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Abstract 

Now-a-days freeform surfaces are frequently used in different industries due to its 

usefullness. Finishing of freeform surface is a challenging and a complex task. In medical 

industry, surface of femoral component of a knee joint implant is fabricated freeform shape 

to increase the resemblence between actual human knee movement and the artificial one. 

Magntic field assisted finishing (MFAF) process is used to counteract the problems faced 

during finishing of femoral knee implant and to provide required uniform surface 

roughness and charaterstics. A novel MFAF polishing tool is designed and developed. As 

the polishing tool is newly developed, hence its capability to finish Ti alloy for biomedical 

application is explored in the present study. Also, the competency of the developed tool to 

finish freeform surface is investigated. This process uses magnetorheological (MR) 

polishing fluid whose rheological behaviour is controllable by external magnetic field. Two 

type of MR fluid is synthesized to generate required surface for biomedical application on 

Ti alloy. The obtained surface roughness after finishing with MR fluid of Type – I is 10 

nm and with MR fluid of Type – II is 70 nm. From wettability study, it is found that the 

surface finished with MR fluid of Type – I is hydrophilic in nature while with MR fluid of 

Type – II is hydrophobic. The surface characteristics obtained from MR fluid of Type – I 

is better suited for semi-permanent type of implants or implants which partake in relative 

motion like femoral part of knee joint and hip joint. From experimental studies, it is found 

that in MFAF process parallel toolpath performs better than spiral toolpath while finishing 

Ti alloy at the nanometer level. 3D surface roughness parameter (Sa (arithmetic mean of 

absolute height), Spk (reduced peak height), Sk (core roughness depth) and Svk (reduced 

valley depth)) values of the finished surface provide an understanding of the surface 

characteristics. The optimum values of Sa, Spk, Sk (core roughness depth) and Svk are 

observed with 901 rpm of the tool, 0.60 mm working gap and 4.30 hrs. of finishing time. 

MFAF process provides nanometer level surface finish along with necessary surface 

topography for better wear properties to achieve better performance and longer femoral 

knee implant life. From experimental investigation, it is concluded that at high working 

gap, the finishing capability of abrasive particles reduces due to insufficient magnetic field 

in the finishing zone. Furthermore, after 6 hrs. of finishing time, the surface roughness of 

the workpiece increases again due to the ploughing effect by the abrasive particles on the 

already finished workpiece surface. The analysis of finishing forces involved in the present 

MFAF process is carried out for better understanding and precise control of the process. 
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Abstract  ii 
 

Simulation study of MFAF process concerning finishing forces is carried out in two FEA 

based software. Validation experiments are conducted to substantiate the simulation study. 

A material removal model for a single abrasive particle is also simulated. A statistical DOE 

analysis is also conducted to evaluate the significance of each process parameter. After 

analysis of experimental results, it shows that Fn acting on the abrasive particles increases 

with increased CIP concentration. Although, the increase in abrasive concentration in the 

MR fluid, working gap and tool rpm results in a reduction in Fn. Ftan increases continuously 

with the increase in tool rpm, CIP concentration, abrasive concentration and decreases with 

working gap. MFAF tool has the ability to finish freeform surface of femoral knee implant 

almost uniformly along the surface curvature with necessary requirement of surface 

properties with minimum surface roughness (Sa) of 23.21 nm. Tribological study is carried 

out to analyse the performance of the MFAF polished surface compared to manually hand 

polished (HP) surface on ultra-high molecular weight polyethylene (UHMWPE) material 

of ASTMF648 standard used in tibial bearing surface. The volume loss analysis proves that 

the femoral knee implant polished using MFAF process will have fewer problems related 

to wear debris. The wear analysis shows that the wear of UHMWPE bearing surface will 

be less with MFAF polished femoral component. The wear of UHMWPE bearing surface 

will be less with MFAF polished femoral component as presumed from surface roughness 

analysis. The wear test analysis demonstrates that MFAF polished femoral surface will 

provide higher performance with a long implant life than hand polished surface. 
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Chapter 1 Introduction and Literature survey 
1.1 Introduction 

 Surface roughness defines the texture of the component surface. It helps to speculate 

component performance in real environment. For different purposes different surface roughness 

values are required. Wear and friction happen more in case of rough surface rather than smooth 

surface. Also, components with rough surfaces suffer more from corrosion and component failure. 

Surface roughness affects the operational efficiency of any component.   

 Freeform surfaces are generally characterized with the help of parametric and/or tessellated 

models. It contains one or more non-planar non-quadratic surfaces. Regular surfaces like planes, 

conic, cylinders etc. are different than freeform surfaces. It does not have any rigid dimension. 

This type of surfaces consists of non-planar surfaces. In product design, not only functionality but 

the aesthetics is also considered. Hence, the use of freeform surface is increasing in many industrial 

applications. Many freeform surface components are widely used in aerospace, automobile, 

consumer products, die & mold industries, medicine industries. Three main aspects of freeform 

machining are tool path generation, tool orientation and identification and tool geometry selection. 

Hence, for components having freeform surfaces, machining and finishing tool development is a 

very critical task. The most common method for freeform surface machining is ball end milling 

cutter or grinding wheel attached with a 3 or 5 axis CNC machining center. Recently, freeform 

components are also produced through injection molding and pressing. Also, diamond turning with 

Fast Tool Servo (FTS) systems, raster milling or grinding is used to machine freeform components. 

The next step is the finishing of freeform surfaces. To reduce scratches, deformation and produce 

smooth and mirror like surface finish, finishing processes are used. Smoothly polished equipment 

is a necessity in most of the industries especially in case of highly precise and sophisticated 

operations. Previously, for freeform surfaces especially with negligible tolerance, manual finishing 

was the only option. However, manual finishing is time consuming, labor intensive, error prone 

and costly. Hence, to achieve precise nanometer range surface finish and also deterministic 

finishing many researchers are developing new automated finishing technology. However, all 

automated technologies do not solve the problem of sub-surface damage at the workpiece surface 

and require longer time for high level finishing. Hence, to overcome the above mentioned 

TH-1987_126103024



Introduction and Literature Survey       2 
 

shortcomings of previous finishing processes, researchers are trying to develop newer polishing 

methods utilizing newer technologies. Magnetic Field Assisted Finishing (MFAF) process is one 

of the newly developed finishing process utilizing right composition of polishing fluid. This 

process generates very less sub-surface damage and can produce very good surface finish. Various 

freeform surface finishing processes available in the literature are discussed in the following 

section. 

1.2 Freeform Surface Finishing Processes 

 Different freeform surface machining processes are described in this section. 

1.2.1 Grinding 

Grinding, an abrasive machining process is widely used as a finishing process. In this 

process, grinding wheel laced with the abrasive particle is used to finish the surface of the 

workpiece. Mizugaki et al. [1] attached an elastic grinding wheel with felt buff  to the end effector 

of an industrial robot. It can easily follow the profile path of the freeform surface due to its higher 

degree of freedom incorporated with the industrial robot. Weulu and Timmermann [2] attached 

grinding paper of different grain size to a six-axis robot to finish the freeform surfaces like dies 

and molds. Huang et al. [3] reported about the finishing of turbine-vane overhaul using sand belt 

wheel as grinding as well as polishing media. Shiou et al. [4] used spherical grinding tool to finish 

freeform surface of a plastic injection mold steel on a CNC machining center. The spherical 

grinding tool and its alignment components are developed by them. Wu et al. [5] used an elastic 

ball type wheel with GC (grinding center) to polish the freeform surfaces of die and mold. Only 

cusp height is removed in this process to keep the form accuracy generated in cutting process. 

Beaucamp et al. [6] proposed shape adaptive grinding (SAG) to nano-finish freeform surface made 

of Ti6Al4V alloy. In SAG an inflated and tilted spherical rubber bonnet is covered with nickel or 

resin bonded diamond pellets. This process introduces benefits of both grinding and polishing 

techniques. Schematic diagram of the SAG is shown in Fig. 1.1(a).  

1.2.2 Honing 
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Honing is performed by a honing tool or honing stone which is actually an abrasive stick 

or abrasive stone. After applying pressure, the honing tool abrades the workpiece surface along a 

predefined path. Weulu and Timmermann [2] used honing stone to finish the freeform surface of 

dies and molds. The honing stone is attached with the six-axis robot for better flexibility. Nowicki 

and Szafarczyk [7] attached abrasive sticks having two or four degrees of freedom with the 

machining head of a NC milling machine. The abrasive sticks rotate with the machine head and 

feed is given to the workpiece in X, Y and Z directions. Dynarowski and Nowicki [8] also used 

non-conventional honing to achieve low surface roughness on freeform surfaces made of alloy 

steel. Figure 1.1(b) shows the schematic diagram of the non-conventional honing experimental 

set-up to polish freeform surface. 

 

 

 

 

 

 

 

(a) (b) 
Fig. 1.1 Schematic diagram of (a) shape adaptive grinding (SAG) and (b) non-conventional 

honing of free-form surfaces 

1.2.3 Abrasive Polishing Process 

In this sub-section, the main consideration is the soft, flexible abrasive polishing process. 

For finishing of freeform surface this type of abrasive polishing process is more suitable. This type 

of polishing tool also helps to keep the form accuracy intact. Tam et al. [9] used a robot to finish 

freeform surface using loose abrasive. They explored the scanning path of workpiece surface for 

the movement of the robotic arm to enhance the evenness of a free-form surface. Cho et al. [10] 

developed a flexible abrasive tool attached with a 3-axes machining center to automatically finish 

the curved surface. The tool is made of thermosetting polyurethane elastomer with aluminum oxide 
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abrasive coating. Walker et al. [11] used a commercial machine ‘Precessions’ from Zeeko Ltd. for 

finishing freeform surfaces using polishing slurry. Their polishing tool is attached with a 7-axes 

CNC machine. The polishing tool is semi spherical in shape and it consists of an inflated, bulged 

rubber membrane of spherical form covered with a non-pitch flexible polishing surface. 

Brinksmeier et al. [12] improved the surface roughness of structured molds by abrasive polishing 

using pin type and wheel type polishing tool made of polyamide which is retrofitted with a 

commercial polishing machine. The schematic diagram of curved surface finishing using soft 

abrasive tool is represented in Fig. 1.2. 

 

 

 

 

 

Fig. 1.2 Schematic diagram of curved surface finishing using soft abrasive tool 

1.2.4 Electrochemical Finishing Process 

Electrochemical finishing is one of the nonconventional finishing process. Both the 

workpiece and the tool are immersed in the electrolyte. In this process, the workpiece acts as anode 

(connected to the positive terminal of a power supply) and the negative terminal is attached to the 

cathode. The tool and workpiece are connected to a DC power supply. Metal from the surface of 

the anode is oxidized and dissolved in the electrolyte and at the cathode reduction reaction occurs. 

Any complicated shapes like freeform surfaces can be easily finished with this process. Pa [13] 

developed magnetic assistance electrochemical finishing process to finish freeform surface. The 

magnetic assistance helps to remove the dregs from the inter electrode gap generated during 

finishing. He concluded that due to magnetic assistance better finish, reduced finishing time is 

achieved. Pa [14] also used ultrasonic assistance along with magnetic assistance to improve 

finishing performance. Experimental setup of magnetic assistance electrochemical finishing is 

shown in Fig. 1.3. 
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Fig. 1.3 Experimental setup of magnetic assistance electrochemical finishing 

1.2.5 Ball Burnishing Process 

Ball burnishing process used to finish the workpiece using a ball. The ball impacts on the 

workpiece and peening over the peaks of the surface profile. The undulations rolled or pounded 

over by the ball as there are no abrasive involved. This process also hardens the workpiece and 

improve the corrosion resistance of the workpiece due to the ‘peening effect’. Shiou and Chen [15] 

modified a ball burnishing tool attached with CNC milling machine to finish plastic injection mold. 

The optimal burnishing process parameters also determined using different statistical techniques. 

Pa [16] incorporated burnishing process along with electrochemical process to finish freeform 

surfaces. The ball burnishing tool is attached to the electrode of an electrochemical process. This 

hybrid process requires shorter finishing time with improved finishing effect. Schematic diagram 

of the ball burnishing process is shown in Fig. 1.4. 

 

Power  
supply 

- 
+ 

Flow meter Pump 

Electrolyte 
tank 

Filter 

Tank 

+ 

- 

Vice Vice 

N S 

Workpiece 
Magnets 

Spindle 

Electrode 

Machine table 

Electrolyte pipe 

TH-1987_126103024



Introduction and Literature Survey       6 
 

Fig. 1.4 Schematic diagram of ball burnishing process [16] 

1.2.6 Magnetic Field Assisted Finishing (MFAF) Process 

Magnetic Field assisted finishing (MFAF) process uses external magnetic field for better 

control of the finishing forces. This process can easily produce mirror like surface finish. Different 

types of MFAF processes are discussed as follows: 

1.2.6.1 Magnetic Abrasive Finishing (MAF) 

 MAF produces high quality mirror like surface with the help of external magnetic field. In 

this process, magnetic abrasive particles (MAPs) are used as polishing medium. The working gap 

between magnet and workpiece is filled with magnetic abrasive particles which create a flexible 

magnetic abrasive brush. This brush acts as a cutting tool under external magnetic field. The 

material removal rate in this process is very low due to the small indentation of abrasive particles. 

In this process, either permanent magnet or electromagnet can be used depending on the process 

requirement. MAF process can be used for finishing both internal as well as external surfaces. The 

schematic diagram of MAF is shown in Fig. 1.5. The important process parameters of MAF 

process are as follows: 

• Magnetic field intensity  

• Working gap between magnetic pole face and the work piece surface 

• Work piece material, shape, and size 

•  Pole shape and size 

• Composition of magnetic abrasive particles 

 

 

 

 

Fig. 1.5 Finishing of cylindrical workpiece using MAF 

Shinmura et al. [17] developed a new finishing process where magnetic abrasive particles 

are used for finishing purpose. The required finishing pressure is generated by magnetic field. 
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They studied different finishing characteristics specially the effect of magnetic abrasive particle 

size on material removal rate and surface finish for cylindrical workpiece.  

Kim et al. [18] developed magnetic abrasive jet machining to precisely finish circular tubes. 

Their working fluid is mixed with magnetic abrasive particles and it is delivered into the internal 

surface of the tube as magnetic abrasive jet. The magnetic poles are fixed at the external surface 

of the tube. They did simulation study to predict optimum machining conditions and to analyze 

few characteristics of the finishing process.   

Yamaguchi and Shinmura [19] developed an internal magnetic abrasive finishing process 

using a pole rotation system to produce highly finished inner surface of workpiece used in critical 

applications. Their study characterizes the abrasive behavior against the surface during finishing 

process and predicts the effect of the abrasives on finishing characteristics.  

Jain et al. [20] proposed a MAF setup for finishing of cylindrical workpiece mounted on a 

lathe machine using loosely bonded magnetic abrasive particles mixed with lubricant. Their 

workpiece is kept between two opposite magnetic pole. The working gap and magnetic field 

between the two magnets control the force required for finishing. Experiments are conducted to 

explore the effect of various process parameters on change in surface roughness of workpiece.  

Chang et al. [21] explained the working principle and the finishing characteristics of 

unbonded magnetic abrasive particles during finishing of cylindrical workpiece. The magnetic 

abrasives used in their study consists of abrasive particles and ferromagnetic particles mixed with 

lubricant. Different types of ferromagnetic particles are used and a comparative study is carried 

out.  

Mori et al. [22] reported about MAF process mechanism considering magnetic field and 

finishing forces within the process. Yamaguchi and Shinmura [23] developed a new MAF setup 

for finishing inner surface of alumina ceramic components with a mixture of conventional abrasive 

and ferrous particles. The experiments are conducted on alumina ceramic tubes to examine the 

effect of various process parameters on finishing performance. Their study also reports on the 

mechanism of smoothing inner surface of alumina ceramic tube and form accuracy improvement.  
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Yin and Shinmura [24] proposed a vertical type vibration-assisted magnetic abrasive 

finishing process to finish and deburr complicated micro-curved and edge surfaces of magnesium 

alloy. They reported that efficient finishing of magnesium alloy is possible by their process.  

Yamaguchi et al. [25] explored the conditions required for uniform internal finishing of 

SUS304 stainless steel bent tube by a MAF process. The factors affecting the finishing condition 

are investigated in their study.  

Yamaguchi et al. [26] developed a magnetic abrasive finishing setup for internal finishing 

of SUS304 austenitic stainless steel capillary tubes.  

Yamaguchi and Hanada [27] developed a spherical iron-based magnetic abrasive particles 

by plasma spray which carries electrolytic iron particles and aluminium oxide (Al2O3) as abrasive 

grains. The performance of their developed magnetic abrasive particles is compared with the 

existing magnetic abrasive particles. The developed magnetic abrasive particles are used for 

internal finishing of capillary tubes and achieved improved finishing performance.  

Kang et al. [28] developed a method for finishing capillary tube in high speed MAF 

technique. In their experimental setup, a high-speed multiple pole-tip finishing equipment is used. 

They described the effect of tube rotational speed on abrasive motion during finishing experiments.  

Lee et al. [29] proposed to increase MAF process efficiency by introducing vibration to the 

platform. The process is termed as two-dimensional vibration-assisted MAF (2D-VAMAF) 

process. They found that 2D-VAMAF can improve surface quality in lesser time using lesser 

quantity of abrasive particles which reduces polishing cost. 

1.2.6.2 Magnetorheological Finishing (MRF) 

MRF process uses magnetorheological (MR) fluid with an external magnetic field to finish 

workpiece surface at the nanometer level without sub surface damage. This process is primarily 

used to finish optical materials with different shapes such as flat, spherical, concave and convex. 

This process is developed in Center for optics manufacturing (COM) in Rochester, New York [30]. 

MRF process is fully commercialized by QED technologies in 1999. Figure 1.6 shows the 

schematic diagram of MRF process.  
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There are many newly developed magnetic field assisted finishing processes which use 

MR fluid as a polishing medium. Few of these processes are Magnetorheological jet finishing 

(MRJF), Magnetorheological abrasive flow finishing (MRAFF), Rotational magnetorheological 

abrasive flow finishing (R-MRAFF) and Ball end magnetorheological finishing (BEMRF) process 

etc.  

 
Fig. 1.6 Schematic diagram of MRF process 

In MRF process a rotating wheel is used to transport the fluid in the finishing zone. MR 

fluid is delivered on the rim of the wheel by a nozzle. The fluid acts as a moving ribbon on the 

wheel and it gets stiffen with the application of the external magnetic field. The MR fluid is 

circulated continuously during the process and it sticks to the wheel due to applied magnetic field. 

The stiffened MR fluid ribbon generates a unique pressure distribution in the gap between the 

workpiece and the wheel (Fig. 1.7).  

High shear stress is generated in the contact zone due to the quasi-solid moving boundary 

formed very close to the surface of the workpiece. The high shear stress helps in material removal 

from a particular area of workpiece surface. That area is called as polishing spot. The MR fluid 

contains abrasive particles to carry out finishing operation. Due to the nonmagnetic nature, the 

abrasive particles are forced towards the workpiece surface due to magnetic field gradient. The 
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shear stress of the flowing ribbon of MR fluid mixed with abrasives generates a drag force which 

helps in material removal [30,31]. 

 
Fig. 1.7 Mechanism of MRF process [30] 

 The yield stress and viscosity of MR fluid are controlled by externally applied magnetic 

field which in turn is controlled by the magnetizing current in the electromagnet coils. The MR 

polishing fluid consists of magnetic carbonyl iron particles (CIPs), nonmagnetic abrasive particles 

dispersed in the carrier fluid. The application of external magnetic field affects the rheological 

properties of the fluid. With the application of the magnetic field, CIPs aggregate into chain like 

structure along the magnetic field direction embedding the abrasive particles in between the chains. 

Several researchers have developed different types of wheels and also used permanent magnets 

instead of electromagnets.  

Cheng et al. [32] developed a two axis wheel shaped tool supporting double magnetic 

fields. They carried out experiments using this type of wheel to polish K9 mirror with MR fluid 

composition of 33.84% CIP, 57.34% silicone oil, 2.82% stabilizing agent and 6% Cerium Oxide 

(CeO2). Later, Cheng et al. [33] conducted an experimental study on reaction bonded silicon 

carbide (SiC) components using MRF process with MR fluid composition of 36% CIP, 6% 

abrasive particles (CeO2, Al2O3 and diamond), 3% stabilizer (silicon oil) and 55% carrier fluid 

(water). They reported that diamond particles give higher material removal rate compared to other 

abrasive particles.  

Sidpara and Jain [34] used MRF process to finish single crystal silicon wafer. They 

conducted experiments to study the effect of different process parameters on surface finish and 

material removal rate with best achieved surface roughness as 8 nm.  
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Experimental study on silicon wafer and conductor surface, fabricated by electroplating 

process on a CMOS grade silicon substrate with a polyimide interface layer, have been reported 

by several researchers by using different polishing tool using MRF technique [35,36]. 

1.2.6.3 Magnetorheological Jet Finishing 

Kordonski et al. [37] and Tricard et al. [38] developed MR jet finishing technology to finish 

conformal or freeform and steep concave optics. This type of optics is difficult to finish using 

conventional methods due to mechanical interference and steep local slopes. It has been found that 

magnetically stabilized round jet of MR polishing fluid removes material at a distance of several 

tens of centimeters from the nozzle. Figure 1.8 shows MR jet images with and without application 

of magnetic field having velocity of 30 m/s and nozzle diameter of 2 mm. 

 
Fig. 1.8 Images of MR Jet [38] 

1.2.6.4 Magnetorheological Abrasive Flow Finishing (MRAFF) Process 

Jha and Jain [39] developed MRAFF process. In this process, extrusion of a magnetically 

stiffened MR polishing fluid move to and fro through the passage formed by workpiece and 

workpiece fixture assembly and finishes the workpiece surface. In this process, two cores of an 

electromagnet which are placed opposite to each other outside workpiece fixture is used to generate 

magnetic field. The finishing mechanism of MRAFF process is shown in Fig. 1.9. 

The CIP particles embed the abrasive particles and form a chain like structure. Applied 

extrusion pressure on the polishing fluid helps in finishing the workpiece. Jha and Jain [40] 

reported that MRAFF process can super finish hard materials like silicon nitride using boron 

carbide, silicon carbide and diamond abrasives.  
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Jha et al. [41] carried out experimental investigation to study the effect of different process 

parameters on the change in surface roughness. To enhance the process performance of MRAFF 

process, Das et al. [42] modified the existing MRAFF process by imparting a rotating motion to 

the polishing medium by an external rotating-magnetic field. The schematic diagram of MRAFF 

& rotational motion imparted by the rotating magnetic field are shown in the Figs. 1.10(a) and (b), 

respectively.   

 
Fig. 1.9 Mechanism of finishing in MRAFF process [39] 

 

  

                        (a)                                 (b) 
Fig. 1.10 (a) Schematic diagram of MRAFF process [40] and (b) rotational motion imparted to 

the permanent magnets in R-MRAFF process [43]  

1.2.6.5 Ball End Magnetorheological Finishing (BEMRF) Process  

To finish 3D complex shapes, Singh et al. [44] developed a new precision finishing process 

named as ball end MR finishing process as shown in Fig. 1.11. In this process, pressurized MR 
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polishing fluid enters from the top end of the central rotating core. As soon as it reaches to the tip 

of the tool surface, the MR fluid stiffens due to the application of the applied magnetic field in that 

zone. A semi solid structure of ball end shape of the finishing spot is formed at the tip of the 

rotating core. The tool is rotated like in conventional ball end milling process and the feed is 

provided to the workpiece which is attached to an X-Y table.   

 

 

 

 

 

 

 

 

 
Fig. 1.11 Schematic diagram of ball end MRF process  

1.3 Literature Survey 

MFAF processes are precise finishing process where magnetic field is used to control the 

forces involved during finishing. Using these processes deterministic finishing can be easily 

achieved. The following subsections describe the work reported in the area of MFAF processes. 

In subsection 1.3.1 literature review about MR fluid is presented, in subsection 1.3.2 relevant 

literature survey on workpiece material for the present work is discussed, in subsection 1.3.3 

literature survey on experimental investigations of MFAF process is described, and in subsection 

1.3.4 theoretical investigation into MFAF process i.e. mathematical modelling and force and stress 

analysis is presented.  

1.3.1 Magnetorheological (MR) Fluid 

Pressurized MR  
fluid  

CIP 
Abrasive 
particle 

Stiffened ball 
shaped MR fluid  

Outer core 

Inner core 

Electromagnet 
  

Workpiece 

Tool rotation 

TH-1987_126103024



Introduction and Literature Survey       14 
 

The finishing performance of magnetorheological (MR) fluid based finishing process 

depends upon the composition of MR fluid. The change in rheological property of MR fluid due 

to the applied magnetic field affects finishing performance of MFAF process. The rheological 

property of MR fluid depends upon composition and concentration of different elements in MR 

fluid. So, composition of the MR fluid is a very critical part of the finishing process. Rabinow first 

developed Magnetorheological fluid as a smart fluid in 1948. He reported about the change in 

rheological property of MR fluid after applying the magnetic field [45]. MR fluid consists of 

magnetic particles in a viscoplastic base medium such as water, glycerol, silicone oil, paraffin oil 

with some additives. Non-magnetic abrasive particles are mixed with the MR fluid for material 

removal. The fluid acts as a Newtonian fluid when there is no magnetic field and it acts as non-

Newtonian fluid under magnetic field. This fluid becomes stiff under magnetic field. Hence, for 

the flow of MR fluid some external pressure is required.  

There are two types of MR fluid i.e. water based and oil based. It has been found that 

finishing of metals are mostly carried out using oil based MR fluid. So there is less corrosion due 

to oxidation of metallic parts of experimental set up in case of oil based MR fluid. Oil based MR 

fluid generally consists of CIPs, abrasive particles and paraffin oil as base medium. Water based 

MR fluid is primarily used for finishing of silicon wafer, optical materials. The water in MR fluid 

chemically reacts with the silicon and optical materials i.e. glass etc. Water based MR fluid consists 

of CIPs, abrasive particles, deionized water as base medium and glycerol as additive [34,39,42,46]. 

In MR fluid, magnetic particles agglomerates and develops stiff sediments due to their 

remnant magnetization and these agglomerated particles are very difficult to break-up. To reduce 

particle agglomeration and settling different methods proposed by several researchers are as 

follows: 

• Adding thixotropic agents like carbon fibers, nanoparticles of silica etc. to MR fluid [47,48] 

• Adding surfactants like Oleic acid or stearic acid etc. to MR fluid [49] 

• Using viscoplastic base medium as a continuous phase [50] 

• Water in oil emulsions as carrier liquid [51] 

• Adding magnetic nanoparticles to MR fluid [52,53] 

Glycerol and surfactants are used in water based fluid as stabilizers. Ginder et al. [54] 

proposed both numerical and analytical models of MR fluid that account explicitly magnetic 
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nonlinearity and saturation. Jolly et al. [55] developed a quasi-static, one-dimensional model that 

examines the mechanical and magnetic properties of magnetorheological materials. Their model 

attempts to account for magnetic non-linearities and saturation by establishing a mechanism by 

which magnetic flux density is distributed within the composite material. Few researchers reported 

about the characterization of MR polishing fluid.  

Jha and Jain [56] used hydraulically driven capillary rheometer for rheological 

characterization of MR polishing fluid and discussed three different fluid models (Bingham plastic, 

Herschel Bulkley and Casson fluid) to characterize its behavior. Sidpara et al. [46] did rheological 

characterization of MR polishing fluid using parallel plate magnetorheometer for water based MR 

polishing fluid. Their findings also show that MR polishing fluid follows shear thinning behavior 

(fluid viscosity decreases with increasing shear rate). They also reported that Herschel-Bulkley 

model best fitted their MR polishing fluid. 

1.3.2 Workpiece Material 

In the present work, titanium (Ti) alloy of grade 5 is used as the workpiece material. It is 

used largely in the medical industry due to its corrosion resistance and inertness towards the bodily 

fluids. It is also used to fabricate different types of implants [57]. The density of Ti alloy (grade 5) 

is 4.5 g/cm3 and its chemical composition is provided in Table 1.1 according to American society 

for testing and materials [58]. The specific strength of the Ti alloy is also higher than the other 

implant materials [59].  

Table 1.1 Chemical composition of Ti alloy (grade 5) 
Main Elements Wt.% 
Titanium 89.5 
Aluminum 6 
Vanadium 4 

Ti alloys have relatively low modulus than some of the implant materials making it a very 

good choice for orthopedic application [60]. Niinomi reported the mechanical properties of Ti 

alloy used for biomedical applications [61]. The Mechanical properties of annealed Ti alloy (grade 

5) for biomedical applications are represented in Table 1.2.  

Different finishing processes are employed to modify the titanium and Ti alloy for different 

biomedical application. Basim et al. proposed chemical mechanical polishing (CMP) to finish Ti 
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alloy for bio-medical application [62]. They reported that CMP can make titanium surface more 

biocompatible by forming a protective oxide layer.  

Table 1.2 Mechanical properties of Ti alloy (grade 5, annealed) [61] 
Mechanical property Value 
Tensile strength(UTS)  (895–930) MPa 
Yield strength(σy) 825–869 
Elongation (6–10)% 
Percent reduction in area (RA) (20–25)% 
Modulus  (110–114) GPa 
Type of alloy α + β 

Tamaki et al. [63] reported the polishing of titanium prosthetics inside a chemical polishing 

bath containing mixture of hydrofluoric acid and nitric acid. They also reported that the prosthetic 

immersed in the low soluble chemical polishing bath for a long time provides smooth surface along 

with form accuracy.  

Hayes et al. [64] used electropolishing and plate polishing technique to polish titanium 

screws used for biomedical application. They reported that removal of the finished screws is far 

easier than the rough screws.  

Ban et al. [65] effectively modified the titanium surface for biomedical application by 

etching it in 48% sulfuric acid (H2SO4). They characterized the etching behavior of titanium in 

concentrated H2SO4.  

Khanlou et al. [66] changed the surface texture and roughness of titanium biomaterial by 

employing sandblasted, large-grit, acid-etched (SLA) method. They used alumina abrasive 

particles for sand blasting. For titanium etching, Kroll’s etchant (3 ml hydrofluoric acid, 6 ml nitric 

acid and 100 ml water) is utilized. 

Finke et al. [67] proposed a finishing method for temporary titanium implants. Here, 

plasma process is used to deposit fluorocarbon polymer films on titanium. This process prevents 

cell adhesion of osteoblasts which is major concern for temporary implants. 

The magnetoelectropolishing process is proposed by Hryniewicz et al. [57] to improve 

corrosion resistance of titanium implant. In this process, magnetic field is externally applied to 

achieve required surface characteristics of medical implants.  
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Okada et al. [68] proposed a large-area electron beam (LAEB) irradiation finishing process 

for finishing Ti alloy used for biomedical applications. In LAEB, high energy density electron 

beam is irradiated to melt and evaporate Ti alloy surface.    

Okawa and Watanabe [69] used CMP for polishing titanium for biomedical application. A 

mirror polished surface without reacted or contaminated layer is achieved by using colloidal silica 

slurry mixed with hydrogen peroxide (H2O2). The researchers proposed this method to solve the 

problems encountered in electrochemical polishing and electropolishing of titanium used in 

biomedical application.    

According to the literature review, titanium and its alloy surfaces are modified for different 

biomedical application. Two type of implants, permanent and semi-permanent or temporary 

implants are used in medical industries. These two type of implants require different surface 

roughness and surface texture. Implant surface is either roughened or superfinished depending 

upon it's in vivo performance. In some cases, osseointegration i.e. direct contact between bone and 

an implant without infringing soft tissue is required. Keller et al. [70] reported that osteoblast cell 

attachment is highest when the implant surface is rough. Other researchers also reported the same 

findings [71,72]. If an implant is engaged in relative motion in vivo or it is used temporarily then 

surface roughness should be at the nanometer level. Also, the surface topography of the implant 

should be such that the in vivo wear of the implant is minimal which restricts the mixing of implant 

metal debris in the blood flow for reducing implant related pain. The generation of debris during 

in-vivo performance of an implant introduces a serious problem in patient body. The accumulation 

of wear debris around the implant prompts to a big cell response. The metallosis of periprosthetic 

tissue i.e. black stain in periprosthetic tissue is observed in Ti alloy knee implant due to this wear 

debris as reported by Breen and Stoker [73]. Hence, the performance and life of the implant are 

largely dependent on the surface roughness and surface topography of the component surface 

[74,75].  

1.3.3 Experimental Investigation 

In this sub-section, work done on different type of magnetic field assisted finishing setup 

is discussed. Suzuki et al. [76] developed a magnetic field assisted polishing process for polishing 

curved surface made of single crystal of LiNbO3. They achieved 0.01 μm surface roughness using 
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colloidal silica as polishing abrasive. Ferricolloid W-40 is used as the magnetic fluid. A polishing 

disk is used to polish the hard and brittle workpieces. Figure 1.12 depicts schematic illustration of 

their experimental setup. 

 
Fig. 1.12 Schematic diagram of polishing setup where, 1-magnetic field, 2- coil, 3- iron pole, 4- 
iron support, 5- workpiece, 6- jig, 7- polishing abrasive, 8- polisher, 9- rubber sheet, 10- brass 

disc [76] 

Kim et al. [77,78] described a magnetic field assisted polishing technology to finish 

freeform surface. A flexible magnetic polishing tool and two stage polishing method are employed 

for 36 minute to obtain mirror like surface finish. At first stage, GC#400 wheel used to decrease 

the initial surface roughness value to 0.64 μm and in the second stage magnetic abrasive brush is 

used to further decrease the surface roughness value to 0.09 μm. Figure 1.13 shows the schematic 

diagram of two types of magnetic polishing tools.  

  
(a)  (b)  

Fig. 1.13 Schematic diagram of 3D polishing tools (a) Abrasive wheel type and (b) magnetic 
brush type [78] 

Kim et al. [79] proposed a new surface finishing method for finishing three-dimensional 

silicon microstructure using stiffened MR fluid. For finishing of microchannels, the existing setups 

are not good enough due to very high hydrodynamic pressure that destroys the channel structure. 
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Aluminum shell 

Glass insert 

MR jet 

To overcome this problem, they developed a setup where the permanent magnet is vertically 

attached with the magnet holder. A rotational motion is provided to the magnet. Cerium Oxide 

(CeO2) is used as abrasive particle in the polishing medium. They reported improved performance 

of microchannels. Figure 1.14 depicts schematic diagram of experimental set up for finishing 

silicon microchannel.  

 
Fig. 1.14 Schematic diagram of experimental set up for microchannels finishing [79] 

Tricard et al. [38] reported Magnetorheological Jet finishing technology to finish freeform 

and steep concave optics. A liquid jet of magnetorheological fluid impinges on the surface of the 

workpiece. The schematic diagram of the process is given in Fig. 1.15.  

 

          

  

 

 

Fig. 1.15 Schematic diagram of MR jet finishing process 

The round jet is magnetized by an axial magnetic field when it flows out of nozzle. The main 

problem of jet polishing is to remain collimated and coherent before impinging on the workpiece 

surface. Due to the magnetic force the jet overcomes above stated problem. They finished different 

shaped complex freeform optics by varying process parameters like jet velocities, nozzle diameter 

and fluid viscosity. This process can produce high precision surface on glass and single crystal 

components. However, this process may not be good for optical workpiece having high initial 

surface roughness value.  
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Seok et al. [80] fabricated a curved surface on silicon based microstructure by using MRF 

process. Here, MRF process is applied as a shaping process to make a curved surface from a sliced 

rectangular piece of a silicon wafer by applying edge effect (i.e. rounding off on sharp edges) 

which is undesirable during normal finishing process. They didn’t add abrasive particle to MR 

fluid. The finishing tool assembly is composed of a cylindrical permanent magnet and an 

automobile wheel shaped rim. Schematic diagram of the MR finishing tool assembly is shown in 

Fig. 1.16.  

 
Fig. 1.16 Schematic diagram of MR finishing tool assembly [80] 

Lin et al. [81] employed a magnetic abrasive finishing to finish freeform surface of non-

ferromagnetic stainless steel SUS304 workpiece. The ball shaped magnetic pole forms a flexible 

magnetic abrasive brush for finishing process. Figure 1.17 illustrates magnetic abrasive finishing 

of freeform surface. They found that most significant process parameters are working gap, feed 

rate and the abrasive concentration following Taguchi method. They obtained final surface 

roughness of 0.102 μm using two step finishing process. 

 
Fig. 1.17 Schematic diagram of freeform magnetic abrasive finishing process [81] 

Singh et al. [44] developed a ball end magnetorheological finishing (BEMRF) tool for 

finishing of 3D copper groove surface. The MR finishing tool is vertically oriented on a Z slide. 

The tool consists of concentrically inner core, electromagnet coil and an outer core. After 

application of magnetic field, MR fluid becomes stiff. At the tip of the tool MR fluid comes out in 
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ball shape. The surface roughness of the groove surface is reduced from 336.8 nm to 102 nm in 60 

min finishing time. The same experimental setup with some modification has been used to finish 

3D ferromagnetic workpiece at different angles of projection such as 00 (flat surface), 300, 450 and 

curved surface [82,83]. The workpiece is prepared by milling process. The final surface roughness 

is obtained as 16.6 nm, 30.4 nm, 71 nm and 123.7 nm on flat, 300 and 450 and curved surface, 

respectively. It is also observed that the variation in magnetic field due to the difference in 

curvature can be minimized by tilting MR finishing tool. They reported that ground surface 

provides better process performance than milled surface.  

 

 

 

 

 

 

Fig. 1.18 Schematic diagram of Ball End MR finishing process 

Sidpara and Jain [84] developed a setup using MR fluid as polishing fluid to finish freeform 

surfaces of prosthetic knee joint implant made of titanium. They developed a MRFF 

(Magnetorheological fluid based finishing) tool. The tool encloses a permanent magnet in a fixture 

of brass material. The experiments are carried out stepwise by changing MR fluid composition to 

increase the finishing performance. The polishing fluid is supplied in between the tool and 

workpiece. Water based MR fluid as well as chemical based MR fluid are used and their effects 

are observed on surface roughness and finishing rate. The best surface finish achieved is 28 nm.  

 

 

 

 

 

MR fluid inlet 

Electromagnet 

Nozzle 

MR fluid ball 
 3D work piece 

Work piece 

MRFF tool 

Flexible MR 
fluid brush 

Permanent  
Magnet 
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Fig. 1.19 Schematic diagram of MRFF process 

Yamaguchi and Graziano [85] also used magnetic abrasive finishing process to finish 

freeform surface of cobalt-chromium prosthetic knee joint implant. A six axis robot is used to hold 

the knee joint using a workpiece holder. Magnetic particles mixed with diamond abrasive is used 

as polishing medium which is supplied at the pole tip (carbon steel) during finishing. They 

developed a workpiece holder to hold the workpiece during finishing as well as to measure surface 

roughness at difference places. The average surface roughness achieved is 6.7 nm. 

1.3.4 Theoretical Investigation 

1.3.4.1 Mathematical Modelling 
 In MFAF process, the material removal rate is similar to conventional polishing process. 

So, Preston’s equation [86] is considered as the building block to understand and develop 

mathematical modelling for the process. Preston’s equation for material removal rate is given as 

  n
p p

c

FMRR C PV C V
A

= =                                                                                                             (1.1) 

where pC = Preston’s coefficient, P = applied normal pressure, V = relative velocity between tool 

and workpiece, nF = normal force, cA = contact area between tool and workpiece.  

Modelling of material removal rate is reported by Tricard et al. [38]. They modified 

Preston’s equation for their analysis. The material removal rate is proportional to the product of 

local shear stress and local fluid velocity. Their proposed model is simulated using a commercial 

CFD package and the results are validated with experiment. The parameters used in the calculation 

are jet radius, mesh area and mesh size. Their proposed model is 

~r r rR Vτ                                                                                                                                            (1.2) 

where rR = material removal rate, rV = local fluid velocity, rτ = local shear stress.  

DeGroote et al. [87] also modified Preston’s equation for calculating material removal rate 

of optical glasses finished by MRF process with nanodiamond abrasive particle. They observed 
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that peak removal rate and drag force did not show same relationship for different glasses due to 

their different chemical property and composition. Hence, they incorporated mechanical properties 

of glass surface, drag force ( dF ) or shear stress, polishing particle properties, chemical properties 

of the workpiece and polishing fluid into the modified Preston’s equation for better understanding 

of the process. The theoretical model is validated with experiments for six different types of glass 

workpieces. The other process parameters i.e. wheel speed, magnetic field, viscosity working gap 

etc. are kept constant throughout the experiments. Their material removal model is given as 

( )3/101/3 1/3 4/3
2 . . .

.

sbs
S d bRT

peak nd nd nd CI CI CI s MRF
c s

E FMRR v B C B C D pH e
K H A

φ φ
−−        ∝ × + ×            

             (1.3) 

where SE = Young’s modulus, cK = fracture toughness of the bulk material, sH = nanohardness 

of the near surface layer, A = contact area, v = velocity of the wheel, ndB  and CIB = coefficients, 

ndφ  and ndC = average particle size and concentration of nanodiamond particles, CIφ and CIC = 

average particle size and concentration of CIP, ( )s MRFD pH = percent weight loss of the glass in 

the MR fluid, 
sbs

bRTe
−

= glass average single bond strength.  

Jung et al. [88] developed a theoretical model to calculate total force exerted on the CIP 

particles at the workpiece surface. The total force is composed of centrifugal force and magnetic 

force. Figure 1.20 depicts the forces acting on CIPs in MRF process.  

 
Fig. 1.20 Magnetic and centrifugal force in MRF process [88] 
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The centrifugal force ( ( )r
CENF ) acting on a CIP  at a distance r  from the center of the tool is calculated 

as  

( ) 3 2( (4 ) / 3)(( ) / (2 ))(( ) / 2)r
CEN p p h p h TF r r r r r rρ π ω= − +                                                                   (1.4) 

where pρ and pr are the mass density and mean radius of the CIPs, respectively. Tω = rotational 

speed of the wheel. The simplified form to calculate magnetic attraction force ( ( )r
MAGF ) between two 

CIPs is given as  

( )2

( )
4

0 1

3 ( )
 
4 (2 )

r
MAG p

m H r
F

rπµ µ
=



                                                                                                                   (1.5)                                          

where 0µ = permeability in free space, 1µ = relative permeability, ( )H r


= magnetic field intensity, 

m = magnetic dipole moment.  

A material removal model for MRF process is developed by Cheng et al. [32] . The model 

depends on normal pressure during finishing and carrier wheel velocity. The hydrodynamic 

pressure is more than magnetic pressure by six orders of magnitude. The material removal model 

proposed by them is based on Preston hypothesis and it is given as 

Material removal  dtK PV= ∫                                                                                                        (1.6)     

where K  is a constant which depends on the workpiece material and the properties of MR fluid 

etc., P  is the normal pressure and V  is the velocity of the wheel (tool) with respect to the 

workpiece surface. However, the validation of their derived model does not match with their 

experimental results. Further, the results obtained from the Preston equation does not accurately 

give the output result as the equation only deals with the basic parameters i.e. pressure, velocity 

and time.  

Miao et al. [89] modified Preston’s coefficient for MRF process. Important parameters 

responsible for material removal i.e. hydrodynamic pressure, shear stress and a combination of the 

material figures of merit (FOM) in finishing process are considered. Experimental results for a 
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range of optical glasses are used for validation with the calculated model. Their predictive model 

is 

2
( , ( , )) / ( )MRF p MRF FOM c VMRR C E K H Vτ τ′=            (1.7) 

where ( , ( , ))p MRF FOMC τ′ = modification of Preston’s coefficient in terms of shear stress τ and material 

FOM, E = Young’s modulus, cK = fracture toughness of bulk material, VH =Vicker’s hardness 

of workpiece, V = wheel velocity.  

Miao et al. [90] modified Eq. (1.7) to incorporate four process parameters i.e. nanodiamond 

concentration, penetration depth, magnetic field strength and relative velocity due to their removal 

contribution. The model is developed based on BK7 glass workpiece material although the model 

can also be applied to other glasses by altering mechanical FOM for that specific material.  

Singh et al. [91] developed mathematical model for material removal and surface 

roughness considering magnetic field induced normal force as the process parameter for Ball end 

magnetorheological finishing process. The model is used to predict magnetic normal force. The 

model is validated experimentally at different working gaps. The % error between experimental 

and theoretical results varies in the range of 11.20% to 2.02%. For material removal they 

considered two body and three body wear mechanism. The magnetic flux density at different 

working gap is calculated as 

1 2( )
2

z
air

z w z

NIB RR R R R A
=

+ + + +
            (1.8) 

where zB is magnetic flux density, N is number of turns in the electromagnet coil, I = current, R

= reluctance for different mean length of equivalent magnetic circuit of BEMRF setup, zA = cross-

sectional area of working gap. Calculation of average normal magnetic force, nF  with respect to 

variable working gap, is calculated as 

n zF P A= +                                                                                                                                   (1.9) 
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where P = polishing pressure depending on the variation in magnetic flux density, zB . 

1.3.4.2 Force Analysis 

The knowledge of finishing forces is necessary for polishing any surface to control the 

process efficiently. Shorey et al. [31] showed that material removal significantly depends on shear 

stress rather than hydrodynamic pressure. Also, they associated normal force and drag force with 

the Preston coefficient. They reported that the nonmagnetic abrasive particles are driven towards 

the workpiece surface due to magnetic field gradient. They proved this phenomenon by measuring 

drag force and atomic force microscope scan. The material removal rate increases with the addition 

of abrasive particles. It is hypothesized that due to the addition of abrasive particles wear 

mechanism changed to three body wear mechanism from two body wear mechanism. A reduction 

in total drag force is observed with the increase in abrasive particle concentration.  

Kim et al. [79] found that levitation force also contributed to the material removal process 

by pushing the abrasive particles into the workpiece surface. Magnetic levitation force depends 

upon the volume of nonmagnetic body, intensity of magnetization and magnetic field gradient.  

DeGroote et al. [87] found that with the increase in nanodiamond concentration, the drag 

force/shear stress increases however with further addition in nanodiamond abrasive particles there 

is no increase in peak removal rate. It is also reported that with different glass materials the drag 

force required for material removal changes.  

Schinhaerl et al. [92] measured normal force in between workpiece surface and the 

finishing tool using a three-axis dynamometer for BK7 glass workpiece at different process 

parameters such as wheel speed, inductor current (magnetic field strength), pump speed (fluid flow 

rate) and immersion depth. The normal force primarily depends on immersion depth. They 

measured maximum normal force of 20 N.  

Miao et al. [89] measured normal force and drag force simultaneously using dual force 

sensor. They found that the measured normal force is dependent on material hardness. Their study 

also demonstrates that shear stress dominates the material removal more than the drag force. It has 

been also reported that shear stress should be kept above certain critical value to remove material.  
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Miao et al. [90] reported that shear stress does not depend on the nanodiamond 

concentration, penetration depth, magnetic field strength and relative velocity between the 

workpiece and the rotating MR fluid ribbon. Instead, it depends mainly on the mechanical 

properties of the material. Also, they reported that both drag force and normal force increase with 

the addition of nanodiamond particles and become steady with higher nanodiamond concentration.  

Sidpara and Jain [93] carried out an experimental investigation to measure the normal and 

tangential forces on the workpiece surface. For this study, four parameters are selected i.e. volume 

concentrations of CIPs, volume concentration of abrasive particles, working gap and wheel speed. 

Among all parameters, working gap and volume concentration of CIPs affect most significantly 

on the forces. Normal and tangential forces decrease with increasing working gap while these 

forces increase with increasing CIP concentration. Both normal and tangential forces decrease 

beyond 3.5% abrasive concentration.  

Sidpara and Jain [94] conducted a theoretical study on normal, tangential and squeezing 

force acting on the workpiece surface. They developed a normal squeeze force model. The 

theoretical models are validated with the experimental results for different working gaps, CIPs and 

abrasive concentration and wheel speed. It is found that the theoretical normal and tangential force 

model matches well with the experimental results while considering squeeze force as compared to 

without squeeze force.  

   Singh et al. [95] developed a model of finishing force acting on workpiece surface. The 

finishing force developed due to the bonding strength of MR polishing fluid and rotation of the 

finishing tool. The finishing force is composed of normal force and shear force.  

Sidpara and Jain [96] analyzed forces acting on the freeform surface by experimental as 

well as theoretical studies. They reported that mainly two type of forces, namely normal force and 

tangential force are involved during finishing. Normal force is applied on the abrasive particle 

through surrounding CIPs and this force is responsible for indentation on the workpiece surface. 

Tangential force generates due to the rotation of the finishing tool which helps in removing tiny 

chips from the workpiece surface. Components of normal force and tangential forces are taken into 

consideration in case of freeform surface due to the different angle of curvatures. Normal force 

includes magnetic levitation force and centrifugal force and on the other hand, tangential force 

includes shear force and Coriolis force. The process parameters considered in this study are angle 
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of curvature of the workpiece, tool rotational speed and feed rate. Both the magnitude of normal 

force and tangential force decrease with increasing angle of curvature however with the increase 

in tool rotational speed and workpiece feed rate these forces attain a maximum value and then 

decrease.  

1.4 Scope and Objectives of the Present Work 

 Surface of a component plays important role for its performance and life. The motivation 

behind the development of magnetic field assisted finishing (MFAF) process is to fabricate a 

simple polishing set-up for super finishing of flat as well as freeform surfaces by using a rotating 

MFAF polishing tool to achieve precise automatized finishing at nanometer level. To explore 

MFAF process with the developed MFAF polishing tool following objectives are considered. 

• To design and develop a polishing tool for MFAF process. Simulation study to optimize 

the dimension and design of the tool. Preliminary experimental study to analyze the 

capability of the developed tool to finish workpiece surface at nanometer level. 

• To generate optimum toolpath for automatic control of MFAF process to finish flat and 

freeform surfaces.  

• To synthesize MR fluid composition to obtain required surface finish and surface 

topography on the femoral component of knee implant made of Ti alloy. 

• Characterization of the finished Ti alloy surface to explore MFAF tool capability to 

produce implant worthy surface. Optimization of the process parameters to achieve best 

surface roughness and surface topography required for femoral component of knee implant. 

• Simulation and experimental investigation to explore finishing forces in MFAF process. 

Simulation of MFAF process to calculate the finishing forces. Statistical analysis to 

optimize process performance by controlling the finishing forces. 

• Nanofinishing of femoral knee implant with the developed MFAF polishing tool. The 

capability of MFAF tool to finish complex freeform surface to be analyzed and explored. 

The key process parameters of the MFAF process to be optimized to achieve minimum 

surface roughness. 

• The performance of MFAF finished surface to be analyzed with tribological study. A pin-

on-disc tribometer is utilized to carry out wear tests. 
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1.5 Organization of the Thesis 

 The thesis is organized into seven chapters with references. The introduction to the 

finishing processes and related literature review is introduced in the First chapter. The literature 

review of different finishing processes for freeform surfaces is mentioned. Also, the advanced 

finishing processes and magnetic field assisted finishing processes are discussed along with 

previous studies on the processes reported by different researchers. The literature survey related 

to MR fluid, workpiece material in the present work, mathematical modelling and force analysis 

of magnetic field assisted finishing process is presented.  

Design and development of MFAF polishing tool are discussed in Chapter 2. A simulation study 

is conducted to optimize the design and dimension of MFAF tool. A preliminary experimental 

study is also conducted to explore the capability of the MFAF tool to provide nanofinishing on Ti 

alloy surface. 

In Chapter 3, composition of MR fluid and toolpath is optimized regarding Ti alloy and its 

application as femoral knee implant. Different methods are used to analyze surface roughness, 

surface topography and surface chemistry of the Ti alloy surface before and after finishing with 

MFAF polishing tool. 

Surface characterization of the finished Ti alloy with 3D surface roughness parameters is discussed 

in Chapter 4. Central composite rotatable design (CCRD) of design of experiments (DOE) 

technique has been used to plan the experiments. Optimization of the process parameters of MFAF 

process is conducted to achieve necessary surface finish and surface topography for higher 

performance and longevity of femoral knee joint implant. Also, the effect of each process 

parameters on output responses are analyzed for better understanding of the finishing process. The 

finished surfaces are characterized by optical profilometer, field emission scanning electron 

microscope and atomic force microscope.  

In Chapter 5, finishing forces involved in MFAF process are discussed. MFAF process is 

simulated to calculate the finishing forces. The simulation study is then corroborated with the 

validation experiments. A material removal model is also simulated to predict the material 

dislodgement in MFAF process. Statistical analysis is carried out to find out the process parameter 

significance and change in finishing forces due to the difference in process parameters. 

TH-1987_126103024



Introduction and Literature Survey       30 
 

In Chapter 6, developed MFAF tool is used to finish femoral knee implant. The ability of the 

MFAF tool to provide uniform finishing along the curvature of freeform surface of a femoral knee 

implant is analyzed with the help of surface topography and surface roughness. A statistical 

analysis for better understanding of the process mechanism and to increase the process 

performance is carried out. An optical profilometer is used to characterize surface roughness and 

surface topography on the component surface.  

In Chapter 7, a tribological study is used to evaluate and compare the performance of MFAF 

finished surface with manually polished surface in respect to their application as femoral knee 

implant. The experimental results will help to understand in vivo performance of articulating 

surface of femoral knee implant finished using MFAF process. Pin-on-disc tribometer ascertains 

UHMWPE disc wear related to MFAF and manually finished Ti alloy grade 5 pin.  

Discussion about the conclusions and findings of the present work with future scope is presented 

in Chapter 8. The references are added at the end. 
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Chapter 2 Design and Fabrication of Novel 
Polishing Tool 

2.1 Introduction 

 During finishing of freeform surfaces, it is required that the MR fluid at the end of polishing 

tool should make a point contact with the workpiece surface. However, from literature survey, it 

is found that the uniform point contact finishing is very hard to achieve due to constraints related 

to the tool design and tool material while finishing freeform surfaces. To solve this particular 

problem, simulation and experimental studies are carried out to design and develop a novel 

polishing tool. 

A novel tool is designed and developed for precision MFAF process to finish freeform 

surfaces. A finite element analysis (FEA) based commercial software package Ansoft Maxwell® 

is used to determine the optimum tool shape and its dimension. A permanent magnet is used to 

provide the magnetic field in the finishing zone. The dimension of the permanent magnet is also 

determined using the same software. Later, an experimental study is carried out to ascertain the 

capability of the developed tool. The tool is designed to finish freeform surfaces uniformly and 

precisely over the entire workpiece surface. The tool is attached to a four-axis CNC milling 

machine to impart a high degree of freedom for better finishing capability. 

2.2 Design and Fabrication of Polishing Tool 

 The polishing tool consists of a permanent magnet and magnet holder. It is necessary to 

design an optimum tool to avail sufficient magnetic field in the finishing zone. Nd-Fe-B 

(Neodymium-Iron-Boron) of grade N48, a rare earth permanent magnet is considered. This magnet 

is selected due to its high magnetic strength. The optimum tool design for the MFAF process is 

carried out in two steps as discussed in the following subsections. In the 1st step, the dimension of 

the permanent magnet is determined and in the 2nd step, the dimension and geometry of the magnet 

fixture are determined. 
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2.2.1 Dimension of Permanent Magnet 

  To optimize the dimension of the permanent magnet, FEA simulation of the magnet is 

carried out. Cylindrical permanent magnet is considered for the current study to provide uniform 

polishing on the workpiece surface. The following assumptions are considered during FEA 

simulation: 

• The solver computes static magnetic field 

• All objects are stationary 

• The source of the magnetic field is a permanent magnet 

 Different combinations of the magnet diameter and the height of the cylindrical magnet are 

considered during simulation. The simulation set-up for this analysis is shown in Fig. 2.1(a). In 

this study, the distance between the magnet and the workpiece is kept fixed as 1.5 mm which is 

filled with MR fluid. A line is drawn along the magnet axis from the magnet tip to the workpiece 

surface at A. From point A another line is drawn up to point B at the workpiece edge as shown in 

Fig. 2.1(a). After simulation, the magnetic field distribution is plotted from point B along line BA 

(Fig. 2.1(a)). The magnetic field distributions are analyzed for all the probable designs which 

makes the basis for choosing optimum dimension of the magnet.  

  A parametric study is carried out to optimize the dimension of the permanent magnet 

during simulation. The two main features of the magnet dimensions, i.e. diameter and height of 

the magnet are considered. During simulation one parameter is kept constant while the other one 

is varied. Range of the diameter and height of the cylindrical magnet are varied between 5 to 20 

mm and 50 to 100 mm, respectively.  

  While determining the magnet height, diameter of the magnet is kept constant at 10 mm. 

The simulated results of distribution of magnetic flux density from point B along line BA (Fig. 

2.1(a)) are shown in  Fig. 2.1(b) for different magnet heights. From Fig. 2.1(b), it is observed that 

magnet height of different dimensions has an insignificant effect on magnetic flux density on the 

workpiece surface. Hence, the height of the magnet is chosen randomly as 70 mm.  
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(a) (b) 
 Fig. 2.1 (a) Schematic diagram of the computational domain during magnetic field 

simulation of the polishing tool and (b) distribution of magnetic flux density on workpiece 
surface along line BA for different magnet heights  

 After that, the diameter of magnet is determined by keeping magnet height fixed at 70 mm. 

Further, magnetic field distribution is simulated at different magnet diameter from 5 to 20 mm and 

is plotted in Fig. 2.2 from point A along line AB. From the magnetic field distribution shown in 

Fig. 2.2, it is observed that the magnetic flux density generated from the 5 mm diameter magnet is 

non-uniform. Also, 20 mm diameter magnet produces very less magnetic flux density on the 

workpiece surface unlike other magnets. Hence, magnets with diameters 10 & 15 mm are selected 

as they produce moderate magnetic flux density on the workpiece surface which is sufficient for 

the purpose of finishing as per literature [39]. Maximum magnetic flux density is observed at the 

center of the workpiece at point A and its magnitude decreases towards the farthest corner (point 

B) due to the edge effect. Magnetic field contour plot for both 10 and 15 mm diameter magnets 

are plotted in Figs. 2.3(a) & (b), respectively. 

2.3 Shape and Dimension of Magnet Holder  

 Ansoft Maxwell® is used to design the magnet fixture for holding the permanent magnet 

in its required position. At first, magnetic field distribution of a cylindrical permanent magnet is 

analyzed as given in Figs. 2.3 (a) & (b). After that, based on the distribution of the magnetic field 

as shown in Fig. 2.3, various probable configurations of the magnet fixtures are considered. Later, 

these configurations are simulated using Ansoft Maxwell® software to find out its optimum design 
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configuration after analyzing their magnetic field contour plots. The main objectives considered 

during designing of the magnet fixture are as follows: 

• The magnet fixture should encompass the permanent magnet firmly. 

• It should direct the magnetic flux lines in such a way that it should concentrate in the 

finishing zone avoiding its diversion away from the finishing zone. 

• The fixture should shield the magnetic field from outside environment so that MR fluid as 

well as any surrounding magnetic materials do not stick to the magnet fixture. 

 High permeable magnetic materials are generally used for magnetic shielding. The most 

common material used for magnetic shielding is mu-metal which is a nickel-iron based alloy. In 

the present study, mu-metal is used as the magnet fixture material.   

 
Fig. 2.2 Magnetic flux density plot along the line AB on the workpiece surface for different 

diameters of the magnet  

 To determine the maximum diameter and length of the magnet fixture, horizontal lines are 

drawn at different cross sections in the contour plot as shown in Fig. 2.3. The lines are drawn to 

find out the substantial amount of magnetic flux density around the magnet. After simulating 

possible lengths of each line, it is found that at the two pole tips and in the middle of the cross-

section of the magnet, the lengths of these lines are 20 mm and 15 mm, respectively for 10 mm 

diameter magnet. For 15 mm diameter magnet, these values are 25 and 20 mm, respectively. These 

lengths are considered as the diameter of the magnet fixture in those particular cross-sections 

which encompasses most of the magnetic field lines. 
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 To design the shape of the magnet fixture enclosing and holding the magnet during 

finishing, different configurations of the magnet holder are considered. The idea of different shapes 

is conceived from the contour plot of the magnetic flux distribution of a single cylindrical magnet 

(Fig. 2.3) so that all the substantial magnetic field lines can be enclosed and manipulated towards 

a certain direction. The initial dimension of the magnet fixture is taken from the previous 

simulation study as discussed in the previous paragraph. The objectives of the present study are  

• To find out the optimum shape of the magnet fixture which will produce maximum possible 

magnetic field on the workpiece surface. 

• To generate a circular magnetic field distribution for getting spherical / ball shaped MR 

fluid in the finishing zone so that point contact during finishing can be achieved. 

 
 

(a) (b) 
Fig. 2.3 Magnetic flux density contour plot of a 70 mm height permanent magnet having 

diameter (a) 10 mm and (b) 15 mm  

 The magnetic flux density on the workpiece surface and the shape of the magnetic field 

lines at the bottom of the magnet pole for different configurations of the magnet fixtures are 

simulated to select its optimum configuration. Ansoft Maxwell® is used to find out the shape of 

the magnetic flux distribution in the finishing zone so that the shape of MR fluid in the finishing 

zone can be anticipated since the carbonyl iron particles (CIPs) in MR fluid line up along the 

magnetic field lines. During simulation, the diameter and height of the permanent magnet are 

considered as 10 mm and 70 mm, respectively. The working gap between titanium workpiece and 

permanent magnet is kept as 1.5 mm which is filled with MR fluid.  

 The design of the 1st configuration of the magnet fixture is shown in Fig. 2.4(a). Figure 

2.4(b) shows the contour plot of magnetic flux distribution in the finishing zone which is ellipsoid 

Line drawn  
at the magnet  
pole  

Line drawn  
at magnet  
middle  
section  

Line drawn  
at the magnet  
pole  

Line drawn  
at magnet  
middle  
section  

TH-1987_126103024



Design and fabrication of a novel polishing tool      36 
 

in shape instead of required spherical one. The magnetic flux distribution on the workpiece surface 

from point A along line AB (Fig. 2.1(a)) for the above shape is shown in Fig. 2.5. The magnitude 

of the simulated magnetic field along line AB on the workpiece surface suggests that finishing is 

possible [39]. However, this configuration will not serve the required purpose as a polishing tool 

due to the ellipsoid shape of the magnetic flux distribution at the pole tip. Hence, it is discarded. 

  
(a) (b) 

Fig. 2.4 (a) Shape of the 1st configuration of the magnet fixture and (b) simulated magnetic flux 
distribution contour plot in the finishing zone  

 
Fig. 2.5 Distribution of magnetic flux density along line AB (Fig. 2.1(a)) for 1st configuration on 

workpiece surface 

 The design of the magnet fixture considered for the 2nd configuration is shown in Fig. 

2.6(a). Figure 2.6(b) shows the contour plot of magnetic flux distribution which provides a good 

spherical shape in the finishing zone better than the previous configuration. Figure 2.7 shows the 

magnetic flux density on the workpiece surface. The magnitude of the simulated magnetic field 

Magnet 

Mu-metal  
fixture 

TH-1987_126103024



37                                                                                      Magnetic field assisted finishing process 
 

from point A along line AB on the workpiece surface suggests that finishing is possible [39]. 

However, the main drawback of this configuration is that the available magnetic flux density on 

the workpiece surface is lesser than the previous configuration (Fig. 2.5). Hence, this configuration 

is also discarded. 

 
 

(a) (b) 
Fig. 2.6 (a) Shape of the 2nd configuration of the magnet fixture and (b) simulated magnetic flux 

distribution contour plot in the finishing zone 

 
Fig. 2.7 Distribution of magnetic flux density along line AB for 2nd configuration on workpiece 

surface 

 Figure 2.8(a) shows the design of the magnet fixture for 3rd configuration. Figure 2.8(b) 

shows the contour plot of the magnetic flux distribution. A good spherical shape is formed in the 

finishing zone for this configuration. The magnitude of the simulated magnetic flux density from 

point A along line AB on the workpiece surface is shown in Fig. 2.9 which is similar to the 1st 

configuration (Fig. 2.5) and it is sufficient to carry out finishing operation [39]. Hence, this 

configuration can be considered for polishing tool design. 
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(a) (b) 

Fig. 2.8 (a) Shape of the 3rd configuration of the magnet fixture and (b) simulated magnetic flux 
distribution contour plot in the finishing zone 

 
Fig. 2.9 Distribution of magnetic flux density along line AB (Fig. 2.1(a)) for 3rd configuration on 

workpiece surface 

 To explore further, another design (4th configuration) is considered (Fig. 2.10(a)). The 

difference between 3rd and 4th configurations is the end-shape of the magnet fixture which is 

spherical in the latter configuration. As shown in Fig. 2.10(b), the contour plot of the magnetic 

flux distribution in the finishing zone is spherical. The magnitude of the simulated magnetic flux 

density on the workpiece surface from point A along line AB is shown in Fig. 2.11 and its 

magnitude is higher than all other previous configurations. Hence, the 4th configuration of the 

magnet fixture is selected in the present study after exploring all four fixture configurations. The 

4th configuration of the magnet fixture can achieve finishing spot at a point on any kind of freeform 
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surfaces. The maximum available magnetic flux density on the workpiece surface during the 

simulation study is 0.4 Tesla. 

 

                                     

              
    (a) (b) 

Fig. 2.10 (a) Shape of the 4th configuration of the magnet fixture and (b) simulated magnetic flux 
distribution contour plot in the finishing zone 

  
Fig. 2.11 Distribution of magnetic flux density along line AB (Fig. 2.1(a)) for 4th configuration 

on workpiece surface 

2.4 Experimentation 

 A magnet fixture is fabricated based on optimum design configuration (4th configuration, 

Fig. 2.10(a)) as shown in Fig. 2.12. The mu-metal magnet holder along with permanent magnet is 

attached to a milling machine. The working gap between the tool and the workpiece is kept as 1.5 

mm. The magnetic field intensity is measured at different points on the workpiece surface (A-at 

the center of the workpiece along the axis of the magnet fixture, B-below the edge of the magnet 

fixture on workpiece surface and C-at the workpiece edge as shown in Fig. 2.12) using digital 

Gaussmeter. Aluminium is considered as workpiece material during magnetic field measurement 
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and during simulation. The experimentally measured magnetic field at those points are compared 

with the simulated results.  

 
Fig. 2.12 Magnet holder along with aluminium workpiece showing magntic field measurement 

positions 

 The experimental setup is shown in Fig. 2.13. The developed novel polishing tool is 

attached to a 4-axis CNC milling machine head. The mu-metal tool is holding a cylindrical 

permanent magnet (Nd-Fe-B of grade N48) of dimension 15×70 mm. Coercive force (Hc) and 

relative permeability of the permanent magnet is 10.5 kOe and 1.33, respectively. A precision vice 

is used to hold the workpiece during finishing as shown in Fig. 2.13(a).  

 At first, the magnetorheological (MR) polishing fluid is prepared by mixing 40 Vol.% of 

carbonyl iron particles (CIPs) of EN grade from BASF, Germany and 3.5 Vol.%  of diamond 

abrasive particles (diameter 6 μm) in a base medium (56.5 Vol.%) of hydrofluoric acid (HF), nitric 

acid (HNO3) and distilled water [97]. To make the finishing process automated, a CNC tool path 

is generated to guide the tool during finishing. The experimental conditions during finishing are 

provided in Table 2.1. The surface roughness of the workpiece is measured with the help of a non-

contact type optical profilometer (Taylor Hobson Talysurf) before and after experiments. Also, the 

surface topography of the workpiece surface before and after experiment is inspected using 

profilometer and atomic force microscope (AFM).  
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              (a)                    (b) 
Fig. 2.13 (a) MFAF experimental setup and (b) developed novel polishing tool 

Table 2.1 Experimental conditions during MFAF 
Parameter Conditions 
Rotational speed of the tool 1200 rpm 
Working gap between tool and workpiece  0.8 mm 
Finishing time 6 hrs. 30 min 

2.5 Results and Discussion 

 Table 2.2 shows the experimentally measured and simulated magnetic flux density at 

different points on the workpiece surface which shows a close agreement between these values. 

Hence, the simulated results can be utilized to design polishing tool for this particular setup. The 

small difference between the simulated and experimental results may be due to the effect of 

surrounding environment. During simulation, the surrounding environment is considered as 

vacuum, however, during experiment the polishing tool is surrounded by magnetic materials in the 

milling machine which may affect the measured magnetic field. 
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Table 2.2 Measured and simulated magnetic flux density at points A, B and C (Fig. 2.12) 
Measured 

points 
Magnetic Flux Density (T) 

From 
simulation 

Experimentally 
measured 

A 0.10 0.10 
B 0.40 0.30 
C 0.04 0.01 

 The initial surface roughness of the titanium workpiece is 180 nm. After finishing using 

the polishing tool the measured surface roughness of the titanium workpiece surface is 10 nm. The 

percentage change in surface roughness (%Δ Ra) is 94.44%. Figure 2.14(a) shows the initial 

surface roughness profile and Fig. 2.14(b) shows the initial surface topography of the titanium 

workpiece which shows that there are deep scratch marks. Figure 2.16(a) shows the initial AFM 

surface topography of the titanium workpiece which shows surface undulations on the workpiece 

surface. The peak to valley heights are high in the initial surface roughness profile (Fig. 2.14(a)). 

Also, in the AFM figure, deep valleys are visible (Fig. 2.16(a)). Figure 2.15(a) shows the final 

surface roughness profile and Fig. 2.15(b) shows the final surface topography of the polished 

titanium workpiece surface. Figure 2.16(b) shows the final AFM surface topography of the 

polished titanium workpiece surface. After finishing by MFAF process, very smooth mirror like 

surface is achieved as shown in Fig. 2.15(b) and Fig. 2.16(b) where the peak to valley heights are 

reduced extensively. Figure 2.15(b) shows small peaks and valleys in the final surface instead of 

the scratch marks on the initial surface (Fig. 2.14(b)). Also, in the final AFM surface topography 

(Fig. 2.16(b)), the deep valleys are reduced. 

 
(a) 
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(b) 

Fig. 2.14 Initial (a) surface roughness profile and (b) surface topography of titanium workpiece 
from optical profilometer 

 

 
(a) 

 
(b) 

Fig. 2.15 Final (a) surface roughness profile and (b) surface topography of titanium workpiece 
from optical profilometer 
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                              (a)                                  (b) 
Fig. 2.16 (a) Initial and (b) final surface topography of titanium workpiece after MFAF from 

atomic force microscope 

2.6 Summary 

 A polishing tool is designed and developed in the current study to finish freeform surfaces. 

The tool consists of a permanent magnet and a magnet holder. Finite element analysis, using 

commercial software package, Ansoft Maxwell® is used for the simulation study to find out the 

optimum design configuration and dimension of the tool for achieving better finishing 

characteristics. Mu-metal is chosen as a material for magnet holder due to its excellent magnetic 

field shielding property. The maximum achieved magnetic flux density on the workpiece surface 

is 0.4 Tesla which is sufficient enough to carry out the finishing process. Hence, the developed 

novel tool can be used as a polishing tool for MFAF process. Finishing experiments are carried 

out to find out the capability of the developed tool for MFAF process. The final surface roughness 

value obtained after finishing a titanium workpiece is 10 nm from its initial surface roughness 

value of 180 nm and the percentage change in surface roughness is very impressive (94.44%). The 

finishing results are very satisfactory and the developed MFAF process will be utilized to finish 

freeform biomedical components. 
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Chapter 3 MR fluid synthesis and toolpath 
generation 

3.1 Introduction 

 In medical industry, commercially pure titanium and titanium alloys are used to make 

surgical implants due to its bio-compatibility. Titanium (Ti) alloys are generally referred to as bio-

titanium alloy in many literatures due to its application in bio-medical industries and it is 

extensively used to make artificial knee joint, artificial hip joint, dental implants, bone plates etc. 

The performance of the implant largely depends upon its surface morphology. Two types of 

implant i.e. permanent and semi-permanent are largely used in human body. Also, there are some 

implants in which relative motion between two components occurs. Hip and knee implants are 

such type of implants where femoral component experiences relative motion due to the joint 

motion. Now depending upon different applications of the implant, the requirement for surface 

roughness and surface texture are also different. The attachment of the implant with the biological 

tissue and bone deeply depends on the surface roughness of the implant [98]. The surface of the 

permanent implant should be rougher than the surface of the semi-permanent implant and also than 

other implants such as femoral components of knee and hip implants etc. Also, the micro pits and 

scratch marks on the surface of the permanent implants promotes osseointegration i.e. interaction 

between bone and implant. Hence, in case of permanent implants, the required surface roughness 

is higher than the other type of implants. 

 Surface wettability is another important criterion for implant performance. The biological 

response around the implant is not only affected by surface roughness and surface texture but also 

wettability of surface plays an important role [99]. Depending upon the implant application, 

requirement of surface wettability changes. Contact angle between liquid and solid surface is 

usually measured to study surface wettability. Small contact angle (< 90º) means hydrophilic 

surface (high wettability) and large contact angle (> 90º) implies hydrophobic surface (low 

wettability) [100]. Figure 3.1 shows the schematic diagram of contact angle between solid and 

liquid. Hydrophilic implant surfaces are prone to increased cell attachment than the hydrophobic 
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implant [101]. Hence, the surface of the permanent implants should be hydrophobic and the surface 

of the semi-permanent and other implants like femoral components of knee and hip implant should 

be hydrophilic in nature. Another important criterion of implant surface is its capability to enhance 

bio-activity. The formation of oxide layer on the implant surface has an important application. The 

oxide layer formation helps to limit the bacteria growth on the implant surface [98]. Also, it 

promotes bio-activity of the implant [62]. 

 

 

 

Fig. 3.1 Schematic diagram of contact angle between solid and liquid droplet 

 Different MR fluids are synthesized by changing MR fluid compositions for generating 

different surface morphology on the components surface while polishing of Ti alloy. The generated 

surface after finishing with different MR fluids are analyzed with different techniques to 

characterize surface morphology on the components surface. The surface roughness, surface 

topography, surface wettability and formation of oxide layer before and after finishing are studied.  

 Two different toolpaths are also generated to finish Ti alloy surface to select the optimum 

toolpath. The selection of optimum toolpath is based on the comparative study of the generated 

surface roughness and surface topography after finishing with both the toolpaths.  

3.2 Experimental Investigation  

 Schematic diagram of MFAF tool is shown in Fig. 3.2(a). EN grade CIPs with mean 

diameter of 8 µm from BASF, Germany and diamond abrasive powder of size 6 µm is used to 

make the MR polishing fluid. Figures 3.2(b) and (c) show the field emission scanning electron 

microscope (FESEM) image of the CIPs (spherical shape) and diamond abrasive particles (random 

shape).  

 From preliminary experiments, it is found that only abrasive particle is not sufficient to 

finish titanium alloy. Hence, CIPs and diamond abrasive powder are dispersed in an acidic base 

medium. Specific composition of various acidic base medium is very important to generate 
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different surface morphology on the workpiece required in implants as discussed earlier. Hence, 

to efficiently finish the Ti alloy at the nanometer level, two types of acidic base medium are 

prepared.  

 

                          
                        (b) 

                          
    (a)                           (c) 

Fig. 3.2 (a) Schematic diagram of MFAF tool with attached MR fluid, (b) carbonyl iron particles 
of EN grade (BASF, Germany) at 1 kX magnification and (c) diamond abrasive particle of 6 µm 

size at 5 kX magnification 

 The first acid base medium comprises of hydrofluoric acid (HF), nitric acid (HNO3) and 

deionized water. HF helps in softening the surface while HNO3 helps to brighten the surface. The 

chemical reaction between titanium and acid base medium is shown in Eq. (3.1). 

23 6 2 2H TTi+6H iF +4NOF+4HNO +4H O→  (3.1) 

 The chemical reaction generates hexafluorotitanic acid, nitrogen oxide and water. Hence, 

HF becomes stable during finishing. Hydrogen (H2) embrittlement of the workpiece is eliminated 

during finishing due to no generation of H2 gas. The second acid base medium comprises of 

hydrogen peroxide (H2O2) in deionized water. H2O2 helps the abrasive particles during finishing 

by dissolving the metallic surface of the workpiece. The respective chemical reaction is shown in 

Eq. (3.2). 
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2 2 22 TiOTi+2H O +2H O→  (3.2) 

 The chemical reaction generates titanium dioxide which helps in promoting oxide layer 

during finishing. Glycerol is added to both of the fluids to increase MR fluid viscosity. It acts as a 

stabilizer which helps to disperse CIPs uniformly avoiding agglomeration. It also helps to prevent 

sedimentation. Deionized water is used instead of distilled water to prevent corrosion in the MR 

polishing fluid. A laboratory stirrer is used to prepare MR fluid by mixing CIPs and diamond 

abrasive particles in the base medium. MR fluid of Type – I is prepared with CIPs and abrasive 

particles in base medium of HF, HNO3 and deionized water. MR fluid of Type – II is prepared 

with CIPs and abrasive particles in base medium of H2O2 and deionized water. The concentration 

of each constituent in MR fluid is given in Table 3.1 for both the fluid. 

Table 3.1 Composition of MR fluid of Type - I & Type – II  

Constituents of MR fluid Vol. concentration (%) 
Type - I Type - II 

CIP 40 40 
Diamond abrasive 7.1 7.1 
Glycerol 8 8 
Hydrofluoric acid (HF) 1.17 ---- 
Nitric acid (HNO3) 2.33 ---- 
Hydrogen peroxide (H2O2) ---- 1.3 
Deionized water 41.1 43.6 

 

 The experimental conditions such as tool rpm, polishing load, finishing time and working 

gap are provided in Table 3.2 and are kept same for all the experiments. The polishing load is 

measured using piezoelectric based dynamometer during finishing and is discussed in details in 

Chapter 5. The rpm of the tool is set using CNC milling machine. 

Table 3.2 Experimental process parameters and their values 
Process parameters (unit) Value 
Rotational speed of the tool (rpm) 1200 
Working gap between tool and workpiece (mm) 1 
Finishing time (hours) 6 hrs. 30 min 
Polishing load (N) 1.02 

 To find optimum toolpath, MR fluid of Type-I is used as the polishing medium. The model 

of the titanium alloy workpiece is first generated in a CAD software. After that, the CAD model 
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is imported in a CAM based sprutcam® software where different types of toolpaths are generated 

according to the requirement. Two toolpaths i.e. spiral and parallel toolpath are considered to find 

out their effect on final surface roughness and surface texture.  

 Figure 3.3(a) shows the generated spiral toolpath. The MFAF tool follows the spiral 

toolpath and also rotates around its axis during finishing. Hence, the tool experiences only 

rotational motion during finishing process as shown in Fig. 3.3(b). Figure 3.4(a) shows the MFAF 

toolpath along with abrasive track. Figure 3.4(b) shows the abrasive particle motion due to the 

rotational motion of the tool along its axis for spiral toolpath. In this case, the abrasive particles 

experience centrifugal force (Fcfg) and also tangential force (Ft) as shown in Fig. 3.4(b).  

 

 

 
(a) (b) 

Fig. 3.3 (a) Generated spiral toolpath and (b) tool motion during finishing process with spiral 
toolpath  

 

 

 

                             (a)            (b) 
Fig. 3.4 Pictorial depiction of (a) MFAF tool motion and (b) abrasive particle motion due to 

rotational motion of the tool along its axis on a spiral toolpath 

 Figure 3.5(a) shows the generated parallel toolpath along with the MFAF tool. The MFAF 

tool follows the parallel toolpath during finishing process. MFAF tool also rotates around its axis 

during finishing. Hence, the tool experiences both rotational motion and translational motion 
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during finishing as shown in Fig. 3.5(b). Figure 3.6(a) shows the MFAF toolpath along with 

abrasive track. Figure 3.6(b) shows the abrasive particle motion due to both rotational and 

translational motion of the tool during parallel toolpath. In parallel toolpath, abrasive particles 

experience feed force (Ff), centrifugal force (Fcfg) and tangential force (Ft) as shown in Fig. 3.6(b). 

A preliminary experimental study is carried out to explore the process and to identify the key 

process variables and the range of process variables.  

 
 

 

 
 
 

(a) (b) 
Fig. 3.5 (a) Generated parallel toolpath and (b) tool motion during finishing process with parallel 

toolpath 

 
 

                             (a)            (b) 
Fig. 3.6 Pictorial depiction of (a) MFAF tool motion and (b) abrasive particle motion due to 

rotational motion of the tool along its axis and also translational motion of the tool for parallel 
toolpath 

3.3 Results and Discussion 

 The effect of different MR fluid on surface roughness, surface topography and wettability 

is discussed and explored in this section. The formation of oxide layer during finishing is analyzed 
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using EDX. Also, to explore the effect of different toolpath the initial and finished surface 

roughness and surface topography of the Ti alloy is inspected. The wettability of the surface is 

inspected using sessile method of contact angle measurement using goniometer.  

3.3.1 Effect of Different MR Fluid on Surface Roughness and Surface 

Topography 

 Both surface roughness and surface topography are very important parameters in case of 

implant materials. Implant performance and life mostly depend upon the implant surface 

morphology. Now, after finishing titanium with two types of MR fluid different surface roughness 

and surface topography are achieved. As stated earlier, permanent and semi-permanent implants 

require different type of surface finish as well as surface topography. Also, if implant performance 

includes relative motion such as femoral knee implant the requirement of surface roughness and 

surface topography is same as semi-permanent implant. The effect of both type of MR fluid on 

surface roughness and surface topography is discussed below.  

3.3.1.1 MR Fluid of Type - I 

 Figures 3.7(a) and (b) show surface topography of titanium workpiece before and after 

finishing with MR fluid of Type – I. As shown in Fig. 3.7(a), the initial surface shows deep valleys, 

pits along with scratch marks. In the final surface topography (Fig. 3.7(b)), the surface becomes 

smoother and fewer deep valleys are present than the initial surface.  

  
(a) (b) 

Fig. 3.7 3D surface topography of Ti alloy workpiece surface (a) before and (b) after polishing 
with MR fluid of type – I 

Scratch marks 
Pits 

Pits 

Deep valleys 
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 Figures 3.8(a) and (b) show the surface roughness profiles before and after finishing, 

respectively. The final surface roughness is reduced to 10 nm from its initial value of 560 nm 

having very high percentage improvement in the surface roughness of 98.21%. The percentage 

change in surface roughness is calculated as %ΔRa = (initial Ra – final Ra) ×100 / initial Ra.  

Figures 3.9(a) and (b) show the FESEM images of initial and final surfaces of the workpiece at 

1000X magnification. Figure 3.9(a) shows that the initial surface is riddled with scratch marks. 

However, the final surface (Fig. 3.9(b)) shows a smoother surface with very less amount of 

remaining scratch marks. The obtained surface roughness (10 nm) is very impressive and it is as 

par requirement of the implant surface roughness of semi-permanent implant material according 

to ISO 7207-2:2011 [102]. The surface roughness of the finished component is very low (10 nm) 

and mirror finished surface is achieved with a lower number of micro-pits than the initial surface. 

According to the literature survey, these type of surface is not good for osseointegration. As 

osseointegration is a very important in vivo criteria for the permanent implants in human body 

[104]. Hence, MR fluid of Type – I is not a proper combination of acidic polishing medium with 

regards to osseointegration for permanent implants. It is better suited for finishing semi-permanent 

implant and femoral components of knee and hip prosthetics.  

 
(a) 

 
(b) 

Fig. 3.8 2D surface roughness profile of Ti alloy workpiece surface (a) before and (b) after 
polishing with MR fluid of type – I 

 

 

Ra=10 nm 
 

Ra=560 nm 
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(a) (b) 

Fig. 3.9 FESEM images of Ti alloy workpiece surface (a) before and (b) after polishing with MR 
fluid of type – I 

3.3.1.2 MR Fluid of Type - II 

 Figures 3.10(a) and (b) show the workpiece surface topography before and after finishing, 

respectively with MR fluid of Type – II. As shown in Fig. 3.10(a), the initial surface shows deep 

valleys and deep scratch marks. In the final surface topography (Fig. 3.10(b)) scratch marks and 

the presence of deep valleys are reduced. Figures 3.11(a) and (b) show the surface roughness 

profile of initial and final surfaces, respectively. The initial surface roughness of 640 nm is reduced 

to 70 nm in the finished workpiece having percentage improvement in surface roughness of 

89.06%. Figures 3.12(a) and (b) shows the FESEM images of initial and final surfaces, 

respectively at 1000X magnification. The initial surface is riddled with scratch marks as shown in 

Fig. 3.12(a). Final surface (Fig. 3.12(b)) has some scratch marks although it is reduced than the 

initial surface. The obtained surface roughness (70 nm) is good however it is higher than the Ti 

alloy workpiece finished with MR fluid Type – I. In case of permanent implants, the required 

surface roughness is higher than the other type of implants. Hence, the higher surface roughness 

is better in this particular case. The achieved surface topography with micro-pits and matte finish 

is good for osseointegration according to the literature [104]. Hence, MR fluid of Type – II is better 

suited to finish permanent implants. 

 

Scratch marks 
 

Scratch marks 
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(a) (b) 
Fig. 3.10 3D surface topography of Ti alloy workpiece surface (a) before and (b) after polishing 

with MR fluid of type – II 

 
(a) 

 
(b) 

Fig. 3.11 2D surface roughness profile of Ti alloy workpiece surface (a) before and (b) after 
polishing with MR fluid of type – II 

  
(a) (b) 

Fig. 3.12 FESEM images of Ti alloy workpiece surface (a) before and (b) after polishing with 
MR fluid of type – II 
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3.3.2 Effect of Different MR Fluid on Wettability of Workpiece 

 Contact angle measurement is carried out to find out the wettability of finished surface.  

Figure 3.13(a) shows the contact angle measurement on the initial surface. As shown in the Fig. 

3.13(a), the measured contact angle is 85.7° which is less than 90o. Hence, the initial surface is 

hydrophilic in nature. Figure 3.13(b) shows that the contact angle measurement on the final surface 

after finishing with MR fluid of Type – I. The measured contact angle is 77.5° which is less than 

90o and it proves that the surface finished with MR fluid of Type – I is hydrophilic in nature. Figure 

3.13(c) shows the measured contact angle on the final surface after finishing with MR fluid of 

Type – II. The measured contact angle is 98.1° which is more than 90o and it proves that the surface 

finished using MR fluid of Type – II is hydrophobic in nature.   

 
(a) 
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(b) 

 
(c) 

Fig. 3.13 Contact angles formed by sessile liquid drop on workpiece surface (a) before finishing; 
workpiece surface after finishing by MR fluid of (b) Type I and (c) Type II 

The contact angle measurement study reveals that after finishing with MR fluid of Type – 

I the obtained surface is hydrophilic in nature. However, after finishing with MR fluid of Type – 

II, the obtained surface is hydrophobic in nature. According to literature survey [105], hydrophobic 

surface is prone to better osseointegration than hydrophilic surface. Hence, from wettability study 
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it can be concluded that MR fluid of Type – I is better suited to finish semi-permanent implants 

while for finishing permanent implant MR fluid of Type – II is a better choice. 

3.3.3 Formation of Oxide Layer on Workpiece Surface 

 The composition of the Ti alloy is analyzed using EDX before and after finishing (Fig. 

3.14). The weight percentage of titanium in the initial workpiece (Fig. 3.14(a)) is 77.7% making it 

the primary element. The percentage of oxygen is zero implying that there is no oxide layer on the 

surface. After finishing with MR fluid of Type – I, the workpiece composition (Fig. 3.14(b)) shows 

presence of oxygen (12.8 wt%). The composition of finished workpiece using MR fluid of Type – 

II is shown in Fig. 3.14(c). It also confirms the presence of oxygen (10.9 wt%). The presence of 

oxygen on the workpiece surface in both cases implies that the formation of oxide layer during 

finishing. Hence, in MFAF process, oxide layer forms on the finished surface which is important 

for the implant’s performance as it promotes bio-activity and also restricts the bacterial growth on 

the implant surface.   

  
(a) (b) 

 
(c) 

Fig. 3.14 EDX analysis for composition of workpiece surface (a) before finishing; Composition 
of workpiece surface after finishing by MR fluid of (b) Type I and (c) Type II 
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The chemical reaction between MR fluid of Type – I (having HF and HNO3) and Ti alloy 

workpiece surface is much more aggressive than the reaction with MR fluid of Type – II (having 

H2O2). More softening of the workpiece surface occurs with MR fluid of Type – I than MR fluid 

of Type – II. Due to this more material removal and further easy removal of initial scratch marks 

by the abrasive particles occur which results in better surface finish while finishing using MR fluid 

of Type – I than MR fluid of Type – II. Therefore, MR fluid of Type – I provides smoother surface 

than MR fluid of Type – II. Hence, the measured contact angle on the surface finished with MR 

fluid of Type – I is less than the surface finished with MR fluid of Type – II.   

3.3.4 Comparison of Experimental Results Using Different Toolpaths 

 Total three experiments are carried out for each toolpath for the comparison between the 

two toolpaths to ensure repeatability. Same experimental conditions (1200 tool rpm, 0.8 mm 

working gap and 6 hrs.30 min finishing time) are considered for both the toolpaths. Experimental 

results for both toolpaths are shown in Table 3.3.  

 Table 3.3 Experimental results for parallel and spiral toolpath  
No. of 

experiments 
Spiral toolpath  Parallel toolpath 

Initial Ra Final Ra %ΔRa  Initial Ra Final Ra %ΔRa 
1 0.16 0.06 62.50  0.15 0.01 93.33 
2 0.14 0.04 71.42  0.13 0.02 84.61 
3 0.34 0.11 67.64  0.12 0.01 91.67 

 The %ΔRa is higher in case of parallel toolpath for all three experiments as compared to 

spiral toolpath. Also, in case of parallel toolpath the range of obtained final surface roughness (10 

nm–20 nm) is better than the spiral toolpath (60 nm–110 nm). Figure 3.15 shows the surface 

roughness profiles of workpiece surfaces before and after finishing using spiral toolpath. The deep 

valleys and high peaks in the initial surface roughness profile (Fig. 3.15(a)) is considerably 

decreased in the final surface roughness profile (Fig. 3.15(b)). Figure 3.16 shows the surface 

roughness profiles of workpiece surfaces before and after finishing using parallel toolpath. The 

final surface roughness profiles (Fig. 3.16(b)) show less number of high peaks than surface 

roughness profile obtained using spiral toolpath (Fig. 3.15(b)). After analyzing all the experimental 

results for both the toolpaths, it is clear that parallel toolpath produces higher %ΔRa than spiral 

toolpath. Also, the final surface roughness obtained due to parallel toolpath is in the range of 10 to 

20 nm, which is a very good surface finish for biomedical application according to ISO 7207-
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2:2011 [102]. Also, surface roughness profiles obtained after finishing with both the toolpath 

shows that parallel toolpath (Fig. 3.16) is better than the spiral toolpath (Fig. 3.15).   

(i) 

  

(ii) 

  

(iii) 

  
 (a) (b) 

Fig. 3.15 Surface roughness profiles (wavelength cut-off–8 µm) of Ti alloy workpieces using 
spiral toolpath (a) before and (b) after finishing for (i) 1st, (ii) 2nd and (iii) 3rd experiment (Table 

3.3) 

(i) 

  

(ii) 

  

(iii) 

  
 (a) (b) 

Fig. 3.16 Surface roughness profiles (wavelength cut-off–8 µm) of Ti alloy workpieces using 
parallel toolpath (a) before and (b) after finishing for (i) 1st, (ii) 2nd and (iii) 3rd experiment (Table 

3.3) 

 After conducting all six experiments, the best result for spiral toolpath (Exp. No. 2 in Table 

3.3) and parallel toolpath (Exp. No. 1 in Table 3.3) are considered to compare the finished surfaces. 

Figures 3.17(a) and (b) show the initial and final surface topography of the titanium workpiece 

obtained using optical profilometer. Figure 3.17(b) is the best surface obtained after finishing with 

spiral toolpath. As shown in the Fig. 3.17(a) initial area surface roughness (Sa) value is 150 nm 

and in Fig. 3.17(b) the final area surface roughness (Sa) value is 50 nm. Hence, the percentage 

change in area surface roughness is 66.67%. The final surface topography (Fig. 3.17(b)) shows 

Ra = 0.16 µm Ra = 0.06 µm 

Ra = 0.14 µm Ra = 0.04 µm 

Ra = 0.19 µm Ra = 0.08 µm 

Ra = 0.15 µm Ra = 0.01 µm 

Ra = 0.13 µm Ra = 0.02 µm 

Ra = 0.11 µm Ra = 0.01 µm 
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reduced scratch marks than the initial surface topography (Fig. 3.17(a)). Figures 3.18 (a) and (b) 

show initial and final surface topography of the Ti alloy workpiece when parallel toolpath is used. 

Figure 3.18(b) is the best surface obtained after finishing with parallel toolpath. The initial area 

surface roughness (Sa) value is 175 nm as shown in the Fig. 3.18(a) and in Fig. 3.18(b) the final 

area surface roughness (Sa) value is 12.74 nm. Hence, the percentage change in area surface 

roughness is 92.72% in case parallel tool path which is much higher than the spiral toolpath 

(66.67%). The final surface topography (Fig. 3.18(b)) obtained after using parallel toolpath is free 

from deep scratch marks and the achieved surface topography is better than the final surface 

topography obtained from spiral toolpath (Fig. 3.17(b)). After comparing 3D final surface 

topographies (Fig. 3.17(b) and Fig. 3.18(b)) for both the toolpaths, it is observed that the parallel 

toolpath generates better surface topography than spiral toolpath.  

  
(a) (b) 

Fig. 3.17 Best 3D surface topography image (i.e. optical profilometer image) of (a) initial and (b) 
final of Ti alloy workpiece after finishing using spiral toolpath (Exp. No. 2 in Table 3.3) 

  
(a) (b) 

Fig. 3.18 Best 3D surface topography image (i.e. optical profilometer image) of (a) initial and (b) 
final of Ti alloy workpiece after finishing using parallel toolpath (Exp. No. 1 in Table 3.3) 

 Figures 3.19(a) and (b) show the atomic force microscope (AFM) images of the workpiece 

surface before and after finishing while employing spiral toolpath. The AFM image of the initial 

Sa = 50 nm Sa = 150 nm 

Sa = 12.74 nm Sa = 175 nm 
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surface (Fig. 3.19(a)) shows valleys, peaks and scratch marks. The AFM image after finishing 

(Fig. 3.19(b)) shows few remaining scratch marks on the finished surface although the rest of the 

surface is highly polished. Figures 3.20(a) and (b) show the best AFM images of the workpiece 

surface before and after finishing when parallel toolpath is employed. The AFM image of the initial 

surface (Fig. 3.20(a)) shows deep valleys and high peaks. However, after finishing, the AFM image 

(Fig. 3.20(b)) shows uniformly finished surface without any prominent scratch marks. Figures 

3.21(a) and (b) show the FESEM images at 1000X magnification of the workpiece surface before 

and after finishing when spiral toolpath is used. The scratch marks in the final surface (Fig. 3.21(b)) 

are reduced. Figures 3.22(a) and (b) show the FESEM images at 1000X magnification of the 

workpiece surface before and after the finishing when parallel toolpath is used. The deep scratch 

marks on the initial surface vanish (Fig. 3.22(a)) in the final surface (Fig. 3.22(b)). Also, the final 

surface texture (Fig. 3.22(b)) obtained from the parallel toolpath has fewer scratch marks and 

smoother than the final surface texture obtained from the spiral toolpath (Fig. 3.21(b)). Hence, 

after analyzing surface textures for both toolpaths, it is clear that parallel toolpath is better suited 

for polishing Ti alloy in the present study. 

 
 

(a) (b) 
Fig. 3.19 Best AFM images of (a) initial and (b) final surface obtained using spiral toolpath 

(Exp. No. 2 in Table 3.3)  

  
(a) (b) 

Fig. 3.20 Best AFM images of (a) initial and (b) final surface obtained using parallel toolpath 
(Exp. No. 1 in Table 3.3) 
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(a) (b) 

Fig. 3.21 Best FESEM images at 1000X magnification of (a) initial and (b) final surface 
obtained using spiral toolpath (Exp. No. 2 in Table 3.3)    

  
(a) (b) 

Fig. 3.22 Best FESEM images at 1000X magnification of (a) initial and (b) final surface 
obtained using parallel toolpath (Exp. No. 1 in Table 3.3) 

3.4 Summary 

 Different types of surfaces are generated using two types of MR fluid on Ti alloy. The 

generated surface morphologies are studied and analyzed in relation to the implant surfaces. The 

obtained surface roughness after finishing with MR fluid of Type – I is 10 nm (having %ΔRa of 

98.21%) and with MR fluid of Type – II is 70 nm (having %ΔRa of 89.06%). The finished surface 

with MR fluid of Type – II has more number of pits and valleys than the surface finished with MR 

fluid of Type – I as observed from surface topography. From wettability study, it is found that the 

surface finished with MR fluid of Type – I is hydrophilic in nature while with MR fluid of Type – 

II is hydrophobic. The conclusions drawn from the experimental study is as follows:  

• The surface characteristics obtained from MR fluid of Type – I is better suited for semi-

permanent type of implants or implants which partake in relative motion like femoral part 

of knee joint and hip joint.  
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• MR fluid of Type – II is better suited for permanent implants like dental implants. It is 

better suited to finish permanent implants as it provides better chance of osseointegration. 

• The formation of oxide layer on the finished surface is observed which enhances the bio-

compatibility of the implant.  

• The necessary implant surfaces can be generated depending upon the requirements with 

the help of specific composition of MR fluid.    

 Spiral and parallel toolpath are generated using sprutcam® software to find out the 

appropriate toolpath to finish the workpiece. From the experimental studies, it is found that parallel 

toolpath gives the best surface finish, surface topography and as well as surface texture. Final 

surface roughness obtained after using parallel toolpath is 10 nm. The obtained surface roughness 

is sufficient enough for biomedical application of Ti alloy according to literature survey. The 

surface topography and surface texture show reduced surface roughness and scratch marks when 

the surface is finished with parallel toolpath. Hence, in MFAF process parallel toolpath performs 

better than spiral toolpath while finishing Ti alloy at the nanometer level.  
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Chapter 4 Characterization of 3D surface 
parameters of finished surface  

4.1 Introduction 

 Nowadays, 3D surface parameters (according to ISO 25178-605 [106]) are widely used to 

understand and interpret surface topography due to the 3D nature of the surface. Surface 

topography is a very important feature for different types of implant materials. Surface topography 

and surface texture are the key controlling elements to increase the lifespan and performance of 

implants. Implants performance and longevity can be improved by finishing the implant surface 

up to nanometer level having particular surface topography. In the present study, one height 

parameters (Sa) and three functional parameters (Spk, Sk and Svk) are considered. The parameters 

are selected on the basis of their significance concerning implant material. The significance of the 

surface parameters concerning femoral knee joint implant is explained below. 

Sa: Sa is arithmetic mean of absolute height in the measured sampling area. Sa gives the general 

idea of surface texture [107]. From Sa values the general idea of the knee implant surface 

topography is attainable. Low Sa value generally implies better surface finish. However, only Sa 

values are not sufficient to define a surface as it does not differentiate between peaks, valleys and 

the spacing of the various texture features. Different functional 3D surface parameters (i.e. Spk, Sk 

and Svk) are also considered to understand and interpret the generated surface of the implant. 

Spk: The reduced peak height as shown in Fig. 4.1 is expressed as Spk. This is the peak height 

above the core roughness of the surface [107]. The femoral knee joint implant produces debris 

during in-vivo performance. This parameter can be used to define the amount of debris generation. 

With the reduction of Spk, wear particle debris generation will be less. Hence, small Spk value 

refers to less wear during the implant performance. 

Sk:  Sk i.e. core roughness depth as shown in Fig. 4.1 measures the peak-to-valley height of the 

surface after removal of the predominant peaks and valleys [107]. Lower core roughness depth 
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indicates better wear properties. Hence, a small value of the final Sk implies better wear properties 

of the knee implant. 

Svk: Svk i.e. reduced valley depth measures the valley depth below core roughness [107] as 

shown in Fig. 4.1. The presence of valley increases body fluid retention capability which results 

in better femoral implant performance. Hence, higher value of Svk means better performance of 

the implant material. 

 In this chapter, finishing experiments are carried out based on response surface 

methodology (RSM) of statistical design of experiments (DOE). Central composite rotatable 

design (CCRD) of RSM is used to plan the experiments. This method is very efficient to achieve 

optimal process performance [108]. In RSM, a minimum number of experiments will provide 

maximum amount of information about the process.  

 

 

 

 

 

 

 

Fig. 4.1 (a) Surface roughness profile and (b) material ratio curve along evaluation length 
showing three functional parameters i.e. core roughness depth (Sk), reduced peak height (Spk) 

and reduced valley depth (Svk) 

 The objective of the present study is to find out the optimum values of the process 

parameters to obtain minimum value of Sa, Spk, Sk and maximum value of Svk. CCRD is used for 

fitting a second order model and to optimize the input process parameters to acquire necessary 3D 

surface roughness parameter values for Ti alloy. Optimization of the process parameters of MFAF 

process will give necessary surface finish and surface topography for higher performance and 

longevity of femoral knee joint implant after finishing. Also, the effect of each process parameter 
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on output responses is analyzed for better understanding of the finishing process. After that, 

validation experiments are conducted to confirm the optimization results obtained from the DOE 

study.  

4.2 Experimental Investigation  

 From preliminary experimental study, it is observed that the main influential process 

parameters in MFAF process are rpm of the tool (N), working gap (G) between tool & workpiece 

and finishing time (T). The 3D surface roughness parameters (i.e. height and functional 

parameters) are considered as output responses. The range of each process parameters with coded 

levels and actual values are given in Table 4.1. The plan of experiments along with all the 

responses are shown in Table 4.2. All the surface roughness parameters are measured before and 

after experiments using optical profilometer. The initial Sa values of all the workpiece are in the 

range of 70-80 nm having minor variation. Hence, the final value of the 3D surface parameters 

after finishing are considered as responses due to the uniformity of the initial surface roughness of 

the workpiece. Also, final values of the surface roughness parameters are enough to interpret the 

surface roughness and topography of the workpiece.  

Table 4.1 Coded levels and actual values of the process parameters 
Sr. 
No. Parameter Unit Levels 

̶ 1 0 1 
1 RPM of the tool (N) rpm 600 900 1200 
2 Working gap (G) mm 0.6 1 1.4 
3 Finishing time (T) hrs. 4 5 6 

Table 4.2 Plan of experiments  

Std. Factors  Responses (nm) 
N (rpm) G (mm) T (hrs.) Final Sa* Final Spk Final Sk Final Svk 

1 600 0.6 4  12.33 16.90 19.04 50.03 
2 1200 0.6 4  18.06 29.38 16.01 62.75 
3 600 1.4 4  11.22 13.99 24.55 36.32 
4 1200 1.4 4  16.83 16.48 16.87 43.20 
5 600 0.6 6  37.73 22.83 19.36 32.56 
6 1200 0.6 6  39.17 30.08 13.93 52.03 
7 600 1.4 6  31.75 16.99 17.33 32.44 
8 1200 1.4 6  33.07 24.22 11.32 45.07 
9 400 1 5  17.55 19.79 25.06 42.37 
10 1400 1 5  35.10 36.22 10.75 49.33 
11 900 0.4 5  20.92 23.45 3.17 55.56 
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12 900 1.6 5  25.76 18.14 11.15 43.06 
13 900 1 3:30  15.53 10.91 25.23 14.538 
14 900 1 6:30  49.77 13.59 12.65 28.88 
15 900 1 5  4.90 5.90 1.90 24.54 
16 900 1 5  10.81 7.49 6.69 20.95 
17 900 1 5  4.20 4.93 2.73 13.10 
18 900 1 5  11.80 9.51 6.27 24.57 
19 900 1 5  6.41 3.08 2.57 22.92 
20 900 1 5  8.91 5.19 8.36 18.68 

Sa* – Surface roughness, Spk– reduced peak height, Sk– core roughness depth and Svk– reduced 
valley depth  

4.3 Results and Discussion 

 Analysis of variance (ANOVA) for final Sa and final Spk is shown in Table 4.3. ANOVA 

table helps to understand the significance of the developed model and the impact of the process 

parameters on the responses. In Table 4.3, ANOVA models for both final Sa and final Spk are 

significant as p values ("Prob > F") for both the cases are less than 0.05 for 95% significance level. 

For final Sa, the significant model terms are N, T, N2, G2 and T2. The significant model terms for 

final Spk are N, G, T, N2, G2 and T2. Also, it is found that "Lack of Fit" relative to the pure error is 

insignificant for both the cases.  In case of Sa, the most significant term is T i.e. finishing time with 

highest contribution (47.88%) followed by T2 i.e. square of the finishing time (26.62% 

contribution) and N2 i.e. square of rpm of the tool (12.55% contribution). For final Spk the 

contribution of the most significant terms in descending order is square of the rpm of the tool 

(49.82% contribution), square of the working gap (22.94% contribution) and finishing time 

(14.74% contribution). The coefficient of determination (R2) value in case of final Sa is 0.92 and 

in case of final Spk is 0.96 which shows good fitting of the regression equation with the 

experimental results. From regression analysis, the response surface models for final Sa and final 

Spk are given in Eqs. (4.1) and (4.2), respectively. 

4 3

5 2 2 2

212.31 0.07 44.86 71.46 2.60 10 3.57 10
       3.04 5.74 10 29.44 8.85
Sa N G T NG NT

GT N G T

− −

−

= − − − − × − ×

− + × + +
       (4.1)  

4

5 2 2 2

148.84 0.12 79.20 21.47 0.01 2.06 10
         1.28 8.37 10 37.52 2.20
Spk N G T NG NT

GT N G T

−

−

= − − − − − ×

+ + × + +
       (4.2) 
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As shown in Table 4.4, ANOVA models for both Sk and Svk are significant. For Sk, the 

most significant model terms in descending order are T2 (40.59%), N2 (31.43%) and N (14.88%) 

while for Svk the most significant model terms are G2 (47.59%), N2 (33.16%) and N (7.97%).  Also, 

“Lack of Fit” for both Sk and Svk are insignificant relative to the pure error. The R2 value for Sk 

and Svk are 0.93 and 0.90, respectively which proves that the regression line approximates the real 

data points very well. From regression analysis, the response surface models for Sk and Svk are 

given in Eqs. (4.3) and (4.4), respectively. 

3 4

5 2 2 2

213.72 0.10 9.86 63.29 5.45 10 3.08 10
       3.43 5.35 10 7.48 6.43
Sk N G T NG NT

GT N G T

− −

−

= − + − − × − ×

− + × + +
       (4.3) 

3

4 2 2 2

260.45 0.18 204.45 21.77 0.01 5.20 10
         8.18 1.03 10 81.80 0.82
Svk N G T NG NT

GT N G T

−

−

= − − − − + ×

+ + × + +
       (4.4) 

Table 4.3 ANOVA for Final Sa and Final Spk 

 
Source 

 

Final Sa  Final Spk 

F 
Value 

p-value 
Prob > F 

Percent 
contribution 

F 
Value 

p-value 
Prob > 

F 

Percent 
contribution 

Model 12.56 0.0002   27.04 < 0.0001  
N 5.26 0.04 4.58 

 

37.03 0.0001 14.74 
G 0.16 0.7016 0.14 15.63 0.0027 6.22 
T 54.99 < 0.0001 47.88 5.68 0.0384 2.26 

NG 0.00 0.9866 0.00 1.94 0.1937 0.91 
NT 0.35 0.5682 0.30 0.00 0.9464 0.00 
GT 0.45 0.5174 0.39 0.33 0.5791 0.13 
N2 14.41 0.0035 12.55 125.16 < 0.0001 49.82 
G2 8.66 0.0147 7.54  57.64 < 0.0001 22.94 
T2 30.57 0.0003 26.62  7.80 0.0190 3.10 

Lack  
of Fit 4.32 0.0672   1.59 0.3119  

Hence, from ANOVA for all the responses (Tables 4.3 & 4.4), it can be concluded that the 

square of the working gap between the tool and workpiece is the most significant process 

parameter to control surface finish, wear capability and performance criteria of the implant.  

An optimization study is carried out based on Derringer and Suich’s algorithm [109] 

considering multiple responses. This algorithm uses desirability functions. The desirability shape 

of the goal can be changed by the weight field. Weights are assigned to target value for added 
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emphasis. 3D surface roughness parameters are the primary target performance. Minimizing of Sa, 

Spk and Sk and maximizing of Svk is the objective of the optimization study. Upper and lower 

limits are specified for the input process parameters as mentioned in Table 4.1. Weight value of 1 

is added to all the input process parameters values and responses. With the added weight the 

parameters will behave in a linear way. The results of the optimization study are given in Table 

4.5. From Table 4.5, it can be concluded that to achieve optimum 3D surface parameter values, 

the rotation speed of the tool should be 901.63 rpm with a working gap of 0.6 mm and finishing 

time of 4 hrs. 45 min The effect of each process parameter on surface roughness and surface 

topography is discussed in the next sub-section.   

Table 4.4 ANOVA for Final Sk and Final Svk 
 

Source 
 

Final Sk  Final Svk 
F 

Value 
p-value 

Prob > F 
Percent 

contribution F Value p-value 
Prob > F 

Percent 
contribution 

Model 14.20 0.0001  

 

10.58 0.0005  
N 19.57 0.0013 14.88 7.82 0.0189       7.97 
G 1.89 0.1993 1.44 7.40 0.0216 7.54 
T 11.17 0.0075 8.49 0.16 0.6979 0.16 

NG 0.43 0.5267 0.38 0.53 0.4822 0.59 
NT 0.01 0.9280 0.01 0.52 0.4884 0.53 
GT 1.90 0.1986 1.44 2.27 0.1628 2.31 
N2 41.36 < 0.0001 31.43 32.55 0.0002 33.16 
G2 1.85 0.2034 1.41 46.71 < 0.0001 47.59 
T2 53.41 < 0.0001 40.59 0.18 0.6772 0.19 

Lack 
of Fit 1.21 0.4210  2.91 0.1330  

Table 4.5 Results of the optimization study 

4.3.1 Effect of Process Parameters on Output Responses  

The effects of individual process parameter on output responses are calculated using 

regression equations (Eqs. ((4.1) – (4.4))). The effect of tool rpm on Sa, Spk, Sk and Svk are shown 

in Figs. 4.5 – 4.8. With the increase in rpm of the tool, the values of the 3D surface roughness 

Sol. 
no. 

N 
(rpm) 

G 
(mm) 

T 
(hrs.) 

Final Sa 
(nm) 

Final Spk 
(nm) 

Final Sk 
(nm) 

Final Svk 
(nm) Desirability  

1 901.63 0.60 4.65 10.82 14.94 6.03 39.98 0.703 Selected 
2 944.09 0.60 4.68 11.62 15.87 5.58 40.86 0.701  
3 1018.96 1.40 5.03 15.06 11.79 6.06 31.78 0.645  
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parameters start to decrease till it reaches a certain speed. Beyond that particular speed, 3D surface 

roughness parameter values start to increase with an increase in the tool rpm.  

Centrifugal force (Fcfg) acts as finishing force in MFAF process. It depends on the tool 

rpm. The centrifugal force (Fcfg) acting on an abrasive particle is given as [110]. 

22
60

cfg
NF m rπ =  

 
          (4.5)  

where, m is the mass of the abrasive particle, N is the rpm of the tool and r is the distance between 

the axis of the cylindrical tool and a particular abrasive particle. Hence, the finishing force (i.e. 

Fcfg) acting on the abrasive particle increases with the increase in the tool rpm. The increased 

finishing force results in a higher material removal from the roughness peaks. Hence, with the 

increase in tool rpm final Sa, Spk, Sk and Svk values decrease. The value of Fcfg increases further 

with higher tool rpm. Due to the growing force, the CIP chains start to break due to the shear 

thinning nature of MR fluid and the abrasive particles break loose from the CIP chain structures 

and move into the outward direction from the finishing zone. It is explained clearly with the help 

of schematic diagrams in Fig. 4.2. In Fig. 4.2(a), unyielded CIP chains are observed while there is 

no shear force like tool rotation or translational motion of the workpiece. The CIP chains are started 

to shear without breakage with slight increase in tool rpm as shown in Fig. 4.2(b). However, at 

high rpm (>1100 rpm), shearing force also becomes very high which leads to breakage in chain 

structure and it gets little time to recombine as shown in Fig. 4.2(c).  

 

 

 
 

 

Fig. 4.2 CIP chains and abrasive particles in MR fluid below MFAF tool under (a) static 
condition, (b) nominal shearing condition & sheared chains without breaking and (c) high 

shearing condition & breaking of chains 

Hence, the strength of the CIP chains reduces due to the breaking of the chains and the CIP 

chains does not provide sufficient bonding force to the abrasive particles for cutting the roughness 

CIP 
Abrasive particle 

MFAF tool 

Workpiece 
 

Magnetic field 
line 

Rotational motion 

Translational motion 

Breaking of CIP 
chains 

(a) (b) (c) 
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peaks. It results in a lower material removal. Hence, higher value of final 3D surface roughness 

parameters is observed. As shown in the Figs. 4.5 – 4.8, the effect of working gap on final Sa, Spk, 

Sk and Svk is significant. Initially, final 3D surface roughness parameter values start to decrease 

with the increase in the working gap and it reaches to a particular value. Increasing working gap 

means there is an increase in the available abrasive particles in the finishing zone resulting in 

higher material removal. Higher material removal gives low final Sa, Spk, Sk and Svk values. 

However, further increase in the working gap beyond this particular working gap, the final Sa, 

Spk, Sk and Svk values start to increase. With an increase in the working gap, there is a reduction 

in magnetic force on the abrasive particles through surrounding CIP chains which results in the 

lower indentation of the abrasive particles on the workpiece surface. Hence, penetration depth by 

the abrasive particle decreases resulting in an increase in final Sa, Spk, Sk and Svk values. The 

effect of working gap on 3D surface topography of the workpiece is shown in Fig. 4.3. The initial 

unfinished workpiece surface shows deep scratch marks as shown in Fig. 4.3(a). Finishing 

experiments are carried out at 1 mm (Fig. 4.3(b)) and 1.4 mm (Fig. 4.3(c)) working gap with tool 

rpm of 1000 and 4 hrs. of finishing time. The surface topography in Fig. 4.3(b) for 1 mm working 

gap shows no scratch marks with low roughness peaks and a very good surface finish is achieved. 

However, the generated surface topography (Fig. 4.3(c)) for 1.4 mm working gap shows the 

presence of initial scratch marks which MR polishing fluid could not remove properly. It proves 

that at 1.4 mm working gap the finishing capability of abrasive particles reduces. It happens due 

to the insufficient magnetic flux density in the finishing zone. The available magnetic flux density 

under the tool after 1.4 mm working gap is less than 0.2 T which is not enough to carry out the 

finishing operation efficiently [111].  

   
(a) (b) (c) 

Fig. 4.3 3D surface topography of workpieces (a) before finishing, for (b) 1 mm and (c) 1.4 mm 
working gap with 1000 tool rpm and 4 hrs. finishing time 

Figs. 4.5 – 4.8 show the effect of finishing time on output responses. Initially, final Sa, Spk, 

Sk and Svk values start to decrease with the increase in the finishing time until it reaches an 

Initial scratch 
marks Scratch 

marks 
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optimum value. However, beyond the optimum value, 3D surface roughness parameter values start 

to increase with further increase in the finishing time. At first, with the increase in the finishing 

time, the abrasive particles get more time to finish the surface resulting in low 3D surface 

roughness parameter values. After the optimum finishing time, the abrasive particles rub the 

already finished surface resulting in an increase in the response parameters. The effect of finishing 

time on 3D surface topography of the workpiece is shown in Fig. 4.4. The initial surface 

topography with high peaks and deep valleys is shown in Fig. 4.4(a). Here, the experiments are 

carried out at 1000 tool rpm and 1 mm working gap. After finishing for 4 hrs. 30 min, the generated 

surface has little scratch marks than the initial surface with reduced surface roughness as shown in 

Fig. 4.4(b). After finishing for 6 hrs., abrasive particles start to scratch the already finished surface 

which deteriorates the final surface as shown in Fig. 4.4(c). 

   
(a) (b) (c) 

Fig. 4.4 3D surface topography of workpieces (a) before finishing, after (b) 4 hrs. 30 min and (c) 
6 hrs. finishing time with 1000 tool rpm and 1 mm working gap 

4.3.1.1 Effect of Process Parameters on Final Sa  

Sa determines the overall surface roughness of the implant material. Hence, lower value of 

final Sa implies overall good surface finish of the component. Effect of tool rpm on final Sa is 

shown in Figs. 4.5(a) and (c) where it is observed that with the increase in tool rpm the final Sa 

starts to decrease. However, beyond 900 rpm, the final Sa starts to increase. The reason for which 

is already explained in section 4.3.1. The final surface roughness differs at different working gap 

for a certain tool rpm as shown in Fig. 4.5(c). At 0.6 mm working gap, the value of surface 

roughness is higher because of less amount of abrasive particle in the finishing zone. At 1 mm 

working gap, the available active abrasive particles increase result in a decrease in final surface 

roughness. At 1.4 mm working gap the magnetic force responsible for indenting the abrasive 

particle reduces. Hence, the material removal starts to decrease which increases the final Sa value.  
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Effect of working gap on final Sa is shown in Figs. 4.5(a), (b), (c) and (b). With the increase 

in working gap final Sa values start to decrease due to the increase of active abrasive particles in 

the finishing zone. The increased amount of active abrasive particles removes more material 

resulting in low final Sa values. However, after 1.2 mm working gap final Sa values start to 

increase due to the reduction of magnetic force acting on the abrasive particles. As shown in Fig. 

4.5(d), for the same working gap, the final Sa values are different at different finishing time.  

Hence, the finishing capability of the abrasive particles decreases resulting in lower material 

removal rate which in turn increases final Sa values.  

Effect of finishing time on final Sa values are shown in Figs. 4.5(b) and (d). After 5 hrs. 

30 min of finishing time, the final Sa values start to increase at a higher rate due to the longer 

finishing time. With a longer finishing time, the abrasive particles start to abrade the already 

finished workpiece surface which increases final Sa values. Hence, to achieve good surface finish 

for Ti alloy implant the range of tool rpm, working gap and finishing time should be in the range 

of 800–1000 rpm, 0.8–1.2 mm and 4–5 hrs., respectively. 

  
(a) (b) 

  
(c) (d) 
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Fig. 4.5 3D graph showing the combined effect of (a) rpm of the tool & working gap and (b) 
working gap & finishing time on final surface roughness (Sa); The effect of (c) rpm of the tool at 

different working gap and (d) working gap at different finishing time on final Sa  

4.3.1.2 Effect of Process Parameters on Final Spk 

Wear properties of bearing surfaces of femoral knee implant greatly depends on final Spk 

values. Low final Spk value implies good wear properties which are required for the use of Ti alloy 

as a femoral knee joint implant. Effect of tool rpm on final Spk is shown in Figs. 4.6(a) and (c) 

where it is observed that with the increase in the tool rpm the final Spk starts to decrease. However, 

beyond 900 rpm with the increase in tool rpm, the final Spk starts to increase. As Spk represents 

the mean height of peaks above the core surface, the increasing tool rpm helps in shearing of the 

roughness peaks which decreases the final Spk values. After 900 rpm shearing of the peaks starts 

to decrease due to the weak bonding of the active abrasive particles in the finishing zone which 

increases the final Spk values. As shown in Fig. 4.6(c), the final Spk is different at different working 

gaps for the same tool rpm. At 0.6 mm working gap, amount of active abrasive particle in the 

finishing zone is low resulting in lower rate of peak shearing. At 1 mm working gap the available 

active abrasive particle increases result in higher rate of peak shearing which decreases the final 

Spk values. At 1.4 mm working gap, the magnetic force responsible for indenting of abrasive 

particle reduces which lowers the peak shearing capability of abrasive particles resulting in higher 

final Spk values than 1 mm working gap.  

  
(a) (b) 
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(c) (d) 

Fig. 4.6 3D graph showing the combined effect of (a) finishing time & rpm of the tool and (b) 
finishing time & working gap on final reduced peak height (Spk); The effect of (c) rpm of the 

tool and (d) finishing time on final Spk at different working gap 

Effect of working gap on Spk is shown in Fig. 4.6(b), (c) and (d). With the increase in 

working gap, final Spk values start to decrease, however after 1.2 mm working gap it starts to 

increase. The reason behind these is already explained in the previous paragraph.  

Figures 4.6(a), (b) and (d) show the effect of finishing time on final Spk values. From 4 to 

5 hrs. finishing time, the final Spk values start to decrease with increasing finishing time. This 

increases the interaction time of active abrasive particles with the workpiece surface which results 

in more shearing of peaks. After 5 hrs. of finishing time, final Spk value starts to increase because 

the abrasive particles start to plow the finished surface resulting in higher peaks. Hence, to achieve 

good wear properties rpm of the tool, working gap and finishing time should be in the range of 

700–900 rpm, 0.9–1.2 mm and 4–5 hrs., respectively during MFAF process. 

4.3.1.3 Effect of Process Parameters on Final Sk 

Low Sk value implies less wear of the femoral knee joint implant during in vivo 

performance. From the Figs. 4.7(a) and (c), it is observed that with the increase in tool rpm the 

final Sk values start to decrease however beyond 1100 rpm its value starts to increase. Final Sk 

value is calculated by subtracting the minimum height from the maximum height of the core 

surface. Now, with the increase in tool rpm the material removal capability of abrasive particles 

increase. These results in decreasing the difference between maximum and minimum height of the 

core surface. Due to this, the final Spk values start to decrease. However, after 1100 rpm due to 

the reduction of finishing capability of abrasive particles the difference between maximum and 

minimum height of the core surface starts to increase resulting in higher final Sk values.  
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Effect of working gap on final Sk values is shown in Fig. 4.7(b). Final Sk values start to 

decrease up to 1.2 mm working gap. Increasing working gap implies higher amount of active 

abrasive particles in the finishing zone which helps to reduce difference between minimum height 

and maximum height. However, after 1.2 mm working gap final Sk values start to increase with 

the increase in working gap due to the reduction in finishing force.  

The effect of finishing time on final Sk values is shown in Figs. 4.7(a), (b) and (c). Initially, 

with the increase in finishing time final Sk values start to decrease, however after 5 hrs. 30 min 

final Sk values start to increase with increasing finishing time. Before 5 hrs. 30 min finishing time 

the abrasive particles finish the workpiece surface by reducing the peak height which in turn 

diminishes the maximum and minimum height difference resulting in lower final Sk values. After 

5 hrs. 30 min, the abrasive particles start to abrade the already finished workpiece resulting in 

unwanted scratch marks. These escalate the difference between the maximum and minimum height 

implying increase in the final Sk values. As shown in Fig. 4.7(d), for same tool rpm final Sk values 

are different for different finishing time. Hence, to achieve better performance and wear properties 

for Ti alloy implant rpm of the tool, working gap and finishing time should be in the range of 800–

1100 rpm, 0.8–1.2 mm and 4 hrs. 30 min–5 hrs. 30 min, respectively. 

  
(a) (b) 
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(c) 
Fig. 4.7 3D graph showing the combined effect of (a) rpm of the tool & finishing time and (b) 
finishing time & working gap on final core roughness depth (Sk); The effect of (c) rpm of the 

tool at different finishing time on final Sk  

4.3.1.4 Effect of Process Parameters on Final Svk 

For better performance of the Ti alloy implant, final Svk values should be high. Effect of 

tool rpm on final Svk is shown in Figs. 4.8(a) and (c). With the increase in tool rpm final Svk values 

start to decrease, however beyond 900 rpm final Svk values increases. Svk represents the mean 

depth of the valleys below the core surface. The finishing capability of the abrasive particles grows 

due to the increase in tool rpm which increases the material removal rate. Due to these, the valley 

depth decreases resulting in lower final Svk values. After 900 rpm, the abrasive particles start to 

rub the workpiece surface which results in increased valley depth making higher values of final 

Svk.      

Effect of working gap on final Svk value is shown in Figs. 4.8(a), (b) and (c). Firstly, with 

the increase in working gap final Svk value starts to decrease. The increase in working gap implies 

an increase in available active abrasive particle in the finishing zone resulting in better finishing 

of workpiece surface reducing the valley depth. Beyond 1.2 mm working gap final Svk value 

increases. High working gap means a reduction in finishing capability of the abrasive particles. 

Hence, the valley depth increases. As shown in Fig. 4.8(c), at same working gap the final Svk 

values are different for different tool rpm.  

Figure 4.8(b) shows the effect of finishing time on final Svk values. Initially, with an 

increase in finishing time final Svk value starts to decrease. The increase in finishing time results 

in a better surface finish which means reduction in valley depth. After 5 hrs. 30 min final Svk value 

starts to increase with an increase in finishing time. With longer finishing time the surface 

roughness increases resulting in deeper valleys. Hence, to achieve good Ti alloy implant 

performance rpm of the tool, working gap and finishing time should be in the range of 1100–1200 

rpm, 0.6–0.8 mm and 5 hrs. 30 min–6 hrs., respectively. 
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(a) (b) 

 
(c) 

Fig. 4.8 3D graph showing the combined effect of (a) working gap & rpm of the tool and (b) 
working gap & finishing time on final reduced valley depth (Svk); (c) The effect of working gap 

on final Svk at different rpm of the tool  

4.3.2 Confirmation Tests 

After conducting DOE, three confirmation tests are carried out at optimum process 

parameters (Table 4.5, Sol. no. 1). Average value of the 3D surface parameters from three 

confirmation tests are considered. Table 4.6 shows the responses from both confirmation test and 

the regression results at optimum experimental conditions which shows close agreement between 

them. Also, the % error between them for all the 3D response parameters are less than 8%.  

Surface roughness and surface topography of the finished components are analyzed using 

optical profilometer, FESEM and AFM. Figures 4.9(a) and (b) show the 3D surface topography of 

initial (before finishing) and final (after finishing) workpiece surfaces, respectively. The initial 

surface topography shows scratch marks as well as high peaks and deep valleys (Fig. 4.9(a)). The 

finished surface shows reduced peak height and reduced valley depth (Fig. 4.9(b)). Also, the 

smoothness of the surface is increased due to the finishing at nanometer level. Figures 4.10(a) and 

(b) show the initial and final surface roughness profiles of the workpiece, respectively. The initial 
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surface roughness of the workpiece is 120 nm and it is reduced to very lower value of 20 nm in 

the final surface roughness profile. The percentage change in surface roughness is 83.33%, which 

proves that MFAF process is a very efficient finishing method to finish Ti alloy. Figures 4.11(a) 

and (b) show the FESEM images of the initial and final surface, respectively at 1000X 

magnification. The FESEM image of the initial surface shows random scratch marks as well as 

deep valleys. The final surface is smooth and the scratch marks are reduced considerably as shown 

in Fig. 4.11(b). Figures 4.12(a) and (b) show the AFM images of the initial and final surface 

topography, respectively. The final surface (Fig. 4.12(b)) has reduced surface undulations than the 

initial surface (Fig. 4.12(a)). 

Table 4.6 Confirmation test at optimum experimental condition 

 

  
(a) (b) 

Fig. 4.9 3D surface topography of (a) initial (before finishing) and (b) final (after finishing) 
workpiece surfaces at optimum process parameters 

Results from 

Experimental 
conditions Responses 

N 
(rpm) 

G 
(mm) 

T 
(hrs.) 

Final Sa 
(nm) 

Final Spk 
(nm) 

Final Sk 
(nm) 

Final Svk 
(nm) 

Confirmation 
test 901 0.6 4:30 

11.32 15.82 6.51 41.15 

Regression 
Equations 10.82 14.94 6.03 39.98 

% Error 4.85 5.98 7.68 4.62 
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(a)  

 
 (b) 

Fig. 4.10 2D surface roughness profiles of (a) initial and (b) final workpiece surface at optimum 
process parameters 

  
(a) (b) 

Fig. 4.11 FESEM images of (a) initial and (b) final workpiece surface at optimum process 
parameters 

  
(a) (b) 

Fig. 4.12 AFM images of (a) initial and (b) final workpiece surfaces at optimum process 
parameters 

 

Ra = 120 nm 

Ra = 20 nm 
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4.4 Summary 

 The capability of the MFAF process to deliver implant worthy surface roughness and 

texture is analyzed here by exploring 3D surface roughness parameters. A DOE study consisting 

20 experiments are conducted and the output responses are predicted using regressing analysis. 

After that, an optimization study is carried out to minimize the value of Sa, Spk & Sk and maximize 

Svk for achieving optimum implant surface roughness and surface topography. The optimum 

values of Sa, Spk, Sk and Svk are observed as 901 rpm of the tool, 0.60 mm working gap and 4 hrs. 

30 min of finishing time. The optimized value of Sa, Spk, Sk and Svk are 11.32 nm, 15.82 nm, 6.51 

nm and 41.15 nm, respectively and their values are more than sufficient against the requirement 

of the femoral knee joint implant surface. Hence, MFAF process provides nanometer level surface 

finish along with the necessary surface topography for better wear properties to achieve better 

performance and longer implant life. From experimental analysis it is observed that for good Sa 

values the rpm of the tool, working gap and finishing time should be in the range of 800–1000 

rpm, 0.8–1.2 mm and 4–5 hrs., respectively. For good Spk values the rpm of the tool, working gap, 

and finishing time should be in the range of 700–900 rpm, 0.9–1.2 mm and 4–5 hrs., respectively. 

For good Sk values the rpm of the tool, working gap and finishing time should be in the range of 

800–1100 rpm, 0.8–1.2 mm and 4 hrs. 30 min–5 hrs. 30 min hrs. respectively. For good Svk values 

the rpm of the tool, working gap and finishing time should be in the range of 1100–1200 rpm, 0.6–

0.8 mm and 5 hrs. 30 min–6 hrs., respectively. Hence, depending upon finishing requirements, the 

necessary values of the process parameters can be chosen to achieve required surface roughness 

and topography for implant surface. From experimental investigation, it is concluded that CIP 

chains break at a high rpm due to the shear thinning nature of MR fluid. Also, at high working gap, 

the finishing capability of abrasive particles reduces due to the insufficient magnetic field in the 

finishing zone. Furthermore, after 6 hrs. of finishing time the surface roughness of workpiece 

increases again due to the plowing of abrasive particle on already finished workpiece surface.   

A final confirmation experiment is also conducted at optimized process parameter which 

shows that the experimental results are nearly same as predicted results obtained from regression 

equations. After measuring and comparing the surface topographies and roughness profiles of 

initial and final surface it can be concluded that MFAF process provides nanometer level finishing 

of Ti alloy with low peaks and shallow valley rather than initial surface.  
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Chapter 5 Investigation of finishing forces 

5.1 Introduction 

Force analysis helps in better understanding of the MFAF process. It will provide a better 

scope to control the finishing process precisely and to gain satisfactory output. The forces involved 

in MFAF process are broadly categorized as normal force and tangential force as represented in 

Fig. 5.1. Abrasive particle indent on workpiece due to normal force (Fn). Shearing of indented 

material happens due to tangential force (Ftan) [112]. Normal force and tangential force acts along 

the normal direction and tangential direction. respectively on an abrasive particle (Fig. 5.1).  

 

  

 

 

 

Fig. 5.1 Finishing forces acting on an abrasive particle during MFAF process 

In MFAF process, magnetic force is the most dominant force which acts along the normal 

direction. Hence, magnetic force (Fm) is considered as the normal force. Magnetic levitation force 

contributes to the material removal process by pushing the abrasive particles towards workpiece 

surface. Magnetic levitation force depends on the Vol. concentration of nonmagnetic abrasive 

particles, intensity of magnetization and magnetic field gradient [79]. However, in current 

scenario, volume concentration of abrasive particles in MR fluid is higher than 3.5 Vol.%. Hence, 

Fm acting on the CIPs which transmits to abrasive particles in the finishing spot is represented as 

[94]   

n m CIPsF F m M B= = − ∇                                                                                                              (5.1)   

MFAF tool  
center line  
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Eq. (5.1) is different than magnetic levitation force. Here, CIPsm is mass of magnetic particles i.e. 

CIPs in the present scenario, M  is CIPs magnetization and B∇  is gradient of magnetic flux 

density. Magnetic property of MR fluid is measured using vibrating sample magnetometer (VSM) 

and the data obtained from VSM is plotted in Fig. 5.2(a). Now, the relationship between 

magnetization and magnetic flux density is expressed as   

0 ( )B M Hµ= +                                                                                                                           (5.2)  

where B is magnetic field intensity (T), µ0 is relative permeability of free space (Wb/Am), M is 

volume magnetization (emu/m3) and H is magnetic field strength (A/m). The relationship between 

volume magnetization ( M ) and mass magnetization ( mM ) is given below. 

 MR fluid mM Mρ=                                                                                                                                    (5.3) 

where  MR fluidρ  is density of MR fluid (g/cm3), mM  is mass magnetization (emu/g). Equations                                                                                                                           

(5.2) and (5.3) are used to obtain BH curve of MR fluid with the data obtained from VSM and it 

is shown in Fig. 5.2(b).  

  
(a) (b) 

Fig. 5.2 (a) Magnetic moment vs. magnetic field strength plot from VSM and (b) BH curve of 
MR polishing medium 

MR finishing medium is a uniform blend of CIPs and diamond abrasive particles in acidic 

base medium. Hence, the density (  MR fluidρ ) of MR fluid is calculated as  
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3 3 MR fluid CIP CIP DP DP G G HF HF HNO HNO DI DIV V V V V Vρ ρ ρ ρ ρ ρ ρ= + + + + +                                             (5.4) 

where, V  and ρ  represents the volume concentration and density of each constituent of MR fluid, 

respectively. Constituents of MR fluid of Type I (Chapter 3, section 3.2) are carbonyl iron particle 

(CIP), diamond powder (DP), glycerol (G), hydrofluoric acid (HF), nitric acid (HNO3) and 

deionized water (DI). The VSM data is used to obtain a relationship between Mm and B as                           

51 10 45 9 39 8 34 7 28 6

-23 5 -18 4 -14 3 -10 2 -6 -2

2.18 10 3.05 10 1.81 10 5.95 10 1.17 10
        -1.44 10 1.07 10 - 4.56 10 9.97 10 - 6.26 10 1.19 10

mM X B X B X B X B X B
X B X B X B X B X B X

− − − − −= − + − +

+ + +
      (5.5) 

Equation (5.5) will be incorporated in Eq. (5.1) to calculate Fn applied on abrasive particles. In the 

present scenario, a combination of centrifugal force (Fcfg) and shear force (Fs) acting on abrasive 

particle is considered as the tangential force in MFAF process as  

tan cfg sF F F= +                                                                                                                                (5.6) 

Fcfg acting on an abrasive particle is calculated [108] as 

22
60cfg

NF m rπ =  
 

              (5.7)  

Fcfg acting on an abrasive particle depends on MFAF tool rotational speed (N), distance of 

an abrasive particle from the tool central axis (r) (Fig. 5.1), and mass of an abrasive particle (m). 

Shear force acting upon abrasive particles depend on MR fluid shear yield stress (τy) and projected 

finishing spot area (Ap) on workpiece surface. An analytical model to calculate shear yield stress 

of MR fluid under magnetic field is proposed by Ginder et al. [54] by a sub-quadratic power-law 

model given as   

1 3
2 2

0 06y sM Hτ φµ=                                                                                                                        (5.8)  

where, φ  is volume fraction of CIP, 0µ is permeability of free space, sM  is saturation 

magnetization and oH  is applied magnetic field in the finishing zone. In the present study, Eq. 

(5.8) is used to calculate MR fluid shear yield stress applied on the finishing spot. Now, shear force 
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( sF ) acting on abrasive particle is calculated by multiplying shear yield stress of MR fluid (τy) 

with the projected finishing spot area ( pA ) as given below. 

s y pF Aτ=                                                                                                                                   (5.9) 

 A simulation study is conducted to analyze finishing forces involved in MFAF process and 

their effect on MFAF process performance. Finishing forces applied on abrasive particles in the 

finishing spot is calculated from simulation study using finite element analysis (FEA) based 

software package utilizing equations explained earlier.  

 In the present investigation, finishing forces on a flat Ti alloy workpiece using a novel 

developed tool [111] are analysed with the help of simulation and experimental study for better 

understanding of the process mechanism in MFAF process. The simulation study is carried out to 

calculate the finishing forces and further corroborated with the validation experiments. After that, 

a material removal model is simulated using the simulated forces to predict the material 

dislodgement from workpiece surface. Further, experimental investigation using statistical design 

of experiments (DOE) is carried out to ascertain the significant process parameters and their 

influence on finishing forces.  

5.2 Simulation Study 

 Ansys Maxwell® and COMSOL® Multiphysics softwares are used to simulate the MFAF 

process. The simulation study is conducted to analyze the forces involved in MFAF process. Also, 

it is used to simulate finishing spot area during MFAF process at different process conditions. The 

assumptions considered during simulation study are as follows: 

•  The abrasive particles and CIPs are considered as spherical in shape. 

•  Simulation study is conducted in static condition implying all components are stationary 

during simulation. 

5.2.1 Governing Equations   

 The simulation study is carried out in three steps. Initially, Ansys Maxwell® is used to carry 

out magnetostatic simulation study of MFAF process for getting finishing spot area. At the second 
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step, COMSOL® Multiphysics is used to model MFAF process to incorporate force analysis with 

magnetostatic solver. At third step, a material removal model consisting single abrasive particle is 

carried out using COMSOL® Multiphysics. The force output obtained in the second step is used 

as input in the third step to calculate material removal. Maxwell equations are solved to carry out 

the magnetostatic simulation study. In addition to the Maxwell equations, some other equations 

also have a direct impact on the magnetostatic simulation as given in Eqs. (5.10) and (5.11).  

applied magnetic field ( ) current density ( )eH J∇× =                                                                (5.10)  

Magnetic flux density ( ) magnetic vector potential ( )B A= ∇×                                                 (5.11) 

Equations (5.12) and (5.13) are solved at the second and third step of the simulation study. Force 

per unit volume is applied in second step as boundary load (Eq. (5.13)) and in the third step as 

point load (Fp).    

. stress ( ) force per unit volume ( )vFσ−∇ =                                                                                  (5.12) 

Total force
Finishing spot areaAF =                                                                                                            (5.13) 

5.2.2 Simulation Set-up  

 It is obligatory to analyze the influence of magnetic field on MR fluid during finishing to 

simulate MFAF process. The MR fluid demonstrates non-linear magnetic properties. The BH 

curve of MR fluid is obtained from VSM data as explained in previous section. After that, the BH 

curve (Fig. 5.2(b)) data is given as an input in MR fluid material property. A 3D FE study using 

Ansys Maxwell® is carried out for better understanding of the magnetic field behaviour in MFAF 

process. However, in COMSOL® Multiphysics two different physics of MFAF process are 

simulated. Hence, to reduce the complexity and computational time, a 2D study is carried out in 

COMSOL®. The simulation set-up for both the cases are shown in Figs. 5.3(a) and (b). The 

dimension of the cylindrical-shaped permanent magnet (Nd-Fe-B of grade N48) is 15X70 mm. 

Mu-metal is used to construct the magnet holder. Initially, a distance of 1 mm is kept amidst MFAF 

tool and Ti alloy workpiece to accommodate MR fluid. After conducting the simulation study, a 

set of validation experiments are carried out at different process parameter conditions. The 

simulation setup for material removal model is shown in Fig. 5.3(c) which is also solved in 
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COMSOL® Multiphysics. A point contact is defined between diamond abrasive particle and Ti 

alloy workpiece surface in the third step of the simulation study.   

  
 

(a)  (b) (c) 
Fig. 5.3 Simulation setups considered in (a) Ansys Maxwell® (1st step) and (b) 2nd & (c) 3rd step 

of COMSOL® Multiphysics 

5.2.3 Boundary Conditions  

 Magnetic field, solid mechanics and multibody dynamics physics module is used to carry 

out the simulation. Boundary condition at selected boundaries are considered for each step of 

simulation study. In the magnetostatic analysis for magnetic field module, the common boundary 

conditions are as follows 

• Magnetic insulation is considered as the boundary condition on the region boundary (Fig. 

5.4(a)).  

• H field is continuous across the boundaries between two objects where they interface each 

other.  

• H Field is tangential to the outer boundary of each object and magnetic flux cannot cross 

it. 

At 2nd step, the boundary conditions for multibody dynamics module are as follows 

• A rotational motion is provided to the both A and B boundaries of MR fluid brush as shown 

in Fig. 5.4(b). 

• Normal and tangential forces are applied to the B boundary between MR fluid brush and 

workpiece (Fig. 5.4(b)).  

At 3rd step, the boundary conditions for solid mechanics module are as follows 

Ti alloy 
Workpiece 

Permanent 
Magnet 

Mu metal 
Magnet holder 

MR fluid 

Abrasive  
particle 

Ti alloy workpiece 

 

a b 

TH-1987_126103024



89                                                                                         Magnetic field assisted finishing process 

 

• Normal force is applied on the abrasive particle as shown in Fig. 5.4(c). 

• Contact pressure between the abrasive particle and workpiece is defined at the C boundary 

(Fig. 5.4(c)).  

 

 
 
 

 

(a) (b)  (c) 
Fig. 5.4 Boundaries considered in (a) 1st, (b) 2nd and (c) 3rd step of simulation study 

5.2.4 Mesh Refinement Study  

 The accuracy of the obtained results in FEA is related to the finite element mesh. The 

meshing divides the model domain into small elements. The governing equations are defined for 

each element and then solved. Mesh becomes refined with the reduction in element size resulting 

in an accurate solution. However, with the decrease in element size, computation time also 

increases which leads to an impractical solution time. In this sub-section, the convergence of the 

solution with respect to the mesh size is carried out to find out the optimum mesh size. In the 

present study free triangular mesh element is used with three different mesh size.  

 The important parameters for mesh refinement study are given in Table 5.1. The maximum 

value of Ftan acting in the finishing zone on the workpiece surface along with % change in 

maximum Ftan are calculated for each mesh size and are given in Table 5.1. The condition for grid 

independence is % change in maximum Ftan should be within 1% for different mesh size. From 

Table 5.1, it is observed the % change in Ftan is within 1% for one grid level to the more refined 

one till mesh element size of 2.6. At 2.7 mesh size, the % change becomes more than 1%. 

According to the condition of grid independence mesh size 2.7 is discarded. The study shows that 

the convergence of solutions is achieved with different mesh sizes which validate the FEA force 

modelling of MFAF process. Hence, lowest mesh element size of 2.3 is selected for further study 

to obtain accurate results. Figure 5.5 shows mesh in the computational domain. The values of 

process parameters for mesh refinement study is given in Table 5.2. 

Region boundary 

Boundary A 

Workpiece 
MR fluid 

Boundary B 
Normal force 

Boundary C 
Point contact 
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Table 5.1 Mesh refinement parameters and results  
Maximum mesh 

element size 
No of 

elements 
No of degrees of 

freedom 
Maximum Ftan on the 

finishing zone %change 

2.3 18316 37093 1.63136 -  
2.4 16634 33725 1.62237 0.55 
2.5 15170 30783 1.60994 0.77 
2.6 14124 28679 1.59724 0.79 
2.7 13338 27103 1.58137 1.07 

 
Fig. 5.5 Meshing of the computational domain with element size of 2.3 

Table 5.2 The values of process parameters during mesh refinement 

Process parameter Unit Value 

CIP concentration (C ) Vol. % 35 
Abrasive concentration (A) Vol. % 14 
Working gap (G) mm 1 
Tool rpm (N) rpm 900 

5.3 Experimental Investigation 

 To measure forces involved during MFAF process, a 3-axis dynamometer is used during 

finishing. Dynoware software is used to process and analyze the acquired signal from the 

dynamometer. Force measurement is started before the MFAF tool came in contact with the 

workpiece. During finishing, feed is given to the workpiece in X direction while the MFAF tool is 

rotating with respect to the Z axis. Hence, the main force components acting on the abrasive 

particles are normal force along Z axis (Fn) and tangential force along X axis (Ftan).  

Magnet 

Magnet fixture 

MR fluid 

Workpiece 
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 A 4-axis vertical milling machine clamps MFAF tool during MFAF process. Ti alloy is 

considered as the workpiece in the present study. Workpiece is attached with the dynamometer 

during finishing with the help of a workpiece fixture. The experimental setup is given in Fig. 5.6(a) 

mentioning all the main components. Figure 5.6(b) shows the graphical presentation depicting 

finishing process setup during force measurement.  

 

 

(a) (b) 
Fig. 5.6 (a) Pictorial view and (b) graphical presentation of MFAF experimental setup 

 The finishing process parameters considered during force measurement are CIPs 

concentration (Vol. %), abrasive concentration (Vol. %) in MR polishing medium, tool rotational 

speed (rpm) and working gap amidst tool and workpiece (mm) due to their influence on finishing 

forces [93]. The MR fluid is prepared by mixing CIPs (8 µm), diamond abrasive powder (6 µm), 

glycerol, HF, HNO3 and DI [113]. Different combination of MR fluid is prepared by varying 

volume concentration of CIP and diamond abrasive powder as given in Table 5.4 and the balance 

is filled with base medium. The base medium is prepared separately by mixing 2 ml glycerol and 

Kroll's reagent (3 ml HF, 6 ml HNO3 in 100 ml DI). The range of process parameters is shown in 

Table 5.3. A statistical DOE analysis considering central composite rotatable design (CCRD) of 

response surface methodology (RSM) is considered and 30 experiments are conducted. From 

analysis of variance (ANOVA), influence of each process parameter on finishing forces are 

analysed and significant process parameters are selected. Regression equation will help to explore 

the process parameter influence on finishing forces. The plan of experiments along with their 

responses are shown in Table 5.4 and the experiments are carried out randomly.  

X 
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motion 
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    Table 5.3 Coded levels and actual values of process parameters 

Process parameter Unit Levels 
-1 0 1 

CIP concentration (C ) Vol. % 30 35 40 
Abrasive concentration (A) Vol. % 3.5 7 10.5 
Working gap (G) mm 0.6 1 1.4 
Tool rpm (N) rpm 600 900 1200 

Table 5.4 Plan of experiments through DOE 
Std. 
order 

 Factors      Responses 
C (vol%) A (vol%) G (mm) N (rpm)  Fn (N) Ftan (N) 

1 30 3.5 0.6 600 

 

33.65 0.72 
2 40 3.5 0.6 600 35.54 1.29 
3 30 10.5 0.6 600 11.38 0.84 
4 40 10.5 0.6 600 30.48 1.96 
5 30 3.5 1.4 600 24.92 0.28 
6 40 3.5 1.4 600 30.11 0.65 
7 30 10.5 1.4 600 1.51 0.55 
8 40 10.5 1.4 600 8.18 1.34 
9 30 3.5 0.6 1200 30.25 3.28 
10 40 3.5 0.6 1200 38.62 3.48 
11 30 10.5 0.6 1200 4.46 3.49 
12 40 10.5 0.6 1200 24.37 3.86 
13 30 3.5 1.4 1200 20.27 1.19 
14 40 3.5 1.4 1200 30.49 1.89 
15 30 10.5 1.4 1200 0.41 1.22 
16 40 10.5 1.4 1200 10.16 1.94 
17 25 7 1 900 3.52 2.77 
18 45 7 1 900 40.51 4.35 
19 35 0 1 900 35.07 1.47 
20 35 14 1 900 

 

15.39 1.93 
21 35 7 0.2 900 44.54 1.12 
22 35 7 1.8 900 0.74 0.88 
23 35 7 1 300 20.89 1.39 
24 35 7 1 1500 16.22 6.60 
25 35 7 1 900 21.27 2.96 
26 35 7 1 900 14.30 1.56 
27 35 7 1 900 18.35 1.12 
28 35 7 1 900 14.54 1.55 
29 35 7 1 900 13.81 1.34 
30 35 7 1 900 19.79 1.90 

5.4 Results and Discussion 

 The detail discussion of simulation and experimental results are represented in this section. 

The measured force data obtained from the dynamometer for experiment No. 20 in Table 5.4 is 
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represented in Fig. 5.7. The initial constant horizontal line in both Figs. 5.7(a) and (b) show force 

data before starting of the experiment. Both normal and tangential forces act on workpiece surface 

after MFAF tool comes in contact with the workpiece which results in a sharp increase in both the 

forces which decrease further at the end of finishing experiment. 

  
(a) (b) 

Fig. 5.7 Measured force data as recorded from dynamometer; (a) Normal and (b) tangential force 
for Std. order 20 (Table 5.4). Exp. condition: Concentration of CIP 35 Vol.%, abrasive 14 

Vol.%, 1 mm working gap and 900 tool rpm 

5.4.1 Simulation Study and Validation Results   

 The results obtained from the simulation study in Ansys Maxwell® is analyzed below. The 

contour and vector plot of magnetic flux density distribution around MFAF tool are given in Figs. 

5.8(a) and (b), respectively. The finishing spot generated in simulation study at different working 

gap is shown in Figs. 5.9(a), (b) and (c). The finishing spot follows a circular pattern as spherical 

finishing brush is generated at polishing tool end. The diameter of the finishing spots decreases 

with increasing working gaps as seen in Fig. 5.9. It is due to lower squeezing force by the polishing 

tool on MR polishing medium at higher working gap.  
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(a) (b) 

Fig. 5.8 (a) Contour plot and (b) vector plot of magnetic flux density 

  

   
(a) (b) (c) 

Fig. 5.9 Simulated finishing spot on workpiece surface at different working gaps (a) 0.6 mm, (b) 
1 mm and (c) 1.4 mm 

 The finishing forces (Fn and Ftan) acting on the finishing spot are obtained from the 

simulation study in COMSOL® Multiphysics. A set of validation experiments are carried out to 

ratify simulation investigation. The comparison between simulation study and validation 

experimental results are given in Table 5.5. The forces are measured five times during each 

experimental condition and an average of five measured forces is considered. The % error between 

experimental results and simulation results is less than 10% which proves that the result obtained 

from simulation study is realistic.  

 After validating simulation study, a material removal model is simulated in COMSOL®. 

Figure 5.10(a) shows the indentation by a single diamond abrasive particle on Ti alloy workpiece. 

As shown in the Fig. 5.10(a), at any point of time, a single contact point between abrasive particle 

and workpiece surface occurs. Indentation of an abrasive particle on the workpiece surface 

propagates from that single contact point with maximum indentation force. The dislodgement of 

workpiece by a single abrasive particle along line AB (Fig. 5.10(a)) is plotted in Fig. 5.10(b). For 

25.9 mm 

Circle enclosing finishing spot 

26.1 mm 25.8 mm 
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Sr. 1 in Table 5.5, the maximum displacement is 0.23 µm. Material removal at any experimental 

condition is predicted from this simulation study of material dislodgement.   

Table 5.5 Validation results between experimental and simulation study 

Sr.  
No. 

C 
(vol.%) 

A 
(vol.%) 

G 
(mm) 

N 
(rpm) 

Fn (N)  Ftan (N) 

Exp. Sim.* % 
error 

 Exp. Sim. % 
error 

1 40 3.5 1 600 30.37 24.97 4.61  1.28 0.88 9.35 
2 45 10.5 1.4 1200 21.69 16.89 8.29  3.74 2.84 4.54 
3 35 7 0.6 900 23.31 17.71 6.86  1.65 0.95 9.09 

 Sim.*–simulated 

  
(a) (b) 

Fig. 5.10 (a) Indentation by a single diamond abrasive particle on Ti alloy workpiece and (b) 
dislodgement of workpiece by a single abrasive particle along line AB for Exp. 1 in Table 5.5 

Diagrams of the experimental force data (obtained from dynamometer) for the validation 

of simulation study is provided in Fig. 5.11 for Sr. No. 1, in Table 5.5. Mean value of the 

experimentally measured force data (Fig. 5.11) is used for the validation of the simulation study 

(i.e. normal and tangential force in Table 5.5, Sr. No. 1).  

A B 

TH-1987_126103024



Investigation of finishing forces       96 
 

  
(a) (b) 

Fig. 5.11 Measured force data as recorded from the dynamometer; (a) Normal and (b) tangential 
force for validation experiment (Sr. No. 1 in Table 5.5) 

5.4.2 ANOVA Analysis 

 The ANOVA of experimental results (Table 5.4) along with percentage contribution of 

each factor are given in Table 5.6. The model p-value (Prob>F) for Fn is very small (= 0.0001) 

and is less than 0.05 (for 95 % confidence interval) indicating model is significant. There is only 

a 0.01 % chance that the model “F-value” of 8.35 could happen because of noise which implies 

that the model is significant. As shown in Table 5.6, the significant process parameters in 

decreasing order of % contribution are abrasive concentration (37.89%), working gap (29.73%) 

and CIP concentration (24.65%). The model p-value (Prob>F) of 0.0013 for Ftan indicates that the 

model is significant. The significant factors in case of Ftan in decreasing order of % contribution 

are tool rpm (51.29%), square of tool rpm (11.57%), working gap (10.24%), square of CIP 

concentration (6.47%) and square of working gap (6.45%). The regression equations for both the 

forces Fn and Ftan are given below. 

4

-4 -3 2 2 2

-6 2

100.44 2.43 6.92 12.79 0.03 0.11 0.54 6.41 10
        - 0
       

.81 - 4.50 10 5.19 10 0.04 0.15 7.56
2.10 10

nF C A G N CA CG CN
AG AN GN C A G

N

−= − − − − + − + ×

× + × + + +

+ ×

               (5.14) 

4 3 3
tan

5 5 3 2 2

2 6 2

11.27 0.84 0.13 5.42 6.01 10 4.16 10 9.93 10
         3.55 10 0.01 6.57 10 3.05 10 0.0
         

1 0.01
1.99 4.76 10

F C A G N CA CG
CN AG AN GN C A

G N

− − −

− − −

−

= − + + − × + × + ×

− × − − × − × + −

− + ×

                (5.15) 
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 Another important factor to consider during regression analysis is coefficient of 

determination (R2) of regression equation which varies between 0 to 1. Higher value of R2 suggests 

that the model fits the data better. R2 value for both Fn and Ftan is 0.80 which is good enough for 

the model to fit the force data well. 

Table 5.6 ANOVA for finishing forces (Fn and Ftan) 

Source 

Fn 

 

Ftan 

F 
Value 

p-value Percent 
contribution 

F 
Value 

p-value Percent 
contribution Prob > 

F 
Prob > 

F 
Model 8.35 0.0001  5.38 0.0013  
C 29.05 < 0.0001 24.65 4.45 0.0521 6.13 
A 44.65 < 0.0001 37.89 0.77 0.3945 1.06 
G 35.03 < 0.0001 29.73 7.44 0.0156 10.24 
N 0.82 0.3793 0.70 37.27 < 0.0001 51.29 
CA 1.60 0.2245 1.36 0.14 0.7120 0.19 
CG 0.55 0.4693 0.47 0.01 0.9196 0.01 
CN 0.42 0.5226 0.36 0.08 0.7871 0.10 
AG 0.59 0.4520 0.51 0.01 0.9189 0.01 
AN 0.10 0.7519 0.09 0.13 0.7264 0.17 
GN 0.18 0.6771 0.15 3.59 0.0777 4.94 
C2 0.88 0.3624 0.75 4.70 0.0466 6.47 
A2 2.74 0.1185 2.33  0.98 0.3379 1.35 
G2 1.16 0.2978 0.99  4.69 0.0469 6.45 
N2 0.02 0.8683 0.02  8.41 0.0110 11.57 
Lack of 
Fit 4.54 0.0543   1.59 0.3163  

5.4.3 Influence of Process Parameters on Forces 

 Influence of each process parameters on Fn and Ftan are plotted with the help of regression 

equations (Eqs. (5.14) and (5.15)). The plots are analyzed and discussed to clarify the process 

mechanism.  

5.4.3.1 Normal Force (Fn)    

 The main component of Fn comes from magnetic force (Fm) in MFAF process as given in 

Eq. (5.1). Effect of each process parameters on Fn is shown in Fig. 5.12. Influence of abrasive 

concentration on Fn is very significant (with 37.95% contribution) as perceived from ANOVA 

(Table 5.6). Rise in abrasive particle concentration in MR fluid results in a reduction in Fn during 
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finishing as shown in Figs. 5.12(a) and (d). Increasing abrasive concentration implies more number 

of abrasive particles in the CIP chains in the finishing zone which makes the CIP chains weak 

resulting reduced MR fluid stiffness. The reduction in MR fluid stiffness causes a decrease in Fn 

due to weakly formed embedded CIP chains surrounding abrasive particle acting on the workpiece 

surface.    

 As shown in Figs. 5.12(a), (b) and (c), with an increase in CIP concentration, Fn acting on 

the workpiece increases. The rigidity of MR fluid enhances with the increase in CIPs 

concentration. The column-like structure formed by CIPs in the finishing zone along the magnetic 

lines of force embedding the abrasive particles farthest from magnetic pole becomes stronger due 

to the presence of more CIPs. Fm acts upon abrasive particle through the surrounding CIPs chains 

embedding it. Hence, magnitude of Fm rises with the surge in CIP concentration which leads to 

higher Fn acting on finishing spot. 

 Working gap amidst MFAF tool and workpiece plays a vital role on Fn acting on finishing 

spot. Rise in working gap leads to a reduction in Fn as represented in Figs. 5.12(b) and (c). Increase 

in working gap implies that the distance between the finishing spot and MFAF tool increases which 

leads to decreased magnetic flux density on the finishing spot [111]. Hence, magnetic force or Fn 

acting on finishing spot starts to decline with increased working gap.  

 According to ANOVA (Table 5.6), the % contribution of tool rpm in case of Fn is small 

and the change in Fn is almost constant as shown in Fig. 5.12(d). Although, a little decrease in Fn 

is observed with the increase in tool rpm (Fig. 5.12(d)). At high tool rpm, the CIP chains start to 

break due to high centrifugal force which leads to the reduction in MR fluid rigidity resulting in 

decreased Fn. Probably, the normal component of Fcfg influence Fn because with the increase in 

tool rpm normal component of Fcfg acting on the finishing spot increases. 
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(a) (b) 

  
(c) (d) 

Fig. 5.12 Influence of (a) abrasive concentration and (b) working gap at different CIP 
concentration on normal force (Fn); 3D plots showing combined effect of (c) CIP concentration 

& working gap and (d) tool rpm & abrasive concentration on Fn 

5.4.3.2 Tangential Force (Ftan) 

 Ftan acting on the abrasive particles during finishing is presumed to be a combination of 

Fcfg and Fs as given in Eq. (5.6). The most significant process parameters in decreasing % 

contribution for Ftan is tool rpm, working gap, CIP concentration and abrasive concentration 

according to ANOVA (Table 5.6). Ftan increases continuously with the increase in the tool rpm as 

shown in Figs. 5.13(a) and (c). Fcfg increases with the increase in tool rpm as mentioned in Eq. 

(5.7). The abrasive particles at the end of CIP columnar structure in the finishing zone start moving 

towards the edge with an increased tool rpm resulting increased Ftan on the abrasive particle.   

 Ftan acting on abrasive particles reduces with the rise in working gap as represented in Figs. 

5.13(b) and (d). Fs depends on the projected finishing spot area (Eq. (9)) and finishing spot area 

depends on the working gap. Finishing spot area increases with a decrease in working gap due to 
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the squeezing of MR fluid in the finishing zone. Finishing spot area increases due to a decrease in 

working gap is supported by the simulation study (Fig. 5.9). Also, increased working gap reduces 

shear stress applied on the abrasive particles due to the dependency of shear stress on the applied 

magnetic field (Eq. (5.8)). Hence, increase in working gap results in a reduction of magnetic force 

on the finishing spot ensuing reduced shear stress which prompts to a reduction in shear force. 

Therefore, reduction in Ftan is observed with increasing working gap due to decreasing Fs. 

  

  
(a) (b) 

  

(c) (d) 
Fig. 5.13 Influence of (a) tool rpm and (b) working gap at different CIP concentration on 

tangential force (Ftan); 3D plots showing combined effect of (c) abrasive concentration & tool 
rpm and (d) CIP concentration & working gap on Ftan 

 Shear stress is proportional to the CIP volume concentration (Eq. (5.8)). Rise in CIP 

volume concentration increases MR fluid stiffness resulting in enhanced MR fluid shear stress. 

Also, increased CIP concentration increases available magnetic field in the finishing spot. It causes 
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an increase in MR fluid shear stress. Hence, with increased CIP concentration, Ftan also increases 

as shown in Figs. 5.13(a), (b) and (d).   

 As shown in Fig. 5.13(c), Ftan increases initially (a bit) and further decreases with a rise in 

abrasive concentration. Total Fcfg acting on all abrasive particles rises with the increment in 

abrasive concentration due to the increase in total abrasive mass (Eq. (5.7)). However, with 

continuous increase in abrasive volume concentration, the columnar structure of CIPs embeds 

more abrasive particle resulting weaker structure which leads to decreased MR fluid shear stress. 

It results in decreased Ftan. 

5.5 Summary 

 The analysis of finishing forces involved in the present MFAF process is carried out for 

better understanding and precise control of the process. Simulation study of MFAF process 

concerning finishing forces is carried out in two FEA based softwares. Validation experiments are 

conducted to substantiate the simulation study. The simulation results obtained from Ansys 

Maxwell® is incorporated in the COMSOL® Multiphysics for force simulation. The validation 

experimental investigation shows minor variation between experimentally measured and 

simulated forces. Hence, the conducted simulation study can be used to simulate the MFAF 

process precisely and efficiently. A material removal model for a single abrasive particle is also 

simulated with known finishing force values.  

A statistical DOE analysis is conducted to evaluate the significance of each process 

parameter and their % contribution on normal and tangential forces. Significant process parameters 

in case of Fn are abrasive concentration with 37.89% contribution, working gap with 29.73% 

contribution and CIP concentration with 24.65% contribution. The significant factors in case of 

Ftan are tool rpm (51.29%), square of tool rpm (11.57%), working gap (10.24%), square of CIP 

concentration (6.47%) and square of working gap (6.45%). The influence of each process 

parameter on finishing forces in the design space is explored with the help of regression equation 

obtained from the statistical analysis. After analysis, it shows that Fn acting on the abrasive 

particles surges with rise in CIP concentration. Although, surge in abrasive particle concentration, 

working gap and tool rpm results in a reduction in Fn. Ftan increases continuously with the rise in 
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the tool rpm, CIP concentration and decrease in working gap. Initially, Ftan increases little bit with 

a rise in abrasive concentration however it decreases with additional abrasive concentration.  
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Chapter 6  Finishing of freeform surface of 
femoral part of prosthetic knee joint   

6.1 Introduction 

A freeform surface is created from an array of control points along with a mathematical 

model to define the surface. Freeform surfaces are widely used in automotive, aerospace, medical 

and other industries. Finishing of freeform surface is a very difficult task due to its complex nature. 

Freeform surfaces are adopted to a great degree in prosthetic implant surfaces in medical industry. 

Femoral component of knee joint implant is an example of freeform surface. Employing manual 

finishing and semi-automated finishing to polish femoral knee implant is time consuming, labor 

intensive and less uniform. The issues of manual finishing are resolved using advanced 

nanofinishing processes. Many advanced finishing processes are proposed and developed to finish 

femoral knee implants. Performance and life of knee implants largely depend on the surface finish 

[114]. Low surface roughness of femoral knee implant causes less friction during relative motion 

of the femoral component resulting reduced wear and mixing of wear related debris in blood stream 

[115,116]. According to ISO 72072:2011 [102], the surface roughness of femoral knee implant 

should be in the nanometer range. Commercially grinding, drag finishing, vibratory finishing 

systems etc. are used to finish metallic femoral knee implants. Industrial robots are also employed 

for grinding of femoral knee implant [117]. To finish femoral knee implant with better surface 

roughness, different methods are proposed by researchers. Hilerio et al. [116] proposed a 

mechanochemical method (MCM) to achieve required surface finish of femoral knee implant made 

of CoCrMo. The MCM process is carried out in different stages using different abrasive-bands at 

each stage [118]. Charlton and Blunt used a 7 axis Zeeko CNC polishing machine to attain required 

surface finish and form on CoCr alloy femoral knee implant. They proved that this process can be 

used to generate nanometer level surface topography [119].  

 Magnetorheological fluid based finishing processes are also employed to finish femoral 

knee implants with better control of finishing forces than previously mentioned processes. Sidpara 

and Jain did nanofinishing of titanium femoral knee implant using magnetorheological fluid based 
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finishing (MRFF) process [84]. Later, femoral knee implant made of stainless steel is finished 

using rotational-magnetorheological abrasive flow finishing (R-MRAFF) process to improve 

surface topography with less finishing time than MRFF process [120].  

Magnetic abrasive finishing (MAF) is also employed to finish femoral knee implants at 

nanometer level surface roughness [85]. All these processes provide nanometer level finishing on 

the femoral knee implant. However, the uniform surface roughness along the curvature of the 

femoral knee implant is not achieved by the previous processes. Hence, to obtain an uniform 

surface roughness along the curvature of femoral knee implants, a novel developed tool [111] in 

magnetic field assisted finishing (MFAF) process is employed.  

In the present chapter, the ability of the MFAF tool to provide uniform finishing along the 

curvature of freeform surface of a femoral knee implant is analyzed. Surface topography and 

surface roughness of workpiece surfaces at different positions along the curvature before and after 

finishing are investigated to find out the MFAF tool capability. A statistical design of experiments 

(DOE) analysis is carried out for better understanding of the process mechanism and to increase 

the process performance.  

6.2 Experimental Investigation  

Femoral knee implant made of Ti alloy of grade 5 is finished using newly developed MFAF 

tool [111]. Finishing of a femoral knee implant is a difficult task due to its complex freeform 

nature. To finish freeform surface efficiently the MFAF tool is particularly made. The 

experimental setup is represented in Fig. 6.1. A 4-axis CNC milling machine is used to hold the 

MFAF tool. A rotational motion to the MFAF tool is imparted during finishing with respect to the 

Z axis (Fig. 6.1). Workpiece is held with the help of a specially designed workpiece fixture. The 

developed workpiece fixture is attached to the rotary chuck and it rests on a vertical stand attached 

to the milling machine bed. A rotational motion is provided to the workpiece through the rotary 

chuck using computer console.  

A toolpath is generated using sprutcam® software to uniformly finish femoral knee implant. 

Schematic diagram of the tool positions at different time during a finishing cycle are shown in Fig. 

6.2. The toolpath is generated in such a way that the MFAF tool is perpendicular to the workpiece 
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surface as shown in Fig. 6.2. However, due to the complex geometry of the workpiece surface, in 

some positions the perpendicular position of the tool may not be maintained with a 4-axis CNC 

machine.  

Volume concentration of CIP, abrasive and base medium is given in Table 6.1 [112]. Two 

types of experimental investigations are conducted on femoral knee implant. The first set of 

experiments are carried out to analyze MFAF tool capability to achieve uniform surface finish 

along the curvature of freeform surface. The second set of experiments are conducted to find out 

the influence of different process parameters on femoral knee implant and to obtain minimum 

surface roughness with optimum value of process parameters.    

 
Fig. 6.1 MFAF experimental set-up to finish femoral knee implant 

 
 
 
 
 

 

 

(a) (b) (c) 
Fig. 6.2 Movement of femoral knee implant with respect to MFAF tool and their relative 

positions (a) at the start, (b) in between and (c) at the end of finishing cycle 
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6.2.1 Effect of Surface Curvatures (1st Set of Experiments) 

The MFAF tool capability is analyzed to achieve uniform finishing along the curvature of 

the femoral component surface during 1st set of experiments. The entire curvature is divided 

equally into five different sections using CAD software as shown in Fig. 6.3(a). The surface 

roughness at those five different positions is analyzed after finishing. Figure 6.3(b) displays the 

finishing spot generated using MFAF tool with 30 mm spot diameter. The curvature length of each 

section in Fig. 6.3(a) is less than 30 mm so that overlapping of the finishing spot occur which will 

render uniform finishing of each position. The experimental conditions considered during finishing 

is given in Table 6.1. After the finishing of femoral knee implant, the surface roughness and surface 

topography at each positions are studied. 

   
(a) (b)  

Fig. 6.3 (a) Positions considered to evaluate the effect of surface curvatures of femoral knee 
implant; Position 1 (0°–36°), position 2 (37°–73°), position 3 (74°–107°), position 4 (108°–

138°), position 5 (139°–180°) and (b) finishing spot using MFAF tool 

Table 6.1 Process parameter conditions 
Process parameters Value 
Tool rpm 900 rpm 
Working gap  0.6 mm 
Rotary chuck rpm 5 rpm 
CIP concentration 45 Vol. % 
Diamond abrasive concentration 7 Vol. % 
Base medium concentration 48 Vol. % 

6.2.2 Design of Experiments (2nd Set of Experiments) 

Statistical design of experiment (DOE) based on response surface method (RSM) is carried 

out to optimize the MFAF process parameters during finishing of freeform surface of femoral knee 

implant. Relationship between input process parameters and output response is established using 

regression equation and is used to evaluate the influence of key process parameters on surface 

Position-1 

Position-2 
Position-5 

Circle enclosing 
finishing spot 

30 mm 
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roughness of femoral knee joint implant. Principle objective of this statistical analysis is to 

optimize input process parameters to achieve minimum surface roughness. Central composite 

rotatable design (CCRD) of RSM is selected due to equal variance prediction in total design space. 

Three key process parameters are as listed in Table 6.2. The experiments are conducted randomly 

as listed in Table 6.3.  

Table 6.2 Coded levels and actual values of process parameters 

Parameters Unit Levels 
-1 0 1 

Rotational speed of the tool (N) rpm 800 1000 1200 
Feed rate (F) mm/min 10 15 20 
CIP concentration (C) Vol. % 35 40 45 

After completing 20 experiments (Table 6.3), the significance of process parameters in 

MFAF process is explored using analysis of variance (ANOVA). Further, an optimization study is 

executed to find out optimum process parameters value to achieve a minimum final area-surface 

roughness (Sa). Later, confirmation tests are conducted with optimized process parameter values.  

Table 6.3 Plan of experiments through DOE 
Sl.  
No. 

N  
(rpm) 

F 
(mm/min) 

C  
(vol.%) 

Final Sa 
(nm) 

1 1200 10 35 72.4 
2 1000 15 40 21 
3 800 10 35 91.8 
4 1000 15 40 34 
5 800 20 35 80.9 
6 1200 20 45 31.6 
7 800 10 45 65.2 
8 1200 20 35 65 
9 1000 15 30 34 
10 1000 15 50 29.9 
11 800 20 45 56.5 
12 1000 15 40 35 
13 1300 15 40 50.4 
14 1200 10 45 44.3 
15 1000 15 40 20 
16 1000 6 40 61.6 
17 1000 24 40 70.9 
18 1000 15 40 20.6 
19 1000 15 40 36 
20 600 15 40 96.1 
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6.3 Results and Discussion 

The results obtained from two different sets of experimental studies are discussed in this 

section.  

6.3.1 Effect of Surface Curvature on Surface Roughness and Surface 

Topography  

Table 6.4 shows the initial and final surface roughness values at each position. The standard 

deviation between the initial surface roughness values is reduced from 34.21 to 19.23 in the 

finished surfaces. Hence, the variation in the final surface roughness is reduced after finishing with 

MFAF tool. Hence, the MFAF tool can provide nearly uniform finishing at different surface 

curvatures of femoral knee implant.  

Table 6.4 Initial and final Ra at different positions 
Position Initial Ra (nm) Final Ra (nm) % change in Ra 

1 170 60 64.71 
2 140 40 71.43 
3 100 20 80 
4 160 50 68.75 
5 190 70 63.16 

Std. dev. 34.21 19.23  

Figure 6.4 shows the initial and final surface roughness (Ra) plot considering “t-

distribution with 95% confidence level” at different positions along the surface curvature of 

femoral knee implant. The scatter bars are plotted considering “t-distribution with 95% confidence 

level”. This method is considered due to the small experimental data. It is calculated based on the 

mean of normally distributed dataset. From Table 6.4, it is observed that % change in surface 

roughness is highest in position 3 (Fig. 6.3(a)) and its lowest value is observed in positions 1 and 

5. During finishing at positions 1 and 5 the MFAF tool is not properly perpendicular with the 

implant surface due to its highly complicated curvature which results in low % change in surface 

roughness. This leads to higher surface roughness in positions 1 and 5 than other positions. This 

occurs due to the restriction imposed by 4-axis CNC machine. This problem can be solved by 

using 5-axis CNC machine. Hence, MFAF tool provides almost uniform surface roughness over 

entire implant surface. 
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Fig. 6.4 Initial and final surface roughness (Ra) plot considering “t-distribution at 95% 

confidence level” at different positions along the surface curvature of femoral knee implant 

To examine MFAF tool capability to achieve uniform finishing at different curvatures of 

implant surface, the surface topography and surface roughness at different positions (Fig. 6.3(a)) 

are compared before and after finishing. Figures 6.5–6.9 show 3D surface topographies and surface 

roughness profiles for each curvature (Fig. 6.3(a)) positions (a) before and (b) after MFAF process. 

All finished 3D surface topographies show lesser abrasion marks than their initial surface 

topographies. Also, the number of high peaks and deep valleys are reduced in the (b) final surface 

from their (a) initial  one as observed in the surface roughness profiles (Figs. 6.5–6.9) at different 

positions. 
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(a) (b) 

Fig. 6.5 3D surface topographies and surface roughness profiles of femoral knee joint implant at 
position 1 (a) before and (b) after MFAF process 

  

  
(a) (b) 

Fig. 6.6 3D surface topographies and surface roughness profiles of femoral knee joint implant at 
position 2 (a) before and (b) after MFAF process 

Sa=200 nm Sa=80 nm 

Ra=170 nm Ra=60 nm 

Ra=40 nm 

Sa=60 nm Sa=150 nm 

Ra=140 nm 
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(a) (b) 

 
Fig. 6.7 3D surface topographies and surface roughness profiles of femoral knee joint implant at 

position 3 (a) before and (b) after MFAF process 

  

  
(a) (b) 

Fig. 6.8 3D surface topographies and surface roughness profiles of femoral knee joint implant at 
position 4 (a) before and (b) after MFAF process 
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(a) (b) 

Fig. 6.9 3D surface topographies and surface roughness profiles of femoral knee joint implant at 
position 5 (a) before and (b) after MFAF process 

6.3.2 Analysis of DOE Study  

The ANOVA (Table 6.5) of final area surface roughness (Sa) is carried out based on 

experimental results given in Table 6.3. The model p-value of 0.0039 is lower than 0.05 for 95% 

confidence level implies that the model is significant. The most significant process term is square 

of tool rotational speed having 43.21% contribution on Sa. The 2nd and 3rd significant terms are 

square of feed rate and CIP concentration having 35.15% and 10.37% contribution, respectively. 

This model has insignificant “Lack of fit”. The response surface model for final Sa obtained from 

regression analysis is given as 

5 3

4 2 2 2

685.75 0.74 15.51 5.98 6.25 10 1.31 10 0.01
3.75 10 0.53 0.07

Sa N F C NF NC FC
N F C

− −

−

= − − − − × − × −

+ × + +
                                         (6.1) 

The coefficient of determination (R2) of Eq. (6.1) is 0.85 which shows good fitting of the 

experimental results with the regression equation. An optimization study based on Derringer and 

Suich’s algorithm [109] is carried out. The optimization study maximizes the desirability function. 

The values of optimum process parameters to obtain minimum final Sa is given in Table 6.6.  
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Table 6.5 ANOVA for final area surface roughness (Sa) 

Source F-value p-value Percent 
contribution (Prob > F) 

Model 6.37 0.0039  
N 5.33 0.0436 9.65 
F 0.23 0.6424 0.42 
C 5.73 0.0377 10.37 
NF 1.97×10-4 0.9891 0.00 
NC 0.087 0.7744 0.16 
FC 7.56×10-3 0.9324 0.01 
N2 23.87 0.0006 43.21 
F2 19.42 0.0013 35.15 
C2 0.57 0.4667 1.03 
Lack of 
Fit 4.02 0.0765  

Validation experiments are carried out at optimum process parameter condition (Table 6.6, 

Sl. no. 1). Average value of final Sa from three validation experiments are considered. The 

comparative results from optimization study and validation experiments are shown in Table 6.7. 

The results are in close agreement as % error between them is 6.93% which is acceptable.  

Table 6.6 Results of optimization study 
Sl. N (rpm) F (mm/min) C (Vol. %) Final Sa (nm) Desirability   
1 1062.16 15.37 45.00 21.71 0.978 Selected 
2 1066.14 15.55 45.00 21.73 0.977   
3 1102.55 14.82 45.00 22.49 0.967   

Table 6.7 Confirmation test at optimum experimental condition 

Results from 
Process parameters Final 

Sa 
(nm) 

% 
Error N 

(rpm) 
F 

(mm/min) 
C 

(Vol. %) 
Confirmation test 

1062 15 45 
23.21 

6.93 Optimization 
study 21.71 

Figures 6.10(a) and (b) represent 3D surface topographies of initial (before finishing) and 

final (after finishing) workpiece surfaces, respectively. The initial surface topography shows deep 

scratch marks as well as high peaks and deep valleys (Fig. 6.10(a)). The finished surface (Sa of 

23.21 nm in Fig. 6.10(b)) becomes smoother with no visible scratch marks. Figures 6.10(a) and 

(b) also show initial and final surface roughness profile of the workpiece, respectively. Initial 

surface roughness (Ra) is 170 nm and it is reduced to a very lower value of 10 nm (Ra) in final 
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surface roughness profile. As represented in Fig. 6.10(a), a big variation between peaks and valleys 

is observed in initial surface profile. This variation is reduced extensively in the final surface 

profiles as represented in Fig. 6.10(b). All 3D surface roughness parameters of the finished surface 

(Fig. 6.10(b)) is provided in Table 6.8. 

 
 

 
 

  
(a) (b) 

Fig. 6.10 3D surface topographies and surface roughness profiles of femoral knee joint implant 
at optimum experimental condition (a) before and (b) after MFAF process 

Table 6.8 Advanced field parameters i.e. 3D surface parameters of finished femoral knee 
component at optimum experimental condition 

3D surface parameter Initial values Final values 
Root mean square height (Sq) 210 nm 42.21 nm 
Skewness (Ssk) 0.04 0.7 
Kurtosis (Sku) 8.73 7.14 
Maximum peak height (Sp) 2010 nm 419.23 nm 
Maximum pit height (Sv) 2290 nm 349.81nm 
Maximum height (Sz) 4300 nm 769.04 nm 
Arithmetical mean height (Sa) 170 nm 23.21 nm 
Reduced peak height (Spk) 300 nm 95.24 nm 
Core roughness depth (Sk) 360 nm 24.25 nm 
Reduced valley depth (Svk) 330 nm 63.47 nm 

Figure 6.11 shows mirror finished femoral knee implant after complete finishing with 

MFAF tool. Therefore, MFAF process can provide uniform surface finish over entire surface at 

the nanometer level and can also generate mirror-finished surface on femoral knee implant. 

Sa=170 nm Sa=23.21 nm 

Ra=170 nm Ra=10 nm 
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(a) (b) 

Fig. 6.11 (a) Finished titanium femoral knee implant using MFAF tool and (b) mirror finished 
surface with the reflection 

6.3.3 Effect of Process Parameters 

In this section, the effect of individual process parameters on final area surface roughness 

(Sa) is discussed in details. 

6.3.3.1 Influence of Tool rpm  

MFAF tool rpm is a key process parameter in the MFAF process. The final surface 

roughness and surface topography of femoral knee implant depend on MFAF tool rotational speed. 

With the rise in tool rpm, final Sa decreases and after 1150 tool rpm final Sa increases again as 

shown in Fig. 6.12(a). With the increase of tool rotational speed from 800 rpm to 1000 rpm the 

final Sa gradually decreases with improvement in 3D surface topographies as shown in Figs. 

6.13(a) and (b), respectively. The surface topography obtained at 1000 tool rpm becomes more 

uniform with reduced final Sa (Fig. 6.13(b)) than the surface topography obtained at 800 rpm (Fig. 

6.13(a)). The surface topography obtained at 1200 tool rpm is given in Fig. 6.13(c). The final 

surface roughness (40 nm) at 1200 tool rpm is lesser than at 800 rpm (60 nm), although the quality 

of surface topography is deteriorated in 1200 tool rpm with increased scratch marks due to higher 

finishing force at 1200 rpm. With the rise in tool rpm, tangential force applied on abrasive particles 

surges as shown in Table 6.9. The tangential forces are measured using 3-axis dynamometer during 

finishing. Final Sa reduces due to a rise in material removal which happens because of higher 

finishing force. CIPs form a columnar structure following magnetic field lines [121] embedding 

abrasive particles at the end of columnar structure as represented in Fig. 6.12(b). MR fluid 

columnar structures started moving outward due to the increased centrifugal force at higher tool 

rpm as shown in Fig. 6.12(b). Further increase in tool rpm at 1200 rpm, the columnar structures in 

Reflection  
of text 
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MR fluid starts to break due to a continuous increase in centrifugal force as given in Fig. 6.12(c). 

Due to uncontrolled random motion of the abrasive particles because of breaking of CIPs chain 

structure in the finishing zone leads to a rise in surface roughness. In Fig. 6.13(c), the random 

scratch marks by the abrasive particles are visible which leads to higher deterioration of the 

finished surface. 

 

  

(a) (b) (c) 
Fig. 6.12 (a) Influence of tool rpm on final Sa at different CIP concentration; MR fluid behavior 

at (b) 1000 and (c) 1200 tool rpm 

   
(a) (b) (c)  

Fig. 6.13 Surface topography at (a) 800, (b)1000 and (c) 1200 tool rpm with 40% CIP 
concentration and 15 mm/min feed rate 

Table 6.9 Tangential forces measured on workpiece surface at different tool rpm 
Tool rpm Tangential force (N) 

800 2.24 
1000 2.67 
1200 3.37 

6.3.3.2 Influence of CIP Concentration  

Influence of CIP concentration on final Sa is shown in Fig. 6.14(a). Rise in CIP 

concentration improves surface finish of the component. Increase in CIP concentration implies 

more CIPs in MR fluid as represented in Figs. 6.14(b) and (c). Increase in CIPs results in increased 

normal force applied on abrasive particles during finishing as given in Table 6.10. The increased 

MFAF tool 

Femoral knee  
implant 

CIP 
Abrasive particle 

1000 rpm 1200 rpm 

Sa=60 nm Sa=20 nm Sa=40 nm 
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normal force helps in deeper penetration of abrasive particles on workpiece surface which results 

in lower final Sa value. A continuous decrease in final Sa is observed with increasing CIP 

concentration up to 45 Vol. %. However, the rate of decrease in Sa reduces at higher CIP 

concentration. Beyond, 45 Vol. % of CIP concentration, the amount of available abrasive particles 

to conduct finishing is not sufficient. Also, higher normal force starts to make dents on the already 

finished surface. Hence, for achieving better polishing, the upper limit of CIP concentration needs 

to be fixed at 45 Vol. %. 

 

 

 

(a) (b) (c) 
Fig. 6.14 (a) Influence of CIP concentration on final Sa at different tool rpm; MR fluid structure 

at (b) low and (c) high CIP concentration 

Table 6.10 Normal forces measured on workpiece surface at different CIP concentration 
CIP concentration (Vol. %) Normal force (N) 

35 6.69 
40 8.55 
45 14.40 

6.3.3.3 Influence of Feed Rate  

The effect of feed rate on final Sa at different tool rpm is shown in Fig. 6.15. Initially, final 

Sa begins to decrease with rise in feed rate and reaches to an optimum value at 15 mm/min. 

However, final Sa starts to increase beyond optimum feed rate as shown in Fig. 6.15. The contact 

time between MFAF tool and femoral knee implant surface is defined by feed rate as it defines the 

relative motion between the tool and workpiece. Also, shearing of MR fluid in the finishing zone 

depends on the feed rate. The contact time between tool and workpiece decreases and the shearing 

rate of MR fluid increases with the rise in feed rate. Initially, with the rise in feed rate abrasive 

particles in the finishing zone gets less time to indent the workpiece, although the shearing of the 

indented material is faster. This combination of indentation and shearing leads to a reduction in 

CIP 
Abrasive particle 

Increase in CIPs 
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surface roughness of the workpiece. Beyond optimum feed rate of 15 mm/min, the contact time 

between the tool and workpiece reduces continuously resulting in lower indentation by abrasive 

particles on the workpiece surface which leads to a very low material removal. Although the 

shearing force increases further beyond 15 mm/min feed rate, the material removal reduces 

considerably resulting in lesser improvement in surface finish as seen in Fig. 6.15.  

 
Fig. 6.15 Effect of feed rate on final Sa at different tool rpm 

6.4 Summary 

Nanofinishing of femoral knee implant made of Ti alloy of grade 5 is carried out using 

MFAF tool. Surface roughness and surface topography obtained at each position of femoral knee 

implant are analyzed and discussed to explore MFAF tool capability to finish freeform surface at 

nanometer level. Surface roughness obtained at each position of freeform workpiece after finishing 

is almost same with standard deviation of 19.23. Also, the final surface topography at different 

positions show a similar type of surface. The minimum surface roughness (Ra) obtained after 

finishing is 20 nm which satisfies the surface roughness criteria of femoral knee implant according 

to ISO 72072:2011 [102]. From experimental study, it can be concluded that MFAF tool is highly 

capable to finish freeform surface of femoral knee implant effectively with necessary requirement 

of surface properties. A statistical design of experiments is used to optimize the key process 

parameters to obtain minimum surface roughness (Sa). The optimum process parameter values to 

achieve minimum final Sa of 21.71 nm are 1062 tool rpm, 15.37 mm/min feed rate and 45% CIP 

concentration in MR fluid. Further, experiments are conducted at optimum process parameter 

condition to validate the results obtained from the optimization study. The results obtained from 

the validation experiments are in close agreement with the optimization study results with 

acceptable % error of 6.93. The regression equations obtained from the statistical analysis are used 
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to plot and evaluate the influence of process parameters on final Sa. After analyzing present study, 

to achieve a surface finish below 50 nm on Ti alloy femoral knee implant, the range of tool rpm, 

CIP concentration and feed rate should be within 900–1100 rpm, 40–45 Vol.% and 12–18 mm/min, 

respectively.  
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Chapter 7 Performance analysis of finished 
Ti alloy for femoral knee implant application  

7.1 Introduction 

 Total Knee Arthroplasty (TKA) or total knee replacement (TKR) surgery is employed to 

counter knee joint debilitating diseases such as arthritis. The TKR is composed of a femoral 

component, plastic spacer or bearing and tibial component as shown in Fig. 7.1. Presently, most 

of the femoral component is made up of a metallic alloy like titanium alloy, cobalt–chrome–

molybdenum (CoCrMo) etc. Generally, ultra-high molecular weight polyethylene (UHMWPE) of 

standard ASTMF648 [122] material is used to make the plastic spacer or bearing. UHMWPE has 

necessary material properties and biological inertness required for a bearing material in TKR 

[123]. The failure of TKR is a very serious problem faced by thousands of patient around the globe. 

The main reason of TKR deterioration is complications related to UHMWPE tibial bearing wear 

and generated debris due to wear. These type of tribological failures of tibial bearings lead to 

expensive and risky revision surgery. 

 
Fig. 7.1 A total knee replacement implant [124] 

 Implant wear related problems and its effect on the patient is severe [125]. In vivo, the 

femoral component and the UHMWPE bearing surface experience relative sliding motion. The 

implant wear occurs in between articulating femoral component and bearing surfaces due to two-

body and three-body abrasion. Rough metal surface of femoral component induces abrasion on the 

UHMWPE bearing surface. The wear of the articulating surfaces further increases due to the 

trapped wear particles between them. The increase in wear debris leads to periprosthetic bone 
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resorption [126]. The excessive amount of wear debris causes synovitis and osteolysis. Osteolysis 

is one of the main reasons for implant failure in most of the patients [127]. Aseptic loosening 

occurs due to the osteolysis of surrounding bones. Failure of TKR is largely happened due to 

aseptic loosening or loosening of implants [128,129].  

 The amount of wear debris generated during in vivo performance of TKR partially depends 

on the femoral component surface roughness. Friction between the contacting articulating surfaces 

can be reduced by minimizing adhesion and also by minimizing normal and shear stresses which 

can be achieved through ultra-high polishing [115]. According to fundamental tribological 

investigation, wear of UHMWPE increases with an increase in counterface or femoral component 

surface roughness [130,131]. Also in the laboratory tests, UHMWPE wear escalates with the rise 

in femoral component surface roughness [132]. A 10‐fold rise in the wear rate of UHMWPE is 

reported with the threefold increase in the roughness of femoral countersurface [133]. In the 

laboratory tests, with a three-fold surge in counterface roughness, a twenty-fold rise in wear rate 

of UHMWPE is observed [134]. Also, the wear volume and number of generated wear particles 

depend on the surface roughness of the counterface [135,136]. Researchers established an 

exponential relationship between surface roughness (Ra) of counterface i.e. femoral component 

made of cobalt–chromium alloy and wear of UHMWPE for an extensive range of femoral 

component surface roughness (Ra) of 0.005–0.10 µm based on experimental investigation. The 

regression equation of wear factor (K) [137] is given as 

96.29 10 exp(24.14 )K Ra−= ×                                                                                                             (7.1) 

 According to an experimental study conducted by the authors, a significant advantage is 

achieved by decreasing surface roughness from 0.05 to below 0.01 µm [137]. Hence, UHMWPE 

wear and wear debris related problems can be reduced by controlling femoral component surface 

roughness which results in longer implant life. Surface finish at the nanometer level on hard metals 

like titanium alloy is achievable using magnetic field assisted finishing (MFAF) process [111]. 

Hence, freeform surface of a femoral component made of Ti alloy can be nano-finished using 

MFAF process. Traditionally, tribological investigation to evaluate UHMWPE wear is conducted 

using a pin-on-disk tribometer or analogous test device [138]. Hence, a preliminary evaluation of 

UHMWPE (ASTMF648 standard, [122]) disc wear can be conducted using a pin-on-disc 

tribometer. In the present study, a pin-on-disc tribometer is used to evaluate disc wear relative to 
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Ti alloy grade 5 pin which is finished by MFAF process. The experimental study is conducted to 

analyze the performance of the pin polished by MFAF. The performance of MFAF and manually 

polished pins are compared to find out the ability of MFAF process to produce implant worthy 

surface. Weight of the sample is measured before and after, and the weight loss represents the level 

of debris produced after in-vivo performance of TKR [125]. This tribological study will help to 

understand how the articulating surface of femoral knee implant finished using MFAF process will 

act during it's in vivo performance. 

7.2 Experimental Investigation  

 Tribology study is carried out to determine the performance of MFAF polished pin on 

UHMWPE (ASTMF648 standard, [122]) disc. Pin-on-Disc tribometer is used for the tribology 

investigation following ASTM G99 standard [139]  of tribological characterization. Initially, a 

cylindrical pin made of Ti alloy of grade 5 is fabricated according to the dimension mentioned in 

Table 7.2 using wire electrical discharge machining (EDM). The UHMWPE discs of dimension 

165 mm X 8 mm are prepared using a vertical saw and lathe machine. After fabricating the pins, 

flat surfaces of 3 pins are finished using MFAF process. The experimental conditions during 

MFAF process are given in Table 7.1. During finishing, pins are held using a precision vice. A 

four-axis vertical CNC milling machine is used to hold the MFAF tool during finishing process. 

A schematic description of MFAF process for polishing Ti alloy pin is presented in Fig. 7.2(a). 

During finishing of Ti alloy pins, only rotational motion is provided to the MFAF tool without pin 

movement due to less surface area of the pin as the polishing tool covers entire pin surface. The 

MR fluid of Type I (Chapter 3, Section 3.2) is used for finishing. Another 3 pins are manually 

hand polished using 2000 grit size emery paper. Hence, a total of 6 pins are prepared for the 

tribology study. In the present study, the pins prepared using MFAF process and manual hand 

polishing are referred as MFAF pin and HP pin, respectively. 

Table 7.1 Experimental conditions during MFAF process 

Process parameters Value 
Tool rpm 900 rpm 
Working gap 0.6 mm 
Finishing time 4 hrs.30 min  
CIP concentration 45 Vol. % 
Diamond abrasive concentration 7.1 Vol. % 
Base medium concentration 48 Vol. % 
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 After finishing, the specimens are cleaned with deionized water and acetone before 

tribology study [140]. All the pins and discs are initially weighed before tribology test using a 

digital balance having an accuracy of ± 0.0001 mg. Also, optical profilometer is used to evaluate 

surface roughness and surface topography of each pin. After that, the pin is mounted on the pin 

holder and UHMWPE disc is attached to the disc holder of the tribometer for wear test. Figure 

7.2(b) represents a schematic view of pin-on-disc experimental setup for tribology study. A normal 

load is applied on Ti alloy pin and rotating UHWMPE disc throughout wear test as represented in 

Fig. 7.2 (b). The process parameter conditions during wear test are given in Table 7.2. 

Table 7.2 Process parameter conditions during wear test 
Process parameters Value 
Normal force  100 N 
Disk rpm 100 rpm 
Wear track diameter 120 mm 
Disk diameter 165 mm 
Disk thickness 8 mm 
Pin diameter 6 mm 
Pin height 25 mm 

Ti alloy pin and UHMWPE disc attached with the tribometer during wear tests are given 

in Fig. 7.3(a). The wear track formed on UHMWPE disc after wear test is presented in Fig. 7.3(b). 

Weight of each sample (both pin and disk) is measured after wear test. Also, surface roughness 

and surface topography of each pin and wear track are analyzed. 

 
 
 
 
 
 
 
 
 

 

(a) (b) 
Fig. 7.2 Schematic description of (a) polishing of Ti alloy pin using MFAF process and (b) pin-

on-disc tribometer experimental set-up 

Normal force 

Rotational motion 

Wear track 

UHWMPE disk 

Ti alloy pin 

Precision vice 

MFAF  
tool 

MR fluid 
Ti alloy pin 

Rotational motion 
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(a) (b) 

Fig. 7.3 Experimental set-up of pin-on-disc tribometer showing (a) Ti alloy pin, UHMWPE disc 
and (b) wear track on UHMWPE disc 

7.3 Results and Discussion 

 Wear test between the Ti alloy pins and UHMWPE disc is carried out to analyze the 

performance of the finished surface. The Ti alloy pins are polished using two different methods 

i.e. hand or manual polishing (HP) and MFAF process The obtained results will help to analyze 

the in vivo performance of the femoral knee implant finished using MFAF process. The following 

analysis such as volume loss, wear rate, surface roughness and surface topography are carried out 

after wear test and are discussed below.   

7.3.1 Volume Loss Analysis 

 Volume loss analysis is carried out only for UHMWPE disc due to negligible weight loss 

of Ti alloy pins after wear test. The volume loss data is required for further calculation of wear 

rate. The weight and volume loss of UHMWPE disc after wear test for both MFAF and HP pins 

are given in Table 7.3. The volume loss calculated from respective weight loss data of UHMWPE 

disc after wear test is given as. 

3 WeVol ighume lo t loss of UHMWPE discUHMWPE disc ss (mm ) =  
den

f 
sity

o        (7.2) 

 The density of UHMWPE for surgical implants (ASTM F648–10) [122] is 0.927 g/cm3. 

From Table 7.3, it is observed that the average volume loss of disc in case of MFAF pin (11.7995 

mm3) is far lesser than HP pins (27.9726 mm3). The lower volume loss of UHMWPE disc in case 

of MFAF pins proves that pins polished using MFAF process shows better performance than HP 

pins. Hence, femoral knee implant polished using MFAF process will provide better performance 

Ti alloy pin 

UHWMPE disc 
UHWMPE disc Wear track 
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due to the formation of lesser debris during knee movement. It will also reduce the problems due 

to the mixing of debris in the bloodstream. 

Table 7.3 Volume loss analysis of UHMWPE disc 

MFAF 
pins 

UHMWPE disc 
 HP 

pins 

UHMWPE disc 
Weight loss 

(mg) 
Volume loss 

(mm3) 
Weight loss 

(mg) 
Volume loss 

(mm3) 
pin 1 9.9241 10.7056  pin 4 25.7258 27.7517 
pin 2 12.8750 13.8889  pin 5 23.1389 24.9611 
pin 3 10.0152 10.8039  pin 6 28.9272 31.2052 
Avg. 10.9381 11.7995  Avg. 25.9306 27.9726 

7.3.2 Wear Rate Analysis 

 Wear rate of articulate surface of knee implant has significant influence on its performance. 

Wear rate due to the relative motion between the UHMWPE disc and Ti alloy pin gives better 

understanding of their performance during in vivo performance of knee implant. Wear rate analysis 

of UHMWPE disc after wear test calculated from volume loss of UHMWPE disc and sliding 

distance of the pin during experiment is given as   

Wear rate (mm3/m) = Volume loss (mm3)/sliding distance (m)                                                  (7.3) 

where, sliding distance depends upon wear track diameter ( D  in mm), UHMWPE disc speed ( dN
in rpm), wear test duration ( wT in sec) given as 

Sliding distance (m) = 
60,000

d wDN Tπ                                                                                                     (7.4)  

 The sliding distance during wear test calculated from Eq. (7.4) is 4524 m for 60 mins wear 

test. The wear rate for each UHMWPE disc is provided in Table 7.4. From Table 7.4, it is found 

that the average wear rate of UHMWPE disc in case of MFAF pins (0.002608 mm3/m) is lower 

than HP pins (0.006359 mm3/m) which demonstrates better performance by MFAF pins than HP 

pins. 
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Table 7.4 Wear rate analysis of UHMWPE disc 

MFAF pins UHMWPE disc  HP pins UHMWPE disc 
Wear rate (mm3/m) Wear rate (mm3/m) 

pin 1 0.002366  pin 3 0.006134 
pin 2 0.003070  pin 4 0.005517 
pin 3 0.002388  pin 5 0.006897 
Avg. 0.002608  Avg. 0.006359 

7.3.3 Surface Analysis 

 Initial and final surfaces of both MFAF and HP pins before and after wear tests are analyzed 

with the help of surface roughness and surface topography. Surface analysis of the pins shows the 

changes in surface characteristics after wear test. Also, the wear track generated on the UHMWPE 

disc after wear test is analyzed using optical surface profilometer. It will help to understand how 

the articulating surface of femoral knee implant will act during it's in vivo performance. 

 7.3.3.1 MFAF Pins Surface Analysis 

 The surface roughness and surface topography of all MFAF pins before and after wear tests 

are given in Figs. 7.4(i) and (ii), respectively. Surface topography after the wear test shows scratch 

marks which are not visible in the surface topography before the wear test. The relative motion 

between Ti alloy pin and UHMWPE disc during wear test results in increased surface roughness 

on the pin surface. However, the change in surface roughness after wear test is very small for all 

the pins.  

MFAF 
pin 1 

 

 

 

 

Ra= 10 nm Ra= 12 nm 
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MFAF 
pin 2 

 

 

 

 

MFAF 
pin 3 

 

 

 

 
 (i) (ii) 

Fig. 7.4 Surface topography and surface profile of MFAF pins (i) before and (ii) after wear test 

7.3.3.2 HP Pins Surface Analysis 

 Similarly, the surface roughness and surface topography of HP pins before and after wear 

tests are presented in Figs. 7.5(i) and (ii), respectively. Surface roughness of the HP pins (Fig. 

7.5(i)) and also the change in surface roughness after wear test (Fig. 7.5(ii)) are higher than MFAF 

polished pins. Deep scratch marks (Fig. 7.5(ii)) are observed in all HP pins after wear test due to 

higher initial surface roughness of HP pins. The combined surface roughness of the pin and disc 

is higher in case of HP pins than MFAF pins. Therefore, the friction between the femoral 

component polished by MFAF process and the plastic bearing of knee implant (i.e. UHMWPE 

material) will be less during their relative motion [115]. Hence, better performance is expected in 

case of MFAF pins than HP pins. 

Ra= 20 nm Ra= 25 nm 

Ra= 10 nm Ra= 11 nm 
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HP pin 4 

 

 

 

 

HP pin 5 

 

 

 

 

HP pin 6 

 

 

 

 
 (i) (ii) 

Fig. 7.5 Surface topography and surface profile of the HP pins (i) before and (ii) after wear test 

Ra= 66 nm Ra= 70 nm 

Ra= 50 nm Ra= 60 nm 

Ra= 60 nm Ra= 71 nm 
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7.3.3.3 Wear Track Surface Analysis 

 The wear track diameter is kept fixed to 120 mm during wear test. The surface topography 

of UHMWPE disc before wear test is given in Fig. 7.6(a). The trace of the wear track on UHMWPE 

disc after wear test is given in Fig. 7.6(b). The surface topography of the wear track on UHMWPE 

disc generated by MFAF and HP pins is analyzed using optical surface profilometer and are shown 

in Figs. 7.7(a) and (b), respectively. The surface topographies generated by this two pins are 

different as observed from Fig. 7.7. The wear track of MFAF pin (Fig. 7.7(a)) shows lesser deep 

valleys than HP pin (Fig. 7.7(b)). Deep scratch marks are generated by HP pin as compared to 

MFAF pins due to higher surface roughness of HP pins.  

   
  

(a) (b) 
Fig. 7.6 (a) Surface topography of UHMWPE disc before wear test and (b) wear track on 

UHMWPE disc after wear test 

  
(a) (b) 

Fig. 7.7 Surface topographies of wear track generated by (a) MFAF pin and (b) HP pin 

Hence, the surface analysis shows that surface quality of the pin and corresponding wear 

track are better in case of MFAF pins than HP pins. The surface roughness of HP pins deteriorates 

at a higher rate than MFAF pins for same duration of wear test. Also, the wear track by HP pin has 

more deep scratch marks and deeper valleys as compared to MFAF pin. Hence, MFAF polished 
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femoral implant surface will provide higher performance for a longer duration of time than hand 

or manually polished surface. 

7.4 Summary 

 In this chapter, tribological studies are carried out to analyze the performance of MFAF 

polished surface with respect to manually polished surface on UHMWPE disc used in prosthetic 

implants. This analysis will help to better understand in vivo performance of a femoral component 

of knee joint finished at nanometric level by MFAF process. After wear test, different analysis like 

volume loss, wear rate, surface roughness, surface topography and wear track analysis are carried 

out to explore the wear characteristics properly. From volume loss analysis, it is observed that the 

volume loss of UHMWPE disc in case of MFAF pin (11.7995 mm3) is lower than HP pins (27.9726 

mm3). The lower volume loss of UHMWPE disc in case of MFAF pins leads to lesser wear debris 

generation resulting in lsser problems related to wear debris. Hence, femoral knee implant polished 

using MFAF process will have fewer problems related to wear debris. The wear rate analysis 

reveals that the wear rate of UHMWPE disc in case of MFAF pin (0.002608 mm3/m) is lower than 

HP pin (0.006359 mm3/m). It can be speculated from the wear analysis that the wear of UHMWPE 

bearing surface will be less with MFAF polished femoral component. From surface roughness 

analysis it is found that the change in surface roughness for MFAF pins is lower than HP pins after 

wear test. From surface roughness investigation it can be predicted that during in vivo performance 

of total knee replacement the change in surface roughness for MFAF polished femoral component 

will be less according to wear test results. The wear track analysis shows that more deep scratch 

marks are generated in the wear track for HP pins than MFAF pins for same wear test duration. 

Hence, wear test analysis proves that MFAF polished femoral surface will provide higher in vivo 

performance for longer time duration than manually polished surface. 
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Chapter 8 Conclusions and scope for future 
work  

8.1 Conclusions 

 In the present work, a polishing tool is designed and developed to finish freeform surface 

of femoral part of knee joint made of Ti alloy. Preliminary experimental investigations are carried 

out to explore the capability of the developed tool, to find out appropriate MR fluid composition 

for different implants and to generate optimum toolpath. Afterward, flat Ti alloy workpiece and 

femoral component of knee joint are finished with developed tool and necessary experimental 

investigations are carried out to understand the process. Also, simulation and experimental study 

of the finishing forces involved in MFAF process are carried out. Later, wear analysis of finished 

surfaces is carried out to understand in vivo performance of the component. Following conclusions 

are drawn from the work reported in the thesis.  

8.1.1 Preliminary Investigation 

8.1.1.1 MFAF Tool Development 

 A polishing tool is designed and developed to finish freeform surfaces. FEA based software 

is used for the simulation study to find out the optimum design configuration and dimension of the 

developed tool for achieving better finishing characteristics. The conclusions drawn from this 

study are as follows:  

• The optimum dimension of magnet is found to be 70 mm in height, 10 and 15 mm in 

diameter. The spherical shape of magnet fixture at the tool end is found to be the best 

configuration. Mu-metal is used as the material for magnet fixture due to its magnetic field 

shielding property. 

• The maximum achieved magnetic flux density on the workpiece surface using novel 

developed tool is 0.4 Tesla which is sufficient enough to carry out finishing operation.  
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8.1.1.2 Synthesis of Optimum MR Fluid 

 Two types of MR fluids are synthesized to generate different type of surfaces. The 

generated surface morphologies are studied and analyzed in relation to the implant surfaces. The 

conclusions drawn from the study reported in the thesis are as follows: 

• Both MR fluid consists of carbonyl iron particles (CIPs) and diamond abrasive powder in 

acidic base medium. Base medium constituents of MR fluid of Type – I is hydrofluoric 

acid (HF), nitric acid (HNO3) and deionized water. In case of MR fluid of Type – II the 

base medium consists of hydrogen peroxide (H2O2) and deionized water 

• The obtained surface after finishing with MR fluid of Type – I is smoother (having surface 

roughness of 10 nm) with less number of pits and valleys than with MR fluid of Type – II.  

• From wettability study of finished surface using goniometer, it is found that the surface 

finished with MR fluid of Type – I is hydrophilic in nature while with MR fluid of Type – 

II is hydrophobic.  

• In both cases, the formation of oxide layer on the finished Ti alloy surface is observed 

which enhances the bio-compatibility of the implant. 

• MR fluid of Type – I is better suited for semi-permanent type of implants or implants which 

partake in relative motion like femoral part of knee joint and hip joint due to highly polished 

(Ra–10 nm) hydrophilic surface.  

• MR fluid of Type – II is better suited for permanent implants like dental implants as it 

provides better chance of osseointegration due to the obtained surface characteristics of 

relatively higher surface roughness (Ra–70 nm) with hydrophobic nature.  

8.1.1.3 Optimum Toolpath Generation 

 Both spiral and parallel toolpaths are generated to find out the appropriate toolpath to finish 

Ti alloy workpiece. The observations made during the study are as follows: 

• The surface topography and surface texture show reduced surface roughness and scratch 

marks when the surface is finished with parallel toolpath having surface roughness of 10 

nm than spiral toolpath (Ra–40 nm).  
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8.1.2 Experimental Investigation 

8.1.2.1 Finishing of Flat Surface 

 The capability of the MFAF process to deliver implant worthy surface roughness and 

texture is analyzed by exploring 3D surface roughness parameters with the help of statistical DOE 

analysis. An optimization study is carried out to minimize the value of Sa, Spk & Sk and maximize 

Svk for achieving optimum implant surface roughness value which will aid in increased implant 

life, better implant performance along with better wear properties.  

 

• The optimum values of Sa (11.32 nm), Spk (15.82 nm), Sk (6.51 nm) and Svk (41.15 nm) 

are observed at 901 rpm of the tool, 0.60 mm working gap and 4 hrs. 45 min of finishing 

time.  

• Tool rpm, working gap and finishing time should be in the range of 700–1100 rpm, 0.8–

1.2 mm and 4–5 hrs., respectively for better area surface roughness (Sa), to reduce debris 

generation during in vivo implant performance of femoral knee implant and for better wear 

properties of the implant  

• Tool rpm, working gap and finishing time should be in the range of 1100–1200 rpm, 0.6–

0.8 mm, and 5 hrs. 30 min–6 hrs., respectively for better fluid retention capability of the 

implant.  

• From experimental study, it is concluded that CIP chains break at a high rpm due to the 

shear thinning nature of MR fluid. Also, at high working gap the finishing capability of 

abrasive particles reduces due to the insufficient magnetic field in the finishing zone. 

Furthermore, after 6 hrs. of finishing time the surface roughness of workpiece increases 

again due to the plowing of abrasive particles on already finished workpiece surface.   

8.1.2.2 Finishing of Freeform Surface 

 Nano-finishing of femoral knee implant made of Ti alloy of grade 5 is carried out using 

MFAF tool. Surface roughness and surface topography obtained at each position of femoral knee 

implant are analyzed and discussed to explore MFAF tool capability to finish freeform surface at 

nanometer level. Following conclusions are obtained from the experimental study. 
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• MFAF tool has the ability to finish freeform surface of femoral knee implant almost 

uniformly along the surface curvature with necessary requirement of surface properties.  

• The optimum process parameter values to achieve minimum final Sa of 23.21 nm are 1062 

tool rpm, 15 mm/min feed rate and 45% CIP volume concentration in MR fluid.  

• To achieve a surface finish below 50 nm on Ti alloy femoral knee implant the range of tool 

rpm, CIP volume concentration and feed rate should be in the range of 900–1100 rpm, 40 

–45 Vol.% and 12–18 mm/min, respectively. 

8.1.3 Force Analysis 

 The analysis of finishing forces involved in the present MFAF process is carried out for 

better understanding and precise control of the process. Simulation study of MFAF process 

concerning finishing forces is carried out in two FEA based software. Validation experiments are 

conducted to substantiate the simulation study. A material removal model for a single abrasive 

particle is also simulated. A statistical DOE analysis is also conducted to evaluate the significance 

of each process parameter. Following conclusions are drawn from the present study. 

• Normal force (Fn) is responsible for the indentation of abrasive particles on workpiece 

surface. Magnetic force is considered as the main component of normal force. 

• Tangential force (Ftan) is responsible for shearing of the indented materials from workpiece 

surface. A combination of centrifugal force and shear force acting on abrasive particle is 

considered as the tangential force in MFAF process.  

• The validation experimental investigation shows minor variation between experimental 

measured and simulated forces.  

• Significant process parameters in case of Fn are abrasive concentration (37.89% 

contribution), working gap (29.73% contribution) and CIP concentration (24.65% 

contribution).  

• The significant factors in case of Ftan are tool rpm (51.29% contribution), square of tool 

rpm (11.57% contribution), working gap (10.24% contribution), square of CIP 

concentration (6.47% contribution) and square of working gap (6.45% contribution).  

• Fn acting on the abrasive particles increases with increase in CIP concentration and 

decrease in abrasive particle concentration, working gap & tool rpm.  
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• Ftan increases continuously with the rise in the tool rpm, CIP concentration and decrease 

in working gap. Initially, an increase in abrasive concentration increases Ftan little bit 

however it decreases with additional abrasive concentration.  

8.1.4 Tribological Study 

 Tribological studies are carried out to analyze the performance of MFAF polished surface 

with respect to manually polished surface on UHMWPE disc used in prosthetic implants. 

Conclusions drawn from the present study are as follows: 

 

• From volume loss analysis, it is concluded that the femoral knee implant polished using 

MFAF process will have fewer problems related to wear debris  

• It can be speculated from the wear analysis that the wear of UHMWPE bearing surface will 

be less with MFAF polished femoral component. 

• From surface roughness analysis, it can be presumed that the wear of UHMWPE bearing 

surface will be less with MFAF polished femoral component.  

• The wear track analysis shows that more deep scratch marks are generated in the wear track 

while using hand/manually polished pins than MFAF pins for same wear test duration.  

8.2 Scope for Future Work  

• It is observed from the preliminary experimental study that the finishing efficiency of the 

MFAF process can be increased with optimum MR fluid composition for biomedical 

application. Base medium of MR fluids can be further synthesized and optimized for a 

broad spectrum of prosthetic implants fabricated with different materials.   

• The MFAF tool can be further modified to reduce its width so to increase the reach of 

MFAF tool over the entire implant.  

• The MFAF tool can be attached to the 5-axis or higher order CNC machine to increase the 

process efficiency. Also, it will increase the uniformity of the achieved surface roughness 

over the implant surface roughness. 

• The MR fluid delivery system can be automated to make the fluid delivery precise and 

controllable at the finishing zone with in situ MR fluid conditioning system.  
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• The MR fluid behavior during the finishing under MFAF tool can be further modelled 

using different simulation techniques to get a better grasp of the process mechanism.  

• An in depth tribology study can be conducted to analyze the performance of polished 

femoral knee implant by MFAF process. 
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