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A Passivity-Based Optimal Contact Force Control for Humanoid Robots
with Redundant Joints and Multiple Contact Points

Sang-Ho Hyon

*1%2

This paper proposes a practical contact force control framework for force-controllable legged robots with redun-

dant joints, which is applicable to automatic/semi-automatic control for mobile robots, construction robots, bipedal

humanoid robots, and assisitive devices. The proposed method requires: (1) no contact forces measurements; (2)

no inverse kinematics; (3) nor inverse dynamics in achieving the desired contact forces. Combined with a passivity-

based redundancy resolution technique, a contact force closure is optimally solved and transformed directly into joint

torques in real-time. Experimental results on a full-sized biped humanoid robot show that the proposed method can

simultaneously control the multiple contact forces without generating internal forces, and can naturally interact with

unknown external forces.

Key Words: Contact Force Control, Torque Control, Passivity, Redundant Robots, Legged Robots, Humanoid

Robots, Assistive Devices

1. ¥ U ®

(Z

DHENEHREED S F o Tl - SERHO Tz 4720, A
MoBaE L HHH WA ¥ T a v R EHT A LT
B BEMTH D, FITATF RIS, G sT—T7
A aRy bRIIUDE T DEIEEROR IR L oEED
Ry bAOHBEEEFEIN LT, DHEOEE®ZE T+
BEILTWa, 22 TofIMER S,

A RO B DR EWx AMEAER T & B HIE T 5 2 &

B EEOWAMICIERT 571 (B4, #OR, 44D 1S LTL
HRMPICERT B &

EWwzb, FRRAICOWTRZY FZ 727571220 %0E

BL, TOHT4—FNy 7 V=T EEYS - RKROIHNICE

CPHEIZE > THEBTE (1 Y E—F 2 ZHI#) [1]~[3], £
B —FREOv2—< /4 FaRy b OFTHIENZDEH S
TWDHS (FIRAISCHR [4]~[6]), ZOHE LR B Ik L Tidid
EALEN LD, ISR L, BE NV 2 EERET S S
L CEM 2 EIET 5 TE 2B ATEY = Ea L — 28w
THIEI R SN TE DY (BRI [7]~[10]), N—RAH%H

JEfRsft 2007 4F 11 A 13 H
L) FHEFAIREGEE ICORP
*2 (k) ATR 150 ZEHT
*1JST, ICORP, Computational Brain Project
*2 ATR Computational Neuroscience Laboratories

W KRS ATl S E L7z

L PR

JRSJ Vol. 27 No. 2

MICEE SN TR WHAOIET Ry FAOILRIT IO
ZE[11] RN TIEEAE RSN TE LT, EEAVREESE
BRICES T F o7 B E3NTW 2\,

72, ba—~ /A FokKy b EORXBEI TRy Ml

FHEBOEMACRE LB L, BERIER LD o KEH
PORy hOKRBHLESRET S, 20720, Lil A, B
Iz <,
C: [ oS e 28000 % FERCHIET 5 2 &
WWBETHL. BIZIET 7574 THARY Y a v 2 G415 %
FEITHEMPLHEZFOBET Ry MECBWTHERBEIEH S ¢
LEHOBEMI Z@mICHIET 2 2 L8 A7 OFEBIIBNT
JFEFICEELFM & 7 5. BEOEM S 2 ZE L 22l flH
BEEINY F7IAE Y 7 OB THERSNTELD[12], %
Bk [13] 1220 CICRIBEOED: [14]) 2 &0, oKy b~
BEIZIIEAELREIN TV ZRVONPHIKTH 5.

CHSH LCTHKA L, TREHELZETAIHR 0Ky b awn
LI EEmMEESICBWT, IR SW TR A~C D
ZOOHIMFE Y R OEAWISERT 2 FEEREL v
B[15]. SZTWIERMER, HELAHEZLEE L2VE
BRItk E, FEOREERZETIVR ) 4 X %% EHRER (E
EOTIKIEL E) ICHE T VO MERIET. FoEK
TREFHT HEERER) TXTOIRBEEFIHATI TF v
VENVLE) ERALT T U—F[11] LIEKRELSERD.

AFSC TSR [15] TREPITR LB AD D &, %

Mar., 2009



OB S L RS Z2ET5ea—~< /4 FuRy rozEiciko]

Byt 0  IURBRERRE: & Bl B il B 512 360 < BRI
HCOWTFEL (B, 2 BEAITNITHL TS, KRIC, $3
FETIX, HL[15] TY I 2L —Y 3 Y TORIT- HHGHREL %,
BAES bV 7 IS RE 22 EROMRBEI O R v b & H W TER
HEY 5. BARRIIIES RO 2 BAEfTRe2—</ 4 FaRy
k& HWTIT 5 72T v ARERT ORI OV TIRND. &
AFETRLDOF LD ESHOFHIZOVTHRANL,

2. EREEMDFEIEORME A

ta—</ A4 FaKRy e ER—ZAPREEENTW VI
BEO Ry MIBRE L OB % U CH SO E)
A0 FEBRTDH. AEITZOMER R 72008 Ll
I OFAL AN D WTHRARD . FREF LIRS L ER OBl
THEEHL, TREHEXE T A 25 A TOLHEE D
Ry MREHFHIIT Ry MEATRETH 575, AL TIE 2
TR 22—~/ 4 FORy bE2FIZE > THRAT S, 73,
2L1ETIIERY hOTNVFAFI 7 A%l L, SEE)FH
MERBIDFEIEARETICLC, ERMTEE LWRERD (R
XEI) ZHE NV 2SR B RN BITESIHIE
EZEEICIED S MRMEMRETH S, RIS, 2.3HTIEED
LI HERERT 2 BB OBMSSE T 20 &) BEx
EZ, Wl ERSOREYS 245, Z LT 2.4 B CHIAHIZ
L, AFELHEATIBEOREZERNEZ W OPERRS,

2.1 ZEHCEICEMATHEOT A TFT7 EEHHHE

Fig. 118”7 LX) 4T a—< /4 FOKy hEE2 5.
MEi%E n &35 (TNTEBEE). ro = [zo, yo, 2c]” €
R %7 —)VIFEER Sw (2B A2EOME, ¢ R" % B
£y, ¢ € R EN—ALHEMET L, SHEHHICT L7720, &
AU & M L T, By ORI LA (CoP) A%
TAREENC B B EAGES BT, WA X o TN— 2 L8
¢ LRAHIA ¢ 121

b= A($,9)d (1)

=
A contact point supposed
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GAF

Fig.1 Definition of coordinate system. The Ground Applied
Force (GAF) is defined as the collective force that the
robot applies to the ground. This is the negative of the
ground reaction force
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Fig. 2 Definition of the contact positions and forces. Each con-
tact point rg; (j = 1,2,...) is preset to the robot boby,
not to the ground. The associated contact force is repre-
rented by fs;. The sum of the contact forces fs; equals
to GAF fp
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Fig.3 A torque-controllable biped humanoid robot produced
by SARCOS

(a) Hardware (SARCOS)
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Fig.4 Compensatory motion for a leftward push to the hip.
The time stamp of the push is around 18.5 s in Fig. 6

Compensatory motion for a leftward push to the torso.
The time stamp of the push is around 36 s in Fig. 6
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Fig.6 Experimental data corresponding to Fig.4 and Fig.5.
The arrows indicate the timings of the pushes. (Top) yp
and yp.des indicate the actual and desired CoP, respec-
tively, which are synchronizing to CoM, yc. (Bottom)
FzR and FzL mean the normal ground reaction forces
measured at the right foot and left foot, respectively,
whose desired values are FzR.des and FzL.des, resp
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Fig.7 Compliant upper-body movement against external forces
while balancing

Backward push to the left knee

Forward push to the right knee

Fig.8 Compliant knee movement against external forces while
balancing
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Fig.9 Simple illustration of compliant ground adaptation
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