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1 Introduction

A bilateral control system has been developed as a method
to transmit tactile sense. It enables a human operator to feel
as if he/she was really touching the remote environment.
Teleoperation with the bilateral control has a wide range
of application such as telesurgery, deep-sea operation, space
mission, etc. However, the presence of communication delay
between a master robot and a slave robot degrades perfor-
mance and stability[1].
On the other hand, haptic communication systems have

been attracting attention as third media following visual and
audio communication systems. However, while basic tech-
nologies which transmit visual and audio information over
the network are established currently, the way of transmit-
ting haptic information to many people is not established
yet. If the photographic image is broadcasted with the hap-
tic information, we are able to feel more reality than without
the haptic information[2].
In this research, a novel bilateral control system is pro-

posed in order to acquire better performance in the time-
delay system at �rst. In the proposed bilateral control sys-
tem, an operator is able to manipulate the master robot
smoothly and to feel the hard environment even if there
exists the communication delay. Secondly, a novel control
system which is able to broadcast the haptic information to
remote operators called 'audience' is proposed. Each audi-
ence is able to feel the remote environment through each
actuator without the e�ect of the other operators' motion.
The validity of the proposed control systems is con�rmed by
experiments.

2 Proposed bilateral control system

2.1 Control system design

Fig. 1 shows a block diagram of general four-channel con-
trol architecture with a disturbance observer (DOB) and a
reaction force observer (RFOB), where T1 is delay time from
the master robot to the slave robot, and T2 is delay time from
the slave robot to the master robot. ẍref , xres, fext and
f̂ext denote acceleration reference, position response, exter-
nal force exerted to the robot and estimated external force,
respectively. Subscript m and s denote values of the master
robot and that of the slave robot, respectively. In the pro-
posed bilateral control system with time delay, the control
parameters C1, C2, C3, C4, C5, C6, Cm and Cs in Fig. 1 are
set as

C1 = Cs = Cp (1)

C2 = C3 = C5 = C6 = Cf (2)

C4 = Cm = CfCze (3)

Cze = k̂e + 2
√

k̂es (4)

where Cp is a position controller, and Cf is a force controller.
k̂e is the environmental sti�ness which is estimated by using
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Fig. 1: Block diagram of general four-channel control archi-
tecture with time delay
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Fig. 3: Contact motion

the position and force of the slave robot. In this research,
a recursive least-squares method with a forgetting factor is
adopted as the estimation algorithm in experiment. Acceler-
ation reference of the proposed control system is represented
as follows:

ẍref
m =CfCze(xres

s e−T2s−xres
m )−Cf (f̂ext

m +f̂ext
s e−T2s) (5)

ẍref
s =Cp(x

res
m e−T1s−xres

s )−Cf (f̂ext
m e−T1s+f̂ext

s ). (6)

2.2 Experiment

Virtual constant communication time delay (T1 = T2 =
0.1[s]) was inserted into communication channels. Fig. 2
shows experimental results of free motion in the proposed
bilateral control system. It can be seen that the operator
was able to manipulate the master robot smoothly without
feeling unnecessary force.
Fig. 3 illustrates experimental results of contact motion. It

turns out that stable contact was achieved and the operator
was able to feel the hard environment.
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Fig. 4: Overview of the proposed haptic broadcasting system

3 Haptic broadcasting system

3.1 Control architecture

An overview of the proposed haptic broadcasting system
is illustrated in Fig. 4. The proposed haptic broadcasting
system consists of a master-slave system and multiple ac-
tuators which are used for audience to feel environmental
impedance. The master-slave system implements the bilat-
eral control. An operator manipulates the master robot. In
the slave side, the environmental impedance is estimated by
using the position, velocity and force information of the slave
robot in real time. Estimated environmental impedance is
transmitted over the network to each actuator which is ma-
nipulated by each audience in the remote place. Each au-
dience is able to feel the remote environment through each
actuator.
Subsequently, the proposed control system implemented

in each actuator for audience is described. Acceleration ref-
erence ẍref

i is provided by

ẍref
i (t) = ẑe(t − Ti)Cf{xcon

i − xres
i (t)} − Cf f̂ext

i (t). (7)

Where subscript i is the number of the actuator manipu-
lated by each audience. ẑe(t − Ti) denotes the estimated
environmental impedance transmitted from the slave robot
to each audience with time delay Ti. xres

i and f̂ext
i mean

an actuator position and force added to the actuator by the
audience, respectively. xcon

i is a position of the actuator at
the time when the actuator received the information that the
slave robot contacted with the environment. xcon

i is constant
while the slave robot is contacting with the environment.

3.2 Experiment

Fig. 5 illustrates the experimental results in the proposed
haptic broadcasting system. Virtual constant communica-
tion time delay was inserted into communication channels.
T1 is 0.5[s] and T2 is 1.0[s]. Each audience in the remote place
was able to feel about the same impedance as the operator
of the master robot felt while the slave robot was contacting
with the environment. Ti after the slave robot moved apart
from the environment, each audience was able to manipulate
each actuator smoothly.
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Fig. 5: Experimental result in the haptic broadcasting sys-
tem

4 Conclusion

The novel bilateral control system with time delay and the
haptic broadcasting system were proposed. In the proposed
bilateral control system, the operator was able to manip-
ulate the master robot smoothly in the free motion and to
feel the hard environment in the contact motion. In the hap-
tic broadcasting system, the multiple operators were able to
feel the remote environment. The validity of the proposed
control systems was con�rmed by the experiments.
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