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Abstract

The cooperative manipulation of a common object using two or more manipulators is a
popular research field in both industry and institutions. Different types of manipulators are
used in cooperative manipulation for carrying heavy loads and delicate operations. Their
applications range from macro to micro. In this thesis, we are interested in the development
of a novel cooperative manipulator for manipulation tasks in a small workspace. The
resultant cooperative manipulation system consists of a magnetically navigated microrobot
(MNM) and a motorized micromanipulator (MM). The MNM is a small cylinder permanent
magnet with 10mm diameter and 10mm height. The MM model is MP-285 which is a
commercialized product. Here, the MNM is remotely controlled by an external magnetic
field. The property of non-contact manipulation makes it a suitable choice for manipulation
in a confined space.

The cooperative manipulation system in this thesis used a master/slave mechanism
as the central control strategy. The MM is the master side. The MNM is the slave
side. During the manipulation process, the master manipulator MM is always position
controlled, and it leads the object translation according to the kinematic constraints of the
cooperative manipulation task. The MNM is position controlled at the beginning of the
manipulation. In the translation stage, the MNM is switched to force control to maintain
a successful holding of the object, and at the same time to prevent damaging the object by
large holding force. Under the force control mode, the motion command to the MNM is
calculated from a position-based impedance controller that enforces a relationship between
the position of the MNM and the force.

In this research, the accurate motion control of both manipulators are firstly studied
before the cooperative manipulation is conducted. For the magnetic navigation system, the
magnetic field in its workspace is modeled using an experimental measurement data-driven
technique. The developed model is then used to develop a motion controller for navigating
of a small cylindrical permanent magnet. The accuracy of motion control is reached at
20µm in three degrees of freedom. For the motorized micromanipulator, a standard PID
controller is designed to control its motion stage. The accuracy of the MM navigation is
0.8 µm.

Since the MNM is remotely manipulated by an external magnetic field in a small space,
it is challenging to install an on-board force sensor to measure the contact force between the
MNM and the object. Therefore, a dual-axial off-board force determination mechanism is
proposed. The force is determined according to the linear relation between the minimum
magnetic potential energy point and the real position of the MNM in the workspace.
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For convenience, the minimum magnetic potential energy point is defined as the Bmax in
the literature. In this thesis, the dual-axial Bmax position is determined by measuring
the magnetic flux density passing through the workspace using four Hall-effect sensors
installed at the bottom of an iron pole-piece. The force model is experimentally validated
in a horizontal plane with an accuracy of 2 µN in the x- and y- direction of horizontal
planes.

The proposed cooperative manipulator is then used to translate a hard-shell small
object in two directions of a vertical plane, while one direction is constrained with a desired
holding force. During the manipulation process, a digital camera is used to capture the
real-time position of the MNM, the MM end-effector, and the manipulated object.

To improve the performance of force control on the MNM, the proposed dual-axial force
model is used to examine the compliant force control of the MNM while it is navigated
to contact with uncertain environments. Here, uncertain refers to unknown environmental
stiffness. An adaptive position-based impedance controller is implemented to estimate the
stiffness of the environment and the contact force. The controller is examined by navigating
the MNM to push a thin aluminum beam whose stiffness is unknown.

The studied cooperative manipulation system has potential applications in biomedical
microsurgery and microinjection. It should be clarified that the current system setup with
10mm × 10 mm MNM is not proper for this micromanipulation. In order to conduct
research on microinjection, the size of the MNM and the end-effector of the MNM should
be down-scaled to micrometers. In addition, the navigation accuracy of the MNM should
also be improved to adopt the micromanipulation tasks.

vi



Acknowledgements

I would like to thank my supervisor Professor Mir Behrad Khamesee for his continuous
support and guidance during my PhD study and the completion of this thesis. Thanks to
my colleagues Moein Mehrtash, Yuze Huang, Ehsan Asadi, Mohammad Mashagbeh, Heng
Zhang, Thamir Al-Dulaimi, Roberto Ribeiro, David M. B. Dombroski, and Pratik Patel. I
want to thank you all for the help in my research and life in the last four and a half years.

I would also like to thank the technical staff members in the Mechanical and Mechatron-
ics engineering department for their support. Special thanks to Neil Griffett and Martha
Morales for their assistance in my research.

I would like to thank my parents, and my sister and her two lovely daughters. They
always encourage me and give me their best wishes.

Finally, I have to thank my wife Juan, and my cute daughter Xixi. They always stand
behind me and cheer me up. My life is full of sunshine because of them.

vii



Table of Contents

List of Tables xi

List of Figures xii

1 Introduction 1

1.1 Introduction to Cooperative operation . . . . . . . . . . . . . . . . . . . . 1

1.2 Introduction to Magnetic Levitation . . . . . . . . . . . . . . . . . . . . . . 5

1.2.1 Diamagnetic Levitation . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.2.2 Superconducting Levitation . . . . . . . . . . . . . . . . . . . . . . 7

1.2.3 Ferromagnetic Levitation . . . . . . . . . . . . . . . . . . . . . . . . 8

1.3 Contribution of This Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . 13

1.4 Objective and Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . 15

2 Magnetic Levitation System 17

2.1 Magnetic Force and Torque on a Magnetized Object . . . . . . . . . . . . . 17

2.1.1 Magnetic Field . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.1.2 Magnetic Torque and Force on a PM . . . . . . . . . . . . . . . . . 18

2.2 Principle of Magnetic Levitation . . . . . . . . . . . . . . . . . . . . . . . . 20

2.3 Magnetic Drive Unit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.4 Peripheral Equipment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.5 Modeling of Magnetic Field in the Working Space . . . . . . . . . . . . . . 30

viii



2.6 Dynamics of Magnetic Levitation . . . . . . . . . . . . . . . . . . . . . . . 38

2.7 Control of 3D Free Levitation . . . . . . . . . . . . . . . . . . . . . . . . . 41

3 Dual-axial Off-board Force on a Magnetized Object 46

3.1 Dual-axial Motion Control Using Hall-effect Sensors . . . . . . . . . . . . . 47

3.1.1 Principle of Hall-effect Sensor Position Determination . . . . . . . . 48

3.1.2 Installation of Hall-effect Sensors . . . . . . . . . . . . . . . . . . . 49

3.1.3 Mapping Between Magnetic Field Measurement and the MNM’s Po-
sition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

3.1.4 Experimental Validation . . . . . . . . . . . . . . . . . . . . . . . . 55

3.2 Dual-axial Off-board Force Determination Using Magnetic Flux Measurement 62

3.2.1 Principle of Off-board Force Determination . . . . . . . . . . . . . . 62

3.2.2 Magnetic Force Modeling . . . . . . . . . . . . . . . . . . . . . . . . 63

3.2.3 Force Calibration and Experimental Validation . . . . . . . . . . . 65

4 Cooperative Operation using a Magnetic Navigated Microrobot and a
Motorized Micromanipulator 71

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.2 System Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

4.3 Cooperative Manipulation Controller Design . . . . . . . . . . . . . . . . . 73

4.4 System Kinematics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4.5 Motion Control of Micromanipulators . . . . . . . . . . . . . . . . . . . . . 76

4.5.1 Motorized Micromanipulator . . . . . . . . . . . . . . . . . . . . . . 76

4.5.2 Motion Control of the Magnetically Navigated Microrobot . . . . . 78

4.6 Cooperative Manipulation Controller Design . . . . . . . . . . . . . . . . . 84

4.6.1 Image Processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

4.6.2 Manipulation Process . . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.6.3 Control Strategy . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

4.7 Experimental Validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

ix



4.7.1 Translation of a Hard-shell Object . . . . . . . . . . . . . . . . . . . 90

4.7.2 Cooperative Manipulation of Soft Object: A Demo Experiment For
Microinjection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

4.8 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

5 Compliant Motion Control of a Magnetically Navigated Microrobot in
Contact with Uncertain Environments 97

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

5.2 Dynamics of the Magnetically Navigated Microrobot in Contact with Envi-
ronments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

5.3 Adaptive Force Tracking Control of the MNM in Uncertain Environment . 99

5.4 Experimental Validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

6 Conclusion and Recommendation 109

6.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

6.2 Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

Letter of Copyright Permission 112

References 116

Appendix A - List of Publications 128

x



List of Tables

2.1 Parameters of PID controllers . . . . . . . . . . . . . . . . . . . . . . . . . 44

2.2 Performance of PID controller . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.1 PID Parameters used in the experiment . . . . . . . . . . . . . . . . . . . . 57

xi



List of Figures

1.1 Different cooperative manipulators a) arm robots [11], b) aerial robots [51] 2

1.2 simplified schematic of the cooperative manipulation system in this research 5

1.3 Different magnetic levitations a) a floating frog which uses the principle of
diamagnetic levitation [94], b) superconducting levitation [88] . . . . . . . 6

1.4 Different ferromagnetic levitation applications a) magnetic bearing [1], b)
magnetic planar positioner [90], c) magnetic navigation [59] . . . . . . . . . 9

1.5 Magnetically navigated microrobot a) The MNM has a permanent magnet
body part and a microgripper [27], b) The MNM used in this thesis has only
the permanent magnet body part . . . . . . . . . . . . . . . . . . . . . . . 14

1.6 Two-micromanipulators cooperative manipulation system. The first micro-
manipulator is the motorized MP285, the second is the MNM . . . . . . . 15

1.7 Flow chart of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.1 Schematic of magnetic levitation systems for 1-D and 2-D levitation [113] . 21

2.2 Multi-layer finite length solenoid . . . . . . . . . . . . . . . . . . . . . . . . 22

2.3 Multi-layer finite length solenoid [112] . . . . . . . . . . . . . . . . . . . . . 23

2.4 z-component analytical magnetic flux density in horizontal planes: (a) the
plane was located at 40 mm below electromagnets; (b) the plane was located
at 78 mm below electromagnets; (c) measured field at z=78 mm below
electromagnets; (d) modeling error at z=78 mm. . . . . . . . . . . . . . . . 24

2.5 The schematic of the magnetic levitation system [113] . . . . . . . . . . . . 26

2.6 Demonstration of the qualitative performance of pole-piece and iron yoke
[113] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

xii



2.7 Vertical gradient of the magnetic field with and without iron yoke . . . . . 28

2.8 Qualitative analysis of the magnetic field in the workspace [113] . . . . . . 29

2.9 Laser sensor setup for measuring the 3D position of levitating robot . . . . 30

2.10 Accuracy mapping of the Laser sensor . . . . . . . . . . . . . . . . . . . . 30

2.11 Experimental setup for magnetic field measurement in the workspace . . . 31

2.12 The z-component of magnetic flux density at z=75 mm below the pole piece
while coil 1 is powered with 1A dc current . . . . . . . . . . . . . . . . . . 32

2.13 Magnetic flux density Bz at z = 55mm, z = 65mm, z = 75mm, and z =
85mm below the pole-piece while coil 1 is powered with 1A current . . . . 33

2.14 Magnetic flux density Bz at z = 55mm, z = 65mm, z = 75mm, and z =
85mm below the pole-piece while coil 2 is powered with 1A current . . . . 34

2.15 Magnetic flux density Bz at z = 55mm, z = 65mm, z = 75mm, and z =
85mm below the pole-piece while coil 5 is powered with 1A current . . . . 35

2.16 Magnetic flux density Bz at z = 55mm, z = 65mm, z = 75mm, and z =
85mm below the pole-piece while coil 4 is powered with 1A current . . . . 36

2.17 Magnetic flux density Bz using fitting model and experimental method when
coil 1 and 2 are powered with 1A dc current a) experimental measurement
Bz, b) Analytical modeling Bz . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.18 Modeling error of Bz at z=75mm . . . . . . . . . . . . . . . . . . . . . . . 38

2.19 Coefficients of fitting model a) c1x for fitting the z-component magnetic flux
density while only coil 1 is supplied with 1A current, b) c2x for fitting the
z+-component magnetic flux density while coil 2 is supplied with 1A current,
c) acbz1z + bcbz1 in equation 2.47, d) acbz2z + bcbz2 in equation 2.47 . . . . . 40

2.20 Schematic of control system . . . . . . . . . . . . . . . . . . . . . . . . . . 42

2.21 The new robot extends the horizontal translation range . . . . . . . . . . . 43

2.22 Three dimensional navigation of a small permanent magnet in free levitation 45

3.1 Changing the 1-D position ofBmax point at 78 mm below the electromagnets:
(a) the Bmax was located in the center when the two coils were equally
loaded, (b) the Bmax point moved toward the coil that had more current[112] 49

xiii



3.2 Changing the 2-D position of Bmax point. This is the simulation result
of the magnetic field at 78 mm below the pole-piece with different current
ratio in electromagnets, but

∑6
i=1 Ii was kept as constant: (a) I1 = I2 =

I3 = I4 = I5 = I6, Bmax was located at the center of the work area; (b)
2I1 = 2I5 = 2I6 = I2 = I3 = I4, Bmax was moved to the third quadrant[112] 50

3.3 Configuration of Hall-effect sensors[112] . . . . . . . . . . . . . . . . . . . . 50

3.4 Performance of different Hall-effect sensor installation strategy [74] . . . . . 51

3.5 Installation of Hall-effect sensors in x and y directions (bottom view)[112] . 51

3.6 (a) amplification circuit for Hall-effect sensor, (b) linear performance of se-
lected Hall-effect sensor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

3.7 Surface plot of measurements: (a) flux differential in x- and y- direction vs.
x-position; (b) flux differential in x- and y-direction vs. y-position [112] . . 54

3.8 RMSE of x- and y-direction mapping models using 10-folds cross-validation
method: (a) RMSE in x-direction, (b) RMSE in y-direction [112] . . . . . . 56

3.9 Schematic diagram of proposed 2-D Hall-effect sensor feedback control [112] 57

3.10 Tracking control using magnetic field measurement based position determi-
nation method: (a) The MNM was moved along the x axis, while keeping y
at 0; (b) The MNM was moved along the y axis, while keeping x at 0 [112] 59

3.11 RMSE of horizontal position tracking using magnetic field measurement
based fourth order polynomial position determination model [112] . . . . . 60

3.12 Configuration of laser sensors system[112] . . . . . . . . . . . . . . . . . . . 60

3.13 Experiment result of navigating the MNM from ym=-3 mm to ym= +3 mm.
From start to 100 seconds, the MNM was navigated using magnetic flux
feedback. From 100 seconds to the end, the MNM was navigated using laser
sensor position feedback.[112] . . . . . . . . . . . . . . . . . . . . . . . . . 61

3.14 L2 laser sensor output in the sensor switching experiment[112] . . . . . . . 61

3.15 Photo shoots of the process of navigating the MNM in y axis. a) the MNM
was located at ym= -3 mm. L2 shot no laser beam on the MNM at this
position; b) the MNM was located at ym= -1 mm. L2 shot no laser beam
on the MNM at this position; c) the MNM was located at ym= 1 mm. L2
shot laser beam on a small area of the MNM at this position; d) the MNM
was located at ym= 2 mm. At this position, L2 shot laser beam on a larger
area of the MNM.[112] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

xiv



3.16 The concept of determining dual-axial forces on the MNM in a horizontal
plane . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

3.17 The mechanism of magnetic force measurement in 2D situation using two
sets of laser beam deflection sensors . . . . . . . . . . . . . . . . . . . . . . 66

3.18 Linear fitting of hall-effect sensor output . . . . . . . . . . . . . . . . . . . 66

3.19 (a) Experiment setup for identifying contact force model parameter using
aluminum cantilever and (b) Principle of measuring force using a cantilever 67

3.20 Deflection of cantilever in the force compare experiment . . . . . . . . . . . 68

3.21 Bmax position using magnetic flux measurement and the real position of
MNM using laser-beam sensors . . . . . . . . . . . . . . . . . . . . . . . . 69

3.22 Comparison between measured force based on cantilever deflection and cal-
culated force based on distance between Bmax location and MNM real position 69

3.23 Force determination model validation in the x direction[111] . . . . . . . . 70

4.1 Schematic of the two-manipulator cooperative manipulation system . . . . 72

4.2 Two-micromanipulators cooperative manipulation system. The first micro-
manipulator is the motorized MP285, the second is the MNM . . . . . . . 73

4.3 Two-micromanipulators holding a cubic object cooperatively. The MP285
has a palm shape end-effector, the MNM has a needle shape end-effector . 75

4.4 Configuration of the cooperative manipulation system . . . . . . . . . . . . 76

4.5 Linear relation between voltage input and micromanipulator speed . . . . . 77

4.6 Step response of MP285 micromanipulator stage in y direction . . . . . . . 78

4.7 Impedance control mechanism with a PID controller . . . . . . . . . . . . . 81

4.8 Force trajectory tracking while K = 0.106 and Kf = 20: (a) force tracking,
(b) positioning tracking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

4.9 Position trajectory tracking while K = 0.106 and Kf = 20: (a) force track-
ing, (b) positioning tracking . . . . . . . . . . . . . . . . . . . . . . . . . . 82

4.10 Position trajectory tracking while K = 10 and Kf = 1: (a) force tracking,
(b) positioning tracking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

4.11 Schematic of position-based impedance control for x-direction motion of the
MNM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

xv



4.12 Processing of images captured by CCD camera, (a) source image, (b) binary
image for detecting object, (c) Manipulators tracking using correlation-based
pattern matching, (d) target images of MNM and micromanipulator. . . . 85

4.13 Controller schematic for cooperative manipulation. xOr and zOr are the
reference trajectory of the object in the translation phase. . . . . . . . . . 87

4.14 Mechanism of magnetic force produced at different initial contact points . . 88

4.15 Measured force using an Aluminum cantilever beam versus Hall-effect sen-
sors output at different contact point location in x-direction on different
planes: (a) Measurement at z = 78mm below the iron pole-piece; (b)
Measurement at z = 79mm below the iron pole-piece; (c) Measurement at
z = 80mm below the iron pole-piece; (d)Force model validation at x = 2mm
on different planes. MF78 represents magnetic force at z = 78mm. RF78
represents real force at z = 78mm . . . . . . . . . . . . . . . . . . . . . . . 89

4.16 Experiment setup for cooperative micromanipulation . . . . . . . . . . . . 90

4.17 Cooperative translation of a small object in the x-z plane with position
and force control. The green rectangle marks part of the MNM. The blue
rectangle marks part of the object. The red rectangle marks part of the MM
end-effector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

4.18 Reference holding force on the object and the real holding force obtained
using off-board force determination mechanism . . . . . . . . . . . . . . . 93

4.19 Motion trajectory of the MNM, the MM end-effecter, and the object in
the x-direction and z-direction in their corresponding coordinate system.
Position unit is millimeters. . . . . . . . . . . . . . . . . . . . . . . . . . . 95

4.20 Pictures for cell manipulation demo: (a) experiment setup that is ready
for micromanipulation; (b) the motorized micromanipulator was navigated
towards the soft object; (c) a haptic device was used to generate motion
command for the MNM; (d) the MNM was commanded to push the object
for injection, contact force was measured and was feedback to the haptic
device. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

4.21 Demo experiment results . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

5.1 PID plus feed-forward motion tracking controller for the magnetic navigation
system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

xvi



5.2 Force tracking control system schematic with adaptive environmental pa-
rameter estimation and impedance control[111] . . . . . . . . . . . . . . . . 102

5.3 Experimental setup for force tracking validation, the two ends of the bended
aluminum beam is not fixed[111] . . . . . . . . . . . . . . . . . . . . . . . . 104

5.4 Ramp force trajectory tracking performance of the magnetically navigated
microrobot[111] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

5.5 The navigated microrobot pushing an Aluminum beam with controlled con-
tact force in x-direction: (a) The microrobot started pushing with 0.01mN
force; (b) The contact force was set as 0.4mN ; (c) The microrobot was
moved to y=1mm while contact force in x-direction was kept as 0.4mN ; (d)
The mocrirobot was moved to y = −1mm while contact force in x-direction
was kept as 0.4mN [111] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

5.6 Step response of force tracking with different impedance control damping:
(a) bd = 5Ns/m; (b) bd = 20Ns/m[111] . . . . . . . . . . . . . . . . . . . . 107

5.7 Step response of adaptive force tracking in y-direction: (a) force tracking
performance; (b) position trajectories of the MNM in the y-direction. In
(b), the calculated desired y position from the position-based impedance
controller has relatively larger overshoot. This is because a small kd was
chosen in equation 5.5 for force tracking.[111] . . . . . . . . . . . . . . . . 108

xvii



Chapter 1

Introduction

1.1 Introduction to Cooperative operation

Cooperative manipulation involves using two or more manipulators to conduct complex
tasks such as carrying heavy loads and delicate manipulation those are difficult to accom-
plish by using a single manipulator.

In the last two decades, there has been a growing interest in research on cooperative
manipulation. The limited working ability of a single robot promotes the research boom
in multi robots or multi-arm robot manipulation. Many tasks that are very difficult or
impossible to be done by a single robot could be fulfilled by the cooperative work of two
or more manipulators. Such tasks include lifting/moving heavy or large loads, assembling
parts, handling flexible objects, and operating in multiple degrees of freedom. Manipulation
of objects in hazardous environments that are humanly inaccessible also benefits from the
group work of multi-robots. Another popular application is the cooperative manipulation
of a mechanical manipulator with people to help reduce human labor and to improve the
efficiency of a single person.

Different types of robots/manipulators have been studied to accomplish specific cooper-
ative manipulation tasks. We classify robots for cooperative tasks as fixed-base robot and
moving-base robot. Fixed-base means the base of manipulators cannot be moved while the
end-effector is executing commands. Arm robots belong to this type of robot. Moving-base
robot means that the location of the whole body of the robot is changing when the robot
is working. Mobile and aerial robots can be classified as moving-based robots.

Successful multi-manipulator manipulation systems exist both in industry and labs
using arm manipulators [30] [63], mobile robots [106] [102], and aerial robots [31] [51].
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Their applications range from the macro domain to the micro domain. Among them,
micromanipulation and micro assembly with micro scale position and force accuracy are
challenges. In [76], transportation of a relatively large object was done by a combination
of four wheeled robots. In [68], manipulation and transportation of a common object in
air was done by three aerial robots. In this research, the object was tied to aerial robots
using three sections of cable and was capable of moving in five degrees of freedom. In [8], a
dual-arm robot station was used to manipulate a large size object in a cooperative manner.
The contribution of this research is the ability to work with humans and the capability of
dealing with object size uncertainty. A microsurgical platform was proposed in [6] to assist
eye surgery at Johns Hopkins University. This micro surgical platform was composed of
cooperatively working EyeRobot2 and a da Vinci Master Manipulator for remote control by
means of visualization feedback. Figure 1.1 shows examples of cooperative manipulation.

(a) (b)

(c)

Figure 1.1: Different cooperative manipulators a) arm robots [11], b) aerial robots [51]
, c) car like robots [106]
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Generally, cooperative manipulation is the manipulation of common objects using two
or more manipulators. The manipulation work mainly focuses on moving an object from its
original location to a desired position/orientation with special requirements: for example,
tracking a special motion trajectory, and protecting the manipulated object from being
damaged by the environment and other agents.

A central control scheme is the key to cooperative manipulation. There are several
control mechanisms for the cooperative operation mechanism using multiple arm robots.
They are the master/slave control, the external force control, and the internal force con-
trol. In the early stage of research on cooperative manipulation, the master/slave strategy
was mostly applied [79] [48]. In the master/slave approach, the master manipulators are
position-controlled and are commanded the desired motion trajectory of the held object.
The slave manipulators are force-controlled to follow the motion of the object, while at
the same time maintain a stable holding of the object. This approach does not take the
environment interaction and the system dynamic into account. It can easily produce a
higher external force, so it is limited to free-space operation tasks.

However, cooperative manipulations are not merely limited to free space. In many op-
eration processes, the held object will contact with its external environment and encounter
a large contact force if the planned trajectory is not consistent with the geometry of the
environment. Then the challenge of cooperative manipulation is following the desired mo-
tion trajectory of the held object and at the same time protecting the object from being
damaged by the large contact force between the object and its environments. Hybrid
position/force control [84] is one solution that allows the object to contact with a con-
trolled contact force. This technique has been applied to many cooperative manipulation
studies [69] [107]. In [99], the author implemented this control mechanism to handle one
constrained object by taking into consideration the dynamics of the object. The motion
control strategy was applied in the tangent direction of the constrained surface, while com-
pliant force control was implemented in the normal direction of the constrained surface.
In [35], the author proposed combining the intelligent adaptive algorithm with a hybrid
position/force technique to control cooperative manipulators. The advantage of the new
method is that a precise dynamic model of the system is not required. The hybrid posi-
tion/force control method is not as attractive as impedance control, which will be presented
in the following, because this technique requires dividing the space into force- and position
control sub-spaces. If the operating surface is not regular, the control system needs to
keep switching coordinate system parameters at the object space, and the overall system
becomes very complex.

When a manipulator system interacts with its external environment, large contact
forces and moments can be avoided by enforcing a compliant behavior of the system.

3



Impedance control schemes have been proposed in cooperative manipulation to control the
object-environment contact force [86]. By implementing impedance control, the object-
environment interaction is complaint in all directions. At the manipulated object level,
impedance control specifies a dynamic response of the system by enforcing the relation
between the force on the object and its position. At the manipulators’ end effector level in
cooperative manipulation, an internal force exists between end effectors and the held ob-
ject, but the position control scheme cannot regulate the internal force. In [9], the author
proposed using impedance control to smooth the contact between the robot endpoint and
the held object. The controller enforces a relation between the velocity of each manipula-
tor and the internal force on the manipulated object. Impedance control on both internal-
and external force was studied in [11]. There are two different type of impedance control:
force-based impedance control and position-based impedance control. The force-based
impedance controller is good for manipulators that have torque-controlled joint servomo-
tors. For manipulators with only position-controlled joints, the position-based impedance
controller is a better choice. The position-based impedance is very simple to implement,
because it does not require the dynamics model of manipulators and environment.

In recent decades, there has been a lot of progress in the development of computer
science and manufacturing, as well as in robotic control theories. This progress encourages
researchers to implement advanced intelligent control systems with cooperative manipu-
lation. Those control systems include but are not limited to fuzzy logic, parameter esti-
mation, and neural networks. In [32], a distributed strategy is proposed in a multi-robot
manipulation system to estimate the kinematic and inertial parameters of an unknown
manipulated object. In [82], an adaptive controller based on on-line neural network learn-
ing was proposed for coordinated control of a multiple manipulator system manipulating
a single rigid object. The neural network was employed to learn the existing unknown
dynamics of the manipulators and the object. The position tracking and internal force on
the object are controlled based on the learned dynamic model. In [35], similar work was
done using a fuzzy logic algorithm.

In this research, we proposed using a magnetically navigated microrobot and a motor-
ized micromanipulator to translate small size objects in a cooperative manner. A simplified
schematic of the system is shown in figure 1.2. The motorized micromanipulator has a tip
end-effector that is similar to an arm manipulator. The end-effector of the magnetically
navigated microrobot works with the micromanipulator to manipulate an object as if there
is an unseen arm holding the end effector. A simple master/slave strategy is introduced to
the cooperative manipulation system.
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Figure 1.2: simplified schematic of the cooperative manipulation system in this research

1.2 Introduction to Magnetic Levitation

Levitation is a technique that uses different mediums to remotely manipulate an object.
The main advantage of levitation is neglecting the mechanical connection between the
manipulated object and its driving unit. Different techniques have been studied to realize
the levitation of an object, such as acoustic levitation [101], air flow levitation [33], and
magnetic levitation [78]. Among these, magnetic levitation technology has been widely
studied. The fundamental principle of magnetic levitation is transferring the magnetic
energy of a source unit into the kinematic energy of the manipulated object. The energy
is transferred remotely from a magnetic energy source unit to the end-effector by means
of magnetic flux. The magnetic source can be an electromagnet or a permanent magnet.
Magnetic levitation has a promising future, because it has the benefit of isolation from
external vibration, elimination of friction, no backlash, and it is wireless accessible. Up
to now, magnetic levitation technology has been applied in vast areas. Such areas include
Maglev transportation [38][60], wind tunnel testing [25], magnetic bearings [56], energy
storage[96], academic education [110], medical surgery [14], and cell cultivation [95].

Magnetic levitation can be categorized into four different types based on the materials
of the objects used in the levitating. Generally, the materials are classified into diamagnetic
material, paramagnetic material, ferromagnetic material, and superconductor material ac-
cording to the different relative permeability of the materials with respect to free space.
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Therefore, magnetic levitation includes diamagnetic levitation [65][94], paramagnetic levi-
tation, ferromagnetic levitation, and superconducting levitation[81][83]. Figure 1.3 shows
the levitation using different techniques. Diamagnetic material has a relative permeability
of µ < 0. The relative permeability is 0 < µ < 1 for paramagnetic materials, and is µ > 1
for ferromagnetic materials. Superconductors have zero relative permeability and can sus-
tain unlimited current. In real applications, the most used material in magnetic study
is ferromagnetic material. Diamagnetic levitation is not widely studied because a much
stronger field is required to levitate the same quantity of ferromagnetic materials. There-
fore, it is not economic. Superconducting levitation is a booming technique. However,
the strict requirement of extremely low temperature to let materials have superconducting
properties limits its application in real industries. Ferromagnetic and paramagnetic levi-
tation, compared with the other two types, are relatively economic and easier in the sense
of realization. For example, soft iron, a ferromagnetic material, can be easily magnetized
and has the ability to enhance a magnetic field significantly, which decreases the current in
electromagnets to produce the same strength of magnetic field. Permanent magnets have
a relative permeability that is slightly greater than 1, but very strong magnetic energy
can be stored inside. In this research, the magnetic energy is produced by six pairs of
electromagnets with a soft iron core. These electromagnets are connected by an iron yoke
and an iron pole-piece. The levitated robot is a small permanent magnet.

(a) (b)

Figure 1.3: Different magnetic levitations a) a floating frog which uses the principle of
diamagnetic levitation [94], b) superconducting levitation [88]
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1.2.1 Diamagnetic Levitation

Diamagnetic materials are considered nonmagnetic materials. Such substances include
water, protein, DNA, wood, and graphite [65]. When a diamagnetic material is placed
inside an external magnetic field, the induced current inside the diamagnetic material
produces an induced magnetic field that is opposed to the existing external magnetic field.
The interaction between the induced magnetic field and the source external magnetic field
generates magnetic force to levitate the diamagnetic material.

In [94], the author explains the principle of the stable levitation of diamagnetic material
in an external magnetic field produced by either electromagnets or permanent magnets.
Diamagnetic levitation is contrary to Enshaw’s law, which states that a single object cannot
be levitated by a single magnet, because the minimum potential energy point is on the
magnetic source body. However, the induced magnetic moment in diamagnetic materials
produces a repelling force which moves the diamagnetic materials to the local minimum
potential energy point of a plane. If this repelling force is strong enough to compensate
for the gravity force, then levitation is achievable. This research also presents the theory
of levitation of a magnet source (permanent magnet) between two graphite disc plates.

Electrode levitation has mostly been used in bioengineering for cell manipulation and
droplet guiding. However, diamagnetic levitation has outstanding advantages over elec-
trode levitation in these fields. Diamagnetic levitation is highly efficient for magnetic
MEMS in the sense of cost effectiveness and no heat generation in the samples that are ma-
nipulated. Research has been conducted on validating the principle of micromanipulation
using diamagnetic levitation. In [23], the author proposed using diamagnetic levitation for
micro-positioning and trapping of diamagnetic micro-sized particles and micro-droplets. In
this research, the levitation of micro droplets made of water, ethanol, and oil was achieved
within the 1.6 mm bore of a cylindrical magnet and in micro machined bulk magnets.

1.2.2 Superconducting Levitation

In the real application of magnetic levitation using electromagnets, there is a conflict
between the energy saving issue and the obtaining of a strong magnetic field. To produce
a stronger field, more current is required to be supplied to conductors. However, higher
current causes more heat waste inside the conductor. A superconductor is a perfect choice
to balance both the requirements of energy saving and strong magnetic field production.
Since superconductors have no electric resistance, they do not have heat loss and consume
no electrical energy. Theoretically, the current in the superconductor can be unlimited.
Therefore, it is possible to produce a very strong magnetic field as long as it is not saturated.
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A very important application of superconducting levitation is the superconducting ma-
glev train. This technology has been used in Japan, Germany, and China on high-speed
trains. The maglev train is popular, because it eliminates friction between the train wheel
and the rail tracks. In [81], the superconducting maglev train was introduced. On the
train, there are superconducting magnets made from coils of superconducting wires. The
superconducting magnets have a very strong magnetic field and make the propulsion of a
huge train easier with less energy consumption. However, there ire also drawbacks for the
superconducting maglev train. For example, the condition for making materials that have
superconducting properties at a room temperature is challenging.

Superconductors are perfect diamagnetic materials because they reject any magnetic
flux passing through. Therefore, superconductors can be used to levitate a small permanent
magnet above them. The levitation is stabilized at any location. Research has been con-
ducted on micromanipulation using superconducting levitation. Jose in [83] presents a new
precise positioner using a superconducting technique for non-contact manipulation in cryo-
genic environments. The device is composed of two disc superconductors, one permanent
bar magnet, two air-core electromagnets, and one optical position sensor. The supercon-
ductors provide initial levitation. The electromagnets work synchronously to adjust the
position of the levitating permanent magnet to the desired position with the accuracy of
1µm.

1.2.3 Ferromagnetic Levitation

Ferromagnetic levitation is one of the best choices for most applications because it ad-
dresses the issue of cost and it is easily implemented. Ferromagnetic materials have relative
permeability µ > 1. We can easily find a metal that has this special property. Numerous
studies have been done on ferromagnetic theory and the control of ferromagnetic levitation.
Therefore, rich knowledge is available for new applications. Ferromagnetic materials induce
current to enhance the external magnetic fields. Because the induced current produces an
induced magnetic field in the materials in the same direction as the external magnetic field,
it is an attractive force between the magnetic field source and the ferromagnetic materi-
als. The permanent magnet is a special ferromagnetic material. Permanent magnets are
pre-magnetized by a strong magnetic field. They have high magnetic flux density on the
surfaces. Placing permanent magnets in an external field does not change their magnetic
moments.

Based on its different applications, ferromagnetic levitation can be classified into mag-
netic bearing, planar manipulator, magnetic navigation, and capsule drug delivery. Figure
1.4 shows examples of ferromagnetic levitation.
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(c)

Figure 1.4: Different ferromagnetic levitation applications a) magnetic bearing [1], b)
magnetic planar positioner [90], c) magnetic navigation [59]

1.2.3.1 Magnetic Bearing

To overcome the drawback of mechanical wear, which is a common feature of regular
mechanical bearings, a magnetic bearing was proposed. A magnetic bearing uses magnetic
force to support the rotor. There is no contact between the rotor and the support. There-
fore, there is no mechanical friction. The contactless property makes it a suitable solution
for a super high-speed rotational machine.

Two types of magnetic bearings have been mostly studied in the past decades. They
are the passive magnetic bearing and the active magnetic bearing. In the passive magnetic
bearing, permanent magnets are used as magnetic energy source. There is no need to con-
trol and stabilize the rotor. Its stabilization is realized by carefully designing the structures
of the stators and rotors. In an active magnetic bearing, the magnetic energy source is
electromagnets. By implementing a closed-loop controller in the system and using rotor
position feedback, the levitation can be actively stabilized.
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In a passive magnetic bearing, both axial and radial magnetized permanent magnets are
used in designing a system. In [93], the authors designed a radial passive magnetic bearing
flywheel using radially magnetized permanent magnets. In this study, to stabilize the
radial magnetic bearing, two radially magnetized permanent magnet arrays were mounted
on the stator, and two radially magnetized permanent magnet arrays were mounted on the
rotor. To have sufficient stiffness and damping built in the passive magnetic bearing, a
special magnet array is designed and a jewel bearing is installed at the end of the rotor. In
[39], the author proposed an axial passive magnetic bearing. This magnetic bearing has the
ability to take loads both in axial and radial directions. It has axial magnetized permanent
magnets on the stator and the rotor. In addition, it has iron poles to increase the magnetic
field at the poles. The limitation of a passive magnetic bearing in real applications is the
lack of damping. An active magnetic bearing, on the contrary, has the ability to provide
high damping[29].

An active magnetic bearing (AMB) is an important element in high-speed equipment,
such as flywheel systems, high-speed drives, turbo molecular pumps, and compressors. In
general, an active magnetic bearing is composed of electromagnet coils, a ferromagnetic
rotor, a power amplifier, a position controller, and position detection system. Like the pas-
sive magnetic bearing, there are both axial and radial active magnetic bearings. The most
commonly used active magnetic bearing in industry has 8-poles [70] [21]. The advantage of
using 8 poles is that the magnetic flux is decoupled. However, the greater number of poles
result in more copper loss, a complex cooling system, and less space for sensor installation.
Therefore, 6-pole [49], 4-pole [2], and a minimum of 3-pole [21] active magnetic bearings
were developed. Although the limited space problem can be improved by using fewer poles
structurally, the coupled magnetic flux in fewer poles structurally makes the control of the
system more difficult. Besides the studies on the structural design, another very important
aspect of active magnetic bearing research is the stabilization of levitation. The active
magnetic bearing system is inherently unstable and highly nonlinear. Feedback control is
necessary for stable and successful levitation, especially in a very high-speed situation. A
large number of studies have been done on control of active magnetic bearings by applying
classical and advanced control strategies such as PID control [16], sliding-mode control
[22], ANFIS control [19], nonlinear smooth feedback control [20], and neural-fuzzy control
[24]. A recent research topic on active magnetic bearings is self-sensing control. There are
mainly two ways to eliminate position sensors from the control system. One is applying a
state observer based on coil current measurement. The rotor position is estimated by using
a state observer. The other is a coil inductance induced position estimation. By supplying
high-frequency signals to coils, the position change of the rotor can be measured from the
change of coil inductance caused by rotor displacement [85].

10



1.2.3.2 Planar positioner

Modern industry urges the research and the development of higher accuracy and multi-
degree-of-freedom planar manipulator/positioners for delicate operation missions. The
general solutions to this demand are designing lead-screw and piezoelectric actuators. Al-
though there are many successful applications of these technologies, the disadvantages of
friction and backlash make mechanical contact type manipulators not the best choice in
micro/nano scale manipulation tasks. However, the magnetic levitation stages with the
properties of no mechanical contact and higher positioning resolution are attracting more
and more attention of researchers and companies[104] [90] [114].

Kim in [57] proposed a planar stage using four 3-phase linear permanent-magnet motors
for the potential application of photo lithography A Halbach permanent magnet array was
installed on the levitator to produce a levitation force and avoid a heating effect on the
levitator. The system has 6-DOF motion ability. The translation range is 50mm × 50 mm
× 400 µm. The orientation range with respect to the axis of the coordinate system is 600
µrad. This planar levitation system has a 5 nm rmse accuracy in translation motion and
0.025 µrad rmse in orientation motion.

In [17], a planar maglev positioning system was proposed for micromanipulation. The
stator of the system was composed of 6 coils, in which three vertical coils were designed
for vertical levitation and three horizontal coils were used to realize horizontal motion.
Corresponding to the coils on the stator, 6 permanent magnets were installed on the
levitator with the purpose of reducing mover mass and realizing non-contact manipulation.
Each permanent magnet was located inside a coil. The levitator could be moved in 6-DOF
in the Cartesian coordinate system. Since the system was designed to act as a planar table,
only 7 mm × 7 mm translation range with 10 µm accuracy was studied in the paper, while
the stability of translation in vertical direction orientation with respect to the three axes
was discussed at the same time.

In [80], the author presented a new planar positioner using a magnetic levitation tech-
nique. Different from conventional planar levitation platforms, the new design considered
levitating a group of coils horizontally over a permanent-magnet array. NdFeB magnets
were placed in a special Halbach manner to produce concentrated magnetic field in x-,
y-, and z-directions. The system had translation ranges of 15.4 cm in the x-direction and
20.32 cm in the y-direction with 8 µm accuracy. The rotation range and accuracy with
respect to z-direction were 12.03◦ and 100 µrad.
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1.2.3.3 Magnetic Navigation

Magnetic navigation is such a technology that a levitating object can be guided by an
external magnetic field in hazardous and human inaccessible environments. The general
investigation of designing a magnetic navigation system includes: a) Design a platform as
an external magnetic field to transfer a magnetic energy source into the kinematic energy
of a moving object - the scale of levitation robots range from macro to micro; b) Design
robots for specific tasks, for instance, medical surgery robots [43] [37] and remote actuator
[92]; c) explore control systems to realize active, stable, and multi degree of freedom control
on a levitating robot using elaborate algorithms.

Khamesee in [54] proposed a magnetic levitation system to manipulate a microrobot in
free space. The system used four pairs of electromagnets, a special pole-piece, and an iron
yoke to produce the desired gradient magnetic field shape in the working volume. On the
microrobot, were four micro scale permanent magnets distributed in a circular distribution
to support the microrobot. The microrobot used a shape memory alloy wire as a micro
hand to fulfill such tasks as pick and place. In the study, a classical PID controller was
applied to realize a 3-DOF translation of the microrobot, and an adaptive controller was
used for payload uncertainty operation. Laser position sensors were employed to measure
the real-time position of the robot. The measured position was then fed back to the control
system for stability control.

One challenge in the research of magnetic levitation systems is the multi-degree-freedom
operation of a levitating object; specifically it is very difficult to realize free orientation of
the object. The common solution to this challenge is applying an extra magnetic energy
source for extra degrees of freedom. However, this not only increases the cost of the overall
system, but also increases the complexity and limits the working ability of the system by
reducing the working space.

An eye surgery micromanipulation system was presented in [59]. The platform was com-
posed of six iron-core electromagnets, but without a yoke among electromagnets, and a
micro size surgery robot. The electromagnets were installed in a hemisphere manner to gen-
erate a hemisphere shaped linear magnetic field in the working envelope. The microrobot
was composed of two magnetized, electroplated, planar pieces, and could be operated in
5-DOF with 3-DOF translation and 2-DOF orientation. This system used a digital camera
to capture the location of the operated microrobot. The system has been commercialized.

In [77], Muneaki presented a technology of using a planar electromagnet array to levitate
a multi-permanent-magnet round shape robot. The robot could be manipulated in 6-DOF,
with an unlimited rotation range in all directions. A motion tracker was used to track the
location of magnets on the robot. Since there were multiple permanent magnets, a careful
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magnet installation strategy was considered to avoid a tracking block of the robot using
the motion tracker. The author also determined the minimum number of coils for reliable
levitation based on the experimental result.

A potential application of magnetic navigation is translating inside nontransparent en-
vironments, such as a human body or a nontransparent box. The challenge of operating in
these environments is detecting the position of the levitating object for stable navigation.
Possible solutions to this challenge include x-ray and ultrasound images. However, these
technologies are costly to implement and have potential harm to the human body. In [74],
Moein and Khamesee proposed the art-of-concept of using Hall-effect sensors to assist nav-
igation of a permanent magnet microrobot in a nontransparent environment. In this study,
Hall-effect sensors were installed at the bottom of a pole-piece to measure the magnetic flux
passing through the working volume. The position of the levitated microrobot was deter-
mined based on the measured magnetic flux pattern using Hall-effect sensors. Hall-effect
sensors are inexpensive, and their performance satisfies the stable levitation requirement.
Therefore, it is a good substitute.

1.3 Contribution of This Thesis

As mentioned in the previous section, the conventional manipulators, such as arm type
manipulators, flying robots, and mobile manipulators, generally need a large space for
manipulation. The requirement of large manipulation space limits the application and
performance of conventional cooperative manipulators. This is even worse for micro ma-
nipulation tasks. In addition, the complexity of joint trajectory calculation makes the
implementation of control system very challenging. Therefore, there is a need to develop
a novel system that can complete cooperative manipulation tasks in a confined space and
only require simple motion control schemes.

A magnetically navigated microrobot (MNM) usually consists of a magnetized body
part and a microgripper. For example, the body part of the MNM shown in figure 1.5a
has two pieces of permanent magnet and a photothermal microgripper. The microgripper
is integrated to the permanent magnet to perform micromanipulation operations.

The MNM with an operating finger (microgripper) has been previously developed at
the Maglev lab [27]. This thesis simply uses the body of such microrobots, which is a
permanent magnet for navigation. Figure 1.5b shows the MNM used in this thesis. It is a
cylindrical permanent magnet with 1.29T remnant magnetic flux density, 10mm diameter,
and 10mm height. A black plastic cloth outside the MNM is for protect the permanent
magnet when there is a sudden collision.
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(a) (b)

Figure 1.5: Magnetically navigated microrobot a) The MNM has a permanent magnet
body part and a microgripper [27], b) The MNM used in this thesis has only the permanent
magnet body part

As the first contribution of this thesis, a novel cooperative manipulation system using
a magnetically navigated microrobot (MNM) and a motorized micromanipulator (MM) is
developed. There are two reasons for using the MNM. First, it is remotely manipulated
without any mechanical connection between its end-effector and its energy source. There-
fore, it is good for manipulation in a confined space. Second, the motion control of the
MNM is very simple. To the best of our knowledge, this is the first work that uses an
MNM to conduct the cooperative manipulation with another arm type manipulator.

The second contribution of this thesis is the dual-axial motion control and dual-axial off-
board force determination using magnetic flux density measurement. This is the continuous
work of Dr. Mehrtash, who proposed the method for navigating a small permanent magnet
and measuring its pushing force on environment. Dr. Mehrtash validated both in one
degree of freedom. To have more generous application for the proposed method, the two-
degree-of-freedom model and validation is necessary. In this thesis, the 2D navigation
model and 2D off-board force model are developed. Both navigation and force model are
validated experimentally.

Previous research on magnetic levitation focused on the accurate positioning of a levi-
tation microrobot. However, the disadvantage of only position control is not stable when
there is a contact between the microrobot and its environment. In order to improve the
stability and to explore the potential application of magnetic navigation, the force control
using a position-based impedance controller is developed in this thesis. By applying force
control on the MNM, we are able to regulate the pushing force on environment, which in
turn improves the navigation stability and protects its environment from being damaged.

For the fourth contribution of this thesis, an adaptive algorithm is developed to es-
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timate the parameters of environment when the MNM is pushing its environment. The
position-based impedance controller requires a precise reference trajectory if one needs an
accurate force tracking performance during the manipulation. The precise reference tra-
jectory calculation is based on the knowledge of the environment that the MNM interacts
with. However, the parameters of the environment, such as stiffness and deflection, are not
always known. Therefore, an adaptive controller is designed to estimate the environment
parameters. By implementing the adaptive algorithm, the impedance controller is capable
of tracking the desired force smoothly and precisely.

1.4 Objective and Thesis Outline

In this thesis, the cooperative transportation of a small object in a 2D vertical plane
using a motorized micromanipulator (MM) and a magnetic navigated microrobot (MNM)
is studied. The cooperative manipulation mechanism is shown in Figure 1.6. The MM
is a commercialized motion stage. The MNM system was previously developed at the
University of Waterloo in the Maglev lab. To achieve this goal, we needed to solve the
following issues: 1) studying the magnetic levitation system for accurate motion control of
the MNM with three degrees of freedom, 2) measuring the contact force when the MNM
is holding the object without installing a force sensor, and 3) controlling the holding force
on the object during the manipulation.

Figure 1.6: Two-micromanipulators cooperative manipulation system. The first microma-
nipulator is the motorized MP285, the second is the MNM

Since the new cooperative manipulation system consists of two manipulators, the de-
velopment of the system starts with the research on two manipulators. The research on the
magnetic levitation system is presented firstly. This includes the magnetic field modeling,
MNM motion control, and dual-axial off-board force determination. The MM system is a

15



commercialized product. Its motion control is included in the cooperative manipulation
system development. The overall flow chart of the thesis is shown in figure 1.7

Figure 1.7: Flow chart of the thesis

According to the work flow chart of the research, the outline of this thesis is shown as
follows:

Chapter 1 presents various mechanisms for cooperative manipulation and provides a
brief introduction to the fundamentals of magnetic levitation. In addition, different types
of magnetic levitation techniques and their applications are also introduced.

Chapter 2 introduces the magnetic levitation system used for levitating a magnetized
object. The analytical model of the force on a magnetized object and the torque for
changing the orientation of the object are presented later. In addition, the process of
defining the magnetic field model in the working space is also introduced. The model is
finally applied to obtain the dynamic model of a magnetized object.

Chapter 3 introduces a new mechanism for controlling the dual axial motion of an
MNM using magnetic flux measurement. This technique is extended to the development
of a dual-axial off-board force determination mechanism.

Chapter 4 describes the cooperative manipulation using a MM and an MNM. The
system configuration, the image processing, and controller design are presented firstly.
Then the system performance is experimentally validated by manipulation of small objects
in two directions.

Chapter 5 presents the adaptive force control of the MNM in uncertain environments.
A position-based impedance controller plus a robust adaptive algorithm is implemented to
achieve the goal of the MNM’s compliant motion.

Chapter 6 provides the conclusion and recommendations of the investigation through
this thesis.
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Chapter 2

Magnetic Levitation System

This chapter presents the analytical study on the magnetic levitation system, which is used
to levitate the MNM in the cooperative manipulation. This includes the force and torque
model on a magnetized object in an external magnetic field, the principle of magnetic
levitation, and the modeling and control of the magnetic levitation system for accurate
navigation.

2.1 Magnetic Force and Torque on a Magnetized Ob-

ject

In this section, the principle of magnetic levitation is presented. The studied robot in the
levitation system is a small permanent magnet (PM). The analysis in this chapter is based
on assumption that the PM is uniformly magnetized.

2.1.1 Magnetic Field

The Maxwell equations are fundamental for electromagnetic field analysis. Specifically,
in magnetic field analysis, Ampere’s law and Gauss’s law are mostly investigated. The
magnetic field intensity H (amperes/meter) of the magnetostatic field produced by source
current with density J (amperes/meter2) can be expressed in Ampere’s law:

∇×H = J (2.1)

where ∇ is the gradient operator. Since the magnetic field is conservative field, Gauss law
for magnetostatic fields has the following format:

∇ ·B = 0 (2.2)
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where B is the magnetic flux density in units of tesla or Wb/meter2. In a medium that has
a magnetic permeability µ, B = µH, the magnetostatic equations can be solved directly
for the fields. However, it is often more convenient to obtain the field using the vector
potential A. Applying the differential identity∇ · (∇ × A) = 0, leads to the following
expression:

B = ∇×A (2.3)

Applying the vector identity

∇×∇×D = ∇(∇ ·D)−∇2D (2.4)

to equations (2.1) and(2.3) and imposing the Coulomb gauge ∇ ·A = 0 result in Poisson’s
equation for magnetostatic fields:

∇2A = µJ (2.5)

In the working space that is no current, the Laplace equation is often applied to calculate
the magnetic field. This refers to the scalar potential method.

2.1.2 Magnetic Torque and Force on a PM

A small magnetic dipole in a steady state magnetic field can be represented by an in-
finitesimal current loop with a surface area of S and current i that can produce the same
magnetic moment

m = iS (2.6)

A uniformly magnetized cylinder permanent magnet with magnetic moment M and volume
V is composed of many infinitesimal magnetic dipoles that have the same magnetic moment
m. Therefore, the calculation of the force and torque on the permanent magnet will start
with the calculation of force and torque on a single infinitesimal current loop. Using the
Lorentz force law, the force on an element dl of a conductor in an external steady magnetic
field is given by:

dF = idl×B (2.7)

where dF is a vector indicating the magnitude and direction of magnetic force on the
conductor element, i is the scalar magnitude of the current in the conductor element, dl is
a vector shows the length of the conductor element and the direction of the current, and
B is the vector that indicates the flux density of the external magnetic field. The torque
on the infinitesimal current loop is expressed as:

T = i

∮
C

[r× (dl×B)] (2.8)
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where r is the position vector of dl and the integration is around the loop. By using the
identity:

r× (dl×B) = dl(r ·B)−B(r · dl) (2.9)

Eq (2.8) can be written as

T = i[

∮
C

(r ·B)dl−B

∮
C

r · dl] (2.10)

Applying the Stokes’s theorem and the identity∮
C

Pdr =

∫∫
S

(n×∇P )dS (2.11)

Eq (2.10) becomes

T = i

(∫∫
S

[dS×∇(r ·B)]−B

∫∫
S

(∇× r) · dS
)

(2.12)

where dS is a vector indicates the magnitude and normal direction of the current loop.
Since ∇ × r = 0, ∇(r · B) = B for constant B, and the magnetic moment m of an
infinitesimal current loop exists, Eq (2.12) becomes

T = i

∫∫
S

dS×B = iS×B = m×B (2.13)

The magnetic force on an infinitesimal current loop in the external magnetic field can be
deduced using the virtual displacement method. Suppose the external magnetic force/-
torque tries to rotate the current loop by dθ, the work dW required to finish the process
is the same as the increase in the current loop’s potential energy dU

dU = dW = Tdθ = mBsinθdθ (2.14)

Then integrating the incremental potential energy leads to the total potential energy of
the current loop

U =

∫ θ

0

mBsinθdθ = −mBcosθ = −m ·B (2.15)

If there is a translation motion caused by magnetic force F, the work dW done by the
force is equal to the decrease in potential energy dU , which means

dW = F · dr = −dU (2.16)
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where the complete differential dU = ∇U · r. Then the general magnetic force on an
infinitesimal current loop in the external magneto-static field is

F = −∇U = ∇(m ·B) (2.17)

The magnetization direction of the cylindrical permanent magnet used in this thesis
is in the z-direction. In the Cartesian coordinate system, the following expressions are
obtained

Fx = MV
dBz

dx
(2.18)

Fy = MV
dBz

dy
(2.19)

Fz = MV
dBz

dz
(2.20)

Therefore, the magnetic torque and force on a permanent magnet in an external mag-
netostatic field can be deduced using the virtual displacement method and potential energy
method. The magnetic force on a permanent magnet with magnetization M in an exter-
nal magnetostatic field is proportional to the magnetization of the permanent magnet and
the gradient of the external magnetostatic field. Particularly, in this thesis, the magnetic
force on the studied permanent magnet is related to the 3D gradient of the z-component
magnetic field. In addition, the magnetic torque tries to align the permanent magnet par-
allel with the external magnetic field. However, in this research, the magnetic field in the
workspace is uniform in the z direction. Therefore, it is assumed that the orientation of
the levitated robot remains constant during the manipulation.

2.2 Principle of Magnetic Levitation

Active navigation of a magnetized object requires a controlled magnetic field source. Gen-
erally, the magnetic field can be generated by current-controlled electromagnets, permanent
magnets held by a position-controlled manipulator, and Helmholtz coils. The use of a per-
manent magnet provides limited motion control accuracy, since it is challenging to adjust
the position of a manipulator actively at the relatively high frequency necessary for stable
levitation of a magnetized object. The magnetic field and its gradient are independent in
a Helmholtz coils system. A system that uses Helmholtz coils is limited to 3D translation
of an object.

Electromagnets are commonly used for multi-dimensional manipulation of a magnetized
object. The magnetic field generated by electromagnets is controlled by current in the
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electromagnets. The multi-degree freedom of motion of an object is achieved by setting
up special configurations of multi-electromagnets. Since the strength of the magnetic field
decays rapidly as the distance from the electromagnet increases, an iron-core is commonly
used to significantly enhance the magnetic field strength outside the electromagnet. This
enhanced magnetic field can then expand the workspace of the magnetized object.

A magnetic levitation system mainly consists of an energy source, a levitation robot,
sensors, and a controller unit. Figure 2.1 shows the basic schematic of a magnetic lev-
itation system for 1-D and 2-D levitation. The magnetic drive unit, consisting of one
or more electromagnets, produces energy for levitation and manipulation. The levitation
robot is a magnetized object. To save energy, the magnetized object is commonly made
from ferromagnetic materials that have high magnetic permeability and from a perma-
nent magnet that has strong remnant magnetic flux density. A gripper is installed on
the magnetized object to perform special tasks. Earnshaw’s theorem indicates that pure
interaction between a magnetic energy source and a magnetized object cannot maintain a
stable levitation. The feedback dynamics of the levitation robot are required. Therefore,
a position sensor and controller unit are necessary. A single electromagnet can be used for
the levitation of an object and motion in the vertical direction (Figure 2.1(a)). If multiple
electromagnets are used, the vertical and the horizontal motions can be achieved simulta-
neously (Figure 2.1(b)). The horizontal motion is achieved by changing the current ratio
in each electromagnet.

Figure 2.1: Schematic of magnetic levitation systems for 1-D and 2-D levitation [113]

In this thesis, the controlled external field, is produced by six identical electromagnets
which were evenly distributed on a disc. According to the Biot-Savart Law, the magnetic
field produced by a multi-layer finite length solenoid with iron core(Figure 2.2) at a random
point in free space is [91]:
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Figure 2.2: Multi-layer finite length solenoid

BS(x, y, z) = β
µ0σI

4π

∫ rout

rin

∫ L
2

−L
2

∫ 2π

0

r(− sinφi+ cosφj)×R
|R|3

dφdzdr (2.21)

where BS(x, y, z) is the magnetic flux density of a single solenoid at point P (x, y, z)
in free space. β is the magnetic flux density factor of the soft-iron core effect in the
enhancement of the magnetic field and σ is the winding density of the electromagnet. Its
unit is turns per unit are. I is the current supplied to the electromagnet, rin and rout
are the inner and outer radii of the electromagnet respectively. L is the height of the
electromagnet. R = (x− r cosφ)i + (y − r sinφ)j + (z − d)k is the vector from the area of
interest to point P (x, y, z), and d is the vertical distance between the calculating surface
and the origin of the coordinate system.

If there were six electromagnets, and they were evenly distributed on a disc as shown
in figure 2.3, theoretically, the resultant magnetic flux density at any point in the free
space would be the vector summation of the magnetic flux density generated by each
electromagnet. The analytical expression is:

Bm(x, y, z) =
6∑
i=1

Bi(x, y, z) (2.22)
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Figure 2.3: Multi-layer finite length solenoid [112]

where Bm(x, y, z) is the magnetic flux density of multi electromagnets at point P (x, y, z),
i indicates the ith electromagnet, i = 1, 2, ..., 6, Bi(x, y, z) is the magnetic flux density of
the ith electromagnet at point P (x, y, z).

In an actual situation the resultant magnetic flux density is slightly less than the ana-
lytical results because of the interaction between electromagnets. In this thesis, the system
worked in the steady state, and the mutual inductance among electromagnets was negligi-
ble.

From equation 2.22, the z-component of the magnetic flux density is:

Bz(x, y, z) =
6∑
i=1

Bzi(x, y, z) (2.23)

where

Bzi(x, y, z) = β
µ0σI

4π

∫ rout

rin

∫ L
2

−L
2

∫ 2π

0

r((y − yi − r sinφ) sinφ+ (x− xi − r cosφ) cosφj)

|R|3
dφdzdr (2.24)
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where Bzi(x, y, z) is the z-component magnetic flux density of the ith electromagnet at the
point P (x, y, z), and β is 3.15 here.

(a) (b)

(c) (d)

Figure 2.4: z-component analytical magnetic flux density in horizontal planes: (a) the
plane was located at 40 mm below electromagnets; (b) the plane was located at 78 mm
below electromagnets; (c) measured field at z=78 mm below electromagnets; (d) modeling
error at z=78 mm.

Using equation 2.24, the z-component of the magnetic flux density was calculated in an
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area of 100× 100mm2 in horizontal planes at different distances below the electromagnets
(figure 2.3) powered by 1A dc. The result is shown in figure 2.4. Figure 2.4a is the
magnetic flux density Bz at z = 40mm below the bottom of the electromagnets. Figure
2.4b is the magnetic flux density Bz at z = 78mm below the bottom of the electromagnets.
The electromagnets used in the calculation model had the following geometric parameters:
N = 840turns, rin = 10mm, rout = 20mm, and L = 40mm. The analytical field model is
examined experimentally at z = 78mm below a set of 6 electromagnets evenly distributed
on a 13.5cm diameter disc. The experimental result is shown in figure 2.4c. Figure 2.4d
shows the error between analytical and experimental results. The field analytical model is
very accurate at locations close to the center of the working area, even though more error
exists at locations far from the center. The minimum modeling error of 6µT is 0.4% of
the maximum flux density 1.4mT. This indicates that the analytical model can be used for
modeling the magnetic field of an area of 10× 10mm2. However, this model is valid only
for iron-core electromagnets without connecting with the iron-yoke and the iron pole-piece.

2.3 Magnetic Drive Unit

To produce a sufficient magnetic levitation force, equations 2.18-2.20 indicate that a non-
uniform external magnetic field is required to impose magnetic forces on a magnetized
object. In the non-uniform magnetic field, there is a point that has the minimum magnetic
potential energy. Khamesee [54] explained that the magnetized object tends to move
toward the minimum magnetic potential energy point in the external magnetic field. This
point, also known as the point that has the maximum magnetic flux density, is defined as
the Bmax point. A single electromagnet can generate a single Bmax point on a horizontal
plane below the electromagnet and can produce a magnetic gradient force to compensate
for the gravity. However, the horizontal location of the Bmax point cannot be changed.
Therefore, only one-directional levitation is achievable using a single electromagnet.

To obtain the multi-dimensional levitation of a magnetized object, a combination
of electromagnets is required. However, multiple electromagnets produce multiple Bmax

points, which make the levitation of a single magnetized object uncontrollable. Khamesee
[55] proposed using an iron pole-piece to connect multiple electromagnets. The induced
magnetization of the pole-piece produces a single Bmax point below the electromagnets.

For the magnetic levitation system shown in figure 2.5, the magnetic field source consists
of six identical electromagnets powered with DC. A disk shape soft-iron pole-piece connects
the electromagnets and configures the magnetic field in the workspace. A soft-iron yoke
is installed to generate a closed-loop magnetic circuit and to increase the magnetic field
strength in the workspace. The relative permeability µr of both yoke and pole-piece is 4000.
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Figure 2.5: The schematic of the magnetic levitation system [113]

All electromagnets have a configuration of 840 turns of ]22AWG wire, 20mm outer radius,
10mm inner radius, and 40mm length. Simulation results in Figure 2.6 are presented to
show the concept of changing the Bmax point location and the effect of the iron yoke on
increasing the intensity of the magnetic field at z=55mm below the pole-piece.

As shown in figure 2.6(a) and (b), the location of the maximum magnetic flux density
point in the workspace is located in the center of a horizontal plane if the electromagnets
are equally loaded. Otherwise, the maximum magnetic flux density point moves toward
the electromagnet that is loaded with more current. Figure 2.6(c) and (d) show that when
an iron yoke is installed, the magnetic field intensity and the horizontal gradient of the
magnetic field are increased significantly. The soft iron yoke also increases the vertical
gradient of the magnetic field in the workspace, which in turn increases the levitation force
on the levitated object. Figure 2.7 shows the vertical gradient of the magnetic field below
the center of the pole-piece. It shows that the gradient of the magnetic field with the iron
yoke is twice as high as the gradient of the magnetic field without an iron yoke.

The magnetic flux density in the air-gap of the levitation stage while electromagnets
are equally loaded with one Ampere current is shown in figure 2.8. On planes that are
close to the pole-piece, the Bmax point is not unique. The stable levitation of a single
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Figure 2.6: Demonstration of the qualitative performance of pole-piece and iron yoke [113]

magnetized object on these planes is not achievable. On planes that are relatively far from
the pole-piece, only one Bmax point exists. The stable levitation of a single magnetized
object on these planes is achievable. The workspace of the developed magnetic levitation
system is 65mm-95mm below the pole-piece. In this section, the gradient of the magnetic
field is linear with respect to the distance from the pole-piece.
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(a)

(b)

Figure 2.7: Vertical gradient of the magnetic field with and without iron yoke

2.4 Peripheral Equipment

The levitation can’t be fulfilled by using only a MDU and a magnetized robot. Other
peripheral equipment is necessary for stable levitation. Figure 2.5 indicates that the mag-
netic levitation system has a dSPACE controller, Laser-sensor position-detection system,
current amplifier, and a communication computer.

The dSPACE real-time controller functions as the central control unit of the whole
system. It has ControlDesk as a user interface, and is able to be programmed directly
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Figure 2.8: Qualitative analysis of the magnetic field in the workspace [113]

in Simulink software environment. The main board of the dSPACE controller is DS-1006
which has a quad-core AMD 2.2GHz Opteron processor. The main board is connected
to a DS-2004 A/D board and a DS-2103 D/A board by Bus cable. The DS-2004 A/D
board has 16 input channels, 16 bit resolution, and ±5V or ±10V input voltage range.
The DS-2103 D/A board has 32 input channels, 14 bit resolution, and ±5V or ±10V
output voltage range. The amplifier is combined with two Sorensen DCS40-30E DC power
supplies are driven by the D/A board through an interface and output current to power
the electromagnetic coils. The computer used for human-machine interface has a Intel
Pentium D 3.20GHz CPU and 2.00GB of RAM. Windows XP professional Service Pack 3
operating system is installed on the computer.

The laser sensors used for detecting levitating robot position are LS-5041 purchased
from the company KEYENCE. Three sets of laser sensors, installed surrounding the work-
ing space, are used to measure the three dimensional position of the levitating robot (see
figure 2.9). The laser sensor has 1200 Hz scanning rate, ±10V analogue output range, and
0.2 mm-40 mm measurement range. The maximum resolution of position measurement
depends on the size of the object that is measured (see figure 2.10)
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Figure 2.9: Laser sensor setup for measuring the 3D position of levitating robot

Figure 2.10: Accuracy mapping of the Laser sensor

2.5 Modeling of Magnetic Field in the Working Space

The presence of the iron yoke and the pole-piece make the process of finding the closed form
of the magnetic field model in the working space of the levitating robot very challenging.
The asymmetry in the geometry of the MDU simply produce an asymmetrical magnetic
field. In addition, magnetizing the ferromagnetic materials brings high nonlinearity to the
system. Therefore, in this thesis, the experimental method is used to find the magnetic field
model in the working space. The experimental data driven method is then used to design
the controller for position control. According to equations (2.18), (2.19), and (2.20), the
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magnetic force on a magnetized object is determined by the z-component of the magnetic
field produced by the MDU, so the z-component Bz of the magnetic flux density in the
working space is measured.

Figure 2.11: Experimental setup for magnetic field measurement in the workspace

The system setup for measuring the magnetic field in the workspace is presented in
figure 2.11. During the magnetic field measurement, a LakeShore 421 Gauss meter was
used. The Gaussmeter probe (a Hall-effect sensor installed at the head of the probe), held
by an EPSON SCARA robot, was moved in the working space to detect the field. The
measurement range is 0-200 mm from the center of the pole-piece in the vertical direction
with a moving step of 10 mm. The measurement range is 50×50 mm2 in horizontal planes
with a total number of 4 planes which locate at 55mm, 65mm, 75mm, and 85mm below the
pole-piece. The probe was moved at 10 mm steps during the measurement, which means
that there are 121 measurement points in each horizontal plane.

In figure 2.5, the configuration of electromagnets is shown. Six pairs of iron-core coils
are evenly distributed on a disc shape iron pole-piece. In the installation, coil 2 and 5 are
installed along the y-axis. Coils 3, 4 and coils 1, 6 are symmetrically installed with respect
to the y-z plane. The iron yoke is located in the positive direction of the y-axis, and close
to coils 4, 5, and 6. The iron yoke has the effect of moving the minimum magnetic potential
energy point towards the iron yoke in a horizontal plane. Figure 2.12 is the z component of
magnetic flux density measured by a gauss meter at 75 mm below the pole piece while coil
1 is powered with 1A dc. From the projection plot in figure 2.13, it can be concluded that
the z component magnetic field along the x-axis has a parabolic shape, which means that
the field can be represented by a second order polynomial. At a specific y-axis position y0,
the z component magnetic field of coil 1 is:
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Figure 2.12: The z-component of magnetic flux density at z=75 mm below the pole piece
while coil 1 is powered with 1A dc current

Bz1 =
(
a1xx

2 + b1xx+ c1x
)
I1 (2.25)

where [ax, bx, cx] can be determined based on the experimental data. The coefficient ax
can be treated as constant in a horizontal plane, but will change linearly with respect to
the location in vertical direction. The coefficients bx and cx are second order polynomial in
y axis of a horizontal plane. The coefficients of bx and cx polynomial also change linearly
with respect to the vertical location.

a1x = aaz1z + baz1 (2.26)

b1x = (abaz1z + bbaz1)y
2 + (abbz1z + bbbz1)y + (abcz1z + bbcz1) (2.27)

c1x = (acaz1z + bcaz1)y
2 + (acbz1z + bcbz1)y + (accz1z

2 + bccz1z + cccz1) (2.28)

According to figure 2.14 and figure 2.15, the magnetic fields produced by coils 2 and 5
are symmetric about the y-z plane. So, in the second order polynomial model of coil 2 and
5, b2x = 0, b5x = 0. Similar to Bz1, the field representation of coil 2 is:

Bz2 =
(
a2xx

2 + c2x
)
I2 (2.29)
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Figure 2.13: Magnetic flux density Bz at z = 55mm, z = 65mm, z = 75mm, and z = 85mm
below the pole-piece while coil 1 is powered with 1A current

where
a2x = aaz2z + baz2 (2.30)

c2x = (acaz2z + bcaz2)y
2 + (acbz2z + bcbz2)y + (accz2z

2 + bccz2z + cccz2) (2.31)

Since coils 3 and 1 are symmetric about y-z plane, the coefficients of the magnetic field
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Figure 2.14: Magnetic flux density Bz at z = 55mm, z = 65mm, z = 75mm, and z = 85mm
below the pole-piece while coil 2 is powered with 1A current

model for coil 3 are: a3x = a1x, b3x = −b1x, and c3x = c1x.

Although coils 1,3 and coils 4, 6 are geometrically symmetric about the x-z plane,
the existence of the iron yoke in the y-axis make the field asymmetric in the y-direction.
Therefore, the field produced by coils 4, 5, and 6 needs to be modeled separately. The
magnetic field of coil 4 is shown in figure 2.16. Similar to the modeling of coil magnetic
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Figure 2.15: Magnetic flux density Bz at z = 55mm, z = 65mm, z = 75mm, and z = 85mm
below the pole-piece while coil 5 is powered with 1A current

field, the magnetic field of coil 4 can be modeled as:

Bz4 =
(
a4xx

2 + b4xx+ c4x
)
I4 (2.32)

a4x = aaz4z + baz4 (2.33)

b4x = (abaz4z + bbaz4)y
2 + (abbz4z + bbbz4)y + (abcz4z + bbcz4) (2.34)
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Figure 2.16: Magnetic flux density Bz at z = 55mm, z = 65mm, z = 75mm, and z = 85mm
below the pole-piece while coil 4 is powered with 1A current

c4x = (acaz4z + bcaz4)y
2 + (acbz4z + bcbz4)y + (accz4z

2 + bccz4z + cccz4) (2.35)

Coefficients of the magnetic field model of coil 6 can be obtained in the same way as
coil 3. We have a6x = a4x, b6x = −b4x, and c6x = c4x. The model format of the coil 5 field
is the same as coil 2. However, the iron yoke effect makes it necessary to model separately
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a b

Figure 2.17: Magnetic flux density Bz using fitting model and experimental method when
coil 1 and 2 are powered with 1A dc current a) experimental measurement Bz, b) Analytical
modeling Bz

the magnetic field of coils 2 and 5.

Bz5 =
(
a5xx

2 + c5x
)
I5 (2.36)

where
a5x = aaz5z + baz5 (2.37)

c5x = (acaz5z + bcaz5)y
2 + (acbz5z + bcbz5)y + (accz5z

2 + bccz5z + cccz5) (2.38)

In the working space of the levitation robot, the total magnetic field is the summation
of the magnetic field produced by each coil. According to the Biot-Savart law, the magnetic
field produced by coils is proportional to the current in the coils, so the magnetic field can
be modeled as:

Bz =
6∑
i=1

Bzi =
(
a1xx

2 + b1xx+ c1x
)
I1 +

(
a2xx

2 + c2x
)
I2

+
(
a1xx

2 − b1xx+ c1x
)
I3 +

(
a4xx

2 + b4xx+ c4x
)
I4

+
(
a5xx

2 + c5x
)
I5 +

(
a4xx

2 − b4xx+ c4x
)
I6 (2.39)
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Figure 2.18: Modeling error of Bz at z=75mm

where I1,2,...,6 are the currents in coils 1 to 6. The fitting model is validated experimentally
when coil 1 and 2 are powered by 1A current at z = 75mm . The magnetic flux density Bz

using the fitting model as well as measurement are shown in figure 2.17. The modeling error
while coil 1 and 2 are powered is shown in figure 2.18. From the error surface plot, it shows
that the fitting model is acceptable with modeling error less than 4% of the maximum
1.65mT magnetic flux density. Specifically, at the center of the working area, the modeling
error indicates favorable accuracy.

2.6 Dynamics of Magnetic Levitation

The dynamics of the levitating magnetized object in the working volume can be analyzed
using Newton’s law. In the Cartesian coordinate system, the dynamics of the object in
three directions are:

mẍ = Fx (2.40)

mÿ = Fy (2.41)

mz̈ = mg − Fz (2.42)
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According to equation 2.18, 2.19, and 2.20, the force on a magnetized object in the
working volume of the system is proportional to the gradient of z-component of the mag-
netic field where the robot stays. Using equation 2.39, the gradient of magnetic field in x
and y directions is:

∂Bz

∂x
= (2xa1x + b1x) I1 + 2xa2xI2 + (2xa1x − b1x) I3

+ (2xa4x + b4x) I4 + 2xa5xI5 + (2xa4x − b4x) I6 (2.43)

∂Bz

∂y
= [2xy (abaz1z + bbaz1) + x (abbz1z + bbbz1) + 2y (acaz1z + bcaz1) + acbz1z + bcbz1] I1

+ [2y (acaz2z + bcaz2) + acbz2z + bcbz2] I2

+ [−2xy (abaz1z + bbaz1)− x (abbz1z + bbbz1) + 2y (acaz1z + bcaz1) + acbz1z + bcbz1] I3

+ [2xy (abaz4z + bbaz4) + x (abbz4z + bbbz4) + 2y (acaz4z + bcaz4) + acbz4z + bcbz1] I4

+ [2y (acaz5z + bcaz5) + acbz5z + bcbz5] I5

+ [−2xy (abaz4z + bbaz4)− x (abbz4z + bbbz4) + 2y (acaz4z + bcaz4) + acbz4z + bcbz4] I6
(2.44)

∂Bz

∂z
= (accz1z + bccz1) I1 + (accz2z + bccz2) I2 + (accz1z + bccz1) I3

+ (accz4z + bccz4) I4 + (accz5z + bccz5) I5 + (accz4z + bccz4) I6 (2.45)

From equation 2.43 and 2.44, we notice the nonlinear properties of the gradients, i.e., the
coupling between position and currents in coils. The working area of the levitation is very
small compared to the measurement space. Therefore, the model is linearized at the center
(0, 0, z0, I0) of the magnetized object’s working volume using Taylor’s series as:

∂Bz

∂x
=2xI0 [2 (aaz1z0 + baz1) + (aaz2z0 + baz2) + 2 (aaz4z0 + baz4) + (aaz5z0 + baz5)]

+ (abcz1z0 + bbcz1) (i1 − i3) + (abcz4z0 + bbcz4) (i4 − i6) (2.46)

∂Bz

∂y
= [2 (acbz1z0 + bcbz1) + 2 (acbz4z0 + bcbz4) + (acbz2z0 + bcbz2) + (acbz5z0 + bcbz5)] I0

+ 2yI0 [(2acaz1 + acaz2 + 2acaz4 + acaz5) z0 + (2bcaz1 + bcaz2 + 2bcaz4 + bcaz5)]

+ (acbz1z0 + bcbz1) i1 + (acbz2z0 + bcbz2) i2 + (acbz1z0 + bcbz1) i3

+ (acbz4z0 + bcbz4) i4 + (acbz5z0 + bcbz5) i5 + (acbz4z0 + bcbz4) i6 (2.47)
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a b

c d

Figure 2.19: Coefficients of fitting model a) c1x for fitting the z-component magnetic flux
density while only coil 1 is supplied with 1A current, b) c2x for fitting the z+-component
magnetic flux density while coil 2 is supplied with 1A current, c) acbz1z + bcbz1 in equation
2.47, d) acbz2z + bcbz2 in equation 2.47

∂Bz

∂z
= (azzz + bzz) I0 + azzI0 (z − z0) + (azzz0 + bzz) (ii + i2 + i3 + i4 + i5 + i6) (2.48)

where ac, bc are simplified coefficients.

Theoretically, it is reasonable to consider acbz1z0 + bcbz1 = − (acbz4z0 + bcbz4), and
acbz2z0 + bcbz2 = − (acbz5z0 + bcbz5), since the geometric symmetric of coils 1, 2, 3 and
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coils 4, 5, 6 with respect to x-z plane. From figure 2.19, it shows that acbz2z0 + bcbz2 ≈
2 (acbz1z0 + bcbz1). Also abcz1z0 + bbcz1 can be considered the same as abcz4z0 + bbcz4 Then
we can get models by simplifying equations 2.46 and 2.47:

∂Bz

∂x
=2xI0 (axzz0 + bxz) + (axziz0 + bxzi) (i1 − i3 + i4 − i6) (2.49)

∂Bz

∂y
=2yI0 (ayzz0 + byz)

+ (ayzi1z0 + byzi1) (i1 + 2i2 + i3 − i4 − 2i5 − i6) (2.50)

Substituting equations 2.49, 2.50, and 2.48 into equations 2.40, 2.41, and 2.42, the following
second order dynamic models of the levitating magnetized object are given as:

mẍ =P2xI0 (axzz0 + bxz)

+ (axzi1z0 + bxzi1) (i1 − i3 + i4 − i6) (2.51)

mÿ =P2yI0 (ayzz0 + byz)

+ (ayzi1z0 + byzi1) (i1 + 2i2 + i3 − i4 − 2i5 − i6) (2.52)

mz̈ = −azzI0 (z − z0)− (azzz0 + bzz) (ii + i2 + i3 + i4 + i5 + i6) (2.53)

where P = MV is the total magnetization of the magnetized object integrated over its
volume V .

2.7 Control of 3D Free Levitation

In this section, the method of controlling the levitation of a magnetized object in three
directions is presented. Equation 2.42 indicates that the levitation in the vertical direction
is internally unstable due to the presence of the gravity force. Therefore, feedback control
is necessary for stable levitation. In this section, a combination of a feed-forward and
a PID controller is studied. In free and stable levitation, there are gravity and magnetic
forces on the robot. The magnetic force in the z-direction balances the gravity force. In the
horizontal directions, there is no external force other than magnetic force. It is internally
stable in the horizontal directions if the levitated robot stays at the minimum potential
point.
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Figure 2.20: Schematic of control system

The control system is shown in figure 2.20. In this magnetic levitation system, the
inputs to the levitation plant are currents in six-pair of coils. The feed-forward loop
of the controller calculates the steady state current I0 in all coils at specific levitation
distances from the pole piece. From equation 2.42, the following expression is given while
the levitation is stable:

mg = (azcz0 + bzc) I0 (2.54)

which then gives the feed-forward current:

I0 =
mg

azcz0 + bzc
(2.55)

The control system schematic shows that the inputs to the plant are six different cur-
rents in six-pair of coils. However, there are only three outputs from the PID controller.
Each PID output corresponds to one axis in the Cartesian coordinate system. The PID
controller will adjust the currents in all coils. The parameters of the PID controller can
be obtained by pole-placement or trial and error. From equations 2.40, 2.41, and 2.42, the
following principle can be obtained:

uxuy
uz

 =

1 0 −1 1 0 −1
1 2 1 −1 −2 −1
1 1 1 1 1 1


︸ ︷︷ ︸

A


i1
i2
i3
i4
i5
i6

 (2.56)

The matrix A is not square. Its inverse matrix can not be calculated in a regular way.
The pseudo-inverse method, which minimizes linear squared error, is applied in calculating
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the conversion matrix to allocate the output of the PID controller into the input of each
coils current. The conversion matrix using pseudo-inverse matrix is shown below:


i1
i2
i3
i4
i5
i6

 =


0.25 0.0833 0.1667

0 0.1667 0.1667
−0.25 0.0833 0.1667
0.25 −0.0833 0.1667

0 −0.1667 0.1667
−0.25 −0.0833 0.1667


︸ ︷︷ ︸

Conv

uxuy
uz

 (2.57)

The controller is implemented in the magnetic levitation system to realize the naviga-
tion of a small cylindrical permanent magnet in free space. The small permanent magnet
has a 5mm diameter and a 5mm height. The remnant magnetic flux density Br of the
permanent magnet is 1.3T . Since the diameter of the permanent magnet limits its hor-
izontal translation range to

[
−5 5

]
mm , a special levitation robot was designed. The

configuration of the robot is shown in figure 2.21. The new design of the robot extends the
horizontal translation range to

[
−10 10

]
mm.

Figure 2.21: The new robot extends the horizontal translation range

The experimental results are shown in Figure 2.22. Experimental results show that
the proposed controller works well in the working area. However, a cross-coupling effect
also exists among the three axial motions. Specifically, the motion of the robot in the
y-direction, which is the axis where the yoke is installed, affects the stability in the other

43



Table 2.1: Parameters of PID controllers

Controller Kp KI KD
PID-x 1000 1500 0.1
PID-y 1000 1500 0.1
PID-z 450 2000 30

Table 2.2: Performance of PID controller

Parameter Vertical Horizontal
Rising Time [second] 0.055 2.55
Settling Time [second] 1.5 1.9
Overshoot [ %] 35 0
Undershoot [%] 10 0

two directions. To solve this problem an LQG controller can be applied. Moein in [72] has
already studied the use of an LQG controller to reduce the effect of cross-coupling. The
PID parameters for three dimensional levitation are show in Table 2.1. Performance of the
PID controller is shown in Table 2.2
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Figure 2.22: Three dimensional navigation of a small permanent magnet in free levitation
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Chapter 3

Dual-axial Off-board Force on a
Magnetized Object

This chapter introduces the principle and mechanism of determining the dual-axial contact
force on a magnetically navigated microrobot (MNM) by measuring the magnetic flux
density passing through the workspace using Hall-effect sensors. The MNM studied in
this chapter is the same as the MNM described in the contribution clarification section
in chapter 1. Due to the tiny size of the MNM and the remote manipulation property of
levitation, it is very difficult to install an onboard sensor to measure the contact force on
the microrobot. In addition, it is not energy efficient to levitate an extra mass. Therefore,
an off-board force determination mechanism is proposed. By introducing the off-board
force determination mechanism, we are able to calculate the contact force while the MNM
is in contact with its environment. This in turn would help maintain a stable levitation
and compliant touch. In the proposed method, no force sensor is directly attached to the
microrobot. Its cost is extremely low. Here, the force mode in both x and y directions are
analyzed and validated on a horizontal levitation plane. Due to the low sensitivity of the
Hall-effect sensors and the inherent instability of levitation in the z-direction, which requires
the dynamic information of the MNM, the magnetic flux measurement method cannot be
used in z-direction navigation of the MNM. Therefore, the off-board force determination
mechanism does not apply to the z-direction.
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3.1 Dual-axial Motion Control Using Hall-effect Sen-

sors

In this section, the technique of navigating the MNM using the magnetic flux measurement
is firstly used to navigate a small permanent magnet in an optical beam block environment.

Stabilizing the inherent unstable dynamic of an MNM is one of the most important is-
sues in the development of a magnetic levitation system. This can be achieved by regulating
the current in the electromagnets based on position of the MNM or the electromagnets
current feedback. Precision laser sensors are generally used for providing the position feed-
back of the MNM to the control system as an outer loop strategy. However, for a lower
precision motion control a regulation of the electromagnets coil current can be used. To
provide more robust position control both optical and current feedback can simultaneously
be used as cascade control systems [98]. The optical-based device such as laser sensors or
camera could provide sub-micron precision; however, they have limitation for operation in
a non-transparent environment. For non-transparent working conditions, x-ray or ultra-
sound devices can be applied for the MNM navigation [13] [36]. The complexities, device
cost, and environment restrictions (x-rays will be harmful to living cells and ultrasound
penetration is environmentally depended) also limit the application of these devices for a
redundant position determination system. The dynamics of the MNM can be controlled
with an open loop strategy in a very limited workspace with low precision where there is the
limitation of accurate position feedback such as optical blockage. However, the open-loop
system is not appropriate for levitation systems with a huge number of electromagnets,
since the magnetic field change is required to be modeled with change of current in each
electromagnet.

To address the limitation of the optical blockage, use of magnetic flux measurement
has a great deal of promise in determining the position of the MNM. Hall-effect sensors are
generally used for magnetic flux measurement. So based on a measured magnetic flux, the
location of a magnetized object can generally be determined. Additionally, the cost of a
Hall-effect sensor is insignificant relative to a laser sensor, which decreases the implemen-
tation cost. Several studies were conducted on position measurement by means of using
Hall-effect sensors to measure the magnetic field for the purpose of position determination.
Such research includes: motor rotor angle estimation with hall sensors [7], two-dimensional
position measurement of a moving magnet based on the direction of the magnetic field of
the moving magnet [87], and 3-D rotor position prediction using three pairs of hall sen-
sors for a magnetic bearing [108]. All of the listed applications used Hall-effect sensors
to directly measure the field of a magnetized object in a small working air-gap between
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the Hall-effect sensor and the object. For a magnetic actuation system with large air-gaps
such as ours which is greater than 65 mm, it is very challenging to directly determine the
location of the levitating magnetized object by measuring the magnetic field of the object.
Particularly, the changing of the magnetic field of a small magnetized object is very diffi-
cult detect with a low sensitivity Hall-effect sensor at a distance greater than 65 mm. To
solve this problem, Moein et al. in[74] proposed using the measured source magnetic field
pattern in the working space to determine only the 1-D position of a small magnetized
object.

This chapter is progress the study in [74], and a novel contribution is reported for
determining the 2-D position of an MNM using the source magnetic field pattern in the
working space [112]. In [74], a single-axis position determination mechanism has been
reported. However, the complexity arises with the cross-coupling effect presents in a 2-D
magnetic guided motion. A polynomial relation between the magnetic field pattern and
the MNMs location was developed to reduce this effect. The order of the polynomial model
was identified using the cross-validation method in the sense of minimum RMSE between
the reference positions and the actual positions of the MNM. Moreover, a combined optical-
magnetic position determination methodology is reported as another aspect of the novelty
of this work in comparison with the previous study in [74].

3.1.1 Principle of Hall-effect Sensor Position Determination

In free levitation, the MNM stayed at the minimum potential energy point, which is the
Bmax point in the horizontal plane containing the MNM [75]. The lateral motion of the
MNM was achieved by controlling the location of the Bmax point horizontally in the working
area. In this section, two examples are presented to show the concept of moving a single
Bmax point in 1-D and 2-D situations.

Figure 3.1 is an example of moving a single Bmax in one direction. In this example, two
electromagnets (N=840 turns) were connected by a soft iron pole-piece to produce a single
Bmax point at 78 mm below the pole-piece. In figure 3.1a, the currents in both coils were
the same, so the Bmax point stayed in the center between the two coils. In figure 3.1b, the
currents in the two coils were different. The Bmax point moved toward coil 1 which had
more current. This example shows that by changing the current ratio in the two coils, the
location of the Bmax point could be changed. Similarly, 2-D motion of a single Bmax point in
a horizontal plane was achieved by tuning the currents in planar distributed electromagnets
(N=840 turns). This was demonstrated by simulating the magnetic drive unit in the
COMSOL Multiphysics software environment. The horizontal plane in consideration was
located at z= 78 mm below the pole-piece. In figure 3.2a, all six coils were powered equally
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Figure 3.1: Changing the 1-D position of Bmax point at 78 mm below the electromagnets:
(a) the Bmax was located in the center when the two coils were equally loaded, (b) the
Bmax point moved toward the coil that had more current[112]

with 1A dc current, so the Bmax point was located at the center of the working space. In
figure 3.2b, the location of Bmax was changed to the third quadrant of the coordinate
system by increasing the current in coils 2, 3, and 4 (figure 2.5), and decreasing the current
in coils 1, 5, and 6 while keeping the total current

∑6
i=1 Ii the same as in figure 3.2a.

Therefore, the location of Bmax is related to the distribution of the magnetic field
produced by electromagnets. If the magnetic field could be measured, the location of Bmax

in the horizontal plane could be determined,which in turn determined the location of the
MNM.

3.1.2 Installation of Hall-effect Sensors

The installation of Hall-effect sensors plays a key role in the position determination tech-
nique. Figure 3.3 shows three different configurations of sensor installation (Inner, Mid,
and Outer) where the distances between two Hall-effect sensors are 40 mm, 88 mm, and 120
mm, respectively. These three configurations were taken into consideration to optimize the
performance of position estimation. The experimental results shown in figure 3.4 indicate
that linear function can be fitted with Inner and Outer installation strategy, and third
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(a) (b)

Figure 3.2: Changing the 2-D position of Bmax point. This is the simulation result of the
magnetic field at 78 mm below the pole-piece with different current ratio in electromagnets,
but

∑6
i=1 Ii was kept as constant: (a) I1 = I2 = I3 = I4 = I5 = I6, Bmax was located at

the center of the work area; (b) 2I1 = 2I5 = 2I6 = I2 = I3 = I4, Bmax was moved to the
third quadrant[112]

order nonlinear function can be fitted with Mid installation. The results in [74] demon-
strated that the Inner installation strategy had the best performance in that it provided
minimum position estimation error.

Figure 3.3: Configuration of Hall-effect sensors[112]
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Figure 3.4: Performance of different Hall-effect sensor installation strategy [74]

Figure 3.5: Installation of Hall-effect sensors in x and y directions (bottom view)[112]

As shown in figure 3.5, four Hall-effect sensors H1, H2, H3, and H4 were directly
attached to the bottom of the pole-piece with the Inner installation strategy. H1, H2,
H3, and H4 are the names of Hall-effect sensors as shown in figure 3.5. H1 and H2 were
installed at two intersection points between the x-axis and a 40 mm diameter circle. H3
and H4 were installed at two intersection points between the y-axis and the same 40 mm
diameter circle. The center of the circle was located at the center of the pole piece.

A linear Hall-effect sensor TLE4990, manufactured by Infineon, was used in the study.
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(a) (b)

Figure 3.6: (a) amplification circuit for Hall-effect sensor, (b) linear performance of selected
Hall-effect sensor

The Hall-effect sensor had a linear working range of 13.5mT-204.5mT and 22mV/mT
sensitivity. Its output in the linear working range was 0.3V-4.5V. During operation, the
magnetic flux density leaked into the working space was 20mT-40mT, which was in the Hall-
effect sensors lower working range. An amplifying circuit shown in figure 3.6a was designed
to amplify the output of the Hall-effect sensor. The operational amplifier augments the
output of the Hall-effect sensor with an amplification coefficient of 4.55. When the output
of the Hall-effect sensor was 0.91 V, which corresponds to 70mT magnetic flux passing
through the Hall-effect sensor, the output of the circuit saturated (figure 3.6b).

3.1.3 Mapping Between Magnetic Field Measurement and the
MNM’s Position

In this part, the process of determining the Bmax point location in a horizontal plane using
magnetic field pattern measurement is explained in detail. As discussed in section 4.2.1,
the Bmax point is the position of the MNM in free levitation situation. The position of the
MNM can be measured using high resolution optical sensors, and the magnetic flux pattern
in the working space can be described using the output of Hall-effect sensors. Therefore, the
experimental method is feasible for developing a mapping model to estimate the location
of the Bmax point using the output of Hall-effect sensors and the accurate position of the
MNM.
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A laser position sensor system with 20µm resolution was used to control the motion
of the MNM when the position of the MNM was collected during the measurement. The
magnetic field pattern in the working space was described by the voltage output differential
of Hall-effect sensors in both x- and y- directions. i.e., Vdx is the output voltage differential
between H1 and H2 in the x-direction and Vdy is the output voltage differential between H3
and H4 in the y-direction. (H1, H2, H3, and H4 were defined in Section 4.2.2). During the
measurement, the MNM was moved to 121 locations (11 by 11 points with displacement
resolutions of 1 mm in both x and y directions) in a 10×10 mm2 planar working area
which located at 78 mm below the center of the pole-piece. There was one Vdx and one
Vdy measurement at each location where the MNM was levitating. Therefore, 121 Vdx and
121 Vdy values were collected to define a mapping function.The measurement results are
shown in figure 3.7. These figures indicate that the magnetic flux in the x-direction was
symmetric with respect to y-z plane. However, it was asymmetric in the y-direction. This
asymmetry was caused by the lower flux resistance of the soft iron yoke in the y-direction.
Cross-coupling effect existed between these two directions. i.e., when the MNM was moving
along the x-direction, not only the flux differential in x-direction was changed but also the
flux differential in the y-direction was changed. The cross-coupling effect was intensified
in areas that were far from the center of the working area.

The proposed mapping models are shown in equations 3.1 and 3.2. The inputs for
both models were the output voltage differentials Vdx and Vdy of the Hall-effect sensors. In
equation 3.1, the mth order polynomial of Vdx and the nth order polynomial of Vdy were
mapped into the x-direction position estimation function. In equation 3.2, the rth order
polynomial of Vdx and the sth order polynomial of Vdy were mapped into the y-direction
position estimation function.

x =

V
m
dx
...
V 0
dx


ᵀ

1×(m+1)


0 · · · · · · 0 pm0
...

. . . . . . p(m−1)1 p(m−1)0
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(a)

(b)

Figure 3.7: Surface plot of measurements: (a) flux differential in x- and y- direction vs.
x-position; (b) flux differential in x- and y-direction vs. y-position [112]

where x and y are the estimated positions using the magnetic field measurement.
V i
dx(i = 1, 2, ...n(m)) is the ith order of voltage differential in the x-direction. V j

dy(i =

1, 2, ...n(m)) is the jth order of voltage differential in the y-direction. pij, qkl are the co-
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efficients of mapping functions. For example, pij is the coefficient of the product of ith

order Vdx and jth order Vdy in the x-direction position determination function. Similarly,
qkl is the coefficient of the product of the kth order Vdx and lth order Vdy in the y-direction
position determination function. Coefficients of both mapping functions could be easily
calculated in Matlab, if the orders of the mapping models were determined.

Cross-validation was demonstrated to be an efficient method in model selection [5]. In
this study, 10-folds cross-validation method was used to select the best mapping orders.
The root mean square errors (RMSE) of position prediction models using training data
and testing data were compared to make a decision on the order of mapping model. The
results are shown in figure 3.8. Figure 3.8a is the RMSE of the x-direction mapping model.
Figure 3.8b is the RMSE of the y-direction mapping model. It can be concluded from
the cross-validation results that a fourth order polynomial model is a reasonable choice for
position determination in both x- and y-directions. The RMSE on the test data in the
y-direction stopped decreasing at fourth order polynomial model and started increasing at
fifth order. The RMSE on the test data in the x-direction did not reduce much after fourth
order and started increasing at sixth order.

3.1.4 Experimental Validation

In this section, the proposed position determination method was validated experimentally.
The proposed position determination mechanism in this paper is an open-loop strategy.
An open-loop control of the vertical direction levitation of the Maglev system is internally
unstable due to the presence of gravity. The stable levitation in this direction requires the
MNMs dynamic information which can be obtained from sensors. However, the levitation
system in this study is a large air-gap system, and the sensitivity of Hall-effect sensors
decreases drastically with distance. The Hall-effect sensors cannot detect the MNMs mag-
netic field owing to the interference of electromagnets [61], therefore, laser sensor is used for
z-axis motion control. In the future, if ultra-high sensitive Hall-effect sensors are provided
to the system, 3-D motion control can be achieved in the same way. The 2-D position
estimation method in this paper was validated in a horizontal plane at z=78 mm below
the pole-piece. Before executing experiments in the horizontal plane, the MNM should be
levitated to z=78 mm using laser sensor feedback systems.

The MNM in this study was a cylindrical PM with 10 mm diameter, and 10 mm
height. The mass of the PM was 0.01kg. The remenant magnetic flux density of the PM
is 1.3T. The schematic of the proposed control system is shown in figure 3.9. As shown
in this figure, the laser sensors for horizontal position determination were replaced with
Hall-effect sensor and position determination models.
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Figure 3.8: RMSE of x- and y-direction mapping models using 10-folds cross-validation
method: (a) RMSE in x-direction, (b) RMSE in y-direction [112]
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Figure 3.9: Schematic diagram of proposed 2-D Hall-effect sensor feedback control [112]

A PID feed-forward controller was applied to control the motion of the MNM. Mapping
models were implemented in the control system to predict the x- and y-direction position
of the MNM. The Hall-effect sensors measured the magnetic field in the working space.
The measurement was then fed to the polynomial mapping model. The mapping models
calculated the x- and y-direction position based on the measured flux differential. Then
the calculated position was fed back to the controller to form a closed loop position con-
troller. Sampling rate of the control system was 0.001s. The PID parameters used in the
experiment are shown in Table 3.1.

Table 3.1: PID Parameters used in the experiment

Controller x-axis y-axis z-axis
KP 200 200 85
KI 300 300 100
KD 1 1 6000

The performance of selected fourth-order models in each axis were validated experi-
mentally by moving the robot by steps in two axial directions: 1) moving the robot by 1
mm step in the x-direction from -5 mm to +5 mm, while keeping y at a constant position
0 mm; 2) moving the robot by a 1 mm step along the y-direction from -4 mm to +4 mm,
while keeping x at a constant position 0 mm. The experiment results are shown in figure
3.10.

As can be seen in figure 3.10, less vibration was observed at working points which are
close to the center of the working area. At working points far from the center, huge error
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occurred in the y-direction. The error made the levitation stopped at 4 mm from the
center. The huge error at far working points was caused mainly by the modeling error and
the low resolution of Hall-effect sensors.

Figure 3.11 shows the RMS error plots of experiments (a) and (b) shown in figure 3.10.
The RMSE was calculated at all steady levitation points in the step response experiment
shown in figure 3.10. Figure 3.11 shows that in the interval of [-4 4] mm along both x- and
y-directions the RMS error of position estimation was less than 0.4 mm. Corresponding to
the tracking experiments, large RMS error in both x- and y-directions occurred at operating
points far from the center.

One important application of the proposed position determination mechanism is restor-
ing the navigation of the MNM in cases when the laser beam is blocked by environments.
The high-accuracy laser beam position measurement system is used when there is no laser
beam blockage.

In another experiment, the proof-of-concept of switching the laser sensor based nav-
igating mechanism to the magnetic flux based navigation method was evaluated. The
configuration of the laser sensor system of the maglev system is shown in figure 3.12. The
laser sensors system is composed of three pairs of laser sensors L1, L2, and L3. L3 mea-
sures the z-direction position. L1 and L2 are used to measure the horizontal position of
the MNM. xp− yp is the laser sensor coordinate. xm− ym is the MNM coordinate system.
The position of the MNM in the xm − ym plane is determined by the outputs of both L1
and L2 using the following expressions:{

xm = sinπ
4
(xp − yp)

ym = −sinπ
4
(xp + yp)

(3.3)

{
xp = 2VL1 − 6

yp = 2VL2 − 6
(3.4)

where VL1 and VL2 are the output voltages of L1 and L2.

In this experiment, the MNM was navigated along the ym axis, and was kept at xm=0
mm in the xm axis, and at z=78 mm in the zm axis. The position of the MNM can be
measured by the laser sensor at the positive ym axis. However, the magnetic flux position
determination method was switched on when the MNM was moved to the negative ym axis
since the laser beam of L2 was blocked by the environment near the ym=0 mm location.

The experimental result is shown in figure 3.13. From start to 100 seconds, the MNM
was navigated in the negative ym axis (from 0 mm to -3 mm). The magnetic flux position
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(a)

(b)

Figure 3.10: Tracking control using magnetic field measurement based position determi-
nation method: (a) The MNM was moved along the x axis, while keeping y at 0; (b) The
MNM was moved along the y axis, while keeping x at 0 [112]

mechanism was switched on in this time period. After 100 seconds, the MNM was navigated
in the positive ym axis by laser sensors (from 0 mm to +3 mm). The position determination
mechanisms were switched automatically by detecting the output of L2. If the output of
L2 was constant, the system was switched to magnetic flux measurement method. The
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Figure 3.11: RMSE of horizontal position tracking using magnetic field measurement based
fourth order polynomial position determination model [112]

Figure 3.12: Configuration of laser sensors system[112]
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output of L2 in this experiment is shown in figure 3.14. It is shown that the output of
L2 is constant when its laser beam is blocked. Figure 3.15 shows photo shoots of the real
process of navigating the MNM with laser beam blockage.

Figure 3.13: Experiment result of navigating the MNM from ym=-3 mm to ym= +3 mm.
From start to 100 seconds, the MNM was navigated using magnetic flux feedback. From
100 seconds to the end, the MNM was navigated using laser sensor position feedback.[112]

Figure 3.14: L2 laser sensor output in the sensor switching experiment[112]
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Figure 3.15: Photo shoots of the process of navigating the MNM in y axis. a) the MNM
was located at ym= -3 mm. L2 shot no laser beam on the MNM at this position; b) the
MNM was located at ym= -1 mm. L2 shot no laser beam on the MNM at this position;
c) the MNM was located at ym= 1 mm. L2 shot laser beam on a small area of the MNM
at this position; d) the MNM was located at ym= 2 mm. At this position, L2 shot laser
beam on a larger area of the MNM.[112]

3.2 Dual-axial Off-board Force Determination Using

Magnetic Flux Measurement

3.2.1 Principle of Off-board Force Determination

In the steady state of a contact-free levitation, the levitated microrobot stays at the min-
imum magnetic potential energy point on a horizontal plane. This minimum magnetic
potential energy point is the location of Bmax Point (xmax, ymax). However, when the mi-
crorobot is in contact with its environment, the microrobot is not stabilized at the Bmax

position. In this situation, the environment exerts contact force on the microrobot. The
contact force hinders the MNM from being navigated to the Bmax point. Meanwhile, the
magnetic field produced by the magnetic drive unit exert an equal and opposite magnetic
force that tries to move the microrobot toward the Bmax point. Figure 3.16 explains the
principle of off-board force determination. First the MNM is commanded to navigate to
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the desired Bmax point. However, owing to the existence of the obstacle, the real position
of the MNM is different from the desired Bmax location. The principle is that the contact
force on the microrobot is linear to the distance between the real position of the levitated
microrobot and the location of the Bmax point.

Figure 3.16: The concept of determining dual-axial forces on the MNM in a horizontal
plane

3.2.2 Magnetic Force Modeling

Using equations 2.18, 2.19, 2.43, and 2.44, and applying simplification based on geome-
try symmetry, when the MNM is levitated at (x, y, z0) in the workspace, the horizontal
magnetic forces on the environment can be modeled as:
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Fx = P
∂Bz

∂x
|(x,y,z0)=2x [a1x(I1 + I3 + I4 + I6) + a2x(I2 + I5)]

+ y2 (abaz1z0 + bbaz1) (I1 − I3 − I4 + I6)︸ ︷︷ ︸
Cxmax

+ y (abbz1z0 + bbbz1) (I1 − I3 + I4 − I6)︸ ︷︷ ︸
0

+ (abcz1z0 + bbcz1) (I1 − I3 − I4 + I6) (3.5)

Fy = P
∂Bz

∂y
|(x,y,z0)=2xy (abaz1z0 + bbaz1) (I1 − I3 − I4 + I6)︸ ︷︷ ︸

Cxmax

+ x (abbz1z0 + bbbz1) (I1 − I3 + I4 − I6)︸ ︷︷ ︸
0

+ 2y [(acaz1z0 + bcaz1) (I1 + I3 + I4 + I6) + (acaz2z0 + bcaz2) (I2 + I5)]

+ [(acbz1z0 + bcbz1) (I1 + I3 + I4 + I6) + (acbz2z0 + bcbz2) (I2 + I5)]
(3.6)

From figure 3.16, the real position of the MNM can be expressed as (xmax + dx, ymax + dy, z0).
Substituting the new position expression into equations 3.5 and 3.6, and applying zero force
at the Bmax point, the following expressions are obtained:

Fx =2dx [a1x(I1 + I3 + I4 + I6) + a2x(I2 + I5)]

+ (2ymaxdy + dy2)ab1xCxmax (3.7)

Fy =2ab1xCxmaxymaxdx

+ 2dy [ac1x (I1 + I3 + I4 + I6) + ac2x (I2 + I5) + 2x] (3.8)

According to equations 2.51, 2.52, and 2.53, at z = z0 levitation plane, the magnetic
levitation system holds the following constraints:

I1 + I2 + I3 + I4 + I5 + I6 = C1 (3.9)
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I2 + I5 = C2 (3.10)

Then the mangetic force model can be simplified as:

Fx =2dx [a1x(C1− C2) + a2xC2] + Cx2xmaxydy

= Cx1dx+ Cx2xmaxydy (3.11)

Fy = 2dy[ac1x(C1− C2) + ac2xC2 + 2x] + Cy1xmaxymaxdx

= Cy1xmaxymaxdx+ (Cy2 + 4x)dy (3.12)

In equations 3.11 and 3.12, parameters Cx1, Cx2, Cy1, and Cy2 are constant at a specific
levitation height z0. These parameters can be identified off line by introducing a cantilever
force sensor in the experiment. The force model indicates that the magnetic force on the
robot is related to the Bmax point location, MNM real position, and their difference. As
discussed in the previous chapter, the Bmax point can be determined using the magnetic
flux based position determination method. In this levitation system setup, the real position
of the MNM is measured using high precision laser beam position sensors. In the following
section, the magnetic force models are validated experimentally.

3.2.3 Force Calibration and Experimental Validation

In order to validate the dual-axial force model proposed in the above section, two high-
accuracy laser sensors and two aluminum alloy cantilevers are used to measure the real
contact force. The mechanism of force measurement is shown in figure 3.17. In this figure,
lx and ly are laser beam sensors used to detect the deflection of the cantilever beam in the
x and y directions. dx, dy are the deflection of the cantilever.

The current facilities in the Magnetic microrobotic lab only satisfy one directional
force model validation at one time. We validate the model in y-direction. The force model
validation in the x-direction can be done in the same way. In the validation experiment,
the MNM is kept at x=0 and z= 78 mm below the pole piece. The force in x-direction
Fx = 0N and the Bmax location in x-direction is xmax = 0mm. For this working condition,
as per figure 3.4, the position determination model is simply a linear model and not a
higher order polynomial equation. New fitting data is plotted here in figure 3.18. As
shown in the linear plot, the Bmax location in the y axis can be calculated based on:
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Figure 3.17: The mechanism of magnetic force measurement in 2D situation using two sets
of laser beam deflection sensors

Figure 3.18: Linear fitting of hall-effect sensor output

ymax = aVdy + b (3.13)

Then the force model Fy is modified as:

Fy = Cy2dy (3.14)
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where dy = yr−ymax is the distance between the Bmax point and the MNM’s real position.

The experimental setup is shown in figure 3.19a. During the procedure of identifying the
force model, an Aluminum alloy 1200 cantilever was used as force sensor. The dimension
of the cantilever is 60mm× 3mm× 0.0762mm. A high accuracy laser-beam sensor is used
to measure the deflection of the cantilever at its tip.

(a) (b)

Figure 3.19: (a) Experiment setup for identifying contact force model parameter using
aluminum cantilever and (b) Principle of measuring force using a cantilever

The mathematic equation for calculating the force on a cantilever beam based on its
deflection is:

F =
3dEI

L3
(3.15)

where d is the deflection of the cantilever beam, E is the elastic modulus of aluminum
alloy 1200, I is the area moment of inertial, and L is the length. The accuracy of measuring
force using a cantilever beam depends on the accuracy of the deflection measurement
using the laser beam sensor and also depends on the accuracy of locating the deflection
measurement point on the cantilever.

In the experiment, the MNM is commanded to push the cantilever in 3 steps and
then come back to the zero position in 4 steps. The original location of the cantilever is
y = −0.3mm. So the MNM and the cantilever are already in contact with each other when
the MNM is located at y = 0mm. The deflection of the cantilever beam is d = 0.3mm
(figure 3.20). The contact force on the cantilever is plotted in figure 3.22. The accuracy of
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Figure 3.20: Deflection of cantilever in the force compare experiment

the cantilever deflection force is 5µN . Using the Hall-effect sensors output in y-direction
and equation 3.13, the ymax position is compared to the real MNM position in figure 3.21.
Combining the measured contact force using the cantilever, the calculated ymax, and the
MNM’s real position, the magnetic force is calculated using equation 3.14. The calculated
force shown in figure 3.22 has an accuracy of 2µN . The coefficient value in equation 3.14
is Cy2 = 0.1036. The accuracy of magnetic force determination using the magnetic flux
measurement can be further improved by improving the mapping between hall-effect sensor
output and measured force using the cantilever beam. For example, using a high sensitivity
Hall-effect sensor and a more accurate cantilever beam deflection model can improve the
accuracy of force determination.

The proposed force determination method is also validated in the x direction while the
levitated microrobot is kept in the y=0 line at the horizontal plane of z = 78mm. The
force measurement and the force calculation is compared in figure 3.23. The accuracy in
the x direction force is 0.54 µN .
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Figure 3.21: Bmax position using magnetic flux measurement and the real position of MNM
using laser-beam sensors

Figure 3.22: Comparison between measured force based on cantilever deflection and cal-
culated force based on distance between Bmax location and MNM real position
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Figure 3.23: Force determination model validation in the x direction[111]
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Chapter 4

Cooperative Operation using a
Magnetic Navigated Microrobot and
a Motorized Micromanipulator

4.1 Introduction

This chapter presents the cooperative manipulation using the magnetic navigated micro-
robot described in the contribution section of chapter 1. The system developed in this
chapter aims to realize a compliant and dexterous manipulation of small objects in a con-
fined space. In the current study, we used a magnetically navigated microrobot (MNM)
and a motorized micromanipulator (MM) to perform cooperative manipulation. To achieve
this goal, we need to solve the following issues: 1) measuring the contact force when the
MNM is holding the object without installing a force sensor, and 2) controlling the holding
force on the object during the manipulation.

The MNM studied in this chapter is the same as the MNM described in the contri-
bution clarification section in chapter 1. The MNM is remotely manipulated without any
mechanical connection between the end-effector and its drive unit. Therefore, it is chal-
lenging to install an on-board force sensor. The off-board force determination mechanism
presented previously is used in this chapter.

Another issue in micromanipulation using the MNM and the MM is maintaining a
proper holding force on the manipulated object. The holding force is known as the internal
force [9]. Several approaches have been proposed to address the issue for multi-manipulator
systems [50][28][35]. Fundamentally, it simultaneously controls the motion and the internal
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holding force of the manipulated object. Researchers in [40] have considered the external
contact force between the manipulated object and its environment. However, this is not
the case for the current paper, as we manipulate the object in air media (free space). A
position-based impedance controller is used in this research to regulate the contact force
between the MNM and its environment.

4.2 System Setup

Figure 4.1: Schematic of the two-manipulator cooperative manipulation system

The schematic of the cooperative manipulation system is shown in figure 4.1. The
system mainly contains three units: the executive unit, the sensory unit, and the control
unit. The executive unit in the working envelope consists of an operation platform, the
object, the MNM, and the MM. The operation platform is used for supporting small objects
which are manually placed on the platform. The MNM is levitated by the magnetic drive
unit. An aluminum end-effector collaborates with the MNM to manipulate the small
objects. The end–effector is fixed on the motion stage of the micromanipulator. The
sensory unit contains three pairs of high-resolution laser sensors for measuring the real-
time three-dimensional position of the MNM. A digital camera is used to capture the
location of the small object. Four Hall-effect sensors are installed at the bottom of the
pole-piece of the MDU to measure the magnetic flux passing through the workspace. The
control unit contains a dSPACE controller, a current amplifier, an MP-285 controller, and
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a 3.2GHz host computer. The dSPACE controller acts as a central processing unit to
firstly calculate the robots position based on position feedback from the laser sensors, and
secondly to output current commands to a current amplifier for driving the electromagnets.
The host computer is used for both real-time communication with the controller and for
monitoring the operation.

4.3 Cooperative Manipulation Controller Design
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Figure 4.2: Two-micromanipulators cooperative manipulation system. The first microma-
nipulator is the motorized MP285, the second is the MNM

Suppose that there are n position controlled manipulators rigidly holding an object
(figure 4.2). The force on the manipulated object applied by manipulators can be decom-
posed into internal grasping force FI and motion inducing force Fm [9]. The internal force
does not contribute to the motion of the manipulated object. Mathematically, the applied
force can be expressed as:

F = FI + Fm (4.1)

For rigid holding, there is no slip induced friction force. Each manipulator applies force
and torque on the object. Then the net force at the object coordinate system is:

Fo = JTo F = [JTo1J
T
o2...J

T
on]F (4.2)

where Fo = [Fox Foy Foz τox τoy τoz]
T , F = [F T

o1 F T
o2...F

T
on]T .

Foi = [fxi fyi fzi τxi τyi τzi]
T is the force and torque of the ith manipulator on the
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object at the contact point, and

JToi =

[
I3 03

roi I3

]
(4.3)

where roi is the skew symmetric matrix of vector pi from the origin of the object frame to
the contact point of the ith manipulator, and

roi =

 0 −pzi pyi
pzi 0 −pxi
−pyi pxi 0

 (4.4)

Since the internal force does not contribute to the motion of the object, the net internal
force is zero. Therefore, by combining equations 4.1 and 4.2, the motion inducing and
internal force can be obtained as:

Fm = J†To JTo F (4.5)

and
FI =

(
I − J†To JTo

)
F (4.6)

where J†To is the generalized inverse of JTo .

If two manipulators grasp the object using friction point contact, the manipulator
applies only the press force, and no moment on the manipulated object then the Jacobian
of the object is:

JTo =

[
I3 I3
ro1 ro2

]
(4.7)

The rank of the Jacobian matrix is five, which means that the rotation of manipulated
object about any axis on the line between two contact points is uncontrollable [10]. In
order to guarantee rigid holding we increase the contact area between the end-effectors of
both manipulators and the manipulated object. A palm-shaped end-effector with multi-
point contact also works for improving the manipulation stability. In this thesis, we used
surface type end-effectors and a flat surface object to guarantee rigid holding (figure 4.3).

In this research, the MP285 motorized micromanipulator has three prismatic joints. It
applies no torque to the manipulated object. The same apply to the magnetic navigated
manipulator. Therefore, the force on the object by all manipulators is F = [F T

o1 F T
o2] =

[fx1 fy1 fz1 fx2 fy2 fz2]
T . If we could assume that the contact points of the two

manipulators on the manipulated object are at the same horizontal and vertical level, then
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Figure 4.3: Two-micromanipulators holding a cubic object cooperatively. The MP285 has
a palm shape end-effector, the MNM has a needle shape end-effector

the net moment caused by force on the object is zero . Based on this assumption, the
Jacobian matrix in equation 4.7 can be reduced to:

JTo =
[
I3 I3

]
(4.8)

Using MM and the MNM, the manipulated object has three degrees of freedom in
translation if the object is not constrained by environment. A proof-of-concept study on
the translation of a small square object in the x-direction is studied in this thesis. Both
manipulators have uncoupled control over translation in three directions. Therefore, the
unique control of manipulation in the x-direction is feasible.

4.4 System Kinematics

Figure 4.4 shows the basic configuration of the cooperative manipulation system. For proof
of concept, the two-dimensional configuration of the manipulation system is presented
here. The procedure is similar in the third direction. OC − xCzC is defined as the camera
coordinate frame whose origin OC is located at the upper left corner of the image capture
plane. The x- and z-axis are in parallel with the horizontal and vertical edge of the image
plane. OL − xLzL is defined as the magnetic navigation coordinate frame, whose origin
OL is located at the center of the iron pole-piece bottom, and points in the gravity force
direction. Define OM −xMzM as the coordinate frame of the micromanipulator The origin
OM is located at the origin of the motion stage. The x- and z-axis of the three coordinate
frames are in parallel, and in the same image-capturing plane.

The relation between the magnetic navigation coordinate [xLOLzL] and the camera
coordinate [xCOCzC ], and the relation between the MM coordinate [xMOMzM ] and the
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Figure 4.4: Configuration of the cooperative manipulation system

camera coordinate are given as:

[xLzL] = [xC + xLCzC + zLC ] (4.9)

[xMzM ] = [xC − xMCzC − zMC ] (4.10)

where, xC , zC , xL, zL, xM , zM are the real position of the object, the MNM, and the end-
effector of the MM in the camera coordinate frame. xLC , zLC are the distance between
the origins of the magnetic navigation coordinate frame and the camera coordinate frame
in the x- and the z-directions. xMC , zMC are the distance between the origins of the
micromanipulator coordinate frame and the camera coordinate frame in the x- and the
z-direction.

4.5 Motion Control of Micromanipulators

In this section, the motion control mechanism of both micromanipulators are introduced.
Both micromanipulators in this research are position controlled. First, the dynamic mod-
eling and the position control of the motorized micromanipulator is presented. Secondly,
the motion control mechanism of the magnetically navigated microrobot is introduced.

4.5.1 Motorized Micromanipulator

The MP285 motorized micromanipulator is fabricated by Sutter Instrument. The micro-
manipulator system is composed of a table-box controller and a motorized motion stage.
The controller powers the stage and can exchange micromanipulator state information
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with a host computer through an RS232 communication port. The motion stage has three
degrees of freedom (x, y, and z). In each degree of freedom, the motion range is 25.4mm,
and the accuracy of motion control is 0.2µm. There are mainly two types of input to the
controller: pulse mode and analog voltage mode. The pulse mode input is supplied by
a hand-held encoder. In this thesis, the analog mode is used. With the analog mode, a
feedback controller can be implemented to control the motion of the stage. In the analog
voltage input mode, the controller accepts a 0V − 5V voltage input. The speed of the
stage is proportional to the input voltage and is limited to a maximum of 0.6mm/s in all
directions. Specifically, when the input voltage is 2.5V , the speed of the stage is zero. The
voltage-speed model is shown in Figure 4.5.

( / )v mm s

( )u V52.50

0.6

0.6-

Figure 4.5: Linear relation between voltage input and micromanipulator speed

Therefore, the micromanipulator in each degree of freedom can be simply modeled as:

y =

∫
0.24(u− 2.5)dt (4.11)

where y is the position of the micromanipulator stage in y direction, u is the voltage input
to the controller.

The MP285 micromanipulator is position controlled. Standard PID controllers are im-
plemented to control the motion in three directions. The parameters of the PID controller
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are Kp = 85, KI = 10, and KD = 0.1. The parameters of the PID controller can be tuned
using both pole-placement and trial and error methods. The micromanipulator has the
same dynamic model in all degrees of freedom, so only one PID controller is designed. It
can be implemented to control motion in the other two freedoms. The step response of
motion control in the y-direction is studied and plotted in figure 4.6.

0 20 40 60 80 100
−0.5

0

0.5

1

1.5

2

2.5

3

Time [Sec]

y 
po

si
tio

n 
[m

m
]

 

 

Reference micromanipulator y position
Real micromanipulator y position

Figure 4.6: Step response of MP285 micromanipulator stage in y direction

The step motion response of the MP285 micromanipulator shows that the system with
a PID has fast response performance, 0.8µm steady state positioning error that is very
accurate, and almost zero overshoot. The same PID controller is used in the cooperative
manipulation of a small object using the micromanipulator and the magnetic navigated
manipulator.

4.5.2 Motion Control of the Magnetically Navigated Microrobot

The dynamics of the magnetically navigated microrobot in contact with environments has
been provided in chapter 5. Please refer to equations 5.1-5.3. As presented in chapter 2
and chapter 3, the magnetically navigated microrobot studied in this chapter is position
controlled by a PID plus feed-forward controller. The MNM is capable of closely tracking
the desired motion trajectory with an accuracy of 10µm [71]. To track a force trajectory,
the desired position command to the MNM’s position controller should be obtained from
a target impedance controller that relates position error to force tracking error. The same
position-based impedance controller is presented in the following section.
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4.5.2.1 Position Based Impedance Control

In the majority of the literature, research has been conducted on force based impedance
control of manipulators by introducing an outer torque feedback loop at the joint space.
This methodology is appropriate for manipulators with torque controlled electrical actu-
ators at joints. However, most commercialized robots emphasize the accuracy of follow-
ing position trajectory, and do not provide a force control mode. Therefore, force based
impedance control was impossible with these manipulators. Alternatively, position-based
impedance control is proposed to achieve compliant interaction of position controlled ma-
nipulators [62][41]. It is a position controller with set points regulated by a force feedback
loop. The position-based impedance control is simple in that no robot dynamics are re-
quired. It only requires the controlled manipulator to have an accurate position tracking
capability.

It is assumed that the microrobot closely tracks the desired position trajectory. To track
a force trajectory, the desired position command to the manipulators position controller
should be obtained from a target impedance controller that relates position error to force
tracking error.

The generalized target impedance controller is [15][105]:

M(ÿ − ÿr) +B(ẏ − ẏr) +K(y − yr) = Kf (F − Fr) (4.12)

where M , B, K, and Kf are target impedance parameters. y, and yr represent the actual
and reference position of the MNM in the y direction. F and Fr are defined as the actual
and reference contact force. The desired position trajectory is available by solving the
target impedance model 4.12. If all the parameters M,B,K,Kf of the impedance model
4.12 are well defined, the impedance control objective can be achieved if the real position
of the MNM closely tracks the desired position xd which is determined by the following
expression:

M(ÿd − ÿr) +B(ẏd − ẏr) +K(yd − yr) = Kf (F − Fr) (4.13)

In free levitation state, the desired contact force Fr = 0, the impedance holds for
yd = yr, then the impedance is a position controller. However, the desired position yd has
to be calculated from dynamic model 4.13 in contact condition. Using a Laplace transfer
function, the desired trajectory is calculated as shown in equation 4.14. It is clear that the
free levitation state is a special situation of the contact model.

yd(s) =
Kf (F − Fr)

Ms2 +Bs+K
+ yr(s) (4.14)
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4.5.2.2 Steady state error analysis

The stability of the closed-loop system when the MNM is in contact with its envi-
ronment depends on the dynamics of the environment and the parameters of the MNM’s
impedance. The dynamics of environment in the task space can be modeled using a second
order linear equation:

Meÿ +Beẏ +Ke(y − ye) = F (4.15)

where ye is the equilibrium position of the environment in the situation of zero contact force.
Me, Be, Kr represent the inertial, damping, and stiffness of the environment respectively.

Substituting equation 4.15 into equation 4.13, the closed-loop dynamic of the impedance
control during contact manipulation is expressed as:

(M−KfMe)ÿ+(B−KfBe)ẏ+(K−KfKe)y = Mÿr+Bẏr+Kyr−Kf (Fr+Keye) (4.16)

The system is asymptotically stable if M,B,K, and −Kf are chosen as positive.

In steady state, the acceleration and speed of the MNM are zero, i.e., ÿ = 0, ẏ = 0.
The closed-loop impedance 4.16 becomes:

(K −KfKe)y = Kyr −Kf (Fr +Keye) (4.17)

According to equation 4.17 and the environment dynamic model 4.15, the steady state
position error and force error of the impedance is:

ep = (K −KfKe)
−1[KfKe(yr − ye)−KfFr] (4.18)

ef = K−1f K(K −KfKe)
−1[KfKe(yr − ye)−KfFr] = K−1f Kep (4.19)

From the steady state position and force error model, it shows that the performance
of impedance control depends on the stiffness of the environment and parameters of the
impedance model. A comprised performance between position and force can be achieved
by tuning the stiffness parameters K and Kf .

Suppose that the environment that the MNM in contact with is soft, i.e., the stiff-
ness Ke is small. If the stiffness of the desired impedance holds for K � Kf , then the
impedance emphasis is on position control. However, the force control is emphasized if
the environmental stiffness Kf is relatively large (i.e., hard contact) and the impedance
stiffness K � Kf .
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Figure 4.7: Impedance control mechanism with a PID controller

4.5.2.3 Impedance controller performance validation on the MNM

The overall position based impedance control schematic for the MNM is shown in figure
4.7

Validation experiments were conducted to show the effect of impedance parameters on
the accuracy of position and force trajectory tracking in the y direction of the coordinate
system defined in figure 2.5. In these experiments, the MNM is levitated at z = 78mm
below the pole-piece and is in contact with a cantilever beam that has a stiffness factor
of Ke = 0.106. Three experiments are conducted: 1) K = 0.106, Kf = 20, the MNM
is commanded to track a step force trajectory. The results shows that the impedance
enhances force tracking with an error of 2µN between desired and real contact force. The
position error changes under different force trajectories (figure 4.8); 2) K = 0.106, Kf =
20, the MNM is commanded to track a step position trajectory. The same as the first
experiment, the impedance enhances force tracking with an error of 5µN between desired
and real contact force (figure 4.9); 3) K = 10, Kf = 1, the MNM is commanded to track
a step position trajectory. Different from previous experiments, the impedance enhances
positioning tracking with error of 5µm between desired and real MNM position. The force
error changes with respect to different location of the MM (figure 4.10).

From the experimental results, it is concluded that a compromised performance of
positioning and force tracking is achievable by carefully tuning the stiffness factors K and
Kf . However, if the environmental stiffness factor Kf is infinite, the impedance is only
capable of maintaining force tracking. But a K that is less than Ke results in sustained
oscillation, even though the system is over damped. During the experiments, parameters
M and B are tuned to study their effect on the impedance control. Based on observation,
increasing M slows the system response, decreasing B results in oscillation. The value of
M and B used in experiments are M = 0.01 and B = 0.5. It is also noted that there is
significant over shoot on force trajectory while the system is following a position trajectory
(figure 4.9). Future work could be smoothing the over shoot to better protect the MNM
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(a) (b)

Figure 4.8: Force trajectory tracking while K = 0.106 and Kf = 20: (a) force tracking,
(b) positioning tracking

(a) (b)

Figure 4.9: Position trajectory tracking while K = 0.106 and Kf = 20: (a) force tracking,
(b) positioning tracking

and manipulated object.

During the cooperative manipulation, the manipulated object is rigidly held by the two
micromanipulators. Therefore, the reference trajectory of the MNM can be calculated from
the real time position of the tip. According to the definition of the coordinate system shown
in figure 4.4, the reference trajectory of the MNM in the levitation coordinate system is
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(a) (b)

Figure 4.10: Position trajectory tracking while K = 10 and Kf = 1: (a) force tracking, (b)
positioning tracking

expressed as: xrẋr
ẍr

 =

xM −R−Rm + xLC − xMC

ẋM
ẍM

 (4.20)

where xM , ẋM , ẍM are the real-time position, speed, and acceleration of the MM’s end-
effector in the x-direction, R is the thickness of the manipulated sphere object, and Rm is
the radius of the MNM. The reference speed and acceleration for the impedance controller
are the same as the speed and the acceleration of the MM’s end-effector. The position-
based impedance controller for the MNM is shown in figure 4.11. The feed-forward part of
the controller calculates the current I0 shown in the MNM’s dynamic model in equations
5.1-5.3.

The cooperative manipulation in this chapter is conducted in the x-direction of the
coordinate system shown in figure 2.5. Then, the desired position trajectory of the MNM
calculated from its target impedance controller is:

xd = xr +K−1d [Md(ẍr − ẍd) +Bd(ẋr − ẋd)−Kf (F − Fr)] (4.21)

where, Md, Bd, Kd, Kf are positive definite inertial, damping stiffness, and force parameters
of the target impedance model; xr and xd indicate the reference and actual trajectory of
the MNM end-effector; F is the actual contact force applied to the environment by the
MNM, and Fr is the reference contact force that the MNM tracks. In a free levitation
situation, the reference and real contact force are chosen as zero. Then the impedance
controller becomes a position controller.
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Figure 4.11: Schematic of position-based impedance control for x-direction motion of the
MNM

4.6 Cooperative Manipulation Controller Design

4.6.1 Image Processing

Computer-vision-based automotive manipulation has been widely implemented in indus-
trial and bio-engineering processes [3][18][97]. Owing to the limitation of conventional
sensors in detecting the position of a micro-object, image-based position determination is
popular in micromanipulations such as cell injection [44] and micro-chip fabrication [4]. In
cooperative manipulation, a digital camera is commonly installed to capture the position
of the object being manipulated. The captured image serves as position/force feedback for
precise operation and dynamic control.

In this research, a charge-coupled device (CCD) camera GC2450 manufactured by
Allied Vision is used to capture the 2-D position of the manipulated object and the two
end-effectors in the workspace. The image processing procedure is as follows: The camera
first captures a grayscale image of the area of interest. The obtained image is convolved
with a low pass Gaussian filter to reduce the noise, as shown in figure 4.12(a). Then the
grayscale image is converted to a binary image for reducing the processing time (figure
4.12(b)). To find the real-time location of the magnetically navigated end-effector, the
object, and the micromanipulator end-effector, the correlation-based pattern matching
method is implemented. The real time image is used to compare with target images to
find the positions of the object and micromanipulators. Figure 4.12(c) and figure 4.12(d)
show the image processing results and the target images. Since the dimension of the MNM
is very large relative to the dimension of the captured image which is 540 × 340 pixels,
tracking the motion of the entire MNM is time consuming. Therefore, we track only part of
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Figure 4.12: Processing of images captured by CCD camera, (a) source image, (b) bi-
nary image for detecting object, (c) Manipulators tracking using correlation-based pattern
matching, (d) target images of MNM and micromanipulator.

the MNM by wrapping a thin white strip on the lower part of the MNM. The edge position
of the strip is the location of the contact point between the MNM and the manipulated
object. Similarly, only part of the micromanipulator end-effector is tracked to reduce the
computation time for motion tracking.

It should be mentioned that the image processing component of the cooperative manip-
ulation system is aimed to detect the dimensions and location of the object being manip-
ulated, and to guide the two micromanipulators toward the desired pick up location with
visual feedback. Once the micromanipulator end-effectors are in contact with the object,
the position feedback obtained from the motorized motion stage encoder and laser-beam
sensors are used for navigating the two micromanipulators.

4.6.2 Manipulation Process

The manipulation of the small object in this research is conducted in the xoz plane. Before
the manipulation, calibration is executed to prevent misalignment of the MNM, the object,
and the end-effector of the MM in the y-direction of the coordinate system as shown
in figure 2.5. During the manipulation, the object to be manipulated is first manually
placed on the operation platform and in the image capture range of a CCD camera. The
manipulation procedure is then completed in two separate phases which are defined as
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the approaching phase and the translation phase. In the approaching phase, the camera
first determines the location of the object and manipulators in the workspace using image
processing algorithms. Then the MNM is levitated at a height in the z-direction such that
the z-axis position of the bright strip on the MNM is the same as the z-axis position of the
object center. The horizontal navigation command xL of the MNM is determined based
on the kinematic relation expressed in equation 4.9. For the end-effector of the MM, its
motion command xM , zM are generated based on the kinematic relation shown in equation
4.10. The translation phase starts when both micromanipulators are in contact with the
object. The translation is finished in three steps: picking up the object in the z-direction,
transporting the object in the x-direction, and releasing the object in the z-direction at
the desired location. During the translation, the reference motion trajectory in both x-
and z- directions are commanded to the motion controller of the MM. To guarantee the
success of the translation and to protect the object from being damaged, navigation of the
MNM in the x-direction is switched to force control mode, while in the z-direction, position
control mode is maintained. A desired holding force in the x-direction is pre-set, and is
sent to the force controller of the MNM as the reference holding force.

4.6.3 Control Strategy

In this study, a simple master/slave control mechanism is incorporated to complete coop-
erative manipulation tasks. The master manipulator is the MM. Its motion trajectory is
predefined according to the manipulation strategy. The slave manipulator is the MNM.
No motion command is assigned directly to the slave manipulator in the x-direction. The
motion trajectory of the MNM is calculated from a position based impedance controller.
The impedance controller maintains a desired holding force on the manipulated object
based on the measured contact force at the end-effector of the MNM.

4.6.3.1 Motion control

Both the MNM and the MM are position controlled in the three directions of the
Cartesian coordinate space. Force/torque control modes are not available at the joint
space of each manipulator. PID controllers are implemented to control the motion of both
manipulators with high accuracy in three-degrees-of-freedom.

In the approaching phase, the end-effectors of the two micromanipulators are navigated
in the x-z plane. The reference position of the micromanipulators are obtained based on
the real position of the object and are calculated using the kinematic relation expressed in
equation 4.22-4.23. In the levitation coordinate system,[

xLr
zLr

]
=

[
xC −R−Rm + xLC

zC + zLC

]
(4.22)
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In the micromanipulator coordinate system:[
xMr

zMr

]
=

[
xC +R + xMC

zC + zMC

]
(4.23)

where R is the thickness of the manipulated object. xL, zL are the reference positioning
command to the MNM in the x- and z- directions; xMr, zMr are the reference positioning
command to the motorized micromanipulator in the x- and z- directions.

In the translation phase, it is assumed that the manipulators hold the object tightly. No
slip motion occurs during the manipulation. When a hard-shell object is translated, it is
also acceptable to neglect the change of its output profile. Therefore, the motion trajectory
of the object can be mapped into the trajectory of the master micromanipulator’s end-
effector motion trajectory. For the MNM on the slave side, a position-based impedance
controller is implemented to calculate the reference motion trajectory of the PID controller
in the x-direction, while in the z-direction, a position command is directly given to the PID
controller. The control schematic of the manipulation process is shown in figure 4.13

Figure 4.13: Controller schematic for cooperative manipulation. xOr and zOr are the
reference trajectory of the object in the translation phase.

4.6.3.2 Off-board force determination with moving environment

The force determination method presented in chapter 3 is valid if and only if the MNM
is in contact with a stable environment, which means that there is only one initial contact
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point. However, in the cooperative manipulation in this research, the manipulated object is
translated in the workspace. This indicates that the location of the contact point between
the MNM and its environment (the object) is moving. Then the force model in equations
3.11 and 3.12 is not valid in the cooperative manipulation. The parameters of the magnetic
flux modeling are not repeatable at different initial contact points. This is explained in
figure 4.14.

Figure 4.14: Mechanism of magnetic force produced at different initial contact points

Based on the experimental measurement results shown in figure 4.15(a)-(c), while the
location of the environment is changing, the off-board force using Hall-effect sensors output
in the x-z plane is modeled as:

Fx = (az2 + bz + c)Vdx + (dz2 + ez + f)x+ g (4.24)

where Fx is the off-board force in the x-direction, a, b, c, d, e, f, g are constant coefficients
determined from experimental measurements. x and z are the real time position of the
MNM in the x- and z- axis of the coordinate system defined in figure 2.5. Vdx is the output
of the Hall-effect sensors, which represents the magnetic flux measurement. In order to
obtain the best coefficients, the minimum mean square error method was used in curve
fitting.
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Figure 4.15: Measured force using an Aluminum cantilever beam versus Hall-effect sensors
output at different contact point location in x-direction on different planes: (a) Measure-
ment at z = 78mm below the iron pole-piece; (b) Measurement at z = 79mm below the
iron pole-piece; (c) Measurement at z = 80mm below the iron pole-piece; (d)Force model
validation at x = 2mm on different planes. MF78 represents magnetic force at z = 78mm.
RF78 represents real force at z = 78mm

The accuracy of the force model shown in equation 4.24 was experimentally validated by
comparing the real contact force and the magnetic flux measurement-based magnetic force.
In the experiment, the real contact force between the MNM and an aluminum cantilever
beam was measured by detecting the deflection of the cantilever beam using a high-accuracy
laser beam sensor. As presented in figure 4.15(d), the magnetic flux measurement-based
force determination mechanism provides good accuracy with a maximum error of 0.02mN.
The accuracy of the off-board force determination can be improved by using high resolution
Hall-effect sensors and the high-order cantilever beam deflection model.
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4.7 Experimental Validation

Experiments were conducted to show the performance of the proposed cooperative micro-
manipulation system. The experiment setup is shown in figure 4.16. As mentioned above,
for proof of concept, the translation of small objects was conducted in two directions in the
x-z plane. For simplicity, the translation speed was set as constant 0.5mm/s during the
cooperative manipulation. The MNM in this research is an N42 permanent magnet with
1.29T remnant magnetic flux density. The dimensions of the MNM are 10mm diameter
and 10mm height. The diameter of the MM’s end-effector is 1mm. The manipulation was
conducted at y=0 plane in the magnetic levitation coordinate system. The area of the
captured image in the workspace is 30mm× 18mm. Two objects with different stiffnesses
were manipulated.

Figure 4.16: Experiment setup for cooperative micromanipulation

4.7.1 Translation of a Hard-shell Object

The first experiment aims to translate a hard-shell object from its initial position to a
desired location. The manipulation was conducted in the x-z plane of the MNM coordinate
system. The manipulation procedure presented in figure 4.17 includes (a) detecting the
position of the MNM, the MM, and the object (marked with a rectangular shape color
marker, using a CCD camera), (b) navigating the two manipulators towards the object
using the camera position feedback, and holding the object with predefined grasping force,

90



(c) picking up the object from the operation platform (the lifting height is 2mm in z-
direction), (d) translating the object in the x-direction for 2mm distance, (e) placing the
object down on the operation platform, and (f) releasing the object.

Figure 4.17: Cooperative translation of a small object in the x-z plane with position and
force control. The green rectangle marks part of the MNM. The blue rectangle marks part
of the object. The red rectangle marks part of the MM end-effector

The object being translated is a small box-shaped foam with dimensions of 8mm ×
6mm × 3mm. Its weight is 0.045g. It should be noted that the MNM was first levitated
and positioned to make sure the center of the MNM in the y-direction is lined up with
the object and the MM’s end-effector The parameters of the position-based impedance
controller gains were M = 1Ns2/m, B = 20Ns/m, Kf = 40. Different stiffnesses K of the
impedance controller were selected at different stages of the manipulation task, and can be
understood using the following analysis. Assume that the stiffness of the environment that
the MNM in contact with is Ke. Using the environment stiffness, the real contact force is
expressed as:

F = Ke(x− xe) (4.25)
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where x is the real position of the MNM, xe is the non-contact state position of the
environment, and x − xe indicates the environment deflection under the pushing force by
the MNM.

Combining the desired impedance model in equation 4.13 and 4.25, we obtain the steady
state position and force error of the impedance controller:

eP = (K −KfKe)
−1[KfKe(xr − xe)−KfFr (4.26)

ef = K−1f Kep (4.27)

where eP is the position error in navigating the MNM, and ef is the force error of the
impedance control. Equation 4.27 indicates that by choosing different force parameter Kf

and stiffness K, the impedance controller emphasizes position and force control.

In this experiment, the impedance controller was firstly setup to emphasize position
control to guarantee a tight holding of the object. The impedance stiffness K = 100N/m
was used for motion tracking. Then it was switched to K = 1.2N/m to emphasize force
tracking. The experimental results are presented in figure 4.19 and figure 4.18. Figure 4.19
shows the motion trajectory of the MNM, the MM’s end-effector, and the object in the ma-
nipulation process. The position data was collected after the manipulators approached the
object. Figure 4.19a is the motion trajectory of the MNM. From 0sec to 19sec, the MNM
was in free levitation state. After 19 seconds, the position-based impedance controller was
activated. From 19 sec to 33 sec, the impedance controller emphasized position control to
guarantee that the MNM is grasping the object. After 33 sec, the impedance controller
was switched to emphasize force control. A 0.1mN reference force was assigned for initial
force control. Once the system was stable, a 0.4mN reference holding force was assigned
at 55sec as shown in figure 4.18. When the operation time came to 105 sec, the object
was lifted up 2mm in the z-direction from the operation platform as shown in figure 4.19.
As soon as the whole system came to a steady state at 133sec, the object was translated
2mm in the x-direction. Then the object was placed on the platform at 185sec. In order to
release the object, the holding force was set to 0.1mN at 210 sec. Finally, the impedance
controller was deactivated to release the object at 225sec as shown in figure 4.18.

4.7.2 Cooperative Manipulation of Soft Object: A Demo Exper-
iment For Microinjection

The proposed cooperative micromanipulation system has potential application in the field
of microinjection as the size of the magnetically navigated microrobotics downscaled to

92



Figure 4.18: Reference holding force on the object and the real holding force obtained
using off-board force determination mechanism

micrometers. Conventionally, a microinjection system includes a cell holding equipment
and an injector. A microscope with a digital camera is used to detect the micro-injector and
the cell. The contact force between the injector and the micro object is determined using
the changing of the cell shape. This type of system is complex in the sense of developing
the holding equipment and measuring the force.

For the proposed cooperative micromanipulation system to be used in microinjection
in the future, the MNM can be used as the holding equipment, while the motorized mi-
cromanipulator can be used as the holder of the injector. In addition, the magnetic-flux-
measurement-based off-board force determination mechanism reduces the effort of force
measurement using a microscope. A demo experiment showing the concept of microinjec-
tion using the proposed system was conducted in this section.

In this experiment, a soft object that mimics a bio cell was pushed by the MNM and
a glass needle. The glass needle functioned as the injector and was held by the motorized
micromanipulator. Figure 4.20 shows the experimental setup and real time pictures of
the microinjection process. Before the microinjection, the needle first approached the cell
with the assistance of the motorized micromanipulator. Then a haptic device was used to
command the MNM to push the cell for needle insertion. There is an impedance controller
implemented to the haptic. The off-board force was fed back to the haptic device so the
operator could feel the real time pushing force. During the injection, the glass needle
stayed at the same place throughout the process.

Figure 4.21 shows the results of force measurement and the MNM position detection
in the injection demo experiment. Two continuous attempts were recorded. A maximum
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of 0.25mN was recorded in this process.

4.8 Discussion

The pushing force plot in figure 4.18 shows lots of oscillation during the manipulation.
There are two reasons for this. First, the position-based impedance controller parameters
are not well tuned for this application. Second, at each manipulation step, there is a new
position command to the controller, but the slow response of the controller takes time to
be stabilized. Therefore, an adaptive force tracking of the MNM is presented in Chapter 5
to smooth the force tracking.

Although the cooperative manipulation of small objects is achieved in this thesis, if
we want to apply the system to more general applications, there is much work left to be
done. For example, the current system setup is capable of manipulation in a 2D vertical
plane. However, the object shape is limited to regular blocks. The end-effectors is also
required to have surface contact with the manipulated object. In addition, the rotation of
the object along its vertical central axis is not controllable, which means the manipulators’
end-effector and object has to be lined up precisely before the manipulation. Therefore,
in future work, a top camera should be installed to let the system has object orientation
detection, such that the trajectories of both manipulators can be adjusted correspondingly.

As mentioned in the demo experiment section, the proposed system has potential appli-
cation in biomedical engineering. Since the current size of the MNM and MM end-effectors
are very large compare with micro scale objects, the system cannot be applied to microma-
nipulation tasks with the current setup. As part of future work, a micro scale MNM should
be designed and controlled with sub-micrometer accuracy to validate the performance in
biomedical applications.

94



(a)

(b)

(c)

Figure 4.19: Motion trajectory of the MNM, the MM end-effecter, and the object in
the x-direction and z-direction in their corresponding coordinate system. Position unit is
millimeters.
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Figure 4.20: Pictures for cell manipulation demo: (a) experiment setup that is ready for
micromanipulation; (b) the motorized micromanipulator was navigated towards the soft
object; (c) a haptic device was used to generate motion command for the MNM; (d) the
MNM was commanded to push the object for injection, contact force was measured and
was feedback to the haptic device.

Figure 4.21: Demo experiment results
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Chapter 5

Compliant Motion Control of a
Magnetically Navigated Microrobot
in Contact with Uncertain
Environments

5.1 Introduction

Force control is important to robust and dexterous manipulation when a manipulator works
in a constrained environment. Manipulators with force control capability have been imple-
mented for macro and micro manipulation tasks, such as surgical assistance [109], painting
[58], peg-in-hole operations [64], cell injection [103], and microsurgery [47]. With force
control the simultaneous protection of the manipulator and its environment is achieved.

Many researchers have studied force control of manipulators by implementing various
controller algorithms. Generally, these algorithms are categorized into hybrid position/-
force control [12][26] and impedance control [42]. Within the impedance control framework,
a desired second order model is assigned to a manipulator. The desired model enforces a
relation between the position error dynamic and the force tracking error. A steady-state
zero force error is obtainable if the reference position trajectory of the impedance con-
troller is well designed. Generally, the reference position trajectory can be designed based
on known environmental parameters, i.e., the non-touch state position and the stiffness of
the environment. However, in real applications, the environment is not known or only par-
tially known. Therefore, a perfect reference position trajectory is not always obtainable,
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leading to steady-state force tracking errors. Numerous attempts to deal with environmen-
tal uncertainty in force tracking have been reported in the literature [52][66][45]. In [53],
an adaptive impedance controller was proposed to solve the force tracking problem when
a manipulator is in contact with an unknown environment. Zero manipulator stiffness was
used to realize the steady-state zero force tracking error, while the adaptive law utilized the
force tracking error to update the impedance parameter of the desired impedance model.
Seraji [89] proposed direct and indirect adaptive impedance controllers for force tracking
in an uncertain environment. For the direct controller, a model reference adaptive control
law was applied to update the reference trajectory of the impedance controller. For the
indirect controller, the reference motion trajectory was calculated after estimating the en-
vironment stiffness and position, both updated based on force tracking error. Advanced
control methods, such as neural networks, were also applied to improve the force tracking
performance of manipulators in an uncertain environment [100], but this type of controller
requires a huge amount of training data, which is not always easy to collect. The research
in the literature was conducted only on manipulators that had a mechanical joint. The
adaptive force tracking issue has not been studied for magnetically navigated manipulators.

Magnetically navigated microrobotics is an emerging technique that uses magnetic en-
ergy to remotely guide a microrobot. Thanks to its dust-free and non contact manipulation
features, the magnetically navigated microrobot has a promising potential in biomedical
applications, such as invasive microsurgery and drug delivery. Several magnetic naviga-
tion prototypes have been developed for future implementation in biomedical applications
[54][27][59][67][36]. However, the published research concentrates merely on the precise
positioning of magnetically navigated microrobots. The contact force on the microrobot
was not considered, which would result in failure of levitation or damage to the structures
that the microrobot works with.

In this chapter, a position-based impedance control mechanism is implemented to
achieve the active tracking of a reference force when a magnetically navigated microrobot
is in contact with its environment. Since the active force regulation requires force feed-
back from a force sensor, the dual-axial off-board force determination method presented in
chapter 3 is implemented to overcome the common limitation of installing a force sensor
on a tiny levitated microrobot [71]. In addition, the force tracking problem is solved by
adopting an adaptive law that ensures asymptotic stability. The reference position tra-
jectory is calculated from the estimated stiffness and the position of the contact surface.
The experimental results are presented to show the adaptive force tracking performance
of the levitated microrobot. The technique proposed has great potential for application in
biomedical microsurgery.

In order to have a better understanding of the research in this chapter, please refer to
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chapter 2 for the magnetic levitation system description, and find the principle of magnetic
levitation.

5.2 Dynamics of the Magnetically Navigated Micro-

robot in Contact with Environments

Based on the magnetic levitation system dynamic modeling presented in chapter 2 and our
previous study in [71], the dynamics of a magnetically navigated object in three dimensional
directions are expressed as:

mẍ =3xI0 (ax + ay)

+ bx (i1 − i3 + i4 − i6) + Fex (5.1)

mÿ =3yI0 (ax + ay) (ayzz0 + byz)

+ by (i1 + 2i2 + i3 − i4 − 2i5 − i6) + Fey (5.2)

mz̈ = azI0z + (azz0 + bz) (ii + i2 + i3 + i4 + i5 + i6) + Fez (5.3)

where m is the mass of the microrobot, and x, y and z are real three dimensional posi-
tions of the microrobot in the workspace. I0 is the current in all electromagnets while the
microrobot is levitated at the center of the workspace. The parameters ax, ay, az, bx, by, bz
are evaluated from experimental measurements. While ij(j = 1, ...6) are the perturbed
current of the jth electromagnet shown in Fig. 1. Fex, Fey, Fez are the three-dimensional
contact forces exerted by the environment. Since designing a controller that has six out-
puts is much more complex than a controller with only three outputs, three virtual inputs
ux, uy, uz are assigned for three dimensional translational motion control of a feed-forward
plus a proportional-integral-derivative (PID) controller. The feed-forward controller pro-
vides the fundamental levitation current, while the PID controller regulates the perturba-
tion caused by disturbance. The transformation from three virtual inputs to six current
inputs using pseudo-inverse guarantees the least energy consumption. The position con-
troller schematic is shown in figure 5.1. The motion controller provides 10µm positioning
accuracy.

5.3 Adaptive Force Tracking Control of the MNM in

Uncertain Environment

The generalized target impedance controller is rewritten as:

M(Ÿr − Ÿd) +B(Ẏr − Ẏd) +K(Yr − yd) = Kf (F − Fr) (5.4)
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Figure 5.1: PID plus feed-forward motion tracking controller for the magnetic navigation
system

where M , B, K, and Kf are target impedance parameters. Yr and Yd represent the
reference and actual position of the MNM. F and Fr are defined as the actual and reference
contact force. The desired position trajectory is available by solving the target impedance
model 4.12:

Yd = Yr +K−1d [M(Ÿr − Ÿd) +B(Ẏr − Ẏd)−Kf (F − Fr)] (5.5)

In real applications, the actual force can be obtained from the parameters of the environ-
ment:

F = Ke(Y − Ye) (5.6)

where Ke and Ye are respectively the stiffness and original location of the environment,
Y is the actual position of the microrobot, and Y = Yd if the microrobot has accurate
position tracking capability. Let Ef = Fr − F denote the force tracking error. The actual
microrobot position can be expressed as:

Y = Ye +K−1e F = Ye +K−1e (Fr − Ef ) (5.7)

Substituting equation 5.7 into equation 5.4 resulting in obtaining the following steady-
state force tracking error expression:

Ef = (KdK
−1
e +Kf )

−1[KdK
−1
e Fr +Kd(Ye − Yr)] (5.8)

From equation 5.8, in order to closely track the reference force trajectory, the reference
position trajectory should be selected as:

Yr = Ye +K−1e Fr (5.9)

However, in reality the values Ke and Ye of the environment are not always known
precisely. Therefore, an adaptive law is presented in the following to compensate for
parameter uncertainty.
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Let xr, xd, xe, ke, k, fr, f be the elements of Yr, Yd, Ye, Ke, Fr, F . Here, only one dimen-
sional situation is considered. The multi-dimensional force tracking can be achieved in the
same way.

Let k̂e and x̂e be the estimation of ke and xe respectively. Replacing with the estimated
value in equation 5.7 and 5.9, one gets:

x = x̂e +
f

k̂e
= x̂e +

1

k̂e
(fr − ef ) (5.10)

xr = x̂e +
fr

k̂e
(5.11)

Then the error between reference input and actual position is:

xr − x =
ef

k̂e
(5.12)

Substituting the error expression into the impedance dynamic model 5.4, the force
tracking error dynamic model is obtained as:

mdëf + bdėf + (kd + k̂ekf )ef = 0 (5.13)

where md, bd, kd, kf are elements of Md, Bd, Kd, Kf . It shows that equation 5.13 is asymp-
totically stable if all its parameters are positive definite. The force tracking error converges
to zero as time goes to infinity.

Letting f̂ = k̂e(x − x̂e) be the estimated contact force. Using estimated parameters
allows the estimated parameters k̂e and x̂e to be updated such that the estimated force
converges to real contact force f . The level of convergence is denoted using the error
expression between estimated force and real force:

f̂ − f = k̂e(x− x̂e)− ke(x− xe) = (k̂e − ke)x+ (kexe − k̂ex̂e) (5.14)

Defining k̃e = k̂e−ke as the estimation error of environment stiffness, the convergence of
estimated values to real values is guaranteed if the parameters estimation error converges
to zero as time elapses.

Consider the following Lyapunov function candidate:

V = k̃Te w1k̃e + (kexe − k̂ex̂e)Tw2(kexe − k̂ex̂e) (5.15)
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where w1 and w2 are constant positive numbers that make V nonnegative. As presented
in [89], if the estimations of k̂e and x̂e are updated using the following algorithm, the
estimation values will finally converge to the real value of environmental parameters:

˙̂
ke = − 1

w1

x(f̂ − f) (5.16)

˙̂xe =
f̂ − f
k̂e

(
1

w1

xx̂e +
1

w2

) (5.17)

Then the time derivative of V is expressed as:

V̇ = 2k̃e
T
w1

˙̂
ke − 2(k̂ex̂e +

1

w2

) (5.18)

The constant property of ke, xe is used when deriving the derivative of the Lyapunov
function. Substituting equations 5.16 and 5.17 into equation 5.18, and simplifying by some
algebraic operation, we can reduce equation 5.18 to:

V̇ = −2(f̂ − f)2 (5.19)

which is negative semi-definite. Equations 5.15 and 5.19 indicate that, if update laws in
equations 5.16 and 5.17 are applied, the estimation parameters converge to their real values
as evolution continues. This implies that the reference force is tracked, since equations 5.9
and 5.11 indicate an optimal trajectory is generated using the estimated values. The
resultant adaptive controller schematic is presented in figure 5.2

Figure 5.2: Force tracking control system schematic with adaptive environmental param-
eter estimation and impedance control[111]
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5.4 Experimental Validation

In this section, the force tracking performance of the magnetically navigated microrobot
using the proposed algorithm is validated experimentally. For the purpose of showing
the concept, only one-dimensional force tracking is studied in this paper. Specifically, we
study the force tracking in the x-direction relative to the coordinate system shown in figure
2.5. In order to implement the proposed impedance algorithm and the adaptive parameter
estimation law on to a digital controller, the equations 5.5, 5.16, and 5.17 are discretized
into the discrete time form:

xd(n) =(
md

T 2
+
bd
T

+ kd)
−1(

md

T 2
(xr(n− 2)− xd(n− 2))

− (
2md

T 2
+
bd
T

)(xr(n− 1)− xd(n− 1))− kf (F (n)− Fr(n))) + xr(n) (5.20)

k̂e(n) = − T

w1

y(n− 1)(f̂(n− 1)− f(n− 1)) + k̂e(n− 1) (5.21)

x̂e(n) = T
f̂(n− 1)− f(n− 1)

k̂e(n)
(

1

w1

x(n− 1)x̂e(n− 1) +
1

w2

) + x̂e(n− 1) (5.22)

where T is the sampling rate of real time system. In this study, the sampling rate was set
as 1ms. n denotes the nth time step.

To demonstrate the performance of the proposed controller, experiments were con-
ducted using the maglev microrobotic system. The first experiment was conducted to
validate the force tracking ability of the robot. The microrobot is a cylindric permanent
magnet 10mm in diameter, 10mm in height, and 10.86g in weight. The permanent mag-
net has 1.29T remenant magnetic flux density. In this experiment, the microrobot was
commanded to push a beam constrained at its two ends (See figure 5.3). The beam was
a bent thin 6061 Aluminum alloy sheet 50mm in length, 0.051mm in thickness, and 3mm
in width. The exact location and stiffness of the beam are unknown. The experiment was
conducted while the microrobot was levitated at z = 79mm below the iron pole-piece. The
force tracking performance was validated in the x-direction on the horizontal plane. While
in the y-direction, position tracking accuracy is guaranteed. The parameters were chosen
to satisfy an over-damped levitation that improved the robustness of navigation. The pa-
rameters for the adaptive control law were w1 = w2 = 1. The initial values of parameters
estimation were ke = 0.2N/m and xe = −0.001m.
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Figure 5.3: Experimental setup for force tracking validation, the two ends of the bended
aluminum beam is not fixed[111]

The experimental result is shown in figure 5.4. The experiment was divided into four
phases. In the first phase, a very small reference contact force Fr = 0.01mN was assigned
to the impedance controller. The purpose of the small reference force was to maintain
an initial contact between the navigated microrobot and the unknown surface. In the
second phase, a ramp type reference force trajectory was assigned for the microrobot
to track. In the third phase, the robot was commanded to move in y-direction, while
the maximum commanded contact force was maintained in x-direction. Meanwhile, the
controller adjusted the desired x position. In the fourth phase, another ramp type reference
force trajectory was assigned for the microrobot to track until the initial 0.01mN contact
force was obtained again. This experiment demonstrated that the proposed algorithm
exhibits good force tracking in the presence of environmental uncertainty. However, it
should be noted that there was vibration while the reference force was 0.01mN . This was
because the force was too light to stabilize the beam. In order to clearly show the described
procedure, real pictures while the microrobot was working are shown in figure 5.5.

The performance of the controller is related to the parameters of the adaptive control
law and the impedance controller. A desired performance is achievable by carefully tuning
these parameters. For example, Figure 5.6 shows the effect of the desired impedance
damping coefficient on the response speed and overshoot in step force trajectory tracking.
Figure 5.6a is the step response with relative small damping bd = 5Ns/m. By comparing
with the step response with larger damping bd = 20Ns/m in figure 5.6b, we can see that
small damping results in more overshoot, longer stable time, and more oscillation. The
presented technique can be applied to biomedical microsurgery using a MNM. One of the
applications is using the microrobot with a very thin blade attached on it to cut delicate
tissues. This is a process that does not require a large force compared to 0.5mN .
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(a) (b)

(c) (d)

Figure 5.4: Ramp force trajectory tracking performance of the magnetically navigated
microrobot[111]

To show the adaptive force tracking performance of the MNM in multi axes, a second
experiment which considered the step response of force tracking in the y-direction was
conducted. In this experiment, the MNM was navigated to push the same aluminum beam
in the first experiment. To start, a small reference force 0.01mN guaranteed the initial
contact between the MNM and the beam. Then the MNM was commanded to track the
step force trajectory. The parameters of the impedance controller in this experiment were
set as md = 1Ns2/m, bd = 20Ns/m, kd = 1.2N/m, kf = 40. The experiments results are
presented in figure 5.7. Figure 5.7a is the force tracking performance. It shows that the
adaptive controller provides 1.63µN force tracking error in steady state. Figure 5.7b shows
the motion trajectory of the MNM in the y-direction. The estimated reference y position
is obtained from the position estimator in equation 5.11. The calculated desired y position
is obtained from the position-based impedance controller. The real y position is obtained
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Figure 5.5: The navigated microrobot pushing an Aluminum beam with controlled contact
force in x-direction: (a) The microrobot started pushing with 0.01mN force; (b) The
contact force was set as 0.4mN ; (c) The microrobot was moved to y=1mm while contact
force in x-direction was kept as 0.4mN ; (d) The mocrirobot was moved to y = −1mm
while contact force in x-direction was kept as 0.4mN [111]

by reading the laser-beam sensor.
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(a)

(b)

Figure 5.6: Step response of force tracking with different impedance control damping: (a)
bd = 5Ns/m; (b) bd = 20Ns/m[111]
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(a)

(b)

Figure 5.7: Step response of adaptive force tracking in y-direction: (a) force tracking
performance; (b) position trajectories of the MNM in the y-direction. In (b), the calcu-
lated desired y position from the position-based impedance controller has relatively larger
overshoot. This is because a small kd was chosen in equation 5.5 for force tracking.[111]
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Chapter 6

Conclusion and Recommendation

6.1 Conclusions

This thesis aims to achieve cooperative manipulation using a magnetically navigated mi-
crorobot (MNM) and a motorized micromanipulator (MM). This is a new technique that
has never been studied in the literature. Although cooperative manipulation using arm-
type manipulators has been among popular research topics, it is absolutely new to use
an MNM. The MM is a commercialized product with three-degrees-of-freedom translation
in a Cartesian coordinate system. The MNM used for the cooperative manipulation is a
cylindric permanent magnet with 1.3T remnant magnetic flux density, 10mm diameter,
and 10mm height.

The external magnetic field used for levitating a magnetized object in this thesis is
generated by six pairs of iron core electromagnets. The electromagnets are connected
by a disc shape soft-iron pole piece. The pole-piece not only forms a uniform magnetic
field in the workspace, but also increases the strength of the magnetic field significantly.
To design a controller for the magnetic levitation, modeling of the magnetic field in the
workspace is conducted. Owing to the complexity and high nonlinearity caused by the
iron yoke and iron core electromagnets, a closed-form analytical model is very challenging.
An experimental measurement data-driven technique was applied to develop the dynamic
model of the levitated object in three degrees of freedom. The dynamic model was then used
to design PID controllers for high precision motion control. A small permanent magnet
(1.3T remnant magnetic flux density) with a 5 millimeter diameter and a 5 millimeter height
was levitated to validate the designed controller. An accuracy of 20 µm was obtained in
the motion control. However, it was found that a cross coupling effect exists between the
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horizontal motion and the vertical motion.

One of the benefits of using a magnetic navigation technique is the remote manipula-
tion of a magnetized object. Therefore, it is a good choice for manipulations in invasive
environments. The challenge to realize remote manipulation of the MNM in invasive en-
vironments is detecting the real time position of the MNM. In this thesis, we studied the
navigation of the MNM in the workspace without using optical/laser beam sensors. The
magnetic flux density measurement method was adopted. A set of four Hall-effect sensors
was installed at the bottom of the iron pole piece to measure the magnetic flux passing
through the workspace. The position of the MNM was mapped into the flux measure-
ment. This technique was applied to navigate the MNM in horizontal planes (2-D degree
of freedom) with an accuracy of root mean square error 0.4 mm. This technique is not
appropriate for levitation of the MNM in the vertical direction, since the magnetic flux
measurement method does not detect the dynamics of the MNM.

It is challenging to install an on-board force sensor to detect the contact force while the
MNM is pushing its environment. The magnetic flux measurement using four Hall-effect
sensors was used to develop the off-board force determination mechanism. The principle
of the off-board force determination mechanism is that the contact force is linearly related
to the distance between the location of the Bmax point and the real position of the MNM.
The dual-axial off-board force model was developed and validated on a horizontal plane in
the workspace. The force model is validated using two aluminum cantilever beams. Both
force models in the x- and the y- directions provide very good accuracy. Specifically, an
accuracy of 0.54 µN in the x-direction was obtained. The accuracy of both position and
force determinations using magnetic flux measurement is highly related to the performance
of the Hall-effect sensors and the accuracy of position detection equipment while the models
are calculated.

The proposed cooperative manipulation system has a master/slave control strategy in
the manipulation process. The MM was the master side and was commanded the desired
location of the manipulated object. The MNM was the slave side. It was commanded
a desired holding force while a position-based impedance controller was used to calcu-
lated the position command to the MNM. A new force model which considers the moving
contact environment of the MNM was derived and implemented in the process. During
the cooperative manipulation process, a maximum of 0.4 mN reference holding force was
commanded. To monitor the manipulation process and improve the success rate, a CCD
camera was introduced in the process to monitor the real time position of the MNM, the
MM, and the object. Although some vibration and noise existed, the overall control sys-
tem provided good performance. The experimental results on both a hard-shell object
and a soft-shell object validate the feasibility of the proposed cooperative manipulator. To
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further explore its application, multi-degree of position monitoring using a digital camera
and multi-degree of off-board force could be adopted. Owing to the limitation of the sys-
tem setup in this thesis, the shape of the manipulated object is limited regular blocks. In
addition, to guarantee the rigid and stable holding, the contact type between manipulators
and object should be surface.

The compliant contact force control of an MNM is achieved using the developed off-
board force determination mechanism. A position-based impedance controller is suitable
for position-controlled manipulators because it enforces a relation between the position and
contact force. The compliant motion control of the MNM in uncertain environments was
achieved by implementing an adaptive position based impedance controller. The controller
estimates the stiffness of the environment and the contact force with Lyapunov asymptotic
stability. The force tracking capability of the proposed controller was validated by com-
manding the MNM to push a thin aluminum beam whose stiffness is unknown. It provides
good force tracking results. However, the performance of the controller relies on the choice
of impedance controller parameters which determine the response speed and convergence.
In addition, the accuracy of the off-board force also significantly affects the tracking results.

6.2 Recommendations

Cooperative manipulation using the MNM and an MM has promising potential in mi-
cromanipulation and biomedical applications. A two-degree-of-freedom manipulation was
conducted in this thesis. However, much research could be done in the sense of improving
the system performance.

First, the force determination mechanism relies on the magnetic flux measurement
using Hall-effect sensors. However, the experience in this thesis noticed the poor repeata-
bility of this method owing to the changing of the soft-iron temperature. A perfect force
model should take the temperature into account as a factor to compensate for this non-
repeatability.

Second, the experimental results in this thesis concludes that a smooth contact force
control was obtained if the environment is flexible. When the MNM is touching a hard-shell
object, such as the hard-shell object in the cooperative manipulation experiment, force
noise and MNM vibration affects tight holding performance. Therefore, future research
could be conducted to solve the adaptive holding of objects with various stiffness.

Third, the three-degrees-of-freedom object manipulation is reasonable if more than one
digital camera is integrated to provide a real-time position of the manipulated object. By
adding more cameras, the contact force between an object and its environment can be
achieved, which then facilitates advanced operations, such as peg-in-hole.
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