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1960
General Electric  Mosher Walking Truck

Fig.2-2 (3] 3 [m]
1,400([kg]
1966 McGhee Frank Fig.2-3
(4] Phony Pony
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state number hip state knee state

1 locked locked

2 rearward locked

3 locked locked

4 forward rearward

5 forward locked
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Fig.2-11 Finite state control (5]
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A | Decision making of walking
strategy
(Velocity or direction
control)
)
B | Adaptive gait control -
toward the topography of Visual
the ground sensor
)
C | Basic posture and motion
regulation
(Conbination of six controls Tactile
such as bOdy stabilization scnsors
or reflective swing leg
avoidance from the contacted
object)
D | Transfer control of
commands from controller to
the perambulating vehicle
servomechanisms
Fig.2-12 Control structure of PV I [7]
Control computers
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| S ]
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Fig.2-13 Control system of OSU Hexapod [18]
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Fig. 3-4 Foot motion
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Table3-1 Classification of gait B 075
two-legged Three-legged four-legged
type [0) supporting supporting supporting
Stable | unstable

(1 0 E* DNE** DNE E
(2) 0 1b E E DNE E
(3) 1-b DNE E DNE E
4) | 1-b  b-0.5 DNE E DNE E
(5) b-0.5 DNE E DNE E
(6) | b-0.5 0.5 E E DNE E
(7 0.5 DNE E E
® |05 150D DNE E E
9 1.5-b DNE DNE E E
(100 | 1.5-b b DNE DNE E E
(11) b DNE DNE E E
(12) b 1 E DNE E E

E* = Exists.

DNE** = Does not exist

Table 3-2
@ 6 ® 1-b b-0.5
S=(b+f -1)/(2b) (3-1)
@ b-0.5

(2b-1.5) (2b)

Fig.3-5
f=0.25

Fig.3-6

(5)
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1/2 1 4 2 3
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0.5 b 1.0

1 right-front leg 2 left-front leg
3: right-rear leg 4 left-rear leg

Fig. 3-5 Wave gait (b=0.8)

A'§
>

1/? 1 4 > 3

-1/2 >t
0.25 0.5 0.75 1.0

1 right-front leg 2 left-front leg
3: right-rear leg 4 left-rear leg

Fig. 3-6 Crawl gait
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t f
t b+f-0.5

b+f-0.5 t 1

1.5-B

t b-0.5
t 1-b
t 0.5
t b
t 1.5-b
t 1

(12)1.5-p ¢ 0.5

t b+f-1.5

b+f-1.5 t b-0.5
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t 0.5
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t f
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(3)

(G ¢:))
(1)
3-4b (2) (3)
Fig.3-7
Table3-2  Classification of gait 05 B 075

Four-legge three-legged two-legged
type [0} d supporting supporting

supporting | stable | unstable pair

(1) 0 E* DNE** DNE diagonal
(2 0 b-05 E E DNE diagonal
3 b-0.5 DNE E DNE diagonal
(4) | b-0.5 1-b DNE E DNE diagonal
lateral

(5) 1-b DNE E DNE lateral
(6) 1-b 0.5 E E DNE lateral
(7) 0.5 DNE E lateral
(8) 0.5 b DNE E lateral
9) b DNE DNE E lateral
(100 | b 1.5b DNE DNE E diagonal
lateral

(11) 1.5-b DNE DNE E diagonal
(12) 1.5-b 1 E DNE E diagonal

E* = Exists.

DNE** = Does not exist
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A
1/2, 1 4 2
da
(o1
-1/2 >
A 0.5 C 1.0
B D
1 right-front leg 2 left-front leg
3: right-rear leg 4 left-rear leg
Fig. 3-7 Gait for dynamic walking (b = 0.65)
2
Fig.3-7
A-B C-D
A Fig.3-8
F
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Fig. 3-8 Motion during two legged supporting period
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Fig. 3-9 Photograph of “TURTLE-1"
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Fig. 3-10 ASTBALLEM mechanism
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Fig. 3-12 Output of force sensor in walking Experiment
1| 2 3 4
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A A i

time ( 1 sec/div )
duty factor :0.75

wa king speed: 30 mm/sec
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Fig. 3-13 Output of force sensor in walking experiment
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Fig.3-14 Output of force sensor in walking experiment
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Fig. 4-1 Adaptation to the position of the center of the gravity
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Fig. 4-2 Intermittent crawl! gait
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Fig. 4-3 Condition for keeping stability
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Fig. 4-4 Force balance
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Fig. 4-6 Force balance on a slope
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Fig. 4-7 Photograph of “TURTLE-2"
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Fig. 5-1 Algorithm of 4 legged propulsion type
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Fig. 5-2 Foot arrival at the edge of work space
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Fig. 5-3 Algorithm of 3 legged propulsion type
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Fig. 5-4 Work space of the leg in simulation

Table5-1 Comparison of two algorithms

Forward walk Diagonal walk
3-legged | 4-legged | 3-legged | 4-legged
type type type type
Number of
Steps 22 17 315 34
Number of
moving segments 23 9 30 23
Total transfer distance
of swinging legs 8,190 7,784 7,265 9,950
[mm]
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Fig. 5-5 Foot position of 4 legged propulsion algorithm
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Fig.5-6 Intermittent crawl gait
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Fig. 5-7 Foot position of convergent algorithm
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Fig. 5-8 Photograph of the experimental robot
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Fig. 5-9 Leg mechanism
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Fig. 5-10 Leg motion control in the body frame
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Fig. 5-11 Experimental data of convergent algorithm

Title:
figll.eps
Creator:
CLARIS EPSF Export Filter V1.0
Preview:
EPS

Comment:
EPS
PostScript

Fig. 5-12 Walking experiment
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Fig. 5-13

Result of walking experiment
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Fig. 6-1 Control system for alegged robot
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Fig. 6-3 Control system - 2
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Fig.6-5 Tota control system

95



96



15

97

15



98



99



100

15



101

15



102



103



[1] Muybridge, E. , “Animds in Motion,” New York: Dover Publications, 1957, Fird edition,
Chapman and Hall, Ltd., London, 1899.

[2] Rabet M H., “Legged Robots That Balance,” The MIT Press, 1986.

[3] Mosher, R. S, “Test and Evaluation of a Walking Truck,” In Cornell Aeronautical Lab / ISTVS
Off-road Mobility Research Symposium, June 1968.

[4 McGhee, R. B. “Robot locomotion,” In Neura Control of Locomotion, Plenum, 1976,
pp.237-264.

[5] Todd, D. J, “Waking Machines,” Kogan Press, 1985.

[6] McGhee R. B. and Iswandhi, G. 1., “Adaptive Locomotion of a Multilegged Robot over Rough
Terrain,” |EEE Trans. on Systems, Man, and Cybernetics, Vol.SMC-9, No.4, 1979, pp.176-182.

[71 ‘ "

16 5 1980 pp.747-753

[8] Wadron, K. J, and McGhee, R. B., “The Adaptive Suspension Vehicle,” IEEE Control Systems
Magazine, December 1988, pp.7-12.

[9] Bares, J E., and Whittaker, W. L., “Walking Robot With A Circulating Gait,” Proc.of the Int.
Workshop on Intelligent Robots and Systems, 1990, pp.809-816.

[10] Hartikainen, K. K., Lehtinen, H., Hame, A. J, and Koskinen, K. O., “Control and Software
Structures of aHydraulic Six-Legged Machine Designed for Locomotion in Natural Environment,”
Proc of the 1992 IEEE/RS] Int. Conf. on Intelligent Robots and Systems (IROS '92), 1992,
pp.590-596.

[11] McGhee, R. B., and Frank, A. A., “On the Stability Properties of Quadruped Creeping Gaits,”
Mathematical Biosciences 3, 1968, pp.331-351.

[12] “ ” 6

5 1988 pp-367-378.

[13] Klein, C. A., and Briggs, R. L., “Use of active Compliance in the Control of Legged Vehicle,”
|EEE Trans. on Systems, Man, and Cybernetics, Vol. SMC-10, No. 7, 1980, pp.393-400.

[14] McGhee, R. B., and Iswandhi, G. I., “Adaptive Locomotion of a Multilegged Robot over Rough
Terrain,” 1EEE Trans. on Systems, Man, and Cybernetics, Vol. SMC-9, No. 4, 1979, pp.176-182.

[15] ‘ "

18 2 1982 pp-193-200.

[16] Lee, W-J, and Crin, D. E., “The Kinematics of Motion Planning for Multilegged Vehicle Over
Uneven Terrain,” |EEE J. of Robotics and automation, Vol. 4, No. 2, 1988, pp204-212.

[17] “ " 25

4 1989  pp.455-461.

[18] Orin, D. E., “Supervisory Control of a Multilegged Robot,” Int. J. of Robotics Research, Val. 1,

No. 1, 1982, pp.79-91

104



[19] “ § 3
4 1985 pp.304-323.

[20] Qiu, X-D., and Song, S. ,”A Strategy of Wave Gait for a Walking Machine Traversing a Rough
Planar Terrain,”  Trans.of the ASME, J. of Mechanism, Transmissions, and Automation in Design,
Vol.111, 1989, pp.471-478.

[21] Lee T-T., and Shih, C-L., “A Study of the Gait Control of a Quadruped Walking Vehicle,” 1EEEJ.
of Robotics and Automation, Vol. RA-2, No. 2, 1986, pp.61-69.

[22] Lee, W-J, and Crin, D. E., “The Kinematics of Motion Planning for Multilegged Vehicle Over
Uneven Terrain,” |EEE J. of Robotics and automation, Vol. 4, No. 2, 1988, pp.204-212.

[23] Chai, B. S, and Song, S. M., “Fully Automated Obstacle-Crossing Gaits for Walking Machines,”
|EEE Trans. on Systems, Man, and Cybernetics, Vol. 18, No. 6, 1988, pp.952-964.

[24] 13 ”
23 3 1987 pp.281-287.

[25] ‘ "
1992.

[26] “ § 1987.

[27] Adachi, H., Koyachi, N., and Nakano, E., “Mechanism and Control of a Quadruped Walking
Robot,” |EEE Control System Magazine, Vol. 8, No. 5, 1988, pp.14-19.

[28] “ 4

§ 9 6 1991 pp.707-717.

[29] ‘
4 " 16 3 1998, pp.329-336.

[30] Adachi, H.,, Homma, K., Ara, T., “Control of a Quadruped Walking Robot Using Parale
Programming,” Proc. of the 6th Transputer/Occum Int. Conf., 1994, pp.231-237.

[31] Adachi, H., Koyachi, N., and Nakano, E., “Mechanism and Control of the Quadruped Waking
Robot,” Proc. of the Int. Conf. on Industria Electronics, Control and Instrumentation '87
(IECON'’87), 1987, pp.630-635.

[32] Adachi, H., Koyachi, N., Nakamura, T., and Nakano, E., “Development of a Quadruped Walking
Machine and Its Adaptive Crawl Gait,” Proc. of the Japan-U.S.A. Symp. on Flexible Automation,
1990, pp.91-94.

[33] Adachi, H., Koyachi, N., Nakamura, T., and Nakano, E., “Gait Analysis of a Quadruped Walking
Robot,” Proc. of the '91 Int. Symp. on Advanced Robot Technology (91 ISART), 1991,
pp.397-402.

[34] Adachi, H., Arai, T., Homma, K., Nakamura, T., and Yoshinada, H., “Study on Underground
space Excavating Machine” Proc. of the 9th Int. Symp. on Automation and Robotics in
Construction, 1992, pp.751-758.

[35] ‘ "

Vol.46, No.2, 1992, pp.113-127.

105



[36] Adachi, H., Koyachi, N., Nakamura, T., and Nakano, E., “Adaptive Gait for Quadruped Walking
Robot Using Force sensor,”  Proc. of the 3rd Int. Conf. on Intelligent Autonomous System, 1993,
pp.54-63.

[37] Adachi, H., Koyachi, N., Nakamura, T., and Nakano, E., “Development of Quadruped Walking
Robots and Their Gait study,” J. of Robotics and Mechatronics, Vol. 5, No. 6, 1993, pp.548-560.

[38] Adachi, H., Ara, T., Koyachi, N., and Homma, K., “Six Degrees of Freedom Position and
Posture Control for a Quadruped Robot,” Proc. of the IFAC Conf. on Intelligent Autonomous
Vehicle, 1995, pp.133-138.

[39] Adachi, H., Arai, T., Koyachi, N., Homma, K., and Nishimura, K., “Development of a Mobile
Manipulator for Underground Excavation Task,” Proc. of the 13th Int. Symp. on Automation and
Roboticsin Construction, 1996, pp.73-80.

[40] Adachi, H., Koyachi, N., Arai, T., and Nishimura, K., “Control of a Manipulator Mounted on a
Quadruped,” Proc. of the Int. Conf. on Intelligent Robots and Systems (IROS ’'96), 1996,
pp.883-888.

[41] Adachi, H., Koyachi, N., Arai, T., and Shinohara, Y., “Human-Operated Walking Control of a
Quadruped by Event-Driven Method,”  Proc. of the Int. Conf. on Intelligent Robots and Systems
(IROS’97), 1997, pp.260-265.

[42) Simmons, R. G., “Monitoring and Error Recovery for Autonomous Walking,” Proc. of the
|[EEE/RSJ Int. Conf. on Intelligent Robots and Systems, 1992, pp.1407-1412.

[43] Wettergreen, D., and Thorpe, C., “Gait Generation for Legged Robots,”  Proc. of the [IEEE/RSJInt.
Conf. on Intelligent Robots and Systems, 1992, pp.1413-1420.

[44] Hoffman, R., and Krotkov, E., “Terrain Mapping for Long-Duration autonomous Walking,” Proc.
of the IEEE/RSJ Int. Conf. on Intelligent Robots and Systems, 1992, pp.563-568

[45] Wadron, K. J, et al., “Configuration Design of the Adaptive Suspension Vehicle)” Int. J. of
Robotics Research, Val. 3, No.2, 1984, pp.37-48.

[46] Bares, J. E., and Whittaker, W. L., “Configuration of Autonomous Walkers for Extreme Terrain,”
Int. J. of Robotics Research, Vol. 12, No. 6, 1993, pp.535-559.

[47] Simmons, R. G., et d., “Progress Towards Robotic Exploration of Extreme Terrain,” J. of Applied
intelligence 2, 1992, pp.163-180.

[48] Russd, M., “ODEX I: The First Functionoid,” Robotics Age, Val. 5, No. 5, 1983, pp.12-18.

[49] Gurfinke, V. S, et d., “Waking Robot with Supervisory Control,” Mechanism and machine
Theory, Val.16, 1981, pp.31-36.

[50] “ 4 " 1973,
pp-154-163.

[51] “ 4 " 1973,
pp.164-172.

[52] Mcghee R. B, € d., “A Hierarchicaly Structured System for Computer Control of a Hexapod
Walking Machine,” Theory and Practice of Robots and Manipulators, Proc. of ROMANSY -84

106



[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

Synposium, 1984, pp.375-381.

Song, S. M., and Waldron, K. J., “Geometric design of a Walking Machine for Optima Mohility,”
Trans.of the ASME, J. of Mechanism, Transmissions, and Automation in Design, Vol.109, 1987,
pp.21-28.

“ ” 4
4 1986 pp.364-373.
“ ” 2
6 1986 pp.545-556.
11 6 1993 pp.918-928.
14 7 1996 pp.968-976.
13 4 ”
24 12 1988 pp.1299-1305.
C 55 520 1989 pp.3014-3021.
C 55 517 1989

pp-2396-2403.

Bares, J.,, “Ambler: An Autonomous Rover for Planetary Exploration,” IEEE Computer,June, 1989,
pp.18-26.

Raibert, M. H., “Trotting, Pacing and Bounding by a quadruped Robot,” J. of Biomechanics, Vol.
23, Suppl. 1, 1990, pp.79-98.

Kau, C.-C.e d., “Design and Implementation of a Vison Processing System for a Walking
Machine,” |EEE Trans. on Industrial Electronics, Vol. 36, No. 1, 1989, pp.25-33.

Song, S--M., and Wadron, K. J,, “An Analytycal Approach for a Gait Study and Its Application on
Wave Gaits,” Int. J. of Robotics Research, Vol. 6, No. 2, 1987, pp.60-71.

Zhang, C.-d, and Song, S-M., “Stability Analysis of Wave-Crab Gaits of a quadruped,” J. of
Robotic Systems, Vol. 7, No. 2, 1990, p.243-276.

Okhotsimsky, D. E., et d., “Walking Machines,” Advances in Mechanics, Val. 15, No. 1-2, 1992,
pp.39-70.

Lee, J-K., Song, S-M., “Path Planning and Gait of Waking Machine in an Obstacle-Strewn
Environment,” J. of Robotic systems, Vol. 8, No. 6, 1991, pp.801-827.

Simmons, R., “Concurrent Planning and Execution for Autonomous Robots,” IEEE Control
Systems, Feb. 1992, pp.46-50.

Lee, W.-J,, and Orin, D. E., “Omnidirectiona Supervisory Control of a Multilegged Vehicle Using
Periodic Gaits,” IEEE J. of Robotics and Automation, Vol. 4, No. 6,1988, pp.635-636.

Klein, C. A, et d., “Use of Force and Attitude Sensors for Locomoation of a Legged Vehicle over

107



Irregular Terrain,” Int. J. of Robotics Research, Vol. 2, No. 2, 1983, pp.3-17.

[71] Messuri, D. A, Klein, C. A., “Automatic Body Regulation for Maintaining Stability of a Legged
Vehicle During Rough-Terrain Locomotion,” IEEE J. of Robotics and Automation, Vol. 1, No. 3,
1985, pp.132-140.

[72] Song, S.-M., and Choi, B. S., “The Optimdly Stable Ranges of 2n-Legged Wave Gaits,” |IEEE
Trans. on Systems, Man, and Cybernetics, Vol. 20, No. 4, 1990, pp.888-902.

[73] Kumar, V. R., and Waldron, K. J,, “Adaptive Gait Control for a Waking Robot,” J. of Robotic
Systems, Vol. 6, No. 1, 1989, pp.49-76.

41 [ 1 11 3 1993 pp-305-394.

108



10.

11

12.

13.

Adachi, H., Koyachi, N., and Nakano, E., “Mechanism and Control of the Quadruped Walking
Robot,”  Proc. of the Internationa Conference on Industrial Electronics, Control and
Instrumentation’87 (IECON’87), pp.630-635, November, 1987.

Adachi, H., Koyachi, N., and Nakano, E., “Mechanism and Control of a Quadruped Walking
robot,” |EEE Control System Magazine, Vol.8, No.5, pp.14-19, October 1988.

Adachi, H., Koyachi, N., Nakamura, T., and Nakano, E., “Development of a Quadruped Walking
Machine and Its Adaptive Crawl Gait,” Proc. of the Japan-U.SA. Symposum on Flexible
Automation, pp.91-94, July, 1990.

Adachi, H., Koyachi, N., Nakamura, T., and Nakano, E., “Gait Analysis of a Quadruped Walking
Robot,” Proc. of the '91 Internationa Symposium on Advanced Robot Technology (91 ISART),
pp.397-402, March, 1991.

” 9 pp.707-717 1991 11
46 2 pp.113-127, 1992 3

Adachi, H., Arai, T., Homma, K., Nakamura, T., and Yoshinada, H., *“Study on Underground space
Excavating Machine” Proc. of the 9th International Symposium on Automation and Robotics in
Construction, pp.751-758, June, 1992.
Adachi, H., Koyachi, N., Nakamura, T., and Nakano, E., “Adaptive Gait for Quadruped Walking
Robot Using Force sensor,”  Proc. of the 3rd International Conference on Intelligent Autonomous
System, pp.54-63, February, 1993.
Adachi, H., Koyachi, N., Nakamura, T., and Nakano, E., “Development of Quadruped Walking
Robots and Their Gait study,” J of Robotics and Mechatronics, Vol. 5, No. 6, pp.548-560,
December,1993.
Adachi, H., Homma, K., and Arai, T., “Control of a Quadruped Walking Robot Using Pardlé
Programming,” Proc. of the 6th Transputer/Occum International Conference, pp.231-237, June,
1994.
Adachi, H., Arai, T., Koyachi, N., and Homma, K., “Six Degrees of Freedom Position and Posture
Control for aQuadruped Robot,”  Proc. of the IFAC Conference on Intelligent Autonomous Vehicle,
pp.133-138, June, 1995.
Adachi, H., Arai, T., Koyachi, N., Homma, K., and Nishimura, K., “Development of a Mobile
Manipulator for Underground Excavation Task,” Proc. of the 13th International Symposium on
Automation and Roboticsin Construction, pp.73-80, June, 1996.
Adachi, H., Koyachi, N., Arai, T., and Nishimura, K., “Control of a Manipulator Mounted on a
Quadruped,” Proc. of the Internationa Conference on Intelligent Robots and Systems (IROS ' 96),

109



pp.883-888, November, 1996.

14. Adachi, H., Koyachi, N., Arai, T., and Shinohara, Y.,
Quadruped by Event-Driven Method,”
and Systems (IROS’ 97), pp.260-265, September, 1997.

15.

4 n
3 pp.329-336 1998 4

16. Adachi, H., Koyachi, N., Arai, T., and Halme, A,
Hybrid Mobile Robot “Walk’n Roll”,”
Machine automation, pp.145-154, September, 1998.

1984 11
1985 11
1986 12
1988 6
? 1988 10
? 1990
10 1992 10
11 1993
1994 5
10.
1994 11
11. “
1995 11

12. “
1997

110

11

11

12

13

“Human-Operated Walking Control of a
Proc. of the International Conference on Intelligent Robots

16

“Development of a Leg-Wheel

Proc. of the 2nd International Conference on



Pp.453-465 1992

1993 4

1998

111

5

Vol .33, No.12, pp.22-23 1989

11

3

pp.391-392,



