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SUMMARY

Industrial robots have a high positioning accuracy and
stiffness but their work spaces are limited because their
bases are fixed to the ground. To enlarge the work spaces,
this paper proposes a novel mechanism, a wire suspended
manipulator with three degrees of freedom. First, the
kinematics of the mechanism is derived from both force and
geometric constraints. Second, the volume of the work
space is numerically calculated. After the evaluation of
manipulability of the wire suspended system, guidelines for
designing parameters are studied.
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1. INTRODUCTION
Manipulators are used extensively in industry. But their
work spaces are limited because their bases are fixed to the
ground. Thus, manipulators mounted on mobile vehicles,*
limb mechanisms,* wall climbing robots® and brachiation
robots® have been studied in order to improve performance.
In this study, we propose a wire suspended manipulator,
which consists of a wire suspension mechanism and a
conventional manipulator mechanism; an industrial manip-
ulator is suspended under a movable mechanism like a
crane, as shown in Fig. 1. The static model of the total

Fig. 1. A wire suspended manipulator.
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mechanism has two passive joints at both ends of the wire
and three active joints on the manipulator. This mechanism
has a large work space like a crane system and has the
following characteristics:
(i) When active joints move, the pose of the base of the
manipulator also changes.

(ii) The pose of the base changes according to external
forces applied to the end-effector.

(iii) As the manipulator is equivalent to a pendulum,
vibrations are generated by the motions of the
manipulator.

Kinematics includes the constraints about the equilibrium of
the gravity and the applied forces. When the manipulator
grasps handling objects, not only the pose but also the work
space changes according to the weight of the objects. Note
that the applicable forces to the outside of the mechanism
are generated by using the change of the potential energy of
the suspended manipulator system.

In this paper, we consider tasks around the equilibrium
point; thus the control of the manipulator is only studied to
position the end-effector. First, direct kinematics and
inverse kinematics are derived from geometric constraints
by joint angles of the manipulator and the equilibrium. The
process of these formulations is similar to that of space
robotics, and we can derive the Jacobian matrix like a
generalized Jacobian matrix”® from the equilibrium. Statics
is also derived using the Jacobian matrix. Second, the
guidelines of designing parameters of the manipulator are
obtained by evaluating its work space and its manipulability
measure as criteria.

This wire suspended manipulator works effectively when
the manipulator can reach the working target from a distant
high position, e.g. maintenance work in power stations and
oil tanks, construction with crane control, and so forth.

2. FORMULATION OF A WIRE SUSPENDED
MANIPULATOR

2.1 Model of a wire suspended manipulator

A model of a wire suspended manipulator is illustrated in
Fig. 2. The model consists of a serial link with 3 degrees of
freedom, a suspension mechanism of a single wire, and a
crane as a positioning device of the upper end of the wire.
Assuming that the length of the end-effector is 0, i.e. the
distance between the wrist joint and the tip of the hand is
small enough to be neglected, the mechanism can be
modeled as one with threerigid links with three active joints
(6,, 85, 6,) and two passivejoints (¢,, ¢,) a both ends of the
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Fig. 2. A model of awire suspended manipulator.

wire, asshownin Fig. 2. Note that the mass of the wire and
its twist can be insignificant in this model.

Though the mechanism can work in a three-dimensional
space, it is analyzed in a vertical two-dimensional plane so
as to simplify the model. When the crane moves in three
dimensions, the system has five degrees of freedom totally.
The rotation about the vertical wire cannot be controlled if
a single wire suspends the manipulator. In that case, the
plural wiring mechanism should be introduced, as we have
studied in references 9 and 10.

2.2 Kinematics of a wire suspended manipulator
Under the static condition, the orientation of the manip-
ulator base ¢, is determined by the configuration of the
active joints (6,, 6, 6,) and the externa force applied to
end-effector. On the other hand, the swing angle of the wire
¢, can simply be calculated by the external force.

Let us define each coordinate system and each vector of
the suspended mechanism as shown in Fig. 3. The coor-

link 1(base) direotion of
irection o
the end-effector

End-Effector

Fig. 3. Coordinate system of awire suspended manipulator.
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Fig. 4. A model with external force given at the end-effector.

dinate system 3., is areference frame, whose originis on the
crane with the x axis in a horizontal plane. The coordinate
system 2, is a link coordinate system set on each link,
whose origin is located at each joint and a direction of the
axis of each link is set astheir axis. L; and a, are the vectors
that represent the position of the next link coordinate system
and gravity center of each link from each link coordinate
system, respectively. The letter attached on the left shoulder
of the vector means that the vector is defined on the link
coordinate system. With no letters, the vector is defined on
the reference frame.
Then, the pose of the end-effector r, is obtained as

re= > RL, (1)

i—1
where R,=R, | [ 'Re...

k=0

The matrix '~ 'R, relates the link coordinate system 3, _,
to the link coordinate system 3... '~ 'R; is represented as:

Fig. 5. An example of inverse kinematics solutions.


https://doi.org/10.1017/S0263574799000995

Wre suspended manipulator

Tablel. Link parameters of awire suspended manipulator

L, 0.20 [m]

L, 0.20[m] a, 0.10 [m] m, 1.61 [kg]
L, 0.16 [m] a 0.08 [m] m, 1.05 [kg]
L, 0.16 [m] g 0.08 [m] m; 1.65 [kq]

0=

R = CoS ¢y — SN d;o_
sind, cosdy | 2

i

i~1p cos 6, —sin 0,-_

sin 6, cos 6,
As Eq. (1) includes passive joints, we need to solve the
equilibrium with the gravity to calculater .

Figure 4 illustrates the static balance of the system. The
equilibrium is represented as

T+Mg+F=0 3
rexF+r,xMg=0 4
where

M:Emi

T=(T.T)"
g=(0-g)"
F = (F’c Fy)T
rg = (rgx rgy)T
rg=@ y)T
Therefore, the passive joint ¢, is calculated as

=tan* _ L =tan"*! Fs 5
¢po=tan ?) =lan Mg—F, )

Equation (5) indicates that ¢, is determined by just the
gravity force and the external force F. Next, we calculate the
other passive joint ¢,. Component of Eq. (4) is represented

as
X [m]
0.15 0.0 015 -0.15 0.0 0.15
* * "'.'1' 0.0 * * "'.'1'
2 B2
@3 &3
4 0.1 04
-0.2
(-0.08,-0.80) NP
i 03
. /\ -0.35)
b
0.05,-0.35
-04
03 <0 Y [m] 03>0

Fig. 6. Simulation results of inverse kinematics.
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xF,—yF,— Mgr,=0 (6)
Replacing Eqg. (6) with the passive joint ¢,, we obtain
ki(¢o, 01, F) SN b1 +ky(cho, 61, F) COS =0 (7)
and then the passive joint ¢, is calculated as

b= tan*( ;") ®

Substituting the results of the joints ¢, and ¢, into Eq. (1),
we obtain the position and orientation of the end-effector
as

X=LoSo+LSo1+LySo12+L3S0123 9
y=—LyCy—L,Cop; — L,Cy1, — L3Cy13 (10)
a=dyt d+6,+0;+6, (11)

S,:,-k=sin(0,-+ (9j+ 6,)
C;=cos(6;+0,+6,)

Consequently, we can obtain the kinematics of the wire
suspended manipulator.

where

3. INVERSE KINEMATICS OF A WIRE
SUSPENDED MANIPULATOR

3.1 Derivation of Jacobian matrix

Since this mechanism includes passive joints, it is difficult
to calculate the inverse kinematics analytically. Thus, we
calculate the inverse kinematics iteratively using the
Jacobian matrix of the joint angles against the pose of the
end-effector. Let us derive the Jacobian matrix of the wire
suspended manipulator; it is represented generaly as

Eq. (12).
o [dd
dx-(J¢J0)<d0> (12)
=J¢,d(1)+J(,d9
where X=(xg yg @),

b=(¢o )", 0=(6, 6, 6)"

-180< 6 ,<0 -180< 6 ,<180 0< 8 ,<180

Fig. 7. Reachable space of a wire suspended manipulator.
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Fig. 8. Contour of the work space.

Note that Eq. (12) includes the passive joints ¢ which are  obtained under the condition that a constant external forceis
the functions of both the external force F and the angles of  applied.

the active joints. First, we assume that the external force F
is constant. As ¢, is determined only by the external force
F, d¢,=0 is obtained. Let the left term be substituted by
f(¢,, 6, 6,, 8,). Then, because of the equilibrium of Eq. (6),

3.2 Solution of inverse kinematics
We can compute inverse kinematics of the wire suspended
manipulator by means of an iterative calculation using the

we obtain Jacobian matrix in Eq. (14).
dd=Ndo (13)
Where E 0.18 - 0.12 jon
_ af >§ 047 - 0.11 %
an 0.16 a
mnyn, |7 BL 0.14 -’,'}/'/. et L0.09
A, 2 o o
From these results, EQ. (12) can be rewritten as pA 7 SS” el
dX=(J ,N+J,)d0 (14) ar=lpks k(%)
The Jacobian matrix of the wire suspended manipulator is (A) Relations between a; and Xw, Sw, Swf
e 0.18 0.12 —
= 017 P E
M . Lol &
0.16 3
0,15 wevnmnemecerrios Ao o Lo10 &
L e R - 0.09
0.13 - M
o2 o w A Toos
—b—t Swl l
0.11 1 0.07
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az=lle—z§o k (%]}
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Fig. 9. Work space of a wire suspended manipulator and fixed 0.16 SO o 3
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Table!l. Standard link parameters oy 25 50 75 o
ay= ,x—»lS— k [%)
L, 0.20 [m] . b 100
L, 0.12[m] a, 0.06 [m] m, 3.40 [kg] (C) Relations between a; and Xw, Sw, Swf
L, 0.10[m] a 0.05[m] m, 2.20 [kq] ] ) )
L, 0.10[m] a; 0.05[m] m, 0.70 [kg] Fig. 10. Relations between the center of gravity and Xw, Sw,

Swr.
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Fig. 11. Relations between L1 and Xw, Sw, Swf.

The inverse kinematics of the manipulator has two
solutions except for the case of a singular configuration.
These two are, however, different from the similar plural
solutions of an ordinary seria links with 3 degrees of
freedom. Those in this manipulator are not geometrically
symmetrical as in Fig. 5. Hence, when we calculate the
inverse kinematics, we should distinguish the case of 6;<0
from the case of 6,>0.

For the inverse kinematics by iterative computation, the
initial pose affects the solutions and the computation time.
When the pose of the end-effector and the external force are
given, theinitial pose is set in the following way:

(i) Theangle ¢, is calculated by Eq. 5.

(ii) With ¢,=0, 0, are calculated by the pose of the end-

effector.

(iii) From ¢, and 6, determined above, ¢, is calculated

by Eg. (8).
When the initial value is taken as 6,<0, the solution may
remain negative as 0,<0, and as 6;>0, the solution may be
positive.

Using this algorithm, we simulated the inverse kine-
matics. The link parameters of the simulation are listed in
Table I. The initial end-effector pose is (—0.08, —0.30),
the goal end-effector poseis (0.05, — 0.35), and the external
force is 0. Simulation results are illustrated in Fig. 6. The
left-hand figurein Fig. 6istheresult for 6;<0, and the right
oneisfor 6;>0.

InFig. 6,thesignof #, changesin the case of 6;<0. This
is inevitable, because the solution of inverse kinematics at
the initial position can be realized only in the case of 6,<0.
However, that at the goal position can berealized only in the
case of 6,>0.

L et us define reachable space as the space where the end-
effector of the wire suspended manipulator can move. The
reachable space is illustrated in Fig. 7. The right-hand
figure indicates the area on #,>0, and the right-hand one
does 6,<0. The union of these two represents the work
space as illustrated at the center. Hence according to the
initial and goa poses, the wire suspended manipulator has
to pass through the configuration with singularity. This may
be a disadvantage of this type of suspended system.
However, the pose can be chosen so as to connect smoothly
the initial pose to the goa pose, because the suspended
manipulator usually has redundant degrees of freedom.

4. STATICSOF MANIPULATOR
The torque vector required for keeping the joint angles
under external forces is calculated. From the principle of

https://doi.org/10.1017/50263574799000995 Published online by Cambridge University Press

virtual work, Eqg. (15) is obtained,
Fldr,+Mg' dr,=7"dq (15)

whereq=[¢d" 0")", 7=[00 7, 7, 7]".

T is a torque vector of the suspended manipulator. The
first and the second elements of = are corresponding to the
passive joints. From Eqg. (12), the relationship between dr
and dq can be expressed as Eq. (16) using a Jacobian matrix
Jp

drp,=Jgdq (16)

The relationship between dr, and dq can also be expressed
as Eq. (17) using a Jacobian matrix J,.

dr,=J.dq a7)

Substituting Eqg. (16) and (17) into Eq. (15), Eqg. (18) is
obtained.

F'J dq+Mg' J dq=7"dq (18)

Thus, the torques required for each active joint can be
derived as Eq. (19).

t=J, F+MJg (19)

It can easily be proved that the first and the second elements
of T become zero.

5. GUIDELINE OF DESIGNING A WIRE
SUSPENDED MANIPULATOR

5.1 Work space of a wire suspended manipulator

5.1.1 Definition and solution of a work space. Reachable
space of a wire suspended manipulator depends on the
external force. Figure 8 shows the contour of the reachable
gpace according to the external force. The reachable space
has an ellipse-like shape with a narrower width along the X-
axis than the shape of the reachable space of a fixed base
manipulator. Thisis because the gravity center of the system
is constrained on the Y-axis. With an external force applied
to the end-effector, the ellipse leans in the direction of the
external force. Assuming the external forceasF=an (nisa
unit vector), let us define the workspace of awire suspended
manipulator as al of the intersection of the reachable space
for F=rn(0<t< ).

5.1.2 Relations between work space and link parame-
ters. The work space of a wire suspended manipulator is
determined by the kinematics of links, masses and an
external force. Thus the design of the manipulator is
completely different from an ordinary fixed-base manip-
ulator. Since the work space of the wire suspended
manipulator is usualy smaller than that of an ordinary
manipulator, we introduce the area of its work space as a
criterion. Figure 9 shows the definitions of the area of
reachable space §,, and the area of work space S ..

Since the reachable space of the wire suspended manip-
ulator is similar to an ellipse, the maxima width of the x
coordinates of the space of the fixed base manipulator X,,
may have a strong relation to the amount of both S, and S ..
The x coordinate of the end-effector is represented as
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Tablelll. Standard link parameters
L, 0.20 [m]
L, 0.20[m] & 0.10[m] m, 1.61 [kq]
L, 0.16[m] @& 0.08[m] m, 1.05[kg]
L, 016 [m] & 0.08[m] m,; 1.65 [kq]

Eq. (9). However, from force constraints, the gravity center
is constrained onto the axis as Eq. (20).

AS +A,S,+A5S8,,=0 (20
with
A=mya,+(my+ms)L,,

Ay=mya,+(myLy, Ay=msa;

The maximum X, is calculated by Lagrange multiplier as
Eqg. (21).

A,+A,

X,=L,+L;— AL
it

(21)

ThevaluesX,, S, and S, are computed against the various
link parameters. The standard link parameters are listed in
Table Il. The relations between the work space and the link
parameters are plotted in Figs. 10 and 11.

The equation (16) for calculating X, is represented
analytically. On the contrary, S,, and S, cannot be calcul ated
directly. But as shown in Figs. 10, and 11, the character-
istics of S, and S, are similar to X,.. Hence it is efficient to
evaluate X, instead of S, .

5.2 Manipulability measure of a wire suspended

mani pulator

5.2.1 Manipulability ellipsoid and manipulability meas-

ure. Manipulability is often used for the evaluation of

mani pulators. When an end-effector velocity vector isv, the

manipulability ellipsoid is represented as Eq. (22).
VAOASYALES | (22)

And, the manipulability measure is scalar that can represent

manipulability quantitatively as Eq. (23).

w=Vdet(J(q)J(q)

In a wire suspended manipulator, we can aso define the
manipulability elipsoid and manipulability measure from
the Jacobian matrix in Eq. (14).

(23)

5.2.2 Relations between manipulability measure and
link parameters. Let us calculate manipulability through
the link parameters of the wire suspended manipulator. The
standard link parameters are given in Table IlI, which
defines the normal value of a manipulability measure. The
relations between the manipulability measure and link
parameters are shown in Fig. 12 and 13.

From Fig. 12, the result of the manipulability measureis
similar to that of the work space. So if we design the link
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parameters to enlarge the work space, the manipulability
measure also becomes large. With regard to the link length,
Fig. 13(b) implies that if L, is equa to L,, the manipul-
ability measure is larger.

5.3 Guidelines of designing a wire suspended manipulator

In Section 4.2, we found that a large work space leads to a
large manipulability measure. And in Section 4.1, it is
effective to evaluate X,, on behalf of S, in order to enlarge
the work space. From Eq. (16), the larger a,, the smaller a,
and a; makes X, larger. In asimilar analysis, the larger m,,
the smaller m, and m, makes X,, larger. These results show
that when the center of gravity of the total system is set near
to the first active joint, the change of configuration does not
affect the position of the center of gravity. In short, the
nearer the gravity center of the system is to the first active
joint, thelarger X,, is. In other words, alarge and heavy first
link allows the other front-side links to move freely without

2.0

manipulibity
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0.0
100 k [%]
al= [l *k

) 20 40 60 80

(A) Relations between a, and manipulability measure

| nd
<

manipulibity
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(B) Relations between a, and manipulability measure
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(C) Relations between a; and manipulability measure

Fig. 12. Relations between the center of gravity and manipul-
ability measure.
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Fig. 13. Relations between link length and manipulability meas-
ure.

a change of the center of gravity. If the gravity center of the
system is on the first active joint, the work space of a wire
suspended manipulator is just equal to work space of a
fixed-base manipulator because the gravity center of the
system is decided without the motion of active joints.

6. CONCLUSION

To enlarge the work space of manipulators, we propose a
wire suspended manipulator, which consists of a serial link,
wire suspension mechanism and a crane system. The
kinematics of the mechanism is obtained and studied.

(i) In modeling a wire suspension as a rigid link with
passive joints at both ends of the wire, the kinematics
and Jacobian matrix are obtained from the angles of
the active joints and force constraints by gravity.
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(ii) The characteristics of the wire suspended manip-
ulator are studied. The work space and reachable
space are obtained.

(iii) The guidelines in the design of a wire suspended
manipulator are studied by simulations.

The dynamic motion control and the planning of
compliant motions will be studied in future work. When fast
motions are required for the manipulator, the wire tension
may become negative due to the dynamic effect of the
manipulator. As a result, the control system may become
unstable. When the manipulator collides with an unexpected
environment during assembly tasks, the system may aso
become unstable due to the discontinuous change of control
models. Thus, these two items are key technical issues
during the practical use of this system.
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