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A Workspace Analysis Method of Multi-Legged Walking Robot
in the Velocity Domain
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(Jihong Lee and Bong-Hwan Jeon)

Abstract : This paper deals with a workspace analysis of multi-legged walking robots in velocity domain(velocity workspace analysis).

Noting that when robots are holding the same object in multiple cooperating robotic arm system the kinematic structure of the system is
basically the same with that of a multi-legged walking robot standing on the ground, we invented a way of applying the technique for

multiple arm system to multi-legged walking robot. An important definition of reaction velocity is made and the bounds of velocities

achievable by the moving body with multi-legs is derived from the given bounds on the capabilities of actuators of each legs through

Jacobian matrix for given robot configuration. After some assumption of hard-foot-condition is adopted as a contact model between feet

of robot and the ground, visualization process for the velocity workspace is proposed. Also, a series of application examples will be

presented including continuous walking gaits as well as several different stationary posture of legged walking robots, which validate the

usefulness of the proposed technique.

Keywords : velocity workspace analysis, multi-legged walking robot, reaction velocity, hard-foot-condition

LAE
O B 2Re AN AW 95 FT A5, g of
SR EARLY FASTIRY S A= FHOE LS D
o) Ak e K9], £ 2 EA Gy g,

A o] (movement control), Z gait generation), ¢t A
) 4] (stability analysis), 28] 3 Z-&A] A o] 4d(gait controll-
ability) 5ol ol g A7} geks] 2= o] ghrif1]-[4]. =7
U B8R zZZA(manipulability) e £234E7
(velocity workspace) 3l 41 o] v} &t A A H= A9 §lot
Ewzg F o, Foj7l BE | A M 2R G #H
o) FEFANA A& F Ue A SETAZEEH A
oAl = 2R T £ gttty 2R ) U —iﬂE
2 F 7] 781} eloli} tizhE o] e 2
ZEE A, ’\] =T U AHEE T
of g AR 2 2 H(single arm)ol] o}
g 2 2hAd o 7] o].ts 2 A F- 7 430l &
A= B AT ol FAMLLSI6L, F s 2 o]
2EA g A2 SAHATTI]. dEIdEEREL
(multiple cooperating robot arm)] A4 T} 243 o)
%ﬁ:f@#h v B R R o ’\‘:XL@‘& GES
‘ﬂ a 7ﬂ44"’ HER o £k
}‘4‘3} =t Joﬂ/\-],,] }4—1 327
R =8
A7t gl GE P2 59
CARPE R e 2R F

b 4>

1o ogt EE
o,

b ®

je

o}

¢

U‘E -L'N-‘_]
2

“Joﬁt‘lil_'

3024

T

J

=
1o
[e3]
h oy

:I:‘4

A
T

d

L
% o
pas

=y

2
ﬁlqa rAl

834 ¢

=23 47:2001.9.22, AEEy 2002 2. 14.

o| A & ) gta H7E 2Y 228 3jihong@cnu.ac.kr)
B2 el 9k Y (bhjeon@kriso.re.kr)

#E Ee 2A(F)NA AQste] AFshgE

R
)
2
o
£

r'
"
rir
i)
3
m
K
L
b
fn
3
]
M
o
o

N
Y

2
et
ala
2
& o
b
iy
i
TS
2 M
of mE rir

5 L2
ol
)
it
~
s
tlo

o 3@
e
i)

.
=
o

& (manipulability polytope)
Auume 7 22w g

L)

- LB
oo k1
o 2 o
o
¥
oft [N
AT ok
g
iﬁ
L OBL

)

[

2

(=3

e = oo
4

do 1B

Y

Y

9'_11

o 2o do WY
M, Jpe ol
WO )
Re N

2 N e

Jo ¢ o

o 2
e I

o o I

£ e g

o
=y
=3
BN
Y
o
&
i3
i
o
=

&
2

olrt

>
. Ho
fy

=R
< J

ol
—

(slac

of

ariable)[10] S

o 4 o odo

oft
fuj
3
o

o ik
N
2
£ o
o oy
P
rE
-
i
g 4
4
e
of\ B ofh

BN e
_L|>_l.

)

o

1o
Do oo o X X

>
of Oy

I
B
et

Noox Lo R o O oo Y 1o

o
&
ne ot

O E mlo
i
2 glo
A
ok ¥

A 5 BRI A de] AHH I 3
TR R Eii"ﬂ sl =-gske] silde
2 walth mayel HEak]
o] 7z} U}F,] 7} o-FASE(redundant degree of
749-9} BEA-5-T(insufficient degree of freedom)
A = A 2 5 gl olgel tid 34
o A} AN e,
2Fo e s 2R 7]
oA thold A& A s, s
A= AlekE 7S o] §3] 45 17
HAE PR o) 93 71554, 43
Y7t ol fr A i REAR
o} shR ek o 2 SAbo 4] B =T

;O
rir
% o
o

3

4(3

of
o
2 |

o ol U
N RN Eoor o ooft
1r§1ﬁum‘.
oﬁaﬁrlom—\#
FW-{OFHUO;G:
1r>kﬂj§
o
op
>~

fn

=T

01

o
a3 WY
fop
e

1 FHI
¢
o
1o

i
Shal

t
9

o
tlo S

(98]
59

EXgE)
)

2

N
M)
fe i

i
e
o o S 2 L b

o%

=,
= =

i)
= o I
N

oX L

o &
ek

R R )
i
it

Wy 2
2
A



478

1. 22 717En g5 M-

29 13} 2o] lel el 8 A4 288 s 4 o
2e) W@ ARAol 19 20 € M2 nA T A A
Z(point-contact-with-friction or hard-foot)[7]Z 92 717
o Adel Y 7| Z2FHBAE O,, A 2HE FAF
A 0,27 27 48T, ¢,2 WA A9 kA
BAAE RN a1 2R PR ASEDS el
W, EXFTA e A EEY &5 Uﬁ e
2 Fol7th

=T q;,  i=1,,7 (1)

714, e BAHEAC e pA Lol zH) et
HE 2 MEE BRSO YA (DS 7|EFFA0M &

BA9 $xz dgsy] g8l WERT T8 s
Lo g3 BA) £E2 dEsd,

fow="Ty s  i=1,7 Q)

2 53, o] & oA HEFHFANA 7 EHEA Y HEY
8 'T/E EYEY 7|EFZ AR A3,

rybi: rTf /Ubiv i=1,, 7 (3)

body coord.

., ! AL
x, /0, vy, leg 1+ 7 leg i

reference coord.

a9 1. Z2A#EA g 2
Fig. 1. Foot with respect to body coordinates.

@ ¥ ¥ (b) &5 & ¥4
{b) A point contact (b) Passive ball joint

19 2. hard-foot 2] o,
Fig. 2. Examples of hard-foot model.

Kot - Xisst - AEZs! =2A1 Kl 8 & Al 6 2 2002 6

th (1), @), ()e25-E d&Ed did P2 R 7]
A

zd
8 A g e 2ol @ Atk

kel
= Ty ' i, i=1,7 Q)]

A7\A, TT,="T, 'T, oItk 17, "o, = BAS &=
olBE RE 7,9 J1THE THEe 2A "tk
== ="v,,. WA, dEEE B2 o ="vu%
J="T, "1/ B3, Rz JF 7|74 o2 (5%
2ol & 4 Atk

vp=J; éiv =17 (%)

el J|EHEAS BAFTA W] X IR
hard-foot HZZ7A AN AAZ v,="v,=—"vs i=1,

-, 7 o] §3, o] & wbA4 & T(reaction velocity)Zh il A
SR 2| 3).

vpxjgto g2, AT A o £EGAV hE Z2 3
HE FojAH,

éz‘.jmmﬁ di,jS éi,;‘max, i=1,7, j=1,k; (6)

A7IA, ¢ A T A BAY £ =

SREAS SEAATAE 271 Ao DR
AE &3t o] ke

25 : (922 BT FolT 2 B $= FAA
G FAHE BA) AEE 5,9 WA T PO
2. 2He| e RE SEel TAHHSY

7} BAe) SERATL AR THE A9 SAGE, B

=T EHE 2L JYE TdHE H4E J3d & 9ok
[7)-[9]. 31 & 4337 Y3 (6) #4 &5 A o
A chgel MBS et
xl_qu.i+xl (7)
7] A,
body coord.
U, 'uﬁ Vpy

ley i1

leg 1
1, /0. Y,

refarence coord. A

% 3 A ool old WAE A
Fig. 3. Reaction velocity of i-th leg.



Journal of Control, Automation and Systems Engineering, Vol. 8, No. 6, June, 2002 479

- 2 2
Di= dia - max -~ min . max . min (8)
g:1 - 4 q;, u, — 4
* min : max . min
0_ ‘1 - ™+ g Gin, T Qi
Xi= |~ . - min T T 'l max " min (9)
lIz 1 - diy qi b, - din

ol 1, diag( - )= FAA NG 2428 ZtE= g gHojtt o
HH, 59 (6)9 dstE ez 103 angs de

on=Jxy, 2x=(x;1%58) 7 (10)

—1<x, <1, i=1,~,7, j=1,-h an

(®)e D= Y gdo] EAER, 59 RE HSE
< (13} (10)9] @"F%"] Az F dalr} (7)S M
dojzieh WA, ) FHEE (5)9) (6)2 tFE Al v

g FH Y (103 (1)S 9E 5 Aok
3. A Xt Z(proper degree of freedom)el &%
Ztohel o] AR e 2R o) FaEojord 2o o
ot dubd o7 2R o)t FYFhelA 9959 ¢
Ag 47] A8l 3AF g 2t A7 Bk o8 @ A4,

(10)9] 3= th&3} 7ol Foj Xt

x=J oy, i=1,7 (12)
A71A, 712 2 d3de, 1o gedo] A5
R A5 qated & IV A thFo A oA, R E o
gl s (12)& Bl Tdsd LS de
X1 ]1_1}
=1 oy (13)
Xy 7!

Y=oy (14)

(10)8] F£21L RE a9 RE 7
SHZERENE AL S U

e

Aol Fgatw o

1 1
—| = Cpy £ (15)
1 1
o 7] A,
]1—1
Ce=| *. eR"s (16)
I

o3, (16)9) h=3h;o ¥ si= 2} /9] A2A(ank) 278 A

Atk 47]A, Fo] old £:HF 5= RY[10]S EU3 F
54¢ gsAer uadY e de

Bz=d (17
o] of,

Cp
IthZh
P

ERZhX(HZh) (18)

e o,

=2 (19)

oItk oAl Bl 1978 &, [ S | L) 202

ol et oo 2r—s)E& 7M1= 2nx2n BEHE
B, LART 23 A (109 S48 249 ¥A4 e o
7 Zol dert

Bii=d, k=1,~-,( 2’“) (20)

2'=[y 5, 0< 3Ter?s @D

otk 2E (2 )anzpEel szl dsa 27 e

B/&ol EA3A 51, v15e] 48 Bl tjald 20)2) o)
£ e o] gojh.

=(B,) 'd (22)

o]E 2,"([1]9 basic solutionsl] &), AL W] &
ol obd A5 /MRl e RAE2 224 AL P EX M 7
BE X231 9o o]= [7]9] feasible basic solutione] T
SE 3 2z, 9 WVAEFYESE)S 2% vy xR

HES A €t ojdl, BE 37t A e A4 st=d

7198tA = o, pERE 2283 2 A(con(P)S 7
A7t obd WHEADE A YA 7] 7192 [R]o YEHY YTt
1L X-g of
29 oo Yo E 28 ZE tald gl g o
HAEE A Ix I<1EB IS FUAERF (NH 22 Hge W
ﬁo] &= Yok 7hg et
HEg o 1 (Hold 28)
1%’ 4ol FoiZ AnF 4F HPZR[10]4 BE =



480

Aot 2R FAAZA Y 43 &
EE oy E 22 Z8E 2 MAA

28 S Fojxl %o AA

1 [rad]) ol thaf 11-3
Aol A AFE 71 EE HEeta (169 sl ohga 2e 4

([111,1,111,2,511,3]=[513,1,43,2,03,3]:[%f %] [rad], [612,1,
4
2

— — T T
a2,2, 02,3]— [514,1, 44,2, 114,3]_ [_g Z

s 959,
0 0 0
0 —0.7071 —0.7071
0 0 1.4142
Cr=| 0 0 0 23)
0 —0.7071 —0.7071
0 0 1.4142

0 ] 0 0
Pv=[ [ —1.414 —0.7071} [ —0.7071}
0 Jl —0.710M1 0.7071
0 0 0
[ 0 ] [ 0 ] [ 0.7071} (24)
—0.70711 0.7071 —0.7071
0 [ 0
[ 0.7071 1.414“
0.7071 0
AR HE B4 Ao SEE y39 DO L1414
2 g, BA 4HAY 1% AL S5E 002 Yepdth
2% 5ol Folzl BAZwel sy theld e nus)
Roerg

gl (<]
W, ;A Tele) 2Ee ¢, B4 HWF A 3
e pae) 83

=0
o8 LATE xF BB FEE ZF 00]

reference coord.
I 4. Av|s Rz,
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Fig. 5. Spider type walking posture 1.
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