
 
 

ABSTRACT 

DINGANKAR, USAMA ALFARID. Sub Aperture Polishing of Polymer Optics. (Under the 

direction of Dr. Thomas Dow). 

 

Sub-aperture polishing is a controlled polishing process where the polishing tool produces a 

contact patch that is smaller than overall dimension of the workpiece. As a result it is able to carry 

out localized polishing action, thereby correcting shape errors as well as improving the surface 

finish within the body of the workpiece, while avoiding the regions with the correct shape and 

finish. The objective of this research project is to design and create a sub aperture polishing system 

utilizing a small and soft silicone rubber polishing ball attached to a high speed spindle drive, that 

can produce a polished surface with a RMS surface roughness measuring 2 nm or less. 

Polycarbonate (PC) and Polymethylmethacrylate (PMMA) are the two polymers that have been 

selected as workpieces with an Alumina suspension as the polishing abrasive. The effects of  input 

variables – RPM, feed rate, normal load, polishing passes and toolpath strategy on the RMS surface 

roughness were studied as individual experiments, as well as a part of a multi-variable statistical 

study and the results were reported. Detailed characterization of the input parameters and their 

effect on the surface roughness and form was carried out. It was found out that the combination of 

offset distance (which is the distance between adjacent toolpaths) and polishing tool RPM has the 

most significant effect on the surface finish during the polishing process, followed by feed rate of 

the polishing tool. The effect of various toolpaths were also studied to see how they improve the 

surface finish and form of the polymer surface. 
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CHAPTER  1 

INTRODUCTION 

Optical devices such as lenses are crucial with a varied usage in differing industries ranging from 

microscopy, laser processing equipment, imaging, defense sector, aerospace, medical and bio 

industry, projection visual devices like virtual reality headsets and in usual corrective spectacles 

[1]. The basic functionality of a lens, is to change the path profile of light by converging, diverging, 

or dispersing, magnifying to form an image of the object being viewed [2]. Optical lenses can be 

in many forms including convex, concave plano concave, plano convex etc.  

 

In today’s advanced technical environment, many new technologies such as concept of virtual 

reality have started making a solid mark in the industry.  The advent of such industries has led to 

a meteoric rise of  the quality standards in the manufacturing and precision processing of optical 

devices. Two key metrics to measure the quality of the lenses are surface finish and surface form. 

A better surface finish and exacting form of these lenses will improve the overall performance of 

the lenses.  

 

Surface roughness is defined as the shorter wavelength of real surfaces relative to the troughs [3]. 

Fundamentally the surface roughness measures the quality of the surface, the frequency and height 

of the features on a given surface, which in turn is directly related to the presence of the system of 

troughs and crests present on the surface, as a surface with a less number of crests and troughs 

features will be smoother. Surface roughness also relates to the scattering of the light waves from 

a surface. So a surface having a better roughness would scatter less light and hence would be more 

useful in applications which involve reflection and refraction of the light. 
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Many optical lenses are manufactured from polymer plastics like PMMA 

(Polymethylmethacrylate) and PC (Polycarbonate) and use manufacturing processes like injection 

molding or compression molding. Utilizing polymer optics is advantageous because they offer 

design flexibility in terms of cost, weight, shape, design, and transmittance of light, as compared 

to glass optics. The fabrication of glass optics is a slow and costly affair as compared to the 

polymer counterparts. [1], [4]. But being an optical device, these lenses need to have a high level 

of surface finish, form, and optical properties. These parameters can be achieved by utilizing the 

polishing process as a key finishing step in the lens manufacturing process. Polishing is routinely 

performed to improve the finishing of surfaces, to remove scratches and to reduce the surface 

roughness [5].  

 

 In layman’s terms, polishing is the process of creating an improved surface by the means of  

mechanical or chemical interaction between the polishing tool and the workpiece, either in the 

presence of a free or fixed abrasive. Any given surface on a magnified scale has a system of crests 

and troughs present on it. The frequency of these features and the difference in the heights of these 

crests and troughs can be used as the description for the surface roughness.  

 

Figure 1.1: Sample measurement depicting the surface roughness profile in a trace [6]. 
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In the process of polishing, the difference between the crests and troughs that is reduced, this 

difference is quantified as the PV value of the surface being inspected and it can also be expressed 

as the average and root mean squared roughness values. The PV value is the difference in the 

height value of the highest peak and the lowest trough in the profile.  

 

1.1 TYPES OF POLISHING PROCESS  

Traditional polishing processes involve a direct physical contact of the polishing tool with the 

workpiece. These processes can further be sub-divided into free abrasive based and fixed abrasive 

based systems. Fixed abrasive systems, as the name suggests, involves abrasives that are fixed to 

the polishing tool [7].  Each of these abrasive grains acts as a cutting edge for material removal, 

hence the entire area of the polishing tool which is in contact with the workpiece would provide a 

series of continually placed polishing edges or contact points for polishing. This process differs 

from grinding in the sense that the material removal rates are far lower in polishing, and the 

polishing process is a fine machining process, whereas grinding can be understood as roughing 

process, with a larger material removal rate. These individual abrasive grains might be friable, 

meaning they break into sub - pieces when they contact the optical surface during polishing, with 

each individual grain then creates more contact points and polishing edges than the original grain.  

Free abrasive based systems, as the term suggests, involves the use of a fluid system made up of 

the abrasive grains and a solvent medium in which the grains are suspended in a hydrodynamic 

film and a coolant compound to aid in the heat reduction during the polishing process [7].  

 

Nontraditional polishing is a process wherein the material removal is caused by a blend of either 

mechanical, electrical, thermal, chemical interaction between the polishing tool and the workpiece. 
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Processes like EEP (elastic emission polishing), electrolytic polishing, CMP (chemo mechanical 

polishing) fall under this category. 

 

1.2 POLISHING PROCESS STUDIED IN THIS RESEARCH 

This research project deals with the design and optimization of computer controlled sub- aperture 

polishing process for polymers like Polycarbonate (PC) and Polymethylmethacrylate (PMMA). 

Sub-aperture polishing means that the polishing contact patch, which is the zone in which the 

actual polishing takes place is much smaller than the overall lens diameter and dimension and 

allows the polishing of selective areas of the workpiece without affecting the form and finish of 

the noninterest regions. In the case where there is a need to polish flat, plano, or spherical surfaces, 

full aperture polishing is a preferred process, but since this project deals with the creation of a free 

form 3D sine wave surface, sub aperture polishing process is most effective, as due to the change 

of local curvature full aperture polishing is not a possible measure [8]. It provides a deterministic 

approach to obtain an improved surface finish and desired surface form in specific areas on the 

lens surface without any kind of damage to the remaining lens areas. A polishing process is 

considered to be deterministic if the polishing material removal rate is always consistent and 

provides similar results for a given set of input variables [9]. The deterministic part in the process 

arises from the fact that a CNC controller and software program provides a direct control of the 

path the tool is moving [5] so the areas the tool needs to polish can be closely controlled. This 

CNC control of the polishing process also enables an explicit control of the parameters like spindle 

RPM, feed rates, dwell times to polish any shape that is required.   
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Figure 1.2: Diagrammatic representation of the elastic emission polishing process [10]. 

 

The process can be described by using the concepts of elastic emission polishing.  The elastic 

emission polishing is a non-contact machining process that utilizes a three way contact between 

the polishing tool, the abrasive grain, and the workpiece surface. The polishing process depends 

on the contact between abrasive polishing particles and the workpiece surface [10].A diagrammatic 

representation of the elastic emission polishing process is shown above in Figure 1.2.  

 

The polishing process is based on the free abrasive model wherein an abrasive fluid containing 

suspended abrasive particles is utilized which consists of mixture of deionized water that acts as a 

vehicle to sustain and transport the aluminium oxide grains (abrasive) into the polishing zone. The 

polishing tool is a silicone rubber ball in this project. It is the driver of this system as shown above 

in the Figure 1.2 in the sense that it directs the abrasive fluid to the polishing zone and facilitates 

the motion of the polishing fluid (thereby the abrasive grains) on the workpiece thereby causing 

the material removal action, hence polishing the surface.  

 

 

 

Polishing tool (Sphere) 

Polishing fluid with 

free abrasive particles  
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1.3 OBJECTIVES OF THIS RESEARCH 

The objectives of this research and the deliverables are as follows –  

1. Design and fabrication of a polishing system to achieve the concept of using a small 

diameter (3 mm) Silicone rubber ball mounted on a high speed spindle. 

2. Experimentally determine the effects of polishing input variable namely – RPM, feed rate, 

normal load, polishing passes, toolpath strategy on the output parameters such as surface 

roughness RMS and PV values.  

3. Determine the correlation between the input variable of the system namely - RPM, feed 

rate, normal load, polishing passes, toolpath strategy and their corresponding effect on the 

output parameters such as surface roughness RMS and PV values. 

4. Understand the variation of the achieved results – the surface roughness and PV values on 

two materials namely Polymethylmethacrylate (PMMA) and Polycarbonate (PC). 

5. Achieve the surface roughness RMS value of less than 2 nanometers 

6. Display the ability to create a feature onto the workpiece using the polishing process. 
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CHAPTER 2 

BACKGROUND  

2.1 PAST LITERATURE  

“Elastic emission polishing” [9] is a numerically controlled ultra-precision machining in which 

arbitrary shapes can be produce on the basis of elastic fracture of the workpiece surface atoms [9]. 

The process involves the use of fine abrasive particles which are dispersed in deionized water, 

leading to the formation of a polishing slurry.  Mori et al postulated there is no direct contact of 

the polishing tool on the workpiece, instead the polishing tool and the workpiece are separated by 

the means of a thin hydrodynamic film of polishing fluid during the process of elastic emission 

polishing, instead the polishing tool head only acts as the vehicle to transport the abrasive grains 

into the polishing zone, thereby there is minimal risk of any damage to the workpiece surface [9].   

 

Figure 2.1: Representative image of the elastic emission polishing machine [9]. 

 

Su et al stated that the process of elastic emission polishing displays linear relationship between 

the machining volume and time, this process can be effectively used to improve the surface 

roughness of workpiece and to carry out the precision shaping tasks [11]. 
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The underlying principle behind this process was explained by Mori et al [9],  as when there is a 

contact interaction of two solid materials composed of different chemical elements. As a result 

there are interactions between the particles on the surface of the two materials in contact, a binding 

force starts acting between the contact surfaces. Now due to the action of the rotating polishing 

head, a centrifugal force which is greater than the weak binding force acts on this abrasive particles, 

causing them to separate and in the process shearing of an atomic layer of the workpiece surface 

along with each abrasive grain [9]. 

 

Figure 2.2: Image showing the EEM polishing process [9]. 

 

The working principle of EEM based polishing involves a polishing tool which is utilized to 

accelerate the abrasive particles on the workpiece surface utilizing the fluid film between the tool 

and the surface. The fluid film plays a critical role in this process, and the thickness of the film 

must be more than the diameter of the abrasive in question, so that there is no direct contact of the 

polishing tool with the workpiece itself [9]. For elastic emission polishing in order to have an 

effective polishing action the fluid film thickness of the polishing fluid should be small [11]. In 

this type of polishing process since the normal load acting in the polishing experiment is constant, 

thereby the thickness of the film remains constant at a constant RPM, due to the force balance 

between the load acting downwards and the pressure of the abrasive fluid which acts upwards [9]. 
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This also helps to maintain a consistent abrasive particle density flowing in the polishing zone due 

to a uniform film thickness. In the elastic emission process it is also imperative that the polishing 

tool follows the surface geometry of the workpiece, to achieve this purpose in the project a 

deadweight loading system with a free ϴ axis to follow the workpiece profile has been utilized. 

 

In terms of temperature dependency of the polishing process Su et al postulated that the polishing 

performance of the elastic emission polishing is less sensitive to temperature variation as compared 

to traditional polishing process [11].  

 

In the polishing contact zone, a drag force in the fluid with respect to the stationary workpiece 

surface, which is generated due to the shearing action of the fluid attributed to the rotational motion 

of the polishing tool ensures that the polishing abrasive particles are always suspended in the 

polishing contact zone, and in contact with the workpiece surface. The fluid film condition 

between the polishing tool and the workpiece is affected by the slurry viscosity, polishing tool 

rotational RPM, normal load application, and the effective curvature of the tool and the workpiece 

surface [11].  

 

Masahiko et al investigated the relation between the material removal rate (MRR) and the number 

of particles passing through the polishing fluid film in the process of EEM per unit time [10]. The 

forces acting on the abrasive particles were considered in this study to explain this relation. There 

are a total of five forces acting on a singular abrasive grain at a given time – namely the Stokes 

drag force in the X and Z directions, Gravity force, Buoyant force, Suffman’s force which is the 
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lift force due to the velocity gradient (along Z axis as shown in the Figure 2.3) and the finally 

interparticle forces between the abrasive grains in X and Z directions [10].  

 

Figure 2.3: Image showing the forces acting on abrasive grains passing the polishing film in 

elastic emission polishing [10].  

 

It was observed that when the action of the Suffman’s force, and the interparticle interaction 

between the abrasive grains were not considered, the MRR (material removal rate) increased with 

the increase in the RPM [10].  A similar observation was made for the case of particle concentration 

which is defined the amount of abrasive in grams per 100 ml of solvent. But in the case where all 

of the 5 aforementioned forces were considered, the relationship between the MRR (material 

removal rate) gave a negative correlation. That is as the rotational speed of the polishing tool is 

increased, the MRR (material removal rate) decreased. In the case of particle concentration in the 

polishing fluid a similar trend followed, wherein the material removal rate increased with the 

increase in the particle concentration, showed a peak material removal rate at 15% particle 

concentration and then dropped [10].   

 

In a study carried out by Mohammad et al the improvement in the surface roughness was more 

pronounced in the case where a higher rotational RPM was utilized [12]. In the same study it was 

also observed that the material removal rate improved as the tool RPM is increased [12]. Jianfeng 
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et al in their experiments observed that the increase in the abrasive particle size leads to a decrease 

in the material removal rate [13].  

 

Sun et al showed experimentally that the polishing depth and the polishing rate increases, and then 

decreases with polishing tool RPM when a slurry with lesser viscosity is used [11].  But when a 

slurry of higher viscosity is used, the polishing depth tends to decrease with an increase in the 

polishing tool RPM is increased. Su et al also tested the effect of surface shape differences between 

the polishing tool and workpieces on the polishing depth. When the radius of curvature of the 

workpiece was increased the polishing rate goes down. The effect remains unchanged even when 

the polishing tool RPM is increased or decreased [11].   

 

Su et al also explained that if the tool is made of soft material, the slurry viscosity can be assumed 

to be independent of the pressure at the film, and the fluid film can be expected to be in either in 

isoviscous-rigid (IR), the isoviscous-elastic (IE) or the viscous-elastic (VE) regime, the regimes 

themselves being governed by fluid viscosity and the elastic deformation of the tool [11]. These 

regimes are classified according to two major physical effects, the increment of fluid viscosity and 

the elastic deformation of the tool and work surface. In the case where the elastic deformation – 

which can be found out using FEA simulation of the polishing sphere, if this polishing sphere 

deformation is negligible as compared to the film thickness the fluid regime would belong to the 

IR regime. If the elastic deformation is significant and the viscosity increment is negligible, the 

fluid film belongs to the IE regime. If both elastic deformation and viscosity increment are 

significant the fluid film is in the VE regime [11]. 
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Figure 2.4: Image representing the polishing fluid film lubrication regime [11]. 

 

Experimental investigation showed that if the tool is made of soft material and the pressure-

viscosity coefficient of the fluid is of the range 108 
𝑚2

𝑁
, the lubrication of the EEM process is most 

likely in the IR or IE regime [11].  Jianfeng et al in their work commented on the contact patch in 

the case of polishing [13]. As the particles of the abrasives being used in the polishing fluid are 

much smaller than the features on the workpiece surface, and the since the polishing tool surface 

is soft when compared to the abrasive and the workpiece, the final effective contact area and the 

contact pressure in the polishing zone should be approximately equal to the case where no abrasive 

fluid is considered – the condition is being referred to as the stable contact [13]. Although in case 

where the fluid was present in the setup, the fluid as it has a viscosity, when it enters a relative 

motion in the contact zone, a pressurized film is formed that would then separate the polishing tool 

surface and the workpiece as described by Mori et al [9]. At a higher rotational RPM of the 

polishing tool would result in a high centrifugal force causing the polishing fluid being thrown off 

the tool, but a higher RPM could lead to shorter cycle times [14]. 

VE 

IE IR 



12 
 

CHAPTER 3 

EXPERIMENTAL SETUP 

The objective of this thesis is to study the process of sub-aperture polishing and to optimize the 

parameters involved in this process to minimize surface roughness as measured by RMS and PV 

metrics and an exacting shape. The fundamentals of this entire process of sub-aperture polishing 

can be derived from the principles of elastic emission polishing, but since it has to include the sub-

aperture polishing aspect of the project, a system was developed which incorporated both these 

concepts into a singular entity. 

 

3.1 POLISHING SETUP DESIGN 

The process started with a design of a system could be utilized to carry out the sub-aperture 

polishing, while at the same time incorporating the principles of elastic emission polishing, the 

polishing system was divided into 3 modules –  

1. The first module being the high speed polishing spindle.  

2. The second module being the mount for holding the spindle. 

3. The third being the CNC controller system to control the entire system.  

 

To satisfy the sub aperture concept of the project, a polishing tool was required that was inherently 

smaller than the areas of interest to be polished. Since these areas of interest were in the range of  

2 mm circular spots for surface roughness module and a 6x6 mm area for the form generation 

module, a polishing tool that would have a contact patch of less than 2 mm under the maximum 

loading conditions.  A Silicone rubber ball measuring 3 mm was used as the polishing head. It had 

a contact patch of 0.9 mm diameter at 1N normal load and a 30 degree precess angle. The 30 
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degree precess angle as shown in Figure 3.1, gave us enough freedom to move the tool along the 

workpiece without the risk of the tool crashing into the surface. 

 

Figure 3.1: 2D sketch representing the precess angle definition. 

 

 

Figure 3.2: 2D sketch showing the dimension of the brass shaft. 

 

This silicone ball was attached to a brass spindle shaft that was 15 mm long and 2 mm diameter as 

shown in the Figure 3.2. The silicone ball was constrained onto the tip of the brass shaft by making 

a tapered groove at the tip of the brass shaft, such that it provided a line contact between the ball 

and the shaft as shown in Figures 3.3 & 3.4. The ball was placed onto the shaft end and then fixed 

in place using acrylate glue. This provided a stable mount for the initial polishing runs, but in due 

course of the experiments, this setup failed at high RPM and load conditions. The reason for the 

polishing head failure was found that the groove along with the acrylate glue was not providing 

enough support to counter the reaction force that used to develop during high RPM and loading 

conditions. 

30 Deg 
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Figure 3.3: 2D Sketch showing dimension specification of Silicone ball on the spindle. 

 

 

 

 

 

 

Figure 3.4: The 3mm diameter Silicone Ball attached to the Brass spindle shaft.  

Polishing Spindle  

Silicone Ball 

Steel Retaining Pin  

Steel Retaining Pin 
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 Figure 3.5: Image showing the a) cross section view, b) isometric view and c) exploded view of 

the polishing tool head assembly. 

 

To improve the contact a new approach was used where a stainless steel pin was used to bind the 

ball with the shaft groove, with pin going through the ball center and into the shaft hole as shown 

in Figure 3.5 thereby providing additional support to the silicone ball.  The addition of the steel 

pin proved to provide sufficient support to the polishing tool – the silicone ball hence this setup 

was used in all the following experiments. This assembly of the brass shaft, the silicone ball, and 

the stainless steel pin was attached to the spindle of a Medicool devices Pro-Power 40K dentist’s 

drill, providing a working RPM range from 1000 to 40000.  

 

a) 

c) 

b) 

Polishing 

spindle 

Silicone Polishing 

Ball 

Steel Retaining Pin 
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This RPM range covered all the experimental needs of the project. The drill had a control system 

that could be used to vary the RPM’s in increments of 1000 RPM. The arrangement of the dentist’s 

drill, brass shaft, stainless steel pin, and the silicone ball made up the first module in the polishing 

setup. This polishing spindle module was then attached to an aluminum backing plate with the 

help of a steel U-clamp as shown in Figure 3.6. A rubber sleeve was used along with the U-clamp 

in to provide a damping mechanism to control the vibrations from the drill.   

 

Figure 3.6: Isometric view of the polishing system module. 

 

A 3-axis micro-mill CNC machine was deemed feasible to be utilized this as the main control 

setup. The mill provided access to the 3 degrees of freedom – namely the X, Y, Z axis. To ensure 

a sub aperture polishing of free form surfaces, a degree of freedom in the ϴ axis was required as 

well, the ϴ axis being the one that controlled the precess angle or the spindle angle with respect to 

the contact point on the workpiece surface as shown in Figure 3.1, this precess angle allowed the 

polishing tool to cover any shape and profile during the polishing process. This was achieved by 

designing and manufacturing the mount that could be attached to the Z-axis carriageway of the 

micro-mill.  
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This mount was a U-shaped setup, with the polishing spindle in its center, between the mount 

arms. The polishing spindle module was mounted onto the U-mount using a system of pillow block 

bearings as shown in the Figure 3.6 and Figure 3.7. The mechanism to provide a free rotation of 

the spindle angle was a cylindrical aluminum shaft going through the aluminium backing plate and 

mated as press fit into the pillow block bearings on either end. This allowed the free rotation of 

the entire polishing spindle module around the U-mount.  By carrying out this alteration, the 4 

degrees of freedom namely X, Y, Z were provided and controlled by the mill carriageways itself 

and the ϴ which was provided by the designed U-mount. The ϴ degree of freedom being the free 

degree, as it described any surface profile that needed to be polished by adhering to the surface of 

the profile. 

 

The last module in the polishing system was the CNC micro-mill setup that was mated to the 

spindle polishing module and the U – mount. This was a software and controller module by Artsoft 

Mach3 Mill, which allowed direct control over the feed rates, toolpath and offsets during the 

polishing process. A CAM program – Autodesk Fusion 360 was used to generate the G-codes for 

the Mach3 controller. This provided a seamless way to include direct changes in the feeds, traverse 

rates, toolpaths within the G-code, which could then be transferred into the controller using the 

Artsoft Mach3 software. 
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3.2 CAD MODEL OF THE FIXTURE 

CAD modelling was integral part of the design process to obtain realistic, scaled version of the 

proposed system. Dassault Systems Solidworks package was utilized to design and model all the 

parts and assemblies involved in the project. The modular aspect of Solidworks helped design 

individual parts and assemble them into a single machine, this provided an understanding of how 

the entire system would appear and work in terms of motion and movement modes.  

 

Figure 3.7: CAD Model of the U-mount fixture attached to polishing spindle. 

 

Loading was achieved by designating a loading point at a fixed distance from the pivot point of 

the backing plate and the polishing ball position. This point was placed at a distance of 2.5 cm 

from the polishing ball position and a distance of around 4.5 cm from the pivot point.  
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Figure 3.8: Image showing the loading of the spindle using pre-weighed discs. 

 

A ¼-20 bolt was used at this loading point as shown in the Figure 3.7 with the actual load on the 

polishing tool was provided by metal discs placed onto this bolt. The loading condition could be 

modelled as beam with a fixed pivot point, a reaction point – with the reaction point being the 

polishing ball position, and a loading point where the load was applied. The loads were calibrated 

at differing precess angles – namely 15, 30 and 45 degrees. The precess angle term refers to the 

angle between the imaginary horizontal line passing through the polishing tool contact center and 

the spindle as shown in Figure 3.1.  

 

 

 

 

 

Normal loading 
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as the loading 

point 
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Table 3.1: Load calibration at varying spindle angles. 

SR.NO SPINDLE ANGLE LOADING POINT WEIGHTS (gms) POLISHING NORMAL LOAD (N) 

1 

15 

180 0.5 

2 270 1 

3 350 1.5 

1 

30 

200 0.5 

2 280 1 

3 360 1.5 

1 

45 

250 0.5 

2 320 1 

3 380 1.5 

 

3.3 WORKPIECE MATERIALS 

In this research, the effects of the sub-aperture polishing on surface roughness and surface form in 

Polycarbonate (PC) and Polymethylmethacrylate (PMMA) are studied and analyzed.  

 

3.3.1 PMMA (POLYMETHYLMETHACRYLATE) 

PMMA (commonly referred to as “Acrylic”) is a thermoplastic having the IUPAC name of poly 

[1-(methoxy carbonyl)-1-methyl ethylene] and is a synthetic and cross linked form of monomer 

methyl methacrylate.  

 

Figure 3.9: Chemical structure of PMMA [15]. 
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PMMA is an optically clear thermoplastic with high impact strength, is relatively low density, and 

is shatter-resistant. It has a low elongation at break point and has a high Youngs modulus [15] 

compared to the polishing tool i.e. the Silicone Ball. These outstanding properties also includes 

high optical clarity, weather resistance and scratch resistance. A refractive index of 1.490, and a 

high resistance to sunshine exposure (UV resistance) make PMMA a promising polymer for 

optical applications. PMMA has a glass transition temperature range of 100 C to 130 C, a density 

of 1.20 g/cm3 at room temperature and a melting point of 130 C [15]. 

 

 

Figure 3.10: Variation of Youngs modulus v/s Temperature [16]. 

 

PMMA also displays an inherent dependency on temperature in the case of material deformation. 

As the temperature increases the Youngs modulus of the material decreases and thereby the 

material deforms easily [17]. 
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Figure 3.11: Stress v/s Strain curve for PMMA at varying temperatures [17]. 

 

3.3.2 PC (POLYCARBONATE) 

PC (Polycarbonate) is a thermoplastic containing the carbonate group in its chemical structure. It 

is synthesized by a reaction between Bisphenol A (BPA) and Phosgene (𝐶𝑂𝐶𝑙2).  

 

Figure 3.12: Chemical Structure of PC [18].  
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PC is highly transparent, transmitting approximately 90% of visible light. It displays exceptional 

impact resistance, tensile strength, ductility, dimensional stability, and optical clarity. It is 

marketed under trademarks such as Lexan and Makrolon [18]. Polycarbonate is manufactured 

primarily as a transparent material, and has very good light transmission, optical properties. The 

polymer shows excellent mechanical properties with a density of about 1.22 𝑔/𝑐𝑚3 and maintains 

its toughness till 140°C, beyond which it start to deform under load application [19]. The 

characteristics of polycarbonate are quite like those of acrylic, but polycarbonate is stronger and 

more expensive, though its more prone to surface scratches, thereby making the precise handling 

of this polymer imperative. 

 

 

Figure 3.13: Impact strength of Polycarbonate (PC) at varying temperatures [20]. 
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Polycarbonate also possess a high stiffness value due to the virtue of having aromatic rings present 

in its chemical structure. It has a very high impact strength above 5 C but has a low scratch 

resistance [20]. 

 

Figure 3.14: Stress v/s Strain curve for Polycarbonate (PC) [21]. 

 

Just like PMMA, Polycarbonate has a temperature dependent deformation mechanism. As the 

temperature is increased the material gets relatively easy to deform, because as the temperature 

goes higher the Youngs modulus decreases and the material hence becomes easier to deform.  

 

3.3.3 SAMPLE WORKPIECES 

For the experiments, two distinct type of workpieces have been utilized. To study the effects of 

the input variables (like RPM, feed, normal load, offset) on the surface roughness RMS and PV 
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values, standard extrusion manufactured workpieces measuring 3” x 3” and 0.5” thick have been 

used for both the materials. The inherent surface roughness of these samples was measured to be 

2 nm RMS. In experiments where the effect of surface roughness improvement wasn’t easily 

discernible (which include experiments wherein only singular polishing passes were used) 

diamond turned workpieces of a rougher surface finish were utilized. These pieces measured 7.5” 

in diameter and were 0.5” inch thick. The inherent surface roughness of these pieces was measured 

to be 25 nm RMS.   

 

 

Figure 3.15: Workpiece samples dimensions. 
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Table 3.2: Material properties of PMMA and PC. 
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3.4 POLISHING TOOL MATERIAL 

3.4.1 TOOL MATERIAL PROPERTIES  

Silicone Rubber is a thermoset elastomer composed of the silicone polymer which is itself 

composed of silicon, hydrogen, oxygen, and carbon atoms in its chemical structure. The root of 

the structure consists of chain of molecules called as the siloxane bond (-Si-O-Si-). It is usually 

non-reactive, stable, and resistant to extreme environments and temperatures. 

 

Silicone rubber is stable at low and high temperatures [22].  The working temperature range for 

Silicone rubber is from −55 °C to 300 °C. Silicone Rubber has an average density of 1.25 g/𝑐𝑚3, 

and is available in Shore Hardness values of 10 – 90 durometers. The material has Youngs modulus 

of 79.3 MPa, with a yield strength of 7 MPa. 

 

 

Figure 3.16: Chemical Structure of Silicone. 

 

Silicone rubber can also be processed and molded into custom shapes, a property which was 

exploited to create the custom dimension polishing tool head for this project. The Silicone rubber 

balls were custom manufactured to the project requirements to a 3mm diameter and 70 Shore 

hardness value. The balls were manufactured and sourced from RGP Balls, Italy, which is a 

company that has expertise in custom manufacturing Silicone rubber balls for different 

applications. 
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3.4.2 TOOL MATERIAL DIMENSIONS 

In the experimental setup, a silicone rubber ball of diameter 3 mm was utilized. The silicone rubber 

ball was mounted on a brass spindle shaft to form the polishing tool head as described on page 19-

20. The size of the silicone rubber ball was chosen based on the overall size of the features to be 

created. The size of the ball provided a static contact radius of 0.45 mm at 1 N normal load utilizing 

the Hertz contact theory formulations. 

 

 

Figure 3.17: Scale of the Silicone Polishing Ball. 

 

As the contact patch diameter for this 3mm diameter tool was  0.9 mm at 1N normal load, it was 

about 50% less than the total dimensions of the features to be polished – with the main feature 

dimension being around 2 mm, it was possible for the polishing to take place in specific areas. 

This helped to carry out polishing in a selective way that wouldn’t cause any polishing action in 

the surrounding zones, except in the zone of interest thereby providing a sub aperture polishing 

effect, as the polishing would occur only within the aperture of the features of interest. 
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3.5 POLISHING ABRASIVE MATERIAL  

The polishing fluids utilized in the project were supplied by Baikowksi International, Universal 

Photonics, and Buehler. Baikowksi Baikalox Aluminium Oxide (𝐴𝑙2𝑂3) based fluid with a varying 

abrasive grain size of 0.05 µm, 0.1 µm, 0.3 µm, 0.5 µm was utilized to carry out the primary 

surface improvement experiments.  

 

A Buehler Cerium Oxide (𝐶𝑒𝑂2) based polishing fluid was also used with an abrasive grain size 

of  0.05 µm to understand the difference between the Alumina based and Cerium based polishing 

fluids. Kontax 602 – an ultra-pure aluminium polishing powder was also used for polishing 

experiments as it is known to give excellent results with Polycarbonate workpieces. The Kontax 

was used in 3 types of slurries with a varying abrasive concentration of 10%, 15% 40% on the 

Baume scale. 

 

 

Figure 3.18: Polishing fluid data sheet for Baikowski International [23]. 
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CHAPTER 4 

DATA ACQUISITION AND MEASUREMENTS 

The measurement of the surface finish and the surface form are of prime importance in the research 

project, as these output parameters form the backbone of the research objectives. An accurate and 

precise measurement of these parameters is needed to characterize the polishing process. Three 

different apparatuses have been used in order to obtain and record the measurements to. In order 

to measure the surface roughness and form on a 3D scale the Zygo Newview 5000 3D surface 

profiler is used and the Keyence VKX1100 3D laser scanning confocal microscope, for the 2D 

cross sectional measurements the Taylor - Hobson Talysurf apparatus has been utilized. 

 

4.1 2D CROSS SECTIONAL PROFILE MEASUREMENT  

4.1.1 TAYLOR-HOBSON TALYSURF 

The two dimensional profile measurement is an ideal way to analyze the 2D cross sectional view 

of the polished geometry. It gives an insight into how the cross sectional view compares with 

respect to the presence of grooves, waviness, presence of periodic features, depth of the feature 

and the cross sectional length of the feature made. The Talysurf has a lateral traverse range of 120 

mm and provides a maximum magnification of 2 x 105. The talysurf provides enough lateral travel 

range to measure the polished patches as the maximum diameter of polished patches lies in the 

region of 2mm to 5mm in diameter. The Talysurf apparatus was used to take measurements across 

the lateral and longitudinal diameter to gauge the cross sectional difference in both the X and the 

Y axial directions. 
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4.2 3D PROFILE MEASUREMENT  

4.2.1 ZYGO NEWVIEW 5000  

One of the major issues with using the Talysurf is that it only provides a two dimensional section 

view of the area of interest. In order to get an understanding of the entire 3D surface and to obtain 

accurate surface roughness and form indications, one of the apparatus that was utilized was the 

Zygo Newview 5000 3D profiler. It is a non-contact, white light interferometry based 3D profiler. 

The Newview has a vertical resolution of 1nm and a lateral resolution of 0.7 µm. Interferometers 

utilize the principle of wave superposition by measuring the interference of the combination of the 

reflected wave and the reference wave, such that when there two distinct waves having similar 

frequency the resulting intensity pattern is determined by the phase difference between the two 

waves, it can either be a constructive or a destructive interference.   

 

The Newview apparatus has two main modes of lens magnification – 10X and a 50X mode, with 

further focal sub modes ranging from 0.4X to 1.3X. The 50X mode is utilized to obtain the surface 

roughness RMS and PV values in the area of interest, while the 10X mode is utilized to study 

broader effect of the polishing strategy – namely the presence of periodic features, presence of tool  

trace, waviness etc. For the experiments, the surface roughness is measured as an area roughness 

which is measured over an area of 1mm x 1mm, as this would provide an averaged out measure of 

the surface roughness over the measuring area. The surface roughness RMS and PV values were 

recorded using the 50X objective lens and 1.3X lens focus, providing an imaging area of around 

110 µm by 90 µm. The surface finish value is being considering for the data analysis is the RMS 

value, as it is the industry standard to quantify the surface roughness with the same. 
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Figure 4.1: Sample measurement of polished surface on the Zygo Newview 5000. 

 

The above Figure 4.1 depicts sample measurement of the surface roughness of a polished patch 

taken on the Zygo Newview 3D profilometer depicting an RMS roughness value of 7 nm and form 

PV of 67 nm over a 1.8 x1.8 mm area at 10X magnification. 

 

4.2.2 KEYENCE LASER CONFOCAL VKX 1100  

One of the main issues with using the Zygo Newview apparatus is that it becomes difficult to 

measure zones which have a steep slope having a slope value steeper than 18 degrees. As some of 

the polishing experiments, specifically those which run at higher level values on input parameters 

(example at higher RPM’s, or higher number of passes) tend to have features which have higher 

material removal rates, which causes deep features that are out of bounds for these slope values, 

the Keyence laser confocal microscope has been used to measure those experiments. It provides 

an effective measurement even at steeper slope angles. The laser confocal microscope utilizes the 
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principle of capturing images of the surface at varying depths, with each depth having the best fit 

focus, and then combines all these images at varying Z-levels to create one single image of the 

surface [24].  The VKX series has a total magnification of upto 28800X, a lateral field of view 

ranging from 10 µm till about 7300 µm. It has a longitudinal resolution of about 0.5 nm and a 

lateral magnification of about 1 nm as per the company data sheet [24]. The Keyence VKX 1100 

was predominantly utilized to obtain the 3D contour images of the form of the polished areas of 

interest, as it is capable of taking measurement of features with a steep slope. Also the surface 

roughness values obtained from both the Keyence and the Newview were compared to get a fair 

idea of the actual roughness of the polished surface. The measurement strategy similar to that 

described in the Newview measurements was deployed for the laser microscope measurements.   
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CHAPTER 5 

ANALYTICAL RESULTS AND SIMULATIONS  

In a precision process like sub aperture polishing it is imperative to know the fundamentals of how 

the process and the experimental setup will behave before running any kind of experimentation.  

There needs to be an understanding of what the polishing tool would experience in terms of 

deformation and stresses, how the abrasive fluid film affects the polishing process, how the 

workpiece would react to the forces acting on it etc. In this section the calculations and simulations 

aspect of this research has been discussed. The theoretical calculations for the contact between the 

polishing sphere and the workpiece, the stresses and the pressure profiles are calculated, simulated. 

Results are presented for the finite element analysis of the polishing tool, contact analysis, fluid 

film thickness analysis. 

 

5.1 POLISHING CONTACT REVIEW 

In the case of sub aperture polishing the basic arrangement is that a polishing sphere is made to 

contact a workpiece (that could be flat, concave, convex) a force is applied on the polishing sphere 

to maintain the contact and the sphere is then rotated in a polishing slurry to carry out the polishing 

action. In order to model this contact the Hertzian contact theory has been utilized in this research.  

 

A few assumptions that need to be made to study the contact model are that the contact is non 

adhesive, meaning the contacting bodies can be separated without adhesion forces acting between 

them. Also another important assumption is that the polishing tool is considered to be a sphere of 

a given diameter, and the workpiece is considered to be flat for the sake of calculations, hence has 

a diameter amounting to ∞. When these two solid bodies of are pressed together with a force F, a 
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circular area of contact of radius ‘a’ is obtained, which leads to the next assumption that the contact 

area formed between the spherical polishing sphere and the flat workpiece is circular. 

 

 

Figure 5.1: Image depicting the Hertzian contact between polishing sphere & workpiece 

 

The next assumption deals with the friction between the two contacting bodies, because as the  

polishing sphere is pressed against the workpiece surface, normally loaded and rotated for carrying 

out the polishing there would be friction that would develop due to this rotary action and the feed 

of the polishing tool. This developed friction would be generated tangentially to the rotation plane 

and would lead to the creation of shear forces (rubbing force). This shearing action is what would 

cause the material removal in the case where no abrasive fluid is used. But according to the study 

done by Roswell it was noted that the material removal is governed by Archard and Preston’s Law 

and in both the models the shear forces are considered to be implicit and hence can be ignored 

[25]. So the only force that needs to be deal with the is the normal loading force acting on the 

polishing sphere/tool.  
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Hertzian contact model is based on the logic that pressure (contact stress) is developed when two 

curved bodies are brought in contact with each other and undergo slight deformation when the 

normal force is applied. This deformation is directly proportional to the Youngs modulus of the 

materials in contact. The model provided with the contact pressure distribution, contact patch size, 

and the contact stress as a function of the normal load applied, the radii of curvature of the bodies 

in contact, and the Youngs modulus of the materials the contact bodies are made out of. 

 

In a study done by Roswell et al [25], it was stated that the contact patch is the region through 

which the compressive force acting on the polishing sphere is passed onto the workpiece. 

According to the Hertzian contact theory when two bodies having curved surfaces are pressed 

together, they initially form a point contact, which then changes to an area contact as the force 

applied increases [25] [26]. The contact plane lies is tangential to both the bodies in contact, at the 

point of contact, and the force applied is in the plane perpendicular to the contact region passing 

through both the bodies in contact [25]. 

 

In the experimental setup a deadweight loading system has been used to maintain a constant force 

throughout the polishing process. The contact pressure (contact stress) is what determines the 

polishing action on the workpiece rather than the direct force which is exerted on the surface [25]. 

Meaning although the force applied might be constant, but the pressure and stresses developed 

might vary due to change in geometry shape being polished [25]. The contact stress values can be 

calculated about z -axis can also be calculated but since the peak values occur along the z-axis, for 

design considerations these calculations are not required [26] as stated in the work of Shigley et 

al.  
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This research predominantly deals with polishing specific shapes onto a polymer surface  looking 

to improve surface form and finish, we begin with a surface  with a PV value of around 20nm, and 

at a contact level we can assume a Hertzian contact between the polishing tool and the polymer 

body, with the polishing tool being soft and deformable while the polymer being hard and rigid.  

 

The deformation of the polishing tool is one of the crucial factors in the polishing process, at it 

depends on the material properties of the polishing tool, since the Youngs modulus of the polishing 

tool (Silicone Rubber) is 60 times lower than that of the workpiece (PMMA), the workpiece has 

been assumed to be rigid, whereas the polishing tool is deformable, this causes the polishing tool 

to flatten out (deflect) on the workpiece when it is in contact and a normal load is applied to it. 

The more it flattens out (deflects) the higher will be the contact radius and at a constant normal 

load, a higher contact patch radius would lead to a decrease in the contact pressure, directly 

reducing the polishing rates in the contact zone and increasing the polishing times.  In a study 

carried out by Su et al [11] it was discussed that the hardness of the polishing tool and the elastic 

deflection it undergoes determines the lubrication regime for the polishing process.  

 

 

Figure 5.2: Image showing the deflection/flattening of the soft tool. 

 

Tool deflecting/ 

flattening out. 
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It was observed that if the tool was made out of a soft material as compared to the workpiece and 

the loading is on the lower side in terms of magnitude the lubrication regime would lie in the IE 

or IR fluid regimes (the fluid regimes are explained in section 5.5). Hence it is imperative to figure 

out the deflection of the polishing tool itself as it rotates and contacts the surface.  

 

5.2 POLISHING TOOL ANALYSIS 

Firstly a finite element analysis study was carried out using ANSYS Workbench suit, to understand 

how the polishing ball deflects while suspended midair without any contact. This provided an 

understanding of a hyper elastic material like Silicone rubber behaves when it is subjected to a 

high centrifugal force. Hyper elasticity allows the material to deform a lot under a given force as 

compared to a normal material (meaning under a given stress, the material undergoes a large 

strain). The polishing tool was constrained along the pin hole in the geometry using the cylindrical 

constraint as shown below in Figure 5.3 which allowed the tool to be constrained in the tangential 

and axial directions but was allowed to move radially, that helped capture the effect of the 

centrifugal force on the Silicone polishing tool.  

 

Figure 5.3: Image depicting the meshed Silicone polishing tool. 
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From the simulation results below in image Figure 5.4, it can be seen that polishing tool undergoes 

a very negligible deflection of 0.013 µm, which is logical considering the fact that the centrifugal 

force that would act upon the body would be a function of the radius of the rotating tool, and since 

the polishing tool measures 1.5 mm in radius – with the radius in itself being small the radial 

deflection due to the polishing tool rotation is negligible.  

 

 

 

Figure 5.4: Contour plot depicting the radial deformation of the Silicone rubber polishing tool at 

a 1X and 2X respectively scale to enhance the effect of the radial deformation 
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5.3 POLISHING TOOL CONTACT ANALYSIS – THEORETICAL 

Now moving onto the case where the tool makes contact with the workpiece surface. According 

to the Hertzian contact model, the contact patch size is quantified by using the radius metric, the 

radius of the contact patch is based upon the effective Youngs modulus of the contacting bodies, 

effective diameter of the contacting bodies, and normal force acting in the contact situation [26]. 

The contact patch radius ‘a’ can be calculated as follows in equation 1 –  

 𝑎 =  √
3 ∗ 𝐹 ∗ 𝐸𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒

8 ∗ (1 𝑑𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒)⁄

3
                                                 (1)                                            

       𝐸𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 =  
(1−𝜈1

2)

𝐸1
 + 

(1−𝜈2
2)

𝐸2
                                             (2) 

𝑑𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 = (
1

𝑑1
+

1

𝑑2
)                                                    (3) 

 

a – Radius of the contact patch 

𝜈1 & 𝜈2 – Poisson ratio of the tool and workpiece respectively  

𝐸𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒  − Effective Youngs modulus 

𝐸1 & 𝐸2  −  Youngs modulus of polishing tool and workpiece 

𝑑𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 – Effective diameter of the contact bodies 

𝑑1  −   Diameter of the polishing tool 

𝑑2  −  Diameter of the workpiece 

F – Normal force applied on the polishing tool 

In this research the polishing tool that has been used is a Silicone rubber based ball and 

Polycarbonate (PC), Polymethylmethacrylate (PMMA) workpieces. The calculations have been 

shown for Polycarbonate (PC).  
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𝑑1 (Diameter of the polishing tool) – 3 mm 

𝑑2 (Diameter of the workpiece) – ∞ mm 

𝑑𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒  – 3 mm  

𝐸1 (Youngs modulus of the polishing tool) – 50 MPa 

𝐸2 (Youngs modulus of the workpiece (PC) ) – 3000 MPa 

𝐸𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 (Effective Youngs modulus) – 0.0168 

𝜈1 (Poisson ratio of the polishing tool) – 0.40 

𝜈2 (Poisson ratio of the workpiece) – 0.37 

F (Normal force) – 1 N 

Rotation speed of the polishing tool – 10000 rpm 

 

𝑎 =  √
3 ∗  1 ∗  0.0168

8 ∗  0.333

3

 

a = 0.266 mm 

 

According to the calculations at 10000 rpm, at a 1 N normal load, the theoretical contact patch 

would measure 0.266 mm in radius, and as the normal loading is increased, meaning as the force 

applied on the polishing tool is increased, it compresses more against the workpiece, and contact 

patch begins to flatten out, thereby causing an increase in the contact patch radius as seen below 

in Figure 5.6, the difference in the theoretical and simulated trends is due to the fact that the 

theoretical formulation doesn’t account for the large deformation effect of Silicone rubber. The 

trend for the variation of the contact patch radius with the normal load is comparable to the results 

achieved by Dintwa et al in their analysis of Hertzian theory for elastic sphere contact [27]. 
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Figure 5.5: Plot depicting variation in the contact patch radius for differing normal loads 

 

The peak pressure value is calculated below using the equation –  

                                                       𝑃𝑚𝑎𝑥  =  
3 ∗ 𝐹

2 ∗ 𝜋 ∗ 𝑎2
                                                      (4) 

𝑃𝑚𝑎𝑥  =  6.74 𝑀𝑃𝑎 

Where –  F  –  Normal force applied on the polishing tool 

    a  –  Contact patch radius 

    𝑃𝑚𝑎𝑥 –  Peak pressure in contact zone. 

 

According to the Hertzian contact theory the pressure variation across the contact patch is in 

accordance with Gaussian distribution. Now under a contact scenario between the two bodies in 

contact the pressure distribution is symmetric about a centerline passing through the center of the 

point of contact in the XY plane [26]. 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0.55

0.6

0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25

C
o
n

ta
ct

 P
a
tc

h
 R

a
d

iu
s 

(m
m

)

Normal Force (N)

Theoritical

(Hertzian)

Simulated

(Axisymmetric)



43 
 

 

Figure 5.6: Plot depicting variation in maximum Hertzian pressure with normal loads. 

 

In this research work the normal load range that is being utilized is from 0.25 N to 1.5 N as this 

range provides a small enough contact patch that is in line with overall size of the features that are 

being polished. This would give an expected peak pressure range of 5.28 MPa to 7.62 MPa.  

 

The pressure distribution along the contact patch [28] is given by equation (5) below –  

𝜎𝑧  =  1.5 ∗  𝑃𝑚𝑒𝑎𝑛  ∗  √1 −  
𝑟2

𝑎2                                             (5) 

The 𝑃𝑚𝑒𝑎𝑛  value can be obtained from the equation (6), and where the variable ‘r’ is the position 

along the contact patch.  
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Figure 5.7: Plot depicting variation of theoretical contact pressure along contact patch. 

 

 

Figure 5.8: Plot depicting theoretical Hertzian contact pressure for varying normal loads. 
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Using a normal load (F) of 1 N and corresponding contact patch radius of 0.266 mm, a peak 

pressure of 6.65 MPa is obtained at the center of the contact zone. The Hertzian contact pressure 

distribution acts equally across the contact zone and with opposing directions on the polishing ball 

and the workpiece [26][28].  

 

The theoretical pressure distribution across the contact patch for the case of 1 N normal load was 

plotted as shown above in Figure 5.8. As it can be seen from the pressure distribution, it is 

distributed symmetrically across the contact patch.  

 

Now the mean pressure magnitude can be found out using the formulation presented by Fischer-

Cripps et al, which states that the mean pressure distribution is corelated to the contact area, 

Youngs modulus of the workpiece, effective radius of the two bodies in contact [28]. The following 

equation (6) elucidates the relation –  

 

                                                       𝑃𝑚𝑒𝑎𝑛 =  
3 ∗ 𝐸2 ∗ 𝑎

4 ∗ 𝜋 ∗ 𝐾 ∗ 𝑟𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒
                                                     (6) 

                                                   𝐾 = 0.562 ∗ [(1 − 𝜈2
2) +

𝐸2

𝐸1
∗ (1 − 𝜈1

2)]                                   (7) 

K – Elastic mismatch factor 

𝐸1 & 𝐸2 – Youngs modulus of the polishing tool and workpiece, respectively 

𝐸2 – Youngs modulus of the workpiece 

𝜈1 & 𝜈2 – Poisson ratio of the polishing tool 

a – Contact patch radius 

𝑟𝑒𝑓𝑓𝑒𝑐𝑖𝑡𝑣𝑒 – Effective radius of the contact bodies 
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For the current setup of the workpiece and polishing tool  –  

𝐸1 (Youngs modulus of the polishing tool) – 50 MPa 

𝐸2 (Youngs modulus of the workpiece) – 3000 MPa 

𝐸𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 (Effective Youngs modulus) – 0.0168 

𝜈1 & 𝜈2 (Poisson ratio of the tool & workpiece) – 0.40 & 0.37 

The elastic mismatch factor for the two bodies (Polycarbonate workpiece and Silicone polishing 

tool)  in contact is calculated by using equation (7) which gives –  

K = 28.835 

Using equation (6) the magnitude of the mean pressure value for the normal loading of 1N between 

the Polycarbonate workpiece and Silicone polishing tool can be obtained –  

𝑃𝑚𝑒𝑎𝑛 = 4.42 MPa 

Table 5.1: Tabulation for the mean pressure values for differing normal loads. 

 

 

5.4 POLISHING TOOL CONTACT ANALYSIS – SIMULATION 

Next moving onto the case wherein the polishing tool deflection is studied when the tool is 

normally loaded and rotated at the same time. Theoretically for the general case of a non-rigid 

workpiece and a non-rigid polishing tool (sphere), for a Hertzian contact, Fischer-Cripps et al [28] 

stated that the deformation can be obtained by using the following equation (8) –   

𝑢𝑧
′  +  𝑢𝑧  =  [

(1−𝜈1)

𝐸1
 +  (

(1−𝜈2)

𝐸2
]  ∗  

𝜋

(4∗𝑎)
 ∗  1.5 ∗  𝑃𝑚𝑒𝑎𝑛  ∗  (2 ∗ 𝑎2  −  𝑟2)          (8) 

 

  
Normal Load (N) 

0.5 1 1.5 

Mean Pressure (MPa) 3.543 4.464 5.1104 
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Where 𝑢𝑧
′  and 𝑢𝑧  as the deflections of the polishing tool (sphere) and the workpiece, respectively. 

Since the polishing tool is made out of Silicone rubber and the workpiece is made out of 

PC/PMMA, the polishing tool (sphere) is taken as deformable and the workpiece is assumed to be 

rigid. Thus 𝑢𝑧  would equal to zero, hence the eq 8 can be re written as follows, and this would 

provide us the theoretical deflection profile along the contact patch. 

                           𝑢𝑧  =  [
(1−𝜈1)

𝐸1
 + (

(1−𝜈2)

𝐸2
]  ∗  

𝜋

(4∗𝑎)
 ∗  1.5 ∗  𝑃𝑚𝑒𝑎𝑛  ∗  (2 ∗ 𝑎2  −  𝑟2)               (9) 

A finite element study was performed using the ANSYS workbench suit to gauge the deflection 

of the polishing tool when the tool is modelled as a hyperelastic material and is made to contact 

the polishing work. The tool was angled at 30 degrees and allowed to rotate at an RPM of 10000, 

and a normal load of 1N was applied in a contact zone as a reaction force acting against the ball.  

 

Figure 5.9: Plot depicting the deflection values (mm) for polishing tool along contact patch. 
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The above plot represents the variation in the deflection profile of the soft polishing tool along the 

contact patch – wherein the blue line is indicative of the deflection profile obtained by using the 

equation (8), and the red line in the Figure 5.9 is the finite element result of the deflection. The 

difference in the value between the two results can be attributed to the fact that the theoretical 

formulation does not consider the polishing tool rotation, it only considers the deflection due to 

the application of the normal force on the ball. Whereas the finite element model considers both 

the rotation of the tool and the normal force being applied, while also utilizing the hyperelastic 

properties of Silicone.  

 

 

Figure 5.10: Side view of the finite element result for polishing tool deflection (mm). 

 

Contact Zone 
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Figure 5.11: Bottom view of the finite element result for polishing tool deflection (mm). 

 

In the process of sub aperture polishing there is a presence of three distinct systems, the polishing 

tool, the workpiece to be polished and the polishing slurry that separates the tool and the 

workpiece. Now the material removal in the polishing process takes place predominantly in the 

contact zone. The Hertzian theory of calculating the contact area doesn’t involve the presence of 

a fluid film in the contact zone. However a study done by Loewenthal et al suggested that it can 

be assumed that the even though the fluid film separates the two surfaces of the tool and the 

workpiece, the conjunction zone or the contact zone can be calculated using Hertzian theory, and 

the zone can then be projected through the film thickness of the polishing slurry and would 

determine the material removal  

 

In order to simulate the Hertzian contact, a finite element analysis was modelled using a nonlinear 

solver by MSC Corporation called Marc/Mentat. This software suit was utilized as it tailormade 

Contact Zone 
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to carry out non-linear simulation and would help us in encapsulating the material nonlinearity 

(hyperelastic properties of Silicone), geometric nonlinearity (large deformations), and contact 

nonlinearity with friction.   

 

The Hertzian contact was simulated in 2D first, in order to save computation time, and then was 

run in 3D to analyze the differences between the result. Within 2D the contact was analyzed using 

both the popular plain strain model for contact, and the axisymmetric model which would be more 

applicable for this project. Finally all the results were compared with the theoretical calculations.  

 

Figure 5.12: Meshed model depicting the polishing tool in contact with workpiece. 

 

Now as discussed before the simulations were done keeping in mind fidelity of the model and the 

efficiency of the simulation, with the aim of reducing the computation time. So in order to improve 

both the fidelity and the efficiency the macro view of a polishing ball in contact with the polishing 
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workpiece was reduced to a basic model for the FEA analysis. It is a clear observation that the 

overall model can be reduced to an axisymmetric model and also since the PMMA/PC workpiece 

is orders harder than the soft polishing tool, it can be assumed to be a rigid body it will not undergo 

any noticeable deformations or stresses due to pressing of the soft tool and can be neglected from 

the model for contact analysis and is modelled as a geometric entity instead. Also the geometry is 

modelled at a 0 degree precess angle, with the tool shaft being parallel to the workpiece.  

 

 

Figure 5.13: Simplified model for the contact analysis. 

 

One important point to note is that in the simplified model as shown in the Figure 5.13, the loading 

direction is reversed and the normal load is applied on the rigid body – named 2 at the bottom and 

is pushed upward into the ball, this has been done keeping in mind the ease of modelling. The top 

of the polishing tool is fixed in the x,y,z directions. So in order to make it easy to understand, it 

1 

2 

Y - Axis 
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will help if one imagines the loading on the tool and the constraints to be flipped. The polishing 

tool is symmetric across the y – axis, and as a result of the symmetry loading condition, no loads 

will be transferred across the line of symmetry i.e. the y-axis, the tool is allowed to deflect along 

the y-axis, which can be seen in the simplified model as a roller constraint.  The workpiece was 

modelled as a rigid body (geometric entity) and constrained in such a way that it was only allowed 

to move in the y direction. The geometric parameters which were used for the simulation were the 

polishing tool diameter d1 = 3mm, polishing workpiece diameter d2 = ∞ since it is a flat.  

 

Figure 5.14: Meshed model for axisymmetric analysis showing the applied constraints. 

 

The mesh strategy used is Delaunay triangular mesh with full integration type 2 elements in MSC 

Marc module. Extra care is given to the mesh in the contact zone, as due to the contact between 

two bodies, there is a presence of localized stresses and strains near the contact zone [27] – also if 

Rigid body 
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a coarse mesh is used near the contact zone it can cause excessive mesh distortions, penetration of 

the contacting bodies leading to inaccurate results, hence in order to prevent this a fine mesh 

refinement is provided near the contact zone as shown in the Figure 5.15 it also gives an added 

benefit of increased accuracy of the FEA simulation.  

 

Figure 5.15: Image depicting the refined mesh strategy in the contact zone. 
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Figure 5.16: Contour plot for contact pressure at 0.25 N normal load. 

 

 

Figure 5.17: Contour plot for contact pressure at 2 N normal load. 

 

Contact Patch 
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Figure 5.18: Image depicting the zoomed in contact junction A) 0.25 N & B) 2 N. 

 

The Figure 5.16 & 5.17 shows the contour plot of the contact pressure at 0.25 N and 2 N normal 

load, which is loading range of the experiment set. It can be observed from the plots that the ball 

deflection and the contact pressure is proportional to the normal load applied on the polishing tool. 

The contact pressure distribution follows a gaussian curve across the contact patch. The simulation 

result as shown in the Figure 5.19 vary slightly as compared to the maximum pressure values 

which were obtained using the Fischer Cripps model [28] for Hertzian contact of deformable tools, 

this can be explained as the simulation for the polishing tool considers the large strains and 

hyperelastic properties that associated with a soft material like Silicone Rubber, whereas the 

Fischer Cripps model for Hertzian contact softer bodies but doesn’t account for the hyperelastic 

properties of the tool.  

A 

B 
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Figure 5.19: Plot depicting maximum contact variation with normal load. 

 

 

Figure 5.20: Plot depicting contact pressure profile along the half contact width. 
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The contact pressure profiles for the contact of the polishing were obtained from the simulations 

and the result were compared to the theoretically calculated pressure profiles the maximum contact 

pressure was found to be 6.65 MPa theoretically, while at the same normal load the contact 

pressure was found to be 7.86 MPa through the FEA simulation, that gives us an error percent of 

around 18%. This difference in the pressure profiles can be accounted by the fact that the due to 

the softness and the hyper elastic nature of the Silicone rubber tool, as the normal load is applied 

it compresses more than what can be expected from a general elastic material, meaning the 

compression of the body of a hyperelastic material will be larger than normal elastic body, also it 

will have a lower body stiffness, and as the polishing tool compresses more readily, it will lead to 

a lower pressure profile than a standard elastic tool.  

 

A 3D model for the contact of the polishing ball was also utilized to analyze the results and the 

effect of adding the z – axis gradient in the model, as in the axisymmetric model the z-axis is 

neglected. A 3D model would give a rather realistic picture of the deflections and pressure/stress 

values in their entirety.  

 

The 3D model was setup in the same way as the axisymmetric model, with the polishing tool being 

setup as a deformable body and assigned the material properties of Silicone Rubber, and polishing 

workpiece was setup as a rigid body and assigned the material properties of PMMA for the sake 

of the simulation. The workpiece base in this case was fixed in the x,y,z directions, and the 

polishing ball was constrained to move freely in the y axis. A normal load was applied on the ball 

as per the volumetric loading criteria.  
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Figure 5.21: Figure depicting the meshed model for the 3D contact analysis. 

 

The workpiece base in this case was fixed in the x,y,z directions, and the polishing ball was 

constrained to move freely in the y axis. A normal load was applied on the ball as per the 

volumetric loading criteria.  

 

Figure 5.22: Figure depicting the contour plot for contact pressure at 0.25 N normal load. 
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Figure 5.23: Figure depicting the contour plot for contact pressure at 2 N normal load. 

 

From the simulation result it was observed that the maximum contact pressure at 1N was found to 

be 6.29 MPa as compared to the theoretical contact pressure value which was 6.65 MPa which is 

in good agreement with each other.  

 

5.5 ABRASIVE FLUID FILM ANALYSIS  

In the process of sub aperture, the polishing fluid film is what separates the rotating polishing tool 

from the workpiece. In a usual experiment, the area of interest – which is to be polished is flooded 

with the polishing fluid to ensure complete coverage of the polishing zone. As the polishing tool 

starts rotating and feeding into the polishing zone, it pulls in and drags the polishing fluid into the 

polishing zone. This polishing fluid forms a thin layer between the tool and the workpiece, the film 

thickness of which is paramount, as it affects what type of contact there will be between the tool 

and the workpiece, and it also affects what type of lubrication regime would be present in the 

process.  
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Loewenthal et al in their work suggested that the lubrication regime of elastohydrodynamic applies 

to the process of elastic emission polishing, since the polishing tool being used is made up of a 

soft material with a low Youngs modulus – in this project the polishing tool is made out of Silicone 

rubber which has a Youngs modulus of 50 MPa, which is orders less as compared to the workpiece 

which is PMMA/PC. Dowson et al [29] in their study presented a discussion on the effect of the 

deflection of soft polishing tool on the polishing fluid in the contact region. The following equation 

(10) derived from the Dowson et al [29] was used to calculate the minimum film thickness 𝐻𝑚𝑖𝑛 

for the contact of a spherical polishing tool with a low elastic modulus on a flat surface –  

 

                                 𝐻𝑚𝑖𝑛
0 = 7.43 ∗ 𝑈0.65 ∗ 𝑊−0.21 ∗ (1 − 0.85 ∗ 𝑒−0.31∗𝐾)                          (10)  

                                                         𝐻𝑚𝑖𝑛
0  =  

𝐻𝑚𝑖𝑛
𝑅⁄                                                                 (11)       

From equations (10) and (11)  –  

                             𝐻𝑚𝑖𝑛 = 7.43 ∗ 𝑈0.65 ∗ 𝑊−0.21 ∗ (1 − 0.85 ∗ 𝑒−0.31∗𝐾) ∗ 𝑅                         (12) 

 

𝐻𝑚𝑖𝑛 
0  – Dimensional minimum film thickness parameter 

𝐻𝑚𝑖𝑛 – Minimum film thickness left (mm) 

K – Ellipticity parameter 

R – Radius of the polishing tool 

U – Dimensionless speed parameter 

W – Dimensionless load parameter 
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The equation (12) as shown above is based on the dimensionless variables of speed and load, 

which can be obtained from the following equations –  

                                                         𝑈 =  
𝜂 ∗ µ

𝐸𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 ∗ 𝑅
                                                                (13) 

                                                         𝑊 =  
𝐹

𝐸𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 ∗ 𝑅2                                      (14) 

 

Where –  

𝜂 – Dynamic viscosity of the polishing fluid 

𝜇 – Surface velocity of the polishing tool 

F – Normal load on the polishing tool  

𝐸𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 – Effective Youngs modulus of the contact bodies 

For the scope of this project the chosen parameters values are as follows –  

R = 1.5 mm 

K = 1.3 (Ellipticity value for a sphere on a flat surface) 

F = 1 N 

η = 3000 cP (Centipoise) – 3 𝑁𝑠
𝑚2⁄   [23] 

µ = 1.57 𝑚 𝑠⁄  @ 10000 rpm  

𝐸1 (Youngs modulus of the polishing tool) – 50 MPa 

𝐸2 (Youngs modulus of the workpiece) – 3000 MPa 

𝐸𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 (Effective Youngs modulus) – 0.0168 

𝜈1 (Poisson ratio of the polishing tool) – 0.40 

𝜈2 (Poisson ratio of the workpiece) – 0.37 
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Using the above mentioned parameters the following values of the dimensionless constants were 

calculated –  

U = 1.79 𝑥 10−5 

W = 0.0037978 

 

The minimum film thickness value was calculated to be 𝐻𝑚𝑖𝑛 = 0.011 mm at 10000 rpm and 1N 

normal load for the Aluminium Oxide (Alumina) polishing fluid with an abrasive grain size of 

0.01 μm (the Aluminium Oxide abrasives are dispersed in a deionized water solvent medium. 

 

The minimum film thickness value has to be greater than the size of the polishing abrasives and 

the inherent surface roughness of the workpiece so that the abrasives will be able to flow in and 

out of the zone with ease, and lead to effective polishing action as shown below in the Figure 5-

24B. In this project the polishing abrasives measure 0.01 μm which makes them small enough to 

flow through the thin film created in the contact zone. If the film thickness is smaller than the 

abrasive particle size it could lead to the indentation and damage of the surface as shown below in 

the figure 5.24A  

 

 

Figure 5.24: Figure depicting the two modes of polishing contacts [9] 

A B 
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The polishing tool surface roughness was measured using the Keyence laser confocal microscope, 

the average surface roughness value was found to be 9.8 μm over a sampling length of 1.6 mm and 

a cutoff frequency of 0.8 mm.  

 

 

Figure 5.25: Laser image depicting the polishing tool surface at 10X magnification. 

 

 

Figure 5.26: Image depicting the contour map of the measured polishing tool surface. 
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Figure 5.27: Image depicting the surface roughness of the polishing tool surface. 

 

With a minimum film thickness value of 11 μm, which is greater than the surface roughness of the 

polishing ball, it can be said that the lubrication type is synonymous to Elasto-Hydrodynamic 

lubrication in accordance with the Stribeck curve, the metric used was the comparison of the film 

thickness height to the surface roughness value and was adapted from a study done by Bart et al 

[30].  

 

Now in the case of elastohydrodynamic lubrication, and especially in the case of non-conformal 

contact (ball on a flat) the pressure usually encountered in the contact zone are very high as the 

contact area is very small, now technically this sharp rise in the pressure would lead to an increase 

in the viscosity of the polishing fluid and increasing its load handling ability [30], but in this project 
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the tool material is soft and hyperelastic so it would lead to some absorption of the normal load 

leading to a reduction in the pressure generated in contact zone [11] [31]. 

 

It can also be said that when polishing tool used has a low Youngs modulus value and the loads 

applied are on the lower magnitude, in accordance with the study performed by Su et al [11] the 

fluid can either lie in IE (isoviscous elastic) or IR (isoviscous rigid) regime.  

 

Now to figure out whether the regime would be in IE or IR, the polishing tool deformation which 

is an important metric that defines the lubrication [11]. From prior simulations carried out on the 

polishing tool which can be seen in the Hertz contact section of chapter 5, the deflection of the 

polishing tool was found out to be 0.03 mm, which is significant and comparable to the film 

thickness calculated which was 0.011 mm, it can be said the fluid film between the polishing tool 

and the workpiece would lie in the IE (isoviscous elastic) regime  

 

One more metric to check whether what we have concluded in the above paragraphs makes sense, 

is the value of pressure viscosity coefficient α, which can be calculated using the below formulae 

–  

                                                    𝛼 =  0.0077 ∗  𝜈0.204                                                            (15) 

Where,  

α – Pressure viscosity coefficient 

ν – Kinematic viscosity of the polishing fluid 
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Now as per the data sheet received from Baikowksi Corp [23]  the polishing fluid was defined by 

its fluid density and the dynamic viscosity which are mentioned below –  

ρ – Density of the polishing fluid – 1200  
𝑘𝑔

𝑚3⁄   

μ – Dynamic viscosity of the polishing fluid – 3 𝑁. 𝑠
𝑚2⁄  

 

The dynamic viscosity and kinematic viscosity are related to each other as –  

ν = 
𝜇

𝜌
  

Which gives us the value of kinematic viscosity to be  0.0025 𝑚
2

𝑠⁄   

 

Using the equation (15) the value of pressure viscosity coefficient is calculated to be 3.79 x 10−8. 

In the study carried out by Su et al [11] it was found out that if the value of the pressure viscosity 

coefficient has an order of 10−8 the lubrication is most likely in the IE (isoviscous elastic) regime, 

which supports the explanation in the earlier paragraphs.  

 

From equation (12) it can be said that the minimum film thickness is greatly affected by the 

polishing tool rotation, as is evident by the dimensionless velocity parameter which has the highest 

power in the formulae. As shown in the Figure 5.28 below the minimum film thickness increases 

almost linearly as the polishing tool rotational velocity is increased, this is in line with results 

obtained in studies done by Loewenthal et al. Also from the Figure 5.29 below it can be seen that 

the minimum fluid film thickness decreases the most when the load is increased from 0.1 N to 0.8 

N, with minimum film thickness decrease of 33.33% observed from the plot, thereafter as the load 

is further increased it doesn’t affect the film thickness by much.     
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There was a two pronged advantage of using abrasive fluid, firstly it provided a water medium that 

acted as a coolant, which helped take away the heat generated in the polishing zone, secondly as 

the abrasive fluid formed a film in between the polishing tool and the polymer workpiece, it 

prevented a direct contact of the two bodies thereby reducing the material removal by a huge 

margin, which is what is needed when one is trying to improve the surface roughness of a polymer 

without causing any considerable change in the profile of the polished surface.  

 

 

Figure 5.28: Plot depicting variation of minimum film thickness with tool RPM. 
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Figure 5.29: Plot depicting the variation of minimum film thickness with normal load. 

 

Coming over to the FEA analysis of the setup of polishing tool, fluid film and the workpiece, this 

is an integral simulation as it will help to obtain an understanding of how the soft polishing tool 

deflects real time in the presence of a flowing abrasive fluid and will help to analyze the fluid 

pressure, flow velocity profiles across the contact zone during polishing.  

 

Figure 5.30: Free body diagram for the polishing system showing the main forces. 
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In order to do this, a coupled 2 way fluid – structural interaction (FSI) simulation was carried out 

using the ANSYS software package. For this the entire polishing system was reduced down to the 

main components (which are the polishing tool, abrasive fluid, workpiece). The free body diagram 

with the main forces for the system can be seen above in the Figure 5.30.  

 

In order to carry out the simulation the full 3D model was further reduced to a half model and was 

made symmetric along the X-Y plane, this was done to save computing time and memory. 

 

 

 

 

 

 

      a).Structural section                                                               b).Fluid section       

 

Figure 5.31: Reduced 3D model showing the 3 components of the polishing system. 
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The basic idea behind a FSI analysis is to carry out a coupled analysis wherein the deformations 

and stresses developed in the structural (solid bodies) are transmitted to the fluid flow around those 

solid bodies, and the complimentary reaction forces developed in the fluid like fluid pressure, shear 

stresses are transmitted to the structural side. In this project the polishing tool and workpiece form 

the structural side of the simulation and the polishing fluid flowing through the contact patch forms 

the fluid side of the simulation.  

 

 

Figure 5.32: Boundary conditions for the structural model. 

 

The boundary conditions can be seen in the above Figure 5.32, wherein the workpiece is assigned 

Polycarbonate (PC) material properties, the polishing tool has been assigned Silicone material 

properties. The polishing tool is modelled as deformable, whereas the workpiece is modelled as a 

rigid body. The workpiece is fixed at the base, the tool is given an angular velocity 10000 RPM 

F (N) 

Fixed Base 

ω (RPM) 
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and a normal load of 1N is applied on the polishing tool. The polishing tool is also constrained to 

only move along the Y axis. An initial friction value of 0.3 is applied between the polishing tool 

and the workpiece when they come in contact. A gap measuring 11 microns is provided between 

the polishing tool and the workpiece to account for the fluid film thickness, this value was 

calculated using the Dowson’s fluid film thickness equation (10).  

 

 

Figure 5.33: Boundary conditions for the fluid model. 

 

The fluid model boundary can be observed in the Figure 5.33 above, the inlet and the outlet zones 

for the fluid have been given atmospheric pressure condition, the interface where the fluid interacts 

with the polishing tool has been given a rotating wall condition, with the RPM being the same as 

the polishing tool RPM. The symmetry wall on the origin and the base wall of the fluid which is 

in contact with workpiece has a stationary wall condition.  
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In the Figure 5.34 and Figure 5.35 below, it can be observed that the fluid velocity profiles and 

fluid flow vector profile, respectively. As the abrasive fluid flows in the polishing zone, due to the 

rotational velocity of the polishing tool, a centrifugal force acts on the polishing fluid thereby 

pulling the fluid along the surface of the tool. We have the peak velocity of the fluid on the center 

line of the tool, with a maximum fluid velocity of 1.549 m/s at the polishing tool wall boundary, 

which is equivalent to the surface velocity of the rotating tool at 10000 rpm.  

 

 

Figure 5.34: Image depicting the polishing fluid velocity contour. 
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Figure 5.35: Image depicting the polishing fluid flow vector 

 

Now as the fluid flows through the contact zone, it can be imagined as the fluid being forced 

through a narrow opening, which has a converging inlet and a diverging outlet. As the fluid enters 

this contact zone between the rotating tool and the workpiece, we see an increase in the velocity 

of the fluid – same as when a fluid enters a converging section, and as per the Bernoulli equation 

as the velocity increases the pressure should reduce, but since the fluid impacts the rotating tool at 

the inlet, and since the boundary wall of the fluid isn’t stationary, but is rotating, the pressure value 

goes up as the fluid starts applying an upward pressure on the soft tool surface.  
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Figure 5.36: Image depicting the fluid pressure distribution along the contact zone. 

 

Figure 5.37: Image depicting the fluid pressure gradient along the contact zone. 
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In the center of the contact zone, as expected the fluid velocity is at its peak, while the pressure 

value reduces as seen in the Figure 5.36. Then as the fluid starts exiting the contact zone, the fluid 

velocity starts to drop, and the pressure value starts to increase (on the exit side of the contact), we 

observe a negative pressure value on the exit side, this is due to the fact that as the fluid is exiting 

the contact at a high velocity, it tends to create a pressure gradient that pulls on the polishing tool 

surface, i.e. a fluid pressure acting downward away from the polishing tool body is generated, as 

it can be observe the pressure profile and the pressure gradient across the contact zone in the Figure 

5.36 & Figure 5.37.  

 

The result of this kind of pressure distribution can be observed in the upcoming section 6.1.2, 

wherein we see flat profile tool influence profiles (which were made by allowing the tool to rotate 

at a given spot, for a given time t), which are indicative of the pressure distribution observed in the 

Figure 5.36. The Figure 5.38 depicts the contour map of the pressure distribution just discussed, 

in the contour maps it can be seen that the pressure undergoes an inflection at the center point of 

the contact, wherein it changes the direction. In the contour map in Figure 5.38 the red and blue 

regions are regions with a highest pressure magnitude, but opposite directions.  
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Figure 5.38: Image showing the fluid pressure contours. 
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Now discussing the fluid film characteristic in the contact zone, the average fluid film thickness 

was calculated using the Dowson and Higgins film thickness formulae in the section 5.5. In this 

project the polishing tool is made out of a soft material Silicone rubber, and the workpiece is 

Polycarbonate which is orders harder as compared. When the polishing fluid flows through the 

contact zone, it imparts an upward normal force on the soft polishing tool due to pressure of the 

fluid, hence causing it to deflect and leading to the development of a film thickness profile as seen 

below in the Figure 5.39 & 5.40.   

 

 

Figure 5.39: Plot depicting the fluid film thickness profile on a zoomed out scale 

 

It can be observed in the Figure 5.40 that there is a deflection in the tool surface towards the outlet 

side of the flow, this deflection causes the further constricting of the fluid film at the outlet side 

thereby leading to spike in the reducing pressure as it can be observed in the pressure gradient plot 

in Figure 5.37. This result is in line with previous work done by Dowson et al on EHL film analysis. 
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The film more or less maintain a constant central film thickness except for the deflection of the 

film on the outlet side of the polishing fluid flow 

 

 

Figure 5.40 : Plot depicting fluid film thickness profile on the zoomed in contact zone scale. 

 

The deflection of the polishing tool is an integral part of the elastohydrodynamic polishing 

principle as was discussed in the works of Dowson et al [29] and also governs the regime of the 

fluid lubrication as discussed in the works of Su at al [11]  as discussed in the section 5.5. The 

advantage of running this kind of simulation ( 2 way FSI ) is that we can couple the pressure values 

generated by the fluid flow right back onto the solid body in contact with fluid, thereby causing 

the deflection in real time. 
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 In the Figure 5.41 below we can see that the tool deflects maximum in the contact zone, although 

the deflection value in itself is small, measuring about 0.006228 mm in the upward direction. The 

polishing tool being soft deflects on the inlet side causing a bump in the tool body and hence the 

fluid film on the outlet side. This deflection is what was observed in the fluid film as well in the 

Figure 5.40. 

 

 

Figure 5. 41: Contour map of the polishing tool deflection due to fluid pressure. 
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CHAPTER 6 

EXPERIMENTAL RESULTS 

The basis of this project was to create an initial knowledge base for the sub aperture polishing 

project line at the Precision Engineering Center, NCSU. The problem statement was to carry out 

sub aperture polishing of polymer lenses in order to attain a surface roughness finish of 2-3 nm in 

RMS scale and to showcase the ability to be able to create a surface form spread over a 6x6 mm 

area with an max amplitude measuring 5 µm peak to valley.  In this project, the study was 

performed on two polymers – Polycarbonate and Polymethylmethacrylate. The input parameters 

were selected and their effect on the surface roughness and the material removal rates were 

characterized. Studies were also carried out to gauge the effect different toolpaths used in the 

polishing have on the surface roughness improvement of the polymer surfaces.  

 

6.1 POLISHING TOOL INFLUENCE EXPERIMENTS  

6.1.1 POLISHING TOOL INFLUENCE WITHOUT ABRASIVE FLUID  

The first experiment carried out to was analyze the effect the material removal when the Silicone 

ball is made to touch the workpiece surface direct, without the presence of any polishing fluid. It 

was observed that when the contact occurs without the presence of the polishing fluid, due to the 

high rotational velocity of the polishing tool, there is a lot of heat generated due to the friction 

present between the rotating polishing tool and the workpiece, which leads to a rise in temperature, 

as the temperature rises above the heat deflection temperature of the polymer, the surface melts, 

which leads to very high and uncontrolled material removal rate, this molten layer on the surface 

is smeared across the indent and then is displaced to the outlet region of the indent as observed in 

the Figure 6.1 below, the molten material along with the worn off material from the polishing tool 
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aggregates near the outlet region of the feature created, forming a bead like structure.  In the inlet 

region of the indent, there was also the presence of a heat affected zone, where the heat generated 

due to the initial contact of the rotating tool with the workpiece takes place, the initial contact 

causes generation a lot of heat, that causes blister like features prior to inlet zone. 

  

 

Figure 6.1: Image depicting the material removal in an indent A for a direct contact of the 

rotating polishing tool on the workpiece at 25000 RPM. 

 

The above Figure 6.1 depicts the laser measurement of the polished spot which was created at 

25000 rpm, 1.5N normal load and a dwell time of 15 seconds, with the spindle angle kept at 15 

degrees, and the polishing tool was made to contact the polymer surface directly to establish a 

direct contact of the tool with the surface.  

 

Molten material bead 

Inlet region 

Outlet region 

Heat affected zone 



82 
 

 

Figure 6.2: Image depicting the 2D cross section of the indent A 

 

In the image above it can be observed that the profile of the indent is deeper in the middle and 

assumes a concave shape, which is in line of what is to be expected, as when the rotating tool 

would make contact with the polymer surface, the contact pressure would be maximum in the 

center of the contact as per the Hertzian contact criteria. The volume of the molten bead which is 

formed in the outlet zone was found out to be 0.232  𝑚𝑚3, while the volume of the material 

removed (i.e. the cavity) was found out to be  0.59 𝑚𝑚3. The molten bead has a lower volume as 

compared to the volume removed from the cavity, this can be attributed to the fact that some of 

the material which gets heated up in the contact zone gets smeared on in the indent itself, which 

would raise the height of the indent cavity.  

 

Molten Bead 

Indent Cavity 



83 
 

 

Figure 6.3: Plot depicting the variation in the material removal volume (V) with the total energy 

added into the system. 

 

The polishing action is basically the work done by the polishing tool, and as the work done in the 

polishing system increases, the polishing action is increased, as seen in the Figure 6.3 above, the 

energy added into the system is increased, the volume of material removed increases, as the 

polishing action increase. The energy added into the system is calculated as follows –  

                                                         𝐸 =  𝑣 ∗  𝑡 ∗  𝐹                                                        (1) 

Where, 

E – Energy added into the system (N.mm) 

v – Relative velocity of the polishing tool (𝑚 𝑠⁄ ) 

t – Dwell time of the polishing tool 
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The major disadvantage for running an experiment set without any abrasive fluid is that the 

polishing tool get worn too easily and is not feasible for running multiple runs as such. So 3 

experiment sets were performed at varying loads to gauge the effect of direct contact of the 

polishing tool with the workpiece surface. The Table 6.1 below shows the input parameter levels 

utilized for the direct contact of the polishing tool.  

 

Table 6.1: Data set for the direct contact experiment set. 

SET RPM DWELL TIME (seconds) LOAD (grams) SPINDLE ANGLE (ϴ) 

A 25000 10 150 15 

B 25000 10 100 15 

C 25000 10 50 15 

 

 

Figure 6.4: Image depicting indent 3D profile for parameter level A 
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Figure 6.5: Image depicting the solidified bead at the outlet region of the indent. 

 

 

Figure 6.6: Image depicting indent 3D profile for parameter level B. 
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Figure 6.7: Image depicting indent 3D profile for parameter level C. 

 

The surface roughness was measured at the base of all the 3 indent sets. The average surface 

roughness was measured at 10 different points, and the points were spaced at 5 pixel points from 

each other.  

Table 6.2: Surface roughness measurement for the direct  contact. 

Set Load Ra (Average surface roughness)  (μm) Std Dev 

A 150 5.608 0.45 

B 100 5.899 0.512 

C 50 7.496 0.713 

 

It was observed from the surface roughness measurements in the table 6-2, that the surface 

roughness values obtained are not in the acceptable range and are on the higher side. It should also 

be noted that the surface roughness values goes up as the normal load goes down, as the normal 
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load goes down, which leads to a contact pressure reduction and which in turn leads to an increase 

in the roughness. A study was also performed gauging the surface roughness variation along the 

polished indent. In the Figure 6.8 below, the location are tagged from A to E, starting from the 

inlet zone leading up to the outlet. 

 

 

Figure 6.8: Locations for surface roughness measurement. 
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Figure 6.9: Plot depicting the variation of surface roughness variation along the indent. 

 

From the Figure 6.9 above it can be seen that the average surface roughness is best (lowest) at the 

center of the indent, as the center of the contact has the peak contact pressure, causing maximum 

polishing action that zone, as the tool moves away from the center towards the periphery the 

surface roughness keeps worsening (increases) this observation is in line with prior studies carried 

out by Hu et al [32]. 

 

6.1.2 POLISHING TOOL INFLUENCE WITH ABRASIVE FLUID 

Next the experiment set was performed using the abrasive fluid, the rotating polishing tool was 

made to contact the polymer surface in the presence of an abrasive fluid, in the scope of this project 

the abrasive fluid used was Aluminium Oxide solution, which consisted of 𝐴𝑙2𝑂3 grains suspended 

in a deionized water medium, manufactured and supplied by Baikowski Inc.  

 

5

5.5

6

6.5

7

7.5

b b b b b b b

S
u

rf
a
ce

 R
o
u

g
h

n
es

s 
(μ

m
)

Location in the indent

Surface roughness variation along the indent

A

B

C

D

E



89 
 

When a polishing tool is made to rotate at a high RPM value, and is made to contact the surface, 

it tends to leave behind an indent at the point the contact was made, this region/indent is basically 

the footprint of the polishing tool which is unique to that tool, in technical terms this is referred to 

as the tool influence function of the polishing tool. The tool influence function can be of two types 

Static tool influence and Dynamic tool influence function, where the static functions are basically 

allowing the tool to rotate at  a given spot for time interval t. The tool influence function is also a 

way of measuring how much material is being removed by the polishing tool per unit time.  

 

The Figure 6.10 shows the tool influence function of a worn ball, the worn ball TIF tends to leave 

behind a set of significant ridges in the TIF. The deepest ridge measured was found to be 1 μm, as 

compared to the overall depth of the TIF which was measured to be 3 μm thereby the ridges were 

around 33% of the total depth of the profile of the TIF which is not acceptable, as it means that the 

ridges are significant but unwanted.  

 

The case of tool influence function of a new ball (unused), there were still some ridges present but 

in this case the deepest ridge measured was around 0.08 μm, as compared to the overall depth of 

the TIF which was measured to be 1μm, thereby the ridges were 8% of the total depth, which can 

be neglected.   
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Figure 6.10: Tool influence function of a worn ball at 20 seconds dwell time. 

 

The tool influence experiments were run for differing dwell times, to measure the material removal 

rates, and to gauge the effect of dwell time of the polishing tools on the profile of the material 

removed. The experiment set was performed at selected time intervals of 5, 10 15, 20 seconds. The 

table 6-3 below shows the parameter set selected for running the experiments.  

 

Table 6.3: Table depicting the parameters levels for the dwell time TIF experiment set. 

Set RPM Load (N) Abrasive Size (μm) Ball Type Dwell Time (s) 

A 10000 1 0.05 Old 5 

B 10000 1 0.05 Old 10 

C 10000 1 0.05 Old 15 

D 10000 1 0.05 Old 20 

 

Ridges formed in the 

TIF due to the worn 

ball surface. 
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Figure 6.11: Plot depicting 2D profiles of static TIF of worn tool at varying dwell times. 

 

 

Figure 6.12: Averaged out 2D profiles of TIF of worn tool at varying dwell times showing the 

material removal variation. 
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In the above Figure 6.11 it can be seen that, as the dwell time of the polishing tool increases, the 

depth of the TIF created. As the tool is allowed to stay at the spot for a larger duration the polishing 

action of the tool increases, meaning it removes more material at a higher time interval leading to 

deeper TIF profiles. This explanation matches the work done by Yamauchi et al and Su et al [9], 

[11] in their study of sub aperture polishing. Also this explanation is in line with the Preston’s 

equation for material removal –  

                                          ∆ℎ =  𝑘𝑝  ∗  𝑃 ∗  𝑉𝑟  ∗  ∆𝑡                                                      (2) 

From the Preston’s equation (2) above it can be inferred that the material removal is directly 

proportional to the contact pressure, relative velocity, and the dwell time. 

 

 

Figure 6.13: Averaged out 2D profiles of TIF of worn tool at varying abrasive sizes.  

 

The Figure 6.13 above shows the profiles of the TIF created using varying abrasive grain sizes, 

the abrasive grain sizes used were 0.05 μm, 0.1 μm, and 0.3 μm 𝐴𝑙2𝑂3 polishing abrasive fluids. 
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It was observed that as the grain size of the abrasive increases the depth of the TIF profile increases 

and the contact patch grows wider.  

 

Now there is a lot of contradicting literature that diverges into two theories, the first theory being 

that as the abrasive grain size increases it causes a decrease in the material removal rate, this was 

stated in the works done by Jianfeng et al, Bielmann et al, and Bhasin et al [13], [33]. The theory 

behind that being, as the grains become bigger in size at a given abrasive fluid concentration the 

number of abrasive grains entering the contact zone reduces if the film thickness is smaller than 

the abrasive size, thereby reducing the removal rates. But in our case the film thickness is bigger 

than the abrasive size, so it doesn’t hamper the particles from entering the contact zone during 

polishing.  

 

The second theory states that as the abrasive grain size increases the material removal rates also 

increase, this was stated in the works done by Yongsong et al, Tamboli et al and Lie et al [14], 

[34], [35]. This is because of the fact in the case of larger abrasive particles the material removed 

per single grain of larger abrasive is more as compared to the material removed per single grain of 

smaller abrasive. This contradiction is due to the fact that the material removal mechanisms vary 

greatly in sub aperture polishing process and depend on the materials being used as polishing tool 

and workpiece, the abrasive fluid being used and the abrasive grain type [36]. 
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Figure 6.14: Image depicting the TIF’s of worn tool at varying abrasive grains sizes. 

A) 0.05 μm B) 0.1 μm C) 0.3 μm 
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From the Figure 6.14 above it can be seen that the depth of the TIF keeps on increasing as the 

abrasive grain size in the polishing medium is increase. It can also be observed that as the abrasive 

grain size is increased the ridges get reduced slightly, due to the higher removal rate observed with 

larger abrasive particles. 

 

Next an experiment set was performed at the same dwell time levels of 5, 10, 15, 20 seconds but 

using a new polishing tool ball, to see the difference in the tool influence profiles between the 

worn tool and the new polishing tool. In the case of the new tool, it was observed that the TIF 

profiles generated were deeper as compared to one’s generated using a worn ball.  

 

This result was in line to what was seen in the studies carried out by Pan et al [37]. This was 

attributed to the fact that due to continuous use of over 25 experimental runs the old polishing tool 

had undergone a reduction in size, when measured using a micrometer this reduction was found 

out to be of the order of 0.001 mm. Another aspect that is being postulated in this work is that due 

to undergoing multiple cycles of polishing runs, the surface of the polishing tool itself undergoes 

a reduction in the surface roughness value – smoothens out, and as the tool surface roughness 

directly relates to the fluid film thickness as proven by the works of Loewenthal et al.  

 

When the surface roughness of the tool increases the film thickness decreases, which in turn 

reduces the amount of abrasives entering the polishing region and thereby causing a lesser 

polishing action, which is evident from the Figure 6.15 and Figure 6.16 below, as one can notice 

that the TIF’s of the worn tool are much shallower as compared to the TIF’s of the new tool.  
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Figure 6.15: Image depicting the 2D profiles for the TIF of the new tool. 

 

Figure 6.16: Image depicting the comparison of the TIF’s of the worn ball v/s new ball. 
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6.2 WEAR COEFFICIENT CALCULATION  

The tool influence function tests were used to figure out the material removal rate for the polishing 

and to calculate the Preston’s coefficient. The Preston equation relates the contact pressure, and 

relative velocity between the polishing tool and workpiece to the material removal height index –  

                                                       
∆ℎ

∆𝑡
 =  𝐾𝑝  ∗  𝑃 ∗  𝑉𝑟                   (3) 

The equation (5) can be used to determine the Preston’s coefficient for material removal by 

rearranging it into the form –  

                                                      ∆ℎ
∆𝑡⁄  =  

(𝐾𝑝  ∗  𝐹 ∗  𝑉𝑟)
𝐴

⁄                                                    (4) 

                                                      𝐾𝑝  =  
(∆ℎ ∗ 𝐴)

(𝐹 ∗ 𝑉𝑟 ∗ ∆𝑡)⁄                                                 (5) 

 

From the static tool influence we obtained the max height removed by the polishing tool at varying 

dwell times, at 10000 rpm, using 0.05 μm alumina abrasive grains, the data was recorded and was 

used in the equation (5) above. 

 

Table 6.4: Table depicting the peak height removal values at varying dwell times. 

∆h 0.001 0.002 0.00275 0.004 0.0045 

∆t 5 10 15 20 25 

 

Using the data mentioned in the table 6-4 the average value of the Preston’s coefficient for the 

polishing setup was calculated to be 2.2748 x 10−8. 
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6.3 SURFACE ROUGHNESS IMPROVEMENT EXPERIMENTS 

In the previous section a discussion was presented on the generation of the tool influence functions 

of the soft polishing tool and have analyzed how it is affected by the abrasive grain size, dwell 

time of the polishing tool, the presence of the abrasive fluid, and the effect of using a new tool 

over a worn tool, the next section would deal with the characterization of the input parameters, 

and the effect they have on the surface roughness of the polished surface.  The input parameters 

selected for the study were the polishing tool RPM, feed rate, normal load, abrasive grain size, 

abrasive grain concentration, polishing tool offset (path overlap), polishing tool type.  

 

The experiment sets were performed individually for each of the input parameters as a separate 

study. The materials studied in this experiment set were Polycarbonate (PC) and 

Polymethylmethacrylate (PMMA). The experiment were also duplicated on both the diamond 

turned surfaces and as manufactured surfaces.  In order to maintain a standardized study all the 

experiment for the input parameters were performed utilizing the spiral toolpath to polish 3 mm 

areas on the polymer workpiece. 

 

6.3.1 TOOLPATH PLANNING FOR SURFACE ROUGHNESS IMPROVEMENT  

In the process of sub-aperture polishing, toolpaths form an important part of the polishing strategy. 

The toolpaths decide which area is to be polished, how the area of polishing would be covered 

during the polishing process. The basic requirement for a polishing toolpath is to ensure a total 

coverage of the desired area of interest [38]. In the case of an automated polishing process, the 

trajectory of the toolpath is a vital factor affecting the quality and form of the surface being 

produced [39]. The toolpath strategy employed is integral to the process in the sense that it affects 
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the amount of material removal in the polishing zone [38], and affect the surface finish attained. It 

helps to maintain a uniform material removal rate over the polishing area. This is achieved by 

making sure that the toolpath uniformly covers the polishing region and is well distributed, also 

the direction of the toolpath lines should be balanced throughout the surface in order to achieve a 

uniform material removal rate [39].  Also the polishing toolpath strategy should be devised such 

that it provides a multidirectional coverage of the surface, as it ensures that majority of the 

asperities are processed by the polishing grains [40]. Each of the toolpath strategy have their own 

sets of advantages and disadvantages associated with them, and some of them are utilized in 

specific applications.    

 

The toolpath strategies that are studied in this project are the unidirectional raster, bidirectional 

raster, cross hatching scan, spiral scan, and special space covering fractal toolpaths like the 

Hilbert’s fractal toolpath strategies. All the toolpaths are studied and compared at a constant 

stepover or offset distance. A finer step or offset size would lead to a more uniform polishing of 

the surface, as the toolpath passes will start blending or overlapping with the adjacent 

passes/grooves, although a finer offset value would increase the overall toolpath length and 

polishing time, but the area coverage would be the same irrespective of the offset value. Using a 

finer offset size would lead to denser toolpath, which provides a surface with lower peak to valley 

values over the polished surface as was found in the works of Hon-Yuen Tam et al [38].   

 

Unidirectional and Bidirectional raster scanning strategies are the most common toolpath strategies 

wherein the polishing tool follows a linear scan of the entire surface in consequent passes. If a 

unidirectional approach is used that would mean the polishing tool would be lifted at the end of its 
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scan line and placed at the beginning point for the second pass at the given step size or cross-feed. 

In the case of bidirectional approach the tool will undergo an orthogonal change in directional to 

start the second pass at end point of the first pass. Cross hatching toolpath strategy utilizes a 

toolpath which is a combination of unidirectional raster scan in two directions, with both directions 

being orthogonal to each other, thus leading to a hatching pattern.  

 

 

Figure 6.17: Bidirectional and Unidirectional Raster toolpath [41]. 

 

The spiral polishing strategies is used specifically when polishing circular areas, as the toolpath 

inherently is based on a circular cross-section. The toolpath can be initiated to move from either 

outer diameter to the inside diameter or from the inside diameter to the outer diameter.   

 

Figure 6.18: Image depicting Spiral toolpath. 
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A regular toolpath like the above mentioned spiral and raster toolpath tend to leave behind a 

repetitive tool signature on the polished surface when used over a large cycle time, or when utilized 

over a large number of polishing passes which is a direct result of the imposition of the Gaussian 

tool influence functions as the tool passes over the same  tracks repeatedly as in the case of a spiral 

or a raster toolpath [42]. This effect was also observed in few of the experiment sets where the 

spiral toolpath was utilized at a high number of polishing passes as seen below in the Figure 6.19. 

Such signatures can cause unwanted diffraction effects in critical applications [42]. 

 

  

 

 

In  the case of the space filling fractal toolpaths, which are paths that cover the entire area of 

interest by the means of non-intersecting lines. Hilbert fractal toolpaths were studied for the scope 

of this project. It has been also been noted that the use of Hilbert and Peano polishing strategies is 

better than conventional raster toolpaths as these toolpaths maintains a balanced direction over the 

surface as compared to the usual raster scan strategies which usually go back and forth over the 
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area of interest [41]. The Hilbert’s toolpath is a result of extrapolation of a repeating unit over the 

entire polishing area of interest, this is explained in the Figure 6-20 below, where the repeating 

unit shape is the same. Fractal toolpaths for the scope of this project were generated using a 

freeware Autodesk AutoCAD plugin, and were imported to Fusion 360 CAD package to generate 

the toolpath..   

 

Figure 6.19: Hilbert’s fractal (A) and Peano fractal toolpath (b) [41][40]. 

 

 

 

 

 

 

 

 

 

Figure 6.20: Image showing the Hilbert’s toolpath and the repeating unit. 
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The Hilbert’s toolpath density can be modified as shown in the Figure 6.22 depending on the 

magnitude of polishing action which is needed during the polishing run. A higher density toolpath 

would tend to cover a specific region on the workpiece a larger number of times thereby causing 

an increased polishing action.  

 

Figure 6.21: Image showing Hilbert’s toolpath at various toolpath density levels. 

 

The levels of the Hilbert’s toolpath are directly related to how dense the toolpath is, as is seen in 

the Figure 6.22 above, a Lvl 3 iteration of Hilbert’s is very sparse as compared to a Lvl 6 Hilbert’s 

which is very dense – both being spread over the same area measuring 6x6 mm.  In the subsequent 

experimental runs for surface roughness improvement the spiral toolpath has been utilized 

extensively, specific experiments have also been carried out using the linear raster toolpath and 

Hilbert’s toolpath strategy. For running the surface improvement experiments areas measuring 

3mm in diameter have been polished using the Spiral toolpath, and 3x3 mm using the linear raster 

toolpath. The operating conditions for each of the experiments was controlled as per the 

experiment set that was being run.  

 

 

 

Lvl 3 Lvl 4 Lvl 5 Lvl 6 
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6.3.2  EFFECT OF RPM ON THE SURFACE ROUGHNESS  

The first experiment set was performed to gauge the effect of rotational velocity on the surface 

roughness improvement of polymer surface. The studies were conducted on both the 

Polycarbonate (PC) and Polymethylmethacrylate (PMMA) workpieces. The experiments were 

duplicated for the both diamond turned surfaces and as manufactured surfaces (smooth). This was 

a single parameter study, where only the rotational velocity was varied. The chosen parameter 

level for this study were as follows –  

Table 6.5: Table depicting the parameter levels for the RPM study. 

NORMAL LOAD 

(N) 

FEED RATE 

(mm/min) 

OFFSET 

(mm) 

SPINDLE ANGLE 

(deg) 

NO OF 

PASSES 

1 100 0.1 30 3 

 

The rotational velocity was varied from a minimum level of 2000 RPM all the way up to a 

maximum level of 15000 RPM, the RPM was capped at 15000, as above this value the fluid starts 

to get unstable and sprays away from the polishing zone. The abrasive fluid used was an Alumina 

based polishing suspension. The grain size of the abrasive used was 0.05 μm.  

It was seen from the Figure 6-23 that for a diamond turned surface, as the RPM increases, the 

surface roughness starts improving. The best finish recorded was 6.6 nm for Polycarbonate (PC) 

down from the initial roughness value of 45 nm, and 4.733 nm for Polymethylmethacrylate 

(PMMA) down from the initial roughness value of 25 nm. The inverse proportionality which was 

seen in the case of both PC and PMMA could be attributed to the fact that, as the RPM of the 

polishing tool increases, it causes the increase the relative surface velocity of the polishing system, 

and as the relative surface velocity increases, the number and frequency of particles entering the 
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polishing zone increases and hence the polishing action increases and a better surface finish is 

obtained, this result in line with the study done by Singh et al [43].  

 
 

Figure 6.22: Plot depicting the surface roughness variation with the polishing tool RPM for a 

diamond turned surface. 

 

At high rotational velocities, the fluid film thickness increases [29], as the fluid film thickness 

increases the conjunction region where the polishing also increases, leading to larger zone where 

the abrasive grains can enter easily, as a result the better surface finishes are achieved. Another 

phenomenon that allows to achieve better surface finished at higher RPM’s is the friability and 

evolution of abrasive grains during polishing. Cumbo et al [44] in their work discussed the 

evolution of abrasive grains during polishing, the alumina abrasive grains are friable in nature 

which leads to the grains breaking into smaller particles and achieving finer cuts on the surface, 

on account of which a better surface finish is achieved. It was also observed in the experiment that 

as the RPM keeps on increasing, the surface finish peaks and then starts to deteriorate, which can 
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be attributed to the fact that at very high RPM values, there is a tendency of the polishing fluid to 

spill and spray away from the contact, leading to a possible direct contact of the polishing tool on 

the workpiece surface leading to a worse surface finish.   

The diamond turned surface has peaks and valleys at constant frequencies, it can be observed from 

the Figure 6.24 and Figure 6.25 that as the polishing tool RPM is gradually increased the peaks on 

the surface start getting shaved off by the abrasive grains, at the low level of 2000 RPM almost no 

effect is seen on the peaks on the surface as observed in Figure 6.24,  but as the RPM is increase 

to 15000, there is a major change as the peaks get almost shaved off and start blending into the flat 

surface as observed in the Figure 6.25. 

The Figure 6.26 below shows the trend of the surface roughness improvement as the polishing tool 

RPM is increased on an already smooth surface. It can be seen that the result contradicts the trend 

that was seen in the case of polishing diamond turned surfaces. This can be explained as – as 

manufactured surface is already smooth and doesn’t have distinct peaks and valleys as observed 

on a diamond turned surface, so when the polishing tool rotates on a smooth surface, the abrasive 

grains actual start attacking the smooth surface, and instead of improving it, start worsening it 

leading to an increased surface roughness.  
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Figure 6.23: Image depicting the surface roughness measurement of the polycarbonate (PC) at 

2000 rpm level of polishing 

 

 
 

Figure 6.24: Image depicting the surface roughness measurement of the polycarbonate (PC) at 

15000 rpm level of polishing. 

Blended 
peaks of 

the 
diamond 
turned 
surface 



108 
 

 
 

Figure 6.25: Plot depicting the surface roughness variation with the polishing tool RPM for as 

manufactured surface. 

 

6.3.3  EFFECT OF NORMAL LOAD ON THE SURFACE ROUGHNESS 

The second experiment set was performed to gauge the effect of normal load on the surface 

roughness improvement of polymer surface. The studies were conducted on both the 

Polycarbonate (PC) and Polymethylmethacrylate (PMMA) workpieces. The experiments were 

duplicated for the both diamond turned surfaces and as manufactured surfaces (smooth). This was 

a single parameter study, where only the normal load was varied. The chosen parameter level for 

this study were as follows –  

Table 6.6: Table depicting the parameter levels for the normal load study. 

RPM  FEED RATE 

(mm/min) 

OFFSET 

(mm) 

SPINDLE ANGLE 

(deg) 

NO OF 

PASSES 

10000 100 0.1 30 3 
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The normal load was varied from a minimum level of 0.25N all the way up to a maximum level 

of 1.5N,. The abrasive fluid used was an Alumina based polishing suspension. The grain size of 

the abrasive used was 0.05 μm.  

It was seen from the Figure 6.27 that for a diamond turned surface, as the normal loading was 

increased the surface roughness starts improving. The best finish recorded was 8.7 nm for 

Polycarbonate (PC) down from the initial roughness value of 45 nm, and 7.14 nm for 

Polymethylmethacrylate (PMMA) down from the initial roughness value of 25 nm.  

 

 
 

Figure 6.26: Plot depicting the surface roughness variation with the normal load for a  

diamond turned surface. 

 

This inverse proportionality which exists between the normal load and the surface roughness can 

be explained as, when the normal loading is increased, the contact pressure increases, this leads to 
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removal rate is directly proportional to the normal load applied. A higher material removal rate 

results in peaks observed on a diamond turned surface being sheared off much easily in the 

presence of a high load as seen in Figure 6.30.  In the study done on material removal model in 

polishing by Jiunyulai et al, microcutting due to abrasive particles occurs in process of polishing, 

In the work it was theorized that the surface roughness is directly proportional to the depth of the 

groove cut by the particles, this would relate to the fact that a deeper groove would have a superior 

finish at the groove center. Now the as the normal load applied increases the material removal rate 

goes up, and which leads to deeper grooves, and a better surface finish, which is what was observed 

in the experiment set. 

 

 
 

Figure 6.27: Plot depicting the surface roughness variation with the normal load for a  

as manufactured surface. 
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Figure 6.28: Image depicting the surface roughness measurement of the polycarbonate (PC) at 

0.25 N normal load level of polishing 

 

 
 

Figure 6.29: Image depicting the surface roughness measurement of the polycarbonate (PC) at 

1.5 N normal load level of polishing 
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6.3.4 EFFECT OF FEED RATE ON THE SURFACE ROUGHNESS  

 

The next experiment set was performed to gauge the effect of feed rate on the surface roughness 

improvement of polymer surface. The studies were conducted on both the Polycarbonate (PC) and 

Polymethylmethacrylate (PMMA) workpieces. The experiments were duplicated for the both 

diamond turned surfaces and as manufactured surfaces (smooth). This was a single parameter 

study, where only the feed rate was varied. The chosen parameter level for this study were as 

follows –  

Table 6.7: Table depicting the parameter levels for the feed rate study. 

NORMAL LOAD 

(N) 

RPM OFFSET 

(mm) 

SPINDLE ANGLE 

(deg) 

NO OF 

PASSES 

1 10000 0.1 30 3 

 

 

The feed rate was varied from a minimum level of 50 mm/min all the way up to a maximum level 

of 500 mm/min, the feed rate was capped at 500 mm/min, as above this value the polishing action 

reduces a lot, and in order to get measurable result, the number of passes would have to be 

increased to get a region which is polished and can be measured. The abrasive fluid used was an 

Alumina based polishing suspension. The grain size of the abrasive used was 0.05 μm.  

It was seen from the Figure 6.31 that for a diamond turned surface, as the feed rate increases the 

surface roughness starts improving. The best finish recorded was 4.661 nm for Polycarbonate (PC) 

down from the initial roughness value of 45 nm, and 3.558 nm for Polymethylmethacrylate 

(PMMA) down from the initial roughness value of 25 nm.  
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Figure 6.30: Plot depicting the surface roughness variation with the feed rate for a  

diamond turned surface. 

 

The direct proportionality which was seen in the case of both PC and PMMA could be attributed 

to the fact the relative velocity is an influencing parameter in the Preston’s equation, and is directly 

proportional to the material removed. The Preston’s equation has a term for relative velocity in a 

polishing system –  

                                                       
∆ℎ

∆𝑡
 =  𝐾𝑝  ∗  𝑃 ∗  𝑉𝑟                                                            (6) 

The equation (6) can be rearranged to include the feed rate velocity as follows [45] –  

                                                
∆ℎ

∆𝑡
 =  𝐾𝑝  ∗  𝑃 ∗  

(𝑉𝑓+𝑉𝑟𝑜𝑡)

𝑉𝑓
                                                      (7) 

Where 𝑉𝑓  is the feed rate velocity, 𝑉𝑟𝑜𝑡 is the polishing tool rotational velocity and P is the 

contact pressure, and 𝐾𝑝 is the Preston’s coefficient. 
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From the equation (7) above it can be seen that the feed rate velocity is directly proportional to the 

material removal, now as the feed rate velocity is increased the material removed is increased, this 

would lead to the diamond turned peaks on the surface to be removed and sheared off at a faster 

rate, this is the logical reasoning, but this reasoning contradicts the results that were obtained in 

the experiment, this was explained as, as the feed rate is increased, it reduces the dwell time per 

abrasive particle in the polishing zone, as its obvious that as the feed rate is increased, the relative 

velocity goes up, this means that the polishing abrasive grains are not allowed enough time to carry 

out the localized polishing in the area that specific grain covers, hence the surface isn’t improved 

at higher feed rates, this is line with the results obtained in the work performed by Tong et al [46], 

the technical terminology for this phenomenon is termed as undercutting [45], or in scope of this 

project it can be referred to as under polishing. But at the same time when you reduce the feed rate 

a lot it could lead to overcutting, as the number of abrasive grains entering the polishing zone 

increase, this could possibly lead to the indentation of workpiece.  

 

In the Figure 6-32 below it depicts the result of the experiment on an already smooth surface, it 

can be seen that the result contradicts the trend that was observed in the case of polishing diamond 

turned surfaces. This can be explained as – as manufactured surface is already smooth and doesn’t 

have distinct peaks and valleys as observed on a diamond turned surface, so when the feed rate is 

increased on a smooth surface the abrasive grains do not get enough time to actually polish the 

surface (under polishing) and normally in case of rough surfaces or like the diamond turn surfaces 

which have distinct peaks on the surface, this would lead to not enough polishing and surface 

roughness is not improved by a lot. But in the case of smooth as manufactured surfaces, this 

scenario of under polishing is advantageous, as at higher feed rates the abrasive grains don’t get 
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enough dwell time to worsen the surface. Hence when the feed rate is low in the case of smooth 

surface it results in the surface actually worsening and leading to high surface roughness values. 

 

 
 

Figure 6.31: Plot depicting the surface roughness variation with the feed rate for an as 

manufactured surface. 

 

In the Figure 6.33 and Figure 6.34 below shows the measurement of the polished diamond turned 

surface for 500 mm/min and 50 mm/min feed rate respectively. In  measurement image for the 500 

mm/min feed image, it can be observed that the peaks on the surface aren’t sheared no major 

change was seen in the peaks, as can be seen in the surface profile in Figure 6.33.  
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Figure 6.32: Image depicting the surface roughness measurement of the polycarbonate (PC) at 

500 mm/min feed level of polishing 

 

 
 

Figure 6.33: Image depicting the surface roughness measurement of the polycarbonate (PC) at 50 

mm/min feed level of polishing. 
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6.3.5 EFFECT OF OFFSET ON THE SURFACE ROUGHNESS 

 

The next experiment set was performed to gauge the effect of offset on the surface roughness 

improvement of polymer surface. The studies were conducted on both the Polycarbonate (PC) and 

Polymethylmethacrylate (PMMA) workpieces. The experiments were duplicated for both diamond 

turned surfaces and as manufactured surfaces (smooth). This was a single parameter study, where 

only the offset distance was varied. The chosen parameter level for this study were as follows – 

  

Table 6.8: Table depicting the parameter levels for the offset study. 

NORMAL LOAD 

(N) 

FEED RATE 

(mm/min) 

RPM SPINDLE ANGLE 

(deg) 

NO OF 

PASSES 

1 100 10000 30 3 

 

 

The offset distance was varied from a minimum level of 0.01 mm all the way up to a maximum 

level of 0.3 mm, the offset distance was lower bound at 0.01mm as going below this would lead 

to an increase in polishing times by a lot and would also lead to over polishing, and the offset 

distance was capped at 0.3 mm as above this value the polishing action reduces a lot, and there 

would a few patches unpolished in the polishing region. The abrasive fluid used was an Alumina 

based polishing suspension. The grain size of the abrasive used was 0.05 μm.  

It was seen from the Figure 6.35 that for a diamond turned surface, as the offset distance is 

increased the surface roughness starts improving. The best finish recorded was 1.805 nm for 

Polycarbonate (PC) down from the initial roughness value of 45 nm, and 1.95 nm for 

Polymethylmethacrylate (PMMA) down from the initial roughness value of 25 nm. 
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Figure 6.34: Plot depicting the surface roughness variation with offset distance for a  

diamond turned surface. 

 

It can be observed from the Figure 6.35 above that as the offset distance is reduced, the surface 

roughness values decrease, and consequently when the offset distance is increased the surface 

roughness keeps on increasing. There is a sudden jump in the surface roughness in the case of 

Polycarbonate as the offset value was increased from 0.05 mm to 0.1 mm, this could be a result of 

the fact that at 0.5 mm there might be some region which was under polished during the process 

leading to a unusually higher roughness value, but this can be brushed aside as an anomaly. 
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Figure 6.35: Image depicting the offset distance explanation A) depicting a low offset distance 

and B) depicting the higher offset. 

 

When the polishing is done using a low offset value, this would result in the adjacent toolpath 

passes overlapping with each other, and this would in turn cause an increased polishing action in 

zone where the toolpath passes are overlapping and leading to the surface roughness reduction, 

because the polishing tool crosses the same area again and again. When higher offset values are 

used, it would mean the toolpath are further spaced out from each other, meaning the overlaps 

between the adjacent polishing tool passes is lower leading to higher surface roughness values. 

Also there always a cause of concern that using very high offset values could result in some patches 

in the area of interest to be unpolished.  The Figure 6-37 and Figure 6-38 below depicts the polished 

surface measurement at 0.2 mm (high offset) and 0.01 mm (low offset), and it can be seen that at 

lower offset values the peaks are sheared off and are completely blended into the surface and 

smoothened.  
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Figure 6.36: Image depicting the surface roughness measurement of the polycarbonate (PC) at 

0.2 mm offset level of polishing. 

 

 

 

Figure 6.37: Image depicting the surface roughness measurement of the polycarbonate (PC) at  

0.01 mm offset level of polishing. 
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6.3.6 EFFECT OF NUMBER OF PASSES ON SURFACE ROUGHNESS  

 

The next experiment set was performed to gauge the effect of the number of passes on the surface 

roughness improvement of polymer surface. The studies were conducted on both the 

Polycarbonate (PC) and Polymethylmethacrylate (PMMA) workpieces. The experiments were 

duplicated for both diamond turned surfaces and as manufactured surfaces (smooth). This was a 

single parameter study, where only the number of passes was varied. The chosen parameter level 

for this study were as follows –  

Table 6.9: Table depicting the parameter levels for the number of passes study. 

NORMAL LOAD 

(N) 

FEED RATE 

(mm/min) 

RPM SPINDLE ANGLE 

(deg) 

NO OF 

PASSES 

1 100 10000 30 3 

 

 

The number of passes was varied from a minimum level of 1 pass all the way up to a maximum 

level of 15 passes, the number of passes capped at 15 passes,  as above this value the polishing 

action increases a lot, and as the number of polishing passes increase, the overall cycle time for 

the process increases by a huge margin. The abrasive fluid used was an Alumina based polishing 

suspension. The grain size of the abrasive used was 0.05 μm.  

It was seen from the Figure 6-39 that for a diamond turned surface, as the number of polishing 

passes increase, the surface roughness starts improving. The best finish recorded was 1.148 nm for 

PC using a raster toolpath, and 5.78 nm using a spiral toolpath down from 45 nm initial surface 

roughness finish. The best finish recorded was 1.027 nm for PMMA using raster toolpath, and 

3.987 nm using a spiral toolpath.  
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The number of polishing passes dictate how many times the polishing tool will cross a given area 

and carry out the polishing action, higher the number of time the tool passes over a region, higher 

would be the polishing action, and better would be the surface finish, as the effectively the increase 

in the number of passes increases the overall dwell time the polishing tool get in a region, and as 

this effective dwell time increases, the material removal rates increase as per the Preston criteria. 

At a higher material removal rate the peaks of the diamond turned surface would be sheared off 

much easily and at a faster rate thereby improving the surface finish and smoothening capabilities 

of a polishing system. From the Figure 6.33 it can be observed that major change in the surface 

roughness occurred when the number of passes were increased from 0 to 3 passes, the roughness 

dropped from 45 nm RMS finish to around 2.5 nm RMS finish in the case of Polycarbonate and 

using a Raster toolpath, which gave us a surface improvement percentage of  94%. After the 3rd 

pass the surface roughness still improves a bit, but the magnitude of improvement is greatly 

reduced, and is almost constant. This phenomenon occurs because of the fact that when we begin 

with the polishing process, the surface has distinct peaks and valleys from the diamond turning, so 

there is a lot of opportunity for the polishing tool and the abrasive grains to attack these high points, 

and shear them off, as the polishing passes continue the peaks continue to get sheared off, and 

consequently in the end almost get blended into the flat surface, this instance from the point where 

the peaks were at their maximum amplitude, to the point where they get blended into the surface, 

gives us the maximum surface improvement percentage. Once the peaks are almost sheared off 

and blended, there are no distinct high points which the tool can polish down to the surface level, 

hence after about 3-4 passes the change in the surface roughness is almost negligible, as is seen 

from the Figure 6.39. 
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Figure 6.38: Plot depicting the surface roughness variation of PC and PMMA with number of 

passes for a diamond turned surface. 
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Figure 6.39: Image depicting the surface roughness measurement of the polycarbonate (PC) at 1 

pass of polishing. 

 

 

Figure 6.40: Image depicting the surface roughness measurement of the polycarbonate (PC) at 15 

passes of polishing. 
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6.3.7 EFFECT OF THE ABRASIVE GRAIN SIZE ON SURFACE ROUGHNESS 

 

The next experiment set was performed to gauge the effect of abrasive grain size on the surface 

roughness improvement of polymer surface. The studies were conducted on both the 

Polycarbonate (PC) and Polymethylmethacrylate (PMMA) workpieces. The experiments were 

duplicated for the both diamond turned surfaces and as manufactured surfaces (smooth). This was 

a single parameter study, where only the number of passes was varied. The chosen parameter level 

for this study were as follows –  

Table 6.10: Table depicting the parameter levels for the abrasive grain size study. 

NORMAL 

LOAD (N) 

FEED 

RATE  

RPM SPINDLE 

ANGLE (deg) 

NO OF 

PASSES 

OFFSET (mm) 

1 100 10000 30 3 0.05 

 

 

The abrasive suspension was supplied by Baikowski Inc. The abrasive grain size was varied from 

a minimum level of 0.01 μm all the way up to a maximum level of 0.3 μm. The Figure 6.42 depicts 

the variation of the surface roughness variation along with the abrasive grain size. It can be 

observed that as the abrasive grain decreases the surface roughness improves. The abrasive grain 

size dictates the number of the active abrasive grain in the given volume of the abrasive fluid, a 

smaller grain size abrasive will have a larger number of grains in a given fluid volume, at a given 

instantaneous time as hypothesized by Singh et al. Now under a given normal load and RPM, if 

we consider an amount of polishing fluid V, the smaller grain cause finer cuts on the surface, 

leading to low surface roughness values, and a better surface finish [43]. It can also be said that 

when smaller abrasive grains are used the effective surface area available for the chemical reaction 

between the slurry and the polymer workpiece surface increases, note that this will only be the 
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case when the slurry used has either a basic or acidic pH value – in this project a neutral slurry 

[23] was used so as to focus only on the mechanical aspect of the polishing. This trend of the 

surface roughness increase along with the increase in the abrasive grain size was also previously 

documented in the works done by Yongsong et al [14].  

 
 

Figure 6.41: Plot depicting the surface roughness variation of PMMA with abrasive grain size for 

an as manufactured surface. 
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Figure 6.42: Image depicting the surface roughness measurement of the polymethylmethacrylate 

(PMMA) using 0.05 μm abrasive grain for polishing. 

 

 

Figure 6.43: Image depicting the surface roughness measurement of the polymethylmethacrylate 

(PMMA) using 0.3 μm abrasive grain for polishing. 
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6.3.8 EFFECT OF ABRASIVE CONCENTRATION ON SURFACE ROUGHNESS 

 

The next experiment set was performed to gauge the effect of abrasive concentration on the surface 

roughness improvement of polymer surface. The studies were conducted on both the 

Polycarbonate (PC) and Polymethylmethacrylate (PMMA) workpieces. The experiments were 

duplicated for the both diamond turned surfaces and as manufactured surfaces (smooth). This was 

a single parameter study, where only the number of passes was varied. The chosen parameter level 

for this study were as follows –  

Table 6.11: Table depicting the parameter levels for the abrasive concentration study. 

NORMAL 

LOAD (N) 

FEED 

RATE  

RPM SPINDLE 

ANGLE (deg) 

NO OF 

PASSES 

OFFSET (mm) 

1 100 10000 30 3 0.05 

 

 

The abrasive grains used for this experiments were Kontax 602 aluminium oxide based abrasives 

supplied by Baikowski Inc. The abrasive grain size was 0.5 μm. The Figure 6.45 depicts the 

variation of the surface roughness variation along with the abrasive grain concentration.  It can be 

observed that as the abrasive grain concentration increases the surface roughness improves. In the 

experiments, best RMS surface finish  of 1.25 nm was attained, down from the 5 nm initial surface 

roughness, this result was in line with the trend observed in the works of Zhang et al [47]. The 

abrasive concentration is an indicator of number of abrasive grains participating in the polishing 

action, higher the abrasive concentration more will be the amount of abrasive grains participating 

in the polishing action, thereby providing a better surface finish and removal rates  



129 
 

 

Figure 6.44: Plot depicting the surface roughness variation of PMMA with abrasive 

concentration for an as manufactured surface 

 

 

Figure 6.45: Image depicting the surface roughness measurement of the polymethylmethacrylate 

(PMMA) using 15% abrasive grain for polishing. 
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6.4 SURFACE FORM GENERATION EXPERIMENTS 

The sub aperture polishing process can also be utilized to create specific surface forms and profiles. 

This can be done by using specific polishing toolpath strategies to create specific shapes like a 

concave or a concave surface can be generated by utilizing a spiral toolpath, and a raster toolpath 

or a Hilbert’s fractal toolpath can be used to create flat surfaces with exceptional surface finish. 

Another way of generating a surface profile could be using the dwell time approach, wherein the 

shape is created by controlling how much time the polishing tool spends at a discrete point on the 

surface.  

 

6.4.1 TOOLPATH STRATEGY  

In the toolpath approach the tool will simply follow the profile shape to be generated, the material 

removal rate would be controlled by varying z – levels in accordance with the shape to be polished.  

Suppose if the shape to be polished is a concave shape, the z – level would have the maximum 

depth/ or maximum sag in the center of the concave shape, below the origin plane, this would 

result in the polishing tool being pushed down, as the tool is pushed down it will lead to the 

flattening of the soft tool, leading to a wider contact patch and a higher contact pressure leading to 

a higher material removal rate, which will create a deeper feature section. On the other hand if say 

a convex shape needs to be polished onto a flat surface the maximum sag or the maximum depth 

would again be in the center of the profile but in this case above the origin plane, this would mean 

pulling up the tool to reduce the contact pressure and contact patch so that the material removal 

rate is reduced. Using this logic different toolpath strategies were used to create some basic shapes 

which are explained in the following section –  
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6.4.1.1  HILBERT’S FRACTAL TOOLPATH EXPERIMENT  

Hilbert fractal toolpath was utilized at different toolpath densities to run an experiment set to polish 

the diamond turned Polycarbonate surface in order to improve the surface. The area of interest was 

polished 3 times in a continual manner. It was observed that the polished surface didn’t show a 

major change in the shape before and after being polished in terms of presence of major curvature, 

instead as expected this toolpath strategy resulted in the generation of a flat surface, in layman’s 

terms the polished surface was observed to be pushed down from the original height uniformly 

throughout the polished region.  

 

Exceptional surface finish was observed in this case, with the polished surface measuring  0.823 

nm RMS surface finish and had a PV value of 8.02 nm, down from the initial surface roughness 

of 45 nm RMS surface finish, which is an improvement of around  98% in terms of surface finish.  

The volume of material removed is 0.077 𝑚𝑚3 for the case of level 6 Hilbert’s path densities and 

goes down to 0.00861 𝑚𝑚3 for the case of level 4 Hilbert’s path density. It can also be seen from 

the Figure 6.53 that as the path densities keep on increasing from level 4 to level 6 the contour 

map show an increase in the color, thereby indicating that at a higher path densities the features 

produced are deeper and smoother. It can also be observed from the figure 6.47 – 6.52 that the 

features produced using Hilbert’s toolpath are smooth and flat with the best peak to valley achieved 

measuring 8.02 nm. 
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Figure 6.46: Image showing measurement of surface polished using Lvl 6 Hilbert path. 

 

 

Figure 6.47: Image showing 2D cross section of the surface polished using Lvl 6 Hilbert. 
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Figure 6.48: Image showing measurement of surface polished using Lvl 5 Hilbert path. 

 

 

Figure 6.49: Image showing 2D cross section of the surface polished using Lvl 5 Hilbert. 
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Figure 6.50: Image showing the surface roughness measurement for Lvl 6 Hilbert. 

 

 

Figure 6.51: Image showing the surface roughness measurement for Lvl 5 Hilbert. 
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Figure 6.52: Image showing the contour map for varying Hilbert path densities. 

A) Lvl 6  B) Lvl 5  C) Lvl 4 
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6.4.1.2 LINEAR RASTER TOOLPATH EXPERIMENT  

Another polishing experiment set was also carried out using the linear raster toolpath. The area of 

polishing was a 3mm x 3mm  square, and the area was polished 15 times in a continual manner. It 

was observed that the polished surface didn’t show a major change in the shape before and after 

being polished in terms of presence of major curvature, instead as expected this toolpath strategy 

resulted in the generation of a flat surface. This profile is what was achieved even when the 

Hilbert’s toolpath was utilized to carry out the polishing.  

 

The designed shape of the profile for the linear raster strategy was a 3x3 mm square patch, which 

was supposed to have a depth of  15μm. In the measured result it was observed that the depth of 

the polished surface achieved was around 6 μm after 15 polishing passes, which gives us a removal 

of around 0.4 μm depth per polishing pass. There was a difference of 9 μm in the expected depth 

and the polished depth. The volume of material removed during the polishing process was 0.03 

𝑚𝑚3 after 15 polishing passes, this volume removed is lesser than the volume removed when 

using Hilbert’s toolpath which was 0.07 𝑚𝑚3 after 3 polishing passes. The reason for this 

difference in the volumes removed could be attributed to the fact that the Hilbert’s toolpath, has a 

very dense toolpath distribution over the same area as compared to a raster toolpath, leading to 

more material removal in lesser number of polishing passes. The surface finish of the polished 

surface measured 12 nm RMS surface finish and had a PV value of 22 nm, down from the initial 

surface roughness of 45 nm RMS surface finish, which is an improvement of around 73% in terms 

of surface finish. It can also be observed from the Figure 6.54 – 6.55 that the features produced 

using Raster toolpath are smooth and flat with the best peak to valley achieved measuring 20 nm 

 



137 
 

 

Figure 6.53: Image showing the measurement of surface polished using a raster toolpath. 

 

Figure 6.54: Image showing 2D cross section of surface polished using raster toolpath. 
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6.4.1.3 SPIRAL TOOLPATH EXPERIMENT  

The next toolpath which was analyzed was the spiral toolpath. The area of polishing was a 3mm x 

3mm area, and the area was polished 15 times in a continual manner. It was observed that the 

profile obtained for polished surface was a concave profile, this is to be expected as the toolpath 

used was spiral toolpath with the tool starting from the outside groove and moving inwards towards 

the center at a constant cross feed and up feed. Now at a constant feed, when the tool is on the 

outer diameter of the polished region it will tend to travel a larger distance, with the distance being 

equal to the circumference of the polished area, the larger distance the tool has to travel would 

mean a lower removal of material, as the tool spends less time per unit area on the outer periphery. 

Now as the tool is fed in towards the center the distance that the tool has to travel decreases and 

tends to zero at the center of the polished region, this would mean that as the tool moves towards 

the center the amount of time it spends per unit area increases leading to higher material removal 

and deeper profile in the center region as compared to the outer periphery, leading to the 

development of a concave profile. 

 

The designed shape of the profile for the spiral toolpath strategy was a 3mm diameter  patch, which 

was designed to have a depth of  15μm. In the measured result it was observed that the depth of 

the polished surface achieved was around 6 μm after 15 polishing passes, this removal rate was 

similar to was what was observed in the case of a raster toolpath, which is a removal of around 0.4 

μm depth per polishing pass. There was a difference of 9 μm in the expected depth and the polished 

depth. The volume of material removed during the polishing process was 0.017 𝑚𝑚3 after 15 

polishing passes, this volume removed is lesser than the volume removed when using Hilbert’s 

toolpath which was 0.07 𝑚𝑚3 after 3 polishing passes. The reason for this difference in the 



139 
 

volumes removed could be attributed to the fact that the Hilbert’s toolpath, has a very dense 

toolpath distribution over the same area as compared to a spiral toolpath, leading to more material 

removal in lesser number of polishing passes.  

 

The surface finish of the polished surface measured 14 nm RMS surface finish, had a PV value of 

38 nm, averaged over 10 measurements down, from the initial surface roughness of 45 nm RMS 

surface finish, which is an improvement of around 68% in terms of surface finish. It can also be 

observed from the Figure 6.56 – 6.57 that the features produced using Spiral toolpath are smooth 

and flat with the best peak to valley achieved measuring 38 nm. 

 

 

Figure 6.55: Image showing the measurement of surface polished using a spiral toolpath. 
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Figure 6.56: Image showing 2D cross section of surface polished using spiral toolpath. 

 

6.4.2 DWELL TIME STRATEGY  

Another way of going about creating the surface form is to make use of the dwell time strategy, 

also called as the variable feed rate strategy. The basis of this approach is simple, which is 

whenever the tool passes over an area where it needs to remove more material, it slows down in 

that region, by reducing the feed rate, and the region where the tool needs to remove less material, 

its made to speed up by increasing the feed rate.  For utilizing this strategy, ZephyrCAM a 

corrective polishing software package from Zeeko Ltd was tried. The software helped in the 

measurement data pre and post processing, error map generation, variable feed map generation, 

and the g-code processing. 

 

There are 3 distinct data streams that have to carefully considered in this approach – first is the 

desired shape that is to be polished, second is the unpolished surface inherent form, third is the 
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tool influence function of the polishing tool being utilized. The image 6-58 shows the 3 data 

streams that form the backbone in the creation of the surface form.  

 

 

Figure 6.57: Image depicting the data input for the ZephyrCAM software. 

First and foremost the desired shape that needs to be polished has to be designed, this was done 

using the Solidworks CAD package. The surface designed then has to be converted from a surface 

design into a point cloud data setup.  

 

Figure 6.58: Surface CAD model of a sample concave surface measuring 4x4 mm with a sag of 

0.025 mm. 
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The CAD model has to post processed in order to obtain a point cloud data stream of the model, 

such that the entire model is converted into a representation using multiple points each with its 

unique x,y,z coordinates. This process is done by utilizing SolidWorks to create the CAD model 

of the Sine wave shape, and then processing this CAD file in RhinoCAD software to obtain the 

point cloud data. This point cloud data is then fed into the ZephyrCAM software to obtain the z-

contour for every x and y point in the point cloud data.  

 

 

Figure 6.59: Point cloud representation of the CAD model.  

 

The second data stream is measurement of the unpolished surface to ascertain the inherent form 

that the unpolished surface has, and to figure out the surface roughness RMS and PV value of the 

unpolished surface. This would be the surface map of the workpiece on which the shape would be 

polished – in our case the stitched profile measurement of the workpiece surface would be a 6 mm 

x 6 mm square patch – as those are the bounding parameters for the shape that has been designed. 
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Figure 6.60: Measurement of the unpolished surface measured using Zygo Newview 

interferometer. 

 

In the Figure 6.61 it can be seen that the polished surface measurement has certain unwanted noise 

and spikes in the data, this can be corrected by processing the measurement data using a filter 

criteria, and then smoothening the measurement, it has also been repositioned to match the 

coordinate system of the CAD model of the desired shape that needs to be polished.  

 

The next data stream that was used is the polishing tool influence function. The polishing tool 

influence function (TIF) is basically the footprint that the polishing tool leaves on the surface when 

the contact between the tool and the workpiece is made. The TIF will be needed to calculate the 

feed rates needed to remove a fixed amount of material across the shape. To calculate the tool 

influence function for the polishing tool head a compact experiment set was planned wherein the 
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polishing tool with a fixed rpm and pre-defined load would be made to dwell on the polycarbonate 

surface for a defined period of 30 seconds, 60 seconds, 90 seconds, 120 seconds.  

 

The resultant feature developed was then measured using the NuView interferometer to figure out 

the tool influence function at the differing time levels, and to calculate the material removal rates 

at those different time levels, and it also helped us determine whether or not the tool leaves any 

artifacts due to the contact on the workpiece. From this data set it will also be possible to figure 

out the smallest size of the feature that can be polished and at what time interval is that small size 

attained. The tool influence function determines how much material is being removed, and what 

is the profile of the material removal for a given time interval ‘t’. This when combined with the 

error map would enable the generation of the corrective g-code to carry out the polishing. A 

detailed explanation on the tool influence function and tool influence function analyses has been 

done in the section 6.1 of this chapter.  

 

Next an error map is generated between the point cloud data of the desired shape and the 

measurement data of the unpolished surface. The difference between these two data streams will 

give us the error map. An important factor involved in the generation of the error map is the point 

density or point spacing that has been used to describe the unpolished surface, as that will dictate 

the accuracy of the error map.  
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Figure 6.61: Representation of a sparse and fine point mesh, respectively. 

 

For every x and y coordinate there will be unique z that describes the height at that given point, so 

it depends on how fine a point mesh is needed, if a really fine point mesh is used to describe the 

surface, it will take a longer cycle time to carry out the polishing, but a fine point mesh would help 

to cover errors in much more detail and will give an accurate error map as compared to a sparse 

point mesh. 
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The error map is generated by comparing the unpolished surface with the desired shape which is 

shown below in the Figure 6.63. This error map is then used to create a feed rate map for the 

corrective polishing that will be transferred into a g-code for the controller.  

 

 

 

 

 

 

Figure 6.62: Image depicting the unpolished surface, desired surface, and the error map. 

 

The feed rate map as shown below in the Figure 6.64 would be an inverse map of the error map, 

in the sense that wherever the error is positive – meaning the designed surface is above the 

measured surface, the feed will be faster so as to remove lesser material, whereas wherever the 

error is negative, and the designed surface is below the measured surface, the feed rate will be 

slower to remove more material. 

ERROR MAP GENERATED BETWEEN UNPOLISHED 

AND DESIRED FORM 
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Figure 6.63: Image depicting the error map and the complimentary feed rate map for the 

polishing process. 

In other words region with smallest error has the highest feed, so that the polishing tool spends 

less time in that region to correct the small error. And region with max error has the slowest feed, 

so that the polishing tool spends more time in that region to correct the large error. The 

implementation of this approach couldn’t be done in this project as the license from Zeeko Ltd. 

expired and hence the experiment utilizing this dwell time strategy couldn’t be carried out.  

 

6.5 GROOVE PROFILE POLISHING EXPERIMENTS  

Now as the polishing tool static influence profiles have been analyzed, an experiment set was 

carried out to study the effect of the dynamic influence of the tool, this was done by allowing the 

polishing tool to move along a straight line, and then the grooves generated are then analyzed for 

surface roughness. The experiment set was carried out both with and without any abrasive fluid 

present in the polishing zone.  
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 First analyzing the groove made by the polishing tool in the absence of any polishing fluid.  The 

experiment was carried out by allowing the ball to rotate and then feeding it along the straight line, 

there were two test cases studied – one wherein the rotation and the feed of the ball were 

perpendicular to each other, second wherein the rotation and the feed of the ball were parallel to 

each other, as shown in the Figure 6.65. 

 

Figure 6.64: Image depicting the rotation and feed motion direction of the polishing tool. 
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Figure 6.65: Image depicting overall surface created using perpendicular & parallel feeds. 

 

 

 

Figure 6.66: Image depicting the measured surface polished by using the parallel and 

perpendicular feed modes. 
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The surface generated by the two modes of the tool feeding perpendicular to the tool rotation 

direction and parallel to the rotation direction is shown above in the Figure 6-66. It can be observed 

that the in the above Figure 6.67-A the texture obtained is smoother, more uniform and is aligned 

to the direction of the rotation of the polishing tool, the surface texture appears to be blended due 

to the polishing tool moving perpendicular to the rotation direction. Whereas in the Figure 6-67-B 

it can be observed that the texture of the surface is visibly very rough, with presence of small scale 

like structures formed. This can be attributed to the fact that as this experiment set was performed 

in the absence of any polishing fluid, so as the tool feeds along the direction its rotating it heats up 

the polymer, and pushes it back as it moves forward, where the semi-solid polymer now cools 

down, creating the scale like structures. This observation was then verified by measuring the 

surface roughness of the two surfaces using the laser confocal microscope.  

 

 

Figure 6.67: Roughness of surface made using perpendicular & parallel tool feed. 

 

The surface roughness observed in the case of parallel tool feed was measured to be 2.8 microns, 

and the surface roughness in the case of perpendicular tool feed was measured to be 2.69 microns, 
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meaning the surface generated using the perpendicular toolpath is around 6.5% smoother as 

compared to the one generated by using the parallel toolpath, but visually the surface texture was 

much better in case of the perpendicular tool feed.  

 

Next an experiment set was performed to gauge the combined effect of the tool rotation and feed 

direction in the presence of abrasive fluid. The tool was fed parallel, perpendicular, and at 45 

degree angle to the polishing tool rotation. From the measurements it was observed that the best 

surface finish was observed for the case of 45 degree tool feed, followed by perpendicular tool 

feed, and the worst finish was observed for the case of parallel tool feed.   
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Figure 6.68: Image depicting measured surface polished using parallel tool feed. 

 

 

Figure 6.69: Image depicting 2D cross section of surface polished using parallel feed. 
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Figure 6.70: Image depicting measured surface polished using perpendicular feed. 

 

 

Figure 6.71: 2D cross section of the surface polished using perpendicular feed. 
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Figure 6.72: Image depicting measured surface polished using 45 degree tool feed. 

 

 

Figure 6.73: Image depicting 2D cross section of the surface polished using 45 degree tool feed. 
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Figure 6.74: 2D cross section of the surface polished using differing feed direction type. 

 

It was observed in the case of parallel tool feed as seen in the Figure 6.69 & 6.70, there were 

presence of small grooves artefacts at the bottom of the main groove, the smaller grooves were 

formed aligned to the tool rotation direction. These periodic small groove artefacts weren’t 

observed in the case of 45 degree and perpendicular tool feed as seen in Figure 6.71 & 6.73. One 

explanation for these small groove artefacts could be that there could be a small imperfection of 

the order of 10−5 mm on the ball surface, as a result when the tool rotates at a high RPM and feeds 

in, it imprints this imperfection onto the surface, leading to the formation of those small groovy 

artefacts on the base of the main groove. In the case of both the perpendicular and 45 degree feeds 

there was no presence of the periodic small groove artefacts observed in the measurements. In both 

cases the base of the measured grooves showed a flat profile, with no visible change in shape 

observed. In terms of the polishing depth the maximum depth of the profile was measured to be 

0.35 microns which was observed in the case of perpendicular feed profile. The polishing depths 

Perpendicular 

45 Degree 

Parallel 
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were pretty much in the similar range for both the perpendicular and parallel tool feed. The lowest 

polished depth was found to be in the case of the 45 degree tool feed which was 0.3 microns.    

 

Now a single groove can be imagined as a series of individual spots that have been polished at 

very short distances to each other, leading to the spots blending in together and forming a 

continuous groove. According to the Hertzian contact theory, for the operating conditions that 

were used to create these grooves, the contact patch should measure 0.52 mm in diameter – leading 

to the ideal groove width being 0.52 mm assuming that each groove is a series of very closely 

placed spots. Now in all the three cases of parallel, perpendicular and 45 degree tool feed it was 

observed that the actual width of the profile was higher than the expected width as shown below 

in the table 6-12 –  

Table 6.12: Profile width comparisons between expected and measured results. 

  

Groove Type 

Parallel Feed Perpendicular Feed 45 Degree Feed 

 

Measured Profile 

Width 

0.86 mm 0.9 mm 0.88 mm 

 

 

Expected Profile 

Width 

                                      0.61 mm 

 

 
 

There is a difference of around 32% in the expected width and the measured width which can be 

accounted to the fact that the Hertzian formulation which was used to calculate the theoretical 

(expected) contact width doesn’t account for the softness and the hyperelastic properties of the 

Silicone rubber tool, these properties of the Silicone rubber allow it compress more readily under 
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an applied load leading to a wider contact patch – which is what was observed in the measured 

experimental results.  

One more observation made was that the grooves made by the perpendicular tool feed were the 

widest amongst the three types of tool feeds, this is because of the fact that during the tool rotation, 

the polishing tool tends to expand diametrically, and in the case of the perpendicular tool feed, the 

tool motion would be perpendicular to this tool expansion caused by the tool rotation, hence 

leading to a bigger contact patch, and hence it results in a wider groove, which is what was 

observed in the measurement.  

 

Hence to conclude this section it can be surmised that to obtain the best result it should be noted 

that the perpendicular feed type must be utilized, as it provides a profile which doesn’t have any 

kind of polishing periodic artefact, and it has the best surface finish amongst all the other feed 

types tested in the experiment. 

 

Next an experiment set was carried out to analyze the surface created when two grooves intersect 

with each other, for which the adjacent grooves were polished to the same length and were made 

to overlap each other by a fixed value, for the experiment set this value was chosen such as the 

grooves would be overlapping each other by 25%, 50% and 90% overlap in three distinct 

experiments. The toolpath for the experiment set was generated using Autodesk Fusion 360, the 

grooves were designed to be of 10 mm in total length, and the overlap between each adjacent 

groove was kept at a constant 0.25 mm which is around 25% overlap for a 1 mm groove width. 4 

grooves were polished in the experiment set, and a feed perpendicular to the direction of tool 

rotation was utilized for this experiment.  
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Figure 6.75: Image showing the measurement of surface polished with a 25% overlap. 

 

 

 

Groove overlap region 

A B C 
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Figure 6.76: 2D cross section profile of entire polished patch with 25% groove overlap. 

 

In the above Figure 6.77 the cross section of the profile produced when the grooves are polished 

using a 25% overlap can be observed. It was seen in the figure that there are 3 distinct zones A, B, 

C wherein the adjacent grooves overlap. These zones are the region wherein the tool tends to pass 

twice due to the overlap causing a higher material removal, hence they are deeper than the 

surrounding regions which is what was expected. The pressure gradient is skewed towards the 

outlet side, and the fluid film tends to constrict towards the outlet side as explained in the fluid 

film section 5.5 of this thesis. The pressure is on decline before these regions as they all lie on the 

outlet side of the polishing tool rotation, due to the ball deflection due to the elastohydrodynamic 

effects of the fluid film, there is a slight pressure spike at the outlet which coincides with the 

reduction in the film thickness at the exact location (A, B, C – the deeper sections in the Figure 

A B C 
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6.76), leading to a higher material removal, and hence those dimple like features are produced at 

the end point (side periphery of each groove) in the regions A, B, C in the Figure 6.77. 

 

Also one more thing to notice are the extremities of the profile, both the beginning and the end 

section of the overall profile shows a curved boundary which is again indicative of the tool 

influence as it creates the first groove. One more thing to note is that when viewed on this page 

the tool is being fed into the page but is rotating in the plane of the page.  

 

Now in order to further understand how exactly the grooves are overlapping each other so, another 

experiment set was run using a 50% overlap of the adjacent grooves, but this time the grooves 

were kept discontinuous, meaning the adjacent grooves weren’t of the same length, but the overlap 

between each adjacent groove was kept at a constant 0.5 mm which is around 50% overlap for a 1 

mm groove width. 4 grooves were polished in the experiment set, and a feed perpendicular to the 

direction of tool rotation was utilized for this experiment. Even in this case it can be seen from the 

Figure 6-80 & 6-81 that there were deep region observed in region A and B, as these were the 

regions where the tool overlapped the previous toolpath, similar to what was observed in the case 

of 25% overlap. 
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Figure 6.77: Image showing the measurement of surface polished with a 50% overlap. 

 

Figure 6.78: Top view of the polished discontinuous grooves showing the overlap. 
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Figure 6.79: Image depicting the 2D cross section profile of the entire polished patch with 50% 

groove overlap. 

 

 

 

 

 

 

 

 

 

 

 

 

A B 



163 
 

 

 

Figure 6.80: Image showing the region of overlap in the polished groove. 

 

It can be observed from the Figure 6.81 that the measurement clearly shows darker contour zones 

in the region of overlap between the adjacent grooves, which is indicative of the fact due to the 

polishing tool passing the overlap region multiple times, causes a higher material removal rate. 

Another thing which was observed is the presence of deep set features at the end of each groove 

as seen in the figure 6-81, these were attributed to the fact that the tool tends to sit at the end point 

for some time before lifting up to make a new groove, and this issue can be possibly solved by 

using a higher ramp feed, which will prevent the tool from stalling at the end points.  
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CHAPTER 7 

STATISTICAL ANALYSIS OF POLISHING PROCESS 

In the Chapter 6, a discussion was carried out on how the input parameters like RPM, normal load, 

toolpath offset, abrasive grain size, abrasive concentration, feed rate affect the surface roughness 

and the material removal rate during the polishing process, but one point to note is that those 

experiments were singular factor experiments wherein only a single input parameter was varied 

and its effect on the surface roughness and material removal rate was analyzed. But this approach 

doesn’t give us an idea of how these input parameters interact with each other, and how they affect 

the output variable when they are varied together. For this reason, a full statistical study was carried 

out so as to observe and analyze these multi variable interactions and their effect. Design of 

experiment theory was used to create the statistical model that was used to define the polishing 

process and its underlying parameters. Now a usual design of experiment study consist of two 

types of factors – controllable and uncontrollable input factors, as the name suggest the 

controllable factors are the ones which can be varied or controlled which in our case are RPM, 

Normal load, Feed rate, Offset, Abrasive concentration, Abrasive grain size. Uncontrollable 

factors could be the ambient temperature of the room, machine vibration etc.  

 

On the basis of a literature review it was found that prior statistical studies analyzing the abrasive 

concentration, abrasive grain size, polishing tool velocity were conducted by Singh et al [43], a 

central composite response surface analysis was used by Singh et al in their work to model the 

multi variable response of the input parameters. Liu et al [48] also carried out response surface 

analysis for modelling the polishing slurry composition and concentration at low contact pressures. 

Chen et al [49] analyzed the correlation between the abrasive size and the material removal rate. 
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In the review it was also observed that there wasn’t much literature available for statistical analysis 

of the polymer polishing process. The statistical study in this project aims at creating a base for 

correlating the polishing input parameters with the surface roughness. The response which is the 

surface roughness was analyzed using the mean square value metric (𝑅𝑞).  The response surface 

method was chosen as the statistical study model. This method was chosen as it enabled the 

capturing of the quadratic effects of the input variable interactions.  Response surface method 

enables the analysis of one or more input variable and their corresponding one or more responses 

or output variable, and also helps to include the quadratic terms in the interactions.  

 

There are two main types of response surface designs – Central Composite and Box Behnken 

designs. In this study the Box-Behnken model has been utilized, there are several reasons for this 

as Box-Behnken design has fewer experimental runs for the same number of factors, and it can 

estimate the first order and second order coefficients with ease. Another important thing to note is 

that this type of model has 3 levels per input factor, where in the levels refer to the value setting 

for the factor. The 3 levels include the high level, low level and the midpoint value between these 

high and low levels. 

Table 7.1:  Table depicting input parameters and parameter levels selected for the study. 

  LOW MID HIGH 
 

INPUT VARIABLES   
 

 

RPM 5000 10000 15000 
 

 

Normal Load (N) 0.5 1 1.5 
 

 

Feed Rate (mm/min) 50 275 500 
 

 

Toolpath Offset (mm) 0.01 0.105 0.2 
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The Minitab LLC package was used to design and analysis of the statistical model. As it can be 

seen in table 7-1 above there are 4 factors to be studied, and each factor has 3 levels. Depending 

on this data we obtained 27 experimental runs using the Box Behnken design. In the 27 

experiments there 3 center points were designed which were basically repeat experiments to check 

for variability, and the remaining 24 were the edge points.  

 

Figure 7.1: Image depicting the various available experimental runs for different number of 

continuous factors. 
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Table 7.2:  Table depicting the design table for the experiments. 

RUN 

NUMBER 
A RPM  B LOAD C 

FEED 

RATE 
D OFFSET 

1 0 10000 -1 0.5 0 275 -1 0.01 

2 0 10000 1 1.5 1 500 0 0.105 

3 -1 5000 0 1 1 500 0 0.105 

4 -1 5000 0 1 0 275 1 0.2 

5 -1 5000 0 1 -1 50 0 0.105 

6 1 15000 0 1 1 500 0 0.105 

7 1 15000 0 1 0 275 -1 0.01 

8 0 10000 -1 0.5 -1 50 0 0.105 

9 0 10000 0 1 -1 50 -1 0.01 

10 1 15000 -1 0.5 0 275 0 0.105 

11 0 10000 -1 0.5 0 275 1 0.2 

12 -1 5000 -1 0.5 0 275 0 0.105 

13 0 10000 -1 0.5 1 500 0 0.105 

14 0 10000 0 1 1 500 -1 0.01 

15 1 15000 0 1 -1 50 0 0.105 

16 0 10000 0 1 0 275 0 0.105 

17 0 10000 0 1 -1 50 1 0.2 

18 0 10000 0 1 0 275 0 0.105 

19 1 15000 0 1 0 275 1 0.2 

20 0 10000 1 1.5 0 275 1 0.2 

21 0 10000 0 1 0 275 0 0.105 

22 -1 5000 1 1.5 0 275 0 0.105 

23 0 10000 1 1.5 0 275 -1 0.01 

24 1 15000 1 1.5 0 275 0 0.105 

25 -1 5000 0 1 0 275 -1 0.01 

26 0 10000 0 1 1 500 1 0.2 

27 0 10000 1 1.5 -1 50 0 0.105 

         

 

The above table depicts the design of the experiments for the statistical study. A, B, C, D are the 

coded coefficients for the input parameters RPM, Load, Feed Rate, Offset, respectively. The coded 

coefficient are defined by (-1, 0, 1), wherein the low level for the parameter is defined by -1, mid-

level is defined by 0, high level is defined by 1. The run number defines the order in which the 

experiments were carried out.  
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Table 7.3: Table depicting the measured surface roughness results. 

RUN 

ORDER 
RPM LOAD FEED RATE OFFSET SR-RMS (nm) 

1 10000 0.5 275 0.01 13.856 

2 10000 1.5 500 0.105 17.603 

3 5000 1 500 0.105 19.16 

4 5000 1 275 0.2 23.26 

5 5000 1 50 0.105 13.424 

6 15000 1 500 0.105 16.215 

7 15000 1 275 0.01 16.913 

8 10000 0.5 50 0.105 15.32 

9 10000 1 50 0.01 11.25 

10 15000 0.5 275 0.105 15.35 

11 10000 0.5 275 0.2 18.218 

12 5000 0.5 275 0.105 17.408 

13 10000 0.5 500 0.105 19.25 

14 10000 1 500 0.01 16.777 

15 15000 1 50 0.105 14.52 

16 10000 1 275 0.105 14.49 

17 10000 1 50 0.2 13.767 

18 10000 1 275 0.105 14.332 

19 15000 1 275 0.2 10.463 

20 10000 1.5 275 0.2 17.497 

21 10000 1 275 0.105 14.319 

22 5000 1.5 275 0.105 15.65 

23 10000 1.5 275 0.01 14.104 

24 15000 1.5 275 0.105 12.631 

25 5000 1 275 0.01 13.015 

26 10000 1 500 0.2 17.435 

27 10000 1.5 50 0.105 14.357 
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Table 7.4: Table depicting the initial ANOVA analysis of the experimental result. 

Source DF Adj SS Adj MS F-Value P-Value 

Model 10 166.122 16.6122 10.79 0 

 Linear 4 90.912 22.728 14.76 0 

 RPM 1 20.869 20.8692 13.55 0.002 

Load 1 4.763 4.7628 3.09 0.098 

Feed 1 47.211 47.2113 30.65 0 

Offset 1 18.069 18.0688 11.73 0.003 

  2-Way 

Interaction 6 75.21 12.535 8.14 0 

RPM*Load 1 0.231 0.2309 0.15 0.704 

RPM*Feed 1 4.082 4.0824 2.65 0.123 

  RPM*Offset 1 69.681 69.6808 45.24 0 

Load*Feed 1 0.117 0.117 0.08 0.786 

Load*Offset 1 0.235 0.2347 0.15 0.701 

Feed*Offset 1 0.864 0.864 0.56 0.465 

Error 16 24.643 1.5402     

  Lack-of-Fit 14 24.624 1.7589 194.09 0.005 

  Pure Error 2 0.018 0.0091     

Total 26 190.764       

 

Table 7.5: Table depicting the ANOVA analysis with reduced terms. 

     Source DF Adj SS Adj MS 
F-

Value 

P-

Value 

     Model 6 164.675 27.4459 21.04 0 

     Linear 4 90.912 22.728 17.42 0 

    RPM 1 20.869 20.8692 16 0.001 

    Load 1 4.763 4.7628 3.65 0.07 

    Feed 1 47.211 47.2113 36.19 0 

    Offset 1 18.069 18.0688 13.85 0.001 

  2-Way 

Interaction 
2 73.763 36.8816 28.27 0 

RPM*Feed 1 4.082 4.0824 3.13 0.092 

RPM*Offset 1 69.681 69.6808 53.42 0 

Error 20 26.089 1.3045     

  Lack-of-Fit 18 26.071 1.4484 159.83 0.006 

  Pure Error 2 0.018 0.0091     

Total 26 190.764       
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After running the experiments an ANOVA (analysis of variance) was performed to figure out 

which parameter and which interactions are significant in the polishing process. The p-values 

mentioned in the table 7-4, were used to find significance of the parameters. From the table 7-4 it 

can be seen that there quite a lot of parameters with a p-value of more than 0.05, so a reduction of 

the model was carried out, wherein the parameters with a high p-value was removed from the 

model and a reduced ANOVA model was generated as it is seen in the table 7-5.  

It was observed that the linear term - Feed rate and the linear interaction between RPM and Tool 

offset are most significant terms in this polishing process, with p-values of 0.015 and 0.001 

respectively, with both the values being less than 0.05 (using a 95% confidence level). It was also 

seen from the table 7-4 above that there were 14 experiments which didn’t completely fit the 

statistical model. It was also observed that the Feed rate affects the surface roughness by 47%, the 

combination of RPM and Offset affects the surface roughness the highest by 69%, indicating that 

both these parameters have a significant effect on the surface roughness quality.  

In the Figure 7.2 below shows the Pareto chart for the polishing parameters, this chart is used to 

confirm the ANOVA results. The Pareto chart shows which parameters have the maximum effect 

on the output variable which is the surface roughness. From the chart it can be seen that the 

combination of RPM and Tool offset has the maximum effect on the surface roughness, followed 

by the polishing tool feed rate, RPM, Offset. A confidence interval of 95% was used to analyze 

the effect of the parameters on the surface roughness. 
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Figure 7.2: Image depicting the Pareto chart for the original model. 

 

 

Figure 7.3: Image depicting the Pareto chart for reduced model. 

Statistically significant 

parameters 
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Next a regression analysis was performed to model the relation between the input parameters and 

the output variables. The input parameters are the independent variables and the output parameter 

which is Surface roughness is the dependent variable. The equation was coded for ease – where: 

RPM – A  

Load – B    

Feed – C   

Offset – D 

 

SR-RMS (nm) =  

4.0 + 0.000906*A - 1.269*B + 0.01780*C + 100.8*C – 0.000001*A*C – 0.00879*A*D 

The above equation was obtained by carrying out a regression analysis of the measured result, and 

it explains the current measured data with an 86.32% accuracy and is able to predict with an 

accuracy of 72.78%. This accuracy is basically the 𝑅2 value and 𝑅2 (𝑝𝑟𝑒𝑑) values, respectively. 

Table 7.6: Table depicting the 𝑅2 for the reduced model. 

R-sq R-sq(adj) R-sq(pred) 

86.32% 82.22% 72.78% 

 

The initial 𝑅2 value of the model was 87%  and 𝑅2 (pred) was 61.86%, this was due to the fact 

that there was a presence of factors which were statistically insignificant, hence the model had to 

be reduced by removing these insignificant terms leading to a reduced model with better prediction 

accuracy.  

To validate the prediction ability of the regression equation an experiment was conducted at a 

given parameter level, with the theoretical surface roughness was calculated using the regression 
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equation mentioned above, the actual surface roughness was measured, and the error between the 

predicted and the actual was calculated.  

Table 7.7: Data depicting the validation experiment results. 

 

From the table 7.7 above it can be seen that the regression equation predicted the surface roughness 

value to be 13.96 nm, while the measured value was found out to be 10.78 nm, which is an error 

percent in the predictability of 22%, which is to be expected as the 𝑅2 (pred) for the statistical 

model was at 72.78, meaning that model can predict the surface roughness with an accuracy of 

72.78%.  

Next the response surface model was used to identify the optimal parameter range to carry out the 

polishing process for the current data set. The workpiece had an initial surface roughness value of 

25 nm, and all the experiments were performed using single polishing passes. In the measured 

result the lowest roughness obtained was 10.46 nm for a single polishing pass. The response 

optimization process yielded the optimal setting to perform the experiments, which were 10000 

RPM, 1.5N normal load, 50mm/min feed rate, 0.01mm feed rate, which gave us a desirability of 

0.9 on a scale of 0-1 to obtain the best surface finish.  

RPM LOAD FEED OFFSET SR-RMS (Predicted) SR-RMS (Measured) ERROR PERCENT 

10000 1 100 0.1 13.96 nm 10.78 nm 22%
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Figure 7.4: Image depicting the main effects of input parameters in the statistical model 

. 

The above Figure 7.4 depicts the main effect plots of the input variables showing how they interact 

with the output response which is surface roughness. The trends observed in the main effect’s plots 

are in line with what was observed in the singular experimental runs which were seen in Chapter 

6, which indicate the veracity of the results obtained. The explanation for these trends have been 

already done in the Chapter 6 in section 6.3.  

Now coming over to the multi variable effect on the surface, contour graphs were used to 

understand how change in one or more response affects the surface roughness. The contour graphs 

were generated by varying two factors, keeping the third factor constant and their corresponding 

response was studied. These contour graphs also helped obtain the optimum operating region for 

the polishing process. The contour graphs are depicted below in Figure 7.5 to 7.9.  
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Figure 7.5: Contour plot of surface roughness variation with normal load and RPM 

 

The Figure 7.5 shows the variation of the surface roughness variation at feed rate of 275 mm/min 

and a 0.105 mm tool offset distance. The blue contours in the graph shows the best surface finish 

region or the optimal region for varying the normal load and the polishing tool RPM, the green 

region is the region where the finish obtained was not good. From the graph it can be observed 

that the best finish is obtained at high polishing tool RPM’s and high normal loads, this could be 

because of the fact that at higher polishing RPM, a given point on the polishing tool would come 

in contact with the workpiece surface more often, leading to an increased polishing action and 

hence a better surface finish. A higher polishing RPM would also denote a larger film thickness 

for the polishing fluid thereby allowing more abrasive grains to enter the polishing zone and 

increasing the polishing action. A higher load enables us to get better surface finish because as the 

normal load applied increases the contact pressure goes up, as the contact pressure rises, a higher 
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material removal rate is attained in accordance with the Preston’s equation which leads to an 

increase in the polishing action, leading to better surface finishes.  

 

Figure 7.6: Contour plot of surface roughness variation with feed rate and RPM 

 

The Figure 7.6 shows the variation of the surface roughness variation at normal load of 1N  and a 

0.105 mm tool offset distance. The blue contours in the graph shows the best surface finish region 

or the optimal region for varying the feed rate and the polishing tool RPM, the green region is the 

region where the finish obtained was not good. From the graph it can be observed that the best 

finish is obtained at high polishing tool RPM’s and low feed rates, this is because of the fact that 

at lower feed rates the time the polishing tool spends at a given points is higher, leading to the 

removal of more material and hence leading to better surface finishes. This explanation is in line 

with Preston’s equation for polishing material removal.  
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Figure 7.7: Contour plot of surface roughness variation with toolpath offset and RPM 

 

The Figure 7.7 shows the variation of the surface roughness variation at normal load of 1N  and a 

275 mm/min feed rate. The blue contours in the graph shows the best surface finish region or the 

optimal region for varying the polishing tool offset distance and the polishing tool RPM, the green 

region is the region where the finish obtained was not good. From the graph it can be observed 

that the best finish is obtained at high polishing tool RPM’s and high polishing tool offset 

distances, and at low polishing tool RPM’s and low polishing tool offset distances. This is because 

of the fact that a low offset distance would mean that the polishing tool would overlap its previous 

passes much closely, leading to the presence of regions where the polishing action occurs multiple 

times, thereby giving a better surface finish. Hence the best way to achieve a good surface finish 

would be to combine a high polishing tool RPM with a smaller overlap, or a low polishing tool 

RPM with a larger overlap or offset. 
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Figure 7.8: Contour plot of surface roughness variation with feed rate and normal load 

 

The Figure 7.8 shows the variation of the surface roughness variation at normal load of 10000 rpm 

and a 0.105 mm tool offset distance. The blue contours in the graph shows the best surface finish 

region or the optimal region for varying the normal load and the polishing feeding rates, the green 

region is the region where the finish obtained was not good. From the graph it can be observed 

that the best finish is obtained at high normal loads and low feed rates, this is because at this 

combination the tool would have the highest contact pressure in the contact zone due to the higher 

normal load, leading to a higher material removal rate and a low feed would allow the tool to dwell 

at specific points on the surface for a longer duration of time leading to again a higher material 

removal rate and hence an improved surface finish due to more polishing action.  
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Figure 7.9: Contour plot of surface roughness variation with offset and feed rate 

 

The Figure 7.9 shows the variation of the surface roughness variation at 10000 rpm and a 1N 

normal load. The blue contours in the graph shows the best surface finish region or the optimal 

region for varying the polishing tool offset distance and the polishing tool feed rate, the green 

region is the region where the finish obtained was not good. From the graph it can be observed 

that the best finish is obtained at low feed rates and low offset distances, this is because at this 

combination the tool would spend an increased amount of time per unit point on the workpiece 

surface owing to the low feed rate and a low offset distance would allow a higher overlap between 

adjacent polishing passes, both these actors combined would lead to higher polishing action and a 

better surface finish.  
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This statistical study enabled the complete characterization of the polishing process, its input 

parameters, the effect they have on the surface roughness, how the input variables interact with 

each other, and their combined effect on the output response. The regression equation enabled the 

prediction of the theoretical surface roughness value which was then verified by running a 

validating experiment. The response surface study also allowed the analysis of the optimal 

parameter range in which the polishing should be performed so as to obtain good results for the 

surface roughness. 
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CHAPTER 8 

CONCLUSION 

 

1. The experimental results reported in this thesis provided an understanding of the process of sub-

aperture polishing of polymers using a soft rubber tool.  

2. Theoretical models were used to predict the terms involved in the polishing process - contact 

patch width, contact pressures. It was found that the contact pressure profile follows a Gaussian 

distribution across the contact patch. The contact patch and the contact pressure variation with the 

normal load and tool material properties was also studied for both Polycarbonate and 

Polymethylmethacrylate. Finite element simulation was carried out to compare the theoretical 

formulation of the Hertzian contact and the effect the hyper elasticity property (which is the special 

property of elastomers like Silicone rubber which allows them to undergo a large deformation at a 

small force increment) of the polishing tool has on the polishing process. The contact pressures 

and the contact width were predicted and compared with the theoretical profiles.  

3. Fluid film thickness was analyzed using Dowson’s equations and the effect of RPM and normal 

load on the fluid film thickness was studied and reported.  

4. Experiments were carried out to observe the effect of the presence of the abrasive fluid in the 

contact zone and how it affects the material removal rates and the shape of the polished profile 

produced. It was found that in the absence of polishing fluid in the contact zone created deeper 

polished profiles, owing to a larger material removal rate as the tool would directly make contact 

with the surface. It was also seen that the lack of a fluid medium in the contact zone lead to 

generation of a large amount of heat, which in turn lead to the presence of beads of molten polymer 
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(as the temperature would surpass the heat deflection temperature of both PC and PMMA) being 

deposited on the periphery of the polished spot. This issue was not encountered when the polishing 

fluid was utilized during the polishing process. 

5. Tool influence experiments were carried out to measure the material removal rates and the shape 

of the profile that the polishing tool generates when it is allowed to dwell on the workpiece surface. 

The effect of varying the normal load and the abrasive grain size on the tool influence function 

was also studied. It was observed that as the normal load increased, the tool leaves behind deeper 

and much wider profiles with a poorer surface finish (a surface with high RMS values). The effect 

of using a new polishing ball vs using an old worn ball on the profiles generated was also studied.  

6. Surface roughness experiments were carried out to characterize the input parameters and their 

effect on the resulting surface roughness of the workpiece. Singular experiments were carried out 

to analyze the effect of varying one variable on the surface roughness. Single variable experiments 

were carried out by changing input variables like RPM, Normal load, Feed rate, Polishing tool 

offset, Abrasive concentration, Abrasive grain size and Number of polishing passes. These studies 

were carried out on both Polycarbonate and Polymethylmethacrylate surfaces, two types of 

surfaces were polished – diamond turned surfaces and as manufactured smooth surfaces  

For diamond turned surfaces, it was found that increasing of the polishing tool RPM upto 15000 

RPM lead to an improvement in the surface finish, after which the surface finish started to decline. 

Polishing tool feed rate had an inverse relation with the surface finish, with a lower feed rate giving 

a better surface finish as compared to high feed rates.  Polishing tool offset (distance between 

adjacent tool paths) also related inversely with surface roughness as an increase in the polishing 

tool offset lead to a rougher surface finish, as the adjacent toolpaths overlapped less in case of a 
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higher tool offset distance. Increasing the normal load acting on the polishing tool lead to improved 

surface finish. Increasing the abrasive concentration in the polishing fluid also lead to an improved 

surface finish, however increasing the abrasive grain size lead to an increase in the surface 

roughness, with the 0.3 μm abrasive grain giving the largest surface roughness in the experiments. 

As the number of polishing passes were increased the polishing action increased, which lead to 

better surface finishes. In the case of as manufactured surfaces, it was found that the increasing of 

the polishing tool RPM lead to an increase in the surface roughness. Polishing tool feed rate was 

directly related to the surface finish, with a higher feed rate giving a better surface finish as 

compared to low feed rates. Decreasing the normal load acting on the polishing tool lead to 

improved surface finish. As the number of polishing passes were increased the surface finish for 

the as manufactured surface worsened. A detailed explanation of these trends has been provided 

in Section 6.3.  

7. The effect of using different toolpaths to create different shapes was analyzed, with the toolpaths 

studied including linear raster, spiral, and a fractal toolpath strategy referred to as the Hilbert’s 

toolpath. The best result in terms of surface roughness improvement was obtained using the 

Hilbert’s toolpath with a surface finish of 0.823 nm RMS surface finish after 3 polishing passes. 

This was an improvement of around 98% in the surface roughness. It was also noted that the 

Hilbert’s toolpath, owing to its random nature, did not leave behind polishing artefacts on the 

surface and did not cause a change in the surface form, as compared with raster or a spiral toolpath, 

which when operated on a high RPM  and loads have a tendency of leaving behind polishing 

artefacts on the surface.  

8. Experiments were also performed to analyze the shape of grooves produced by the polishing 

tool. This was important because in order to create any type of shape or form, one needs to know 
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how the polishing tool reacts with the surface. Multiple experiments were performed to polish 

grooves onto the workpiece surface at 25% and 50% toolpath overlap. This experiment provided 

the data on how the tool polishes the surface in terms of how much material is being removed by 

the polishing tool in unit time ‘t’, and the surface finish of the polished surface inside the groove. 

A study was also carried out which compared the different angles of tool feed motion on the 

workpiece surface – with the feed motions being parallel, perpendicular, and at an angle of 45 

degrees with the polishing tool rotation direction.  

9. A statistical response surface study was done to measure the response of varying multiple 

parameters on the surface roughness, and the interactions of these parameters with the surface 

roughness. A regression analysis was done to relate the RMS surface roughness with the RPM, 

Load, Offset and Feed rate. This model was able to explain the variation in the RMS surface 

roughness with an accuracy of 86% and was able to predict the theoretical surface roughness value 

with an accuracy of 72%.  The response surface model was also used to determine the optimum 

parameter values to carry out the polishing process which are mentioned in Table 8-1 (One point 

to note is that number of polishing passes is very subjective, it will depend upon how rough the 

initial surface was to begin with which will decide the number of polishing passes) – 

Table 8.1: Optimal settings to achieve the best surface finish. 

Polishing  Parameter Optimum Setting  

Polishing Tool RPM 
10000 

Feed Rate (mm/min) 
50 

Offset distance (mm) 0.01 

Normal load (N) 
1.5 

Abrasive Grain Size (nm) 
10 
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As a rule of thumb, it is advised to use the following settings as shown in Table 8.2. to get good 

results in the case of sub-aperture polishing of polymers. (As manufactured surface were sourced 

commercially and were cell casted blocks of PC and PMMA). 

Table 8.2: Suggested parameter level to obtain good polishing action. 

  For a diamond turned surface   

For an as manufactured 

surface 

Polishing Tool RPM High (<15000) Low 

Feed Rate (mm/min) Low High 

Offset distance (mm) Low High 

Normal load (N) High  Low 

Abrasive Grain Size (nm) Low Low 

Abrasive Concentration (%) High  High  
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8.2 FUTURE WORK  

During the course of this project there were certain points which weren’t addressed but should be 

taken into considerations in the future –  

1. A polishing fluid delivery system would go a long way in improving the way in which the 

experiments are being carried out, it would negate the minor differences in the supply of 

abrasive fluid to the polishing zone and would ensure total coverage during polishing runs 

at higher RPM’s. 

2. Utilize a better stage for running the experiments as the current stage which is powered by 

stepper motors is prone to losing position during high feed movements of the stage, the 

high feed movement could be necessity when the tool is being used to correct very small 

errors.  

3. Study the effect of polishing tool hardness on the resulting surface roughness and form as 

the tool hardness directly relates to how the tool will deform when its loaded against the 

workpiece and as a result is connected to the contact pressure as well. It would also be 

interesting to see how the difference in the hardness of the polishing tool would affect the 

surface roughness.  

4. Use different types of abrasives like Ceria based slurry instead of Alumina based slurry 

would also be something that might be an avenue for further research. 
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