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Abstract 
 

Magnetic Abrasive Finishing (MAF) is a very effective technique used in precision surface 

finishing and polishing processes. It is defined as one of the advanced and nonconventional finishing 

processes, which is used to improve the characteristics of a finished surface. This technique utilizes a macro-

size mixture of iron and abrasive particles moving in a magnetic field to remove material from a workpiece 

surface at the Nano or Micro scale. The MAF process can produce a finished surface by means of relative 

motion between a magnetic abrasive and the workpiece surface. The magnetic abrasive is suspended in a 

magnetic field which is generated by the electromagnets located underneath the workpiece.  

In this study, a finishing apparatus using a rotating magnetic field, with stationary electromagnets 

and workpiece, is developed for surface finishing. This system utilizes a rotating magnetic field to control 

the magnetic force and dynamic motion of a macro-size mixture of iron and abrasive particles. As opposed 

to conventional finishing processes, this approach eliminates any mechanical motion of the electromagnets 

and the workpiece, to make the system more controllable and reliable. The mechanism and characteristics 

of this system are summarized in this study. The finite element method is used to analyze the magnetic flux 

distribution, magnetic flux density, and magnetic force in the working area. Thus, this study conducts a 

novel design based on using stationary equipment and a finishing process carried out by regulation of 

magnetic field. In this design, the magnetic field rotates where the other parts are stationary (the 

electromagnets and also the workpiece). Consequently, regulating the magnetic field is used to control the 

magnetic force, which represents the cutting force. This enhances the accuracy and controllability of the 

process and improves the quality of the final product; and it also can be considered a trial to reduce the 

mechanical power consumption by eliminating any mechanical motion. 

Further, an optimization approach is used to determine the optimum design configuration of the 

electromagnet to maximize the finishing force in the working zone. The optimum dimensions are then used 

in the fabrication process of the electromagnets for the finishing system setup. Accordingly, experiments 

are also carried out to finish different materials such as, titanium, aluminum, composite material, 

polyurethane and Polytetrafluoroethylene (PTFE). The Taguchi systematic technique is used to design the 

experiments to optimize the process parameters of the finishing process. The Stationary Magnetic Abrasive 

Finishing (SMAF) process setup of the optimal electromagnet configuration is applied to finish a titanium 

(CP Grade 2) specimen and the average surface roughness (Ra) is improved from 4.156 µm to 1.94 µm. 

Also the variation of temperature in the interfering zone between the Titanium specimen and the magnetic 

abrasive particles is measured using a thermal camera. The measurement shows that the variation during 

the operation running time (60 mins) is just 14 ̊ C, with temperature change from (23 – 37  ̊C). This change 

has an insignificant effect on the surface characteristics and quality. 
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Moreover, a proposed approach is conducted to measure the magnetic force applied on particles. The 

experimental results of the force measurement are compared with the finite element simulation results. It is 

shown that there is good agreement between these results, with an average error percentage of 3.5%.  
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Chapter 1 

Introduction 
 

1.1. Background 

 

A high-quality surface with a low value of surface roughness and high dimensional accuracy is required 

for products in different applications such as aerospace equipment, medical instruments, semiconductors, 

automobiles, tools and dies, among others. The modern manufacturing industries are dependent on 

advanced materials like alloys of hard materials, glass, ceramics, and composite materials, to produce 

components with a complex shape for these applications. Final finishing of these materials is difficult due 

to high hardness and toughness, as well as the shape complexity of the products [1]. The final operation in 

manufacturing of components is the finishing process and it requires approximately 15% of the total 

manufacturing cost [2]. One promising precision surface finishing technique is abrasive finishing. It is 

widely used to finish the complex shapes of hard materials while providing precise tolerances that can be 

required in advanced engineering applications [3]. 

Magnetic fields have assisted in a wide spectrum of manufacturing processes such as finishing, 

cleaning, deburring, and burnishing of difficult to machine materials [4-6]. They have been used in a 

number of machining and abrasive finishing techniques to control the effective parameters of these 

processes, such as finishing force and applied voltage. Magnetic Abrasive Flow Machining (MAFM), 

Magnetic Float Polishing (MFP), Magnetorheological Abrasive Flow Finishing (MRAFF), and Magnetic 

Abrasive Finishing (MAF) are some examples of these abrasive machining processes [3-6]. Additionally, 

abrasive finishing utilizing magnetic fields have also been used to overcome the limitations of traditional 

finishing processes, in terms of accuracy, shape complexity, and cost. Traditional finishing processes cannot 

finish complex shaped workpieces, for example, cooling holes in turbine blades having diameters less than 

two millimeters [4-7]. The cutting energy in traditional finishing methods, which use rigid tools, is mainly 

used to overcome the cohesion forces of the machined material. Also, mechanical properties of the finished 

part can be affected by surface cracks and internal stresses due to external forces applied by the high-

strength rigid tools. Furthermore, the finished material’s properties can also be affected by microstructural 

changes due to excessive heat which is generated during performing of the finishing processes, especially 

when most of the cutting energy is transferred into heat and absorbed by the workpiece [4-7]. These 

limitations become substantial factors during micromachining processes which are used to fabricate micro-

components or to create micro-features on macro/micro-parts [8]. 
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 1.2. Overview of Abrasive Finishing Processes (AFP) 

 

Generally, a finishing process can be defined as a removing of a thin layer of a material with a Micro 

or Nano scale in the form of fine chips. This process may be required to improve the workpiece surface 

characteristics and quality, and also to refine the product tolerances in order to fulfill the manufacturing 

requirements [4-7]. AFP is usually used for products which have already been machined by other methods.  

Compared to rigid-tool-finishing processes, AFP utilizes abrasive particles in finishing or polishing the 

workpiece to improve the surface texture. Using abrasive particles as a multi-edged cutting tool lends to 

the finishing process’ unique attributes, in comparison to rigid-tool-finishing-processes. These attributes 

can be summarized as follows [9]:  

1. Modifying the surface texture and quality. 

2. Reduction in surface damage and residual stresses. 

3. Minimizing of the heat-affected zone extents. 

4. Enhancing the geometrical tolerance. 

 

There are many criteria which can be considered in classifying AFP into different categories. These criteria 

are; the fundamental principles of the process, state of the abrasive particles, the tools used, and finishing 

methods, as illustrated in Figure 1.1 [9].  

 

 

 

Figure 1. 1: Classifications of Abrasive Finishing Processes (AFP) [9]. 
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1.2.1. Process Principles Classification 

 

According to the fundamental principles of the process, AFP is classified into two main categories [10]: 

 

a. Motion-copying-processes 

In this category, material is removed to a specific depth of cut. This helps to control the dimensions of 

the finished part accurately. The grinding process can be considered as an example of this kind of 

process due to use of a grinding wheel as a bonded abrasive tool, as shown in Figure 1.2, representing 

a motion-copying-process. The grinding wheel rotates in a range of 20-140 m/s which is considered 

high speed relative to the other finishing processes [11]. 

 

 

 

Figure 1. 2: Schematic of grinding process as an example of a motion-copying-process. 

 

 

b. Pressure-copying-processes 

The work principle of this category is based on using the pressure of a finishing tool against the finished 

surface to remove the material. This helps to obtain the desired surface geometries and to modify the 

surface integrity, however it cannot be used to control the dimensional accuracy. Many of the AFP such 

as honing, lapping, polishing, and superfinishing can be considered good representative examples of 

this category [9]. Figure 1.3 provides a schematic of the pressure-copying-processes examples. 
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Figure 1. 3: Schematic of pressure-copying-processes examples. 

 

 

Honing is an abrasive finishing process using abrasive particles to accomplish the finishing process. The 

abrasive particles (grains) in honing are fixed in a bonded small stone tool as with the grinding wheel. 

However, there are two features that distinguish honing from grinding. Honing is usually used to finish 

internal cylindrical surfaces, and its tool is flexibly aligned to the finished surface. The typical surface speed 

range is 0.2-2 m/s [11].  

 

In the lapping technique, the abrasive particles are suspended in a liquid lubrication medium between lap 

(or laps) and the surface of the workpiece. Compered to honing, lapping is a gentler process due to the low 

surface removal rate per pass. It is also used for flat surfaces which require high tolerance [11]. 

 

Similar to lapping, polishing utilizes free (un-bonded) abrasive particles to perform a finishing process. The 

free abrasive particles are inserted under a comfortable pad to apply a gentle pressure on the workpiece 

surface and reduce the penetration depth of individual grains [11]. 

 

 

1.2.2. Abrasive Particle State Classification 

 

According to the abrasive particle state, AFP can be classified into two categories; bonded and un-bonded 

[9]:  

a. Bonded Abrasive 
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This contains a bonded abrasive in the form of abrasive stones, abrasive media, and coated abrasives. 

The main feature of items in this AFP category is that the abrasive particles perform the finishing 

process as a fixed matrix. Abrasive stone is usually used in honing and it includes granules, bonding 

elements, and pores, whereas abrasive media is composed of a core of polymer wrapped with the 

abrasive bond. The polymer core is available in different shapes such as spheres, cylinders, and 

triangles.  

In coated abrasives, the abrasive particles are bonded to a flexible substrate such as paper or plastic 

tape using adhesives. They are usually used in honing and superfinishing. 

 

b. Un-bonded Abrasive 

Un-bonded abrasive means that the abrasive particles freely move on the workpiece surface to 

accomplish the finishing operation. Based on that, the abrasive tools can be divided into three groups. 

The first group is the free abrasives which are used in finishing processes such as blast finishing. The 

second group is abrasive slurries which are usually used in polishing and lapping processes. Lastly, the 

third group is abrasive flow media which are used in magnetic abrasive finishing and abrasive flow 

machining. In some AFP, the abrasive particles are mixed with ferromagnetic particles, just like 

magnetic abrasive finishing. Whereas, in other AFP, viscous liquid carriers are used to carry the 

abrasive particles, such as in abrasive flow machining [11].  

 

 

 1.3. Material removal mechanism in Abrasive Finishing Processes 

  

To understand the material removal mechanism in AFP, interaction between the abrasive particles and 

the finished surface of the workpiece must be understood. This interaction is described on a microscopic 

level and the overall finishing process is defined by this level, including the cutting force and the rate of the 

metal removal per single abrasive particle. The main boundary conditions of AFP, as shown in Figure 1.4, 

include the finishing forces which contain the normal and tangential components (Fn and Ft) respectively. 

Also, it includes the kinematic boundary conditions which are described by identifying the abrasive particle 

path and its penetration depth (depth of cut) on the finished surface. Further included is the energy bound, 

as the abrasive particle comparatively slides on the workpiece surface with energy due to the finishing 

forces and sliding velocity [9].  
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Figure 1. 4: Schematic of AFP finishing conditions. 

 

 

The interference between the abrasive particle and the workpiece surface during the finishing process can 

mainly be divided into three phases; fatigue, cutting, and rolling. As illustrated in Figure 1.5, the angle α 

represents the impact angle of the momentum or velocity of the abrasive particle measured with respect to 

the normal direction of the workpiece surface. This angle dictates which phase is applicable during the 

machining process. When angle α is small, Figure 1.5 (c), the abrasive will be indented into the workpiece 

surface and will push the material around the dent, in the case of a ductile material. If the workpiece is 

brittle, cracks might initiate underneath the dent, then propagate under the effect of frequent bombardment 

of the abrasive particle. This will lead to removal of the material from the workpiece surface [9]. 

 

 

 

Figure 1. 5: Schematic illustrates the interaction phases of abrasive particle (a) Kinematics of abrasive,    

(b) Finishing force components on the abrasive, (c-e) Interaction phases between abrasive and workpiece 

surface (Reproduced from [9]). 
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At higher α, there are two expected scenarios for the abrasive particle kinematics behavior based on the 

kind of particle rotation. The first scenario is when the particle rotation is restricted, as shown in Figure 1.6. 

In this case, it can be noticed that most of the abrasive particle momentum in the tangential direction 

contributes in performing the finishing task by making scratches on the finished surface and removing the 

material in the form of tiny chips. The second scenario is when the particle rotation is free, as illustrated in 

Figure 1.5 (e). In this situation, the abrasive particles hit the surface and roll over making imprints on the 

finished surface. This leads to improving the surface profile [9]. 

 

 

 

Figure 1. 6: Model of a single abrasive particle scratching (Reproduced from [12]). 

 

 

1.4. Magnetic Abrasive Finishing 

 

Magnetic Abrasive Finishing (MAF) is a micromachining process. It can be considered as a pressure-

copying-process, and is an advanced and non-traditional finishing process developed to produce a high 

quality finished surface efficiently and economically [6]. In the MAF technique, a workpiece is placed 

within a magnetic field which is produced by a permanent magnet or an electromagnet. The working gap 

between the workpiece and the magnetic source is filled with the Magnetic Abrasive Particles (MAPs) as 

shown in Figure 1.7. Applying a relative motion between the magnetic source and the workpiece makes 

MAPs scratch the surface of the workpiece and remove a thin micro or nano layer in the form of fine chips 

[4-7]. 
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MAF can be used, as shown in Figure 1.7, for the internal and external surfaces of complex shapes and 

tubes, which are difficult to finish using the conventional finishing processes. MAF can be used for 

magnetic or non-magnetic materials and can also be used for flat surfaces. 

 

Figure 1. 7: Examples of existing MAF methods, (a): Fixed magnetic source with rotated work piece 

internal Surface Finishing. (b): Fixed magnetic source with rotated work piece external Surface Finishing. 

(c): Rotated magnetic source with fixed work piece. 

 

 

In the MAF process, a magnetic force is used as a cutting (finishing) force in order to produce precision 

surfaces with high quality [13]. Finishing force in the MAF technique represents magnetic force which is 

produced by a magnetic field. The magnetic field can be controlled by regulating the exciting current of the 

electromagnetic coil which is mainly provided by a direct current (DC) power supply, so the magnetic force 

(finishing force) can be regulated and controlled. This regulation and controlling can be considered an 

important feature of the MAF technique for fine finishing without damaging surface topography [14]. 

Another main feature of the MAF technique is that no rigid tools are required to perform the finishing 

process. These features make the MAF technique different from the traditional methods of finishing 

processes, such as grinding, honing, and lapping, which normally use a rigid tool to perform the finishing 

process. Therefore, in traditional finishing processes, the finished surface will be subjected to substantial 

normal stresses. These stresses may cause micro-cracks and other defects which reduce the strength of the 

finished parts. Thus, in the MAF technique the formation of microcracks on the finished surface of the 

workpiece, which are mainly caused by the normal stresses, are minimized [5]. 

In MAF processes, an abrasive material called Ferromagnetic Abrasive Particles or Magnetic Abrasive 

Particles (MAPs) [7] is used. These particles are generally used with fine and hard granular abrasive 

particles such as Al2O3, SiC, CBN, or diamond, as shown in Figure 1.8. 
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Figure 1. 8: Microscopy and scanning electron microscopy of A) iron particle (dia. 150~300 µm), and B) 

white alumina (WA) magnetic abrasive (mean dia. 80 µm, aluminum oxide (Al2O3): ≤10 µm) [7]. 

 

 

To successfully perform the finishing operation for the workpiece surface, the motion of Magnetic Abrasive 

Particles (MAPs) should be controlled. This represents a critical task since MAPs are suspended in the 

magnetic field which is generated by an electromagnet [15]. Manipulating the magnetic field in the working 

area drags MAPs to the targeted finishing area and performs the surface finishing operation. The magnetic 

field is generally controlled by the geometry and arrangement of the electromagnets, as well as the geometry 

of pole tips attached to the electromagnets [7]. 

This research develops a new finishing method featuring the use of a rotating magnetic field to improve the 

finishing efficiency of the produced part. Further, it explains the processing principles of the newly 

developed finishing method and describe the surface finishing characteristics. The metal removal and 

finishing mechanism also is investigated and described. 

 

 

 1.5. Surface Roughness terminology 

 

One of the main objectives of this thesis is improving the finished surface roughness and characteristics. 

Thus, it is important to define the fundamental terminology of the surface roughness. There are many terms 

related to surface roughness and surface finishing often used to describe and quantify the finished surface 

characteristics and smoothness. The concepts of these terms can be identified according to the American 

Standard B46.1 of Surface Texture as follows [16]: 

 Surface texture 
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Surface texture represents the surface pattern observed on a primary surface. This pattern might be 

repetitive or random due to the roughness, waviness, lay, or flaws. 

 Real Surface 

The term real surface refers to the superficial layer which surrounds the body and isolates it from its 

ambient medium. This layer represents, without any distortion, the structural deviations which are 

mainly consisting of surface roughness, waviness, and the surface details. 

 Roughness 

Roughness represents the surface texture contrasts which are formed as a result of the manufacturing 

and machining processes. Figure 1.9 illustrates profiles of roughness (width and height). Roughness 

width denotes the distance between the contiguous peaks which represent the pattern of the surface 

roughness. Whereas, Roughness height refers to the vertical distance of the peak-to-valley for the local 

surface profile. 

 

Figure 1. 9: Schematic of surface profile and roughness (Reproduced from [17]). 

 

 

 Roughness sampling length (L) 

This is the length of the surface sample for which average roughness is intended to be determined. This 

length is specified in order to characterize the surface contrasts and whether they are to be classified as 

roughness or waviness. 

 Waviness 

This represents the wider spaced element of the surface texture profile. It can be formed from machining 

conditions or vibration chatter. The waviness width is the width of this element of the surface texture, 

while waviness height is the peak-to-valley distance of the global surface profile. 

 Average Roughness (Ra) 
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This refers to the arithmetic mean roughness value of the deviation of the roughness profile from the 

mean surface line (ML). It is also defined as the arithmetic average or center line average. Ra can be 

computed as [17]: 

𝑅𝑎 =
1

𝐿
∫|𝑦(𝑥)|𝑑𝑥

𝐿

0

                                                                    (1.1) 

 

      where Ra refers to the arithmetic average deviation, L is the length of the surface sample, and y is the 

ordinate of the surface profile curve. 

 Root-mean-square (rms) roughness (Rq) 

This is the standard deviation of the height distribution (roughness structure). Rq can be calculated from 

the formula: 

𝑅𝑞 = √
1

𝐿
∫𝑦2(𝑥)𝑑𝑥 

𝐿

0

                                                            (1.2) 

 

 Maximum peak-to-valley height (Rmax)  

This is the distance between two lines which include the highest and lowest points on the surface profile. 

These two lines must be parallel to the ML. 

 Lay 

This is the direction of the prevailing surface profile which is formed due to the machining process. 

 Flaws 

These are unwanted distortions in the surface topography. 

 

 

 1.6. The proposed system overview 

 

The proposed setup is a stationary system that depends on using a rotating magnetic field to move 

MAPs on the workpiece surface and control the finishing process. In addition to a flat surface, this setup is 

examined to ensure it is applicable to finish a component with a complex shape such as: femoral 

components of knee prosthetics, grooves of ring seals, and surface and initial edges of cutting tools. 

This system does not require any mechanical moving parts to perform the finishing process. It depends on 

use of a rotating magnetic field which can be obtained by energizing the electromagnets sequentially via 

controlling their duty cycle and on-time interval. In most of the previous work in the literature, the 
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electromagnets are activated by using a direct current (DC) power supply. However, using DC power supply 

causes two essential problems: coil heating, which may damage the electromagnet, and exhaustion of the 

abrasive particles’ cutting edges due to continuous use of the same particles [18]. Thus, using the proposed 

technique for energizing the electromagnets can solve these problems and overcome the drawbacks. 

Furthermore, the main features of the proposed system includes: 

1. A wide range of surface roughness: By using a different mesh size of MAPs, with regulating the 

magnetic field and magnetic force (cutting force), it is possible to produce finished surfaces with a 

wide range of surface roughness for different applications. 

2. Cutting force control: CFC is obtained by controlling the depth of penetration of the abrasive 

particle in the workpiece surface. This depth represents the thickness of the metal removal layer 

and it depends on the normal component of the cutting force (magnetic force), as explained in 

Chapter three. 

3. Cost saving: In terms of cost and economic factors, the proposed system can be considered a cost 

saving system as it does not require a motor or any mechanical moving parts. Thus, the system 

setup cost and maintenance cost can be reduced. 

4. Size and mobility: The developed system is smaller in size compared with previous (similar) 

finishing systems. Furthermore, it can be considered a portable system, since there is no need for a 

motor or machining equipment to connect to it. So the developed system is lightweight, portable 

and whisper-quiet. 

 

 

 

 1.7. Thesis Objectives and Outlines  

 

This study aims to propose a novel magnetic abrasive finishing design using stationary equipment 

whereby the machining process is carried out by regulation of magnetic fields without using any 

mechanical moving parts. A rotating magnetic field, which is obtained by energizing the electromagnets 

sequentially via control of the duty cycle, and on-time interval, for each electromagnet, was used. Thus, 

regulating the magnetic field allows control of the magnetic force which, in this case, represents the cutting 

force. This enables automating of the performance of the finishing process. Further, it enhances the 

accuracy and controllability of the process, and it also improves the quality of the final product. From 

another perspective, it also minimizes the mechanical power consumption by elimination of any mechanical 

motion.  
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The designing process involved several steps including development of a simulation and mathematical 

model for the metal removal mechanism and magnetic and cutting force calculation of the MAF process. 

In addition to design and optimization of the electromagnetic actuator and fabrication of the experimental 

setup. Moreover, studying the effect of the process parameters (such as applied current, frequency of the 

rotating of the magnetic field, and magnetic abrasive particles), and characterizing of the finished surface 

with respect to the roughness profile and surface textures is done. 

 

This thesis is organized as follows: 

Chapter 1 presents a brief overview of the abrasive finishing processes and their classifications of 

applications. The MAF process is defined briefly with an overview of the proposed system and its features. 

Also, the fundamental terminology of the surface roughness is clarified. The thesis objectives and scope 

are also presented. 

 

Chapter 2 presents various techniques of MAF, and different types of finishing mechanisms. It points 

out the necessity of the research described in this thesis due to showing that most of the previous work has 

involved a relative (non-stationary) motion between the magnetic source (electromagnet or permanent 

magnet) and the workpiece.  

 

Chapter 3 provides the details of the Stationary Apparatus Magnetic Abrasive Finishing (SMAF) 

technique and the communication between its different components. It explains the possibility of using 

stationary electromagnets and a workpiece by manipulating the excitation current to produce a rotating 

magnetic field. Various physical configurations of the electromagnet coils are presented. 

 

Chapter 4 discusses the design and optimization approach used to optimize the geometry of the 

electromagnet. This approach is carried out in two stages.  In the first stage, the integrated formula of a thin 

shell solenoid is used to obtain the gradient of the magnetic field at any point on the axis of a finite solenoid. 

In the second stage, a parametric study is carried out using a finite element simulation. Moreover, a new 

approach is conducted to measure the magnetic force experimentally using an ATI force sensor. The results 

are verified using a finite element simulation. Also the variation of temperature in the interfering zone 

between the workpiece and the magnetic abrasive particles is measured using a thermal camera. 

 

Chapter 5 explains the fundamental models used to represent the relationship between the main 

parameters of SMAF. The Finite Element Method started with classical Maxwell’s equations, as the 

governing equations, used to find the solutions of parameter to analyze the variation of the magnetic field 
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(B) in the working gap with respect to the magnetization effect of the particles and the electromagnets' angle 

of alignment. Further, the magnetic force (cutting force) is also analyzed with its components, the normal 

Fmz, and tangential Fmt to determine their sufficient magnitude to remove the material from the workpiece 

surface.  

 

Chapter 6 presents a fuzzy logic model for predicting the output parameters of the SMAF process based 

on experimental results. A fuzzy logic model using 25 fuzzy rules is developed to predict the average 

surface roughness and the reduction percentage of the surface roughness for a given input set of applied 

voltage, electromagnet energizing frequency, operating time, and size of abrasive particles. The Taguchi 

orthogonal array technique is chosen to design the experiments and build the fuzzy logic predicted model.  

 

Chapter 7 examines the performance of the SMAF technique. This technique is applied to perform the 

finishing process for different materials, and different shapes and geometries. SMAF is first applied to 

finish the surface of a thin film sheet of aluminum foil, followed by a composite material sample of BLT 

slab, an internal surface of 10 mm diameter aluminum tube, and a U-shaped 2 mm × 2 mm tiny channel of 

an aluminum slab. Additionally, the proposed technique is applied to perform a surface finishing process 

for “hard-to-machine” materials, Titanium and Inconel. 

 

Chapter 8 presents the conclusions of this thesis and recommendations for future work. So far, this 

research has resulted in the publication of 2 journal articles and 1 conference paper. Also 1 journal article 

is now under review. A list of publications related to this research is provided in Appendix A. 

 

 1.8. Thesis Contributions 

 

The design and development of the stationary magnetic abrasive finishing apparatus includes 

contributions in the following areas: 

 Developing a novel design of a stationary magnetic abrasive finishing system that utilizes a rotating 

magnetic field to move MAPs on the workpiece surface and control the finishing process. As 

opposed to the conventional finishing processes, this system does not require any mechanical 

moving parts to perform the finishing process. It depends on using a rotating magnetic field which 

can be obtained by energizing electromagnets sequentially while controlling their duty cycle and 

on-time interval. 

 Developing a model to calculate the cutting force per single abrasive particle, and a novel approach 

to measure this force experimentally. 
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 Design and optimization of an electromagnetic actuator used as a magnetic field source (to produce 

a rotary magnetic field). 

 Developing a fuzzy logic prediction model to predict the average surface roughness of the finished 

surface. 

 Applying the developed technique successfully in different surface finishing applications, for flat 

surfaces such as thin film materials, and a sample of BLT ceramic slab, and also for difficult-to-

reach areas, such as internal surfaces of a thin tube, and tiny channels. Additionally, it is applied to 

hard-to-machine materials including Titanium and Inconel. 
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Chapter 2 

Literature Review 
 

2.1. Introduction 

 

Henry P. Coats was the first to mention Magnetic Abrasive Finishing (MAF) in his patent in 1938 

in the USA. Later MAF was further developed by researchers in the former USSR and Japan [19]. Many 

studies have been conducted to investigate the MAF process parameters and performance. Some of the 

studies employed permanent magnets as a magnetic field source, while others used electromagnets with 

direct current (DC) or alternating current (AC). 

2.2. Permanent Magnet Based MAF Process 

 

The first attempt to explain the basic principles of the Magnetic Abrasive Finishing (MAF) process 

was done by Shinmura T. et al. [19-20] where they confirmed experimentally in a model test that the 

Magnetic Abrasive Particles (MAPs) supply enough pressure to finish the work surface corresponding to 

the strength of the applied magnetic field. They described the internal finishing process of a stainless steel 

tube by MAF. They also studied the effect of process parameters that could affect the final surface 

roughness. They found that the strength controlling of magnetic force is dependent on the material, shape 

and size of the workpiece, and the shape and size of the permanent magnet. The experimental results showed 

that the surface roughness was improved up to 0.1µm Rmax. Yamaguchi H. et al. [21-23] proposed an 

internal MAF process using a rotating magnetic pole with a new technique of magnetic field assisted 

finishing. The relationship between the magnetic field, force on the abrasive, and the abrasive behavior 

were explained in this study in addition to the effect of the abrasive behavior regarding surface 

modifications. They found that the quality of the finished surface depends on the volume of lubricant which 

affects the abrasive contact with the workpiece surface and changes the finishing force acting on the 

abrasive, which controls the depth of cut. 

A mechanism of a planar magnetic abrasive polishing process for a nonmagnetic material, stainless steel 

was done by Mori T. et al. [24]. They examined the formation of a Magnetic Abrasive Flexible Brush 

(MAFB), and how the normal force pushes the abrasives on the brush end to indent into the material surface 

of the workpiece. The results of this study illustrated that MAPs penetrate the surface of the workpiece with 

a depth of penetration which is proportional with the magnetic force. Therefore, MAF is a penetration 

process not just a frictional process. 
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Figure 2. 1: Configuration of Magnetic Abrasive Flexible Brushes (MAFB) [24]. 

 

 

The MAF process was proposed by Wang and Hu [25] to produce high quality finished inner surfaces of 

tubes. They showed that there is an optimal magnetic abrasive particle size, 30–50%, for the 

abrasive/ferromagnetic volume ratio. This study concluded that the Material Removal Rate (MRR) 

increased with the increasing of the rotational speed of the magnetic pole. MAF was also used for the 

internal finishing of capillary tubes by Yamaguchi H. et al. [26-27]. They studied the factors affecting the 

conditions of a uniform internal finishing process, particularly the magnetic field and MAPs. This study 

concluded that the pole arrangement can be adjusted to control the magnetic field, in addition to controlling 

the MRR which leads to uniformity in the finished surface. Furthermore, they illustrated that the finishing 

characteristics are influenced by the supplied amount of MAPs and the magnetic force acting on it. In 

another study, Lin C.T. et al. [28] used a permanent magnetic finishing mechanism installed in a CNC 

machining center, as shown in Figure 2.2, to conduct free-form surface abrasion of stainless steel. The 

operations were performed using the Taguchi experimental design to study the effecting factors inclusive 

of the working gap, feed rate, and MAPs. The study showed that the working gap has the largest impact on 

the finishing quality. 

 

Figure 2. 2: Flexible magnetic brush and dispersion of magnetic force [28]. 
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Yamaguchi and Hanada [29] proposed a method to make a spherical magnetic abrasive by means of plasma 

spray to improve the finishing performance, especially for the internal finishing of capillary tubes. This 

study illustrated that the thermal conditions of the plasma gas have strong influence on the shapes of the 

magnetic abrasive but negligible effects on the material structure. To prove that MAF can be used for non- 

ferrous materials, Kwak J.S. [30] proposed a method to improve the magnetic flux density in magnetic 

abrasive polishing process for a magnesium specimen. The magnetic flux density for ferrous and non- 

ferrous materials was simulated. He suggested to increase the magnetic flux density, a practical method that 

installed a permanent magnet at the opposite side of the work piece to be machined. 

Junmo Kang et al. [31] proposed a multiple pole-tip system with a partially heat-treated magnetic tool to 

achieve the finishing of multiple regions simultaneously in capillary tubes. 

 

 

Figure 2. 3: Schematic of processing principle and photograph of experimental setup with double pole-tip 

sets [31]. 
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2.3. Electromagnets Based MAF Process 

 

The application of the electromagnets in Magnetic Abrasive Finishing (MAF) processes can also 

be classified into two categories: electromagnet with Direct Current (DC), and electromagnet with 

Alternating Current (AC). 

 

2.3.1. Electromagnet with Direct Current (DC) MAF Process: Many studies have been 

conducted to characterize the material removal process and provide a fundamental understanding of the 

MAF process mechanism. Early research of using the electromagnet with DC in the MAF process was 

proposed by Kurobe, T. [32]. He developed a polishing setup to perform magnetic field assisted fine 

finishing. The setup consists of magnetic fluid filled into the grooves in a brass disk covered by a rubber 

plate having thickness 1 mm. The polishing abrasives were mixed with water and placed in a disk with two 

electromagnets set above and below it. When DC voltage was supplied, a magnetic field was produced and 

induced polishing pressure to perform the finishing operation. Yamaguchi H. and Shinmura T. [33] 

proposed internal use of an MAF process for producing highly finished inner surfaces of tubes used in 

critical applications including clean gas or liquid piping systems. This study examines, by using scanning 

electron microscopy, the microscopic changes in the surface texture resulting from the MAF process and 

the atomic force. Another investigation was done by Jain V. K. et al. [34] to study the effect of working 

gap and circumferential speed on the performance of in the MAF process. A series of experiments were 

conducted and showed that working gap and circumferential speed of workpiece were the parameters which 

significantly influence the material removal, change in surface roughness value (ΔRa), and percentage 

improvement in surface finish. Chang G.W. et al. [35] described in their study the principles and 

characteristics of the MAF process with the unbounded mixture of SiC abrasive and ferromagnetic particles 

with a SAE30 lubricant. Also, they described the mechanisms and finishing characteristics on surface 

roughness and material removal. Singh D.K. et al. [36] studied the effect of the process parameters which 

influence the surface roughness quality. They used the Taguchi design of experiments technique to find the 

important parameters. They found that voltage is the most significant parameter, followed by working gap. 

At the same time, the effects of grain mesh number, and rotational speed seemed to be very small. A new 

technique based on using a vertical vibration-assisted magnetic abrasive finishing process was used by Yin 

S. and Shinmura T. [37]. They applied this technique for the plane and edge surface finishing and deburring 

of a magnesium alloy. In this technique, a vibrating table was installed on the feeding table and the 

workpiece was vibrated in the vertical direction by the use of motorized cam systems. A relative motion 

was obtained consisting of vertical vibration and rotation between the magnetic brush and workpiece. The 



 20  

finishing experiment results demonstrated that realization of the efficient finishing quality of magnesium 

alloys is possible by using the MAF process. 

 

Figure 2. 4: Vibration-assisted magnetic abrasive finishing setup [37]. 

 

 

For complex internal geometries Jha S. and Jain V.K. [38] applied a new precision finishing technique 

using a magnetorheological polishing fluid (MR) containing carbonyl iron powder and silicon carbide 

abrasives with mineral oil. Due to the magnetic field, MR fluid exhibited change in rheological behavior 

which may be used to control the finishing forces, and accordingly, the final surface finish. Singh D.K. et 

al. [39-40] analyzed microscopic changes in the surface texture resulting from the MAF process to 

characterize the behavior of abrasive particles during the finishing process. Furthermore, surface roughness 

measurement, atomic force, and scanning electron microscopy have been used to obtain a better 

understanding of the finished surface pattern. Also, they tried to provide correlation between the surface 

finish and the acting forces. They used a resistance type force transducer (ring dynamometer) to measure 

the normal and tangential magnetic force components with the assistance of Lab-View software. They 

concluded that both forces and change in surface roughness (ΔRa) increase with the increasing in current 

and decreasing in the working gap. The surface roughness and material removal in the MAF process have 

been analyzed by Girma B. et al. [41], by using a response surface method on plane surfaces. This method 

was used to analyze the influence of various factors on MAF of plane surfaces, and also to obtain optimum 

parameter levels that give better surface finish and higher material removal. The researchers observed that 

the surface roughness was significantly influenced by the MAPs grain size, size-ratio, feed rate, and current. 
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2.3.2. Electromagnet with Alternating Current (AC) MAF Process: The first attempt of 

using the electromagnet with Alternating Current (AC) in the MAF process was proposed by Shinmura T. 

et al. [42]. They applied a rotating magnetic field which was obtained by activating three coils arranged in 

a circular alignment at intervals of 120̊ with a three-phase AC current. Experiments were conducted for an 

internal finishing of cylindrical work pieces. It was concluded that as compared with application of a static 

magnetic field, stock removal was increased by using a rotating magnetic field, but surface finish was 

reduced. Shinmura T. et al. [43] also proposed a new finishing process by applying a rotating magnetic field 

with six coils installed on a circular yoke. The coils were energized with a three-phase AC current. 

Experiments were conducted to finish the internal surface of a stainless steel tube from 4 µm of surface 

roughness to 0.4 µm. A new ultra-precision magnetic abrasive finishing process using an alternating 

magnetic field was described by Yanhua Zou et al. [6], as shown in Figures 2.5. They investigated the effect 

of finishing parameters such as rotational speed of magnetic pole, and alternating current frequency, on the 

metal removal rate and final surface finishing. Furthermore, they studied the effect of cutting fluid and 

proved that neat cutting oil is more suitable for this processing than water-soluble cutting fluid and silicone 

fluid. 

 

 

Figure 2. 5: Schematic of processing principle and photographs of finishing surface [6]. 

   

 

 

2.4. Conclusion and Motivation 

 

This chapter presents various techniques of Magnetic Abrasive Finishing (MAF), and different 

types of finishing mechanisms. In conclusion, most of the previous work in the field of MAF, whether it 
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was an experimental work or modeling and simulation work, has involved a relative motion between the 

magnetic source (electromagnet or permanent magnet) and the workpiece. This motion can be obtained 

generally by using a motor or machining equipment like a lathe machine and milling machine. Some 

applications used a stationary magnetic source with a rotating workpiece as in [34-35], while others used a 

rotating magnetic source with a stationary workpiece, as in [23-24]. Thus, in all applications, a mechanical 

motion which is produced by a motor or machining equipment was required even when the electromagnet 

with alternating current was used. The requirement of the mechanical motion might be considered as a 

limitation for this method. This required motion affects the flexibility of mobility of the MAF system setup. 

Moreover, it affects the setup cost and machining operation cost due to its power consumption. Also, it 

requires a maintenance cost to improve the equipment effectiveness and achieve the desired surface 

roughness. On the other hand, using an electromagnet with direct current can cause essential problems 

regarding coil heating, which may damage the electromagnet, and exhaustion of the abrasive particles’ 

cutting edges due to continuous use of the same particles. All these considerations represent motivation 

factors to investigate MAF setup modification through inclusion of a stationary system. The proposed setup 

implements a rotating magnetic field with stationary equipment whereby the finishing process is to be 

carried out by the regulation of a magnetic field without using a motor or any mechanical moving parts. 

The conducted system uses a proposed technique for energizing the electromagnets sequentially, with 

control of the duty cycle and on-time interval for each electromagnet in order to overcome the drawbacks 

mentioned. Also, the proposed system has smaller size compared with the previous (similar) finishing 

systems. Furthermore, it can also be considered to be a portable system, since there is no need for a motor 

or machining equipment to connect to it. 
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Chapter 3 

Experimental Setup 
 

3.1. Introduction   

 

This study describes research on manipulating and controlling the magnetic field such that the 

magnetic particles will travel between the electromagnets, while the electromagnets and workpiece remain 

stationary. Several experimental setups for the mechanics of MAF have been analyzed. The objective of 

the research is to prove the concept that, by fixing both the coils and the work piece, the magnetic particles 

will move around from electromagnet to electromagnet or at least move around such that they can also 

perform magnetic abrasive finishing. 

3.2. Controlling and MATLAB-Simulink 

 

3.2.1. Control and Communication Setup 

 

To perform experiments and test the concept, a control module which controls the electromagnets is 

essential; otherwise there would only be thought experiments and no concrete proof and data. Figure 3.1 is 

a simple flow chart of the communication from the MATLAB file to the physical system. In this application, 

the electromagnets are controlled through the use of a dSPACE machine, shown in Figure 3.2, and programs 

written in Simulink. 

 

Figure 3. 1: Flow chart of the control and communication setup. 
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Figure 3. 2: System components. 

 

 

Here, the dSPACE serves as a data acquisition device and the data source comes from the Simulink file. 

This section covers the communication and control setup, the necessity of using the L298 Dual Full-Bridge 

Driver, and the approach used to create pulse width modulation (PWM) in Simulink. It finishes with a 

discussion of the test of the Full-Bridge Driver and PWM Simulink file. Simulink, software that is part of 

MATLAB, is used primarily to simulate a system based on a mathematical model that the user builds 

depending on the application. It is a very powerful tool for engineering design applications. Before getting 

into the details of the Simulink file, this section explains the issue faced when the dual Full-Bridge Driver 

is not used during experiments. This is followed by how the L298 Full-Bridge Driver resolve the problem. 

A coil becomes an electromagnet when a current is passed through its wire; a magnetic field is created and 

as a result magnetic attraction or repulsion occurs. Similar to a permanent magnet, an electromagnet has 2 

poles, one pole on each side, North (N) and South (S). The electromagnetic coil used has an iron core. The 

problem becomes apparent when the magnetic particles start to stick to the core of the coil, as shown in 

Figure 3.3, even if no current is passing through the coil. 
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Figure 3. 3: Residual magnetism shown with particles sticking to the coil core. 

 

 

This problem occurs because, during the operation, the particles that are going to scratch the surface of the 

workpiece are stuck on the coils. This makes the process less efficient and also wastes these particles. 

Secondly, the group of particles that stick onto the coil stay on it. As time passes, most of the mobile 

particles are accumulated on the coil and become immobile. This renders the operation useless. This 

phenomenon is due to the residual magnetism that is in the core of the electromagnetic coil which is made 

of iron, a ferromagnetic material, and the magnetic particles. This happens to ferromagnetic materials when 

they are always charged in a single direction of current leading to having a single pole facing the particles. 

Without the Dual Full-Bridge Drive, the current would go into the coil in a single direction while only one 

pole would always face the magnetic particles. Based on the Hysteresis Loop in Figure 3.4, the experiment 

runs in the first or third quadrant only. 

 

 

Figure 3. 4: B-H curve of Hysteresis Loop for a ferromagnetic material [44]. 
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When no current goes through it, the state of the coil is located at point “b” or point “e” of Figure 3.4. In 

order to fully remove the residual magnetism, the current has to pass through the coil in the opposite 

direction as well, and so going through the Hysteresis Loop and not only one portion of it. 

 

 

 

Figure 3. 5: L298 – Multiwatt 15 Dual Full-Bridge Driver. 

 

 

How does the L298 – Multi-watt 15 Dual Full-Bridge Drive solve the problem with the residual magnetism? 

The key components on the circuit board, shown in Figure 3.5, include eight L298 – Multi-watt 15 Dual 

Full-Bridge Driver. This chip is capable of controlling the direction of the rotation of the motor. Figure 3.6, 

illustrates the pre-programmed functions block for the chip L298. The function corresponds to a motor, but 

the L298 basically controls the direction of the current, which then controls the direction of the rotation of 

the motor, either forward or reverse. This feature solves the residual magnetism problem, but it is important 

to be able to manipulate the direction of the current. This can then control the polarity of the coils: either 

North (N) or South (S) Pole. Recalling the B-H curve in Figure 3.4, with this chip point “c” and point “f” 

can be reached. The coils then no longer stay within a single quadrant, first or third. They can have states 

in all four quadrants.  
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Figure 3. 6: Pre-programmed functions block for the chip L298. 

 

 

Table 3.1: Function of the L298 [45]. 

Inputs (V, C & D) Function 

 

V = H 

C = H; D = L Forward 

C = L; D = H Reverse 

C = D Fast Motor Stop 

V = L C = X; D = X Free Running Motor Stop  

L = Low [0]               H = High [1]               X = Don’t care 
 

 

 

As shown in Table 3.1, the inputs are C and D. The values of High (H) and Low (L) are one (1) and zero 

(0) respectively. The chip works with the digital signal. This creates another issue in the input/output 

communication between the Simulink + dSPACE and the L298 Dual Full-Bridge Driver. From the Simulink 

file, if the input signal is analog, for example a sinusoidal wave, the chip is unable to perform its function. 

A method used to convert an analog signal into a digital signal is Pulse Width Modulation (PWM), 

discussed next. 
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3.2.2. Simulink - Pulse Width Modulation (PWM) 

 

In simple terms, PWM converts an analog signal into a digital signal of 0 and 1. The overall time period of 

when the signal becomes 1 is called a duty cycle. If half of the time, the PWM signal is “on”, or 1, its duty 

cycle would be 50 percent. Therefore, as an example, with 5 volts of power supply, the device with 50 

percent duty cycle would get 2.5 volts (half of the power supply). It would be the duty cycle times the 

voltage or power supply. This method is programmed in Simulink and analyzed here. 

A PWM signal is obtained through comparison between an analog signal and a saw tooth wave signal. The 

logic is as follows: at time t, compare the analog signal to the sawtooth signal. Consequently, if the analog 

signal is larger than the signal of the sawtooth at time t, then the output gives 1 and vice versa. An example 

of a sinusoidal wave is shown in Figure 3.7. The green signal represents the sine wave (analog signal) and 

the blue signal in the same graph is the sawtooth signal. On the lower graph, in the same figure, the result 

of the comparison is shown in the magenta color signal of value zero or one.  

 

 

 

Figure 3. 7: Pulse Width Modulation [46]. 
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Figure 3.8 is a screen shot taken from the Simulink file program based on the logic explained above. 

 

 

Figure 3. 8: Simulink Block Diagram for PWM. 

 

First, the positive and the negative analog values are separated through the comparison with zero (“Compare 

To Zero”) which will later be compared with positive sawtooth and negative sawtooth signals, respectively. 

A positive value will later become the input C (forward) and the negative value becomes input D (reverse). 

In Figure 3.9, this comparison block outputs the logic of the comparison. If the analog signal is equal or 

larger than zero, it will output the logic of 1, otherwise the output is 0, similarly for the negative values. 

The “Switch” function in Simulink will act as a “sorter.” It has 3 inputs as shown in Figure 3.10. The middle 

input takes the logic from the comparator. If it receives a 1 from the “Compare To Zero” block, the Switch 

block enlarged and illustrated in Figure 3.9 will output the top input. If it receives a 0, it will output the 

bottom input which, in this case, is always 0. This is illustrated through the plot function block “Scope” in         

Figure 3.11. 
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Figure 3. 9: Zoom-in the first segment of PWM Block Diagram.   

 

         

     

Figure 3. 10: Input Breakdown for Switch Function. 

 

 

 

Figure 3. 11: Screen shot of analog wave and outputs of Switch Block. 

 

In Figure 3.11, the sawtooth wave form is generated and since this block also generates a value that 

oscillates between +1 and -1, it needs to be separated into positive sawtooth wave form (0 to +1) and 

negative sawtooth wave form (0 to -1). “Abs” is a function block that puts everything in absolute value. 
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This later goes to a “Relational Operator” that will compare the purely positive or purely negative analog 

signal shown in Figure 3.12 with respect to a sawtooth signal, therefore resulting in a PWM signal for input 

C and input D, which later goes to the L298 Dual Full-Bridge Driver. As a convention, to match the 

functions described in the spec sheet of the chip, a positive analog signal is in charge of the forward motion, 

and a negative signal is in charge of the reverse motion.  

 

 

Figure 3. 12: Zoom-in second segment of PWM block diagram. 

 

 

In order to prove that this logic works, a simple motor is used to test the L298 Dual Full-Bridge Driver and 

the Simulink model of PWM. The input is an analog sinusoidal wave. It was observed that the motor rotates 

from the static condition, first in one direction, accelerates and then decelerates, until it stops completely. 

When arriving at the point where the sine wave goes to negative sine, the motor goes in the opposite 

direction at the same pace of acceleration and deceleration as the positive signal. Besides physical 

observation, a voltmeter is placed across the motor. It shows that, as the motor turns faster, the voltage 

increases positively or negatively and slows down, as does the voltage shown on the voltmeter, until a stop 

with zero volts.  Hence, this shows that both PWM Simulink program and the L298 Dual Full-Bridge Driver 

work well with each other. Thus, the L298 Dual Full-Bridge Driver fulfill their function of changing the 

direction of the current, resulting in a change in the direction of rotation of the motor. 
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3.2.3. Simulink for Four-Coil Configuration 

 

Simulink is needed for another purpose other than converting an analog signal into a digital signal. It allows 

one to program the desired signal and thus control the electromagnets, (e.g., timing when they are on or 

off). The challenge involves designing a signal such that the pattern of the magnetic field generated at each 

coil can move the magnetic particles from point A to point B horizontally, and not vertically. In this section, 

the Simulink model is created based on a four-coil configuration. Figure 3.13 shows one of the physical 

setups of the four-coil configuration. If all coils hanging above the particles are activated at the same time, 

there will be only an up and down motion of the particles. Later during the experiment, even if the coils are 

activated one after another, with coils hang vertically above the magnetic particles, the particles still move 

only up and down (see Figure 3.14). The abrasion process will not occur in this case. This section 

emphasizes the pattern of the signal designed and provides an overall look at the Simulink file for the four-

coil configuration. See Figure 3.13 for an example of the four-coil configuration setup. 

 

 

 

 

 

 

Figure 3. 13: Four-coil configuration hanging above MAPs. 
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Figure 3. 14:  Two-coils hanging above MAPs  

 

The algorithm of conversion from analog signal to digital signal through PWM is incorporated into the 

overall Simulink file for the four-coil configuration shown in Figure 3.15. It is reduced into a simple block 

circled by an orange rectangle. 

On the left of Figure 3.15, the four blocks circled by a purple rectangle are the general pattern of the signal 

for each coil. In other words, it dictates when the current passes through the coil and when it does not. With 

the four-coil configuration, the particles need to move from one coil to the neighbouring coil to allow for 

some abrasion process by the particles motion. The ideal pattern is to ensure that there is a motion in the 

particles and that there is no residual magnetism within each coil. To avoid residual magnetism, an equal 

amount of time must be spent on the positive signal and negative signal. Note in Figure 3.15 that, there are 

four blocks circles by green rectangles. During the initial test runs of the Simulink model, magnetisation is 

not created. The coils run based on the signals coming from the blocks circled with a purple rectangle, 

producing the general pattern. 
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Figure 3. 15: Simulink block diagram for four-coil configuration. 

 

 

After each experiment, there was still a small residual magnetism even if the direction of the current was 

continuously changing to ensure an equal amount of time spent on a North Pole and South Pole as illustrated 

in Figure 3.16. 

 

 

Figure 3. 16: Amount of particles resting on the core of the coil due to the residual magnetism. 
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To further reduce the residual magnetism, an additional subsystem block was introduced to each coil signal 

algorithm, encircled by  the green rectangle in Figure 3.15. The main idea was to change a constant +1 or 

constant -1 signal into a high frequency sinusoidal wave that goes from +1 to -1 for the duration when the 

main pattern shows +1 or -1. The idea was to prevent letting the coils remain idle in a single polarity for 

too long. An attraction force is needed from the coils, but they should not stay in single polarity. They need 

to change polarity between North and South rapidly for the period that each coil is activated. For the 

reminder of the thesis, this sine wave frequency, the rate at which the polarity changes, is called the coil 

frequency. 

To make magnetic particles move, only two neighbouring coils will be activated or become electromagnets 

at any given time. For example, Coil 1 and 2, at time 1, will have North Pole and the others will be neutral, 

not activated. At time 2, the next pair of coils, Coil 2 and 3, will have the South Pole. Coil 2 will change 

from North Pole to South Pole. The general pattern is summarized in Table 3.2. The pattern was 

programmed and represented by the blocks encircled by the purple rectangle. It is important to note that 

there is an attraction force to the magnetic particles regardless of which pole the coil has. The alternation 

of pole, minimizes residual magnetism at the core. To further avoid magnetisation of the electromagnets, 

the general pattern signal enters a function block that converts a +1 signal or a -1 signal into a high frequency 

sinusoidal wave that goes from +1 to -1. The transformed signal then enters the PWM conversion block 

that is explained in Section 3.2.2. 

 

 

Table 3.2: General pattern for four-coil configuration. 

Coil #/ 

Time 

1 2 3 4 5 6 7 8 

Coil 1 North Neutral Neutral South North Neutral Neutral South 

Coil 2 North South Neutral Neutral North South Neutral Neutral 
Coil 3 Neutral South North Neutral Neutral South North Neutral 
Coil 4 Neutral Neutral North South Neutral Neutral North South 

Signal for: North Pole = +1,    Neutral (no current supply) = 0,    and South Pole = -1 
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3.3. Coils Configuration 

 

3.3.1.  Three-Coils Configuration 

 

This setup, shown in Figure 3.17, was the first trial of the magnetic abrasion finishing operation. It began 

with three coils set up in a linear alignment as shown in Figure 3.17. The signal from Simulink was set up 

such that only one coil was active at a time and in the sequence of one after another. 

 

 

 

Figure 3. 17: Three-coils in linear alignment. 

 

 

By observation, the coils were activated one after another and there was minimal residual magnetization on 

the coils. However, MAPs under the coils only moved up and down, (e.g., up when the electromagnet was 

active). There was no horizontal motion of the particles. Hence, this configuration was deemed not suitable 

for magnetic abrasion. The second configuration with three-coils was installed in a triangular alignment as 

illustrated in Figure 3.18. Similar behaviour of the particles was observed as in the linear setup. 
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Figure 3. 18: Three-coils in triangular alignment. 

 

3.3.2.  Four-Coil Configuration 

 

The following configurations all follow the Simulink program analyzed in Section 3.2.3. The key variation 

was the magnetic field was generated from various physical setups of the coils. Placing the coils to obtain 

the best motion for the magnetic particles was a critical issue. 

By placing the coils horizontally, as shown in Figure 3.19, the particles started to move but the motion is 

small and the particles stay around the nearest coil. There was still no distinct motion of the particles going 

from one coil to the neighboring coil. 

 

 

Figure 3. 19: Four-coils in horizontal configuration. 

 

 

To improve the particles’ movement, an extension of the core was added, as shown in Figure 3.20. A screw 

was added to each coil at its center tip. The goal was to focus the magnetic field. With a flat surface, the 

magnetic flux leaked, thus explaining the weak motion of the particles. 



 38  

 

 

Figure 3. 20: Four-coils with extended core. 

 

Out of curiosity, a six-coil configuration was created, as shown in Figure 3.21. A rough sketch of the 

magnetic field of the configuration was made, and a rough circular magnetic field was created. Not 

surprisingly, a circular pattern made of magnetic particles was created. In addition, the particles travelled 

from one coil to the next but did not travel to all coils, staying close to two or three coils. It was interesting 

to observe the circular pattern created by the magnetic particles. 

 

 

 

Figure 3. 21: Six-Coil Configuration 
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3.4. System Setup 

 

The configuration of four coils was used in the SMAF apparatus.  The apparatus structure was made 

from aluminum to ensure no magnetization effect could be generated due to the structure frame since 

aluminum is a non-ferromagnetic material.  

The apparatus contains four columns, as illustrated in Figure 3.22, and each column holding a movable 

arm carried an electromagnet at the end. The movable arm is easily moved up and down, front and back, or 

adjusted with an angle according to the workpiece geometry. The arm can be fixed to the column with two 

screws to prevent loosening during the operation running. The column also has many slots to hold the 

workpiece or workpiece holder and improve fit-up. 

 

 

Figure 3. 22: Schematic of the SMAF apparatus.  

 

To make the apparatus set up adjustable and suitable to finish assorted workpiece geometries, the 

electromagnetic coils can be located under or above the workpiece and MAPs, as shown in Figure 3.23. In 

this configuration, instead of setting up the coils horizontally planar, the arms are set at an angle θ which is 

to be optimized later in Chapter 4 (it will be seen to be approximately 60̊ from the plane). 
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Figure 3. 23: Four-coil configuration, (a) Coils hang under the workpiece and MAPs, (b) Coils are located 

above the workpiece. 

 

 

 

3.5. Experimental Outcomes using Four-Coils Configuration  

 

The MAF process was applied to finish an Aluminum workpiece. The process parameters were 28 Volts 

applied for 30 min with 2 Hz frequency. Figure 3.24 shows scanning electron microscope (SEM) 

photographs of the surface before and after the MAF process to understand the wear pattern on the surface 

at the Micro/Nano level. 
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Figure 3. 24: SEM photographs of the surface before and after the MAF process. 

 

 

 

SEM photographs of the surface show deeper scratches and dents made as the ferrous particles pressed on 

the magnetic abrasive. The Maps used were Iron particles mixed with sand, which were available in the 

lab. It was concluded that the magnetic force generated with Iron particles was sufficient to remove the 

peaks and improve the surface roughness from 328.83 nm to 278.45 nm. 

 

 

 

 3.6. Conclusions 

 

This chapter explains the possibility of using stationary electromagnets and a workpiece by 

manipulating the excitation current to produce a rotating magnetic field. Various physical configurations 

of the coils included: from three coils to six coils, vertical coils, horizontal coils and coils elevated at an 

angle pointed toward the particles. The different setup configurations were controlled through a MATLAB-

Simulink program. A data acquisition device called dSPACE was used as a companion in order to run the 
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experiment. L298 Multi-watt 15 Dual Full-Bridge Driver were used to resolve the issue with residual 

magnetism. 

 

The hysteresis loop provided explained why the issue with residual magnetism occurres: the fact that the 

current passes through coils in only one direction. The Full-Bridge Driver allowed a bi-directional control 

of the current. Using this chip significantly reduced the accumulation of magnetism at the core of the coil. 

 

Several physical configurations were investigated: three-coil configuration, four-coil configuration and six-

coil configuration. In the four angled-coil configuration, with coils hanging above or lying under the 

magnetic particles, there was an issue with uneven distribution of particles. A number of particles were 

found outside of the abrasion zone, making the abrasion process less efficient. By extending the core of 

each coil, this problem was avoided, and the extended core kept the magnetic particles closer to the abrasion 

zone. This modification also refocused the magnetic field generated at each coil and prevented leakage of 

magnetic flux. 

 

Lastly, the four-coil configuration aligned by 30̊ with the Z-axis (approximately 60 ̊ from the plane) was 

the best choice to carry out the experiments and to prove the concept. 

 

The results show that, by using stationary electromagnets and a workpiece, the magnetic particles can 

perform the finishing process. The movement of the magnetic particles becomes possible by regulating the 

exciting current of the coils in order to produce a rotating magnetic field. 
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Chapter 4 

 

Design and Optimization of Electromagnetic Actuator 
 

 

4.1. Introduction 

 

Magnetic force, in the SMAF technique, represents the finishing force. Basically, the main components 

of the cutting force which are responsible for removing the material and complementing the finishing 

process are the normal and tangential cutting forces [47]. Many studies have been conducted to model and 

measure the finishing force in the working area. Mori et al. [24] developed a model to determine and 

measure the finishing force depending on the number of abrasive particles in the finishing zone and 

explained how the magnetic abrasive flexible brush forms using an energy method. Ganguly et al. [48] 

established a method to measure and separate the finishing force components based on the signal of the 

magnetic force. Furthermore, they examined the effect of the finishing parameters, such as the air gap and 

ferromagnetic particle size, on the finishing force and surface roughness. Kala and Pandey [49] carried out 

their experimental work using a double disk magnetic abrasive finishing process to measure the torque and 

finishing force using a dynamometer (Shunk: DELTA sensor). They found that the working gap affects the 

normal finishing force and finishing torque. Controlling the finishing force depends on controlling the 

magnetic field, so MAF does not need cutting tools with a numerical controller [50]. Moreover, the finishing 

force applies a pressure on the abrasive particles and this pressure is a function of the magnetic field density, 

permeability of the macro-size mixture of abrasive particles, and the amount of this mixture. The magnitude 

of the applied pressure should be sufficient for the abrasive particles to penetrate into the workpiece [51]. 

The movement of the macro-size mixture of abrasive particles on the workpiece surface, under the effect 

of the applied pressure, produces a temperature rise in the interfering zone due to friction [52]. This thermal 

variation might negatively affect the quality of the finished surface. 

This concept has been studied by many researchers to study the effect of this factor on the finishing 

mechanism and finished surface quality. Hou and Komanduri [53] conducted a theoretical model to 

calculate the flash temperature produced by an assumed heat source as a small disk sliding on the workpiece 

surface. They found that the flash temperature is a function of the sliding speed of the presumed disk, 

finishing pressure, and the length of the scratch that is produced by the movement of the abrasive particles 

on the workpiece surface during the finishing process. They showed that the temperature variation can reach 
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up to 980 ̊ C under the finishing conditions of 5.24 m/s sliding speed, and 0.5-1.2 T magnetic field range, 

using unbounded Cr2O3 abrasive particles to finish a workpiece of Si3N4. Kumar and Yadav [52] proposed 

a finite element model to determine temperature variation during the finishing process of the Si3N4 

workpiece using unbounded Cr2O3 abrasive particles. They determined the temperature variation to be 

within the range of 150-800 ̊ C under the machining condition of 5305-6366 rpm electromagnet rotating 

speed and 0.8-1.0 T magnetic flux density. Mulik and Pandey [54] investigated the interfering zone between 

the magnetic abrasive finishing brush and the workpiece surface. They found that the temperature range 

was 31-42 ̊ C during the MAF process with the finishing conditions of 0.2 T magnetic flux density and 180-

450 rpm rotational speed of the magnet. 

The optimization approach of the electromagnets is carried out in two stages. In the first stage, the integrated 

formula of a thin shell solenoid has been used to obtain the gradient of the magnetic field at any point on 

the axis of a finite solenoid. Whereas, in the second stage, a parametric study, is carried out to optimize the 

geometry of the electromagnet using a finite element simulation. Moreover, a new approach was used to 

measure the magnetic field experimentally. Also, the variation of temperature of the Titanium CP grade 2 

workpiece was measured using a thermal camera. 

 

 4.2. Modeling and Electromagnet Parametric Optimization 

 

Since the cutting force in the MAF technique depends on the gradient of the magnetic field, as 

illustrated in Equation (4.1), one of the most important and effective considerations for producing a 

magnetic field is the design of the electromagnet and the geometry of the solenoid configuration. The other 

design considerations, which affect the cutting force, are the amount of current passing through the coil of 

the electromagnet, and the internal magnetization of the ferromagnetic particles in the macro-size mixture 

(of iron and abrasive particles). 

4.2.1. Governing Equations and Magnetic Force 

 

The magnetic force F which acts on the macro-size mixture of iron and abrasive particles can be expressed 

as the gradient of the magnetic potential energy [55]: 

 

𝐹𝑚 = ∫(𝑀 ∙ ∇)𝐵𝑒𝑥𝑡

 

𝑉

𝑑𝑉                                                                        (4.1) 
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and  
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where 𝐹𝑚 is the magnetic force acting on the macro-size mixture of iron and abrasive particles in the 

working area, 𝐵𝑒𝑥𝑡 is the external magnetic field, M is the magnetization of the ferromagnetic particles, and 

V is the volume of the ferromagnetic abrasive particle. The particles (iron particles) can be considered as a 

magnetic dipole under the effect of the external magnetic field (𝐵𝑒𝑥𝑡). 

Variation of 𝐵𝑒𝑥𝑡 in the working area can be evaluated by using the formulation of magnetic field density 

(B) of a finite solenoid acting on an external axial point [56] as illustrated in Figure 4.1. 

𝐵 =
𝜇𝑜  𝐼𝑁

2(𝑟𝑜 − 𝑟𝑖)

[
 
 
 

𝑋2 ln

(

 
√𝑟𝑜

2 + 𝑋2
2 + 𝑟𝑜

√𝑟𝑖
2 + 𝑋2

2 + 𝑟𝑖 )

 −𝑋1 ln

(

 
√𝑟𝑜

2 + 𝑋1
2 + 𝑟𝑜

√𝑟𝑖
2 + 𝑋1

2 + 𝑟𝑖)

 

]
 
 
 

                                      (4.3) 

 

where B is the magnetic field at any point on the axis of the solenoid (T), 𝜇𝑜 is the permeability constant, I 

is the current in the wire (A), N is the number of turns of wire per unit length in the solenoid. 𝑟𝑖, is the inner 

radius (m). 𝑟𝑜, is the outer radius (m) and X1 and X2, are the distances, on axis, from the ends of the solenoid 

to the magnetic field measurement point (m). 

 

 

 

Figure 4. 1: Basic parameters of the finite solenoid. 
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4.2.2. Electromagnet Design 

 

It is very important to optimize the electromagnet parameters in order to produce a sufficient magnetic field 

in the working area and accomplish the finishing process. The electromagnet geometry ratio and the aspect 

ratio should be defined to describe the geometry of the solenoid configuration. In Equations (4.4) and (4.5), 

α represents the ratio of the outer solenoid radius 𝑟𝑜 to the inner radius 𝑟𝑖, and β represents the ratio of the 

solenoid length l to the inner radius 𝑟𝑖. These variables (α and β) represent the optimization parameters. 

𝛼 =
𝑟𝑜
𝑟𝑖
                                                                                               (4.4) 

 

 

𝛽 =
𝑙

2𝑟𝑖
                                                                                             (4.5) 

 

The solenoid is considered to have many turns in axial and radial directions. 𝑁𝑍 =
𝑙

𝑑𝑤
, indicates the number 

of turns in the axial direction, while 𝑁𝑟 =
𝑟𝑜−𝑟𝑖

𝑑𝑤
, indicates the number of turns in the radial direction, where 

𝑑𝑤 represents diameter of the coil wire (m). The total number of turns will be 𝑁 = 𝑁𝑍 ∗ 𝑁𝑟 and the volume 

current density will be 𝑁𝐼/[𝑙(𝑟𝑜 − 𝑟𝑖)], where I is the coil current. Moreover, coil inductance L can be 

calculated (in Henrys) as  𝐿 =
𝑁2𝜇𝐴

𝑙
 , where µ is the absolute permeability of the core material and A is the 

cross-sectional area of the coil in square meters [57]. 

The formulation of magnetic field density (B) of a finite cylindrical solenoid is basically used for the air-

core solenoid; however, it could be used for the iron-core solenoid if a factor of                                   

( 𝐵𝑤𝑖𝑡ℎ 𝑐𝑜𝑟𝑒/𝐵𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑐𝑜𝑟𝑒) has been used. This factor represents the relative permeability of the solenoid 

iron-core, which denotes as 𝜇𝑟−𝑐𝑜𝑟𝑒 and 𝜇𝑟−𝑐𝑜𝑟𝑒 =
𝜇

𝜇𝑜
, where 𝜇 and 𝜇𝑜 represent the iron absolute 

permeability and free space permeability, respectively [57]. This fact has been verified experimentally, 

analytically, and numerically before using this formula to identify the optimum parameters for the 

electromagnet. Experimental verification has been done by applying a DC current with different values, (1, 

1.5, and 2 A) with the use of a Gauss meter to measure B for different points along the axial (on-axis) 

direction of an electromagnet with an iron core. Further, the analytical verification has been done by using 

the formulation of B of a finite cylindrical air-core solenoid while considering the ( 𝐵𝑤𝑖𝑡ℎ 𝑐𝑜𝑟𝑒/

𝐵𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑐𝑜𝑟𝑒) factor. Furthermore, the numerical verification was conducted by using a finite element 

simulation in COMSOL Multi-Physics. As shown in Figure 4.2, the variation of B can be accepted for these 
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approaches and this formula can be considered valid to be used to find the optimum parameters of the 

electromagnet. 

 

Figure 4. 2: Verification of B with different values of I. 

 

 

The magnetic force Fm acting on the macro-size mixture of iron and abrasive particles to remove the 

material from the surface of the work piece, is a function of several coil parameters: 

 

𝐹𝑚 = 𝑓(𝐵𝑒𝑥𝑡 , 𝐼, 𝑁𝑟 , 𝑁𝑧, 𝑟𝑖, 𝑟𝑜, 𝑙, 𝑔, 𝑟𝑤 , 𝑙𝑤 , 𝜌)                                                (4.6) 

 

where 𝐵𝑒𝑥𝑡 is the external magnetic field (Tesla), I is the current passing through the electromagnetic 

solenoid (A), Nr and Nz are the number of turns in the radial and axial directions, respectively, 𝑟𝑖, 𝑟𝑜, and l 

are the inner radius, outer radius, and length of the electromagnetic solenoid, respectively, in meters, 𝑔 is 

the axial air gap distance between the edges of the electromagnetic core and the work piece (meters), 

𝑟𝑤 and 𝑙𝑤 are the radius and length of the wire used to wind the electromagnetic solenoid, , respectively, in 

meters, and ρ is the resistivity of the wire (Ω m). The number of coil turns can be adjusted to fit the 

electromagnet dimensions. In this case the number of turns was chosen to be 1000 turns (𝑁𝑍 ∗ 𝑁𝑟 = 1000). 

The air gap between the electromagnet and the work piece was not expected to exceed more than 10 mm, 

and therefore the air gap was fixed at 10 mm in order to simplify the optimization process. The wire 

parameters (rw, lw, and ρ) can be determined later, after the optimization, based on the total number of turns 

and the American Wire Gauge (AWG) standard. By eliminating the known parameters, the axial magnetic 

force Fm in Equation (4.6) between the electromagnet and the work piece coil is: 
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𝐹𝑚 = 𝑓(𝐵𝑒𝑥𝑡, 𝐼, 𝑟𝑖, 𝑟𝑜, 𝑙)                                                                              (4.7) 

Due to some design considerations regarding the size of the working area and the total size of the system, 

the electromagnet volume was fixed at Vc = 50 cm3 and the wire length was fixed at 500 m. 

The optimization process to design the electromagnet for the MAF process was carried out in two stages. 

In the first stage, the integrated formula of a thin shell solenoid was used to obtain the gradient of the 

magnetic field at any point on the axis of a finite solenoid. While in the second stage, a parametric study 

was carried out to optimize the geometry of the electromagnet using a finite element simulation. 

 

4.2.3. Thin shell finite solenoid formula 

 

Variation of 𝐵𝑒𝑥𝑡 in the working area can be evaluated by using the formulation of the magnetic field 

density (B) of a finite solenoid acting on an external axial point, Equation (4.3) [56], as illustrated in Figure 

4.1. It can be seen from Equations (4.1) and (5.2) that 𝐹𝑚 depends on the gradient of the magnetic field 

density (∇B), which means Equation (4.3) can be used to determine the optimization parameters of the coil 

geometry α and β (Equation (4.4) and (4.5)). 

 

 

Figure 4. 3: Magnetic gradient versus the parameters of coil geometry α and β 

 

The optimization result is shown in Figure 4.3. It is clear that the maximum magnetic gradient is 3.4 mT/m. 

It can be noticed that this optimization process gives the optimum value just for β, which is around 2.5. 

While for α, it is clear that no optimum value exists and the gradient increases when α increases. This is 

because (𝛼 =
𝑟𝑜

𝑟𝑖
) and an increasing α occurs when the variation between ro and ri increases, or, when ro 
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increases and ri decreases. Decreasing ri means the magnetic field lines concentrate and in consequence, 

the magnetic gradient increases [58]. 

 

 

4.2.4. Finite element simulation 

 

To obtain the optimum value of α, a parametric study was carried out to optimize the geometry of the 

electromagnet with iron core using finite element simulation. The geometry parameters, (𝛼 =
𝑟𝑜

𝑟𝑖
)  and (𝛽 =

𝑙

2𝑟𝑖
) were considered in this approach to provide a maximum magnetic force, Fm, on a single iron particle 

in the working area. The following assumptions were considered during the FEM simulation: 

 The diameter of the iron particle was kept fixed as 1 mm. 

 The location of the iron particle was kept fixed on the center point of the iron core, also the gap 

between the particle and iron core was fixed as 10 mm. 

 Coil power and current were kept as 2.9568 W and 1.5 A, respectively, according to the power 

supply and the L298 Dual Full-Bridge Driver. At the same time the number of coil turns N was 

adjusted according to the geometry parameters α and β (ro, ri and l), as illustrated in Table 4.1. 

 

 

Figure 4. 4: Magnetic flux distribution contour for iron core and iron particle. 

 

 

Different combinations of the electromagnet geometry parameters α and β (ro, ri and l) were considered 

during the simulation. The variation of α was from 2 - 4 with step 1, in the same manner β varied in the 

range of 1.5-3 with a 0.5 step. The simulation for this analysis and the magnetic flux distribution contour 
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for the iron core and the iron particle are shown in Figure 4.4. The simulation results show that the 

maximum value of the magnetic force Fm (0.463 mN) on the iron particle can be obtained in this case at α 

= 2 and β = 2.5, as illustrated in Table 4.1. 

Table 4.1: Simulation results 

β=b/2ri α=ro/ri t=ro-ri b=L [cm] ro  [cm] ri  [cm] N Fm  [mN] Coil Power [W] 

1.5 2 0.5 1.5 1 0.5 367 0.403 2.95683 
  

1 3 2 1 184 0.166 2.95683 
  

1.5 4.5 3 1.5 122 0.0591 2.94877 
 

3 1 1.5 1.5 0.5 275 0.238 2.95414 
  

2 3 3 1 138 0.0908 2.96488 
  

3 4.5 4.5 1.5 92 0.0305 2.96488 
 

4 1.5 1.5 2 0.5 220 0.159 2.95414 
  

3 3 4 1 110 0.0542 2.95414 
  

4.5 4.5 6 1.5 73 0.0165 2.9407 

2 2 0.5 2 1 0.5 367 0.438 2.95683 
  

1 4 2 1 184 0.166 2.96488 
  

1.5 6 3 1.5 122 0.0553 2.94877 
 

3 1 2 1.5 0.5 275 0.254 2.95414 
  

2 4 3 1 138 0.0906 2.96488 
  

3 6 4.5 1.5 92 0.0287 2.96488 
 

4 1.5 2 2 0.5 220 0.168 2.95414 
  

3 4 4 1 110 0.0542 2.95414 
  

4.5 6 6 1.5 73 0.0156 2.94071 

2.5 2 0.5 2.5 1 0.5 367 0.463 2.95683 
  

1 5 2 1 184 0.163 2.96488 
  

1.5 7.5 3 1.5 122 0.0507 2.94877 
 

3 1 2.5 1.5 0.5 275 0.266 2.95414 
  

2 5 3 1 138 0.089 2.96488 
  

3 7.5 4.5 1.5 92 0.0264 2.96488 
 

4 1.5 2.5 2 0.5 220 0.174 2.95414 
  

3 5 4 1 110 0.0533 2.95414 
  

4.5 7.5 6 1.5 73 0.0144 2.94071 

 

The results of the simulation approach confirmed the optimum value of β to be equal to 2.5 and provided 

the optimum value of α as 2. Further provided are the electromagnet geometry parameters (electromagnet 

dimensions) ro, ri and l as 1, 0.5 and 2.5 cm respectively. 
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4.3. Verification of optimization results 

 

To verify the optimization results which were obtained from both approaches, the optimized values 

were compared with the optimal values of the typical geometry of the ferromagnetic core coil formulas. 

These formulas were defined as (2𝑟𝑖 ≅ 0.6𝑟𝑜) and ( 
𝑙

𝑙𝑐
= 0.7~0.9) [58], where 𝑙𝑐 represents the length of 

the ferromagnetic core. Before verifying the optimization results, the number of turns N was adjusted to 

ensure fit for the total sectional area of the winding, for specific values of the total wire length (lw), α and 

β. 

Therefore, the number of turns (N) and the total wire length (lw) were calculated according to: 

 

𝑁 =
4𝑙(𝑟𝑜 − 𝑟𝑖)

𝜋𝑑𝑤
2

𝜆                                                                                     (4.8) 

𝑙𝑤 = 2𝜋𝑁 (𝑟𝑖 +
𝑟𝑜 − 𝑟𝑖
2

)                                                                        (4.9) 

 

 

where 𝜆 represents the space factor which is defined as the ratio of active section of the winding to the total 

section of the winding area, and its value varies between 0.8 - 0.9 depending on the winding technique. 

Two approaches were carried out to verify the optimum values. In the first approach, after calculating N 

and lw according to Equation (4.8) and (4.9), N was changed relative to the change of the outer diameter. 

The total wire length (lw) and coil power (P) were kept constant and a finite element simulation was carried 

out to verify the magnetic force Fm. In this approach, β and l were kept as 2.5 for both, while α was changed 

from 2 - 3 with step 0.5. As illustrated in Table 4.2, the magnetic force Fm decreases as N decreases, because 

as shown in Equation (4.6), Fm depends on N. Also, the induced voltage V depends mainly on the number 

of turns of the coil,  𝑉 = 𝑁𝐴
𝑑𝐵

𝑑𝑡
 , and since the total wire length is constant, as the outer radius increases the 

number of turns decreases. 

Table 4.2: Simulation results with respect to constant (lw) and (P) 

β=b/2ri α=ro/ri t=ro-ri b=L [cm] ro  [cm] ri  [cm] N Fm  [mN] Coil Power [W] 

2.5 2 0.5 2.5 1 0.5 612 0.488 9.20376 

2.5 2.5 0.7 2.5 1.25 0.5 542 0.407 9.2296 

2.5 3 1 2.5 1.5 0.5 461 0.304 9.24394 
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In the second approach, after calculating N and lw according to Equations (4.8) and (4.9), the finite element 

simulation was carried out to verify the magnetic force Fm. Similar to the first approach, β and l were kept 

as 2.5 for both, while α was changed from 2 - 3 with step 0.5. N and lw were changed relative with the 

change of the outer diameter and according to that, coil power (P) was also changed. As illustrated in Table 

4.3, the magnetic force Fm increases as N increases. Accordingly, the optimum values of the electromagnet 

geometry parameters (α, β, l, ro, and ri) for the current case to maximize the magnetic force in the working 

area are (3, 2.5, 2.5 cm, 1.5 cm, and 0.5 cm), respectively. 

 

Table 4.3: Simulation results with respect to the variables (lw) and (P) 

β=b/2ri α=ro/ri t=ro-ri b=L [cm] ro  [cm] ri  [cm] N F  [mN] Coil Power [W] 

2.5 2 0.5 2.5 1 0.5 612 0.488 9.20376 

2.5 2.5 0.7 2.5 1.25 0.5 857 1.021 15.0364 

2.5 3 1 2.5 1.5 0.5 1224 2.143 24.54357 

 

 

Applying the obtained values of (ro, ri, 𝑙𝑐  and l) of the current case, as illustrated in Figure 4.5, to the typical 

geometry parameters of the ferromagnetic core coil formulas, (2𝑟𝑖 ≅ 0.6𝑟𝑜) and (
𝑙

𝑙𝑐
= 0.7~0.9) [58], 𝑙𝑐 is 

considered in this case as 3.5 cm. The results were (𝑟𝑖 = 0.333𝑟𝑜) and (
𝑙

𝑙𝑐
= 0.714). These results were 

deemed acceptable and valid. 

 

 

Figure 4. 5: The coil parameters (with iron core) 
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Furthermore, the Fabry factor (Geometry factor) G (α, β) shows that the maximum value of G = 0.179, as 

illustrated in Figure 4.6. In other words, the G factor of the optimal electromagnet geometry, from the power 

consuming point of view, should be around this value [13-14]. Applying the G factor formula, Equation 

(4.10), to the optimized values which are obtained from the optimization process (α = 3 and β = 2.5), the 

result was G = 0.175. This result can also be deemed acceptable, with confidence. 

𝐺(𝛼, 𝛽) =
1

5
(
2𝜋𝛽

𝛼2 − 1
)

1
2
ln
𝛼 + √𝛼2 + 𝛽2

1 + √1 + 𝛽2
                                               (4.10) 

 

 

 

Figure 4. 6: The value of Fabry factor for a uniform current density coil [59]. 

 

 

The final step in building the electromagnetic coil with the previous dimensions was to determine the AWG 

wire that would fit these dimensions. The given value of the current was 1.5 A, and the approximate value 

of AWG wire which can sustain this current is either AWG22, or AWG24. The diameter of the AWG22 

wire is (𝑑𝑤 = 0.64 mm) and it can sustain current up to 5 A. Alternatively, AWG24 wire diameter is (𝑑𝑤 =

 0.51 mm) and it can sustain current up to 2.1 A. Therefore, it was necessary to determine the number of 

turns in the radial (𝑁𝑟 =
𝑟𝑜−𝑟𝑖

𝑑𝑤
) and axial (𝑁𝑧 =

𝑙

𝑑𝑤
) directions and the total number of turns(𝑁 = 𝑁𝑟 ×

𝑁𝑧), then compare the results with the optimized value of the number of turns. Thus, (𝑁𝐴𝑊𝐺22 ≅ 610) and  
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(𝑁𝐴𝑊𝐺24 ≅ 960) and it is clear that the nearest value to the optimized number of turns (𝑁 = 1224) is 

𝑁𝐴𝑊𝐺24 as illustrated in Table 4.3. 

 

 

 

4.4. Best alignment angle of the electromagnets 

 

To obtain a maximum B which could provide a maximum amount of the tangential (Fmt) magnetic 

force component, angle θ of alignment for the electromagnet with the Z axis was examined for optimization. 

Optimal value of the magnetic force tangential component means to obtain a maximum amount of tangential 

force which must be sufficient to remove the material from workpiece surface tangentially.   

The angle of alignment θ was varied from 0 ̊- 60 ̊, using a finite element simulation, and the magnetic 

force components were determined for each angle with respect to the iron particle. It was found that at θ= 

30 ̊,  Ft would be at its maximum value, providing the greatest assistance in performing the finishing 

process. as shown in Figures (4.7 - 4.9).  

 

 

Figure 4. 7: Schematic of electromagnet aligned with angle θ from Z axis. 
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Tthe normal magnetic force component represents (Fz), whereas, the tangential component represents the 

resultant of (Fx and Fy) acting in the tangential direction. To accomplish the finishing process, both 

components are important, however, the tangential component must be greater than the normal one to force 

an abrasive particle to slide on the workpiece surface and remove the material instead of penetrating and 

sticking in the surface.  

 

 

Figure 4. 8: The variation of force components with respect to angle θ. 

 

 

Therefore, as one can notice from Figures 4.8 and 4.9 at  θ= 30 ̊ the tangential component is at a maximum 

value and is also larger than the normal component. A given electromagnet can  thus be considered to be at 

the alignment angle. 

 

 

Figure 4. 9: The variation of force components, the tangential (Fxy) and the normal (Fz) with respect to 

angle θ. 
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4.5. Geometry of the extended core 

 

In order to concentrate the magnetic field in the working area and reduce the leakage of magnetic flux, 

an extended iron core was proposed for the electromagnet. It was observed that, without using the extended 

core, the magnetic particles were attracted to the pole of the electromagnets, which is physically located on 

both ends of the coils. Because of this, half of the particles were found to be outside of the working area 

(where the abrasion needs to occur), as illustrated in Figure 4.10. This problem was solved by extending 

the core of the electromagnets by 1 cm, so the total length (𝑙𝑐 = 3.5𝑐𝑚), and adjusting the angle of 

alignment θ of the electromagnet with the Z axis.  

 

 

 

Figure 4. 10: Magnetic particles found to be outside of the working area. 

 

 

 

To design an optimum geometry of the extended core (shape and dimensions), different configurations of 

the core tip were investigated, regarding the length of the extended tip, the core tip fillet radius, and the 

cross-sectional area. To determine the length of the extended tip, the typical geometry parameters of a 

ferromagnetic core coil formula,  (
𝑙

𝑙𝑐
= 0.7~0.9) [58] were considered, as long as the optimized value of 

l= 2.5 cm, and the extended tip is 1 cm, and the total core length 𝑙𝑐 = 3.5 cm are determined at optimum. 

Furthermore, the effect of the core tip fillet radius on the magnetic field was studied using a finite element 

simulation. It was found that the core tip fillet radius would significantly affect the distribution of the 

magnetic field lines in the working area. Consequently, increasing the tip fillet radius would decrease the 
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magnetic field line density in the machining zone, and the best fillet radius was r = 0, as shown in           

Figure 4.11. 

 

Figure 4. 11: The effect of the core tip fillet radius on B. (a) r = 0, (b) r = 4 mm, (c) r = 8 mm. 

 

 

Similarly, the effect of the cross sectional area of the extended core was investegated using a finite element 

simulation (COMSOL Multiphysics). Three different geometries of the extended core were used to clarify 

how the magnetic field and force change with respect to a change of these geometries. The first is a 

cylindrical geometry, then cylindrical-chamfered geometry, and lastly square-chamfered geometry, as 

illustratied in Figure 4.12. It was observed that the square-chamfered geometry was the best in terms of the 

force uniformity in the working area. This uniformity was required to produce a uniform magnetic force 

and as a result a uniform finished surface. 

Moreover, the effect of the distance between the work piece and the extended core of the electromagnet 

was investigated. This distance represents the air gap and it was required to find the magnetic force 

distribution in the working zone and air gap. A finite element simulation was used to study the magnetic 

force distribution in the working zone with respect to the change of the air gap distance. Three different 

values of air gap distance were used, 3, 5, and 7 mm. As illustrated in Figure 4.13, the reduction of the air 

gap produced a uniform distribution of magnetic force in the working area. On the contrary, it was found 
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that increasing the air gap concentrated the magnetic force at some points, which negatively affected the 

requirment of uniformity of the finished surface. 

 

 

 

Figure 4. 12: Variation of magnetic force in the working area with respect to the geometry of the extended 

core (a) Cylindrical geometry, (b) Cylindrical -chamfered geometry, and (c) Square-chamfered geometry 

 

 

Figure 4. 13: Variation of magnetic force in the working area with respect to the air gap distance 

(a) Air gap of 3 mm, (b) Air gap of 5 mm, and (c) Air gap of 7 mm 

 

 

Thus, the optimum dimensions of the electromagnet parameters were found to be as illustrated in Figure 

4.14, and the optimum configuration of the system setup will be as iluustrated in Figure 4.15. 

(a) (c) (b) 
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Figure 4. 14: Optimum dimensions of the electromagnet parameters. 

 

 

 

 

Figure 4. 15: Optimum configuration of the system setup 

 

 

4.6. Magnetic Force Measurement 

 

The magnetic force between the electromagnetic and a macro-size mixture of iron and abrasive 

particles, which provides the finishing force, was measured and compared with the numerical values which 

were obtained from the finite element simulation. Next, a new approach was proposed to determine the 
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magnetic force applied on just a single particle. Measuring the applied magnetic force on a single particle 

would require a device with very high accuracy due to the very small size of the particle and the coinciding 

magnitude of the required force. Therefore, it was proposed to use a simple technique to measure the force 

approximately using an ATI force sensor. As illustrated in Figure 4.16, the process involved a piece of tape 

filled with magnetic abrasive particles laid on an aluminum sheet fixed to the holder of the sensor. An 

electromagnet with an iron core was set underneath the aluminum sheet with a specific air gap (Z). DC 

current was applied to activate the electromagnet and the magnetic force produced between the iron 

particles (on the tape) and the electromagnet (with iron core) was measured by the ATI force sensor.  

The measured force represented the total force and in order to find the magnet force applied on a single 

particle, the number of iron particles on the tape was required to be determined. It was assumed that the 

iron particles have a spherical shape and the average radius of the particle (rp) was 0.25 mm. Thus, the 

number of the particles were determined by dividing the total area of the piece of tape, which is (15 mm × 

25 mm), by the cross sectional (projected) area of a single particle (π rp
2). The filled area was assumed to 

be 75% of the total area in order to compensate for observable unfilled gaps between the particles on the 

tape. 

 

 

Figure 4. 16: Force measurement experimental setup 

 

 
Based on that, the number of particles was determined according to the following equation: 

𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑁𝑢𝑚𝑏𝑒𝑟 =
(15 𝑚𝑚 ×  25 𝑚𝑚) × 0.75

𝜋 𝑟𝑝2
≅ 1400 
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To verify the accuracy of this approach, three different values of air gap (Z) were considered (3, 5, and 7 

mm) with three different values of the applied current (1, 1.5, and 2 A). The results of this approach are as 

illustrated in Table 4.4. 

 

 

Table 4.4. Comparison between measured and simulation values of particle force 

Air gap 

(Z) [mm] 

Current (I) 

 [Ampere] 

Total Measured Force 

(FT) [mN] 

Particle Force [mN] 

Simulation Measured  

(FT / Particles 

Number) 

 

3 

2 762.8 0.5253 0.5448 

1.5 438.4 0.3023 0.2743 

1 213.54 0.1420 0.1525 

 

5 

 

2 552.3 0.3915 0.3940 

1.5 325 0.2221 0.2327 

1 140 0.1004 0.1000 

 

7 

 

2 542.2 0.3705 0.3879 

1.5 300 0.2133 0.2142 

1 143.2 0.1002 0.0892 

 

Figure 4.17 shows a comparison of the experimental results of the force measurement with the FEM 

results. Generally, it can be said that there is a good agreement between the obtained results with an 

average error percentage of approximately 3.5%. 

 

 

 

Figure 4. 17: A comparison of magnetic force versus excitation current for different axial air gaps based 

on experimental force measurement and FEM results 
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4.7. Experimental Results 

 

         The electromagnets were fabricated based on the optimum design parameters as shown in Figure 4.14. 

Outer and inner diameter of the coil were 3 cm and 1cm, respectively, while the length of the coil was 2.5 

cm and the length of the iron core with the extended chamfered tip was 1 cm with a chamfer angle of 30.̊ 

The number of turns of the coil was 1,050 turns and the wire gauge was 24 (AWG). The experimental setup 

used for the current study was as illustrated in Figure 4.18. It was developed for a planar finishing process 

using a rotating magnetic field. 

 

 

 

Figure 4. 18: Schematic of the SMAF proposed system 

 

 

A CP Grade 2 Titanium sample was used as the workpiece, as recently, titanium and its alloys are commonly 

used in bone implants and some biomedical applications due to its excellent mechanical properties and 

biocompatibility [67]. The experimental conditions are as illustrated in Table 4.5. 

 

Table 4.5: Experimental conditions 

 

Workpiece CP Grade 2 Titanium 

Abrasive Particles Al2O3, 75 [µm] in mean diameter. 

Iron Particles Fe particles 0.3 [mm] in mean diameter. 

Coil activation frequency 2 Hz 

Applied voltage 30 V [current passing through the coils ≅1.5 A] 

Air Gap 2 mm 

Finishing time 60 min 
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Figure 4.19 shows 3D photographs of the finished surfaces before (a) and after (b) the finishing process. 

The experimental results showed that under these finishing parameters, the average surface roughness (Ra) 

was improved from 4.156 µm to 1.94 µm, and the height of the highest peak (Sp) was improved from 

21.144 µm to 14.409 µm. 

 

Figure 4. 19: 3D photographs of polished surfaces (a) before and (b) after the finishing process 

 

 

 

 4.8. Temperature Variation  

 

As a result of the magnetic abrasive particles movement on the workpiece surface under the finishing 

pressure, heat flux was generated due to friction in the interfering zone. This heat generation caused a 

temperature rise which could significantly affect the quality of the finished surface. Temperature variation 

in the interfering area in some finishing processes can reach up to 980 ̊ C, which can adversely generate 

thermal and residual stresses in the surface and subsurface of the workpiece [53]. 

One of the most important advantages of the MAF process is the insignificant effect of the temperature 

variation, due to the limited raising of the workpiece temperature during the finishing process. In some 

applications of MAF the range of temperature variation is around 31-42 ̊ C [54]. In this work, the 

temperature of the interfering zone between the surface of the titanium workpiece and the magnetic abrasive 

particles was measured using a thermal camera. As illustrated in Figure 4.20, before starting the finishing 

process (@ Time = 0), the temperature of the titanium specimen was 23 ̊ C. After running the system for 

30 minutes (@ Time = 30 mins) the temperature of the titanium specimen raised up to 29.1 ̊ C and within 

60 minutes the temperature reached 37.0 ̊ C. This infers temperature variation during the operation time (60 
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minutes) was 14.0 ̊ C (23.0 – 37.0 ̊ C). During this process, the maximum surface roughness was improved 

from 262 µm to 177.6 µm. This temperature variation was still under the accepted limit, and represents an 

insignificant impact on the sample surface characteristics and quality. 

 

 

 

 

Figure 4. 20: Thermal images of Titanium CP Grade 2 sample at different times during the finishing 

process. 
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 4.9. Conclusions  

 

        In the current study, electromagnet optimal configuration was investigated in order to maximize the 

finishing force in the working area. The optimization approach used for the electromagnets coil was carried 

out in two stages. In the first stage, the integrated formula of a thin shell solenoid was used to obtain the 

gradient of the magnetic field at any point on the axis of a finite solenoid. In the second stage, a parametric 

study was carried out to optimize the geometry of the electromagnet using a finite element simulation. The 

electromagnet volume was fixed as 50 cm3 and the optimum coil parameters were found to be (α=3 and 

β=2.5), and the Fabry factor (Geometry factor) was G = 0.175. Coil length was l = 2.5 cm and the iron core 

length lc was 3.5 cm, with outer and inner diameters of 1.5 cm and 0.5 cm, respectively. 

Moreover, a new approach was conducted to measure the magnetic force experimentally using an ATI force 

sensor. The results were verified using a finite element simulation with percentage error of 3.5%. The MAF 

process setup of the optimal electromagnet configuration was applied to finish a titanium (CP Grade 2) 

specimen with finishing conditions of 28 V, applied voltage, 2 Hz electromagnet activation frequency, and 

60 mins as the operation time. The abrasive particle was aluminum oxide with 75 µm particle size mixed 

with 0.5 mm average diameter iron particles. The average surface roughness (Ra) was improved from 4.156 

µm to 1.94 µm, and the height of the highest peak (Sp) was improved from 21.144 µm to 14.409 µm. Also, 

the variation of temperature in the interfering zone between the Titanium specimen and the magnetic 

abrasive particles was measured using a thermal camera. The measurement showed that the variation during 

the operation running time (60 mins) was just 14 ̊ C, the temperature change was (23 – 37 ̊ C). This change 

would have an insignificant effect on the surface characteristics and quality. 
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Chapter 5 
 

System Modeling 
 

 

5.1. Introduction  

 

This chapter describes the main components of the Stationary Apparatus of Magnetic Abrasive 

Finishing (SMAF) and the essential function of each component. In addition, it explains the fundamental 

models used to represent the relationship between the main parameters of the Magnetic Abrasive Finishing 

(MAF) process. Furthermore, it describes the modeling and analyzing of the magnetic field in the working 

area, the cutting forces, and the metal removal mechanism. 

 

5.2. System Description 

 

The system used for this study contains software and many hardware components as illustrated in          

Figure 5.1. The software component represents a MATLAB-Simulink file. Its primary purpose is to 

simulate the system based on a mathematical model that governs the main parameters used in this 

application. 

 

Figure 5. 1: System Description. 
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The hardware components contain a dSPACE machine which serves as a data acquisition device. The data 

source comes from the Simulink file. Secondly, there is an amplifier and a power supply which feeds the 

dSPACE machine and L298 Dual Full-Bridge Driver. The L298 Dual Full-Bridge Driver basically can 

control the direction of the current, which then controls the polarity of the electromagnet (coils): as either 

North (N) or South (S) Pole according to the signal pattern illustrated in in Figure 5.2. 

The third part of the hardware components, the physical system, contains four-cylindrical electromagnets. 

Each electromagnet contains a coil with (1000) turns of a copper wire (AWG 22) around an iron core. The 

diameter of the coil is 40mm and the height is also 40mm. The iron core diameter is 20mm and the height 

is 50mm. The electromagnetic coils are inclined with respect to the vertical axis with an angle of 30 .̊ This 

arrangement is shown in Figure 5.2. 

   

Figure 5. 2 : The electromagnetic coils alignment and signal pattern.    

 

                    

              

Figure 5. 3: The physical system setup 
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The workpiece is placed above the electromagnetic coils, as shown in Figure 5.3 and, above the surface of 

the workpiece, the Magnetic Abrasive Particles (MAPs) are placed in order to perform the finishing process. 

 

      

5.3. Finite Element Model 

 

There are many reasons why modeling of the MAF process is so difficult including the nonuniform 

geometry of the magnetic field domain and the working gap, and the nonlinear properties of the magnetic 

abrasive particles (magnetic particles and abrasive particles). Therefore, some researchers prefer to use the 

Finite Elements Method instead of the analytical methods to find the parameters solution [61]. 

The modeling starts with classical Maxwell’s equations (5.1- 5.3) as the governing equations of the model. 

∇ × 𝐸 =
𝜕𝐵

𝜕𝑡
                                                                                            (5.1) 

∇ × 𝐻 = 𝐽 +
𝜕𝐷

𝜕𝑡
                                                                              (5.2) 

∇ ∙ 𝐵 = 0                                                                                           (5.3) 

where: 

E: Electric field vector, B: Magnetic flux density vector, H: Magnetic flux intensity vector, 

J: Electric current density, D: Electric flux density vector, and t: Time. 

Since there is no current through the working gap, it can be considered that  
𝜕𝐷

𝜕𝑡
= 0 and 𝐽 = 0 ; the process 

is also assumed to be steady. Therefore, Maxwell’s equations (5.1- 5.3) will be [14]: 

∇ × 𝐸 = 0                                                                                     (5.4) 

∇ × 𝐻 = 0                                                                                    (5.5) 

∇ ∙ 𝐵 = 0                                                                                      (5.3) 

The relationship between B and H in a vacuum is: 

𝐵 = 𝜇𝑜𝐻                                                                                      (5.6) 

where 𝜇𝑜 = 4𝜋 × 10
−7  (T∙m/A) the permeability of free space. 
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The working gap is filled with the magnetic abrasive particles MAPs (magnetic particles and abrasive 

particles), so the magnetic flux density is as in equation (5.6): 

𝐵 = 𝜇𝑜(𝐻 +𝑀)                                                                        (5.7) 

where M is the internal magnetization of the ferromagnetic. 

And the magnetic field intensity can be expressed as a gradient of magnetic scalar potential ϕ [8]: 

𝐻 = −𝛻𝜙                                                                                  (5.8) 

Since magnetization is: 

𝑀 = 𝜒𝐻                                                                                     (5.9) 

So equation (5.7) can be expressed as: 

𝐵 = 𝜇𝑜(1 + 𝜒)𝐻                                                                   (5.10) 

Substituting the values of B and H from equation (5.9) and (5.10) in equation (5.3): 

𝛻 ∙ [𝜇𝑜(1 + 𝜒)(−𝛻𝜙)] = 0                                                (5.11) 

But 𝜇𝑜 is constant and  (1 + 𝜒) = 𝜇𝑟 

where 𝜇𝑟 is the relative permeability of MAPs, so (5.11) becomes: 

𝛻 ∙ [𝜇𝑟𝛻𝜙] = 0                                                                  (5.12) 

In the cylindrical coordinate system, equation (5.13) is expressed as [61]: 

1

𝑟

𝜕

𝜕𝑟
[𝑟𝜇𝑟

𝜕𝜙

𝜕𝑟
] +

1

𝑟2
𝜕

𝜕𝜃
[𝜇𝑟

𝜕𝜙

𝜕𝜃
] +

𝜕

𝜕𝑧
[𝜇𝑟

𝜕𝜙

𝜕𝑧
] = 0                                 (5.13) 

Therefore, the components of the magnetic flux intensity Hr and Hz can be evaluated from [14]: 

𝐻𝑟 = −
𝜕𝜙

𝜕𝑟
                                                                     (5.14) 

𝐻𝑧 = −
𝜕𝜙

𝜕𝑧
                                                                    (5.15) 

The magnetic force Fm can be expressed as the gradient of the magnetic potential energy [62]: 

𝐹𝑚 =
𝜇𝑜
2
∇∫𝑀 ∙ 𝐻𝑑𝑉

 

𝑣

                                                          (5.16) 
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And due to the small volume of the particle, V, the magnetization M, and field intensity H can be considered 

uniform. So equation (5.16) can be simplified to: 

𝐹𝑚 = 𝜇𝑜𝑉(𝑀 ∙ ∇)𝐻                                                               (5.17) 

 

Magnetic susceptibility 𝜒 should represent the magnetic susceptibility of the ferromagnetic particles and 

abrasive particles, and it can be obtained by applying Wiedemann’s [61], [63]: 

𝜒 = 𝛼𝜒𝑓𝑒𝑟𝑟 + (1 − 𝛼)𝜒𝑎𝑏𝑟                                                     (5.18) 

where, 𝛼 is the volume fraction of ferromagnetic, and 𝜒𝑓𝑒𝑟𝑟  and 𝜒𝑎𝑏𝑟 are the susceptibility of ferromagnetic 

and abrasive particles, respectively. Also for the relative permeability of magnetic abrasive particles, 𝜇𝑟 , can 

be obtained from [61], [63]: 

𝜇𝑟 = 𝛼𝜇𝑟𝑓𝑒𝑟𝑟 + (1 − 𝛼)𝜇𝑟𝑎𝑏𝑟                                               (4.19) 

where, 𝜇𝑟𝑓𝑒𝑟𝑟  and 𝜇𝑟𝑎𝑏𝑟 are the relative permeability of ferromagnetic and abrasive particles, 

respectively. 

 

 

5.4. Magnetic Field Analysis 

 

To analyze the magnetic field, many approaches have been applied, starting with Biot-Savart for on-

axis of a single current loop and then for a multi-turn air core solenoid. Next, for off-axis of a single current 

loop and not only for a multi-turn coil, but also for a multi-layer one, further using superposition. These 

approaches are presented in Appendix B. It can be noticed that the relationships of determining the magnetic 

field are considered valid if the core of the solenoid is air, not iron. Thus, in order to make these relationships 

valid to use for the iron-core solenoid, and, as it is being used in the SMAF system setup, therefore 

numerical predictions must be developed to determine scaling factors that can be used confidently to 

quantify the magnetic field for the iron-core solenoid. This concept can be obtained by comparing the 

magnetic field magnitude of the air-core and iron-core solenoid analytically and experimentally.  

Numerically, finite elements analysis was used to determine the magnetic field components within the 

stated range in relation to the position of the coil, as shown in Figures (5.4 and 5.5).  
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Figure 5. 4: Magnetic field components Bz and Bx of different distance above the electromagnet coil 

(from 1mm-5mm), air-core. 

 

 

Figure 5. 5: Magnetic field components Bz and Bx for different distance above the electromagnet coil 

(from 1mm-5mm), iron-core. 

 

Experimentally, the apparatus involved the electromagnet coil construct, with/without iron core, with the 

equipment shown in Figure 5.6 used to measure the magnetic field components Bz and Bx within the same 

range in relation to the position of the electromagnet coil, as was done analytically. Measurements of the B 

components were taken at 1 mm spacing in the x and z directions (x-z plane), at the elevations above the 

top turn of the coil construct with the results as shown in the following plots in relation to the central axis 

of the coil. The probe was oriented to obtain measurements in one direction first, then rotated ninety degrees 

to obtain the other. Figure 5.7 shows the electromagnet with/without iron core, and, assembled. 
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Figure 5. 6: Photograph of the setup used to measure B, 1) 3-D position motor of micromanipulator. 2) 

MP-285 controller. 3) Electromagnet (air core shown). 4) Gauss meter probe. 5) Motorized 

micromanipulator. 6) Power supply. 7) Gauss meter. 

 

 

 

 

 

Figure 5. 7: Electromagnet with/without iron core, and assembled 

 

Figures (5.8 and 5.9) show the plotted relations for Bx and Bz, respectively, with air core, iron core, their 

ratio, and the average ratio plotted for each. 
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Figure 5. 8 : Bx component for electromagnet with/without iron core, (a) air-core, (b) iron-core, (c) factor 

(B iron/B air), (d) average factor curve. 
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Figure 5. 9: Bz component for electromagnet with/without iron core, (a) air-core, (b) iron-core, (c) factor 

(B iron/B air), (d) average factor curve. 

 

 

The above plots and their data were used to determine the equations and variable relations to predict B at 

any point in space above a coil construct with an iron-core. Both the normB and the components of B were 

considered for the following. The normB used completely raw data as the norm has an inherent ability to 

accommodate fluctuations, whereas the components used adjusted data from the average factor curves of 

Figures (5.8 and 5.9). For the Bx component, the left half of the curve was mirrored right, and for the z 

component the two sides were averaged and equated. The norm curve fit used a fifth order polynomial 

function, whereas the component curves both used a sum of sines function with the 95% confidence interval 

coefficients as listed in Table 5.1. Also provided are the curve “adjusted R-square” values. 
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Table 5.1: Fit functions and maximum error. 

Fitting Function Equation Coefficients  

 

 

 

Polynomial  

 (norm) 

 

 

 

𝐵𝑛𝑜𝑟𝑚(𝑥) =  𝑎𝑥4 + 𝑏𝑥3 + 𝑐𝑥2 + 𝑑𝑥 + 𝑒               

𝑎 = 2.632𝑒 − 05 

𝑏 = 0.0001592 

𝑐 = −0.009772 

𝑑 = −0.04549 

𝑒 = 2.836 

𝑅2 = 0.9973 

 

 

 

Sum of Sines 

 (z component) 

 

 

𝐵𝑧(𝑥) =∑𝑎𝑖𝑧sin (𝑏𝑖𝑧𝑥 + 𝑐𝑖𝑧)

2

𝑖=1

 

𝑎1𝑧 = 2.216 

𝑏1𝑧 = 0.004761 

𝑐1𝑧 = 1.571 

𝑎2𝑧 = −0.6371 

𝑏2𝑧 = 0.2279 

𝑐2𝑧 = −1.571 

𝑅2 = 0.9992 

 

 

 

Sum of Sines  

(x component) 

 

 

𝐵𝑥(𝑥) =∑𝑎𝑖𝑥sin (𝑏𝑖𝑥𝑥 + 𝑐𝑖𝑥)

2

𝑖=1

 

𝑎1𝑥 = 3.825 

𝑏1𝑥 = 0.06956 

𝑐1𝑥 = 1.571 

𝑎2𝑥 = 0.1074 

𝑏2𝑥 = 0.6091 

𝑐2𝑥 = −1.571 

𝑅2 = 0.9959 

 

Maximum error (T) 

 

  

Norm= 0.0045 

Z= 0.0056 

X= 0.0040 

 

 

The equations of fit average factor curves were then used to predict the components of the magnetic field 

for an iron core electromagnet with the predictions then compared to the experimentally obtained results. 

The goodness of fit error is plotted as a surface for the normB as well as the Bx and Bz components in 
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Figures (5.10 and 5.11) for four elevations with the maximum error as shown in red in the figures and at 

the base of Table 5.1. 

 

 

Figure 5. 10: (a) normB average factor and curve fit, (b) normB error. 

 

 

Figure 5. 11: (a) Bz average factor and curve fit, (b) Bx average factor and curve fit, (c) error of Bz, (d) 

error of Bx. 
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5.5. Electromagnets configuration setup 

 

Various configuration setups were used in order to obtain the optimum movement for the Magnetic 

Abrasive Particles (MAPs) on the workpiece surface. The aim was to determine how the particles can be 

moved in a circular or semicircular path on the surface of the workpiece under the effect of the rotating 

magnetic field to accomplish the process of metal removing and produce a new surface. Therefore, the 

configurations of three-coils, four-coils, and six-coils were used, as shown in Figure 5.12 (a-d). The 

configuration of four-angled coils, Figure 5.12 (c), was chosen as the best configuration. 

 

 

 

 

 

Figure 5. 12: a) 3-coils in triangular setup, b) 4-coils horizontal configuration, c) 4- angled coils 

configuration, and d) 6-coils configuration. 

 

 

 

Studying the variation of magnetic flux density in the working gap between the electromagnet and the 

workpiece was very important because it significantly affects the magnetic force which controls the quality 

of the finished surface. So, the variation of magnetic field was studied as follows: 

a b 

c d 
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5.5.1. Magnetization effect on the magnetic field 

 

The fundamental relationship between magnetic flux density B and Magnetic flux intensity H in the vacuum 

is according to equation (5.6): 

𝐵 = 𝜇𝑜𝐻  

But the value of B changes when the ferromagnetic particles are placed in the air gap between the 

electromagnet and the work-piece, because of the internal magnetization M. The magnitude of B is 

according to equations (5.7) and (5.9): 

𝐵 = 𝜇𝑜(𝐻 +𝑀) 

𝑀 = 𝜒𝐻 

where 𝜒 is the magnetic susceptibility of the particle material. 

This effect can be clearly noticed by using COMSOL Multiphysics® version 5 simulation software to 

simulate an electromagnet with an iron particle. Figures (5.13 and 5.14) show how the magnetic field lines 

can be affected when they pass through the iron particle and the increment of B values. 

 

 

 

Figure 5. 13: Variation of the magnetic field lines when they pass through the iron particle. 

 

 

https://en.wikipedia.org/wiki/Magnetic_susceptibility
https://en.wikipedia.org/wiki/Simulation_software
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Figure 5. 14: The increment of the magnetic flux density B within the iron particle. 

 

 

 

5.5.2. Best configuration of the electromagnets to maximize Bxy component 

 

The variation of magnetic flux density, B, in the working area was studied and analyzed for different 

configurations of electromagnets to identify the best configuration. The best configuration means the one 

that can make the component of B in a tangential direction, Bxy, greater than the  component of B in a normal 

direction, Bz. Thus, the tangential force component, Fmt, will be greater than the normal force component, 

Fmz. 

This is important to make the particles on the workpiece surface move tangential according to the rotation 

of the magnetic field to accomplish the finishing process. As shown in Figure 5.15, the electromagnets are 

aligned along the X axis. It can be readily noticed that the Bz  component is greater than Bx and By, and as a 

result, it is greater than the Bxy component. 
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Figure 5. 15: Variation of B values with respect to the position along X axis for the two electromagnets 

aligned along X axis. 

 

 

 

 

When the electromagnets are aligned along the perpendicular axes, one on the X axis and the other on the 

Y axis, as shown in Figure 5.16, the Bxy component will be greater than Bz especially when the particles 

move along the trajectory (according to the red dashed line). 

 

 

 

Figure 5. 16: Variation of B values with respect to the position along the red dashed line for the two 

electromagnets aligned on X and Y axes. 
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5.6. Analysis of cutting forces and metal removal 

 

The metal removal mechanism in magnetic abrasive finishing can be considered to be a Micro-cutting 

or a Nano-cutting process due to the minute chips formed [43]. The applied magnetic field in the working 

gap with the presence of MAPs produced a Flexible Magnetic Abrasive Brush (FMAB) as shown in Figure 

5.17. The FMAB acts just like a multi cutting edge tool, or the grinding wheel in a grinding process. 

 

 

Figure 5. 17: The Flexible Magnetic Abrasive Brush (FMAB). 

 

 

The movement of the FMAB on the workpiece surface produces grooves, and the volume of these grooves 

is equal to the volume of the removed material or the formed chips [14]. 

 

 

Figure 5. 18: Schematic of (MAF) with details of forces on a single Abrasive Particle. 
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The magnetic field generated by the angled electromagnet produces two components of magnetic force: the 

tangential component (Fmt), which is parallel to the working surface; and the normal component (Fmz), 

which is perpendicular to the working surface, as shown in Figure 5.18. The normal component, (Fmz), 

forces the cutting edges of MAPs to penetrate the workpiece surface, whereas the tangential component 

(Fmt) acts as a shearing force on the surface of the workpiece and forms the Micro-chips due to the motion 

trajectory of the MAPs. Therefore, a new surface will be produced due to the metal layer being removed 

from the workpiece surface as shown in Figure 5.18. 

 

5.6.1. Modeling of the normal component (Fmz) 

 

The magnetic force Fm according to equation (5.17) is: 

𝐹𝑚 = 𝜇𝑜 𝑣(𝑀. 𝛻)𝐻 

And the extension of equation (5.17) is: 

𝐹𝑚 = 𝜇𝑜 𝑣[(𝑀𝑥
𝜕𝐻𝑥

𝜕𝑥
+𝑀𝑦

𝜕𝐻𝑥

𝜕𝑦
+𝑀𝑧

𝜕𝐻𝑥

𝜕𝑧
), 

(𝑀𝑥
𝜕𝐻𝑦

𝜕𝑥
+𝑀𝑦

𝜕𝐻𝑦

𝜕𝑦
+𝑀𝑧

𝜕𝐻𝑦

𝜕𝑧
), 

(𝑀𝑥
𝜕𝐻𝑧

𝜕𝑥
+𝑀𝑦

𝜕𝐻𝑧

𝜕𝑦
+𝑀𝑧

𝜕𝐻𝑧

𝜕𝑧
)]                                                   (5.20) 

So the normal component of the magnetic force is: 

𝐹𝑚𝑧 = 𝜇𝑜 𝑣 [(𝑀𝑥
𝜕𝐻𝑧

𝜕𝑥
+𝑀𝑦

𝜕𝐻𝑧

𝜕𝑦
+𝑀𝑧

𝜕𝐻𝑧

𝜕𝑧
)]                                       (5.21) 

This component acts in a vertical direction (Z direction), and it is responsible for penetrating the abrasive 

particles into the workpiece surface. 

The polishing pressure P can be evaluated from [64]: 

𝑃 =
𝐵2

2𝜇𝑜
(1 −

1

𝜇𝑟
)                                                                         (5.22) 

And B, which represents the magnetic flux density in the working area, can be calculated as: 



 83  

𝐵 =
𝜇𝑜𝑁𝐼

𝑔
                                                                                      (5.23) 

where 𝜇𝑜 is the magnetic permeability of vacuum (4𝜋 × 10−7), N is the number of turns in the 

electromagnet coil, I, is the magnetizing current, and g is the working air gap. So, for N =1000 turns, I =1.4 

A, g =3mm, B= 0.586 T, and P= 0.136 MPa. 

Also the normal component of the magnetic force can be considered as [64]: 

𝐹𝑚𝑧 = 𝑃𝐴                                                                                    (5.24) 

where A is the contact area of the flexible magnetic abrasive brush (FMAB) with the workpiece surface. 

 

 

 

Figure 5. 19: Schematic of the area A of (FMAB) according to the cantor of magnetic field distribution. 
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As shown in Figure 5.19, the area A can be considered an elliptical area if only two adjacent electromagnets 

are energized. Therefore: 

𝐴 = 𝜋𝑎𝑏 = 𝜋 (
𝑐

2
+ 𝑟𝑐𝑜𝑠𝜃) 𝑟                                                        (5.25) 

where C is the distance measured from center to center for adjacent electromagnets of the system setup 

configuration and it is equal to 30 mm, r is the radius of the extended core equal to 1mm, and 𝜃 = 30° is 

the alignment angle of the electromagnet with the Z axis (vertical axis). In order to simplify the calculation, 

b could be considered equal to r. So: 

𝐴 = 𝜋 (
30

2
+ 1 × cos 30) × 1 = 49.90 𝑚𝑚2 

Therefore, 

Fmz= PA= 0.136 MPa × 49.90 𝑚𝑚2= 6.786 N 

and the normal component of the magnetic force on each abrasive particle fmz can be evaluated as: 

𝑓𝑚𝑧 =
𝐹𝑚𝑧
𝑛𝑎

                                                                                   (5.26) 

where 𝒏𝒂 is the number of the active abrasive particles which are in touch with the surface of the work-

piece. This can be obtained from:  

𝑛𝑎 =
𝐴

𝜋
4 𝑑𝑚𝑎𝑝

2
                                                                             (5.27) 

where 𝒅𝒎𝒂𝒑 is the diameter of a single magnetic abrasive particle (MAP), and it can be obtained according 

to the mesh size. For example, if 𝒅𝒎𝒂𝒑 = 0.1 𝑚𝑚 (140 U.S Mesh), then: 

𝑛𝑎 =
49.90 𝑚𝑚2𝐴

𝜋
4 0.1

2
= 6353.46 ≈ 6354 particles 

𝑓𝑚𝑧 =
𝐹𝑚𝑧
𝑛𝑎

=
6.786

6354
= 0.001 𝑁 
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5.6.2. Modeling of the Tangential component (Fmt) 

 

The tangential force component Fmt, which acts in a horizontal direction parallel to the workpiece surfaces, 

is responsible for removing material from the workpiece. This component represents the force components 

in the x-y plane, which are Fmx and Fmy. Therefore, the tangential force component can be evaluated as: 

𝐹𝑚𝑡 = √𝐹𝑚𝑥
2 + 𝐹𝑚𝑦

2                                                                       (5.28) 

where, 

𝐹𝑚𝑥 = 𝜇𝑜 𝑣 [(𝑀𝑥
𝜕𝐻𝑥

𝜕𝑥
+𝑀𝑦

𝜕𝐻𝑥

𝜕𝑦
+𝑀𝑧

𝜕𝐻𝑥

𝜕𝑧
)]                                             (5.29) 

𝐹𝑚𝑦 = 𝜇𝑜 𝑣 [(𝑀𝑥
𝜕𝐻𝑦

𝜕𝑥
+𝑀𝑦

𝜕𝐻𝑦

𝜕𝑦
+𝑀𝑧

𝜕𝐻𝑦

𝜕𝑧
)]                                            (5.30) 

and the tangential component of the magnetic force on each abrasive particle fmt can be evaluated as: 

𝑓𝑚𝑡 =
𝐹𝑚𝑡
𝑛𝑎

                                                                                  (5.31) 

 

 

 

 

5.6.3. Modeling of abrasive particle 

 

The modeling of the abrasive particle depends on the shape and geometry of the particle. Some of the 

previous studies considered a tetrahedral shape for the abrasive particle [14], [64]. Figure 5.20 illustrates a 

microscopic image for Aluminum Oxide abrasive particles which are used in this study. 
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Figure 5. 20: Aluminum Oxide abrasive particle. 

 

 

Particles in this model have been considered as identical tetrahedral grains, and the penetration model is 

illustrated in Figure 5.21 [64]. 

 

 

Figure 5. 21: Penetration of a tetrahedral magnetic abrasive particle: (a) Depth of penetration, (b) 

Projected area of indentation, and (c) Projected area of penetration [64]. 

 

 

In Figure 5.21 above, ΔA represents the projected area of indentation, Ac is the projected area due to 

penetration which shears off the peaks of the workpiece material, and hp is the depth of penetration on the 

inclined face of the abrasive particle. Nano-hardness tests are usually used to understand the role of the 

various abrasives particles in the metal removal processes, as illustrated in Figure 5.22. The depth of 

penetration can be determined as follows: 
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tan 𝜃 =
𝑥

2ℎ𝑝
                                                                                  (5.31) 

∆𝐴 = 𝐴𝑟𝑒𝑎 𝑜𝑓 ∆𝐵𝐹𝐻 =
√3

4
𝑥2                                                                (5.33) 

𝑓𝑧 = 𝐻𝑑∆𝐴 = 𝐻𝑑
√3

4
𝑥2 = 𝐻𝑑

√3

4
× 4ℎ𝑝

2𝑡𝑎𝑛2𝜃                                                      (5.34) 

ℎ𝑝
2 =

1

√3

𝑓𝑚𝑧
ℎ𝑑

1

𝑡𝑎𝑛2𝜃
                                                                         (5.35) 

ℎ𝑝 =
0.577

𝑡𝑎𝑛𝜃
√
𝑓𝑚𝑧
𝐻𝑑

                                                                           (5.36) 

Therefore, for 𝑓𝑚𝑧 = 0.001𝑁,  

ℎ𝑝 =
0.577

𝑡𝑎𝑛60
√

0.001

200 × 106
= 7.45 × 10−7𝑚 

 

 

 

Figure 5.23 shows an example of the relationship between the indentation load and the penetration depth. 

 

 

Figure 5. 22: A nanohardness test illustrates the indentation profiles of different radii [65]. 
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Accordingly, many models are proposed to explain the mechanism of the interaction between the abrasive 

particle and the finished surface. It can be noticed that most of these models are based on controlling the 

main parameters such as the finishing pressure, sliding velocity, and the geometry of the scratch that formed 

on the workpiece surface [66]. 

 

 

Figure 5. 23: Example of the variation of penetration depth with the indentation load [67]. 

 

 

The normal force for a single abrasive particle can be estimated depending on the hardness of the workpiece 

material Hd as [64]: 

𝑓𝑚𝑧 =  𝐻𝑑 ∆𝐴                                                                             (5.37) 

Also Ac can be estimated as [24]: 

𝐴𝑐 =
3𝑓𝑚𝑧
4𝐻𝑑

                                                                                  (5. 38) 
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5.7. Metal Removal 

 

The rotation of the magnetic field causes a rotation of the MAPs. When the cutting edges of the abrasive 

particles are in mechanical contact with the surface of the workpiece and the magnetic force is a sufficient 

amount, the material will be removed as illustrated in Figure 5.24. 

 

 

Figure 5. 24: Forces on a single abrasive particle. 

 

 

The abrasive particles should be under the effect of both components of the magnetic force, the normal 

component and the tangential component. The tangential component should be equal to or greater than fc, 

which represents the cutting force required to produce a micro-chip by removing metal from the surface of 

the workpiece. fc depends on the projected area Ac in Figure 4.24c, and another important mechanical 

property of the workpiece material, shear strength (𝜏𝑠) [5]. 

Therefore,  

𝒇𝒄 = 𝜏𝑠𝐴𝑐                                                                             (5.39) 

This cutting force, in order to remove the material, should be more than the plastic deformation resistance 

of the workpiece material. Otherwise, the abrasive particle cannot remove the material and it might just 

rotate on the surface with a reduction in the depth of indentation [24], as shown in Figure 5.24. 

Therefore, three expectations can be predicted for removing the material in the magnetic abrasive finishing 

process [5]: 
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a. 𝒇𝒄 = 𝑓𝑚𝑡                                                                                                                                                    (5.40) 

This represents an equilibrium situation: when the removal process can be started. 

b. 𝒇𝒄 < 𝑓𝑚𝑡                                                                                                                                                    (5.41)                                                                               

Material is removed in this situation. 

c. 𝒇𝒄 > 𝑓𝑚𝑡                                                                                                                                                    (5.42)                                                                                

This situation means no cutting can occur due to the insufficient depth of penetration of an abrasive cutting 

edge, and the abrasive can merely rotate. 

Therefore, when: 

𝑓𝑚𝑧 =
𝐹𝑚𝑧
𝑛𝑎

=
6.786

6354
= 0.001 𝑁 

and the material of the workpiece used is Aluminum, the shear strength 𝜏𝑠 for the workpiece material is 

207 MPa, and the hardness Hd is 107 Vickers. Therefore, 𝐴𝑐 can be estimated as: 

𝐴𝑐 =
3𝑓𝑚𝑧
4𝐻𝑑

= (3 × 0.001)/(4 × 107 × 9.807) = 7.147 × 10−13 𝑚2 

The required cutting force can be estimated from: 

𝒇𝒄 = 𝜏𝑠𝐴𝑐 = 207 × 10
6 × 7.147 × 10−13 = 0.0001 𝑁 

The value of 𝒇𝒄 was compared with the value of 𝒇𝒎𝒕, which was obtained from the analytical solution and 

it was approximately 0.0002 N, as shown in Figure 5.25, which means 𝒇𝒄 < 𝒇𝒎𝒕 and the material is 

removed. 

 

 

Figure 5. 25: The variation of force tangential component on the surface of the workpiece. 
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The required cutting force was also compared with the calculated tangential component from the 

equation: 

𝐹 = 𝜇𝑜 𝑣(𝑀. ∇)𝐻 

where the values of (𝑀. ∇)𝐻 were obtained by finite element solution from COMSOL Multiphysics® 

version 5 simulation software. All the values approximately match each other, as illustrated in Figure 5.26. 

 

Figure 5. 26: Comparison between calculated and simulation values of force component. 

 

 

5.8. Conclusion 

 

This chapter described the main components of the system and the essential function of each component. 

In addition, it has explained the fundamental models used to represent the relationship between the main 

parameters of the Magnetic Abrasive Finishing (MAF) process. The Finite Element Method was used to 

find the parameter solutions and the model was started with classical Maxwell’s equations as the governing 

set. Furthermore, the theory presented and applied herein remained applicable with the introduction of 

scaling factors that reduce expected field component magnitudes for the analytical and simulation results 

in order to bring them in line with those of the experiments. Processing of experimental results was proven 

successful via verification of the curve fit results checked against experimental iron core data. The results 

generated the same level of acceptable error for both the norm of the magnetic field as well as the adjusted 

components. Polynomial curve fitting was adequate for the norm, whereas sum of sines proved more 

adequate for components. 

https://en.wikipedia.org/wiki/Simulation_software
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This chapter further analyzed the variation of the magnetic field (B) in the working gap with respect to the 

magnetization effect of the particles and the electromagnets' angle of alignment. The main target was to 

generate a rotating magnetic field which would be able to carry MAPs and perform the finishing process 

with a sufficient amount of magnetic force (cutting force). The magnetic force had a normal component, 

Fmz, and a tangential component, Fmt. 

It was further presented that the normal component which was applied to a single abrasive particle, 𝑓𝑚𝑧, 

should be sufficient to force the abrasive particle to penetrate the workpiece surface. This component 

depends on the hardness (Hd) of the workpiece material and the projected area of indentation (ΔA), as in 

equation (5.54). The tangential component which is applied to a single abrasive particle, 𝑓𝑚𝑡, should be 

sufficient to shear the material tangentially. This component should be greater than the required cutting 

force, 𝑓𝑐, which depends on the shear strength of the workpiece material (𝜏𝑠) and the projected sheared area 

(Ac), as in equation (5.56). 

The best configuration of the electromagnets which can be satisfied with these conditions was analyzed in 

this chapter. The best configuration means the one that can make the component of B in a tangential 

direction, Bxy, greater than the component of B in a normal direction, Bz. Thus, the tangential force 

component, Fmt, will be greater than the normal force component, Fmz. This is important to make the 

particles on the workpiece surface move tangentially according to the rotation of the magnetic field and 

accomplish the finishing process. 

It was found that the best configuration can be obtained when the electromagnets are aligned along the 

perpendicular axis, one on the X axis and the other on the Y axis as shown in Figure 5.16, with the angle of 

alignment θ= 30̊ for each electromagnet with respect to the normal direction, as shown in Figure 5.19. The 

Bxy component should be greater than Bz especially when each two neighboring electromagnets are 

energized together within the duty cycle. 

Applying these setup conditions, to perform experiments and test the proposed concept showed that the 

surface roughness of an Aluminum specimen, for example, can be improved from 328.83 nm to 278.45 nm. 
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Chapter 6 
 

Fuzzy Logic Prediction Model 
 

 

 6.1. Introduction 

 

The conventional method of identifying specific finishing parameters to attain a precise surface 

roughness basically requires a trial and error approach. The main deficiencies of this approach are the time-

consumed and the inability to include combinations of all parameters while providing a reliable predicting 

model of the surface roughness and examining all process parameters in as few as possible experimental 

trials [67]. Hence, using the conventional mathematical and analytical techniques to predict the process 

performance of finishing processes may not give optimal and highly accurate results [68]. Advanced 

computing techniques, such as fuzzy logic, genetic algorithm, particle swarm optimization, and simulated 

annealing have been successfully used to overcome the limitations of conventional methods, due to their 

ability to model and predict phenomena and analyze non-linear and multi-dimensional engineering and 

functional problems [69]. 

Fuzzy logic can be considered as an identifying system technique. It is usually used for monitoring and 

diagnostics of machining processes because it is able to model the input-output relationship efficiently and 

overcome the problems of non-linearity and the probability of uncertainty [70]. Many studies have been 

conducted previously applying this technique to estimate surface roughness during milling and turning of 

different materials [71]. Lo [72] applied a fuzzy logic model to predict the surface roughness in the milling 

process. The model prediction accuracy was around 96%. Ramesh et al. [73] conducted a fuzzy logic model 

to predict the cutting parameters in turning titanium alloy and controlling the cutting forces. Unune et al. 

[68] applied a fuzzy logic artificial intelligence method to predict the average surface roughness and metal 

removal rate during the machining process of Nimonic 80A using an abrasive-mixed electro-discharge 

diamond surface grinding (AMEDDSG) technique. The agreement between the experimental results and 

the fuzzy logic model was 93.89%. Kanish et al. [74] developed a fuzzy logic model to predict the 

improvement of surface roughness of SS316L material using the Magnetic Field Assisted Abrasive Micro 

Finishing (MFAAF) method. The maximum deviation between the developed predicted model and the 

experimental results was around 7.16%. Frad et al. [75] proposed an adaptive neuro-fuzzy inference system 

to predict the process characteristics based on experimental observation during application of the Dry Wire 

Electrical Discharge Machining process on an Al–SiC metal matrix composite. They used Analysis of 
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Variances (ANOVA) to identify significant factors and correlate relationship between process inputs and 

output. 

Thus, the intricate and nested relationship between the machining parameters in Magnetic Abrasive 

Finishing (MAF) makes the selection of the proper parameters a difficult task. This problem can be 

overcome by using the fuzzy logic technique and its ability to use the characteristic function replacement 

of a membership function with the ranging of values between (0 to 1) to obtain the best solution and 

optimize the process parameters [76]. 

 

 

 6.2. Experiments Parameters 

 

The process parameters and their levels that are used in the experiments are illustrated in Table 6.1. 

The input parameters in this process are the applied voltage, frequency of energizing the electromagnets, 

abrasive particle size, and operating time. Additionally, the output parameters are the average surface 

roughness (Ra) and reduction percentage of surface roughness (%RS). Taguchi systematic approach was 

used to design the experiments to optimize the process parameters of finishing an aluminum 6061 sample. 

 

Table 6.1: Parameters and Levels used in the experiments 

Notation Process 

Parameters 

Unit Levels Observed Value 

L M H Average 

Surface 

Roughness 

(μm) 

Reduction 

Percentage 

of Surface 

Roughness 

A Applied Voltage V 20 25 30 

B Frequency Hz 2 6 10 

C Time min 15 30 60 

D Particle Size μm 100 75 37 

              L: low, M: medium, H: high 

 

Taguchi L9 orthogonal array has been chosen for running the experiments with four parameters and three 

levels, as illustrated in Table 6.2. Three levels were selected for each input finishing factor, as shown in 

Table 6.1. The Ra and %RS were chosen as observed values. The experiments were conducted using Al-

6061-T6 alloy samples. To accurately obtain the surface roughness measurement, a Laser Scanning 

Confocal Microscope was used to measure the surface roughness of the samples before and after the 

finishing process and obtain Ra values. Then, %RS was calculated based on the before and after Ra values. 

In order to get accurate results, the single measurement was repeated three times, then the mean value was 

chosen as an observed value (Appendix C). Figure 6.1 shows the morphology of an Al sample surface 
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before and after the finishing process using the SMAF technique with machining parameters. The values 

of the average surface roughness before the finishing process were 12.35 µm (a) and 11.62 µm (c). These 

values were improved after implementing the finishing process to 6.21 µm (b) and 8.16 µm (d). Machining 

conditions for (a) were applied voltage 30 V, frequency 2 Hz, operating time 60 min, and size of particles 

75 µm, while for (c) were applied voltage 20 V, frequency 2 Hz, operating time 15 min, and size of particles 

100 µm. It can be observed that the SMAF process results in better surface and narrower profile cavities. 

Thus, it can be inferred that the SMAF technique will lead to better machining performance. 

 

 

 

Figure 6. 1: The morphology of Al sample surface (a) and (c) before, and (b) and (d) after. 
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6.3. Taguchi Method 

 

         To study the general performance of any process or system, experiments have been conducted to 

identify the effective parameters based on the results of these experiments. The conventional method used 

to evaluate system parameters is a trial and error approach, which means too many trials should be applied 

in order to obtain the optimal results. Later, a full factorial experiment approach was used as an alternative 

to the first approach. One of the advantages of this approach is its ability to study all possibilities for 

obtaining optimal parameters of the process. However, both of these approaches need to conduct a large 

number of trials to get the optimal results, which means high cost in terms of time and money [77]. 

In order to fix these problems, Taguchi method was developed. It is an experimental design technique used 

to optimize system characteristics, or product qualities, and reduce the system performance sensitivity by 

evaluating the optimal parameter settings [78]. Taguchi technique employs the concept of the orthogonal 

array (OA) and signal to noise ratio (SN ratio) to identify the optimal parameters and conditions for the 

process. The advantage of applying the orthogonal array concept is reduction of the number of experimental 

trials to study the combination between the parameters and achieve the optimal conditions. This approach 

ensures that all parameters with all levels will be equally trialed. In the current study, Taguchi Systematic 

Approach (TSA) was used to design the experiments to optimize the process parameters of finishing an 

aluminum 6061 sample. Moreover, Taguchi method was applied in conjunction with fuzzy logic technique 

to model the SMAF process and predict the operation performance in finishing the aluminum specimens. 

Table 6.1 illustrates the finishing parameters used in the experiments. Taguchi L9 and L25 orthogonal 

arrays were selected for designing the experiments. Taguchi L9 OA was chosen for running the experiments 

with four input parameters and three levels, as illustrated in Table 6.2, while Taguchi L25 OA was chosen 

to build the fuzzy logic predicted model with four input parameters and five levels. 

 

The experimental layout according to Taguchi L9 orthogonal array for the measured values of Ro (the initial 

value of the surface roughness), Ra (the average value of the surface roughness of finished surface after the 

machining process), and the calculated values of %RS are illustrated in Table 6.3. %RS was calculated 

as (
𝑅𝑜−𝑅𝑎

𝑅𝑜
× 100%). 
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Table 6.2: Experimental layout using an L9 orthogonal array 

No Process Parameters Observed Value 

Applied Voltage 

(A) 

Frequency 

(B) 

Time 

(C) 

Particle Size 

(D) 

Average 

Surface 

Roughness 

(μm) 

Reduction 

Percentage 

of Surface 

Roughness 
1 L L L L 

2 L M M M 

3 L H H H 

4 M L M H 

5 M M H L 

6 M H L M 

7 H L H M 

8 H M L H 

9 H H M L 

 
 

 

 

 
 

Table 6.3: Experimental layout and results based on Taguchi L9 OA 

 

No. App. 

Volt. 

Freq. 

Hz 

Time 

min 

Par. 

Size 

µm 

Ro 

µm 

Ra 

µm 

%RS 

1 20 2 15 100 11.6212 8.1623 29% 

2 20 6 30 75 11.3981 8.5327 25% 

3 20 10 60 37 12.1763 8.1158 33% 

4 25 2 30 37 11.9318 7.6306 36% 

5 25 6 60 100 12.1380 7.6897 36.6% 

6 25 10 15 75 10.9118 7.8501 28% 

7 30 2 60 75 12.3555 6.2170 49.6% 

8 30 6 15 37 12.7799 8.1030 36.6% 

9 30 10 30 100 12.3535 7.54346 39% 

 

 

 

 

6.4. Fuzzy Logic 

 

  Fuzzy logic is one of the most important computational techniques that can be used to describe and 

model the input-output relationship of any process. It has become a common tool which usually is applied 

in modeling a wide spectrum of machining processes [76]. In fuzzy logic, linguistic terms and rules are 

usually used to describe the input-output relationship and develop subset membership functions to modify 
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numerical variable problems. There exists a willingness to assign membership functions to recognized 

forms. These recognized forms generally represent linear and nonlinear functions. Triangular, trapezoidal, 

left-shoulder, and right-shoulder are examples of the linear membership functions. Likewise, for the 

nonlinear membership functions, standard Gaussian or Sigmoid type curves are usually used [79]. Fuzzy 

logic technique has an ability to use the characteristic function replacement of a membership function with 

a range of values between (0 to 1) to obtain the best solution and optimize the process parameters. Also, 

the possibilities offered in fuzzy logic give an amount of a subset's probability to belong to another subset 

[76]. Further, fuzzy logic utilizes the accumulated experience and background knowledge based on practice 

instead of theoretical approaches [68], [80]. To simulate nonlinear systems, fuzzy logic considers the effects 

and physical combination of all variables. 

The fuzzy logic artificial intelligence model offers a precise prediction of finishing performance because it 

is a continuous transformation from true to false conditions. It employs this continuous conversion of the 

subset membership to change the numeric variables to fuzzy linguistic regions. Thus, this technique uses 

the conventional language to define the variables and utilizes the fuzzy linguistic rules to describe the 

parameter relationships, to avoid dealing with mathematical functions and numeric variables [76]. 

In this study, a fuzzy logic technique was used to select better finishing parameters and predict the average 

surface roughness (Ra) and reduction percentage of surface roughness (%RS) during the finishing process 

using SMAF. The input parameters in this process, as mentioned, are the applied voltage, frequency of 

energizing the electromagnets, abrasive particle size, and operating time. Additionally, the output 

parameters are Ra and %RS. The input and output parameters were used to build the structure of the fuzzy 

logic prediction model, shown in Table 6.4. 

 

Table 6.4: Parameters and levels used for the prediction model 

 

Observed value Factor Run# 

1 

Run# 

2 

Run# 

3 

Run# 

4 

Run# 

5 

 

Surface 

Roughness (μm) 

Applied Voltage (V) 20 22 25 27 30 

Frequency (Hz) 2 4 6 8 10 

Time (minute) 15 23 30 45 60 

Particle Size (μm) 37 56 75 88 100 

 

To define the input and output parameters in the fuzzy logic model, fuzzy expression and fuzzy linguistic 

variables were used. As illustrated in Table 6.5, for the input parameters, five membership functions were 

used for each parameter: very low (VL), low (L), medium (M), high (H), and very high (VH). These 
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membership functions were also used for the output variable %RS. Whereas, for the Ra output variable, 

excellent (E), good (G), average (Av), bad (Ba), and rough (R) were selected as membership functions. 

 

Table 6.5: Fuzzy linguistic and variables characteristics of the parameters 

 

Parameters Linguistic variable Range 

Applied voltage [V] VL,L,M,H,VH 20-30 [V] 

Frequency [Hz] VL,L,M,H,VH 2-10 [Hz] 

Time [min] VL,L,M,H,VH 15-60[min] 

Particle size [µm] VL,L,M,H,VH 37-100 [µm] 

Average surface roughness [µm] E [excellent], G [good], A [average], B 

[bad], R [rough] 

6.21-8.53 [µm] 

Percentage of surface roughness reduction VL,L,M,H,VH 25%-49% 

 

 

Based on the obtained experimental results which were achieved in Table 6.3, and using obtained 

experience and background knowledge, the Taguchi L25 orthogonal array was chosen, and designed to 

build the fuzzy logic predicted model decidedly using four input parameters and five levels, as shown in 

Table 6.4. The reason behind using L25 instead of L9 Taguchi orthogonal array to develop a fuzzy logic 

prediction model was to increase the accuracy and obtain a higher smoothness in the membership function. 

MATLAB software fuzzy toolbox was used to adjust the linguistic variable range with respect to the 

corresponding membership functions and compute the results of this model. Tables (6.6 and 6.7) show the 

linguistic variable range of the input and output parameters associated with the membership functions. 

 

 

Table 6.6: Input factors and levels for the prediction model 

 

Parameter Symbol  VL L M H VH 

Applied voltage [V] A 20 22 25 27 30 

Frequency [Hz] B 2 4 6 8 10 

Time [min] C 15 23 30 45 60 

Particle size [µm] D 37 56 75 88 100 
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Table 6.7: Output factors and levels for the prediction model 

 

 E G Av Ba R 

Average surface roughness [µm] 6.0 – 7.0 7.1 – 7.4 7.5 – 7.6 7.7 – 7.9 8.0 – 8.5 

 

Percentage of surface roughness 

reduction 

VL L M H VH 

 0.20 – 0.29 0.30 – 0.35 0.36 – 0.39 0.40 – 0.44 0.45 – 0.50 

 

 

 

 6.5. Membership Function 

 

To develop an accurate model using the fuzzy logic technique, a membership function must be chosen 

carefully. A membership function can be defined as a description of the input values distribution of 

probabilities with respect to the particular function or degree of membership within the range of 0 to 1. The 

framed forms of the linear membership functions are triangular, trapezoidal, left-shoulder, and right-

shoulder. On the other hand, standard Gaussian and Sigmoid type curves represent the well-known forms 

of the nonlinear membership functions [79]. 

In this study, the standard Gaussian membership functions were utilized to describe the fuzzy set for the 

input parameters (applied voltage, frequency, operating time, and particle size), as demonstrated in       

Figure 6.2. Meanwhile, triangular membership functions were chosen for the output parameters (average 

surface roughness and percentage of surface roughness reduction), as illustrated in Figure 6.3. Use of the 

standard Gaussian membership functions for the input parameters allowed smoothness in the membership 

functions and increased the prediction accuracy. Nevertheless, the triangular membership functions were 

chosen for the output parameters due to their linearity and the capability of describing the function behavior 

precisely. Moreover, the number of the unknown output parameters of the membership function for the 

triangular function is three which is less than that of the trapezoidal membership function (which is four). 

Therefore, using a triangular membership function for the output parameters provided a better agreement 

with the experimental results, as it required fewer trials to achieve the value of the consequent parameters. 
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Figure 6. 2: Gaussian membership function for input parameters (a) applied voltage (b) frequency (c) time 

(d) particle size. 

 

 

 

Figure 6. 3: Triangular membership function for output parameters (a) average surface roughness (b) 

percentage of surface roughness reduction. 
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The formula used to define the linguistic terms of the Gaussian membership function, was [81]: 

𝜇𝐴
𝑖 (𝑥) = exp(−

(𝑐𝑖 − 𝑥)
2

2𝜎𝑖
2 )                                                                          (6.1) 

where 𝜇𝐴
𝑖 (𝑥)  represents the membership function (MF) for the fuzzy set A which ranges between (0 and 

1), and 𝑐𝑖 and 𝜎𝑖 are the center and width of the ith fuzzy set Ai, respectively, as demonstrated in Figure 6.4. 

 

Figure 6. 4: Gaussian parameters [81]. 

 

Similarly, the formula of the triangular membership function which is used to characterize the output term 

is defined by three parameters (a, b, c) as: 

𝑓(𝑥; 𝑎, 𝑏, 𝑐) =

{
 
 

 
 

0,                𝑥 ≤ 𝑎
𝑥 − 𝑎

𝑏 − 𝑎
      𝑎 ≤ 𝑥 ≤ 𝑏

𝑐 − 𝑥

𝑐 − 𝑏
      𝑏 ≤ 𝑥 ≤ 𝑐

0,              𝑐 ≤ 𝑥 }
 
 

 
 

                                                           (6.2) 

where a, b, and c represent the triangular fuzzy triplet and can be used to calculate the three points of the 

triangular membership function on the X axis. The input-output numerical values are represented by 

linguistic terms, which can be obtained by designing membership functions (MF) of the fuzzy set variables. 

Linguistic variable terms such as very low (VL), low (L), medium (M), high (H), and very high (VH) 

represent the input variables of applied voltage, frequency, operating time, and particle size. Also, this 

representation was considered for one of the two output variables, the percentage of surface roughness 

reduction. The other output variable, average surface roughness, was represented by using membership 

functions including excellent (E), good (G), average (Av), bad (Ba), and rough (R). Table 6.8 summarizes 

the input-output variables and levels according to L25 Taguchi OA. 
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Table 6.8: Input and Output factors and levels for the prediction model according to L25 Taguchi OA 

 

Exp. 

No. 

Input Variables  Output Variables 

Volt Freq. Time Part Ro Ra %RS 

1 20 2 15 37 11.6212 8.1323 0.3002 

2 20 4 23 56 11.5923 8.1712 0.2951 

3 20 6 30 75 11.3981 8.4832 0.2557 

4 20 8 45 88 12.1162 8.3262 0.3128 

5 20 10 60 100 11.5214 8.0916 0.2976 

6 22 2 23 75 11.7215 7.7213 0.3412 

7 22 4 30 88 11.6854 7.8325 0.3297 

8 22 6 45 100 12.0145 7.7925 0.3514 

9 22 8 60 37 11.8578 7.6897 0.3515 

10 22 10 15 56 11.6987 7.8114 0.3322 

11 25 2 30 75 11.9318 7.5306 0.3688 

12 25 4 45 37 11.6358 7.6538 0.3422 

13 25 6 60 56 12.1380 7.6897 0.3664 

14 25 8 15 75 11.7254 7.7025 0.3430 

15 25 10 23 88 10.9124 7.7992 0.2852 

16 27 2 45 56 11.8245 6.7598 0.4283 

17 27 4 60 75 11.5985 7.1857 0.3804 

18 27 6 15 88 11.7584 7.6835 0.3465 

19 27 8 23 100 12.0157 8.0541 0.3296 

20 27 10 30 37 11.2485 8.2012 0.2709 

21 30 2 60 88 12.3555 6.1817 0.4996 

22 30 4 15 100 10.9857 8.0030 0.2715 

23 30 6 23 37 12.6979 7.9103 0.3770 

24 30 8 30 56 11.7215 7.5368 0.3570 

25 30 10 45 75 11.6857 7.2943 0.3757 

 

 

 

6.6. Structure of Fuzzy Rules 

 

         This model contains fuzzy rules based on sets of IF-THEN statements to describe the relationship 

between the input and output parameters. IF-THEN statements for 25 rules of 4 input parameters applied 

voltage (A), frequency (B), operating time (C), and particle size (D) with 2 output parameters, average 

surface roughness (Ra) and reduction percentage of the surface roughness (RS%) were taken under 

consideration. Table 6.9 demonstrates IF-THEN statements for 25 fuzzy logic rules based on the conditions 

illustrated in Table 6.8. 
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Table 6.9: Rules for the fuzzy logic prediction model according to L25 Taguchi OA 

 

Rule 

number 

If statements (input parameters) Then statement (response variable) 

A B C D %RS Ra 

1 VL VL VL VL L R 

2 VL L L L VL R 

3 VL M M M VL R 

4 VL H H H L R 

5 VL VH VH VH VL R 

6 L VL L M L Ba 

7 L L M H L B 

8 L M H VH L B 

9 L H VH VL L Av 

10 L VH VL L L Ba 

11 M VL M M M Av 

12 M L H VL L Av 

13 M M VH L M Av 

14 M H VL M L Ba 

15 M VH L H VL Ba 

16 H VL H L H E 

17 H L VH M M G 

18 H M VL H L Av 

19 H H L VH L Ba 

20 H VH M VL VL R 

21 VH VL VH H VH E 

22 VH L VL VH VL R 

23 VH M L VL M Ba 

24 VH H M L L Av 

25 VH VH H M M G 

 

The fuzzy logic output was obtained from these fuzzy rules by applying the concept of maximum-minimum 

compositional process. This concept can be clarified throughout the following example.  

Suppose that A, B, C, and D represent four input parameters of the fuzzy logic model, then the output fuzzy 

logic membership functions will be [76]: 

𝜇𝑋0𝑌0(𝐸)(𝐹) = [𝜇𝐿1(𝐴)⋀ 𝜇𝑀1(𝐵)⋀𝜇𝑁1(𝐶)⋀𝜇𝑂1(𝐷)⋀𝜇𝑋1(𝐸)𝜇𝑌1(𝐹) ⋁…                                                 

×     𝜇𝐿𝑖(𝐴)⋀𝜇𝑀𝑖
(𝐵)⋀𝜇𝑁𝑖(𝐶)⋀𝜇𝑂𝑖(𝐷)⋀𝜇𝑋𝑖(𝐸)𝜇𝑌𝑖(𝐹)                                                       (6.3) 

where ⋀ is the maximum and ⋁ is the minimum operation and Li, Mi, Ni, and Oi are fuzzy subsets distinctive 

by their corresponding membership functions,  𝜇𝐿𝑖, 𝜇𝑀𝑖
, 𝜇𝑂𝑖, 𝜇𝑋𝑖, 𝜇𝑌𝑖, respectively. The corresponding 

membership functions, as previously mentioned, are standard Gaussian for the input variables and triangular 

for the output variables. 
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 6.7. Defuzzification 

 

         Defuzzification process can be defined as an interpretation of fuzzy set information into numerical 

data. This means generating a precise numerical value from the fuzzy quantity. It is considered an essential 

and crucial part of the fuzzy logic approach because the fuzzification and fuzzy system procedures provide 

a systematic description of the fuzzy set region and real-valued scalar region [76]. Many methods are 

usually employed for the defuzzification process, such as centroid, center of sum, center of largest area, 

weighted average, and mean of max [82]. However, the commonly used defuzzification techniques are 

mean of maximum, and center of area [83]. 

 

6.7.1. Mean of Maximum (MOM) 

 

In this technique, the average of the output values which have the highest degrees of possibility are 

calculated to generate one crisp number. The formula used to determine the MOM defuzzification technique 

is: 

𝑀𝑂𝑀(𝐴) =∑
𝑥𝑗

𝑘

𝑘

𝑗=1

                                                                           (6.4) 

 

where 𝑥𝑗 represents the point at which the membership function is maximum (with highest possibility 

degree), and K is the number of times the output distribution reaches the maximum level, as shown in 

Figure6.5. 

 
Figure 6.5 : Demonstrated example of MOM.                

        
Figure 6.6: Demonstrated example of COA. 
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6.7.2. Center of Area (COA)  

 

The center of area technique, which is also called the center of gravity technique, is based on determining 

the center point of the objected fuzzy area by calculating the weighted mean of the output fuzzy area. In 

this method, the area under the scaled membership functions is calculated within the range of the output 

variable and the best compromise between multiple output linguistic terms can then be obtained, as 

illustrated in Figure 6.6. The formula used to determine the COA defuzzification method is: 

𝐶𝑂𝐴(𝐴) =
∫ 𝜇𝐴(𝑥) × 𝑥𝑑𝑥
𝑥𝑚𝑎𝑥
𝑥𝑚𝑖𝑛

∫ 𝜇𝐴(𝑥)𝑑𝑥
𝑥𝑚𝑎𝑥
𝑥𝑚𝑖𝑛

                                                                 (6.5) 

 

where 𝜇𝐴(𝑥) represents weight for value x (the value of the linguistic variable), and xmin and xmax represent 

the range of the linguistic variable. 

Choosing the proper method is paramount as it can affect the accuracy of the model. In this model, the 

mean of max defuzzification method was selected due to its ability to provide accurate results with a high 

level of acceptance. 

 

6.8. Results 

 

        In this section, the results of the average surface roughness and percentage of surface roughness 

reduction which were predicted by the fuzzy logic model were as shown in Figure 6.7 and Figure 6.8, 

respectively. Figure 6.7 (a) shows the variation of the average surface roughness (Ra) predicted by the fuzzy 

logic model with respect to the variation of applied voltage and particle size. The results show that Ra 

decreases with increasing of the applied voltage, and the best average surface roughness can be obtained 

by using low applied voltage (20 V) with medium particle size (70-80 µm). 

Figure 6.7 (b) demonstrates that the predicted value of Ra varies with applied voltage and time, and it 

increases with the decreasing of the applied voltage. The best combination of the applied voltage and 

operating time which can produce a best Ra is the low value of applied voltage (20 V) and the middle value 

of the operating time (30-40 min). The variation of Ra with respect to the applied voltage and frequency of 

energizing the electromagnets was as illustrated in Figure 6.7 (c) and it was obvious that the best Ra can be 

achieved with the low value of applied voltage (20 V) and the middle value of frequency (6-8 Hz). 
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Otherwise, the variation of the predicted value of the reduction percentage of the surface roughness (%RS) 

with respect to the input parameters (applied voltage, frequency, operating time, and particle size) was as 

illustrated in Figure 6.8. Here it was seen that %RS increases with the increasing of the applied voltage, 

operating time, and particle size however, it decreases with the increasing of frequency. The best value of 

%RS can be obtained with the highest value of voltage (30 V), long operating time (60 min), large particle 

size (100 µm), and low frequency (2 Hz). 
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Figure 6. 7: Predicted average surface roughness by fuzzy logic with respect to parameters changing (a) 

applied voltage and particle size, (b) applied voltage and time, (c) applied voltage and frequency, (d) 

particle size and frequency, (e) time and particle size, (f) time and frequency. 
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Figure 6. 8: Predicted reduction percentage of surface roughness by fuzzy logic with respect to parameter 

changing (a) applied voltage and particle size, (b) applied voltage and time, (c) applied voltage and 

frequency, (d) particle size and frequency, (e) time and particle size, (f) time and frequency. 
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6.9. Fuzzy logic Model Accuracy and Error 

 

         The accuracy and error rate of the developed predicted fuzzy model must be examined. To do so, the 

experimental results of Taguchi L9 OA were compared with the results of the predicted model under the 

same conditions. The Ra and %RS values, which were determined experimentally based on the design of 

experiments approach using Taguchi L9 OA, were compared with the predicted values obtained from the 

proposed fuzzy logic model for the same corresponding conditions. Table 6.10 shows the experimental 

conditions of the input parameters according to Taguchi L9 OA, the output findings obtained 

experimentally and predictively, and the error percentage along with the accuracy of the predicted model. 

 

Table 6.10: Accuracy and error percentage of the fuzzy logic prediction model according to L9 Taguchi OA 

 

Exp.# Input Parameters Output Parameters 

Applied 

Voltage 

Freq. 

 

Time Particle 

Size 

Ra %RS 

Measu. Pred. Error Accy. Measu. Pred. Error Accy. 

1 20 2 15 100 8.1624 7.8916 0.0328 96.34% 29% 29% 0 96% 

2 20 6 30 75 8.5327 7.9833 0.0640 94.15% 25% 27% 0.07 89% 

3 20 10 60 37 8.1158 7.9166 0.0238 97.06% 33% 29% 0.13 87% 

4 25 2 30 37 7.6306 7.3916 0.0312 96.89% 36% 31% 0.14 86% 

5 25 6 60 100 7.6897 7.605 0.0097 98.54% 36.6% 31% 0.17 83% 

6 25 10 15 75 7.8502 7.726 0.0157 98.72% 28% 28% 0 92% 

7 30 2 60 75 6.2171 7.033 0.1325 87.15% 49.6% 35% 29 71% 

8 30 6 15 37 8.1030 7.583 0.0637 93.64% 36.6% 30% 19 81% 

9 30 10 30 100 7.5434 7.55 0.0013 96.91% 39% 30% 24 77% 

Overall Error and Accuracy 0.0565 95%   0.136 84.95% 

   

 

The variation between the experimental and predicted values, which represents the error percentage, Er, 

was determined by using eq. (6.6). 

𝐸𝑟 =
|𝑥𝑚 − 𝑥𝑝|

𝑥𝑚
× 100%                                                                            (6.6) 
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where 𝑥𝑚 denotes the measured value, and 𝑥𝑝 denotes the predicted. Similarly, accuracy of the model, 𝐴𝑐, 

was obtained using eq. (6.7) in which N denotes the number of the datasets trialed. 

 

𝐴𝑐 =
1

𝑁
∑(1 −

|𝑥𝑚 − 𝑥𝑝|

𝑥𝑚
)

𝑛

𝑖=1

× 100%                                                    (6.7) 

 

The overall accuracy and error percentage were obtained using the root-mean-square average (RMS 

Average), which represents the square root of the arithmetic mean of the squares of the data, as illustrated 

in eq. (6.8). 

𝑅𝑀𝑆 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 = √
1

𝑁
∑𝑥𝑖

2

𝑁

𝑖=1

                                                                (6.8) 

Thus, the error percentage and model accuracy were obtained using the measured and predicted values of 

Ra and %RS. The results demonstrated that the average percentage error and accuracy for Ra were 5.65% 

and 95%, respectively. The small error indicated that the proposed predicted fuzzy model could be used to 

predict the Ra for the SMAF process and the results could be trusted. Further, the average percentage error 

and accuracy for %RS were 13.6% and 84.95%, respectively. In spite of the results of %RS not being as 

accurate as the results of Ra, they are still acceptable. This deviation of %RS could possibly have been 

caused by a combination of both measurement error and the indefiniteness of fuzzy model parameters. Or 

using a triangular (linear) membership function to represent the output parameters may not be appropriate. 

 

6.10. Parametric Effects 

 

The results of the proposed fuzzy logic model could also be used to clarify the effects of process input 

parameters on the output parameters individually. In this section, the experimental results shown in      

Figure (6.7 and 6.8) are used to investigate the influence of the input parameters (applied voltage, frequency, 

operating time, and particle size) on the output parameters (average surface roughness and reduction 

percentage of surface roughness), and generally to evaluate the finishing process performance. 
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6.10.1. Applied Voltage 

 

The experimental results of using SMAF showed that as the applied voltage changed from a lower to higher 

value, the average surface roughness improved, effectively. This outcome was confirmed previously in the 

literature and implies increasing of the magnetic force in the working zone. Thus, the higher the applied 

voltage, the lower Ra was. Similarly, applied voltage had a significant effect on the reduction percentage 

of the surface roughness. Increasing the applied voltage led to increasing the %RS due to increasing of the 

difference between the initial and final values of the surface roughness. 

 

 

6.10.2. Frequency of electromagnet energizing  

 

The frequency of energizing the electromagnet, as an input parameter, had an impact on the output 

parameters, Ra and %RS. To achieve a better understanding of the impact of this parameter, the relationship 

between the frequency of energizing and velocity of the abrasive particles needed to be clarified. The 

frequency of energizing the electromagnet represented the frequency of the magnetic field rotation, which 

was produced due to the frequent activation of the electromagnets. Consequently it represented the rotating 

frequency of the magnetic abrasive particles, and rather, it was considered to be the velocity of the abrasive 

particles. 

In SMAF, the movement of the magnetic abrasive particles is in the XY-Plane. Thus, it can be assumed 

that the initial position (at t = 0) of a particle located at the X-axis with radius ri from the center is (ri, 0). 

Therefore, position of the rotating particle at any time would be [84]: 

𝑋 = 𝑟𝑖 cos(𝜔𝑡)                                                                                (6.9) 

 

𝑌 = 𝑟𝑖 sin(𝜔𝑡)                                                                              (6.10) 

where 𝑟𝑖 is the distance between the particle and the center point, 𝜔 is the angular velocity of the particle, 

and 𝑡 represents time. To determine the particle velocity in the X-direction vx (t), and Y-direction vy (t), 

equations (9) and (10) should be differentiated with respect to the time t. 

𝑣𝑥(𝑡) =
𝑑𝑋

𝑑𝑡
= −𝑟𝑖 𝜔 sin(𝜔𝑡)                                                   (6.11) 
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𝑣𝑦(𝑡) =
𝑑𝑌

𝑑𝑡
= −𝑟𝑖 𝜔𝑐𝑜 𝑠(𝜔𝑡)                                                  (6.12) 

Therefore, the resultant velocity v (t), as a function of t can be expressed as: 

𝑣(𝑡) = √(𝑣𝑥(𝑡))
2 + (𝑣𝑦(𝑡))

2 = 𝑟𝑖 𝜔                                    (6.13) 

Also, it is well-known in basic physics that the relationship between frequency 𝑓 and angular velocity 𝜔 is: 

𝜔 = 2𝜋𝑓                                                                                      (6.14) 

This means frequency affects the velocity of the magnetic abrasive particles. Accordingly, it had an impact 

on the average surface roughness and reduction percentage of the surface roughness. It is observable in 

Figures (6.7 and 6.8) that increasing frequency leads to decreasing the surface improvement. The reason 

behind this was low frequency values help the portion of abrasive particles to form a uniform flexible 

magnetic abrasive brush moving in the same pattern on the surface of the workpiece. This promoted, in 

terms of energy conservation, the maintaining of particle energies to perform the finishing process. 

Otherwise, high frequency values should provide, theoretically, an additional energy to the particles. 

However, in the current case, increasing frequency would affect the magnetization factor of the 

ferromagnetic particles and prevent their uniformity. Consequently, the flexible magnetic abrasive brush 

needs to be nonuniform and the particles need to move irregularly on the workpiece surface. This affected 

the performance of the finishing process negatively, and this could be recognized in the experimental results 

of Ra and %RS. 

 

6.10.3. Operating Time 

 

The operating time had a significant impact in producing a desirable finished surface. According to the 

fuzzy logic predicted model, increasing the operating time helped to improve the quality of the finished 

surface. Figures (6.7 and 6.8) illustrate that the average surface roughness improved with the increasing of 

the machining time. Similarly, the reduction percentage of the surface roughness also increased with the 

increasing of the machining time. This meant that the difference between the initial value of the surface 

roughness and the final value was increasing, and was due to the fact that in this finishing method, longer 

operating time meant more material being removed. Hence, the workpiece surface improved and a precise 

final surface could be achieved. 
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6.10.4. Particle Size 

 

The relationship between the size of abrasive particles and the final surface characteristics can be clarified 

using the fuzzy logic predicted model. Generally, larger particle size affects the value of average surface 

roughness negatively, while the smaller one tends to produce a better surface and improve the average 

surface roughness, as shown in Figures (6.7 and 6.8). This was due to the fact that increasing the particle 

size meant increasing the magnetic pressure. This led to increasing of the penetration of the particle into 

the workpiece surface. Accordingly, the depth of cut would be increased as well as produce wider scratch 

grooves on the surface of the workpiece. In this case, the metal removal rate might be increased, but the 

profile of the workpiece surface showed more irregularities and greater non-uniformity. 

 

 

6.11. Conclusions 

 

The main target of this study was to develop a fuzzy logic model for predicting the output parameters 

of the SMAF process based on experimental results. A fuzzy logic model using 25 fuzzy rules was 

developed to predict the average surface roughness and the reduction percentage of the surface roughness 

for a given input set of applied voltage, frequency-of-energizing the electromagnet, operating time, and size 

of abrasive particles. Taguchi L9 orthogonal array was chosen for designing the experiments with four input 

parameters and three levels, while Taguchi L25 orthogonal array was used to build the fuzzy logic predicted 

model with four input parameters and five levels. 

The experiments were conducted using Al-6061-T6 alloy samples. To accurately obtain the surface 

roughness measurement, a Laser Scanning Confocal Microscope was used to measure the surface roughness 

of the samples before and after the SMAF finishing process and obtain Ra values. The proposed fuzzy 

model was able to predict the output parameters (Ra, and %RS). To verify the model performance, the 

predicted values obtained from the fuzzy model as output values were compared with the experimental 

results of the corresponding input values. The data of the experiments was in good agreement with the 

predicted results. The accuracy of the predicted model for the computed and experimental results were 

shown as 95% for Ra, and 84.95% for % RS. 
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Chapter 7 
 

Implementations of SMAF Technique 
 

 

7.1. Introduction  

 

The proposed technique needs to be tested to examine its validation in dealing with different materials 

and different geometries. For this reason, the SMAF technique has been applied to accomplish the surface 

finishing process for a thin film material, a ceramic based composite material, the internal surface of an 

aluminum tube, tiny channels, and a flat slab of Titanium and Inconel, samples. 

 

7.2. Thin Film Material  

 

Recently, many industrial and engineering applications, such as micro-system and micro- electronic 

technologies, utilize thin film metal structures in order to improve their performance and increase their 

efficiency. A thin film material can be defined as a metal layer with a thickness that does not exceed a few 

micrometers [85]. Production and implementation of thin film materials requires, for some applications, 

machining or finishing operations. Machining of these tiny structures can be considered an essential 

challenge. The production of thin solar panels, for example, requires a finishing process prior to the 

assembly operation. Magnetic abrasive finishing is usually used for this kind of finishing process [86]. As 

a potential application of the developed system, the SMAF technique was used to modify the surface 

roughness of a sheet of aluminum foil, an example of a thin film material, shown in Figure 7.1.  
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Figure 7. 1: Applying SMAF to modify the surface roughness of aluminum foil. 

 

The results show that this technique was able to be used for this kind of material. The surface roughness of 

the aluminum sheet was improved by 32%. As illustrated in Figure 7.2, the average surface roughness 

before the finishing process was 1.41 µm, and it is improved to 0.96 µm after the process. The finishing 

conditions were, 20 V for the applied voltage, 2 Hz for the frequency, 60 min for the operating time, and 

the particle size was 37 µm.     

 

 

 

Figure 7. 2: 3D photographs of finished surface of aluminum foil (a) before and (b) after finishing 

process. 

 

 



 117  

7.3. Composite Material  

 

Many industrial applications use composite materials due to their superior characteristics, such as 

high-strength, wear resistance, stability of mechanical properties at high-temperatures, and low cost. 

However, most composite materials are considered to have high hardness resulting in their difficult 

machining [87]. Thus they require nonconventional precision machining techniques. Polycrystalline 

samples of lanthanum modified bismuth titanate ceramics with composition 

Bi3·25La0·75Ti3O12 (BLT) are representative of these class of materials, shown in Figure 7.3.  

 

 

 

 

Figure 7. 3: Applying SMAF to modify the surface roughness of BLT slab.  

 

 

 

This ceramic material (BLT) is used by a research team at the University of Waterloo to develop a two-

way mm-wave phased array antenna system. The BLT slab dimensions must be about 1 mm × 3 mm × 

0.25 mm [88]. Due to some design and fabrication limitations, the surface roughness of the BLT slab 

needs to be improved without causing any damage to the surface or subsurface of the sample. The 

SMAF technique was used and it was able to improve the surface roughness from 37.52 nm (before the 

process) to 28.90 nm (after the process), as illustrated in Figure 7.4. The finishing conditions were, 20 

V for the applied voltage, 2 Hz for the frequency, 60 min for the operating time, and the particle size 

was 37 µm.     
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Figure 7. 4: 3D photographs of finished surface of BLT slab (a) before and (b) after finishing process. 

 

 

7.4. Internal Surface of a Thin Tube  

 

Finishing the internal surface of a thin tube can be considered a challenging task due to it having a hard-

to-reach area. Fuel pipes and high pressure liquid pipes are examples of the components which have internal 

surfaces that need to be improved [89]. Using nonconventional finishing processes, such as magnetic 

abrasive finishing, could be the best choice to accomplish this task. In order to test the ability of the SMAF 

technique to deal with such aspects, it was applied to finish the internal surface of an aluminum pipe with 

a diameter of 10 mm, as shown in Figure 7.5. The finishing conditions were, 20 V for the applied voltage, 

2 Hz for the frequency, 60 min for the operating time, and the particle size was 75 µm.     

 

 

Figure 7. 5: Applying SMAF to modify the surface roughness of an aluminum tube.  
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The results show that the internal surface roughness was improved by 43%.  The average surface roughness 

before the finishing process was 2.8 µm and it is improved to 1.6 µm after the process, as illustrated in 

Figure 7.6. 

 

 

 

Figure 7. 6: 3D photographs of the internal finished surface of aluminum tube (a) before and (b) after 

finishing process. 

 

 

 

 

7.5. Tiny Channels 

 

Surface finish processing for a tiny channel can be described as a difficult and complicated process 

in terms of the mechanism and cost. Micro-total analysis systems (micro-TAS) chips for medical 

implementations [90] and Fresnel lenses for PV systems [91], are examples of the applications that need to 

produce tiny channels with high accuracy surface roughness. To examine the ability of the SMAF technique 

to accommodate the tiny channels, this technique was applied to finish a surface of 2 mm × 2 mm U-shaped 

groove of an aluminum slab, illustrated in Figure 7.7.  
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Figure 7. 7: Applying SMAF to modify the surface roughness of an aluminum U-shaped groove. 

 

 

 

The results show that the surface roughness of the U-shaped groove was improved by 40%.  The average 

surface roughness before the finishing process was 5.67 µm and it is improved to 3.41 µm after the process, 

as illustrated in Figure 7.8.  

 

 

 

Figure 7. 8: 3D photographs of the finished surface of aluminum U-shaped groove (a) before and (b) after 

finishing process. 
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7.6. Special Materials 

 

Some materials which are described as “hard-to-machine” materials due to their extreme toughness and 

work hardening characteristic, such as Titanium and Inconel, were also subjected to a surface finishing 

process using the SMAF technique.  

7.6.1. Titanium 

 

Figure 7.9 shows the Titanium sample during the surface finishing process using the SMAF method. The 

finishing conditions were 20 V for the applied voltage, 2 Hz for the frequency, and 60 min for the operating 

time. For the abrasive particle size, two kinds of aluminum oxide were used, 100 µm in the first 30 min, 

and then 75 µm in the second 30 min.   

 

 

 

Figure 7. 9: Applying SMAF to modify the surface roughness of Titanium sample.  

 

 

 

The results show that the surface roughness of the Titanium sample was improved by 53%.  The average 

surface roughness before the finishing process was 4.156 µm and it was improved to 1.94 µm after the 

process, as illustrated in Figure 7.10.  
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Figure 7. 10: 3D photographs of the finished surface of Titanium sample (a) before and (b) after finishing 

process. 

 

 

7.6.2. Inconel  

 

Figure 7.11 shows 3D photographs of the finished surface of the Inconel sample after applying the SMAF 

method. The results show that the surface roughness of the Inconel sample was improved by 61%.  The 

average surface roughness before the finishing process was 34 µm and it was improved to 13 µm after the 

process. The finishing conditions were 20 V for the applied voltage, 2 Hz the frequency, and 90 min for the 

operating time. For the abrasive particle size, two kinds of aluminum oxide were used, 100 µm in the first 

45 min and then 75 µm in the second 45 min.   

 

 

Figure 7. 11: 3D photographs of the finished surface of Inconel sample (a) before and (b) after finishing 

process. 
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7.7. Conclusion 

  

To examine the performance of the proposed technique, SMAF was applied to perform the finishing 

process for different materials, and different shapes and geometries. First, SMAF was tested to finish a thin 

film sheet of aluminum foil where it was able to improve the surface roughness by32%. The average surface 

roughness before the finishing process was 1.41 µm, and it was improved to 0.96 µm after the process.   

Further, the SMAF technique was applied to improve the surface roughness of a composite material sample 

of BLT slab where it was able to improve the surface roughness from 37.52 nm (before the process) to 

28.90 nm (after the process).  

Moreover, the proposed finishing method was applied to finish an internal surface of 10 mm diameter 

aluminum tube where the experimental results showed that the internal surface roughness was improved by 

43%.  The average surface roughness before the finishing process was 2.8 µm and it was improved to 1.6 

µm after the process.  

Also, SMAF was tested to treat a U-shaped 2 mm × 2 mm tiny channel of an aluminum slab. The results 

showed that the surface roughness of the U-shaped groove was improved by 40%.  The average surface 

roughness before the finishing process was 5.67 µm and it was improved to 3.41 µm after the process. 

Additionally, the proposed technique was applied to perform a surface finishing process for “hard-to-

machine” materials, Titanium and Inconel. The results show that the surface roughness of the Titanium 

sample was improved by 53%.  The average surface roughness before the finishing process was 4.156 µm 

and it was improved to1.94 µm after the process. Whereas, for the Inconel sample the improvement was 

about 61%.  The average surface roughness before the finishing process was 34 µm and it was improved to 

13 µm after the process. 

Based on the obtained experimental results, the SMAF technique was able to deal efficiently with different 

kinds of materials as well as complicated shapes and geometries.  
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Chapter 8 

 

Conclusions and Future Work 
 

 

8.1. Thesis Conclusions 

 

In this thesis, a stationary apparatus of magnetic abrasive finishing was designed, fabricated and 

successfully tested. The proposed finishing system using a rotary magnetic field, with stationary 

electromagnets and workpiece. The mechanism of producing a rotary magnetic field is based on 

manipulating the electromagnets’ excitation current has also been explained. This approach eliminates any 

mechanical motion of the electromagnets and the workpiece, to make the system more controllable and 

reliable. 

The four-coil configuration aligned by 30̊ with the Z-axis was the best choice to carry out the experiments. 

The best configuration was the one that could make the component of the magnetic field, B, in the tangential 

direction, Bxy, greater than the component in the normal direction, Bz. Thus, the tangential magnetic force 

component, Fmt, was greater than the normal force component, Fmz. This was important in order to make 

the particles on the workpiece surface move tangentially according to the rotation of the magnetic field and 

accomplish the finishing process. 

In the current study, electromagnet optimal design was investigated to maximize the finishing force in the 

working area. A parametric study was carried out to optimize the geometry of the electromagnet using a 

finite element simulation. The electromagnet volume was fixed as 50 cm3 due to some technical limitations 

regarding to the power supply and L298 Dual Full-Bridge Drive capacities. The optimum coil parameters 

were found to be (α=3 and β=2.5) and the Fabry factor (Geometry factor) was G=0.175. Coil length was l 

= 2.5 cm and the iron core length lc = 3.5 cm with outer and inner diameter of 1.5 cm and 0.5 cm, 

respectively. 

A new approach was conducted to measure the magnetic force experimentally using an ATI force sensor. 

The results were verified using a finite element simulation with percentage error of 3.5%.  

The variation of temperature in the interfering zone between the workpiece (Titanium specimen) and the 

magnetic abrasive particles was also measured to observe the temperature increase during the finishing 

process. Thermal camera was used and the measurements showed that the variation during the operation 
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running time (60 mins) was just 14  ̊C, (23 – 37 ̊ C). This change would have an insignificant effect on the 

surface characteristics and quality. 

A fuzzy logic model was developed to predict the output parameters of the SMAF process based on 

experimental results. The fuzzy model using 25 fuzzy rules was developed to predict the average surface 

roughness and the reduction percentage of the surface roughness for a given input set of applied voltage, 

frequency-of-energizing of the electromagnet, operating time, and size of abrasive particles. The Taguchi 

orthogonal array technique was chosen for designing the experiments to build the fuzzy logic predicted 

model with four input parameters and five levels. The experiments were conducted using Al-6061-T6 

samples. To accurately obtain the surface roughness measurement, a Laser Scanning Confocal Microscope 

was used to measure the surface roughness of the samples before and after the SMAF finishing process and 

obtain Ra values. The proposed fuzzy model was able to predict the output parameters (Ra, and %RS). To 

verify the model performance, the predicted values obtained from the fuzzy model as output values were 

compared with the experimental results of the corresponding input values. The data of the experiments was 

in good agreement with the predicted results. The accuracy of the predicted model for the computed and 

experimental results were shown as 95% for Ra, and 84.95% for % RS. 

To examine the performance of the proposed technique, SMAF was applied to perform the finishing process 

for different materials, and different shapes and geometries. First, SMAF was tested to finish a thin film 

sheet of aluminum foil where it was able to improve the surface roughness by 32%. Then, SMAF was 

applied to improve the surface roughness of a composite material sample of BLT slab where it was able to 

improve the surface roughness by 23%. Also, the proposed finishing method was applied to finish an 

internal surface of 10 mm diameter aluminum tube where the experimental results showed that the internal 

surface roughness was improved by 43%. 

Further, SMAF was tested to treat a U-shaped 2 mm × 2 mm tiny channel of an aluminum slab. The results 

showed that the surface roughness of the U-shaped groove was improved by 40%. Additionally, the 

proposed technique was used to perform a surface finishing process for “hard-to-machine” materials, 

Titanium and Inconel. The results showed that the surface roughness of the Titanium sample was improved 

by 53% and the Inconel approximately 61%. Based on the obtained experimental results, the SMAF 

technique was able to deal efficiently with different kinds of materials as well as complicated shapes and 

geometries. 
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8.2. Future research 

 

The developed SMAF technique has already shown its capability in achieving a good surface finishing 

for different applications. However, a number of future work items have been identified related to the 

proposed method in order to achieve a further potential improvement, as follows: 

 Magnetorheological fluid can be incorporated in the present SMAF process which can help to 

improve the finished surface quality, and hence better surface texture can be expected. 

 The current case represents a small-scale model. A large-scale model is necessary to study, in order 

to obtain better results and attempt to apply this technique on different applications. 

 It is further recommended to study the combination effect of the magnetic particles with the 

abrasive particles. In this study, just iron particles with an average diameter of 120 µm was used 

with three different particle sizes of aluminum oxide; 37, 75, and 100 µm. 

 Also, to obtain a better understanding of the effect of the magnetic abrasive particles on the finished 

surface, it is recommended to use different kinds of abrasive particles such as silicon carbide, boron 

nitride, and diamond, in addition to aluminum oxide. 
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Appendix B  

On-axis and off-axis Magnetic Field Formula 
 

 

B.1. On-axis of a single loop 

The magnetic field at a distance z, on the axis of a single loop of wire, with radius a, carrying a current of 

I is presented, as illustrated in Figure A.1 [92]. 

𝐵 = 
𝜇0𝐼𝑎

2

2(𝑎2 + 𝑧2)3 2⁄
                                                                       (B. 1) 

 

 

Figure B.1: Schematic of a single current loop on-axis geometry [93].  

 

B.2. On-axis of a multi-turn single layer solenoid  

Applying Biot-Savart to a multi-turn single layer solenoid of length (l) and number of turns (N), as shown 

in Figure B.2: 

𝑑𝐵 = 𝑧̂
𝜇0
𝑁𝐼
𝑙
𝑎2

2[𝑎2 + (𝑧 − 𝑧′)2]3 2⁄
𝑑𝑧′                                                                   (B. 2) 

The quantity of current flowing through a loop having a thickness 𝑑𝑧′at a height 𝑧′is 𝑑𝐼. 

𝑑𝐼 = 𝐼 (
𝑁

𝑙
) 𝑑𝑧′                                                                                    (B. 3) 
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Figure B.2: Schematic of a multi-turn coil geometry [93].  

 

 

The integration of equation (B.2) is: 

 

𝐵 = 𝑧̂ ∫
𝜇0
𝑁𝐼
𝑙
𝑎2

2[𝑎2 + (𝑧 − 𝑧′)2]3 2⁄

𝑙 2⁄

−𝑙 2⁄

𝑑𝑧′ = 𝑧̂𝜇0
𝑁𝐼

2𝑙
𝑎2 ∫

𝑑𝑧′

[𝑎2 + (𝑧 − 𝑧′)2]3 2⁄

𝑙 2⁄

−𝑙 2⁄

                   (B. 4) 

 

B.3. Off-axis of a single loop 

To quantify the magnitude of the magnetic field of a point located off-axis of a single loop, many analytical 

approaches can be used, such as Spherical and Elliptical approaches. 

 Spherical 

As illustrated in Figure A.3, a circular loop of radius R lying in the x-y plane carrying a steady current I, 

the magnetic field at point Po off the axis of symmetry is of interest. 



 138  

 

Figure B.3: Schematic of a single current loop magnetic field off axis of symmetry [92].  

 

 𝐵𝑟 =
𝜇0𝐼𝑅

2cos𝜃

4𝜋
∫

𝑑𝜑′

(𝑅2 + 𝑟2 − 2𝑟𝑅sin𝜃sin𝜑′)3 2⁄

2𝜋

0

                                        (B. 5)  

 

 𝐵𝜃(𝑟, 𝜃) =
𝜇0𝐼𝑅

4𝜋
∫

(𝑟sin𝜑′ − 𝑅sin𝜃)𝑑𝜑′

(𝑅2 + 𝑟2 − 2𝑟𝑅sin𝜃sin𝜑′)3 2⁄

2𝜋

0

                                         (B. 6)  

 

The variable r is defined as follows with 𝜃 and 𝜑′ as shown in Figure B.3. 

 𝑟 = |𝒓⃗ | = √(−𝑅cos𝜑′)2 + (𝑦 − 𝑅sin𝜑′)2 + 𝑧2 = √𝑅2 + 𝑦2 + 𝑧2 − 2𝑦𝑅sin𝜑′             (B. 7)  

 

 

 

 Elliptic 

To describe the magnetic field of point Po as illustrated in Figure B.1 according to the complete elliptical 

integrals, the magnetic field components are [94]: 

𝐵𝑥 =
𝐶𝑥𝑧

2𝛼2𝛽𝜌2
[(𝑎2 + 𝑟2)𝐸(𝑘2) − 𝛼2𝐾(𝑘2)]                                                (B. 8) 

𝐵𝑦 =
𝐶𝑦𝑧

2𝛼2𝛽𝜌2
[(𝑎2 + 𝑟2)𝐸(𝑘2) − 𝛼2𝐾(𝑘2)] =  

𝑦

𝑥
𝐵𝑥                                   (B. 9) 

𝐵𝑧 =
𝐶

2𝛼2𝛽
[(𝑎2 − 𝑟2)𝐸(𝑘2) + 𝛼2𝐾(𝑘2)]                                                  (B. 10) 
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where K(k2) is the complete elliptic integral function, of the first kind, and E(k2) is the complete elliptic 

integral function, of the second kind and the following substitutions were made for simplicity: 

  

𝜌2 ≡ 𝑥2 + 𝑦2                                                                                          (B. 11) 

𝑟2 ≡ 𝑥2 + 𝑦2 + 𝑧2                                                                                (B. 12) 

𝛼2 ≡ 𝑎2 + 𝑟2 − 2𝑎𝜌                                                                             (B. 13) 

𝛽2 ≡ 𝑎2 + 𝑟2 + 2𝑎𝜌                                                                             (B. 14) 

𝑘2 ≡ 1 −
𝛼2

𝛽2
                                                                                           (B. 15) 

𝛾 ≡ 𝑥2 − 𝑦2, 𝑓𝑟𝑜𝑚 𝑤ℎ𝑖𝑐ℎ 𝜌 ≥ 0, 𝑟 ≥ 0                                                   (B. 16) 

𝐶 ≡ 𝜇0
𝐼

𝜋
, 𝑓𝑟𝑜𝑚 𝑤ℎ𝑖𝑐ℎ 𝜌 ≥ 0, 𝑟 ≥ 0                                                        (B. 17) 
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Appendix C  

Experimental results for L9 Taguchi approach 

 

Experimental results for L9 Taguchi approach, repeating each set of input parameters 3 times. The output 

results of the surface roughness for each trial are (Ra1, Ra2, and Ra3). Rso represents the initial value of the 

surface roughness before the finishing process. Ra represents the average surface roughness of the 3 trials. 

 

Table C.1: Experimental results of L9 Taguchi approach. 

No. App. 

Volt. 

Freq. 

Hz 

Time 

min 

Par. 

Size 

µm 

RS0 

µm 

Ra1 

µm 

Ra2 

µm 

Ra3 

µm 

Ra 

µm 

1 20 2 15 100 11.6212 7.9376 7.4885 9.0607 8.1623 

2 20 6 30 75 11.3981 8.6488 8.1344 8.8149 8.5327 

3 20 10 60 37 12.1763 8.4085 9.0425 6.8964 8.1158 

4 25 2 30 37 11.9318 7.4253 6.9902 8.4763 7.6306 

5 25 6 60 100 12.1380 9.3871 6.8430 6.8390 7.6897 

6 25 10 15 75 10.9118 7.9248 7.8167 7.8090 7.8501 

7 30 2 60 75 12.3555 5.6026 5.6124 7.4361 6.2170 

8 30 6 15 37 12.7799 7.9763 7.8970 8.4355 8.1030 

9 30 10 30 100 12.3535 7.4237 6.3139 8.8926 7.5434 

 

 


