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Fig. 1.1: Recent humanoid type robot,” ASIMO”
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Fig. 1.2: Regular creeping motion of a snake.
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Fig. 1.4: Snake like robot, “ACM-IIL.”
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Fig. 1.5: Snake like robot “ACM-R1”
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Fig. 1.7: Snake-like mechanism gripper “SoftGripper-1”
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Fig. 1.8: Three Dimensional Active Cord Mechanism,” ACM-R2”
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Fig. 1.10: GMD-SNAKE2
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Fig. 1.11: SewerRobot
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Fig. 2.2: Example of solution of equations(2.2).
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C1(s)=Cx(s)
Fig. 2.3: Relation of Frame.
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Fig. 2.4: Rotation of dorsal reference frame around the s-axis.
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Fig. 2.5: Comparison of models and discrete models.
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Fig. 3.1: hierarchy of ACM’s locomotion.
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Fig. 3.2: Nomenclature of gliding configuration in regular creeping motion.
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Fig. 3.3: 2D type Serpemtine Locomotion.
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Fig. 3.4: Steering of 2D type Serpentine Locomotion.
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Fig. 3.5: Comparison of pitch steered curves.
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Fig. 3.6: Sinus-Lifting locomotion of the real snake[l].
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B 1= 5.9

k' (S)L=-4.47
pitch
K L= 619 (0=1.42)

Fig. 3.7: Sinus-Lifting Locomotion of Eq.3.8.

goobooooboboooobobboooobbbooobobobooon
00 Sinus-Lifting 00 000000000000000O0O (3.5)0 pitchO000000O
0000000000000 pitch0D0O00OO (3.6)J0000000O0O0OODO

Kyaw(S,t) | _ K g SINRTU) 4Ky g, (1) (3.8)
Fopiten(5,1) | | Fpigen (W) K250 cOS(a cos@mu)) :

OO000O0000DbO00O0DbO000 Fieg. 370000000000 DODOO POODOO
0000000000000 20000000 pitch000O0D0O0OO0OOODOODOO
0000000000 pitchO0000O00O00O0O0O0O0 pitchO00O00O0O0 pitchO0OO
goboobooooooodao

[fsyaw(s, ) ] _ [ K SR + Ky g, (1) (3.9)

Kpiteh (S, 1) ”gitch sin(dmu) +'L€11)7Ltch (u)

00000000000 Sinus-Lifting00000000000000000000 (3.9)
0000000000 Fig. 3.8(a) D0pitch 0000000000 Fig. 3.8(b)0000
Sinus-Lifting 000000000000 POOOODO0O0O0O0OO0O0D0000000
000000000000 (3.8)00 (3.9)000000000000000000000
00000000000 (38) 00 kly(uw) D k2, 000000000000000
000D (3.9)0 #%,, 00000000000000000000000000000
0000000 (3.9)000000000000000000000000 Sinus-Lifting
000000000000000000000000000 2000000000000

OoOoooobooboboolsb0obooobooboboonoon



30

030 3DACMOOOOOOOOOO

(b)

0.00'

Wil

($)L

8.94 «!

L:

KO

Uetnpy

(SL=0.31

term of Sinus-Lifting.

0
pitch

(u) to Kk

1
pitch

Fig. 3.8: &

Fig. 3.9: Side-Winding locomotion of the real snake.
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Fig. 3.10: Side-Winding locomotion of the real snake.

0000000000000 00000000000000000000 ACM-R200
0000000000000000000000000000000000000000
00k%,,0000000000000000

000000000 SideWindingDO0ODOOOODOO0O0O00D0000000000O
0000 20000000000000000000000000 200000000

gooooood

3.1.5 Pedal-Waving 0 [

goboboooobobboooobobboooobbooooooobuooooboboooon
goobooooboboooobbuoooobobboooubobboooobbbooobo
0000000000000000 000000000000 oUoooooOo
goboboodooobuoooobobuooooboboooobbbooobbboooooboo
0000000000000 00000000D0000 Side-WindingOOOOOOOO
goboboooobobuoooobbuoooobbboooobbboooobbbooobo
goobooooobuooooboboooobbboooobbbooobLbbooouono



3.2 3DACMOOOOOOODO

gobobooooooboooobobuoooobobuoooboobobooobobuoooooboo
gobobooooboboooooboo

Kyaw(S,t) | _ 0

Lpitch(s, t)} o |:/igitch sin(27rw)} W
0000000000 Pedal-WavingO OO OOODODOODOOOOODODOOODOO
0000 200000000000 00000000000000000 2000000
ogoooodooooo
DDDDDDDDy&WDDDDDDDDDDDDD(3.12)DDDDDDDDDDDD
gdddododododououoooooooobooooonooououoogo
000000000000 coOo0OO0O0000O0O0O000 100000 L,000000
goooooboooboboboooooodd yawODOoooooooooog

) =L i) = (%) (5 7) 319

316 ODODOODOOOOO

t
T
U

O HNlw

- (3.12)

ACM-III 00000000000 00000000000000000000000
000000000000000000000000 100000000000 (27)0
000 FOGu) ODODOO0O0000000000 Frestraind(4)0 Grestraing(w) O
0000000030000000000000000000000000

t531:E8ﬂESW)’ u '%‘%? (3.14)

goooouobbobooouoobbooooooobobboooooobbbooooobo
O0000000000000D0D00000 ACM-R300000O00 400000000
gD boboobobobo
goooouoobbobooooobobtbooooouobbbbooooobbbboooooo
0000000000000 0000 ACM-R3n00000O0DDOO0OOOODODO 6000
gt ooooobobobobbboobobboobobbbo
goboobooobobboooobbuoooobboodbobbooobobboooobo
goboboooooooboooon

32 3DACMOOOOODOOO

O000000000DO00DO0000D0DbO0D0OO0 roll0ODDOOD0DOO0DO0
Oooooboboooob2220000000000b0b000bO0bOO0O0OO0DbDOOoObDDbO



34

030 3DACMOOOOOOOOOO

0000000000000 00000000000000000 Fig.2400000
000000000000000000000000000000000 (Fig.3.11)00
000000000000 000000000000000000000000000
OD00rll00000000000000000000000000000000000
0D00000000000000000000000000000000000000
0000000000000 000000000000000000000000000
(Fig.3.12)00000000000000000000000000000000000
00000000000000000000000000000

0000000000000000000 Kyaw 000 Kpitery 00000000000
000000000000 0000000000000000000000 212000
000000000000000 Fig. 2400000000000000000000
000000000« ,(1)000000000000000000000 sO000 ¢0

roll

OO00000 rollOOO
1/)(87 ta wrs(t)) = ¢(Sat) + wgoll(t) (315)

000000000 rollD00000000 Kyaw 000 Kpiter 00 E@L (1) 0000
00000000000000000

Foyau (5,1, Prs (1)) 1::1;( | (t)){ Fyauw(s, 1) } (3.16)

/ipitch(s, ta ¢’r’s (t)) roll /{pitch(87 t)

gobbooobobobuooooboboooobboooobbboooobboooobo

Ooo0ooooooo
Floating view |

Fixed view

f

Fig. 3.11: Rolling Image.
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Fig. 3.13: Twisted Serpentine Locomotion.
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Fig. 3.14: Lift Rolling Locomotion.
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Fig. 3.15: Helical Locomotion.
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Table. 3.1: Rolling condition of ACM.
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Fig. 3.16: Lateral Walking locomotion Image.
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Fig. 3.17: Lateral-Walking mixture image.
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Fig. 3.18: The three lateral-walking waves mixture image.
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Fig. 3.19: The three lateral-walking waves mixture locomotion image.
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Table. 3.2: Locomotive classification of ACM.
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Fig. 4.2: Definition of coordinates and joint angles.
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Fig. 4.3: Some of Joint Mechanisms for 3D-ACM.
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Fig. 4.4: Joint Axes of the Unit.
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Fig. 4.5: Gear Train of the Unit Mechanisms.
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Table. 4.1: Compare with Snake Robot of Kevin.
each Unit mass | Joint length | Max Torque | Angler velocity | Support
joint g] [cm)] [Nm)] [rad/s] units
ACM-R3 575 8.0 19.1 0.7 8
Snake Robot 74 5.1 0.84 5.2 6
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Fig. 4.7: The wheel arrangement in a radial pattern.
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Fig. 4.8: The imploved wheel arrangement in a radial pattern.
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Fig. 4.9: The large wheel arrangement with side of unit.
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ACM-R3
Wheel Arrangement

Old Type Half Angle Mechanisms  The same effects mech.

Fig. 4.10: The passive wheels layout makes the effects of the half angle Mechanism.
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Fig. 4.11: Motion Range of the Unit.

goooooon
Lr? + La® > R? (4.2)

Ooo0oooooboooobooobooooboob00 HwOoOOOoDOoOooOOoDOoooOoo
Oo00o0o0000oooooOoOooOOo0OoooooooOoooOO0O0OoooooDoOn LeO
OO0 Lr000000000DODO0O0D HwOOOOD ROOODDOOODOOO
ACM-R300000000000La = 40mm|0 Lr = 37mm|0 R = 53[mm| 000
T =6mm000000Hw=12mm] 00000 (42)0000000000000
Oo0o00oo00oo0oo0o0o00oo0o0oo0ooo0ooo0ob0oboobo0oo00 ROODDODODODOD
obooObobOoooooooobobobboooooboobobboboooooooboboboooo
Lr=39mm|00000000000000O0O0OOOOOOOOO



4.3 000000

43 OOOO0OOO
431 0O00DOOODOOO

gooboooobobboooobbbooobobbooooboboooobbooon
goboobbooooobbbbboooobobbboooobbbboboooobboboo
ggobobooooboobooooboboooobobobuoooobobboooobobbooog
ggobboooobbboooobbbooobobboooooboboooobbooon
gobobboooooobobboooobobbooooobbboooobbbooO
goguoooboooooobboboboooooobbooooobboboooooobobon
0000000000000 0ACM-RIODO00ODOOO0O00ODOOOOODODOOOOOO
OD00D00O0ACM-R200000000000000000D0O00DOO0ODOOOOO0O
000000000000 00000000000 2W20000000000000
gooboooobbobooobooouooobooboboooooboo
O00DCACM-R300000000000D0O0OD0O0OOODOO0ODODOOOODOODn
goboboooobobuoooobbuooobobboooboboboooobbboooobo
OOoobOooboboboobooboboob 3boboong
goboboooobobboooobboooobbobooobobobuooooobooon
goooboooobobuoooobbuoooobbboooobbboooobbbooobo
gogoooooooboboboboobboboobbobobbooboooodddooooooood
0000000000000 RCOODODDOU0DODOO0DO0DO0OO00DDODODODODODOODOOOO
gogooooobobobbobobbobbobbbobbotboblddooooouoo o
goboboooboobdoooobbuooooboboooobobboooobbboooobo
gobobooooooboooobobooooboboboogobobuooooooboo
goobooooobooooobboooobobobooobbooonobooon
goboboodoobobuoooobbuoooobboooobobboooobbbooobo
goboboodooobuoooobobuoooobobboooobbbooobbbooono
gobbogobobobuooobobobuooboboboooboboboooooboooobon
goobooooboboooobbuoooobbooooboboooobbboooobo
gogooboboboboobbobooboooooooooodooddodooooououooa
gobobooooobuooobobuoooooboooooboooooboooooboo
goobooooboboooobbuoooobboooobobbooobbbooobo
gobobooooobbooooboboooobbbooobbobooooboboo
O00000000000000000000000000000DDO0O0D0OOACM-



62

040 30000000 ACM-R3000

R30 RCOODDOODODODOODDOOODOOODODOODOODDOOOOOO 3.6W]J00O
goobooooboboooobbuoooobobbooubobbooobbbooooboo
DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD?Q[V]DI.(E[Ah]D
NiMHOOOODOOODODOODOODODOODOOODOODODODOODOOoOoDOoOoDOoo
gboboboooobobuooobobobooobobbooobobboooobbooon
00000000000 000 (Figd.6)0 (Table4.2) 000000000 DO0OOOO
gooboooobobboooobobbooooobbooooobooboog

432 0O0O0OO0OO0O0OOO

Oo30b0boo0bobooobuoobobooboooboobOobnDooboboooo
gobobooobobuoooboboouooobbobooooboo
ACM-IIIOODOODOO0OO0DO0OO0ODOOOODOO0O0OOODOODO0OOODOO0OODOO
goobooooobuoooobobuoooobobooooboboooobobboooobo
gobobooooobuoooobobuoooooboboooobobboooobbboooooboo
O0030000000000b000b0ob0bOobDo0obooDo
ACM-R1I0OO0000O0O000DOO0O00O0ODOOOO0O0ODOOOOODOOOOOOOOO
0000000000D/A00O0OOODOOODODOODOODOODOODOODOOO
0000000000000000000R/CO0000O0OOOO0ODO0OUDOOOD
goboboooobobuoooobbuoooobbbooobbboogbLbboogbo
goobooooobuoooobobuooooobooooboboooobobooooobo
gobboooobobuoooobboooobbbooobbbooobbboooobo
gobobooobobbuoooobbuoooobobood
ACM-R2000000000000000D0OO00O0ODOOOOODOOOOOOOO
000 (H8/3048F 16MHz) 000000000000 D0O0OOOOODO0OODOOOOO
goobooooboboooobbuoooobobboooobbboooobbbooooo
0000000000000 0000000o0o0oUooo0O A/DOD/A0OOOODO
OO0 pCOODOOOO0ODOOO0ODOOOO0ODOO0ODOOOOODOOODOOOOOD
gooboooooboooobobooooobbooooobooooonoboboooooo
goboboooobobuoooobbuooobobboooobbbooobbbooobo
goobooooobboooobboooobboboooobobobuooooooboo
gobobooooboobboooobobboooobobooooobooooobobooon
gobobuoooobobuoooobbuoooobbbooubbbooobbbooobo
0000000000000 0000bO0b0ODbO0ODO0ODbDODODO0OOg Fig. 41200
goobooooooodao



63

4.3 00O0O0ODO0O
oo oooo
00000000 |« = 00000000 [« = 00000
—
:—>
= 0oooo

Fig. 4.12: The currents of control commands.
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Fig. 4.13: The chart of control commands.
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Fig. 4.14: Unit Control Board.

vi) RadioControl 0 D 00O 0O

v)0OOO0OO0U0U0o0o000ooooooo0o00oooooooooooooooo
gbooboobooboobooobon

ACM-R30000000000O0O0O0O0O0O0OOOOO0OO

gbooboboboboobooboboobobbobooboobobbobon
on/off 00 DO0DOODOOOODO

433 0O0O0OOOODOO

0D0000000000O00000O0ORCOOOOODOOOOOOOOOOODOOO
000000000000 0000000
3DACMOIO0OO0O0000O00000000000O pitchOOyawOD D 200000
0000000000000000000000000 Ayaw(s, t)Fpien(s,t) 0000
0D0000000000000 s,¢t000000000000000000000000
DDDDDDDDDDDDDDDD%MDDDDDDDDDuE%—%DDDDDD
D000000000000000000000 s=000000000000000
0000 ¢t000000 Kyaw(s, t)Fpuen(s,t) 000 000000000000 t000
0D000000000000000000000000000000000000000
000000 Kyaw(0,8)Tpiesn(0,4)0t0 300000000000000000000
000000000000 0000000000000000000000000000
0D0001000000000000000000000

004000000000 3DACMOOOOOOOOOFie 415000000000

oooobobooobooboboboobobo 20b0ob0bo0obDOobobOobOobDOoOon



66

040 30000000 ACM-R3000

Auto Amp. Auto Cycle.
O@
O&
Mode Select é\e@ﬁ

Time Forward Pitch Up

= ~
8 LeftStick 2 € _ RightStick 5
=2 5 =
% = = =
g Z ] =)
& & > =
Time Backward Pitch Down

Fig. 4.15: The Controller and input interface.
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Fig. 4.16: Torque and angle data logger.

Fig. 4.17: ACM-R3 data log setup.
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Table. 4.2: Specifications of the ACM-R3

Unit | Output torque 19.1 [N-m]
Size 123 x 66 x 72 [mm?]
Wheel Size ¢110 [mm]
Weight 576 [g]
Motor Sanwa ERG-VB (3.6W) | 62][g]
Outer Gear | Spur gear (1/15) | 37]g]
Battery | Ni-MH (7.2V 1.6AL) | 173 [g]
Controller | PIC16F877 0 | 15[g]
Total | Number of joints 20(yaw10/pitch10)
Size 1755 x 110 x 110 [mm?]
Weight 12.1 [ke]
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Fig. 5.2: Torque ratio for s-axis.
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Fig. 5.3: Muscle cross-sectional area.
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Fig. 5.4: Produced torque of Serpentine motion.
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Fig. 5.6: Produced torque of Twisted Serpentine motion.
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Fig. 5.8: Produced torque of Sinus-Lifting motion.
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Fig. 5.10: The intermittent side-winding locomotion.
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Fig. 5.11: The Pedal-Waving locomotion.
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Fig. 5.13: The Lateral-Walking and Pedal-Waving locomotion.
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Fig. 5.16: The Lean Serpentine locomotion.

Fig. 5.17: The Lateral-Rolling in Sinus-Lifting posture.
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Fig. 5.18: The Lift-Rolling locomotion.

Fig. 5.19: The Lateral-Walking locomotion.
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Fig. 5.20: The Lateral-Walking locomotion.
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Fig. 5.25: The Rotational O Lateral-Walking mixture experiment for serpentine posture.
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Fig. 6.1: ACM-R3(Leftside) and ACM-R3n(Rightside).
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Fig. 6.2: Worn gear of “ACM-R3.”
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Fig. 6.3: stainless steel gear of “ACM-R3.”
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Fig. 6.4: raise head of “ACM-R3n.”
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Fig. 6.5: Plastic wheel.
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Fig. 6.6: wireless head camera.
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Fig. 6.8: PowerSupplyBoard.
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Fig. 6.9: BatteryCharger.
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Fig. 6.11: The comparison of charge style.
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Fig. A.1: The servomotor ERG-VB
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Fig. A.2: Specification of the servomotor ERG-VB
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B.1 3DACM Program for TITech SH2Tiny
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Fig. B.1: ACM Program Basically Chart
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Fig. B.3: HCAN2 Chart
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00 B TITech-SH2Tiny

Table. B.1: TITechSH2TinyProgram

A | 1lms A/DODOODOO WDTclear
MTUO B | BATT

C | MOT1VOL

D | MOT2VOL O LED
ADO 20ms 000000
AD1 20ms 000000 SCI30O OO
SCI3 | 2.0ms 00 data OO
MTUL | MOT1 | 0000000 P/l
CMTO | MOT1 |0DOOO0O0O P¢/128
MTU2 | MOT2 | 0000000 P/l
CMT1 | MOT2 |0DO0OO0OO Pp/128

A | Propo ch.1 | TIOC3A
MTU3 B | Propo ch.2 | TIOC3B

C | Propo ch.3 | TIOC3C

D | Propo ch.4 | TIOC3D

A | Propo ch.5 | TIOC4A
MTU4 B | Propo ch.6 | TIOC4B

C | Propo ch.7 | TIOC4C

D | Propo ch.8 | TIOC4D
TRQO | Propo ch.9
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B.3 HCAN protocol
HCANOOOODOOOOOOOoOOODOO
Table. B.2: Identifier setting of HCAN for 3DACM
BIT | 0000 00 MB(master) MB(slave)
10 | 000000 Format A, MOTON/OFF OO Tx:19 Rx: 9 Tx:19 Rx:9

9 goooog

Format B, 00 00O

Tx:18 Rx:8 Tx:18 Rx:8, 0

8 SlaveToMaster

Format C,0:Uplink 1:Downlink

7 000D Bit4

maybe always 0

Tx:17,16 Rx:7,6 Tx:17,16 Rx:7,6

6 OOO0 Bit 2

0:Upper 1:Lower

Tx:15,14 Rx:5,4 Tx:15,14 Rx:5,4

5 SH2TinyBoardID | 64

4 SH2TinyBoardID | 32

3 SH2TinyBoardID | 16

2 SH2TinyBoardID | 8 ID : 1-60 0:Master

1 SH2TinyBoardID | 4 31,62,63:Dead
0 SH2TinyBoardID | 2 61: Default
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Table. B.3: Format A Protocol of HCAN for 3DACM

byte | bit 00
7 7,6,5,4 | n/a
3:2 MOT1ON/SIG
1:0 MOT20N/SIG
6 CNOOO Slave 0O
5) MOT1 ODOOO
4 MOT2 00000
3 MOT1OOOO
2 MOT2 0000
1 MOT1 ODOOOOO
0 MOT2 000000
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Table. B.4: Format B Protocol of HCAN for 3DACM

byte bit Uplink Downlink

7 SH2 phase newPN
6 MOT1Angle SH2phase
5 MOT2Angle
4 7:6 MOT1Angle Low2bit

5:4 MOT2Angle Low2bit

3:2 MOT10ON/SIG

1:0 MOT20N/SIG
3 7,6,5,4 | always 0

3,2,1,0 | TRQ3,2,1,0

2 BatteryVoltage High8bit
1 MOT1 VOL
0 MOT2 VOL
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Table. B.5: Format C Protocol of HCAN for 3DACM

byte bit Uplink Downlink
15 MOT1SIG High8bit (yaw) MOT1Angle High8bit
14 MOT2SIG High8bit (pitch) MOT2Angle High8bit
13 7:6 MOTI1SIG Low4bit MOT1Angle Low2bit
5:4 MOT2Angle Low2bit
3:2 MOT2SIG Low4bit MOT1SIG/ON
1:0 MOT2SIG/ON
12 MOT1 00 High8bit (yaw) MOT1 OO High8bit
11 MOT2 OO High8bit (pitch) MOT2 0O High8bit
10 | 7,6,5,4 | MOT1 00O Low4bit MOT1 OO Low4bit
3,2,1,0 | MOT2 OO Low4bit MOT2 0O Low4bit
9 MOT1OOOO allo for / SIGstop | MOT1 OO
8 MOT2 0000 allo for / SIGstop | MOT2 O O
7 MOT1IOOOO MOTI1FET Hight8bit
6 MOT20000 MOT2FET Hight8bit
5 MOT1IOODOOOO BatteryBoltage Hight8bit
4 7:6 MOT2000000 MOT1 Low 2bit
5:4 MOT2 Low 2bit
3:2 Battery Voltage Low 2bit
1:0 KA SelfOn
3 0000 RotationHigh8bit TRQO,1,2,3-1/O HighLow
2 0000 RotationLow8bit n/a

LED O 0O : Forward:4bit Yaw:4bit

LED 0O O: Pitch:4bit Roll:4bit
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