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ABSTRACT

Studles on a pair of anthropomorphous manipulators "MELARM"
were conducted mainly to achieve manipulation of objects, without
human intervention, by the effective use of two mechanical arms.

In a multi-degree of freedom manipulator there are two signi-
ficant problems—one being how to coordinate all the actuators
to produce movement in a space of a lower dimension, and the other
being how to make two arms cooperate to do effective work.

A minimum potential energy criterion is used here to select
an elbow position of the MELARM and a cooperational control proce-
dure using force sensors is proposed for determining the movements
of a pair of manipulators without human intervention when as an
example a box 1s carried by then.



1. INTRODUCTION

Recently there has been a growing interest in the control
of multi-jointed manipulators. Since these manipulators often
consist of several linkages and many actuators, the control pro-
blem is significant and not easy solved.l)’g)’3)

cases the problem was the control of only one manipulator.

Also, in most

However, humans can do very effective work by using two arms
easlly., If we can control two manipulators cooperatively and
automatically, we can reasonably expect that such manipulators
can advance the progress of work.

The human-like manipulator MELARM used in the work reported
here 1s shown in Fig.l. The features of this manipulator system
are as follows; (1) It has a symmetric pair of manipulators.

(2) Each manipulator has seven joints and a hand. (3) Each joint
has a force sensor and the hand has many tactile and pressure
sensors. (4) The manipulators are controlled by a mini-computer.

(5) They also can be controlled manually by a master manipulator
and joysticks.

Fig.2 shows the Joint structure of the MELARM. As shown
in Fig.2 and Fig.6, the following notations will be used throughout
this paper; S, E, W, H — shoulder, elbow, wrist, vise grip hand;
£,, £2, £3 — lengths of upper arm, forearm and hand, respectively,
where £3 describes the distance between the wrist point (W) and the

prehension point (H) ; 4, §, kR — unit vectors in fixed coordinates

at the shoulder point; 6,,..,07 — seven degrees of freedom, 1.e.,

01 : shoulder flexion 8s : forearm suplination
02 : shoulder abduction g : wrist flexion
03 ¢ external humeral rotation 82 : wrist abduction

O : elbow flexion

Table 1 shows the specification of the manipulator. The
working space of the manipulator is shown in Fig.3. The wrist
position 1s determined by four degrees of freedom, 6, 62, 63, 84,
which are driven by hydraulic actuators and the direction of the
hand 1s determined by three joints ( 6s, 6, 672 ) that are driven
by electric motors. Force sensors are composed of torsion bars
and semi-conductor strain gauges, as shown in Fig.4. The torque
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applled on a joint 1s detected by the force sensors and we shall
be able to calculate the amount of the force applied on the hand

1f we can subtract the torque generated by gravity which acts on
the far side of the arm from the joint.

2. BASIC MOVEMENT PROCEDURE OF THE MANIPULATOR

If we represent the 3x3 coordinate transformation matrix by C,
the coordinate transformation matrices Ca between S and E, Cw between
S and W and Ch between S and H may be written by

ComCy 1811C, (821C, (B85)= e, ] (1)
CrCeCy 18412 [Ws/] (2)
AR TR INCIE (7% N (3

where Ex(e‘

- x3 1 hich are given by
Ll, Ey(ei)’ Ez(e¢) are 3 matrices w g

e[ ' « [ ] =fe. -5. 0 4)
Colog)=[1 0 07, c 6= c,0s.], ¢, l6,)e[c; -8, 0 (
_ﬂ 44 C.‘i._ _"‘454- 0 C.‘:J hﬂ U r‘

in which circoasi, 4&'4inei and ei is the 4-th joint angle and x, Uy,
Z show the directlons of the Joint axes. T T
To calculate Ea'[xe’ya'za]T' Ew-[xw,yw,zw] and Eh=[xh'yh'zh]
which are position vectors of the elbow polint, wrist point and
prehension point, we need to define three vectors yio, Y20 and Yo
which are vectors from S to E, from E to W and from W to H, respec-

tively, as illustrated in Fig.6,.

Those are
ylunga' 0‘,—?213-11. Q2ﬂ=Ewr 0 W._*wla'tz' ysu"-hlawﬂa (5)
0 €23 0 Wa s hz3
£y |ess)] 1-€2] |waa] LEEY
and Ea' P, and P, are related by
P.*Yr0, Po=yr0*Y20, P oyr0*y20+y30 . (6)

As this human-1like manipulator has a redundant degree of freedom
to decide the wrist position, as mentloned before, we need to intro-
duce a certain criterion to decide all four Jjoint angles when the
wrist position 1s given in terms of conventional three-dlmenslonal
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coordinates.
For the first step we decided as the criterion that while the

manipulator moves it keeps the minimum potential energy configuration,
namely 1t moves with the "lowest elbow" movement. Then the relations

T T
between P =[x, ,y,,2,]" and P =[x,,y,,2,] are shown by following

equatians (see Fig.5).

Y 2 |
E,. e 2 2 2 4
X, y ’ e Yo 7%, b fxe xwl +(9e Yw ) +(Ze Zw] ’

2 2 2

242+£22-R=--221£2aoaeg, where stxw ty stz (7)

From Eq. (6) and (7) we may obtain 6;, 6,, 63, 84 :

X
Y . e

Ianﬁﬂ'—;;. "’5‘{“82:-—_:
e £1'
[KE-Xwafz 61&92&049u £12+£ﬁ2-ﬂz
454'.."-93 ‘_—_""—"_'—————-, Co808, = (8)
C080244N80, 'Z‘EI‘EE

- 2 - = -
in which X, =x (s2+Dz ]1/1R%, Yo =X, Y,/ X, 2,82, -1D,
RZ=x 2 +y P +z 2, 8=R2+L\2 48,7, D=R?2L,2-45,2, n%=x 24y 2.
To obtain 8s, 8¢, 87, let us define the fixed coordinate system
at the shoulder point as %,, the last coordinate system at the hand

point as Qx? and the direction cosines of X7-, Y2-, Z7- axes in frame

%X, as ﬁll[£1,m;,n1]T, Eg?[ﬂz,mi,ﬂz]r, @3=[£3,m5,n3]r, respectively.
Then the direction of the hand K is written by K=[ki,k2,k3]. And
c’(n 1s written by
ﬂxu=C1CzC3CuC5CEC?GXT. (9)

g Ry Ry Ry Ay Ay

Then, following equations are obtained:

- 1 T
Cy [Lismi,ml= ¢ (05) € (6¢) C,l85)(1,0,01T, ete.  (10)

i

‘. tande M1l twaamytwsan,

' wirL1+wWa my+wan,? 5¢ﬂeﬁ=‘(W13£1+W23m1+W33ﬂ1),

.WI £ tWa2ama+twiyan
tdﬂ_ﬁ? w”Z_-,+w.g MatWaang ° (ll)



3. COMPUTATION OF EXTERNAL FORCES

This section describes a baslic computation theroty of external
forces which are applied on the manipulator hand. First, it will be
necessary to calculate the torque generated ty gravity cn each Jjoint,

We must first define the following notations illustrated in Fig.6.
yi1(=Xi1g10), y2l=r2y20), ysl=Asyso): Vectors from E to G, from E to
G2 andéd from VW to Gi;, respectively, where G,, G2, G3 describe the center

of gravity of the upper arm, forearm and hand, respectively.
g1=[0,0,—mlg]T, g2=[0,0,-ng]T, g3=[0,0,-mgg]T: Gravity vectors which

apply cn the upper arm, fcrearm and hand, respectively, where m;, ma,

my; describe their welghts.

Then the torque T, applied on the first joint is descrlibed as
follows, Ti=(4:-diyroxzr)+4e(yrotrayaolxzat4 (P +hsysolxz;

£e Y1072, 4P 2 +P ¥z ) (12)

where ga=1151+(1-12)g2, §b=12§2+(1-k3)g3, gc=l3§3.

The torques T2,:+5T, applied on each joint are also written as
foellows,

T2=Cyl®1)f (groxz,+P 2+ Py xz,] (13)
Ta=Cy (021C, (82)k (P xzp*Pyxz,) (14)
Tu=§x(81)Eg(ez)Ez{Ba)g-{wa;b-g1ux(gb+ga)+fhxéc} (15)
Ts=Colee (Py-Pylxz, | | (16)
TE=EE92[85)i~{Eh~EwagC (17)
T720oC,18s1C, (8] (PP )xz, (18)

Although, in practice, we must add other complicated corrective
terms tc the above due to the peculiarity of the configuration of

the manipulator, 1n this paper we will omit them.
Next, it 1s necessary to calculate the Incremental torqgues TTS:-

-.T74 whenr. a general external force z, is applied on the prehension
point Ph' shown in Fig.7. Those are written as follows:

Trg=4 Fng (19)
T26=Ex(el}i‘fh“§6 22)
= . - 5 "?..'P 7
T3ﬁ Ex(ﬁllgy(ﬁz]@ (fh ?w]xgé Ex(ﬂllgyiez]_ T4 (21)



746=Ex[91)...gzteg)é-(fh'gln]”Eﬁ | (22)
Tsg™Cwke (BBl =2y 23
Téﬁrgx(ell""'gzteﬁ,i'{fh-fw)xg (gu)
T76=Ex(81l"**'ggfﬁs)£-(Eh-fw)xzé. (25)

In Fig.8, the theoretical external forces about 6, is compared
with the experimental values which were obtained by gradual movement
of 6, from vertical straight configuration of the manipulator.

Similar tendencles were observed in force sensors of other Joints,

4. COOPERATIONAL TRANSFER PROCEDURE USING "MELARM"

Thls section deals with the pfoceduré and results of the transfer
of a large box by using two arms, as an example of cooperational cont-
rol of a pailr of anthropomorphous manipulators, as shown in Fig.Q.'

The task name and the goal point are given by an operator. Then,
the two manipulators search and grip the box by means of the tactile
sensors of the hand and transfer it to the goal point, 1In this case
the right arm is used as a master side manipulator and the left arm
as a slave side manipulator. 'Though the right arm can be moved to the
goal point irrespective of the extermal force, the left arm have to be
moved whlle always giving due consideration to the external force and
keeping the box toward the same directiﬁn. Equations (19)~(25) cannot
be used in their original form because additional torque apart from
the force g6 1s applied on the prehension point from the box. There-
fore the left arm should be moved while correcting i1ts path so as to
eliminates the force _F=[Fx,Fy,FZ]l which 1s applied on the box at right
prehension point Ph by the right hand as shown in Fig.10. Position Eh
1s written in frame S' which is the fixed coordinate at the left
shoulder (see Fig.10) as follows:

fh'fﬂ*[hij][‘inpﬂp‘ﬂs]T=fé'[h11,h21.h31]T£u
-[hla,hza,hsaJTﬂa
'fé'[hlllhzl.haxlrfu (26)

where a dash denotes position of the left arm in frame S'.
The incremental torques applied on each Joint owing to F are to



be calculated by replacing z6 by F and Ph by P' in equations (19)~(25).

The correcting path procedure of the left arm i1s as follows. First,
the master side arm (right arm) is gilven the goal point P_ and it
begins to move AP by AP. Next, the left arm moves while galculating
force F at each time § and while correcting its path by &_6 i+ from
the next aiming point Ei+ﬁf}, as follows and as shown in Fié 11,

Pje1=Py * BPL qs ARG, y=0RL + 0PL o,
*6,J+T='FIJ/( Ij- X -1’ 0 0 ﬂf%.i (27)
0 F . J(F .-F .
w” Y { yi-l] 0 |
h 0 1, | sz/[Féj-sz_I]#

This procedure was practiced by using "CRS(Core Realtime System)
Monitor" provided in the "FACOM U-200" system which enables us to

carry out multi-level and multi-task processing of programs.
5. CONCLUSIONS

l. We can decide seven joint angles of a computer-driven human-
like manipulator when'the wrist position and the hand direction are
given 1n terms of cﬁnvenﬁional three-dimensional coordinates.

2. We have presented a theory of computing the i-th torque
applied on the i-th jﬁiﬁt of the manipulator when external force 1is
applied to the prehension point. Also we can find the amount and
direction of the external force by examining the torgues.

3. We have presénted a basic method of cooperational control
using a pair of manipulators.
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1 1 1 ——PECREE | o T—— T ———
IWEIGHT |LENGTH| MOVEMENT OF wgiﬁégG R°§§$§°” ﬁﬁ?EEEL
FREEDOM ’
FLEXTION | 63 | +60°--30° | 125/Sec |ELECTRO-
UPPER | o) yol630 mm|S[ABDUCTION | 8% | ¥30°.-00° | 10 HYDRAU-
ARM & ROTATION | 85 | #60°-=60° | 75 _|LIC
E[FLEXTON | 64 | ¥60°-=60° | 20 |SERVO
SUPTNATTON s  [+150°--150° 31 | o —
FOREARM/| 18 550 WIFLEXION | 8¢ | +90°¢ : ERVO
_HAND | 3 1300 |H|VICE GRIP | | 0.65¢C ON/O

Table 1 Specification of MELARM

Fig.l Photo of MELARM




(a) Sagital plane (b) Front view
Fig.3 MELARM working space

Fig.5 "Lowest elbow" configuration
of the manipulator




10
S
—O——  eXperimental
----- - theoretical
0.5 1.0 SiNBa

Fig.8 Comparison of thecretical Fig.9 Example of cooperational
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