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Abstract

Abstract

Wireless microrobots controlled by the external magnetic field are used
in a wide range of biomedical application. The wireless microrobots are
both safe, reliable and can be carried deeply within the tissue of living
organisms in the human body. They have many potential applications in the
medical field. For example, the wireless capsule microrobot can be used to
diagnose various diseases throughout the gastrointestinal tract. As the
development of biology, many microrobots have been developed with
biomimetic locomotion, such as crawling, walking, creeping, swimming,
and so on. Most of them use traditional motor as an actuator to realize the
control of the microrobot and the power is supplied by the cable. These
microrobots are unsuitable for some small or narrow areas, because of their
high power consumption, complex structure and limitations of cable. So an
optimization design, flexible structure and continually power supply have
been requested urgently. Although many biomimetic microrobots are
developed in recent two decades, it is still difficult in developing a
microrobot with compact structure, flexible locomotion and long-distance
movement by power supply, because the three characteristics conflicts each
other.

The medical safety, loading abilities and an effective propulsive
performance are extremely important and challenging. Therefore, in this
thesis, a multi-module magnetic actuated microrobotic system is proposed.

Our proposed microrobotic system includes two parts, microrobots and
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electromagnetic actuation (EMA) system. The microrobot composes of
different module with multi-functional. It is comfortable and easy to
swallow by patients, because it can realize the docking and releasing in
various environments and has the flexible motion with wireless control. To
increase the dynamic efficiency and adapt this electromagnetic actuation
system to use in various working environments, a novel magnetically
actuated hybrid mechanism is proposed. It has a hybrid locomotion scheme,
consisting of two disparate magnetic actuation strategies: (1) conversion of
synchronous rotation with a rotating field using a "spiral jet motion" to pull
fluid through the center of the robot; (2) using a flexible tail to generate
fish-like propulsion due to an oscillating magnetic field. With two motions,
we confirmed that this microrobot has multi-DOFs locomotion, flexibility,
and optimized for moving speed of the microrobot. And the hybrid motion
can be controlled separately without any interference. The experimental
results show that traditional linear-with-frequency controlled velocities can
be generated with the spiral jet motion and that more a 2X increase in
speed can be achieved using the flexible tail, although that mode of
propulsion does not easily lend itself to simple analytical models. And then
major part of EMA system which is 3 axes Helmholtz coils is analyzed,
designed and evaluated performance, in order to realize flexible control the
hybrid microrobot. Finally, the motion characteristics of hybrid microrobot
are evaluated and the hybrid realized the multi-DOFs locomotion in pipe.
Experimental results indicated the hybrid microrobot realize flexible

motion in pipe by adjusting the magnetic field changing direction.
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Chapter 1 Introduction

Chapter 1 Introduction

1.1 The background of research

The endoscope as a helpful tool for medical applications typically
refers to inspect the interior of the body in medical procedures [1]-[20].
The first endoscope was developed by Philipp Bozzini in the 1806. The
endoscope was made by Lichtleiter for examination of the interior of a
hollow organ in the human body. In the 1960s, the first fiberoptic
endoscope consisting of a bundle of flexible glass fibres was invented by
Basil Hirschowitz and Larry Curtiss. It has the ability to coherently
transmit an image and becomes a vital tool for diagnosing gastrointestinal
(GI) diseases. There were physical limits to the image quality of a
fibroscope. The electronic endoscope became more popular with the
development of the electronic technology. Doctors can monitor intestinal
image via the display and perform examination, rather than staring at
eyepiece. Generally, these endoscopes are used to examine inside a large
intestine. However, they brought much painful and traumatic due to being
driven by a cable or tube. Especially, they are hard to carry deeply to some
small or narrow areas within the tissue of living in human body.

To solve these problems, different kinds of medical microrobot have
been developed [21]-[28]. In recent years, many kinds of microrobots have
been developed to achieve various tasks due to technical advancements in

manufacturing and further progress is expected in this field. The
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microrobot is used in medicine to avoid unnecessary incisions during
surgical operations. Some researchers have proposed a kind of capsule
endoscope, which is swallowed by the patient to diagnose the intestinal
organs of the human body, as shown in Figure 1.1. However, this kind of
robot is uncontrollable due to involuntary muscle movements known as
peristalsis [29]-[35]. To solve this problem, many microrobots have been
developed with traditional motors and smart materials as actuators
[36]-[40], as shown in Figurel.2. These microrobots look perfect in theory
and design, but are more or less ineffective. There are diagnostic problems
due to the cable or wire and it is very difficult to reach a position accurately
or operate in a very narrow and deep space. Therefore, a new driving mode

of the microrobot has urgently been demanded in medical applications.

Figure 1.1 Capsule endoscopy

(http://gi-chan.com/procedures-treatments/capsule-endoscopy/)
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Figure 1.2 Swimming microrobot with ICPF

Recently, remote control of the magnetic actuated microrobot using a
magnetic field has been popular and developed due to realize external
wireless energy supply [41]-[46]. One of the microrobots is called a
fish-like microrobot. It imitates the movement of a fish to produce a
propulsive force with oscillatory motion or undulatory motion. The
fish-like microrobot has one important limitation; it moves in only one
direction inside a pipe. Therefore, another kind of proposed microrobot has
been developed to solve this problem. This kind of microrobot can move

with a spiral motion or a screw motion by using a bare screw propeller
[47]-[56].
1.2 Electromagnetic actuation system

Motivated by controlling the magnetic microrobots, several magnetic
robotic systems have been developed for controlling the microrobot in

human body [57]-[61]. There are two main methods to control the magnetic

actuated microrobot to realize the movement of the microrobot.
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Figure 1.3 Rotating-permanent-magnet manipulator system

Liquid-filled stomach

Wireless
Communication

Transceiver

Microrobo?

D

| @
: I
7\ C — o A4 . |

Figure 1.4 MASCE and the magnetic control system

Thomas W. R. proposed the use of non-uniform magnetic fields
emanating from a single rotating-permanent-magnet (RPM) manipulator
for the control of magnetic helical microrobots in 2010 [62]. It is shown in
Figure 1.3. The RPM manipulator consists of a permanent magnet and a
Maxon DC motor. The RPM manipulator was designed to have two
different magnets: an axially magnetized cylindrical magnet 25.4mm in
length and 25.4mm in diameter, and a diametrically magnetized cylindrical
NdFeB magnet of the same dimensions.

Sehyuk Yim also proposed a magnetically actuated soft capsule
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endoscope (MASCE) as a miniature mobile robot platform for diagnostic in
medical applications in 2012 [63]. It is shown in Figure 1.4. Two internal
permanent magnets and a large external magnet are used to control the
robot. The proposed MASCE has three novel features. First, its outside
body is made of soft elastomer-based compliant structures. Secondly, it can
be actively deformed in the axial direction by using external magnetic
actuation, which provides an extra degree of freedom that enables various
advanced functions such as axial position control, drug releasing, drug
injection, or biopsy. Finally, it navigates in three dimensions by rolling on
the stomach surface as a new surface locomotion method inside the
stomach.

The other method is that the microrobot is controlling by an
electromagnet. Hyunchul Choi has been developed a stationary two-pair
coil system to realize two-dimensional actuation of a microrobot as shown
Figure 1.5 [64]. The EMA system consists of two pairs of stationary
Helmbholtz coils and Maxwell coils in the x-direction and y-direction. The
microrobot 1s aligned to the desired direction by two pairs of Helmholtz
coils and is propelled in the aligned direction by two pairs of Maxwell coils.
But, the EMA system has the limitation of two-dimensional locomotion of

the microrobot.
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X-axis
Il Maxwell coil

l.' X-axis z
M Helmholtz coil | = = ¥
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Helmholtz coil Maxwell coil

Figure 1.5 Electromagnetic actuation system

1.3 Motivation and research purpose

3 axes
Helmholtz coils

Hybrid

microrobot

L

Positioning system

Control system

Figure 1.5 Project of a novel magnetic actuated microrobotic system

We have been proposed different kinds of microrobots [65]-[71].
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However, further clinical application is needed in order to produce a robot

that is capable of treating disease, diagnosing intestinal problems and

conducting minimal invasive surgery. As well, the robot needs to be able to

install actuating elements (e.g. drug delivery mechanism), a camera (e.g.

endoscope) and sensing elements for achieving medical tasks. Therefore,

medical safety, loading abilities and an effective propulsive performance is
extremely important and challenging. There are several challenges in our
research.

1) Robot body design for obtaining an effective propulsive performance
on limited size or small size.

2) Method for controlling the multi-module magnetic microrobot in
magnetic field and they are controlled separately without any
interference.

3) Method for remote actuation and detecting position in human body in
order to ensure the safety of patients.

Based on these requirements, I focus on developing a multi-module
magnetic actuated microrobotic system for medical applications. The
research purpose of this study can be summarized as follows:

1) Development and evaluation of a novel hybrid microrobot.

2) Physics modeling and analysis of the robot dynamics

3) Development and evaluation of a remote electromagnetic actuation
(EMA) system for realizing the position control and posture control of

the microrobot
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1.4 Thesis contributions

In this thesis, a novel a multi-module magnetic actuated microrobotic
system is proposed,

Contributions of this thesis are:
(1). Development of a novel multi-module magnetic actuated microrobotic
system

The microrobot composes of different module with multi-functional.
And the microrobots are comfortable and easy to swallow by patients,
because it can realize the docking and releasing in various environments
and has the flexible motion with wireless control.
(2) Design of a magnetically actuated hybrid microrobot

The magnetically actuated hybrid microrobot (MAHM) has two
motion mechanisms. One is the spiral jet motion which can move by
rotating the spiral propeller. The other is fin motion which can move by
vibrating the fin. The MAHM can switch between the two motions to
realize movement in various working environments. The spiral jet motion
is used when the microrobot needs precision operation and stable
movement. The fin motion is used when the high propulsive force is
needed. Due to just only use one magnet inside the MAHM, two motions
can be controlled separately without any interference.
(3) Development of a novel type of magnetic microrobotic system

Based on previous researches, a magnetic microrobotic system is
developed to allow a doctor to remotely control a wireless capsule

microrobot through a master device. This causes less pain to the patients
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and there will be less tissue trauma. Thus reducing hospitalization time and
enhancing recovery. On the master side, the doctor views a monitor which
is produced by a CT-scan and operates the wireless microrobot to detect or
treat the disease with an unknown and dynamic environment. The control
instructions are transmitted to the slave side. On receiving instructions, the
slave mechanisms control the wireless capsule microrobot. The monitor can
also show the data calculated from the magnetic sensor array for obtaining

the real-time position of the microrobot.
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1.5 Structure of the thesis

-

Chapter 2. A Conceptual design of Multi-module
Magnetic Microrobotic System

| S

Chapter 3. A Novel - Chapter 4. A Magnetically
Magnetic Actuated Actuated Hybrid

Microrobot with Screw Jet Microrobot
Motion

Chapter 5. Algorithm design of Multi-module Magnetic Actuated
Microrobotic Systems
~ .

Chapter 6. Characteristic Evaluation of Multi-module Magnetic
Actuated Microrobotic Systems |

10



Chapter 2 A Conceptual design of Multi-module Magnetic Microrobotic System

Chapter 2 A Conceptual Design of

Multi-module Magnetic Microrobotic System

2.1 Conceptual design of the multi-module Magnetic

microrbotic system

Generally, the patients are placed on a liquid diet starting after lunch
the day before the examination. And then, the patients should be drink the
poly tetramethylene ether glycol 2000ml and water 500ml, 2~4 hours
before examination. After all preparations, the microrobot is swallowed
inside the digestive organs and can be manipulated [30], [72]. Conceptual
diagram of the whole microrobotic control system is shown in Figure 2.1.
The control system consists of a magnetically actuated hybrid microrobot,
magnetic sensor array, three axes-Helmholtz coils, CT-Scan, monitor, and
operation device (Phantom Omni device). Firstly, an intestinal image is
generated by the CT scanner and the doctor views the intestinal image to
confirm the area of a target in a monitor. Secondly, the doctor operates the
Phantom Omni device to control the magnetically actuated hybrid
microrobot to move to the target by using an external magnetic field. A 3
axes Helmholtz coils is used to generate the external rotational magnetic
field. When the hybrid microrobot arrives at the target area, the operator
controls the position and posture of the hybrid microrobot to detect or treat
disease in an intestinal tract. Meanwhile, the monitor shows the real time

position and position of the hybrid microrobot calculated from the

11
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measurement data of magnetic sensor array. The magnetic sensor array is
used to realize the close-loop control and ensure the hybrid microrobot to

reach the target location. [71], [73]

3 axes
Helmholtz coils

Hybrid
microrobot

Patient

Figure 2.1 A Multi-module magnetic microrbotic system
2.2 Electromagnetic actuation system

2.2.1 Three axes Helmholtz coils design

To provide the magnetic torque to the microrobot, an EMA system
which mainly consists of stationary 3 axes Helmholtz coils is proposed, as
shown in Figure 2.2. It has a simple control method, because each
Helmholtz coils is independent control. The 3 axes Helmholtz coils can
produce a 3-D magnetic field vector in any direction and provide a
magnetic torque for controlling the microrobot. Single-Helmholtz coil
consists of two identical circular magnetic coils that are placed
symmetrically one on each side of the experimental area along a common
axis, and separated by the distance d equal to the radius r of the coil.

Electrical current flows in the same direction in each coil.

12
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N

L

—

Figure 2.2 Structure of the 3 axes Helmholtz coils

Table 2.1 Specification of 3 axes Helmholtz coils

Turns (n) | r(mm) d (mm) | Resistance(2) | Material
XoaxIs 125 150 150 2.4 Cu
coil
y-axis 150 175 175 3.3 Cu
coil
Zmaxis 180 200 200 45 Cu
coil

According to the Biot-Savart law, the magnetic flux density was

generated by this coil. It is defined as following equation (2-1):

B(x) = M 1 + 1 (2-1)

: : :
[rz +(Z—x)2} [rz +(g+x)2}

where, B= yH is the magnetic flux density, at any point on the axis of

the Helmholtz coils. pg is the permeability of vacuum. n is the number of

turns of coil. 1 is the current. r is the radius of the coil. x is the arbitrary
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position from the center position of the pair coils. d is the distance between
pair coils.
2.2.2 Characteristic evaluation of the three axes Helmholtz coils

Based on the electromagnetic theory, the magnetic flux density of the
3 axes Helmholtz coils is analyzed to realize control stable locomotion of
the hybrid microrobot. For the characterization of the 3 axes Helmholtz
coils, the magnetic flux density of Helmholtz coils was simulated with
FEM method and experimentally measured with TESLA METER TM-501,
as shown in Figure 2.3.

The simulation result of magnetic flux density with a constant current
(1.5A) is shown in Figure 2.4. And then, the magnetic flux density
measured with constant current and compared it with the simulation results,
as shown in Figure 2.5. The different magnetic field direction is also
simulated. Some simulation results are shown in Figure 2.6. The simulation
results indicated the Helmholtz coils can generate a uniform magnetic field
at the center of workspace, but it also generated a gradient magnetic field at
the boundary of Helmholtz which can produce unintended consequences.
In order to control the microrobot in the uniform magnetic field, the

specification of 3 axes Helmholtz coils is designed, as shown in Table 2.1.
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(a) TESLA METER TM-501

(b) Experiments

Figure 2.3 Measure the magnetic flux density
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Figure 2.4 Simulation result of the magnetic flux density with constant
currents
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Figure 2.5 Compare magnetic flux density with different current.
N means north magnetic poles and S means south magnetic poles. T means

the theoretical value and E means the experimental value
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2.3 Positioning system

The monitoring of the microrobot in interesting region of human organ,
e.g. gastrointestinal tract and blood vessels, is essential to guarantee the
availability of the diagnosis, therapy and minimally invasive surgery. The
3-D ultrasound imaging, nuclear medicine imaging technology,
fluorescence imaging and X-ray monitoring have been extensive in the
clinical application [74]-[78]. However, these monitoring methods not only
need the lager and expensive monitoring equipment, but also are harmful to
the patient or doctor to a certain extent.

To obtain the positioning information of the microrobot, the magnetic
sensor array composed six magnetic sensors is used to detect the intensity
of magnetic field from magnet which is embedded inside the microrobot.
Magnetic sensor array is placed at the under of microrobot to obtain the

information of magnet.

Figure 2.7 Positioning system with magnet sensor array
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2.3.1 Analysis of the magnetic field

magnetic dipole moment 2 magnetic dipole moment 1

Figure 2.8 Magnetic dipole model
The magnetic flux density of the magnet inside microrobot is analyzed.
The magnetic dipole model [79-84] is shown in Figure 2.8. The

relationship between the distance and magnetic field as follows:

& =

H,=- %(}{ = 27zn;(l)r3 cosd (2-3)

0~ 1?814]9 N 47[n;l(l)r3 sin® (2-4)

X = JXz)i- % 473[/’7;017/13 sin, cos 6, +%Sin% cost)  (2-5)
.= \/X2Y+ — 4;:23 sin®, cos 6, +%sin 0, cosb,) (2-6)
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H,= A (2cos? 6, —sin® 6)) + At (2cos? 6, —sin?6,)  (2-7)

Where U is the magnetic potential, m is the magnetic moment, 1 is the
distance between the magnetic poles, r is the distance between
measurement position and magnet, 0 is the angle between measurement
position and magnet. L, is the permeability of vacuum. L is the half length
between two magnetic potentials of the magnet. H, is intensity of magnetic
field in r direction, and Hy is intensity of magnetic field in 0 direction.

2.3.2 Simulation results

We analyzed the magnetic field. Figure 2.9 and Figure 2.10 shows
the simulation results. This result indicated that the magnet having multi
magnetic potentials is higher magnetic field area than one magnetic
potential type.

We used a magnetic sensor array (HMC1021Z by Honey Well, as
shown in Figure 2.12) to obtain the position parameter of the microrobot,
which is used to calculate the real position of our microrobot by least

square method. The mean error 1s 6.09mm, as shown in Figure 2.13.
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Figure 2.9 Analytical results of one magnet
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Figure 2.11 Analytical results of O-ring type magnets
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Figure 2.12 High sensitive magnetic field sensor
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Figure 2.13 Experimental results of the position detection
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Figure 2.14 Errors of the trajectory
2.3.3 Evaluated error of the trajectory
The least square method is used to detection the position and posture
of the wireless microrobot in human body. We compared the errors of the
trajectory between calculated position and actual positions of the magnet
using the positioning system. That result is shown in Figure 2.14. Green
line is the trajectory of the magnet, and red line is the trajectory of the

calculated result.

2.4 Summary

In this chapter, we proposed a multi-module magnetic actuated
microrobotic system. It consists of an electromagnetic actuation (EMA)
system, which is used to generate a magnetic field with any direction in the
work spaces, and a positioning system, which is used to detect the position

of the microrobot. We used our proposed control system to manipulate the
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microrobot to realize the flexible motion. We can realize the remote control
and local control using our proposed control system.

The 3 axes Helmholtz coils have been proposed. The Helmholtz coils
are made for controlling the wireless microrobot and proving the energy for
the wireless microrobot.

Firstly, in order to have enough inner space to accommodate a human
subject in the medical application, the shape and the performance of the
Helmbholtz coils is analyzed.

Secondly, the 3 axes Helmholtz coils are fabricated to generate a
rotational magnetic field which can be used to realize control the wireless
microrobot in 3D space.

Thirdly, the magnetic flux density is measured with a constant
current and compared the experimental results with the simulation results.
And the magnetic flux density is also measured with different current and
compared the experimental results with the simulation results. The
experimental results are coincided with the theoretically analysis. The
results prove that the designed 3 axes Helmholtz coils are effective.

Through the above analysis, the 3 Helmholtz coils are possible to
generate the uniformed magnetic field in 3D space to realize the 3DOFs

locomotion of the wireless microrobot in human body
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Chapter 3 A Novel Magnetic Actuated

Microrobot with Screw Jet Motion

3.1 Magnetic actuated microrobot with screw motion

3.1.1 Structure of magnetic screw type microrobot

During diagnosis and surgery, some factors such as, length of
microrobot and diameter of microrobot, need be taken into account. Due to
the overall limited size of microrobots, there is insufficient space for
modules such as a camera module, a battery module, and a transmit/receive
module. In addition, to accomplish medical tasks, a microrobot should be
controlled by doctors. Therefore, a flexible, controllable, and wireless
power supply is important for microrobots. To solve the above problems,
we developed a self-propelled screw microrobot manipulated by 3-axis
Helmbholtz coils, which generate an external orthogonally rotating magnetic
field. The conceptual design of the magnetic spiral microrobot is shown in
Figure 3.1. The magnetic screw microrobot is composed of a screw outer
shell based on the Archimedes screw structure [86-88] and an O-ring
magnet as an actuator. The Archimedes screw structure provides a
propulsive force while the microrobot rotates using an external magnetic
field. Due to the energy provided by the external magnetic field, the
microrobot can work for a long time in the human body to accomplish
medical tasks. In addition, 50% of the inner space is used to support tools

for diagnosis. The prototype of the magnetic spiral microrobot is shown in
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Figure 3.1(d). The spiral outer shell is made of polythene plastic and is

connected to the O-ring magnet by a strong adhesive. The specifications

are given in Table 3.1.

L.

Spiral outer shell (a)

(b)

©)

1 -
""" ~ Magnet
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Figure 3.1 Concept of the proposed magnetic screw type microrobot

(a) Structure and (b) model of magnetic screw type microrobot. (c) O-ring

magnet. (d) Prototype of magnetic screw type microrobot

Table 3.1 Specifications of magnetic screw type microrobot

Length of microrobot 20 mm
Radius of microrobot 8 mm
Weight of microrobot 2306 g
Magnetization direction Radial
Radius of magnet 6 mm
Weight of the microrobot 1.036 g
Material of body Polythene
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3.1.2 Propulsion force on magnetic spiral microrobot

The propulsive force of a magnetic spiral microrobot is along the
central axis. In a low-Reynolds-number regime, the total applied nonfluidic
torque and force are linearly related to the axial speed and angular speed
with the parameters defined in Figure 3.1(b). The following symmetric
propulsion matrix equation [89]-[92] is used to describe the propulsive
force and torque of the magnetic spiral microrobot:

F a bllv
7 o)) o
where F'1s the non-fluidic applied force, T is the non-fluidic applied torque,
v 1s the axial speed, and w is the angular speed.

We assume that the microrobot moves in water that has a constant
density. k; and k,, which are the viscous drag coefficients for the magnetic
spiral microrobot along and perpendicular to the axis, respectively, are
constant. These two parameters are a theoretical maximum value that is
related to parameters such as the radius of the microrobot, number of turns
of the microrobot, and pitch of the microrobot [89], [90]. From the
symmetric propulsion matrix, the speed of the microrobot is a function of

the geometric parameters, are given by:

k1 cos’ @ + k2 sin’ @
a=62no

sin @

b= 6.271(7(/(1 - k2)0089 (3_2)
c=b

2 c 2
d:6.2na(kzcos 0+ k, sin 0]

sin @

where k; and k, are the constants defined above and #n is the number of
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turns of the microrobot.
3.1.3 Fluid drag force on magnetic spiral microrobot

The total drag force depends on the Reynolds number and the shape of
the magnetic spiral microrobot. In a pipe, the Reynolds number is generally

defined as:

Re=PVd 3-3
= (3-3)

The total drag force can be expressed as:
1
Fo=Coy®S N -9

where p is the density of the fluid, v is the speed of the microrobot, d is the
diameter of the microrobot, u is the coefficient of kinematic viscosity, S is
the maximum cross area that is vertical to the flow of fluid, Cp is the
resistance coefficient, uy is the coefficient of friction, and N is the normal
force between the microrobot and the surface of the pipe.
3.1.4 Evaluation performance of the magnetic microrobot with screw
motion

To achieve wireless real-time control of the microrobot, a
microrobotic control system is proposed [92]. It includes a data acquisition
board (USB-4716, Advantech, China), a DC power supply, a control unit,
3-axis Helmholtz coils, an oscilloscope, a Phantom Omni device
(SensAble), a web camera, a pipe, and a personal computer. The
microrobot was placed in a transparent pipe (inner diameter: 26 mm;
thickness: 3 mm) filled with water. The control signals were applied to the

3-axis Helmholtz coils in order to obtain a rotating magnetic field via the
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data acquisition board and control unit. The magnetic flux density and the
magnetic field frequency were adjusted using the Phantom Omni device.
The web camera was used to monitor the inside of the pipe. During
experiments, the Phantom Omni device was used to control the position
and posture of the microrobot with the help of a display. The display
showed data used for obtaining the real-time position of the robot. The
oscilloscope showed the magnetic flux density changing frequency.

The bi-directional relationship between the magnetic flux density
changing frequency and the speed was investigated. The results, shown in
Figure 3.2(a), show that in the frequency range of 0 to 15 Hz, the
microrobot can rotate continuously, synchronized with the rotating
magnetic fields, and generate enough propulsion to overcome the resistance
of fluids. In the frequency range of 15 to 20 Hz, the microrobot can no
longer rotate continuously. The frequency of 15 Hz is called a step-out
frequency. The step-out frequency is related to the microrobot’s weight,
magnetic torque, and any other loads. This frequency is well understood for
magnetic spiral microrobots in uniform magnetic fields and is discussed in
our previous research [92]. The experimental results indicate a linear
relation between magnetic field changing frequencies and speed in the
range of 0 to 15 Hz. At 15 Hz, the maximum speed is 11.8 mm/s in the
horizontal direction and 3.64 mm/s in the vertical direction. Figure 3.2(b)
shows the relationship between the rotational frequency and the speed of
the magnetic spiral microrobot in the vertical direction. This disparity of

the experimental result between the Figure 3.2(a) and Figure 3.2(b) is due
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to the extra force needed to overcome gravity. Figure 3.3 shows a video
sequence of forward/backward motion controlled by the Phantom Omni
device in a pipe. Figure 3.4 shows the variable speed motion controlled by

the Phantom Omni device in the pipe.
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Figure 3.2 (a) Bi-directional relationship between magnetic flux density
changing frequency and speed. (b) Relationship between magnetic flux

density changing frequency and speed in vertical direction.
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Phase 1

Phase 4

<€ >
(a)Forward motion (b) Backward motion
Figure 3.3 Movement of the microrobot controlled by Phantom Omni
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Figure 3.4 Experimental results of variable motion
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3.2 Magnetic actuated microrobot with screw jet motion

3.2.1 Structure of magnetic screw jet type microrobot

Several spiral or screw types of microrobots have recently been
developed for achieving various functions. However, their propulsive
mechanisms are comprised of a bare propeller, which leads to a low
propulsive force. Thus, we proposed a novel propulsive mechanism for a
magnetic actuated microrobot to increase the efficiency of the propulsive
force. Figure 3.5 illustrates our proposed microrobot, which moves using a
propulsion arrangement called a shrouded propeller. A shrouded propeller
i1s a bare propeller fitted with a non-rotating nozzle, which is used to
improve the efficiency of the propeller, especially on propellers with a
limited diameter. The non-rotating nozzle connects to the propeller with an
axis and bearing. When the propeller rotates to accompany the magnetic
actuator, the shrouded propeller pushes the fluid backward generating a
reaction force, which creates a forward motion, also called a spiral jet
motion. In respect to hydrodynamics, the shrouded propeller produces a
larger propulsive force than the bare propeller. For medicine, the shrouded
propeller type of microrobot can reduce the damage caused to the intestinal

wall due to the non-rotating nozzle thereby reducing pain for patients.
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Spiral propeller

Non-rotating nozzle

(a) Overall view

Spiral propeller

Non-rotating nozzle

(b) Perspective view

Figure 3.5 Conceptual design of the microrobot with shrouded propeller
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3.2.2 Modeling of the magnetic actuated microrobot with screw jet

motion
|
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Figure 3.6 Propulsive force model

Figure 3.6 shows the propulsive force model of the shrouded propeller.
When the microrobot moves inside the pipe, which is completely filled by
the liquid, the liquid enters one end of the microrobot and leaves the other
end of the microrobot at the same time. Since the liquid is incompressible,
the volume of liquid through any perpendicular plane in any interval of
time must be the same everywhere in the microrobot. Consider the inflow
area and outflow area of the microrobot whose cross-sectional area are
inflow area A; and outflow area A,. The volume of liquid passing through
the inflow area is equal to the volume of liquid passing through the outflow

area for unit time, to give equation (3-5)
O=4V,=4), (3-5)

where, Q is the flow of spiral jet motion, V| is the inflow velocity of the

area A, and V, is the outflow velocity of the area A,.
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The propulsive force is defined by equation (3-6)

F = = ng —2 3'6
p=PQvy = pOx=E=p= (3-6)
2

2

where, F, is the propulsive force, p is the density of liquid.

The propulsive performance of a hydrodynamic shrouded propeller is
determined, to a large extent, by the flow of fluid Q. The Q is usually
determined by two parameters: external parameters and internal parameters.
The external parameters usually include the length of the microrobot L,
and the interval between the spiral propeller and non-rotating nozzle C
[93]. In this paper, these external parameters are taken as fixed. The

following internal parameters (e.g. Q.. n, ®) should be considered in

cyces

order to obtain a high propulsive force. Q.,, means the flow of one cycle of

cyc

the screw depends on the outer radius Ro and inner radius R;, as shown in
Figure. 3.4. n is the screw numbers which is equal to L/P, where P is the
pitch of one screw. While the rotational speed is N, the propulsive force is

defined by equations (3-7)

N 2
F :p(QCJ:;’Z ) (3_7)

p

If the angle of the angular speed of the microrobot is ®, we have:

_BQCCZCOz _
FP_4 7:2142 (3 8)

According to the above discussion, we designed two types of screw
grooves, a cylindrical screw groove and a rectangular screw groove, with

different parameters Q.. to evaluate the performance of the microrobot.

cyc

Here, we assumed the dimensions to be R,=6.5mm for the outer radius,

R=5.5mm for the inner radius, and L=30mm for the length respectively. If
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the microrobot generated a propulsive force F=10mN, the cylindrical
screw groove type with h=Imm and w=2mm needed a rotational speed of
N=130rad/s, whereas, the rectangular screw groove type with h=1mm and
w=2mm, needed a rotational speed of N=102rad/s. It meant that the
rectangular screw groove type microrobot needs a lower rotational speed
than the cylindrical screw groove type microrobot in order to generate the
same propulsive force. In other words, the rectangular screw groove type
microrobot generated a larger propulsive force than the cylindrical screw
groove type microrobot at the same rotational speed. The simulation results
with different parameters are shown in Figure 3.6. This model would also

allow the prediction of swimming performance as the overall dimensions

scale down.
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Figure 3.7 Simulation results with different parameters

R means rectangular screw groove, C means cylindrical screw groove
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(a) Prototype of magnetic actuated microrobot with screw jet motion

(b) A bare propeller and a non-rotating nozzle

Figure 3.8 Prototype of the magnetic microrobot with screw jet motion.
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3.2.3 Fabrication of the magnetic screw type microrobot

The magnetic actuated microrobot with a shrouded propeller was
assembled to text its performance. The prototype of the electromagnetic
actuated microrobot and the permanent magnet actuated microrobot are
shown in Figure 3.8 (a). The bare spiral propeller and a non-rotating nozzle
are made of polystyrene. Both the bare spiral propeller and the non-rotating
nozzle are made of polystyrene. The diameter of the propeller is 12mm and
the length is 30mm. The non-rotating nozzle is a hollow cylinder with a
diameter of 14mm and a length of 27mm. To reduce the weight of the
microrobot, we used an O-ring type magnet (09.5mm*®5Smm*4mm)
instead of the four permanent magnets, as shown in Figure 3.8 (c).
3.2.4 Evaluation performance of the magnetic microrobot with screw
jet motion

A measured system of rotational speed was set up to measure the
rotational speed of the magnetic actuated microrobot [94, 95].The
experiments were repeated over ten times. The rotational speed was measured,
as shown in Figure 3.9. The rotational speed of the permanent magnet
actuated microrobot was adjusted by changing the frequency of the external

magnetic field until the maximum rotational speed was obtained.
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Figure 3.9 Measurement results of the rotational speed of the magnetic

actuated microrobot.

3.3 Compared the propulsive force of the screw type

microrobot with screw jet type microrobot

The measured experimental system was used to measure the propulsive
force of the magnetic actuated microrobot in the water. Measured
experiments of the propulsive force are divided to two steps. Firstly, a
calibration test is necessary to confirm the deformation of the copper beam
in order to maintain an effective deformation range and calculate the
calibration of the relationship between the propulsive force and the
bending displacement of the copper beam. Secondly, the rotational speed
of the magnetic actuated microrobot is controlled by adjusting the

frequency of the electric current. The displacement of the copper beam
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was obtained using a laser displacement sensor (KEYENCE LB-1000),
and the propulsive force of the magnetic actuated microrobot was
calculated.

The measured result of the propulsive force is shown in Figure 3.10.
The experimental results indicated that the propulsive force of the magnetic
actuated microrobot with a non-rotating nozzle was larger than the
magnetic actuated microrobot without a non-rotation nozzle with the same
condition. Loss of some energy is converted into thermal energy due to
external force, such as, the drag force of the water and viscous drag. The
growth rates of the propulsive force are shown in Figure 3.11. From the
experimental results, we know that the shrouded propeller mechanism has
the capability to increase the performance of the propulsive force and is

given by:
_ V,=V,

1

x100% (3-9)

where, n is growth rates of the propulsive force, V, is the speed of
microrobot without a non-rotating nozzle and V, is the speed of microrobot

with non-rotating nozzle.
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Figure 3.10 Measured results of the propulsive force
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Figure 3.11 Growth rates of propulsive force
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3.4 Summary

In general, a medical microrobot, which consists of a control module,
power module, communicating module and a function module, is used to
treat disease, diagnose intestinal problems and conduct minimal invasive
surgery for clinical applications. Flexible locomotion is a key factor for the
medical microrobot, which can represent the performance of microrobots.
According to the controllability of the movement mechanism, medical
microrobots can be split into two types: a passive locomotion type and an
active locomotion type. The passive locomotion type medical microrobot
has been applied in clinical diagnosis, such as M2A, PillCam®SB, and
Norika3®. But their movement direction is only a single forward motion
because their movement depends on intestinal peristalsis. Some active
locomotion type microrobot can achieve a backward motion or a stop
motion in the intestine, but their movement area is limited due to cables.
Nevertheless, the screw type microrobot perhaps leads to less damage to
the intestinal wall, thereby reducing the pain felt by patients. Based on the
above performance comparisons, the shrouded propeller type microrobot is
becoming the future development trend for medical microrobots by means

of their comprehensive advantages, flexibilities and safety.
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Chapter 4 A Magnetically Actuated Hybrid

Microrobot

4.1 Concept of the magnetically actuated hybrid microrobot

The conceptual design of magnetic actuated hybrid microrobot
(MAHM) with compact and efficient structure is illustrated in Figure 4.1.
The Archimedes screw structure (screw propeller) is fixed inside the
microrobot. An O-ring type permanent magnet is assembled at the front end
of the tube. A bearing is assembled at the back end of the tube. Inner ring of
bearing connects to the tube and outer ring of bearing is fastened inside the
body. The fin is connected to the back end of the propeller with a bearing
and a shaft.

The magnetic actuated hybrid microrobot that uses a hybrid
locomotion scheme, consisting of two disparate magnetic actuation
strategies: (1) conversion of synchronous rotation with a rotating magnetic
field using a screw jet motion to pull fluid through the center of the robot;
(2) using a flexible tail to generate fish-like propulsion due to an oscillating
magnetic field. The MAHM can change switch between the two motions to
realize movement in multiple various working environments. The spiral jet
motion is used when the microrobot needs precision operation and stable
movement. The fin motion is used when the high propulsive force is
needed. The magnetic actuated hybrid microrobot has the most relevant

features.
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1) The magnetic actuated hybrid microrobot has just only one magnetic
actuator, O-ring type magnet, to achieve its hybrid motion, screw jet
motion and flexible fin motion.

2) Two motions can be controlled separately without any interference. It
can obtain rapid responsive than the microrobot in.

3) The fin can improve the dynamic characteristic and reduce the shake
which caused by the axial traction force at the spiral jet motion.

The prototype of the magnetic actuated hybrid microrobot is shown in
Figure 4.2. The hybrid microrobot has been improved to realize the light
structure, stable motion and high propulsive force. The screw propeller is
fixed on the center axis of the body. The diameter is Smm. An o-ring type
neodymium magnet is used as an actuator to reduce the weight of the body.
The specification of hybrid microrobot is given in Table I.

Table 4.1 Specification of hybrid microrobot

Magnetically actuated hybrid microrobot

Length Diameter Weight Material

52 mm 14 mm 3.56¢ Polystyrene

O-ring type magnet

Outer Internal
Height Material
diameter diameter
9.5 mm 5.1 mm 1.5 mm Neodymium
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Figure 4.1 Conceptual design of magnetically actuated hybrid microrobot
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1 1 17 I8

Figure 4.2 Prototype of the magnetic actuated hybrid microrobot

4.2 Movement Mechanism

Based on the magnetic theory, rotation of the microrobot in an external
magnetic field requires at least a pair of forces in opposite directions, and a
torsional moment should be generated. The microrobot is rotated due to an
embedded inner O-ring type magnetic with radial magnetization, and the
axial propulsive force is generated by pushing the fluid backward to obtain
the forward motion due to the reaction force. Figure 4.3 shows the principle
of screw jet motion according to changes in rotational direction of the
magnetic field. Figure 4.4 shows the principle of fin motion according to

changing the alternate magnetic field.
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Figure 4.5 Model of tail with fin motion
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4.3 Modeling

4.3.1 The model of fin motion

According to Vortex Peg Hypothesis, the fish uses tail or fin to propel
itself forward by thrusting its body against the seemingly fixed vortices and
utilizing their rotational energy [96-99]. The placement and direction of
these vortices indicate that the wake structure generated by the fin takes the
form of a series of parallel waves or a reverse Karman vortex street which
is indicative of thrust generation. The velocity field induced by this wake
structure expels a jet of water in the downstream direction, propelling the
fin forward to conserve momentum. Then, thrust of fish-like robot
generated by the added mass and vortices methods combine to yield the
total propulsive force. In previous study, we have discussed that the
undulatory motion of the tail which can obtain good performances is better
than the oscillatory motion. Therefore, the undulatory motion is used to
generate the thrust for the microrobot. A model of the tail with fin motion is
shown in Figure 4.5. The total propulsive force (Fgy,) of fin motion and total

normal force (N) are indicated in (4-1) - (4.3).
b b
F. = j_jb tdy =fb (Lsina— Dcosa)dy (4-1)
7 2
b b
N = j 2 ndy =j'_§b (Lcona + Dsina)dy (4-2)
2 7

The induced flow angle (o) is

a=tan”(02) (4-3)

where, t is propulsive force. n is normal force. V is velocity of the x

direction and V, is velocity of the z direction.
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The power is calculated, as follows (4-4):
b
P= .Eb {[h cos(2r ft)] (Lcosa+ Dsina) —m[6.cos(2rx fi + ¢,)]dy (4-4)
7

where, 0. is the amplitude of feathering movement. h. is the amplitude of
heaving motion. ¢y is phase difference of feathering movement. f is
oscillating frequency.

The mechanical efficiency n is calculated by (4-5):

F.V C

P

where, Cr is propulsive coefficient and Cp is power coefficient.
4.3.2 The model of screw jet motion

The propulsive force model of the screw jet motion is shown in Figure
4.6. The microrobot is rotated due to an embedded inner O-ring type
magnetic with radial magnetization, and the axial propulsive force is
generated by pushing the fluid backward to obtain the forward motion due
to the reaction force. According to the fluid mechanics, screw jet propulsive
mechanism is analyzed. The velocity of the outflow is given by (4-6).

v =% (4-6)

Flow for the spiral jet motion is calculated by (4-7).

O=a-b-\p*+Q2rr)*-Q (4-7)

The propulsive force of the spiral jet motion is obtained indicated in

(4-8):

1
Fscrew:p°A2'V22 _T'CD'p'A'sz (4'8)
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where, Fy.w 1s the propulsive force of the microrobot. v, is velocity of the
inflow. v; is velocity of the outflow. Q is the flow for the spiral jet motion. a
is the height of the spiral ditch and b is the width of the spiral ditch. p is the
pitch of the spiral, and r 1s the radius of the robot's width. Q 1s the speed of
revolution. A is the cross section of the body. A, is the cross section of the
inflow. A, is the cross section of the outflow. The simulation results are

shown in Figure 4.7.

Direction of motion
<

~ —Q—‘ ‘r

Inflow ——>

7

—_—
—> Qutflow

Figure 4.6 Model of body with screw jet motion
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Figure 4.7 Simulation results of propulsive force
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4.3.3 Dynamic model of the microrobot

Y

Moving direction

Figure 4.8 Dynamic model of the microrobot
Figure 4.8 shows the dynamic model which is used to analyze the
screw jet motion of the microrobot in fluid. While the microrobot moves in
the fluid, the distribution of force on the microrobot is simplified including
propulsive force, hydraulic resistance, buoyancy and gravity force.
According the Newton second law, the equation of the motion of the

microrobot in indicated in equation (4-9):
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Figure 4.9 Re (water)

Fp~Fp% Fysin0% Gsin0+m %' =0 (4-9)

where, Fg is buoyancy, resistance, G is gravity force, m is the mass of
microrobot, v is moving speed of the microrobot.

The hydraulic resistance is calculated by equation (4-10)

2
Fp=CpAf5- (4-10)

where, Fp is the propulsive force, Fp is hydraulic resistance.

In order to calculate the resistance of the robot, the equation (3-13) is
used to calculate the Reynolds number (Re). Here, the velocity is v(m/s),
the length is L(m), the coefficient of kinematic viscosity is u(m?®/s). The

Figure 4.9 and the Figure 4.10 show the Re in water and oil.

Re=p;’L (4-11)
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4.4 Experiments and results

4.4.1 Evaluation performance of the fin motion

The resonance frequency of the fin motion is confirmed by equations

(4-12) (4-13) and (4-14). Assuming the beam deflection for the transverse

12).

vibration, the transverse vibration of fin is calculated by equation (4
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Figure 4.11 Relationship between frequency and displacement of fin with
different length
The relationship between resonance frequency and displacement of fin
1s measured with measurement system. Figure 4.11 shows the experimental
results that the maximum displacement of the fin with the same width and
the different length is measured. The resonance frequency is from 0 Hz to

20 Hz. And maximum displacement was obtained at 7 Hz.
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Figure 4.12 Relationship between frequency and moving speed with
different materials

Figure 4.12 shows the experimental results that the performance of the
fin motion with different materials. One is the fin which is made of
polyethylene terephthalate (PET). The other is the fin which is made of
ethylene-vinyl acetate (EVA) and PET. The size is constant which is
20mm*10mm™*0.1mm. It indicated the fin which is composed by PET and
EVA obtained higher moving speed and wider frequency than the fin which
is made by PET. Because the former is softer than the latter, the former one
can realize the higher moving speed with the undulatory motion better.

Therefore, the former is utilized for the microrobot in our research.
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Figure 4.13 Measurement system of the propulsive force

4.4.2 Evaluation performance of the screw jet motion

The propulsive forces for various frequencies were measured using a
measurement setup which mainly consists of a laser displacement sensor
and a copper beam and electric balance, as shown in Figure 4.13. The
copper beam was soft enough to bend under the propulsive force and the
propulsive force is evaluated by the electric balance. The displacement of
copper beam and propulsive force are able to be considered as right triangle.
According to the measurement of displacement (x) and the force (F), a
calibration calculation of relationship between the propulsive force the

bending displacement of the copper beam is obtained.
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Figure 4.14 Measurement results of the propulsive force

During the testing experiment of the propulsive force, the microrobot
was placed in the pipe which was filled the water. And then, by adjusting
the frequency of input electric currents to control the rotating speed of the
body, the displacement of the copper beam was obtained by the laser sensor.
At last, the calibration calculation equation is used to calculate the
propulsive force. Measurement results of mean propulsive force are shown
in Figure 4.14. In experiment condition, the experimental results are
smaller than the simulation results due to drag force of the water. This

tendency is similar to the simulation results.
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4.6 Summary

In this chapter, a novel type of magnetically actuated hybrid microrobot
(MAHM) based on a rotational magnetic field is proposed. The hybrid
microrobot with screw jet motion and fin motion has a small scale with a
wireless power supply, can be propelled by low voltage, and has a quick
response. And also the hybrid microrobot can work for a long time in
human. It can convert its two motions (screw jet motion and fin motion)
through the proposed structure of the microrobot with rotational magnetic
field, so that it realizes the movement in the different environment. The
body of the microrobot with a screw jet motion can obtain a stable motion
and high propulsive force. The fin motion can improve the dynamic
characteristic and reduce the shake which caused by the axial propulsive
force of the screw jet motion. Screw jet motion and fin motion can be
controlled separated without any interference, due to the hybrid microrobot

has only use one actuator to realize the screw jet motion and fin motion.
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Chapter 5 Algorithm Design of Magnetic

Actuated Microrobotic Systems

5.1 Algorithm design of microrobotic systems

When the rotational direction of the magnetic field is clockwise (CW),
the microrobot moves forwardly motion. When the rotational direction of
the magnetic field is counter-clockwise (CCW), the microrobot can realize
moves backwardly motion, as shown in Figure 5.1. When an alternate
magnetic field parallel to the direction of advance is applied, movement
due to an impelling force arising from a permanent magnet rotates and
vibrates the connected fin, as shown in Figure 5.2. When the plane of the
rotational magnetic field is CCW, the microrobot can turn left at a branch
point. When the plane of the rotational magnetic field is CW, the
microrobot can turn right at a branch point, as shown in Figure 5.3.
Therefore, the velocity of the hybrid microrobot can be controlled by
adjusting the rotational magnetic field changing frequency. And adjusting
the direction of the magnetic field in the any plane, the microrobot can
realize the forward motion and backward motion in the perpendicular to the

rotational magnetic field.

63



Magnetic field
direction

B\A

C

N

Chapter 5 Algorithm Design of Magnetic Actuated Microrobotic Systems

Clockwise rotation
(CW)

Moving direction

i X

- —

Ay

Magnetic direction

Moving direction
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Figure 5.2 Hybrid microrobot with fin motion
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5.2 Magnetic modeling

The magnetic fields are produced by currents and calculated from
Ampere's Law or the Biot-Savart Law and characterized by magnetic flux
density B measured in Tesla. But when the generated fields pass through
magnetic materials which themselves contribute internal magnetic fields,
ambiguities can arise about what part of the field comes from the external
currents and what comes from the material itself. It has been common
practice to define another magnetic field quantity, usually called the

“magnetic field strength” designated by H. It can be defined by equation

(5-1):

H=8_uy (5-1)

Hy

They have the value of unambiguously designating the driving

magnetic influence from external currents in a material, independent of the
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material's magnetic response. The relationship for B can be written in the
equivalent form (5-2):

B=u,(H+M) (5-2)

H and M will have the same units, amperes/meter. To further
distinguish B from H, B is sometimes called the magnetic flux density or
the magnetic induction. The quantity M in these relationships is called the
magnetization of the material. Another commonly used form for the

relationship between B and H are shown equations (5-3) and (5-4):

B=uH (5-3)

p=pu,=K, i, (5-4)
where, p, 1s permeability of vacuum and K, the relative permeability of
the material. If the material does not respond to the external magnetic field
by producing any magnetization, then K,, = 1. Another commonly used
magnetic quantity is the magnetic susceptibility which specifies how much
the relative permeability differs from one.

The magnetic field applies a magnetic torque for the microrobot to
produce the propulsive force [100-101]. The magnetic force Fy and
magnetic torque Ty acting on the O-ring magnet in the external magnetic
field of the 3 axes Helmholtz coils is given by the equations (5-5) and
(5-6):

F

v = MoV (M eV)H xsina (5-5)

Ty, =H /M xH xsina (5-6)
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where, M is the average magnetization of the internal magnet and V is the
volume of the internal magnet. H is magnetic field intensity. a is the angle
of between M and H.

The direction of the magnetic is always aligned along the axial
directions. It can also happen that the anisotropy direction itself is not
aligned with the correct axis of the magnet. Based on the magnetic theory,
the 3 axes Helmholtz coils are used to generate the orthogonally rotating
magnetic field. The Figure 5.4(a) shows that the orthogonally rotating
magnetic 1s generated in the Y-Z plane when the current is flowing in the
Helmholtz coil pairs. The Helmholtz coil Y generates the magnetic field in
the Y axes and the Helmholtz coil Z generates the magnetic field in the Z
axes. Figure 5.4(b) shows the current of the Helmholtz coil pairs, the
directions of current with a 90° phase difference. Through changing the
frequency of input current, the rotational speed of the magnet in the
microrobot is changed. The magnet 1s fixed on the microrobot. So the
microrobot is driven by the 3 axes Helmholtz coils. The forward and
backward motion can be realized by changing the direction of current. By
changing the value of the current, the direction of the wireless capsule

microrobot can be turned in the three dimensional space.
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(a) Y-Z Helmholtz coil
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(b) The current of the coil

Figure 5.4 Principle of the orthogonally rotating magnetic

68



Chapter 5 Algorithm Design of Magnetic Actuated Microrobotic Systems

Speedmax
Speed up
Handle
Rotation direction
Speed,;,
(a) Speed up
A

Speedmax

Speed reduction
Handle

Rotation direction

Speed, i,

(b) Speed reduction

Figure 5.5 Principle of speed control with Phantom Omni
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5.3 Principle of speed control with Phantom Omni

Figure 5.5 shows the principle of speed control of the wireless
microrobot according to changes in rotating direction of handle of the
Phantom Omni. An angle of Y axis is 0 degree, the wireless microrobot can
obtain a speed,;, and an angle of y axis is 90 degree, the wireless
microrobot can obtain a speedy.x. When the rotational direction of the
handle is counter-clockwise (CCW), the wireless microrobot can realize
speed up, as shown Figure 5.5(a). When the rotational direction of the
handle is clockwise (CW), the wireless microrobot can realize speed
reduction, as shown Figure 5.5(b). By adjusting the rotational direction of
the handle, the wireless microrobot can realize speed up and speed
reduction.

As the equipment of the experiment, the wireless microrobot moved a
transparent pipe which is 26mm inner diameter, 3mm thickness filled with
water. The operator controls the handle of the Phantom Omni to rotate.
And the Helmholtz coils can produce a frequency of the magnetic flux
density to control the wireless microrobot in the pipe. The oscilloscope
shows the magnetic flux density changing frequency. The rotational angle
is from 0° to 90°, which can be generated the frequency from OHz to 17Hz.
The relationships are shown in Figure 5.6 and Figure 5.7. The equation
(5-7) shows the relationship between the frequency of the magnetic flux

density and the rotational angle degree of the handle.

f:é—z)xC (5-7)
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where, f is the frequency of the magnetic flux density. C is the rotational

angle of the handle.
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Figure 5.8 shows the algorithm design of the microrobotic system. 3

axes Helmholtz coils generate a uniform magnetic field to provide the

magnetic force and magnetic torque for the hybrid microrobot. The 3 axes

Helmholtz coils is very simple control, because each axial coil generates

the magnetic field in only one direction. Therefore, the 3 axes Helmholtz
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coils can generate a magnetic field vector in any direction. The hybrid
microrobot rotated by the uniform magnetic fields at the center of the
workspace. According to the Biot-Savart law, the 3-D magnetic field vector
for circular current is combined and defined by the (5-8):

B (t)=a, ;—"Ix cos(wt)cosa

X

B.(t)=a l:—yl , cos(ar)cos B (5-8)

y

y

B.(t)=a, ;—21 _cos(amt)cosy

where, B(t), By(t) and B,(t) denote the magnetic flux density of x-axis,
y-axis and z-axis. a, B and y denote an angle between the magnetic flux

density and x-axis, y-axis, z-axis. ay, ay and a, are a constant.
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Figure 5.8 Algorithm design of the microrobotic system

72



Chapter 5 Algorithm Design of Magnetic Actuated Microrobotic Systems

(b) Microrobot

Figure 5.9 Experiments with Phantom Omni
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The wireless microrobot realized variable speed motion in horizontal
plane as show in Figure 5.9. By adjusting the rotational angle of the handle
from 0 degree to 90 degree, the wireless microrobot achieves accelerated
motion. By adjusting the rotational angle of the handle from 90 degree to 0
degree, the wireless microrobot can achieve speed reduction motion when
the rotational angle for the handle is O degrees, the microrobot achieves
stop motion in the pipe. The Figure shows the experiment with Phantom
Omni.

Direction
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- > information

Motion controller
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Power supply
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Figure 5.10 Algorithm design of remote control

5.4 Evaluation performance

5.4.1 Remote control

The Figure 5.10 shows the principle of tele-operation control system
with Phantom Omni. It includes master side and slave side. In the master
side, Phantom Omni is used to generate the drive signals of the 3 axes
Helmbholtz coils to transmit the slave side through the network. In the slave

side, the 3 axes Helmholtz coils can generate a rotation magnetic field,
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which control the wireless microrobot to move in the pipe. The operator
takes the visual images from web camera to control the motion of the
wireless capsule microrobot in the pipe. The oscillosope shows the
magnetic flux density changing frequency.

Figure 5.11 shows the experimental setup of the tele-operation control
system. As the equipment of the experiment, the wireless microrobot
moved a transparent pipe which is 26mm inner diameter, 3mm thickness
filled with water. The operator controls the handle of the Phantom Omni to
rotate in master side. And the operator takes the visual images from web
camera to control the motion of the wireless capsule microrobot of slave
side. In the slave side, the Helmholtz system can produce a frequency of
the magnetic flux density to control the wireless microrobot in the pipe.
The oscilloscope shows the magnetic flux density changing frequency. The
wireless microrobot realized the tele-operation control with the Phantom

Omni in horizontal plane.
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(b) Slave side

Figure 5.11 Remote control

76



Chapter 5 Algorithm Design of Magnetic Actuated Microrobotic Systems

5.4.2 Results

The experimental results are shown in Figure 5.12. During the
experiments, we adjusted the magnetic flux density changing frequency via
the user interface from 0 to 20 Hz. We measured the speed of the
microrobot with each step 1 Hz. The experimental results indicated the
relationship between the magnetic flux density changing frequencies is
linear before 15 Hz. After the 15 Hz the microrobot did not move in the
pipe because the microrobot can no longer rotate continuously in
synchronous with the rotational magnetic fields above 15 Hz. According
the experimental results, we designed a composite experiment,

forward-stop-back motion in the pipe, as shown in Figure 5.13.
26 T T T T T T T T T T T T T T T T T T T
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Figure 5.12 Relationship between the frequency and speed
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(c) t=10s (forward motion)
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(f) t=25s (stop at a point)
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(1) t=39s (backward motion)

Figure 5.13 Forward-stop-backward motion.
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5.5 Summary

In this chapter, we improved the control system with Phantom Omni,
which can realize real time control the wireless microrobot in the pipe. And
an experimental system for evaluating the characteristics of wireless
microrobot is developed. Firstly, the principle of the system is introduced.
And then, based on the control system, we set the experimental system for
motion in horizontal plane. By adjusting the rotational angle of the handle
of the Phantom Omni, the wireless microrobot achieves accelerated motion,
retarded motion and stop in the pipe. At last, a tele-operation control

system has been developed.
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Chapter 6 Characteristic Evaluation of

Magnetic Actuated Microrobotic Systems

6.1 Experimental setup

The experimental setup and the schematic diagram are shown in
Figure 6.1. The hybrid microrobot is placed in a transparent pipe with
diameter 26mm. The transparent is filled with water (water density:
998.203 kg/m’) at temperature 22°C and inserted 3 axes Helmholtz coils.
The web camera will monitor inside of pipe and generate a visual image on
the display. Meanwhile, the operator operates the Phantom Omni device to
control the position and posture of the hybrid microrobot while viewing the
display. The display shows the data to obtain the real-time position of the
robot. The drive signals are generated by Phantom Omni device and sent to
the 3 axes Helmholtz coils to control the hybrid microrobot. The magnetic
flux density changing frequency is shown by oscilloscope.

As the first step for programming, the programming flow chart has
been drawn as shown in Figure 6.2. Based on the flow chart, the
Microsoft® Virtual Studio® VC++ is used to develop the program of the
control system.

In this research, the PCI-3329 DA board has been used as the interface
for the developed control system. So, we must study on the application
program interface (API) for this interface board before starting a program.

Here, we list out the useful API for this DA board.
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The PCI-3329 board is 12-bit DA board. Their resolution is 0 ~ 4096
and output voltages are -5 ~ +5 V. They will be used to generate the
voltages for power supplies and obtain the waveform. The device name of
the PCI-3329 is “FbiDal”.

There are many programming API functions for controlling the
PCI-3329 board as given in Interface® product development kite. Here, the
useful API functions which used for the complex macro/micro mechanism
have been listed as followings.

e HANDLE DaOpen (LPCTSTR IpszName)
e int * DaSetSmplConfig (Handle hDeviceHandle, PDASMPLREQ

pSmplConfig)

. Oscilloscope 3 axes Helmholtz coils 4
g TR

o —— : 3 _:
. == Vlsual lmages Robot -

=
5

»..8 Power supply ®

.!w‘

= \’

.A.,\\ > ..y } .
Phantom Omni B Amplifier S~

Figure 6.1 Experimental setup
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Figure 6.2 Flow chart of data processing
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6.2 Multi-DOF locomotion of the hybrid microrobot

Using the experimental setup, the multi-DOF locomotion of the hybrid
microrobot is to be tested in the pipe. The microrobot realized multi-DOFs
locomotion by this spiral jet motion and fin motion. The microrobot moves
forward-backward and stops by changing the rotational uniform magnetic
field. Additionally, it is confirmed the microrobot has equivalent moving
speed even backward by experiment. Experimental results of the hybrid
motion in a horizontal direction are shown in Figure 6.3. Experimental
results of the moving state of the microrobot in vertical direction are shown
in Figure 6.4. Based on experimental results, the hybrid microrobot realized
the movement in the horizontal plane and vertical plane by adjusting

rotational magnetic field.

Figure 6.3 Moving state in horizontal direction.
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w

g

Hybrid microrobot

Figure 6.4 Moving state in vertical direction

Experiment of forward-turning-forward locomotion is realized and
evaluated, as shown in Figure 6.5. Experimental states of the microrobot
which is turning left are shown in Figure 6.5(a). The microrobot moves
forward along X axis toward the center by rotating motion or fin motion, as

shown in Figure 6.5(b). Secondly, the plane of rotational magnetic field is
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rotated by counter-clockwise (CCW), the microrobot turns left at branch
point, as shown in Figure 6.5(c). Finally, the microrobot moves forward
along Y axis as shown in Figure 6.5(d). In the same way, the plane of
rotational magnetic field is rotated by clockwise (CW), the microrobot
turns right at branch point. Experiment of backward-turning-forward
locomotion is also conducted and evaluated.

Experiment of backward-turning-forward locomotion 1is also
conducted and evaluated, as shown in Figure 6.6. Experimental states of
the microrobot are shown in Figure 6.6(a). Firstly, the microrobot moves
backward along X axis toward the center by rotating motion, as shown in
Figure 6.6(b). Secondly, the plane of the rotational magnetic field is rotated
by clockwise (CW), the microrobot turns right at branch point, as shown in
Figure 6.6(c). Finally, the microrobot moves forward along Y axis as shown
in Figure 6.6(d). In the same way, the plane of rotational magnetic field is
rotated by counter-clockwise (CCW), the microrobot turns left at a branch

point.
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(d)

Figure 6.5 Forward-turning-forward locomotion
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(d)

Figure 6.6 Backward-turning-forward locomotion
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6.3 Experimental results and discussions

The relationships between the propulsive force, moving speed and
frequency are indicated in Figure 6.7. The experimental results implied that
when the hybrid microrobot with spiral jet motion move from 10Hz to
40Hz, the moving speed is increasing with the propulsive force increasing.
The maximum propulsive force is 5.4mN. The performance of hybrid
motion microrobot in water is evaluated in water. The experimental results
show the fin motion and the spiral jet motion work in different frequency,
as shown in Figure 6.8. The hybrid microrobot can move using the fin
motion below 10Hz. The maximum moving speed is 4.74 mm/s. And it can
move using the fin motion or spiral jet motion from 10 Hz to 25 Hz by
controlling the rotational magnetic field. The maximum speed of the fin
motion is 7 mm/s at 14 Hz. While the frequency is above 25Hz, the hybrid
microrobot moves using the spiral jet motion. Additionally, the
performance is evaluated in oil to prove the microrobot is able to move in a
high viscosity liquid, and the result is shown in Figure 6.9. The maximum
moving speed 1s 0.22 mm/s in oil. According to these results, we did an
experiment of hybrid motion by adjusting the rotational magnetic field. The
experimental results of forward with fin motion (FF), stop motion (S),
forward with spiral jet motion (FS) and backward with spiral jet motion
(BS) are shown in Figure 6.10.

There are two phenomena of interest. One is the initial frequency
(10Hz). It means that the hybrid microrobot generates enough propulsion to

overcome resistance of fluid at this frequency. The other one is step out
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frequency (40Hz) that means the frequency above which the microrobot
can no longer rotate continuously in synchronous with the rotational
magnetic fields. Step-out frequency is well understood for magnetic helical
microrobots in uniform fields, it is discussed in our previous researches.
The experimental results of the spiral jet motion indicated the linearity
between magnetic field changing frequency and the moving speed from
10Hz to 40Hz. The approximate numerical formula of spiral jet motion and

Fin motion are shown in equation (6-1) and (6-2).

v..(f)=0.08921f —0.4737 (6-1)
v (/) =-0.03279 1 +0.8229 f (6-2)
7 I 3.5
Speed | | | |
— Simulation results 3 3 3 3
6+ Experimental results | -—-+---- -~ - - - /£/3
B T o Tl X
Z | | | | | |
E | | | | | —~
o | | | | | | @
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Frequency (Hz)

Figure 6.7 Relationships between propulsive force, moving speed and

frequency
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Figure 6.8 Hybrid motion in water
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Figure 6.9 Hybrid motion in oil
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Speed (mm/s)

Time (s)

Figure 6.10 Forward-stop-backward motion

6.4 Summary

In this chapter, we evaluated the performance of the multi-module
magnetic actuated microrobotic system. The microrobot realized the
flexible motion in horizontal plane and vertical plane, such as, forward
motion, backward motion, stop motion and turning motion. The moving
speed is measured with the laser sensor. The results of the experiments
show that the microrobot can moved in the low-frequency, through
changing the direction of current which is flowing through Helmholtz coil

pairs.
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Chapter 7 Concluding Remarks

7.1 Thesis summary

Microrobots have become employed in minimally invasive procedures
due to their reliability and flexibility. They are safe and can perform tasks
in small or narrow areas deep within the human body. Microrobots have
many potential applications in the field of medical engineering. With
advances in precision processing technology, various microrobots with
biomimetic locomotion have been developed, and further progress in the
biomedical field is expected. As a tool for diagnosis and treatment,
microrobots can be used for tasks such as drug delivery and complex
surgical operation. Microrobots driven by an electromagnetic actuation
system have recently been proposed. These combined coils generally
generate a gradient magnetic field that provides a propulsive force to the
microrobot. The speed of the microrobot varies with the strength of the
magnetic field (a larger magnetic field strength leads to higher speed).
There are some limitations for clinical examination due to the relatively
large volume and high energy consumption of such microrobots.

Previously, we proposed a conceptual hybrid microrobot to reduce
patient pain and discomfort. However, further clinical application is needed
in order to produce a robot that is capable of treating disease, diagnosing
intestinal problems and conducting minimal invasive surgery. As well, the

robot needs to be able to install actuating elements (e.g. drug delivery
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mechanism), a camera (e.g. endoscope) and sensing elements for achieving
medical tasks. Therefore, medical safety, loading abilities and an effective
propulsive performance is extremely important and challenging. This paper
presents a new locomotive mechanism, named the shrouded propeller
mechanism to improve medical safety and propulsive performance.
Therefore, we proposed a multi-module magnetic actuated
microrobotic system. The microrobot can be separated into smaller module.
First the penitents swallow these smaller modules, one by one, when the all
the module are swallowed or pass the narrow space, and then these module
groups a whole microrobot and move to the target, finish the functional.
Our proposed magnetic actuated microrobots include two kinds
module. One is the magnetic microrobot, it has a capability to the loading
the multi-module microrobot. Another is the multi-module microrobot. It
has some functions, as a tool or as a module, such as CCD camera, to
realize the diagnosis and treatment in human body. In medical application,
we can realize the remote control or local control to our proposed magnetic
actuated microrobot. It can reach to the target to achieve the medical
produce, for example, drug deliver, endoscopy and minimally invasive

surgery, and so on.
7.2 Research achievement

1) A new locomotive mechanism, named the shrouded propeller
mechanism was proposed to achieve a high level of medical safety as
well as effective propulsive performance in our study. The shrouded

propeller mechanism consists of a bare spiral propeller and a
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non-rotating nozzle. To obtain a high effective propulsive performance,
two types of screw grooves with different shapes including the
cylindrical screw groove and the rectangular screw groove with
different parameters were analyzed using the shrouded model. Based on
experimental results, the propulsive force of the proposed magnetic
actuated microrobot with a shrouded propeller was larger than the
magnetic actuated microrobot with a bare spiral propeller under the
same parameters. Additionally, the shrouded propeller mechanism as an
actuator can be used for other medical microrobots for flexible
locomotion.

2) A novel type of magnetically actuated hybrid microrobot (MAHM)
based on a rotational magnetic field is proposed. The hybrid microrobot
with spiral jet motion and fin motion has a small scale with a wireless
power supply, can be propelled by low voltage, and has a quick
response. And also the hybrid microrobot can work for a long time in
human. It can convert its two motions through the proposed structure of
the microrobot with rotational magnetic field, so that it realizes the
movement in the different environment. The body of the microrobot
with a spiral jet motion can obtain a stable motion and high propulsive
force than the spiral motion. The fin motion can improve the dynamic
characteristic and reduce the shake which caused by the axial propulsive
force of the spiral jet motion. Spiral motion and fin motion can be
controlled separated without any interference, due to the hybrid

microrobot has only use one actuator to realize the spiral jet motion and
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fin motion.

3) A tele-operation system provides telepresence by allowing a doctor to
remotely control a wireless capsule microrobot through a master device.
This causes less pain to the patients and there will be less tissue trauma.
Thus reducing hospitalization time and enhancing recovery. On the
master side, the doctor views a monitor which is produced by a CT-scan
and operates the wireless microrobot to detect or treat the disease with
an unknown and dynamic environment. The control instructions are
transmitted to the slave side. On receiving instructions, the slave
mechanisms control the wireless capsule microrobot. The monitor can
also show the data calculated from the magnetic sensor array for
obtaining the real-time position of the robot. The positioning system
helps us to realize the close-loop control and ensure the robot achieves
the task. Consequently, the doctor appears to accurately control the

position and posture of the wireless microrobot in human body.

7.3 Recommendations for the future

Future work of this research will focus on optimizing the structure to
increase propulsive force. In addition, the propulsive force can be limited at
high frequency due to the dynamics of the 3 axes Helmholtz coils system
and natural frequency, the actuation frequency also should be improved.
And also, the real time image should be feedback to operators for an
accurate control about moving speed and direction of hybrid microrobot. It
has a potential capability to satisfy the requirements for medical

applications.
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