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1. Outline of the research

With the development of micro techniques and smart materials, coupled with the
increasing demands of industry in the field of ocean exploration, a centimetre-scale
micro-robot system with novel materials, such as ionic conducting polymer films (ICPF),
has many potential applications. Micro-robots using ICPF actuators have several
advantages over micro-robots using shape-memory alloys (SMA), giant
magneto-restrictive alloys (GMA), and piezoelectric transducers (PZT). The invention of
underwater micro-robots is expected to lead to their increasingly widespread uses in
industrial, medical, and military applications. For example, maritime countries are
investigating new techniques of developing novel materials such as ICPF, and these
materials are being investigated as possible materials for artificial muscles and MEMS
actuators to drive micro-robots.

ICPF are electro-active polymers and have, in recent years, been investigated as
materials for artificial muscles and MEMS actuators. ICPF technology is one of the
most exciting research areas in Bio-MEMS and is paving the way to a great variety of
bio-mimetic approaches for underwater micro-robot design. The low actuating voltage
and quick bending responses of ICPF are very attractive for the construction of various
types of actuators and sensors.

The development of the micro-robot can be broken up into three sub-topics,

summarised as follows.
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(1) Characteristic Analysis and Application of ICPF Actuators in Underwater

Micro-robot Systems

(2) Development of a Novel Wireless-controlled ICPF-actuated Fishlike Underwater

Micro-robot System
(3) Motion Control and Swarm Optimization of the Underwater Micro-robot System

2. The research results

(1) Characteristic Analysis and Application of ICPF Actuators in Underwater
Micro-robot Systems

The ICPF actuators are low-power devices and so are suitable for micro-robot
applications because of the favorable battery power requirements. The underwater
micro-robot should be designed to facilitate various motions, including walking and
swimming motions, and the ability to control depth below the surface of the water.

The ICPF actuator can drive the micro-robot to move forward or turn around, and
the speed of the micro-robot can be controlled by varying the voltage of the input signal
when the frequency of the input signal is fixed at 1 Hz. The ICPF can produce bubbles
when the frequency of input voltage signal is lower than 0.3 Hz. According to the
characteristics of ICPF, we input a low-frequency voltage signal to make the material

produce bubbles and make the micro-robot float upward slowly.

(2) Development of a Novel Wireless-controlled ICPF-actuated Fishlike Underwater
Micro-robot System

We propose a new kind of underwater micro-robot system consisting of a mother
submarine and several ICPF-actuated underwater micro-robots. The mother submarine
needs to have enough space to carry the micro-robots, and either remote-operated
vehicles (ROVs) or autonomous underwater vehicles (AUVs) could be used as the
submarine. When they receive control signals, the micro-robots can be released from the
body of the mother submarine. The micro-robots should have communication devices
and be able to share information with one another, and exploiting some multi-robot
control method, should cooperate to accomplish a given task.

The ICPF-actuated underwater micro-robot should be controlled wirelessly, and in
our system, the underwater micro-robots employ Atmel AVR minimum microcontrollers,
Infrared Ray Data Association (IRDA) infrared communication systems, and ICPF

actuators. ATmegal6 was used for the control centre of the micro-robot, and the IRDA
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communications system operated at 940 nm and was used to receive and return the
signal to the AVR. A square-wave control signal sent from the AVR to the electric relay
G6S-2 was used to adjust the voltage at the ICPF actuator to control the motion of the
micro-robot.

Control of the trajectory of individual micro-robots was demonstrated experimentally,

illustrating the effectiveness of the wireless-control method.

(3) Motion Control and Swarm Optimization of the Underwater Micro-robot System

To develop the global path-planning methods for the robot system, it was necessary
to set up an environmental model that includes information such as the position of
micro-robot and the shape of obstacles. We also used search algorithms to determine the
path-planning fit for the needs of people. Several fundamental modeling methods have
been proposed, such as the Framework Space Approach (including the Visibility Graph,
the Voronoi Graph, and the Tangent Graph), the Free-Space Method, and the Grid
Method.

We used MATLAB to simulate path planning and optimization according to the
particle-swarm-optimization (PSO) algorithm when the micro-robot meets obstacles
underwater. Obstacles were simplified and treated as solid spheres, and the robot was
considered to be a point particle. The three-dimensional underwater space was
separated into several parts. Drawing upon the concept of the grid method, a spiral
particle pathway searching approach was developed to search for particles in the
pathway in a given plane. Simulation results demonstrated that the method of global

path planning in three-dimensional space was both feasible and efficient.

3. Conclusions and future works

We have demonstrated a system of bio-mimetic fish-like underwater micro-robots
that can be controlled from a larger mother submarine. Each micro-robot consists of an
AVR minimum-control unit, an infrared communication system, and ICPF actuators.
Two control signals are used, and the infrared device in the mother submarine
communicates with the AVR control system to control the movement of the individual
fish-like micro-robots.

We demonstrated wireless control over the trajectory of individual micro-robots.
Furthermore, we were able to coordinate a group of three micro-robots to move in
formation. Simulation results show that path planning using particle swarm
optimization can be used to automatically navigate underwater obstacles, which will

make the system more robust as the micro-robots find the best path to a given
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destination. Future work will focus on developing the motion control to realize this

multi-robot operation.
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1. Outline of the research

Recently, great progress has been made in biology through advances in biotechnology,
including genetic engineering, cellular engineering and developmental engineering.
Such research requires micro- and nano- manipulation and mass production as well as
repetitive, high-throughput, and high-precision processing. Consequently, human-scale
nano tele-operating systems have been developed in situations where conventional
robotics. The principle problem is the size of the objects to be manipulated when the
object 1s extremely small, such as a cell or embryo. A complex fine-motion control system
1s required. Physical phenomena in the micro-world differ from those in the
macro-world. A manipulation system must be designed very carefully and new
approaches must be developed to address the challenge of high-speed
micromanipulation.

During the past years, significant research effects have been done in the development
of technology for minimally invasive surgery (MIS), such as laparoscopy, has grown as a

very suitable domain for robotic system. Intracavity intervention is expected to become
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increasingly popular in the medical practice, both for diagnosis and for surgery. A lot
of diagnosis and medical surgery with an endoscope or a catheter are performed for
minimum invasive surgery recently. There are a lot of advantages as earliness etc.
However, it requires a lot of skills for the operation so that this may do the operation in
the inside of the body that cannot be watched directly.
This research results mainly include the three parts as the following.
(1) Kinematic analysis of a 6-DOF parallel mechanism for human-scale tele-operating system.
(2) Modeling of the micro-operating system for human-scale tele-operating system.
(3) Control of the mciro-operating system for human-scale-operating system.
(4) Development of a novel type of catheter operating system with force monitoring.
2. The research results
(1) Kinematic analysis of a 6-DOF parallel mechanism for human-scale tele-operating
system.
Kinematic characters of the 6 DOF parallel mechanisms were proposed. We build the
equations to forward analyze the position of the endplate. Based on the displacement
range of the piezoelectric actuator we have made a simulation program. Then we got the
distribution surface of the end platform center. From the experimental results, we can
see that the calculation curve is matched with the measure curve.
(2) Modeling of the micro-operating system for human-scale tele-operating system.

In the micro manipulator there are six piezoelectric actuators. To improve the
precision of the micro manipulator, we built the model for this micro operator with a
Bouc-Wen hysteretic model. By using a genetic algorithm the parameters in the micro
operators’ model were identified. From the experimental results, we can see the
identified data fits the actual data well. In six groups, the max fitness rate gets to 99.5%,
but the minimum fitness is only 95.7%. In order to get a higher fitness rate, it had
better to run the genetic algorithm with much more generations or to improve the
fitness function. However, the model of the micro operator could be used in the human
scale tele-operation system.

(3) Control of the micro-operating system for human-scale tele-operating system.

A micro-operating mechanism for a human scale tele-operating system was proposed.
A model of the micro-operating mechanism was built with six piezoelectric actuators
based on the Bouc-Wen model. The parameters of the model were identified using a
genetic algorithm. An MRAC system was designed to improve the performance of the
micro operating system. The results of both the numerical simulation and the tracking
experiment implied that the use of MRAC improved the performance of the

micro-operating system and the noise and hysteresis in the piezoelectric actuators were
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eliminated.
(4) Development of a novel type of catheter operating system with force monitoring.

A novel type of catheter operating system with monitor and micro force sensors has
been developed. We developed a highly precise remote catheter operating system to help
doctor with intravascular neurosurgery. We also carried out the operating simulation
experiments “in Vitro” to evaluate the operability of the developed catheter operating
system. The experimental results indicated that the developed micro force sensors of
catheter operating system work well and can measure the contact force between the
catheter and the blood vessel, also the force feedback can effectively improve operability.
With the help of the micro force sensors and developed algorithm, doctors can feel the
force on catheter and avoid putting strongly on blood vessel wall. It also can efficiently

help doctor to do the operation.

3. Conclusions and future works

A human scale tele-operation system was introduced. A micro operator was designed.
In the micro manipulator there are six piezoelectric actuators. To improve the precision
of the micro manipulator, we built the model for this micro operator with a Bouc-Wen
hysteretic model. By using a genetic algorithm the parameters in the micro operators’
model were identified. From the experimental results, we can see the identified data fits
the actual data well. In six groups, the max fitness rate gets to 99.5%, but the minimum
fitness is only 95.7%. In order to get a higher fitness rate, it had better to run the
genetic algorithm with much more generations or to improve the fitness function.
However, the model of the micro operator could be used in the human scale
tele-operation system.

A model of the micro-operating mechanism was built with six piezoelectric actuators
based on the Bouc-Wen model. The parameters of the model were identified using a
genetic algorithm. Experimental results showed that the identified results very closed
to the true values. An MRAC system was designed to improve the performance of the
micro operating system. The results of both the numerical simulation and the tracking
experiment implied that the use of MRAC improved the performance of the
micro-operating system and the noise and hysteresis in the piezoelectric actuators were
eliminated. In the future, other algorithms will be adopted and the MRAC will be
improved to make the micro-operating system get higher precision.

A robotic catheter system was proposed and developed. Force monitoring system was
developed. In order to ensure the safety of operation, the force monitoring system and

danger avoiding system were applied in the robotic catheter system. Both developed
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rubber force sensors and an optical fiber sensor were installed in the catheter, force
information were monitored in real-time during the operation. At the same time the
force information was sent to the haptic device. So one can feel the force from the
catheter during a remote operation. If the force on the catheter goes beyond the safety
range, the doctor will get warning information from both monitors and controller. The
experimental results imply that the force sensors and the controller with haptic
feedback work very well.

In the future, we will improve the genetic algorithm to identify parameters with
higher accuracy. Then with the model we will design control methods for the micro

operator to improve the performance.
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1. Outline of the research

As more and more attention is paid to the ocean, there are growing interests in
exploring and exploiting the ocean these days. As we all know, the visibility is very low
and the environment is rather bad in the ocean. In such condition, it is difficult for
people themselves to carry out some tasks such as the exploration and the exploitation
of energy sources, the installation and the servicing of the equipments, the photography
and the monitoring of the objects. In order to accomplish these tasks, the underwater
vehicle becomes a very important instrument, which makes it necessary to set up an
underwater communication network to ensure the vehicles to work under control
normally.

Wireless underwater communication can be established by transmission of acoustic
waves, it 1s called underwater acoustic communication. Underwater acoustic
communication is a rapidly growing field of research and engineering as the
applications, which once were exclusively military, are extending into commercial field.

Aiming at this pop research field, this thesis concentrates on proposing underwater

32



acoustic communication systems for multiple underwater vehicles.

The research mainly includes four parts as follows:
(1) Design of an acoustic communication system based on CDMA for multiple
underwater vehicles;
(2) Design of an acoustic communication system based on FHMA for multiple
underwater vehicles;
(3) Development of an acoustic communication system for multiuser based on hardware
platform;

(4) Underwater acoustic communication network
2. Research results

(1) Design of an acoustic communication system based on CDMA for multiple
underwater vehicles

A kind of underwater acoustic communication system based on QPSK-CDMA for
multiple underwater vehicles was proposed to implement communication
simultaneously between multiple underwater vehicles in deep water. Some key
techniques such as spread spectrum and channel coding were adopted in order to ensure
the communication reliability. Besides, Rake Receiver was also an important part in the
system to reduce the influence caused by multipath effect, which could greatly reduce
the BER. The simulation results indicated that this system could enable multiple
vehicles to communicate simultaneously successfully. The data rate in the system was
540b/s, which fulfilled the requirement of the text data transmission and the BER was
7.82x10™" when the SNR was -10dB, which was acceptable in practice.

(2) Design of an acoustic communication system based on FHMA for multiple
underwater vehicles

A kind of underwater acoustic communication system based on FHMA combined
with tamed spread spectrum for multiple underwater vehicles was proposed to solve the
contradiction between the high data rate and the limitation of frequency bandwidth in
underwater acoustic channel. Meanwhile, waiting-type self-synchronization method
was improved to implement the synchronization of FH part and Rake Receiver was
improved to receive multipath signals. The data rate in the system was 650b/s, which
fulfilled the requirement of the voice data transmission and the BER was 8.56x107*
when the SNR was -14dB, which indicated that the transmission rate was raised and
the communication reliability still kept good. The effect of user number on BER was
also discussed and the simulation results indicated that the interference was very low

due to the good correlation of PN code.
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(3) Development of an acoustic communication system for multiuser based on hardware
platform

An acoustic communication system for multiuser based on hardware platform was
developed. Because the experiments were rather difficult to implement in the ocean, the
sound card in the computer with sound box and microphone was used as the energy
transduction to implement acoustic communication in the air instead of the acoustic
transducer and the hydrophone in the ocean, which had referenced value to make the
experiments convenient and reduce the cost in the field of underwater acoustic
communication. For the hardware part, DS18B20 was taken for example as the data
source to generate the original signals and MAX232 chip was adopted to connect the
MCU to the RS-232 in the computer. For the software part, MATLAB was used to
implement reading and writing of the serial port data and MMVARI was adopted to
drive the sound card to form the acoustic signals from the digital data to implement the
acoustic communication. In the experiments, the signals transmitted from the
transmitting part could be received very well in the receiving part which indicated good
quality of the acoustic communication system and verified that the CDMA and the
FHMA acoustic communication systems proposed in the foregoing parts were applicable
in reality. Although the BERs in this hardware platform system were not as good as
that in the simulation systems, taking the experiment condition and the transmission

rate into account, they were acceptable.

(4) Underwater acoustic communication network

In order to form a complete underwater acoustic communication network, according
to the features of the system that we proposed, we pointed out that it typically needed to
be ad hoc network. Aiming at the characteristics of ad hoc network, some key
techniques in the data link layer and the network layer were discussed, including ARQ,
media access protocols and routing. Three schemes of Selective Repeat ARQ, MACAW
and AODV were analyzed in detail to show that they were appropriate to our

underwater acoustic communication network.

3. Conclusions and future work

In order to accomplish communication between multiple underwater vehicles, we
proposed two kinds of acoustic communication system based on CDMA and FHMA. The
simulation results indicated that the communication reliability was good and it was
feasible to use the systems to accomplish underwater communication successfully.
Besides, an acoustic communication system for multiuser based on hardware platform
was developed and the communication quality was also good which verified that the
CDMA and the FHMA acoustic communication systems proposed in the foregoing parts
were applicable in reality. Finally, some key techniques for forming a complete
underwater acoustic communication network were discussed. In the future, we want to

accomplish transmission of video signal. In this condition, the transmission rate should
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