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Abstract

A hybrid drive parallel arm with 3 cylinders and 4
wires has been developed for manipulating heavy ma-
terials. This paper describes a tension control and
estimation of external force for the hybrid parallel
arm. The developed hybrid arm is a kind of actuation-
redundant mechanism and its internal force can be
freely controlled. The proposed algorithm will com-
pensate the internal force, and estimate an external
force working at handled object by exploiting 4 tension
sensor data obtained at several arm positions. The ba-
sic experiments using the prototype arm are presented
with external force estimation results.

1 Introduction

The high performance capabilities of manipulators,
such as excellent repeatability, positioning accuracy
and high speed, contribute to the automation in many
industries as well as to increasing the factory produc-
tivity. A crane is a major handling tool for heavy ma-
terials in construction and shipbuilding fields. How-
ever, swing motion and rotation are generated and it is
rather difficult to control them and to obtain accurate
object positioning and orienting.

Wire drive mechanisms have advantages of produc-
ing large force and high speed due to its light weight,
and there have been many researches on theory and
applications [1]-[5]. Since the wire drive mechanism
requires at least seven wires for full six degrees of free-
dom motion and they have to be located around a
manipulated object, its workspace is entirely limited.

We have proposed a hybrid drive mechanism based
on the mixture of high power wire (or cable) drive and
cylinder actuation to obtain heavy duty manipulation
in the application of automated handling and assem-
bly in construction (Fig.1) [6, 7]. The tension of wire
has to be maintained properly in the hybrid mecha-
nism during its motion. Since the hybrid arm has ac-
tuation redundancy, the internal force may contribute
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Figure 1: Assembly in construction

to give proper tension in the wires with no disturbance
of the end plate positioning. In manipulation, unpre-
dictable external force may work at handled object
especially in windy condition. The hybrid arm has
4 wires and their tensions have to be properly con-
trolled even when unpredictable external force works
at handled object to obtain precise manipulation.
This paper describes a method of tension control
by internal force compensation, and external force es-
timation from measuring by tension sensors attached
to 4 wires. The wire tension sensor data enables to
give the wires proper tension during its motion by ex-
ploiting this internal force[7, 8]. The sensor output
is also utilized to estimate the external force and mo-
ment loaded on its end effector. Estimation of an ex-
ternal force works at some point of a handled object
will enable us to use of the arm in windy condition.

2 Prototype hybrid drive parallel arm

2.1 Overview of the arm

We have proposed a hybrid drive parallel arm with
wires and cylinders in order to design a compact han-



Figure 2: Configuration of hybrid drive parallel arm
with variable rod

dling arm having its enlarged workspace. The main
idea is to increase the limited workspace of the wire
drive mechanism by replacing some wires with cylin-
ders. Since the cylinder is capable of generating ten-
sion and compression, the actuators can be arranged
on one side of a manipulated object, i.e. they do not
have to surround the object as in the wire drive mech-
anism, and this enables the mechanism to enlarge its
workspace. Six different types including the Stew-
art mechanism and an incomplete six wire mechanism
have been analyzed and compared. Finally, we found
that the three-cylinder/four-wire type (C3W4) with
a variable connecting rod, shown in Fig.2, has good
workspace in the application [6, 7, 8]. The variable
rod has no actuator, but is passively moved by the
wires and is fixed at its top and bottom end by a lock
mechanism. This rod contributes to enlarge the arm
workspace in the vertical direction. The rod is fixed at
each end when the arm works for precise positioning
and assembly.

2.2 Design of the prototype arm

A 1/7-scale prototype of hybrid drive parallel arm
has been designed and built to confirm its applicability
in heavy duty manipulation. In designing, automation
in the construction of a middle scale apartment build-
ing is considered in our application. The main struc-
tures, floors and walls, are composed of a pre-casting
concrete (PC) board with a size of 3x6x0.2[m] and a
weight of 10[t]. The workspace of the arm is specified
by the required motion in handling and assembling
a PC board. It should be carried over 3[m] height

Figure 3: Mechanism drawing and overview of the pro-
totype

Table 1: Optimum design parameters

Length [m] Length [m)]
R1 2.1 1 0.5
Ry 1.05 L 3.5-6.0

of one floor, then the workspace is specified to be a
cylindrical volume with ¢1x3.5[m]. Orienting motion
is required in the assembling process, and its range
should be over £10[deg].

The workspace can be analyzed and compared by
changing the link parameters, i.e. connecting points
of wires and cylinders at the base plate, radius of the
end plate, rod length, then the optimum values are
selected to maximize workspace volume.

Fig.3 shows a mechanism drawing and overview of
the prototype. Table 1 shows the selected parameters
and Fig.4 (a), (b) show the results of the angle of ro-
tation at the top and the bottom length of the variable
rod.

2.3 Tension Sensor

To give a wire proper tension, a certain tension sen-
sor may be attached to a wire, then tension can be
measured and it is fed back to keep desired tension by
a servo mechanism. A servo may produce good quality
of tension in the wire. The wire tension is measured
by a tension sensor which can be easily attached to the
wire. Fig.5 shows a developed tension sensor. Wire
tensions are measured by strain gage attached to the
sensor.
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Figure 4: Maximum rotation angle in the workspace

3 Tension control for wire drive mech-
anism

3.1 Statics

A wire has just tension, not compression, and ten-
sion has to be controlled properly even in position con-
trol. The problem is the same as in our hybrid drive
parallel arm, and tension of the four wires should be
controlled so as not to lose the whole arm stiffness and
to obtain fine positioning accuracy.

The relation between the output force F'(including
moment) at the end plate and the wire tension and
the cylinder force 7 is expressed as follows based on
the statics as in the conventional parallel mechanisms
[9],

F=AT, (1)

where A is the inverse of Jacobian matrix. 7 is derived
from eq.(2) using Af, pseudo-inverse matrix of A,

T=ATF+[I; - ATA] q, (2)

At = AT (AAT) 7,

strain
gage

Figure 5: Tension sensor

where I7; denotes an identity matrix, ¢ denotes an ar-
bitrary vector. Here, we introduce

F = [l -AlA]q, (3)
then,
r=AF 4 Fy, (4)

where F' is the output force, and F'; is the internal
force that has no effect on the output force. Proper
tension can be obtained by adjusting F';.

The wires and the cylinders have the following con-
ditions in their actuated force.

~M < (ATF+F;) <M
0<(A'F+F;), <N

(c: eylinder) (5)

(w : wire)

Inequality (5) has seven inequalities. And if F'; satis-
fies these seven simultaneous inequations, the proper
force produced at each link can be obtained for con-
trol.

3.2 Tension Control by Internal Force
Compensation

In the beginning, a tension is given to each wire
not to slacken the wire. The initial tension and the
link length including the initial link extension are set
as references of the measurement of the tension and
the link extension. The tension and the link extension
from the references are denoted by 7 and Al, respec-
tively. Then the link extension Al is derived by the
following equation.

Al=Cr =C(A'F + Fy), (6)

where C' is a compliance matrix. The diagonal el-
ements of C are compliances of cylinder and wire.



Table 2: Compensation of tensions

ATF Fr ATF + F;

cylinderl 2.08 -7.13 -5.05
cylinder2 -0.38 -5.62 -6

cylinder3 4.61 -8.68 -4.07

wirel 549 | + | 483 | = 10.32

wire2 5.49 4.83 10.32

wire3 -0.03 5.87 5.84

wired -0.03 5.87 5.84
[kgf]

Table 3: Accuracy of repeat

standard deviation x[mm] | y [mm] | z [mm]

without tension control | 0.030 0.012 0.002

with tension control 0.012 0.009 0.001

In the prototype, the compliances of the wire and
the cylinder are 1.84 x 107%[mm/N] and 3.36 x
10~5[mm/N], respectively.

The inverse kinematics derives the desired link
length I(t) at a time ¢t. The internal force solved by
equation (3) causes no motion of the end plate. By ad-
justing internal force F'j, the forces 7 at link are con-
trolled in order to satisfy the constraints (5). The cor-
responding link extension is denoted by Al(t). Then
the desired link length I'(¢) is represented by

U(t) = 1(t) + Al(t). (7)

By taking into account the wire extension Al(t), we
can give a desired end plate position and proper wire
tension.

3.3 Example of Tension Control

One example of tension control is that the end plate
is located at (0,100,1300)[mm] with orientation of
(—5,0,0)[deg.], where two wires slacken in the min-
imal norm solutions(ATF). The actual wire tensions
are confirmed by measurement with the originally de-
veloped tension sensors. Table 2 shows the compensa-
tion with the calculated internal forces. By compen-
sation of internal force wires 3 and 4 keep their proper
tensions as well as other wires tensions properly.

Repeatability has been evaluated to confirm the
stiffness of the whole arm. The repeatability with and

working hI'p
point P

Figure 6: Arm hand and external force at working
point

without the compensation are compared by applying
30 trials in each z, y, and z direction. Table 3 shows
these resultants and it represents that the tension con-
trol can contribute to improvement of positioning ac-
curacy.

4 Estimation of External Force

The hybrid arm has only four tension sensors in its
wires, and these outputs are not enough to derive the
external force and moment loading on the arm end.
Observing the arm statics carefully, it is possible to
estimate the location of gravity center and the mass
of a handled object with a number of wire tension mea-
surements in different arm postures as long as they are
stationary[10]. Using the same algorithm of [10], this
section shows the estimation of the external force(F'.)
at arbitrary point (not gravity center)(Fig.6). The ex-
ternal force can be looked upon as the force from any
obstacle or from wind. In the following, algorithm will
be derived for the external force estimation, and the
computer simulation will confirm its validity. At last,
the estimation error in experiments using the proto-
type of hybrid drive parallel arm is shown and evalu-
ated.

4.1 Estimation algorithm

The arm statics is formulated from Fig.6. The
force and moment at the arm hand from cylinder force
and wire tension are as follows:

[fh]:AT:[AC Aw][TC]. ()

my, Tw

c : cylinder
woo: wire

fn,mp, are force and moment at the arm hand, 7 is



force at each link of the arm. A € R®¥7 is an inverse
Jacobian matrix and is divided into the following form
by considering force and moment components.

Acy Auw
A:[AC Aw]:{Af f] (9)
cm wm
The force and moment working at the arm hand are
represented by

mg + Fe

Fn | _
[mh o thg®mg+thp®Fe ’ (10)

® : wvectorproduct

where m and h'rg are mass and gravity point vector
of a handled object. "7, is the vector of the external

force at working point, and R is a rotational matrix
relating the hand coordinate system to the base co-
ordinate system.F, € R**! is the unknown external
force against the arm hand.

Here the arm posture will be fixed at some point
by keeping F, constant. At i-th posture the follow-
ing equations are obtained from eq.(8)(10) by defin-
ing skew symmetric matrices S,(,Z) = ROrp ), Sf(,l) =
R(i)h’l"g®.

—I1F, +A =
S( )F + Acmrc

AW )
o e ()
Sg’'mg — Awm‘rw,

where F, and rﬁi) are unknown, while m, hry, 7-1(5) are
known variables. These equations are rewritten into
the followings:

mg — Aw

[ _I, 40 } { F‘? ] (12)
—Sz(f) ¢ 70 S(l mg — Amew .

If n times wire tension measurements are obtained
at n postures, the total equations will be derived as
follows:
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Figure 7: Measuring points

There are totally (3 + 3n) unknown variables and
6n equations. Thus one measurement is enough to es-
timate unknown variables. If multiple measurements
are available, the unknown variables are estimated by

mg — A,(wl)rq(ﬂl)

7_(1) Srsl)mg - A’(wl'r)nT'(u})
o ' SR
() mg - AEU}T&")
‘ Sy mg — AGpn T
LAl 0
_S(l)
p . . .
= . 0 . . : c R6n><(3+3n)’
P
b A

where I't is a pseudo inverse matrix of I' defined as
follows:

rf = @Tr)~r7.

4.2 Experiments

In the experiment, external force is estimated
from 12 measurements at different locations shown
in Fig.7. The estimations have been obtained from
the data by increasing the measurements from 1 to
12, one by one. The arm orientation at each point
is changed at random within +10[deg] in zyz axes.
The exact mass and center of gravity location of
the object in the hand coordinates are 12.65[kg] and
(=17, —2,247)[mm], respectively.
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Figure 8: Estimation errors in external force vector

Estimation errors of the external force F, are repre-
sented by black points in Fig.8. Although the estima-
tion error decreases as the number of measurements
increases, the final estimation error 0.4[kgf] still re-
mains. This may be caused by low stiffness of the
arm; the posture of the arm has shifted a little from
ideal posture. For verification of the reason of these
errors, possible errors are given to computer simula-
tion intentionally, and their errors are compared. As
possible errors, direction of external force and gravity
center location are displaced 1[deg] and 2[mm], re-
spectively. Black cross in Fig.8 shows the estimation
errors of the external force F, in computer simula-
tion. The estimation errors in computer simulation
are worse than those in real experiments. Thus the
remained errors may be caused by low stiffness of the
arm.

In Fig.8 some measuring points increase error, for
example 2nd and 12th measurement. In these mea-
surement, I'; which depends only on the measurement
posture of the arm, has a large condition number.

Thus the estimation quality depends not only on
the stiffness but also on the measuring posture: po-
sition and orientation. Thus it is important for the
estimation to select optimum measuring points.

5 Conclusions

The paper described a method of tension control by
internal force compensation, estimation algorithm of
external force at some working point using incomplete
data from the tension sensors, as well as the control
of force and moment for the new hybrid drive parallel
arm. The estimation also works well and the basic ex-

periments indicate a capability and applicability of the
proposed method. It is also found that the estimation
error is related to the arm stiffness and measurement
points. The verification of measuring points is open
to our future works.
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