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Fig. 2.3: Quince (Chiba Institute of Technology, et al.)
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Fig. 2.5: RaBOT (Japan Atomic Energy Research Institute)

OOOOHELIOSOOODODO Fig. 2600 000000000000O00O0O0O0ODO.

gb,0000000o0c0obooboooboobooooooboooboo,ooobooboooo
ooooogooooooooooOooo. oo HELIOSODODDOOODOoOoOoooooooooDooo
gboboobooooobooboobooobooboooog,oboooooobo,0cobooboooon
gboboobobobobobobob. oboboboboooboooboooooooooooboo. o
O,Fig. 280000000000 00000OOOOOO00O0O0O0OODOODOO0OOOOODODO
gboooboooobobooooa.

(900000000000 00000,0000 100000000000000O000O0000
O0O00oooo,Fig 26-(b), e)000000O0OO0OOOODOOOOODOOO.



020 OOOOOOOOOODODOOOOOOOOOO HELIOS IX

(a) stairs climbing (b) stability on slopes
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(e) scissor motion (f) articulated configuration

Fig. 2.7: HELIOS VII (left) and HELIOS VIII (right)
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Table 2.1: Specifications of HELIOS VII and HELIOS VIII

HELIOS VII HELIOS VIII

Weight 90kg 43kg
Width 625 mm 486 mm
Length 712 mm 540 mm
Arm(extended) 1200 mm 650 mm
Arm DoF 5 3
Track unit (width) 200 mm 122 mm
Track unit (height) 230 mm 202 mm
Speed on flat ground  0.72km/h 3km/h

Fig. 2.8: HELIOS VIII- stairs climbing test
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(2) 00000000000 0000000000 O0OO0OCOUCOOUDOOODOOODOOn.

(3) 000000000 : 00000000000000,0000 Fig. 3.1-(a), (b)) 00000
0000000000000,00000000000000000,0000000000
0000,0000000000000000000000000000. 00000000
000000000000000000,0000000000. 000000000000
0000000,00000000000000000000,0000000000.

gooo,0o003b00b00000oobo0booboooboobooooooobo,oo0,bo00o0000d0
Oo0oooooooo,00oo2bSpO00d0oOoOooOoOCO. D000 0O0Ooooooooo
ooO,00000,0000000000000,00000000C000000DO0OO0O0O0OAO
goooo.

3.2 OOOOOOO

oobooobooboooobooooooooooobooo,0ooooooooooooooooo
00 [21,22]. DO00D0OOO0O Table3.1000.
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320000000

(a) high step climbing

T

(b) upside recovery

S

Fig. 3.1: Operation to which large load acts on the wrist

O0 A, BO30000O0O0000O0O0O0OO. 000000 AQO,ODO0OODOOOOOOOOO
00000 [23. 000000000000, 00000000000000O00000O0ODOOO0O
goboooboooooo,0boboobobooboo0oo. oo BOooobbooobooooDbooobn
0000000000 00000 [24). DO00O0DO00O0OO0OO0OOUOODOOUOO,00000000
0o0,000000000000000000.0003000000000000000 A,BO
gooO0,rl000000O00O0O0O00000O0OO00OO0O0O0. 000,00 A0 OIOOOOO
OO0 30c000000,000000D0ODO000DOOO00O0. ODOO0O0OOOO0OD,DOO0000DO
O00000000,00000000 2000 (pitch,yaw)0OODO,0000000000000
00000000000 1000 (rol)00O00O0O0ODOO,30000000000000000
goooooo0.000o00oo cHO,00oooooooog.

oocoooogoooodoooooboooooooOoo,0opoo0oobooooooDoOoOoDo
oooooo0ooooDoo0.0ooboo0oooDoO0oOoooooO0ooooOoD 200000000
000000 pitch, awODODOODOO0OOO0ODDOODOO 25 DOOD0O0D0ODOOOOOOOOOO
ooooooooooooogoooooooobooOooooo. o0 ED 120000000000
jboobodoog20b00o0obooobooooob. 0oboooobooboooboo,0o0a
O00oO00oo 26, 00000 C, D, E000OOU0OOODOOODOOOOOOOOOOUOO
g,0boocoooboooobooboon.
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3.3 2-DoF Spherical Parallel (2DSP) 00 0000000000000

ooooo,00000 F,G,HOOOOOOODODoOoOOoOoooooooooooo,0o0ooo0
ooooooOooobooOoOooobOoOoooooOooDOoOooooOoOO00obO0OO0. 0O FOOODO
ooooooobooobobo,b0obobooobooboobobooooobDobobbooooooDbon,
ocooooooooooooooooOo. oo GooooooooooboooooooOooooDo
gbobooooooooboobooboobobobooooooo. boboboboboooobooobooo
00000000000000 (pitch) OO0 0O0O0O0OO0OOOOO,000000000000
000000000,0000000000000000 [29]. 00,pitch00000O00OOOOO
gooooooboooooboboooooboobooooob.obHobDobooooobDOoboooo
O.00000GOO0OoOoo00oooo0ooooooooooooobooOobooooDboOoOoooDo
0000000000000 00O0000000O000O00ODO0O00O0O0O0OO0OO0OO0O0 (pitch)
Oooooooo.oooo,pitch000OD0OD0OOO0OO0OO0OODODOODO,0000DO0OO
gooobOobooooboooon.

00000, 00000000U0o0HOOD (1),(2),3) 0000000000 0O0OO. OO
obooooooooooHOoOooon.

3.3 2-DoF Spherical Parallel (2DSP) OO0 000000000
godd

3.3.1 2-DoF Spherical Parallel (2DSP) 00000

Fig. 3.2: Two DoF coupled drive ankle mechanism for walking robots
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Table. 3.1 000 HO,OOO0,00000000000000000 HELIOSIXODOOOO
gbooooooooooooooboooob. oobooboboboboooooooobooooon
(Oyaw : £65°, Opiep, : £80°) 000, 0000000000000000O00O00 (Fig. 3.2) [30].

Harmonic Drive ~ BLDC Motor

Base

Harmonic Drive

Motor Tensioning

Rotating Finger

BLDC Motor

Fig. 3.3: First model of wrist mechanism and actuation

Fig. 330000000000000000000, pitch00 yawODODOOO, £90°, £19°0
oobooo,0ooooobooooboobooobo,boob0obooobooobooooboboobooon
gbobooooooooo.oo,bobobooboboobooobooboobooboobooobooon
0000000000000 0000. 000,000000 Fig. 310 (a), (b)0O0D0OO0OO0OOO
oboocooOobobooobooboooooboooobooboooooo.

gooo,boooobooboboooooboobobooooooboobo,oo00obobooboo,d
gobooo0,0bo000obo00bo0oooboooboooboooooooobooobooo.oboobooooon
ooooooDooo,0b000HOOO0O0ODODOOOO000. 00 HO Fig. 340000000000,
O000D00000 o, 0bOO0D0O0O0O0ODO0ODOODOOOOODODOOO,0a0000D000O
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3.3 2-DoF Spherical Parallel (2DSP) 00 0000000000000

000000000000000000000000000000000 u,,uwg0,000000
000000000 v, vg 000000 ¢, cg000000000000000O0O00. 0000
00000000000,4000000 u, ur, v, ve 0000, 0 a, b000 o0 OOO0DOOO
0000000000000 0000000.0000,0000HO04000000 u, ug, vL,
vr O, Fig. 320000, u. 0 vi,,ug 0 vg 00000000 5000,00 1000000000
0000000000,0000 u,us, v, ve 0000,000 o00000000000001
0000000000000,0000000400000000000. Fig. 340,000001
0000000000000000000 HOOO,OOOOO 2-DoF Spherical Parallel (2DSP)
oooooooooo.

Table 3.1000 HO,OOOOODOOOODOOOOODOD 1000000000000 2DSPO
00,0000,0000000000000000.0000000000000 3500000
00.0000000000000000.00000,00000,0000000000,000
0000000000000 0000000000000000.00,000000000000
00000000000,00000000000000000000000000000000
000 [31. 00000 2DSPO00O0,00000000000,00000000000000
0000000000000.000,000000000000100000000000000
00,00 [31)0000000000000000000000000000000000000
0D00.00000000000.

3.3.2 0OUOOOOOO

0000 2DSPOO0O00 340000000000,03500000000000000000
0000.00000 (32]000000000000000000000000000,00000
Doooooooooo.

0000000000 (xy2) 0 (x,y,z)000000000000000000000000
0,000 (xyz)0000,000 (x,y,7)000003400000000. 00000000
000 (Bptich,0yaw)=(0,0) 00 0000000000. 00000000000000,000 L
0000. 000000 up, v, 00000 u, v, 0000000,60,0y00w, 000000
y>000000,40y00wu, b0 u, 0wy, 30 2/000,000000000. a0, 20
0Dy, 0000007 00000000000.00000000000000000,0000
000 (Ih,l,l;,0)000000000.
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Forearm

Actuator %

" Universal joint

Fig. 3.4: Kinematic model of the wrist

ur, v, ug, vg 10000 R(axis,angle) 0000000000000 0OOOOO.

ury, = RyVQLRle (0 1 O)T
v = Ry Re0,00+0) Ry (0017
up = RyenRe—1,(0 —10)7
VR = Ryo,oRe0,00—a) Ryt (00 1)
ooOoooOoooono
Uy, - vy, = COS 12
UR - -VRr = COS 12

00000000,00000000. 00, sin(z)=2S,, cos(z)=C, 0000000.

fo = SuCC0—0,0) 5150150, 00 +0a)
+Sl15l3 S(gL_epitch)C(gyaw“ra) - ClQ = 0
fr = SuCLC0R—0,0) T 515015 (~0y00+a)

+Sl1SlsS(93—9pitch)c(—9yaw+oc) - Clz =0

16



3.3 2-DoF Spherical Parallel (2DSP) 00 0000000000000

037,3800000 6., g 0000000, 00000000 000D00O00O. O 370

d = (C,—C,8,50,,.+a))/5n (3.9)
ro= 02+ 812 Coyunrar? (3.10)
¢ = atan2(C, S;;C0,,.+0)) (3.11)
oooo,
sin (01, — Opiten + @) = g (3.12)

d d2
b =atan2 ( — E4/1— 5 | — 6+ bpiren (3.13)

p0000.p00DOO0O0O0DDOOOOODOOOOD.OO,037,3800000000,

uy - vy, — cosl
PR R I L 2 (3.14)
Ir UR - VR — COSly
01 = (0,08)" , 00 = (Bpiteh,Oyaw)’ 000,00 3.1400000000000000000000
000 JOoOoOoO0o. 0booooooooooooooooooo,0ooooooooooon
godoboooouoooad.

J16; + Jobp =0 (3.15)
0o =J0;, (J=-J5'J;) (3.16)

d 3 of of
JI — af — # 8£1Lq JO — af — agpifch agyrfm
001 U000 e ants

gooooooooooo.
of1

90, = 2055000+ C0L=0pmcn) ~ ClsS0L-0pi1cn)) (3.17)
oft

— Nl
9 0 (3.18)
ofr

— Nl
90, 0 (3.19)
of
89§ = Sll (SlB C(Gyaw—a)o(9R—9p7‘,tch) - Cla S(QR—em‘teh,)) (3'20)

(3.21)
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0
fL = =Su(515C00u+a)C0L-0pi1en) — ClsS01,—0pi0en)) (3:22)
80p1teh
ofL
80 = _Sl3 (SllS(gyaw+a)s(9L_6pitch) - Oll C(gyaw +0¢)) (3'23)
yaw
dfr
90 = =5 (SZBC(Gyaw_a)c(eﬁ’,_epitch) - Cl3S(6R_‘9pitch)) (3.24)
pitch
0
aefR = =S5 50,0w-0)S0r—0pi1en) — CtiCloyaw—a)) (3.25)
yaw

031300 1,200 0,,, 00000000, 0z, 0r0 Oye 0000 O, 00000. 0000
0,03.130 J;, JoOOOOOOOO000,0000 6, 00000000,000000 Gpien
000000000000. 00000 6,4, 00000000000000000000000
oooooooo.

3.4 UOO0O0O0OO0OO0O0O0O0Od

3.4.1 O200000000000000000O

2DSPOD0O, 6,4, 000000000000 000000000,pitch000000000
00000000000000000. 00000000 yawDOO0ODOO0OD0DOOODO.
0000000000,031300000000000 (4)*<100000000.00000
oo,

51325(9yaw+a)2 — 20110125135(9yaw+a) + Cl22 — 5112 <0 (3.26)
S(gyaw+a)|]|:||:||:][||],—1§S(9yaw+a)S1|:|DDDDDD,OyawDDDDDDDDDDDDD
oo.
cos (11 + 13)
SOyawta) = MaxX {sinlg’ -1 (3.27)
. [cos(ly —12)
S < _ 1 3.28

gbooooooooboooooog,

COS(ll—lg)
> _ = 1 2
SOyen—a) = max{ sl } (3.29)
l l
St = o] ) o
yaw sin l3

0y 00 327-33000000000000,00000000000000000,00000
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340000000000

0.0310J,Jo00000,00000000000000.

sy = .00 oo
ofr Ofr ofr  OfL

69pitch . aeyaw a aHpitch - 69yaw

det(Jo) = (3.32)

det(J;) =0000000 10000,det(Jo)=000000020000,0000000000
000030000000 [33). 03.27-3.300000,0003000000000000000
0000000000.000,000000000000 103 =40°0L=60°, l3=50°00000,
Jr, JoOOOODO Fig. 35000000, g0 £-000000000 4, g0 520
00000000 BO0, 55000000000 C, £ 000000000 DOOO. Fig.
3500 a=0°000000,e000000000000000,0000000000000.
01000000000000 Fig. 350 A-BODO0OO. 000000000 A-BOOODO
0,A0DOD,BOCO000.000,03320200000000000000000000,
020000000000.000000000A-BO0D00ODOO0 2000000000000
00000000,02000000000000000000,000000000000000
0000000000000000000. 0000,000000000000000000, 4
0D,BOCOO00O0O00OO 0000000000 (Fig. 35000 56°). 000000000

0,020000000000000000,A-CO0000 B-DO0O0OOOOOOCCOOOO.

! ‘ ‘ or.

92 oft /TP~ Q01
£ By c
£ 0 —
= AT ,
b - ’
) P == TN el
— ~ 9fr

-1 ; 0O piteh;

—200 -100 0 100 200

Oyaw [deg]
1 T
If r

S S
cJnd \Y
= oft ; ofr
= AN D LA
I R P
& — Ofn

-1 ; 90 yaw

—200 -100 0 100 200

Oyaw [deg]

Fig. 3.5: Elements of Jacobi matrix. (3 =40°, Iy = 60°, I3 =50°, o = 0°, VOpiscn )

a0000000000000000O,000000000 (4, I, 3)000000000. O
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70

70
/b(/

60 60

50 50

I3 [deg]
I3 [deg]

40

7
/ 7 A @ 6/

20
20 30 40 50 60 70

40

30

Fig. 3.6: Contour line. (a) Optimum range of 8,4, [deg] (b) Optimum length of {5 [deg].

oOoooooooooo, L, s000o0d, L0 L, 300000000000 00D0000DO
000 (Fig. 3.6(b)) 00000000 ODOOODO. Fig. 36(a)000000000O00O0O0OOO
O00. 00000000 (200000)0000,000 ,000000,L00000000,1030
gboboabouoobouoobouoboooaboobaobooan.
oooooooOooO2bSpOOOOOOOOOODOOOOOOOOOO.

1. 0o0o0ooobooooooo Loooo,3000000.

[\

.h4,s00 Fig. 3.60000000 L,OODODO.
3. 11, 0,,13 0000000000000, Fig. 350 A—-CO00000 «oD0ODODO.

Oe00000000CODOOOO,0000000000000,00000,1; =42°1,="14°,
l3=50° aa=40.8°000,+£7°0Dyaw 00 000O000O0ODO.

3.4.2 0O200000000000000000O0O0000

02000000000000000000000,0000000000000000000
000000000.000,0200000000,000000000000000000, 3.1
0000002 000000000000000000000000000,000000000
0000000000D0000000.

Fig. 37000 (Fig. 34000000)2DSPO0000O0D0O0O0O0ODOO,00000000
0 7= (r,,70,) 0000,00000 T = (Tpiteh Tyaw)” 0,0 316000000 JOOOO,

T=J")"'r (3.33)
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340000000000

eyaw' Tyaw

Universal joint Tg,

Fig. 3.7: Kinematic model of 2DSP mechanism.

ooooo.ooooooooogoooooooooodgoooooon. 0004d0d 7,79, U
oooooocoooob10000,000000 Fig. 3800000000 7,000 7,000
O0,0000000000000C0000D0.00000000000DTDO Fig. 3.800000
goooooooooo,0obooooooooooooboobo 000, 7, 0,0000000000
00o000o00o0o0o0o0o0,00000o0o00o0o000o0n0o000,00 340000
gbobooboooooboobooooboooon.

Ty

(-1,1) 1,1

7, : Radius of inscribed circle

240 300

270

-1,-D @ -1 210

Fig. 3.8: Left: input torque space. Right: Output torque space.

ooo,0000001000300000000000000000000000, 77 > Trmin
(rrm»00000)0000000,0000000000000000.
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Trmin = 0

00,7, =0, 0000000000000000,4,300000000000000 b, o
000000000000000000 Fig 3.9000.

000001, 13 (0000 42°,50°)000000, 1, =81.9°,«=280.1°000,0000000
00 +1267°000. 000000000000000000000000 Fig. 3100, 7, 0 604
0000 Fig. 3.11000. 00000000 (+75°)00000000000000000000
0, 60yw =105°000 r, 0 00000,0000000000000000000000000

TTmiTL = 05

00, P =05000,04,300000000000000 L, 000000000000
000000 Fig. 312000. 00000 4,13 (0000 42°,50°) 000000, I, = 71.7°,
a=64000,000000000 49.5°000.00000000000000000000
0000 Fig. 3130, 7, 0 0,4, 0000 Fig. 3.14000.

0
00, rrpmin =09700,00000 14,13 (0000 42°,50°)0000000000000000
0 £75.68°, I, = 74.85°, « = 39.6°000,000000000000000000000O0,60
000000000000000000000C0C0000000000000000. 000,00
0000000000000000000000000,0000000200000000000
00000000000000.0000000000000000000000

1.00000000000000000000000000000000000 (r,)0000
000000000 (repn) 00000

2. Fig. 390, Fig. 3.1200000000000C0C000O, L, s0000000000000O0O
oooobooboooobooboooon.

3. 1,,a,0Fig. 390, Fig. 3.1200000000000000000.

goob2000000000000000O000bOO0O0O0OOObOO0OOO,b000000A0
o2000000000000000000DO0OO0ODODOOOODODO.
0000000000000 00000O000O0OUoO0O0OD [3s)0obo0oUooUoooooo.
00 [36)00,5000000000000000000000000,000000000000O
o,0b0o0oboboooboooobooooobo,boboboobobobooboooobooooobn
U.0oobobooooob,bobooboobobooboobob,bobooooboboooon
oo,00000b000o0ob0obobooboobooobooobobooooDooD.
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3.52DSp 00000000000

Optimal workspace [deg] Optimal [, [deg] Optimal « [deg]
70, 70, 70
2%, N
\30/ (AN ‘JQ/
60 o0/ & 60 45
S A 10 8/807 110
P o
= 50) ; = 50) . = 50 .
2 2 9 )
40 40 19 40 60/
60
30) % 30 /50 Va 30
20 20 20
20 30 40 50 60 70 20 30 40 50 60 70 20 30 40 50 60 70
 [deg] Iy [deg] L, [deg]

Fig. 3.9: Optimum range of Oyqu (77 min = 0).
Oyaw = 0° Oyaw = 50° 0yqw = 105° Oyaw = 126°

Tﬁ

S

Fig. 3.10: Optimum range of 0yqw (Trmin = 0) (I1 = 42°, lo = 81.9°, I3 = 50°, o = 80.1°).

J

0 20 40 60 80 100 120
Oyaw [deg]

Fig. 3.11: r;: omni-directional maximum output torque.

3.5 2DSPOUOO0OODOOOODOO

0000 (Fig. 340 up,ug, v, vg) 000 O0000OO0. O0O0O0DO0O0O0OOOOOOOOOO
00000o00o00o00o0oU0o0o0oU0oUOoOo,00 37,38/ 0000000000000

23



030 HELIOSIXOOOOO

Optimal workspace [deg]

]
70
&/
V:
60 Z
S
B A5 0 \%5 o
EO*SO
<2 o0
< 40
15
20

20 30 40 50 60 70

Optimal I, [deg] Optimal « [deg]
70 70
/4{ J
60 ; 60 7
= 50 = 50
s | @ = © 0~
~ 40 < 40 / .
30 ) / 30
S
7 © J zd
20 20,
20 30 40 50 60 70 20 30 40 50 60 70
Iy [deg] U [deg]

Fig. 3.12: Optimum range of yqw (Trmin = 0.5).

20 40 60

Oyaw [deg]

80

Fig. 3.14: r;: omni-directional maximum output torque.

0000000000000 o00U00o00o0Do0oO0UoO. 00,00 3900, 00000000
goboooboooooboooboooooobooooooobooboobobooobooobD.ooob,bo
gboboooooooooooooooooboob. boboboboboboboooobooobooon

gbooobooobooboobooooboboboon.
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Bearing

\
oy
~

/

J%]Ld

Fig. 3.15: Example of revolute joint

00000000O00O00O0o0O 100000oo0oooo,00oo (Fig. 340 u, ug, v, VR)
O Fig. 3.1500000000000000O0 2000000000 00DO0O000DO0OODOOOO
U.0000030000000000000 2000000000000000000000A0O
gboboooo. bob,booobocoobooooboobobobob,0boboboo,boobooon
gboobooooooooooooooobooboboooooooooooooooboooDoo. 0o
[40,41]0000000C0C0O0OO0O0COCOOOOCOOOOOOOOOOODOOOOODO,10000O0
goooo,0o0cooboooobooooobo 2000b0b00oboooboooobobooDbOoobDOo,0bob
oooooobooo. ooo,oboboooboobo roobooboocMOOOOOOOOOOO
oooooooo. 0 FOOOOOOO 20000000000d0000000000,0DO
ocoMOOOOOOOdDOo, 0000000001000 000O00O0D,0000O0O0DDOO
ocoooooOo.ooodoooooooooooooMObOOOoDOOOoOODOOO0,00D00
0000000000, 0000000000000000DO [42). DOUDDOOOOUOO,000
oboocooobooooboobooooooo.

000000000, 00 3000000000000 000UO0, 00000000 UoDOOD
gooobo,0gboboooogobooooooobobooobo.oboooboobo,0coboboooon
U20000000000000,00000000000000000000O0O000O0O0O0O 300
gooobOob,booooboobo.

000 Fig. 3.160 0000000000 200000000000000. Fig. 3.16(1)000
0,Fig. 3.16(2)00000000000000O0O0OO0O0O0O0O 4000000000.0 000
0,0b000000,000000 (LAyOA,ZB,OB)000O0O 9%°, 000 ¢c000O (LAOB)O
¢, 000000 -000. 00 A4 0z0000 7, 0000000000000 O0O0COOOOO
ub200000000000000000C00O0O0O00O00DO0ODO. bOobOoOOoOOoOooOoOoo
oo0obooo,b000obo0o0ooob 2000000 rq,0000,000 cO0D00,00 00O
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(_3‘[/40

EAO

(1) Spheric joint (2) Cylindrical joint

Fig. 3.16: Example of spherical 4-bar mechanisms

O0.00,00000 ABOODOOOODOOODO FOODO.ODOOO |F|IO

2 |7l
Fl=/—— % 3.34
1] 1+cos(c) r (3:34)
O00.¢=180°00 |F|O0O00DOOO0,00000000000O0. D00 cOO0OUOOOOOO
goboooooooobooboo.booboobooooooboo,0oouobooboooboooon

gbooagbooaboogoooboooboaon.

3.5.1 0OUOOdn

000000000000000000000000,Fig. 317000 20000000000
0000000.000000000,(1)00000000,(2)000000000000000
00000000. 0000000000.0«0000,0 b,,bp0000,0 ¢, cg0000,0
d0000000. 0000000000000000000000000, w,ur,v., Wr, Uk, VR
D000000000000, Fjint name), T(joint namey J00000000000000000
0o, F,~0000000000000000000000000C0O0. 00, F,-000000
0000000000000000000000000000000.

goo

Fig. 3.17(1) 0 0000000000000 OOOO0O0O0O0OOOO0OO0OUDOOOOOUOOO
goooo.
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End effector End effector
d d

TmL Universal joint TmR  TmL Universal joint TmR

(1) Spheric joint (2) Cylindrical joint

Fig. 3.17: Spherical 6-link mechanisms

bLZ
Fu, —F., = 0 (3.35)
Tw, + (up —wr) x (=F,,) = 0 (3.36)

Cr,:
F,, —-F, = 0 (3.37)
(vp —up)x (-F,,) = 0 (3.38)

br, c, 0000000,
d:

F, +F, +F, = -F (3.39)
Tq+v, xF,, +vpgxF,, = -7 (3.40)

000000000000 pitch,yawOOOOOOOOOODOOOODOO,

0107, = 0 (3.41)
(Rys, 00 1)) 7 = 0 (3.42)

0000000000000,
Az =b (3.43)
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FEs —F3 0 0 0
0 —(uL — wL) X 0 0 0
0 FE3 —Fs 0 0
0 0 —(vp —up)x O 0
0 0 FE3 0 0
4_ |0 0 vy X 0 0
0 0 0 FE3 —F3
0 0 0 0 —(uR — wR) X
0 0 0 0 E
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0O 0 O 0 )
0 0 E; O 0
0 0O 0 O 0
0 0 0 ©0 0
E5 Es 0 O 0
VR X 0O 0 o0 Es
0 0O 0 O 0
0 0 0 Ej 0
—E3 0O 0 O 0
7(’UR — uR)X 0 0 0 0
0 0O 0 O (010)
0 0 0 o (Ry 6,00 1)T)
AT
x = [FgL Fr Fr F! F. FL F 7 I 1]

T
bz[OOOO—FT—TTOOOOOO

O00,E03x300000000,000000000000 x0000000000DO
oooooooo.

0 —a; ay
ax = | q, 0 —ay|, a=(aza,a,)” (3.44)
—ay Gy 0

gbooooodo, 000000 320000,03380000000000,00000 2000
Oo.0ooooboooooboobooooboooboo,0booboobooooDoooooooon
I o o o
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good

Fig. 3.17(2)0000000000000OOOO 1000000000000000000OOO0.
0000000000000000000000000,0000 (Tu,, Tuy» Tops Twgs Tuns Tons
F,,7,)000.00000000000000000000OO0.

br:
Tw, —Tu, = 0 (3.45)
er:
Tu, —Toy, = 0 (3.46)
br, c,OODOODOODO.
d:
Ty, +Top +Ta=—T (3.47)

gbobogobooboobgooobooboboobooboo,oobooboon.

Ur, Ty, =0, v Ty, =0 (3.48)

UR Tug =0, VR Typ =0 (3.49)
gooboooooobobooooooboooooobbooooooboooao,
F, = —F (3.50)

obo,0000000 341,342000000000,000000000000000,00R0O
oooooobooooboboooooobooog.

3.5.2 0000

0000000000 7wz, Tme 0-10+1NmO000000,00000 ( 0y 0075°)00
gboooooooogoooboboooobobo. boboboob,e0b00ob0DOobDODbDO, OO
0000000000000. 000 Fig. 3.18000. (00000 0OOOOOOOOOOOO
000000, 0000000000o0000. (h)OODUDOODDOODDODOODO0OUOO0OOOO,O
O0000000o0000000. 64, =50°000,00000000060N0O,000000
O0003NmOO000D0OO0O0O000O.000,00060NODOOOOOODODODODO,O0DO0O
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120 T T T T T T T 7
100 Fu F '! _ 6
_ Lo |
Z ur, ' v (spheric joint) : é o i
T 80t 1] = Tur, Tvk (cylindrical joint) ,'
;ST ' 4l
é 6oL Fu, Fv (spheric joint) " é Tui, Tve (cylindrical joint) ,’
5 £
s s
v 40r Q
° 3
S N
<
200 | 1 Tuir, Tvi. Tiun, Tve (spheric joint)
Fu, Fvi, Fur, For (cylindrical joint) s, Tvr. Tk, Te (spherie joint)
0 0
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Yaw angle [deg] Yaw angle [deg]
(a) Amplitude of force applied on right and left joints (b) Amplitude of torque applied on each passive joint

Fig. 3.18: Force and torque applied on each joint. (right and left motor output:|r,r| = |Tmr| =
1Nm)

Fig. 3.19: Applied force and torque on link Cp,

0000000 1000000000000,0000000000000000 200 50mm 0O
0000000000000000,000000000000.
00,000000000000000000000000000000. Fig.3.19000000
6000000000000000000 (C,)000,000000000 Fe,0,000000
0000007, 00000.0000000000000000000000,00000000
000 Fe,-r, 000000000 7, 000. 00000000000 Fig. 3.1800, r < 53mm
0000 |Fe, r|<|re,|00000,000000000000000000000000000
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Table 3.2: Bending of link By,

Spheric joint Cylindrical joint

Spheric Cylindrical

Load (8yqw = 50°,

57.8 N 3.1 Nm
|TmL| = |TmR| = ]-Nm)

Maximum bending 0.005mm  0.077 mm

Table 3.3: Bending of link Cp,

Spheric  Cylindrical

Load (0yqw = 50°,
|Tmr| = |Tmr| = 1 Nm)

57.8N 3.1 Nm

Maximum bending 0.1 mm 0.6 mm

gboooboooobobooooag.
0000000000 FEMOODOO (Pro/MECHANICA)DOOOOOOOOOO,0000
OO0000. Table 3.2,330,yaw:50° 0 000000 B, ¢, 00000Q0COCCOO,00000
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Table 3.4: Comparison of passive joints

Spheric Revolute Cylindrical

Transmission Force and
Force Moment
force or moment moment
Smallness of joint Good Middle Bad
Bending of link Good Middle Bad
ired
Require Easy Difficult Difficult

alignment accuracy

Table 3.5: Practical configuration of passive spheric joint

a. Universal joint b. Bearing ¢. Rod end

a b ¢
Joint payload 30 kgf 50 kgf 450 kgf
Backlash Bad Good Good
Number of parts Bad Middle Good
Friction Middle Good Middle

obobooboboboboo,0o000obcoobo0oboooobooboboobobOobOobooboon
goboob.ooobooboobooboobooboooooobooOoo.booboobogoon
gooo,0o0gbo,gbobooobobobobooboobooboobD.obooooboboooon
gbobooooooooboooboooooo,oboboooooooobboobbooboobo.oooon
go,000b0o0oboooobooooooooboobooooobooobDooooobo,ooDoboob
obooooooboo,0boooooooboooooboob. cobooboooo,0o0obo0ooboooon
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3.6000

OO000.000000 Table34O00ODOOOO.

3.5.3 UUogbboobooooboo

goo,0boobooooboboo,boboobooooboobooboboobo,obooobooobo
0000000000000, Table3.50 30 00000000000000. (a)000 [30] O
goboooboooooobo.oobooooooobooooooobooooobo,boobo0oooooon
goooooooooooobobooooooboboooobobooboooboobobooobOooD
O000o0o00U0oooOoooooooooo. (b), (D000 0O0O0O0O0ODUOOoOOOO,000
uboboboboboobobobobobooboobooboobo,bobobOoboboboobooon
O00ooooooo. (hoooooooooooo,0000100000000000000
uboboobooooooooo,0obooooobooooobo. boobooooooobooooooaon
o,®d), (00000000000, 00000000000O00O0ODO0ODO0ODOUOOUODO. 00O
00,00000000000000 (e)O0O0OU0OOO0OODUODOOUOOOOO.

3.6 U000

gboboobgoobgoooooooogooooooooooooooboobg,obooboobobo
gboooboooobo.obooocobooobooboooobooooboooon,20000
gboboobOobooooboobooooboboooooobo.ob,boobooobo0oboo,booon
gobooboooooboooboooooobo. bob,0b0o0b0o0obooooboooobooooooon
gbobobobobobooboo,0cobcooboobooboobooboboobOobobOobooboon
gooooooog.
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40 HELIOS IXUOUOOUOOOOOOOO
oo

gbobooboboobobobobobooobooboooooooooboo,0bo0obobobobo
gbooO,000000000000,00000b00000000DbOO0O0O0OOOObOOODbO0On
O000o0o0.ooooo,HELIOSIXOOODO 300000 e000O0O0O00ooono. og,o
gboooobooobooooobooboobooooo,0boocoboobooooobooooboooobooon, o
gboooboobooobooboooooa.

4.1 0O0OO0OO0OOOOOO

gobooooooboooooo,ooboo0ooobooooooboooooooboooooo
gooooo,0boobo0oobooooboogoboooobobooooooboooooboooooo
obooooOoboooooo,0coboobooboooboboobo,cooobobooooob. ooon
oboobooboo,oobo0obooboooboooooooboobooooboboobo.oboobooboooon
obooooobooogo,0o00boooobobooboooobooooobon.

4.1.1 00000

goooooooooogooboboboobooboooboooooooDooboo. ooboobooDbo
obobooboboboboobo, 0000000000 oobooboboobobobobooon
uboooobgo,obo0ooboboobo. oo, 0b0oo0o0ooboooobooboooobaon
O00,0000000000 43,44). 000000000 0DO0OOOODOOOOODOOOOOOO
O00000. 000 Fig. 410000 HELIOSIXOOOOOO 3kgOOOOOOO, rollOO
—180° ~180° 000000000000 DL0O0, 00000000 200000 Motorl, 2000
000U0O0O0. 000000000, 00000000 (D00 5:1)0D0000U0DO0O0OUDO (OO
0 100:1) 00 500:10000000000000O00O0, 00000 PIDOOOOODOOOOOO.
0000 Motorl, 200000 Fig. 420000. Fig. 42000000000000 Motorl, 20
oo0o0oo0o0oooooOooO0oo0ooon,Fig. 420000000000000000,000000O
oO0odooooooOooooooooooo0oOo0. 00,00 rol0D00O00OO0ODOOOOODODOO
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41000000000

gbgbogbooboboobodaboboob. obob,oboboobooboboobaoban
gbooobOoboooobooooooboooobooon.

Roll angle

Motor 1
Motor 2

Weight (3kg)

Fig. 4.1: Measuring wrist motors current.

0.3, T T T 2

—— Motorl
Motor2

Torque [Nm]
E = E
Current [A]

-200 -100 200 -200 -100 200

0 0
Roll angle [deg] Roll angle [deg]

Fig. 4.2: Left: theoretical motor torque. Right: measured motor current.

4.1.2 0000000

goooooooooboooooooooobo,oooboboobbooboooob,boog
ooooo0.booobooo,0b0o00boooboboobooobooobooboooboooboooooon
000000000000,00000006000000000000 [45,46]. 0000000
00000000000000000 60000 (0000 OPFT-220N (Table 4.1)) 0 3000
O (000 PD3-32-10-80 (Table 4.2))00000. 00O0OO0O0OOOOOOO, 00000000
oooo0o. boboboooboo,bobooboobooboob eboboobOoDbO,30000
O HELIOS IXOOOOOOOoOOoOoOo.00,0000ooooo0oooooboooooooooon
obooobOo.ooobooooboooboobooboooobooboon.
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Table 4.1: Specification of 6 axis force sensor (Minebea OPFT-220N)

Diameter 50 mm
Weight 330¢g
. 220N
Load rating
y 220N
(force)
Z 440N
. X 11 Nm
Load rating
y 11 Nm
(moment)
z 11 Nm

Table 4.2: Specification of 3 axis force sensor (Nitta PD3-32-10-80)

Diameter 18 mm

Weight 20g
80 Ncm
Load rating y 80 Ncm

@ z 80N
X 0.1 mm

Displacement of
. y 0.1mm
edge of stick

V7 0.05 mm
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4.2 OJO00O0OO0OO0O0OOOOOOLDOOOOOO0OObOOOooOd

00000000000000000,0000000000000000000000000
000000000000000.000 Fig. 43000000000000,000000000
ooooo MO,

M = Fl, (4.1)

ooo,l.0000000DO0O0000DOOo00ooDOoOOoooDo0O0.o0oobO,00oOb000ODo
ooooooooooooooooooooboboon, Fig. 43000000000000000DO
oobooobooooboooboooboooobooooboooboob. 00bb0bb FRO0Ooboooo
O,00000000000D000 MO,

M = Fl, — Fil, (4.2)

uobO,b00b00b0ooboobooboobooobo0o. obooboobooobOoonO 30
OO0000000 HELIOSIXDODOOOO,0OooooOooooooooooooooooo.

Multi-axis Multi-axis
force sensor End-effector force sensor

_| Force acting point M,
= ) s

| 4 Elastic plate 4
F P F
Sensing point 1 Sensing point
e
b

e

Fk End-effector

Force acting point
®

Le

Fig. 4.3: Reinforced multi-axial force sensor with elastic plate

4.2.1 OO0O0O0OO0ODOO300O0DOO0O00

0000300000 (Nitta PD3-32-10-80) 0, 000000000000, 000000000
ubod. bob,0b03000000,z000000000D0O0D00O00,x,ydOOoOoooOooO0nO
ooboboobobobgoob,ooooobooooooooooobobooboboboDOobDOoo
obooooooooooooboobobob. bobo, 000000 30cooooooboooboooboon,
000000000 Fig. 4400000 B0mmOOOD0OO0O0,000000000000 x,y
oobooobooooooobooboogobo,elsNOODODODDODOODOODOOODOO.ObOoOooDo
gbooobooobooboo,0bobocoboo3obbooboooooboooboooobooo,ooooon
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040 HELIOSIXOOOOOOOOOOOOOOO

oboob soboooooooooooobooboobobobo,boboboobooobooobooooon
gooooooao.

Arm Glue Elastic Plate

y

130 mm X

Pointof Z
application force

S
r g

3Axes Force Sensor Gripper

Fig. 4.4: Adding a elastic plate

gooood

Fig. 4.5: Developed elastic plate

goooOoOoOoOoOoOoOoOOOOOO0OO0 A2oI7O00O0O0O0OO0O,0000000QC0COCDODOO
x,yOOODOOMNOODO. O0,z0000000000008ONOODOOODOOOO,000O
x,yOOOODO 2000000000000D00C000D0OC0OO. Fig. 4500000000000
ocO0fpopOOUO0.bobbooobboooobbooooo,bo0obooobooboooooboboOo,od
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3 axis force sensor

_| K Force acting point
o o 9

|
Sensing point Elastic plate
Ik 7

le

Fig. 4.6: Force sensor with elastic plate

000000 x,yOOOOODOOD,z0000000000000000 (Pro/MECHANICA
Wildfire 4.0)00000000. 00,x,y00O0O00O,Fig. 4600000000000000. 0O
OO0OO0O0O0O0O0O0OO0O0O0O00000 [, 00000000000 Aznme, 00000000
OO00000000DD0O00CDO0O0000 fie, 000000000 K, 0O0000O0OODOCOO
oo0ooooo0oonD k0000, 000000000DOO00OO0ODOOOODOOOOODO
oooo.

(ks + k) Axmaz Iy, = le fmaz (43)

000 k000000,k=8300N/mmO000000000000O0O0OOOOOOO. 0O00O0OOO
(I = 130mm, I, = 10mm, AZe, = 0.1mm, fre, = 70N, ks = 800N/mm) OO0 0. Fig. 4.7(a)
O, 0000000000000 BmmOOOOOo 7ONODDODDODOOOOOOOO, 00
Joooooobooobboooo 0.ommObOOO00O0oOooooO.
zO0ODOOOO,000000 x,yOOOODOODOOODOOO z00005N0O00O0O0O,
000 0.05mm 0000 Fig. 4.7(b). 00000, 0000000 8ONOOOO,135NOO0OO0
ogoooooooood.
go,0bddobdooboooboobuoob oo, 0boogbuoobuooog.
0000 PD3-32-10-800 O OODOODOOOOODODOOODOOOGMMOODO,0DO00D00O0DOOO
gooooooooooooooobooooobboooo, oo oa
dooooboooooo. bgooboooobboooo,bo00obbooooboo 3goooo
0000000000000 000000O0000O0O0000O0O0oUOooOOooOoOoO (Fig. 4.8).
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(a) x, y axis

0.05 mm

(b) z axis

Fig. 4.7: Result of displacement analysis

gooad

obooobooobooobooboooboon,x,y,zO0OOO0OOOOOOO,0000000000
O0. Fig. 4900000,00000 x,y0OOO0OOO0OOO0ODOOOO0D,z00000000DO
0000000000000 (Table 4.3). 0000000000000 OD0OOOO,000000
gbobooobOobooobooboooobooooobooobo.

4.3 0OOO0O0OO0OO0O0O

gbobooobobooobobooboboo,goooboooobobooobobooobon, o
00000000000, 000000000000000UOO0O0O0 47. 000000, 00
0000000000000 000O00o000o00Do0oUDOU00O,000000U0O0DO0O [48]. OO
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3 axes Force
Sensor

3 axes Force Sensor FElastic Plate

Fig. 4.8: Assembled force sensor and elastic plate

X axis y axis Z axis
1000 1000 1000

500 500 500

output [mV]

output [mV]
=)
output [mV]
o

=500

+ With ElasticPlate ~500
#* No ElasticPlate

~1000
—100 =50

+ With ElasticPlate ~500
#* No ElasticPlate

-1000
0 50 100 —100 —50 0 50 100
force [N] force [N]

~1000
—100 =50

0 50 100
force [N]

Fig. 4.9: Outputs of the force sensor while exerting a force on each axis

Table 4.3: New measurement range

Load Rating Original range New range

X 6.15 N 50.5 N
y 6.15 N 58.9 N
z 80N 88 N

obooooobooooooobobooooobobooooboboobooobooboboooobooDn
0000,00000000000000000000. 00000 4900,000000000
oooobooooooboobooobo,0obobobooooooo.
oobooooooooooo,obooooooobooob,boo0obbo0ob /R, nOO0O0OOoo0Oo0og
ooooooooooob0 ROODOOO,00000000O0D0D,00000O0D0 F,rO000O.
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ROOOOOOODOAOODODODOOOO.

F = ROF (4.4)
T = RO (4.5)

000000000 z.6(t+1) 0000000 6.6t +1)0,0000000000.

Tref(t+1) = Xpes(t) + (Toperator + K F)AL (4.6)

Oref(t+1) = Ores(t) + (Boperator + K, 7)At (4.7)
DDD,a‘copemthDDDDDDDD,éopemtorDDDDDDDDDD,Kf,KTDDDDDDD
000, At00000000. 000000DO0DO0DO00O0, 0000000000000 DOOon
goooooooo.
o0, 0000000000 ooo 3onooonoooooooooobooa
0, 00000bbo0d0gooboboboboo0. bbb obo,booooooooooa
goobbooobboooooboo,oobbooobo0ooobbooobb.booooobooo
IZIIZI,DDIZIIZIDD[IIZID(Fig.4.10(a))DDDDDDDDDDDDDDDDDDDDDD,DIZIIZI
00000o0. 000, Fig. 410b) 0000000000000, 00000000 OOOOOO
Jod0obooOoO00o00obobOoo0o0o0oooobOo0o0o0oooooooooo 46000 FOOO
0O, Fig. 410b)000000~x000+4z200000000000000000,30msO0000
0obooobooooobooobbo 44,46000000000. 000000O0O0O00ODODOO
gooooooooooooooooobooob bbb ooobuoo,oooooa
JO00dO0OO00O HELIOSIXOODOOOOOOOODOoOoOoOOoooooooooa.
dooobooooo, oo ooo, oo bbb boooooa
ooooo,000000000 Ky, K, 0OOOOO0OO0O0O000. o000 y0oo00ooo.

4.3.1 000000

Ooooooo0o0ooDbOoo0000ooO000,b00000 Fig. 4110000000000O
oooobooooooboobooooobooooooboboooDg.

4.4 0O0OO

uboboagobooboboobboabbooboboobobodobboa,oboboobobaa
boboooooo.booboobooboobo,00bo0ooboobo0ooobooobooooOooon
gbobooobobo.oooboboboooboboboooo,oobooboboooboobon
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(a) Without force feedback (K; = diag(0,0,0) [(mm/s)/N])

(b) With force feedback (K = diag(6.8,6.8,6.8) [(mm/s)/N])

S

Force [N]

Force [N]

4
Time [s]

6

10
Time [s]

Fig. 4.10: Experiment of grasping objects

Fig. 4.11: Force vector displayed in GUI

15

boboobOoooboooboobooooooooOooo.ooo,boobo0ooboOooboOoo3gon
OO00000,000HELIOSIXOOOODOOOOOOOO,00oOo00oOo0oooooooooo

ooocooobooooog.
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050 HELIOS IXOOOUOOOOOOO
HREN

HELIOS IXO,00000000000000OO0O00000OOO000O0ooOobo0goo
O000000oOO0O0o00oo0O. Do0o0o000ooo0O00O HELIOSIXOOOOooOoOoooo
o,0boobogboboooogobooooooob.oobobooboob,oooooboboooon
oboooooooo,0oocooooooooooboobobobobooboooooooooo. oo,
bobooboboooboobooobo,0ob0booboobooooboboooboobooooboooDo.

5.1 OO

oooooooooobooo,0bo0ooboooboo,ooboooooobooobooboo.bog,
goboooooobooooooobooboooooboo,oooo00ooboooo0ooboooon
O0o0ooooo.0o,00 Bojo0, 0000000000000 Uo0o0ooooooo
gbooobOoooooobooon.

200000ooOooobo0obo0obooooooooboooboOo0obDbooobDoOooD
obooobooobooooobo,0cobooboobobooboooboooooboboooboo,0o0o0oon
gboboooooooooooooboobobo. oboboboboboooooobooooobooon
gbooooo,gbobooooobooooooo.booboboob,b0oboooob0oboooon
0000000000,000000000000000000000O0 (Fig. 5.1). 000000
0000000000000000,0000000000000000O000O00O0 (24V, 10Ah)
obooooOob.0ooboooobobooooobobooobobooooos1oooon.

5.2 UJU0oon

gooooooooooboboooooboobooooboboooobobooooDbUobo
000000,00000000000000000000O000UOO. 0O pljoo,0000
gboboboboobooooooboooooooooooooboobOobobOobo,0o0o0ooon
00000000 40000000000000000000000000OOO. OO [B2J000
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Battery

Teflon sheet

Roller

Fig. 5.1: Sled

000000000000000,00000000000000000000000000000
0oO0O00O000oo0o0oo.

HELIOSIX0OOOOO000,00 [53)0040000000000,00000000000
0000000000000000 (Fig. 5.2). 0000000000000000000000
00,0000000000000000000000000000. 000000000000
Carrier 1000000000000 O000O00000O0O0OO0O. HELIOS IXOOOOO, Fig.
530000000000000000000000000000000000000,00000
DoO000o0O00ooooooo.

00,00 [5400,0000000000000000000000000000000000
0000. 000000000000000000000000000000000000000
Doooooooo.

0000,0000 7, 0np000000000000.000,n,0ng000000, Fig.
5000000000000000000000 k0000 0000000000000000
000,00000000000000000000000000.00000000000000
0,000000000.

—(11z = Tir) = k(011 — 01R) + (011, — O1R) (5.1)

gbooobooooooobooo.
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Carrier

Actuator for
arm swing motion

Thruster

Crawler

Fig. 5.2: The configuration of the tracked vehicle HELIOS II using four equilibrium crawler

0
(emll, Hpitch, eyaw)

Wrist
911{, i/R, Tir

Gripper 0:

_ .
( @ O, llL)
T
Tracks "

Fig. 5.3: Definition of joint angle

Crawlers

Crawlers

Fig. 5.4: Crawlers model connected with spring and damper
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5.3 000

5.2.1 0UO0OO0OOOOOOO

000 HELIOS IXOOOOOOOOOOO0O000000,00000000000000000
0000. 0000000000000 [(530000,0000000000000000000
0000000000000000000.00000000000000,HiBetOO 30000
000 100WOO0OOOO0ODCOOO0O00000000000 (000 1:160)0000000000
0000000000000 20000000, Hibot0OOOOOOOOOOOODO,00000
000000000000000000000. 00000 DCO00O0O000000 DbCcOO0
000000000000000000000000.0000000000000000000
30000000 (Allegro ACS7TI2ELCTR-30A-T)0000000.

0000000000,0510 (b, —6,z)00000000000000000000000
000,0000000000000000. 000,Fig. 540000000000000000
0000000000000000000000,000000000000000000,000
00000000.0000000000 CADOO,00000000000000000000
00000030000000 (ADXL345)0,300000000 (ITG3200)000000000
0000.0000000,0000000 612 01rref 000000000

01Lref = ZAeloffset + eloperator (52)
eeref = _EAeloffset + eloperator (53)
aono,
Abrofrset = —ko(b1r —01r) — ke(kriiL — kriig) (5.4)
k = UL, kp=(L—1)/L (5.5)

1, mrp 00000000000 O0OOODOOO, k,kgO0O b5000000000000O
0000000, ke, k. 0000000000, dieperator 0000000000 0O0O0O00O0OOO.
Fig. 550 00000000000000000. 000000000000 CPU(SH4)OOODO
0 100Hz OO0O0O,00000000000000O00DOO0O0O00O0DOO0OOODO.

5.3 UOUO

HELIOS IXOOOOOOOOoOoooooooooooo.oo,0o0000000000000
OO00oDo00oo0oOoooo. 000, HELIOSIX ODOOOoOOooo,00000o0o00ooDo
gboboobOooboooboobooooboooooboobooooobon.
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gloperator + o 91Lref

* HELIOS IX

5] AB1offset
L= ]

Fig. 5.5: Angular and torque difference between left and right tracks are fed back.
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ooooOo0oO00O0O00,0000 HELIOSIXOOOOOOOOODODDOODOODODOOOO.

6.1 HELIOS IXO OO

Table 6.1 0 HELIOS IXOOOOOOODO, Fig. 6.1000000000.

Camera

Sled

Fig. 6.1: Developed arm-equipped tracked vehicle HELIOS IX

6.2 U0OOOOOOOO

HELIOSIXOOOOUOOOOOUOOOOOUOOOOOUOO (DDoo0ooooooo)oooo
0000000 2o0WOOOOO DCOOOOODOOO (00O 10200000000000000
oobooobooooooboooboooobobooooobooooboooboobo.booboboooon
goboboooboobbooobooobooboooobooboobooo,0booboobbooooon
000000 (24V,4Ah)00000. 00D0O0OD0O0OO0O0OO0OOOOOO0OUOOOOODODOO
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Table 6.1: HELIOS IX Dimension

Item Value
Width x Length x Height 530 x 570 x 350 mm
Track unit

. . 160 x 570 x 202 mm
(Width x Length x Height)
Arm (extended) 1220 mm
Mass 44 kg

0(0000)0000o0o0. 0000000000000 0O0, 0003000000000 3
ooooooooooon.

Battery \Actuator unit

Fig. 6.2: Crawler unit

6.3 UUUon

HELIOS IXOOOOOOOOOOOOOOOD Fig. 6.3000. HibotOODO 100WOOOO
O0DbCOO0O0O0O0O0O0OOD0OOO (D00 1:160)000000000DO0OO0OOD0ODOODOOO
o0 10boooo20,02, 030000 1000000000. 000000000000
goooooOo0O0O0OOOOOOO0OOO0O000000000 LANOO,0000000000A0.

6.4 U0OOOOO

Fig. 6400000000000000000O000DO0O0DOOO,00000000000O00
gbooooooooobo.obooooboobooboobooooooboobooooooo. 100
ooooopooooooo ccboogdOo LEDOODOOODODOOODOOOODODOOOO.
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206

— | 380
Wireless LAN router

Crawler connection

Fig. 6.3: Main arm dimension

6.5 UUOOO

O0O000Db0O00000 Fig. 6.50,0000 Fig. 6.60,000 Table6.2000. OO, Fig.
6.7000000D000OO.

6.5.1 0UOU0O0O0OOOOOO

00 [2400300000000000000000000O0OD0O0UODODOO0OOOODOOUOD
U,00000000b000b000b00o0bo0oobooboooooobobo. ooooooooooon
oooooo0ooboOoOoOoooboOo0oooooO0o0.bOo000DOb0000DObO00, pitch00 40
gboob0,yaw0OoOoOO200000000000000000.000000000O0DOO
O2000NO00000,00000000DCO00O0O0O0O00DOOOOODOO.O0DOOOODO
goboooboooooooogooogD,Fig. 3400000000DO00DO0OODOOOOOOO
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Camera

LEDs Camera

Spring

C

Fig. 6.4: Detail of the camera arm

00000O000. 00000 x00000000000000000000000000000
000000,000000000000000000000000000. 0000000000
000,0000000000,000000 (Gpiterh = 0,0y =0)000. xOODO F = 2000N
0000000,00000000000000000000.000,00 v,,vxp0000000
000000 1000N, 54NmO000,00000000000,000,00000 (00 17mm, O
030mm, 0 7mm)0 20 2smmO00000000000000000000000O000.00
0000,00000000000000000000000000000.

6.5.2 0O0O0OOOO

ooboobooooobo,0boooboboo0obooboo0o 2000000000 00000D0O00
goboooboooo,boobooooobooo. oboobooobooobooboobOoooboOooon
OO0,00000000000DCO0O00DOC VringO, 0000000000000 O-ring O
o0o00.000000000,Fig. 680000 3D0O00O0O0ODO0O0O0O0O0O0O0O0O0O0O0O0ODOO0
OO0.000pitch0D0000D0O0O,000000000DO0O0O0DODOODOOOODO. O0O,DO
obooooobooooobobooboooo,oboobooobo0oboooooboboobooobooooon.
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Fig. 6.5: Developed wrist mechanism

— /Gripper plate
Harmonic Drive

V-ring
Maxon EC 45 flat 30W

63

Cross-section

Photo interrupter
A-A

136.3 [

S
orearm
I

Fig. 6.6: Cross-section of the wrist mechanism

6.5.3 0000

53

yvaw 00000000, D03400000000000000 —=75°0475°000. pitchd0O0O
gboboboobooboooobooboooboo,cb0obobooboboobooboboobOobooboon
obooooooooooooooboboboo,0obn0 —120°04+100°c0000000000OO
O.cADO00000O0OoooooooooOooOO0Og, Fig. 69000000000, OOODO
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Table 6.2: Specification

Item Value
Weight 2.3kg (including forearm)
Degree of freedom 2

—120° < Opien < 100°
Workspace

—75° < Oyqw < 75°
Actuator Brushless DC motor 30 W
Reduction Harmonic Drive ( Ratio: 1/100 )
Output torque Pitch : 7.8 Nm
(at Opitch = Oyaw =0) Yaw : 9.8Nm
Link parameters l1:42° 15 :74°, 13 : 50°, o : 40.8°

yaw : -75° pitch : -120°

Hard rubber

yaw : +75° pitch : +100°

Fig. 6.7: Wrist motion test

goboobooobooboooobooboobooboboooboo. boooboobooon
ocooooo0ooooobooOo 6., g 000000 Fig. 6.1000000000000O.
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Hard rubber

Fig. 6.8: Pushing ground

6.5.4 0OU0OO0OOOO

O000000000000,00 55,56 0000000000000O00O00O0O0OO. ODODO
gboooboooobooboobooboboooobooobooo L, 200000000000D0O00OO
O (Fig. 6.11). O0O000O0OO00OO0OO pitch000000O0O0OOOO0OOOOOOOODOOO,O
goooboooboo.

6.5.5 UUOUOUOO0OOOOOO0OO0OO0

gooooooOoOoOoO0O0O0OO0 DCOOO0OOOO0O0O0O0O0O0O0OOOOOOOOOOODDD
oobo,0b00b000b00b0. boo0booboooooobooboobooooooobooooDoon
gboboooooooooo,0ooboo0oboboobooobooob.oobooobooooboooooOooaon
O (Kodenshi SG-2BC)0 Fig. 6.6 0000000000, 000000000000 (Fig. 6.60)
obooooobooooboboooboobooboooboboo. oboboboooobobooooon,
gbobobobobobooboobooboobooboobooooooooboobo,boboobooobooon
00,000000000000000000000000000O0O000O0 (Fig. 6.12). 00O, O
gbobOoboboboboobooooooooboooooooooobooboboo, 0000000
oooooobooobooboobooooooo,oboooo.
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100,

50

—— Mechanical limi
Software limit

Yaw angle[deg]
o

_50,

_10 i i i i i
-150 —-100 -50 0 50 100
Pitch angle [deg]

Fig. 6.9: Actual workspace of the wrist

=50t +
Initial angle

(epilvh = eyaw = O)

Og [deg]

—1001

—1501

—2001

=200 —-150 -100 -50 0 50
0 [deg]

Fig. 6.10: Actual workspace of driver link

6.5.6 LUUUOUOOODODOOOOOODOOOOO0

gbobooooooboboboobooooo,0ob0obooo0oboobon. yaw OO 4d
0000000000000 0oo0o0o0oDO, Fig. 6.13 (a) 000000000, Fig. 6.13 (b)
U, 000 yawODOOOOOOOOOOOOOOOODOOODOOO. ODOOOOOOOOOOO
oooooooo, £v0°c000 12°0000000. DOOOODODOOODOOOOODOOOO
O00000ooo0oO (b7, 0000000,40000000000 (&4, I, I35, ) 0000
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Fig. 6.11: Wiring to the gripper

(I = 42.0°, 1 = 74.0°,15 = 50.0°,0 = 40.8°) 00, 00+1°0000 0.1°0000000, 000
0D00000yawOOOOOOOOO0OO0O0O0O0O0O0O0O0O0O0O0O00O0O0O000000000O0
0.0000, (I =42.9°,1, = 73.3%,13 = 50.5°,a = 41.2°) 00000000. 00000000
000000000000,00004°000000000000000.
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Rubber

Aluminum
) ‘ )

Photo interrupter

Output of the photo interrupter
1

o

Absolute angle of the motor

Fig. 6.12: Initialization of angle of driving linkage
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Fig. 6.13: Calibration of link parameters
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6.6 0000

6.6 LU0OOO

00000600000 (D0OOOO OPFT-220N)00000 1000000000 0OOOOO
0000.00000000000000000000000,00000 3DO0OO0 (ObjetO)
000000000000 0000000D (Fig. 6.14). 00,0000000000000000
obooobOobooobooboooo,0o0o0bobooobooboooooboon.

\

(a) Front view

Camera

Gripper

N

Rubber (3D printer)

Motor driver——

/

6 axis force torque senseor

(b) Inside view

Fig. 6.14: Developed 1 DoF gripper
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6.7 UJUUOOO

0000000 Fig. 6.15000000000. 000000000000 0OOO (SH2)OOOO
Oo0o00o0000ooooooooooooooOooOoOoD. DooooooooOoOoO CAN-BUS
O00000000,000 CAN-BUSOOOOOOOOOUODOOOODOOO (SH4)ODOoO0DoOooo
O00. 00000000000 LANOOOO (D000 JRL-7200000000000 PCOO
gooooooo,0oooooooo0 pCcOO0OOOOOO,00,00000000,LRFOODO
obooboooboo. obobooooobobobooboboobooobobo,ob0oboboobobooboon
gboboobooooboobooboooobooobooboooobooboob.oo,200000
OO0000Oo000oO0O0 LANODOODOOODOOoooooo pcooog,oogon.

Camera arm  Wrist motor Force sensor

Fore armi_ * ** Lji'-l *Gﬁpper

—~CAN-BUS

Elbow
-_ B Laser range
finder
Shoulder
M)

1
1
1 ( \
1
1
Arm base :
[ 1 T
Main CPU |~
(SH4) Attitude_|
. sensor = + = Ethernet
| I;I I:l ====RS232C
I video Video CAN-BUS
\ ), " server” "server \ ), l_ Motor&
Left track | 1 I Right track

Motor Driver

| Router |

Fig. 6.15: HELIOS IX system architecture

6.8 0U0OUO

OO000,HELIOSIXOOOODODOOOOOOOOOooOoOoOo.ooooooo3ooooon
gbobooboobooooobo,0coboboooooboboooob. oboooboo,ob0boooon
gbobooboobobooobooooooooobooooboobobo,00ooboobooooooon
gooooooog.
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goboooboooboooboooboooooo,bboo,obooboooobooobooboooo
goooooobooooob. oo, obobooboobooboooboboooobob,b0booob
gobOoooo,bo0ooboooooboobooooboooboo0ooboooobooooooooboooon
O Shared Autonomy 000000000 COCCCOOO0. 000000, HELIOSIXOOOOOO
O00000000000,000, Shared Autonomy 0000000, 000000000000
sboooooOoOoooooooobooooooooooooooooboooooo.

7.1 Shared Autonomy

0l1gdoboooboobooobuooob, bbb oboUooboo
U.o0oogoobo,0oooboboboooooooboobobobooo. oo, bobo0oo0oo0ooon
00oo000o0o0o0o0o0oo0o0,0D0oo0o [(1/00,0000000000000000
obooooobooboooooobooboobo,0oboboooooobooboooooooaon,
gboboobobooboobooobooboobooooboobo,oo0o0ob0oobooooa.

gogbooooboobooooboooboobo,boobboobboobbuoobnboobba
O000000000000000000000 Supervisory Control[58] O Shared Autonomy[59]
0000000000 Supervisory Control 0, 0000000 OCO00OO0ODOOOOODOOOOODO
obooo,00b00000oo0oboobooocooobo,cboo0coooboobobooooooon, o
goboobooooboooboobbooobooobooobooo,oobooobooboooobooobon
O00000000000000000000 [60]. OO0 Shared Autonomy 00, 00000000
gboboooooooooooooboobobobobooboooooooooooobo. ooooo
gooobbbuooooobobooooobboobo,bgoobbboIbbooooubbog
oboooob,02000000000000000000O00000O0,030000000000A0
Oo00000,0000000000000000000C000 HELIOSIXOOOOOOOOOO
000000000000000,000000000 Shared Autonomy 00000000000
gboboobOoboooooboboooboobooooboobooooboooooboobooooon.
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Wii Nunchuk
Wii Controller A

Wii Controller B

Fig. 7.1: Input device controller

7.2 OJOOoon

gobooobOoooooooooo,obo0oobboobobooobo0ooboooooooooo
0000,000000000000 (000 WwiiOD0O0OD0O00)000000000 6000000
ooboobooobooobooboooooob.oobog, kg 71000000 200 wWiidOO
Ooo0oOo0o0oooO0oO0 wiilooOoooooooo. 0boooooo0ooooooooooooDo
O,000000000 roll, pitchOOOO00ODODO0O. 00,yew 0000000 OOODODOO
OO0 20000 LEDO WiiDOOOOOODODODO AODOOOOOOOOOO0OO0O0O0OOOOO
gboooboo.booooboboocoboboob,0cobooobo0obooobooboobo.ooon
000000000o0oo0ooooU (x,y,2) 0000000000000 0OOCOOOO,000
gbooobooooboobo.oooobooobooboooobooooboo,bobooboooo
ooooooboo.ooboooooooooobo,0boboobbooobooobbooboo BOOoOoDO
00000. 0000000000000 0O00,0000 (CoooUoooOooOoO)oooo
oboobooooboooboobooboooboo.obooboo,00b00ob0o0obOOoO0oboOooon
oooo,000boboocoboboooobooboobooo0oboooooboooon.

721 0O00O0O0OO

goooooobooooooooooboobooooo x,yooo,0b0oboo BoooooOo
b zO0booooooo,gbooboobboobooboobooboobbobobaon.
oo,000000oooooooooooooob0. 000D oooOoOoO0 ADooo.
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722 00000

OO000Oo00DOoO00oOoO0OooOoUoooO,00o0o00oood rolly pitchD0OOOODOO
O00.00,yew0000000C0OO0OO00O0O0OC 20000 LEDO WiHOOOOOO AODO
booobooobooooobooooooboooboo.boobooboobooobooboo,uo0n
00000000ooooo (Fig 7.2).

Fig. 7.2: wrist control

723 0O00O0OO0ODOO

gooboobobooboboobobobobobUobobOobobOobob0. bobooboooo
0000000000, 0o,00oo0,doo (Fig. 73)00000000000O0OoOooooQ
gbobooboobooooboo,boobooboobob.obobooooboooobooboooon.

go000oooo0O0O0O0000O0O000000D A0O0OD0ODO ADOO. PO Fig. 7400000
000.0002000000000000000000 (vg,,,,vr,.,) 000000002000
ub.0b01l10b0o0000b00obooboboooooobobooboo,0boo0obog,booooon
OO0O0DoOo00.00200000000000000D00 60 360°090°00400000,0
g,dbobooboobooboobob.200b00b00000boooobooboooooona.

gbo1000

0000000000000000000004000000 (vz,.,,vg,.,)00000. ADDO
00000000000 00000000000.#0000000000,00000,00000
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] 5@?%\%

straight

curve

Fig. 7.3: required track motion

Fig. 7.4: joystick angle

gooooooo.

vr,., = Asin(0+ %) (7.1)
VR,., = Acos (0 + %) (7.2)

gbo200,00000

gbdldbobooobooooobooooooooooooooooo,ooooooooobooooo
ocoooo.ooo,b0o000oooo0oooooooooooooog,ogoooeObObOO
O0o0o0o0000D.b0O000,Fig. 760000 360°09°00400000,00,000
gooooooo.ob,b0b00ooobooooobobooooobooboobooDO.

O

(0<o<3)|(F<b<2nm)
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k]

IN

0.5¢

speed

-0.5¢

— Left speed Ve
- - -Right speeg

260
0 [deg]

100

Fig. 7.5: method 1

forward

300

speed
Q

— Left speed
- - =Right speec

=l

eref

eref

ULref

eref

_l,
1 0
Fig. 7.6: method 2

= A(0.5cos46 +0.5)

- eref

= A(0.5cos46 +0.5)

- _eref
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o<
vr,., = —A(0.5cos46+0.5) (7.7)
URref = eref (78)
o<k
vr,., = —A(0.5cos46+0.5) (7.9)
eref = _ULref (7'10)
goaogoo

ooooooooooooobo,000ooooooooooo0oo BOoODOOOOOOOO. O
0000000000000 0D,0000 (0000000000 O0)000UDO0O0OUOO0
oboooooboooooboobo.0oooboobo,boobooboobooooobooboooo,oon
bobooboobooobooboooobooooboobooooobon.

73 3D0O0O0OODOOOOOOOOU

Shared Autonomy D 0000000, 00 (9000000000000 OOOOOOOOOO
00000000000 00OoooooooO”Software Jig? 0000000000, OCOCOO
ocooooo,00pCcOO0O0OO73100000000000DOOO0300DO0O0O0O0O0ODOOO
o00o3boo0o0oooboooOooooDooOo0 103goooooooooooOo,b0oooooon
oooo3000ogon

10 001000000
20 00 (0OOO0OO)
30 000000

gobo,000b0000b000bo00obo0oooboooooooobooooooboooooon
00o0000.0000o0o0oOU0OU00U0OD0OD0ODO,00EODO00D00O0000O000
oooosboooooOo,0oooooooooooboo0ooooooooobooOoooooDooo
00000000. 00 [62)00,100000000000000000OO00OOO, 00000
gboobooooooooooooobobobobob. bobobobobooobooobooooon
bobobobobobooboobo,0b0b0ooboooobooboobobobOobobobooboonn
gooooooooo.ooo,ooooobogob,bbobbobooboooobooobooboon,
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HELIOS IXOOOO,000000000000O0C000O0,0000D0000O0O000DO
gbooo,obooobooooboo.oo0obo,0oboooooo,booboob,ob0o00b00on
goooooooobo,40000bb00ooobob0oooobooobL. oooobooboobooon
obooooo.ob,300b0cooobooboboooobo,0obo3oboooobooboooon
go.

7.3.1 30000000

300000000 0U0UooOooOO0OO0, 00000000 UUn (LRF O, 00000000
oo000.000000000000000000000000,HELIOSIXOOOOOOOO
obooooOobooooboobobooooo LRFOOOODOOOO. OOOoboboooooono, o
00000 LRFOOOOOOODOO URG-04LX O HELIOSIXOOOOOOOOOODOOO (Fig.
7.7, Table 7.1). 00 0,20000000000 LRFOOOOO0OOO0OOOO0OOO0OOODOOOOODO
0,3oo0obooooooobooboooboooooooooooooboooobooobooo.boon,
00 [63]0000000000000O0,LRFO00O0O00D00D0O0O0O0O0O00O0OO (SH2)O
ocooooooocgos3shbgoooooooOooboOo. oooog,00,LFRO SH2O000000
ooo0o,0000000000O0CPUD,00O0QOOOO0O LFR—SH2, SH2—-LRFOODO 20
O0000,000000LRFOSH20000000C00.1000 2000000 10ms000,
oboboooboooooboooboooooobooobo. oo, 00b0o0oo0oooooooboooon
oooooooooo0ooooo0o0. 000 LRFODOOOODOOOOD,0D00000DO
gbooooobooobooboboboobobooooboboboobooboon.

Table 7.1: Laser Range Finder (URG-041LX) specification

Item Value
Detection 60 mm ~ 4095 mm
Distance 20 ~ 1000 mm0 +10 mm
Accuracy )
Distance 1000 ~ 4000 mm0O +1%
Scan angle 240°
Angular resolution  0.36° (360°/1024)
Scanning speed 100 ms/scan
Weight 160 g
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«s—>,  Laser Range Finder
\ ‘ (Hokuyo URG-04LX)

FLEY

Fig. 7.7: Laser Range Finder on the wrist

GuUIOOoOoOOoOoOoooo

GUIO, OpenGL[64] 0000 LRFODOD 3D000 (Fig. 7.80)000000 (Fig. 7.8 O0)
0000000,00000000000000000000.0000,00000000000
0000000 3DO00000000000000000000000. 000 OpenGLOODODO
0000000000000003D000000000000,000000000000000
00.000000000000.

00,LRFO 10000000 n00000000000,0000000000,m00000
000000, m0n0000000000 (Fig. 7.9). kOOOOODO000000O000,

n—1

<k -1 (k —1)%(n — 1)) (7.11)

OO000O00. 00ooo0o0ooOoO0ooD,00000o000DooO00Dod OpenGLOOODODO
gbooooOoboo,0boo0oooobooboooooboo.obooo,0cob0obooooooboooboooan
gboboobOobooooboboooooboooobooboooooa.

7.3.2 O00O0OOODOODO

ubo,b0boboboboboboboooooooooobooboooooooooooon
0O0,000000000DOOo00OooOo0U0oooO0oO. DoogooDooOo,0o00Oo pCcOO
obobooboboboboobobobobobo, 0000000 2000000000000
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DO ©@ @ O @ O

£ PostTion ¥ TILI6] y [-64.153 4 [747.248)
W POSITION y 374522 y |-122.05| 3 672807

FOSTURE g 8512 p (189053 y [-0.00000

INT LR TIE T E| s1 |ap| 45

WANGE [deg] L)

R = £7T 102

Fig. 7.8: Graphic user interface

b

@ 00

n+tl| n
LRF L m

(m—l,n—ﬁ .

1) x@m1 @50

Fig. 7.9: LRF polygons

00000000000 00O (Fig. 710 (¢)). O0O0OO0OO0OU0ODOOOOOODOOOOOOOOO
0,00000000000000000ODO0000D0O00ODO0O0O0OOO0DOOOO (Fig.
7.10 (b), (d)). Fig. 71000 000000000000, 7T¥ 0000 X00D000 YODOOODO
obooobOoo,bobobooboboooooboooboooooboooobooboooooonn.

TS =TS 'Ti (7.12)
00,HELIOS IXO0OOOOOOOO0O0000000000000,00000000,0000,
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gboooboodaoodgogd.

7.3.3 04000

goboooobooooboooobooooboooboooooooboooobL.oooboobooog
oobooobooooooboboooooooooobbooooo,ooobooboooooboooon
00000,00000000000000000000000000O0O0O0OO0OO0O0 [14, 45).
goooooooboooboo,0obooboobooooboooboooooooboooboono, o
Ooooooooo0o0oobooOoo0ooooooO0ooooODO,HELIOS IXOOOOooooo
gboboobo,0obooobooboboooooobobooooobooboboooooobooboon.
obobobobobobobobobobob eobOobOOobOOoOOoOOoOO, 0000000
ooobooo0oooOo. oboobooog,sboooo0oo0oOooboOooboOobDOoOoOoboOoon
Shared Autonomy 0000000000 O0DOOO. Table72000000000000000O
0,3b00002400000000000000000DODO0O0ODOOOODOOO.

20 2000000

30 OD0O0o0OOobOooooo,3b00b00o0o00obooooobooon

40 4000000,130000000000000000O0

Table 7.2: Direction of rotation axis

Number of
specified points

3

Clicked points

LLL ]

H'/

End-Effector

I—

Application

Opening door

~
\ Clicked points

Perpendicular Vector
to door plane

End- effector

Rotating cylinder-type Knob

Q!

Clicked points

Perpendicular Vector
to door plane

End- effector

Rotating bar-type Knob

Specified place

Hinge of door

Plane of door

Plane of door

and center of knob
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Defined line

Fig. 7.10: Approaching the operator defined line

Defined line

HELIOS base coordinates

Fig. 7.11: Coordinates of the operator defined line
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Fig. 7.12000000000000000,000000000000000O000O000O0O00OO 3
gooooob,boboobboobbooboobooboooboobo.booboobooobooooooon
gbobooboobooboo,ob0boooooobooboboboboooboobOo.e00bO0bObOOOn
obooooOoboooboo1l1gboboooobooboooboobobooboobooboooooobooog.

perpendicular vector

to door plane '

3 clicked
points

Fig. 7.12: Specifying the rotation axis

oooooooo

oooooooooo0ooooon,Fg 71300000000.00,000000000DO0O
AO00O0.00000D0O0OCO0000O0DO,000DODOOOO0000OODOOOOOOOODOO
obooobOoooo.0oooobox0obooboo,00yb00oboboobO0obOooboobooOo,0o0on
z000O0D. 000 AODODOO,20000000000 200000000 (000020000
0),30000000000000000000000. 400000000000 4000000
0.00000000GO0,0000000000AA0000DOO,EO0O00O0O0O0O,000
000000000000000.000,HOO000000000000000000,7Y¥00
00 XO0O0OOOO YOO, R(axis,angle)y 0000000000 OOOOO.

TS = R(z, AO)TS (7.13)

000007 000000000000000,0000000000000000000.
TS = THR(z, AO)TS (7.14)
000000000 AP0DD000OOODOD0O000000D. 00,000000000000
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000000000oo0O000,00000000 A00OOyODOOOOOO,000000 20O
gbooobOoboobooboobo,0oboobooboobo0oboooooboooboooa.

goobooboooooooboo.400000000obOO0O0obObO0bObODOooDOoOoobOOoboboo
ooooo.bobobo,o0oboo0boobooboocoobooboobobooooooboo r, 0000000
oo0o.ooo0oooooo0oooo0ooo00,, 00000000000 (DDD0O0O),00
00000000000 (Dooo0o0o0oo)0000o00oooooUoooooooon. 0,700
oooooooooobooobooooog FL,r,00000000D0DOOCOOd00000ODDOODO
oooo.

Ta = |Fp|d + | 70| (7.15)

ooo, F,.000000000000O000O0,000000000000O000O000DO0O00OO
Oo0o00o00DO,0000000000000D. 000, Table720000000000000
goboooobooboobgo,boooboooboobobobobobL,0b0oboobobobOon,
boboooboooooooobooooooboooooobooob. oobo,0o0o0o0o00o0o0oaon
0d0000,00004d,00000000O0O000ODOO0OO0DOODOOO0O.

d>dth,
0 0 0 k, 0 0
Ky=Rs |0 kf O|Rf, K.=|0 k 0 (7.16)
0 0 kK 0 0 k&
d<:dtha
k; 0 0 0 0
Ki=10 k 0|, K;=R |0 k. 0|RL (7.17)
0 0 Kk 0 0 k&
goo,
d = ‘AIXUAg| (7.18)
Ri = |(As xva6)/|As X vac] As (As x va6)/|As x vag]) x s (T19)
R, = A, A, Al (7.20)

000, A., Ay, A,0,00000000 AO 2,9,200000, w0000 ADD000O0OCO
000 GOOO0OO00O0O0O0000O00,0000000HOOOOO0OOOOOOO.
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Defined axis

H End-effector

HELIOS base coordinates

Fig. 7.13: Coordinates of rotation axis

734 0O0O0OOODOO

00o00oo0o0ooo0ooo0ooo0o0o,0000 (0DoO,0000)0000000000OO
00000000000 00. 00 (p90,000000000000000000O0DO,0000
gbobobobobobobobobobooboobooboobo,bobobOoboboboobooon
gboobooooooooooooooooobD. oo, 0b00ob0b0bt x,y,z000000
gbooooOoboooooobooo,ob0bocobo0oboo.ooboov330booooooon
gbooobooob,boboooboobobooooobobooooboooooboob.oo,booon
obooooboooobobooooobooooo r200b000O0oDOO0bOOOn.

74 OUoodooood

74.1 O000O0O0DOOOOODOOOOOOODOO

0000000000000000000000000,00000000000000000
00 (Fig. 7.15). 00000000,0000000000000000000000000000
00000,0000000000000000.0000720000000000000000
000000000000000000.00000000000000000000000000
000000000000 000000000000000. 00000000 Fig. 7.140000
oooo.

0,00 HOOOO A’000000000000,77, 7' 00000000 0000000
0000000000000 H,F/00000000,74, 7S 0 H,H/0000000000O0
0 GO0000000000000.000,0000000 00000000000000000
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400000000

0000000000000000.
TH'TS = THTG (7.21)

00000,000000000000000000000 HHOOOOOO GOOOO0OO00OO
T$0000000,000000000000000000000000O000COO0OD. 000
obooooOoboooooboooooobooooon.

Fig. 7.14: Moving with keeping absolute position and posture of end-effector

Fig. 7.15: Moving with keeping absolute position and posture of end-effector

7.4.2 OO0 Structured LED

r32000000000000000,LRFO0O0OOODO0OOO, 000000000000
gbooobO.0obooo,000b00b0o0obooboobooobooboboooob,0cob0oboooon
ooo0O. Fig. 7160000000000 00 LEDOOOOODODOOOOOODOOOODOO,
obobOoboboboboooobooooooooooooooobooboboob,oo0oooon
gbobooooooooooooobooobooboboboboboobooooob. obooooo
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Fig. 7.16: Showing perspective by LED

Fig. 7.17: Gripper camera view without LED(left), with LED(right)

oooooboooogbn Fig. 717000. D00000O0O0OO0OO0ODOOODOOODOODOOO
OO00ooo0O0o0.00b0 10000 000Db0 LEDOOOODOOOOODO,DO00000D0O0
gooo,0bo0booooobo,0boooboobooog.

7.5 0O4O4O

O000,000000000000 Shared Autonomy 000 O0O000O00O0O0C0ODO,3DO0O
0000000000000 00000000000000o0Uo00 (LR OODDOO,00000
oo03pooooboobooobooobooooooboooooooooooobooo,obooooon
gboboooooooobooboobobobobobooboobo. bobobobooooooooo
ooooo,b0boboobo,0obobooooobooobooboooooobooog.
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OO0000O0O0000ooO0000o0ObO000ooOb0o00ooDo0O0D0Og. Tables1OODODO
goooooooob.ooogobobobooooboooobooboooooboooDoDbo.

81 UUON

8.1.1 UUOUOOOO

00000000000000,00000000000000000000O0ONEOOOOOI6)]
gboooooooooooobo. ooboobobobobobobobooooooooooon
oboooboooobooboooobooo,ooboooboon.

SNE = hmaz - hO (81)

00 pitch 0O (Fig. 8.2(0))0000000. 00000000 UOOUOOyYOOOODOOO A
ooooooooooboooo rROOOODODOOOO.

h = Lsin (Opiten + ¢ + @) + 17 — 1 sinOpiecn (8.2)

Table 8.1: Basic performance of HELIOS IX

Ttem Result

Slope 45°

Slope (crossing) 40°

Speed on flat ground over 7 km/h
Gripper Payload 8 kg

Battery duration about 90 min.
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(Brot, Bpitch, Gyaw)

Fig. 8.1: Definition of joint angle

) d 7
A 4;,”
r¥sinGpitch

Crawler
Fig. 8.2: Geometry of pitch (left) and roll (right) angle
oo0o0«00000o,
dh .
a = Lcos(Opiteh + ¥ + ¢) — 7sinbpisen (8.3)
in 6 itc
arg maxh = arccos TSI Ypiteh _ Opiten — ¢ (8.4)
¥ L
(8.5)
0oodOoe2000000 hpme, DODOO. 000000 hgO
ho = Lsin Opisen, + ¢ (8.6)

000 Syvg0OO0OOO.00000 (Fig. 82(0))000000000OO00OOOODOOOODOOO,

hmaz = L (87)

ho = LsinO.o + ¢ (88)
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10000

40

‘‘‘‘‘ 0,=45,0,=45 [deg] - -6,=45,0,=45 [deg]
—6,=85,6,=-85 [deg] 250 —6,=85,0,=85 [deg] |

300

200

SNE [mm]

100

60 0

0 40
Roll angle [deg]

20 40
Pitch angle [deg]

Fig. 8.3: NE stability margin of pitch (left) and roll (right) angle

Ooo00O0oooo.
Fig. 83000000 pitch00D00, roll 0000 NEODODODOODOD. 00OO0OD0OOO
00 Fig. 810000000, pitch 00000, 0000000 (6, = 45°, 63 = 45°) 000,
000000000000 (A, =85°, 63 =-8°)000 NEOOOOOOOOOOOOO. roll
0000,000000000 (f, = 8°, 63 = 85°), 0000000D000. 00,0000
02 = Oroi1 = Opiten = 0ya =000000. 00000000000 000D000O0O0,0000
oooooooooooO.

Fig. 8400000000000 Disaster City 0000 45° 0000000 40°0000000
O0000O000.00000000000000000000000000000000.
0000000000000000000000000,000000000,00000000
00000000000,000000000002000180°000000000000000
Ooo0O0O00O0ooooO.

8.1.2 0000

00,0000000000((@00O0)00000. Fig. 85()000O0O0O0O,e, 0000000
0,,000000000000O0C0O00O0O0O0O0COOO0O,¢,0D000000000000O
O000O0O0O0.00,00000000000000000 (1 =90°,03=-8°)000000
000.00000 «000D000000000,000000000000 6,=0(0,=285°)0
00006, <00000000O. 6,0 Fig. 85(0)0T0,

0s = atan2(l,Lsin (8, +¢) — (a —1)) (8.9)
(8.10)
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(a) Climbing (45°)

(b) Crossing (40°)

Fig. 8.4: locomotion on a slope (experiment at Disaster City, rescue training facility in Texas)

ggd
b = d— Lcos(6,+ ¢) (8.11)
4 = (a—r).cosﬁp—f—r (8.12)
sin 0,

L = (g + 1)+ 22 (8.13)
= atan2(z4, x4 +1) (8.14)

00, 6,0
0, = g _— (8.15)

goooooog.
Fig. 85(b)0 6,0 6, 0000, 0000000000 «000000O000DO. ¢a=170mm0O
ooooe,>30°060, <0000,300000000000000 pitechDO00O0O0O0O0OOOO
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L
{ 4 ep :w 10t
\ b 0
; a
.
V -10r
d -20 ‘
25 30 35 40 45 50 55 60 65
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Fig. 8.5: Condition of stairs climbing

Fig. 8.6: Stairs climbing with sled

OO0o0oooogooooooon.db,e>218mm0O 6, 0000000, 0000000000O
gooooooboooog.

Fig. 860000 170mm, 00 30°00000000O0O0O0. O0DOOO0O0O0DOOOoOoOobDOOO
0000000000000 000000000 (Fig. 86(1)(2)). bO0O0UDOOOOODOOOOO
boboobobooobobooobooboobo.0obooo,0b00b00ob00obo0oboobd 930mm
goo,00o0gboob 20000b00bb00oo00b0oobO, o000 booboOoD.ooo
0000000000000 000000,0000000000000000n (Fig. 8.6(3)(4)).
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Sled Passive wheel
110 110
B 100 B 100
S S
o 90 o' 90
Qo Q
g 8 g 80
£ E
8 70 g 70
0 50 100 150 0 50 100 150
Time[s] Time[s]
roll P roll
4Ot == pitch — 40} £ s = = =pitch
§ ]_,l""\ji ""_':’,.— ,I‘i‘i- '§) ‘l‘ ,"'| "'ﬂ J“ ! ¥ ]
@ 30| AR 0 LA,
k)] 1 'i © d o '|\l‘
820 1 S 20} 4 !
% I *\ x |1 '
8 10§ ~ ~ . 8 10/¢ .
[ * [ ! 1
oh-.aw‘\n/\h«.-ﬁ O [t ™t raptapnbygona),
0 50 100 150 0 50 100 150
Time[s] Time[s]

Fig. 8.7: Attitude of track and angle of 6, (Fig. 8.1) while climbing stairs. left: sled. right:
passive wheel.

Fig. 8.70000000000000000DO0OO 6,(Fig. 8.1)00000000O (pitch,roll) O,
gbooooOobooooo,0ooboobooooobooboooobooobo. oooboooon, o
goboooooobooooooboooooooobooobooooboooobobo,b00ob00nDon
Ooooooooooo0o0oooooooo0ogooooooo,0oDonpitech00O0DODOODO
ooooooooooooo0.o00o,000000D000000roDODOOOODOOO,O00
oboooooooooobooboobooboooooo.
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20000

8.1.3 0UUOO4UOOO

goooooooooogoobogobobooboobooo. bobobooooboooooooboboDbo
obooooooboboooboOoooobobOoonon. Fig. 88bOOoboooooooog. 50
boboboboboboobobooboooobo,boboboobobobOobOobobooboonn
oboboobobobo. bo,b0b0ob0ob0obOob0ob0oooo0oo00000 Fig. 890
O0.00000000000000 Fig. 8900,0000000000 Fig. 89000000
o.0oboooboooobooooooboobboooboo,0booboobooooooDoooooo
obO,0000000000000000000O00. 000, 00000000000000A0
gboooooobo,boob0boocobooboobooobooobooobooo,bobbooboobooon
oboooooboboooog.

Fig. 8.8: Running test. upside: position control only. downside: position and torque control.

82 UUOMN

8.2.1 0LUUOOOOOOOO

Fig. 8.1000 7kg0O0OO0O0O0DOOOOODOOOOOD. OODOODOODOOODOOO,000O
gboooooooooooooooobooobobOo. bobobobooboooooobooooo
obooooooooboobooooooon.
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o
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o
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o

Joint angle [deg]

Joint angle [deg]

N
o

30 30
10 20 30

Time [s]

o
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Fig. 8.9: Joint angle and current. left: position control only. right: position and torque control.

822 0LUOOO0ODLODOODO

gboboobOoboooobobooooboobooooboobooooboboooobobn
000000. Fig. 8.11(a) 00000000 ODO0OOODOOOD. DOD0O0O0DO0OO0OOOO0OOO
goboobooo,obooboobooboo,boooboo,boo,o00b0boo0ooboo0oobogoon
0000000, Fig. 8.11(b) 000000000000 OOOOOUOOU0ODO0ODO0ODO. 180°000
ooboooboooobboo,0o0booboboooboooooboooboooooboooboooooboooon
O0000000. Fig. 81200 0000000000000.000D0000O00O0DOAO, Fig. 6.4
gboboooboooooobOo LEbDOOOOO0OOO0OOO0OOoO0bOoOO0bOo0bObO. oboooo
ooooooOo,LEbO0O0DOOOOO0ODOOOOOOO.DOO,00000DO0000DOOO,O
gooooooboo Lepoobooobooooooboo,0bboobooooobobooboobooon
oboooooboboooog.
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20000

Fig. 8.10: Lifting a 7 kg chair

HELIOS IX

Gripper

(a) Camera arm

Fig. 8.11: CCD camera view

823 3DUOUUDOODOO
oood

r33000000000000000DO000DODOO0OOO,300000000000DOO0O0
00000 HELIOS IXOOODOOOoOOooOooooooooooooooooo,b1iggooo
gboboooo,0200b00000000,00000000O000O0O00O0OO0O0OO0O0O,000~0
Oo0o00o0o0oOoooooDO0. 0bOo Tableg2000. DODOOO, 000000000000
oboobo400000,2000000000000.00000,0000000000000A0O
goboobooooboooboboooooobooooooo,oboooooooboooboooono
gooo,0o0gbobobooogoooooooobob. boboobo,0booooboboooon
oboooooocoo1l10bobobobo. ooobooooooboboboboooooboooon
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Fig. 8.12: Dark room test

gbooobO,b0o0boooobobooboobooboob0obooooboobooooona.

Table 8.2: Average time required

with force feedback without force feedback
with rotation axis 776 s 101.2 s
without rotation axis 87.6 s 112.5 s

goooooo

r3400000000000000000D0OO,D0OO0O0O0ODOOODOOODOObOOOn
0000 Fig. 8.1300. 000,00000000030000000000000000O0 (20
0)ooooooo,x,y0OOODODODODOOODOOOO.00,0000000000000000O

oboboooobobooobooboooooboooog.

83 UUULUDODLOUOOO

goobooobooboo,bboobboobooboobo.bbob,ebb0o0bOoO0ObDOn
oooooooo,ov16-71700000000000000 ky=2(mm/s)/N, 0000000
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g3000bunboogn

Fig. 8.13: Carrying bottle while keeping posture of end-effector

OO000000000000000 dy, =00mmO0000C. OO,00000000000D0CC
gooooooo.

83.1 UUUUubobObooogn

gbobooboboooobooboboboboobobobobOob,00o0o0bobobobo
00,0000000000000000000O000, 0000000000, 00 140000
goo,00o0b0coooobooobooooooo,oobooobooboooboooobboOoDbooo
gooooooooooo.oboo,0oobooboboobobooobo,booboooboooooobooon.
00000 Fig. 8.14000000000000000D0000,000000DO00000O0DOO
gobooobooooooooboo. oobooobooboooooooobooooboobooobooboOon,oo
oooooooo.og,0o0bo00o0oooooooboooo,0b0b00o00OooOooO 3’sNDOOD
Oo.0oooogoboo.obo,b0bbogoobo 3ooobobooobooooboooooboooon
000000 Fig. 8.156000. Fig. 8.1500000000000000000DOO.

0. D0O0O0OobDOoboooooDo.

1.3000000000000. 0000 GUIODOOODODOOO,0000O0DO00000000.
O000D0O0O00 LRFOOOODODOOO0ODOOOODOO 3000000DODbO0O0O0OD.

2. 00000000000D00000.4300000000000000O00O,000 (OODO)
obooobooooobooooooa.

. 0000000ooooOoOoOoOoOo.oooo GuIDOoOoOoOooo300o,00000000
goo1goobooo,0o0ooob0ob. boboooboooooooobobobooboo
oo,00000000.

4. 000000000 O000O0O0. 000D GGUIODOOOO0O0O0OD 2000000,000
oooobo.0oboooobooboobooooooobogo,0cooobooooboooooboo
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goo0.oboooobo 20000000000, 000000000D00O0O0O0DO00O0DOO
gooooooooo. bo,bobooboboobobobo,0b0o0bo0booboobooooon
000000000000o000D0oo00O, Fig 8150 (4) 000000000 OOOO
Oo,0b0o0cobo0oooooboobo,0oboobobooobobooboooooo.

5. jooOOoOooooooooob.r4100000000000DDOOODOODOODOOO
gboboooboooobobo,oboobdboooooobooboboo,0cobooboboo
ooooboooog.

6. 0000O00OO0OO0O0oOOobOoooon.

rooooobo0oooooooooboooooobooOo,00oooboooooDobooooon.

(@ (b) (©)

= ¥ & F
= ¥ & F
= ¥ & F

___5__ &
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/f,— 1,7/ /r
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Fig. 8.14: Pull-type door opening flow

83.2 UUUO0OOLODLOOOOO

gbooooooco,0coo0oo0oboobo. ob,0bo0oboooooocooooooo,booo0a
oooooo4NODOO.DODDOOOOO0OO0OO0O0.00,00020000000000D0000
ooooo.obo,00b000boo0o3ooboooboooboooboooboooooooooooon
O Fig. 8.16000. Fig. 81600 000000000000 0O0O00OODO.

3. Jg0ooooooo0ooooooo.ooob GuiIboooooo 3oooogoog,ooo
goooboO.0ooooboobooboooooobobooooo.booooboobooboon
gooooobooobo,coooboooon.
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4. J00000O0OCOO0O0O0O0.000DODOOOO0O0O0O0ObO,0000GUIODODOOOD
gbooo0o2000000,00000000.0OD000000O000O00O00DOOOOOO
go,0b0oobooobog.

5. 741000000000 0DOO0DOOOODOOOOOODOOODOOODOOOO,0D0D0O0
goboooooboobooboooboo,ob0o0oooboboobooboooooboooboon
goooboooooogo.

6. 0000000 OOO0OO0ODOO0O0ODOOOO,00b00O0obOb0obOoOobOOobbOOobooDo
oo.

gbO,00000000e600000000O00DOO0,300000000000DO0O0O0OC0ODOO
uoboobooo.ooboo,300boogoboooboo,oooooooooobooboonn, o
oooooooooooooooboooooooooooooo,e0bobobOobOobobOon,
gbooobOoboo.booooboboooobobooooboobooooobooog.

84 U0OO

goooooooo,bo0,0b0o0boo0boobooobobooboooboobooobbooboooDo
gboboooooooooooboo,oboboooboooo0o. oboobooboooobooooOooaon
gooooooooobooboooooooboboobboobogoD.s20b000booooon
ooboooo,0bo0oobocoboboooboooboooooooobo. cooooobog, 73000
ooos3sbooooooobooooooo,boboboo0ooooooooobobo0oooooDobD. oo
gboooboooboooboooooboooobooooobo,bbooboboooboobooboooboo,0oon
0000000000, oooo0ooooooooooo HELIOS IXOOOOoOooooooo
gooooooooooboobooooboooobobobooobooobooo.
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Fig. 8.15: Pull-type door opening experiment
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Fig. 8.16: Push-type door opening experiment
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9.1 OO

gbooo,0boooboooboobooboooboboobo,0obobooobooboobooooo
000000000 HELIOSIXOOOOOOOooOoOOoooOo,00oooooooo.ooooo,
OO0 HELIOSIXOOOOOO,0000Oo000oooogooooogoooooooooo.

g3oboo,0o0oogobo,b0coooboo,00ooobo0booo,obobooooooog.
uboboobobobo 200000000000, 00,00000000000000DO0O0O,
gboobooobooooooooooobob. bobobobobobobooooobooobooobooon
goo,0000booooboboobooboooobo0oboooooboooboooooog.

O4000,HELIOSIXOOOOOOOOODOOOOOOOO,000D0o000booogooo
obobooobooooobooobooooo. oobooboooooooooooobo,oo00ob0o0oaon
gboooooooooooooboobobobobobooooooOobo. obooooooooo
oboboboboboobooboobooobooo,00boboob0ob0obobobobOobobDon
gbooooOobooooboboo.obo,obobo0ooboboobo3ooooboooo,oon
O HELIOSIXODOOOOOOOOOoOoOo,000ggooooooooooggooooooooo
oooo.

O5000,HELIOS IXO00000000000O0O0OOOOOOODO. OO,00000000
oOooooooOoOoooooOooooooO0.goo,HELIOSIX OOOoOOoooooooooo
gbooobOobo,boooobobooobooboooobooooooboon.

0e6000,3500000000000,HELIOSIXO00O00000DOOO0OOOOOOD.
gbooooobos3sooboobooooooboobooooo,boooobooboooboobooooobon.
goooboo,oocoboobobooooooboboooooobobooboooooobooobon,
gooobooooobooboooobooooo.

O7000,000000000000 Shared Autonomy0JO0OO00OO00O0O0CO0ODOO,3DO
000000000000000o0o0o00o0o00oUo0Do0oUoUOo (LRF)OOOO,0000
oo 3poooboobbooboooboooooobooooooooooooboooo,booooon
gboboooooooobooboboboboboboboooo. obobobooooooooo
goooobo,gbooooo,obobooooboooobooboooobooooD.
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gsbobO,0boboboooboooobooboboboboboboboobooobboobOn
U.0o0oboboooo,00,000b0booooboobooooobooooooboooon
goooooooooooobogoo,bboobooooobo. boobooboooooooooo
ooboooboobooooooooboooboooboooboooooooo. s0000000000:0
gooooo,boboboboooobocoooobooboboboooobo. bobobobooo,vooon
oboosbooboobooooooooboo,oboboboboooobobooboobooobooobogo. oo
gboobooobooboooooboobooooobo,boobooooboooboooboo,ooon
0000000000, 000000Doo000O00oo0 HELIOS IXOOOOoOooooooo
oboooobOoobooooobobooobooboooobobobooboooboon.

9.2 U000

gbooobooobooboob,obooboobooboo. boobooboo,booboo
obooooOoboooobobooobooboooobobooooobooooobooobo.

9.21 0O0O0OOO

HELIOS IXO,000000000C00000ODOOoO000oopoooogobooooogoo
gbooo0O,0000000000000000. 00,1000000000000000000A0O
uobooobO.oobooboobooboo,00ob0obo0ooo0oooooooooobogoon
O000000000o0ooo0oooooooooooo [66].

oooooo,0000oooooboo0ooooooo0o0ooooooooboOo sboobOOn
gooooooo,0boooogoooooooooboobooo. obo,0booooobooboooon
oboooooboooobooboooooboooooon.

9.2.2 0O0O00O0O0DOOO0ODOO

OO,HELIOSIXOOOOOOOOOOOOOO,0o00oooooooooooogoono
gbooobooo.ooobooboooooboboobooooboooboo,ob0o00oboooboooonn
000000000000o0o0o0oo0o0 [e70000000. 000000, 0000000
oboboobobobobooooooooooooooooooooboobo,bob0oooobooon
gboboobooooooobooo.
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Al O000O00OOO0OODOOODDODOOOODOO

0003000 (voll, pitch, yaw) 00 000000000000 OOOOOOOOOOOOOO
oooo (68

00000 (Te,Ye, 2) 0000000000 Ryripper 00000,6000000 6ron, Opiten,
Oyaw(Fig. A.2), 61(Shoulder), al (ArmBase), 6, (Elbow) 00000000000 ODO.

obooboo,0oboobooboobooboobo.obbooboobooobooooo
gooooooboo L,ooo,

T Te Ly
Yw = Ye - Rgripper 0 (A ].)
Zw Ze 0

oooooooog.
0000000 (2w, yuw 2.) 000000,3000000 6; (Shoulder), ol (ArmBase), 6o
(Elbow) D0OO0OO0O0O0O0OOODO. Shoulder 0000DOO Fig. A10000DOOOODOO.

wrist | (\Q'

(Xw, Yw, Zw)
@
Track

Fig. A.1: arm Geometry
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000 Shoulder, Elbow, Wrist 1 00000000000,
20/L3 + L3Lzcos 3 = L3+ L3+ L%~ (22 +y2 +22) (A.2)
0oog. 6,0,
b = S+0-0 (A.3)
oo0ooo,0 A20 s0000000,0 A3000000¢,0000.00000y0ODO0O,
Yyw = (L2+ L3cosfsy)sinay (A4)
goooooon,simey 000000, ;p 00ODOO0.
sinag = S E— (A.5)

L2 + Lg COS 92

00000 2,000,

Xy = Lisinfy 4+ Locosfy cosay + L (cos by cos ay cosfz — sin 0y sin 6s) (A.6)

zw = Lypcosfy — Lasinby cosay — L (sin 0y cos ay cos O3 + cos 61 sin 0) (A.7)
ooooo,

a = L3 sin 02 — Ll (AS)

b = (Lg+ Lzcosbs)cosay (A.9)

0O000d,sinf,cosfy 0000000,

bzy + axy,
06 = ——— Al
cos 0 2 (A.10)
. bxy — G2y
S1n 01 = W (All)
01 = atan2(sinfy,cosby) (A.12)

9, 0000.
000,00000 Grou, Bpiteh, Oyar 0000. 000000 61,04, 00000000000
00000 R,ODODO,

Royrist = Rg4Rgripper (A 13)

00,0000 Rupise O Roll, pitch, yaw 000 000 O, Opiten Oyaw 00000

95



OAO ODOOOOO

(Xe, Ye, Ze) Rgripper

e

V4 epitch
(Xw, Yw, Zw)
o
y

Fig. A.2: Joints of wrist

A2 0OJO00O00OOO0O0OODOOODDOOOOODOOd

HELIOSIXOOOOOO,Fig. 6.3000000000-pitch 0000000000 OOQO pitch,
vawOUO rollOOODOODOOO0OOODOOD. OODODOOOOODODOOOOODOOOODOn,
0000000000000 000oooooon.

96



0B 0O00000O0O00OO00O0O0000
Jubgdootgubd

Fig. B.1: Kinematics of wrist mechanism
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Fig. C.1: Mole 1
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Table C.1: Mole I Specifications

Size(Lx W xH) 560x510x 1300 mm
Weight 30kg
Speed on flat ground 1.0m/s
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3. 0000000000000 (p11,06mm)0,0000000000000O0O0OC0OOOO.
4. 00000000000 (Top-URG)OUDOOO 200mmO00000O0.

5. web 00O (ELECOM UCAM-DLP130T) DO OUOO0OOOO0OOO0O0OOOOOOOO, O
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6. 0000 LRFODOODOOOO,PCOOODO 150000000.

Fig. C.2: Wheel in motor (left) and passive wheel (right)
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Fig. C.3: System of Mole I
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Detected line
by Hough transform

Direction of the robot

Fig. C.4: Wall detection
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Fig. C.5: Detection of white line (0)Original image (1)Conversion brightness and contrast

(2)Canny edge detector (3)Hough transform
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Fig. C.6: Kinematics of detection of white line
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(a) Way point
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30r == Dead reckoning
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10r
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—20bL i i i i i i i
-60 -50 -40 -30 -20 -10 0 10
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(b) Trajectory of the robot

Fig. C.7: Experiment in Ishikawadai

Cs5 OO0OOO

goboooooboooo,booboobooo,oboobbooboooboobooobooboooboo
obooO0o.0obooooboooboooboobooboooboooboooboooobooooboooobooon, o
gobooOooboooobboooobooooobooobooooooooobooooboooobooboooon
ooboo.0gooooooooooooboooooobooooboboo0obO0o00oDOoOob0bO0O0OnLRE
booooboobooooobooboooooboobooooboobooooboobobooooaon
000000000o0. 000000000 0ooo0ooo0oUO0 (1)oooDooooooooooo

104



cs50000
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(b) Trajectory of the robot

Fig. C.8: Trial run
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