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ABSTRACT

Snake-like robots can move even in some ill-conditioned environments such as on
uneven or soft ground or in narrow space, where wheel-driven or legged robots cannot
easily proceed. The aim of this study is to development a 3D snake-like robot that has
20-DOF and ahility to detect ground pressure, and to verify the mechanical superior-
ity and realization of environmentally adaptive locomotion. Its basic performance as a
3D snake-like robot is confirmed by snake motion experiment, and its mechanical su-
periority is proven by simulation. On the other hand, the environmental information,
especialy friction and normal force from the ground, is important for the snake-like
robot to take a suitable movement form for the environment. In this study, the snake-
likerobot is ableto sense whether each section is grounded or nongrounded by detection
of normal force from the ground. In order to detect state of ground contact, ground pres-
sure detection system is proposed and used. This system enables the snake-like robot to
realize the environmentally adaptive locomotion.

Inthisthesis, we show a structure, mechanical and electric specifications of 3D snake-
like robot’sjoint unit developed in this study. A characteristic of the mechanismis that
rotatable angle of jointsislarger than conventional types, and size and weight issmaller.
Then we explain the ground pressure detection system for sensing state of ground con-
tact, and we mention a control module composed of a computing equipment, sensor
circuits and a battery mounted on each joint unit to realize self-sufficiency of the robot.
We al so describe control method for realizing 2D and 3D natural snake movement, such
as serpentine or sinusoidal locomotion(2D) and sinus-lifting or sidewinding locomo-
tion(3D). In each locomotion, its control method is based on functions of curvature that
is called serpenoid curve.

Next, we describe the environmentally adaptive locomotion using the ability to detect
ground pressure that is a conspicuous feature of the snake-like robot. In this study, we
propose 2 environmentally adaptive locomations named ” Autonomous road-following
locomotion” and " Efficient crevasse-crossing locomotion”. The snake-like robot has
10-DOF on yaw and pitch axis respectively and it judges state of ground contact ac-
cording to sensory information about normal force from the ground detected by sensors
installed in passive wheels of links with pitch-axisjoints. This contact information will
be used as feedback signal for calculation of desired rotation in pitch-axis to realize
autonomous following to curved surface or efficient crevasse-crossing locomotion. In
crevasse-crossing locomotion, the robot stiffens its body when it reaches a crevasse.
The effectiveness of these environmentally adaptive locomotionsis verified by the real
robot experiment.
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(8) 2-DOF snake robot (b) 3-DOF snake robot
Fig.1.6: 3D snake-like robotsin our laboratory
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No. Part No Part

@D | Mainframe | @ RC servo motor

@ | Faceframe | ® Support collar

@ | Servoframe| ® | Passivewheel section

Fig.2.2: Internal structure of the joint unit

Table 2.1: Specifications of RC servo motor

Manufacturer Futaba

Model S3305

Type Analog

Gear Metal
Torque 8.9kg-cm (6V)
Speed 0.2sec/60deg (6V)
Weight 469

Size 40x 38x 20mm
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Fig.2.4: Direction of tangent and normal of snake body
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No. Part No. Part

D Passive wheel @ Linear guide

@ Roller ® Whesel frame

@ | Guiderail holder | ® | Connection plate

Fig.2.5: Passive wheel mechanism
Table 2.2: Details of passive wheel section
Material | Type M anufacturer
Linear guide Stainless steel LWLC5C1R23BHS1 | NIPPON THOMPSON
Passive wheel Urethan UMBB6-28 MISUMI
Roller Aluminum(A5052) RORA20-25 MISUMI
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Sponge sheet

Pressure sensor

Linear guide

Pressure detection part

(b) Pressure conductive sensor, INASTOMER

Fig.2.6: Ground pressure detection system
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Table 2.3: Mechanical specs of the joint unit

Size [mmq] 130x62x 77
Weight [kq] 0.281
Output torque [Nm] 0.872
Rotate speed [rpm] 49.8
Movable angle [deg] | Yaw 490 (180)
Pitch | +90, -45 (135)

Table 2.4: Specifications of other 3D snake-like robots

| | ACM-R3 | OROCHI | 3DOF-SNAKE |
Size [mm?] 110x110x 110 | 185x42x42 | 230x70x70
Weight [kg] 0.6 0.6 0.9
Movable angle[deg] | Yaw +62 (124) +60 (120) +90 (180)
Pitch | +62(124) | +60(120) +90 (180)
Roll - - -+180 (360)
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Fig.2.7: Schematic diagram of the sensor circuit
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Table 2.5: Specifications of the control module

| | Component | Spec. or Type Manufacturer
Main controller CPU Clock 20MHz Renesas Technology
(H8/3694F board) Memory ROM 32K byte
RAM 2Kbyte
Sensor circuit Amplifier | LM2904(Dua Op-Amp) | National Semiconductor
Battery Li-Po(2cell) 7.4V 700mAh Air Craft
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Fig.2.9: Control module for the joint unit
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Fig.2.10: 3D snake-like robot
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Table 2.6: Comparison as snake-like robot

| Our 3D snake-like robot | ACM-R3 |
Total DOF 20(Yaw10/Pitch10) | 20(Yaw10/Pitchl0)
Length of body [mm] 1300 1755
Cross-section area [mm?] 62x97 110x 110
Total weight [kq] 3.6 121
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[ Sinusoidal ]
Y9 _ 0
leip(s)] = |-20Psin <K;‘]”> sin <2KL””s+ ZKr;‘”i> (36)
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Rules between yaw and pitch for sinus-lifting
Ratio of wavelength: yaw : pitch=1:2

Phase difference between yaw and pitch: —g
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Fig.4.1: Communications of command server and snake-like robot

Table 4.1: Command transmitted from server
‘ Command ‘ Role

'G Start of movement
Q Stop of movement
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Table 4.2: Real machine parameter
n  Number of units 10
| Link length [m] 0.13
L Alloverlength[m] | 1.3
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Table 4.3: Parameter for serpentine locomotion and observed speed
2|2 108 |8 |6 |6

ocg Initial winding yaw angle[deg] | 30 30 45 45 60 60
Kn Number of S-shapes 15 2.0 15 2.0 15 2.0

Moving velocity [m/s] 0.119 | 0.116 | 0.127 | 0.102 | 0.109 | 0.089

Table 4.4: Parameter for sinusoidal locomotion and observed speed

o | @ |

ocg Initial winding angle(pitch) [deg] | 30 30
Kn Number of S-shapes 15 2.0
Moving velocity [m/s] 0.022 | 0.089
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Inter-frame spacing = 1 [sec]

Fig.4.2: Real machine experiment of serpentine locomotion for condition 3 (ocg)’ =45,
Kn=1.5)
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Inter-frame spacing = 1 [sec]

Fig.4.3: Real machine experiment of serpentine locomotion for condition 6 (ocg)' = 60,
Kn=2.0)
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Inter-frame spacing = 1 [sec]

Fig.4.4: Real machine experiment of sinusoidal locomotion for condition 1 (ocg = 30,
Kn=1.5)
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Inter-frame spacing = 1 [sec]

Fig.4.5: Real machine experiment of sinusoidal locomotion for condition 2 (ocg = 30,
Kn=2.0)
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Table 4.5: Parameter for sinus-lifting locomotion and observed speed
@[ @
o%/ Initial winding yaw angle [deg] 45 60
ocg’ Initial winding pitch angle[deg] | 10 10
Kn Number of S-shapes 15 15
Moving velocity [m/s] 0.121 | 0.110

Table 4.6: Parameter for sidewinding locomotion and observed speed
@[ 2 |8 |
o%’ Initial winding yaw angle [deg] 45 30 45
ocg Initial winding pitch angle[deg] | 10 10 10
Kn Number of S-shapes 15 2.0 2.0
Moving velocity [m/s] 0.024 | 0.049 | 0.077
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Inter-frame spacing = 1 [sec]

--

Fig.4.6: Real machine experiment of sinus-lifting locomotion for condition 1 (ocg)’ = 45,
(x(’)’ =10,Kn=1.5)
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Inter-frame spacing = 1 [sec]

Fig.4.7: Rea machine experiment of sinus-lifting locomotion for condition 2 (ocg = 60,
of =10, Kn = 1.5)
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Inter-frame spacing = 1 [sec]

Fig.4.8: Rea machine experiment of sidewinding locomotion for condition 1 (ocg =45,
oP =10,Kn=15)
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Inter-frame spacing = 1 [sec]

Fig.4.9: Rea machine experiment of sidewinding locomotion for condition 3 (oc%’ =45,
ocg =10,Kn=2.0)
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Fig.4.10: Relation between ™Y and R for turning movement (o} = 60, Kn= 2.0)

Table 4.7: Parameter for turning movement

o Initial winding yaw angle [deg] 60
Kn Number of S-shapes 2.0
K1 Curvature bias 2.0 (R=0.5)
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Inter-frame spacing = 1 [sec]

Fig.4.11: Real machine experiment of turning movement (o%’ =60,Kn=2.0,K1=2.0)

Table 4.8: Simulation parameter

Shape of a unit

Size of aunit [m]

Number of units

Mass of a unit [kq]

Distance from i-th joint to the CG of i-th link [m]
Distance from i-th joint to the friction point of i-th link [m]
Friction coefficients in tangent direction

Friction coefficients in normal direction

Limit of torque [Nm]

Total simulation time [sec]

Sampling time [sec]

Rectangular solid
0.130x0.062x0.077
10
0.36
0.065
0.058
0.01176
0.5294
+0.8722
30.0
0.03
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Table 4.9: Experimental environment parameter
Angle of gradient at concavo-convex road [deg] | +20
Length of gap at crevasse road [m] 0.22
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Table 4.10: Parameter for concave and convex follow
| Concave | Convex |

| "°oP Coefficient of pitthspeed | 01 | 01 |
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Inter-frame spacing = 1 [sec]

Fig.4.13: Real machine experiment of concave following movement

Table 4.11: Parameter for uphill and downhill movement

| Uphill | Downhill
IncgP  Coefficient of pitch speed 0.1 0.3
o%’ Initial winding yaw angle[deg] | 45 45
Kn  Number of S-shapes 2.0 2.0
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Inter-frame spacing = 1 [sec]

Fig.4.14: Real machine experiment of convex following movement
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Inter-frame spacing = 1 [sec]

Fig.4.15: Real machine experiment of uphill movement
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Inter-frame spacing = 1 [sec]

Fig.4.16: Real machine experiment of downhill movement
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Fig.4.17: State of stuck that can happen when there is no sensor feedback
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Table 4.12: Parameter for crevasse-crossing movement
o%’ Initial winding yaw angle [deg] | 45
Kn Number of S-shapes 2.0
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Inter-frame spacing = 1 [sec]

Fig.4.18: Real machine experiment of crevasse-crossing movement
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Table A.1: Specifications of control signal for Futaba servo
| Neutral | Varisblerange | Signd level |

| 152 [msec] | +0.5[msec] | CMOS/TTL |
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Fig.A.2: Relation with GRD value and angle of servo horn
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Fig.B.1: External view and size of thejoint unit



