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ABSTRACT

In recent decades, permanent magnet end-effectors have been used in several

fields and applications due to their unique ability to remotely control any magnetized

object’s positions via delivering the magnetic flux through space and non-magnetic

materials. The reason of choice for magnetic end-effectors is because of their precision

of control in comparison to other analog systems. This end-effector is able to move in

three dimensions with a micro-precision of 0.05mm. In this thesis, this unique ability

of magnetic material is further advanced to produce an optimized local maximum

magnetic field. As part of this work, a Genetic Algorithm and Exhaustive search

algorithm are implemented to get this optimized magnetic field. This method is

suitable for medical domain applications such as magnetic microrobot drug delivery.

A 3D actuator system had been designed to control the magnetic end-effector for this

purpose. An open-loop system architecture is proposed to control the movement of

the microrobot. The results of the microrobot drug delivery experiment proved to be

promising. The results show that the end-effector is able to navigate the microrobot in

2-dimension space, having an error of less than 0.1mm. A tracking system based on

the Lucas-Kanade Optical Flow algorithm is implemented using the open-CV library.

The optimized magnetic field was validated in an experiment using a 3D Tesla meter.
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ABSTRAK

Dalam beberapa dekad kebelakangan ini, efektor magnet kekal telah digunakan

dalam beberapa bidang dan aplikasi kerana kemampuannya yang unik untuk mengawal

kedudukan objek magnetis dari jarak jauh dengan menyampaikan fluks magnet melalui

ruang dan bahan bukan magnet. Sebab pilihan untuk pengesan akhir magnetik adalah

kerana ketepatan kawalannya berbanding sistem analog yang lain. Pengaruh akhir

ini mampu bergerak dalam tiga dimensi dengan ketepatan mikro 0.05mm. Dalam

tesis ini, kemampuan unik bahan magnetik ini terus maju untuk menghasilkan medan

magnet maksimum tempatan yang dioptimumkan. Sebagai sebahagian daripada karya

ini, algoritma Genetik Algoritma dan Ekzos carian dilaksanakan untuk mendapatkan

medan magnet yang dioptimumkan ini. Kaedah ini sesuai untuk aplikasi domain

perubatan seperti penyampaian ubat mikrotobot magnetik. Sistem penggerak 3D

telah dirancang untuk mengawal efektor magnetik untuk tujuan ini. Senibina

sistem gelung terbuka dicadangkan untuk mengawal pergerakan mikrorobot. Hasil

percubaan penyampaian ubat microrobot terbukti menjanjikan. Hasilnya menunjukkan

bahawa end-effector dapat menavigasi mikrorobot dalam ruang 2 dimensi, mengalami

kesalahan kurang dari 0.1mm. Sistem penjejakan berdasarkan algoritma Lucas-Kanade

Optical Flow dilaksanakan menggunakan perpustakaan open-CV. Medan magnet yang

dioptimumkan disahkan dalam eksperimen menggunakan meter Tesla 3D.
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CHAPTER 1

INTRODUCTION

1.1 Background

In recent decades, permanent magnet end-effectors have been used in several

fields and applications due to their unique ability to control the positions of any

magnetic materials in the distance via delivering the magnetic flux through space

and non-magnetic materials. It contributes significantly to potential applications in

the medical field like Positioning of Drug Carriers [1], magnetically actuated capsule

endoscopes [2] and dual-arm magnetically actuated soft robots [8] and in industry field

like vibration suppression in polishing robots [3]. These applications are described in

the following paragraphs.

1.1.1 Magnetic end-effector applications

Three degrees of freedom (DOFs) Permanent magnet-based system with an

accuracy of ±0.1 mm and an open-configuration was used to control and position

paramagnetic microparticles drug carriers to be used in vivo applications (in vivo

alludes to when research or work is done with or inside a complete, living organism)

as shown in figure 1.1. The microparticles’ control was in three-dimensional (3D)

space employing a cylindrical permanent magnet (NdFeB) of 20 mm diameter and 4.3

mm height and it generates on its surface about 400 mT. The magnet was settled to the

robotic arm end-effector. A kinematic map was developed between the microparticles

position and the robotic arm configuration. This map is used in the closed-loop

control system of the microparticles movement. The microparticles were with a

diameter of less than 100`m. The experimental results appear the capacity of the robot

configuration to control the applied field gradient on the dipole of the microparticles
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and accomplish situating in 3D space with maximum errors within the steady-state in

set-point of 300`m and in trajectory tracking of 600`m [1].

Figure 1.1 Robotic arm with permanent magnet end-effector that control and position
particles in 3D to follow a path from P1 to P3 [1].

Amagnetic end-effector had been used on themagnetically roboticmanipulation

system to estimate the pose of the actuated capsule endoscope in real-time. figure 1.2

showed the schema of the five DOFs magnetically robotic manipulation hybrid system.

In this work, a hybrid system of static and time-varying magnetic field sources had been

developed. The goal of this systemwas to develop a clinically and robust magnetic pose

estimate approach for robotically guided magnetic capsule endoscopy. The magnetic

end-effector was developed with an electromagnetic coil and perpendicular external

permanent magnet (EPM). The produced magnetic field was used to obtain equations

that help to estimate the capsule position and angle[2].

The eight DOFs dual-arm robot used two EPMs end-effectors to prove that it could be

used for minimally invasive treatment and diagnosis procedures. An example of the

dual-robot magnetic system is shown in figure 1.3 that it could magnetically actuate the

lung endoscopes. The experiment proved that the minimum magnetic field sources (2

EMPs) could be capable of controlling a single magnetized object in the space with the

2



Figure 1.2 Schema of the magnetically robotic manipulation hybrid system [2].

highest number of DOFs (8 DOFs). The controlled magnetized object (Cubic interior

permanent magnet (IPM) with 2.1 �<2 (N42) axial magnetization and 12.6 mm length)

was attached to a 6-axis load cell to measure all the affected forces that could translate

or rotate the IPM. The actuating EPMs have a Cylindrical shape permanent magnet

with 101.6mm length and diameter and 970.1 �<2 (N52) axial magnetization. The

theoretical and the experimental results proved that the permanent magnetic actuated

system was effective and achieved the same coil actuator system capabilities [8].

When polishing thin-walled blisks, vibrations can readily occur, affecting

the surface quality. An innovative smart magnetic end-effector for active contact

force control and vibration suppression in robotic polishing of thin-walled blisks was

introduced to overcome this challenge. To keep the contact force between the polishing

tool and the workpiece at an expected level, a gravity-compensated force controller was

designed. The smart end-effector was designed of a single polishing tool, force sensor

that can measure the forces in the three-axis, tilt sensor (measure the three-axis), one

3



Figure 1.3 Example of how dual-arm robot multi-DOFs attractive control can be used
in endoscopy [3]

DOF positioning table and two magnetic eddy current dampers (ECDs) as shown in

figure 1.4. The ECD’s mover consists of a middle plate of steel and 12 permanent

magnets (six up the plate and six down with the opposite magnetization directions).

The ECD aimed to suspend the vibration forces and keep the polishing tool stable by

using the closed-loop control method.

1.1.2 Magnetic Actuation Principle

Magnetic actuation involves applying force and/or torque to magnetic objects

that are embedded with magnets or formed of magnetizable materials using magnetic

fields that are applied remotely as shown in figure 1.5. Because there is no current

in the manipulation region, Maxwell’s equation can be used to explain the quasistatic

magnetic field as followed [9]:
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Figure 1.4 Polishing robotic arm with a smart magnetic suspension end-effector .[4]

∇ · B = 0

∇ × B = 0
(1.1)

Maxwell’s equation of quasistatic magnetic field

Where � is the magnetic field from external source and ∇ is the gradient

operation. According to the equation equation (1.1), B’s gradient matrix is symmetric

and trace-free. A magnetic torque g applies on a magnetic object < when the

magnetization of the object and the direction of the magnetic field are misaligned,

as shown below in the next equation:

3 = m × B =


0 �I −�W
−�I 0 �G

�. −�G 0



<G

<.

<I

 (1.2)

In addition, if the magnetic field is nonuniform and the magnetic object is this

nonuniform field, a magnetic field 5 will be appeared as in the following equation:
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Figure 1.5 magnetic interaction diagram of: a) the pure torque shape in magnetic
field (uniform); b) the pure force shape in magnetic field (nonuniform).[5]

f = (m · ∇)B =


m�G

mG
m�G

mH
m�G

mI

m�G

mH
m�a

mH

m�H

mI

m�G

mI

m�H

mI
−

(
m�G

mG
+ m�H

m.

)


<G

<H

<I

 (1.3)

These two effects (magnetic torque and force) can actuate either individually or

concurrently, allowing for up to 6-DOF motion control, as will be illustrated in the

following chapters.

1.2 Problem statement

Forcing the magnetic microrobot to go to a desired point in the space needs to

be in a magnetic field that has:

1. A local maximum value in this desired point.

2. A sharp shape around the desired point.
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Producing this magnetic field requires to optimize the locations of a number of

permanent magnets. Continues reallocation of the optimized magnets-set force the

microrobot to move in any the desired path using open-loop control method.

1.3 Objectives

This study aims to design a magnetic end-effector that can move a magnetic

microrobot remotely to follow any path. Mainly five objectives were required and

achieved in this project which are:

1. Calculation of the magnetic field equation and the force equation of a magnets-

set of four magnets.

2. Optimize the magnet’s locations to produce a high force that can move the

microrobot.

3. Design and control an actuator that can move its magnetic end-effector in the

3D space to follow any path with constant velocity.

4. Design a vision tracking system to track the movement of the microrobot and

the end effector

5. Validations by simulation and experiment results.

1.4 Report Organization

The rest of the report is organized as follows; Chapter 2 illustrates the previous

methods of optimization algorithms, magnetic microrobot drug delivery and vision

tracking algorithms. Chapter 3 discusses all the steps of building amagneticmicrorobot

drug delivery system from calculating the magnetic field, optimizing the magnet’s

locations, designing the 3D actuators and controlling it to detect the microrobot.

Chapter 4 presents the validation of the work by proposing the simulation and the

experiment results of the magnetic field map and the microrobot drug delivery with the

7



comparison of the previous results. Chapter 5 proposes the conclusion of the whole

work and the possible future work.

8



REFERENCES

1. Khalil, I. S., Alfar, A., Tabak, A. F., Klingner, A., Stramigioli, S. and Sitti, M.

Positioning of drug carriers using permanent magnet-based robotic system in

three-dimensional space. 2017 IEEE International Conference on Advanced

Intelligent Mechatronics (AIM). IEEE. 2017. 1117–1122.

2. Taddese, A. Z., Slawinski, P. R., Pirotta, M., De Momi, E., Obstein, K. L.

and Valdastri, P. Enhanced real-time pose estimation for closed-loop robotic

manipulation of magnetically actuated capsule endoscopes. The International

journal of robotics research, 2018. 37(8): 890–911.

3. Chen, F., Zhao, H., Li, D., Chen, L., Tan, C. and Ding, H. Contact force

control and vibration suppression in robotic polishing with a smart end effector.

Robotics and Computer-Integrated Manufacturing, 2019. 57: 391–403.

4. Li, W., Cheng, T., Ye, M., Ng, C. S. H., Chiu, P. W. Y. and Li, Z. Kinematic

Modeling and Visual Servo Control of a Soft-Bodied Magnetic Anchored and

Guided Endoscope. IEEE/ASME Transactions on Mechatronics, 2020. 25(3):

1531–1542.

5. Yang, Z. and Zhang, L. Magnetic actuation systems for miniature robots: A

review. Advanced Intelligent Systems, 2020. 2(9): 2000082.

6. Zarrouk, A., Belharet, K., Tahri, O. and Ferreira, A. A four-magnet system for

2d wireless open-loop control of microrobots. 2019 International Conference

on Robotics and Automation (ICRA). IEEE. 2019. 883–888.

7. HASSAN, A. H. A. DESIGN OPTIMIZATION OF DISTRIBUTION

TRANSFORMER USING MATLAB. 2013.

8. Pittiglio, G., Chandler, J. H., Richter, M., Venkiteswaran, V. K., Misra, S. and

Valdastri, P. Dual-Arm Control for Enhanced Magnetic Manipulation. 2020

IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS).

IEEE. 2021. 7211–7218.

53



9. Petruska, A. J. and Nelson, B. J. Minimum bounds on the number of

electromagnets required for remote magnetic manipulation. IEEE Transactions

on Robotics, 2015. 31(3): 714–722.

10. Sun, C., Lee, J. S. and Zhang, M. Magnetic nanoparticles in MR imaging and

drug delivery. Advanced drug delivery reviews, 2008. 60(11): 1252–1265.

11. Nacev, A., Komaee, A., Sarwar, A., Probst, R., Kim, S. H., Emmert-Buck,

M. and Shapiro, B. Towards control of magnetic fluids in patients: directing

therapeutic nanoparticles to disease locations. IEEEControl SystemsMagazine,

2012. 32(3): 32–74.

12. Amokrane, W., Belharet, K., Souissi, M. and Ferreira, A. Forward kinematics

of serial manipulator based on permanent magnets for micro-bead propulsion.

2017 IEEE International Conference on Autonomous Robot Systems and

Competitions (ICARSC). IEEE. 2017. 30–35.

13. Kennedy, J. and Eberhart, R. Particle swarm optimization. Proceedings of

ICNN’95-international conference on neural networks. IEEE. 1995, vol. 4.

1942–1948.

14. Man, K.-F., Tang, K.-S. and Kwong, S. Genetic algorithms: concepts

and applications [in engineering design]. IEEE transactions on Industrial

Electronics, 1996. 43(5): 519–534.

15. Haldurai, L., Madhubala, T. and Rajalakshmi, R. A study on genetic

algorithm and its applications. International Journal of Computer Sciences

and Engineering, 2016. 4(10): 139.

16. Fortun, D., Bouthemy, P. and Kervrann, C. Optical flow modeling and

computation: A survey. Computer Vision and Image Understanding, 2015.

134: 1–21.

17. Bradski, G. The OpenCV Library. Dr. Dobb’s Journal of Software Tools,

2000.

18. Gasser, R. U. Harnessing computational resources for efficient exhaustive

search. Ph.D. Thesis. Citeseer. 1995.

19. Gary, R. B. Computer vision face tracking for use in a perceptual user interface.

Technical REport Q2, Intel Technology Journal, 1998.

54



20. Cardani, D. Adventures in hsv space. Laboratorio de Robótica, Instituto

Tecnológico Autónomo de México, 2001.

21. Swain, M. J. and Ballard, D. H. Indexing via color histograms. In: Active

perception and robot vision. Springer. 261–273. 1992.

22. Camacho, J. M. and Sosa, V. Alternative method to calculate the magnetic

field of permanent magnets with azimuthal symmetry. Revista mexicana de

física E, 2013. 59(1): 8–17.

23. Petrie, R. Permanent magnets in review. Proceedings of Electrical/Electronics

Insulation Conference. 1993. 207–210. doi:10.1109/EEIC.1993.631049.

24. Jackson, J. D. Classical electrodynamics, 1999.

25. Yang, Z., Johansen, T., Bratsberg, H., Helgesen, G. and Skjeltorp, A. Potential

and force between amagnet and a bulkY1Ba2Cu3O7-X superconductor studied

by a mechanical pendulum. Superconductor Science and Technology, 1990.

3(12): 591.

26. Evans, P. R. Rotations and rotationmatrices. Acta Crystallographica SectionD,

2001. 57(10): 1355–1359. doi:10.1107/S0907444901012410. URL https:

//doi.org/10.1107/S0907444901012410.

27. Stewart, J. Calculus, 6th. Belmont, CA: Brooks-Cole, 2007.

28. Ravaud, R. and Lemarquand, G. Magnetic field produced by a parallelepipedic

magnet of various and uniform polarization. Progress In Electromagnetics

Research, 2009. (98): 207.

55

https://doi.org/10.1107/S0907444901012410
https://doi.org/10.1107/S0907444901012410

	COVER PAGE
	PSZ FORM
	SUPERVISOR(S) DECLARATION
	TITLE PAGE
	 DECLARATION
	 DEDICATION
	 ACKNOWLEDGEMENT
	 ABSTRACT
	 ABSTRAK
	 TABLE OF CONTENTS
	 LIST OF TABLES
	 LIST OF FIGURES
	 LIST OF ABBREVIATIONS
	 LIST OF SYMBOLS
	INTRODUCTION
	Background
	Magnetic end-effector applications
	Magnetic Actuation Principle

	Problem statement
	Objectives
	Report Organization

	LITERATURE REVIEW
	Microrobot drug delivery methods
	Magnetic end-effector optimization methods
	Particle swarm
	Genetic algorithm
	Exhaustive search (Brute-Force algorithm) algorithm

	Microrobot vision tracking methods
	Optical flow method
	K-means method
	CamShift method

	Research gab

	RESEARCH METHODOLOGY
	Project plan
	Magnetic field calculation
	The theory of calculation
	Rectangular prism magnet calculation
	Magnets-set calculation

	Optimization of the magnets-set locations
	Genetic algorithm optimization method
	Exhaustive search algorithm optimization method

	Magnets-set control
	Actuator design
	Actuator electronics and wiring
	Actuator controlling
	Microrobot and end-effector detection using Lucas-Kanade Optical Flow


	RESULTS AND DISCUSSION
	Optimization results of the magnets-set's locations
	Experiment results
	Magnetic field map validation experiment
	Magnetic microrobot drug delivery experiment


	Conclusion
	Conclusion
	Future Recommendations

	REFERENCES

