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Control of Manipulator Using Bracing Redundancy Based on
Position/Force Generalized Space

«M. Itoshima, T. Maeba, M. Minami and A. Yanou (Okayama University)

Abstract— Considering that human can do accurate task with small powers by contacting elbow or wrist on a
table, redundant introduces manipulators can save energy and do a task more precisely like human by bracing
itself. This paper bracing redundancy that exists in the movement of the manipulator with contacting of its
elbows. Although dimensions of movement decreases by constraint, this decreased dimensions can change to
the dimensions that control force. Based on this fact, we propose a method to control position force of the
manipulator by using the bracing redundancy. That is, this paper shows that the dimension of a position
and force can be used effectively, simultaneously can do hand’s trajectory tracking and control reaction force

of the elbow by simulations.

Key Words: Constraint motion, Position/Force control method, energy efficiency

1 #5

ANHIZFZ2ELLEEICBOTEERNZHLICHSL &
LT, LodnnhTerEEb, L) EfEcFEEE
52 EBREBRICE > TS, ZHUIAROERL
TATEIO—BITHD. vRlRy FRZOLIITERELED
FREMIC L AKX ZRIAT2 2 L CEHOEEZN
Z, LD VWHEHEZ RN X —-CREEOEVEEXELE
ITTCELHOTIERVWNEE R, v=Ea L —ZOfHt
TEMERIRETS.

ZOFHI TR BIXEH D) 7 N T — TR
EOBRBICHSh T D~ =2 L—X D )EET Vit
BT 5. ZOXFFTLEEBITFigl D X5 eFarEL
REDNHO—EHREETRONS. ILE~Y==a
L —Z30ER B B E A WEME R E OMIR CIEESL
1THZENTED. L LILERBENEMNT SICD
NTCw=aL—XOEENEMNT D, TORELL
Tv=talb—Z%ZHEHT2Z N LD, 2D
M Z L T2 DIFAT=BIETEE N, WTIIED
R EDONHOITEN ZBET 5 2 LIZ L - TR ARE
BT EZONWTN DD T A F 4 T 257,

—J7, EEENILE Y =2 L— X IE RIS
SN, FOEEIHA4ERTIC Chirikjian & Burdick®
WXV ENRTWS., BWITEHTI~v=Ya2l1—%
OEEICL D REREBRLFAIOTY=E2L—HD
NV RIZZRIEZEMTEI 2B TE L2080 FOH
AN b DICHIB E TV =, ZHOBZRIL, 7=
& ZTEERRT -0 D5, EEROLAEL EE LT
WOl 0.7 7o EOTEMEERIAT 5 L1 %
Em LTI HBED LT, KEARFEEORMEN TIHOE
BROOARIL TS D L~ULDIFFETIFES £ TD & Z AfF
AT - TR,

AHFETREICHAL WD TME~=a2 L —%0DF
ML E AR LW ONDOIIER H > 7. West
L Asadal? I I N~ =2 L—X OB/ T
REOa Y ha—F 2T 570 0— k17 EE %
T T VEIRE L., T LT~ L —Z O

DRT L EHREFIEMEESR 2011 (2011 E 11 A21 B~ 238 -ER)

179

fib Y E 2 HAE 3~ 2 72 D I B il D TEB) 7R £ 7 LA
Oussama Khatib®® ) (IFREF /L L LT L Hefil
FRELTND) ITL-TIRESNZ., L LKoo
BERLE T OB TILIET IR & I il ) S B2 0 T2
il L CWDBREIIENEEZ LN TWS. LENR-T,
FOIFREIKITH 10°[N/m] Th DO TERELRTIE
RETIVZARTIIRWVWEEZEZX TS, 2FD Z08:
fRERBEE T I FEM) & DR A T RO F1E TR
V. ZHUC LT Z ORI BITEREE ORI X
DEEN IR NE T T LV EERT D.

BT AIMEIC L2 b0 LAFRHICEVE
HZENTELNEREERT D AN LS &
IR 22 RIS & L TRl £ A4 2 7 2K
5EbN5. ZREBITrR Y N THENTT S Peng!® (2
LB sSELRER (1) IEe Ry hOFERERE
ZEMTEEICNTWD EEDar hr—F DEFE
R IR &R T

fn=1a(q.q) —b" (q)T (1)

fo \HBRE O, q (ZBAFIALE, a(q,q) & b (q) 1FK
HCERIND AN T —RHLEINIRT by, 7I1ZAT B
NI ThD. ZOREGENIM SN TNT, Peng'?
WX vHihhoter—#iEEzo TaRy b LFICHE
Hahie.

ARG TR LT & ) &2 diliEd- 2 5k (1) 12
SN TWD. Peng DF LTI —& LTH (1)
EESTOWD I, FATEBIXAAE fq ZERT 57200
T HAET H7DIc e o7 (1) T2 SDFEEIC
HEONWTWD., BHIOFFEIT~Y = =2 L—X TR T
REBIETH LK (1) Ic kv EEICE (LA Irx D i
TrtATHD. THITK LT, HELALEOFRAEIX
R DOPNL 7' ATHD. ZORYBEKREES Z
Lok, FHEOFTNR L BEOHFICHIET 2 Z
ENTFRETHD. b —HODOEERFEFEITIAS 713
FOEETHLS £, ISR LT oD TR E o L
Thsd. RO ICELTIE, fua BAIT—, 713~
MTHD. LIEBRST, fog ZIERT D720 71203

SY0013/11/0000-0179 © 2011 SICE



b

Fig. 1:
motion

TLEMR®H 5. FL7-HiX i %" Bracing Redundancy”
LS. AT TP f WHATTEER S D AL
KM IEFRTEICTSIZET T 705 foa ~Dh)
fmEEFAT D LICLY, WERLTWDBEESONE
LhEHE T HLVWay he—FZ2ER L
Dy ba—Z FEEAER L TSR BV TA
BB & ORI AZITO Z ENHRETH D, K
WX, BELZa ba—I9BFTHDLINEND A,
BEEOALE & OZFN NN EIZIETHRICHIE T
XHL N EEVI 2L —va L VHERT .
2 HEREBOETIY
2.1 N\ FHFEE
I L oo Y vy KDY RT
BMIEEZITO 0 Ry MTOWTERD. g€ R® & —

-
—

WAVIERS, 7€ RS &= —fRIbLATI, f, 29000, ft % JEE
BHETDHE, N RRIREEOER T RREAT
Aﬂ)é+hMQ%Hﬂ)+Dq
—T+K )M Mh—( (2)

)Wﬂt

EREND. 2L, MiIsxsDOEMITH, hkg
Fa AV BN EEORELZRT s x 1 DN
7 bV, D IZBEEI ORI A KT s x s DX
??5” D = diag[Dl,Dg, ce ,Ds] T&)E) Z :"C“, 3—351[3
DN « BB hvr € R® EBHIHAZEST AL T —
B o disett: C 1L, NEEEFEERA LD,

r=r(q) (3)

C(r(q) =0 (4)

LRIND., ZZTHEREND AN RIIEERERD

#?#Wﬁﬁﬁﬂﬁ@f%éﬁmfﬁﬁénfwé_
EMBs>1ThD. £, KigUTIE— bz

B, —RICAT TIEAT F v R
T fr LB f IZOWT 2 ODBRERET 5.

fe= (5)

2.2 HOEHIEE
sV ==t b—FOHY 70N pEOHEK
Ci(ri(q)) =0 (6)

BT L xo@Ed Rl o>\ TELDL. 22
Tr IR EZTTWDE U o7 ONLE /R E R
THEE SR TH Y, X (3) LR,

- -
— —

Kf, (0<K<1)

(i=1,2,",p)

(7)
(8)

T = T‘i((J)
r; =Ji(q)q

Human’s writing Fig. 2: Simulation screen

180

ThHb.

X (2) 1, »v REHRESZFRL T\ D, HREMSF
DEEAET D2HEE 12X, X (2) 0FLE 2HOH)
DIRFR 7 bV EANE 3 DB DR~ ~ v
ITENEN,

aC;

By 135 =3 o)

87‘2 T Ti T
4T 10

Dsx1DXT fLbipd, 62
JZ = [nga jc2’ ) JZ;J (11)
JE = [t Gt s J) (12)
fn = [fnla fn27 ) fnp]T (13)
fo = Ufa fo, - fol” (14)

LiEFRTS. JL, JT X sxptIHITHY, f,, f,1E
pXx1DOXT MNLTHDH., ZNHEEBETHE, pHD
HTHMY 7 MRS TV b ~v=tal—FDif
& AL

Aﬂ)é+h@5) ()+Dq

T+Z ch fnz _Z Jti ftz)
i=1

= T+J6Tfn—JtTft (15)
Lid. g1, 3 (6) #EERT ¢ T2 MY L, § OHE
Sz k 5 L,
0 ,0C; . .]. oC;
eGemala+ (Gohi=0 (o)

BEOND. v =FEa L= REICHEREIC R S D
7edlzik, 2 (15) OfiF q(t) KRR ¢ 12 HEBFRIZE (6)
BT X UE R S, 2 (6) ORI Lo T
o7 (16) Zi7-3 g & (15) O g A U4

LBl A (15) D q(t) 1 (6) Zil=T T LItk

2.3 E—AR%E85OHAOKRY FEFALFIHIR

AW TIE, ~= =L —FOBE 8T OIE
B4 5E—4 2 EKEY— AT —& O%fh/ BRI L
T35, ZIZT, E—HDOMmMTEL v, IR, A V&7
B A Ly, B &AL 5 B 45, & — & DN 0;, %
RV 1o, A VY T, WERE S vy, T— X DIE
PE—RA b Ly, WRENER Kg;, bV7 EE Ky,
PBOEHE DR d,yy T 5. ZDOEEE—FIC
DN TIRDO BRI Y 2.

BIEFER : vi(t) = Lids + Ryii(t) + vgi(t)
WHREE S : vgi(t) = Kgibi(t)

EB G ¢ Lnils = 756(t) — 714(t) —

FEERIVT 2 1hi(t) = Kpiti(t)

=721, MRLEEHEEHEEOMBRNSLEFRT—Z TIE
Kp =Kgi(=K) ThHbZ ENHMBNATND.



ZZ¢, A (18) A (17) 1z, K (20) 2 (19) Ic %
NERAT D L,
Inibi = Kii; — 11 — dmib; (22)

L. FT, X EEEHLD k; OW S| E N LT
V= Ba L—ZIZRY T T5E,

0; = kig (23)
T = ]:— (24)
L, K (21), K (22) 24 & oRITT B L,
Lii; v; — Ryi; — Kikid; (25)
7 o= —Inik?G + Kikii; — dmiklq (26)

L. 3 (25), 3 (26) B v, (TEICRET S
Wa,
Li = v—Ri—Kpnq (27)
T = —Jni+ Kmi— Dpmg (28)
LEL. 22T,
v [Ul,U27"' 7/1)5]T
i = [7:177;27"' 77;S}T
Thbh,
L = diag[LlaLQa"' aLs]
R = diag[R1,Ra, -+, Rs]
Km = diag[KmlmeQ;"' 7Kms]
Jm = dzag[ ml, m27"' Jms]
Dm = diag[Dmlme%" Dme]
Kmi = szza sz = Imzki7 sz = dmszQ
EEFRL, TRTEDERELZE.

2 (28) %3 (15) ICfRA L CHEERT 5 &,

(M(q) + Jm)d + h(q,q) +9(q) + (D + Dn)q

s, (15) & (16) DREFR & Rk, =X (16) %

g e (20) 0 gARUIEERE LD EE, K (29) D

q(t) 133 (6) Zii7=4 Z &2 %.

2.4 BEWEREHEM, ORy N/ E—20O&EIHERX
K (29) L3 (16) © g BFE UMEE & 5720, Hi) fn

FREEICIRESND. ZoBBRERTZD, K (29),

(16) &, HU7) f, LEEET) fi ORRK (5) W5 &

(M(q) + Jw)d — (JI — T K)f,

=Kn,i—h—g—(D+D,)q (30)
aC; 0 ,0C;, ..
(o= | 5eGala
—i | Ge]a e

181

EERT S, X (31) LD 0C;/0qT 131 x s DR
7 RALTHY, 400 ¢T {(8/8q)(30i/8qT)}

HT—Thb. X (30), KX (31), KX (27) ZADETL
TR RIcRT.

qlx=

M+J, —-(JF-Jr'K) o q
C
o 0 01|
0 0 L| Lz
Kpi—h—g—(D+ D)

=77 L

C =[0,0y,---,0,)7" (33)
Dpxs{iFlTH%D. 2T, IE@IE(MwLJm)ﬂisxs
175, FLI1OREA~T M v (Jc — gt K) i3 s x p Offt
R kb, 0C/0qT 1Xp x s DRERY hv, LB

HUALILsx s DXAITIITHD. S HIZ,

(M +J,, —(JF—JTK) o
M* = ngC; 0 0| (34)
0 0 L
[ Kpmi—h—g— (D+ Dp)q
¢ - " | (554 (35)
i v— Ri— K,,q
Lg< e, R (32) 1%
i
M* | fu|=c (36)
i

LREND. X (36) BRMTHD G fur § ORUTT
5L,

;
fn

%

—1

=M" ¢ (37)

LR, REITHD G, fn, 1 ERFFITRD D ENT
x5,

2.5 MESHORADEH
AE TR AED 17T (p=1) OBEEEZD. KX

(15), (16) & f, MEHETE L. £,
801' —1 301TA . s
<aq)M <3q) =me (i=1,2,---,p) (38)
ZITlRLND
p
i =ai =b{T = by Gewfu (i=1,---,p) (39)

=1
I#i



L, LR (5) TV UTOL S ICERT 5.

Joo=de —di K (40)
EY
oC; J ,0C; oC;
—1 1 Y N .| - i 1
w1 ] - | e Geraa+ G h )}
1, 0C [ 0C -\ st
e G I (G IM ! [ 2] () (42)

ai(q,q) ZANT—Thb. T ZEHERVEOMTH D
b (q) € R*UIE 7 ZHIA fo WS 27 ML TH

5. 22T, EXEREHTS.

1 (blajctQ) (b17jctp) fnl
(b27jct1) 1 (b27jctp) an
(bp’jcﬂ) (bp7jct2) 1 fnP

a by
as bg
= — T (43)
ap bg
XML L THRS L
Af,=a— BTt (44)

72720, Aldpxp D73, aldipx1 D7 hL, B
TpxnDITFITHD. TIEInKITTHY, p<n &
D pRILZ MV f, ZHRET D 7 IXTLEMEZF - T
WB I ERDND. TOELR (30) MBHAS MY T
EPUT) frs ORIV BDOILEER S D Z L &2 E
RCTE D, ZORFITEEFRILRMES & THHEBIL
TW5.

3 avkrkOo—35
ZOETIL, (ES AHERSERNTS. BiAE b
7 OBIGEETR (39) LV U TOXEHS.

T =B"Y(q)(alq,q) — Af ) + M1 AT (45)
ZIT, My DEHIT
M,=I-B™B (46)

I% s x s DEAATY, fpq lZBEHS, BT 1B D
BALTITHITH Y,
Bt =B"(BB")! (47)

AT TR (48) THRENBLEDORY bATHY, WK
THMONBEZFETH7-DICHWS. =770, kX
WHKTZY 7 DFZERLTEY, k=240%45
EEZD.

AT = I3 [0, K i(p;, 720 — 72) + DK i (Dsy 24 — 72))
+J5 [PiKpi(ps raa — v4) + P K ai(p;, Taa — 74)] (48)

182

qa(t)
Link3

fn2

Link2

Elbow

Fig. 3: Model

ZIT Ky & Ky BHBITA >, W7 A v 2T
175, ria(q) TFHDBEEALEST v, ri(q) 1Z52E
DALERZ BV, rra(q) FHREICR > TR S v
U @BEMBENY MV, rp(q) 3% kY 7 0FE
BROMERY b Th 5. K (44) LK (45) ZMAGD
D EROREHED.

Af, = a—-B{B"(a—Af,)+ (I~ B"B)AT}
= a—(a—Af,;)+(BI - BB"B)At
= Afnq (49)
Al £0 L7225 L&
fo="Fna (50)
L.
4 IalL—vayv

ZOETIE, AMLEENOREIITH LN a2
Ral—varoERIzZEYIRT. T, MET
A—HERDIHICRELZ. ThEFho) 7 DE
% m; = 1.0kg], % [; =0.5[m], BIFiORLMEE
R, = 06[Q], 1> ¥V %A% L; = 0.17H], €—
2DEMEE—RA L N I, = 1.64 x 1074, oK%
k; = 3.0, JolHaROMMEEAH A d =01 2 L,
T A—=HILEEOT—Z DHEEN LB TV,
T, F2V 70k, F4V 07 O%mEFE
L, UBCHERTS. FEOBENN% fiqa = 10[N],
5t BEE 1% foq = 20[N], FHED BAEZHLHE yig &
O HIEWIE yog ZULTFDO L HITH 2 5.

- -
— —

- -
— —

P
Y2d 01$n5§t+05 (51)

2
u1ms§H+10 (52)

Yad

72720, E#iE T =10[sec], ¥ Ialb—3a ik
M % 8sec], 7V 7 &% A L% Hmsec] & L,
Vo7 OMMBEEAELEZZEZNLEN (¢1,9,93,0) =
(—0.2m, —0.67,0.6m, —0.67)[rad] &9 5. F7=, Fig.3
IR TFRDNLE, TUT) fro, fra, BEAEIARE ¢ 72 E%
RLIZKTHD. ZOFRMETHEITA v ky EHES A



215

21 fi
g., s \ fr2d fnz(k’pz = 300, ]ﬁp4 =500, kgo = kgq = 100)
NN ,
S 7
g 195 ‘ // !
4 | fr2(kp2 = Fps = ka2 = kas = 0)

19 T

U fnz(kpz = 307 kp4 = 50, ]\'sz = /1;’44 = 10)
o8 0 2 4 6 8
Time[sec]
Fig. 4: Reaction force of the elbow

10.5

10 -
z
g o5 )
5 i Jra(kpz = kpa = ka2 = kaa = 0)
c 9
'% “ \ «— fn4(kp2 = 300, k‘p4 = 5007 kd2 = k‘d4 = 100)
3 85
& T

|

0 2 4 6 8

Time[sec]

Fig. 5: Reaction force of the hand

YV kg BBALERETHT oV I 2 b —v 3 VORERELL
TIZRT. Figd, 53k & FEo BEG) L EEOH
73, Fig.6, 7 I3ht& Fheo BEHLE & EEO#LE %R
LTW5,

Figs.4-7 128 WT, WURT A 2 (kpo = 300, kps =
500, kg2 = kqq = 100) Z3XE L7285 G, U0 fa2s foa
BEY, B FRONE y2, ya FTNENEBEETSH
D fudazs frdar Yaz, Yaa \SBRELTND., T72bh, &
Frl7cay be—Z13E, & RRCHIE FTRE T h
HEEZD. £, Figsd, bINCEHIEICHWS )
TFAVBLOMO 7 A v 2B LIETYH, HioMn
FEAEENL LN EERLTWA., DFED, Tl
e frESE (G (45) OAUE 1 HEFH 2TH) 1TAW
WCIETHTHD Z ENHERTE 5.

5 #8

AW SLTE, FERIC Ko TR 5 EE o B R )
ZHEATRERAREEZE XD VW) RIZHFERL, v =
Yo L— X OALE & ) %[RRI HIE ATRE /e = o b —
TEEELL. ZLTC, BEyIab—vailyy,
REtLicay ba—7 OB EAE TR A
CHTHTHL L ER L.

ZE Xk

1) G.S.Chirikjian, J.W.Burdick:“A Hyper-
Redundant Manipulator”, IEEE Robotics &
Automation Magazine, December 1994, pp.22-29
(1994)

Glass K., Colbaugh R., Lim D. and Seraji H,
“Real-time collision avoidance for redundant ma-
nipulators”, IEEFE Transactions on Robotics and
Automation, Vol.11, pp.448-457, 1995.

Homayoun Seraji and Bruce Bon, “Real-Time
Collision Avoidance for Position-Controlled Ma-

183

Y2 (kp2 = kps = kaz = kas = 0)

kas = 10)
)

B yg(k‘p2= 30, kp4 = 50, ]‘sz =

Y-coordinate[m]

05 Lhey
\ Yod — 5

yg(k'pg = 3Q0, kp4 = 500,‘]{?(12 = kd4 = 100)

0 2 4 6 8

Time[sec]

Fig. 6: Elbow’s contacting position in y-axis

Ya(kp2 = 30, kpga = 50, kg2 = kas = 10)
Ya(Fp2 = kpa = kg2 = kas = 0)

Y-coordinate[m]

y4(kp2 = 300, kp4 = 500, kdg = k’d4 = 100)

0 2 4 6 8
Time[sec]

Fig. 7: Hand’s contacting position in y-axis

nipulators”, IEEE Transactions on Robotics and
Automation, Vol.15, No.4, pp.670-677, 1999.

Leon Zlajpah and Bojan Nemec, “Kinematic
Control Algorithms for On-line Obstacle Avoid-
ance for Redundant Manipulator”, International
Conference on Intelligent Robots and Systems,
Lausanne, Vol.2, pp.1898-1903, 2002.

Kwang-Kyu Lee and Martin Buss, “Obstacle
Avoidance for Redundant Robots Using Jaco-
bian Transpose Method”, International Confer-
ence on Intelligent Robots and Systems, San
Diego, pp.3509-3514, 2007.

Ryo Kurazume and Tsutomu Hasegawa,
“Impedance Matching for Free Flying Robots”,
(in Japanese) Proc. 20th Annu. Conf. Robot.
Soc. Jpn., p. 3J16, 2002.

Ryo Kurazume and Tsutomu Hasegawa, “A New
Index of Serial-Link Manipulator Performance
Combining Dynamic Manipulability and Manip-
ulating Force Ellipsoid”, IEEE Transactions on
Robotics, Vol.22, No.5, pp.1022-1028, 2006.

F.Fahimi, H.Ashrafiuon
C.Nataraj:**Obstacle Avoidance
Hyper-Redundant Manipulators”, The First
Asian Conference on Multibody Dynamics
2002,July 31-August 2, 2002, Iwaki, Fukushima,
Japan.

and
for Spatial

Shugen Ma, Watanabe.M, Kondo.H:* “Dynamic
control of curve-constrained hyper-redundant
manipulators”, Computational Intelligence in
Robotics and Automation, 2001. Proceedings



10)

11)

12)

13)

14)

15)

16)

17)

18)

19)

2001 IEEE International Symposium, 29 July-1
Aug. 2001 pp,83-88.

Oda.N, Murakami.T, Ohnishi.K,:“A force based
motion control strategy for hyper-redundant ma-
nipulator”, Industrial Electronics, Control and
Instrumentation, IECON 97. 23rd International
Conference, Volume 3, 9-14 Nov. 1997 pp,1385-
1390 vol.3.

Hirose.S, Chu.R:“Development of a light weight
torque limiting M-Drive actuator for hyper-
redundant manipulator Float Arm ”, Robotics
and Automation, 1999. Proceedings. 1999 IEEE
International Conference , Volume 4, 10-15 May
1999 pp,2831-2836 vol.4 .

West,H.,and Asada,H.,*“A Method for the Design
of Hybrid Position/Force Controllers for Manipu-
lators Constrained by Contact with the Environ-
ment”, Proc. of 1985 IEEE International Confer-
ence on Robotics and Automation, pp.251-260

Jaeheung Park and Oussama Khatib ,““Multi-
Link Multi-Contact Force Control for Manipula-
tors”, Proc. of 2005 IEEE International Confer-
ence on Robotics and Automation, April 2005,
pp-3624-3629

Anna Petrovskaya, Jaecheung Park and Ous-
sama Khatib ‘“Probabilistic Estimation of Whole
Body Contacts for Multi-Contact Robot Con-
trol”, Proc. of 2007 IEEE International Confer-
ence on Robotics and Automation, April 2007,
pp-568-573

Takeshi Tkeda and Mamoru Minami:‘‘Research of
Grinding Robot without Force Sensor by Using
Algebraic Equation” (in Japanese), Transactions
of the Japan Society of Mechanical Engineers(C),
Vol.71, No.702, pp.270-277, 2005.

M.W.Walker and D.E.orin:“Efficient Dynamic
Computer Simulation of Robotic Mechanisms”,
ASME J.of DSMC,104, pp.205-211, 1982

L.R.Hunt, R.Su and G.Meyer:* “Global Transfor-
mation of Non Linear system,” IEEE Trans. AC.,
28-1, pp.24-31, 1983

Takeshi Tkeda, Mamoru Minami, “Research of
Grinding Robot without Force Sensor by Using
Algebraic Equation(in Japanese),” Transactions
of the Japan Society of Mechanical Engineers(C),
Vol.71, No.702, pp.270-277, 2005.

Z. X. Peng, N. Adachi, “Position and Force Con-
trol of Manipulators without Using Force Sen-
sors(in Japanese),” Trans. of JSME(C), Vol.57,
No.537, pp.1625-1630, 1991.

184



