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Abstract -

Recently, facilities that are a foundation of industries such
as roads, water pipes, and tunnels are getting old. Along
with this, the demand on inspection in the decrepit facilities is
increasing. The robots are introduced to inspection in these
facilities. It is required that the operators can control the
robots easily when facilities are inspected using the robots.
However, the control device which the operators can operate
the robots easily is different depending on the robots which
are controlled and the inspection task. Therefore, a control
device which enables us to control various robots is developed
by us. The device can represent various operation manners
by changing the shape. In this paper, a method of device
control with a virtual configuration is described. A joystick
is represented using the virtual configuration. The torques to
be outputted to each joint of the joystick are calculated using
the forces and moments which applied to the grip of the
device by the operators. The calculated forces and torques
are distributed to the torques which drive each joint in the
device. Therefore, the joystick using the virtual configuration
is represented. The usability of the proposed method is shown
by verification experiments.
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1 Introduction

Recently, facilities that are the foundation of industries
such as roads, water pipes, and tunnels are getting old.
In this paper, these facilities are called the social infras-
tructures from now on. The demand on inspection in
the social infrastructures are increasing along with the
increase of the decrepit social infrastructure. There are
many scenes where a judgment by humans is required in
the inspection task of the social infrastructures. However,
there are some situations that are difficult for humans to
enter depending on the environment where the inspection
task is performed. Therefore, it is desired to assist the
inspection task is performed by humans with controlling
the robots remotely. Against this backdrop, development
and introduction of next generation robots for the social
infrastructures are done in Japan since 2013[1]. On the
other hand, the number of experts who inspect the social

infrastructures is decreasing. Therefore, it is demanded
to inspect efficiently even if an operator is not used to
controlling the robots. Various robots which inspect the
social infrastructures is developed[2][3]. Also, a hexapod
robot for inspection in narrow environment is developed
by us[4]. It is required that the operators can control the
robots easily when the social infrastructures are inspected
using these robots. On the othe hand, a control device and
an operation manner are different depending on the robots
which are controlled and the inspection task.

A cockpit and a control device which enables us to con-
trol various robots are developed by us (Figure 1). The
control device has a virtual configuration represented by
using a multiple virtual axes of rotation. A virtual axis
of rotation which does not exist in the actual configura-
tion is represented by combining multiple axis of rotation
as shown in Figure 2. In this paper, a representation of a
joystick using the virtual configuration is described. Here-
inafter, The joystick which is represented using the virtual
configuration is called the virtual joystick.

Overview of the virtual axis of rotation is described. In
the case of the actual axis of rotation, the moments ap-
plied to the axis of rotation can be divided into a moment
about the axis of rotation and others. Object rotates about

Figure 1. The cockpit which is developed by us.

--=-- Actual axis of rotation ————- Virtual axis of rotation

Figure 2. The actual axis of rotation and the virtual
axis of rotation.
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the axis of rotation by the moment about the axis of ro-
tation. Hereafter, the moment about the axis of rotation
is called the unconstrained force. On the other hand, the
moments and forces other than the unconstrained force
applied to the axis of rotation is received by the structure
of the axis of rotation. The forces which received the mo-
ments and forces by the structure of the axis of rotation
is called the mechanically constrained forces from now
on. However, in the case of the virtual axis of rotation,
the mechanically constrained forces cannot be achieved by
the structure of axis of rotation. Therefore, the mechan-
ically constrained forces are achieved by position control
if the virtual axis of rotation is represented. On the other
hand, control to achieve the mechanical behavior which
want to be represented is performed about unconstrained
force. The virtual axis of rotation is represented by the un-
constrained force and the mechanically constrained forces.
The unconstrained force is a spring force if the joystick is
represented. The representation of the virtual axis of ro-
tation is performed as follows. First, a coordinate system
of the virtual axis of rotation Xy is fixed at a position
where the virtual axis of rotation is represented. Then,
the unconstrained force and the mechanically constrained
forces required to represent the virtual axis of rotation are
calculated. The unconstrained force and the mechanically
constrained forces are represented by the forces which in
each coordinate axis direction in Xy, and the torques which
about each coordinate axis in Xy to be outputted to Zy .
The forces and torques are distributed to the torques which
drive each joint in the device. The virtual axis of rotation
is represented by the torques which drive each joint in the
device.

The structure of this paper is as follows. First, related
work is described in section 2. The control device which
is developed by us is described in section 3. The methods
of representing the virtual joystick and the virtual axis
of rotation are described at the beginning of section 4.
Then, the method of calculating the forces and torques to
be outputted to Xy using the forces applied to the grip
of the control device by the operators is indicated. The
method of distributing the calculated forces and torques
to the torques which drive each joint in the actual device
is shown at the end of section 4. The usability of the
proposed method is shown by verification experiments in
section 5. Finally, conclusion is described in section 6.

2 Related Work

A lot of devices for controlling robots are studied. An
equipment for controlling a mobile robot is developed by
Yamazawa et al.[S5]. Locomotion interface and immer-
sive projection display are used in the equipment. The
robot is controlled using the walking information of a
operator. A cockpit for controlling humanoids is devel-

oped by Tachi et al.[6]. An equipment for controlling
humanoids in the cockpit has the same configuration as
the arm of humanoids. Humanoids are controlled by us-
ing the master-slave control system. These equipment en-
ables us to control the robots intuitively. However, these
equipment has only one operation target. Using a mo-
tion capture to control humanoids is studied. A system
that control humanoids using optical motion capture is
developed by Kurihara et al.[7]. Using the motion cap-
ture enables us to control humanoids intuitively. However,
the equipment becomes large scale in the case of using
motion capture. Hull which is a cockpit for controlling
robots is developed by Institute Future Robotics Technol-
ogy Center, Chiba Institute of Technology [8]. Hull has
haptic interface. It is able to present the forces applied
to the robot to the operator by using the haptic interface.
Bilateral master-slave control is proposed for force feed-
back control to the operators[9][10] [11]. Among them, a
bilateral master-slave control with different configuration
is proposed by Arai et al.[12]. It is possible to combine
the slave with high workability and the master with high
operability by using the proposed method in document
[12]. Further, there is an advantage that general versatility
is enhanced and modularization is easy to perform. The
master is given the torque which drive each joint of the
master as the commanded value in the bilateral master-
slave control with different configuration. Applying the
bilateral master-slave control with different configuration
to the device which is developed by us is considering.

3 The Control Device Which is Developed
by Us

The control device which enables us to control various
robots is developed by us. The device is shown in Figure
3. The device is composed with one prismatic joint and
five revolute joints. A DC motor and a rotary encoder
are installed on each joint to use the device as a haptic
interface. An angle of each joint is acquired by the rotary
encoder. A 6-axis force sensor is installed between Sth
axis and 6th axis of the device. It is possible to measure
the forces and moments which applied to the grip of the
device by the operators using the force sensor.

The device can represent various operation manners by
changing the shape. The operation manners that can be
represented at present is shown in Figure 4. Joystick Mode
in Figure 4(a) is a mode that represents a joystick on the
market. 3D Input Mode in Figure 4(b) is a mode that
represents the gaming device “Falcon” sold by Novint
company. Any point on the three-dimensional space can
be designated by 3D Input Mode. Dedicated Input Mode
in Figure 4(c) is a mode exclusive to the hexapod robot
which is developed by us. The configuration of the device
in Dedicated Input Mode is the same as that of a limb of
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the hexapod robot. Therefore, it is possible to perform an
intuitive control like actually grasping the limb of hexapod
robot. Please refer to document [4] for details of the
hexapod robot.

4 Representation of the Joystick Using the
Virtual Configuration.

4.1 The Virtual Joystick

The control device which is developed by us can be
represented various operation manners by changing the
shape. However, the movable axes installed on the actual
device may not be orthogonal in some cases. In that case,
it cannot represent the joystick by using only axes of rota-
tion installed on the device. Therefore, the virtual axis of

Force Sensor

(c) Dedicated Input Mode

Figure 4. The operation manners that can be repre-
sented at present.

rotation different from the actual axis of rotation as shown
in Figure 2 is used. The joystick is represented using three
virtual axes of rotation orthogonal to one another. The
method of representing the virtual joystick is described
below. First, a coordinate system of the virtual axis of ro-
tation is fixed newly at a position where the virtual axis of
rotation is represented as shown in Figure 5. The coordi-
nate system is denoted as Xy. One of the coordinate axes
in Xy is made to overlap with the virtual axis of rotation.
In this example, Y-axis in Zy is made to overlap the vir-
tual axis of rotation. The position of Zy is fixed. Further,
only rotation about Y-axis in Zy is performed, thereby the
virtual axis of rotation is represented.

The forces in each coordinate axis direction in Xy to be
outputted to Ty isdenotedasV £, = [V £,V £,V £]7. The
torques about each coordinate axis in Zy to be outputted
to Xy is denoted as V7, = [V, VTy, V1 ]T. The uncon-
strained force and the mechanically constrained forces for
representing the virtual axis of rotation are represented by
Vf, and V7,. In this example, only rotation about the
Y-axis in Zy is performed. Therefore, V7,,"r,, and V f
are the mechanically constrained forces. Also, VTy is the
unconstrained force. Since the joystick is represented this
time, the unconstrained force is spring force. Also, the
mechanically constrained forces are represented by posi-
tion control. v £, and V1, are calculated using the forces
and moments which applied to the grip of the device by
the operators. It is impossible to directly output ¥ £, and
Vr, to the virtual axis of rotation because the virtual axis
of rotation does not exist in the actual configuration of
the device. Y f, and Y, are distributed to the torques
which drive each joint in the device. The equilibrium of
the force and moment in static mechanics is used for the
distribution. The details are described below.

4.2 Each Coordinate System Used for Calculation.

Each coordinate system used for calculation is as fol-
lows. The coordinate systems of each joint and the force
sensor are assigned as shown in Figure 6. A world coor-
dinate system is denoted as Zy. The positive direction of
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Figure 5. The position where the coordinate system
of the virtual axis of rotation is fixed.
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Figure 6. The position where each coordinate system is fixed on the device.

the X-axis in Xy is assigned in the same direction as the
front direction of the operator. Also, the positive direction
of the Z-axis in Xy is assigned as the upward direction
perpendicular to the ground. The coordinate system of
i-th axis is denoted as XZ;(i = 1,2, ...,6). X is fixed at the
intersection of 1st axis and 2nd axis. The X-axis in X; is
the same direction as a movable axis of the prismatic joint.
All 2;(i = 2,3,...,6) are the same posture in the case of
the device is the initial posture. A coordinate system of
the 6-axis force sensor is denoted as Xs. The origin of Xy
is fixed to the same position as the origin of X5 at this time.
Also, the initial posture of Xy is the same as that of Zyy.

4.3 Calculations of the Forces and Torques to Be Out-
putted to Xy.

V £ is outputted to the origin of =y as the mechanically
constrained forces. Since the mechanically constrained
forces are achieved by position control, ¥ f  is calculated
using Equation(1).

Vf,=-K,Ap + K40 - p) (1

Vf.(e R®1): The forces in X-axis, Y-axis, and Z-axis
direction in Xy to be outputted to the origin of Xy [N].
K,(e R¥3): Proportional gain matrix.

Ap(e R*1): Deviations of Position in X-axis, Y-axis,
and Z-axis direction in Xy from the initial position of the
origin of Xy [m].

K 4(€ R¥): Differential gain matrix.

Ve, = [V, Y1y, V1 |7 are calculated as follows. Since
7, and V' 7, are the mechanically constrained forces, these
are achieved by position control in the same way as v f .

Therefore, V7, and ¥ 7, are calculated using Equation(2).

(@)

\4

VTi = —kpAqi + kd(o - q1) (l =X Z)

V1;: The torque about i-axis in Ty to be outputted to

2y [N-m] (i = x, 2).

kp,: Proportional gain.

Ag;: Angular displacement about i-axis in Xy [rad] (i =
X, 7).

kg: Differential gain.

On the other hand, V‘ry is the unconstrained force. Since
the joystick is represented by using the virtual axis, the
unconstrained force is spring force. Therefore, VTy is
calculated using Equation(3). The forces and moments
which applied to the grip of the device by the operators
acquired from the force sensor are used for the calculations.

VTy =VF.1- kpiAgy 3)

V‘ry: The torque about Y-axis in Xy to be outputted to

2y [N-m].

V'F,: The force in X-axis direction in Xy applied to grip
of the device by the operators[N].

I: Length from the origin of Xg to the origin of Xy [m].
kpj: Proportional gain used for representation of the joy-
stick.

Agy: Angular displacement about Y-axis in Xy [rad].

It is possible to represent the virtual axis of rotation
about the X-axis in Xy by using Equation(4) instead of
Equation(3). Also, it is possible to represent the virtual
axis of rotation about the Z-axis in Xy by using Equa-

tion(5) instead of Equation(3). In that case, VTy is calcu-
lated using Equation(2) as i = y.

Ve ==-VF 1 - kpjAgx (4)

VTZ = VMz - kijQZ ()
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V1;: The torque about i-axis in Iy to be outputted to

Xy [N-m] (i = x, z2).

V'Fy: The force in Y-axis direction in Zy applied to grip
of the device by the operators[N].

V'M,: The moment about Z-axis direction in Xy applied
to grip of the device by the operators[N-m].

[: Length from the origin of Xg to the origin of Zy [m].
kpj: Proportional gain used for representation of the joy-
stick.

Ag;: Angular displacement about i-axis in Xy [rad] (i =
X, 7).

4.4 Calculation of the Angular Displacement About
Each Coordinate Axis in Xy .

The angular displacement about each coordinate axis in
Xy are necessary to calculate Vr, using Equation(2)-(5).
However, the virtual configuration is different from the
actual configuration. Therefore, the angular displacement
cannot be gotten directly using the rotary encoder installed
on each joint of the device. The calculations of the an-
gular displacement about each coordinate axis in Xy are
performed as follows.

A initial coordinate system of the virtual axis of rotation
is denoted as Xy, . It is supposed that Xy, becomes Zy by
operating the device. The positions of the origin of Xy,
and Ty don’t be changed. It is supposed that Y* Ry, can be
calculated by forward kinematics at this time. A rotation
matrix from Zy, to Ty is denoted as YRy . Then, YRy is
expressed by Equation(6) using R;; (i, j = 1,2, 3) that are
known parameters.

Rii Riz Ri3
YRy = |Ryi Ry R (6)
R31 Rz Rs3

On the other hand, the angular displacement about each
coordinate axis in Xy can be represented by the roll, pitch,
and yaw angles because the joystick is represented. There-
fore, the rotation matrix can be calculated using a repre-
sentation by the roll, pitch, and yaw angles. The roll, pitch,
and yaw angles are denoted as ¢, 6, and . The rotation
matrix YRy from Zy, to Zy is given by Equation(7) using
¢, 0, and .

C(;Clp —C9S¢ + S¢S()C,/, S()Sl/, + C¢SQC¢,
YRy = |CoSy  CoCy + S4SeSy  —SsCy + CySeSy
—Sp S4Co CyCo

(D
Here, Sy = sing and Cy = cos¢. The same applies to 6

and . Equation(8) is obtained from Equation(6) and (7).

$=0
if sin(6) = 1 g="
2
W = atan2(Ry3, Ry))
¢=0
if sin(@) = —1 gz_g ®)
Y= —atan2(R23, R22)
¢ = atan2(R3, R33)
otherwise 0 = —asin(R3;)

¥ = atan2(Ry1, Ry1)

However, the values of ¢ and ¢ can not be uniquely decided
in the case of sin(f) = 1. In this case, it is assumed that
¢ = 0. From the above, ¢, 6, and ¢ are calculated.

For example, the case of applying to the our device is
described. Xy, is fixed by us so that the postures of Zy;
and Zyw are the same. Therefore, YORy can be expressed
as Equation(9).

VORV :WRV :WRG 6RV

€))

Here, a rotation matrix from Xy to Zg is denoted as WV Rg.
A rotation matrix from X4 to Xy is denoted as °Ry. Ty
always follows the movement of Xg. Also, the posture of
¥ becomes the same as that of £y, when rotated only /2
about Y-axis in Xg. Therefore, °Ry is always given by
Equation(10).

cos(/2) 0O sin(x/2) 0 0 1
°Ry = 0 1 0 =0 1 0| (10
—sin(m/2) 0 cos(m/2) -1 0 0

On the other hand, " R4 can be calculated by using forward
kinematics, thereby R;; (i, j = 1,2,3) in Equation(6) are
obtained. ¢, 6, and ¥ are calculated using R;; (i, j = 1,2, 3)
and Equation(8).

4.5 Distribution of the Calculated Forces and Torques
to the Torques Which Drive Each Joint in the
Device.

In this section, the method of distributing ¥ £, and V',
to the torques which drive each joint in the device is de-
scribed. The same idea as calculations of the each joint
torques which are balanced with the forces and moments
applied to the end effector in the robot manipulators is
used[13]. Y f, corresponds to the forces which applied
to the end effector of the robot manipulators. Also, V7,
corresponds to the moments which applied to the end ef-
fector of the robot manipulators. The each joint torques
which are balanced with the forces and moments applied
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to the end effector are calculated in the case of a robot
manipulators. However, ¥ f and V1, are outputted to Iy
by using the torques which drive each joint in the device in
the case of the virtual axis of rotation. Therefore, keep in
mind that signs are different when calculating the torques
of the robot manipulators and the virtual configuration.

Vf, and V1, which are calculated using Equation(1)-
(5) are the forces and torques expressed in Zy. W f and
Wz, which are V f, and V7, expressed in Zy are given
by Equation(11) and (12) by the equilibrium of force and
moment in static mechanics.

Vi, ="RyF,

Vo, =Ry Voo +Vpy xRV £)

(11)
12)

The position vector of Xy expressed in Xy is denoted
as Wpy. Cross product of vectors is denoted as “X”.

Wpyv = [Vps,Vpy, Wp,]" and Equation(13) are defined
by us.
w 0 Yp. Vpy
Mpyxl=|%p. 0 —Wpy (13)
w w

— Py Px 0

Accordingly, Equation(11) and (12) are expressed by
Equation(14).

Wf v| _ WRV 0 v v
WTV B [WPVX]WRV WRV VTV
The relationship between the torques which drive each

joint (e R®™1), Wf . and Wr, is expressed by Equa-
tion(15) using Jacobian matrix J (e R®*).

TZ—JT[XfV]

Ty

(14)

(15)
Therefore, the relationship between ¥ f,, V., and 7 is
expressed by Equation(16) from Equation(14) and (15).

YRy 0 v v 16)
YpuxIVRy WRy| VT (

Vf, and V1, are distributed to the torques which drive
each joint in the actual device using Equation(16).

T=—JT[

5 Verification Experiments
5.1 The Representation of the Virtual Joystick

A experiment is performed, thereby it is confirmed that
the virtual joystick is represented by using the proposed
method. The joystick with one virtual axis of rotation is
represented in the experiment. The virtual axis of rotation
is installed as shown in Figure 7. The forces in lateral
direction and longitudinal direction against the virtual axis

of rotation are applied to the grip of the device and a
behavior of the device is observed. The spring scale is used
to understand easily and visually the forces that applied to
the grip of the device. Measurable range of the spring
scale is 0 to 2 kgf. The behavior of the device in the case
of the virtual axis of rotation is not represented is also
observed for purposes of comparison. The device is only
performed gravity compensation when the virtual axis of
rotation is not represented.

The top-view of the device is shown in Figure 8 as the
experiment result. The result in the case of performing
only gravity compensation without the virtual axis of rota-
tion is indicated by a red frame in Figure 8. Also, the result
in the case of the virtual axis of rotation is represented is
indicated by a blue frame in Figure 8. Small red triangles
are put in Figure 8 in order to easily understand elongation
of the spring scale. The grip of the device should move
on the red dashed line in Figure 8 if the virtual axis is
installed as shown in Figure 7.

The grip of the device is leaning in the direction to
which the forces were applied in the case of the virtual
axis of rotation was not represented. And the grip of
the device is moving away from the red dashed line. On
the other hand, the following results were obtained in the
case of the virtual axis of rotation was represented. The
grip is rotating about the virtual axis of rotation when the
forces were applied in lateral direction against the virtual
axis of rotation. And the grip of the device is moving on
the red dashed line. Also, it is confirmed by looking at
the spring scale that the forces applied to the grip of the
device are increasing as angular displacement from initial
posture is increasing.The grip is not leaning even if the
forces which applied to the grip increased when the forces
were applied in lateral direction against the virtual axis of
rotation. From the above results, it is considered that the
virtual joystick has been represented by using the proposed
method.

----- Actual axis of rotation
----- Virtual axis of rotation

Figure 7. The place where the virtual axis of rotation
is installed.
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(a) lateral direction

(b) longitudinal direction

Figure 8. The behavior of the device when forces are applied in lateral direction and longitudinal direction against
the virtual axis of rotation (Red frame:Without virtual axis of rotation, Blue frame:With virtual axis of rotation).

§

Virtual axis of rotation |

Figure 9. The environment in which the experiment
is performed.

5.2 The Torques Outputted to the Virtual Axis of Ro-
tation.

The torques to be outputted to the virtual axis of rota-
tion are distributed to the torques which drive each joint
in the device by using Equation(16). A experiment is
performed, thereby it is confirmed whether the required
torques are actually outputted to the virtual axis of rota-
tion by the torques which drive each joint in the device.
The experiment is performed as follows. The environment
in which the experiment is performed is shown in Figure
9. A commanded torques to the virtual axis of rotation
are given. The commanded torques are distributed to the
torques which drive each joint in the device by using Equa-
tion(16). The forces outputted to the grip of the device at
this time are measured using the spring scale. The torques
actually being outputted to the virtual axis of rotation are
calculated. The measured values of the forces and the dis-
tance from the point where the forces were measured to the
virtual axis of rotation are used for the calculation. The
measured values of torques and the commanded values of
torques are compared. 1.0, 1.2, 1.4, 1.6, 1.8, and 2.0 N are

= = = b N
B (=)} =] (=) [\S}
T T T T
ol
|
I I I I

=
[\S}
T
|

L 3 -

Measured values of torques [Nm]
=
ol

0'8 Il Il Il Il Il Il
08 1.0 12 14 16 1.8 2.0 22

Commanded values of torques [Nm]

Figure 10. The relationship between the commanded
values of torques and the measured values of torques.

given five times respectively as the commanded torque.

The relationship between the commanded values of
torques and the measured values of torques obtained from
the experiment is shown in Figure 10. The horizontal line
is the commanded values of torques, and the vertical line
is the measured values of torques. The points are the mean
values of the measured values of torques. The error bars
are standard deviation. Figure 10 shows that the ratio be-
tween the commanded values of torques and the measured
values of torques is about 1 : 1. Also, the standard devia-
tion is small. Therefore, it is considered that the required
torques are actually outputted to the virtual axis of rotation
by the torques which drive each joint in the device.

The above results show that it is possible to output the
torques commanded by us to the virtual axis of rotation.
Therefore, it is considered that the bilateral master-slave
control with different configuration proposed in document
[12] can be applied to the device with the virtual configu-
ration.
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6 Conclusion

In this paper, the representation of the joystick using
the virtual configuration was described. The coordinate
system of the virtual axis of rotation was fixed. The virtual
axis of rotation was represented with performing only ro-
tation about one coordinate axis of the coordinate system.
The method of calculating the forces and torques to be out-
putted to the coordinate system using the forces moments
applied to the grip of the control device by the opera-
tors was shown. Then, the method for obtain the angular
displacement about each coordinate axis in the coordi-
nate system required for the calculations of the forces and
torques was shown. In addition, the method of distribut-
ing the calculated forces and torques to the torques which
drive each joint in the device was shown. The virtual axis
of rotation was represented using the above methods. Fi-
nally, the usability of the proposed method was verified by
performing the verification experiments.

On the other hand, there are two problems in the pro-
posed method. First, the equation in static mechanics is
used when the forces and torques are distributed. There-
fore, the movement with large inertial force is not consid-
ered. Then, the virtual axis of rotation was represented in
only one position. It is thought that the representation of
more operation manners becomes possible by represent-
ing virtual axes of rotation at multiple position. The future
task of this study is to deal with these problems and fur-
ther extend the representation of the control device with
the virtual configuration.
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