
 

A theoretical and experimental investigation of material removal 
characteristics and surface generation in bonnet polishing 

Abstract 
This paper presents a theoretical and experimental investigation which attempts to provide a better 

scientific understanding of the material removal characteristics and surface generation in bonnet 

polishing. The experimental results reveal that the material removal is shared by the polishing pad and 

the abrasives trapped in the pad-workpiece interface, and the abrasive wear is dominated significantly 

by plastic removal mode of abrasive particles, while the material removal caused by the polishing pad 

should be mitigated in order to obtain super mirror finished surfaces. The surface generation is found to 

be a linearly cumulative effect of dwell time together with the constant material removal rate under the 

identical polishing condition. Hence, a multi-scale material removal model and a surface generation 

model have been built based on the contact mechanics, kinematics theory, abrasive wear mechanism, as 

well as the relative and cumulative removal process of surface generation in bonnet polishing. The 

models are verified through a series of spot and pattern polishing experiments. Based on the results of 

spot polishing experiments, the multi-scale material removal model is found to predict well for the 

material removal characteristics under various polishing conditions. The simulated patterns by the 

surface generation model are found to agree well with the measured patterns in the pattern polishing 

experiments which substantiate that the relative and cumulative removal process is a key surface 

generation mechanism in bonnet polishing. 

Keywords: Ultra-precision Machining, Bonnet Polishing, Surface Generation, Modelling, Contact 

Mechanic, Multi-scale Materials Removal  

1. Introduction
Bonnet polishing is a computer controlled sub-aperture polishing process that actively controls the

position and orientation of a spinning, inflated, membrane tool (the 'bonnet') as it sweeps through the 

polished surfaces [1] (see Fig. 1). It is essential for achieving the ever increasing tolerances and 

demands for high-precision applications such as optical [2], biomedical [3], and automotive 

components [4]. This is particularly true for machining difficult-to-machine materials which are not 

amenable to using other ultra-precision machining technologies such as single-point diamond turning 

and ultra-precision raster milling. Polishing of such materials with sub-micrometre form accuracy and 

surface finish in the nanometric range is complex and multi-scale in nature. As a result, knowledge of 

the removal mechanisms and factors affecting material removal characteristics and surface generation 

are vital to determine the surface quality and form control in the polishing process.  

During the past few decades, much research has been performed on the study of the development 

and application of precess polishing process [5, 6], edge control [7],  tool path and dwell time 
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optimization [8, 9],  polishing mechanics [10, 11], as well as methods include finite element methods 

(FEM) [12], molecular dynamics (MD) approach[13], quasic-static model [14], fluid dynamic when 

analyzing the slurries and probability statistics [15, 16]. Most of the previous research has focused on 

the reduction of surface roughness and figuring of aspheric and freeform surfaces [17], and some 

preliminary work has also been done for structured surface generation by bonnet polishing [18]. 

Although polishing processes have been investigated [19], studies on the polishing mechanisms, 

especially on the establishment of deterministic models with consideration of all these operational 

parameters, are still far from complete. This is particularly true for ultra-precision, multi-axis, freeform 

polishing, which is a kind of non-conventional polishing method that has been used for machining 

ultra-precision freeform components that require precise control and accuracy across the polishing 

surface to maintain the form and achieve nanometric surface finish, which improve the functionality of 

the components. 

As a result, an experimental and theoretical investigation of materials removal characteristics and 

surface generation in bonnet polishing is undertaken which is basically divided into two parts i.e. Part 

A and Part B. In Part A, a series of polishing experiments were conducted to better understand the 

material removal and surface generation mechanisms in bonnet polishing. In Part B, a multi-scale 

material removal model and a surface generation model are built based on contact mechanics, 

kinematics theory and abrasive wear mechanism. A series of experiments have been conducted for 

validating the surface topography simulation model. Results and analysis reveal some insights into the 

polishing process.  

 

    
(a)                           (b) 

Fig.1 (a) Configure and (b) schematic illustration of bonnet polishing 

 

2. Part A: Experimental Investigation 
2.1 Experimental Design 

Bonnet polishing is a kind of computer controlled ultra-precision polishing (CCUP) technology. 

Within the field of CCUP, the material removal characteristics represent the distribution of the material 

removal rate across the size of the polishing tool. The material removal characteristics are referred to 

be the tool influence function (TIF) and they are assessed in terms of width, maximum depth and 
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volumetric material removal rate [20]. Bonnet polishing involves forcing a spinning, inflated bonnet, 

covered with the polishing pad, against the polished surfaces flooded with a liquid slurry of abrasive 

particles. The slurry is dragged by the porous polishing pad into the interface between the pad and 

workpiece. The material removal in bonnet polishing is accomplished by the interactions between the 

polishing pad, workpiece and abrasive particles. The mechanism of material removal is a complex 

process, which is affected by various parameters such as tool radius, precess angle, polishing depth, 

head speed, tool pressure, polishing time, polishing cloth, slurry concentration, particle size and 

material properties of particle and workpiece, etc. To better understand the pad-abrasive-workpiece 

contact mechanics and polishing mechanisms in bonnet polishing, experiments were conducted to help 

to explain some common experience as follows: Experiment A1 aims to investigate the interactions 

among the polishing pad, workpiece and abrasive particles, three samples made of nickel copper (NiCu) 

were prepared by the Moore Nanotech 350FG using single point diamond tooling and then polished on 

a Zeeko IRP 200 ultra-precision freeform polishing machine (see Fig.2(a)). Sample A1.1 was polished 

without water and abrasive particles, sample A1.2 was polished using pure water without abrasive 

particles and sample A1.3 was polished using a slurry comprising 2.066 vol. % of Al2O3 abrasives with 

an average size of 3.22 µm. All these samples were polished under the identical polishing parameters as 

shown in Table 1 and they are measured by a Zygo Nexview 3D Optical Surface Profiler (see Fig.2(b)) 

and HITACHI TM3000 Tabletop Scanning Electron Microscope (see Fig.2(c)). With the consideration 

of the importance of dwell time map for the surface generation by bonnet polishing, the effect of 

polishing time on surface generation for various materials were studied in experiment A2. Three 

samples made of different materials of steel, optical glass (BK7) and Nicu were polished using a slurry 

comprising 2.066 vol. % of Al2O3 abrasives with an average size of 13.12 µm. All experiments were 

conducted on a Zeeko IRP 200 ultra-precision freeform polishing machine using the different polishing 

time of 60s, 120s and 180s and the other parameters can be seen in Table 1. 

 

 

 

       

(a)                       (b)                      (c) 

Fig.2 (a) Zeeko IRP200 Ultra-precision freeform polishing machine, (b) Zygo Nexview 3D Optical 

Surface Profiler and (c) HITACHI TM3000 Tabletop Scanning Electron Microscope 



 

 

 

Table 1 Polishing parameters used in the experimental studies 

Polishing pad LP-66 (Cerium oxide D'27) 

Precess angle 15° 

Tool size 20 mm radius bonnet 

Tool pressure 1.2 bar 

Polishing depth 0.2 mm 

Head speed 1200 rpm 

Polishing time 60s 

 

2.2 Results and Discussion in Part A 
2.2.1 Pad-abrasive-workpiece Interactions 

In experiment A1, Table 2 shows that sample A1.3 has the highest material removal rate while the 

amount of material removal of sample A1.2 is smaller than that of sample A1.3, and sample A1.1 has 

the lowest material removal. It is also found that the polishing pad not only contributes to the material 

removal but also generates micro-scale scratches on the polished surface as shown in the scanning 

electronic microscopy (SEM) photographs in Table 2. The outcomes of these experiments can be 

summarized as follows: (i) The interaction between the pad and the polished surface decreases the 

material removal rate for the dry bonnet polishing process; (ii)The functions of the abrasive slurry in 

bonnet polishing including transport of abrasive to a loose abrasive process, flushing or the transport of 

the debris away from the abrasive process, culling in the contact area, mechanical lubrication of the 

abrasive contacts, etc. (iii) The material removal in bonnet polishing is shared by the polishing pad and 

the abrasives trapped in the pad-workpiece interface, and the amount of material removal by the 

polishing pad is much smaller than that by the abrasive particles. More importantly, the material 

removal produced by the polishing pad is mainly caused by the abrasion associated with plastic 

deformation of the polishing pad and could produce the scratches and hence damage the surfaces being 

polished. To obtain super mirror finished surfaces without pad scratches, abrasive wear occurred in 

bonnet polishing which is dominated by plastic removal mode of abrasive particles, while the material 

removal caused by the polishing pad should be mitigated through flatting the asperities [21-23], 

controlling reasonably the polishing depth and/or adopting appropriately the polishing pad owned low 

pad hardness. 

 

 

 

 

 

 

 



 

 

 

Table 2 Experimental results for studying interactions between the pad, workpiece and particles 

Sample No. Zygo photographs SEM photographs (Center area) 

A1.1 

(No water and no 

abrasive particles) 

  

A1.2 

(with water but no 

abrasive particles) 

  

A1.3 

(with water and 

abrasive particles) 

  

 

2.2.2 Effect of Polishing Time 

Since the surface generation by bonnet polishing is dominated by the influence function of the 

polishing tool instead of the geometry of the cutting tool itself, the surface generation mechanism of 

bonnet polishing is quite different from that of other ultra-precision machining processes such as single 

point diamond turning and raster milling [18]. The tool influence function (TIF) affected by various 

factors is commonly regarded as a tool that is used in calibration, prediction or form correction in the 

polishing process. With the data of the tool influence function, the polishing tool can be commanded 

where it should stay longer or shorter for removing more or less materials from the surface, 

respectively. In experiment A2, Fig.3 shows that the removal volume increases linearly with increasing 

polishing time for all cases and this infers that the material removal rate is constant when using only 

polishing time as a variable parameter while keeping other parameters constant. This infers that bonnet 

polishing is a relative and cumulative polishing process for various materials and the surface generation 

of bonnet polishing is a linearly cumulative effect of dwell time together with the constant material 

removal rate for identical polishing condition.  
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Fig. 3 The effect of polishing time on the surface generation 

 

3. Part B: Theoretical Investigation of Materials Characteristics and Surface 
Generation 
3.1 Theoretical Modelling and Simulation 

It is well known that the surface generation of the polishing process can be regarded as the 

convolution of the influence function and the dwell time map along the pre-specific tool path. Hence 

the determination of the material removal characteristics and an optimized tool path generator are of 

paramount importance for modelling and simulation of the surface generation in bonnet polishing. In 

Part B, a multi-scale material removal model is developed by the study of the contact mechanics, 

kinematics theory and abrasive wear mechanism. Then the polishing tool path is planned based on the 

desired surface integrity of the optical surface to be generated using the predicted data of the material 

removal characteristics. Finally, the surface generation is simulated based on the developed multi-scale 

material removal model and polishing tool path planning. 

3.1.1 Multi-scale material removal model 

Based on the experimental results of section 2.2.1, the material removal caused by the polishing 

pad is much less than that caused by the abrasive particles. Hence, an assumption can be made that 

material removal occurs primarily as a result of abrasive wear of the surface by the abrasive particles in 

the slurry. From the view of the mechanical behavior, the basic model of the material removal 

characteristics of bonnet polishing process can be described by Eq. (1) as shown in Fig. 4. 

1 2( , , ) ( , , , , , ) ( , ( , , , , , , , , , ), ( , , , , , ), , )ac c p a z b b wMRR x y t N k V t R R E P x y R d Y V x y S R d Hσ η ω ν ϕ η η ϕ β= ⋅  (1) 

where ( , , )MRR x y t  is material removal amount at position ( ,x y ) during the polishing time t . The 

term ( , , , , , )ac c p a zN k V t R R σ  is the spatial distribution of active abrasive particles participated in the 

material removal which represents the effect of the volume fraction cV , the polishing time t , the 

radius of the abrasive particle pR , the pad asperity radius aR , the standard deviation of asperity 

heights zσ , and the coefficient related to the particle size distribution and the hydrodynamics 

condition ack . The term 1 2( , ( , , , , , , , , , ), ( , , , , , ), , )b b wE P x y R d Y V x y S R d Hη ω ν ϕ η η ϕ β  is the volume 

removed by a single particle that describes the effect of the pressure distribution 



 

 

1 2( , , , , , , , , , )bP x y R d Yω ν ϕ η η , the velocity distribution ( , , , , , )bV x y S R dϕ , the hardness of polished 

workpiece wH , the semiangle of a cone particle β , and a volume fraction of a wear groove removed 

as a wear debris η .      

The slurry particles involved in material removal are those that are embed in the surface of the 

compliant polishing pad and they are dragged across the polished surface by the relative velocity 

between two surfaces, and the active number of these particles is generally related to the distribution of 

particle size, the hydrodynamics condition between the polishing pad and the workpiece, as well as the 

surface topography of the polishing pad and the target surface. To simplify the theoretical modelling, 

the pad-particle-workpiece contact is assumed to be solid-solid contact neglecting the effect of the fluid 

flow, and the particle size is assumed to be constant which is the same as the average size of the 

particle distribution. In the present study, statistical theories were used to model the surface topography 

of polishing pad assessed by the pad asperity radius aR  and the standard deviation of asperity heights 

zσ  [24, 25]. For relatively soft pad and low abrasive concentration, the active number of abrasive 

particles tends to be proportional to the real contact area and the slurry concentration [26-28]. As a 

result, the active number of abrasive particles can be expressed by Eq. (2) as follows:  
1/2

2( , , , , , ) c a
ac c p a z ac

zp

V t R
N k V t R R K

R
σ

σ
 

=  
 

                                     (2) 

The effective contact area between the polishing pad and the entrained particle is approximately 

equal to 2
pRπ  [29], and hence the force applied on an abrasive, pW , can be expressed by Eq. (3) 

2
1 2( , , , , , , , , , )p p bW R P x y R d Yπ ω ν ϕ η η=                                      (3) 

In the bonnet polishing process, since the abrasive particles are sufficiently small and numerous in the 

contact region, the load carried by each tends to be below the critical value needed to cause cracking. 

Below this critical value, a hard abrasive particle would cause plastic deformation only, and the wear is 

undertaken by plastic processes without brittle fracture. Abrasive particles may roll and/or slide over 

the surface which involve in three distinct modes of plastic deformation including cutting, ploughing 

and wedge formation [29, 30]. The transition from one mode to another and the relative efficiency of 

each mode may depend on the attack angle of particle, the normal load, the hardness of the material, 

and the state of lubrication [31]. In the polishing process, lubrication of the slurry can lead to more 

particles cutting and reduce the couple necessary for particle rotation by lowering the friction between 

the particles and the surface[32]. In this study, an abrasive particle, assumed to be a cone of semiangle 

β , is dragged across the surface in plastic contact which flows under an indentation pressure wH . 

Since the depth of indentation, pδ , is much smaller than the radius of the abrasive, the volume of wear 

debris produced by the cone particle per unit time can be expressed by Eq. (4) as follows: 
2
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According to the kinematics theory, the relative velocity between the polishing pad and the target 

surface in the polishing area can be expressed as 

( )2 2 2 2( , , , , , )= cot ( ) (sin ) (cos )
30b b

SV x y S R d y R d xπϕ ϕ ϕ ϕ− − +                    (5) 

where 2 2 2 2( ) ( )b bx y R R d+ ≤ − − ; S  is angular velocity in rpm; ϕ  is the inclination angle; d  is 

the polishing depth in mm; bR  is the radius of the bonnet in mm. 

The pressure distribution between the polishing pad and the target surface is very complex and 

still not well understood as resulting from multiple influence factors including the elastic response of 

the polishing pad, the hydrodynamic forces due to fluid flow at the interface and the viscoelastic 

relaxation of the polishing bonnet, etc. In this study, the viscoelastic properties of the polyurethane pad 

is considered, the polishing bonnet in contact with the flat workpiece surface was assumed to be a 

viscous sphere on a hard plane regardless of the contribution of slurry hydrodynamic pressure, pad 

asperities, contact-surface instability and pad-abrasive-workpiece contact. According to Brilliantov and 

Poschel [33], the total stress 1 2( , , , , , , , , , )bP x y R d Yω ν ϕ η η  is a sum of the elastic part of the stress 

tensor el
zzσ  and the dissipative part of the stress tensor dis

zzσ . el
zzσ  is the known solution for the Hertz 

contact problem [34] as expressed by Eq. (6) as follows, 
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                    (6) 

where xu , yu  and zu  denote the x- ,y- and z- direction displacement field of the classic Hertz 

contact problem; 1 / (1 )E Y ν= +  and 2 / 3(1 2 )E Y ν= −  denote the elastic material constants with Y  

and ν  being the Young modulus and the Poisson ratio of the polishing pad, respectively; ba dR=

denotes the radius of contact area and 2
0 3 / (2 )Np F aπ= denotes the maximum contact pressure; NF  

is the total elastic force, acting by the surface (in normal direction) on the polishing pad as expressed in 

Eq. (7): 
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According to the kinematics theory and contact mechanics [33, 35, 36], dis
zzσ  can be expressed as 
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where xu , yu  and zu  denote the time derivative of the displacement field in x-, y- and z- direction, 

respectively; 1η  and 2η  are the coefficients of viscosity, related to shear and bulk deformation 

respectively; ω  is the angular velocity; ϕ  is the inclined angle. As a result, the pressure distribution 

at the polishing contact area can be expressed by                                                                                        



 

 

1/22 2

1 2 0 2 2

1/22 2 2
2 1 0 2 1 0

2 2 2

(1 2 )(1 )( , , , , , , , , , ) 1

cos (2 / 3) ( ) cos (2 / 3)(1 )1
2

el dis
b zz zz

b

x y v vP x y R d Y p
Ya a

p x R d p xx y v
Y aa a a

ω ν ϕ η η σ σ

ω ϕ η η ω ϕ η η π
−

  − +
= + = − − + 

 

 + − +−
⋅ ⋅ − − + ⋅ 

 

      (9) 

 

 
Fig. 4 Schematic illustration of the multi-scale mechanisms affecting the material removal 

characteristics in bonnet polishing 
 

3.1.2 Surface generation model  

In practice, polishing is a multi-step process conducted by repeatedly running particular designed 

polishing cycles until the expected surface finish and form error are obtained. Within each cycle, the 

polishing tool sweeps through the polished surface under adopted polishing tool path and desired dwell 

time map. Hence, an important part of the surface generation model is dwell time and tool path planing 

[37] as considering time efficiency and surface quality improvement. Based on the experimental results 

of section 2.2.2, bonnet polishing appears to be a relative and cumulative polishing process for various 

materials and the surface generation, ∆𝑍𝑍𝑖𝑖 , of bonnet polishing can be assumed to be a linearly 

cumulative effect of dwell time, 0T , together with the material removal rate, ijMRR , under the same 

polishing condition as follows: 

0
1

,                            ( 1, 2,3 )
N

i ij
j

Z MRR T i M
=

∆ = ⋅ =∑                            (10) 

where M  is the sample point number, N  is the trajectory point number along the polishing path. 

and MRRij is the material removal of jth sample point when the ith trajectory point along the polishing 

path is polished by the bonnet. The value of MRRij depends on the material removal rate and the 

contract area of the bonnet. It will be non-zero if the jth sample point locates within the contract area of 

the ith trajectory point, and will be zero if the sample point locates outside the contract area.  

To verify the predictability of the surface generation model and assess directly the comparison 
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between measured and predicted results using feature parameters in this study, the polishing conditions 

in all the paths are assumed to be constant and hence the tool influence function is stable and constant, 

and the polishing paths are also assumed to be evenly spaced straight lines on a flat surface as can be 

seen in Fig. 5. When the predicted influence function follows straight path lines with a constant surface 

feed rate, the removal profile is constant along each and all the path lines. Hence, the material removal 

distribution is constant along the path line direction and waves in the orthogonal direction arising from 

the overlapping of the removal profiles affiliated with adjacent polishing path lines for the raster 

polishing. In this case, the surface generation may be simplified to be a 2D problem which can be 

solved numerically for given polishing path spacing and path number. The polishing path spacing 

represents the translation distance of removal profile along the orthogonal direction and the feed rate 

determines the dwell time of each polished spot and hence the surface height of removal profile along 

the path line direction. 

 

 
Fig. 5 A schematic diagram of the surface generation model in the raster polishing 

 

3.2 Experimental verification in Part B 
In the present study, prototypes of the multi-scale material removal model and the surface 

generation model for bonnet polishing have been purposely built and programmed by using MATLAB 

programming software package. Basically, the experimental verification in Part B is divided into two 

parts, i.e. Part B1 and Part B2. The experiments in Part B1 focus on spot polishing tests which aim to 

verify the feasibility of the theoretical model under various polishing conditions. The experiment 

conducted in Part B2 is a pattern test which aims to experimental evaluate the performance of the 

surface generation model. A Zeeko IRP 200 ultra-precision freeform polishing machine was used to 

conduct the experiments. All samples were polished using Al2O3 slurry and the surfaces of the samples 

were measured by a Zygo Nexview 3D Optical Surface Profiler. 

3.2.1 Part B1: Experimental verification of the multi-scale material removal model  

The multi-scale material removal model for bonnet polishing was verified through a series of 

simulation and polishing experiments. The predictions of material removal characteristics of have been 

accomplished using the prototype of multi-scale material removal model purposely built by MATLAB 
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software package. In this study, a bonnet with a radius of 20 mm was assembled on the main spindle, 

while the workpiece made of steel (S136) was fixed on the C axis. All samples were polished by a 

LP-66 (Cerium oxide D'27) polishing pad with a slurry comprising 2.066 vol. % of Al2O3 abrasives 

with an average size of 3.22 µm with a constant machining time of 60 seconds. A series of simulations 

based on the multi-scale material removal model were conducted under various polishing conditions as 

shown in Table 3, while the coefficients used in the simulations are shown in Table 4.  

 

Table 3 The process parameters of polishing experiments 

Sample No. Tool pressure Tool offset Head speed Precess angle Slurry concentration 

B1 1.2 bar 0.12 mm 1200 rpm 10° 1:12 

B2 1.2 bar 0.12 mm 1200 rpm 15° 1:12 

B3 1.2 bar 0.12 mm 1200 rpm 20° 1:12 

B4 1.2 bar 0.1 mm 900 rpm 15° 1:12 

B5 1.2 bar 0.1 mm 1200 rpm 15° 1:12 

B6 1.2 bar 0.1 mm 1500 rpm 15° 1:12 

B7 1.2 bar 0.08 mm 1200 rpm 15° 1:12 

B8 1.2 bar 0.13 mm 1200 rpm 15° 1:12 

B9 1.2 bar 0.18mm 1200 rpm 15° 1:12 

B10 1.2 bar 0.09 mm 1200 rpm 15° 1:12 

B11 1.2 bar 0.09 mm 1200 rpm 15° 1:9 

B12 1.2 bar 0.09 mm 1200 rpm 15° 1:6 

 

Table 4 Parameters used in the present simulation 

Variable Symbol Base value 

Young's modulus Y  2 Mpa  

Poisson's ratio ν  0.3  

Viscosity coefficient 1η  5×10-4 Mpa·s  

Viscosity coefficient 2η  0 Mpa·s  

Semiangle of cone particle α  45° 

Hardness of workpiece wH  509 Mpa  

Radius of pad asperities aR  23.5 μm  

Standard deviation zσ  4.4 μm  

 

Fig. 6 shows the predicted and experimental results of the material removal characteristics for case 

of B1. Fig. 6(a) and 6(b) show the calculated results of velocity and pressure distribution in the 

polishing area, respectively. Fig. 6(c) shows the experimental data of polished spot measured by Zygo 

Nexview 3D Optical Surface Profiler, while Fig. 6(d) shows the 3D topography of the material removal 

characteristics predicted by the multi-scale material removal model. It is found that the predicted result 



 

 

shows a good agreement with the experimental results. This infers that the contact mechanics and 

kinematics theory proposed in this study can provide a reasonably well explanation for the polishing 

mechanisms in bonnet polishing. Moreover, with a consideration of the strong time-dependence of 

mechanical properties of the polishing bonnet, the model reveals that both of the polishing depth (the 

down force) and rotational speed have significant effects on the pressure distribution in the polishing 

area. This helps to explain the asymmetry of the material removal characteristics in X-cross section and 

Y- cross-section and the phenomenon that the X-Z width of the polished spot was larger than that of the 

Y-Z width. 

 

        
(a) Velocity distribution                (b) Pressure distribution 

      

(c) Measured 3D topography data    (d) Predicted 3D influence function 

Fig. 6 The simulated and experimental results of the material removal characteristics for case of B1 

 

To further verify the multi-scale material removal model, four sets of simulation and polishing 

experiments were conducted under various precess angle, head speed, tool offset and slurry 

concentration. A comparison between the model predicted and experimental measured results of 

material removal rate is shown in Fig.7. The multi-scale material removal model is found to predict 

well for the material removal characteristics under various polishing conditions. As a result, the 

multi-scale material removal model developed in this study, provides some insights into the contact 

mechanics and the wear mechanisms underlying the bonnet process. 

  



 

 

  

(a) Effect of precess angle               (b) Effect of head speed 

   

(c) Effect of tool offset            (d) Effect of slurry concentration 

Fig. 7 A comparison of predicted results by the multi-scale material removal model and the 

experimental results under various polishing conditions 

 

3.2.2 Part B2: Experimental verification of the surface generation model in bonnet polishing  

In Part B2, raster polishing experiment has been designed to validate the proposed surface 

generation model. The polishing strategies used for generating the designed surface pattern are shown 

in Table 5, while the surface generation model has been purposely built and programmed by using 

MATLAB software package. Fig. 8 shows a comparison between the measured and simulated results in 

the pattern test. It is found that the simulated surface pattern by the surface generation model agree well  

with that for the experimental results. This further validates that the surface generation model can help 

to explain and predict the relative and cumulative polishing process and the linearly cumulative effect 

of dwell time together with the constant material removal rate under the identical polishing condition in 

surface generation of bonnet polishing .  

Table 5 Parameters for generating surface pattern 

Workpiece Material Steel (S136) Polishing mode Raster 

Surface feed 20 mm/min Polishing cloth LP-66 

Polishing spacing 1 mm Head speed 1200 rpm 

Polishing depth 0.2 mm Precess angle 15° 

Tool pressure 1.2 bar Slurry concentration 1:12 

Tool radius 20 mm Particle property 3.22 µm (Al2O3) 

 



 

 

  

(a) Experimental data                        (b) Predicted data 

Fig. 8 Comparison between the measured and simulated results of the pattern test 

 

To further verify the effectiveness of the surface generation model, a least-square-based surface 

matching method is used to evaluate the deviation of the measured surface from the corresponding 

simulated surface [38]. Due to the misalignment between the coordinate frames of the coordinate 

frames of the measured surface and the simulated surface, the surface matching is required to search for 

an optimal Euclidean motion for the measured surface so that it is well aligned with the simulated 

surface as close as possible. After that, the deviation of the simulated surface and the measured surface 

is considered to be the prediction error of the proposed model as shown in Fig. 9. It is turned out that 

the peak-to-valley value (PV) of the prediction error is 0.4231 μm and the root-mean-squared value 

(RMS) is 64.8 nm. The result reveals that the surface generation model can be successfully used for 

predicting and better explaining the surface generation in bonnet polishing. This further validates the 

technical feasibility and effectiveness of the surface generation model in bonnet polishing. 

 

 
Fig. 9 Evaluated prediction error of the testing pattern for bonnet polishing 

4. Conclusions 

This paper presents a theoretical and experimental investigation which attempts to gain a better 

scientific understanding of the material removal characteristics and surface generation mechanisms in 

bonnet polishing. The major findings are summarized as follows: 

(i) Material removal and surface generation mechanisms were studied through a series of polishing 

experiments. Although the material removal is shared by the abrasive particles and the pad asperities in 

the designed experiments, the abrasive wear occurred in bonnet polishing is dominated significantly by 



 

 

plastic removal mode of abrasive particles, while the material removal caused by the polishing pad 

should be mitigated in order to obtain super mirror finished surfaces without pad scratches. 

Experimental results also reveal that the surface generation of bonnet polishing is a linearly cumulative 

effect of dwell time together with the constant material removal rate for the identical polishing 

condition.  

(ii) Hence, a multi-scale material removal model is built for predicting and characterizing the materials 

removal characteristics in bonnet polishing based on the study of contact mechanics, kinematics theory 

and abrasive wear mechanism. It reveals that both of the polishing depth (the down force) and 

rotational speed have significant effects on the pressure distribution in the polishing area, and hence 

this can explain the asymmetry of the material removal characteristics in X-cross-section and 

Y-cross-section. It is also found that the X-Z width of the polished spot is larger than the Y-Z width. A 

surface generation model is also built to take account of the relative and cumulative removal process 

together with the predicted material removal characteristics. 

(iii) A series of spot and pattern polishing tests as well as simulation experiments were conducted. 

The results show that the theoretical model predicts well for the amount of material removal which not 

only increases with increasing precess angle and tool offset, but also depends linearly on the head 

speed and slurry concentration. Through the experimental study and theoretical analysis by the surface 

generation model, it is also found that a relative and cumulative process is proven to be a key surface 

generation mechanism in bonnet polishing.  
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