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ABSTRACT This paper proposes a remote control method with the force assist to improve the operability of
a mobile robot. The force feedback is generated on the basis of the time to collision (TTC) and translational
velocity. The TTC is calculated from the predicted trajectory and environmental information, and is used
as an indicator of the possibility of collision. If the possibility of collision is low, the force assist is not
implemented. Therefore, the operator can control the mobile robot with a low manipulation force. On the
contrary, if the collision possibility is high, the force assist is implemented. This force assist is classified on
the bases of two cases according to the translational velocity. In the case of the low translational velocity,
collision avoidance can be achieved via modification of the angular velocity alone. As a result, the proposed
method generates a force assist for the angular velocity alone. On the contrary, if the translational velocity is
high, it is necessary to modify both the translational and angular velocities to avoid collision. In this case, a
force assist is generated for both velocities. Finally, the operability improvement resulting from the proposed

method is confirmed experimentally.

INDEX TERMS

Force control, mobile robot, motion control, robotics, remote control.

L. INTRODUCTION

The progress in robotic technology has been increasing at
an accelerated pace. Robots are being increasingly used in
hazardous and dangerous areas to replace human laborers. In
particular, wheeled and caterpillar mobile robots have been
developed and researched [1], [2]. In terms of the control
method for mobile robots, remote control robots are more
flexible than autonomous control robots because of their abil-
ity to perform several additional tasks on the basis of the
operator’s judgment.

Numerous types of remote control robots have been re-
searched [3]. Zhang et al. proposed a remote control platform
for an underwater manipulator mounted on a submersible
vehicle, which operated on the basis of the visual informa-
tion [4]. Sanders et al. reported a system wherein a mobile
robot could change direction if there are environmental points
ahead or it is helpful through using ultra sonic sensors [5].
These remote control robots allowed us to perform several
tasks according to the operator’s judgments. However, as

the operator had to recognize the environment from visual
information, several levels of trainings were necessary for
skilled operation.

One approach to overcome the aforementioned problem of
operability is by using remote control methods with force
feedback [6], [7]. Shahzad et al. researched bilateral control
of a mobile robot, on the basis of the distance and friction
between the environment and robot [8]. Pecka et al. proposed
a robot equipped with an arm containing a sensor [9]. Using
the arm, the operator could feel the environment through tac-
tile sensations. Bechet et al. proposed a novel electrohydraulic
haptic transmission system to improve a surgery robot with a
haptic system [10]. Motoi et al. developed the remote control
method further, using the force feedback generated by colli-
sion prediction [11].

However, the conventional methods with force assist could
not provide operability improvement. Conservative force as-
sist techniques were used by the conventional methods to
avoid collisions. Even when the possibility of collision was
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low, the force assist generated was the same as that generated
for a high possibility of collision. If such excessive force
assist was used when the possibility of collision was low, the
operability improvement could not be guaranteed.

The potential field method is one of the useful methods
for generating a force assist for the remote control robots.
Typically, the potential field is generated on the basis of the
kinematic relationship between a robot and its obstacles. This
potential value is treated as the possibility of collision. In
order to generate force assist according to the possibility of
collision, the force assist is generated on the basis of the
gradient of the potential field. Therefore, a force assist suitable
for the safe operation is generated. However, such a force
assist may be excessive. The excessive force assist improves
safety but deteriorates operability.

In this study, operability improvement is achieved via gen-
eration of a force assist that is as small as that required for
avoiding collisions. In order to minimize the force assist, the
proposed method divides the force assist on the basis of two
cases according to the time to collision (TTC) and the transla-
tional velocity. In Case 1, the force assist is applied only to the
angular velocity, since the mobile robot can avoid collision by
modifying the angular velocity alone. In Case 2, modification
of both the translational and angular velocities is necessary
for collision avoidance. In such a case, force feedback is pro-
vided for both velocities. The proposed method generates the
minimum force assist necessity to avoid collision. Through
the proposed method, the operability can be improved while
ensuring safety.

The authors had previously proposed the use of a data
compression method to reduce the communication delay in
the remote control method with force assist, which was con-
firmed [12]. However, the remote control method applied was
the same as the one used in the conventional method. There-
fore, the operability improvement was not validated in [12].
This paper proposes a remote control method with force assist
to improve the operability. The force feedback is the minimum
required value for collision avoidance while ensuring safety.
The operability improvement is demonstrated by the experi-
mental results presented in this paper.

This study presents two primary contributions, as men-
tioned below.

1) This paper proposes using a force assist that is as small
as required for collision avoidance. The proposed method
generates only that amount of force assist that is necessary to
improve the operability. The proposed force feedback is gen-
erated on the basis of the TTC and the translational velocity.
Using the force assist, the operator modifies the manipulation
of the control device to avoid collision of the mobile robot.
The force assist is not generated if the possibility of collision
is low.

2) The operability improvement is confirmed from the ex-
perimental results. Ten subjects participated in the experi-
ments to evaluate the operability. The experimental results
demonstrated that the proposed method improves the oper-
ability when compared to the conventional method.
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The remainder of this paper is organized as follows.
Section II presents an overview of the remote control system.
Section IIT describes the conventional method of force as-
sist [13]. Section IV proposes the force assist for the re-
mote control of the mobile robot. Section V presents the
experimental results for the comparison between the proposed
and conventional methods. The conclusions are presented in
Section VI.

Il. REMOTE CONTROL SYSTEM
This section shows the remote control system with the force
assist [12], [14].

A. SYSTEM CONFIGURATION

This subsection explains the system configuration shown in
Fig. 1. This remote control system consists of the mobile
robot and control device. The laser range finder (LRF) and
visual sensor are attached to the mobile robot. Environmental
information is measured by the LRF. In contrast, the velocity
commands are generated during operation.

Fig. 2(a) shows the mobile robot [15]. As shown in
Fig. 2(b), two linear motors are utilized as the control device
for the translational and angular velocities. The operator ma-
nipulates the control device while watching the display. The
force assist is generated simultaneously.

B. MODELING OF MOBILE ROBOT

This paper defines the global coordinate system Xy, and local
coordinate system Xyc. The origin in Xy, is set to the initial
position of the mobile robot. The direction of robot movement
is along the X-axis, with the Y-axis on vertical left. The center
of the mobile robot is set to the origin in Xy c.
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The velocity relationship between Xgr and Xjc is
calculated.

6Ly = vcos “Lo (D)
6Ly, — v sin Lo ()
6Ly = o (3)
where GLx,GLy and L9 are the mobile robot position and

orientation, respectively. ““(0) represents the corresponding
values in ¥y The superscript is not utilized for the values in
Yrc. v and w indicate the translational and angular velocities,
respectively.

The mobile robot position and orientation in X7, are shown
in the following equations.

t

CLy = / v - cos “LO dt 4)
0
t

GLy = / v - sin ©10 dt (5)
0
t

Glg = / o dt (6)
0

where ¢ represents the moving time.

C. VELOCITY COMMAND GENERATOR

The translational velocity command v°™ and angular veloc-
ity command «™ are calculated from the movement of the
control device.

U(:Ind — pmax 'x?eS/Lmax

(7
®)

where V™ and Q™ indicate the maximum values of the
translational and angular velocities, respectively. x; and x;
represent the movement values of the control device. The
superscripts ()" and O™ indicate the response and com-
mand values, respectively. L™ is maximum displacement of
the control device. These velocity commands are sent to the
mobile robot.

CUcmd — Qmax x;es / [ max

D. FORCE CONTROLLER

The mobile robot is controlled by the operator through using
the control device. Additionally, environmental information is
sent to the operator through the tactile sensations from the
control device. The disturbance observer (DOB) is used for
the acceleration control in each linear motor [16]. The force
controllers are implemented for the force feedback.

= Kp(f™ = £ ©)
= K (™ = i) (10)

where #° and ¥ express the acceleration references. f<md

and £ represent the force commands for the translational
and angular velocities, respectively. /& and [ represent the
estimation values of the external force by the reaction force
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FIGURE 4. Configuration of force feedback for conventional method

(i=1).

observer (RFOB) [17]. K represents the force gain. Using (9)
and (10), it is possible to generate the required force assist.

E. ENTIRE REMOTE CONTROL SYSTEM

Fig. 3 shows the block diagram of the entire control system.
The operator manipulates the control device for the remote
control. v™ and w™ are calculated in the velocity com-
mand generator, according to the manipulations of the opera-
tor. These velocity commands are applied to the mobile robot.
During the movement of the mobile robot, environmental in-
formation is measured by the LRF. In the force command gen-
erator, the force commands for the force assist are calculated
from environmental information, and velocity commands. The
force feedback is generated in the control device, and the force
assist to the operator is produced.

lIl. CONVENTIONAL METHOD
This section explains the force assist to avoid collision as the
conventional method [13]. The force feedback is generated on
the basis of a predicted position of the mobile robot after a
translation of L, in the current input direction of the control
device. The force feedback is reflected along the translational
direction of the control device only.

Fig. 4 shows the configuration of the force feedback for the
conventional method. When the predicted position of the mo-
bile robot is within the detection distance D), of the obstacle,
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FIGURE 5. Flowchart of calculating time to collision.

a force feedback is generated on the basis of the distance L),
from the current position of the mobile robot. In the conven-
tional method, the number of obstacles is defined as n. For
eachobstaclei (i = 1,2, ..., n), this force feedback with gain
K, is proportional to the penetration depth (D, — ds;). ds;
is the distance between the predicted position of the mobile
robot and the closest environmental point. In addition, the
force feedback is only reflected to the control device when
the mobile robot tends to move toward obstacles. When the
obstacle is located within a detection angle « of the mobile
robot, this force assist is achieved only by activating the force
feedback. The force command fl-cmd as the force feedback is
expressed as follows.

femd _ [ KprLp(Dp=dsi)
i 700

if ds;<D, and |0pp;|<a
otherwise

1D
where 6pp; is the angle between the translational direction
of the mobile robot and the predicted direction. The force
command f¢™ is the sum of the force commands £™¢ for
all obstacles, and fac)md is set to O as follows.

n

f;:md — Z ficmd

i=1

M =00

(12)

13)

IV. PROPOSED METHOD

This section presents the proposed force assist which is as
small as the minimum amount required to achieve collision
avoidance. The force feedback is calculated on the basis of
the time to collision (TTC). Fig. 5 shows the flowchart for
calculating the TTC. The TTC is calculated from the predicted
trajectory and environmental information.

Step 1-1: The superscript (O** indicates the values used
in the calculation of the TTC. The robot motion is classified
using the relationship of |@*'| and €2;;,. 2 indicates the
threshold value of the angular velocity. €2, should be set to
a value close to 0.

160

Step 1-2 A: In the case of || < €, the robot moves in
a straight line. During straight motion, the area with the high
collision probability is expressed as follows.

y; > —D (14)
v <D (15)
where y‘; (I=1,2,...,M) is the environmental position

along the Y-axis. M is the number of the measurement points
of the LRFE. D represents the half width of the mobile robot.
The closest environment for the mobile robot in (14) and (15)
is extracted as (x;., yy,i,)- The distance to this environment
is expressed.

P=x (16)
where [° is the distance from the closest environment that may
collide.

Step 1-2B: In the case of |@*®'| > 3, the robot moves
along a circular trajectory. The turning radius 7! is expressed

in terms of the translational velocity v*° and w®®'.
vSCt
set __
== (17)

During circular motion, the area with a high collision proba-
bility is expressed as follows.

@ =07 + G =Y’ > (1| =Dy (18)
@ =07 + G ="’ < (I +DY  (19)
where x‘; (I=1,2,...,M) is the environmental position

along the X-axis. The closest environmental position from the
mobile robot in (18) and (19) has the highest possibility of
collision. The angle of the closest environmental point from
the center of the turning for the mobile robot is defined as

Oiin- The distance to this environment is expressed.
I =r€es. (20)
Step 1-3: The TTC #;;. is calculated as follows.
lS
lire = et 2D

where the superscript Oy indicates the value of the TTC.
Fig. 6 shows the flowchart for the proposed method. This
flowchart consists of five steps.
Step 0: The translational and angular velocity responses are

assigned to v*°" and w*" as follows.
USCI — vres (22)
wSCl — wres (23)

By using (22) and (23), the turning radius response r*°! is
calculated on the basis of (17).
Step 1: By using the calculation method of the TTC as
shown in Fig. 5, the TTC of v**' and »** is calculated as .
Step 2: In the case of /%’ > T;;, the mobile robot is consid-
ered to have low collision possibility. 7;;, is the time threshold

for safe operation. In this case, it is not necessary to modify
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End

Casel Yes
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FIGURE 6. Flowchart for proposed method.

the velocity commands. Therefore, there is no force feedback
( f cmd fcgmd = 0.0) and the control moves to END from Step

In contrast, in the case of ¢/’ < T;;,, the mobile robot is
considered to have high collision possibility. Furthermore, the
control moves from Step 2 goes to Step 3 to generate the force
commands.

By setting 7;, to a high value, safe remote control is
achieved. However, the frequency force commands are gen-
erated according to the environment conditions, and could not
provide operability improvement.

Step 3: The superscript ()"’ indicates the prediction value
required to avoid the obstacle. The all predicted turning
radius r#*° (i=0,1,2,...,N —1) and the TTC tt“t?”l (i=
0,1,2,...,N — 1) are calculated. tﬁf"l is the TTC of each
predicted trajectory. r{'*’ is derived from the angle 6; as shown
in Fig. 7. 6; is calculated as follows.

T 4

] = —

6, =
N-1 2

(24)

where N and i indicate the number of trajectories and coef-
ficient, respectively. The angular velocity of each predicted
trajectory is defined as 0" (i =0,1,2,...,N — 1). {" is
calculated using r{"°. r; ‘“’” of each 6; is calculated as follows

oo = _Noh_ (25)
2sin(#;)

where Ry, is the turning radius of the operating range as shown
in Fig. 7(a). By setting R, to a high value, the measurement
area is increased. However, to maintain high spatial resolution
for obstacle measurement, N should be increased according to
R:;, which increases the calculation cost. From this viewpoint,
it is necessary to decide R;; considering the calculation cost
and safety according to the moving environment. By using

VOLUME 1, 2020
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(25), " of each 6; is calculated.
o’ = — (26)

Vst 18 kept as (22), and »*** is updated as (27).

a)set — a)lqvo

27)

On the basis of Fig. 5, 770 for each predicted trajectory is
calculated from (22) and (27). Fig. 7(b) shows the predicted
trajectories and r{*° at i = 2 and i = 5. The shaded area in the
predicted trajectories of Fig. 7(b) indicates a high collision
probability.

Step 4: All TTC /¢ are compared with T3;,. In the case
of3jeAA={0,1,2,. —1}), tt‘jg”l > T;p, the mobile
robot can avoid collision by modifylng only the angular ve-
locity. The control moves from Step 4 to Step 5 as in Case 1
to calculate the force command for the angular velocity.

In contrast, if 73}% < Tp, it is necessary for the mobile
robot to modify the translational and angular velocities for
collision avoidance. The control moves from Step 4 to Step 5
as in Case 2 to calculate the force commands for both the
translational and angular velocities.

Step 5: In Case 1, rlf‘"" is decided to one of each predicted
turning radius as r;," at the moment. p is one of j which meets

Ity = Trn. The force command for the translational velocity
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TABLE 1. Specification of Mobile Robot

Parameters Description Values
ymax Maximum translational velocity 0.45m/s
ymin Minimum translational velocity 0.0m/s
Qmar Maximum angular velocity 1.5rad/s
Qmin Minimum angular velocity —1.5rad/s
ymazx Maximum translational acceleration  1.0m/s>
Qmaz Maximum angular acceleration 2.0rad/s2
D Half width of mobile robot 0.19m

is set to O ( fvcmd = 0.0). The force commands in Case 1 are

calculated as follows.

femd = 0.0 (28)
Jo™ = Ko - Lpr(9) - (1" = ') (29)
GLpF
=" 30
gLrr(s) ST Gier (30)

where K, is the angular force feedback gain. Grpr is the
cut-off gain of the low-pass filter (LPF), and s is the Laplace
operator. This research implements the LPF for the smooth
modification of the force commands.

In contrast, in Case 2, the mobile robot needs to modify the
translational velocity for the recovery of the TTC. The largest
TTC is extracted from 77}, and i is set to g. In addition, v™*" is
modified to the translational velocity v**?. The TTC and the
translational velocity exhibit a linear relationship. By using
this relationship, v’ is calculated to meet the TTC that is
equal to T,.

1

avo avo res
v = — .t -V 3
tte,
Tin 1

The force commands in Case 2 are generated.

M = Ky - grpp(s) - (0™ — v') (32)
F =Ky - gLpr(s) - (r8™ — %) (33)

where K, is the translational force feedback gain.

V. EXPERIMENT
This section shows the experimental results to confirm the
validity of the proposed method.

A. EXPERIMENTAL SETUP

The mobile robot specification and control parameters are
expressed in Table 1 and Table 2, respectively. The experi-
ments were conducted on 10 subjects who were not familiar
with the operation of the robot. Therefore, 7;;, was set to a
large value for ensuring safe operation. The operating range of
collision-free R, was decided considering the calculation cost
and safety, according to the experimental course. The distance
threshold L, was synonymous with Ry;,. For fair comparison
between the proposed method and conventional method, L,
was set to the same value as R;;,. If the detection distance of
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TABLE 2. Control Parameters

Parameters Description Values
Qin Threshold value of angular velocity 0.01rad/s
K, Translational force feedback gain 3.0 x 108
K, Angular force feedback gain 1.7
Ry Operating range of collision-free 0.7m
N Number of trajectories for searching 21
Tin Time threshold for safe operation 10.0s
Ly Distance threshold 0.7m
Ky Force feedback gain 5.0
Dy Detection distance of obstacles 0.7m
el Detection angle 7 /2rad
GrLpr Cut-off gain of LPF 1.0
Casel 5.0m Case2 | Casel
\\ 1.8m
Start 2.3m_Case2
Finish,
1.0m

2.0m

FIGURE 8. Experimental course (Cases are related to Fig. 10).

obstacles D, was smaller than L, the robot could collide with
the obstacle. Therefore, in this research, D), was set to almost
the same value as that of L.

In order to experimentally prove the operability improve-
ment, ten subjects (A-J) with an average age of 23.9 years and
1.97 year standard deviation, participated in the experiments.
In these experiments, the subjects manipulated the mobile
robot without being informed as to which methods were ap-
plied. Before the experiment was commenced, the subjects
were allowed to practice to manipulating the mobile robot.

For the evaluation of operability, the subjects must perform
straight/curved operations and obstacle avoidance operations.
Therefore, the robot moved along a clockwise course with
some obstacles shown in Fig. 8. In these experiments, it was
necessary for subjects to perform operations to avoid colli-
sions, from the start to finish. Each subject controlled the
mobile robot using visual information displayed on a monitor.
In addition, while each subject was in the process of manipu-
lating the control device, force feedback was generated to the
control device.

B. EXPERIMENTAL RESULTS

Figs. 9-10 show the experimental results of the conven-
tional method and proposed method operated by Subject B.
Fig. 11(a) and (b) show the experimental trajectory results and
environmental information by the conventional and proposed
methods. As shown in Fig. 11(a) and (b), the mobile robot
moved from start point to finish.
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FIGURE 9. Experimental results (conventional method).

Fig. 9(a) and (b) show the force responses and the velocity
responses of the conventional method. As shown in Fig. 9(a),
the force responses follow the force commands. This fact
indicates that the force assist is achieved, and the subject has
recognized environmental information as a tactile sensation.
However, the force commands for the translational velocity
are always generated during movement. In other words, this
force assist is conservative. Therefore, the translational ve-
locity command is fluctuated by the force assist as shown in
Fig. 9(b).

Fig. 10(a), (b) and (c) illustrated the force responses, TTC,
and velocity responses of the proposed method. In Fig. 10,
the blue and orange shaded area represent the proposed force
feedbacks in Case I and Case 2. In Fig. 10(b), #/2° which
exceeds 14[s] was not indicated in this paper. This is because
the possibility of collision is low over 14[s]. As shown in
Fig. 10(a), the force responses follow the force commands,
and the force assist is achieved. These force commands
were generated according to the TTC and 7;; as shown in
Fig. 10(b). When the possibility of collision was low (¢ >
T;1,), the force commands were not generated ( fvcmd = f;md =
0.0). Therefore, the operator could manipulate the remote
control system with only a small force. When the possibility

of collision was high (/' < T;j), a force assist was generated.
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FIGURE 10. Experimental results (proposed method).

As shown in Case 1 of Fig. 10(a) and (c), only the force com-
mand for the angular velocity was generated, and the angular
velocity was modified at the same time. In this case, the trans-
lational velocity remained almost the same value. On the other
hand, in Case 2, both the force commands were calculated.
Therefore, both the translational and angular velocities were
modified. From these velocity results, it was clear that the
force assist was the minimum value necessary for collision
avoidance, as the velocity responses did not fluctuate, com-
pared to that of the conventional method.
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FIGURE 11. Experimental results of trajectories.

For comparison, Fig. 11(c) shows the results of the con-
ventional and proposed methods operated by Subject B. In
the conventional method, there were two points (black circles)
which went back because of the obstacle. On the contrary, in
the proposed method, there were no points that went back.

Fig. 12 shows the experimental results of the number of
times the translational velocity fell below 0.0[m/s]. Fig. 13
shows the time from the start to finish. In Figs. 12—13, the er-
ror bars indicate the distribution of data and the horizontal bar
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FIGURE 12. Experimental results of number of times translational velocity
fell below 0.0m/s.
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FIGURE 13. Experimental results of time from start to finish.

indicates a significant difference over the factor environment
or support, where *x denotes the significance of p < 0.05. *
means that there is a statistically significant difference.

As shown in Fig. 12, for 7 out of 10 subjects, the number
of times the translational velocity fell below 0.0[m/s] was
reduced when the proposed method was employed. For the
remaining three subjects, this number of times was the same in
both the conventional and proposed methods. Without subject
G, for 9 out of 10 subjects, the time from the start point to
the finish was improved by using the proposed method as
shown in Fig. 13. For Subject G, the number of times the
translational velocity fell below 0.0[m/s] was O for both the
conventional and proposed methods. Focusing on Subject G
in Fig. 13, the time for the proposed method and conventional
method were almost equal. When the possibility of collision
was low, the force assist did not work in both the proposed and
conventional methods. This fact shows why the force assist
did not work during the experiments for Subject G. Therefore,
the experimental value of Subject G was treated as an outlier,
in the comparisons between the proposed and conventional
methods. From Figs. 1213, the operability was found to have
been improved by the proposed method, when compared to
that of the conventional method. The validity of the proposed
method was confirmed.
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VI. CONCLUSION

This paper proposed a remote control method with a force
assist on the basis of the TTC and translational velocity for
mobile robots. The proposed force assist was the minimum
value required for the collision avoidance. Therefore, the pro-
posed method generated only the force assist that was required
for operability improvement.

If the possibility of collision was low, a force feedback
was not generated and the operator could operate the remote
control system with a small force. In contrast, a force feed-
back was generated if the possibility of collision was high.
The force command was generated according to the TTC
and translational velocity. If the mobile robot could avoid
collision by modifying only the angular velocity, the operator
experienced a force assist along the angular direction. On the
contrary, if it was necessary to modify the translational and an-
gular velocities for collision avoidance, the force commands
were generated for both velocities.

Ten subjects participated in the experiments to evaluate
the operability. From the experimental results, it could be
observed that the proposed method improved the operability
when compared to that of the conventional method. Thus, the
effectiveness of the operability improvement by the proposed
method was confirmed experimentally.

The future work that can be conducted on the basis of this
research is described as follows.

* The proposed method should be extended to moving

obstacles.

* The design methods for several parameters should be

developed.

* The evaluation function for operability should be devel-

oped for quantitative evaluation.
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