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Abstract. The purpose of this research is to develop a method that measures a torque which an operator applies to the
joystick without using a torque/force sensor on a joystick. We dealt with a construction robot teleoperation system

which is comprised of two joysticks as the master, and an excavator with four degrees of freedom consisting of fork

glove, swing, boom, and arm as the slave. It is necessary to know the torque (force) exerted on the master side in
force control. Because the joystick does not have a force/torque sensor in our lab, it is not possible to directly obtain
the torque. To give prominence to the simple and practical construction robot teleoperation system in our lab, we
proposed a method that measures the torque exerted on the joystick to existing equipment. Its effectiveness was

verified by a reaction torque experiment.

1 Introduction

Teleoperation systems are employed to sense and operate
objects at a distance. They are composed of a slave
system and a master system. The slave side is composed
of sensors to perceive remote environment, actuators to
interact with it, and network channels to communicate
with the master side [1]. In the master side, an operator
commands the motion of the remote slave robot via a
local master joystick [2]. The teleoperation system where
the master side operator directly controls the remote robot
according to information reflected from the remote
environment is more effective and reliable [3].

We can have different classifications to joysticks
which are applied to teleoperation systems according to
different standards. The most common joysticks are
movement-sensing joysticks because they respond to the
tilt applied to the joystick’s post [4]. On the other hand,
isometric joysticks, whose post are rigid and do not
deflect, respond to the forces applied to their transducers
and theoretically require less strength and dexterity for
transduction [5]. Since the mechanical abrasion is
inevitable, the noncontact electronic joystick based on
magnetic technology is much more precise and reliable
than the mechanical joystick [6-8]. A lot of joysticks with
2-DOF [9] or 3-DOF [10] are implied in industrial
applications. In teleoperation systems, there are a variety
of feedback signals that flow from the remote
environment to the master side [1], such as visual
feedback [11] and force feedback [3].

In order to provide force feedback for the operator, an
AC servo motor is used. And in order to measure the
force which the operator applies to the joystick, a force
sensor is attached to the rotational axis of each AC servo

motor [12]. Recently, joysticks are commonly employed
in many construction and industrial applications, such as
cranes [13], excavators [14], and power wheelchairs [5].
It is necessary to know a torque (force) which an operator
applies to a joystick in force control method. A common
method is to install a force/torque sensor on the joystick.

In our lab, two joysticks, which are Microsoft Co., Ltd.
manufactured and named as Side Winder Feedback 2, are
introduced in our master-slave system. Because the
joystick does not have a force/torque sensor, it is not
possible to directly get the information of the torque
applied to the joystick. To give prominence to the simple
and practical construction robot teleoperation system in
our lab, a method is proposed to measure the torque
which an operator applies to the joystick to existing
equipment in this research.

2 Master side - joystick

Figure 1. Joystick in a construction robot teleoperation system.

A typical teleoperation system consists of a master and a
slave side. In our research, the master—slave system is
composed of two joysticks, which act as the master, and a
construction robot (a commercially available excavator
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modified based on Hitachi LandyKID-EXY) is the slave
which has four links: fork glove, arm, boom and swing.

The joysticks enable movements forward/reverse and
right/left, as in Figure 1. Its displacements are detected by
position sensors. Each joystick is composed of two direct
current motors that enable the operator to feel the sense of
grasping an object by the fork glove and the work
reaction torque (force sense) generated by the
construction robot.

3 Torque analysis and calculation
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Figure 2. Joystick position and torques in horizontal placement.

Figure 2 shows the postures of the joystick and torques
condition when the operator controls it in different
operation position. In Figure 2, (a) shows the case that the
joystick automatically places in middle position (zero
position) when an operator does not manipulate it. In this
case, a torque caused by handle’s spring and damp effect
T  overcomes a torque caused by handle’s gravity T ;.
(b) expresses the case that the joystick places in operation
position without reaction torque generated by the
construction robot 7 ,. The operator applies an operation
torque T ,, to the joystick, and T ,is a torque caused by
friction. (¢) means that the joystick places in operation
position with 7 ,, and there is a equilibrium equation for
the torques ¢ T T, =T, T In this research, a non-

dimensional quantity of torque 1 means 0.57 Nm.

To calculate the torque that the operator applied to the
joystick, three problems should be examined and
measured. First, the relationship between output torques
measured by a torque meter and command torques to the
joystick is examined. Second, the influence of handle’s
gravity is investigated and its mass is estimated. Third,
T ,is measured when the joystick is controlled and moved
by the operator.

3.1. Command torques and output torques

To avoid the influence of handle’s gravity, the joystick is
placed vertically. Command torques is set to increase 5%

per 10 seconds. Output torques is measured by a torque
meter. Torque meter is exerted on the center place of the
joystick where the operator manipulates the handle.
Experiment data is shown as Figure 3. The horizontal axis
is the command torque, and vertical axis is the output
torque. Due to the effect of friction, the output signal is
zero though the command torques act on the joystick in
range of £0.1. We can see that the relationship between
the command signals and output signals is described as
linear except ain the initial stage of input signals (near
0.1), and the fitting line is expressed by

y =0.9882x-0.0076 (1)
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Figure 3. Command torques and output torques.

3.2. Gravity Compensation

As shown in Figure 2(b), there is the influence of
handle’s gravity when the joystick does not place in
middle position. To calculate and measure the gravity of
handle, experiment which measures the relationship
between reaction torque to joystick and joystick
displacement, is conducted when the joystick is placed
horizontally and vertically, respectively.
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Figure 4. Reaction torque to joystick and joystick displacement.

When a control computer connected with the joystick
send a command signal (reaction torque signal) to the
joystick, the torque signal slowly and continuously
increases 5% per 10 s. The relationship between torque to
the joystick and the joystick displacement is shown as
Figure 4. The horizontal axis expresses the torque to
joystick, and the vertical axis shows the joystick
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displacement, which is non-dimensional quantity and 1
denotes 0.06 m. The dash line and the black line express
the experiment data when the joystick was placed in
vertical and horizontal placement, respectively. Because
of the influence of the handle’s gravity, a slightly
significant discrepancy is observed between the red line
and black line.

From Figure 2(b), it is known that the torque caused
by handle’s gravity can be expressed as follows:

7, =mgxsin(@)x L ()

Where m is the mass of handle, and L is the length
between the center of rotation and a point that the
operator applies a force to the handle. & means the angle
between the handle and vertical direction.

7; can be calculated in term of the data in Figure 4. It
is known that there are two torques while the joystick
places in a displacement, and the difference between the
torques is considered as the action of 7. So if angle 8 is
known, the handle’s gravity can be calculated by fitting.
Before calculating the gravity, it is necessary to find out
the relationship between the joystick displacement and its
angle.

3.3. Relationship between joystick displacement
and angle

Experiment was conducted with the condition that the
joystick was placed in vertical, and an angle senor was
attached on the handle. Command torques are sent to the
joystick and the joystick is moved slowly in experiment.
The joystick displacement and angle are shown as Figure
5. The horizontal axis expresses the joystick displacement,
and the vertical axis shows the angle of the handle, whose
maximal absolute value is 16 degree. The red dots mean
experiment data. In term of the experiment data, a fitting
curve consists of three lines, which is shown as black
lines and the mathematic expression of the curve is shown
as follows:
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Figure 5. Joystick displacement and angles of the handle.

3.4. Torque Caused by the gravity of handle

Figure 6 shows the experiment data (black dots) and a
fitting line, which are expressed as equation (4). The
horizontal axis is the sin(0 ), and the vertical axis shows
the torques. In term of the equation (1), since the
parameters (mgL) are constant values, there should be a
proportional relationship between sin(@ ) and torque.
Since the influence of friction and measurement error, it
is considered that 0.0071 Nm is a part of T, and then the
value of mgL is 0.1565 Nm.
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Figure 6. Estimation for mgL.

3.5. Relationship between joystick displacement
and torque to joystick

A torque meter is used to slowly push the handle of the
joystick to simulate the case that an operator grasps the
joystick and moves it. Experiment is conducted under the
joystick in horizontal placement on a table. Experiment
data are collected when the joystick is moved from zero
position to maximal position by the torque meter.
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Figure 7. Relationship between torque to joystick and joystick
displacement.

Red dots in Figure 7 show the data recorded by the
torque meter, which are just like the torques applied to the
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joystick by an operator. T ; can be calculated in term of
equation (2), then the value ¢ T equals to T, +7T, in

term of Figure 2(b), which is shown as red dots in Figure
7. By fitting, equation (5) can be obtained and shown as
follows:

~ (0.4010x+0.0681 x>0 )
Y 7104202x-0.0757 x<0

In general, 7, which is the reaction torque generated
by the construction robot, is changed to an actual torque
by equation (1). The torque 7; caused by handle’s gravity,
is calculated by equation (2) and (3) in term of joystick
displacement. The sum of 7, and 7; can be obtained by
equation (5). Then torques exerted on the joystick by an
operator 7, is calculated by the equation

T, 4T ++47, =7, +7T,-

5 Experiment

Reaction torque experiment was conducted as follows:
firstly, 7, was set to a constant reaction torque — 0.5, the
torque meter pushed the joystick from zero position to
maximal position and collected experiment data, which
are shown as “Fixed torque” in Figure 8. The red line is
the result in term of equations (1), (2) and (5), blue dots
are experiment data collected by torque meter. Secondly,
7, was set to be increased from O to 1 and changed 5% per
10 s, and the joystick was pushed to 0.528391 position by
the torque meter. Experiment data are “Fixed position” in
Figure 8, the black line is the fitting result according to
equations (1), (2) and (5), pink dots are the data collected
by the torque meter. From two ground data, we can see
that the fitting result almost equals to the measured result.
It proofs that it is effective to calculate torques applied to
the joystick by our proposed method.
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Figure 8. Reaction torque experiment.

6 Conclusion

The torque applied to a joystick by an operator must be
known, when force control is introduced in a construction
robot teleoperation system. In this research, a method was
proposed by the authors, which measures a torque which

an operator applies to the joystick without using a
torque/force sensor on the joystick. In this research, we
firstly examined the relationship between command
torques controlled by a computer and output torques
measured by a torque meter, then estimated the gravity of
the handle by fitting, next, investigated and calculated
relationship between T , and joystick displacement.
Finally, reaction torque experiment proved the feasibility
and validity of using the proposed control method in the
construction robot teleoperation system.
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