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Abstract — A father-son underwater robot system is proposed
for the underwater intervention in our previous research. In this
system, the underwater microrobots used as the mechanical arms
are carried by a high-speed amphibious spherical father robot
and controlled by the robot with cables. In this paper, a smart
actuator-based wireless microrobot is designed and developed as
the mechanical arm of the father robot to recycle the small
object. The biomimetic son robot is actuated by nine ICPF (ionic
conducting polymer film) actuators, which can realize the basic
motions including walking, rotating and grasping motions. To
implement the communication between the father robot and the
wireless microrobots, a new cableless communication method is
proposed. The father robot uses two LEDs (light-emitting diodes)
to send signals to control the motion of microrobots and used a
Wi-Fi camera module to catch the feedback signals from the
microrobots. Two light sensors and two indicator lights are
equipped on the microrobot. Moreover, the father robot can send
out and receive the microrobot with the fixture mechanism and
the LED tracking mechanism. We evaluated the performance of
the basic motions of the microrobot. Finally, we carried out the
experiments to verify the communication protocol.

Index Terms - Underwater microrobot, Father-son robot
configuration, Manipulator, Communication protocol, Tracking
motion.

1. INTRODUCTION

With the growing importance of underwater intervention,
underwater vehicles including AUVs (autonomous underwater
vehicles) and ROVs (remotely operated vehicles) have been
applied to intervention tasks progressively. To perform an
underwater mission, the underwater manipulators are the
crucial equipment of the underwater vehicles. Typically,
ROVs are operated by human to perform the underwater
manipulation [1]. However, ROVs are generally equipped
with the bulky multi-link arms and requires a mother ship to
dock, which restricts their positioning and performance of
manipulation.

In contrast, AUVs can achieve a better performance of
positioning and flexibility than ROVs, because they do not
require the mother ship and the tether. Recently, AUVs
equipped with the underwater manipulators are few. A
reconfigurable AUV named RAUVI was developed for
underwater intervention, which was equipped with a robotic
arm to operate the simple tasks [2]. With the advantage of
autonomous manipulation, SAUVIM can implement an
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autonomous underwater intervention in the oceanic
environment [3]. And an underwater recovery task including
the target searching and returning the AUV back to the surface
has been completed. Additionally, an underwater robot with
six DOF (degrees of freedom) was equipped with an
underwater vehicle-manipulator system for underwater
intervention, which is a 3-DOF underwater manipulator [4],
[5]. However, the underwater mechanical arms mounted on
these AUVs are commonly enormous and the AUVs are
commonly free floating vehicle platforms. As the
weightlessness underwater, the underwater vehicle has to
compensate for the movement caused by the movement of the
mechanical arm and keep its position stable during the
manipulation mission. Obviously, it needs a complex control
system.

Consequently, a small-sized, highly maneuverable and
deployable ROV began to be used as the manipulator. An
agent vehicle was developed as a manipulator of a main AUV
and is connected to it by a smart cable for underwater
manipulations [6]. In our lab, we designed a microrobot as a
grasper of a small-sized AUV to implement underwater tasks
[7]. In addition, an ICPF actuator-based crayfish-inspired
microrobot was designed and developed as a manipulator of a
father-son robot system in our previous research [8]. In order
to adapt to complex underwater environments and easily be
sent out and recycled, an amphibious spherical robot was
designed and developed for the father-son robot system [9].
The microrobot was connected to the amphibious father robot
by several copper wires. However, the wires and cables will
restrict the performance of manipulation of the underwater
vehicles and cause the manipulators to be easily snagged by
the aquatic plants and rocks.

Accordingly, an ICPF actuator-based wireless microrobot
is proposed as the mechanical arm of the father-son robot
system in this paper. The microrobot is actuated by nine ICPF
actuators to implement the walking, rotating, floating,
swimming and grasping motions. To realize the
communication between the father robot and the son robot, we
proposed a new cableless communication method, which is to
use a blue LED-based underwater optical communication
system. The father robot with a high mobile velocity uses two
blue LEDs to control the motion of microrobots by sending
signals, and uses a Wi-Fi camera module to catch the signals
from the microrobots to realize the closed-loop control of the



communication protocol. In addition, two light sensors are
mounted on the microrobot for receiving the instructions from
the father robot. And two indicator lights are carried on the
microrobot to indicate that the microrobot has received the
signal successfully.

The remainder of this paper is organized as follows. We
described the father-son robot configuration in section II. In
section III, we introduced the design, motion mechanism and
electrical system of the wireless microrobot. Then, a new
communication protocol was proposed in section IV. In
section V, the underwater experiments were conducted to
evaluate the performance of the microrobot. And the
communication experiments were carried out to verify the
proposed communication protocol. Finally, we drew the
conclusions in section VI.

II. FATHER-SON ROBOT CONFIGURATION
A.  An Amphibious Spherical Father Robot

We propose a father-son robot system for the underwater
intervention, which used the microrobots as the mechanical
arms, as shown in Fig. 1. And an amphibious spherical father
robot with two actuation modes, including the water-jet
propulsion and quadruped walking modes, was developed in
our previous research [9]. The amphibious robot has the
advantages of walking from the ground to the water without
the ship support, and vice versa [10], [11]. And the symmetry
of the spherical shape provides the superiority of flexibility
[12], [13], [18].

The amphibious spherical father robot consists of a sealed
transparent upper hemispheroid, two transparent quarter
spherical shells that can be opened, a plastic oblong plate for
carrying the microrobots, and four actuating units, which are
fastened to a plastic circular plate [14], [15]. The amphibious
father robot can take the microrobots from the ground to the
water without manpower in a high speed and can keep itself
still for precise manipulation of the microrobots underwater.

The father-son robot system uses an AVR ATMEGA
micro-controller to control each servo motor and water-jet
propeller. A Wi-Fi camera module is utilized on the father
robot to realize the closed-loop control to the communication
protocol for catching the feedback signals from the
microrobots. Two sets of blue LED lights are installed
symmetrically along the central plane on the edge of the two
openable quarter spherical shells, as shown in Fig. 1, which
are used to send control signals to the microrobots.

Furthermore, for receiving the microrobots, another set of
blue LED lights are installed on the plastic oblong plate of the
father robot to send the receiving signals to the microrobots.

B.  Microrobots

The microrobots carried on the father robot are driven by
the ICPF actuators. To operate the underwater mission of the
object recovery, the wireless microrobots should be capable of
multi-functional motions, including being launched, finding
and recycling the target object remotely controlled by the
father robot and getting back to the plastic oblong plate of the
father robot actively. Two light sensors are mounted on the
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Fig. 2 The proposed wireless microrobot
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Fig. 3 One step cycle of walking motion: (a) In the initial state; (b) Two
supporters bending downwards to lift the body up; (c) Four drivers bending
forwards; (d) Two supporters bending upwards to use the drivers to lift the
body up; (¢) Four drivers bending backwards to make the robot move
forwards. (The red arrows indicate the moving direction of each leg)



front part of each microrobot to receive the control signals
from the father robot, which controls two sets of the blue LED
lights to light up/off orderly. Additionally, a red LED light and
a green LED light mounted on the microrobot are used as the
indicator lights to show the indication signals of receiving the
infrared signals. Without cables, the microrobot can be
launched by one father robot to recycle object and then
received by another one. Fig. 2 shows the conceptual design
and the dimensions of the proposed microrobot.

III. DESIGN AND MOTION MECHANISM OF THE MICROROBOT
A. ICPF Actuator

ICPF is a novel material made of an ionic polymer
membrane plated with gold electrodes chemically on both
sides [17]. When we apply an electric stimulus to this
material, ICPF will generate a bending deformation because of
the change in the chemical structure. When the voltage is
applied on both electrodes of ICPF, it will bend towards the
positive electrode.

ICPF actuators have the advantages of soft characteristic,
compact structure, low noise driving, low voltage driving,
driving in water or wet environments, and having the similar
density to the water. With the property of quick response,
ICPF actuators can be used as the oscillating fins for
swimming motion, and legs for walking motion.

B.  Structure of the Underwater Microrobot

A biomimetic cableless microrobot is proposed to be the
mechanical arm of the father robot, as shown in Fig. 2. The
microrobot consists of a main body, a transparent front cover
and nine ICPF actuators, including two fingers for grasping
motion, one tail fin for swimming motion, and two supporters
and four drivers for walking, rotating and floating motions.
Nine actuators are all 20 mm long, 5 mm wide and 0.2 mm
thick and have one degree of freedom. Two light sensors are
mounted on the front part of the microrobot right behind the
transparent cover. Moreover, two indicator lights are carried
on the microrobot.

C. Mechanism of the Walking/Rotating Motion

The microrobot is actuated by four drivers and two
supporters which are driven by the square signals with the
same oscillating frequency. And the phase of the supporters
are set to lag behind the phase of the drivers by 90°. Fig. 3
shows one step cycle of the moving forward motion of the
microrobot. When the four drivers bend to the same direction,
the robot will walk forwards or backwards. When the drivers
on different side of the robot bend to two different directions,
the robot will rotate in clockwise or counterclockwise.

We assumed that the tip displacement of ICPF actuator is
equal to d/2. Then an average speed of the microrobot can be
achieved by (1).

v=dxf (1

where d is the moving distance of the microrobot in one step
cycle, v is the average speed and f is the control frequency.
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Fig. 4 Control system of the father-son robot system
D. Electrical System and Power Supply

The control center of the microrobot is shown in Fig. 4. It
is based on a PIC16F1827 micro-controller, which is suitable
for the microrobot due to the compact structure, and it uses
three ADC (analog to digital conversion) channels to control
two light sensors to receive the optical data from the father
robot. Furthermore, ten input/output ports are used to drive the
ICPF actuators and control the indicator lights, which will be
lightened after the light sensor received the optical signals.
The spherical father robot is controlled by an AVR
Atmega2560 micro-controller. Three sets of blue LED lights
are controlled by three input/output ports. Two sets of them
are used to send eight blue LED signals in a different order
(only one set of lights will be turned on in one time) to
microrobot, which can drive the robot to realize different
functions. The third one is utilized to receive the microrobots.

The microrobot uses the batteries to provide power to
both the PIC micro-controller and the ICPF actuators.

IV. COMMUNICATION PROTOCOL

A new communication protocol is proposed to facilitate
the communication between the amphibious father robot and
the microrobots. To control the microrobot to complete the
assigned work, an 8-bit binary encoding consisted of one
parity bit, three control bits and four numerical bits need to be
sent to the microrobot from the father robot. The parity bit
indicates whether a correct 8-bit binary encoding is sent or
not. Also, three control bits that can form eight different
combinations are employed to correspond to eight different
functions of the microrobot, as shown in Table 1. Additionally,
four numerical bits indicate the numerical values of the
corresponding function of the microrobot.

For the microrobot, two light sensors (sensor 1 and sensor
2) attached to the front part are applied to receive binary bits
from the father robot. Binary value 0 is defined when the
difference of the received voltage between sensor 1 and sensor
2 is greater than 20 mV. On the contrast, binary value 1 is
defined when the difference of the received voltage between
sensor 1 and sensor 2 is less than -20 mV. The initial voltage
value of the two light sensors is 0. The received voltage value
of the light sensor will be changed as a function of the
intensity of the blue LED light and the value increases
smoothly as the distance between the sensor and the blue LED
light decreases.



TABLEI. Binary encoding rules for the motion control of the microrobot
Parity bit Control bits Numerical bits .
Functions
Bit7 Bit6 | Bit5 | Bit4 | Bit3 | Bit2 | Bitl | Bit0
1 0 0 0 0<N<ZI15 Walking forward N steps
1 0 0 1 0<N<I15 Walking backward N steps
1 0 1 0 0<N<l15 Rotating in clockwise
1 0 1 1 0<N<l15 Rotating in anticlockwise
0 0 0 0 Grasping
! ! 0 0 0 0 0 1 Loosening
1 1 0 | 0<N<l15 Floating N steps
1 1 1 0 0<N<15 Swimming N steps
1 | 1 1 0 0 0 0 Returning (Received by father robot)
1 1 1 1 Stop all the motions
0 0~8 0~15 Error codes

The father robot sends a binary bit to the microrobot by
two sets of blue LED lights located on the left side (Blue LED
1) or the right side (Blue LED 2) of the quarter spherical shell
respectively, as shown in Fig. 1. When the father robot turns
on the Blue LED 1, the voltage value received by sensor 1 is
greater than that received by sensor 2 due to the relatively
smaller distance between Blue LED 1 and sensor 1. Thus, the
microrobot receives binary value 0. Inversely, the microrobot
receives binary value 1 when the Blue LED 2 is turned on.
The corresponding indicator light (red LED light or green
LED light) will be lightened according to the received binary
value 0 or 1 respectively, which provides a feedback to the
father robot.

The control protocol between the father robot and the
microrobot is described as following:

1) The microrobot turns on the red and green indicator lights
simultaneously and keeps the two lights on for two seconds to
send the father robot a status feedback that the microrobot is
waiting for a binary value of an 8-bit control instruction;

2) The father robot detects the status of the red and green LED
lights by the camera module. If the two LEDs are both
lightened, the father robot starts to send an 8-bit control
instruction;

3) The father robot sends an 8-bit control instruction made up
of the binary value 0 and 1 by turning on the Blue LED 1 or
Blue LED 2 respectively;

4) The microrobot receives the 8-bit control instruction by
computing the difference of the received voltage between the
two sensors and then turns on the red LED light or green LED
light according to the received binary value 0 or 1
respectively;

5) The father robot detects the feedback from the microrobot
through the camera module. If the microrobot receives a
correct bit, the father robot prepares to send the next binary
bit. Otherwise, father robot sends an error code with parity bit
0 to the microrobot to stop the current communication;

6) The process repeats from step 1) to step 5) until the
microrobot receives a correct 8-bit control instruction; then the
microrobot turns off the red and green LED lights
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simultaneously and starts the corresponding work according to
the 8-bit control instruction. After the work is completed, the
two indicator lights will be lightened.

V. PROTOTYPE MICROROBOT AND EXPERIMENTS

For realizing the underwater operations in complicated
environments, a father-son underwater robot system with a
new cableless communication method is proposed. To
complete the whole system, the basic motions of the
microrobot and the communication method are verified.

A. Prototype Microrobot and Performance Evaluation of the
ICPF Actuators

A prototype biomimetic wireless underwater microrobot is
developed, as shown in Fig. 5(a). The power supply of the
microrobot is two 3.7V Li batteries with a 200mAh capacity.
The control center of the microrobot is based on a PIC16
microcontroller. The control circuit of the microrobot is shown
in Fig. 5(b). The volume of the body of the microrobot is
62.314 cm® and the weight of it is 68.245 g.

Before we decide the value of the applied control voltage,
we did the performance evaluation of the ICPF actuator. The
tip displacement of the ICPF actuator is related to the applied
voltage. In order to get an appropriate voltage for the ICPF
actuator control, we apply different voltages on both
electrodes of ICPF to measure the change of the tip
displacement with time. We conduct the experiments in both
water and salt water with a density of 3.4%. During the
experiments, as the change of the tip displacement at a control
voltage over 5V become large with time which is not suitable
for the microrobot actuation, the control voltage is set in a
range from 1V to 5V. Figs. 6 and 7 show the experimental
results of the change of the tip displacement of the ICPF
actuator with time in water and salt water respectively. From
the results, applying a voltage over 4V to the ICPF actuator
shows a better performance of tip displacement. Considering
that a large tip displacement will be better for the movement
of the robot, the driving voltage is set to be 5V.



Fig. 5 (a) The prototype microrobot and (b) the control circuit
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Fig. 6 Experimental results of the change of the tip displacement of the ICPF
actuator with time (in water)
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Fig. 7 Experimental results of the change of the tip displacement of the ICPF
actuator with time (in salt water)

B.  Experiments of Walking and Rotating Motions in a Water
Tank

Walking and rotating experiments of the microrobot were
conducted in a water tank to evaluate the performance of the
robot at a given control voltage of 5V. During the
experiments, we changed the control frequency and calculated
the walking speed and rotational speed of the microrobot in
each signal by recording the time separately. All experiments
were repeated five times at a set of control signals to achieve
an average speed. The experimental results of walking and
rotating motions are shown in Figs. 8 and 9 respectively. From
the results, a maximum walking speed of 9.85 mm/s and a
maximum rotational speed of 13.13 °/s were achieved at a
control frequency of 1.25 Hz. From the results of our previous
[16], the tip displacement of the ICPF actuator will decrease as
a function of control frequency. According to (1), the average
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speed of the robot is related to the step distance and the
frequency. Consequently, with the control frequency
increasing, the speed will increase at first and then decrease to
zero.
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Fig. 8 Experimental results of the walking motion
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Fig. 10 Communication experiments: (a) The blue LED light can be lightened
to send optical signals when the two indicator lights are on; (b) The indicator
light on the left side is turned on when the light sensor on the left side receives
a higher light intensity than the other side; (c) The indicator light on the right
side is turned on when the light sensor on the right side receives a higher light
intensity than the other side; (d) When the micro-controller receives signal 1,
the red LED is lightened; (¢) When the micro-controller receives signal 2, the
green LED is lightened



C. Communication Experiments

Before installing the light sensors on the robot, the
performance of the photodiode was evaluated in our previous
research [8]. We conducted the underwater experiments of the
optical communication system, in which a blue LED light and
a photodiode are employed as the transmitter and receiver
respectively. From the previous results, the photodiode can
detect the blue LED at a maximum distance of 120 cm and the
detectable angle is in a range from -60° to 60°. Within this
range, the light sensor can detect the signal strength emittd by
the blue light source well.

To realize the communication between the father robot
and the microrobot without cables, a new communication
protocol is proposed. Moreover, an experiment setup is
established for the communication experiments to verify the
proposed communication protocol, as shown in Fig. 10 (a).
The experiment setup is consisted of an blue LED light, a PIC
micro-controller of microrobot, two indicator lights, two LED
lights, in which the red LED indicates a successful receiving
of the signal 1 (a specified 8-bit binary encode) and the green
LED indicates a successful receiving of the signal 2 (another
specified 8-bit binary encode). Using this experiment setup,
two kinds of experiments were conducted by sending two
kinds of signals: signal 1 and signal 2, as shown in Fig. 10.
During the experiments, the process repeats 8§ times from step
(a) to (c) until the microrobot receives an 8-bit control
instruction. When the microrobot receives signal 1, the red
indicator light is turned on, as shown in Fig. 10 (d); when it
receives signal 2, the green light is turned on, as shown in Fig.
10 (e). From the results, we know that this communication
protocol can be used to realize the communication between the
father and son robots.

VI. CONCLUSIONS

In this paper, a biomimetic wireless microrobot has been
developed as the mechanical arm of the father-son robot
system. The microrobot is actuated by nine ICPF actuators. It
can implement the walking, rotating and grasping motions. In
order to realize the communication between the father robot
and son robots, a new cableless communication method was
proposed. The father robot is able to carry the ICPF actuator-
based wireless microrobot and send the optical signals to
control the motion of it. Two light sensors were equipped on
the microrobot to receive the optical data from the father robot
and two indicator lights were used for the closed-loop control
to the communication protocol.

The walking and rotating experiments were conducted to
evaluate the performance of the robot. From the experimental
results, a maximum walking speed of 9.85 mm/s and rotational
speed of 13.13 °/s were achieved at a control frequency of 1.25
Hz. Finally, the communication experiments were carried out
to verify that the proposed communication protocol can be
used for the communication between the father and son robots.
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