070 0ODO000OO00O000O00O00O00O00O00n
Jooodogdboodboogt

ubbooboooboobooboobbobobooboobooobooobbooboobooboo
gooboooboobooboobooboboobboobooboobobobboobooboooboo
gbooboobooooooooon

71 UJUddddoooooooobbbobobbobbboboodoooooa
oooobd

ubboobooboobboobuoobuooboobboobooboobobobboobuooboo
gbobooboboboooboobooobobooobooboobboobooboobooobooobooo
gopbooboooobooooo

0000000000000 0O0O00O0O0OO0O0O3060000000O00OOO0OOOO (O)
uboboobooboobooobooobboooboobooobooboboboboobooboooooo
googoboobooboobooboobboobuoobooboobbooboobooboo
gboobobobob rl,0720000

Body

o7 00000000 07200000

0000000000O00o0o00o00O0O0O0O00O00U0bLO0O0O0O0n (OoD)b0OoooDOo
gbboobogboobooboobboobuooboobobobboobooboobooboo

75



gobooboobobooboobobooboobooboboobooboooboobooboo
gbobgooboobgobooboooooooboboboboboboob 440000000000 DOOO
gobobooooboboobbobooobobobooooboooboboooboobooobooboboooooog
gobooboobooboboobooboobooboobboobDbobbooboobooboo
goboodgboogooo

711 000OO00oOOo0oobOOobOoboobooboobooboonoobo

gboobgoooboooobooboobooboboobooboobooboobobooboobooobo
b r20000000000

000000000 (000)0000O00000O000bOOoO00D0oOODOOoOOOOOoUODOoOO
goboooboobobuoobbooboor200booboboobboobboo0obboooboo
0000000000 (61,6,) 0000000 (4h,x)DOOOODODODODOODDOO

x Iy cos (7r — (01 + 02)) + [y cos(m — 61) —{l1 cos By + la cos(01 + 92)} 1)

z l9 sin (7T — (61 + (92)) + 14 Sin(ﬂ' — 91) l1sinfq + Iy Sin(91 + 92)
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F, 1 —T1 cosBy — T3cos by

= , (201+02 :ﬂ') (75)
F, 2L sin 0y cos by —T sin 6y + 2T5sin 0y + T3 sin 04
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F, 0
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0 71:20000000000000000 [27]

00000000 : r,r 0.040 [m]

0000000 : Iyl 0.40 [m]

000 : My 60.00 [kg]

0000000 : my,me 60.00%0.161/2 = 4.83 [kg]

00000 : Mypper 40.68 [k

000000000000 : I, 0.0663 [kgm?]

00000 :g(-200) 9.81 [m/sec?]

75 = ml%05 + gml cos 05 (7.9)

Ty = —m<(0082 03 — é)l2 + %72)9'3 + ml29§ sin @5 cos O3 — %gml cos 63 (7.10)
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4000~ e
A 6y = /4 [rad]

65 = 1/6 [rad]
6, = /3 [rad]

6y = /12 [rad] )
6y = /6 [rad] 3000+~

65 =1/4 [rad] —
6,=n/3[rad] & 20004 4
65 = 51/12 [rad]
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grrobob0obobn

N = /B + 3 — 20y cos(m — 0) (7.14)
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0.53
o7rdb00000000000000000000O00OOOLOOOOLDOODOOOLOOLOOO 20O
00000000004 =080m/sec000000000x00000000O000O0OODOODOOO
zg=080t+cm(c: O00OD0)000000O077(b)0D0O0O0O0O0OOOOOOOOO @rad D00
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(7.15)

e Lsin ©
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_ an—1 (%G

© = sin (L)
Lsin® = Nsin(O + a)
1

0, = g+6+a—§% (7.17)
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Mf:MgCOS@—F (7.18)
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= (7.19)
F, Fcos ©
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T3 = (.[2 + m2132 + Il +my (l% + 131 + 2l2l91 COS 92))&3
+ g(mzlgg cos O3 + ml{lg cos 03 + 141 cos(f3 + 92)}) (7.20)
T2 = (Il +mq (531 + lglgl COS 92))93 + m1l21919§ sin 92 + gm11g1 COS(93 + 92) (7.21)
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073 000000000000000000

ooooooooono - M 50.34 [kg]

000000000 : 6 0.174 [rad]

00000000 : [z,2]" | [Leos(37), Lsin(37)]" [m]

0002000000 : i¢ 0.80 [m/sec]

gobooboobooboobooooobobobobooboobooobooooboobooboo
0000000000000 000000D00000 (62=0.1745rad) 0000

T3 = 7n02+265wﬂ)¢y+mn(%cmeg+{C%93+%cmq@-+qum}) (7.22)

1 . |
T = mﬁﬂ+O&ﬁﬂwaW%%ﬁ%+5wmmﬂ%+QN%) (7.23)
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3004 800~
6, =2n/3 [rad]
0, = 1/6 [rad]
65 =1/4 [rad]
65 =1/3 [rad]

6= /2 [rad]

65 =2mn/3 [rad]

6 = 1/6 [rad]
© 6,=m/4 [rad]

6, =m/3 [rad] —
T e=n2 [rad] 2 400+
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600+

1004

z, [Nm]
(e

“N
-1004- 2004
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04

=300+

100 100 100

100

1100 T -100
d 93/ dft [rad/sec] & 03/ ar [rad/secz] d 93/ dt [rad/sec] & 93/ dr [rad/sec2]

() 000000 (r3) [Nm] (b) 00DOD0O0O (r2) [Nm]

gr90bodbboooboobooobuoobboobboobboobbon

079000000000 (i) J0D00O0ODOOO (ég)DDDDDDDDDDDDDDDDD (12)
gbodgbooobaobodan (0%)DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD

86



gobooboobooboooobobboobooboobooboobboobOoobooboo
gbobodgboobboobooobboobuoobboobuooboan
ubboodbooobbooboobooboboboobooboboobooboobobooboooo
gobogobooboobooboobbooboobooboboooboobooboobooboo
gbbooboobuooboobbobobuobboobuoobuooboobbooboobooboo
gboobooobbooobooboooobooboobooobobooooobooobooboooooo
goboobooobobuoobooobobooboobbooboobboobooobo

74 UODU0U0ooboooooobbuodooobobboon

74.1 O000OO0O0ODOODOOOO

gooboooboobooboooboooboobooboobbooboobooboobooobo
00 (¢¢=080m/sec) 00000000 DODOOOODOOOODOOOOOOOOOOOOTI0O00OO
3000000000000 0DO00O0ObO0O0O0o0010secO 0D ODODODODODLOOOODO
gbobddl00secddbobooonobooobooboobboob 1bbobbobobooboo
gr7iobogooo

0710() 00 0000000000O0O0OOOOOOOOOOOOOOOOOOOOOO 73000
0000000 420000000 710()000000000000O00OOOOO 710(b)ODO0C0OOO
0000000O00O0O000000O 7.10(c)b000O0O0COOOOODODO3000O0ODO0O0O0O0O0O0OO
gbobooboobooboooboooobooboobooobboboobbooboobooonboo
710(d) 0000000000000 0O0O0O0O000O0O0O0O0UO0O0O0UOOOOO0O0 7.10(e)
00000000000 0o0ooOOOO0OCOO00000000D (o) DODODODOOOOOOOO
710H))00000000000000000O000O000000O000OOOO0O000OOOOOODOO

gboobooooooooooobooboboboboboboboboboooobooboooobooooon
00000o0o0O000oOO0o0o0oooO0o00 (0)ooooOOoOoDUoOOooOOOoDUOOOOOODOobOOOOO
gboboobooboobboobooboobboobooboobooboobooboobooobooo
gbobobobooboboooooooboby2000boobobobobobooobooboooon
gobodboobobooboooobooboooboobooobuooboooboooboo

742 0000O0ODOODOO

000000000000000000 711000000000 2¢=120m/sec0000000O0
gbobobuobuobooboooooobobobouobobobobobobooboboobobo
00000000000000000000000000000000000DO0O0O00000 7.11(e)
00000 () DOO0OO0OO0O0O0O0O0C0O0O0OO0DOO0OOO0DOO0OODOOODOO0ODOOOOOOO
gbooboogjoobobooobooboboooboboobooboboooboboobobobooob
goboooooo

743 00000 4000000000

O00000004000000000000000000000O00OD0O00 26=080m/sec0000
uobooooboobooboooboboob1obboobobooboooobooooogbooonoon
goooboobobooboboooboboboooboboobobobooobobooboD ot
obobobobobob r120000

87



goobooobboooobobooobboooobboooobboooobbooobboooobo
gboogobooooobor410010000b0oooobooboobooboo4b00oooboobob
0000000000000 00000000000000000000000O0OO0O 712(6e)0000
0 () J0000DO0OO0OOOODODO

gbbgoudboobbooboobbobobooboobbobobooboobboobuoobo
uboboobooobooboobooobboooboobooboobooobboobooboooobooo
goboobooooboobooooo

88



600
OO
05 E‘ o4 ¥
Q
2 200 =
'g / :é L ..M...‘»u
~ / g aanerer
£ 9 — 2 0 e
= ° st
g // - § M..“‘”'.'M yosre! Fx
=% =) esvaretst”
| g 2 -200p - F
g V4
-0.5 x 5
°z -400
1o 0.2 0.4 0.6 0.8 1 -600y 0.2 0.4 0.6 0.8 1
Time [sec] Time [sec]
() DODOD0OO0ODOOOO [m] () DOODOO0O0DO0D0OO0O0O0OO0OO0O0 (Fy, F,) [N]
el 40
z 40 - 7, (Ankle)
% 30 Z 30 - 7, (Knee)
e — -
----------- T o
o I e —— e I N B P D
'g O e e B O
B " R o 5
£-10 T 510
° 1 =
& <2
%20 T, £ 20
=t T =
g -30 s . £ 30
g --- T+ T, (Hip) -
S -40
= 0.2 04 0.6 -= Tyt T; (Knee) 0 02 04 0.6 0.8 1
Time [sec] Time [sec]

()bbOOOODODOODDOO0 (I1T2.T3 (q)0OO0O000OD000000000 (r3,7)

Ty + 15,15 + T3) [Nm] [Nm]
0.04 & o]
0.03 ?s" 7 (Ankle)
el
0.02 2 104" % (Knee)
0.01 / o ‘
g 0 ‘g 0+ \
s g
-0.01 3
g -101-
-0.02 ,/ &
-0.03 3%8 P 10
5 0
-0.04 e o0
04 02 0 02 04 06 d 6/ di [rad/sec] P 0. d [rad/sec?]
Hip potision x [m] 3
OXslslslsislsisls)sls)sfs)sfs)sfslska]ula]n () 000 7,»,00000000 (61)0
0000000 () [rad] 000 () 0000000 [Nm]

0710 000000000000 (2g = 0.80 [m/sec))

89



1 ‘ ‘ ‘ 600
......................................... __ 400 i
0.5 e - N e A R B
— T ———- :
B g o ',...»"""" sasssserass, )
= / RS} e
S 0 - 5 0 e
Z XG g e . F
,;? / —; *otetessanseaes songorr Fx
/ Z 5-200 < b
0.5 o ° &
°z -400
1o 0.2 0.4 0.6 0.8 1 -6005 0.2 0.4 0.6 0.8 1
Time [sec] Time [sec]
() DODOD0OO0ODOOOO [m] () DOODOO0O0DO0D0OO0O0O0OO0OO0O0 (Fy, F,) [N]
) 40
z 40 _ 7, (Ankle)
E £ 30
£ 30 Z, - 7, (Knee)
2 20 £ 20 ‘
Q
: :
S 10
El| Bl
50 R ——
o, o
E-10 % -10
3 3
.20 220
£ b
8 -30 : =
z - T+ T, (Hip) g -30
S 40 -
=0 0.2 0.4 0.6 - Iyt T (Knee) 4% 0.2 0.4 0.6 0.8 1
Time [sec] Time [sec]

()bbOOOODODOODDOO0 (I1T2.T3 (q)0OO0O000OD000000000 (r3,7)

Ty + 15,15 + T3) [Nm] [Nm]
g
0.04 RV I—
0.03 = ER
0.02F e S 1ol 2 Ko
_ 001 - g .
g - g L‘a " ‘ \—-‘
s ! E
-0.01 pr S 104
-0.02 : 5
-0.03 % S P 10
-0.04f" = 0 10 -10
-0.4 -O.I%I' 0 [ (}.2 0.4 0.6 d 0,/ dt [rad/sec] & o,/ df* [rad/sec’]
1p potision x [m
OXslslslsislsisls)sls)sfs)sfs)sfslska]ula]n () 000 7,»,00000000 (61)0
0000000 () [rad] 000 () 0000000 [Nm]

0711: 000000000000 (2g = 1.20 [m/sec))

90



: X
G
G
0.5 ° X
° z
e
g o / / / //
E /
g / / / / / /
= /
-0.5
_10 | S ; .
Time [sec]
() 00000000 [m]
B T
Z. 40 .
s 2
o
£ o
o 20 e T T, (Hip)
2 - P P " o]
& Lok a7 S e - T+ T, (Knee)
% 0 7 /AI'."I L /E,n g ‘/"LA‘ ,,,, -
2 —10:;/——” B el il
g
%20
L
8 -30
&
5.
= 4(}0 1 S : )
Time [sec]

(cgOOO0ODDOOUOOOODOOOO (Th,Ts,Ts,

0.04
0.03
0.02
0.01

Ty

+ 15,15 + Tg) [Nm]

o [rad]

-0.01
-0.02
-0.03
-0.04

/

-0.4

-0.2 0 0.2 0.4 0.6
Hip potision x [m]

() 0000D000000000O0OOOOOOOO
0000000 () [rad]

600

W

200

L /
YAV A4

-200!

Ground reaction force [N]

-400

-6005 1 2 3 4

Time [sec]

() 0DDDOO0O00000000 (Fy,F,) [N]

IS
<)

7 (Ankle)
- T, (Knee)

(98]
(=

[N
(=

—
S

—
=)

)
S

&
S

Joint torques for motion of a leg [Nm]
=)

IS
=

1 2 3 4
Time [sec]

(d0000000000000000 (r3,7m)
[Nm]

20 e
7 (Ankle)
104 * % (Kneo) '

10

.

Torques for motion of the standing leg [Nm]

d 93/ dt [rad/sec] & 93/ dr [rad/secz]

()000 =,»,00000000 (6,)0
000 (f) 0000000 [Nm]

0712: 000000000000 (zg=0.80 [m/sec], 40000)

91



7.5 Uuddoooooooobbbobobobbobuuooooad
oooboboooooobod

obobooobooboobooboobboboboobooboooobooboobooobooooo
gooooobooboborisobooooooooboboooobobooooooooboobob
gbobooboobooboobobooboobobboobooboobooobbooboobooboo
gboooboooboobonobob «0obooboboobobbobboboobob «goboo
gobooooobonoobooboboo sboboboooboobooobooobooobooboobooboo
gbbooboobuoobooboobboooboobooboobobobboobooboooboo
goboobooooboo

o0oooooo0o0oo (F,) 0000000 200000000 (K,B)ODODOOODDODODOOOOO o
gboobobobobooboooboobobooobbobeebobo00 O OD T30 0ODODLDOD
ooobobob 0000 booooogogorad0nD O

gbobooooooobooboboboboboboobooooobooboboboboboboboooon
gobobooboooobobooobboooobobobooobobooobbbooooboboooobooboog
gboboobooboobooboobobooboobooboboooboobooboobooboo
gobobvrv3gboboboboboobogobooooooobobobobobobooobooobooooon
0000000000000 00000000O0 MATLABO SimulinkOO0OOOOOOOOOOOO
ooobonb r140000

00000 714(2)0 0000000000000 0OO00OOOOOO0OOO0OODOOOOOOOOOOO
o000 7.10(c)00000000O000O0O0O000OO0OOOOODODOODOOOO 7.14b)OD0O0D0ODOO
goboobooboobboobuooboob ebboobooboobbobbOobOobOooboo
gbbobbobbobuoobuoobuoobuooboobobbobbuobb0 bbb boboo
gbobooboobogoooooooooobobobor3bobobobobDoooooobooboob
gobooboobooboobbooobooboobooboobobobbooboobooboo
cbboogoooobboobboooboobooboooboobboobboobooboboab
ubobobobooboobooobooobbooboobooobobobobobooboobooobooooo
gobobooobboobboobboobboobu ebbobbobbobbobbobbobbobbo
gbobodgboobobuodgboooboobooon

92



o, 6 6

VANWAN

l l l Tl Load
Compensation of Compensation of T2L
F. . cos a inertia of the leg gravity factor oad
- [}
7,=0 | 7y 7, =0 Ty
- 2 4sin(6, +6,) + Plant Kinematics
an N
T ; + ATy |+ g TTotal it @, | calculation
2{sin 6, +sin( 6, +6,)} |+
1 +yt
- <%
K]
+ ~
s
<3|
~ 1+t

o7 0oboobooboooboboobooobobooboboboobobobobobobboboo

- T+ T, (Hip)

Torques for ground reaction force control [Nm]
=)

0 0

() 0 713000000000000000000 (b)000D0O0O0DO0O0O0O0O0OOO0OODOOOOOOOO
00 [Nm]

2 0.4

Time [sec]

0.6

- T2+ T3 (Knee)

o T13

Error

o 123

Error]

0.1

-0.1

Error of torque for output force [Nm]

0.2

0.4 0.6
Time [sec]

0.8

1

ubobooobooboobboobooooboo

0714 00000000000000000000000000000000000000O0

93




7.6 UUoogdg

ubboooboooboooboobooobboboboobooooobooobbooboobooonoo
gobooboobooboobooboobbooboobooboobboooboobooboo
gbobodgbooobooon

gbooboooboooooooooooooooo 3obo40bobobobooboooooooooon
goboobooboobooobooboobuooboobooboobbooboobooboo
gobooaoo

ubbooboobooobooobooobboobooboobooobooobbooobooobooooo
gobooboobooboobooboooboobooboobbobbooboobooboo
gbogbobuooboboodooboobobooboboobobuooboboobobobobg
gbbooboobooboobooboboobooboooboobooboobboobooboooobooo
gobooboobooboobooboobboobuooboobbobbooboobooboo
gbbogbodoboobboobuooboobbooboobbobbooobooobooboo
gbobooboobooboooboobbooboobooobooboobobooboobooobooo
gboobobobo

uoboboooobobooobbooobbboobboooboobobooobbooobbobooobon
gbboobooboboobobooboobbobobooboobooboboobooboboobobobooo
goboboooooooobobobobobobobooooooobobobobobobobob
gbobodgboooobooad

obobooobooboobooboobboobooboobooobooobobooobooboooo
goboobooboogobooooooooboobooboobobooooboooooboboboooboboboboob
gbobooboobboobboobobuooboobboobooobooboooboobobooobg
gboboobooboobooboboooboobooboooboboobobobbooboobooobooo
gboboboboooboooooooooobooooooooooog

94



U8t tUootdbotd

8.1 OO

ubbooboobooboooboobbobbooboobooboboobobooboooboaoo
gobooboobooboooboooboo

gilgbooobooobboboboobooboobooboooboobooboobooboon
gboooboooooooogoobooboboboboooboooooooooboooobobobobobob
gbbooboobuoobooboboobobbooboobooboobbooboobooboo
goo

200000000000 000000O000O0O0ObOOOO0DOOo0bOO00bO00bO00booOn
goboboooooooooooobooboboboboboobooooooooobobobobobob
gbobooboobobooboobboobboobooboobboobooboobooobooboo
gbboobooboobooboboobboooboobooboobboobooboobooboo
0000000000000 O00oO0o0o0oUOoU0O0DUooDooOOooOOoOooOoUOe,[rMoooo
goood

gs3sbodboboobooooooobobobooboooobooooooooboobobobobob
gobooobooobobooboooboooboooon
gbooooooobobobobobooobooooooobobobobobobobooboboooon
gboboobooboobooobooboobboobooboobobobbooboobooboo
gbbooboobooboobobooobooboobooobbobooobboobooboooobooo
goboboooooooooobobobobobooboobooooooooooboobobobobob
gbobogboobboobooobboooboobbooobooboobbooboobo
gbobooobooboobboobooboobobooobooboobooobobooboobooboooo
goboboooobooobooboooooboobooboobooboooboooobooobooobooboo
gbobooboobooboobboooboobobbooboobooobobooboboobooboo
gobooboooboboobooobooboobooobobooboonoboooo
gbob20b00b0000000000000DO0DODOODOOO0OOOODODOODODODOD
gbbooboobuooboobboobooboobooboobbobobooboobooboo
gobodbooboboobooobooboooboobboooboobooboooobg

4000000000 o0ooobooobobobobobboboooDobLDobDobDobobOob oD
gbobobooboooooboooooooooon

g3gobooboobbooboobuoobboobobooboooboobbooobooboaonoo
gboboobooboobooboboobooboobooboobobobobooboobooobooo
gbobooooooooooobooboboboboboboooooooooboobobobobob
gbbooboobuoobooboobboooboobooboobobobboobooboooboo

95



gobooboobooboobooboobbooboobooboobbooboobooboo
gbboobooboobogbooboobboobuooboobobobbooboobooboo
uboboobooobobooboooboboobooobboobooonog

gsbogboboooboboobobbooobooobobooboboboooboboooboboon
g3dgboooobooboooobooboobobooboobobooboobbOon

ugbbobuoobboobboobuoobuoobboobooboooboobboobboobuooboo
gboboobooboobbobooboobbooboobooboobobobooooboobooobooo
goboobooboobooboobboobooboobobooboboobooboobooboo
gboboo40000000DOO0OO0ODOODOOOODOOODODOODODODODODODODOD
uboboobooboobooobooobooboboobooboobooobboobooboooobooo
goboobooobooboooobooboobbooboobboobooboboobooboo

ubbogobooboboobuodoboobbobboobooboooboobbooboobooboo
ubobooboooboobooobooobbooobooboooboobooobboobooboooobooo
gobooboobooboobooobboobooboobbooboboobooboobooboo
gbbooboobuooboobboboboobuooboobooboobbooboobooboo
gbooboooboooboooon

gedbboobooobbobboobooboobooobooboboobboobooboobooon
gopbooboooobooooo

gbooboosbobobobooobooooogooooboboboboboboboboooboooon
gboboobooobboobooobooooboobooobbooboobobon

goobgsooboobooobooboobooboboobooboobbooboobooobo
gbboobogbooboooboobboobuoobooboobbobbooboobooboo
gbboobooboobooboboobooboobooboobooobobooboobooobooo
gobodbooobooboobobooboobbooboobboobooboboon

gbob400000000D0O0O0ODO0ODOOODOODOOOODODODOODODOODOODOO
gbbooboobooboboobooboobooboooboooboobobooboobooboooobooo
goboboooooooogooooboobobobobobooboooooooboobobobobobob
gbobooboobgoobooobooboobbooboobuooboobbooboobooboo
gbobooboobobooboboobooboobbooboobooboboobooboboboboo
goboboooooooooooobooboboboboboobooooboobobobobobobob
gobooobooooo

groboboooooooooboooboobobobobobooboooooboobDooobobobon
gbboooboobooboooboobobooboobooobooboobobooboobooboooobooo
gbobobobooboobooooooooooboooooooooboobooooonoo

ubbooboobooboooboobboobooboobooboobboobooboooboo
gbbooboobooboobooboobboobooboobooobooooboobooobooo
gobobooooooooooobooboboboooooooooobobobobobobobob
gbbooboobooboooboobboobbooboobuooboobboobooboooobooo
gboboobooboobooboobobooobooboobooboobbooboobooobooo
gbobgobooooooboboobooooobobobooooboobobooboobooboobobon
gboboobuogbooboobbooboobooboobobooboobobobooboobooo
gobooboooboboobooobooboobooobobooboonoboooo

96



goobgobooooobooboobooboboobooboobboobobobooboobooobo
gbboobuoobuooboobbobobobboobuooboobbobbooboobooboo
ubobooboobboobobooboobobobbooboobooboboooboobooobooobooo
gobooboobooboobooboooboobooboobbobbooboobooboo
gbobodgboobbbboobuodobboobobuoobboobobooboobobooboo

ubboobooboooboooboboobobobbooboobooobooobbooobooobooooo
gobooboobooboobooboobboobooboobbobbooboobooboo
goboooboogd

ubbooobodoboobbooboobbooboobbodoboo

gooooobobobobooooooobooboobobobobobooooobobobobob
gboboobooobobooboooobooboobbooboooboobooobooboboooong
goboboooobooboobooboboobooboobooboboobuooboobooboo
gboobobubooboobooobobbooouobobooboboobobooboboobobg
gboboobooboobbooboobooboobooboooboobobobooboobooobooobooo
goooboboobooooooboobobooboboboobobooboboobobobobg
gbob2000000000000000000000000000000O00DO0ODODODO

82 [HOOOO

ubboboboobooboooboobboobooboobooboobboobooboooboo
goboobooooboooo

1. 0ggobooboobbooobobooobobooooboooobbooobDbooobLbooon
ubboboodbobooobobooobooobbooobbooobbuooobbooobbao
gboboobooboboobooboobbooboobobooboooonbooobooan

uboobooboobobooooboooobobooboobobooboooooboobooooooo
gbobooooobooobobobooboboboobooboobooobobuobboobo
ubbooboobuoobbooboobuooboobboooboooboo-booobooboo
obooooobobooobboooobooobbooobboooboooboboooobooboo
gbooobooboboboooobooboboboooooboboooooboobooooobobOoDbo
ugboobooobooboboobuoobooboobuooboobooboobooooboagong

ubobobooobboooobbo200bbooobobooobbooobobooobobbgan
gbooobooobooboobboboboobooobooboobooboobooboooboooong
boobooooboboobgobooboboobobobooobooboobobOooDbo
ubooodbooboobobobobuoboboboooobobooobobobooaooo
gbobooboobbooboobobooobooboooboobooon

2.0000000000O0bOO000bObOOoO0bObObOoO0bObOOoOoO0bObooobboOobLobobOoon
goobooooobooobboooobobooobobooooboobbooobboooboo
gbobooooboobooboooboobooooobooboooooboboboooboboobbooDbo
uboboooobobooobobooooboooobobooooboobobooobobooobobaon
goooooobooobboooobboooboboboooobooobboooobboobbOoo
gbobogooooboboobooobgoboobobobooboboboobobobbooDbo

97



gooobooobbooooboboooboboooobobbooobbooobboobobbOoo
oboogoooobooboobooobgooboooboboryoobobobOoobobobbooDbo
ubooobooobooboobooboobooboooboooboobooobooobooooaoong
goobooooboooobbooobbooobbooobooobbooobbooobboo
ubboobuogbboobooboooboobooon

ubbooboodobobooobbuooobooobbooobbooobbuooobbooobbgao
obooooobobooobobooooboooobobooooboboobobooobobooooboobgao
goobgoobooboboobooboooboobbooobooboooboobbooobo

.bp4000000000000DODODOODODODODOOODODOOLOODODODODODOO

boobogooboobooboooboooboooobobooooboboobobobobooDbo
uboboooboboooobbooobbooobobooobooobbooobobooobbao
uboboobooboobooboobobgo20b0b0o0oobo0obobooobboboooo
oobooboboooboboobobsobgbooboboooboobooobooboooobon
uboboooobobooobobooooboooobbooobboooboboonobooo 3baa
uboboobooboboobooboobooobooboooboobobooon

98



oo

1] D0O00,0000 :0000000000,00000, 2005
2] “DO00000O0O”, 00000, 2009
[3] “Handy-1” (O )Rehab robotics O

4] “0000000000O00O0O0OOO DoOoooor,
http : //www.robo — one.com/robo_help/robo_help2.html

[b] “0000000 HAL CYBERDYNEOOOOOOO?”,
http : //www.cyberdyne.jp/

[6] Minayori Kumamoto: 0000 : 0000000000 OD0OO0O00OOODO 20000000000,
oboobogoooan, 2006

[ 000,0000,000,000 :00000 000000000 OOOOOO,0000, 2008

[8] Neville Hogan : “Adaptive Control of Mechanical Impedance by Coactivation of Antagonist Mus-
cles,” IEEE Transactions on Automatic Control, Vol. AC-29, No. 8, pp. 681-690, 1984

[9] Jacobs R, GJ van Ingen Schenau : “Control of an external force in leg extensions in humans”, J
Physiol (Long) 457 pp. 611-626, 1992

[10) 00O O “DC0000000ooooooon”

11 OO 00,00 00,00 00,00 00 :“00000000000O0CHIPROO -VEAOOO
ooodooodooooooooooo -, 00000 ObobOoooOoooooOooOooo oo
00000 Workshop, 2003

12l OO O0O,00 0,0000,0000,0000,0000:“000000-000000
ooooooobooOooy,yb00b0b0 boobooOoUobDoOoboboOoooo ob4000, 2005

[13) OO OO,00 00 : 000000000000 OCOO0OO0OO00OOCODOODOOOODODODOOOO
OO0, 0200000000000000, 1F27, 2007

[14 OO OO,00 00,000 :“0000000OCOOO0OO00O0OOOOOOOOOOODOOOO
0.,” JSME Conference on Robotics and Mechatronics, No. 08-4, 2P2-117, 2008

[15) 00N 000,000
[16) 00 OO0 : 0000000O00000000000000000,0000000000, 1996

177 00 OO0 : 00000000000 000O0DOO0O0O0O0DODOO0OOO,00000000, 2009

99



[18] Sehoon Oh, Yasuto Kimura and Yoichi Hori: “Control Methodology for Reaction Force at Impact
based Only on the Viscoelasticity of Muscles”, The 36th Annual Conference of the IEEE Industrial
Electronics Society, (IECON 2010), pp.1878-1883, (2010)

[19] Takahiro Sugimoto, Hiroyuki Fukusho and Takafumi Koseki : “Calculation of the Maximum Force
Distribution of an Index Finger by using Linear Programming Method”, International Symposium
on Application of Biomechanical Control System to Precision Engineering, (ISAB2010), pp.210-
215, (2010)

20000 0O0O,000,0000,00 00 :“000000000000000O0OO0OOOOOOO
O00000000000oooOO0o0oooo”,00o0000oooO, No.13, pp.181-193, (1996)
Biological Cybernetics, Vol.52, No.5, pp.315-331, Springer-Verlag, (1985)

[21] Neville Hogan : “The Mechanics of Multi-Joint Posture and Movement Control”, Biological
Cybernetics, Vol.52, No.5, pp.315-331, Springer-Verlag, (1985)

[22] OO 0O: 000 OD00DO0OOOOOOO,0000, 2004

23] OO U0 : OMATLAB/Simulink 000000000000 2000000000000000
go,00b000b0obobobo, 2007

[24] Cornelius Lanczos : “The variational principles of mechanics”, (4th Edition ed.), Dover Publica-
tions Inc.. p. 92, New York, 1970

25| OO OO : 0000000000000 00000O0O00O0OOOOODODOODODOOOOOOOO
gbobooboobooobobooboooboboobooob,oobooooobg, 2008

[26) 0 OO,00 00:00000000,000000, 1998

271 00 00,00 00 00 : “00000 -00000000000000 -7 NTS, P.18, 102, 120,
(2009)

[28] Yasuto Kimura, Sehoon Oh, Yoichi Hori : “Realization of Bi-articular Driven Robotic Arm with
Planetary Gear Based on Disturbance Observer,” International Symposium on Application of
Biomechanical Control System to Precision Engineering, (ISAB2010), pp.203-208, (2010)

[29] Ivan Godler and Takashi Sonoda : “A Muscle-Like Actuator Named “Twist Drive”,” Interna-
tional Symposium on Application of Biomechanical Control System to Precision Engineering,
(ISAB2010), pp.81-86, (2010)

100



Jubogdootdboodd

gbooodao

1.

gbo,0b0:b000bbooobobooobbooobbooobobobooobbboobbogon
O000000oooO,000p0oo0oO0D(@on)

. H. Fukusho, T. Sugimoto and T. Koseki: “Flexible and Simplified Motion Control of Engineer-

ing Robotic Legs Taking Advantage of a Human Evolution - Cooperative Simultaneous Actuation
of Mono- and Bi-articular Muscles”, IET Research Journals, Control Theory & Applications [
ooo

ub,0b0,00:b0b0bobobooboboobooboobobobooboboobobobobooboo
00o000oO0o0oo0oU0oOo0ooOo0o,000oooUoo (ooo)

00,00,00,00:000000000000000000000000000,000000
0D(@OO)@ooon)

oboooboon

1

H. Fukusho, T. Koseki, H. KIM and H. Shibata : “Design method and fundamental calcualtion
of a light PM-type linear synchronous actuator for productiong large thrust”, Internatinonal
Conference on Elecrical Machines and Systems (ICEMS 2006), DS4DF1-13, 2006

. H. Fukusho, T. Koseki and H. KIM : “ Flexible Motion Control of a Linear Synchronous Actua-

tor with an Artificial Stiffness and Damping Factor for a Humanoid Robot,” Proc. International
Symposium on Linear Drives for Industrial Applications (LDIA 2007), PS 2.7 (Best Paper of
the Poster Session), 2007

. H. Fukusho, T. Sugimoto, T. Koseki : “Control of a Straight Line Motion for a Two-Link

Robot Arm Using Coordinate Transform of Bi-articualr Simultaneous Drive,” The 11th IEEE
International Workshop on Advanced Moion Control (AMC 2010), NF-003069, 2010

. H. Fukusho, T. Sugimoto, T. Koseki : “Control of a Straight Line Stretching Motion for a

Humanoid Robot Taking Advantages of Cooperation with Biological Bi-arituclar Simultaneous
Drive,” The 36th Annual Conference of the IEEE Industrial Electronics Society, (IECON 2010),
pp.1477-1482, (2010)

gboboooodabobood

1

H. Fukusho, T. Koseki : “Control of a PM-type linear synchronous actuator for an artificial
muscle with arbitrary stiffness and damping emulation,” The 8th University of Tokyo - Seoul
National University Joint Seminar on Electrical Engineering, pp. 93-96, 2007

101



H. Fukusho, T. Koseki : “Coordinated control for a robot arm with bi-articular muscle mech-
anism,” The 9th University of Tokyo - Seoul National University Joint Seminar on Electrical
Engineering, pp. 132-135, 2009

. H. Fukusho, T. Sugimoto, T. Koseki : “Motion Control for a Humanoid Robot with Char-

acteristics of Bi-Articular Simultaneous Drive,” The 10th University of Tokyo - Seoul National
University Joint Seminar on Electrical Engineering, pp. , 2010

H. Fukusho, T. Sugimoto, T. Koseki : “Control of a Straight Line Motion for a Humanmoid
Robot using Characteristics of Bi-Articular Simultaneous Drive and Machine Learning Con-

trol,” International Symposium on Application of Biomechanical Control Systems to Precision
Engineering (ISAB 2010), pp. 163-169, 2010

. T. Sugimoto, H. Fukusho, T. Koseki : “Calculaton of the Maximum Force Distribution of an

Index Finger by using Linear Programming Method,” International Symposium on Application
of Biomechanical Control Systems to Precision Engineering (ISAB 2010), pp. 210-215, 2010

gbobboooobbobodooon

1.

10.

00,00,00,: OHalbach0OOO0OOO0O000O0O00O0000O0000000O000O00
O00000,00 18000000000, 5-050, pp. 59-60, 2006

00,00,00 :0000000000000000000000000C000,0 180000
0000000000000 00, pp. 19-22, 2006

obo,00 :bdbobooobooooboobooDoooobobooobobobobDoboDbo
obobooogoooo,200600000 00000000000 O0ODLDOOOOD, LD-06-73, 2006

gbo,00,0 :0gobooobobooobboobooobboobboobbooooboDb,oo
oooooobooobod, LD-07-14, pp. 69-72, 2007

ogbo,00,0 0000b000b00b000bDbO0o0bO0o0bo0o0obobooDobooobOo0obDoo
gbO,00000 0000b00b0b0bOobOobOobD 100D0D000 bDOooo, 2007

ugbo,d00,0 :-0b0d0bbobobo0boobobooboobob,200r00obbOo0obooOon
ooobooo0 bobobobooboboobooboob bobo. 2007

00,00 :000000000000000000000000000000000000, 0
021000000000, 3-081, pp. 116-117, 2009

obo,d00,0d :bo0boobb2b00b0o0bobooboobboobboobOooboo
goob,b0b0b bobobobobobobobob le0Ob0On, pp. 14-17, 2009

uoo,00,00 :000000D0DOO0DOOOODOODOODODOOOOODODOODOD, O
0210000000000000, 2-73, 2009

uo,00,00 -00000D0O000O0O0OOODOODOOOODOOOOODOODOODbO,0 270
oboooooooooono, 1K2-03, 2009

102



Juogdbootgguod

1. 00000000 (DAAD) OO0 (2007-2008), O : 1000 0 0 O
2. 00000 COE, RA, (2008-2009), O : 180,000 [

3. 0000000 00000 DC2,(2009-2011), 0000000 DO0O0O0OO0DOOOOOOO No.8937
gboboobogbbooboobboobooboboobooboboobooon,
0 :200,0000,0000000 (00O): 700,0000

103



HEN

0000o0oooooooooooooooooooOo0oOdobOO0bOO0bOooooooooooooon
oooooood

000000odo0odooodoooooo0oo0o0ooooooooooooooooon
d0o00ooooooooodoooooooOoooboooooooooooooooooOOooDOoooon
d0o00oo0oo0ooo0odooooooD0oooooo0oooooooDooooooOooDOooDoon
0J00000o0oo000o000o0o0o0oU0oo0oo0oonoooooooDOdDoOoDoOooDOoDOoooon
d0o0ooooo0oooodoooooooOoobOobOobOOobOoooooooooooOoobOOoDbOoooon
0000000000000 DO000oU0oU0ooU0oUooOooDUooDOooOooDOooDOoDOooDOon
J0d0D000o0o0o0o0oo0oo0oooooooooooooog

0000o00ooodoooooOOooDOdbOoooooooooooooooooooDOoooobooooon
d000d0o0dodoUoodooooooD00oDo0o00oU0OoO0oU0ooDOooDOooDOooDOoDOooDoOon
000000000o00o00o0o00o0o0oo0oo0oooooOooooDODoOoDoOooDOoDOooon
d0oo00o00oo0ooooDdoOOoDdDOdbOooobOoooooooooDooDooooooDOooDOooDoon
000d0o00dodDo0o0ooU0o0oooooooU0oDOoooooDoDoooOoooOoOOooDoOog
0J000000000odooooooDO0D0O0DO00o0Do0oO0oooooooooooDOooon
dodooooooo

0000000000000 0oU0oUo0oU0oooooDOoDUODOo0oOooooOoOoon
0000000000000 00DoDO0o0ooDOoo0ooDoooooDooo0oooOoooooOooog
d0d0booobooooo0oooooooooooooooooooooooooooooooooon
d00000o0o0o0odoUooooodooodDO00oo0o0ooo0oooooooooOooDoOoooon
000000000000 0D0od0o0oo0o0ooo0oo0DooooDoooDoooOoooooDoog
dodbooobooooooo

00000000 OODdoU0o000o0o0oDdDoo0oU0o0 Dodoooooooooooooo
0000000000000 ooDOdD0OdODO00o0oo0o00ooo0oO0ooOooOooOooDOooon
d00booooooooooooooooooooooooooooooooooooooDoooon
000000 Doododoo0U0oooooooooooDoooooooooooooooooagon
0000000000000 00000000000000000000000000000DOoOO
0d0d0b00oobOoooboOooooOooooooooooooooooon

Technical University of Munich O Prof. Dr. Martin Buss 0 O O O Prof. Dr. Sandra Hirche O O O
00000000 100000 100 Institute of Automatic Control Engineering (LSR) D0 OO0 OO
000D00o0oooododooOMartinDO0OO0OO0OO0OODOODOODOOOOODOOOODOOO
0000000o0o0o0do0o0doU0oooU0ooooo0oooooooDO0oOooOooDooDOooon
0000000000000 00000D000000o00o00o0o00o0oo0ooooooOooooDnOooon
0000000000 DO0DbO0ODOO00bOO00DbOO00DbO0DOOSandra0000O0OO0OO0ODOODODOO
00o00000o0dododoU0oooodoDoooDdodoDoooooooooooooooooon
0000000000000 00000D0000D0o0000o0o000o0o0ooooOoooDOooDOan
doo00dododooodooooooooo0D0bo0bOOoooooUoooOoooooooOooDoon
0000000000000 o0o0odoooooDOooooDoooooOoooooooDooog
000000000000 00D00000d Dr. Chih-Chung ChenOD OO OOO0OODOOOOCOOO

104



goboobooboooboboobooboobboobooboobobooboobboboboOooo
gbbodgbooobboobooobbooobuooboobboobuoobbooboado
SUNGJIN Royal Motion Col, Ltd. OO O0ODOOO0ODOOOOODOOOODOOOODOOODOOO
goboobooboobobooboobooboobooboobDbobbooboobooboo
gbobodgboobbooboobobooboayd
ubobooboooboobooobooobobobbooboobooobooobboobooboaoo
goboobooboobooboobboooboobooboobbobbooboobooboo
gboobguooboboooboboobobuooboboobobooboboooboooobobdg
gbboobooboobboobooboobooboboob 2000b0b000b0O00b000b000
gobooboobooboobooboboooboobooboobDbobobooboobboboo
gbboobuodgboobboobuobboobboobuoooobooboobobooobooboo
gbboobooboobooboobboobobooboobooboobobbooboobooobooo
goboboooooooooobooboboboboboboobooooooooboobobobobob
gbobooboobboobboobuooboboobbooboobbooboooboboobooboo
gobooboooboobooobooobobooon
gboooooooboboboboboooooooooobobobobobooboooboboooon
gboboobuogboobboobuooboboobbooobboobooboobbooboobooo
goobooooog
gbooooooooboboboboboboboooooobooobooboboboboboobobooooon
gboobobuoboobooboobobooboboboboobobooboboobobooboyg
gobooboobooboboooboobooboobooboboobobboobooboooboo
gboooobobooooobooobobooboooobobobobobobobboboobobOobo
gbobooboobboobodgboobobuooboobboobooobobooboobebnOn
gobooboobobooboobooooboobobooobooboobbooboobon
2000000000000 DOOOODLDODOODOODOOOODOOLOOODDOODOOOODOD
gbobooboobooboboobbooboobooboooboobooboobobbooboooboooobooo
gooboogoob2b0000b0o0oboobbobobooboobbooboobooobobOooboo
gboboobooboboobooooooooboobooooboobobooboobobobobobbobob
gboboobuooboobbooboboobooboobbooboooboobooobobooobooo
goboobooboobboobdooboobboobooboobbooboobbobooboo
gboobobobobobobobb
00000000 (DAAD)D0O00O0D0OOO0O0OUOOOOO00DOOOODOOOOOOD 10000
00o0o0O00OO0d0O00oDOo0DOoOO0OoO00ooO0OoD COEODDODOOooOoooooDoouooog
gbo2008000002009000000000000000000000O0DO0OOOOOODODODO
gogboboooobbooobboboooobobooboboooobobbooooboboooobobooonooog
000000O000D00DO0O0O00 bC2000000000OO0O0O200900000 2011000000
20000bO0bOobOobOob0oooobobobobobDobDobObObobOobOobOobOoDLOobDOon
gboboobooobboobooobooooboobooobbooo
gobgooobooboobboobuooboobbooboobboobooboobobOoobo
gbboobuogbuoobobobboobooboobooboobbobbooboobooboo
uboboobooboobobobboobbooobooboooboobobobboobooboooobooo
gobooboobooboobooobooboobooboobbobbooboobooboo
gbobodgboobboboobobuooboobbooboobbooboobboobooboboo
oboboooboogobooog

goood

105



0 OA 0O00000000000000o0o0gn
Jooodootdboodgboogd

ubooobogbobooboboboobobuoboooboboobobobooboboooan
gboooboobobbooboooobooooo ssboobooobobobDe4boonboobob
gbooboooooooooooboobobobobobobobooboooooboooobobobob
gbbooboobooboooboobboobbooboobooboobbooboobooboo
gobooboobooboobooboobbooboobooboobbooboobooboo
oon

Al 0OJ00O00OOO0OOO2200000000D000D0OO0OODOO0O

gbobobooooooooboooboboboboboboboboboobo10bobobobobboooon
00000o0o0ooooooooUoOo (E2),0(E3) 000000000000 2000000010
nO00000 (D000 L=n1)0000000000000O0O00 200000000000000
oooooooooo gubbodoou s, 0n0boobboOonooon

O (n)=m—cos '3

5 _<n2+1 QSin261—i—2$in91\/sin291+n2—1+n2—1)
N 2n 2n

(A1)

000006, = Zrad 0000000 n000000000000 6(r) 000000000000
(n=1.0)000000 6,(1)0000 (A.1)000000000000 A10000

0Al10000000000000000000 :0000000000000000000000
00000000000000000000000000000000000000000 (r1,7)00
00000000000000 (6,61,6,) 000000 (A1)D0000000000000 sing, O

0 A1: 0000000000000000:000000000000000 6(pr)0000000
000000 6,(1) 00

92(”)/02
n=0.8 1.190

n=0.9 1.075

n=11 0.945

n=12 0.901

n=13 0.866

106



gobooboobooboooobobboobooboobooboobboobOoobooboo
gbobodgboobobooobooobboobuoobbooboaoboo

A2 0J0000O0OO0O0OODO200000000D000
A21 OOOOO

030000000000000000000000000000000000000000000
000 (34)00000000000000000000 (T3)000000 (Tanouwder, Taibow) 0 000
0D000000000000000000000000000000000000000000000
D00 ®00000000000000 r,»00000000000 Fa, By, Fe, Fio, Fey, Fi3 00
oooQ

Tshoulder _ (Fr1 — Fei)r1 + (Fiz — Fe3)r1 (A.2)

Tebow (Fy2 — Fea)ro + (Fiz — Fe3)ra

O000000000oO00oo0o0oO0oU0ooOoooD2000000 (m=2rp)00000000O0O0O
gbobobooboooooooooo

Ty
Tshouldcr 10 2
Torm = = T (A.3)
Telbow 011
T3

0(A3) 000000 »OOODODDOOOOOOOoOoOOooooooooooooooooooooo
000000000 :000000000D0D000000O (3900 (A3)0D0OO0D00OO0OOOO

F, B 1 —T cos 0y — 213 cos b (A1)

2l sin 61 cos 01 Ty sin 61 — 2Ty sin 01 — Ty sin 6;

83

( 201+ 605 = ﬂ')

gbobooooooogoooboobobobo 2000000000 0ob0bobobobobob
gooond

F, 0
- (T, = 2T, T3 = —T) (A.5)
3T + 1o
Y 2l cos 01 lcos 01

0 (A5 0000000000000 0LODO0O0OO0O0DOO0OUOOOUDOO0OUDOOOODOOOO
gbboobogbuoobobobboboboobuooboobobobobobbooboobooboo
00000o0oooooO0o0o0o0oooooo0oooUg (,1T;) U000ooO0O0ooooooooooo
gobooboobooboobooboooboobooboobbobbooboobooboo
good

107



A22 QJO000O0O0ODOOOOOOOOODODO

0000000000 41000 (41) 0000000000000 DOOOODOOOOOODOOODOO
gboobogobooooobooboboobobooboooooboboboboobobob EDODODO
gboobooboooboboobobooooboboobooooobooboobooobooboooobonog

000000 (n,»)000000000OO0O0OOOOOOO (él)DDDDDDDDDDDDDDD
DI]I:ID(éf)DDDDDDDDDEIDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD

gboboodobooobboobooboobobbooboobboobooboobbooboooo
goboobooboboobooobooboboobboobooobooboooboobobooobo
gboboooboooooooooooogooboogooooboboobog 3o 4b0bobobob
goboboooobobooobbooobobooobobooobobooobbooooobobooooog
gobooboooboobooobooboobobooboonboba

108



0O UB 0O00000o0oodouoooodgot
Jooodoodoogd

ugbboboboobooboooboobobobboobooboooboobboobooboooboo
gobooboboobooboboobobooobooboboobbooooboobbooobooonoobg
00000000090 0000000000000000000000000000000000
0000000000 (p)DOOOOODOODOODOO

oobooobouoboobboobobboobboobogb 250 D1-D2,D2-D3, D3 - D4, D4 - D5,
D5-D6,D6-D1 000000000 DOO0OO0OOOO0O0ODOO0OOODOOO0ODOOOODOOOOD
goooboobooobooboooooboobooboboobooboobooboooDoDb1I-D20 D4
-D5,D2-D30 D5-D6,D3-D40 D6-D10 00000 0OO0ODO0ODOOOOOOOOODODOD
gbobooobooooooboobobgobobobobobosbobobobobobobob
0000000000000000310000000000000 (F)0D 2000000000 (¢)
000000 (3.10)00o0oo0ooooon

B.1 00000 y0O0OO0ODODOOO

ooboooboooboobooboobo sai0ogybOObOUODOODODOODOODOODOOD ¢
oboo3booooooonooooogo3ooooooooooo

Case 1 %§¢<91+92, —g§¢<91—|—92—ﬂ'
THh=-T000073000000000

F Fcos ¢ 1 —T1 cos —T5cos 01
F, Fsin¢ SY2 1 Ty sin 6 + 2Ty sin ) — Ty sin 6,
IF ) .
T = 7(—sm 01 cos ¢ + cos 61 sin @)
T, = -1y
lF, . .
T3 = —?(3 sin 0 cos ¢ + cos 61 sin ¢) (B.2)
Case 2 L+0<odp<m, n<p<—m+0, O1+0—71<¢p<0,0<p<b
T;=T0000nLOOOOOoOoOooo
F, Fcoso 1 —Ti cosfy + —T1 cos 01
_ = = (B.3)
F, F'sin¢ S0 72 Ty sin6 — 2T5sin 6, — 17 sin 61

109



U B.l:20000000000000D00

O00O0000d : r,re 0.030 [m]
Oooagoog : iyl 0.20 [m]
oopoooog @ F 50.00 [N]

o0:000 0; [rad]
gooooodood TshoulderaTelbow [Nm]
O0o00ooooog T,,T5,T5 [Nm]
0000000000000 ¢ [rad]
T, = —IFsinfycos¢
3 = T
T, = —lFcosf;sing (B.4)
Case 3 -—71+01<¢<-5, h<op<3

T,=T;00007Nn 000000000

F, Fcos ¢ 1 —Ty cos0y — Tz cos by
_ - — (B.5)
F, Fsin ¢ SWY2 1T sin @) — 2Ty sin 6 — Ty sin 6,
lF, . .
T = 5 (sin 61 cos ¢ + cos 0 sin ¢)
T = 1j
IF . .
T, = 7(—3 sin 0 cos ¢ + cos 61 sin ¢) (B.6)

ubboobooboooboooboobbobbooboobooobooobboobooboooo
goobobooobooboobooboob20bbobobobobobobUu B1IDOoDO

O00000000O0OO0OoOos0.00NOODODDODODOOOOOODODOOOOO (¢) 0 Orad - 27 rad O
gbooboboobooboooooboobooboboobobonooo 20000000 boo0obonog
00000000000 MATLABOOOODDOOO300O000O000O0OO00DO0OO0O0O 100000
00000000000 Hrad00OODDOOO00OO0OOO0B10O00O0OO

0B.10 ()00300000000000000000O0ODOOO0D0ODOODOOOUOOOOOODOOO
gogoobooobobooobobooobbooobobuooobbooobbooobbboooobobog
gbobooooooogoooobooboobgo3doooooooooobooobooobobobobobob

110



é 20 " Tohoutan 2 0 T outder g 20 T " Tonoutar
| * Tetvow £ " Tetbow ER & . " Taow
g o T % “ o T+T, g o T+T,
<10 o T 2 10 ; 2 10 5 -
2 ° 3 g o T+T, 5 o T+T.
2 ' . | 3 g g Y 3
g T -, g 3 K g s >,
% 0 - : 3 0 < ™ 3 0 s :
E - g -, £ R .
=] = < .,
S .-i"'-. g g .f"':f "
2 -10 2 -10 - % -10 -
. s Jo s
£ g-1 s
E E E hoee}
<20 2 3 4 s &2 2 3 4 5 &2 2 3 4 5

Direction of external force ¢[rad] Direction of external force ¢ [rad] Direction of external force ¢[rad]

_ _ 5 _ T _ T _ 5 _ T

(a) 91 = 12 92 = 677' [rad] (b) 91 =7 92 =3 [rad] (C) 91 = ﬁﬂ-7 92 =% [rad]

() 0000000000000 O00U000OO0OUO00ODOOUO0O0DLODOOUOOOOO

%)
S

W
(=3
~ N

~

o

=
R
=

=)

Each actuator torque and joint torque [Nm]

Each actuator torque and joint torque [Nm]
=)

Each actuator torque and joint torque [Nm]

200 1 2 3 4 5 6 :‘00 1 2 3 4 5 6 2GOWQ 1 2 3 4 5 N
Direction of external force ¢[rad] Direction of external force ¢ [rad] Direction of external force ¢[rad]
_m _ 5 _m _m _ 5 _ T

(d) 01 = 12 92 = éﬂ- [I‘ad] (e) 01 = 71> 02 =3 [rad] (f) 91 = ﬁﬂ-7 02 =% [rad]

(i) 0000000000 (Th,T:) 00000000000 (T3) 000000 (Tenouder, Telbow)

0Bl 00000y0O0O0O0ODODOODOOOOOOODODODODODOOODOODODOOOOD
gobooooboogn

0000 3900 20000000000000O0DOOOUUODODOO 3500000 OODODOOO
goboobooboboobboobuooboboobbooboobooobooobobooobobooboo
000000000oooO0O0O00000oooOoOO00000OooOoOoOOO0O0O0O G)oOoo
gbbooboobuoobooboboobobooboobooobooboboobboobooboooboo
gobooboobooboobooboobboobooboobobobbooboobooboo
gboboboboboobooboooooooboooooooooog

B.2 0O00000ooooooOobDO

ugbbobbooboboobuooboobbobboobuooboobooboboobooboooboo
goooooogoo

Case 1 %§¢<91+92, —g§¢<¢91+92—ﬂ'
Th=-TTOooOoTs000000000

Fcos ¢ 1 Ty cos(01 + 02) + T1{cos 01 + cos(61 + 62)} — T3 cos 0y

~ Isin 02

(B.7)

Fsing¢ Ty sin(0y + 02) + T1{sin 6y + sin(6y + 02)} — T5sin 6

111



lF

T = > (cos 0 sin ¢ — sin 61 cos ¢)

T, = -Th

T3 = ! <T1 {cos 01 + 2cos(0; + 02)} — I F sin O3 cos (b) (B.8)
cos 01

Case2 O+ <op<m —nm<odp<—m+0b0, O1+0—71<¢dp<0,0<0¢<b
T;,=T00007,000000000

Fcos¢ 1 Ty cos(01 + 02) — To{cos 01 + cos(6y + 02)} — T cos 0, (B.9)
Fsing Lsin Ty sin(01 + 02) — To{sin 6y + sin(0; + 02)} — T} sin 0,
ILF . . .
T, = > ({cos 01 4 cos(61 + 02)} sin ¢ — {sin 6y + sin(6; + 62)} cos (;5)
Ty, = T
T ! (T{ (01 + 05) 6.} — [Fsinf ¢) (B.10)
_ — — in .
2 cos 91 T COS(01 T 92) 171COS( U1 2 COS U1 S 2 COS
Case 3 —m+th<¢p<-F, 01<o<F
TH=T;00007Nn000000000
Fcos¢ 1 Ty cos(0y + 02) — T5{cos 01 + cos(61 + 02)} — T3 cos by (B.11)
Fsing Lsin 6 Ty sin(601 + 02) — T3{sin 6y + sin(0; + 02)} — T3 sin b
lF
T3 = ?(cos(el + 63) sin ¢ — sin(6y + 62) cos qﬁ)
T, = Ty
T, = _ <T3{2 cos 1 + cos(01 + 02)} + I F sin 6 cos d)) (B.12)
cos(61 + 62)

goobooboobooboooooboobbooboobooboobboboboobooobo
gooooooooooO0oooooooO0oooooooO0oooooOOoOoO0OoOoooO MATLAB
oboboboobooob B20000

UB2000000 B1OUOODOoODOOoOobooOOoOobDoobobOoOoboooboooobouobD2n rad
gbboobuogboobboboboobuooboobbooobobbobbooboobooboo
ubobooboobooboboboboobooboooooobooboobobboobooboooobooo
goboobogobobooboobbooboobbooboobbooobooboobbon

112



2 20, * Thoutder 2 20, - g 20 —
4 * Tabow P shoulder] P shoulder]
! z! T g1 -~
g o I g & ) elbow & Te+ ;
=3 =] o % =] °
g 10 P o T+T3 g 10] 5 o T+ Ty g 10| -\h’ﬂ TLT3
g Pl "“__;a-l-a___m” ™, § o . o THT, g B ° 3
] . oy g = o g : 5
o * 3 *, o - o 5 %
S 0 o s, S S 0 3 %,
g o : %.W"- : ", 2 & o
- /P‘"i < 2 < .
g - g £ s
g-10 g ™ o O N
H g g-10 - .
g g g s
2 2 = B
£ 0 E E

B -20; S ol
=% 1 2 3 PR =2% 1 2 3 PR 2 208 —

Direction of external force ¢ [rad] Direction of external force ¢ [rad] Direction of external foree. rad]

(a) 91:%, 92:%71’ [rad] (b) 91:%, 02:%7‘( [rad] (C) 01:%7‘-7 QQZL [rad]
() 0000000000000 0O000000000O0O000D0D0000ODODO0O0O0OOo

LT
T 20 ! =20 h T T
z h = - 5 c - T
> 1 T > 1 r o 2
% 3 % M) % - T
£ 10 * Tohouder 2 * Tohoulder 210 . T
g T k] E shoulder
3 © Uelbow 8, * Tobow 2 T o
£ £ = elbow
! § s
s B S0
=3 = =
B g g
2 e 8
5 5 ot g
g - é - ‘% -10)
%»15 g-l 8 %-1
& & 3
B 0
20y 1 2 3 4 5 6 "0 1 2 3 4 5 -20 2 3 4 5
Direction of external force ¢[rad] Direction of external force ¢ [rad] Direction of external force ¢[rad]

(d) 01 = %, 02 = %ﬂ' [rad] (e) 01 = %, 92 = %7’[’ [rad] (f) 91 — %ﬂ-? 02 — % [rad]
(i) 0000000000 (T,T) 00000000000 (T3) 000000 (Taoutder; Tetbow)

0 B2 0Jbobobooooobobobooooboboboboooobooobobooooooo
gobooboobooo

113



0 O0C 0O0oooooouoooooooood
Joogdbootdbootdbogoogd
HpN

0500000000000000000O0 (K,B)OOOODODODODUODODODOODODOOOOODDOO
goboobooboobooboobbooboobooboobboobbooboobooboo
gbobodgbooobobodgbood

oooooooboooobooboboooobooobooobooobooobooooo3dgenn
goboobooboobooboobbooboobooboobDbobboobOoobooboo
gbbooboobooboboboboobooboobooboobbobbooboobooboo
0000000000000 00000000000000000000000000000 90

03330000000000000000 (000O0OOOODOOO0OO0)ODO00O0DO0DOODODODOO
O000000000O00000 (32)0000000O0O00CODOO0OOOOOOOUOODOOOOD (k)
0000000000000 0000000000O00000OO (C)0booO00DUooOoOOo0oOooo
gobooooobooobooooooboobooobooobooobooobooobooboooboobooboo
0000000000000 (C3) 0000000000000 DO0O0ODbO 51000 520000000
gbobooboobooboobobobboobooboobooboobobbooboobooobooo
goooooooooogooboboboboboboboboboooooooboobobobobob
gbbooboobobooboooboobooon

C.l OOoodobbuooobboobobboobbuooobbooobobood
HRN

051000000000000000000000000000000000C.10000000
000000000000000000000000000000000 (6,) 000000 (6,)00
D000000000000000000000000000000000000000000000

000000000000 00000000000000000000000000000000
000000000000000000000000000000000000000 (D100)00
Uy, U2 tes D000 00000000000000000 we,upm,us 000000000000000
0000000000000000000000000000000000000 333000 (3.22)
000000000000 0000000000000000000000000000000000
000000000000000000000000000 (3.21)0000000000000000
000000000000000000 (up = uer = tes =v) 0000

Tshoulder 0

Telbow —2ur — 3ukr?A6;

114



000000000000 333000 (3.249)000000000O0DOOO

AF, 0
- 2 (C.2)
AFZ Sukr A‘gl

[ cos 01

gbobboooboobbobbooboobooboobobooboobooboobbo 0000
gobooboogoboboobooboobooboooboooboob3oobooboooboobooboonon
gboboobooboobooobooboobboobuooboobooobboobooboobooo
0000000000000 AF, 00D0O00OO

+
(uf1+ucl)kr2 y
N 6 6 @ ) T Load
(uptua)kr’ 2 1L | .
Compensation of Compensation of 2Load
inertia of the arm gravity factor
Ti| T el %
F' 4+ F: []cosd it T\+T; ;L +g+ £ T Total + + o
O—> 1 A
. 2 Plant Kinematics z
Lt T Lyt + oyt TaTotal 4t 0, | caleulation
<
K
+ N
N
<3
~ 1+t

0O Cl1. 0000000 (F,) 0000000000000 0ODOODOOOO0OOODOODODODOO

C.2 0J00O0O0O0O0ODOO0OODOODLODOODObOObOObOUObODOODOobOODO

gbbooboobouoobooobbooboboboboobuooboobboobooboooboobo
gooboobooboooboooobooooboooooo204bboobobobobobobobo b
000o0o00ooOoOoOoo c2000d0oooOoo00oo0oooooo00ooDooDoooOoooDoDgd
gobodgbooobooboooon

Tshoulder _ _kT2A01 (C?))
Telbow —ur — QUICTQAQI
000000333000 (3.25)00000000000000O0OO
ukr?
AFQ@ _ " Isin6, A01 (04)
AF, Sukr? Ab;

2l cos 01

0(C2)U00 (C4)00000002000000000OOUODDOOOLOOAF, D0D0O0DODOOODO
goo200000000000000D00C0AF,DOO0COO000O00OOOODODODOOCODOOOOO

115



0000000000 0AF, 000000000 00DO0O0ODODOO0DOOO0O0O0ODOOOODOOOOd
gobogobdudgb00b000b0b000bboobooobooobooobuooboboaboban
goo

0000000000 00DOO000O0O00bOoOOo0ooO0oOo cloocc200000D0O0O0OOO0DOO
gbboobuogbuooboobboobooboobooboobbobbooboobooboo
000000 (p)000000000000000000O0O0O0000D0UOOOOOO0oOOO

(Hf1+uc1)k’2
| e 0
Uptuen )kr -2
g TS Gl iy A A A | g
Compensation of Compensation of T
inertia of the arm gravity factor 2Load
. . Tul B Tlgl Dg - N
Fo=0 + o+ yt + yt 1 + 6,
Kinematics z
Plant .
+ + o4yt ot TZTota] + l"’ 92 calculation
A
K
~
N
<3|
~ 1+1,s

O c2z0000bbooooooobogooouobooobooobooboboooo

C3 Oooopobuooobbuooobboobbbooobbuooobobood
Jooobobbgooooobgd

go0ooooOcOoboOooO00ooOoO0U0obDOO00obOOOo0OoOoOd0ODbOOobOOOoOoOooOoOOOoDDo
goboboooboooogooooooboobgobobobobooooboobobobobobobob
gboboobooobbooboooboooboobooobbooboonoo

C.3.1 O00O0OOoopbooooog

000000000000000000000000000O000000 200000000000
000000000000000000000 2500 up,ue,us000000000000000 3
000000000000 000000000000000000000000000007T, =-T;
0D0007000000000000000000000000000000000000000 (D1)
0000000000000000000000000000000000000000000000
0000000000000000 u=ue,un=2uq000000000000000000000
«wO00000000000000000 3.000000000000000000000000000
0000000000000000000000000000000000000000000000
00000000 S, D;,000000 190

Si = ug + ue
Di = wug—uq, (i=1,2,3) (C.5)

116



00000000000000000000000000 (8) 000000 () 0000000on
0000000S8 =nD;, (n:00)000000000000051000510000000000
00000000000 (A6,)00000000000000000 (r)000000000000C0
0000000000000000000 () 000000 (b)) 0000000000000000
0000000000000000000 333000 (3.21)000000000000000000
000 (7)) 0000 (Tisimess) 00000

Tistiffness = Slkr2 = nlerz =nTikr (CG)

000000000 () 0000000000000000000 (K,B)000000000000
000000000000 0000000000000000000000000000000000
000000 (Tastfimess) 0000000000000000 (Thstifiness) 0 0 (C.6) O Tygifiness 1 00 O
00000000000000000000000000000

C32 0J000O0bOOoOobooboobOobOOobOoboboboooobOobOobOoon

gedlibbuooobobooobobuooobobooobobooooooobobooobooooonooo
gbooobooobooobo (k)DDDD17)DD JouoboboobOoboobobooobooobon
obobobobobsubibbObn=50000000000

ooooo0oOo0oO0ooOoobOoOoboOobDoOocciloooooOOoUoDbDOoUDOoyODOUODOODO
000o0o0oo0obooboobodobooooooooooooooooooong 6, =7%,0e =75 rad
00000o00oO0O00oOoOoO0o0U0oOOo0O00OooOO (boooODOOoODOOoUOOobODoOOoOoO)O
1.00kgOD0O0DOOOO0ODOOOODOOOODOOOODOOODOODOOOUODODOOODOOOG3.10
0000000 w,=100rad/sec, (=050 0000000000000000000OO0O0OOOO
gbooooo

117



/DDDDDDDDDDDDDDDDDDDDD ~

1. 02500D1,D40000000 +y,—y0O0O00O0DOODIOOOOODOODOOOODOO
ubbooobooobooobbooboooboboobooobboobooan

2.D10000000DO00DOO0DOOO0ODLO0ODOOODODOO0ODOOODObODOO D40 OODO
gbooobooobooboobbooboobooboobooboobobobooboooban

3. 0000D20000000000,D500,D300,Db60000000O00O0O0O0O0OODO
gbobobpoobobooboboobobobpooboobooboboobobooobon
oo

4. DO0bO0O00o0obOobobOoboOooboobooobobUooboboboobDobobOoDoOoDUuD
(00 z00)00000O000OOOODOO

5. 000000000000000000000000000000O000000000000
0+de2+dy?00000000000000000000000000000000000
0VdX2+dY2000000 VdX2+dY20000 de2+dy2000 20% 000000
000000000000 O0O0DOO0

6. 000000000000 (up +u)000000000000000000 (ugy + tez) 0
00000000000000020000000000000

7. 00000000000005.02000000000000000000000 (ug + tes)
00000000000000 (up+uq)000000003000000000
() 000050 (i)000000, (i) 000 30

N J
000000000000 0000000000000000000000000000000000
00000000000000000000000000000000000000000000 C.3
000000000 S0000000000000000000000c0x00000

0 CO0D0000000000000000000000000000000000000000
(C2)0000000200000000000000000000C.3M 000000000000
00000000000000yOO0O0OO0OO0O0O000000CO000000 yOOOO000000
0000000000000000000000000000000000000000000000
00000 C3(g), (()000000000000000000000000000000000 C.3(a),
(b), (¢)000D0D0O000063.10000000000000000000000000000000
00000000

000000000000000000000000000000000000000000000
C30(g)-()0000000000000000000000000000000000000000
000000y000000000000000000000000000000000000000
00 (upp +uer) 000000 (ug —uer) 0 50000000000000000000000000
0000000000000000000000000000000O (k)000000000000
0000000000000000000000000000000000000000000000
0000000000000000000000000000000000000000000000
0000000000000000000000000000000000000000000000
00000000000000000000000000000000000000006.320000
0000000000000000000000000000000000000000000000
ooo00o0o0o0o00

118



30

[m],

)

ug + Uet)

20

15
Time [sec]

0000 (z,y

10

)

(c

30

) [m],

D5
15 20
Time [sec]
Y

b)0O0O00 (z

10

D4 D2

D1

(

30

) [m],

D5 D3 D6
15 20
Time [sec]
(z,y

10

Dl D4 D2
a) 0000

(
Uf3

30

. Tl+ T3 (Shoulder)
« T,+ T, (Elbow)

20

(

3

e3

+u

g
=3
= &
5 -
ER
2 £
— % O 14
o < 2
S RN
o+
+ |7 5
. . N
— T
. i
I
S "
I | h
|
e} |
Ue \\\\\ o lo
i 2
I
I
I
+ |
\\\\\ . "
a "
S 1
|
2 = o
[wN] ssauyyns pue 30105 Indino 10y sanbioy jurof
o
= @
5
- 2z
EREE
S |g& 5
[
+ |55
(SRS
= |- 1]
~—
0

=0

e3

+u

[wN] ssaugyns pue 2010 Indino 1oy sanbioy jurop

3(Uf1 + uel)

15
Time [sec]

[Nm],

3 + Ue3

U

Ufy + Uel

Time [sec]
(d)0o0o00 (Th+ Ts, Ty + T3) (e)DDODOOO (Th 4+ T5, Ty + T3) (fH)DoooO (Ty+ 13,15+ T3)

[Nm],

Uz + Ue3

uf1 + Uet)

15
Time [sec]
[Nm],
= 0.5(

Uz + Ue3

7
2

B 2

g &

S =

SN2

o e

+l+l

N &~ o
* o

15
Time [sec]
goodoon

p2

\\\\\\\\ =)
i =
I
<
al
““““““““ e in
al
i
|
i) -
< <
S 7
[wN] ssauygns pue 2010§ 1ndino 10§ sanbio],
=3
= @
2| ]
20 I
2 £ ,
g E | |
s 2| 0|
o - — a
| !
ERE S (R J— — K1
Ly FI M I -
LAl ) a
I I
I I
I w1
[J— T— |
R S B e ] [}
T i =
I I
i i
| |
I o
s LS I B =)
) )
R - =y
I (=
\\\\\\\ oo T s
i i
I —_1
[ Al
I I
I I
= IS S IS -2
S < < S
S S T

[wN] ssaugyns pue a010§ dino 10y sanbio],

H
B 2
2 £
S =z
e 2
e
+_
N K
LA |
i i
1 1
1 1
1 o
B - TR o
| |
i i
1 1
i i
S B B =)
' o -
1 1
[ S =
I a o
IR P ] “
T 1
i _
b ey 3
i i
1 1
_ o o IHO
s < < S
(=} =3

[wN] ssauyyns pue 20105 1ndino \_P, sanbio,

Tlforce +
Ugt + Uel)

(
(

Tlstiffness + T3stiffness)
3

Uz + Ue3

(i)
T3f0rce )
Nm],

[

U] + Uel

Time [sec]

(h)OoO0OO0OO0O (Tiforce +
Tlstiffness + T3stiffness)

U3 + Ue3

I,

T3force ’
Nm

[

(ug + ter)

0.5

Time [sec]
(g) gooood (Tlforce +
T3fOI‘C€7 Tlstiffness + T3stiffness)

U3 + Ue3

I

Nm

[

30

2
B B
2 g
S =
L a
7R
+2+7.
=
.o

20

15
Time [sec]

000000 (Thtorce +

10

30

T1 (Force)
. T2+ T3 (Stiffness)|
25

o Tt
20

15
Time [sec]

goooaoo

10

[wN] ssauyns pue 2010y S&:.o 10§ mo._v\_o._._

30

25

3 (Force)
+ T3 (Stiffness)

SN
. T2

.
20

15
Time [sec]

000000 (Thoree +

10

[wN] ssaugns pue 210§ S&Lo 10} mu:F_o._._

ug + Uel)

3(

TQstiffness + T3stiffness)

U3 + Ue3

@
T3force ’
[Nm],
Uf] + Uel

(T2force +
Ugy + Uel
, Uy + Ue2

T2stiffness + TBStiffness)

U3+ Ue3
119

)
T3force )
Nm],

[

(k

ug + Uel)

(

0O C30000000DboOonoooo

TZStiffness + T3stiffness)

T3f0rce )

[Nm], ufg + ez = 0.5

()



gobgobooboobooobooboobooboboo 200boobbooboboobooobo
oooooooboooooooobooooboooboo c40bbobboobooOoOos0obboobboOoUoDoOoO
OO000DOC0OO0O000eOxOOOO0ODbOODODOOOC30000O0ODOOOO0ODOOOOUODOOO
gobooboobboooboobobooboobbooboobobooon

C33 0U00bO0obOobooboooobobobobooobooobooobon

D00000COD0C2000000000000002040000000000000000
0000000000000000000000000000000000000000000000
000 (up+uy) 0000000000000 00000 (up4ue)100000000000000
0200000000000000000000000000000000000000 C.50000
0D000D05000000000000000000D00D00O0x00000

0 C5(e), ()000D0D00D0O00O0O0OOOOOOODOOODOODOODOODOOD0OO0DOO0
00000000000 00000000000000000000000000000000000
D000000000000D00D00000000000000000000000 63200000
D00000000000000000000000000D0O0DOOnod

0000000000000 0000000000y0000000000000000000000
00000000000 00000000000000000000000000000000000
00000000000 0000000000000000D00DO0DOONOd

000000000000000000000000000000000000000000000
0000000000000000000000000000000000000000000000
D00000000000000000000000000000000000000NoOoNoooon
00000000000000

120



D5 D3 D6

D3 D6

D5

D1 D4 D2

D3 D6

D1 D4 D2 D5

0.4

g
o
< — =4 &~ — 2 o —
" PN + _ % + Z % A B
- = B —~ ] —~ > & 9]
— 3 |22 ~ < | Z g% o |E¢g g £
" w“ =
G g o 2= TR 3 € g q I G ] w. 8 &
S - S K £ 2 e S
=+ = ST N SO R S
< S === 18 5] i} o T
] 2o , T o . — 7 g .. s =
o !
- 8 3 ! = .- 3 o K S | — +
8 ~— i 2 —_ = — 2 (] ~ ! 2 O
w2 N - {2 o - oy o Lo 0z @
™ + @
- ” E g O ” - -
= I " = Z, |l = 2 |l " = g
m| , — 0O g ” O =
o = o - oo 12 | @ R = = b------zzhn 2 el
S = ] | 0 O £ 2 | - O 2
= . 2} !
3 L0+ A——— - O + s B e w B s
_ | 1 | i
5 - o OB O 2 0o | -
I I I = 3 | u ~~ 4 u ! — rnlu.
! . - O - = © ! — ®
S — & = ! - 1 ] 8 B — ~— = - o
2 2 2 s 2 2 3 = : - : E S z _ - — N~
[w] uomisod di. [tuN] ssaugns pue 2a101 3ndino 1oy sanbioy yutog S [wN] ssaugns pue 20105 Indino 10§ sanbroy Tn,‘o [wN] ssaugyns pue 210§ Indino Joy sanbiog
—
)
=3 T =3
o A k! — 14
= — — —
@ i + _ 3 + 72 2 [z | | | |7 + "2
- 3z A i s &% J5e| g &
ER: 2 Z
g 8 9 [2E 5 K T €2 8 5 & 4+ [Eal | e P A=
S - S| [N =P L | S =
T T o g 5 & g (55 , 12 & 7
— — Fa R w Fa ™
S > + T T 1z T + . S T 3 S 4"31 2 T &
> _ ~ P - T T = N
i
5= .+ . g s g ST T4
g — 3 g = g " ! g [
ng oy N8 1 S 3 S R SRR e 2
g o E = & £ = 8 T D¢
= A oo O & | a
e} 3 = 4+ =
o O o 12 [ P SR 2 - ey 1o =
= g s O O 2 a 1= S o o
+ + o~ S < O &
O - O - . - -3 ‘
- et & O $—= [ T T O 8
A~ — 1%}
oS O S 5 g =) =
[ —~ &
- — o (] L i=3 =i adl N S ~4 22l
2 2 _ 2 = s T H= TSN
7 —~ T v '
[tuN] ssouyns pue 22104 3ndino 1o sanbioy yutor <) [wN] ssouyns pue 2010 Indino 10§ sanbio ] ujns pue 2210§ 1ndino 1oy senbioy
—~
=
—
- -
< _ 2 _ 2 B = —
s [z + —~ .3 + "2 3 21 0 1 1 T 7 4+ T
~ 7 = — 8 & o O 3 2 ! ! ! ! 2
E e = £ 1 1 1 1 Q
— o |22 - ™ | - g & + g 0 o 9
i 8 S |ty ] & 3 £ 3 ] £ g E & [ S B q S &
il P ~ Sy e P | i i o B
+ |- o + 5T - 2 3 A oo K =
> R - ~ . oty - ~ = RN I | | S
SR~ N - N . S S I e e S poeees DN
- 8 3 , = S = + o T b - +
2 = | | 3 " 7 O . L Z
2 Yol - A T Y= I S RS — o2 2 L e Oy
2 : feley feles Lo = ]
-2 =) : £ o g 0O o T " g 8
£ H | -8 | F Z F E 3 b ! .
ool | - o= | . B3 L . O E
“““““““ ° ] ° I SIS . =
S oo 3| 8 o 3 0S4 | 7 o &
!
S s s o & 5 | | &
[ I a . O L by - N oc B IR I N w2 ] o - .
Ll I_I ! _ l_l O w ] | 0 i Il s ()
—_ ; 1A O P | . i i O I
S o | | e] — & .- b Lo 8
- — 3 = o O s L o o0 % g L S B R S
< = z ' = = s — N - 2 <z T H — K
s = S S > ; _ _ - - & pe z
[w] uomsod dif, [wN] ssougns pue 2210§ 1ndino Joj sanbioy jurop b} [wN] ssougns pue 20105 Indino 10y sonbio . = [wN] ssaugns pue 20105 Indino 10§ sanbio]

ug + Uel)

(

3

)

U3 + Ue3

I,

[Nm
(ugr + Uer

2

Uf] + Uel
, Uy + Ue2

Uz + Ue3
121

I,

[Nm

O C4 0000000DOOO0OOO

(ug + te1)

0.5

U3 + Ue3

I

[Nm



D6
30
m
(Shoulder)
. tZ (Elbow)

[

)

D5 D3
15 20
Time [sec]
(byOOUOO (x,y
2(upr + uer

10
e2

D4 D2
Uu,

+

DI
Uf3

[Nm] Y

t2)
uf + uel)

20

tlv
(

D5
15
Time [sec]
2

10

D4 D2

D1

e

Uz + Ue2

J| A—

(d)0oooo (

S S S

30
[m],
Uel )
s (Shoulder)
. [2 (Elbow)

20
. Y)
+

1

X

15
Time [sec]
(
(ut

)yoooo

2

10
(§]

u

+

| I

a
Uufs3

(

30

(ufl + uel)

U2 + Ue

02f------
-04;

[wN] ssauggns pue 2010 ndino \,_o,« sanbioy E__o_.

() 00000 (t,ts) [Nm],

D6

1

(Force)
\ (Stiffness)|

t

o ____a_]et

s

D4

30

[Nm],

)

uf + Uel)

2(

15
Time [sec]
)yoooooo

10
t1stiffness

(f
tlforcea

U2 + Ue2

(

i
)
<

0.1f------
oaf---R1

[wN] ssauygns pue 22105 :E:ho 10y sanbio],

30

\ (Stiffness)

25

[Nm],

S Y 3 §
I | SO S S S

Ul + Uel

Time [sec]
() 000000
1force ’ t1stiffness )

U2 + Ue2

(

0.1f------

[wN] ssougns pue 20105 S&:.o 10j sanbio],

S (Force)
<t (Stiffness)|

.

20

i
(hy0OO0D0OO

toforce ) t2stiffness) [NHI] )

10

B

[wN] ssauggns pue ao10§ E&:.o 10§ muiﬂoh_

, (Force)

A (Stiffness)

.t

[wN] ssauyns pue 010§ S&:.o J0y mozc‘_ch_

2(Uf1+’uel)
goooooooo

)

U2 + Ue2

(

122

[Nm],

)

Ul + Uel

Time [sec]
goodoon

tostiffness

(2)
Loforce ’

U2 + Ue2

(

O cCs Ob00oooobboonoooo



U UD 0D0obodouoooodouoogd
gooogood

gedtbbuoobbodbboobboooboooboooboooobuoobboobboaonoo
gbobooboobooboobobooobooboobooobbooboboobbooboobooobooo
gobobooooooooooooboboboboboboboooooooobobobobobob
gobodoboobbooboooboboobooobooboobbooboon

D1 ODO0O0O0bobooobooon

uoobooobobooobobooobbobooobooobooboboooboboooobooboooooboo
gooobooboobobooooboboobooooboboboobbobooobobobobo
gbbooboobooboooboobboobuoobooboobbobbooboobooboo
goobooboooooo baboobooobooobooboboboobobooboooDoobooboboboboo
gbobobobobobuobo b20bUg

b'(s) =0 0, (s)
AGIN

1
m,s*+Bs+K,

— 7,(s)

O Dl Oodbgboobooboobooboooooonog

T,(s)

Vi 1 i T,(s) | - szl9j(s) T 156,(9) 0,(s)
> K, O - ——».—7 >
R+sL B $ s
Position Speed Current

controller controller controller| &

56, (s)
Pl — P

1 St
E K"’ IWS
Impedance controller :

1 TL, (s) 1 Disturbance

observer

2
m,s”+B,s+K, l+7,5

U Db20000000000oobooogooooboooobooooboonoooonDg

0000O0O0000obOOoOoOoO0U0oOooDoOOoODOO0O0U0U0obODOOOObODOOOOoOooODO be
goboboooooboobgobobooooooobobobobooooooo baibobobOobob

123



goboobooboooboboobooboboooboobooboboobooboobboobOooboo
DDDDDDDDDDDDDDDDDDDDDDD(TL)DDDDD(OZj)DDDDDDDDD

TL(s)
manQ + ans + Knj

025(s) = (D.1)
EJDDDmnjDDDDDDD,anDDDDD,KnjDDDDDDDDDDDDDDDDDDDDDDD
ogoOooooo 0;‘-‘(3)DDD QZj(s)DDDDDDDEII]DDDDDDDDDDDDDDDDDDDDD
gooooooboooooo

OD20000000000O00O00O0OO00OO0O0OO00OO0O0O0OO00OO0OO0OO0O0O0OOO0O0O0LO0OO0O
oo0ooOoooOo baboobooobooobootboooooboooooobooooooooboooboouoon
goooooog

§% 4+ 2Cwps + w2 =0 (D.2)

0000w, 0000000 [rad/sec), (00000000000 O0O0OOOOODOO K,O00O0O0OO
U B, 0000000000000

By

= 2Cwn
mnj
Knj 2

— D.3
= e (D:3)

ooopooo (b2)0O0 (b3)o0OOO0O0O0OO0OO0DO0DO0DO0DO0O0DOOOOOOODODOODOOOOOO
gooog

D.2 0OJO0O0OO0OO0OOdnd

0640000000000000000000000000000000DCO000064000
00000000000000 6400000 -PO000OO0O0O0O0OOOOODOOOOOOOOODO
(6500000000
000000000000000000000000PO0O0O000000000 /000000000
000000000000000

) 1 )
0;(s) = ——7—01() (D.4)
1 + pll—if_(glj S

pooooobooouod, oooooodoooooodoooooogo
J

(D.5)

goooobooooboboooboobooo P00 bOo0bObO jO0bDOODObODOOO
gbobobooboooo

124



00000 (r,) 0000000000 KesslerDOODOODOOOOOOOO

L o2
1+ 79,5+ 370;8

goboooobooboobbooboobooboo

2 2
erj:;(l—i-’ro‘j), Klgj:—(l—f—’fézj)

J 7'9].

(D.6)

(D.8)

ubooobooboooboobodond »; =0.0030sec, UOOOOOOOODOO Téj:O.()lOsec,DD
0ooooobbobobO0 79, =020sec0000ODO0O0ODOOO0O0OOOOOODODO Anti-windup O

gbobobobobo LPFOODOO 7, =100secO00000O0OOODO0O

D3 0D0U00O0O0OUOODbDbDbObObObOObObO0ddooooouoooDb

ge3tbbuodbboobbooobuooobooboboobboobboobboobooooo
gboboobooboooooobe40bboboobooboboboboboboboooobooobob
gobobel000Db0O0OO0O0ODOOODOOOODOODOODOODOOOOODOOO061I00O0DODO
gbbooboobuoobooboboobooboobooobobooboobbooboobooboo
000000000000 00O00O00O000 10.00rad/sec, OO0 050 00000000000
gbobobobeldbobOobOobOobOOOOO0OObOODLODODODODODOODOOODOOD

gooooo

125



/DDDDDDDDDDDDDDDDDDDDD ~

1. 02500D1,D40000000 +y,—y0OD0OOODOOOODIODOOODOOODOOODOOO
ubbooboobooobobooboooboboobooobobooooonoo

2. D100000000O0DOOOOOO0O0ObO0bODbObOOOO0Ob0bO0ODbD D400 ODODOD
gbooobooobooboobbooboobooboobooboobobobooboobgan

3. D10 00000000 bObbooO0b0o0oO0obooobooooobOoobDOoboOoOoOD4n0 O
gboboobooooboobooobooboobbooboobooobobon

4. 0DO0O0OD20000000000,D500,D300,Db60000000O00O0ODOO0OODO
gboooobooboobbooboobooboboobobooboobooobobooobon

5. 0000000000000 00O0OO000OOO0O00OOODOOOD0OOOODOOOO (O
000)0000000000000

6. UOgbOoobobooboooboboooboboboobobooboboboboboooobon
0+de2+dy?000000000000000000000D00000DO00O00OOOOO0O

0VdX24+dY?2000000 vVdX?2+dY?20000 y/da?2+dy? 000 20% 000000
oboobooboobooooooooon

r.ooooboobooobooboobooobooboooooboobooobooboooboooobon

S uboboobooobobooboobbooboobboobooo Py

gbooboooooboboboboooo b3boboooobooobooboboooooboobOo b4a0b
gooboooboedbboobDbOo0ObO0ObDbOo0DbO0bDb0OeOxO0O0O00O
gbooooooobobobobobobooooooobooobooboboboboboboboooo
6300uubobuoooboboooobooobooobbooobobooobbooobbooon
goboobooboobooboobboooboobooboobobobobooboobooobooo
gobobooooooooooobobobobobobooboooooboobobobobobobob
000000 D4(c)0 D200000000OO0O0O0OO0OO0OOOOOOODOOODOOOOODOODOOO
goboobooboobooboobbooboobooboooboobooboobooboo
0000000000000 0O0O0O000O0OOOOOO0O0ODOO0O000000O0O0O0O0O0(COOO
o0o00000)00O0O0O00000000000000O000O0O0O0OOODODODODODOOOOOOOO
goboobooboboobooooboobooobooboooboooboo
ODb300b4b0ooobOOoOooobOOOOOODOOO0OOODOOLODOOOOOn LPEO
goboooboobbuoobbooboobooobooboboobobe3dboobboooboonoboon
gobooboobooboobooooobooboobobooboobbooboobobooboobon
gbooooooooboobooboboboboboobooooooooboboboboobooboooon
gboboobooboobooobobooooboboboobooboobobooboobooboooobooo
gboooobooboooboboooboogooooo OO0 obooDobbObobooDOob
gobobooooooogooboboboboboboooboooobooooboobobobobob
gboboobooobboobooobboooboobboobooboobooobooboobbooboo

126



Release Stop Release Stop

T T
s P oii i3 @ i | o
_ 3 : V]
H I

0.4 ¥

Tip position [m]
Tip position [m]

R R

10 20 30 40 () 1‘0 Zb 30 40
Time [sec] Time [sec]

() 0000 (z,y) m}, 0000000  (¢)0000 (x,y) [m, 0000000

g 15 E . Release Stop

z - T T Z 15

< Release Stop ! + ¢, (Shoulder) < « t, (Shoulder)

£ + 1, (Elbow) £ _| + t, (Elbow)

5 & T

o P |

© gl ___: i :ii'®@# : :: : 3 @& : . ___| =] _F v _______]

g g :

g E |

§ ffffffffffffff GE) -@--—' 77777
= I

RPN A 1R AR : ]

& &

o o

S0 .. DI D4D2D5D3D6 . ] N IO

E s 1 1 1 £, DID4.D2 D5 D3 D6

() 10 20 30 40 =770 10 20 30 40

Time [sec] Time [sec]
(b)) 00000 (tr,te) [Nm], 00000 (d)000D00 (t,62) [Nm], 00000

RN oo

0 D3 0000d00oooooooooooooooooooooooon,0ooooog @ w, = 10.00
rad/sec, DO0O0O : (=050,0000

127



Release Stop Release Stop

0.4 0.4
035Thac 03 fe ]
0.2f - - 0.2
E oa}- Eouf-—-
g g
2 o Z 0
2 2
2-0.1 201~
E =
-0.2 -0.2
Y S N A S 03
04 10 20 30 20 04 10 20 30 40
Time [sec] Time [sec]
() 0000 (z,y) m}, 0000000  (¢)0000 (z,y) m, 0000000
Release Stop Release Stop

s (Shoulder)
ol (Elbow)

A (Shoulder)
A (Elbow)

s &

,,,,,,,,,,,,,,,,,,,,,,,,

2 I S R IEEEEEEEEE
:
i

;sL DI D4 D2 D5 D3 D6
10

Joint torque for compensation of position [Nm]
Joint torque for compensation of position [Nm]

0 20 30 40 ) 40
Time [sec] Time [sec]
(b)) JODODOD (t,t) [Nm], 00000 (d) 00000 (h,t) Nm], 00000
o RN

0 D4: OO0ODOOOOODODOOO0OODOOODOODODUOOODOOOOOO,O000000 @ w, = 10.00
rad/sec, D000 : (=050,00000

128



O UE 00000000o00ouoooodot
Jobogubodoodbootdbogbo
oo

gbobooobobobobobobobooooboobobobobobobobobooboonoon
gobooboooboobooobooboooboobooobooobo

E.1l1 0O0OO0OOOOOOOOOOOObO00dddddoooooooooo
gooon

0430000000200000000000000000000000000000000000
00000000000000000E1D000000:0000000060000000000
000000000 ([Tshoulder; Tebow]T) 000000000

Tehoulder = (Il —Is + mll;l + mg(l% - lgz))el + g(mllgl CcoS 91 + mg{ll COS 91 + lgg COS(91 + 92)})

Telbow — ( — Iy + mg(—lgz + llng COS 92))91 + mﬂllggéf sin 92 + gmglg2 COS(91 + 92) (El)

O ELO00O00O0OODOOOODOO

00000 (E)OoOoOOoOooOoOooooOoOoOoooOoUoooOoooooDOOoUbooOoOooooOooooo
0000000000000000000o0o0O00 (n,n,73)000000000000O0OOOOO
o0ooooooooouoo (h=kL=)0000000O0O0O00O0O0O0DOO0O0ODODOOODODOOOO

129



OELODOODOOOOD200000000000.

0000000 :r (r,r2) 0.0300 [m)]
000000 : 1 (s, 1) 0.20 [m)]
0001000 :m 4.00 [kg]
000 2000 : me 2.00 [kg]
00000000000 : I (I1,12) | 0.0142, 0.0071 [kng]

DDDDDDDDD(lglzlggz%l)DDDDDDDD JhOgobooboobooobooobooboon
goood

1 .. 1
T = (Il + ZmllQ + m2l2>01 + gl cos 91(§m1 + my) (E.2)
1 . .
Ty = 5mng{l — 2sin?(6 — 01)}61 + mal?6% sin(6 — 0;) cos(5 — 6;) (E.3)
1 .. 1
T3 = —(IQ + ZmQZZ) 01 + §gm2lcos(2(5 — 91) <E4)

ugbbguodboobbooboobobobbooboobboobuooboobboobuoobo
oooooobooooboooboOoobo ésbOobOOUObODOOUObODbOOO (91,91,§1)DDDD
gobooboooobooooo

E2 0O0O0OOOOOOOOOO0O000O0OoOoOoon

0 (E2),0 (E3),0 (E4)00000000000000000000O00O0O0O0OO00O00O0O
00000000000000000000000000000000000,0000000000
(01,61,6,) 000000000000000000000000000000000000000000
00000000000000000000000000000000000000000000000
00000000000000000000200000000000000000E.1000000
O0DE1DZO0OODOO0OO2z00 ZOOO060 3rrad 00000000000 6;=0,%,7,2,7
rad 0 50 00000000000000000000000000000000O0O0000000O0
0000000 410.00 rad/sec?, +10.00 rad/sec 0 000000000 MATLABOOOOOOOOO
0000000000000 100000000000000 E20000

0E2(:)000000000000000 ()00000000000000 (4,)0000000
00000 E2Mb) 000000000000000 (»)0000000000000 (f2)00000
00000000000 E2(c)00000000000000 ()00000000000000 (6)
0000000000000000 0000000000000 0000000000000000
0000000000000000000000000000000000000000

130



6,=0 [rad]
84 0 = /6 [rad]
6- 0, = n/4 [rad]
E‘ 4. 0, =1/3 [rad]
=
24
0d 0, = /2 [rad]
-2- ]'0' ) i
0 10 o 90
d 91/ dt [rad/sec] & 0] / di* [rad/secz]
() 00000000000000 (r) [Nm]
3oy N e
24 6, = 7/2 [rad]
14 6, = /3 [rad]
E 6, = /4 [rad]
£ 01 e
o 6, = 1/6 [rad]
14 R
6, =0 [rad]
24
3l A
10 10
d 01/ dt [rad/sec] & 01/ dr [rad/secz]

() 00O000D000000000 (1) [Nm]

’ H— e 0, = /6 [rad]
- ' / 6=0, 6= /4 [rad]
% 154 / 0, = /3 [rad]
b / 0= /2 [rad]

10

10 0

Q0 10
d 91/ dt [rad/sec] & 0]/ dr [rad/secz]

() 0000000000 (r3) [Nm]

OE2 0000200000 (5=%ﬂradDDDDDDDDDDDDDDDDDDDDDDDDDDD
gboobobooboobooooon

131



E3 0DU0U0O0Oooobuoudouooooooonon

000000000000000000000000000000000000000000000
002000000000000000000000000(00)000000000000000
0000000000000000000000000000000000000000000000
0000000000000000000000000000000030000000000000
000000000000 (JTy =|Tx = |T3| =T)00 34000 (3.30)000Z0000 (Fz)000
0300000000000000007T0000000

_ F.lsin(6y —6)
2

T = (E.5)

ooooooooOoOdO0oO0O0 ElbDOO0OOOOO0OO0{DDOOOODOOUODOODOOODOUODDOO
gobooboobboooboobooobuooboobbooboooboo

T1Total eq. (EQ) T
ToTotal | — | eq.(E3) |+ | =T (E.6)
T3Total eq.(E.4) -T

0(E2)0D0(E4)0D0000O00C0O0OOODOODODOODOOOODTY=-T300000000000
gbooooooooobogoboboboboboboooboooooooobobobobobobob
oooboooooon

132



O UOF 0OO00oogg

gboboooobooooboooooooooooooon

=y

10

=

»10.2

b13
.
S
0)
O
11
20

$35.8

.

OpbOoooooboboobooboobobouonbooo

goooogdg
1 225 N ";
IRIva
R
et
Oc0O0dpoooooooogog
— Ai = & = i
T il Bl
o of f

Oel(c), (d)DODDOOODOOO gfoooobooboobooooboooon

OFL0O0000O0O0DOOOOOO0ODOODOOOOD

133



OcOO0DOO0ODOOODOODODOOO0ObOODDOn
gbobobobob

30

125

c Qo
{77

Oe)0000O0O0OOODODOO Of)0booooO0ooOoo

uff o]

Ln

UghOoooon OhooOOoOO0OO0OO00010000 200000000

OF2200000000000000000D0O00DOODOOODO
134




‘—O o O o o | ‘ )
I‘ 130 /I‘m\l
4
OJald 00000000000 0O0O0ODOOOOOO Ob)(a) 00000000 OOO
AR A . |
© - {({
N/ — i .
! :‘6ﬁi 15
Oc)0000OD0O0O0OOO Odooooooogo3oooon

U F3: 0000000000O00DO0ODOODODODODO 300000

135



000G 30000o0ouoag

3000000000000000000D0 «,y0000 (F,Fy)0O00O0O00O0O0O0O0O0O0O0O G.1
gbobooboos3gobooobooobobobobooboobboobooboobbooboo
00000000 G.1(a)0000 (Fixingside) 00 0000000000000 OOOOOOOOO
0000000000000000000D000D00 (Fx,Fy) OODDOODOODO (F Fy)ODO
oob0 G200000000000

(62.5)

4-M5 Depth 7 (even pitch) I

Centeri in hol P.C.D.20 |
L Lkl Load inlet side /s
’

Load sensing direction
pin hole

Mounting screw hole

o

O% | &
2,

t

el

~3 - My
|

10+0.02

+Fxdirection [~ ST e
G‘jﬁ Mx
{} 24 *3%5 Depth 6
Fixing side Connector Fx . s
The direction of the arrow
Oad300000000 indicates (+) output

ObOoooooon
0 G1:. 0000000300000 (0000 LAT-10010KA-2)

O G2 000000000 2z,y0O000O0O0ODOODO

F, —Fx sin(91 —|—92) + Fy COS(91 +02)
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