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Fig.1-1 McGhee's quadruped named Phony Pony (USA,1966)
The first walking machine controlled by a computer



Photo 1-1 General Electric's quadruped with human operator (USA,1968)



N

Photo 1-3 McGhee's six-legged vehicle named OSU Hexapod (USA,1977)



" Photo 1-4 Hirose's quadruped named PV-II (Japan,71979)
The first walking machine that can climb stairs automatically

Photo 1-5 Sutherland's six-legged vehicle (USA,1983)
The first stand-alone walking vehicle.
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Photo 1-9 Waldron's Adaptive Suspension Vehicle (USA,1985)
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Photo 1-10 Hitachi's quadruped (Japan,1988)
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Photo 1-11 CMU's planetary rover (USA,1989)
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Fig.3-5 Proposed path incorporating sway to keep zero moment around diagonal support lines
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AF, =
(5-13)
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sin y = (5-16)
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| M, -r. AF
AF, = M Ta Bl (5-22)

__Mt'rbAFz
Afz-———7szz;—— (5-23)
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(a) (b)

Fig.6-1 Posture and leg configurations for a quadruped walking vehicle to adopt stair

climbing motion

- 66 -



L2 L, %m%:ﬂ%?éﬁﬁﬁgfét@ugﬁﬁ% DT EL, bITFIIERE
LT REREBCEATOEREXETAI LGS, D FETIEPL: D HRTEREMET
Lftiwﬂgwégﬁéﬁﬁ&bné\m@ﬁﬁ@@%ﬁ%W@%@uvw@ﬁﬁg
Eh D, BROEBE TR LENR EOMENET S, £ T, K XoBME 7V
TITAN VI TR EHHOEEELEATL I L & Lz, 7277 L. BMICESEOHEE
REATDHE, FOZANVFRHFREIELIKRT T2, AETEZOMEZHABELL, €
DORIEII T B8 L VHBEIC O W TRE T 5,

6.1.2 IRIWFHRIIDVWTDEE

— M\ EENH 2 5kET T 5 L. Fig.6-2 (a) O & ) ICEEHETICEERO 2 HEEE, BRI
| BHERB L7- 3 BHEREEEE L 25 TH5 . Lo LI OREERIEL ZOF
THICEHATLE, FITOTRNVTHEIKRECETLTLE ) &) HENET S,
Pzl AROEENFERTE, FESKTER LT SEICBE T 2 FHEMICIE AV FEE
DEENL ) BBFTEETH-o>CThH, EBRICIIKELIAVEFIRFEEINTLE)IDTH
5, %@@E%Hg&um@io LATy TOSITEENIZE o THBEL L 9o

FAITEH T, XEHHOLSBABMEBCHT, RNEEERDOI LD 1 DOHE &

BHEEFEN R LE & THEBRTRE /ST —I13Fig.6-2 ¢) D& HICEEICEEH TS, —H. &
APBEFERALTWAT /7 F 22— S 3BEONRT—%2EITE 2V, DI &b
Fig.6-2 (c) 0)5&1‘? PO T3V FIEE I > THE SIS, SNUFRBEITEINR TV A
WVEFHEDERATH 5,
IOE)BIFNVFREL LTI LG, ENHEE FIUCEE LG OREE % 77
BETOMBLEATLILTEHATE 2, WEHIZZO L) BFADT A IVFIRRDT
ETHZEDfFRE, FIIXHT % 728 OGDA(Gravitationally Decoupled Actuation) &
R RO &S REEEOBEIEGRES T IRE LY, Ao FEAREL
PRI, 0%, BOFTERICOEEENTWEYY , ZOLBTITANVITS,
ZOCDADE Z FIZEIWTHEERMERE 2 RET T2 E127 40

6.1.3 GDAICED C HEMEBDIRE

GDAIZ 25\ T3 L BB RE 4 Fig.6-3 (/R Fo & ORMEIE. K% V1
LOERENS B AT A 5 — 2 T 2 U HERETH B EvanstBlE” & FAUCE o THEHS 1
L7 L Aa—TROME (TP | £ L CREDLSZHET HEPHEIED 3 DD

- 67 -



(a) (b)

Power

(c)

Fig.6-2 Leg configuration with prismatic joint and its power consumption during unit stroke

motion
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Fig.6-3 Overall view of the leg mechanism of TITAN VI
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: | —~Ball screw Sy o

(a) (b)

(c)

Fig.6-4 Evans mechanism and its applications to leg systems
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Cylinder b

—Cylinder a fa

_-Cylinder b Cylinder a

Evans Joint D

~Pulley Pp,

(a) (b)

Wires spool
driven by
constant tension
spring Sg

Tension wire Wy

(c)

Fig.6-5 Leg mechanisms of TITAN VI (a) A linear expansion mechanism with wires

(b) A triplet cylinder mechanism (c¢) A elastic parallelogram mechanism
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- Linear guide —_

Linear guide - \
bearing

(b)

Fig.6-6 A stair climbing posture (a) with normal body
(b) with articulated body
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SwWing
mode
actuator

~

G

Supporting
mode
actuator

]

Electro

magnetic clutch

Ball Screw

S

Fig.6-7 Dual mode actuation system

Table 6-1 Comparison of vertical axis actuation

Clutch shoe

Swing phase Support phase
motor ball screw’ motor ball screw i motor
speed |force|reduction|input power|efficiency|speed force|reduction|input power efficiency
[mm/s1] [N] |ratio (w3 (%1 [mm/s]1| [N] |ratio [W] (%1
p20W%tx 2] 400 180 2.0 102 71 25 2940 28.89 102 72
200W"= : 2.0 108 67 2.0 851 8.6
300%7S 1.67 11t 65 1.67 207 35

#1 Shinano Electric 5DALZ ( output 120W
#2 Shinano Electric 7DA20 ( output 200W
23 Shinano Electric 8DAS0 ( output 500W , weight 4.3 kg )

weight 0.93kg )
weight 1.9 kg )
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Fig.6-8 Several types of optical sensor unit
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Fig.6-9 An example of circuit for single type optical sensor

IC1,2: LT1008 (LT)

low bias current,

low offset voltage OP amp
IC3,4,5: OP400 (PMI)

Quad low offset voltage OF amp
LM399H (NS)

Reference voltage 1C

with temperature stabilizer
TLN101

Infra-red LED
MI-33H2D (MORIRICA)

Silicon PIN photodiode

devided into 2

Fig.6-10 Low drift circuit for split type optical sensor unit
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Fig.6-11 Force sensor using a split type optical sensor
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Fig.6-12 Experimental result of the force sensor of fig.6-11
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Fig.6-13 Non-linear type force sensor
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Fig.6-14 Experimental result of the non-linear force sensor of fig.6-13
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Fig.6-16 Characteristics of foot force sensor
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Photo 6-1 Foot force sensor mechanism of TITAN YI
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Fig.6-17 Overall figures of TITAN VI
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Photo 6-2 Overall view of TITAN VI
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Table 6-2 Leg specification of TITAN VI

axis r ] VA
items high speed| low speed
stroke 400 mm 130° 400 mm
rated speed 400mm/sec|3. 1 rad/sec| 400nn/sec| 30mm/sec
at ball screw
rated force 140 N 23 N-m 140 N 2000 N
at ball screw
servo motor 120 W (DC)
reduction 2 100 2 28.85
ratio
400
—
3007
—
S
g 200,
| S
™~
1001
0 ' ' ; ; ; ; : .
0 100 200 300 400
r[mm]

Fig.6-18 A leg trajectory of TITAN VI
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" Table.6-3 Tasks for the control of the dynamic walk of a quadruped

e fE ¥ % SEATIVE S
a | BEIEERE L

b | EITHERE a

c | EfTEERE a

d | Fa—7 1 bikE c

e | BHIDUE bcd
f | RfEERE bcde
g | EHEETRE de

h | AfR, HELEETE fg

T4 —F7x7— FJRE| efh
&, HHIET Dz oh

[

J

k| 74— FNv 7 HRE ehop
1| AOfEET ijko
m | fLEREET hjq
n | F1T m |

o | JIETH L
p | TEFETH L
q | PEAEH L
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Fig.6-19 Arrow diagram of the dynamic control of a quadruped
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Fig.6-20 Timing chart of parallel processing
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Photo 7-1 Dynamic & static fusion gait from standstill where 3= 0.8 Vg = 0 [mm/sec] to a
dynamic walk where 5=0.5 Vg =400 [mm /sec]. The swaying motion of the body is
shown by the trajectory of the light attached to the body.

9 T l { l [
w0

-E noo L Command vehxjt%L o

8 { | [ |
T 0 20 25
Q 5 10 15

Time [sec]

o

Fig.7-1 Measured locomotion velocity vs. command velocity of the walk shown in photo 7-1
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]
H

Photo 7-2 Experiment of walk along circular path where 3= 0.62 V= 100 [mm/sec].

Swaying motion of body is shown by trajectory of light attached to body.
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Fig.7-5 Pitching angle of body during a dynamic walk of 8= 0.725 t0 0.68 on a flat plane
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Fig.7-6 (a) Pitching angle of the body and (b) measured force of the left-front foot during a
dynamic walk of 8= 0.70 from a flat plane to the stairs
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Fig.7-7 Pitching angle of the body during a static walk of 3= 0.88 on unknown rough
terrain
H T T T I T T T T '[ T T T T '[ T ] L) T
0.10 -
8 0.051 -
i)
o
E 0.00 A A ,\V/\VV J\VAVA A\//\\//\an Avf"\uf'\v ‘_’\p
. \/\/__/\/ v v
o
=
E < On a 40mm elastic plate N
o -0.051 . o .
-0.10 -
1 1. 1 1 { L 1 1 1 | 1 1 1 1 | I 1 ! 17
0 5 10 15 20

Time [sec]

Fig.7-8 Pitching angle of the body during a static walk of = 0.88 on unknown soft terrain
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Fig.7-9 (a) Pitching and rolling angles of the body and (b) measured foot forces during a

dynamic walk of £#=0.70 on unknown rough terrain
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Table A-1 Comparison of 6-axial force sensors

Maker H Company | N Company Authors proposal
Measuring method Strain gauge Optical
Range Fx,Fy 30kgf 100kgf 22kgf d4kgf 100kef

Fz 50kgf 100kef 44kgf 88kgf 100kgf
Mx, My, Mz 300kgf-cm 1000kgf-cm 170kgf-cm 510kgf-cm 300kgf-cm
Accuracy (l-axis) 0.8% 0.5% 0.2% 0.2% 0.3%
Size ¢ 16X 47.5am| ¢ 150X 5imm | ¢ 75 X 38mm ¢ 110X 38mm @ 16X 40mm
Weight 360 g 1600 g 390 ¢ 860 g 380 g
Amplifier ¥ 480¢g # 580g ¥ 1650¢g ¥ 1650g Built-in
Compliance Fx,Fy 42 106 22 11 70
Fz 2.9 417 117 22 100
{g m,  Full range]
Price $6,400 $11,700 $ 6,700 $ 6,700 < $500

¥ External mount

Table A-2 Standard deviation errors [%] of optical 6-axial force sensor with linear and

non-linear calibrations under simaltaneous 1,2, and 3-axial loading conditions

Force 1-axis 2-axes 3-axes
Calibration linear linear  |non-linear | linear non-linear

(a) (b) (c) (d) (e)
Fx 0.25 0.66 0.33 0.74 0.73
Fy 0.18 0.50 0.30 0.69 0.37
Fz 0.22 0.35 0.16 0.66 0.62
Mx 0.11 0.36 0.21 1.52 0.32
My 0.29 0.46 0.19 0.65 0.85
Mz 0.12 0.39 0.16 0.92 0.42
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