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Abstract 

Micro robotics is a fast-growing field with a wide spectrum of applications which 

include biomedical, surveillance, defense, space exploration, geological exploration, 

environmental monitoring, and oil seepage cleaning to name a few. These robots are 

actuated through wireless power sources such as light, electrostatic, electrophoretic, 

dielectrophoretic, and magnetic or they can be chemically self-propelled. Magnetic 

actuation is widely used because of its long-range, cost-effectiveness, and 

biocompatibility at low frequencies. Magnetic actuators are constructed using Maxwell, 

Helmholtz, and cylindrical coils. A Helmholtz coil and  Maxwell coil pair can generate 

a uniform magnetic field and uniform magnetic gradient along its central axis 

respectively. uniform magnetic gradient fields or uniform magnetic fields are used to 

actuate and control the movement of microrobots. By using one or more of these types 

of coils, 1D, 2D, 3D, or multiple degrees of freedom micro-robotic systems are 

developed. Numerous kinds of feedbacks such as visual feedback, ultrasonic feedback, 

and hepatic feedback are used for precise motion control.  

This dissertation investigates the various parameters that influence the magnetic 

field produced by a magnetic actuator, based upon the established theories, and 

proposes a technique to fabricate and optimize the actuation system and 

electromagnetic actuators. To produce an optimized magnetic field, a highly accurate 

and precise planer and collinear arrangement of the coils. 2-DOF magnetic actuator 

manipulation system were designed and developed. Moreover, using a 2-DOF magnetic 

actuator system, a magnetic micro-robotic manipulation system with visual feedback 

was designed and developed. Fe3O4  iceberg like microstructure an d The motion of 

Fe3O4 base particles on microrobots is studied using an open-loop control system (with 

visual feedback). Microbots show rotating, and linear motion of the micro-robot in ROI 

show the capability and movement controllability of the system. 

Key Words: Magnetic Actuation, visual feedback, micro-robotics, optimization, motion control 
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CHAPTER 1.  INTRODUCTION 

Latest developments in micro-electromechanical systems (MEMS) technology have 

enabled the fabrication of mechanical structures that are only microns or even nanometers in size 

with various functionalities, such as actuation and sensing. With these functionalities at such a 

small size, these structures enable many newly emerging applications in electronics, 

microfluidics, and biomedicine. While most such micro-devices are designed to work without 

mobility, with one exception – untethered micro-robots, can move inside a designated workspace 

to perform various tasks that cannot be achieved by others. . Because of their high mobility and 

small size, these micro-robots could potentially be ideal for healthcare applications such as 

micro-surgery and targeted medicine. 

While many existing micro-robots can operate in both air and liquid, many of their 

potential applications are in liquid environments, such as inside the human body. In addition, 

fluids not only provide strong damping to slow the motion of micro-robots slowing their mobility 

compared to air, but they also reduce the effects of stiffness and adhesion, which together with 

the actual impact of robot motion. Make timing control easier and more reliable. Therefore, most 

of the research effort has been devoted to making micro-robots capable of performing various 

tasks inside liquids.  

When a micro-robot moves in a viscous liquid environment, it not only experiences 

resistive drag force and torque from the surrounding liquid, but, in turn, it also perturbs the liquid 

by its motion, either in an otherwise fluid liquid. The flow in matter creates or replaces existing 

flows near the robot's body from its original pattern. The flows generated by the micro-robot are 

highly correlated with the speed of the robot, and it is, therefore, possible to locally manipulate 

the flow around the micro-robot by controlling its motion. For example, an interaction between 

the robot's motion and the surrounding fluid could provide thrust for micro-robots equipped with 

propellers specially designed to translate inside the liquid.  

In addition, these interactions can affect objects visible inside the turbulent flow region. 

Therefore, the overall functionality of the micro-robot can be enhanced by improving the ability 

of the micro-robot to interact with the liquid environment in a controlled manner to perform 

various tasks. While recent advances in related research have begun to explore the use of locally 

induced flow from robotic motion for object-manipulation and three-dimensional (3D) 
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propulsion, the underlying physics is as well as microfluidic and biomedical applications. 

Mechanisms based on a more comprehensive understanding of Microfluidic and biomedical 

applications based on the underlying physics as well as mechanisms have not yet been 

developed. 

Among the various speeds a micro-robot can achieve, we are particularly interested in 

rotational motion because it is simple to implement yet interesting. From both functionalities and 

fluid mechanics points of view. This thesis deals with understanding the interactions between the 

micro-robot and the rotational motions of the surrounding Newtonian fluid and the basis of such 

understanding is micro-object manipulation, 3D micro-robot propulsion, and biomedical and 

microfluidic applications such as particle sorting. Different types of microrobots reported in 

literature  such bio-inspired, Helical shaped, micro sphere etc. Our main on magnetics micro 

spherical robots. 

1.1 Background, Scope, and Motivation 

In the past few decades, the financial cost and complexity of medical procedures have 

been increasing as USA healthcare per capita increase from $788 in 1960 to $12,110 in 2020 [1]. 

Patients’ comfort can be increase while minimizing the turnaround, patient recovery, and the 

impact of a medical procedure time and cost reduction. Micro robotics can be very useful in 

minimizing the insidious footprint of the doctors, it also allows for more precise intervention [2].  

However, vital organs of the body such as the heart, brain, spinal column, remain difficult 

to reach as well as a cell level such as cell manipulation, targeted drug delivery, and cell therapy 

were difficult before micro/nanorobotics. An emerging field of robotics from the last decades is 

magnetic micro-robotics to create microrobots. Which are easily accessible and helpful in the 

operation of unaccustomed or difficult to reach areas in particular for disrupting medical, 

bioengineering, manufacturing, ecological remedial, as well as in other prospective submissions 

[3]. Long-range, efficient, accurate, quick, and vigorous actuation methods and self-management 

of microrobots are typically enabled by a magnetic field. For the actuation of microrobot 

different actuation techniques are available such as chemical actuation, bio hybrid actuation and 

magnetic actuation. In this thesis our main focus about the magnetic micro actuator. 
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1.2 What is a Microrobot? 

Micro robotics is the combination of microtechnology and robotics. Presently, in daily 

life, “Microtechnology” is used for various devices and systems as define in figure 1.1. For 

example, energy resources, automobiles, environmental supervising, mechanization, cameras,  

computer peripheries, printers, bio-medical treatments. These amusements enhance their 

precision, performance, and to make better their cost execution, energy consumption, and so on  

Microrobot is a tiny robot that is built to do specific tasks [4]. 

 
Figure 0.1 Micro Robotics is the combination of Micro Technology and Robotics. 

1.2.1 Application of Microrobots and actuation  

 Robots is a machine able to do a complex series of tasks automatically and 

reprogrammable by the help of a computer.  The main component of the robot is the 

controller(which work like a brain), mechanical parts (like a motor, wheel, gears, and gripper), 

sensor (which help the robot to identify the environment), power system (which help make 

possible to do a task ) and the additional can be software and intelligence. The microrobot can be 

defined as a robot that either can be micro in size, or it can be capable to do a task at the micro-

level. Size comparison between macro, micro, and nanorobots.  These challenges are related to 

different applications such as miniaturization limitations on board trigger, powering, perceiving 

interaction, data processing, and implementation-specific functionality. 

Micro-
Technolo

gy

Robotics 

Micro-
Robotics
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 Two major approaches have been suggested in the scientific literature review for 

resolving these challenges such as an outside physical compel driven and the self-driven 

(utilizing self-generated gradients or components and deformities) microrobots. An outside 

source of energy is necessary for both strategies.it is very difficult to create microrobots at a 

micrometer scale with internal energy storage. 

 In characteristic methods, the magnetic field, optical, electrical fields, the acoustic, and 

the combination of those are involved but the local chemical environment can be used as an 

energy source in the future. Mostly in micro-robotics energy is delivered in the magnetic field by 

using these approaches. Most used for actuation methods magnetic fields are widely used in 

microrobot actuation approaches. Application-to-application of Microrobots in the bio-medical 

field, targeted drug delivery, surgery, sensing, and detoxifications as shown in figure 1.2. 

 

Figure 0.2 (A) Some actuation techniques used for the microrobot actuation (B) micro rocket 

actuated by chemically powered (C) helical nano swimmer magnetically actuated (D) nanowire 

motor actuated by Acoustic propulsion (E)  sperm hybrid robot propel by biological actuation (F) 

microrobots different biomedical applications (G) For cargo delivery magnetically helical 

microrobot (H) microgripper with high precision for surgery (I) For a cancer cell to sense and 

isolate microrobot (J) for detoxification coated nanorobot [5]. 
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Table 0.1 Sensing, Actuation, Control, and fabrication. 

 

 

 
Figure 0.3 Micro-/nano robots actuation localization, Functionalization, Design applications [6] 

1.3 Research objectives  

I. Design and development of electromagnetic coils and optimize parameters of 

electromagnetic coils 

II. Design and development of a 2-DOF magnetic micro-robotic system  

III. Motion control of micro-robot through visual feedback 

Sensing  Actuation/power  Control  Fabrication  

Optical  Magnetic actuation  Magnetic force  Standard micro robot 

fabrication methods  

Electron microscopy  Optical Actuation  Electric field  Polymer lithography   

AFM  Piezoelectric  Atomic Force  AFM based nano 
manufacturing 

TEM & Radioactive/ 

Fluorescence makers 

Electrochemical/ 
bioelectrochemical 
 

Electrochemical 
force 
 

Milling and 
Micromachining 
 

Ultrasonic 
 

Electric field/ 
Electrophoresis / 
Di electrophoresis 

Electric force 
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Conclusion 

Micro robotics is the combination of micro technology and robotics. Applications such as 

targeted drug delivery, targeted cell delivery, cell-targeted delivery, thrombus ambulation. 

Wound heling, microsurgery, cell graded growth, and others. 
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CHAPTER 2.  LITERATURE REVIEW  

2.1 Micro Robotics  

Due to the small scale of the microrobot in dimensions, as shown in figure 2.1. they have 

accessibility to tiny and complicated environments where any other microrobot and humans are 

hard to reach [7].  

Controllable, released and their mobilizability of microrobots make them eligible for 

various applications, including everything from industrial tasks to in vitro and in vivo tasks. For 

example, industrial tasks that are enabled the micro-assembly for microrobots by micro-

transporting, micromanipulation, and sorting of micro-objects [8]. In applications like cell 

surgery, Microrobots are helpful tools in dealing with biological cells, due to their high 

replication and high throughput. Microrobot can efficiently move, and sort cells can operate very 

effectively down towards a cellular or a sub-cellular size, in that way it can anticipate in vitro 

interaction [9].  

In micro-electromechanical (MEMS) systems technology, and integration of the 

microfluidic chip and robotics make the greatest innovation in biomedicines [10]. In the 

microfluidic chip, the microrobot can be load several objects as well as transport them to 

desirable places by the precise control of the movement with high-level thrust power, and the 

injecting system of motion[11]. 

 For a wide variety of environmental applications, micro-robots provide opportunities, 

like environment sensing, monitoring, and remediation [12]. In minimally invasive surgery, 

mainly in-Vivo submissions of microrobot have been applied, for example, the targeted cell 

delivery, radiation therapy, hypothermia, material removal by a mechanical process, or acting 

like straightforward static structures [13]. Because microrobots have the dimension of only a few 

millimeters or less, so they can access certain places inside the human body would as wireless 

interference among them the blood circulatory system, urinary, and central nervous system.  

The hard and soft magnetic material can be used for the formation of a micro-robotic 

body. commonly micropolitics is made up of hard magnetic material like NdFeB microparticles 

(SPIONS,) [15] superparamagnetic iron oxide nanoparticles (SPIONs), [16] CrO2 ash, [17] FePt 

nanoparticulate, and another hard and soft nanoscale, the magnetic micro, discs wires, particles 

inserted inside or engaged on to the external surface of the body. 
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Figure 2.1 A comparison between Macro, Micro, and Nano objects [14]. 
 

Furthermore, other specific magnetic substances may also be spluttered at a microrobot 

exterior like nickel and cobalt, etc. as a Nanofilm coating. The compatibility of micro-robots 

toward their operational environment is vital for a given particular application, micro robot 

material like one of the most required for medical applications will have to be bio-compatible to 

be able to use within the human body for the shorter-term and longer-term duration [18].  

Additionally, an essential raw material obligation of the micro-robotic body under these 

application circumstances is called biodegradability. The condition that the microrobot could not 

be eliminated from the body spontaneously or through a catheter sort of medical equipment. The 

magnetic robots can make it easier to accomplish for either polymer material or the magnetic 

body part by using a wide variety of material, authorized by US nutrition and medication 

administration, magnetic microrobots biocompatibility and biodegradability can be used. 

Though, instead of the magnetic component, widely used in magnetic materials are not typically 
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biocompatible. Nevertheless, there is a need for medical devices, for safety regulations that is 

why magnetic robots should be biodegradable to carry out their activities within the human body. 

In this respect the best bio-compatible magnetic substance is SPIONS. They are more attractive 

compostable robots within the body. Yet, SPOINS are making the magnetic actuation feebler for 

microrobots with a dimension of only some micrometers due to weak magnetizing properties. 

Fueling microrobots through built-in, the energy sources are presently difficult to 

accomplish. Hence, some off-board actuation methods are used. For example, the actuation of a 

microscale, particles in the die-electrophoresis forces in, piezoelectric actuation  [27], electric 

fields [19], thermal actuation [20], powered electro-osmoregulation force [21], bacteria actuated 

[22] chemical and biological fuel-driven microrobots  [23]. In for vivo applications the 

aforementioned methods face problems, in-vivo, for instance, piezoelectric actuation necessitates 

a high-level voltage, and bacterial actuation needs to maintain minimal cytotoxic effects. The 

electromagnetic system ( torques and forces) can be useful for implementation without any 

distortion for in vivo applications. Various magnetic actuation techniques by enabling different 

dimensions working space and degrees of freedom have been used by researchers. Such as  from 

open-loop control, [24] to closed-loop end-to-end placement control [25] either a closed-loop 

path tracking [26] , and  a variety of motion control techniques. 

2.2 Micro  Robotics Actuation Techniques 

Due to the small and reshaping quality of micro robots, they have lots of applications in 

medical and other fields. In submillimeter robots, due to restricted volume, it is extremely 

difficult to incorporate microrobots with the power supply, processor, and actuator conventional 

onboard components. For the control and actuation system various approaches have been used, 

single sources for example, magnetic, ultrasonic, optical, electrostatic, and chemical actuation 

[27] and also hybrid source such as chemical and magnetic, magnetic and ultrasonic and  

biohybrid. 

2.2.1 Actuation with a single source  

As technology is growing Acoustic fields is very emerging actuation system for off-board 

manipulations and propulsion. And it is a very power full gripping source for powering and 

motion in self-controlled directions microrobot. But its application and purposeful design are 



 

10 
 

currently insufficient in biological use and require maximum effort   work future advancements. 

Acoustic streaming and acoustic radiation force are the physical effects of acoustic fields which 

are frequently discouraged. A standing wave can generate Acoustic radiation in the form of 

force. in a biologically safe way resonator, which is used for the back and forth of reflection of a 

sound wave. This helps to create a hydrodynamic drag force for a microrobot in a fluidic 

environment that applies a driving force of the sound on antinodes and nodes, which are called 

highest and lowest and amplitude points, correspondingly [28]. In this actuation system, the 

wave function is applied on corresponding the direction of motion of the microrobot. In this way, 

this approach could be extremely effective in influencing the worldwide movement of many 

microrobots to convey them within the targeted place. this method is specially used in 

applications like tissue engineering particularly, for the method of tempting to arrange the cells 

in 2-dimensional  and 3-dimensional  patterns as complex groups [29]. Acoustic fields do not 

have discrimination manipulations of the microrobot, so it does not need a special structure or a 

special material. However, recently oscillatory fashion as the relevant application of acoustic 

radiation energy fields has been launched for choosy addressability. To generate enough thrust 

Micro-swimmer bodies are trapped oscillating bubbles [30].  

In thermal actuation, an air-liquid boundary will stimulate, and fluid stream from the 

color area to the hotter areas, owing to the nature of surface tension which is temperature-

dependent. In the temperature gradient, manipulation is caused by concentrated light 

illumination. The micro-swimmers (micro-bubble) are controlled because they are held by the 

air-liquid. The light is demonstrated only in 2D, and it is needed that required special steps that 

transduced the light in heat are a major drawback.  

Recently a huge number of foams are produced and they are moved autonomously by 

utilizing liquid-crystal devices [31]. Microrobots are trapped into bubbles and then push to word 

the desired site [32].  Among all these actuation methods, magnetic actuation is preferred over 

any other actuation system due to its safe transparent, and controllability [33]. For microrobots, 

magnetic actuation encouraged even the design is onboard or offboard the synchronized 

detection of active sense modality and micro size is very good [34]. That is why magnetic 

microrobots have been widely developed and reported [27].  
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Magnetics manipulations are firstly used by ancient Indians to attract the foreign bodies 

beneath their skins by using lodestone might be the earliest example [35]. In the 1920s the      

Germans firstly demonstrate the magnetic method in biology, they used an electromagnetic field 

to observe the viscosity of protoplasts[36]. 

 Magnetic field is very necessary to develop the reliable and proper actuation system, to 

improve clinical and scientific outcomes of magnetic microrobots. Magnetics field can be 

generated by permanent magnet and electromagnet. Numerous of magnetics systems have been  

developed. Such sys produce 2,3 and multiple degrees of freedom magnetic field [37]. Some of 

them can produce magnetic gradients which can produce force for propulsion [38]. 

 

Figure 2.3 a) Microtubular b) Electro-osmotic swimmer. c) Bacteria propelled 

microbeads. d) Artificially magnetoacoustics bacteria. e) Sperm-flagella driven micro-

bio-robot. f) Flexible artificial swimmer. g) Helical propeller. h) Helical artificial flagella. 

I) Flexible propeller. j) Nickel micro-robot is driven by the OctoMag system in 3D. k) 

MRI-powered and imaged magnetic bead. Figures are reprinted from the references 

accordingly [39]. 

Table 0.1 Currently available types of actuation systems are their power mechanism, strength, 

present challenges, and opportunities [40]. 

Energy Source Strengths Challenges Opportunities 
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Internals 

powered 

Chemical 

 

Strong mixing, Chemotaxis, 

climbable, Self-governing 

motion, and Collective 

performance. 

Have short life spans, can 

change chemicals environment, 

uncontrollable required toxic 

fuel. 

Autonomy 

Drug delivery, 

environmental 

remediation, 

microscale 

mixing. Biohybrid 

 

Scalable,  sensing capabilities, 

and energetic autonomy.  

Limited operations to the 

biocompatible environment, 

minor volumes add to tasks 

based on synthesis particle. 

External 

powered 

Magnetic 

 

Well-disciplined, fuel-free, and 

precise localization.  

Limited workspace, high-cost 

equipment, and complex, slow 

speed, not autonomous. 

Controls 

Drug delivery, 

preconcentration, 

microsurgeries. 
Ultrasound 

 

Preconcentration, strong, 

collective motion, and fuel-free.  

Restrict by material selection, 

chamber geometry, and not 

autonomous.  

Light 

 

Collective behavior, phototaxis, 

swarming, and controllable 

movement.  

Due to medium characteristics 

and light penetration limited 

power and speed 

Electrical  

 

Fuel-free, swarming, and 

controllable movement.  

Due to chambers geometry 

restricted in low concentration 

environment  
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2.2.2 Hybrid Actuation System 

Use an actuation system with an internal energy source is very useful for the task for 

example sovereign cargo transport and improve. An external actuation system can provide on-

demand and changeable power for an extended period. Comparable to the latest developments in 

hybrid actuation for microrobots with double or multiple powering, which is useful for both 

kinds of internal or external power source into progression, developed to get rid of the limitations 

of the typical actuation system [41]. These are different combinations like chemical and 

magnetic actuation, these kinds of systems based on robots with head catalytic and a flexible 

magnetic or magnetizable material based. In these types of  systems actuations can work 

sequential or parallel manner. For instance, the chemical actuation starts working for propagation 

as the fuel ended the external magnetic field triggered and start motion microrobot by an applied 

magnetic field [42]. 

Acoustic and chemical hybrid actuation system has been developed based on asymmetric 

bimetallic nanowires. Likewise, the chemical thrust and serve as the lonely supplier of actuation 

as soon as the fuel has exhausted and the ultrasound field may be used to monitor [43]. Also, the 

same design approach was used for light and chemical hybrid actuation [44]. Another 

combination has been developed based on magnetoacoustics-based actuation such as system-

based micro-agent based on a micro-structure the composition of spiral structure tied to the 

concave structure of gold part [45]. These kinds of hybrid systems stemmed in fully with 

adjustable propulsion and teeming behavior. The utilize of a hybrid superpower source can offer 

forms of movement ( for example the brake and the acceleration) and new opportunities that 

could be impossible by utilizing an individual type of actuation system. Other future hybrid 

systems should provide new opportunities for interaction in new surroundings and microscale 

motion. 
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Table 0.2 Type of hybrid Actuation their advantages and remarks. 
Name hybrids Actuation  Advantages  Remarks  

Chemical and magnetic actuation This system can work sequential 

or parallel manner 

These kinds of microrobots with 

head catalytic and a flexible 

magnetic 

Acoustic and chemical actuation   Adjustment impact with further 

powerful 

Density-reliant acoustic thrust 

Light and chemical hybrid 

actuation 

 Faster due to photochemical 

reactions and high temperature-

induced which is beneficial for 

the tumor  

Limited by the reaction level and 

curved the geometric shape 

Bio-hybrid  Effective and self-controlled 

motion  

They show the diverse 

biomimetic collective behavior 

 

2.1 Overview of Magnetic Actuation System  

Numerous actuators were designed and developed for the accurate control of magnetic 

microrobots. Based on their configuration  and magnet source these systems are divided into four 

categories. 

2.1.1 Single permanent magnets systems 

Applying magnetic force or torque via changing the position of a single permanent 

magnetic can control magnetic micro robotic either in translational or rotational motion, the use 

of single magnet  has a very low price and high compactness. In this actuation system, magnetic 

field conducted by the handholding in the early remote actuation using single magnetic. A very 

intuitive and experienced operator is required to operate the kind of system. Ciuti et al. [46]  in 

their systems as shown in    figure 2.1(a) defined the control as the main reason resulting in high 

dependence. Moreover, long operating times and imagining are also challenges for operation.  
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Figure 0.1  System with single permanent magnet [50]. 

 

Permanent cylindrical magnet by attaching them a six degrees of freedom industrial they 

utilized as robotics arm to accurately control to remote for overcoming this kind of drawbacks  as 

shown in figure 2.1(b) [47]. Drag force controls the locomotion, and the torque movement is 

steered by the orientation of the magnetic device in this scheme. A virtual magnet link was 

designed to obtain an effective interaction between the controlled device and the permanent 

magnet. This makes robotic operations more reliable and precise labor-intensive operations camn 

be obtained. Similarly, this kind of adopted commercial system of robotic manipulation was 

proposed by another group [48] as shown in figure 2.1(c).  

Due to the constrained surface contact of these magnetic devices so these kinds of 

systems developed up to four degree of freedom for respective control system having two 

degrees of freedom orientation and two degree as freedom of locomotion. Another researcher 

team applies a similar configuration although a different control approach. With parameters such 
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as buoyancy, force magnetic force, and gravity. They developed and experiment with five 

degrees of freedom control in the open air-fluid environment [49] as shown in figure 2.1(d). 

2.1.2 Multiple permanent magnets-based systems 

System with multiple permanent magnets is developed for various purposes, the main is 

to produce high consistency for torque actuation. Niobe system design and developed by 

stereotaxis in 2003.The most famous one, now it is used in the treatment of cardiovascular 

diseases for guiding magnetic catheters. More than a hundred hospitals are using this system to 

treat more than a million patients. This system has two permanent magnets spread around the 

bed. Both magnets can rotate in tiltable housing [51] as shown in figure 2.2(a). It has very 

efficient orientation control because each magnet generates a gradient field.  

 

 

Figure 0.2 The system with multiple permanent magnets [50]. 



 

16 
 

Stereotaxis upgrades his Niobe system and gave it  name of Genesis system. Stereotaxis 

improves size, weight, and flexibility in movement. Genesis system consists of two rotatory 

magnets and two linear motion stages [52] as shown in figure 2.2(b).  

System, all magnets are fitted with set angles and can be rotated by themselves using a 

strap-aligned system, producing a magnetic field that rotates right in the middle with the force of 

the side and the reverse. This system only detects the explosion of 1-DOF at present but are 

sufficient to ensure proper operation. The simplification of the system has achieved the usage of 

an everlasting magnetic range. By Ryan et al. a novel design is proposed and developed, which 

comprises eight impartial permanent magnets. Their of device can create an omnidirectional 

magnet field and a gradient of an area of diverse sizes [53] as illustrated in figure 3.2(e).  

2.1.3 paired Electromagnetic coils-based  system  

In orthogonal distribution, a pair of coils refers to more than one electromagnet with 

clear, with the primary position around the workspace. These kinds of actuation systems use 

electromagnetic coils such as Maxwell, Helmholtz, and cylindrical coil. In this manner mostly 

Helmholtz coil with compositions of numerous Helmholtz coils, and around workspace each pair 

make the same moment perpendicularly. In this setup with the direct orthogonal decomposition 

of the magnetic field, the actuation system may produce unpredictable magnetic fields including 

excessive regularity into the plane an area two or three Helmholtz coils [54] as shown in figure 

2.3(a).  

By changing the current in an electromagnetic coil, the proliferation of magnetic fields 

can be produced, for example, because of rotational, fluctuating, tapering, and alternating 

magnetic fields. Biaxial square-shaped Helmholtz coils have been additionally evolved for 

different purposes, which include enlarging the ROI.  

 A coaxial  system based on set of Maxwell coil and Helmholtz coil both constructed. 

This is system mounted on a rotating basis phase which can be spin about its central axis. Into 

this system, the Helmholtz coils and Maxwell coil are used to creating a uniform magnetic field 

and a uniform gradient respectively.  These uniform field was responsible to produce rotation 

and propulsion [55] as shown in figure 2.3 (b). The propulsion force is preserved in parallel with 

a common axis, and the two-dimensional propulsion of the tool is performed utilizing rotation. In 

addition, 
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 Jeong and his team perpendicularly use Helmholtz-Maxwell coils for three-dimensional 

motion [56] as shown in figure 2.3 (c). In this configuration of the system, the internal Maxwell 

and Helmholtz coil is static, and around the horizontal axis, an external Helmholtz and Maxwell 

coil can be rotated. 

 Yu and his team use two Maxwell coils and a three-axial Helmholtz coil [57] as shown 

in figure 2.3(d). A stationary Helmholtz is situated on the exterior of the z-pivot, and the 

opposite rotating Maxwell coil is spinning around the z-axis. The device can produce a high-

frequency magnetic discipline and restrained-frequency spectrum gradient.  

 

 
Figure 0.3 System with paired Electromagnetic coils [37]. 

2.1.4 The system with distributed Electromagnetic coils 

Another branch of electromagnetic energy systems uses dispersed electromagnets 

designed to improve energy efficiency and reduce set limits. Most programs with paired coils 

tend to include a working area with electromagnet coils. On the other hand, distributed 

electromagnetic systems are typically composed of column coils that are rotated and oriented. In 

the meantime, it is best to install co-iron-cores a coil to focus and improve the magnetic field, 

which can be easily influenced using the outside magnetic field and power dissipation as soon as 

the magnetic field vanishes. 

OctoMag is the first representation with the configuration of the same distributed 

components that detects five degrees of freedom wireless fraud. It possesses eight of the identical 

electromagnets separated into two pairs [58] as shown in figure 2.4(a). Each electromagnet was 

set as a 45° angle relative to the standard measuring axis. We define this angle as the active 

deviation. Deviation from the bottom set will be 90°. In addition, the higher array has a 45° spin 

down to next the normal measuring axis.  

The following design considerations are designed to have adequate power control in all 

workplaces. Subsequently, the Mini-Mag was revamped beginning with OctoMag, its factors 
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selected for high integration [37] as shown in figure 2.4 (b). The planned subtraction of the two 

groups is 42.5 ° and 64 °, respectively. Salman pours et al. suggested a system with eight 

electromagnetic coils, [59] as shown in figure 3.4(c). In such a system, four electromagnets on 

the internal set are a deviation of 59.5°, four rods on the outer set have a deviation of 90°, and a 

deviation of 45°.  

The external electromagnet radiator is two times that of the interior. Son and his team 

improved magnetic field performance in a system that has nine electromagnets arranged on a 3×3 

grid [60] as shown in figure 2.4(d). Design factors are adjusted to your prerequisite for both local 

and operational performance. Four electromagnets with zero deviation, four with a slight 

deviation, and an additional ninth electromagnet right in the middle will be utilized to stabilize 

the gradient field and magnetic field toward the normal direction. Electromagnets within the 

system are positioned on a side of the middle plane, i.e., the working surface installed inside. A 

notable characteristic is that those configurations are easy to be integrated with nature (such as 

OctoMag can be put on top when it is inserted into the skull, collar, and shoulder.  

Unequal distributions are easy to integrate imaging techniques and other appliances. New 

strategy arranging the electromagnet throughout the working of magnetic field produced and the 

field gradient. its upper and lower sets are placed on either side of central to the plane [61] as 

shown in figure 3.6(e).  

 Each group consists of four electromagnetic coils at right angles the magnets with a 45° 

deviation, and a 45° probability present between these two sets. A different system with the same 

configuration, but the variation of both sets is 60° to increase the separation between and the 

independence of the electromagnet [62] as shown in figure 3.4(e). Additionally, there are other 

systems with a high set and a low set vertical set, and that means the malfunction is equal to 

zero. yog et al. designed a system with electromagnets set at the three-dimensional having space 

at 90° cornering  each other.  Eight system electromagnets are organized for each vertex of this 

cube and at every point in the middle [63] as shown in figure 2.4(f).  
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Figure 0.4 System with distributed Electromagnetic coils [50]. 

Conclusion 

This chapter discusses the type of microactuators single source such as, chemical, 

biohybrid, and ultrasonic, and magnetic micro-robotic system etc. afterword we discussed 

hybrids systems such as magnetic and chemical systems, ultrasonic and magnetic systems. Later 

on we discuss the type of magnetic actuation such as single parament magnet, multiple 

permanent magnets, paired electromagnetic coils. 
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CHAPTER 3.  DESIGN AND DEVELOPMENT OF  ELECTROMAGNETIC 

COILS 

This chapter introductions magnetic actuation system their design affecting parameters  

and our coils design system  their parameters tests. 

3.1  Theory of Electromagnetic Actuation  

        Magnetization and Volume both properties of the magnetic materials are the most 

significant design factors from the magnetic actuation perspective. Where the material having the 

largest magnetization ability and highest volume has used the torque and magnetic forces 

concerning the microrobot. 

In micro-robots, a very considerable point is how microrobots can make separate decisions 

for their actions? The microrobots are controlled externally by people and computers, which is a  

the more traditional approach. A very interesting possibility that is based on the behavior of their 

neighboring robots or local environment is that of developing untethered microrobots that can 

make decisions autonomously. Magnetic microrobots can achieve their desired tasks to navigate 

in diverse environments by these applications such as the surface, submarine, and air-water 

boundary propulsion methods. 

However magnetic actuation at the size of tens or hundreds of micrometers works well for 

the microrobot. Accurate and high-level DoF control (usually five-degree of freedom 

management possible, which may be extended to six degrees of freedom control) [64] depending 

upon the microrobot magnetize uniformity precise and degree of freedom ability of the magnetic 

field generator. Numerous  of systems are available in the literature with six to eight degrees of 

freedom actuation mechanism by combining torque and force control [65]. The algorithm and 

configuration of the actuation system can help determine the ability of the magnetic field. 

Sometimes Actuation’s systems are made up to create a special type of magnetic field, end 

effectors are used to maintaining multiple modes.  Arena of magnetic actuation depends on 

working scenarios of magnetic fields such as in vivo for medical treatment and in vitro 

micromanipulations cover only millimeters to tens of centimeters [66]. For the last few decades, 

microrobot is an emerging field that is another reason for developing magnetic actuation. Lots of 
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well-planned facilities had been developed as proof-of-concept prototypes on the stages. 

Magnetic actuation methods depending on different designs will be able to create greater speed 

motion and strength.  

Motion range is restricted to the applied magnetic field into the arena. With the 

appropriate feedback control, the motion precision of the magnetic micro-robotic method could 

be high, depending on whether the locomotion precision and input stimulation. Magnetic 

microrobots cannot move and carry out any work with internal power they always require an 

external magnetic force control.  

Magnetic actuation system needs a more massive and complex support actuation\ control 

apparatus to monitor the microrobot and the operation magnetic method needs comparable to the 

unified imaging methods, which is separate from the actuation technique for specific 

applications.  

Through the magnetic actuation, multi-robot manipulation in the two-dimensional plane 

surface is attained. There are three ways localized selective trapping [67], heterogeneous 

microrobot design [68], and discriminatory magnetic immobilizing techniques. However, this 

type of magnetic field is not easily manageable for most applications and this magnetic field is 

used as the major drawback. The second approach is only feasible in such a condition that the 

robot responds to the electric magnetic field or gradient in different ways. even though such 

various microrobot designs, the approach is easy to implement is easy to apply, they are not 

made to control many other micro-robots while they make unique responses entirely independent 

from the rest. 

 The third approach uses a variety of magnetic materials with different magnetic 

hysteretic concurrently to attain the addressing magnetic control, in which different mixed 

magnetic substance-in in following the microrobots can be operated remotely converted to a 

nonmagnetic robotic body [69]. If the robot orientation can be control precisely then the method 

is measurable to many robots. This type of remote overpowers the need for additional pulsing 

electromagnetic coils. The pulsed electromagnetic coil may be applied to a rapid high field in the 

direction the robot is moving in three-dimensional space.  

Magnetic actuation may penetrate deeply into the region of the person's body when an 

external magnetic source is switched off with the computer or human interference then the robot 

would completely halt in the magnetic actuation method. For example, in the case of auto-driven 
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biohybrid or as a catalyst for micro-swimmers, micro-robotics are constantly dependent on 

external power sources and cannot be auto-propelled individually. If an external power source is 

switched off, then a robot can be completely halted in the unlikely event of an emergency, so this 

property of robots is extremely beneficial for secure applications.  

Another perception was that of developing microrobots that complete their tasks without 

any external power. Polymers are sensitive according to their environment so this sensitivity of 

polymers can also use to develop robots that are based on thermal gradient [70]. The next 

different line of thought about future awareness of microscopic robots that carries out the simple 

tasks without self –assemble or human intervention into a more difficult thing.   

Magnetics actuation is achieved by applying magnetic force or magnetic torque on 

magnetizable objects or magnetic objects. Manufacturing an actuator with optimized parameters 

is of permanent importance for magnetic micro-robotic. Magnetic coils will be used to create a 

magnetic field by surroundings the workspace. Different parameters of the actuator impact the 

generated magnetic field such as length of the electromagnetic coil, and distance from the 

measurement point, and the number of turns.  

The relation the magnetic field with different design parameters  and variables is given by  

                                                                 𝐵 = 𝜇𝑟𝑢0
𝑁𝑖

𝑙
                                                               (0.1) 

In equation (1.1) B is the magnetic field, 𝑁 is the number of turns, 𝑖 is the current flowing 

through the  electromagnetic coils, 𝑙 is the length of the electromagnetic coil, 𝑢0 permeability of 

air and  𝜇𝑟 permeability of free space. In this equation, N and l are the main design parameters. 

Similarly, the strength of the magnetic field at a point is given by Boit-Savrat law as [71]. 

                                  

                                                          𝐵 = 𝜇𝑟𝑢0
𝑁𝑖

2𝜋𝑟2                                                            (0.2) 

                                                                 

 The equation (1.2) is for only one loop, B is the magnetic field, µ0 is the permeability of free 

space, N is the number of turns, and “r” is the distance away from the line segment to such an 

extent of interest. 

                                                        𝐵 = 𝜇𝑟𝑢0 ∫ 𝐼𝑑 𝐼
→

×  𝑟

𝑟2𝑤𝑖𝑟𝑒
                                                    (0.3) 

This equation is for the number of all loops of wire around the bobbin. 
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3.2 Design and Development of electromagnetic coils 

As we discussed in early sections magnetics systems based on magnetic actuators and 

numerous actuators were designed and developed for the accurate control of magnetic 

microrobots. Based on their configuration characteristics and magnetic source these systems are 

divided into four categories. Magnetic actuation systems can divide into categories system with 

parament magnets and electromagnetics coils based magnetic actuation systems and then divided 

on the bases of configurations single permanent magnet, multiple permanent, paired of 

electromagnetic coils, and distributed electromagnetic coils-based actuation system. Four our 

experiments we chose paired coils because the coils are easy to control. Best for the 2D  

magnetic systems easy to design and develop.  

 

 

                                           Step (I)                                                      Step (II) 

Figure 0.1 Step (I) CAD design spinal . Step(II) Developed coil after winding. 

 

There are main three main types of paired such as maxwell, Helmholtz, and cylindrical 

coils. For this experiment, we choice design cylindrical coils because the kind of coils are easy to 

design and develop. Magnetic actuators of different lengths were fabricated of different lengths 

their parameters are given in table 3.1 and shown in figure 3.2. For the design optimization, we 

did different experiments which are given below sections schematic shown in figure 3.6. 
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(1)(2)(3)(4)
 

Figure 0.2 Different coils are developed for the design optimization 

 

Table 0.1: Wire length, Resistance of each coil,  and length of the coil shown in figure 3.2. 

Prototypes  Coil 

length 

(mm)  

Resistance  

( Ω) 

Wire 

length (m) 

Wire 

diameter 

(mm)  

Core 

Length 

(mm) 

Diameter 

(mm) 

1 26.50 7.7 40 0.43 26.50 8.5 

2 34 7.7 40 0.43 34 8.5 

3 54 7.7 40 0.43 54 8.5 

4 66.50 7.5 40 0.43 66.50 8.5 

 

3.3 Magnetic field characterization of the Coils  

Although tremendous research is available on the design parameters of the magnetic 

actuators, however, it needs consolidated research on the topic so that the process will be 

optimized. In this thesis, we investigate different parameters that impact the magnetic field 

generated by a coil. 

3.3.1 Experimental setup for the coil characterization  

The Custom-made experimental setup for coils design optimization is shown in figure 3.6 

which is consists of a base plate with the XYZ stage with the resolution of 10-micrometer travel 

distance of 25mm.  A probe of the gaussmeter (HT201) with a resolution of 0.1mT was installed 

on the XYZ micro stage, to accurately replacing a probe to gauge the magnetic field at a varying 

distance from the electromagnetic coil. A DC power source (REGOL DP 830 programmable 

power supply) has been used to simulate the electromagnetic coils. A probe has been placed at a 
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right angle to the main axis of the coil to gauge the magnetic field quite accurately. The 

manufactured electromagnetic coils were positioned on the 3D embossed actuator holders as 

shown in figure 10 individually, and the probe was positioned at 10 mm a distance away from 

the center of the essence of the electromagnetic coil.  

Power supply XYZ Micro Stage 

3D printed coil holder 

Gaussmeter 

Coil 

Gaussmeter probe 
X

Y

Z

 

Figure 0.3 Experimental setup for the coils to test the coils parameter such as length, current, 

and distance from the central axis of coils. 

3.3.2 Experimental Results 

Electromagnetics coils shown dipole magnet on energizing  by apply current which are shown in 

figure 3.4.  

N S

 
Figure 0.4 Electromagnetics coils shown dipole magnet on energizing  by apply current. 

  

The first experimental is performed to test the length of an electromagnetic coil on 

magnetic field results are shown in figure 3.4 proves that actuator length has an inverse relation 

to the magnetic field which is nicely validated with a mathematical model is presented in 

equation (1.1). The graph in figure 3.4 successfully validates the relation of length on the 

magnetic field given in equation (1.1). 
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Figure 0.5 graph between the coil length ‘l’ (mm) of the coil and magnetic field(mT) 

 
Figure 0.6 The graph between distance(mm) from the central axis of the coil and magnetic field 

(mT) 

 

To assess the effects of ‘r’  on the magnetic field, the magnetic actuator of the length of 

100 mm, 15855 number of turns while to excite the voltage 10 V and current were 0.15 A. By 
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utilizing the micro-stage on X-axis, the probe of the gaussmeter is mounted away from the 

central axis with a motion resolution of 2 mm. The result in figure 8, shows an inverse 

relationship between the magnetic field and  ‘r’ which is showing a good agreement with 

equation 2. The probe was moving along the X-axis and  Z-axis to measure the field variation 

along an imaginary plane at the probe distance of 10 mm from the electromagnetic coil. As 

shown in figure 3.6 the magnetic field reduction while moving out from right in the middle of the 

coil.  

 
Figure 0.7 (a )Measured ‘B’ along X-axis and Y-axis on a plan at distance ‘R’ = 10 mm from the 

coil, Centre of the longitudinal axis Centre of the core is taken as the origin (b)Measurement 

scheme of magnetic field on a plant at distance ‘R’ from the Centre of the core. 

 

 
Figure 0.8 The graph between the applied current and the magnetic field  
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In figure 3.12 demonstrated the measurement schematic of coil measurement. This 

experiment evaluates the relationship between current and magnetic field. In this experiment, 

different currents were applied to the same coil (N=15855, L=100 mm, I=0.55A) graph against 

values in figure 3.10. Current is directly proportional to the magnetic field strength as 

demonstrated in figure 3.10 and experimental findings are in excellent agreement. 

Conclusion  

The chapter demonstrates the design of coils and how their parameters affect coil 

magnetism. The number of turns is directly proportional to the magnetic field. As the current 

increase, the magnetic field also increases. Distance is inverse to the magnetic field, and it means 

as distance increase the magnetic field decrease. In this chapter, we successfully verify the Biot-

savant law. 
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CHAPTER 4.  DESIGN AND DEVELOPMENT OF 2-DOF MAGNETIC 

MANIPULATION SYSTEM 

In the last few decades, magnetic systems are widely used. Wirelessly controllable 

microrobots have lots of applications in biomedical and other fields of science. These 

microrobots change the traditional ways of treatment. Due to the micro size of robots, it is 

difficult to powering and actuation/control. In this way, magnetic actuation shows very good 

performance as well as ease to control with a better response. Which makes it perfect for 

industrial in the same way as for the in-vivo and in-vitro application.  

Several researchers and their teams work on magnetic actuation and make tremendous 

progress. Electromagnetic system based on three types of coils systems Helmholtz, Maxwell, and 

cylindrical coils system.  Helmholtz is shown in figure 4.1 (a) based on identical electromagnetic 

coils and the gap between them is equivalent to the radius of the coil. Each coil contains current 

carried equal and same direction, and it produces a homogeneous magnetic field as shown in 

figure 4.1 (b) which is used for the rotation of magnetic microrobot. On the other hand, maxwell 

as shown in figure 4.1(c) also has identical coils with the radius equal and the equal number of 

turns but their distance between them is equal to three times their radius and current is the same 

but opposite in direction. It can generate a uniform magnetic gradient as shown in figure 6(d).   

 
Figure 0.1(A) and (B)The Helmholtz,(C) and (D) Maxwell, and their generated field [4]. 

 

For the linear and rotational Helmholtz and maxwell were both used in combination, 

However, this kind of system has been agony from a geometric vulnerability i.e., the length of 

unit-pair must be twice to the other. Hence, this kind of system requires a large space and a 

considerable amount of electric power to generate an effective and efficient magnetic field.  
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4.1 Design and development of Magnetic system 

In step, we developed two pairs of cylindrical coils-based prototypes as shown in figure 

4.2 (a).  then we design the coil holder in solid work as shown in figure 4.2 (b)  in the last step 

we develop a prototype which is shown in figure 4.2 (c). Single pair of coils is used to move the 

microrobot move alongside the x-axis and the y-axis.  

  

Step (1)                                       Step(II)                                        Step(III) 

Figure 0.2 Step(I) developed electromagnetic coil. Step(II) CAD design of assembly holder step 

(III) developed coils are mounted on the 3D printed coil holder.  

 

First step we design the spinal and holder in solid work and then did a 3D print by using a 

3D printer (Creality CR-10-S5). In this research, three different prototypes are designed using 

cylindrical coils. The first one is an aluminum-based system with the base plate made of glass as 

shown in figure 4.3. This setup has two geometrical problems such as misalignment and 

magnetic field interference. Firstly, misalignment occurs along the Y-axis as shown in figure 

4.3(prototype I).  

However, no effect on the magnetic field along Y-axis is observed. Secondly, magnetic 

field interference occurred due to the inclusion of iron screws used to hold the aluminum strips. 

The second prototype as shown in figure 4.3 (prototype II) is made of 3D printed. All parts 

including the base plate and bobbin are fabricated using 3D printing. A winding machine is used 

to count the number of turns and resistance as shown in table 4.1. Magnetic field results along 

the ±X-axis and ±Y-axis are shown in Table 4.1. The third prototype is made of aluminum and 

3D printed as shown in figure 4.3 (prototype IV). A bobbin is made of aluminum and the 

actuator is 3D printed. The number of turns, coil length, resistance, and the magnetic field are 

mentioned in table 4.1. 
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Prototype I Prototype II

Prototype III Prototype IV
Figure 0.3   

Our earliest developed prototype (I) consists of aluminum and hold on the acrylic sheet. 

Prototype (II) based on the 3D printed part.  Prototype (III) the bobbin is made of aluminum and 

holder is 3D printed. Prototype (IV) is same as prototype (I) we developed to remove the miss 

alignment of prototype (I). 

 

Table 0.1 Specifications of developed prototypes. 
Prototypes Number of 

turns for 

each coil (N) 

Resistance of 

each coil  (Ω) 

Coil length 

(mm) 

The magnetic field 

at the Centre of 

ROI 

Core 

I 600 6.5 24.50 4.4 Air (l=24.5 , D= 8.5 mm) 

II  910 7.1 35.50 26 Ferrite (l=60.5 , D= 10.5 

mm) 

III  210 1.5 15.50  3.65 Ferrite (l=16.5 , D= 3.5 mm) 
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4.1.1 Impact of core  

The magnetic core is a piece that is used to confine and guide magnetic fields in 

electromagnetic systems made of magnetic material with high magnetic permeability. Its 

material is based on ferromagnetic materials such as ferrites or iron. It is used to concentrate the 

magnetic field lines in the core material because it has more high permeability relative to the air 

in its surroundings.  

A magnetic field is created by applying current on the coil wire wound around the core. 

We used a ferrite core rod. In figure 4.1 (a) comparison of the ferromagnetic (μf), paramagnets 

(μp),  diamagnets  (μd), and free space(μ0).  An external magnetic field is created by applying 

current “I” its magnetic field in ferrite by aligning tiny internal dipole in the material. 

Moreover, the current and external fields are reached zero. the core remains partially magnetized 

the curve is shown in figure 4.4 (b) 

 

(a) 

 

 
(b) 

Figure 0.4 (a) A comparison of different permeability (b) hysteresis loop and for the magnet 

cycle [72]. 
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4.2 Magnetic Field characterization of the developed systems 

4.2.1 Magnetic Field Characterization System 

To attain high-resolution micromanipulation of a magnetic robotic, it's miles essential to 

symbolize the system to generate a correct version to map system inputs to robot behavior. This 

section discusses the characterization of a magnetic actuation system that consists of tetrad the 

same electromagnetic coils that will be used to manipulate a magnetic micro-robotic as shown in 

figure 4.5. We introduce an empirical characterization technique to parameterize the device. 

Reliable manipulation is important to have a spatial illustration of the magnetic subject to 

avoid growing areas of high variability within the magnetic discipline gradient close to the 

robotic. Furthermore, the manage algorithms proposed hinge on exploiting the spatially 

nonlinear magnetic area gradient to independently manipulate multiple robots. Accordingly, to 

reap sub-millimeter precision in robot position, it's far critical to have a correct version that maps 

the vector of entering currents into the actuator to the spatial magnetic area during the 

workspace. Developing a correct version of the magnetic discipline is challenging because most 

magnetic manipulation systems, along with our own, are custom constructed. Variability can get 

up in custom-built structures if the electromagnetic coils are hand-wound.  

Additionally, rapid prototyping techniques and one-off designs can cause low tolerances 

on measurements. For these systems, there does now not exist a fixed of specifications that 

element the form of the magnetic area generated via each electromagnetic coil and the electricity 

of the sphere. Even as electromagnetism is well studied and there are analytical equations that 

govern the magnetic field created through the modern-day through a wire, implementing these 

equations usually entails making a few assumptions. Furthermore, a number of these equations 

do now not keep for our gadget because the workspace is close to the workspace. To validate a 

version, we want to measure the magnetic discipline. There is a massive range of commercially 

to be had tools for measuring magnetic fields. We needed to select one with two axes of 

dimension and a small shape factor that allowed it to be maneuvered around the workspace. 

We function near the electromagnetic coils because the magnitude of the magnetic subject 

decays at a rate of distance to the third electricity. As a result, using a factor dipole version based 

on the geometry of the coils does now not generate a correct version of the magnetic subject. In 

this version, we count on that the magnetic fields linearly superimpose and that neighboring 

electromagnetic coils do now not interfere with one another. Furthermore, we attempt to shape 



 

34 
 

the magnetic discipline measurements to a degree-dipole model parameterized to healthy 

empirically measured information. 

Coil system

Guassmeter Probe

Power supply

Guassmeter

XYZ Microstage

XY

Z

 

Figure 0.5 Experimental setup to observe the field effects in the workspace in this setup  

Gaussmeter meter probe is mounted on the XYZ stage.  

 

Figure 0.6 Measurement scheme in which schematic of coils, ROI center, and ferrite core base 

rod for measuring the magnetic field of the developed systems. 

 

First, a magnetometer, HT201 is used to measure the magnetic area experimental setup is 

shown in figure 4.5 which is discussed in the early section in chapter 3. We kept the Gauss meter 

probe at the Centre of the workspace and excite the coils to measure the values of the magnetic 

field.  It is crucial to fix the probe to avoid the vibrations of the magnetometer which is necessary 

to decrease errors.  Figure 4.6 demonstrates a measurement scheme in which schematic of coils, 

ROI center, and ferrite core base rod for measuring the magnetic field of the developed systems. 
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4.2.2 Single Coil Excitation and Magnetic Field measurement 

In this experiment, we measure the magnetic field by energizing coils one by one for all 

prototypes by using an experimental setup for which is discussed earlier in sections. Applied 

current was 1.5A and the voltage limit was 12V by using power (EGOL DP 830 programmable 

power supply) and take all measurements by Gauss mater (HT201) and in figure 4.7 the values 

are about X, (-)X, Y, and  (-) Y-axis are shown. And figure 4.8 shown values represents the values 

around XY- axis. 

 

Figure 0.7 Measurement of the magnetic field along +X- and +Y-axis  when moving tip of tesla 

meter from the center of ROI toward the coil with a motion resolution of 2 mm where its current 

value was set as 1.5 A. 
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 Figure 0.8 Visual representation of the measured data on XY-plane. 

4.2.3 Simultaneous Excitation of four coils and Magnetic Field Characterization  

Electromagnet coils act as a magnet on the applying of current. The force between It has 

also shown the north and south poles. For the indication of the pole, we use a bar magnet with 

indicated north and south poles. The same poles have repulsive forces and different attracted 

each other.  For the experiment, we apply a current of 0.5A and the by using firstly to indicates 

the north and south pole use bar magnet and then by using of gaussmeter measure the magnet 

field values. 

4.2.3.1 Quadrupole Configuration 

All magnetic sources always have a dipole field. it is very easy to make a magnetic 

quadrupole by putting coils in the same coil in a quadrant manner. There are four tips we have in 

the workspace by managing them we can arrange them in three manners and observe their 

magnetic field and force. As shown in figure 4.9. In figure 4.9 (a) is the first configuration (I) in 

which -X and -Y-axis coil are the south poles inside and X and Y north inside the become 

between the Y and - X-axis coil and the X and -X axis coil. First, we turn on one by one coil and 

measure the magnetic field which is given in table 4.2. Configuration (II) when X and Y-axis 

coil are south inside and other two - X and - Y-axis coils are north inside this configuration 

magnetic field at the center of the ROI is zero but the at all corners have a magnetic field as 

values are given in table 4.2. In configuration (III) is shown in figure 4.9. In which all coils are 

north inside and south outside. In this configuration, each coil repels the other because all have 

the same pole. At the corner of the workspace magnetic field is equal to zero. Then we measure 
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the values in front of coils, and they also lose their magnetic field. Magnetic field values are 

shown in table 4.2.  

S
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             Configuration (a)                                              Configuration (b)  

N
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N
S

 
Configuration (c) 

 

Figure 0.9 (a) Quadrant pole configuration when - X and - Y are internally south and  X and Y are 

North from internally. (b) when X and Y are south internally and -X and - Y are North. (c) when 

all are north inside. 
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                             (a)                                               (b)                                                (c) 

Figure 0.10 (a) Measured values for configuration (a). (b)                                                
Measured values for configuration (b). (c) Measured values for configuration (c) 

Table 0.2  Magnetic field by energizing one by one and then energizing.  

Configuration Magnetic field Values on 

energizing one by one (mT) 

Magnetic field values after all  energized 

(mT) at corner  

Configuration (a) X axis 40 Corner between X and Y axis 0 

- X-axis 43 Corner between X and -Y axis 25.4 

Y axis 41.5 Corner between -X and -Y axis 0 

-Y-axis 48 The corner between -X and Y-axis 26 

Configuration (b) X axis 43 Corner between X and Y axis 34 

- X-axis 41.7 Corner between X and -Y axis 33 

Y-axis 43 Corner between -X and -Y axis 23 

-Y-axis 48 The corner between -X and Y-axis 33 

Configuration (c) X- axis 35 
14 

- X-axis 35 
14 

Y-axis 35 
14 

-Y-axis 35 
14  
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4.2.3.2 Same poles facing inwards 

In this experiment same poles facing inwards. Which have strong repulsion to word each 

other. The magnetic field has zero at the center of the ROI. Near the coils, it also reduces the 

magnetic field. 

N S

0 mT

16 mT 16 mT

 
Figure 0.11 Same poles facing inwards 

4.2.3.3 Collinear Coils facing opposite poles  

On the current, the magnetic coils act like a magnet. In magnetic one pole act like south 

and the other act like a north pole and same pole repels each other. But opposite poles attract 

each other. The value of magnet field is 25.6 mT,  at (-) X-axis is 41.5mT and 41mT magnetic 

field. 

S NN S

25.6mT

41mT41.5 mT

 

Figure 0.12  Collinear Coils facing opposite poles 

4.3 Micro Robotic Manipulation System  

Micro robotics setup consists of the computer, controller system, Actuator, workspace, 

and feedback as shown in figure 4.13.   
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Figure 0.13 Schematic diagram of the system which is consists of DAQ(6259), XY stage for the 

motion of workspace, pc, and 2D coil system. 

 

 
Figure 0.14 Complete magnetic micro-robotics  System for the 2D motion of microrobot. 

 

Figure 4.14 shows the complete magnetic microrobot system which consists mainly of 

two-axis electromagnetic coils that can generate static and dynamic magnetic fields, Olympus 

microscope equipped with lenses of 5×, 10×, 20× and 50× that enable high-resolution visual 

feedback, an NI DAQ (NI-PCI-6359) to generate a control signal and four motor divers 

(MD25HV) to excite each coil which can provide output current 25A, more details about the 
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setup are given in table 4.1. our prototype (b) which is discussed in early sections can be 26mT at 

the current of 1.5A. which is continued and effective to diver microrobot without temperature 

variation. A national instrument DAQ card (NI-PCI-6359) was used to provide the controlled 

signals. The control algorithm is developed by using a Software visual studio for C 

programming. In control to achieve a wide range of locomotion of the microrobot, the micro-

robotic setup is mounted on the X-Y stage with the range of 18 mm and resolution of 1µm on 

both axes. X-Y stage is used to adjust the image of the area in real-time which helps to 

simultaneously localization of microrobot. the complete system diagram is shown in figure 

(4.14). Electrical circuit diagram to control the 2D motion of the microrobot system is shown in 

figure 4.15. 

 

Figure 0.15 Electrical circuit diagram to control the 2D motion of the microrobot system. 

4.4 Motion control of magnetic microrobots 

This kind of actuation system depends upon the pulling force of microactuators for the 

actuation of the microrobot. To make microrobot’s motion in any plan four identical in-plane 

electromagnetic coils can be energized in pair form or also individually.  The robot used should 

have magnetic or magnetizable properties. The position of the microrobot realizes on the applied 

current on electromagnetic coils. It is a very effective transportation style used for the actuation 
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system. The spherical body of the microrobot is very efficient at tracking and very useful for 

stabilizing the microrobot when it is being pulled and pushed.  

 Ferro-magnetic-based microrobots are demagnetized after the experience of hysteresis, 

the is a procedure whereby the magnetization of the magnets will be either one gained or 

dropped over a large area.  Saturation magnetization is called when the microrobot gains its top 

magnetization then  M is the microrobot magnetization vector in the direction of magnetitic field 

B. Once the microrobot is energized by applying the external field and then the magnetic field is 

removed the microrobot will have microrobot remanent magnetized. Moreover, if the 

ferromagnetic microrobot’s intrinsic coercivity is equal to the field H and the magnetic field is 

applied in the opposite direction of magnetization vector M then the microrobot will lose its 

magnetization. If the microrobot lost its magnetization or is demagnetized it will become 

inactive, ineffective, and unresponsive.  By minimizing the angle of B and M then instead of 

demagnetization torque will be produced. As equation is given in Torque produced on a 

microrobot is given Eq. 4.1. 

                                                     𝑇𝑚=𝑀× B                                                                     (0.1) 

Eq. (4.1) demonstrates the relationship that how the microrobot aligns to the B  magnetics 

field. There are no flux lines and force when the microrobot is away from the line centerline. 

However, when the microrobot is at the center axis to the dipole moment field of source 

magnetic pull microrobot to the near the source.  

                                                                  𝐹𝑚 + 𝐹𝑑 + 𝐹𝑏 + 𝐹𝑔 = 𝑚
𝑑𝑣

𝑑𝑡
                                       (0.2) 

Here in equation “v” is the velocity of microrobot force analysis is given below section. 

Horizontal direction force acting on microrobot against the motion. In order to move the 

microrobot applied force must be greater than the resistance observed by the microrobot. 

                                                                  𝐹 ≫≫ 𝐹𝑑  + 𝐹𝑏 + 𝐹𝑔                                               ( 0.3) 

                     Where F is the applied force on microrobot and Fd is the resistance applied by the 

environment of the microrobot                 

                                                                         𝐹𝑚= V (M · ∇)B                                                                 (0.4) 

At the center of the axis or near to it the dipole moment is ∇, the force F  can be described 

as in  Eq. (4.4), where B is the magnetic field, M magnetization of the microrobot and V is the 

volume of the magnetized object. 

In this experimental setup, the coils of the electromagnets are bigger than the working 

space relatively. It can be lying at the center of the center axis of the electromagnetic coil. It 
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ought to be referred to that demagnetization is additionally restricted since the dipole of the 

microrobot is supported with the magnetic area, which limits the results of hysteresis. 

                                                                           ∇ = [

𝜕

𝜕𝑥
𝜕

𝜕𝑦

]                                                                   (0.5) 

 

                                                                  𝑀 = [
𝑀𝑋

𝑀𝑦
]                                                                  (0.6) 

                

                                                                  𝐵 = [
𝐵𝑋

𝐵𝑦
]                                                                   (0.7) 

Considering here only XY plane the magnetic force in victor form can be expressed as 

given below  

                                                                  𝐹𝑚 = [
𝐹𝑥

𝐹𝑦
] = 𝑉 [

𝝏𝐵𝑥

𝜕𝑥

𝜕𝐵𝑦

𝜕𝑥
𝜕𝐵𝑥

𝜕𝑦

𝜕𝐵𝑦

𝜕𝑦

] [
𝑀𝑥

𝑀𝑦
]                               (0.8) 

 

                                                                  𝐹𝑚 = 𝑉 [
𝑀𝑥

𝜕𝐵𝑥

𝜕𝑥

𝑀𝑦
𝝏𝐵𝒚

𝜕𝒚

]                                              (0.9) 

Here in equation (4.9) ∇B counter diagonal can be considered as Zero and Mx and My 

are constant magnetic field axis respectively. In such a way on the factor that can affect the 

force and direction are only 
𝜕𝐵𝑥

𝜕𝑥
 and 

𝜕𝐵𝑦

𝜕𝑦
 . To produce magnetic field electromagnetic coils 

are required. The magnetic field can be generated by current flowing in coil wiring can be 

calculated by the equation given in early sections equation (3.1) and (3.2). 

Three forces and weights are acting on the robot body. There are two forces and weight 

acting against the motion of the microrobot. For the movement of microrobot, the input force 

such as magnetic force should be overcome the surface tension and drag force. If weight and 

buoyancy force work in the opposite direction. Total forces acting on a robot are given in 

equation (4.10). 

�⃗�𝑚 is the magnetic force applied by the external magnetic field, �⃗�𝑑 is the hydrodynamic 

drag force, �⃗⃗⃗⃗� = 𝐹𝑔 and �⃗�𝑏𝑢𝑜 are weight and buoyancy force on the robot. As the robot is 

neutrally buoyant so only forces on the robot are �⃗�𝑚 and �⃗�𝑑.  

Weight and buoyancy force weight have three different conditions. First condition when  

𝑊 < 𝐹𝑏𝑢𝑜 
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In this condition when buoyance force is more than the weight of the robot, in this 

condition microrobot will be on the surface of the fluid. In this condition, the robot will be not 

stable, and it will move with the flow of fluid. 

𝑊 > 𝐹𝑏𝑢𝑜 

In this condition, bouncy force is less than the weight of the microrobot. Lies on the 

surface of the workspace and a force is required for the uplift of the microrobot. 

𝑊 = 𝐹𝑏𝑢𝑜 

In this condition will be in the middle of the fluid and weight and because bouncy force 

and weight are equal in these conditions robot will be stable and no need for the uplift force and 

it will Fm can work. If we consider our robot in this condition, then the weight and force of 

bouncy will be canceling each other. Then the equation (4.10) will become. 

                                                                     �⃗�𝜇𝐵𝑜𝑡  =  �⃗�𝑚 + �⃗�𝑑                                               (0.10) 

In equation �⃗�𝑑 is the hydrodynamic drag force Fm is a magnetic force as mentioned 

above. 

                                                                      𝐹𝑑 =
1

2
𝐶pA𝑣2                                                     (0.11) 

Here in equation C is the drag coefficient, p fluid density, A is the area in front of fluid 

velocity v is the velocity in the direction of the normal plane.𝐹𝑔 is the gravitational force which 

plays a little role at low Reynolds number. At micro-objects engaged in liquid.   

                                                                       𝐹𝑔 = −𝑉𝑝(𝑃𝑝 − 𝑃𝑓)𝑔                                     (0.12) 

In equation (4.12) 𝑉𝑝 are the object volume, 𝑃𝑝 is the object density, 𝑃𝑓 is the fluid 

density, and g is the gravitational acceleration. 
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Figure 0.16 Acting forces on the microrobot. Fm is a magnetic force, Fd drag force acting in a 

fluidic environment, and Fg is the gravitational force.  



 

45 
 

4.5 Magnetic Microrobots 

 Microrobots Fe3O4 is called magnetite naturally available as mineral main iron ore. It is 

ferrimagnetic and iron oxides. It has an attraction for the magnet and becomes itself a permanent 

magnet on magnetization. It is the largest magnetic of all other occurring minerals. On the 

discovery of magnetite (Fe3O4) the world of science was revolutionized with its attritive 

properties. It has tremendous applications such as electric motors transformers electromagnetic 

and biomedical applications.  

 

           (a)                                                   (b) 

Figure 0.17  (a) Magnetic powder for the magnetite  ( Fe3O4). (b) Iron particles collected after 

laser cutter machine we use these particles as microrobot in our experiment  

 

 
Figure 0.18 Hysteresis loop for the iron and the magnetite [73] 
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The major motivation for magnetite is the response of its particles under the effect of a 

magnetic field. when the magnetic field is applied to the sample of Fe and Fe3O4 it shows the 

state to bring the magnetization of saturation in figure (4.16) demonstrate the hysteresis loop for 

Fe and Fe3O4  

Conclusion  

In this chapter, we measure the magnetic field in the workspace by using a custom design 

system for the measurements of the magnetic field. Then different coils configurations measure 

the values of the magnetic field and observe how configuration affects the magnetic field values 

and such as when all same pole inside the workspace. we discussed a complete system for the 

manipulation and describe all components of a 2D micro-robotics system. Here for these 

experiments, we are using magnetite (Fe3O4) and iron particles as microrobots. 
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CHAPTER 5.  EXPERIMENTAL RESULTS AND DISCUSSIONS  

This section explores the usage of electromagnetic coils to control magnetic microrobots. 

We are proposing the force self-control technique to manipulate microrobots by using the space 

varying gradients of the magnetic field with static electromagnetic coils. We use a 2D planar 

system with four electromagnetic coils planned in a rectangle around as shown in figure 8 and 

discussed in earlier chapters. 

5.1 Experimental Results 

Four electromagnetic coils will be used to manage the movement of the magnetic 

microrobot alongside the x-axis and y-axis. Dual electromagnets are provided with the DC as an 

input to fluctuate the magnetic microrobot on the x-axis. The other two electromagnets 

controlling the movement of the magnetic microrobot alongside the y-axis. We  can measure the 

location-tracking errors in the magnetic microrobot and the reference location using:  

𝑒𝑥 = 𝑥𝑟𝑒𝑓 − 𝑥 𝑎𝑛𝑑 𝑒𝑦 =  𝑦𝑟𝑒𝑓 − 𝑦                                                         (5.1) 

                                                                                             

Here ex and ey are the placement to monitor the errors all alongside the x-axis and y-axis, 

individually. Additional, Xref and Yref are the ingredients of a reference to the location, and x, y is 

the placement of the magnetic microrobot. Orientation for the perspective of the microrobot θ is 

presented by equation 5.2. 

                        𝜃 =  𝑡𝑎𝑛 − 1[ 
(|𝑒_𝑥 |)

(|𝑒_𝑦 | )
]                                                                 (5.2)                          

Every electromagnet coil either generates the alternating domain or the uniform field. 

Our proposal for a control approach has been based on adjusting the magnetic microrobot, then 

swinging the magnetic fields to enable them for their swim or slide to a reference where the 

magnetic field is applied. 

5.1.1 Rotational Motion 

A Uniform magnetic field is used for the rotation motion of the microrobot. In figure 5.1, 

uniform magnetic fields are being applied by utilizing electromagnets coils Y and X-axis.  And 

trembling motion of the Micro robotic Ice brags around 90 deg using a variable DC magnetic 

field is shown in figure 5.1 (I and II). 
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Figure 0.1 Trembling motion of Micro robotic Iceberg around 90 deg using variable DC 

magnetic field. 

5.1.2 Linear motion   

Open-loop movement control of the magnetic microrobot is accomplished by utilizing 

two opposing electromagnets coils to produce a magnetic field (right in the middle of the 

working space of the magnetic actuation system). By using the electromagnetic coils of the 

opposite electromagnet to swing these fields. Figure 5.2 represents an open-loop control 

movement outcome of the magnetic microrobots motion on the x-axis.  

Now when t = 0 seconds, no electromagnetic fields are being applied by the 

electromagnetic coils, as well as the magnetic microrobot has no geared towards any axis as 

shown in Figure 5.1(I). then we energize the (-) x-axis coil when t=32s  it covers 100µm as 

shown in Figure 5.1 (II) the time t=82s it covers 300 µm more as shown in Figure.5.1 (III) and 

when t=122 it covers 345 µm as shown in Figure 5.1 (IV)  it covers 745 µm total distance and 

we notice that the magnetic microrobot moves at a speed of 6.1 µm/s by applying a current of 

1.5A.  
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Figure 0.2: X-axis manipulation by using (-) x-axis coil. 

 
Figure 0.3  Microrobot motion around the Y-axis by using the Y- axis coils. 

 

In the experiment, the magnetic microrobot comes into contact with the bottom by 

ionized water of the workspace of 18mm×18mm. The electromagnets coils of x and (-) x-axis did 

not energize so these coils have no magnetic field, although electromagnets coils of y and (-) y-

axis generate uniform magnetic fields towards the reference position as shown in Figure 5.3 (I) 

when t=0s and magnetic field have no excitement. In fig. 5.3 (II) when t=1s it covers 10 µm. In 
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fig 5.3 (VI) microrobot's total distance is 350 µm. The Magnetic microrobot moves in the 

direction of the reference location and is located inside its surrounding area at the same speed of 

12 µm/s.   

 
Figure 0.4 Micro-robot of Fe3O4 particles motion around the X-axis by using X-axis coils 

 

In the experiment, we energize the X-axis coil for movement. In figure 5.4 shown its 

demonstration. At t=0 sec when no force is applied. Then at t=3 sec and it reaches the (+) x-axis. 

Microrobot covers the 1490 μm in 3 sec its velocity is 496.67 μm 𝑆𝑒𝑐⁄  . 

Conclusion  

There are kinds of motion that are possible by using a 2D magnetic micro-robotics 

system. Rotational motion by using a uniform magnetic field and linear motion for microrobots 

by using uniform magnetic gradients. Here we show both motion rotation around the 90 o and 

linear motion toward the excitation on axis .  
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CONCLUSION 

In this thesis, we studied the dependence of the magnetic field on the parameters of 

magnetic actuators. The collinear and planar alignment of magnetic actuators is incredibly 

important to obtain an optimized magnetic field. Prototype 2D magnetic systems were built and 

tested. The results showed that the magnitude of the misaligned magnetic actuators is not optimal 

in the workspace. The plane which is on the central axis of all actuators shows high magnetic 

field strength and is best for driving magnetic robots.  

This work focuses on the use of two-dimensional micro-actuators that can control fully 

untethered magnetic microrobots. However, two-dimensional can apply controlled magnetic 

forces and torques in two DOF to tethered equipment, such as magnetically evacuated catheters 

and tour guides. More importantly, the underlying control strategy presents the ability to estimate 

exercisable magnetic fields and magnetic field gradients within the system workspace when any 

electromagnetic field sources are used. Since the use of fewer electromagnets than the number 

used in the coupled coils is likely to reduce the performance of a converted system, the control 

strategy may anticipate system limitations. A system can potentially be conceived for catheter 

guidance in the human heart. In this thesis, we investigated the rotational and linear motion of 

magnetic micro-robots inside a fluid. It was demonstrated that such liner and rotational motion 

would locally propel the liner and rotational near the microrobots.  
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