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Abstract: This paper presents a hybrid cylinder/wire drive parallel arm. Its
workspace is analyzed for the application of manipulating heavy materials in con-
struction and ship building industries. The conventional Stewart platform and a
multiple wire drive mechanism are compared, and hybrid drive mechanisms are con-
sidered in analysis and designing. The total number of cylinder and wire is fixed
to seven based on the force closure principle. The actuated cylinder force and wire
tension are analyzed based on the kinematics and statics formulated for an arbitrary
combination of cylinder and wire mechanism, then its work space is evaluated. An
arm mechanism with three cylinders and four wires is proposed in 'the application
of manipulating a precasting concrete board with 3 X 6 X 0 .2[m] in size and 10[t] in
weight.
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1 INTRODUCTION

The industrial robot has been applied to weld-
ing, spraying and assembling tasks in manufactur-
ing factories. The high performance capabilities
of manipulator, such as its excellent repeatability,
positioning accuracy and high speed, contribute
to increasing factory productivity. Crane is a ma-
jor handling tool for heavy materials in construc-
tion and shipbuilding fields, since it is capable of
holding and translating them vertically and hor-
izontally with a length of wire in a simple way.
However, swing motion and rotation are generat-
ed and it is rather difficult to control them and
to obtain accurate object positioning and orient-
ing. Therefore, workers should support materials
by their hands to suppress the vibration and to
position them accurately. These tasks are danger-
ous for human workers and then their productivity
are rather limited.

Although human workers can be replaced by
intelligent robots and coordinated motion of crane
and robot is proposed[1], this may lead to a com-
plicated and large system and thus a sophisticat-

ed control might be inevitable. The coordination
of multiple cranes is another method, but it is en-
tirely difficult to control each crane for positioning
and orienting a heavy material. A new robot tech-
nology is required including handling arm hard-
ware and control software to promote automation
in the industries.

In the IMS IF7 Project researches on inno-
vative production system have been developed to
increase productivity and to promote automation
in construction and ship-building industries where
huge heavy materials and structures are processed
and assembled on cite[9]. The robotic arm will
play an important roll in the automation. This pa-
per proposes a hybrid. drive parallel arm by wires
and cylinders in order to design a compact han-
dling arm enlarging its workspace. It is aiming at
.developing dexterous arm capable of controlling
6 d.o.f. motion of a heavy material. The paper
discusses a basic concept of parallel mechanism
with hybrid actuation, comparisons and evalua-
tions of some types of hybrid mechanisms based
on its kinematics and statics, and finally intro-
duces a designed prototype arm.
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2 IDEA ON HYBRID DRIVE PARAL-

LEL ARM

A dexterous arm capable of handling and as-

sembling a huge heavy material is required to pro-

mote the automation in the project. A paral-

lel mechanism, where an end-effector is actuated

by multiple groups of linkages in parallel, is one

of candidates for heavy material manipulation, s-

ince it has an advantage of large force generat-

ing ability over the conventional articulated arm

mechanism. The Stewart platform is a well-known

parallel mechanism and has good reputations in

the application to flight simulators, however, the

only problem is its limited workspace. Interfer-

ence in linkages and small cylinder strokes limit its

workspace in comparison with conventional serial

arms. A multiple wire drive mechanism is classi-
fied as a type of parallel mechanism and it can be

applied to design a compact handling arm, since a

wire actuator has a light mass in movable mecha-

nism and is capable of generating larger force than

a cylinder actuator[2-5, 8]. The wire drive mech-

anists has redundancy in actuation, since a wire

generates only tension and it should have one more

degree of freedom than the actual d.o.f. required

at its end according to the principle of force clo-

sure[4, 6]. Moreover, wires should be arranged so

as to surround a manipulated object and this may

again limit its workspace.

We will propose a hybrid drive parallel arm by

wires and cylinders in order to design a compact

handling arm enlarging its workspace. It is aim-

ing at developing dexterous arm capable of con-
trolling a full 6 d.o.f. motion of a heavy material.

The main idea is to enlarge the limited workspace

of the wire drive mechanism by replacing some

wires with cylinder. Since the cylinder is capable
of generating tension and compression, the actua-

tors can be arranged in one side to a manipulat-
ed object, i.e. they do not have to surround the

object as in the wire drive mechanism, and this

enables the mechanism to enlarge its workspace.

A wire drive mechanism can be analyzed based on

the force closure principle, and it suggests that the

mechanism should have one more actuator than it-

s actual motion d.o.f. Thus, the hybrid drive arm

requires total seven wire and cylinder actuators,

if 6 d.o.f. required, and several types of mecha-

nisms with this constraint may be considered in
the following.

3 COMPARING MECHANISMS

Various hybrid arms with different combina-
tion of cylinders and wires are compared with

the conventional Stewart platform and wire drive
mechanism, evaluating their workspace with ori-

entation based on the kinematics and stat.ics[7],

which are not discussed in this paper because of

its limited space. It, is difficult to compare all the

combinations of actuator, link and scale, then fol-

lowing conditions are assumed.

3.1 Conditions of analysis

1) Scale of mechanism : RI,R2 are the posi-

tion of the link attachment points on the

base plates. rl,r2 are the position of the

link attachment points on the end plates

as shown in Fig.1. In this paper, they are

defined Rr=2.0[m], R2=1.5[rn], ri=0.5[m],

r2=0.3[m].

Stroke of links:
l,,,i > 0 . wire (1)

lernin < lei < lcmax • cylinder

where lcmin=5[m], lcmax =9[m],

stroke=4[m].
Interference in linkage : A workspace of

parallel mechanism is limited by interfer-

ence between each links . The minimum dis-
tance d determined by following conditions

d > do : cylinders

d > dw : wires (2)

d > (dc + d,,,)/2 cylinder, wire

dc. d,,, denote diameter of each cylinder
and wire, respectively , and dc=200[rnrn],

d,,,=16[mm].

Fig.l. Dimension of hybrid arm

2) Condition for force actuated at link : A

wire actuator generates only tension, while

cylinder generates either tension and com-

pression. According to the statics, forces

at each link can be controlled by adjusting

inner force. Inequalities for each link are as

follows:

- 41 < ri < X1.1: cylinder

0 < ri < N : wire

(3)

where Ti is the i-th actuator output and
is derived from the statics , M(maximum
tension and compression )= 2000[kgf], and
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:V(maximum tension of wire) =7000[kgf]. If

ri satisfies these seven simultaneous in-

equalities, the forces produced at links are

obtained.
3) Object manipulated : A weight W is at an

offset d from the end plate(Fig.2). The

purpose is to handle heavy rnaterial(ton or-

der); and we define 1,17=10[tf], d=1.8[m] for

the analysis.

3.2 Criterion of evaluation

The workspace is determined under the con-

straints on the interference between the links

and the limitation of cylinder force and wire

tension(Fig.2).
1) A radius It on the plane perpendicular to z

axis in the base coordinate system is fixed.

Arid we take points on the center and the
circumference of a circle at every ^Aa de-

gree. In this paper, h=0.5[m], za=1[]

2) The object, coordinate system x,,, yu;z,,, is at-

tached to the center of gravity of the objec-

t. In each point, the orientation 8,., Oy is

examined around x, y axes with fixing the

origin of the object coordinate system. The

rotational angle around z axis is fixed in the

analysis. Inverse kinematics and statics are

calculated at every zlo degree around x, y

axes. The solutions are examined whether
they satisfy the above conditions. Then,

range of rotational angle 0r, 0y are obtained

at every point. In the analysis .60=1[° ].

3) The range of rotational angle is examined

by the method of (2) at every 6z, where

az=0.1[m].

Fig.2. Object and how to obtain range of rota-

tional angle

3.3 Mechanism and workspace

Symmetrical configurations are considered in

the comparisons and evaluations. The total num-

ber of cylinder and wire is fixed to seven based on

the force closure principle. But this paper does
not address a mechanism with more four cylinder-

s because they become very large in size.

3.3.1 Stewart platform 1 C6)

Conventional Stewart- platform is compared.

The rncchanisin is illustrated in Fig.3.

Fig.3. Configuration of Stewart Platform (C6)

The range of rotational angle of the SP is on-

ly 1 degree and the range of translation in z is

3.0[in]. The range of motion in the SP is rather

small because the force of cylinder is limited.

3.3.2 Wire drive SP(W6)

In this mechanism, cylinders are replaced with

wires(see Fig.4(a)). According to force closure

principle, this mechanism is lack of wire, but we

think it is supplemented by gravity. The range of

rotational angle is shown in Fig.4(b). It is larger
than that of the C6 type because of its larger force

actuation in the wire, however, this type is not ap-

plicable, since this is not a full 6 d.o.f. mechanism.

In the figure, the horizontal axis represents posi-

tion a, and the vertical axis represents orientation

0" By. In the following figures, z is fixed at 6.0[m]

(z = 9.0[m] for the C3NV4 with rod), because the

difference in the rotational angle around z axis is

small as in the other mechanisms.

3.3.3 C1W6 type
This mechanism has one more cylinder than

the W6 type between the base plate and the end

plate as shown in Fig.5(a). The range of rota-

tional angle is shown in Fig.5(b).

3.3.4 C2W5 type
This mechanism consists of two cylinders and

five wires. Each link is placed in a symmetry pat-

tern (see Fig.6). It has singular points in the cen-

ter of its workspace, therefore it is no longer rigid

and there are certain directions in Cartesian space

along which the device cannot support any force
or moment. Any other mechanism of this type has

also singular points and is not feasible for arm.

3.3.5 C3W4 type

This mechanism consists of three cylinders

and four wires. Two different types are illustrated

in Fig.7 and Fig.8(a). In type 1, four wires are

placed at every 90 degree at the end plate. In type

2, four wires are placed with two pairs at the end
plate. Type 1 has singular points, the same as in

the C2W5 type. The range of rotational angle of
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(a) Configuration (b) rotational angle

Fig.4. Configuration and range of rotational angle

of W6

(a)Configuration

12

10

-p0 180 360

(b)rotational angle

Fig.5. Configuration and range of rotational angle

of ClW6

Fig.6. Configuration of C2W5

type 2 is shown in Fig.8(b).

3.3.6 C3W4 with rod type

In order to enlarge range of rotational angle,

large moment at the end plate is required. Thus,

adding one rod between the cylinders and the end

plate is proposed as shown in Fig.9(a). The range

of rotational angle is shown in Fig.9(b), where

the length of rod is fixed to 3.0[m]. The range of

rotational angle is much larger, however, the scale

of arm becomes much larger than the others.

3.4 Comparison of mechanisms

1) C6 The range of rotational angle is very

small because of the limitation in the force

Fig.7. Configuration of C3W4 typel

Y Z

(a) Configuration of C3\V4 type2

-axis

1W1

x

p.aWa(dW.1

(b) rotational angle

Fig.8. Configuration and range of rotational angle

of C3W4 type2

of cylinder.
2) W6 This mechanism has no full 6 d.o.f.

and is not applicable for arin.
3) C1W6 The range of rotational angle is

enlarged by adding one cylinder to W6.
4) C2W5 The mechanism has singular

points at the center of its workspace and

is riot applicable.
5) C3W4 The range of rotational angle is

very small because the moment at the end

plate is limited.
6) C3W4 with rod The range of rotational

angle is large enough, but the size becomes

large because of its added rod.
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1,

(a) Configuration (b) rotational angle

Fig.9. Configuration and range of rotational angle
of C3W4 with rod

4 APPLICATION IN CONSTRUCT-

ING MIDDLE SCALE APARTMENT

BUILDING

4.1 Specification of the application

Automation in the construction of middle s-

cale apartment building is considered in our con-

cept as in Fig.10. The main structures, floors and

walls, are composed of a precasting concrete(PC)
board with a size of 3 X 6 X 0.2[m] and a weight

of 10[tf]. The workspace of arm is specified by
the required motion in handling and assembling a

PC board. It should be carried over 3[m] height

of one floor, then the workspace is specified to be

a cylindrical volume with 01 X 3,5[m]. Orienting

motion is required in the assembling process, and
its range should be over ± 10[deg].

25[in]

V
10-40[1113

4.2

3.0[ml

180

Pte- a w.9.1

parallel arm

PC board

object

Fig.10. system of construction

Arm configuration required in the application

The previous discussion suggests the C3W4
with rod type meets the application, however,

the cylinder stroke limits its longitudinal motion

range. The increase of the stroke results in the

increase of the arm itself. One solution may vary

the length of the rod passively to increase the mo-

tion range as well as to limit the cylinder stroke
as shown in Fig.11. Since the rod should be rigid

when the arm works, the lock mechanism is at-

tached to fix the rod length as required , typically

at two points , at its top and bottom . AVlien it goes

downwards the rod moves freely pulled by gravity
and controlled by the four wires. When it locates
an object at the bottom end the rod is fixed and

the object is controlled by all the cylinders and

the wires coordinately.

/rx

y z

Fig.11. Configuration of C3W4 rod with variable
length

r W . a idxp.i wW- o w^u.i

(a) minimum (b) maximum
(z=8.0) (z=10.5)

Fig.12. Configuration and range of rotational an-

gle of C3W4 with variable rod

4.3 Link parameters

The workspace can be analyzed and com-

pared by changing the link parameters, i.e. con-

necting points of wires and cylinders at the base

plate, radius of the end plate; rod length, then

the optimum values are selected to maximize the

workspace volume. Table 1 shows the selected pa-

rameters and Fig.12(a), (b) show the results of

the range of rotational angle at the top and the

bottom length of the variable rod. Fig.13 shows

mechanism of the prototype, and Fig.14 shows

the figure of the prototype.

5 CONCLUSIONS

The paper has mainly proposed a new fly-
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Table 1. Value of design parameters
Length [m] Length [m]

Rl 2.1 rl 0.5

R2 1.05 L 3.5-6.0

e:e

Fig.13. Mechanism of the prototype

Fig.14. Figure of the prototype

brid drive parallel arm aiming at the application

of handling and assembling a heavy material in

the construction and the shipbuilding industries.

The paper discussed the kinematics and the stat-

ics analyses of the hybrid arm, then compared

and evaluated several types of mechanisms having

symmetrical configuration and link arrangemen-

t. Finally, the prototype arm was introduced by

specifying its link parameters in the application of

constructing a middle scale apartment building as

a test bed. The prototype has been built and its

motion controller and intelligent system including

teleoperation and sensor feedback control are now

under development. This research work has been
done in the IMS International Project. The au-

thors would appreciate the IMS Promotion Cen-
ter and the members of the IF7 projects for their
kind supports.
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