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Inner leg

Fig. 1.1 Schematic view of the walking chair

i g 5 /\\Locus of A

Fig. 1.2 Composition of the leg mechanism
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Fig. 1.3 Photo of the_prdtofyp -
(Step length:300mm, Mass:88kg,
Width:760mm, Height:925mm)

Fig. 1.4 Photo of the prototype IV
(Step length:300mm, Mass:49kg,
Width:760mm, Height:925mm)
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Fig. 1.5 Change of the driving torque of the walking chair(T=4s)
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Fig. 1.6 Change of the driving velocity of human in the case
when the desired driving velocity is zrad/s
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Table 2.1 Parameters of power assist system used in humerical simulations

F, 0.2N*m K, 500N -m/rad
D; 0.1IN*m-s/rad D, 0.1N*m-s/rad
M, 0.2kg-m? M, 0.01kg-m?
Gy, 40N-m-s/rad Sampling time 0.1ms
@ —s| Tilter .| Time
Uy ilter > delay
@y, y > Gy, T
o +
Part of T]ﬂ’
variation

Fig. 2.4 Simulation model of human driving
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Fig. 2.5 Human’s driving torque variation
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Fig. 2.7 The driving velocities of human for variable moments of inertia
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Fig. 2.9 Speed variations for different moments of inertia
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Fig. 2.10 Relationship between damping coefficient and human driving torque
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Fig. 2.11 Composition of experimental apparatus

Table 2.2 Specification of servo motors used in experiment

AC servo motor DC servo motor
SGMAH-02A RE75

Rated output [W] 200 250

Rated revolution [rpm] 3000 2890

Rated torque [N-m] 0.637 0.841

Rotor’s moment of inertia [kg-m?] 0.06 <10 1.42%x10™*
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Fig. 2.12 Change of angular velocities and torques
in the torque-combination mechanism
Table 2.3 The characteristics of the subjects
Subjects Age[years] Height[cm] Weight[kg] Better arm
A 24 183 60 Right
B 23 175 68 Right
C 26 178 60 Right
D 25 178 75 Right
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Table 2.4 Amplitude and frequency of applied load torques

No. Amplitude [times] Frequency[Hz]
1 0.5 0.5
2 1.0 0.5
3 15 0.5
4 2.0 0.5
5 0.5 0.25
6 1.0 0.25
7 1.5 0.25
8 2.0 0.25
9 0.5 1
10 1.0 1
1 15 1
12 2.0 1
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Fig. 2.13 The content of questionnaire
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Table 2.5(a) Result of questionnaire by subject A

No. Questionl Question2 Question3
1 4 1 2
2 4 1 2
3 4 2 2
4 4 1 2
5 2 1 2
6 3 1 2
7 2 1 2
8 3 1 2
9 4 3 2
10 5 4 2
1 5 4 2
12 5 4 2

Table 2.5(b) Result of questionnaire by subject B

No. Questionl Question2 Question3
1 2 1 1
2 4 1 2
3 4 1 1
4 5 4 2
5 1 1 1
6 2 1 1
7 3 1 1
8 3 2 1
9 3 1 1
10 5 2 2
1 5 2 2
12 5 4 2
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Table 2.5(c) Result of questionnaire by subject C

No. Questionl Question2 Question3
1 3 3 1
2 4 3 1
3 5 3 1
4 5 4 2
5 2 3 1
6 3 3 2
7 4 3 2
8 4 3 2
9 4 3 2
10 5 3 2
1 5 4 2
12 5 4 2

Table 2.5(d) Result of questionnaire by subject D

No. Questionl Question2 Question3
1 2 1 2
2 4 2 2
3 4 2 2
4 4 3 2
5 1 2 2
6 2 2 2
7 3 2 2
8 3 2 2
9 4 2 2
10 5 3 2
11 Abandoned
12 Abandoned
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Fig. 2.17 The questionnaire result for comparing human’s operationality
in each experiment
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Fig. 2.20 View of the experiment
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Table 2.6 Parameters of power assist system used in numerical simulation

F 0.3N'm z, 72

D, 0.2N-m-s/rad Zs 24

F. 0.2N-m M, 10kg-m?
D, 0.2N-m-s/rad M, 6kg+m?
K, 500N -m/rad M, 0.4kg-m?
D, 0.1N*m-s/rad G, 28N-m-s/rad
Ky 200N-m-s/rad Sampling time 0.1ms
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Fig. 2.41 View of the experimental apparatus
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Table 2.7 The average and variations of velocities
of human and load

Average velocity [rad/s] Variation of velocity [rad/s]
Human 29 1.2
Load 2.8 0.4
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Fig. 2.44 Change of torques in the speed-combination type
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Table 2.8 The frequency and amplitude of the load torque and the value of Tpi0q
in each experiment

No. Amplitude[times] | Frequency[Hz] TperioalS]
1 0.25 0.5 2
2 05 0.5 2
3 0.75 0.5 2
4 1 0.5 2
5 0.25 0.25 2
6 0.5 0.25 2
7 0.75 0.25 2
8 1 0.25 2
9 0.25 1 1
10 0.5 1 1
11 0.75 1 1
12 1 1 1
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Table 2.9(a) Result of questionnaire by subject A

No. Question 1 Question2 Question3
1 4 4 2
2 5 5 2
3 5 5 2
4 5 5 2
5 3 3 2
6 4 4 2
7 5 5 2
8 5 5 2
9 3 3 2
10 4 4 2
11 Abandoned
12 Abandoned

Table 2.9(b) Result of questionnaire by subject B

No. Question 1 Question2 Question3
1 4 3 1
2 4 4 1
3 5 5 2
4 Abandoned
5 2 1 1
6 3 3 1
7 4 4 2
8 Abandoned
9 3 2 1
10 4 4 1
11 5 5 2
12 Abandoned
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Table 2.9(c) Result of questionnaire by subject C

No. Question 1 Question2 Question3
1 4 2 1
2 5 2 1
3 5 4 1
4 5 5 2
5 3 2 1
6 4 3 2
7 5 4 2
8 5 4 2
9 5 4 2
10 5 4 2
11 Abandoned
12 Abandoned

Table 2.9(d) Result of questionnaire by subject D
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Fig. 2.48 The questionnaire result for comparing human’s operationality
in each experiment
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Fig. 3.3 Simulation model of the speed-torque combination type
power assist system
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Table 3.1 Parameters of power assist system used in numerical simulation

F 0.3N°m K, 500N-m/rad
D, 0.IN-m-s/rad D, 0.IN-m-s/rad
F, 0.2N'm K., 500N-m/rad
D, 0.2N-m-s/rad D, 0.IN*m-s/rad
Z 72 M, 0.01kg - m?
Z 24 M, 0.01kg*m?
Ky 190N-m-s/rad M, 0.4kg-m?
K 100N-m-s/rad M, 0.6kg-m?
Gy 25N-m-s/rad Sampling time 0.1ms

Table 3.2 Control parameters of power assist system used in numerical simulation

M, 0.4kg-m?
D, 0.65N-m-s/rad
Tyeriod 2s
K 1
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Fig. 3.4 Results of simulation for speed-torque combination type (7=4s)

Table 3.3 The average torques obtained in the simulation

Human 2.1IN-m
Assist motorl 23.3N*m
Assist motor2 6.1IN-m

Load 29.9N‘m
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(Human input)
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Fig. 3.5 Composition of the experimental apparatus of the proposed power assist system

Table 3.4 Specification of assisting motor used in experiment

DC servo motor F2260
Rated output [W] 80
Rated revolution [rpm] 2650
Rated torque [N-m] 0.309
Rotor’s moment of inertia [kg*m?] 1.27x10*
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Table 3.5 Result of questionnaire for each pair of control parameter

D,(N-m-s/rad) 0.32 0.63 0.95
M, (kg+m?) 0.1|043]10|100|01|043|1.0|100|0.1|0.43]|1.0]100
Subject 1 3 1 2 4 3 1 2 4 4 4 4 5
Subject 2 2 3 4 5 2 1 1 4 3 2 2 4
Subject 3 2 2 1 5 2 1 2 5 3 4 4 5
Subject 4 1 2 3 4 4 3 3 4 3 3 2 3
Subject 5 4 3 2 4 3 2 3 4 2 3 3 5
Total 12| 11 |12 | 22 |14} 8 |11 | 21 | 15| 16 | 15| 22
Table 3.6 Parameters of the speed-torque combination type
power assist system determined through questionnaire
M,[kgm?] D,[Nmrad/s] TeriodlS] K
0.43 0.63 2 1
6_
‘Human
5k :Load
o
B4
2 3
5
L2 9L
()
>
1_
I I I I
O12 16 20 24 28
Time [s]

Fig. 3.6 Change of angular velocities of human driving and output
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Fig. 3.7 Change of driving torque and load torque

Table 3.7 Average velocity and variation of velocities and torques

Average velocity Variation of velocity | Variation of torque
Human 3.25rad/s 0.29rad/s 0.58N-m
Load 3.15rad/s 0.12rad/s 7.7IN-m

Table 3.8 The power relationship in the power assist system

Human Assist motorl Assist motor2 Load
Power 7.1W 16.0W 7.1W 23.0W
Percentage in input power 23% 54% 23%

4 NDOWEERFTA, B, C, DNTXTT 2 FBRAE RET o —bOfE Rz~ [ 3.8(a)~(d)IZITd L
DEEBEZ FAT 357260 W B ORE MR 22 LV FHR L7 A B 27~ L, 1% 3.9(a)~(d)IZiZ ML
7 DEBEA T T 572DV OFEREF ZI VR LML E8E4 R L, K 3.10(a)~(d)iz
FRQNCLVEFF LI A AR OB OBRERL, % 3.9 L¥ 3.11 BLUFE 3.10 (21E 7
T—hORERZ R ERAERICBWT, R S EILEET S 72 L UG A IR A EEL,
T —hOFERTHHFER 3.9 (21X “Abandoned” L EWTHY, FEBRFERAF T/ T7IITHIEL
T BRI 248 RITRL TRU .
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Fig. 3.9 Torque variation in the experiments of

the speed-torque combination mechanism
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Fig. 3.10 Power in the experiments of
the speed-torque combination mechanism
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Table 3.9(a) Result of questionnaire by subject A

No. Questionl Question2 Question3
1 1 1 2
2 1 1 2
3 2 1 2
4 2 1 2
5 1 1 2
6 1 1 2
7 1 1 2
8 2 1 2
9 2 1 2
10 3 1 2
11 2 1 2
12 2 1 2

Table 3.9(b) Result of questionnaire by subject B

No. Questionl Question2 Question3
1 1 1 1
2 1 1 1
3 2 1 1
4 1 1 1
5 1 1 1
6 2 1 1
7 1 1 1
8 1 1 1
9 2 1 1
10 1 1 1
11 1 1 1
12 1 1 1
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Table 3.9(c) Result of questionnaire by subject C

No. Questionl Question2 Question3
1 2 1 1
2 3 1 1
3 3 1 1
4 3 1 1
5 2 1 1
6 2 1 1
7 2 1 1
8 2 1 1
9 3 1 1
10 4 1 1
11 4 1 1
12 4 1 1

Table 3.9(d) Result of questionnaire by subject D

No. Questionl Question2 Question3
1 1 1 1
2 1 1 1
3 1 1 1
4 2 1 1
5 2 1 1
6 2 1 1
7 2 1 1
8 2 1 1
9 2 1 1
10 2 1 1
11 3 1 1
12 3 1 1
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Fig. 3.11 The questionnaire result for comparing human’s operationality
in each experiment

Table 3.10 The questionnaire result for comparing each power combination types

Speed combination Torque combination Speed-torque combination
type mechanism Type mechanism type mechanism
A O O
B X A O
C X A O
D X A O
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Fig. 4.2 View of experiments for investigation of kinetostatic characteristics of the human arm
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Fig. 4.3 Measurement points
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acromion

epicondylus lateralis

Fig. 4.4 The acromion and the epicondylus lateralis as marker positions
for measurement of arm configuration
(Figures from http://www.drakahige.com)
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Fig 4.5 Relationship between generating force and its direction (1)
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Fig 4.5 Relationship between generating force and its direction (2)
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Fig 4.5 Relationship between generating force and its direction (3)
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Fig 4.5 Relationship between generating force and its direction (4)
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Fig 4.5 Relationship between generating force and its direction (5)
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—fll—with backrest

@ without backrest

180°

210° 210°

() T(0.22,-0.375) (u) U(0.32,-0.375)

210°

(v) V(0.47,-0.375)

Fig 4.5 Relationship between generating force and its direction (6)
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Fig. 4.6 Comparison between the cases with backrest and the case without backrest (1) (¢=0[deg])
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Fig. 4.6 Comparison between the cases with backrest and the case without backrest(2)(¢= 180[deg])

J
210



FBRAE R IO RIVONLE, OFAEFNCE AT ORESNDREEL>TNDHIEN
3D, [RIC N RV OALE CIERTBEO [ & &) DOFEA ST RN L CODRFEI L 5 & &t K&
RN EFAELTNDIENG DD, ZHUTIBEEI O i & _ERED S E - N EEE O3 A ML 2125
EANSIFEFBEIN TNRVDNLEE LN, hOEBRTHOLNERDZ LD, B O i
BN RO EERY X ERBo JE RO R - NEREB) L CRER ML AR AT HI 8T
TERW. LeLaiiomEE o5 AT mE —BHS TR 4.7 (SR IICH BT o A &%
90[deg]iZir D3 HZE T, MOFAENML I/ NS TR/ RER N2 T HIENTE, Mz
JEAR RS MR « NERS D R E 2 A& I KBRICH WD ZENTE LD TRAENDREL D, 2D
EX0 NRIE RIS Fi, 8 BB O EE BT TR E A ELESE, NSRRIV UM
AETEROWBEEZE DT AICAHEDBDDLRNIIINCL, RERNERETHIENTEDLLEE
IZLTND.

4.6 SO HT-NDBHLGEEIRNGE ORKIEE & T 58, K E-2%ED ¢=0[deg]
Lp=180[deglZ BN TELDOHE R TIEE LN WA I E T N/ NSLTe o TNAZEN
53035, ¢=180[deg] T IZBIL TiIEb I b %2 T HZENTEIRW T EEOF %L
TAHRLTLED, BAENNNESR->TND. ¢g=0[deg T ICBL TEEb - nb o5 A1 B2
HE2%FICBEL T EERZELIAUTH LT C, KEHBTWS. o, Bhioniba 5613
B EEL T NEDBEERICIY EERNEETEOTHEANRLT V. Lo TAMDORAET TR T
NEDR N L TBEZ T HZ LN DT, AR BIEWEHH I T ¢g=90[deg] R g=
270[deg] CEHH =N LOLG A DIFOINRHEHT-NHV DL E LVL TR E TN KEIIpoTNDHIERN
DD, ZHUT EERONAEOIEYEL R DIFE TN RN EX T 2 AT W E A0 D L) 4
BEARIC ERZRIR ST Q012D ThD.

4.2.2 BV ORIE

ARIE T BRI HE T ARG B L2025 RO R EORIEIZ W TR <5, Aok
D EENT ERICAFTET 28 23 [H O AU T2 Z&IC ko TREEND. LL, ZIHLO4
TOFHRADF AR T 22 LI XN DL KRR NEET 5. 22 CRMmICTIE Bk
I IRFEE U CRHRISE S 72 BB L 2 2 GHRIL, BIETML 21280 B D 1 2R 2 T 52
LlZT 5.

handle

Fig. 4.7 relationship between the generating torque in elbow joint and configuration of upper arm
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BAEITN LY OFHIFEBRIE A O b D B8k & b5 K38 A7) 0 BAFR O W TE FEBR AT > TR &
RICAEREZ2 R N B 20T 7o 7=, FHINEIX 4.8 DIz d L 7= U NI FHT B i-#t &I
LCHREFICNENMZATIT). ZOEEBEMNEAERAHIII L. FHAIL-BEfi L2 D
L EBOSMRENER, EBIONIEESME, FiA R 7 I ES) (8 BRI O Bh) &% 5125
E®) e BEEIOME), MBEEOE il METHD. ERICEKITD Eiosbs - Nz, Eiz
AiTAEE ECEBS W CEHIIL 7. BB ORI EREASEAE T &2 5 45[deg) %723 LH1ZL T
1To7-. % 4.2.2 THOFEBRLFRICSKIECT D202, oS s Niis, JER ORI~ L2 O
HE A 90[deg] T B &Iz L7z, oD s iE - g Eid A EmE B TREIL 2V ISI~L
Tz _—2ARICEEL (X 4.8 208), % 90[deg)lZ B 7R BECHHIIT5. I BIEI o i fif
b EBRSBEIL A2 WIIICEE L. £, 2 TOFHIICI W TRIBEZEIPNALE B SO F i o
[EEAE 45, FHANEA B AR 30[deg] = LIc B LS TiTo 72, Ko i Egom
i 61, [BIER 6, JRHA 6, ORI Z o &5, K 4.9 ITENENOEB OB Z R
4.9 HD Fi(i=1,2,3 )3 REN L THRTA T H%2FKL, d 132024 B o alixh
DFEBEA R

FHUL7= & BIfI L O FBREZ X 4.10 (7. 725, 7,(i =1,2,3,4) 1= Eh, EiolE
5, [EI5E, B, FMOEMONrE2FRT. 777 RO fIESEREE SN D727 1I233k
AT TAAE LT D THS.

force sensor

Fig. 4.8 View of measurement of the joint torque
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(a) Abduction and adduction of the upper arm (b) Outer rotation and inner rotation of the upper arm

45[deq]

(c-1) Flexion and extension of the upper arm (c-2) Flexion and extension of the upper arm

(d) Flexion and extension of the elbow joint

Fig. 4.9 Schematic view of the elbow joint and upper aum
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(a) Abduction and adduction of the upper arm
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—0o—— :outer rotation
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AL e
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S
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10 |
| | |

] ] ]
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(b) Outer rotation and inner rotation of the upper arm

Fig. 4.10 Relationship between joint torque and joint angle (1)
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(c) Flexion and extension of the upper arm
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| |
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(d) Flexion and extension of the elbow joint

Fig. 4.10 Relationship between joint torque and joint angle (2)
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ANHEO LR DR OALEAK 4.11 (TR T

RS ERIEE) D 372 I = A4 55 B (m. deltoid(middle)) - _E % (m. supraspinatus) CT%.
0 1=120[deg] LA L= TiZ LW o KE i 38 B O JF Lt L TL EVy, = ) H1 &8 (m.
deltoid(middle)) - #k A5 1LY B A SRS EDZENTET, FEEMIB/NEIp>T0ND. 0,
=120[deg] VL ETIFE FE BIAEN EFIZ ERDHZET EENESEAZENTEXHNFATIL
/NEN, BB NERTEEY O F 72 75 KM A% (m. pectoralis major) - 2 75 /7 (m. latissimus dorsi)
&5, 0 1=90[deg) LA ETIZRIF OMEHES & Lo mENIZIXFRCIZ/25720, EROWNERK
NNFTNELT2 > TLED. Lo T EBIO S - NEESE) IS OALE D E KD LD EZ T T AT 038
SLIRDT D3 IND.

k- -
T (m. supraspinatus) = 475 KNI

. . (m. pectoralis major)
(m. infraspinatus) (m. deltoid)

i AR
(m. biceps brachii)

- 55 0 HE
ih
(m. teres major) - = 5E

(m. triceps brachii)
/N

(m. teres minor)

BEA T A
(m. flexor carpi radialis)

AR TR A 75
(m. extensor carpi ulnaris)

Fig. 4.11 Position of muscles of upper arm ©
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T = 5H T
(m. triceps brachii) (m. biceps brachii

e (radius)

R (ulna)

Fig. 4.12 Bone and muscle in elbow joint

R4 heiE S o £ 2R i A T A (m. infraspinatus) - /NI (m. teres minor) T, Zih
DO _EZO B OEEIH DO LFHREVE /NSO T, EREOSMEITIE AL 223
NSV, ZOZ LT 45 IRV THIBIO M E T U CHRE BT DR AT B NELTeoTNDHIEN
OOLIERTES. BN EB)O F22 5 AIEE B T Hi(m. subscapularis) Téh 5. F4 g - e
BE 0 MREWVIZETEH TN KERNE T ZENTERAETTHRE>TNS.

oD Je dhEE) O 2R IO M i -« =4 7 - & A BEA (m. coracobrachialis) Td 5. i
JEAR A FE 0 5 2% 0 5=0[deg] 3T D EE KM - ZAFHNELITR R EHTENTES. Eio
fif R EEN OO 25 T = A AR 1R - K (m. teres major) - 357 Thb. 03 REVEED S
=A% B LT KRERNE T ZENTETND.

Jist oD Ji i E Eh oD 3= 72 5 P _E G A% (. brachialis) - L —8H#% (m. biceps brachii) Té 5. 0 ,=
70[deg] D & 5 A Dl & & RUE (ulna) B2 (radius) D [ E 3T (EIZ 72V X 4.12 73D D5 59K
ERE—AVNERETHIENTEDLO TRAEMIZIIRE 2o TS, FOMIEOFE/255 A
g = HE (m. triceps brachii) T o, MBI TS EEIE L Z ) & UE B OmENIE
IE—E L TLEWRAEMNL YDV NEL 2D,

ZIT, RFBAENTFEORITTHELERINTHE TS, EROMMKEMNAZX 4.13 (TR-T.
RIS I L2 WIS EEL, N RAENLTCREEICHEMZ, TEO% RERGHE BT
itz 55 7% 335, LIz 2L EICFE CRAELTWD ML EZR M LT, FHIE3IE T
7z.

RIEBROFERE T RIEET)OREFEBRIZIBNVTFEPEAEL TODML Y DR RKEZE 4.11C
R, Il RFEAETOWEERICBITDLFENREL TWDLMLY O RIELIE, £FHA
BT, FERAET ORI M EIZRE LK% F 5 ORET LML EO Y Tk
RKOMEERL TS,

BRRFEAETIOPEFEBRICEBITHTE OFAENLV I IIARERR CRD 7225 AU B\ Tt 2
IHINT I NENZER DD, LTeHR> TFERICB T DR RFELE I FREE )T H AL
STHFISN TN ERH LN TH .
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Table 4.1 Torque of the wrist which can withstand in isometric contraction

7(Flexion)[N-m] | z(Extension)[N-m]
1* measurement 10.90 11.80
2" measurement 11.32 11.80
3" measurement 11.39 11.66
Maximum value in the experiments in 4.2.1 7.484 9.047
and its coordinate (0.47, -0.375) (0.47,0.125)

777777 VL4

(a) Flexion of the wrist (b) Extension of the wrist

Fig. 4.13 View of the experiments for measurement the torque
of the wrist which can withstand in isometric contraction

4.2.3 PEE R DRNE

EREE RN R LTOIRBE TR AE TED N JVB R IS TR BE TR AE TES 1130
&%, AU DGO S K0S K& )% FHTRAETHILIITE VDL THS.
ZITCIORNEZEBL, FRTRETIILEOTEXLRRKO N EFMEETD. i FICEST-
WHETHRAET D NN, LERRHRENIRBICB W TRETRAET L HIVE/NSUVMEE2 /)
DOFH AT, FEENSD KT R+ 350NN T2DIZ/hELI2 o THDDOTHY, ZOLEDOEIT
JEH DR INC T HEBZZONE. T CINE IR NEMNESTECT 5. RETIIER X )
AR T D720 DO FEBREIT T FE ROV TR RS, 7eds, JERIDOWEIICZITHZEDTED
RANFIRAENIVERENGEICONW UL TR TRET IO RESEERIK 1T 5. E
BROMENE X2 4 4.14 (7~ BRBRE 12T 6 il ) 2 BT HATe U RV E4RY 45[deg]
FIFET 8 HIZ haE ANIEAENEZFHIILT-. A RIVDALE IR 1A L TORWE X D8 DL E
735 0.25[m]DEEEED SR EEL, #EBRE D 1A HLoT W B O BB OLEIWRFIIHLYD
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RO NERETDHEBEZT, IKIPBAVRAVETORREE N R OESIINEHT HEIIRET
THBRE DL T WIS L Thbodz. ARERRY TRIEESEZHEL, BaElico
F9, ERIEES RN LT T,

FRAERA 4.15 (R T. MREEEE 777 O M JE i O34 S gldeg), FRIT N OKRE
E FremaxIN] TH 5.

R OB D ESDZEDTER\ ) ¢=180[deg) L7 D 5 AT I E v/ &< Fe > T
HIEWNG DD, Fiz, 300[deg]fHTIZIBWVTHIEAE T DVINSK 2o TOD DS, ZAUTAREERTHUW
T FDBEHTZAMERIL TOWDDT, FO7R RN ERBIRD T2 Th 2. 270[deg]f T
XENERIIETHIENTELIEDFAETINRELIR > TWD. Fi b+ K 1555280
AIREZR T NZ DWW COFRENT EOF R A LI DR KA T EFRCETHLEE 2B
5.

remax

handle

reaction force

Fig. 4.14 View of the experiment for measurement of the reaction force from seat and backrest

Fig. 4.15 Relationship between the reaction force and the force direction
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4.2.4 ANBEOEBORAETEHEDOELD
PLEDOFEBRIZEV LN AR OIA TRt 2 BRI T HELL T O Thd.

Q) AMIFOIRAEF IS TR - FMOMLEEEZ, FEMN Y OREZOBEFZDRANFIHL
TREICBILZRAENEREIL TS, 2B, ZORERICLZA, ARFZETIEE 4.2.1 THO
FEERIZB T HEHT — 2 L& RIE RSB T DI OR AT k2% BfiA LT —2~—
ALLUTHEELT-.

() FHETOFRENIRFNOZTONDER K SO RESITHELZIT 5.

() TR TORRKIENITEOREMIIZEDHFIZZ T2,
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4.3 EHHESBREROT-DD AE D L FET IV

WATRG DT — 7  ANSEEN R A A E A O J) FRAEICIE U TRk 2720120, i H
TDNEDI T I ERENFHEE AR T 22 LN TERITIUT RGN, L2AN, 770 7 BREhFE
AT DT OIIT AT — T ANRENSR O G EBE L Z 7230, T2 N0 7 7 ERE)
FBREAT, Fl7e 28N T H L) FIEEATORIT TG T, ERESIEKIZZR>TLEN
FEHBITITZRW. 22T, fEICITHIZENTELFERTHEH 5 AH O EEO T PR AR L,
ZD AR RN COTU VBB EE RO DI LN TED LD 1T T ARLETHD. K
i CIXRTE O EBR TEONZT —ZTHESNT B /12T VAR R T 5.

ZITRETDHET ML, AMOEERASIUT-B 12 A 0IE R CEAHIE, ARIANL L <BR
B CEHIELEFB T LT —T VANRESRORFHIEH T 2L HIITHS. FrZHREITD
WTIXEFEmASEEL DS, AR O TP TOFRA T AR EVMLE - J7 10 TIE A FNIEBREIL 077K, 0
HEECDEE 2, MEAZBLEL T, FERTORNE, & F~DORRKIEETNZE>TAHD E
D F 2 Fe T 2L, ZDOT-ODHFEET N EEZD.

4.3.1 fE¥TET NV

ANHOBIE, i, FE D 3 DOREEIZIVERSIVTNDDS, A CRARIEAE NI FIRZE)
NI R ORI Z 2T RN ZERH BN > TNDED T, FHEDEoEpa2 1 >ORIR) 7L
THERD. NEIZIE AL FH L TFEOEESIAELHEL THE AN T KL TNDA,
ZOZEIZEDE OB A EOEAITHNTHY, EDORAN DB LIXIFEALERNEE X
5. Lo THIE FE1O>ORNRY 7638 2 THIRKRIEE T OEALITM N THHDT, KETIX
EREERIBED 2 DDV XS THERSND N O ERROET VEAERT 2.

RET DL EHOET VEX 416 (RT . AIEIOREFRIY, BREEHADZHLLTOLE A~
B350, BETDHANMO LD HFHET AT HESH B P, Py, Ps), LEOMEEE 3 H
HEE(Ry, Ry, R)BEIONOEIELRT HHER)DOAFITHHEZEHTLHOELZ. V7 1 35 5
IESEaOEEI 7 ThD. Ry, Ry, Ry IZZ L Eidshiis- Nz, ShiE - NIE, Ji i oo i
#)2ET ML LTZEHEHE THY, ENHDEHEIIEA L TEY, ZhHo 3 SOXHMBIZEYE
BEiZET LT 5. RAIMNBEEZET AL xHBCTHS. EBio e & ito E s — B
il CdD LR —BAf & E =R SR E e B R L TERY, 2o BEES) ML T
BZHTEMTER, Ko TR JE RS &t o J@ fuEE) LR — P B W CEE T 5F7
Ul NHDSIRESRET 25 6 3R ET 2 IR RS> B, 8 8 ofr @ a4 2&
TIEAZEESE, ISRV LT A TERWBEHEiZ TELZT A LnEoicL, K&k
NEFAELCT VB I D I01CL TV, Zo X573 N OB/ B Ok, 8RO
HULD S EERHE PL, P2, P3IZL> TR BT 5L 012, R1~RE DXHMBZENLH Z UG U TE(L TS
ZETETIMET .

FRD 207 7 BHEET K BIEIOR ANV LR D OB B B LTSRS E
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B2 T, FRICBIDRE 2RO,

4.3.2 FRICBITDFESLBE ML OBEMK

A [E1#EHE Ry, Ry, Ry Ry DA EZ 6=[61, 6, &, 61", MV % =[1, 1, 75, 1] &L, &5 T
0, DFEFEK 417 \TRT . K 417 TiE Ry, Ry, ReZELD THHE Sy ERL T, e,
4.17(a) Tid x il Ik E [ E TR E L, SHERSICT 5720 Ry DR X fif & FATE
2% 6,=0,=0 [deg] D EEZ KR T, [X 4.17(b)id link6 723 y il FATE70% 0,=03=0 [deg]& &
(264=90[deg]L72 7L ETHY, M 4.17(c)i z HSHKEHICTRE CFAfMELL Ry DBEIEREIAS 2
il AT L72% 01=0,=0[deg] DEE A KL TS,

Fig. 4.16 Kinetostatic model of the human arm
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(@) 01 (0 2=0 3=0[deg])

(€) 03,04(0 =0 ,=0[deg]D LX)
Fig. 4.17 Definition of the joint angle

P1~P3 DEEX B Z [ E LR BZ E 2.5,
[FIEREHE Ri~Ry DMLY e FHEICBIT D5 4T F=[F,,F, F.] BLOHRI ZIZhnDE I
FDBAEIMV Y g( 0 )OI 3X 4 DFTHIR J(O) % VT (4.1) D L7 B 85,
r=J (O)F + g(0) (4.1)

K@AD)HFD I (0) 2X@2QDI KT L, ZOHSYa, (=123 j =1,2,34) 1FX@3)D I
FHD.

J=lay ay ay ay (4.2)
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a,, = 0 \
ay, =15(-86,56;) +1;(-S6,5(6; + 6,))
a, =1,C6,CH,+1,CH,C(0, +6,)

a, =1,C0,C(6,+6,)

a, =1,(S6,CO, + CO,56,50,) +1,(S6,C(6, + 6,) + CH,S0,5(6, +6,))
a, =1,56,C0,56, +1,56,C0,5(6, +6,)

a,, =1,(CHSO, +S6,S0,C0,)+1,(COSO, +6,)+ S6S0,C(0, +6,))
a, =1,(COS(6, +6,)+56,50,C(6, +6,))

(4.3)

—

ay, =1,(C6,CO,-56,56,56,) +1,(CO,C(6, +0,)-S6,56,5(6, +6,))

ay, =1,C60,C0,56, +1,C6,C0,5(0, +6,)

ay, =1,(-S60,S6, + CH,S0,C0,) +1,(-S6,5(0, +6,) + COSH,C(6, +6,))

ay =1,(-S6,5(0, +6,) + C6,50,C(6, +6,)) )

ZIZT g, HIXX 416 1IZBIFDHVT 6 EUY T DRI THY, ZOFMEIIHERE O Lo RS
BLOHIBIORSELZ. 7235, sin(d,), cos(b,) 1z SO, CO L TRFLLTWD. £,
BNV g(0)XV 7 6LV 7T OEOE ERBS I ORIBOENENOE &NEF L TFET
HLL TRk, EBBIOHBEO BLOME e, Lo (EFNTHO YRR % AR O E
2B ETRD .

4.3.3 HIRSERH

WETHET NEHOTREORKRFEAETZRODER, 4.2 HiTITo7ERITBWTEDLR
T2 N D B D 122 R % S 3~ 2 XA PL TR T 3 ORISR A E AT 5.

B AEEHBE DI AT 512N T, (8.4 TRTIHRHINE S 25.

“Tromax < Ti S T max (4.4)

Tiemaxr Tymax 1L EAVERL 4.2 B CHEBRICIVFHAIL =& IO ML OIEAH (GE : S5, SME, JE
ih ;B NS, PBE, () OffaeHif o i KA % BIRi O A JE 6, DREE L TAT AU AL T
KDHD (K 4.9 OIFHR) THY, FBEFIA OB THD. 0, BELD Py OENLILFHEOFELE (x,,
Vo Zp)E IDFEAT7 B gD B THY, FEBRIZKVFHHILIfEAE AT T A AL TR THWS.

AN ORI 2 BEIfH 2130 EL T2 AN T2 — 2O B # 3 O Tidid, —>
DFHFRPEI ORI LT\, 22T, AR TIXHLBE OEE N e KD ML 7 &3 /E
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L CWBEXIZRIFFIZHI ORI BN TO IR KONV ERETHILILTERWEE X2, ZORE
ZET WK 272012 (4.5) TRINDE S n, 2 H, K(4.6) TRENDIORHIFE 52T,
A AR RHBEO I E ML Z IR T 5.

O ( szemax—T <szfmax)

n,=40.6 (kT my ST <—kyTimas k 2Tirmax <7 <kr,fmax) (4.5)
1 (Ti < leiemax'k Tlf max < Tz)
D on <2 (4.6)

LR 134 BIRESHE TIAET DIV 6D Tiomax 38 KO tiimax \ T T DEIE &k, ko DR/NEAFRIZE
DIERRESIL, TOFE 2 2B TUIRBRWELTZ, ZHUZED, HHRHBETZOEIG ) ky 28
RT1% 6, EDEIGI kR HZEDOTELIMBIT—2721T LD, Fo, HORMEN k2B XD
By, FRO ZODORMALY ke R HZLITTERL2D. @ DH)ITHBITD n OBUED 53 ALT 5
1@“2 7o EVTERAE AL LICETHRRIC VIR D Teb DO THD. ki, k 13(4.7), X@.8)TERIND
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k, ={0.5—-0.1cos(¢ — a)H{~(x, —0.6)* + 1} (4.8)
o= tan’l(yp ! x5) (4.9)
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Input handle position (X, ¥,),
generating force direction ¢ and initial force F

I

Read prismatic joint displacement from
database

l

‘ Calculate the joint torque zby Eq. (4.1) ‘<—

Add finite force §to F
F=F+§f

Fig. 4.18 Flowchart of the process for calculating the maximum generating force
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ZEHAIL, ZAUC KBS A EZ L TODA, ZOXHTRD -4 EITE T L TERSN
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Table 4.2 Mass and length properties of the subject’s arm

mg

my

lg

I

log

lo7

1.70kg

1.01kg

0.25m

0.35m

0.13m

0.13m
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72

—: Simulation result
with constraints 1), 2), 3)

— :Simulation result
with constraints 1)

o :experimental result

32

Fig. 4.19 Relationship between the maximum generating force and its direction
obtained with simulation and experiment at the position Q(0.32, -0.25)

: Simulation results
—&— : Experimental results

180° 180°

(a) N(0.47, -0.125) (b) F(0.47, 0.125)
Fig. 4.20 Relationship between the maximum generating force and its direction
obtained with simulation and experiment
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SUNTAVRLE 100 BIEEE L THH, R E 1320 EEN BN TS 100 [6 HELDF —Z |2
DN TH B OALE - B M LA R L Z D DR E T~ Tz
£72, 4 4.23 [TEBEOFBIEEORA 2T LIZGHTHD.

Linear guide

Force sensor

Marker

Fig. 4.21 Schematic view of the experimental apparatus for driving along liner path

Fig. 4.22 Marker positions used in the experiment
(Figure from http://web.sc.itc.keio.ac.jp/anatomy/anatomy/anatomy.html)
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Fig. 4.23 View of the experiment
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4.4.2 BEEBEENT
(1) BEDORBPE ik
JRIBAVRIAZHNTTUE, BEANVRAVOALEE RN G52 5NT5E, /N RAVOHED
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BIOEBOPEFTELLT, P DW%E8%5I1c4 5. M 425 OROTT MTONTE
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t=J(O)'F (4.12)
ZEl= 5XT OYartiy J AR D, 22 Cr[n, 1w, 1w @ & T 7] (IS EEiORNL2,
(6, &, 6, O, 6, 6, G IFAEEIAE, F e R IIEEZEMICBIbFRERT. i
X TFIERE R Z $hE O REEUAM I REN TWAD T, FHe 77 FHEEBNIL 5 kT TREINS.
Y A OELLSEITH I & T,
de = J*(8)dX (4.13)
(2R TRIEDWUINENL dX 3O BAEIOMU NN d@ KD, AR EE %R EL TV
ZOFEENT, FRATICOWT, ERTHIAREE YTV 7R Lo H B L
INCRIVONLED ISR E T H U, W CACEICIT 854 O EBRIE LG FIEO
WA M DN BIZ SN T T T B 4.26 1 RT. ZRSDHKE B, BiDBREDIEIZR
@L)NTHEASHIEEZH LI LTS,

(-/' 2 Shoulder
@ iy e joint
Hand  \wrist joint Elbow joint Y /Shoulder

Coordinate system
at rest C— P

Fig. 4.24 Basic model of the human’s upper body (Single arm)
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Shoulder
7 Forearm Upper Joint

0

0 5 Elbow joint 93

PR 7

Fig. 4.25 Model of the human arm

6
Wrist joint

Experimental result Experimental result
0.25k Calculated result Calculated result

0.15F

0.2

0.1f

£0.15

X
Ve [M]

0.1
0.05F

0.05F

- 1 1 |
0.055 05 15  -0.05 :

[N

] 1
Time [s] 0 0.5 Time [s]

0.02

Experimental result
Calculated result

-0.02

-0.04

-0.06

-0.08

01 | | |
0 0.5 Time [s] 15

Fig. 4.26 Elbow joint position obtained with experiment and calculation
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b IO ICHDIRAEAR FEUEL U7 R B OO [xs v 2", B BIEIOMRIALE [x0 yn
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fR O [al#R 2OV,

6 =cx,
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(78 x, 3BLOVE B ON E x, OEMRZ K 4.27 \RL, IO AZENT 6, %X 4.28 127+, 155 a, b,
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LELFEZDOM ST EED TR a, b, ¢ ZKDT=. X428 311 4.29 TVRD-4% ¥ a, b, c DIE
%3 4.6 T

0.04 0.08

Push
Pull

0.06

0.04

x5 [m]

0.02

1 1 1 1 ] 1 1 1 1 ]
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4

xp [m] xp [m]

Fig. 4.27 Hand position x;, and clavical joint position x, respect to shoulder joint position

when push/pull in horizontal dirction
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20

Push
Pull
151
_ 10}
o
3
g
5 -
0
_ ] ] ] ]
5= 0.1 0.3 0.4

xp [m]

Fig. 4.28 Change of rotation angle of trunk 6,

Table 4.3 Coefficients which determine the human body’s posture

a

b

¢ [deg/m]

0.067

0.164

28.8
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BEPEDFMEEL T, WOERBZREL, IO EBERETH LI LTz

FT, HFOFEMEIZOWTRELIZADEBEEFOFFALEIZ OV TIRELIZADE
O P A CIEETOROROEEL L. $72bb, EADOFIRALENORDIZEITE
FHENENOEE B O BT L, RKODHEENIT 85 BRI DAL E D FEBEN /24 T
L, o ele 35172 (1K 4.29)

ZOINTRMD LB G RE LT, LEAENEIUTOWTHIDO RE LR E T S.
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Trunk posture which
include both hand

Trunk posture which
determined based on
position of left hand

Trunk posture which
determined based on
position of left hand

Clavical joint_—
in left side

x | Trunk
zZ

Fig. 4.29 Determination method of upper body

Clavical joint
in right side

Original
posture
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Error [m]

Error [m]
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Elbow
Shoulder
0.08 Clavical joint
trunk
0.06 -
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—_ \//
f\m ]
0 0.1 0.2 0.3 0.4
xp, [m]

(a) push up (a = 45deg)

0.1
—— Wrist
Elbow
Shoulder
0.081- Clavical joint
trunk
0.06 -
0.04
0.02
N
/"I/’f_l—/i ] ]
0 0.1 0.2 0.3 0.4
xp [m]

(c) Pull up (e = —-30deg)

[m]

Error

Error [m]

0.1
—— Wrist
Elbow
Shoulder
0.08 Clavical joint
trunk
0.06 -
0.04 -
0.02
i
h)
el ] ]
0 0.1 0.2 0.3 0.4
xp [m]
(b) push down (& = —-30deg)
0.1r
— Wrist
Elbow
Shoulder
0.08- Clavical joint
trunk
0.06 -
0.04
0.02F //_\\
| | | 1
0 0.1 0.2 0.3 0.4
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(d) Pull down (& = 45deg)

Fig. 4.30 Error between experimental result and calculated result

when human drive with single arm
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S
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-
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(c) Pull up (e = —30deg)
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- - \
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(d) Pull down (& = 45deg)

Fig. 4.31 Error between experimental result and calculated result

when human drive with both arm
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(a) Elbow joint
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Fig. 4.32 Changes of position of elbow and shoulder when push down with single arm
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Table 4.4 maximum reaction force from seat

FoIND | F N | F NI
Maximum 175.60 194.62 31.73
Minimum -180.77 -217.27 -32.50

Table 4.5 Maximum torques in clavical joint

7., [Nm] 7,, [Nm]
Maximum 200.91 182.19
Minimum -159.56 -226.27
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Fig. 4.36 Distribution of 7,y

Table 4.6 Experimental condition for different positions of crank center

(a) Load torque

Load toruge[N+m]
2
4
6

(b) Position of the crank center

No. Xeenter[M] VeenterLM] Tave [N*mM]
1 0.340 -0.155 185
2 0.340 -0.055 175
3 0.340 0.045 16.7
4 0.440 -0.155 194
5 0.440 -0.055 18.1
6 0.440 0.045 16.9
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Fig. 4.37 Relationship between standard deviation of angular velocity

and the position of crank center
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Fig. 4.38 Questionnaire results for crank driving feeling
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Table 4.7 Results of intuitive evaluations by subjects (1: the worst, 5: the best)

Weight 4
0 0.5 1.0 15
Evaluation 3.3 3.0 4.2 3.8
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Table 4.8 Power relationship of different gear ratio N obtained in simulations

N 3 1/3
Human 9.4W 9.4W
Assisting motor 1 18.6W 7.4W
Power —
Assisting motor 2 6.0W 15.6W
Load 22.0W 22.0W
Efficiency 64.7% 68.2%
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Table 4.9 Power relationship of different gear ratio N obtained in experiments

N 3 1/3
Human 7.9W 8.8W
Assisting motor 1 15.0W 5.2W
Power —
Assisting motor 2 6.6W 16.0W
Load 20.1W 20.2W
Efficiency 67.7% 67.5%
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