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SUMMARY

In this paper, we develop a force display system using
parallel wire mechanism for virtual sports training with high
speed motion. We firstly point out a control issue of the
force display system driven by parallel wire mechanism.
Based on the analysis, control laws are proposed to improve
performance of the force display system. It is experimen-
tally demonstrated that the proposed control laws realize
higher acceleration and lower reaction force than other force
display systems. Using the experimental result, the perform-
ance of the system is evaluated quantitatively.
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1. INTRODUCTION

Visual display systems are widely utilized in virtual reality
to provide information for human operators. Since humans
obtain most of the information through visual sensation, itis
natural that many visua display systems are developed.
Recently, new types of display systems such as an HMD
(Head Mounted Display) are proposed.’?

However, when human operators mechanically interact
with an object in the virtual world, using only the visua
display system is not enough to obtain good quality of
virtual reality. In such asituation, it is better to display force
sensation of avirtual object to humans in addition to visual
sensation. In the near future, virtual reality will be applied to
many fields such as sports training, rehabilitation etc. In
these applications, the system displaying the force sensa-
tion, namely the force display systemis essential.

In this paper, we focus on sports training as an application
of virtua reality. A force display system that satisfies the
following characteristics is proposed for this application:

(i) A large motion area not to restrict motion range of
operators,
(if) High speed motion capacity not to impede motion of
operators,
(iii) Operator’s safety, and
(iv) Structural Transparency.?
Here, the structural transparency is the concept that human

operators idedly feel zero reaction force from the force
display system if the desired forceis set as zero. In practice,
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however, there are reaction forces due to dynamic character-
istics of the force display system.

From a mechanical viewpoint, we discuss how to redlize
the force display system which satisfies the above four
characteristics. Although some force display systems have
been proposed, it is difficult to realize these four character-
istics simultaneously. This is because the first and the
second characteristics conflict with the third and the fourth
ones.

One way to redlize alarge motion areaisto adopt a serial
link mechanism.*® This system is often used as a master arm
in a master—slave system (for example, refs 6—-8). However,
this mechanism inherently has a dynamic characteristic of
large mass/inertia. This characteristic brings the force
display system a trade-off between the high speed motion
capacity and the human's safety.

Parallel link mechanism is often used in the haptic device
to decrease its apparent mass/inertia®*® However, it is
noted that the haptic device is generally designed to be
compact, namely to have a small motion area with a small
mechansm. To realize a force display system with a larger
motion area, a larger mechanism is needed. For such a
mechanism, we cannot avoid increase of its mass/inertia. As
aresult, it is predicted that similar problems to those in the
serial link type of system will arise using this system.

To overcome the difficulty of satisfying the four charact-
eristics, we propose a force display system using a parallel
wire mechanism as seen in Figures 1 and 2. This mechanism
has some mechanical advantages as follows:

L ow apparent mass/inertia: By using this mechanism, we
can equip the force display system with a grip handle of low
mass/inertia. The grip handle is actuated by wires. Due to
low mass/inertia of the mechanism, we can utilize low-
powered actuators to obtain high speed motion capacity.
Simple structure: Since wires are used directly to transmit
the generated torque/force at the actuator unit to the grip
handle, we do not need complicated mechanical parts for
the transmission of the torque/force.

L arge motion areas: We need only longer wires to realize
a larger motion area. Even in such a system, low mass/
inertia is guaranteed because the mass of the wire is small.

These advantages contribute a large motion area, high
speed motion capacity and operator's safety to a force
display system. In fact, in literature of manipulators' design
using this mechanism, FALCON has demonstrated the high
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Fig. 1. Conceptual sketch of virtual tennis system.

speed motion capacity of this mechanism.™

In literature of the force display system driven by parallel
wire mechanism, Sato et a. propose a system caled
SPIDAR.*® The effectiveness of using the force display
system when human operators interact with a virtual object
is reported. Kawamura and Ito propose a master robot using
this mechanism for a master-dave system.'” There, a
principle of minimum numbers of wires is derived based on
a concept of the vector closure.’® Recently, a system called
WireMan is also proposed.” However, the previous studies
have not discussed the four requirements to the force
display system for virtual sports. Moreover, these studies
have not quantitatively evaluated performance of the system
using paralel wire mechanism. Therefore, we need detail
analysis on the paralel wire mechanism through a simple
model. In addition, some control laws are proposed based
on the dynamic characteristics of the paralel wire mecha
nism.

In this paper, we will first investigate the dynamic
charactristic of the paralel wire mechanism through a
simple model. In addition, some control laws are proposed

Fig. 2. Readlized virtual tennis system.
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based on the dynamic characteristics of the parallel wire
mechanism.

The remainder of this paper is organised as follows: In
Section 2, we introduce the virtua tennis system as an
application of the force display system driven by parallel
wire mechansim. In Section 3, we propose an anaysis
model of the system, where we take account of elastic
elements from the wires and other mechanical parts.
Discussion for the model of the elastic elements of the
system is given in Section 4. In Section 5, we derive the
dynamics of the system and present coefficients of the
dynamics. In Section 6, we theoretically point out control
issues of the force display system driven by paralel wire
mechanism. From the theoretica analysis, we propose
control laws based on the feedback approach in Sections 7
and 8. In Section 9, effectiveness of the proposed control
laws is demonstrated through basic exprimental results. We
also give a quantitative evaluation of the system in this
section. Finally, conclusion is given in Section 10.

2. AN EXAMPLE OF FORCE DISPLAY SYSTEM
DRIVEN BY PARALLEL WIRE MECHANISM

As an example of virtual reality of the force display system
driven by parallel wire mechanism, we consider the virtual
tennis system in this section.®® A conceptual sketch of the
systemisshownin Figure 1. Sinceit isdifficult to realise al
motions of real tennisin the virtual world, we assume that

e an operator (player) stays around a certain point in virtua
tennis court, and

o the operator hits a virtual ball with a forehand or
backhand swing.

As shown in Figure 1, the virutal tennis system has two
displays: an HMD (Head Mounted Display) and the force
display system driven by parallel wire mechanism. Under
the above assumption, the goal of the virtual tennis system
is described as follows:

o Through the HMD, the operator can see a virtua tennis
field such as avirtual ball, avirtual racket, avirtual court
etc.

o Through the force display system, the operator can feel
mass/inertia of the virtual racket, and a reaction force
when the operator hits the virtual ball with the virtua
racket.

The realized virtual tennis system is shown in Figure 2,
and the diagram of the control system is shown in Figure 3.
On the HMD, there are three gyro sensors to measure an
orientation of the operator's head. The signa of the
orientation is sent to two PCs (Personal Computers) via
DSP (Digital Signal Processor). Based on this signal, each
PC generates an image of the virtual tennis field, and sends
it to each LCD (Liquid Crystal Display) in the HMD. Since
two image (for both eyes of the operator) are generated with
some disparity, the operator can see a 3-dimensional view in
the HMD.

The force display system driven by parallel wire
mechanism is controlled with the DSP. In the wires of the
system, tension sensors using strain gages are installed. The
signals of the sensors are sent to the DSP via strain
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Fig. 3. Diagram of control of virtual tennis system.

amplifiers and 12-bits A/D converters built in the DSP.
Using the tension signals and the position signal of the grip
handle, the DSP implements a control law of the force
display system. In ref. 20, only basic experimenta results
were demonstrated. Therefore, the dynamic charactristic
and stability were not clear. We will discuss these issuesin
the following sections.

3. EXPERIMENTAL SYSTEM WITH 1D.O.F.

To simplify the explanation, we deal with a 1 D.O.F. force
display system driven by two wires. However, the following
discussion can be applied to a general n D.O.F. system.

3.1 Components
The 1 D.O.F. system driven by two wiresis shown in Figure
4. This system consists of

o two motor units,

e abase frame to attach the motor units,

o two wires and two tension sensors,

e agrip handle, and

e Quide rails to constrain the other 5 D.O.F. mations of the
grip handle.

The designed motion length is approximate 1.6 [m]. This
system is placed vertically. The handle can be moved up and
down in the vertical direction aong the guide rails, and can
give an operator aforce in this direction. We use four guide
rollers between the grip handle and the guide rails to reduce
the influence of the static and the coulomb frictional
forces.

The motor unit shown in Figure 5 is used to actuate awire
and to measure a length of the wire. Its basic strcutrue is
depicted in Figure 6. A 60 [W] DC servomotor (actuator)
generates atorque to drive awire. Thistorque is transmitted
to awire drive pulley via a reduction mechanism using two
timing belts. The reduction ratio is 10.3. The actuating
torque is transformed to the tension at the wires. A
potentiometer is connectd to the same axis of the wire drive
pulley in order to measure the length of the wire as a
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rotating angle of the potentiometer.

The grip handle of this system is shown in Figure 7. The
base of the handle is a steel plate, whose size is
100x 100 [mm] and 6 [mm] thick. On the base plate, a small
aluminum plate is attached as a grip for the operator. By
measuring the strain of the grip using two strain gages, we
obtain the operational force which the operator exerts on the
grip handle as well as each wire tension.

3.2 Model
A model for analysis of the system is shown in Figure 8. In
this model, the motor unit which is originally a rotational

Motor
Unit 1

Wire

Tension
Sensor

Grip
Handle

Approximate 1.6[m]

Guide Roller
Guide Rails =t

Base Frame __V

Motor
Unit 2

Fig. 4. 1-D.O.F. force display system driven by two wires.
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Fig. 5. Motor unit.

type is expressed as alinear equivalent one. The grip handle
is assumed to be a point mass.

In the following discusson, we assume that the actuator
has enough capacity not to loosen the wire. Static and
coulomb frictional forces are not taken into account in the
model. We do not consider the gravity term explicitly by
compensating it.

Notations in Figure 8 are defined as:

J: An equivalent inertial coefficient of the motor
units, which includes those of both the actuator
and the reduction mechanism,

IWire Guide Actuator

Timing Belts

Wire Drive Pulley

Potentiometer

£

{—" Taws T

fa m,g d fa

Force display system

D: An equivalent viscous coefficient of the motor
units, which includes those of both the actuator
and the reduction mechanism,

mandd: Aninertia and a viscous coefficients of the grip
handle,

x;: A position of the equivalent inertia of the ith
motor unit (i=1, 2),

X: A position of the grip handle,

fx A tension of the ith wire connnected to the ith
motor unit,

far A desired wire tension of the ith wire,

T An input torque for the ith motor unit,

S A desired reaction force for an operator, and

fi: An operational force which the operator exerts

on the grip handle.

Note that positive directions of 7, and f, are opposite to
those of 7, and f; respectively.

In the case of the 1 D.O.F. system driven by two wires,
the desired wire tension f,; (i=1,2) is related with the
desired reaction force f,, as follows:

Jan=ta —fo (1)

Using only equation (1), the desired wire tensions cannot be
uniquely determined from a given f,,. However, by setting
the minimum wire tension not to loosen the wire f;, to the
desired wire tensions f; (i=1, 2) in advance, these tensions
are uniquely determined. Here, f; is a positive constant.

Fig. 7. Grip handle.

fi

Motor Unit 2

Grip Handle

Motor Unit 1

Fig. 8. Model of 1 D.O.F. force display system.
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In the model, we suppose that the grip handle and both
motor units are connected by two springs. Each spring
expresses elastic elements of the system from wires, tension
sensors, timing belts etc.

4. MODEL OF SPRING ELEMENT

4.1 Tensile property of motor unit and wire

To complete the model of the sysem presented in Section 3,
the model of the spring is needed. Therefore, we investi-
gated tensile property of the motor unit and the wire through
a basic experiment.

4.1.1 Experimental setup. The experimental setup is
shown in Figure 9. In this experiment, the motor unit is
mounted on the upper side of arigid frame, and the end of
the wire is connected to the lower side of that frame.
Moreover, a laser ranger is hung from the upper side of the
frame with arigid rod to measure bends of both sides of the
frame. Note that a rotary encoder which is connected to the
same axis with the DC servomotor (not to the axis of the
wire drive pulley) is used in this experiment. By setting the
encoder in thisway, we can measure the characteristic of the
spring element including the elasticity of the reduction
mechanism.

A tension was then given to the wire by driving the motor
unit, and a rotational displacement of the DC servomotor

Encoder
@ T71 - Actuator
s .
g ——Timing Belt
! Al . Wire Drive
\y L [ Pulley
. . A
Rigid .
Frame Wire
//
Wire Rigid
Rod
ly
Tension
Sensor
Laser
: Ranger Rigid
w Frame v
Target

Fig. 9. Experimental setup to examine spring elements.
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was measured. This displacement was transformed to the
equivalent linear one, corresponding to the spring model
shown in Figure 8. In this experiment, we firstly increased
thewiretension up to 50 [N]. The rotational angle of theDC
servomotor and the tension were measured at the interval of
5[N]. The tension was kept constant during the measure-
ment. We increased 5[N] of the tension for approximately
5[] so that the dynamics of the motor unit did not affect the
experimental results. In the same manner, we decreased the
wire tension to O [N] again after it reached 50 [N].

4.1.2 Experimental results. Experimental results are
shown in Figure 10. The ordinate denotes the tension f; and
the abscissa denotes the corresponding equivalent displace-
ment Ax. Here, since the bend of the frame was less than
50 [wm] and much smaller than the range of the displace-
ment shown in Figure 10, we ignore the bend. The
parameter [, in Figures 9 and 10 denotes the basic wire
length when the wire is not tensed. In this experiment, we
changed [, to 500, 1000 and 1500 [mm].
From Figure 10, we observe that

o the tensile property of the motor unit and the wire varies
accoding to the basic wire length [,

o thetensile property has hysteresis, and

o the tension f; is nonlinearly proportiona to the displace-
ment Ax of the spring.

4.2 Assumption and its validity
4.2.1 Assumption on tension. Before operating the sys-
tem, the wires (including the tension sensors and the
reduction mechanisms) are tensed by the internal forces and
their displacements become x, —x=a and x—x,=a (or
x, —x=—a), where a denotes theinitia displacement of the
wires and is a positive constant.

The tension property shown in Figure 10 is observed only
with elongation. Therefore, the relation between force and
displacement does not hold when the wire shrinks. To

O T T T T 7]
~— Loaded

| — - Unloaded ly=1000mm

I
[aw)

Loaded Force f; [N]
V)
S

Displacement Ax [mm]

Fig. 10. Tensile property of motor unit.
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simplify analysis on the parallel wire mechanism, we make
the following assumption:

Assumption on tension: During the motion exerted by
operators, the tensions f, and f, are kept positive or the
differences x, —x and x — x, are kept positive.

The above assumption means that even though the operator
moves the grip handle quickly, wire tensions f, and f, are
always kept positive, or the wires do not loosen. In practice,
it isimpossible to satisfy the assumption for al frequency of
the operator's motion because of the delay in force
feedback. However, the above assumption will hold for low
frequency. The validity of the assumption is checked by the
following experiment.

4.2.2 Experimental setup. In this experiment, we used the
1D.O.F. force display system. The desired reaction force ),
for the operator was set asf,,=0. The operator oscillated the
grip handle with some frequencies. During operaton, we
measured the position of the grip handle x by alaser ranger
and that of each equivalent inertia of each motor unit x;
(i=1, 2) by an incremental encoder as a rotational angle of
the DC servomotor. Displacements of wiresx, —x andx —x,
were obtained from these positions. The system employed
the tension and reaction force feedback law (the control law
will be discussed in Section 8). The minimum wire tension
was 19.6 [N].

4.2.3 Experimental results. Two results are shown in
Figure 11. In Figure 11(a), frequency and amplitude of the
grip handle motion are approximate as 1 [Hz] and 70 [mm]
respectively. In Figure 11(b), they are approximate as 4 [HZ]
and 58 [mm)]. Since the operator freely oscillated the grip
handle, exact frequency and amplitude were not obtained.

Time[s]
(a) Frequency 1[Hz]

Fig. 11. Experimental result to check validity of assumption.
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Here, x=0 denotes the middle point between both motor
units.

In Figure 11, we observe that before the grip handle was
oscillated, the displacement of each wire were held to be
constant by the internal force. We regard this displacement
as an inital one a. Here, the initia displacement of x; — x is
different from that of x—ux,. It is presumed that such
difference is caused from the error when we initiaize the
incremental encoder at x,=0.

From the experimental resultsin Figure 11(b), we see that
the system cannot satisfy the assumption when the grip
handle is oscillated. This is because most of minimum
values are negative. In contrast, the assumption is satisfied
in the experimental result shown in Figure 11(a), where the
grip handle is oscillated with frequency 1[Hz] and
amplitude 70 [mm].

4.3 Discussion on model of spring element

Under the assumption, we discuss the model of the spring
shown in Figure 8. We firstly consider dependence of the
tensile property on the wire length. The elastic characteristic
of the system varies when the grip handleis moved, because
the length of the wire is changed according to the position
of the grip handle. However, note that the paralel wire
mechanism is generadly designed so that its feasible
(theoretical) motion area is larger than the motion area
which is actually used. In this case, since variation of the
wire length becomes relatively small, the elastic character-
istic of the system varies within a certain bound. From this
consideration, we treat the spring shown in Figure 8 as one
with a constant characteristic in this paper. Since validity of
the assumption was demonstrated around x=0 and the
corresponding wire length when x=0 is approximate
800 [mm], we shall focus on the characteristic in the case

|
1

Time[s]

(b) Frequency 4[Hz]
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Tablel. Spring constants estimated from tensile property

Wire length |, Kk, [N/mm] k, [N/mm?]
500 [mm] 6.219 4.160
1000 [mm] 6.544 1.110
1500 [mm] 4.968 0.9310

that the basic wire length [, is 1000 [mm].

Secondly, we consider hysteresis of the tensile property.
As shown in Figure 11(a), the displacements x, —x and
x—x, remain positive, and are within 2.8[mm] and
4.0 [mm] respectively. Each variation range of the displace-
ment was smaller than that when the motor unit was
examined (Figure 10). In such situation, influence of
hysteresis on the tensile property will aso be smaler.
Therefore, we approximate the tensile property to the solid
curve which means the characteristic when the motor unit is
loaded.

Taking the above considerations into account, since the
tension f; is nonlinearly proportional to the displacement Ax
in Figure 10, we express the model of the spring shown in
Figure 8 as

fi=k Ax+ kA (i=1,2), 2

where &, and k, denote spring constants for the linear and
quadratic terms respectively. Using the tensile property
obtained through the experiment, we estimated &, and k, by
the least square method for each basic wire length. The
estimated spring constants are summarized in Tablel. Inthis
paper, we focus on the result in the case of the basic wire
length 1,=1000 [mm], which has k;=6.544 [N/mm] and
k,=1.110 [N/mm?].

Substituting x, —x and x — x, into Ax in equation (2), we
have

Si=ki (e, = x) +ky(x, —x), )

o=k (x = x) +hy(x — x)% (4)

When the assumption in Section 4.2 is valid, we can

linearize equations (3) and (4) around x,—x=a and

x—x,=a. Applying Taylor's expansions to (x, —x)* and
(x—x,)* yields

(x, —x)*=a’+2a(x, — x — a)=2a(x, — x) — d’, (5)

(x—xy)*=a’+2a(x — x, — a)=2a(x — x,) — d’. (6)

Substituting equations (5) and (6) into equations (3) and (4),

we obtain

fi=Ky(a@) (x, —x)— kzaz, (7)
fHr=Kya)(x—x,) — kzaz’ (8)

where K,(a) is defined as
Ko@) k,+2kya, ©)

and denotes stiffhess of the linearized spring. This constant
is determined by the initial displacement a, and can be set
large by increasing a.

5. DYNAMICS
Using the model as shown in Figure 8, derivation of the
dynamics of the force display system is straightforward. We
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firstly obtain the dynamics of motor units as follows:
JX, +Dx,+f=m, (10)
Ji,+ Dk, — f,=— 7. (11)

On the other hand, the dynamics of the grip handle is
expressed by
mi+dx=f, — fo+f. (12)
The models of the springs are given in equations (7) and (8).
These five equations are related with the dynamics of the
system.
Noting that
—fH=Kya@)(x, —x)+ kzaz’ (13)

substituting equations (7) and (13) into equations (10)
through (12) yields

J¥,+Dx, +Ky(x, — x) =7, + k,a?, (14)
Jiy+Diy+ Ky(x, — x)=— 7, — kya?, (15)
mx+di=Ky(x, +x, — 2x) +f,. (16)

Applying Laplace transforms to equations (14) through
(16), we obtain

(Js*+Ds+K)X, — K X=T,+k,a*/s, (17)
(Js*+Ds+K)X, — K X=—T, — k,a’/s, (18)
(ms*+ds+2K)X=KX,+X,)+F,, (19)

where X, X; (i=1, 2), T, and F, denote Laplace transforms of
x, x;, 7, and f, respectively. Then we eliminate X, and X, from
equations (17) through (19) to obtain

Jm | Jd+D Dd
m ., M| 2 i ma2] |+ d+2D)s \x
K, K, K,

J D
=T, —T,+ <K s2+E s+1>Fh. (20)

0 0

Here, we consider the following feedback |aw to understand
the dynamics of the system more clearly,

T=K,(fu—f)+fu Of T=K(F,;—F)+F,; (i=1,2), (21)

where F; (i=1, 2) denote the Laplace transforms of f,,. We
name the control law in equation (21) as the tension
feedback law.

Substituting equation (21) for i=1, 2 to equation (20)

yields
2J 2D
NK+{<m+K>+<d+K> }X:Fdh+Fh, (22

1
Ni= o [{Jms'+(Jd+ Dm)s*+Dds*}X = (Js*+ Ds)F ), (23)

0

where K=K+ 1 and
Fy=Fy—Fp, (24)
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Tablell. Values of coefficients

Coefficient Value
J [kg] 0.687
D [kg/s] 22.32<D<4514
m [kg] 0.5
d [kals] 0
K, [N/m] 8764

denotes the Laplace transform of f,.

Table Il presents the values of the following five
coefficients: The inertial and viscous coefficients of the
motor unit (J and D), those in the grip handle (m and d), and
the spring constant K,. The mass of the handle is obtained
by actual measurement. Recall that static and coulomb
frictional forces are not taken into account in this paper. In
this case, the viscosity of the handle comes from that of the
air. Since the viscosity due to the air is usualy very small
(within 10 [m/s] or 20 [m/s] movement of the handle), we
assume that the viscous coefficient of the handle d=0.

Taking account of the fact that the reduction ratio of the
motor unit is over 10.0, and the wire drive pulley and the
pulleys in the reduction mechanism are made of synthetic
resin and duralumin repectively, we suppose that the inertia
property of the motor unit is dominated by that of the DC
servomotor. We calculated the inertial coefficient of the
motor unit J based on the value of the inertia of the DC
servomotor given in the catalogue.

The viscous coefficient D was estimated from an
experimental result in Section 9.2 (detail of the experiment
will be explained there). In this experiment, we obtained
different values of the coefficient D for different minimum
wire tensions. It is presumed that the difference comes from
the estimation error. In this paper, we adopt 22.32 [kg/s] as
the value of the coefficient D (the corresponding minimum
wiretension f;, is 24.5 [N]). However, it should be noted that
the discussion in the following sections can be applied even
if the coefficient D has a different value.

We calculated the stiffness K, in the following way: As
discussed in Section 4, k;,=6.544 [N/mm] and k,=1.110 [N/
mm?], which are the spring constants in the case that the
basic wire length is 1000 [mm)]. Next, we obtained the value
of the initial displacement a from Figure 11(a). In this
paper, the initial displacement was chosen as a=2.0 [mm].
From definition of the stiffness K|, in equation (9), K, was
calculated as 8.764 [N/mm] or 8764 [N/m].

6. CONTROL ISSUE

In this section, we clarify the control issue of this system. As
mentioned in Section 1, the force display system generally
requires the structural transparency. In other words, it has to
let an operator feel the desired reaction force even if the grip
handle is in any motion. Therefore, the ideal condition of
the structural transparency is described in frequency domain

as
F,=—F, of F,+F,=0. (25)

Here, we should note that — F, denotes the reaction force
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which an operator actually feels. Comparing equation (25)
to equation (22), we see that the entire left side of equation
(22) degrades the structural transparency. For convenience,

we let
2J 2D
FA:NK+{<m+K>s2+<d+K>S}X' (26)

By observing F, in detail, we understand that the F,
consists of two components. The first term N, given by
equation (23) includes higher order terms on X and F, and
is resulted from the elasticity of the system (that is, the
spring shown in Figure 8). If the motor units and the grip
handle are connected rigidly or K, tendsto infinity, thisterm
will disappear. The remainder of F, is the dynamic element
of the system which contains inertias and viscosities of the
grip handle and both motor units.

Control laws should reduce the influence of F, to
improve the structural transparency. Keeping this in mind,
we discuss the control laws based on the feedback approach.
We will deal with this issue in two steps corresponding to
the two components of F,.

In Section 7, a method of reducing the influence of the
elagticity is proposed for the tension feedback law. In
Section 8, we propose a control law to suppress the effect of
the dynamic element of the system. In addition, stability of
the system is analyzed in both sections.

7. TENSION FEEDBACK LAW

Firstly, we consider the method of reducing the influence of
the elasticity (namely, the term N, shown by equation (23))
in the case of the tension feedback law.

7.1 High gain feedback

One possible method to reduce the influence of the term N
in equation (26) is to modify the tension feedback law
equation (21) so that it compensates the term N. However,
such a control law would become complex in general and
might require a higher order signal of the handle position x.
Though such control law may not be impossible to
implement, difficult problems could arise from a practical
point of view.

Here, we focus on the structure of the term N, shown in
equation (23). This term is inversely proportiona to K,
namely the feedback gain K, of the tension feedback law
(note that K=K,+1). Therefore, we will be able to reduce
the influence of the term N by increasing the magnitude of
K. Such method of using high gain feedback seems to be
practical because the tension feedback law is easy to
implement. However, there is limitation of the feedback
gain because of the stability problem. That is, there is a
certain margin for the magnitude of the feedback gain to
guarantee that the system remains stable. From this
consideration, we investigate the stability of the system with
respect to the magnitude of the feedback gain.

7.2 Sability analysis
Since we focus on the high speed motion capacity and the
structural transparency of the system in this paper, we let
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F,,=0 in equation (22). Then from this egquation, we obtain
the following transfer function G, from the operational
force F, to the handle position X,

Gry=—=
FX Fh

J 2
—— s+ — s+l
KK KK

Jm , Jd+Dm , ( Dd 27\ , 2D\
—— 5+ S+ S otm+— s+ d+— s
K.K KK KK K K
(27)

By substituting various values for K, we obtain a plot of
poles and zeros of the transfer function equation (27) in a
complex number plane. This plot is shown in Figure 12, in
which K is increased from 1 to 250. Corresponding to
equation (27), there are four poles and two zeros. One pole
stays at the origin of the complex number plane independent
of the values of K. In contrast, the other poles and zeros are
dependent on the values of K. When the value of K is
increased, two poles and two zeros will tend to infinity in
the left half plane. However, the other one pole approaches
the origin (namely, the imaginary axis). This means that the
stability margin is decreased by increasing the feedback
gain. As aresult, we will not be able to set an excessively
large value for the feedback gain. Moreover, we have to
recall that in the model shown in Figure 8, some mechanical
properties of the system such as static and coulomb frictonal
forces, and nonlinearity and hysteresis of the spring have
not been included. This “unmodeled” dynamics may be
excited with the high gain feedback and drive the system to
an unstable or oscillating situation. To avoid that, we should
design the margin for stability of the system as large as
possible.
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Fig. 12. Plot of poles and zeros of transfer function Gy.
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8. TENSION AND REACTION FORCE (T-RF)
FEEDBACK LAW

8.1 Drawback of tension feedback law

Next, we focus on the remaining term of F, minus Ny. This
part can be regarded as the dynamic term of the system,
including inertias and viscosities of the grip handle and both
motor units. From the structure of the dynamic term as
shown in equation (26), we understand that while the inertia
and the viscosity of the motor units are dominated by K or
the feedback gain K, those of the grip handle are not.
Therefore, the method of increasing the feedback gain can
also be applied to the motor units to reduce their dynamic
effects. However theinfluence coming from the dynamics of
the grip handle cannot be decreased.

Since the system in this paper aims at high speed motion
capacity, it is better to reduce the dynamic effect of the grip
handle from the viewpoint of the structural transparency.
Based on this idea, we propose a method of reducing this
effect.

8.2 Control law and its effect
We consider the following “modified” desired wire ten-
sions,

o 1
F,=F, ) (ms*+ds)X, (28)

- 1
F,=F,— 5 (ms*+ds)X. (29)

Clearly, the above modified desired wire tensions consist of
two parts, that is,

(The component for the desired reaction force f,)

1
+§ (The dynamic terms of the grip handle).

In other words, the modified desired wire tensions
F, (i=1,2) are constituted to realize the desired reaction
force f,;, and also compensate the dynamic terms of the grip
handle.

Using F,; (i=1, 2), we modify the tension feedback law
as follows:

T=K; (F;— F)+F; (i=1,2). (30)

By employing the above control law, we would be able to
compensate the grip handle dynamics. However, it is
difficult to calculate the modified desired wire tension F,
from equations (28) and (29), because exact parameter
values of theinertiam and the viscosity d, and exact signals
of acceleration and velocity are difficult to obtain in
practice.

To overcome this problem, we utilize the grip handle
dynamics. Substituting equation (12) into equations (28)
and (29), we obtain the following control law,

1
T1=Kf{Fdl_2(F1+F2_FI1)}+Fdlv (31)
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1
T2=Kf{Fd2_2 (F1+F2+Fh)}+Fd27 (32)

where F, can be measured by using an operationa force
sensor attached to the grip handle. We call the control law
shown in equations (31) and (32) as the tension and reaction
force (T-RF) feedback law. Using this control law, we will
be able to compensate the grip handle dynamics without
knowing its inertial and viscous coefficients.

Substituting equations (31) and (32) into equation (20),
we obtain the following dynamics of the system under the T-
RF feedback law,

1
NK+%{(m+2Ds2+(d+2D)s}X=Fdh+Fh, (33)
where the term N, has been shown in equation (23). Thus,
1
FA=NK+E {(m+20)s*+(d+2D)s}X (34)

is entirely dominated by K, namely the feedback gain K,
(because the term Ny is also dominated by K)). Therefore,
we can reduce the influence of F, by setting high gain
feedback and improve the structural transparency of the
system. Effectiveness of the T-RF feedback law will be
demonstrated in Section 9 through a basic experiment.

8.3 Hability analysis
Finally, we briefly discuss stability of the system under the
T-RF feedback law. Similar to the analysisin Section 7, we
have the following transfer function by setting the desired
reaction force F,,=0,

& _X
FX F;,
J
ﬁs2+ﬁs+l
— 0 0 (35)
Jm , Jd+Dm , ( Dd m+2J\ , d+2D
— 5+ S+ —+ s
K,K K,K KK K K
J , D
— +ES+K
=Jm  JdsDm . (Dd ‘ (36)
m m
—st+ S+ —+m+2J |s*+(d+2D)s
K, K, K,

The corresponding plot of poles and zeros of G,y is shown
in Figure 13, where the value of K is increased from 1 to
250. Since K does not appear in the denominator of the
transfer function G, positions of four poles are determined
by the inherent dynamic characteristics of the system. On
the other hand, two zeros will go to infinity in the left half
of the complex number plane when the value of K is
increased.

In the case of the T-RF feedback law, the system seemsto
be stable even if we choose any value for K, because all

https://doi.org/10.1017/50263574798000551 Published online by Cambridge University Press

Force display system
20 T T T T 1 l
i : X Poles
| = == Zeros|
« 10} A ]
= o
X | ! i
5 i -
R L D S
5 ¥
R=| R | 4
&
g 3
=-10F 1 -
® K=1 Y
. B K=10 " 4
O K=50 ! ;
220 1 1 1 ) § 1
-30 -20 -10 0

Real Part

Fig. 13. Plot of poles and zeros of transfer function G ..

poles stay in the left half plane independently of the
magnitude of K. However, the stability margin is determined
from the inherent characteristics of the system and we
cannot change this margin. Hence, we should choose the
value of the feedback gain K, carefully so that the
unmodeled dynamicsis not excited and it does not drive the
system unstable.

9. EXPERIMENTS

9.1 Experimental comparison of two control laws

We carried out a basic experiment for the force display
system driven by paralel wire mechanism with two
feedback control laws: the tension feedback law and the T-
RF feedback law. The purposes of this experiment are

o to demonstrate validity of the T-RF feedback law for the
structural transparency, compared to the tension feedback
law, and

e to evaluate performance of the force display system
driven by parallel wire mechanism quantitatively on the
high speed motion capacity and the strucutral transpar-
ency.

We describe details of the experiment in the following.

9.1.1 Setup and procedure. Firstly, we set the desired
reaction force f,,=0. Then the operator grasped the grip
handle of the system shown in Figure 4 and moved it
downward as fast (namely, with alarge velocity and a large
acceleration) as possible. During an operation of the grip
handle, we measured the grip handle position and the
operational force. After the operation, we obtained a
velocity and an acceleration of the grip handle by numerical
differentiation. The experimental results were handled with
a low pass filter whose cut off frequency is 40[HZ], to
demonstrate the results intelligibly. In this experiment, we
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set the same feedback gain to both control laws. The
feedback gain K, was chosen as 3.03 (K=4.03). It seems that
alarger feedback gain could be chosen because the stability
margin is enough from the analytical results shown in
Figures 12 and 13. However, it was actually impossible
because oscillation occurred on the force display system. It
is presumed that the unmodeled dynamics of the force
display system excites the oscillation.

9.1.2 Results. We examined each feedback law with the
above procedure. The experimental results are shown in
Figure 14. From this figure, we note that:

e In each acceleration trgjectory, we observe two peaks.
The former one means that the grip handle is accel erated,
and the latter one does that the handle is decelerated.

e Each reaction force trgjectory aso has two peaks. Each
peak corresponds to that in the acceleration trajectory.
Here, areaction force with a positive value means that an
operator feels the force upward.

In the experimental results, we focused on the period in
which the grip handle was accelerated (namely, the period
until the velocity reached the maximum one from zero). In
this period, we picked up peak values of velocities,
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Fig. 14. Experimenta results for feedback control laws.
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Tablelll. Maximum (absolute) values of grip handle motion

Operated Velocity Acceleration Reaction
Control law distance [m/g] [m/s] force [N]
Tension 0.689 3.68 23.7 459
T-RF 0.622 4.16 455 15.5
(Retio) (1.13) (1.92) (0.338)

acceleratons and reaction forces. Those values are shown in
Table 111, where each value is presented as an absolute one,
and values inside parentheses denote ratios of the resultsin
the case of the T-RF feedback law compared to those in the
case of the tension feedback law.

9.1.3 Comparison and evaluation of results. Since we set
the desired reaction force f,,=0, the actua reacton force
should aso be zero from the ideal condition for the
structural transparency given by equation (25) despite any
motions of the grip handle. However, it will be actualy
impossible for any force display systems to satisfy the ideal
condition. From a practical viewpoint, it is desirable that the
force display system realizes a higher velocity and a higher
acceleration with alower reaction force.

Evauating the results shown in Table Ill, we observed
that a higher velocity and a higher acceleraton were realized
with alower reaction force when the T-RF feedback law was
employed, compared to those when the tension feedback
laws was used. From the result, we have verified that the
structural transparency of the force display system driven by
parallel wire mechanism is improved by using the T-RF
feedback law.

Moreover, we apply another quantitative evaluation of the
structural transparency for the experimental results. In this
evaluation, we assume that the mechanica impedance of the
whole system can be expressed as

M+ Bx+C, Sgn(x)=f;, 37)
where, M, B and C, denote an effective inertial, viscous and
coulomb frictional coefficients respectively. For each result
shown in Figure 14, we cal cul ate val ues of these coefficients
by least squares method. The calculated values are summa-
rizedin Table IV.

In this evaluation, the ideal condition for the effective
coefficients is M=B=C,=0, because the ideal condition of
/,=0 should be satisfied for any motions of the grip handle.
From a practical viewpoint, we can say that the force
display system has higher structural transparency if al
coefficients are relatively smaller (namely, the effective
mechanical impedance is lower).

From Table IV, we know that all coefficients obtained

Table V. Values of effective coefficients

Control law M [kq] B [ka/d] Co [N]
Tension 0.771 2.96 144
T-RF 0.205 1.78 0.725
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from the result of the T-RF feedback law are smaller than
those of the tension feedback law. That is, the T-RF
feedback law has realized a lower mechanical impedance
than that of the tension feedback law. Therefore, it is
demonstrated that the T-RF feedback law is effective to
improve the structural transparency of the force display
system.

Through the results in Table 1V, we know that our present
1 D.O.F. force display system driven by two wires has
potential of realizing an effective mass of approximate
200 [g] while the actual mass of the grip handle is 500 [g].
The effective viscous and coulomb frinctional coefficients
seems to be dill large. It is presumed that such large
coefficients are caused from the mechanical constraint using
guide rails. In general parallel wire mechanisms with
multiple degrees of freedom, such a mechanical constraint
is unnecessary. Hence, it is expected that a multiple D.O.F.
force display system driven by parallel wire mechanism
realizes higher structural transparency with a smaller
viscous and coulomb friction coefficients, as compared to
those of the 1 D.O.F. system.

9.2 Force characteristic of system

We carried out a basic experiment to investigate the force
characteristic of the system. In the experiment, we mechani-
caly fixed the grip handle at x=0. Substituting X=0 to
equation (22), we obtain the following transfer function

Force display system

From this equation, we know that

natural frequency: fn=L ﬂ{ (39
27 J

damping factor: V4 P (40)
' 2VK KT

In this experiment, we gave sinusoidal functions with
various frequencies to the desired reaction force f,,, and
measured the actual reaction force-f, for each frequency. As
aresult, the force characteristic of the system was obtained
as a Bode diagram of transfer function —F,/F,. The
feedback gain is set as K;=3.03 and thus K=4.03. We
operated the system with three minimum wire tensions:
fo=0.686, 9.80 and 24.5 [N].

The experimental result is shown in Figure 15. The Bode
diagram of the second order system was obtained. In this
figure, we observe that by increasing the minimum wire
tension, the peak of the gain moves to higher frequency.
This means that the natural frequency f, is increased by the
minimum wire tension. The peak vaue of the gain is also
raised, namely the damping factor is decreased by increas-
ing the minimum wire tension.

The reason for these observations can be explained as
follows: By increasing the minimum wire tension, the initial
displacement a is increased. Therefore, the stiffness K, is
also increased (recall the definition of K, given by equation

K,K
_F KK % (9)). Referring to equations (39) and (40), we consequently
e = (38)  understand that increase on the stiffness K, yields increase
Fa Js+Ds+KK D KK on the natural frequency f, and decrease on the damping
J J factor Z.
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Fig. 15. Force characteristic of 1 D.O.F. system.
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10. CONCLUSION

In this paper, we have focused on the force display system
driven by parallel wire mechanism, which has a potential to
satisfy four characteristics of the large motion area, the high
speed motion capacity, the operator's safety and the
structural transparency. This type of force display system is
essential in some applications of virtual reality, such as
virtual sportstraining.

The main results of this paper are summarized as follows:
Firstly, we have clarified the control issue of the force
display system driven by parallel wire mechanism. The
structural transparency of the system was affected by its
both elastic characteristics of wires and motor units, and
dynamics of the grip handle. Secondly, we have proposed
control laws to reduce such effects and to improve the
structural transparency. The tension feedback law could
reduce the influence caused from the elasticity and the
motor unit dynamics with a large feedback gain. However,
this control law could not suppress the grip handle
dynamics. To reduce this effect, we have proposed the
tension and reaction force (T-RF) feedback law base on an
idea of compensating the grip handle dynamics. The
effectiveness of this control law has been demonstrated
through the basic experiment. In addition, we have eval-
uated performance of the system using the experimental
results.

As seen in equation (23), the elastic term Ny is inversely
proportional to both the feedback gain K; and the stiffness
K,. This stiffness can be increased by increasing the
minimum wire tension, as shown in Section 9.2. From this
consideration, we can also reduce influence of the elastic
term N, by employing a large wire tension to set the
dtiffness K, large.

In Section 4, we have seen that the assumption for the
spring element was marginaly satisfied for the 1[HZ]
motion of the grip handle. Referring to Figure 11(b), it
seems that one way to validate the assumption for the
motion with higher frequency isto set alarger wire tension
to obtain a larger initia displacement so that minimum
values of the displacement become positive. However, we
should note that a problem of nonlinear oscillation might
occur under such alarge wire tension because the elasticity
of the system is originally nonlinear.

We have seen in Section 9 that the effect of the
unmodeled dynamics such as friction and non-linearity of
the spring element is considerably large and hence limitsthe
magnitude of the feedback gain. Therefore, such unmodeled
dynamics should be analyzed as a future work.
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