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Doctor Thesis Title 
    A study on the motor control mechanism of bilateral lower limb coordination during pedaling 
exercise based on muscle synergy theory 
Thesis Abstract 
    Much research has been done to clarify the sport–specific skills of athletes aiming to transfer 
their skills to others by formulating explicit knowledge. In the field of competitive cycling, 
pedaling skills need the bilateral muscle coordination of the lower extremities, that is key to 
achieve high–efficiency pedaling motion with reducing non–traumatic injuries due to localized 
muscle fatigue. However, most of the researches that investigated the pedaling strategy under the 
assumption of that both legs move symmetrically. A few researches support the symmetry of 
muscular active mass in lower limb, however, none of them examined its mechanisms. Thus, this 
study aims to understand the motor control mechanism of inter lower limb coordination during 
pedaling exercise based on muscle synergy theory. In specific, this study investigates bilateral 
muscle coordination that evenly distributing muscle fatigue. This methodology consists of several 
steps. First, the surface electromyography (sEMG) of both leg muscles were measured to quantify 
the muscle activities under the experimental conditions simulating a competitive cycling 
environment. Second, the time–frequency component of sEMG that integrates the physiological 
characteristics of muscles in the both legs were extracted by using wavelet transform. Then, the 
muscle synergies were obtained from the wavelet power spectrums via dimensionally reducing 
algorithms; principal component analysis and non–negative matrix factorization, and it showed 
neuromotor mechanism of the bilateral muscle coordination. The results of this study clarified that 
the pedaling motion was accomplished by the asymmetric cooperation of the both legs. The 
switching of pedaling motion was also confirmed at every pedaling phases, in order to adapt to the 
change of cadence and muscular fatigue. The research outcomes suggested that the switching of 
pedaling motion between legs could contribute to alleviate localized muscle fatigue and maintain 
muscle coordination in a high cadence, which represented pedaling skills. This doctoral 
dissertation consists of five chapters. The first chapter briefly describes background, purpose, and 
structure of this study. The theoretical part of redundancy problem in musculoskeletal system 
introduces the neuromotor mechanisms of human’s dexterity as motor skills. The second chapter 
shows the bilateral muscle coordination based on muscle synergy to validate the hypothesis that 
both legs move symmetrically. The third chapter investigates the effect of the change of cadence on 
inter lower limb coordination and clarifies the pedaling strategy. The fourth chapter describes 
compensatory muscle coordination to understand the switching of pedaling motion between legs. 
The final chapter provides the main findings and contribution of this dissertation. 
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ii. うȁǫʆKŲ̓�m��Kȁ?グ 
iii. È̹Į̼Kʋʈ��1�¤–ƞƁĚKm��KÈOグ 
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Figure 1.1.1–1: Schematic understanding of redundancy in musculoskeletal system. Even if a 

trajectory of end effector is determined, there are infinite possibilities of joint angle and muscle tension. 

1. Path and trajectory

3. Muscle coordination
2. Joint coordination

Even a simple reaching task
has an infinite possibilities of ...
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� ;6C�Ƽ͉�Ȭ々ßMEMScL7XE6={¨vKΛòいEŭǡħKȼϲいЁKƟɞL�
ʋ˞ɫƴK{¨w¨rG]OHɫƴòʒcこ̜4:_EEYH�½ĊZɳŪçĊcL7XE
6=ĊȴЀ¾H)&C�ɴ˞KÈ̹ʅƖKϲòc\^ʩヒGYKE6=�2`]KȚ=_˹
žE6C�れ；KƺăŔcņ̉È̹4:_2EDɠ̌Ȇユ̩cȱミ8_ņ̉ƨ 4̂w�x1�
Synergy5+ŀ1]`_>a'�±Ư�Ј̌ЅKうȁÈ̹ZォƬÈ̹cL7XE6C�È̹ʅ
ƖcǦ_w�x1E;Kħい̙マċ+ヒ]*E4`AA%_[5]� 

 

1.1.2� NJ+�M# 

� Ŗあ�y�1�ΛボDL�ńİЁƟɞHě8_¯プ˹K̠ɍZńİʨȝK¿ʈcϖ̙E6
C����ey£1�Eʲɷcア0_È̹İい4Motor skill5Zɴ˞yo¤4Skill5Hě8_
żĽ+̄ϖ4`C&_�Y@EYƣV4EL�̠̲ůい�Òʶ�y�1�ΛボKȚė̙Gび
âȖ̩cǰ6ȅ8YKD%^�ƣV4KダȐL�Ƭ¸ȓK̶�k1�¨ycƟɞ4:_いЁ
D%_yo¤H̓ǒ8_�AU^�ɴ˞yo¤EL�ɴ˞+È̹ϖ̙ZÈ̹ì 4˩Task5H*
G@=̹,c8_\'H�ɴ˞ɀħいc̉ʉ8_・·いЁD%^�しΒαȩEĬÛ˾々H\
_w��yKäʯ̙イß4È̹Ċȩ5H\@Cą̽4`_ちĉ̙Ë˓8_ƣVGì˩，ƬK
いЁcǰ6ȅ8[6]�ÀせH�È̹ĊȩL�ȃK 3 AK˶ûHΛ0]`_[7]� 

• ͌˹˶û�ácƬ'*cϲò6�ƈƗ̙Hʡϸcƫ(_˶û 
• ЎƵ˶û�ʡϸcǹƬǘƘ8_˶û 

• Ȇ̹ß˶û�ʡϸ+とƈƗß4`�̄·KƄɋHご@Cȝ˓,+Ȇ̹ß4`_˶û 
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ɴ˞È̹KƣМʇZņ̉ʇL�È̹ĊȩH\@CƟɞ4`C&.�2K�¦{yDL�È̹
，ƬHěb_ʡϸ4Strategy5+�ɞ³È̹̀ʃ*]˧͐っȐ¥�¤�͐đ¥�¤�;6CÞ
³KÈ̹̀ʃD%_ʔ：¥�¤Eû−̙Hʳɧß4`_2E+˹]`C&_�2K\'GÈ
̹KȩȲL�·ȉßKí̗*]ハ·ȉßKí̗QKºƬE&b`C&_[8]�6*6G+]�
yo¤K̠ɍL�ȚE6Cɴ˞+ć(ƻd>�h�hGF�}͌˹̙HƈƗß4`=˹4¯
プ˹5H´˔:5_c̽G&K+ƇɥD%_[9]� 

 

DS3HD<Y4Sport–specific skill5 

� ɴ˞yo¤K̓Ͽ̙GϲòL�Ƭ¸ȓK·ɺZ¯プ˹cò,ヒ*8ȯϬG�1�E6C�
y�1�çĊEƢĊ�͌˹çĊ�ɳŪçĊĎあżĽG4`C,=�Y@EY�y�1�y
o¤4Sport–specific skill�±Þyo¤5K̓Ͽ̙GϲòHě8_ĳВLȭΛHɵdD&_EL
ƈ&͆.�yo¤KƘ͌˹Zl1�1�¥1�¨rcĭÃE6=ńİ̶�k1�¨yK４Þ
+ベ˩Ǹ4`C&_K+ƇɥD%_�2`]Kベ˩HěЎ8_˥ひ̙GńİE6C�ƈƗß
H\_yo¤K͌˹Ƭ¸+Ƭb`C&_Ȇ̞ȕńİ+ŀ1]`_>a'�ńİȆ̞ȕH)0
_̿̈KÀAH�２Œ２ĊKすレȆ̞ȕE˧,.¹G_ɟȕǫʆ+˔ǒ8_�ʨȝKɟȕǫ
ʆL�v�¤��¨�¤�;6C�~¤Ew�1zcƍ̓8_�¨�f¨r�~¤H\@C
Ʀˍ4`_�2K\'H�Ȇ̞ȕńİDL�ǃÆKˏʜ³˺+q¢¨qKó̞Į̼ɞHƦˍ
4`=�~£¨rÈ̹+Ƭb`_�ʜƬżĽH\@C��~£¨rÈ̹L�ƑEねě／KŐ
1ɪM64ŞŐEɪ̜5È̹�ˏě／KŐ1ɪM64̔ŞEおŞ5È̹cĠぞE6C��~¤
K̶VƻV�ȫ^ȳ6�Ä,ɞ1̹ǖ*]ƨʈ4`_2E+ガƷ4`C&_4ɺ 1.1.2�1 ǝ
ɓ5�̀DY�6�~¤Hɟ_7�6Ä,ˏ7�6˜ÎcͿ.\'Hʼ/7�6e¨q£¨r7
GFEひƇ4`_Ƭ¸L�ル0GÈ̹ì˩ZĖŇHɴ˞cȻÕ4Adaptation54:�È̹Ɯ϶
4Economy5cƲXC&.ɞDȯϬG�~£¨ryo¤E6C�ʨȝÀせH;K˔ǒ+͌˹4
`C&_[10]�6=+@C��~£¨ryo¤EL�ÞǶH\_ŔこĥЁcƜ϶̙GɻɵЁQ
EイĔ8_いЁE6Cƫ(]`C&_�;'L&(F�ǽʪ˹ȉcY=G&ʮ.KȽɭȓH
E@C�ÞǶKÈ̹ēć*]�=E(M6Ä,ˏ7c˹ć6�6Ä,ˏ7E6C�~£¨r̹
ǖcȑƇ8_2EL�Ƿőƽ͆D%_E&(_� 

� 2K\'GおŨKYE�Ȇ̞ȕńİKƇɡDL�ねě／ŔKǤ&8-ɔƙš4l1�1�
1y5�ŏȾŔͭА�;6C̄·ЁǟトH\_ϯȕE&@=ȯ˧ǽƐ+Ƹǐ̙Gベ˩EG@
C&_[11]�;2D��~£¨rÈ̹H)0_ȚϬGč̹Ŕ4active muscle5c̺̓6�;`
]Ḳĩ̙č̹cŭˎ8_2ED��~£¨r̹ǖKÈ̹Ɯ϶c̉ǅ8_żĽL�̌あHț
^ʳU`C,=[12]�6*6G+]��~£¨rÈ̹KÈ̹ʅƖc̉ǅ8_ʜƬżĽDL�Σ
ÞǶc˟ɛE6=�~£¨r̹ǖKŭˎEòʒ+Ƭb`C)^�ǃÆKϾÞǶ+˟ɖ̙HÈ
̹8_2Ecʪ̖E6=yo¤KĳВ+ȚȊcʈ6C&_4ɺ 1.1.2�1 ǝɓ5�2KВ̟cǱ
ȁ8_ȚϬG˹žH�ϾÞǶH)0_Ŕč̹ϿK˟ɖʇ+ŀ1]`C&_+�&9`KʜƬ
żĽY�~£¨r̹ǖKÈ̹ʅƖc̎ʗŹ̵8_HǷ@C&G&� 
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� 6=+@C�Ƽ͉DL��~£¨r̹ǖH)0_ǃÆÞǶKと˟ɖʇ4Bilateral asymmetry5
+�ńİ̶�k1�¨yHFK\'GÉŌcラ(C)^�U=�;`]+y�1�˕Ʌʮせ
EFK\'GěŢʇcュ6C&_*HA&CKĳВL�ʮ.Y@Cɵ̜6C&G&KD%_� 

 

 
Figure 1.1.2–1: Inter lower limb symmetry in each pedaling phase. Asymmetry of pedaling motion 

occurs when the crank is rotated by only either the left or right leg. Hereby, the functional role of the 

both legs varies at every pedaling phase. 
 

1.1.3� ó�u+±Ø 

��n+êÌ³¿4Inter-limb asymmetries5 

� Ŗあ�ńˀ��~£¨rÈ̹GFKy�1�ΛボH)&C�6ɴ˞̹ǖKと˟ɖʇL�ń
İ̶�k1�¨ycƟɞ�４Þ4:_K*7E&'ベ&L�y�1�˕ɅKヨμ˟ǗHȯϬG
�1�E6C̄ϖcȬXC&_�ǨǶĚKと˟ɖʇc¥��16= Bishop et al. (2017) H\
_E�̋メ�ȫ^�ʮЁ�~£¨rH)&C�ǃÆÞǶK˞Ё4Ё; Force�y�1�; Speed5
*]ėˎ4`_Ʋ&と˟ɖʇL�ńİ̶�k1�¨yK４ÞcY=]82E+ȅǂ4`C&
_[13]�ɞĬガƷH\_E�ǨǶKと˟ɖʇ+·ド8_そµL�ǃÆǨǶKʋϲĊ̙Ǆ�˞Ё
Ǆ�ン,ˏE&@=モ³ʇKǄ�ΎɅ�と˕Ʌΐ³KǄGFよƤ&2E*]�ÀĘ6=と˟ɖ
ʇKびâǰͼ4Asymmetry index5L˔ǒ6G&2E+ǰ̘4`C&_�Vagenas et al. (1999)H

: Power production by the leg (in red arrow)
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Asymmetry of pedaling motion occurs when the crank is rotated without using either leg.
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\_E�¢¨�¨rDL�ÞǶě／KÈ̹Ċ̙Gと˟ɖʇcõʫ6\'E8_E,�l1�
1�1yK£yq+˃˧8_2E+ガƷ4`C&_[14]�2KϲユKÀAH�ǃÆÞǶKņ̉
È̹U=L;`]KŔЁǄcĭÃE6=ŏȾ̙ΎëK˃˧GFKÉŌ+ƫ(]`C&_�À
グ�Bini et al. (2015) L�10 バKȲαvgq£y�c˟ɛH�4 km K}g��¢ge¤Ky
‒eE�~¤̶ЁKǃÆと˟ɖʇKěЎʇc̉ǅ6=�2Kųè�ϾȓHLΎK＜ě+Ć͌
4`�ɴ˞̹ǖKと˟ɖʇLńİ̶�k1�¨yKƟɞHĢラ8_2E+ȅǂ4`_GF�
Vagenas et al. (1999) KガƷE＜し8_2EEG@=�2K\'H�6ɴ˞̹ǖKと˟ɖʇL�
ńİ̶�k1�¨ycƟɞ�４Þ4:_K*7E&'ベ&Hě8_ÀĘ6=˹žL�ナ>̽]
`C&G&K+ƇɥD%_� 

� 2`UDK˹žcęV_E�ɴ˞̹ǖKと˟ɖʇL˭HŜこ̙GYKDLG.�ɴ˞yo
¤E6CǨǶĚKと˟ɖʇcオɆ�čレ8_\'G̀ʃɳŪũKÈ̹ʅƖ�m�z�cしÊ
8_2E+ƫ(]`_�4]H��~£¨ryo¤K̓Ͽ̙GϲòHě8_ĳВDL�ǃÆ
ÞǶKņ̉È̹Hěb_ɳŪħƨcヒ]*E6�ÞǶŔQKΎëcœ̱HΛǟ8_È̹ʅƖ
Kòヒ+ʜŲì˩D%_\'Hǯ(_�;6C�2`]KϲòL�ɴ˞̹ǖKと˟ɖʇEń
İ̶�k1�¨yKěЎʇcヒ]*E8_ɞD�ュƜGe�¦1�HG_Eƫ(]`_�  

� ;2DダżĽDL�ǃÆÞǶKと˟ɖ̙G�~£¨r̹ǖKÈ̹ʅƖH˿ĝ6�ϾÞǶŔ
Kņ̉ʅƖ�m�z�cヒ]*H8_�Ś˞̙HL�Ŕw�x1HĠB&C�ϾÞǶŔKņ
̉È̹cʋVȳ8ɳŪħƨc̉ǅ8_2ED�ǃÆÞǶL̺̗̩H̹ǖ8_E&'ȮϮżĽ
KàʚcŹə8_EEYH��~£¨ryo¤K̓Ͽ̙GϲòHě8_ĳВcɵ̜4:_� 
� ;K˗��~£¨rÈ̹H˿ϖ8_ϲユL�˧,.b0C±Þ 3 AHϬミ4`_� 

• �~£¨rÈ̹L�͉ɢ̙Gº̹ȝ˶E6C̈́ʣVKɱ&YKD%_2E*]�Ƚ
ɭȓEȲαȓH)0_�~£¨r̹ǖKÈ̹ʅƖK¼&cˌ(Z8&=X 

• �~£¨rÈ̹DL�È̹Ύë�sg�¨y�ū˓ȂĚc;`<`̀Ϸ6C̉ʉä
いD%^�Ȇ̞ȕńİHŖ&ıǾĖŇcǉƇ6Z8&=X 

• �~£¨rÈ̹DL�ˏʜ+q¢¨qKÎĮ̼ɞHƍ̓4`_2ED�ĤΛエə4
`=ǉƇʇKƲ&È̹EG_=X 

� ±Ư�ダżĽϖ̙4˨ 1 ɗ�1.5 ／5Kϲòcɺ_=X�U9�ɴ˞KÈ̹ʅƖHě8_ɀ
þ͎4˨ 1 ɗ�1.2–1.4 ／5cUEX�ȃH�ダВをƨʈ4˨ 1 ɗ�1.5 ／5cȵR_� 
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1.2 � ºË+`Ý¾� 

1.2.1� ºË`Ý 

� ̀ʃɳŪũL�͉ɢʋčH)0_ǀǎGÈ̹cÀAE@CY�ŔƺăũcőXCƣVHʅ
Ɩ6C&_�2K=X���Lɴ˞K̹,c·ȉ8_2EG.�˘Ȟ˘ルGÈ̹cƬ'2E
+D,_�È̹4Movement5EL�˞Ƕ�˞đH)0_ě／KŞɪ�̓ü̞�̓ü）cひ8Y
KD%^�ƃϊHL�ƺăŔKč̹4Activity5H\@CȑƇ4`_YKD%_�Àグ�Ś˞
̙GǣǽcG8È̹L�̹ ǖ4Motion5EƌM`_�;6C�·ɺcご@=̹ǖL�Ƭ 4̧Action5
Hřア4`_[15]� 

� ±ɞc̶U(_E�̀ʃɳŪũKÈ̹ʅƖcヒ]*E8_ɞDƬ¸KϲòLュÍD%_E
&(_�È̹KǦІ̪D%_̀ʃɳŪũL�；ÙKɳŪǎΰ4��1¦¨5H\_���§
1q*]Ťʈ4`C)^�č̹̣³EƌM`_ɳŪ̠ˬわȐKßĊしÕH\_̣ĩč̹K~
g��qycǱが6C&_�U=�È̹，ƬHǐ6Cč̹̣³\^ʋĭ6=·ɺL�È̹ǰ
І4Motor command5E6C�˧͐�͐đ�ʔ：cŪЏE8_ɞ³È̹��1¦¨*]ʔ：E
Ŕcųd>Þ³È̹��1¦¨QE̠͒4`_�;6C�eq��j1}H＜̰8_Ŕƺă
ũL�ミ 140 ȞЅKě／Eミ 400 ȞЅKŔDƨʈ4`C)^�Þ³È̹��1¦¨Hˑ8_
α È̹��1¦¨H\@C̀ʃɳŪũEʗ˓4`C&_�ÀAK α È̹��1¦¨+Ǳが8
_Ŕʦ»šL�È̹˭³EƌM`�ŔȣȱЁ+こĥ4`_ǊɊKħい˭³EG_�˭ÀKÈ
̹˭³*]こĥ4`_ЁLɊ4&2E*]�̀ʃɳŪũLÈ̹��1¦¨�1¤EƌM`_
れ；KÈ̹˭³QEč̹̣³c̠͒8_[16]�2K\'H�č̹̣³H\@CÈ̹˭³+Ŕȣ
ȱ8_ƇɛL�È̹˭³KこéEƌM`_�2KE,�ėˎ4`_č̹̣³KイßL�Ṛ́
4Electromyogram, EMG5EƌM`C&_� 

� 6=+@C�Ṛ́えŤ4Ŕč̹5KϲòL�FKŔ+F`SFKň̩U=Lč̹Ȥえ；D
č̹6C&_*E&@=È̹˭³Kʨ˪̙̹Â4Recruitment5cȅ8YKD%_2E*]�
£��£�1w ¨*]ƢĊЀ¾H)0_ɴ˞KÈ̹ʅƖKϲòH˧,.ƮŻ6C,=� 

 

1.2.2� ¹�{+Áÿk×ß¿ 

� È̹H̿ュGŔKč̹E;Kħい̙マċL�ɳŪŔKʋϲĊ̙̿ʇH\@CŲ̓4`_�
ɴ˞È̹K̹ЁƅEG_Ŕ̇Ё�&bMŔȣȱň̩L�č̹̣³K˧,4DLG.È̹˭³
K；E;`]Kこé΂ 4̩Firing frequency5H\@CʅƖ4`_�=>6�Ŕ̇ЁKʅƖDL�
̌4�ː̩´˔ʇHã(C�Ŕʦ»H\@C¹G_ȣȱ̿ʇEɳŪǱがち4Innervation ratio5
cュ6C&_2E*]�È̹˭³Kこé΂̩EŔȣȱň̩HLとʦŤʇ+ȅ4`_�U=�
ŔȣȱKȞЅE6C�Ŕ̌cÀ̓Hエ?AAŔ̇Ёcこĥ8_ʑ̙ȣȱ4Static contraction5
E�Ŕcɪȱ4:Ŕ̇Ёcこʋ4:_̹̙ȣȱ4Dynamic contraction5+ŀ1]`_�G)�
ƕȓLě／HÈ̹cこƇ4:_� 
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¥§ß¿F¹��äç�

� þ6C�Ŕʦ»LɊ4G˵ビ̎ťKːŔʦ»E˧,G˵ビ̎ťK≒Ŕʦ»H˧ΛЅ4`_�
˰ȂĚDけこ̙GЁcこĥ8_ːŔL�ŔȣȱЁEȣȱː̩Hモ`_YKK�ͭАˠʇHゴ
6.�̌ȂĚŔȣȱɥˣc»ȁD,G&�Àグ�４�̗̩̀KЁcū˓̙Hこĥ8_≒ŔL�
ŔȣȱЁEȣȱː̩LːŔHЌ_YKK�ͭАˠʇHモ`C)^�̌ȂĚŔȣȱɥˣcȁ˓
D,_�Àせ̙H�È̹˭³HʞX_≒ŔEːŔKち϶L 1:1 E4`�U=�ː ŔE≒ŔKč
̹Ȥえ；ˡL;`<` 126–250 Hz�20–125 Hz EKガƷYŀ1]`C&_[17]�ɞ³È̹��
1¦¨*]ÞƯ6=È̹ǰІH\^È̹˭³Kこé΂̩+ňX]`=ɡƵL�ǊȽHɊ4G
˵ビ̎ťKÈ̹˭³D%_≒Ŕ+こé6�ȃ˨H˧,GÈ̹˭³D%_ːŔ+̹Â8_�2
`cvgzKƂϲE&'[18]�=>6�\^˧,GŔ̇Ёc˰ȂĚDこĥ8_ɡƵH)&CL�
Ŕづ˧G]OHŔʦ»；K˃ã+のϬE4`_2EY%_�Àグ�ɳŪǱがちEL�1 AKÈ
̹˭³+Ǳが8_Ŕʦ»；cȅ8�ɳŪǱがち+˧,&ŔLʧǎGÈ̹K，ƬH�ɳŪǱが
ち+Ɋ4&ŔL�˧,GЁcこĥ8_ǐH�;`<`ħい̙Gマċcè=8�  

  

1.2.3� oÄ`Ý+qh×ß¿ 

� ƺăŔKŤɥEが˺L�ɳŪŔKʋϲĊ̙̿ʇHã(C�̀ʃɳŪũH\_È̹˭³Kʨ
˪̙̹ÂcǃÆ8_Y'ÀAKϬÃD%_�ƺăŔL�!A±ɞKƺEě／cųOA0_Ŕ
D%^�!AKě／cƓ/\'Hが˺4`=ŔL˭ě／Ŕ�;`±ɞL͇ě／ŔZ˘ě／Ŕ
EƌM`C&_�ƺăŔKŤɥL�κ．Ŕ�ÇɥŔ�ざÇɥŔ�łŔHΛЅ4`�;`<`˞
Ƕ�˞đKŞɪ�̓ü̞�̓ü）K˘ルGÈ̹cʋW�ǽȑ�ÞǶKě／È̹H)&C�˭ě
／ŔLЁKʋʈ�͇ě／ŔLЁK̉ʉKȚ=_マċcˮ'2E+ヒ]*E4`C&_[19]�  
� 2K\'HɳŪŔKʋϲĊ̙̿ʇEƺăŔKŤɥEが˺+＜ȯG@C�ě／È̹Hħい̙
マċcべラ8_KD%_�6=+@C�È̹H̿ュGƺăG]OHŔK̺̓EŔč̹Kŭˎ
L�Ŕ+č̹U=Lņ̉8_ǣʳVZ;Kħい̙マċcϲò8_ɞDȯϬD%_�  

 

1.2.4� PY\BVF9\ùÏ 

� ɠ̌Ȇユ̩Kベ˩EL�&bM�ě／Ĉ̩EƺăŔ+の96Y!˟!K˟ÕěŢELG]
G&2ED%@=�ɴ˞cƨʈ8_ŔƺăũH)&CL�ŔKȆユ̩+ě／KȆユ̩H˟6
Cɠ̌ʇcュ6C&_2E*]�ě／È̹cȑƇ6'_ŔKʳVƵb:Lòʒ̙H̓U]G
&�Ȇユ̩ N H\@C̓X]`_śĚL N KR,ɟD˃˧8_2EcęV_E�ě／�Ŕ¥
�¤Dソ˧Gŭǡȼϲ+ʋ7C&_2EHG_�ɠ̌Ȇユ̩Kベ˩L�ƕȵ8_をネKベ˩
EƵb:��¤¨w�}g¨ベ˩EƌM`C&_[1]� 

� ɴ˞cÎĎHʅƖ8_=XH�̀ ʃɳŪũLÀ˞FK\'GÈ̹ʡϸcϷC_K>a'*�
ダżĽDL�2`]KòŲグǗE6C�ɠ̌Ȇユ̩KȱミE&'ė̟*]�˥ひ̙GÈ̹ʅ
ƖϲВD%_ЦぞǱが��¤[20]EȆƎʳɧ̙ņÕ��¤[21]H˿ĝ8_�U9�Ƌ̛̙GÈ
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�

̹ʅƖϲВD%_ЦぞǱが��¤L�˧͐っȐ4È̹ЎƵボ5ΐ³EāƺăŔLÀ˟ÀD�
��¨r4`C)^�;`]+È̹KŭîE6CĬÛ̆˄4`C&_E&'ϲВD%_�バ
ʪ*]ユϮ4`_\'H�ЦぞǱが��¤L�̀ʃɳŪũ4≒Òʶȓ5KÈ̹ŭî4≒もビ5
HÑ@C�È̹ЎƵボ4≒Цぞ5+ǥŰ4`_2ED�È̹ボH���¨r4`=āě／–Ŕ
4≒Ýû5+やč6�È̹+ȑƇ4`_E&'ÀグƟK���~h¨��¤cE_�=>6�
ƇȑE6CƊ0KŔHÈ̹ǰІcˁ@C&CL�ě／KЎǆ̙È̹Zれ；ŔKņ̙̉Gč̹
cȑƇ8_2EL͆6&�2K\'HЦぞǱが��¤+ȅ6=ƉøL�ɠ̌Ȇユ̩EをネK
ベ˩cſǒß4:_2EEG@=�ÀグD�をネKベ˩EL�M]A,Z[]-E&@=へ
Ć̓ʇ+ĖŇH˔ǒ8_Ɖ^�Ƭ¸ȓK·ɺLÈ̹̎ʪ�Ǌ̀�̎ƕD〜(9イß8_2E
*]�;K̩Hɠ̌Ȇユ̩+ベ˩EG_E&'YKD%_�2`L�をネK˘Ĳʇ4Context-

conditioned variability5EYƌM`C&_�;2D�Ƌ̛̙GÈ̹ʅƖϲВHイb_ɰ=Gϲ
ВE6C�È̹ʅƖL�ɞ³4ƲȃЎƵボ5�̀³4È̹ボ5�Þ³4ʔ：5̀ʃK;`<`
Dʳɧß4`�ɞ³K¥�¤+Þ³K¥�¤cǱが8_2ED˭Ⱥß4`C&_E&'û−
ʅƖ+̖Ɉ4`=�2KϲВKϬ̟L�È̹+Þ³¥�¤*]ɞ³¥�¤H*0C�Ŕŕ̇
¥�¤�ě／–Ŕ£¨q¥�¤4ņ̉È̹5�śĚ¥�¤4̹ǖ5�Ƭ¸¥�¤4ɴ˞yo¤5
E&@=ʅƖäいG&.A*Kû−HΛò4`C&_E&'YKD%_�AU^�ɠ̌Ȇユ
̩EをネKベ˩L�ɞ³¥�¤D%_Ƭ¸ȓK·ɺcĭ̟E6=ɞ−*]Þ−KņÕDòŲ
4`_2Ecʚ&C&_�ņÕEL��¤¨w�}g¨Kû−ʅƖH)&C�ɠ̌Ȇユ̩c
ƶら8_ʅƖäいGņ̉ħƨE6C̓Ĳ4`C&_[21]� 

 

1.2.5� {Ù»×�u 

� ��K・·È̹H)&C�̀ʃɳŪũKɳŪħƨ\^ÞƯ8_È̹ǰІL�ʔ：+ɳŪǱ
が8_ªÈ̹��1¦¨cð6CŔQE̠͒8_�2KE,�Ŕ+ȣȱȂHこʋ6=Ṛ́c
̓Ͽß6=YKL�Ṛ́ɺ4electromyography5U=LŔč̹4Muscle activity5EƌM`C&
_�Ŕč̹KȚ=_ŭˎȝケE6C�ɶcŔ̓ΐHʹ͊8_ɶṚ́ɺEっめひ−Ḥőc̝
^べ0_ひビṚ́ɺ4Surface electromyography; SEMG5+レ&]`C&_�E^b0�ひビŔ
̣ɺH\_Ŕč̹KびâL�ɶṚ́ɺHちRとɬȪ̙Gŭˎ+äいD%_2E*]�ƢĊʮ
せH)0_È̹ʅƖKϲòcL7X�Ƥ.̚レ4`C&_�ひビṚ́ɺKŭˎƂϲL�っめ
H̝^べ0=̣ő+ろ'Ŕひ−–̀−べŖKÈ̹˭³KにɊGč̹̣³4ひビṚ́³5c˃よ
6ĬБ8_E&'YKD%_�6=+@C�ひビṚ́³KŭˎL�ȃK$̟H)&C�ƃă
H̲ʅ4`=ĖŇȹな+Ϭļ4`_[22]� 

• てƀȓ �っめKʗɩ̕ƥ�̀ʃʇG]OHテɐʇͭА�È̹ğɝý 

• ŭˎɤŵ �̣őK̝^べ0³˺EŁϵ�ɭ̣ɺKƿ͊�˞̹Kƿ͊�q¦y�1
q4˗Ŕ*]Kɫƴƿ͊5�ɯよo�¨{¤4č̹̣³K＜ǚ5 

• ȑƀɤŵ �ɳŪŔKʋϲĊ̙̿ʇ�ě／È̹Kħö̙̿ʇ 
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• ʪȼϲ �ͼȹßȝケ 

G)�ɱ−ŔKひビṚ́³L�っめひ−QE̠͒8_ĚHƄɽ8_˗�ひ−–̀−ŔKÉŌc
ň.Ƞ0_2E*]ÀせHLƫϼ4`G&�2K\'GおŨKYE�Ƹị̌ĩʋϲo�wl
¦x1Ċñ4ISEK5L�Ʋʌ̩*AǉƇʇKƲ&Ŕč̹Kŭˎng�¢g¨c̖ƈ6C&_
[23]�=>6�ひビṚ́³KͼȹßȝケZòʒȝケL�ϖ̙H\@Cル0D%_2E*]�ā
żĽĚDKųèちĉKǐL�ȭΛḠ·cΙ'のϬ+%_� 

 

{lÝ+�nÀî�

� ėˎ4`=ひビṚ́³L�ȂĚʈΛEȤえ；ʈΛHΛ0]`_�ひビṚ́³KȂĚʈΛL�
ɯよ4ŔKč̹¥�¤5�l¨{��4}g�¨r5�č̹えŤ4Ŕč̶̹}1¨5*]ƨʈ
4`_4ɺ 1.2.5–1 ǝɓ5�2`]KびâL�ひビṚ́³KʉϹßH\@CäいEG_�ȚG
ʉϹßȝケE6C�ʉϹßΟœ˸4Average rectified value; ARV5�EMGarv�E͇ɟηΟœΟ
グƾ4Root mean squared value; RMS5�EMGrms�c±ÞȈ 1.2.5–1 E 1.2.5–2 Hŀ1_� G
)�emg LひビṚ́³KȂũЋ�1}�T LȤĦ[s]�­LȂĚよ[s]cひ8� 

 

EMGrms = "!
2T
∫ [emg(t+τ)]2T2

T1
dτ   (1.2.5–1) 

 

EMGarv = 
!
2T
∫ |emg(t+τ)|2T2

T1
dτ   (1.2.5–2) 

 

{lÝ+¦ã½Àî�

� Ŕč̹KȤえ；ʈΛHL�È̹˭³Kこé΂̩�č̹̣³K̠ˬː̩�Ŕʦ»}g�Kȣ
ȱ̿ʇcL7XE8_れƵ̙Gč̹Ȥえ；+ƿǒ6C&_4ɺ 1.2.5–1 ǝɓ5�Ƽ͉DL��
1£jイĔcĠダE6=Ȥえ；òʒH\@C�≒ŔEːŔKč̹Ȥえ；ZÈ̹˭³Kこé΂
̩K４ÞE&@=ɳŪŔKʋϲĊ̙̿ʇcˌ(]`_\'HG@=[24]�ŔK̀ÔȤえ；
4Median frequency; MDF5K４Ȥえ；ˡ¾QKw��L�Ǌ˧ŔЁU=LŔЁこĥKȁ˓Ȃ
ĚK４Þcひ8ŔͭАK̓Ͽ̙ǰͼEG@C&_�6*6G+]��1£jイĔH\_Ȥえ
；òʒDL�̓ɢɫƴ+ʸ̓4`_2E*]ʑ̙È̹H)&CKVュƜD%_E&(_�2
K=X�̹̙È̹DL�́こ̙GɫƴZと̓ɢɫƴcòʒ8_H%=@CL�ȂĚ-Ȥえ；Λ
òいHモ`=hi1�¥��イĔ+レ&]`_[25]�hi1�¥��イĔDL�hi1�¥�
�4ŏǒえ5EƌM`_ȂĚEȤえ；Dŏǒ8_%_ÀAKĠ̔ě；+レ·4`C)^�;
`cys1¤イĔEw��イĔ8_2ED�òʒ˟ɛKɫƴH̚ーGȂĚ-Ȥえ；Λòいc̓
ĲD,_� 
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� ひビṚ́³KȂĚ-Ȥえ；òʒȝケE6C�Ȉ 1.2.5–3 Hȅ8�¤¥1hi1�¥��
4Morlet wavelet5'(cレ&=ŔKɫƴň̩òʒ4Intensity analysis5+̖°4`C&_[25]�2
K̖°ȝケH\@C�̹ ̙È̹D%_�~£¨rÈ̹H)&C�ȚϬGŔKč̹Ȥえ；ˡ¾�
È̹˭³Kこé΂̩̉ʉ�;6Cč̹ŔKŔͭАGFc̺Ȃ̙Hˌ(_2E+D,_�=>
6�̹̙È̹DL�Ŕ̌�ě／Ĉ̩�っめGFK˴ʇイŤH\@C�̣őKろ'È̹˭³K
；L〜(9イ̹6C&_2EHȭΛḠ·cΙbG0`MG]G&� 

 

'((*+, -, *) 	= 	 1
234

5

678
(7278)5 

        (1.2.5–3) 

 
'(L�̀ ÔȤえ；[Hz]K fc E͋·K̶¢�1}-H\@C̓Ĳ4`_�G)�f LȤえ；[Hz]c
ひ8�2KE,�fcLȈ 1.2.5–4 *]ǡȳ4`_�ȃȈH)&C�q, r,«L͋·K̶¢�1}�
j Lhi1�¥��K；cひ8� 

*+ 	= 	
1
«
(: + <)= 

        (1.2.5–4) 

 

 
Figure 1.2.5–1: Rectification of the sEMG and frequency analysis. The sEMG envelop (on the left), 

which represents activation pattern of the muscle #1 (in the red box), is obtained through rectification 
procedure. On the other hand, the power spectrum of the sEMG (on the right) is obtained through 

frequency analysis.  
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� Ṛ́ɺĊ̙żĽKì˩̟c̘Ϭ8_E�̲ʅ4`=ĖŇD%@CY�Ŕč̹HÉŌcĹT
8Ɗ0KϬÃcƃϊH́,ǳX�Λϵ8_2ELƽ͆E&'2ED%_�2K2E*]�=
E(れ；KŔHb=_ņ̙̉Gč̹+ėˎ4`=E6CY�;`]LŔƺăũKĤáĊ̙̿
ʇE;KŔ͈KƳʇ̿ʇcǃÆ8_ƺăŔKŤɥ�が˺�Ŕʦ»}g�E&@=ʋ˞ЁĊ̙
Ʀˍ4Biomechanical-constraint5*]ʋ7=Hí-9�È̹̚Õ4Motor adaptation5E&@=
̀ʃɳŪũKÈ̹ʅƖLしÊ4`C&G&E&'žòYȵR]`C&_[24–25]� 

 

1.3 � BLC3 

1.3.1� {+wÔ�È�  

� ɴ˞KÈ̹ʅƖH)0_ベ˩EL�てʅƖイ；+ュ8_Ȇユ̩KƲ4H%@=�6*6�
ȑǐKÈ̹H)&C�てʅƖイ；KĚH＜ě+ž]`_2E+˘&�=E(M���KォƬ
È̹H)&C�ÞǶKƑě／�ねě／�ˏ ě／KĈ̩+G8ōĈL�ォƬː̩�ォƬǫʆ�Ɲ
がGFKォƬЏビHěb]9 3 ȃƁśĚKÀΟビɞH�¦��4`_2E+˹]`C&_
[26]�6=+@C�āě／G]OHŔKȆユ̩L̀Ϸ6C&_KDLG.�;`]+ņ̉6Ƶ
'2EH\@C�\^４&ȃƁDÈ̹+ʅƖ4`C&_E&(_>a'�ǽȑ�てʅƖイ；
KȆユ̩+ņ̉6Ƶ'\'Gņ̉ƨˆL�w�x14Synergy5E6C˹]`C&_�4]H�
w�x1L�ě／Ĉ̩Kņ̉cひ8È̹Ċ̙w�x14Kinematic synergy5Eれ；KŔKņ̉
cひ8Ŕw�x14Muscle synergy5HΛ0]`_�̿H�Ŕw�x1L�̀ʃɳŪũH\_
È̹ʅƖcしÊ8_Eƫ(]`C)^�Ŕč̹*]w�x1ĉȳ8_ǹVL&.A*Ƭb
`C&_�˥ひ̙GЇE6C�ĀH)0_ÞǶKȫ^È̹Z��K£1�¨rÈ̹*]ŭˎ
4`=Ŕč̹L�ɋ；KŔw�x1KʳVƵb:H\@CǉƇäいD%_2E+ȅ4`C&
_[27]�;6C�Ŕw�x1L�ŔKśĚƨˆD%^ŔKȯV4±Ư�ŔKņ̉č̹5cひ8
w�x1�q�¤4Synergy vector5EȂĚƨˆcひ8w�x1čʇŢ；4Synergy activation 

coefficient5HΛò4`_4ɺ 1.3.1–1 ǝɓ5�6=+@C�w�x1�q�¤EL�̀ʃɳŪ
ũLFKŔcʨ˪6č̹4:C&_K*E&'6ņ̉č̹7cひ8�;6C�w�x1čʇ
Ţ；L�%_È̹H)0_̿̓K̹ǖcˬʈ8_=X�̀ʃɳŪũ+FK}g�¨rDFK
̗̩w�x1�q�¤cčʇß4:_*E&@=6ņ̹̉ǖ7cひ8�2K\'H�Ŕw�
x1EL�òδ̙GŔšc̎ʗ̙Hǰ6ȅ8YKDLG&�ÀAKŔL�˭ÀY6.Lれ；
KŔw�x1Hˑ8_2E+ヒ]*E4`C&_4ɺ 1.3.1–1 Þΐǝɓ5� 

� Ƽ͉DL�うȁÈ̹�ォƬEˀƬ�ńÌ�¦1g¨rÈ̹��~£¨rÈ̹KよƤ&È̹
H)&C�Ŕw�x1K˔ǒ+Ć͌4`C&_[28]�Cappellini et al. (2006)L�ォƬHĢラ8
_ 32 ŔKŔč̹c̉ǅ8_2ED�;`]+ 4–5 AKŔw�x1KʳVƵb:*]ǉƨ˽D
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,_2Ecヒ]*E6=[29]�¦���ʅƖZṚ́ĲȝʅƖDL�れƵ̹ǖKʋʈE͌ȉHŔ
w�x1+レ&]`_GF�;KÕレそµLƤ&[30]� 

� Ŕw�x1+È̹ʅƖHěb_ɳŪħƨ¥�¤Dȑʿ4`C&_2Ecϳべ0_˹žE6
C�v¤KうȁÈ̹\^̂ȳ4`=Ŕw�x1+�ʔ：KÈ̹��1¦¨Ky̶gqEЅǾ
8_2Ecヒ]*H6=ガƷ+%_[31]�AU^�Ŕw�x1D%_w�x1�q�¤Ew�
x1čʇŢ；cひ8ɳŪóЏ+ʔ：ɳŪH̓ǒ6C)^�;`]+È̹ĊȩH\@Cą̽4
`=�&bMÈ̹ʡϸD%_2E+ϳべ0]`=�4]H�ĖŇH˟8_Ŕw�x1K̚Õ
E;K�m�z�L�±Þ 3 ̟+ヒ]*E4`C&_[32]� 

• Sharing  �れ；Kw�x1KĚH)&CЅǾ6C&_w�x1 

• Flexibility, stability �イßU=LɑȌ6=w�x1cオɆ8_w�x1 

• Task-dependence �ĖŇ4̿H�È̹ì˩5HƍュGw�x1 
ŋドɱ&2EH���KŔw�x1L�ɴ˞こˬí̗H)0_È̹KƜ϶ßEEYHイリ8
_2E+ヒ]*E4`C&_�È̹ĊȩH\_È̹KƣМʇZņ̉ʇL�̀ʃɳŪũKÈ̹
，ƬHěb_̀ʃ+Þ³KÈ̹̀ʃD%_ʔ：¥�¤Eû−̙Hʳɧß4`_2EDȑƇ4
`_�6=+@C�̀ʃɳŪũL�ɠ̌Ȇユ̩EをネKベ˩còŲ8_=XH�ě／�ŔÈ̹
Kû−H)&CʅƖäいGņ̉ħƨcュ8_E&@=È̹ʅƖϲВD%_û−ʅƖ+Ǳȁ4
`_2EEG@=���K・·È̹c˟ɛE6=Ṛ́ɺĊ̙żĽH\^�Ŕw�x1K˔ǒ
cϳべ0_ュЁGガƷL˾々4`AA%^�ƼZw�x1cƃϊHた̓8_2EL͆6&E
&(_� 
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Figure 1.3.1–1: Schematic understanding of muscle synergy. The measured muscle activity can be 

decomposed into spatio–temporal component of muscle synergy. Temporal component (synergy 

activation coefficient) and spatial component (synergy vector) are represented on the left and right in 
this figure, respectively. 
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1.3.2� ��§ú8YAXET 

� �¤¨w�}g¨ベ˩L�È̹ʅƖK˟ɛ4ϖ̙イ；5H˟6CŔ4Ȯˑイ；5KʳVƵ
b:+ソ˧EG_̟H%_�;2D�òŲグǗE6C�&.A*KȮˑイ；cÀAHUEX
_GF�ɰ=GƵʈイ；cžȳ8ȃƁȱミe¤u£z�+レ&]`_�E^b0�ȚʈΛΛ
ʒ4Principal component analysis; PCA5EとΎ˸ƬЋÃǬΛò4Non-negative matrix factorization; 
NMF5L�˥ひ̙GŔw�x1òʒȝケE6Cレ&]`C&_[33–34]�2`]ȃƁȱミe¤
u£z�K·ド8_E2aL�Ɓ�1}KɣガϿcD,_>0エȁ6AA�\^Ɋ4GȃƁ
DひƇ6'_ΟビU=L̊ΟビQE˘ȃƁKŔč̹ɫƴc̬Ȓ8_E&'YKD%_� 

  

£ÀîîÂ�

� ŭ m êȾKŔ*]v¨�£¨r4`= n ƊKȂũЋ�1}cレ&C˘ȃƁKŔč̹ƬЋ
X(m–by–n) cȈ 1.3.2–1 H̓Ĳ8_�U9�ȚʈΛΛʒDL�˘ȃƁ*]G_Ŕč̹ɫƴ 

 

X = [x1(t)⋯ xn(t)] = ?
x0,0 ⋯ x0,n
⋮ ⋱ ⋮

xm,0 ⋯ xm,n

B    (1.3.2–1) 

 
HA&C�ȯVC(m–by–s) EKʦŤηD(s–by–n) cȈ 1.3.2–2 K\'H̓Ĳ8_� 

 
Y = ∑ 	FGHG(I) 	= 	CJKL

GMN      (1.3.2–2) 
 

ȃH�Y KŅΛǟCcȈ 1.3.2–3 Hȅ8ʅミɤŵWTW = 1 KYEDǊ˧ß8_� 
 

maximizeOWTCWO subject to WTW = 1    (1.3.2–3) 
 

ɞȈL�¢r¢¨x�ナ̓ɟ；ケcレ&C�±Þ 1.3.2–4 E&' λKƍュ˸ベ˩E6Cˌ(_
2E+D,_�2KE,¬L�ȯVCH˟Õ6=ƍュ˸cひ8� 

 
CW = λW      (1.3.2–4) 

 
8Gb?�ȚʈΛΛʒcレ&=Ŕw�x1òʒL�ƬЋ X KŅΛǟƬЋ C Kƍュ˸ΛòD%
_�2KE,�ƍュ˸ΛòH\@Cǡȳ4`_ Y L�ȚʈΛEƌM`_�2KE,�ȚʈΛ
cレ&C�˘ȃƁKŔč̹ƬЋ X L�±ÞX(s)K\'Hǉƨ˽4`_�2`cȈ 1.3.2–5 Hȅ
8� 

 
X(s)(t) = w1y1(t)+  w2y2(t)+ ⋯ +  wsys(t)   (1.3.2–5) 

 
� 22D�ȚʈΛKȃƁcひ8 s L�w�x1；EƌM`_�;6C�ȚʈΛKȃƁ+ s <n

D%_E,H�ƬЋX(s) (m–by–n) L�ȯV W (m–by–s) EȚʈΛ Y (s–by–n) KʦŤη*]ǉ
ƨ˽D,_�G)�s L�ǉƨ˽4`=ɫƴ+ƁKɫƴcF`SFʚヒD,_*cひ8Є々Ģ
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ラ϶4Cumulative contribution ratio; CCR5H\@CŲ̓4`_�2`cȈ 1.3.2–6 Hȅ8�À
せH�ȚʈΛΛʒcレ&=Ŕw�x1òʒDL�Є々Ģラ϶+ 80–90%cデ=8E,K s +ʨ
˪4`_2E+˘&[33–34]� 

  
CCR	= ∑ λi

s
i=1

∑ λi
m
i=1

     (1.3.2–6) 

 
w�x1EL�ě／U=LŔKņ̉ƨˆcǰ6ȅ82E*]�˘ȃƁKŔč̹ƬЋ X *]Λ
ò4`=ŔKņ̉č̹ W EȚʈΛ Y L�;`<`w�x1�q�¤Ew�x1čʇŢ；E
ƌM`C&_� 

 

êìÐ�Ă_�îg�

� ȚʈΛΛʒE¹G^�とΎ˸ƬЋÃǬΛòL��1}KとΎʇcƫϼ6=òʒȝケD%_�
Ї(M�î˂�1}H)0_ RGB ʈΛZÝʍKy�q�¢�GFLとΎK˸cț_�U=�
Ṛ́H)&CY�ŔKȣȱЁŻЁイßHLṚ́K〜˟˸KV+Ģラ8_�2K=X�Ŕč
̹LとΎK�1}E6C̓Ĳ4`_� 

� 22D�ŭ m êȾKŔ*]v¨�£¨r4`= n ƊKȂũЋ�1}cレ&C˘ȃƁKŔč
̹ƬЋ X(m–by–n)c±ÞȈ 1.3.2–7 K\'Hƨ˽8_� 

 

X = [x1(t)⋯ xn(t)] = ?
x0,0 ⋯ x0,n
⋮ ⋱ ⋮

xm,0 ⋯ xm,n

B 		where	HGT ≥ 0   (1.3.2–7) 

 
2KE,�W E H LEYHとΎD%_ƦˍɤŵKYE�±ÞȈ 1.3.2–8 E 1.3.2–9 K�¦��
hy�¤�cǊɊH8_ʅミɤŵべ,Ǌ̚ßベ˩cƫ(_� 

 
minimize‖X −WH‖Frobenius

2   subject to  wij ≥ 0 and hjk ≥ 0   (1.3.2–8) 
 

  
‖X ‖Frobenius

2  = tr(XXT)   (1.3.2–9) 
 

G)�CШ 0 and H ≥ 0 Kへ̱Ȉʅミɤŵcì8=XKナ̓ɟ；ƬЋD%_(Y)GT 	= 	ZGTE
([)T\ 	= 	]T\c̻͊6C�¢r¢¨xe¨c±ÞK\'H̓X_2EE8_� 

 
^(C,_; 	Y, [) 	= 	 N

3
‖X −WH‖Frobenius

2  − 	trbYcCd	− 	trb[e_d  (1.3.2–10) 
 
2KE,�m¤1w��q1¨�}�m1ɤŵ4Karush–Kuhn–Tucker condition; KKT5\

^�±ÞȈ 1.3.2–11 E 1.3.2–12 Hȅ8ɟケ̙Ƨɰˉ+̽]`_�  
 

W	←	fbXHTd	∘	Wh	⊘	bWHHTd    (1.3.2–11) 



�
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_	 ←	 fbCJKd ∘ _h ⊘ bCJC_d	    (1.3.2–12) 

 
G)�A ∘ BLe~�1¤々4Ȉ 1.3.2–135�A ⊘ BLe~�1¤ɇ4Ȉ 1.3.2–145cひ

6C&_�  
 

(A ∘ B)ij	= AijBij     (1.3.2–13) 
 

(A ⊘ B)ij	= 
klm
Bij

     (1.3.2–14) 

 
2Kųè�˘ȃƁKŔč̹ƬЋ X L�±ÞX(s)K\'Hǉƨ˽4`_�2`cȈ 1.3.2–15 H
ȅ8�22D�s L�ƬЋKЋϬʲcひ8� 

 
X(s)(t) 	= w1h1(t)	+ w2h2(t)	+ ⋯ + wshs(t)    (1.3.2–15) 

 
6=+@C�ǉƨ˽4`=Ŕč̹ƬЋX(s)KȃƁ+ s < n D%_E,H�ƬЋ X (m–by–n) L�
W(m–by–s)E H(s–by–n) KʦŤη*]ǉƨ˽D,_�NMF DL�w�x1； s Kʨ˪ĠȹE
6C�ǉƨ˽4`=ɫƴKM]A,+ƁɫƴKM]A,cF`SFひƇD,_*cȅ8�
Variance accounted for4VAF54Ȉ 1.3.2–165+レ&]`_[33–34]�22D�var LΛǟ�X(s)

4n	 < 	p5L�W(m–by–s)E H(s–by–n) KʦŤη*]ǉƨ˽4`=ɫƴcひ8� 
 

qrs = 1 −	
tuv(w2X(s)x

tuv(w)
   (1.3.2–16) 

 
±ɞ�ȚʈΛΛʒE̺ルH�˘ȃƁKŔč̹ƬЋ X L�ŔKņ̉č̹cひ8w�x1�q�
¤ W(m–by–s) Ew�x1čʇŢ； H(s–by–n) QEΛò4`_� 

 

1.3.3� BLC3*p(9&`Ý¾�+ÿg 

� ��L�ɴ˞Kɠ̌Ȇユ̩cƣVHčレ8_2ED�ĖŇイßZüϰH̚Õ8_2E+D
,_�Ї(M�À˶9Ḁ@C&_û˶c̦̀*]͇˶どM6Dɞa'E8_E,���K
È̹L̚ーG�k1�QEȦʊ4`_�Ƽ͉DL�ƣVGÈ̹ʅƖKϲòcϖǰ6C�Ŕw
�x1KĖŇイ̹H˟8_イß+̉ǅ4`C,=�2Kųè�%][_ĖŇZüϰH˟6C�
Ŕw�x1LÀĘ6=ȂśĚƨˆcエ@C&_2E+ヒ]*EG@=�2K\'GŔw�x
1K¦�y�ʇ4ĞŶʇ5L�ŔKņ̉č̹D%_w�x1�q�¤E;KȂũЋイßcひ
8w�x1čʇŢ；Kに̉ʉH\_YKD%_2E+b*@C&_�;6C�Ŕw�x1K
¦�y�ʇL�È̹Ύë4W5EÈ̹ː̩Kイß�ǫʆイß�{�w ¨Ě�̺ÀてƀȓĚ�
ʋ˞ЁĊ̙ƦˍÞDよƤ.Ć͌4`C&_[27, 35]�2K\'G˹žL�Ŕw�x1+Ǹć�
Ŕ̌ZŔ̇ЁKイßGFK˞ʇēć*]KɣガHĠB&Cに̉ʉ4`_2ED���L̚ー
HÈ̹cȦʊ6=^�ɰ=GÈ̹QE̚ÕäいD%_2Ecϳべ0C&_� 



�

� 	�

� 4C���K・·È̹KȑƇDL�̀ʃɳŪũ�テɐɳŪũ�Ɯèğ�;6CŔƺăũ+
;`<`ʊɢHħい8_2E+ʪ̖EG_�ŋドɱ&2EH�͐πЛZÈ̹ħいɝýGFK
ɳŪȏĒȓKw�x1；L�ŶɢȓKYKEちĉ6C�ɋG.G_2E+ガƷG4`C&_
[36–37]�w�x1；KちĉL�È̹K˘ルʇZɝýH\@CȌb`=È̹ħいcȅǂ8_Y
KE&(_+�;KòȗHLì˩+Ǣ4`C&_�2KȚ̇KϬ̟L�%.UDYŔw�x
1EL�ȃƁȱミe¤u£z�H\@Cのʭ̙Ĥȳ4`_ɷ¸̙ųèD%_E&'2ED
%_�6*6�Ṛ́ɫƴ*]̂ȳ4`=Ŕw�x1+͐̓ɳŪ¥�¤Dȑʿ4`C&_w�
x1EÀ˻8_*cəヒ8_2EL�ƇǒKİȴDLへäいD%_�w�x1K；L�ȃƁ
ȱミe¤u£z�ĚDM]A.2E+ǰ̘4`C&_\'H�Ŕw�x1HĠB&=È̹ʅ
ƖKϲòDLw�x1；>0DLG.�;`EŔw�x1KȂĚśĚƨˆKěЎʇcĳВ8
R,D%_EKžò+ȵR]`C&_2EH̄·6=&[36–39]�  

1.4 � ºËD<Y 

1.4.1� ]÷¿ 

� E,HÈ̹K˘ルʇL�̠̲ůい�ůȴ�y�1�H)&CƣV4cɦ6ȳ8�ƣV4E
L�̠̲ůい�Òʶ�y�1�ΛボKȚė̙GびâȖ̩cȅ8YKD%_+�ƣV4KダȐ
L�Ƭ¸ȓK̶�k1�¨ycƟɞ4:_いЁD%_ɴ˞yo¤H%_[8]�Ї(M����
ey£1�L�ɷ0cニϽ8_ʧǎDʢα4`=̹,�&bM�y1̶1�¥gEƌM`_
\'GɢɷDLˬ8_2EG&̹,c˞̽6C&_�ey£1�+;Kɴ˞HȰ8È̹Kい
ЁL�È̹İい4motor skill5U=Lɴ˞yo¤4skill5EƌM`C&_�2K\'Gyo¤
L�ɴ˞+ϖ̙4ì˩GF5HG*@=̹,c8_\'Hɴ˞ɀħいc̉ʉ8_・·いЁ�
U=L�È̹ĊȩH\@Cą̽4`_ちĉ̙Ë˓8_ƣVGì˩，ƬKいЁc·ド8_�6
*6G+]�ŋドɱ&2EH����ey£1�D%_だ]だɂ]L�y1̶1�¥gcF
K\'HʅƖ6C&_*�È̹K‒�Lá*E&'2EcʊĆHʚヒ8_2E+D,G&�
2K2EL�¯プ˹4Tacit knowledge5EƌM`C&_� 

� 6=+@C�と͉ɢ̙GÈ̹+Ϭļ4`_y�1�H)&C�e���eEey£1�K
ńİ̶�k1�¨yKǄH˿ĝ6�͉ɢʋč¥�¤KÈ̹DL̳ˬ6̽G&ɴ˞yo¤cヒ
]*H6C&.2EL�È̹Ɯ϶ƟɞHěb_È̹ʅƖZƬ¸ȓK·ɺcばò.ɞDȯϬG
�1�E&(_>a'� 

 

1.4.2� wÔ`Ý 

� yo¤Hě8_˹žE6C��¤¨w�}g 4̈Bernstein5L�Ȳα6=˲ホÚKТ˛Kし
Β̹ǖcòʒ8_2ED�;KÈ̹ʅƖc̉ǅ6=[21]�2Kųè�ȲαƢKТ˛³˺L�ʊ



�
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ĆHÀ̓KĮ̼cͿ&=KH˟6�ТcYAɞǶKě／Į̼LM]A.2Ecヒ]*E6=�
22DL�̡ ɷEƆɷEb0_È̹ʅƖK¼&L�ě／Kņ̹̉ǖ+FK}g�¨rDʋ7�
F`SFKϿKM]A,cワ(C&_*c˯_2EH\@Cヒ]*E4`_2E+ȵR]`
C&_�Àグ�ɹコ420095L�̶�k1�¨yKƟɞHL�Ȇ]·ȉ̙Hɴ˞H̄·cƟ
0�ɴ˞̹ǖKʅƖc̓ɕ8_Ƭ¸KのϬʇcȵRC&_�ƈƗßH\_yo¤K͌˹Ƭ¸
K\'H�È̹̀H̄·+Ιb`C&_2E�g¨�Ē·KΙb`C&G&�g¨�cヒ
Ćß8_2EL�yo¤KϲòHŬ+_Eƫ(]`_>a'[40]� 

� ±Þ�しΒ̹ǖcϬ8_˥ひ̙Gy�1�ńİH˿ϖ6�ʨȝKńİ̶�k1�¨ycƟ
ɞ4:_yo¤E;KÈ̹ʅƖ�m�z�HA&Cɘð8_��
�

R3Jvr4[39\>`Ý5+D<Y�

� ¦1g¨rÈ̹4�1�ʼ-È̹5L�˞ǶKȤĦ̙GÈ̹D%^�ʮɴKŔcņ̙̉H
̹Â6=¦1g¨rEƌM`_しΒ̹ǖ*]ƨʈ4`_�2K=X�¦1g¨rÈ̹L�˞
ǶE˞đKŔc＞̹Â8_2E*]��1�ńİH)0_�¥1�¨rK˗�ɭかħいƟɞ
cϖ̙E6=�f���yE6CYまĹ6AA%_�Turpin et al. (2011) L�¦1g¨r̹ǖ
H)0_ħö̙ȳЁD%_̶§14W5+Ŕw�x1Hラ(_ÉŌHA&C̉ǅ6=[41]�2
Kųè�̶§1KイßHěb]9�Ȳαȓ4experienced5EとȲαȓ4untrained5*]Ņ２6
= 3 AKŔw�x1+̂ȳ4`_2EcガƷ6=�¦1g¨rÈ̹DL�ȲαȓLとȲαȓ
\^YƲ&̶�k1�¨ycこĥ8_2E+˹]`C&_+�;`]K¼&L�̶§1Kɞ
ɎHご'ɞǶKʴシŔɞΐEÞǶKОるŔKčʇßH\_2E+ȅǂ4`C&_�ʬ˃Ύë
ǹƀ4incremental load test: ILT5H)0_Ŕw�x1Kイßc̉ǅ6=ガƷH\_E�w�x
1čʇŢ；LɢHÀ̓D%@=KH˟6C�ŔKņ̉č̹cひ8w�x1�q�¤LȲαȓ
EとȲαȓD¹G_2E+ヒ]*E4`=[42]�=>6�2`]w�x1K¼&L�ϖͼE8
_ʼ-グ+ȲαȓEとȲαȓD¹G^�[@.^E6=̌&vgq¤K¦1g¨r̹ǖE;
'DG&¦1g¨r̹ǖH)0_j�¤p1ɑでϿK¼&4rowing economy5cしÊ8_YK
D%_2E+ȅǂ4`C&_� 
� 6=+@C�¦1g¨rÈ̹H)0_ȲαȓEとȲαȓK̶�k1�¨yKǄL�Ŕw�
x1+%b]8ŔKņ̉ƨˆE&'\^Y�%_̿̓K˭ÀŔKŔȳЁ̶§1c&*HƜ϶
̙HʋVȳ:_*H\@CKVʚヒ4`_äいʇ+ȅ4`C&_2EL˧イŋドɱ&� 

�

[3KZ3D4QGX\>`Ý5+D<Y�

� ¦1�¥1y�&bMȆ̞ȕńİL�¡1¦�̶Ŗ˥+ʋVȳ6=y�1�ȞϖK＞ɖD
%_�;KЊǧLƋ.�1893 あKʄøʨȝźȆ̞ȕńİ˧ñE 1896 あK˨ 1 ól£¨��
qHUDР_�Ȇ̞ȕńİDL��~¤Ew�1zcƍ̓8_�¨�f¨r�~¤Kンレ+
Àせ̙D%^�ǃÆKˏʜ³˺+q¢¨qKó̞Į̼ɞHƦˍ4`=�~£¨rÈ̹+Ƭb



�
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`_�Àž��~£¨rÈ̹Lw¨�¤GÎÈ̹K\'Hǯb`_+�;KÈ̹ʅƖLȑH
れǛD%_�Y@EY�2KϲユE6C��~£¨rÈ̹+ǃÆÞǶKņ̹̉ǖH\@Cȑ
Ƈ4`_2E+ŀ1]`_>a'�Ś˞̙H��~£¨rÈ̹L�ǃÆÞǶH)0_Ƒ�ねě
／KŞɪEˏě／̔ŞcĠぞE6=ȫ^ȳ6�̶VƻV�Ä,ɞ1�i1z2̹ǖ*]ƨʈ
4`_[43]��~£¨r̹ǖKÈ̹Ċ̙イßc̉ǅ6=ガƷH\_E�ȲαȓDLÞǶě／Ĉ
̩Kイ³HƲ&ǉƇʇ+Ć͌4`C&_[44–45]�ã(C�ȲαȓDL�ȽɭȓEちR�Ƒě
／–ˏě／U=Lねě／–ˏě／Kņ̹̉ǖ+ſ̅D%_2E+ȅ4`C&_�22DL�ˏ
ě／KおŞŔKņ̉č̹L�ˏě／y�f��yHħい̙マċcˮ@C)^��~¤K̶Ё
�q�¤K̉ʉHěラ8_2E+ȅǂ4`C&_�Àグ��~£¨r̹ǖH)0_ÞǶŔK
Ṛ́ɺc̉ǅ6=ガƷH\_E���y�£¨ryKč̹L�ȲαȓEȽɭȓcΛ0_̿̈
̙Gč̹D%_EEYH�;`]Kč̹ţƟLƲ&sg�¨yDſ̅Hȅ4`_2E+ȅǂ
4`C&_[46–48]�Chapman et al. (2007)L�̶§1ȳЁHȚϬDLG&ÞǶŔKņ̹̉ǖH
˿ϖ6=Ⱦ�;`]Kč̹L�ȲαȓDƲ&ǉƇʇ+ȅ4`C=[49]�6*6G+]�2K\
'GṚ́ɺĊ̙żĽDL�Hug et al. (2009) KガƷH%_\'H��~£¨rÈ̹H)0_Ŕ
č̹+�¨�f¨r�~¤�v�¤Ʋ�Ύë4Watt5�sg�¨y4Revolution per minutes; rpm5�
ŔͭА��¥1�¨r¥�¤GFKル0GϬÃDイ̹6C&_2EHϺ·:JMG]G&[12]� 
2K\'Gϲユ*]��~£¨ryo¤H̓Ͽ̙GϲòK=XH�Ŕč̹*]̂ȳ4`_w
�x1K¦�y�ʇH˿ϖ8_ǹVY˘.˔ǒ8_�Y@EY�ȲαȓKŔč̹L�3–4 AK
Ŕw�x1H\@Cǉƨ˽D,_2E+ガƷ4`C&_�4]H�Ȳαȓ*]̂ȳ4`_Ŕ
w�x1LƔ&HƲ&ЅǾʇcȅ82E+b*@C&_[28]�Hug et al. (2011) KガƷH%_
\'H��~£¨rÈ̹KŔw�x1L�Ύë�sg�¨y�ɟȕǫʆ�{�w ¨Ě�̺ À
てƀȓĚH˟6C¦�y�D%_2E+ȅ4`C&_[35]� 

� ±ɞc̶U(_E�Ȳαȓ*]ėˎ4`_ÞǶě／�ŔKņ̹̉ǖKƲ&ǉƇʇL�˭ H˞
ЁKǄE&'ĳВHEFU_2EG.��~£¨rƜ϶ƟɞHě8_ȯϬGyo¤K˔ǒc
ϳべ0_YKD%_Eƈ(_>a'� 

1.5 � ó�u+�uø×�3-�À 

1.5.1� �uø× 

� ̌あH̤^��~£¨rÈ̹KÈ̹ʅƖHě8_ĳВDL�ǃÆÞǶL̺̗̩HÈ̹8_
2Ecʪ̖H�ΣĵK�~£¨r̹ǖc˟ɛE6=Ŕč̹KŭˎEòʒ+Ƭb`C,=�;
6C�Ƽ͉��~£¨ryo¤K̓Ͽ̙GϲòHʜϷAòŲì˩E6C�ϾÞǶKと˟ɖʇ
H˿ϖ6=�~£¨r̹ǖKÈ̹ʅƖ�m�z�Kòヒ+ŀ1]`C&_�2`]HěЎ8
_；ɋG&ガƷE6C�Carpes et al. (2010)L�ひビṚ́ɺcレ&C��~£¨rÈ̹HȚϬ
GǃÆÞǶKŔ*]Ŕč̹cŭˎ6=[50–51]�22DL�Ŕč̹H RMS ȼϲcǲ82ED�



�
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Ŕč̹Ͽcǡȳ6=�2Kųè�Ŕč̹ϿLǃÆÞǶDュ·GǄLȅ4`G*@=2E*]�
�~£¨rƜ϶LǃÆD̺̗̩D%_2E+ȅǂ4`=�6*6G+]�´ʭE6C�ǃÆ
ÞǶKņ̉È̹Hěb_ɳŪħƨcƈĹ8_UDHǷ@C&G&� 
� ±ɞ\^�ダżĽL��~£¨r̹ǖH)0_ǃÆÞǶKと˟ɖʇH˿ĝ6�ϾÞǶŔK
ņ̉ʅ�m�z�cヒ]*E8_2Ecϖ̙E6=�Ś˞̙HL�Ŕw�x1HĠB&C�
ǃÆÞǶKņ̉È̹Hěb_ɳŪħƨK˔ǒcヒ]*E6C�ÞǶKŔͭАcœ̱HΛǟ8
_ϾÞǶŔKņ̹̉ǖc̉ǅ6=�ダżĽKĊȴ̙ƮŻE6C�ɴ˞̹ǖKと˟ɖʇEńİ
̶�k1�¨yKěЎʇK̂ȳHã(C�y�1�yo¤K̓Ͽ̙GびâȝケKǗ̓Ț̻+
ŀ1]`_�22DL�żĽʈèKÕレЇE6C�y�1�̹ǖc˟ɛE6=È̹ĊȩQK
ð͊+ŀ1]`_�È̹ĊȩKȽĦ˶û4͌˹˶û5DL�ȲαȓK̹,cƈƗßZg�1
xß6�͌˹D,_\'HG_2E+ȯϬD%_�;6C�̀ぞ4̲Ƶ˶û5DL�ɴ˞K̹
,Hyo¤E6CKħい̙Gマċ+べラ4`�Ȩぞ4Ȇ̹ß˶û5DL�6˞Dć(_7K\
'Gȝ˓,ĬÛ4ɴ˞˹5E6Cyo¤Ką̽+ȑƇ4`_�Ericsson et al. (1991)L�\^Ʋ
&¥�¤DKńİ̶�k1�¨yKこĥcϖǰ8ɞDL�&*G_¥�¤KȲαȓD%`F�
͌˹̨̙Ёcű*82EG.�͌ ˹̲ƵK˶ûHϺU_2E+ȯϬD%_EȚ̇6C&_[52]�
6=+@C�Ŕw�x1cレ&=ɴ˞KÈ̹ʅƖKäǸßH\@C�ǰ̻ȓK¯プ˹KŤȈ
˹ßHã(�͌˹�̲Ƶ˶ûH)0_ǰ̻ȓ–ʨȝĚKp���H˟8_ƂÃĽヒ+Ħˢ4`
_�  

�

1.5.2� �ueÏ 

� ダżĽDL�żĽϖ̙KˬʈK=X�±ÞKǜAKżĽì˩cʘ̓8_� 

• żĽì˩!�ϾÞǶŔKņ̉č̹cʋʈ8_ɳŪħƨcヒ]*H8_=X�ǃÆÞ
ǶL̺̗̩HÈ̹8_E&'ȮϮżĽKàʚcŹə8_�22DL�Ŕč̹KȂĚ
Ȥえ；ʈΛ*]�ɳŪŔKʋϲĊ̿ʇcäǸß8_4˨ 2 ɗ5� 

• żĽì˩"�Ŕw�x1HĠB,�ǃÆÞǶDと˟ɖ̙G�~£¨r̹ǖKÈ̹ʅ
Ɩ�m�z�cヒ]*H8_4˨ 3 ɗ5� 

• żĽì˩#�ŔͭАH\_Ŕw�x1Kイリcヒ]*E8_2ED�ÞǶŔQKΎ
ëcœ̱Λǟ8_�~£¨ryo¤c̓Ͽ̙Gϲò8_4˨ 4 ɗ5� 

 

1.5.3� Ćï�À 

� ダżĽL�ʮ 5 ɗ*]ƨʈ4`_�±Þ�ɗ3EKƨʈcʚヒ8_� 

� U9�˨ 1 ɗDL�żĽおŨHA&CȵR=�1.1 ／DL�ɠ̌Ȇユ̩ũKベ˩cĭ̟E6
C���KƣVGÈ̹ʅƖHA&CȵR=�y�1�yo¤K̓Ͽ̙GϲòHě8_˹žK
えĹEƮŻcżĽ·ĲEEYH��~£¨rÈ̹H)0_ϾÞǶŔņ̉ʅƖKϲòHě8_
ȯϬʇHA&Cþϸ6=�1.2 ／DL�ɴ˞KÈ̹ʅƖHě8_ɀþ͎HA&CUEX=�̺
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／DL�È̹–̹ǖ–Ƭ¸K̓ĲcȵR�ŔƺăũKʋϲĊ̙˹ȉcϸʚ8_2ED��¤¨
w�}g¨ベ˩H˟8_È̹ʅƖϲВKì˩cUEX=�1.3 ／DL�w�x1Kþ͎HA&
CȵR=�ŔȆユ̩cȱミ8_ņ̉ƨˆD%_Ŕw�x1H˿ĝ6�;`]HĠB&=ɴ˞
KÈ̹ʅƖKƇɥcʉϲ6=�1.4 ／DL�\^と͉ɢ̙GÈ̹+Ϭļ4`_y�1�QEĳ
Вc̜ú6�ɴ˞yo¤EƌM`_���ey£1�KYAƲ̩GÈ̹ʅƖKϲòQKòŲ
e�¦1�HA&Cϸʚ6=�±ɞc̶U(C�1.5 ／DL�ダżĽKϖ̙EƨʈHA&Cȵ
R=�22DL��~£¨rÈ̹H)0_Ŕw�x1cレ&=ϾÞǶŔņ̉ʅƖKϲòK=
X�3 AKżĽì˩EòŲe�¦1�HA&CϸĬ6=� 
� ȃH�˨ 2 ɗDL�1 AϖKżĽì˩E6C��¨�f¨r�~¤Kンレcʪ̖E6=�~
£¨rÈ̹H˿ϖ6�ϾÞǶŔKņ̉č̹cʋVȳ8ɳŪħƨc̉ǅ6=�2.1 ／DL�żĽ
ì˩ 1 HA&Cþϸ6�2.2 ／DL�ǃÆÞǶL̺̗̩HÈ̹8_E&'ȮϮżĽKàʚcŹ
ə6C&.グケВHA&Cʚヒ6=�2.3 ／DL�ϾÞǶŔKņ̉č̹cw�x1�q�¤K
＜ěŢ；\^äǸß6=�2.4 ／DL�ǃÞǶEÆÞǶŔLƔ&H¹G_č̹Ȥえ；ˡ¾Dņ
̉č̹8_ɳŪħƨK˔ǒHA&CƫǙ6=�±ɞc̶U(C�2.5 ／DL�żĽì˩ 1 KȚ
GųèE;`+ȅǂ8_˹žHA&CUEX=� 

� ;6C�˨ 3 ɗDL�2 AϖKżĽì˩E6C��~£¨r̹ǖKÈ̹ʅƖ�m�z�c̉
ǅ6=�3.1 ／DL�żĽì˩ 2 HA&Cþϸ6�3.2 ／DL�w�x1�q�¤Ew�x1
čʇŢ；KěЎʇHĠB&C��~£¨r̹ǖKと˟ɖʇc̓Ͽß8_グケВHA&CȵR
=�3.3 ／DL�sg�¨yKイßHご@CϾÞǶŔKņ̹̉ǖ+FK\'H̉ʉ4`_*c
̉ǅ6=�3.4 ／DL�ǃÆÞǶĚK�~£¨r̹ǖKー^ˤ(Hě8_ϾÞǶŔņ̉ʅƖ�
m�z�HA&CƫǙ6=�±ɞc̶U(C�3.5 ／DL�żĽì˩ 2 KȚGųèE;`]+
ȅǂ8_�~£¨ryo¤K˹žHA&CUEX=� 

� ã(C�˨ 4 ɗDL�3 AϖKżĽì˩E6C�ŔͭАH\_ϾÞǶŔK˥Ɇ̹ǖ�m�z
�c̉ǅ6=�4.1 ／DL�żĽì˩ 3 HA&Cþϸ6�4.2 ／DL�ŔͭАɻ̓ȝケHã(�
Ŕw�x1HĠB&=˥Ɇ̹ǖK̓ϿßȝケHA&Cʚヒ6=�4.3 ／DL�̀ ȂĚ*ÀΎ
ëDK�~£¨rÈ̹Hɒ̟c̰C�ǃÆÞǶK�~£¨r̹ǖE;Kħい̙マċ+ŔͭА
Hご&FK\'Hイリ8_*c̉ǅ6=�4.4 ／DL�ŏȾŔͭАcǃÆÞǶDœÀß8_\
'G�~£¨r̹ǖKー^ˤ(L��~£¨rƜ϶cƲX_yo¤K̓Ͽ̙GϲòHȯϬG
びâǰͼHG^(_*HA&CƫǙcǹV=�±ɞc̶U(C�4.5 ／DL�żĽì˩ 3 KȚ
GųèE;`+ȅǂ8_˹žHA&CUEX=� 

� ǊƕH�˨ 5 ɗDL�ダżĽKųВcȵR=�5.1 ／DL�āżĽì˩Kț^ʳVHě8_
ȚϬG˹žE˚̰ʇcUEXɞ1=�±ɞ�8RCc̶U(C�5.2 ／DL�ƼƕKŹ̵ì˩
HA&C̜ズcȵR=� 

  



�

����

Î 2 ´ 

�ueÏ 12 

Āb�{+wÔlÝ7ÁM©%¹�q� 
�  

2.1 � ø×�  

� ダżĽì˩DL��¨�f¨r�~¤Kンレcʪ̖E6=�~£¨rÈ̹H˿ϖ6�ϾÞ
ǶŔKņ̉č̹cʋVȳ8ɳŪħƨcヒ]*E8_�22DL�U9�È̹Ύë450, 100, 150, 
200 W5Esg�¨y470, 90, 110 rpm5KʳVƵb:*]G_ȑƀɤŵKÞ��~£¨rÈ
̹KŔč̹cǃÆÞǶKȚϬGŔ*]ŭˎ8_�ȃH�ŭˎ4`=Ŕč̹Hhi1�¥��
イĔc̚レ6�;`]KȂĚ�Ȥえ；ʈΛ*]ɳŪŔKʋϲĊ̙̿ʇcäǸß8_�;6C�
ǃÆÞǶŔKhi1�¥��̶§1y�q�¤*]G_ƬЋH˟6CȚʈΛΛʒcǲ82E
D�Ŕw�x1ĉȳ8_�±ɞc̶U(C�ダżĽì˩DL�ǃÆÞǶL̺̗̩HÈ̹8
_E&'ȮϮżĽKàʚŹəcǹV_�Ś˞̙HL�̀ʃɳŪũLFKŔcņ̺̙Hč̹4
:C&_*cひ8w�x1�q�¤H˿ĝ6�;`]ǃÆÞǶŔK＜ěŢ；cǡȳ8_� 

 

2.2 � ñòĆ 

2.2.1�  �mx 

é�¡� �

� ダȑƀDL�˞Ƕ)\O˞đKÈ̹ğɝýG]OHƌĺȸĖğũȏĒGFKȁ΀cュ4G
&˷ʇŶɢȓc˟ɛE6=�ǲƀȓL�˷ʇŶɢȓH˟6Cg¨�k1���‒¨{¨�c
ȑǲ8_EEYH�ȑƀ̓リcƞ̷EȿビDʚヒ6=�2K̓�とĴÓȓ*AȑƀǝãK̺
·+̽]`= 8 バcダȑƀKてƀȓE6Cǌレ6=�;Kƕ�2 あ±ɞKȆ̞ȕńİŪƀc
ュ8_てƀȓcȲαȓE6C 3 バ4あЉ�20.8 ± 1.1 Ǎ�ɴ̌�1.70 ± 0.07 m�˞ȯ�55.5 ± 6.6 

kg�ン,ĵ�Æ5�ナŪƀȓcȽɭȓE6C 5 バ4あЉ�20.3 ± 1.1 Ǎ�ɴ̌�1.68 ± 0.04 m�
˞ȯ�58.3 ± 1.6 kg�ン,ĵ�Æ5E6CšΛ06=� 
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� ダȑƀKŭˎ˟ɛKŔcɺ 2.2.1–1 H�U=�;`]Kħい̙マċcひ 2.2.1–1 Hȅ8��
~£¨rÈ̹H̸.ȚϬGŔc̉ǅ6=ガƷHĠB,[12]�ǃÆÞǶH)0_˧СŔσ̇Ŕ
4Tensor fasciae latae; TFL5�˧ С̎Ŕ4Rectus femoris; RF5�˧ С̷͇Ŕ4Biceps femoris; BF5�
ʪНƺŔ4Tibialis anterior; TA5�ОるŔ4Gastrocnemius medialis; GM5Kŭ 10 ©ȾKひビŔ
̣³cŭˎ6=�̺ ルH��~£¨rÈ̹H)0_ɞĬKŔK̸,HA&C�˧ СŔš4TFL�-
RF5L�~¤Kȫ^ȳ6Ö6ƻVH���y�£¨ry4BF, GM5L�~¤KÄ,ɞ1H�
ˏě／̔おŞŔ4TA, GM5Lˏě／Ky�f��ỷʉHěЎ8_2E+ガƷG4`C&_� 

 

Table 2.2.1–1: Functional role of targeted muscles in lower limb. 

Functional role Location Hip joint Knee joint Ankle joint 

Push motion 
  4Thigh muscle group5 

Tensor fasciae latae; TFL Flexion 
 
 

Rectus femoris; RF Flexion Extension 
 

Pull motion 

(Hamstring group) 
Biceps femoris; BF Extension Flexion 


 

Ankle stabilization Tibialis anterior; TA 
 
 Dorsiflexion 

Pull motion and 

ankle stabilization 
(Hamstring group) 

Gastrocnemius medialis; GM 
 Flexion Plantar flexion 

 

 �ÇÑ� �

� ダȑƀDǤレ6=ȑƀʿ˺Kþϸcɺ 2.2.1–2 Hȅ8�22DL�ǭͧ4`C&_�¨�f
¨r�~¤4PD–5800�Shimano5c̭Ǐ6=¦1��gq4RS8�Bridgestone5c�1yE6
C�ȑƀʿ˺cƨ˽6=��~£¨rÈ̹̀Kq¢¨qó̞Ĉ̩L�ȕ˞K~h¨��1�
Hț^べ0=¦1}£1j¨‒1~4E6C2–CWZ1X�Omron5Eq¢¨qKó̞Ǳ̃c�¤
�DЎų8_2EDŭˎ8_2E+äいD%_�q¢¨qĈ̩L�Æˏ+ɞǴ̟4Top dead 

center; TDC5K³˺c 0°E6C�ÞǴ̟4Bottom dead center; BDC5H*0CKȂŭó^cʊ
Kó̞グƟE6=4ɺ 2.2.1–1 ǝɓ5�Àグ�ひビṚ́³KŭˎDL�10 ch KハʦṚ́�¦
1�4BTS FREEEMG1000�BTS Bioengineering Corp5Eʵő Ag/AgCl ̣ő4H124SG�Covidien5
cレ&=�G)�ŭˎŔKΐ³�̣őK̝^べ0³˺�̣őĚŁϵL;`<` SENIAM ng
�¢g¨HȮ@CŲ̓6=[23]�q¢¨qó̞Ĉ̩K̶¤yɫƴL�˱Ǭ˦4TNS–9601, 
Interface5*]Ă̇�1�4PEX–PFA04SJ, Interface5Hʹ͊4`=mh¨}�1�4GPC–6103, 

Interface5�ハʦṚ́�¦1�H\@Cŭˎ4`_ひビṚ́³KɫƴL�Ƞɫħ4o–Port, BTS 
Bioengineering Corp5*]Ă̇�1�Hʹ͊4`= AD/DA �1�4PCI–3523A, Interface5Q
E;`<`ð8_2EDŭˎレ‒¨��1}4Windows 10 64-bit, Microsoft5QEț^ƻU`
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_�22DL�q¢¨qĈ̩H˟Õ6=ひビṚ́³c 1k Hz D̺ȂŭˎD,_\'Ă̇�1
�Hʹ͊4`=}g�1�1�4PCI–6103, Interface5H\@CƃăH̲ʅ8_2EE6=�
;Kƕ�ŭˎ6=ひビṚ́³H�60 Hz K���f¤}E 15–500 Hz K�¨�̶y�f¤}c
̚レ6=�È̹ΎëEsg�¨yKŹȳL�;`<`�¤q{¨v+ッXƻU`=£e�g
1¤4Power tap SL+, CycleOps5E�¨�¤�1̀ÔHʿ˿6=vgq¤‒¨��1}4Edge 
800J, Garmin5H\@CŹȳ6=�ɭぐ；L�ǃȝȟHʿ˿6=ƚĊȈɭぐ{¨v4A370�Polar5
c\@C 1 Hz Dŭˎ8_EEYH�Bluetooth ２ɫcð6C��}1ȍKǲƀȓ+£e¤}
g�HĆ͌D,_\'Hț^ŭ]@=� 

 

 
Figure 2.2.1–1: Riding posture during the experiment (right) and targeted muscles in the lower 
extremities that were closely involved in the pedaling exercise (left). The grip position is fixed at the 
hoods of the handle bar. The positive direction of the crank rotation is defined from the top dead center 

to the bottom dead center. 

 

 �O[J@Y�

� ダȑƀL�ʋ˞ɣガŭˎȑƀȍ4りØƢŎ˧Ċ B ̯ 6F5HCȑǲ6=4ɺ 2.2.1–2 ǝɓ5�
̺ȍL���}1ȍEŭˎȍ*]ƨʈ4`C)^�ŭˎȍDLÜ̩EȎ̩KʅƖ+äいD%
_�G)�ŭˎȍ̓KÜ̩�Ȏ̩L;`<` 21��70%D̲ʅ6=� 

� てƀȓL�ȑƀĖŇQKȻÕcϖ̙E6C�ȑƀúǪK 2 ȂĚʪUDHŭˎȍQ͊ȍ6�
Ǌ４ 30 ΛĚK®ʑɥˣcE@=�2KĚ�ǲƀȓL�てƀȓKΟœɭぐ；cĬБ6�®ʑȂ
ɭぐ；K�1y¢g¨E6Cǌレ6=�ȃH�てƀȓL�ȑƀúǪK 1 ȂĚʪUDcϖȼH
hk1�¨re��Hț^ʳW�2Khk1�¨re��L�ÞĬHȅ8ȑƀɤŵE̺ルK
̓リE6=�2KĚ�てƀȓL�¦1��gqKv�¤ƲcȆɴKƠVKƲ4H̉ʉ6=�
;6C�ǲƀȓH\@C�てƀȓKɭぐ；+ǉO®ʑȂɭぐ；D®̓ß6=2E+Ć͌4`
=ɡƵ�っめKʗɩ̕ƥcÞ1_=XKɄフ�っめʪȼϲǑ4yo¨��e�͉ダƚ̣5c
ǲ6�ŭˎ˟ɛKŔΐ³Ḥőc̝^べ0=� 

PosteriorAnterior

Tensor fasciae latae
(TFL)

Rectus femoris
(RF)

Tibialis Anterior
(TA)

Biceps femoris
(BF)

Gastrocnemius
medialis 

(GM)

Grip position

TDC (0°)

BDC (180°)
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� ±ɞc̶U(C�てƀȓL�È̹Ύë450, 100, 150, 200 W5Esg�¨y470, 90, 110 rpm5
KʳVƵb:*]̓X]`_ 12 ȞKȑƀɤŵKÞ�30 ぶĚKū˓6=�~£¨rÈ̹cȑ
ǲ8_�2KE,�sg�¨y+®̓ß8_UDKȂĚLĜXG&2EE6=�12 ȞKȑƀ
ɤŵL�¢¨~�HǲƬ6=�È̹ΎëL��¨�¤ΐKw��¥�1KʺǖH\_peち
H\@C̉ʉ8_�ɟȕǫʆL�ɞǶÈ̹cてƀȓĚD̲ʅ8_=XH��¨�¤K�¢s
��ΐcうȁ8_\'Hǰȅ6=�2KE,�てƀȓL�vgq¤‒¨��1}ɞHひȅ4
`_sg�¨yEÈ̹ΎëcϖǸ6�ȑƀɤŵHˉ6=�~£¨rÈ̹c，Ƭ8_� 

� ダȑƀDL�ͭА+Ŕč̹HĹT8ÉŌcɄ8_=X�āǲƬKĚL�Ǌ４ 5 Λ–Ǌ˧ 15
ΛĚKĸˋȂĚcʘ0=�=>6�てƀȓKɭぐ；+m¤�1�¨ケ[53]Dǡȳ6=Ǌ˧ɭぐ
；K 80%H̳ˬ6=ɡƵ�ˊǇHȑƀc̀ǳ8_YKE6=� 

 

 
Figure 2.2.1–2: Experimental environment and experimental device. The laboratory is consists of 

the monitoring room and the measurement room. In the latter, both temperature and humidity are 

controlled. The front and rear tires of the road bike are fixed to alleviate vibration caused by pedaling 
exercises. 

 

2.2.2� I3FgÂ 

ëö{Ù^+�n ¦ã½gÂ�

� Ŕč̹HL�ŔƺăũKĤáĊ̙̿ʇEƳʇ̿ʇcǃÆ8_ƺăŔKŤɥ�が˺�Ŕʦ»
}g�+ʋ7_ɳŪŔKʋϲĊ̙̿ʇ+しÊ4`_�Ś˞̙HL�Ŕȣȱň̩K˃˧L�Ŕ
č̹KƲȤえʈΛK˃ãHしÊ4`_2E+b*@C&_[54–55]�2KϲユH�È̹˭³K
こé΂̩KɞɎHご@=̀ÔȤえ；Kイß+しÊ4`_2E+ƫ(]`C&_�6=+@C�
Ŕč̹KȂĚ�Ȥえ；òʒL�ȚϬGŔKč̹Ȥえ；ˡ¾�È̹˭³Kこé΂̩̉ʉ�;6C
č̹ŔKŔͭАGFKǃÆǄcヒ]*E6C&.ɞD�ュƜGòʒȝ˶D%_E&(_� 

Wireless myoelectric
probes Cycle computer

Measurement PC
Receiver

Expansion board

Terminal 
block Power meter

Rotary encoder

Clipless pedal

See-through window

Monitoring room Measurement room
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� ダȑƀDL�Tscharner420005Kɫƴň̩òʒȝケ[25]Hˉ^�ŭˎ4`=Ŕč̹H˟6C�
Morlet hi1�¥��4Ȉ 2.2.2–15cレ&=hi1�¥��イĔcǲ8�;6C�ǡȳ4`
=hi1�¥��̶§1y�q�¤*]�ǃÆÞǶD¹G_ɳŪŔKʋϲĊ̙̿ʇcしÊ6
=Ŕč̹KȂĚȤえ；ʈΛcˌ(_� 

 

'((*+, -, *) 	= 	1
25y

5

z{8
(7278)5     (2.2.2–1) 

 
'(L�̀ ÔȤえ；[Hz]K fc E͋·K̶¢�1}-H\@C̓Ĳ4`_�G)�f LȤえ；[Hz]c
ひ8�2KE,�fcLȈ 2.2.2–2 *]ǡȳ4`_�ȃȈH)&C�q, r, «L͋·K̶¢�1}�
j Lhi1�¥��K；cひ8�ダȑƀDL�Tscharner420005]KガƷHˊ6C�q = 1.45, 
r = 2, «= 0.5, j = 1–9 E6=�G)�āhi1�¥��H)0_ȂĚ�Ȥえ；Λòいcひ 2.2.2–

1 Hȅ8� 

        *+ = 	
N
«
(: + <)=          (2.2.2–2) 

 
Table 2.2.2–1: The characteristics of wavelets’ time–frequency resolution. 

# Wavelet Center frequency [Hz] Time resolution [ms] 

1 19.29 59.00 

2 37.71 40.50 

3 62.09 31.50 

4 92.36 26.00 

5 128.48 21.50 

6 170.39 19.50 

7 218.08 16.50 

8 271.50 15.00 

9 330.63 13.50 

 

-�. «ÿ�

� ǡȳ4`=hi1�¥��̶§1y�q�¤4WP5*]q¢¨qĈ̩ 5°ツHϬ6=ȂĚř
ĚT1–T2D�±ÞȈ 2.2.2–3 Hȅ6=͇ɟηΟœΟグƾ4Root mean square; RMS5ȼϲcǲ6
=�  

 

WPrms = "!
2T
∫ [WP(t+τ)]2T2

T1
dτ    (2.2.2–3) 
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� Ŕč̹KȂĚȤえ；ʈΛHȚʈΛΛʒc̚レ8_2ED��~£¨rÈ̹H)0_ϾÞǶ
ŔKw�x1ĉȳ8_�2Kųè�ǡȳ4`_ŔKņ̉č̹EȚʈΛHL�ʊΎむƴ+Ģ
ラ4`_�2`]KòȗHA&C�Ŕw�x1KむƴL�Οœ̙GŔč̹ϿH˟8_＜˟̙
GǄcしÊ8_YKEƫ(]`C&_[56]� 

� てƀȓƊɷKhi1�¥��̶§1y�q�¤L�RMS ȼϲƕ�ȽɭȓšU=LȲαȓš
3EHЎų8_�;Kƕ�ϾšKƬЋH˟6C�̀Ô˸H\_ʊīßȼϲcǲ6�ȚʈΛΛ
ʒcȑǲ6=�2KE,�w�x1；Kʨ˪ĠȹL�VAF�90%E6C�ȽɭȓšEȲαȓš
H)0_Οœw�x1；cǡȳ6=4Ȉ 2.2.2–45�22D�var LΛǟ�X(s)4n	 < 	p5L�
w�x1�q�¤ W (m–by–s)Ew�x1čʇŢ； H (s–by–n) KʦŤη*]ǉƨ˽4`=ɫ
ƴcひ8� 

 

qrs = 1 −	
tuv(w2X(s)x

tuv(w)
 * 100 [%]   (2.2.2–4) 

 
Ŕw�x1H)&C�w�x1�q�¤L�;`<`ǃÆÞǶH)&CŔKņ̉č̹cʋV
ȳ8ɳŪħƨcひ8�6=+@C�ダȑƀDL�ȽɭȓšEȲαȓšKΟœw�x1�q�
¤HA&C�;`]ϾÞǶĚK＜ěŢ；cǡȳ6=� 
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2.3  � �d 

2.3.1� BLC3½ 

� ダưDL�ȽɭȓšEȲαȓšD�È̹K˘ルʇZÈ̹ħいへʮcȅǂ8_w�x1；H
̲ŭ̙ュ·GǄ+%]b`_*HA&CȵR_�ȚʈΛΛʒKųè�̂ȳ4`=w�x1；
HL�ʊīʇ+Ć͌4`=4Ƚɭȓš�p = 0.406�Ȳαȓš�p = 0.2425�G)�ʊīʇKŹ
̓HL�Shapiro–Wilk Ź̓4ュ·ɼȹ�α = 0.055c̚レ6=� 

� ±ɞ\^�ʮȑƀɤŵKw�x1；KΟœEͼȹィǄcǡȳ6=ųè�ȽɭȓšD 7.1 ± 3.1�
ȲαȓšD 4.2 ± 1.3 EG@=�ϾšKΟœw�x1；HA&C�Welch K t Ź̓4ュ·ɼȹ�
α = 0.055cȑǲ6=E2a�ュ·Ǆ+Ć͌4`=4p = 0.0065�2K=X�ȲαȓšKΟœ
w�x1；L�Ƚɭȓš\^YɋG&2E+ȅ4`=� 

 

2.3.2� BLC3P=JY+Æo}½ 

� ダưDL�w�x1；K̲ŭ̙ュ·ǄK\^ɱ&ϲòK=X�w�x1�q�¤K＜ěŢ
；*]äǸß4`_ϾÞǶŔKņ̉č̹+�;`<`ȽɭȓšEȲαȓšDFK\'H¹G
_*HA&CųècUEX=�G)�22DL�ʜƬżĽDKʪ̖c̶U(C�Ĩハàʚc
6ǃÆÞǶKŔL̺̗̩HÈ̹8_4ǃÆÞǶŔLņ̉č̹6G&57�˟Ϸàʚc6ǃÆ
ÞǶKŔL̺̗̩HÈ̹6G&4ǃÆÞǶŔLņ̉č̹8_57E6=� 
� ±ɞc̶U(C�ȽɭȓšEȲαȓšKw�x1�q�¤H�Shapiro–Wilk Ź̓4ュ·ɼ
ȹ�α = 0.055c̚レ6=ųè�ʊīʇLĆ͌4`G*@=4p = 0.01075�2K=X�ǃÆÞ
ǶŔKw�x1�q�¤*]＜ěŢ；cǡȳ8_=X�Spearman KȻ³＜ěŢ；cレ&=�
ÀせH�Spearman KȻ³＜ěŢ；DL�ʊīΛぼ+エə4`G&ɡƵK�¨̶¢��£�q
ȝケKÀAD%^�ü`˸Hň.�エȜ̙H＜ěcびâ8_2E+D,_�;Kƕ�ǃÆÞ
ǶKw�x1�q�¤*]ǡȳ4`=＜ěŢ；HĠB&C�ȽɭȓšEȲαȓšD;`<`
̙̿̈GϾÞǶŔKņ̉č̹cʋVȳ8ɳŪħƨHA&CųècȵR_�ųèòȗH)&C
L�ュ·GʊKň&＜ě4r > 0.7, p < 0.055KE,6ǃÆÞǶŔKņ̉č̹LƔ&HňX]`
_ţƟ7�ュ·GΎKň&＜ě4r <80.7; p < 0.055KE,6ǃÆÞǶŔKņ̉č̹LƔ&H
șX]`_ţƟ7Eƫ(=� 
� ɺ 2.3.2–2, 3 H��1����H\@CäǸß4`=w�x1�q�¤K＜ěŢ；cȅ8�
ɺ 2.3.2–2a, 2b L;`<` 90, 110 rpm H)0_ȽɭȓšKw�x1�q�¤K＜ěŢ；+ȅ
4`C&_�̺ルH6C�ɺ 2.3.2–3a, 3b L;`<` 90, 110 rpm H)0_ȲαȓšKw�x
1�q�¤K＜ěŢ；+ȅ4`C&_�̺ɺ̀KžグHA&C�m¢1�1L＜ěŢ； r K
˸�ŔDřî4`=�¦�qK x–y ȊLǃɞcƂ̟HΛċ4`= 9 AKȤえ；ˡ¾4ɺ 2.3.2–

1 ǝɓ5�ʕЖEƹЖ̓K�¦�qL;`<`ュ·GʊKň&＜ěEΎKň&＜ě+Ć͌4`
=č̹Ȥえ；ˡ¾+ȅ4`C&_�ŔバKÞをȀ R, L L;`<`Æĵ�ǃĵcȅ8�=E(



�
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M�ɺ 2.3.2–2a ̀KÆÞǶ GMR–ǃÞǶ TFLL Dřî4`=ʕЖ̓K�¦�qDL�GMR K
37–330Hz ˡ¾E TFLLK 170–330Hz ˡ¾Hュ·GʊKň&＜ě+Ć͌D,_�  

 

Figure 2.3.2–1: The interpretation of the correlation value of synergy vectors extracted from the 
left and right legs. The correlation value in each block, divided by each muscle, shows the tendency of 

bilateral muscle coordination. 
 

¬¸¡|+ßÓ�

� ʮȑƀɤŵH)&C�ȽɭȓšKw�x1�q�¤K＜ěŢ；*]�ǃÆÞǶŔDKュ·
G＜ě+Ć͌4`=�ȑƀɤŵ+ 90 rpm–150 W KųèHA&C�ǃÆÞǶŔDňX]`_ņ
̉č̹cひ 2.3.2–1 H�șX]`_ņ̉č̹cひ 2.3.2–2 H;`<`UEX=�G)�110 rpm–
150 W KųèHA&CL�ǃÆÞǶŔDňX]`_ņ̉č̹KţƟKV+ȅ4`=2E*]�
;Kųècひ 2.3.2–3 HUEX=�̺ ひ̓Key}£yqL�¹G_č̹Ȥえ；ˡ¾DKņ̉
č̹H)&C�ュ·Gň&＜ě4|r| > 0.7, p < 0.055+ȅ4`=ǃÆÞǶŔcひ8� 
� ダųèc＞Č8_E�ȽɭȓšLǃÆÞǶD;`<`˭ÀŔ̺ǩcňXƵ'\'Hņ̉č
̹4:C&_ţƟ+Ć͌4`=�22DL�ǃÆÞǶD¹G_Ŕ+;`<`̹Â4`C)^�
ϾÞǶDと˟ɖ̙Gņ̉č̹+ȅ4`=�̺ルH6C�ǃÆÞǶŔDșX]`_ņ̉č̹K
ţƟHA&CL�ÆÞǶK��y�£¨ry BFR–GMREǃÞǶK RFL–GMLDĆ͌4`=� 
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Table 2.3.2–1: Strong activation tendency of bilateral muscle coordination based on the 
correlation value of the left and right synergy vector at 90 rpm under 150 W for the beginners. 

Right lower limb muscles as a reference leg Left lower limb muscles 

RFR TFLL 

BFR
* TAL 

TAR TAL 

GMR
* TFLL, RFL, TAL 

* means the correlation in different frequency range between lower limbs. 

 
Table 2.3.2–2: Strong deactivation tendency of bilateral muscle coordination based on the 
correlation value of the left and right synergy vector at 90 rpm under 150 W for the beginners. 

Right lower limb muscles as a reference leg Left lower limb muscles 

BFR RFL, GML 

GMR GML 

 

Table 2.3.2–3: Strong activation tendency of bilateral muscle coordination based on the 
correlation value of the left and right synergy vector at 110 rpm under 150 W for the beginners. 

Right lower limb muscles as a reference leg Left lower limb muscles 

RFR
* BFL, GML 

BFR
* TAL 

TAR
* BFL 

GMR
* RFL 

* means the correlation in different frequency range between lower limbs. 
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� ʮȑƀɤŵH)&C�ȲαȓšKw�x1�q�¤K＜ěŢ；*]�ǃÆÞǶŔDKュ·
G＜ě+Ć͌4`=�ȑƀɤŵ+ 90 rpm–150 W KųèHA&C�ǃÆÞǶŔDňX]`_ņ
̉č̹cひ 2.3.2–4 H�șX]`_ņ̉č̹cひ 2.3.2–5 H;`<`UEX=�G)�110 rpm–

150 W KųèHA&CL�ǃÆÞǶŔDňX]`_ņ̉č̹KţƟKV+ȅ4`=2E*]�
;Kųècひ 2.3.2–6 HUEX=�̺ ひ̓Key}£yqL�¹G_č̹Ȥえ；ˡ¾DKņ̉
č̹+ſ̅Hȅ4`=ǃÆÞǶŔcひ8� 

� ダųèc＞Č8_E�ȲαȓšLǃÆÞǶH)0_れ；KŔcňXƵ'\'Hņ̉č̹4
:C&_ţƟ+Ć͌4`=�22DL�ǃÆÞǶD¹G_Ŕ+;`<`̹Â4`C)^�Ͼ
ÞǶDと˟ɖ̙Gņ̉č̹+ȅ4`=�̺ルH6C�ǃÆÞǶŔDșX]`_ņ̉č̹Kţ
ƟHA&CL�ÆÞǶK GMRE TFLLDĆ͌4`=� 
� UEXE6C�ǃÆÞǶD¹G_ŔKč̹Ȥえ；ˡ¾K＜ěL�ȽɭȓšEȲαȓšU=
ȑƀɤŵHŅ２6CĆ͌4`=�ʮȑƀɤŵKţƟc̶U(_E�Ȳαȓš*]ėˎ4`=
ϾÞǶŔKņ̉č̹H)&Cſ̅D%_2E+ȅ4`=�  
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Table 2.3.2–4: Strong activation tendency of bilateral muscle coordination based on the 
correlation value of the left and right synergy vector at 90 rpm under 150 W for the 
experienced. 

Right lower limb muscles as a reference leg Left lower limb muscles 

RFR BFL, TAL, GML 

BFR TAL, GML 

TAR BFL, TAL, GML 

GMR
* RFL, TAL, GML 

* means the correlation in different frequency range between lower limbs. 
 

Table 2.3.2–5: Strong deactivation tendency of bilateral muscle coordination based on the 
correlation value of the left and right synergy vector at 90 rpm under 150 W for the 
experienced. 

Right lower limb muscles as a reference leg Left lower limb muscles 

GMR
* TFLL 

 

Table 2.3.2–6: Strong activation tendency of bilateral muscle coordination based on the 
correlation value of the left and right synergy vector at 110 rpm under 150 W for the 
experienced. 

Right lower limb muscles as a reference leg Left lower limb muscles 

RFR TAL 

BFR RFL 

TAR GML 

GMR RFL 

* means the correlation in different frequency range between lower limbs. 
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(a) 90 rpm–150 W 

 

 (b) 110 rpm–150 W 
 

Figure 2.3.2–2: The coefficient of correlation of synergy vectors extracted from the left and right 
leg muscles for the beginners at 90 rpm under 150 W (a) and at 110 rpm under 150 W (b)�The 

color bar shows the correlation coefficient of synergy vector in both legs. The correlation coefficient 

in each block divided by each muscle shows the tendency of bilateral muscle coordination.  
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(a) 90 rpm–150 W 

 

(b) 110 rpm–150 W 
 

Figure 2.3.2–3: The coefficient of correlation of synergy vectors extracted from the left and right 
leg muscles for the experienced cyclists at 90 rpm under 150W (a) and at 110 rpm under 150 W 
(b)�The color bar shows the correlation coefficient of synergy vector in both legs. The correlation 

coefficient in each block divided by each muscle shows the tendency of bilateral muscle coordination. 
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2.4 � �� 

2.4.1� BLC3½F`Ý+Êþ¿ 

� w�x1；L�È̹K˘ルʇcȅǂ8_YKD%_�6=+@C�ȲαȓEȽɭȓK＜˟
̙Gw�x1；KǄHL�È̹ĊȩH\_�~£¨ryo¤Ką̽ZƟɞHě8_ȯϬGɣ
ガ+ĜU`C&_L9D%_�4C�ダųèDL�ȽɭȓšKΟœw�x1；L�ʜƬżĽ
H)0_ガƷ[28]EちRCミ 2 き̗̩Hȅ4`=� 

� ȽɭȓšKw�x1�q�¤H)&C�ǃÆÞǶŔK¹G_č̹Ȥえ；ˡ¾DK＜ěLſ
̅Hȅ4`�2`]LÈ̹˭³Kʨ˪̙̹Âcȅǂ8_2E+ƫ(]`_�6*6G+]�
̿H 90 rpm–150 W H)&C�ǃÆÞǶŔKņ̉č̹4r > 0.7, p < 0.055L�ȲαȓšEちĉ
6CɋG&2E+ȅ4`=�±ɞKųècęV_H�ȽɭȓšKΟœw�x1；+ʜƬżĽ
E＜¼6=ϲユE6C�ȽɭȓšKw�x1�q�¤LǃÞǶ�ÆÞǶĚKれ；ŔH\_ņ̉
č̹cひ8E&'\^Y�ǃÞǶ�ÆÞǶĚK˭ÀŔ̺ǩKč̹cǰ6ȅ8YKD%_2E+
ヨʸ4`_�;6C�2K\'Gųè+w�x1；KÈ̹˘ルʇE&'ЖʳVHĜU`C6
U@=Eƫ(_K+˚̰D%_>a'� 

  

2.4.2� Āb�{+wÔlÝ 

� ʮȑƀɤŵH)&C�ȲαȓšDėˎ4`=ϾÞǶŔKņ̉č̹L�ȽɭȓšEちĉ6C
ſ̅Hȅ4`=�sg�¨yEŔȳЁ̶§1KěЎʇc̉ǅ6=ガƷH\_E�ȲαȓH)
0_ÞǶŔKč̹Ɯ϶L 90 rpm ȤウDǊ˧EG_2E+ȅ4`C&_[57]�ÞǶŔKč̹Ɯ
϶L�ŔKņ̉č̹H\@CŲ̓B0]`_E8_ガƷY%_[58]�6=+@C�±ÞDL�
90 rpm–150 W�110 rpm–150 W KųèH˿ϖ6�ƫǙcȵR_2EE6=� 

� ʜd7CダưKϬ̟cUEX_E��~£¨rÈ̹H)&C�ǃÆÞǶKŔc＜Ɣǖレ4
:_ɳŪħƨL�È̹ΎëEsg�¨yQKȻÕZÈ̹Ɯ϶ßcȑƇ8_ɞD�ȚϬGÈ̹
ʅƖcˮ@C&_2E+ȅǂ4`=�±Þ�ȲαȓšEȽɭȓšH)0_Y@EY̙̿̈G
ϾÞǶŔKņ̉č̹HA&C;`<`UEX_� 

 

¨ă¡|+~��

� Ȳαȓš*]̂ȳ4`=ϾÞǶŔKņ̉č̹L�ȑƀɤŵ+ 90 rpm–150 W H)&CY@E
Yſ̅HĆ͌4`=�22DL�ÆÞǶcĠȹE6C�Ƒě／ŞŐ�ねě／ɪ̜K RFR+�Ƒ
ě／ɪ̜�ねě／ŞŐKBFLEねě／ŞŐ�ˏě／̔ŞKGMLEņ̉6Cč̹6C&_2E+
b*_��~£¨rÈ̹H)&C�˧СŔL�~¤K̶VƻVZȫ^ȳ6̹ǖH���y�
£¨ryL�~¤KÄ,ɞ1̹ǖH;`<`Ģラ8_2E+ガƷ4`C&_[12]�6=+@
C�ȲαȓšKϾÞǶŔKņ̉č̹cƫǙ8_E�ÆÞǶL�~¤KÖ6ȳ6�ȫ^ȳ6̹ǖ�
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ǃÞǶL�~¤KÄ,ɞ1̹ǖcņ̺̙HȑƇ6C&_2E+ȅǂ4`_>a'�ダȑƀ*
]�ǃÆÞǶŔKと˟ɖ̙Gņ̉č̹+ȅ4`=2EL˧イŋドɱ&�G)�2Kと˟ɖʇ
LʮCKȑƀɤŵD̺ルHĆ͌4`=� 

 

¬¸¡|+~��

� Οœw�x1；KųècęV_E�ȽɭȓšDL�ǃÞǶ�ÆÞǶĚKれ；ŔH\_ņ̉č
̹cひ8E&'\^Y�ǃÞǶ�ÆÞǶĚK˭ÀŔ̺ǩKč̹+ȅ4`=�4]H�Ƚɭȓš
K˥ひ̙GţƟE6C�w�x1�q�¤K＜ěŢ；H)0_ΎK＜ě+ŀ1]`_�̿ H�
ȑƀɤŵ+ 90 rpm–150 W H)&C�Ƒě／ɪ̜�ねě／ŞŐK BFRL�Ƒě／ŞŐ�ねě／ɪ
̜K RFR Eねě／ŞŐ�ˏě／̔ŞK GMR DƔ&Hλƥ6�č̹cșX_ţƟ+ȅ4`C&
_�6=+@C�ȽɭȓšLȲαȓšEちĉ6C�ǃÆÞǶKŔcÎĎHʳVƵb:_2E
D�~£¨r̹ǖcʋʈ8_\'GɳŪħƨcą̽6C&G&2E+ȅǂ4`_�  

 

�iØ�

� ダżĽì˩\^ヒ]*E4`=ϾÞǶŔKņ̉č̹cʋVȳ8ɳŪħƨL�ǃÆÞǶD¹
G_ŔKʋϲĊ̙̿̈KǄ¹c&*H6C˥Ɇ8_*E&'È̹ʅƖ�m�z�cȅǂ8_
YKD%_>a'�=>6�ダżĽì˩L�w�x1�q�¤+ひ8ϾÞǶŔKņ̉č̹H
˿ϖ8_YKD%^�;`]+FK\'HȂĚ̙H̉ʉ4`C&_*E&@=ϾÞǶŔKņ
̹̉ǖ4�~£¨r̹ǖ5EK̎ʗ̙GŬ+^cȅǂ8_YKDLG&�  

 

2.5 � /F2 

� ダżĽì˩DL��¨�f¨r�~¤cレ&=�~£¨rÈ̹H)&C�ϾÞǶŔKņ̉
č̹cʋVȳ8ɳŪħƨKϲòcǹV=�22DL�U9��~£¨rÈ̹HȚϬH̸.ǃ
ÆÞǶKŔč̹cŭˎ6=�ȃH�Ŕč̹Hhi1�¥��イĔc̚レ8_2ED�ɳŪŔ
KʋϲĊ̙̿ʇcしÊ6=ȂĚȤえ；ʈΛcˌ(=�;6C�ȚʈΛΛʒcレ&C�Ŕč̹
*]Ŕw�x1ĉȳ6=�22DL�ǃÆÞǶL̺̗̩HÈ̹8_E&'ȮϮżĽKàʚ
HĠB,�w�x1�q�¤K＜ěŢ；*]ϾÞǶŔKņ̉č̹cäǸß6=� 
� ダżĽì˩KųèL�±ÞHϬミ4`_� 

• w�x1�q�¤K＜ěŢ；*]äǸß4`=ϾÞǶŔKņ̉č̹H˿ϖ8_E�
ǃÞǶEÆÞǶL;`<`¹G_ŔKč̹Ȥえ；ˡ¾Dņ̉č̹6=� 

• ǃÆÞǶL̺̗̩HÈ̹8_E&'ȮϮżĽKàʚLϷə4`9��~£¨r̹ǖ
H)0_ǃÆÞǶKħい̙マċLƔ&H¹G_2E+ȅǂ4`=  
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QGX\>Ý�+`Ý¾�U;MET 
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3.1 � ø× 

� Liu et al. (2012)L�ϾÞǶKと˟ɖʇcq¢¨qó̞ː̩H\@Cびâ6=[60]�22DL�
À̓sg�¨y440, 60, 80, 100, 120 rpm5DK�~£¨rÈ̹c»ȁ8_ì˩+ǲ4`=�
2Kųè�と˟ɖʇKɞɎHご&�À̓sg�¨yK»ȁLƽ͆EG_ţƟ+ȅǂ4`=�
Àグ�ŋドɱ&2EH�sg�¨y+˃˧8_HA`C�と˟ɖʇL４Þ8_2E+Ć͌4
`=�Blake et al. (2015)H\_E�ΣÞǶKŔč̹K�1q}g�¨rL�È̹Ύë\^Ys
g�¨yKÉŌcȠ0Cw��8_2E+ガƷ4`C&_[58]�22DL��1q}g�¨r
Kw��LāŔH̿ュD%_2E+Ć͌4`C&_�±ɞc̶U(_E��~£¨r̹ǖK
と˟ɖʇL�È̹Ɯ϶ƟɞHěЎɱ&È̹ʡϸcしÊ8_2E+ƫ(]`_>a'�  
� 6=+@C�ダżĽì˩DL��~£¨rÈ̹H)0_sg�¨yKイß470, 90, 110 rpm5
*]��~£¨r̹ǖKÈ̹ʅƖ�m�z�cヒ]*E8_2Ecϖ̙E6=�Ś˞̙HL�
U9�ȲαȓEȽɭȓc˟ɛE6C�~£¨r̹ǖHȚϬGϾÞǶKŔč̹cŭˎ8_�ȃ
H�ŭˎ4`=Ŕč̹*]hi1�¥��̶§1y�q�¤cǡȳ6�てƀȓツHUEX_�
;6C�2`]H˟6CとΎ˸ƬЋÃǬΛòcレ&_2EDŔw�x1ĉȳ8_�;Kƕ�
とû−̙q¢y}£¨rȝケD%_ k–means q¢y}£¨rcレ&C�ʮてƀȓKŔw�x
1c;`<`Ƚɭȓq¢y}EȲαȓq¢y}QEんƵ6C&.� 

� ±ɞ\^�Ͼq¢y}H̿ュGw�x1�q�¤Ew�x1čʇŢ；cUEX_EEYH�
;`]ěЎʇcϲò8_2ED�sg�¨yKイßHご'ϾÞǶŔKņ̹̉ǖHě8_È̹
ʅƖ�m�z�cĳВ8_� 
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3.2 � ñòĆ 

3.2.1�  � 

�Émx� �

� ダȑƀDL�żĽì˩!E̺ルKȑƀʿ˺Eŭˎ˟ɛKŔcǌレ6=4˨ 2 ɗ 2.2 ／ǝɓ5� 

ダżĽì˩H)0_ȑƀDL�てƀȓE6C�˞ Ƕ�˞đKÈ̹ğɝýG]OHƌĺȸĖğũ
ȏĒGFKȁ΀cュ4G&˷ʇŶɢȓc˟ɛE6=�ǲƀȓL�だ]H˟6g¨�k1���
‒¨{¨�cȑǲ6�ȑƀ̓リcƞ̷EȿビDʚヒ6=�;Kƕ�とĴÓȓDG)*Aȑƀ
ǝãK̺·+̽]`= 11 バcてƀȓE6Cǌレ6=�Ś˞̙HL�2 あ±ɞKȆ̞ȕńİŪ
ƀcュ8_てƀȓcȲαȓE6C 3 バ4あЉ�20.3 ±1.2 Ǎ�ɴ̌�1.68 ± 0.04 m�˞ȯ�58.3 

± 1.7 kg�ン,ĵ�Æ5�ナŪƀȓcȽɭȓE6C 8 バǌレ6=4あЉ�21.7 ± 2.3 Ǎ�ɴ̌�
1.70 ± 0.07 m�˞ȯ�55.4 ± 5.9 kg, ン,ĵ�Æ)� 

 �O[J@Y�

� ダȑƀL�żĽì˩ 1 E̺ルH�ʋ˞ɣガŭˎȑƀȍ̓KŭˎȍHCȑǲ6=4˨ 2 ɗ 2.2

／ǝɓ5�G)�ŭˎȍ̓KȍÜEȎ̩L�;`<` 21�E 70 %D̲ʅ6=� 

� てƀȓL�ȑƀĖŇQKȻÕcϖ̙E6C�ȑƀúǪK 2 ȂĚʪUDHŭˎȍQ͊ȍ6�
Ǌ４ 30 ΛĚK®ʑɥˣcE@=�2KĚ�ǲƀȓL�てƀȓKΟœɭぐ；cĬБ6�®ʑȂ
ɭぐ；K�1y¢g¨E6Cǌレ6=�ȃH�てƀȓL�ȑƀúǪK 1 ȂĚʪUDcϖȼH
hk1�¨re��Hț^ʳW�2Khk1�¨re��L�ÞĬHȅ8ȑƀɤŵE̺ルK
̓リE6=�2KĚ�てƀȓL�¦1��gqKv�¤ƲcȆɴKƠVKƲ4H̉ʉ6=�
;6C�ǲƀȓH\@C�てƀȓKɭぐ；+ǉO®ʑȂɭぐ；D®̓ß6=2E+Ć͌4`
=ɡƵ�っめKʗɩ̕ƥcÞ1_=XKɄフ�っめʪȼϲǑ4yo¨��e�͉ダƚ̣5c
ǲ6�ŭˎ˟ɛKŔΐ³Ḥőc̝^べ0=� 

� ±ɞc̶U(C�てƀȓL�È̹Ύë4150 W5Esg�¨y470, 90, 110 rpm5KʳVƵ
b:*]̓X]`_ 3 ȞKȑƀɤŵKÞ�30 ぶĚKū˓6=�~£¨rÈ̹cȑǲ8_�2
KE,�sg�¨y+®̓ß8_UDKȂĚLĜXG&2EE6=�3 ȞKȑƀɤŵL�¢¨
~�HǲƬ6=�È̹ΎëL��¨�¤ΐKw��¥�1KʺǖH\_peち̉ʉH\@C
ʘ̓8_�2KE,�ɟȕǫʆL�てƀȓĚDɞざɴKÈ̹c̲ʅ8_=XH��¨�¤K
�¢s��ΐcうȁ8_\'ǰȅ6=�2KE,�てƀȓL�vgq¤‒¨��1}ɞHひ
ȅ4`_sg�¨yEÈ̹ΎëcϖǸ6�ȑƀɤŵHˉ6=�~£¨rÈ̹c，Ƭ8_� 

� ダȑƀDL�ͭ А+Ŕč̹HĹT8ÉŌcɄ8_=X�āǲƬʪƕHǊ４ 15 Λ–Ǌ˧ 30 Λ
ĚKĸˋȂĚcʘ0=�2KĚ�てƀȓKɭぐ；+m¤�1�¨ケ[53]Dǡȳ6=Ǌ˧ɭぐ；
K 80%H̳ˬ6=ɡƵ�ˊǇHȑƀc̀ǳ8_YKE6=� 
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3.2.2� I3FgÂ 

êìÐ�Ă_�îg4,�
5� �

� ŭˎ4`=ひビṚ́³H˟6C�60 Hz K���f¤}E 15–490 Hz K�¨�̶y�f¤}
c̚レ6=ƕ�±Þ 2 ̟HA&CL�żĽì˩ 1 E̺ルKȝȻc̶d>4˨ 2 ɗ 2.2 ／ǝɓ5� 

• Morlet hi1�¥��cレ&=hi1�¥��イĔ 
• hi1�¥��̶§1y�q�¤K RMS ˸Kǡȳ 

� ±ɞ\^�ǡȳ4`_hi1�¥��̶§1y�q�¤L�とΎKŔč̹�1}EG_�
;2D�ダȑƀDL�とΎ�1}ƬЋc;`<`とΎÃǬQEΛò8_2E+D,_ NMF c
レ&=Ŕw�x1òʒcȑǲ8_�6=+@C�NMF DL�ŔKȣȱЁŻЁイßHLṚ́
K〜˟˸KV+Ģラ8_\'H�ɳŪŔKʋϲĊ̙òȗHȮ@=òʒ+äいEG_E&(_�
ダȑƀDL�てƀȓツH˟6C�ȽɭȓEȲαȓKhi1�¥��̶§1y�q�¤cāh
i1�¥��KǊ˧˸H\@Cʊīß6�とΎ˸ƬЋÃǬΛòcǲ6=�2KE,�w�x
1；Kʨ˪ĠȹL VAF > 80%±ɞ*AāŔ*]ǡȳ4`_ VAFmuscle > 80%±ɞE6=� 
� G)�ȽɭȓEȲαȓKw�x1čʇŢ；L�ŭ 30 ぶĚH̤_Ў˓6=q¢¨qvgq¤
ΛK�1}cュ8_2E*]�;`]KΟœw�x1čʇŢ；cびâ˟ɛE6=�  

 

êjÅ×=WDFX\>� �

� q¢y}£¨rEL��1}KȬƵc&.A*Kq¢y}4r¤1�5QEんƵ8_ΛЅ
ȝケD%_�̺q¢y}̓K�1}L�Ɣ&HЅǾ6=ʇȐcュ6�˗q¢y}̓K�1}
EƔ&H¹G_ʇȐcYA�q¢y}£¨rȝケL�û−̙q¢y}£¨rEとû−̙q¢
y}£¨rH˧ΛЅ4`_�ʪȓL��1}KÀAÀAcƊ0Kq¢y}E6Cʸ̓6�;
`]c˧,Gq¢y}QEんƵ6C&.e�¦1�cț_�ƕȓL�ヨX k4>15ƊKq¢y
}cʘ̓6��1}c k Λċ8_� 
� ±ɞc̶U(C�ダżĽì˩DL�とû−̙q¢y}£¨rcǌレ8_2ED�Ƚɭȓš
4±Þ�Ƚɭȓq¢y}5EȲαȓš4±Þ�Ȳαȓq¢y}5H̿ュGŔw�x1ĉȳ�
ちĉ8_2ED��~£¨r̹ǖKÈ̹ʅƖKǄ¹cヒ]*E8_�Ś˞̙HL�k–means q
¢y}£¨rcレ&C�ȽɭȓEȲαȓKw�x1�q�¤EΟœw�x1čʇŢ；c;`
<` k ƊKȽɭȓq¢y}EȲαȓq¢y}QEんƵ8_� 

� ʜƬżĽH\_E��~£¨rÈ̹KŔw�x1L 3–4 EガƷ4`C&_2E*]�ダȑ
ƀH)0_q¢y}；KŲ̓ϲユHɳŪŔKʋϲĊ̙Gϳべ0cべã8_YKD%_Eƫ(
]`_�6=+@C�q¢y}；HA&CL�ǊɊ�Ǌ˧q¢y}1；c 3�5 Eʘ̓6�;K
ĚDw¤j��˸+Ǌ˧ß4`_E,K k cʨ˪8_2EE6=�q¢y}cんƵ8_ǐL�
‒vg¨ЅǾ̩4Ȉ 3.2.2–15cレ&_2ED�w�x1�q�¤Zw�x1čʇŢ；Kč̹
̩E&@=＜˟̙GǄ¹DLG.�ƨˆKŖ4cびâ8_� 
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Cosine similarity  = cos(θ) = A·B
‖A‖‖B‖

= ∑ AiBi
n
i=1

"∑ Ai
2n

i=1 "∑ Bi
2n

i=1

  4Ȉ 3.2.2–15 
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3.3 � �d 

3.3.1� ¬¸¡=WDF+{BLC3 

� Ƚɭȓq¢y}KΟœw�x1čʇŢ；Ew�x1�q�¤c;`<`ɺ 3.3.1–1 E 3.3.1–

2 Hȅ8�ɺ 3.3.1–1 K x Ȋ�y ȊHL;`<`ÆˏcĠȹE6=q¢¨qó̞Ĉ̩�āw�
x1Kč̹̩+ȅ4`C&_�̺ ɺ̀�āʦ4ʐ�Йɨ�×ɨ5Lsg�¨y470, 90, 110 rpm5
cひ8�ɺ 3.3.1–2 K x Ȋ�y ȊHL;`<`ŔEāw�x1Kč̹̩+ȅ4`C&_�̺ɺ
̀�āʦ4ʐ�Йɨ�×ɨ5Lsg�¨y470, 90, 110 rpm5cひ8�āŔDřî4`=�¦
�qK x ȊL�ŔKč̹Ȥえ；ˡ¾419–330 Hz: 19.29, 37.71, 62.09, 92.36, 128.48, 170.39, 218.08, 

271.50, 330.63 Hz5+しÊ4`C&_� 

� ダưDL�U9�ʮ˞KųèHA&Cþϸ8_�k–means q¢y}£¨rKųè�ʮȽɭȓ
KŔw�x1�1}*] 3 AKȽɭȓq¢y}+̂ȳ4`=�ʮ˞KţƟE6C�Οœw�
x1čʇŢ；L�sg�¨yKイßHご@Cτ*Hイ̹6=�̀DY�w�x11�2 KΟœ
w�x1čʇŢ；K�1qw��L�90 rpm Dſ̅Hȅ4`=�Àグ�w�x1�q�¤H
˿ϖ8_E�āŔKč̹Ȥえ；ʈΛツKč̹̩L�sg�¨yKイßHご&τ*Hイ̹6=
YKK�ƨˆȆ˞Lチ;œÀD%_ţƟ+ȅ4`=� 
� ȃϖ\^�Ƚɭȓq¢y}Kw�x11–3 cɚʚ6C&.�;Kƕ�w�x1čʇŢ；Ew
�x1�q�¤KěЎʇcUEX_EEYH�ɺ 3.3.1–3 HäǸß6=�̺ɺ̀�ɨべ04`
=Î4Ђ�Йɨ�ʕ5L�~£¨r�i1z4ȫ^ȳ6�Ö6ƻV�Ä,ɞ15�ȑʦ4Àȯ�
͇ȯ�ǜȯ5Lw�x11–3�ȑʦE͔ʦL;`<`ÆÞǶEǃÞǶ�;6C�ʕʦポÁL�
ÆÞǶŔU=LǃÞǶŔKÀグcȚϬG̹ЁƅE6=�~£¨r̹ǖcひ8� 

 

BLC3��

� Οœw�x1čʇŢ；H˿ϖ8_E�;`]K�1q}g�¨rL�sg�¨yHěb]
9チ; 60–150°DĆ͌4`=�AU^�w�x11 L�̶VƻV�i1zcひ6C&_2E+
b*_�2KE,�w�x1�q�¤H˿ϖ8_E�70 rpm H)&C�ϾÞǶŔKņ̉č̹
L�Ƒě／ŞŐŔK TFL Eˏě／おŞŔK TA cɄ&CǃÆ̺̗̩EG_ţƟ+ȅ4`=�
Y@EY�TFL�TA Kņ̉č̹L�ǃÞǶDƲ&2E*]�ǃÞǶŔc̀ɭE6=č̹ţƟ
+ȅ4`=4ɺ 3.3.1–3 ǃɞǝɓ5�ȃH�90 rpm DKw�x1�q�¤cV_E�;`]K
č̹̩L TFLL cɄ&CÆÞǶDƲ&2E*]�ÆÞǶŔc̀ɭE6=č̹ţƟ+ȅ4`=
4ɺ 3.3.1–3 Æɞǝɓ5�;6C�110 rpm DKw�x1�q�¤DL�Ƒě／ɪ̜Ŕ*Aね
ě／ŞŐŔK BFR/L–ねě／ŞŐŔ*Aˏě／̔ŞŔK GMR/L cɄ&=ŔKč̹̩L�ǃÆ̺
̗̩EG_ţƟ+ȅ4`=�6*6�BF�GM Kņ̉č̹L�ÆÞǶDτ*HƲ&2E*]�
ÆÞǶŔc̀ɭE6=�~£¨r̹ǖKţƟ+ȅ4`=4ɺ 3.3.1–3 ǃÞǝɓ5� 
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BLC3��

� Οœw�x1čʇŢ；H˿ϖ8_E�;`]K�1q}g�¨rL�sg�¨yHěb]
9チ; 150–270°D�1q˸cȅ6=�AU^�w�x12 L�Ä,ɞ1�i1zcひ6C&
_2E+b*_�2KE,�w�x1�q�¤H˿ϖ8_E�70 rpm DL�TFL KƑě／Ş
ŐŔ*Aねě／ɪ̜ŔK RF–TA Kč̹̩L�ÆÞǶDτ*HƲ&2E*]�ÆÞǶŔc̀ɭ
E6=č̹ţƟ+ȅ4`=4ɺ 3.3.1–3 ǃɞǝɓ5�;6C�90 rpm E 110 rpm DKw�x1
�q�¤H)&CL�ǃÆÞǶŔKč̹̩H̙̿̈Gィ^Lž]`G*@=4ɺ 3.3.1–3 Æɞ�
ǃÞǝɓ5� 

BLC3��

� Οœw�x1čʇŢ；H˿ϖ8_E�;`]K�1q}g�¨rL�sg�¨yHěb]
9チ; 330–60°D͇キʇK�1q˸cȅ6=�AU^�w�x13 L�ȫ^ȳ6�i1zcひ
6C&_2E+b*_�2KE,�w�x1�q�¤H˿ϖ8_E�70�90�;6C 110 rpm

DL�ǃÆÞǶŔKč̹̩H̙̿̈Gィ^Lž]`G*@=4ɺ 3.3.1–3 ǝɓ5� 

 

3.3.2� ¨ă¡=WDF+{BLC3 

� Ȳαȓq¢y}Hˑ8_ 4 AKΟœw�x1čʇŢ；Ew�x1�q�¤c;`<`ɺ
3.3.2–1 E 3.3.2–2 Hȅ8� 
� ダưDL�U9�ʮ˞KųèHA&Cþϸ8_�ʮȲαȓKŔw�x1H k-means q¢y
}£¨rc̚レ6=ųè�4 AKȲαȓq¢y}+̂ȳ4`=�ʮ˞KţƟE6C�Οœw�
x1čʇŢ；L�sg�¨yKイßHご&˧,.イ̹6=�̀ DY�w�x14 KΟœw�x
1čʇŢ；K�1qw��L�110 rpm Dſ̅Hȅ4`=�Àグ�w�x1�q�¤H˿ϖ8
_E�āŔKč̹Ȥえ；ʈΛL�Ƚɭȓq¢y}Eちĉ6C�ʮ˞̙H「4y̶1y5EG
@=�U=�;`]Kč̹̩L�sg�¨yKイßHご&˧,.イ̹6=� 
� ȃϖ\^�Ȳαȓq¢y}*]̂ȳ4`=w�x11–4 cþϸ8_�;Kƕ�Ȳαȓq¢y
}H)0_w�x1čʇŢ；Ew�x1�q�¤KěЎʇcUEX_�G)�;`]Kųè
cɺ 3.3.2–3 HäǸß6=�  

 

BLC3��

� Οœw�x1čʇŢ；H˿ϖ8_E�;`]K�1q}g�¨rL�sg�¨yHěb]
9チ; 90–210°DĆ͌4`=�AU^�w�x11 L�ȫ^ȳ6�i1zcひ6C&_2E+
b*_�2KE,�w�x1�q�¤H˿ϖ8_E�70 rpm DL�BFR–GMRE TFL–RFLDK
ņ̉č̹+ſ̅Hȅ4`=�2KE,�ǃÆÞǶŔKč̹̩L�ÆÞǶHィ@C&_2E*
]�ÆÞǶŔc̀ɭE6=č̹ţƟ+ȅ4`=4ɺ 3.3.2–3 ǃɞǝɓ5�;6C�90 rpm E 110 



�
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rpm DKw�x1�q�¤DL�ÆÞǶK RFR–TAR EǃÞǶK BFL–GML +チ;ņ̺̙Hč
̹6C&_2E*]�ϾÞǶŔL̺̗̩Hč̹6=4ɺ 3.3.2–3 Æɞ�ǃÞǝɓ5� 

 

BLC3��

� Οœw�x1čʇŢ；H˿ϖ8_E�;`]K�1q}g�¨rL�sg�¨yHěb]
9チ; 240–300°DĆ͌4`=�AU^�w�x12 L�Ä,ɞ1�i1zcひ6C&_2E
+b*_�2KE,�w�x1�q�¤H˿ϖ8_E�70 rpm DL�TFLRE RFL– BFL–TAL–
GML+ņ̺̙Hč̹6C&_YKK�ǃÞǶŔc̀ɭE6=č̹ţƟ+ȅ4`=4ɺ 3.3.2–3

ǃɞǝɓ5�Àグ�90 rpm DL� BFR–GMRE RFL–TAL+ņ̺̙Hč̹6C&_2E+ȅ4
`=�22DL�2`]ǃÆÞǶKņ̉č̹L�ÆÞǶDƲ&2E*]�ÆÞǶŔc̀ɭE
6=č̹ţƟ+ȅ4`=4ɺ 3.3.2–3 Æɞǝɓ5�;6C�110 rpm DL� RFR–BFR–TAR E
TFLL–GML +チ;ņ̺̙Hč̹6C&_YKK�ÆÞǶŔc̀ɭE6=č̹ţƟ+ȅ4`=
4ɺ 3.3.2–3 ǃÞǝɓ5� 

 

BLC3��

� Οœw�x1čʇŢ；H˿ϖ8_E�;`]͇キʇcȅ8�1q}g�¨rL�sg�¨
yHěb]9チ; 330–90°DĆ͌4`=�AU^�w�x13 L�ȫ^ȳ6�i1zcひ6C
&_2E+b*_�2KE,�w�x1�q�¤H˿ϖ8_E�70 rpm DL�RFR–TARE TFLL–

BFL–GML+ņ̺̙Hč̹6=YKK�ǃÆÞǶŔKč̹̩H̙̿̈Gィ^Lž]`G*@=
4ɺ 3.3.2–3 ǃɞǝɓ5�Àグ�90 rpm DL�TFLRE BFL–TAL–GML+ņ̺̙Hč̹6C&_
YKK�ǃÞǶŔc̀ɭE6=č̹ţƟ+ȅ4`=4ɺ 3.3.2–3 Æɞǝɓ5�110 rpm DL�
BFR–TAR–GMREǃÞǶŔ+チ;ņ̺̙Hč̹6C&_YKK�チ;ǃÞǶŔc̀ɭE6=č
̹ţƟ+ȅ4`=4ɺ 3.3.2–3 ǃÞǝɓ5� 

 

BLC3��

� Οœw�x1čʇŢ；H˿ϖ8_E�;`]͇キʇcȅ8�1q}g�¨rL�70, 90 rpm

DL�チ; 240–60°DĆ͌4`=�AU^�w�x14 L�Ä,ɞ1�i1zccひ6C&_
2E+b*_�Àグ�110 rpm DL�チ; 150–270°D�1q}g�¨r+Ć͌4`=�AU
^�w�x14 L�110 rpm H)&C�ȫ^ȳ6�i1zQEイリ6=� 

� 70 rpm DKw�x1�q�¤H˿ϖ8_E�TFLR�TAL+ņ̺̙Hč̹6C&_2E*]�
ϾÞǶŔL̺̗̩Hč̹6=4ɺ 3.3.2–3 ǃɞǝɓ5�90 rpm DL�TFLRcɄ.ÆÞǶŔE
TFLL–RFL+ņ̺̙Hč̹6C)^�チ;ÆÞǶŔc̀ɭE6=č̹ţƟ+ȅ4`=4ɺ 3.3.2–

3 Æɞǝɓ5�;6C�110 rpm DL�BFR–TAR–GMR EǃÞǶŔ+チ;ņ̺̙Hč̹6C&
_YKK�ǃÆÞǶŔKč̹̩H̙̿̈Gィ^Lž]`G*@=4ɺ 3.3.2–3 ǃÞǝɓ5�  
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Figure 3.3.1–1: Mean synergy activation coefficients for the beginners at 70, 90, and 110 rpm 
under 150 W. The top, middle, and bottom panels represent the first, second, and third mean synergy 
activation coefficients for whole 35, 45, and 55 cycles across 70, 90, and 110 rpm, respectively; the blue 

solid line, orange dashed line, and yellow dotted line represent 70, 90, and 110 rpm, respectively; the x-
axis and y-axis represent the crank angle and synergy activation levels, respectively. 
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Figure 3.3.1–2: Synergy vectors for the beginners at 70, 90, and 110 rpm under 150 W. The top, 

middle, and bottom panels represent the first, second, and third synergy vectors; the x-axis shows the 
right (R) and left (L) lower limb muscles, showing, in each muscle, wavelets #1–9 (19.29, 37.71, 62.09, 

92.36, 128.48, 170.39, 218.08, 271.50, and 330.63 Hz) from left to right; the y-axis shows the activation 
level of synergy vectors; the blue stacked bar with solid edge, orange stacked bar with dashed edge, and 

yellow stacked bar with dotted edge represent 70, 90, and 110 rpm, respectively. 
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Figure 3.3.1–3: Schematic understanding of asymmetry in inter lower limb coordination for the 
beginners. Each block shows the result from each experimental condition; 70 rpm (top left), 90 rpm 
(top right), and 110 rpm (bottom left). Each circle shows three types of pedaling phases; Propulsive 

phase (green)–pushing phase (orange)–pulling phase (blue). Each line in each block shows the type of 

synergies; synergy #1 (bold line), #2 (bold double lines), and #3 (bold triple lines) in the left (dotted) 
and right (solid). In addition, the initial crank angle position is defined as 0° where the right foot is 

placed on the top center of the pedal. The crank rotation follows a clockwise manner. 
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Figure 3.3.2–1: Mean synergy activation coefficients for the experienced cyclists at 70, 90, and 110 
rpm under 150 W. The first, second, third, and fourth panels represent the first, second, third, and 

fourth mean synergy activation coefficients for whole 35, 45, and 55 cycles across 70, 90, and 110 rpm, 

respectively; the blue solid line, orange dashed line, and yellow dotted line represent 70, 90, and 110 
rpm, respectively; the x-axis and y-axis represent the crank angle and synergy activation levels, 

respectively. 
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Figure 3.3.2–2: Synergy vectors for the experienced cyclists at 70, 90, and 110 rpm under 150 W. 
he first, second, third, and fourth panels represent the first, second, third, and fourth synergy vectors, 
respectively; the x-axis shows the right (R) and left (L) lower limb muscles, showing, in each muscle, 

wavelets #1–9 (19.29, 37.71, 62.09, 92.36, 128.48, 170.39, 218.08, 271.50, and 330.63 Hz) from left to 

right; the y-axis shows the activation level of synergy vectors; the blue stacked bar with solid edge, 
orange stacked bar with dashed edge, and yellow stacked bar with dotted edge represent 70, 90, and 110 

rpm, respectively. 
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Figure 3.3.2–3: Schematic understanding of asymmetry in inter lower limb coordination for the 
experienced cyclists. Each block shows the result from each experimental condition; 70 rpm (top left), 
90 rpm (top right), and 110 rpm (bottom left). Each circle shows three types of pedaling phases; 

Propulsive phase (green)–pushing phase (orange)–pulling phase (blue). Each line in each block shows 

the type of synergies; synergy #1 (bold line), #2 (bold double lines), #3 (bold triple lines), and #4 (single 
line) in the left (dotted) and right (solid). In addition, the initial crank angle position is defined as 0° 

where the right foot is placed on the top center of the pedal. The crank rotation follows a clockwise 

manner. 
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3.4 � �� 

3.4.1� ?9I\D+ðc Āb�{+êÌ³Ý�*‒.%ay 

� �~£¨rÈ̹L�ÞǶKしΒ̹ǖH\@Cƨʈ4`_�2K=X�ÞǶKŔ�Хq¢¨q
vgq¤ツHɪ̇�˰ȱcş^ェ8�2K\'GÈ̹L�ɪ̇�˰ȱvgq¤4Stretch–shortening 
cycle; SSC5Eƈb`C&_��~£¨rÈ̹K SSC ΂̩L�sg�¨yK˃ãHご@Cモ³
HƲU_�AU^�Ʋ&sg�¨yK»ȁL�ÞǶŔK SSC ΂̩cƲX_2EE̺·D%_�
;2D�̀ʃɳŪũKÈ̹ʅƖH)&CL�\^˰ȂĚDÀ̓±ɞKŔȳЁ̶§1c®̙̓
HȳЁD,_\'H̚ーGŔc�̚ーG}g�¨rDčʇßD,_\'GǣʳV+ļX]`
_>a'�ƇH�2`LÈ̹˭³Kʨ˪̙̹ÂE6C˹]`C)^��~£¨rÈ̹H)&
CL�¥1�¨rH\@Cą̽4`_2E+b*@C&_�Patterson et al.419995L�Ȳαȓ
K�~£¨rƜ϶+ 90 rpm ȤウDǊ˧EG_2EcガƷ6C&_+�2`LÞǶě／�¤q
K４ÞHご'ŔͭАKŮƄH\_YKD%_2E+ȅǂ4`C&_[57]�sg�¨y+ 120�
140 rpm EG_E�Ț̸Ŕ�λƥŔKŅȣȱň̩+˃˧6=^�ÞǶŔKņ̉č̹+»ȁD,
G.G_GF�È̹K˥Ȕ‒y�+ɞɎ8_2E+˹]`C&_[58]�±ɞcęV_E�ダȑ
ƀH)&C�ʮȽɭȓ+ 110 rpm DK�~£¨rÈ̹c 30 ぶĚ®̙̓Hū˓ʈ6(=2EL
˧イŋドɱ&� 

 

¬¸¡=WDF+QGX\>Ý��

� w�x1čʇŢ；H˿ϖ8_E�Ƚɭȓq¢y}K�~£¨rÈ̹L�̶ VƻV�i1z�
Ä,ɞ1�i1z�;6Cȫ^ȳ6�i1zHb0]`=�22D��~£¨r�i1zツ
Kw�x1�q�¤H˿ϖ8_E�ʮCKŔL�sg�¨yHěb]9チ; 92–218 Hz ˡ¾
Dč̹̩K�1q+ȅ4`=�6=+@C�Ƚɭȓq¢y}KÈ̹ʡϸE6C�&bMÈ̹
˭³Kʨ˪̙̹Âcǰ6ȅ8YKDLG.�w�x1čʇŢ；cに̉ʉ8_2EH\@C�
sg�¨yQKÈ̹̚ÕcǹV_YKD%@=2E+ƫ(]`_�2K\'GţƟL�Blake 

et al. (2015)KガƷEÀ˻8_2EEG@=� 
� Àグ��~£¨r̹ǖKと˟ɖʇL�70 rpm H)0_Ä,ɞ1�i1zDY@EYſ̅H
ȅ4`=4ɺ 3.3.1–3 ǝɓ5�ã(C�90, 110 rpm Dと˟ɖʇ+Ƅɋ6=�2K\'H�ダż
Ľì˩LŔw�x1H˿ϖ6C&_HYěb]9�Liu et al. (2012)E̺ルKųè+ȅ4`=2
EL˧イŋドɱ&E&(_>a'�22DL�Ƚɭȓq¢y}K�~£¨r̹ǖKと˟ɖʇ
L�ÞǶŔK̶§1こĥHȚϬGマċcè=8˭ě／Ŕ TFL�TA Kņ̉č̹HĭÃ8_2E
+ȅǂ4`=� 
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¨ă¡=WDF+QGX\>Ý��

� w�x1čʇŢ；H˿ϖ8_E�Ȳαȓq¢y}K�~£¨rÈ̹L�̶ VƻV�i1z�
Ä,ɞ1�i1z�;6Cȫ^ȳ6�i1zHb0]`=�22D��~£¨r�i1zツ
Kw�x1�q�¤H˿ϖ8_E�āŔKč̹Ȥえ；ʈΛツKč̹̩L�ʮ˞̙Hy̶1y
D%^�;`]Kč̹̩Lsg�¨yKイßHご@Cイ̹6=�6=+@C�Ȳαȓq¢y
}L�Ƚɭȓq¢y}E¹G^�È̹˭³Kʨ˪̙̹ÂKţƟ+ȅǂ4`=�ÀせH�È̹
˭³Kʨ˪̙G̹ÂL��¥1�¨rc２7Cą̽äいD%_��~£¨r̹ǖKȑƇHの
ϬGÈ̹˭³K；E;K̹ǖH̚6=Ŕʦ»}g�c̙ĆH̹ÂD,_\'HG_2ED�
̹ǖHĢラ6G&ハ˝GŔク̣ϿcǊɊß8_2E+D,_Eƫ(]`_� 

� Àグ��~£¨r̹ǖKと˟ɖʇL�90 rpm H)0_Ä,ɞ1�i1zDY@EYſ̅H
ȅ4`=4ɺ 3.3.2–3 ǝɓ5�ã(C�70, 110 rpm Dと˟ɖʇ+Ƅɋ6=�Y@EY�2`]
Kと˟ɖʇKƂÃL��~£¨r�i1zHěb]9��~¤Kȫ^ȳ6�Ö6ƻVHȚϬG
マċcè=8 RFL/R�TAL/RE�Ä,ɞ1_ǐHȚϬGマċcè=8 BFL/R–GML/RKč̹̩KǄ
H%]b`_2EEG@=� 
� ±ɞ\^�Ȳαȓq¢y}K�~£¨rÈ̹+�6ΣグKÞǶŔH\@C�~¤c̶Vƻ
VAA�˗グDÄ,ɞ1_7E&@=¹G_ħい̙マċcュ6=ϾÞǶKņ̹̉ǖ*]ƨʈ
4`_2Ecヒ]*E6=�ã(C�ǃÆÞǶŔKč̹̩KǄL�sg�¨yH\@CF?
]*ÀグHィ_2E+ȅ4`=�6=+@CȲαȓq¢y}L�sg�¨yHご@C��~
£¨r̹ǖcー^ˤ(C&_2E+ȅǂ4`=� 

 

3.4.2� QGX\>Ý�+êÌ³¿FQGX\>D<Y+oĄ¿ 

� Ʋ&sg�¨yc»ȁ8_ɞDL�w�x1čʇŢ；Kč̹̩c̉ʉ8_2ED�%_̗
̩K̚ÕLäいD%_Eƫ(]`C&_[61]�ÀせH�w�x1čʇŢ；Kč̹̩L�ɞ³È
̹��1¦¨*]ÞƯ6=È̹ǰІH\_È̹˭³Kこé΂̩cしÊ8_�w�x1čʇŢ
；Kč̹̩+˃ã8_2ED�È̹˭³Kこé΂̩+ƲX]`=E,�āƊɷKŔ˵ビ々�
Ŕʦ»}g��ŔȁķЁH\@CŔȳЁ̶§1E;Kȁ˓ȂĚL˧,.イ̹8_KD%_�
6*6G+]�̌ĦĚH̤_È̹ĊȩH\@Cw�x1�q�¤+Ȧʊ4`G&Ɖ^�%_
̿̓ŔHȬ̀6=ΎëZŔͭА+ョこ4`_KLのʭD%a'2E+ȅǂ4`_[62]� 

� 2K\'GおŨKYE�Ȳαȓq¢y}Hž]`_\'G�&bMǃÆÞǶH)0_�~
£¨r̹ǖKー^ˤ(L�ŔΎëcœ̱Λǟ4:�Ʋ&sg�¨yÞDYÞǶŔKņ̉č̹
cギô4:_2EG.�È̹Ɯ϶cƲXC&.ɞDȯϬGyo¤cȅǂ8_YKD%_E&
(_>a'�6*6�ǃÞǶ�ÆÞǶDK�~£¨r̹ǖKー^ˤ(+�ŔͭАKœ̱Λǟc
オɁ8_YKGK*�U=L�ϾÞǶKņ̉È̹c»ȁ8_=XKyo¤cȅǂ8_YKG
K*HA&CL�ŔͭАHご'ϾÞǶŔKņ̹̉ǖKイリc̉ǅ6C&.2E+のϬD%_� 
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3.5 � /F2 

� ダżĽì˩DL�sg�¨yKイß+ϾÞǶŔKņ̹̉ǖHĹT8ÉŌcヒ]*E8_=
X�Ŕw�x1HĠB&C��~£¨r̹ǖKÈ̹ʅƖ�m�z�c̉ǅ6=�22DL�
U9�70, 90, 110 rpm DK�~£¨rÈ̹c˟ɛH�ȲαȓEȽɭȓH)0_ǃÆÞǶKŔč
̹cŭˎ6=�ȃH�Ŕč̹Hhi1�¥��イĔc̚レ6�ǡȳ4`=hi1�¥��̶
§1y�q�¤H˟6CとΎ˸ƬЋÃǬΛòc̚レ8_2ED�w�x1�q�¤Ew�x
1čʇŢ；ĉȳ6=�;Kƕ�k–means q¢y}£¨rcレ&C�Ƚɭȓšq¢y}EȲα
ȓq¢y}KΟœŔw�x1*]��~£¨r�i1zD̿̈べ0]`_ϾÞǶŔKņ̹̉
ǖ+sg�¨yKイßHご@CFK\'H̉ʉ4`_*HA&C̉ǅcǹV=� 

� ダżĽì˩KųèL�±ÞHϬミ4`_� 
1). Ȇ̞ȕńİŪƀHěb]9��~£¨rÈ̹LǃÆÞǶD¹G_ħい̙マċcュ6

=�~£¨r̹ǖ*]ƨʈ4`_� 

2). �~£¨r̹ǖKー^ˤ(L�ŔΎëcœ̱Λǟ4:�Ʋ&sg�¨yÞDYÞǶ
ŔKņ̉č̹cギô4:_2EG.�È̹Ɯ϶cƲXC&.ɞDȯϬG�~£¨r
yo¤K�1y¢g¨cȅǂ6=� 
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�ueÏ72 

{èą*3RĀb�{+Í°Ý�U;MET 
 

4.1 � ø× 

� ŔͭАH\_̶�k1�¨yK４ÞcオɆ8_ɴ˞̹ǖE6C�˥Ɇ̹ǖ4Compensatory 

motion5+˹]`C&_�˥Ɇ̹ǖEL�ϖ̙E8_̹ǖKȑƇZ»ȁ+ƽ͆EG@=ɡƵ
H�˗KƺăŔcč̹4:_2ED�ダϮK̹ǖcオď6�ˬʈ8_2Ec·ド8_�̌Ȃ
Ě*AƲΎëK�~£¨rÈ̹DL�ŔͭАcĭÃE6=ÞǶŔKņ̉č̹KイリH\@C�
�~£¨r̹ǖ+Ȧʊ4`_2E+˹]`C&_[63]�=E(M�ȫ^ȳ6�i1zH)0_
ねě／ɪ̜ŔKņ̉č̹L�ɞǴ̟ȤウDKq¢¨q�¤qこĥHħい̙マċcè=8�6
=+@C��~£¨rƜ϶ƟɞK̟DL�ねě／ɪ̜ŔKņ̉č̹c&*Hȁ˓D,_*+
ȯϬD%_Eƫ(]`C&_�22DL�ŋドɱ&2EHねě／ɪ̜ŔKλƥŔD%_��
y�£¨ryK˥Ɇ̹ǖ+�ねě／ŔKͭАZl1�1�1yKヨμHĢラ8_2E+ガƷ
4`C&_[64]� 
� 2K\'GおŨKYE�ŏȾŔͭАH˟6C��~£¨r̹ǖKー^ˤ(E&@=ϾÞǶ
ŔKņ̉ʅƖ+FK\'Gマċcè=8*cヒ]*H8_2E+D,`M�ɴ˞̹ǖKと˟
ɖʇEńİ̶�k1�¨yKěЎʇHã(C��~£¨rƜ϶cƲX_yo¤K̓Ͽ̙Gϲ
òQKグǗc̻.EĦˢ4`_� 

� ±ɞ\^�ダżĽì˩DL�ŔͭАH\_ϾÞǶŔK˥Ɇ̹ǖ�m�z�cヒ]*E8_� 

22DL�̌ ȂĚ*AƲΎëDK�~£¨rÈ̹ŪƀK%_Ȇ̞ȕńİŪƀȓc˟ɛE8_�
Wheeler ]KガƷcęV_H�ねě／ŔQKΎëLÈ̹Ύë+ 150�300 W D˃˧8_2E+
ヨʸ4`_[64]�6=+@C�ダżĽì˩DL�̀ȂĚ415 Λ5*ÀΎë4150 W5DK�
~£¨rÈ̹Hɒ̟c̰C�ŔͭАHご'ǃÆÞǶK�~£¨r̹ǖKイリc̉ǅ8_� 
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4.2 � ñòĆ 

4.2.1�  �mx 

�Émx� �

� ダȑƀDL�żĽì˩!E̺ルKȑƀʿ˺Eŭˎ˟ɛKŔcǌレ8_� 

� ダȑƀKてƀȓL�˞ Ƕ�˞đKÈ̹ğɝýG]OHƌĺȸĖğũȏĒGFKȁ΀cュ49�
G)*A�5 あ±ɞKȆ̞ȕńİŪƀcュ8_˷ʇŶɢȓc˟ɛE6=�ǲƀȓL�ȑƀņЁ
ȓH˟6Cg¨�k1���‒¨{¨�cȑǲ6�ȑƀ̓リcƞ̷EȿビDʚヒ6=ƕ�̺
·+̽]`=てƀȓcȲαȓE6C 4 バǌレ6=4あЉ�34.8 ± 0.5 Ǎ�ɴ̌�1.73 ± 0.03 m�
˞ȯ�69.7 ± 7.7 kg, ン,ĵ�Æ�ńİŪƀあ�8.5 ± 3 あ5� 

  

 �O[J@Y�

� ダȑƀL�żĽì˩ 1 E̺ルH�ʋ˞ɣガŭˎȑƀȍ̓KŭˎȍHCȑǲ6=4˨ 2 ɗ 2.2
／ǝɓ5�G)�ŭˎȍ̓KȍÜEȎ̩L�;`<` 21�E 65%D̲ʅ6=� 

� てƀȓL�ȑƀĖŇQKȻÕcϖ̙E6C�ȑƀúǪK 2 ȂĚʪUDHŭˎȍQ͊ȍ6�
Ǌ４ 30 ΛĚK®ʑɥˣcE@=�2KĚ�ǲƀȓL�てƀȓKΟœɭぐ；cĬБ6�®ʑȂ
ɭぐ；K�1y¢g¨E6Cǌレ6=�ȃH�てƀȓL�ȑƀúǪK 1 ȂĚʪUDcϖȼH
hk1�¨re��Hț^ʳW�てƀȓL�2KĚH¦1��gqKv�¤ƲcȆɴKƠV
KƲ4H̉ʉ8_�hk1�¨re��ƕL�ɭぐ；+ǉO®ʑȂɭぐ；HóΒ8_UDK
ĸˋĦĚcʘ0=�2KĚ�てƀȓL�¦1��gqKv�¤ƲcȆɴKƠVKƲ4H̉ʉ
6=�;6C�ǲƀȓH\@C�てƀȓKɭぐ；+ǉO®ʑȂɭぐ；D®̓ß6=2E+Ć
͌4`=ɡƵ�っめKʗɩ̕ƥcÞ1_=XKɄフ�っめʪȼϲǑ4yo¨��e�͉ダƚ
̣5cǲ6�ŭˎ˟ɛKŔΐ³Ḥőc̝^べ0=� 

� ±ɞc̶U(C�てƀȓL�È̹Ύë4150 W5G]OHsg�¨y490 rpm5Kȑƀɤŵ
KÞ�15 ΛĚKū˓6=�~£¨rÈ̹cȑǲ8_�2KE,�sg�¨y+®̓ß8_U
DKȂĚLĜXG&2EE6=�È̹ΎëL��¨�¤ΐKw��¥�1KʺǖH\_pe
ち̉ʉH\@Cʘ̓8_�2KE,�ɟȕǫʆL�てƀȓĚDɞざɴKÈ̹c̲ʅ8_=X
H��¨�¤K�¢s��ΐcうȁ8_\'ǰȅ6=�2KE,�てƀȓL�vgq¤‒¨
��1}ɞHひȅ4`_sg�¨yEÈ̹ΎëcϖǸ6�ȑƀɤŵHˉ6=�~£¨rÈ̹
c，Ƭ8_�ダȑƀDL�ŭˎȍ̓H 1 バKǲƀȓcが˺8_2ED�È̹，ƬHご'てƀ
ȓKĕɄĿ�ɭぐ{¨vẒő³˺Kz¥cĆ͌6=�G)�てƀȓKʌɳɭϲ̙イß+̀
ʃɳŪũKワʅŋΜHラ(_（ǒ̙ÉŌcɄ8_=X�È̹ȂKȚė̙Ύˮ̩4Rate of 
Perceived Exertion; RPE5[65]Kˎ̓�ŪíȂĚKŧȅ�てƀȓ�ǲƀȓĚ‒���s1w ¨



�
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LÀーƬbG&\'Hț^ŭ]@=�U=�±ÞK&9`*Hÿ̰6=ɡƵL�ˊǇHȑƀ
c̀ǳ8_YKE6=� 

• sg�¨yK̅6&４ÞU=L{¨vKぎϯ4ǲƀȓH\_ϖǸĆ͌5 
• てƀȓK˞̉Ļイ4ȆƎɲƷEǲƀȓH\_ϖǸĆ͌5 

• ɭぐ；+m¤�1�¨ケDǡȳ6=Ǌ˧ɭぐ；K 80%H̳ˬ6=ɡƵ 

 

4.2.2 I3FgÂ 

{èą¼Ö� �

� ŔͭАEL�Ǌ˧ŔЁU=LŔЁこĥKȁ˓ȂĚK４Þcひ8�2KɳŪŔKʋϲĊ̙Ƈ
ɛE6C�̀ʃɳŪũ*]KÈ̹ǰІKワʅ�č̹̣³K̠ˬː̩K４Þ�;6CŔKč̹
Ȥえ；K４ÞH\@Cſǒß8_E4`C&_[66]�2K\'GおŨKYE�ひビṚ́³cレ
&=ŔͭАɻ̓H\@C�ŏȾŔͭАKŹȳZŔKl1�1�1yKʻĦこž+äいEG_�
ŔͭАɻ̓DL�ȚGびâǰͼE6C�Ŕč̹K RMS ˸*]ɯよɣガH˿ϖ8_YK�Ȥえ
；ʈΛ*]̀ÔȤえ；H˿ϖ8_YK+ガƷG4`C&_[67–68]�ƕȓDL�˰ȂĚ�1£
jイĔ4Short-Time Fourier Transform; STFT5H\_̀ÔȤえ；4Median Frequency; MDF5U
=Lhi1�¥��イĔH\_ȷĚ̀ÔȤえ；4Instantaneous Median Frequency; iMDF5+レ
&]`_2E+˘&[69]�4]H�ŔͭА̩KびâǰͼE6C�̀ ÔȤえ；KƝが4MDF/ iMDF

y¦1�5+レ&]`C&_�ŋドɱ&2EH�È̹ȂK RPE +˃˧6=E,�Ŕč̹Kɯ
よÈÔȤえ；KΎƝがYU=�˃˧8_2E+˹]`C&_[66].  

� ŭˎ4`=ひビṚ́³H˟6C�60 Hz K���f¤}E 15–490 Hz K�¨�̶y�f¤}
c̚レ6=ƕ�±Þ 2 ̟HA&CL�żĽì˩ 1 E̺ルKȝȻc̶d>4˨ 2 ɗ 2.2 ／ǝɓ5� 

• Morlet hi1�¥��cレ&=hi1�¥��イĔ 

;Kƕ�úǪ̎ƕ�ȨϽ̎ʪK 45 vgq¤4 30 ぶĚ5cɄ&=hi1�¥��̶§1y�
q�¤c˟ɛE6C�±Ư�45 vgq¤ツHāŔKΟœ iMDF cǡȳ6�ǊɊ͇ɟケH\_
̎ʦóĨH\@C iMDF y¦1�cǡȳ6=� 
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� ŭˎ4`=ひビṚ́³H˟6C�60 Hz K���f¤}E 15–490 Hz K�¨�̶y�f¤}
c̚レ6=ƕ�±ÞżĽì˩ 1 E̺ルKȝȻc̶d>� 

• Morlet hi1�¥��cレ&=hi1�¥��イĔ 

• hi1�¥��̶§1y�q�¤K RMS ˸Kǡȳ 
;Kƕ�āȲαȓKhi1�¥��̶§1y�q�¤cāhi1�¥��ϬʲKǊ˧˸H\
@Cʊīß6�Ƀぞ�ȨぞK 45 vgq¤K�1}H˟6C;`<`とΎ˸ƬЋÃǬΛòcǲ
6=�2KE,�w�x1；Kʨ˪ĠȹL�VAF > 80%±ɞ*AāŔ*]ǡȳ4`_ VAFmuscle 
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> 80%±ɞE6=�w�x1čʇŢ；HA&CL�45 vgq¤KΟœcびâ˸E6Cǡȳ8
_� 

 

4.3 � �d 

4.3.1� Āb�+{èą¼Ö 

� ダȑƀKųè�てƀȓ 1 バ4±Ư�てƀȓ F5L�90 rpm�150 W DK�~£¨rÈ̹c 15

ΛĚū˓8_2E+D,G*@=�ȑƀ̀˵̎ʪ�ǲƀȓLてƀȓ F Kɭぐ；+Ǌ˧ɭぐ；
K 80%c̊(C&_2EcϖǸ8_EEYH�てƀȓ F Ksg�¨yK»ȁƽ͆+ŔͭАē
H\_YKD%_2Ecƞ̷DĆ͌6=�±Ư�È̹ì˩ˬʈȓL�てƀȓ S1, S2, S3 E6C
řア8_�ʮてƀȓH)0_āŔ iMDF y¦1�Kųècɺ 4.3.1–1 KげN1ɺHȅ8�̺ɺ
̀K x ȊLŔȞЅ�y ȊL iMDF y¦1�K˸cȅ8�G)�チЇKw¨�¤Lāてƀȓcひ
8�U=�てƀȓ F *]ǡȳ4`= iMDF KȂĚɻºcɺ 4.3.1–2 H�てƀȓ S1, S2, S3 *]
ǡȳ4`= iMDF KȂĚɻºc;`<`ɺ 4.3.1–3, 4.3.1–4, 4.3.1–5 Hȅ8�̺ɺ̀K x ȊKg
¨��qyL 45 ó̞Λ430 ぶĚ5K�1}cȅ8�̺ɺ̀K y ȊL�iMDF K˸cȅ8�U
=�チЇHŭˎ˟ɛKŔcȅ8� 
� ダ／KϬ̟cȵR_E�ŔͭАΐ³E;KͭА̩ƵL�ǃÆÞǶDÀルHLȅ4`9�ā
てƀȓKɳŪŔKʋϲĊ̿ʇcしÊ8_ųè+ȅ4`=�6=+@C�ȃϖDL�āてƀȓ
K iMDF y¦1�+Y@EYſ̅HƄɋ6=ŔH˿ϖ6��~£¨r̹ǖKū˓Hご'Ŕͭ
А̩ţƟcȵR_�  
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� てƀȓ F K iMDF y¦1�L�Ƒě／ŞŐŔK TFLREねě／ŞŐŔ�ˏě／̔ŞŔK GMR

DΎグƟHǊ˧�Ƒě／ŞŐŔ�ねě／ɪ̜ŔK RFLDʊグƟHǊ˧EG_2E+Ć͌4`=
4ɺ 4.3.1–1 ǝɓ5�2K2E*]��~£¨rÈ̹H\_ŔͭАKÉŌL�てƀȓ F KɡƵ�
ÆÞǶŔHȬ̀6=�ã(C�ɺ 4.3.1–2 H)0_ iMDF KȂĚɻºH˿ϖ8_E�È̹ì˩
KɃぞ�̀ぞ4360 vgq¤�4 Λ5H*0C�TFLR�GMRLƄɋ8_Àグ�Ƒě／ŞŐŔ�ね
ě／ɪ̜ŔK RFR/LL˃ã6=�  
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� てƀȓ S1�S2 K iMDF y¦1�L�;`<` TARE GML�TALDにɊGΎ˸cȅ6=4ɺ
4.3.1–1 ǝɓ5�U=�ɺ 4.3.1–3, 4 H)0_ iMDF KȂĚɻºL�8RCKŔDチ;À̓D%
_2E*]�ŔͭАţƟLȅ4`G*@=� 

� Àグ�てƀȓ S3 K iMDF y¦1�L�TFLRDΎグƟHǊ˧�BFR/LDʊグƟHǊ˧EG@
=4ɺ 4.3.1–1 ǝɓ5�ɺ 4.3.1–5 H)0_ iMDF KȂĚɻºH˿ϖ8_E�TFLRLÈ̹ì˩
K̀ぞ±Ư4900 vgq¤�10 Λ5DĻŰHƄɋ6ǪX�BFR/LLȨぞH*0C˭̉˃ã6=�  
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Figure 4.3.1–1: Boxplot of the MDF slopes of muscles for all subjects. The red line in each box shows 

the median value for all subjects. On the y–axis, the negative values indicate muscle fatigue. The X–
axis shows the right (R) and left (L) lower limb muscles. Each symbol in the legend represents an 

individual subject. 

 

 
Figure 4.3.1–2: The iMDF values across whole cycles for the subject F. Each line and symbol in the 

legend shows the right (R) and left (L) lower limb muscles. The x–axis shows index per 45 cycles (30 

secs). The y–axis shows the iMDF values. 
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Figure 4.3.1�3: The iMDF values across whole cycles for the subject S1. Each line and symbol in 

the legend shows the right (R) and left (L) lower limb muscles. The x–axis shows index per 45 cycles 

(30 secs). The y–axis shows the iMDF values. 

 

 
Figure 4.3.1–4: The iMDF values across whole cycles for the subject S2. Each line and symbol in 
the legend shows the right (R) and left (L) lower limb muscles. The x–axis shows index per 45 cycles 

(30 secs). The y–axis shows the iMDF values. 
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Figure 4.3.1–5: The iMDF values across whole cycles for the subject S3. Each line and symbol in 

the legend shows the right (R) and left (L) lower limb muscles. The x–axis shows index per 45 cycles 

(30 secs). The y–axis shows the iMDF values. 
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4.3.2� {èą*æ�Āb�{+wÔlÝ+ðý 

� ダưKϬ̟cȵR_E�ŔͭАHご'ǃÞǶŔEÆÞǶŔKč̹L�Àグ+ɞɎU=L４
Þ6=ɡƵH�˗グ+４ÞU=LɞɎ6=�±Þ\^�U9�ɺKòȗグケHA&Cʚヒ8
_�ȃH�ŔͭАH\_Ŕw�x1KイリHA&Cʮ˞KţƟcȵR_�±ɞc̶U(�Ǌ
ƕL�~£¨r�i1zツてƀȓツH)0_Ŕw�x1KイリHA&Cųècɚʚ8_� 
� ɃぞEȨぞDKてƀȓ S1, S2, S3 KΟœw�x1čʇŢ；Ew�x1�q�¤L�;`<
`ɺ 4.3.2–1, 2, ɺ 4.3.2–4, 5, ɺ 4.3.2–7, 8 Hȅ4`C&_�てƀȓ F KųèL�ɺ 4.3.2–10, 

11 Hw�x11–2�ɺ 4.3.2–12, 13 Hw�x13–4 Kųè+ȅ4`C&_�̺ɺ̀�ʐʦEɼ
ɨ͔ʦL;`<`ɃぞEȨぞKŔw�x1cひ8�ɺ 4.3.2–12, 13 H)&C�ʕʦʕセLw�
x14 cひ8�Οœw�x1čʇßŢ；KųèɺHA&C�;`]K x ȊHLq¢¨qĈ̩
4ÆˏĠȹ5�y ȊHL;`]Kčʇ̩+しÊ4`C&_�Àグ�w�x1�q�¤Kųèɺ
HA&C�āŔDřî4`=�¦�qK x ȊHLč̹Ȥえ；419–330 Hz: 19.29, 37.71, 62.09, 

92.36, 128.48, 170.39, 218.08, 271.50, 330.63 Hz)�y ȊHL;`]Kčʇ̩+しÊ4`C&_� 
� ʮてƀȓKţƟE6C�Οœw�x1čʇŢ；Ew�x1�q�¤Kčʇ̩L�Ƀぞ�Ȩぞ
D˧,.イ̹6=�U9�Οœw�x1čʇŢ；Kč̹}g�¨rH˿ϖ8_E�ʮてƀȓ
K�~£¨r�i1zL�チ;Ö6ƻV�i1z40–150°5�Ä,ɞ1�i1z4180–300�5�
Ö6ƻV�Ä,ɞ1�i1z40–90°E 270–360°5*]ƨʈ4`=�ȃH�Οœw�x1čʇ
Ţ；K�1q}g�¨rH˿ϖ8_E�てƀȓHěb]9�Ƀぞ�ȨぞDʊKq¢¨qó̞グ
ƟHw��6=�;6C�w�x1�q�¤H˿ϖ8_E�Ƀぞ�ȨぞKÖ6ƻV�i1zH
Ɖ^�ʮてƀȓ*]ǃÞǶŔHィ@=ņ̉č̹+Ć͌4`=�Àグ�Ä,ˏ�i1zEȫ^
ȳ6�i1zDKÞǶŔKņ̉č̹L�ƊɷツH¹G_ŔEč̹Ȥえ；ˡ¾Dイ̹6=�Ǌ
ƕH�ʮてƀȓKw�x1；H˿ϖ8_E�;`]K；Lvgq¤ツHイ̹6=YKK�て
ƀȓ S1, S2, S3 DL 3 ̗̩�Àグ�てƀȓ F LɃぞ 4�Ȩぞ 3 EƄɋ6=�G)�ɃぞKてƀ
ȓ F H)0_w�x13–4 L�ȨぞDw�x13 HんƵ4`=� 
� ±ɞ�ȃϖ\^てƀȓ S1, S2, S3, F H)0_Ŕw�x1KイリHA&CUEX_EEYH�
;`<`ɺ 4.3.2–3, 6, 9, 14 HǸć̙òȗɺcȅ6=� 
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• Ö6ƻV�i1z4w�x135�ɃぞDL�ǃÞǶŔKſ̅Gņ̉č̹+Ć͌4`
=�ȨぞDL�RFR�BFR E GML Kč̹̩+ɞɎ6�;`]±üL４Þ6=2ED�
ǃÆÞǶKņ̉č̹LœÀß6=� 

• Ä,ɞ1�i1z4w�x125�ɃぞDL�ǃÆÞǶŔL̺̗̩Hč̹6=�Àグ�
ȨぞDL�TFLR�RFR�BFR Kč̹̩L４Þ6�TFLL�RFL�BFL Kč̹̩L˃˧6=2
ED�チ;ǃÞǶŔc̀ɭE6=č̹ţƟ+ȅ4`=� 
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• ȫ^ȳ6�i1y4w�x115�Ƀぞ�ȨぞHěb]9�ÆÞǶŔc̀ɭE6=č
̹ţƟ+ȅ4`=�ȨぞDL�ÆÞǶŔ4TFLR5Kč̹+˃ã6=� 
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• Ö6ƻV�i1z4w�x125�Ƀぞ�ȨぞHěb]9�ǃÞǶŔc̀ɭE6=č
̹ţƟ+ȅ4`=�ȨぞDL�TFLR�RFR�BFRE TALKč̹L４Þ6�TAR�GMRE
TFLL�RFL�BFL�GMLLɞɎ6=� 

• Ä,ɞ1�i1z4w�x115�Ƀぞ�ȨぞHěb]9�ÆÞǶŔc̀ɭE6=č
̹ţƟ+ȅ4`=�ȨぞDL�TFLRE TFLL�RFL�BFLKč̹+ɞɎ6=� 

• ȫ^ȳ6�i1y4w�x135�ɃぞDL�ǃÞǶŔc̀ɭE6=č̹ţƟ+ȅ
4`=�ȨぞDL�ÆÞǶŔKč̹+ɞɎ6�ÆÞǶŔKč̹+４Þ6=2ED�
TAL�GMLcɄ&C�ǃÆÞǶŔKč̹LœÀß6=� 
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• Ö6ƻV�i1z4w�x125�ɃぞDL�ǃÆÞǶŔKč̹L̺̗̩D%@
=�ȨぞDL�TFLR–BFR�TAR�GMRKč̹L４Þ6�TFLL�RFL�BFLKč̹LɞɎ
62ED�ǃÞǶŔc̀ɭE6=č̹ţƟ+ȅ4`=� 

• Ä,ɞ1�i1z4w�x115�Ƀぞ�ȨぞHěb]9�ǃÆÞǶŔKč̹L̺̗
̩D%@=�ȨぞDL�TFLL–TALKč̹+ɞɎ6=� 

• ȫ^ȳ6�i1y4w�x135�Ƀぞ�ȨぞHěb]9�ÆÞǶŔc̀ɭE6=č
̹ţƟ+ȅ4`= 
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• Ö6ƻV�i1z4w�x115�ɃぞDL�ǃÆÞǶŔL̺̗̩Hč̹6=�Ȩ
ぞDL�RFR�BFR�TARKč̹L４Þ6�TFLL�RFL�BFLKč̹LɞɎ6=2ED�
ǃÞǶŔc̀ɭE6=č̹ţƟ+ȅ4`=� 

• Ö6ƻV�i1z4w�x145�ɃぞDL�ÆÞǶŔc̀ɭE6=č̹ţƟ+ȅ
4`=�ȨぞDLɑȌ8_EEYH�ɺ 4.3.2–13 ÞKw�x13 QEんƵ4`=� 

• Ä,ɞ1�i1z4w�x125�Ƀぞ�ȨぞHěb]9�ÆÞǶŔc̀ɭE6=č
̹ţƟ+ȅ4`=�ȨぞDL�BFR�TAR�GMRE BFL�TALKč̹LɞɎ6=� 

• Ä,ɞ1�i1z4w�x135�ɃぞDL�ǃÞǶŔc̀ɭE6=č̹ţƟ+ȅ
4`=�ȨぞDLɑȌ8_EEYH�ɺ 4.3.2–13 ÞKw�x13 QEんƵ4`=�  
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Figure 4.3.2–1: Fatigue–adaptation of mean synergy activation coefficients for the subject S1 in 
the first and last 45 cycles at 90 rpm under 150 W. The top, middle, and bottom panels represent the 
first, second, and third mean synergy activation coefficients, respectively; the blue solid line and the 

dotted cyan line represent the results in the first and last 45 cycles, respectively; the x-axis and y-axis 
represent the crank angle and synergy activation levels, respectively. 
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Figure 4.3.2–2: Fatigue–adaptation of synergy vectors for the subject S1 in the first and last 45 
cycles at 90 rpm under 150 W. The top, middle, and bottom panels represent the first, second, and 

third synergy vectors, respectively; the x-axis shows the right (R) and left (L) lower limb muscles, 
showing, in each muscle, wavelets #1–9 (19.29, 37.71, 62.09, 92.36, 128.48, 170.39, 218.08, 271.50, 

and 330.63 Hz) from left to right; the y-axis shows the activation level of synergy vectors; the blue bar 

and the cyan bar represent the results in the first and last 45 cycles, respectively. 
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Figure 4.3.2–3: Schematic understanding of asymmetry in inter lower limb coordination for the 
subject S1 in both flesh and fatigue adaptation period. The left and right block show the result for 

the first and last 45 cycles in different pedaling phases; Propulsive phase (green)–pushing phase 

(orange)–pulling phase (blue). Each line in each block shows the type of synergies; synergy #1 (bold 
line), #2 (bold double lines), and #3 (bold triple lines) in the left (dotted) and right (solid) legs. In 

addition, the initial crank angle position is defined as 0° where the right foot is placed on the top center 
of the pedal. The crank rotation follows a clockwise manner. 
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Figure 4.3.2–4: Fatigue–adaptation of mean synergy activation coefficients for the subject S2 in 
the first and last 45 cycles at 90 rpm under 150 W. The top, middle, and bottom panels represent the 
first, second, and third mean synergy activation coefficients, respectively; the blue solid line and the 

dotted cyan line represent the results in the first and last 45 cycles, respectively; the x-axis and y-axis 
represent the crank angle and synergy activation levels, respectively. 
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Figure 4.3.2–5: Fatigue–adaptation of synergy vectors for the subject S2 in the first and last 45 
cycles at 90 rpm under 150 W. The top, middle, and bottom panels represent the first, second, and 

third synergy vectors, respectively; the x-axis shows the right (R) and left (L) lower limb muscles, 
showing, in each muscle, wavelets #1–9 (19.29, 37.71, 62.09, 92.36, 128.48, 170.39, 218.08, 271.50, 

and 330.63 Hz) from left to right; the y-axis shows the activation level of synergy vectors; the blue bar 
and the cyan bar represent the results in the first and last 45 cycles, respectively. 
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Figure 4.3.2–6: Schematic understanding of asymmetry in inter lower limb coordination for the 
subject S2 in both flesh and fatigue adaptation period. The left and right block show the result for 

the first and last 45 cycles in different pedaling phases; Propulsive phase (green)–pushing phase 

(orange)–pulling phase (blue). Each line in each block shows the type of synergies; synergy #1 (bold 
line), #2 (bold double lines), and #3 (bold triple lines) in the left (dotted) and right (solid) legs. In 

addition, the initial crank angle position is defined as 0° where the right foot is placed on the top center 
of the pedal. The crank rotation follows a clockwise manner. 
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Figure 4.3.2–7: Fatigue–adaptation of mean synergy activation coefficients for the subject S3 in 
the first and last 45 cycles at 90 rpm under 150 W. The top, middle, and bottom panels represent the 
first, second, and third mean synergy activation coefficients, respectively; the blue solid line and the 

dotted cyan line represent the results in the first and last 45 cycles, respectively; the x-axis and y-axis 
represent the crank angle and synergy activation levels, respectively.  
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Figure 4.3.2–8: Fatigue–adaptation of synergy vectors for the subject S3 in the first and last 45 
cycles at 90 rpm under 150 W. The top, middle, and bottom panels represent the first, second, and 

third synergy vectors, respectively; the x-axis shows the right (R) and left (L) lower limb muscles, 
showing, in each muscle, wavelets #1–9 (19.29, 37.71, 62.09, 92.36, 128.48, 170.39, 218.08, 271.50, 

and 330.63 Hz) from left to right; the y-axis shows the activation level of synergy vectors; the blue bar 
and the cyan bar represent the results in the first and last 45 cycles, respectively. 
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Figure 4.3.2–9: Schematic understanding of asymmetry in inter lower limb coordination for the 
subject S3 in both flesh and fatigue adaptation period. The left and right block show the result for 

the first and last 45 cycles in different pedaling phases; Propulsive phase (green)–pushing phase 

(orange)–pulling phase (blue). Each line in each block shows the type of synergies; synergy #1 (bold 
line), #2 (bold double lines), and #3 (bold triple lines) in the left (dotted) and right (solid) legs. In 

addition, the initial crank angle position is defined as 0° where the right foot is placed on the top center 
of the pedal. The crank rotation follows a clockwise manner. 
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Figure 4.3.2–10: Fatigue–adaptation of the first and second mean synergy activation coefficients 
for the subject F in the first and last 45 cycles at 90 rpm under 150 W. The top and bottom panels 
represent the first and second mean synergy activation coefficients, respectively; the blue solid line and 

the dotted cyan line represent the results in the first and last 45 cycles, respectively; the x-axis and y-
axis represent the crank angle and synergy activation levels, respectively. 
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Figure 4.3.2–11: Fatigue–adaptation of the first and second synergy vectors for subject F in the 
first and last 45 cycles at 90 rpm under 150 W. The top and bottom panels represent the first and 
second synergy vectors, respectively; the x-axis shows the right (R) and left (L) lower limb muscles, 

showing, in each muscle, wavelets #1–9 (19.29, 37.71, 62.09, 92.36, 128.48, 170.39, 218.08, 271.50, 
and 330.63 Hz) from left to right; the y-axis shows the activation level of synergy vectors; the blue bar 

and the cyan bar represent the results in the first and last 45 cycles, respectively. 
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Figure 4.3.2–12: Fatigue–adaptation of the third and fourth mean synergy activation coefficients 
for the subject F in the first and last 45 cycles at 90 rpm under 150 W. The top and bottom panels 
represent the third and fourth mean synergy activation coefficients in the first 45 cycles and third 

synergy in the last 45 cycles, respectively; the blue solid line and the red solid line represent the third 
and fourth synergy, respectively; the x-axis and y-axis represent the crank angle and synergy activation 

levels, respectively. 
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Figure 4.3.2–13: Fatigue–adaptation of the third and fourth synergy vectors for the subject F in 
the first and last 45 cycles at 90 rpm under 150 W. The top and bottom panels represent the third and 
fourth in the first 45 cycles and third synergy vectors in the first 45 cycles, respectively; the x-axis shows 

the right (R) and left (L) lower limb muscles, showing, in each muscle, wavelets #1–9 (19.29, 37.71, 
62.09, 92.36, 128.48, 170.39, 218.08, 271.50, and 330.63 Hz) from left to right; the y-axis shows the 

activation level of synergy vectors; the blue bar and the red bar represent the third and fourth synergy, 

respectively. 
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Figure 4.3.2–14: Schematic understanding of asymmetry in inter lower limb coordination for 
subject F in both flesh and fatigue adaptation period. The left and right block show the result for the 

first and last 45 cycles in different pedaling phases; Propulsive phase (green)–pushing phase (orange)–

pulling phase (blue). Each line in each block shows the type of synergies; synergy #1 (bold line), #2 
(bold double lines), #3 (bold triple lines), and #4 (single lines) in the left (dotted) and right (solid). In 

addition, the initial crank angle position is defined as 0° where the right foot was placed on the top center 
of the pedal. The crank rotation followed a clockwise manner. 
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4.4 � �� 

� ダ／KϬ̟cȵR_�ʮてƀȓH)&C�ŔͭАHご'ǃÞǶŔEÆÞǶŔKņ̉č̹L�
Àグ+ɞɎU=L４Þ6=ɡƵH�˗グ+４ÞU=LɞɎ8_2E+ヒ]*EG@=�2`
]L�żĽì˩ 2 H)0_�~£¨r̹ǖKー^ˤ(cǉ̩ϳべ0_EEYH�ŔͭАH˟
8_ÞǶŔK˥Ɇ̹ǖcȅǂ8_YKD%_2Ecヒ]*E6=� 
� ȃư\^�iMDF y¦1�+̅6.イß6=Ŕΐ³*]ǃÆÞǶKŔͭАţƟcUEX_�
;6C�˥Ɇ̹ǖHě8_ɳŪħƨE;Kマċcヒ]*E8_ɞD�U=�てƀȓƊɷK�
~£¨ryo¤c̓Ͽ̙Gϲò8_ɞD�ŔͭАHご'w�x1Kイリ+ュÍGɣガEG^
(_*HA&CĳВcǹV=� 

 

4.4.1� {èąí^+,4'! 

� ŔͭАHご' iMDF KȂĚɻºcV_E�ǃÞǶEÆÞǶK̺ÀŔLチ;̺̗̩Hイß6
C&_ΐ³Y%`M�;'DLG&ΐ³Y%^�;`]LてƀȓD¹G@=�Dingwell et al. 

(2010)H\_E�ŔͭАHご&āŔ MDF L˭̉HƄɋ6G&2E+ȅ4`C&_[70]�22
DL�ŋドɱ&2EH�ŔͭАHƥ8_*K\'H MDF +ɞɎ8_Ŕΐ³HA&CYガƷ4
`C&_�ダżĽì˩DL�ŔͭАɻ̓KびâǰͼE6Chi1�¥��イĔ*]ǡȳ4`
_ iMDF cレ&=YKK�ɞĬガƷE̺ルKţƟ+Ć͌4`_2EEG@=�6*6G+]�
MDF Z iMDF Kイ̹LŔ�てƀȓツD˧,.M]A.=XH�ŔͭАQK̚ÕHě8_È̹
ʡϸKĳВLこǟ6C6U'�2K\'GŔͭАţƟKM]A,L�ŔƺăũKĤáĊ̙̿
ʇE;KŔ͈KƳʇ̿ʇcǃÆ8_ƺăŔKŤɥ�が˺�Ŕʦ»}g�E&@=ʋ˞ЁĊ̙
ƦˍHĭÃ8_\'H�Ɗɷ¥�¤DǊ̚ß4`=�~£¨r̹ǖcȅǂ8_YKD%_>
a'� 

 

4.4.2� Āb�{+wÔÝ�+ðý�4õ4�F#SRÍ°Ý�U;MET 

� %_Ŕΐ³KŏȾŔͭА+�˟Õ6=ě／È̹HŏȾ̙イßcÄ,ĭ28E,�l1�1
�1yK£yqLɞɎ8_2E+ȅǂ4`C&_[66–67, 71]�U=�ŔͭАQK̚ÕL�w�
x1�q�¤Ew�x1čʇŢ；Kに̉ʉHしÊ4`_2E+�ΣÞǶc˟ɛE6=�~£
¨r̹ǖ\^ヒ]*E4`C&_[63]�6*6G+]�Ŕw�x1Kに̉ʉ+�てƀȓ̿ュK
ŏȾŔͭАZ;`]H˟8_˥Ɇ̹ǖcȅǂ6'_YKD%_*Lヒ]*E4`C&G&�
6=+@C�ŏȾŔͭАcΛǟ8_ɞD��~£¨r̹ǖKー^ˤ(Kħい̙マċcヒ]*
H8_2E+D,`M��~£¨rƜ϶cƲX_yo¤K̓Ͽ̙GϲòHɰ=G˹žcȅ8
2E+D,_� 
� ダżĽì˩KÈ̹ˬʈȓH)&CL�ŔͭАHご'ŔKņ̉č̹+ϾÞǶDœÀß8_ţ
Ɵ+ȅ4`=�22DL�ǃÆF?]*ÀグKÞǶŔKč̹+ſ̅D%_ɡƵY�G_R.
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Ŕ+ŏȾ̙Hč̹6G&\'HΛǟ4`_ţƟ+ȅ4`=�̀DY�てƀȓ S3 L�TFLR H
̅6&ŔͭАţƟ+ȅ4`C&=2EcęV_E�ǃÆÞǶŔKņ̉č̹KœÀßL�ŏȾ
ŔͭАKΛǟE&@=�~£¨ryo¤cȅǂ8_YKD%_>a'�Àグ�てƀȓ F L�
̶VƻV�i1zH)&C�ÆÞǶŔKņ̉č̹+ǃÞǶŔHんƵ4`_2ED�TFLRHィ
@=č̹+˥Ɇ̹ǖE6Cȅ4`=2EL˧イŋドɱ&4ɺ 4.3.2–11 ɞΐ5�てƀȓ F DL�
TFLR E GMR H̅6&ŔͭАţƟ+ȅ4`C&=2EcęV_E�Ö6ƻV�i1zDL�
~£¨rƜ϶ƟɞHěb_�~£¨ryo¤+˗KてƀȓEちRCȭΛDLG&2E+ȅǂ
4`_>a'�Herog et al. (1991)H\_E�ŔͭАHご@CɞざɴKǫʆL�ʪţ8_2E+
ガƷ4`C&_�22DL�Ö6ƻV�i1zH)0_Ƒě／Kě／イ³Eä̹そµ+イß
8_2ED�;Kųè�Ƒě／ɪ̜Hěb_˧̡ŔKč̹̩cƟɞ4:_2E+ガƷ4`C
&_[72]�ダżĽì˩DL�Ƒě／ɪ̜�ŞŐHěb_ŔE6C TFL–RF–BF +ŀ1]`_\
'H�;`]KŏȾŔͭА+�~£¨r̹ǖH)0_È̹Ċ̙イßcÄ,ĭ26C&=äい
ʇ+ȅǂ4`_� 
� 6*6G+]�ダżĽì˩L�300 W c̊(_Ʋ&È̹ΎëZ 1 ȂĚ±ɞǨȂĚ�~£
¨rcƫϼ6C&G&�García-López et al. (2015)L�200–300 W KƲ&È̩ΎëDK�~£¨
rÈ̹H)&C�ȲαȓKュ8_�~£¨ryo¤c̉ǅ6=[73]�22DL��~£¨ry
o¤KびâĠȹE6C�ʗʦグƟHʞX_�~¤̶ЁKċƵ+レ&]`=�2Kųè�¹G
_Ȇ̞ȕńİŪƀあ；cュ8_Ȳαȓ414.9 ± 2.3 あ�9.8 ± 1.4 あ�8.3 ± 6.8 あ5K�~£¨
ryo¤KǄL�Ä,ɞ1�i1zH)0_�~¤̶ЁƜ϶Hɱ.ěЎ8_2E+ガƷG4
`=�ダżĽì˩H)&CY�ʮȲαȓ4Ȇ̞ȕńİあ；�8.5 ± 3 あ5\^Ä,ɞ1�i1
zH)0_ÞǶŔKņ̉č̹+ſ̅Hȅ4`C&_2EcęV_E��~£¨r̹ǖKー^
ˤ(+ŏȾŔͭАcΛǟ8_ɞDKȯϬGyo¤E6C˚̰ʇcべã8_YKD%_Eƫ(
]`_� 

4.5 � /F2 

� ダżĽì˩L��~£¨r̹ǖKー^ˤ(+FK\'Gマċcè=8*cヒ]*H8_=
X�ŔͭАHご'ϾÞǶŔK˥Ɇ̹ǖ�m�z�cヒ]*E6=�Ś˞̙HL�̀ȂĚ*A
̀ΎëK�~£¨rÈ̹H)&C�Ȇ̞ȕńİŪƀȓ*]ϾÞǶKŔč̹cŭˎ6=�Ŕč
̹KȂĚȤえ；ʈΛ*]ȷĚ̀ÔȤえ；EŔw�x1ĉȳ6�ϾÞǶŔKͭА̩ƵKɞɎ
Hご'ǃÆÞǶKņ̹̉ǖKイリc̉ǅ6=� 
� 2Kųè�È̹ì˩ˬʈȓEナˬʈȓKŔw�x1cちĉ8_2ED��~£¨r̹ǖK
ー^ˤ(H\_ϾÞǶŔKņ̉č̹KœÀßEŏȾŔͭАKΛǟL��~£¨rƜ϶cƲX
_yo¤KȯϬGびâǰͼHG_2E+ȅǂ4`=�̺ルH6C�ϾÞǶŔKņ̹̉ǖKイ
リ*]�ÞǶě／ŔKl1�1�1yK£yqcɞɎ4:_\'G˥Ɇ̹ǖKϬÃcヒ]*
E6=� 
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N%- 
 

5.1 ó�u+/F2 

� ダżĽL�ǃÆÞǶKと˟ɖ̙G�~£¨r̹ǖKÈ̹ʅƖH˿ĝ6�ϾÞǶŔKņ̉ʅ
ƖKϲòH̨X=�Ś˞̙HL�ダżĽϖ̙KˬʈK=X�3 AKżĽì˩cʘ̓6=� 
� żĽì˩ 1 DL�ǃÆÞǶL̺̗̩HÈ̹8_E&'ȮϮżĽKàʚcŹə8_=X�Ŕ
w�x1HĠB&C�ϾÞǶŔKņ̉č̹cʋVȳ8ɳŪħƨc̉ǅ6=�22DL�È̹
ΎëEsg�¨y*]Ų̓4`_ȑƀɤŵKÞ��~£¨rÈ̹HȚϬH̸.ǃÆÞǶKŔ
č̹cŭˎ6=�;6C�Ŕč̹KȂĚ�Ȥえ；ʈΛ*]ɳŪŔKʋϲĊ̙̿ʇcäǸß6=�
;Kƕ�ȚʈΛΛʒcレ&C�Ŕč̹*]Ŕw�x1ĉȳ6�ǃÆÞǶKw�x1�q�
¤K＜ěŢ；cǡȳ6=�2Kųè�ϾÞǶŔKņ̉č̹+äǸß4`_EEYH�w�x
1�q�¤K＜ěŢ；HɳŪŔKʋϲĊ̙̿ʇZÈ̹˭³Kʨ˪̙̹Â+しÊ4`_2Ec
ヒ]*E6=�±ɞ\^�żĽì˩ 1 DL�ϾÞǶŔņ̉č̹KʅƖHěb_ɳŪħƨK˔
ǒcヒ]*E6=� 

� żĽì˩ 2 DL�sg�¨yKイß+ϾÞǶŔKと˟ɖ̹ǖHĹT8ÉŌcヒ]*E8_
=X��~£¨r̹ǖKÈ̹ʅƖ�m�z�c̉ǅ6=�22DL�U9�70, 90, 110 rpm D
K�~£¨rÈ̹c˟ɛH�ȲαȓEȽɭȓH)0_ǃÆÞǶKŔč̹cŭˎ6=�ȃH�
Ŕč̹Hhi1�¥��イĔc̚レ6�ǡȳ4`=hi1�¥��̶§1y�q�¤H˟6
CとΎ˸ƬЋÃǬΛòc̚レ8_2ED�w�x1�q�¤Ew�x1čʇŢ；ĉȳ6=�
;Kƕ�k–means q¢y}£¨rcレ&C�Ƚɭȓšq¢y}EȲαȓq¢y}KŔw�x
1*]�Ͼq¢y}H̿ュGw�x1�q�¤Ew�x1čʇŢ；cȬミ6=�2Kųè�
Ȳαȓq¢y}Hž]`_\'G�ǃÆÞǶK�~£¨r̹ǖKー^ˤ(L�ŔΎëcœ̱
Λǟ4:�Ʋ&sg�¨yÞDYÞǶŔKņ̉č̹cギô4:_2EG.�È̹Ɯ϶cƲX
C&.ɞDȯϬGyo¤cȅǂ6=�Àグ��~£¨ryo¤KŲ̓ϬÃc̉ǅ6=ʜƬż
ĽH\_E�ȚE6Cyo¤L�Ȇ̞ȕńİŪƀEȲα̩4level of expertise5HǃÆ4`_Y
KD%@C�あЉǄ�BMI�ƺă̌��¥1�¨rϿ�ħǓʘ̓KÉŌLȠ0G&2E+ȵR
]`C&_[44]�żĽì˩ 2 KųècęV_E�Ȳαȓq¢y}KţƟL��~£¨ryo¤
K�1y¢g¨E6C˚̰ʇcȅ6C&_E&(_>a'� 

� żĽì˩ 3 DL�ŔͭАH˟6C��~£¨r̹ǖKー^ˤ(+FK\'Gマċcè=8
*cヒ]*H8_=X�ϾÞǶŔK˥Ɇ̹ǖ�m�z�c̉ǅ6=�Ś˞̙HL�̀ȂĚ*
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ÀΎëK�~£¨rÈ̹H)&C�Ȳαȓ*]ϾÞǶKŔč̹cŭˎ6=�Ŕč̹KȂĚ
Ȥえ；ʈΛ*]ȷĚ̀ÔȤえ；EŔw�x1ĉȳ6�ŔͭАHご'ϾÞǶŔKņ̹̉ǖK
イリc̉ǅ6=�2Kųè��~£¨r̹ǖKー^ˤ(H\_ϾÞǶŔKņ̉č̹KœÀß
EŏȾŔͭАKΛǟL��~£¨rƜ϶cƲX_yo¤KȯϬGびâǰͼHG_2Ecȅǂ
6=�ʜƬżĽH\_E�Ö6ƻV�i1zDKɪ̜Ŕ4ü℃ƤŔ;VL�RF5Kč̹Ƅɋ�Ä
,ɞ1�i1zDKŞŔ4RF�BF�TA5Kč̹˃ãL�̌ ȂĚ�~£¨rH)&CŔͭАc４
Ƅ8_ɞDȯϬGマċcè=82E+ȵR]`C&_[46–47]�U=�ΣÞǶ4ン,ˏKV�
ȊˏKV5EϾÞǶDK�~£¨rÈ̹H)&C�ǃÆÞǶDュ·GŔč̹ϿKǄLȅ4`
G*@=2E+ガƷ4`C&_�2K\'G˹žcęV_H�żĽì˩ 3 +ȅ6=ȲαȓK
�~£¨r̹ǖL�ǃÆÞǶKɳŪŔKʋϲĊ̿ʇKǄ¹c˥Ɇ8_2ED�ųè̙HϾÞ
ǶŔK�~£¨rƜ϶cœ̱H8_\'GÈ̹ʅƖcȭΛHϳべ0_YKD%_E&_>a
'�6=+@C�ダżĽL��~£¨rÈ̹H)0_ϾÞǶŔņ̉ʅƖKϲòcˇɵ8_E
EYH�てƀȓƊɷK�~£¨ryo¤c̓Ͽ̙HĳВ8_グǗcȅ6=� 
� ±ɞc̶U(_E�ダżĽKȚϬG˹žL�ȃK\'HȬミ4`_� 

1. �~£¨rÈ̹L�Ɣ&H¹G_ħい̙マċcュ6=ϾÞǶŔKņ̹̉ǖ*]ƨʈ
4`_ 

2. �~£¨r̹ǖKと˟ɖʇL�ϾÞǶŔKņ̹̉ǖHã(C�ǃÆÞǶŔKč̹̩K
Ǆ¹H%]b`_EEYH��~£¨r�i1zツD¹G_  

3. �~£¨r̹ǖKー^ˤ(L�ŏȾŔͭАKœ̱ΛǟHȚϬGマċcè=8�U=�
Ʋ&sg�¨yÞDYÞǶŔKņ̉č̹cギô4:_2EG.��~£¨rƜ϶c
ƲXC&.ɞDȯϬG�~£¨ryo¤cȅǂ8_ 

;6C�ダżĽKȚϬGĊȴ̙ƮŻL�U9�ŔͭАcĭÃE6=w�x1�q�¤Kに̉
ʉH�ϾÞǶŔK˥Ɇ̹ǖ+しÊ4`_äいʇcȅ6=̟H%_�ã(C�ɴ˞̹ǖKと˟
ɖʇ+ńİ̶�k1�¨yHラ(_ÉŌHA&C�ȃKɰ=G˹ž+Ħˢ4`_� 

a. ǃÆÞǶK�~£¨r̹ǖKー^ˤ(H\@C�ϾÞǶŔKņ̉č̹+œÀß4`
_ɡƵL�ŏȾŔͭАH\_ΎëΛǟcˇɵ6�ńİ̶�k1�¨ycƟɞ4:_ 

b. ŏȾŔͭАcĭÃE6=l1�1�1yL�ǃÞǶEÆÞǶKw�x1�q�¤+
F?]*ÀグHんƵ8_̀D�ϾÞǶŔKņ̹̉ǖ+˭ÀŔHíȬ̀8_ƇɛHĭ
Ã8_� 

c. ̌ĦĚH̤_È̹ĊȩH\@Cw�x1�q�¤+Ȧʊ4`G&Ɖ^�%_̿̓Ŕ
HȬ̀6=ΎëZŔͭА+ョこ4`_ 

ダżĽʈèL�ɳŪŔKʋϲĊ̙̿̈cƫϼ6=と˟ɖʇKびâǰͼcɰ=H̖°8_YK
D%_�Y@EY�;`]LŔw�x1HĠB&=びâǰͼD%_2E*]�ル0Gɴ˞È
̹HÕレ8_2E+D,�ǨǶKņ̹̉ǖZと˟ɖʇ*]�l1�1�1yHěЎɱ&ϬÃ
cǽʪHŹ˹8_E&@=čレЇ+ƫ(]`_� 
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5.2 ��+�ÜeÏ 

� ��K・·È̹L�È̹ŭîHě8_ɣガ+ǽʪH˧͐っȐKÈ̹ボ*]Àȃ˞ʇēćボ
QEˁ]`_EEYH�È̹ボ*]ʔ：�ªÈ̹��1¦¨QEÈ̹ǰІ+ÞƯ6�Ŕ+ȣȱ
8_2EH\@CȑƇ4`_YKD%@=�2`]È̹っȐK̸,H\@Cʋ7_È̹ēć
L�ēćȠリğEテɐɳŪũK̸,H\@C�˧͐っȐKÀȃ˞ʇēćボQE�f1���
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