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Abstract The nasal and paranasal cavities have a complex shape and their acoustic properties
affect lower frequencies of speech sounds. This paper gave an outline of authors’ researches related
to the resonance in the cavities. First, we showed facial surface vibration patterns during speaking
and indicated that the sound resonated in the nasal cavity even when a speaker produced a non-
nasal vowel. We then demonstrated the transfer functions of the nasal and paranasal cavities
obtained by an acoustic measurement and acoustic simulation based on a finite-difference time-
domain method as a type of finite difference methods.

1 ͸͡Ίʹ

ඓߢͷܗঢ়͸ࠨӈඇରশ͔ͭෳࡶͰ͋Γɼݸਓؒͷࠩ

ҟ͕େ͖͍ɽඓߢʹ͸্ֺಎɼલ಄ಎɼ௏ࠎܗಎɼᝲࠎ

ಎͱ͍͏෭ඓ͕ߢ઀ଓ͞Ε͓ͯΓ (ਤ ͱߢর)ɼඓࢀ1

૬࡞ޓ༻ͯ͠ෳࡶͳԻڹಛੑΛੜΈग़͢ɽඓߢ΍෭ඓߢ

͸ɼඓԻ (ඓ฼Ի, ඓࢠԻ)ͷੜ੒ͷΈͳΒͣɼԻ੠ͷݸ

ਓੑ (࿩ऀͷಛ௃)ͷੜ੒ʹ΋د༩͢Δɽऀޙ͸ɼඓߢ

΍෭ඓߢ͸ݸਓ͕ࠩେ্͖͍ʹൃ࿩தʹม͠ܗͳ͍ͱ͍

͏ಛ௃ʹ༝དྷ͍ͯ͠Δɽ࣮ࡍɼAmino & Arai [2]͸ɼԻ

੠ʹඓԻؚ͕·ΕΔͱ࿩ऀࣝผͷਫ਼౓্͕͢޲Δ͜ͱΛ

ௌऔ࣮ݧʹΑΓ͍ࣔͯ͠Δɽ

͜ͷΑ͏ʹɼඓߢ΍෭ඓߢ͸Ի੠ੜ੒ʹͱͬͯۃΊͯ

ॏཁͳ׭ثͰ͋ΔͨΊɼͦͷߏ଄΍Իڹಛੑʹ͍ͭͯ͸

Ε͖ͯͨɽྫͨ࣋Βؔ৺͕͔͘ݹ ͑͹ɼখࢁ [3]͸ɼ1960

೥୅ʹώτͷҨମ͔Βඓߢɼ෭ඓߢΛؚΉ੠ಓ໛ܕΛ੡

ಛੑΛௐ͍ࠪͯ͠Δɽ1990೥୅ʹͳͬͯڹɼͦͷԻ͠࡞

Ի੠ͷڀݚʹMRI (magnetic resonance imaging) ͕ಋ

ೖ͞ΕΔͱɼDangΒ [4]͸ඓߢɾ෭ඓߢͷܗঢ়΍ͦͷݸ

ਓࠩΛଌఆ͠ɼ౳Ձճ࿏ϞσϧʹΑΓٻΊͨͦΕΒͷԻ

ͷബ͍นߢɽ͔͠͠ɼMRIͰ͸෭ඓͨ͠ࠂಛੑΛใڹ

Λ೺Ѳ͢Δ͜ͱ͕ࠔ೉Ͱ͋Δ͜ͱͳͲ͕Ө͠ڹɼDang

ΒͷҰ࿈ͷڀݚҎ߱͸ඓߢɾ෭ඓߢͷԻڹಛੑʹؔ͢Δ

͸গͳ͘ͳͬͨɽڀݚ

͔͠͠ɼۙ೥ɼ3DϓϦϯλͷਐาͱී͓ٴΑͼࢉܭ

γڹ΍Իܕͳ੠ಓ໛޼ɼਫ਼ʹܠύϫʔͷ૿େͳͲΛഎػ

ϛϡϨʔγϣϯͳͲΛ༻͍ͯ࠶ͼ͜ͷ໰୊ʹΞϓϩʔν

͢Δߦ͕ڀݚΘΕΔΑ͏ʹͳ͖ͬͯͨ [5][6]ɽҎԼͰ͸ɼ

ඓߢɾ෭ඓߢͷԻڹಛੑʹؔ͢Δզʑͷ 2ͭͷऔΓ૊Έ

Λ঺հ͢Δɽ1ͭ໨͸ɼϨʔβυοϓϥৼಈܭΛ༻͍ͨ

ൃ࿩தͷإ໘ൽෘৼಈΛܭଌͨ͠ڀݚ [7]ͰɼඓԻҎ֎

左前頭洞

篩骨洞

上顎洞

右前頭洞

鼻腔

ਤ 1: ಄֖ࠎͱඓߢɾ෭ඓߢͷҐஔ ([1]Λվม)

ͷൃ࿩࣌ʹ΋ඓߢͰڞ໐͕ੜ͍ͯ͡Δ͜ͱΛࣔ͢΋ͷͰ

͋Δɽ2ͭ໨͸ɼ੠ಓ໛ܕͷԻܭڹଌͱྖؒ࣌Ҭࠩ෼๏

(finite-difference time-domain, FDTD)๏ʹΑΔγϛϡ

ϨʔγϣϯʹΑΓඓߢɾ෭ඓߢͷ఻ୡಛੑΛௐࠪͨ͠ݚ

ڀ [8]Ͱ͋Δɽ

2 ൃ࿩࣌ͷإ໘ൽෘৼಈͷܭଌ

2.1 ํ๏

εΩϟχϯάܕϨʔβυοϓϥৼಈܭ (Polytecࣾ PSV-

400-M4)Λ༻͍ͯൃ࿩࣌ͷൽෘৼಈΛܭଌͨ͠ɽϨʔβ

υοϓϥৼಈܭ͸ɼϨʔβޫΛܭଌର৅ʹরࣹ͠ɼ൓ࣹ

ޫͷप೾਺γϑτ (υοϓϥޮՌ)Λ༻͍ͯৼಈΛܭଌ

͢Δ૷ஔͰ͋ΔɽϨʔβޫΛ࢖༻͢ΔͨΊɼܭଌର৅ͷ

ৼಈʹӨڹΛٴ΅͞ͳ͍ͱ͍͏ར఺͕͋Δɽͦͯ͠ɼε

ΩϟχϯάܕͷৼಈܭͰ͸ɼ͋Β͔͡Ίొ࿥ͨ͠ෳ਺ͷ

఺ΛࣗಈతʹεΩϟϯ͠ɼର৅ͱͳΔ໘ͷৼಈύλʔϯ

Λܭଌ͢Δ͜ͱ͕Ͱ͖Δɽ
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฼Ի/a/ ฼Ի/N/

ਤ 2: ฼Ի/a/ /ΑͼඓԻ/N͓(ࠨ) (ӈ)ൃ࿩࣌ͷإ໘ͷ

ৼಈ଎౓ύλʔϯɽৼಈ଎౓ͷ୯Ґ͸m/s [dB]Ͱ 0 dB

͸ 1 m/sʹ૬౰͢Δ [7]ɽ

͜ͷڀݚͰ͸ɼ೔ຊޠΛ฼ޠͱ͢Δ੒ਓஉੑ 1໊Λର

৅ʹͯ͠ɼ฼Ի/a/ͱඓԻ/N/Λൃ࿩ͨ͠ͱ͖ͷإ໘ͷ

ൽෘৼಈ଎౓Λܭଌͨ͠ɽ࣮ࢀݧՃऀʹ͸Ϩʔβʔޫ͔

Β໨Λอ͢ޢΔͨΊͷΰʔάϧΛ૷ணͤ͞ɼڼթҐʹ৸

ͤͨঢ়ଶͰܭଌΛͨͬߦɽإͷਖ਼໘ํ޲ :ଌ఺ܭ) 75఺)

ͱࣼΊ޲ํࠨ :ଌ఺ܭ) 49఺)ͷ 5 kHz·ͰͷৼಈΛܭ

ଌͨ͠ɽ͜ͷ࣮ݧͷखଓ͖ʹؔͯ͠͸ߕೆେֶͷྙཧҕ

һձͷঝೝΛड͚͍ͯΔɽ

2.2 ݁Ռ

ࣼΊ͔޲ํࠨΒܭଌͨ͠إ໘ͷৼಈ଎౓ύλʔϯΛਤ

2ʹࣔ͢ɽਤதͷ֨ࢠ఺͕ܭଌ఺ͰɼͦΕҎ֎ͷ৭ͷ෇

͍ͨ෦෼͸ิؒʹΑΓٻΊΒΕ͍ͯΔɽඓԻ/N/ൃ࿩࣌

ʹ͸ɼ༧૝௨Γɼඓͷଆ໘ (ඓน)ʹͯৼಈ଎౓͕େ͖

͘ͳΔ͜ͱ͕ࣔ͞ΕͨɽͦͷҰํͰɼ฼Ի/a/ൃ࿩࣌ʹ

΋ඓน͕ৼಈ͢Δ͜ͱ͕໌Β͔ʹͳͬͨɽԻ੠ൃ࿩࣌ͷ

Ͱ΋ɼඓڀݚΒͷग़ྗΛ෼཭ͯ͠ऩ࿥͔ͨ͠ߢͱඓߢޱ

ԻΛؚ·ͳ͍จΛಡΈ্͛ͨࡍͰ͋ͬͯ΋ඓ͔ߢΒԻ͕

ग़ྗ͞ΕΔ͜ͱ͕֬ೝ͞Ε͍ͯΔ [9]ɽ

͜ͷݪҼͱͯ͠ 2ͭͷՄೳੑ͕͑ߟΒΕΔɽ1ͭ͸ɼ

͜ͷ࣮ࢀݧՃऀͷඓҺߢด͕࠯ෆे෼Ͱ (ೈे͕֖ޱ෼

࿈͍݁ͯͨ͠ՄೳੑͰ͕͋ߢͱҺ಄ߢɼඓ(্ͣͤڍʹ

Γɼ΋͏ 1ͭ͸ɼߢޱ΍Һ಄ߢͷԻ͕ೈ֖ޱΛ௨ͯ͠఻

ൖͨ͠ [10]ՄೳੑͰ͋Δɽ͍ͣΕʹͤΑɼඓߢͷԻڹత

Өڹ͸ඓԻʹݶΒͣԻ੠தʹৗʹݱΕΔ͜ͱΛࣔࠦͯ͠

͍Δɽ͜Ε͸طଘͷԻ੠ֶͰ͸΄ͱΜͲྀ͞ߟΕͯ͜ͳ

͔ͬͨ͜ͱͰ͋Δɽ

ਤ 3: ঁੑͷඓߢɾ෭ඓߢ CADϞσϧ

3 ඓߢɾ෭ඓߢͷԻڹղੳ

3.1 σʔλ

ຊڀݚͰ͸ত࿨େֶࣃՊපӃʹͯ਍ྍΛ໨తͱͯ͠ܭ

ଌ͞Εͨ ݩ࣍3 Xઢ CTσʔλΛར༻ͨ͠ɽର৅ͱ͠

ͨσʔλ͸ɼඓߢɾ෭ඓྖߢҬʹҟৗ͕ͳ͍͕ऀױඓݺ

໘༻ίʔϯϏʔϜإֺࣃͷ΋ͷͰ͋Γɼ࣌Λ͍ͯ͠Δٵ

Xઢ CT૷ஔ (೔ཱϝσΟίࣾ CB MercuRay)Λ༻͍

ΕͨɽϘΫηϧͷαΠζ͸͞૾ࡱͯ 0.377 mm × 0.377

mm × 0.377 mmͰ͋Γɼը૾ͷαΠζ͸ 512 × 512 ×
512Ͱ͋Δɽ͜ͷσʔλͷར༻ʹؔͯ͠͸ত࿨େֶͷྙ

ཧҕһձͷঝೝΛड͚͍ͯΔɽ

3.2 ඓߢɾ෭ඓߢ໛ܕͷ఻ୡಛੑͷܭଌ

ͷσʔλͷ͏ͪঁੑه্ 1໊ͷσʔλΛର৅ʹͯ͠ɼ

੠ಓ (੠໳ΑΓ্ͷ෦෼Ͱɼ޴಄ߢɼҺ಄ߢɼߢޱɼඓ

(ͳͲΛؚΉߢɼ෭ඓߢ ͷ࣮ମ໛ܕΛ੡ͨ͠࡞ɽ͜ͷ

σʔλ͔Β੠ಓ͓Αͼإ໘Λநग़͠ɼCADιϑτ΢Σ

Ξ (Materialise ࣾ Mimics ͓Αͼ 3-matic) ʹͯ 2 mm

ͷนΛ෇͚ͨɽͦͯ͠ɼશମΛ ͷύʔπʹ෼ׂͯ͠ݸ6

STLϑΝΠϧࣜܗʹͯอଘ͠ɼ3DϓϦϯλ (Stratasys

ࣾ uPrint SE)ʹͯ଄ޙͨ͠ܗɼͦΕΒΛ઀ணࡎͰ઀߹

ͨ͠ɽCADϞσϧΛਤ 3ʹࣔ͢ɽ

͜ͷ໛ܕͷ఻ୡಛੑΛܭଌͨ͠ɽ໛ܕͷ੠໳෦Λϗʔ

ϯυϥΠόʔϢχοτ (ϢχϖοΫεࣾ P-300)ͷग़ྗ

෦ʹݻఆ͠ɼͦͷϗʔϯυϥΠόʔϢχοτ͔ΒϗϫΠ

τϊΠζΛग़ྗͨ͠ɽͦͯ͠ɼඓ͔޸Β 20 mmͷҐஔ

Ͱͷग़ྗΛܭଌͨ͠ɽ໛ܕͱϗʔϯυϥΠόʔϢχοτ

ΛͰ͖ΔݶΓԻڹతʹ੾Γ཭ͨ͢Ίɼ͜ΕΒͷؒ͸௚ܘ

1.2 mmɼ௕͞ 10 mmͷ؅ࡉͰ઀ଓͨ͠ɽ
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ਤ 4: ໛ܕͷԻܭڹଌʹΑΓಘΒΕͨ఻ୡಛੑ (੨)ɼ

FDTDγϛϡϨʔγϣϯʹΑΓಘΒΕͨ఻ୡಛੑ (੺) [8]

3.3 FDTD๏ʹΑΔඓߢɾ෭ඓߢͷ఻ୡಛੑͷγϛϡ

Ϩʔγϣϯ

FDTD๏͸༗ࠩݶ෼๏ͷҰछͰɼ͕͍ͨҧ͍ͷ֨ࢠ

্ʹ཭ࢄతʹఆٛ͞Εͨ෺ཧྔΛؒ࣌εςοϓͷਐߦ

ʹԊͬͯަ͢ࢉܭʹޓΔ leap-frog ΞϧΰϦζϜͰ͋Δ

[11][12]ɽ͜ͷख๏ΛԻڹղੳʹద༻͢Δ৔߹ʹ͸ɼԻͷ

೾ಈํఔࣜΛؒ࣌తɼۭؒతʹ཭ࢄԽ͠ɼ֨ࢠ఺্ͷԻ

ѹͱମੵ଎౓Λަ͢ࢉܭʹޓΔ͜ͱʹͳΔɽTakemoto

Β [13]͸ɼ͜ͷख๏Λ฼Իൃ࿩࣌ͷ੠ಓ಺ͷԻڹղੳ

ʹॳΊͯద༻͠ɼผ్ܭଌͨ͠੠ಓ໛ܕͷ఻ୡಛੑͱΑ

͘Ұக͢Δ͜ͱΛࣔͨ͠ɽ

͜ͷڀݚͰ΋ಉ༷ͷख๏Λ༻͍ͯɼ্ड़ͷඓߢɾ෭ඓ

ͷܕ໛ߢ STLϑΝΠϧΛର৅ʹͯ͠఻ୡಛੑΛγϛϡ

Ϩʔτͨ͠ɽͦͷࡍɼۭؾͷີ౓ ρ = 1.17 kg/m3ɼԻ

଎ c = 346.7 m/sɼؒ࣌εςοϓ ∆t = 5.0 × 10−7ɼ֨

ͷִؒࢠ 1 mmɼนͷٵऩ܎਺ 0.008ͱઃఆ͠ɼԻݯͱ

ͯ͠ҎԼͷࣜͰද͞ΕΔΨ΢γΞϯɾύϧεΛ੠໳෦͔

Βೖྗͨ͠ɽ

g(t) = e−{
∆tn−T
0.29T }2

(m3/s) (1)

͜͜ͰɼT = 0.646/f0ɼf0=10 kHzͰ͋Γɼn͸ؒ࣌ͷ

ΠϯσοΫεͰ͋Δ [13][8]ɽͦͯ͠ɼ20 msؒͷԻڹ఻

ൖͷγϛϡϨʔγϣϯΛ͍ߦɼඓ͔޸Β 20 mmͷ఺ͷ

෺ཧྔ͔Β఻ୡಛੑΛͨ͠ࢉܭɽ

͜ͷγϛϡϨʔγϣϯͷৄࡉʹ͍ͭͯ͸ɼจݙ [13]΍

FDTDʹؔ͢ΔڭՊॻ [12]Λࢀর͞Ε͍ͨɽ
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0

40
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[d
B
]
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TF㼘㼙㼟䇳㼞㼙㼟䇳㼟㼟䇳㼒㼟

(a)

(b)

(c)

(d)

ਤ 5: ඓߢɾ෭ඓߢͷ఻ୡಛੑʹ͓͚Δݸʑͷ෭ඓ

ɽ(a)ڹͷӨߢ ΦϦδφϧ (TForg) ͱ LMS Λআڈ

ͨ݁͠Ռ (TFlms)ɼ(b) TFlms ͱ RMS Λআ݁ͨ͠ڈ

Ռ (TFlms−rms)ɼ(c) TFlms−rms ͱ SSΛআ݁ͨ͠ڈՌ

(TFlms−rms−ss)ɼ(d) TFlms−rms−ss ͱ FSΛআ݁ͨ͠ڈ

Ռ (TFlms−rms−ss−fs) [8]ɽ

3.4 Իܭڹଌ͓ΑͼγϛϡϨʔγϣϯͷ݁Ռ

ඓߢɾ෭ඓߢ໛ܕͷԻܭڹଌͱγϛϡϨʔγϣϯʹΑΓ

ಘΒΕͨ఻ୡಛੑΛਤ 4ʹࣔ͢ɽ2ͭͷ఻ୡಛੑͷϐʔ

Ϋ΍σΟοϓ (୩)ͷҐஔ΍ܗঢ়͸͓͓·͔ʹҰக͓ͯ͠

Γɼ͜ΕΒͷख๏͕ଥ౰Ͱ͋Δ͜ͱΛ͍ࣔͯ͠Δɽ

·ͨɼݸʑͷ෭ඓߢͷԻڹతӨڹΛௐࠪͨ݁͠ՌΛਤ

5 ʹࣔ͢ɽਤ 5(a) ͸ࠨͷ্ֺಎ (left maxillary sinus,

LMS)ΛऔΓআ͍ͨ݁Ռɼਤ 5(b)͸͞Βʹӈͷ্ֺಎ

(right maxillary sinus, RMS)ΛऔΓআ͍ͨ݁Ռɼਤ 5(c)

͸͞Βʹ௏ࠎܗಎ (sphenoidal sinus, SS)ΛऔΓআ͍ͨ

݁Ռɼਤ 5(d)͸લ಄ಎ (frontal sinus, FS)ΛऔΓআ͍

ͨ݁ՌͰ͋Δɽ ·ͨɼਤதͷനൈ͖ͱࠇృΓͷܗ֯ࡾ

͸ͦΕͧΕ෭ඓߢআޙڈʹग़ݱ/ফࣦͨ͠σΟοϓΛࣔ
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͍ͯ͠ΔɽγϛϡϨʔγϣϯΛ༻͍Δ͜ͱʹΑͬͯɼ໛

Λௐ΂Δ͜ͱ͕ͰڹͷӨߢʑͷ෭ඓݸͰ͸೉͍͠ݧ࣮ܕ

͖Δ͜ͱ͕Θ͔Δɽ

4 ͓ΘΓʹ

ຊߘͰ͸ɼඓߢɾ෭ඓߢͷԻڹಛੑʹؔ͢ΔஶऀΒͷ

औΓ૊Έʹ͍ͭͯ঺հͨ͠ɽ3અʹͯ঺հͨ͠FDTD๏

ʹΑΔγϛϡϨʔγϣϯ͸࿩ऀ͕ঁੑ 1໊ͷΈͰ͋ͬͨ

͕ɼͦͷޙɼෳ਺ͷஉੑɼঁੑ࿩ऀΛର৅ͱͨ͠ڀݚʹ

ൃల͠ [14]ɼੑࠩ΍ݸਓ͕ࠩݕ౼͞Ε͍ͯΔɽ·ͨɼࠓ
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