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Fig.2.8 Active Cord Mechanism "ACM-R1”

Fig.2.9 Leg-Wheel hybrid vehicle "Roller-Walker”
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Snake’s abhd
(a) Snake’s abdomen (b) Gliding configuration

(d) Snake motion in a maze

(¢) EMG measurement experiment

Fig.3.1 Animal experiments
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Fig.3.2 ACM III

Table.3.1 Specifications of ACM III

(Not included power sources and control system)

No. of Unit 20
Dimension 2040x 162x 144 (mm)
Weight 28 (kg)
Velocity 0.4 (m/s)
Motor 10W x 20
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Fig.3.3 Lateral undulation with various
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Fig.3.5 Lateral rolling

Fig.3.6 A modular reconfigurable robot
"PolyBot”
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Fig.3.8 Kinematic model of snakeboard
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Fig.3.10 GMD-Snake

Fig.3.11 Modular inspection snake-like arm by Takanashi

Link

\ Passive Wheels

Active Joint

Fig.3.12 Kinematic model of snake robot
(Titech/COE SMS project)
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Fig.3.21 ACM-R1

Table.3.2 Specifications of ACM-R1

No. of Unit 16
Dimension 2430x 175x 220 (mm)
Weight 28 (kg)
Actuator 0W DC Servo Motor x 16
Battery Ni-Cd 19.2V-7Ah

— 28—



oo ooood

350000

00000000000 0000000000000000000000000000
O000O000O00Fig322000000000000000000000000000
00000000000000000L00000000/=L4000000000000
ooooo
A=22[deg]0 a=56[degl] 0 T=4.2[s;0000000000000000 V,=0.50[m/s]0
0000000000053m/s|000005000000000000000000000
0oQ
00000000000000001.0m/sj00000000000000000ACM
MOoo0.5m/si00000000000000000000000000000000000
00000000000 00000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
00000000000
O0O0ACMIIDOOOOOOOOOOOOOOOO0OOOO0O0DOOOO0ODOOOon
0000000000000000000000000000000000000000
00000000000000000000000000000000
00000000000 0000000000000000000000000000
00020000000090[deg 000000000000 00000000000000
O0000000000000000000 Fig3.2300
000000000000000000000000000000000000000
00000000000 00000000000000000000000000000
00000000000

3.60 000

goboooboooboboooboboobboobbuoobobuoobobbooobboon
oo ooooooobobbbbobobboboboobooboobooobooon
gobbogubooobbooobnboobobuoouobooobobooobobooACM-RIOODO
gboooooAcMIIIDobooobodbbogboooboooboobz0oboboOon
gobodgooboooobooobbuoobobuooobooobboobboooboon
gL U



S al U AL

- - -— HEl . - E i

AR AR A Ap ARl

-
=)
]

B
—
<5
o,
>
<5}
=

.2

=z
=
jof
[®)
—
o
it}

i)
o
5]
<5}
—

@)

[aN]

N

ok

2D

.

prdddndein

[ s




oo oooon

il

i
L.

____-.n e 4

|
!

\

F

f .4

)

captured by every 0.5[s]

(

Fig.3.23 Steering experiment

— 31—



oo oooooooooooononn

HpEpN
Jodbogboobooogogno

gogboboooboboboodbobuonoooboboon
gogboboooboboboodbobuonoooboboon
gogboboooboboboodbobuonoooboboon
gogboboooboboboodbobuonoooboboon
goboobboooooobbobobboooood

4100000

ACM-RIODOODOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO
[42]0

0000000000000 00000000000000000000000000
000000000000000000000000002000000A0BO0O0O0O
OD00000O00OFig4.10000A0BIDODODOOOOOODODOOOOOO2
000000000040 00000000000000000000000000000
O00000000000000000000T Table420000000B000O0OO0000O
0000000000000000000000000000000000000000
00 0A0DD0D00000000000

a000055[deg00000ADDDCOOODOOOOODOOOONDNOOONONOOOONOO
00000000000000000000000000

0000O0BOODOODOODOOOOODOOOODOO0OO0O0O000O00O0O.5m/s
0000000000000 000000Fig42000000000000000000
0000000000000000000000000000

0000000000000 000000000000000000000ACM-R1O0O
0000000000000000000000000000000000000000
0000000000000 0000000000000000000 40000000
0000000000000 000000000000000000000000000
0000000000000 00000000000000

000000000000000000000000000000000000000
000000000000000000000000000



oo oooooooooooononn

RI70

Circular edge B /7

Linear edge A 55

g0
Fig.4.1 Geometry of installed edge A, B

Table.4.1 Kinetic friction coefficient

Ut Hn |[Mt/Mn
Edge A || 0.06 0.14 0.43
Edge B 0.05 0.43 0.12
Wheel 0.01 0.46 0.02

Fig.4.2 Gliding experiment on ice
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Fig.5.1 Disaster preventing robot (Kimura. et. al.)

Fig.5.2 Ichikawa’s leg-wheel Fig.5.3 Underground excavating machine (Adachi. et. al)

hybrid mechanism
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Fig.5.4 Chariot II (Dai. et. al)

Fig.5.5 Hirose's quadruped TITAN IV
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Fig.5.7 Adachi’s Leg-Wheel hybrid vehicle (Front: Passive, Rear: Active)
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Fig.5.10 Roller-Walker on uneven terrain
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Fig.5.100 Quadruped walking robot TITAN VIII

Table.5.10 Specifications of TITAN VIII

Dimension 400x 600x 250 [mm]

Weight 17.8 [kq]
( Including motor driver.

Not including computer and battery )
Payload 5 7[kqg]
(12[kg] : inashort time. )

Velocity 0.3[m/s] (B =0.75)
0.9[m/s] (B =0.5) B : Duty Factor
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Fig.5.140 Roller-Walker

Table.5.2 Specifications of Roller-Walker

Dimension 470x 600x 310 [mm]
Weight TITAN VIII 17.8[kq]
Additional Weight +1.6 [kq]

Control computer 3.5 [kq]

Battery 4.4 [kq]
Roller-Walker 27.3 [kg]

Payload 16 28[kg]
Battery 36V -3.2Ah
Operation time 25 [min]
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Table.5.30 Friction coefficient on different surfaces

M Nn_max Mt M N max/pt
Vinyl Floor Sheet 0.42 0.0264 15.77
Carpet 0.61 0.0568 10.76
Rock Tile 0.75 0.0292 25.68
Asphalt (0.83) 0.0445 18.67
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Fig.5.160 Posture of the legs in measurement experiment of the friction coefficient
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Fig.5.170 Measurement of the momentum inertia around its body center

54200000000

uboobobobobooooooooouobobobobobobobobobooba
gboboobobooobooobboobboobbooobooobboobboon
gbobodbogboobobooboboobobooboboooboboboooboobod
gobogoobooobooobbuoobobuooobooobboobboooboon
gobogoobooobooobbuoobobuooobooobboobboooboon
gbobooobobooobbooobboooobooobboobbooobboon
goboobooobboooobbd

I1=2.28 [kgmZ2] 0 5.30

Figb 170000000000



oo oooooooooood

55 0OOOU

uoboooboooboboooboboobbuoobbuoobobuouo -booob o -0o
ubob--gobooobooobbuoobobuooobooobboobbuoooboon
gooognd

gobogobogoovsgobbuoonoboonobooobooobooobood
gboobogboobuooboobobbobbobboobib4abD3oz20boobOon
gboogooboobosoubboobbuooboobobuoobboooboobboobbOon
gboooboogboooboooboogooosibobbooboboboobooboobon
UO0Fighl8U0UDO0O0O0OO0O0DOODOODOOOOObOOb0DOOobOobOnoOoobOonbDOn
obooobbuooobboonbbodFigh.1900

Fig.5.180 Ankle turn over sequence



oo oooooooooood

B
| |

|

| 1 |

= L E = e E

. i F F R B R F R B R B E R E B E R PR BB R R R R E R R EE R R R R R R R R R R BN
[

e e g | B

SR et - [y e, Rt
& F B B R B R B B B R B R B R B B B R B P B R R B B R E B R B B R B B B B B B R B B B B B B R B B |

.

| . = s I < ESR = e
I BN BN I BN B0 BN S B BN BN BN BN BD BN DS B BN BN B BN SD BN S BN SE BN IS BN B0 BN BN BN 5O BN DS BN BD BN BN BN BD BN B BN BE BN 0N BN B .

—
]
4
—
=
L
=z
3
~
o
]
=)
o
3
<
—
+
n
=
o
g
j<b]
a
O
»
—
0
D
=




oo ooooooooooon

560000

goboooboooboboooboboobboobbuoobobuoobobbooobboon
gobogoobooobooobbuoobobuooobooobboobbuooboboon
gobodobooobtbooobbooobooobooobboobbooobooo
gobodobooobtbooobbooobooobooobboobbooobooo
aooo

goboooboooboboooboboobboobbuoobobuoobobbooobboon
gobodobooobtbooobbooobooobooobboobbooobooo
gobodobooobtbooobbooobooobooobboobbooobooo
gobogoobooobooobbuoobobuooobooobboobbuooboboon
gbdbdboboboboboobobooooobooboooooooooooooon

gobooobbooobboobbooboboobobooobuooobooobbooo
gobodobooobtbooobbooobooobooobboobbooobooo
gboooboodbode»Ubobboobooboobooboobooboobon
gobogoobooobooobbuoobobuooobooobboobbuooboboon
gobooobobooobooobbooobboooboon



oo ooooooon

HpEpN
Joooobogd

gooobboboobbbobobobobobobobobboobobboboon
gogboboooboboboodbobuonoooboboon
gogboboooboboboodbobuonoooboboon
gogboboooboboboodbobuonoooboboon
gooobboboobbbobobobobobobobobboobobboboon
0O

el UUOoggg

goboooboooboboooboboobboobbuoobobuoobobbooobboon
oo ooooooobobbbbobobboboboobooboobooobooon
oo ooooooobobobbobobobboboboboboboboboobooobobn
gobogoobooobooobbuoobobuooobooobboobbuooboboon
HEN

ddddoooooooooobobobobobobobobobobobobobobooooogouoguo
oL U

goboooboooboboooboboobboobbuoobobuoobobbooobboon
gobogoobooobooobbuoobobuooobooobboobbuooboboon
oo ooooooobobbbbobobboboboobooboobooobooon
oo ooooooobobbbbobobboboboobooboobooobooon
HEN

UbdbdbdFeg6 0000000000000 Oyawd oo
0D000000DO0ob0Oobog9degi0boboboboowo /4000000 ooO
gogobbboooouoobbooooooboboboooXxpbooooobbooboooyo
gobogooboooobooobbuoobobuooobooobboobboooboOon
HEN

3
d(t)=d,_ +d,sin —t+ nD+1
() offset 0@ D D61|:|

TP g 06.20
o(t) = eosnDTt+2n+¢g

oo UUUU o
gobooboogboguboobooboobboubooboobooboooobo
gobogoobooobooobbuoobobuoobobooobboobbooboboon
gobogoobooobooobbuoobobuoobobooobboobbooboboon
oo ooooooobobbobobobobboboboboboooboooooon

— 57—



oo ooooooon

d0=0.08 [m]O 6 0=0.27 [rad]
¢ =T /2 [rad]

Velocity

Fig.6.1 Simulation model and coordinates

0000000000000 oDdo00DO0oDU0oo0ooDOoDoOooDoOoooOoDOoooon
Dodoodooooooboooooooooooooooooogoouoooooa
Dodoodooooooboooooooooooooooooogoouoooooa
oooo

00d00d0O0d0O0dbOO0DOdDOd0Ode 0020000000000 ODOODOOOOO
dODQOD(pDTDDDDDDDdODQODDDDDDDDDDDDDDDDDDDDDDD
Uidbeuuoobboodbbooubboobbooubboobobooobboono
0000 TOOOODOO0ODO0O0DOO00D0D000ooO0ooDOoooDooooooooonoooo
0000000000000 3m20d0000000O0O0O0O0OOO0O

godooooooooooooooogooooooooooooooooonooo
Dodoodooooooboooooooooooooooooogoouoooooa
ooooood

E:—sign{Vcose(t)+d(t)é(t)}EMD\;X 06.30

[ﬁVcosQ t) +d(t )}

F, = —sign{Vsing(t) +d(t} i, D\g 06.40

cooooooboooobyoooobboboo g 00000000 p,0O00O0o0oDOoO0
goboodooodaoodgoodosiboiosz20diodt g dobooooooooood
DDDDDDDDDDDDDDDDDDD|Vn|D0.01[m/s]DDDDDDDDDDDD
U Fig.6.20 0

A Friction A Friction
u Coefficient Y Coefficient
- Viscose |
Discontinuity Resistance —L /|
\ Vvn -0.01 | Vn[m/s]
" S : 0.01 "
unzcvl
- -M

Fig.6.2 Assumption of viscose resistance in the normal direction



oo ooooooon

gogboboooboguoboobboobbooboooboooboobuoboooo
gooobobobbobdoooooobooboobooooon

6.20 0O

0d00o0odoooooogoboOrige30000000OO0OYODOOODODOOOOO
0000000000000 0GDAO Gravitational Decoupled Actuation [56]0 O U 0O O
oooooboooogaTITANVIIDODDOODOOoOoooooono

0o0o0o0oooooooooooobooooooooooooboooooooooon
O0yooOoDOOoOXooooooooooooboooooooooog

Fig.6.4 Standard posture of straight Roller-Walk



oo ooooooon

21000 0dnoon

ddddoooooooooobobobobobobobobobobobobobobooooogouoguo
oo ooooooobobbbbobobboboboobooboobooobooon
000 T=2060000000000000000D00000d,06,000000000
gobogobobooobboonoboobooon

Uiobbe=wm2000000000000000
ugbobooooooooobooobbd

ooood00ooooooo

ogobooeguno3nobooobooood

gooboogoobobooobobooobobooobboon

d06,00000¢0I000D0I00DNLDI0NDODUOO0DDOUOFIg640000
UoogoboobbdFrigesdbooboooboooboonooobooboobnoonoo
oo ooooooobobbbobobobbobooboboooboooooon
boboodbgbobodbdbee=w20000000000DLOO0DODOODODLOO
googd

UdnUDel2n000000000O0OODO0O0O0O0O00ODOODenUuubonbOOogn
goobbboooooboboddgue2bigobbboogobbbooooobo
gobodgoobooobooobbuoobobuooobooobboobbooboboOon
boobodbdbdrFigse.100

s WA [Ead]

— Phase difference ¢ —— m/2[rad]

Y 2w/ 3 [rad]
05 % & h & b

Velocity [m/fs]
SO VI~

=

Time [5]

Fig.6.4 Simulation result of velocity vs. phase difference ¢



oo ooooooon

[mis]

Velocity

[mis]

Velocity

[mis]

Velocity

0.6

0.6

0.6

Phase differencel @ =t /6 [rad]

Phase difference

Phase difference

time [s]

@ =1 /4 [rad]

time [s]

@ =1 /3 [rad]

——experiment
simulation

experiment
simulation

experiment
simulation

[mis]

Velocity

Velocity [m/s]

Velocity [m/s]

time [s]

0.6

0.5

0.4

0.3

0.2

0.1

0.6

0.5

0.4

0.3

0.2

0.1

Phase difference @ =1 /2 [rad] experiment
simulation
} } 1 1 1 ! |
—t—t—+t—t———F——
2 4 6 8 10 12 14
time [s]
T Phase difference @ =2m /3 [rad] experiment
simulation

|

|
|

1 1 1 1 1 1 ]
—t—t
0 2 4 6 8 10 12 14
time [s]
[ Phase difference ¢ =57 /6 [rad] experiment
£ simulation
1 1 1 1 1 ]
R e il I
0 2 4 6 8 10 12 14

time [s]

0 d,=0.05[m]0 6,=0.35[rad]0 T=2.0[s]0

Fig.6.5 Experimental results of ¢ optimization



oo ooooooon

00e=m200000000000d,06,0000000000000000000O
UoboboboooobboogddibFriges (bbb oooooon
bgbdoobodbdobdidrigeldz20bdbobooooboboobobonon
Fig6.70 000000Fig6800000000d,000000000000D0OO0OOOO
oo oooooobobobobobobobobbobooboboboobooooon
0000000000 bbooobuo0bbouboobbooubuoos»Yboobooonon
gobodgooboooobooobbuoobobuooobooobboobbooboboon
gboobodzsgoboooboobboooboooboobobooboboon

[J0=0.08,8 0=0.27

velocity [m/s]

(a) Simulation result

0.08

velocity [m/s]

04 0.06
0.2 004 d0O[m]
0o 0.02

0.4
0 0 [rad]

(b) Experimental result

0.6 0.8

O d,, 6,: Parameter, =Tt /2 [rad], T=2.0[s|O

Fig.6.6 Optimization of the amplitudes d, and 6,



oo oooooooo

Velocity [m/s]

0.8

0.6

0.4

0.2

d0=0.08 [m] 6 0=0.27 [rad]
@ =1t /2[rad] T=2.0[s]

Acceleration

+

+

Experiment
—Simulation

Average Speed

Simulation 0.82 [m/s]
Experiment 0.78 [m/s]

Time [ 8]

T T | T T T 1

8 10

Fig.6.7 Velocity at optimized trajectory

Fig.6.8 Straight propulsion using frontal 2 legs



oo ooooooon

.22l buonoboooobooa

gooooooooooodUeUeuilD000O0DOODOOOOOOOUOO
ud

0oo0ooood,

ddddoooooooooobobobobobobobobobobobobobobooooogouoguo
gobogoobooobooobbuoobobuooobooobboobbuooboboon
00000000000U00o0ooUo0oooUoo0d, 000000 UOoOoUoUoOon
oo ooooooobobbbobobobbobooboboboobooooon
oo ooooon

goboooboooon e,

gbooboboboboooboooooooboobobobobobobobobooo
gobogoobooobooobbuoobobuooobooobboobbuooboboon
gobogoobooobooobbuoobobuooobooobboobbuooboboon
ooboooobooooboooo

0d-6 0000 @

ddddoooooooooobobobobobobobobobobobobobobooooogouoguo
obobobooobobooobobobobooboboobobooobobuoooooe (v
dbde20bgbboobooboobooboobobbobboobboobOoobOon
Odp0O00ooobobooooobobddtde=n/2 radiU00D0ODO0O0O0ODO7400
0oooboboooboobobotdtde=nn/200000000O0O0O0ODODODOODLDOO
gobooobbodobooobboooboboobbooobbooboboa

iUy UUUU o
d: 0000000000
6, 0ooooooooooon

0000000 dU0e0UIDUIOU0ODe=n/2000

ooo0ooo0oooooo0d0oDo0boeLuDbOObOO0bOOnDO

— 64—



oo ooooooon

6.2.3040 00

ddddoooooooooobobobobobobobobobobobobobobooooogouoguo
UddooooobobobobobbbobbDFege70000OOOODODOOOOODODODOO
gobodgoobooobooobboobobuooobooobboobboooboon
Oobodn ¢e,U000000Fig6.9)0

e, U0 bodoodobouoogboddiFge1000000000000000
OO0 e, =n/203n/2radJ00O000OOO0OOOCOOOOOOOOOOOOODODOOO
Odb0O0Fg6.7000000000000000mn /2rad]D000000O0O0 ¢,=m /20
n/2000000000000b0bOobDOo0bOobOoboboobobobLboOobonLOon
U000Fg6 1100000000 DOOO0OODODOO0ODODOO0O0ObOOOOoOobOboOoobO
oo ooooooobobbbbobobboboboobooboobooobooon
goboobooodbooobdit e UO00boooooooooonod

oo0ooOoooooooooooodgUebeioooooooooooueeLOn
Ooboobooobde=0078radfDOIDOOOOODOOOZ220000001.78[m/s]O
dodooooooooooon

uogboooboooboboooboboobboobbuooboboobobboooboon
gobodgoobooobooobbuoobobuooobooobboobboooboon
oo ooooooobobbbobobobboboboboboboobooooon
oo ooooooobobbbobobobboboboboboboobooooon
gobodgoobooobooobbuoobobuooobooobboobboooboon
gobogobbooobboooobooobboooobo

Fige.l20 0000 DOUOOU0LOOOO0UbOoouoboooobooobooouboan
goooopobobobobbbbbodddooooozosijpgoooooobooooon
gobodgoobooobooobbuoobobuooobooobboobboooboon

Acceleration Phase

(7 W

t \ U \

‘\_/’\ Fhase /*@ |

N Difference /

@ fr E:\

v — o
! +0 r(t),F 4
N S e

~ Deceleration Phase -

Fig.6.9 Introduction of @ fr



oo ooooooon

Velocity [m/s]

velocity [m/ s]

0.6

0.5

0.8

0.6

0.4

0.2

— — -1t [rad]
O m /0 [rad]
O /0 [rad]

Phase difference ¢ fr

00=0.05,60=0.35,¢p =m/2

L e e e e LIS B B E B B S B E S s p |
1 2 3 4 5 6

Time [s]
Fig.6.10 Optimization of @ fr

d0=0.08 [m] 6 0=0.27 [rad] ¢ =Tt /2[rad] T=2.0[s]
@ fr=3m /2 [rad]

y 31t /2 [rad] experiment
3m /2 [rad] simulation
----- 0 [rad] expeirment

Average Speed
Simulation 0.92 [m/s]
Experiment 0.83 [m/s]

Time [s]
| | | | | | | |

L e . A S B Sy B S s By O S B By B S B B B B S |
1 2 3 4 5 6 7 8

Fig.6.11 Experimental result of introduction of ¢ fr

gobodobooobbooobbooobooobooobboobbooobUooo
ooooooboobooeUbbOOO0OOOOODOOOOOOOOOOOOODOOOOOOO
ooooOooOOooOoOo0b0eLObObO0O0O00Z20m/sjO0000O0OOOOOOOOO0OO0

googgo

oodoooooobeguuuooobobbobobbooouonnonng,=0.15[radiddgn
1.33m/sjD0b00b0uoooooogoar7oebobuboobooboooooboaban
gobodgoobooobooobbuoobobuooobooobboobboooboon
obdobogbboobooubooboooboobbooooz2zv»boobooonon
goobo7z20000boooogg



oo ooooooon

Velocity [m/s]

[ d0-0.08 [m] 6 0=0.15[rad] —Experiment
[ @ =1t /2[rad] T=2.0[s]d @ fr=3m /2 [rad] ——Simulation
15 |
i !
I | N
1+ iy
: ql
I f' ‘ Average Speed
0.5 1 Nyv Simulation 1.62 [m/s]
(B Experiment 1.21 [m/s]
"’ A Time [ ]
o +¥—"t—"t———t———t———t———t
0 5 10 15 20 25 30 35
Fig.6.12 Velocity at optimized trajectory using 4 legs
35
d0=0.08 [m], 8 0=0.15[rad], /
3 @ =m /2[rad], ¢ fr=3m /2 [rad] /
— 2.5 - Ll =~
Z Simulation / /
5 (Max 2.25 [m/s]
S 15 //./ \ ( )
1 / Experiment—
0.5
4 UT [HZ]
O 1 1 1 1 1

0 0.2 0.4 0.6 0.8 1 1.2

Fig.6.13 Linearity between velocity and inverse of period T

gbooogrToboboboooooboboboooboboboooobobobod

bbb booobobuooobbddrige1sbogonoouoooboboooooo
ggogooobobbobbouoTrThbboooooooooobobbooooooooooo
gbgboboooooboboboooobobuoboboooTr=10si0bobonon
goodz2sm/sj00000bdoobooboouboboooobobooboobobn
gogg

Fige.140OOUOUOOOoOooooooooo

— 67—



oo ooooooon

0 d,=0.05[m], 6,=0.4[rad], =Tt /2 [rad]C]

Fig.6.14 Example of the leg trajectory against the ground



oo ooooooon

6.3 g

62000000000000000000000000000000(57]58]0

000000000000000000000000000000000000000
D000Fig610000000000000000000000000000000000
0000000000000000000000000000000000000000
00000000000000000Fig61500000000000000000000
000000000000000000000000 (Legl,Leg3)d 00 (Leg2,Legd)d O O
0000000000000000000000000000000000000000
000000000

000000000000000000000000000000000000000
000000000000000000000000000000000000005.4.2
00000000000000/F2.28kem2)000000000000000000000
00000000000000000000000000000000000000000
000000000000000000000000Fig6160000000000000
0000006,=0.280000000000000000000000000

000000000000000000000000500000000000000
(Fig6.17)000000000000000000000006,=0.310000000000
000000000000000000000000000000000000000
Fig6.18000000000000002.25[rad/s|00002.8000000000000
00000000000000000000000

0004000000000000 (Legl,Leg3)d (Leg2,Legh)0 00000 @, 00000
000000000000000 d;=0.05[m]0 6,=0.3[rad]d ¢=Tt /2[rad]0 T=2.0[s|0 0 0 0
0000000000000 @,=n/203n/20000000000010%0000000
0000000000000000000000000000000000000000
00000000000004000000000000000000000000000
00000000000000000000000000000000400000000
000000000000000000400000000 ¢,=0000000000000
0000

Angular velocity

o\ of the body

Steering
" offset

Fig.6.15 Standard posture of rotational motion



oo ooooooon

JRotational motion

JStraight motion using 2 legs

6 0[rad]
Simulation result

0 0[rad]

Simulation result

dO [m]
0.08
0.06

/
L

0.04

o o o o
™M N

[s/pe1] K109 A Je[nSuy

© ¥ o ©
o o ©

[s/w] Ayoo[oA

0.8

0.6

4

0
6 0[rad]

0.2

6 0[rad]

Experimental result

Experimental result

Fig.6.16 Comparison with straight propulsion

— 70—



oo oooooooo

Angular velocity [rad/s]

Fig.6.17 Rotational experiment

- d0=0.08 [m], 6 0=0.31 [rad], ¢ =Tt /2 [rad]

T=2.0[s], @ fr=0[rad] Simulation ( 2.72 [rad/g] )

/

Experiment ( 2.25 [rad/s] )

Time[s]

Fig.6.18 Angular velocity at optimized trajectory



oo ooooooon

6.40 00

000000000000000000000000000000000000000
000000000000000000006()0000000000000000000
O000000000000000000000OFig6.1900000000000000
0000000000000 000000000000000000000000000
0000000000000000000000000000000000000000
00000000000000000000000000000000000000000
oo0oooo

00000000000 00000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000 000000000000000000000000000
0000000000[2)3]0

Propulsion
direction

S
. vy
Steezglg
offset |

Fig.6.19 Standard posture of steering motion

dddooooooooooobobobobobooboboobobobobotbdooooguguo
gbgoooooooooboobobobobobobobobobobuodRrR=0.5m00
goobobboooooobobooooobobobboooobobbboo4bbbooo
DDDDDDDDDDDDDVyDDDDDDVXDDDDDDDDQ)DDDDD\Z,D@DD
oo UUUU o

\7y /| @—-R|<0.02 [m] and Maximize \7y (6.5)

oo ooooooobobbobobobobbobobooboboboobobooooon
goobooobooood
gooooooboooooboooobooooooboobeeUubObObOObOOObOOOOnOO
OO0 (Legl Leg2)0 0000 6,=0.2100 00000 (Leg3,Legd)I 0 6,=000 00000
e, ~llm/6000 V00000000000 000000000DO0O00000 d,=0.050

— 72—



oo oooooooo

ogobooOoOoO0O000000RrROOOOOODODODODOOOOgLOOOO0O0O00O0O0O0O00
0o0dO0O000000000000000000D0O00000O00DO0O00O0O0O0OO
gobogoobooobooobbuoobobooobooobboobboooboon
oboboeUUbOOOOOOOOOOOOOODOOOOOOOOOOOOODOOOOOO
goo
gboboobboobobobooboobuooboobvyboboboooobooboo
gbobodbosoobodbdddoPTOTRAK(Northern Digital Inc.)U 0000 OO
gbogboboobdgdbdrige2oddbodnoob40bodboonboonooboaon
gboboobobooobooobboobboobbooobobooobboobboon
0.015mDO0D00000000OR=05mO0O0OO0O30 00000000000
goooooooooodoodoooooooogoegnosoonooooooooon
gbogooooboobuoobuodboobbooboobooboobobvybog
gbobobooobobobovyDobooboOFige.21,220000
\Z/DDDDElDDDDDDDD30%DDDDDDDDDDDDDDDDDDDDDDD
gbogoodboboboboboboodubuobdbgrige200obobobobn
goooogooboooobovngodoobbooobbooobbuooobboon
gboboobobooobooobboobboobbooobooobboobboon
gboboobobooobooobboobboobbooobooobboobboon
gobogoobooobooobbuoobobuooobooobboobboooboon
gbobooobooooboooboog
gboboboboobuodgboobososiobboobyhooboobboobod
gbobooodibrige230 0000000000000 O0O0DOOOODOODOODbOOn
gobogooooobooobbuoobobuooobooobboobboooboon
gbgboooooodr=06mububoupoobdbobobobobobobobooon
gboboobobooobooobboobboobbooobobooobboobboon
goboboooobboo4mnbnoo

Fig.6.20 Experimental setup to measure the steering motion

— 73—



oo ooooooon

Vy [nvs]

Angle[rad]

0.8

0.6

0.4

0.2

12

10

R=0.5 [m]

d0=0.05 [m], Outer 6 0=0.30 [rad], Inner 6 0=0 [rad]

@ =1 /2 [rad], T=2.0 [s], @ fr=11m /6 [rad] ——— Experiment
Simulation

Average velocity
Simulation 0.63 [m/g]

| Experiment 0.78 [m/s]

Time[s

Fig.6.21 Vy at optimized trajectory

R=0.5 [m]
d0=0.05 [m], Outer 6 0=0.30 [rad], Inner 8 0=0 [rad]
@ =1t /2 [rad], T=2.0 [s], @ fr=11m /6 [rad]

Experiment
Simulation

Average angular velocity
Simulation 1.37 [rad/g]
Experiment 1.21 [rad/s]

Time[s)

Fig.6.22 Variation of the body angle with time

— 74—



oo ooooooon

Simdation

| 0.6 Y7.:» N "\

-0.4 o0 ’
. dovaedossee
0.6 — \
~|[m] \
\
Experiment

0 d,=0.05 [m], Outer 6,=0.3 [rad], Inner 6,=0 [rad]
@=m /2 [rad], T=2.0 [s], ¢, =11T1 /6 [rad]]]

Fig.6.23 Trajectory of the body position

6.5 00

gbdoooboobooooboboboobobob4awshioboboobob oD O
gobodgooboooobooobbuoobobuooobooobboobboooboon
U0boodbooobddFrige240000000030[deg DO O0DOO0OOOOnO
odoboooboooboboon

Propulsion
direction .

Fig.6.24 Crab Roller-Walk (diagonal motion)

— 75—



oo ooooooon

6.601 00

uboboogbdobobonooobobuobooobobobdrige2500bonoonood
gobogooboooobooobbuoobobuooobooobboobboooboOon
gobodoobtooobtbooobbooobooobooobboobbooobooo
gobodoobtooobtbooobbooobooobooobboobbooobooo
gobogooboooobooobbuoobobuooobooobboobboooboOon
oooooo® BDDDDDDDFBDDDDDDDDD

FB: Fnsin® B+FtcoseB 06.60

gobogoobooobooobbuoobobuooobooobboobboooboon
gbdbdboboboboboobobobobooboboboobooboobooooooon
oobooobobooobbooooboo

uoboogoboooboboooboboobbuoobbuooboboobobboooboboon
gobogoobooobooobbuoobobuooobooobboobboooboon
DoooDooooooooo® gT=90deg DU DDOOOOUDDOOOODOOOOOODO
gobodoobooobtbooobbooobooobooobboobbooobooo
gbgbdoobodbobuoobdobobuoobuobuobbobobrgezebbonon
gbobogoABSOOdonoboooboboooobboooon

oo p=0deglU U DO UDOOIODOODOOILDOOUDOUODOOODOOOOOOON
gobodoobtooobtbooobbooobooobooobboobbooobooo
DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDVyDDDDDDLfD
goobooooooood

7
Tmv? = pymg g O q:Q?g 06.70
000000000000000000000000000000001.0[m/sj00000
0000000000000000000000000000000000000000
0000000000000000000000000000000000
N0000000000000003.3[deg0000000000000000000
00000000000 00000000000000000000000000000
0000000000000000000000000000000000000000

oo oon

— 76—



oo oooooooo

Frictional
Y Resistance

Propulsive Direction

Braking Offset 6 g

Fig.6.25 Braking motion

6 B:Oo
Free to

rotate

]
Fn=0

Fig.6.26 Postures of braking motion for maximum braking force

— 77—



oo oooooooo

6.7

goboooboooboboooboboobboobbuoobobuoobobbooobboon
gogoboooobooobbooobbooobooobooobbooonboooboo
gboobobooooboboobobobooTrTobobobooboboooobo
ggoboooobbdooobboobbooon

uboogbodgboooboobuooboobuooboobozos)mbooboobood
goooboooodgbosm/siDO0bdbonoooboboobobboobobnboobo
goboboooobboobobooobbooobobooon

goboooboooboboooboboobboobboobboobboooboon
gbbzomobOooboobouobobooobod((Fige.27 2is)00000)000.9[m]0
oooooobobool3m/sDO000000ODb0ObO0O0b0ObOobDOoOobOoDon

goboooboooboboooboboobboobboobboobboooboon
goboboooobbooobboobbooobboooboboobobooobn

goboooboooboboooboboobboobbuoobobuoobobbooobboon
gogoboooobooobbooobbooobooobooobbooonboooboo
goboboobobooobooobboobbooobooobboobboooooo
goboboobobooobooobboobbooobooobboobboooooo
gogoboooobooooo

goboOo00oO0oOobOoU0bbOOoobO0oobDoobbOoboboOoooDoOoe w»=0ODOO
goboboobobooobooobboobbooobooobboobboooooo
goooooon

Fig.6.27 Figure 8 propulsion

—78—



oo ooooooon

6.8 000

goboooboooboboooboboobboobbuoobobuoobobbooobboon
gbdbdboboboboboobobooooobooboooooooooooooon
gobooobbooobboobbooboboobobooobuooobooobbooo
gobodobooobtbooobbooobooobooobboobbooobooo
goobooobobodobooobbooobboobobbooobLbooobbooon
goboooboooboboooboboobboobbuoobobuoobobbooobboon
gobooobooooboobebbbbUObbOUObbOUObbOUObbOObOODbLbOODO
gobooobtooobtbooobbooobooobooobboobbooobooo
gobooobbodobooobbooobbooobobuooobboonoo
uoboooboooboboooboboobboobbuoobobuoobDbboooboon
gbdbdboboboboboobobobobooboboboooooobooooooon
gobooobtooobtbooobbooobooobooobboobbooobooo
gooboogobobooobooobobooobboon

— 79—



ooo ooooooon

HpEpN
Joooobogd

gogboboooboboboodbobuonoooboboon
gbogobboobbooobbooobbooobbed

gogboboooboboboodbobuonoooboboon
goboobobooooooobobobood

r1gogoooogod

ptuy n0 0000000000000 ooobooooon
oooooodoooooooooooooeUuunooonOO0OOOO0nOdF g 7.1,
7.200000000000000d0=0.05[m]0e=m/2[rad]0 ¢, =31 /2[rad]l T=2.0[s]0 00
U000oobooooboooodgbdTables 3000000 O0OOOOOOOOOOOL0
(ms]0 0O OO

oo000000000000o0ooooooobooo0ooooooooonoenon
000000 oOo0oooooo0oooOo0oobo0ooobOoooooooooDoooooDoOon
ooobobobobooooooooboobboodooodobun/p t=150000000
goobooboddun=0.101000010000000000O0DODO0O0O0DODODOOOODOO
000d0dooooooooobobo0Frig730000000O00OO0OOOOOOOODOONO
O00Oo000oOoOOoooooo0ooboooobooooooooooaon

odbobood0Oun/pt00dodobdoooboboooonbbogdFrig7.400
0o0o0o00ooooonoooooooooooooboooonoooooooooDogn
Oo00Oo0oooooooobooooooao

gooegUbOO0O0O0OO0O0OOCOOODOOOOOOOOOOOOO
gooooooboooooooooboebbOObOOOObOOOOOOOOODOOOO
goooooodooebuooobooooooobodonooooooon
obooooboobooobooeguubooobogn

gobogoobooobooobbuoobobooobooobboobboooboon
Oo0o0dbboeo0OO00ODOOLDOODODLODODODODOODODODOODOODOODOODODO
ooo0obgdeobbODbDbODOUODDODDODODDUODODDUODODDOODOODOO
gbdbdboboboboboobobobooboobooboooooooooooooon
gobogoobooobooobbuoobobooobooobboobboooboon
oo ooooooobobobobbobobbobooboboboobooooboon
oo ooooooobobobobbobobbobooboboboobooooboon
aoo



ooo ooooooon

W [mi's]

Yo [mss)

1.8
1.6
1.4
1.2

0.8
0.6
0.4
0.2

35

25

15

0.5

M t=p tl

/  (=0.026414)

\I‘

K t=p t1*2.5

o g t=p t1*4.0

[ 4

M t iIncrease

I

~

o

]
8 0 [rad]
1 1 1
0.1 0.2 0.3 04 0.5
Fig.7.1 Variation of average velocity with 6,
U H,: Parameterl]
M n=1.0
n=0.5
/U
M N increase__
|
| — . i n=0.1
0.1 0.2 0.3 0.4 6 O [rad]

Fig.7.2 Variation of average velocity with 8,

O u,: Parameterld

—81—



ooo ooooooon

W [mds]

Velocity [m/s]

14

12

0.8

0.6

04

0.2

18
16
14
12

0.8
0.6
0.4
0.2

M n/p t=15(const)

I

\

N

® Experiment

0 O [rad]

0.1 0.2

0.3

04 0.5

Fig.7.3 Variation of average velocity with 6,

U Friction coefficient ratio U,/ U4, =constantl]

M nfu t=25 (Simulation)

M Ny t=21
m Experiment 11
M n/y t=15 o Experiment 15
m Experiment 26
[ | n/y t=10
- L MVl
[
- -
|
1 1 1 | e O [raj]
0.1 0.2 0.3 0.4 0.5

Fig.7.4 Variation of average velocity with 6,

U Friction coefficient ratio U,/ U,: Parameter[]

82—



ooo ooooooon

7200 000OOODOVN

0000000000000 00000000000000000000000000
0000000000000 000000000000000000000000000
000000000000006,000000Va000000000000000000
000062300000000000000000000000000

D000000000de=0.05(m]d =Tt /2[rad|0 @, =37 /2[rad]0 T=2.0[s|0 000000
0000000O0Table5.30000000000000000000006,0000000
0D0O00000Fig7.6()-)0000000000000Va0l0000000000000
0000000000000000000000000000000000000000
00000000oO0O0oO0oon

ggbobooobobvadobbooobooon
gooegUbOO0OO0OOOOOOODOOOOOVNODOOOOOO
oobobooboobvanoboboobooboobobobeUbObObLODbOO

gbdbobobobobobobtmm/siD00oooooooooooooooood
gobogooooobooobbuoobobuooobooobboobboooboon
gobodoobooobtbooobbooobooobooobboobbooobooo
gobodoobooobtbooobbooobooobooobboobbooobooo
goboogoobooobboonoboooon
goooooboboeeUuuboboOobCOOOOooOobObOOOoooObobOOOonoooonOn
gobooobtooobtbooobbooobooobooobboobbooobooo
gobooobtooobtbooobbooobooobooobboobbooobooo
gobogoobooobooobbuoobobuooobooobboobbooboboon
ooboooooooobooeuuiOuunobobOOFig7.7006,000000DO000C0O0OOOO
gobooobtooobbooobobooobooobooobboobboooboOoo
gobooboebbUbOUODOODOODOODLDOODOODLDOODLDOODLOOODOODOO
UbdtbdFrig780b0bobooouoboobobobobobooobooboboboba
oooooobooodoogLoboonobooboooobobooonooond



ooo ooooooon

Velocity [m/s]

Velocity [m/s]

0.8 0.8
[ P Isive velocity and velocity in the 1 directi
3 Propulsive velocity and velocity in the normal direction rop:u stve veloeity and velocity in ¢ nmormal direction
o 0 0=0.3[rad]
0 0=0.4[rad]
0.6 0.6
[ / Propulsive velocity iy
0.4 E 04
Average abs(Vn) 2 Propulsive velocity
1.83 [mm/s] S
K 0.2
> Average abs(Vn)
/Vn*lo 2.54 [mm/s]
time [s] time [s]
Oal 6,=0.4 [rad] Ob0O 6,=0.3 [rad]
15 - - P : :
Propulsive velocity and velocity in the normal direction Propulsive velocity and velocity in the normal direction
6 0=0.2[rad] 6 0=0.15[rad
1
Propulsive velocity
\ — 0.5
2
Propulsive velocity E
0
2
3]
o
© -0.5
Va*10 Average abs(Vn) > Average abs(Vn)
n 3.95 [mm/s] Vn*10 5.32 [mm/s]
-1
f f f f { 1.5+ } | f f {
2 4 6 8 10 2 4 6 8 10
time [s] time [s]

OcO 6,=0.2 [rad]

1.5
0 0=0.12[rad]|

0.5

-0.5

Velocity [m/s]

0dd 6,=0.15 [rad]

Propulsive velocity and velocity in the normal direction

\Propulsive velocity

Vn*10
e

Average abs(Vn)
6.87 [mm/s]

o
[9,]

O
ol
'_‘A
(=}
HA
(8]

OeO

6,=

Il
20 25 30 35 40
time [s]

0.12 [rad]

Fig.7.5 Propulsive velocity and Vn



ooo ooooooon

25

40

35

30

25

20

15

Propulsive force [H]

10

\ Required time to perform

constant velocity

| 4
\ y = 0.0149x 3

\
S~

01 0.2 03 04 05
6 Ofrad]

Fig.7.7 Required time to achieve constant velocity

Average propulsive force from 0 to constant velocity

y = 153.68x> + 103.06x” + 31.955x - 4.0849

/

)

/

/

// ¢ Propulsiveforce[N]
/ — Approximated curve
0.1 0.2 0.3 0.4 0.5

6 Ofrad]

Fig.7.8 Average acceleration force in a transitional period

— 85—



ooo ooooooon

73060000

ddddoooooooooobobobobobobobobobobobobobobooooogouoguo
gobeUubibOUbObOODbOObOOOOOODOOODOOODOOgLUbOOOODOO
gobooooooooboodooooegbbUooooobobooooooobooOog e,d
gobooobooobobooan

731004

uobooobdooobuodbbodbbuoobbodbrig7roigbboooboon
OoooodoodoodgoboeubObooooobooooboooooonooonon
6,=04[rad|U00O40NDOODOO0ODOOODOO0ODOOODO78[degi 1400000000
035m/sj0000000000O0O00000O0OO00O0C0O0O00000 6,=0.4[radD0O0O
Uob33degiODOOUO0O0UobbobbbO000oooobLbbbObO0oooOgn
U Fig.7.100 0O

r.3.2000

0000d,=005mI0000000OT=20s0006,0000000000000O
OodogooboboobooddrigzliggoooooeUbbObO0OnobooboOoonoooon
ogoooOoOoOOOOOObOoOOOOOOO0OO0O0O000O0O00000006,00000O00O0
gbdbdbobobobooobobobooboobooboooooooooooooon
oo0oobo0oo0oooooo0ooeU00DO0O0ODDDOOODOdUODODOODDO
oo ooooooobobbobobobobboboboobooboobooooon
goboooobod

2
Traction Force
T\ 0 [N]
1.5
5[N]
— 1 10][N]
- 15[N
£ [N]
= 05
o 50[N]
0]\ 0.1 0.2 03 0.4 0.5
P
[ (— 6 0 [rad] |/
I 1

Fig.7.9 Relation between traction force and 8,



oon ooooooon

) , TS
] H ﬂ L
L] H
w__“__ e r
o' . 0 L
T %
(@] * 1 D@ -
n_u__ u 1 w»
| \ ~
N -
v |
I ! i
v \ I

Time [s]

Optimized acceleration trajectory

Fig.7.10 Slope climbing experiment

LA

/Ju o [LRRRR R by ¢ Mo

,1,1 SR AOOOCK
TN e VO0
L Wi

s 0" -0 0 O
v O mMmAN
00 . § o o
m_V.OOO
b' o
D

1.4+

[s/w] Auoojap

Fig.7.11 Velocity at optimized acceleration trajectory
87—



ooo ooooooon

A0 000 0o0oouooooa

0000000000 000000000D0000000DO000000DO00000
D00000000000D0000000000000000000000000000
D0000D000000D0O000DO00D0O000DOO00O0d()oe(t)booooDoOn
D00000000D000D000D00000000000000000VAOD0OO0D00O0O
D0o0o0DOooooond

7410 6(t)= -g,snt0000000
000000000000

V = const a7.10
O(t)= —-6,sinat 07.20

Fig7l12000000000b0b0o0uoboboooboobooobobooonn

V, = d(t) [B(t) +V cos6(t) 07.30

V, = d(t) +Vsino(t) 07.40

ooooooooooooOOoOVvV,=000007400720000

d(t) = —-Vsing(t)

07.30
= Vsin(6,sinat)

goodd

d(t)=[ Vsin(6,sinat)dt 07.40

Propulsive Velocity 6,(

\Y

Fig.7.10 Velocity at contact point



ooo ooooooon

w=u0 000000 dt=du/wd000VOODODOO0000
V.. :
d(t) :afsn(eosnu)du 07.50

UO0000O0OBessell O OOODODODOOOOoOoooooobonoO

00000d)o0D0D000000oDoog

d(t) = %E—Z\h (6,)cosat =+ —ZJZm_l(Q,)mcos(Zm—l)u ————— §+ const
2V ¢ cos(2m-—1)at
=-= leJZm_l(BO)—(Zm_l) + const 07.70

0000000 6,=0.3[rad]l0 0 0Bessel0 00 000O0OOO

J,(6,) =0.148319, J,(6,)=0.0005593430 0 000000 J,(6,) / 3,(6,)=10°0 00
000000000000

DO00d(t)0ooDo0oooooooog

d(t) = d —% J,(6,) cosat

2V .
:dmw'+;;JJQJSH%H-"gB 07.80

DO00d(t)0e(t)00000eOn/2000062100000000000000000
00000000
00000000d,,6,=const0000000780000

M:const 0 % 0 7.90

w

gobooobbooobooobbuooobbuooobbooono



ooo ooooooon

7420 d(t)= dg, +d, SN0 000000

00d(t)000000000000000000
d(t)= dye +d, SNk 07.100
00000000000000
d(t) = d,w cosat 07.110

074007110000000006() 0000000000000

ntt- by @ cosct

d, cosat +Vsin Gt) =00 0 6(t) =s 0 v C

07120
d,=0.05[m]0 6,=0.3[rad]d @=Tt /2[rad]d T=2.0[s|0 0 0000000000000000
V=047m/s]000006(t)0000000000000000000000000000
000000000000000000000 Fig7.1300

07120000000000t=m00000000000000006,000000
0000000000000000000

max[e(t)]:ev%g:eo 0 6 sin‘lgdi/wg 07.130

0ooo0ddy,, w=const0 00 QU0000VOOOUOOODDOODODOOOOOOOOO

= %o
sing,

\% 07.140

0ooo0ddy,6,=const0 000000000000 O0O0OOOODO

_ _1|:|_dow O
NNTICIE: 0(t) =sin 0y cosat

5 1 1. 2
-0.1

-0.2 U N
6(t)= —6,sin wt+
(t) oSN+ 5

-0.3

Fig.7.13 Comparison of swinging motion 9('[)



ooo ooooooon

430000000

7410742000000 000000000b0O000b0DLOOO0OoUbLDbbOOoOoUbD
oo ooooooobobbbobboboboobobboobooooon
ugoooooobod

ggboboooobooobobooobbooboboooboo

0000 F,sind(t)
0000000000000000000000000000
0000 FcosB(t)
000000000000
F sinf(t) = F cosb(t) 07.150
D00 F=u,W, E=pWOOODO00D0O00D00000000000
By U

O(t) = tan EI—’TE 07.160

DDDQ(t)DDDDDDDDDDDDDDDDDDDDDDDDDDDDDFig.7.14DDD
ObOoodooboodo ¢,=n/2radld 0003 /2[rad| D 0000000000000
gobogoboboodbbooobobooobooobbooono

400 [l FNIN] Needed Fn to perform
constant velocity
Maximum
200 F=pu W
0.5
- 200 h = —H,W
Minimum

- 400

(d,=0.05[m], T=2.0[s], V=0.47[m/s], 8(t): Eqn,(B.12)0
Fig.7.14 Needed Fn to sustain constant propulsive velocity



ooo ooooooon

744000000000

0006100620 0000000000000000000000000OFig7.1500
0000000000000 00D0007140000000000000000000
0000000000000 O0D00000d(t)Det)ooDo0DODOo0nOonDOono
000000000000 00000000000000007200000000000

000000 D00D0D00007.120000000000000000000000
Fig7.16000000000000000000000000000O0O0O0O0O0O0O0OO0O
0000000000000 000000000000000000000000000

L8 \K” Ny t=25  (Simulation)
16 M n/p t=21
14 (Traj ectory without slippage
I uwp =15 |iNthenormal direction
g 12 ( Eqn.(7.14))
>~
2 1
Q
] —
E 08 I I M n/p t=10 /
0.6 I I /
0.4 I I
0.2 I I
0 | . . . 0 0[rad]
0 0.1 0.2 0.3 0.4 0.5
Fig.7.15 Velocity derived from Eqn.7.14
1 \
(m sh 11 )
ARA e Sh 15
0.8 PN-LLPY | Sh 26 -
. o (Egn.7.14) 11
- o6 8 2 o (Eqn.7.14) 15
g g (& (Ean.7.14) 2@_
B R
2 R
2 04 = = |
L]
. \
0.2 = Fl'raj ectory without slippage\ y
in the normal direction
( Egn.(7.14))
8 O[rad]
0 1 L !
0 0.1 0.2 0.3 0.4 05

Fig.7.16 Experimental velocity using non-slip trajectory (Eqn.7.12)



ooo ooooooon

oo on

r000bo0boodbooobooboboboobo0buoobobobobboobOooDbo
gobogooboooobooobbuoobobuooobooobboobboooboOon
bbb booonoboodbibreg7170000000O0D0OOODODODOOOOO
oo ooooooobobbbobboboboobobboobooooon
gbdbdbobobobobogoboboboobooooboooooooooooooon
obogoboboodobooobbuooobbooobbOdFigra8dd

Fig7190 00000000000 DO0O0OO00O0O0DOZ244 m/sJ0000O0OOO0ODO
ggoobobobobbezbbboooooooobbbobbbbdooooooooobooon
gboooobzh2m/sjUD00boooboobognobooboonobooboan
gobooobbooobooobbuooobbuooobboooono

ooboobboobobooboobooooooooooboooguubooboobboobon
oo ooooooobobobobbobobbobooboboboobooooboon
gooooooon

uoboooboooboboooboboobboobbuooboboobobbooobboon
oo ooooooobobobobbobobbobooboboboobooooboon
OFig6.le0000000O0OO0OO0OOOOOOOOFig7.2000000000000 6,0
gobogoobooobooobbuoobobuooobooobboobboooboon
gobogoobooobooobbuoobobuooobooobboobboooboon
oo uogoo

ddddooooooooooboboboboboboboboobobobobobotboouuoguoguo
gobogoobooobooobbuoobobuooobooobboobboooboon
gobogoobooobooobbuoobobuooobooobboobboooboon
oo ooooooobobobbobobobbobobobobobooboboooboon

gooo
=
oo

Vertical Reaction Forces

WANSYAW
PES \' / \

00O
000

0 o ! \\./ Time[s]

0 T/4 T/2 3T/4 T 4 — 5
E=ic | s
Fig.7.17 Presumed vertical reaction forces Rr Rr

Fig.7.18 Vertual 8 legs simula-

tion model



ooo ooooooon

Velocity[m/s]

Angular Velocity [rad/s]

2.5

=
o1

[N

0.5

2.44]m/g]
\ /Sinusoi dal Distribution

\/

1.51[m/s]

™~ Equal Distribution

Experiment

1

0 0.05 01 015 0.2 025 035 0.3
6 O [rad]

Fig.7.19 Effect of the sinusoidal reaction forces distribution

8 0=0.3 [rad
[rad] —_ _
0 0=025————==— ’._l' =)
- -

- /
570 0=023
8 0=0.20

0 1 2 3 4

Lifting Height [mm]

Fig.7.20 Effect of the legs’ lifting in rotational motion

— 94—



ooo ooooooon

reluggn

goboooboooboboooboboobboobbuoobobuoobobbooobboon
gobogoobooobooobbuoobobuooobooobboobbuooboboon
gobodobooobtbooobbooobooobooobboobbooobooo
gobodobooobtbooobbooobooobooobboobbooobooo
gboboooboodbobooobbooooboon

re0000ooobooOO

goboooboooboboooboboobboobbuoobobuoobobbooobboon
gobogoobooobooobbuoobobuooobooobboobbuooboboon
oo ooooooobobbbbobobboboboobooboobooobooon
oo ooooooobobbbbobobboboboobooboobooobooon
googd

7A0000000e=n/2radUD0O0O0D00O0OO0DOO0ODOOOODOOOOODODOO
gogboodTooogoobooobobuooobbooobboooboboooobbooobo
ooooooooUoUoooodoe, 000000 UDUDUOOODOODODOOODOO
Fig7.210 000

0000000000000 0000000U0RUO17radlJ0DOOODOOODO
gooooooooorzooooooegLooooooobooooooooooooon
goboooboboobobooboboobobooboobooboobooboobooboOoon e,
gbobogoboboooobooooboog

gobObO0oooooooboobooboboptbbb0ob0000Oo.110 6,00.4[radlD 0000
ggooobblsgggouooobobuodddFrig4a7dgooooooooooon
oo ooooooobobbobobobobbobobobobooboobobooooon
goooobobobegUuolobobobobOobOOOOOOCOOOOOOOOOOOOoOoOoOooOoOon
gooooooobod

0.040

15
0.038 _ __
ﬁlnlmum Specific R&astanﬁ 14
w 0,036 £ =0.02758
8 k (d0=0.08, 6 0=0.17) d0-0.03(r]
% 0034 ‘ 13
: /
~ ~
2 0032 w
g / d0=0.05[m] |12
[
@ 0030 ~
DL///do:o.ostm] 11
0.028
M
0 Ofr
0.026 1 1 , [radl | }10
0 0.1 0.2 03 04 05

Fig.7.21 Simulated specific resistance



ooo ooooooon

re20 0000

ddddoooooooooobobobobobobobobobobobobobobooooogouoguo
oo ooooooobobbbbobobboboboobooboobooobooon
gbogoooboobobobobobobobodlFeg7s0 00000 mm/s|0D0OOO
gbdbdboboboboooboboboobooooboooooooooooooon
oo ooooooobobbbbobobbobooboboboobooooboon
oo ooooooobobbbbobobbobooboboboobooooboon
gbooobogobdoooboobeehAlbbooboobobuoobbooboboon
goodgodleoeljbooboobodboobooboobooboobooobon
oo UUUU o

oo ooooboboboboboobobobooboboobobotboooooguguo
gobodgoobooobooobbuoobobuooobooobboobbooboboOon
gobodgoobooobooobbuoobobuooobooobboobbooboboOon
oo ooooooobobbbbobobbobooboboboobooooboon
oo ooooooobobbbbobobbobooboboboobooooboon
ggobobob43000ooooobobobbbobooooooobobobboboooooan
goboooobod

dODDDDDDDDDDDDDDDDDDFig.7.22DDDDd(t)DDDDDDDDDDD
oooooU0oUoooooooooUoUo7muObOoUoUoOd,Dooooood
Oob00O000000000000000gubbobbb0o0nOnODOrFe7.2300000
gboogbobrze20dbddbbooobooboobbooobooboobbooboobon
gooooobobobooooobobooboouegObbo0oouobobobOooooTOOOoOoOobDDOOn
gl UUUUU U4

00000000000o0o00o00oo0ooo0o00o00Ody=0.08ml0 6,=0.15[rad]0
T=10s|000e =04400000

0.7
0 0=0.15[rad], @ =1t /2 [rad)]

N T=2.0[s], @ fr=3m /2 [rad]

o
o

~—*

Specific Resistance &
o o
& [¢)

do [m]
0.3 - - - -
0 0.02 0.04 0.06 0.08 0.1

Fig.7.22 Relation between d, and €



ooo ooooooon

14
@ =1t /2[rad], T=2.0[g], @ fr=3m /2 [rad]
w 1.2 »
/

S 1 d0=0.05 [m] Ve
<
Iz AN
4 08
7 AN N d0=0.08 [m]
06 :
o M
= 04
é \ ﬁ 0=0.15, d0=0.08,T=1.0
o 0.2 =

: L€ 0.44 6 0 [rad]

0 0.1 0.2 0.3 0.4 0.5

Fig.7.23 Experimental optimization of 8,

re3000000DO0ODbOOO0

oo oboboboboboobboobobobobotbooougoouo
gbgboodboobobooo7sdbobogmuboonogoosmoobonoon
goolgolzm/sjD0dnooboooonooobodgboooodm/sio00noonoon
Ue =3530 0000000000 boouobboobobooobobooooboooonon
oo UUUUo U

uoobogbbdptdoobooboobooboobooboobooboobod
gbdbdbobobobobogoboboboboobooboooooboobooooooon
oo ooooooobobobbbobobbobobooboboobobooooon
oo ooooooobobobbbobobbobobooboboobobooooon
gobogobbooobooobbooobbuooobbooobboo

/0oog

goboooboooboboooboboobboobbuoobobuoobobbooobboon
gobogoobooobooobbuoobobuooobooobboobbuooboboon
gobodobooobtbooobbooobooobooobboobbooobooo
gobodobooobtbooobbooobooobooobboobbooobooo
gobogoobooobooobbuoobobuooobooobboobbuooboboon
gobogoobooobooobbuoobobuooobooobboobbuooboboon
gobodobooobtbooobbooobooobooobboobbooobooo
gobodobooobtbooobbooobooobooobboobbooobooo
gobogoobooobooobbuoobobuooobooobboobbuooboboon
gbobogobooobobooobboon

— 97—



ogoo ooooooooooooond

HpEpN
Joobogboogogd

gogboboooboboboodbobuonoooboboon
gobobobobooooooobobbbooooooobooo

g1l uonooooooon
uogboobooooobooobbuoooboooboboo

gjddddddddduuuououugua
iU UUU o

uoogoogbooboboobooboobobboobbo410bboboobOon
oo ooooooobobbbbobobboboboobooboobooobooon
UFig420 00000000000 O0O0O0O0OODOO0O71OD0000UbObDOoOoOoUbO
gobodgoobooobooobboobobuooobooobboobboooboon
boogboodboobobonoboobdrFigr740d

o330 0bbooubboguibsSinus-liftingd 000000000 0O0O0OOO0O0O0OO0O
gogobbbooooobobooooobobbdooubbbooouooooysonnbm
gbdbdboboboboooboboobooboobooboooooooooooooon
gobogoobooobooobbuoobobuooobooobboobbuooboboon
oo ooooooobobbbbobobboboboobooboobooobooon
UoobobboboboooogoUSinus-liftingd 00000OO0OOO0O

uoboobogbuodbooboboooboobuoo4320b00bbooobooobod
gobogoobooobooobbuoobobuooobooobboobboooboon
oogoooboboubouboubooboobooboobuoobuodibFig4a.800
ggoobbobbbodooooobrelgooobbbboooooooobon
goboooobooobboonoboooon

ubooogouooboouoooobobobobobobobooobobobobo
uooobbouobouoobouobobooboobuoobooboobboooo
googg



ogoo ooooooooooooond

Fig.4.2 Gliding experiment on ice

Specific Resistance &

0.025

0.020

0.015

0.010

0.005

0

2
18 IKU nu t=25  (Simulation)
16 U n/p t=21
_ 14 m Experiment1l | |
R Uy t=15 e Experiment 15
é 12 k m Experiment26 [
£ 1
[} —
E 08 u p n/p t=10
0.6 °
0.4
0.2
o 4 . 0 0[rad]
0 0.1 0.2 0.3 0.4 0.5
Fig.7.4 Variation of average velocity with 6,
U Friction coefficientratio U,/ Y,: Parameter[]
0.6
\ Propulsive Velocity Vx =
, 05 g
N ;
~ 04 2z
i} 3 2
p t=0.01 -
03 7
/ z
) =
_ Kmolv, [ 02 §&
e Hxo |l &
Winding Anglea [deg]
1 1 1 1 Ol
0 20 40 60 80 100

Fig.4.8 Theoretical specific resistance in constant creeping motion

Specific Resistance &

0.038

o
Q
@
<}

%

o
Q
(o]
N

%

0.028

0.026

1.5
(ﬂinimum Specific Resistance 14
¢ =0.02758 |
(d0=0.08, 6 0=0.17) -
k do=0.03(m] ||, ,
/ / d0=0.05[m] |12
Pt
DL/// do=008[m] |11
M
! ! ! ! o O[rad] 1.0
0 0.1 0.2 0.3 0.4 0.5

Fig.7.21 Simulated specific resistance

e/ ut



ogoo ooooooooooooond

g2l uuuuonoognd

uoboooboooboboobboobboobbuoobbaeooboobod@
oooooobooboboboeobobobobobo0oobOobDUobDOobobOobO
gobodobtooobtbooobbooobooobooobboobbooobUooo
gobodobtooobtbooobbooobooobooobboobbooobUooo
u33gib14boogoobooooooonoo

|
ﬁaCOS g@)ds/l =2y 08.10
T
0
000000000000000000062000000000000

o 3 _ 2
’ _ebsm(ﬁﬂu 27T+(p)d%T = £ By 08.20
0

oodg8i1dbg820 000D UIODDOOOODOOODLDOOOODOOODOO
0000000000 bO00eDeUUIDO0D0ODOOODOODODOODODODODLOOODO
gooo
4200000000000000000L0L0DOOFeg4304500700000000
OobooboobeodUObODbObOOODFg7OIOUODOODOODODOOODODODOO
gobodobooobtbooobbooobooobooobboobbooobUooo
gobodobooobtbooobbooobooobooobboobbooobUooo
gboogbooboobssgubooboobobobobobooboobooboobon
d7ledgobooobbooobbuooobooobbooobboobbuoooboon
ooo
gobooobooobboobbooboboobobuooobuooobooobbooo
gbdbdbgoobobooooooooonoonoondrigd4.30450740000000
gobogooboooobooobbuoobobuooobooobboobbooboboOon
gobooobooobbooobbooobooobooobboobbooobooo
gobooobooobbooobbooobooobooobboobbooobooo
gobogooboooobooobbuoobobuooobooobboobbooboboOon
gobogooboooobooobbuoobobuooobooobboobbooboboOon
gobooobooobboobbooboboobobooobuooobooobooo
gobooobooobbooobbooobooobooobboobbooobooo
gobogooboooobooobbuoobobuooobooobboobbooboboOon
goboogobboooboboooboboogbooba

—100 —



ogoo ooooooooooooond

W [mdsl]

Velocity [m/s]

1.2
1.0
0.8
0.6

0.4
0.2
0.0

15

18
16
14
12

0.8
0.6
04
0.2

Vxn

/ /

60
Winding angle a [deg]

Fig.4.3,4.5 Winding angle vs. normalized propulsive velocity

80

100

Traction Force
0 [N]

S[N]

10[N]
15[N]

0.1 0.2 0.4
r 0 O[rad] |/

50[N]
0.5

Fig.7.9 Relation between traction force and 8,

M ny t=25 (Simulation)

U n/p t=21
m Experiment 11
u n/p t=15 o Experiment 15
m Experiment26 [
-l 1 u n/p t=10
o
- -
]
; . . 6 O[rad]
0.1 0.2 0.3 0.4 0.5

Fig.7.4 Variation of average velocity with 8,

—101 —



ogoo ooooooooooooond

ddddoooooooooobobobobobobobobobobobobobobooooogouoguo
oo ooooooobobbbbobobboboboobooboobooobooon
gbdbdboboboboboobobooooobooboooooooooooooon
gobogoobooobooobbuoobobuooobooobboobbuooboboon
oo ooooooobobbbbobobboboboobooboobooobooon
oo ooooooobobbbbobobboboboobooboobooobooon
gbobooobobooooboo
ubooogooobbooboooooobobobooboobobobooboobo
uogooboobodoooguobootboooooboboobobooooouobobobooooooo
uogooboobodoooguobootboooooboboobobooooouobobobooooooo
ugoogn

g3l gy

4300000000 bogoboysbbooubooubooboouobooooo
gobogoobooobooobobuoobbooobbooobboobbooboboOoon
gobogoobooobooobobuoobbooobbooobboobbooboboOoon
oo ooooobboobbobobbobboboboboobobooboobon
oo ooooobboobbobobbobboboboboobobooboobon
goobogooo

uooboogobooobboobboobbooobobuooobbooobboobboOon
googoboobbooobooobooooboobbooobooboonbuooboooo
oo ooooobboobbobobbobboboboboobobooboobon
gobogoobooobooobobuoobbooobbooobboobbooboboOoon
gbogbdoboobobobooobooboobobooobobobobooboubo
goooboobobdooooooboobobbobobobobobobon

840 000

oo oboobobobooobbooboboobooboboooouguo
oo ooooouooog

841000000

goboooobotbooobboobbooboboooobooobooobboooboon
gobodoobooobooobobuoobbooobbooobboobbooboboOoon
gobodoobooobooobobuoobbooobbooobboobbooboboOoon
goboobobbooobbooboboobobooobbooobboobboooboOoo
goboobobbooobbooboboobobooobbooobboobboooboOoo
gobodoobooobooobobuoobbooobbooobboobbooboboOoon
obooobbodobooobbooobbooobbooobbooon

—102 —



ogoo ooooooooooooond

42000 n

ddddoooooooooobobobobobobobobobobobobobobooooogouoguo
oo ooooooobobbbbobobboboboobooboobooobooon
gobogoobooobooobbuoobobuooobooobboobbuooboboon
bgbdoobodbdbrgdz2oiboboogbobonooobobuonooobonon
oo ooooooobobbbbobobboboboobooboobooobooon
obobodguobodrige 10 buooobbooobooooboooooboboooboo
gobogoobooobooobbuoobobuooobooobboobbuooboboon
goboooooobooonoo

8430 oo

g3lbbuonbuodnbuooboobobbooboobuoobobobobboobboobo
oo ooooooobobbbobboboboobobboobooooon
goboooboboobuoootbooobobooboooob bbb ooboobobooon
O4200000000000DO0OO00OO0O0OO0OGOUDLODUDOODLODODOO
gbgbooodgbobuoobdbe23gb73bdbobooboboboobobon
O00000000b0o0o0bo0ooo0oboooobooeoUObOODOUODODO
oo ooooooobobbbobobobboboboboboboobooooon
gooodd

8.50 0000

goboooboooboboooboboobboobbuoobobuoobobbooobboon
goboooboboodbobooobbooobooobbooboboo

—103 —



oo oo

HpEpN
RN

91000

dddddddooooooooooooooooooboobboboboooooooa
ddddddddooooooooooooooooooooooooooooooon
0000000000000 ooooooooooboboOooooooOoOooOoOo0o0000
0000000000000 ooooooooooboboOooooooOoOooOoOo0o0000
ddddddddooooooooooooooooooooooooooooooon
ddddddddooooooooooooooooooooooooooooooon
0000000000000 ooooooooooboboOooooooOoOooOoOo0o0000
ooaoad

dddddddooooooooooooooooooboobboboboooooooa
ddddddddooooooooooooooooooooooooooooooon
Odod0ooooooooao

Jddd0d00d0d0dooooooooboooooooOoooo0o000000000oao
ddddddddooooooooooooooooooooooooooooooon
ddddddddooooooooooooooooooooooooooooooon
0000l oooonononOACM-R1
Jdddd0dd0o0d0ooooOoooooooa

dddddddoooooooooooooooooboobbboboooooooa
ddddddddooooooooooooooooooooooooooooooon
OddddoACMRIOOOOOOOOOOOOOOOOOOOOOOOOOOOOO0000
0000000000000 oooooooooboOooooooOoOoooOo0o0000
ddddddddooooooooooooooooooooooooooooooon
ddddddddooooooooooooooooooooooooooooooon
0000000000000 oooooooooboOooooooOoOoooOo0o0000
0000000000000 oooooooooboOooooooOoOoooOo0o0000
bbb oo oo oo oooOoo
ACMRIOOOOODOOOOOOOOOOOOOOOOOOO

00000000000 ooooooboooooooOooOooo0000000000oao
0000000000000 oooooooooboOooooooOoOoooOo0o0000
goooogooounoooooooboooooboboooooobooooooouooooo
O00000O0O00Roller-WalkerDOOOOOODOOOOORoller-Walkerd OO OO OO
0000000000000 ooooooooooboboOooooooOoOooOoOo0o0000
0000000000000 ooooooooooboboOooooooOoOooOoOo0o0000
ddddddddooooooooooooooooooooooooooooooon



oo oo

iU UUUU g
U0000o0oooboododoilRoller-WalkerDOOOOODOOOoOoOoOooogo
gobogoobooobooobbuoobobuooobooobboobboooboon
gobogoobooobooobbuoobobuooobooobboobboooboon
oo UUUU o
UooooooobobobobOoOO0O0OORoller-WalkerUUOOOOOOOOOODOOOOOO
gobogoobooobooobbuoobobuooobooobboobboooboOon
gobooobbodobobooobbooobboobobbooobbooboboa
dddoooooooooooboboboboboobobobooboboobobotbooououguo
UO00000bobbOOReller-WalkerD OO OO boooooo
gobogoobooobooobbuoobobuooobooobboobboooboOon
uoboooboboooboboooobooobbuooobbooboboboOod
dddoooooooooooboboboboboobobobooboboobobotbooououguo
oo ooooooobobbbobobobbobobooboboobooooon
gobogoobooobooobbuoobobuooobooobboobboooboOon
gobogoobooobooobbuoobobuooobooobboobboooboOon
oo UoUoUo o

920Juuy

goboooboooboboooboboobboobbuoobobuoobobbooobboon
oo ooooooobobobbobobobboboboboboboboboobooobobn
gobooobogboooboooboouboobboooboobboonbooboobo
gobogoobooobooobbuoobobuooobooobboobLbooobboOon
gobooobobooobobooobobooobooba

ddddoooooooooobobobobobobobobobobobobobobooooogouoguo
oo boboobobboboboboboboboooobon
gobogoobooobooobbuoobobuooobooobboobLbooobboOon
gobooobooobobooan

dddoooooooooobobboboboboobbobooobooobodouooouuouo
oo ooooooobobbbbobobboboboobooboobooobooon
goooooooood

—105—



oo

0o

Joooooogg

A1 0000

ddddoooooooooobobobobobobobobobobobobobobooooogouoguo
oo ooooooobobbbbobobboboboobooboobooobooon
gobogoobooobooobbuoobobuooobooobboobbuooboboon
gobogoobooobooobbuoobobuooobooobboobbuooboboon
oo ooooooobobbbbobobboboboobooboobooobooon
gooooogo

udoooooououooooooooooboobobbobbbbbbbboooood
KRYPTONICSO 70mm/78A0 0000000000 O0ODLODLOOOOObLObDOnOOn
o000 0UnFigA.1d

O0000000o00ooooo0oovVooouoooeuouoUuo NDODOOTOOOOOO
gobogoobooobooobbuoobobuooobooobboobbooboboon
0000000 vVOeUOUOOOOOOoOoUOoooOoo

doddoooobbbedooooobobbbbbbbb0dUuglis-A-
570500 00000VOO0OOOOOO0O0O0OCOOOOOOOOO0O0O0OROROOOO
gobogooboooobooobbuoobobuooobooobboobbooboboOon
ogoobobobobbbtbdoooooobobobobbotdrigA20ddooooooboon
gogd

24 Soft urethane
rubber

¢ 70

(G
\ : N Styrol

Fig.A.1 Geometry of the wheel used for measurement

—106 —



oo

60 150 90[deg]0 0 0 0 15[degl0 0 0 VO 0.050 0.23[m/s]0 0000 00 0.05[m/s]0 O
00000000000000000050000000000000000000

000000000000000000000000000000000000000
0000000000 4=000200000000000000000000000000
0000000000000 0000000000VOOO0O0O000000000000
0000000000 O00O000

0000000 w000000000000000000006A000000000
000000000000 0000000000FigA3000000000000000
0000000000 O00O000

000000000 DOONONOO0DNDOON0NOONDNDNOON0NDONONNoONonooon
0000000000000 000000000000000000000000000
0000000000000 000000000000000000000000000
00000000000 000000000000020000000000000000
0000000000600 O0D0O0D0O0DODN0O00Ol62]0

DO0O0FigA400006=0[degl0000000000000000000000FO00
00000060=90[deq0 00000000000000000000000000000
0000000 FOO0O000O0O000000000000000000FO0000000
0000060 FO0DOOO000000000000000000000000000

00000000000000000000000000000060# 0000000
0000000000000000000000 4, 00000000000000000
0000000000 0000000000000000000

% Force sensor

. hdeasured wheel

Fig.A.2 Measurement system of the friction coefficient

— 107 —



oo

Friction 057 g
Lty n Hn=0.2304x0  xE€jg3

Wl L

0.6

04

\ Coulumb Friction

0 [deg

20 40 60 80

0.2

Fig.A.3 Experimental result of u, vs. slip angle 0

T Sliding direction?t

_ (o] _ (o] _ o
0 =0 8 =30 0 =90
/
/ . .o
Free to Static friction
rotate
Fn
Fn=0
Static friction Kinetic friction Kinetic friction

Fig.A.4 Static/Kinetic friction state at the contact point

—108 —



oo

A.2 Roller-WalkerD U QOO QO gdogonod

FigAS0000000000000000C0O0O0000O0ON00O00ND0ONONOO
00000000000 00000000000000000000000000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000
00000000000 00006e 000000000 DOONDOOND0OODOOe O
Op00000000000[deg)0 0 10[deg)0 0 0 2.5[degl0 00000 0 10[degd 00 O
0000000000000000000000p00000000000000000
05010015 kg0 00000000000 O0O0O

Ft

7777 TS T 7T
Ff
Fig.A.5 Posture in friction coefficient measurement and its simbols

— 109 —



oo

A21 O0O0OO0OOOO

ddddoooooooooobobobobobobobobobobobobobobooooogouoguo
oo ooooooobobbbbobobboboboobooboobooobooon
ooNfNeODODOOodoobooobbooobooobbda

ggoooooo

Nt + Ny = mg OA.10
dobooooobooooouooooboooo

hina + Lyng=(2Ly + Lmsin8) N 0 A20
dooooooNfNrODODoooboooooooonouoooon

-ma:-(unsinewtcose)tmf-ut[INr 0A.30

oobeboobO0oUbbOUObU0OUOpObOODODOODObOpOOODOOLOOODODO
_ma-pt(Nr+Nfsinecose)
Nf Sin 0

U006 =0[deg|]0000000D0D0D0O00OODOO0ONOODOOOODODOO
x(0)=0,x(0)= Vod O O

Hn 0A.40

MX + Lo X+ Ly Mg =0 0 A.50
gooood
- - 'ﬂtc
x(0)y="HtM3 (/.- H Mg et 0 A60
0)="F (Vo . @ m

oo UuUoUu o

—110 —



oo

A22 0O0O0OO

pOOOO0OO0O0Oe =0[degiU 000000 ODO0ODOOODOOFigASODOODOODOOO
gobogobobooobooobobbooobbuooobbooobboo

p 00000000000 DbDOobO5010015 [keflDOODOOB =100400600 80
deg 0000000000 0O0O0O0O0O0O0O0OUUOOOMUOOOOOOOOOOOO

pOo0e 00000 0FigA7O0OD0O0ODOOODODOZ20degDOODOOODODOODODO
Oob0oobbooboboOobobooboA40DO0O0ODbOOsine D00O0O0OO0O0ODOOODOBOOO
oo oooooobobobobobobobobobooboboooboooogp
UO=constU0OUOO0OOOODOOOUO0O0O0O0OOODOOODODOUOO0OOOOOLDLOOO
O000000b0o0bO0b0o0bU0OOFnOsine DOOD0O0OO0OO0ODOOOFMOOOOOO
O00000O0sin6 D000 0O00O00OO00OO00OO00DO0DO0ODbO0ODbO0ObOObOobOobO

gdodddgdbsilbbs2iiddduuuuo

% Veocity [m/g]
08 [
06 r

04

02rf

Time[s]
Fig.A.6 Velocity reduction caused by the tangential friction

0.560

Slip Angle 6 [deg]

20 40 60 80
Fig.A.7 Relation between p and slip angle

—111 —



g

goboooboooboboooboboobboobbuoobobuoobobbooobboon
oo bobobobboooooooboboobobtbdoooooboboobboooooooooboon
oo ooooooobobbbbobobboboboobooboobooobooon
goooboobdoodo boooobobbouoooob ooobbbboooobLbboood
gooogoooooobuooboobouoobooboobodbo oboobboob EO
iU UUUUU o

gogoboooobobbooobbtoooubbooobobbooo bbooub oo
obooobbooobbooonon

uobooobooobobooobboobbuoobbuoobobuoobobbooobboon
oo ooooooobobbbbobobboboboobooboobooobooon
Udoddoooooooobobbobbobobobobbboboboboob0dougoPTRAKDO O
goboooboboodbobooobbooobbooobbooboboo

uoboooboooboboooboboobbuoobbuoobobuoobDbooobboon
gogg

oo ocecogpboobdddduoUUUg U
oboooboooobobooobboon

—112 —



good

(1] DOO0O0OO000dddddddddddddd U U U OoUOOOTITAN-
viliooooooooooooOoOo170 80 0pp.1191-1197 (1999)

[2] O0O0O0O M.H.Raibert : "Legged Robots that Balance”, MIT Press, Cambridge, MA, 1986

(3] D0 DddUubbbooddooobd@Eouooboboboooooooooy@ywoooo
Oooooooooooooo4don(velBOOODODUOOOOOOOpp.1412-1418
(1994)

4] DOODOO0O0ODODOO0ODODOO0OOO00D1e0000DO00DO0DOO0DODOO0O0OO
U Vol.1O O pp.209-210 0O 19980

(6] DO ODOO0OOLOUOOOO0OOoOoOnod(ao’80)

6] DO0O0O0ODOO0ODODOODOO0OO0OO0DOO0OO0OO00DO0O00O0DOOODOpp.20-52000000
(1987)

[7 OOOO0OO0OWhole Stem Drive0 0000 0OOO0OOOOOOOODOOOOOOOO
0dddl1lddddddddd0U000UUUUdUd pp.1111-1114(1993)

[8] S.Hirose, H.Ohno, T.Mitsui and K.Suyama : "Design of In-pipe Inspection Vehicles for @
25, @ 50, @ 150 pipes”, in Proc. IEEE International Conference on Robotics and Auto-
mation, pp.2309-2314 (1999)

9] DO ODO0O0obooooo,0uooonbi9sri

[10] P.Buffs : Ricerehe sulla muscolatura cutanea dei serpenti e considerazioni sulla
locomosione di questi animali, Padova(1904)

[11] A.D.Fokker : De voortbeweging der Slangen, Physica, Nederl. Tijdschr. voor Nat. No.3
(1927)

[12] W.Mosauer : Locomotion of Snakes and its Anatomical Basis, ph.D. Thesis, University of
Michigan, 131/147(1931)

(13]0 00000000 uuoooobooooo
U00dooooggez-5930 0000 pp.230-2360 19960

[14] Shugen MA : ”"Analysis of Snake Movement Forms for Realization of Snake-like Robots”,
in Proc. IEEE International Conference on Robotics and Automation, pp.3007-3013,
(1999)

(15)00ddbb0ddoboodduoobooLoboooLo Lo DL ooOoUo
00o0od0o0o00obOo0obo0oooboOoOo1sgooooooooooooobooa
O (Vol.3)d pp.1165-11660 19950

(lej0U0db00dd0bddoboobo0oDboUoDbooLbO-OobDboOoobDOooboo
00-0b0ddbobdoboduobooouobooboooooorssbod (Vol.A)d pp.251-
25400 19960

(171 0000000000000 00DO0OO00DOOO0O0ODOOOO0OO0ODOO0O0OOO
ooooooooora70dnnd Vol.AO U pp.391-2920 19970

[18] A. Naito and S. Ma : "Analysis of Creeping Locomotion of Snake-like Robots”, in Proc.
3nd Asian Conf. on Robotics and Its Application, pp.393-398, (1997)

[19] S. Ma: Simulation of Snake-like Robot Creeping Locomotion Adapted to Environment, in
Proc. 1999 TITech COE/Super Mechano-Systems Workshop (SMS’99), pp.94-103,

—113 —



(1999)

[20] J.Gray and H.W .Lissmann, "The Kinetics of Locomotion of the Grass-snake”, Journal of
Experimental Biology, Vol.26, pp.354-367(1950)

[21] Zeki Y.bayraktaroglu, F.Butel, P.Blazevic and V.Pasqui : "A Geometrical Approach to
the Trajectory Planning of a Snake-like Mechanism”, in Proc. of IEEE/RS]J International
Conference on Intelligent Robots and Systems, pp.1322-1327(1999)

[22] G.S.Chirikjian and J.W. Burdick : "Kinematics of hyper-redundant locomotion with appli-
cations to grasping”, in Proc. IEEE International Conference on Robotics and Automa-
tion, pp.720-727 (1991)

[23] J.W. Burdick J.Radford and G.S.Chirikjian :”A sidewinding locomotion gait for hyper-
redundant robots”, in Proc. IEEE International Conference on Robotics and Automation,
pp.101-106 (1993)

[24] G. Poi, C.Scarabeo and B. Allotta: "Traveling wave locomotion hyper-redundant mobile
robot”, in Proc. of IEEE Int. Conf. on Robotics and Automation, pp.418-423(1998)

[25] K.Dowling: "Limbless Locomotion: Learning to Crawl”, Proc. of IEEE Int. Conf. on Robhot-
ics and Automation, pp.3001-3006 (1999)

[26] Mark Yim, David G. Duff and Kimon D. Roufas : "PolyBot: a Modular Reconfigurable
Robot”, in Proc. of IEEE Int. Conf. on Robotics and Automation, pp.514-520(2000)

[27] Mark Yim, Kimon D. Roufas, David G. Duff, Ying Zhang and Lea Kissner : "Polybot :
Demonstration of a Modular Reconfigurable Robot”, in video proceedings of IEEE Int.
Conf. on Robotics and Automation(2000)

[28] J.Ostrowski, A.Lewis, R.Murray and J.Burdick : "Nonholonomic Mechanics and
Locomotion: The Snakeboard Example”, in Proc. of IEEE Int. Conf. on Robotics and Au-
tomation, pp.2391-2397(1994)

[29] ]J.Ostrowski, J.Burdick, A.Lewis and R.Murray : "The Mechanics of Undulatory
Locomotion: The Mixed Kinematic and Dynamic Case”, in Proc. of IEEE Int. Conf. on
Robotics and Automation, pp.1945-1951(1995)

[30] J.Ostrowski and J.Burdick : "Gait Kinematics for a Serpentine Robot”, in Proc. of IEEE
Int. Conf. on Robotics and Automation, pp.1294-1299(1996)

[31] K.A.McIsaac and J.Ostrowski : "A Geometric Approach to Anguilliform Locomotion:
Simulation and Experiments with Underwater Eel Robot”, in Proc. of IEEE Int. Conf. on
Robotics and Automation, pp.2843-2848(1999)

[32] K.A.McIsaac and J.Ostrowski : "Motion Planning for Dynamic Eel-like Robots”, in Proc.
of IEEE Int. Conf. on Robotics and Automation, pp.1695-1700(2000)

[33] K.L.Paap, M.Dehlwisch and B.Klaassen : "GMD-Snake: A Semi-Autonomous Snake-like
Robot”, in Proc. Distributed Autonomous Robotic Systems 2, (1996)

[34] B.Klaassen and K.L.Paap : "GMD-SNAKEZ2: A Snake-Like Robot Driven by Wheels and a
Method for Motion Control”, in Proc. of IEEE Int. Conf. on Robotics and Automation,
pp.3014-3019(2000)

[35] N.Takanashi, S.Yamashita, K.Aoki and T.Nishizawa : "Complete Modular Links for
Hyper Redundant Robots”, in Proc. of TITech COE/SuperMechano-Systems work-
shop’99, pp.108-113 (1999)

—114 —



[36] P.Prautsch, T.Mita : "Control and Analysis of the Gait of Snake Robots”, in Proc. of IEEE
International Conference on Control Applications, pp.502-506(1999)

[37] P.Pavel, T.Mita, T.Iwasaki : "Dynamical control of a snake robot”J O 38 SICE OO0 [
000000 pp.83-84(1999)

380 uoooobobbdd0oooooooobboOoOgOOa38d SICE
000000000 pp.85-86(1999)

3900000000000 bOo0odo0bOoOoO00o0bLbOOo00DLDoOoOO0o0o0ooOoOOoOooDoO
0000000000000 oooOorooD OO 2P1-84-129(2000)
4oj0b0b00dddd0d0oooUo’ACMRI’OO 000D ODODOOOOOO

0O0ggro7000 (Vol.A)D pp.309-310(1997)

41100000000 0pWMODOOODCOOOOODODOOOOOOOODI3000O
000000000000 ddvoel.3aOOpp.1153-1154 019950

4200000000000 0DLD0O0b0DbOO0ObD IO bODUO0OODbDUOOODDOOLOD
0 Vol.1O O pp.209-210 O 19980

431000000000 00000ACMRI’O0000O0O0O0OOOOODODODOOODODO
0000000000000 uoOoro8UUdpp.1AIT 1-30 19980

4400000000000 ODODOLODOO0O0O0-D000UO0D0OUODUOODODOODO-O0O
0000000001800 00pp.419-425 (2000)

[45] N.Kimura,T.Kamigaki,N.Suzuki,A.Nishikawa,N.Yamamoto : "Locomotion Mechanism and
Control Architecture for Disaster Preventing Robot”, 91 ISART pp.375-380 (1991)

[46] Ichikawa : "Development of 5 legged Machine”, SICE 1st Intelligent Mobile Robot Sympo-
sium Proc. pp.107-pp112 (1982)

[47] H.Adachi, T.Arai,K.Homma : "Study on Underground Space Excavating Machine”, The
9th International Symposium on Automation and Robotics in Construction June3-5,To-
kyo pp.751-758 (1992)

(480000000000 OOO0OD0DOOO0O0DLDLDO0O0ODLOOOO0OO0ODOOOODO
0000000000000 00pp.155-160(1998)

4ol ddddbobbbddUbLbbObOUdooOoOobLObOb DU oOoo
0090000 pp.445-452(1991)

[50] T.Ohmichi, S.Hosaka, M.nishihara, T.Ibe, A.Okino, J.Nakayama, T.Miida and M.Ishida :
"Development of the Multi-Function Robot for the Containment Vessel of the Nuclear
Plant, Proc. of International Conference on Advanced Robotics, pp.371-378(1985)

[51] H.Adachi,N.Koyachi,T.Arai,A.Shimizu,Y.Nogami:"Mechanism and Control of a Leg-
Wheel Hybrid Mobile Robot”, International Conference on Intelligent Robots and Sys-
tems Proc.pp.1792-1797(1999)

(b2 0000000O00O0O0OLOOLO U000 ddUUUUOUOOOOO,.0de2-599,
0 (1996)

(6300000000000 DODO0ODO0O00000 00000000 O0O0O0O00000
dddd0dd0ddddddddd000oooOoe’8dddpp.1CII1-2(1998)

[54] H.Sakai : "Theoretical and Experimental Studies on the Dynamic Properties of Tyres”,
Int. J.of Vehicle Design, Vol.2, No.1-4 (1981)

—115—



[55] G.Gim and P.E.Nikravesh : "An Analytical Model of Pneumatic Tyres for Vehicle Dy-
namic Simulations, Part 1: Pure Slips”, Int. J.of Vehicle Design, Vol.11, No.6, pp.589-
618 (1990)

poj0Ud00db0ddboooboooooboobuoooGhA DD OO ODODOOD
00000000000 Od13ds500pp.720-726 (1995)

(671 0000000000000 00000000 0000OO00O0O00O0O0O0O0O00O00O0ODO
000000000 bO00d000oOooooooboOoOoY9Ynnnnpp.2A1-43-101
(1999)

B8O boooooobDoDD 00U booooooooooooooo
0000000000000 00000OoOooo0OOdpp.2P2-84-130(2000)
o000 0000000O0OO0000O0O0oOoObLO0o000oO0ooOoOoLOoD0oOoOooOooOn

U0 Vol.150 No.70 pp.928-933(1979)

O] 000000000000 OUTITAN-VIIIDOOOOOOOOo4Oo4o4ooooooo
17000 0000000000000 0O0Opp.125-1260 19990

1100000000000 O0000OOO000DOOLOO00O0OOO000OOO0OOoDO
0dddddooooooogdiegsu

6210000000000 O0pp.163-16500000O00O000(1987)

—116 —



gg
(1]

(2]

(3]

gg
(1]

(2]

(3]

gg

good

HRN

gogoddoooooobobtooooooooo-oobbobboboodooooo-o
Uobooobbodi18bibddpp.270-277 (2000)
gobooboboooobodboooboboob-bboobboobboboboub--bo
Udoooooggil8UUddpp.419-425 (2000)
gogogooboobooboboobobdooooooooo-oobbobboboodooooo-o
gobogobbogil8bod(zoo0)

googgad

G.Endo, S.Hirose : "Study on Roller-Walker: System Integration and Basicld Experi-
ments”, IEEE International Conference on Robotics and Automation, pp.2032-2037
(1999)

G.Endo, K. Togawa and S.Hirose : "Study on Self-contained and TerrainlJ Adaptive Ac-
tive Cord Mechanism”, Proc. IEEE International Conference on Intelligent Robots and
Systems, pp.1399-1405 (1999)

G.Endo, S.Hirose : "Study on Roller-Walker (Multi-mode Steering Control and Self-con-
tained Locomotion”, IEEE International Conference on Robotics and Automation,
pp.2808-2814 (2000)

HRN

goobobooboodd

(1]

(2]

(3]

(4]

oobooboboooboooboorAcMR1I"MI00DbO0oooboobobooobooo
ooboro7b0O0(Vol.A)O pp.309-310(1997)
gobodgbobooobogorAcM-RI’UbD0goboooboooboboonoba
obooobbodobooobbro8 0O dpp.1AIL 1-30 19980
gbdbooooboobuobobobooboglsboboboooobobuobobo
0 Vol.10 O pp.209-210 O 19980
bogboooboobooobobobobobboAeM-RZODOODODOODLOODO
gobooobbodoobogooeoudnbipp.1P2-31-0260 19990

goobobobobboooooobobooo

(5]

(6]

gobodoubooboouobooouboobboo-oboobboobbooooo
gooo-ooooooooooooooooooonoddpp.799-800(1995)
ggoooboobbboodooooobbbooo-ooooobbbbbobooooa
U-dbobiodobbuooobboubbiodnbipp443-444(1997)

—117 —



(7] DOOOOOOOoOooOoOOoOo00D000DUU0D Dooooooooooooooo
0000000000000 000000ooOoOoOooe’ddddpp.1CII1-2(1998)

(8] OODODOOOOODODODDODODODOOOO00O0OO0D OD00oO0O0O0oooooo0oo0o0o00n
Od0d0d01e0000000000000OUUOUOOOPP.207-208(1998)

[9] G.Endo, S.Hirose : "Study on Roller-Walker: Basic Experiments on Self-contained Ve-
hicle System”, Proc. of TITech COE/SuperMechano-Systems workshop’99, pp.153-160
(1999)

(o)l ooooobobbddd0-oU oD LoDooooooO-o
0000000000000 00dOdpp.149-154 (1999)

(1100000000000 0000000000 0000000000000 0O0O0O
0000000000000 00o0oOoooooobOoOo9Ynnnnpp.2A1-43-101
(1999)

(12 0000000000000 00000000 D00 OOOoOoLOOOoOoOoDDOO
0000000000000 00000OoOooo0dOdpp.2P2-84-130(2000)

[13] G.Endo, S.Hirose : "Roller-Walker: New Type Leg-Wheel Hybrid Vehicle”, in video pro-
ceedings of IEEE Int. Conf. on Robotics and Automation(2000)

—118 —



