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NOMENCLATURE

The length of the common normal between two joint axes
zi and zi+l
Coordinate transformation from system (i+l) to system i
Plane i representing a space constraint

Height of space constraint

Pitch of the screw

Length of space constraint

Vectors fixed in the robot hand

Direction of the screw axis

Vectors fixed in the robot hand, perpendicular to

Ei and EQ
Origin of system i

Vectors from origin of system to a point in the hand
before and after change in position and orientation

A plane passing through the axis of the first joint of
3R robot and containing the second and third link
Normal from origin to screw axis

Magnitude of translation

Distance along the joint axes z; from the common normal

between x.

i-1 and xi

Time

Linear velocity



1)

o lated to 1 locit =
Vector relate angular velocity (E. TET )
Coordinates of a point in system i
Coordinates of the robot hand (end position of arm)
The angle between axis zi and 2017 measured in a right=-
handed sense along the axis X1
The angle measured in a right-handed sense along zi
axis, from ai_l to ai. This is the angle of rotation

.th _. . . .

of the i link with respect to the (1—1)th link

Magnitude of rotation of the screw

A small change in a variable



CHAPTER I

INTRODUCTION

1.1 Background

In the past few years, mechanical manipulators have been used
heavily in the industry, especially with regard to parts handling and
assembly. Attention has been given to the design of mechanical mani-
pulators with respect to the number of degrees of freedom, and research
has also been presented related to the workspace of manipulators.
Various types of robots are in use in the industry; one of the more
sophisticated ones is the so-called 6R robot, which is composed of six
revolute joints. This type of robot will provide all the six degrees
of freedom required for a rigid body motion. Even though the 6R robot
is neccessary for many of the complex operations encountered in the in-
dustry, it may be too complex and costly for various simpler tasks.

In this study attention will be given to the robots that are suited for
relatively simpler operations. Workspace, joint displacements and
effects of space constraints on the workspace are the concepts of
major concern to the robot designer.

Roth (1) presented some observations about the workspace of mani-
pulators. He (2) later studied the influence -of positioning the hand of
the robot on the primary and total workspace (primary workspace is

that portion of the total workspace within which each point can be



reached at any direction). Kumar and Waldron (3) presented an algo-
rithm to plot the boundary contour of the workspace on a plane contain-
ing the base axis of the robot. Tsai and Soni (4) solved the accessi-
ble regions of robot arms for planar cases in closed-form. Tsai (4)
has developed an algorithm to plot the boundary contours of the work-
spaces on any arbritrary plane. Pieper (5) presents a method to find
joint displacements of a 6R manipulator containing three intersecting

revolute axes, and numerical solutions for general 6R robots.
1.2 Objectives

It is proposed to compare the 3R and 4R manipulators. The added
joint in the case of a 4R robot as compared to a 3R will effect the
characteristics of the robot and it is of major concern in this study
to find these effects. In other words, what are ;he gains in transition
from 3R to 4R.

The objectives of this study are as follows:

1. To study the effects of manipulator parameters on the work-
space of 4R robots, and compare the results with the 3R robots.

2. To compare the joint displacements of 3R and 4R robots for
motion between two work stations. To develop a computer program using
iterative velocity method as a possible tool to analyze the displace-
ments of the robot joints.

3. To study the effects of space constraints on the workspace of

3R and 4R robots.



CHAPTER II

A COMPARISON OF THE WORKSPACES OF

3R AND 4R ROBOTS

2.1 Definition of the Workspace of

a Robot Hand

The workspace of a robot hand is defined as the volume which con-
tains all the accessible points of a robot hand. The concept of work-
space is one of the most important characteristics of a manipulator.
The objective of the robot designer is to establish a set of robot
parameters so that the workspace becomes the largest possible fraction
of a sphere with radius equal to the length of the robot in its extend-

ed position.

2.2 Mathematical Concepts for

Workspace Analysis

In order to analyze the workspace of a manipulator a relation be-
tween the cartesian coordinate systems as shown in Figure 1 should be
established. In this study the (4 X 4) matrix method developed by
Denavit and Hartenberg (6) has been used.

The link parameters of a robot can be defined as follows (see

Figure 2):
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Figure 1. Relation between two Coordinate

"Systems
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JOINT I-1

Figure 2. Link Parameters of Joints



a, : The length of the common normal between two joint axes,

i
zi and zi+l'
a, The angle between axis z, and Zi+l' measured in a right-
handed sense along the axis X1t
Si : Distance along the joint axis z; from the common normal
between x, and x,.
i-1 i

from a,_ to ai. This is the angle of rotation of the i

1
t

link with respect to the (i-1)°" link.

6. : The angle measured in a right-handed sense along z. axis,

th

The coordinates in the system i can be denoted by (xi,yi,zi) and

in system (i+l) by (xi+l'yi+l’zi+l
be defined so that
X,
i
X, = Yi X =
i
1

Then there is a transformation

X, = A, X,
—i i —i+1

where

0 sin a. Ccos a,
i i

0 0] 0

cos B, =sin 6. cos o. sin 6., sin o,
i i i i i

sin 0, cos 6, cos a, =cos 0, sin a,
i i i i i

). Then the vectors

X,
i+l

i+l

Zit1

a. cos 0,
i i

a. sin 9,
i i

S

1

i

can

(2.1)



For (n+l) coordinate systems there are (n) transformations between

neighboring systems. A point represented by x

i +
X4l in system (n+l) can

be represented with reference to system (1) as follows:
X, = A *A_* * " A X (2.2)

-1 12 n —n+l

For the 4R robot shown in Figure 3, equation 3.2 could be written as

=A A A A (2.3)

HON KX
(@]

Using Equation (3.3) the coordinate of the robot hand with respect to

the fixed first coordinate system could be calculated.

2.3 Basic Considerations in Choosing

the 'Right Robot'

According to research done by Tsai, the best 3R robot in terms of

workspace has the following link parameters:

Q
n
O
o
4]
]
o

A 3R robot with link parameters as shown above will have the maximum
workspace possible. In other words, the workspace for this specific
robot is the total volume of a sphere with center at the origin or
base point of the robot arm and a radius equal to the total sum of the

link lengths. If the workspace of the robot is the only design criter-



Figure 3. The General 4R Robot



ion, there is no need to employ a robot with more than 3 joints.
However, in many cases it is possible that the robot designer de-
sires more degrees of freedom for the robot hand than the 3R robot can
provide. In instances where all 6 degrees of freedom are required to
perform the task, the solution is the sophisticated but complex 6R ro-
bot. However, many jobs do no require the full range of motion that
the 6R can provide, so a simpler unit may be much more effective. A
more complex robot will increase the degree of complexity in control
and design, thus édding to the construction and maintenance cost of
the unit. So, consideration of the 4R or 5R robots is gquite worth-
while. The 4R robot could be ideal for some applieations where it
is required to control the direction of the robot hand for some limited
ranges of motion. This is a task that can not be achieved by a 3R ro-
bot. Another limitation of the 3R robot is its lack of capability of
obstacle avoidance. The 4R robot is more capable of avoiding obstacles
in the path of motion. Therefore, many applications arise in practice
where the 3 1link robot is-too. limited, but a robot arm with 4 links is

well suited.
2.4 The Type of Robot under Consideration

To analyze the workspace and displacements of each joint of a 6R
robot, the structure of the robot has been divided in two parts. Mil-
enkovic (7) divided the robot into 'major mechanism' and 'wrist mechan-
ism'. The major mechanism provides the 'large range motion' of the
robot arm, and the wrist mechanism provides the local motion of the

robot hand. Tsai (8) has used the same division in his synthesis of



6R robots.

In this thesis, the 4R robot will be divided in two parts, each
part having two joints. The first two Jjoints have the same structure
as the first two joints of the 'best' 3R robot, which is shown in
Figure 4. The configuration of the first two joints will remain the
same throughout this study (OL1 = 900), as it provides the maximum range
of motion for the third joint. The effect of changing the configura-
tion of the remaining two joints will be studied here. 1In this case

the first link length, a is equal to zero (see Figure 3), and the

1'

remaining three link lengths (a2, a., and a4) are variable. The angle

3

al is 90 , a2 and a3 are variable. No offsets (Si) have been intro-

duced in the structure of the 4R robot being considered. This is be-
cause Sl will only move the workspace of the robot hand up and down
with respect to the x-y plane and will not change its shape. 82 and

83 in general will reduce the workspace and they can also cause voids

(void is a volume within the workspace that the robot hand can not

reach) .

Figure 4. The 'Best' 3R Robot
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2.5 Method of Analysis and Results

Consider the robot shown in Figure 3, which has four degrees of
freedom by virtue of four revolute joints. The robot arm is free to

rotate about joint 1 (z - axis) but 6. can be set equal to zero. 60

1 2’

63 and 64 can each have the complete rotation 0° to 360°. Using Equa-
tion 2.3, all the points that can be reached by rotating joints 2, 3
and 4 can be found.

A polar projection about the first joint axes will represent the

working area of the robot on the y-z plane. This polar projection is

defined by the following mapping:

(xll yll Zl) > ( Xl + Yl ¢ Oy Zl)-

The total workspace of the robot arm can be obtained by rotating this
projected area about the first joint axes. Therefore, the working
area on the y-z plane is a good representation of the total manipulator
workspace.
In order to compare the working area of the robots with different
a and o values, the total link length of the compared robots should be
the same. In this chapter each robot has a total link length of one.
The preceding method requires considerable amount of matrix
manipulations. Therefore, the use of a computer to analyze the robot
workspace in this way is neccessary. A Fortran IV program was deve-
loped for the university's IBM 370 computer to carry out the neccessary
calculations. It makes use of the computer's printer plotting capa-

bility to show the working area on the y-z plane. A source listing of
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the program and a sample of results are shown in Appendix A. The
figures presented in the following pages are sketches of the printer
plots obtained from this program.

Figure 5 shows the four different configurations of the 4R robot
that were considered. The orientation of the first two joints for all
these cases is the same and only the orientation axes of the third and
fourth joints will vary. In the first part of the study, four different

combinations of robot link lengths were considered. They were as foll-

ows:
I.- a, = 0.25 a, =a, = 0.375
II - a, = 0.40 a; =a, = 0.30
IIT - a, = 0.50 a3 =a, = 0.25
v - a2 = 0.60 a; =a, = 0.20
Table I presents the results obtained by varying o, from 0° to 90°
and keeping a. = 900, o. = 0°. This corresponds to a transition from

1

case a) to case b) in Figure 5. It is immediatly apparent from Table I
that several of the robot configurations will have a workspace with
some voids. As mentioned before it is the objective of the designer to
create a robot that does not have voids in its workspace.

Table II presents results obtained by a transition from case a) to
case c) in Figure 5. In a similar way, Table III shows results for a
transition from case c¢) to case d) in Figure 5, and Table IV was ob-
tained for a transition from case b) to case d).

The second part of the study. was done for the following combina-

tions of link lengths:



'@ O) M
Vi o/ \/
0 o)
a) ul = 90, a2 = u3 =0 .
@ O
= \J/
_ 0 _ A0 - 0
b) al = 90 , a2 =0, a3 90 .
@
o} 0 0
c) al = 90, a2 = 90, u3 =0 .
(’\ IR
Vi ./

Figure 5. Four Configurations of 4R Robots
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TABLE I

EFFECTS OF a, AND oy ON THE SHAPE OF A CROSS-SECTION
OF THE WORKSPACE OF 4R ROBOT ARMS WITH

a, = 90°, a, =0, a; = a,,
S; =8, =8, =5, =0
case a3 0 30 60 20
hIbIbID
DD

13
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TABLE II

EFFECTS OF a, AND o, ON THE SHAPE OF A CROSS-SECTION
OF THE WORKSPACE OF 4R ROBOT ARMS WITH
a; = 90°, g

S1 = 52 = S3 Su =

2DIDIDID:




TABLE III

EFFECTS OF a, AND o, ON THE SHAPE OF A CROSS-SECTION
OF THE WORKSPACE OF 4R ROBOT ARMS WITH

o, = 90%, o, = 90°, a; = a,,
S, =S, =83 =5, =0
3 0 30 60 90
Case
DD
apabAbID:
DD DD
2bIbIbAD




TABLE IV

EFFECTS OF a2 AND az ON THE SHAPE OF A CROSS-SECTION
OF THE WORKSPACE OF 4R ROBOT ARMS WITH
a, = 90°, a, = 90°, a, = a,,

1 _ 3
S1 = 52 = 83 = Sq =0

a2

Case

II

v —

I[P .
| -

9}
1D
;}

16
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A - a, = 0.25 a; = 0.45 a, = 0.30
B - a, = 0.35 a; = 0.35 a, = 0.30
Cc - a, = 0.50 a; = 0.35 a, = 0.15
D - a, = 0.60 a, = 0.30 a, = 0.10

In all cases considered, a3 > a,- The results for these sets of para-

meters are presented in Table V.

From Table I it can be seen that for a robot with dl = 900,

a2 = 0° and a3 = Oo(case a) from Figure 5), workarea is always a half

circle until a, becomes larger than (a, + a4). A workarea of half

circle represents the maximum obtainable workspace for the robot hand.

As o5 is changed from 0° to 90° in Table I, it is seen that only for
case III (a2 = 2a3 = 2a4) the workspace is a complete half circle.
Therefore, unless the robot has ai = 90, a, =05 = 0°, there will be

severe restrictioné on the relative link lengths of the robot arm.

From Table II it is apparent that in the transition from case a)
to case c) (in Figure 5), all of the cases will provide a complete half
circle workarea, except case IV, for which a2 > a3 + a4.

Table III shows the transition from case c) to case d). The only
combination of link lengths to give the complete half circle workarea
is case III (a2 = 2a3 = 2a4). The same situation occurs in Table 1V,
where there is a transition from case b) to case d) in Figure 5. The
only good set of link lengths is a2 = 2a3 = 2a4.

The results from the second part of this study (Table V), show
that for the cases where a_, > a

3 4,_the best orientations of the joints

are cases a) and c¢) from Figure 5. The limitation on these
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TABLE V

EFFECTS OF 0,, @4, aj, a, AND aj ON THE SHAPE OF
A CROSS-SECTION OF THE WORKSPACE OF 4R ROBOT
ARMS WITH a, = 900, az > a,,

S; =S, =S3 =8, =0

Case
A B C D

Angles
a, = 90°

1
az = 00 _

" o . I
a3 0 |
a; = 90°

v o)
az = 0 —H- .
ag = 90°
a, = 90°

1 o ‘
0, = 90 | _ ] : .
0y = 00 |
a, = 90°
a, = 90° -+ - _
oy = 900
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configurations is that the second link should not be longer than the
sum of third and fourth links.

These results are summarized in Table VI. It has been shown that
the best 4R robot configurations in terms of workspace are cases a)

and c) in Table VI.



TABLE VI

SUMMARY OF RESULTS OF WORKSPACE
COMPARISON FOR 4R ROBOTS

2 3 4°

Case A '~ Results
a)fi O O No voids for all the linklength combinations, except when a, > aj; +a,.
b)fi O 1T Voids for all the linklength combinations, except when a, =a; +a,.
c)fi TF {1 No voids for all the linklength combinations, except when a, > a, + a,
d)fi 1T O- Voids for all the linklength combinations, except when a_ = 2a, = 2a

oc



CHAPTER III
JOINT DISPLACEMENT ANALYSIS
3.1 Introduction

One of the major concerns of the robot designer is the motion of
all the robot joints. It is important to minimize the joint displace-
ments of the robot in order to reduce enrgy consumption and mainten-
ance cost. The problem of finding the displacements of each joint
involves solving complex simulatneous algebraic equations. This pro-
cess becomes more tedious as the number of joints of the robot increas-
es. Several analytical and numerical methods have been developed to
study the joint motion of some specific robot configurations.

A closed-form solution can be obtained for specific 3R robots.

In this study, a closed-form solution for the ‘popular' 3R robot

(ocl=90°,oc=0,0L =0, a. =0, a

5 = a3) will be presented. Two

3
numerical methods, the Newton-Raphson and the iterative velocity
method (developed by Pieper (5)) have been applied successfully to
general 6R robots. In this chapter the iterative velocity method will

be applied to find joint displacements of robots with fewer degrees of

freedom.

21
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3.2 A Comparison of Joint Displacements of the

'Popular' 3R Robot and General 4R Robots

A closed-form solution can be obtained from the geometry of the
i = % = = = = =
3R robot with the parameters al 90v, az a3 o, al o, 82 S3 0.

Figure 6 shows the configuration of this 3R robot and it can be veri-

fied that the joint variables ei, i=1,2,3 are as follows:

-1
61 = tan (ye/xe) (3.1)
2 2
z =8 L™ + (a) - al)
0! = cos 1 e 1 - cos 1 2 3 (3.2)
2 L 2a_ L
2
-1 L2 - (ag - ai)
63 = cos (3.3)
2a,a,
where
_ 2 2 2.5
L o={(x)"+ (y)" + (z, -5} "

Given the coordinates of the robot hand (end position of the robot),
Equations (3.1) through (3.3) can be used to find the joint variables.
The following procedure will be used for comparison of joint dis-
placements of the 3R and 4R robots:
l. For given 4R robot parameters and a given set of joint vari-
ables, Equation (2.3) can be used to find the corresponding position of
the hand (work station). Two work stations can be obtained with two

sets of joint variables.

2. For a given 3R robot, the joint variables corresponding to
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the same workstation as in 1. can be found from Equations (3.1) through
(3.3).

3. Joint displacements of 3R and 4R robots in going from station
one to station two can then be found.

In this comparison the 'popular' 3R robot will be compared to the
4R robots shown in Figure 5. The total linklength of all robots being

= 0.5, a, = a, = 0.25. The

compared is one. For the 4R robots, a 3 4

2

following sets of joint variables of the 4R robots were chosen:

Set One Set Two Joint Displacement
el = -30.0 61 = 20.0 Ael = 50.0
62 = 40.0 62 = 80.0 A62 = 40.0
63 = =35.0 63 = 155.0 A93 = 170.0
64 = =95.0 64 = 70.0 Ae4 = 165.0

A computer program based on Equation (2.3) was used to find the coordi-
nates of the corresponding work stations for the four different 4R
robots. Table VII shows the resulting joint displacements for the
‘popular' 3R robot.

The results from Table VII indicate that the total sum of joint
displacements for the 4R robot is higher in all the cases considered.
However, the joint displacements of first and second joints have much
more effect on the energy consumption. This is because of the load,
which will be much more for the first and second joints than the third

and fourth joints. The 4R robot with parameters o, = 900, a2’= 9009,



TABLE VII

JOINT DISPLACEMENTS FOR THE 'POPULAR' 3R ROBOT

4R Robot 4R Robot Corresponding Joint
Configurations Joint Displacements  Displacements of the
'Popular' 3R

= o} = 0 = o}
a, = 90 Ael 50 A83 - 50.0
o, = 0° A92 = 40° A62 = 68.0°
o} o] (o}
= 8 = AB =
oy 0 A 3 = 170 3 = 65.7
re, = 165°
a = 90° = 0 - 0
1 90 Ael 50 Ael 93.6
G = ° AD = 0 = 0
2 0 5 40 A82 41.0
- (¢] = 0 = o]
ay = 90 A8, = 170 A8 56.6
= o]
Ae4 165
o — (¢] = 0 = o
1 90 A8, 50 A8 92.0
= 0 = 0 = o
o, 90 A8, 40 A8, 52.1
@, = 0° A8, = 1700 AB, = 65.70
A64 = 165°
a, = 90° Ael = 500 Ael = 2,210
a, = 90° A8, = 40° AB, = 3.38°
= o] = o) = o]
ay = 90 A8, 170 A8, = 56.6
AR, = 165°
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o, = 0 has considerably less joint displacements for the first two
joints than the 'popular' 3R robot. So, in terms of energy consumption
it will perform better than the 'popular' 3R robot. The third and

fourth joints of this 4R robot (al = 900, a, = 909, a_, = 0) have con-

3
siderably higher joint displacements but the energy consumption of
these joints is much lower than the base joints.

In general, the joint displacements of a robot will be affected by
the initial and final locations of the robot hand. This indicates
that the location of the robot in its working space is important in
terms of minimizing the joint displacements required during its opera-
tion. It is therefore neccessary for the designer to have a tool for
analyzing joint motipns of a robot, so that the 'best' arrangement of
the robot and its work stations can be achieved. Section 3.3 presents

. the iterative velocity method for joint displacement analysis deve-

loped by Pieper (5).
3.3 The Iterative Velocity Method

The iterative velocity method is based on the fact that a change
in position and orientation of a rigid body can be described by a
screw motion. The rotation and translation of this motion is along a
single fixed axis. For small motion, the screw is related to the ang-
ular velocity of the rigid body.

Any rigid body can be defined in a coordinate system by two vect-
ors located on the rigid body and a vector from the origin of the . -
reference axis to a point on the‘rigid body. The screw motion is a

way of defining the motion of a rigid body in reference to a fixed



27

coordinate system, when the body moves from one position to another.

The following terminology will be used:

Ei and §1 : Two vectors fixed in the robot hand in its initial
state.

EQ and EQ : The same two vectors after a change in position and
orientation,

Ei and 22 : Vectors from the origin of the system to the same
point in the hand before and after the change in
position.and orientation.

r : The normal from the origin to the screw axis.
: The direction of the screw axis.

¢ : The magnitude of rotation of the screw.
S : The magnitude of the translation.
H : The pitch of the screw.
The direction of the screw axis n and the magnitude of the rota-

tion ¢ can be found from the following statement of Euler's theorem:

(EQ - L) x (EQ - Ei)

E_tan(¢/2) = .
Ly = Ly) = (N + Ny
Define
o Bt ) (N, - Ny)
Ly =Ly - @, + Ny)
Then

1=)
K
= |1=
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o = 2 arctan[ﬂj .

The normal from the origin to the screw axis, r, is computed from

. (2, = 2y) (B, + By)
£=l5{31+£2+y_q_x_2§__l___2q_.__2__2__i_
W W

X E_}.

The magnitude of the translation S is

We (P. - P)
s=| =2

| W]

Lastly, the pitch of the screw H is defined as

The preceding defines all the neccessary parameters of the screw.
W and V can be written as approximations respectively to the
angular Veloéity of the hand and the linear velocity of a point in

the hand at the origin:k

=

= 40
At

|3

(3.4).

|=

X

In
DID
t|-e

n - (3.5)

I<

0

]
B

where the quantities on the tight-hand sides of the above equations are
found from the screw; A¢ is the amount of rotation, n is a unit vector

parallel to the screw axis, H is the pitch of the screw, and r is a
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vector from the origin to the screw axis. The details regarding
Equations (3.4) and (3.5) are shown in Appendix B. In addition, the
angular and linear velocities may be expressed as functions of the ro-

tations in the arm joints. That is

6
W= LW (3.6)
(3.7)

where Ei is the angular velocity of the hand due to the rotation about
axis (i) and r, is a vector from the origin of system 1 to the axis
(1) .

The following approximation can be made:

Ad ’
W, & — (i =1,2,...,6) (3.8)

—i At X
where n, is a unit vector parallel to axis (i) and it is assumed that
the motion of the hand from initial to final position is small, so

that Equations (3.6) and (3.7) may be written using Equation (3.8) as

- & Ady
= L R 3 (3-9)
i=1
6 ,
V=-7% hdg n, xr,. : (3.10)
- 121 At =i =i

Then, equating the right hand sides of Equations (3.9) and (3.10)

to the right hand sides of Equations (3.4) and (3.5), two vector
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equations representing six scalar linear equations in ei, i=1,...,6

can be obtained. Equating and dividing by At yields

6
i (AOi Ei) = Ad n (3.11)

6
-z (Aeiwn.'x r.) =HAbn-nXxr A, (3.12)

Equations (3.11) and (3.12) can be used iteratively to approximate the
joint displacements ei in going from one position of the robot hand
to another. However, they are valid only for a small change in the
screw angle A¢. If the required motion of the hand is large, it can
be divided into smaller steps so that the right-hand sides of Equa-
tions (3.11l) and (3.12) stay within reasonable limits.

An initial and a final position of the robot hand are given.
From the initial configuration the vectors n, and r, can be found. If
they are not within their limits, then a new 'intermediate' final posi-
tion is found. This intermediate position and the initial position are
used to obtain A¢, n and r and the joint displacements, Aei, can be
found from Equations (3.11) and (3.12). The 'intermediate' position
now becomes the new initial position and the same process is carried
through until the final position is reached. The total displacements
of each joint can then be found. Therefore, for large motions, only
a portion of the screw should be used to compute the incremental change
in the angles. The change that is made at each iteration should also

be limited.



31

A computer program has been written utilizing the above scheme;
a source listing is included in Appendix C. Section 3.4 presents ex-
amples of joint displacement analysis using the above mentioned pro-

 gram.

3.4 Examples of Joint Displacement Analysis

In this section three examples of joint displacement analysis
for 6R, 4R and 3R robots will be presented. The first example is for

a 6R robot. The link parameters of this 6R robot are as follows:

a; = 0.0 a; = 90.0
a2 = 2.0 oy = 0.0
a3 = 2.0 ay = -90.0
a, = 1.0 0y = 90.0
a5 = 0.5 ag = -90.0
a6 = 0.3 ag = 0.0

The target hand positions were generated by sets of known angles.

The in