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Abstract

b b OHEAf#RER (Central Nervous System: CNS) (ZHRGHEMRITFEMAET LK TIURGLEHHE
BIACHIET 5 Z & Thix dB 2 FEEK S, UL, CNSBZD sz U Ttz E
JE%EIRLU TWBD0 L WS EIZDWTIERZHAS TR > TWARWY., 20Ok b OEEHIH A 7=
ALIZDWTH ST S Z 2, EHAX NV ORMPIFIZORNZ RN LEH L —=2 7%,
PR R £ O EOMRREZBELZBEDI ALY F—2 a vy, b hoEEREN &L -
MEXE2FIEORBICHFLET LI eWMHTES. £72, ZREDLHBOBREADEISEEID S
 DEBEADEHPIHFRE I N T WD, FEREFHLLU 2 &2 R 2 EK e Ry b OflETEDRFEIC
LEHBMTE 2 E2 605,

AR TIE, b N OMEBEIEIZET A A R LT “WivFy—", “SEMSHE?, “SROMIME”
D3DIZEHTS. IFUDIT, L FOHERROYIE T IVOMN 2175 Z & T, HilGE & P,
HEROMMEDORFEEZENMLL, By FY—, PhRE, SEROMMED 3 DDEREFETDIHEH
ZHD ZEDHERDH 7272y TV — DR IRET 5. RELH72HY Y —olaz AT,
b b OEHEE A SBONLZMRAZEH N L —= 7RI Y TF—va vy o hOEFRES M
E, BXOaRT 4 7 AANEIEHT B.

b N OEFHIEA N = AL TA2HMAOMEE N L —= 2 PN F—=YarADiHE L
T, E bNOBHYFY—, PHiEE, FENIMEZBHEN (Electromyogram:EMG) 55025 VU 7L X
A LCTHEUAEAT 2V AT L2 Uz, £7, FRLUAEZY AT LT & 5 P SHuE - Fmi:
DHEEFERDZYMEEMRGET 5728, RERER, V) —F V7 OHIET, fTH5e Tl S -k
REolgziro7rz. Iz, EE L —= VIO AEENE 2 MGEES B 726, TREEEE O
ZAT\, EB)OSMBLIZ TR N7 W HRERTE OO E B R & S R E - FAeMIEO G &0 BiER
TEDHZe%mUTz. £72, WAFIZ XD RS OEBOFHIZ 17\, BREOERICE > THI Y
FU—, EHE, FEARMENZAT SRR UK. T DFERIE, By Y —, FHTuE,
FRMIMEZ LS 5 2 &A%, PHRE - FERMIMEONA A7 4 = ANy ZICK2EFH L —=
%, EHEEDOBERMM, VN Y TF— a3 VIZRIRINTH B AREME 2 REB L TW\W5,

/2, ORT 4 7 ADDHEADIGHE LT, L NOHHYF YV —2HEKE Ry MIEETLZT7LT
DALERELUZ., B M TFHORBNLREHZ A2 L LTRXY VAZERL, BRELEHZBHY
FV—DOEREANTE hORXY) VT HEBIOMNT 2T o72. & FD EMG 555156 172 N
VFY—%, t NOEEREBEL TERSNZELREAANTHREZ T 7 F 22— THHEMKORY
MIEETLZZET, BRY PONELZHBEZHELE MIEBUZENIRZ—vDOREY v 7%
FHRIEEILNTEZ. ZHIZED, NMELREHHEZ S OHERRZHIEIT 201284 LT, HiEk
T IVOYERR R T I DY YV — DR R W FENETH S —HlE R L 7.



B X

B1E
1.1

1.2

B2E
2.1
2.2
2.3
2.4
2.5
2.6

BIE
3.1

3.2

3.3

3.4

B4
4.1

El=N==R
[ 15

1.1.1 & SO A Z =X ZBET A . ..
1.1.2 b bhoEFHa~y ROFEATLOBEAE . . . . . ..
1.1.3 b FOEEHEIHA = XL ZISHUZHEEE Ry oRIEEORE .. ..
ESTRERR . . .

= &

=

HERROMEBETIVOBFICEDSHERBY TV —OBIDRE

N EBE3RG6HOETY VT
FRESHUEL - FRESHURD . . o .
RS F =R NIV
SEMFREIE . . L L
FORMIME . .
— RIS Y — DR AR BB F Y —DEN L

EMNEEIOTY RORRIEY AT LDRRE

VAT LRERR ..
3.1.1 FTXEEAL Y R
3.1.2 EMG T—ZRMWEAL Y K ..
3.1.3 MIMEREHEH ALY R .
3.1.4 P EAMERE ALY R L
315 EHRARAL Y K © o
ALY AT LADZYMOMEE . . . .
3.2.1 FEERFIME . . .. .
3.2.2  FEBREEE - EE o
ALY AT L& AW FREEERICE T 5 & N OEBHIEBEOER . ... ..
3.3.1 FEEBRTIME . . .. .
3.3.2  EEREEER - BE .
FRFEEEFEDINE Y 7= a yANOFHULY AT LD HReEOMGEE . . . . . ..
341 FEEBRTIME . . .. .
3.4.2  EBREEER - BE ..

b MRS > T OEIRRREN

iy Y —ORERD REA~DHEE . .. ..
411 B RNFEARSHOETY VT
4.1.2 EEPUEL, EEBURD . ...
4.1.3 Y FY—RT MV, Y F Y —TEERE, PR EeE . .
4.1.4  FREMIME . ..

11
12
13
15

16
16
17
17
17
19
19
19
19
22
35
35
36
41
41
42



4.1.5 REECEMTARE, RBESNMIME .o 50

4.2 FEBRGIEE . 50
421 WRERE . 50

4.2.2 EBFIFHH . . L 51

4.3 FEEREER . 52
A4 BEE 53
4.4.1 BEEPUL, BEEBIRIZOWTOEL ., 53

442 RENVEEITNZOWTDELE . . 53

443 FYFI=RTZBMIVIZDWTDELE . . 54

FB5E TEEHEBERYYv/ORY hADE NGV FP—DRIE 70
51 B MOTREZBUZGEEARY N o 70
52 IEHORY hAOHYFY—DEETIVITY XL 72
5.3 FEERGIE . . 74
5.4 G 74
5.5 FER 76
5.5.1 MiEHEE Ry MZLXAREV VIO .. ... 76

5.5.2 SREDEELE .. 78

B6E S 79
N 81
HiEE 86
{F8% A FHAISR B 87
A1 EMG EHHIEEE . . . 87
A2 AD AR =R 87
A3 USB F—ZRHUEEEE . . . 87
Ad BE=YaVvFy TFXYURATA .. 87
A5 BEIR T A=A T L= 87
A6 REVVTEHHEEE .. 88
14 B TRHBBEHROKRY NOFM F4ZICET 082 94
B.l o ERXUBLATHIR . ... 94
B.1.1 ALHOETV VT 94

B.2 ZERIERMEZEEE . . . . 96
RFREE 98

ii



X B X

2.1

2.2

2.3

3.1

3.2

3.3
3.4
3.5

Simplified model of human upper limb. Human upper limb is simplified as two-link
structure of three pairs of six muscles: (a) definition of six muscles, three muscle pairs
are the shoulder joint’s uniarticular muscle pair (M;cxt and M; gex), the biarticular
muscle pair around the shoulder and elbow joint (Mgeext and Mg fex), and the
elbow joint’s uniarticular muscle pair (Me ext and M, gex); (b) definition of kinematic

configurations . . . . . . . ... e

Relationship among the A-A ratio, the muscle synergy vectors, and the muscle syn-
ergy activation coefficients. The muscle synergy activation coefficient are defined as
the inner products of the muscle synergy vectors and the deviation vector of the A-A

Graphical representation of endpoint stiffness. Red ellipse represents stiffness ellipse.
The shape of stiffness ellipse is obtained as the ratio of the larger eigenvalue (kxmaz)
to the smaller eigenvalue (kymin), and the orientation of the ellipse (ay) represents

the angle between the principal eigenvector and r axis. . . . . . . . . ... ... ...

Block diaglam of visualization-system. Black dashed square represents data process-
ing in whole visualization system. Red dashed squares represents data processing
in each thread. Acquisition of sensor data; preprocessing of EMG signals; calcula-
tion of AA ratio, AA sum, muscle synergy vectors, and muscle synergy activation
coefficients; estimation of endpoint stiffness; estimation of EP trajectory; and video

composition are performed in parallel. . . . .. .. ... ... ... .. ... .. ...

A general representation of the visualization system. Muscle synergy vectors, muscle
synergy scores, EP position, and stiffness ellipse are displayed on the screen to the
subject. FExtraction of muscle synergy and estimation of the EP trajectory and
endpoint stiffness are performed at 100 Hz. The refresh rate of the system screen is
10 Hz. The user of this visualization system can observe own internal representations

of muscle activity in real-time. . . . . . . . .. ...
Schematic illustration of system configuration . . . . . . . . . ... ... ... ....

Brief outline of verification experiments of visualization system. . . . . . ... .. ..

Muscle synergy vectors during posture maintenance of subject A~C. The left group
of three bars in each chart represents the radial directional muscle synergy vector
up, the central group represents the angular directional muscle synergy vector ug,
and the right group represents the null directional muscle synergy vector urye. Each

bar indicates the contribution for each AA ratio. . . . . . . . . . . . .. ... ....

iii



3.6

3.7

3.8

3.9

3.10

3.11

3.12

3.13

3.14

3.15

3.16

Muscle synergy vectors during posture maintenance of subject D~E. The left group

of three bars in each chart represents the radial directional muscle synergy vector

upr, the central group represents the angular directional muscle synergy vector ug,

and the right group represents the null directional muscle synergy vector urx 4. Each

bar indicates the contribution for each AA ratio. . . . . . ... ... ... ... ... 26
Endpoint stiffness estimated from EMG signals during posture maintenance. Red
ellipse represents stiffness ellipse. Endpoint stiffness ellipse become elongated at
distant point, and that major axis laid along to shoulder joint. . . . .. ... .. .. 27
Endpoint stiffness estimated from mechanical perturbation during posture-maintenance
task (cited from reference [13] Fig. 7) . . . . . . . . . ... ... L. 28
Muscle synergy vectors during lateral and longitudinal reaching movements of subject
A~C. The left group of three bars in each chart represents the radial directional
muscle synergy vector up, the central group represents the angular directional muscle
synergy vector ug, and the right group represents the null directional muscle synergy
vector urx 4. Each bar indicates the contribution for each AA ratio. . . . ... ... 29
Muscle synergy vectors during lateral and longitudinal reaching movements of subject
D~E. The left group of three bars in each chart represents the radial directional
muscle synergy vector ug, the central group represents the angular directional muscle
synergy vector uy, and the right group represents the null directional muscle synergy
vector ury 4. Each bar indicates the contribution for each AA ratio. . . . . . .. .. 30
EP trajectory (left figures) and endpoint stiffness (right figures) during lateral reach-

ing movements of subject A~C. Red lines in left figures represents EP trajectory and
green lines represents actual hand trajectory. Red ellipse in right figures represents
stiffness ellipse. . . . . . . oL 31
EP trajectory (left figures) and endpoint stiffness (right figures) during lateral reach-

ing movements of subject D~E. Red lines in left figures represents EP trajectory and
green lines represents actual hand trajectory. Red ellipse in right figures represents
stiffness ellipse. . . . . . . L 32
EP trajectory and endpoint stiffness during longitudinal reaching movements (Di-
rection 2) of subject A~C. Red lines in left figures represents EP trajectory and
green lines represents actual hand trajectory. Red ellipse in right figures represents
stiffness ellipse. . . . . . . . L e 33
EP trajectory and endpoint stiffness during longitudinal reaching movements (Di-
rection 2) of subject D~E. Red lines in left figures represents EP trajectory and
green lines represents actual hand trajectory. Red ellipse in right figures represents
stiffness ellipse. . . . . . . oL 34
Muscle synergy vectors during reciprocal movements of subject A~F. The left group

of three bars in each chart represents the radial directional muscle synergy vector

up, the central group represents the angular directional muscle synergy vector wug,

and the right group represents the null directional muscle synergy vector ugyxg. . . . 36
EP trajectory and endpoint stiffness during reciprocal movements of subject A~C.
Upper blocks represent left to right hand movement and bottom blocks represent

right to left hand movement. Blue double circle represents position of the EP and

red ellipse represents stiffness ellipse. . . . . . . . . . ... ... L. 39

iv



3.17

3.18
3.19
3.20

3.21

3.22

3.23

4.1

4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11
4.12
4.13
4.14
4.15
4.16
4.17
4.18
4.19

5.1

5.2

EP trajectory and endpoint stiffness during reciprocal movements of subject D~F.
Upper blocks represent left to right hand movement and bottom blocks represent
right to left hand movement. Blue double circle represents position of the EP and

red ellipse represents stiffness ellipse. . . . . . . . . ... o 0oL 40
Experimental setup for post—stroke subject. . . . . . . . .. ... oL 41
Schematic illustration of experimental procedure for post—stroke subject. . . . . . . . 42
Muscle synergy vectors during reaching movements in normal and post—stroke sub-
jects before and after rehabilitation . . . . . . . . ... L 44
EP trajectories during reaching movements in normal and post—stroke subjects before

and after rehabilitation . . . . . . ... L0 Lo 44
Endpoint stiffness ellipses during reaching movements in normal and post—stroke
subjects before and after rehabilitation . . . . . . . ... ..o o 0oL 45
Muscle synergy vectors, EP trajectory, and endpoint stiffness ellipse during circular
drawing in normal and post—stroke subjects before and after rehabilitation . . . . . . 46

Lower limb musculoskeletal model: (a) definition of 8 muscles and (b) definition of

kinematic configuration. . . . . . . .. ... 48
Experiment setup of pedaling movement . . . . . . ... ... oo 52
Crank angle during forward pedaling (subject I). . . . . ... .. ... ... .. ... 57
AA ratio during forward pedaling (subject I). . . . . . ... ... 58
AA sum during forward pedaling (subject I). . . . . . . ... ... ... 58
Pedaling force during forward pedaling (subject I). . . . . ... ... ... ... .. 59
Pedaling force (vector plot) during forward pedaling (subject I). . . .. ... .. .. 60
Ankle stiffness ellipse during forward pedaling (subject I). . . . . . . ... ... ... 61
Synergy vectors during forward pedaling (subject I). . . . . . .. ... ... ... .. 62
Synergy scores during forward pedaling (subject I) . . . . . ... ... ..., 62
Crank angle during forward pedaling (subject I). . . . . . ... ... ... ... ... 63
AA ratio during backward pedaling (subject I). . . . . .. .. ... oL 64
AA sum during backward pedaling (subject I) . . . . . . ... 64
Pedaling force during backward pedaling (subject I). . . . . . . ... ... ... ... 65
Pedaling force (vector plot) during backward pedaling (subject I). . . . ... .. .. 66
Ankle stiffness ellipse during backward pedaling (subject I). . . . . . ... ... ... 67
Synergy vectors during backward pedaling (subject I). . . . . . . .. ... ... ... 68
Synergy scores during backward pedaling (subject I). . . . . . .. ... ... ... .. 68

Biomechanical function pairs during pedaling obtained from simulation studies (cited
from reference [49]) and the results of our muscle synergy analysis. . . . ... . ... 69

Lower limb anthropomorphic musculoskeletal robot. The robot has eight Mckibben
type pneumatic artificial muscles (PAMs) for each leg. The structure of the robot
imitates anatomy of human lower limb in sagittal plane. . . . . . . . . .. ... ... 71
Schematic process diagram for controlling multiple PAMs in musculoskeletal robot.
Modulation of joint stiffness, ankle joint equilibrium—angle rotation, and foot equi-
librium point translation of human subject during pedaling are implemented to
musculoskeletal robot through AA sum (s), A-A ratio (r,), and muscle synergies
(WR, g, WRWe)e  « v v o o e i it e et e 72



5.3 Pressure command for PAMs of the musculoskeletal robot. . . . . . . . .. ... ...
5.4 Time-series crank angle of the musculoskeletal robot. . . . . . . . . . ... ... ...
5.5 Tangential foot force to the crank, radial foot force to the crank, and pedal angle
during pedaling movement of subject I and musculoskeletal robot. . . . . . . .. ..
5.6 Foot force during pedaling movement (vector plot). . . . . . . . . .. ... ... ...
5.7 Sequence photographs of robot and human pedaling. The musculoskeltal robot per-
formed pedaling movement with similar kinematics and pedaling force pattern to
human subject. . . . . . . L

A.1 Multi telemeter system WEB-5000 (receiver) . . . . . . . ... ... ... .. ....
A2 Multi telemeter system WEB-5000 (transmitter and amplifier). . . . . .. ... ...
A.3 USB Data acquisition device PowerLab (ADInstruments) . . .. ... ... ... ..
A.4 TR camera of motion capture system (Flex 3, Natural Point, Inc.) . . . . . . .. . ..
A5 Portable force plate M3D-FP (Tec Gihan) . . . . . . .. ... ... ... ... ...
A.6 Portable force plate M3D-FP transfer (Tec Gihan) . . . .. ... .. ... ... ...
A.7 Appearance of the electromagnetic break(ZA-1.2Y). . . . . ... ... ...
A8 Appearance of the electromagnetic break(ZA-1.2Y). . . ... .. .. ... ... ..
A.9 Characteristics of electromagnetic break (ZA-1.2Y) [62]. (a) Relationship between
excitation current and load friction torque and (b) Relationship between allowable
continuous heat dissipation and rotation speed. . . . . . . ... ... ... ... ...
A.10 Appearance of the PWM controller(LD-10-PAU-B). . . . ... ... ... ... ...
A.11 Block diaglam of the pedaling measurement system. . . . . ... ... ... .....
A.12 Appearance of the pedaling measurement system. . . . . . . . ... .. ... .....
B.1 Mckkiben type pneumatic artificial muscles Air muscle( Kanda-tsushin Kogyo)
B.2 The relationship between muscle length and contractile force of pneumatic artificial
muscle (cited from reference [18]). . . . . . . . ... Lo L oL
B.3 The property of biological muscle. [lg(\;)(i = 1,2,3) is the natural length of a
muscle, and \; is the level of electrical stimulation (cited from reference [18]). . . . .
B.4 Custom—made air—pressire control device. . . . . . . . ... ... oL,
B.5 Air-compressor (JUN-AIR,12-25). . . . . . . ... . ...
B.6 Block diagram of robot control system configuration. . . . . . . . ... ... ... ..

vi

78

88

91

96



&= B R

2.1
2.2

3.1

3.2

3.3

4.1
4.2

4.3
4.4

5.1

Al
A2
A3
A4
A5

Names and functions of upper—limb subject muscles. . . . . . ... ... ... .... 9
Definition of the Agonist-Antagonist muscle pairs ratio (A-A ratio) and the Agonist-
Antagonist muscle pairs sum (A-A sum) of upper—limb. . . .. ... ... ... ... 10

Inner products of each muscle synergy vectors during posture maintenance (Intra—

individual variations) . . . . . . . ... L 23
Inner products of each muscle synergy vectors during reaching task (Intra—individual

variation) . . ... 23
Inner products of each muscle synergy vectors during reciprocal movement (Intra—

individual variation). . . . . . . . ... 36
Names and functions of lower—limb subject muscles. . . . ... ... ... ... ... 48
Definition of the Agonist-Antagonist muscle pairs ratio (A-A ratio) and the Agonist-

Antagonist muscle pairs sum (A-A sum) of lower-limb. . . . . . . .. ... ... .. 49
Average workloads of each pedaling condition. . . . . . .. ... ... 0L 51
Inner products of each muscle synergy vectors during pedaling (Intra—individual

variations) . . . ... L 54
Body parameters of the musculoskeletal robot and human (Subject I). . . . . . . .. 71
Properties of multi-telemeter system (WEB-5000, Nihon-Koden, Inc.) . . . . . . . . 88
Properties of AD board (PEX-321216, Interface, Inc.) . . . . . ... ... ... ... 88
Properties of data acquisition device (Powerlab, ADInstruments, Inc.) . . . . . . .. 89
Properties of motion capture system (OptiTrack, Natural point, Inc.) . . . . . . . .. 89
Properties of force plate (M3D-FP, Tech Gihan, Inc.) . . . . ... ... ... .... 90

vii



B1E
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1.1 HERER
1.1.1 E MDOEHHIEA D =X ALICET ZRER

t b OBRENEL, EEPEKRT B SBEE 0ITME Ui OIGEIC K> TEKENS. e hD
HEAHRER (Central Nervous System: CNS) 13 Z O SR EIE R Z I AICHIET 5 Z & T, Rz
D & S TR OMM A E S ) S R ED LSRG 2 Hio 72 X4 F Iy Z B £ T, R REA
BEE2EHT 52 kS, L, b MEEESEICEE L LT 102, fiL v 103, Hilg
LARLT1I0M 2 VWb 2R BBOBEMEEZELTWS [1]. & hD CNS 2B D EIZ I H
L5ZNHETOHHEIZDWTOHEZIT>TWS LT DB X ZTHENTIX RV, /2, Z0H
HEOBIIFAROREZ LR T 272D HBELREHHEOHE D BIZE2NITE W, #HEjZEHT 5
7=ODOHHEDRIZ—RICIETE RV, Hl21E, »LHEESIZAL> TREZENT VS R H
A7) —F v 7B ZITO DIZH, EHORBAD? SRR E TOFEE IXBBUFET 5720,
ZOHDNSUTIZ L T—D2DHEZEIRL TWAD0E WS MEND S, 72, TOhh) 5 BRI N
7= FE E EH T 5 720 O XM OEB O A G DY S FRICRBICFEL, EIRS N-BEEioH#
FEEBT27-00MEHOMAGDLED X -MEBUFETS. £ D CNSAZDFRTILERHA
HEDOH D SUTIZ U CHEbI AR BREZERLUTCHS DHEREZGIHIL TWE 0D A =X LIZDNT
FRZHS DI TWARY, ZORBEIE~LY Y2 kA VEE2] & LTHL R SHSNT WS E
fRLETETH 5. ZOTNEZAMEORBEIZN LT, v bOBKREIDDOEEAN 2 ERITH R
BETHD, CNS IZEHDO-PIZETOHHEIZODWTOHEZIT>TWADTIERL, oDk
AR BEZOMAEDLRIZE > TEFHZEHHL TWD LT L5717 7 13RO NE T/AL ZIF A
NHENTWS, CNS M % Z DA ZERZR L U CTHIEIL TWB 2D W TR 2 NG DMFEE T
B3, AT, b OEEREORANRERLE LT, By Y—, s, SEROMIMEZED
B, ZhoDBE» S5 bOEEHIH A H =X LI DNV TDOEREITS.

B FU—

ERRDITRER HHEOMEIZN LT, b ho CONS IXE OFEE 2 U CHIBEL T\ 0
Tl <, HEEID HMIZ & - THEME X 28O O 72 FRTEE) (> 7Y —) T &> TR
IRETEEI D HHE & ML, EHEEZ AL T\ T AT T Y —REIDRIEES N TWS 2. ZD
LD OB 2 NS 2 LT, BiEEZ EEEHIT S Z LT E SHEM (Electromyogram:
EMG) 358078y =V ThH 5. Y FY—ofiaz vzt b O@EHHIHOME N 5 —Kki
7 7a—F & UT, b hOEHREDO EMG G5 IZHENNARAEE % i3 Z & TGSz Do £ IE Ol
AEOLRIIAMHTH I THY Y —2HliL, TREZEMHL LS & T2HARE I RIh TV
%. flzZIX, Torres-Oviedo & Ting (ZZEGEIH T D2 L D 16 D EMG {5512 FEEEFTHIK 147 fif
(NMF) 2#Hd 5 Z & T, B2 AMICEEHZ 52 5NEBICILET MY Y -2 LTV
[3]. d’Avella (& EfZD 19 D EMG E 512282 @35 Z & T, KIRMEW, FIEEmATO
2R HRANDY —F > TEBOTIHEEN D 4 D05 5 DD F YV —TRETELZ L2 RLTVS



[4]. Cappelini &kt b DOHfTH, ETHFORED 32 H D EMG IZHN D &2 175 Z & T, Hil
D5DODYF Y —%HMELTWS [5]. F£7z, Barosso 5% N 10 0 EMG IZ NMF 235 Z
ETHY YDt AT, BT HEBEHERX) VI OMEEM L4 D08 Y Y —TRET
EHZeERLTVS 6. Z05DOW%EE, By Y —DMEOTERH Y FY—DREHEDI NS
ERRSTWAEY, EHEOWMNPXAZIZE56T, b hOEBRFOFEEN L L DHROHY V-0
HABDEIZEL > TRETE, JURBHEIHORTCDOEMPITHONT VNS Z EWRBRINTWS. T
o ORERIE, BEEOX A7 ITIB L 72— RINEBERE R RO Y — Ak D CNSIZHETEL, %
NS ODBOIEFH DMAE DN & > THEBOUWGTIEMZ1T\, TTREHEOMELMRIL TS
AEEMEEZRLTWVWS.

T REE

Zoftio e s OEEHEIEIZN T SE HRGE LT, & b CNS IZREHD X8 & FEHTh o
RS OREIMEZ GIE L, P ORERI A0 &5 BEi O A EIZ OWTORS (r a3V R) &,
FEHU O HTEMEIZ & 2 BIFIMITEIZ DWW T OIS (c IX Y ) %D 2 212 & - CESh 2 HilfE L
TW5B & WS Pl AR (A ETIV) BRIBE N T WS [7, 8], Pl KU e D &, P fifiiiE &
MEZRETLHZ LT, HNOHDOIEEFRIZONWTOFHEZ CNS BEREMITITS Z & 4 L EEHYEE
TE5. Bz, BEiAERr 3y NIZE > TIRESI N AL L —Z L T\ 2 ik RIBIZ I
WIEEI L2, UL, FHEBROBETAE L Pl EIZ 205 5 & EiX, HhOMREKHIT & 0 % 7
BAEIZRP > THNEI ETEMVIDRFHEEL, TOLED MLV DORE S IFHIEEDO A E X 24
M2 caxy RiZ&oTHEINDS., LD ->T, b "DPBEEORBEZMHEEFL &5 8T 521,
FHIEIRAE D S HANELIC & - CRHID B X b Z & TV & EEOBMiAEOMIZENE TN, T
DEBIZRA S LT BEAMIEES L. KD, b NDBEEES) 217 5 BITIE, ST % BE DR
HifgE C BN ALEICERE LIES Z & TV E & EROBSIMEDORIZENEL, HIlREI N
T A D o CRAMI 2 BRI S B2 ML BRET S, L7255 T, CNS 23T Ol fihiE D
R Cd 2 Pl sl L W% 3R ET 5 2 & THEEINEFTE . 2o TiE CNS 22 O FHi D
g A I HEBEL AU XD ICRETHI 8T, EHRHEEZT 2 i HINOEB P FEBH K
LeEZLNTW(9, 10, 11]. LA L, EEOEHTHOFEMMEZIINSDIFETHEL T L
DHENZ EPEBRMTRINAZZ LT &0 [12], B EHAHUEA A HiE#E e —%d 5
DIFTIERL, BA4F I 7 A%FRU PR ShE & MIE 2 GIET 2 88N H D Z LD S DI -
TW53.

BRDEIME

t NOFROEELRHED -2 L LT, b MIFKHHOREEOES WP RALTET LI LT,
HSDOHAROMINEZHIET S Z &A% [13, 14]. & S D CNS 2D & 5 1 SR DRI % HIfH$
58T, HSDHKREIIEREE & OYEN R EAEH %2 % LI A E B 2 EB L TWBH 2T
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FBeliw, BROoNHMRZIEHTSFERELT, #FHhL—=vF - UNEY T3 v O%EEH
e U7zt b OB B 1 2R a <y ROk 27 A DRFE, LTt b OEF)HIE A 4
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v HERHER R AL, THETFOT X EHKRTAIE TR LV RITHI AL Vb
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ARETIE, b b EROHEKROYEE TIVOMITIZL > T, EMGRES,rofiy Y —2HitiL,
A REE & FEMINE 2 HEE T S FIRICOWTHER S,

2.1 bEMNERE3IN6FHOET VY

BERUGEI TOKEHRANOHEEIZE TS b Ek%E, Fig. 2.1(a) RT3 W6 finro7msd2 Y
VIOREEL UTETIMET 5. 3 DOREFIN I, BEREEEEESGN, B & 0N B o B,
N BB 2 SRR I D, TS D 6 FhiE, AT (Msext), —FAMERB (Mspex), -
i = SR R IH (Mo ext ), I SEM (Mg fiex), W= SEMMIEE (Mo oxt), MR (Megex) TH 5.
iRt B OO O Z F I3 2 B (BRI (s), B - N (se), N (e) 2£K7. —FHHD
WA TFNEZ OFDMEI G D (i (ext), JEF (lex)) 2 KT, 72, TNZTNHOETEE m,
] (i =s,se,e),(j = ext,flex) & § 5. BEFHDAMEEREIZDOWT Table 2.1 1I2F &5, HRHIA
0, [rad], INBAEIALE 0, [rad], BREHZduhE T 2 BEERICE T 2 FRAEOEE Ryang [m),
@Y Phana [rad] % Fig. 2.1(b) D& S ITEHET 5. BEMHME, NEMMEOTMHMEELZLEN
Oswp [rad], Oepp [rad] &3 5. £7z, MEEERNIZE T 2 FRAEOERR, W 75 OFEM S E
% REppand M), @Ephana tad] £ 95, TOL &, PROMBEIZFEHND 2 HHETHATESD
RLUT, AiiEENE6 HlE2 AT 2MERTHS. liH(Dzd, ETMLIZBELTUTD 320D
RE%E B L.

1. HOE—RAV "7 —ALdIFE2TELL, BIZI—ETH5.
2. LW (8RO S BT T) L EilE (INE&iH OP S FEET)DY VIR LIFEFELWL
3. HORMEIXETHELUL, MHREBIZEITIA2HOEZ [ 1IZFFEL WV

AT, HOETNE LT, R [18] Dffiffb I N7 EERANLHNZELIZ LZHOET IV %
WS, ARG & Z255ERANTHRIE, “HOTEMNE L~V QI HhMIME & SR O 5IZ/FHT %
N R D? LS EMERICIGE U B 2 R0 Z L A HERAY - EBRIICHMEES T WS, D
TEENE &AM - SET R OBIRDY, ANTHOWNEE & AEHIE - SErR & OBIfREWIEL Tnd &g
5. ZOEE, MIZEOTEETE m;; [-] (1 =s,se,e), (j = ext, flex) 1T & o THMEARE k(m; ;) [N/m]
ERH DM Lnar (M ) [m] DEALT 238 & UTREITE, HiOMMERBUIMTES) & LBIRILRIZ,
M R3S & SEBIDBIRIZD 5. Z D& &, i M;; DRI fi; [N] (3 ORVELRER, PR 2
WTHT® & 5 e £t 5 [18).

fig(mig) = k(mi;)(lij — lnat(mi;)) (2.1)

kE(mi;) = cimij + kmin = c1y ) (2.2)
C2

lna 1,7 = T lna min 2.3

t(m 7]) k(mi,j) + t, ( )
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Table 2.1: Names and functions of upper—limb subject muscles.

Label Name Motor function

M ext Deltoid posterior Shoulder—joint extension

M fex Deltoid anterior Shoulder—joint flexion

Mgeext  Triceps long head ~ Shoulder— and elbow—joint extension
M fiex Biceps Shoulder— and elbow—joint flexion
M, ext  Triceps lateral head Elbow—joint extension

M flex Brachioradialis Elbow—joint flexion

Z :VC“, lm-[m] ‘iﬁ% Mi’j @ﬁﬁﬁy C1 [N/m], C2 [N] ‘iﬁ%@iﬁ'[@c:%j—éiﬁ, k’min [N/m] Ciﬁ'ﬁi)‘{ﬁ
B L T\ E & DM lnat,min [m] ISP EORRETH L. iz, Thi,j =m;; + kmin/cl ThHsb.
BT, i & B 57T m, & BOTHRELED 2

HIHVIRIE (6, = B0, Oe = Beo) 1B BIHEE 1, = lo(> lnatonin) LT 5. 22T, SEIIZAS
MIET 5 W TWARWEHIZRIETIE, BRI L B r i AEIEEL <,

0, = O.pp (2.4)
ee = ee,EP (25)
MDD, iz, E=AVFDDODEVE DU FDORDEL D 7D,
fs,ext (ms,ext) - fs,ﬂex(ms,ﬂex) + fse,ext(mse,ext) - fse,ﬁex(mse,ﬁex) =0
fse,ext (mse,ext) - fse,ﬂex(mse,ﬂex) + fe,ext (me,ext) - fe,ﬂex(me,ﬂex) =0 (27)

JE A & B DI HAIRFED 5 DAL % T NZE N Ay = 05 — 050 [rad], AO. =0, — O [rad] £ T 5
&, NLAORMEEERE D

d-Abs = ls,ext (ms,ext) —lg=1p— ls,ﬂex(ms,ﬁex)
d- (Aes + Aee) - lse,ext (mse,ext) - l[) = lO - lso,ﬁox(mso,ﬁox) (29)
d- Aee = le,ﬁex<me,ﬂex) - lO = lO - le,ﬁex<me,ﬁex) (210)
B DD, Eq. 2.1 % Eq. 2.6, Eq. 2.71ZfRAL, Eq. 2.2~Eq. 2.5, Eq. 2.8~Eq. 2.10
WTCHEIH S 5

Mg,ext T Ms flex T Mse,ext T Mse flex Mse,ext T Mse,flex

Mse,ext + Mse, flex Mse,ext T Mse flex T Me,ext T Me flex

Abs gp
Ab. rp

(ZO - lnat,min) Mg,ext — Ms flex T Mse,ext — Mese flex

d Mge,ext — Mlse flex + Me ext — Me flex

(2.11)

ZZT, AQ&EP =0smp — 00 [rad], AQQ’EP = 0o Ep — Oco rad] THS. LA ED &K S1ZLT, HEE
ETNDIDDY HWIZEET ZYHER RN o, BIEEA A & SEEENC D W T OBBRRLE S
ns.

2.2 EFEHLE - SR

b DOt E % 25 ETOIRARA L UT, HEHHNOEEOHHICEH T 5. iy OEH)
om,j [-](i = s,se,e), (j = ext, flex) 1T U T, &Lkt ry [[] S s [] (0 = s,se,e) ZEAT



Fig. 2.1: Simplified model of human upper limb. Human upper limb is simplified as two-link
structure of three pairs of six muscles: (a) definition of six muscles, three muscle pairs are the
shoulder joint’s uniarticular muscle pair (Msext and Mg gex), the biarticular muscle pair around
the shoulder and elbow joint (Mgeext and Mg fiex), and the elbow joint’s uniarticular muscle pair

(Me,ext and Me fex); (b) definition of kinematic configurations

Table 2.2: Definition of the Agonist-Antagonist muscle pairs ratio (A-A ratio) and the Agonist-

Antagonist muscle pairs sum (A-A sum) of upper—limb.

Label Definition Motor function
Ts Mesext / (Ms,ext + Ms fiex) Shoulder—joint extension
Tse Mise,ext/ (Mseext + Mse flex) Shoulder— and elbow—joint extension
Te Me,ext/ (Meext + Me flex) Elbow—joint extension
S M ext + M flex Shoulder—joint stiffness increase
Sse Mie,ext T Mse, flex Shoulder— and elbow—joint stiffness increase
Se Me,ext + Me flex Elbow—joint stiffness increase

DEIIZEHT 5.

rp= ——et (2.12)
My ext + MM flex
8i = My ext T M fex (213)

Z 2T, MifSPiibiXBaE e A E oM - JEd, SESEPURIKEIETHIE ORI F 5T A ETH S [18].
Bl ZAE, JEBHTD EEE M e DEIEAAZ S mgexe DML, FEHUHH M, pox DFHEALE S M fiex
WA B e E, Mt r 3L, BEEIIMMET L. £72, FEIHN Mg & M fex DIEIRHE
PS5 e &, HfEHiH s, ¥ L, BESORME S E 5. EEO 336 s 2 850iE0 - /)
PRI OFEEE %2 Table 2.2 12K 7.
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2.3 @VFIO—RIKNIL
SR r B L OGP s; ZFHVWT, Eq. 211 2ESHI 5 &,

1
rs — 5
S5+ Sse Sse A957EP . 2(l0 - lnat,min) Ss Sse O 1 914
Al = d Tse — 5 ( : )
Sse Sse 1+ Se e,EP 0 Sse Se 1
Te — 5
B, Lo,
1
—1 :rs — =
2
AQS,EP o 2(l0 - lnat,min) Ss + Sse Sse Ss Sse O - 1
= 3 se T 3
Aee,EP d Sse Sse T Se 0 Sse Se 1
Te — 5
r.— L
s 2
o 2(l0 - lnat,min) 1 SsSse T SeSs  SseSe —SseSe r 1 (2 15)
pu— se - 5 .
d S5Sse t SseSe 1+ SeSs —SsSse SsSse  SeSs Tt SseSe 12
Te — 5

DB EINS. T T,

SsSse + SeSs

1
= 2.16
T T oSee + 55050 + 5055 Peede (2.16)
—SseSe
1 —Ss58se
q. = SsSse (217)

SsSse T SseSe 1 SeSs
SeSs + SseSe

ZHWTEq. 2172 & &z 5L

1
r.— L
T s 3
AHS,EP o 2(l0 - lnat,min) q; 1 218
Aforp | d A 219
e,EP q. 1
Te 2

&b, TIZTaq,, q \$HERAOATERINERZ MVTHY, qs, qge B —ETH DL E, i
ST DA q,, q, EFHFEPULDZEER S ML EDRIZ K > THIPIIZIRETE 5.

INEMWT, Fig. 2.1(b) IR HERSR TOFHTMDLEN APEp pand = [AREP hands APEP hand]”
ZEEUE vy, FREEPUR] 55 02 & > CREIT 5. BFIf 05, 0.7 & FHOWIEE prong = [Rhand, Ghand]”
DRI

Oe
Ruand 2L cos 5 (2.19)
¢hand 93 + %3
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THd7=D, q,, q W—ETHZEVIRED T T pgp DWUNERL Appp 2EZ 5 &

APEp hand AREP pana | _ a%hsz a%e? Al gp
Jhan A¢EP,hand B%I‘T";‘“i &%hiea:d Aee,EP
B 0 —Lsin %e Abs gp
1 % Aee,EP
I . Ar
— 2(l0 - lnat,min) 0 —Lsin 975 qz N s
B # 1 1 qT T'se
B 2 c Ar,
i i Ar
_ 63(96) 0 ] qu Ar s
B 0 & T se
C4 (gs + 5 ) Ar,
[ Arg
C3 0 ] qg
~ Ar (2.20)
qg.\T se
0 4q.
0 || (gs+ %) Ar
E7B. ZIT, ep(f,) = — ) sin ¢y = HoThnene) ZHORE, VY IR, B

VAT =L, INBEEIAE O Lo TEESMETHS. 22T, WHEHIPT+HEMIL TV E, i
JEFEA TREL S N7z X A7 22 & BIflif R T, BB X TRIEOBIRR D LD [53] 728, c3 ik
EE T ON BRI O FYIAE 0, DI, c3 = c3(0.) TERTHZ L LT\, Ehivz Eq. 2.20 1%,
HHRICE>TRED 200R2 Ml g, BET (¢, + L) It X > TES NS 2 MO EHEA~D,
SIRTEDOWIEH LD ZEALER T NIV Arpang = (Ars, Arge, Are)T ORI & o TRV R DEN D
HETEDHILERLTWS., BRETM, RATMN, B mAICETS S AROKENS VI,

URhand = qe/|qe] (2.21)
q q

Ughand = (s + f)/!qs + 56\ (2.22)

URxphand = (UR X Up)/|UR X Uy (2.23)

L7325 . URhands U hand 1, JHZHUDE T DEIFE - Rl DA SN O D EE) 225 59 5 bt
DD %2 RT AR MIVLTHD, URx ¢, hand WO SO EFNZ S U2\ Null SR OBALAR Y
NTHDB. ULI-h->T, UR hands We, hand EENENERE, RALADYFT—RT b, URx $,hand
ZNull AADYFI—RT MLed5,. 22T, RADEELTWAHYFI—I%, MfEHiFONS
YA, DFEDEFHART OMIEEIZ X 2RO NS Y ADAIZ LI > TERINTVWEIRTH 5.

2.4 EESEE

s F Y —=RT MUIZ & o TR N SR BN DS HILLDEMN R MIVDFEDOKRE X I2L -
T, FHEOVEMEAMET R ENTES. LEWST, BV F YGRSz Gy FY—~_27 ML
EFEPILLD BN AR PVONRRIZE VU TD LS ITEET 5.

WRhand = WRhand-AThand (2.24)
Wohand = WUg hand-AThand (2.25)
WRx¢hand = WRxéhand-AThand (2.26)

12



Fig. 2.2: Relationship among the A-A ratio, the muscle synergy vectors, and the muscle synergy
activation coefficients. The muscle synergy activation coefficient are defined as the inner products

of the muscle synergy vectors and the deviation vector of the A-A ratio.

ZZT, WR handy We,hands WRx¢p,hand Li%j?%y {ﬁ%, Null @%ﬁ@@ﬁ%y%y_{ﬁﬁfg‘éﬁf%é Z
7T AIrhand(: Thand — Fhand) ‘iﬁ%%mbt/\ 7 Thand = [T& Tse, re]T & %ﬁﬁ'f‘i%f @%%ﬁkt’\ 7
MV Trang EDEDTHS. iy Y —HEREEZ HNT, FHROLRIZETDO LS IZRETE 5.

ApEP,hand = (227)

AQEP hand k¢wg nand

AREP hand ] _ [ kRWR hand ]

T T T, kg, ke 135> Y —IEERECE P DAL T 20T 1 VERTH D, ZDLE,
AREP,hand7 APEP hand W Y —IEEIREL WR hand, We hand WZHHILTWE. /T, VFY—RS
NV DFFIEAE BT & o THEE T N2 FBERERIZ B 1T 5 FHALE Pep jang = [REP,hands Phand,EP) " 13,
iy Y —IEERBORERGIZ L D AT TRING.

| RePhand | | Ronand + AREPLand | | Rohand + KRWR hand
PEP hand = = = (2.28)
®EP,hand ®0,hand + APEP hand ®0,hand + K¢We hand
Z 2T, Rohand> 90,hand WEBZFLE T A MEERICE T 2 PR OEENMETH S, Tk
D ’ IEA.;EFJE %;\% Iz 3:3 H’ Z) Iﬁ@){—iﬁl% wEP,hand = [a;EP’hand, yEP,hand]T ﬂiLy\‘Fa)foﬁ é ME) .
1 R 1 1
——— TEPhand | _ EP ha dC?S(CbEP,ha ) (2.29)
YEP,hand REP hand SIN(PEP hand)

LEDESIZUTH Y F V=T MVEBREPHARS SIVOEIZ XD, FHROEM SN E S HEE T
x5,

2.5  FLEEIME

b b EEERRIZEWT, BT s = (s, sse, 5¢]T 5 5 BZ0RIE T O BKIHIME K, & ko
%. SEHIEE (050, 000) > 5 BB & NBEHT 2 TN Eh Abs, A0, Z I ER S B7- & S KM
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Fig. 2.3: Graphical representation of endpoint stiffness. Red ellipse represents stiffness ellipse.
The shape of stiffness ellipse is obtained as the ratio of the larger eigenvalue (kxpqz) to the smaller
eigenvalue (kxmin), and the orientation of the ellipse () represents the angle between the principal

eigenvector and x axis.

5 MY 1y, 7o 1, WRNE k(m;) & BRI DAL AG,, AG, 2 FIVTIUFO LS ICBERES.

k mse,ext) + k(mse,flez))(Aes + Age) + (k(me,ext) + k(me,ﬂex))Aee

(
_ Cld2 (ms,ext + ms,ﬂex)Ags + (mse,ext + mse,ﬂex)(Aes + Aee)
(mse,ext + mse,ﬂex)(Aes + Aee) + (me,ext + me,ﬂex)Aee

[ Ts ] _ dz [ (k(ms,ext) + k(ms,ﬁex))Ags + (k(mse,ext) + k(mse,ﬂex))(Aes + Aee)
(

e PO 230
ol RN s 231
£5T, IS K p o = G770 13
Ko = g | 7555 (2.32)
Sse Sse 1 Se

L7%. ZZT, kg,arm [Nm/rad] ZFHORMEEBEMIOE— XY M7 —AIZ L > TERI N D HEED
5 & BFIRIENOEWD 7 VBB THS. Eq. 2.32 £ 0, BIERITETANEHEE MO S
Lo TRITE S, BRI R Tl Null IO YF Y —1EEREDF LRI DFEEIZFHF G LT
WBHEEZOLNTWEY, ZTOMEBIIFHBN LS DTH S 720 23], AL TIE Null SO F
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V—DEEBIIOWTIEFEE LR, EMG 7T—& & ) #Ew U725 K %2, BEifAE 2
T

5 S HERRE A DZID ¥ 31T T,y = SE4- 10 & 0 HRPRER TRBE NI XA 2 I L

BL72b D%, EMG 7—&h St U= FHERIMETS] K hana £ 5.

Kw,hand = (Jg‘y)ilKH,armJ;yl (233)

22T, FEAEAMEOREERT D12, BHOETHIRT S Z & T Fig. 2.3 DX 5 ITHENIZRE
T2 ez iTbiTws (MIERM)[13, 14]. 20 & SEMOREEEIEFERME TS o =
DOEAMEDOREIDHTERIN, WMEI RS S D HROMIM:L, HBEAL 2225 HrROmED
A FRT. BHOEMOMEIETEMENRAKL 25 E2KT. FHMOEIIMEOKRE X HEE
£7.

2.6 —MHNLHY T —OBMRERRRICETZHFTI—DEN

EMG 52 AWVTHIEER Sy F V=2 LU & 5 & T 2M5EIEARMEOMIZEZ {fThbhT
W5 [3,4,5,6,51,52. TNSDETHONSNTWEHYF Y —D&IL, TOFEINKLTHS
D EMG E512x 3 2 L E BT X AN FEE2 OV TAZOREEZ B L TWa Ti@L
TW5a. Lo T, Sy - Y—dh FTitlld =7 —X 2 k5 721D OMAE
DETERITEDLIIITEODEETH D, MiEEOEERIFRRERRIZ DOV TIEFEI T
BN FDRD, HIHI N YEN AR OWTOEDSITIZA T TH b, HEHIPTERE O R
CIZEoTEEBMIZHEEINSIZEE>TWVWA., TR LT, AFRETRELTVWEHYFY—D
MO FEL, HEkROWEBLE T IV O SN & 2 HiEE) & RO S A &, BEEmME - 54
it e DEROEREZ RS L LTWE., TDRD, KMEIZBITEHY FY—x_R7 MLk, FEFE
M DB % Hul & T BIREEELRIC B 1 D EIEE - A A OFREFIHH OGO FLK &\~ 5 BRI 228568
ZELTED, By Y —EEREIC k> TRE R DOENDOHE ZITA D T ERARFIEDOKE R
K TH 5. RZEIZBITEHY FY—_RT MV, BfEFHONS v 20 % 0 #iFioAimric &
LEAHHIMED NS U ZDAIZ L > TERINT WS, ZOHYF YV —DERIE, HDFEOEEFILR
U F T — I IR V=R AP DRERE R I N, B =X A ke S OB D
N2 TV I T4 T7D1DTHSL\S Hogan 6D EIE [54] L OHEMZRLTWS. £/, D
BRI DBAMECIRET 2V TV — 3R ED EMGEED56EHINTVWBIZEEDL ST, WL
OWDEFEDRAZIZENT, ZRAIZNHN, AR, BIOHBREMTOLREEZRL TV, OF
D, FEPUART OILIEVEIC X BBEIMED NS v AH, WEER TRB I N D R A 7 42N O A N
DEFNZ DV T OEBOIMEREIERA L 725> TH Y (Fig. 2.2), TD I 5ARMETRET 5>
FI—IE, BV FY—, P EEE, I OWTEEARIZRA AR TH B E VR 5.

PLED X512 T, EEHEKETIVOYIMRTIZED, b b EEEMGES»SHYFY— - F
g s - TR D 3 oDWHIcE T 2 EE o~ v KA TE 5. 72, EEmEKROET
WALDBR & FRE DR Z 7> 22T, BELEHY TV — 02 T 45 8 HiDHEHRICE LR
U, MEEEMGEEr oy — - REEiapuE, LEllttomibaigens. fiivFy—o0
BERD T 4 X S i DIHEERANDILIRIZOWTIY, FH4ETTOFHMERRS. LU EMGE
BRSHYFY—, Pl sEE, TR E M T 2 PRI, SR OMEEO A% M
WCTWB72®, ftEIA N 2T OLEL LRV, LR T, KTV ITY XLIE) TIVRA LTD
HEIZHEALTEETH 5.
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F£3F b MEFIAITY ROAKRILES AT LDHERE

AETIE, AIETEREINZHERROYHE TV OB ICEILH Y F Y -0z HWT, &
HORMN—=v 7R UNEY T arvOXEeHWNE Loy -V —, Efisnug, FEmvED
AFULY AT LD OFEIIZ DO WTARRS, ZUHIZ, (1) Y FY—, FhissuE, FERMED
D7 IIVRA LABUE Y 2T LEROFIZ D W TR 5. BRIty A7 41, EMG %5,
PR E ) TV R A LATHE - WS 328 T, Y+ Y — - sl - FERE2H#EL,
RAZZERDOE T AMR LA —N=Fy TTL5Z e TabdT s, BIRKLUEZY AT LDEKED,
VT NRALTOEE I~ ROHERE, HESROWUIEZEEE T 5720 O RN L ©OFEMz oW
THHAT L. iz, ) AXINZATUEY AT LAZHWT, b b EROMEEEIZS I 5 #EEa~
Y ROBEREITS. £, HALY AT LT & o THEE X - HEE HER# O REMERRE D TSl &
YY) —F ¥ JI 0P SE - FEMIMEE, BITMRIIBEWT - BINRFETHEY=Ea T VXL
BB & o THEE S N2 il Rl - FARMEE 252 8T, BETILVITY XLD
ZYMARGEES 5. £ LT, Y=Y aJ v X A2 AW EENEDwEH KR TH 5 LR EiH 2
BEHEEZ ALY AT L2 AL, iy Y —, FErai#aE, FERIEZ ST sZ 8T, FED
HEHEEIZB )5 b OEBEIZICOWTHETT 5. £72, FERBEEBRED EIEY —F > 2 E) - [
HENZAAUL Y AT AT 52 8T, FEEERE L @EEOEE O~ v FOlKETW, BFL
ZARUEY AT LD N Y T = 3 Y ADGHO ATREN & MEET 5.

3.1 YRT LK

AYATFLIEIETIRELAEZT7VI) ALZHWT, EMGEENSHELEZHYFY—XRZ ML,
Y ;Y —IEENMRE, P A, FENMER ) TILRA LATERT S, AVATLACERINS M
BRI T B THS.

1. B@ 3360 EMGES, EEPHHROMG 2TV, My F Y=~ M, iy FY—ik
BIRRE, P REE, FRmIMEOEE - flkkE TS,

2. XAV EBDE LS ¥ T AMBOEE 21TV, WRENDEFHOR T LR TELL5127 5.

3. Y —, FHRTVMIRALE, TAMINEZEERE ICIRRT S, ZOBRIN S ONHIIHERH A
EEIIZERRE L P S WE TIRR T 5.

4. XA FT7 4 — KNy ZHFHADIGHZEEL TWA728H, INS5DOEEIXIFIE) TLVEA LT
fThhd 5129 5.

Fig. 311225 DEMZETE/ZT-ODATY AT LD T Oy Z7§M%2RT. VT IVEXA L TDH
B AT S 72001, EEFEHR, K EMGESOFHI, X AZZEMOY T ABGOIE, EMG
E5ORMLEE, iy —, FRE, FAERMEOHEE, ©F A EADWMm#uE, FAamivE
FEHOE BN 5 AD<IVF ALy KTHFI L THbdNb. Fig. 3.1 hORERTHENZT T Y
IMMENTN—DDEENIERL, KR CHENZEREEAL Y RTHON T\ B EHE LD
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NEEET. K AT LI, Intel Core i7-4770 3.40 GHz 7Bt v ¥ & 8 GB ® RAM M E#k S 7z
PC ETEGEINA. FAOEIZEZEMICERS 2 PRl FEMECO VT, Y2740
FIFA D EEINZ L P T VWK D12, RAZEHOC T AW LICA —N—F v T IR TIRRE
N5, ZFALVY ROMMARZ L FIZHRRS.

3.1.1 F—YBmEBALY R

ARZVy R TIREEPER - EMGE50OHE217 5. WEAESE, #ERHE O LB E RO LI
D R J8 25 101 V2 A E R R A A B 0 (<, AR T > 7 (WEB-5000, HAXE T2 (#F) ), AD
R—F (PEX-321216, Interface Mk\&4k) ZHWTY > 71 v Z A 1000[Hz] THE T — X 2 HifS
T 5. FEEROBEOBMIOR[; 0 £F A7 & 1E3CHk [55] 2 FITPRE U7z, F7z, BRBOE D 1) BRI LS
HPALERA (AF a7, HAMETIE BF)) 2T O AT MOREZ WL, 5§ O
PiEEES e, EFPERIE, E—YarydFy 7F v A5 2L (OptiTrack, NaturalPoint ) %
HAWT, #EEDLE, A8, GNEOCEFRITMNIT ZBIRK~ —hOMEZ S > 7)) v 7 R
100[Hz] THfF 3 5. EMG (55 & #HEPERIEFEM U CEEIATThNTWS, WHOEE LD 728
EBEE R ORFIE, TOMOBERMIEEZITI VAT LDAA Y PC EIFMNLZE—YaryFy
TF ¥ HPC ETiibhTWwad. A1 ¥ PCIEAHR LAN V— X — (BHR-4GRV2, Buffalo tt ) %/
U7z TCP/IP@FIZL D E—Y a vF v 7F v HPC » o #HEFPEHREZIET 5. KAy FTIRE
LNTE T — A DAED S KBEIAE, FROMBERIZE I AMEDFHEE THTONS. IS
N7z EMG E504HET —RIZFEMG F— X WBA L v RIZk S5, EEPHERIZMIMEEHEH AL v
R, P mfiEREHE AL Yy Rizkonb.

3.1.2 EMGFT—4%0EIL v R

AALY RCTET—=ZEEGAL Y RTELNZ EMGESOAET — X OB, KON, %
FEHR, Y F Y=o bV, By Y —IGERBORL 217 5. EMGESORTLHIL, &d 7 —
D TR N2 10~150[Hz] DNV RASZAT7 4 V&Y v 7, BELET- 7218, BIEOKRLZ2ED
B 200 5143 (0.2 [s] 43) O T — X & WAL MEB BN I & 2 bz 175, b h-mE
M50, EEVEHEHRE ONIGE & 5720, 1 EOT — X S8 1000 £ 5 100 /U2 L5 X
vy T v rEING. LU BN S & KRR (MVC) OB TR 522 T
ERUE (AMVC) Sz D%, Eq. 2.12, 2.13 OffPilh, HEPIRIOBHIZH W2 &G &
m;; [[] & U7z, MVCIZDOWTIE, BERIEE UC— MW REFHMREIZ X > THEAAE S % FHH
U [56], FERRD 7 V&Y T, Bk, Pk a7 o724, TO&RKMEE MVC & L7z, Bl Lol
H AT -MBEAMESH» S, Eq. 2.12, 2.13, 2.21~ 2.26 IZHE\, fFEpiL, fifseif, iy >y —
RZ MV, HYFY—JEHREEENTS. 2o DMRIEY V7Y v TREEE 100 [Hez] Tiibh
5. EHINHESANIEFEREREH AL v RiZk o, By Y —IEEREUT A s A 8 R H A
Ly RiZEons.

3.1.3 FIMHEHEEERL Y R

RAVY RCRFEOHMBHOEMNZITS. T—XHAUEA Ly FTHRLNETFAIEHR, EMG
T — ZWBA Ly N TR O NI O FANMEOR R 2175, &9, BIEifMH L2 S HA )k
WAEMANOEEO Y 3 15 I, ZRHIET 5. T, YIS J,, LG s 225, Eq. 2.33
(ZREWIE R ERRZE RN 51 B FEMIMEATH K g hana ZBHT 5. BEEIZ, FARBIMEOREIZ DWTH
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USB camera EMG sensor Motion capture
[ T e e e e e e e e e e e e e e System PC
H T
1 fmmm e mmm Data | - o o -~ . |
i . !
1 I acquisition - - .
H I EMG data Kinematicdata | |
! : acquisition acquisition : '
1 TS S A (.
! |
I
: EMG | _ _ e ___ !
i processing : * :
| : Preprocessing | I
H I EMG data I Stiffness H
: l 3 | | | estimation | | _ _ _ _ _ H
! | L N N
1 1| AA ratio AA sum : | | Jacobian matrix | | I
i : calculation calculation I I calculation I :
1 1 1
! | * re—! '
- : A B
H | Muscle synergy vector : 1| Endpoint stiffness | :
H : calculation | I ellipse calculation |1 |
i | I ('
I I Lee e oo = (.
: ! v | l
1 : Muscle synergy score | | :
: | calculation | 1
1 L [ :
75 Oy
! |
H EP :
H estimation =7~~~ ~ : :
I
1 I I :
: 1 | EP etrajectory | | I
! : calculation : H
! : e ' i
! Video I
H composition |- = = = = = = = = = /= = = = = 1 :
I T I I
! I_| Video image Video image ! i
! .| acquisition composition | | :
I S B 1 '
1
I I

Fig. 3.1: Block diaglam of visualization-system. Black dashed square represents data processing in
whole visualization system. Red dashed squares represents data processing in each thread. Acquisi-
tion of sensor data; preprocessing of EMG signals; calculation of AA ratio, AA sum, muscle synergy
vectors, and muscle synergy activation coefficients; estimation of endpoint stiffness; estimation of

Display device

EP trajectory; and video composition are performed in parallel.
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RHNZRBIS 2720, FEAMETAIOEEMEEG N2 PV SHMEBHOIIR E B8 2 H 1T 5.
I o OFEIEY VT Y IREBEE100 [Hz) Tiibh b, BN FERMEEH ORIR, LB
HIFHE AR AL v RIZEsn 5.

314 IHRAEEHAL YR

RAV Y RCTREPRFEHESMNEOEH %2175, EMG T —XUHEA Ly RTHONZHGY FV—iF
HRE» S, Eq. 2.29 ICROWVEHRBEZBE TS 5. Eq. 2.29 1281571 REU kR, ke, FEEEAL
i Ro, ¢o (ZFEBERDFRHPUE L > Y —FEREe W THES G, F R MEOFIRIEY 7
VY T TREE100 Hz] Tifibh b, BHI NP AALEITEESRA L Y RIZEsN5.

3.1.5 BEBREKRAL Y R

ARAVy RTIER A7 ZROBE EIZFEMVERM, FlafiEz A —n~—7 v 73 SEEREHD
W ZFTS. XA ZEHOMAARIXUSB 7 X Z (Webcam pro 9000, LogiCool #1) & HWTHIET 5.
R A7 22O T A WG LI FHemIVE - SV AL E % #E 9 5 B IE OpenCV 249D J 1 75
VBB [57] ZFHWT T2 72, €T AMBIZHL X T2 8 E O F o I F Il G M % H
U, XAZZEM B mfiE 2 fil s 5. A A JHE§OS, fEEOLIEIXY > 7Y v 7 10
[Hz] Tirhbn 5.

BRI T 4 ATV A IZRRS NA M % Fig. 3.210R7. WY F Y —IE8RK, vy —~7
MVD TS 7 RERE N, FRMAME, FRPERMENY TIVEXA LOET AWG LICHEEhs.
VAT LADOMHEFIZ, BODOFhROEE) & FRMME, M RE & 2 FERICEBHIT S Z BN HRS.

3.2 AR RTFLDZYMEDWREE

ZLOIZ, BHFEL a8 Y AT L2 & 2 FHuMIME - P B OHEER R D Z V2 REGET 5 7=
DIT, BEREE, V) —F v THEBOEREIT o 2. FATIIE THRE TN TV BRERDO — IR FIET
HBEIZE 2T VR LTFRITHEMI 2 EE %2 5 2 728D KT & o THEE U 72 2l - P s
B, BETNTY X L% HWCTHE L ZTEIM - FRuE 2 L, Th o OEOEEM 2R
TZET, BETINVITY XL &2 VMl BuE - FRRMEOHEDZ Y MEEZRT.

3.2.1 =EERFIE

b DMEHE HERE (HRE A~E: B, 23.3+03F, 1.7+£0.1[m], 64+ 14[kg], EGH Z) 28K
FVT 4 T CTEBRIZSIU 7. EBRIZKIRK R T A ERMaE R AR RR I N Fhi £ 121 -
TEBIITONZ, #HRED LY, EHEMEL, 2»OEEZAKERNICHIRT 2720, BOEI
ERUCIZRZD LD ICES ZHFE LB L2 HEICHEE T 2 5HO LICHiBiZEE L7z, 72
BlIN—FATHFICEEI N, EFEE2) VoG AT, FEHOBEMibAHICEEIN,
BB FA—RE D X DI U7z. F72, PRIV —F =K1 VX 2ME FA SO AT, L—
Y—RA v ROBHALEIZ L > THEREDFRMEZHRATEL L5 AL, 2ZX270H
BRzRUBEES, #REICXZ 70O, #TOEBEMELZERLEZ. FEMERIGEDOS
WIEH A5 0.45 [m] @D, GEZHLE UEREERIZE T S A0E (0,0.45)[m] Z2FEHEME (0) &
U7z, RAZBIKFHNDOZEEMeR:, V—F v 7 EHO 2 FFETT- 7.

19



& EMG_Analyzer a -

ch T+ +0.054182 ch 3 : +0.273102

EP position || Stiffness ellipse
s /A L [sowne] = oo

Muscle synergy actlvatlon coefficients |

2 : -0.134103

chd:l

oK ] [ FBlb ] [ ResetAllData |

Muscle synergy vectors Video image

Fig. 3.2: A general representation of the visualization system. Muscle synergy vectors, muscle
synergy scores, EP position, and stiffness ellipse are displayed on the screen to the subject. Extrac-
tion of muscle synergy and estimation of the EP trajectory and endpoint stiffness are performed at
100 Hz. The refresh rate of the system screen is 10 Hz. The user of this visualization system can
observe own internal representations of muscle activity in real-time.
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Fig. 3.4: Brief outline of verification experiments of visualization system.
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Table 3.1: Inner products of each muscle synergy vectors during posture maintenance (Intra—

individual variations)
Subject A Subject B Subject C Subject D Subject E

UR hand 0.998 0.979 0.999 0.998 0.980
Ug hand 0.997 0.969 0.999 0.997 0.985
URx ¢ hand 0.995 0.949 0.998 0.995 0.966

Table 3.2: Inner products of each muscle synergy vectors during reaching task (Intra—individual

variation)
Subject A Subject B Subject C Subject D Subject E
UR hand 0.994 0.971 0.997 0.973 0.963
U hand 0.995 0.987 0.994 0.991 0.924
URx ¢ hand 0.989 0.959 0.992 0.965 0.892
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Posture maintenance
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Fig. 3.5: Muscle synergy vectors during posture maintenance of subject A~C. The left group of
three bars in each chart represents the radial directional muscle synergy vector up, the central
group represents the angular directional muscle synergy vector ug, and the right group represents
the null directional muscle synergy vector ury4. Each bar indicates the contribution for each AA

ratio.
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Posture maintenance
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Fig. 3.6: Muscle synergy vectors during posture maintenance of subject D~E. The left group of
three bars in each chart represents the radial directional muscle synergy vector wg, the central
group represents the angular directional muscle synergy vector ug, and the right group represents
the null directional muscle synergy vector urye. Each bar indicates the contribution for each AA

ratio.
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Posture maintenance
Subject A Subject B

Fig. 3.7: Endpoint stiffness estimated from EMG signals during posture maintenance. Red ellipse
represents stiffness ellipse. Endpoint stiffness ellipse become elongated at distant point, and that
major axis laid along to shoulder joint.
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Fig. 3.8: Endpoint stiffness estimated from mechanical perturbation during posture-maintenance
task (cited from reference [13] Fig. 7)
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Fig. 3.9: Muscle synergy vectors during lateral and longitudinal reaching movements of subject
A~C. The left group of three bars in each chart represents the radial directional muscle synergy
vector upg, the central group represents the angular directional muscle synergy vector u, and the
right group represents the null directional muscle synergy vector wrxy. Each bar indicates the
contribution for each AA ratio.
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Fig. 3.10: Muscle synergy vectors during lateral and longitudinal reaching movements of subject
D~E. The left group of three bars in each chart represents the radial directional muscle synergy
vector ug, the central group represents the angular directional muscle synergy vector ug, and the
right group represents the null directional muscle synergy vector wgrys. Each bar indicates the
contribution for each AA ratio.
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Fig. 3.11: EP trajectory (left figures) and endpoint stiffness (right figures) during lateral reaching
movements of subject A~C. Red lines in left figures represents EP trajectory and green lines
represents actual hand trajectory. Red ellipse in right figures represents stiffness ellipse.
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Fig. 3.12: EP trajectory (left figures) and endpoint stiffness (right figures) during lateral reaching
movements of subject D~E. Red lines in left figures represents EP trajectory and green lines
represents actual hand trajectory. Red ellipse in right figures represents stiffness ellipse.
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Fig. 3.13: EP trajectory and endpoint stiffness during longitudinal reaching movements (Direction
2) of subject A~C. Red lines in left figures represents EP trajectory and green lines represents
actual hand trajectory. Red ellipse in right figures represents stiffness ellipse.
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Fig. 3.14: EP trajectory and endpoint stiffness during longitudinal reaching movements (Direction
2) of subject D~E. Red lines in left figures represents EP trajectory and green lines represents
actual hand trajectory. Red ellipse in right figures represents stiffness ellipse.
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Reciprocal movement

Subject A Subject B Subject C
B! R o
Q Q Q
= = =
o] o] <
> > >
=0 =0 =0
(0] Q Q
g g 5
= rf«”jﬁcre Uy URwg = rffl‘;escrc Uy & rﬂi?sclc Uy URyg
-~ : : - : ) : :
Subject D Subject E Subject F
B! o R
(0] (0] Q
= = =
[a] [a] o]
> > >
=0 =0 =0
Q Q Q
5 5 5
[ 1 ’;i-%crc U Uyl 0 1 rﬁ;e“re ug Uyl 0 rﬁ;wrc Ug URvs

Fig. 3.15: Muscle synergy vectors during reciprocal movements of subject A~F. The left group
of three bars in each chart represents the radial directional muscle synergy vector ug, the central
group represents the angular directional muscle synergy vector ug, and the right group represents
the null directional muscle synergy vector upry .

Table 3.3: Inner products of each muscle synergy vectors during reciprocal movement (Intra—
individual variation).
Subject A Subject B Subject C Subject D Subject E
URhand  0.994+£0.003 0.977 £0.005 0.995£0.002 0.976 £0.013 0.976 4+ 0.011
Ugphand  0.991+£0.005 0.990 £0.005 0.993 +0.002 0.982 £ 0.008 0.958 & 0.031
URx¢phand 0.9851+0.008 0.968 £0.009 0.989 4 0.003 0.960£0.016 0.937 £ 0.040

3.3.2 ERER- -EZX

EWERE D ORAEENZ B B> F Y — 7 L% Fig. 3.15 (3R 3. 2WERE 5 OEEESE)
D& D 1 A% D H U 72 P s i, FeMMERSM % Fig. 3.16, 3.17 2R, #EREDOFD iz
FH X N TV 2 RWE I DSHIMERE M 2 &9, WIPERE T O fiil X 0 2 AL E XA G OEE OIFFED 1/6
TOOMTHD. HO_EHMIEMRDOMEZRT. T o O AHE L WIMEEMIL) TR A L
TERINZHLDOTH Y, WEREICHRRSNZEEIZFL .

FROGEEH THRONZHY FV—RT MV, BiHiOBRSMRR, ) —F v 7EHTES NI
VFY—LHELULEEDTH o7z, KX TIr>723 DD X AZBTO, SWEREDH Y F V-2
LD NFE & YR % Table 3.3 125”7, NI ETOWBRETIZIZ 10 &Ko7z, ZDZ LI,
t MIAKEHERINO L OEENIZEWT, RAZIZE S THEDH Y F V-2V TWE I & ZRIEL
TWa. £z, @FEBHICS W TFEOEEEHFOHY TV —DL T —N—1FI/hE <, Eq. 2.21~
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223 %0, BivF V=R MVIRZEDOHEFHOMMI L > TEREINDIETHIIZHEDLST, M
VFIV=RITFVEETHoE VR D,

RN BT 2 FHROEHNZDOWTI, HEEMTIZE A ZENBENRD 57208, Pl i i
WERETRZ > TH D, KELDIT2200XA THRRE SN, WERHE A~C, E O FH VMg,
5 — DU FAD > TY) 0 R S EB DB TR O HOAE £ THEIL, FHei@E A A s AL
BIZEWDL EFTURXS KL TH S, RBICHKAIZHRS K574, LTV -7ZAMEDDDH
B H ITIROHERAIZIR? S & 5 BiREWE L TWz (Type 1). ZAUIR U THER#H D, F DFRE
ST AEGELE, B D — DA D o TH] 0 R EB O BRI 2SR AUIC 2 > TREIL, B
AR FUMBE I VIR U, BRI ORIZ D D & 5 BRIV E L Tz (Type 2). T4
TNDRA TIZOWTRERMMEZILERT 22, WXA TOWREBRE L 12, KEEADY) —F > 7 DR
CHBRD, GI0RURAMAHETIERMERE E 0, [TROSRTIERIMELEA T 2 & 5 dbso M &
oz, LU, #ER#H C ZFR< Type 1 O#ERE 1F, i S N7zBIMERE T DK E XA Type 2 DH
BEOED LD EREL LDMHEANR SN2, il X N2 MMM O K E X 13980 O B oMk
FEHOHBECTERMLLTWS., #HEEIC L > THOROFERMEDORE IVNELZ>TWSE 2, Hifl
IZ Type 1 O#EERHE O FJEHIED Type 2 DHERE OFHLMIME L D KE WL ITWVWR R WA, Type 1 D
Wl X, FHROMIMEZ KR E T2 THELICHNT 2 2EM 2RO T, EHZEEICTES
ELTWEZERTHIENG. ZOMh, KIZETIEEEL TWRWD, [{IED AL S T TS
BRI IXEERERE 5. Uhi > THERE C IZMofRE & FuOMMEOHIE O 15032
o TWIHREMDLH 5.

FRABER O M RWGE, FEMMEIC2 ODRGD XA THRRONLFRE LT, #ERENE
D& REHBCTHEZIT>TWEPDEWILDEEZOND. KXRAZ2ITHBIC, WEREIZIT1
BEIZ1IEA MR —ATEZRSTILT, AREVPHLIHEICFLEZ 1 FHEIETH S L5112
AU, ZOHFIZOWTIERFIZMEBIRR U572, £D72, Type 1 D#EERHIX, O Mla—r0,
QMO—=B, @MB—r0, HMO—=FMaDLIZ, 1BITLD4DDEWKRIZ 1 FEOITIEE
XY]2 &5 REHBCTEHZIToTWZOTIEHBEWRAEEZSNS. LT Type 2 D#EREIX, O i
a=mB, @QMB=RaD&DIZ, 2T LI OHiRADY) —F > F#B 2175 & 5 wEHT
1 FEEOITREEZR Y > TWAEZDTIERWNAEEZSNE., 2D LD, iyt y—, Flisiug, F
SMPEDTBULEITD Z T, b b OEBMKIZIZ O W THHFAOBUSE) S BEREITS Z A HkS.

AR AT LDEEN L — = I ADIGEO A BEMN

RAEDHEEIO L —= 2 270, BIRIEINVTDGEREERALRE AL T Wl kD7,
HiZe 32 #HBONE % B THERT 5, £RIBEECBRALTELS 2 Tiibhd. LA,
AEBROFHOBEMEEHOHI TR UZ L DI, W TEEOEAHMAES Th > TH T DEE %
FH T 5 HIAE I IR Y D & S R Eil A B CHEE 2175 M2 & - THEZ S alfEtEA R X
N3, KERD LS MR R A7 DA, 200X 414 TD55 EE S ONM G - F5EMMED
IS 2 R U 72358 CHEBONMIZ T NIT EEITE U d o720, FRZKEFB 115 L5 7
BRI 2 A7 2175 561%, £ XD 2P e - MIYED HITHIE 2 585 22 & o> THADE T 722
CITEWHED B EEMED D 5. TR, RLERNIGHNTFELEDY) —F v VE# 217556, XA
I EPID T BRIENIGICHEIG T ETICFROBBIIALE L D H, NEITHEIGT 512/-> T,
ANEERSTORINEZ ED D Z & TTFEDOHEF 2 LEIETWD Z Lo TWS (15, 16]. 7z,
FZHEDORBT AMERICTITON TR WT, BETOTEDE S H 2175 28, EH)
EHIDTITo 2B, +0IZilfE 4T o 728 TP MBS O RIERIE R 2T 5 Z L B a o TV
5. £, TOBROFLOVML#EIL, EROWES LITHRESOMEZ LRIV HEKE TR
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IRBKER IR0 [24]. DE D, FHEMIMEX A s E 2 AR BRI HIE & NI WEB T H 5,
HENZA XV 2 HETD72DITE X A7 ITHEL L THIEDTON 2 BENRD 5.

AW THRFEL Wb 27 M3y Y —, FliRpul, FEMMED Y 7V &1 L Toadil
2o TW0WS., Udio TRV AT AL, AREH S 170 WFAEMIME S g iz >nWT, /AL
732 % G O FLEMIME PP i 2 KR d 5 Z & T, #HERE OMENZ DWW T ORGZ Y 2 AN
FIFSEEEIBNAAT 4 — Ny ZH#E) ML —= U TADIGHMIRTE 5.
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Reciprocal movement
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Fig. 3.16: EP trajectory and endpoint stiffness during reciprocal movements of subject A~C.
Upper blocks represent left to right hand movement and bottom blocks represent right to left hand
movement. Blue double circle represents position of the EP and red ellipse represents stiffness
ellipse.
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Reciprocal movement
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Fig. 3.17: EP trajectory and endpoint stiffness during reciprocal movements of subject D~F.
Upper blocks represent left to right hand movement and bottom blocks represent right to left hand
movement. Blue double circle represents position of the EP and red ellipse represents stiffness
ellipse.
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Fig. 3.18: Experimental setup for post—stroke subject.

3.4 HFMEREDVNEYFT—2arvADARLEY AT LADGREATREMED
WREE

3.4.1 ZERFIE

WERE

1 #OREERERE (BERE G: B, 61 F, AME) &1 A0 RERE (WERE H: B, 74 F,
GRE, WMAEFIZ X 2B~ EOLARIDFMHE) PEBRIZAT VT4 7 T U7z, EROFNEHIIZ,
RBR B TR MR B R A & T HAP R I K 2 &R 22 TED, #E»SRAEEET
WA, FIRELEE OWERF I NEVHTE, 255 HDUNEY 2175 72 0IBEHERT & 2 [FlOFHH%
f1o7z. BEEEZROBEVHEHFELZ ENIEETAD0EFHET 5 DIZIE HO o TW S EEE
(A E V2 (Functional independence measure: FIM) A 27 [59] 1%, #ER#E H DY NV EIT 44/126
B, UNEVETE7/126 M TdH o 7. FERIZKIKZEME TEMARMBEEZ B2 ITAR I N Tl
SICH o TiT oz, BERED EIE, EHZMHEL, 2 O&EH) 2 K EHMICHIRT 2720, HOm
TLAUIZARD XDICEI 2L KRS E2 HHICEE T 5 88O RIZhifizEE L. &
HBIEN— R A TR FICEE SN, B2 2V U IOREE AT 720, T OB &HIZEE
Ih, BiiE FRARE R K51C U 2, FRICEV T —FA U X 20BN &2 D 1
7o, EEORMBAE LR TAEZELL, V-V =K1 v XOBFEIZ X > THRERE B FIAiE %2
ATEDESIT L. HWBRE X 2 ARANDOAEHNIZEIT S Y —F v 7 #HE L HESE L 217572, F
e DFEMBEIXAED 0.45[m] fi A TH S (0) . V) —F » JHEETIIEHRE XERT S A0 (Fd
oM, Fubr S FEISGM, TRENGIAL, G2 EERT D) ~AFHEZ 1.0 TENT XS
fBRU7z. V) —F ¥ J ORI R T 0.15[m], FRREEHE T 0.10(m] Th o7z, KEmMAD
FEE T, FEMEZ LS T 2% 0.10[m] DM EZ2 w5 < D 72358 E T KEHE D O FLES) % 17
5 KD IR U (BEFEETIEEM 3], Y BV ETO R FREEE TR 4.5-6[s], VL VETIE
3-4.5[s]) .
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Fig. 3.19: Schematic illustration of experimental procedure for post—stroke subject.
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TIN—=TRBEREGEDY F V=T ML ug, HROZIV—TRBMREATEDY F V=T Dby,
HOINV—TIENul HHDYFY—=RT M upy, THY, &S Z 71 r, 05 r. £ TOHFEIL
ANDTFEE/RY. T THHOLEDTNIERH OFGR, NI MEEED ) NE ) aiOFEER, G5
EREEED I NEVEOKRTH D, ZHIMEORIZEWTERKTH S, V—F v 7EHHOD
S S 2 Fig. 3.21 1IRS. AROWERMNEELAHEEZ RS, £72, V—F 7 #EEHOFRMINE
M % Fig. 3.22 1237, #EREOFO RIZRHBE X N T WA RWIEMZHIMEEMN 283, HIMEEMND
HE I NBAMEIT) —F > TRAA, RO 1/4,1/2,3/4, BXOV —F VI TETH 5.

R BT O R IGHIME I DWW THETT 5. KEAMDY —F 7 (FA1) Tk, WIEREHD
TR T

FE RS, FMRBEEEDOY AL VH, UNEVHEOZNZTNIIDOWT, AR, HA2Dug &
SU, vy I LONRITE LT 1.0 72572 (Fig. 3.20) . ZDZ &I, SHEERE HTEB)D A3 57
BHIZEDhLST, B—OHHHAONRZ = EHWTWZZ 2 E2RULTWS, LELahs,
WERE, VNE VRO HREEEMTIIINS DIy F Y =38R >TWwWa. X7 MVE ORI,
up €5 UT0.958, ug &5 UTO0.847, uprxy CO0.791 ThH o7z, fRASGIMOEEIETE S 5/ F
V=¥, HMEOFBIZHFG T2 F Y =PRI KREREVERLTW ., UL, UNEVEDOH
R ERE DY F Y — I 3EEEBREDOE D LI ONWT W, ZOIZ s, FMEIZE > THRATY
TSI DNT VAR NE VI L o TIEFERRAZ—=VERODRUZZ 2R IS NS,

1, ARA2DELLDY) —F 2 7IZBEWTH, GRS O V- siBhoE iE B EIZ [h > T
EMfEIER 5T, bIMTBILziifRe 572 (Fig. 3.21 ) . Z O[NNI [60] THE S n7z i H
EELTWS. LALANRS, UNEYHTO RSSOl aiuElx, BEEDOL DL HARTK
SRR ->TW (Fig. 3.21) . 7z, UKV ETO R FROEESE (3 S hiE o g o B G R A3 E
HEoTWAESITRZAS., ThiX, MBIZK>THYFY—02Ybd 2 Z iz kb, EHFHTEHE X
NBE74—R747—ROaAXY RPARHEEI 2B 2I2L5EEFEZ6N5. VN EDFFER
T O B N, TERITEERERE O® O LU ZHuE & 13 o TW WY, ZOHEEPIHOHE
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FHIAPREEHE D IZEEL L Tz, U —F VT D AR EICREGTT 5 &, EhLAADY —F v 7T,
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WY, BEIZEELTIIWEWEEZIS5ND.
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Y —, g EE, HIERBHOZEIE, VA& > TEYZBESRIED NS > 22D R’
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Fig. 3.20: Muscle synergy vectors during reaching movements in normal and post—stroke subjects
before and after rehabilitation
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Fig. 3.21: EP trajectories during reaching movements in normal and post—stroke subjects before
and after rehabilitation
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Fig. 3.22: Endpoint stiffness ellipses during reaching movements in normal and post—stroke subjects
before and after rehabilitation
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Fig. 3.23: Muscle synergy vectors, EP trajectory, and endpoint stiffness ellipse during circular

drawing in normal and post-stroke subjects before and after rehabilitation
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HEOYRHIZESET, THOEH XV 5V 7 DEEEOMMIFET S, TDd, XY T
G BN D ARSI S B RE DB R LI B B BB TH 55, TEEIOHMBEIXTRTH Y, H
HOWHRERZ2ZET2DIER T REMIZELTWVWS. o T, "XV VT IEHEHKRDOLHE
HiEEN S S ORENZHIET B =012, DL IZHEFHOTERS HHE Z ML, WiHT5»
WZOWTHRHETZ2DITHEUZEEITHD L \WAD.

4.1 YT —DOEED TR DILR
411 EFMTFRANSHOETY VY

STARENOEENZ BT S O N %, Fig. 4.1(a) ICRT AR 8N 57253V v IiEEL LTE
TS S, HOETNE LT, FIEIBWT EEOHEKRDET Y V7 %2770 D LD, fii
BAL I N2 B RE RN T Z I UZET OV [18] WS, ETIVDONR L2513, KEW (Myext)
Wl (M lex)s NOA DY VT A (Mg ext), RNBBER (Mik fiex), PHIER (My ext), AR B
SH (My fiex), WEIER (Maext), BISED (Mafex) £ 5. HEAMORDOHRAFIIXIGT 5B ()
BEET (h), B - REAHET (hk), MREAET (k), KB (a) 2%, ZFHHORAFIEZ OB E G D
(fff (ext), HEH (lex)) 2RI, T ok, REIHIE D DFEEHHIN (M ext, M fiex), B - BREAHIE D
D —BABHFEHUHIN (M exts Mk fiex), BEBIETE O OFEEHUH (M ext, My fiex), RBIEIE O OFEEHUXT
(Maext, Mafiex) ZHE T 5. £72, TNENHOEHEE % m, j[—]|(i = h,hk, k, a), (j = ext, flex) &
5. fiiFEfDzd, EFEOETMMEOBEEBIZ, FEOETMUIZEBEL TS, £ TOBHfioE—
AV N7 —=5bd[m]IFFELW, SHOVIHPREBIZE I AHOES o [m] IXFFLWV, K2 FEOY >
B Lm)FELWERET S, KEAHAE 0, [rad], KREAEIAE 0y [rad], REKIAE 0, [rad], BEH
iz thuls & 9 2 MR SR T D R BRI E D EIE Ranke [m], R dankie [rad] Z  Fig. 4.1(b) D &
DITERT . IKBIHT, MRBIHT, BRI OFHAEEZ ZNEN 0, pp [rad], Ok pp [rad], O,rp [rad] &
‘3_5 if:, @F‘JZ %%WK%‘H%EEOD@J% ° 1ﬁ%ﬁﬁ®iﬁ?ﬁi/‘ﬁfﬁ[§% REP,ankIe [m], (z)EP,ankle [rad]
95, HAWMRETY VIOBRIZ EEOEGECFAETHE72O, ARTIEEFEDOETY V7 R’
BB ONWT EIZHRARS,

4.1.2 fBFEwmL, S

L NDRKY Y SISOIEI AT B12 572D, FIDI I AR AL & L THERR O
B ATE T 5. ARG OB v [, R s [ 2 EMGES S5 FO & 51058 #%
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(b)

Fig. 4.1: Lower limb musculoskeletal model: (a) definition of 8 muscles and (b) definition of

kinematic configuration.

Table 4.1: Names and functions of lower—limb subject muscles.

Label Name Motor function
My, eat Gluteus maximus Hip—joint extension
My, fleq Iliopsoas Hip—joint flexion
My ext Hamstrings Hip—joint extension and knee—joint flexion
Mk, flea Rectus femoris Hip—joint flexion and knee—joint extension
My, ext Vastus medialis Knee—joint extension
Mj, t1e  Biceps femoris short head Knee—joint flexion
M ext Gastrocnemius Ankle—joint planter flexion
M fiex Tibialis anterior Ankle—joint dorsiflexion
5.
rg = —heat (i = h, hk, k, a) (4.1)
My ext + My, flex
8i = My eqt + M flex (i = h,hk, k,a) (4.2)

s Pk, FFEPURIE T N e BRSO MR - R, BEEINIMEOMRIZ T ST 5. IR, B
BEET DA My ext @ EMG G5 mpext DML, G My fex D EMG E5 my fiex DNEADT 5 &
&, S e, 33U, BRSSP My ex & My pex D ERFHENET 2 & &, Fif
BRI sp 13BN, BBEEIORIMELSE £ 2. FRIZB T 3 &8 BHPI - BB O##E % Table 4.2
RT. A THWA FTIRET VL, ERETFVACEENAN LD 35 6 fiiciind 5, R ED
ZANiZ B3 B i BT BB, B - RRBEET —BAR, MRS ET B Ei T O Ath, e BT D [MldK I
532 REHE Y 0T INb o T\W5.
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Table 4.2: Definition of the Agonist-Antagonist muscle pairs ratio (A-A ratio) and the Agonist-
Antagonist muscle pairs sum (A-A sum) of lower—limb.

Label Definition Motor function
Th M ext/ (Mhext + Mh, flez) Hip-joint EP extension
Thi  Mhkext/(Mhkext + Mik flex) Hip-joint EP extension and knee-joint EP flexion
Tk M et/ (M ezt + Mk, flex) Knee-joint EP extension
Ty Ma,ext/(Ma,ext + Ma, fles) Ankle-joint EP plantar flexion
Sh Mp ext + M, flex Hip-joint stiffness increase
Shk Mhpk,ext + Mhk, flex Hip and knee-joint stiffness increase
Sk M ext + Mk, flex Knee-joint stiffness increase
Sa Ma,ext + Ma, flex Ankle-joint stiffness increase

413 BV FTI—RIT BN, BYFYIEBERYE, FERNE

R, BEOETHAT7HOEHOHRICEET 5. EEHA L ORI ZRS r, 26 r, £T
DIFFEH L s, 25 51, £ TOMFEHIMZ AT, T8 T 507 B D247 & AEBI O BIRIC DWW Tk
#md 5. Fig. 4.1(b) (29 KB Z iy & 4 2 MR T O R E VP RALED & 5 FHERLE 5 D
2L Appp ankte = [AREP ankle, APEP ankle]” 1, EMINIZETO LS IZRHTE 5.

AREP ankle X WR ankle (4.3)
APEP ankle X Wg, ankle (4.4)
WR, ankle uR,ank]eT

= T Arankle (4.5)

W, ankle U ankle
URankle = q/|qxl (4.6)

qy d
Ugp ankle = (gn — 7)/|(Ih T 9 (4.7)
URxpankle = (URankle X Ug,ankle)/|Up ankle X Up ankle| (4.8)

—ShS — SE.S
1 hShk — SkSh

= —ShkS 4.9
an ShShk + ShkSk + SkSh hkk ( )

—ShkSk
—ShShk
1

= SpS 4.10
I ShShk + ShkSk + SkSh honk ( )

—SkSh — ShkSk

Z T, WRankler Weankle =T, WMALGRDHY 7Y —MHERNEERT D, Upankler U ankle 1T
TNENREH % Pl & T DERE - WA DR RAND R E P RALEDENIZ T 5 2Pt o5
iz /RSTHANRT PV THDL. ENENZEHE, RAAROHYF I =T MLEEHRT L. Arid
JERAEIE O OREPUN % IR < HFEHIEEAR 2 MV ranige = [7h, The, i) T D IERUERL B T OHFEDI Fane
EDENTHD. ZNHORIE, EBEACEHERIND 35 6 fiDH Y Y —_T MVOHH OEFE & [k
Z, BT T IVOBNIRETOREMELTHIDD D HWVIZDOWTOME»SEHINZEDT
HbD. TOD, HYF Y =T MVOEHDOBRIZOWTIE, EEOHYFY—x_T MV E2EHT
LD v, BFEEDIR s DIRFED (s, se,e) & (h,hk, k) LHAFZ DI ETENTE SN, )
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DEEREERDIND s, SREZONESVELRLEGENHL. 22T, BLXDEHELTVWEHY
FU—=RT MV, BFERHIONT VA, D F D BN O IIEIC X 2 BEHRIEONT v Rz X 5
TEHEINDGETDHY, BT F V=T FIVDIR DD ZEEANDRHIEHHDZE 3 X7 VDS D
REXIZED, BEVHEMBEOEMZHET S Z A HEKS.

4.1.4 ZEBIM

v MO FEFHEERIZEWT, KB TO LA % R < IxBEAT, K - BT, BT OB
MIPEAT S K g 1eg &, REBOFETH 2 IR < 30 6 BOMHEHIR s = [sp, spk, si]T 225, LB 35 6
DETINEREBIZUTUTD LS IZLTRES.

Sh + Shk Shk

(4.11)
Shk Shk + Sk

K@,leg = k@,leg

£7%%. ZIT, kyleg Nm/rad] ZHOFRMEEBEBIOE—RA Y M7 —LIZX > TERI NS HEEH
7 S BHIMIMEA DD 7 1 Ve TH 5. Eq. 4.11 & 0, BIHIHIEGIE TR OB &
IZE>TRETES. EMC 57— & & 0 e U 72 BIEIRINE K g %, BEEA 22 A0 o 150 I e
ANDEBRDY I CHTI Ty = Jo05 17 & 0 HEHR CRBE N 4 22 B L b O %,
EMG 57— & 5 #E U 72 R AE K g anie &5 5.

K.’I,‘,ankle = (ng)_lKOJng;yl (412)

4.1.5 REESHTEHAE, EREEEM

FREHIE R E R OO K-> TEREI SN 2720, LEMOFEMEAE, WIMEIZO>WTIE,
RE D OGN OHFEGILL ry, s ITK o TRIESI NS, BTV 4 & D BEHERLE D & DAL
Al pp FUATDOATEE S

Al mp X (14 —Tq) (4.13)

T I T, To A BIHIEE A E O SER B COMEEHtTH 5. 7z, KB OMIME k, IZELTF D
RTEES
ko =c1-d*- s, (4.14)

ZZT, ¢ [N/m] ZFOREICBE T 2688, d [m] ZBEHIOE—XAY T —LTH5.

4.2 ZEBRAE
4.2.1 HEBRE

fEE RS54 (22.8 £ 1.71 7%, 1.69+£0.034 [m], 60.847.27 [kg], #WERHE I~M) HEERIZR

TUTATTEMUT. #EEITE, HohUOFEROBE, NEIZOWTHAASHEZTY, AA
S EERS MO R 21572, FRIZKBCKRFEE T AMERMGHEEROEKRDOT, ZAXNVED S
AT Fifge S IZHE T DT,
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Table 4.3: Average workloads of each pedaling condition.
Cadence

30 [rpm] 45 [rpm| 60 [rpm]

10 [Nm] 314 [W] 47.1 [W] 628 [W]

Torque 20 [Nm] 62.8 W] 94.2 [W] 125.6 [W]
30 [Nm] 94.2 [W] 141.3 [W] 188.4 [W]

4.2.2 E&HEHAI

WERF X, BM L2 2 EBICHETE S XD ITERE NIFEORKY v ZFHHEEE (5% A.6)
ETHAM MLV 2310 [Nm], 20 [Nm], 30 [Nm] ® 330, XKXIVEFEEA 30 [rpm], 45 [rpm], 60
[rpm] D 338 Y OMAEGDLED, GEt9 DDOFHIZFMATI0MWHOM I E - LI EDXY VI &2fT>
7z, HHAEDLEIZB I B4FHE%E Table 4.3 1R T, HERBDIE WKV ¥ 7 TIRHOENE D 2
MREL L2720, HOMmEHDBEREIZ DWW TDEER LR T WL ITARMERIZE T 25X A7 1%
HEPEREE D RZY v 7 e Uz, REOVEERIE, S50 TOHIEINICHBREASIZA ha /) —
LOEY FHFIZGEOLETREY VI 2{T-oTHEHD L THEL, FHUKHZIEA M) —2DF % 1k
b, BAERLKZDEZOMIEHTIERITITES I XDITHRUEZ, Y RILVOMEL &3, Wk
DHRIZRZEY VT %ITADEDTH P UOEHRE AT L > THEI Nz, FHIOBEBITTIL 2
DREEOME 21T\, WERENASZY VIR TR v ZICENTH» Sl E B U 7.
WeBRE OGO FEfRED LI O EREIZ, HEMGHHRMEMZ RO 1), S VFTFLA—X
VAT . (WEB-5000, HAXETZE (FF)) & USB 57— X HU§%E (PowerLab, ADInstrument)
ERAWTY V7Y VI TEE1000 [Hz) THEEHRO EMGE5%25HIIU 72, BBOR O A1 E XS
Mk [55] 2 FITPRE U7z, F7z, MEFOEMEIPIZ NI 572002, BB O 0 BT 5 e gL Al
(AF¥v¥a7, HARALETE B)) 2ZHVTHOIHIIHORE 2B L 7. sHllE 17 EMGE%
&, NYRARRT &) v (10-450 [Hz]) , Biwdk, @ —7"A7 1 V& (5 [Hz)) 12 & 2 Fib%
fio7-1%, mAMBIFEROHEN (MVC) Th{ 2 Z & TiER (XMVC) L7z. MVCIZDW»
TIE, HiFEIE L UC—MBRIORETHIRE [56]) 12 & 0 EBFHIOBRERTIC EMG 23HIL, RO
NY RRZAT 4 NRY) V7, BEL, EbzifTo721%, TORKAMEEZ MVC & L7z, 512, A
DLV EFCRL (2T > 7 FHIE0°) D26 NI (180°) Zi@ila L, HU ERMIZE>TL 5T
1 EEEE Z 2 I EMGEB 280 L, 15 A O EMG 55 % Fa{b U7z, DL EOIEIZ X 56
M; ; (i = h,hk,k,a),(j = ext, flex) DHMVC % ZNZNHEF m, ; [-] £ T 5.

E—Yary¥Fy 7IFy—Y A7 L (OptiTrack, NaturalPoint) % W CHEE I OLABEfiOAM B (JE,
&, RE) BLOT TV T HE Ogan [deg], NEIVAHE O eqa [deg] DEENVERHRZFHI L. 7T
7 AHEDERITIRZENVAEI AP SREEINE I TV LHREI TV 7HEQ [deg) £ L, X
KOV DTS EEE G EIZ D> T 5 v 7 MENREIT % & L.

Tz, REANVICEEINZBEHR 7+ —A T L —1F (M3D, 7v 78l (Bk)) Z2HWTRAILE
HEFHIUZ., B, E=VarvFry TF Y TATLLE T A=A T L= DFHIOY > 7V v F R
#3100 [Hz] TH 5. EMG 55, EBHIFEHR, ~ZXVENIETRTEL CEHllZ17-72. 7z,
27 VI DERIIEET 52 7 v LBERMDS N Fg [N] &, 77 V7 ORERICFEGETHEHE L
785252 2 SEAIDS T Foss [N], S Fio [N] 2 R ZOVESH & BB RH O T — & H
SBEH Uz, EEROMKT % Fig. 4.2 12717
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Fig. 4.2: Experiment setup of pedaling movement

4.3 ZERER

5HDYWERZDRZY ¥ THROE S, FHEENC B AR Sz, AFRE U THEBRET
DT —R%EHT 5. Fig. 43 ICHIIERX) VB0 7 v AEERT. 77 7RI
IR, #Mtdhid o o> 7 MEERYT. 30 WRIOFHAOR MR 2 5 > 7 MED 0 [deg] 75 360 [deg]
WAL TE D, WERRZVEFB TR yﬁ‘vbi‘ﬁzn\f:. /2, RAMICBIB2 574
JEORMOIEHIXEMRAITH Y, XY VI HEIXIFIEF—ETHo7z. Fig. 4.4, 4.5 1CKFHHIZME
TORIZERRZY V2B DHERE 1 DTS, Eﬁﬁ*#%ﬂ%r? &2 T 7 ORI R R I %
. AERAIKEEIE D ORHUHR, RRERAE - MBI b o BRI, FRAEEEE » OB
fkt, SERASERIEIE © ORI 2 E T, Fig. 4.6 ICRIZERZ) VI B ISR EhERT. 75
7 REE R 2 K. BRSBTS Fioa, B2 TV ZHERARDRT Fug, fARDI7 T >
DIERE SR DI ] Floss 3%, Fig. 4.71%, 77V 7HE6 [deg] TLIZHIZ ERKX ) Y 7I2BIT 5
Bz FmE Eic7ay U2 DTH S, BRIV EE T, KRRV IV 78RR HRDN T, f&*%
D32 5 v 2 HRON HERT. 72, RHOEI IIKFHUIRKMGTORKDEH DK E X TIEM
fbEh T, Fig. 481, BIZERKXV VBTS2 T2 7 A 30 [deg] ZLIZ EMG 505
HEIN-EEHOMMEN & 2Eh2 iz 7ay U720 TH 5. HHEMEE GO MM+
M, BREDEENITHS. Fig. 49IZHIZERXY) U IZB T2V F V=T MVaERT. £l
DTN —TEIBEFAEDHH Y F Y —RT bV uganke, RO TN — T GAH RO Y F Y —RD
MV Uy anker ARID 7N —FIENull AHD S F V=7 bb upypankle TH Y, &S 7 7138
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AN D J& B A s 8 D ZE AL DWW T DTG Thy Thi, Tk DHEHDE D %R, Fig. 4.10 WZHTZ
ERZ) VATB I EHY ;Y —EIRE R R T, /2T 7 ORI A 2 R T, shaiRs @t
HED Y F T =TGR wp ankie, FERRDMREA TTE D 2 F Y —IEERE Wy ankle, IAKARAY Null F3 ]
DY F Y —TEIRE wrpankle ERT. BIEDARKY VIOV THAKDT — X % Fig. 4.11~
4.16 1257

4.4 #8

4.4.1 BHEWmL, HERMICOVWTOER

BRSO OWTIE, REY VY TEE, A M 2ZIZX T B8BL R ZRT. #
FANZOWTHIRS 2 &, & - BB, BBIE O MHETTR OHRIE s, s, (XIXEIET, KR O miksht
Fl sp, 80 EHARTH D KEL, EIRBEMOEENIZET 28 % AW BOME - Rl RO XY
VI ERIToOTWAIEWSNDE. £, AR MLV REERNEL 2512085 T, BB, MR
FEBURN DR HIM spi, s, DIRIEIZAE <25, UL, HEFIHIOIRENKE  L2#HIEs 5
¥ 7 f-60~180 [deg] D EDFEAAADERTD & BEAAATIZIT NS 2HPATH O, THLSOH
P CIXETRNSIEE AL EB L TWiRd 57z (Fig. 4.5). ZOIZe05, & MIRXY VT %47
B2, BSARAD XA I VT TIERKE RSN % R4 X E 5 72D BEOMHIEPIRZ BN X & CTHIMEZ &
b, TNLIANDIERS TIXS DI D B AIA A DE) & % 1772\ & S5 IS PR % A X B T D
MxE TP TVWBeEZXSND (Fig. 4.8). BIEDRZV VIDBATH, HIZERXY V7L [k
D, BEAABRKREIT sy, s, D3 < 72 0 HOMIM:Z & TV AEAD R S Nz h, ST s D E—
I REDAMDIEZL > TW 2, B2 EDBRIX s DY — ZALBIXAIAHD 12 + 10% DALEIZY — 270
BENTWD, B OO — 7B IZAMHD 30 £ 9% (Fig. DMUEIZE—27BEHNTED, FiZ
DS E D BEAAADE VB S B - BN OMIMEZ SO TWD Z LB hro7-. Btk
Pl s, D — 7 ALEDOMAHIZDWTIE, B2 ETHAED 22 £ 5% OALE, #%I ETHHD 21 £ 5%
DIETHY, BIZE, BIETIRERALUTH o7, s, DF T 7B 2 HEET 3 L2 ED AR
BV IO BVEETHEINUVBDOTWSD2 S0 5. (Fig. 4.12, 4.13) Zhik, 77 ¥ ZHih
P& & % EAET O BABIR P D XA I 7 ADHE R DS, Al E, BIEDRXY VPSR
IR RTFROEENZ I3 > TR Wzb R EZo6N5.

4.4.2 RYIVBEAICODVWTOER

HIZEDREY VBNV TIE, 2B Fioa \ENAHD 31 £2%, 27727 AE 111 £ 8 [deg] T
BKRMEZ L o7, 2520 DRERIZEFEE S 2 AAD DT Fog 13 REENDERK & 705 FRIOAAHD
20+2%, 77V MET3+T [deg) THRAME & D, TNLED FIEAICEET ZH1HZTIIE O
FEALIRY S DEEEIZEGSETEEL BB ERGEIDN S Flogs £ 72> TW5 (Fig. 4.6). H
HOFEIZERT 2L, ETOHHGZMEIIEWT, RIVEHZZ Iy I7AHEIZEST, HIZETX
D HFERDPRHTHIZFN D IZIEFE U SRAAFEI N TV (Fig. 4.7). 7=, ZOEHDFMIE,
EMG 50 o #E U7z R E i O MIMEREH O Kl 17 & i —3 L T\ 5 (Fig. 4.8). 2O &nb,
B MEARZY VT ETIBITIE, BISR R LIRS LS IR0 EGIET 5D TIER
<, FHAMMETRERBENFKELTLES L LTH, WIMEDE 2 FEH L3 WENE 5 EI B
ARIRABDRA IV T TRERNEREIVTEIETRE) VT2 fToTW0WEEEZI LN,

BIERXY VOGS, MIZERKX) VI LFAKIZEAAAD R A IV 7 TRE RS % FiE
THZELTREY VI RITIBNDNR =2 22572 (Fig. 4.14, 4.15). LML, fIZERZY v
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Table 4.4: Inner products of each muscle synergy vectors during pedaling (Intra-individual varia-
tions)
Subject 1 Subject J Subject K Subject L Subject M
ur  0.930+£0.010 0.966 £0.009 0.952+0.007 0.991 £0.004 0.965 % 0.007
uy,  0.891+0.015 0.962+£0.017 0.893+0.045 0.979+£0.009 0.929 £0.018
Upxs 0.8421+0.017 0.933£0.018 0.861 £0.034 0.972+£0.012 0.905+0.020

JYHBELUT, I ERXY VI T THAFITETD Fow VNS KRB MHADD > 7-. REIORK
fE & RO D DB AMEDIIIRTZ EFERXY V7 TlX0.89+0.04 THo7=DIZH L, I ETiE
0.97+0.02 TH D, BEAAADEDHEIEDDIRNREY) V7 2fToTWEEWAE, ZThiE, HBIE
REY VTSI ERITONDE Z EVIF LA ERL, BBREPTIIRXRATIZER L TWR PR o727,
MAESTREY) VIHHIZRERZMIEIEL LICEBRL VWA EARKMEINTWEEEZSNS.

4.4.3 BT RINLICDVWTOER
BT o—RT NVOREMN

FEME AW, BfF RV, REOVEREHOFHISEMTH Y FY -7 MLES LONKEZ L 5 &,
ETOWREIZBWT, BV F V=7 MLVOWNFEIZ 1.0 IEWMEE & 572, BEEREDFERIZD
WT Table 4.4 1Z/89. ZDZ &, & MIFMEDORREZAX) VIZH U THLBEDOHYFV—%
AW TWBZEZRLTWA.

7, WEBRERTEIGHY FV—RZMLVES LOREE L S L, BIRGRONEEGY F I —~
FLES LOWREX 0.959+0.013, A ARONFEEHY F2 =27 hLE S LORRIK0.893+0.046,
Null GEOEYFHY F Y —=_RT7 ML E S LOWNEIX 0.866 £0.051 £ 720, £T1L0IEWEZ L >
7. 2TOZEiF, RARHREDOETEHBLEMHY F V=7 MUVDPHWONTWSEZ L E2RLT
W3,

UL, BiECHZT o7z B3 6 DMy Y —_RZ7 MLVEHEELT, RXY 7 TO R
3IRNGFHDHY T —RTIMNDIT T TDLT—N=FKREL, RATFHOEEFNDRPPREL Lo 77,
ZOFREKE UTIE, EETHNEZIT>/ZZ A7 LR TEBIOEENPKEDNR 722 &, FZHEFHiOA
BN REDP I EBEZIOND.

B+ —RI NLOERDZER A

B HAOMY F Y =R MV, ZOHREBOEAICHY T 2ER GO Y F Y —IHEREANE
DIiZE L 2L & ry O, rpe DI, rp QWD EBZEET S, DD, ry & rpy DK T 2
PERNZ & > CTHREARTZ B L, & 1 DS BRI 2 Bl X 82 2 & T, KRR E % %R
ED K AINCEMN I EDBREE R D, MAAMOH Y F Y —_RT MUk, RAHRO/HY > —iE
R IEDEZ & B & Xy, &y DIRDDVFEIRHZFHEEL, rp ITIXIEEAEEELH X\, DF
D, oy & e DGR 2 RS, ry VBRI 2MEIE S 22T, BN EZ 5K
HIZEM S ELHEZRZ D, Null HAOY Y —R2Z bLiE, Null GEOH Y F Y —iGE@REH
EDMEEE DL E ry OB, 1o DA, rp OWDRFERHIRET D, DED ry & 1y KT S
PEFNZ & > TR 2 B U, 1 & mp DR T BIEIC & - THEBIE 2 EE 3 5728, LA E
DERMIZDWT DREREZ R 7= 70\,
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WERE DEBEOEF DR LY F ¥ —IHERBO LB L& T 5 &, BEREIDGG, 2727
I 340 [deg] TREMERBBRBENIGEDE, 77 V7 MAE 160 [deg] TREMVE KA S HI 0
5. £, 777K T4 [deg) TREMEDRADVRRE LD, 7527 ME 270 [deg] Tl A
RN, TR LT, B EOEMREHMDH Y F ¥ —EERENZ, e ORLE L KA S
I 0IED B 5V o A 340 [deg] & D RRFRIOMIETEMIED? S EIZYI D BboTW5. Fiz,
R AR O Y F Y —EHRBUI DOV TH, BBLREEPHIANOMB)N 5B GFA~OEEIY) 0 F
b2 25y T4 [deg] (HETHMAER S B D Bb o T3, R U ZITBWTIREHAA
BNVICEESINTED, 72814 I ADHELDHD-ORRL—EIELLRWD, BBULRHY
V—IREIRE, DX 0 R E IO R OEE) OHAIIFHEEED R E O & D X057 LD OXIG
TRIETTHEDOT, HEINLZHY TV —DOREIIZYREDTHILEZOND.

Tz, TNSOHEESINITY F YV —OEEIL, XXV VT E T B FIERED EAR T 2N 7 B REIC
DWTHHR7z Raasch 5D I ab—ya VT K BFIZ ERXY V7 TORATHIZETORER 48, 49, 50]
LHEBEBTR—HL TS, BB Z B WA GAICER SR /2T Y —D up ankle, WR,ankle &
U ankle, W ankler 3 & OB BEHIDMELIZFH 59 5 r, 13 Raasch 5 DHE%ET % Ext/Flex, Ant/Post,
Dorsi/Plant DRI FZHZBERED R T IZZNENMIGL TWB EFE A 5015 (Fig. 4.19(b)). Xk
[49] 55 U7 Fig. 4.19 &0, B EITHIT 5% MESE S Ext HOIEFHD 2 5 > 7 HEOAL
FMIEB &% 0 [deg]~150 [deg] TH B A, TR Fl R A REEi» S HEH 5, BRAROH S
FY—EEREN IR D 7 TV T AMEOHIPH 324 4 12~147 £ 18[deg] L IFIF—HL TV 5. [HFKIZ
MZFIHIZAA V735 Ant BEOIEBEIDAIHHIZ 270 [deg]~60 [deg] TH B A, TR Je Fl =AY
HIHIZZENT 5, fRAFFONY F Y —IGEREMEICR 5 7 5 v 7 M 229 + 25~91 + 18[deg] &
BBOhiWHi & o7, 72, REZEEIE % Plant HEOTEEONMAHIE 90 [deg]~240 [deg] D
#ipH &, ey BT A DR S B S PU r, DHIRIR E R % & SHEIPHITEML TV S,
ZEDOYIaAL—YaveAEOHYFY—EHWEEERIZOWTS, BBLRMELL TV DN
FORODTHNIEHZ EDHELIERTREL Ao72. TingbD¥Ialb—Yavitkde, BIE
DAKY v 7% Ant/Post X T DDA ZFTZ EDRXY V7 DAAHEAS 180 [deg] THFT 2 & T
EHWHETH S 2 LTWVWD [49])(Fig. 4.19). BRI BT 2HEMESE S Ext HOFEHD 2 5~
2 fEDOMAIEE & % 330 [deg]~180 [deg] TH B, BEEF MDY F ¥ — KRN EIT LB 2
Z v MEOHP 14 £ 10~177 £ 8[deg] L IFIF—HLTW5. L»L, MERIHIZAA Y 7EE5
Ant BEOTEB DO ALFHIE 240 [deg] ~90 [deg] TH 21, WA HRIOH Y F ¥ —IGERENEIZRE 2 F
VU 345 £12~114 £ 26[deg] TH D, THUIEAL TIIRZRDFERE R o7, RAFHFHADREED
HBORBEDOAMHIZONWT, Y Ialb—Yarv ey F U —fthe TREBMERELoLFEKNE LT
&, fRA SR OMIEDSERE AN IR TE U NS W20, (A O S O EE) O #E e fE Rz D
WTIE, BIREAMO PR OEBOHEER R L D EFENBNP T Wb EZ OGNS, £, #Z
ERZYVTEFRIZERR) VY FERBEL TR\, 71— KNy 7 ORENHR RN TV
HEEMEEEZEZONE. ¥Iab—YavildkoTRDEZRZY V7T 2 A2 FEO AT
&, EMGEEPSHME LMy Y —DEENHLL T0d e W ORERIK, EFE S DIRET 5
BIERETWICEDLSHY F YV — DO Z Y2 X T2 DTH 5.

BT —FEEMRBICOVWTDER

MIZERZ) IOy F Y —iHERE RS 5 &, BIRARONY F Y —IEERB D IRIED
0.44 4+ 0.07, RAFGFEOH Y F ¥ — GBI OHRIEAY 0.33 £ 0.08 TH D, A5 AN P i % JEH)
SHELE0E, BIRRAAICEEAZERI TS, BAAAERDARZY VT LhoT WD I ERan
5. ZOERFARDH Y Y —IGEREROIRIEA MR A RO S F Y —IEEIRE L ik L TR E <72
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DI, RERBENIVPBEL INLEHAN - BEETORXY) VI TEIZROND., /2, BIE
REY VT DHEBEHRAROG Y F Y —THEHREDIEENIKEL RoTWA. £z, BIRAMOHY
TV —TEERB ORI, BAAABRER D2 7> 7 A 340 [deg] DT SENHA L, Z0
FEIFIFFECADMHEEZIOGT 5. 2D LiE, BEOFHANEZ B AAADFIBERTD 5 —5&IC
B D S BB BN G £ THEIX S, BAZSIE ET2ETEOE FEHEDOMNEEHADTND
ZeZEEHRLTWD., oDy F Y —TEREIRED S #EHI U 72 /& o S 2 O RIS 1%, B Al A
BRI EIWCER AN I RERNEHTIETREY) V72 fFoTW0WH WS, ETERELZARKX
) AT BT BB ORI IELTWS, ZDXS1Z, HEKRROYEETFIVIZESHYF
V- DR %E FHIZEAT S Z 8T, EMGESD5 Y OVHa#E - MM IZ DWW T OEHR % i
U, D& 512U T Al - MittoEE o<~y 2T 52 212k > TR0 #ESE 2 EB L T
WAEMIZDWTERT LI LNTES.

ZDFERERZY) VT DAE ST, HITREFOMITICEEHTRETH L 2EZIS5ND. UL,
KIFRIZ BT BRI F Y — DRERED Z Y M2 DWW T OMREEI, EBRO B OEE) & s —IHE%
BEOMERY I alb—ya v OHEMM AR OMENZEDIZEEF>TWS., Lzd-T, 5%E
HODRETHMHY TV —DBEREIZOWT KD ZYME2ED L 7-0121F, EETirbhTns k572
FEARA 2 88 % 5 A 72BR DO G h & RE O s, WMitEz#E L, EMGES,roffeInid
DEWREITI L Vo lz X D RERNBMREEPBETHLEEZILNS.
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Fig. 4.3: Crank angle during forward pedaling (subject I).
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Table 5.1: Body parameters of the musculoskeletal robot and human (Subject I).

Segment Length [cm] Mass [kg] Position of center of mass [cm]

Thigh 41 5.05 19.4 (from upper side)

Human Shank 38 2.62 15.4 (from upper side)
(Subject I) Foot 22 0.76 13.8 (from toe)
(estimated)[61] (estimated)[61]

Thigh 39 2.40 18.5 (from upper side)

Robot Shank 36 1.24 14.6 (from upper side)
Foot 18 0.31 10.7 (from toe)

Fig. 5.1: Lower limb anthropomorphic musculoskeletal robot. The robot has eight Mckibben type
pneumatic artificial muscles (PAMs) for each leg. The structure of the robot imitates anatomy of
human lower limb in sagittal plane.
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Fig. 5.5: Tangential foot force to the crank, radial foot force to the crank, and pedal angle during

pedaling movement of subject I and musculoskeletal robot.
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Fig. 5.6: Foot force during pedaling movement (vector plot).
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Fig. 5.7: Sequence photographs of robot and human pedaling. The musculoskeltal robot performed
pedaling movement with similar kinematics and pedaling force pattern to human subject.
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PORFEEAE B IC TR GBI L £ 9. EERZ BB LR RS —HEBuIcId, SRR
ROFEMER, NEIZOWTEH KRS THEZ2HES E LI LIS/ #HB L EFET. 2LT,
LRI O M OFE L UT, LITAHFRICHD filabk 2 0 T T &2 Wiz Wi, B RIERR,
FEPABRRZBESELE LU EIF 5 &3z, _&Y v 7uRy b ORISR Ziinn7=72
W BRI DR 2 K L 3T, BRI ED A VN — & UTHEBRPHT, HEROMEEE
ERY, ZIIZHOI DR E LA TV W% DHZIZHALHL EIFES. Zarsbitsied
U, XA TKES o 2BRICERUDPTENRXEEZEZATED 7. ABIZHOAWELS T VE L.
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T8k A BRI E

ARAERTE, FHINZ O 7288 D ABRDFERNIZ DWW TR T 5.

A.1 EMG EHR%EE

3EDE MEmFAD ALY X T LD EMG FHERE, 4 BEDORKXY v ZROEFHFHINZ WS 7z
EMG 2% E WEB-5000( H A EHRASH) OFEAeftkk%E Table A.112RY. 72, TOZEHKE
REEBOMEZ Fig. A1, A2IIRT. ZELEZERETIRIESL LTI h, KV IFTI7 7%
EOMOFHEEICH IS,

3EDARXY v IO MEEHIITIX, WEB5000 ZE8» 5 nz7 Fu/fF51%, USBT —
X #3245 1E PowerLab(ADInstrument) % AW TEHIA PC ICHfGE I N 5.

A.2 ADHK—R

3ETHMZ Rz MMEHAO ALY A5 LTI, AD K— F PEX-321216(Fk Atk > &
7 £ —A) ZFH\WT WEB5000 Zf580 5 7 Fu 7 )1 7z EMG 55 % EMG FHIEBICHE S 5.
E k% Table A2 1R

A.3 USB7—YEE%E

4BEDE MRXY v T OEFEFHHITIE, USB T — & HfFY A7 A (ADInstrument) % F\V T WEB5000
ZERPS T Fu I EMG 552 5HIH PC IZHUS S 5. E/aflkk% Table A3 127
MMl % Fig. A3ITRT.

A4 F—2arvx+vTFv¥IRATA

3E~FHEDHEMTHWZE—Y a3y F v 7F ¥ ¥ A7 A OptiTrack(Natural Point, Inc.) (&, 7l
BN FUT RIS~ — 1 ZHUD (11T, EEDRINEA X T Flex 3(Natural Point, Inc.)) 75 774+
el sZ ey —IfNEZAMREL, MEDY 7 b7 =7 Tracking Tools(Natural Point, Inc.)
IZEoTY— D IMIZEM L TOE L EHZFHIITE 5. £tk % Table A.4 IZ/RT. RN
AT O#El% Fig. A4 1TRT.

A5 BEBXI7+—RTL—b

4 BE~FBEOEBRTHWZBHA T + —A 7L — 1 M3D-FP(5 v 7 HillK) DFE/Akk% Table A5
WRT. AMERE R EEOINEE Fig. A6I1TRT.
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Table A.1: Properties of multi-telemeter system (WEB-5000, Nihon-Koden, Inc.)

FHUF v > R OLEL 8 [ch]
T ol B ] 7B £ 100 [Hz]
B IRy e X 0.03, 0.01 [s]
R 0.2, 0.5, 1 [mV/DIV]
RARAN +5 mV] LA E
J AR 42 [ V p-p] BAF

Fig. A.2: Multi telemeter system WEB-
5000 (transmitter and amplifier).

Fig. A.1: Multi telemeter system WEB-
5000 (receiver)

Table A.2: Properties of AD board (PEX-321216, Interface, Inc.)

ANF ¥ V2V YV INVI Y R AJI16 [ch] /ZEE) AT 8 [ch]
AN SNVF TV IV A
A3 e 16 [bit]
Ahvvy + 10 [V]
AN v E—=R VA 10 [MQ)]
g 5 =\ 7N 2 Kk
2 HRE ] 1[us]

A6 RETEHAEE

4 F~S BEOEBRTHWZARRXY v IEHIIREEOFMIC OWTHERS. AZETIZE b aRy b
DR v ZEFEHINCH 720, 2Rt 2RETES L1, BTV —F2HWRED
REY VI HEEEFFE L. —BORHEROY T A H A 2V (2T 7 E1T [em]) BF = —V %
1 UT10:1 ORI TEM 7L — % (ZZEEH, ZA-1.2Y)(Fig. A7) LEfixhTwb. EET L —
F &, FRED A OVIZRN D BIREIC A U7 — € OFEEAM K2 R EIE L. BRI L —FHDAS
TRE vy T, SR (RS BETALTHY, RIATAVAPNEEEL TV L &, il
BT A VIZERARND Z & THARITR T & 5 RBERDFA L, BHRIZIR-> TRy X5 d 5 2 &
TRIATAUNERY T YA VADOMIZ Y — 0 VEBEADHAET S (Fig. A8). BRI L —FIC
Hn2EREZEHO PWM 2> bu—F (=%, LD-10-PAU-B)(Fig. A.10) 12 & > CHlfEd
52T, TUV—%0RETIEEZGIMEL, 777 ItamEH%252 5. Fig. A1l & Fig.
A2 CAFHHIZEEBED 70y 7 L 2RO IME % R T
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Table A.3: Properties of data acquisition device (Powerlab, ADInstruments, Inc.)

7 — &EfF A USB 2.0
TIaZANF vy AN | VT R AJI16 [ch] /B AT 4 [ch]

AJ153 fif6e 16 [bit]

ALY + 2 [mV] 25 £ 10 [V]
ANV E=R VA 1 [MQ]
BRY VT v TR 200 [kHz]

Fig. A.3: USB Data acquisition device PowerLab (ADInstruments)

Table A.4: Properties of motion capture system (OptiTrack, Natural point, Inc.)

AT E 3-12
A A 5 FLEX:V100R2

N A T R E 640 x 480

7 — R EfE AN USB 2.0

ARV Y T v T 100 [Hz]
AT RE P 0.15 - 7 [m]

AHHIKS B2 1 [mm]

opnTraq,',_

I
i) Oprilrack

Fig. A.4: IR camera of motion capture system (Flex 3, Natural Point, Inc.)

89



Table A.5: Properties of force plate (M3D-FP, Tech Gihan, Inc.)

{95 3EihEE>Y: 35
SHIEE XY 1A
3yt oy 1A

AN i 3 MlINEE & Y 3 il S 2 > Y 112 [bit]

SHHEL VY, 3EIY ¥ A vk Y 116 [bit]
NEE VY EREE Fx : £500 [N]
Fy : £500 [N]
Fz : £1000 [N]
Mx : £30 [Nm)]
My : 430 [Nm]
Mz : £15 [Nm)]
S EWE=V M3D-FP AR X EHEH : RS-485 ¥V 7IVidfF
KAEHE PC R« MEHR LAN
ARV YT v TR 1 [kHz]
VANIARES 82(W) x 88(D) x 9 (H) [mm]
i 135 [g]

Fig. A.5: Portable force plate M3D-FP (Tec

Gihan)

Fig. A.6:
transfer (Tec Gihan)
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Fig. A.8: Appearance of the electromagnetic

Fig. A.7: Appearance of the electromagnetic break(ZA-1.2Y).

break(ZA-1.2Y)

18

16

14

ZA-1.2Y1
/

12

/

/

/

10

FIL2(N-m)

/
.~

ZA-0.6Y

[ = B = -

/

J

o/

0.0

0.1

0.2 0.3 0.4

BT TR(A)

10000 =
7A-20A1

— |

s A ZA-10A1

#1000 — ZA-5A1

H ZA-2.5A1

N ZA-12A:

N -

2 e ZA-0.6A;

~ Y/

i 100 o~

)

Kal

e

10
0 500 1000 1500 1800

AFIEIEREE (r/min)

Fig. A.9: Characteristics of electromagnetic break (ZA-1.2Y) [62]. (a) Relationship between
excitation current and load friction torque and (b) Relationship between allowable continuous

heat dissipation and rotation speed.
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FHRIAPC

Fig. A.10: Appearance of the PWM controller(LD-10-PAU-B).

BEARLY

B IR

(DC24V)

N

PWM
arvka—35
LD-10-PAU-B

aqIL~

DER

RFHER

rr— ambiLy
/\ —_ =

ZA-1.2Y 2 9527 >
O—41— WEDESEEE

a4

Fig. A.11: Block diaglam of the pedaling measurement system.
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Fig. A.12: Appearance of the pedaling measurement system.
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f8%xB TEEEHROANRY MOFHE F4EICEAT S
e

AT, HARICTHERLUZE POMEZBE L THES W FEHERKRED R Y MMz owTid
R5.

B.1 <vIXEARUBATEHA

ATFEHEET Ry MR IN 2y FRVEATHRATY v v 2L (FHHEE T2) O
DNWTIHRRS, Ty FRUBMATHAZTLAF2—T DAY 22 —TROF 1 0 Vi cBEDODN-
Mgz >TWad., ZOR) —=7ROF A 8 Vil T LF 2 —TREFHAANFIRT 2021515
X2 oTHY, BLRERMTEZ L TERAMITLF a—THWET S, ZHIZXOHEAZ
ENF 10 UBMOAENRED D EFAFICIENGET 5. 0.5 [MPa] OJEfEZE5 % % D IAA 72IRTE
DERINEAIEA 30 [mm]. AR ONRERIZH 34%, i % € U 72 R T DR I11EH 800 [N] T
»H5.

B.1.1 AIfBOETI VY

ANTHDEH% F N], 2%E% P [Pa], Billltt% K(P) [N/m], $iOV#E% l..(P) m], fif
%1 [m] &9 %2 UFORDELD LD [18].

F(P) = K(P)I—lha(P)) (B.1)
E(P) = ¢1P+ kmin=c1P (B.2)
lnat(P) = % + lnat,min (B?’)

ZZ7T, ¢1 [N/m], co [N I3RS 2EH, ki [N/m] EFBTEH L TOWZ2RW & S O,
lnatmin (M) W PHED FRTH S, £72, P=P+kuyn/ct THB. IN6DORIE, vy FRUMA
THREDERE S PIC & > THMRE K (P) & BRE Lt (P) BT E AR LTEES Z L 2R
TW5,

Fig. B.212, >CHk[18] X W8I L7z, HARE 0.141 [m] D~ v FRX VB A THRAONIRES % —&
LU EOHMELHIMEIOBRD I 7% mRd. KAIDOMESIIEMOMEERLTED, MbD
EAIBERT — X o B/N TR K > TR UL BIERRTH 5. Eq. B.1 &Y, EH PR
—EThDLE, W F eE HIERERE 2 5. ATHOME LB OBRICIZe 2T
DY ADPEAET BH, IEUERIR e AT Y 2 —TOhkEiE->THE Y, ALHOET VAR
ZXREDTHDLWVWZD. £, EHROMESIIATHOMINMEZZET 205, WEBEI OIS
THEMOEE HBEILTWE I WD h 5.

RGOS, BHES & RO’ Fig. B.310RT & 5 RRENHE ST W5 [8]. Feldman
SIEF 3 &2 AW ERANRERD o, B REISREIEINT 5 & HO BRI, Bl (d
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Fig. B.1: Mckkiben type pneumatic artificial muscles Air muscle( Kanda-tsushin Kogyo)

80—————— 0.5[MPa] 0 4[MPa] 0.3[1Pa] — 0.2[MPa] —
_ 0 ﬂ /;; f
z | i v/
=]
g
E 40
£
(o
20
n 1 1 1 1 1 1
010 011 013 old

Muscle 1ea¢h 1 [m]

Fig. B.2: The relationship between muscle length and contractile force of pneumatic artificial
muscle (cited from reference [18]).
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Contractile force

. -
sy Lfds) L) Muscle length

Fig. B.3: The property of biological muscle. lo(A;)(i = 1,2,3) is the natural length of a muscle,

and A; is the level of electrical stimulation (cited from reference [18]).

m &
..% 2

Fig. B.4: Custom—made air—pressire control
device.

Fig. B.5: Air-compressor (JUN-AIR,12-25).

MOME) FE <D I e ZRLTWS, LdoT, ZEERNANLH & EERGIE, HEOEIMZE-
THRENE <20, WIS EINT 2 & WS EEMICEBL 2Rt 2> W 5.

B.2 ZEXEHIEZ
ER U 7= i e Ry s O N TH 25583 2 D ’Fﬁb\f\_ﬁ‘d—}_‘ﬁﬂﬁﬂﬁg (FESTO(¥k)) Diffliz
DVWTHARS., HEEOIMEZ (Fig. B4) ITRT. RLEHBEEEIX, 2K5ELFaL—& (SMC,

IR2020-02G), Ef#XFAEAAR (SMC, VQZ312-5M-C6), &F ¥ /z\w ZrIz1OoTODEEEL VY
(SMC, PSE540-R04) & ¥ — 4K F (FESTO, MPYE-5-1/8-LF-010-B) IZ & > CTHEk S T\ 5. il
HEHI 2= PoD ANTHOHENIENEIZDA R— 2N L CEEEE LTHAIINE, A
THONIEINE, ELAER Y TRl NS AN LHOEIIEZ BEENIEMEISER I ES LS
Y YT I EBEB000 [He] TY —RAORE A LT 2 Z 2 THIIE 0 5. BRENFETH 5 JEH
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/ \ D/A

Control PC converter

/

Control
”’ﬁ[ﬂ“ '(’f‘tt“ command
E - ? Compressed
air

Air compressor pressure control device Musculoskeletal robot

Fig. B.6: Block diagram of robot control system configuration.

ERIET T — a2y 7L v Y (JUN-AIR, 12-25)(Fig. B.5) 2 &o TS nE. nRy Ml 25
LDT7 1y 7 X% Fig. B.6 [ZR7T.
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