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1. Introduction

In robotization of complicated manufacturing
systems we must solve problems to cope with
complexity, diversity and mobility of manufac-
turing sites. It is not economically feasible
to simply apply conventional general purpose
robots to manufacturing systems because most
of works in the process do not necessarily
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require a whole range of capabilities of the
general purpose robots,

A robot modularization concept is applied as
a new and reliable tool for solving this prob-
lem and developing manufacturing-use robots®,
Module robot is a building block system which
uses standardized building blocks, called mod-
ules, to assemble a complete system. Although
the robot modularization concept had heen
previously introduced in industries, the module
robots have not been fully developed yet. A
complete module robot system needs particular
joints between robot hardware modules and



960 Won-Gul Hwang

hence extra costs. However by systematically
utilizing robot hardware modules, the optimum
combinations of appropriate robot hardware
modules are expected to minimize the types of
complete robot systems, and to save the capital
investment for robotization of complicated sys-
tems.

As a first step to modularization, it is nec-
essary to study the basic structures of robots,
There have been research works for this sub-
ject®"®, Colson® surveyed kinematic arrange-
ments of the currently manufactured robotic
manipulators. Anisomorphic kinematic chains
for major linkages are shown in (3). Milenko-
vic™ gives 12 kinematic chains of major link-
ages, but 4 of them can be obtained from the
others by changing the order of connection,
resulting in 8 distinct chains., Separability plays
an important role in his work, but its condi-
tion is not given. On the other hand, the con-
cept of maneuverability is introduced in (5),
and it is used to describe some problems of a
kinematic configuration of a manipulator.

This paper took analytical approach to ex-
amine the structure of usable robots. It shows
that the first three rows of the Jacobian matrix
are positional maneuverability matrix and the
remaining three rows are orientational maneu-
verability matrix, and it gives a condition for
separability of a manipulator in terms of posi-
tional maneuverability matrix and orientational
maneuverability matrix. It is also shown that
there are only 12 distinct types of major robot
linkages which are constructed with simple
chains, and there is only one combination for
3 degrees of freedom minor linkage which uses

simple chains.

2. Position and Orientation of the End
Effector

A manipulator consists of a set of #n41 rigid

links connected in an open-loop chain. Relative
motion of the links in the chain results from
forces which are applied to the links by an
actuator fixed at each joint. To describe the
motion of the system of # joints, let g(f) be
an n-dimensional vector representing the actual
displacement of the # joints.

The coordinate systems are assigned accord-
ing to (6): Its z;-axis is the axis of rotation of
the jth joint which is rotational, or the center
line of link j+1 and is in the direction of
motion if joint j4-1 is translational. The co-
ordinate system for link j is completed by de-
fining x; from the cross product z;_, x z;, which
also locates the origin, and y;=z;xx;. The
axes Xj, Y;, z;, etc. are defined as unit vectors.
The relative positions of the linkage are deter-
mined by # sets of parameters a;,S;, a;, and
f;. The coordinate system and joint parameters
are shown in Fig. 1. For a rotational joint,
the parameter 6; varies and is called the joint
variable. For a translational joint, the joint
variable is s;. The joint variable will be de-
noted as ¢;, and this will denote either &; or
s; depending on the type of joint.

%51

Joint ¥

Fig. 1 Coordinate systems and joint parameters
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The coordinate transformation from O;—x;
Yiz: t0 Oi_1-Xi_1Ui-,2i- is defined by the 44

cos 8, —sin 6; cos a;
i-14,=| SN0 cos 0 cos a:
0 sin a;
0 0

The position and orientation of the end ef-
fector can be described by the vector r=(x,y,
2z, e, B, 7)= (D%, ¢7)7, where vectors p= (4,3,
z)T and ¢=(a, B, 7)" are position and orienta-
tion of the end effector, vespectively. The
coordinate transformation from On—X.Yf-Z» 10
0y~ XoYoZ, is defined by the matrix °A,;

OAnZOAllAZ,,,n'lA"

(o001 ®

where n, o, and a are the unit normal, unit
slide, and unit approach vectors of the hand,

respectively,

3. Maneuverability

The kinematic problems of a manipulator
with multi-degrees of freedom are considered
as the decision of joint types and their arrange-
ment. The position and orientation of the
end effector of a manipulator should be suffi-
ciently controlled within work space for in-
dustrial handling and other applications. The
maneuverability of a manipulator represents
the mobility of its configuration while the end
effector assumes to be fixed at any position.

If the joint variables d¢ of a manipulator
can be determined from dp, the manipulator
is called locally maneuverable with respect to
the position. For the change of joint variables,
8gs, j=1,2,+-,#, we have the following rela-
tionship:

Udg,+ U2542+"'+Uﬂ5£]~n:50A" 3)
where

matrix 1A

sin 6,‘ sin o; a; Cos 0,‘
—cos 6; sin a; a;sin g, )
COoS a; Si
0 1
U;=0"A./0g:
:[ n. o0; a p; ] (4)
0 0 0 0

Now consider the differential translation vector
od and differential rotation vector d¢ such
that
dd=dd.i+od,j+0od:k &)
O =001 +0¢,J+0¢:k
where 0¢., 9¢,, and d¢. are differential rota-
tions about x, y, and z axes, respectively.
Then the differential transiation and rotation
transformation 8°A4, is given‘” as

0 —d¢p.  0¢, dd.

PA, = 3¢ 0 —0¢. dd,
—0¢, 00« 0 dd-
0 0 0 0
:[ on Jo da dp ] ®)
0 0 0 0
Since the positions at each joint are given by

the right-hand column of U;, Eqns. (3) and
(6) give the following matrix equation:
Js0q=ap N

where

Je={P1 Py *++5 D] ®
The 3xn matrix J, is called the positional
maneuverability matrix. It is necessary and
sufficient that for Eqn. (7) to be solved, the
rank of J, is 3. Hence we get the following
theorem.

Theorem 3-1. ¢ If the manipulator has rank
[J,]=3, it is locally maneuverable with re-
spect to the position in 3-dimensional space.

The condition for orientational maneuvera-
bility can be obtained similarly. Considering
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Eqns. (3), (4), and (6), the rotation with
respect to x, y, and z-axis is given by element
3,2, 1,3), and (2,1) of U, respectively.
Define the orientational maneuverability matrix
Js as

Js=[¢1 ¢2>+¢] 9
where ¢:= (0:5, @1, M:)T. Then we get the
following equation similar to Eqn. (7):

J0q=0¢ (10)
From this equation, the following theorem is
obtained in the same way as Theorem 3, 1.

Theorem 3-2. 1f rank[/s]=3, then the
manipulator is locally maneuverable with re-
spect to the orientation in 3-dimensional space.

From the definition of vector r and Egns.

(7) and (10), it follows that

) w

But by definition of the Jacobian matrix J,

or=joq 12)
Comparing Eqns. (11) and (12), it follows that
J :[ J» ] RE)

Js

which implies that the first three rows of the
Jacobian matrix are the positional maneuvera-
bility matrix and the remaining rows are the
urientational maneuverability matrix. Manipu-
latability w is defined as®

w= y/det (JJ7) (14)
1t gives a qualitative measure of manipulating
ability of robot arms. From Eqn. (13), JJT
becomes

f T‘:[]P]PT ]pf'#T ] (15)

JeJo™  JoJo"

Now suppose that the manipulator is sepa-
rable,® i.e., the position of the end effector is
determined from m joints, @i, i=#y, #,, <<, #n,
and its orientation from the remaining (#—w1)

joints. For the change of joint variable dg, we

have the following relationships:

J:0q=dp (16)
Joq=3d¢ an
where
Je=[Dp: Py--p.];
D:i=0 if i#ny, 1y, +++, Yin 1
Jo=[¢1 @2r+¢x];
¢:i=0, if i=ny, #y, -+, n 19

J» and J; are 3x#n matrices, From Theorem
3.1 and 3.2, if rank[/,]=3, the manipulator
is locally maneuverable with respect to the
position, and the condition for the orientational
maneuverability reduces to rank[ /s1=3.
Define positional maneuverability w, and
orientational maneuverability w, as

wp= /det(J:/57)

wy= /det (Jo/s") 20
then from Equs. (15)~(19),
]]Tz[ JoIoT 0 ] )
0 ]P]PT
and hence,
W=1W,W;s (22)

This implies that manipulatability w becomes
the product of w, and w, if the manipulator is
21) with Eqn.
(15) it is evident that the manipulator is sep-
arable if J,/J:7=0.

Now suppose that the position of the end

separable. Comparing Eqn.

effector is determined from the first joint to
mth one and its orientation from the m+1th
joint to #th joint,

Then

Jo=0[D1 Py+-Pn] 23)
becomes 3xm matrix, and

Jo=[@ns1PniarGx] (24)

becomes 3X (#—wm) matrix, and the Jacobian
matrix J takes the following structure:

(o) @
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4. Robot Linkages

The first three joints of a robot from the
base are usually designed to perform gross
motion of the end effector, and the linkage
consisting of the first three joints is called
major linkage or arm. The linkage of the re-
maining joints, used to change its orientation,
is called minor linkage or wrist. This feature
of a robot manipulator is referred to as separ-
ability. The concepts of major and minor link-
ages apply only to separable robots™,

Suppose that the major linkage of a manip-
ulator consists of the first three joints, and
the minor one the remaining three joints. Then
J» and J, become 3X3 matrices, and hence

w,=|det (/) | (26)
wg=|det(Js) |, @n
where |, | means the absolute value. The con-

dition that /, and /s have full rank are the
same as w, and w, are not 0.

Those linkages which use only rotary or slid-
ing joints with the joint axes either psarpen-
dicular or parallel to each other are defined as
simple chains. Major robot linkages tend to use
only simple chains. Let us consider the maneu-
verability of simple chain of three joints.
For each joint there are two possibilities, rota-
denoted by R and S, re-
spectively. Also for relation of two adjacent joint

tional and sliding,

axes there are two choices, i.e., perpendicular
and parallel, represented by | and /, re-
spectively. Hence there are 2°=32 possible ar-
rangements for simple chains of three joints.
We symbolize ith joint and its relation to the

next joint as follows:

R:.1 Ry S:1l S/
To examine the positional maneuverability of
these 32 arrangements, it is necessary to check

the ranks of their J, matrices. We wrote a
PASCAL program to calculate the positional
maneuverability for these 32 arrangements, and
which

implies that they are not positionally maneu-

w, of 12 arrangements results in 0,

verable in 3-dimensional space. The remaining
20 open Lkinematic chains of major linkages are
useful, and their w,’s are given in Table 1.

Table 1 w, of the major linkages

R|R|R —as[a1(az+asc088;) sinfz+ (a,sinfs
—3,c0803) {(a,+ ascosbs) cosh,
+35ssinf,} ]

R1R/R — A,a58in03{ 4,4 a,c080 -+ ascos (0 + 03) ]

R/R | R 1050803 [ (@2 asc0885) 8infl, —5ac080; ]

S1S!S sind,

RIR|S | ss[ar+ (az+asc088s)cost,+ s:5ind,]

SIRIR a5c080;[ (ay+ ascosts) sind; —33c080; ]

RI1R/S (52t 85) [@2c0880,+ascos (B +85) ]

S/R1R as(ascosfz+ az) sinf

RyRy/S a1l a:81nf,+assin(0,4-85) ]

S/R/R 2058100,

RISIR a3(S2+ assind,) sind,sind,

RyS1R — a38inf; (@,€0882+ Gz -+ @3c0s05)

RI1S/R —a3(82-+53) cOS (B2+ 03)

R/S/R —as[a;sin (824 03) + a,sinf;]

S1SIR — a5C088,8inf3

R}1S1S (82 a5sind;) cosd,

S\1S/ZR —azsin{f;+-05)

RyS1S a,8ind ;1S3

SIR/S a,8ind, -+ assin (0,4 85)

S/R1S —S3

One of the end links should be connected to
the reference frame to function properly. A-
mong the 20 open kinematic chains given above,
8 chains can be obtained from some others by
reversing the order, and there remain 12 dis-
tinct chains shown below:

RIRIR RIRy/R S1SLS
RI1IR1S RI1R/S R/R /S
RISIR R/SLR R/S/R
S1S1R S1S/R S1R/S

‘Distinct’ means that each linkage is kinemat-
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ically unique among the twelve categories.
Fig. 2 shows one of possible arrangements of
joints for them. Note that there can be other
configurations for their mechanisms, Milenko-
vic® gives 12 kinematic chains of major link-
ages, but 4 of them can be obtained from the
others by changing the order of connection;
SC can be obtained from CS, SN from NS,RN
from NR, CR from RC, by reversing the order.
Hence he actually gives 8 chains, and R | R/
S, R/R/S, S1S1R, and S1R/ZS are not
given.

In the same way, the orientational maneu-
verability of wrist of 3 degrees of freedom is
checked. R 1 R! R is found the onlv wvossible

RLRIR RLR/R S1S1s
RIRLS RIRYZS R/RYS
RLSLIR R/SLR R/SHR

ey

~O-{HRH

SISLR SLS/R

§

Fig. 2 Kinematic arrangements of major linkages

SLR/S

e
e

Fig. 3 Wrist R{ R R

arrangement in order to satisfy the condition
for orientational maneuverability, and there
are 5 arrangements to construct the wrist, as

shown in Fig. 3.

5. Conclusions

The variety of possible robot configurations
is very large. However robots of practical im-
portance are separable. It is shown that the
Jacobian matrix consists of positional maneuvera-
bility matrix and orientational maneuverability
matrix, and if J,/,7=0 then the manipulator
is separable. It is also shown that the manip-
ulatability is the product of the positional ma-
neuverability and orientational maneuverability
if the manipulator is separable.

Simple chains of three joints, which consist
of rotary or sliding joints, are examined for
positional maneuverability, and it is shown
that there exist only 12 distinct categories of
major robot linkages which use simple chain
mechanism. Connecting one of the end links
to the frame results 20 linkages.

Orientational maneuverability is also checked
for wrists of 3 degrees of freedom, and it is
found that R1 R | R arrangement is the only
choice to achieve the orientational maneuvera-
bility in 3-dimensional space.
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