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Locomotions of a Biped Robot: Static vs. Dynamic Gaits
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Abstract

This paper is concerned with computer simulations of a biped robot walking in static and dynamic
gaits. To this end, a three-dimensional robot is considered possessing a torso and two identical legs of
a typical design. For such limbs, a set of inverse kinematic solutions is analytically derived between the
torso and the feet. Specific walking patterns are off-line generated meeting stability based on the VPCG
or ZMP condition. Subsequently, to verify whether the robot can walk as planned in the presence of
mass and ground effects, a multi-body dynamics CAE code has been applied to the resulting joint
motions determined by inverse kinematics. As a result, the key parameters to successful gaits could be
identified including inherent characteristics as well. Upon comparisons between the two types of gaits,
dynamic gaits are concluded more desirable for larger humaniods.

2E& Yoz a9 4778 2de 7% F,

t} 23 £33 CAE 79 ADAMS®OZ o) 4319

1. M B A% 2 AW RS A% o|ZH, 2E M

GAAA e stsd A 2 F Y HuHe 94

A A7 Y2 A BAAA A7re gal 3 s £F9 A Had ATyl AY
AU 537 Y8 2R0ZA oF ¥y 22X FT& TN Z2RY FUFS BAAA A7 F

a5t

o) 2 VYL Row o, o]F R AL I BP9 §8F EAL s BRux Frh

v 3 A 2dn 5 woz rEg & 9

0 g wge 1 Jde) Max diste @A) 2. 2Rel 7=

29 Sy 2xel nEHoT 48u7 3 Qo

F Eye 53 @AY &2 dstd 53 ¢ Fig. 1049 o] Bl @ 2R HSuA

B GE7t 44 gob BAZAA AL AF Ad A F oY FAE FAHC Ut dAE

E ERe Auonttd F 12/ AREE FH, P 2% MIMY), &
old B =&dAE U9 #EFH fAbste] € (M2MB), A (M3IM9) Iz FEA HA

stHez AdsHaz gl ZATEY 3XY oF  (MAMILO0), T A (M5SMLD), & M6MI12) ¥

T MR FHFo A FHY vk

t YA, Y, WAL ) AT 2% U3 25 FFEE ALY By HES
E-mail : slim@mju.ackr o] &3td FHE HAEFozy Zi7d FHE 3%
TEL : (031)330-6428 FAX : (031)321-4959 3 2&0] T AHNAN ATFEE THo 9

* s skl 2ol ¥
AL e A1 F e o @, B8 3 A4S Askel 2Re) VPCG




644 ol 2 g .

M1 z
- b
M2
y
ms X
M3 z
Mo
Ma
s Mo x y
¥4
M1
" ZJ\G*
w2 y

Fig. 1 Modeled robot

(FAFAN #4 59 ) Ex ZIMP(Q EHE
AP EASor & e Fre AuHA A

=
2y megg Asa gk

3. 47|73

A4l humanoid®] 3¢ ©& B AHFEE H
FetARt, da Futoly Aol FIHF Ax W
97t A=A gl A £Fo) Ao AN
Y= durd oz 6 AEE EANFZ ZAFHTE old
Fig. 29} o] X, Y, ZZo] Zt4 239 A3, 3,
F2 g dxste FAn B4 FAFA (039, B
PgH 271 HAHAAHANA {0ie} BAEE 4 g
ao wYNZ AEA (1)~(4)E @t

a8 o, dEA FF) i & e 4o
A W 1 (=r,-r,)E T FARA {1}
et fESE ot 2E T el F3
E=

1'rrj/u:: 1$u+;R2$rt +:§R3$r5+iRizrf (1)

A7 A, YA, FEa] L 2o 7] 33t
= ZZe HH L.]"
z,, =l L, L) 4zrf:[lfz Iy lf:]To]tq s; =sing,,
s;=sin(6;+90;), c¢;=cos(8;+6,)T 2
g o LA HAP2

]I" = [(l] “5] GS]T’ert = [ltz lty tz] »

¢; =cos#,;,

= 815985 + C1C3 — 51Cy
€18983 + 81C3  €1Cy
— CoSy Sy

8§189Cq + C183
— €185C5 + 8133
C5Cy

2R =

’

Fig. 2 Coordinate frames for kinematics

iR= iR
— 8152834 +C1C34 — S1C2 8182C34 + 1534

=| 152834+ 81Cq  C1C  —C1S2C34 45153

L — 834 Sa CaC3q

1 13

B =3RR

$1528¢C345 + 56C15345 — 51C2C6

— C18286C345 + $1868345 + €1C2Cq
$6C2C345 T S2Cg

r_—

51525345 +C1C345
=] €1828345 + 51Cas5
— CaS3s5

$159C6Ca45 T C1CeS 345 + $1C28
= €182C4C345 + 81CS5345 — C1C256
CoC6C345 — S23¢

o)t}

oM B7 942 R 248 UWEW A 2
6y, 6, 07t AEHA EAFES heis} AAFe

22X 180 vx shtel A MY HFE
RES Y F A3, olRE FF V) 7E FAE &
A= FHel Ut

B, Hge IARE V[EoE AMHdI 4 B
goF YE F Y3 25 ol B 2He F
< Uz oy F3 A YA I 2%
Zol % R o223 watd o s)3e

7]
LA E FE3
22X Hyo|xe o] W
Zd AEF0) BYL FAJGA(F (R=1), o}
o o] Aydrh

0,=0, 0,4+0,=0, 6,4+6,+6,=0 (2a,b,c)



o]F 2R 94X ojF: ARY o} FRIY

=g tge F2Y L=l,=l.=1,=1,=0°]
o2 $2 2o A YAE 'r =y ) @2
o og e 78 5 U
0, = Atan2(syc;), 0; = 2Atan (u), (3a,b)
0, = Atan2(s,c,), (3c)
P IR ) N 1
N
(ltz+lschl i\/ltz'i'lszCA)z {(fﬂ al_lfz)z—M
(x—a; =l ) + 154 ’
s = k41— cz,
(z—a =)+ (y—a2)*+ (z—ay— 1, ) B, - I},
“= 20,1,
ot

#8 Uelx 3749 BAZE 4 Q% @) o
del 7 & oo, A AXHE A% o,
u 5 Bz F b e d@sA Adste 3

o whea sk
4. &2

02
:l’:l
rm

of &

Qzto] By we} AR ZH FE
dA 2o A YXE AHsln old di$It= %
29 9 A¥Y. F, 2y HAL AA Fig
3o0M e o] FAn BA HFEAE 72 AW
o H&3r) A% & F REF, L:FAEF)e] YA
m%’% AL AL F¢2 SRAI| T A SSP

2z AEer DSP (52 A=A AuH)E 74
VPCG £t ZMP9 A& <4AH 249 ol
A Bt
, Yutz oz 3 Hhgkof A9
EF 2He Z$9 T, A
Fig. 4l E BXo| ¥ue wed] dAT
#e 7IAH VPCGE &9 EAE 4399
Edet= F7) 35 Feior "ok ol 229
FA e EX9 X E HA :}oﬂ 3191 a5
o wel ity FHol7l & F

T

I ~~
- rO('
mu‘.

g

"
r-?(-"o-‘.lﬁd
_\a—r—‘

)

w3 VPCG
ARy A

4> i

X

2 -t glo ox o do

41 8 29
4 nge 9329 £F NS5 39 ARE g
weh g FHeld 4 ()= EAHE VPCGH

645

—— R

-1

>t

P
o — : A >t
v \
-A L.
z
A
h3
Y
had e e -

e ——
]
L]

0
DSP DSP SSP|DSP SSP DSP SSP DSP

1st cycle of 2nd cycle of
steady walk steady walk

Transient
period

Fig. 3 Trajectories of feet and CG

-A
R ighti Foot

\— Stable Region

Fig. 4 Foot trajectory and stable region (XY plot)

2o AR Hed
hull) Fefo] AR F9

2R A=HA &

Nil=kis

Typee = F mz; {t),

=

-]%-amiyi(t)
A7 Mg 2Re Ax A m;E nAF iuA
Yoo FdFolw, (z;, y)v & P39 VPCGelth

= A BIYPL Figs. 3, 4949} Zo] diiEe FA
£ Axste 8ol AW dHdlA o 27} SSP

(42)

(4b)

Yvrce =



646 )

ofy

2 ¥, DSP Fol& ¢ & F3ho| &=

= % KRS 283 A
O AesHe ZMP7L 7]
she AARA, A} Ba B
Eo} 7k Al Agahe B4
£ Zo] W4 Bold},

il
A3 ] el
‘371"%3 Z]”6‘°‘
of o¢ REE Ao"—)’ﬂ}‘] 7]

m.—a
o
ot
b oL
rE.F

Zly iy

S+ g)u— zmy -

ZL:'Q.!’::
Yzup = * " R =1
Z:lmi (z+9)

(5a,b)

#22, 97 2 3 $E7t 39 =
2o 283 ZAY 55 &£59 A% 4 O 4
4} ZolAe & F don ol A H3o] F
5o 2 A499L ﬂﬂlﬂt}

T 2y B T4 dAANE sk, 4 (5)
o ZMP 2Rg RENANEE 2 Azel £F A
de 94 A #5E wgAAck g og
2ol AE FEA WANY EFH Z 2o &%
o] ZAHY 947178 4 ()% )& B3t B3
FZHNe FAZe] A olE FRE Y A
o712 RUlA A AE 53 By FFo] A
g}

AFHNA & 23 dele 24 ANFE V|FLe
2 AA off-line®® = online® W AT $8
fu gloy, 44 Aok wEo @ate] uragh
o] A4 4¥xor FTAHT Yt wAq R
BAAME Az By Sale AFA4 AdS A
35, AA olAAx HEFAY FE AFS A
33t o8 s guto] U A=A A
QA B A DARHE HEE £ Y HEHL
WA 7T

43 ATH Y DEEA B
ZMP 234 () a2tz FHgatrld] YT
s, 22

]
EFd vlstd & Fa29 AFL F

A .

g 9 WA B FEE5 gol
T EE F¥Y Eolrt ¥tz A

& o, obe} o] HIAA FAF 23 wWoR
o

5’3';;_‘12371; ==’z zp, .11-;:—‘12% =—a"ymp (6a,0)
A71M  EHEA b 2P EFE
a= i/mE %9 Aol

o ZMPY X E FHEE 94 A5 e

2 4Ase 3¢, A0 27) 23 xb( ) =2,
$b(0):f"'o, %:(0) =g, yb(o):yo"“ 3l 2 (6)
9 WY T4 42 % PF 4E 5oz o
&3 2ol 7€ + Utk

of vl 5,

— Zgyp)coshat + -%Qsinhat+:cZMP (7a)

z, = (zo

Yp = (yo—yZMp)coshat+—yalsinhat+yZMP (7b)

T 5 A3 g9 -4?5‘
W21 8)7] 9ste] DSP Fo &=

22 o]FAF, SSP FoT %59 f]
T oy B AEs FolAY FY
& HA A ZMPE AdAstH F AFH 5 AF
o &3 & w7t A 2A3H, Fig. 59A9 &

< %59 &5 HdE ZA A
X
Xo
+_x,12
*{x"-xg) [ A
xg+xe/2 =
x
xzMP2 =
XZMPY e il
X0
t
on
A
yzur 4 e frm = =~
1"‘1\
Yo
[ t
Yo
yzmp 4 TR oo SN
t Ttz t3 Tt
(1) () @ §avy
DSP sSSP OSP sSSP

Fig. 5 Hyperbolic walking pattern



olF 29 9
Fig. 5oAl &, &y, t;5 Z4ZH SSP 3 Z¥o] A
Yy AFos K, T&, Nt&TGE 71 AKA
Ztolw, ¢, & §% £53 = DSP 7+ A4 A

ot ¢¥ ¥ wgo
S U TETE Yoo D AL 199
Fgoll g o] F& gt =G oamF T
£ 247 72 L W §¢ A48 A4 TF ZMP
HRelH, z,E A BPANY FFJ] BE L&
ssP 22 AW AW 4P ANE guec
32 SSP F 73 L LAY ol Age 5Y3
=% AAso] ol 4 @9 4RB.

BERE (=t+0+1) F,

[]
L

T = Zzympy = Tzmup — Lo

2 o) SSPs} DSP 5 g wWEe] S&=8 7
Z}- U:SQ}' Vzps DSP 5 % 0]-63: %%E% Uy a}'j— %
o, o8 Aol HYen

vzszﬂﬂﬁ;_’i@ﬂ’ (92)
vw=————(z°+z;f2 -z, = (9b,c)
olo] Wt F I0=<7<t)AME 271z2d 1
A gt 2ol 1Y 3% A7t ga@Hx
zb(”'):(xo“
(10a)
F 7T BV (r=t) oA WA &x A&
ZZA22RE g 2o AHA
z, (t,) = Tzmp1s x‘b(tl) = VUgs- (10b,c)

3 37 M(0ST<i)dMNE stz 2
(1De] 4udct

z (1) = =5

z,(t;) =2, ,(t;) = v.p (11b,c)

Z2e WAooz 3 wWaks] ok SSP TzH

(lla)_

olF

c ARy o ERY 647

(0Tt AE olze) ABE AL & Ao

¥(7) = (%

) (ts) =

— Yz )cOShar+ —Z’Lsinh at+ Yaup,

Yo, Yy (ts) =— Uy (12a,b,c)

mehA, Hijo] BHI dAY 4Y HolEHEA
a, Ty, gy Tzup, Tauess Vops Youe?t TAAE B

4 ®)~(12)25¢ #3dE ASALE £8/E Uy

A wAe] wARFESE GSFH Zol FE F I
.
_ 1 Up— 6Ty — T ym )
h= 2a In Vop+a(Zy—~2apm)’ (132)
ty= T zmpr2 — T zmpy . b= (o tz,2)—x (13b,c)
Vzs Vzp
v,¢ = a(Zg— Tzyp )sinhat, + v, coshat,, (13d)
___ atyap(l—gq) — 2y
=T et 20+ " 4 (13,
4714
qzezp(a(xZMP:)_zZMPl) ){a(zZMPl—zO)+sz}
z8 Ues
v p—a(zg— Zap) o
.\/Uzn‘*‘a(-’ﬂo“zzm’x) (A2

38, 4 (13)L 289 HAY By F A
ZA AAZHAA E&dstE FLde adz A
£ & gd A 27 FA AN AL B
gozo AZ A T riExe HAS AE
7] $iste oS3 2 vAHAY, A= 2y el
B2 3.

44 43 2 sHEIFEY, Uz 2Y)

WA DSP FIHO<t<t)M FA FAL 7
& 528 BN o] #, ZMPe A&
go] otd 4 AE A% @avmps Yzr) 22 AR

g w, A9 % P PP 27 ANS SE7 9
9 Ae mARD 1 9 239 olF AHL 4

P
T

Tz HE ohe3 2ol AL £ A

2, (t) =— 2 zupoposh at + 2 zypop (14)



o] 53t A =

EAZI olgldk SSP wA (0 <7< 7))
ZIMP 9xE 4943 AE & Cams Ymms)>E
A4 o, d54& A8l DSP Ly A9}
£5 & SSPe] %7] ZHoE Hae BAS ot
22 E% %59 AL 4y

2, (1) = (— Zzpinhat * )sinhar

+ (— z zpmocoshat™ + T zpmp— T zums ) coshar
+ Tzmps

2, (1) = (— az gy sinhat* Ycoshar

+ (1(— .'EZA{R)d:OShat* +$Zmp— mZMms)SinhaT

(15a,b)
T3 A}7) SSP )] Al A B & F
T AA H Sret ot AL 248 HEH F
« - .
(7 ) =z, (1) = x, (16a,b)

4 (169 THE A% 4] F 9 TS Ao
2 ARY @ e 24 R ZMP HAS
o e gel PHAL.

—az,sinhar*—z, (1 — cosh ar*)
a[—-sinhat* +sinha (t* + 7*) —sinh ar¥]

T zMPOD =

Lzyrs = ,
—az, [sinh am*—sinh a (t* + 7% ]+, [cosh a*— cosh a (t* + 7*)]
a[-sinhat* +sinha (¢* + 7) ~sinhar™]

(17a,b)

#9, }= 297]e) DSPe} SSP 5 9 @3 9

AE F9% A4 AW F7 4 (179 28 y

2 QA 422 9o 974 T8 R,

st 7o 9 gl WL Faholn zZMPpe]

AE7H 943 49 Wl ANHEX) BYPe] BE
Al B Bolok grie Aol

5. S AlE0lM

Fig. 10] £A1% 339 ADAMS 22 mdo

aZAF
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Part Size [mm] Mass [kg]
Body 196(W)x150(H)x60(T) 1.781
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Fig. 16 Joint angles at the right leg (dynamic gait)
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Fig. 17 Joint torques at the right leg (dynamic gait)
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Table 2 Comparisons between static & dynamic gaits

static gait dynamic gait
average speed 16 86
[mm/s]
maximum Abt. 1660
required forque at M2/M8, Abt, 1300
e [Nmm]q M3/M9, or at M2/M8
M4/M10
maximum Abt, 045
required power at M2/M8, Abt. 1
[Wf" M3/M9, or at M2/M38
M4/M10
walking ..
speed large negligible
mass red
effect requ linear linear
torque
on o
requur negligible linear
power
gear reduction favorable less favorable
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