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研究成果の概要（和文）：ヒトのダイナミックな運動を可能としている筋骨格系によるインピーダンス制御に，
全身を伝播する高周波振動の触知覚が関与していること調査するために，下肢運動を中心に運動中のインピーダ
ンスおよび高周波振動を計測する手法を開発した．ペダリング運動中に環境負荷に応じてヒトが足先インピーダ
ンスを調整していることを実証した．また，歩行運動と下肢を伝播する振動の関係を簡易に記録する新手法を開
発した．

研究成果の概要（英文）：To investigate contributions of the high-frequency vibrations propagated in 
a human whole body and the related haptic mechanisms to realize dynamic body movement by impedance 
control of the musculoskeletal system, we develop an estimation method of the impedance of legs 
during lower limb exercises and a measurement method of the propagated vibration. We suggested that 
humans adjust the impedance of the feet during pedaling exercises to adopt environmental load 
changes. We also develop a novel method to record the relationship between the gait motions and 
propagated vibrations easily.

研究分野： ロボティクス・メカトロニクス

キーワード： 人間機械協調

  ３版
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Fig.5 Estimated viscosity.
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Fig.2 Three types of footwear; sandals (left), sports

shoes (center), safety shoes (right) for experiments.
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Fig.3 Estimated distance and stride of each step for four

types of footwear.

͏ʹɼͦΕͧΕ ±16Gɼ± 1000 dpsʹઃఆͨ͠ɽαϯϓϦϯά
पɼಈ࡞Λ͢؍͔͘ࡉΔͨΊɼͦΕͧΕ 1 kHzɼ5 kHz
ʹઃఆ͠ɼੑ׳ใ෦ϝϞϦʹɼৼಈใσʔλϩΨʔ
(Keyence, NR-600) Λ༻͍ͯهͨ͠ɽهͨ͠σʔλ
ղੳιϑτ MATLAB ʹΑͬͯΦϑϥΠϯॲཧ͠ɼҠಈيฒ
ͼʹา෯ͷਪఆΛͨͬߦɽ

2.3 ݅ݧ࣮
ҟͳΔาߦɼา෯Λ݅ͱ͢Δาߦʹରͯ͠ɼఆྔతʹา

෯ҠಈڑΛධՁ͢ΔͨΊͷ࣮ݧ݅ʹ͍ͭͯຊઅͰهड़͢
Δɽาߦɼา෯ͦΕͧΕʹରͯ͠ɼผʑʹධՁΛ͕͏ߦɼධ
ՁΛ؆୯ʹ͢ΔͨΊҠಈܦ࿏ʹ 50 mͷઢԊ͍Λาͤ͞ߦΔ
ΞεϑΝϧτͰ͋Δɽา෯ΛมԽ࣭͞ࡐ࿏ʹઃఆͨ͠ɽ࿏໘ܦ
ͤͯɼҠಈڑͷධՁΛݧ࣮͏ߦʹ͍ͭͯɼFig. 1(a)ʹࣔ͢
Α͏ʹ 10 mຖʹา෯ΛมԽͤ͞ΔΑ͏ʹาͤ͞ߦΔ͜ͱͰɼา
෯ͷେ͖͞ͱา෯Λม͑Δ͜ͱʹΑΔӨڹͱΛಉ࣌ʹௐࠪͨ͠ɽ
าߦΛมԽͤ͞Δ࣮ݧʹ͍ͭͯ Fig. 1(b)ʹࣔ͢Α͏ʹ 10
mຖʹาߦΛมԽͤͯͨͬ͞ߦɽͳ͓ɼඃऀݧͷࣗવͳาߦ
ಈ࡞Λଅͨ͢Ίɼา෯ɼาߦͷมߋඃݸऀݧਓͰࡾஈ֊ʹ
ܾఆͨ͠ͷΛ༻͍ͨɽ
·ͨɼཱ٭தظͷਪఆʹ༻͍ΔԼࢶৼಈͷߴपɼ

ϑοτΣΞʹΑΓܗܗঢ়͕ҟͳΔ͜ͱ͕ใ͞ࠂΕ͍ͯΔ [7]
͜ͱ͔Βɼདɼαϯμϧ (302 g)ɼεϙʔπγϡʔζ (304 g)ɼ
҆શۺ (429 g) ͷ 4 छͷڥ (Fig. 2) ʹ͓͍ͯͦΕͧΕূݕ
ΛͨͬߦɽຊߘͰɼ݈߁ͳ 20લͷஉੑҰ໊Λରͱͯ͠
Ͱٞ͢Δɽߘɼͦͷ݁Ռʹ͍ͭͯຊ͍ߦ

3 ਪఆ݁Ռͱߟ
3.1 ݧ࣮ 1: า෯ΛมԽͤͨ͞߹
า෯Λ 10 mຖʹมԽͤͨ͞ͱ͖ͷɼ֤εςοϓຖͷετϥΠ

υͷਪఆ݁ՌΛ Fig. 3ʹࣔ͢ɽԣ࣠ɼͦͷεςοϓ·Ͱʹ
Ҡಈͨ͠ਪఆڑΛࣔ͠ɼॎ࣠ϓϩοτ͞Ε֤ͨͷετϥΠ
υΛද͍ͯ͠Δɽ·ͨɼ࣮ݧ 2ͷ݁Ռͱͱʹ 50 mͷڑΛ
าࡍͨ͠ߦͷਪఆڑʹ͍ͭͯ Table 1ʹ·ͱΊΔɽFig. 3͔Β
֤ϑΣʔζʹ͓͍ͯετϥΠυ͕҆ఆͯ͠ਪҠ͍ͯ͠Δ༷͕ࢠ

Table 1 Walking distance estimation resultsɽ

Estimated Distance [m]

Footwear Experiment 1 Experiment2

Bare 49.60 49.62
Sandals 50.28 50.12

Sports shoes 49.92 50.03
Safety shoes 51.00 49.93

Mean±SD 50.16±0.49
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Fig.4 Estimated distance and average walking velocity of

each step for four types of footwear.

֬ೝͰ͖Δɽ·ͨɼา෯͕มԽ͢Δڥʹ͓͍ͯɼਪఆา෯
ͦΕʹԠͯ͡มԽ͠ɼͦͷ҆ޙఆ͓ͯ͠Γɼ4छͷڥʹ͓͍
େ͖ͳࠩΈΒΕͳ͍ɽ͜ΕΒͷ݁Ռ͔Βา෯ͷେ͖͞ʹͯ
มԽɼϑοτΣΞͷछྨͷา༰ʹӨڹΛٴ΅͢ͱ͑ߟΒ͑
ΔཁҼΛมͯ͠ߋɼา෯ͷਪఆՄͱ͍͏͜ͱ͕͔ͬͨɽ
·ͨɼTable 1 ΑΓ࠷ऴతͳҠಈڑ͕࣮ܦ࿏ʹରͯ͠ɼ±1

mҎͷ͔ࠩ͠ޡੜ͡ͳ͔ͬͨ͜ͱɼҠಈڑ͕ߴਫ਼ʹਪఆ
ՄͰ͋Δ͜ͱΛࣔ͢ͱಉ࣌ʹɼؒతʹͰ͋Δ͕ҰาҰาͷ
า෯ͷਪఆఆྔతʹධՁ͢Δ͜ͱ͕Ͱ͖ͨͱ͑ߟΒΕΔɽ

3.2 ݧ࣮ 2: าߦΛมԽͤͨ͞߹
าߦΛ 10 mຖʹมԽͤͨ͞ͱ͖ͷɼ֤εςοϓຖͷηϯ

αΛฏࢉͯ͠ۉग़ͨ͠าߦͷਪఆ݁ՌΛ Fig. 4ʹࣔ͢ɽ
ԣ࣠ɼͦͷεςοϓ·ͰʹҠಈͨ͠ਪఆڑΛࣔ͠ɼॎ࣠ϓ
ϩοτ͞Ε֤ͨͷาߦΛද͍ͯ͠Δɽ֤εςοϓʹ͓͚Δ
ਪఆ࣮ݧ݅ͷै͍ɼ10 mຖʹ্ঢ͠ɼ30 m͔Βݮগ͠
औΕΔɽϑοτΣΞͷछྨʹΑΓɼਪఆͯݟ͕ࢠΊ͍ͯΔ༷࢝
ʹଟগͷҧ͍֬ೝͰ͖Δ͕ɼશମతʹΈΒΕΔʹา෯
มԽ࣌ͱಉ༷ɼେ͖ͳࠩΈΒΕͳ͍ɽ·ͨɼTable 1ʹࣔ͢ਪ
ఆҠಈڑʹ͍ͭͯΘ͔ͣͳ͔ࠩ͠ޡੜ͍ͯ͡ͳ͍͜ͱ͔Βɼ
าߦͷ͞มԽɼϑοτΣΞͷछྨͳͲͷӨڹΛड͚ͣɼ
า෯ҠಈڑΛਫ਼Α͘ਪఆͰ͖Δͱ͑ߟΒΕΔɽ
ݧ࣮ 1ɼ2ͷ݁Ռ͔ΒఏҊͨ͠ิਖ਼ΞϧΰϦζϜΛར༻͢Δ͜

ͱʹΑΓɼҠಈڑʹ͍ͭͯ ±1%ఔͷࠩޡͰਪఆ͢Δ͜ͱ͕
ՄͰ͋ΔͱఆྔతʹධՁ͢Δ͜ͱ͕Ͱ͖ͨɽ·ͨɼҰาҰาͷ
า෯ʹ͍ͭͯɼͦΕΒΛ͠߹ΘͤͨҠಈڑ͕ߴਫ਼ʹਪఆ
Ͱ͖͍ͯΔ͜ͱ Fig.3, 4ʹࣔͨ݁͠Ռ͔ΒؒతʹͰ͋Δ͕
ఆྔతͳධՁΛ͜͏ߦͱ͕Ͱ͖ͨɽ

4 ݴ݁
ຊߘͰɼ͜Ε·ͰఏҊ͖ͯͨ͠ҐஔҠಈيਪఆͷิਖ਼Ξ

ϧΰϦζϜΛา෯Ҡಈڑͷ؍͔ΒఆྔతʹධՁ͢Δ͜ͱΛ
తͱͨ͠ɽ͞Βʹɼา෯าߦɼۺͷछྨͳͲิਖ਼Ξϧΰ
ϦζϜʹӨڹΛ༩͑Δͱ͑ߟΒΕΔύϥϝʔλΛมԽͤͯ͞ਪఆ
Λͨͬߦɽܦ࿏ͳΔ͘ଞͷཁҼΛআ֎͢ΔͨΊɼ50 mͷ
ઢܦ࿏Λબ͠ɼ10m ຖʹา෯าߦΛมԽͤ͞ɼ༷ʑͳ

टʹ͓͚Δੑ׳ͱৼಈܭଌΛར༻ͨ͠าߦӡಈͷ؆қϩΪϯάख๏ͷఏҊ
–ୈ 2ใ: าڑߦͱา෯ͷఆྔతධՁ–

Proposal of an Easy Method for Logging Human Gait
by Measurement of Inertia and Vibration on Ankles
–Quantitative Evaluation of Walking Distance and Stride–

˓ֶ Ճ౻ Ղେ (౦େ) ਖ਼ Ӭ ޫ ʢ౦େʣ
ਖ਼ ࠛཅ խ࢘ ʢ౦େʣ ਖ਼ ాॴ ་ ʢ౦େʣ

Yoshihiro KATO, Tohoku University, kato@rm.is.tohoku.ac.jp

Hikaru NAGANO, Tohoku Universityɼnagano@rm.is.tohoku.ac.jp

Masashi KONYO, Tohoku Universityɼkonyo@rm.is.tohoku.ac.jp

Satoshi TADOKORO, Tohoku Universityɼtadokoro@rm.is.tohoku.ac.jp

We have developed a gait logging system that can estimate human walking motions with a wearable
device attached to the ankles easily. We propose a method to estimate the trajectories of pedestrian
accurately using an Inertial Measurement Unit (IMU) and vibration sensor measured at the upper ankles.
The estimated trajectories can provide details of gait exercise such as walking distance including the
strides of each step. In this paper, we evaluate the walking stride length and velocity on each footstep
quantitatively under the different types of footwear. The results demonstrated that our method works
well for all footwears. The total walking distances were so accurate (within ʶ 1% error) that the
estimated values of each step were reasonable.

Key Words: PDR, INS, Stride length estimation

1 ॹݴ

าߦʑͷੜ׆ΛૹΔ্Ͱ͔ܽ͢͜ͱͷͰ͖ͳ͍ཁૉͷҰ
ͭͰ͋Γɼͦͷॏཁੑ͔Βาߦಈ࡞ͷղੳܭଌख๏ʹؔ͢Δݚ
ΘΕ͖ͯͨɽଟ͘ͷ߹ɼղੳʹϞʔγϣϯΩϟϓߦ͘ڀ
νϟϑΥʔεϓϨʔτͷߴਫ਼͔ͭଟ༷ͳใΛऔಘՄͳ
ఆݻஔΛʹڥ֎෦ثػଌܭར༻͞ΕΔ͕ɼ͜ͷछͷ͕ثػ
͢Δඞཁ͕͋ΔͨΊɼߦಈൣғ੍͕͞ݶΕɼৗతͳ໘ʹ͓͚
Δར༻ࠔͰ͋ΔɽҰํɼܭੑ׳ଌஔ (IMU)Λ༻͍ͨܭଌ
ख๏ɼಈ࡞Λ્͠ͳ͍খྔܰܕͷஔΛମʹணͯ͠
ΕΔ͜ͱͳ͍ɽ͔͠͠ɼಘΒ͞ݶғΛ੍ൣ࡞ଌ͢ΔͨΊɼಈܭ
ΕͨՃɼ͔֯ΒҐஔɼ࢟֯ͷใΛਪఆ͢Δ
ੵ͠ɼਫ਼͕͕ࠩޡΑΓʹڹɼଌఆʹؚ·ΕΔϊΠζͷӨࡍ
େ͖͘Լ͢Δ͕ੜ͡Δɽาߦಈي࡞ͷશମతͳ݁Ռͱͳ
ΔҠಈيΛਪఆ͢Δڀݚʹ͓͍ͯɼʹ IMUηϯαΛऔΓ
͚ͨख๏ߴਫ਼ͳਪఆΛ࣮ͨ͠ݱ [1]-[3]ɽ͜ͷख๏Ͱɼาߦ
ͷର͕ۺʹଇతنɼ࣌ 0ͱͳΔॠؒΛਪఆ͠ɼҐஔ
ͷੵΛΧϧϚϯϑΟϧλΛ༻͍ͯิਖ਼͢Δ͜ͱͰɼྦྷੵޡ
ࠩͷݮʹޭ͍ͯ͠Δɽ
զʑ͜Ε·ͰʹɼߋͳΔརศੑ্ͷͨΊɼट্෦ʹ IMU

ΛऔΓ͚ɼಈ࡞ਪఆʹؔ͢ΔڀݚΛ͖ͨͯͬߦɽट্෦ʹऔ
Γ͚Δརͱͯ͠ɼϑοτΣΞΛબͳ͍Ͱܭଌ͕Մͳɼ
·ͨɼཱن͍͓ͯʹظ٭ଇతͳಈ࡞Λ͢Δ͜ͱ͔Βɼಈ࡞Ϟσϧ
Λར༻ͨ͠ิਖ਼ΞϧΰϦζϜͷߏங͕Մͳ͕͋͛ΒΕΔɽཱ
ɼͷର͕͍͓ͯʹظத٭ 0 ͱͳΔ͜ͱ͔Βट্෦ͷ
ಈ࡞ɼटؔઅΛத৺ͱͨ͠ճసӡಈʹۙࣅՄͱ͑ߟɼηϯ
αʹΑΔܭଌ֯Λೖྗͱͯ͠ɼਪఆΛࢉग़͠ɼΧϧϚϯ
ϑΟϧλΛ༻͍ͯิਖ਼͢Δ͜ͱͰɼҠಈيΛਪఆ͢Δख๏Λఏ
Ҋͨ͠ [4]ɽཱ٭தظɼIMUͱϢχοτԽͨ͠ৼಈηϯαʹΑ
ΔৼಈͷߴपͷใΛओͱͯ͠༻͍Δ͜ͱͰɼ
(HS)ͱ௺ઌ (TO)ͷλΠϛϯάΛߴਫ਼ʹਪఆ͠ɼաڈʹ
ใ͞ࠂΕͨώτͷาߦपظͷฏۉతͳׂؒ࣌߹ [5]Λج४ʹͯ͠
ಛఆ͍ͯ͠Δ [6]ɽ
͜Ε·ͰͷڀݚͰɼาߦา෯ΛҙࣝతʹมԽͤ͞Δ͜

ͱͳ͘ɼඃऀݧʹରͯ͠௨ৗ௨ΓͷาߦΛଅ͠ɼͦͷҠಈܦ࿏ʹ
ରͯ͠ɼਪఆيΛࢀরͱൺֱ͢Δ͜ͱͰఆੑతͳධՁͷΈΛ
าߦɼา͍͓ͯʹ࡞ಈߦɽ͔͠͠ɼৗతͳา͖ͨͯͬߦ
෯ͳͲͷύϥϝʔλʹΑͬͯา༷ଟ༷ʹมԽ͢ΔͨΊɼ௨ৗ࣌

(m)
0 10 20 30 40 50

Stride Length
ShortMediumLong

(m)
0 10 20 30 40 50

Walking Speed
SlowNormalFast

 (a) Experiment 1 : Varying stride length

 (b) Experiment 2 : Varying walking speed

Fig.1 Experimental condition for varying stride and

walking speed every 10m on 50 m a strait line.

ɹ
Ҏ֎Ͱ݅ͷҟͳΔาߦʹ͍ͭͯௐࠪΛ͏ߦඞཁ͕͋Δɽͦ͜
ͰɼຊߘͰɼҟͳΔาߦา෯ͷมԽʹରͯ͠ɼ͜Ε·Ͱ
ఏҊͨ͠ิਖ਼ख๏͕ޮՌతʹػ͢Δ͔ΛվΊͯ͠ূݕɼา෯
Ҡಈڑʹରͯ͠ఆྔతͳධՁΛ͜͏ߦͱΛతͱ͢Δɽ

2 ݧଌ࣮ܭ
2.1 తݧ࣮
ຊߘʹ͓͚ΔతҠಈڑٴͼา෯ʹ͍ͭͯఆྔతʹධՁ

Λ͜͏ߦͱͰ͋ΔɽͦͷͨΊɼຊ࣮ݧͰɼઃఆͨ͠ܦ࿏ʹର͠
ͯɼҠಈڑ͕ߴਫ਼ʹਪఆͰ͖͍ͯΔ͔ͱ͍͏ͱา෯าߦ
ͷมԽ͕ؒతʹదͱࢥΘΕΔਪఆ݁Ռͱͳ͍ͬͯΔ͔ͷ
2ʹ͓͍ͯௐࠪ͢Δ͜ͱΛతͱͨ͠ɽ

2.2 ثػଌܭ
ඃऀݧʹɼ࣠ࡾՃɼ֯ΛܭଌՄͳ IMU(ATR-

Promotions, TSND121)ٴͼɼาߦʹΑΓੜ͡Δৼಈͷܭଌ
ʹඞཁͳѹిৼಈηϯα (NEC/TOKIN, VS-BV203) ΛϢχο
τԽ͠ɼৼಈ͕ݮਰ͠ʹ͍͘ᡧࠎԼ෦ͷൽෘ্ʹணͨ͠ɽՃ
ɼ֯ͷϨϯδܹ͍͠ಈ࡞༨༟Λ؍ͯͬ࣋ଌͰ͖ΔΑ
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