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e ABSTRACT

This research is to develop and demonstrate the capability for
v’a manipulator system to automatically compensate for random motion of the
object being manjpulated. This is done by means of a computer and a
"measurement arm”, a multi-degree-of-freedom position sensor independent
of the manipulator itself.

Following preliminary experiments G%iDr. K. Tanifywhich pre-
supposed perfect measurement, we developed the position sensor and the
Jacobian matrices of approximation necessary to interject and transform
the measurement to enable control. This report describes the interaction
of the 6 degree-of-freedom sensor, and the Jacobian matrices of first
order approximation. Evaluation tests were done for simple motionms.

As the result of the tests, we found the errors acceptable, and believe
that this technique is useful for this type of compensationm.
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CHAPTER 1

INTRODUCTION TO SUPERVISORY MANIPULATION

1.1 Supervisory Control

Recently Eﬁé need has increased for operating vehicles and
devices far from the surface of the earth.such as underwater submersibles
and space shuttles. These operations are so difficu}p ;@gq fully unmanned
systems can not carry out them. Consequently, for these operations the

v -’ man is required to be within the systems to make some decisions. These

manned systems are divided into two categories: one is direct control and

- -

v A

s Vi
another is supervisory control./We can explain the difference as follows,
by making use of Fig. 1.1.[l] 1In direct control, the human directly con-
trols, over the communication link, the separate propulsive actuators of

the vehicle, the actuators for the separate degrees of freedom of the

manipulator and the actuators of the video camera. The video picture is
sent back directly to the operator. The "hand control" can be a maste?-
slave positioning replica or a rate joystick. In supervisory control a
computer is added to the teleoperator, and for short periods and limited
circumstances the teleoperator can function autonomously. Then the ter-
minology, teleoperator, is defined as follows: A vehicle having sensors
and actuators for mobility and/or manipulation, remotely controlled by a
human operator, and thus enabling him to extend his sensory - motor func-
tion to remote or hazardous environments.

One example of direct control is the conventional master - slave
arm system, where the operator has to make all decisions for comtrol on ;

the basis of all information from teleoperator in a short time. It will
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make him do too much work and might lead to misoperations in complicated
systems. Alternatively, supervisory control may be advantageous to

achieve faster or more accurate control, or to control simultaneously in
more degrees - of - freedom than the operator can achieve by direct control,
or relieve him of tedium. This is why a computer is included to carry out
a part of the work in addition to the operator. Strictly speaking these

computer roles are divided into four categories, as in Fig. 1.2 [1]:

1) it can extend his capabilities to help the teleoperator

accomplish more than he alone were in control.

»
‘.‘—.
o
=3

2) it can relieve him of some control tasks.

..
- e
.-

3) it can provide back-up by taking over control for a short

time if feedback is lost.

N
X .
-r.)ﬁ'

a&? 4) it can replace him when a task is too dull.

We have explained supervisory control so far in comparison with

o
oS
g B

the counterpart which is the manned direct control without computer. Next

it is also important to explain supervisory control in comparison with the

E-

. work of divers or manned submersibles in the sea.

$

;& Qﬁ About ten years ago divers seemed to have an advantage over

Yo

-t manned work - vehicles with manipulators in terms of maneuverability,

P

i: EE manipulation, tactible sensing, and covertness. Because of smaller

b

'& . unmanned vehicles and computers, only manipulation, sensing and cognition
X §

!

= still remain the primary advantage for the divers.

AY SR

.gj Q: As to the comparison between teleoperators and manned submersibles,
el

;' because of the remarkable progress in television cameras and communication
i

” ii channels, the major difference remaining between manned submersibles and
4
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teieoperators are cost and salfety. The pressure vessel and life-support
equipment =ma<z2 the manned submersible guch more costly than the same
vehicle without the pressure vessel and life-support equipment but with
remote control instead.

The above-mentioned explanations show that supervisory control
is getting to have an advantage in terms of technology and cost compared

with divers and manned submersibles.

1.2 Compensation

There are many problems to be solved in the field of the super-
visory control. As an example, in the project we concentrate on remote
manipulation by the supervisory control, particularly on manipulation with
automatic compensation, which belongs to the lst category in computer roles
said in 1.1, for moving targets.

as far as compensation is concerned, a first step has been
achieved so far in our laboratory by Tani.[2] His work demonstrated that
automatic manipulator compensation for relative motion between manipulated
object and manipulator base made master - slave manipulation easier. For
his work, he used a hardware system which consisted of master/slave mani-
pulator, a moving table for the moving objects, and a computer controlling
both the manipulator and the table. By means of the method of resolved
motion rate control, his software system allowed the master/slave operation
with object motion compensation under computer control. Tani's experiments
were of three xinds: no object motion, compensation for the object motion,
and no compensation. The comparison of the situations with the compensa-
tion without it showed that the compensation reduced the operation time or

increased the accuracy in some tasks.

11




CHAPTER 2

PURPOSE OF THIS RESEARCH

2.1 Compensation with Position Measuring

The manipulator compensation done so far presupposed a perfect
measurement of the relative motion between manipulated object and mani-
pulator base. The purpose of this project is to extend the compensation

j by using an experimental 6 degree-of-freedom passive ''measurement arm"
having a simple gripper, but otherwise flaccid. The operator positions

it with the actual manipulator. We explain it in Fig. 2.1.

MEmul @ Sused: = aaaadh = 58 -_n e j- - Fr

-> -> -
A=T+R (2.1)
‘i
b where
o
%l A: Absolute Position of the Object with respect
B to the Manipulator Base
I ?: Table Position with respect to the Manipulator
!“ B
,a ase
v -
$ R: Relative Position of the Object with respect
1 to the Table
¢
Q As shown in Fig. 2.l.a, in the case that the table where the
i'
& object is mounted is fixed, all the operator has to do is to pick up and
K place the object with direct visual feedback. On the other hand, as showmn
‘l
4’
v in Fig. 2.1.b, in the case that the table moves, he is required to do more

X to achieve the same operation. That is, as we showed in Fig. 2.l.c he has
i to pick it up and to place it by taking account of the movement of toth
Wt table and object. If there were some function which enabled him to operate

as if the table were fixed, it would be very convenient for him.

12
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b) Table I*'bvément with Position Measuring

- - -
A=T+R

c) Canpensatz.on with Position Measurement

Fig. 2.1 Campensation wlth Position Measuring
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In this project, I define compensation as this function. Accord-
ing to the above mentioned notation, the compensation means to change A

- ->

- -> -
from T + R to R. In other words it means subtraction of T from A.

2.2 Tunction of Measurement Arm

- > -
When it comes to subtraction of T from A, T has to be measured

while Z can be controlled by the operator. In order to measure ?, that
is, table position with respect to the manipulator base, we introduced
the measurement arm to the system. Fig. 2.2 by means of 6 potentiometers,
are set in each joint of the arm, we can measure each joint angle; there-
fore, we can estimate the positioﬁ and orientation of the table with the
help of some geometrical calculations. With the aid of computation and
by making use of the measurement arm, the operator can pick up and place

the object on the moving table as if the table were ifixed.
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CHAPTER 3

METHOD

3.1 Control Theory of Manipulation

At first, we explain the control of manipulation. It is the
control of Z: Absolute Position of the Object with respect to the Mani-
pulation Base, illustrated in Chapter 2. In Sec. 3.1 the general method
is stated and in Sec. 3.2 the approximated method we used is stated.

Generally speaking, an unconstrained rigid body has six indepen-
dent degree of freedom: three independent translation components and three
independent rotation components.[3]

Since the hand of a manipulation is rigid body, it needs six
independent components to be fixed in the space. We define the following
six components: x, y and z which show the translation P of the hand and «, L

8 and vy which show the orientation or rotation of the hand. In order

to describe these six parameters, we use the coordinate system whose nota- i
tion is given by T. Brooks.[4] Matrix m.t’-\.n means the transformation from
the mth frame to the nth frame. For example the transformation from the L

hand frame (6 th) to the vehicle frame (0 th) is given as

0, .0, 1, 2, 3, 4, 5
A6 Al A2 A3 A4 A5 A6 (3.1)

Each frame is defined in Fig. 3.1 and components of each matrix are shown

in Table A.l.

According to this notation, x, y and z are the vehicle coordinates

at point P. With the definitiomns that the x axis means the x axis in the

HY K
'&'sf"'
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mth frame and the X Vm plane means the plane containing the x, axis and
the Ya axis, we define the rotation a, 3 and v in Fig. 3.2. The rotation
a is the angle between the Y20 plane and the plane which contains the Y6

axis and which is perpendicular to the x plane. The rotation a4, 3 and

o070

- - e

v are defined in Fig. 3.2.
If all joints 3; through 6‘ ('Sk specifies the rotation of the k
th frame with the respect to the k - 1 the frame) are given, these six

parameters are found as follows.

’ b 4 0 0
. vyl o0 o - 0 0
2 % 10 10 (.2
\ 1 1 1
iy
. 1 Fy X
: d = tan (y—‘L-_—y') (3.3)
: hy :
t
1
i Z - Z
g 8 = tan ( hy ) (3.4)
: ‘/(xhy = %)+ (Y - 2
A :
;:
b ,
. -2
N y = tan”! ( T ) (3.5) Y
R \/(xhx - x)2 + (yhx - Y)z

X 18
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Fig. 3.2 Orientation of Hand

19

~ - R




~here

p— - r -
xhy 0
y 1 -
hy| .0, .y (3.6)
2 6 0] 6
hy
1l l‘
o Py
ax 1
y 0
hx = 0 = -
] A6 . Xe (3.7)
hx
1] 1]

In contrast with above procedure, it is difficult to find el

through 86 when x, y, 2, &, 8 and Y are given. Since we want to keep the

orientation of the hand parallel to the X,¥, plane, we have to give
=0 (3.8
y=0 (3.9)

From those equations, we find 65 and 86 as follows. From equatioms (3.4)

and (3.5), 8 = 0 and ¥ = O mean zhy -2=0and z__ -~ z = 0, respectively.

hx
That is,

20
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0 0
-z = 0 1 0 o)
th z (0,0,1,0) A6 0 - (0,0,1,0) A6 0
\ 1 1
i I
» \s
YIS
N &
. f
0 1
; = (0,0,1,0) "¢ o | a3 =0
. 0
;

—

. -1
o 858 tan [_(sinel cose3 cose4 + cosel cose2 sine3 cose4 (3.10

= 9

+ cosa1 sine2 sin84)/(cosal cose2 cose3 - sinel sin93)]

m

- (0,0,1,0) 0A6

oo
OO0

- 0
Z, ¢ " 2 (0,0,1,0) A6

0
= (0,0,1,0) A6

O OO :
[}
[+}}
(]
o

-1
. . 9 = tan {(-cosel sin92 cose4 + sinel cosf

6 sine4

3

+
cosel cose2 sin63 sinEA)/[cose cose2 cos®

1 3

n o e

21
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- c - { - al + .
sinal sin63) cosa5 (sxnel cosd, cosS,

cos@l c0592 sin@3 cose4 + cosel sina2 cosed) :
."

sinesl} (3.11)
¥
‘e
]

Where 5mn represents an element in matrix OA6. On the other hand, from

=

(3.3) o is expressed as

0 -gq 0 0] d

(1,0,0,0) "a, |0| - (1,0,0,00 a |8

6 |1 6 |9

tan ¢ = ; -g~ ; .0.

0,1,0,0) "o |G| - €0,1,0,00 " |3
Ll 6 1 3
- . ™ ‘

a
= ;if = [sine2 sin63,cose4 - cos8, sing,

- vy -

’ + sinez cosSBtan%]/[cosel cosa3 cose4 :

- 8 -
, sinel sine2 sin 4 sin6l cosS2 sine3 cose4

- 8 .
(cosBl sine3 + sinel cosa2 cosSB) tan s] (3.12)

22
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To eliminate 95 substitution of (3.10) to (3.12) zives

. _ 5 , - sin -
an q = (-cos 1 cosa3 s:.ne4 sin 1 sina2 cosv4

+ sinGl cose2 sina3 sinea)/(cose2 cose4
+ sin® sin® sinb )
2 3 4

= § (3.13)

By means of S instead of , we define P.

= 8 8 + 9 i i
P S(cos 2 cos 4 sin 5 51n63 s1n64)
+ sinel sine2 cose4 + cose1 cose3 sine4

- sinel cose2 sin63 szne4 (3.14)

Now that we give four parameters: x, y, z and P, to find § through 34,

1
the equations are rearranged as

x = 1.39 (sine2 sine3 cose4 - cosf

2

sinea) - 40 s:Lne2 cose3

(3.15)

23




= 1.39 (cos3 cosas. coss - sin cos3. sinsg_ cos
y ( 31 ‘73 U4 61 o} 73 94

2

- sinal sina2 sinah) + 40 (sinal cose2 cosh
in? + .
+ cosGl sin 3) 13 cosel (3.16)

Z=1.39 (sine1 cose3 cose4 + cosel cose2 sind cosB4

3

+ cosel sine2 sinea) + 40 (-cosel cose2 cose3

+ sin® sin8 ) + 18 sind (3.17)
1 3 1

o
[}

S(cos® cosa4 + sind_ sind sinea)

2 2 3

+ + i
sinel sind cose4 c056l c0563 SLnGA

2

sinal cose2 sine3 sine4 (3.18)
It is quite difficult to solve equations (3.15)~(3.18), then we introduce
the relation between the total differential and the partial differential
of a function.[5]

The total differential of f is defined by the equation, (6]

3 gy + gy 4+ 2 g,

df =
ax dy dz

(3.19)
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& %
[
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s %
.:iq ) 5f
:.::: where £ 1s a function of three variables x, + and z, and = is the partial
i) . 23
’ i derivative with respect to x.
s
i - If x, vy and z are all functions of a single variable, say t,
\ o
_, s then the dependent variable f may also be considered as truly a function
A ]
o 5 of the one independent variable t.
i"{
j Since only one independent variable is present, df/dt has a meaning and
‘.,‘O
;::: g it can be shown, by appropriate limiting processes, that
o T
.”& .".- . ~
A Q_f_=§_f.é£+f_f§y_+§f§_ . (3.20)
;:-;: - dt  ox dt 5y dt 3z dt
el 2
i
g -
Oy E-; For a short period of time 4t, it can be replaced by
)
4
5-._ i
Afsaf_ of &y 3_f Az

;; At 5x A 3y ot 2 At (3.21)
\ >,
e - Consequently, we get
Wy
J g
‘:;s 1
;J Af = £ Ax + fy Ay + fz Az (3.22)
1) :::
L
" F where fx = 3f/5x.
A ‘

v , . ,
-.; Applying the relation to our problem gives
2
2

- = - r - — -

- X, X, X_X /
.": ".\R- Ax 1 2 3 '4 ..‘.61
1
o .
N 2 & = |7t 2 . 1%
"i. v ¥4 Ae
h é 1 ; 3
i dp pm - -7P a8
::'{:l - d LL 1 [‘.J P L [‘.4
oy $§ > — 2 Y
L‘"f . Ax - J(e) ¢ b
b:'[A 25
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b t
Provided that IJ(G){ = (0, we have

(26, ] ™
AGZ L -1 Ay
= J(9) (3.24)
A63 Az
8
bA 4 - I-Ap-

Each component of Jacobian matrix is shown in Table A.3.

3.2 Jacobian of lst Order Approximation

By looking over components of the Jacobian matrix, we find it
contains many trigonometric functions. Decreasing the trigonometric
functions in number will cause more ef{iciency in terms of mechanism and
time for calculation. Then we introduce the appropriate Jacobian matrix
so that we may eliminate the trigonometric functions, provided that 9 is
limited in the neighborhood of 60: Gs(- g - 90) is small.

At first we consider the Oth order approxim;:ion: sines and

coseS are expressed as sines = Q0 and cos8 = 1, that is,
s .

sin § = sin (Qo + Gs) = sineo
(3.25)

cos O = cos (eo + es) * coseo

The Oth order approximation makes Jacobian matrix constant so
that we do not need estimate it after the manipulator starts moving as

>
well as we get 9 with ease. But it causes much error.
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The lst order approximation: sin asa.nd cos es are expressed as

sines = es and coses = 1, that is,

sin® = sin (60 + 85) = sineo + as c:.oseo
(3.26)

cosB = cos (5 + 9 ) = cosf - 9 sind
o ) s

s [o]

This approximation has less complicated calculation than the conventional
one and less error than the Oth.order approximation. The final form we

get 1s expressed as

(Ax,Ay,Az,Ap)[Cn] 8




)

Next, as an example of higher order approximation, we cousider

~

the 2nd order approximation sines and cos® are expressed as sines = 3
- a2 S

Py and cosas =] - —%—, that is,

S

g 2
s
sin € = sin (60 + Gs) (1 - > ) sinao + 35 coseo

5 2 (3.28)

s ,
cos § = cos (eo + es) (1 - > ) coseo Ss 31n6°

These equations prove that the higher order approximation needs more
complicated calculation compared with the Oth and lst order omes, though "
2 it is more accurate. Accordingly, we conclude that the lst order is the

most appropriate in terms of simplicity and accuracy. The components of

§ the 1lst order approximation are expressed as
o (
o
. *1 *11 *12 *13 *14 *15 %15
~ ] I
K b4 8
: 2| A : ! 2s 1(3.29)
4 *3 ! ! %3¢
| !
N bxé_ i | O4s
; x PP x, | 1
.:: L' 41 45— L -l
I
i o 9 o e - - - -s -
:: v | I 8
N I
2| = : , 2s (3.30)
8
73 ! ' 3s
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(3.31)

2s (3.32)

e e e e = -

'N

»

Pt - e = = - -
N

w

[

r

o

where xl = ax/ael.

Details are shown in Table A.4. Consequently, we have 8, through

A8

T
.
Ry

Ao A8 =A/A (@=1, - - - 4)
n n

where

-5
B
N

'_l

!
: (3.33)
I
1

-4

RCR AN
-t
" ]
o
'
)
'
s

i
'
| (3.34)
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“ In reference to es and 9 _, they are much influenced by the posture

6,
of the hand so that they change more than others. Therefore, introducing

the approximate calculus for 65 and O, is not suitable. So we get 95 and

e 6

,‘ 96 by the basic expression.

‘gi 65 = f(el, 62, 63, 64), 66 = f(el, ez, 63, 84, 65) (3.35)

" According to those methods, we can get (61, 62, ----- , 66), consequently

Sy X, ¥, z and S by means of equations (3.15) - (3.18).

Ry -
&% As the result, we can control A.

0 3.3 Compensation

)

{;l -

kﬁ According to Chapter 2, T is measured by the measurement arm.
W%

ey We show the basic idea of measuring the position and orientation of the
§g table. The measurement arm consisted of 6 joints all of which are rota- 4
)

09

:gf tional pairs. In practical use, the extreme distal link is kept perpendi-
iy

Yy cular to the horizontal plane. On this condition, we can get x, y and z
@ﬁ coordinates of point Q and angle a. For convenience, we define angles
Y
L? 81', 62' and length % as in Fig. 3.4 and Fig. 3.5.

e Accordingly, point Q is determined by

"y
W

£y '

&s Qx - 3 cose2
“ » -

K 1

QY = 2 sin62 (3.36)

N

(%) rt o |
fh? Qz = 2 sinel (b cos(el + 64) + C)

“’({‘
s
oy
el
{ 30
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where
= 1 ]
2 a cos 61 + b sin (61 + 94)

8.' = tan"F (1/(tan®

1 tanf,))

1

-1
"''% -
62 tan (tanez/sinel)

These coordinates are determined in terms of the coordinate system which
is fixed in the measurement arm. However, they need -to be expressed by
the common coordinate system which the slave arm can use. In terms of

the common system, point Q is expressed by
Q = Q + &x
Q =Q + 4y (3.37)
y Y
= + .
Qz QzAz

Where (4x,Ay,Az) means the vector which shows the distance between two
origins of coordinate system.
v

-(8'-~-9

Q= ) (3.38)
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Fig. 3.3 Rotational Angles of the Measurement Arm
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Fig. 3.4  Rotational Angles in Practical Use
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CHAPTER 4

EXPERITMENTS

We mainly had two experiments: one was to measure the accuracy
of the Measurement Arm; another was to measure the accuracy of the first
order of approximation of Jacobian Matrices used for the straight-line
motion of Slave Arm.

As to the first one, we combined the Measurement Arm with the
Table illustrated in Fig. 2.1.b. and made the table move with the distance
of A;(lx, 2y, 2z) by means of the program MSURE. As illustrated in Figs.
4.1 and 4.2, we'got good linearity, with errors within +0.15 inch. This
is a good resulﬁ, considering the experimental mechanism of the Measurement
Arm.

Next, we tried to make a straight-line motion of the Slave Arm
by means of program MAIN. As illustrated in Fig. 4.3, we make the arm
move from origin to point P> the distance ;l' The results are shown in
Tables 4.3, 4.4 and 4.5. For example, as to the reference ;1(Axl, 0, 0
in Table 4.3, we have the errors within 0.09 inch, 0.19 inch and 0.21 inch,
along the x-axis, y-axis and z-axis, respectively. This is also a good
result, considering that the Slave Arm mechanism has significant backlash.
The errors along the y-axis are big compared with others. It is mainly
caused by the backlash of the angle el.
In Figs. 4.l.c. and 4.2.c. we can see the increase in error, it

is because the z-axis of the Measurement Arm is not in parallel with the

z-axis of the Table.




TABLE 4.1

ACCURACY OF MEASUREMENT ARM

)

a) Measured Data 2 R
y=20 z

o
0
o

Zx inch x inch y inch z inch S
0 4.71 -6.78 3.89 0.870
1 5.75 -6.84 3.96 0.879
U
2 6.73 -6.85 4,03 0.890 N
3 7.61 -6.78 4.10 0.908 2
4 8.53 -6.75 4,14 0.932 )
5 9.49 -6.67 4.19 0.964
b) Modified Data ly -0 2, =0 5
2x inch X inch y inch z inch S \
0 0.00 0.00 0.00 0.000 '
1 1.04 -0.06 0.07 0.009
2 2.02 -0.07 0.14 0.020
3 2.90 0.00 0.21 0.038
4 3.82 0.03 0.25 0.062
5 4.78 0.11 0.30 0.094
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Fig. 4.1 2Accuracy of Measurement Arm,
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TABLE 4.2

ACCURACY OF MEASUREMENT ARM

t::f a) Measured Data L _ ., 2, _ 4

& PR
.:n ‘ : M “‘ W - —' "'—
& W N - O

‘« lyinch x inch y inch z inch S
3.74 ~12.71 3.70 0.812
3.71 -11.79 3.74 0.815
3.74 -10.80 3.77 0.807
3.79 - 9.76 3.79 0.811

B 3.83 - 8.71 3.80 0.823

§§' 5 3.84 - 7.77 3.80 0.842

)

é§ b) Modified Data % _ ., L. _

éﬁ L, inch x inch y inch z inch S '

o

50

K2 0 0.00 0.00 0.00 0.000

v 1 -0.03 0.92 0.04 0.003

%% 2 0.00 1.91 0.07 -0.005

& 3 0.05 2.95 0.09 -0.001

u 4 0.09 4.00 0.10 0.011

ng 5 0.10 4.94 0.10 0.030

b
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4.3 Accuracy of Approximation Vehicle Frame




. & TABLE 4.3
X i Accuracy of Approximation ;1, Ayl = lzl = 0
.
ﬁ a) Measured Data
inch
sl E Axl X y 2z
‘.
g 0 -0.01 -0.13 -0.00
@ 0.5 0.49 -0.35 -0.04
;.‘;ﬁs; %
S 1 0.98 -0.17 -0.03
-
A % 2 1.98 -0.32 -0.05
! 3 2.99 -0.32 0.13 -
S
“\7 i 4 3.90 -0.32 0.21
f“ ﬁ
L
"
g 3:, b) Modified Data
gt g inch
L Axl X y z
& 0 0.00 0.00 0.00
}':3 0.5 0.50 -0.22 -0.04
1 0.99 -0.04 -0.03
% Y.‘
o 33 2 1.99 -0.19 -0.05
. 3 3.00 -0.19 0.13
A A 3.91 -0.19 0.21
.’;.‘
4
:
41
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' TABLE 4.4
Accuracy of Approximation z , A.xl. = Azl = 0
’ a) Measured Data :
inch

':,. Ayl X y z

0 -0.00 -0.06 -0.01
2 0.5 -0.02 0.32 -0.03
1 -0.07 0.88 -0.09
2 -0.02 1.74 -0.15
;‘} 3 -0.07 2.84 0.19
" 4 -0.06 3.87 0.26
%
i’z b) Modified Data
N inch
&1 * 7 i
8-
: 0 0.00 0.00 0.00
W 0.5 -0.02 0.38 -0.02
i 1 -0.07 0.94 -0.08
,5 2 -0.02 1.80 -0.14
_i;‘, 3 -0.07 2.90 0.20
'3 4 -0.06 3.93 0.27
v
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TABLE 4.5

Accuracy of Approximation ;l, Ax, = Ayl = 0

1

a) Measured Data

inch

0 -0.00 : -0.06 -0.01

0.2 0.03 -0.22 0.13
0.5 -0.04 -0.16 0.45
0.01 -0.31 0.97
2 -0.05 -0.30 1.97

3 0.01 -0.55 2.90

-

b) Modified Data

inch

0 0.00 0.00 0.00
002 0003 -0-16 0014
0.5 -0.04 -0.10 0.46

l 0-01 -0025 0098

K
H

]

<

— 2 -0.05 -0.24 1.98

0.01 -0.49 2.91

?.‘

-
e

w
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TABLE 4.6

-

Accuracy of Approximation Xys Y, = 2, = 0
a) Measured Data
inch
sz x y z
0 2.92 =2.22 1.15
0.5 3.46 -2.50 1.20
1 3.93 -2.19 1.14
2 4.90 -2.32 1.28
3 5.82 -2.26 1.36
4 6.88 -2.43 1.63
b) Modified Data
inch
sz b4 y z
0 0.00 0.00 0.00
0-5 0.54 -0028 0.05
1 1.01 0.03 -0.01
2 1.98 -0.10 0.13
3 2-90 -0004 0.21
4 3.96 -0.21 0.48

LA

W
d

L

A x
[

ot

W

+
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TABLE 4.7

.
e .

Accuracy of Approximation ; , sz = Azz 2 0

a) Measured Data

ez R

inch

i = i Y :
) 0 2.92 -2.12 1.14
2 g 0.5 2.94 -1.84 1.09
% 1 2.93 -1.43 1.10
' 2 3.00 -0.48 1.11
2 E 3 3.00 0.73 1.05
:i.= § 4 2.88 : 1.77 1.16
\‘_.L )
HATY H
“; b) Modified Data
;l; 35 inch
f f l! Ayz X y z
0
3 0 0.00 0.00 0.00
f ﬁ 0.5 0.02 0.28 -0.05
_ % 1 0.01 0.69 ~0.04
kS . 2 0.08 1.64 -0.03
§ 3 0.08 2.85 -0.09
.;“ 4 -0.04 3.89 0.02
<
¥ ﬁ

§
. «




TABLE 4.8
Accuracy of Approximation §2, x, = Ayz =0
a) Measured Data
inch
X y z
3.00 -2.32 1.19
2'87 -20 25 la58
2.96 -2.30 2.05
2.92 -2.64 3.10
2.86 -2.81 4.08
2.82 -3.06 5.04
b) Modified Data
inch
X y z
0.00 0.00 0.00
-0.14 0.07 0.39
~0.04 0.02 0.86
-0.08 =0.32 1.91
~0.14 -0.49 2.89
-0.18 -0.74 3.85
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS
FOR FUTURE WORK

v R B B

The purpose of this research was to extend the compensation

done previously by Tani which presupposed a perfect measurement by using

~
-
Em

N _ a sensor.

For this purpose, as a sensor we developed a 6 degree-of-freedom

passive Measurement Arm having a simple gripper but otherwise flaccid.

In addition to developing the sensor, we extended the control method by

considering some approximated Jacobian matrices instead of complicated

| 2
V52
=

strict Jacobian matrices. Consequently, we developed the Jacobian matrices

- of first order approximation with no trigonometric functions.

R S
o

&
‘
:";'.sl We performed two experiments: one was to measure the accuracy

o

of the Measurement Arm by moving the table; another was to measure the
accuracy of the Jacobian matrices of first order approximation by moving
the Slave Arm. The result showed the capability of compensation with
the Measurement Arm as a sensor.

Having developed the basic hardware and software for compensa-

tion by means of the sensor, we intend to improve this compensation by

b2

. !5 using these techniques in the near future.

LN

M a'w

;5; As an example of future work, I show the following two programs.

-,%‘:.‘l -

5:“ One is the program named TTT, which will keep the same orientation of the
Sy

‘??i hand of the Slave Arm and the same distance between the table and Slave

t )

Q.D.Q‘i :}

ﬁbﬁ » Arm, regardless of the position of the table. This is to test the total

:’l:z.'

f&ﬂ, ﬁi error caused by the hardware and software of the system. Another is the
}g;‘ program named HICOM which is to extend Tani's compensation by using the
(R -

S R
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sensor. These are almost completed but not vet perfect.

In order to extend the compensation with sensor, we suggest
developing a program which considers the errors caused by mechanisms

such as backlash in addition to present considerations.
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TABLE A.1l

Frame Transformation

i

’

L

£

- 0
E

;
&

' 1 0 0 0
0 cos Sl -sinel 0
A = 0 sin 1 cos 4 0
0 0 0 1
cosf 0 sin8 0
1 0 ? 1 0 2 18
; A?. = -sine2 0 cosfy 0
- 0 0 0 1l
o -
1 0 0 0
! \,; 2 0 coss3 -sine3 0
Ty Ay = 0 sing, cos gy 0
0 0 - 0 1
) cosfy -s1ng, 0 -1.39 sin94
: § 3 sin64 cosea 0 1.39 c0584
™ A = 0 0 1 =40
! 4 0 0 0 1
‘ g 1 0 0 0
0 cosB -sin@ 0
4 5
A5 = 0 sineg c::ose5 0
0 0 0 1
3
', cos6 0 sin® 0
ﬁ 5 0 6 1l 0 6 0
. A6 = |-sinfg 0 cos8 0
: ’ﬁ 0 0 0 1

31




where S1 = sing

TABLE A.2

Transformation from Hand to Vehicle

311 212 313 214
%21 %22 323

31 232 233 234
o o0 o 1
L

(C2C4 + S25384) C6 + (S283C4S5 - C2S485
- 8§2C3CS) 56

(S283C4 - C284) C5 + S2C385

(C2S485 - $2S3C4S5 + S2C) C6
+ (C2C4 + S283s4) sé

1.39 (S2s3C4 - C2s4) - 40 (82C3)

(C1C3C4 - S1C253C4 - S1S5284) S5S6 + (C1s3
+ S1C2C3) C5S86 + (C1lC3 - S1C2S3)S4C6 + S1S2C4C6

(C1c3c4 - S1S2S4 - S1C2S83C4) CS - (C1s3 + S1C2C3) S5

(S152S4 - C1C3C4 + S1C253C4) S5C6 - (C1S3 + S1C2C3) C5Ch
+ (C1C3 - S1C2S3) S4S6 + 5152C4S6

1.39 (ClcC3C4 - S1C2S3C4 - S182S4) + 40 (Cls3

(C1s2s4 + sS1C3C4 + C1C2S3C4)S586 + (S1S3 - C1s2C3) CS
+ (C1C2S3 + S1C3) S4C6 - ClS2C4cCé

(C158284 + S1C3C4 + ClC2S3C4) CS5 + (€Cl1C2C3 - s183)

-(C1s2s4 + S1C3C4 + C1C253C4) SS5C6 + (S1C3 + ClC283)
+(C1C2C3 -~ S1s83) CS5Cé6 - Cls2C4sé

1.39 (S1C3C4 + C1C2S3C4 + C1S2S4) + 40 (s1s3 - Clcac3)
+ 18s1

= S
1’ Ccl cos 1
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TABLE A.3

Jacobian Matrix

: % X x x|
5 A T
) > ¥y yz ¥4 b »
. J() = ‘
i 21 %2 % %
1
) P, P, Py P,
L J
:.f where x, = 8x/881.
'\
%
[} =
xl 0
x, = 1.39 (C2S3C4 + 5254) - 40C2C3
R,
K. x, = 1.3952C3C4 + 405253
6 x, = =1.39 (C2C4 + S25354)
i y, = ~-1.39 (S1C3C4 + C1C253C4 + C15254)
" + 40 (ClC2C3 - S1S3) - 18sl
)
0 y, = 1.39 (S15253C4 - S1C254) - 40S152C3

v, = -1.39 (S1C2C3C4 + C1S3C4) + 40 (Clc3 - S1C2S3)
g Yy ™ 1.39 (-S1S2C4 - ClC384 + S1C25354)

@ = 1,39 (ClC3C4 - S1C2S3C4 - S1S2S4)
+ 40 (S1c2c3 + Cls3) + 18C1

! z, = 1.39 (-C1S2S3C4 + C1C2S4) + 40C1S2C3

, 2

3

" z9 = 1.39 (ClC2C3C4 - S1S3C4) + 40 (S1C3 + C1C253)
z, = 1.39 (Cls2c4 - S1C3s4 - C1C25354)

0 + C1lS2C4 - S1C384 - (ClC2S83s4

oo ]
[
[ ]

S (-S2C4 + C2S3S4) + (S1C2C4 + S1S2S53S4)

o
()
"

S (S2C3s4) + (-S1C2C3S4 - C15384)

o
W
[}
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Table A.3 (Continued)

p, = S (S2S3C4 - C2S4) + (ClC3C4 - S1C283C4%
- S182S84)

where S1 = sinal and Cl = cos@l.

& N & =A & B B BR

1? ﬁq
: L
R) )
Lr.k
o,
:A(;‘ 4

5

Ko

- - - - -
- P - :w..-‘ <
.
E =
> s
2

~
pep
«
o
.-:!:’: ?)\
l’.! 'yh‘




e

TABLE A.4

Components of Matrix

= 0

= 0

= 1.39 [(-S30 - C40) S20 + S40C20] + 40C30S20
= 1.39 (C20 + C40) C30 + 40C20S30

= 1.39 [(-C20 - S30) S40 + S20C40]

= 1.39 (C20S30C40 + S20S40) - 40C20C30
= 0

= 1.39 (C20C30C40) + 40C20S30

= -1.39 S20S30C40 + 40S20C30

= -1.39S520C30S40

= 1.39520C30C40 + 40520830

= 0

= 1,39 (S20C40 - C20S30s40)

= 1.39520C30s40

= 1.39 (C20S40 - S20S30C40)

= -1.39 (C20C40 + S20S30S40)

where C10 = co.elo, S10 = sinelo
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Table A.4 (Continued)
-1.39 (Cl0C30C40 - $10C20S30C40)
+ 40 (-S10C20C30 - C10S830) - 18Cl0
-1.39 [C10 (-820) S30 C40] + 40 [C10 (-S20) c30]

-1.39 [S10 (-S30) C40 + Cl0C20C30C40]
+ 40 {CL0C20 (-S30) - S10C30)

-1.39 [S10C30 (-S40) + Cl0C20S30 (-S40)]

-1.39 (S10C30C40 + C10C20S30C40)
+ 40 (C10C20C30 - S10s30) - 18s10

1.39 (C10S20830C40 - C10C20S40)
- 40€10S820C30

1.39 [S10C20S30C40 - S10 (-S20) S40]
- 40810C20C30

1.39810520C30C40 - 40810520 (-S30)
1.39 [510520830 (-S40) - S10C20C40]

1.39 (S10S20S30C40 -~ S10C20S40)
- 40510s520C30

-1.39 (C1l0C20C30C40 -~ S10S30C40)
A4 40 (-S10C30 - C10C20s830)

-1.39 [S10 (-S20) C30C40] - 40S10 (-s20) S30

-1.39 [S10C20 (-S30) C40 + C10C30C40]
+ 40 [C10 (-S30) - 510C20C30)

-1.39 [S10C20C30 (-S40) + Cl0S30 (-S40)]

-1.39 (S10C20C30C40 + C10S30C40)
+40 (C10C30 - S10C20S30)

1.39 (-C10S20C40 + S10C30S40
+ C10C20S30840)

1.39 [-S10C20C40 + S10 (-S20) S30S40]

1.39 [-C10 (-S30) S40 + S10C20C30S40]
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§ﬁ Table A.4 (Continued)

. Y, = L1.39 [-510820 (-840) - C10C30C40
o + $10C20830C40]

_?‘0

i Y,5 = 1-39 (-510520C40 - C10C30540

4+ S10C20830s400

2 = 1.39 (-S10C30C40 - C1l0C20S30C40 - C10S20S40)
+ 40 (C10C20C30 - S10S30) + 18 (-S10)

w0 2z, = 1.39 [-S10 (-520) S30C40 - S10C20540]
N 2 + 40 [S10 (-S20) C30]

a0 2, = 1.39 [Cl0 (-S30) C40 - S10C20C30C40]
o + 40 [S10C20 (-330) + C10C30]

c;‘el

e z), = 1.39 [CL0C30 (-S40) - S10C20S30 (-S40)
D - 510520C40

o z_ . = 1.39 (Cl0C30C40 - S10C20S30C40 - S10S20S40
& 15 + 40 (s10c20c30 + C10830) + 18C10

o zy; = 1.39 (510520S30C40 - S10C20840)

o + 40 (- $10820C30)

P z,, = 1.39 [-ClOC20S30C40 + Cl0 (-520) $40]
P 22

sl + 40€10C20C30

W50

& 2y, = 1.39 (-C10) $20C30C40 + 40C10S20- (~530)
;Q 25, = 1.39 [-Cl0S20S30 (-S40) + C10C20C40]
e z__ = 1.39 (-C10S20S30C40 + C10C20S40)

8 25 + 40€10820C30

z,, = 1.39 (-S10C20€30C40 - C10S30C40)

o + 40 (C10C30 - S10C20S30)
st
-ﬁé_ 25, = 1.39 C10 (-520) C30C40 + 40C10 (-S20) $30
"
Ay

{ .

v z,, = 1.39 [C10C20 (-$30) C40 - S10C30C40]

| 33 440 [s10 (-S30) + €10C20C30)

A.i‘.l

e z,, = 1.39 [C10C20C30 (-540) - S10S30 (-540)]
o z__ = 1.39 (CL0C20€30C40 - S10S30C400

35 + 40 (S10C30 + C10C20S30)
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Table A.4 (Continued)

1.39 (-S10S20C40 - C1l0C30S40 + S10C20S30S40)
1.39 [C10C20C40 - Cl0 (~S20) S$30S40]

1.39 [-S10 (~-S30) sS40 - C10C20C30s40]

1.39 [C10S20 (-S40) - S10C30C40 - C10C20S30C40]
1.39 (C10S20C40 - S10C30S40 - C10C20S30S40)
-510S20C40 - C10C30S40 + S10C20S30S40
Cl0C20C40 ~ C10 (-S20) S30s40

-S10 (-S30)S40 - Cl0C20C30S40

C10S20 (-S40) = S10C30C40 - C10C20S30C40
C10S20C40 - S10C30S40 - C10C20S30s40
C10C20C40 + C10S20S30s40

(-C20C40 - S20S30S40]
S10 (-S20) C40 + S10C20S30S40

+ W

(€20C30540]
$10S820C30s40

+ »n

[-S20 (-S40) + C20S30C40]
S10C20 (-S40) + S10S20S30C40

+ n

[-S20C40 + C20S30S40]
S$10C20C40 + S10S20S30s40

+ w

-C10C20C30840 + S10S30S40

[7;]

[C20C30840]
S10 (-S20) C30s40

w

[s20 (-S30) s40]
§10C20 (-S30) S40 -~ Cl10C30840

[72)

{S20€30840]

w

[520C30540]
$10C20C30S840 - C10S30s40
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Table 4.3 (Continued) l

S10C30C40 - C1l0C20S30C40 - C10S20sS40 1

[ ]
w

[C20530C40 + S20S40]

. Pys (520C30C40] |
« + C10 (-$30) C40 - S10C20C30C40

| ]
w

[S20S30 (=S40) - C20C40]
C10C30 (-S40) - S10C20S30 (-S40) - S10s20C40

+ n

[S20830C40 - C20S40]
Cl0C30C40 - S10C20S30C40 - S10S20S40

&~
wn
+ n
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APPENDIX III

LIST OF COMPUTER PROGRAMS
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"MAIN":

"MSURE" :

llm":

"HICOM":

Straight-line motion of Slave Arm accord-
ing to the reference (Ax, 4y, Ax, Aa) in
Figs. 4.3 and 3.2, by means of Jacobian
Matrices of lst Order Approximation in

Secs. 3.1 and 3.2.

Measurement of Point Q (%, y, 2z, @) in
Fig. 3.4 which is the extreme end of
Measurement Arm, by means of the method

in Sec. 3.3.

Motion of Slave Arm so as to keep the
constant distance between the table
measured by "SUBME'" and Slave Arm measured
by "SUBS1", regardless of the position of

table.

Extended Compensation done so far by

means of Measurement Arm as a sensor.

Subroutines for "TTT" and "HICOM"

HSUBI" , "SUBO.' :

""SUBS1" and 'SUBM1":

"SUBS2" and 'SUBM2":

"SUBME':

Input and Output of each angle.

Present angle of Slave Arm and Master Arm.

Desired angle according to the reference
(Ax, Ay, Az, Ay) for Slave Arm and for

Master Arm.

Measurement of the extreme end of Measure-

ment Arm.
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