

• ੺֎ઢ LEDͱϑΥττϥϯδελʹΑΔϑΥττϥϯδελͷిѹͷมԽΛ༻͍ͨ֯౓ηϯα

• খ໘ͷిۃύλʔϯʹΑΔɺ఍߅ɾΩϟύγλϯεɾΠϯμΫλϯεͷมԽΛ༻͍ͨ֯౓ηϯα
஫٭ 4PD ΒΕΔɻ͑ߟΔͨΊɺΦʔόʔγϡʔτ͠ͳ͍Α͏ͳௐ੔ͷ݁Ռ௥ै͕஗͍ͱ΋͍ͯͬߦΛޚͰόϯόϯ੍ޚ੍
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͕ఏҊ͞Ε͍ͯΔɻંΓߏࢴ଄ͷܰ͞ɾബ͞ͱ͍͏ར఺ΛଛͳΘͳ͍ͱ͍͏໨తͰ͸ɺߏ଄্ʹബ͍ηϯαͷΈ

͕ଘͯ͠ࡏ΋໰୊ͳ͍ɻͦͯ͜͠ͷ৚݅Ͱ͸ɺΤϯίʔμ΍֯౓ηϯαΛ༻͍ͨ֯౓औಘͱ੺֎ઢ LEDͱϑΥτ

τϥϯδελʹΑΔख๏͸ద͞ͳ͍ɻ·ͨಋిΠϯΫͷ఍߅஋ͷมԽΛ༻͍ͨۂ཰ηϯαɾಋిྲྀମͷ఍߅஋ͷ

มԽΛ༻͍ͨѹྗηϯαɾখ໘ͷిۃύλʔϯʹΑΔɺ఍߅ɾΩϟύγλϯεɾΠϯμΫλϯεͷมԽΛ༻͍ͨ֯

౓ηϯα͸ɺͦΕͧΕͷ఍߅஋ͳͲΛଞͷܭଌثػͰଌఆ͢Δඞཁ͕͋Δɻ಺֎ͷঢ়ଶΛ೺Ѳ͠ͳ͕Βಈ͢࡞Δ

ંΓࢴϩϘοτͷઃܭʹ͸ɺ͜ͷܭଌثػΛϩϘοτʹ౥͢ࡌΔඞཁ͕͋Δɻͦͯͦ͠ͷΑ͏ͳܭଌثػΛؚΊ

ͨંΓࢴϩϘοτγεςϜશମΛܰͯ͘ബ͍γεςϜʹ͢Δ͜ͱΛ͑ߟΔͱɺ఍߅஋ͷܭଌΛੵू͏ߦճ࿏ͷް

͕͞ંΓߏࢴ଄ͷར఺ΛଛͶͯ͠·͏ɻͦ͜ͰɺຊڀݚͰ͸ूੵճ࿏ͷࡢ೔ΛؚΊͨബ͍ηϯαʹΑΔܗঢ়هԱ

߹ۚɾંΓ໨ͷ֯౓ͷ੍ޚΛ໨͢ࢦɻ
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3.2.3 ബ͍ճ࿏

ΧϝϥͳͲͰԕִࢹ؂Λ͠ͳ͍ݶΓɺંΓ໨ʹηϯαΛ౥ંͯ͠ࡌΓࢴϩϘοτͷંΓ֯Λ೺Ѳ͢ΔγεςϜʹ

ͳΔɻͦͯ͠ɺͦͷંΓ͔֯ΒΞΫνϡΤʔλ·Ͱ৴߸ɾྗΛ఻ୡ͢ΔͨΊʹಋઢ͕ඞཁͰ͋ΔɻͦͷΑ͏ͳճ

࿏ΛંΓࢴʹ౥͢ࡌΔ͜ͱΛؑΈɺബ͍ηϯα͚ͩͰͳ͘ബͯ͛͘ۂΒΕΔճ࿏΋ඞཁͰ͋Δɻ

ബ͍ંΓ͛ۂΒΕΔճ࿏͸༷ʑͳࡐྉͰ࣮͞ݱΕɺେྔੜ͞࢈ΕΔ੡඼಺Ͱ͸௝͘͠ͳ͍ɻͦͷͨΊɺຊઅͰ

͸ຽੜ඼Ͱ҆Ձ͔ͭ༰қʹ࣮૷Ͱ͖Δബ͍ճ࿏ʹ͍ͭͯ·ͱΊΔɻͭ·ΓɺεϚϑΥͳͲʹ౥͞ࡌΕ͍ͯΔҰൠత

ͳϑϨΩγϒϧճ࿏ͳͲͷɺҰൠਓ͕͙͢ʹ࡞Δ͜ͱͷͰ͖ͳ͍ճ࿏͸আ͍ͯ঺հ͢Δɻ

Instant inkjet circuits

Instant inkjet circuits͸ɺಋిੑΠϯΫΛࢴʹҹ͢࡮Δ͜ͱͰɺͦͷҹ͞࡮Εͨ෦෼͕ಋઢͱͯ͠ৼΔ෣͏ੑ࣭

Λ༻͍͍ͯΔ [60]ɻ೚ҙͷࢴʹҹͯ͠࡮ಋઢͱͯ͠ৼΔ෣͏Θ͚Ͱ͸ͳ͍͕ɺMitsubishi glossy paper΍ Kodak

Premium Photo Paperʹҹ͢࡮Δ͜ͱͰɺ͞ൢࢢΕ͍ͯΔϓϦϯλͰಋిύλʔϯΛߴ଎͔ͭ҆Ձʹ੡଄Ͱ͖Δ

[60]ɻંΓࢴͱ໊͏ݴͷ௨ΓʮࢴʯʹಋઢΛҹ࡮Ͱ͖Δٕज़Ͱ͋ΓɺۜΠϯΫ͸ҹޙ࡮਺ඵҎ಺ʹಋઢͱͯ͠ৼΔ

෣͏ɻ·ͨΠϯΫδΣοτҹ࡮Ҏ֎ʹ΋ɺಋిੑΠϯΫΛΠϯΫͱͯ͠උ͑ΔϖϯΛ༻͍ͯखͰઢΛҾ͘͜ͱʹ

ΑͬͯɺಋઢΛॻ͘͜ͱ΋ՄೳͰ͋Δɻૉࣗࢠମ͸͔ޙΒ৐ͤΔඞཁ͕͋Δ͕ɺ໘ʹରͯ͠ਨ௚ʹͷΈಋ௨͢Δ

ಋిੑ྆໘ςʔϓʢ3M Electrically Conductive Adhesive Transfer Tape 9703ʣΛ༻͍ͯૉࢠΛ౥ࡌͰ͖Δɻ͜

ͷۜͷബບ͸ް͞ 300 nmͰ͋ΓɺࢴͷίʔςΟϯά͕ಋ௨Λଅ͢͜ͱͰ͋Δఔ౓ͷ͛ۂ଱ੑΛҡ࣋Ͱ͖Δɻ

͔͠͠ಋిੑΠϯΫʹΑΔಋઢ͸఍߅͸ൺֱతେ͖͘ɺҹ͢࡮ΔࢴͷछྨʹΑͬͯҟͳΔ͕ɺҹ࡮௚ޙͰ 0.21Ω/!
ʙ1.3Ω/!ɺҹ࡮ͷ ͸ʹޙ10࣌ؒ 0.19Ω/!ʙ0.28Ω/!ͷ఍͕߅ଘ͢ࡏΔ٭஫ 5[60]ɻ఍͕͋߅ΔಋઢͰ͸ిѹ߱Լ

͕ੜ͡ΔͨΊɺಋઢͱͯ͠ͷੑೳ͸མͪΔɻ͔͠͠ɺࡉ௕͍ಋిੑΠϯΫύλʔϯʹΑΓɺ఍߅Λҹ࡮Ͱ͖Δͱଊ

͑Δ͜ͱͰɺ͜ͷ఍߅Λ͔͜͢׆ͱ΋ՄೳͰ͋Γɺઢͷଠ͞Λ༗ޮ׆༻ͨ͠ख๏͸͍ͭ͘΋͋Δ [67, b2]ɻຊڀݚ

Ͱ΋఍߅෇͖ࣗಈંͷख๏Ͱ͜ͷدੜ఍߅Λ༻͍͓ͯΓɺബ͍఍߅Λ࣮ݱͰ͖Δٕज़ͱͯ͠༗༻Ͱ͋ͬͨɻ

ಔςʔϓʹΑΔճ࿏

ಔςʔϓͱ͸ɺബ͍ಔഩͱʢಋిੑͷʣ೪ண͔ࡎΒߏ੒͞ΕΔςʔϓͰ͋Δɻಔͷిؾ఻ಋ౓͸ඇৗʹ͘ߴɺ

1.68× 10−8 Ω m Ͱ͋Δɻ5mm × 150mm ʹ੾Γग़ͨ͠ςʔϓͰ࣮ଌͨ͠ిؾ఍߅͸Ϛϧνςελͷ઀৮఍߅

ͳͲ΋ؚΊͯ 0.002Ω Ͱ͋ͬͨɻಔͷް͞͸ 0.035mm Ͱ͋Δ͜ͱ͔Βɺಔ୯ମͰͷిؾ఍߅͸ 1.68 × 10−8 ×
0.15

0.035×10−3×5×10−3 = 144 µΩͰ͋Δɻ͜ͷΑ͏ʹɺಔςʔϓͷ఍߅͸ඇৗʹখ͍ͨ͞ΊɺಋిੑΠϯΫύλʔϯͰ
͸ੜͨ͡ిѹ߱ԼΛ΄΅ແ͢ࢹΔ͜ͱ͕Ͱ͖Δɻ

·ͨಔςʔϓ͸ൢࢢ඼ͷϋαϛͰ΋ॴ๬ͷܗঢ়ʹ੾அͰ͖ΔɻಋిੑΠϯΫͱ͸ҟͳΓɺܗঢ়ͷมԽʹΑͬͯ఍

೉Ͱ͋Δ͕ɺಋిੑΠϯΫࠔΊΔͳͲٻΛ͞༺ثಔςʔϓΛඞཁͱ͠ɺखઌͷ͍ࡉʹΛੜͤ͡͞Δ͜ͱ͸ඇৗ߅

ͱಉ༷ʹ؆୯ʹಋઢΛ࡞Δ͜ͱ͕Ͱ͖ΔɻۜΠϯΫ͸ಛघͳίʔςΟϯάΛࢴͨ͠ࢪʹॻ͘͜ͱʹΑͬͯಋઢ͕

ྉʹష෇Ͱ͖ΔɻͦͷͨΊɺಋిੑΠϯΫʹΑΔಋઢʹൺ΂ɺࡐͰॴ๬ͷࡎΔ͕ɺಔςʔϓ͸ಋిੑͷ೪ண͢ݱ࣮

ಔςʔϓ͸ࡐجͷબ୒͕ΑΓࣗ༝ͱͳΓɺϓϥενοΫ΍໦ͳͲʹ΋ճ࿏ΛషΓ෇͚ΒΕΔɻ

ಔςʔϓΛͨͬ࢖ճ࿏ͷྫͱͯ͠ɺಔςʔϓΛࢴʹషΓɺͦͷ্ʹಔςʔϓͱ઀ଓ͢ΔૉࢠΛషΓ෇͚Δ͜ͱͰ

ճ࿏Λ࡞੒͢Δٕज़͕͋Δ [68]ɻ͜ͷٕज़͸ɺLEDɾηϯαɾϚΠίϯɾίωΫλΛಔςʔϓʹ௚઀షΓ෇͚Մ

ೳͳ෦඼ͱ͍͏Ϟδϡʔϧʹ͢Δ͜ͱͰɺಔςʔϓͱ͜ΕΒͷϞδϡʔϧͰճ࿏Λ࡞੒Ͱ͖ΔΑ͏ʹͨ͠πʔϧ

ΩοτͰ͋Δɻ·ͨߋʹଟ͘ͷૉࢠͳͲ͕༻ҙ͞Ε͖ͯͨ [69]ɻ

ಔςʔϓࣗମΛಋઢ΍఍߅ͱͯ͠༻͍Δ͜ͱ͕࢖͘޿ΘΕ͍ͯΔ͜ͱ͔ΒɺߋʹίΠϧΛಔςʔϓͰ࡞੒͢Δ

ྫ͕͋ΔҰํɺΩϟύγλͱͯ͠༻͍Δྫ͸গͳ͍ [70, 71]ɻ·ͨίΠϧ΍Ωϟύγλ͸ް͞Λ࣋ͭߏ଄ͱͳͬͯ

஫٭ 5͜͜ͰɺΩ/!͸γʔτ఍߅Ͱ͋Γɺਖ਼ํܗܗঢ়ͷҰลͱ͍͔޲߹͏ลͷؒͷ఍߅Λද͠ɺಋిύλʔϯͷ఍߅͸ɺ͜ͷγʔτ఍߅ͷΞε
ϖΫτൺഒͱͳΔɻ
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͠·͍ͬͯΔɻͦͷΑ͏ͳཧ༝ͰίΠϧ΍ΩϟύγλΛಔςʔϓͰߏங͢Δ͜ͱ͸͘͢ͳ͘ɺ୯ʹಋ௨ؔ܎ͷΈΛ

࣮૷͢Δ͜ͱ͕ଟ͍ɻ

3.2.4 ബ͍ΞΫνϡΤʔλ

ബ͍ΞΫνϡΤʔλΛ༻͍Δ͜ͱͰɺଟ਺ͷΞΫνϡΤʔλ͕౥͞ࡌΕ͍ͯͯ΋ബ͞ΛଛͶͣʹંΓࢴϩϘο

τ͕࣮ݱͰ͖Δɻͦͯ͠ɺബ͍ΞΫνϡΤʔλ͸͍ܰ޲܏ʹ͋ΔͨΊɺંΓࢴͷ͍ܰੑ࣭΋ଛͳΘͳ͍ɻͦ͜Ͱɺ

ܰͯ͘ബ͍ΞΫνϡΤʔλΛ঺հ͢Δɻ

ճసӡಈΛͨ͏ߦΊʹ͸ɺճస͢Δ࣠ͱɺͦͷपΓͰτϧΫΛੜΉͨΊͷ෦඼͕ඞཁͰ͋Δɻͦͯ͠ɺͦͷτ

ϧΫ͸ճస͔࣠Βͷڑ཭Λ৐͡ΔύϥϝʔλͰ͋ΔͨΊɺ͋Δఔ౓ͷଠ͕͞ඞཁͱͳͬͯ͠·͏ɻͦͷͨΊɺ͜ͷ

ϝΧχζϜͰྗΛൃੜͤ͞ΔϞʔλʹ͸ԁ౵ܗঢ়Λͨ͠΋ͷ͕ଟ͘ɺંΓࢴϩϘοτʹ౥͢ࡌΔͱް͞Λੜͯ͡

͠·͏ɻ͞Βʹɺ࣓ྗΛ༻͍͍ͯΔͨΊɺӬ࣓ٱੴ΍ి࣓ੴΛ౥͢ࡌΔඞཁ͕͋Γɺॏྔ΋૿ͯ͠͠·͏ɻ

ͦ͜ͰɺͦͷΑ͏ͳճసӡಈͰ͸ͳ͘ɺ௚ਐӡಈΛ͏ߦΑ͏ͳΞΫνϡΤʔλΛ঺հ͢Δɻ௚ਐӡಈΛ͏ߦΞ

ΫνϡΤʔλ΋ɺંΓࢴͷંΕ໨෇ۙʹ૷ண͢Δ͜ͱͰંΓ໨Λத৺ͱͨ͠ճసӡಈͱͳΔɻ͜ͷΑ͏ͳ૷ண͸ɺ

ബ͕͞໰୊ͱͳΔ׬શʹల։͞Εͨঢ়ଶ΍ऩॖ͞Εͨঢ়ଶʹ͓͍ͯബ͘ંΓ৞·ΕΔͨΊɺް͞ͷ໰୊͸ੜ͡ͳ

͍ɻંΓࢴϩϘοτʹ౥͞ࡌΕ͍ͯΔྫͱͯ͠͸ɺ೤Λ༻͍ͨΓɺྲྀମΛ஫ೖͨ͠Γ͢Δ͜ͱʹΑΔମੵมԽʹΑ

ΔมܗͱɺిྲྀΛྲྀ͠ɺ೤Λൃੜͤͯ͞ܗঢ়هԱ߹ۚΛมͤ͞ܗΔมܗͷ 2ख๏͕ଘ͢ࡏΔɻͦͷ 2ख๏Λ͜͜

Ͱ͸঺հ͢Δɻ

ମੵมԽʹΑΔมܗ

෩ધͷΑ͏ͳബ͍ບͷ಺ଆʹۭؾΛ஫ೖ͢Δ͜ͱͰม͢ܗΔߏ଄ʹΑΓɺബ͍ΞΫνϡΤʔλ͕ՄೳͰ͋Δɻۭ

ͨ·ঢ়มԽʹॊΒ͔͞Λ࣋ͨͤΔ෺͕ଟ͍ɻܗ͍ͯ༺ͷѹॖੑΛؾց͸ඞཁͰ͋Δ͕ɺۭػΛ஫ೖ͢ΔͨΊͷؾ

ଞʹɺۭؾΛ஫ೖ͢Δඞཁͷͳ͍ɺ૬సҠΛ༻͍ͨΞΫνϡΤʔλ΋ଘ͢ࡏΔɻ

৔ॴʹΑΓް͞ɾ߶ੑͷҟͳΔ෩ધߏ଄Λ༻ҙ͠ɺͦͷ಺෦ʹۭؾΛ஫ೖ͢Δ͜ͱͰมܗΛੜͤ͡͞ΔΑ͏ͳΞ

ΫνϡΤʔλ͕͋Δ [72]ɻΞΫνϡΤʔλͱ͍͏ΑΓ΋ɺࣗ֨ࠎମΛม͍ͯͤ͞ܗΔख๏Ͱ͋Δ͕ɺΞΫνϡΤʔ

λͱͯ͠ར༻ՄೳͰ͋Δɻް͍෦ࡐ͸͋·Γ৳ͼͣബ͍෦ࡐ͸େ͖͘৳ͼΔͨΊɺѹྗ͕ۉ౳ʹ͔͔ͬͨ৔߹ʹ

ॴ๬ͷܗঢ়ͱͳΔΑ͏ʹઃ͢ܭΔ͜ͱͰɺۭؾͷ஫ೖͱ͍͏ 1ΞΫνϡΤʔλʹΑΓɺෳࡶͳಈ͕࡞ՄೳͰ͋Δɻ

ݙΔɻจ͍ͯ͠ݱ଄ΛΑΓബ࣮͘ߏΛ஫ೖ͢Δલͷؾ଄ͷΑ͏ʹ͢Δ͜ͱͰɺۭߏࢴɺ͜ͷ෩ધΛંΓʹߋ [72]

Ͱ͸ɺ٢ଜύλʔϯͱݺ͹ΕΔંΓߏࢴ଄͕༻͍ΒΕ͓ͯΓɺԁ౵ʹͨࣅͳߏ଄ΛฏΒʹંΓ৞ΈɺίϯύΫτ

ͳऩೲΛՄೳͱ͍ͯ͠Δɻ

͜ͷΑ͏ʹંΓߏࢴ଄Λ༻͍Δ͜ͱͰɺશํ޲ʹ౳͘͠๲ΒΉ୯ͳΔ෩ધʹൺ΂ͯʮҰํ޲ʹͷΈʯେ͖͘৳

௕͢ΔΑ͏ͳߏ଄͕ՄೳͱͳΔɻจݙ [72]Ͱ͸ɺ୯ʹંΓߏࢴ଄Λ͚ͩ͏࢖Ͱ͸ͳ͘ɺ֎෦ʹކ෇͚ͱඥ෇͚Λ

෇͚͸୯ʹͦͷ෦෼ͷ৳௕ΛෆՄೳͱ͢Δ͕ɺކΔɻ͍ͯ͠ݱΛ࣮ܗͳมࡶɺෳ͠ݶΛ੍ܗมʹߋͱʹΑΓ͜͏ߦ

ඥ෇͚ʹΑΔ߆ଋ͸͋ΔҰఆͷڑ཭·Ͱͷ৳௕͸ࣗ༝Ͱ͋Δ͕ɺͦͷ௕͞Ҏ߱͸৳௕Λ੍໿͢Δಈ࡞Λ࣮͢ݱΔɻ

ͦͷͨΊɺਤ 3.2c)ͷΑ͏ʹɺ్த·Ͱ͸ԁ౵ܗঢ়ͱͯ͠৳௕͢Δ͕ɺඥ͕৳ͼ੾͔ͬͯΒ͸࿷͢ۂΔΑ͏ͳΞΫ

νϡΤʔλ΋࣮ݱͰ͖Δɻކɾඥ΋͍ܰૉࡐͰ࣮ݱͰ͖ΔͨΊɺކɾඥʹΑΔॏ͞ͷ૿Ճ͸ແࢹͰ͖Δɻͦͯ͠ކ

΍ඥ͸ബ࣮͘ݱͰ͖ΔͨΊɺ͜ΕΒͷ੍໿͸ް͞΋΄ͱΜͲ૿Ճͤ͞ͳ͍ɻ

͔͜͠͠ͷΑ͏ͳΞΫνϡΤʔλΛಈͤ͞࡞ΔͨΊʹؾମΛ֎෦͔Β஫ೖ͢Δʹ͸ɺϙϯϓͷΑ͏ͳൺֱతॏ

͔͘͞͹ΔΞΫνϡΤʔλ͕֎෦ʹඞཁͱͳΔɻͦ͜ͰɺബບʹྲྀମΛแΈɺͦͷബບͷܗঢ়ΛมԽͤ͞Δ͜ͱ

Ͱͦͷີดۭؒͷ௕͞ΛมԽͤ͞ΔΞΫνϡΤʔλ͕։ൃ͞Εͨ [73]ɻจݙ [73]Ͱ঺հ͞Ε͍ͯΔɺจݙ [74]Ҏ

֎ͷΞΫνϡΤʔλͷಈ࡞͸খ͍͕͞ɺܰ͞ͱബ͞ʹൺͯ͠ྗڧͳྗΛ࣮ݱͰ͖ΔΞΫνϡΤʔλͰ͋Δɻిۃ

ʹిѹΛҹՃ͢Δ͜ͱͰͦΕΒͷి͕ۃҾ͖߹͍ɺҾ͖߹͏ྗ͕ಇ͔ͳ͍ۭ͍ؒڱʹྲྀମ͕ԡ͠ࠐ·ΕΔɻ͢Δ

ͱɺͦͷബບ͸Ͱ͖Δ͚ͩ௕͞Λม͑ͳ͍··ɺେ͖ͳମੵΛแ΋͏ͱ͢ΔͨΊɺٿ΍ԁ౵ܗঢ়ʹۙͮ͘ม͕ܗ

ੜ͡Δ٭஫ 6ɻٿ΍ԁ౵ܗঢ়ͱͳΔͱ௕͕͞୹͘ͳΔํ޲ʹಈ͔͍ͨ͠෦඼Λ૷ண͢Δ͜ͱͰ௚ਐӡಈΛ࣮͢ݱΔ

஫٭ ঢ়Ͱ͋Δɻܗ΍ԁ౵͸ද໘ੵ͋ͨΓͷମੵ͕େ͖ͳٿ6
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ਤ 3.2: ંΓߏࢴ଄ʹۭؾΛ஫ೖ͢Δ͜ͱͰ๲ு͢ΔΞΫνϡΤʔλ [72]ɻന͍఺ઢ࿮Ͱࣔ͞ΕΔ෦෼

ʹ͸ކ෇͚͕͞Ε͍ͯΔɻ੺͍ͻ΋͸࠷େ௕͞Λ੍໿͢Δɻ

ΞΫνϡΤʔλͰ͋Δɻ

͔͜͠͠ΕΒͷӷମΛแΜͩΞΫνϡΤʔλ͸ɺΞΫνϡΤʔλΛಈͤ͞࡞ΔͨΊʹӷମ͕ඞཁͰ͋Δɻͦ͠

ͯɺٿ΍ԁ౵ܗঢ়ͷ಺෦ʹӷମ͕ີด͞ΕΔঢ়ଶ͕ಈൣ࡞ғʹଘ͢ࡏΔͨΊɺ૬౰͢ΔྔΛີด͢Δඞཁ͕͋Δɻ

͢Δͱɺॏ͞΋ް͞΋૿Ճͯ͠͠·͍ɺ͍ܰΞΫνϡΤʔλ͔Β΋ബ͍ΞΫνϡΤʔλ͔Β΋཭Εͯ͠·͏ɻ্ه

ͷΑ͏ͳΞΫνϡΤʔλ͸ઈԑͷͨΊʹӷମΛ༻͍͍ͯΔ͕ɺؾମΛ༻͍Δ͜ͱ΋ՄೳͰ͋Ζ͏ɻ͔͍ܰ͠͠ΞΫ

νϡΤʔλ͸࣮ݱͰ͖Δ͕ബ͍ΞΫνϡΤʔλͷ࣮ݱ͸೉͍͠ɻ͜ͷΑ͏ͳ໰୊Λղܾͨ͠ͷ͕ϦΩουύ΢ν

Ϟʔλͱݺ͹ΕΔɺ௿෸఺ӷମΛར༻ͨ͠૬సҠΞΫνϡΤʔλͰ͋Δ [75, 76]ɻ

ϦΩουύ΢νϞʔλͱݺ͹ΕΔΞΫνϡΤʔλ͸ɺബບʹแ·Εͨӷମ͕ؾԽ͢Δ͜ͱͰಈ͢࡞ΔΞΫνϡ

ΤʔλͰ͋Δɻ௿͍Թ౓ͰؾԽ͢ΔӷମΛೖΕͨϓϥενοΫϑΟϧϜͷାΛՃ೤͢Δ͜ͱͰӷମΛؾԽͤ͞ɺͦ

ͷମੵมԽʹΑͬͯٿ΍ԁ౵ܗঢ়ʹۙͮ͘ม͕ܗੜ͡Δɻͦͯ͠จݙ [74]ͱಉ༷ʹ௚ਐӡಈ͕࣮ݱͰ͖Δɻͦͷ

ͨΊɺిۃʹిѹΛҹՃͤ͞Δ͜ͱʹΑΔɺӷମΛӷମͷ··༻͍ΔΞΫνϡΤʔλΑΓܰͯ͘ബ͍ߏ଄Ͱɺಉ

͡มԽΛ࣮ݱͰ͖Δɻ͜ͷΞΫνϡΤʔλʹؔͯ͠΋ɺยଆͷϓϥενοΫϑΟϧϜΛް͘͢Δ͜ͱͰยଆʹྗ

͕͔͔ΔΑ͏ʹ͢Δ͜ͱ͕Ͱ͖Δɻ

FeltonΒͷંΓࢴϩϘοτ͸ɺಈޙ࡞ʹয͛໨͕͍͍ͭͯΔͨΊɺ͜ͷΑ͏ͳ೤Ͱಈ͘ΞΫνϡΤʔλΛ༻͍

͍ͯΔͱਪଌͰ͖ΔɻՃ೤ʹ͸ɺి೤ઢΛ༻͍Δख๏͕ଟ͍͕ɺӔిྲྀΛར༻ͨ͠ۦಈͳͲ΋ՄೳͰ͋Δɻ
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Ա߹ۚΛ༻͍ͨΞΫνϡΤʔλهঢ়ܗ

ঢ়͕ܗঢ়ʹ໭Δੑ࣭Λ࣋ͬͨ߹ۚͰ͋Δɻ೤ΛՃ͑Δ͜ͱʹΑͬͯܗԱͨ͠هԱ߹ۚͱ͸ɺՃ೤͢Δͱهঢ়ܗ

มԽ͢Δੑ࣭Λ༻͍ͯɺΞΫνϡΤʔλͱͯ͠༻͍Δ͜ͱ͕Ͱ͖Δɻ

ଞͷΞΫνϡΤʔλ͸ଟ਺ͷ෦඼͕૊Έ߹Θͬͯ͞ΞΫνϡΤʔλͱͯ͠͸ͨΒ͕͘ɺܗঢ়هԱ߹ۚ͸ɺࡐྉͦ

ͷ΋ͷ͕ม͢ܗΔͨΊɺඍখͳΞΫνϡΤʔλΛ࣮ݱͰ͖Δɻ͔͠͠ܗঢ়هԱ߹ۚ͸େม͕ܗͰ͖ͳ͍ͨΊɺΞ

ΫνϡΤʔλͱͯ͠༻͍Δ৔߹ʹ͸όωঢ়ͷܗঢ়هԱ߹ۚΛ༻͍ɺόωͱͯ͠ͷ৳ͼॖΈʹΑͬͯ௚ਐӡಈΛ࣮

஫٭Δྫ͕ଟ͍͢ݱ 7ɻͨͩ͠ɺܗঢ়هԱ߹ۚ͸ʮهԱ͞Εͨܗঢ়ʹ໭Δʯͱ͍͏ੑ࣭Ͱ͋ΔͨΊɺҰ౓هԱ͞Ε

ঢ়ʹ͸มԽͰ͖ͳ͍ɻͦ͜ͰԿ౓΋ಈ͔ܗঢ়ʹ໭ͬͯ͠·͏ͱɺ͔ͦ͜ΒଞͷྗΛ༩͑ͳ͚Ε͹ɺͦͷଞͷܗͨ

͢৔ॴͰ͸ɺܗঢ়هԱ߹ۚΛ፰ے߅ͷΑ͏ʹ഑ઢ͢Δ͜ͱͰܗঢ়هԱ߹ۚΛมͤ͞ܗΔͳͲͷ޻෉͕ඞཁͰ͋Δɻ

·Λ૿෯Ͱ͖ΔɻܗཧΛ༻͍ͯมݪ଄ͱ૊Έ߹Θͤɺͯ͜ͷߏࢴ͸ඍখͰ͋Δ͕ɺંΓܗԱ߹ۚͰͷมهঢ়ܗ

ۦ͕ۚ߹Աهঢ়ܗঢ়ͷ௕͞ͱҟͳΔࣗવ௕Λ΋ͭόωΛಉҰΧॴʹ෇͚Δ͜ͱͰɺܗԱͨ͠هԱ߹ۚͷهঢ়ܗͨ

ಈ͍ͯ͠Δ৔߹ʹ͸ܗঢ়هԱ߹ۚͷهԱͨ͠ܗঢ়ͷ௕͞ʹมԽ͠ɺܗঢ়هԱ߹͕ۚۦಈ͍ͯ͠ͳ͍৔߹ʹ͸όω

ͷࣗવ௕ʹมԽ͢ΔΞΫνϡΤʔλ͕࣮ݱͰ͖Δɻ͜ͷΑ͏ʹܗঢ়هԱ߹ۚΛόωͱ૊Έ߹ΘͤΔ͜ͱͰܗঢ়ม

Խͷ܁Γฦ͠΋࣮͠ݱɺখܕͳΞΫνϡΤʔλͱͯ͠༻͍ΒΕ͍ͯΔ [77]ɻ·ͨંΓ֯౓΋ɺهԱ͞Εͨ֯౓ʹ໭

ΔͨΊɺඥঢ়Ͱ͸ͳ͘൘ঢ়ͷܗঢ়هԱ߹ۚΛ༻͍Δख๏΋͋Δ [78]ɻ

ͷԹ౓Λ্͛Δࣗ໌ͳखڥԱ߹ۚΛ೤͢ΔͨΊʹ͸ɺ؀هঢ়ܗಈख๏ʹ͍ͭͯड़΂ΔɻۦԱ߹ۚͷهঢ়ܗʹ࣍

๏΋͋Δ͕ɺ಺෦͔ΒՃ೤͢Δख๏΋͋ΔɻͦͷதͰ΋ɺܗঢ়هԱ߹ۚΛಋઢͱͯ͠༻͍Δ͜ͱͰɺಋઢʢܗঢ়

Ա߹͕ۚίΠϧঢ়ʹͳͬͯهঢ়ܗಋઢ͕ऩॖ͢Δͱ͍͏ΞΫνϡΤʔλ͕ଟ͍ɻʹࡍԱ߹ۚʣʹిྲྀ͕ྲྀΕͨه

͍Δ৔߹ɺࡐྉͷมܗʹൺ΂ͯ௕͞ͷมԽ͕େ͖͍ͨΊɺมҐͷେ͖͍ۦಈΛ࣮͢ݱΔܗঢ়هԱ߹ۚ͸ίΠϧঢ়

ʹͳ͍ͬͯΔ͜ͱ͕ଟ͘ɺܗঢ়Λ෮ݩͰ͖Δ௕͞ͷมܗΛ 3ഒఔ౓·ͰՔ͙͜ͱ͕ՄೳͰ͋Δɻ

ಛʹಋઢΛܗঢ়هԱ߹ۚͰ࡞੒ͨ͠৔߹ʹ͸ɺܗঢ়هԱ߹ۚͷՃ೤͸ߴ଎ʹ͑ߦΔɻͦͷͨΊɺܗঢ়هԱ߹ۚ

Λ౥ۭͨ͠ࡌதʹඈͼ্͕ΔϩϘοτ͑͞ଘ͢ࡏΔ [79]ɻͨͩ͠ଟ͘ͷ৔߹ܗঢ়هԱ߹ۚͷྫྷ٫͸ࣗવྫྷ٫ʹཔ

Γɺܗঢ়هԱ߹ۚͷपล͸ۭؾͰ͋Δ͜ͱ͕ଟ͍ͨΊʹܗঢ়هԱ߹ۚͷྫྷ٫ʹ͸͕͔͔࣌ؒΔɻͦͷͨΊɺಛʹ

Թؾ֎ɺࣗવۭྫྷ͸ʹߋͷΑ͏ʹ഑ઢ͢Δ͜ͱ͕๬·ΕΔɻے߅Ա߹ۚΛ፰هঢ়ܗඞཁͳ৔߹ʹ͸͕࡞଎ͳಈߴ

΍෩଎ʹΑͬͯྫྷ٫଎౓͕มΘΓɺԹ౓੍͕ޚ೉͍ͨ͠Ίɺܗঢ়ͷਫ਼ີͳ੍ޚ΋೉͘͢͠Δɻܗঢ়هԱ߹ۚ͸ͦͷ

फ़ͳ෦෼Λ࣋ͪɺٸʹ͸ඇৗ܎Λ΄ͱΜͲมԽͤͣ͞ɺ·ͨมԽྔͱ༩͑ͨిѹͱͷؔ߅఍ؾঢ়มԽʹΑͬͯిܗ

ిѹʹΑͬͯมԽྔΛ੍͢ޚΔ͜ͱ΋೉͍͠ɻܗঢ়มԽͱిؾ఍߅ͷؔ܎ʹ͍ͭͯ͸෇࿥??Ͱ࣮ݧͱͦͷ݁ՌΛ

༻͍ͯৄ͘͠આ໌͢ΔɻҹՃిѹͱܗঢ়มԽͷؔ܎ʹ͍ͭͯ͸෇࿥??Ͱ࣮ݧͱͦͷ݁ՌΛ༻͍ͯৄ͘͠આ໌͢Δɻ

తঢ়ଶ͔Β೺Ѳ͢Δ͜ͱ͕೉͍ͨ͠Ίɺ֎෦ʹԿΒ͔ͷηϯαΛඞؾԱ߹ۚͷిهঢ়ܗԱ߹ۚͷঢ়ଶΛهঢ়ܗ

ཁͱ͢Δɻ͔͠͠֎෦ͷηϯα͸ୈ 3.2.2અͰड़΂ͨΑ͏ʹް͞ͷ૿Ճʹͭͳ͕Δɻͦ͜ͰɺฏΒͳճ࿏Ͱ͋Δಔ

ςʔϓΛ༻͍ɺಋઢΛߏங͢Δͱͱ΋ʹܗঢ়هԱ߹ۚͷ֯౓ͷ੍ޚΛͨͬߦɻ

ԱޮՌΛࣦ͏ͨΊɺԹ౓੍هঢ়ܗ͕ۚ߹Աهঢ়ܗԱ߹ۚΛྫྷ΍͗ͨ͢͠Γ೤͗ͨ͢͠Γ͢Δ͜ͱͰهঢ়ܗͨ·

Δɻ͢ࡏଘ͔͍͕ͭ͘ݧͳ͘ͳ࣮ͬͨ͠ݩ΋೤͗͢͠Δ͜ͱͰԎ͕ग़ͯ෮͍͓ͯʹڀݚ΋ඞཁͰ͋Δɻຊޚ

஫٭ 7͜ͷ৳ͼॖΈ͸શମͷมྔܗʹൺ΂ͯࡐྉࣗମͷม͕ܗগͳ͍ɻ
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3.2.5 ࿦ཧࣜͷ؆୯Խͱ෺ཧతͳ࣮૷

ຊୈ 3ষͰ͸ಔςʔϓΛηϯαͱͯ͠༻͍Δ͚ͩͰ͸ͳ͘࿦ཧճ࿏ͱͯ͠΋༻͍ΔͨΊɺ࿦ཧࣜʹ͍ͭͯ΋঺

հ͢ΔɻҰൠతͳ࿦ཧࣜʹ͍ͭͯ͸লུ͠ɺࠓճͷಔςʔϓߏ଄ʹඞཁͳ࿦ཧࣜͷ؆୯Խͱɺ࿦ཧճ࿏Λ෺ཧత

ʹ࣮૷͖ͯͨ͠ྫʹॏ఺Λஔ͘ɻ

͍ͨ༺ճѻ͏࿦ཧࣜͷ؆୯Խʹ͸ΧϧϊʔਤΛ༻͍ͨ؆୯ԽΛࠓ [80]ɻΧϧϊʔਤΛ༻͍ͨ؆୯Խ͸ɺਓ͕ؒࢴ

໘্Ͱ͏ߦ࿦ཧࣜͷ؆୯Խʹ༻͍ΒΕΔ࠷΋Ұൠతͳ؆୯ԽͰ͋Δɽ͜ͷ؆୯Խ͸ɺͦΕͧΕͷঢ়ଶΛ֨ࢠঢ়ʹ

ฒ΂ɺͦΕͧΕͷϚεʹग़ྗঢ়ଶΛॻ͘͜ͱͰ͏ߦ؆୯ԽͰ͋Δɻ࿦ཧճ࿏͸͋Δೖྗม਺ͷঢ়ଶ͕ҟͳ͍ͬͯ

ͯ΋ಉ͡ঢ়ଶΛग़ྗ͢Δ৔߹ɺͦͷҟͳΔม਺Λແͨ͠ࢹ࿦ཧճ࿏Λग़ྗͰ͖ΔɻΧϧϊʔਤ͸ྡΓ߹͏Ϛε͸

ม਺ͷঢ়ଶ͕ 1͚ͭͩҟͳΔঢ়ଶಉ࢜Ͱ͋Δੑ࣭Λ࣋ͭͨΊɺ͜ͷΑ͏ͳม਺ͷআڈΛ֮ࢹత͔ͭޮ཰తʹ͑ߦ

ΔɻΧϧϊʔਤΛ༻͍ͨ؆୯Խʹ͸ɺग़ྗ͕ 1Ͱ͋Δঢ়ଶʹண໨ͯ͠ੵ࿨ඪ४ܗΛߏங͢Δख๏ͱɺग़ྗ͕ 0Ͱ

͋Δঢ়ଶʹண໨ͯ͠࿨ੵඪ४ܗΛߏங͢Δख๏͕͋Δɻ͔͠͠΋ͱ΋ͱ͸Χϧϊʔਤ͸ੵ࿨ඪ४ܗͰߏங͢Δख

๏Λ঺հ͓ͯ͠Γɺݸਓతʹ΋ੵ࿨ඪ४ܗΛ༻͍Δख๏͕௚ײతͳख๏Ͱ͋Δͱ͡ײΔɻ

ͦͯ͠ΧϧϊʔਤΛ༻͍Δ؆୯ԽͷΈ͕ຊ࿦ͱؔ͢܎ΔΘ͚Ͱ͸ͳ͍ɻจݙ [80]ͷਤ 12΍ਤ 15Ͱड़΂ΒΕ͍ͯ

ΔΑ͏ʹɺ͜ͷख๏Ͱ͸؆୯Խͨ͠࿦ཧࣜΛಋ௨ؔ܎Ͱද͢͜ͱʹॏ఺Λஔ͍͍ͯΔɻจݙ [80]ͷਤ 15͸ 4ೖྗ

5ग़ྗͷճ࿏Ͱ͋ΓɺͦΕͧΕΛ؆ུԽ͢Δ͚ͩͰͳ͘ҟͳΔग़ྗʹରͯ͠΋͍࢖ճͤΔ෦෼Λ࠷େ͍࢖ݶճͯ͠

͍ΔͨΊʹඇৗʹͮݟΒ͘ͳ͍ͬͯΔ٭஫ 8͕ɺੵ࿨ඪ४ܗΛΧϧϊʔਤΛ༻͍ͯಋग़ͨ͠ޙɺMAKEͱ BREAK

Ͱࣔ͞ΕΔϦςϥϧͱ഑ઢͱΛ༻͍ͯॴ๬ͷ࿦ཧճ࿏Λߏங͍ͯ͠Δɻ࿦ཧࣜͷߏ੒Λ࠷খʹ͢Δ͜ͱʹॏ఺Λ

ஔ͍͍ͯͳ͍ͨΊɺຊ࿦จͰ͸จݙ [80]ͷਤ 9Ͱड़΂ΒΕ͍ͯΔҪܗͷख๏͸༻͍͍ͯͳ͍ɻ

͜ͷ഑ઢ͸ɺΧϧϊʔਤΛ༻͍ͨ؆୯Խ͕ʮಋ௨ʯʹ࢖ΘΕͨྫͰ͋ΓɺΧϧϊʔਤΛ༻͍ͨ؆୯Խ͸ʮಋ௨ʯ

Εͳ͍ͨΊʹɺʮಋݱɺϦςϥϧͰ͸ͳ͍࿦ཧࣜͷ൱ఆ͸͍͓ͯʹܗಛԽ͍ͯ͠ΔྫͰ΋͋Δɻ·ͨੵ࿨ඪ४ʹ܎ؔ

௨ʯΛ৴߸ɾঢ়ଶͱͯ͠༻͍Δճ࿏ʹ͓͍ͯ͸͜ͷ؆୯Խ͕๬·͍͠ɻΧϧϊʔਤ͸ྡΓ߹͏Ϛε͸ม਺ͷঢ়ଶ

͕ 1͚ͭͩҟͳΔঢ়ଶಉ࢜Ͱ͋ΔࣄʹΑΓɺVeitchʢϕΠνʣਤ [81]Λ༻͍Δख๏ʹൺ΂ͯੵ࿨ඪ४ܗΛ؆୯Խ

͠΍͘͢ɺϦςϥϧͷݮ࡟ʹޮՌతͰ͋ΔͨΊʹ΋ΧϧϊʔਤΛ༻͍ͨ؆୯ԽΛຊ࿦จͰ͸࠾༻ͨ͠ɻ

͜ΕΒͷ؆୯Խ͸ɺ୯ʹઃͨ͠ܭঢ়ଶͰͷग़ྗΛޮ཰తʹ؆୯Խ͢Δ͚ͩͰͳ͘ɺग़ྗ͕ઃ͞ܭΕ͍ͯͳ͍ঢ়

ଶΛ͏·͘͜͏࢖ͱʹΑͬͯ؆୯ԽΛ͍ͯͬߦΔɻಛʹ͜ΕΒͷਤΛ༻͍ͨ؆୯ԽͰ͸ d٭஫ 9΍ ×Ͱද͞ΕΔυ
ϯτέΞΛ؆୯Խʹ౎߹͕ྑ͍Α͏ʹ 0΋͘͠͸ 1ΛͦΕͧΕͷঢ়ଶʹׂΓ౰ͯΔɻ͜ͷదٓߦΘΕΔ 0΋͘͠

͸ 1ͷׂΓ౰͕ͯɺ෇࿥??Ͱண໨͢Δઃܭ֎ͷಈ͖Λܾఆ͢Δ͜ͱʹͳΔɻ

ຊߘͰѻ͏࿦ཧճ࿏͸Ϧςϥϧʢೖྗม਺ͱͦͷ൱ఆʣͱ࿦ཧੵͱ࿦ཧ࿨ͷΈ΁ͱ੍͕ͨ͠ݶɺNANDήʔτ

ͷΈͰ࿦ཧճ࿏ͷ׬උੑΛ࣋ͭ͜ͱ͔Βɺ࿦ཧճ࿏Λ࠷খͷNANDૉࢠͷΈʹ͢ݱ࣮ͯͬݶΔ͜ͱ [82]΍ɺࣗಈ

࿦ཧ߹੒γεςϜʹ͓͍ͯ NANDͷΈͰͷ࣮૷ ͷΈͰͷ࣮૷͸௝͘͠ͳ͍ɻࢠΘΕ͓ͯΓɺҰ෦ͷૉߦ͕[83]

ϦϨʔͱεΠονʹΑΔ࿦ཧճ࿏

ຊߘͰͨͬߦϦςϥϧͱ࿦ཧੵͱ࿦ཧ࿨΁ͷ੍ݶ͸ϦϨʔͱεΠονͰߏ੒Ͱ͖Δճ࿏ͱ౳ՁͰ͋Δɻ࿦ཧճ

࿏ΛϦϨʔͱεΠονͰ෺ཧతʹ࣮ݱͰ͖Δ͜ͱ͸͔͘ݹΒ஌ΒΕ͓ͯΓɺݱ୅ͷߴ଎ͳ࿦ཧԋثࢉΛ࣮͢ݱΔ

ͨΊʹඞཁෆՄܽͳٕज़Ͱ͋ͬͨ [84]ɻͦͯͦ͠ͷจݙ [84]಺Ͱ͸ɺclosed circuitʢಋ௨ʣ͕ 0ʹରԠ͠ɺ open

circuit ʢஅઢʣ͕ 1ʹରԠ͍ͯ͠Δɻͦͯ͠ɺฒྻ઀ଓ͕࿦ཧੵʹରԠ͠ɺ௚ྻ઀ଓ͕࿦ཧ࿨ʹରԠ͍ͯ͠Δɻ

ຊ࿦จͰ͸ಋ௨ঢ়ଶΛ 1ʹରԠͤ͞ɺஅઢঢ়ଶΛ 0ʹରԠ͍ͤͯ͞Δ͕ɺ͜ͷରԠͰ͸࿦ཧ࿨Λฒྻ઀ଓʹɺ࿦

ཧੵΛ௚ྻ઀ଓʹରԠͤ͞Δ͜ͱͰϒʔϧ୅਺ͱରԠ͢Δɻ

ྫ͑͹࿦จ [84] Ͱ͸ 1ͱ 0ͷ࿦ཧ࿨͕ open circuit ͱ closed circuit ͷ௚ྻ઀ଓ͸ open circuit ͱͳΔͨΊ

1 + 0 = 1͕੒ཱ͢Δͱ͍ͯ͠Δ͕ɺຊ࿦จͰ͸ͦͷճ࿏Λ 0 · 1 = 0ͱͯ͠ղऍ͢Δɻ͜ΕΒ͸ͦΕͧΕ negative

logic polarityͱ positive logic polarityͱݺ͹ΕΔରԠͰ͋Γɺ஋ͱԋࢉͷ྆ํΛ൓స͢Δ͚ͩͰಘΒΕΔରԠͰ

͋Δɻ͜Ε͕ϒʔϧ୅਺ͷ૒ରੑͰ͋Γɺจݙ [84]ͷެཧΛຊ࿦จʹରԠ͢ΔܗͰॻ͘ͱද 3.1ͱͳΔɻ͜͜Ͱɺ

஫٭ ෉͕ඞཁͰ͋Δɻ޻෉͕ॏཁͰ͋Γɺຊ࿦จͰ঺հ͢Δճ࿏Ͱ΋ಉ༷ͷ޻૸͠ͳ͍Α͏ͳٯ8ిྲྀ͕
஫٭ 9don’t care ͷ಄จࣈ
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ද 3.1: ಔςʔϓճ࿏ͷެཧ

1. a. 0 · 0 = 0 அઢঢ়ଶͱஅઢঢ়ଶͷ௚ྻ઀ଓ͸அઢঢ়ଶͰ͋Δɻ

b. 1 + 1 = 1 ಋ௨ঢ়ଶͱಋ௨ঢ়ଶͷฒྻ઀ଓ͸ಋ௨ঢ়ଶͰ͋Δɻ

2. a. 1 + 0 = 0 + 1 = 1 ಋ௨ঢ়ଶͱஅઢঢ়ଶͷฒྻ઀ଓ͸ಋ௨ঢ়ଶͰ͋Δɻ

b. 0 · 1 = 1 · 0 = 0 அઢঢ়ଶͱಋ௨ঢ়ଶͷ௚ྻ઀ଓ͸அઢঢ়ଶͰ͋Δɻ

3. a. 0 + 0 = 0 அઢঢ়ଶͱஅઢঢ়ଶͷฒྻ઀ଓ͸அઢঢ়ଶͰ͋Δɻ

b. 1 · 1 = 1 ಋ௨ঢ়ଶͱಋ௨ঢ়ଶͷ௚ྻ઀ଓ͸ಋ௨ঢ়ଶͰ͋Δɻ

4. ೚ҙͷ࣌ࠁʹ͓͍֤ͯม਺X ͸ 0·ͨ͸ 1ͷঢ়ଶͰ͋Δɻ

ͦͷ૒ରੑ͕ a.ͱ b.ͱͳΔΑ͏ͳରԠ͕ߦΘΕ͍ͯΔɻ͜ͷΑ͏ͳਖ਼࿦ཧͷճ࿏΋͢Ͱʹ͘޿༻͍ΒΕ͓ͯΓɺ

ฒྻ઀ଓͱ௚ྻ઀ଓͷରԠ͸ຊ࿦จͱҰக͍ͯ͠Δ [85]ɻ

ճఏҊ͢Δಔςʔϓճ࿏͸ɺຊઅͷ΄ͱΜͲʹ͓͍ͯ࿦ཧࣜͷ൱ఆ͕Ͱ͖ͳ͍෺ͱͯ͠ѻΘΕΔɻ͜ͷΑ͏ࠓ

ͳ NOTήʔτ͕ͳ͍ϒʔϧճ࿏͸୯ௐճ࿏ʢmonotone circuitʣͱݺ͹Ε͓ͯΓɺճ࿏ྔࢉܭͷ෼໺Ͱ͞ڀݚΕ

͍ͯΔɻಛʹɺΫϦʔΫͷ෼໺ [86, 87]΍ɺ୯ௐճ࿏ʹݶΒͳ͍ճ࿏ͱ୯ௐճ࿏ʹ੍ͨ͠ݶճ࿏͸ࢦ਺ؔ਺తͳࠩ

͕͋Δ͜ͱΛࣔ͢࿦จͰ༻͍ΒΕͨ [88]ɻ͜ΕΒͷڀݚʹΑΓɺ୯ௐճ࿏͸ nม਺ΫϦʔΫؔ਺٭஫ 10Λ͢ࢉܭΔ

ͨΊʹඞཁͳ࿦ཧήʔτ͕ O(en)ͱͳΔ͜ͱ͕ࣔ͞Ε͖ͯͨɻ·ͨ NOTήʔτͷ਺Λ ΔͷͰ͸ͳ͘ɺ͢ݶ੍ʹ0

༗ݶʹݸݶఆͨ͠ճ࿏ʹ͍ͭͯͷڀݚ΋ଘ͢ࡏΔ [89]ɻྫ͑͹ɺNOTήʔτ ͷม਺ͷͦΕͧΕݸͷΈͰɺ3ݸ2

ͷ൱ఆ͕ਤ 3.3ͷΑ͏ʹ࣮ݱՄೳͰ͋Δɻ͜ͷ࿦ཧճ࿏͸ɺ3ม਺ͷ൱ఆͰ͋ΔͨΊʹʮ1ʯͷ਺͕ ͷ৔߹ͱݸ0

A
B
A
C
B
C

A
B
C

A
B
C

B
C

B
C

A

ਤ 3.3: NOTήʔτ ͷΈͰݸ2 ¬Aͱ ¬Bͱ ¬CΛ࣮͢ݱΔճ࿏ͷҰ෦ɻࠇ৭ͷ෦෼͸ ¬Aͱ ¬Bͱ
¬CͰڞ௨Ͱ͋Γɺ੨จࣈͰࣔͨ͠෦෼Λ Aͱ Cʹ͢Ε͹ ¬B͕ɺ੨จࣈͰࣔͨ͠෦෼Λ Aͱ Bʹ͢

Ε͹ ¬C͕࣮͢ݱΔɻ

ͷ৔߹ͱݸ1 ͷ৔߹ͱݸ2 ͷ৔߹ͷݸ3 4ू߹ʹ෼ׂ࣮͍ͯͯ͠͠ݱΔɻಉ༷ʹɺ͜ͷΑ͏ͳख๏Λ༻͍Δ͜ͱ

ͰɺͦΕͧΕͷม਺ͷ൱ఆΛग़ྗ͢Δ࿦ཧճ࿏Λ࣮͢ݱΔ͜ͱ͕Ͱ͖ɺNOTήʔτͷ਺͸͔֬ʹݮ࡟Ͱ͖Δɻ͜

ͷख๏Λ༻͍Δ͜ͱͰ nม਺ͷͦΕͧΕͷ൱ఆΛ log2(n + ͷݸ(1 NOTήʔτͰ࣮ݱͰ͖Δར఺͕͋ΔҰํͰɺ

࿦ཧճ࿏ͷ௚ྻ઀ଓͷ਺͸ O(log(n))ɺશମͷ࿦ཧԋࢉ਺͸ O(n log(n))ͱ૿Ճ͢Δ [90]ɻߋʹෳࡶͳճ࿏Λ͑ߟ

Δ͜ͱͰɺNOTήʔτͷ਺Λ log1+o(1) nɺਂ͞ log1+o(1) nɺ࿦ཧԋࢉ਺ O(n)ͷճ࿏΋ՄೳͰ͋Δ͑͞ࣄ஌ΒΕ

͍ͯΔ [91]ɻຊୈ 3ষͰ঺հ͢Δಔςʔϓճ࿏͸͜ͷΑ͏ͳม਺ͷ൱ఆ͑͞Ͱ͖ͳ͍෼໺ͱ͸ີݫʹ͸ҟͳΔ͕ɺ

NOTήʔτͷݮ࡟ʹ͸͜ΕΒͷ݁Ռ͸༗༻Ͱ͋Δɻ

͜ͷ୯ௐճ࿏͸σδλϧճ࿏ͷඇৗʹ੍͞ݶΕͨճ࿏ϞσϧͰ͋ΔҰํͰɺ࿦ཧࣜ΋ඇৗʹ੍͞ݶΕͨճ࿏Ϟ

σϧͰ͋Δɻྫ͑͹ճ࿏Ϟσϧͱͯ͠Έͨ৔߹ʹ͸࿦ཧࣜ͸ϑΝϯΞ΢τ਺Λ ʹݶΕ͓ͯΓɺͦͷ੍͞ݶ੍ʹ1

ΑΓճ࿏ਤʹൺ΂ͯඇৗʹ௕͍ࣜͱͳΔ৔߹΋͋Δɻ୯ௐճ࿏ͷճ࿏ྔࢉܭ͸ɺԼք͕ࢦ਺ؔ਺తͰ͋Δ͜ͱ͕

஌ΒΕ͍ͯΔҰํͰɺ࿦ཧࣜͷճ࿏ྔࢉܭͷԼք͸ Ω(n3−o(1))Ͱ͋ΓɺԼքͰ͋Δͱ͸͑ݴඇৗʹখ͘͞ੵݟ΋

ΒΕ͍ͯΔ [92]ɻ

ैདྷͷڀݚͰࠓճͷಔςʔϓճ࿏ͱ࣮ͨࣅ૷Ͱ͋Δ෺ʹɺϥμʔϩδοΫ [93]ͳͲ͕ଘ͢ࡏΔɻϥμʔϩδο

Ϋ͸ϦϨʔͷ઀఺ͱίΠϧͰ࿦ཧճ࿏Λهड़͢Δख๏Ͱ͋ΔɻϥμʔϩδοΫͷίΠϧ͸ 2ຊͷ฼ઢ͕ిݯઢͱ

άϥ΢ϯυઢʹରԠ͠ɺϦϨʔ઀఺͕ಋ௨Λ੍͢ޚΔ͜ͱͰίΠϧͷಈ࡞ΛมԽͤ͞Δɻͦͯ͠ຊ࿦จͱͷରԠ

஫٭ 10ΫϦʔΫؔ਺ͱ͸ɺͦͷάϥϑͷதʹΫϦʔΫؚ͕·Ε͍ͯΔͳΒ͹ 0 Λɺؚ·Ε͍ͯͳ͍ͳΒ͹ 0 ΛऔΔؔ਺Ͱ͋Δɻ
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͸ɺϥμʔϩδοΫͷϦϨʔ͕ંΕ͍ͯΔ͔Λ൑ఆ͢ΔεΠονʹɺίΠϧ͕ܗঢ়هԱ߹ۚͷಈ࡞ʹରԠ͢Δɻຊ

དྷͷϥμʔϩδοΫ͸࿦ཧճ࿏Λ࣮ࡍʹϦϨʔͰಈ͕͍ͨͯͤ͞࡞ɺ࣮ࡍʹϥμʔ͕ಈ͘ճ࿏ͱ͚ͯͩ͠Ͱͳ͘ɺ

ϓϩάϥϚϒϧϩδοΫίϯτϩʔϥͷϓϩάϥϜޠݴͰ΋͋Δɻຊ࿦จͰѻ͏ಔςʔϓճ࿏ͱಉ͘͡ɺϥμʔϩ

δοΫ΋࿦ཧࣜͷ൱ఆΛ 1ૉࢠͰ࣮ݱͰ͖ͳ͍ੑ࣭Λ࣋ͭɻ

ͨͩ͠ಔςʔϓճ࿏ͱҟͳΔੑ࣭΋࣋ͭɻྫ͑͹ɺϥμʔϩδοΫ͸ಛʹϓϩάϥϜޠݴͱͯ͠ݟͳ͢৔߹ͦͷ

ϦϨʔ઀఺ͱίΠϧͷಈ࡞͸্͔ΒԼ΁ɺ͔ࠨΒӈ΁ͱॱংͩͬͯߋ৽͞ΕΔ͜ͱͰॲཧ͕ߦΘΕΔ༷࢓Ͱ͋Γɺ

ճ࿏Ͱ͋Γɺશͯͷηϯαͱશظͱ͸ҟͳΔੑ࣭Λ࣋ͭɻҰํಔςʔϓճ࿏͸ඇಉ࡞ͷϦϨʔ΍ίΠϧͷಈࡍ࣮

ͯͷΞΫνϡΤʔλ͕ಉ࣌ʹঢ়ଶΛߋ৽͢Δ৔߹΋͑ߟΔඞཁ͕͋Δɻ

͜ͷΑ͏ͳ෺ମͷҠಈΛ༻͍ͨճ࿏ʹ͸ɺྲྀମΛ༻͍ͨख๏ [94]΋͋ΔɻಋిੑྲྀମΛ؅தʹ஫ೖ͠ɺۭؾͷ

ྲྀೖʹΑͬͯ؅಺ͷಋిੑྲྀମͷҐஔΛ੍͢ޚΔɻಋిੑྲྀମ͕ిؒۃʹ͋Δ৔߹ʹͷΈిྲྀ͕ྲྀΕΔͨΊɺ؀

ঢ়ͷ؅಺ʹಋిੑྲྀମΛྲྀ͠ଓ͚Δ͚ͩͰ܁Γฦ੍͕͠ޚՄೳͱͳΔɻຊ࿦จʹରԠͤ͞ΔͳΒ͹ɺಋ௨ύλʔ

ϯΛ࣮૷ͨ͠ಔςʔϓΛ ՄೳͱͳΔͩΖ͏ɻຊୈ͕ޚΓฦ੍͠܁ͷΞΫνϡΤʔλͰճసͤ͞Δ͜ͱͰݸ1 3ষ

Ͱ͸ಔςʔϓճ࿏ͷബ͞Λ௥͓ͯ͠ٻΓɺͦͷΞΫνϡΤʔλͷ౥͞ڐ͑͞ࡌͳ͍෺Ͱ͋ΔͨΊߦΘͳ͍ɻ

·ͨΑΓ໌ࣔతʹ෺ཧతͳҠಈͳͲ͕ରԠ͢Δ෺ʹ͸ɺϏϦϠʔυϘʔϧίϯϐϡʔλͳͲ͕͋Δ [95, 96]ɻϏ

ϦϠʔυϘʔϧίϯϐϡʔλ͸ɺϘʔϧͷଘࡏͱඇଘ͕ࡏ 1ͱ 0Λද͢࿦ཧճ࿏Ͱ͋Γɺཧ૝తͳϘʔϧ͕ຎࡲ

ͷͳ͍ۭؒΛ׬શ஄ੑিಥ͢ΔϞσϧͰ࿦ཧճ࿏Λߏ੒͢ΔɻϏϦϠʔυϘʔϧ AͱϏϦϠʔυϘʔϧ BΛʢ΋

͠ϏϦϠʔυϘʔϧ͕྆ํڞʹଘ͢ࡏΕ͹ʣিಥ͢ΔΑ͏ʹӡಈͤ͞Δ͜ͱͰɺͦΕͧΕͷܦ࿏্ʹϏϦϠʔυ

Ϙʔϧ͕ྲྀΕΔ͔͕ ¬A ·Bͱ A · ¬BʹରԠ͢ΔɻϏϦϠʔυϘʔϧίϯϐϡʔλͰ͸ ANDճ࿏ͱ NOTճ࿏Λ

શੑΛ༗͢Δɻ׬੒Ͱ͖ɺνϡʔϦϯάߏ

࣮ੈքʹ࿦ཧճ࿏͕ଘ͢ࡏΔҎ্ɺ࿦ཧճ࿏͸෺ཧతʹߏ੒ՄೳͰ͋ΔɻࡏݱͰ͸τϥϯδελͰߏ੒͞ΕΔ

࿦ཧճ࿏͕ଟ͍͕ɺྺ࢙తʹ͸͜ΕΒͷΑ͏ͳ෺ཧతͳ઀৮Λ༻͍ͨ࿦ཧճ࿏͕ଘ͍ͨͯ͠ࡏɻຊୈ 3ষͰ঺հ

͢Δಔςʔϓճ࿏͸͜ΕΒͷΑ͏ͳ෺ཧతͳ઀৮Λ༻͍Δ෺Ͱ͋Γɺͦͯ͠ిѹͷߴ௿Ͱ͸ͳ͘ಋ௨ͱஅઢΛ༻

͍Δ࿦ཧͰ͋ΔͨΊɺ͜ΕΒͷ࣌୅ʹߦΘΕ༷ͨʑͳ޻෉Λࢀর͢Δ͜ͱͰߏங͕ޮ཰తͰ͋ͬͨɻ

૊Έ߹Θͤճ࿏ͱϋβʔυ

ຊ࿦จʹ͓͚Δಔςʔϓճ࿏͸ɺηϯαͰ͋Δͱۦʹڞಈճ࿏Ͱ͋Δɻ͜Ε͸ɺಔςʔϓճ࿏͕ೖྗͰ΋͋Γ

ग़ྗͰ΋͋Δ͜ͱʹରԠ͢Δɻͦ͜Ͱɺຊ 3.2.5અͰ͸૊Έ߹Θͤճ࿏ͷग़ྗΛࣗ෼ࣗ਎ͷೖྗͱ͢Δ࿩ʹ͍ͭͯ

આ໌͢Δɻ૊Έ߹Θͤճ࿏ͷग़ྗͷҰ෦Λࣗ෼ࣗ਎ͷೖྗͱ͢Δճ࿏͸ଘͨ͠ࡏɻͦΕΒͷଟ͘͸ɺैདྷͷ૊Έ

߹Θͤճ࿏ʹ͓͍ͯग़ྗΛೖྗʹ໭͢͜ͱࣗମΛ໨తͱͨ͠෺Ͱ͸ͳ͘ɺճ࿏ͷͭྔࢉܭ·Γճ࿏ͷن໛Λখ͞

ͨ͘͠··ͰෳࡶͳࢉܭΛ͏͓ߦͱͨͨ͠Ίʹੜ·Εͨճ࿏Ͱ͋Δɻ

ྫ͑͹ɺ1ϏοτͷશՃػࢉΛ nݸ૊Έ߹ΘͤΔ͜ͱͰ nϏοτͷશՃػࢉΛߏ੒Ͱ͖Δੑ࣭͸͔ݩΒ஌ΒΕͯ

͓ΓɺͦͷΑ͏ͳߏ੒ΛՄೳʹ͢ΔͨΊʹશՃػࢉ͸܁Γ্͕ΓͷϏοτΛ͚࣋ͭͩͰͳ͘ɺೖྗΛ ༗͢Δɻݸ3

͔͠͠ɺ͜ͷߏ੒͸͢ࢉܭΔϏοτ਺͕૿Ճ͢Δ౓ʹճ࿏͕ෳࡶʹͳΓɺઢܗͳ૿ՃͰ͸͋Δ͕ճ࿏ઃܭͷஈ֊Ͱ

Εͯ͠·͏ܽ఺Λ࣋ͭɻ͞ݶͰ͖ΔϏοτ਺੍͕ࢉܭ

͔͠͠ɺ΋͠શՃػࢉͷग़ྗͷ ͷೖྗͷࠁΓ্͕ΓͷϏοτΛɺ࣍ͷ࣌܁Ͱ͋Δݸ1 ͱ͢Δ͜ͱ͕Ͱ͖Εݸ1

͹͜ͷ໰୊ΛղܾͰ͖ΔɻશՃػࢉΛ૊Έ߹Θͤͨ nϏοτͷՃࢉͰ͸ Λѻ͍ɺ໰୊Λ෼ׂ͢ࢉͷՃࣈͷ਺ݸ2

Δͱ֤ܻͱͦΕͧΕͷ܁Γ্͕ΓͷΈͷࢉܭͰ͋Δɻ͜͜Ͱɺ্ҐϏοτͷ݁ࢉܭՌ͸ԼҐϏοτͷ݁ࢉܭՌʹ

ӨڹΛ༩͑ͳ͍ͨΊɺԼҐϏοτ͔Βॱʹ 1ϏοτͣͭશՃػࢉΛ༻͍ͯ͢ࢉܭΕ͹Α͘ɺͦͷࢉܭʹ͸ಉ͡શ

ՃػࢉΛ͍࢖ճ͢ઃ͕ܭՄೳͰ͋Δɻ͜ͷߏ੒ͰͷՃػࢉΛ௚ྻՃػࢉʢSerial binary adderʣͱݺͼɺશՃػࢉ

Λ ͳ͘ͱ΋͍༺͔͠ݸ1 nϏοτͷՃࢉΛ࣮͢ݱΔ [97]ɻ͜ͷख๏Ͱ͸ಉ͡ՃػࢉΛԿ౓΋͍࢖ճ͢͜ͱʹͳΔ

ͨΊ͔͔ͨͩϏοτ਺ʹൺྫ͢Δ͚࣌ؒͩࢉܭʹ͕͔͔࣌ؒΔ͕ɺͦ΋ͦ΋ nճͷ܁Γ্͕ΓΛ଴͕ͭ࣌ؒ͜Ε

ʹ૬౰͢ΔͨΊ໰୊ͳ͍ɻ

͜ͷΑ͏ͳճ࿏Λಉظճ࿏Ͱઃ͢ܭΔͱɺग़ྗ͕͍ͭೖྗʹฦͬͯ͘Δ͔͕Θ͔Βͳ͘ͳΔͨΊʹෆ҆ఆͳग़

ྗͱͳͬͯ͠·͏ɻͦͷͨΊɺҰൠతʹ͜ͷΑ͏ͳճ࿏͸ಉظճ࿏Ͱ͋Γɺग़ྗΛೖྗ΁໭͢ࡍʹ͸ϝϞϦ౳ͷಇ

͖Λࣔ͢ϥονճ࿏ͳͲʹҰ౓ঢ়ଶΛهԱͤ͞Δɻ͔͠͠ຊ࿦จͰ঺հ͢Δಉςʔϓճ࿏͸͜ͷΑ͏ͳϝϞϦΛ
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࣮૷͠ͳ͍ͨΊɺඇಉظճ࿏ͱͯ͠ग़ྗΛೖྗ΁ͱฦ͢ঢ়ଶͰ͑ߟΔ͜ͱͱͳΔɻ

ඇಉظճ࿏Ͱ΋ɺਤ 3.4 ͷΑ͏ʹग़ྗͷҰ෦ΛೖྗͷҰ෦ͱ͢Δճ࿏͕ଘ͍ͨͯ͠ࡏ [98]ɻͦͯ͜͠ͷΑ͏

x1
x2
y1
y2

z1
z2
Y1
Y2

ਤ 3.4: Ұൠͷॱংճ࿏ɻ֎෦͔ΒͷೖྗΛ xɺ಺෦͔ΒͷೖྗΛ yɺ಺෦΁ͷग़ྗΛ Yɺ֎෦΁ͷग़

ྗΛ zͱ͍ͯ͠Δ [98]ɻ

ͳճ࿏Ͱ͸ɺϋβʔυͱݺ͹ΕΔܽؕΛ͑ߟΔඞཁ͕͋Δɻϋβʔυʹ͸ೖྗ͕ 1 ߹มԽ͍ͯ͠ͳ͍৔͔͠ݸ

ʢsingle-unput-changeʣʹ࿦ཧήʔτͷ஗ԆʹΑͬͯҾ͖͜͞ىΕΔ࿦ཧϋβʔυͱݺ͹ΕΔϋβʔυͱɺೖྗ͕

ෳ਺ݸಉ࣌ʹมԽ͢Δ৔߹ʢmultiple-input-changeʣʹੜ͡Δػೳϋβʔυͱݺ͹ΕΔϋβʔυ͕ଘ͢ࡏΔɻ͜

ͷΑ͏ͳϋβʔυ͕ଘ͢ࡏΔ৔߹ʹ͸ɺҙਤ͠ͳ͍ग़ྗ͕୹࣌ؒग़ྗ͞ΕΔ৔߹͕͋ΔͨΊɺҙਤ͠ͳ͍ग़ྗΛ

ղফ͢Δ޻෉͕͍ͭ͘΋ߟҊ͞Ε͍ͯΔͨΊɺ͜ΕΒΛ঺հ͢Δɻ

࿦ཧϋβʔυͷղফʹ͸ɺ৑௕ͳ߲Λ௥Ճ͢Δख๏͕ଘ͢ࡏΔ [99]ɻҰൠతͳΧϧϊʔਤΛ༻͍ͨ؆୯Խͷࡍ

ʹ͸ɺ௕ํܗͰग़ྗ͕ 1Ͱ͋ΔྖҬΛғΉ͜ͱͰ؆୯ԽΛ͍ߦɺͦͷ௕ํܗͷྖҬͷ਺͸গͳ͍΄Ͳྑ͍ͱ͞Ε

ΔɻͦͷͨΊɺҰൠతʹ͸ਤ 3.5ͷࠨਤͷΑ͏ͳ؆୯Խ͕ߦΘΕɺϋβʔυ͕ੜ͡ΔՄೳੑ͕࢒Δɻਤ 3.5ͷࠨਤ

Ͱ͸ɺ2ݸͷ௕ํܗͷྖҬ͕ଘ͠ࡏɺͦΕͧΕ͕ AC̄ͱ BCΛҙຯ͢Δɻ

00 01 11 10

0

1

AB

C

0

1 1

1

AC + BC AC + BC + AB

00 01 11 10

0

1

AB

C

1 0

1 1

10

0 0

01

0 0

ਤ 3.5: ৑௕ͳ௕ํܗͷྖҬͷ௥ՃʹΑΔ࿦ཧϋβʔυͷղফ [99]ɻࠨਤͷΑ͏ͳ௕ํܗͷྖҬͷ਺͕

ͷྖҬܗখͱͳΔ؆୯ԽͰ͸ͳ͘ɺӈਤͷΑ͏ʹ͋͑ͯ௕ํ࠷ ABΛ௥Ճ͢Δ͜ͱͰɺϋβʔυΛղ

ফ͢Δɻ

ਤ 3.5ͷࠨਤͷΑ͏ͳ؆୯ԽΛͨͬߦ৔߹ʹɺA = 1ɺB = 1ɺC = 0ͷঢ়ଶ͔ΒɺCͷঢ়ଶͷΈ͕ C = 1΁ͱ

ભҠ͢Δ৔߹Λ͑ߟΔɻ͜ͷભҠʹ͓͍ͯɺॠؒతʹ Cͷग़ྗͱ C̄ͷग़ྗ͕ͱ΋ʹ 0Ͱ͋Ε͹ɺͦͷॠؒ AC̄ͱ

BC͕ڞʹ 0ͱͳͬͯ͠·͏ɻͦͷͨΊɺ࿦ཧࣜAC̄+BC = 0+ 0 = 0ͱͳΓɺग़ྗ͕ 0ͱͳͬͯ͠·͏ɻ͔͠͠

͜ͷભҠ͸ɺ1Λग़ྗ͢Δঢ়ଶ͔Β 1Λग़ྗ͢Δঢ়ଶ΁ͷભҠͰ͋ΔͨΊɺ్தͰ 0Λॠؒతʹग़ྗͯ͠͠·͏͜

ͱ͸๬·͘͠ͳ͍ɻ͜Ε͕ϋβʔυͰ͋Γɺϋβʔυͷղফ͸͜ͷભҠΛ 0ͷग़ྗͳ͠ʹ҆શʹ͏ߦઃܭͰ͋Δɻ

ϋβʔυͷղফͷͨΊʹɺ͋͑ͯ৑௕ͳ௕ํܗͷྖҬͰ͋Δ ABΛਤ 3.5ͷӈਤͷ੨͍௕ํܗͷΑ͏ʹ௥Ճ͢

ΔɻAC̄ͱ BC͕ڞʹ 0Λग़ྗͨ͠ͱͯ͠΋AB͸໰୊ͳ͘ 1Λग़ྗ͢ΔͨΊɺCͷભҠʹΑͬͯग़ྗ͕ 0ͱͳΔ

͜ͱ͸ͳ͍ɻઌ΄Ͳ 0Λग़ྗͯ͠͠·ͬͨॠؒͷঢ়ଶΛ࿦ཧࣜͰද͢ͱɺAC̄ + BC + AB = 0 + 0 + 1 = 1Ͱ͋

Δɻ͜ͷΑ͏ͳભҠதʹ௨Γ͏Δঢ়ଶΛғΉ௕ํܗͷू߹Λ༻͍ͨઃܭʹΑͬͯɺϋβʔυͷղফ͕࣮ݱͰ͖Δɻ

ಛʹɺࠓճѻ͏ಔςʔϓճ࿏ͷΑ͏ͳ෺ཧతͳ࣮૷ʹ͓͍ͯ͸ɺͦ΋ͦ΋ AB͸ Cͷঢ়ଶΛ؍ଌ͍ͯ͠ΔΘ͚Ͱ

͸ͳ͍ͨΊɺCͷભҠʹΑͬͯग़ྗ͕มΘΔ͜ͱ͕ͳ͍ɻͦͷͨΊɺҎ্ͷΑ͏ͳղܾ͸ྲྀ༻ՄೳͰ͋Δɻ

ຊୈ 3ষͰѻ͏੍ޚ͸ܗঢ়هԱ߹ۚͷ੍ޚʹ༻͍Δ੍͕ޚଟ͘ɺܗঢ়هԱ߹ۚͷಈ࡞͸ඇৗʹ஗͍ͨΊɺσδ

λϧճ࿏Ͱ͸ҰॠͰ͋ΔΑ͏ͳؒҧͬͨग़ྗ͕௕࣌ؒอ࣋͞Ε΍͍͢ɻͦͷͨΊɺܗঢ়هԱ߹ۚͷಈ࡞ʹ߹Θͤɺ

͜ͷΑ͏ͳಈ͕࡞ੜ͡ͳ͍Α͏ʹ͢Δඞཁ͕ڧ·ΔɻຊઅͰ͸ɺܗঢ়هԱ߹ۚͷಈ࡞ͷ஗͞Λ໰୊ʹͯ͠ɺ෇࿥

??અͰ௕࣌ؒؒҧͬͨग़ྗΛ͠ͳ͍Α͏ͳંΓߏࢴ଄ʹΑΔϋβʔυͷղফΛ঺հ͢Δɻ͜ͷϋβʔυʹ͍ͭͯ

͸ɺೖྗ͕ ΑΔ࿦ʹܭΔͨΊɺϙςϯγϟϧΤωϧΪʔΛ༻͍ͨઃ͍ͯ͑ߟมԽ͍ͯ͠ͳ͍৔߹ͷΈΛ͔͠ݸ1

ཧϋβʔυͷղফͱ͍͑Α͏ɻ
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࣍ʹɺػೳϋβʔυ΋ղফ͢Δɻػೳϋβʔυ͸ೖྗ͕ෳ਺ݸಉ࣌ʹมԽ͢Δ৔߹ͷϋβʔυͰ͋Δ͕ɺΑΓ

ೳϋβʔυʹ͍ͭͯ΋ػΔɻ͑ߟͷঢ়ଶ΁ͱભҠͯ͠͠·ͬͨ৔߹ʹ͍ͭͯ΋֎ܭɺ֎ཚͳͲʹΑΓઃ͑ߟ͘޿

࿦ཧϋβʔυͷղফͱಉ༷ʹΧϧϊʔਤΛ༻͍ͨ؆୯Խʹ͓͍ͯɺਤ 3.6ͷΑ͏ͳ௕ํܗͱͦΕʹରԠ͢Δճ࿏ͷ

௥ՃʹΑΓ࣮ݱͰ͖Δɻ
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1

0

0

1

1

1

1

1

1

1

0

00
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(a) (b)

ਤ 3.6: ৑௕ͳ௕ํܗͷྖҬͷ௥ՃʹΑΔػೳϋβʔυͷղফ [85]ɻ(a)ʹࣔ͢௕ํܗͷྖҬͷ਺͕࠷

খͱͳΔ؆୯ԽͰ͸ͳ͘ɺ (b)ͷΑ͏ʹ͋͑ͯ੨৭ͷ௕ํܗͷྖҬΛ௥Ճ͢Δ͜ͱͰɺϋβʔυΛղ

ফ͢Δɻ

ਤ 3.6ͷ (a)͸શͯͷ 1Ͱ͋Δঢ়ଶΛؚΉɻͦͯ͠ɺ1Λग़ྗ͢Δঢ়ଶ 1010͔Β 1Λग़ྗ͢Δঢ়ଶ 1111΁ͷભ

ҠͰ͸ঢ়ଶ 1011Λܦ༝ͨ͠ભҠͰ΋ঢ়ଶ 1110Λܦ༝ͨ͠ભҠͰ΋ 1Λग़ྗ͠ଓ͚ΔΑ͏ͳ࿦ཧϋβʔυͷղফ

΋ߦΘΕ͍ͯΔɻ͔͠͠ɺঢ়ଶ 1010͔Βঢ়ଶ 1111΁ͷભҠʹ͓͍ͯભҠ͢Δɺ BͱDͷঢ়ଶ͕ʮڞʹʯෆ҆ఆ

ʹͳͬͨ৔߹ͷग़ྗ͕อূ͞Ε͍ͯͳ͍ɻ͜ͷΑ͏ͳ৔߹ʹ͸ɺಉ࣌ʹ Bͱ D͕ભҠ͢Δ͜ͱʹΑΓग़ྗ͕ෆ҆

ఆʹͳΒͳ͍Α͏ʹɺACͷ߲Λ௥Ճ͢Δ͜ͱͰঢ়ଶ 1010͔Βঢ়ଶ 1111΁ͷભҠ΍ɺঢ়ଶ 1110͔Βঢ়ଶ 1011

΁ͷભҠʹ͓͍ͯ 1Λग़ྗ͠ଓ͚Δอূ͕ಘΒΕΔɻ

͜ͷΑ͏ͳෳ਺ݸͷೖྗ͕ಉ࣌ʹมΘΓ͏Δ৔߹ͷϋβʔυʹରͯ͠ɺৗʹ؆୯ԽͰͷ௕ํܗͷྖҬΛͰ͖Δ

͚ͩେ͖͘͢Δ͜ͱͰղܾͰ͖ΔΘ͚Ͱ͸ͳ͍٭஫ 11ɻͦͷͨΊඇৗʹ೉͍͕͠ࢉܭඞཁͱͳΔͨΊɺ೚ҙͷঢ়ଶ

ભҠΛͯͬ͠ߦ·ͬͨ৔߹ʹ͍ͭͯͷ࡯ߟΛ෇࿥??Ͱ͏ߦɻຊୈ 3ষͷଟ͘͸܁Γฦ͠ಈ࡞Λѻ͏ͨΊɺ܁Γฦ

͠ಈ࡞ͷܦ࿏ʹ෮͢ؼΔ͔൱͔ʹ͍ͭͯड़΂Δɻ

͜Ε͸ɺ܁Γฦ͠ಈݶʹ࡞Βͳ͍ͳΒ͹ɺϨʔεʢraceʣͱݺ͹ΕΔ໰୊Ͱ͋ΔɻϨʔεͱ͸ɺෳ਺ͷग़ྗΛม

Խͤ͞ͳ͚Ε͹͍͚ͳ͍৔߹ʹɺͲͪΒ͔ͷঢ়ଶΛઌʹมԽͤͯ͞͠·͏͜ͱʹΑΓෳ਺ͷग़ྗΛมԽͤͨ͞ঢ়

ଶҎ֎Ͱ҆ఆ͢Δঢ়ଶͰ͋Δɻ͜ͷΑ͏ͳϨʔε͸಺෦ঢ়ଶ͚ͩͰͳ͘ɺਤ 3.4ͷΑ͏ͳ֎෦ͷঢ়ଶΛ΋ͭ࿦ཧճ

࿏ʹ΋ଘ͠ࡏɺ܁Γฦ͠ಈݶʹ࡞Βͳ͍࿦ཧճ࿏ʹ͍ͭͯ஌ΒΕ͍ͯΔ໰୊Ͱ͋Δɻෳ਺ͷग़ྗΛͲͷΑ͏ͳॱ

ংͰมԽͤͯ͞΋໨తͷมԽΛ਱ߦͰ͖Δ৔߹ʹ͸ͦͷϨʔεΛ noncritical raceʢக໋తͰͳ͍Ϩʔεʣͱݺͼ

ॏཁ͠ࢹͳ͍ɻ͔͠͠ɺ͋ΓಘΔॱংͷҰ෦·ͨ͸શ෦͕มԽͷ్தͰ໨తͷঢ়ଶҎ֎Ͱ҆ఆͯ͠͠·͏৔߹͸ɺ

ͦͷϨʔεΛ critical raceͱݺͼॏཁ͢ࢹΔɻͦͯ͠͞Βʹɺ໨తͷঢ়ଶҎ֎Ͱ҆ఆ͢ΔͷͰ͸ͳ͘ɺมԽʹ҆ఆ

ঢ়ଶΛ࣋ͨͳ͍෺͑͞ଘ͏͠ࡏΔɻϋβʔυ΍Ϩʔεͱͯ͜͠ͷ໰୊ΛݟΔ৔߹ʹ͸͜ͷΑ͏ͳෆ҆ఆͳঢ়ଶΛ

ભҠ͠ଓ͚Δঢ়ଶ͸ආ͚Δ΂͖ܦ࿏Ͱ͋Δɻ

ෆ҆ఆͳঢ়ଶΛભҠ͠ଓ͚Δঢ়ଶ͸ɺ܁Γฦ͠ಈ࡞Ͱ͋Δɻͦͯ͠ɺંΓࢴϩϘοτΛ܁Γฦ͠ಈ࡞ͷΑ͏ʹ

ಈ͔͍ͨ͠ࡍʹ͸͜ͷಈ࡞Λ༗ޮ׆༻Ͱ͖Δɻࠓճ͸͜ͷෆ҆ఆͳঢ়ଶΛભҠ͠ଓ͚Δঢ়ଶΛ༻͍ͯɺ࿦ཧճ࿏

ͱંΓࢴϩϘοτͷ܁Γฦ͠ಈ࡞Λ࣮͢ݱΔɻೖྗ͸ંΓࢴͷঢ়ଶͱ͠ɺग़ྗ͸ΞΫνϡΤʔλͷεΠονϯά

ͱͯ͠༻͍Δಔςʔϓͷෆ҆ఆͳঢ়ଶͷભҠʹΑͬͯɺΞΫνϡΤʔλͷ܁Γฦ͠ಈ࡞Λ࣮͢ݱΔɻ

஫٭ ݙ͸จࡉ11ৄ [85] ͷਤ 11.5 Λࢀর
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3.2.6 ഉଞత࿦ཧ࿨ͷ෺ཧతͳ࣮૷

ຊୈ 3ষͰத৺తʹѻ͏ಔςʔϓճ࿏͸ੵ࿨ඪ४ܗͰߏ੒ͨ͠ճ࿏Ͱ͋Δɻ͔͠͠ɺੵ࿨ඪ४ܗͰ͸ද͕ݱ௕

͘ͳΓɺಔςʔϓճ࿏ͷߏ଄͕ෳڊ͔ͭࡶେͱͳͬͯ͠·͏ഉଞత࿦ཧ࿨ΛؚΉճ࿏ʹ͍ͭͯ͸ಛผʹഉଞత࿦

ཧ࿨ϢχοτΛ༻͍ͨઃܭʹ͍ͭͯ΋ຊ࿦จͰड़΂ΔɻͦͷͨΊɺഉଞత࿦ཧ࿨Λ෺ཧతͳ࣮૷ʹΑΓ࣮ͨ͠ݱ

ैདྷͷߏ଄ʹ͍ͭͯ΋঺հ͢Δɻ

ഉଞత࿦ཧ࿨͸ʮͲΕ͔ ͷೖྗΛ൓సͨ͠৔߹ʹɺग़ྗ΋൓స͢Δʯੑ࣭Λ༻͍Δ͜ͱ͕͋Δɻ͜ͷੑ࣭ݸ1

͸͠͹͠͹ 3࿏εΠονʹΑΔ഑ઢͰ࣮૷͞Εɺ2ΧॴͷεΠονͰ ஫٭ݸ1 12ͷग़ྗΛ൓సͤ͞Δి౮ͷεΠο

νϯάΛ࣮͍ͯ͠ݱΔɻྫ͑͹ɺ௕͍࿓ԼͰ͸ͦͷ྆୺ʹి౮ͷεΠονΛઃஔ͢Δ͜ͱͰɺͲͪΒ͔Β࿓ԼΛ

௨ա͢Δਓ΋࿓Լʹೖͬͨࡍʹి౮Λ఺͚ɺ࿓ԼΛ௨ΓऴΘͬͨͱ͖ʹి౮Λফ͢͜ͱ͕Ͱ͖Δɻ·ͨಉ༷ͳε

Πονߏ଄͸֊ஈʹ΋͠͹͠͹༻͍ΒΕΔɻ

͜ͷΑ͏ͳ 3࿏εΠονͰ͸ɺεΠονࣗମΛόΠεςʔϒϧߏ଄ʹ͢Δ͜ͱͰɺͲͪΒͷεΠονΛԡͯ͠

΋ग़ྗ͕੾ΓସΘΔঢ়ଶΛҡ͍࣋ͯ͠ΔɻٯʹɺόΠεςʔϒϧߏ଄Ͱͳ͍ͱ͢Ε͹ɺยํͷεΠον͕ਤ 3.5ͷ

CͷΑ͏ʹ C΋ C̄΋ 0Ͱ͋ΔΑ͏ͳঢ়ଶʹͳͬͯ͠·͍ɺ΋͏ยํͷεΠονͷঢ়ଶʹґΒͣ 0Λग़ྗ͢Δɻ͜

ͷΑ͏ͳ 0Λݻఆͯ͠͠·͏Α͏ͳঢ়ଶΛආ͚Δ 1ͭͷख๏ͱͯ͠ɺεΠον͕ͲͪΒ͔ยଆʹ౗Ε͍ͯΔঢ়ଶ

͕҆ఆঢ়ଶͰ͋ΓɺεΠονΛதؒঢ়ଶͰҡ࣋͢Δ͜ͱ͕೉͍͠ߏػͱ͢Δख๏͕͋Δɻ

ͦͯ͠ɺ3࿏εΠονΛ ૊Έ߹ΘͤͨΑ͏ͳݸ2 4࿏εΠον΋ଘ͢ࡏΔɻ4࿏εΠονͱ͸ɺ2ೖྗ 2ग़ྗͷ

୺ࢠΛ࣋ͭεΠονͰ͋ΓɺεΠονΛ੾Γସ͑Δ౓ʹೖྗଆͷ୺ࢠͱͭͳ͕Δग़ྗଆͷ୺͕ࢠೖΕସΘΔεΠο

νͰ͋Δɻਤ 3.7ͷΑ͏ʹ {I1ͱ O1͕઀ଓɺI2ͱ O2͕઀ଓ }͞Ε͍ͯΔΑ͏ͳঢ়ଶ͕ɺ{I1ͱ O2͕઀ଓɺI2

ͱ O1͕઀ଓ }͞Ε͍ͯΔঢ়ଶʹ੾ΓସΘΔεΠονͰ͋Δɻ

I1

I2

O1

O2

I1

I2

O1

O2

(a) (b)

ਤ 3.7: 4࿏εΠονͷ 2ঢ়ଶɻ(a)Ͱ͸಺෦ͰฏߦʹͳΔΑ͏ͳ઀ଓ͕ߦΘΕɺεΠονΛԡ͢/੾Γ

ସ͑Δ͜ͱͰ (b)ͷঢ়ଶ΁ͱ੾ΓସΘΔɻ(b)ͷঢ়ଶͰ͸಺෦ͰަΘΔΑ͏ͳ઀ଓ͕ߦΘΕɺεΠον

Λԡ͢/੾Γସ͑Δ͜ͱͰ (a)ͷঢ়ଶ΁ͱ੾ΓସΘΔɻ

4࿏εΠονΛ༻͍Δ͜ͱͰɺ3ΧॴҎ্ͷεΠον͕ͲͷεΠονΛԡͯ͠΋ঢ়ଶΛ੾Γସ͑ΔεΠονͱ͠

ͯಇ͘ճ࿏͕ߏ੒Ͱ͖Δɻ·ͨଞͷख๏ʹ΋ɺεΠονΛԡ͢౓ʹ಺෦ͷঢ়ଶ͕੾ΓସΘΔΦϧλωΠτಈ࡞ͷ

εΠονΛԠ༻ͨ͠ख๏͕͋ΔɻΦϧλωΠτಈ࡞ͱ͸ɺҰ౓ϘλϯΛԡ͢ͱΦϯঢ়ଶΛอ࣋͠ɺ΋͏Ұ౓Ϙλ

ϯΛԡ͢͜ͱͰΦϑঢ়ଶΛอ࣋͢ΔεΠονͰ͋ΔɻϘλϯΛԡ͍ͯ͠Δ͚ؒͩΦϯঢ়ଶΛอ࣋͢ΔϞʔϝϯλ

Ϧಈ࡞ͱҟͳΔɻ

·ͨεΠονͷ઀৮ࣜܗͱͯ͠͸ɺʮc઀఺ʯͱݺ͹ΕΔࣜܗʹରԠ͢Δ [100]ɻεΠονͷ c઀఺͸ɺεΠον

ͷ a઀఺ͱ b઀఺ͷ྆ऀΛ࣋ͭߏ଄Ͱ͋ΔɻεΠονͷ a઀఺͸ɺڞ௨୺ࢠͷ COMɺϊʔϚϦʔΦʔϓϯͷ NO

ͷ 2୺ࢠΛ࣋ͭεΠονͰ͋ΓɺεΠονΛԡ͍ͯ͠Δ͚ؒͩಋ௨͢Δߏ଄Ͱ͋Δɻͦͯ͠ɺεΠονͷ b઀఺

͸ COMɺϊʔϚϦʔΫϩʔζͷ NCͷ 2୺ࢠΛ࣋ͭεΠονͰ͋ΓɺεΠονΛԡ͍ͯ͠Δ͚ؒͩಋ௨͠ͳ͍ߏ

଄Ͱ͋Δɻͦͯ͠ c઀఺͸ COMɺNOɺNC͔ΒͳΓɺϘλϯ͕ԡ͞Ε͍ͯΔؒ͸ COMͱ NO͕ɺϘλϯ͕ԡ

͞Ε͍ͯͳ͍ؒ͸ COMͱNC͕ಋ௨͢Δߏ੒Ͱ͋Δ٭஫ 13ɻ3࿏εΠονͱ c઀఺εΠονʹڞ௨͢Δߏ଄͸ɺ2

଄Ͱ͋Δɻߏͷঢ়ଶΛ҆ఆঢ়ଶͱ͠ɺભҠ͢Δ୹͍࣌ؒҎ֎͸ͲͪΒ͔ͷঢ়ଶΛऔΔݸ

͸ยํͷಋ௨͕ੜͨ͡৔߹ʹ͸΋͏ยํ͕ಋ௨͓ͯ͠Βͣɺยํ͕ಋ௨͍ͯ͠ͳ͍৔߹ʹ͸΋͏ยํ͕ʹີݫ

ಋ௨͍ͯ͠Δঢ়ଶ͕๬·͍͠ɻͦͷΑ͏ͳAͱ ¬AʹରԠ͢ΔεΠον͸ɺ઀఺ߏ੒ͷ c઀఺ΑΓΉ͠Ζ 1a1b઀

఺ʹ૬౰͢Δ٭஫ 14ɻຊઅͰ͸ɺ1a1b઀఺ͷΑ͏ʹɺಉ࣌ʹঢ়ଶΛ੾Γସ͑Δಔςʔϓߏ଄͕๬·͍͠ͱ͑ߟΔɻ

஫٭ 12ෳ਺ͷಉ͢ظΔग़ྗͰ΋ྑ͍
஫٭ 13ϦϨʔͱͯ͠ΈΔ৔߹ɺίΠϧ͕ྭ࣓͍ͯ͠ΔؒͰ͋Δɻ
஫٭ 141a1b ͱҧͬͯ c ͸྆ํಋ௨͠ͳ͍ঢ়ଶΛ࣋ͭɻ
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3.3 ఏҊ͢Δಔςʔϓ࿦ཧճ࿏

ຊୈ 3ষͰఏҊ͢Δͷ͸ɺંΓࢴϩϘοτͷঢ়ଶΛೖྗͱ͠ɺಋ௨ঢ়ଶΛग़ྗͱ͢Δɺܰͯ͘ബ͍ʢฏୱͳʣಔ

ςʔϓߏ଄Ͱ࣮͢ݱΔ࿦ཧճ࿏Ͱ͋Δɻిݯͷܗঢ়هԱ߹ۚͱͦͷ࿦ཧճ࿏Λਖ਼ۃͱෛۃͷؒʹ௚ྻ઀ଓ͢Δ͜

ͱͰɺંΓࢴϩϘοτ͕ಛఆͷঢ়ଶͰ͋Δ৔߹ʹͷΈɺ࿦ཧճ࿏͕ܗঢ়هԱ߹ۚʹରͯ͠ಋ௨ͷܗͰ 1Λग़ྗ͠ɺ

ͦͷܗঢ়هԱ߹ۚΛۦಈ͢Δ͜ͱ͕Ͱ͖Δɻ࿦ཧճ࿏͸ಔςʔϓͷ઀৮ɾඇ઀৮Ͱঢ়ଶΛೖΕସ͑ΔͨΊඇઢܗɾ

ෆ࿈ଓͳ੍͕ޚՄೳͱͳΔɻ

ಔςʔϓࣗମ͕࿦ཧճ࿏ͱͳ͓ͬͯΓɺͦͷ࿦ཧճ࿏ͷग़ྗ͕ಋ௨ɾஅઢͰ͋Γɺͦͷग़ྗ͸௚઀ܗঢ়هԱ߹ۚ

ʹ͔͔Δిѹͱ͢Δճ࿏ΛఏҊ͢Δɻͭ·Γɺηϯαͷ஋ΛϚΠίϯͳͲͷूੵճ࿏ͰಡΈग़͢ඞཁ͕ͳ͘ɺ௚

઀ܗঢ়هԱ߹ۚͷۦಈʹͭͳ͛Δɻ͜ͷճ࿏ʹΑΓɺްΈΛ࣋ͭूੵճ࿏Λඞཁͱ͠ͳ͍ɺܰͯ͘ബ͍ંΓࢴϩ

Ϙοτ͕࣮ݱͰ͖Δɻ

3.3.1 ଄ߏૅج

ಔςʔϓ͸ిؾΛྲྀ͢ɻಔςʔϓͰ࿦ཧճ࿏Λ࣮૷͢ΔͨΊɺંΕઢͷঢ়ଶʹରԠ͢Δม਺ͱɺͦͷม਺ʹର͢

ਤ 3.8: ஈϘʔϧͷష෇͞ΕͨిؾΛྲྀ͢ಔςʔϓɻిؾΛྲྀ͢ಔςʔϓΛࢴʹషΔ͜ͱͰɺಋઢͱ͠

ͯ༻͍Δ͜ͱ͕Ͱ͖Δɻ·ͨɺ5mͰ 6.79 gͰ͋ͬͨɻ٭஫ 15

Δೋ߲ԋߏࢉ଄ΛఏҊ͢Δ͜ͱͰ࿦ཧճ࿏ͷఏҊͱ͢ΔɻͦΕͧΕͷંΕઢʹରͯ͠ɺંΕ͍ͯͳ͍ঢ়ଶͰ 0ʢઈ

ԑʣͰ͋ΓɺંΕ͍ͯΔঢ়ଶͰ 1ʢಋ௨ʣͰ͋Δม਺Λ͑ߟɺͦͷม਺Λ Aͱ͢Δɻ۩ମతʹ͸ɺA, ¬A(not A),

AND, ORͷ 4ͭͷߏ଄Λߏૅج଄ͱͯ͠ఏҊ͢Δɻ

Ϧςϥϧ

·ͣɺંΕઢͷঢ়ଶΛಋ௨ɾઈԑʹରԠͤ͞Δߏ଄Ͱ͋ΔɺAͱ ¬AΛਤ 3.9ʹࣔ͢ɻਤ 3.9(a)͕ɺંΕઢ͕

(a) expanded state (b) folded state

ਤ 3.9: ંΕઢͷঢ়ଶΛಋ௨ɾઈԑʹରԠͤ͞Δߏ଄ɻԞͷߏ଄͕ Aɺखલͷߏ଄͕ ¬AͰ͋ΔɻંΕ
໨͕ંΕ͍ͯͳ͍ঢ়ଶͰ͸खલͷಔςʔϓͷΈ͕઀৮ͯ͠ಋ௨ঢ়ଶʹͳΓɺંΕ໨͕ંΕ͍ͯΔঢ়ଶ

Ͱ͸Ԟ໺ಔςʔϓͷΈ͕઀৮ͯ͠ಋ௨ঢ়ଶʹͳΔɻ
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ંΕ͍ͯͳ͍ঢ়ଶͰͷɺਤ 3.9(b)͕ંΕઢ͕ંΕ͍ͯΔঢ়ଶͰͷಔςʔϓߏ଄ͷঢ়ଶͰ͋ΔɻԞʹ࣮૷͞Εͨಔ

ςʔϓߏ଄͸ંΕ͍ͯͳ͍ঢ়ଶͰ͍ޓʹ઀৮͍ͯ͠ͳ͍ͨΊ 0ʢઈԑʣͷঢ়ଶͰ͋ΓɺંΕ͍ͯΔঢ়ଶͰ͸͍ޓʹ

઀৮͍ͯ͠ΔͨΊ 1ʢಋ௨ʣͷঢ়ଶͰ͋Δɻٯʹɺखલʹ࣮૷͞Εͨಔςʔϓߏ଄͸ંΕ͍ͯͳ͍ঢ়ଶͰ͍ޓʹ઀

৮͍ͯ͠ΔͨΊ 1ʢಋ௨ʣͷঢ়ଶͰ͋ΓɺંΕ͍ͯΔঢ়ଶͰ͸͍ޓʹ઀৮͍ͯ͠ͳ͍ͨΊ 0ʢઈԑʣͷঢ়ଶͰ͋Δɻ

͜ͷΑ͏ͳߏ଄ʹΑΓɺંΕ͍ͯΔঢ়ଶͰͷΈಋ௨͢ΔεΠονͰ͋Δ AͱંΕ͍ͯͳ͍ঢ়ଶͰͷΈಋ௨͢Δε

ΠονͰ͋Δ ¬A͕࣮૷Ͱ͖Δɻ

ຊୈ 3ষ͸ɺബ͍ͯܰ͘ϩϘοτΛ໨ڀݚͨ͠ࢦͰ͋ΔɻͦΕ͸ɺബ͍ͯܰ͘ࡐྉͰ࡞ΒΕͨϩϘοτͰ͸ͳ

͘ɺ׬੒͞Εͨܗঢ়͕ബ͍ͯܰ͘ঢ়ଶͰ͋Δ͜ͱ΋ඞཁͰ͋Δɻͦ͜ͰɺંΓࢴϩϘοτΛંΓͨͨΜͩ৔߹Ͱ

΋ɺಔςʔϓͷߏ଄͕ഁյ͞Εͳ͍͜ͱɺͭ·ΓɺંΓͨͨΜͩޙʹల։͢Δ͜ͱͰಔςʔϓͷߏ଄͸ඞཁͳܗ

ঢ়ʹ໭Δੑ࣭͕ඞཁͰ͋Δɻ·ͨંΓࢴϩϘοτΑΓ΋֎ଆʹඈͼग़ͯ͠͠·͏ͱɺԾྩͦͷߏ଄͕ฏୱͰ͋ͬ

ͯ΋ɺඈͼग़͢ྔͳͲΛؑΈͯંΓߏࢴ଄Λઃ͢ܭΔඞཁ͕ੜ͡Δɻͦ͜ͰɺંΓͨͨΜͩࡍʹ΋಺ଆʹͨͨ·

ΕΔߏ଄ɺগͳ͘ͱ΋ฏୱʹԡͭ͠Ϳ͞Εͯ΋ಔςʔϓճ࿏ͱͯ͠ͷػೳΛࣦΘͳ͍ߏ଄͕ඞཁͰ͋Δɻͦ͜Ͱɺ

ਤ 3.9ͷΑ͏ͳɺ಺ଆʹંΓͨͨ·ΕΔ͜ͱͰඈͼͳ͞ͳ͍ߏ଄ͰંΓ໨ͷঢ়ଶΛ೺Ѳ͢Δߏ଄΋ఏҊ͢Δɻਤ

φ

ਤ 3.10: ಺ଆʹંΓࠐ·ΕΔ͜ͱͰඈͼग़͞ͳ͍εΠονͷྫɻփ৭ ͷ࢛֯͸ࡐجʢࢴʣΛද͠ɺࠇ

৭ͷ͕ހಔςʔϓߏ଄Ͱ͋Δɻ֯౓͕ φҎԼʹͳΔͱࠇ৭ͷހͰද͞ΕΔߏ଄͕ӈͷࢴʹுΒΕͨಔ

ςʔϓͱ઀৮͠ɺಋ௨͢Δɻ

3.9ͷߏ଄͸ɺ֯౓͕ φҎԼʹͳΔͱࠇ৭ͷހͰද͞ΕΔߏ଄͕ࢴʹுΒΕͨಔςʔϓͱ઀৮͠ɺಋ௨͢Δɻ֯౓

͕ φΑΓେ͖͘ͳΔͱࠇ৭ͷހͰද͞ΕΔߏ଄͕ࢴʹுΒΕͨಔςʔϓͱ཭Εɺಋ௨ঢ়ଶ͕ऴΘΔɻͦͯ͜͠ͷ

໭Γ΍͍͢ɻ͜ͷʹݩ΋ʹࡍΔɻͦͷ݁Ռɺԡͭ͠Ϳ͞Εͨͤ͞ࢄશମతʹෛՙΛ෼ʹࡍ଄͸ԡͭ͠Ϳ͞Εͨߏ

ՄೳͰ͋Γɺ֯౓͕ݱରͯ͠ಔςʔϓΛҰ໘ʹషΔ͜ͱͰ࣮ʹࢴ଄͸ӈଆͷߏ φҎԼʹͳΔͱ઀৮ʹΑΓಋ௨͢

Δߏ଄Ͱ͋Δ٭஫ 16ɻ

͜ͷߏ଄͸ɺӈଆͷࢴʹష෇͞Εͨಔςʔϓͱ઀৮͢ΔҐஔ͕มԽ͠ͳ͕ΒંΕ͕֯খ͘͞ͳ͍ͬͯͬͨ٭஫ 17ɻ

ͦͷͨΊɺંΕ͕֯খ͍͞৔߹ʹ઀৮͍ͯ͠Δ৔ॴͰ͸ಋ௨͠ͳ͍Α͏ͳߏ଄Λઃ͢ܭΕ͹ɺંΕ͍ͯΔঢ়ଶͰ

அઢ͢Δ ¬AʹରԠ͢Δߏ଄͕࣮ݱͰ͖Δɻਤ 3.11͕ͦͷྫͰ͋Δɻࠇ৭ͷހͰࣔͨ͠ಔςʔϓ෦෼͸ਤ 3.10ͱ

ಉ༷ͷߏ଄Ͱ͋Δ͕ɺӈଆͷࢴʹష෇͞Εͨಔςʔϓͷύλʔϯ͕ҟͳΔɻ͜ͷΑ͏ͳߏ଄Ͱ͸ɺਤ 3.11(a)ͷΑ

(a) connected (b) disconnected (c) connected?

ਤ 3.11: ಺ଆʹંΓࠐ·ΕΔ͜ͱͰඈͼग़͞ͳ͍ɺల։࣌ʹಋ௨͢Δߏ଄ɻ੨৭ͷઢͷ෦෼ʹͷΈಔ

ςʔϓ͕షͬͯ͋Ε͹ɺંΕ͍ͯͳ͍ঢ়ଶͰ͸ (a)ͷΑ͏ʹ઀৮͠ɺંΕ͍ͯΔঢ়ଶͰ͸ (b)ͷΑ͏ʹ

઀৮͕ղআ͞ΕΔɻͨͩ͠ɺे෼ંΕ͕֯େ͖͘ͳͬͨ৔߹ʹ͸ (c)ͷΑ͏ʹ࠶౓઀৮͕ղআ͞ΕΔՄ

ೳੑ΋͋Δɻ

͏ͳંΕ͍ͯͳ͍ঢ়ଶͰಋ௨͢Δੑ࣭ͱɺਤ 3.11(b)ͷΑ͏ͳંΕ͍ͯΔঢ়ଶͰಋ௨͠ͳ͍ੑ࣭Λ࣋ͭɻ͔͠͠ਤ

3.11(c)ͷΑ͏ʹे෼ల։͞Εͨঢ়ଶͰ͸ɺಋ௨ঢ়ଶ͕ҡ࣋͞Εͳ͍໰୊͕͋ΔɻͪͳΈʹਤ 3.12ͷΑ͏ʹɺંΕ

஫٭ 16ંΕͯΏ͘ʹͭΕͯ઀৮৔ॴ͕มΘΔɻ
஫٭ 17ંΕ͕֯খ͍͞ঢ়ଶ͕ંΕ͍ͯΔঢ়ଶͰ͋Δɻ
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͍ͯΔ৔߹ʹಋ௨͢Δߏ଄Ͱ͸ɺे෼ల։͍ͯ͠Δঢ়ଶͰ͸அઢ͍ͯ͠Δঢ়ଶ͕๬·͍͠ঢ়ଶͰ͋ΔͨΊɺ͜ͷ

Α͏ͳ໰୊͸ͳ͍ɻ͜ΕΒͷߏ଄͸ɺӈଆͷࢴʹషΒΕͨಔςʔϓͷύλʔϯΛෳࡶʹ͢Δ͜ͱͰɺ͖͍͠஋Λ

(a) disconnected (b) connected (c) connected?

ਤ 3.12: ಺ଆʹંΓࠐ·ΕΔ͜ͱͰඈͼग़͞ͳ͍ɺਤ 3.11ͱಉ͡ํ͑ߟʹΑΔɺંΕ͍ͯΔঢ়ଶͰಋ

௨͢Δߏ଄ɻ੺৭ͷ෦෼ͱ઀৮͢Δ͜ͱͰಋ௨͢Δɻ

ෳ਺ઃఆͰ͖Δར఺Λ࣋ͭɻ

ͦ͜ͰఏҊ͍ͯ͠Δߏ଄͕ਤ 3.13Ͱ͋Δɻࠓ·Ͱͷߏ଄ͱ͸ҟͳΓɺਤ 3.9ͷΑ͏ʹಔςʔϓ͕ҟͳΔԞ͖ߦ

(a) disconnected (b) connected

ਤ 3.13: ಺ଆʹંΓࠐ·ΕΔ͜ͱͰඈͼग़͞ͳ͍ɺંΕ͍ͯͳ͍ঢ়ଶͰಋ௨͢Δߏ଄ɻփ৭ͷ෦෼͸

खલए͘͠͸Ԟʹಔςʔϓ͕͋Γփ৭ͷઢͰද͞Εͨಔςʔϓͱࠇ৭ͷઢͰද͞Εͨಔςʔϓಉ࢜͸

઀৮͠ͳ͍ɻࠇ৭ͷઢͰද͞Εͨಔςʔϓಉ࢜͸ಉ͡Ԟ্͖ߦʹ͋ΔͨΊ઀৮͢Δɻ

ʹଘ͍ͯ͠ࡏΔߏ଄Ͱ͋Δɻփ৭ͷ෦෼͸खલए͘͠͸Ԟʹಔςʔϓ͕͋Γփ৭ͷઢͰද͞Εͨಔςʔϓͱࠇ৭

ͷઢͰද͞Εͨಔςʔϓಉ࢜͸઀৮͠ͳ͍ɻͦͯ͠ࠇ৭ͷઢͰࣔ͞Εͨಔςʔϓಉ࢜͸ಉ͡Ԟ্͖ߦʹ͋ΔͨΊ

઀৮͢Δɻ

͜ΕΒͷߏ଄͸ࢴΛల։ͨ͠ঢ়ଶͰͷฏୱͳঢ়ଶͰ্ʹඈͼग़Δߏ଄Ͱ΋͋Δɻ͔͠͠ɺંΓͨͨΉ৔߹ʹಔ

ςʔϓʹྗ͕͔͔͍ͬͯΔΑ͏ʹɺ্͔Βԡ͚͑ͭͨ͞৔߹ʹ͸ฏୱͳߏ଄ͱͳΔɻ·ͨࠓճͷ࣮૷Ͱ͸ಔςʔ

ϓ͕ݟ΍͍͢Α͏ʹɺΧϝϥ͔Βͯݟखલଆ΍ંࢁΓଆʹಉ༷ͷಔςʔϓߏ଄Λ࣮૷͢Δ৔߹͕ଟ͍ɻ

࿦ཧੵɾ࿦ཧ࿨

Ϧςϥϧͷߏ଄͕࣮૷Ͱ͖ͨͨΊɺ࣍ʹɺ࿦ཧੵͱ࿦ཧ࿨ͷ࣮૷ʹ͍ͭͯઆ໌͢Δɻ࿦ཧੵͷߏ଄ʹ͍ͭͯઆ໌

͢Δɻ࿦ཧੵͷߏ଄Λɺਤ 3.14(a)ʹࣔ͢ɻANDήʔτͱ͸ɺSwitch1 ͱ Switch 2 ͷ྆ํ͕ONʹͳͬͨͱ͖ͷ

(a) AND (b) OR

Switch 1 Switch 2

Switch 1

Switch 2

ਤ 3.14: ANDήʔτͱ ORήʔτͷ໛ࣜਤɻ(a)ANDήʔτɻSwitch1 ͱ Switch 2 ͷ྆ํ͕ ONʹ

ͳͬͨͱ͖ͷΈɺશମ͕ಋ௨͢Δɻ(b)ORήʔτɻSwitch 1 ͱ Switch 2 ͷͲͪΒ͔͕ ONʹͳͬͨ

ͱ͖ʹɺશମ͕ಋ௨͢Δɻ
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Έશମ͕ಋ௨͢ΔΑ͏ʹɺ͋Δ࿦ཧࣜͱଞͷ࿦ཧࣜͷ྆ํ͕੒ཱͨ͠৔߹ͷΈͦͷ࿦ཧ͕ࣜ੒ཱ͢ΔΑ͏ͳήʔ

τʢԋࢠࢉʣͰ͋ΔɻͦͷͨΊɺਤ 3.14(a)ͷΑ͏ʹɺ௚ྻʹ 2ͭͷม਺ɾ࿦ཧࣜΛ઀ଓ͢Δ͜ͱͰ ANDήʔτ

ͷಇ͖Λඋ͑Δɻਤ 3.14(a)͸ͦΕͧΕ Switchͱॻ͔Ε͍ͯΔͨΊɺ1ม਺ʢϦςϥϧʣಉ࢜ͷ ANDʹ͑ݟΔ

͕ɺͦΕͧΕͷ SwitchΛ࿦ཧࣜʹରԠͨ͠࿦ཧճ࿏ʹରԠͤ͞Ε͹ɺ[࿦ཧࣜ] AND [࿦ཧࣜ]͕ՄೳͱͳΔɻ

ͦͯ͠ORߏ଄Λɺਤ 3.14(b)ʹࣔ͢ɻORήʔτͱ͸ɺSwitch1 ͱ Switch 2 ͷগͳ͘ͱ΋ͲͪΒ͔ยํ͕ON

ʹͳͬͨͱ͖ͷΈશମ͕ಋ௨͢ΔΑ͏ʹɺ͋Δ࿦ཧࣜͱଞͷ࿦ཧࣜͷগͳ͘ͱ΋ͲͪΒ͔ยํ͕੒ཱͨ͠৔߹ͷ

Έɺͦͷ࿦ཧ͕ࣜ੒ཱ͢ΔΑ͏ͳήʔτʢԋࢠࢉʣͰ͋ΔɻͦͷͨΊɺਤ 3.14(b)ͷΑ͏ʹɺฒྻʹ 2ͭͷม਺ɾ

࿦ཧࣜΛ઀ଓ͢Δ͜ͱͰ ORήʔτͷಇ͖Λඋ͑Δɻਤ 3.14(b)͸ͦΕͧΕ SwitchͰ͋ΔͨΊɺ1ม਺ʢϦςϥ

ϧʣಉ࢜ͷORʹ͑ݟΔ͕ɺͦΕͧΕͷ SwitchΛ࿦ཧࣜʹରԠͨ͠࿦ཧճ࿏ʹରԠͤ͞Ε͹ɺ[࿦ཧࣜ] OR [࿦ཧ

ࣜ]͕ՄೳͱͳΔɻ

ਤ 3.14 Ͱ͸ɺAND ήʔτͱ OR ήʔτ͸ 2 ม਺ͷήʔτͰਤ͕ࣔͨ͠ɺA · B · C = (A · B) · C Ͱ͋Γɺ
A+B+C = (A+B)+CͰ͋Δ͜ͱ͔Β΋ɺ3ม਺Ҏ্ʹ΋༰қʹ֦ுՄೳͰ͋Δɻͦͯ͠ɺ͜ΕΒͷߏ଄͸ଟ

ม਺ΛؚΊͯಔςʔϓͰ؆୯ʹ࣮૷ՄೳͰ͋ΓɺࢴʹషΔ͜ͱͰ΄ͱΜͲް͞Λ࣋ͨͳ͍ߏ଄Ͱ࣮ݱՄೳͰ͋Δɻ

·ͨ୯७ͳߏ଄Ͱ͋ΔͨΊɺANDήʔτ΍ ORήʔτ͸໘ੵతʹ΋΄ͱΜͲ৔ॴΛऔΒͳ͍ߏ଄Ͱ͋Δɻ
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3.4 ୈ3ষͷ·ͱΊ

ୈ 3ষͰ͸ɺബ͍ͯܰ͘ંΓࢴϩϘοτͷ੍ޚΛബ͍ͯܰ͘ճ࿏Ͱͨ͏ߦΊͷڀݚΛͨͬߦɻ·੍ͨޚͷ೉͠

͍ബ͍ͯܰ͘ΞΫνϡΤʔλͰ͋Δܗঢ়هԱ߹ۚΛ੍͢ޚΔͨΊͷճ࿏Ͱ΋͋Δɻ·ͣɺബ͍ͯܰ͘ಔςʔϓͰ࣮

ଌ͢Δ͜ͱͰηϯαΛ༻͍ͨɻͦͯ͠ɺ௚ྻ઀ଓͱฒ؍ঢ়ͷΈΛ༻͍ͯંΓ໨ͷঢ়ଶΛܗɺബ͞ΛଛͶͳ͍͠ݱ

ྻ઀ଓΛ༻͍Δ͜ͱͰ࿦ཧੵͱ࿦ཧ࿨ΛಔςʔϓͷΈͰ࣮૷͠ɺIC͑͞ཁΒͳ੍͍ޚΛ࣮ͨ͠ݱɻ·ͨࣗંݾͰ

ѻΘΕΔ 2ஈ֊ͷંΓ΍ɺ֎෦ͷঢ়ଶͷ೺Ѳʹ͍ͭͯ΋ઃܭɾ࣮૷ɾ࣮ݧΛ͓͜ͳͬͨɻͦͷ΄͔ʹ΋ɺ࿦ཧࣜͷ

൱ఆ͕ෆՄೳͳ͜ͱͳͲͷಔςʔϓճ࿏ಛ༗ͷ໰୊Λղܾͨ͠٭஫ 18ɻ

ຊୈ 3ষ͸ಛʹܗঢ়هԱ߹ۚΛ༻͍ͨۦಈʹண໨ͨ͠ɻ΋ͪΖΜܗঢ়هԱ߹ۚ͸ബ͍ͯܰͨ͘ΊંΓࢴϩϘο

τͱͷ૬ੑ͕ྑ͍͔ΒͰ͋Δ͕ɺಔςʔϓճ࿏͸ଞͷΞΫνϡΤʔλͷ੍ޚʹ΋༻͍ΒΕΔɻྫ͑͹ɺϞʔλͱ

͔Ͱ΋ɺͿ͔ͭͬͨΒࢭ·Δ͜ͱ͕Ͱ͖ɺ୯ͳΔϦϛοτεΠονͷΑ͏ͳڍಈΛࣔ͢ɻ

ճ͸ճ࿏ʹಔςʔϓΛ༻͍͕ͨɺखʹೖΓ΍҆͘͢ՁͳͨΊʹબΜ͚ͩͩͰ͋Δɻྫ͑͹ಔςʔϓ͸ۭࠓͨ·

ͳ͍ɻ͔ͦ޲ճ࿏ʹ͸ಔςʔϓ͸͏࢖ؒظՃ͢ΔͨΊɺ௕૿͕߅ૉͱ݁߹͢Δ͜ͱʹΑͬͯ઀৮෦Ͱͷ఍ࢎதͷؾ

ͯ͠ɺܗঢ়ʹ͍ͭͯ΋͍͔ͭ͘ͷઃܭΛड़΂࣮ͯ૷ͨ͠෺ͷ࠷దͳܗঢ়͔Β͸·ͩԕ͍ͩΖ͏ɻ

Δɻྫ͑͹ɺް͢͞ࡏճఏҊ͍ͯ͠Δബ͍ճ࿏ΑΓ΋ബ͍ճ࿏͸ଘࠓͯͦ͠ 2 µmͷੑߴೳ༗ػτϥϯδελू
ੵճ࿏ͱ͍͏ɺҰൠతͳ A4༻ࢴͷ 1/50ఔ౓ͷް͞ͷճ࿏΋ଘ͢ࡏΔ [105]ɻಋిੑΠϯΫΛ༻͍ͨճ࿏΋ɺಔ

ςʔϓճ࿏ʹൺ΂Δͱബ͍ͩΖ͏ɻ࡞Γ΍͢͞Λແ͢ࢹΕ͹ɺ͞ΒͳΔബ͞Λ࣮ݱͰ͖Δɻͦͯ͠ࢴͷҰ෦Λߋ

ʹ੾ΓંΓ͢Δ͜ͱͰಔςʔϓεΠονͷΑ͏ͳඈͼग़͢෦඼ΛߏஙͰ͖ɺࢴͷബͦ͞ͷ΋ͷͷΈͰ࣮૷Ͱ͖Δ

ճ࿏΋࣮ݱͰ͖ΔͱࢥΘΕΔɻ

ୈ 3ষ͸ɺંΓࢴͷมܗΛͨ͢͜ىΊͷܰബͳߏػͱͯ͠ܗঢ়هԱ߹ۚʹண໨͠ɺͦͷ੍ޚʹඞཁͳճ࿏΋ܰ

ബͳճ࿏Ͱ࣮ͨ͠ݱɻୈ 3ষͷٕज़ʹΑΓɺܗঢ়هԱ߹ۚͷϑΟʔυόοΫ੍ޚͱંΓࢴͷঢ়ଶʹΑͬͯ࣍ͷঢ়

ଶ΁ભҠ͢Δܰബͳ੍͕ޚՄೳͱͨ͠ɻ

஫٭ 18͜Εʹ͍ͭͯ͸෇࿥Ͱड़΂Δ



ୈ4ষ

ԁ౵ંʹ͓͚Δมܗͷػցత఻ൖ

ୈ 4෦Ͱ͸ɺ

Ұ෦ʹ༩͑ΒΕͨྗ͔ΒંΓࢴͷશମͷมܗΛܰ͢͜ىബͳߏػͰ͋Δɻୈ 2෦ͱલୈ 3෦Ͱ͸ిؾతͳ઀ଓʹΑ

Δมܗɺͭ·Γճ࿏ͱ࣮ͯͨ͠͠ݱมܗͰ͋Δɻຊୈ 4෦͔Β͸ిؾΤωϧΪʔͷ୅ΘΓʹྗֶతΤωϧΪʔΛ༻

͍Δɻୈ 2෦͕ిؾతʹ઀ଓͯ͠શମͷมܗΛ͜͠ىɺຊୈ 4෦͸ಉ༷ʹྗֶతʹ઀ଓͯ͠શମͷมܗΛ͢͜ىɻ

ંΓࢴͷมܗʹ͸ྗֶతΤωϧΪʔΛ൐͏ม͕͋ܗΓɺࢴͷ࣭ྔΛແͯ͠ࢹ΋ંΓࢴ಺ʹ஄ੑม͕ܗੜ͡Δ͜ͱ

Ͱ஄ੑΤωϧΪʔ͕஝ੵ͞ΕΔɻ஄ੑΤωϧΪʔΛ൐͏มܗ͸׈Β͔ʹͦͯ͠গ͠஗Εͯྗֶతͳ઀ଓʹΑΓ࣍

ͷมܗΛ͜͠ىɺ͜ͷ࿈࠯ʹΑΓ࠷ॳͷ 1ϢχοτͷΈΛมͤ͞ܗΔ͜ͱͰଟ͘ͷϢχοτͷมܗΛ͢͜ىɻ͜

ͷੑ࣭ΛγϛϡϨʔγϣϯͱ࣮૷ͨ͠఻ૹ࿏Ͱ͔֬Ίɺຊߏ଄͕࣮ݱՄೳͳߏ଄Ͱ͋Δ͜ͱ·ͰΛ͔֬ΊΔɻͦ

ΤωϧΪʔΛ༨ΒͤʹޙܗϢχοτ͸มࢴɺભҠલʹ஝ੵͨ͠ΤωϧΪʔΛղ์͠ͳ͕ΒભҠ͢ΔંΓʹߋͯ͠

ΔͨΊɺͦͷ༨৒ͳΤωϧΪʔΛ࣍ͷϢχοτͷมܗʹ༻͍ΒΕɺෆݮਰͳ఻ૹΛ࣮͢ݱΔɻ

ಛʹɺຊ 2෦Ͱ͸ബ͘ંΓͨͨΊΔંΓࢴͰ͋Δԁ౵ંΛ༻͍ͨߏػͰ࿈࠯తͳมܗΛ࣮͢ݱΔɻӡಈΤωϧ

Ϊʔ΍஄ੑΤωϧΪʔ͸ԁ౵ંͷখ໘಺෦ʹ஝͑ΒΕɺมܗͷޙ൒Ͱ੎͍Λ෇͚Δ͜ͱͰྡΓ߹͏ͷંΓࢴͷม

Λɺ৘ใΛ఻ୡ͢Δ఻ૹ࿏ͱΈͳ͠ɺ஄ੑΤࢠΔ༷͜ى͕ܗɻ࣍ʑͱมͨ͠ݱΛ࣮ߏػ͢͜ىతʹҾ͖࠯Λ࿈ܗ

ωϧΪʔͷඇରশੑΛ༻͍Δ͜ͱͰ৴߸ͷݮਰ΋ิరͨ͠ɻຊ੒ՌʹΑΓɺిؾͷྲྀΕΔճ࿏Λ࣋ͨͳ͍ંΓࢴ

ͷ࿈࠯తͳมܗΛɺҰ෦ʹ༩͑ΒΕͨྗ͔ΒંΓࢴͷશମͷมܗΛܰ͢͜ىബͳߏػͰ࣮ݱͰ͖Δɻ

ୈ 2෦ͷ੒Ռ͸ɺ

[A1]Fuminori Okuya, Kazuya Saito, Yoshihiro Kawahara, “Numerical Simulation of Stable Propagation of

Mechanical Signals by Cylindrical Origami,” IEICE Communications Express, (ComEX), vol.X8-B, Issue 12,

pp.518–523, Dec. 2019. doi: https://doi.org/10.1587/comex.2019GCL0031

[C6]Ԟ୩จಙɼ੪౻Ұ࠸ɼ઒ܓݪതɼ“ԁ౵ંͱͦͷ஄ੑΤωϧΪʔͷࠩΛ༻͍ͨػցత৴߸ͷෆݮਰ఻ૹɼ”

,ԋ࿦จूߨ৘ใ௨৴ֶձιαΠΤςΟେձࢠి no.A-1-5, Sept. 2018.ɹ

Ͱൃද͞Εͨ಺༰ͷ࠶ར༻ΛؚΉɻ
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4.1 ંΓࢴͱ஄ੑΤωϧΪʔ

ୈ 4෦Ͱ͸ɺંΓࢴͷมܗʹ൐͏஄ੑΤωϧΪʔΛ׆༻͠ɺંΓࢴͷมܗͷػցత఻ൖΛѻ͏ɻ߶ମંͱݺ͹Ε

ΔંΓࢴ͸ߏ੒໘ͷܗঢ়ΛมԽͤ͞ͳ͍ંΓࢴͰ͋ΓɺͨͩંΓ໨ͷંΕ֯ΛมԽͤ͞ΔมܗͰ͋ΔͨΊંΔࡍ

ʹେ͖ͳྗ͸ඞཁͳ͍ɻͦͷͨΊਓ޻Ӵ੕ͷଠཅޫύωϧͳͲͷંΓ৞ΈͳͲɺࡐ͍ߗྉͷંΓࢴʹ͸ɺ߶ମં

ɺં͛޿ͷ෯Λࢴ͸ંΓࢴঢ়͕มԽ͢ΔંΓܗ੒໘ͷߏΘΕ͖ͯͨɻ͔͠͠߶ମંͷ৚݅Λ؇࿨͢Δ͜ͱͰ࢖͕

Δߏʹࡍ੒໘Λมͤ͞ܗΔྗ͕ඞཁͳંΓࢴ͸ɺඇ௚ײతͳڍಈΛࣔ͢ɻຊ෦Ͱ͸ͦͷΑ͏ͳ߶ମંͰ͸ͳ͍ં

ΓࢴΛѻ͍ɺ஄ੑΤωϧΪʔΛ༻͍ͨંΓࢴͷڍಈΛ͑ߟΔɻ

ંΓࢴ͸ߏ੒໘ʹ஝͑ΒΕΔ஄ੑΤωϧΪʔ͕খ͘͞ͳΔঢ়ଶͰ҆ఆ͠ɺંΓࢴͷมܗ΍ંΓઢύλʔϯʹΑͬ

ͯ͸ෳ਺ͷঢ়ଶͰ҆ఆ͢Δɻͦͯ͠ɺંΓࢴ͸஄ੑΤωϧΪʔ͕খ͘͞ͳΔมܗΛ͢͜ىͱ͖ɺ֎෦ʹྗΛ༩͑

Δ͜ͱ͕Ͱ͖Δɻ͜ͷྗʹΑͬͯ৽ͨͳંΓࢴΛมͤ͞ܗΔ͜ͱͰɺંΓࢴͷมܗΛ఻ൖͤ͞ΒΕΔɻ͜͏ͯ͠

มܗΛ఻ൖͤ͞ΒΕΕ͹ɺԕ͘཭Εͨ৔ॴʹྗֶతʹมܗΛ఻͑ΒΕɺંΓࢴͷมܗΛॴ๬ͷൣғͰ࣮ݱͰ͖Δɻ

஄ੑΤωϧΪʔΛ͏·͘༻͍ͨػցཁૉʹίϯϓϥΠΞϯτϝΧχζϜ͕͋ΔɻίϯϓϥΠΞϯτϝΧχζϜ

͸ɺैདྷ͸߶ମͷؔઅΛ༻͍͍ͯͨ৔ॴʹόωͷΑ͏ͳॊೈͳߏ଄Λ༻͍ɺಈྗΛม׵ɾ఻ୡ͢ΔߏػͰ͋Δɻί

ϯϓϥΠΞϯτϝΧχζϜ͸ߏ଄͕γϯϓϧͰ͋ΓɺܰྔͰখܕͰ͋Δར఺΋༗͢ΔɻίϯϓϥΠΞϯτϝΧχ

ζϜ͸ैདྷͷ߶ମͷؒʹॊೈͳߏ଄Λ༻͍ΔͨΊ߶ମͱॊೈͳߏ଄ͷ༥߹Ͱ͕͋ͬͨɺંΓࢴ͸͔ࢴΒߏ੒͞Ε

͍ͯΔͨΊʹͦͷશମ͕ॊೈͳߏ଄Ͱ͋Γશମ͕ม͏͠ܗΔɻͦͷͨΊίϯϓϥΠΞϯτϝΧχζϜͷར఺Λ׆

͔ͭͭ͠ɺෳࡶͳ઀ଓΛܰബͳࢴͷΈͰ࣮͠ݱɺܰͯ͘ബ͍ߏػͰෳࡶͳಈ͖Λ࣮͢ݱΔɻ

ຊ෦Ͱ͸ԁ౵ંͱݺ͹ΕΔόΠεςʔϒϧߏ଄ʹண໨͠ɺมܗͷ఻ൖΛ࣮ͨ͠ݱɻԁ౵ં͸ԁ౵Λ࣠ํ޲ʹં

Γ৞ΉΑ͏ͳંΓࢴͰ͋Γɺ৳௕ঢ়ଶͱऩॖঢ়ଶͰ҆ఆʢߏ੒໘ʹ஄ੑม͕ܗੜ͍ͯ͡ͳ͍ঢ়ଶʣͰ͋Δɻ

͜ͷԁ౵Λ઀ଓ͢Δ͜ͱͰɺԁ౵ંͷ৳௕ɾऩॖͷॎ೾Λ఻ൖͤ͞ΒΕΔɻͦͷͨΊʹԁ౵ંͷಛੑΛղੳ͠ɺ

ෳ਺ͷԁ౵ંΛಉ࣌ʹมͤ͞ܗΔख๏ͳͲΛ·ͱΊΔɻ·ͨɺԁ౵ંͷ֎෦ʹόωΛ༗͢Δ͜ͱͰɺۭؾ఍߅ͳ

ͲͰࢄҳ͢ΔΤωϧΪʔΛิঈͰ͖Δɻ͜ͷੑ࣭Λ༻͍ɺมܗͷ఻ൖͷ୅දతͳԠ༻ͱͯ͠ɺݮਰ͠ͳ͍มܗͷ

ભҠΛ࣮͠ݱɺෆݮਰ఻ૹ࿏·Ͱٞ࿦Λల։͢Δɻ
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4.2 ؔ࿈ڀݚ

4.2.1 ԁ౵ંʢTriangular Cylindrical OrigamiɺTCOʣ

ԁ౵ં͸ંΓߏࢴ଄ͷҰͭͰ͋Γɺԁ౵ߏ଄ΛͶ͡Γͳ͕Β࣠ํ޲ʹԡͭ͠Ϳ͢Α͏ͳંΓࢴͰ͋Δɻԁ౵ં

ͷྫΛਤ 4.1ʹࣔ͢ɻԁ౵ં͸ɺԁ౵ߏ଄ΛฏୱʹંΓͨͨΉ͜ͱ͕ՄೳͰ͋ΔͨΊɺྫ͑͹ਓ޻Ӵ੕ͷΞϯςφ

ͷંΓͨͨΈʹ༻͍ΒΕ͍ͯΔ [124]ɻԁ౵ં͸ɺਤ 4.1 (a)ʹࣔ͢ંΓઢύλʔϯΛԁ౵ঢ়ʹ͘רΑ͏ʹંΔ͜ͱ

α

(a) (b) (c) (d)

A
B ha

b

1

δθ
β

ਤ 4.1: (a) ԁ౵ંͷંΓઢύλʔϯʢα = 45◦ʣɻ(b) ऩॖঢ়ଶͷԁ౵ંͷ্໘ਤɻ(c) ల։ঢ়ଶͷԁ౵

ંͷ্໘ਤɻ(d) ల։ঢ়ଶͷԁ౵ંͷଆ໘ਤɻa ͱ b ͸ลAͱBͷ௕͞Ͱ͋Γɺh ͸ԁ౵ંͷ௕͞٭஫ 1

Ͱ͋Γɺθ ͸ԁ౵ંͷͶ͡Ε֯Ͱ͋Γɺԁ౵ંͷͶ͡Ε֯͸ɺଆ໘ͷܗ֯ࡾͷ௖఺͕ɺఈล͔ΒͲͷఔ

౓ճసͨ͠Ґஔʹ͋Δ͔Ͱఆٛ͢Δɻδ ͸ arcsin
(
a
h

)
Ͱ͋ΓɺͲͷఔ౓ԁ౵ં͕ల։͍ͯ͠Δ͔Λࣔ

͢ύϥϝʔλͰ͋Δɻ

Ͱ࣮͢ݱΔɻ͜ͷંΓઢΛ্Լʹͭͳ͛Δ͜ͱͰ௕͍ԁ౵ં͕࣮ݱͰ͖ɺ্Լʹͭͳ͛ͯંΒΕͨԁ౵ં͸ਤ 4.2

ͷΑ͏ʹͳΔɻਤ 4.2ʹࣔ͢ 2ঢ়ଶͰ͜ͷԁ౵ંλϫʔ͸҆ఆঢ়ଶͰ͋Δ٭஫ 2ɻີݫʹ͸ɺ4Ϣχοτ͕ͦΕͧΕ

ਤ 4.2: ΒΕͨԁ౵ંʢ4Ϣχοτʣ্ɿऩॖঢ়ଶͷԁ౵ંɻԼɿల։ঢ়ଶͷԁ౵ંɻͦΕͧંʹࡍ࣮

Εɺ4Ϣχοτͷԁ౵ં͕઀ଓ͞Εͨܗঢ়Ͱ͋Δ͕ɺ1ຕͷ͔ࢴΒંΒΕ͍ͯΔɻ

ऩॖঢ়ଶͱల։ঢ়ଶͷ 2ঢ়ଶͰ҆ఆͰ͋ΔͨΊɺҟͳΔ 24 = 16ঢ়ଶͰ҆ఆͰ͋Δɻ

ԁ౵ં͸ɺల։ɾऩॖ͢Δ͜ͱͰ 4ͭͷ؍఺ͰมԽ͍ͯ͠Δͱ͍͑Δɻ1ͭ໨ͷ؍఺͸ɺ௕͞ hͰ͋Δɻਤ 4.2

ʹࣔ͢ͱ͓Γɺऩॖঢ়ଶͷԁ౵ં͸௕͕͞΄΅ 0ͱͳΓɺల։ঢ়ଶͷԁ౵ં͸ల։ਤఔ౓ͷ௕͞Λ࣋ͭɻ2ͭ໨ͷ

఺͸Ͷ͡Ε֯؍ θͰ͋Δɻԁ౵ં͸Ͷ͡Εͳ͕ΒંΓ৞·Εɺऩॖঢ়ଶͷͶ͡Ε֯͸େ͖͘ɺల։ঢ়ଶͷͶ͡Ε

֯͸খ͍͞ɻ·ͨɺਤ 4.1(a)ͷܗ֯ࡾͷ͖޲Λٯసͤ͞Δ͜ͱͰɺͶ͡Ε֯͸ٯʹͳΔɻ3ͭ໨ͷ؍఺͸಺ܘͰ͋

Δɻऩॖঢ়ଶͷ಺ܘ͸ਤ 4.1(b)ͷΑ͏ʹখ͘͞ͳΓɺల։ঢ়ଶͷ಺ܘ͸ਤ 4.1(c)ͷΑ͏ʹେ͖͘ͳΔɻ4ͭ໨ͷ

஫٭ 2ͦͷͨΊɺखΛ཭ͨ͠ঢ়ଶͰ҆ఆͯࣸ͠ਅ͕ࡱӨͰ͖͍ͯΔɻ



ୈ 4ষ ԁ౵ંʹ͓͚Δมܗͷػցత఻ൖ 41

΅΄఺͸ମੵͰ͋Δɻऩॖঢ়ଶͷԁ౵ં͸௕͕͞؍ 0Ͱ͋Δ͜ͱ͔Β΋ମੵ͕΄΅ 0Ͱ͋Γɺల։ঢ়ଶͷԁ౵ં

͸಺͕ܘେ্͖͍ɺ௕͞΋େ͖͍ͨΊମੵ͕େ͖͘ͳΔɻ

͜ΕΒ 4ͭͷ؍఺Ҏ֎ʹ΋ɺԁ౵ંͷঢ়ଶͷมԽʹΑͬͯύϥϝʔλ͸มԽ͢Δ͕ɺຊষͰ͸͜ͷ 4ͭͷ؍఺ʹ

ண໨͢Δɻ͜ΕΒͷύϥϝʔλ͸શͯ୯ௐʹมԽ͢ΔɻͦͷͨΊɺԁ౵ંͷঢ়ଶΛมԽͤ͞Δ͜ͱͰ͜ΕΒ 4ͭ

ͷύϥϝʔλΛ੍͢ޚΔ͕ࣄͰ͖Δ͚ͩͰ͸ͳ͘ɺ͜ΕΒ 4ͭͷύϥϝʔλΛ੍͢ޚΔ͜ͱͰԁ౵ંͷঢ়ଶΛม

Խͤ͞Δ͜ͱ΋ՄೳͰ͋Δɻ

ԁ౵ં͸ऩॖঢ়ଶͰ҆ఆͰ͋Δߏ଄Ͱ͋Δ͕ɺαΛௐઅ͢Δ͜ͱͰɺల։ঢ়ଶͰ΋҆ఆͳߏ଄Λਤ 4.2ʹࣔͨ͠

Α͏ʹ࣮ݱͰ͖Δɻͭ·Γɺऩॖঢ়ଶͱల։ঢ়ଶͷ 2ঢ়ଶͰ҆ఆͰ͋Γɺྗ͕ՃΘΔ͜ͱʹΑͬͯͦͷ 2ঢ়ଶΛ

ભҠ͢ΔΑ͏ͳߏ଄͕ՄೳͰ͋ΔɻϦϯΫߏػͷࡍʹʮຊষͰѻ͏ંΓࢴ͸ͦΕͧΕͷฏ໘Λ߶ମͱͯ͠͸ѻΘ

ͳ͍ɻʯͱड़΂͕ͨɺԁ౵ં͸ࢴΛ߶ମͱͯ͠ѻ͏ʮ߶ମંʯͰ͸ͳ͍ɻΉ͠Ζɺԁ౵ં͸ͦΕͧΕͷখ໘͕มܗ

͢Δ͜ͱͰ͸͡ΊͯંΔ͜ͱ͕ՄೳʹͳΔߏ଄Ͱ͋Δɻͦͯ͠ɺͦͷมܗʹ஄ੑΤωϧΪʔ͕஝͑ΒΕΔ͜ͱʹ

Αͬͯɺ҆ఆͳঢ়ଶɾෆ҆ఆͳঢ়ଶ͕ੜ͡Δɻ

֯౓ αΛௐઅ͢Δ͜ͱͰόΠεςʔϒϧߏ଄ʹͳΔ͚ͩͰͳ͘ɺͦͷભҠʹඞཁͳྗ͸ɺ֯౓ αʹΑͬͯมԽ͢

Δ [125, 126, 127]ɻਤ 4.1ʹࣔͨ͠ԁ౵ં͸அ໘͕࿡֯ܗʹͳΔΑ͏ͳԁ౵ંͰ͋Δ͕ɺԁ౵ં͸ఈ໘ͷ਺Λ 6ʹ

ͷลͷ਺ܗఆ͢Δ΋ͷͰ͸ͳ͍ɻԁ౵ંͷஅ໘ͷଟ֯ݶ nΛ૿Ճͤ͞Δ͜ͱͰԁ౵ંͷભҠʹඞཁͳྗ͸ݮগ͢

Δ [127]ɻτϥεϞσϧ [118, 128]Λ༻͍Δ͜ͱͰɺลͷ௕͞ a, b, Bͷࣗવ௕٭஫ 3bn, ͕ҎԼͷΑ͏ʹࢉܭͰ͖Δɻ

a =
sin

(
π − α− π

n

)

sin(πn )
, (4.1)

bn = 2 sin
(π
n
+ arcsin

(a
2

))
, (4.2)

b =

√(
2 sin

(π
n
+ arcsin

(a
2
cos δ

)))2
+ (a sin δ)2. (4.3)

ɺʹߋ (4.2) ͱ (4.3)ΑΓɺมܗ཰٭஫ 4dΛҎԼͷΑ͏ʹࢉܭͰ͖Δɻ

d =
b− bn
bn

. (4.4)

ͦͯͦ͠ͷมܗ཰͔Βԁ౵ંͷϙςϯγϟϧΤωϧΪʔΛ͢ࢉܭΔͱɺਤ 4.3ͷΑ͏ʹͳΔɻਤ 4.3ͷϐʔΫ͸ɺ

0 0.5 1 1.5
δ

0

0.2

0.4

0.6

0.8

1

St
ra

in
 e

ne
rg

y

×10-3

F40

F41

F42

F43

F44

F45

°

°

°

°

°

°

40
41
42
43
44
45

α

ਤ 4.3: δ ΛมԽͤͨ͞ͱ͖ͷԁ౵ંͷϙςϯγϟϧΤωϧΪʔɻα Λ 40◦ ͔Β 45◦ ·ͰมԽͤͨ͞

[125]ɻ

ԁ౵ંΛભҠ͢ΔͨΊʹඞཁͳΤωϧΪʔΛද͍ͯ͠Δɻ·ͨɺਤ 4.3ͷ࠷େͷ͖܏͸ԁ౵ંΛભҠ͢ΔͨΊʹඞ

ཁͳྗΛද͍ͯ͠Δɻ·ͣɺδ͕ 0෇ۙͰϙςϯγϟϧΤωϧΪʔ͸ 0Ͱ͋ΔͨΊɺ҆ఆͰ͋Δɻͦͯ͠ɺδ͕ 1

஫٭ 3natural length
஫٭ 4deformation ratio
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Λ௒͑ͨ͋ͨΓͰ࠶౓ϙςϯγϟϧΤωϧΪʔ͸ 0ͱͳΓɺ2ݸ໨ͷ҆ఆͳঢ়ଶ͕ଘ͢ࡏΔ͜ͱ͕Θ͔Δɻ͜ͷ 2

ͷঢ়ଶ͕ͦΕͧΕऩॖঢ়ଶͱల։ঢ়ଶʹରԠ͍ͯ͠Δɻݸ

֯౓ αΛ૿Ճͤ͞Δ͜ͱͰɺϙςϯγϟϧΤωϧΪʔͷϐʔΫ͕େ͖͘ͳΔ͜ͱ͕Θ͔Δɻ͜ͷϐʔΫͷ͞ߴ

Δɻ͑ݴʯԁ౵ંͰ͋Δͱ͍ڧͲԁ౵ં͸ભҠ͠ʹ͍͘͜ͱΛද͍ͯ͠ΔͨΊɺα͕େ͖͍ԁ౵ં΄Ͳʮ΄͍ߴ͕

·ͨɺ҆ఆͳల։ঢ়ଶʹ͓͚Δ δ ΋มԽ͠ɺα͕େ͖͘ͳΔ΄Ͳ҆ఆͳల։ঢ়ଶͷ δ ΋૿Ճ͢Δɻ࣮ࡍͷંΓࢴ

ϩϘοτ͸ɺີݫͳ֯౓ΛંΔ͜ͱ͕Ͱ͖ͳ͍ͨΊʹ੡଄ஈ֊Ͱ͕ࠩޡੜ͡ɺຎີݫ͕ࡲʹ͸ҰఆͰ͸ͳ͍ͳͲ

ͷڥ؀ͷ͕ࠩޡੜ͡ΔɻͦΕΒͷࠩޡΛྀͯ͠ߟɺຊষͰ͸ɺ40◦ͱ 45◦ͷ 2छྨͷΈΛ༻͍ͨɻ·ͨɺԁ౵ંͷ

அ໘ͷଟ֯ܗͷลͷ਺ n΋ ఆͨ͠ɻݻʹ6

ԁ౵ં͸ԁ౵ܗঢ়ͷંΓͨͨΈͱͯ͠࢖ΘΕ͍ͯΔ͚ͩͰͳ͘ɺ͜ͷϙςϯγϟϧΤωϧΪʔΛ༻͍ͨར༻ྫ͕

ଟ͍ɻԁ౵ંͷϙςϯγϟϧΤωϧΪʔͱɺόωͷϙςϯγϟϧΤωϧΪʔΛ૊Έ߹ΘͤΔ͜ͱͰɺ΄΅ 0ͷྗ

Ͱม͢ܗΔߏ଄Λ࣮͠ݱɺ໔਒ߏػͱͯ͠ར༻͢Δ͜ͱ͕ఏҊ͞Ε͍ͯΔ [129]ɻ·ͨɺԁ౵ંͷ ͷঢ়ଶ͕ͦݸ2

ΕͧΕ҆ఆͰ͋Δੑ࣭ΛɺϝϞϦͷෆੑൃشͱͯ͠ར༻ͨ͠ػցతϝϞϦ΋ఏҊ͞Ε͍ͯΔ [116]ɻ͜ͷػցతϝ

ϞϦ͸ԁ౵ંΛ ੒͞Ε͍ͯΔߏҎ্௚ྻʹ઀ଓ͢Δ͜ͱͰݸ2 [116]ɻ৘ใ͸ɺల։ঢ়ଶͷԁ౵ંͷҐஔʹΑͬͯ

อଘ͞ΕΔɻͦͯ͠ɺ͜ͷػցతϝϞϦ͸ԁ౵ંߏ଄ͷώεςϦγεಛੑΛ༻͍͍ͯΔɻػցతϝϞϦʹ༻͍Β

Ε͍ͯΔώεςϦγεಛੑ͸ɺ઀ଓ͞Εͨԁ౵ંͷʮࡏݱͷʯͶ͡Ε֯ͷΈʹΑͬͯԁ౵ંͷঢ়ଶ͕ܾ·ΔͷͰ

͸ͳ͘ɺʮաڈͷʯͶ͡Ε֯ʹ΋ࡏݱͷԁ౵ંͷঢ়ଶ͕Ө͞ڹΕΔੑ࣭Ͱ͋Δɻ͜ͷੑ࣭Λ༻͍ͯɺػցతϝϞϦ

͸ 1ΞΫνϡΤʔλͰ Ҏ্ͷ೚ҙͷԁ౵ંϏοτΛอଘ͢Δ͜ͱΛՄೳͱͨ͠ɻݸ2

ԁ౵ં͸௚ྻʹ઀ଓ͢ΔͱώεςϦγεಛੑΛ࣋ͪɺҟͳΔԁ౵ં٭஫ 5Λ઀ଓ͢Δͱಛʹͦͷڍಈ͸ڵຯਂ͍ɻ

͜ͷੑ࣭͸ 1ΞΫνϡΤʔλΛ༻͍ͯҠಈ͢ΔંΓࢴϩϘοτͷॏཁͳཁૉͰ͋ΓɺຊఏҊͷҰ෦Ͱ΋͋ΔͨΊ

ड़͢Δɻޙ

ԁ౵ંͷຌྫ

ຊষͰ͸ɺԁ౵ંΛ Triangulated Cylindrical OrigamiʹͪͳΜͰ TCOͱ΋ݺͿɻͦͯ͠ɺ1ݸͷԁ౵ંΛͦ

Ε୯ମͱͯ͠ѻ͏৔߹ʹ͸ԁ౵ંϢχοτʢTCO unitʣɺԁ౵ંΛ௚ྻʹ઀ଓͨ͠΋ͷΛԁ౵ંλϫʔʢTCO

towerʣɺͶ͡Εͷ͖޲ͷΈ͕൓ରͰ͋Γɺࡐྉɾ֯౓ αͳͲͷଞͷੑ࣭͕ಉ͡ԁ౵ંΛ ઀ଓͨ͠ԁ౵ંͭͣݸ1

λϫʔΛԁ౵ંରʢTCO pairʣͱݺͿɻ

ԁ౵ંͷ၆ᛌਤΛਖ਼֬ʹඳը͢Δ͜ͱ͸೉͍ͨ͠Ίɺಛʹখ͞ͳਤʹ͓͍ͯ͸ԁ౵ંΛ୯७Խͨ͠ਤͰද͢ɻԁ

౵ં͸ɺ·ͣͶ͡Εͷ͖޲ʹΑͬͯ 2छྨʹ෼͚ΒΕΔɻͦͯ͠ɺԁ౵ંͷঢ়ଶ͸ల։ঢ়ଶͱऩॖঢ়ଶͷ 2छྨʹ

෼͚ΒΕΔɻߋʹɺԁ౵ંΛભҠͤ͞ΔͨΊʹඞཁͳྗͰΘ͚ΒΕΔɻͦ͜Ͱɺਤ 4.4ͷΑ͏ʹԁ౵ંͷͶ͡Εͷ

ɾঢ়ଶɾભҠʹඞཁͳྗΛද͢ɻਤ͖޲ 4.4ͷࠨ͸ԁ౵ંͷͶ͡Εͷ͖޲ͷදهͰ͋Γɺ࢛֯ͷ಺෦ͷઢʹΑͬͯ

Expanded
TCO

Folded
TCO

Weak
TCO

Strong
TCO

State of the unit Strength of the unit

Left-handed
TCO

Right-handed
TCO

Direction of the unit

ਤ 4.4: ԁ౵ંͷຌྫɻࠨɿͶ͡Εํ޲ͷࠩͷදهɻதɿ৳ॖͷঢ়ଶͷදهɻӈɿભҠʹඞཁͳྗͷࠩ

ͷදهɻ

ද͢هΔɻਤ 4.4ͷதԝ͸ԁ౵ંͷঢ়ଶͷදهͰ͋Γɺ௕͞ͱ֎ܗʹΑͬͯද͢هΔɻਤ 4.4ͷӈ͸ԁ౵ંͷ͞ڧ

ͷදهͰ͋Γɺઢͷଠ͞ʹΑͬͯද͢هΔɻ·ͨɺԁ౵ંͷঢ়ଶ͸ల։ঢ়ଶͱऩॖঢ়ଶΛͦΕͧΕ “0”ͱ “1”ʹ

Αͬͯද͢ɻ

஫٭ 5ྫ͑͹ҟͳΔ α ͔ΒͳΔԁ౵ં
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4.2.2 ԁ౵ંͷৼಈͷ఻ൖ

·ͨຊڀݚͰ༻͍Δԁ౵ંΛ༻͍ͨ৴߸ͷ఻ૹʹ͍ͭͯɺԁ౵ંࣗମͷৼಈʹ͍ͭͯͷղੳ΋ଘ͢ࡏΔɻԁ౵

ં͸࣠ํ޲ͱճసํ޲ͷӡಈͷંΓ৞ΈڍಈΛࣔ͠ɺ͜ͷ૊Έ߹ΘͤʹΑͬͯಛघͳप೾਺Ԡ౴Λࣔ͢ [115]ɻจ

ݙ [115]Ͱ͸࣠ํ޲ͷྗͱճసํ޲ͷτϧΫΛಉ࣌ʹ༩͑ͯৼಈͷڍಈΛ͍ͯ͠ࢉܭΔɻ࣠ํ޲ʹԡ͠ࠐΉͱԁ౵

ં͸Ͷ͡Εͳ͕Βऩॖ͢Δ͕ɺऩॖʹ൐͏Ͷ͡Εͷํ޲ͱಉ͡Ͷ͡ΕͷτϧΫΛ͔͚Δͱԁ౵ંͷϙςϯγϟϧ

ΤωϧΪʔͷͳͩΒ͔ͳஅ໘Λ༻͍ͨৼಈ͕ੜ͡ɺ޲ํٯͷτϧΫΛ͔͚Δͱԁ౵ંͷϙςϯγϟϧΤωϧΪʔ

ͷٸफ़ͳஅ໘Λ༻͍ͨৼಈ͕ੜ͡Δɻ͜ͷ 2छྨͷτϧΫΛ༻͍Δ͜ͱͰɺԁ౵ંͷৼಈΛ 2Ϟʔυʹ෼ྨ͠ɺͦ

ͷৼಈͷ఻ൖͷ଎౓ʹ͍ͭͯ·ͱΊ͍ͯΔɻͦͯ͠ԁ౵ંͷύϥϝʔλΛมԽͤ͞Δ͜ͱͰόϯυΪϟοϓΛௐઅ

Ͱ͖ΔபΛ࣮͍ͯ͠ݱΔʢจݙ [115]தͷਤ 5(c)ʣɻ

զʑ͸খ͞ͳ஄ੑมܗͰେ͖ͳܗঢ়มԽ͕Մೳͳંֶ޻ࢴΛ׆༻͢Δ͜ͱͰɺഁյΛ൐Θͳ͍఻ૹ࿏ɾ࿦ཧճ

࿏Λߏங͢Δɻ஄ੑΤωϧΪʔΛղ์͠ͳ͕Β఻ૹ͢Δෆݮਰ఻ૹ࿏ͷଟ͘͸ɺ஄ੑมܗΛ༧Ί෇༩͓ͯ͘͠૒

҆ఆʢόΠεςʔϒϧʣߏ଄Λ༻͍͍ͯΔɻͦ͜ͰɺͦͷΑ͏ͳ૒҆ఆߏ଄ͷҰͭͰ͋Δԁ౵ંΛ༻͍ͯෆݮਰ

఻ૹ࿏Λߏங͢Δɻԁ౵ં͸஄ੑΤωϧΪʔΛ༗ޮ׆༻Ͱ͖ΔંΓࢴͰ͋ΓɺͶ͡ΕΛ൐ͬͯ࣠ํ޲ʹԁ౵ܗঢ়Λ

৞ΈࠐΉંΓࢴύλʔϯͰ͋Δͱͱ΋ʹɺฏୱʹંΓ৞Ή͜ͱ͕Ͱ͖Δɻ͜ͷԁ౵ં͸௚ਐӡಈͱճసӡಈΛซ

ͤ࣋ͭભҠΛߏ͏ߦ଄Ͱ͋Δ͕ɺຊ࿦จͰ͸௚ਐӡಈͰ৘ใΛ఻ૹ͢Δɻ

ԁ౵ં͸ 1ϢχοτͰ΋όΠεςʔϒϧͰ͋Δ͕ɺ2ݸͷಉ͡ԁ౵ંΛ௚ྻʹ࿈݁͠ɺ߹ܭͷ௕͞ͷΈΛ੍໿͠

ͨʮԁ౵ંରʯΛ͑ߟΔɻ͜ͷԁ౵ંର͸ԁ౵ંͷ઀ଓ໘ͷɺҐஔ h1΍֯౓ʹΑͬͯঢ়ଶΛอଘͰ͖Δ͜ͱ͕஌

ΒΕ͍ͯΔ [116]ɻ͜ͷ઀ଓ໘ͷҐஔʹΑͬͯ৴߸ͷ఻ૹΛͨ͏ߦΊɺຊ࿦จͰ͸͜ͷ઀ଓ໘Λ৴߸໘ͱݺͿɻ

ԁ౵ંͷల։ਤΛߏ੒͢Δখ໘ͷܗ֯ࡾͷఈลͷ௕͞Λ 1ͱͨ͠ͱ͖ʹɺԁ౵ંରͷ௕͞Λ ఆ͢Δͱɺݻʹ1.6

஄ੑΤωϧΪʔ͸ਤ 4.5ͷΑ͏ʹͳΔɻখ໘ͷܗ֯ࡾ͸ɺఈล͔Βͷ֯౓͕ 45◦ͱ 75◦ͱͳΔΑ͏ͳܗ֯ࡾͱ͢Δ

͜ͱͰ૒҆ఆੑΛ͍࣋ͨͤͯΔɻ੍໿ͨ͠ԁ౵ંରͷ௕͞͸ɺ৳௕ঢ়ଶͷԁ౵ંͷ௕͞ͱऩॖঢ়ଶͷԁ౵ંͷ௕͞
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ਤ 4.5: ԁ౵ંରͷ஄ੑΤωϧΪʔɻࠨͷԁ౵ં͕ऩॖ͍ͯ͠Δঢ়ଶΛ State0ɺӈͷԁ౵ં͕ऩॖͯ͠

͍Δঢ়ଶΛ State1ͱ͢Δɻஅ໘ͷਖ਼࿡֯ܗͷҰลͷ௕͕͞ 1ͷԁ౵ંʢ45◦ɺ75◦ʣΛ௚ྻʹ 2ͭ࿈݁

͠ɺ߹ܭͷ௕͕͞ 1.6ʹͳΔΑ͏੍໿Λ՝ͨ͠ɻ

ͷ࿨ఔ౓ʹௐ੔͢Δ͜ͱͰɺࠨӈͷԁ౵ંͷͲͪΒ͔ͷΈ͕ऩॖ͍ͯ͠Δঢ়ଶͰϙςϯγϟϧΤωϧΪʔ͕ 0Ͱ

͋ΔΑ͏ͳ҆ఆঢ়ଶΛ࣋ͭܥʹͳΔɻ͜ͷԁ౵ંର͸ State0ͱ State1͕ରশతͳߏ଄Ͱ͋ΓɺState0ͱ State1

Ͱಉ͡஄ੑΤωϧΪʔΛ࣋ͭͨΊɺState0͔Β State1΁ͱભҠ͢Δ৔߹ʹΤωϧΪʔ͸ิ͞څΕͳ͍ɻͦͷͨΊ

͜ͷ··Ͱ͸ෆݮਰ఻ૹ࿏ʹ༻͍Δ͜ͱ͸Ͱ͖ͳ͍͕ɺͦΕͧΕͷঢ়ଶͰ҆ఆͰ͋Δੑ࣭Λ׆༻͠ෆੑൃشϝϞ

Ϧͱͯ͠ఏҊ͞Εͨ [116]ɻ

ຊڀݚͰ͸ɺ͜ͷߏ଄ʹඇରশͳόωΛ௥Ճ͢Δ͜ͱͰϙςϯγϟϧΤωϧΪʔͷඇରশੑΛ࢈Έɺͦͷඇର

শੑ͔ΒΤωϧΪʔΛิ͠څͳ͕Β఻ૹ͢Δෆݮਰ఻ૹ࿏Λߏங͢Δɻԁ౵ં಺Λ఻ൖ͢ΔৼಈͰ͸ɺ৳௕ͯ͠

͍Δԁ౵ંΛऩॖͤ͞Δྗ͕͔͔ͬͨ೾ʹൺ΂ɺߋʹ৳௕ͤ͞Δ೾͕ઌͯ͠ߦ఻ൖ͢Δੑ࣭͕஌ΒΕ͍ͯΔ [117]ɻ

͜ͷੑ࣭͸ਤ 4.5ʹࣔ͢ϙςϯγϟϧΤωϧΪʔͷٸफ़ͳ৔ॴΛ͜͏࢖ͱͰখ͞ͳมҐͰྗ͍ڧΛੜΈग़ͤΔੑ࣭

͔Βੜ·ΕΔɻ͔͠͠ຊڀݚͰ͸ɺΤωϧΪʔΛิ͠څͳ͕Β఻ૹ͢ΔͨΊʹɺऩॖঢ়ଶ΁ͱભҠ͢Δ͜ͱ͕ॏ

ཁͰ͋ΔͨΊɺ৳௕͍ͯ͠Δԁ౵ંΛऩॖͤ͞Δํ޲ͷྗΛओʹ༻͍ͯෆݮਰ఻ૹ࿏Λߏங͢Δɻ
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4.2.3 ஄ੑมܗͷ఻ൖʹ͍ͭͯͷؔ࿈ڀݚ

௚ઢӡಈతͳ஄ੑมܗͷ఻ൖ

཭Εͨ৔ॴ·Ͱ஄ੑมܗΛ఻ൖͤ͞ΔͨΊʹ͸ɺͰ͖Δ͚ͩݮਰͷͳ͍ػցతͳ఻ൖΛඞཁͱ͢Δɻͦ͜Ͱ·

ͣෆݮਰͱݺ͹ΕΔ఻ૹΛத৺ʹ঺հ͢Δɻ

Ұํɺࠓճѻ͏৴߸͸෺ཧతͳӡಈΤωϧΪʔ΍ྗɺҐஔͦͷ΋ͷͰ͋Δɻͦͯ͠ɺͦͷӡಈΤωϧΪʔͳͲ

Λଌఆͯ͠ྔࢠԽ͢Δ͜ͱͳ͘٭஫ 6ɺ࣍ͷϢχοτͷೖྗͱͯ͠௚઀༻͍Δɻͦͷ఺ͰɺຊఏҊ͸ೖྗ͞Εͨ೾

͢໌ূʹਰͰ͋Δ͜ͱΛ਺ֶతݮΊ͍ͯͳ͍ɻҰํͰɺෆٻΛͦͷ··࣍ͷϢχοτ΁ͱग़ྗͰ͖Δ͔·Ͱ͸ܗ

Δ৔߹ʹ͸ɺೖྗͱग़ྗ͕਺ֶతʹ׬શҰக͍ͯ͠Δ͜ͱΛূ໌͢Δͷ͕؆୯Ͱ͋ΔɻͦͷͨΊɺͦͷΑ͏ͳ೾

ਰ఻ૹ࿏͸ݮங͢Δ͜ͱͰෆߏΛܗ Stable propagationͱݺ͹ΕΔ͜ͱ΋͋Δɻ·ͨ৴߸Λ఻ૹ͢Δͱ͍͏؍఺

Ͱѻ͏ͨΊɺ೾ͷܗ͸ఆৗ೾Ͱ͸ͳཱ͘ݽ೾΍೾ଋͱݺ͹ΕΔ࣌ؒతʹ΋ۭؒతʹ΋ूத͍ͯ͠Δ೾ΛૹΔ৔߹

ʹண໨͞ΕΔɻ

ෆݮਰ఻ૹ࿏ʹ͍ͭͯΘ͔Γ΍͍͢ྫʹυϛϊ౗͕͋͠Δɻυϛϊ౗͠͸Ұ౓υϛϊ͕౗Ε͸͡ΊΕ͹࣍ʑͱ

υϛϊ͕౗ΕΔɻͦΕͧΕͷυϛϊ͸ཱ͍ͬͯΔঢ়ଶͰ҆ఆͰ͋Δ͕ɺҰ౓౗Ε͸͡ΊΔͱ౗Ε͖Δ·Ͱ౗ΕΑ

͏ͱ͢Δྗ͕ಇ͘ɻͦͯͦ͠ͷ࠷தʹ࣍ͷυϛϊΛࠐ͖רΉͨΊʹɺ࣍ʑͱυϛϊ͸౗Εɺͦͷ౗ΕΔ੎͍͸ݮਰ

͠ͳ͍ɻ

஄ੑΛߏ͔ͨ͠׆଄෺Ͱ͸ɺมҐ΍ৼಈͳͲͷػցతͳ৴߸͸఻ૹͷத్Ͱݮਰ͠ɺ໨తͷ৔ॴ·Ͱ৴߸Λ఻

ૹ͢Δ͜ͱ͸೉͍͠ɻͦ͜Ͱɺ఻ૹલʹ஄ੑΤωϧΪʔΛ఻ૹ࿏ʹ஝͓͖͑ͯɺͦͷΤωϧΪʔΛղ์͠ͳ͕Β఻

ૹ͢Δ͜ͱͰɺ৴߸ͷݮਰΛิ͍ͳ͕Β৴߸Λ఻ૹ͢Δ఻ૹ࿏͕ߏங͞Εͨ [106]ɻྫ͑͹ɺਤ 4.6(a)ͷΑ͏ʹɺ

࣭఺Λ্Լ͔ΒόωͰݻఆ͢ΔͱɺͦΕͧΕͷόω͸ࣗવ௕Ͱ࠷΋ΤωϧΪʔ͕௿͘ͳΔͨΊɺݻఆ఺͔Β౳ڑ཭

ͷ৔ॴͰ҆ఆ͢Δɻݻఆ఺͔Β౳ڑ཭ͷਤ 4.6(a)ͷփ৭ͷઢͰ্֪ࣔ͢ٿʹ࣭఺ͷ҆ఆ఺͕ଘ͠ࡏɺ2ݸͷόω

͔Β͜ͷ҆ఆ఺੍͕໿͞Εɺଞͷߏ଄ʹΑΓ఻ૹ࿏ͷ఻ૹํ޲ʹͷΈ࣭఺͕Ҡಈ͢ΔΑ͏ʹ੍໿͞ΕΔɻͦͷ݁

Ռɺ࣭఺͕҆ఆͳҐஔ͕ਤ 4.6(a)ʹࣔ͢ 2఺ͱͳΔɻ࣭఺ͷҐஔʹΑͬͯόωʹ஝͑ΒΕΔ஄ੑΤωϧΪʔ͸ਤ
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ਤ 4.6: ෆݮਰ఻ૹ࿏ͷߏஙྫɻ(a)όωͰ੍໿͞Ε͍ͯΔ࣭఺ʢ[106]Λ࡞ʹߟࢀਤʣɻ࣮ઢͰදͨ͠

ঢ়ଶͱ఺ઢͰදͨ͠ঢ়ଶͷ 2ঢ়ଶͰϙςϯγϟϧΤωϧΪʔ͕ 0ͱͳΓɺ҆ఆͰ͋Δɻ(b)఻ૹ࿏ͱ͠

ͯ༻͍ΔͨΊʹલޙͷ࣭఺ͱόωͰ઀ଓ͞Ε࣭ͨ఺ʢ[106]Λ࡞ʹߟࢀਤʣɻ(c)ॊΒ͔͍൘ঢ়ͷࡐྉΛ

༻͍ͨมྫܗʢ[108]Λ࡞ʹߟࢀਤʣɻ

4.6(a)ͷԼਤͷΑ͏ʹͳΔɻ࣭఺͸ࠨӈͲͪΒ͔ͷ҆ఆ఺ʢϙςϯγϟϧΤωϧΪʔ͕௿͍఺ʣͰ҆ఆ͓ͯ͠Γɺ

ࠨͷঢ়ଶ͔Βӈͷঢ়ଶ΁ભҠ͢ΔͨΊʹ͸தԝͷϙςϯγϟϧҎ্ͷΤωϧΪʔΛՃ͑Δඞཁ͕͋Δɻӈ͔Βࠨ

ͷঢ়ଶ΁ͷભҠ΋ಉ༷Ͱ͋Δɻ͞Βʹɺਤ 4.6(b)࣭఺ಉ࢜ΛόωͰࠨӈʹͭͳ͙͜ͱʹΑͬͯɺࠨӈͷ࣭఺ͷಈ

͖ʹΑ࣭ͬͯ఺͕҆ఆ͢ΔҐஔ͕ߋʹมԽ͢Δɻྫ͑͹ࠨͷ࣭఺͕ӈʹҠಈ͢Δ͜ͱͰόω͕ӈͷ࣭఺Λӈʹԡ

͢ྗΛੜΈग़͢ɻਤ 4.6(b)ͷΑ͏ʹભҠํ޲ΛӈͰ͋Δͱ͢Δͱɺਤ 4.6(a)ͷ఺ઢঢ়ଶ͕৴߸Λ఻ૹ͢Δલͷঢ়

ଶͰ͋Γɺ࣮ઢͷঢ়ଶ͕৴߸Λ఻ૹͨ͠ޙͷঢ়ଶͰ͋Δɻ

ਤ 4.6(a)͸׬શʹରশͳߏ଄Ͱ͋ΔͨΊʹ఻ૹલͷࠨͷঢ়ଶͱ఻ૹޙͷӈͷঢ়ଶͰ͸ϙςϯγϟϧΤωϧΪʔ

஫٭ తͳ࿩Ͱ͋Δࢹڊ࿦ʹ͍ͭͯड़΂͍ͯΔ࿩Ͱ͸ͳ͘ɺࢠ6ྔ
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͸౳͍͕͠ɺඇରশͳߏ଄ͱ͢Δ͜ͱͰɺ఻ૹલͷϙςϯγϟϧΤωϧΪʔʹൺ΂ͯ఻ૹޙͷϙςϯγϟϧΤω

ϧΪʔ͸খ͘͞ઃఆͰ͖ΔɻͦͷͨΊɺ͜ͷϙςϯγϟϧΤωϧΪʔͷ͕ࠩɺ࣭఺ͷӡಈΤωϧΪʔͷ૿ՃΛҾ

ਰͨ͠ӡಈΤωϧΪʔΛิర͢Δɻݮɺ͜͠ى͖

ਤ 4.6(a)ͷΑ͏ʹɺෆݮਰ఻ૹ࿏͸جຊతʹʮ৴߸Λ఻ૹ͍ͯ͠ͳ͍ʯʮطʹ৴߸Λ఻ૹͨ͠ʯͷ 2ঢ়ଶ͔࣋͠

ͨͳ͍٭஫ 7ɻͦͷͨΊɺෆݮਰ఻ૹ࿏ͷঢ়ଶ͕఻ૹޙͰ͋Δ৔߹ʹ͍ࣔͯ͠Δঢ়ଶ͸ʮࠓ৴߸Λ఻ૹ͠Α͏ͱ͠

͍ͯΔঢ়ଶͰ͋ΔʯͰ͸ͳ͘ʮࠓ·ͰʹҰ౓Ͱ΋৴߸Λ఻ૹͨ͠ʯͰ͋Δɻ͜Ε͸ɺෆݮਰ఻ૹ࿏ͷϙςϯγϟ

ϧΤωϧΪʔͷࠩʹΑΓ 0 → 1ͷભҠ͔͠఻ૹͰ͖ͳ͍ͨΊɺ఻ૹݩʹޙͷঢ়ଶʹ໭͢͜ͱ͕Ͱ͖ͳ͍͔ΒͰ͋

Δ٭஫ 8ɻ

͜ͷΑ͏ͳඇରশͳϙςϯγϟϧΤωϧΪʔΛੜΉͨΊʹɺਤ 4.6(c)ͷΑ͏ʹɺ҆ఆͳ 2ঢ়ଶ͕ଘ͢ࡏΔߏ଄

Λ༻͍ͨෆݮਰ఻ૹ࿏΋ଘ͢ࡏΔ [108]ɻॊΒ͔͍ࡐྉͷ஄ੑมܗͰϙςϯγϟϧΤωϧΪʔΛੜΈग़͓ͯ͠Γɺ

఺ઢͷঢ়ଶ͔Β࣮ઢͷঢ়ଶ΁ભҠ͢Δ͜ͱͰ఻ૹΛ͏ߦɻඇରশͳϙςϯγϟϧΤωϧΪʔͷதͰ΋ɺখ͞ͳΤω

ϧΪʔͰભҠ͕։࢝ͯ͠ભҠޙͷঢ়ଶ͔ΒભҠલͷঢ়ଶʹ໭Γʹ͍͘ܗঢ়ͱͳ͍ͬͯΔɻͦͷͨΊɺ࣍ͷ࣭఺Λ

ԡ͢ྗͷ൓࡞༻ʹରͯ͠΋ߏ͍ڧ଄Ͱ͋Δɻ

͜ͷΑ͏ʹɺෆݮਰ఻ૹ࿏͸ϢχοτΛ௚ྻʹ઀ଓ͢Δ͜ͱͰߏ੒͞ΕΔෆۉҰͳߏ଄Ͱ͋Δɻ͔ࠨΒྗ͕Ճ

͑ΒΕɺਤ 4.6(a)ͷΑ͏ͳϢχοτͷ ໨͕ભҠ͢Δͱݸ1 ໨ͷϢχοτͷભҠ͕ݸ໨͕ભҠ͢ΔΑ͏ʹɺnݸ2

n+ ଄ͱͳ͍ͬͯΔɻߏ͢͜ى໨ͷϢχοτͷભҠΛҾ͖ݸ1

͜͜·Ͱ঺հͨ͠ෆݮਰ఻ૹ࿏͸ยํ޲ʹͷΈ఻ૹͰ͖Δ఻ૹ࿏Ͱ͕͋ͬͨɺ૒ํ޲ͷෆݮਰ఻ૹ࿏΋࣮૷͞

Εͨ [109]ɻෆݮਰ఻ૹ࿏͸ભҠલͷϙςϯγϟϧΤωϧΪʔ͸ભҠޙͷϙςϯγϟϧΤωϧΪʔΑΓ΋େ͖͍ͨ

ΊɺભҠޙͷঢ়ଶ͔ΒભҠલͷঢ়ଶ΁ͷ఻ૹ͸ݮਰҎ֎ʹ΋ΤωϧΪʔ͕ඞཁͱͳͬͯ͠·͏ɻจݙ [109]͸ɺ2

छྨͷόΠεςʔϒϧߏ଄Λ಺แ͢ΔϢχοτʹΑ࣮͍ͬͯͯ͠ݱΔͨΊɺ࣮࣭తʹ͸ 2ຊͷ఻ૹ࿏ΛಉҰ্࣠

ʹ࣮૷ͨ͠ͱ΋͑ݴΔɻ

·ͨ୯ͳΔෆݮਰ఻ૹ࿏Ͱ͸ͳ͘ɺ͋͑ͯยํ޲ʹͷΈ఻೻͢Δ఻ૹ࿏Λ౥ڀݚͨ͠ࡌ΋ଘ͢ࡏΔ [107]ɻ͜ͷ

଄Ҏ֎ʹ΋ɺ࿦ཧੵήʔτɾ࿦ཧ࿨ήʔτΛߏͷΈ఻೻͢Δ఻ૹ࿏ͱͯ͠μΠΦʔυͷΑ͏ͳʹ޲Ͱ͸ยํڀݚ

࣮૷͍ͯ͠ΔɻͦΕͧΕ͸஄ੑࡐྉͰߏ੒͞Ε͍ͯΔ͕ɺͦͷߏ଄Λม͑Δ͜ͱͰલޙͷ࣭఺ͱͷ઀ଓͷੑ࣭Λ

มԽ͍ͤͯ͞Δɻྫ͑͹ɺࠨӈͷ࣭఺Λ݁ͿཁૉʹॊΒ͔͍όωͱ͍ߗόω͕࣮૷͞Ε͍ͯΔɻॊΒ͔͍όωͰ

࣭఺ಉ͕࢜઀ଓ͞Ε͍ͯΔ৔߹ɺલޙͷ࣭఺ͷ݁ͼ͖ͭ͸ऑ͍ͨΊɺ݁ͼ͖͕ͭݮਰ͠ɺͦͷपลͷ࣭఺ͷҠಈ

ʹͷΈӨ͢ڹΔɻҰํͰ͍ߗόωͰ࣭఺ಉ͕࢜઀ଓ͞Ε͍ͯΔ৔߹ɺલޙͷ࣭఺ͷ݁ͼ͖͕ͭ͘ڧͳΓΑΓ͍޿

ൣғͷ࣭఺ͷҠಈʹӨ͢ڹΔɻಉ࣌ʹͦͷ࣭఺ͷҠಈʢঢ়ଶͷભҠʣʹඞཁͳྗ΋ҟͳΓɺॊΒ͔͍όωͰ઀ଓ͞

Ε͍ͯΔ৔߹ʹൺ΂͍ͯڧόωͰ઀ଓ͞Ε͍ͯΔ৔߹ʹ͸͕ྗ͍ڧඞཁͰ͋Δɻ࿦ཧήʔτ͸ɺ୯७ͳྫͰड़΂

ͨυϛϊ౗͠ʹ͍ͭͯ΋͑ߟΒΕ͍ͯΔ [110]ɻ

ਤ 4.7Aͷ 1ஈ໨ͷΑ͏ʹॊΒ͔͍όωͰ઀ଓ͞Ε͍ͯΔ఻ૹ࿏ͱ͍ڧόωͰ઀ଓ͞Ε͍ͯΔ఻ૹ࿏ʹΑΓμΠ

Φʔυ͕࣮͢ݱΔɻॊΒ͔͍όωͰߏ੒͞ΕΔ఻ૹ࿏Ͱ͋Δࠨͷ఻ૹ࿏͔Β৴߸͕఻ΘΖ͏ͱͨ͠৔߹ʹ͸ɺਤ

4.7Aͷ 2ஈ໨ͷΑ͏ʹɺ͍ڧόωͰͷ઀ଓ෦෼ΛભҠͤ͞Δྗ͕଍ΓͣɺॊΒ͔͍όωͷมͨͬ࢒͕ܗঢ়ଶͰભ

Ҡ͕ࢭ·ͬͯ͠·͏ɻ͔͠͠ٯʹӈ͔Β৴߸͕఻ΘΖ͏ͱͨ͠৔߹ʹ͸ɺਤ 4.7Aͷ 3ஈ໨ͷΑ͏ʹɺશͯͷঢ়ଶ

͕ભҠޙʹ੾ΓସΘΔɻ͜ͷΑ͏ʹɺ఻ૹʹ෇ਵ͢ΔΤωϧΪʔ͕খ͍͞఻ૹ࿏͔Βɺ఻ૹʹඞཁͳΤωϧΪʔ

͕େ͖͍఻ૹ࿏΁ͷ఻ૹΛ્͢֐Δ͜ͱ͕Ͱ͖ΔɻॊΒ͔͍όωͷ͹Ͷఆ਺͸ 80N/mͰ͋Γ͍ߗόωͷ͹Ͷఆ਺

͸ 2100N/mͰ͋Δɻ·ͨॊΒ͔͍όωͱ͍ߗόωͷ݁ͼ͖ͭͷ͕͞ڧҟͳΔͨΊɺಛʹਤ 4.7CͰભҠͷ଎౓ͷ

଎ͰߴόωͰ઀ଓ͞Εͨ఻ૹ࿏Ͱͷ఻ૹ͸͍ߗड͚ΒΕΔɻॊΒ͔͍όωͰ઀ଓ͞Εͨ఻ૹ࿏ʹൺ΂Δͱݟ͕ࠩ

͋Δɻ

·ͨਤ 4.7B͔Βɺ࠷ॳͷ఻ૹʹ੎͍͕ͳͯ͘΋఻ૹ͕҆ఆͯ͠ߦΘΕ͍ͯΔɻॎ͕࣠࣌ؒͰ͋ΔͨΊɺ͕͖܏

؇΍͔Ͱ͋Δ΄Ͳ఻ૹ͕ߴ଎Ͱ͋Δ༷ࢠΛද͢ɻ0.12 s͔Β 1൪໨ͷϢχοτͷม͕ܗ։࢝͠ɺঃʑʹϢχοτ൪

߸͕૿͑Δํ޲ʹ
20

0.03
≃ 660[unit/sec]ఔ౓ͷ଎౓ͰભҠ͍ͯ͠Δ͕ɺ0.16 sɺi = 22෇ۙͰ఻ૹ͕ఀ͍ͯ͠ࢭΔ

ʢਤதͰ͸ॎํ޲ʹ৳ͼΔ྘ઢʣɻ఻ૹલͷঢ়ଶ͕੨৭ɺ఻ૹޙͷঢ়ଶ͕੺৭Ͱ͋Γɺத్൒୺ͳঢ়ଶͰ͋Δ྘৭Ͱ

஫٭ 73 Ҏ্ͷ҆ఆ఺Λ͔࣋ͭ΋͠Εͳ͍͕ɺͦͷ৔߹΋Կճ఻ૹ͔ͨ͠ͷΈͷ৘ใͰ͋Δɻ
஫٭ 8྆ํෆݮਰͰͰ͖͍ͯΔͳΒ͹ɺ෼ࢄΤωϧΪʔͱࢄҳΤωϧΪʔ͕ 0 Ͱ͋Γɺ૒ํ޲௨৴Մೳͳ఻ૹ࿏Ͱ͋Γɺ௒ిಋͳͲͰͷΈՄೳ
Ͱ͋Δɻ
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ਤ 4.7: ෆݮਰ఻ૹ࿏ͰͷμΠΦʔυͷ࣮૷ [107]ɻA: ੺࿮͸ॊΒ͔͍όωͰ઀ଓ͞Ε͍ͯΔ෦෼Λɺ

྘࿮͸ॊΒ͔͍όωͱ͍ߗόωͷڥք෇ۙΛɺ੨࿮͸͍ߗόωͰ઀ଓ͞Ε͍ͯΔ෦෼Ͱ͋Δɻ্͔Βॱ

ʹભҠલɺ͔ࠨΒͷྗʹΑΔભҠޙɺӈ͔ΒͷྗʹΑΔભҠޙͷঢ়ଶɻB: σʔྻܥΒͷભҠͷ͔࣌ࠨ

λɻ੨͕ભҠલɺ੺͕ભҠޙɻC: ӈ͔ΒͷભҠͷ࣌ྻܥσʔλɻ੨͕ભҠલɺ੺͕ભҠޙɻ

͋ΔͨΊɺ1൪໨ͷϢχοτͷঢ়ଶ͕྘Ͱ͋Δ͕࣌ؒ௕͘ɺϢχοτ൪߸ͷ૿ՃʹͭΕͯ٭஫ 9྘৭ͷ͕࣌ؒ୹͘

ͳ͍ͬͯΔɻϢχοτͷෆ҆ఆͳঢ়ଶΛ௨ա͢Δ͕࣌ؒϢχοτ൪߸͕૿Ճ͢ΔʹͭΕͯ୹ॖ͞Ε͍ͯΔ͜ͱ͔

Βɺ௿଎ͳӡಈΤωϧΪʔͷগͳ͍఻ૹ͔Βɺߴ଎ͳӡಈΤωϧΪʔΛ൐͏఻ૹ΁ͱมԽ͠ɺΑΓ҆ఆͨ͠఻ૹ

΁ͱ 25 < iͰ͋ΔϢχοτ΋গ͠৭͕มΘ͍ͬͯΔͨΊɺมҐͷৼಈ͕গ͠఻Θ͍ͬͯΔ͕ɺঢ়ଶ͕ભҠ͢Δ΄

ͲͷΤωϧΪʔ͸଍Γ͍ͯͳ͍ɻ

·ͨਤ 4.7CͰ͸ɺϢχοτ൪߸͕େ͖͍ i = 35͔Β఻ૹΛ։࢝͢ΔɻॊΒ͔͍ϢχοτͷભҠ։࢝ʹ͸ 0.12 s

͔Β 0.14 sͷ 0.02 sఔ౓ͷ࣌ؒͰ͕͋ͬͨɺ͍ߗϢχοτͷભҠ։࢝ʹ͸ 0 s͔Β 0.07 sͷ 0.07 sͱ୹͍͔࣌ؒ͠

͔͔Βͳ͍٭஫ 10ɻͦͯ͠Ϣχοτ൪߸ i = 20·Ͱ͸΄΅ಉ࣌ʹભҠ͓ͯ͠Γɺߴ଎ͰભҠ͍ͯ͠ΔɻͦͷޙॊΒ

͔͍Ϣχοτͷ఻ૹ଎౓͸
20

0.03
≃ 660[unit/s]Ͱ͋Γɺਤ 4.7Bͷ఻ૹ଎౓ͱ΄΅Ұக͢Δɻ৘ใͷ఻ૹͷ͖޲͸

ҟͳΔ͕ɺભҠલͷঢ়ଶͱભҠޙͷঢ়ଶ͸౳͍͠ɻ

ਤ 4.7Ͱ͸ɺҟͳΔߏ଄ͷϢχοτΛ࿈݁͢Δ͜ͱͰμΠΦʔυΛ࣮ͨ͠ݱɻμΠΦʔυͱͯ͠ಇ͘ͷ͸ɺ͋Δ

ϢχοτͷભҠͷྗ͕࣍ͷϢχοτͷભҠΛҾ͖͢͜ىͷʹෆे෼Ͱ͋Δ͔ΒͰ͋ͬͨɻ͜͜Ͱɺ2ݸͷϢχοτ

Λೖྗͱ͢ΔϢχοτΛ͑ߟΔɻยํͷೖྗͷΈ͕ભҠ͖ͯͯ͠΋ભҠ͕఻೻͠ͳ͍఻ૹ࿏ͱ͠ɺ྆ํͷೖྗ͕

஫٭ 9i < 22 ఔ౓·Ͱ
஫٭ 10͕࣌ؒ࣠ҟͳΔͨΊൺֱ͕೉͍͕͠ɺҾ༻ͨ͠จݙͷਤ͕ͦ͏ͳ͍ͬͯΔͨΊ͕ํ࢓ͳ͍
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ભҠͯ͠ॳΊͯભҠ͕఻೻͢Δ఻ૹ࿏Λߏங͢Δͱɺ࿦ཧੵήʔτͱͯ͠ಇ͘ɻͲͪΒ͔ยํͷೖྗͷΈͷભҠ

͕࣍ͷભҠΛҾ͖͢͜ىͷͰ͋Ε͹ɺগͳ͘ͱ΋ยํͷೖྗʹΑΓભҠ͕఻೻͢ΔͨΊɺ࿦ཧ࿨ήʔτͱͯ͠ಇ

͘ɻ͜ͷΑ͏ʹͯ͠ɺ࿦ཧ࿨ήʔτ͕࣮૷͞Εͨ [107]ɻͦͯ͠ɺಛʹͦͷࡐྉͷม͕ܗେ͖ͳ࿦ཧήʔτͷಈ࡞

ʹ͸ਤ 4.8ͷΑ͏ͳഁյΛ൐͏ͨΊɺ࠶ͼ৴߸Λ఻ૹ͢Δʹ͸৽͍͠఻ૹ࿏Λඞཁͱ͍ͯͨ͠ɻจݙ [107]ͷख๏

ਤ 4.8: ෆݮਰ఻ૹ࿏ͰఏҊ͞Ε͍ͯΔ࿦ཧήʔτ [107]ɻA ্͔Βೖྗ͞ΕΔ 2ೖྗʹΑͬͯɺԼ΁

ͷग़ྗΛ੍͢ޚΔ͜ͱͰ࿦ཧήʔτͱͳΔɻB ೖྗͷ྆ํ͔Β఻ૹ͞Εͨͱ͖ͷΈग़ྗ΋఻ૹ͢Δ࿦

ཧੵͷήʔτɻC ೖྗͷগͳ͘ͱ΋ยํ͔Β఻ૹ͞Εͨͱ͖ͷΈग़ྗ΋ిૹ͢Δ࿦ཧ࿨ͷήʔτɻ఻ૹ

͞Ε͍ͯͳ͍఻ૹ࿏ଆͷ઀ଓ෦෼͕ഁյ͞ΕΔɻ

͸͹Ͷఆ਺Ͱ͸ͳ͘఻ૹ࿏ͷ෯ dout Λม͢ߋΔ͚ͩͰ࿦ཧήʔτΛ࣮͍ͯ͠ݱΔɻ

͜ͷήʔτͷഁյ͸ɺήʔτͰͷ઀ଓ͕όωͰ͸ͳ͍͔ΒͰ͋Δͱͨ͑ߟɻຊ࿦จͰ͸ɺೖྗͱग़ྗͷ઀ଓ΋

໌ࣔతͳόωͱ͢Δ͜ͱͰɺήʔτʹྗ͕ूத͢Δ͜ͱͳ͘ग़ྗͷঢ়ଶΛ੍ޚͰ͖Δ࿦ཧήʔτΛ࣮͢ݱΔɻͨ

ͩ͠ɺจݙ [107]Ͱόω઀ଓ͢Δ୅ΘΓʹɺഁյ͞ΕΔར఺΋ଘ͢ࡏΔɻྫ͑͹ɺഁյ͞ΕΔ͜ͱʹΑͬͯ޲ํٯ

ͷ఻ૹΛ๷͍Ͱ͓Γɺೖྗঢ়ଶΛ੾Γସ͍͑ͯͳ͍ɻͦͷͨΊɺຊ࿦จͰఏҊ͢Δߏ଄΋ɺ͋Δೖྗͷ஋ʹΑͬͯ

ଞͷೖྗͷঢ়ଶΛ੾Γସ͑ͳ͍Α͏ʹ͢Δඞཁ͕͋Δɻಛʹ࿦ཧ࿨ͷߏ଄Ͱ͸ยํͷೖྗ͕ଘ͢ࡏΔ৔߹ʹग़ྗ

΋มԽͯ͠͠·͏ͨΊɺ΋͏ยํͷೖྗͷมԽʹͭͳ͕Βͳ͍Α͏ͳ͹Ͷఆ਺ͳͲͷ޻෉͕ඞཁͱͳΔɻ

4.2.4 ճసΛ༻͍ͨมܗͷػցత఻ൖ

͜͜·Ͱ঺հͨ͠ෆݮਰ఻ૹ࿏͸શͯ௚ઢӡಈΛ༻͍ͯ࣍ͷϢχοτ΁ͷΤωϧΪʔΛ఻ૹ͍͕ͯͨ͠ɺԁப

ͳͲͷճస֯౓ɾճసϞʔϝϯτΛ༻͍ͯ࣍ͷϢχοτ΁ͷΤωϧΪʔΛ఻ୡ͢Δෆݮਰ఻ૹ࿏΋ଘ͢ࡏΔ [111]ɻ

จݙ [111]͸ɺෆݮਰ఻ૹ࿏ͷߏஙͰ͸ͳ͘ɺΞϨϯʹΧʔϯͷ๏ଇͱݺ͹ΕΔ൓Ԡ֦ࢄʹ͍ͭͯͷ࿦จͰ͋Δɻ

͔͠͠ɺਤ 4.9b)Ͱड़΂ΒΕ͍ͯΔϞσϧ͸ෆݮਰ఻ૹ࿏Ͱ༻͍ͨόωͷ઀ଓख๏Ͱ͋Γɺਤ 4.9d)ͷϙςϯγϟ

ϧ͸όωʹΑΔϙςϯγϟϧͰ͋Δɻͦͯ͠όωʹΑΔϙςϯγϟϧΤωϧΪʔରͯ͠ඇରশͳཁૉΛՃ͑Δ͜ͱ

ʹΑͬͯɺ੨͍ഁઢͷΑ͏ͳભҠલͱભҠޙͰ͸ҟͳΔϙςϯγϟϧΤωϧΪʔΛ࣋ͭঢ়ଶ΋࣮͍ͯ͠ݱΔɻ͞Β

ʹਤ 4.9f) ͷߏ੒͸௚ઢӡಈ͔ΒճసӡಈʹԠ༻ͨ͠ 2ঢ়ଶΛ࣮͓ͯ͠ݱΓɺਤ 4.9e) ͷϢχοτಉ࢜ͷ࿈݁͸ɺ
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at constant speed, provided the bistable energy potential is 
nonsymmetric, so that each snap releases elastic energy that 
propels the domain wall.[25,26] Unlike topological zero-energy 
modes,[18] these systems are statically determinate and the tran-
sition wave results from the stabilized competition between 
elastic energy release and dissipation through mechanical 
damping.[27,28]

We consider a 2D periodic network of cylindrical masses M 
with a single (rotational) degree of freedom φ, the polarization. 
A salient feature of the structure, multistability arises from 
elastic springs that attach eccentrically to each cylinder at one 
end and to an anchor point (elevated by a distance fz) at the 
other (Figure 1f). The action of gravity on additional masses 
m eccentrically placed on the cylinders creates a torque when 
the rotation axis and gravity field are not aligned. The resulting 
multiwelled energy landscape can be tuned by: i) moving the 
elevated plane (i.e., a ceiling) of anchor points (by a distance fx) 
and/or ii) tilting the entire system (by angles α, β). In the level 
condition (i.e., α = β = 0), choosing fx ≠ 0 imbues each element 
with multiple stable states φi ≠ 0, limited to two by the addi-
tion of a torsional spring (relaxed at φ = 0). Moving ceiling and 

cylinders relative to each other so that fx → 0 turns the bistable 
energy (with polar stable configurations φi ≠ 0) into a single 
energy well with stable unpolar ground state φ = 0.

The Hamiltonian of a 2D network with N periodically 
arranged cylinders of radius R is given by: 

1
2

, ,2

1 , 1

I Vi i

i

N

i j

N

i jff�H ∑ ∑θθϕ ψ ϕ ϕ ϕ( )( )= +⎡
⎣⎢

⎤
⎦⎥+ −

= =  
(1)

with I the total rotational inertia and ψ(φ, θ, f ) the nonlinear 
multiwelled energy resulting from springs and tunable via 
θ = {α, β} and f = {fx, fy, fz} (see Supporting Information). If 
elastic bands link the cylinders (Figure 1e), then V (∆φ) = kij 
(R∆φ)2 is an elastic interaction potential. In every realistic 
system, dissipation of kinetic energy through, e.g., friction is 
inevitable, thus motivating the inclusion of velocity-propor-
tional damping with damping constant η in the governing 
equation of momentum balance (Hamilton’s equation of 
motion). Hence, our discrete mechanical network is described 
by (for i = 1, …, N, and writing ψ′ = ∂ψ/∂φ: 
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Figure 1. Phase transformations, ferroic domain switching, and diffusive phase separation are material processes enabled by a multiwelled energy 
landscape. a) Below the Curie temperature, ferroelectrics exhibit a spontaneous polarization due to broken crystal symmetry which displaces the cen-
tral ion outside the midplane, creating a dipole. b) A mechanical system, e.g., in a 1D chain of bistable elements, may display a scalar polarization. 
c) The underlying kinetics of structural transformations are observed in discrete like continuous systems. d) Common to all, these systems possess a 
multiwelled energy landscape. e,f) Each element of our 2D mechanical system exhibits a bistable potential and, through the use of masses and springs 
(schematic (f)), recovers all the processes mentioned previously. Tilting the mechanical structure by α and/or β (positive counter-clockwise when 
looking down the respective axis) permits a gravitational field to induce domain switching.

ਤ 4.9: ෆݮਰ఻ૹ࿏ʹԠ༻ՄೳͳϞσϧɻb)ͷΑ͏ͳ࣭఺Λ࿈݁ͨ͠ϞσϧͱɺͦͷϙςϯγϟϧͰ

͋Δ d)͸ैདྷͷڀݚͱ΄ͱΜͲมΘΒͳ͍͕ɺf)ͷΑ͏ͳԁ౵ͷ֯౓Λ༻͍ͨճసΛ఻೻ͤ͞ΔϞσ

ϧ΋ఏҊ͍ͯ͠Δɻe)ͷΑ͏ʹ͍ޓΛ࿈݁͢Δ͜ͱͰ ఻ૹΛՄೳͱ͢Δ͚ͩͰͳ͕ͨͬ޿ʹ্ݩ2࣍

͘ɺ8ۙ๣ͷϢχοτʹରͯ͠ྗΛ༩͑Δߏ଄ͷߟҊ΋͍ͯͬߦΔɻ[111]ͷ Figure 1Ͱ͋Δɻ

ͷޙͷલ޲ํ 2Ϣχοτʹ੍͞ݶΕ͍ͯͨɻޙड़͢Δख๏Ͱ͸෼ذΛ࡞ΔࣄʹΑͬͯ 2ϢχοτҎ্ʹྗΛ༩͑

Δ͜ͱ͕Ͱ͖Δ͕ɺӡಈͷํ͕޲มԽͯ͠͠·͏ͨΊʹଛࣦ͕ൃੜ͢Δɻ͔͠͠ɺਤ 4.9e)ͷϢχοτಉ࢜ͷ࿈݁

͸ Γɺগͳ͘ͱ΋͓͕ͯͬ޿ʹ্ݩ2࣍ 8ϢχοτʹӨڹΛ༩͍͑ͯΔɻ͜ͷΑ͏ʹɺճసӡಈΛ఻ૹ͢Δγε

ςϜʹ͢Δ͜ͱͰɺෳ਺ͷϢχοτ΁গͳ͍ଛࣦͰྗΛ఻͑Δ͜ͱ΍ɺෳ਺ͷϢχοτ͔ΒྗΛड͚Δ͕ࣄՄೳ

ͱͳΔɻ

·ͨ ͷΑ͏ʹɺ͋ΔϢχοτ͚ͩಛੑΛม͑Δͱͦؕܽࢠͳ͕͍ͬͯͳ͍ϢχοτͰ΋ɺ͔֨ͭ͠ʹ্ݩ1࣍

͜ʹΤωϧΪʔ͕ूத͢Δڀݚ͸ߦΘΕͨ [112]ɻҟͳΔಛੑͷϢχοτ͸ 1Ϣχοτͱ͸ݶΒͳ͍͕ɺҟͳΔಛ

ੑͷϢχοτͷڥք෇ۙͰΤωϧΪʔͷूத͕ੜ͡Δɻ͜ͷΑ͏ʹɺϢχοτؒʹݸମ͕ࠩଘͯ͠ࡏ΋ɺൺֱత

҆ఆͯ͠৴߸ͷ఻ૹ͕ߦΘΕΔɻҟͳΔಛੑͷϢχοτ͕࿈͍݁ͯ͠Δ෦෼Ҏ֎ʹ΋ɺ఻ૹ࿏ͷ྆୺΋ҟͳΔಛ

ੑͷϢχοτ٭஫ 11͕࿈͍݁ͯ͠Δͱ͑ߟΒΕΔɻόωͷΑ͏ʹ࿈ଓతʹྗΛड͚औΔϢχοτ͕ଘ͠ࡏͳ͍ͳΒ

͹ӡಈΤωϧΪʔΛিܸྗͷΑ͏ʹ༻͍ΒΕΔɻ·্ͨهͷΑ͏ͳ஄ੑߏ଄͸Թ౓ʹΑͬͯಛੑ͕มΘΔࣄ΋஌

ΒΕ͍ͯΔ [113]ɻ͜ͷڀݚΛ༻͍Δ͜ͱͰɺಛఆͷԹ౓ʹୡͨ͠Β఻ૹΛ։࢝͢Δෆݮਰ఻ૹ࿏Λ࣮ݱͰ͖Δɻ

4.2.5 ંΓࢴμΠΦʔυͱ࿦ཧήʔτ

ୈ 4.2.3અͰ͸͹Ͷఆ਺ͷҟͳΔ఻ૹ࿏Λ঺հͨ͠ɻ͔͠͠ɺߏ଄ࣗମΛඇରশʹ͢Δ͜ͱͰ΋μΠΦʔυతͳ

ಈ͕࡞ՄೳͱͳΔɻຊষͰ͸ɺඇରশͳંΓߏࢴ଄Λ༻͍Δ͜ͱͰμΠΦʔυతͳยํ޲ͷΈͷ఻ૹʹݶఆ͢Δ

ख๏Λ঺հ͢Δɻ

ંΓֶ޻ࢴͷ෼໺ʹ͸ѹॖͰ͖Δʹ΋͔͔ΘΒͣɺҾͬுΕͳ͍ߏ଄͕ଘ͢ࡏΔ [114]ɻ͜ͷߏ଄͸ϝΧχΧϧ

μΠΦʔυͱݺ͹Εɺ2ঢ়ଶΛ҆ఆͨ͠ঢ়ଶ٭஫ 12ͱͯ࣋ͭ͠ɻਤ 4.10ʹંΓࢴμΠΦʔυʹ༩͑ΒΕͨྗʹର͢

஫٭ 11ड͚Δྗ͕ 0 Ͱ͋ΔΑ͏ͳϢχοτ
஫٭ 12ୠ͜͜͠Ͱ͸ϙςϯγϟϧΤωϧΪʔͷҰճඍ෼͕ 0 Ͱ͋Γɺೋ֊ඍ෼͕ਖ਼Ͱ͋Δ͜ͱΛ҆ఆͱදͨ͠ݱɻ͜͜·Ͱड़΂ͨ҆ఆ͸ϙςϯ
γϟϧΤωϧΪʔ͕ 0 Ͱ͋Δঢ়ଶͰ͕͋ͬͨɺϙςϯγϟϧΤωϧΪʔ͕ۃখͱͳΔঢ়ଶ͸ہॴతʹ҆ఆͰ͋Δͱද͢ݱΔɻ
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Fig. 3. Measured force–displacement curves of the two unit cell prototypes. Five
displacement-controlled tests are repeated for each cell, the solid curves are the
averaged results, and the shaded bands represent the standard deviations. Insets
show the photos of a cell at states ‘1’ and ‘2’, and illustrate the construction of the
unit cell, where (i) is the steel facets, (ii) is the pre-bent spring-steel stripes, (iii) is
the creases made of plastic film, and (iv) is the additional rectangular steel plates
and 3D-printed connectors for connecting with the universal testing machine.

A and cell B, respectively). Displacement control with a constant
crosshead speed (10 mm/min) is used in these tests.

Fig. 4(a) shows the averaged extension and compression test
data. The dual-cell chain, regardless of the inter-cellular connec-
tion, possesses four stable states: ‘1-1’, ‘2-1’, ‘2-2’ and ‘1-2’. How-
ever, test results show that only the first three of them can be
reached via displacement control at the two ends of the chain
(Fig. 4(b, c)). The differences in the critical forces of a single cell
(i.e. F PA

e
, F

PA
c

, F
PB
e

, and F
PB
c

) can explain the absence of the ‘1-2’
stable state in the tests. During extension, the top cell A always
‘‘bulges out’’ first because its corresponding critical force for snap-
out deformation (F PA

e
) is lower than that of bottom cell B (F PB

e
)

(Fig. 3), incurring a switch sequence of ‘1-1’!‘2-1’!‘2-2’. During
compression, the bottom cell B always ‘‘nests in’’ first because its
critical force for snap-in deformation (F PB

c
) is lower than that of top

cell A (F PA
c

), incurring a switch sequence of ‘2-2’!‘2-1’!‘1-1’. The
above switches are evidenced by the negative slopes in the force–
displacement curves (i.e., negative stiffness).

Despite exhibiting the same switching sequence between stable
states, the two sets of tests show a significant difference in terms of
the magnitudes of critical force for switching, especially between
the ‘2-1’ and ‘2-2’ stable states. The critical force corresponding
to the extensional ‘2-1’!‘2-2’ switch is considerably higher in
the film connected tests (i.e. F F

e
> F

R

e
in Fig. 4); however, the

critical forces corresponding to the opposite ‘2-2’!‘2-1’ switch
are similar between the two types of inter-cellular connections.
Here the superscript ‘‘R’’ and ‘‘F’’ represent the rod-connected and
film-connected tests, respectively. More specifically, in the film-
connected dual cell chain, the ratio of the critical forces F

F
e
/F F

c
=

7.21, while in the rod-connected chain F
R
e
/FR

c
= 3.42.

Since the only difference between the two sets of tests is the
connection between the two bistable cells, the observed differ-
ences in critical forces imply that the film connection can sig-
nificantly increase the potential energy barrier for the extension
switch from ‘‘2-1’’ to ‘‘2-2’’, however, it does not impose any
notable changes to the energy barrier of the opposite compression
switch. This surprising asymmetric behavior necessitates an in-
depth examination on the underlying physical principles, which is
discussed in the following sections.

4. Origin of the asymmetric energy barriers and the potential

of achieving static diode effect

The two different types of inter-cellular connection generate
fundamentally different deformation mechanisms. With the rod
connection, the deformations of constituent bistable cells are inde-
pendent with respect to each other, as long as the internal forces
between them are balanced. However, with the film connection,
deformations of the unit cells are instead directly coupled due to a
kinematic constraint from the zig-zag connecting creases. Define
a ‘‘spine’’ angle  = 2 tan�1 (cos ✓ tan �I) corresponding to the
connecting creases (Fig. 5(a)). If the rigid-folding assumptions are
strictly followed (i.e. rigid origami facets and hinge-like creases),
the spine angle associated to the zig-zag crease should be identical
between the two cells during the entire folding process so that

 A =  B. (5)

As a result, the folding angles of the two unit cells are not indepen-
dent but rather follow the relationship:

✓A = ±✓B. (6)

This relationship implies that folding of the ideally rigid dual-
cell chain possesses only one degree-of-freedom for folding, and
the corresponding admissible deformations are restricted to the
two paths shown in Fig. 5(b), where the total length of the dual-cell
chain L

t = L
A + L

B. The two unit cells have the same folding angle
on one path (‘‘a-b’’), or the opposite folding angles on the other
path (‘‘c-d’’). These two paths meet at the point of ✓A = ✓B = 0,
where the bottom sheets (i.e., Miura-ori sheets I) in both cells are
flat (position ‘‘o’’ in Fig. 5(b, c)).

However, close observations on the dual-cell prototypes sug-
gests that such ideal rigid-folding constraint cannot be fully
achieved due to fabrication errors and crease compliance. For a
more in-depth examination on the experiment observations, we
relax the constraint condition in Eq. (5) by allowing the spine
angles of the two cells to mismatch. In this way, the admissible
deformation of the dual cell chainwould be able to cover the entire
parallelogram in Fig. 5(b). However, such mismatch will induce
extra constraint energy

⇧⇤ = 1
2
k
⇤
bI

�
 A �  B�2, (7)

where k⇤ is an equivalent stiffness per unit length associated to the
strength of the deformation coupling from the zig-zag connecting
creases. The total energy ⇧ t of the dual cell chain is therefore the
combination of the elastic crease folding energy⇧ (defined in Eq.
(1)) and⇧⇤ so that

⇧ t = ⇧A
k

+⇧B
k

+⇧⇤. (8)

The effective magnitude of k⇤ is related to many factors such as
the stacked origami construction method and the material used.
It is worth emphasizing that, the interest of this study is not on
the accurate calculation of k⇤, but rather on how the changes in the

magnitude of k
⇤ can influence the overall elastic behaviors of the

dual-cell chain. In this way, we can obtain the physical insights on
how this kinematic constraint originated from folding induces the
asymmetric behaviors observed in the experiment.

We first study a special case that the effective stiffness k
⇤ is

zero, i.e., there is no constraint between the spine angles  A and
 B so that the two unit cells are simply connected in series. Such
case is consistent with the rod-connected tests. Fig. 6 plots the
energy landscape and the force–displacement curves based on (Eq.
(8)), where the designs of the two unit cells are the same as in
the case studies shown in Fig. 2. The energy contour map in Fig.

ਤ 4.10: 2छྨͷંΓࢴμΠΦʔυߏ଄ͷՙॏ - ͨΘΈۂઢ [114]ɻ5ճͷ࣮ݧΛ͍ߦɺฏۉ஋Λۂઢ

Ͱɺඪ४ภࠩΛ໢ֻ͚Ͱද͢ɻ2छྨͷ Cell Aʢ੨࣮ઢʣͱ Cell Bʢ੺ഁઢʣʹ͍࣮ͭͯݧΛͯͬߦ

͓ΓɺͦΕͧΕ͸தؙ࣮ͷ఺Ͱ҆ఆͰ͋Γɺதൈ͖఺Ͱෆ҆ఆͰ͋Δɻඇತͳঢ়ଶͰ͋Δ State‘1’ ͔

Βತͳঢ়ଶͷ State‘2’ ʹભҠ͢ΔͨΊʹඞཁͳྗʢ৳௕ํ޲ʣ͸ɺͦΕͧΕ FPA
e ͱ FPB

e Ͱ͋ΔɻҰ

ํͰɺತͳঢ়ଶͰ͋Δ ‘2’ ͔Βඇತͳঢ়ଶͷ ‘1’ ʹભҠ͢ΔͨΊʹඞཁͳྗʢѹॖํ޲ʣ͸ɺͦΕͧΕ

FPA
c ͱ FPB

c Ͱ͋Δɻ[114]ͷ Fig. 3Ͱ͋Δɻ

Δ௕͞ͷมԽΛ͍ࣔͯ͠Δɻඇತͳঢ়ଶͰ͋Δ State‘1’ ͔Βತͳঢ়ଶͷ State‘2’ ʹભҠ͢ΔͨΊʹඞཁͳྗʢ৳

௕ํ޲ʣ͸ɺͦΕͧΕ FPA
e ͱ FPB

e Ͱ͋ΔɻҰํͰɺತͳঢ়ଶͰ͋Δ State‘2’ ͔Βඇತͳঢ়ଶͷ State‘1’ ʹભҠ͢

ΔͨΊʹඞཁͳྗʢѹॖํ޲ʣ͸ɺͦΕͧΕ FPA
c ͱ FPB

c Ͱ͋Δɻ͜͜Ͱɺ|FPA
c | < |FPA

e |Ͱ͋ΔͨΊɺ State‘2’

͔Β State‘1’ ΁ͷભҠʹ͸খ͞ͳྗͰભҠ͕ੜ͡Δ͕ɺ State‘1’ ͔Β State‘2’ ΁ͷભҠʹ͸େ͖ͳྗ͕ඞཁͰ͋

Δɻߋʹɺ State‘1’ ෇ۙͷ͖܏͸ State‘2’ ෇ۙͷ͖܏ΑΓ΋େ͖͍ͨΊɺিܸͷٵऩ۩߹΋ҟͳΓɺState‘1’෇

ۙͰ͸େ͖ͳྗ͕ՃΘͬͯ΋͋·Γม͠ܗͳ͍͕ɺState‘2’ͷ෇ۙͰ͸େ͖ͳม͕ܗੜ͡Δɻͭ·Γɺ ಉ͡ํ޲

ͷྗͱͳΔΑ͏ͳߏ੒Ͱ઀ଓͯ͠΋ State‘1’ ͷભҠͷલʹ State‘2’ ͷભҠΛҾ͖͢͜ىͳͲ΋ՄೳͰ͋Δɻ·ͨ

ંΓࢴ͸όωతͳมܗͰ͸ͳ͘ંΓ֯ͷมԽʹΑΔมܗͰ͋ΔͨΊɺ஄ੑมܗͷΈΛ༻͍ͨมܗʹൺ΂ΔͱϢχο

τͷେ͖͋ͨ͞Γͷม͕ྔܗେ͖͍ɻͦͷͨΊɺӡಈΤωϧΪʔΛ࢈ΉͨΊͷՃ଎ʹ௕͍ετϩʔΫΛ༻͍Δ͜

ͱ͕Ͱ͖Δɻ
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4.3 ԁ౵ંΛ༻͍ͨมܗͷ఻ൖݱ৅

ຊষͰ͸ɺԁ౵ંΛ༻͍ͨෆݮਰ఻ૹ࿏ͷ۩ମతͳߏ੒ͱɺಈ࡞ͷݪཧΛઆ໌͢Δɻԁ౵ં͸ల։ঢ়ଶͱऩॖ

ঢ়ଶͷ 2ͭͷঢ়ଶͰ҆ఆͳߏ଄Ͱ͋Δ͕ɺ͜ΕΛ୯७ʹભҠલͱભҠޙʹରԠͤ͞ΔΘ͚Ͱ͸ͳ͍ɻભҠલͱભ

Ҡޙͷ఻ૹ࿏ͷ௕͕͞େ͖͘มΘΔͱɺ఻ૹ࿏ͷ௕͕͞มΘͬͯ͠·͏ͨΊʹͲ͔͜ʹෛՙ͕͔͔Γɺͦͷෛՙͷ

มܗͷͨΊʹ͞ΒͳΔΤωϧΪʔ͕ඞཁͱͳΔɻ·ͨ௕͞Λม͑Δ࠶ར༻ͷͨΊͷಈ͕࡞େ͖ͳಈ࡞ͱͳͬͯ͠

·͏ͨΊɺ࠶ར༻ʹଟ͘ͷख͕ؒඞཁͱͳͬͯ͠·͏ɻͦ͜ͰɺෆੑൃشϝϞϦͷڀݚΛߟࢀʹɺϢχοτͷ֎ܗ

Λม͑ͳ͍··ɺ಺෦ͷ৴߸໘ͷҐஔͷΈ͕มԽ͢Δ͜ͱͰ৴߸Λ఻ૹ͢Δෆݮਰ఻ૹ࿏ΛߟҊ͢Δɻ

4.3.1 ԁ౵ંରͱϙςϯγϟϧΤωϧΪʔ

લड़ͨ͠ͱ͓Γɺԁ౵ંΛ௚ྻʹ࿈͚݁ͤͨͩ͞Ͱ͸ରশͳߏ଄Ͱ͋ΔͨΊɺ҆ఆͳ 2ঢ়ଶʹϙςϯγϟϧΤω

ϧΪʔͷࠩ͸ੜ͡ͳ͍ɻͦͷͨΊɺભҠલͱભҠޙͷϙςϯγϟϧΤωϧΪʔͷࠩΛࢄҳͨ͠ΤωϧΪʔͷิڅ

ʹ༻͍Δ͜ͱ͕Ͱ͖ͳ͍ɻͦ͜Ͱɺਤ 4.11ͷΑ͏ʹԁ౵ંͷ৴߸໘ʹ఻ૹํ޲΋͘͠͸Ͷ͡ΓͷྗΛՃ͑ͯɺϙ

ςϯγϟϧΤωϧΪʔͷࠩΛੜΈग़͢ɻ

h1
pull (rotate)

pull (rotate)pullpull

with axial force with rotational force

150

(a) (b)

ਤ 4.11: ԁ౵ંʹΑΔ఻ૹ࿏ʹ౥͞ࡌΕΔόωͷ౥ྫࡌɻ(a)఻ૹํ޲ʹόωͰҾͬுΔ৔߹ͷ౥ྫࡌɻ

(b)Ͷ͡Γํ޲ʹόωͰҾͬுΔ৔߹ͷ౥ྫࡌɻճ࿏ਤʹ༻͍ΒΕΔίΠϧͷΑ͏ͳه߸͸ԁ౵ંͷϙ

ςϯγϟϧΤωϧΪʔΛඇରশʹ͢ΔͨΊͷόωͰ͋Δɻ

఻ૹํ޲ʹྗΛՃ͑ͨ৔߹ͷϙςϯγϟϧΤωϧΪʔΛਤ 4.12ʹࣔ͢ɻ఻ૹํ޲ʹՃ͑ͨྗ͸όωʹΑͬͯ༩

0 50 100 150
h1

0

500

1000

El
as

tic
 e

ne
rg

y

Potential energy with axial shift
Neutral
State0 < State1
State0 > State1

ਤ 4.12: ఻ૹํ޲ͷྗΛՃ͑ΒΕͨԁ౵ંͷඇରশͳϙςϯγϟϧΤωϧΪʔɻʢ੺ഁઢʣӈ͔Βࠨʹ

޲ʹΒӈ͔ࠨઢʣ࠯ͷྗΛ༩͑ͨ৔߹ͷϙςϯγϟϧΤωϧΪʔɻʢ੨Ұ఺޲ํٯͱ޲ɺ఻ૹํ͚ͯ޲

͚ͯɺ఻ૹํ޲ͷྗΛ༩͑ͨ৔߹ͷϙςϯγϟϧΤωϧΪʔɻ

͑ͨͱԾఆͨ͠ɻόω͕ࣗવ௕Ͱ͋Δͱ͖ʹ৴߸໘͕ State1ͷҐஔʹདྷΔΑ͏ʹɺ఻ૹํ޲ʹόωΛ౥ͨ͠ࡌɻ
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͹Ͷఆ਺ k͸ 0.05ͱ͠ɺόωʹ஝͑ΒΕΔΤωϧΪʔ͸
1

2
kx2 Ͱ͋ΔɻόωʹΑΔϙςϯγϟϧΤωϧΪʔ͸৴

߸໘ͷҐஔ h1͕ 130෇ۙͰ 0ͱͳΔΑ͏ʹόωΛ౥͢ࡌΔͱɺ੨৭Ұ఺࠯ઢͷϙςϯγϟϧΤωϧΪʔͷΑ͏ʹɺ

໿ 130Λத৺ͱͯ͠มҐͷ 2৐ʹൺྫͨ͠ϙςϯγϟϧΤωϧΪʔͱͳΔɻ·ͨόωʹΑΔϙςϯγϟϧΤωϧ

Ϊʔ͸ɺ৴߸໘ͷҐஔ h0 ͕ 30෇ۙͰ 0ͱͳΔΑ͏ʹόωΛ౥͢ࡌΔͱɺ੺৭ͷഁઢͷϙςϯγϟϧΤωϧΪʔ

ͷΑ͏ʹɺ30Λத৺ͱͯ͠มҐͷ 2৐ʹൺྫͨ͠ϙςϯγϟϧΤωϧΪʔͱͳΔɻ͜ͷΑ͏ʹɺόωͷ஄ੑΤω

ϧΪʔΛԁ౵ંରͷϙςϯγϟϧΤωϧΪʔͱ૊Έ߹ΘͤΔ͜ͱͰɺ૒҆ఆߏ଄Ͱ͋Γ҆ఆঢ়ଶʹΑͬͯϙςϯ

γϟϧΤωϧΪʔ͕ҟͳΔߏ଄Λ࣮ݱͰ͖Δɻ

ಉ༷ʹͶ͡ΓͷྗΛՃ͑ͨ৔߹ͷϙςϯγϟϧΤωϧΪʔΛਤ 4.13ʹࣔ͢ɻ͜͜Ͱ͸ɺόωʹͶ͡ΓͷྗΛ༩
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Potential energy with rotational shift
Neutral
State0 < State1
State0 > State1

∆φ ∆ψ

ਤ 4.13: Ͷ͡ΓͷྗΛՃ͑ΒΕͨԁ౵ંͷඇରশͳϙςϯγϟϧΤωϧΪʔɻ੺ഁઢɿ͔ࠨΒӈʹ͚޲

ͯɺ࣌ܭճΓͷͶ͡ΓΛ༩͑ͨ৔߹ͷϙςϯγϟϧΤωϧΪʔɻ੨Ұ఺࠯ઢɿ͔ࠨΒӈʹ͚ͯ޲ɺ൓

ͷϙςϯγϟϧΤωϧΪʔޙճΓͷͶ͡ΓΛ༩͑ͨ৔߹ͷϙςϯγϟϧΤωϧΪʔɻ∆φ͸ભҠલܭ࣌

ͷࠩɻ∆ψ͸ભҠʹඞཁͳΤωϧΪʔɻ

͑ΔͨΊʹɺ఻ૹ࿏ͷ֎ଆʹόωΛઃஔͨ͠ɻόωͷҐஔ͸఻ૹ࿏ͷத৺͔Β 150ͱ͠ɺભҠޙͷঢ়ଶͷ֯౓Ͱό

ω͕఻ૹ࿏ͷத৺Λ௨Γɺࣗવ௕ͱͳΔΑ͏ʹ౥͢ࡌΔɻόωͷยଆ͸৴߸໘Ͱ͋Δ͕ɺ΋͏ยํͷ఻ૹํ޲ͷ

ఆҐஔ͸ݻ h1 = 80ͱͳΔҐஔͱ͢Δɻ͜ΕʹΑΓɺ఻ૹํ޲ͷಈ͖ʹର͢ΔରশੑΛҡ࣋ͨ͠··Ͷ͡Γͷྗ

ͷΈΛ༩͑ΔɻભҠલͷҾͬுΓͷํ޲͸ 40.89◦ͱͳΔɻ৴߸໘ʹରͯ࣌͠ܭճΓͷͶ͡ΓΛ༩͑Δ͜ͱͰɺਤ

4.5ͷ State 0 ͕ΑΓ҆ఆͱͳΔɻ͜Ε͸ɺState 0 ͱ State 1 Ͱ͸ State 0 ͷ৴߸໘ͷ΄͏͕࣌ܭճΓʹͶ͡Ε

ճΓͷͶ͡ΓΛ༩͑Δ͜ͱͰɺਤܭͷঢ়ଶͰ͋Δ͔ΒͰ͋Δɻಉ༷ʹɺ৴߸໘ʹରͯ͠൓࣌ޙͨ 4.5ͷ State 1 ͕

ΑΓ҆ఆͱͳΔɻ͜͜Ͱ༩͍͑ͯΔͶ͡Γͷྗ͸ҰఆͷͶ͡ΓͷྗͰ͋Γɺਤ 4.9f)ͷΑ͏ͳӔ͖רόωΛ༻͍ͨ

ྗͱ͸গ͠ҟͳΔ͕ɺ2ঢ়ଶͰ҆ఆͱͳΔϙςϯγϟϧΤωϧΪʔͷܗঢ়͕ଘ͢ࡏΔ͜ͱͱɺͦͷঢ়ଶͷؒͰϙς

ϯγϟϧΤωϧΪʔͷ͕ࠩੜ͡Δ͜ͱ͕ॏཁͰ͋Δɻ

఻ૹํ޲ͷྗΛՃ͑ͨ৔߹ʹ΋ɺਤ 4.14ͷΑ͏ʹͶ͡ΓͷྗΛՃ͑ͨ৔߹ʹ΋ϙςϯγϟϧΤωϧΪʔ͸΄ͱ

ΜͲಉ͡ܗঢ়ͱͳΔɻଞʹ΋৴߸໘ʹ࣭ྔ͕͋ΓɺॏྗΛड͚Δ͜ͱͰԼํ޲΁ͷ఻ૹΛՄೳͱ͢ΔΑ͏ͳඇର

শͳϙςϯγϟϧΤωϧΪʔ΋࣮ݱͰ͖Δɻ͜ͷ৔߹ʹ͸ԁ౵ંରͷϙςϯγϟϧΤωϧΪʔʹઢܗͳϙςϯγϟ

ϧΤωϧΪʔΛ଍͠߹Θͤͨܗঢ়ͱͳΔɻ·ͨ͜ΕΒͷόω΍ॏྗΛ଍͠߹ΘͤΔ͜ͱ΋ՄೳͰ͋ΔɻόωʹΑ

ΔϙςϯγϟϧΤωϧΪʔ͸ 2৐ͷ߲ʹͳΓɺॏྗʹΑΔϙςϯγϟϧΤωϧΪʔ͸ 1৐ͷ߲Ͱ͋ΔͨΊɺ͜ͷ 2

ཁૉΛ૊Έ߹ΘͤΔ͜ͱͰ೚ҙͷೋ࣍ؔ਺Ͱද͞ΕΔϙςϯγϟϧΤωϧΪʔΛ଍͠߹ΘͤΔ͜ͱ͕ՄೳͱͳΔɻ

͜͜ͰɺલͷϢχοτ͔Β∆ψҎ্ͷΤωϧΪʔΛಘΒΕΔͳΒ͹ɺԁ౵ંର͸ঢ়ଶΛભҠͰ͖Δɻͦͯ͠ঢ়ଶ

ͷભҠͷલޙʹ͸ϙςϯγϟϧΤωϧΪʔͷ͕ࠩ∆φ͚ͩ͋ΔɻભҠલޙͷϙςϯγϟϧΤωϧΪʔͷࠩ∆φ͕ɺ

ભҠʹඞཁͳΤωϧΪʔ∆ψΑΓେ͖͍ͳΒ͹ɺભҠલޙͷΤωϧΪʔͷࠩ∆φΛ༻͍ͯ࣍ͷભҠΛҾ͖͢͜ىɻ

∆φ < ∆ψͰ͋ΔͨΊɺ∆ψ −∆φ͚ͩͷຎࡲ౳ʹΑΔࢄҳΤωϧΪʔΛิ͠څͳ͕Β৴߸Λ఻ૹͰ͖Δɻ

ΑΓਖ਼֬ʹ͸ɺ∆φ < ∆ψͰ͋Δ͚ͩͰ͸࣍ͷભҠΛҾ͖͢͜ىͱ͸ݶΒͣɺϙςϯγϟϧΤωϧΪʔͷܗঢ়Λ

ΑΓਖ਼֬ʹٞ࿦͢Δඞཁ͕͋Δɻਤ 4.15ͷΑ͏ʹɺࠨӈͷԁ౵ંͷϙςϯγϟϧΤωϧΪʔΛ P1(x)ͱ P2(x) ͱ

͠ɺόωͷมҐΛ xͱͨ͠৔߹ɺఀ଺͠ͳ͍৚݅Λ͑ߟΔඞཁ͕͋Δɻ৴߸໘ͷ࣭ྔ΍৴߸໘ͷۭؾ఍߅ͳͲΛ
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ਤ 4.14: (a)όωΛ౥͢ࡌΔલͷԁ౵ંରͷϙςϯγϟϧΤωϧΪʔɻ(b)఻ૹํ޲ʹόωΛ౥ͨ͠ࡌ

৔߹ʢ੺ഁઢʣͱͶ͡Γͷํ޲ʹόωΛ౥ͨ͠ࡌ৔߹ʢ੨Ұ఺࠯ઢʣͷϙςϯγϟϧΤωϧΪʔͷൺ

ֱɻ∆φ͸ભҠલޙͷϙςϯγϟϧΤωϧΪʔͷࠩɻ∆ψ͸ભҠʹඞཁͳΤωϧΪʔɻ

x1 x2

ｰkx

∂P1

∂x1

∂P2

∂x2

ｰkx

ｰ ｰ

ਤ 4.15: Ͷ͡ΕΛՃ͑ͨԁ౵ંͷϙςϯγϟϧΤωϧΪʔʢ੨ઢʣͱɺ৴߸໘ʢփ৭ԁɺ•ʣʹֻ͔Δ
ྗʢ໼ҹʣɻճ࿏ਤͰ࢖ΘΕ͍ͯͨ఍ث߅ͷه߸ͷΑ͏ͳόω͸ɺ৴߸໘ಉ࢜ͷ઀ଓΛ͏ߦόωͰ͋Δɻ

ϙςϯγϟϧΤωϧΪʔ͔Β͸ʢ઀ઢͷʣ͖܏ʹΑΔྗΛड͚Δɻόωͷ྆୺ʹߴ௿͕ࠩੜ·Ε͍ͯ

Δ͕ɺ͜Ε͸ͦΕͧΕͷ৴߸໘ͷϙςϯγϟϧΤωϧΪʔͷߴ௿ࠩͰ͋ΔͨΊɺόωʹΑΔྗ͸ࠨӈ

ͷڑ཭ͷΈͰܾఆ͢Δɻ

ແ͠ࢹɺੑ׳Λ༻͍ͳ͍৔߹ʹ͸ɺ− ∂

∂x
P1 =

∂

∂x
P2ͷ௼Γ߹͍͕ੜ͡ΔͱόωͰ઀ଓ͞Ε࣭ͨ఺ͷฏۉ଎౓͸ม

Խ͠ͳ͍ɻ·ͨͦΕͧΕͷ࣭఺͸
∂

∂x
P1 + kx = 0ͱ

∂

∂x
P2 − kx = 0Ͱఀ͢ࢭΔɻͦͷͨΊɺ

∂

∂x
P1 +

∂

∂x
P2 = 0 (4.5)

∂

∂x
P1 + kx = 0 (4.6)

∂

∂x
P2 − kx = 0 (4.7)

ͷ 3͕ࣜ௼Γ߹͏ɺ

− ∂

∂x
P1 =

∂

∂x
P2 = kx (4.8)

ਰ఻ૹ࿏ݮ༩͠໨తͱ͢Δෆدʹͷඞཁ৚݅Ͱ͋Δɻ͜ͷ͕ࣜ੒ཱ͠ͳ͍৔߹ͦͷྗͷ࿨͕৴߸໘ͷಈ͖ࢭఀ͕

ΛߏஙͰ͖Δɻఀ͠ࢭͳ͍Α͏ͳϙςϯγϟϧΤωϧΪʔͱ͹Ͷఆ਺Λબఆ͢Δ͔ɺे෼ͳੑ׳Λ࣋ͨͤΔ͜ͱͰ

͜ͷ໰୊ΛղܾͰ͖Δɻ·ͨ࿦ཧήʔτͷߏஙͰ͸ೖྗͷ૊Έ߹ΘͤʹΑͬͯಈ࡞Λ੾Γସ͑ΔϙςϯγϟϧΤ

ωϧΪʔͱ͹Ͷఆ਺Λબఆ͢Δඞཁ͕͋Δɻ࣮ࡍͷ৴߸໘ʹ͸࣭ྔ͕ଘ͢ࡏΔͨΊɺޙड़͢ΔγϛϡϨʔγϣϯ

Ͱ΋࣭ྔΛ࣋ͭ৴߸໘Ͱ࣮૷ͨ͠ɻ

͜ͷΑ͏ͳϢχοτΛ࣍ʑͱ઀ଓ͢Δ͜ͱͰɺਤ 4.16ͷΑ͏ͳ఻ૹ࿏͕ߏஙͰ͖Δɻ઀ଓ͞ΕͨόωʹΑͬͯ

ԁ౵ંରͷભҠ͸࣍ʢӈʣͷԁ౵ંରͷભҠΛҾ͖͜͠ىɺ࿈࠯తʹঢ়ଶ͕ભҠ͢Δ͜ͱͰ൒Ӭٱతʹ৴߸Λ఻
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ૹͰ͖Δɻਤ 4.16ͷΑ͏ʹ৴߸͕͔ࠨΒӈ΁ͱ఻ૹ͞ΕΔ༷ࢠΛ͑ߟΔɻ੨৭Ͱࣔ͞ΕͨભҠޙͷԁ౵ંରͷ৴

F3 F3F2 F2

Propagation of mechanical signal

ਤ 4.16: ԁ౵ંରΛ௚઀ʹ઀ଓͨ͠఻ૹ࿏ɻ੨৭͸ભҠޙͷԁ౵ંϢχοτɻࢵ৭͸ભҠதͷԁ౵ંϢ

χοτɻ੺৭͸ભҠલͷԁ౵ંϢχοτɻ͔ࠨΒॱʹ৴߸͕఻ૹ͞Ε͍ͯ͘ɻ

߸໘͸ɺӈͷભҠલͷԁ౵ંରͷ৴߸໘ΛόωΛհͯ͠ԡ͢ɻ੺৭Ͱࣔ͞ΕͨભҠલͷঢ়ଶ͸ɺભҠޙͷঢ়ଶ΁͸

Ҡಈ͠΍͍͢ঢ়ଶͰ͋Δɻ͔ࠨΒॱʹભҠ͕ߦΘΕΔͱɺ੨৭Ͱࣔ͞ΕͨભҠޙͷঢ়ଶ͸ભҠલͷঢ়ଶ΁ͱ໭Γ

ʹ͍͘ϙςϯγϟϧΧʔϒΛ࣋ͭͨΊɺੑ׳Λඞཁͱ͢Δ͜ͱ΋ͳ࣍͘ͷભҠΛҾ͖͢͜ىɻҎ্ͷϝΧχζϜʹ

Αͬͯɺෆݮਰ఻ૹ࿏Λ࣮ͨ͠ݱɻ

4.3.2 ఻ૹํ޲ͷ੾Γସ͑

͔͜͜Βɺෆݮਰ఻ૹ࿏ͷ఻ૹํ޲ʹ͍ͭͯड़΂Δɻԁ౵ંର͸ରশతͳߏ଄Ͱ͋Γɺ֎ଆʹ෇ਵ͢Δόωʹ

ΑͬͯඇରশͳϙςϯγϟϧΤωϧΪʔΛ࣮͍ͨͯ͠ݱɻͦͷͨΊɺ֎ଆͷ෇ਵ͢Δόωͷ͖͑͞޲੾Γସ͑Δ͜

ͱ͕Ͱ͖Ε͹ɺ఻ૹͷํ޲Λ൓సͰ͖Δɻྫ͑͹ɺͶ͡Γͷྗʹ͓͍ͯϞʔϝϯτͷ͖޲Λٯసͤ͞Δͱਤ 4.13

ͷ੺ઢͱ੨ઢ͕੾ΓସΘΓɺState0͕ΑΓ҆ఆͰ͋Δঢ়ଶʢਤ 4.5தͷ੺ഁઢʣͱ State1͕ΑΓ҆ఆͰ͋Δঢ়ଶ

ʢਤ 4.5தͷ੨Ұ఺࠯ઢʣ͕੾ΓସΘΔɻͦͷͨΊɺϞʔϝϯτͷ͖޲ͷٯసʹΑΓ૒ํ޲ͷ࠶ར༻Մೳͳ௨৴࿏

ΛߏஙͰ͖Δɻ

ͦͷΑ͏ͳϞʔϝϯτΛੜͤ͡͞Δ֎෦ߏػΛ੍ޚ౵ͱݺͿͱɺਤ 4.17ͷΑ͏ʹ੍ޚ౵Λճసͤ͞Δ͜ͱͰɺ

શͯͷ৴߸໘ʹ͔͔ΔϞʔϝϯτΛ੾Γସ͑Δ͜ͱ͕ՄೳͰ͋Δɻਤ 4.17Ͱ੨৭ʹࣔ͢Α͏ʹ੍ޚ౵Λࠨଆʹճ

Backward For
ward

ਤ 4.17: ޚ৴߸໘Λɺͦͷ֎ͷԁ੍͕͕ܗɻ࿡֯ޚ౵ͷճసʹΑΔϙςϯγϟϧΤωϧΪʔͷ੍ޚ੍

౵Λࣔ͢ɻ੨৭ʹࣔ͢Α͏ʹ੍ޚ౵Λࠨଆʹճస͢Δ͜ͱͰԁ౵ંΛࠨଆʹճసͤ͞Δྗ͕ಇ͘ɻ੺

৭ʹࣔ͢Α͏ʹ੍ޚ౵Λӈଆʹճస͢Δ͜ͱͰԁ౵ંΛӈଆʹճసͤ͞Δྗ͕ಇ͘ɻ

స͢Δ͜ͱͰԁ౵ંΛࠨଆʹճసͤ͞Δྗ͕ಇ͘ɻਤ 4.17Ͱ੺৭ʹࣔ͢Α͏ʹ੍ޚ౵Λӈଆʹճస͢Δ͜ͱͰԁ

౵ંΛӈଆʹճసͤ͞Δྗ͕ಇ͘ɻͦͯ͜͠ͷ౵͸શͯͷԁ౵ંͷ৴߸໘ʹಉ࣌ʹྗΛ༩͑Δ͜ͱ͕Ͱ͖ΔͨΊɺ

఻ૹํ޲ͷ੾Γସ͑ͷख͕ؒগͳ͘͢Ήɻ

౵Λճసͤ͞ΔͨΊʹ͸શͯͷϢχοτʹؚ·ΕΔ৴߸໘ͷϙςϯγϟϧΤωϧΪʔΛҾ্͖͛ΔΤωϧޚ੍

Ϊʔ͕ඞཁͰ͋Γɺ௕͍఻ૹ࿏ʹରͯ͠͸େ͖ͳΤωϧΪʔ͕ඞཁͱͳΔɻͨͩ͠ɺैདྷͷෆݮਰ఻ૹ࿏͸ͦΕͧ
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ΕͷϢχοτΛ࠶ར༻͢Δࡍʹ͸ɺ৴߸໘ͷϙςϯγϟϧΤωϧΪʔΛҾ্͖͛Δ͚ͩͰͳ͘ɺ৴߸໘ΛݩͷҐஔ

ʹ໭͢Α͏ͳૢ࡞΋ඞཁͰ͋ͬͨɻຊ࿦จͰ঺հ͢Δ੍ޚ౵͸ɺ఻ૹ࿏ͷঢ়ଶΛม͑ΔͷͰ͸ͳ͘ɺϙςϯγϟϧ

ΤωϧΪʔͷܗঢ়Λม͑Δख๏Ͱ͋ΔͨΊɺ࿈ଓ͔ͭ୯ௐͳྗͰ͑ߦΔɻΤωϧΪʔΛඞཁͱ͢Δ෺ͷ৴߸໘ͷ

ҐஔΛมԽͤ͞Δඞཁ͸ͳ͘ɺ·ͨόωͰͷΈ઀ଓ͞Ε͍ͯΔ఺Ͱطଘͷख๏ͱ͸ҟͳΔͨΊɺ͜ͷੑೳΛಘͨɻ

Έͷ఻ૹ࿏ࡁར༻ͷͨΊʹ΋༗༻Ͱ͋Δɻ఻ૹ࠶Λ੾Γସ͑ΔͨΊ͚ͩͰͳ͘ɺ޲౵ͷճస͸ɺ఻ૹํޚ੍ͨ·

ͷ఻ૹํ޲Λม͢ߋΔͱɺState0ͱ State1ͷҙຯ͕มΘΓɺ఻ૹޙͷҐஔͰ͋ͬͨ৔ॴ͕఻ૹલͷҐஔͱͳΔɻ

ͦͷͨΊɺಉ͡ํ޲ʹෳ਺ճૹΓ͍ͨ৔߹ʹ͸ɺҰ౓఻ૹͨ͠ޙʹ఻ૹํ޲Λม͠ߋɺҰ౓৴߸ΛૹΓฦ͢͜ͱ

Ͱ৴߸໘ͷҐஔ͕ݩͷҐஔʹ໭Δ٭஫ 13ɻ੍ͦͯ͠ޚ౵ͷճసʹΑΓɺ఻ૹલͷঢ়ଶ΁ͱ໭Δɻ͜͜ͰɺҰ౓৴߸

ΛૹΓฦ͢ߦҝ΍λΠϛϯά͸ಛʹҙຯ͕ͳͯ͘Α͍͕ɺ৴߸͕ૹΓฦ͞ΕΔ͜ͱʹΑͬͯʮ఻ૹલͷঢ়ଶͰ͋

Δʯͭ·Γʮ࠶౓఻ૹՄೳͰ͋Δʯͱ͍͏৘ใΛ఻ૹ͍ͯ͠Δࣄʹ΋ͳΔɻ

౓஝͑Δ͚ͩͷΤωϧΪʔ͕ඞཁͰ͋Δ͕ɺΤωϧΪʔอଘͷ๏ଇΑΓආ͚ΒΕͳ͍࠶ҳͨ͠ΤωϧΪʔΛࢄ

໰୊Ͱ͋Δ٭஫ 14ɻຊখઅͰड़΂ͨ಺༰͸఻ૹํ޲ʹόωͷྗΛ༩͑Δख๏Ͱ΋ಉ༷ʹ͑ߦɺͶ͡Εͷྗͱಉ༷ʹ

όωͷҐஔΛ৴߸໘ʹରͯ͠ରশతͳ৔ॴʹҠಈ͢Ε͹ྑ͍ɻͦͷͨΊɺ఻ૹ࿏ͷ఻ૹ͍ͨ͠ํ޲΁ͱ੍ޚ౵Λ

Ҡಈͤ͞Δ͜ͱͰ఻ૹํ޲Λ੾Γସ͑Δ͜ͱ͕Ͱ͖Δɻ৴߸໘ʹಇ͘ॏྗΛ༻͍Δख๏Ͱ͸ɺঢ়ଶͷ͖޲Λ൓స

͢Δ͜ͱͰ࠶ར༻͕ՄೳͱͳΔɻ

·ͨෆੑൃشϝϞϦ [116]ͱಉ༷ʹɺͶ͡Γͷ͕͖޲ҟͳΔԁ౵ંΛ઀ଓ͢Ε͹ɺΑΓେ͖ͳભҠྗΛ਎ʹ͚ͭ

ΒΕΔ͚ͩͰͳ͘ɺยํͷ఻ૹ࿏୺ΛͶ͡Γଓ͚Δ͜ͱͰ఻ૹ࿏ͷॳظԽ͕ՄೳͰ͋ΔɻͦΕͧΕͷϢχοτͷ௕

͞Λݻఆ͠ͳ͚Ε͹͍͚ͳ͍ੑ࣭ͱɺϢχοτ಺ͷͶ͡Γ͕ҰఆͰ͸ͳ͍͜ͱ͔ΒΑΓෳࡶͳߏػʹͳͬͯ͠·

͏͕ɺ͜ͷΑ͏ʹ఻ૹ࿏୺͔ΒͷॳظԽ͸ՄೳͰ͋Δɻ͜͜·ͰͷઃܭʹΑΓɺʮίϯύΫτʹ༌ૹՄೳͳෆݮਰ

఻ૹ࿏ʯͱʮ૒ํ޲௨৴Մೳͳෆݮਰ఻ૹ࿏ʯͱʮ࠶ར༻Մೳͳෆݮਰ఻ૹ࿏ʯ͕࣮͢ݱΔɻ࣍ʹɺ࠶ར༻Մೳ

ͳෆݮਰ఻ૹ࿏ɾ࿦ཧήʔτΛઆ໌͢Δɻ

஫٭ ͷҐஔʹे෼͍ۙɻݩ໭Δͱ͍͏ҙຯͰɺʹݩ౵ͷճసʹΑΓ৴߸໘ͷҐஔ͕ޚঢ়͕ҟͳΔ͕ɺ੍ܗ͸ϙςϯγϟϧΤωϧΪʔͷʹີݫ13
஫٭ 14͜ͷ੍ޚ౵ͷճస͸શͯͷ৴߸໘΁ͷϞʔϝϯτΛ੍͠ޚͳ͚Ε͹͍͚ͳ͍ͨΊɺ੍ޚ౵ࣗମΛ௨৴ʹ͜͏࢖ͱͰ఻ૹ࿏ͱ͢Δ͜ͱ΋Մ
ೳͰ͋Δ͕ɺޙड़͢ΔిݯΛඞཁͱ͠ͳ͍଴ػͱ͍͏ΞϓϦέʔγϣϯͰ͸͜ͷੑ࣭͸༗༻Ͱ͋Δɻ
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4.3.3 ԁ౵ં఻ૹ࿏ͷμΠΦʔυɾ࿦ཧճ࿏

ຊষͰ͸ɺԁ౵ં఻ૹ࿏ʹ͓͚ΔμΠΦʔυͱ࿦ཧճ࿏Λઆ໌͢Δɻجຊతͳํ͑ߟ͸จݙ [107]ͱಉ͡Ͱ͋Δɻ

ԁ౵ં఻ૹ࿏ͷμΠΦʔυ

·ͣɺԁ౵ંͷ఻ૹ࿏ͷ৴߸໘Λ઀ଓ͢Δόωͷ͹Ͷఆ਺Λม͢ߋΔ͜ͱͰɺจݙ [107]ͱಉ͘͡ɺ͹Ͷఆ਺ͷ

௿͍ԁ౵ં఻ૹ࿏͔Β͹Ͷఆ਺ͷ͍ߴԁ౵ં఻ૹ࿏΁ͱ৴߸͸఻ૹ͞Εͳ͍͕ɺ͹Ͷఆ਺ͷ͍ߴԁ౵ં఻ૹ࿏͔

Β͹Ͷఆ਺ͷ௿͍ԁ౵ં఻ૹ࿏΁͸৴߸͕఻ૹ͞ΕΔμΠΦʔυతͳยํ޲΁ͷ੍͕ݶՄೳͰ͋Δɻ

·ͨͦͷΑ͏ͳख๏ͱ͸ผʹɺԁ౵ંͷંΓઢύλʔϯΛม͢ߋΔ͜ͱͰભҠʹඞཁͳྗΛม͑ΒΕΔɻͦͷ

ͨΊɺԁ౵ંͷંΓઢύλʔϯͷ֯౓Λม͑ͯϙςϯγϟϧΤωϧΪʔΛௐ੔͠ɺnஈ໨ͷΤωϧΪʔࠩ∆φnͱ

n+1ஈ໨ͷભҠʹඞཁͳΤωϧΪʔ∆ψn+1Λ∆φn < ∆ψn+1ͱ͢Δ͜ͱͰ߱ॱʹͷΈભҠ͕఻ΘΓɺμΠΦʔυ

ͱͯ͠͸ͨΒ͘ɻਤ 4.18ͷΑ͏ͳϙςϯγϟϧΤωϧΪʔΛ༻ҙ͢Δ͜ͱͰɺ͔ࠨΒӈ΁ͷભҠ͕ෆՄೳʹͳΔɻ

∆φn ∆ψn+1

ਤ 4.18: ԁ౵ંͷંΓઢύλʔϯΛม͢ߋΔ͜ͱʹΑΔ఻ૹ࿏ͷμΠΦʔυͷུ֓ਤɻ͔ࠨΒӈʹ͸

఻ૹ͠ͳ͍͕ӈ͔Βࠨʹ͸఻ૹ͢Δɻ

ҰൠతʹμΠΦʔυͷૉࢠ͸ৗʹμΠΦʔυͷૉࢠͱͯ͠ػೳ͢ΔͨΊɺҰൠతͳճ࿏ͱͯ͠͸ਃ͠෼ͳ͍μ

ΠΦʔυͱͯ͠ಇ͘ɻ͔͠͠ɺ͜͜Ͱ͸Ͷ͡Γͷྗ͕͔͔͍ͬͯΔͨΊɺྫ͑͹Ͷ͡ΓͷྗʹΑͬͯμΠΦʔυ

ͷૉࢠͱͯ͠ػೳ͢Δ͔ΛมԽͤ͞ΒΕΕ͹ɺΑΓػߴೳͳ఻ૹ࿏ͱͯ͠ৼΔ෣͑Δɻͦͯ͠ɺ∆ψn+1ͷ͞ߴ͸

Ͷ͡ΓͷྗʹΑͬͯௐ੔ՄೳͰ͋ΔɻͦͷͨΊɺͦͷ৴߸໘΁ͷϞʔϝϯτΛௐ੔͢Δ͚ͩͰɺμΠΦʔυͱ͠

ೳ͢Δ͔Λ੾Γସ͑Δ͜ͱ΋ՄೳͰ͋Δɻ΋ͪΖΜ఻ૹ࿏શͯʹର͢ΔͶ͡ΓͷྗΛมԽͤͨ͞৔߹ʹμΠػͯ

Φʔυͱͯ͠ػೳ͢ΔόωͰ΋ྑ͍ɻ

ԁ౵ં఻ૹ࿏ͷ࿦ཧճ࿏

ຊઅͰ͸ɺԁ౵ં఻ૹ࿏Ͱͷ࿦ཧήʔτΛઆ໌͢Δɻ࿦ཧήʔτΛ͑ߟΔࡍʹ͸ɺجຊతʹ͢΂ͯͷ૊Έ߹Θ

ͤΛ࣮૷͢Δ͜ͱɺ΋͘͠͸࿦ཧͷ׬શੑ٭஫ 15Λ࣋ͭ૊Έ߹ΘͤΛ࣮૷͢Δ͜ͱ͕ૅجͱͳΔɻ͔͠͠ɺͦͷΑ

͏ͳ࿦ཧͷ׬શੑΛ࣮૷͢Δͷ͸ɺ͜ͷΑ͏ͳෆݮਰ఻ૹ࿏ʹ͓͍ͯ͸ຊ࣭తʹෆՄೳͰ͋Δɻෆݮਰ఻ૹ͸ͦ

ͷ஄ੑΤωϧΪʔͷඇରশੑʹΑΓɺ0 → 1ए͘͠͸ 1 → 0ͷભҠͷΈΛ͢࡯؍Δ఻ૹ࿏ͱͳΔɻͦͷͨΊɺย

ํͷ৘ใ͔͠఻ૹͰ͖ͣɺNOTήʔτ͸ຊ࣭తʹෆՄೳͰ͋Δɻͦ͜Ͱɺຊ࿦จͰ͸ ANDήʔτͱ ORήʔτ

ͷ࣮૷Λ঺հ͢Δɻ

ෆݮਰ఻ૹͷӡಈΛճసӡಈͱ͠ɺ2্࣍ݩʹฒ΂ͯ֯౓Λ఻ୡ͢ΔϞσϧ [111]Λߟࢀʹ͠ɺ৴߸໘ͷͶ͡Γ

֯౓ʹΑͬͯ఻೻ͤ͞ΔϞσϧΛߟҊͨ͠ɻ͜ΕʹΑΓɺ࿦ཧ࿨ήʔτͷಈ࡞ʹΑΔഁյ [107]Λੜͤͣ͡͞ɺ͋

͘·Ͱ఻ૹͷҰஈ֊ͱͯ͠࿦ཧήʔτΛಈͤ͞࡞Δɻ

۩ମతʹ͸ɺਤ 4.19ͷΑ͏ʹ͹Ͷఆ਺ klogicͷόωͰ৴߸໘Λ઀ଓͯ͠࿦ཧճ࿏Λߏங͢Δ͜ͱͰɺANDήʔ

τ΋͘͠͸ ORήʔτ͕࣮ݱͰ͖Δɻklogic ͷόωͷϞʔϝϯτʹΑΔྗΛ τk ͱ͢Δͱɺτk < ∆ψ < 2τk ͳΒ͹

྆ํͷόω͕Ҿ͖৳͹͞Εͨ৔߹ʹͷΈग़ྗ఻ૹ࿏ʹ৴߸͕఻ૹ͞ΕΔ ANDճ࿏ͱͳΔɻ

ຊख๏͸∆ψͱ τk ͷௐઅʹΑΓଟೖྗճ࿏ʹ΋༰қʹ֦ுՄೳͰ͋Δɻ3ೖྗͷANDճ࿏͸ 2τk < ∆ψ < 3τk

Ͱɺ3ೖྗͷORճ࿏͸∆ψ < τkߏஙͰ͖Δɻn = 4Ҏ্ͷೖྗʹରͯ͠΋ɺANDճ࿏͸ (n− 1)τk < ∆ψ < nτk

஫٭ 15ྫ͑͹ɺNANDήʔτͷΈͰ࿦ཧͷ׬શੑ͕อͨΕΔ͕ɺ͜Ε͸ NANDήʔτͷΈͰ 2ೖྗʹର͢Δ 16௨Γͷग़ྗΛ࣮૷Ͱ͖Δͱ͍
͏ੑ࣭Λද͢ݱΔɻ
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0 to 1 0 to 1AND / OR

klogic
klogic

in1 in2out

ਤ 4.19: ԁ౵ં఻ૹ࿏Ͱͷ࿦ཧճ࿏ͷߏஙྫɻ࿦ཧճ࿏͸ɺτk < ∆ψ < 2τk Ͱ ANDɺ∆ψ < τk ͰOR

ճ࿏ͱͳΔɻ

ͰɺORճ࿏͸∆ψ < τk ஙͰ͖ΔɻͦΕ͚ͩͰͳ͘ɺmೖྗͷ͏ͪߏ nҎ্ͷೖྗ͕͋ͬͨ৔߹ʹ৴߸Λ఻ૹ͢

Δ࿦ཧ͸ (n− 1)τk < ∆ψ < nτk ͰߏஙͰ͖Δɻ͞ΒʹɺͦΕͧΕҟͳΔ͹Ͷఆ਺ͷ klogic ͱ͠ɺԁ౵ં఻ૹ࿏ 3

ຊ͔ΒͦΕͧΕ τk1ɺτk2ɺτk3 ͷྗΛड͚Δͱ͠ɺ

τk2 < ∆ψ (4.9)

τk3 < ∆ψ (4.10)

∆ψ < τk1 = τk2 + τk3 (4.11)

ͱ͢Ε͹ɺ఻ૹ࿏ 1 +఻ૹ࿏ 2 ·఻ૹ࿏ 3Λ৚݅ͱ͢Δ࿦ཧճ࿏΋ՄೳͰ͋Δ٭஫ 16ɻ

্ड़ͨ͠ͱ͓Γɺෆݮਰ఻ૹ࿏͸ 0 → 1ए͘͠͸ 1 → 0ͷભҠͷΈΛ͢࡯؍Δ఻ૹ࿏ͱͳΔɻͦͷͨΊ NOT

ճ࿏͸࣮૷Ͱ͖ͳ͍͕ɺ఻ૹ࿏ͷ 0ͱ 1ͷҐஔؔ܎Λٯసͤ͞Δ͜ͱͰڍͨࣅಈΛ࣮ݱͰ͖Δɻྫ͑͹ɺࠓ·Ͱ

આ໌ͨ͠఻ૹ࿏͸ࠨʹ৴߸໘͕͋Δঢ়ଶΛ 0ʢ৴߸ͳ͠ʣɺӈʹ৴߸໘͕͋Δঢ়ଶΛ 1ͱͯ͠఻ૹ͠ɺ࿦ཧճ࿏΋

ங͍ͯͨ͠ɻͦͯ͠࿦ཧճ࿏Ͱ͸ɺ৴߸໘ͷͶ͡Ε֯౓Λ༻͍࣮ͯ૷͞Ε͍ͯΔɻߏ

ྫ͑͹ೖྗͷยํͷ఻ૹ࿏ͷઃܭΛม͠ߋɺͶ͡Εͷ͖޲Λٯʹͯ͠఻ૹ࿏ͱͯ͠ਤ 4.20ͷΑ͏ʹ࣮૷͢Δɻ

ਤ 4.20͸ɺ΄ͱΜͲਤ 4.19Ͱ͋Δ͕ɺ࿦ཧήʔτͷೖྗͷยํͰ͋Δ in2ͷͶ͡Εͷٯ͕͖޲స͍ͯ͠Δɻ͜͜

0 to 1 0 to 1AND 

klogic
klogic

in1 in2out

ਤ 4.20: NOTΛؚΉ࿦ཧճ࿏ͷߏஙྫɻANDήʔτͷ࣮૷Ͱ͋ΔͨΊɺτk < ∆ψ < 2τk ͱͳΔΑ͏

ʹઃ͢ܭΔɻยํͷೖྗͰ͋Δ in1͸ɺભҠ͢Δ͜ͱͰग़ྗͷԁ౵ંʹྗΛՃ͑Δ͕ɺ΋͏ยํͷೖྗ

Ͱ͋Δ in2͸ભҠ͢Δ͜ͱͰग़ྗͷԁ౵ંʹྗΛՃ͑ͳ͘ͳΔɻ

Ͱɺԁ౵ં఻ૹ࿏ in2͸ԁ౵ં఻ૹ࿏ in1ΑΓઌʹೖྗ͞ΕΔ੍໿Λ༩͑Δɻ͜͜Ͱԁ౵ં఻ૹ࿏ in2ʹ৴߸͕఻

ૹ͞Εͳ͍··ԁ౵ં఻ૹ࿏ in1ʹ৴߸͕఻ૹ͞ΕΔͱɺ∆ψ < 2τk ΑΓԁ౵ં఻ૹ࿏ out͸৴߸Λ఻ૹ͢ΔɻҰ

ํɺԁ౵ં఻ૹ࿏ in2ʹ৴߸͕఻ૹ͞ΕΔͱɺin2͔Β༩͑ΒΕΔྗ τk ͕ফ͑ΔɻͦͷͨΊɺͦͷޙԁ౵ં఻ૹ

࿏ in1ʹ৴߸͕఻ૹͯ͠΋ԁ౵ં఻ૹ࿏ outʹ͔͔Δྗ͸ τk Ͱ͋Γɺτk < ∆ψΑΓԁ౵ં఻ૹ࿏ out͸৴߸Λ఻

ૹ͠ͳ͍ɻ

Ҏ্ͷΑ͏ʹͶ͡Εͷ͖޲Λٯసͨ͠ԁ౵ં఻ૹ࿏Λೖྗͱ͢Δ࿦ཧήʔτ͸ɺͦͷೖྗΛ൓సͨ͠΋ͷͱղ

ऍͯ͠ग़ྗ͢ΔήʔτͱͳΔɻೖྗΛ൓సͨ͠෺ͱͯ͠ղऍ͢Δԁ౵ં఻ૹ࿏ͷঢ়ଶ͕ઌʹมԽ͍ͯ͠Δͱ͍͏

ೖྗͷλΠϛϯάͷ੍໿͕ଘ͢ࡏΔ͕ɺԁ౵ં఻ૹ࿏ͷ఻ૹ࣌ؒ͸௕͞΍৴߸໘Λ઀ଓ͢Δόωͷ͹Ͷఆ਺ʹΑͬ

ͯมԽͤ͞ΒΕΔͨΊɺೖྗͷλΠϛϯάΛ੍͢ޚΔ͜ͱ͸ՄೳͰ͋Δɻ

஫٭ 16͜ͷख๏ͷΈͰͲͷఔ౓ෳࡶͳ࿦ཧճ࿏͕Ͱ͖Δ͔͸චऀ͸஌Βͳ͍͕ɺຊ݁Ռͷओཁ෦෼Ͱ͸ͳ͍ͨΊผจݙʹৡΔ
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4.4 γϛϡϨʔγϣϯ

ຊষͰ͸ɺઃͨ͠ܭԁ౵ં఻ૹ࿏ͷ෺ཧγϛϡϨʔγϣϯΛ͏ߦɻγϛϡϨʔγϣϯΛ͏ߦԁ౵ં఻ૹ࿏͸ɺϚ

εόωμϯύܥͰ͋Δͱ͠ɺϚε͕৴߸໘ͷ࣭ྔ٭஫ 17Λɺόω͕ͦͷ৴߸໘Λ઀ଓ͢Δόωͱඇରশͳϙςϯγϟ

ϧΤωϧΪʔΛ࣮͢ݱΔͨΊͷόωΛɺμϯύ͕ࢄҳ͢ΔΤωϧΪʔΛද͢ཁૉͱͨ͠ɻ֎෦ʹόωΛ࣋ͨͳ͍ݮ

ਰ͢Δԁ౵ં఻ૹ࿏ʢ֎෦όωͳ͠ɺnormalʣɾ఻ૹํ޲ʹҾͬுΔόωΛ౥ͨ͠ࡌԁ౵ંෆݮਰ఻ૹ࿏ʢ఻ૹํ޲

όω͋ΓɺaxialʣɾͶ͡Εํ޲ʹҾͬுΔόωΛ౥ͨ͠ࡌԁ౵ંෆݮਰ఻ૹ࿏ʢͶ͡Εํ޲όω͋Γɺrotationalʣ

ͷ 3ख๏ΛγϛϡϨʔτ͠ɺͦΕͧΕͷ఻ૹ࿏ʹ͓͚Δ৴߸໘ͷҐஔΛͨ͠ࢉܭɻ

৴߸໘ͷ࣭ྔΛ ஫٭0.5 18ͱ͠ɺ৴߸໘Λ઀ଓ͢Δόω͸͹Ͷఆ਺͕ ஫٭0.05 19Ͱ͋Δɻࢄҳ͢ΔΤωϧΪʔ͸ 1

୯Ґ࣌ؒ٭஫ 20ʹ 40%ͱ͠ɺ͕࣌ؒ 1୯Ґ࣌ؒܦա͢Δ౓ʹ ৚݅ͰͷγϛϡϨʔγϣϯ͍͠ݫΒͳ͍࢒60%͔͠

ͱͨ͠ɻεςοϓ࣌ؒ͸ 0.01Ͱ͋ΓɺࢄҳޙͷΤωϧΪʔ͸֤εςοϓͰ 0.60.01Ͱ͋Δɻఈลͷ௕͕͞ 100Ͱ͋

Δԁ౵ંΛ ૊Έ߹Θͤͨԁ౵ંର͸௕͞ݸ2 160Ͱݻఆ͞ΕɺϙςϯγϟϧΤωϧΪʔ͸τϥεϞσϧΛ༻͍ͯ

ͨ͠ࢉܭ [118]ɻͦͯ͠ϙςϯγϟϧΤωϧΪʔʹΑΔྗ͸ϙςϯγϟϧΤωϧΪʔͷඍ෼͔ΒٻΊͨɻ

ਤ 4.21ʹɺ3छྨͷԁ౵ં఻ૹ࿏ͷγϛϡϨʔγϣϯ݁ՌΛࣔ͢ɻ10Ϣχοτͷ఻ૹ࿏Ͱ࣮ݧΛͨ͠ɻ

1st     2nd    3rd    4th     5th     6th     7th     8th     9th    10th unit

(a) normal

(b) axial

(c) rotatiolnal

ਤ 4.21: ԁ౵ં఻ૹ࿏ͷγϛϡϨʔγϣϯͷ݁Ռʢ৴߸໘ͷҐஔʣɻ(a)֎෦όωͳ͠఻ૹ࿏ͷ৴߸໘

ͷҐஔɻ(b)఻ૹํ޲όω͋Γ఻ૹ࿏ͷ৴߸໘ͷҐஔɻ(c)Ͷ͡Εํ޲όω͋Γ఻ૹ࿏ͷ৴߸໘ͷҐஔɻ

৴߸ͷ఻ૹ͸ 1൪໨ͷϢχοτͷ৴߸໘ͷҐஔͷΈΛ࣌ؒ 0.01ʹ͓͍ͯ State1ʹҠಈͤ͞Δ͜ͱͰ։࢝͞Ε

Δɻͦͷޙ͸ 1൪໨ͷϢχοτͷ৴߸໘Λݻఆͨ͠··ɺϚεόωμϯύܥͷڍಈΛ͢࡯؍ΔͷΈͰ͋Δɻ͜͜

ͰɺͦΕͧΕͷ఻ૹ࿏͸ϙςϯγϟϧΤωϧΪʔ͕ҟͳΔͨΊɺState0ͱ State1ͷҐஔ͕ҟͳΔɻͦΕͧΕͷ఻

ૹ࿏ͷ State0ͱ State1ͷҐஔΛද 4.1ʹࣔ͢ɻ఻ૹํ޲όω͋Γ఻ૹ࿏͸ີݫʹ State1ͷҐஔ͸֎෦όωͳ͠

ද 4.1: ͦΕͧΕͷ఻ૹ࿏ͷ State0ͱ State1ͷҐஔ

State0 State1

֎෦όωͳ͠఻ૹ࿏ 31 129

఻ૹํ޲όω͋Γ఻ૹ࿏ 41 129

Ͷ͡Εํ޲όω͋Γ఻ૹ࿏ 36 130

஫٭ 17γϛϡϨʔγϣϯ্ઃఆ͕ͨ͠ɺܰബͳߏػͷͨΊʹ͸খͯ͘͞͠ྑ͍ɻ
஫٭ 18ແ࣍ݩ
஫٭ 19ແ࣍ݩ
஫٭ 20ແ࣍ݩ



ୈ 4ষ ԁ౵ંʹ͓͚Δมܗͷػցత఻ൖ 58

఻ૹ࿏ͱ౳͍͕͠ɺͶ͡Εํ޲όω͋Γ఻ૹ࿏͸ State1ͷҐஔ͕ 1ͣΕ͍ͯΔɻ͜Ε͸όωํ޲఻ૹ࿏Ͱ͸ͦΕ

ͧΕͷԁ౵ંͷ҆ఆঢ়ଶ͔ΒͶ͡Ε֯ΛٻΊ͍ͯΔ͔ΒͰ͋ΓɺΑΓେ͖͘Ͷ͡Ζ͏ͱ͢Δ͔ΒͰ͋Δ٭஫ 21ɻ

࣌ؒ 0ʹ͓͍ͯ͸ɺi൪໨ͷϢχοτͷ৴߸໘͸ͦΕͧΕͷ State0Ͱ͋Δ i× 160 + {31, 41, 36}ʢͦΕͧΕ {
֎෦όωͳ͠఻ૹ࿏ɺ఻ૹํ޲όω͋Γ఻ૹ࿏ɺͶ͡Εํ޲όω͋Γ఻ૹ࿏ }ʣʹҐஔ͢Δɻ

֎෦όωͳ͠఻ૹ࿏͸ɺϢχοτ൪߸͕૿Ճ͢ΔʹͭΕͯ৴߸ͷ఻ૹ͕ݮਰͯ͠͠·͏ͨΊɺ్த·Ͱ͸৴߸໘

ͷӡಈ͕఻೻͍͕ͯ͘͠ɺ10൪໨ͷϢχοτͰ͸΄ͱΜͲ৴߸໘͸ಈ͍͍ͯͳ͍ɻҰํͰɺ఻ૹํ޲όω͋Γ఻ૹ

࿏ͱͶ͡Εํ޲όω͋Γ఻ૹ࿏Ͱ͸ 10൪໨ͷϢχοτ·Ͱ৴߸໘ͷӡಈ͕఻Θ͍ͬͯΔɻਤʹࣔͨ͠γϛϡϨʔ

γϣϯ݁Ռ͸ 10Ϣχοτ͚ͩΛ઀ଓͨ͠఻ૹ࿏Ͱ͋Δ͕ɺগͳ͘ͱ΋ 100ϢχοτΛ઀ଓͨ͠γϛϡϨʔγϣϯ

ʹ͓͍ͯ΋શͯͷϢχοτͷ৴߸໘͕ State1΁ͱભҠͨ͠ɻ

1൪໨ͷϢχοτʹೖྗͨ͠৴߸ͷ೾ܗ͸׬શͳεςοϓͰ͋Δ͕ͦͷܗ͸όω΍μϯύͷཁૉʹΑͬͯঃʑʹ

่ΕΔɻจݙ [117]Ͱ͸ѹॖํ޲ͷมҐΛೖྗͯ͠΋ԁ౵ં͕ҾͬுΒΕΔྗ΁ͱܗঢ়͕มԽ͕ͨ͠ɺຊߏ଄͸ऩ

ॖঢ়ଶ΁ͱมԽ͢ΔͨΊʹ༻͍͍ͯΔϙςϯγϟϧΤωϧΪʔͷྖҬ͕ҟͳΔͨΊͦͷΑ͏ͳมԽ͕ੜ͍ͯ͡ͳ

͍ɻෆݮਰ఻ૹ࿏Ͱ͸ɺ4൪໨ͷϢχοτ෇ۙͰ͸؇΍͔ͳೋ࣍஗ΕܥͷΑ͏ͳ೾ܗͱͳΓɺे෼௕͍఻ૹ࿏Ͱ͸

͜ͷܗঢ়Ͱ҆ఆͯ͠৴߸͕఻ૹ͞ΕΔɻͦͯ͠ޙ࠷ͷϢχοτͷ৴߸໘ʹ༳Γ໭͕͠ੜ͡ɺͦͷ৴߸͕఻ૹํ޲

ͱ͸޲ํٯʹ఻೻͍ͯ͠Δɻޙ࠷ͷϢχοτͷ৴߸ͷΦʔόʔγϡʔτΛ๷͛͹͜ͷݱ৅͸ফ͑ΔͩΖ͏ɻ

·ͨ৴߸ͷ఻ૹ͕࠷ॳͷϢχοτͷભҠͷ੎͍ʹΑΔ෺Ͱ͸ͳ͍͜ͱΛ֬ೝ͢ΔͨΊʹɺ1൪໨ͷϢχοτͷ৴

߸໘ΛΏͬ͘Γಈ͔͢͜ͱͰ৴߸ͷ఻ૹΛ։࢝ͤ͞Δ࣮ݧ΋͓͜ͳͬͨɻ͜ͷ࣮ݧͰ͸৴߸ͷ఻ૹ͸ 1൪໨ͷϢ

χοτͷ৴߸໘ͷҐஔͷΈΛ࣌ؒ 10·Ͱઢܗʹ State1ʹҠಈͤ͞Δ͜ͱͰ։࢝͢Δɻͦͷ։࢝ํ๏Ͱͷγϛϡ

Ϩʔγϣϯ݁ՌΛਤ 4.22ʹࣔ͢ɻ

1st     2nd    3rd    4th     5th     6th     7th     8th     9th    10th unit

(a) normal

(b) axial

(c) rotatiolnal

ਤ 4.22: ։࢝τϦΨ͕௿଎Ͱ͋Δԁ౵ં఻ૹ࿏ͷγϛϡϨʔγϣϯͷ݁Ռʢ৴߸໘ͷҐஔʣɻ(a)֎෦

όωͳ͠఻ૹ࿏ͷ৴߸໘ͷҐஔɻ(b)఻ૹํ޲όω͋Γ఻ૹ࿏ͷ৴߸໘ͷҐஔɻ(c)Ͷ͡Εํ޲όω͋

Γ఻ૹ࿏ͷ৴߸໘ͷҐஔɻ

֎෦όωͳ͠఻ૹ࿏ͷΈͷ࣮ݧͰ͸ɺਤ 4.23ʹࣔ͢ͱ͓Γ 6ϢχοτͰ͋Ε͹ޙ࠷ͷϢχοτ·ͰભҠͨ͠ɻ

͜ͷ݁ՌΑΓɺόωͳ͠Ͱ΋มܗΛ࿈ͤ͞࠯Δੑ࣭Λ༗͢Δ͜ͱ͕Θ͔Δɻ

1൪໨ͷϢχοτͷભҠ͕Ώͬ͘ΓͰ͋ͬͯ΋ɺ֎෦όωͳ͠఻ૹ࿏Ͱ͸৴߸͸ݮਰͯ͠৴߸ͷ఻ૹ͸్தͰࢭ

·ΔɻҰํɺ఻ૹํ޲όω͋Γ఻ૹ࿏ͱͶ͡Εํ޲όω͋Γ఻ૹ࿏͸ 1൪໨ͷϢχοτͷભҠͷ଎౓ͷ௿Լʹ͔

͔ΘΒͣਤ 4.21ͱಉ͡Α͏ͳܗঢ়ͷભҠΛ࣮͍ͯ͠ݱΔɻ͕ͨͬͯ͠ɺຊԁ౵ં఻ૹ࿏͸ 1൪໨ͷϢχοτͷભ

஫٭ 21͍͍ͪͪͶ͡Ε֯Λͯ͠ࢉܭόωΛઃఆ͢Δ͜ͱ͸ඇৗʹ໘౗Ͱ͋ΔҰํɺͦΕͧΕͷԁ౵ંͷ҆ఆঢ়ଶͷͶ͡Ε֯͸؆୯ʹࢉܭͰ͖Δ
্ɺ΄ͱΜͲͦͷڍಈ͕มΘΒͳ͍ɻ
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1st    　　 2nd　　  　  3rd  　  　4th 　　    5th 　　    6th unit

ਤ 4.23: ֎෦όωͳ͠఻ૹ࿏ͰͷભҠ͕ޙ࠷·Ͱ఻ΘΔγϛϡϨʔγϣϯͷ݁Ռʢ৴߸໘ͷҐஔʣɻ

Ҡͷ੎͍͕Ώͬ͘ΓͰ͋ͬͯ΋఻ૹΛ࣮ݱͰ͖ΔɻΉ͠Ζɺ1൪໨ͷϢχοτ͸͜ͷ։࢝ͷͨΊͷભҠʹ͓͍ͯɺ

State1ʹભҠ͠Α͏ͱ͍ͯ͠Δྗ͕ಇ͍͍ͯΔʹ΋͔͔ΘΒͣભҠͷ଎౓Λ্͛ͳ͍Α͏ͳભҠͰ͋Δɻͦͯ͜͠

ͷγϛϡϨʔγϣϯʹ͓͍ͯ΋ɺਤʹࣔͨ݁͠Ռ͸ 10Ϣχοτ͚ͩΛ઀ଓͨ͠఻ૹ࿏Ͱ͋Δ͕ɺগͳ͘ͱ΋ 100

ϢχοτΛ઀ଓͨ͠γϛϡϨʔγϣϯʹ͓͍ͯ΋શͯͷϢχοτͷ৴߸໘͕ State1΁ͱભҠͨ͠ɻ

Ҏ্ͷΑ͏ʹɺ1൪໨ͷϢχοτͷભҠ͕ߴ଎ʹੜͨ͡৔߹ʹ΋௿଎ʹੜͨ͡৔߹ʹ΋े෼ޙͷϢχοτͰ͸೾

Δɻ͢ࡏͷϢχοτͰ͸Φʔόʔγϡʔτ͕ଘޙ࠷௨͍ͬͯΔɻͦͯ͠ɺࣅ͕ܗ

ಉ༷ʹɺ࿦ཧήʔτͷಈ࡞ʹ͍ͭͯ΋γϛϡϨʔγϣϯΛͨͬߦɻ࿦ཧήʔτͷಈ࡞ʹ͍ͭͯ͸ɺਤ 4.20ͷ klogic

͕ͲͷΑ͏ͳ஋ʹ͓͍ͯ ANDήʔτ΍ ORήʔτͱͳΔ͔Λଌఆͨ͠ɻೖྗͷ఻ૹ࿏ͱग़ྗͷ఻ૹ࿏͸ͱ΋ʹ

௕͞Λ 3Ϣχοτͱ͍ͯ͠ΔɻຊγϛϡϨʔγϣϯͰ͸ೖྗͷҐஔΛݻఆ͓ͯ͠Γɺೖྗ͕ in1ͱ in2͕ڞʹ 0ͷ

৔߹ʹ͸఻ૹ͕ߦΘΕͳ͍͜ͱΛ֬ೝ͠ɺยํͷΈ͕ 1Ͱ͋Δ৔߹ʹ఻ૹ͕ߦΘΕͨήʔτΛ ORήʔτɺೖྗ

͕ͱ΋ʹ 1Ͱ͋Δ৔߹ʹͷΈ఻ૹ͕ߦΘΕͨήʔτΛ ANDήʔτͱͨ͠ɻͦͷ݁Ռɺද 4.2ʹࣔ͢ klogicΛ༻͍

Δ͜ͱͰ ANDήʔτͱ ORήʔτΛ࣮ݱͰ͖ͨɻ

ද 4.2: ࿦ཧήʔτͷछྨͱͦΕΛߏங͢ΔͨΊͷ klogic

klogic

࿦ཧήʔτ ఻ૹํ޲όω͋Γ఻ૹ࿏ Ͷ͡Εํ޲όω͋Γ఻ૹ࿏

AND 0.05–0.14 0.07–0.25

OR 0.15– 0.26–

ઃܭஈ֊Ͱ͸ɺτk < ∆ψ < 2τk ͷൣғͰANDճ࿏͕࣮͠ݱɺ∆ψ < τk ͷൣғͰORճ࿏͕࣮͢ݱΔͱड़΂ͨɻ

ͦͯ͠ɺγϛϡϨʔγϣϯͰมԽ͍ͤͯ͞Δͷ͸͹Ͷఆ਺ klogicͰ͋Γɺτkʹൺྫͦ͠͏ͳύϥϝʔλͰ͋Δɻ͠

͔͠ɺ͹Ͷఆ਺Λ্ঢͤ͞Δ͜ͱʹΑͬͯ in1΍ in2ͷ৴߸໘ͷಈ͖͸཈੍͞Εɺoutͷ৴߸໘ͷಈ͖͸େ͖͘ͳ

ΔɻͦͷͨΊɺີݫʹ͸ τk < ∆ψ < 2τk ͱ∆ψ < τk ͕ͦͷ··༻͍Δ͜ͱ͸Ͱ͖ͳ͍ɻ

఻ૹํ޲όω͋Γ఻ૹ࿏ͷ ANDճ࿏Λ࣮͢ݱΔ͹Ͷఆ਺Λ͑ߟΔͱɺද 4.2Ͱ͸ 0.05–0.14Ͱ͋Δɻ͹Ͷఆ਺

ͱ τk ʹରͯ͠ aklogic = τk ͱ͢ΔͱɺԼݶͷ 0.05Λ͑ߟΔͱɺτk < ∆ψ < 2τk ʹ͓͍ͯ τk < ∆ψ = 2τk ΑΓ

∆ψ = 0.1aͱͳΔɻҰํɺ্ݶͷ 0.14Λ͑ߟΔͱ τk < ∆ψ < 2τkʹ͓͍ͯ τk = ∆ψ < 2τkͰ͋ΔͨΊ∆ψ = 0.14a

Ͱ͋Δɻ࣮ࡍʹೖྗͨ͠஋͸ ૝ͱࢥܭͳΔɻ͜ͷͨΊɺઃ͘޿ψͷ෯͸∆ʹߋΔͱɺྀ͢ߟΛࣄΈͰ͋Δࠁ0.01

ͯ͠͸ τk < ∆ψ < 2τk Λ༻͍Δ͕ɺ࣮ࡍͷ஋͸ද 4.2ͷΑ͏ʹ஋Λม͑ͳ͚Ε͹ͳΒͳ͍ɻ

Ͷ͡Εํ޲όω͋Γ఻ૹ࿏͸͜ͷ͕ࠩΑΓܹ͍͠ɻͶ͡Εํ޲όω͋Γ఻ૹ࿏͸ɺ఻ૹํ޲όω͋Γ఻ૹ࿏ʹ

ൺ΂ͯ∆ψ΍
∆ψ

∆φ
͕େ͖͍ͨΊɺΑΓޙଓͷϢχοτ͔ΒͷྗΛड͚Δ͜ͱ΋Ө͍ͯ͠ڹΔɻORήʔτ͸े෼

େ͖ͳ͹Ͷఆ਺ͱ͢Ε͹໰୊ͳ͍͕ɺܰඍͳ໰୊͕͋ΔͨΊ෇࿥??ʹͯड़΂Δɻ

Ҏ্ͷ݁ՌΑΓɺԁ౵ંͱ֎෦ͷόωΛ༻͍Δ͜ͱͰɺμΠΦʔυ΍࿦ཧήʔτ͕ՄೳͰ͋Δͱ݁࿦͚ͮΔɻ1

൪໨ͷϢχοτͷભҠʹ͸଎౓͸ͦΕ΄ͲඞཁͰ͸ͳ͍͜ͱͱɺ͹Ͷఆ਺ͷௐઅ͚ͩͰ࿦ཧճ࿏͕ߏஙͰ͖Δ͜

ͱ͕൑໌ͨ͠ɻ
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4.5 ෆݮਰ఻ૹ࿏ͷ࣮૷

ຊઅͰ͸ఏҊ͢Δෆݮਰ఻ૹ࿏Λ੡͠࡞ɺࡱӨʹΑΓભҠΛଌఆ͢Δɻ࣮૷ͨ͠ෆݮਰ఻ૹ࿏Λਤ 4.24ʹࣔ͢ɻ

ΒॱʹϢχοτ͔ࠨ 1ɺϢχοτ 2ɺϢχοτ 3ɺϢχοτ 4ͱݺͿɻ্هͰઆ໌͖ͯͨ͠ෆݮਰ఻ૹ࿏ͱߏૅج

ਤ 4.24: ࣮૷ͨ͠ 4Ϣχοτͷෆݮਰ఻ૹ࿏ɻॏ͞͸ 114 gʢ͏ͪݻఆͷͨΊͷث۩͕ 106.4 gʣɻް͞

͸ 28mmʢ͏ͪݻఆͷͨΊͷث۩͕ 16mmʣɻ

଄͸ಉ͡Ͱ͋Γɺԁ౵ં 8ஈ͔ΒͳΔɻͦΕͧΕͷϢχοτ͸ԁ౵ંΛ ༗͓ͯ͠ΓɺͲͪΒ͔ยํͷԁ౵ંͷݸ2

Έ͕৳௕ঢ়ଶͰ͋Γɺ΋͏ยํͷԁ౵ં͸ऩॖ͍ͯ͠Δঢ়ଶͰ҆ఆͰ͋Δɻྫ͑͹ɺਤ 4.24ͷࠨ୺ͷϢχοτ 1

ͷதͷԁ౵ં͸ɺࠨଆ͕ऩॖ͠ɺӈଆ͕৳௕͍ͯ͠Δɻͦͯ͠ɺϢχοτ 2Ҏ߱ͷதͷԁ౵ં͸ɺࠨଆ͕৳௕͠ɺ

ӈଆ͕ऩॖ͍ͯ͠Δɻ

ࢴʢλϯτࢴ͸ްࢴɺʹࡍͰԁ౵ંΛ࣮૷͢Δࢴ N-61ɺ0.1 kg/m2ɺࣜגձࣾ஛ඌʣΛ༻͍ɺͦͷࢴΛςʔϓͷ

ΓʢυοτϥΠφʔɺλ-DM400-08ɺίΫϤࣜגձࣾʣΛ༻͍ͯ઀ணͨ͠ɻ͔͠͠Ұล 25mmɺα = 45◦ ͷԁ౵

ંΛ͜ͷࡐྉͰ࣮૷ͨ͠ͱ͜Ζɺԁ౵ં͕͏ߦ৳ॖΑΓ΋ઌʹɺςʔϓͷΓͷ઀ண͕ണ͕ΕΔ͜ͱʹΑΔ่յ͕

ੜͨ͡٭஫ 22ɻ઀ண͢Δখ໘Λ૿Ճͤ͞Δ͜ͱʹΑͬͯ͜ͷ઀ணࣗମΛڧԽͰ͖Δ͔΋͠Εͳ͍͕ɺ઀ண͢Δখ໘

Λ૿Ճͤ͞Δ͜ͱʹΑͬͯંΓ໨ʹ 2ຕҎ্ͷ͕ࢴॏͳΔͱɺෆۉ౳ͳྗ͕͔͔ΔͨΊʹ઀ண͢Δখ໘Λ 1໘ʹ

ΔɻͦͷͨΊɺԁ౵ંͷҙਤͨ͠ભҠͰ͋Δ৳ॖ͕઀ணΛҡ࣋ͨ͠··ੜ͡Δԁ౵ંΛ༻ҙ͢ΔͨΊ͍ͯ͠ݶ੍

ʹԁ౵ંͷ֯౓Λ α = 40◦ ΁มԽͤͨ͞٭஫ 23ɻ

ਤ 4.25: ԁ౵ં఻ૹ࿏ʹ༻͍ͨԁ౵ંͷల։ਤʢ1ஈ෼ʣɻࠇઢ͕ંΓ໨Λɺ੺ઢ͕੾ΓऔΓઢΛࣔ͢ɻ

༻͍ͨԁ౵ંͷ ෼Λਤݸ1 4.25ʹࣔ͢ɻࠇઢ͕ંΓ໨Λද͠ɺ੺ઢ͕੾ΓऔΓઢΛද͢ɻ·ͣࠇઢͷ෦෼ΛΧο

ςΟϯάϓϩολʢCFL-605RTɺϛϚΩΤϯδχΞϦϯάʣͷϖϯػೳͰͳͧΔ͜ͱͰંΓ໨Λ෇͚Δɻͦͷޙ੺

ઢͷ෦෼Λ CFL-605RTͷΧολʔػೳͰ੾Δɻ

੺ઢͱࠇઢͰғ·ΕͨྖҬ͸ɺ࠷΋ӈʹ͋Δܗ֯ࡾͷ෦෼Ҏ֎ͷΓ͠ΖͰ͋Δɻͦͯ͠ɺࠨͷͷΓ͠Ζ͸࠷΋

ӈʹ͋Δܗ֯ࡾͷ෦෼ʹ઀ண͞ΕΔɻ্Լʹ͋Δ௕ํܗͷྖҬ͸৴߸໘·ͨ͸௕͞Λݻఆ͢ΔͨΊͷ໘ʹ઀ண͞

ΕΔɻ͜ͷͱ͖ͦΕͧΕͷ໘͸࿡֯ܗͷ಺ଆʹདྷΔΑ͏ʹંΓ৞·Εͯ઀ண͞ΕΔ٭஫ 24ɻ

ͦΕͧΕͷϢχοτ͸Ұล 25mmɺα = 40◦ ͷԁ౵ંͱͨ͠ɻϢχοτ಺ͷԁ౵ંಉ࢜͸Ϙʔϧࢴͱςʔϓͷ

ΓͰ઀ண͞Ε͓ͯΓɺϘʔϧࢴ͸Ұล 25mmͷ࿡֯ܗʹ੾அ͞Ε͍ͯΔɻ͜ͷϘʔϧࢴ͸৴߸໘Ͱ͋ΓɺϘʔϧ

Ͱ઀ଓ͞Εͨࢴੜ·ΕΔɻϘʔϧ͕༺࡞ޓಉ࢜ʹόω͕઀ଓ͞ΕɺϢχοτಉ࢜ͷ૬ࢴ ͷͦʹߋͷԁ౵ં͸ɺݸ2

֎ଆ͔Β௕͞Λ੍໿͞ΕΔɻͦͷ௕͞ͷ੍໿ͷͨΊʹਤ 4.26ͱਤ 4.27ʹࣔ݀͢ͷۭ͍ͨ࿡֯ܗঢ়ͷ൘Λ༻͍ͨɻ
஫٭ 22ͷΓ෇͚͕ണ͕ΕͨΓɺഁ͕ࢴΕͨΓ͢ΔભҠ͸ɺਖ਼͍͠ભҠͰ͸ͳ͍ͱ͸͍ͮݴΒ͍͕ɺҙਤ͠ͳ͍ભҠͰ͋Δɻ
஫٭ 23઀ணख๏Λ͑ߟ௚ͯ͠΋ྑ͍ɻ
஫٭ 24֎ଆͰ΋ྑ͍͕ɺ࣮ݧ͸಺ଆʹંΓࠐΜͰ੡ͨ͠࡞ɻ
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ਤ 4.26: ෆݮਰ఻ૹ࿏ʹ༻͍Δɺ௕͞Λݻఆ͢ΔͨΊͷԁ౵ંͷݻఆ൘ɻը૾͸ STLϑΝΠϧͷϓϨ

ϏϡʔͰ͋Δɻ

ਤ 4.27: ෆݮਰ఻ૹ࿏ʹ༻͍Δɺ௕͞Λݻఆ͢ΔͨΊͷԁ౵ંͷݻఆ൘ɻΞΫϦϧ੡ͰްΈ͸ 2mmͰ

͋Δɻ

͜ͷ࿡֯ܗͷҰล͸ 35mmͰ͋Γɺԁ౵ંͷஅ໘ΑΓ΋ߋʹ 5mmͣͭ֎ʹ༨༟Λ࣋ͭɻதԝʹ͸όω͕௨Δͨ

Ίͷ௚ܘ 15mmͷ͕ۭ͚݀ΒΕ͓ͯΓɺ֎प෇ۙʹ͸ 6ΧॴʹωδͰݻఆ͢ΔͨΊͷ௚ܘ 3.3mmͷ͕ۭ͚݀Β

Ε͍ͯΔɻ͜ͷ࿡֯ܗͷݻఆ൘ಉ࢜͸ωδϩουʢϨΠϯϘʔϓϩμΫπɺ௚ܘ 3mm௕͞ 51mmʣͰݻఆ͞Ε

Δɻ͜ͷωδϩου͸શ௕ 51mmͰ͋Γɺ྆ଆʹ 10.5mmͣͭωδ͕੾ͬͯ͋ΔͨΊɺ30mmͷ෯Λݻఆ͢Δ͜

ͱ͕Ͱ͖Δɻωδϩουͷ྆ଆʹφοτΛ φοτͷʹߋఆ͢ΔͨΊɺݻఆ൘Λݻʹɺͦͷφοτͷ͍ؒ༺ͭͣݸ2

ް͞Λ଍͠߹Θͤͨ௕͕͞ݻఆ൘Ͱݻఆ͞Εͨԁ౵ંͷ௕͞ͱͳΔɻࠓճ༻͍ͨφοτ͸ް͞ 2mmͰ͋ΔͨΊɺ

30mm͔Βߋʹ 2mmͣͭ֎ଆ͕φοτͷ໘ͱͳΓɺ2ݸͷԁ౵ં͸௕͞ 34mmͰݻఆ͞Ε͍ͯΔɻݻఆΛߦΘ

ͣɺྗ͕ՃΘΒͳ͍Α͏ʹஔ͍ͨঢ়ଶͰ͸ɺԁ౵ંϢχοτͷ௕͞͸લͷঢ়ଶɾݸମࠩɾ௖఺ͷࠩ٭஫ 25ΛؚΊͯ

33mm͔Β 37mmͰ͋ͬͨɻ

ͷܗఆ൘ʹ͸࿡֯ݻ ੒͢ΔܗΛܗ֯ࡾͷ௖఺෇ۙʹ͕ۭ͍͍݀ͯΔͨΊɺਖ਼ݸ6 ͷ௖఺ͰϢχοτͷ௕͞ݸ3

Λ੍ͭͭ͠ݶɺ͍ޓҧ͍ʹωδࢭΊ͢Δਖ਼ܗ֯ࡾΛ഑ஔ͢Δ͜ͱͰྡͷϢχοτͱͷ݀ΛͣΒͯ͠ߏஙͰ͖Δɻͦ

ఆ͞Εͨԁ౵ંϢχοτ͕ਤݻͯ͠͏ 4.24ʹࣔ͞ΕΔԁ౵ંͰ͋Δɻ͜ͷԁ౵ં͸ 4ϢχοτͰ͋Δ͕ɺಉ͡Ϣ

χοτΛωδϩουʹΑΓಉ༷ʹ઀ଓ͠ଓ͚Δ͜ͱʹΑΓɺԁ౵ંͷ఻ૹ࿏ΛͲ͜·Ͱ΋৳͹ͤΔɻਤ 4.24͸ɺ

ωδϩουͷૠೖͱφοτʹΑΔݻఆ͢Δख͕ؒଘ͢ࡏΔɻ͔͜͠͠ͷख๏Ͱ૊ΈཱͯΔ͜ͱ͸௕ڑ཭ͷ఻ૹΛ

Λखؒͳߏػͳ͍ɻͦͷͨΊɺΑΓ௕͍͘͠·޷৔߹ʹ͸Ϣχοτ਺͕૿͑ɺखؒ΋૿Ճ͢ΔͨΊʹ͋·Γ͏ߦ

ͳͲͰɺંΓ৞Μͩঢ়ଶ͔Β৳௕͢Δ͚ͩͰࣗಈతʹ௕͞ΛߏػϩοΫΛ࣋ͭંΓ৞ΈݾΔͨΊʹ͸ࣗ͢ݱ࣮͘

Ϣχοτ͝ͱʹݻఆ͢Δ͕ߏػ๬·͍͠ɻ

஫٭ 25ԁ౵ં͸ཧ࿦্Ԗ௚ʹ৳ͼΔ͕ɺ੡଄աఔʹ͓͚ΔࠩޡͳͲʹΑͬͯগࣼ͠ΊʹͳΔ৔߹͕͋ΔɻͦͷͨΊɺ6 Χॴͷ͕͞ߴશ͘ಉ͡ͱ
͸ݶΒͳ͍
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4.5.1 ಈڍ

͜ͷԁ౵ંͰ࣮૷ͨ͠ෆݮਰ఻ૹ࿏ͷϢχοτ 1Λ֎෦͔ΒͷྗʹΑͬͯભҠͤ͞ɺϢχοτ 2Ҏ߱ͷભҠΛ

Ͱ͸Ϣχοτݧճͷ࣮ࠓΔɻ͢࡯؍ 1ͷભҠ͸खಈͰͨͬߦɻϢχοτ 1ͷ৴߸໘ͷத৺෇ۙΛ๮Ͱ఻ૹ࿏ͷ఻

ૹํ޲΁ͱԡ͢͜ͱʹΑͬͯભҠͤͨ͞ɻಈըͷϑϨʔϜϨʔτ͸ 60 fpsͰ͋Δɻ

·ͣɺભҠ్͕தͰࢭ·ͬͯ͠·͏λΠϓͷڍಈΛࣔ͢ɻͦΕͧΕͷ৴߸໘ͷҐஔͷਪҠΛਤ 4.28ʹࣔ͢ɻਤ

ਤ 4.28: ભҠ్͕தͰࢭ·ͬͯ͠·͏ύϥϝʔλͰͷ৴߸໘ͷҐஔͷάϥϑɻ͔ࠨΒ੺৭ɾ྘৭ɾ੨

৭ɾࠇ৭ͷάϥϑͰ͋ΓɺͦΕͧΕϢχοτ 1ɾϢχοτ 2ɾϢχοτ 3ɾϢχοτ 4ͷҐஔΛࣔ͢ɻഁ

ઢ͸ 0.25 sͰ͋Γɺ1ຕ໨ͷભҠ͕։࢝ͨ࣌͠ࠁͰ͋ΔɻҰ఺࠯ઢ͸ 4ຕ໨ͷ৴߸໘͕ભҠͰ͖ͣʹੜ

ͨ͡༳Γ໭͠ͷϐʔΫͰ͋Δɻ

4.28Ͱ͸ɺ৴߸໘ͷҐஔΛɺࡱӨଆʹ͋Δ৴߸໘ͷ௖఺ͷҐஔͱͯ͠άϥϑԽ͍ͯ͠Δɻ໨ͰൣͨݟғͰ͸ɺͲ

ͷ৴߸໘΋఻ૹํ޲ʹਨ௚ͳฏ໘Ͱ͋Γଓ͚ΔભҠΛͨͨͬߦΊɺ৴߸໘ͷ௖఺ͷҐஔ͸৴߸໘ͷҐஔͱ΄΅Ұ

க͍ͯ͠Δ͸ͣͰ͋Δɻ

खͰԡͨ͠ྗʹΑΓϢχοτ 1͕ભҠ͢Δͱ΄΅ಉ࣌ʹϢχοτ 2͸ભҠ͍ͯ͠Δɻͦͯͦ͠ͷಈ͖͸Ϣχοτ

3΁ͱ఻ΘΖ͏ͱ͢Δ͕ɺϢχοτ 3ͷભҠ͸్தͰࢭ·ͬͯ͠·͍ɺόωͷྗ౳ʹΑͬͯԡ͠໭͞Ε͍ͯΔɻ·

ͨϢχοτ 4͸΄ͱΜͲભҠ͢Δ͜ͱͳ͘ɺ༳Γ໭͠΋ੜ͍ͯ͡ΔɻϢχοτ 1͸΄΅׬શʹભҠ͖͍ͬͯ͠Δ

ͨΊ 18mmఔ౓·ͰભҠ͍ͯ͠Δ͕ɺϢχοτ 2͸ 15mmఔ౓·ͰͷભҠͰ͋Δɻ͜ͷࠩ͸ɺϢχοτ 2ͱϢ

χοτ 3ͷؒʹ͋ΔόωͷྗʹΑΔ෺ͱ͑ߟΒΕΔɻͦͯ͠Ϣχοτ 4͸શ͘ભҠ͍ͯ͠ͳ͍͕ɺϢχοτ 3͸

1mmఔ౓ભҠ͓ͯ͠Γɺ্هͷྗ͕ಇ͍͍ͯΔ݁Ռͩͱ͑ߟΒΕΔɻ

Ϣχοτ 1ʹՃ͑ͨྗ͸Ϣχοτ 1͕ભҠͨ͠ޙ΋͠͹Β͘͸ଓ͚ͯ༩͑ΒΕΔ͕ɺ༩͑Δྗ͕ 0ͱͳͬͨঢ়

ଶͰ΋Ϣχοτ 1͸ભҠͨ͠ঢ়ଶΛอͬͨɻਤ??Bͱ CͷΑ͏ͳ 2ஈ֊ͷભҠ͕͍͖ͯىΔɻͨͩ͠ਤ 4.28ͷ 2

ஈ֊ͷભҠ͸ਤ??ͷ 2ஈ֊ͷભҠͱ͸ҟͳΔɻਤ??B͸ભҠ։࢝ͷ೾͕఻Θͬͨ෺Ͱ͋Γɺਤ??C͸ભҠ͕֬ఆ

ͯ͠શͯͷભҠ͕ྲྀΕ࢝Ίͨ೾Ͱ͋Δɻͦͯ͠ਤ 4.28ͷ 1ͭ໨ͷϐʔΫ͸ભҠ։࢝ͷ೾͕఻Θͬͨ෺Ͱ͋Δ͕ɺ

ਤ 4.28ͷ 2ͭ໨ͷϐʔΫ͸Ϣχοτ 1ͱϢχοτ 2͕ಉ࣌ʹੜ͓ͯ͡Γ৴߸໘෇ۙͰંΓ໨͕ਤ 4.29(a)ͷΑ͏

ʹͳ͍ͬͯͨɻ

ਤ 4.29(a)͸ɺཧ૝తͳંΓ໨ͷঢ়ଶͰ͋Δਤ 4.29(b)ͱ͸ဃ཭͓ͯ͠Γɺਤ 4.29(c)ͷΑ͏ͳંΓ໨͕ੜͯ͡

͠·͍ͬͯΔɻਤ 4.29(b)͸ԁ౵ંͷཧ૝తͳંΓ໨Λ࣮͢ݱΔ͕ɺਤ 4.29(c)ͷંΓ໨͸૿Ճͨ͠ંΓ໨͕όω

ͷΑ͏ͳৼΔ෣͍Λࣔ͢ɻͦͷόωͷΑ͏ͳৼΔ෣͍͕ਤ 4.28ͷ 2ஈ֊ͷભҠʹͭͳ͕͍ͬͯΔͱͨ͑ߟɻ

ͦͯ͠༳Γ໭͠΋޲ํٯʹ఻Θ͍ͬͯΔɻ༳Γ໭͠ͷྗ͕Ϣχοτ 1·Ͱ఻೻͍ͯ͠Δ͜ͱ΋ಉ͘͡ਤ 4.28ʹ

Ε͍ͯΔɻ༳Ε໭͕҆͠ఆ͢Δ·Ͱͷಈ͖ʹ͍ͭͯ΋ݱ 0.4 sʙ0.8 s͋ͨΓͰ͋Γɺൺֱత௕͍࣌ؒଓ͍͓ͯΓɺ

ભҠ͠Α͏ͱ͍ͯ͠ΔྗͱભҠͤ͞·͍ͱ͍ͯ͠ΔྗͷͤΊ͗߹͍͕͡ײΒΕΔɻભҠ͕ߦΘΕͳ͍৔߹ʹ͸จ

ݙ ΒΕΔԁ౵ં͕ҾͬுΒΕΔྗ΋ੜ͡ΔͨΊɺ͜ͷΑ͏ʹ௕͍࣌ؒ೾͕ཹ·Δͱ΋͍͑Δɻݟʹ[117]
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(a) (b) (c)

ਤ 4.29: ཧ࿦্ͷԁ౵ંͷંΓઢͱ࣮෺ͷࠩɻ(a)࣮ࡍͷંΓ໨ͷࣸਅɻ(b)ཧ૝తͳંΓ໨ͷ֓೦ਤɻ

(c)࣮ࡍʹੜ͍ͯ͡ΔંΓ໨ɻෆཁͳંΓ໨ʹΑͬͯཧ૝తͳܗঢ়͔Βဃ཭͢Δɻ

࣍ʹɺભҠ͕ޙ࠷·Ͱ఻ૹ͞ΕΔλΠϓͷڍಈΛࣔ͢ɻભҠ్͕தͰݧ࣮͏·ͯͬ͠·ࢭͱಉ༷ʹɺͦΕͧΕ

ͷ৴߸໘ͷҐஔͷਪҠΛਤ 4.30ʹࣔ͢ɻਤ 4.30Ͱ΋ɺ৴߸໘ͷҐஔΛɺࡱӨଆʹ͋Δ৴߸໘ͷ௖఺ͷҐஔͱͯ͠

ਤ 4.30: ભҠ͕ޙ࠷·Ͱ఻ૹ͞ΕΔύϥϝʔλͰͷ৴߸໘ͷҐஔͷάϥϑɻ͔ࠨΒ੺৭ɾ྘৭ɾ੨৭ɾ

৭ͷάϥϑͰ͋ΓɺͦΕͧΕϢχοτࠇ 1ɾϢχοτ 2ɾϢχοτ 3ɾϢχοτ 4 ഁઢ͸ 0.42 s෇ۙͰ

͋Γɺ1ຕ໨ͷભҠ͕։࢝ͨ࣌͠ࠁͰ͋ΔɻҰ఺࠯ઢ͸ 4ຕ໨ͷ৴߸໘͕ભҠͰ͖ͨʹ΋ؔΘΒͣੜ͡

Δ༳Γ໭͠ͷϐʔΫͰ͋Δɻ

άϥϑԽ͍ͯ͠Δɻਤ 4.28ͱಉ༷ʹϢχοτ 1͕ભҠ͢Δͱ΄΅ಉ࣌ʹϢχοτ 2͸ભҠ͍ͯ͠Δɻͦͯͦ͠ͷ

ಈ͖͸Ϣχοτ 3΁ͱ఻ΘΓɺϢχοτ 4·ͰભҠ͕͍ͯྃ͠׬ΔɻϢχοτ 4͔Βͷ༳Γ໭͠΋খ͘͞ɺϢχο

τ 1Ͱ͸΄ͱΜͲ؍ଌ͞Ε͍ͯͳ͍ɻ

Ϣχοτ 4ͷ࠷ॳͷભҠʹ͕͔͔͍࣌ؒͬͯΔΑ͏ʹ͑ݟΔͷ͸ɺଞͱൺ΂ͯભҠ͕େ͖͍ੑ࣭ʹ༝དྷ͍ͯ͠

ΔɻଞͷϢχοτ͸ɺޙଓ͢ΔϢχοτΛಈ͔͢ͱ͍͏ΤωϧΪʔΛඞཁͱ͍ͯ͠Δ্ɺ࣍ͷϢχοτʹ༩͑Δྗ

͕ඞཁͰ͋ΔͨΊɺͦΕΒͷӨڹʹΑΓ৴߸໘͸ݮ଎͢ΔɻҰํͰϢχοτ 4͸৴߸໘͕Ϣχοτ 3ͱͷΈ઀ଓ

͞Ε͓ͯΓɺϢχοτ 5͸ଘ͠ࡏͳ͍ɻͦͷͨΊɺଞͷϢχοτʹൺ΂ͯେ͖͘৴߸໘͕ҠಈͰ͖Δɻ͜ͷɺ࠷

͸ɺγϛϡϨʔγϣϯͷ݁ՌͰ͋ΔਤࢠͷϢχοτ͚ͩେ͖͘৴߸໘ΛҠಈͤ͞Δ༷ޙ 4.21ͱҰக͍ͯ͠Δɻͦ

ͷޙͷ༳Γ໭͠ͷখ͞͞͸ਤ 4.21ͱҰக͢Δ͕ɺͦͷ଎౓͸গ͠ҟͳΓɺ࣮ࡍͷંΓ͕ࢴ஗͍͕͋޲܏Δ٭஫ 26ɻ

஫٭ 26ભҠ͠ͳ͍৔߹ͷ༳Γ໭͠΋ಉ༷Ͱ͋Δɻ
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4.5.2 γϛϡϨʔγϣϯͱͷࠩҟ

·ͣɺγϛϡϨʔγϣϯʹ͸ͳ͔ͬͨཁૉͱͯ͠ɺ࣮ݱͷࢴʹ͸ް͞΍࣭ྔ͕ଘ͢ࡏΔɻ·ͨ͜ͷް͕͋͞Δ͜

ͱʹΑΓɺંΓ໨͸׬શͳώϯδͰ͸ͳ͘ɺ͋Δ֯౓ʹ໭Ζ͏ͱ͢ΔώϯδͱͳΔɻͦͷͨΊɺ࣮ࡍͷԁ౵ં͸ɺ

ް͞ 0ͷ׬શʹऩॖͨ͠ঢ়ଶʹ͸ͳΒͳ͍ɻࠓճ༻͍͍ͯΔϢχοτ͸ยํͷԁ౵ં͕৳௕͠ɺ΋͏ยํͷԁ౵

ં͕ऩॖͨ͠ঢ়ଶΛ҆ఆঢ়ଶͱͯ͠ѻ͍ͬͯΔ͕ɺ͜ͷதؒͷ֯౓͕໭Ζ͏ͱ͢Δʮ͋Δ֯౓ʯͱͳ͍ͬͯͳ͚

Ε͹ରশతͳϙςϯγϟϧʹ͸ͳΒͳ͍٭஫ 27ɻͦͷͨΊɺ100ճ΄ͲભҠΛ܁Γฦͨ͋͠ͱʹ࣮ݧΛ͓͜ͳͬͨɻ

ͦͯ͠৴߸໘Ҏ֎ʹ΋࣭ྔ͕ଘ͢ࡏΔɻ

ԁ౵ં͸ɺ৴߸໘ʹ͕ۭ͍͓݀ͯΒͣɺϢχοτͨͬߦճࠓͨ· 1ͱϢχοτ 2ͷ৴߸໘ͷؒͳͲ͸৴߸໘ͱԁ

౵ંʹΑͬͯີด͞Ε͍ͯΔɻͦͷͨΊɺ୯ʹԁ౵ંͷࢴͷมܗʹΑΔϙςϯγϟϧҎ֎ʹ΋ɺͦͷۭؾͷѹॖɾ

๲ுͷΤωϧΪʔ΋ൃੜͯ͠͠·͏ɻ࣮ࡍʹ͸ີݫʹີดͨ͠Θ͚Ͱ͸ͳ͍ͨΊۭ͕ؾ࿙ΕΔ͜ͱʹΑͬͯ࣌ؒ

ൈ͚ΔԻͳͲ͕ભҠʹ෇ਵͨͨ͠Ίɺྗ͕ಇ͍͍ͯͨ͜ͱ͸͕ؾա͢Δ͜ͱͰղফ͢Δ໰୊Ͱ͸͋Δ͕ɺۭܦ͕

͔֬Ͱ͋Δɻ͜ͷ໰୊͸৴߸໘ʹ݀Λ։͚Δ͜ͱʹΑͬͯ༰қʹղܾͰ͖Δɻࠓճ͸ϘʔϧࢴΛ৴߸໘ʹ༻͍ͨ

͕ɺ৴߸໘΋ΞΫϦϧ൘Λ༻͍ͯ੡͢࡞Δ͜ͱͰΑΓڧ౓͕૿͠ɺ݀Λ։͚ͯ΋े෼ͳڧ౓͕ಘΒΕΔ͸ͣͰ͋

Δɻ͜ͷ෩ѹʹؔͯ͠͸ɺ৴߸໘ಉ࢜ΛόωͰ઀ଓ͠ͳ͍৔߹ʹ΋ྡΓ߹͏৴߸໘ʹ৴߸໘ͷಈ͖͕Ө͢ڹΔ͜

ͱ͔Β֬ೝͰ͖Δ٭஫ 28ɻ৴߸໘͸ม͠ܗͳ͍ͨΊ͍ߗΞΫϦϧ൘Λͯͬ࢖΋໰୊ͳ͍͕ɺԁ౵ં෦෼͸খ໘ͷม

ݙద͍ͯ͠Δɻจ͕࡞Ͱͷ੡ࢴΛ൐͏ͨΊܗ [116]ͷΑ͏ʹɺτϥεϞσϧʹରԠ͢ΔόωͱΞΫϦϧ൘ͳͲͰͷ

ઃܭ΋ՄೳͰ͋Γɺ͜ͷ৔߹͸ΞΫϦϧ൘ͳͲͷ߶ମʹ͍ۙࡐྉͰ΋ՄೳͰ͋Δɻ͔͠͠ҰํͰ͜ͷΑ͏ͳઃܭ

͸ࡐྉʹΑΓܰബ͕͞ଛͳΘΕ΍͍͢ɻ

ͦͯ͠τϥεϞσϧͷϞσϧԽʹΑΔ͕ࠩޡଘ͢ࡏΔɻτϥεϞσϧ͸ԁ౵ં 1ϢχοτͰͷ҆ఆঢ়ଶΛਫ਼౓

ΊΔ͜ͱ͕ՄೳͰ͋Δ͕ɺ1ϢχοτͰͷٻ͘ྑ α = 40◦ ͷԁ౵ંͱɺಉ͡ԁ౵ંΛ૊Έ߹Θͤͨ௕͞Λݻఆ͠

ͨԁ౵ંରͷϙςϯγϟϧΤωϧΪʔͷࠩ͸Ϟσϧʹൺ΂࣮ͯ෺Ͱ૿େ͍ͯ͠ΔΑ͏ʹମ͞ײΕͨɻͦͷϙςϯ

γϟϧΤωϧΪʔͷ૿େ͸఻ૹ଎౓ͷߴ଎Խʹͭͳ͕Γɺਤ 4.30Ͱ͸ॱʹ఻ૹ͞ΕΔ͜ͱ͕ͯݟऔΕΔҰํͰ໨

Ͱ͖ͳ͍଎౓Ͱ৴߸͕఻ૹ͞Εͨɻࢹ

ͦͯ͠ɺೖྗͷܗঢ়ͷ͕ࠩੜ͍ͯ͡Δɻೖྗͷܗঢ়ͷࠩʹΑͬͯ఻ૹʹӨ͕͋ڹ·Γͳ͍͜ͱΛγϛϡϨʔγϣ

ϯͰ͕ࣔͨ͠ɺϘʔϧࢴ΍ΞΫϦϧ൘ͳͲ͸߶ମͰ͸ͳ͍ͨΊɺܸྗʹΑͬͯ͸࿪Έ͕ੜ͡Δɻޙ࠷ʹɺ࣮ݱͰ

ͷ࣮૷Ͱ͸όω͕఻ૹํ޲Ҏ֎ʹ΋ྗΛಇ͔ͤΔཁҼ͕ଘ͢ࡏΔɻόω͕׬શʹҰ௚ઢ্ʹଘ͠ࡏଓ͚Δ͜ͱ͸

೉͘͠ɺѹॖ͞Εͨόω͕Ұ౓ͲͪΒ͔ʹͣΕͯ͠·ͬͨ৔߹ʹ͸ͦͷζϨ͕૿Ճ͢Δɻ

4.6 ηϯαϊʔυͷτϦΨ΁ͷԠ༻

ຊষͰ͸୯ʹػցత৴߸͕ݮਰ͢Δ͜ͱͳ͘఻ૹ͞ΕΔ͚ͩͰ͸ͳ͘ɺηϯαϊʔυͷτϦΨͱͯ͠༻͍Δԁ

౵ં఻ૹ࿏Λ঺հ͢ΔɻϞχλϦϯάΛ͕ثػ͏ߦηϯα஋ʹΑͬͯىಈɾಈ͢࡞Δඞཁ͕͋Δ৔߹ɺηϯα஋

Λ͢ࢹ؂ΔͨΊʹԿ౓΋ηϯγϯάΛ͏ߦඞཁ͕͋Δɻͦͷηϯγϯάʹॲཧ૷ஔͷىಈ͕ඞཁͰ͋Δ৔߹ͳͲɺ

ηϯα͸ి஑Λܹ͘͠ফඅ͠ɺಛʹແઢηϯαϊʔυʹΑͬͯి஑ͷফඅ͸ి஑ͷަ׵ͷखؒͷ૿Ճ΍Քಇ࣌ؒ

ͷݮগʹͭͳ͕ΔͨΊ໰୊ͱͳΔɻ཭Ε༷ͨʑͳҐஔͷηϯα஋ʹΑͬͯൃಈ͢Δ৔߹ͳͲʹ͸ɺͦͷ৔ॴ͝ͱ

ʹηϯαɾॲཧ૷ஔΛઃஔ͢Δࣄ΋ՄೳͰ͋Δ͕ɺ఻ૹ࿏Λ༻͍Δͱ͍͏ख๏΋ՄೳͰ͋Δɻ

ຊষͰ͸ɺຊ෦ͰఏҊͨ͠ԁ౵ં఻ૹ࿏Λ༻͍Δ͜ͱͰɺॲཧ૷ஔ͕ Ͱ͋ΓϞχλϦϯάΛফඅిྗͳ͠ݸ1

Ͱ͏ߦख๏ΛఏҊ͢Δʢਤ 4.31ʣɻྫ͑͹ɺԹ౓ʹΑͬͯ͹Ͷఆ਺͕มΘΔόωͰ֎෦ͷόωΛߏஙͨ͠Γɺ߶ੑ

ͷมΘΔ൘ࡐͰԁ౵ંΛંͬͨΓ͢Ε͹ɺԹ౓ʹΑͬͯ఻ૹ͕։࢝͢Δԁ౵ં఻ૹ࿏͕ՄೳͱͳΔ [119]ɻଞʹ΋ɺ

࣪౓͕͘ߴͳΔͱ͕ࢴॊΒ͔͘ͳΔ͜ͱͰ఻ૹ͕։࢝͢Δԁ౵ં఻ૹ࿏΍ɺৼಈʹΑͬͯ఻ૹ͕։࢝͢Δԁ౵ં

఻ૹ࿏΋͑ߟΒΕΔɻ͜ͷΑ͏ͳ෺ཧతͳಛੑΛ༻͍͍ͯΕ͹ɺηϯαࣗମΛ෺ཧతͳτϦΨͱͯ͜͠͏࢖ͱ͕

ՄೳͰ͋Δɻͦͯ͠ɺਤ 4.21౳ʹࣔ͞Εͨޙ࠷ͷ৴߸໘͕Φʔόʔγϡʔτ͍ͯ͠Δ৴߸໘Λɺѹిૉࢠ΁িಥ

ͤ͞Δ͜ͱͰిѹΛੜΉ͜ͱ͕Ͱ͖Δɻ֎෦ͷϐϯͷిѹΛ͘͢ߴΔ͜ͱ͕Ͱ͖Ε͹ɺϚΠΫϩίϯϐϡʔλͷ

஫٭ 27ΑΓີݫʹ͸ɺ͋Δ֯౓ʹ໭Ζ͏ͱ͢Δϙςϯγϟϧͱͷ࿨͕ରশͰ͋Ε͹ྑ͍ɻ
஫٭ 28ભҠ͕ੜ͡Δ΄ͲͰ͸ͳ͍͕ɺଟগҐஔ͕ͣΕΔɻ
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Ultra Low-Power Wake-UpʢULPWUʣػೳΛ༻͍ͯ௒௿ిྗͰ଴ػͰ͖Δ [120]ɻ·ͨΞϯςφͳͲʹ௚݁ͤ͞

Δ͜ͱͰ͋Δप೾਺ͷి೾ΛҰॠग़͢͜ͱ΋ՄೳͰ͋Ζ͏ɻ

ଟ͘ͷ͜ͷΑ͏ͳ෺ཧతͳಛੑΛ༻͍Δηϯα͸ඍऑͳిྲྀ΍఍߅ͷมԽ͔ࣔͣ͠͞ɺΏͬ͘Γͱͨ͠มԽͷ؍

ଌ݁ՌΛແిྗͰԕ͘ͷॲཧ૷ஔ·Ͱ఻͑Δ͜ͱ͸೉͔ͬͨ͠ɻຊ࿦จͰ͸ɺԁ౵ં఻ૹ࿏ͷ 1൪໨ͷϢχοτ

͸Ώͬ͘Γͱͨ͠ಈ࡞Ͱ΋఻ૹΛ։࢝͠ɺ਺ϢχοτޙͰ͸҆ఆͨ͠೾ʹมΘΔ͜ͱΛ͍ࣔͯ͠Δɻͦ͜Ͱɺແ

ిྗͰ଴ͭͭ͠ػɺඍऑͳڥ؀ͷมԽΛԕ͘·Ͱ఻ૹͰ͖Δ఻ૹ࿏ͱͯ͠ԁ౵ં఻ૹ࿏Λ༻͍ͨෆݮਰ఻ૹ࿏͕
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ਤ 4.31: ηϯαϊʔυ΁ͷԠ༻ྫɻԹ౓΍೔ޫ΍ਫ෼ʹΑͬͯม͕ܗ։࢝͢ΔΑ͏ͳԁ౵ંΛ༻ҙ͠ɺ

ͦͷྗֶతΤωϧΪʔΛѹిૉࢠ΁༩͑Δ͜ͱͰϚΠΫϩίϯϐϡʔλ΁ͷೖྗͱ͢Δɻ͜ͷख๏ʹ

ΑΓϚΠΫϩίϯϐϡʔλͷΈ͕ిྗΛඞཁͱ͢Δηϯαϊʔυ͕࣮͢ݱΔɻ

4.7 ୈ4෦ͷ·ͱΊ

ୈ 4෦Ͱ͸ɺมܗʹ൐͏ӡಈΤωϧΪʔΛͦͷ··࣍ͷมܗͷҾ͖ۚͱ͢Δχϡʔτϯྗֶతͳख๏ΛఏҊ͠

ͨɻม͕ܗχϡʔτϯྗֶతʹ࣍ͷมܗΛҾ͖ߏػ͢͜ىΛฒ΂Δ͜ͱͰɺ࣍ʑͱҾ͖͜͞ىΕΔӡಈͷྫΛ૒

҆ఆߏ଄͔ΒͳΔػցత৴߸ͷෆݮਰ఻ૹ࿏Ͱࣔͨ͠ɻͦͯ͠ɺͦͷෆݮਰ఻ૹ࿏ͷϙςϯγϟϧΤωϧΪʔΛ

ௐ੔͢Δ͜ͱͰ͠ɺμΠΦʔυɾ࿦ཧճ࿏Λߏங͠ɺ୯ͳΔॱংͩͬͨมܗҎ֎ʹ΋࿩Λల։ͨ͠ɻ·ͨ఻ૹ࿏ɾ

μΠΦʔυɾ࿦ཧճ࿏ΛഁյΛ൐Θͳ͍ߏ଄ͱ͠ɺ࠶ར༻ΛՄೳͱ͢Δ͜ͱͰ࣮༻ੑ΋্ͨͤ͞޲ɻ͜ͷߏ଄͸ɺ

஄ੑߏ଄಺ͷ҆ఆͨ͠৴߸ͷ఻ૹ΍ɺແిྗͰ଴ػͰ͖ΔηϯατϦΨͱͯ͠Ԡ༻Ͱ͖Δɻ

·ͨ఻ૹํ޲ͷมߋͱ఻ૹ࿏ͷ࠶ར༻Λɺ੍ޚ౵ͱݺΜͩ֎෦ͷ 1෦඼ͷҠಈʹΑ࣮ͬͯͨ͠ݱɻ࣠ํ޲ͷྗ

΋Ͷ͡Γͷྗ΋੍ޚ౵ͱͦΕΛಈ͔͢ 1ΞΫνϡΤʔλͰશͯͷϢχοτʹ༩͑ΒΕΔͨΊɺ୯७ͳߏ଄Ͱ࣮ݱ

Ͱ͖ΔɻӬؔػٱͰ͸ͳ͍ͨΊɺ૒ํ޲௨৴΍఻ૹ࿏ͷ࠶ར༻ʹ͸༩͑Δྗͷํ޲Λม͑ΔͨΊʹΤωϧΪʔ͕

ඞཁͰ͋Δ͕ɺ఻ૹ࿏ͷঢ়ଶΛม͑ΔͷͰ͸ͳ͘ɺϙςϯγϟϧΤωϧΪʔͷܗঢ়Λม͑Δख๏Ͱ͋ΔͨΊɺ࿈ଓ

͔ͭ୯ௐͳྗͰ͑ߦΔɻ

ͦͯ͠ɺηϯαϊʔυͷτϦΨͱͯ͠ͷԠ༻Ͱ͸ిྗΛඞཁͱ͠ͳ͍ηϯαͱ఻ૹ࿏Λ࣮͠ݱɺϚΠΫϩίϯ

ϐϡʔλ΋௒௿ిྗͰ଴ػͰ͖ΔγεςϜͷՄೳੑ΋ड़΂ͨɻৼಈʹΑͬͯ৴߸ͷ఻ૹ͕࢝·ΔηϯαͷԠ༻Λ

ड़΂͕ͨɺৼಈʹΑΔ৴߸ͷͨͬޡ఻ૹΛ͑ߟΔͱɺͶ͡ΕͷࠩΛ༻͍Δ͜ͱͰɺฒྻҠಈʹൺ΂ͯৼಈ౳ʹΑ

Δ֎ཚʹ࠶͍ڧར༻Մೳͳෆݮਰ఻ૹ࿏͕ՄೳͰ͋Δ٭஫ 29ɻ

ຊڀݚͰ͸ԁ౵ંͷ৴߸໘ͷ఻ૹํ޲ͷҐஔͱͯ͠ɺ఻ૹํ޲΁ͷมҐ͚ͩΛ༻͍͍ͯͨɻԁ౵ંͷϙςϯγϟ

ϧΤωϧΪʔ͸௕͞ͱͶ͡Εͷ 2ม਺ʹΑܾͬͯ·Δɻຊ࿦จͰओʹѻ͏ϙςϯγϟϧΤωϧΪʔ͸௕͞ͷΈΛ੍

໿ͨ͠ࡍʹϙςϯγϟϧΤωϧΪʔ͕࠷΋খ͘͞ͳΔΑ͏ͳͶ͡Εʹ͓͚ΔϙςϯγϟϧΤωϧΪʔͰ͋ΔɻͶ

͡Εʹ੍͍ͭͯ໿͠ͳ͍৔߹ɺϙςϯγϟϧΤωϧΪʔ͕࠷খʹͳΔΑ͏ʹͶ͡Ε͕ࣗಈతʹੜ͡ΔͨΊɺͶ͡

஫٭ 29֎෦͔ΒͶ͡Εͷྗ͕Ճ͑ΒΕΔ͜ͱ͸ɺ఻ૹํ޲΁ͷܸྗʹൺ΂ͯ௿֬཰Ͱ͋Δ
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ΕΛ੍໿͠ͳ͍͜ͱͰ͜ͷঢ়ଶΛ༻͍͍ͯΔɻҰํɺจݙ [115]Ͱ͸ͦͷ྆ํΛ੍໿͍ͯ͠ΔͨΊɺԁ౵ંͷϙς

ϯγϟϧΤωϧΪʔ͸੍໿ʹରԠ͢Δہ໘ͷஅ໘ΛݟΔ͜ͱͱͳΔɻมҐͱͶ͡ΕΛ੍ޚͰ͖ΔΑ͏ͳૹ৴ثػ

Λ༻ҙ͢Ε͹ɺෳ਺ͷप೾਺ͷ৴߸Λಉ࣌ʹԁ౵ં఻ૹ࿏ʹྲྀ͢͜ͱ΍ɺ఻ૹ଎౓ͷௐ੔΋ՄೳͱͳΔͩΖ͏ɻ

ୈ 4෦Ͱ͸ɺંΓࢴͷมܗΛͨ͢͜ىΊͷܰബͳߏػͱͯ͠ંΓࣗࢴ਎ͷ஄ੑΤωϧΪʔʹண໨͠ɺม͕࣍ܗʑ

ͱมܗΛੜͤ͡͞ΔંΓߏࢴ଄Λԁ౵ંͰ࣮ͨ͠ݱɻୈ 4෦ͷٕज़ʹΑΓɺճ࿏ͳͲͷిؾతͳ੍ޚΛ༻͍ͳ͍ɺ

ંΓࢴͷ࣍ͷมܗΛҾ͖ߏػ͢͜ىΛՄೳͱͨ͠ɻ
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ୈ 5ষͷ಺༰͸ɺંΓࢴͷมܗͷॱΛ੍͢ޚΔܰബͳʮߏػʯͰ͋Δɻୈ 3ষͰॱʹมܗΛੜͤ͡͞Δʮճ࿏ʯΛ

ఏҊ͕ͨ͠ɺຊୈ 5ষͰ͸શମʹྗ͕͔͔Δʹ΋͔͔ΘΒͣɺંΓઢύλʔϯ͚ͩͰંΕΔॱΛ੍͢ޚΔʮߏػʯ

ͷઃܭʹ͍ͭͯड़΂Δɻ

ैདྷͷଟஈ֊ͷมܗΛં͏ߦΓࢴ͸ͦΕͧΕͷஈ֊ͱͦΕͧΕͷંΓ໨ʹରͯ͠ΞΫνϡΤʔλΛ༗͠ɺద੾

ͳλΠϛϯάͰۦಈ͢Δ͜ͱͰมܗͷॱΛ੍͍ͨͯ͠ޚɻ͔͠͠ΞΫνϡΤʔλͷ૿Ճ͸ɺΞΫνϡΤʔλࣗ਎

ͱ഑ઢʹΑΔॏ͞ͱް͕͞ંΓࢴͷܰബ͞Λଛͳͬͯ͠·͏ɻ΋͠౳͍͠ྗʹ΋͔͔ΘΒͣଟஈ֊ʹંΕΔંΓ

ΑΓʹݮ࡟ՄೳͰ͋ΓɺΞΫνϡΤʔλͷ͕ܗΔΞΫνϡΤʔλͷΈͰଟஈ֊ͷม͢ޚΕ͹ɺશମΛ੍͢ݱ࣮͕ࢴ

ંΓࢴΛܰബͳߏ଄΁ͱ෮ͤ͞׆ΒΕΔɻ

ຊୈ 5ষͰ͸͜ͷʮଟஈ֊ʹંΕΔંΓߏࢴ଄ʯΛઃ͠ܭɺ͍͔ͭ͘ͷઃܭΛ࣮૷͢Δ͜ͱͰΞΫνϡΤʔλ

ͷݮ࡟ʹΑΔܰബͳߏ଄Λ࣮ূͨ͠ɻଟஈ֊ʹંΕΔߏ଄͸όΠεςʔϒϧߏ଄Ͱ͋Δԁ౵ંΛ༻͍࣮ͯͨ͠ݱɻ

ԁ౵ં͸ંΓઢύλʔϯͷ֯౓Λม͑Δ͜ͱͰͦͷϙςϯγϟϧΤωϧΪʔΛௐઅͰ͖ɺ͍ڧʢ͍ߗʣԁ౵ં΍

ऑ͍ʢॊΒ͔͍ʣԁ౵ંΛ࣮૷Ͱ͖Δɻͦͯ͜͠ΕΒͷԁ౵ંΛ௚ྻʹ઀ଓ͢Δ͜ͱͰɺৗʹऑ͍ԁ౵ં͔Βॱ

ʹஈ֊తʹऩॖ͢Δੑ࣭Λࣔ͢ɻͦͯ͠ల։࣌ʹ΋ऑ͍ԁ౵ં͔Βॱʹஈ֊తʹऩॖ͢Δੑ࣭Λ࣋ͪɺԁ౵ંΛ

઀ଓͨ͠ߏ଄͸ώεςϦγεޮՌ΋࣋ͭɻ͜ΕΒͷ಺༰ʹ͍ͭͯຊষͰड़΂Δɻ

ຊୈ 5ষͷ੒Ռ͸ɺ

[B1]Fuminori Okuya, Takuya Umedachi, Kazuya Saito, and Yoshihiro Kawahara, “Crawling Cylindrical

Origami Robot Driven by Single Actuator,” The 7th International Meeting on Origami in Science, Mathematics

and Education (7OSME), vol.3, pp.949–963, Sept. 2018.

[C7]Ԟ୩จಙɼകؘ୓໵ɼ੪౻Ұ࠸ɼ઒ܓݪതɼ“ԁ౵ંΛ༻͍ͨ୯ҰΞΫνϡΤʔλͰ௚ઢ্ͷ෺ମ্Λਐߦ

͢ΔϩϘοτɼ”৘ใॲཧֶձશࠃେձߨԋ࿦จू, no.6B-01, March 2018.

Ͱൃද͞Εͨ಺༰ͷ࠶ར༻ΛؚΉɻ
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5.1 ંΓࢴϩϘοτͱॏ͔ͯ͘͞͹ΔΞΫνϡΤʔλ

ϩϘοτͷॏྔ΍େ͖͞ʹ੍͕ݶͳ͚Ε͹ɺߏ଄ʹ੍໿͸গͳ͍͕ɺӉ஦ɾମ಺ɾڱॴͳͲͷڥ؀Ͱ͸ಛʹɺॏ

ྔ΍େ͖͞͸ॏཁͳ੍໿ʹͳΔɻҰํͰɺંΓࢴ͸େ͖ͳల։ߏ଄ΛίϯύΫτʹɾബ͘ંΓͨͨΉ͜ͱ͕Ͱ͖ɺ

͍ܰૉࡐͰߏ͍ڧ଄Λ࣮ݱͰ͖ΔͨΊɺͦͷΑ͏ͳ੍໿Λຬͨ͢ߏ଄ͷ࣮ݱΛ༰қʹ͢Δɻ͜ͷΑ͏ͳར఺Λ׆

͔͠ɺંΓߏࢴ଄͸ਓ޻Ӵ੕ͷιʔϥʔύωϧͷંΓͨͨΈ [121]ɾؤৎͳݐஙߏ଄ [122]ɾεςϯτάϥϑτͷε

ςϯτ [78]ͳͲʹԠ༻͞Ε͖ͯͨɻ͜ͷΑ͏ͳྫͰ͸ల։΋͘͠͸ંΓͨͨΈ͸Ұ౓͔͠ߦΘΕͣɺେ͖ͳ࠷ऴ

ΔɻҰํͰɺંΓ৞ΊΔϥΠ͍ͯ͠༺࠾଄Λߏࢴ଄Λɺখ͘͞ӡൖ͢Δ͜ͱΛ໨తͱͯ͠ંΓߏΔ͢ݱঢ়Λ࣮ܗ

Φοτγʔϧυ [123]΍ਤ 5.1ʹࣔ͢ંΓࢴϩϘοτ [11]͸ɺల։ͱંΓͨͨΈΛ܁Γฦͯ͠༻͍Δɻ

ਤ 5.1: ैདྷͷંΓࢴϩϘοτͷྫ [11]ɻંΓߏࢴ଄Ͱ͋Δന͍൘෦෼͸ฏୱͰ͋Δ͕ɺϞʔλ΍όο

ςϦͷ෦෼͸ฏୱͰͳ͍ɻ

ંΓ৞ΊΔϥΠΦοτγʔϧυ͸ંΓͨͨΈঢ়ଶͰͷӡൖͱɺల։ঢ়ଶͰͷ๷஄໘ੵͷ֦େΛ໨తͱ͓ͯ͠Γɺ

ંΓࢴϩϘοτ [11]͸ંΓߏࢴ଄ΛϦϯΫͷΑ͏ʹͯ͠༻͍͍ͯΔɻ͔͠͠ɺओͱͯ͠༻͍͍ͯΔͷ͸ંΓͨͨ

Έঢ়ଶʢฏୱͳঢ়ଶʣͰͷӡൖͱల։ঢ়ଶͰͷϦϯΫߏػͰ͋Δɻ͜ͷΑ͏ͳల։ͱંΓͨͨΈΛߋʹԠ༻͢Δɺ

ల։͔ΒંΓͨͨΈߏ଄΁ͷભҠ్தͷมԽΛ༻͍ΔγεςϜΛ͑ߟΒΕΔɻ

͜ͷΑ͏ʹંΓߏࢴ଄͸ల։ɾંΓʹΑͬͯંΓߏࢴ଄ͷԠ༻͸͕޿ΔҰํɺଟ͘ͷΞΫνϡΤʔλ͸ແࢹͰ

͖ͳ͍ॏ͞ͱް͞Λ࣋ͭɻંΓߏࢴ଄Λܰബ͞ͷͨΊʹ࠾༻ͨ͠ʹ΋͔͔ΘΒͣɺΞΫνϡΤʔλ͕ܰ͘ബ͘ͳ͍

ͳΒ͹ར఺͕ੜ͔ͤͳ͍ɻ·ͨଟ͘ͷΞΫνϡΤʔλΛ౥͢ࡌΔͨΊʹ͸ΞΫνϡΤʔλͷݻఆͳͲͷଟ͘ͷॲ

ཧ͕ඞཁͰ͋Δɻ͜ͷΑ͏ͳཧ༝ʹΑΓΞΫνϡΤʔλͷ૿Ճ͸ҰൠతͳϩϘοτҎ্ʹંΓࢴϩϘοτʹ͸க

໋తͳ໰୊Ͱ͋Δɻ

ຊ 5ষͰ͸ɺંΓߏࢴ଄ͷར఺Λં͔ͭͭ͠׆ΓࢴϩϘοτΛ࣮͢ݱΔͨΊʹɺ࠷খݶͷΞΫνϡΤʔλͰબ

୒తʹંΓࢴͷมܗΛ࣮ݱͰ͖Δߏ଄ΛఏҊ͢Δɻల։ͱંΓͨͨΈͷ܁Γฦ͠ʹΞΫνϡΤʔλΛ༻͍ΔͨΊɺ

ͦͷΞΫνϡΤʔλͷಈ࡞ʹΑΓબ୒తͳมܗΛ࣮ݱͰ͖Δߏ଄ΛߟҊͨ͠ɻ
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5.2 ԁ౵ંλϫʔͷબ୒తมܗͱώεςϦγεಛੑ

5೥Ҏ಺ʹग़൛༧ఆ

ຊষͰ͸ɺҟͳΔੑ࣭ͷԁ౵ંΛ઀ଓͨ͠ԁ౵ંλϫʔͰ࣮ݱͰ͖Δબ୒తมܗͱԁ౵ંλϫʔ͕༗͢Δώε

ςϦγεಛੑʹ͍ͭͯઆ໌͢Δɻ·ͨɺͦͷΑ͏ͳԁ౵ંλϫʔͷঢ়ଶΛɺώεςϦγεಛੑΛ׆༻͢Δ͜ͱͰ

Ͱ͖Δ͜ͱΛࣔ͢ɻޚ੍

͜Ε͔Βઆ໌͢Δԁ౵ંλϫʔͷબ୒తมܗͱώεςϦγεಛੑ͸ɺҟͳΔԁ౵ંϢχοτΛ઀ଓ͢Δ͜ͱͰ

ੜ͡ΔɻંΓઢύλʔϯͷ֯౓ αΛௐઅ͢Δ͜ͱͰɺԁ౵ંϢχοτ͕ભҠ͢ΔͨΊʹඞཁͳྗ Ftrans ͸ௐઅͰ

͖Δɻͦ͜Ͱɺ͜͜Ͱ͸ંΓઢύλʔϯͷ֯౓ α͕ҟͳΔԁ౵ંϢχοτ͕઀ଓ͞Ε͍ͯΔঢ়ଶΛ૝ఆ͢Δɻ

௕͞ɾͶ͡Ε֯౓ͳͲɺ੍͢ޚΔ͜ͱͰԁ౵ંΛભҠͤ͞ΒΕΔύϥϝʔλ͸ෳ਺͋Δ͕ɺ͜͜Ͱ͸௕͞ͷ੍

஫٭ΑΔԁ౵ંͷಛੑΛઆ໌͢Δʹޚ 1ɻਤ 4.3ʹࣔ͢௨Γɺऩॖ͖ͬͨ͠ԁ౵ં͸ͦΕҎ্ऩॖͤͣɺల։͖ͬ͠

ͨԁ౵ં͸ͦΕҎ্৳௕͢ΔͨΊʹඇৗʹେ͖ͳྗ͕͔͔Δɻେ͖ͳ࿪͸ԁ౵ંͷࡐྉͷഁյʹ௨ͳ͕ΔͨΊɺల

։ͨ͠ԁ౵ંʹ͸ଞͷԁ౵ંΛల։͢ΔͨΊͷྗҎ্ʹҾுྗΛ͔͚ͳ͍΋ͷͱ͢Δɻͭ·Γɺશͯͷԁ౵ં͕

ऩॖ͍ͯ͠Δঢ়ଶ͔Β͸ߋʹऩॖͤ͞Δ͜ͱ͸ͳ͘ɺશͯͷԁ౵ં͕৳௕͍ͯ͠Δঢ়ଶ͔Β͸ߋʹ৳௕ͤ͞Δྗ

Λ͔͚ͳ͍෺ͱ͢Δɻ

͜Ε·Ͱ͸௕͞Λ੍͢ޚΔ͜ͱʹΑͬͯભҠ͍͕ͤͯͨ͞ɺ৳௕ྗΛൃੜͤ͞Δ৔߹ʹ΋ಉ༷ͷભҠ͕ՄೳͰ͋

Δɻ͍ڧԁ౵ં͸ͦͷ໊ͷ௨Γɺঢ়ଶͷભҠʹΑΓྗ͍ڧ (Fstrong)Λඞཁͱ͠ɺऑ͍ԁ౵ં͸ঢ়ଶͷભҠ͸ΑΓऑ

͍ྗ Fweak(< Fstrong)Ͱੜ͡ΔɻͦͷͨΊɺԁ౵ંʹѹॖɾҾுྗΛ༩͑ͨ৔߹ɺਤ 5.2ͷΑ͏ͳભҠΛੜ͡Δɻ

Expanded

Folded Folded

Expanded

State
10

State
01

State
01

State
10

Fweak

Fstrong Fweak

Fstrong Fweak

Fstrong Fweak

Fstrong

ਤ 5.2: ҟͳΔԁ౵ંϢχοτΛ઀ଓͨ͠ԁ౵ંλϫʔͷώεςϦγεಛੑɻࠨɿऑ͍ԁ౵ંͱ͍ڧԁ

౵ંΛ઀ଓ͠ɺѹॖɾҾுྗΛ༩͑ͨ৔߹ͷભҠɻӈɿ࣮࡞ʹࡍ੒ͨ͠ԁ౵ંʹΑΔઆ໌ɻ

શͯͷԁ౵ં͕ల։ঢ়ଶͰ͋Δԁ౵ંλϫʔʹѹॖྗΛՃ͑Δͱɺऑ͍ԁ౵ંΓͱ͍ڧԁ౵ંͷ྆ํʹಉ͡ѹ

ॖྗ͕ՃΘΔɻѹॖྗ͕ Fweakʹୡ͢Δͱɺऑ͍ԁ౵ંͷঢ়ଶ͕ભҠ͠ɺऑ͍ԁ౵ંͷΈ͕ऩॖঢ়ଶͱͳΔ ʢਤ

5.2தͷ “Expanded” state → State 10ʣɻߋʹѹॖྗ͕͘ڧͳΓѹॖྗ͕ Fstrong ʹୡ͢Δͱɺ͍ڧԁ౵ં΋ऩॖ

ঢ়ଶ΁ͱભҠ͢Δʢਤ 5.2தͷ State 10 to “Folded” stateʣɻ͜ͷΑ͏ʹɺѹॖྗΛՃ͑ͨ৔߹ʹ͸ɺԁ౵ં͸

“10”ͷঢ়ଶΛܦ༝ͯ͠ભҠ͢Δɻີݫʹ͸ɺਤ??ͱਤ??͕ҟͳΔͱ͓Γɺऩॖ࣌ͷ (Fstrong)ͱల։࣌ͷ (Fstrong)

͸ҟͳΓɺ(Fweak)΋ಉ༷Ͱ͋Δɻ

ʹԁ౵ંͷ྆ํ͍ڧɺશͯͷԁ౵ં͕ऩॖঢ়ଶͰ͋Δԁ౵ંλϫʔʹҾுྗΛՃ͑ͯ΋ɺऑ͍ԁ౵ંΓͱʹٯ

ಉ͡Ҿுྗ͕ՃΘΔɻҾுྗ͕ Fweak ʹୡ͢Δͱɺऑ͍ԁ౵ં͸ల։ঢ়ଶ΁ͱਪҠ͠ɺऑ͍ԁ౵ંͷΈ͕ల։ঢ়

ଶͱͳΔʢਤ 5.2தͷ “Folded” state to State 01ʣɻͦͯ͠ߋʹҾுྗ͕͘ڧͳΓɺҾுྗ͕ Fstrong ʹୡ͢Δͱɺ

ԁ౵ં΋ల։ঢ়ଶ΁ͱભҠ͢Δʢਤ͍ڧ 5.2தͷ State 01 to “Expanded” stateʣɻ͜ͷΑ͏ʹɺҾுྗΛՃ͑ͨ

৔߹ʹ͸ɺԁ౵ં͸ “10”ͷঢ়ଶΛܦ༝ͯ͠ભҠ͢Δɻ

ऩॖաఔͰ͸ “01”ͷঢ়ଶΛܦ༝ͯ͠ભҠ͢Δ͕ɺల։աఔͰ͸ “10”ͷঢ়ଶΛܦ༝ͯ͠ભҠ͢Δɻ͜ͷΑ͏ͳɺ

௕͕͞ 1Ϣχοτ෼ͱͳΔΑ͏ʹ੍ࡍͨ͠ޚʹɺల։ঢ়ଶ͔ΒભҠͨ͠Βঢ়ଶ 10ʹͳΓɺऩॖঢ়ଶ͔ΒભҠͨ͠

Βঢ়ଶ 01ʹͳΔͱ͍͏ɺࡏݱͷ੍ޚύϥϝʔλ͚ͩͰͳ͘௚લͷঢ়ଶ͕ࡏݱͷঢ়ଶʹӨ͢ڹΔੑ࣭ΛώεςϦγ

஫٭ 1Yasuda Β͕͍ͨͯͬߦΑ͏ʹɺͶ͡Ε֯౓Λ੍͢ޚΔ͜ͱͰԁ౵ંͷঢ়ଶΛભҠͤ͞Δ͜ͱ΋ՄೳͰ͋Δ [116]ɻ
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εಛੑͱݺͿɻ͜ͷώεςϦγεಛੑ͸Ͷ͡Ε֯౓ʹΑΔ੍ޚͰ΋ɺମੵʹΑΔ੍ޚͰ΋ಉ༷ͷੑ࣭͕ੜ·ΕΔɻ

ΑΓଟ͘ͷԁ౵ં͕ɺભҠ͢ΔͨΊͷྗ͕͍ڧॱʹ઀ଓ͞Ε͍ͯΔ৔߹ʹ͸ɺਤ 5.3ͷΑ͏ͳભҠ͕ੜ͡Δɻਤ
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ਤ 5.3: Βॱʹల։͔ࠨॱʹ઀ଓ͞Εͨԁ౵ંλϫʔͷώεςϦγεಛੑɻ͍ڧͷҟͳΔԁ౵ં͕ݸ5

͠ɺ͔ࠨΒॱʹऩॖ͢Δɻ੨ઢ͕ల։աఔΛɺ੺ઢ͕ऩॖաఔͷԁ౵ંλϫʔͷ௕͞Λද͍ͯ͠Δɻಉ

͡ྗΛ༩͍͑ͯͯ΋ɺల։աఔͱऩॖաఔͰ͸ԁ౵ંλϫʔͷ௕͞͸ҟͳΔ [B1]ɻ

5.3தͷ੨ઢͷྗ͕ 0ͷ෦෼͔Βઆ໌͢Δɻऩॖঢ়ଶͷԁ౵ંλϫʔʹྗΛ༩͍͑ͯͳ͍৔߹ɺԁ౵ંͷ௕͞͸ 0

ͷ··ҡ࣋͞ΕΔɻԁ౵ંʹҾுྗΛ༩͑Δͱɺԁ౵ંλϫʔ͸৳௕͢Δɻͦͯ͠ɺҾுྗ͕มԽͤͣʹԁ౵ંλ

ϫʔͷ௕͕͞มԽ͢Δ৔ॴ͕ݱΕΔɻ͕͜͜ɺα = 40◦ͷԁ౵ં͕ల։ঢ়ଶ΁ͱભҠͨ͜͠ͱΛද͍ͯ͠Δɻಉ༷

ʹɺԁ౵ં͸ॱʹల։͠ɺશͯͷԁ౵ં͕ల։͢Δ͜ͱͰऩॖաఔͷ੺ઢͱҰக͢Δɻ͜͜ͰҾுྗΛ 0ͱͯ͠

΋ɺԁ౵ંͷ௕͞͸ 7ఔ౓ͱͳΔɻ͜Ε͸ɺશͯͷԁ౵ં͕ల։ঢ়ଶͰ҆ఆͨͨ͠Ίɺऩॖঢ়ଶ΁ͱ໭Βͣɺ௕

͞Λ࣋ͬͨঢ়ଶΛҡ࣋͢Δݱ৅Ͱ͋Δ٭஫ 2ɻ

࣍ʹɺѹॖྗΛ༩͑Δͱɺٯʹԁ౵ં͸ॱʹऩॖঢ়ଶ΁ͱભҠ͢Δɻԁ౵ંͷϙςϯγϟϧΤωϧΪʔ͸ɺల

։ঢ়ଶͱऩॖঢ়ଶͷؒͰඇରশͳܗΛ͍ͯ͠ΔͨΊɺώεςϦγεۂઢ͸ઢରশͰ΋఺ରশͰ΋ͳ͍ɻ·ͨɺԁ

౵ં΁༩͑Δѹॖྗ͕े෼͘ڧͳΔͱશͯͷԁ౵ં͕ऩॖঢ়ଶ΁ͱભҠ͢ΔͨΊɺ࠷ॳͷঢ়ଶ΁ͱ໭Δɻͦͯ͠

͜ͷঢ়ଶͰѹॖྗΛ 0ʹͯ͠΋௕͞͸ 0ͷ··Ͱ͋Δɻ

͜͜·Ͱ͸શͯͷԁ౵ં͕৳௕͢Δ·Ͱ৳௕Λଓ͚ɺશͯͷԁ౵ં͕ऩॖ͢Δ·ͰऩॖΛଓ͚͍͕ͯͨɺભҠ

ͷ్தͰ੍ޚͷํ޲Λม͑Δ͜ͱͰɺਤ 5.4ͷΑ͏ͳଟ༷ͳભҠ͕ՄೳͰ͋Δɻਤ 5.2ͷΑ͏ͳ ͷϧʔϓͷΑݸ1

͏ͳ୯७ͳώεςϦγεಛੑͰ͸ͳ͘ɺ ਤ 5.4ʹ͸ෳࡶͳώεςϦγεಛੑ͕ଘ͠ࡏɺ1ύϥϝʔλͷ੍ޚʹΑ

Γɺ೚ҙͷঢ়ଶ͔Β೚ҙͷঢ়ଶ΁ͷભҠ͕ՄೳͰ͋Δɻਤ 5.4Ͱ͸ ͷԁ౵ં͕ͦΕͧΕݸ5 ͷঢ়ଶͰ҆ఆͰ͋ݸ2
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ਤ 5.4: ͱܗɻ֤௕ํ܎ॱʹ઀ଓ͞Εͨԁ౵ંλϫʔͷώεςϦγεભҠ͍ؔڧͷҟͳΔԁ౵ં͕ݸ5

ͦͷ಺෦ͷ਺֤͕҆ࣈఆঢ়ଶΛද͠ɺ্΁ͷ໼ҹ͕ѹॖʹΑΔભҠઌΛɺԼ΁ͷ໼ҹ͕ҾுʹΑΔભ

ҠઌΛ͍ࣔͯ͠Δ [B1]ɻ

ΔͨΊɺ͜ͷԁ౵ંλϫʔ͸߹ܭͰ 25 = 32छྨͷঢ়ଶͰ҆ఆͰ͋Δɻ֤௕ํܗͱͦͷ಺෦ͷ਺֤͕҆ࣈఆঢ়ଶ

஫٭ ճ͸ࠓ͸͜͜ͰҰॠෛͷྗ͕͔͔Δ͕ɺʹີݫ2 Strain ʹࣔͨ͠ྗΛ༩͑ͨ৔߹ͷ৳ͼͨ݁ՌΛ͍ࣔͯ͠Δɻ
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Λද͠ɺ্΁ͷ໼ҹ͕ѹॖʹΑΔભҠઌΛɺԼ΁ͷ໼ҹ͕ҾͬுΓʹΑΔભҠઌΛ͍ࣔͯ͠Δɻѹॖૢ࡞͸ʮల

։ঢ়ଶͷ࠷΋ऑ͍ԁ౵ંΛऩॖঢ়ଶ΁ͱભҠͤ͞Δʯૢ࡞Ͱ͋ΔͨΊɺʮ0Ͱ͋Δ࠷ԼҐϏοτΛ 1ͱ͢Δʯͱ͍

Ͱ͋ΔͨΊɺ࡞΋ऑ͍ԁ౵ંΛల։ঢ়ଶ΁ͱભҠͤ͞Δʯૢ࠷͸ʮऩॖঢ়ଶͷ࡞ɺҾுૢʹٯ૬౰͢Δɻʹ࡞ૢ͏

ʮ1Ͱ͋Δ࠷ԼҐϏοτΛ 1ͱ͢Δʯͱ͍͏ૢ࡞ʹ૬౰͢Δɻਤ 5.4Ͱ͸ɺ্͖޲ͷ໼ҹ͸্ลͷࠨ୺ͷঢ়ଶʹભ

Ҡ͠ɺԼ͖޲ͷ໼ҹ͸Լลͷӈ୺ͷঢ়ଶʹભҠ͢Δɻ·ͨɺਤ 5.4͸֤ஈʹ 1ͷ਺͕౳͍͠ঢ়ଶΛ഑ஔ͠ɺ֤ஈͷ

಺෦Ͱ͸ࠨӈͷঢ়ଶʹରͯ͠ࠨͷঢ়ଶ < ӈͷঢ়ଶ͕੒ཱ͢ΔΑ͏ʹฒ΂ɺ্Լͷঢ়ଶʹ͸Լͷঢ়ଶ < ্ͷঢ়

ଶͱͳΔΑ͏ʹฒ΂Δ͜ͱͰಘΒΕΔɻ

ԁ౵ં͔Βॱʹɺͭ·Γ্ҐϏοτ͔Βॱʹॴ๬ͷঢ়ଶ΁ͱભҠ͍͞ڧ΋࠷ͱͰɺ͜͏ߦΛ࡞ͷΑ͏ͳૢه্

ͤΔૢ࡞ʹΑΓɺ೚ҙͷঢ়ଶ͔Β೚ҙͷঢ়ଶʹભҠͰ͖Δ͜ͱ͕Θ͔Δɻ͔͠͠ɺॴ๬ͷঢ়ଶ΁ͱભҠ͢ΔͨΊ

ʹ͸ɺඇৗʹଟ͘ͷঢ়ଶΛܦ༝͢Δඞཁ͕͋Δ৔߹΋͋Δɻྫ͑͹ 00000 ঢ়ଶ͔Β 10101 ঢ়ଶ΁͸ɺ࠷୹Ͱ΋

00000 → 00001 → 00011 → 00111 → 01111 → 11111 → 11110 → 11100 → 11000 → 10000 → 10001 →
10011 → 10111 → 10110 → 10100 → 10101ͱ 15ճͷૢ͕࡞ඞཁͰ͋Δɻ͜ͷભҠ͸͜ͷԁ౵ંλϫʔͷ 2ঢ়ଶ

ؒͷભҠͱͯ͠͸࠷௕ͷܦ࿏Ͱ͋Δɻnݸͷԁ౵ં͕઀ଓ͞Ε͍ͯΔ৔߹ʹ͸ɺ
n(n+ 1)

2
ճͷભҠ͕ඞཁͳ৔߹

͕ଘ͢ࡏΔͨΊɺߴ଎ʹҠಈ͢Δ༻్ʹ͸͔޲ͳ͍ɻ

·ͨɺॴ๬ͷঢ়ଶ΁ͱͨ͏͔޲Ίʹ͸͋Δঢ়ଶΛܦ༝͢Δඞཁ͕ଘ͏͠ࡏΔɻྫ͑͹ 00000ͷঢ়ଶ͸ 00001ɾ

00010ɾ00100ɾ01000ɾ10000ͷ 5छྨͷঢ়ଶ͔ΒભҠ͕ՄೳͰ͋Δ͕ɺ10101ͷঢ়ଶ΁͸ 10100͔ΒͷΈભҠ͕

ՄೳͰ͋Δɻ10100ͷঢ়ଶΛආ͚ͯ 10101ͷঢ়ଶ΁ͱભҠ͢Δ͜ͱ͸Ͱ͖ͳ͍ͨΊɺॴ๬ͷαΠΫϧΛඳ͜͏ͱ

͢Δ৔߹ʹ͸ɺܦ࿏ʹ๬·͘͠ͳ͍ঢ়ଶΛؚ·ͳ͍Α͏ʹઃ͢ܭΔඞཁ͕͋Δɻ͜ΕΒ͸ 1ΞΫνϡΤʔλʹ੍

ΛఏҊ͢Δ͜ͱͰߏػ৅Ͱੜͨ͡໰୊Ͱ͋Δ͕ɺ͜ΕΒͷ໰୊͕ੜ͡ͳ͍ൣғͰݱΑΔࣗ༝౓ͷʹࣄͨ͠ݶ 1Ξ

ΫνϡΤʔλͰҠಈ͢ΔϩϘοτ͸࣮ݱͰ͖Δɻͦͯ͜͠ΕΒͷ໰୊͸ඇৗʹෳࡶͳԁ౵ંλϫʔͱͦͷঢ়ଶΛ

ΔͨΊʹ͸ੜ͡Δ͕ɺਤ͢ݱ࣮ 6.6ఔ౓ͷಈ͖Ͱ͋Ε͹ɺԁ౵ંͷ઀ଓॱͷ޻෉ͰղܾͰ͖Δɻ໰୊͕ੜ͡ͳ͍ൣ

ғͰͷߏػΛ࣍ষ͔Βઆ໌͢Δɻ
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ԁ౵ંͱંΓࢴճ࿏Λར༻ͨ͠Ҡಈ
ϩϘοτ

͜ͷόΠεςʔϒϧߏ଄ͱώεςϦγεޮՌΛ༻͍Δ͜ͱͰɺΞΫνϡΤʔλ͕ Ε͍ͯͳ͘ͱ΋ɺ͞ࡌ౥͔͠ݸ1

͔͋ͨ΋ෳ਺ݸͷΞΫνϡΤʔλͰ੍͞ޚΕ͍ͯΔΑ͏ͳଟஈ֊ͷંΓಈ࡞Λ࣮ͨ͠ݱɻͦͯͦ͠ͷંΓࢴϩϘο

τΛ࡞੒͠ɺಈ࡞Λଌఆ࣮ͯ͠ݱՄೳੑͱ༗༻ੑΛͨ͠ূݕɻ

·ͨͦͷભҠͷॱͱɺԁ౵ંͷભҠʹ൐͏௕͞ͷมԽɾͶ͡Ε֯౓ͷมԽɾମੵͷมԽɾ಺ܘͷมԽΛ૊Έ߹Θ

ͤΔ͜ͱͰɺҠಈΛ࣮ͨ͠ݱɻຊ੒ՌʹΑΓɺΞΫνϡΤʔλΛ͠ݮ࡟ɺܰͯ͘ബ͍ಈ͘ંΓࢴϩϘοτ͕࣮ݱͰ

͖Δɻ
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[C7]Ԟ୩จಙɼകؘ୓໵ɼ੪౻Ұ࠸ɼ઒ܓݪതɼ“ԁ౵ંΛ༻͍ͨ୯ҰΞΫνϡΤʔλͰ௚ઢ্ͷ෺ମ্Λਐߦ

͢ΔϩϘοτɼ”৘ใॲཧֶձશࠃେձߨԋ࿦จू, no.6B-01, March 2018.
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6.1 ຊষͷؔ࿈ڀݚ

ຊষͰ͸ɺैདྷͷંΓࢴϩϘοτɾ1ΞΫνϡΤʔλͰಈ͘ϩϘοτͷ෼໺ʹ෼͚ͯؔ࿈ڀݚΛ঺հ͢Δɻຊݚ

ͷར఺Ͱ͋ΔίϯύΫτʹബ͘ऩೲͰ͖Δੑ࣭͕ॏྔɾް͞Λ࣋ͭࢴϩϘοτ͕࣋ͭɺંΓࢴ͸ɺैདྷͷંΓڀ

ΞΫνϡΤʔλʹΑΓ͍͔ͯͤ׆ͳ͍໰୊Λɺ1ΞΫνϡΤʔλͰಈ͘ैདྷͷϩϘοτΛߟࢀʹղܾ͢Δɻ



ୈ 6ষ ԁ౵ંͱંΓࢴճ࿏Λར༻ͨ͠ҠಈϩϘοτ 74

6.1.1 ંΓࢴϩϘοτ

ંΓࢴϩϘοτͱ͸ɺϩϘοτͷମ͕ંΓ͔ࢴΒͰ͖͍ͯΔΑ͏ͳϩϘοτͰ͋ΓɺᐆດͳఆٛͰ͸͋Δ͕ɺຊ

͍ͯ༺଄Λߏࢴ଄Ͱ͋ΔϩϘοτͱ͢ΔɻFeltonΒ͸ɺંΓߏࢴͰѻ͏෺͸ϩϘοτͷେ෦෼͕ંΓڀݚ 1ຕͷ

ฏୱͳঢ়ଶͷ͔ࢴΒંΓ্͕ΔϩϘοτΛ࣮૷ͨ͠ [11]ɻͦͷϩϘοτͷฏୱʹંΓ৞ΊΔ෦෼͸ɺ͍ΘΏΔ֨ࠎ

෦෼ͷΈͰ͋ΓɺΞΫνϡΤʔλʢಛʹϞʔλʣɾόοςϦɾICͱͦΕΒͷݻఆ෦͸ฏୱͰ͸ͳ͍ɻࣗંݾͷٕज़

Λ͍ͯͬ࢖ΔͨΊɺਓͷखͰ૊Έ্͛Δඞཁ͸ͳ͍͕ɺࣗંݾͷͨΊͷ 28Χॴͷ೤Λ༻͍ͨΞΫνϡΤʔλɾҠ

ಈͷͨΊͷ Δɻ೤ʹΑΔંΓ͸ɺୈ͍ͯ͠ࡌͷϞʔλΛ౥ݸ2 3.2.4ষͰड़΂Δύ΢νϞʔλͳͲΛ͜͏࢖ͱͰ࣮

Մೳ͕ͩɺϞʔλ͸ඇৗʹ෼ް͍ɻ·ͨɺਤ͕ݱ 5.1ͷ Aʹࣔ͢Α͏ʹɺ2ͭͷόοςϦʔ΋େ͖͘ɺંΓ্͕ͬ

ͨঢ়ଶΛͯݟ΋όοςϦʔʹΑΓ࠷େͷް͞͸ͦΕ΄ͲมΘ͍ͬͯͳ͍ɻ

ંΓࢴϩϘοτͷ΋͏Ұͭͷಛ௃ͱͯ͠ɺંΓࢴϩϘοτࣗମ͕ബͯ͘΋ɺͦͷ੍ޚͷͨΊͷ֎෦૷ஔ͕ڊେͰ

͋Δͱ͍͏໰୊͕͋Δɻྫ͑͹ɺMiyashitaΒ͸࣓ੴ͕ Δ͕ɺͦΕҎ֎͸΄΅ฏୱʹͳΔϩϘοτΛ͍ͯͬࡌ1ͭ

ͨ͠ݱ࣮ [6]ɻ͜ͷϩϘοτ͸ϩϘοτࣗମ͕ܰ͘ɾ΄΅ฏୱʹͳΔͱ͍͏໘Ͱɺ༌ૹޮ཰͕͍͍ͱ͑ݴΔɻ͜ͷΑ

͏ͳখܕͳϩϘοτ͸ંΓͨͨΜͩঢ়ଶͰ༌ૹͯ͠ମ಺Ͱಈͤ͞࡞ΔͳͲͷԠ༻͕͋Δ [6]ɻͨͩ͠ɺંΓࢴϩϘο

τଆʹΞΫνϡΤʔλ͕ 1ͭ΋͍ͯͬࡌͳ͍͜ͱ͔Β෼͔Δ௨Γɺ͜ͷϩϘοτ͸ಈ࡞ʹ֎෦૷ஔ͕ඞཁͰ͋Δɻ

MiyashitaΒͷڀݚͰ͸ɺਤ 6.1ͷΑ͏ͳେن໛ͳ֎෦૷ஔ͕ඞཁͰ͋ΓɺંΓࢴϩϘοτΛಈ͔͢γεςϜΛ༌

ૹ͢Δ͜ͱΛ͑ߟΔͱɺॏ͘ɾް͍෺ମΛ༌ૹ͢Δඞཁ͕ग़͖ͯͯ͠·͏ɻMiyashiyaΒͷંΓࢴϩϘοτͱ֎෦

ਤ 6.1: ࣓ੴΛ౥ંͨ͠ࡌΓࢴϩϘοτΛ੍͢ޚΔͨΊͷ֎෦૷ஔ [6]ɻંΓࢴϩϘοτ͕ന͍ਖ਼ํܗͷ

৔ॴͰࣗޙͨ͠ંݾɺ੨͍ΤϦΞͰҠಈΛ࣮͢ݱΔɻંΓࢴϩϘοτͷαΠζ͸Ұล͕ 1.7 cmͰ͋ͬ

ͯ΋ɺҰล͕ 20 cmͷίΠϧ͕ ΕͨҰล͕͞ࡌ౥ݸ4 50 cmͷ૷ஔ͕ඞཁͰ͋Δɻ

૷ஔΛݟΔͱɺͷαΠζ͸Ұล͕ 1.7 cmͰ͋ͬͯ΋ɺҰล͕ 20 cmͷίΠϧ͕ ΕͨҰล͕͞ࡌ౥ݸ4 50 cmͷ૷

ஔ͕ඞཁͰ͋ΓɺંΓࢴϩϘοτͷҠಈγεςϜશମΛ͑ߟΔͱܰബͰ͋Δͱ΋౸ఈ༌ૹ͕༏͍͠ͱ΋͍͑ͳ͍ɻ

͜ΕΒ [11, 130]ͷڀݚ͸ൺֱత୯७ͳಈ͕࡞ՄೳͳϩϘοτΛɺฏୱͳ͔ࢴΒ࣮ͨ͠ݱ΋ͷͰ͋Δɻෳࡶͳಈ

Δ͕ɺͦΕͧΕͷϞδϡʔϧ͕͋ڀݚͿݺͱࢴϩϘοτʹ͸ɺϞδϡʔϧϩϘοτΛંΓࢴΛՄೳͱ͢ΔંΓ࡞

͕ෳ਺ͷΞΫνϡΤʔλʢϞʔλʣΛ࣋ͭͨΊඇৗʹॏ͘ɾߴՁʹͳͬͯ͠·͍ͬͯΔ [131]ɻ

͜ͷΑ͏ʹɺંΓࢴϩϘοτ͸୯ʹંΓߏࢴ଄Λ༻͍ͨϩϘοτͰ͋Δ͜ͱ͕ଟ͘ɺల։ɾऩॖʹΑΓେ͖͞ɾ

ϩϘοτ͸γεࢴఏҊ͢ΔંΓ͕ڀݚΔɻຊ͑ݴͷར఺Λੜ͔͍ͯ͠Δͱࢴঢ়Λม͑Δͱ͍͏ҙຯͰͷΈંΓܗ

ςϜશମͰͷΞΫνϡΤʔλͷ਺Λ࠷খݶ·Ͱ͢ݮ࡟Δ͜ͱͰંΓࢴͷް͞ɾܰ͞ΛଛͳΘͳ͍ߏ੒Λ΋ͭ΋ͷ

Ͱ͋Δɻ
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ԁ౵ંΛ༻͍ͨϩϘοτ

ຊ 6ষͰѻ͏Α͏ͳԁ౵ંΛ༻͍ͨϩϘοτ΋ɺຊ͕ڀݚॳग़Ͱ͸ͳ͍ɻԁ౵ંΛ༻͍ͨϩϘοτ͸͍͔ͭ͋͘

Δ͕ɺ࠷ॳʹԁ౵ંͷ௕͞ͷมԽΛ༻͍ͨϩϘοτΛ঺հ͢Δ [132]ɻจݙ [132]ͷϩϘοτ͸ɺԁ౵ંͷ௕͞ͷม

ԽͷΈΛ༻͍͍ͯΔɻԁ౵ં͸௕͞ΛมԽͤ͞ΔΞΫνϡΤʔλͱͯ͠༻͍ΒΕɺ଍ʢ஍໘ͱͷ઀৮෦ʣʹ͍ͭͯ

͍Δ߶ໟʹΑΓඇରশͳԠྗΛੜΉ͜ͱͰҠಈΛ࣮͍ͯ͠ݱΔɻԁ౵ંͷͶ͡Ε֯౓Λ੍͢ޚΔ͜ͱͰԁ౵ંͷ

௕͞Λ੍͍ͯ͠ޚΔϩϘοτͰ͋Γɺԁ౵ં͸શͯಉ͡ੑ࣭Λ࣋ͭͨΊɺ֯౓ͱ௕͕͞΄΅ൺྫؔ܎ʹ͋Δ٭஫ 1ɻ

ಉ༷ʹɺԁ౵ંΛ௕͞ͷมԽ͢ΔંΓࢴͱͯ͠༻͍ͨϩϘοτͱͯ͠ɺࠨӈʹ͕ۂΔ͜ͱ͕Ͱ͖ΔϩϘοτ΋ఏ

Ҋ͞Εͨ [133]ɻจݙ [133]ͷϩϘοτ͸ԁ౵ંΛ 2ຊͨͬ࢖ϩϘοτͰ͋Γɺ୯ͳΔલਐ͚ͩͰͳ͘ɺΑΓ௕͘৳

௕ͨ͠ԁ౵ંͱٯଆ΁ͱ͕ۂΔ͜ͱ͕Ͱ͖ΔϩϘοτͰ͋Δɻ߶ໟΛ༻͍ͨඇରশੑͰ͸ͳ͍͕ɺ͜ͷϩϘοτ

΋଍ͷߏ଄ͷ޻෉ʹΑΓඇରশͳຎࡲΛੜͯ͡Ҡಈ͢ΔϩϘοτͰ͋Δɻ

͜ΕΒͷϩϘοτ͸ԁ౵ંΛͶ͡ΓΛͯͬ࢖৳ॖͤ͞Δ͜ͱͰϩϘοτͷ৳௕Λ࣮͠ݱɺલޙඇରশͳ଍ʹΑͬ

ͯҠಈΛ࣮͍ͯ͠ݱΔɻͭ·Γԁ౵ં͸୯ʹ৳ॖൺ͕ඇৗʹେ͖͍ΞΫνϡΤʔλͷҰ෦ͱͯ͠ԁ౵ં͸༻͍Β

Ε͖ͯͨɻ

ैདྷͷ௚ಈΞΫνϡΤʔλ͸ΞΫνϡΤʔλͷ௕͞ʹൺ΂ͯେ͖ͳ௕͞ͷมԽ͕Ͱ͖ͳ͍΋ͷ͕ଟ͔ͬͨͨΊɺ

ԁ౵ંΛ༻͍Δ͜ͱͰɺ৳ॖൺΛେ͖͘Ք͙͜ͱ͕Մೳͱͳ͍ͬͯΔɻ͔͠͠ɺຊ࣭తʹ͸଍ͷԠྗͷඇରশੑ

͕ҠಈΛੜ͍ͯ͡Δ͚ͩͰ͋ΔͨΊɺԁ౵ંͰ͋Δඞཁ͸΄ͱΜͲແ͍ɻ

ͦͯ͠ԁ౵ંͷ৳ॖʹ෇ਵ͢Δଞͷੑ࣭Λ༻͍ͨɺԁ౵ંࣗମΛ֎֨ࠎͱͯ͠ར༻͢ΔϩϘοτ΋ఏҊ͞Εͯ

͍Δ [126]ɻ͜ͷϩϘοτ͸ԁ౵ંͷม͕ܗҠಈΛੜ͍ͯ͡Δ΋ͷͰ͋ΓɺఏҊ಺༰͕ຊষͷ಺༰ͱඇৗʹࣅ௨ͬ

͍ͯΔ٭஫ 2ɻ৳ॖʹͭΕͯมԽ͢ΔંΓࢴͷ֯౓ͷมԽΛ༻͍Δ͜ͱͰɺԁ౵ંͷ֎ܗʢ֎ܘʣΛมԽͤͯ͞Ҡ

ಈΛ࣮͢ݱΔϩϘοτͰ͋Δɻ

ຊڀݚͱจݙ [126]ͷڀݚͷओͳ૬ҧ఺Λ͛ڍΔͱɺ

• ຊ 6ষͷ಺༰͸ 3छྨͷڥ؀಺ͰͷҠಈʹ͍ͭͯઆ໌͍͕ͯͨ͠ɺจݙ [126]ͷڀݚ͸ ಺ʢύΠڥͷ؀ݸ1

ϓͷதʣͰ͔͠ҠಈͰ͖ͳ͍͜ͱɻ

• ຊ 6ষͷ಺༰͸ԁ౵ંʹ΄ͱΜͲΞλονϝϯτΛඞཁͱ͠ͳ͍٭஫ 3͕ɺจݙ [126]ͷڀݚ͸Ξλονϝϯ

τ͕ඞཁෆՄܽͰ͋Δ͜ͱɻ

• ຊ 6ষͷ಺༰͸ཧ࿦ͷઆ໌͚ͩͰͳ࣮͘ࡍͷϩϘοτΛ੍ͯ͠࡞ධՁ͍ͯ͠Δ͕ɺจݙ [126]ͷڀݚ͸ཧ࿦

తͳٴݴͷΈʹͱͲ·͍ͬͯΔ͜ͱɻ

ΒΕΔɻ͛ڍ͕

จݙ [126]ͷڀݚҎ֎͸ɺ୯ʹԁ౵ંΛ௚ಈΞΫνϡΤʔλʹ͢Δఔ౓Ͱ͋Γɺԁ౵ંͷଟ͘ͷੑ࣭ͷ΄ͱΜͲ

Λ͍ͯͬ࢖ͳ͍ɻຊষͰ͸ɺ3छྨͷڥ؀ΛҠಈ͢Δԁ౵ંΛ֎֨ࠎͱͨ͠ϩϘοτΛఏҊɾ࣮૷͢Δɻ͜ͷϩ

Ϙοτ͸ɺԁ౵ંΛ୯ͳΔ௚ಈΞΫνϡΤʔλͱͯ͠Έͳ͚ͩ͢Ͱ͸ͳ͘ɺͲͷϩϘοτ΋௕͞ͷมԽɾͶ͡Ε֯

౓ͷมԽɾମੵͷมԽɾ಺ܘͷมԽɾંΕઢύλʔϯͷ֯౓ αͷมԽʹΑΔԁ౵ંͷભҠʹඞཁͳྗͷมԽͷ಺ɺ

গͳ͘ͱ΋ 3ཁૉΛ͔ͨ͠׆ϩϘοτͰ͋Δɻ֎෦ͷΞλονϝϯτͳͲͷඇରশͳߏ଄Λ৽ͨʹ෇͚Δ͜ͱͳ

Ͱ͖Δݱ࣮͘ 1ຕͷ͔ࢴΒ࡞ΕΔख๏ɾϩϘοτͰ͋Δɻ

஫٭ 1ԁ౵ં͸ஈ֊తʹંΕΔͳͲͷඇઢੑܗ͸ଘ͢ࡏΔ
஫٭ 2͜ͷൃ͕ڀݚද͞Εͨͷ͸ 2018 ೥ 8 ݄ 26 ೔ʙ2018 ೥ 8 ݄ 29 ೔ͷֶձͰ͋Γɺචऀ͕ຊষͷ಺༰ΛॳΊͯൃදͨ͠ͷ͸ 2018 ೥ 9 ݄
3 ೔ʙ2018 ೥ 9 ݄ 5 ೔ͷֶձͰ͋Δɻ
஫٭ 3ຎࡲΛมԽͤ͞ΔͨΊʹ౥ͨ͠ࡌຎࡲ൘ͱɺޮ཰ͷ্޲ͷͨΊʹड़΂ͨϑΟϯͷΈ
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6.1.2 1ΞΫνϡΤʔλͰಈ͘ϩϘοτ

1ΞΫνϡΤʔλͱ͍͏ͱɺ1ݸͷϞʔλͱλΠϠ͍͍͑ͭͯ͞Ε͹ҠಈՄೳͰ͋Δ͕ɺંΓࢴͰ͸ਖ਼֬ͳԁ౵

Λ༗ݶճͷંΓͨͨΈͰฏୱʹ͢Δ͜ͱ͸ෆՄೳͰ͋ΔͨΊɺλΠϠͰͷҠಈ͸গͳ͍ɻλΠϠͰ͋ͬͯ΋ɺܘ

͕ଟগมԽ͢Δ΋ͷ͕ଘ͢ࡏΔఔ౓Ͱ͋Δ [134, 135, 136, 137]ɻจݙ [134]ʹൺ΂ͯจݙ [135]͸ۦಈʹ͍ͭͯৄ

ݙͰ͋Γɺจࡉ [136]͸ߴ଎ͱߴτϧΫΛ੾Γସ͑Δख๏Λड़΂͍ͯΔɻ·ͨɺจݙ [137]͸͚ͩܘͰͳ͘෯ͷม

Խ΋༻͍͍ͯΔɻͨͩ͠ɺંΓࢴΛ༻͍ͯɺల։ͱಉ͡ΞΫνϡΤʔλͰҠಈΛ࣮͢ݱΔ͜ͱΛྀͯ͠ߟɺʮԟ෮

ӡಈΛ༻͍ͨʯ1ΞΫνϡΤʔλͰಈ͘ϩϘοτΛ·ͱΊΔ͜ͱͱ͢Δɻ

ંΓࢴϩϘοτʹݶΒͣɺΞΫνϡΤʔλͷ૿Ճ͸ॏྔͷ૿ՃɾՁ֨ͷ૿େɾ૊ཱۀ࡞ͷखؒͷ૿Ճʹͭͳ͕Δ

ͨΊɺ޷·͍͠ੑ࣭Ͱ͸ͳ͍ɻಛʹখ͞ͳϩϘοτͰ͸ɺ1ΞΫνϡΤʔλͰಈ͘ϩϘοτ͕͍͔ͭ͘։ൃ͞Εͯ

͍Δɻ·ͨɺجຊతʹ 1ͭͷΞΫνϡΤʔλͰԟ෮ӡಈΛ͏ߦͱɺಉ͡ܦ࿏ΛԿ౓΋ԟ෮͢Δ͚ͩͰ͋Γɺରশ

తͳӡಈͰ͋Ε͹ͦΕ͸ಉ͡৔ॴͰ܁Γฦ͠ӡಈΛ͚ͩ͏ߦʹͳΔͨΊɺ༷ʑͳ޻෉ʹΑΓඇରশੑΛ࢈ΈɺҠ

ಈΛ࣮͍ͯ͠ݱΔɻ

τήΛ༻͍ͨҠಈ

ྫ͑͹ɺϛϛζ͕͍ͯͬߦΔ߶ໟʢsetaeʣΛ༻͍ͨҠಈΛ໛ͨ͠ϩϘοτ͕͋Δ [138]ɻ͜ͷϩϘοτ͸ਤ 6.2

ͷΑ͏ʹͯ͠Ҡಈ͢ΔɻϩϘοτͷલޙʹ͸τή͕͍ͭͨϒϩοΫ͕͋ΓɺͦΕͧΕͷτή͸લʹҠಈ͢Δͱ͖ʹ

ਤ 6.2: ϛϛζͷಈ͖Λߟࢀʹͨ͠ɺ1ΞΫνϡΤʔλͰҠಈ͢ΔϩϘοτͷಈݪ࡞ཧ [138]ɻͦΕͧΕ

ͷτή͸લʹҠಈ͢Δͱ͖ʹ͸ൈ͚Δ͕ɺޙΖʹҠಈ͢Δͱ͖ʹ͸ͯͬࢗ͞ମઅΛݻఆ͢Δɻ

͸ൈ͚Δ͕ɺޙΖʹҠಈ͢Δͱ͖ʹ͸ͯͬࢗ͞ମઅΛݻఆ͢Δ໾ׂΛՌͨ͢ɻ͜ͷτή͸ɺલ޲ํޙʹඇରশͳຎ

͸ਤʹࡍΛ༩͍͑ͯΔΑ͏ͳಇ͖Λ͍ͯ͠Δͱ΋͍͑ΔɻϩϘοτ͕ऩॖ͢Δࡲ 6.2(b)ͷΑ͏ʹલͷମઅͷτή

͕લͷମઅΛݻఆ͢ΔͨΊɺޙΖͷମઅ͕લʹҠಈ͢Δɻͦͯ͠ϩϘοτ͕৳௕͢Δࡍʹ͸ɺਤ 6.2(c)ͷΑ͏ʹ

৳ఆ͢ΔͨΊɺલͷମઅ͕લʹҠಈ͢Δɻ͜ͷͨΊɺ͜ͷϩϘοτ͸ମௐͷݻΖͷମઅΛޙΖͷମઅͷτή͕ޙ

ॖͷ܁Γฦ͠Λ͜͏ߦͱͰલʹҠಈ͢Δ͜ͱ͕Ͱ͖Δɻ

͜ͷϩϘοτ͸τήͷํ޲Λม͑ΒΕͳ͍ͨΊɺৗʹӈʹ͔͠ҠಈͰ͖ͳ͍ɻ͜ͷΑ͏ʹ 1ΞΫνϡΤʔλͰ

ಈ͘ϩϘοτͷଟ͘͸ยํ޲ʹͷΈҠಈͰ͖ΔϩϘοτ͕ଟ͍ɻ·ͨɺτήͳͲʹΑΔҠಈ͸֎෦Λই͚ͭΔͨ

ΊɺΑΓڥ؀ʹইΛ͚ͭͳ͍ಈٻ͕࡞ΊΒΕΔɻ
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ྲྀମͷ೪ੑΛ༻͍ͨҠಈ

͍ͨ༺ѹΛؾΛই͚ͭʹ͍͘ϩϘοτͱۭͯ͠ڥ؀ 1ΞΫνϡΤʔλͰಈ͘ϩϘοτ [139]͕͋Δɻ͜ͷϩϘο

τ͸ਤ 6.3ͷΑ͏ʹ 3ͭͷ෦԰Λ࣋ͪɺ1ͭͷۭ͔݀ؾΒۭؾΛग़͠ೖΕ͢Δ͚ͩͰҠಈ͢ΔϩϘοτͰ͋Δɻۭ

ਤ 6.3: ύΠϓதΛҠಈ͢ΔۭؾѹΛ༻͍ͨ 1ΞΫνϡΤʔλͰҠಈ͢ΔϩϘοτͷಈݪ࡞ཧ [139]ɻࠨ

͸ۭؾΛ஫ೖ͍ͯ͠Δঢ়ଶΛද͠ɺӈ͸ۭؾΛഉग़͍ͯ͠Δঢ়ଶͰ͋Δɻݩͷਤ͸ΑΓॎ௕Ͱ͋ͬͨ

͕ɺจࣈͷࢹೝੑͳͲΛཧ༝ʹɺԣʹͨ͛޿ਤͰ͋Δɻ

Λग़͠ೖΕ͢Δɻཧ૝తʹ͸ྲྀମͷѹྗ͸઀ଓ͞Ε͍ͯؾۭʹଆʹ͍͓ͭͯΓɺͦͷ؅͔ΒϩϘοτ಺ࠨͷ؅͸ؾ

Δશͯͷ৔ॴʹಉ͡ѹྗ͕͔͔ΔΑ͏ʹ͸ͨΒ͕͘ɺ࣮ࡍͷ෺࣭ʹ͸ۭؾͰ͋ͬͯ΋೪ੑ΋ଘ͢ࡏΔɻಛʹɺ͜

ͷϩϘοτͰ͸෦԰͸খ͞ͳ݀Ͱ͔͠઀ଓ͞Ε͓ͯΒͣɺ͔ࠨΒۭؾΛ஫ೖ͢Δͱɺ͔ࠨΒॱʹۭཷ͕ؾ·͍ͬͯ

଄ͱͳ͍ͬͯΔɻͦͷͨΊɺਤߏ͘ 6.3ͷࠨͷΑ͏ʹɺ؅͔Β͍ۙ৔ॴ͔Βۭ͕ͨؾ·Δɻ

ͷ஫ೖʹΑؾΒॱʹɺ෯͕৳ͼΔ෦԰ɾ௕͕͞৳ͼΔ෦԰ɾ෯͕৳ͼΔ෦԰ͱ͍͏ॱʹ઀ଓ͞Ε͓ͯΓɺۭ͔ࠨ

Γ·ͣࠨͷ෦԰͕๲ு͢Δɻ͢Δͱɺͦͷ๲ுʹΑΓࠨͷମઅ͕ݻʹڥ؀ఆ͞ΕΔɻ࣍ʹɺதԝͷ෦԰ʹۭ͕ͨؾ

·Δ͜ͱͰϩϘοτ͸৳௕͢Δɻ͜ͷͱ͖ࠨͷମઅͷΈ͕ݻʹڥ؀ఆ͞Ε͍ͯΔͨΊɺӈ΁ͱϩϘοτ͸৳ͼΔ

͜ͱͱͳΔɻͦͯ͠ޙ࠷ʹɺӈͷ෦԰ʹۭ͕ؾ஫ೖ͞ΕΔ͜ͱͰ྆ํͷମઅͰݻʹڥ؀ఆ͞Ε͍ͯΔঢ়ଶͱͳΔɻ

ڥͷମઅ͕؀ࠨͣ·ഉग़͞ΕΔɻͦͷͨΊɺ͕ؾۭʹͷ෦԰͔Βॱࠨͣ·Λഉग़͍ͯ͠Δঢ়ଶͰ͸ɺؾۭʹٯ

΁ͷݻఆΛࢭΊɺϩϘοτ͸ऩॖ͢Δɻͦͯ͠ޙ࠷ʹɺશͯͷ෦԰͔Βۭ͕ؾഉग़͞Εɺ࠷ॳͷঢ়ଶ΁ͱ໭Δɻ

͜ͷΑ͏ʹͯ͠ɺۭؾͷ஫ೖͱഉग़Λ܁Γฦ͚ͩ͢Ͱɺ͜ͷϩϘοτ͸ӈ΁ͱҠಈͰ͖ΔɻઌఔͷτήΛ࣋ͬͨ

ϩϘοτͱಉ༷ʹɺ؅͕͍͍ͭͯΔͷ͸ৗʹࠨͷ෦԰Ͱ͋ΔͨΊɺӈʹ͔͠ҠಈͰ͖ͳ͍ɻ·ͨɺτήͷ͋Δϩ

Ϙοτͱൺֱ͢Δͱڥ؀Λই͚ͭΔཁૉ͸ͨͬݮͱ͍͑Δ͕ɺڥ؀΁ͷݻఆ͕๲ுʹΑΔ΋ͷͰ͋ΔͨΊɺฏ໘

্Ͱ͸ͳ͘؅ͷதͰͷҠಈͷΈʹରԠͰ͖Δɻ·ͨɺۭؾͷҠಈΛ଴ͭඞཁ͕͋ΔͨΊɺ͜ͷҠಈख๏͸ൺֱత

௿଎ʹ͔ͣ͑͠ߦɺ·ۭͨؾͷύΠϓ͕ඞཁͰ͋ΔͨΊɺγεςϜͷେ͖͞͸૿Ճ͍ͯ͠Δͱ΋͍͑Δɻ

ͨͩ͠ɺۭؾѹͰͷಈ࡞͸ϩϘοτ͚ͩͷॏ͞ΛݟΔͱඇৗʹ࣮ܰ͘ݱͰ͖Δͱ͍͏ར఺͕͋ΔɻંΓߏࢴ଄

Λີดߏ଄ʹ͢Δ͔ɺંΓߏࢴ଄ʹ෩ધΛೖΕΔͳͲʹΑΓۭؾѹͰಈͤ͞࡞Δ͜ͱ͸ՄೳͰ͋ΓɺͦͷΑ͏ͳ

ٕज़ʹΑͬͯંΓࢴϩϘοτͷܰྔԽ͸ΑΓޮՌతʹͳΔɻे෼௕͍ҠಈΛ͑ߟΔͱɺۭؾΛ஫ೖ͢Δ؅ͷ௕͞

ʹൺྫͨ͠ॏྔ͕ੜ͡ɺۭؾѹΛ੍͢ޚΔγεςϜ͸ిྲྀͷON/OFFͷ੍ޚʹൺ΂ॏ͘େ͖ͳγεςϜ͕ඞཁʹ

ͳΓ͕ͪͰ͋Δɻ
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ϝλϚςϦΞϧΛ༻͍ͨҠಈ

଎౓ͷ໰୊Λղܾͨ͠ϩϘοτͱͯ͠ɺϝλϚςϦΞϧΛ༻͍ͨ 1ΞΫνϡΤʔλͰಈ͘ϩϘοτ [140]͕͋Δɻ

Ұൠతͳ෺࣭ͷଟ͘͸ϙΞιϯൺ͕ਖ਼Ͱ͋Γɺԡͭ͠Ϳ͞Εͨͱ͖ʹ͸ͦͷํ޲ͱਨ௚ͳํ޲ʹ৳ͼΔੑ࣭Λ༗͢

Δɻ͔͠͠ɺϙΞιϯൺ ν ͕ෛͷ෺࣭ɾߏ଄͸࣮ݱՄೳͰ͋Δɻ͜ͷɺʮϙΞιϯൺ͕ෛͷ෺࣭ʯͷΑ͏ͳɺࣗવ

քͷ෺࣭͸΄ͱΜͲ࣋ͨͳ͍ৼΔ෣͍Λ͢Δࡐྉɾߏ଄ΛϝλϚςϦΞϧͱݺͿ٭஫ 4ɻϩϘοτͷߏ੒͸ਤ 6.4a

ʹࣔ͢ͱ͓ΓͰ͋Δɻ

ਤ 6.4: ύΠϓதΛҠಈ͢ΔϝλϚςϦΞϧΛ༻͍ͨ 1ΞΫνϡΤʔλͰҠಈ͢ΔϩϘοτͷಈݪ࡞ཧ

[140]ɻ੺৭ͷ෦෼͸ϙΞιϯൺ ν ͕ਖ਼ Ͱ͋ΔͨΊԡͭ͠Ϳ͞Εͨͱ͖ʹ͸ͦͷํ޲ͱਨ௚ͳํ޲ʹ৳

ͼΔ෺࣭Ͱ͋ΔɻҰํɺ྘ͷ෦෼͸ϙΞιϯൺ ν ͕ෛ Ͱ͋ΔͨΊԡͭ͠Ϳ͞Εͨͱ͖ʹͦͷํ޲ͱਨ

௚ͳํ޲ʹ΋௵ΕΔϝλϚςϦΞϧͰߏ੒͞ΕΔɻ

ਤ 6.4ʹ͓͍ͯɺ৳௕࣌ʢਤ 6.4bʣʹ͸ɺ྆ํͷࡐྉ͕ԡͭ͠Ϳ͞ΕΔΑ͏ͳྗΛड͚ΔɻͦͷͨΊɺํޙʹ͋

Δ ੺৭Ͱࣔͨ͠ϙΞιϯൺ͕ਖ਼ͷ෺࣭ ͸ԣʹ৳ͼΑ͏ͱ͢ΔͨΊɺύΠϓʹಥͬுΔΑ͏ͳྗΛੜ͡Δɻٯʹɺ

લํʹ͋Δ ྘৭Ͱࣔͨ͠ϙΞιϯൺ͕ෛͷ෺࣭ ͸ԣʹ΋ॖ΋͏ͱ͢ΔͨΊɺύΠϓ͔Β཭ΕΔΑ͏ͳྗΛੜ͡Δɻ

ͦͷͨΊɺਤ 6.4bͷΑ͏ʹɺԼଆͷମઅ͕ύΠϓʹݻఆ͞ΕͯϩϘοτ͸৳௕͠ɺϩϘοτ͸্ʹҠಈ͢Δɻ

ऩॖ࣌ʢਤʹٯ 6.4cʣʹ͸ɺ྆ํͷࡐྉ͕Ҿ͖৳͹͞ΕΔΑ͏ͳྗΛड͚ΔɻϙΞιϯൺʹΑΔྗ΋ٯస͢Δ

ͨΊɺํޙʹ͋Δ ੺৭Ͱࣔͨ͠ϙΞιϯൺ͕ਖ਼ͷ෺࣭ ͸ԣʹ͸ॖ΋͏ͱ͢ΔͨΊɺύΠϓ͔Β཭ΕΔΑ͏ͳྗΛ

ੜ͡Δɻٯʹɺલํʹ͋Δ ྘৭Ͱࣔͨ͠ϙΞιϯൺ͕ෛͷ෺࣭ ͸ԣʹ৳ͼΑ͏ͱ͢ΔͨΊɺύΠϓʹಥͬுΔΑ

͏ͳྗΛੜ͡ΔɻͦͷͨΊɺਤ 6.4cͷΑ͏ʹɺ্ଆͷମઅ͕ύΠϓʹݻఆ͞ΕͯϩϘοτ͸ऩॖ͠ɺϩϘοτ͸

্ʹҠಈ͢Δɻ

·ͨ ϙΞιϯൺ͕ਖ਼ͷߏ଄ ͸΋ͪΖΜɺϙΞιϯൺ͕ෛͷߏ଄ ͸ંΓࢴͰ࡞Δ͜ͱ͕ՄೳͰ͋Δ [141]ɻ͞Β

ʹɺͦͷϙΞιϯൺ͕ෛͷνϡʔϒߏ଄͸ฏୱʹંΓ৞ΊΔߏ଄Ͱ͋Δ [141]ͨΊɺϝλϚςϦΞϧ෦෼ΛؚΊͯ

ฏୱʹંΓ৞ΊΔϩϘοτͷઃܭ͸ࠔ೉Ͱ͸ͳ͍ɻ

͜ͷΑ͏ʹͯ͠ɺ2छྨͷࡐྉͷؒʹ͋ΔϦχΞΞΫνϡΤʔλͷ৳௕ͱऩॖΛ܁Γฦ͚ͩ͢ͰɺϩϘοτ͸Ҡ

ಈ͢Δ͜ͱ͕Ͱ͖ΔɻτήΛ࣋ͬͨϩϘοτʹൺ΂ͯڥ؀Λই͚ͭʹ͘͘ɺۭؾѹΛ༻͍ͨϩϘοτʹൺ΂Δͱߴ

଎ʹҠಈ͕Ͱ͖Δར఺Λ༗͢Δɻͨͩ͠΍͸Γɺ͜ͷϩϘοτ΋ৗʹϙΞιϯൺ͕ෛͰ͋ΔࡐྉΛલଆʹ࣋ͭͨ

Ίɺৗʹಉ͡ํ޲ʹ͔͠ҠಈͰ͖ͳ͍ɻ

஫٭ 4ి࣓೾ʹରͯ͠ͷੑ࣭ͷΈΛ͢ࢦ৔߹΋͋Δ
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Λ༻͍ͨҠಈੑ׳

1ΞΫνϡΤʔλͰલํ྆ޙʹಈ͚ΔϩϘοτʹ͸ɺੑ׳Λ༻͍ͨϩϘοτ͕͋Δ [142]ɻຎ܎ࡲ਺ʹ͸େ͖͘

෼͚ͯಈຎ܎ࡲ਺ͱ੩ຎ܎ࡲ਺ͷ ɺখ͞ͳྗ͸௕͍͔͔͍࣌ؒͬͯͯ΋Ҡಈ͠ͳ͍͕ɺେ͖͠ࡏ਺͕ଘ܎ͷݸ2

ͳྗ͕୹͔͔࣌ؒΕ͹Ҡಈ͢Δͱ͍͏ੑ࣭͕͋ΔɻͦͷͨΊɺϩϘοτ಺ͷ͓΋ΓΛยํʹ͸ߴ଎ʹಈ͔͠ɺ௿

଎ͰݩͷҐஔ·Ͱ໭͢͜ͱΛ܁Γฦͤ͹ɺͦͷຎ܎ࡲ਺ͷ੾ΓସΘΓΛ༻͍ͯҠಈͰ͖ΔɻϩϘοτͷ΄ͱΜͲ

ͷॏྔ͕͓΋Γʹଘ͢ࡏΔΑ͏ͳߏ੒Ͱ͋ΔɻͦͷϝΧχζϜ͕ਤ 6.5Ͱ͋Δɻਤ 6.5ͷ Static Frictionͱॻ͔Ε

ਤ 6.5: ͍ͨ༺Λੑ׳ 1ΞΫνϡΤʔλͰҠಈ͢ΔϩϘοτͷಈݪ࡞ཧ [142]ɻࠨ͸ӈʹҠಈ͢ΔਤΛɺ

ӈ͸ࠨʹҠಈ͢ΔਤΛද͍ͯ͠Δɻ

ͨ৔ॴ͸ɺ͓΋ΓΛ௿଎ͰҠಈͨ͠৔߹ͷ൓࡞༻Ͱ͸׈Βͣɺ͓΋ΓΛߴ଎ͰҠಈͨ͠৔߹ͷ൓࡞༻Ͱ͸׈ΔΑ

͏ͳ෦඼Ͱ͋ΔɻӈʹҠಈ͍ͨ͠৔߹ʹ͸ਤ 6.5ͷࠨʹࣔ͢Α͏ʹɺ͓΋ΓΛ௿଎Ͱӈʹಈ͔͠ʢ৳௕͠ʣͨޙɺ

͓΋ΓΛߴ଎Ͱࠨʹಈ͔͢ʢऩॖ͢Δʣɻ͢Δͱɺ௿଎ͰͷҠಈ࣌ʹ͸ Static Friction͸ݻఆ͞Ε͍ͯΔ͕ɺߴ଎

ͰͷҠಈ࣌ʹ͸ Static Friction͸׈ΔͨΊɺϩϘοτ͸ӈʹಈ͘͜ͱ͕Ͱ͖Δɻ

Ҡಈ͍ͨ͠৔߹ʹ͸ਤʹࠨɺʹٯ 6.5ͷӈʹࣔ͢Α͏ʹɺ͓΋ΓΛ௿଎Ͱࠨʹಈ͔͠ʢऩॖ͠ʣͨޙɺ͓΋ΓΛ

଎Ͱӈʹಈ͔͢ʢ৳௕͢Δʣɻ͢Δͱɺ௿଎ͰͷҠಈ࣌ʹ͸ߴ Static Friction͸ݻఆ͞Ε͍ͯΔ͕ɺߴ଎ͰͷҠಈ

࣌ʹ͸ Static Friction͸׈ΔͨΊɺϩϘοτ͸ࠨʹಈ͘͜ͱ͕Ͱ͖Δɻ

͜ͷϩϘοτ͸ɺઌఔ·ͰͷΑ͏ͳඇରশͳߏ଄ʹىҼͨ͠ҠಈͰ͸ͳ͘ɺඇରশͳӡಈʹىҼͨ͠ҠಈͰ͋

ΔɻͦͷͨΊɺࠨӈͷ྆ํʹ 1ΞΫνϡΤʔλͰಈ͘͜ͱ͕ՄೳͰ͋Δɻ

͔͠͠ɺ͜ͷϩϘοτ͸ɺંΓߏࢴ଄Λ༻͍ͨͱͯ͠΋ɺେ෦෼ͷ࣭ྔΛ઎ΊΔ͓΋Γ͕ඞཁͱͳΔɻͦͷͨ

ΊɺંΓߏࢴ଄ͷܰྔͰ͋Δͱ͍͏ੑ࣭Λଛͳ͏ͨΊɺ͜ͷΑ͏ͳੑ׳Λ༻͍ͨҠಈ͸೉͍͠ɻ

զʑ͕໨͢ࢦͷ͸ɺ1ΞΫνϡΤʔλ͔࣋ͨ͠ͳ͍ͳ͕Β΋ɺંΓߏࢴ଄Ͱੜ͡ΔඇରশੑΛ༻͍ɺ୯ͳΔԟ෮

ӡಈͰ͸ͳ͍ಈ࡞ʹΑΔҠಈͰ͋Δɻ·ͨͦΕ͸ɺߴ଎ʹҠಈՄೳͰ͋Δੑ࣭΍ɺ௥ՃͰ͓΋ΓΛඞཁͱ͠ͳ͍

ੑ࣭͕๬·͍͠ɻͦͯ͠ߋʹɺંΓͨͨΜͩঢ়ଶͰ͸΄ͱΜͲฏୱͰ͋Δੑ࣭΋݉Ͷ߹ΘͤΔ͜ͱͰɺίϯύΫ

τʹɾബ͘ऩೲՄೳͰ͋ΓɺܰྔͰ͋ΔંΓࢴϩϘοτ͕࣮ݱͰ͖Δɻ
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ຊ 6ষͰ͸ɺैདྷ͸ଟ਺ͷΞΫνϡΤʔλΛඞཁͱ͍ͯͨ͠ϩϘοτʹંΓߏࢴ଄Λ૊ΈೖΕΔ͜ͱͰɺ1ΞΫ

νϡΤʔλͰಉ༷ͳಈ͖Λ࣮͠ݱɺંΓߏࢴ଄ʹΑΔΞΫνϡΤʔλͷ਺ͷݮ࡟Λࣔ͢ɻෳ਺ͷΞΫνϡΤʔλ͕

ʮ׬શʹʯಠཱʹಈ͘Α͏ͳಈ͖Λ 1ΞΫνϡΤʔλͰ࣮͢ݱΔͷ͸ෆՄೳͰ͋ΔɻҰํͰɺෳ਺ͷΞΫνϡΤʔ

λ͕ಉ͡ಈ͖Λ͍ͯ͠ΔΑ͏ͳϩϘοτΛ 1ΞΫνϡΤʔλͰ͜͏ߦͱ͸୯ʹ৑௕ͳΞΫνϡΤʔλΛ͢ݮ࡟Δ

໰୊ͱͳͬͯ͠·͏ɻͦ͜Ͱɺෳ਺ͷΞΫνϡΤʔλ͕౥͞ࡌΕ͍ͯΔϩϘοτͰ͋ΓɺͦͷதͰ΋Ͱ͖Δ͚ͩͦ

ΕΒͷΞΫνϡΤʔλ͕ҟͳΔಈ͖Λ͍ͯ͠ΔϩϘοτʹରͯ͠ંΓߏࢴ଄Λ૊ΈೖΕΔɻ

લʹҠಈ͢Δࡍʹ͸ɺओʹ 3ཁૉɾ6ঢ়ଶͷมԽ͕ඞཁͰ͋Δɻੑ׳Λ༻͍ͨϩϘοτ [142]͸ྫ֎Ͱ͸͋Δ͕ɺ

঺հͨ͠ϩϘοτ͸جຊతʹਤ 6.6ͷಈ͖Λඞཁͱ͢Δɻલ෦Λ͔ڥ؀Β཭͠ɺ৳௕͠ɺલ෦Λݻʹڥ؀ఆ͠ɺޙ

1

2

3

4

5

6

7(1)

ਤ 6.6: ҠಈͷͨΊͷجຊಈ࡞ɻલ෦Λ͔ڥ؀Β཭͠ɺ৳௕͠ɺલ෦Λݻʹڥ؀ఆ͠ɺޙ෦Λ͔ڥ؀Β

཭͠ɺऩॖ͠ɺޙ෦Λݻʹڥ؀ఆ͢ΔαΠΫϧͰલਐ͕࣮͢ݱΔɻ

෦Λ͔ڥ؀Β཭͠ɺऩॖ͠ɺޙ෦Λݻʹڥ؀ఆ͢ΔαΠΫϧͰલਐ͕࣮͢ݱΔͨΊɺંΓߏࢴ଄΋͜ͷಈ͕࡞ඞ

ཁͰ͋Δɻ·ͨɺ͜ͷಈ࡞ʹ͸લ෦ɾޙ෦ɾ৳ॖͷ 3ཁૉͷঢ়ଶมԽ͕ඞཁͰ͋Δɻͭ·Γɺ୯७ʹ࣮͢ݱΔͱɺ

͜ͷͨΊʹ͸ ͷΞΫνϡΤʔλ͕ඞཁͰ͋Δɻ͜ͷݸ3 Λɺ1ΞΫ࡞ΘΕΔಈࢥͷΞΫνϡΤʔλ͕ඞཁͩͱݸ3

νϡΤʔλͰ࣮͢ݱΔંΓߏࢴ଄Λ͑ߟΔɻ͜ͷҠಈ༷ࣜ͸ୈ??અͰࣔͨ͠ 3ηάϝϯτ͔ΒͳΔ܁Γฦ͠ಈ࡞

Λߏػ͏ߦͷಈ͖ͱҰக͍ͯ͠Δɻ
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ϦϯΫߏػͱͷؔ܎

ϩܕΔɻଟ͘ͷϔϏ͛ڍϩϘοτΛܕɺଟ਺ͷΞΫνϡΤʔλΛඞཁͱ͍ͯͨ͠ϩϘοτͷྫͱͯ͠ϔϏʹٯ

Ϙοτ͸ਤ 6.7ͷΑ͏ʹɺʮମઅʯͱݺ͹ΕΔϞδϡʔϧ͕௚ྻʹ࿈݁͞ΕΔ͜ͱͰߏ੒͞ΕΔ [143]ɻͦͯͦ͠ͷ

ΞΫνϡΤʔλΛɺλΠϛϯάΛͣΒͯ͠ಈ͔͢͜ͱʹΑΓɺϩϘοτͷҠಈΛ࣮͍ͯ͠ݱΔɻ

ਤ 6.7: ϩϘοτͷྫܕॴΛҠಈ͢ΔϔϏڱ [143]ɻϞδϡʔϧͷؒʹ͸αʔϘϞʔλ͕౥͞ࡌΕ͍ͯ

Δɻ

ϔϏܕϩϘοτ͸ɺؔઅΛମʹԊͬͯʮॱʹʯಈ͔͢͜ͱͰϩϘοτ͸Ҡಈ͢ΔɻϞδϡʔϧಉ࢜͸Ґ૬ΛͣΒ

ͯ͠ಈͨ͘ΊɺͦΕͧΕͷΞΫνϡΤʔλ͸ҟͳΔಈ͖Λ͢Δ͕ɺجຊతʹৗʹಉ͚ͩ͡ͷҐ૬ΛͣΒͯ͠ಈ͘

ͨΊɺͦΕͧΕͷΞΫνϡΤʔλͷಈ͖ͷؔ܎͸ಠཱͰ͸ͳ͍ɻ͜ͷΑ͏ͳʮҟͳΔ৔ॴ͕ҟͳΔಈ͖Λ͢Δ͕ɺ

ͦͷ͕ؔ܎ҰҙͰ͋Δʯͱ͍͏Α͏ͳಈ͖Λ࣮͢ݱΔࡍʹ͸ɺϦϯΫߏػΛ༻͍Δ͜ͱ΋͋Δɻ1ࣗ༝౓ͷϦϯΫ

͕࡞ͳಈࡶΓͷϦϯΫͷঢ়ଶ΋ܾఆ͞ΕΔͨΊɺ1ΞΫνϡΤʔλͰෳ࢒͸ɺ͋ΔϦϯΫͷঢ়ଶΛܾఆ͢Δͱߏػ

ՄೳͰ͋Δɻ

ંΓߏࢴ଄ͱϦϯΫߏػΛൺֱ͢ΔͱɺϦϯΫߏػ͸ɺ߶ମ͕ؔઅͰͭͳ͕͍ͬͯΔߏػશମΛ͕͢ࢦɺંΓ

஫٭଄ͱൺֱ͢ΔͱɺϦϯΫߏࢴ 5͕๮ঢ়Ͱ͋Δ͕ࣄଟ͍ɻંΓߏࢴ଄͸ϦϯΫ͕ฏ໘Ͱ͋Δ఺ͰҟͳΔ͕ɺંΓ

͸ෳ਺ฏ໘Λཱ࣋ͭମͰ͋Δଟ໘ମͱಉ༷ʹɺϦϯέʔδࢴͷҰ෦ͱͯ͠ଊ͑ΒΕΔͨΊɺંΓߏػ΋ϦϯΫࢴ

ʢϦϯΫʣͱҰॹʹޠΒΕΔ͜ͱ͕͋Δ [144]ɻ

ϦϯΫߏػ͸ϦϯΫͦΕͧΕΛ߶ମͱ͢ΔɻҰํͰɺຊষͰѻ͏ંΓࢴ͸ͦΕͧΕͷฏ໘Λ߶ମͱͯ͠͸ѻΘ

ͳ͍ɻΉ͠ΖɺͦΕͧΕͷฏ໘ͷมܗͱɺͦΕʹΑͬͯੜ͡Δ஄ੑΤωϧΪʔΛ༻͍Δ͜ͱͰɺΞΫνϡΤʔλ

ͷ਺ͷݮ࡟Λ࣮͢ݱΔɻͦͷͨΊɺຊষͰड़΂ΔંΓߏࢴ଄͸ɺϦϯΫߏػͱ͸ҟͳΔ΋ͷͰ͋Δɻ

ຊ͕ڀݚ௚઀తʹड़΂Δͷ͸ɺԁ౵ܗঢ়ͷϩϘοτͷҠಈͰ͋Δɻ͔͠͠ɺຊ࣭తʹ͸લ෦ɾޙ෦ɾ৳ॖͷ 3ཁ

ૉͷঢ়ଶมԽΛ 1ΞΫνϡΤʔλͰ࣮ͨ͠ݱ఺͕ओͨΔൃ૝Ͱ͋Δɻ1ΞΫνϡΤʔλͷಈ͖Λɺஈ֊తͳɾॱং

ͩͬͨಈ࡞ʹม͢׵Δͱ͍͏໘Ͱଊ͑Ε͹ɺෳ਺ͷҟͳΔߦಈΛ 1ΞΫνϡΤʔλͰ࣮͢ݱΔ͜ͱ͕ՄೳͰ͋Δ

ͨΊɺҠಈҎ֎ͷԠ༻΋ՄೳͰ͋Δɻͦͷ࣮૷ʹ͸ඇৗʹෳࡶͳ͕ߏػඞཁʹͳΔ͔΋͠Εͳ͍͕ɺ͜͜ͰϔϏ

ͷΈద༻ՄೳͰ͋Δͱड़΂ΔҙਤͰ͸ͳ͍ɻʹߦϩϘοτͷഝܕϩϘοτʹऔΓ૊Μͩ͜ͱ͸ɺϔϏܕ

஫٭ ຊཁૉͱͳΔ߶ମج5
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6.2 ҠಈΛ࣮͢ݱΔԁ౵ંͷ഑ஔ

ຊষͰ͸ɺԁ౵ંΛ༻͍ͯҠಈ͢ΔϩϘοτͷɺԁ౵ંͷ഑ஔʹ͍ͭͯड़΂Δɻద੾ʹԁ౵ંΛ഑ஔ͢Δ͜ͱ

Ͱɺਤ 6.6ͷಈ࡞Λ࣮͠ݱɺԁ౵ંͷώεςϦγεಛੑ͔ΒҠಈΛ࣮͢ݱΔɻຊষͰ͸Ҡಈ͢ΔϩϘοτͱͯ͠ɺ

ϫΠϠ্ΛҠಈ͢ΔϩϘοτɾਫதΛҠಈ͢ΔϩϘοτɾฏ໘ঢ়ΛҠಈ͢ΔϩϘοτͷ 3छྨΛ঺հ͢ΔɻͦΕ

ͧΕͷԁ౵ંͷ഑ஔ͸ҟͳΔͨΊɺͦΕͧΕ͕ͲͷΑ͏ʹׯʹڥ؀ব͠ɺԁ౵ંͷมܗΛҠಈ΁ͱد༩͍ͤͯ͞

Δ͔Λઆ໌͢Δɻ

6.2.1 ϫΠϠ্ΛҠಈ͢ΔϩϘοτͷϝΧχζϜ

ϫΠϠ্ΛҠಈ͢ΔϩϘοτͷϝΧχζϜΛઆ໌͢Δɻ͜ͷϩϘοτ͸಺ܘΛมԽͤ͞ͳ͕ΒਐΉϩϘοτͰ͋

Γɺ֎ܘΛมԽͤ͞ͳ͕ΒύΠϓͷதΛҠಈ͢ΔϩϘοτ [126]ͱԁ౵ંͷ഑ஔ͸͍ͯ͠ࣅࠅΔɻԁ౵ંͷߏ੒ɾ

࣮෺ɾҠಈͷϝΧχζϜΛਤ 6.8ʹࣔ͢ɻ͜ͷϩϘοτ͸ɺ௕͞Λ੍͢ޚΔ͜ͱͰҠಈΛ࣮͢ݱΔϩϘοτͰ͋Δɻ

Configulation State Transition

0000

Operation

contract

contract

expand

expand

0011

1111

1100

0000

Control Length

Actual structure

Stride

ਤ 6.8: ϫΠϠ্ΛҠಈ͢ΔϩϘοτͷߏ੒ɾ࣮෺ɾҠಈͷϝΧχζϜɻ্ࠨɿԁ౵ંͷ഑ஔɻ͜ͷϩ

Ϙοτ͸௕͞Λ੍͢ޚΔ͜ͱͰҠಈΛ࣮͢ݱΔɻࠨԼɿ࣮૷ͨ͠ԁ౵ંϩϘοτͷԁ౵ં෦෼ɻதԝɿ

Ҡಈʹ൐͏ԁ౵ંͷঢ়ଶɻӈɿԁ౵ંʹରͯ͠͏ߦ௚઀తͳ੍ޚɻ੺ؙ͍ •͸ϫΠϠΛ௫ΜͰ͍Δ৔
ॴΛࣔ͢ɻ

લड़ͨ͠ͱ͓Γɺԁ౵ં͸ऩॖঢ়ଶͰ಺͕ܘখ͘͞ͳΔંΓࢴͰ͋ΔͨΊɺϫΠϠ্ΛҠಈ͍ͯ͠ΔϩϘοτ͸ɺ

ऩॖঢ়ଶͰͦͷϫΠϠΛ௫Έɺԁ౵ંΛϫΠϠʹݻఆ͢Δྗ͕͔͔Δ٭஫ 6ɻ

ਤ 6.8ʹࣔ͢ͱ͓Γɺऑ͍ԁ౵ંΛલํʹ഑ஔ͠ɺ͍ڧԁ౵ંΛํޙʹ഑ஔ͢Δɻ·ͣɺల։ঢ়ଶ͔Βઆ໌͢Δ

ͱɺѹॖྗʹΑͬͯऑ͍ԁ౵ં͕ऩॖ͢Δɻͦͯͦ͠ͷऩॖͨ͠ԁ౵ં͸ɺԁ౵ંͷ಺ܘͷมԽʹΑͬͯϫΠϠ

Λ੺ؙ͍ •ͷ෦෼Ͱ௫Ήɻ࣍ʹɺѹॖྗΛߋʹՃ͑Δ͜ͱͰɺ͍ڧԁ౵ં΋ऩॖ͢Δɻऑ͍ԁ౵ંͱಉ༷ʹɺڧ
͍ԁ౵ં΋ϫΠϠΛ੺ؙ͍ •ͷ෦෼Ͱ௫Έɺԁ౵ંϩϘοτ͸ϫΠϠ্ʹݻఆ͞Εͨঢ়ଶͱͳΔɻԁ౵ં͸ऩॖ
ঢ়ଶ΁ͱભҠ͢Δͱ͖ʹ௕͞΋มԽ͢ΔͨΊɺલͷԁ౵ં͔Βॱʹ௫Έɺલͷԁ౵ં͔Βॱʹऩॖ͢Δಈ࡞ʹΑ

Γɺԁ౵ંϩϘοτ͸ମΛલʹਐ·ͤΔɻ

ऩॖঢ়ଶ͔ΒҾுྗΛ༩͑Δͱɺ·ͣऑ͍ԁ౵ં͕ల։͢Δ٭஫ 7ɻͦͯͦ͠ͷల։ͨ͠ԁ౵ં͸ɺԁ౵ંͷ಺

ԁ౵ં͍ڧԁ౵ં΋ల։͢Δɻಉ༷ʹɺ͍ڧՃ͑Δ͜ͱͰɺʹߋͷมԽʹΑͬͯϫΠϠΛ཭͢ɻ࣍ʹɺҾுྗΛܘ

΋ϫΠϠΛ཭͠ɺԁ౵ંϩϘοτ͸ϫΠϠ্Ͱ։์͞Εͨঢ়ଶʹͳΔɻԁ౵ં͸ల։ঢ়ଶ΁ͱભҠ͢Δͱ͖ɺ௕

͞΋มԽ͢ΔͨΊɺલͷԁ౵ં͔Βॱʹ཭͠ɺલͷԁ౵ં͔Βॱʹ৳௕͢Δಈ࡞ʹΑΓɺԁ౵ંϩϘοτ͸ମΛલ

ʹਐ·ͤΔɻ

஫٭ 6ऩॖঢ়ଶͰϫΠϠΛ͔ͭΉΑ͏ͳઃ͕ܭඞཁͰ͋Δɻ
஫٭ 7͜ͷঢ়ଶ͕ల։࣌ͱҟͳΔͨΊʹҠಈ͕࣮͢ݱΔɻ
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͜ͷΑ͏ʹɺ͜ͷԁ౵ંϩϘοτ͸ऩॖաఔͰ΋ల։աఔͰ΋લʹҠಈ͢ΔɻώεςϦγεಛੑΛ࣋ͨͳ͍ϩ

ϘοτͰ͋Ε͹ɺऩॖաఔͰલʹҠಈ͢Δ৔߹ʹ͸ɺͦͷٯͷಈ࡞ͷల։աఔͰ͸ޙΖʹҠಈͯ͠͠·͍ɺͦͷ

৔Ͱલ͢ޙΔ͚ͩͰ͋Δ͕ɺώεςϦγεಛੑΛ༗͢Δ͜ͷϩϘοτ͸ରশతͳ܁Γฦ͠ͷ੍ޚʹΑͬͯલʹҠ

ಈ͢Δɻ

͜ͷϩϘοτ͸௕͞ͷΈͷ੍ޚͰ͸ͳ͘ɺͶ͡Ε֯౓͕ҰఆͰ͋ΔΑ͏ʹมԽͤ͞Δͱ͍͏੍ޚͰ͋Δɻ࣮૷্

͸௕͞ͷ੍ޚʹ͸Ͷ͡Ε֯౓ͷ੍໿΋෇ਵ͢Δ͕ଟ͘ɺΉ͠ΖͶ͡Ε֯౓Λࣗ༝ʹͨ͠··௕͞ΛมԽͤ͞Δ͜

ͱʹ͸޻෉͕ඞཁͰ͋Δɻମੵͷ੍ޚʹΑͬͯ΋ಉ༷ͷ੍͕ޚͰ͖Δ͕ɺ·ͣ͸ҰൠతͳϩϘοτʹΑ͘༻͍Β

ΕΔΞΫνϡΤʔλͰͷ੍ޚΛͨ͢ࢼΊʹɺ࣮ࡍͷϩϘοτ͸Ͷ͡Ε֯౓͕ҰఆͰ͋ΔΑ͏ʹมԽͤ͞Δɺ௕͞

ͷ੍ޚʹΑͬͯಈͨͤ͞࡞ɻ࣮૷ͨ͠ԁ౵ંͷঢ়ଶ͸ࠨ൒෼ͱӈ൒෼ͰͶ͡Εͷٯ͕͖޲స͍ͯ͠Δ͕ɺٯస͠

͍ͯͳͯ͘΋Α͍ɻͦΕͧΕͷԁ౵ંରͷ৳ॖʹΑͬͯੜ͡ΔͶ͡Ε͸ԁ౵ંରͷ֎ʹӨ͠ڹͳ͍ɻ

·ͨͦͷͨΊ௕͞ͷΈͷ੍໿Ͱ͋Ε͹߹ܭ 2Ϣχοτͷԁ౵ંͰಉ͡ಈ͖͕࣮ݱͰ͖Δɻਤ 6.8ͰϫΠϠʹݻఆ

͢Δ੺͍఺ •͸࠷ѱͷ৔߹Ͱ͋Δͱͯ͠ԁ౵ંͷҐஔΛඳը͍ͯ͠Δɻ߹ܭ 2Ϣχοτͷԁ౵ંͰͷಈ͖͕ਤ 6.8

ͷ StrideʹରԠ͢ΔͨΊɺશͯͷ੺ؙ͍ •͕౳͍͠ྗΛൃੜ͢ΔͳΒ͹ɺ߹ܭ 4Ϣχοτͷਤ 6.8ͷϩϘοτ͸ 2

ഒͷ StrideΛ࣮͢ݱΔɻ

ಉ༷ͷϝΧχζϜͰ͋Δͱઆ໌ͨ͠ɺύΠϓͷதΛҠಈ͢ΔϩϘοτ [126]΋ԁ౵ંϢχοτͷ഑ஔ͸͜ͷԁ౵

ંϩϘοτͱಉ͡Ͱ͋Δɻԁ౵ંͷ֎ଆʹɺऩॖঢ়ଶͰ൒޲ํܘʹ๲ΒΉΞλονϝϯτΛ෇͚Δ͜ͱͰऩॖ͠

ͨԁ౵ં͕ಥͬுΔΑ͏ʹͯ͠ύΠϓʹମΛݻఆ͢ΔΑ͏ͳϝΧχζϜͰ͋ΔɻຊϩϘοτ΋ɺऩॖঢ়ଶͰ൒ܘ

ఆ͠ͳ͕ΒҠݻ๲ΒΉΞλονϝϯτΛ෇͚Δ͜ͱͰऩॖͨ͠ԁ౵ં͕ಥͬுΔΑ͏ʹͯ͠ύΠϓʹମΛʹ޲ํ

ಈͰ͖Δɻ

͜ͷԁ౵ંͷ഑ஔʹ͸ɺऩॖঢ়ଶͰંΓ͕ࢴϫΠϠΛ͔ͭΉར఺΋ଘ͢ࡏΔɻԁ౵ંϩϘοτΛແཧ΍Γલਐ͞

ͤΑ͏ͱޙΖ͔ΒྗΛֻ͚Δ৔߹ɺԁ౵ંϩϘοτ͕ऩॖ͢ΔΑ͏ͳྗ͕͔͔ΔɻͦͷͨΊɺΑΓϫΠϠΛ௫Ή

ྗ͕૿Ճ͢ΔͨΊɺԁ౵ંϩϘοτ͸֎෦͔Βͷྗʹରͯ҆͠ఆͰ͋Δɻͦͯ͠ɺٯʹల։ঢ়ଶͰ͸ંΓ͕ࢴϫ

ΠϠΛ͔ͭ·ͳ͍ར఺͕ଘ͢ࡏΔɻखલʹҾͬுΔಈ࡞Ͱ͸͔ͭΈ͜Ήྗ͕ಇ͔ͳ͍ͨΊɺෛՙͳ͘ҾͬுΕΔɻ
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5೥Ҏ಺ʹग़൛༧ఆ

6.2.2 ฏ໘্ΛҠಈ͢ΔϩϘοτͷϝΧχζϜ

੒ɾ࣮෺ɾҠಈͷϝΧχζϜΛਤߏɺฏ໘্ΛҠಈ͢ΔϩϘοτͷϝΧχζϜΛઆ໌͢Δɻԁ౵ંͷʹޙ࠷ 6.9

ʹࣔ͢ɻ͜ͷϩϘοτ͸ɺମੵ·ͨ͸௕͞Λ੍ͯ͠ޚҠಈ͢Δ͜ͱ͕Ͱ͖Δɻਤ 6.9ʹࣔ͢ͱ͓ΓɺϩϘοτͷຎ

Configulation State Transition

0000

Operation

0110

1111

1001

0000

Control Volume

Actual structure

contract

contract

expand

expand

Stride

ਤ 6.9: ฏ໘ঢ়ΛҠಈ͢ΔϩϘοτͷϝΧχζϜ্ࠨɿԁ౵ંͷ഑ஔɻ͜ͷϩϘοτ͸Ͷ͡Ε֯౓Λ੍

Լɿ࣮૷ͨ͠ԁ౵ંϩϘοτͷԁ౵ં෦෼ɻதԝɿҠಈʹ൐͏ԁ౵ࠨΔɻ͢ݱΔ͜ͱͰҠಈΛ࣮͢ޚ

ંͷঢ়ଶɻӈɿԁ౵ંʹରͯ͠͏ߦ௚઀తͳ੍ޚɻ੺৭ͷؙ •͸ฏ໘ͱେ͖ͳຎࡲͰ઀͍ͯ͠Δ৔ॴ
Λɺ੨৭ͷؙ •͸ฏ໘ͱখ͞ͳຎࡲͰ઀͍ͯ͠Δ৔ॴΛࣔ͢ɻ

ͷࡲͷ୺ͷԁ౵ં͸ຎޙΓฦ͢͜ͱͰҠಈ͢Δɻதԝͷԁ౵ં͸৳ॖΛɺલ܁Λௐઅ͠ͳ͕Βɺ৳௕ɾऩॖΛࡲ

มԽʹد༩͍ͯ͠Δɻ

ਤ 6.9ʹࣔ͢ͱ͓Γɺऑ͍ԁ౵ંΛ಺ଆʹ഑ஔ͠ɺ͍ڧԁ౵ંΛલޙʹ഑ஔ͢Δɻ͜ͷϩϘοτ͸ɺϫΠϠ্Λ

Ҡಈ͢ΔϩϘοτͱಉ༷ʹɺͶ͡Ε֯౓͕ҰఆʹͳΔΑ͏ʹ੍͠ޚͳ͕Βԁ౵ંΛಈͤ͞࡞Δɻ·ͨɺ྆୺ͷԁ

౵ંͷҐ૬͕ฏ໘ʹରͯ͠ݻఆ͞Ε͍ͯΔঢ়ଶΛҡ࣋͢Δɻ

·ͣɺల։ঢ়ଶ͔Βઆ໌͢Δͱɺۭؾͷഉग़٭஫ 8ʹΑΓɺԁ౵ંϩϘοτͷ಺෦ͷମੵ͸ݮগ͢Δɻ͢Δͱɺશ

ମʹԁ౵ંΛऩॖͤ͞Δྗ͕ಇͨ͘Ίɺऑ͍ԁ౵ં͕࠷ॳʹऩॖ͢Δɻ࣍ʹؾۭʹߋΛഉग़ͤ͞Δͱɺߋʹԁ౵

ંϩϘοτͷ಺෦ͷମੵ͸ݮগ͢ΔͨΊɺ͍ڧԁ౵ં΋ऩॖ͢Δɻ

ϫΠϠ্ΛҠಈ͢ΔϩϘοτͷϝΧχζϜͱਤ 6.6ͷ 6ঢ়ଶΛ༻͍ͯҠಈ͢Δͱ͍͏ҙຯͰ͸ඇৗʹ͍ͯࣅΔɻ

ͨͩ͠ɺ͜ͷϩϘοτ͸ຎࡲΛม͑ΔͨΊͷ൘ʢຎࡲ൘ɾFriction diskʣΛඞཁͱ͢Δɻਤ 6.10ʹࣔ͢Α͏ͳ൘

Λԁ౵ંʹ౥͢ࡌΔ͜ͱͰɺԁ౵ંͷͶ͡Εͳ͕Βੜ͡ΔӡಈΛ઀஍෦ͷຎࡲͷมԽʹ͛ܨΒΕΔɻԁ౵ંͷஅ

Circular friction disk Hexagonal friction disk

ਤ 6.10: ԁ౵ંʹ౥͢ࡌΔຎࡲ൘ɻ੺͍࣮ઢ෦෼͕ຎ͕ࡲେ͖͍৔ॴͰɺ੨৭ͷ఺ઢ෦෼͕ຎ͕ࡲগ

ͳ͍৔ॴΛද͍ͯ͠Δ [B1]ɻ

஫٭ 8֎෦૷ஔ͕ٵҾ͢Δ͜ͱ
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໘͸࿡֯ܗͱͯ͠ઃ͕ͨ͠ܭɺ֎प͕࿡֯ܗͰ͋Δඞཁ͸ͳ͍ɻΉ͠Ζɺ֎पΛԁͱ͢Δ͜ͱͰɺฏ໘ͱͷ઀৮

ΛৗʹϩϘοτͷਅԼͰ͜͏ߦͱ͕ՄೳʹͳΔɻ·ͨɺ࿡֯ܗͷຎࡲ൘͸΄ͱΜͲৗʹ௖఺Ͱฏ໘ͱ઀͢Δ͜ͱ

ʹͳΔ͕ɺԁ͸࿈ଓతʹฏ໘ͱ઀͢ΔҐஔ͕มΘΔͨΊɺਤ 6.10ͷΑ͏ʹҰपΛ࿡౳෼͢ΔΑ͏ʹຎࡲΛೖΕସ

͑ΔҎ֎ʹ΋ࣗ༝ʹຎࡲΛมԽͤ͞Δ͜ͱ͕ՄೳͱͳΔɻͦͯ͠ɺҐ૬ʹΑͬͯຎ͕ࡲมΘΔΑ͏ͳຎࡲ൘Λ౥

Ͱ͖Δɻݱ଄Λ࣮ߏ༩͢ΔدʹͷมԽࡲΔ͜ͱͰɺԁ౵ંͷͶ͡Ε֯౓͕ɺԁ౵ંϩϘοτͷ઀஍໘ͷຎ͢ࡌ

લͷຎࡲ൘͸ɺऩॖաఔͰຎ͕ࡲେ͖͘ͳΔΑ͏ʹɺޙΖͷຎࡲ൘͸ల։աఔͰຎ͕ࡲେ͖͘ͳΔΑ͏ʹҐ૬

Λௐઅͯ͠౥͢ࡌΔɻ͢Δͱɺਤ 6.9ͷΑ͏ʹల։ঢ়ଶͰલ଍͕ϩϘοτΛฏ໘ʹݻ͘ڧఆ͢Δঢ়ଶͱͳΔɻ͜ͷ

ঢ়ଶͰۭؾΛഉग़͢Δͱɺऑ͍ԁ౵ં͔Βॱʹऩॖ͢ΔͨΊɺ಺ଆͷԁ౵ં͕ऩॖ͠ɺલͷຎࡲ൘Λݻఆ఺ͱ͠

ͯϩϘοτ͸ऩॖ͢Δɻ͜ͷஈ֊Ͱͷԁ౵ંͷऩॖ͸ຎࡲ൘ͷճసʹد༩͠ͳ͍ͨΊɺຎࡲ൘ͷҐ૬͸มΘΒͳ

͍ɻؾۭʹߋΛഉग़͢Δͱɺ͍ڧԁ౵ં΋ऩॖ͠ɺ֎ଆͷԁ౵ં΋ऩॖ͢Δɻ͜ͷͱ͖ɺԁ౵ંϩϘοτͷ྆୺

ͷҐ૬͕ݻఆ͞Ε͍ͯΔͨΊɺ͍ڧԁ౵ંͷऩॖΛಉ࣌ʹભҠ͓ͤͯ͞Γɺͦͷੑ࣭ʹΑΓऑ͍ԁ౵ંͱ͍ڧԁ

౵ંʹڬ·Εͨ෦෼͕ճస͢Δɻ͜ͷճస͢Δ෦෼ʹຎࡲ൘͕౥͞ࡌΕ͍ͯΔͨΊɺຎࡲ൘͸ճస͢Δɻ͢Δͱɺ

ຎࡲ൘͕ฏ໘ͱ઀͢Δ෦෼͕มΘΓɺલͷຎࡲ൘͸ฏ໘ͱͷຎ͕ࡲখ͘͞ͳΓɺޙΖͷຎࡲ൘͸ฏ໘ͱͷຎ͕ࡲେ

͖͘ͳΔɻ

ͦͯ͠ɺ͜ͷঢ়ଶ͔ΒۭؾΛྲྀೖͤ͞Δͱɺԁ౵ંϩϘοτશମʹҾுྗ͕͸ͨΒ͖ɺऑ͍ԁ౵ં͕ల։͢Δɻ

͜͜Ͱɺઌ΄Ͳͱ͸ҟͳΓޙΖͷຎࡲ൘Λݻఆ఺ͱͯ͠ԁ౵ંϩϘοτ͕৳௕͢ΔͨΊϩϘοτ͸લʹҠಈ͢Δɻ

ͦͯ͠ɺ͞ΒʹۭؾΛྲྀೖͤ͞Δ͜ͱʹΑ͍ͬͯڧԁ౵ં΋ల։ঢ়ଶʹͳΔͨΊɺຎࡲ൘Λճసͤ͞ͳ͕Β৽ௐ

ॳͷঢ়ଶ΁ͱભҠ͢Δɻ࠷ͯ͠

͜ͷϩϘοτ͸ɺࠓ·Ͱ঺հͨ͠ϩϘοτͱ͸ҟͳΓຎࡲΛ੍͢ޚΔຎࡲ൘Λඞཁͱ͢Δܽ఺͕͋Δɻຎࡲ൘

͸ඇৗʹബͯ͘໰୊ͳ͍ͨΊɺฏୱͳߏ଄ΛଛͶΔ΋ͷͰ͸ͳ͍͕ɺҰຕͷฏ໘ͷࡐྉ͔Β࡞ΒΕ͍ͯͳ͍ੑ࣭

΍ɺંΓͨͨΈҙ֎Ͱͷ੡଄աఔ͕ඞཁͳͲͷܽ఺Λ༗͢Δɻ

͔͠͠ɺ͜ͷϩϘοτʹ͸ਤ 6.11ͷΑ͏ʹԁ౵ંΛߋʹ֎ଆʹ௥Ճ͢Δ͜ͱͰҠಈํ޲ΛٯసͰ͖Δར఺Λ༗

͢Δɻ͜ͷҠಈํ޲ͷٯస͸ैདྷͷ 1ΞΫνϡΤʔλͰҠಈ͢ΔϩϘοτʹ΄΅ݟΒΕͳ͍ੑ࣭Ͱ͋Δ٭஫ 9ɻ

Switcher(R) Hyst.(R) Hyst.(L) Switcher(L)

Rotate 60° by Switchers

ਤ 6.11: ਐ޲ํߦΛม͑ΔεΠονϟʔΛ౥ͨ͠ࡌԁ౵ંϩϘοτʢ[B1]Λվมʣɻ৽ͨʹ౥ͨ͠ࡌε

Πονϟʔͱݺ͹ΕΔԁ౵ં͸ࠓ·Ͱઆ໌ͨ͠ϩϘοτશମΛճసͤ͞Δɻ

͜ͷɺԁ౵ંϩϘοτͷਐ޲ํߦΛ੾Γସ͑Δԁ౵ંΛεΠονϟʔͱݺͿɻ͜ͷԁ౵ં͸ɺ಺ଆͷԁ౵ંΑ

Γ͍ڧʹߋԁ౵ંͱ͢Δ͜ͱͰɺ্هͷҠಈʹ͓͍ͯ͸ঢ়ଶΛભҠͤ͞ͳ͍ԁ౵ંͰ࣮ݱͰ͖Δɻͦͯ͠ɺΑΓ

஫٭ 9ϞʔλΛͨͤࡌϩϘοτ͸େ఍ՄೳͰ͋Δ
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௕͍/ؾۭ͍ڧͷഉग़ɾྲྀೖʹΑͬͯঢ়ଶΛมԽͤ͞Δԁ౵ંͱͳΔɻ

ͦͯ͠ɺ͜ͷεΠονϟʔͷঢ়ଶ͕ભҠ͢ΔͱɺεΠονϟʔͷ಺ଆʹ͋Δຎࡲ൘͸ճస͢Δɻਤ 6.10ʹࣔ͢

Α͏ʹɺຎࡲ൘ͷຎࡲ͸ަޓʹͳΔΑ͏ʹઃఆ͓͚ͯ͠͹ɺεΠονϟʔͷঢ়ଶͷભҠʹΑͬͯ΋ຎࡲ͸੾Γସ

ΘΔɻຎࡲͷେখ͕ೖΕସΘΔͨΊɺલͷຎࡲ൘͸ɺऩॖաఔͰຎ͕ࡲখ͘͞ͳΔΑ͏ʹɺޙΖͷຎࡲ൘͸ల։

աఔͰຎ͕ࡲখ͘͞ͳΔΑ͏ʹௐઅ͞ΕΔɻͦͷͨΊɺεΠονϟʔͷঢ়ଶͷมԽʹΑͬͯਐٯ͕޲ํߦస͢Δɻ

ԁ౵ંͷ਺͸ 4͔Β 6΁ͱ૿Ճ͕ͨ͠ɺ͜ͷΑ͏ͳԁ౵ં͸΍͸Γ 1ຕͷ͔ࢴΒંΓ্͛Δ͜ͱ͸ՄೳͰ͋Δɻ

ਤ 5.3ʹରԠ͢ΔਤͰ͑ߟΔͱɺ͜ͷϩϘοτ͸ਤ 6.12ͷΑ͏ͳભҠΛ͍ͯͬߦΔɻӈ΁ͱҠಈ͍ͯ͠ΔαΠ

000

001 010

011 110

111

101

100

ਤ 6.12: ฏ໘ঢ়ΛҠಈ͢ΔϩϘοτͷϝΧχζϜ͕ରԠ͢ΔભҠɻԼҐϏοτ͕ऑ͍ԁ౵ંɺͭ·Γ

಺ଆͷԁ౵ંͷঢ়ଶΛ͍ࣔͯ͠Δɻ੨৭ͷഁઢ͸ӈ΁ͷҠಈͰߦΘΕΔαΠΫϧΛࣔ͠ɺ੺৭ͷҰ఺

ΘΕΔαΠΫϧΛࣔ͢ɻͦͯ͠ɺεΠονϟʔͷભҠ͸ߦ΁ͷҠಈͰࠨઢ͸࠯ 000·ͨ͸ 111΁ͷҠ

ಈΛҙຯ͢Δɻ

Ϋϧʢ੨৭ͷഁઢʣͰ͸εΠονϟʔͷঢ়ଶʢ্࠷ҐϏοτʣ͸มԽͤͣɺࠨ΁ͱҠಈ͍ͯ͠ΔαΠΫϧʢ੺৭ͷ

Ұ఺࠯ઢʣͰ΋εΠονϟʔͷঢ়ଶ͸มԽ͍ͯ͠ͳ͍ɻͦͷͨΊɺҠಈͷܧଓ͸αΠΫϧͰ࣮͠ݱɺͦͷαΠΫ

ϧ͔Βൈ͚Δಈ͕࡞ϩϘοτͷਐ޲ํߦͷ੾Γସ͑ʹରԠ͢Δ٭஫ 10ɻ

൘ͷࡲͰ঺հͨ͠ɺϫΠϠ্ΛҠಈ͢ΔϩϘοτͷϝΧχζϜͱਫதΛҠಈ͢ΔϩϘοτͷϝΧχζϜ͸ຎ·ࠓ

Α͏ʹަޓʹຎࡲΛઃఆ͢ΔͳͲͷ޻෉͕ࠔ೉Ͱ͋ΔɻͦͷͨΊɺԁ౵ંͷ਺Λ૿΍ͯ͠΋Ҡಈํ޲ͷٯస͸೉

͍͕͠ɺຎࡲ൘Λ͜͏࢖ͱͰަޓʹੜ͡Δੑ࣭Λ༻͍Δ͜ͱ͕ՄೳͱͳΓɺҠಈํ޲ͷٯస΋Մೳͱͳͬͨɻͦ͠

ͯɺ͜ΕΒͷಈ࡞͸͢΂ͯԁ౵ંϩϘοτͷۭؾͷഉग़ɾྲྀೖͷΈʹΑͬͯ͑ߦΔͨΊɺΞΫνϡΤʔλ͕ ݸ1

Ͱ͋Δʹ΋͔͔ΘΒͣɺҠಈͱਐ޲ํߦͷ੾Γସ͕͑ՄೳʹͳΔɻ

͜ͷΑ͏ʹɺ͞ڧͷҟͳΔԁ౵ંΛ௚ྻʹ઀ଓ͢Δ͜ͱͰɺ1ΞΫνϡΤʔλʹΑΔ੍͕ޚɺऑ͍ԁ౵ંͷભҠ

→ ԁ౵ંͷભҠͱ͍͏ॱ൪ʹੜ͡Δӡಈ΁ͱมԽͤ͞Δ͜ͱ͕ՄೳͰ͋ΔɻϫΠϠ্ΛҠಈ͢ΔϩϘοτͱ͍ڧ

ਫதΛҠಈ͢ΔϩϘοτͷϝΧχζϜͰ͸ԁ౵ંͷల։ɾऩॖͱڥ؀΁ͷݻఆΛಉ࣌ʹ͍ߦɺͦͷಈ͕࡞લ͔Β

ॱʹੜ͡ΔΑ͏ʹௐ੔͢Δ͜ͱͰഝߦΛ࣮ͨ͠ݱɻฏ໘্ΛҠಈ͢ΔϩϘοτ͸ɺऑ͍ԁ౵ંͷભҠΛϩϘοτ

ͷ৳ॖͱ͠ɺ͍ڧԁ౵ંͷભҠΛϩϘοτ͕ڥ؀ʹମΛݻఆ͢Δ৔ॴͷ੾Γସ͑ͱ͢Δ͜ͱͰɺਤ 6.6ͷΑ͏ͳҠ

ಈͷجຊಈ࡞Λॱʹੜ͡ΔΑ͏ʹௐ੔͢Δ͜ͱͰҠಈΛ࣮٭ͨ͠ݱ஫ 11ɻ

6.3 ࣮૷ͨ͠ԁ౵ંϩϘοτͷҠಈ

ຊઅͰ͸ɺୈ 6.2અͰઆ໌ͨ͠ϩϘοτͷجຊཁૉΛ࣮૷͠ɺͦͷҠಈ͕࣮ݱͰ͖Δ͜ͱΛࣔ͢ɻऑ͍ԁ౵ંͱ

ԁ౵ં͸ɺͦΕͧΕ͍ڧ α = 40◦ ͱ α = 45◦ ͷԁ౵ંͰ࣮૷ͨ͠ɻͦͯ͠ɺ࣮૷ͨ͠ϩϘοτͷҠಈڑ཭ΛࡱӨ

ʹΑͬͯٻΊͨɻਫதΛҠಈ͢ΔϩϘοτ͸ɺ࣮ࡍͷҠಈڑ཭ͷ୅ΘΓʹɺϙϯϓͱͯ͠ར༻ͨ͠৔߹ʹͲΕ͚ͩ

ͷମੵͷਫΛҠಈ͔ͤͨ͞ʹΑͬͯܭଌͨ͠ɻಛʹࣔ͞ͳ͍ݶΓɺԁ౵ંͷఈล͕ 25mmͱͳΔΑ͏ʹɺλϯτ

ʢN-61ɺ0.1ࢴ kg/m2ɺࣜגձࣾɹ஛ඌʣͰંͬͨ΋ͷΛ༻͍ͨ٭஫ 12ɻંΓઢύλʔϯ͸ΧοςΟϯάϓϩολ

ʢFC2250-120VC, GRAPHTEC Corporationʣ΋͘͠͸ΧοςΟϯάϓϩολʢCFL-605RTɺϛϚΩΤϯδχΞ

஫٭ 10ຊߏ଄͸ 23 = 8 ௨Γͷঢ়ଶΛ࣋ͪɺͦΕͧΕ͕എ൓ͳ 4 ঢ়ଶΛ࣋ͭͨΊඒ͍͠ɻ
஫٭ 11ͦͷͨΊɺີݫʹ͸಺ଆͷԁ౵ં͸ԁ౵ંͰ͋Δඞཁ͕ͳ͘ɺόΠεςʔϒϧߏ଄Ͱ͋Δඞཁ͑͞ͳ͍ɻ͔͠͠;͍͝ఆཧ [146] ͱݺ͹
ΕΔɺ߶ମંͰମੵͷมԽ͢ΔંΓࢴ͸ෆՄೳͰ͋ΔͨΊɺ͜ͷΑ͏ͳখ໘ͷม͕ܗ൐͍ɺ·ͨԁ౵ંͱ࿈ଓͳࢴͰ࣮ݱͰ͖ΔંΓࢴͷҰͭ
ͱͯ͠ԁ౵ંͰ࣮૷ͨ͠ɻ

஫٭ 12ෆݮਰ఻ૹ࿏ͱಉ͡ܕ൪ͷࢴͰ͋Δ
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ϦϯάʣΛ༻͍ͯϘʔϧϖϯͰͳͧΔΑ͏ʹ੻Λ͚ͭͨޙʹखۀ࡞ͰંΓ্͛ɺςʔϓͷΓʹΑΔކ෇͚Ͱԁ౵

஫٭ͨ͠ݱঢ়Λ࣮ܗ 13ɻ

6.3.1 ϫΠϠ্ΛҠಈ͢ΔϩϘοτ

͜ͷϩϘοτ͸ɺ௕͞Λ੍ͯ͠ޚಈ͘ϩϘοτͰ͋Γɺ௕͞͸αʔϘϞʔλʢRB90ɺϛχελδΦ༗ݶձࣾʣ

Λ༻͍ͯ৳ॖͤͨ͞ɻ͜ͷϩϘοτ͸ɺಉ͡ϫΠϠΛ௫Ήඞཁ͕͋Δɻ͕ͨͬͯ͠ɺऩॖঢ়ଶͰͷશͯͷԁ౵ં

ͷ಺ܘ͸Ұக͢Δඞཁ͕͋Δɻ༻͍ͨϫΠϠͷ௚ܘ͸ 16mmͰ͋Δ٭஫ 14ɻԁ౵ંͷఈลͷ௕͞ aʹରͯ͠ɺԁ

౵ંͷ಺٭ܘ஫ 15͸ͦΕͧΕ a|α=40◦ sin 20
◦ͱ a|α=45◦ sin 15

◦ͱͳΔɻԁ౵ંͷฏۉͷఈล͕ଞͷԁ౵ંͱҰக͢

Δ 25mmͱͳΔΑ͏ʹɺͦΕͧΕͷఈล͸ aTCO1 = 22mm, aTCO2 =28mmͱઃఆͨ͠ɻຊϩϘοτ͸ಉ͡ϫΠ

ϠΛ௫ΉͨΊ಺͕ܘ౳͘͠ͳΔΑ͏ʹ͕ͨ͠ࢉܭɺύΠϓͷதΛਐΉϩϘοτ [126]͸ɺಉ͡ύΠϓΛਐΉͨΊʹ

͸ܘΔඞཁ͕͋Δɻ͜͜Ͱऩॖ࣌ͷ಺͢ࢉܭʹ౳͘͠ͳΔΑ͏͕ܗ֎

22mmsin(20◦) = 7.524 · · ·mm (6.1)

28mmsin(15◦) = 7.247 · · ·mm (6.2)

Ͱ͋Δɻ͜ΕΒͷ஋͸͔ͭΉྗΛଌఆ͠ͳ͕Βௐઅͨ͠஋Ͱ͋Γɺ಺͕ܘ 8mmΑΓগ͠খ͘͞ͳ͍ͬͯΔ͜ͱͱ

ͦͷζϨʹΑΔྗΛؑΈͯඇରশͳ஋Λ༻͍Δ͜ͱͱͨ͠ɻ

࣮૷ͨ͠ϩϘοτΛਤ 6.13ʹࣔ͢ɻ·ͨɺ࣮૷ͨ͠ϩϘοτͷͦΕͧΕͷঢ়ଶΛਤ 6.14ʹࣔ͢ɻ

ਤ 6.13: ࣮૷ͨ͠ϫΠϠ্ΛҠಈ͢ΔϩϘοτɻॏ͞͸੍ޚ෦͕ 38.5 gɺΞΫνϡΤʔλ෦͕ 15.4 gɺ

͕۩ఆݻͱࢴ 8.9 gɻް͞͸੍ޚ෦͕ 18.4mmɺΞΫνϡΤʔλ෦͕ 18.1mmɺࢴͱݻఆ۩͕ 9.7mmɻ

ϩϘοτͷલ෦ʢਤ 6.13தͷӈ෦ʣʹ౥͞ࡌΕͨऑ͍ԁ౵ં͕ల։ঢ়ଶͰ͋Γɺͦͷ௕͞͸

22

√
2
√
3 sin 20◦ mm = 28.95mm (6.3)

ͱͳΓɺϫΠϠΛ௫ΜͰ͍Δঢ়ଶͰ͸ɺͦͷ௕͞͸಺͕ܘ 8mmͰ͋Δ࣌ͷ௕͞Ͱ͋Δ
√

(2 · 22 sin 50◦)2 −
(
22

sin(60◦ − arcsin (8/22))

sin 30◦

)2

mm = 6.62mm (6.4)

ͱͳΔɻ͕ͨͬͯ͠ɺϩϘοτͷલ෦ͷԁ౵ંͷ௕͞ͷมԽ͸͜ͷ͔ࠩΒٻΊΒΕɺ22.33mmͰ͋Δɻ

ಉ༷ʹɺϩϘοτͷޙ෦ʹ౥͞ࡌΕ͍ͨڧԁ౵ં͕ల։ঢ়ଶͰ͋Δͱ͖ɺͦͷ௕͞͸

28

√
2
√
3 sin 30◦ mm = 36.85mm (6.5)

஫٭ 13ҟͳΔΧοςΟϯάϓϩολ͕༻͍ΒΕ͍ͯΔͷ͸ͦͷ࣌࢖ʹظ༻ՄೳͰ͋ͬͨ෺Λ͚ͩͨͬ࢖Ͱ͋ΔɻͲͪΒ͔ͷΧοςΟϯάϓϩο
λͰͳ͚Ε͹Ͱ͖ͳ͍෺Ͱ͸ͳ͘ɺखۀ࡞ͰͷંΓʹਫ਼౓͑͞อোͰ͖ΔͷͰ͋Ε͹੻Λ෇͚Δඞཁ΋ͳ͍ɻ

஫٭ 14൒ܘ r ͸ 8mm Ͱ͋Δ
஫٭ 15࿡֯ܗͷ಺઀ԁ
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State ‘00’ State ‘01’ State ‘11’

State ‘10’ State ‘00’

ਤ 6.14: ࣮૷ͨ͠ϫΠϠ্ΛҠಈ͢ΔϩϘοτͷͦΕͧΕͷঢ়ଶɻऩॖͱ৳௕ͷૢ࡞ʹΑΓ State ‘00’

͔ΒॱʹɺState ‘01’ɺState ‘11’ɺState ‘10’ͱม͠ܗɺState ‘00’΁ͱ໭Δɻ1౓໨ͷ State ‘00’ͱ 2

౓໨ͷ State ‘00’Ͱ͸Ґஔ͕ҟͳ͓ͬͯΓɺ͜Ε͕࣮ͨ͠ݱҠಈͰ͋Δɻ

ͱͳΓɺϫΠϠΛ௫ΜͰ͍Δঢ়ଶͰ͸ͦͷ௕͞͸
√

(2 · 28 sin 45◦)2 −
(
28

sin(60◦ − arcsin (8/28)

sin 30◦

)2

mm = 9.4mm (6.6)

ͱͳΔɻ͕ͨͬͯ͠ɺϩϘοτͷޙ෦ͷ௕͞ͷมԽ͸͜ͷ͔ࠩΒٻΊΒΕɺ27.45mmͰ͋Δɻ͕ͨͬͯ͠ɺϩϘο

τશମͷ௕͞ͷมԽ͸લ෦ͱޙ෦ͷ௕͞ͷมԽͷ࿨Ͱ͋Δ 22.33 + 27.45 = 49.78mmͰ͋Δɻ

શʹऩॖঢ়ଶʹ͍ۙঢ়ଶͰϫΠϠΛ௫Ή͜ͱʹΑͬͯɺ௕͞ͷมԽΛେ͖͘͢Δ͜ͱ͕Ͱ͖Δɻͦͯ͠ɺେ׬

͖ͳ௕͞ͷมԽ͸ 1αΠΫϧͰͷҠಈڑ཭΋େ͖͘͢Δɻ͔͠͠ͳ͕Βɺऩॖঢ়ଶʹ͋Δʹ΋͔͔ΘΒͣ௕͕͞ 0

ͱͳΒͳ͍ભҠΛ༻͍͍ͯΔͷ͸ɺີݫʹ௕͕͞ 0ͷঢ়ଶͷԁ౵ં͸௫Ήྗ΋ 0ͱͳͬͯ͠·͏ͨΊͰ͋Δɻऩ

ॖঢ়ଶ͔Βগ͠཭Εͨঢ়ଶͰϫΠϠΛ௫Ή͜ͱͰɺ҆ఆͳऩॖঢ়ଶ΁ͱભҠ͠Α͏ͱ͢ΔྗΛ௫Ήྗͱͯ͠ར༻

͢Δ͜ͱ͕Ͱ͖Δɻ

࣮૷ͨ͠ϩϘοτ͕࣮ࡍʹಈ͍ͨي੻Λɺਤ 6.15ʹࣔ͢ɻ͜ͷਤΑΓɺϩϘοτ͸҆ఆͯ͠ҠಈͰ͖Δ͜ͱ͕

Θ͔Δɻ·ͣɺલ୺ͱޙ୺͸ɺԁ౵ંͷ৳ॖʹΑͬͯେ͖͘ৼΕΔ͕ɺऑ͍ԁ౵ંͱ͍ڧԁ౵ંͷ઀߹෦͸҆ఆ͠

0 2 4 6 8 10
Time [s]

0

50

100

150

200

250

300

P
os
iti
on
[m
m
]

head

mid

tail

00 01 11 10
State

ਤ 6.15: ϫΠϠ্ΛҠಈ͢ΔϩϘοτͷي੻ɻ͍ࠇҰ఺࠯ઢ͸ϩϘοτͷલ୺ʢheadʣɺ੺͍ഁઢ͸ऑ

͍ԁ౵ંͱ͍ڧԁ౵ંͷ઀߹෦ʢmidʣɺ੨͍࣮ઢ͸ϩϘοτͷޙ୺ʢtailʣΛ͍ࣔͯ͠Δɻ1αΠΫϧ

෼ͷͦΕͧΕ 00ɾ01ɾ11ɾ10ͷঢ়ଶͰ͋Δ࣌ؒΛ փ৭ɾ੺৭ɾ྘৭ɾ੨৭ ͷ໢ֻ͚Ͱࣔ͢ɻਤத

ʹ໿ 3αΠΫϧ෼ͷσʔλؚ͕·ΕΔ [B1]ɻ

ͯલ΁ͱਐΜͰ͍Δ͜ͱ͕Θ͔Δɻ͜ͷৼΕ͸ϩϘοτͷલ୺ͱޙ୺Ͱৼ෯͕ҟͳΔɻ͜ͷࠩͷݪҼ͸ޙΖͷԁ
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౵ંͷ௕͞ͷมԽ͕େ͖͍ͨΊͰ͋Δɻ·ͨɺલ୺ͱޙ୺͸ํܗ೾ͷΑ͏ʹಈ͍͍ͯΔ͜ͱ͔ΒɺͦΕͧΕͷԁ

౵ંͷঢ়ଶͷભҠ͕ඇৗʹ҆ఆͯ͠ੜ͍ͯ͡Δ͜ͱ΋Θ͔Δɻԁ౵ંͷભҠ͕ɺऑ͍ԁ౵ંͷભҠ͕ऴΘ͔ͬͯ

Β͍ڧԁ౵ંͷભҠ͕ऴΘΔɺ͸͖ͬΓͱͨ͠ॱংͩͬͨભҠͰ͋Δɻલͷઌ୺ʹൺ΂ͯޙΖͷઌ୺͕ܹٸʹҐ

ஔΛม͍͑ͯΔੑ࣭͸ɺ͍ڧԁ౵ં͸҆ఆͳঢ়ଶ΁ͱΑΓૣ͘ભҠ͠Α͏ͱ͢ΔͨΊͰ͋Δɻ

཭͸ڑਐΜͩʹࡍ࣮ 1αΠΫϧ͋ͨΓ໿ 25mmͰ͋ͬͨɻ͜ͷଌఆ͸ϑΥʔϜ෼ੳιϑτKinovea[147]Λ༻͍

ɻͨͬߦͯ

1αΠΫϧͰੜ͡ΔϩϘοτશମͷ௕͞ͷมԽʹൺ΂ͯɺ1αΠΫϧͰਐΉྔ͕୹͍ͷ͸ɺϩϘοτͷલͷ୺Ͱ

ϫΠϠΛ௫ΜͰ͍ͳ͍͜ͱɺ1ΞΫνϡΤʔλʹͨ͠ݮ࡟ͱ͸͍͑ɺαʔϘϞʔλͷॏྔ͕ϩϘοτͱϫΠϠͷຎ

ΑΔʹܘൺ΂ͯ಺ʹࡲΒΕΔɻे෼͍ܰΞΫνϡΤʔλͱ͢Ε͹୺ͷຎ͛ڍͰ͖ͳ͍΋ͷͱͨ͜͠ͱ͕ࢹΛແࡲ

஫٭ͳΔͨΊɺ͜ͷ໰୊͸ղܾ͢ΔͩΖ͏͘ڧఆ͕े෼ݻ 16ɻͨͩ͠ɺਤ 6.8ͷ੺ؙʹࣔ͞ΕͨҐஔ͕ಉ྅ͷ௫Ή

ྗΛੜͨ͡৔߹ɺਐ͢ߦΔڑ཭͸ԁ౵ંϩϘοτશମͷ௕͞ͷมԽͷ໿൒෼ʹͳΔɻͦͷͨΊɺಉ͡ԁ౵ં͕ಉ

࣌ʹऩॖ͠ɺಉ͡ຎࡲΛੜ͍ͯ͡ΔͱԾఆ͢Δͱɺ΄΅ཧ࿦తɾཧ૝తͳҠಈ͕࣮ݱͰ͖͍ͯΔͱ͍͑Δɻ

ऩॖ͠ͳ͕Β௫Ήͱड़΂͓ͯΓɺ࣮ࡍʹ௕͞ͷऩॖͱ಺ܘͷऩॖ͸ಉ࣌ʹ͍͖ͯىΔ͕ɺ಺ܘͷऩॖʹൺྫͯ͠

௫Ήྗ͕ੜ·ΕΔͷͰ͸ͳ͘ɺऩॖ͖ͬͨ͠ঢ়ଶʹ͍ۙঢ়ଶͰ௫Ήྗ͕ੜ͡Δɻߋʹɺ௫Μͩ͜ͱʹΑΓͦΕҎ্

಺͕ܘऩॖͰ͖ͳ͘ͳΔͨΊɺ௕͞ͷऩॖ΋ಉ࣌ʹࢭ·Δ͜ͱͱͳΔɻͦͷͨΊɺऩॖޙʹ௫ΜͰ͍Δͱ͍͑Δɻ

ϫΠϠΛ཭͢աఔ΋ಉ༷Ͱ͋Γɺ৳௕͕։࢝͢Δͱͱ΋ʹ಺ܘ͸ϫΠϠͷܘΑΓଠ͘ͳΔͨΊɺଈ࠲ʹ௫Ήྗ

ΛࢭΊΔɻͦͷͨΊɺ཭͔ͯ͠Β৳௕͍ͯ͠Δͱ͑ݴΔɻ͜ͷ఺ʹ஫໨͢Δͱɺਤ 6.6ͷ 6ঢ়ଶΛ܁Γฦ͢͜ͱͰ

͜ͷԁ౵ંϩϘοτ͕Ҡಈ͍ͯ͠Δ͜ͱ͕Θ͔Δ٭஫ 17ɻ

ʢ5೥Ҏ಺ʹग़൛༧ఆʣ

6.3.2 ฏ໘্ΛҠಈ͢ΔϩϘοτ

ฏ໘্ΛҠಈ͢ΔϩϘοτ͸ɺମੵͷมԽΛ༻੍͍ͯ͢ޚΔͨΊɺԁ౵ંϩϘοτͷ྆୺Λີด͠ɺۭ޸ؾΛ

౥͢ࡌΔɻຎࡲ൘͸ 3DϓϦϯλʢObjet 260, Stratasys, Ltd.ʣΛ༻͍ͯ࡞੒ͨ͠ɻຎࡲ൘ͷ൒ܘ͸ɺ27.5mmͱ

͠ɺԁ౵ંͷஅ໘ͷ޸Λ։͚Δ͜ͱͰԁ౵ંϩϘοτʹ౥ࡌͰ͖Δܗঢ়ͱͨ͠٭஫ 18ɻຎ͕ࡲେ͖͍෦෼ͱຎ͕ࡲ

খ͍͞෦෼͸ɺͦΕͧΕTango Black PlusͱVero WhiteͰ࣮ͨ͠ݱɻTango Black͸ΰϜঢ়ͷࡐྉͰ͋ΓɺVero

White͸ϓϥενοΫঢ়ͷࡐྉͰ͋Δɻີด͢ΔͨΊͷ൘ͱંΓࢴɺۭ޸ؾΛ࣋ͭ൘ͱંΓࢴ͸ͦΕͧΕ઀ணࡎ

ʢηϝμΠϯεʔύʔ X GoldʣͰ઀ண͠ɺγϦίϯνϡʔϒΛ઀ଓͨ͠٭஫ 19ɻ

཭ڑΓฦ͢͜ͱͰϩϘοτ͸Ҡಈ͢Δɻ಺ଆͷԁ౵ંͷ௕͞ͷมԽ͕ɺ1αΠΫϧͰલਐ͢Δ܁ͷ஫ೖͱഉग़Λؾۭ

ʹ૬౰͠ɺϫΠϠΛ௫ΉͨΊͷྗΛඞཁͱ͠ͳ͍ͨΊɺ׬શʹऩॖͤ͞Δ͜ͱ͕ՄೳͰ͋Δ٭஫ 20ɻͦ ͷͨΊཧ࿦తͳ

1αΠΫϧͰલਐ͢Δڑ཭͸ɺ2ͭͷऑ͍ԁ౵ંͷల։ঢ়ଶͷ௕͞Ͱ͋ΔͨΊɺ2 ·25
√

2
√
3 sin 20◦ mm = 54.42mm

ͱͳΔɻ

࣮૷ͨ͠ϩϘοτΛਤ 6.16ʹࣔ͢ɻ·ͨɺ࣮૷ͨ͠ϩϘοτͷͦΕͧΕͷঢ়ଶΛਤ 6.17ʹࣔ͢ɻ

Ҡಈͨ͠ي੻͸ਤ 6.18ͷΑ͏ʹͳͬͨ ͜ͷϩϘοτ͸ɺ1αΠΫϧ͋ͨΓ໿ 38.2mmҠಈͨ͠ɻޙΖͷຎࡲ

൘͸ޙୀ͓ͯ͠Βͣɺ͔ͬ͠ΓͱຎࡲΛ͸ͨΒ͔ͤͯ౿Μு͍ͬͯΔ͜ͱ͕Θ͔ΔҰํͰɺલͷຎࡲ൘͕ඍখͰ

͸͋Δ͕ޙୀ͍ͯ͠Δɻ͜Ε͸ɺνϡʔϒͷॏ͕͞νϡʔϒ͕઀ଓ͞ΕͨޙΖʹ͔͔͍ͬͯΔ͜ͱͰɺޙΖͷຎ

ΘΕΔɻ·ͨɺϩϘοτͷ৳௕࣌ʹ͸νϡʔϒ͸ಈ͔ࢥ৅ͩͱݱੜͨͨ͠Ίʹੜͨ͡ൃ͕ࡲ൘ʹΑΓେ͖ͳຎࡲ

ͳ͍͕ɺϩϘοτͷऩॖ࣌ʹ͸νϡʔϒΛલʹҾͬுΔඞཁ͕͋Γɺͦͷෛՙʹຎ͕ྗࡲ଱͑ΒΕͳ͔͔ͬͨΒ

ੜͨ͡ͱ΋͑ߟΒΕΔɻ͜Ε͸ɺંΓߏࢴ଄͕ܰ͗͢Δ໰୊Ͱ΋͋Δɻνϡʔϒʹൺ΂ͯ΋ඇৗʹ͍ܰંΓࢴ͸ɺ

ͦͷॏྗʹΑͬͯಇ͘ຎྗࡲ΋খ͘͞ͳͬͯ͠·͏ɻͦͷͨΊɺۭؾΛ௨͢νϡʔϒ΋े෼ܰ͘͢Δඞཁ͕͋Δɻ

·ͨɺԁ౵ંͷ௕͞͸ີݫʹ͸ 0ʹͳΒͳ͔ͬͨɻਤ 6.18ͷຎࡲ൘ͷؒͷڑ཭͕ 0ͱͳΒͳ͍݁Ռ͕Θ͔Γɺٯ

஫٭ 16͜ͷΑ͏ͳ໰୊΋ΞΫνϡΤʔλͷܰബԽͷϞνϕʔγϣϯͱͳΔ
஫٭ 17ભҠதͷঢ়ଶͷղऍʹΑΔ
஫٭ 18࿡֯ܗͷҰล͸ 25mm Ͱ͋ΔͨΊɺ͞Βʹ֎ଆʹ 2.5mm ͷଠ͞Λ࣋ͭ
஫٭ 193D ϓϦϯλʔ଄ܗ෺ͷ઀ணΨΠυ CEMEDINE ΑΓɺObjet 260 ͷ଄ܗ෺ʹ͸ηϝμΠϯεʔύʔ X Gold ͕ద͍ͯ͠Δͱड़΂ΒΕ
͍ͯΔ

஫٭ ͸ʹີݫ͸ް͕͋͞ΓɺώϯδͷྗͳͲ͔Β΋ʹࢴ20 0 Ͱ͸ͳ͍͕ɺ֎෦ͷཁҼʹΑΔ્֐͸ੜ͡ͳ͍ɻ
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ਤ 6.16: ࣮૷ͨ͠ฏ໘্ΛҠಈ͢ΔϩϘοτɻ͔ࠨΒॱʹഎ໘ਤɾଆ໘ਤɾਖ਼໘ਤͰ͋Γɺਖ਼໘ʹͷΈ

Δɻॏ͞͸͕͋޸ؾۭ 14.1 gɻް͞͸ۭ޸ؾΛؚΊͯ 23.45mmɺۭ޸ؾҎ֎͸ 13.0mmɻ

(a) state ‘0000’ (b) state ‘0110’ (c) state ‘1111’ (d) state ‘1001’

ਤ 6.17: ࣮૷ͨ͠ϫΠϠ্ΛҠಈ͢ΔϩϘοτͷͦΕͧΕͷঢ়ଶɻۭؾͷഉग़ɾྲྀೖʹΑΓ state ‘0000’

͔Β state ‘0110’ɺstate ‘1111’ɺstate ‘1001’ͱม͠ܗɺstate ‘0110’΁ͱ໭Δɻ
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ਤ 6.18: ԁ౵ંͷঢ়ଶͱͦΕͧΕͷຎࡲ൘ͷҐஔɻ্͔ΒॱʹɺϩϘοτͷઌ಄ɾલͷຎࡲ൘ɾޙΖ

ͷຎࡲ൘ɾϩϘοτͷޙ୺Ͱ͋Γɺີด͢ΔͨΊͷ൘΋ 3DϓϦϯλͰҹͨͨ͠࡮Ίɺศ্ٓ diskͱ

දͨ͠هɻ փ৭ ɾ ੺৭ ɾ ྘৭ ɾ ੨৭ ͷ໢ֻ͚͸ͦΕͧΕ 0000ɾ0110ɾ1111ɾ1001ͷঢ়ଶͰ͋Δ

࣌ؒΛࣔ͢ɻਤதʹ 5αΠΫϧ෼ͷσʔλؚ͕·ΕΔ [B1]ɻ

ʹ 54.42mmΛ௒͍͑ͯΔ৔ॴ٭஫ 21΋؍ଌ͞Ε͍ͯΔɻ͜ͷΑ͏ͳཁҼʹΑΓɺཧ૝తͳ 1αΠΫϧͰͷҠಈڑ

཭ʹൺ΂࣮ͯࡍͷҠಈڑ཭͕ྼͬͨͱ͑ߟΒΕΔɻ

ϫΠϠ্ΛҠಈ͢Δԁ౵ંʹൺ΂ΔͱɺຊϩϘοτ͸ॏྗʹΑΔຎࡲͷΈͰฏ໘ʹରͯ͠ϩϘοτΛݻఆ͍ͯ͠

Δɻ͔ͭΉྗ͸ް͞ͳͲͷࡐྉʹ΋Ө͢ڹΔ͕ɺંΓࢴͷബ͞ʹΑΔ͔ͭΉྗͷݮগʹൺ΂ͯંΓࢴͷܰ͞ʹΑ

Δຎྗࡲͷݮগ͸ݦஶͰ͋ΔɻͦͷͨΊฏ໘΁ͷݻఆ͕ϫΠϠΛ͔ͭΉߏػ΄Ͳ͸ߦ͘ڧΘΕͳ͔ͬͨͨΊɺϫ

ΠϠ্ΛҠಈ͢Δԁ౵ંʹൺ΂ͯҠಈΛࣔ͢άϥϑͷํܗ೾͔Βͷဃ཭͕ܹ͍͠ɻԁ౵ંͷભҠʹ͸ӡಈΤωϧ

Ϊʔ͕ੜ͡ΔͨΊʹԁ౵ંͷભҠʹΑͬͯੜͨ͡ΤωϧΪʔ͕ϩϘοτશମΛৼಈͤ͞ฏ໘͔Βු͔ͤΔྗ΋ಇ

஫٭ 21ల։ঢ়ଶͰྲྀ͕ؾۭʹߋೖ͞Εͨ৔߹ʹੜ͡Δ
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͍ͨՄೳੑ͕͋Δɻಛʹۭؾ͸ѹॖ͞ΕΔͨΊɺԁ౵ંͷભҠͷ଎౓͸଎͘ɺ·ͨԁ౵ંͷϙςϯγϟϧΤωϧ

Ϊʔ͕৳௕͖ͬͨ͠ঢ়ଶ͔Βٸʹ্ঢ͢Δੑ࣭΋ܸྗͷΑ͏ʹಇ͍ͨͰ͋Ζ͏ɻ

5೥Ҏ಺ʹग़൛༧ఆ

6.4 ຊ෦ͷ·ͱΊ

ୈ 6ষͰ͸ɺંΓࢴͷมܗͷॱΛ੍͢ޚΔܰബͳʮߏػʯΛఏҊͨ͠ɻ۩ମతʹ͕ɺԁ౵ંͷঢ়ଶͷϙςϯγϟ

ϧΤωϧΪʔɾϙςϯγϟϧΤωϧΪʔΛ༻͍ͨભҠɾల։ऩॖͰੜ͡Δ෺ཧతͳӡಈΛར༻ͯ͠ɺ1ΞΫνϡ

ΤʔλͰҠಈ͢ΔϩϘοτΛ࣮ͨ͠ݱɻಛʹɺମΛॱ൪ʹಈ͔ͯ͠Ҡಈ͢ΔϩϘοτΛ 1ΞΫνϡΤʔλͰ࣮ݱ

͠ɺંΓߏࢴ଄ʹΑΓΞΫνϡΤʔλͷେ෯ͳݮ࡟Λࣔͨ͠ɻ

໨తʹԠͯ͡ԁ౵ંΛฒͼସ͑Δ͜ͱͰɺڥ؀ʹԠͨ͡ҠಈΛ࣮ݱͰ͖ΔɻຊষͰ͸ɺ3छྨͷڥ؀ͰͷҠಈΛ

ఏҊ͠ɺ࣮૷ʹΑΓҠಈ͕ՄೳͰ͋Δ͜ͱΛࣔͨ͠ɻ࣮ࡍͷࢴͱ࣮ڥ؀ݧʹ͸ཧ૝తͳંΓࢴͱ͸ҟͳΔੑ࣭ͷ

ͨΊɺ࣮ࡍͷҠಈڑ཭͸ཧ࿦తͳҠಈڑ཭ͷ 1
2 ఔ౓Ͱ͋Δ΋ͷ΋͋ͬͨɻ

ຊষͰ͸ɺҰ࣍޲ํݩʹͷΈ௕͍ϔϏܕϩϘοτͷಈ࡞Λ࣮͕ͨ͠ݱɺຊ࣭͸ώεςϦγεಛੑʹ͋Δɻͦ͠

ͯɺ1ΞΫνϡΤʔλͷ୯ௐͳӡಈΛஈ֊తͳӡಈ΁ͱม͢׵Δߏ଄ͷఏҊͰ͋ΔɻͦͷͨΊɺҟͳΔ৔ॴͰ͏ߦ

༷ʑͳભҠΛॱ൪ʹ͏ߦɺҰݟෳ਺ͷΞΫνϡΤʔλ͕ඞཁͳӡಈΛ 1ΞΫνϡΤʔλͰ࣮ݱͰ͖Δख๏ͷ։ൃ

ͱ͑ݴΔɻ

ୈ 6ষͰ͸ɺંΓࢴͷมܗΛͨ͢͜ىΊͷܰബͳߏػͱͯ͠ંΓࣗࢴ਎ͷ஄ੑΤωϧΪʔʹண໨͠ɺશମʹ͔͔

Δྗʹରͯ͠ॱংͩͬͨมܗΛੜͤ͡͞ΔંΓߏࢴ଄Λԁ౵ંͰ࣮ͨ͠ݱɻୈ 6ষͷٕज़ʹΑΓɺ1ΞΫνϡΤʔ

λͷಈ࡞ΛଟΞΫνϡΤʔλͰ੍͞ޚΕͨಈ͖ʹม͠׵ɺগͳ͍ΞΫνϡΤʔλͰɺંΓࢴͷมܗΛ੍͢ޚΔػ

ΛՄೳͱͨ͠ɻߏ
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7.1 ୡ੒߲໨

ຊ࿦จ͸ɺંΓࢴͷมܗΛܰ͢͜ىബͳߏػͱճ࿏ΛఏҊ͠ɺ2ݸͷ؍఺ʹΑͬͯ෼ྨͨ͠ɻ1ݸ໨ͷ؍఺͸֎

෦͔ΒΤωϧΪʔΛҰ෦ͷΈʹ༩͑มܗΛ࿈࠯తʹ͢͜ىઃܭͱΤωϧΪʔΛશମʹ༩͑Ұ෦ʹूதͤͯ͞มܗ

Λॱʹ͢͜ىઃܭͰ͋Δɻ2ݸ໨ͷ؍఺͸ߏػͱճ࿏ͷ෼ྨͰ͋ΓɺྗֶతΤωϧΪʔΛओʹ੍͢ޚΔߏػͱిؾ

ΤωϧΪʔΛओʹ੍͢ޚΔճ࿏Ͱ͋Δɻࢴʹ৽ͨͳཁૉΛ෇͚Ճ͑Δճ࿏ʹൺ΂ߏػ͸ંΓࢴͷંΓઢύλʔϯ

ͷ޻෉ʹΑ࣮ͬͯ͢ݱΔͨΊɺΑΓંΓࢴͷਅ਷ʹ͍ۙͱͯ͠ޙ൒ʹ഑ஔͨ͠ɻ

ୈ 2෦Ͱ͸֎෦͔ΒΤωϧΪʔΛҰ෦ͷΈʹ༩͑มܗΛ࿈࠯తʹ͢͜ىճ࿏ΛఏҊͨ͠ɻখ໘Λిۃͱͯ͠ѻ

͏ͱখ໘ಉ͕࢜ΩϟύγλΛ੒͠ɺަྲྀిݯʹΑΓมܗʮখ໘ͷৼಈʯ͕ੜ͡Δɻͦ͜ͰંΓࢴશମ΁ిؾΤω

ϧΪʔΛ͖ߦ౉ΒͤΔܰബͳճ࿏ʹ͍ͭͯ͠ڀݚɺಋిੑΠϯΫΛҹࢴͨ͠࡮Ͱͷճ࿏ύλʔϯͷੜ੒Λͨͬߦɻ

ಋిੑΠϯΫΛ༻͍ͨҹ࡮ʹΑΔΞΫνϡΤʔλ΍ճ࿏͸طʹଘ͕͍ͨͯ͠ࡏɺܰ͞ͱബ͞ͷͨΊʹ͸શ഑ઢΛ

ҹ࡮ύλʔϯͷΈͰ࣮͢ݱΔ਺ֶత໰୊͕͋ͬͨɻຊ࿦จͰ͸༩͑ΒΕͨిۃʹରͯ͠શͯͷిۃΛަࠩͳ͘࿈

ଓʹ઀ଓͰ͖Δύλʔϯͷ༗ແͷ൑ผख๏Λ༩͑ɺߋʹଘ͢ࡏΔ৔߹͸ަࠩΛؚ·ͳ͍ҹ࡮ύλʔϯͷಋग़Ξϧ

ΰϦζϜΛ༩͑ͨɻ·ͨύλʔϯ͕ଘ͠ࡏͳ͍৔߹ʹ΋࠷ऴతͳંΓࢴͷܗঢ়Λ΄ͱΜͲม͑ͳ͍ɺ഑ઢ͕Մೳ

ͳંΓઢύλʔϯ΁ͷมܗख๏΋ఏҊͨ͠ɻୈ 2෦ͷ੒ՌʹΑΓɺަྲྀిݯΛ 1খ໘ͣͭʹ઀ଓ͢Δ͚ͩͰશͯ

ͷখ໘ʹిѹΛҹՃͰ͖ɺંΓࢴશମͰͷখ໘ͷৼಈ͕ՄೳͱͳΔɻಋిੑΠϯΫ͸ඇৗʹܰ͘ബ͍ͨΊɺిؾ

ΤωϧΪʔΛҰ෦ͷΈʹ༩͑ંΓࢴશମͷมܗΛܰ͢͜ىബͳճ࿏Λ࣮ͨ͠ݱɻ

ୈ 3෦Ͱ͸֎෦͔ΒΤωϧΪʔΛશମʹ༩͑มܗΛॱʹ͢͜ىճ࿏ΛఏҊͨ͠ɻંΓ֯Λ੍ޚͰ͖Δܰͯ͘ബ

͍ΞΫνϡΤʔλͱͯ͠ܗঢ়هԱ߹ۚʹண໨͠ɺܗঢ়هԱ߹ۚΛॱʹۦಈ͢Δ͜ͱͰંΓࢴͷมܗΛॱʹ͢͜ى

ճ࿏Λ࣮ͨ͠ݱɻܗঢ়هԱ߹ۚΛ༻͍ͨંΓࢴͷมܗ͸طʹଘ͕͍ͨͯ͠ࡏɺܗঢ়هԱ߹ۚͷ੍ޚͷ೉͔͠͞Β

ηϯα΍੍ޚૉ͕ࢠ౥͞ࡌΕΔͨΊܰ͞ͱബ͕͞ଛͳΘΕ͍ͯͨɻຊ࿦จͰ͸ܗঢ়هԱ߹ۚͷηϯαΛബ͍ܰ͘

ಔςʔϓͷΈͰ࣮͠ݱɺ·ͨͦͷηϯαΛ௚઀ిݯͱΞΫνϡΤʔλͷ഑ઢʹૠೖ͢Δ͜ͱͰંΓࢴͷܗঢ়ʹΑͬ

ɻୈͨ͠ݱ΋࣮ޚಈঢ়ଶΛ੾Γସ͑Δ੍ۦͯ 3෦ͷ੒ՌʹΑΓɺ௚ྲྀిݯΛંΓࢴͷ྆୺ʹ઀ଓ͢Δ͚ͩͰશͯ

ͷΞΫνϡΤʔλʹॴ๬ͷॱʹిѹΛҹՃͰ͖ɺંΓ֯ͷมԽʹΑΔม͕ܗՄೳͱͳΔɻಔςʔϓ͸ඇৗʹܰ͘

ബ্͍ɺ஄ੑΛ༻͍ͯฏୱʹ௵ͤΔߏ଄Λ༻͍ΔͨΊɺిؾΤωϧΪʔΛશମʹ༩͑ંΓࢴͷมܗΛॱʹ͢͜ى

ܰബͳճ࿏Λ࣮ͨ͠ݱɻ

ୈ 4෦Ͱ͸ɺ֎෦͔ΒΤωϧΪʔΛҰ෦ͷΈʹ༩͑มܗΛ࿈࠯తʹߏػ͢͜ىΛఏҊͨ͠ɻંΓࢴͷมܗʹ͸

খ໘ͷܗঢ়͕มԽ͠஄ੑΤωϧΪʔ͕ੜ͡Δม͕ܗଘ͠ࡏɺ஄ੑΤωϧΪʔΛੜ͡ΔંΓࢴΛྗֶతʹ઀ଓ͢Δ

͜ͱͰ࿈࠯తͳมܗΛ࣮ͨ͠ݱɻ·ͨ֎෦ͷ஄ੑΤωϧΪʔΛ༻͍Δ͜ͱͰ஄ੑΤωϧΪʔͷࢄҳΛิॆ͢Δ͜

ͱͰ࿈࠯ΛԆ௕͠ɺෆݮਰ఻ૹ࿏ͱͯ͠ͷγϛϡϨʔγϣϯΛͨͬߦɻͦͯ͠਺ݸͷંΓ໨͕ 1Χॴʹ༩͑ͨྗ

ͷΈͰભҠ͢Δ༷ࢠΛγϛϡϨʔγϣϯ͚ͩͰͳ࣮͘૷ͨ͠ંΓߏࢴ଄Ͱ΋࣮ূͨ͠ɻୈ 4෦ͷ੒ՌʹΑΓɺΞ

ΫνϡΤʔλ͔Β཭Εͨ৔ॴ΁มܗΛ࿈࠯Ͱ͖ɺ·ͨҰ෦ʹͷΈྗΛ༩͑Δ͜ͱͰͷશମͷંΓ໨ͷม͕ܗՄೳ

ͱͳΔɻຊ࿦จͰ͸༻͍ͨંΓࢴ͸ԁ౵ંͱݺ͹ΕɺฏୱʹંΓͨͨΊΔંΓࢴͰ͋Γฏୱͳঢ়ଶͰ҆ఆͰ͋Δɻ

ંΓࢴͷ஄ੑΤωϧΪʔ͸খ໘ࣗମͷมܗͰੜ͡ΔͨΊࢴͷΈͰ࣮ݱՄೳͰ͋ΓɺྗֶతΤωϧΪʔΛҰ෦ͷΈ

ʹ༩͑มܗΛ࿈࠯తʹܰ͢͜ىബͳߏػΛ࣮ͨ͠ݱɻ

ୈ 6෦Ͱ͸ɺ֎෦͔ΒΤωϧΪʔΛશମʹ༩͑มܗΛॱʹߏػ͢͜ىΛఏҊͨ͠ɻಉ͡ྗ͕ಉ࣌ʹՃ͑ΒΕͨ

৔߹ʹ͸ΑΓऑ͍ʢʹॊΒ͔͍ʣ෦෼͕ม͢ܗΔͨΊɺมܗʹඞཁͳྗ͕ҟͳΔંΓࢴΛ૊Έ߹ΘͤΔ͜ͱͰม

͍ͯ༺Λࢴ࿈ಈ͢ΔંΓ͕ܘɻ·ͨͦͷԠ༻ͱͯ͠ંΕ֯ͱ௕͞ͱͶ͡Ε֯ͱମੵͱ಺ͨ͠ޚͷॱΛ੍ܗ 1ΞΫ

νϡΤʔλͰಈ͘ϩϘοτΛઃͨ͠ܭɻͦͯ͠ఏҊ͢Δߏ଄ͷΞΫνϡΤʔλͷछผʹґΒͳ͍൚༻ੑΛ࣮ূ͢

ΔͨΊʹମੵͷมԽɾͶ͡Ε֯ͷมԽɾ௕͞ͷมԽΛ༻͍ͨ 3छྨͷϩϘοτΛ࣮૷ͨ͠ɻୈ 6෦ͷ੒ՌʹΑΓɺ

શମʹྗΛ༩͑Δ 1ΞΫνϡΤʔλͷΈͰมܗΛॱʹ͜͠ىɺ·ΔͰෳ਺ͷΞΫνϡΤʔλ͕౥͞ࡌΕ͔ͨͷΑ
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͏ͳϩϘοτΛ࣮ͨ͠ݱɻંΓߏࢴ଄͸ୈ 4෦ͱಉ༷ฏୱʹંΓͨͨΊΔંΓࢴͰ࣮ͨ͠ݱɺΞΫνϡΤʔλΛ

ɻͨ͠ݱΛ࣮ߏػബͳܰ͢͜ىʹΛॱܗ଄Ͱ͋ΓɺྗֶతΤωϧΪʔΛશମʹ༩͑ͯมߏΔܰബͳ͢ݮ࡟

7.2 ల๬ɾݶք

7.2.1 ֤෦ͷల๬ɾݶք

ୈ 2෦ͷల๬ɾݶք

ಋిੑΠϯΫΛҹ͕ࢴͨ͠࡮ඇৗʹܰ͘ബ͍ҰํɺຊڀݚͰड़΂ͨಋిੑΠϯΫΛҹ͕ࢴͨ͠࡮Մೳͱ͢Δม

ೳ͢ػ཭͕มԽ͠εϐʔΧ΍ৼಈମͱͯ͠ڑͷؒۃѹΛ͔͚Δ͜ͱͰిిߴͰ͋Δɻܗఆ͞Εͨมݶʹ͸ඇৗܗ

Δ͕ɺંΓࢴͷมܗશͯʹ༗༻ͳख๏ʹ͸ͳΓಘͳ͍ɻຊ࿦จͰ͸ಋిੑΠϯΫͷిؾ఍߅ͱ੩ి༰ྔͷΈʹண

໨ͨͨ͠ΊɺಋిੑΠϯΫͷۙ๣Ͱ͔͠ྗΛൃشͰ͖ͳ͍͔ΒͰ͋Ζ͏ɻͦͷͨΊɺಋిੑΠϯΫͰίΠϧΛ࣮

͕߅఍ؾΔɻಋిੑΠϯΫͷബ͞͸ͦͷి࢒Ͱ͖ΔՄೳੑ͕شΕ͹ಋిੑΠϯΫ͔Β཭Εͨ৔ॴ΁ͱྗΛൃ͢ݱ

ແࢹͰ͖ͳ͍΄ͲͰ͋Γɺೋ࣍ݩঢ়ʹ͕޿ΔΩϟύγλͱൺ΂ΔͱίΠϧ͸ಋిੑΠϯΫͱͷ૬ੑ͕ѱ͍ɻ͔͠͠

ಋిੑΠϯΫͷվྑ΍ిۃͷछྨͷ૿Ճ͸৽ͨͳมܗΛՄೳͱ͠͏Δɻ

·ͨɺ഑ઢύλʔϯΛແͯ͠ࢹઃܭͰ͖ΔͨΊંΓࢴεϐʔΧͷઃ͕ܭඇৗʹָʹͳΔͩΖ͏ɻંΓࢴεϐʔ

Χͷҹ࡮ύλʔϯͷཁٻ͸άϥϑཧ࿦ͷ਺ֶ΍ίϯϐϡʔλάϥϑΟοΫεΛઐ໳ͱ͢Δਓ͔Β͚ͩͰͳ͍ɻͦ͜

ͰંΓύλʔϯΛύιίϯʹೖྗ͢Δඞཁ΋ͳ͘ɺࢴͷ্ͰͳͧΓͳ͕Β͑ߟΒΕΔΑ͏ͳ؆୯ͳख๏Ͱ࣮͠ݱ

ͨຊख๏͸ɺଟ͘ͷਓ͕ར༻Ͱ͖Δख๏Ͱ͋Ζ͏ɻંΓࢴʹ͸ܰബͰ͋Δར఺Ҏ֎ʹɺखʹೖΓ΍͍͢ࡐྉͰ͋

Δ͔ࢴΒಓ۩Λ࢖Θͣʹ࡞ΕΔར఺΋ଘ͢ࡏΔɻͦͷͨΊɺύλʔϯΛखͯ͠ࢉܭಋిੑΠϯΫΛखͰృΔࣄ΍ɺ

ંͬͯΈͨંΓࢴΛҰ౓։͍ͯεϐʔΧͱ͢Δ͑͞ࣄՄೳͱͳΔɻྫ͑͹ɺંΓͨͨ·Εͨ෦෼ͷ໘ੵʹ͕ͨͬ͠

ͯεϐʔΧͷԻྔ΍Ωϟύγλͷ༰ྔ͸มԽ͢Δɻطଘख๏ͰԻྔ΍༰ྔͷมԽ͕ఏҊ͞Ε͍ͯΔ͕ɺંΓύλʔ

ϯ͔Βࣗಈతʹ഑ઢύλʔϯΛಘΒΕΔΑ͏ʹͳΕ͹ɺΑΓෳࡶͰ༗༻ͳԻྔ΍༰ྔͷมԽΛఏҊ͠΍͘͢ͳΔ

ͩΖ͏ɻંΓࢴεϐʔΧͷ͔ੑ޲ࢦΒͨݟ໨·Ͱɺిۃύλʔϯʹ͍ͭͯ͑ߟΔ͜ͱͳ͘·ͣઃ͢ܭΔ͕ࣄՄೳ

ͱͳΓɺΑΓࣗ༝ͳઃܭʹͭͳ͕ΔͩΖ͏ɻ

ৼಈΛൃੜͤ͞ΒΕΔͱड़΂͍ͯΔ͕ɺ͜ͷৼಈʹ͸ిߴѹ͕ඞཁͰ͋Δɻྫ͑͹ંΓࢴεϐʔΧʹ͸ 600Vͷ

ަྲྀిѹΛ༻͍͓ͯΓɺจݙ [37]Ͱ͸ 7 kVͷిѹΛ༻͍ͯҠಈΛ࣮͍ͯ͠ݱΔɻిߴѹͷަྲྀిݯ͸ೖख͕೉͠

͍͚ͩͰͳ͘ݥةͰ͋Γɺ͜ͷΑ͏ͳిߴѹͰॳΊͯԻ͕ฉ͑ͨ͜ΓҠಈ͕࣮ͨ͠ݱΓ͢ΔͨΊɺߏػ΍ճ࿏ͷ

Δɻ࢒Δ͕ɺӡ༻ʹ໰୊͕͑ߦʹ͸ܰബ͔ͭखܰݱ࣮

ୈ 3෦ͷల๬ɾݶք

ബ͍ΞΫνϡΤʔλͱͯ͠ܗঢ়هԱ߹ۚΛ༻͍͕ͨɺύ΢νϞʔλ [75]ͳͲΛ༻͍Ε͹ۭؾѹͰͷۦಈ͕Մೳ

Ͱ͋Δɻܗঢ়هԱ߹ۚͷ 50mg/mʹ͸ٴ͹ͳ͍·Ͱ΋ܰബͳߏػͱͯ͠༗༻Ͱ͋Γɺܗঢ়هԱ߹͕ۚҾுྗͷΈ

Λ࣮͢ݱΔҰํͰύ΢νϞʔλ͸ѹॖྗ΋࣮ݱͰ͖Δɻύ΢νϞʔλ΋ܗঢ়هԱ߹ۚಉ༷Թ౓Ͱۦಈ͢ΔΞΫνϡ

ΤʔλͰ͋ΓɺಋిੑΠϯΫΛ༻͍ͨώʔλͱͷ૊Έ߹Θͤ͸ܰബͳߏػͰ࣮ݱͰ͖ɺಔςʔϓͰͷ੍ޚ΋Մೳͩ

Ζ͏ɻ·ͨܰബͳΞΫνϡΤʔλʹݶΒͳ͍ຊ࿦จͷ಺༰͸ɺߴਫ਼౓͔ͭܰബͳંΓ֯ηϯαͱͯ͠΋༻͍ΒΕɺ

ยଆ͚ͩͰ࣋͠ࢧͳ͚Ε͹͍͚ͳ͍ߏ଄෺ͳͲͷॏ͍ηϯαΛ౥ࡌͰ͖ͳ͍ߏ଄෺ʹ΋༗༻ͩΖ͏ɻ·ͨࠓճ͸

ಔςʔϓͰͷ࣮ݱΛ͕ͨͬߦɺಋిੑΠϯΫΛҹࢴͨ͠࡮ΛཱମతʹંΔ͜ͱͰ΋࣮ݱͰ͖ΔͩΖ͏ɻંΔ͜ͱͰ

ม͠ܗͳཱ͍ମతߏ଄෺Λ઀৮ʹ༻͍Δख๏ͱɺંΓ͕֯มԽ͢ΔʹͭΕཱͯମతʹඈͼग़ͯ઀৮͢Δख๏͕Մ

ೳͰ͋Δɻೖख΍Ճ͕޻༰қͰ͋ΔͨΊʹಔςʔϓΛ༻͍͕ͨɺ௕࣌ؒอ؅͢Δͱಔͷද໘͸ࢎԽͯ͠઀৮ʹΑ

Δಋ௨͸ݟΒΕͳ͘ͳΔ٭஫ 1ɻ

஫٭ Խಔࢎ1 Cu2O ͷిؾ఍߅཰͸ 10× 105 Ωm Λ௒͑Δ
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·ͨɺୈ??અͰड़΂ͨഁյ΋໰୊Ͱ͋Δɻಔςʔϓ͸ຎࡲ΍೪ணࡎʹΑͬͯுΓ෇͍ͯ͠·͏ͳͲͰಋ௨ͯ͠

͍ͳ͍͸ͣͷ֯౓Ͱ΋ಋ௨Λҡ࣋ͯ͠͠·͏͕ނࣄੜͨ͡ɻͦͷͨΊഁյʹͭͳ͕Δಈ͖ͷલʹ͸ϦϛοτεΠο

νతߏ଄Λ༻ҙ͢ΔͱΑΓΑ͘ɺͦͷͨΊʹ΋ߏ଄͕ෳࡶʹͳͬͯ͠·͏ɻ

ୈ 4෦ͷల๬ɾݶք

ຊ࿦จͰ࣮૷ͨ͠ෆݮਰ఻ૹ࿏Ͱ͸಺֎ʹόωΛ౥͍ͯ͠ࡌΔ͕ɺંΓࢴͷ઀ଓ΍ϙςϯγϟϧΤωϧΪʔͷ

ௐઅʹ΋ԁ౵ંͳͲͷฏୱʹંΓͨͨΊΔߏ଄Λ༻͍Ε͹ΑΓฏୱͳߏ଄͕ಘΒΕΔͩΖ͏ɻࠓճ͸ંΓࢴ෦෼

ͱͦͷपลͰ੾Γ෼͚ΔͨΊʹόωͳͲͷྗΛ༻͍͕ͨɺશͯΛંΓࢴͰ࣮૷͢Ε͹ંΓࢴΛόοςϦͷΑ͏ʹ

༻͍Δ͜ͱ͕ՄೳͰ͋ΔɻҰൠతͳόοςϦ͕ΤωϧΪʔͷྔʹΑΒͳ͍ॏ͞ͱް͞Λ࣋ͭͷʹରͯ͠ંΓࢴ͸

ܰ͘ɺ͍ͣΕ͔ͷঢ়ଶʹ͓͍ͯ͸ബ͞΋ཱ྆͢Δઃ͕ܭՄೳͰ͋ΔɻͦͷͨΊඞཁͳ࣌ʹۭؒΛ༻͍ͯΤωϧΪʔ

Λॆర͢ΔΑ͏ͳܰബͳόοςϦͷ࣮ݱͱ΋͑ݴΔɻࣗݾϩοΫߏػͱ૊Έ߹ΘͤΔ͜ͱͰɺҾுͳ͕Βల։͢

Δ͚ͩͰ஄ੑΤωϧΪʔΛ஝͑ͳ͕Β఻ૹ࿏Λߏங͢ΔͳͲͷઃܭͷ޻෉΋͜Ε͔Β͑ߦΔɻ·ͨɺࠓճ͸Ґஔ

తʹ΋ྡ઀͍ͯ͠ΔϢχοτಉ࢜ͰͷΈ૬࡞ޓ༻Λ͍ͯ͑ߟΔ͕ɺͦΕͧΕͷྗΛ఻͑ΔཁૉΛผʹ༻ҙ͢Δ͜

ͱͰ཭ΕͨϢχοτͷมܗ΋Ҿ͖ͤ͜ىΔɻͦͷྗΛ఻͑ΔཁૉΛશͯฏ໘্ʹ༻ҙ͢Δ͔ɺંΓͨͨΊΔߏ଄

ͰྗΛ఻͑ΔཁૉΛ࣮͢ݱΕ͹ܰബͳੑ࣭Λҡ࣋ͨ͠··ΑΓଟ༷ͳಈ͖ͷ࿈࠯ΛੜΉ͜ͱ͕Ͱ͖ΔͩΖ͏ɻ

ୈ 6෦ͷల๬ɾݶք

ຊ࿦จͰ͸มܗʹΑͬͯมԽ͢Δύϥϝʔλ͕ଟ͍ԁ౵ંΛ༻͍Δ͜ͱͰ༷ʑͳҠಈ༷ࣜΛ࣮͕ͨ͠ݱɺԁ౵

ંͷϙςϯγϟϧΤωϧΪʔͷܗঢ়͸͞ߴʹରͯ͠࿈ଓతͰͳΊΒ͔ͳۂઢΛඳ͍͍ͯΔɻͦͷͨΊ࠷΋ऑ͍ԁ

౵ંͷΈ͕ભҠ͢Δ৔߹ʹ࠷΋ऑ͍ԁ౵ંҎ֎ʹ΋มܗ͸ੜͯ͡͠·͍ɺಛʹ৳௕࣌ʹݦஶͰ͋Δɻԁ౵ંҎ֎

ͷϙςϯγϟϧʹ͍ͭͯ΋͑ߟΕ͹ɺΑΓٸफ़ʹมԽ͢ΔϙςϯγϟϧΤωϧΪʔ͕ಘΒΕɺΑΓஈ֊తͳมܗ

Λ࣮ݱͰ͖ΔͩΖ͏ɻ

ڀݚΛ༻͍ͨؔ࿈ੑ׳ͷϙςϯγϟϧΤωϧΪʔͷඇରশੑΛ༻͍Δ͜ͱͰ৳ॖ࣌ͷ଎౓ͷࠩΛੜΈɺ͜ʹߋ

[142]ͷΑ͏ͳҠಈ΋࣮ݱͰ͖Δɻੑ׳Λ༻͍Δͱͦͷੑ׳ͷͨΊʹॏྔ͕૿ܰ͠ബͳߏ଄Ͱ͸ͳ͘ͳΔ͕ɺൕͷ

Α͏ͳܰബͳߏ଄ͱۭؾ΍ਫͷ఍߅Λ༻͍Ε͹ɺߴ଎ͳಈ͖ʹରͯ͠͸ӷମʹରͯ͠ൕ͕ݻఆ͞Ε௿଎ͳಈ͖ʹ

ରͯ͠͸ฏ໘ʹຎࡲͰݻఆ͞ΕΔಈ͖͕ՄೳͱͳΔͩΖ͏ɻϙςϯγϟϧΤωϧΪʔͷۂઢͷࠨӈΛೖΕସ͑Δ

͜ͱ͸ෆՄೳͰ͋Δ͕ɺ1ΞΫνϡΤʔλͷ੍͢ޚΔൣғΛมԽͤ͞Δ͜ͱ͸ՄೳͰ͋Δɻͦ͜Ͱਤ 6.11ͷΑ͏

ʹෳ਺ͷԁ౵ંΛ౥͠ࡌɺਤ 6.12ͷΑ͏ʹෳ਺ͷભҠαΠΫϧΛ༻ҙ͢Ε͹ 1ΞΫνϡΤʔλͰ྆ํ޲ʹҠಈͰ

͖ΔͩΖ͏ɻ

ຊ࿦จͰͨͬߦҠಈ͸ϩϘοτ͕ඇৗʹ͍ܰͨΊʹେ͖ͳྗΛඞཁͱ͠ͳ͍ͨΊɺԁ౵ંͷϙςϯγϟϧΤω

ϧΪʔͷΈͷ͕ࢉܭ΄΅ͦͷ··࣮͍ͯ͠ݱΔɻ͔͠͠ྫ͑͹ϫΠϠΛ͔ͭΉ৔߹ʹ͸ɺϫΠϠͱ઀৮͍ͯ͠Δ

෦෼͕ຎࡲΛੜΉͳͲͯ͠֎෦͔Βͷྗ΋͑ߟͳ͚Ε͹͍͚ͳ͍ɻͦͯ͠େ͖ͳྗ͕֎෦͔Β͔͔Ε͹ͦͷྗʹ

ΑͬͯҟͳΔม͕ܗੜ͡ΔՄೳੑ͕͋ΔɻংػͷΑ͏ͳٸफ़ʹมԽ͢ΔϙςϯγϟϧΤωϧΪʔ͸͜ͷ໰୊ʹͭ

͍ͯ΋Ө͞ڹΕʹ͍͘ߏ଄Λ࣮͢ݱΔɻ

7.2.2 શମʹ͍ͭͯͷల๬ɾݶք

ࢴΛ༻͍Δ͜ͱ͕ॏཁͰ͋Γɺࢴྉͷબఆʹ͍ͭͯ͸΄ͱΜͲड़΂͍ͯͳ͍ɻྫ͑͹ԁ౵ંʹ͍ͭͯ͸ࡐճ͸ࠓ

ͷҰ౓ંΕͨͱ͜ΖͰંΕ΍͘͢ͳΔੑ࣭ͱંΓ໨ͷ͍͍ͭͯͳ͍ͱ͜Ζʹ৽ͨʹંΓ໨Λੜ͡ʹ͍͘ੑ࣭͕ԁ

౵ંͷભҠͷ଱ੑٱΛ্͍͛ͯΔɻྫ͑͹ΫϦΞϑΝΠϧ΍ۚଐͰಉ༷ʹԁ౵ંΛ࡞੒͕ͨ͠ɺԁ౵ંͷมܗʹ

൐ͬͯ༨෼ͳંΓ໨Λੜͯ͡ҟͳΔڍಈΛࣔͨ͠ɻτϥεϞσϧͰ͸ͳ͘খ໘ͷมܗΛ༻͍ͨԁ౵ંߏ଄͸චऀ

ͷ஌ΔݶΓͦͷ΄ͱΜͲ͕ࢴͰ࡞ΒΕ͓ͯΓɺଞͷԁ౵ંʹ͍ͭͯ͸෍ͳͲΛ༻͍͍ͯΔɻ෍ͷ৔߹͸௚ཱ͠ͳ

͍ͨΊόΠεςʔϒϧߏ଄Ͱ͋Δੑ࣭Λ༻͍͍ͯΔ෺Ͱ͸ͳ͘ɺ୯ʹԁ౵ͷંΓ৞ΈΛ࣮͍ͯ͠ݱΔ෺Ͱ͋Δͨ
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Ίຊ࿦จͷୈ 4෦ͱୈ 6෦ͷ಺༰͸ݱ࠶Ͱ͖ͳ͍ɻଞͷࡐྉΛ༻͍ͯԁ౵ંΛߏங͢Δ͜ͱͰ͞ΒͳΔԠ༻Λൃ

Δɻ͍ͯ͠࢒Ͱ͖ΔՄೳੑΛݟ

ۚ߹Աهঢ়ܗɻ͢࢒ബʹ͢ΔՄೳੑ΋ܰʹߋΛڀݚྉΛ༻͍Δ͜ͱͰຊࡐͷԹ౓ʹΑͬͯมԽ͢Δڥ؀ͯͦ͠

ΛԹ౓ʹΑͬͯ௕͞ΛมԽ͢ΔΞΫνϡΤʔλͱͯ͠औΓ্͍͛ͯΔ͕ɺڥ؀ͷมԽͰ͸ͳ͘௨ిʹΑΓۦಈ͠

ͨɻྫ͑͹ύ΢νϞʔλ͸ࣨԹͰੜ͡ΔൣғͰ૬มԽΛػߴ͏ߦೳੑӷମNovec 7000ʢ3MʣΛ༻͍͓ͯΓɺ෸఺

͸ 34 ◦CͰ͋Δɻ͜ͷӷମΛೖΕͨԁ౵ં͸ਓ΍ಈ෺͕৮Εͨࡍɺ೔ޫͳͲͰ֎ؾԹ্͕͕ͬͨ৔߹ʹۦಈ͢Δͨ

ΊɺόοςϦ΋ෆཁͳมܗΛ࣮͢ݱΔɻଞʹ΋ྫ͑͹࣪౓ͷมԽͷΈͰҠಈ͢Δ͜ͱ͕Ͱ͖Δࢴঢ়ͷΞΫνϡΤʔ

λ [150]Λ༻͍Ε͹࣪౓ʹରͯ͠ۦಈՄೳͰ͋Δɻ

प೾਺Ԡ౴Λ༻͍ͯ 1ΞΫνϡΤʔλͰঢ়ଶΛม͑Δ͕͋ڀݚΔ [151]ɻ͜ͷڀݚ΋ 1ΞΫνϡΤʔλͰෳ਺ͷ

ંΓ໨Λ੍͍ͯ͠ޚΔ͕ɺप೾਺Ԡ౴Λ༻͍͍ͯΔͨΊʹ֎෦ʹྗΛ༩͑ʹ͍͘٭஫ 2ɻ·ͨจݙ [151]͕ۚଐ൘Λ

ྉͰ͋Ε͹࣭ྔΛ༻͍ͨ͜ͷࡐͰ͋Δཧ༝ͷҰͭʹͦͷ࣭ྔͷେ͖͕͋͞ΔͩΖ͏ɻܰ͘ͳ͍͕ബ͍ڀݚ͍ͨ༺

Α͏ͳ޻෉͕ՄೳͰ͋Δɻܰ͞ͱബ͞ͷ྆ํ͕ඞཁͰ͋Ε͹ຊ࿦จͷ಺༰͕ద͍ͯ͠Δ͕ɺͲͪΒ͔ยํ͚ͩΛ

ඞཁͱ͢Δ৔໘Ͱ͸ΑΓࣗ༝ͳઃ͕ܭՄೳͰ͋ΔͩΖ͏ɻ

·ͨม࣌ܗʹ͸ܰബͰͳ͘ͱ΋ྑ͍͕ɺܰബͳঢ়ଶΛ௕࣌ؒҡ͍࣋ͨ͠ંΓࢴʹ͸ંΓࢴΛંΔͨΊʹࢴΛҠ

ಈ͢ΔϩϘοτ͕ՄೳͰ͋Ζ͏ɻ1࣍ݩͷଟؔઅͷ࿹Λɺ࿹ͷ্Λಈ͘ 1ΞΫνϡΤʔλͱ֤ؔઅͷ֯౓ΛܾΊΔ

1ΞΫνϡΤʔλͷ߹ܭ 2ΞΫνϡΤʔλͰ੍͢ޚΔख๏͕͋Δ [152]ɻંΓࢴͰ͸ฏ໘Λಈ͔ͳ͚Ε͹͍͚ͳ͍

ͨΊࢴͷ্Λಈ͘ 2ΞΫνϡΤʔλͱ֤ંΓ֯ΛܾΊΔ 1ΞΫνϡΤʔλͷ 3ΞΫνϡΤʔλͰ੍ޚͰ͖Δɻ

஫٭ 2֎෦͔Βͷྗ͕ҟͳΔܥʹ͍ͭͯͷઃ͕ܭඇৗʹ೉͍ͩ͠Ζ͏
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ँࣙ

ຊ࿦จ͸౦ژେֶେֶӃ ৘ใཧڀݚܥֶ޻Պ ߈৘ใֶઐࢠి ത࢜՝ఔͰͷڀݚ੒ՌΛ·ͱΊͨ࿦จͰ͋Δɻຊ

͸ڀݚ JST ERATO઒ݪສ༗৘ใ໢ϓϩδΣΫτ (JPMJER1501)ͱ JSPSಛผڀݚһ঑ྭඅ (JP19J14472)ͷॿ

੒Λड͚ͨ΋ͷͰ͋Δɻ

ຊষͰ͸ɺຊ࿦จ΋͘͠͸ത࢜՝ఔͰͷੜ׆΁ऀͨ͠ݙߩʹରͯ͠ྱΛड़΂Δͱͱ΋ʹɺຊڀݚͷڀݚ੒Ռʹ

Δɻ͢ࡌهশͰݺΛຊਓͷ๬Ήऀྗڠओཁͳͨ͠ݙߩ

ओͳڀݚతऀݙߩ

• ઒ܓݪതڭत
ത࢜՝ఔʹ͓͍ͯࢦಋ׭ڭͱͯ͠ຊڀݚͷ࣮ࢪͷػձΛ༩͍͖͑ͯͨͩɺͦͷ਱ߦʹ͋ͨͬͯऴ࢝͝ࢦಋΛ

͍͍ͨͩͨɻ·ͨɺຊڀݚͷ಺༰͚ͩͰͳ͘ɺֶज़ք΍ۀ࢈քͰͷ෩ّʹ͍ͭͯ΋ࣔ͝ڭΛࣀΓɺ܆ಃΛड

͚ͨɻͦͯࣨ͠ڀݚͷओऀ࠵ͱͯ͠ɺۭؒ໘ɾઃඋ໘ɾۚࢿ໘Ͱૉ੖Β͍͠ڥ؀ڀݚΛ੔͍͍͑ͯͨͩͨɻ

͜͜ʹສँͷҙΛද͢Δɻ

• ᜊ౻Ұࢣߨ࠸
఺͸ࠛ஬ࢹͷڀݚΛ঺հͨ͠ɻߏػͱͳΔװͷண૝ͷࠜڀݚ͠ڭతԠ༻Λ෍ֶ޻ͷ਺ֶతͳඒ΍ࢴΓંʹࢲ

͔Βػۭߤ·Ͱʹٴͼɺ਺ଟͷଘࡏΛંΓࢴͱͯ͠ัΒ͑Δੑײ͸ࢲΛײԽͤͨ͞ɻ·ͨɺଟ͘ͷਤܗతͳ

਺ֶత໰୊Λ༩͍͍͑ͯͨͩͨɻ͜͜ʹਂँͷҙΛද͢Δɻ

• බଜ݈ڭत
ಛʹɺ৘ใཧֶ޻తͳ؍఺ͰͷંΓࢴɾંΓࢴϩϘοτʹ͍ͭͯͷҙݟΛ͍͍ͨͩͨɻ͜͜ʹഈँͷҙΛද

͢Δɻ

• ๛ాਖ਼࢙ڭत
ંΓࢴͷܰ͞ͱബ͞ΛંΓࢴϩϘοτʹର͢Δ໌֬ͳཁ੥ͱͯ͠ѻ͏ల։ͷ୺ॹͱͳΔҙݟΛ͍͍ͨͩͨɻ

͜͜ʹഈँͷҙΛද͢Δɻ

• ৽ཾࢁഅࢣߨ
ຊڀݚʹ͓͍ͯɺ֤ڀݚͷ౷߹ʹ͍ͭͯٞ࿦Λ͍ߦɺ݁Ռͷදݱ΍ల։ʹ͍ͭͯͷॿݴΛ͍͍ͨͩͨɻ͜͜

ʹഈँͷҙΛද͢Δɻ

• ઙݟప໊༪ڭत
ಛʹ਺ֶతٞ࿦ʹ͓͍ͯ༗ӹͳ౼࿦ɾॿݴΛଷ͍ͨɻम࢜՝ఔ·Ͱͷࢦಋ׭ڭͰ͋Γɺબ୒తѹॖηϯγϯ

άͷڀݚ [a2]Λ௨ͯ͡઒ܓݪതڭतͱڞʹɺ՝୊ൃ͔ݟΒ࿦จࢸʹࢽΔ·ͰͷաఔΛ௨ͯ͡ળ͘ਖ਼͍͠ڀݚ

ೆΛ͍͍ͨͩͨɻࢦ͍ͯͭ͝ʹ

• ؘ஌޺।ڭत
ંΓࢴͷऀڀݚͰ͋ΓɺಛʹંΓߏࢴ଄ͷ਺ֶత஌ݟΛ༻͍ͯຊڀݚʹ਺ଟ͘ͷҙݟΛ͍͍ͨͩͨɻ·ͨࢦ

ಋ͍ͯ͠Δ҆ୡӯᠳ͞Μɺਢ౻ւ͞Μͱͷٞ࿦ʹ΋ͭͳ͕ͬͨɻ

• കؘ୓໵।ڭत
ΠϞϜγͷา༰΍ମͷߏ੒ͳͲɺੜ෺෺ཧֶͷࢦ͍͓ͯ͝ʹڀݚಋΛ͍͍ͨͩͨɻ·ͨɺର৅ʹѪணΛ࣋ͪ

ಥ͖٧ΊΔ͜ͱͰੜ·ΕΔଟ༷ͳ࿩୊ͱɺָͦ͠͏ʹ͢ڀݚΔ༷ࢠ͸ؾ׆ʹࣨڀݚΛ༩͑ͨɻ

• Ճ౻๜୓ಛ೚ڀݚһ
ંΓࢴεϐʔΧͷ͠ڀݚʹڞ͍͓ͯʹڀݚɺଟ͘ͷ਺ֶత໰୊Λ༩͍͍͑ͯͨͩͨɻ

• Ta Duc Tung͞Μɺ ໐ւߛ໵͞Μɺ໺ؒ༟ଠ͞Μ
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