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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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Even a simple reaching task
has an infinite possibilities of ... Coffee

1. Path and trajectory
2. Joint coordination
3. Muscle coordination

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.
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RENZIELRT[6). —MRIC, #EBIEE X, XD 3 D2DEEICHT T b 5([T].
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2RI 2 Lk, EMREECHZ L2 3.

CorInEROD &, HiHEFHOBE <X, KRESHOME T EREER (F——=2
— ), RFES, %L CERBNBUEICX 2EH L o ERFRPEREN AMEE 7o
TW3([11]. 22T, _ZY v 7EEICE T 5 FELEH (active muscle) ZFIEL, Zi
bOBKMNIEE ZFHIF 2 LT, ~&XY v 7EEOEEEEZTET 2% 1L, REICH
DHENTE/[12]. L2LARS, =&Y v 7EHo#EENHIE %73 3 eiTEcid, A
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L7=23o T, SHTIE, _ZY v ZEEIC BT 2 4 TR OIE#HE (Bilateral asymmetry)
B, BEEANT A~ VR LD X R E 52 TEY, £, ENOBRFR—VEGEK
LD X RBREEEL TV IOV TOMFMmIE, 2 b o TEREL THWARWVLDTH 5.

Pushing phase Pulling phase ‘ Propulsive phase

Right leg

m) : Power production by the leg (in red arrow)

Pulling phase Propulsive phase  Pushing phase Pulling phase

Left leg

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.
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77, Bini et al. (2015) 1¥, 10 %O 4 7V A P ZHRIC, 4km DX A L P TFATADR
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TEHIEBREZOLND, EHIT, XV VT RAFADERBNREMFICEET 25w, £A
TR OWFES B D 2 MR 2 S 20 & L, TR~ Af 2 H%5 s 2 E B
DIFANRERFECH B LS ICB 23, 2L T, 0o ORI, BEREEDIENMEE & 5
BT —w v ROBENEZHAL 2325 LT, AR T 7 —FichdeEILNS.
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kR R L, HEAERICE T 28l 0EEi 2 —2o L 5T, %ﬂ%%%ﬁ@fﬁé’ﬂ
HLTWw?, 2oz, e MIGEHEOBZEZEHRT 2L, LHESKREH%TS
ﬁf?é.@ﬁ(Mwmmﬂéﬂifﬂ%@%mﬁﬁé%%@F@,W%%,W%k%%i%
DTHY, EEICIE, BEHOIEE (Activity) ICX > CHEHINEZDDTHE., —F, BIR
B 7e 55 % 72 3 E B, BIE (Motion) & FEIEN S . 2 L C, BRI % - 7281E 1%, 1745 (Action)
XA & L 5[15].

DLE#BE 22 L, hRARROEEHEAHO 2L T2 L CifTAOHEBITERTH S &
Wz 5, EE)OFNSETH B PRI, WF®M&%@(~J—U/) N S
— 7K ENTE D, EEEN L I 3 HRmEDE DL RIS IC X 2 BREE O &
AFIZABZEE LTS, F7, EERXT WLT@%$UiD$ELtuIi SGEL LG
4 (Motorcommand) & L C, KK, fixie, BREZREKE 32 MEH = —a v bBHie
izt A2 THEE = o —a v~ EfFEIND. 2L C, 7T7F2x—XICHYT IHEH
FE, # 140 FEEE O BEET & 400 MO TREI W CH Y, TMoE#i=—=2—v v IiZET 3
o BB =2 —uVIC ko THIKMRR L ER I N TWE, —20 o lifj= o —o v 23S ids
5%%%%@,@%$&&@&%,%W%ﬁ#%ﬁéhé%m@%%iﬁ&ﬁé.$~@E
B2 DREI N TN &h 0, PRMRRIGE =2 —v v 7 — 1 LIF IS
RO EB) AL~ L IRB) B A RIE T B[16]. D X 5 i, IREIFEMIC X - TEBHAL AN
T 2RI, EHHEMOFAETIENE, ok %, BHlE 3 EHEMLOZLIE, E
(Electromyogram, EMG) & FEFI T3

L7e23oC, fHERE (FHiEH) @@ﬁ# I, COHENITE DOIEEEF 72 X IEENEEET
WEHI L T30 Lo 7B AL O EINENE  (Recruitment) Z/RTHDTH S &h b,
YA Y 7—vayds LEEBICE T 2 R0 EE)IE o BEICKZ CHBL T2 7.

1.2.2 #HEHOERFIEFGE

SEB)ICRA 2 il OIGE) & 2 ORERERIIXENL, MREA O A ERREIC X o TIRIEI NS,
SREB OB IR L 72 R, Wb IXAIGEETRE X, [EEIEA O R E X Tld e EBHEAL
DEL Z O DFKHE (Firing frequency) I X o THlfHI N 5. 7272 L, AER ol < 1%

R &R 2 C, MiftiEIC X - CTH 7 2 IR & Pt SZBct  (Innervation ratlo)
ZHLTWS Z b, EHEIHALOFEKAR & BIHEHEE I TIFRRIBER R I NS, £,
filEofEE e L <, BREE —EICRd 2Ok % i3 2 F9IUE (Static contraction)
&, WiE AR S R 2 R E X 2B (Dynamic contraction) 23 b, b,
B BT EE 2 I X 2 5,
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WEL C, FRRRAE 12/ & 7o BT T 1A O SR AAE & K & 7 BT AR DB IC KRR I L 5.
FEIRFE CRRFER) 72 ) 2 FEHE 5 2 Al 1, AhINAE ) & IR ICEN 5 D D @, JEIFTINMEICZ
L <, REFREIFIGIHIREE Z R T & v, —77, (K- IREE O ) & {kHEry 1< 561 3 2 2 13,
A 71 & IR IE AT ICS 5 D DD, JEFHFTHIEICENCTE Y, KRR IGEKRE % Rt
TE 3., —fRVIC, EHIHALCH D 28 L EFHORIT 111 & X, iz, #H L EH O
B BT 12 N Z N 126-250 Hz, 20-125Hz & OHE ST ST W B[17]. EiLESE) = =
— v Vb FREL 2@ I X 0 EEN AT O FKIEE 23580 b =561, mYIC/hE 7
WTTHITEE O E B AL CH 2 M A FEK L, KEFICKE B A CH 2 W #IE T 5. C
NEHAXDFIEL W H[18]. 7272 L, & W KX k) % FHEE c i 3 2 &t B w»w T,
A 72 b NI MEB DA ST L Xhd 2 e b dH D, —J, RRKEt L 1%, 1 D0
B HAT ISR % AR AE R R 3, ARSI ECEE 23K & W i L 7 i B o 33X AT, iR AD
N X wfiild, KRN Z2RET 28I, 22 nbERem) 582 -3,

1.2.3 BIEEF OEMASHE

EREHH DOTZAR & BLiE 1%, RS o A B2 R TN 2 €, HiXRe R X 2 B LA o
RBEZEGT 2D 5 —D20FERTH 2. GiEAIE, 12U Eog LBz 0o 3/
THY, 120 ZE < X5 ICHiE X U7 1 BT, Z Ll B B < 2% B i
IR TV 5. Bt&H ORI, BT, PURE, EPEARE, JEEic oI, 2Tk
R ar o JEfdh, WoME, HNIMNED Sk % AT, FE, TR oOBEEESICEw T, HE
iz oAk, B oFHBEOF -3 %EEHS XL E TR TV B[19].

T D & 5 IR O EBRARREE & B O TR & LB ASMHE 7 o T, BETES)ICHRBER)
BEENETE2DTH L. Lo T, EHICEA B L CICHOFRE & S8 o 2l
X, FIANTEENE 723 T B A e OFRRERI R E 2 BEfRS 2 FCEETH 3.

124 RN rvaiq4 &

TEHHEORE L 1Z, Wb, BfiAE L BBRHS4T LS 1R 1 oSk e 345
BN ETHoTe, BREBET 2HEKRICE VT, HoAHBEP B O BE L
TIRERXAL TR 2 s, BEESZEHL 5 2 oM GbE 3EINICE 5 &
v, HEHENICX>TED LN ZE/IZ N OREFETHART L 2L L, BEfi-HL
RV TRAEFHHAMEAE T Cnwb 2 ik s, TURAHEOMEIL, #%id3 25 RO kME
EhbE, NLvyax 4 vREREEEENTY S]]

K% P ICHIE g 2 2000, iR R ED X 5 BEBIE 2L CTE D725 5 P,
AW TIE, ThoOfFRITHEL L, TIRABEOHK & » I Blms o, RN ZEShH
HIF G < H 2 Ll T 7 (201 & H MBS E T ARINICERT 2. 97, d#ipyZE



BB C B 2 SR AL E 7 v, RINECE GEBREAYF) 56 & &atEiz—x—T~
yEVIZENTED, ZRLEEOEEE L CHEITHEI N THI LW HERTH S, 4
i OHkEI NG L) ic, e T vid, Pk R (sEEE) oE#EHE (S3%0m)
i o T, HEERHAR (SHHE) SHEEh D LT, EHEIc~ v v v 2 E R KB

(=50 PG L, EHAEHRI N L) —HAD Ly XY v ET AR L S, 2771,
WL LTl 4 OfICEBNE S %% - T\ i, B o B EE ) EB) BT O 1 7o 6 B
ERT LT L . 2o X ) ICHIESIRLE 7T V0 R L2 R, TTRAHBE L Uk
Mz B LS5 2 e bnolz. —HT, XROMEL X, F520FC0LE LWV
MEE D BREICIFET 2R, fTAFEOBKILERER, &b, BEHRTlzIEsTsce
b, TOBICTIEARENMEE 2w boThs. Thid, XRO%EHE (Context-
conditioned variability) & DFEIIN T35, %2 2T, d A2 EE) GGG I L b % iz
s L, EEIENE, B6L (SXGEAE) |, i GEENE) , T GF#E) TiXoznzh
TN, ENOLRABRTHNOL V%2 LET 52 L THIfEbINLTw 3 &) [EfE
FIERE X N2, oMM, EES AL ~Ap 5 L e <, AR
LUL, B Y v 2 Lov (IgddiES) |, =L ~<ov @) , fThr < (BfRxF L)
Lo ZHIEHTEE R WL O OB IR IN TV EwWIboTH L, 0%, JIEHK
JE L XRORIEIR, FAIL_ATHBITAEOERZIRLS & Lz EED» S TEoiic Ciik
INBZLEATVS, WLk, ~ArvyazxfvoEfliEicsyc, TRAHREZ
ek 3 2 HlfH T RE e AR & L CER I LT w5 [21].

1.2.5 BHERKHE

b+ OFEEGEE)IC BT, PAXRSR OMIRRERE X 0 TR 2 BT, BRES RS

B3 2 a@EH=a—w 2N L TH~LEIET S, 2oL %, HPIERICHEEL 2fiE%x
TRt L7z ol, HiEX (electromyography) F 7z 1XfHiEH) (Muscle activity) & FEEiL T
5. WiEE 0 F 72 2EHFEE LT, SHamNEICE AT 2 S ER & BERE I E R Z B
D fH1J 2 KD FEX (Surface electromyography; SEMG) 2SHW O T W3, & D b, R
BT X 2 GBI OFHlNIL, SHAENIC IR LG RRETH B 2 &b, TH¥EA
I 310 2 EENHIEOMEZ I U, KCHEHAI N TW S, RNGIEROFHIEMEIE, Ki§
G D A5 72 BRI S iR - E AR OB AL O U N e iE B AL GRIAATELL) % i
LEd#k3 6L 05D THS. LdoT, REMEMDOFHIZ, KD 4ricH T, Bk
IR & 7 BREEE (R 23 2K X h 5 [22].

o B DS O EARIEGT, P ARE 7 & NSRS, B R E

o GHEIGH: : EHROB Y fHIALE & EEE, OEMOEA, REIOERA, X b —

7 (hfiz o OfEFERA) , KEF ¥ 2L GEBIELOHEK)
o SEERSEME : tPREAH O AEPRAARYRME,  BAENEE) O SRR



o HiLEE o b (S S S
ek, FEHOREHENIY, KERE~LEIFET2MICBET 2, KE-FEHOFEY
T RTEZ e —RITIIEFEINR Y, 20X AREREROD &, EEREXERF A4
1Y —244y (ISEK) &, ®fEE 2 OB SWHEEOFHIAA F 74 v EREL T3
[23]. 7z72L, RAMGEMOFEECFECHIT TR, BN TELATHLI b, &
e c o RO, T REEELI BDELD 5.

EhiEEN D IFREI R 2

BLl X 7= R EAL I, R & RO 1257 0 b 1L 5. K i dE A7 O R o7 1,
RiE (FowEEIL~L) , vy b (24 v 7)), &EEE (AGE <2 —v) 2 O
g (M125-1 =) . oo oFfiy, REAEMORERLICX > CTAlfgEL s, Fi
BRAeFEE L, BRI FEEME (Average rectified value; ARV) , EMG,,,, & _FHIFEF
J7tR (Root mean squared value; RMS) , EMG,,,, #U TR 1.25-1 & 125215, 7«
B, emg IRMAEINORERI T — &, TIXJEMAS), « XFFEIMEs 2 £,

1
EMGs = 57 J; “lemg(tHO]? de (1.2.5-1)
_ 1M 2
EMG,y, = 37 J; lemg(e+0)|* de (1.2.5-2)

BREEN O R Bk 2
Pl B D JEI AR ST 1T 1%, EB AL O FE KB, TEEEA O{RERE, Rk X 4 T DI
MFFEZ I U &3 2 AN RIGEHEIEEREEL Tw5 (K125-1 2 . SHTIE, 7
— ) IR IR U 72 JEREURNTIC X o T, A & o 1 B R B i E B AT o FE KR
JEDART & v o 7o R O R FREFIEZ R Z DN 5 X 9 1T o 72[24]. fili O H oS8R AL
(Median frequency; MDF) DAKEIEECHEIR~D > 7 M id, &KW E 72 1355071 763 O £y
MO T Z2RXITAEFTDOEEMNIEE L o TWwWb, LaLiads, 77— 28X 5 REK
Bfgtrclt, ERESVPEEIND LA OLFIERICENTOLAEMTHL L VRS, &
D7, BFGEE T, ZRNEGES CIFEFGES 2T 21CH 7 o TIL, FEf-FERES
fREEICENT-Y = —T Ly FEBBHONE[25]. V=T Ly FEWTIE, V-7 L v
b (RTER) LT 2 R & A CRTES 2 H 2 —D O REEBPHEI L TEY, %
NxEAT— NIl o7 VYT 5 2 LT, VTN R OAE 5 1Y) 7 IR - R B i RE % 78
£TZ3D,



KM BN Kef]-F g Fike L<, X 1253 WRdFEALL—Y 2 —T L v}
(Morlet wavelet) % FH\ 72/l D5 5B EfENT (Intensity analysis) @R STV 35[25]. &
DIRETEICX o C, BIWEFITH 2 =X Y v ZEBNIC I\ T, FERM OREH)E G,
B AL O FKAFEFARE, 2 L CIEBIf O 7 7 & 2 [FIRYICIR R 2 S e 3 C& 5. 7272
L, BiEsicix, Bk, BAEAE, KEREOMELFICK > T, EBROE H EBHIO
Bz TEH L b i tnhFEzhba T i bz,

" 2 fo?
V(o f) = e o

(1.2.5-3)

PiE, FREREBHZD fe EIEBD NI A —Zall X > CTERIND. Ik, [IZERFE[HZ] %
Ft. zokx, pirX1254 2083, Xk 0T, ¢rnn RTEED T A —X,
jiEv =7y o ERT.
fo= =@t
n
(1.2.5-4)

SEMG (Muscle #1)

Rectiffication

Muscle activity pattern

Frequency analysis

Power spectrum

. —/[HZ]
Onset Offset Median frequency (MDF)

Amplitude [mV
1
—>
:
1
1
1
1
1
1
1
1
|
1
|
Power [mV?/Hz]

* Activation level and timing * Motor unit firing rate

of muscle * Conduction velocity of action potential
* Muscle fatigue level by amplitude * Tendency of fast and slow twitch
* Muscle fatigue level by MDF

Figure 1.2.5-1: Rectification of the sSEMG 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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BERFHHARDFRER

BRI O E R 2 T 5 &, HHlENABRECTH - T, GBI E L T
T2 OERZHEICRE LD, DT LIRS 2o TH2. DT Lhb, &
& ZEBOMIT O 21N e iEB BBl S - & LT, ZN 0 IIHEHKR D RMAE
& Z DN DOIIEREZ o3 2 Big O, BCiE, kit x 4 77 & v o BT 5EH)
5K (Biomechanical-constraint) 7> 54 U721 &3, HEBNEIS (Motor adaptation) & o 7z
FRRX RS R O JEBIHIENT SR X T & v ) BRS IR~ 5 11T 3 [24-25).

1.3 Fo—

1.3.1 EFOHRAEE

HROEEHIMENIC BT 2R L 1%, WHEHZEE T 2HHE S I ICH o7, LaL,
EEROHEBE T WT, WHIEIZKOMICHBER R oS 2 &% \w, 728 21E, b FOHT
BT BT, TIROKRBAE, WREAAT, RBIEi DML R TMMAIE, BTHE, BITEB, 4
fl7s EOBATIRINICEI D 53 3 ZonZEMo—FH Lic ey F I3 2 eBHMbN TV S
[26]. L7223-> T, &BfiZR o NI BHEIIMZL T30 Tidkel, 2o LEe
ST eICkoT, XVEWRITTHEINBFHH I N TVE L WR B725 5. FHFE, HellEIZEE
DHBAELGHLE D X 5 alndiihEiX, > 7Y — (Synergy) & L CTHIGLTWS, X 510C,
>y =%, BEEAE O E R IEE)M S F 2 — (Kinematic synergy) & 5D i D 15
ZRTHYF Y — (Musclesynergy) I Hbis, FriC, v F v =i, HRXARERICK S
EEN G Z RS 5 & F 2 onTHY, HEEH» 6 v F Y =T 2R3V o2 Th
ncwa, REWZRHIE LT, HickT s TROHY EHi<Ce F oY —F v 7EH)0 5 FHHl
INHEENL, PR ;YDA GbEIC X o THEFETH L Z LRI N T
5[27]. 2L T, fivFv—IiF, HoEMMEETH Y HoESL (LK, FHomias) 2£5
v+ Y =7 b (Synergy vector) & IKfEIIE % R v F ¥ —iHMHREL (Synergy activation
coefficient) ICfEE % (X 13.1-1 ZMH) . L7225 T, ¥F V=7 b &id, PR
RIFEOFEEIRLIEEI ST i0h e ) [gfiEs ] 2R3, 2L C, vFv—iFk
B, H2HEEICE T 2REDENEZERT 5720, FRMERLED XL I v/ TED
BEYFY =T PEFEH LI 20 oz [HHAEWE] 2R3, cokiic, By
Vb, MEIN R EENICIE LR T DD TRy, —D2ofilE, B3 L I3EK
DffivFY—ICBT S LBHLp L I N TS (K 1.3.1-1 THSR) |

SHTIE, OEREE), T EEMT, Bk, v —A v ), <XV v 7EB ORI EB)
CBEWT, iy F Y —DHEIESHER S LT\ 5[28]. Cappellini et al. (2006)1%, HITICF5 T
2 R HOMEEERET 2L T, TNLR 45 DD F Y — DALY LT
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252 HL2E L7[29]. vk vy M HERFHE X, HEBITEDERK LRI
FY=BHVLNE R E, ZOICHEFHIXIA[30].

s F 2 —pSEENHIENIC b 2 MR RS L ~ L TEEINTVWE L AEMNTZME L L
T, PAOEEHEB L Vi I N/ F Y — 2, BT = 2 — o v D o84 2 L
TEHEZLERHALICLEWMELH B[31]. 2% 0, v F YV —ThHsivFV—xT7 e
Y —IEMEARE E RS A EREARICNTEL T Y, TN O 2EE)IAEIC X o THER X
Nz, WHITHEBIEIETH 5 2 EXEM T bz, X 5T, BREICHT MY Y — oG
EEDANZALIE, T 3RBHL 2 E I TV 5[32].

e  Sharing B OV FY—DEICEBWTHEULTWwE Y F T —
e Flexibility, stability —: Z{L T2 IFHEKR L2V F Y —2HET 7V —
e  Task-dependence CEREE (FRic, GEBERE) ICEA RV —

PRENZ 21, b FOfivFY—iF, FERFEERICE T 2 EHoRRl L & b ICERT
2T EDBHAL L INT VS, EEIEEICX 2 B0 B e mF M, PR OES)
ZATICE D 2 XA TALOEH R CTH 2 HHEL ~ v L FEERICHMb I N5 2 & TcHREZ
N5, L7edi> T, PikmitRE, TIRAMBE L SUROBREZ RS 5 7201, RIS
DRI B TR BE R R 2 B 5 & v o 72BN 2 BRI 23 5 &
Npztbhorz, v OMEENZNRE LAMHERYANIEICLY, By Y —DFHE
BT 2ENHZMERIEBINO0H D, SV FV—RHEICEET L LFH LV
Wz 5,
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Brain and spinal cord

Descending
commands

Synergy
SR

I Muscle activities
~ measured from multiple muscles

SR Q
<
= /
g Ea-
<
Time [s]
Decomposition
I
I I
Temporal component Spatial component

(Synergy activation coefficient) (Synergy vector)

Synergy
#1

I
3

Amplitude Amplitude

Z.

Reconstruction

Amplitude Amplitude

Synergy
#2

I

Time [s] Muscles
[ ] [ ]
[ ] [ ]
[} [ ]

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 RuETWEHWT7LIYX L

v va x4 VR, EBFEONR (BZEED) i LT EEEE) Dfaré
bEPWRELRZRICHD., 22T, RRITERL LT, W O2DEEERZ—DICELdD
5708, Ml hARAR Z R XItHN T v T ) XLBHwo s, &b, FRDIT
#7 (Principal component analysis; PCA) & FEEESTHIIKT-57 % (Non-negative matrix factorization;
NMEF) (%, fREBENRGS F ¥ —BirFEe LTHG LT W 3[33-34]. 205 RICHEKI T v
TY)ALDOFEKRT 5L 221, L7 —2DEHRELZ T 2Z0RFELOD, X D/NE AT
THRHEL J 3P E 2 3P~ LR OMGEE S 2N T2 0w bDTH 5.

ER5

it m BT LY v 7Y v Itz n HOKRERYT — £ % v T RICD GBI T4
X(m-by-n) ZRX 1.32-1ICEFKT 5. £7, EFHPOIWTIE, LXITH» D 7% 2 HiGEE 5

X00 " Xon
X=[x®x,®0]=1] ] (1.3.2-1)
Xm0 °° Xmpn
DWW, BEAW(m-by-s) & DFIEMY(s-by-n) 2132 2D K5 ICEXRT 3.
Y=3X" wix(t) = WTX (1.3.2-2)
Kiz, Y OHAECE R 1323 IR THIfIEAWW=1 o b & TiRALT 3.
maximize”WTCW” subject to WIW =1 (1.3.2-3)

R, 9279 v a REFERELZHCT, UT 1324 & 0w) AoEEEMES LTtz 3
TENRTES, ZoLXAIZ, EAWCHIGL-ZEEHEEZERT.

CW =AW (1.3.2-4)

bbb, FROOIE WY Y —iriE, 1750 X o080 T8 C o FEEESFETH
5. ZoEx, EEMEMMECITEHEEINS Y IX, TS EHENS. 2oL %, Ty
FEWT, $RITOMEETI X 1Z, UFXWD X5 icHELREx 2, cnd R 1.3.2-5 105
ER

XOt) = wiy, O+ way, O+ -+ wy, (® (1.3.2-5)

TIZT, ERDORITCERT s 1F, v FYV—EBEMEENE., 2L T, ERDTDRILH s <n
TH 2L EIC, THXY (m-by-n) 1, FEA W (m-by-s) & TS Y (s-by-n) DRIEHIL S H
WEETE 2, Inb, siI, FHEEINLESVTOEETEZ ENIEEHRHATE 20%R T BEH
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5.3 (Cumulative contribution ratio; CCR) IZ X > THREI NS, %X 1.32-6 1T, —
W, ERDINE R Gy ¥ — T Cl, REFGED 80-90%% /23 & T D s H4E
RENBZ EDN%[33-34].

Zle )‘l‘
i1 b

CCR = (1.3.2-6)
Y=, B RfomiERiE LT 2 L0, LRITOMEENTY X 254
RXNT-FOWMTNEEI W L T Y 1E, TREFNLF =7 b o9 —iERE L
MEEn w3,

FRMETTIIEF A

FRGTHTE B Y, JFAETHIR TR, T — 2 0IEaNEZER L 2@ FikTdh 5.
Bl zZiE, BT —XICH TS RGB AP ERDAXY 7 L7 CI3IFAOMHEZIS. $7z,
iR B WTh, HOUUE LRI IIAIEOMINED ABTFE T2, 0z, ik
BIdEADTF -2 LTERIND.

ZZT, ErmEmROmr LYy T v rEN n HORERS T — & & VTS RICD TG
{75 X(m-by—n)% AT 1.3.2-7 D X 5 ICHEEES 2.

X0,0 " ZXon
X=[x;(® x,(H)] = [ oo ] where x;; = 0 (1.3.2-7)
Xmo  Xmn
ZoLE WeEHIEEDIIATH RSO L, BITRK 13282 132907 ~x=
7 R v L% E/NCT B HlRIST & ol tREE E 2 5.

minimize||X — WH||f,penius Subject to w;; >0 and hy, >0 (1.3.2-8)

X 1 robenius = tr(XX") (1.3.2-9)

B, W=0andH>0 DAFERGIFIFZMEZHRT 20 O REFLATITH 2(A);; = A &
Dje = EpBEALT, 777V TVvRUTOLICEDZ L LT,

J(W,H; AE) = %IIX—WHII%mbenius — tr(A"W) — tr(ETH) (1.3.2-10)

IDEE, hr—va - 7—v - &2y h—5% (Karush-Kuhn—Tucker condition; KKT) X
D, TR 1.3.2-11 & 1.32-12 IR TIENEHFUAE LN 3.

W —[(XH") o W] @ (WHH") (1.3.2-11)

15



H « [(WTX)oH] @ (WTWH) (1.3.2-12)

¥, AoBlE7X~—fE (X1.32-13) , AQBIZ7X~—nrp (X 1.32-14) %%
LT3,

(A ° B)’/:A’/B’/ (132_13)

(A@B);= % (1.3.2-14)
ij

Y

DFER, S RITOBIEETY X 1k, UTXY0 k5 cEiEgEans. cnzRk 13215
3. TTT, s, fTHDAEEERT.

<l

XO(1) = wyhy (6) + wyhy(2) + -+ + wihy () (1.3.2-15)

L7235 T, PR X N AMEIITIIXO ORITH s<n TH % & 212, {75 X (m-by-n) I3,

W(m-by-s) & H(s-by-—n) OHTEHID L HHEECTEZ 5. NMF Tld, ¥+ v —$s 0;FERHILAEL
LT, HHEEINEETOEOOERTNETOREL 22 ENIZERBTE 20 %277,

Variance accounted for (VAF) (3£ 1.3.2-16) 23\ 54 3[33-34]. & Z°C, var i35, X®
(s < n) 1Z, W(m-by-s)& H(s-by-n) DIRIEHI2 b HEEINES2EKT.

var(X —X(S))
VAF =1— ——_" ) (1.3.2-16)

var(X)
AL, TR & BRI, £ XotDMiGEETH X 1%, omiliGiizEK+ v+ —~7 ¢
U W(m-by-s) & ¥ F ¥ —iGEHERE H(s-by—n) ~& I 5.

1.3.3 ¥ F =B WI-EBFIE D IEfR

M iE, HEONEHREAROGERT 5 2 & T, BESLPIELCGHEIGT 2 2 L8 T
25, HlziX, —BEIOFE-sTwABEREZET»O ERIELTLEAS LT ELE, LD
EENLEY) 7 7+ — L~ EIEI NS, SHTIR, VAEBFIEOMEE HIEL T, i
F Y —DEBEATICNT AT I N TE 2. ZOME, How sBRERLIELICH L T,
ey —1F—EH LR EZ SR> T A EDBHOR R oT2. DX BRIV FY
—pu N2 ME GEEEYE) 13, oS Th B F -7 Pl 2 ORRINEEE
TUF Y —iENRBOMABIC I 2bDTHE LB bhroTWE, ZLT, HyrFy—o
moN 2 M, GEB AR (W) LT 0L, RBE, kv v a Vi, F—HEERERN,
ARTTEER T ClRIA R I N TV 5[27,35]. 2D X5 AR, iy -y —2»HE,
iR iR DZA T & DFREEE S b OfFHRICE SO IS 2 LT, & M #EY]
GEBNREIEL 720, #HiziE#~ L #EISHETH B 2 L FEMIT TV B,
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XC, b roOREEEBOETCIX, PHERR, RIS, RS 2 L CUHEHRE
ZNENIEH ICHAET 5 T L A IR & & 5. BRI C LT, MR RR IR S 72 & 0
HREEF O F V8T, HEEODD LKL T, DA A2 EPMELRINTHD
[36-37]. v F ¥ —H DL, EHOLIRMECHE IC X > TRbIW - EEELZ "R T 5 D
DEVZ BN, ZOMPICITHEIEINT VS, COTREOEAL, HLETOHLF
— L lE, RICHERAI T LT Y XL X o CTRARMICHiH S 2 AR ch s L nwH 2 LT
H3. LarL, HEESrLMHEINEZMGHY F Y =ML L TEREIRTVWE Y
Vb —HIT R T 5 L, BEOEMTIIAAEETH L. Y — DB, Kot
M7 XABTIES DL CEBEHEINTVE X5, By Iy —ickon zEEh]
HOMETIIY F Y —8Z T TiIR, TREHYF Y — DR 2SO BE N % w3
RETH B EDRMPBROENT B Z EITHEE L 72 [36-39].

1.4 BEXF)L

141 BEEE

EEIGHEBI O LML, RS, E, AR—YVIBLTHARAIEBELES. Al
X, BHi=RE, R, ARV O FENEFHIREZRTbDOTH 25, MAHIDRE
X, fTREDNT7 +—<w VA% LIXE2NITHLHEAFVICH B8] HlIZIX, Fy 7
TAY)—FiE, NAEBET T Ml citanziz, wbif, A—X=71L 4 TN
IOBRHEATIIET L LRVEIERZERAEL TS, TR — 2% HKRICHE IEEDRE
1%, EEERE (motor skill) 2 IZBAEA XL (skill) LFEENTWS, ZDX IR AF L
X, BEPEN GREZRY) Chr o728 E %3 5 X 5 I RGEERE 2 TR 3 2 ERES),
F 720, EHEEEIC X o TES I N HIRHIKEE S 2 7 A R VEZITORRN ZEWR T 5. L
LA, HRENZ LIL, Py 7TRY—FTHLELHLDIE, A—X=T1L 2L
DX IITHIEIL T2, EHBIO a3 b ) & ZIEMHICHATS 2 LR TE R,
Tl BEERHE (Tacit knowledge) & MEEN T3,

L7=25- T, JEHENEIAERINEZ AR —VICENWT, 7F2T7ET7ZX)—+D
BT A=~ Vv ADEICERL, HEAEGL L OMEE)CIIEE LS WEKRRF L E2H
LT LT ed, @B EIcB b 2 E@BFIE-CT AT OB EME L cEER
Ttz b5,

1.4.2 13EEE

AFNVICETAHMAELE LT, " viaX A (Bemnstein) 1%, 0 L 72 8REEDREFT DK
HEMEZ T3 2 2 &, = OEBHIEZ A L 72[21]. 2 OREE, P T oRITE X, 1E
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fEic—E DB AR /=D L, $a% D O LIEOBfifuEIXIE S 2 2 EZHL 2L L.
2T, BFAEXZANE DT 2EHFIEIOE N L, BEFiomEEERLE D24 I v 7 TAEL,
ENIFIEDEDIITLDOZEZIMA TV E»ERELZLICIoTHL2LINE Z RO N
TWw3, —J7, FEh (2009) X, <7 x—~<v RO LI, HOESRMICHEICTEE 2
7, Efﬁ@bﬂf@ﬁ%ﬂﬁﬂ%wﬁé‘?‘éﬁ%@%%‘lﬁz%ﬁ&fw . BELICX 3R XV DEANTS
DX, EHPIEBRSLADLDNTWE IR, v P EEBOILODNL TR WEAL v b &2
b2z Lit, AFLVOMBICENR L LEZLNETZ5 I [40].

LUT, RIEEE2 %3 2 ARG AR —VHEEICEH L, EFOBRE N7 +—~< v XA %[
X RXF N L2 OEHFIEA S = X LIDOWTHNT B

F— R (A—aA Vv 7EE) OXF 0L

v—A4 v 7Es (F— MESEE) (X, KRR ERCTH Y, 28 D% i ic
FE Lz —A v 7 LIEN s RIEHEI ORI NG, DD, v—A v 7#EE)L, &
e RBofizREBE3 22 b, F—FpifkickiTs b —=v 7o, OffifkaER -
FHRE L7 4y P AR LTHEKLDDOH S, Turpinetal. 2011) 1F, 7 —A4 v 7EE
CBT A1 TH BT — (W) Bfiv Y —ICG5 2 28 IO THELZ[41]. C
DGR, N7 —DZAIcB b S F, AMHE (experienced) & IEFEEHE (untrained) 2> 5 My L
72300y FY—pitIns WG Lz, v—A4 v EETIE, A IZIEREE
LDV ENAT =<V RAEZRBET LI LBAONT VDN, THLDENE, N7 —0DF
Gt S B oMEiEmH i & PRSI OWEMEIC X 2 2 EATRBRI N T 5, S BT
A5k (incremental loadtest: ILT) BT 25> ¥ — 0B zHflE L -MGIc X 5L, -
—IEEREBIEEIC—ETH o 2D LT, FomHiE# 2RI > F ¥ =<7 F VT
CIERHE CHERRLZ RO L INTZ[42]. 2L, IO F Y —DENE, HIEL T

{ﬁﬁﬁ#?ﬂfﬁ%&;lﬁi\ﬁ%f?@ﬁ@ Wol helLzRWIH A7 ron—4 v rE@fEe %
S CThwvr—4 VY IEFICE T 5 T AL F —HEEDEL (rowing economy) % KIS 5 b D
THDHIZEPRRINTNS

L7izdoT, m—4 /7;@@3&:3”5%&%%&#?Mﬁ%@/\"?ﬁ—?‘/%@%bi, il 7
Vbbb oLIHomHELE WO XD, BIREDHEHOMH I NT —H v h I
A AR 2 I K o TORFIHE L5 AJREMEDR T TV % T & IR EIRE .

A—FL—R (REYVTEE) DRFIL

0—FL—X, WhITHEEFRIZ, I—a v et afiLz2R—VEHORIRT
H5. ZORELIFE L, 1893 FOHFLEFHEHIERE AL 1896 FOH 1 B4 vy
ZICE T, BEEHEER TR, “FAE v a—XREETEIE VT 4 VI REVDFIFA
—RTH Y, EHEOREMNMEDZ 7 v 7 OREREE LIcREn-~2) v 7#E#n b
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na., —R, Y v 7EENTy v IR ER O X 5 IcBb s A, Z oEEflEIIEEIC
HHTHZ., bolbd, TOHHRLE LT, =&Y vIEHNEL FREOWHEEEC X > TE
HaInazenFFonszs5. BRMIiC, <&V v 22&E8E, B NI T 5 R EE
fioJEfp & EREMCHEZ e LBy L, BAAR, 5l1& BT 7 = —X B{ED bR
INB[43]. ~XY v IEE OB PR PFE Ll ic X B &, VR I TR A
J&E DAL E WM SRR S T 5 [44-45]. IIA T, PlE I, WIOE L, %EE
i BAET & 72 (ZREAET R BAE O W REE A BHE TH B Z LA RINTWE, T T, &
BRI o & oG8, BRI 27 4 7 2 2 ICHEREMEE 2 H > CTH 0, XL
RZMAOFRICEHG T2 Z EARBINT WS, —JF, <KXV v IZEBECB T 3 PG
HERZFAEL ZREICL2 L, N2 Y V7 20iEE)E, HEE LVILE 25T 5 EHY
iGBich s L &bic, TNODEEERNIZE T A TV A THEEIORIND Z LIRE
T\ 5[46-48]. Chapman et al. (2007)1%, X7 —HHIC EE T3\ G o FHBIE I
EHHLUZAL, 200 0iE8)E, AE CRVWERMESRINTRZM49). LarLadb, 2ok
O R E B ARITFE T, Hugetal (2009) OEREICH 5 X Hic, <X Y v 7HEENCEH T 5 )
HEIRE VT 4 v I _ZL, B N, Afi (Watt), 7 4 7 A (Revolution per minutes; rpm) ,
A, PL—= v 7L RN E DA LRBERTEB L T3 2 EICEEERIER S R \W[12].
COXHHHE» S, XY VI RAFNVICEERN REED2DIC, HHiiEE» bt Ins v
FY DN MECERT2RADEKHEET S, botd, ABHEOHmEHIL, 340D
vy -tk o THIBETCE L HEINTHE, 6T, AE2 OB SN 2%
VIV =T HEWICEWEMMEERT &b o T 5 [28]. Hug et al. (2011) O¥EICH 5
Lo, XY v IEHOfYF Y-, Af, 74T VAR, FTEHER kv a V], F-—
WERERICH LTe N2 P TH B T LRI TV B[35].

LAbZEE 2 2L, ARE D OB X 2 T EHE-H o B o m e ek, Jick
NoEEVIFERICL LT Linl, XY v IEM LT IERERRAXVOEEY
EMf 20 THELEFERDLEAD.

1.5 FHREOHEBNE & UK

1.5.1 HEEW

RAFICE Y, <&V v rEg)oEsdlEIcBE I 2amcld, oA TRIZFRREICES) T 5
R, FHO~XY v 78RR & L 2fiGBoFHll & @3 ftbh &7z, %
LT, 9H, ~ZY v 72X AOERNREFICTS OGRELE LC, Wi TR DIERE
CEHLZERZY v ZE{EOEHHIE A 1 = XL D@EHAE TN TWE, b icBEd
V7 0 & LT, Carpes et al. (2010)1F, RHAMFEMZHWT, <XV v 7i#EE)IC FH
LA TR D5 6 G ®h 2 Rl L 72[50-51]. £ Z T, BiGHic RMS L Z 3 2 & T,
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GBI E 2 HE L7, Z OfEE, GBI AA T CERERETIRIN A o722 L 2D,
RV VITNRIIEATCRBE TH B Z ERB AN, LarLarb, KR LT, A
TR O FEE B D 2 R 2 S LT 2 £ TICE o TR,

PLEX Y, RBFZEI, =XV v ZE8fEicEs T 2 6 TR OIERFREICEIRL, M FEH O
WHEIA =X L xHO 2T ZHME L2, BARNICIE, fiv )y —IiciEkonT,
A TR OWTHEENICE D 2 RO AL H O 20 & LT, THOMHEY %85 Cmid
%) N OB E % A L 72, AR O BRI e L <, BERE{EOIERFRE & Btk
N7 F—= Y ZADQBEEOHICINZ T, K=Y 2 F DB I TE 0 FE i
ZFonsg., TR, RBEDICHEIE LT, AFR—VEIfEZRE L 72#EEh2EE ~0
MADZET N5, EH)AE OYIHERE GRHER) <it, M oB 2 %St A —
JbL, BHMTE XA EPEETHS. 2 LT, Pl (FRAEEE) <X, BifkoH)
ZICAF AL L CORN &SI MG S, #8E (BELERE) i, TMEcREx22] ok
O T xRl (BRED) & L CRAF AL OEEMNFER X5, Ericssonetal. (1991)1%, X V&
WL RV TOFEANNT7 =2V ADOKHZ HIET LTI, Whhs L vodEchhl,
PRHINBE N R T T L e, BAADOEBICHE 2 Z L PEETH D & FRL TWw»5[52].
L7zdoC, iy >y —% Mo B iko@sflilontitic X - ¢, HEEoBRMOER
ATz, RBA-MAEBREICE T 28 E EFMOF v v 7ot 3 2 JHREHB ARG S
5.

1.5.2 WREE

AW ClE, MEHBOERD 729D, LUTO=2>0 il %&KET 5.

o WFFEERRE 1 : Wl PR OGS 2 £ K 3 2 iR Z IO 221235 20, EAT
I FIFEEE BN 3 2 & v ) PERIFE DI A MEES 2. & & T, HiGHio ki
JEER 5y 2> &, PERA O B ERRE R WML S5 (BB 2E) .

o HEIME2 : v F Y —icEOE, A TIRTIERNHN R~ XY v 7 BifE OS]
HAH =X LZWHL T2 (F3E) .

o TIEHMES : IS ICK BRIV —DEREWAL LT B LT, THRBH~DA
MEEENIRHTE2_E) VI AX VA ERNAIRT 2 (Fa45E) |

1.5.3 mXIBR

AWFFEIE, ES5EIOMERING. UTF, B O EHHAT 3.

9, F1ETIE, HEETFRCO>VTERRZ, 11Tk, NEAREROMELRAS L L
T, b FOIGHEEHENIC O NIRRT, ZFE—Y ZF A DERBNLERICEET 2 HED
Bk e BBEZFRER L & bic, &V v 7EENCE T 5l AR s o B3
HEEICOWTHIME L 72, 12 ficid, BiRoEEHEICE T 2 MSIc > ok. FH
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ficlx, EHB-BFATHOER LD, HEt&ROEHENAEMH T2 LT, vy
Va2 A VRIS 2 EEREERROMEEY £ Lo 13T, vV —oiRicow
Tk R7z, HEMEZENT 2 maaEch 2y Y —ICEIRL, T bicEonzHiF
OEBFIFHOBR AL 72, 14 fi<ld, X VIFHENRELERINE AR -V~ iR
A ERL, BERAFALIEENS Fy 7T R Y — b Db O E 2 EBHIH O B~ O Rk
T7a—=FICOWTHEEHR L 72, M EZEE 2 C, 15Tk, AR BIY &Ko w TR
Rz, TITTIE, _Z) v EBENCB T BB Y — R 7N A R o PR D 72
B, 3DODOMIEHEL ERT 7 a —FIC OV TR L 72,

RIC, FH2ETIE, 1 DHOWRHEL LT, ©v T4 VI ALoMHAEZEHEE LK
Vv 7SEENCER L, W R O WG & A A iR R 2 A L 72, 2.1 BT, iR
AR L IC oW L, 2.2 fiiTid, A TRUZFERREICGEE)S 2 & v D JERIT R O % iR
AEL T HEFmIC O WTCEA L 72, 23 fiiCid, i P oOmdE#EZ s Y —x 7 o
FHBERE L » oL U7z, 24 iCld, 2T & A TEANIE A IC R 2 IGE) A <1
FEE T 2 MR O PR IC O VW THER L, U EREE 2 ¢, 258, WFIEHEL 0F
BAGEHRE ZNDTRRT HHEICONWTE & BTz,

ZLTC, BFIETIE, 2 O0HOWERIEE LT, KXY v ZE{EO#EEHFHIE 2 5 = X 2 %5
H L7 31 ficiy, EERE2 KowTiigL, 32 fficlk, v Fy—xIbreviv—
ETERB D BIEIEICE D WT, =&Y v ZEfEDIENFME Z E BT 2 JjiEkimic o v T~
7. 33HiTlE, 74T v RAOZIH: - Tl MBI O ERA LD X S ICiHEI N %
AL 72, 3.4 8T, EATEMoXZY v 78{Eot) v 8z <B4 2 i T g EE il i 2
HEZRLCOWTEE L, U EZBE 2 C, 358iTik, MIRHEE2 0T AR ZL A
TRETE3_EY) VI ZAFADHIRICOWTE L BT,

MAT, FA4ETIE, 3 OHOWEHEE LT, FEI7IC X 2l FEAHONRMBEHEA =X
LEPFE L7, 41 8iCl3, WFEEE3 oKL, 4.2 @i, AESHEE T,
fisF o —ic o n R RUEEIED EBILFIEIC O WTHIIL 72, 43 i<, oA

W E D XS ICERT 20t LTz, 44 8iCl, RTEIES 26 Tt —{td 2% X
I RZY v IEEOUI YV Y, _E) v IMEEED B R X O E RN R IFICER
AR IC 22 D 2 B2 I D W CHEEZ A7, UEz2BiE 2 C, 45T, MEHE3 0F
BAGEHRE ZNDTRET HHEICONWTE L BTz,

%I, 5 ETIR, AR mER 7z, 5.1 8i<iE, SHFEREOHY fHAa 1B+ 2
FEAMBEZYE T Lo B Ul 3 XXCEBE 2T, 52MiTi, SHOMETE
ICOWTREE R~
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i o X

P28
WHsEReE 1 ¢
Ml T B DR EE) & £ A BT HEEE

21 BB

AWFFERETIX, v T4 v I _RAADHHEFiTRE L&) v 2@EBIcERL, Wik
JEefi DG Eh & A A TR 2 I S 22 & 33, 2 2T, £, EEIEAR (50,100, 150,
200W) &7 4T v R (70,90, 110 rpm) DFAAEDE DS 7 2 BEMEHFOT, ~XY v/
oG E A A TRO T8 A, HeHlld 5. Kic, shllEhfE#icy = —7 1Ly b
A L, 205 ORFR-REIBEE S 2> O T o £ AR 2 b+ 5. 2 LT,
FEAETFRHOY = — 7Ly b 87 =227 b b7 2750w LCERS O 2 s 2 &
T, My FY %M T 5. UEEEE 2T, AMIEEE I, A PRI ERE ICE)
% &0 ) GERIFE DIRGIRAE 2 3l A4 5. BRI X, iR 1 & o % 15 [F I 75 8 &
TV aERTLFV—RT PAVIICERL, 200 LEE TR OMHBEGRKZEHT 5.

22 HiEim

2.21 EERIBIE

WERE

ARERETIE, KEE L R0 EBRREE 2 O NICFIRIGERERRIEE R EOfRRE A S 7
WIHEREFEENR L L, iR, BHEEEFCI LAy 7 —L b avey bk
EhiT oL L bic, EBRANRENHEEETDCHRALZ. ZoN, FEBER > OEESM DR
BRSO NI 8 e REROWERE L LTHRMALE., 20k, 2 FEU Lo HIREEERRZ
BT 2HBE22E & LT3 4 (GFEl 20811 5%, &K 1.70£0.07m, {KHE : 555+6.6
kg, FIEM: 45) , RBEBREZPILEELE L TS5H (FER 20311 %, BE :1.68+0.04m,
fREE 1 583+ 1.6kg, FIZM : 4) & LCHDIT L.
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TR R DS

REBOGHINROF &K 2.2.1-1 1, 7z, ZhbOMREMEEZR 22.1-1 17T, <=
£V v 7EENCE)  EE 2 PE Lol ICE D & [12], A TS I 1T 2 R BR AR

(Tensor fasciae latae; TFL) , KEREfH (Rectus femoris; RF) , KHR 5 (Biceps femoris; BF) ,
HiEE A5 (Tibialis anterior; TA) , BEME (Gastrocnemius medialis; GM) D &EF 10 - Ff D K A
BALZFHAIL 72, [RRIC, =&Y v 7SEBNC BT 5 Lo o) % 1cow T, KERAHE (TFL, -
RF) I_ZVDOEED HLIFLARIC, ~LZA MY V7R (BF, GM) IRZVrD5 & EiFic
JEBAEIES JED (TA,GM) 13 RBAfiiD 2 7 4 7 4 AT ICBI# 5 Z L 3R T B

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

Functional role Location Hip joint  Knee joint Ankle joint
Push motion Tensor fasciae latae; TFL Flexion — —
(Thigh muscle group)  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 Gastrocnemius medialis; GM — Flexion Plantar flexion

(Hamstring group)

KERKE

RE A L 72 FBEEE O % X 2.2.12 1ICR3., 22T, filREhTcnwder 74
v 7 _Z ) (PD-5800, Shimano) % #&#k L 7z=2 — F ¥4 7 (RSS, Bridgestone) & X— A & L
T, FEREEAWEL 2. XY v 7EEho s 7 v 7ML, HEROX Y VvFa—T
KO T 7emr—% ) —xva—% (E6C2-CWZIX, Omron) &7 7V 7 ORI % <L
kT sz CcRtllT 2 e BAEECTH B, 7T v 7 MEIR, HEDS ESS (Top dead
center; TDC) DfLE% 0°¢ LT, T4ri (Bottom dead center; BDC) I F CORFEFREI Y % 1E
DR R E L (M221-128) . —J5, REMHELOFHHITIX, 10 ch OHERRE 7
— 7 (BTS FREEEMG1000, BTS Bioengineering Corp) & Xk Ag/AgCl Tk (H124SG, COVldlen)
M7z, 7ndb, R OERAL, EARO R Y AT ArE, SEAREREEE L Z L2 L SENIAM 77 A4
FIA4 VI THRIEL2[23]. 7 7 v 7 RERME DO NV Z{F551E, WmTH (TNS-9601,
Interface) 7> HLE AR — F (PEX-PFA04SJ, Interface) ICfEA X7z v v 2K —F (GPC-6103,
Interface) , MR 7’0 — 71 X o CEHAl I 2 REAI B OEF 1L, ZfEHK (o-Port, BTS
Bioengineering Corp) 2 byLiRA — FICHiA X7z AD/DA K — F (PCI-3523A, Interface) ~
EENENANT B ETEMHIIAZ v v 2 —% (Windows 10 64-bit, Microsoft) ~ & HU D iAE
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5. 2CITR, 77 v AEICIGL REMELN%Z 1k Hz TRIKFHIITZ 2 X 5 iR+ —
FiZHASI Nz XA ~—FK—F (PCI-6103, Interface) 1T X o THAG KRS 22 & & L7z,
Z ok, FHElL - EAMHBENIC, 60Hz DNLT 4 A2 E 15-500Hz DNV RN T 4V E %
WAL, #BAame 747 v 2o, ThZhbr e vy 3nloilEnsy 7hA4
— )b (Power tap SL+, CycleOps) &NV KA N—Huc 8 L7239 4 7 v a v o —% (Edge
800J, Garmin) IC & - THIH L 72, LT, ZEF 10358 L 720530040 & ¥ % (A370, Polar)
X oT 1 Hz CTRHHl3 % & & 1T, Bluetooth WfE %/ L CE= X —FE D& ) 7 v X
ALICHERTE D XS ES o 7.

Anterior Posterior

i

/.
\Y/
: >/Gastr0cnemius
medialis
(GM)

A
Tensor fasciae latae
(TFL)

Rectus femoris
(RF)

Biceps femoris
(BF)

Tibialis Anterior
(TA)

/,
IN

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.

EEBR7aban

AREEE, FAEIRGHIERE ER TERF B 6F) ICTEMLZ (XK2.212 ) .
[, T2 —FriHllEr ORI N TE Y, FHIECILIRE & BE ORI A fETH
%. b, FHAENORE, BEIRZNZ21°C, 70%THEIL 7.

WeERE 13, EBERE~OIEGEZ B E LT, EBRERO 2 KFERTE CIciHIlE~AE L,
AR 30 O LHIREER L o7, Z O], MalEix, RS O FE O E IR L, Kk
DD R =2 T4 v e LTRRA L. R, #EREIX, EBRBO 1 REREETE 2 B
TA—=IVITy TRV, covr—3I v Ty AL, FRIORTERREN & FED
WA E L. ZofM, &L, vo—F A 20 FAEZHEDOIFADE X ICHTHEL 72,
Z LC, ME#FICX o T, #HEE O LD OLHROHECRENL L 72 2 L MRS
=56, KEOBEMIKYIE T 2 20 ORE, KERTER (XFvva7, HANE) %
f L, FHEN SR AL B % B D A 7=,
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DI EZBE 2 C, w3, @B &m (50,100,150,200W) &7 4 5 v 2 (70,90, 110 rpm)
DA GDLEDLED LD 12 HOEBREHDOT, 30 WO L =~ ) v 7iEH) % 5
32, 20L&, 74T VAPRENTE T TORRMIZED W & & LT, 12 FOFEER
StbE, TV R LICHITL 72, EBIARIE, Y FAEDOY 7 P -0 EIC X3 F T
Sk o CHET 5. FEEHLE, FEGEB)Z BT 5201, ~vFro T I
v P AT 2 XS WHE R LA, cok, #ERE, YA ravea— & RICERRI
Na7A47vReEE AR Z B L, EBREFICHIL72~XY v 7@ 2273 5.

AREEBRTIE, FHBHIEEICKITTHELRT 2720, &iEfTol:, &K S K 15
S DOIRERFE Z 8% T 72, 7272 L, #BRE O LB 7 v R — 2 ViE[53) TR L & K0Hm
D 80%ICEE L 72856, HBIcEH L hIET2d 0L L.

Monitoring room Measurement room

Wireless myoelectric J
probes ~/ Cycle computer

l See-thrg window i

Expansion board

Measurement PC RS

Receiver

Terminal
block

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.

222 FT—REW

FRIH AA BB iL D B ) - FR) iR B AR AT

GBI L, Aat&R O RIMARRE & WIMER e 2 o 3 2 B o TIR, BlilE, st
A T DR O R e X 5. BRI, AIGREERE O R IE,
THE O S OIS KX N B Z L 23> T 3[54-55]. Z oFdic, JEBIHALO
Fe KL D A o o R BB O ZAL BRI N D Z e R FEZ LN TWE, Ld 5T,
F S B O IR AT JRL AT (%, T2 BT i D TG BN RO I, BN AL 0 FE KSR, 2 LT
EE OIS R EDEGEZWHL AL LTw T, AMAMIRFERTHZ LR 3.
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ARFEEFETIL, Tscharner (2000) D155 I8 MENT FE251ICHT Y, FHEl S AL 72 EEhIC T L C,
Morlet 7V = —7L v b (X222-1) ZHWAvz—7L vy PEERES. 2L C, HHIH
vz —=TL v bXT =R PAh b, AT TR 2 MR O AR 2 K L
7= Fi73 9 Bl D W [ SRR 7 2 R 2 B

2m?

B f) = e ard " 2.2.2-1)

PiE, FREREBHZD fe EIEBED NI A —Zall X > CTERIND. Ik, [IZEWFE[HZ] %
£T. 2oL %, nid 2222 2085 INE, XRCBNT, ¢,r, n HTEEDXT XA =4,
jldv=z—71vy bR EFRS. KREETIX, Tschamer (2000) 5 DHEICEIL T, ¢ =1.45,
r=2, n=05j=1-9 & L7 &k, &vz—7L v M2 EE-FREFEE%Z £ 2.2.2-
1 IR,

fo= @)y 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

RMS 4038

BHAINEZT2—T Ly b X7 =227 bV (WP) 22527 T v 7 R 541055 L 7= B [X
T, -T,C, T 2223 10RL2ZF MNP (Root mean square; RMS) ALEE % i L
7z.

WP, = %fTTf [WP(t+1)]? dr (2.2.2-3)
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ERS R

P TS B o R B o i B T A B 3 5 2 L T, <X Y v 7EB)NICE T Al M
oy >y —%mtds. o, BHINHomdiEs e ERo L, EARTSBHE
HIng, cnbofficont, fivFy—offFe5id, N aiiEehaicx 3 2 M
AT 2D LEZLNTWB[56].

WEREEADY = —7 Ly b X7 =27 b i3, RMS WLEE, WLOEREE 72 2ERE
T EEET 5. 2ok, mEEOTHICH LT, huvEic X 2 IER LA fE L, ERD D
WMaEMmLZ. 2oL, vF Y —HOEPIEAEL, VAF>90%L LT, #ILER L EER
LB T B FY—EERLE (R 2224) . 22T, var 308G XY (s < n) 13,
Y —=R7 PV W (m-by-s) & ¥ F Y —IEEREC H (s-by-n) DFIENID ORI NG
FERERT.

var(X—xG

)
VAF =1~ ———> %100 [%] (2.2.2-4)

iy F¥—ItBnT, YFY =7 ML, ZNENELE TS TH OGS % 4~
HT M2 £, L2 ->C, KEBRTIZ, FIOEBEAHEHOEE L SV —x27 b
MTDWT, ZN o) MR OMHBEIREE FH L 7=,
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23 R

231 YFI-¥

KRIHTIE, WILERE & EREC, B0 S RECHEEEEA 22 RB T 2 v v —Huc
A EBEREDL D LN D PICOVTHRNS, TR ITOME, I hizv Y-
L, IEHESHER I N WIOER  p=0.406, PBRERE : p=0242) . 1k, EHMEOMK
FEITIE, Shapiro-Wilk #E (B EKHE : =0.05) Z@HL 7.

LLE XY, EBEED Y F ¥ — BV L FERZ 2 B H U 226558, #10FERET 7.1£3.1,
AHETET 42213 Lo Te. MFFOFE Y F ¥ =8I DT, Welch D tiE (FEKHE :
a=0.05) ZEfL7-L s, FEEIHERINT (p=0006) . D=0, PEHEHDFE
RV HUE, WIOEHI D DD LRI N

232 ¥F¥—XR7 MLOHBERE

AEHTIE, vFY—HOMENEEED XV FECIHFED 2D, vF v =<7 L OHBR

B oL X N W P O WS A, Z N ZENYLLETEE ABETCY o X D Kk
IPICOWTREREZ T LD, kb, TITR, BT comREE T 2 ¢, RERGE
(G TR O X FRREICGER) 32 (A TR I maiEEh L zvy) |, Sikeiz [hEG
TR I FRIFEEICES) L 7 (I TR maiis®i$2) | & L7,

D EZEE 2T, FILERLEAEERHDO L F Y —_ 7 P I, Shapiro-Wilk #E (B EK
0 0=0.05) EEA LR, EREIHEES A2 (p=00107) . 2D, EAHT
Beffin s v —<x27 b o HBERE 2 B3 % 728, Spearman DNANFHBIfRE % F v 7=,
—%iC, Spearman DNEAMAHBIRE TIX, EBDMARIEI N VWEAED ) v T A Y v o
FEO—D2THY, HEICH, RFINICHBEIZEHMES 2 2 L3 T& 2. 2otk EAT
oIy —x7 b ap b8 I UHEBEREICE W, FLOER L ABERcTnEn
FHEN 75 10 T ISR O T i B & A2 & H 3 it I > W TR R bR 5. BRI B W T
X, AEREOROHE (r>0.7,p<0.05) ©& & [/ FHEGHOHHAEEIZE IR bh
2fdEmE ], AEABEOBROHR (r<—0.7;p<0.05) ©& & [ELA TG OSSN IZE I
550 b s HEm | LF X T

[232-2,31C, e—F=y T XoTAfH{bEI Nz F ¥ —x7 P LOEBEREERT.
¥ 2.3.2-2a, 2b (T Z LZ 41 90, 110 rpm I B F 2PLLEFDO L F ¥ — <7 L OFHBHRED R
INT»5, FAKICLT, K232-3a 3bidZNZ490, 110 rpm IC B 2 HERED > F ¥
=7 FAOHBREAREINT WS, FXFORGICONT, H T — = 3HBERE r ©
i, i cRES N7 1y 7O x—y i/ L& RS E & iz 9 o R (K2.3.2-
1SR, R BRHNO 7 r Yy 732 N ZENEERIEORWHR L & o HBIZ R S
TAGBIEEECGE ISR ENT WS, HiADTF », L ZNENEGH, EMZRT. 2Lz
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i3, 2.3.22a HOH T GMr—/£ P TFLL TRE X 72 /RN D 71 v 7 Tlx, GMg ©
37-330Hz 538 & TFLL @ 170-330Hz #I8ICH E R IEDmWHHE SR X 3.,

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.

BB D

SEBREFICECT, HILERO L FY =<2 b L OB, b, it TR cOHE
ARG & 7. AR 90 ipm-150 W DRFRIC DT, JEAT PG & h B 1
EB 2R 232-11C, 3D oN s EE 2K 232212 TN L7z, Zad, 110rpm—
150 W DEEHIC O WTIE, Jed FRATCHD 5N 3 GFREBI OO AR E N T &b,
ZOMRER 2323 1T &0z, HENOT ALY R271%, B2 EHIEEBGTE COmH
W BT, AEAROHB (>0.7.p<005) AR hrekid P % &S

FERABIET 2 &, DOEBIEEL TRTZ NE N HRL 2o a5 X 5 s
B & TV B DT S . © 2T, A FIRCRA 2HA 2N ZhBIE S TH Y,
TR CIERTRRIG 7 RS 2578 X e, FIRRIC LT, Jed7 PGB CH59 & 3 ialis B o
fHRICDWTIE, A FTEDONLRA MY V27X BFR-GMr & £ T D RFL-GM THERR X 117z,
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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
GMy" TFL, RF, 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 RF., GML
GMr GM.

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 BF., GM.
BFR" TAL
TAR BFL
GMy" RF.

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

SEBEIICENT, RHERDOL F—_2 P OMHBIGRK D S, A TG coaE
ZAABE SRR & 7z, EERGAEDY 90 ipm—150 W DFERICOWT, A T cmo S 31
IGEN 2 K 232410, O ON L HEEEI 2K 2325 ICENENE L O, K, 110rpm-
150 W DFERICOWTI, A TG Tlo SN2 dHiEE oo ARRE Nz L2 b,
ZOREREFK 2326 ICF LD, FRNDOT AZ Y R 7%, Bix 3G EREGEE C O
EEABEE IR SN EA TR %R,

AEERARIGET 2 &, IHERIAEA TRICE T 2EBOBZIEO A D X 5 I imaiGsh X
T HPAER I N, 2T, EATIKTRERIMAZNETNHEINTE Y, i
T CIERR RSB R S N7z, BRI LT, A TR TIg0 b 3 Bilin8 o |
MICDWTIE, A P D GMg & TFL, CTHER S 17z,

L& LT, i PIKCTEL 2 HOEBERET OB, WL.OFRE L ABERE 72
FEEREM G L TR S N, eFEREtofm e 2 5 &, AEET> L EHl S
i A O FNEENIC s WCHHETH B Z LRI NI,
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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

RFg BF., TAr, GML
BFr TAL, GML
TAr BF., TAr, GML

GMy" RF;, TAr, GM,

* 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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r [a.u.]

(b) 110 rppm—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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r [a.u.]

r [a.u.]

(b) 110 rppm—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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24 EE

241 PFO—HEEBDZEME

YL, EEBOLMIEERET AL DTH B, L=noT, PE & WL.0E oM
7e sy Y=o, EEPHICL 22 v 7 AF oS m EIick 3 2 EE G
WAEEINTWERTTH S, T, AERTIE, YILEHRHOTY Y Y —HUL, TiTsE
ICB T 2 MET[28] & L~ THY 2 ERRE IR S e,

PILERED v F ¥ =7 P ICBWT, I T O R 7 2 3G 8) AR B8 < D HB 1398
FIWOREIN, IO ILEBRAOERNEIEZ "B T2 B8EZLNE. L Lanb,
FFIC 90 pm-150 W I BT, Fits P o waiiEE) (r> 0.7, p<0.05) (&, ZAEREHRE L HIK
LChrwz enansz, ULofRE2#EA 210, PILEFOFE Y > =it
CHLEL 2B E LT, WIOEHD > F ¥ — 7 i3 R4 TR @R X 2 7
WEERT WS X0 b, EVE-A T B—fHFLoE#H2iELRTdbDOTH S LH
FHINSE., Z2LT, 2O RHEENSF I —HOEFHLHIE L IR AICEENRTL
FolhbEZLONBEYTH LA,

24.2 WTEEDRREE

EEBEFICEWT, PEETECEBN & i T o mFiEEhx, Wl OETEE L T
BHEICR SNz, TAT VAL AT — o EEETE L ARG ICX 2 L, ABEICE
\J % T OWEENE L 90 rpm ELTRAE 225 2 LRI NTWS[57). T O EE
KL, HoOWFEERIC Lo TREDT LN L T2HEDHB[58]. L= ->T, UTFTI,
90 rpm-150 W, 110 pm—150 W OFERICEH L, FEREBR5 2L L L7k,

AL TAHOE S Z#E 2L, &) v 7 E#icknT, A FEOMEZMHAEER
B 5 R, EEIARTE T A T v A~ DESEE R A R T 5 B, TS
flfHlZH > T2 e BRI Nz, LUT, AERF LU LERICE T 23 o & b R 7s
W T OMFIEEICOWTEFNEFNT L D B,

AIRE R DMER

APRETED O il & 721 A D i Eh 1k, FEERZEED 90 rpm-150W ICB W T - &
HEF IR I Nz, 22 Tid, A M REHEL LT, IBARITE dh-RBEEfif D RFe 25, &%
BE Al TR B i1 th o0 BFL & R BEE i it — 2 BA BN © GML & fddl L TiEBh L T3 2 & 28
bbb, RE) v IEEBICEWT, KEMHIZRALOBAIARCEY H LEIEIC, ~AR T
YV ZRAF_RELVDEE FFTEFICZENZENTFE T2 EAREINTWB[12]. Lizdio
T, AHEEREOM T O AiEE 2 £ 3 % L, A TIII =LV off LH L-3 Y 1 LEIE,
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ETRE~&2r 05 % EITEIEEHRMNICEEL TW3 I LB RBINE S 5. KEBED)
5, A PG OIENTR R HTIEEI SR E N2 2 ST REERE N, ke,  OIENE
13T OERERSM CRIBRICHER S L7z,

MOEREDIER

Y F Y —BOMREEAR D &, PLLDETETIE, £ TVE-A TEMOEEIC X 2 s
Frkdewd X0dh, ETE-GTEBoE—fRtoE#srIne. X oic, PLOER
DREFEMRMER L LT, v F ¥ =7 FLOMHBHREICE T 2 AR T b 5., Fric,
FERSMED 90 rpm-150 W IC 35\ C, IR BAE - RBE e i © BFe (%, MXEAETE th-HRBE i i
Ji£ D RFg & EEAHE th—E B © GMr TH WIS L, HB1% 550 2 HA 2R T T
5. L7=2oTC, PILDETHIAMER L LKL <, EATHoMmEzMEcHiAbbE2 L
TREY VIR ERT 2 X5 M2 IR L Cu w3k In g,

PR =

AWFFERE X O B S 2> & X N7l N O Wi S & 2k & SRR 1, A T cR
75 5 i DAL RO ER Z Vi LTUE T 2 20 & v 5 EBIGIE X = X L %2Rk 3 5
bDTH27E595. 72770, AWIERREEIL, > F =27 FARKTH TGO HIEE) I
FEHT230THY, ZNOLHRED X ) ICHBMICHEIN TV S0 o 72l PRI O
HENE (RZY v 78E) L OEBENZERY 23K T 5D D Tidhw,

25 F&&

AWIFERETIE, © VT4 VI R_REVER G ZY v ZEB)ICE T, W B O
B2 RS TR OB 2 A 72, 22T, £F, XY v EBIC FEICE
AT OfEE 2R L 72, R, fEEcy = — 7Ly FREEEMN T 5 2 & T, MRER
D A B PR 2 Sk L 7= IR B r 2 e 2. 72, 2 LT, Btz lv-C, i)
POy FY =it L. 22 Td, A FIRIZRREICEB)T 5 & ) ek okl
D E, F V=7 v OMBIRED ol BT O EiEE 2 AR L L 7.

AFFEARE DR R 1T, T ICENI NS,

o I Y=~ P VOMBARE D b L X 7zl P O GFEENICEH S5 &,
R e T X SR 7 2 i O T B R R 8 C R i B L 7z

o A TRRFRREICERT 5 & v ) IERMEDREIRZAL T NS, <XV v 7 #fF
ICB T B TIKORRERRENT A VICERR S 2 LRI NT:
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E3I=
HREE2 -
REZYVVITEMEDESFHFIEA H=X L

3.1 BB

Liuetal. (2012)1%, i PRI Z 7 7 v 7 BEGHE IC X - TR L 72[60]. & & Tl
—ET 47 v A& (40, 60, 80, 100, 120 rpm) TODRXY v 7EE) % HiEF 4 2 FREDE S 7z,
ZORER, JERFRED BRI, —ET A T v RADOMEFHIIREE & 7 2 EAARR S .
—F, BRENZ LT, TATVABMATIcoNT, JERFRERET T2 2 & AR X
7z, Blakeetal. 2015)IC X % &, F TIOfEBIOY—27 24 I v 7L, EHEMID D7
AT VADHELRZICO 7 P T2 LPMEINTVB[S8]. 22T, v—=2%4 v
D7 FRABHIHETH B PRI NTHE, UEABEEz2L, =&Y v 2Z#ED
FEXSFE L, BN A I B R EE G A KT 5 e B E AL NS .

L7235 T, RFFEERE T, =~& Y v 7 E#Bicks T 37 4 7 v 204k (70,90, 110 rpm)
o, REY v ITEEOHEBGIHA h =X L EHO 2L T2 EHNE L BE4RIC,
T, IEELWLEERNRE LTRLY v Z78fEic EE Al FEOMEE %514 5. K
<, R E N E 2 LT =2 — 7Ly b7 =27 PAFREHL, BREHCE D 5.
Z LT, Znbicn L CIFAMETHR T E2 w5 2 L Ty Y —% 3 5. 2otk
JEREIER) 7 2 AR Y v TR TH S k-means 7 T AX Y v I EHWT, EHREOHY Y
—ZENENNLE 7 TAXEAE 7 7 A2~LOfE LT L,

PLEXY, Wio 922 IcHERSF V- b o FY =GR s T tws L L i,
FNOHEERBRT 22 LT, T AT v RAOEACICHE S Wi T O W SN E BT 3 EH)
FIH A =X L EFHwT 5.
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3.2 AL

3.21 =B
FHAIERER

AEERTIL, T 1 & RO EEEEE & SR RoOB %A L 7= (B 2 5 2.2 Hisi).
AWFFEREIC 31T 5 EER <, #RERE & L, Ao giiEE 7 o IR G ER aR
R ORRZE I R VHEEEEEENRE L, MRS, ol 4 vy 75 —4F-
avey FEEBL, EBRNAEZOHEE EGCHIALE. 20k, FEREE chlrOHER
SMOFEI RN 11 L awdid & UL, BRmici, 2 F8 Lo BisEEH#E
BArAToHmE A AME L LC34 (GFilf203+1.27%, B 1.68+0.04m, A 583
+17kg, FIEM : ) , KREBE2VOF L LC8AM L (GElS 1 217423 7%, HE:
1.70 £0.07 m, {RE : 554+£59kg, Fl&MH : ).

EER7aoban

ARFEER, PIFEHE 1 & FRRIC, EFREHRFNIERENOFHIIEICCEMmL 7z B2 2.2
fizi) . 7k, FHIENOERLEEIX, TN 21°CE 70 % THHI L 7.

PR 1T, EBERE~OIECE BN E LT, EBEBO 2 KT E CIcghllE~AZE L,
AR 30 7 O LHIREER L o7, T O], Ml ix, RS O FE O E IRk L, Kk
DD R =2 T4 v LCTRRA L. R, #EEIX, EBRBO 1 KT 2 B
TA—=IVvITy TRV, covr—3Iv Ty AL, FRIORTERREN & FED
NEE L. Cofl, #ElX, v—FA 2709 P EZHEOIFADE X ITHHEEL 7-.
Z L, ME#FICX o T, R O LD OLHROIHECLRENL L 72 2 L MRS
=56, KEOBEMIKYIE T 2 20 ORE, KERTLES (XFvva7, HANE) %
fiti L, FHEN SR DR I B A B 0 1T 7.

DIEZEE 2 C, #EE 1, #EEEm (150 W) &7 47 v 2 (70,90, 110 rpm) DFAAE
bEDPLIED LD IFEOEMGIFOT, 30 HEOMEE L 7z~X ) v /dE 2 FEiE$ 5.
DEE, TATVADPLENT 2 TORRIIIED RV &L Lz 3RS, 7 v
Z LT L 72, EBIARIE, ~Y FAEOY 7 PLAA—DEEIC X 3 F T HFHERIC L 5T
HRET S, ok E, FHEEHI, WEERCLEHOEHEFKHT L7201, "V FArD
727y MEEIEET X5 R L. ok, gEEE, P/ ravea—& Rk
MENBTATvREHEBAEMEBML, EMRSEIFICHILAEXZY v 7S #2375 5.

AREEBRTIE, WHDFNEENC RIT T HELRRT 5 720, ZMfTHIRICRIK 15 0—%AK 30 77
MORBRRE % 3T 72, Z O, #ERE OAD A VB — 2 VIK[S3]THEI L 72 K05
D 80%ICEE L 7256y, BIEBICER 2 RIET 2 b0 & L7z,
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3.2.2 FT—RfEW
FEETIERF2E (NMF)

Sl X = REMHEICR LT, 60HZ DL T 4 AR E 15-490Hz DSV PR T 4 LR
BB L 721, AT 2 B2 »Cid, i 1 L Rk FIEA A 72 B2 3 2.2 Hisl) .

e Morlet 7Vz—7L v ey =71 v FER

e Ux—7LvybFRT =27 LD RMS EHOEHH

EXy, BHINBZ Yz —TL v b XY =227 bV, JFEDHIEREIT — & L7k 3.
Z T, RERTIE, AT —21T0% 2 NENIEARTF~LNET 52 LHTE S NMF %
Fn7=fs F ¥ — @i EiEs 5. L7225>T, NMF T, B2 i3fE
DAEIHED AP35 5 X 510, M O AL IIERUCHE - 72 ENT 2 A[REL 7B L WX 5.
ARERTIL, BEREHICNLT, PIL0HELAMED Y 2 —T Ly P XY —ZARJ %KY
=7Vl vy PORKHEICK > TIEHLL, FFAMETIIRTIBERLZ. coL %, I
— B DFERIELHAE L VAF > 80%LA L2 &Hi 0> O BH I D VAFmusee > 80%LA L& L 7=,

I, VlLE L IRE O >y —EEREUL, FF30MMICEEK L2 Ty oA o
NOT—=REHTHI LD, 2oL F ¥ —iGEREE I SR & L 7.

BRI F A2 T

2IARY VLR, T—R2DEEENLDPDI TAR (FA—T) ~ePET 508
FETH L, FHIZITAZHADT — XL, BEWICEMULE-EEZEL, i 792 2HN0TFT— %
EHWICELRZWE R DD, 772X ) v IrFRE, BENZ 2 22) v oL IERREN 2 7
AR VY TICKRGEINS, JiglE, T—20—2o—2%HckDr 722 LTHEEL, %
NOBRERIITIAZ~NEHEL T T 7o —F25. &1L, Tk Gl fHor 7=
ZEHREL, T2 kDEIT 5.

DIEZEE 2 C, RFFeiiE i, FEREN 2 2220 v 7% AT 5 2 & T, PILER
(LAF, W10F 7 7 A %) EHERE (AT, BWVlE 7 7 2 %) IR iy v — % Hhif,
g3 23 2 &C, RZY v IEEOEBGIHOEREEZHS 22 L 35, BARICIE, k-means 7
FARY VT EREHAWT, PIL0ELEIFED S F =7 P ALY ;Y iR E N
ZNkHOYLE 7 T AR LMHE 7 FAEZ~NEHET S,

FATHRIC X B, _Z) V7 EHOML F P —I13 34 LMEINTWE I b, KE
BRICEBIT 27 7 A2 oREBRICHRHO LMY ZEMNTZ2MMT2db0TH L LE X
biLd., L7doT, 727 AXEITOWTIE, /- wRRK7 FAX—H%E 35 EHEL, £D
flco Ty MEPRALEND L ED Kk ZEIRT L L Lie. 7 7 AXEHET 2R,
aH A4 VHERE (322-1) 2HWB LT, vFV—RZ PARYF Y BRI OGS
JE & o AN AR ER TR, SO ZEHEiT 5.

39



Y1 AB; (3.2.2-1)

AB
llAllIBII
L AT B

Cosine similarity = cos(6) =
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33 HER

331 WLEISRROBLFI—

PILE 7 7 AZDYEE S F iG> F V=R Ak EREFNM33.1-1 & 3.3.1-
20CRT. K33.1-1 0 x i, yEnclzznznGeziidEL Lzr 7 v 7 RERME, & T
V- DIEFER I N T S, Rt &R (F, BE, E5E) 13747 % (70,90, 110 rpm)
KT, K33.1-20 xHifi, yEclZZzhZnfie &y F v —OFEHENRIN TS, [FX
o B (G, B, #E0) 37472 (70,90, 110rpm) 2E€T. EHTCXE I N7 R
v 7 O x Bliix, {0 EE)E R (19-330 Hz: 19.29, 37.71, 62.09, 92.36, 128.48, 170.39, 218.08,
271.50,330.63 Hz) 2SRRI N T3,

ARIHETIE, 9, 2RO ERICOCTEIET 2. k-means 7 7 A X ) v 7 OFER, £¥10H
DIFLFL =T =295 3 D2OULE 2 7 A2 E N, fkoffm e LT, Fs -+
YIERENE, TA T v RO o TEMICEEI L. hTh, U1, 207
Y RO =272 7 i, 90 ipm THEF ISR I N, T, YFV =7 PRI
BHHT 2L, BHOMEEERBL S HOIEBEX, 747 v AOZLITEE ICEB) L 72
DD, WERRIIINZE—TH 2HAIRE L7,

XEHLY, PILFEZ ZRAZDLF V=13 ZifaiL T, 20k, v+ —iGERke ~
FU—RIPAOBEEE T LS & L b, K333 Akl 2. FRY, @affigsn
=M Gk, B, K) IRV v 77— EoHL, #LAK, 51& B, S (—&E,
THE, ZH) FyFY—1-3, EREBREZENTNATREETE, 2 LT, SRR,
LTI E 72T O— % EHREBNRE L=2_EY v VE{FE2 R T

vFro—1

VgL F Y —IEHRBICER T3 8, 2hoove—2 24 Iyt mATFVRICEDS
TIZ 60-150°THER S Nz, 2%V, v FV—11F, BARAAATZ7 2 —X%KLTWBE I LH
P35, COLE, VFY—xs bACEHATEE, 70 pmCE 0T, # PO HHREED)
1%, BB O TFL & EBEME R O TA ZIRWw CEGREE & 7% 2 AR & 7.
b ot b, TFL-TA OWFE#IL, ETHTEVI 25, ETEMZ LE LiEBiEm
ARE N (M33.1-3 /£ ES8) . XiC, 90mpm TOYF Y =7 bLhkH DL, ZNLOD
I X TFLL 2B CH FICEVC 825, 4 PRI & b & L 7R 255 & h e
(K33.1-34E28) . Z2LT, 110mpm TOYF ¥V =<7 brTliE, KBRS 2ok
BRI Hh i © BFro —RBAE i it 2> > e BARTEIEA) D GMro % FR\V 72 O TEEIE L, A
BE L 23 EMAR SR, L L, BF-GM OWMFERIE, 4 PR CHAICE T Lhb,
BB Z L e Le~2) v 7EfEoffsns i (KM33.1-3 £ F5H) .
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vFI—2

L ;Y —EREICER T3 L, FhoDovr—2 24 IV NE, TATVRCEDS
THNZ 150270° T — 2 fliZR L7z, 20, ¥F¥V =213, FlEEF72—X%KL T
L lnbrrb, TOLE, VFYU—XRTZPLICEHT S L, 70 rpm TlE, TFL ©I&BEEHiE
Hi A5 2> > EBAEI U © RF-TA OIEBIEL L, £ T T ICE T &2 b, 4 FEH % Hl
ELEEEm AR I (3313 L) . 2L C, 90rpm & 110rpm TD ¥ F ¥ —
R P AMITEWTL, 24 TG O GBI 2R Y IR S ko 72 (K3.3.1-3 4 L,
TSI .

vFo=3

VY Y —EHREICER T 3L, FNoovr—2 24 IV, TATVRICEDS
FTIZ 330-60° Tl v — 7R Lz, 2% 0, vFY—31F, BOHBL7=2—X%K
LTW3Zepbhd, ZOkE, vFIV—xIrAIcEHTSE, 70, 90, 2 LT 110rpm
T, EATEHOEHEICFRHEN 2R TR ko7 (X3.3.1-3200) .

332 ABEIFRZDEGFI—

WHE 7 TAXICET D 4 DOV FV—mlREe vy — 7 iz i
33.2-1 & 3322 1T,

AIETIE, 9, 2RO RICOVWTEIKT 2. 2EHEOH > F ¥ —IC k-means 7 7 A
2V VB LR, 4 003E 7 7 2 23 il E . SfkofEme LT, YL+
U —IEREE, T4 T v ADEIE R EKEE L, FTh, v FV—4DFEEHFY
— RO e —2 v 7 MiE, 110mpm THEEIR I N, —T, ¥ FYV =7 P ARERT
% &, B OEBEBEERIE, PI0E 2 7 AZ L HBL T, SEMICE (R85—2) &k
o7z, T, TNOLOEHEIR, T4 T Vv ROEICHEKE SETL 2.

KEXY, iF 27 I 220N F 2 —14 2T 2. 20k, MiFH2 72
ZICB T B F IR v F R PO E LD D, B, RO ORE
%% 3.3.2-3 IcA[{L L 7=.

vFro—1

Y F Y —EERRICER T3, TR —2 243 v, TAT Vv RICEDS
FTHZ 902100 TR S Nz, 2%, v FV—11F, MOVHL 7z —X%KL B L
bhdb, ZOLE VFU—XRI7IVICEHT 5L, 70rpm TiE, BFr-GMr & TFL-RFL T®
WG EI B IR I N, T oL ¥, EATRHOEEIEIX, A MRICE->Tws Z &
b, HTEfE RO LiGEfEmzS R &N (K332-3 A1) . 2L T, 90rpm & 110
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pm TD Y F ¥ =<7 L TlE, £ PO RFe-TAr &7 T D BFL-GML 23 ML % 1 [RIHY I3
FLCwB s, W MHEREREICELZ (K332-34LE, LETER) .

vFT=2

L F Y —EERRICER T3, oD —2 24 IV E, TATVRICEDS
FIZ 240-300°CHEZE Nz, 2F Y, v FV =213, HlIEETF 7z —X2ELTWDE L
Bbhdb, ZoLE, vFY—_ZIZPFPULICEHTSE, 70rpm Ti¥, TFLg & RFi—BF-TA[-
GM. 23 mEIRNICIEBI L T2 b o0, ETEAZH0 L L ziGEidEm 2R Sk (43.3.2-3
Fe EZI) . —J, 90rpm TiE, BFr-GMr & RF-TAL 2MHFEIICIEE L T3 2 L 2R X
Niz. 2ZTlE, IhoELATEOWHEEIX, ATRTRVT L2, ATEMHE LL
L7iEEfEm 2 R Iz (K332-3 46 M) . 2L T, 110 rpm Tl¥, RFBFp-TAg &
TFLL-GM. 2L Z HRIICIEE L T w3 b oD, A FEfZHO0 s L-EsEm s S -
(M 332-3 £ TF&H) .

vFv-3
?ﬁ/%/—éﬁﬁ WEHT L, Zho R RIT =224 IV, TATY
CBEDH BTN Z 33090 THERR S Nz, 2% 0, vFY-3 1, BOHL7=—X%KLT
WBZ ERDLDDE. . ZDLE, VFY—RI PAMICEHT S E, 70rpm T, RFe-TAr & TFL—
BFL-GM, 23 [RGB L 72 b O D, 7oA U OGS ISR 2R 0 1ZR o 7ed o 72
(M 3.3.2-3 /L) . —77, 90rpm TlE, TFLk & BF-TA-GM, 23 BRIFICIEE L T 3
boo, ETEHzhLe LiEEEms R nk (833234 EZ8) . 110 ipm T,
BFr-TArR-GMr & & T A 23 L Z R ICTEEN L T 2 b o D, PLE AT &2 ol & L 7ziE
gEm 2R T (K3.3.2-3 ETER) .

vFI—4

S F Y iR RICER T3 L, b A RTE—2 24 2 v 2%, 70,90 rpm
T, NZ 240-60°CHEFREI N2, 2F Y, v FV—4ld, 5l LT 7=2—-X% %KL T
Tebh b, —J, 110 pm Tld, JLZ 150-270° T —27 X 4 I v I pfERa . o%
D, ¥ FI—40F, 110rpm BT, MOV HEL 72— X~ ERL .

70rpm TD Y F ¥ =7 b ICEHT S &, TFLe-TAL B HFRIICTEEI L T3 2 & h 5,
A I FEIREE ISR E) L 72 (K 3.3.2-3 /2 L&) . 90 rppm Tid, TFLr ZFR <A TG &
TFLL-RF. 2R RIICIEEI L C B 0, JL2 A TR Z2 Hhuo & L 2 iEBhfE 23R X vz (K 3.3.2-
34 M) . 2 LT, 110 ipm Tld, BFe—TAr-GMr & /& FEAG 2SN Z 7 RIS HEE) L T
2b00, A T OEBEICREIZRREY TR o7 (K332-3 L TFTZHR) .
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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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. : Operating point of pedaling motion
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Red line: Asymmetry in inter lower limb coordination;
the comparatively greater activation of muscle
coordination in the lower limb in each synergy during
180° different pedaling phases

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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Red line: Asymmetry in inter lower limb coordination;
the comparatively greater activation of muscle
coordination in the lower limb in each synergy during
different pedaling phases

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

mannecr.
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34 EE

341 TATYRAOEHTE TEEDIEFFENMEICRIZTTHE

~Z) v EENE, TROKEESECX > THERINE. 20k, THROm-s 7 v 2
P A 7 NIRRT R AR VIR 3. 2 X 5 ZiEE) L, fHIR-FEHE Y 4 2 v (Stretch—shortening
cycle; SSC) L EbHLNT W3, =XV v /#ED SSCHEIX, 74 7 v ZAOBINHE: > TELL
KEEDS. 20, mnr A7 v AOMFRE, THAHO SSCHEZRED LI L LFEETH 5.
Z 2T, PR OEEHIEIC B TiE, X 0 R T E M Lot o7 — 2 RIEW
N TE B XS ICEYI AR, @R x A4 I v iR LTE 3 X ARk o
57255, Bic, ZAGEBIEAGOERNEIBE L LTHIONTEY, XY v 7dEEhIcE
TP —=o v I X o THERINE Z &b T3, Pattersonetal. (1999) 1, ZEE
DREY V7R 90 rpm L TRA L 22 2 L 2 8ME L TW325, ZHIT FREEE v 2
DAL TITHE S T ORRIC L 2 b DTH B Z L BRBEINTWB[57]. 74T ¥ AH 120~
140 rpm & 72 % &, FEF-AETUT O HAGREIRE SR L 72 0, NS O maiiE B AERr ¢ 2
73 E, EHORBFaR I B ERATEEBMOENTWE[58]. ULZERSZ L, KE
BB WT, 2PLED 110rpm TORKX Y v 75@E#) % 30 R E MR L 2722 &1
RZE IR,

NOEI ZRE2DREY » TENME

SFY—IEMRBICERT 3 L, VILE S T ARDREY v EEL, BSRIAR T 2 — X,
FlE EF72—X, ZLTHOIYHL7=2—XicbiIbhi, 22T, XYV VI 72—
DY FV =7 MVICEHT L, 2TCOHIE, 747 v RICBb LT INZ 92-218 Hz 8
THEBEO Y — 7 2 RE Nz, LD oT, HOEZ 7 AXOEHKEEE LT, Wb|LEH)
AT OBHREBIE 25 LR T b D TIIARL, Y F Y —EREEMFAR T2 itk - T,
TATVANDOBENEICZRADZ D TH oI eBEZLNS. TD XS &fHAIL, Blake
etal. 2015) DL & —KFT B & LinoTz.

—J, REY v ZEEQIENFMEIL, 70 pm BT B5 & EIF 7 2 —XTh o & HHEFIC
mEnz (M33.1-3Z0) . MAT, 90,110 pm TIERFRMEWD L2, 2D X 5, AKif
JERE I > Y —ICEH L CwBIC b b 5T, Liuetal (2012) & FIROAER R I 72
CIFREHRENE WZ D755, 2T, FILEZ 7RAZDOREY v 7EEOIENTE
12, TR DT — R FE % & B 3 HBIEIS TFL-TA oG EicikER 325 2 &
DRI Nz,
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RFEI FREZDRE) » TENME

Y —EMREICER T 3 L, E 2 T 22D~ Z ) v EIN, BSRAR T = — X,
FlE EF72—X, ZLTHOIYHL 7 =2—XicbiIbhi, 22T, XYV VI 72—
DYF V=T MVICERT 2L, SHIOEEIERBE D EOEBE I, 2R Y=
THY, TNOLDEEE R4 TV ZAOELICH > TEBH L. L2 ->T, &2 7%
2L, HILEZ 7 AX LR Y, EBEAOEIRMEIE OfER27RE S, —fic, H#HEh
B OB 281X, PL—=v 7 %@L CESRETH L. KXY v Z7EfEoFERIC
FLn B AL O & Z OEFICHE L =i 2 4 72 ICBI BT 2 X 51ch b 2 L T,
EICHS LB i ER L R/MELT 2B TE R LEZLND,

—J, REY v ZEEOIENFEIX, 90 mpm BT BE & EIF 7 2 —XTh o & HEEFIC
mEnz (M332-3Z50) . MA<T, 70,110 pm TIENFRERHP L2, ok b, Thbd
DIERFED RN, XV v 77 2 —XBb 6T, XAy H L4 LiAAIic EH 7
BBl % B2 RFLr-TALr &, 51 & F U 2RI F 8 1%E % 572 3 BFLr—GMyr DIEEIE O 7=
ChobihbZ behot.

PLEXY, 8HE 2 722 0_Z) v 7E#R, [THAHDO FHEHICX > TEAZBAA
HOoD, T E 5] Lo/ B ZHERERIREI LA L 721 N O B E 2 o HEAK
INBZZLEBHL2E L MAT, EATEBOWBHEDEE, 747 vARCIoTED
OO —HIRAB Z EBRENTZ, LEBoTAME S JAZE, 74T VvRIfE-T, _E
Uy ZEERYI VB A TWE T EARBI NS,

342 RZYVITHEDIFERIFELREY T ZFNOEEN

BWT ATV RAEMRET 2 LTk, Y —iEERBOWEEARE T LT, bR
EOBEIGIIFHETH B L Ex DN TV B[61]. —MRIC, ¥ F ¥ —iGHERBOMWEEIE X, Lin#E
Fi=a—uvdo PRELZEHESIC X 2 EEROFR KL 2 KT 5, v F ¥ —iEER
BOIEBEEMT 5 2 & ©, #HEORAFELR D bz & &, FEAOBHWIHE,
ke 2 4 7, RANIC X > TN 7 — & 2 O Fihiflid K E K EBT 20 TH 5.
L2L7e23s, REMICE 2 EHFEHICE > Ty F Yy —x7 PABREBEINGRWVEDY, 3
FREMICER L - AR PHIE S DHERINIDEILARTH A D T LHIRE S 5[62)

COXIhTERODE, AHE I IRAXICAONE X5, WHDIIEATRICE T <L
Vv Z8E0Y 0 Ak, HAmMEEESRESE, BuT AT v AT T TGO TS
R 5 2 e, EHEEESO T ECTHELRAFAEZRETIEHDTHS L0
25755, LaL, ETHATRTOREY v 7EfE0d] ) & 22, s oB%E ik
W 2 b DmDD, i, W NEOGHEE) 2T 20D AFAERET S H D%
DA DT, ST ICHE S W T O iHENF O LR ZTEL T 2 EBRBETH 5,
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AWIFERETIX, T4 7 v ZADZALHH T O W diEfEic kg2 Ho L 357
O, fivFv—icEonT, &Y v IEFOEHGIEA =X L 2WEL. T,
£73, 70,90,110pm TD XY v J5#EE) 2 MNRIC, 2AHE & W07 BT 2546 TR OIS
Badt L=, ko, EBicy = — 7Ly FEBZEAL, BHahEyz—T Ly b3
7 — A7 ot L CIERBEITANIR T R % @52 8T, v F Yy —xT vy
—IEERE R L 72, 7 D%, k-means 7 7 A X ) v 7 E T, HILEREZ 7 &2 & L3
HITAZRDEHMHY F =0, XV 77 2 — X TR &0 2l o 8
ERT AT Vv ADEAIA o TED X I ICHHEINE 2T O T Z kA7,

AWEHREOREIY, UTICEN NS,

). HEHEERREICED O, <& v #ENI A A TR TR 2 EENREZ A L
Te_Z) v TEED DRI NS,

2). _EXYvIEEOYIYF 2L, FAMEEESHEE, GVWI AT VAT TH MK
FiomdEE 2 X ¢ 5 2 L, EHELED W ETEEARXY v
AFNDN—=ZATA VRRBELT.
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F45
MRARE3

ARFICL 2 FTEREBOREREAH=X L

41 BB

FIJEHTIC X 587 + —< v ADIK T 2 HiET 2 GHEEIFL U<, R{EEIE (Compensatory
motion) ZSHIHNTWwW5, RMEBEIEL X, HWE T2EEOEBCHRFBREEL o> 256
i<, fhoFKHEEEISE2 LT, RROBIELHTEL, EKT 2 L2E®T . K
MAho@mBAamDORLY v 78T, s 2R e Lz TEGOWHFEEHoZERICX - T,
RE) v IEBMEIEI NS Z EBMONTWAB[63]. 2 21, MOV L7z —XickB T3
IREAE R DG E, FEAEATD 2 7 v 7 by FEHICHERE R E 2 3. L
TesoC, XV v IEE Eo T, RBIET R O MG 2 Vv 2 ISR T & B 2008
HETHLZEEZOLNL TS, 2Tl HKREWC L ICERBEFHREFOEIH < 2 4
A b Y v 7 ZOMREEHED, BRI ORI A — N —2—RDFHICHS T 5 Lt
INTW3[64].

oL ARTEROL L, RETICNLT, LX) v Z7E#Eob ) Bz & v o il P
FowHElEZz &0 X S AEEE R THAEHO 2T S ERTENR, FEREEDOIEN
PRt L i 7 + —= v ZDBEMICN 2T, <&V VIR E2ED 5 A F A DERN R
fr~0REEL LWFREEI NS,

LAE X0, AWFFEERE I, B ic X 2 T OMRMEBIEA H =X L% O 0L T 5.
TR, REf»o@mAaRTcoRKY v 7EEREO H 2 HIREHRERBRE 2R e+ 5.
Wheeler & D Z i 2 1C, WREBAEIH ~ O BfflEB 725 150-300 W T KT 5 2 L2
FHINB[64]. L7=25o>T, AFFEiREclx, HrM (154) 2ot et (150 W) TD <
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42 HiEE

421 ZEERIRIE
FHABRIE

ARSFEERCIX, WHIEERE 1 & ARk ZEREEE & IS RO % R 5.

REEROWERE 1%, R OEE)gREE 7 & NICM RGBS REE R CORR 2 H & F,
B, SEU LD HIZHEBEEREREE T2 BHEEEEZ R E Lz, MERE X, EBRiGH
FICHLTA Y 7+—LF-avey b 2FEML, EBRNEZOEE ERTHALZE, [
BEREON-WEE ZAEE L L C44A L (FEln 348105 %, HE 11.73+£0.03m,
REE £ 69.7+7.7kg, FIEM : 45, FHREORRERE : 8.5+£34F) .

EER7aban

AEEL, WIFEHE 1 L FRRIC, AMREEREHISERENOFRIEICCEmML 2 (B28E 2.2
i) . Ak, FRHAENOER L EEIX, Z0ZNn21°CL 65% THERI L 7-.

PR X, EBERE~OIHCEZBHME U<, EBRKBO 2 FFERTE CICFHIlE~AE L,
AR 30 7 O LHIREER L o7, Z O], HalEix, RS O FE O E IR L, Kk
DD R =2 T4 v e LTRRA L. R, #EREIX, EBRIBO 1 REREETE 2 B
A=V Ty I MY, #EREIX, Coice— NN 203 FrEE EHE OIS
DEIICHET 2. vr—Iv Ty 7RI, DB EUOLEROAECEET 2 $To
REMMZ %I 7-. o, WEIX, o —FA 4 20% FAEZHE QWA D E X ICHHk
L7z, 2L T, Ml#EICX o T, #HEHE O LB HOLEHREODHEBCLEN L 72 2 & o3
RINTHE, KHEOEMIKYZ T 2720 0T, RERLEE (2F a7, HAN
) ML, FHHDS RO AERALIC ER % RGO T 7.

DIE%EE 2 <, wbaE i, EEam (150W) 2o Wicr 47 v &2 (90rpm) D FEERSEAF:
DF, 15Okt L 7z~&) v 7EE 2 Lg%, 2oL, AT VvARLENRT S %
TORIZE® RV &L Lz, EHAEME, ~Y FAHO 7 L A"—DB{EICX 2 X7
AAEEIC X > CREET 5. 2ok &, XL, WhEM c L5 0@ 2t 32720
iz, "V P07 77y MR T L ofE R L. 20L&, wEEL, vA4 o rav
Ea—X FICRREIND T AT v R EHFAMEZBHHEL, FEBEFICHIL 2L v 7@
ZZETT 5. AEEFTE, FRNENIC 1 HAOMRE 2B T 5 2 LT, EERRTTICH S iR
HOFMRE, Lty CEMMEO XL 2R L 7. hd, SRS OB OB ZE L2
AR R OMHIEE I 5 2 2 BENHEZIRT 2720, #BIFRFO FEMWAIHE (Rate of
Perceived Exertion; RPE) [65]D#IE, FLikfoigR, #E-EEEM a2 Ia=r—va v
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F—UTbB VLS IV E S o7, F72, UTOWTNLICEEY LAEEE, A ICHEE
kT 2oL L.

o TATVRADELWETFAIIv vV oRiE (ki ic X 2 HEMDR

o WEEOKHFHEZE (ACHE LT IC X 2 B

o  DIHEMRHINFR—F VIETEH L ZRKOHED 80%ICEEL 72854

4.2.2 7T—RET

BhIR FHEE

o7 &1, RN E 72 3B RO R DR T 2R3, Z O o AR B
Re LT, PR D O OEBHED O], IEBE OEEEE DT, % L THOIEE)
JARBOBETIC X > CTHEEL TS EENTWE[66]. DX ARBRDOD &, RAMENZH
W2 IS HEEIC X o C, RFTAE S oo A — N — 2 — 2O FHFR 3 RE L 72 5.
I ITHEE T, FERFHlfEEE L L <, MiGEo RMS 2 HIRIEEHRICER T2 b o, JEK
BRIy 20 & R BUCEH 32 D O3 MG 2 ST 5[67-68]. R#F Tix, FEE 7 —Y
7544 (Short-Time Fourier Transform; STFT) 1 X % H e &4 (Median Frequency; MDF) %
72l v = —7 Ly PRI X BB Y2 (Instantaneous Median Frequency; iMDF) 23
WH LD T EDBE[69]. X HIT, T OFHMIEE L L T, Fro)EBE o A Bd (MDF/ iMDF
2u—7) BPHVLNTWS, ERENC LI, #HERFO RPE SR Lz L %, MiiSBIoR
g & PR ERE OB AR D £ 72, AT EPHMOLN T 5[66].

FHEl & - RIEAHEAICH LT, 60Hz DL T 4 XL 15-490Hz DSV KRR T 4 VR
R L 721, AT 2 B2 »Cid, g 1 & Rk FIEA A2 B2 3 2.2 His) .

e Morlet Vz—7L v ey 2—71L v FEh
Z D%, BIREZRETIERO 4554 70 (530 00) 2RV vz—71Ly bo¥7 —2x
7 PAEMNRE LT, DA, 45 94 2 A BIC& B o iIMDF 2B L, /N FfEIC XD
EHRERIC X > CiMDF 2 a — 7% B H L 72,

FRMETTIIEF A

Sl X N RAFHEAICH LT, 60Hz DANLT 4 VKR E 15-490Hz DNV KRR T 4 VR
M L 721, DUNWISEEE 1 & [FRRO FIEZ BA 72

e Morlet Vz—7L v ey 2—71L v FER

e Ux—7LvybFRT—Z<7 LD RMS EHOEHH
Z D%, FEIFHED T 2 —T Ly PRV —ZX_7 MAEEZE T2 —T7 Ly P BERORAEIC X
> CIEHML L, FlB-#ED 45 ¥4 7 v 07— 21k L <2 N2 WIEAMEITHIR 750 fd % e
L7z, SOl %, v F Y —HOERFHE, VAF>80%LL Lo & Hhih HHHE X5 VAF e
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> 80%A e L7z, v F Y —imHEREICOWTIE, 45 A4 2 A0 & iHfE & L CEH T
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431 W TFROEEFHE

AEBROMR, #EE 14 (LU, 55 F) 13, 90mpm-150W TORXY v /idE % 15
SrTEfERE S 5 & 3T E Il o 7o, EEPTERNT, FEEE IXEERE F O LD R LA
D8%EMA TSI EHHMT L L L BT, WEEF DT A4 7 v X DHERFHR D i 57 &
CX2HDTHE T L e HIETHER L 7. DARE, SHENFRVEEME X, B S1,82,83 & LT
X9 2. SHEEICH T 5 %M IMDF 20— 7Of R %X 4.3.1-1 D™ TRICR . FX
o x il HFERE, y#iiE iIMDF 2 v — 7 OfE%RT. s, Hloy v R Subas %%
T. T/, BERE F 2 OHE & L7z iIMDF O RFEIHERS % X1 4.3.1-2 1C, #8&E S1,S2,S3 205
HiH & 1172 iMDF ORISR % 2 2 X 4.3.1-3,4.3.1-4,4.3.1-5 uﬂ“?‘. R F D x o A
VT 7 21345 [Alfizsy B0 M) o F —2%Rd. FKT Oy, iMDF OffizRd. ¥
72, MUNCEHEN RO % 7 3.

AREFOEM ZIBRZ &, BRI L 2 OFEFEAZ, EATHRT IR Ind, &
PeBRE O RRA, O MR A KT 2R BRI T2, L2 - T, RETIE, KiEE
D iMDF 2 a8 —723% o & bBHEFICHAD L EMHICER L, ~X ) v 78 DfkFiic i 5 ik
57 BEAEE A % R~ B

#WERE F ORESIER

WERHE F @ iMDF 2 v — 7%, [RBISEIE i) © TFLx & B thfh— 2 B A © GMr
THRFHEICHRAK, BEEEE - REE SRR O RFL CIEAMICHR AL 2 5 Z L AR S Lz
(M43.1-1BMR). 2D epb, =&Y v 7HEENIC X 25 O 2R, WikE F o5s
A FEmIcER Lz, A<, M43.1-21281F % iIMDF OREHEZICEH S % &, EBEE
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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.
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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.
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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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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.

71



[V @)

Synergy #1
=

— N W

360/0 30 60 90 120 150 180 210 240 270 300 330 360/0
Crank rotation angle [deg]

[V @)

Synergy #2
*

S = N W

—
T T i

3600 30 60 90 120 150 180 210 240 270 300 330 36000
Crank rotation angle [deg]

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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5 AXNOEEZFMEEEICR 2 2 LRI Nz, [FRRICLC, W B O maadhiE o %s
Bho, THEESHOA —N—a2—2XD Y X7 % FHXE 25 X5 EEFOERZIAL H
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AL, A TEOIENTRI 2= 2 Y v Z8fE o #EBhFIENICER L, N O Wil
HOBRICE D /-, BARWICIE, RUTEENOER D729, 3 DOWEHE L RE L 7.

WFFCARE 1 <, 46 TRIXFEREICGEE ST 2 L v ) /R DI Z MGEE S % 729, i
VP Y=L DWW, W R O AEEE) & A A TR AR A L 2. 2T, EE)
AWML T AT VAP OIREINDERGEMFOT, ~X) v rEH)c FE I EG TIROH
WEENZERAIL 72, 2 L, MG s o IR SRR o 2 & iR 0 AR BR AR REIE 2 WAL L 72,
Z D, FEWDIHNEHWT, FiEE» oy -y =2t L, EA TRy FY—~x27 b
NOMBRBE R L2, ZofE, W TEmomdEssafifltsnsd e dbic, v+
— 7 L OEBRBUC AR A O A B AE YRR S E B AL OB INEB B RS b 2 & %
HO e L7z, UEXY, B | <k, T B inaaiE B o filENic B b 2 it o 77
EEHS 2L L.

WIEERE 2 Tlx, 74 7 v RADZAL W I O IERNFRENE I J g T & Ho 2L 2
2%, _ZY v IEEOEHFHIE A =X L EFELZ. 22Tk, £, 70,90,110rpm T
DRXY v 7EHENRIC, AT LVOEICE T 2 EA TROEB 25 L 72, X,
EENCc Yy = — 7Ly PEBEBEHL, BHEINAZYv =71y P XY =27 Fricxi L
TIEAMETHIR T EZ AT 2 2 LT, ¥ F PV =7 b b v F Y =R et L 7=,
Z D%, k-means 7 7 AX Y v 7T, PILERES JARXLEE 7 7 AR D F Y
= b, W7 T7AREFRERYFY =7 b F YRR EEN L2, COfEE,
ME 7 7 AZCRONE X O, EATHORZY v 78fEot) v %213, HHamzH%
SEIE, BT AT VAT TS THFHOWIES ZEX €2 2 & x <, EHERELZ D
TV ECHEHERAFAZRB L2, —FH, *ZV) V7 AFVOPUEER % L 72Tt
JEIC X B L, FELTAFIVIL, HIEnHFHAEE & 20 (level of expertise) I/ X5 b
DTH-T, FlE, BMIL BKE, FL—=v 7R, EMREOHERZ TR &Pl
LINT\W3([44]. IEHE2 OFEREZEAR S &, HE 7 7 2 2 DAL, *F) V7 2AFA
DR—=ZAFA4 v LTZYEEEZRLTWE LR 5759,

WFFEREE 3 <, ETICR L <, _EY v EEDOYI Y R AR D X S A fkE 2 R T
EHELPICT B 720, W FEFHOMRMEEEA 7 =X 2 %2H B L 72, BRI, TEEE 2
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DHEMDORXY v JEENICE T, AMEE D O W PO FEE 25 L 72, G E) o R
JE BBy 2> & R R R L e Y — 2 L, ST I S [N B o 1R B E o
EREREL 2. TORE, <L) v 78E0Y] 3 2 X 2l N O i o —1k
LIRS DOEL, _KZ Y v IR E D B A F A OEELFHMEEEIC R D 2 L BRE
L7z, Seftiigeick 2 L, MLIAAR 7 = — X COMER WML, VL-RF) DOiEENKA, 5
g 7 2 —XCoOEff (RF-BF-TA) OIEEIENNIL, R~ XY v 7ic s w» TR I 2K
W2 ECHEHEAZEHZR 2T EPBROENT W 5[46-47]. $72, F T (FlEED A,
HIEDAR) Ll P ToORZY) v 7 EE#IcE T, EA TR TERARMITHREOEIIRIN
BholzZ bBRREINT VS, DX RHREH#ER 51, MEHE 3 298 L7238 E o
_ZY v TR, A THROMEHOEMPREOEZREZRET 2 2 &T, MEMICHT
Beffio = £V v 7 E2FICT 2 X5 mdBflHz + o IcE N T 20 TH L L5725
5. LEdoT, RifgEld, <&V v /@8N T 2l TR diliE o B 2 (g3 2 &
EhIT, WHREBMADORZY vy 2X L2 ERBNICGERT 2 HEERL .
AEZEEz e, RFROFERAMAIL, ROLIICEHINS,
1. _ZY v 7ddN, Fvic B 2 EEENREI 2 L2l TS o R BE 2> b
INns
2. X_REY v EWEDIERRME L, W oW E I 2 <, A TG O EEE O
EZRICALbbNEEEDIC, XV VI 72— TER?
3. XY v IEMEDY] Y B 2L, R IT OEESBUC FE K E R R £z,
BT ATy RAT T VEfomHiE#z R hl, XY v IMEE
O TWL ECTHEELAXRXY VI RAXAVERET S
Z LT, AR FERPMEIRIE, T3, BETE2ERE L2y FY—_7 b L OWGEH
B, W NEHOREBES KM N2 REEA R Lzmic® 5. MA <, SEEEDIEN
FREDEI N7 + —= vV RICE 2 BB ICOWT, ROFELRMELIEINS.
a. ELEHAFERO~ZY) v ZEEDOYI W B 21 X <, Wi P omHEs»E—tn
L5600, RITAEIIC X 2 BN EREL, BT -~ v RER LSS
b,  EFES ARRE LA —N—a—2F, ETREAETHEOYFY—x27 b ap
EH LA T 2T, N ORI E 2 SR 3 2 IR I
K3 3.
c. EHWMICHEZEHFHICI>TEF I =7 PABMBIEINEVIRY, H3HEER
IR L - BT ST S FE I B
AL, R O B AR R F B8 L 7 IR o Tl 2 #i 72 ICiRE T2 b @
TH5. bold, FNLIEMLF Y —ICHEOWEIIIEECH 2 Z &b, ek giE
IG5 2 & T, MROmIFAEIECIENIRED o, F—o3— 2 — R I BEE G EA
REAICHRAT 3 L o 2IERAMBEZ SN S,
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b N OFEEES) X, EBEHEIC BT 2 E 00 5 AT IS KM B OB 2> & — AR PR R B
~EELND L LI, BB, L EW- o i = 2 — v v~ CEEE S TREL, BN
TR2ZLICEoTERINGDIDTH o7, TNOEBFEOM X I1C X o CHEL 28R
X, EEZAGERHMRROMEICL > T, KMEE O —RIEEEETF~L 7 4 —F Ny
7ENDB L LD, EHOBIEICEHMT 22 EPALNTWS[74. 2D X ) RBERICHL T,
AW DRI, TR R INET B IC L > THEB LML F Y —0b, =LY v 7
VEDEBHIHAZHO 2L T2 DTH o7z, L2 LAadb, HLETOHYFY—icid, M
XA T I 7 RCE > CHBT 2EHERZObDEZTa—FLTwdbiFidhwni vy
RILEFEE L 72, 72720, b LIRS, SEREED KX S HAER MRI (IMRD Z w23 Z
&, KREEOHEREZ X—2 & LT, GEREIFICNT 2 @B KE OG220 5 2103
52 EBTENE, AF—YRFVOERNLIMFICET 2EMITERL Wb DTH 2
7259,

CoX) vREEEZVIVEC b oL LT, WEEAIGHEFRE DK EBEHZE (Cortico-spinal
pathway) DEIZICEHT 20003 H 5. boldh, EHEEANHZ LD L5 CiE#s 2w
2 RINRENREEREL LT, Y2k —L v & (Cortico-Muscular Coherence; CMC)
BT oD, CMC L, Wi & ffED Ry OB Z ot 32 FiETH b, v+
— T X 2 EBIEREHl O X i, T —L v RBELEREELOFTIC Lo TN —F v Y
VIRZIZ LY & 2 EBEE O FHEEIE & 7> T\ 3 [75]. Mimaetal. (1999)iC X % &,
BEEOEE Cld~— 23 (1530 Hz) Tatk —L v XD FRH[76]L, F72, Omlor et al.
007)IC X B &, XY ENZEB QX TRECIZ A v~ (30-80Hz) Tat —L v Xi@ED
HTD2LPHMONTWB[77]. b o & bBEIL, EHBEE 2 O OEEESOWME RET 5
TEBMELRINT WS, KEBEEENC LI, 2D X5 7% CMC ofEmiE, FiNflae—1
v A (Intermuscular Coherence; IMC) ICH b b5 T & D3R X 41T\ 5. Marchis etal. (2015)
X, AFEHO~ZY) v 78ifEr o i e ni=fis -2 — b 2 REHiHERS (VL-RF) &
WERE - 7 Ao IMC 25 H L 72[78).  OfEE, KRESMHEHO 2 e —L v ABE T v
~4, PEf-e 7 Ao ae —L v 2B R <SHzEHRTEhZhERLEZC 20, Th
b OIEENF T, EEFESAEE I NS X HIET 2 EBKE O E AR I Tw 3,

DEEBEZZE, KIARORLDZ ATy 7L LT, [RZXY v I7ZZ2FVICET 5 EBE
HHEFE DS EDOMH~EDREE LN T VB3] s ) ERmt2RAL LzAK—y
2 % b D PG Sl T B A R E T R~ DG AR B ) AR E T b5 9.
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X, Wpe LTt e idfil»z i cldza, =& L LT, AL LT, C2BDTALRRD
—DODBH YD ODONTITHR L TWAEEEE L 55 HME, BEERERZTIET
ZolHVFERATLE. LT, Lo, RAmMXICHEIT2EIEZHOTHZE L
7o, FICREBEE, KEFCHER, BARBER~LLVEH#T 2L & bic, —ETHOEHWN
RIBRZEIZEEZELLBVES. MaA<, ERSETHHFRICAYELALETE
KEFEDOMAEA IS - LES. cokdic, BIhAMEEECMZ, BMLMRE=E
DEREEII LD LT 2HL O FEME L LFLeES X 0 SIRECHIEH T 22 b i, S
7o TIEEE D I B E 9, [FfkIC LT, Ml TR ToE 1R, Kb cofEt 2 4
] & LRI 3 FERZIRVIBE-oTA D L, AR ENFTEAYDO/FLZICEZTH B> T
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RHPTBZDECMEE LTHED o TnET.
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i Zfdl, ZTNFETHTCCHE X LAKE ek koo Mg 28 cHao
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