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ABSTRACT 
 

The increasing demand on mass production of high precision parts, has pushed the precision 
manufacturing industry to develop reliable precision finishing processes such as Bonnet polishing to 
address market requirements. Indeed, the nature of the surface to be polished plays an important 
role in the design of a possible polishing machine. A gap within the research in polishing for precision 
industry needs has been identified. Small parts with < 50 mm x 50 mm and possible freeform 
curvature containing small slopes cannot be polished with available bonnet polishing (BP) processes 
on market. This is caused by the tool head size and the tool holder being bigger than part curvature 
or the part itself. Although, the BP process has a huge potential for surface roughness improvement 
and form accuracy, it is generally seen in industry as an expensive solution for a non-deterministic 
finishing process. Therefore, this project has sought to develop a BP machine to cover the gap with 
an innovative and inexpensive design.  

In order to develop a machine which responded to the market expectations all possible requirements 
were listed from a customer point of view. Based on the requirement, a machine concept was 
produced. Market analysis helped to identify sub-systems of the machine. FEA analysis of the design 
was performed to check for stress distribution and displacement due to its own mass. Additional 
assembly parts are designed and a prototype of the machine was produced.  

The designed machine is tested for its ability as precision polishing machine. Flat surfaces of P20 
tool steel were targets for polishing to nanometric surface finishes. Empirical experiments helped to 
identify parameters which influenced the surface roughness. Taguchi method were then used to 
optimise the parameters for better surface roughness. Optimum parameters conditions helped to 
reach less than 10 nm Ra systematically and repeatedly. The samples were also polished using re-
circulating slurry techniques, and the obtained results were discussed.     

Further, pre polishing, Grolishing processes capable of improving surface roughness from ground 
finish to mirror like finish were developed for cost effective manufacturing procedures. The material 
removal was analysed to identify parameters capable of improving surface roughness over a step 
grolishing process. Two grolishing procedures were developed. Both processes produced 
nanometric range surface finishes. Other variations in results were compared and discussed.  

Although, machine axis has the ability to produce freeform movement, tool holders need to be 
improved to facilitate the identification of the distance between tool origin and workpiece origin. 
Therefore, a new spindle holder assembly is produced to hold the tool and an optical measurement 
device DRI used to evaluate accurately the distance separating the tool-workpiece origin and further 
align the workpiece inclination with respect to the machine axis. A CAD-CAM package is also 
developed to generate programme capable of performing freeform curvature.    

 

 

 

 



4 
 

ACKNOWLEDGEMENT 
 

First and foremost, I would like to express my deepest gratitude to the almighty, creator and sustainer 
of all things. The one who gave me ease with difficulties and happiness with hardship. Then I would 
like to thank my Director of studies Professor Liam A Blunt for his guidance and continuous support 
throughout this project. His experience and his ability to put himself in the place of the student to 
provide constructive comments were valuable for the completion of this project. I have learned a lot 
from his engineering and personal skills that I will practice throughout my career.  

I am also thankful to the Engineering and Physical Sciences Research Council (EPSRC) for funding 
this PhD project and The University of Huddersfield for providing necessary Machines and 
Equipment. I would like to thank Physikinstrumente and Nakanishi for providing their equipment at 
discount priced for research purposes.  

I would like to sincerely thank all technicians from machining and metrology group for their work in 
realising the concept a physical machine, and also thank all senior staff for their friendly advice and 
encouragement. Then I would like to thanks fellow research students for their helps, support and 
fruitful talks which helped me to break the difficult problems faced during my research.    

I would like to thanks my parents for their moral support and kind words. My lovely wife who inspired 
me and gave me willingness for higher education. I am also thankful to her for understanding our 
situation and being always positive wi�W�K���G�L�I�I�L�F�X�O�W�L�H�V�����D�Q�G���P�\���F�K�L�O�G�U�H�Q�¶�V���I�R�U���I�X�H�O�O�L�Q�J���P�H���Z�L�W�K���O�R�Y�H���D�Q�G��
joy. Last but not least, I would like to thanks Penny Rhodes for proof reading my thesis.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



5 
 

TABLE OF CONTENTS 
 

COPYRIGHT STATEMENT ............................................................................................................ 2 

ABSTRACT ..................................................................................................................................... 3 

ACKNOWLEDGEMENT .................................................................................................................. 4 

TABLE OF CONTENTS .................................................................................................................. 5 

LIST OF FIGURES ......................................................................................................................... 9 

LIST OF TABLES .......................................................................................................................... 13 

PUBLICATION LIST ..................................................................................................................... 14 

ABBREVIATIONS ......................................................................................................................... 15 

1. Introduction ............................................................................................................................ 18 

1.1 Research Background .................................................................................................... 18 

1.2 Aims and Objectives ....................................................................................................... 19 

1.2.1 Aims ........................................................................................................................ 19 

1.2.2 Objectives ................................................................................................................ 20 

1.3 Structure of the Thesis .................................................................................................... 20 

1.4 Summary of contributions ............................................................................................... 21 

2 Applications which can benefit from Bonnet polishing process ............................................... 22 

2.1 Orthopedic Implants ........................................................................................................ 22 

2.1.1 History and Statistics of Orthopedic Implants ........................................................... 22 

2.1.2 Knee implant replacement ....................................................................................... 23 

2.2 Evolution of Optical lenses design .................................................................................. 26 

2.2.1 History of Optical lenses .......................................................................................... 26 

2.2.2 Modern lenses design and applications ................................................................... 29 

2.3 Precision Injection moulding ........................................................................................... 36 

2.4 Summary ........................................................................................................................ 37 

3 Review of precision finishing processes available on the market ........................................... 40 

3.1 Hand finishing process .................................................................................................... 40 

3.1.1 Sanding Paper ......................................................................................................... 42 

3.1.2 Polishing stone ........................................................................................................ 43 

3.1.3 Hand rotary spindle and tools .................................................................................. 43 

3.2 Machining methods ......................................................................................................... 44 

3.3 Magnetorheological finishing ........................................................................................... 45 

3.4 Bonnet polishing and grolishing process ......................................................................... 47 

3.5 Technology integrated within IRP machines ................................................................... 49 

3.5.1 Precession Process ................................................................................................. 49 



6 
 

3.5.2 Dwell time ................................................................................................................ 50 

3.5.3 Tool path.................................................................................................................. 50 

3.5.4 Edge control ............................................................................................................ 51 

3.6 Polishing processes available on IRP machines ............................................................. 51 

3.6.1 Zeeko-Classic .......................................................................................................... 51 

3.6.2 Zeeko Grolish (fixed and loose abrasives) ............................................................... 54 

3.6.3 Fluid Jet polishing .................................................................................................... 55 

3.7 Polishing consumables ................................................................................................... 56 

3.7.1 Polishing cloth / pad ................................................................................................. 56 

3.7.2 Polishing abrasives .................................................................................................. 59 

3.8 Summary ........................................................................................................................ 60 

4 Prototyped Machine design methodology .............................................................................. 63 

4.1 Introduction ..................................................................................................................... 63 

4.2 Principle sub-systems task definition .............................................................................. 63 

4.2.1 The Polishing machine ............................................................................................. 64 

4.2.2 Polishing tools ......................................................................................................... 64 

4.2.3 Multi-axis movement system .................................................................................... 65 

4.2.4 Polishing spindle ...................................................................................................... 65 

4.2.5 Machine structure frame .......................................................................................... 66 

4.2.6 Slurry system ........................................................................................................... 66 

4.2.7 Additional parts ........................................................................................................ 67 

4.3 Conceptual and layout design process ........................................................................... 67 

4.3.1 Conceptual Design process ..................................................................................... 67 

4.3.2 Multi-axis movement system Layout design ............................................................. 72 

4.3.3 Spindle Layout design.............................................................................................. 75 

4.3.4 Polishing tool Layout design .................................................................................... 76 

4.3.5 Machine frame layout design ................................................................................... 77 

4.3.6 Slurry pump layout design ....................................................................................... 78 

4.4 Detailed design and analysis .......................................................................................... 78 

4.4.1 Hexapod H-840.D12 detail design ........................................................................... 78 

4.4.2 Machine Spindle Detail design ................................................................................. 82 

4.4.3 Tool detail design ..................................................................................................... 84 

4.4.4 Machine frame detail design .................................................................................... 89 

4.4.5 Slurry pump detail design ........................................................................................ 92 

4.4.6 Additional parts task definition to detail design ......................................................... 94 

4.4.7 Overall machine assembly ..................................................................................... 100 



7 
 

4.5 Summary ...................................................................................................................... 101 

5 Precision polishing process development on the Hexapod polisher ..................................... 103 

5.1 Introduction ................................................................................................................... 103 

5.2 Polishing preparation .................................................................................................... 104 

5.2.1 Polishing program on GSC command .................................................................... 104 

5.2.2 Workpiece holder ................................................................................................... 105 

5.3 Hexapod �± workpiece alignment ................................................................................... 106 

5.3.1 Center alignment ................................................................................................... 106 

5.3.2 Contact and parallelism ......................................................................................... 107 

5.4 Empirical experiment .................................................................................................... 107 

5.5 Taguchi experimental procedure ................................................................................... 109 

5.5.1 Experimental design .............................................................................................. 109 

5.5.2 Experimental Results and Analysis ........................................................................ 110 

5.6 Polishing with re-circulating slurry ................................................................................. 115 

5.6.1 Workpiece holder for re-circulating slurry process .................................................. 115 

5.6.2 Kistler load cell contact detection ........................................................................... 118 

5.6.3 Re-circulating polishing experiment ....................................................................... 119 

5.7 Summary ...................................................................................................................... 121 

6 Development of grolishing process for P20 tool steel ........................................................... 123 

6.1 Introduction ................................................................................................................... 123 

6.2 Grolishing experiments preparation .............................................................................. 125 

6.2.1 Grolishing cloth and abrasive selections ................................................................ 126 

6.2.2 Tool �± Workpiece contact area (Spot size) ............................................................. 129 

6.2.3 Grolishing trials ...................................................................................................... 132 

6.3 Grolishing Experiment ................................................................................................... 135 

6.3.1 Four step grolishing process .................................................................................. 137 

6.3.2 Seven step grolishing experiment and results analysis .......................................... 144 

6.3.3 Multi-scale Wavelet analysis .................................................................................. 147 

6.4 Summary ...................................................................................................................... 152 

7 OVERALL DISCUSSION ..................................................................................................... 155 

7.1 Machine design methodology ....................................................................................... 155 

7.2 Polishing process development on Hexapod polisher ................................................... 156 

7.3 Development of grolishing process for P20 tool steel .................................................... 157 

8 CONCLUSION AND FUTURE WORK ................................................................................. 160 

8.1 Conclusion .................................................................................................................... 160 

8.2 Future Work Programme .............................................................................................. 161 



8 
 

8.2.1 Tool path programming .......................................................................................... 161 

8.2.2 Tool �± workpiece relative distance ......................................................................... 163 

8.2.3 Future Work ........................................................................................................... 174 

REFERENCES ........................................................................................................................... 175 

APPENDIX.................................................................................................................................. 185 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



9 
 

LIST OF FIGURES 
 

Figure 1-1:   Orthopedical knee joint: showing problem area where the polishing tool could not 
reach [5] ........................................................................................................................................ 18 
Figure 2-1:   Schematic of Knee Osteoarthritis [20] ....................................................................... 22 
Figure 2-2:   Orthopedical implants, surgical procedures data in England and Wales by December 
2017 [32] ....................................................................................................................................... 23 
Figure 2-3:   Knee implants system [46] ........................................................................................ 24 
Figure 2-4:   Schematic figure showing conforming medial and looser lateral knee kinematics [44]
 ..................................................................................................................................................... 25 
Figure 2-5:   Replica of Eye Spectacles model of 14th Century [63] .............................................. 27 
Figure 2-6:   Galilean Telescope 1609 (left) [64] and Galilean Microscope 1625 (right) [65] .......... 27 
Figure 2-7:   Chevalier Achromat Landscape (1839). Schematic design of lenses (left) and first 
�F�R�P�P�H�U�F�L�D�O�L�V�H�G���P�R�G�H�O���³�'�D�J�X�H�U�U�H�R�W�\�S�H�´�����U�L�J�K�W�����>�����@ ....................................................................... 28 
Figure 2-8:   Double Gauss schematic design, Canon lenses (1988) [68] ..................................... 29 
Figure 2-9:   Concave and convex lenses design and their working principles [69] ....................... 30 
Figure 2-10:   Canon lens design: using spherical lenses (top), using aspherical lenses (bottom) 
[70] ............................................................................................................................................... 31 
Figure 2-11:   Schematic layout of projection system (left), model of odd polynomial mirror surface 
(right) [77] ..................................................................................................................................... 33 
Figure 2-12:   Off-axis Reflective system using freeform mirrors [91] ............................................ 33 
Figure 2-13:   Progressive lens zones [107] .................................................................................. 35 
Figure 2-14:   Schematic design of asymmetric grinding machine for early progressive lenses [108]
 ..................................................................................................................................................... 35 
Figure 2-15:   Freeform design of Progressive lenses [114] .......................................................... 36 
Figure 2-16:   Manufactured freeform mold tool [118] .................................................................... 37 
Figure 3-1:   SPI standard finishes [127] ....................................................................................... 41 
Figure 3-2:   Sandpaper [130]  ....................................................................................................... 42 
Figure 3-3:   DS-aluminum oxide fine grit stone kit used to break sharp edges and used on rough 
surfaces [135] ............................................................................................................................... 43 
Figure 3-4:   Emax EVOlution hand rotary spindle [138] ................................................................ 44 
Figure 3-5:   CAD design of a FTS system integrated on a diamond turning machine [141] .......... 45 
Figure 3-6:   Schematic design of MRF working principles [157] ................................................... 46 
Figure 3-7:   Distribution of magnetic particles: without magnetic field (a), with magnetic field (b), 
with CPIs and NMAPs (c) [157]  .................................................................................................... 46 
Figure 3-8:   IRP 200 machine axes orientation [15] ...................................................................... 48 
Figure 3-9:   IRP Machines available on market starting from IRP50 to IRP1600 [166] ................. 48 
Figure 3-10:   Polishing material removal profile: Non-Precession process (left), Precession 
process (right) [5] .......................................................................................................................... 49 
Figure 3-11:   Polishing surface texture: Non-Precession process (left), Precession process (right) 
[168]  ............................................................................................................................................. 50 
Figure 3-12:   Tool path modes (from left to right): Raster [6], Spiral [6], Random [5], Pseudo 
random [174]  ................................................................................................................................ 51 
Figure 3-13 :   BP process schematic design [15] ......................................................................... 52 
Figure 3-14:   Two-body and Three-body material removal mechanism [186] ............................... 53 
Figure 3-15:   Pictures showing the pad/cloth used for grolishing process experiments performed 
by Walker et al. [190] .................................................................................................................... 55 



10 
 

Figure 3-16:   FJP process performed on a IRP 200 [184] ............................................................ 56 
Figure 3-17:   Buehler polishing cloth guide, design based on workpiece material, chemical 
reactions and categorised into surface roughness condition of samples [201] .............................. 58 
Figure 3-18:   Fixed abrasive cloth wear process and self-sharpening [5] ..................................... 59 
Figure 3-19:   Polishing paste (left) and polishing slurry (right) [203]  ............................................. 59 
Figure 3-20:   Diamond abrasives shape (top), Diamond abrasives MRR (bottom) [201]  .............. 60 
Figure 4-1:   Design methodology followed for the development of the polishing machine ............ 63 
Figure 4-2:   Conceptual design 1, with vertical machine alignment containing all sub-systems with 
their approximate dimensions ....................................................................................................... 69 
Figure 4-3:   Conceptual design 2, with vertical machine alignment. ............................................. 70 
Figure 4-4:   Conceptual design 3, with vertical machine alignment. The multi-axis movement 
system holds the workpiece. ......................................................................................................... 71 
Figure 4-5:   HXE100-MECA hexapod from Newport [211] ........................................................... 73 
Figure 4-6:   Hexapod BREVA from Symetrie [212] ....................................................................... 74 
Figure 4-7:   Hexapod H-840.D12 from PhysikInstrument [213] .................................................... 75 
Figure 4-8:   Aluminium extrusion profile picture (left) [214], and CAD designed aluminium 
extrusion (right) ............................................................................................................................. 78 
Figure 4-9:   Grid lines showing available hexapod workspace volume; in YZ axis (left) and XZ axis 
(right). Overall: X, Y 100mm and Z 50mm (Colours used only for visual aspect of work volume 
purposes). ..................................................................................................................................... 79 
Figure 4-10:   50mm diameter sphere size sample can be reached with available workspace 
volume. ......................................................................................................................................... 79 
Figure 4-11:   Workspace available with 5o angle on hexapod. Workspace volume of X, Y 84 mm 
and Z 20 mm, 18 mm diameter sphere sample can be reached inside. ......................................... 80 
Figure 4-12:   Square plate of 65 mm2 with 5 mm thickness can be reached inside the workspace 
volume of  X, Y 84 mm and Z 20 mm. ........................................................................................... 80 
Figure 4-13:   Hexapod H840.D2 technical Drawing [213] ............................................................. 81 
Figure 4-14:   Picture of brushless motor spindle EMR-3008K and its technical characteristics 
[138]. ............................................................................................................................................. 83 
Figure 4-15:   E3000 Series spindle controller [138]. ..................................................................... 84 
Figure 4-16:   Machine frame FEA initial conditions ...................................................................... 90 
Figure 4-17:   Machine frame Von Mises stress ............................................................................ 91 
Figure 4-18:   Machine frame displacement analysis ..................................................................... 91 
Figure 4-19:   Impeller cover CAD Design assembly process ........................................................ 93 
Figure 4-20:   3D printed pump cover on left and slurry tank on the right ...................................... 94 
Figure 4-21:   Polishing machine base table (left: CAD model and right: Actual table) .................. 95 
Figure 4-22:   Workpiece holding unit ............................................................................................ 96 
Figure 4-23:   Base cover tray ....................................................................................................... 96 
Figure 4-24:   Hexapod holding disc .............................................................................................. 97 
Figure 4-25:   Spindle assembly plate ........................................................................................... 98 
Figure 4-26:   Slit bush .................................................................................................................. 98 
Figure 4-27:   Spindle holder ......................................................................................................... 99 
Figure 4-28:   Assembly of the spindle holder ............................................................................... 99 
Figure 4-29:   Assembly design and prototype of the polishing machine ..................................... 101 
Figure 5-1:   Polishing program GSC commands  a) Raster tool path (Top left)  b) Programmed 
path on excel (Top right)  c) Generated program (Bottom) .......................................................... 105 
Figure 5-2:   Three point chuck for holding workpiece ................................................................. 106 



11 
 

Figure 5-3:   Hexapod - Workpiece center alignment( Left �± Alignment assembly (a) ; Middle �± 
Aligned position (b) ; Right �± PI Software input (c)) ..................................................................... 107 
Figure 5-4:  Optical image of the periodic scratch marks on polished surface ............................. 109 
Figure 5-5:  The effect of S/N ratio on level of parameters .......................................................... 112 
Figure 5-6:   3D surface topography of before and after Taguchi test polishing ........................... 115 
Figure 5-7:   Slurry flow working principles .................................................................................. 118 
Figure 5-8:   Tool-workpiece contact detection with 0.1 N force detected at time 15 seconds ..... 119 
Figure 5-9:   Ultra - precision ground surface .............................................................................. 120 
Figure 5-10:  1 µm diamond paste polished surface .................................................................... 120 
Figure 5-11:   0.25 µm re-circulating slurry polished surface ....................................................... 121 
Figure 6-1:   Magnified image of Nickel plated Diamond cloth; (a) Best case with clean and sharp 
diamond abrasives after first run, (b) Worst case with damaged abrasives due to chemical 
reactions [4] ................................................................................................................................ 124 
Figure 6-2:   P20 tool steel ground finish showing rough surface finish left from manual grinding 
machine. ..................................................................................................................................... 126 
Figure 6-3:   Buehler polishing cloths guidelines based on workpiece material and initial surface 
roughness condition [224] ........................................................................................................... 127 
Figure 6-4:   Grolishing pads chosen for experiment : Coarse Surface roughness (left) Intermediate 
surface roughness (right) [224] ................................................................................................... 127 
Figure 6-5:   Spot size calculation diagram.................................................................................. 129 
Figure 6-6:   Offset measurements on Dino microscope.............................................................. 130 
Figure 6-7:   The change in theoretical and experimental spot size with respect to tool offset. .... 131 
Figure 6-8:   Force (N) obtained from tool offset (mm .................................................................. 131 
Figure 6-9:   Line grolishing results on PGI, showing the depth and width of removal for different 
offsets ......................................................................................................................................... 132 
Figure 6-10:   Grolishing test with 0.5 mm step movement (left) and 0.25 mm step movement (right)
 ................................................................................................................................................... 133 
Figure 6-11:   Material removal profile of 0.5 mm step grolishing test .......................................... 133 
Figure 6-12:   Material removal profile of 0.25 mm step grolishing test ........................................ 134 
Figure 6-13:   UltrapadTM before and after grolishing process ...................................................... 135 
Figure 6-14:   Buehler polishing guidelines on selecting polishing cloth and abrasives [224] ....... 135 
Figure 6-15:   Test equation (top); amplitude in frequency domain (bottom left) and equation profile 
(bottom right) .............................................................................................................................. 136 
Figure 6-16:   Four step grolishing step 0 surface topography ..................................................... 137 
Figure 6-17:    Four step grolishing step 0, amplitude in frequency domain (left) and surface profile 
(right) .......................................................................................................................................... 137 
Figure 6-18:   Four step grolishing step 1 surface topography. .................................................... 138 
Figure 6-19:   Four step grolishing step 1, Amplitude in frequency domain (left) and surface profile 
(right) .......................................................................................................................................... 138 
Figure 6-20:   Four step grolishing step 2 surface topography ..................................................... 139 
Figure 6-21:   Four step grolishing step 2, Amplitude in frequency domain (left) and surface profile 
(right) .......................................................................................................................................... 139 
Figure 6-22:   Four step grolishing step 3 surface topography ..................................................... 140 
Figure 6-23:   Four step grolishing step 3, Amplitude in frequency domain (left) and surface profile 
(right) .......................................................................................................................................... 140 
Figure 6-24:   Four step grolishing step 4 surface topography ..................................................... 141 
Figure 6-25:   Four step grolishing step 4, Amplitude in frequency domain (left) and surface profile 
(right) .......................................................................................................................................... 141 



12 
 

Figure 6-26:   Four step grolished sample ................................................................................... 143 
Figure 6-27:   Visible grinding marks after four step grolishing .................................................... 144 
Figure 6-28:   Seven step grolishing, step 2 surface topography ................................................. 146 
Figure 6-29:   Grolished surface topography: Four step (left) & Seven step (right) ...................... 147 
Figure 6-30:   Multi-scale wavelet analysis: Partial results from four step grolishing process 
exposing tool path imprint on the workpiece studied at four levels of wavelet ranges .................. 148 
Figure 6-31:   Sal parameter analysis from four step grolishing results showing the trend of tool 
path imprint on workpiece ........................................................................................................... 149 
Figure 6-32:   Multi-scale wavelet analysis: Partial results from seven step grolishing process 
exposing tool path imprint on the workpiece studied at four levels of wavelet ranges .................. 150 
Figure 6-33:   Sal parameter analysis from seven step grolishing results showing the trend of tool 
path imprint on workpiece ........................................................................................................... 151 
Figure 6-34:   Amplitude in frequency domain 15 mm profile: four step grolishing (top) & seven step 
grolishing (bottom) ...................................................................................................................... 154 
Figure 8-1:   Workpiece sample with freeform curvature ............................................................. 162 
Figure 8-2:   Raster polishing tool path for potential freeform polish ............................................ 162 
Figure 8-3:   GCS program generated by VisualCAM 2017 ......................................................... 163 
Figure 8-4:   Initial tool holder design .......................................................................................... 164 
Figure 8-5:   Keyence laser sensor mounted on the hexapod ..................................................... 165 
Figure 8-6:   Spindle holder Technical drawing ........................................................................... 169 
Figure 8-7:   DRI holder technical drawing .................................................................................. 170 
Figure 8-8:   L bracket technical drawing ..................................................................................... 171 
Figure 8-9:   Rubber bonnet holder technical drawing ................................................................. 172 
Figure 8-10:   Assembly of the spindle tool holder ....................................................................... 173 
Figure 8-11:   DRI slope measurement data ................................................................................ 174 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



13 
 

LIST OF TABLES 
 

Table 3-1:   SPI-SPE finishes designation ..................................................................................... 40 
Table 3-2:   SPI finish designation and preparation guidelines. ..................................................... 41 
Table 3-3:   Characteristics of polyurethane polishing pads .......................................................... 57 
Table 4-1:   Hexapod model compatibility comparison .................................................................. 73 
Table 4-2:   Spindle Models .......................................................................................................... 75 
Table 4-3:   Comparison of spindle specification ........................................................................... 76 
Table 4-4:   Polishing tool manufacturing process ......................................................................... 85 
Table 5-1:   Empirical experiment results .................................................................................... 108 
Table 5-2:   P20 material chemical composition .......................................................................... 109 
Table 5-3:   Taguchi experiment fixed parameters ...................................................................... 110 
Table 5-4:   Design matrix for L9 (34) .......................................................................................... 110 
Table 5-5:   Taguchi experimental results ................................................................................... 111 
Table 5-6:   S/N ratio response table ........................................................................................... 111 
Table 5-7:   ANOVA .................................................................................................................... 113 
Table 5-8:  Taguchi optimum polishing conditions ....................................................................... 114 
Table 5-9:   Confirmation test results........................................................................................... 114 
Table 5-10:   Design of workpiece holder for re-circulating slurry. ............................................... 116 
Table 5-11:   Force sensor calibration ......................................................................................... 119 
Table 6-1:   Four step grolishing parameters & results (step 0) ................................................... 137 
Table 6-2:   Four step grolishing parameters & results (step 1) ................................................... 138 
Table 6-3:   Four step grolishing parameters & results (step 2) ................................................... 139 
Table 6-4:   Four step grolishing parameters & results (step 3) ................................................... 140 
Table 6-5:   Four step grolishing parameters & results (step 4) ................................................... 141 
Table 6-6:   Surface waviness ground surface (top) & 4 step grolished (bottom) ......................... 143 
Table 6-7:   Seven step grolishing parameters ............................................................................ 145 
Table 6-8:   Surface waviness ground surface (top) & Seven step grolished (bottom) ................. 147 
Table 8-1:   New spindle holder design and working principles ................................................... 166 

 

 

 

 

 

 

 

 

 

 



14 
 

PUBLICATION LIST 
 

1. Mohamed, Z., Blunt, L., Young, C., Tong, Z., & Li, D. (2017). Development of precision 
polishing machine based on a hexapod. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



15 
 

ABBREVIATIONS 
 

ANOVA   Analysis of variance 

BP    Bonnet polishing 

C    Carbon 

CAD    Computer aided design 

CCI    Coherence correlation interferometry 

CD1    Conceptual design 1 

CDC    Centres for Disease Control and Prevention 

CIPs    Carbonyl iron particles 

CMA    Computer-aided manufacturing 

CMM    Coordinate measuring machine 

CNC    Computer numerical control 

COC    Cyclo olefin copolymer 

COP    Cyclo olefin polymer 

Cr    Chromium 

CRT    Cathode ray tubes 

DLP    Digital light processing 

DMD    Digital micro-mirror device 

DME    Detroit Mold Engineering 

DOE    Design of experiment 

DRI    Dispersed reference interferometry 

FCC    Field curvature correction 

FEA    Finite element analysis 

FJP    Fluid jet polishing 

FJP    Fluid jet polishing 

FTS    Fast tool servo 

GCS    General Command Set 

HMC    Horizontal machining centre 



16 
 

IR    Infrared 

IRMOS   Infrared Multi-Object Spectrograph 

IRP    Intelligent Robotic Polishers  

LEDs    Light emitting diodes 

LFTS    Long stroke fast tool servo 

Mn    Manganese 

Mo    Molybdenum 

MR    Magnetorheological 

MRF    Magnetorheological finishing 

MRR    Material removal rate 

MSF    Mid-Spacial frequency 

NJR    National Joint Registry 

NMAPs   Non-magnetic abrasive particles 

OA    Osteoarthritis 

OA    Orthogonal array 

PALs    Progressive addition lenses 

PC    Polycarbonate 

PGI    Phase grating interferometer 

PI    Physik Instrument 

PLC    Programmable logic control 

PMMA   Polymethylmethacrylate 

PS    Polystyrol 

PV    Peak to Valley 

Ra    Roughness average 

RMS    Root-mean-square 

RPM    Rounds per minute 

RSM    Response surface methodology 

Sa    Arithmetic mean of the absolute value of the height 

Si    Silicon 



17 
 

SiC    Silicon carbide 

SPE    Society of Plastics Engineers 

SPI    Society of the Plastics Industry 

Spk    Reduced peak height 

STS    Slow tool servo 

Sz    Maximum height of the topographic surface 

TKR    Total knee replacement 

UHMWPE   Ultra-high molecular weight polyethylene 

UPFP    Ultra-precision freeform polishing 

UPM    Ultra-precision machining processes 

VMC    Vertical machining centre 

WC    Tungsten carbide 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



18 
 

1. Introduction  
 

1.1 Research Background 
 

In the process of manufacturing precision mechanical components, the final finishing operations are 
always the most critical, least controllable and often the most expensive in terms of material removal. 
Due to tight tolerances the probability to be out of specification is high. At the same time the demand 
for mass production of high precision parts is constantly increasing. Industries such as medical, 
optical and the plastic injection moulding sector requires challenging finishing within ten nanometres 
surface roughness and around ten microns form accuracy [1, 2]. Indeed, the product lifespan and 
performance are improved with the increase of its precision. New machines and processes such as 
precision polishing, grinding, diamond turning and micro milling have been developed to produce 
precision parts and meet the market requirements. 

As an exemplar, in medical industry, prosthetics devices such as knee joints are used to help patients 
�V�X�I�I�H�U�L�Q�J���I�U�R�P���R�V�W�H�R�D�U�W�K�U�L�W�L�V�����7�K�H���G�H�Y�L�F�H�V���K�H�O�S���W�R���L�P�S�U�R�Y�H���S�D�W�L�H�Q�W�¶�V���T�X�D�O�L�W�\���R�I���O�L�I�H���E�\���U�H�G�X�F�L�Q�J���W�K�H���S�D�L�Q��
and restoring their mobility. The bearing surfaces requires precision freeform surfaces which are 
obtained through precision manufacturing. The wear of these prosthetics causes premature failure, 
and it is found that the surface finish and form accuracy are key to improve failure rates [3, 4]. 
Precision polishing using IRP200 from Zeeko for example, can be performed as final finishing 
process to reduce form error and improve surface roughness, hence increasing reliability [5, 6]. 
Developed methods have the ability to reach in surface roughness and form, well below the 
recommended value of ISO 7206-2:2011 for metallic bearing surface of artificial implants [1]. 
However, the polishing machine tool head is bulky and cannot reach middle region of the freeform 
femoral implant component (figure 1-1). Additionally, the cost related to the machine and the process 
has made the solution not feasible for many manufacturers.  

 
Figure 1-1:   Orthopedical knee joint: showing problem area where the polishing tool could not 

reach [5] 
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In optics industry, freeform design of optical elements has enhanced the performance of optical 
systems to its maximum extent. The benefits are as diverse as increased field of view, reduced 
number of lenses on a system, expanded field of view, simultaneous correcting aberrations, 
increased depth of field and so on [7, 8]. The manufacturing of these surfaces can be obtained 
through ultra-precision cutting, grinding and polishing processes. Materials such as, zinc selenide, 
zinc sulphide, germanium and polymers such as polystyrene, polycarbonates are ideal for diamond 
machining thanks to their material properties being compatible with ductile mode material removal. 
On the other hand, harder and brittle materials such as Glass used in optical application or P20 tool 
steel used on mould inserts, causes rapid wear of diamond tools. In this case ultra-precision grinding, 
grolishing and polishing are vital for the fabrication of moulds and glass optics [9, 10].  

In the last two decades, ultra-precision manufacturing machines have been developed to meet 
industrial requirements for high precision components [11]. Precision cutting, grinding and polishing 
machines are available on the market for reaching the desired quality. However, cost associated 
with the fabrication restrain manufacturers and end users from truly benefiting from the initial design 
expectation. Indeed, for the process chain of manufacturing orthopedic knee prostheses, the final 
finish is performed on an Acme manufacturing robotic cell which offers cost effective lapping process 
[5]. Similarly, manufacturing of complex shapes made out of hard and brittle material is performed 
through deterministic fabrication methods which leaves pre-final phase machining marks, considered 
as mid spacial frequency errors. This weakens the designed performance of the optical element for 
example [12, 13].  

Although, non-deterministic fabrication can remove mid spacial frequency errors, it is only benefitting 
a small number of applications where the removal of MSF errors is crucial such as lenses for space 
telescopes [14]. Indeed, non-deterministic fabrication is time consuming, expensive and requires 
more than one process to reach desired quality (i.e. bonnet and fluid jet polishing), depending on 
surface topography. Fluid jet polishing is used to overcome the accessibility issue discussed above. 
It has ability to improve surface roughness and reduce the scratch marks on the surface, but it tends 
to leave trace of tool path marks which can only be removed through a contact polishing [5, 13, 15].  

The bonnet polishing process developed by Walker [16], has the ability to polish, grolish and provide 
form corrections. Large amounts of research have been conducted using the process which has 
shown its maturity and efficiency. However, the cost of the Intelligent Robotic Polishers (IRP) and 
processes are expensive and time consuming which refrains some industry from investing in this 
valuable process. Further, bulky tool heads cause accessibility issues which prevent bonnet 
polishing reaching its full potential. Therefore, a polishing machine using bonnet polishing process 
designed and manufactured to overcome issues these would be a clear advantage. 

 

1.2 Aims and Objectives 
 

1.2.1 Aims 
 

The ultimate aim of this project is to design and manufacture a low cost freeform polishing machine 
capable of performing bonnet polishing on moulds and glass lenses to the size of around Ø60 mm. 
The developed machine will be evaluated on its ability to obtain the finest surface roughness on P20 
tool steel. Cost effective grolishing processes capable of improving surface roughness from 
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machined finish to reach smooth surface will also be developed. All necessary work to perform 
polishing on surfaces other than flat will be implemented on the machine. Finally, machine capability 
as a low cost polishing machine will be discussed.  

 

1.2.2 Objectives 
 

The specific objectives to meet the aim are given below:  

�x Develop a concept design of a low cost freeform polishing machine developed to meet 
medical and low cost optics industry requirements.  

�x Integrate appropriate off the shelf sub-systems in the machine design. 
�x Assemble the prototype of the machine, where the form accuracy needs to be within ± 5 

microns and polishing volume should cover Ø60 mm with 10 mm height. 
�x The machine should be capable of reaching below ten nanometres Ra/Sa surface roughness. 

The variation of process parameters will be studied using Taguchi approach to improve 
surface roughness.  

�x Perform re-circulating slurry polishing. 
�x Demonstrate cost effective surface roughness improvement process via grolishing processes 

developed to tackle rough surfaces such as just machined with around 0.5 µm Sa to reach 
surface roughness below 0.01 µm Sa using only the developed machine.  

�x Develop/optimise CAD/CAM software compatible to the machine motion controller, to be 
implemented for tool path generation.  

�x Developed process should be suitable on surfaces other than flat. 
 

1.3 Structure of the Thesis 
 

Chapter 1 introduces the research subject, thesis aims, objectives and the way the thesis is 
structured.  

Chapter 2 offers a literature review on applications which can benefit the freeform bonnet polishing. 
The historical background up to recent research and development of health care and optic 
application is discussed in order to underline the importance of this research work.  

Chapter 3 explores available machines and processes on market to produce precision freeform 
surfaces with pristine surface finish. It further discusses the advantages and disadvantages of those 
machines and processes in terms of cost, time and technical specifications.   

Chapter 4 discusses the machine conceptual design, followed by market analysis to identify 
appropriate sub-systems for the machine. Other machine components are designed and 
manufactured. The prototype of the polishing machine, which comply with the machine design aim 
is produced.  

Chapter 5 outline work carried out to understand the effect of machine parameter variability on 
surface roughness improvement. Polishing using paste abrasives and re-circulating slurry are 
performed and the obtained results are highlighted.  
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Chapter 6 presents the development of a grolishing process to smooth ground surfaces to mirror like 
surface finishes. Two grolishing processes are developed and tested. The results obtained are 
compared.  

Chapter 7 presents the overall discussion of the thesis findings 

Chapter 8 concludes the progress of the research work and contain an extended future work which 
briefly describes the preliminary work carried out to implement form polishing and also suggest 
immediate future work.  

 

1.4 Summary of contributions 
 

The contribution to the knowledge produced by this research work includes the following: 

(1) Design and Prototype of a low cost freeform precision polishing machine based on a 
Hexapod. 

Through literature review, a gap in research was identified. A small scale low cost precision 
polishing machine capable of producing freeform movement and accessing narrow surfaces is 
required. Bonnet polishing process were identified to have the potential to meet industrial 
requirements in terms of surface roughness and form accuracy. However, a cost effective 
machine and polishing process needed to be developed. A precision polishing machine 
performing bonnet polishing process is developed as a result of identifying a market gap. The 
designed machine having an integrated design concept, to reduce cost and time related to 
machine manufacturing was envisaged. The requirements of each sub-system were expressed 
and met to reach the global machine outcome.  This concept is considered novel. 

(2) Improvement of surface roughness on P20 tool steel. 

Surface roughness improvement on P20 tool steel material, largely used to fabricate mould 
inserts was evaluated. Empirical experiments were conducted to understand the effect of 
machine parameters on surface roughness. Results inconsistency are noticed due to fixed 
parameters variation and appropriate actions were taken to produce consistent results. Taguchi 
method were used to improve surface roughness by optimising the variability of parameters. Re-
circulating slurry polishing is also performed. The approach is a new implementation of Taguchi 
as applied to ultra-precision polishing. 

(3) Development of grolishing process on P20 tool steel. 

To reach below ten nanometres surface roughness, precision grinding before polishing is 
normally implemented. This requires precision grinding machines as an intermediate between 
CNC machining and polishing. An attempt is made using a grolishing process, to grolish rough 
surfaces such that as machined surfaces can be processed to give a mirror like finish. The aim 
of this process is to remove intermediate step, hence reduce manufacturing cost and time of 
precision components. Two grolishing process are developed and tested. Both reach below ten 
nanometres surface roughness. Grolishing at this scale on the new machine is considered novel 
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2  Applications which can benefit from Bonnet polishing process 
 

This chapter will review potential applications which are using or can benefit from the bonnet 
polishing process. Although a number of industrial sectors use bonnet polishing technologies as a 
final finishing process, in the present chapter an example of an application from the medical and 
optics industry will be reported to emphasise the importance of the new polishing machine.   

2.1 Orthopedic Implants 
 

2.1.1 History and Statistics of Orthopedic Implants 
 

Increases in the percentage of elderly people in the population has become a major concern in 
almost every country in the world. In 2017, the number of people over the age of 60 reached a record 
of 962 million. This represents 13% of the world population. The projection for 2050 and 2100 are 
respectively 2.1 and 3.2 billion people [17, 18]. The Centres for Disease Control and Prevention 
(CDC) estimate that 49.7% of adults over 65 or older have Arthritis in the form of Osteoarthritis (OA). 
OA refers to the progressive degeneration of the cartilage tissue which then for example causes 
damage to the femur and tibia bones which make up the knee joint. Figure 2-1 shows a schematic 
illustration of OA in a knee joint. The degeneration causes pain, stiffness, inflammation and also 
reduces the ability to move the joint. Indeed, OA is one of the major causes of disability of people 
over the age of 65 [19].  

 
Figure 2-1:   Schematic of Knee Osteoarthritis [20] 

 

Technological developments have allowed clinicians to replace damaged, diseased or worn 
cartilages and joints with artificial prostheses. This helps patients to reduce pain, improves mobility 
and, thus, quality of life. Artificial implants have been successfully implanted in most of the human 
body joints, such as shoulders [21], ankles [22, 23], wrists [24], spinal joints [25, 26], fingers [27, 28], 
hips and knee joints [29, 30]. The market value of orthopedic implants was $47,261 million in 2016 
and is expected to rise to $74,796 million by 2023 [31]. The National Joint Registry (NJR), has 
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recorded surgical intervention for orthopedic implants since April 2003 in England and Wales. By 
December 2017, a total number of 2,284,416 procedures had been completed. Figure 2-2 shows 
the number of surgical procedures in different categories.  

 

 
Figure 2-2:   Orthopedical implants, surgical procedures data in England and Wales by December 

2017 [32] 
    

Hip and knees joint replacements count for 98.6 % of the total number of orthopedic implants 
performed between 2003-2017 in England and Wales. They also have high revision and reoperation 
rates. In the case of hip implants, there are 97,569 revisions and 1,633 reoperations. Knee implants 
account for 60,818 revisions and 1,421 reoperations. Several reasons are reported for revisions and 
reoperations, including aseptic loosening, pain, implant wear, and infection. The main reason 
remains aseptic loosening, in both cases accounting for almost 50% of the reason for revision. The 
�W�H�U�P���µ�D�V�H�S�W�L�F���O�R�R�V�H�Q�L�Q�J�¶���U�H�I�H�U�V���W�R���W�K�H���I�D�L�O�X�U�H���R�I���W�K�H���E�R�Q�G���E�H�W�Z�H�H�Q���W�K�H���L�P�S�O�D�Q�W���D�Q�G���W�K�H���E�R�Q�H�����Z�K�L�F�K���L�V��
mainly caused by the wear debris produced from prosthetic joint articulations [33]. The particles of 
wear trigger an immune or inflammatory response called Osteolysis. This causes an excessive 
immune response the bone tissue surrounding the implants and causes osteoclast (bone resorption), 
which leads to loosening of the joint [34-36].  Aseptic loosening happens within 10 years of the 
prosthetics being implanted, resulting in premature failure and need for revision [33, 37].  

2.1.2 Knee implant replacement 
 

There are two type of knee replacement: total knee replacement (TKR) and partial knee replacement. 
TKR involves surgical intervention on both the femur and tibia bones, whereas partial knee 
replacement involves surgical intervention on one side of the two bones. Knee replacement helps 
patients suffering from severe pain in their knees (from rheumatoid arthritis, psoriatic arthritis, 
osteoporosis or trauma) to regain a better life quality. In order to replace the knee joints and mimic 
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the movement of the knee, the freedom of the knee joint was studied. It was found that the cartilage 
between the bones moves freely in six degrees of freedom [38, 39]. The TKR was initially developed 
by Professor Themistocles Gluck in 1891. However, the first design replicating the knee joint 
�P�R�Y�H�P�H�Q�W���F�D�P�H���������\�H�D�U���O�D�W�H�U���Z�L�W�K���W�K�H���:�D�O�O�G�L�X�V�¶�V���G�H�V�L�J�Q��[40]. Even at this stage, there were several 
issues, such as freedom of movement, alignment, force applied on prosthetics, and other factors, 
which led to catastrophic failures [41, 42].     

The great breakthrough in the design of knee joints was achieved by John Goodfellow (surgeon) and 
�-�R�K�Q���2�¶�&�R�Q�Q�R�U�����Eio-engineer) from Oxford [43]. Their design was unique in the way it mimicked all 
six degrees of freedom as in natural knee joints. Indeed, the femur bone was wrapped by an 
ingeniously designed component facilitating patella-femoral articulation. The survival rate of these 
TKR were much greater than any previous knee implant design. The success of the model was 
followed by further development of surgical jigs for accurate bone cutting, fixation devices and other 
improvements to increase joint lifetimes [43].  

The design of the new knee implant system is referred to as a condylar prosthesis (figure 2-3). The 
design is composed of knee femoral component, a tibial tray and tibial insert. Additionally, it may 
contain a patella component, if the existing one is damaged.  Tibial tray is cemented onto the tibial 
bone and knee femoral into the femur bone. The tibial insert is assembled on tibial tray and has 
inverse surface form to the knee femoral element to allow the six degrees of movement. One of the 
most challenging problems of artificial knee joints was the sliding movement of the knee femoral 
component on the tibial insert. The study of natural knee movement shows the medial side of the 
knee moving differently from the lateral side. The medial side has a conforming pivotal movement 
whereas the lateral side has a loose pivotal movement (figure 2-4). Simulating such movement with 
artificial knee joints is crucial to limit the sliding movement, aid stability and maintain freedom of 
movement [44, 45]. Freeform or blended spherical surface geometries is consequently essential on 
the knee femoral and tibial insert to imitate natural mechanical movements.  

 
Figure 2-3:   Knee implants system [46] 
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Figure 2-4:   Schematic figure showing conforming medial and looser lateral knee kinematics [44] 

 

There are more than 150 models of condylar prosthesis available on the market. Models are adapted 
�W�R���W�K�H���S�D�W�L�H�Q�W�¶�V���D�J�H�����Z�H�L�J�K�W�����D�Q�D�W�R�P�\�����O�L�I�H�V�W�\�O�H���D�Q�G���S�K�\�V�L�F�D�O���F�R�Q�G�L�W�L�R�Q���R�I���W�K�H���N�Q�H�H�V�����7�K�H���P�D�W�H�U�L�D�O���R�I��
the implants needs to be biocompatible to avoid body rejection of the material. In the modern TKR, 
the knee femoral and tibial trays are mainly made of titanium (tray) or a cobalt-chromium (femoral 
component) based alloys. The tibial insert is made of ultra-high molecular weight polyethylene 
(UHMWPE). The materials are chosen for their durability and their chemical properties having low 
reactivity with the body [47].  Further, the implants design may have a cruciate retainer and posterior 
sta�E�L�O�L�]�H�U���� �G�H�S�H�Q�G�L�Q�J�� �R�Q�� �W�K�H�� �F�R�Q�G�L�W�L�R�Q�� �R�I�� �W�K�H�� �S�D�W�L�H�Q�W�¶�V�� �H�[�L�V�W�L�Q�J�� �L�Q�W�H�U�L�R�U�� �D�Q�G�� �S�R�V�W�H�U�L�R�U�� �F�U�X�F�L�D�W�H��
ligaments. The tibial insert is either fixed on the tibial tray or has some mobility freedom, depending 
�R�Q�� �S�D�W�L�H�Q�W�¶�V�� �O�L�I�H�V�W�\�O�H���� �)�L�[�H�G�� �E�H�D�U�L�Q�J�� �S�U�R�V�W�K�H�V�H�V�� �K�D�Y�H�� �D�� �O�Lmited motion range, whereas the mobile 
bearing prostheses provide an additional motion range to accommodate an active lifestyle [48, 49]. 
However, after two years, both systems provide a similar mobility condition; therefore the mobile 
bearing prostheses are only reducing the time necessary to reach full motion range from two years 
to six months [50]. 

Although research has been conducted over the last three decades to improve human made artificial 
knee joints, there are still reports of a significant early failure rate, and this has a negative effect on 
�S�D�W�L�H�Q�W�V�¶���W�U�X�V�W���L�Q���W�K�H���V�\�V�W�H�P�V���G�H�Y�H�O�R�S�H�G�����,�Q�G�H�H�G�����V�H�Y�H�U�D�O���V�W�X�G�L�H�V���U�H�S�R�U�W���R�Q���W�K�H���U�D�W�H���R�I���H�D�U�O�\���U�H�Y�L�V�L�R�Q��
due to TKR failure [51]. The reports analyse the causes of failure based on the average number of 
months to revision: 24, 60 and 120 months. The causes of failure are classified based on their 
percentage contribution to the need for revision. The primary cause of failure in the first 24 months 
after implant is infection. However, the primary cause of failure, above 48 months is aseptic 
loosening, and it is estimated that failure due to aseptic loosening will continue to increase [52]. It is 
understood that aseptic loosening is caused by wear particles produced on the bearing surface 
between knee femoral and tibial insert [53]. Cheung, et al. studied the wear control of orthopedical 
implants and found that form control and improvements to surface roughness achieved on orthopedic 
implants using an IRP 200 polishing machine produced less material loss due to wear mechanism 
of bearing contact than ordinary polished surfaces [54].    
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2.2 Evolution of Optical lenses design 
 

2.2.1 History of Optical lenses 
 

The first known invention of an optic lens, the Nimrud lens, was created between 750-710 BC. The 
lens is made of Rock crystal, with the size of Ø38 mm and 22 mm thickness. Its function is unknown, 
although some authors suggest that it may have been used as a decorative stone, magnifying glass 
or fire stone. Archaeological research shows widespread use of lenses in antiquity, as magnifying or 
burning glasses [55]. However, the first referenced publication referring to the use of lenses as a 
�E�X�U�Q�L�Q�J���V�W�R�Q�H���L�V���³�7�K�H���F�O�R�X�G�´�������������%�&) from Aristophanes, a comic playwright of ancient Athens [56]. 
The word lens comes from the Latin word for a lentil, because of the similarity in shape. Lentils are 
shaped like a double convex lens.  

Lenses primarily remained as polished crystals or were used as water vessels up until the Middle 
Ages [57]. In the 9th century, Abbas ibn Firnas developed pure glass, which was widely used as a 
reading stone, through a process of converting sand into glass [58]. The foundation of scientific 
research on the principle of optic and visual perception was established by Ibn Al-Haytham (c. 965 
�± �F���� �������������� �+�L�V�� �³�%�R�R�N���R�I�� �2�S�W�L�F�V�´��[59] includes his work on vision, optics, astronomy, physics and 
mathematics.  Ibn Al-Haytham explained the working principles of the eye as a receiver of the light 
rather than an emitter. He produced a clear description of the camera obscura, and explained the 
growing capabilities of lenses.  

In the 13th century, Italian reading stone manufacturers improved their lens manufacturing 
techniques to produce thinner and lighter reading stones. This progress enabled the development of 
the first spectacles in Venice between c. 1268 �± c. 1300 [60]. Figure 2-5 shows a replica of one of 
the earliest model of spectacles made with a wooden frame. The lenses were used both for reading 
and for viewing objects at close range and from afar. Indeed, by the beginning of the 17th century, 
Dutch Spectacle makers Hans Lippershey had developed the first refracting telescope, which, when 
revised by the Italian scientist Galileo Galilei, became known as the Galilean telescope. Galileo used 
�W�K�H���W�H�O�H�V�F�R�S�H���W�R���G�L�V�F�R�Y�H�U���-�X�S�L�W�H�U�¶�V���V�D�W�H�O�O�L�W�H�V�����S�K�D�V�H�V���R�I���9�H�Q�X�V�����V�S�R�W�V���R�Q���W�K�H���6�X�Q�����D�Q�G���K�L�O�O�V���Dnd valleys 
on the Moon. In 1625, Galileo modified the order of the lenses of the Galilean telescope to produce 
the first microscope [61]. Robert C. Hooke (c. 1635 �± c. 1703) used the microscope to examine a 
thin cutting of cork where he noticed walls with empty space which he termed cells. He further used 
a microscope to study the crystal structure of objects, the anatomy of insects, and other novel 
discoveries, and this encouraged other scientists to explore and research the microscopic world [62].  
Figure 2-6 shows, on the left, the first two telescopes developed by Galileo and, on right, the 
microscope, both exhibited in the Institute and Museum of the History of Science, Florence.   
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Figure 2-5:   Replica of Eye Spectacles model of 14th Century [63] 

 

  
Figure 2-6:   Galilean Telescope 1609 (left) [64] and Galilean Microscope 1625 (right) [65] 
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The era of photography further put the capability of lenses to the test. At the beginning of the 19th 
century, simple lenses were developed to be fitted on cameras. The image produced was poor in 
quality and was affected by aberration and other issues. Optical aberration creates blurred or 
distorted images. The three main types of aberration needed to be corrected to improve the image 
quality are chromatic aberration, spherical aberration and coma aberration. Chromatic aberration is 
produced by light passing through lenses being refracted at different angles, depending on the 
wavelength. Spherical aberration is caused by the convergence of light rays to different focal points. 
Finally, coma aberration refers to the appearance of smears due to off-axis light rays.  

�7�K�H�� �I�L�U�V�W�� �F�R�P�P�H�U�F�L�D�O�L�V�H�G�� �S�K�R�W�R�J�U�D�S�K�L�F�� �S�U�R�F�H�V�V�� �F�D�O�O�H�G�� �³�'�D�J�X�H�U�U�H�R�W�\�S�H�´�� �Z�D�V�� �F�U�H�D�W�H�G�� �X�V�L�Q�J�� �D�� �O�H�Q�V��
developed by Charles Chevalier (figure 2-7). The lens is consisted of a biconvex lens of crown glass 
and a biconcave lens made of flint glass. The design of the lens and the materials used helped to 
reduce optical aberrations and produce a sharper image. It to�R�N�� ������ �W�R�� ������ �P�L�Q�X�W�H�V�¶�� �H�[�S�R�V�X�U�H�� �W�R��
produce an image [66]. This lens was followed by other models designed to reduce the shooting 
time, increase further the sharpness of the image, requiring less light to expose the image, and totally 
removing aberration and stigmatism. These improvements were made possible by the development 
of new lens material and lens designs based on scientific formulas. Indeed, in 1890, a lens model 
called Zeiss Protar was developed which removed totally all aberration and stigmatism. This was the 
first lens model to be developed based on scientific formulas and to use a new material, barium 
oxide, with a high refractive index [67]. Throughout the 20th century, other lens models followed, 
designed to increase performance and reduce manufacturing cost. Figure 2-8 shows a schematic 
design of a Canon lens following the Double Gauss design. The picture shows the complexity of 
design, alignment, and number of optical elements to improve further the performance of the lenses 
[68].  

 
Figure 2-7:   Chevalier Achromat Landscape (1839). Schematic design of lenses (left) and first 

�F�R�P�P�H�U�F�L�D�O�L�V�H�G���P�R�G�H�O���³�'�D�J�X�H�U�U�H�R�W�\�S�H�´�����U�L�J�K�W�� [66] 
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Figure 2-8:   Double Gauss schematic design, Canon lenses (1988) [68] 

 
 

2.2.2 Modern lenses design and applications 
 

Modern optical lenses are transparent in nature and made of glass or plastic. They are used to 
manipulate light rays by either converging or diverging them in a specifically desired way. They open 
the doors of the invisible world to our naked eye. Indeed, microscopes reveal micro and nano 
features, while telescopes enable the discovery of stars and far distant galaxies. Lenses are used in 
a wide range of applications, from projectors to produce large screens to domestic illumination in 
household lights. Lenses have at least one curve, but may have more than one, depending on the 
intended application. They work by refracting light beams; bending them to change their direction so 
that objects look smaller or larger than they actually are. There are two main types of lenses: convex 
and concave lenses (figure 2-9). Convex lenses produce light convergence, whereas concave lenses 
produce light divergence. Parallel light beams passing through a convex lens converge to reach a 
point called the focal point. The distance between the lens and focal point is called the focal length. 
On the other hand, concave lenses diverge parallel light beams outward. In both cases, the angle of 
refraction depends on the lens curvature.  
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Figure 2-9:   Concave and convex lenses design and their working principles [69] 

 

Alongside improvements in the performance of lenses for better quality of image, the aspherical and 
freeform design approach has emerged to both reduce the size of optical systems and increase their 
functionality. Spherical aberration affects the quality of large diameter lenses. Aspherical lenses 
deviate from the spherical surface profile symmetrically to the axis of rotation, minimise spherical 
aberration, and reduce image distortion in wide angle lenses. Further, they help to reduce the 
number of optical elements used to control optical flaws, resulting in smaller, lighter, cheaper and 
better performing lenses (figure 2-10) [70]. A freeform surface is neither spherically symmetrical nor 
symmetrical of an aspherical surface. The term freeform was first used by NASA in the 1990s with 
the development of the Infrared Multi-Object Spectrograph (IRMOS); however, the freeform surface 
was used in rudimentary progressive spectacle lenses made by Owen Aves in 1907. The shape of 
the rudimentary progressive lenses was improved over several decades [71].   
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Figure 2-10:   Canon lens design: using spherical lenses (top), using aspherical lenses (bottom) 

[70] 

 

By the end of 20th century and beginning of 21st century, several industries had benefitted from 
freeform optics within their applications. The applications could be classified into two different 
categories: non-imaging and imaging freeform optics [72]. In the non-imaging category, freeform 
optics are used to control the light direction in order to reduce energy consumption and improve light 
distribution uniformity. Applications include illuminations and photo scanners [73], beam shaping [74] 
and concentrators [75]. On the other hand, imaging freeform optics are used to improve the 
sharpness of the image as well as to reduce the number of optical elements within an optical system. 
Applications include head-mounted displays [76], projection lenses [77], off-axis reflective infrared 
imaging system [78], ultraviolet lithographic objectives [79] and varifocal lenses [80].  

The actual design of freeform optics has been well researched over the last three decades, with the 
development of commercially available lens design software. In recent years, there has also been a 
growing research interest in the freeform machining processes as well as in material science [2]. 
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Mass production of optical lenses is obtained through a moulding process requiring precision master 
mould inserts. Finally, research in the field of metrology of freeform lenses includes contact and non-
contact measurement systems and the direct measurement of optical performance [81].  Optical 
applications which can benefit from a low cost precision polishing process are explored below.  

a) Ultrashort throw projectors 
 

Traditional projectors using cathode ray tubes (CRT) for projecting images were initially available in 
�W�K�H�� ���������¶�V���� �7�K�H�� �I�L�Hld was advanced by digital light processing (DLP) projectors based on digital 
micro-mirror device (DMD) technology using light emitting diodes (LEDs). DLP projectors offered a 
compact design with better brightness and higher resolution than CRT projectors. The number of 
applications has gradually expanded over the years, reaching education, household, business, 
digital cinema, and other areas. [82, 83]. Although quality and reliability have reached a satisfactory 
level, practicality is becoming more and more of a concern.  As developed applications have 
matured, consumer demand has become more specific; indeed, large scale projection at an 
ultrashort projecting distance is demanded.  

Large scale projection with high resolution is obtained either by increasing the distance between the 
projector and the screen or through the use of large diameter lenses to achieve a wide field of view. 
Both methods pose some inconvenience to the user; the first, by projecting the shadow of the 
�S�U�H�V�H�Q�W�H�U���R�Q�W�R���W�K�H���V�F�U�H�H�Q�����7�K�H���O�L�J�K�W���K�L�W�V���W�K�H���S�U�H�V�H�Q�W�H�U�¶�V���H�\�H�V���D�Q�G���F�D�X�V�H�V���G�L�V�F�R�P�I�R�U�W�����0�R�U�H�R�Y�H�U�����W�K�H��
method requires the entire space between projector and screen to be cleared. The second solution 
using a large lens would make the system heavier, bulkier and more expensive. An alternative 
solution of using a fisheye lens capable of projecting wide images produces inevitable image 
distortion and affects the quality of the image [77].  

To satisfy consumer demand, projector manufacturers have developed their own patented designs. 
Notable examples from Hitachi [84] and NEC [85] are capable of projecting a diagonal screen size 
of between 1.3 to 2 meters with a distance below 1 meter between projector and screen. However, 
the models which have been developed are large and heavy, making them unsuitable for portable 
use. Indeed, the surface of the reflection mirror is either concave or convex in shape, which requires 
several optical elements to reach the desired quality, making the system both heavy and bulky [72].   

Zhenfeng Zhuang et al. have redesigned the optical system for ultra-short throw projection using 
refractive optical elements and an odd polynomial convex mirror (freeform) surface [77]. The design 
follows the field curvature correction (FCC) method to obtain large screen size with low image 
distortion. DMD display panels present on the structure produce the image which passes through a 
number of refractive optical elements, creating a curved visual image. The image is then enlarged 
and distortion errors corrected via a freeform convex mirror surface. The total distance the light 
travels within the system is 228 mm, making it one of the most compact structures. It only requires 
510 mm distance between screen and freeform mirror for 1.3 meter diagonal screen projection 
(figure 2-11(Left)). The reflective mirror containing polynomial surface has the following dimensions; 
98 mm length x 49.2 mm width x 24.6 mm height (figure 2-11(Right)).  

The breakthrough in the manufacturing capabilities with the ability to accurately manufacture 
freeform surface have empowered optical system designers to work with more degrees of freedom 
in their optical design. Indeed, design optimisation could lead to the diagonal screen projection length 
being extended and the distance separating projectors to screen being reduced [2, 72]. Ricoh 
developed a portable ultra-short throw projector capable of projecting 1.3-meter diagonal screen 
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projection from 117 mm away from the screen using freeform mirror technology. The design requires 
only a 249 mm distance to project a 2-meter diagonal screen projection [86].   

 

 
 
 

 

Figure 2-11:   Schematic layout of projection system (left), model of odd polynomial mirror surface 
(right) [77] 

 

b) Off-axis reflective imaging system 
 

Reflective systems are widely used in infrared imaging, ultraviolet imaging, telescopes, cameras and 
other applications where low mass, high transmission, uniform performance, thermal stability, and 
radiation resistance are required [87]. Traditional reflective systems were co-axial, causing 
obscuration in the middle region which negatively affected the resolution, field of view and energy 
concentration [88]. The obscuration problem is resolved with the use of off-axis reflective systems 
[89, 90]. Figure 2-12 shows an off-axis reflective system using a freeform mirror to improve image 
quality and reduce image distortion [91]. However, off-axis reflective systems have their own 
disadvantages, such as the appearance of third order coma on axis [92]. Indeed, the aberration 
property of the optical system is changed with off-axis positioning of optical elements. Optical 
systems composed of spherical and aspherical elements are incapable of correcting aberration 
errors caused by asymmetry and this limits the image quality. The mechanical alignments of the 
optical elements remain extremely difficult and expensive [93, 94].  

 
Figure 2-12:   Off-axis Reflective system using freeform mirrors [91] 
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High performance, large field of view off-axis reflective systems can be achieved with the use of 
freeform optical surfaces. The design of freeform surfaces generally starts from co-axial spherical or 
aspherical optical elements. The obscuration in the middle is removed in the design of freeform 
optical elements by  altering the following three aspects: (1) biased input field, (2) use of offset 
aperture, (3) positioning of optical elements to clear the obscurity [78, 95]. Quingyu Meng et al. have 
used freeform design of optical elements to integrate primary and tertiary mirrors as a monolithic 
mirror on an off-axis three-mirror system. The design helps to achieve large field of view and easy 
alignment and to reduce the weight of mirror support assembly [96]. Further, different models of off-
axis optical systems have been developed based on field of view, F-number requirement [97-99].  

Imaging spectrometer instruments use off-axis reflective systems to obtain a fast and reliable method 
for product inspection. Spectrometers are used to identify the molecular composition of a samples 
[100]. The spectrometer measures the light intensity as a function of its wavelength. The light source 
passes through a Monochromator which splits the light beam into its wavelengths. Each wavelength 
of the light crosses the sample and reaches the detector, which then uses the information to analyse 
and predict the molecular composition of the sample. Spectrometers are used in various 
applications; in space for more detailed satellite images, reading nutrition details of fruits and 
vegetables, or even help to extract information about a specific colour to reproduce the same colour 
[101]. Optical elements containing freeform surfaces are designed and implemented within imaging 
spectrometers to achieve high spectral range and resolution, combined with compactness and low 
weight [102].    

 

c) Varifocal lenses 
 

The muscles which control human eye lenses lose flexibility and become stiffer over age (mid-
forties). Vision becomes blurred, causing difficulty in seeing small prints clearly. This phenomenon 
is called presbyopia [103]. Varifocal lenses, also called progressive lenses, are used to see far, near 
and intermediate distances using a single lens (figure 2-13). As discussed above, progressive lenses 
have been available since 1907 [104]. The design of the lens was complex and not easily adaptable 
to different wearer prescriptions. Further, the manufacturing capabilities available at the beginning 
of twentieth century did not allow mass production and commercialisation of this invention. The first 
commercially available progressive lenses were introduced in 1959 by the Société des Lunetiers 
(Now Essilor) [105]. This achievement was made possible by the development of a grinding / 
polishing machine for refractive materials capable of generating asymmetric surfaces on large scale 
production basis [106]. A schematic design of Bernard Maitenaz grinding machine is shown on figure 
2-14. The cam on the machine is adapted to the prescription of the lenses.   
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Figure 2-13:   Progressive lens zones [107] 

 

 
Figure 2-14:   Schematic design of asymmetric grinding machine for early progressive 

lenses [108] 
 

Conventional progressive lenses have an optical effect similar to that of an inverted cone, offering a 
gradual change in power from distance vision, with a wide zone, to near vision, with a narrow zone. 
Although this design was preferred to bifocal lenses, the narrow zones which limit the field of view 
reduce the ability to see clearly across the lens. High plus prescriptions have an even smaller vision 
zone [109]. As a consequence, wearers have to move their heads constantly to find a clear vision 
spot on the lens, causing discomfort and pain. The conventional grinding process causes 
astigmatism in the outer region of the triangular zone, causing blurring of vision for the wearer. 
Further, th�H�� �O�H�Q�V�H�V�� �D�U�H�� �Q�R�W�� �D�G�D�S�W�H�G�� �W�R�� �Z�H�D�U�H�U�V�¶�� �F�X�V�W�R�P�D�U�\�� �K�D�E�L�W�V���� �)�R�U�� �H�[�D�P�S�O�H���� �L�G�H�D�O�O�\���� �W�K�H�� �Q�H�D�U��
zone needs to be wider to accommodate someone who spends most of the time reading books, 
whereas, for someone spending most of their time in front of a computer, the intermediate zone 
needs to be wider than the other zones [110]. This cannot be achieved with conventional progressive 
lenses, and to counteract this, a new digital progressive design was marketed.  

Digital progressive lenses use freeform surface technology to alter the shape of the lenses, based 
on customer daily habits.  Freeform surface technology not only allows a wider zone for all vision 
distance in standard lenses, but aids the design of personalised lenses with varying widths of specific 
�]�R�Q�H�V�� �W�R�� �D�F�F�R�P�P�R�G�D�W�H�� �F�X�V�W�R�P�H�U�V�¶�� �L�Q�G�L�Y�L�G�X�D�O�� �U�H�T�X�L�U�H�P�H�Q�W�V���� �D�Q�G�� �W�K�X�V�� �U�H�G�X�F�L�Q�J�� �W�K�H�� �Q�H�H�G�� �I�R�U�� �W�K�H��
wearer to be constantly moving his/ her head [111]. Freeform surface technology allows smooth 
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transition between far and near zone, minimises blurring effect, and requires less adaptation time 
than conventional lenses. Figure 2-15 shows a picture of two freeform designs of progressive lenses. 
The smooth optics design provides a sharper image than a design without smooth optics. The 
technology is rapidly evolving to keep up with consumer demand for digital progressive lenses, and 
software has been developed to automatically design new lenses based on individual customer 
requirements, chosen frame, wearing distance, angle from the eye pupil, etc [112, 113].    

 
Figure 2-15:   Freeform design of Progressive lenses [114] 

 

2.3 Precision Injection moulding 
 

There are a variety of moulding processes available for consumer lens manufacture, such as 
injection moulding, insert moulding, 2 shot moulding, compression moulding and others. Precision 
injection moulding is a solution widely used in industries as diverse as the automotive, electronics, 
medical and optics industries. Injection moulding is efficient in terms of quality, cost for high volume 
series production, consistent repeatability of same part, high precision to cost ratio, and rapid 
production. It is also efficient for precision parts made from materials which involve a challenging 
machining process where surface cracks and internal stresses reduce the precision and feasibility 
of the required component [115].  

Dick et al. [116] have designed and manufactured through the injection moulding process replicates 
of freeform optical surface with form accuracy of 2 micrometres and surface roughness of 
approximately 2 nm over a surface of 40 mm diameter. In order to obtain such precision on the 
moulded plastic part, different parameters in the process chain of injection moulding have been 
optimised. Generally, material used for moulded parts need to be safe from impurities and molecular 
confrontation. Common materials used in moulding plastic optics are PC (polycarbonate), PMMA 
(polymethylmethacrylate), COP (cyclo olefin polymer), PS (polystyrol) and COC (cyclo olefin 
copolymer) [117]. The mould tool used to produce the desired part needs to be designed by taking 
into consideration the shrinkage and deformation which occurs during the cooling process.  The 
mould tool used in the manufacturing of the freeform optical surface described above is shown on 
figure 2-16. In this case, the mould used had a form error of 0.24 µm from P-V. Injection moulding 
machine parameters �± melting temperature, packaging pressure, dwell pressure, dwell pressure 
time, tool temperature and cooling time �± need to be optimized to identify the optimum level between 
the cycle time and peak/valley values of the moulded parts. A fast process cycle reduces the 
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accuracy of the produced part, whereas aiming for high accuracy slows the production rate and, 
thus, raises the costs of mass production.  

 
Figure 2-16:   Manufactured freeform mold tool [118] 

 

�'�L�F�N���H�W���D�O�¶�V���U�H�V�H�D�U�F�K���F�O�H�D�U�O�\���V�K�R�Z�V���W�K�H���E�H�Q�H�I�L�W���R�I���L�Q�M�H�F�W�L�R�Q���P�R�X�O�G�L�Q�J���I�R�U���S�U�H�F�L�V�L�R�Q���P�L�F�U�R���S�D�U�W�V�����+�L�J�K��
precision micro-moulded parts can be obtained for larger quantities at reduced cost. Indeed, the 
injection mould tool should be capable of reproducing the same part millions of, times with the same 
precision. Mould parts are usually sized by their weight. A part which weighs less than a gram is 
considered to be a micro-mould [119].  

There is an increased interest from the optics, electronics and medical industries in producing high 
precision, micro-featured plastic parts [120]. One of the most important elements needed, to achieve 
precision plastic parts through the injection moulding process, is the surface finish of the injection 
mould tool itself. In precision moulding, the surface texture of the mould is replicated on the plastic 
moulded part [121, 122], making  it necessary to perform an extra process, following the machining 
process, of grinding and polishing to remove unwanted machining marks on the surface.   

 

2.4 Summary 
 

This chapter has reviewed a range of different industries which can benefit from a low cost precision 
polishing machine: healthcare, optics/injection moulding. However, other industries may have 
potential applications for a low cost, precision polishing machine.    

Osteoarthritis is affecting almost 50 % of people over the age of 65 years old, and, with the increase 
in number of ageing people reaching 3.2 billion by 2050, an expected 1.6 billion people may be 
affected by OA. OA causes pain, stiffness, inflammation and reduced joint mobility, resulting in high 
levels of disability. Fortunately, the problem has been well researched by doctors, who are now 
offering patients orthopedic implants to replace the worn or damaged joint.  The NJR report, a total 
number of 2,284,416 procedures completed between 2003 and 2017, of which, 98.7% involved hip 
and knee joint replacement. However, these replacements lead to a high number of revisions and 
reoperations, the main reason for failure being aseptic loosening. Aseptic loosening affects the bond 
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between the bone and implant and is caused by particles of wear from the implants present on the 
body.   

Early knee joint replacements had a high failure rate, due mainly to the complexity of movement 
capability of a natural joint; indeed, human knee joints have the ability of movement in six degrees 
of freedom. Several attempts have been made to mimic the natural movement of the knee; however, 
the breakthrough in the design of knee joint replacement was achieved by John Goodfellow 
���V�X�U�J�H�R�Q���� �D�Q�G���-�R�K�Q���2�¶�&�R�Q�Q�R�U�����Eio-engineer) from Oxford [123]. Since then, different variations of 
their design have been developed by several suppliers to further improve freedom of movement, 
reduce wear and increase the life span of knee prostheses. Models have also been adapted to 
�S�D�W�L�H�Q�W�V�¶���O�L�I�H�V�W�\�O�H�V�����V�H�[�����D�J�H�����E�R�G�\���Z�H�L�J�K�W���D�Q�G���D�Q�D�W�R�P�\�����$�O�W�K�R�X�J�K���7�.�5���L�V���Q�R�Z���D���Z�H�O�O-researched and 
developed system, the ear�O�\�� �I�D�L�O�X�U�H���U�D�W�H���K�D�V���Q�H�J�D�W�L�Y�H�O�\�� �D�I�I�H�F�W�H�G���S�D�W�L�H�Q�W�V�¶���W�U�X�V�W���� �$�V�H�S�W�L�F���O�R�R�V�H�Q�L�Q�J����
caused by wear particles of the bearing surface, remains a major cause of failure.  Cheung, et al. 
polished knee joint replacements using an IRP 200 polishing machine and proved that precision 
bonnet polishing results in better roughness and form control and, thus, delay of the wear process 
[124]. However, the method has not been implemented in the industrial environment due to its cost 
compared with the lapping process achieved using robotic arms.    

The first recorded use of optical lenses by Ibn Al-Haytham was at the end of the 10th century, and 
improvements in manufacturing techniques to produce thinner and lighter reading stones enabled 
the development of the first spectacles in the 14th century. In the 17th century, lenses were used to 
produce the first telescope and microscope by Galileo Galilei. Together, these inventions have 
revolutionised the way the world around us is seen. Further advances were made in the 19th century, 
when lenses were used to develop cameras. However, the performance of early cameras was 
impaired by several issues, such as chromatic, spherical and coma aberration, which affected the 
quality of the image produced. In subsequent years, optical aberrations were greatly reduced by 
design of optical elements based on scientific formulae and improvements in the material quality of 
lenses. The Double Gauss design removed all aberrations and stigmatism and provided high 
performance at low manufacturing cost. Since then, a large number of camera models have been 
produced based on the Double Gauss design.   

Technological evolution and consumer demand for high performance equipment have enabled the 
design of aspherical and freeform optical elements. These help to reduce the number of optical 
elements required to control optical flaws, resulting on smaller, lighter, cheaper and better performing 
optical systems. Applications benefiting from freeform optical elements design are classified into two 
categories: non-imaging and imaging freeform optics. In non-imaging optics applications, lights 
beam directions are controlled in order to reduce energy consumption and obtain light distribution 
uniformity. In imaging freeform optics, lens design achieves sharper images and a reduction in the 
number of optical elements in a system, making it lighter and cheaper. Several applications, such as 
illumination, beam shaping and concentration, head-mounted displays, projector lenses, and 
varifocal lenses have benefitted from freeform optical design.  

Large screen projectors have been subject to inconvenience to the user for several reasons: the 
shadow of the presenter is projected onto the screen; projector lig�K�W�� �K�L�W�V�� �W�K�H�� �S�U�H�V�H�Q�W�H�U�¶�V�� �H�\�H�V����
causing discomfort; and the entire space between the projector and screen needs to be clear to 
avoid obstruction. Ultrashort throw projectors have been developed to overcome these problems 
and this has been made possible by the use of refractive lenses and freeform projecting mirrors. 
Reflective systems are used in applications where high transmission, uniform performance, low 
mass, thermal stability and other benefits are required, such as telescopes, cameras, Ultraviolet 
Infrared imaging. Freeform optical elements help to correct the optical aberration resulting from off-
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axis reflective systems and provide a large field of view, better image quality and low image 
distortion. Progressive lenses are used to overcome vision problems due to presbyopia. 
Conventional progressive lenses have very narrow intermediate and near zones, causing discomfort 
to wearers as they have to move their heads constantly to find the correct focal point; moreover, they 
were not adapted to user habits. The freeform design of lens enables a wider intermediate and near 
�]�R�Q�H�����D�Q�G���F�D�Q���E�H���F�X�V�W�R�P���P�D�G�H���W�R���D�F�F�R�P�P�R�G�D�W�H���X�V�H�U�V�¶���K�D�E�L�W�V�����E�\���D�O�O�R�Z�L�Q�J���Y�D�U�\�L�Q�J���Z�L�G�W�K�V���R�I���V�S�H�F�L�I�L�F��
zones.   

Injection moulding processes are used for the mass production of high precision, complex parts at 
low cost and time. Dick et al. have designed and manufactured, through an injection moulding 
process, replicates of a freeform optical surface with a form accuracy of 2 µm and surface roughness 
of 2 nm Ra over 40 mm diameter. To reach such precision, the injection moulding machine 
parameters �±melting temperature, packaging pressure, dwell pressure, tool temperature and cooling 
time �± are suitably optimised. However, the form accuracy and surface roughness of the mould tool 
remains the primary and most important element in terms of precision, since the form and surface 
texture of the mould tool will be replicated on the plastic moulded parts. The mould tool therefore 
requires a finishing process, such as diamond turning or polishing. In some instances, the cost and 
complexity of the mould tool surface compromise with the quality and performance of the 
components. In such situations, which are becoming more common, low cost freeform precision 
polishing machines could be a valuable asset.   
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3 Review of precision finishing processes available on the market 
 

The demand for mass production of high precision components is constantly increasing; however, 
the final finishing process in the manufacturing cycle (in terms of metal removal rates) is the most 
expensive and the least controllable; In addition to the precision requirement, the geometric 
complexity of the surface topography and form of components is an additional challenge. This 
chapter will review, some of the existing finishing processes currently available on the market, by 
outlining their capability and achievements. The surface finishing capabilities of those processes are 
compared with surface roughness parameters Ra and Sa.  

Surface roughness measurement Ra and Sa are commonly used measurement standards (BS EN 
ISO 4287:2000) to quantify the surface finishing capability of any machining processes. It is a 
measure of the arithmetic average of the real surface with respect to the mean surface. Surface 
roughness of a profile measurement would provide Ra and a surface area measurement would 
provide Sa. The formula used to calculate the Ra is presented on 3.1 equation (L is the measuring 
profile length and Z(x) is the deviation from mean surface.  The standard measuring length for a 
profile measurement is 4.8mm with cut-�R�I�I�� �O�H�Q�J�W�K�� ��c = 0.8mm. The equivalent for a non-contact 
surface measurement devise is obtained using a 20X lens.  
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3.1 Hand finishing process 
 

The hand polishing process is the most common finishing process practiced in industry for improving 
the surface quality of injection mould tools. Mould inserts are generally ground and polished after 
the CNC machining operation. The polishing operation is performed by highly skilled hand polishers 
using hand tools. In 1962, the mould manufacturing divisions of the Society of the Plastics Industry 
(SPI) and the Society of Plastics Engineers (SPE) cooperated to produce a classification of the 
surface finishes of mould tools, based on surface texture and surface roughness. The SPI-SPE 
standard is composed of six levels of finish, starting from SPI-SPE #1, a high polish finish, to SPI-
SPE #6, a dry blasted finish [125]. Table 3-1 shows in detail the SPI-SPE finishes designation.   

Table 3-1:   SPI-SPE finishes designation 
Name Finish Equipment used to obtain 

the Finish 
Approximate Ra(µm) 

SPI-SPE#1 Bright, clear, shiny, smooth Grade #3 Diamond buff 0-0.0254 
SPI-SPE#2 Semi bright, semi clear, 

smooth 
Grade #15 Diamond buff 0.0508-0.0762 

SPI-SPE#3 Lines, dull, smooth 320 Grit paper 0.2286-0.254 
SPI-SPE#4 Lines, dull, semi smooth 280 Grit stone 0.9652-1.0668 
SPI-SPE#5 Dull, light texture, smooth Dry blast 240 Oxide grit  0.6604-0.8128 
SPI-SPE#6 Dull, medium texture Dry blast #24 Oxide grit 4.826-5.842 

 

The increase in demand for plastic injection moulding at an attractive price, and the difference 
noticed between mould and plastic moulded components encouraged the SPI to introduce a metal 
plaque artefact standard indicating the expected finish texture of the moulded part.  The six 
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�V�W�D�Q�G�D�U�G�V�� �K�D�Y�H�� �E�H�H�Q�� �V�S�O�L�W�� �L�Q�W�R�� �W�Z�H�O�Y�H�� �O�H�Y�H�O�V�� �R�U�� �³�J�X�L�G�H�V�´���� �Z�K�L�F�K�� �K�D�Y�H�� �E�H�H�Q�� �U�H�J�U�R�X�S�H�G�� �L�Q�W�R�� �I�R�X�U��
sections of three grades.  In the new SPI finish designation, the capital letters indicate the type of 
polishing equipment used, and the number indicates the surface finish obtained. The letter A 
designates Diamond buff finish, B Grit paper, C Grit stone and D Dry blast finishes. Table 3-2 shows 
in detail the new SPI finish designation and preparation guidelines [126]. Detroit Mold Engineering 
(DME) have produced examples of polished surfaces with SPI standard finishes to indicate the 
texture finish achievable with each grade. Figure 3-1 shows the SPI standard finishes produced by 
DME.  

 

Table 3-2:   SPI finish designation and preparation guidelines. 
NAME Finish Equipment used to obtain 

the Finish 
Approximate Ra(µm) 

SPI A-1 Bright, clear, shiny, smooth Grade #3 Diamond buff 0 to 0.0254 
SPI A-2 Semi bright, semi clear, 

smooth 
Grade #6 Diamond buff 0.0254 to 0.0508 

SPI A-3 Glossy, scratches Grade #15 Diamond buff 0.0508 to 0.0762 
SPI B-1 Low haze, lines scratches 600 Grit paper 0.0508 to 0.0762 
SPI B-2 Hazy, lines, scratches 400 Grit paper 0.1016 to 0.127 
SPI B-3 Lines, dull, smooth 320 Grit paper 0.2286 to 0.254 
SPI C-1 Low haze, lines scratches 600 Grit stone 0.254 to 0.3048 
SPI C-2 Hazy, lines, scratches 400 Grit stone 0.635 to 0.7112 
SPI C-3 Lines, dull, semi smooth 300 Grit stone 0.9652 to 1.0668 
SPI D-1 Dull, light texture Dry blast #11 glass bead 0.254 to 0.3048 
SPI D-2 Dull, light texture, smooth Dry blast 240 Oxide grit 0.6604 to 0.8128 
SPI D-3 Dull, medium texture Dry blast #24 Oxide grit 4.826 to 5.842 

 

 
Figure 3-1:   SPI standard finishes [127] 

 

For mould making companies, polishing the mould is a significant bottleneck process. Once the 
injection mould tool is designed and machined, it goes through a surface finish process where 
different polishing tools and methods are used to achieve the required surface finish. A better 
polished plastic injection mould allows manufacturers to produce more plastic parts before the mould 
needs a rework, and allow a quick and smooth release of the part from the mould cavities [128]. 
Different polishing methods are used, depending on the type of surface type to be polished and the 
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roughness required; however, there are some standard polishing methods which are used to pre-
polish the moulds: polishing stones, sanding paper, polishing components and hand rotatory 
polishing tools [129].  

3.1.1 Sanding Paper 

 
Figure 3-2:   Sandpaper [130] 

 

Sandpaper is the name given to a paper or cloth coated with abrasive particles glued on one face 
(figure 3-�������� �6�D�Q�G�S�D�S�H�U�V�� �D�U�H�� �X�V�H�G�� �W�R�� �V�P�R�R�W�K�� �D�� �V�X�U�I�D�F�H�� �L���H���� �³�S�R�O�L�V�K�L�Q�J�´�� �R�U�� �W�R�� �U�H�P�R�Y�H�� �D�� �O�D�\�H�U�� �R�I��
�X�Q�Z�D�Q�W�H�G���V�X�U�I�D�F�H���H���J�����³�R�O�G���S�D�L�Q�W�´�������7�K�H�\���D�U�H���X�V�H�G���D�V���D���W�R�R�O���W�R���Z�R�U�N���P�H�W�D�O���D�Q�G���Z�R�R�G���F�R�P�S�R�Q�H�Q�W�V����
The abrasive particles (grit) present on the paper vary in size and material. The size of the abrasive 
particles ranges from P12, a very coarse sandpaper containing abrasive particles with average size 
of Ø1815 µm, to P2500, a sandpaper containing ultrafine abrasive with an average size of Ø8.4 µm. 
Grit size is determined by the number of abrasive particles per square inch [131]. Commonly used 
abrasive materials are: garnet, emery, aluminium oxide, silicon carbide, ceramic and diamond. 
Abrasive materials are adapted to the material of the polished surface, surface condition and finish 
requirement. Garnet is used to polish wood, and all other abrasive materials are used on metal. 
Aluminum oxide displays self-sharpening properties which allow the particles to crumble easily and 
form new edges and, therefore, to outlast other abrasives, whereas garnet abrasives produce the 
smoothest surfaces but wear out more rapidly. Silicon carbide is ideal for hard material and rough 
surface texture [132, 133].  

Depending on the surface finish obtained from the pre machining process, the right size of grit paper 
needs to be chosen to improve the surface finish. Sandpaper can be used wet or dry; usually water 
is used as a lubricant if needed. Parts to be polished are rubbed against the sandpaper or vice-
versa, and the rubbing process is undertaken in one direction at a time, with an equal amount of 
pressure throughout. Once all scratch marks have disappeared, leaving only the single direction 
rubbing marks, a finer grit paper is used to continue polishing at 90degrees to the previous polishing 
direction [132, 134].  
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3.1.2 Polishing stone 
 

Polishing stones were developed to reach corners, edges and other surfaces where sandpaper are 
not suitable. Stones are graded and range progressively from P80 grit stone, designed for rough 
surfaces, to P1200 grit stone, which is the finest abrasive stone. Polishing stones can be used by 
hand on a profiler or mounted on an ultrasonic machine. Polishing stones are made of different 
materials, with each material used for a different purpose. Some are used to polish soft materiel (e.g. 
Aluminium), whereas others are used for harder material (e.g. steel) [125]. Figure 3-3 shows a DS-
Aluminum oxide fine grit stone kit which contains five medium soft grit stones which are used for pre-
heat treated steel, such as P-20, H-13, S-7, T-420 and SST.  

 
Figure 3-3:   DS-aluminum oxide fine grit stone kit used to break sharp edges and used on rough 

surfaces [135] 

 

3.1.3 Hand rotary spindle and tools 
 

Hand-held rotary spindles are often used by mould-die toolmakers for a rapid improvement of the 
surface finish in particular locations. Hand-held rotary spindles are used for manual grinding, 
smoothing, polishing and deburring a wide range of materials, from aluminium to hard steel. The 
spindles help to quickly remove the hard layer of EDM deposits for example, and are ideal for 
polishing difficult areas with complex ribs and corners. They are available in different models, based 
on the rotating speed of the spindle and the torque range [136]. Figure 3-4 shows a hand rotary 
spindle from Nakanishi designed to use for manual finishing purposes. There are a wide range of 
tools available for rapid polishing. The tools are generally designed to perform specific functions, 
based on surface geometry (internal surface, external surface, edge, etc.) and surface roughness, 
with tools adapted for rough or smooth surfaces [137].  
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Figure 3-4:   Emax EVOlution hand rotary spindle [138] 

 

3.2 Machining methods 
 

Technological evolution has led to the development of high precision, freeform surfaces, which have 
the advantages of providing a cost effective solution, improved performance, and simplified system 
design, in addition to increased field of view and high resolution in optical systems [139].  
Manufacturing of high precision complex surfaces is achieved by means of ultra-precision machining 
processes (UPM), such us ultra-precision milling [140], fast tool servo (FTS) [141], slow tool servo 
(STS) [142], ultra-precision grinding [143], and fly cutting [144]. These processes can deliver high 
surface accuracy, surface quality and good process stability by means of controlling machine 
mechanical characteristics with high frequency response, high positioning accuracy and high rigidity 
[145, 146].  Machine control characteristics, such as tool path planning [147], machine control 
algorithms [148], machine error compensation [149] and machine condition monitoring [150], form a 
major field of research.  

A number of machining process are available for generating freeform surfaces; however, FTS is 
considered to be one of the most cost effective techniques for generating optical surfaces [2]. FTS 
assisted diamond turning machines are efficient in generating smooth freeform surfaces and 
microstructures. Figure 3-5 shows a picture of a diamond turning machine integrated with a FTS. 
The diamond tool is mounted on a tool guide mechanism. The actuator present behind the tool 
mechanism oscillates the tool tip at high frequencies (i.e. from several hundred hertz to several 
kilohertz). The tool tip oscillating movement in radial and axial directions at different depths of cut, 
combined with other machine axis movements, produce the freeform surface.   
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Figure 3-5:   CAD design of a FTS system integrated on a diamond turning machine [141] 

 

Zexiao Li et al. have machined infrared (IR) material (Germanium), considered to be a brittle material, 
using FTS assisted diamond turning [151]. The design of the surface is a near rotational freeform 
surface with low rise and fall in the sagittal direction. Machining parameters (such as spindle speed, 
feed rate, and tool geometry) are optimised to reach the ductile mode of material removal mechanism 
and to achieve a nanometric range surface finish on a freeform optical surface with low defects. Cost 
effective mass production of freeform progressive addition lenses (PALs) is achieved using an 
injection moulding process, with mould tools manufactured in different materials, such as glass [152], 
copper [153] or aluminium [154]. The surface topography of a glass mould is generated by grinding, 
followed by polishing processes, whereas the surface topographies of copper and aluminium mould 
tools are produced by an FTS process. Although research has demonstrated the mass production 
capability of optical surfaces produced by injection moulding, process control remains extremely 
difficult, resulting in refractive index variation and geometric deformation. Indeed, the rheological 
properties of polymers during the moulding process cause distortion and deviation in moulded 
lenses, and this affects the accuracy of vision correction from prescription. Haihua Feng et al. have 
used a long stroke fast tool servo (LFTS) to fabricate freeform PALs on CR-39 semi-finished lenses 
[146]; however the LFTS process cannot be applied for direct lens machining, as it is time-consuming 
and ill-suited to the mass production environment.  

 

3.3 Magnetorheological finishing 
 

Magnetorheological (MR) is a precision finishing process developed and commercialized by QED 
Technologies, which is owned by the Cabot Microelectronics Corporation [155]. The 
magnetorheological finishing (MRF) process is widely used in optics industries, due to its capacity 
to polish a large variety of brittle materials [156]. The MRF process is capable of polishing a wide 
range of surface geometries, including flat, concave, convex and freeform. The main elements of the 
MRF process comprises a carrier wheel, permanent magnet, MRF fluid delivery, filtering pumps and 
storage system. Slurry is delivered on the carrier wheel by the slurry delivery pump, with the slurry 
flow forming a ribbon around the carrier wheel. An electromagnet or permanent magnet is placed 
around the carrier wheel to change the slurry flow regime from Newtonian viscous to visco-plastic. 
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The workpiece is placed under the carrier wheel, interacting with the MR slurry flow. The slurry is 
then sucked by the suction pump and delivered into the storage system, where it is stirred, filtered 
from workpiece debris and temperature controlled. Figure 3-6 shows a schematic illustration of the 
MRF working principles.  

 
Figure 3-6:   Schematic design of MRF working principles [157] 

 

The slurry used in a MRF process contains magnetic carbonyl iron particles (CIPs) and non-magnetic 
abrasive particles (NMAPs). CIPs are used to produce the magnetorheological effect of the slurry 
and the NMAPs are necessary to produce material removal. The slurry behaves like a visco-plastic 
fluid with the presences of CIPs.  The distribution of magnetic particles in MRF slurry is presented in 
figure 3-7. In the absence of a magnetic field, the CIPs are evenly distributed in the fluid direction 
(figure 3-7 (a)). The introduction of a magnetic field attracts the CIPs in the magnetic field direction 
(figure 3-7 (b)), and the NMAPs are introduced to the slurry as particles which are held in place by 
the magnetic field chain direction (figure 3-7 (c)) [157].  

 
Figure 3-7:   Distribution of magnetic particles: without magnetic field (a), with magnetic field (b), 

with CPIs and NMAPs (c) [157] 
 

 

The yield stress and viscosity of MRF slurry has been studied by Shorey et al. [35], using a 
Magnetorheometer which they designed and developed. Their results show that the yield stress is 
proportional to the intensity of the magnetic field and CIPs concentration [158]. The effects on the 
concentration of CIPs, NMAPs, water and magnetic field on the yield stress and viscosity of MRF 
fluid has been investigated by Sidpara et al. [36]. and their results show that magnetic field is the 
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main factor controlling the yield stress and viscosity of the MRF slurry [159]. The effect of viscosity 
and yield stress on the MRF fluid is reduced after polishing for a period of time, as contamination 
with the material removed from the workpiece is increased. Sidpara and Jain therefore recommend 
that the MRF fluid should be periodically conditioned and changed for the finishing process [160]. 

Sidpara and Jain have used the MRF process to obtain nano finishing on the freeform surface of a 
prosthetic knee joint implant made of titanium (160 BHN hardness). They achieved a surface 
roughness varying from 28 nm to 93 nm on prosthetic knee joint implants with initial surface 
roughness varying from 147 nm to 524 nm [161]. Jacobs et al. have used the MRF process to polish 
LiF, ZnSe, CaF2, AMTIR-l, ZnS, MgF2 sapphire and IR materials. Optimisation of the MRF process 
parameters and an improved material removal rate, with the use of MRF slurry containing CeO2, 

have enabled successful removal of the diamond turning marks and asymmetric grinding errors 
remaining from the previous machining process [162].  

 

3.4 Bonnet polishing and grolishing process 
 

Bonnet Polishing (BP) is a process developed by Walker et al. and has been implemented in the 
ultra-precision freeform polishing (UPFP) machines commercialized by Zeeko.Ltd [163]. A UPFP 
machine has seven axes to perform freeform movement and cover a work volume of up to 
300X260X130 mm in X, Y AND Z, respectively (for standard machines).  It has three linear axes, X, 
Y, Z, and four rotary axes, A, B, C and H. Figure 3-�����V�K�R�Z�V���W�K�H���,�5�3�����������P�D�F�K�L�Q�H���D�[�H�V�¶���R�U�L�H�Q�W�D�W�L�R�Q����
The first machine was an IRP 200, developed in September 2000 to meet the market requirement 
for a high precision finish on freeform optical lenses. Indeed, prior to the development of IRP 
machines, researchers used method such as large full scale tooling [164] or a series of tool setup in 
an array [165] for producing precision polishing on optical elements. In contrary, the Zeeko polisher 
has a small tool with respect to the workpiece dimension and standardised tool, which removes the 
need for tools designed each for a specific type of surface. The success of this concept enabled a 
breakthrough into other markets, such as health care, with the polishing of prosthetic implants and 
many other applications. Today, there are, in total, eight different Intelligent Robotic Polisher (IRP) 
machines on the market (figure 3-9), with the models differentiated mainly by their polishing work 
volume capability, ranging from IRP 50 for components below Ø50 mm to IRP 1600 designed for 
polishing mirrors on large telescopes.  
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Figure 3-8:   IRP 200 machine axes orientation [15] 

 

 
Figure 3-9:   IRP Machines available on market starting from IRP50 to IRP1600 [166] 
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The initial IRP machines were developed with a bonnet polishing process; however, in order to tackle 
more complex polishing surfaces and eager to solve other challenging problems, the company has 
developed other polishing processes and technologies which have been integrated into their initial 
machine over the course of 10 to 15 years [167]. Nowadays, IRP machines are capable of performing 
a range of processes: Zeeko-Classic, Zeeko-Grolish (fixed abrasives), Zeeko-Grolish (loose 
abrasives) and Zeeko-Jet. Technological capacities of the machine include: precession process, 
dwell time method, tool path generator and edge control. 

 

3.5 Technology integrated within IRP machines  

3.5.1 Precession Process 
 

The precession process is a patented technique designed to avoid zero central speed of the rotating 
polishing tool during the polishing process. The tool remains in an inclined position, instead of a 
perpendicular position, to ensure that the surface speed never reaches zero [168]. Figure 3-10 
shows the expected surface profile of a non-precession process (tool perpendicular to the surface) 
and precession process. The non-�S�U�H�F�H�V�V�L�R�Q���S�U�R�F�H�V�V���S�U�R�G�X�F�H�V���D���³�:�´���V�K�D�S�H���U�H�P�R�Y�D�O���S�U�R�I�L�O�H���G�X�H���W�R��
the zero velocity in the middle region. On the other hand, the precession process produces 
repeatedly a near Gaussian shape removal. The Gaussian shape removal is very convenient for 
calculating and predicting the MRR. Beside its advantages of a Gaussian removal profile and ability 
to calculate MRR, the precession process produces surface texture with fewer defects than a non-
precession process. Figure 3-11 shows the measured surface texture of a non-precession (left) and 
precession process (right). The non-precession leaves scuff marks on the surface, whereas the 
precession process produces a more uniform surface.  

 
Figure 3-10:   Polishing material removal profile: Non-Precession process (left), Precession 

process (right) [5] 
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Figure 3-11:   Polishing surface texture: Non-Precession process (left), Precession process (right) 

[168] 
 

3.5.2 Dwell time 
 

Dwell time refers to the time in seconds necessary to polish a certain area based on polishing 
parameters. If the parameter is kept constant and the polishing is performed on a single spot, the 
material removal rate is directly proportional to the time spent on that spot. Using this method, the 
material removal rate with a given polishing condition can be predicted. A measured form error can 
be corrected based on the MRR of the process. The time required to remove the excess material 
will be calculated by the software and performed on the specific area for obtaining the form correction 
[169].    

 

3.5.3 Tool path 
 

The polishing machine was initially developed with three types of polishing mode; Raster, Spiral and 
Random. The raster mode generates parallel linear tool paths, with the distance between each 
parallel line chosen by the programmer. The spiral mode generates a tool path with a continuous 
line, circular on a flat surface and spiral on a cylindrical surface. This limits the start-stop of machine 
movement and produces a continuous, constant feed rate [170]. The random mode generates linear 
tool paths, not necessarily parallel to each other, and thus ensuring that the whole surface to polish 
is covered by the movements. The repetitive nature of the polishing process, requiring the movement 
of the tool on the same path several times, prints the tool path signature on the workpiece surface, 
causing mid-spacial frequency errors on the surface and, thus, limiting the performance of the 
polished optical elements [171-173]. To overcome this problem, Dunn et al. developed a pseudo-
random mode capable of covering the entire workpiece without crossing the tool path. The spacing 
between lines can be specified by the programmer and a complete new tool path can be generated 
for subsequent polishing steps, using an algorithm [174]. Figure 3-12 shows examples of available 
polishing tool path modes. 
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Figure 3-12:   Tool path modes (from left to right): Raster [6], Spiral [6], Random [5], Pseudo 

random [174] 

 

3.5.4 Edge control 
 

Non-deterministic machining processes, such as polishing, tend to roll the edges of the component 
during the polishing process. Lenses made for large telescopes require shaped edges in order to be 
able to stich images accurately between two lenses [175]. Li et al. have developed a model which 
will lift the tool head to ensure that the edge will not be rolled [176]. The model developed is used to 
produce software capable of automatically programming tool edge lifting. Based on this method, an 
optical mirror has been successfully polished, while preserving the edge. Further work has been 
conducted to predict the material removal rate on the edges [177, 178].  

 

3.6 Polishing processes available on IRP machines 

3.6.1 Zeeko-Classic 
 

Zeeko-Classic refers to the Bonnet polishing process. The main elements of the BP process consist 
of a bulged bonnet, polishing cloths and slurries. The machine uses a rotating bulged bonnet as the 
polishing tool. The bonnet is internally pressurised with air to obtain the required tool rigidity [179] 
and the polishing cloth is glued to the top of the bonnet. Experiments with different cloth materials 
and textures, depending on the quality of the surface to polish and the material of workpiece, have 
been described in the literature. The role of the polishing cloth is to interact with the workpiece to 
maximise material removal with minimal cloth wear in order to ensure process stability [180]. A 
rubber inflated bonnet, holding a polishing cloth, interacts with the workpiece on a contact area called 
�W�K�H���³�V�S�R�W���V�L�]�H�´�����$���I�O�H�[�L�E�O�H�����U�R�W�D�W�L�Q�J���E�R�Q�Q�H�W���P�R�Y�H�V���W�R�Z�D�U�G�V���W�K�H���Z�R�U�N�S�L�H�F�H�����Z�K�L�O�H���W�K�H���F�R�Q�W�D�F�W���Z�L�W�K���W�K�H��
workpiece is detected by a load cell present behind the bonnet. It then moves further in by a 
predetermined distance (i.e. offset) applying pressure on to the workpiece (figure 3-13). During the 
polishing process, the spot size, offset and pressure applied on the workpiece remain constant. The 
re-circulating slurry is emitted through pipes to the contact position between polishing cloth and 
workpiece. The slurry is a liquid, generally water or other viscous fluid, containing particle sizes 
varying from several microns to 0.25 micron. The material of the particles varies depending on the 
surface roughness of the workpiece and its surface condition [181]. The interaction between the tool 
containing abrasive particles and the workpiece causes material removal by micro-chips on the 
workpiece. During the polishing process the abrasives present on the slurry are rubbed against the 
workpiece by the polishing cloth, causing micro-cutting and micro-ploughing on the workpiece 
surface.  
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Figure 3-13 :   BP process schematic design [15] 

 

Shengyue et al. [182] have presented results outlining the optimum polishing conditions for obtaining 
minimum surface roughness for CoCr alloys. The parameters with major influences on polishing 
surfaces were: head speed, head pressure, precess angle, tool offset, point spacing, track spacing 
and surface feed. However, investigation of all possible combinations of parameters was found to 
be time consuming, and the Taguchi method was therefore used to reduce the number of 
experiments. The four most important parameters selected for Taguchi analysis were found to be 
precess angle, head speed, tool offset and tool pressure. Precess angle describes the angular 
degree between the axis of the tool and the perpendicular line of the workpiece table.  Head speed 
describes the rotating speed of the tool in terms of rounds per minute (rpm). Tool offset describes 
the distance by which the bonnet, once pressurised, is being squeezed when in contact with the 
workpiece. Tool pressure describes the amount of pressure applied internally to the bonnet. Three 
levels of experiments were chosen for each parameter, which gave nine possible experiments. 
Remaining parameters had constant values. The polishing slurry used was a 1 µm paste with a 
microcloth.   

The experiment revealed the optimum values of each parameter: 5 degrees of precess angle; 800 
rpm of head speed; 0.15mm of tool offset and 1.5 bar of tool pressure. Additional analysis, based on 
ANOVA, revealed the contribution to surface roughness (in percentages) of each parameter:  tool 
pressure (48.84%), tool offset (22.68%), head speed (6.26%), and precess angle (4.44%). Using 
this optimum condition, the surface roughness Sa was improved from 24nm to 7nm. Shengyue et al. 
also investigated material removal models of the BP process using CoCr alloy. CoCr alloy is a bio-
compatible material used in the medical industry to manufacture artificial prostheses. The relative 
contributions to the MRR of precess angle, head speed, tool offset and tool pressure was 
investigated. Precess angle was found to have the greatest effect on MRR, with 0.06mm3/min at 30-
degree angle, followed by tool offset, with 0.035mm3/min at 0.4mm �± above 0.4mm, the MRR was 
reduced due to the distortion of the bonnet;  tool pressure, with 0.022mm3/min at 2 bar; and, finally, 
head speed, which had the least impact on MRR, with 0.012mm3/min at 1800rpm [183]. 



53 
 

Anthony et al. carried out some work on ceramic material, tungsten carbide (WC), and achieved a 
surface roughness of 1nm Ra using bonnet polishing. In the optics industry, the development of 
glass press moulding offers the possibility of producing replicates of high precision lenses at low 
cost. Tungsten carbide is a material used to make precision injection moulds. Samples of WC are 
ground before polishing and a surface roughness of 8-9nm Ra is obtained from the grinding process. 
The samples are then polished for 10 minutes, using a 3µm diamond abrasive suspension, and this 
produces a surface roughness of 4.07nm Ra. Further polishing for 40 minutes, using 1µm abrasives 
produces a surface roughness of 2.56nm Ra. The same method is followed, using 0.25µm abrasives, 
to achieve a surface roughness of 1.6nm Ra. Finally, an optical polishing pitch is used to improve 
the surface texture to below 1nm Ra [184].  

 

a. Material removal mechanism 
 

In the BP process, material removal is effected by abrasives in contact with the tool and workpiece. 
The abrasives used are micro particles of different sizes and with different materials, depending on 
the characteristics of the surface to polish. Particle size ranges from several microns to less than a 
micron. Reducing the size of abrasive particles improves the surface roughness and reduces the 
material removal rate. The material composition of abrasives varies according to the hardness of the 
surface to polish and the chemical reaction of the surface with the workpiece [185]. Examples of 
abrasive materials include: cerium oxide, aluminium oxide, silicon carbide, boron carbide, and 
diamond powder. The abrasives can be mixed with a polishing paste and become paste slurry or 
with polishing fluid and become fluid slurry.   

The abrasive particles suspended in the paste or fluid interact in two different modes when in contact 
with the workpiece �± two-body or three-body abrasion. Two-body abrasion consists of abrasive 
particles sticking to or penetrating the polishing pad and becoming fixed during the polishing process; 
material removal is achieved by micro-ploughing or micro-cutting of the surface. Three-body 
abrasion consists of abrasive particles rolling and sliding freely between the pad and workpiece, and 
material removal is caused by micro-fatigue and micro-fracture of the polished surface (figure 3-14).  

 
Figure 3-14:   Two-body and Three-body material removal mechanism [186] 
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b. Preston equation 
 

The Preston equation is one of the basic equations used to determine the MRR in a Bonnet polishing 
process. As discussed above, the mechanical polishing can be classified as two-body or three-body 
abrasion with possible additional chemical reactions [186]; however, two-body abrasion with 
abrasives bonded to the pad is considered to be the most efficient material removal mode. The 
factors influencing the MRR are: normal load, particle size, abrasive material, material of polishing 
sample, concentration of abrasives, and bonnet pad properties. The Preston equation is expressed 
as followed [187]: 

�@�V
�@�P


L �-�ã 
H�2
H�8�å 

dz refers to the film thickness and dt to the polishing time or dwell time. �-�ã is the Preston coefficient 
which covers all other factors not directly expressed on the equation. This coefficient needs to be 
obtained through experiments for each polishing process. P is the down force from polishing tool 
contact with the workpiece. �8�å is the relative velocity between the polishing tool and the workpiece. 

The MRR is a volumetric measure expressed in 
�à�à �/

�à�Ü�á
, and is defined as the ratio of film thickness 

removal over time [188]. Bonnet polishing is a well-researched process which is precise, stable and 
predictable. It has the ability to reach nanometric range surface roughness, with microns form 
accuracy through a controlled MRR using the Preston equation as compared with other polishing 
methods.  

 

3.6.2 Zeeko Grolish (fixed and loose abrasives)  
 

Zeeko grolish is a process developed to reduce the pre-polishing time necessary to bring a machined 
only finish to a relatively smooth finish with a surface roughness within the hundreds of nanometre 
range [189]. Pre-polishing removes sub-surface damage, although it is time-consuming and it 
generates mid-spacial frequency errors on the surface [173]. The grolishing process is designed to 
reduce the pre-polishing time, by improving the surface roughness and reducing sub-surface 
damage on the surface. In the fixed abrasives grolishing process, the abrasive particles are bonded 
to the polishing cloth, whereas, in the loose abrasive grolishing process, a rigid cloth is glued onto 
the bonnet. Re-circulating slurry or paste containing abrasive particles designed for rough surfaces 
are used as the polishing medium.  

The grolishing process relies largely on the tool performance. Walker et al [190], have developed 
different types of tool for fixed and loose abrasives and conducted experiments on Zerodur and 
silicon carbide (figure 3-15). There are three types of tool: hard tool (1 & 2), inflated tool with bonded 
abrasives (3 to 6 & 8), and inflated tool with loose abrasives (7). Picture nine shows a new bonnet 
for comparison. The hard tool produces a poor finish, mainly due to the machine structure not being 
designed for hard contact. Bonded and loose abrasive bonnets produced acceptable results in terms 
of material removal rate, surface uniformity, and sub-surface damage level. The researchers 
therefore concluded that these processes can be developed and implemented successfully as an 
intermediate step between form generation and polishing.     
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Figure 3-15:   Pictures showing the pad/cloth used for grolishing process experiments performed 

by Walker et al. [190] 

3.6.3 Fluid Jet polishing 
 

Fluid jet polishing (FJP) is a process in which a pressurised slurry containing polishing abrasives is 
projected through a nozzle towards the area to be polished on the workpiece. The variable 
parameters of the FJP process are: fluid pressure, abrasive type, abrasive concentration, nozzle 
diameter, angle of jet projection, and nozzle-workpiece stand-off distance. The fluid jet hits the 
workpiece directly without the need for physical tool contact. The material removal rate is linearly 
proportional to the slurry concentration; however, the impact velocity and MRR have non-linear 
dependency. There are three main reasons for the non-linear relation between impact velocity and 
MRR. Indeed, at low impact velocity, the minimum velocity required to remove material did not occur. 
Increases in the delivery velocity increased the particle delivery rate. Finally, there is square relation 
between velocity and particle delivery energy. The choice of abrasive material, particle size and flow 
rate are important to obtain a stable MRR and reach a ductile mode of material removal [191].  
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L. Yang et al. investigated the FJP process and reported that the material removal mechanism 
operates through a combination of shear and collision force [192]. In order to perform the FJP 
process on Zeeko IRP machines, the bonnet tool head is replaced with a nozzle. The process is 
integrated into the machine for polishing surfaces with limited access for the BP process. Figure 3-
16 shows a picture of the FJP process performed on a Zeeko IRP 200 to polish a cylinder.  

 
Figure 3-16:   FJP process performed on a IRP 200 [184] 

 

3.7 Polishing consumables 
 

BP is a form of machining process which uses abrasive particles trapped in the porosity of the 
polishing cloth to remove the unwanted layer of surface material  in order to reach the desired 
smoothness and geometrical accuracy [193]. Although the accuracy of the polishing machine and 
polishing parameters are important for improving the performance of a process, the key to success 
is the selection of the appropriate polishing cloth and abrasives [194].      

 

3.7.1 Polishing cloth / pad 
 

Polishing cloths or pads are a wearable product used to drive-in the abrasives and drive-out the 
swarf from the contact area. They ensure a uniform contact for a controlled material removal process. 
The surface texture is designed to improve the performance of the pad (i.e. increase MRR and 
reduce the wear process). Indeed, the texture of the cloth is adapted to the condition of the workpiece 
surface to facilitate the penetration of abrasives and smooth ejection of swarf, with minimal heat 
generation in the interaction region between tool and workpiece [195]. In precision polishing, 
polyurethane pads and polishing cloths made of woven, non-woven and flocked material are used 
as an abrasive carrier.  

Polyurethane pads are generally used to polish optical surfaces. The pads are formed from the 
solidification of polyurethane plastic, producing a microcellular foam structure on its surface, called 
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porosity. There are three types of pad available on the market, distinguished mainly by their material 
composition and hardness of pad. Table 3-3 shows the characteristics of these polishing pads. 
Research studies show that the pad density is inversely proportional to the porosity of the pad and 
MRR [196]. McGrath has shown that the polishing process wears out the pad within several hours 
of use, depending on the polishing condition (of the surface/pad), which dramatically affects the MRR 
[197]. The wear is mainly caused by the plastic deformation of the pad [198]. 

  

Table 3-3:   Characteristics of polyurethane polishing pads  
Polyurethane 

pad type 
Shore 

�K�D�U�G�Q�H�V�V���³�'�´ 
Density 
[g/cm3] 

Thickness 
[mm] Filler Picture 

LP57 35 0.48-0.64 0.51 Not filled 

 

LP66 25 0.35-0.51 0.51 Cerium oxide 

 

GR35 37 0.56-0.67 0.51 Zirconium 
oxide 

 
  

As mentioned earlier, polishing cloths are generally categorised into three groups: woven, non-
woven and flocked. Woven cloths are made with fibres of different sizes and materials. The back of 
the cloth is laminated to ensure that polishing abrasives do not exit through the fibre weaves during 
the polishing process. Woven cloths are developed for polishing rough surfaces [199]. Non-woven, 
napless cloths are stiff cloths created with a mixture of short and long fibres obtained from plastic, 
latex, elastomer, and similar substances.  The fibres are bonded together with mechano-chemical 
treatments. Non-woven cloths are used to polish hard materials and in the finishing phase of light 
alloys. Flocked cloths are used to obtain a mirror-like finish on metallic materials, and are made of 
flock of different lengths, density and grade. Polishing cloths manufacturers, such as Buehler or 
Kemet, advise shortening the polishing time when using flocked cloths in order to avoid possible 
inclusion pullout [200]. Buehler provide guidance on choice of polishing cloths, based on the surface 
roughness condition of the sample (figure 3-17). 
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Figure 3-17:   Buehler polishing cloth guide, design based on workpiece material, chemical 

reactions and categorised into surface roughness condition of samples [201] 
 

Polishing pads are also available with embedded abrasive on the surface of the pad. Abrasives, such 
as silicon carbide or diamond, are bonded on flexible or semi-flexible materials, like paper, cloth, 
resin or metal, to form the fixed abrasive polishing cloth. Fixed abrasive cloths have the advantage 
of continuously exposing fresh cutting edges for polishing when the previous one becomes worn 
away, a process known as self-sharpening (figure 3-18). Fixed abrasives also have the ability to 
produce uniform polished surfaces with low defects with the use of a new polishing pad; whereas, a 
worn pad has a concave profile which affects the polishing performance and control of form accuracy 
[202].  
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Figure 3-18:   Fixed abrasive cloth wear process and self-sharpening [5] 

  

3.7.2 Polishing abrasives 
 

Polishing abrasives are the cutting tool of the BP process and are made of both natural and synthetic 
products. They are generally used as a slurry or a paste (figure 3-19). In the slurry version, water 
(deionised) is the polishing medium which carries the abrasives, with added agents which modify 
the density, viscosity, thermal conductivity and other physical properties of the polishing fluid in order 
to improve the effectiveness of the process [185]. In the paste version, diamond and silicon carbide 
abrasives are the two most popular polishing pastes. The abrasives are uniformly suspended in a 
variety of substances, including: fatty acid, stearic acid, lanolin, Vaseline, paraffin wax, glycerine 
monostearate, iron oxide, and rosin; although the detailed paste composition is usually kept secret 
by the manufacturer. Only for common slurry, such as alumina slurry, is the detailed composition 
known [194].  

 
Figure 3-19:   Polishing paste (left) and polishing slurry (right) [203] 

 



60 
 

There are three key factors related to the performance of slurry and paste: grain concentration, grain 
size and grain material. Grain concentration refers to the volumetric concentration of abrasives 
present in the paste or slurry; grain size refers to the average size of abrasive particles; grain 
materials are either soft or hard, depending on the desired MRR [185]. Diamond, silicon carbide, 
cerium oxide, aluminium oxide and colloidal silica are the most popular polishing abrasives. Diamond 
abrasives have the additional characteristic of shape of abrasives �± monocrystalline or 
polycrystalline. Monocrystalline diamonds have clean and sharper edges, with fewer cutting facets, 
whereas polycrystalline diamonds are blocky-shaped, with numerous cutting facets. Polycrystalline 
diamonds produce higher MRR than monocrystalline, due to their increased number of cutting facets 
(figure 3-20); however, the latter produce a clean and defect-free finish, making them ideal for final 
finishing.   

Monocrystalline diamonds Polycrystalline diamonds 

  

 
Figure 3-20:   Diamond abrasives shape (top), Diamond abrasives MRR (bottom) [201] 

 

3.8 Summary 
 

This chapter reviews the available finishing process capable of achieving a nanometric scale surface 
finish and microns scale form accuracy. The least expensive and most commonly used is the hand 
polishing method performed by a highly skilled tool maker. However, the process is unstable, prone 
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to failure due to human error and the numbers of skilled engineering in this area is rapidly 
diminishing. The SPI standard delimits twelve levels of surface finish for an injection moulded 
component, and, in order to reach the required level and obtain the desired surface texture, a range 
of hand polishing tools are necessary. Hand tools, such as sand paper, polishing stones and hand-
held electric spindles are among a range of tools available on the market. Hand tools are available 
with a range of grit sizes and abrasive materials. Grit size refers to the average size of the abrasives 
present on the tool, with lower numbers indicating coarse abrasives and higher numbers fine 
abrasives. Sand papers are ideal for improving surface roughness on large areas; polishing stones 
are better suited to reaching corners and edges of the workpiece, whereas tools with an electric 
spindle are used for polishing difficult areas with complex ribs and corners.  

Machining methods, such as ultra-precision milling, ultra-precision grinding, fast tool servo, slow tool 
servo and fly cutting, provide high finish capability with good process stability by means of controlling 
the mechanical characteristics of the machine. FTS is considered to be the most cost effective 
solution for optical applications owing to its ability to convert a pre-formed component into a final 
finished component in a comparatively short time. However, the machining preparation for 
production and programming remain a time consuming and challenging job, making the process 
unsuitable for one-off manufacturing projects. MRF processes are largely used to polish brittle 
material. The presence of CIPs in the slurry transform the slurry flow from Newtonian viscous to 
visco-plastic regime, helping to grip the NMAPs in the contact region and providing more efficient 
MRR. The process is relatively expensive, with the disadvantage of being time consuming.  

The Bonnet polishing process has been developed to overcome the problems faced in the optics 
industry with the development of full scale tooling for any new design of optical mirror. The BP 
process implemented in Zeeko IRP machines has successfully achieved surface finishes in the 
nanometric range and correction to form error. The machine can also perform the grolishing process 
and FJP. The grolishing process improves the surface roughness of machined only or ground 
finishes to a pre-polished stage with less than 100 nm Ra without modifying the form accuracy or 
printing tool path marks. Moreover, the grolishing process helps to remove machining marks and 
any other periodic marks which would create mid-spacial frequency errors on the surface. The FJP 
process can achieve a smooth finish on a surface without the need of a physical tool contact. 
Optimum parameter conditions for a given material enable the process to reach the ductile mode of 
the material removal. The process has been successfully used to polish surface curvatures which 
cannot be polished using contact polishing methods due to tool access restriction.  

Zeeko IRP machines have some integrated technology for ensuring a controlled and repeatable 
polishing process. This includes precession, dwell time, tool path and edge control. The precession 
process requires the tool to reach the workpiece in an inclined position to avoid zero surface speed 
and to produce a Gaussian shape material removal function. This helps to predict the MRR, and 
hence perform form correction accurately. Dwell time refers to the time required to spend on an 
unwanted layer of material to successfully remove that material layer, and is calculated based on 
the MRR. Different tool paths are categorised as raster, spiral, random or pseudo-random, and 
appropriate tool path methods can be applied to maximise the polishing performance. Finally, edge 
control was developed to meet the requirement of optical mirrors for sharp edges, where ordinary 
polishing processes would roll the edges due to polishing force. Edge control technology helps to lift 
the tool vertically upwards while the tool approaches the edge in order to avoid chipping or rolling 
the edge. Models have been developed to predict the process and, thus, control edge shape.    

Polishing pads and cloths are necessary to carry-in the abrasives and carry-out the swarf from the 
contact area. They are made of wearable material and ensure a predictable material removal 
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process. Polyurethane pads are made from the solidification of polyurethane plastic which produces 
porosity during the formation process. The porosity traps the abrasive particles and uses them as a 
cutting tool to remove material. Tool preparation time using the pad is extremely long and the pad 
can wear within several hours of use, depending on the polishing condition. Further, the wear affects 
the removal rate and process stability. On the other hand, polishing cloths, generally made of plastic, 
latex or elastomer fibres, are available in a woven, non-woven or flocked form. There are a large 
number of polishing cloths available on the market, and choice of cloth is based on the surface 
condition and material of the polishing sample. Polishing cloths are available as self-adhesive cloths, 
making the tool preparation process both easier and quicker.    
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4 Prototyped Machine design methodology 

4.1 Introduction  
 

Design of a new precision machine requires knowledge of the principal of precision machine design. 
This implies understanding and obtaining accuracy, repeatability and resolution by controlling 
various factors such as design, errors, budget, timescale, etc. Along with the literature review to 
identify a gap in research pertaining to inexpensive polishing machine design, further general 
background study has been completed to identify the best strategy for design of a general precision 
machine. The design process has largely followed the principles outlined in the seminal publication 
�³�3�U�H�F�L�V�L�R�Q���0�D�F�K�L�Q�H���'�H�V�L�J�Q�´���E�\���$�O�H�[�D�Q�G�H�U���6�O�R�F�X�P��[204]. According to Slocum (1992), A good design 
methodology requires some sequent steps to be followed (figure 4-���������+�H���D�O�V�R���V�D�L�G���³There is no room 
for prejudice in design. One must take what exists, use it to fullest potential and then improve upon 
�L�W���´�� The diagram below shows the basic steps to follow to produce a machine which responds to 
specific needs. At the same time ensuring nothing is being omitted in the development of this 
process.  

 
Figure 4-1:   Design methodology followed for the development of the polishing machine 

  
This chapter describes the development of a low cost precision polishing machine based on 
chemical/mechanical polishing process. The functionality and performance of the designed machine 
is outlined. The chapter then states the requirements of sub-systems of the machine to satisfy the 
desired performance of the machine. Several conceptual design are discussed to identify the 
advantages and disadvantages. This is then followed by layout design section where research is 
conducted to determine the type of product which can fulfil the needs. A detail design section 
provides in depth information on sub-systems to validate their match with task definitions. Finally, 
the overall machine assembly is discussed along with its challenges. 

 

4.2 Principle sub-systems task definition 
 

Initially a need was identified for designing and building a new machine to perform a specific function. 
From the viewpoint of a customer who will be using the new equipment all the necessary functions 
that the new machine should pe�U�I�R�U�P���D�U�H���J�D�W�K�H�U�H�G�����)�U�R�P���W�K�L�V���³�W�D�V�N���G�H�I�L�Q�L�W�L�R�Q�´�����F�R�Q�F�H�S�W�X�D�O���G�H�V�L�J�Q�V��
need to be produced. Conceptual designs give an overall view of the machine design and basic 
sketches which describes the physical structure of the machine and the relationship of components 
within the machine. It also includes diagrams which explain how the machine functions. Once several 
conceptual designs are produced one need to be selected to expand in detail through layout design. 
During this stage the actual size of components is defined. Calculations are undertaken to evaluate 
the designed machine accuracy and capacity. Rough assembly drawings of the conceptual designs 
are produced. Based on the rough assembly drawings cost estimation and feasibility studies can be 
undertaken. From the one rough assembly drawing the detailed drawings can be developed. At this 
stage some modification to the design can be made to suit cost or accuracy of the new machine. 

Task 
definition

Conceptual 
design

Layout 
design

Detail 
design

Design 
follow-up
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During the detailed design stage every necessary task is completed to make the design into a 
product. Finally, in the design follow-up stage the maintenance plans and associated 
documentations are created.  

 

4.2.1 The Polishing machine  
 

The task definition of the polishing machine can be identified by analysing the literature review in 
Chapter 2 & 3 and actual products available on market. As identified a precision polishing machine 
based on bonnet polishing process is needed for small parts such as complex prosthetic knee joints 
or polymer injection moulds with specific defined surfaces forms where available bonnet polishing 
heads would not suit due to its large dimensions. The proposed machine should polish hard materials 
such as glasses as well as softer metallic materials. The cost of such machine be less than £40k. 
The polishing cycle time should be no greater or more expensive than commercial systems. To 
achieve these requirements, the newly designed prototype polishing machine should have the 
following assets: 

- Polish parts of up to 50 mm diameter and up to 30 mm thick. 
- Polish spherical, aspherical and freeform surfaces with about 5 to 10 degrees max slope. 
- Capable of achieving ± 10 µm precision in form accuracy. 
- Achieve surface roughness of less than 10nm Sa. 
- Polish corners and edges.   
- Be able to polish small grooves down to 10mm width (note; not vertical sides) 
- Reduce the polishing process time compare to other machines. 

In addition to all these tasks expected from this machine the main effort should be put towards 
keeping the machine cost as low as possible, £40K without compromising on requirements 
depending on their importance. The design should remove contamination effects between different 
polishing particle sizes and materials by simplifying the circulation flow and allowing accessibility for 
cleaning. Moreover, polishing methods needs developing to achieve sub nanometre surface 
roughness from as rough as ground finish. Thus helping industry to reduce manufacturing cost and 
time. Finally, the overall machine dimension should be kept as small as possible (< 2m3).  

In order to obtain the stated requirements on the designed machine, the equipment sub elements 
which composed the machine needed to be well chosen. Analysing the above requirements helps 
to identify four main sub-systems. These are the i) polishing tool ii), multi-axis movements system 
which allows freeform movement iii) spindle, and iv) overall machine frame. Task definitions for each 
of these four sub-systems were made. These task definitions then helped to identify the right sub-
system elements. 

 

4.2.2 Polishing tools  
 

The polishing tool is the key element that is in contact with the workpiece. It has the role to transmit 
the rotational movement of the spindle combined with the movement provided by the machine axis 
system allowing the tool to interact across the whole workpiece surface. Zeeko polishing machines 
use a spherical pressurised inflated bonnet as a polishing tool. The tool diameter ranges from Ø40 
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mm to Ø320 mm. In BP processes, pressurised areal contact is used to facilitate the polishing action. 
To obtain such contact there are two methods; an inflated bonnet pressed on to the surfaces or solid 
rubber bonnet pressed onto the specimen surface.  

In the designed machine the tool will be a combination of three main elements which are solid shaft, 
a rubber bonnet and the polishing pad adhered to the bonnet surface. The solid shaft will be mounted 
in the chuck of the spindle and the rubber bonnet will be bonded on to the solid shaft. The bonnet 
provides the pressurized contact with the workpiece. The bonnet should be stiff enough to not deflect 
to much due to the force transmitted during polishing. Finally, the polishing pad is bonded to the 
rubber bonnet. The pad is used to contain the abrasive pastes/fluids and provides the polishing 
action to the surface. The pad is subject to wear during extended polishing. Therefore, this can be 
removed and replaced before damage occurs to the rubber bonnet. The design of the bonnet which 
in contact with the workpiece should be designed according the geometry of the specimen surface 
geometry. Indeed, the geometry of the bonnet can be adapted to the type of surface to polish to 
obtained better results. A flat disc bonnet can be used to polish flat surfaces. Spherical geometry 
bonnet can be used for flat, spherical, aspherical and freeform surfaces. Cylindrical geometry can 
be used for grooves or side wall polishing. Conical geometry can be used to polish V-grooves.  

       

4.2.3 Multi -axis movement system  
 

A Multi-axis movement system is the element of the machine which will provide displacement within 
the polishing machine working volume. The precision, accuracy and stability of the multi-axis 
movement system plays an important role on the polishing process. Indeed, the precision on the axis 
movement will set the ability of the designed polishing machine to achieve dimensional targets (e.g. 
10±0.001 mm). The accuracy of the machine will be obtained through the ability of the multi-axis 
system to reproduce the same length of movement repeatedly within a given range. Finally, the 
stability also referred to as stiffness allows a controlled movement without any structural deformation 
due to the mass of components or the forces polishing encountered.  

Furthermore, the machine design has to have at least three linear and two rotary axes to provide 
possible freeform movements [205]. The travel ranges in each axes should be enough to polish a 
workpiece within the volumetric range of 50mm3. The feed rate of axis movement should be similar 
to currently available precision bonnet polishing machines on market. For example, when polishing 
cobalt chrome alloy a medical grade alloy, 7nm Sa surface roughness is obtained after conventional 
BP processes with the optimum parameters, the feed rate chosen is 1500mm/min [206]. Therefore, 
the developed machine should have similar feed rate capability.   

 

4.2.4 Polishing spindle  
 

To produce a spindle task definition, it is important to understand the role of the spindle within a 
precision polishing machine and numerate elements which are beneficial and non-beneficial to the 
machine. The spindle provides axial rotation to the tool in contact with the workpiece. Zeng S, Blunt 
L, et al. have investigated material removal by bonnet polishing and showed that spindle rotation 
speed has a linear effect on material removal rate [183]. Existing bonnet polishing processes have 
maximum spindle rotation speeds of up to 2,000 rpm. This is mainly because polishing is used only 
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as a final processing step. However, in the presently designed machined it is aimed to pre polish 
rough surfaces. The material removal rate should be higher when removing material on rough 
surfaces to gain in productivity. Therefore, the spindle should have starting speed of 500 rpm up to 
10,000 rpm. The spindle runout should be as low as possible to obtain high form accuracy. In order 
to ensure that the friction force does not reduce the rotating speed, the torque produced by the 
spindle should be higher than the friction force produced by polishing process. Experiments only can 
provide the friction force, therefore it is important to check the application for which the spindle is 
designed and ensure the torque produced is enough for the polishing process. Further the spindle 
should be thermally stable to allow long cycle time polishing and also not affecting the precision by 
deformation. The spindle weight needs to be low to avoid any deflection. Finally, the spindle 
dimension should be small to achieve a compact machine design. The spindle needs to have the 
following features to satisfy all the requirements identified above: 

- The rotational speed of the spindle needs to be variable.  
- Rotation speed ranging from 500 rpm to 10,000 rpm. 
- The torque provided by the spindle should be 50 N or above at any speed. 
- The spindle rotation runout ne�H�G�V���W�R���E�H���”�����—�P���S�U�H�F�L�V�L�R�Q�� 
- The spindle should have a low amount of thermal expansion.  
- Spindle weight should be as low as possible.  
- The overall dimension of the spindle should be small. 

 

4.2.5 Machine structure frame 
 

The machine body will be the element which provides fixtures for each sub-system in the optimum 
position. It should have a stiff design to avoid vibration and deflection due to the masses of objects 
fixed on them. The stiffness of the frame should be higher than the force generated by the polishing 
process to avoid any deformation larger than the precision of the machine. The design should ensure 
easy access for the following equipment:  

- In BP process the polishing pad are changed regularly, therefore easy access to the tool is 
required. 

- The machine aims to polish parts such injection mould tools, which are relatively big and can 
be heavier than 10 kg.  

- The particles of liquid based slurries can contaminate the whole machine if not well protected. 
The design should ensure that all surfaces inside machine are accessible for cleaning. 

- Slurry flow design needs to be done to ensure that abrasives do not stick the machine 
structure. 

- Easy access is needed for maintenance of machine elements.  

 

4.2.6 Slurry system 
 

There are two main type of abrasives used during BP processes, these comprise re-circulating slurry 
circulation and abrasive paste. In mass production and long cycle polishing the slurry circulating 
system is used for its quality and consistency. Abrasive particles are mixed with water (deionised) 
and re-circulated via a pump to the polishing part. The circulation provides consistent polishing and 
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thermal stability over polishing area. The disadvantages of this process are the time consumption, 
cost and risk of contamination within particular slurry abrasives regimes. On the other hand, the 
paste component is used for short cycles and for experimental development stages. The process is 
very simple and cost effective. There is less chance of abrasive contamination and it is very quick to 
switch between abrasive sizes. However, there is a high risk of uneven paste distribution on the 
polishing surface which leads into uneven polishing. Use of paste could also have potential thermal 
issue if the process is long (dwell time).  

Designed machine should run these both type of abrasives polishing. Therefore, to provide slurry 
circulation system the machine should have a slurry tank. The surrounding parts which may contact 
the slurry liquid should be designed to allow the flow directed towards outlet direction.  

 

4.2.7 Additional parts  
 

The task definition of the core sub-systems is expressed in the above sections. There will be 
subsequent parts which are required to assemble the designed machine. These parts will depend 
on the layout design of the identified sub-systems and the conceptual design of the machine. There 
are several parts identifiable at an early stage of the design, such as machine base, slurry drainage 
tray, workpiece holding unit and spindle holding element, multi-axis movement system mounts to 
machine frame, etc. However, the task definition of these parts can only be expressed once full 
knowledge is acquired of the conceptual design and core sub-systems. During the design and 
implementing process of these parts efforts were put in to make parts fit for purpose and cost 
effective to keep the overall machine cost lower.  

4.3 Conceptual and layout design process 

4.3.1 Conceptual Design process 
 

The task definition outlined in the previous sections, helped to clarify the view of the requirements 
expected from each element of the designed machine. However, the assembly of sub-systems and 
parts have not yet been discussed. There are many possible concept designs to explore and discuss. 
The BP process can be assimilated to CNC milling process, the interaction will be between the tool 
and the workpiece. The tool is fixed on the spindle and the workpiece attached to its holding fixture. 
There are three options at this point. The spindle with the tool could be attached to the machine axis 
movement system and the workpiece fixed on the machine base or vice versa. Both solutions will 
have similar results on polishing process unless the mass of these equipment can potentially reduce 
the precision of the machine. There is an additional solution where the spindle is attached to the 
linear axis and the workpiece on one of the two rotary axis needed to perform freeform polishing for 
example. The designed machine aims to polish injection moulds and other metal parts where the 
mass will be heavy or not easily predictable. Therefore, aiming to attach the workpiece on the axis 
system might deflect the axis linearity and reduce precision. Consequently, the spindle with the tool 
needs to be attached to the machine axis system and the workpiece attached to the machine base 
or in one of the rotary axis depending on the multi axis system chosen for this machine.  
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The other important element of the conceptual design is the machine axis orientation. Indeed, the 
axis of the spindle needs to be aligned with the workpiece vertically and/or horizontally. In other 
words, a vertical machining centre (VMC) or horizontal machining centre (HMC). Each one of these 
has their own advantages and disadvantages. A horizontally aligned machine allows the chips from 
a cutting process to fly away from the surface due to gravity. This reduces the surface defects due 
to chips being dragged on the surface. However, the precision of the axis could be affected due to 
the mass of the tool, spindle and workpiece hanging on the axis horizontally. On the other hand, the 
vertically aligned machines will deflect only on the vertical axis due to its mass which can be 
predicted and compensated. Moreover, the visibility of the manufacturing process and the 
accessibility of the workpiece are high compared to a horizontal machine centre. Conversely the 
chips from the cutting process can cause damage to the machined surfaced if the chip are not 
effectively removed from the surface [207].  

 
In terms of the bonnet polishing process there are vertically and horizontally aligned machines 
available on market. If the designed machined aims to polish only using a slurry circulation system, 
then HMC and VMC are suitable. Whereas the designed machine aims to use the slurry circulating 
�V�\�V�W�H�P�� �L�Q�� �D�G�G�L�W�L�R�Q�� �W�R�� �³�G�U�\�´�� �S�R�O�L�V�K�L�Q�J�� �X�V�L�Q�J�� �S�D�V�W�H�� �D�Q�G�� �S�R�O�L�V�K�L�Q�J�� �V�X�V�S�H�Q�V�L�R�Q�V���� �,�Q�� �W�K�H�� �F�D�V�H�� �R�I�� �³�G�U�\�´��
polishing the machine orientation needs to be vertically aligned to ensure the polishing paste remains 
in contact with the workpiece during the polishing process.  

 

There are three design possibilities, based on machine task definition and the elements to consider 
on the conceptual design discussed above. All three are vertically aligned machines. They all contain 
sub-systems identified by the task definition sections. Sketches of these different possible 
combinations are presented below. In addition to the known information the allowable machine 
dimensions are introduced in these sketches. This helps to picture the overall machine dimension 
and the sub-system dimension.  
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Figure 4-2:   Conceptual design 1, with vertical machine alignment containing all sub-systems with 

their approximate dimensions 
 

Conceptual design 1 (CD1) shows the profile view of one example of polishing machine (figure 4-2). 
This sketch shows a design setup with the multi-axis movement system holding the spindle. The 
spindle holds the tool and the end of the tool will be the controlled to perform any pre-programmed 
movement. The workpiece is held by a rotary stage. The use of a rotary stage would be more 
appropriate for polishing spherical and cylindrical parts. This would facilitate the program of 
rotationally symmetric parts. The machine should sit on solid machine base. The space inside the 
base can be used for implementing slurry tank and the pump. The space above the machine can be 
used to place the controllers from all sub-systems and screen to monitor them. The overall machine 
dimensions will be around L1900mm, W600mm and D600mm. 

Multi-axis 
movement system 

Overall machine Body 

Spindle 

Workpiece 

Tool 

Workpiece holding 
unit (rotatory stage) 

Place dedicated for 
controllers & screen 

Place dedicated for 
slurry tank and pump 

Machine base  
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Figure 4-3:   Conceptual design 2, with vertical machine alignment.  

 

The difference between CD1 and CD2 is the workpiece holding table (figure 4-3). Indeed, in this 
case a fixed table replaces the rotatory stage. The solid table is a cost-effective solution. However, 
the workspace area is limited to the movement of the multi-axis system. The length of overall 
machine body dimension change and becomes L1825mm, W600mm and D600. 

Solid table with 
workpiece fixture. 



71 
 

 

 

 
Figure 4-4:   Conceptual design 3, with vertical machine alignment. The multi-axis movement 

system holds the workpiece. 
 

 

The third conceptual design scenario CD3 is to fix the spindle solidly on the top surface vertically 
down (figure 4-4). The multi axis movement system is used to hold the workpiece. In contrast to the 
two-previous scenario the workpiece will move to be polished by the stationary spindle. Most of the 
mass of the machine is attached to the machine base. The spindle is the only part which is hanging, 
therefore the is less possibility of deflection in this conceptual design.  The overall dimension change 
slightly and become L1815mm, W600mm and D600. 

 

Conceptual designs were compared to identify the most appropriate design for the polishing 
machine. CD1 and CD2 are very similar except the rotary stage. The CD3 has a different concept. 
Although the CD3 would be more precise due to its structure design, as a polishing machine 
designed to polish heavy parts such as injection mould tool, it might lose precision by carrying heavy 
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Overall machine Body 

Spindle 
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Tool 
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masses. The other problem could be the contamination of multi-axis movement system by the slurry 
circulation. Therefore, CD3 was considered not suitable for the purpose of the proposed machine.   

CD1 and CD2 were both suitable for the design of a polishing machine. For this project simplicity is 
preferred to validate machine design concept. Therefore, CD2 was selected to expand in detail 
through layout design and CD1 was kept for further development once CD2 was satisfied. During 
the layout design process each identified sub-system was fully developed.  

Market analysis was conducted for each sub-system to identify existing products which match the 
sub-system required criteria. If the required product is not available on market it will be designed and 
manufactured.   

 

4.3.2 Multi -axis movement system Layout design 
 

The layout design was carried out initially on a multi-axis movement device as it is the main sub-
system element of the machine. To polish defined geometry surfaces a minimum of five axes is 
required. Three translational and two rotational axes would enable freeform movement for example. 
Serial kinematic systems and parallel kinematic systems are the two ways to obtain freeform 
movement available on market. Serial kinematics are used on manufacturing and measurement 
systems. The parallel kinematics are used on flight simulation, telescope mirrors alignment and other 
applications where heavy loads need to be handled with high precision.  

Serial kinematic stages systems have errors which affect the precision of the machine. There are 
two main categories of error affecting the positioning accuracy of machine, which are systematic and 
random error [208]. Systematic errors can be predicted and compensated whereas random errors 
are dependent on an external error source.  In serial kinematic set ups the axes are stacked together. 
This creates an unbalanced mass distribution. Some axes carry more weight than others. The runout 
and tilt errors are accumulated over the number of axes which reduces the machine precision. The 
cable connection of each axis causes friction with the surrounding parts which affects the reliability 
and the repeatability of the system [209].  

The parallel kinematic stage is designed to be stiffer than serial kinematic stages. Parallel kinematic 
systems (such as a hexapod) are different from serial kinematic in their structure with six struts 
moving simultaneously to move from one position to another. The actuators on struts are actuated 
simultaneously. The way the actuators are arranged optimizes the structural stiffness of for example 
a hexapod design [210]. A hexapod design allows movement in three translational and three 
rotational axes. This structure enables high stiffness and compact design to be embedded in the 
system. It provides relatively small incremental motion which is repeatable. It has the capacity to 
move a load from one position to another with micron precision. The positioning error is not 
accumulated. The cables are not moving which increases the reliability and repeatability of the 
system. The downside of the hexapod design is that the workspace volume is limited to the size of 
the struts and their relative distance between each other.  

Market analysis shows that five axis stacked serial kinematic stages are (not embedded into a 
machine system) are commercially available as an OEM product which can be utilised by the 
designed machine. To obtain a serial kinematic stage, the axes needs to be purchased individually 
and assembled manually within the design. Once assembled a controller is required allow 
programming of axes movements. On the other hand, parallel kinematic systems such as the 
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hexapod design are commercialised as a single unit with the associated controllers. Although they 
have restricted workspace access, a hexapod with the work range required for the present machine 
can be identified. Therefore, further market analysis was conducted to identify the right model of the 
hexapod for the designed machine.  

Three models appear to be close to the requirements in terms of travel range, velocity, overall 
hexapod dimensions, minimum incremental motion, load capacity and rigidity. The final decision was 
made based on overall quality and cost of the hexapod. All three hexapods were sold with their 
controllers. The Table 4-1 below shows their level of compatibility with the task definition of multi axis 
movement system. High compatibility are presented with a (+) sign, acceptable compatibility will be 
presented with (o) sign and non-acceptable\ compatibility will have (-) sign. The technical data of 
these three models can be found on Appendix 4-1.   

Table 4-1:   Hexapod model compatibility comparison 
 HXP100-

MECA(Newport) 
BREVA (Symetrie) H-840.D2 (Physik 

Instrumente) 
Travel range - + + 
Velocity - o + 
Overall hexapod 
dimensions 

+ o + 

Minimum incremental 
motion 

+ + o 

Load capacity o + + 
Controller o o + 
Cost + - + 

  

a HXE100-MECA hexapod from Newport 
 

Newport has a hexapod model which matches the requirements [211]. The model HXP100-MECA 
had interesting price and overall dimensions (figure 4-5). The quoted price was £23,769. Although 
this model had the price corresponding to the budget, other criteria had medium or poor compatibility. 
Indeed, the travel range and velocity were a lot lower than the requirements.   

 
Figure 4-5:   HXE100-MECA hexapod from Newport [211] 
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b Hexapod BREVA from Symetrie 
 

One the other hand, �W�K�H�� �6�\�P�H�W�U�L�H�¶�V�� �K�H�[�D�S�R�G�� �P�R�G�H�O�V�� �F�D�O�O�H�G�� �%�5�(�9�$�� �L�V�� �H�L�W�K�H�U�� �K�L�J�K�O�\�� �R�U�� �P�H�G�L�X�P��
compatible except the cost [212]. BREVA have a very good travel range, high load capacity and 
good rigidity (figure 4-6). The overall dimensions were twice those desired and the price was too 
expensive. The cost of a BREVA with its controller was £41,500, which was a lot higher than the 
budget.  

 
Figure 4-6:   Hexapod BREVA from Symetrie [212] 

 

c Hexapod H-840.D12 from PhysikInstrument 
 

A hexapod model H-840.D2 from PI (Physik Instrument) [213] has high compatibility with the 
requirements identified on the Table 4-1. All the requirements are highly compatible with this model 
except the minimum incremental motion which has a medium compatibility. This model is the only 
model which has higher compatibility with the controller. The cost of the hexapod with its controller 
is just below £25,000 which is within the budget. Therefore, H-840.D12 present on figure 4-7 is 
chosen for detailed review before the purchase.  
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Figure 4-7:   Hexapod H-840.D12 from PhysikInstrument [213] 

 

 

4.3.3 Spindle Layout design 
 

There is no specifically designed spindle for CNC polishing operations available on the market. 
However, there are spindles which match the requirements for a polishing process (see table 4-2).  
The conceptual design identifies the location, allowed dimensions and weight of the spindle. Based 
on this available information, market analysis was conducted to find the appropriate spindle for the 
machine. Electric spindles, pneumatic spindles and air bearing electric driven spindles are the three 
types of spindles available on market which fit the requirements mentioned above, however they 
need to be further studied for matches with other requirements. An image of the spindle models 
chosen for the following analysis are shown in table 4-2. Electric spindles are designed for manual 
and hand operations. Pneumatic spindles are designed for high speed machining. Air bearing electric 
driven spindles are designed for CNC turning, milling and drilling operations. The table 4-3 below 
offers a more detailed review of these three types of spindles based on our requirements.   

Table 4-2:   Spindle Models 
Electric Spindle Pneumatic Spindle Air bearing electric spindle 
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Table 4-3:   Comparison of spindle specification 
 Electric Spindle Pneumatic Spindle Air bearing electric spindle 
Speed range From 1,000rpm to 

40,000rpm 
From 5,000rpm to 
160,000rpm 

From 500rpm to 80,000rpm 

Rotating speed 
control 

The desired speed is 
controlled via a 
manual controller. 

These spindles are 
designed to run at one 
single speed. However, 
in some models the air 
flow can be controlled 
which can vary the 
rotating speed. This 
method does not allow 
an accurate control of the 
rotating speed. 

The electric signal to run these 
spindles is sent through a 
controller which can be 
programmed. Desired rotating 
speed is obtained within the 
spindle working range. 

Runout Not provided Less than 1 µm runout 
error can be obtained. 

Less than 1µm runout error can 
be obtained. 

Torque Maximum torque of 
4.8 Cn.m is 
delivered. 

Maximum torque of 5 
Cn.m is delivered. 

Maximum torque of 35 Cn.m is 
delivered. 

Thermal 
expansion 

These spindles are 
not designed for long 
cycles or precision 
operations. 
Therefore, on long 
cycles thermal 
expansion could be 
an issue which 
affects the precision. 

Thermal expansion is 
negligible in these 
spindles. 

Even though the motor is 
electric, air is used as the 
bearing medium and spindle 
cooling solution. Therefore, the 
spindle is thermally stable. 

 

The table above clearly shows that the air bearing electric driven spindle is the most suitable for the 
requirements identified via the task definition. Indeed, it covers the speed range required for 
polishing. The controller allows the control of the rotating speed. The air bearing provides runout 
error to be less than 1 µm and allows the air to flow around the motor which controls thermal 
expansion of the spindle. The torque produced by the spindle are far more than needed for the 
polishing processes. Therefore, further research was carried out on this category of spindle.   

 

4.3.4 Polishing tool Layout design  
 

Polishing tool is the part which will be in contact with the workpiece. Depending on the type of surface 
to polish the tool design can be adapted. The polishing tool is composed of three parts: shaft/shank, 
flexible bonnet and polishing pad.  

The Shank was designed to be a solid rod attached to the chuck of the spindle. The diameter of the 
shank can range from 1 to 6 mm in diameter. Smaller diameter of the shank was aimed for use in 
narrow workpiece zones. The end of the shank was designed to accommodate the flexible bonnet.    

The flexible bonnet was glued to the end of the shank. The flexibility of the bonnet created a 
pressurized areal contact. The stiffness of the bonnet will define the pressure applied to the surface. 
The tool offset is related to the contact area. (See section on offset measure for more details on the 
effect of the offset.) 
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In use, a polishing pad is glued on top of the bonnet. The material of the pad used for polishing varies 
from the material of the workpiece surface and the surface quality priory to the polishing process. 
The polishing pad also called polishing cloth holds the paste or slurry abrasives against the 
workpiece surface. The pad is expected to wear due to the force generated in the interaction with 
the workpiece. For BP processes the pads are either dressed or replaced with new one if it shows 
sign of wear. To simplify the pad changing process the skank was made of two pieces which were 
screwed together. This method helped to save time in pad changing process.  

Industrial BP machines such as the Zeeko IRP 200 uses an inflated spherical rubber bonnet with the 
pad glued on top for polishing. However, inflated bonnets can only be used from 20 mm diameter 
tools. If a smaller tool is needed, then a solid spherical rubber is used to replace the inflated bonnet. 
Based on this principle the same spherical bonnet will be used to polish flat, spherical and freeform 
surfaces. Nevertheless, spherical design of the bonnet is not suitable for polishing internal grooves 
or side walls. Therefore, different type of bonnets need development in future depending on the type 
of surface to polish.    

 

4.3.5 Machine frame layout design 
 

The machine frame has the purpose of holding in position all sub-systems according to the 
conceptual design. At the same time, it must ensure that all criteria expressed on the task definition 
section are fulfilled. To hold the hexapod, spindle and tool in place aluminium extrusion frame was 
chosen as a proof of concept design. Aluminium extrusions are easy to cut and assemble to the 
shape required for the prototype design. They are inexpensive and allow easy access for workpiece, 
cleaning, tool changing and maintenance as required in the task definition.  

The aluminium extrusion frames are available with different profile shapes and dimensions. Each 
are designed for certain types of application. In the present case the frame was aimed to position 
the hexapod and the spindle vertically downwards. To obtain a stiffer structure a model designed for 
factory equipment is chosen. It is a 40 x 40 mm square cross section with the following profile (figure 
4-8 left), which has a weight of 2.47 kg/m. The dimensioning detail of the cross section is not provided 
by the manufacturer. This profile of the cross section is modelled on Solidworks based on the profile 
sketch and measured dimensions to extruded over 1-meter length (figure 4-8 right). The inner 
radiuses of cross section are altered to match the weight information provided but he manufacturer. 
The aim was to verify the validity of the profile using available weight information for further Finite 
element analysis (FEA) analysis in the detailed design section. The obtained results showed a good 
correlation between the model and the real weight with the weight of the model being 2.473 kg/m.    
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Figure 4-8:   Aluminium extrusion profile picture (left) [214], and CAD designed aluminium 

extrusion (right)  

 

4.3.6 Slurry pump layout design 
 

The slurry tank was not a commercialised product which could be purchased, hence it needed to be 
designed and manufactured. The purpose of the slurry pump system was to continually mix the 
abrasives with the polishing fluid and deliver it towards the contact area through a pump.  

There are three main parts required to develop the slurry pump system. These are the container 
tank, pump and an abrasive mixer.  To begin, the necessary capacity of the tank was decided. There 
should be enough fluid in the tank to obtain the slurry circulation cycle between the polishing surface 
and the tank. At the same time a larger capacity tank than necessary will increase the process cost 
dramatically. In polishing using slurry the abrasives such as cerium oxide used for polishing glass is 
expensive. The concentration of these abrasives in the polishing fluid has an impact on the polishing 
time and the surface finish [215]. A bigger tank would use more abrasive than a smaller tank. Based 
on the distance separating the slurry tank and the workpiece, a tank with 5 litres capacity is chosen 
for development. The container needs to be cylindrical to ensure that abrasives are circulating 
without stagnating at any corners. For a cost effective prototype, a stainless steel 6 litres capacity 
container was purchased. In terms of the pump, an industrial pump used for coolant circulation in 
CNC operation was identified and purchased. 

 

4.4 Detailed design and analysis 

4.4.1 Hexapod H-840.D12 detail design 
 

The Hexapod, the most expensive sub-system of the polishing machine, provides precision 
movement to the polishing head. The precision finish achievable by the polishing machine depends 
mainly on the precision of the Hexapod. All the criteria used to select the most appropriate model of 
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hexapod have a direct impact on the precision of the final polishing machine. It was therefore 
important to review all requirements to ensure that the chosen hexapod matched the criteria.  

  

a Travel range  
  

The travel range of the hexapod is its movement capability in each axis, and this defines the work 
volume.  The chosen model has a travel range of ±50 mm in the X and Y axes and ±25 mm in Z 
axis. It can rotate ±15 degrees around the X and Y axes and rotates ±30 degrees around Z axis. For 
this hexapod, the maximum travel range specified per axis can only be achieved if other axes are at 
zero position. It is important to check the availability of workspace on polishing conditions. PI offers 
hexapod simulation software which allows the prediction of workspace availability under a given 
condition. Initially, all axes are at zero position, and the available workspace can be seen in figure 
4-9. The left and right images show the same work volume in different axis orientations. In Z axis, 
the travel range is 50 mm in the middle, but, moving away from the middle, in the X and Y axes, the 
Z range reduces gradually to reach a value close to zero towards the extreme limits of the X and Y 
axes.  

  

  
Figure 4-9:   Grid lines showing available hexapod workspace volume; in YZ axis (left) and XZ axis 

(right). Overall: X, Y 100mm and Z 50mm (Colours used only for visual aspect of work volume 
purposes). 

 

 
Figure 4-10:   50mm diameter sphere size sample can be reached with available workspace 

volume. 
 

Figure 4-10 shows a sphere of 50mm diameter inside the available workspace area. Any position 
within micron precision within the workspace area can be reached. However, the literature review 
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on bonnet polishing shows that an angle to the bonnet provides a Gaussian shape material removal 
function. This allows the prediction of the material removal rate using Gaussian function for form 
error correction [169]. Shengyue et al. have polished CoCr material and achieved a surface 
roughness of 7 nm Sa from 24 nm Sa, with an angle given to the tool of 5o [206]. A rotation of 5o is 
given around the X axis for the present design and the results show that only a sphere of 18 mm 
radius can be reached, as movement range on the Z axis is reduced (figure 4-11). However, if the 
workpiece has a lower depth in Z, such as a thin plate with a low slope, then the machine can polish 
a workpiece of size X65 mm, Y65 mm and Z5 mm (figure 4-12). Further increasing the angle reduces 
the workspace volume.    

  

 

  
Figure 4-11:   Workspace available with 5o angle on hexapod. Workspace volume of X, Y 84 mm 

and Z 20 mm, 18 mm diameter sphere sample can be reached inside.  

 
Figure 4-12:   Square plate of 65 mm2 with 5 mm thickness can be reached inside the workspace 

volume of  X, Y 84 mm and Z 20 mm. 
  

b Velocity  
  

Velocity indicates the feed rate of the polishing machine. In the polishing process, the dwell time and 
feed rate have a direct relation �± calculation of the material removal mechanism is based on dwell 
time, which is then converted into feed rate for form correction. The feed rate determines the amount 
of time the tool spends at each positioning coordinate.  Slow feed rates generate heat in the polishing 
environment and, thus, affect the polished surface quality. The feed rate also has an influence on 
the depth of the removal profile [216]. Shengyue et al. used a feed rate between 600 mm/min to 
1,000 mm/min with the Zeeko IRP200 polishing machine to investigate material removal and 
optimise parameters for surface roughness improvement [217]. Feed rate has therefore an important 
influence on the surface finish that can be achieved. Therefore, similar feed rates to those used by 
Shengyue et al. will need to be performed by the designed polishing machine. There are two models 
of Hexapod in the H-840 range from PI: The G models have a maximum velocity of 150 mm/min, 
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with minimum incremental motion of 1 ���P��and maximum load capacity of 30 kg; D models have 
maximum velocity of 3,000 mm/min, with minimum incremental motion of 3 ���P���D�Q�G���D maximum load 
capacity of 10 kg. H-840. D models cover the feed rate which is required for polishing, with 
acceptable load capacity and minimum incremental motion; hence it was the D model that was 
chosen. 

 

c Overall hexapod dimensions  
  

In the conceptual design, the dimension allowed for the multi-axis movement device is around        
300 mm3. This specification is intended to design a rigid/compact polishing machine. The H-840.D2 
has a diameter of 348 mm and 328 mm height, which is relatively close to the requirements. The 
figure 4-13 below shows the technical drawing of the hexapod. 

 
Figure 4-13:   Hexapod H840.D2 technical Drawing [213] 

 

d Minimum incremental motion  
  

Minimum incremental motion indicates the smallest step movement that can be achieved with the 
hexapod. The H-840.D2 has a minimum incremental motion in translation of 3 µm in X and Y axes 
and 1 µm in Z axis, and a minimum incremental motion in rotation of 5 µrad in X, Y and Z axes. 
�0�L�Q�L�P�X�P���L�Q�F�U�H�P�H�Q�W�D�O���P�R�W�L�R�Q���K�D�V���D���G�L�U�H�F�W���U�H�O�D�W�L�R�Q���W�R���W�K�H���P�D�F�K�L�Q�H�¶�V���D�E�L�O�L�W�\���W�R���R�E�W�D�L�Q���I�R�U�P���D�Fcuracy. 
Indeed, the hexapod controller executes a step movement: if a circle is specified only with three 
points, a triangle is produced. Defining a curve via programming using points will therefore be limited 
to the minimum incremental motion capability of the hexapod. The minimum incremental motion 
specified above is sufficient for achieving 50 µm form accuracy defined on task definition.  
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e Load capacity  
  

The load capacity indicates the amount of load that the hexapod can hold and move from one defined 
position to another without losing precision. It also indicates the stiffness of the hexapod, with heavy 
load capacity hexapods having a stiffer design [218]. In this project, the spindle EMR-3008K is 
planned to be fixed to the hexapod. The spindle has a weight of 0.65 kg. H-840.D2. has a maximum 
load capacity of 10 kg on vertical positioning and a capacity of 3 kg in any orientation. The chosen 
spindle with wires and assembly features will be less than 3 kg. The precision of the hexapod will 
not, therefore, be lost due to the mass carried by the hexapod.   

  

f Controller   
 

The controller is the device which takes commands and sends an electrical signal to the hexapod to 
execute movements. As the Hexapod is designed mainly for positioning purposes, it uses robot 
commands called General Command Set (GCS). It is easier to program simple flat movements using 
GCS commands. However, the aim of this project is to polish precision spherical and defined 
surfaces where the programming would need a computer-aided manufacturing (CAM) software to 
generate the polishing path. The positioning command of the program can be read by GCS 
commands as long as the letter preceding the values are X, Y and Z for translation movement and 
U, V and W for rotational movement.   

If other commands (such as machining velocity, homing or approach velocity, tool radius 
compensation or any other commands) need to be used in the machining environment, a 
programmable logic control (PLC) can be used to translate the g-codes into GCS command and 
send them to the controller via an EtherCAT. 

 

4.4.2 Machine Spindle Detail design 
 

NSK Nakanishi is a Japanese firm producing precision spindles for CNC machining operations. They 
have a series of spindle called E3000, which are mainly electric driven spindles with air bearings. 
The motors of these spindles are designed to run between 2,000 �± 80,000 rpm. Only few models 
are available at low speed. These models possess a gearbox to reduce spindle speed and increase 
torque. Depending on the ratio of the gearbox, the spindle speed can be altered. A brushless motor 
spindle EMR �± 3008K from Nakanishi was assessed to be the most suitable for the present machine 
(figure 4-14). This spindle had a maximum rotating speed of 32,000 rpm, and a gearbox with 1 to 4 
ratios, which brought the maximum speed down to 8,000 rpm. The dimension of the spindle is            
30 mm in diameter and 183.5 mm in overall length, and its weight is 0.65 kg. It has a spindle runout 
of less than 1 µm. The output torque is constant at 35 Cn.m. The spindle was designed to be used 
for drilling and grinding purposes. It was therefore assumed that it will overcome required force for a 
soft contact to perform the polishing process. The collect chuck diameter to hold the polishing tool 
can vary from 0.5 mm to 6 mm in diameter. This allows the possibility to design a micro tool for 
polishing micro parts.  
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The spindle was sold with a controller E3000 (figure 4-15) and connecting cables. The controller 
E3000 allowed manual selection of the rotating speed and rotating direction. It has a digital screen 
to read the speed and also an errors code in the case of problems. There are DB-type connectors 
for command input and information output. The on/off motor switch, rotating speed and directions 
can be programmed and send as a command to be executed. The motor current, warning, errors 
and some other data can be monitored.   

 
Figure 4-14:   Picture of brushless motor spindle EMR-3008K and its technical characteristics 

[138].  
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Figure 4-15:   E3000 Series spindle controller [138]. 

 

4.4.3 Tool detail design 
 

To manufacture the polishing tool, a 6 mm diameter stainless steel rod was cut to a length of            
100 mm. One end of the shank was threaded to screw in the second part of the shank. The other 
part of the shank was designed according to the bonnet design discussed above. A spherical rubber 
bonnet was used; a 20 mm diameter sphere, cut at 4 mm height, which gives a flat end diameter of 
12 mm, with a positioning hole in the centre. In order to glue this on to the shank correctly, the end 
of the shank was designed with a flat end of diameter 12 mm with the same type of cylinder to match 
with the bonnet.  

The pad was cut at 10 mm diameter using a punch. Normal polyurethane pads were soaked in hot 
water to make them more flexible. Contact adhesive (EVO-STIK IMPACT) was applied to the pad 
and the bonnet. The complete adhesive cure took 4 hours. By contrast, self-adhesive pads could be 
stuck on to the bonnet loaded with abrasive paste and used immediately. This method saved time 
in tool preparation. Both pads with their adhesive bonding method showed some irregularity. The 
pad, once glued, did not follow the spherical shape of the rubber. To solve this problem, the tool was 
pressed against the 20 mm diameter spherical shape using a drill stand. Using this method, a 
spherical shape following the rubber profile was obtained. Table 4-4 illustrates the tool manufacturing 
process with pictures.  
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Table 4-4:   Polishing tool manufacturing process 

 

 
 
 
 
 

 
 
 
 
 
 

 
Polishing shank with one end tapped. The 

rod can vary between 1 to 6 mm in 
diameter.  

 

 

 
 
 
 
 

 
 
 
 
 

 
 

Treaded cylinder designed to accommodate 
rubber on one side and screwed to the rod 

on the other 
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Table 4.4 continued  

 

 
 
 
 
 
 
 
 

Spherical rubber bonnets are used to create 
pressurised and areal contact to maximize 

polishing efficiency. Different size and 
shapes of rubbers can be used, depending 
on the geometry and size of the polishing 

surface. 

 

 
 
 
 
 

 
 

Rubber is then glued to the cylinder. 
 

 

 

 
 
 
 
 
 
 
 
 
 

Polishing pads/cloths are then cut to fit the 
rubber bonnet, using a punch. 
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Table 4.4 continued  

 

 
 
 
 
 
 
 
 
 

The pad is then stuck to the rubber. 
However, as can be seen in this picture, the 
pad does not stick correctly to the rubber, 

due to its small size. 

 

 
 
 
 
 
 
 
 
 

To obtain uniformity in the bonding process, 
a shaping tool containing the same size 

spherical surface was manufactured. 
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Table 4.4 continued  

 

 
 
 
 
 
 
 
 
 
 

The polishing tool is then attached to the 
drill stand and pressed against the shaping 

tool. 

 

 
 
 
 
 
 
 
 
 

After 10 minutes, the tool was ready, with 
the pad being stuck correctly on to the tool. 
The detachable design between the shank 

and the cylinder of the polishing tool 
enables the preparation of a new pad while 

another one is being used for polishing. 
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4.4.4 Machine frame detail design 
 

The stiffness of the aluminium extrusion frame needed simulation to evaluate the deformation and 
stress distribution due to the hexapod and the spindle being suspended in the middle of the frame. 
The type of frame chosen for purchase was, therefore, designed and assembled as required in the 
CAD package Solidworks, and subjected to an FEA analysis to identify any unwanted stresses or 
displacement in the model. To simplify and reduce the simulation running time, only the frame with 
hexapod, spindle and tool was simulated. In order to simulate the working condition, initial conditions 
were applied. The hexapod with the spindle had a total mass of 15 kg within the model, which took 
into account 12 kg of hexapod and 3 kg for the spindle and assembly features. The bottom of the 
frame was selected to be fixed geometry. An external force of 50 N/m2 was applied on the tool bonnet 
with the gravity of 9.81 N/kg downwards for all parts (figure 4-16). This applied load was generally 
higher than expected during the polishing process  

The stress analysis shows a maximum stress of 34.1 MN/m2 in the middle region where the hexapod 
is fixed, which is almost nine times smaller than the yield stress for this material (275 MN/m2). The 
overall structure did not have a high amount of stresses (figure 4-17). The displacement results 
showed maximum displacement in the middle of the cross frame. The amount of the displacement 
is less than 13 µm (figure 4-18). The 50 N external force applied on the tool produced no significant 
effect on the model. Based on these analyses, it was concluded that the structural frame which had 
been designed was sufficiently stiff for the purposes for which it was designed.  

 

 



90 
 

 
Figure 4-16:   Machine frame FEA initial conditions 

Gravity acting downwards 

 

50 N/m2 Polishing force acting 
on the bonnet upwards.  

 

Fixed geometry fixture on the 
bottom the frame 
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Figure 4-17:   Machine frame Von Mises stress 

 

  
Figure 4-18:   Machine frame displacement analysis 
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4.4.5 Slurry pump detail design 
 

Finally, a system was needed to mix the abrasives while pumping.  In order to obtain the abrasive 
mixture without an additional system the cover which seals around the pump impeller was 
redesigned. The spinning force of the impeller creates a flow inside the cover which surrounds it. 
Redesigning this cover with incorporated impellers (inside and outside) which are connected through 
a bearing would transmit the inside flow to the outside without compromising the pumping force. The 
parts were designed and assembled in SolidWorks. The figure 4-19 shows the CAD design process 
with all individual parts and the assembly. The designed parts were 3D printed, expect the bearing. 
This was chosen from the standard waterproof bearings available on the market. 

 

 

 

Outer impeller of the pump cover. 

 

Inner impeller which has the fixture to connect 
the outer impeller. The diameter of the outside 

cylinder was designed to have a tight fit 
connection with the bearing.   
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Standard bearing with waterproof housing. 

 

The redesigned cover has the same 
dimensions as the original. The cylinder in the 

middle was added to hold the bearing. The 
hole was to allow the cylinder of the inner 

impeller to reach the outer impeller. 

 

The picture shows the design of the pump 
housing cover to create a slurry mixer 

capability, using the flow force inside the 
housing cover. 

Figure 4-19:   Impeller cover CAD Design assembly process 
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The 3D printed cover was fastened to the pump base to cover the area around the impellor which 
rotates to direct the flow towards the intake pipe. The pump was fastened to the container lid. The 
container depth and the 3D printed cover were designed to obtain a maximum distance of 2 mm 
between the outer impellor of the 3D printed cover and the base of the container.  The aim was to 
reduce the possibility of abrasive stagnating at the bottom of the container. Figure 4-20 shows the 
3D printed cover and the full assembly of the slurry tank.  

  
Figure 4-20:   3D printed pump cover on left and slurry tank on the right 

 

4.4.6 Additional parts task definition to detail design 
 

The core sub-systems were obtained through design and manufacturing, or purchased as an integral 
sub-system. Having chosen the conceptual design and the core sub-systems in the layout design 
section, it was much easier to identify the requirements of all surrounding parts which were 
necessary to combine the sub-systems as a functional polishing machine based on the machine 
requirements.  

 

a Machine base 
 

The machine base needed to have a stiff design which could hold all the other parts of the machine 
without causing deflection or vibrations. In terms of dimension the base height needed to be based 
around a standard table size to ensure easy handling with workpiece and tool. The area of the base 
should be bigger than the diameter of the hexapod and be able to hold components such as an 
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injection mould tool. The base plate needed to have three-point contact to correct flatness error 
propagated from floor and difference in size with base legs. Fortunately, the research centre had a 
machine base corresponding the requirement. The available base was made from cast iron. The 
dimensions were measured to be L839 mm, W608 mm and D608 mm. It was then designed in 
SolidWorks to assemble with the other components of the machine and to identify fixing hole 
positions (figure 4-21). The holes on the edges are made to fix the aluminium extrusion frame and 
the holes in the middle are to assemble the workpiece holding unit. The holes are then drilled and 
tapped as necessary. To absorb vibrations from the floor, damping pads are placed under the legs.   

 

 
Figure 4-21:   Polishing machine base table (left: CAD model and right: Actual table) 

 

b Workpiece holding unit 
 

The workpiece holding unit acts as a fixture base for the workpiece assembly. The facilitate this, a 
series of M5 tapped holes were integrated. The M6 through holes were to be used to fasten the 
workpiece holding unit to the machine base (figure 4-22).  
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Figure 4-22:   Workpiece holding unit 

 

c Base cover tray 
 

The base cover tray was designed to cover the machine base (figure 4-23). The edges of the tray 
were fastened on the aluminium extrusion to fully cover the base and, thus, avoid fluid/slurry 
contamination. The tray was designed for easy cleaning, with bends to direct the slurry flow in one 
corner towards the front of the machine, and was made of stainless steel to avoid corrosion. The 
hole in the middle was to allow access to the workpiece holder unit.  Silicone sealant was applied to 
the gaps between these two components to protect from leakage.  

 
Figure 4-23:   Base cover tray 

 

To ensure a good slurry flow to the machine, the part which surrounds the workpiece holder needed 
to be designed to avoid slurry flow stagnation. Stagnation of large size abrasives, for example, would 
cause contamination to the process when a smaller size abrasive was used for smoother polishing. 
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The slurry drainage tray was designed to surround the polishing area. The circular hole in the middle 
contoured the workpiece holder.  

 

d Hexapod Holding plate 

 

This plate was designed to fix the hexapod into the frame (figure 4-24), and has six M5 tapped holes 
for the purpose. It also has five Ø7.5 mm through holes aligned and fastened with the aluminium 
extrusion frame. The intermediate assembly disc was made of aluminium, Ø348 mm 10 mm thick to 
provide sufficient room for the hexapod to be assembled.  

 
Figure 4-24:   Hexapod holding disc 

 

e Spindle holding assembly 
 

The aim was to hold the spindle in the middle of the hexapod. The hexapod has a Ø80 mm hole in 
the middle of the bottom horizontal plate and four M6 tapped hole arranged equally spaced in a 
square. These features were used to create an assembly of three parts to assemble the spindle in 
the middle of the hexapod assembly. These three parts are described, with their design 
consideration, below.   

Based on these hole positions, a plate was designed with a Ø40 mm hole in the middle (figure 4-25). 
There was also a Ø80 mm step used to create concentricity between the centre axis of this plate 
and the centre of the hexapod hole. The three equally spaced Ø5 mm through holes were for further 
assembly.   
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Figure 4-25:   Spindle assembly plate 

    

The Nakanishi spindle EMR �± 3008K came with fitting instructions to avoid damage to the internal 
components. The spindle installation instruction recommended avoiding the use of a fastening screw 
directly to the spindle; rather, the use a bush with a slit as an intermediate between spindle and 
holder was recommended. Following these instructions, a slit bush with internal Ø30 mm and 
external Ø35 mm was designed (figure 4-26). The spindle holder had an internal Ø35 mm diameter 
which corresponded with the slit bush, and three equally spaced Ø5 mm fixing holes which 
corresponded with the spindle assembly plate (figure 4-27). Figure 4-28 shows the assembly of the 
spindle holder on to the spindle assembly plate. 

 
Figure 4-26:   Slit bush 
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Figure 4-27:   Spindle holder 

 

 
Figure 4-28:   Assembly of the spindle holder 
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4.4.7 Overall machine assembly 
 

The machine was initially assembled in SolidWorks. This provided detail on the overall dimensions 
of the machine. The machine foot print was L1839 mm, W608 mm and D608 mm. The space 
available below the machine base was to be used to accommodate the slurry tank. Space above the 
hexapod was available for possible placement of both the hexapod and spindle controllers. Figure 
4-29 shows the CAD model of the assembly on the left and fully constructed prototype machine on 
the right.   

The biggest challenge during the assembly process was to align accurately the different elements of 
the machine so as not to lose machine precision. Tilt error within the sub-system could result in 
geometrical error in the polished component. There were two different methods to resolve this issue. 
In the first, all designed components would have high tolerances and geometrical specification to 
ensure accuracy of the alignment during assembly; however, this method would be expensive as a 
means to provide the least added error in the relation between workpiece and tool. The second 
method, which would be more cost effective, would accept a standard finish for the machined 
component, with errors built into the relation between workpiece and tool. Some major errors 
required manual alignment, but minor errors could be measured and accounted for, using hexapod 
virtual referencing.  

A primary concern was the parallelism between the workpiece and hexapod X and Y axes. The 
errors could build from the floor up to the workpiece. On the other hand, errors could accumulate 
from the cross aluminium frame down to the tool end. Major errors could originate from floor level 
and differences in leg size of the machine base, as well as from machine frame alignment with 
respect to the machine base. Minor errors were generated mainly in parallelism between the bottom 
and top faces of the workpiece holding unit and the hexapod holding plate. Additional errors emanate 
from the workpiece holder and the workpiece itself.      

The base was initially placed on the vibration absorption pad and the workpiece holding unit was 
fastened to the machine base, which had tripod levelling points. The top of the workpiece holding 
unit was levelled in X and Y plane of the machine using a precision level. The frame which held the 
hexapod was also levelled using the precision level. Before levelling, an appropriate height position 
of the frame with respect to the machine base was determined. The hexapod had only a 50 mm 
travel range in Z direction; the position of the cross frame, therefore, needed to be in accordance 
with the workpiece position. An initial experiment was conducted on Ø30 mm P20 hard steel. The 
samples were cut to 20 mm height, ground, and held using a 3-point chuck.  The chuck was 
assembled on a plate which was used to align the top surface of the workpiece with respect to the 
axis of the hexapod, once the height had been determined based on the above information. 
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Figure 4-29:   Assembly design and prototype of the polishing machine 

 

4.5 Summary 
 

This chapter has discussed the development of a novel design to fulfil the design of a precision 
polishing machine based on mechanical chemical polishing processes. The aim was to design a 
machine that could be developed at low cost in order to attract a wide range of market uses, from 
optics, healthcare to injection moulding. The design process follows a methodology which enables 
a clear statement of the capability and performance objectives of the proposed machine [1]. Based 
on these objectives, sub-systems were meticulously developed. All sub-systems were used to their 
full potential to ensure that they were cost effective and fit for purpose. The costs of manufacturing 
the machine were also kept low by designing an integrated system.  The full machine can be 
assembled in half day by two engineers, which saves costs related to machine assembly. The overall 
machine foot print is slightly over 600 mm2, which is ideal for mass production industrial 
environments. The total power consumption of the machine does not exceed 1 kW. 

The machine spindle axis design was vertically downward. This design was chosen over other 
configurations for several reasons. Although a horizontal spindle alignment machine is generally 
considered to be more accurate, it was not suitable for this machine which was designed to use 
paste based abrasives as well as slurry, where the paste can slip from the polishing surface due to 
gravity. Additionally, the deflection caused by the mass of spindle and hexapod acting on the frame 
as a single point caused a simple downward displacement. FEA results showed a displacement of 
13 µm, which would not affect the form accuracy (±50 µm) expected from the machine. Moreover, in 
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the vertical orientation, the hexapod has a higher load capacity (10 Kg) compared with any other 
orientation (3 Kg). A vertical machine alignment was therefore considered more appropriate.   

The hexapod H-840.D2 was used as a precision, multi-axis movement system, allowing possible 
freeform movements. The work volume cannot be formulated as an absolute value. Indeed, the 
design of hexapod, with six parallel legs moving together to reach a specific target, does not allow 
the evaluation of a fixed universal workspace volume, and this is a problem of the design. However, 
the workspace simulation software provided can define the workspace range with given pre-
conditions. Based on this information, it is understood that that gentle freeform surfaces could be 
finished using the hexapod based machine designed. Further, the minimum incremental motion and 
the feed rate range corresponded with the requirements of the machine.  

The Nakanishi EMR 3008K spindle was chosen over other available spindles on the market. Indeed, 
this air bearing electric driven spindle had a runout precision within 1 µm. It allowed rotational speed 
to be controlled either manually or through command. The speed range and torque available on the 
spindle should enable polishing of rough surfaces at high speed to bring down the surface roughness 
very quickly. It also had the speed range required for final polishing.  

The polishing tool is composed of a stainless steel shaft, rubber bonnet and polishing pad/cloth. The 
shaft is attached to the spindle, the bonnet glued on the rod, and pad glued on top of the bonnet. 
The design allowed for the tool head to be screwed and unscrewed in order to facilitate, and reduce 
the time needed for, tool preparation. A convex shape mould was developed and used to press 
against the spherical tool to ensure that the pad adhered to the bonnet surface correctly. A slurry 
pump was developed for polishing, using re-circulating slurry with a 6 litre capacity tank. An ordinary 
pump was used, but the housing was redesigned to ensure that abrasives did not stagnate at the 
bottom of the tank.  

Additional parts were developed to obtain the desired machine functionality. During the assembly 
process, the table and the hexapod frame were levelled in the X and Y axes to remove major 
parallelism errors between the workpiece and hexapod axis. It was assumed that there would be 
some minor errors within the range of hundreds of microns. These minor errors could be adjusted 
for specific samples, using a tripod levelling base for each workpiece individually.  
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5 Precision polishing process development on the Hexapod polisher  
 

5.1 Introduction  
 

The literature review in Chapters 2 & 3 indicated the benefit of precision surface roughness and form 
accuracy in different industries. As an example the mass production of precision polymer or even 
glass components requires a precision mould tool. Mould tools for polymer production are often 
made out of hard tool steels for process reliability. Tool steel such as P20 are hard to machine when 
sub-nanometre surface roughness is needed. A.M. Zanatta et al. polished two different tool steel 
materials called WNr. 1.2738 (also called P20) and WNr. 1.4305, using automated and manual 
polishing. It was noted that WNr 1.4305 presented surface deterioration, such as pitting, on the 
surface due to the polishing process and a poor material characteristic. On the other hand, P20 
achieved Rz = 0.08 µm without any visible defects on the surface [219]. This research showed the 
excellent surface obtained by polishing on P20 hard steel using an automatic flat polishing machine. 
However, no research is available on surface roughness improvement by polishing of P20 for 
surfaces other than flat such as injection mould tools. The developed machine in this study was used 
to polish primarily flat samples of P20 to enable comparison with previous work in order to evaluate 
the machine capability as a precision polishing machine. In future the developed process will be 
applied for form polishing.   

A novel freeform polisher was designed and a prototype of the machine was produced. One of the 
main expected outcomes of the machine is to achieve less than 10 nm Sa, surface roughness. Before 
undertaking an experimental study to try to achieve the aim expressed above, it was important to 
understand the machine behaviour under different working conditions to better plan future 
experiments. Indeed, the hexapod polisher has certain differences to the well-established and 
previously reported Zeeko polisher [168]. The Zeeko polishing machine uses an inflated bonnet as 
the polishing tool whereas the hexapod polisher uses a solid rubber bonnet as the polishing tool. 
Zeeko machines polish with the tool being oblique to the workpiece normal face between 5 to 20 
degrees to obtain an even surface speed and also a Gaussian shape material removal function for 
predicting material removal and hence form correction. In contrast, with the hexapod polisher, the 
use of a tool angle would reduce the workspace capacity considerably (see Chapter 4 �± Hexapod 
workspace volume). Therefore, in terms of practical use, it was decided that the hexapod polisher 
would always polish normal to the polished surface. Moreover, the difference in machine kinematics, 
tool size, and other differences suggested an empirical study should be completed to understand 
the influential machine parameters in terms of improving specimen surface roughness.  

The Taguchi method was used to optimize the range in the influential parameters. The Taguchi 
method is a tool developed by Dr Genichi Taguchi for improving the quality of products [220]. The 
philosophy behind the method is to emphasize the design of experiment (DOE) to obtain the optimum 
combination of variables. The Taguchi method also allows researchers to reduce the number of 
�H�[�S�H�U�L�P�H�Q�W�V�� �X�V�L�Q�J�� �W�K�H�� �7�D�J�X�F�K�L�¶�V�� �R�U�W�K�R�J�R�Q�D�O�� �D�U�U�D�\�� ���2�$���� �D�S�S�U�R�D�F�K���� �,�Q�G�H�H�G���� �D�� �S�U�R�F�H�V�V�� �Z�L�W�K�� �I�R�X�U��
variables with each having three levels would require (34) a total of 81 experiments using 
conventional or fractional factorial design of experiments. Fortunately, using Taguchi OA L9 (34), 
only nine experiments are necessary. 

In the precision machining industry, the variables influencing surface finish and precision have been 
extensively studied using the Taguchi method. Shengyue, for example Blunt et al. have previously 
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polished artificial knee joints made of CoCr using Bonnet polishing processes. The samples were 
pre-polished to 24 nm Sa. Surface roughness of Sa >7 nm was then obtained by optimising polishing 
parameters using a Taguchi approach. They used a standard 3-level orthogonal array L9 (�u�8) for the 
design of experiment. This allowed four variable parameters at three chosen levels. All other 
parameters were fixed with a given value [206].  As further example of the approach, in the grinding 
process, the form control is very critical. There are several parameters, such as wheel speed, table 
speed, depth of cut and grain size, that influence the geometrical error. The Taguchi method is used 
by Kwak et al. to understand the cause of these errors and find the optimum condition to reduce 
them, They found that the depth of cut followed by grain size are the two major causes of geometrical 
error [221]. Tsai et al. have applied the Taguchi and experimental investigation to improve the 
surface roughness of mould steel SKD61 by abrasive jet polishing. The Taguchi design of 
experiment enabled them to polish a EDM machine surface which was at 1.03 µm to 0.13 µm Ra. 
They have further identified that the gas pressure and impact angle of the flow have the greatest 
effect on surface roughness. A 1:1 mixture of water and oil as the additive reduces the cutting force 
and helps to obtain mirror-like polishing [222].  

The following chapter will describe the initial work carried out for preparing the polishing process. It 
is then followed by the empirical experiments which helped to identify inconsistency in the obtained 
results for the same parameters. Once the problems related to result inconsistency are solved, the 
Taguchi DOE is tested and the obtained results are analysed. Finally, the identified optimum 
parameters from Taguchi experiment are applied on the re-circulating slurry polishing process.  

 

5.2 Polishing preparation 
 

5.2.1 Polishing program on GSC command 
 

A polishing program was created using GSC command on Excel. The program created moves only 
in X and Y directions following a raster profile (figure 5-1 a). The program was made to cover              
28 mm2 with a 0.5 mm step size. The program was manually written to execute the profile available 
on figure 5-1 b. Once this profile was expressed as a step movement, it was then converted into a 
program using MOV function with X and Y values. Between each line of com�P�D�Q�G���³�:�$�&���2�1�7�"���;��
� ���´���Z�D�V���L�Q�V�H�U�W�H�G���W�R���H�Q�V�X�U�H���W�K�D�W���W�K�H���S�U�H�Y�L�R�X�V���O�L�Q�H���R�I���F�R�P�P�D�Q�G���Z�D�V���H�[�H�F�X�W�H�G���E�H�I�R�U�H���U�H�Dding the next 
line of command (figure 5-1 c). These 4 line commands were repeated with a step change of 0.5 mm 
to cover the whole sample. The left column with yellow coloured lines on figure 5.1 is used to create 
the raster program, parallel to X axis and the blue coloured lines used to create the raster program, 
parallel to Y axis.  
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Figure 5-1:   Polishing program GSC commands  a) Raster tool path (Top left)  b) Programmed 

path on excel (Top right)  c) Generated program (Bottom) 

 

5.2.2 Workpiece holder 
 

The workpiece was held on a three-point chuck available in the laboratory for primary polishing. 
However, it required an intermediate plate to hold the chuck in the middle and to allow it to be 
fastened in the machine workpiece holding unit. The intermediate plate designed has three holes in 
the middle to attach the chuck. It also has three holes in line with the threaded holes of the workpiece 
holder for fixing. Further, there were threaded holes nearby these through holes to be used to 
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position the workpiece top surface parallel to the hexapod X and Y axis. The chuck and its assembly 
plate fastened to the machine workpiece holding unit are shown in figure 5-2.   
 

 
Figure 5-2:   Three point chuck for holding workpiece 

 

 

5.3 Hexapod �� workpiece alignment 
 

5.3.1 Center alignment 
 

The centre of the chuck needed to be aligned with the centre of the Hexapod. Two sharp cones 
designed for machine alignment were used to join the intersection point between X and Y axes. One 
cone was attached to the spindle collet and the other was attached to the chuck (figure 5-3 (a) and 
(b)). The hexapod was moved to be in line with the cone attached on the chuck. A digital microscope 
was used to identify any deviation from the alignment. The deviation from the hexapod origin can be 
read on the PI software used to control the hexapod movements. In this case, the hexapod had to 
move -0.36 mm in X axes and 0.46 mm in Y axes to align itself with the centre of the chuck. There 
�L�V���D���W�D�E���R�Q���W�K�H���E�R�W�W�R�P���Q�D�P�H�G���³�'�H�I�L�Q�H���+�R�P�H���&�R�R�U�G�L�Q�D�W�H���6�\�V�W�H�P�����.�6�)���´���Z�K�L�F�K���Z�D�V���X�V�H�G���W�R���G�H�I�L�Q�H��
the new home position for the hexapod (figure 5-3 (c)). Once the KSF was active, all movements 
would be executed with respect to that position.   
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Figure 5-3:   Hexapod - Workpiece center alignment( Left �± Alignment assembly (a) ; Middle �± 

Aligned position (b) ; Right �± PI Software input (c)) 

5.3.2 Contact and parallelism 
 

Identifying the contact between the tool and the workpiece is a challenging task. Indeed, the tool 
was a soft bonnet and the workpiece made of a hard material. The contact force was not measured 
at this stage, but assumed to be relatively small within 1 N. To measure this would require a load 
cell or force sensor with load range between 5 g to 5 kg. It also needs to be sensitive to detect even 
a 5 g change. These type of load sensors cost in the range of £3,000 and upwards. It was considered 
too expensive for this project where its purpose would only be to detect contact and measure the 
force in the experimental stage.  At this stage for polishing a flat surface, a thin shim of known 
thickness was placed between the tool and workpiece to evaluate the gap and move to the contact 
position accordingly.  

To obtain parallelism between workpiece and hexapod X and Y axis, the hexapod was moved 
towards the extremity of workpiece in X and Y axis with Z axis being at contact position. Fine 
threaded screws are used to align the workpiece parallel to the hexapod XY plane. Once in position, 
the bolt nearby the fine threaded screws is used to clamp the workpiece in place. The alignment is 
verified again once the intermediate plate is clamped to ensure that the clamping process did not 
change the alignment. Perfect parallel alignment in the region of 20 µm is not considered necessary 
due to the compliant nature of the polishing bonnet. 

  

5.4 Empirical experiment 
 

Literature reviews on bonnet polishing process using the Zeeko polishing machine were very useful 
to understand the influential parameters on polishing process. However, the same behaviour could 
not be expected from the presently designed machine, as the working principles of the machine 
differs from Zeeko polisher in certain aspects. As explained in the introduction, it is important to 
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understand the influences of polishing parameters, as the working principles of the machine differs 
from the Zeeko polisher. Indeed, it allowed the DOE for Taguchi to be more efficient. The 
experiments were conducted to understand the effect of parameters and their influences on surface 
roughness. Parameters, such as feed, speed, offset, number of passes, polishing paste grain size, 
�Z�H�U�H���F�R�Q�V�L�G�H�U�H�G���L�Q���W�K�L�V���D�Q�D�O�\�V�L�V�����,�Q�L�W�L�D�O���U�H�V�X�O�W�V���V�K�R�Z�H�G���W�K�H���K�H�[�D�S�R�G���S�R�O�L�V�K�H�U�¶�V���D�E�L�O�L�W�\���W�R���U�H�D�F�K���O�H�V�V��
than 10 nm Sa roughness; however, suddenly, after several experiments, the obtained results were 
always above 15 nm Sa. All experimental trial parameters were recorded and logged. Trials with the 
same parameter conditions were repeated and the obtained results were different (Table 5-1).  

 
Table 5-1:   Empirical experiment results  

Feed 
Rate 

(mm/sec) 

Speed 
(rpm) 

Offset 
(mm) 

No 
Pass  

Diamond 
Paste Grain 

size (µm) 

Average 
Initial Sa 

(nm) 

Average 
Final Sa 

(nm) 

Variation 

Sample 012 15 1000 0.2 10 6 µm 15.6 9.3 -6.3 
Sample 024 15 1000 0.2 10 6 µm 14.8 15.4 0.6  

Sample 007 20 700 0.3 15 6 µm 22 24.5 2.5 
Sample 027 20 700 0.3 15 6 µm 23.1 20.6 -2.5 

 

Table 5-1 shows samples 012 and 024 had the same parameters and initial surface roughness 
condition. However, the obtained results show inconsistency. In Sample 012, the Sa of the surface 
improved, whereas, in Sample 024, the Sa of the surface deteriorated. On the other hand, Sample 
007 initially showed deterioration of Sa of the surface, which when tested again in Sample 027, 
showed improvement of the Sa of the surface. This clearly indicates that other factors than those 
thought to be influential affected the results. Therefore, these experiments were further investigated. 
It was found that there were several factors which were initially not considered to affect the outcome.  

The Hy57 polyurethane pad was used as a polishing pad for the samples discussed on Table 5-1. 
The pad was used for more than one experiment. The wear of the pad changes the initial condition 
of the polishing process; therefore, it was decided to use a new pad for each experiment. The second 
problem was with the amount of polishing paste applied on the workpiece. Indeed, it changes the 
concentration of the abrasives on the polishing surfaces, which affects the removal rate, hence Sa 
value. To ensure consistency, the amount of paste applied was measured on a precise balance, and 
the same amount was used for each experiment. The final factor which influenced the result was the 
amount of polishing fluid applied on the workpiece. During the initial experiment, some periodic 
scratch marks were noticed on the workpiece (figure 5-4). The application of polishing fluid helped 
to remove or reduce the intensity of those marks and helped to obtain a mirror-like finish. It was later 
understood that the scratch marks were caused by a high concentration of paste for an initial 
relatively smooth surface (20 nm Ra); the application of polishing fluid helped to remove 
agglomeration of abrasives which reduced the intensity of scratch marks on the surface. To solve 
this problem, two actions were taken. First, the amount of paste applied was related to the initial 
surface roughness of the workpiece. Secondly, the polishing fluid was placed on a spray gun and 
applied once on the polishing surface at the beginning of the experiment for all samples to ensure 
consistency.    
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Figure 5-4:  Optical image of the periodic scratch marks on polished surface 

 

5.5 Taguchi experimental procedure 
 

5.5.1 Experimental design 
 

In this experiment, the aim was to evaluate the machine capability as a final finishing process to 
improve surface roughness of P20 tool steel. P20 is a commonly used material in plastic injection 
moulds and dies for its good material composition, hardness and durability. The material is delivered 
in the pre-hardened condition and is chosen generally for its good machinability, hardness (Brinell 
300/33), homogeneous microstructure, temperature stability and polishability. The chemical 
composition of the material was measured on XRF (X-ray fluorescence) and shown in Table 5-2. 
The P20 steel of Ø30 mm was cut and ground to equal lengths. Further, they were hand abraded 
using SiC abrasive papers from 80 grit up to 400 grit to obtain a baseline surface topography. The 
surface roughness Ra is around <30 nm at this stage. 

Although all factors influence surface roughness, four varying parameters of the machine need to be 
optimized in order to achieve the smoothest surface roughness within given initial conditions. The 
varying parameters were: i) feed rate (mm/sec) of the hexapod, ii) rotating speed (rpm) of the spindle, 
iii) tool offset (mm), which refers to the distance, the bonnet being pressed against the workpiece 
and iv) number of passes, which refers to the number of times the raster program is repeated. All 
fixed polishing parameters are shown in Table 5-3. A standard OA L9 (34) was chosen for the DOE. 
The range of these parameters is based on empirical experiments (Table 5-4).  

 

Table 5-2:   P20 material chemical composition 
Material Carbon (C) Manganese (Mn) Molybdenum (Mo) Silicon (Si) Chromium (Cr) 

P20 0.4 1 0.35 0.4 1.2 
  

1 mm 
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Table 5-3:   Taguchi experiment fixed parameters 
Tool angle  0 degrees 
Step change 0.5 mm 
Bonnet type Hy57 polyurethane polishing pad 
Bonnet radius  10 mm 
Abrasives 0.006g of 1 µm diamond paste spread over the polishing surface 
Polishing Fluid Sprayed once before polishing 

 

 

Table 5-4:   Design matrix for L9 (34)  
Feed Rate 
(mm/min) 

Speed 
(rpm) 

Offset  
(mm) 

No of 
Passes 

Sample 1 15 500 0.2 8 
Sample 2 15 700 0.25 12 
Sample 3 15 1000 0.3 16 
Sample 4 20 500 0.25 16 
Sample 5 20 700 0.3 8 
Sample 6 20 1000 0.2 12 
Sample 7 25 500 0.3 12 
Sample 8 25 700 0.2 16 
Sample 9 25 1000 0.25 8 

 

5.5.2 Experimental Results and Analysis 
 

a) Experimental Results 
 

The samples were measured before and after polishing, using a Dektak XT stylus profiler. Five 
measures are taken over the surface, with one in the middle and four others around the edges. 
Approximately the same location is used during measurement to increase the validity of the 
experiment. The measurement length is 4.8 mm long using a Gaussian regression filter with standard 
cut-off Lc (0.8 mm) and Ls (0.025 mm). Table 5-5 shows the average of the initial condition, average 
of the final condition, variance, S.R. ratio and S/N ratio (Signal to Noise Ratio). The variance is the 
difference between the average initial and final results. The S.R. ratio is calculated using the equation 
(5.1) and it represents the proportion of the variance with respect to initial value. The S/N ratio is a 
measure of signal power relative to noise power. It helps to identify the robustness of signal over 
noise to reduce variability in parameters in order to obtain the combination with highest signal [220]. 
There are different formulae of S/N ratio based on the experimental goal. In this chapter, the aim 
was to achieve the smoothest surface possible with the biggest S.R. ratio. Therefore, the S.N ratio 
�Z�D�V�� �E�D�V�H�G�� �R�Q�� �³�O�D�U�J�H�U�� �W�K�H�� �E�H�W�W�H�U�´�� �F�D�V�H���� �7�K�H�� �I�R�U�P�X�O�D�� �X�V�H�G�� �W�R�� �F�D�O�F�X�O�D�W�H�� �W�K�H�� �6���1�� �U�D�W�L�R�� �L�V�� �V�K�R�Z�Q�� �R�Q��
equation (5.2).  
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�5�ä�4�ä�N�=�P�E�K
L��
�4�=���>�A�B�K�N�A���L�K�H�E�O�D�E�J�C���:�J�I �; 
F �4�=���=�B�P�A�N���L�K�H�E�O�D�E�J�C���:�J�I �;

�4�=���>�A�B�K�N�A���L�K�H�E�O�D�E�J�C���:�J�I �;
�����:�w�ä�s�; 

 

S/N ratio =
F�s�r�.�K�C�:�Ã�:
�5

�Ò�.�;���J�;���:�w�ä�t�;��    

Where Y is S.R. ratio 

 
Table 5-5:   Taguchi experimental results  
Samples Ra before 

polishing (nm) 
Ra after 

polishing (nm) 
�9�D�U�L�D�W�L�R�Q�����Q�P�����¨�5�D� ��
Ra before - Ra after 

S.R. 
ratio 

S/N 
ratio 

1 34.476 21.168 13.308 0.39 -8.27 
2 28.05 14.93 13.12 0.47 -6.60 
3 25.546 5.604 19.942 0.78 -2.15 
4 26.726 16.934 9.792 0.37 -8.72 
5 37.742 12.78 24.962 0.66 -3.59 
6 25.482 11.904 13.578 0.53 -5.47 
7 26.386 10.764 15.622 0.59 -4.55 
8 29.136 16.446 12.69 0.44 -7.22 
9 33.06 10.984 22.076 0.67 -3.51 

 

Parameter based S/N ratios (Table 5-6) were calculated using S/N ratio values of individual 
experiments. The figure 5-5 shows the effect of S/N ratio for each parameter with their levels. The 
variations within parameters are named level 1, 2, 3 in sequential order (i.e. feed rate: 15=1; 20=2; 
25=3) This helps to identify the optimum level of each parameter based on the condition considered 
on DOE experiments. In this case the optimum levels of each parameter are: 

- Feed rate 25 mm/sec 
- Speed 1,000 rpm 
- Offset 0.3 mm 
- Number of passes is 8 

Table 5-6:   S/N ratio response table 
Level Feed Rate 

(mm/sec) 
Speed 
(rpm) 

Offset 
(mm) 

No of 
Passes 

1 -5.673 -7.181 -6.985 -5.122 
2 -5.927 -5.803 -6.276 -5.54 
3 -5.093 -3.709 -3.432 -6.031 
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Figure 5-5:  The effect of S/N ratio on level of parameters 

    

b) ANOVA 
 

The variance in experimental results is analysed using a statistical method called Analysis of 
Variance (ANOVA). ANOVA helps to identify the percentage contribution of each analysed 
parameter with respect to overall output. The following formulae were used to calculate values 
presented in Table 5-7 which helped to identify the percentage contribution.  

(1) Degrees of Freedom (DOF) 

DOF depends on the variability of the experiment and helps in obtaining the independent amount of 
data which can be used for calculation.  

�B
L �0�Q�I�>�A�N���K�B���H�A�R�A�H
F�s 

�B�Í�â�ç�Ô�ß��
L �0�Q�I�>�A�N���K�B���A�T�L�A�N�E�I�A�J�P
F�s 

(2) Sum of Squares 

The deviation from the mean value of the experimental data is calculated using sum of squares. The 
total deviation is obtained through the sum of all squared deviation. 

�5�Í 
L �Ã �:�;�Â
F �;
$�;�6�á
�Ü�@�5 �����:�w�ä�u�;   

ST is the total deviation, Yi is the ith experimental data and �;
$ is the average value of Yi. 
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(3) Variance 

Variance spreads the average of data.  

�8 
L
�5
�B

���:�w�ä�v�; 

S is the sum of square of each parameter and f is the DOF of each parameter 

 
(4) F-value 

 
F-value, also called F statistic, is used to calculate the ratio of variance with respect to the variance 
error.  
 

�( 
L
�8
�8�Ø

���:�w�ä�w�; 

 
Ve is the variance due to error factor. �8�Ø
L �5�Ø���B�Ø 
 
 

(5) Pure sum of squares 
 
Pure sum of squares removes the variability error due to noise factor. This can be obtained using 
the following equation: 
 
 

�5�"�Ü
L �5�Ü
F �B�Ü
H�8�Ø�����:�w�ä�x�; 
 

(6) Percentage of contribution 
 
It calculates the percentage of contribution of each parameter using information from pure sum of 
squares and the total sum of squares. 
 

�2�Ü
L���5�"�Ü
H�s�r�r�����5�Í �����:�w�ä�y�; 
 
 

Table 5-7:   ANOVA  
DOF Sum of 

squares 
Variance F-Value Pure 

sum of 
squares 

Percentage 
of 

Contribution 

Rank 

Feed rate 2 2.085 1.0425 2.11 1.095 2.34% 4 
Speed 2 19.327 9.6635 19.52 18.337 39.14% 2 
Offset 2 22.213 11.1065 22.44 21.223 45.30% 1 
No of 

Passes 
2 2.23 1.115 2.25 1.24 2.65% 3 

Error 2 0.99 0.495 1.00 4.96 10.59% 
 

Total 8 46.845 5.855625 
  

100.00% 
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Table 5-7 presents the results from the calculation carried out using equation from (5.3) to (5.7). The 
results show that the greatest contribution to improving surface roughness is provided by the offset, 
counting for 45.3%, followed by speed (39.1%), number of passes (2.65%) and finally the feed rate 
(2.34%), which has the least contribution. It is interesting to note that the work carried out by  Zeng 
et al. on improving the surface roughness on CoCr using Zeeko IRP200 showed that tool pressure 
(48.84%) has the greatest contribution, followed by tool offset (22.68%), head speed (6.26%) and 
precess angle (4.44%) [206]. The tool pressure and offset are both related to the pressure applied 
by the tool onto the workpiece. In the present case, the offset itself applies the pressure onto the 
�Z�R�U�N�S�L�H�F�H���D�Q�G���K�D�V���W�K�H���K�L�J�K�H�V�W���F�R�Q�W�U�L�E�X�W�L�R�Q�����,�Q���=�H�Q�J�¶�V���Z�R�U�N�����W�K�H���K�H�D�G���V�S�H�H�G���Zas the next contributor 
to roughness improvement, which corresponds with the present experiment in that it also shows the 
speed after offset. This indicates that on bonnet polishing surface roughness, improvement relies 
mainly on the pressure applied by the tool onto the workpiece, followed by the surface speed on the 
interaction between tool-workpiece. This is reminiscent of the well-known Preston equation (5.8) in 
which the material removal rate (MRR) is obtained from the multiplication of K (Preston coefficient), 
P (contact pressure) and V (tool velocity relative to workpiece).  

�/�4�4 
L �- 
H�2
H�8�����:�w�ä�z) 

 

c) Confirmation Test 
 

The results obtained from the DOE were analysed and the optimum combination of parameters 
identified. Table 5-8 summarises the optimum conditions. The expected improvement in surface 
roughness is �;�Ø�ë�ã�Ø�Ö�ç�Ø�×
L �r�ä�z�v. Two samples were polished with the optimum conditions and the 
results obtained are presented in Table 5-9. Test1 and Test 2 have respectively 22.81 nm and 27.41 
nm Ra as the average initial surface roughness. After the polishing, the average Ra reduced to 5.66 
nm and 6.98 nm, respectively. Both tests provided an improvement of almost identical S.R ratio of 
around 75%, with the expected S.R ratio to be 84%. A areal map of the test specimens was obtained 
using a white light interferometer CCI (Taylor Hobson) and is presented in figures 5-6. The surface 
topography shows that most of the intensity of scratch marks has been greatly reduced by this 
polishing process. However, some deeper marks are still present on the surface.   

 
 
Table 5-8:  Taguchi optimum polishing conditions 
Feed Rate Speed Offset No of Passes 

25 1000 0.3 8 
 

Table 5-9:   Confirmation test results 
 Ra before polishing (nm) Ra After polishing (nm) S.R ratio Expected S.R ratio 

Test 1 22.81 5.66 75.19% 
84% 

Test 2 27.41 6.98 74.53% 
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Figure 5-6:   3D surface topography of before and after Taguchi test polishing 

 

5.6 Polishing with re-circulating slurry  
 

It is commonly considered that recirculating slurry polishing has the ability to provide a more reliable 
surface finishing than other polishing components, such as paste, suspension, etc. Recirculating 
slurry polishing improves the stability of the polishing process by various factors. The amount and 
the concentration of abrasive present on the contact area between the polishing cloth and the 
workpiece is controlled over the entire polishing surface. The temperature around the contact area 
is also better controlled. It can further reduce the surface roughness beyond the roughness achieved 
using paste. Therefore, industrial polishing processes use re-circulating polishing as their final 
finishing process. 

 

5.6.1 Workpiece holder for re-circulating slurry process 
 

The designed machine has a re-circulating slurry system as presented in chapter 4. Pipes are 
available to circulate the slurry flow. However, the workpiece holder using the chuck is not designed 
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for this purpose. It would let the slurry flow freely allowing it to be collected at the corner of the base 
tray cover. A new workpiece holder was designed to avoid the slurry contaminated the surrounding 
components and to enable the flow to return to the tank. The bill of materials is presented in Table 
5-10. 

 

Table 5-10:   Design of workpiece holder for re-circulating slurry. 

 

Container: 
 
The new workpiece holder is designed to hold 
only a Ø30 mm cylinder. It has the form of a 
container with the workpiece held in the middle. 
The side wall is raised to contain the slurry and 
a hole in the container directs the slurry towards 
the inlet pipe of the re-circulating slurry system. 
This container is designed to be 3D printed, as 
the machining of such a component would be 
relatively expensive.  

 

Fastening plate:  
 
The container is fastened to a plate with 
matching holes. The plate also has a M8 thread 
in the middle to be fastened with the three point 
aligning disc.  

 

Cylinder: 
 
To avoid the bending of inlet pipe, a cylinder of 
Ø60 mm and length of 100 mm is used to raise 
the workpiece position from the three-point 
levelling disc. It has a Ø8.5 mm through hole to 
allow the M8 long screw to go through.  
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Table 5.10 continued:  

 

Three points aligning plate: 
 
This plate has a hole in the middle to fit the M8 
counterbore screw. There are also three 
equally spaced, fine treaded M6 holes 
designed to align the workpiece with respect to 
hexapod axis. The through holes near the M6 
threaded holes are in line with threaded holes 
of the workpiece holding unit. Once the 
workpiece is aligned, it will be fastened to the 
workpiece holding unit via these through holes.  

 

Design Assembly: 
 
The figure on the left shows the section view of 
the assembly. The container is 3D printed. All 
other components of the assembly are 
machined in aluminium and painted in black.  
 
Container 
 
Fastening plate 
 
Cylinder 
 
Three points aligning plate 
 
Workpiece holding unit 
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The new workpiece holding assembly was mounted on the polishing machine and connected to the 
slurry tank. Figure 5-7 shows the outlet pipe from the tank being directed on to the workpiece surface. 
The inlet pipe collects the slurry from the container and sends it back to the tank.  

 

 
 
 
 
 
 
 
 

Outlet pipe 
 
 

Workpiece assembly holder 
 
 

Inlet pipe 
 
 

Re-circulating slurry unit 

Figure 5-7:   Slurry flow working principles 

5.6.2 Kistler load cell contact detection 
 

a)  Force sensor calibration 
 

As explained above, the contact between the workpiece and the tool was initially identified visually 
and with the help of shims. However, visual contact detection is not possible for the new workpiece 
�K�R�O�G�H�U���Z�L�W�K���W�K�H���F�R�Q�W�D�L�Q�H�U�¶�V���V�L�G�H���Z�D�O�O���K�L�J�K�H�U���W�K�D�Q���W�K�H���Z�R�U�N�S�L�H�F�H���V�X�U�I�D�F�H�����$���I�R�U�F�H���V�H�Q�V�R�U�����W�\�S�H�����������$����
from Kistler was therefore used to detect the contact between workpiece and tool. The same 
instrument was used to align the workpiece parallel to the hexapod X and Y axis. Objects with known 
�P�D�V�V�H�V�� �Z�H�U�H�� �S�O�D�F�H�G�� �R�Q���L�W�� �L�Q�� �R�U�G�H�U���W�R�� �R�E�W�D�L�Q�� �D�F�F�X�U�D�W�H���U�H�V�X�O�W�V���I�U�R�P���W�K�H�� �V�H�Q�V�R�U�� �D�Q�G�� �X�Q�G�H�U�V�W�D�Q�G�� �L�W�¶�V��
sensitivity. The results obtained were verified against the object�¶s own forces. The masses of small 
objects used for sensor calibration process were comparable to the force applied while polishing. 
These masses were measured on a balance and converted into forces and placed on the force 
sensor; the measured force from the sensor was then compared with force obtained from the 
balance. Table 5-11 below presents the results obtained. A very good correlation between the scale 
and the force sensor from 0.1 N of force was observed. The table 5-10 below also indicates the 
smallest force that the sensor can detect accurately, which is around 0.1 N.  
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Table 5-11:   Force sensor calibration 
Object mass on scale (Kg) Force (N) Force measured using the 

sensor (N) 
�s�ä�w�Û�s�r�?�7 �r�ä�r�s�w Cannot read any change 
�v�ä�v�Û�s�r�?�7 �r�ä�r�v�u �r�ä�r�s�w 
�{�ä�s�Û�s�r�?�7 �r�ä�r�{ �r�ä�s 
�t�y�ä�y�Û�s�r�?�7 �r�ä�t�y �r�ä�t�z 
�z�y�ä�s�Û�s�r�?�7 �r�ä�z�w �r�ä�z�w 

�s�{�y�ä�x�Û�s�r�?�7 �s�ä�{�v �s�ä�{�w 
 

b) First contact and offset force measurement 
 

The tool was mounted into the spindle and brought down with small increments until a contact was 
detected. There was no contact until it reached 20.54 mm away from the origin. At 20.55 mm, the 
sensor detected a contact and showed a force of 0.1 N on the screen (figure 5-8). This shows a clear 
contact between tool and the workpiece with 10 µm accuracy. The hexapod was then moved towards 
the edges of the workpiece sample in X and Y axes and the same method of contact was followed 
produced to obtain a parallelism between workpiece and hexapod.   

 
Figure 5-8:   Tool-workpiece contact detection with 0.1 N force detected at time 15 seconds 

 

5.6.3 Re-circulating polishing experiment 
 

a) Polishing sample preparation 
 

The polishing sample was initially ground on a conventional grinding machine. It was then turned on 
a Nanoform diamond turning machine using a CBM tool. The sample was again ground using an 
ultra-precision grinding spindle which rotates at 80,000 rpm. Figure 5-9 shows the surface roughness 
of the sample at this stage. The results show an average of 39.4 nm Sa on CCI (Taylor Hobson) with 
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five measured spots. The sample was then polished using the optimum Taguchi parameters. At this 
stage, the sample was measured to be 6.4 nm Sa (figure 5-10). This provided an improvement of 
84%, as predicted by Taguchi results analysis. The slurry was prepared with alumina suspension 
abrasives. The particles size was 0.25 µm with specific gravity of 1.040.   

 

 

 
Figure 5-9:   Ultra - precision ground surface 

 

 
Figure 5-10:  1 µm diamond paste polished surface 
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b) Re-circulating slurry polishing result 
 

The parameters for polishing were those used in the optimum polishing conditions (Table 5-7), 
except for the number of passes. As the particles size is small and the slurry concentration is different 
from paste condition, 25 passes were performed. An average surface roughness of 7.44 nm Sa was 
obtained after this polishing process. Considering that these parameters were not optimised for this 
type of initial condition, the results obtained are just a proof of concept for re-circulating polishing. 
Figure 5-11 shows the image of surface topography after the polishing process.  

 
Figure 5-11:   0.25 µm re-circulating slurry polished surface 

  

 

5.7 Summary 
 

This chapter describes the experiments designed to improve the capability of the designed machine 
as a final finishing process to reduce surface roughness. P20 hard steel was chosen to polish in 
these experiments. This material is widely used in the injection moulding industry for its quality, 
reliability and performance. The hexapod was programmed using robotic commands called general 
command set (GSC). A program for polishing flat surfaces which cover 28 mm2 was created using 
excel. The workpiece is a Ø30 mm cylinder, cut to equal length and ground on a conventional 
grinding machine. The samples were further hand polished to reach approximately 40 nm Ra surface 
roughness. The workpiece was held on a three-point chuck which is centred and aligned to hexapod 
origins. 

Empirical experiments were initially performed to understand the influence of parameters on surface 
roughness variation. Inconsistency in the results obtained were identified. For same parameters and 
initial surface conditions, polishing results showed large variation in roughness. The investigation 
reveals the importance of other factors such as polishing pad, abrasive and polishing liquid. It was 
found that the wear of the pad affects the force applied on the workpiece for the same amount of 
offset. The amount of paste applied over the polishing surface affects the removal rate, hence 
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surface roughness. Polishing fluid helps to reduce the visibility of scratch marks; however, the 
amount of liquid applied needs to be controlled to obtain a consistent result. Once these parameter 
conditions were fixed, consistency in results was obtained.  

 

The Taguchi method was used to optimise the parameters for surface roughness reduction. Four 
parameters with three levels were considered for the experimental analysis. A standard OA L9 (34) 
was chosen for the DOE. Optimising parameters were feed rate, speed, offset and number of 
passes. The variation between initial and final surface roughness Ra values were used to calculate 
the S/N ratio. The optimum polishing conditions were identified using S/N ratio effects on parameters 
level. Feed rate (25 mm/sec), speed (1,000 rpm), offset (0.3 mm) and 8 number of passes were the 
optimum conditions based on experimental design for surface roughness improvement. A reduction 
of 84 % in surface roughness was predicted. Two test samples were polished with the optimum 
parameters. Both samples achieved around 75 % improvement with a slight difference from the 
prediction. The Taguchi method was therefore considered to be fairly robust.  
 
A statistical method called ANOVA was used to evaluate the impact of each parameter on surface 
roughness reduction. Several statistics, including Degrees of Freedom, Sum of Squares, Variance, 
F-value, Pure sum of squares and Percentage of contribution were calculated. Results from this 
analysis of variance indicate that the greatest impact on surface roughness reduction is obtained 
from the offset (45.3 % of contribution), followed by speed (39.14 % of contribution), number of 
passes (2.65 % contribution) and, finally, feed rate (2.34 % of contribution). There are also 10.59 % 
contributed to error which refers to the noise ratio of the experimental process. It was also observed 
that the two main contributors follow the Preston equation on material removal rate. Other studies 
conducted on the bonnet polishing process have similar results.    
 

Finally, polishing using a re-circulating slurry system was also tested. A new workpiece holding 
system was designed and produced to ensure the flow of slurry around the workpiece and the tank 
without contamination from the external environment. A force sensor from Kistler was used to identify 
the contact between tool and workpiece. The same instrument was used to align the workpiece 
surface parallel to the X and Y axes of the hexapod. This polishing experiment was conducted with 
parameters identified as optimum in the Taguchi experiment, except for the number of passes 
chosen to be 25. The slurry contained alumina oxide abrasives with particle size of 0.25 µm and 
gravity 1.040. Experimental results showed a slight deterioration of surface roughness after 25 
passes, going from 6.4 nm Sa to 7.4 nm Sa average. The parameters need to be optimised using 
Taguchi for further improvement.  
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6 Development of grolishing process for P20 tool steel 
 

6.1 Introduction  
 
Grolishing is a process first developed by Walker et  al. [190]. It is aimed to be used as an 
intermediate process between grinding and polishing. Grolishing process helps to reduce 
considerably the pre-polishing time thus rendering it suitable in industrial environments. It also 
removes the undesirable effect of manual rough polishing which is prone to cause form errors and 
uneven surface finish to the final component. This also helps to remove the need for expensive 
machines for an intermediate step between machined finish and polished finish. Moreover, the 
Grolishing process helps to remove mid-spacial frequency errors resulting from the machining and 
precision grinding process. Polishing a component which has previously been ground is difficult. 
Machined and ground marks are not totally removed, which are undesirable for optical applications. 
The grolishing process remove previously machined marks and enables a faster removal rate for 
smoothing the surface and also facilitates form correction [14, 189].  

There are a number of grolishing techniques described in the literature. These can be categorised 
into three different groups. The first uses a hard tool with bonded abrasives, the second soft bonnet 
with bonded abrasives, and the third soft bonnet with loose abrasives. Walker el al. have studied the 
effects of these three grolishing techniques on Zerodur and silicon carbide [190]. The hard tool shows 
non-uniform removal using IRP600. The authors explain that this could be due to machine bearing 
errors, since the bearings are designed for soft contact rather than hard contact. The soft tool acts 
as a damping system which absorbs vibration, whereas the hard tool tends to replicate the dynamic 
effects of the machine onto the workpiece surface. The author discusses the uniformity of the results 
obtained, the material removal rate, surface roughness and sub-surface damage. He concludes that 
several processes have acceptable results which need to be adapted to individual situations.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

Charlton and Blunt have studied the performances of grolishing pads on cobalt chrome medical 
grade material [5]. Two types of pads were evaluated: diamond and non-woven alumina oxide pads. 
Diamond abrasive cloths are nickel plated. Figure 6-1 shows magnified pictures of a nickel plated 
diamond cloth made by KSG Diamond (Switzerland). It shows the best and worst case after a single 
run. Grolishing results show an aggressive material removal; however, after one run, the pad shows 
signs of wear. Examination of the pad suggested evidence of a chemical reaction due to shell 
electrons reaction. The reaction caused graphitisation and diamonds were pulled from the 
electroplated nickel, with remaining diamonds worn smooth in the worst case example. It was 
concluded that this pad has conclusive results on small areas only due to excessive wear. On the 
other hand, the non-wooven alumina oxide pads were offered a more consistent cut through their 
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lifetime by exposing fresh abrasives as the pads wear. This indicates that the wear rate of pads using 
bonded abrasives could have a significant effect on the consistency of the delivery [5].   

 
Figure 6-1:   Magnified image of Nickel plated Diamond cloth; (a) Best case with clean and sharp 

diamond abrasives after first run, (b) Worst case with damaged abrasives due to chemical 
reactions [4] 

Grolishing techniques have proven their importance in reducing mid-spatial frequency errors. Mid 
spatial frequency errors are periodic wavelengths of different amplitude produced by the precursor 
manufacturing process. They are considered to be a process error, as they are neither in the surface 
roughness range nor in the form range. In optical applications, mid spatial frequency errors have a 
huge impact on the performance of optical components, and can cause light scattering, undesired 
refraction and other problems affecting the performance of the equipment [12]. Identifying and 
removing or reducing mid spatial frequency errors is therefore crucial to achieving the desired 
performance. Literature review shows that grolishing process can reduce the mid spatial frequencies 
errors quicker than the polishing process on its own. Three main types of grolishing technique have 
been developed by Walker et al. [190] and their capabilities have been proven to be conclusive. One 
of the three techniques can be chosen to develop further, based on the specific requirements of the 
application, such as surface roughness after grolishing, process time, P-V values, sub-surface 
�G�D�P�D�J�H���D�Q�G���R�W�K�H�U���U�H�T�X�L�U�H�P�H�Q�W�V�����&�K�D�U�O�W�R�Q���D�Q�G���%�O�X�Q�W�¶�V���Z�R�U�N���X�V�L�Q�J���D�E�U�D�V�L�Y�H�V���E�R�Q�G�H�G���S�D�G�V���V�K�R�Z�H�G��
that consistent removal can be achieved which is free from chemical reaction between pad and 
workpiece surfaces [5].  

The research on grolishing techniques using loose abrasives mainly focuses on methods using re-
circulating slurry. The use of paste has received comparatively little experimental attention, although 
this method has been proven to be ideal in improving surface roughness and reducing P-V values 
[190]. Indeed, the combination of polyurethane cloth and 8 µm diamond paste achieved 28.7 nm Sa 
and 0.729 µm P-V for an initial condition of 136 nm Sa and 3.28 µm P-V, respectively, on silicon 
carbide. This chapter describes the experimental use of a hexapod polisher to evaluate its capability 
for grolishing. A hard tool cannot be used with the actual prototype structure, as this would transfer 
the hexapod motion error and vibration due to hard contact with the workpiece; however, the two 
other techniques using soft bonnet tools can be performed on the designed machine. The methods 
using a soft tool and paste abrasives will be investigated, as they are more appropriate for non-flat 
surfaces and would provide consistent removal over the full test piece surface.  
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In order to plan the grolishing process accurately, it is important to have information on CNC finish 
capability of P20 tool steel. In the milling process, the surface quality left by the tool on the component 
is widely characterised in industry using surface roughness as a measure. The main factors affecting 
the surface roughness in milling are workpiece material, machining conditions and tool geometry. In 
order to optimize and obtain low surface roughness, all parameters from those factors are studied 
using the Taguchi method and response surface methodology (RSM). It was found that both the 
Taguchi and RSM gave similar results. Using the optimum conditions, Vandhan et al. have obtained 
surface roughness Ra = 0.615 µm on P20 hard steel [223].  

The developing grolishing process will therefore aim to remove machining marks by reducing both 
the surface roughness and P-V values. The aim is to reach a surface roughness of less than 30 nm 
Sa and less than 0.7 µm P-V on a flat surface. This chapter describes experiments using two 
grolishing processes. Results from both approaches will be examined and compared.   

 

6.2 Grolishing experiments preparation 
 

P20 tool steel was obtained as a rod of Ø30 mm. The rod was then cut to equal lengths and the end 
faces ground flat on a conventional grinding machine. An image obtained from the white light 
interferometer (CCI from Taylor Hobson) using 20X lens can be seen in figure 6-2. The ground 
surface finish obtained was equivalent to the type of surface roughness achieved in industry using 
CNC machining. The grinding marks are clearly visible. At this stage, the surface roughness of the 
samples was measured to be 0.56 µm Sa. The Sz value was 4.77 µm. The aim of the grolishing 
process is to reduce both the Sz and Sa value at the same time.  
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Figure 6-2:   P20 tool steel ground finish showing rough surface finish left from manual grinding 

machine.  
 

 

 

6.2.1 Grolishing cloth and abrasive selections 
 

a. Cloth selection 
 

The identification of the grolishing cloth and abrasive paste was essential to the success of the 
experiment. A polyurethane pad was used at the beginning and it was noticed that, in terms of 
surface roughness obtained (0.6 µm Sa), the wear of the pad was an issue. The tool preparation 
time using these pads was also a major concern. Indeed, the pad needed to be soaked in hot water 
and to be placed on a mould containing the bonnet shape. The mould was then placed in an oven 
for an hour to allow the pad to take the form of the mould. It was then cut around the circumference 
and glued onto the bonnet using multi-purpose adhesives. It needed to be left to dry for at least 4h 
to 24h to reach full strength. The process was therefore time consuming, expensive and not suitable 
for an industrial environment. 

Market analysis helped to identify a range of polishing cloths developed by Buehler. The cloths are 
designed based on the surface condition of the polishing specimen and material (figure 6-3). P20 
tool steel can be considered as soft steel or stainless steel based on material hardness and 
composition for cloth selection from the table present on figure 6-3. The guidelines provided for P20 
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indicate the use of UltraPadTM for a coarse surface. UltraPadTM is a hard woven cloth designed for 
high material removal. For intermediate surfaces, there are several options. VerduTex containing 
medium hard synthetic silk cloth was chosen because this pad is recommended for almost all types 
of material (figure 6-4). The pads, which are self-adhesive and 8-inch diameter in size, can be cut to 
Ø10 mm circles and prepared for polishing within 10 minutes (Table 4-4).  

 
Figure 6-3:   Buehler polishing cloths guidelines based on workpiece material and initial surface 

roughness condition [224] 
 

 
 

Figure 6-4:   Grolishing pads chosen for experiment : Coarse Surface roughness (left) Intermediate 
surface roughness (right) [224] 

b. Abrasive selection 
 

At this stage of the experiment, paste based abrasives are preferred to re-circulating slurry, since 
�W�K�H�\�� �D�U�H�� �T�X�L�F�N�H�U���� �F�K�H�D�S�H�U�� �D�Q�G�� �S�U�R�Y�L�G�H�� �P�H�D�Q�L�Q�J�I�X�O�� �U�H�V�X�O�W�V�� �Z�L�W�K�R�X�W�� �W�K�H�� �Q�H�H�G�� �I�R�U�� �P�D�M�R�U�� �³polishing 
�P�D�F�K�L�Q�H���F�O�H�D�Q���G�R�Z�Q�V�´�����'�X�U�L�Q�J���W�K�H���H�P�S�L�U�L�F�D�O���H�[�S�H�U�L�P�H�Q�W�����G�L�I�I�H�U�H�Q�W���D�E�U�D�V�L�Y�H���J�U�D�L�Q���V�L�]�H�V���Z�H�U�H���W�H�V�W�H�G����
It was observed that fine abrasive did not improve the surface roughness of the coarse surface and 
that large abrasives increased surface roughness when applied to the smooth surface. Abrasive 
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grain sizes should therefore be adapted to the initial surface condition of samples. Paste containing 
45 µm diamond abrasives is used on rough surfaces, followed by 9 µm paste to remove scratch 
marks left from the previous process and further improve the surface roughness in preparation for 
final polishing stage.  
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6.2.2 Tool �� Workpiece contact area (Spot size) 
 

a. Theoretical spot size 

 
Figure 6-5:   Spot size calculation diagram 

The term spot size refers to the contact area 
between tool and workpiece, depending on 
the tool offset. Calculation of the theoretical 
spot size is based on the diameter of the tool 
rubber bonnet with the polishing pad on the 
bonnet. The mould used has Ø20 mm. The 
bonnet and the pad are pressed against the 
Ø20 mm mould. Therefore, it is assumed 
that the polishing tool will have Ø20 mm at 
the bonnet surface. The diagram used for 
calculation is shown on figure 6-5.    
  
Pythagorean theorem:  
 

�42 = �=2 + �>2 
 

�=2 = �42 �í �D2 
  

�™ R is the tool rubber bonnet radius. In 
this case, this should be 10mm 
radius.  
  

�™ h is the tool offset. Three different 
offsets are used: 0.1mm, 0.2mm and 
0.3mm  

 
�™ b is the offset radius. 

 
�™ a is the distance between the origin 

of bonnet radius and the origin of 
offset radius.  

  
So for 0.3mm offset:  
 

 
  
The diameter of the theoretical spot size for 
0.3 mm offset is Ø4.86 mm. The same 
equation is used to calculate the theoretical 
spot size when using a 0.2 and 0.1 mm 
offset. These values are calculated to 
compare with the actual spot size for 
different offsets. 

 

  

R   

a   

b   

h   
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b. Experimental spot size 
 

The tool was prepared with the UltraPadTM cloth. The spindle speed was 5,000 rpm. Diamond paste 
containing 45 µm abrasives was applied on the workpiece surface. The tool was brought into contact 
with the workpiece at different offsets and left in that position for 2 minutes. The contact area was 
measured using a Dino capture microscope. The microscope was used to take pictures of the 
surface. The software has measuring facilities with microns precision. A ruler was used to calibrate 
the microscope.  

All offsets were measured on Dino capture 2.0. For each offset, there were two circles (blue and red) 
covering the contacted area. The blue circle covered the whole contact area whereas the red circle 
only covered the impact area (where material removal is noticeable). Figure 6-6 contains all three 
offset pictures. The pictures of these three offset show no removal in the middle, the main reason 
being that that the surface speed approaching the center of the tool was effectively zero. The 
grolishing produced in the red circle region is caused by two body abrasion. The abrasives embed 
in the polishing cloth and cause removal by micro cutting and micro ploughing. This produces circular 
micro grooves on the grolishing surface reflecting the rotating movement of the spindle. The spot 
size reflecting two body abrasion (red circle) will be called impact spot size. The region covered 
between red and blue circles has only scratch marks without actual penetration of abrasives into the 
�Z�R�U�N�S�L�H�F�H�����7�K�L�V���L�V���F�D�O�O�H�G���³�W�K�U�H�H���E�R�G�\���D�E�U�D�V�L�R�Q�´�����Z�K�H�U�H���W�K�H���D�E�U�D�V�L�Y�H�V���U�R�O�O���E�H�W�Z�H�H�Q���W�K�H���J�U�R�O�L�V�K�L�Q�J���F�O�R�W�K��
and the workpiece causing micro cracks and micro fatigue. This produces micro indentation on the 
workpiece surface[186, 225]. Blue circle covers the overall area of contact between tool and 
workpiece and will be called contact spot size. All three offsets have two body abrasion in the middle 
and three body abrasion in the outer region. This can be explained using Hertz contact theory[171] 
for a spherical surface in contact with a flat surface. The middle of the contact area has high pressure 
which causes removal by micro cutting, but, moving towards the circumference the pressure reduces 
to zero where the abrasives roll between polishing cloth and workpiece.    
 
 

 

 
 

 

 

 

0.1 mm Offset 0.2 mm Offset 0.3 mm Offset 
Figure 6-6:   Offset measurements on Dino microscope 
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The theoretical and measured results are combined in figure 6-7. The line with round marker shows 
the diameter of theoretical spot size, square marker shows the diameter of contact spot size and 
triangle marker shows the diameter of impact spot size. The theoretical and contact spots are very 
close in size. However, for 0.1 mm offset, the contact spot size is slightly bigger than the theoretical 
spot size and, for the other offsets, the contact diameters are slightly smaller than the theoretical 
spot size. The thick layer of 45 µm diamond abrasives is affecting the contact diameter for 0.1 mm 
offset. Otherwise, the discrepancy in results between theoretical and contact spot size comes mainly 
from the contact position error between tool and workpiece. Indeed, a 20 µm error on the contact 
position would increase the theoretical spot size of 0.1 mm offset to Ø3.09 mm instead of Ø2.82 mm.  
On the other hand, the impact spot size is dependent on the pressure applied from the tool offset. It 
follows the contact spot trend with smaller diameter. In the grolishing process, a large amount of 
material needs to be removed in a short period of time to ensure that the process is efficient. Two 
body abrasion obtained through impact spot size will therefore be considered for the development 
of the grolishing process. The force sensor from Kistler used to measure the contact detection 
(Chapter 5) was also used to measure the offset force. The data collected was used to produce the 
graph presented in figure 6-8, which gives information on the amount of force applied for each offset 
and can be used in future to predict the material removal rate for form corrections. The force applied 
on the workpiece increases linearly with the increase of offset. A force of 8 N was measured for an 
offset of 0.3 mm.  
 

 
Figure 6-7:   The change in theoretical and experimental spot size with respect to tool offset.  

  

 
Figure 6-8:   Force (N) obtained from tool offset (mm 
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6.2.3 Grolishing trials 
 

a. Line grolishing 
 

During the polishing or grolishing process, the tool will always be in movement at the selected feed 
rate. It is important to understand the additive effect of the feed rate on the material removal process. 
In practice, grolishing processes with a linear line movement is produced on a workpiece. All three 
offsets were tested. The produced program moves 10 mm in the X axis and returns on the path to 
the initial position. The selected feed rate was 1 mm/sec. Figure 6-9 shows the grolished surface 
waviness profile of these three offsets which are measured using a contacting stylus instrument (PGI 
Taylor Hobson).  

 

 
Figure 6-9:   Line grolishing results on PGI, showing the depth and width of removal for different 

offsets 
 

The result indicates that all three offsets achieved a depth of two micrometres from the initial rough 
surface. The width of the profile was observed to be approximately three millimetres for 0.2 mm 
offset, four millimetres for 0.3 mm offset and 2.3 mm for 0.1 mm offset. These widths were consistent 
with the impact spot size measured previously. It is interesting to note that the effect of the feed 
allows material removal in the middle, although the surface speed is null in the middle. Indeed, while 
the tool is in movement on the workpiece, each segment of the workpiece is crossed by the tool full 
contact area. This produces material removal in the middle.  

 

b. Grolishing small area 
 

A grolishing program was created to cover 5 mm2. This was a raster program with 0.5 mm step size. 
The program initially runs parallel to the X axis and then parallel to the Y axis of the machine. The 
feed rate was set at 1 mm/sec, with 0.3 mm offset and 45 µm diamond paste applied on the surface. 
Once the grolishing process was completed, the surface was measured using a contacting stylus in 
areal mode (PGI Taylor Hobson) to identify the depth of material removal. A picture of the surface 
after the grolishing process is shown in figure 6-10. The circular spot on the side of the square patch 

Offset 0.2 mm  Offset 0.3 mm  Offset 0.1 mm 



133 
 

shows tool entry-exit. In the figure the square patch covers 9 mm2. The program drives the tool 
center position. The tool offset would produce a Ø4 mm impact spot which, added to the 5 mm 
program, gives the 9 mm2 contact area. The black line in the middle indicates the place where the 
profile measurement is taken. The measured result is filtered to show the waviness profile as this is 
more appropriate measure to identify the depth and form of material removal process.  

  
Figure 6-10:   Grolishing test with 0.5 mm step movement (left) and 0.25 mm step movement (right) 

 
The measured waviness profile shows a depth of 2.5 µm material removal in the middle after the 
grolishing test (figure 6-11). The black vertical lines delimit the distance where the material removal 
is obtained through grolishing. The distance between these two black lines is 9 mm, which covers 
the programmed distance (5 mm) and 2 mm either side due to the impact spot. The red lines show 
the program start and end position with respect to the overall distance. The green lines show the 
area where the depth of removal is high. Indeed, the tool is in contact with the workpiece in this area 
more that the outer area due to the raster program. It is positioned symmetrically to the center and 
covers a distance of 3 mm. The removal is constant in that area, allowing a flat surface. 

  

Figure 6-11:   Material removal profile of 0.5 mm step grolishing test 
 

2.5 mm 2.5 mm 
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The conventional ground surface is measured to have Sz = 4.77 µm (figure 6-2). The aim of the 
grolishing process is to reach a depth greater than 4.7 µm in order to remove all grinding marks from 
the surface and to improve the surface roughness. The 0.5 mm step grolishing process provides a 
stable removal of around 2.5 µm depth, which does not reach the 4.7 µm depth removal required. 
The grolishing test program was therefore modified with a 0.25 mm step size to evaluate whether a 
smaller step size which would increase the amount of grolishing time performed on each segment 
of the workpiece, would affect the depth of material removal. All other parameters were the same as 
in the previous grolishing test. Figure 6-10 (right) shows the picture of a 0.25 mm step grolishing 
test. The measured profile of the grolishing test with a 0.25 mm step is presented in figure 6-12.  

 
Figure 6-12:   Material removal profile of 0.25 mm step grolishing test 

 

The depth of removal in the modified grolishing test remained very similar to the previous test, with 
around 2.5 µm depth. The material removal was achieved over 9 mm distance, as would be expected 
for a 0.3 mm offset and 5 mm2 program. The distance between the green lines was approximately 
3.3 mm compared to 3 mm in the previous experiment. This difference in distance between green 
lines could be the effect of the 0.25 mm step size. The depth of removal did not change significantly, 
although the grolishing time was doubled since the step size was divided by two. The 0.5 mm step 
will therefore be used in the developing grolishing process.   

 

c. Pad wear 
 

The pad used for the grolishing process was an UltrapadTM from Buehler. Although the pad is 
designed for materials with a hardness of P20 and in a coarse condition, it is important to verify the 
performance of the pad to ensure that pad wear will not affect the consistency of the grolishing 
process. Pictures of the pad were taken before and after the grolishing process using a Keyence 
digital microscope (figure 6-13). The picture taken after the grolishing process does not show signs 
of wear. The hard woven pad was not affected by the aggressiveness of the grolishing process using 
45 µm diamond abrasives and 5,000 rpm spindle speed. Diamond abrasives and grolishing process 
debris were lodged between the hard woven stitches.  
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Before After 

  
Figure 6-13:   UltrapadTM before and after grolishing process 

 

6.3 Grolishing Experiment 
 

The Grolishing process was mainly developed to remove mid-spacial frequency errors from a 
previous manufacturing process; however, it has other useful advantages, such us improving surface 
roughness and correcting form errors [189]. In the experiments described below, the main aim was 
to improve surface roughness by the grolishing process. In automated and manual lapping 
machines, surface roughness improvement is obtained via a series of polishing steps determined by 
the nature of the workpiece material and its initial surface roughness. Polishing consumables 
manufacturers, such as Buehler, have studied improvement to surface roughness using their 
products and provide basic guidelines on how to achieve improvement [224]. The guidelines for 
improving surface roughness suggest a series of polishing steps to convert a rough surface into a 
smooth surface. For each step, the material of the polishing cloth and size of abrasives are adapted 
to the initial surface roughness condition of the workpiece (figure 6-14).  

 

 
Figure 6-14:   Buehler polishing guidelines on selecting polishing cloth and abrasives [224] 

A step grolishing process was developed to improve the surface roughness of components with a 
surface form not adapted to conventional lapping/polishing machines. The process developed 
should grolish components which have only been CNC machined to achieve a mirror like finish. This 
chapter describes the development of two grolishing processes. Grolishing parameters and results 
obtained using those parameters are presented below. Before each step in the grolishing process, 
the samples were measured using a white light interferometer with a 20X lens.  

Mid-spacial frequency errors are usually identified at a certain frequency, so the grolishing process 
is developed to attenuate the amplitude of that frequency. At this stage of grolishing process 
development, although there were no specific errors that needed to be targeted, it was important to 

1 mm 1 mm 
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understand the progress of surface roughness improvement in terms of frequency distribution. The 
results from CCI were therefore saved as a spacial data file (SDF) file. MATLAB software was used 
to extract a linear roughness profile which was then used to analyse the results in the spatial 
frequency domain. The measurement length was 918.48 µm with a resolution of 0.898 nm / pixel.   
A Matlab code was used to extract information from the surface roughness profile and transpose it 
into the frequency amplitude domain. The written code was initially tested using an equation with 
known frequency. The tested equation has a frequency of 4 and 20 Hz. The result obtained on a 
single-sided amplitude spectrum shows clearly these two frequencies with their corresponding 
amplitude (figure 6-15).   

x =linspace(0,1000,1000);  
z=sin(2*pi/250*x)+2*sin(2*pi/50*x)  

 
Figure 6-15:   Test equation (top); amplitude in frequency domain (bottom left) and equation profile 

(bottom right) 

Both literature review and knowledge gained through empirical experiments were used to select the 
grolishing parameters. The Preston equation shows that the surface speed is linearly proportional to 
the MRR. Indeed, SY Zeng et al. have studied the material removal rate of CoCr with respect to 
several parameters, including tool speed. The material removal rate (MRR) has a steep linear 
response with tool speed [179]. This indicates that higher speed would increase the MRR. The 
increase in offset would also increase the MRR until bonnet distortion occurs. In the same way the 
increase in offset would increase the spot size. Therefore, grolishing spot size obtained from the tool 
offset needs to consider the surface topography to preserve the form accuracy. The feed rate and 
number of passes are both related to the time the tool spends on each spot. However, high feed with 
high speed ejects the grolishing abrasives away from the surface, whereas low feed keeps the 
abrasives on the workpiece surface. On the other hand, low feed and high speed results in 
deterioration of a smooth surface, whereas high feed and low speed improves further the surface 
roughness. The parameter selection of each polishing step is dependent on the initial surface 
roughness condition. High speed and low feed were selected for rough surfaces; low speed and high 
feed for smooth surfaces.  

 

 

 



137 
 

6.3.1 Four step grolishing process 
a. Parameter condition and results  

 

Table 6-1:   Four step grolishing parameters & results (step 0) 
Step 0    Surface condition from grinding process obtained from Semi- Automatic grinding machine 

Average Sa after grinding process 461 nm 
 

 
Figure 6-16:   Four step grolishing step 0 surface topography 

 

  
Figure 6-17:    Four step grolishing step 0, amplitude in frequency domain (left) and surface profile 

(right) 
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Table 6-2:   Four step grolishing parameters & results (step 1) 
Step 1 

 
Speed 
(rpm) 

Offset 
(mm) 

Feed 
(mm/sec) 

Number of 
Passes 

Programme 
path direction 

Abrasive 
size 

Polishing 
Pad 

6500 0.3 0.75 1 Parallel to X & Y 
Machine axis 

45µm 
 

Ultrapad 

Average Sa before grolishing process 461 nm 
Average Sa after grolishing process 100 nm 

 

 
Figure 6-18:   Four step grolishing step 1 surface topography. 

 

  
Figure 6-19:   Four step grolishing step 1, Amplitude in frequency domain (left) and surface profile 

(right) 
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Table 6-3:   Four step grolishing parameters & results (step 2) 
Step 2 

 
Speed 
(rpm) 

Offset 
(mm) 

Feed 
(mm/sec) 

Number 
of Passes 

Programme path 
direction 

Abrasive 
size 

Polishing 
Pad 

6500 0.3 0.75 1 Parallel to X & Y 
Machine axis 

45µm 
 

Ultrapad 

Average Sa before grolishing process 100 nm 
Average Sa after grolishing process 53 nm 

 

 
Figure 6-20:   Four step grolishing step 2 surface topography 

 

 

  
Figure 6-21:   Four step grolishing step 2, Amplitude in frequency domain (left) and surface profile 

(right) 
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Table 6-4:   Four step grolishing parameters & results (step 3) 
Step 3 

 
Speed 
(rpm) 

Offset 
(mm) 

Feed 
(mm/sec) 

Number 
of Passes 

Programme path 
direction 

Abrasive 
size 

Polishing 
Pad 

5000 0.3 5 5 
Parallel to X & Y 

Machine axis 
9µm VerdutexTM 

Average Sa before grolishing process 53 nm 
Average Sa after grolishing process 21 nm 

 

 
Figure 6-22:   Four step grolishing step 3 surface topography 

 

  
Figure 6-23:   Four step grolishing step 3, Amplitude in frequency domain (left) and surface profile 

(right) 
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Table 6-5:   Four step grolishing parameters & results (step 4) 
Step 4 

 
Speed 
(rpm) 

Offset 
(mm) 

Feed 
(mm/sec) 

Number 
of Passes 

Programme path 
direction 

Abrasive 
size 

Polishing 
Pad 

1000 0.3 15 4 
Parallel to X & Y 

Machine axis 
1µm Verdutex 

Average Sa before grolishing process 21 nm 
Average Sa after grolishing process 4 nm 

 

 
Figure 6-24:   Four step grolishing step 4 surface topography 

 

  
Figure 6-25:   Four step grolishing step 4, Amplitude in frequency domain (left) and surface profile 

(right) 
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b. Result analysis 
 

In the step 1 grolishing, the surface was improved from 461 nm Sa to 100 nm Sa (Table 6-2); 
however, the grinding marks were still clearly visible (figure 6-18). A second grolishing process (step 
2) was therefore performed with same parameter conditions and this brought the Sa down to 53 nm 
(Table 6-3). The grinding marks were considerably softened but remained visible optically and in the 
frequency domain (figure 6-20). The aggressiveness of the grolishing process started to print the 
tool path on the surface, aided by the low feed rate (0.75 mm/sec). In step 3, the speed was reduced 
slightly to 5,000 rpm to cope with the 5 mm/sec feed rate (Table 6-4). The number of passes was 
increased to ensure the removal of the tool path printed on the surface, while the surface roughness 
was improved. The grolishing cloth and abrasive size were changed to correspond with the initial 
surface roughness condition (53 nm Sa). The result shows a Sa of 21 nm at step 3 (figure 6-22). 
Finally, the speed was reduced to 1000 rpm and the feed increased to 15 mm/sec, with the number 
of passes set to four (Table 6-5). One micron diamonds abrasive was applied to further smooth the 
surface, and this brought down the Sa to 5 nm (figure 6-24). 

The workpiece measured result was computed using Fast Fourier Transform (FFT) to highlight the 
amplitude of surface roughness peaks in the frequency domain. The ground surface shows high 
amplitude at 4.347 Hz which corresponds to repeated pikes, spaced at an interval of 230 µm (figure 
6-16). There are also further noticeable peaks at 2.175, 6.52, 9.78 and 15.21 Hz. The step 1 
grolishing process attenuated the amplitude from 354 to 83, for 4.34 Hz frequency (figure 6-19). Step 
2 grolishing process has further attenuated the amplitude of all peaks. Those with noticeable 
amplitude are still dominating the frequency response with lower amplitude (figure 6-20). In step 3, 
the grolishing parameters were changed, causing frequency shift from 4.347 to 5.437 Hz, 6.52 to   
7.6 Hz and 16.3 to 17.4 Hz (figure 6-23). The final step in the grolishing process, with parameters 
similar to a polishing process have further attenuated the amplitude of all peaks. The dominant peak 
present at 2.175 Hz from the ground finishing process have shifted to 1.088 Hz.  

Figure 6-27 shows a four step grolished sample. The grolished part with mirror like finish can be 
distinguished from the outer ring with only a ground finish. Although the roughness is improved by 
the grolishing process, some form error can still be seen on a surface supposed to be flat. When the 
waviness of the ground and 4 step grolished surfaces were compared (Table 6-6), it was observed 
that, although the grolishing process had removed the waviness error from the grinding process, it 
had also printed its own waviness from the tool path movements. The ground surface had a W t of 
1.33 µm and the grolishing process had reduced the Wt to 0.61 µm. The spacing between peaks had 
also changed from WS = 828 µm to WS = 3048 µm.  

The four step grolishing process reduced the PV of the waviness and also increased the spacing 
between peaks, which greatly improved the surface topography. However, deep grinding marks 
become visible once the surface becomes reflective (figure 6-28). To remove these marks, further 
grolishing steps, which would amplify the waviness present on the surface, are required. Therefore, 
an attempt was made with a new step in the grolishing process designed to remove totally the 
grinding marks and to reduce the waviness effect from the tool path. 
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Figure 6-26:   Four step grolished sample 

 

Table 6-6:   Surface waviness ground surface (top) & 4 step grolished (bottom) 

 

 
 

 



144 
 

 
Figure 6-27:   Visible grinding marks after four step grolishing 

 

 

 

6.3.2 Seven step grolishing experiment and results analysis 
 

To remove the grinding marks totally, the aggressive steps with high speed and low feed using larger 
abrasives need to be repeated. However, repeating the same programme would increase the form 
error on the surface.  Therefore, an attempt was made by using the raster program with the tool path 
set at 45 degrees to the hexapod X and Y axes. This was used in addition to the raster program with 
the tool path parallel to the X and Y axes of the hexapod. Each step of the grolishing process was 
designed so that each set of parameters was performed on all four sides (Table 6-7).  Step 3 was 
designed to remove the excess grinding marks noticed in the previous grolishing process. Steps four 
to seven replace steps three and four of the four step grolishing process. In practice steps one and 
two can be merged, as can steps four and five, and steps six and seven. However, these are split to 
better understand surface roughness improvement process.    
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Table 6-7:   Seven step grolishing parameters 

 Speed 
(rpm) 

Offset 
(mm) 

Feed 
(mm/sec) 

Number of 
Passes 

Program path direction 
Abrasive 

size 
Polishing 

Pad 

Step 1 5000 0.3 0.75 1 
Parallel to X & Y 

Machine axis 
45µm Ultrapad 

Step 2 5000 0.3 0.75 1 
45 Degree to X & Y  

Machine axis 
45µm Ultrapad 

Step 3 3000 0.3 3 1 
Parallel & 45 Degrees 

to X & Y axis 
45µm Ultrapad 

Step 4 2500 0.3 5 1 
Parallel to X & Y 

Machine axis 
9µm Verdutex 

Step 5 2500 0.3 5 1 
45 Degree to X & Y  

Machine axis 
9µm Verdutex 

Step 6 1000 0.3 15 1 
Parallel to X & Y 

Machine axis 
1µm Verdutex 

Step 7 1000 0.3 15 1 
45 Degree to X & Y  

Machine axis 
1µm Verdutex 

 

The ground sample has a surface roughness of 575 nm Sa. The Seven Step grolishing process 
provided an average of 7 nm Sa. The roughness results, surface topography and amplitude spectrum 
in frequency domain of each grolishing step are available in Appendix 6.1. The amplitude spectrum 
shows a trend very similar to the previous grolishing process, with each step attenuating the 
amplitude of peaks. The dominant peak at 2.175 Hz remains dominant until step 6. The final polishing 
step shifts the frequency from 2.175 Hz to 1.087 Hz, as it did in the final step of the previous (Four 
Step) grolishing process. The CCI image taken after step 2 shows an attempt to remove the tool 
path marks from step 1 (figure 6-28). This is obtained by setting the tool path at 45 degrees to the 
machine X and Y axes, whereas, in four step grolishing, step 2 involves printing the tool path on the 
workpiece. (figure 6-20).  The CCI image shows that the tool path has influence on the surface 
topography. Indeed, until step 5, the CCI image shows a correlation between tool path direction and 
workpiece topography. However, steps six and seven do not affect the topography, but rather 
improve the roughness by attenuating the amplitude of peaks.   
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Figure 6-28:   Seven step grolishing, step 2 surface topography 

 

The waviness is measured on a 15 mm long profile on PGI (Table 6-8). The ground surface has a 
Wt of 1.44 µm and the grolished surface has a Wt of 0.5 µm. The peak spacing moved from               
WS = 1138 µm to WS = 2084 µm. This indicates that the Seven Step grolishing process has the 
ability to attenuate PV of waviness better than the Four Step process. However, the new tool path 
programming has less effect on the spacing distance between peaks. Both Four and Seven Step 
grolished samples were measured on CCI with 5X magnification (figure 6-29). In this way, it was 
possible to both obtain and to measure the surface topography of 3.68 mm2. The results were filtered 
to expose wavelengths between 0.025 mm and 0.8 mm corresponding to the wavelength used for 
roughness measurement.  The yellow contour height patch shown on the Four Step grolished sample 
highlights the waviness error from the tool path movement, whereas the yellow contour height patch 
on the Seven Step grolished sample shows less effect. The grinding marks are less visible on the 
surface after the Seven Step grolishing process. In applications where these waviness errors are 
undesirable, form correction needs to be performed before the final polishing.  
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Table 6-8:   Surface waviness ground surface (top) & Seven step grolished (bottom) 

 

 
 

  
Figure 6-29:   Grolished surface topography: Four step (left) & Seven step (right) 

 

 

 

 

6.3.3    Multi -scale Wavelet analysis  
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a. Four step Grolishing  
 

In section 6.3.1, the four step grolishing process results are analysed with data pre-filtered to expose 
the surface roughness. In this section it is aimed to analyse the surface waviness using multi - scale 
wavelet analysis to identify the removal process of grinding marks and expose the tool path imprint 
of grolishing process (MSF error) on the workpiece. There are four wavelet ranges used for results 
analysis which are; (1) 14.4 µm -28.8 µm, (2) 28.8 µm �± 57.6 µm, (3) 57.6 µm �± 115.2 µm. (4) 115.2 
µm �± 230.4 µm. Measurement data analysis software Surfstand produce images exposing only the 
chosen range for wavelet analysis. The figure 6-30 shows images of step 0, step 2 and step 4 of four 
step grolishing process in all four wavelet ranges. The full data with all steps of grolishing process 
are available in Appendix 6-2.1.  

(µm) STEP0 STEP2 STEP4 
 
 
 

14.4-28.8 

   
 
 
 

28.8-57.6 

   
 
 
 

57.6-115.2 

   
 
 
 

115.2-230.4 

   
Figure 6-30:   Multi-scale wavelet analysis: Partial results from four step grolishing process 
exposing tool path imprint on the workpiece studied at four levels of wavelet ranges 

The results indicate that the grinding marks are gradually suppressed from the surface through a 
series of grolishing steps. However, some square patches can be clearly identified from step 2 
onwards indicating the imprint of the grolishing tool path on the surface. These square patches 
attenuate in intensity by step 4 of the grolishing process. Surface roughness parameter Sa helped 
to evaluate the grinding marks removal process, however Sa parameter do not quantify the surface 
waviness. Therefore, Sal (fastest decay auto correlation length) parameter is used to analyse the 
tool path imprint on the surface over the series of step grolishing. The figure 6-31 shows a graph 
produced using Sal surface parameter results.  
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The grinding process have printer unidirectional tool marks on the surface at all wavelet ranges. The 
grolishing process removes the marks from all wavelet ranges and places its own marks at around 
0.18 mm spacing distance on Sal parameter. Towards the step 4 of the grolishing process, the 
imprinted tool marks attenuate in intensity which reflects on the diminution of Sal spacing to around 
0.13 mm for all wavelet ranges.   

 

Figure 6-31:   Sal parameter analysis from four step grolishing results showing the trend of tool path 
imprint on workpiece 

 

b. Seven step Grolishing  
 

Multi-scale wavelet analysis is also carried out on seven step grolishing process. The seven step 
grolishing process is designed to tackle two issues faced with four step grolishing process. The first 
one is to reinforce the grolishing process to remove the presence of deep grinding marks and the 
second one is to reduce the effect of the tool path imprint on the workpiece. The full version of the 
wavelet analysis results is available on Appendix 6-2.2. Figure 6-32 shows the step 2, step 3 and 
step 7 results in all four chosen wavelet ranges.  

In step 2 for the grolishing process the tool path direction is deviated from the original by 45 degrees. 
This is clearly visible on the results of step two where the grolishing process tend to remove the 
marks from previous process and imprint its own mark at 45 degrees from X and Y axis. In step 3, 
parallel and 45 degrees to X and Y axis are performed respectively. Although, the step 3 grolishing 
finished with 45 degrees tool path direction, tool marks from parallel to X and Y axis are clearly visible 
at wavelet range (57.6 �± 115.2) µm and (115.2-230.4) µm. However, in wavelet range (14.4 �± 28.8) 
µm the direction of tool marks follows 45 degrees to machine axis direction. The step 3 grolishing 
results filtered foe roughness analysis also shows tool path from 45 degrees to machine axis printed 
on the surface (Appendix 6.1 Figure 7). This indicates that long grolishing process does not have 
influences on the surface waviness of ranges (57.6 �± 115.2) µm and above. The final step (step 7 
results) grolishing results shows less tool marks than the final step grolishing results obtained from 
four step grolishing process.   

STEP0 STEP1 STEP2 STEP3 STEP4

14.4-28.8 0.012 0.185 0.18 0.187 0.143

28.8-57.6 0.023 0.177 0.176 0.185 0.132

57.6-115.2 0.054 0.125 0.175 0.19 0.096

115.2-230.4 0.111 0.108 0.178 0.171 0.127
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(µm) STEP2 STEP3 STEP7 
 
 
 

14.4-28.8 

   
 
 
 

28.8-57.6 

   
 
 
 

57.6-115.2 

   
 
 
 

115.2-230.4 

   
Figure 6-32:   Multi-scale wavelet analysis: Partial results from seven step grolishing process 
exposing tool path imprint on the workpiece studied at four levels of wavelet ranges 

The Sal parameter is also used to analyse the seven step grolishing results (figure 6-33). The result 
shows similar trend to four step grolishing results with initial spacing from grinding process at each 
wavelet range, regrouped around 0.2 mm spacing for grolishing processes from step 1 to 6. The 
step 3 grolishing result at wavelet range (14.4 �± 28.8) µm is the only result which does not follow the 
trend. Indeed, the results on that specific wavelet range shows tool path marks being directed all in 
one direction. In step 7 of the results all spacing from Sal parameter drops at the lowest spacing 
distance of around 0.13 mm in all four wavelet ranges.  



151 
 

 

Figure 6-33:   Sal parameter analysis from seven step grolishing results showing the trend of tool 
path imprint on workpiece 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

STEP0 STEP1 STEP2 STEP3 STEP4 STEP5 STEP6 STEP7

14.4-28.8 0.01 0.212 0.201 0.014 0.19 0.158 0.201 0.135

28.8-57.6 0.019 0.212 0.199 0.181 0.191 0.158 0.205 0.136

57.6-115.2 0.046 0.206 0.195 0.19 0.191 0.152 0.203 0.124

115.2-230.4 0.087 0.161 0.193 0.152 0.142 0.154 0.159 0.139
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6.4 Summary 
 

This chapter investigated the grolishing ability of the designed machine. The grolishing process was 
developed by Walker et al [3] for smoothing surface roughness in a short period of time in order to 
be more attractive for industrial applications prior to a final finish polishing. Grolishing is also used 
for minor error form correction. Moreover, it has the capacity to attenuate machining marks without 
causing sub-surface damage. There are three main types of grolishing technique described in the 
literature: bonded abrasives on hard tool, bonded abrasives on soft tool, and loose abrasives with 
soft tool. This last form was used in the development of the present grolishing processes. Samples 
of P20 tool steel, a material widely used for mould tools, were ground flat. The surface roughness of 
the samples at this stage was around 0.55 µm Sa, which is equivalent to the finishing capability of 
CNC machining on P20 [223].  

Grolishing is an aggressive process compared with polishing. The grolishing cloth wear from 
mechanical and chemical reaction can affect the performance of the process. The grolishing cloth 
therefore needs to be adapted to the material of the workpiece and its initial surface roughness 
condition. UltrapadTM cloth was chosen for coarse surfaces and VerdutexTM cloth for intermediate 
surface conditions. VerdutexTM was also used for the finishing process. 45 µm diamond abrasives 
were used to remove the grinding marks from the surface, followed by 9 µm diamond abrasives to 
smoothen the grolishing marks left from the previous grolishing process. Finally, 1 µm diamond paste 
was used for polishing to test whether surface roughness can be reduced to below 10 nm Sa using 
the grolishing method.     

The theoretical spot sizes were calculated for different offsets and then evaluated experimentally. 
Offset spots measured from a Dino 2.0 microscope show two types of removal marks. The circular 
rings in the middle exhibit deep material removal and is caused by two body abrasion. The scratch 
marks on the periphery were caused by abrasives rolling freely between tool and workpiece, and is 
called three body abrasion. It was deduced that the two and three body abrasions resulted from the 
tool�±workpiece contact. Indeed, the Hertz contact theory states that a rubber sphere pressed against 
a solid flat surface produces high pressure in the middle and lower pressure towards the edges, and 
this was reflected in the two and three body abrasions on the workpiece surface. Theoretical spot 
sizes are generally bigger than impact and contact spot sizes, except for the contact spot size of   
0.1 mm offset. However, they all follow the same trend, with approximately 1 mm difference between 
theoretical and impact spot sizes. When line and areal grolishing was tested, it was found that          
0.5 mm and 0.25 mm spacing on the tool path program produced 2.5 µm depth of material removal. 
However, 0.5 mm spacing is faster and produced a flatter surface than 0.25 mm spacing. Therefore, 
0.5 mm spacing was chosen for development of the grolishing process.  

A four step grolishing process was developed and performed. Results show the surface roughness 
was gradually improved from 461 nm Sa to 4 nm Sa on average. The waviness of the flat surface 
was improved from Wt = 1.33 µm to 0.61 µm. The spacing between peaks improved from                   
WS = 828 µm to WS = 3048 µm. However, although the Four Step grolishing process improved 
surface topography in many ways, there was still some visible waviness on the surface, and for a 
surface supposed to be flat, some deep grinding marks were still visible. A Seven Step grolishing 
process was therefore designed in an attempt to remove the grinding marks and to improve the 
waviness error on the surface. The Seven Step grolishing process has gradually improved the 
surface roughness from 575 nm Sa to 7 nm Sa. The waviness of the flat surface was improved from 
Wt = 1.44 µm to 0.5 µm and the spacing between peaks improved from WS = 1138 µm to                    
WS = 2084 µm. The grinding marks were totally removed from the surface. The PV of waviness was 
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smaller than that of the previous (four step) grolishing process; however, the spacing between peaks 
was shorter than produced by the previous grolishing process, which still affected the visual 
appearance. Where the Wt needs to be smaller than 0.5 µm and WS larger than 2 mm, form 
correction needs to be performed before final polishing. Nevertheless, the results obtained are better 
than those obtained by Walker et al. using IRP600 to grolish silicon carbide [190]. 

The improvement of surface roughness over each grolishing step was studied in frequency domain. 
It is interesting to note that high amplitude frequencies from the ground surface remain the dominant 
frequency on the surface until the surface roughness reach approximately 10 nm Sa. Only below     
10 nm Sa, the high amplitude frequency is obtained at 1.087 Hz, which corresponds to the length of 
the data profile. Therefore, a 15 mm long roughness profile was measured on low force contacting 
stylus instrument (Dektak Bruker) for both the four and seven step grolished samples. A surface 
roughness Ra of 4.3 nm was obtained on the four step grolished sample and 5.74 nm Ra on the 
seven step grolished sample. These data were used to produce an amplitude spectrum in frequency 
domain. The results are presented in figure 6-34. The high amplitude frequency for the four step 
grolishing process is at 0.3334 Hz, which corresponds to peaks obtained every 2999 µm. This 
confirms the spacing between peaks WS = 3048 µm obtained on waviness error. The second highest 
amplitude frequency is at 0.4668 Hz, which corresponds to peaks obtained every 2142 µm. The third 
highest amplitude is at 2.134 Hz, which corresponds to one of the dominant frequencies identified 
on the ground surface. This indicates that, even at such smooth surface roughness, the effects of 
previous machining processes are still present.  

By contrast, on seven step grolished sample, the highest amplitude frequency is at 0.4668 Hz. This 
confirms the spacing between peaks WS = 2084 µm obtained on waviness error. The second highest 
frequency is at 1.8 Hz, which corresponds to peaks every 555 µm, which might correspond to             
0.5 mm tool path spacing distance printed on the surface topography. It was observed that the four 
Step grolishing process had high amplitude at both 0.3334 Hz and 0.4668 Hz, in contrast with the 
seven step grolishing process, which only had a high amplitude frequency of 0.4668 Hz.    
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Figure 6-34:   Amplitude in frequency domain 15 mm profile: four step grolishing (top) & seven step 

grolishing (bottom) 

Overall it is considered that grolishing is a process that can be implemented on the presently 
designed hexapod machine. The results above show that as using the present hexapod machine, 
grolishing can be implemented as an effective means for reducing surface roughness and effects of 
prior processes before final polishing is applied to workpieces. 
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7 OVERALL DISCUSSION 
 

The need for a precision polishing machine is clearly expressed in Chapter 1. Based on the industrial 
pull for a low cost freeform polishing machine. A concept development process and prototype of the 
machine is conceived and constructed in chapter four of this thesis. The developed machine finishing 
capability is tested on Chapter five of the thesis. Further work is prepared for a grolishing process 
capable of improving surface roughness from ground finish (0.5 µm Ra) to mirror like finish with less 
than 10 nm Ra. The detail of the developed grolishing process is discussed on Chapter six of the 
thesis. This chapter will discuss and offer an overall summery of Chapters four, five and six of the 
thesis.      

 

7.1 Machine design methodology 
 

A new concept of an inexpensive polishing machine based on a parallel kinematic system is 
developed in chapter four of this thesis. Design methodology principles are followed to ensure the 
successful development of the machine. A BP machine with the ability to perform freeform movement 
within a workspace volume of 50 mm3 is developed. The design machine has a footprint of less than 
1 m2, with low energy consumption (<1 kW). Further emphasis is put to keeping the cost of the 
developed machine as low as possible without compromising on the quality and reliability of the 
developed product. The use of parallel kinematic system as a precision multi-axis movement system 
enabled a workspace volume bigger than 50 mm3. Using the design approach for an integrated 
system helps to obtain high precision movement at low cost.  However, the slope inclination of the 
workpiece will limit the work volume range of the Hexapod. The tool path programme of the 
workpiece needs to be tested to check if the hexapod can reach the desired location of the workpiece 
and if it is within the range of the hexapod movements.  

A number of machine design configurations are possible. Advantages and disadvantages of the 
design configuration are discussed. In precision machining horizontal spindle alignment is preferred 
over vertical spindle alignment. Indeed, during the machining process the chips are easily ejected 
from the cutting area which enable the achievement of a better surface finish than vertically aligned 
machine. However, this machine is developed on a vertical spindle alignment configuration for the 
following reasons. The designed machine is aimed to produce polishing and grolishing processes 
using paste based abrasives for economic process and quick change of paste material and size 
without any contamination. The efficiency of the polishing and grolishing process using paste 
abrasive is affected in horizontal positioning of the machine. The polishing paste will not adhere on 
the surface of the workpiece due to its consistency prone to flow downward following the gravitational 
field. Further, for a horizontal spindle alignment, the mass of the hexapod will dramatically affect the 
machine positioning due to deflection with the present machine structure assembled using aluminium 
extrusion frame for a cost effective prototype design.  

The polishing tool is composed of a shank, rubber bonnet and polishing cloth. A standard Ø 6 mm 
rod is used as shank with a spherical rubber bonnet made of Ø 20 mm and polishing cloth glued on 
top. The shank diameter can be adapted to the polishing surface complexity from Ø 0.5 mm to Ø 
6.35 mm. Rubber bonnets with different stiffness, size and shapes can be developed and tested. 
Indeed, rubber bonnets with flat end could benefit the polishing of flat surface. Cylindrical shape 
bonnet can be used for polishing side wall of a groove. Conical shapes could be developed for 



156 
 

polishing corners. Finally, aspherical shape bonnets could be developed to achieve evenly 
distributed force over the entire contact area.      

The rubber bonnet is glued on a holder which is screwed to the shank. During the gluing process, 
the positioning could be off centred between bonnet and shanks which will dramatically increase the 
runout error of the spindle. Further the length of the shanks is longer than the spindle manufacturer 
instruction to achieve less than 1 µm runout error. This will also lead to an increased runout error of 
the tool. Although, the runout error of the tool will not affect the polishing process of a flat surface. It 
will definitely cause form errors on surfaces other than flat. Therefore, the holder of the rubber bonnet 
was redesigned to limit the runout error. Further, the assembly of the spindle holder was also 
redesigned to reduce tool shank length. The new design will be discussed in the future work section 
(Chapter 8).    

All other components of the machine were carefully designed and manufactured or purchased to 
build a potentially freeform polishing machine. The workpiece is held on a tripod base used to align 
the workpiece with respect to hexapod X and Y axis. For flat surfaces the alignment in X and Y axis 
direction is performed manually. The distance in Z direction between tool end and workpiece is 
identified using shims of known thickness. The current machine design lacks in the ability to identify 
accurately the distance separating the tool and workpiece and also aligning the workpiece in X and 
Y axis with respect to hexapod axis. Preliminary work to solve this issue is developed and discussed 
on Future work section (Chapter 8).    

Last but not least, a method is required to generate tool path program for components with curvature. 
The current hexapod controller reads GCS commands and executes movements accordingly. 
Manual writing is not a viable solution for industrial utilisation and certainly not a cost effective 
solution. A solution to generate program on GCS commands from a CAD model was developed and 
implemented on the machine. The detail is discussed in the future work section (Chapter 8). Although 
several elements of the design need further improvement, the initial aim of prototyping a low cost 
precision polishing machine capable of polishing freeform curvature is achieved.   

 

7.2 Polishing process development on Hexapod polisher 
 

The prototyped machine was evaluated for its ability as a precision polishing machine. Flat surfaces 
of P20 tool steel were used as test samples. The material P20 is widely used in injection mould 
industry for its purity and polishability. Very few research papers are available describing the finishing 
capability on this material. Unlike, the Zeeko-Classic process which uses an inclined tool during 
polishing, the designed machine aimed to perform polishing normal to the workpiece surface. The 
tool used is relatively small compared to the bonnet tool used on Zeeko polisher. Additionally, the 
workpiece material, and all other polishing parameters have an influence on the material removal 
rate and surface finish. Therefore, empirical experiments are performed to understand parameters 
which influences surface finish.      

Empirical experiments helped to identify inconsistency in the obtained results. The causes of result 
inconsistency were identified and appropriate actions were taken to solve them. Further, it was noted 
that the consistency of the polishing paste has impact on the polishing performance. Indeed, it was 
found that a muddy consistency is ideal for polishing rough surface as it adheres better to the surface 
to remove large amounts of material and shorten the smoothing process time. Similarly, a liquid 
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consistency is found to be ideal in final finishing process for obtaining mirror like finish without visible 
scratch marks on the surface. The amount of paste applied needed to be consistent for process 
control as the material removal is related to the amount of paste applied. Indeed, for a same initial 
surface condition of a rough surface, higher paste concentration improved the surface roughness to 
a greater extent than a lower paste concentration. On the other hand, for a same initial surface 
condition of a relatively smooth surface, higher paste concentration resulted in increased scratch 
marks compared to lower paste concentration which improved further the surface roughness.  

Empirical analysis showed that all parameters had an impact on the surface finish results. However, 
the variation of certain parameters such as polishing cloth, abrasive size, abrasive concentration, 
paste consistency (muddy or liquid) are related to the initial surface condition of the samples. Once 
these parameters are appropriately selected based on the initial surface condition, other parameters 
such as feed rate, spindle speed, tool offset and number of passes needed optimisation for surface 
finish improvement. Indeed, each combination of these parameters provided a different outcome. 
Therefore, Taguchi method were applied to identify the optimum polishing conditions for the 
smoothest finish. Optimum parameter conditions help to achieve 75% improvement with surface 
finish to below 10 nm Sa.  

ANOVA statistical method was used to analyse the experimental results from Taguchi DOE. The 
purpose of the analysis was to identify the percentage of contribution of each parameter with respect 
to the overall outcome. Results showed that tool offset to be the largest contributor to surface finish 
improvement with 45.3% contribution. It is then followed by spindle speed with 39.14% contribution. 
The last remaining two factors had very little contribution; number of passes and feed rate having 
respectively 2.65% and 2.34% contributions. It is interesting to note that the two main contributors 
are important factor of material removal process dictated by Preston equation. The pressure applied 
by the tool onto the workpiece and the surface speed obtained from the interaction between spinning 
tool and workpiece improved the surface roughness by means of controlled removal of material. 

Polishing with re-circulating slurry was lastly performed in chapter five of this thesis. In order to 
experiment this polishing process, a new workpiece holder which allowed smooth slurry flow for easy 
re-circulation around workpiece and slurry tank was developed. The other reason was to keep the 
slurry circulation area small, to reduce the possibility of external contamination and also reduce the 
amount of slurry required for the circulating process. A force sensor from Kistler was used to detect 
tool �± workpiece contact and also used as an instrument for workpiece alignment in X and Y direction. 
Although, the sensor has performed the desired task, it remains an expensive solution (£3,000 -      
£4,500) for just identifying the contact and aligning manually using the same contact method. 
Further, the sensor could not position the workpiece on the tilt around Z axis. The re-circulating 
polishing was performed with the purpose to validate the slurry polishing process. After 25 passes 
the surface roughness was at 7.4 nm Sa with an initial surface condition of 6.4 nm Sa. A good slurry 
flow between workpiece holder and the tank was observed. Self-adhesive polishing cloth are prone 
to lose the glue effectiveness on a lengthy polishing process. Therefore, is it recommended to glue 
the pads or cloth manually for lengthy polishing process.  

 

7.3 Development of grolishing process for P20 tool steel 
 

The grolishing process is used as an intermediate process between grinding and polishing to 
smoothen the surface roughness quicker. It also has the ability to reduce mid-spacial frequency 
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errors and remove sub-surface damage left from previous machining process without affecting the 
form accuracy. Moreover, the grolishing process is used to correct minor form errors. There are three 
grolishing technics available in the literature; hard tool with bonded abrasives, soft bonnet with 
bonded abrasives, and soft bonnet with loose abrasives. The chapter six of this thesis presents the 
research work on implementing the grolishing process on the presently designed machine using soft 
bonnet with loose abrasive technics. It was noted in the literature that through CNC Milling process 
a surface finish of around 0.65 µm Ra can be achieved. In plastic injection moulding industry, the 
mould tools are often hand finished after CNC machining which requires high skilled technicians and 
are inclined to be affected by human errors. Therefore, the grolishing process was performed on 
ground P20 samples with similar surface finish achieved by CNC milling. The aim was to generate 
an automated, reliable process as an alternative to hand finishing.   

The grolishing process requires surface finishing cloths and abrasives adapted to the rough condition 
of the sample surface. Indeed, the wear of the cloth or inefficiency of the abrasive particles can 
dramatically delay the process time. The UltrapadTM cloth was chosen for coarse surfaces and 
VerdutexTM cloth for intermediate and fine surface conditions. Diamond abrasives with average 
particle size of 45 µm were used on coarse surface to remove the grinding marks from the surface. 
It was then followed by 9 µm to attenuate scratch marks produced by previous grolishing processes. 
Finally, 1 µm diamond paste was used for final finishing to verify if a surface roughness below 10 nm 
Sa could be attained using the grolishing method.   

The experimental spot sizes are produced at three different offset values to compare with the 
theoretical spot. The experimental spots showed three distinct regions; (1) small circle in the middle 
with no material removal, (2) circular rings in the middle caused by micro cutting and ploughing, (3) 
scratch marks on the outer region caused by abrasives rolling freely between tool and workpiece. 
Theoretical and experimental spots followed the same trend with experimental results being slightly 
smaller than the theoretical spot size. This difference was considered to come from two sources; 
contact position error between tool and workpiece which modifies the contact area for a given offset 
and/or the grolishing process being inefficient towards the edge region of contact.  The grolishing 
was then performed on a line cut and as a square patch to evaluate the material removal depth and 
material removal form achieved over an area. The results were used to prepare an efficient grolishing 
process which could remove all grinding marks from the surface. In standard bonnet grolishing 
processes an influence function is produced and used for the MRR calculation. MRR is then used 
for creating tool path with necessary dwell time to remove the desired layer of material. However, 
this is not an accurate process for the present machine and there is a need for measurement and 
additional grolishing steps as appropriate.  

To improve the surface roughness of a ground sample to a mirror like finish, a four step grolishing 
process was designed and performed. The initial aim of reaching below 10 nm surface roughness 
was comfortably reached. However, visible waviness patches were noted on the surface and deep 
grinding marks which were not identified during the initial measurement stage became visible. It is 
assumed that the visible waviness patch may have come from the raster tool path performed in both 
X and Y axis of the machine. Therefore, a new Seven step grolishing process was designed to tackle 
both grinding marks and the waviness patch. In order to remove the grinding marks, the initial 
aggressive grolishing steps were extended. To reduce the visibility of the waviness patch, the tool 
paths were equally performed in every 45 degrees. This grolishing process achieved the desired 
surface roughness. The grinding marks were totally removed as expected. However, the waviness 
patch was much smaller but still visible.  
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Further, the measured results from each step were analysed in frequency domain. The aim was to 
identify high frequency spikes from the ground finish to verify their elimination process and identify 
any new spikes produced during grolishing process. It was noticed that all frequency spikes were 
attenuated in amplitude at each grolishing step. High amplitude frequencies noted after grinding 
remain the dominant frequency until the end. Four step grolishing improved Wt from 1.33 µm to 0.61 
µm and WS from 828 µm to 3048 µm. The seven step grolishing improved the W t from 1.44 µm to 
0.5 µm and WS from 1133 µm to 2084 µm. Seven step grolishing was more effective than four step 
grolishing in reducing the gap between highest peak and lowest valley. However, the four step 
grolishing was more effective than seven step grolishing in increasing the spacing between two 
waviness peaks (i.e. increase the spacing between peaks would reduce waviness error). Further 
grolishing steps could be developed to reduce more these errors depending on the application 
requirement.  

During the polishing/grolishing process, a soft rubber bonnet is pressed against the polishing 
workpiece vertically downwards creating a pressurised surface contact. The contact can be 
characterised as a Hertz contact with high pressure applied in the middle region and low pressure 
towards the circumferences. The rotating speed of the spindle produce surface speed on the contact 
region. It varies from zero in the centre to its maximum on the circumference of the contact region. 
The feed rate of the machine enables the contact region to be mobile. The continuous movement of 
the spindle during polishing process remove the effect of zero surface speed in the middle. The 
polishing abrasives penetrate between the polishing pad and the workpiece. The material removal 
is caused by two body abrasion in the impact region, where micro cutting and ploughing are obtained. 
On the other hand, the material removal is caused by three body abrasion on the region around the 
circumference of the contact spot, where micro cracks and micro fatigue are observed. The hardness 
of the polishing pad, the concentration of abrasives, the applied pressure, the rotating speed and 
feed rate have an impact on the material removal mechanism. Careful selection of these parameters 
allow these parameters have enabled to perform reliable polishing and grolishing on P20 tool steel 
samples.   

Overall it is considered that the aims of developing a prototype inexpensive precision machine has 
been achieved. The machine was tested for its finishing ability and also for its ability to implement 
grolishing as an increased MRR process. The functionality of the machine is considered to be good 
for a prototype and the performance would be considerable optimised on future versions of the 
machine. 
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8 CONCLUSION AND FUTURE WORK 
 

8.1 Conclusion 
 

A need for a low cost freeform polishing machine is identified in earlier chapters. Industrial 
requirements were analysed in detail through a methodological design procedure which helped to 
produce a new concept design. Through careful market analysis relevant sub-systems were 
identified and purchased in order to facilitate an integrated design approach. The integrated design 
approach helped to reduce the time necessary for machine development, minimise risk associated 
with the developing system and reduced the cost associated with research and development. The 
developed polishing machine has the ability to move the tool end effector with microns precision in 
six degrees of freedom allowing precision freeform polishing.  

A prototype of the bonnet polishing machine was assembled and tested as a precision polishing 
machine. Polishing and grolishing were performed on P20 tool steel used in the plastic injection 
industry for manufacturing mould tools. Empirical experiments gave a clear understanding of surface 
roughness improvement process and helped to eliminate result inconsistency for a robust polishing 
process. Taguchi method helped to optimise polishing parameters to successfully reach less than 6 
nm surface roughness Ra with 75 % improvement ratio. Moreover, step grolishing process using soft 
bonnet loose abrasives method was developed. The developed process achieved a surface 
roughness of 4 nm Sa from a ground finish of 461 nm Sa.  

The overall machine development cost was approximately £ 35,000 with it being possible for the 
machine to be built by two technicians in half day. The polishing process improved the surface 
roughness of a specimen of 30 mm2 in 8 minutes going from 30 nm to 7 nm Ra. The grolishing 
process reached mirror like finish from a ground finish in around 75 minutes, though it is considered 
this could be improved considerably. The developed process for both polishing and grolishing are 
simple and inexpensive. Further, a re-circulating slurry system was designed to function with less 
than five litres of slurry which would reduce the cost associated with polishing consumables. The 
slurry circulating system was designed for easy maintenance. The parts used for slurry circulation 
can be easily removed from the machine and cleaned separately to avoid contamination. Finally, the 
�L�Q�W�H�J�U�D�W�H�G���G�H�V�L�J�Q���D�S�S�U�R�D�F�K���S�U�R�Y�L�G�H�G���D���³�Q�H�D�U���]�H�U�R-�E�U�H�D�N�G�R�Z�Q�´���P�D�F�K�L�Q�H���Z�L�W�K���W�K�H���S�R�V�V�L�E�L�O�L�W�\���W�R���U�H�S�O�D�F�H��
the faulty sub-system quickly. 

The novel hexapod polisher has demonstrated its capability as a precision finishing process. It also 
has the ability to provide precision freeform movements. However, the machine does not yet have a 
easy access CAD/CAM system to generate polishing programs for surface other than flat. Moreover, 
there is not as yet a method to identify the distance separating hexapod and workpiece origins in 
machine X, Y and Z axis. These two features of the machine are crucial to qualify the machine to be 
fit for freeform polishing. Time did not permit the polishing of surfaces other than flat due to the size 
and complexity of this total project. Indeed, the use of hexapod for polishing purposes had several 
challenges which have been addressed with the manufacturer PI which has allowed for continuous 
improvement. The results inconsistency on empirical experiments has also taken considerable 
amount of time to identify the source of problems to solve them. However, preliminary works 
accomplished to implement freeform polishing to the machine will be presented in an extended future 
work section.  
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8.2 Future Work Programme 
 

Future tool path programming and Tool �± Workpiece relative distance sections are presented below 
in terms of illustrating the work that must be completed to implement geometrical shape polishing 
capabilities. Some completed preliminary work in the above areas in also presented in this future 
work section.  

 

8.2.1 Tool path programming 
 

The developed machine has a lack of method to quickly generate polishing programmes. The 
Hexapod reads GCS commands which is not a common programming command used in the 
machining industry. Further, the hexapod design concept with its machine kinematic makes it difficult 
to find a suitable CAM software for future development of the polishing machine. Fortunately, the 
software VisualCAM for SolidWorks 2017 developed by Mecsoft have been identified as a potential 
solution to solve this issue. Indeed, the vendors provide a more reasonable pricing for the CAM 
package than other competitors. Using the VisualCam software a request is made to generate 
programs for executing movements with program lines structured to fit the hexapod controller. The 
kinematics of the hexapod is setup in the CAM software with the correct assignments of the axes 
and taking into account their respective working range.  

A part with random freeform curvature is designed on Solidworks (figure 8-1). The workpiece sample 
has cut grooves on four edges in line with X and Y axis of the sample. These grooves will be used 
to align the workpiece with respect to hexapod axis using the DRI. The intersection of the 
construction lines indicates the highest point of the freeform surface. The vertical distance (Z axes) 
separating hexapod origin and this point would be measured using DRI system. The origin of the 
program would be in the center of the workpiece in X and Y axis and at the highest point in Z axis. 
The virtual location of this origin can be located using the DRI.  



162 
 

 
Figure 8-1:   Workpiece sample with freeform curvature 

 

The designed part is used to program tool path using a raster scanning method. It is programmed to 
have the tool always perpendicular to the point of contact. figure 8-2 shows in yellow the tool entry, 
blue parallel lines represent the raster program and finally the red line shows the tool exit. The CAM 
software has the ability to generate programmes with microns incremental movements in X, Y and 
Z axis.    

 
Figure 8-2:   Raster polishing tool path for potential freeform polish 

 



163 
 

The polishing program is generated using GCS commands. Figure 8-3 shows the first 30 lines of the 
program. Each line of movement is preceded by MOV and movement coordinates in three linear and 
�W�Z�R���U�R�W�D�U�\���D�[�H�V�����7�K�H���S�U�R�J�U�D�P���D�O�V�R���D�X�W�R�P�D�W�L�F�D�O�O�\���D�G�G�V���D���Y�H�U�L�I�L�F�D�W�L�R�Q���O�L�Q�H���R�I���F�R�P�P�D�Q�G���³�:�$�&���2�1�7�"���;��
� �� ���´�� �W�R���H�Q�V�X�Ue that previous line is completed before executing the following line. The program is 
virtually executed on the hexapod to verify if it could be performed without reaching the limits of the 
hexapod arms movements. In this case, the program can be executed on the hexapod. As can be 
seen in figure 8-3, the program does not contain any information about machine feed, spindle speed, 
spindle start-stop or other relevant information about the polishing process. At least initially the 
polishing can be performed by manually activating these commands. However, there is the possibility 
of automatically activating this process by including these commands on the CAM program and 
executing the movements on the hexapod and spindle via a programmable logic controller (PLC) 
software.      

 
Figure 8-3:   GCS program generated by VisualCAM 2017 

 

8.2.2 Tool �� workpiece relative distance 
 

The Hexapod was purchased with no persons in the group with experience on how to operate it 
effectively. The standard software available did not have collision checking before executing any 
movement. This situation was taken into consideration when the spindle holder was designed. The 
initially designed spindle holder held the spindle on the base level of the hexapod. Figure 8-4 shows 
the initial design of the spindle holder. It required a long tool shank to reach workpiece to avoid any 
chance of collision between hexapod base and workpiece.   
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Figure 8-4:   Initial tool holder design 

  

At the beginning of the project only flat surfaces were polished in order to understand parameters 
which influenced the polishing result. The use of long tool shank did not have issues when polishing 
flat surfaces. Once influential parameters were studied and understood, it was required to 
experiment these parameters on surfaces other than flat. At this stage the long shank was becoming 
an issue.  In addition, the long shank had a bigger spindle runout which induced error on the polishing 
spot size, hence affecting the influence function of the polishing process and thus potentially causing 
error on the form accuracy. As far as form polishing is concerned, the spindle runout and the 
polishing spot size needed to be well controlled to replicate the form produced by the movement of 
the Hexapod.  

Further, the contact between the tool and the workpiece is visually checked. This method does not 
provide a consistent tool position in Z direction. It affects the polishing process in many ways. The 
tool offset is not accurately know which induces error in the spot size and the pressure applied on 
the workpiece during polishing. Moreover, polishing programs are created from an imaginary origin 
on the workpiece. The tool end should reach this imaginary position in the X, Y and Z coordinates 
manually. As explained earlier for polishing flat only the positioning on Z axis is needed and this was 
achieved by visual checks and shims. In order to polish surfaces other that flat an instrument is 
required to locate the position of the tool with respect to the workpiece in X, Y and Z coordinates.   

A Keyence LK-081 laser sensor was initially used as an instrument to locate the workpiece position. 
The laser point is crossed through the workpiece to identify the center position. Once the center of 
the workpiece is identified, then the hexapod is moved accordingly to reach the Workpiece origin 
location in X and Y direction. However, the laser could not identify the distance in Z direction between 
tool end and workpiece. figure 8-5 below shows the CAD design of the laser sensor fixed on a bracket 
which was mounted on the spindle mounting plate.  
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Figure 8-5:   Keyence laser sensor mounted on the hexapod 

  

Although the sensor could accurately locate the workpiece in X and Y direction, this method was not 
retained for further development for the following reasons. As mentioned earlier, it could not identify 
the distance in the Z direction. If the size of the tool shank is reduced, then the sensor instrument is 
too big to be placed near the tool. Therefore, another instrument, small in size with the ability to 
identify the relative distances between tool-workpiece origins and a good standoff distance was 
required. Dispersed reference interferometry (DRI) using single point method seemed to be an ideal 
instrument to solve previously identified problem. DRI is designed to preform high precision linear 
measurements on a machining environment. The measurement probe is connected through an 
optical fibre to the DRI apparatus [226].   

A new spindle holder system was designed to hold the spindle and the DRI on the Hexapod. This 
holder aimed to hold the spindle away from the Hexapod base to avoid chances of collision between 
hexapod base and workpiece holder during polishing process. The new spindle holder assembly is 
composed of a conical shape holder, a DRI fixture and L bracket. The detail of the concept design 
and their working process is explained in table 8-1.  
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Table 8-1:   New spindle holder design and working principles 

 

This is the overall assembly of the tool holder. 
 
 
 

Spindle holder 
 
 

DRI  
 
 

DRI fixture 
 
 

L bracket  
 
 

Polishing tool 
 
 
 

 

Section view shows the detail on fixings. 
 
The theoretical distance between the tool and 
the DRI is 10mm. The working distance of the 
DRI starts at 18mm. Therefore, there will be an 
8mm distance clearance between tool and 
workpiece while the DRI is aligning the 
workpiece or measuring. This should avoid 
any chance of collision.  
 
 
 
 
 
 
 
 
 
 
 

 

There are four M6 threaded holes equally 
spaced on the hexapod base. The top of this 
part will be attached to the hexapod base using 
countersink screws for self-centring between 
hexapod and this part.  The bottom face will be 
used as reference plane where the DRI holder 
will be mounted.  
 

10mm 



167 
 

Table 8.1 continued  

 

This is the DRI holder 
 
Through hole in the middle for spindle. The 
DRI will be assembled in the small hole. 
 
The distance separating the hexapod origin 
and DRI origin in X and Y axes will be 
measured on CMM once the system is 
assembled. The theoretical distance in X axis 
is 30 mm and Y axis 0 mm.  
 
The distance separating the DRI and Hexapod 
origins in Z axis is discussed on the next row.  
 
 
 

 

L bracket 
 
The L bracket is used for fixing the tool at the 
same position in Z direction all times. It has 
two dowel pin positioning holes for ensuring 
repeatable positioning and two threaded holes 
on DRI holder for fixturing. 
 
The tool shank will be placed inside the spindle 
chuck without tightening allowing the tool to 
move freely in the axial direction. The tool will 
touch the L bracket. At this position the chuck 
will be tightened using a digital torque spanner 
for a repeatable tightening process.  
 
During the tightening process the collet grips 
the shank and lifts the tool upwards. However, 
due to the repeatable tightening process the 
lifting distance remains the same each time. 
The process was tested and measured using 
a force sensor.  
 
The process is aimed to the obtain same 
distance between hexapod origin and tool end 
every time. The preliminary results showed the 
capability of this method to identify the 
distance separation hexapod origin and tool 
end in axial direction within 50 µm, however it 
needs further measurement for validation.      
 
 
 
 
 
 
 
 
 
 

X Y 
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Table 8.1 continued  

 

Hexapod and DRI origin distance in axial 
direction.  
 
To get the distance vertically between the both 
Hexapod and DRI origins; The distances A, B, 
C, and D need to be measured accurately on 
a CMM. They will be measured once all parts 
are assembled to account for error from the 
assembly process.  
 
The DRI will measure the workpiece position 
separating DRI origin and workpiece. This will 
be added to the permanent distance A-D to get 
the total distance from the hexapod origin to 
the workpiece.  
 
On the other hand, the distance separating 
hexapod origin to tool end is known from the 
previous method. Using these two pieces of 
information the distance separating the tool 
end to workpiece can be calculated. 

 

Based on the design requirements, technical drawings were produced with necessary dimensions, 
tolerances and specifications for all these three components. Figure 8-6 shows the technical drawing 
of the spindle holder. The figure 8-7 shows the technical drawing of DRI holder. Figure 8-8 shows 
the technical drawing of L bracket. Further, the tool end part which holds the bonnet is redesigned 
to limit runout errors. Figure 8-9 shows the technical drawing of the tool end.  All parts are made of 
aluminium alloy and anodised. Figure 8-10 shows the new spindle holder assembled on the hexapod 
unfortunately time constraints meant that the full capability of the new design was not able to be 
investigated.  
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Figure 8-6:   Spindle holder Technical drawing 

The parallelism is requested to ensure 
a precise base surface for fixing the 
DRI holder. Indeed, the DRI needs 
precision vertical alignment with the 
Hexapod for accurate measurements 

Two dowel pin holes 
for aligning precisely 
the DRI center in the 
Y axis of the 

M3 threaded hole for 
stopping the spindle 
movement in the holder 
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Figure 8-7:   DRI holder technical drawing 

DRI is clamped in this place  

Through hole for Spindle 

Dowel pin holes for positioning DRI 
holder in the centre of Y axis of the 

Dowel pins and threaded 
holes on the on the side for 
assembling the L bracket 
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Figure 8-8:   L bracket technical drawing 

Dowel pin and through holes for 
assembling the L bracket into DRI Holder 

The length of the L bracket is 
chosen to ensure a 10 mm 
distance between tool and DRI 
position in axial direction 
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Figure 8-9:   Rubber bonnet holder technical drawing

Place dedicated to 
accommodate the rubber 
bonnet in the middle of the 
tool to minimise runout.  
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Figure 8-10:   Assembly of the spindle tool holder 

In theory the distance separating Hexapod origin and tool end is 163.26 mm in the axial direction. In 
the X and Y axis the tool end should be combined on hexapod origin. Similarly, the theoretical 
distance separating the hexapod and DRI origins should be 153.26 mm in axial direction, 30 mm in 
the X axis and 0 mm in Y axis. These distances needs to be measured on a CMM for validation.  
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8.2.3 Future Work 
 

Following the work completed towards the implementation of freeform polishing capabilities to the 
machine, there are still a number of tasks which need to be performed: 

�x The DRI is used to scan manually a flat mirror to evaluate the slope of the mirror with respect 
to hexapod axis. Figure 8-11 shows the obtained result. However, we are only in the 
developing stage which requires a series of work to obtain this result. The optimum working 
position in the Z axis needs to be identified by moving manually the hexapod Z axis. Then it 
needs to scan on X axis to collect data. And the collected data is processed using a separate 
MATLAB program. Fortunately, there are ways to automate this whole process to make the 
alignment quicker at accurate. It requires further work for optimisation.  

 
Figure 8-11:   DRI slope measurement data 

 

�x New spindle holder assembly needs to be measured accurately on a CMM to exactly know 
the distance separating the hexapod origin from tool end and DRI origin. Similarly, the 
distance separating the DRI and tool in X and Y axis with respect to hexapod origin.   

�x Demonstration of grolishing and polishing concave, convex and freeform shapes. 
�x Optimisation of parameters for re-circulating slurry polishing using Taguchi.  
�x A program of polish other materials such as glass, colbalt chrome or titanium. 
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APPENDIX 
Appendix 4 -1 

Hexapod specifications data showing four types of hexapod models with their own caracteristics. PI 
Hexapod H840-D2 is the model consider for the development of this polishing machine. 
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Newport: HXP100-MECA technical specification sheet. The travel range limits of this model does 
not match developing machine requirements. 
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Symetrie: BREVA technical specification sheet. Breva has precision and travel range matching our 
requirements. However, the cost of the hexapod is higher than our budget and speed capacity is 
slower than developing machine expectation.  
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Appe ndix 5 -1 

 

A program is manually produced to execute the following profile 

 

Once this profile is expressed as a step movement, it is then converted into program using MOV 
function with X and Y values. 

Between each line of command WAC ONT? X =1 is inserted to ensure that the previous line of 
command is executed. 

These 4 lines command is repeated with a step change of 0.5 mm to cover the whole sample. 

Yellow coloured lines create raster program parallel to X axe. 

Bleu coloured lines create raster program parallel to Y axe. 
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Appendix 6 -1 

Seven step grolishing experimental condition and results 

Appendix 6.1 Table 1:   Seven step grolishing parameters & results (step 0) 
Step 0    Surface condition from grinding process obtained from Semi- Automatic grinding machine 

Average Sa after grinding process 561 nm 
 

 
Appendix 6.1 Figure 1:   Seven step grolishing, step 0 surface topography 

 
Appendix 6.1 Figure 2:   Seven step grolishing step 0, Amplitude in frequency domain (left) and 

surface profile (right) 
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Appendix 6.1 Table 2:   Seven step grolishing parameters & results (step 1) 
Step 1 

 
Speed 
(rpm) 

Offset 
(mm) 

Feed 
(mm/sec) 

Number of 
Passes 

Programme 
path direction 

Abrasiv
e size 

Polishing 
Pad 

5000 0.3 0.75 1 Normal to X & Y 
Machine axis 

45µm 
 

Ultrapad 

Average Sa before polishing process 561 nm 
Average Sa after polishing process 111 nm 

 

 
Appendix 6.1 Figure 3:   Seven step grolishing, step 1 surface topography 

 

 
Appendix 6.1 Figure 4:   Seven step grolishing step 1, Amplitude in frequency domain (left) and 

surface profile (right) 
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Appendix 6.1 Table 3:   Seven step grolishing parameters & results (step 2) 
Step 2 

 
Speed 
(rpm) 

Offset 
(mm) 

Feed 
(mm/sec) 

Number 
of Passes 

Programme path 
direction 

Abrasive 
size 

Polishing 
Pad 

5000 0.3 0.75 1 45 Degree to X & 
Y  Machine axis 

45µm 
 

Ultrapad 

Average Sa before polishing process 111 nm 
Average Sa after polishing process 51 nm 

 

 
Appendix 6.1 Figure 5:   Seven step grolishing, step 2 surface topography 

 

 
Appendix 6.1 Figure 6:   Seven step grolishing step 2, Amplitude in frequency domain (left) and 

surface profile (right) 
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Appendix 6.1 Table 4:   Seven step grolishing parameters & results (step 3) 
Step 3 

 
Speed 
(rpm) 

Offset 
(mm) 

Feed 
(mm/sec) 

Number 
of Passes 

Programme path 
direction 

Abrasive 
size 

Polishing 
Pad 

3000 0.3 3 1 
Normal & 45 Degrees 

to X & Y axis 
45µm Ultrapad 

Average Sa before polishing process 51 nm 
Average Sa after polishing process 39 nm 

 

 
Appendix 6.1 Figure 7:   Seven step grolishing, step 3 surface topography 

 

 
Appendix 6.1 Figure 8:   Seven step grolishing step 3, Amplitude in frequency domain (left) and 

surface profile (right) 
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Appendix 6.1 Table 5:   Seven step grolishing parameters & results (step 4) 
Step 4 

 
Speed 
(rpm) 

Offset 
(mm) 

Feed 
(mm/sec) 

Number 
of Passes 

Programme path 
direction 

Abrasive 
size 

Polishing 
Pad 

2500 0.3 5 1 Normal to X & Y axis 9µm Verdutex 
Average Sa before polishing process 39 nm 
Average Sa after polishing process 16 nm 

 

 
Appendix 6.1 Figure 9:   Seven step grolishing, step 4 surface topography 

 

 
Appendix 6.1 Figure 10:   Seven step grolishing step 4, Amplitude in frequency domain (left) and 

surface profile (right) 
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Appendix 6.1 Table 6:   Seven step grolishing parameters & results (step 5) 
Step 5 

 
Speed 
(rpm) 

Offset 
(mm) 

Feed 
(mm/sec) 

Number 
of Passes 

Programme path 
direction 

Abrasive 
size 

Polishing 
Pad 

2500 0.3 5 1 
45 Degree to X & Y  

Machine axis 
9µm Verdutex 

Average Sa before polishing process 16 nm 
Average Sa after polishing process 14 nm 

 

 
Appendix 6.1 Figure 11:   Seven step grolishing, step 5 surface topography 

 

 
Appendix 6.1 Figure 12:   Seven step grolishing step 5, Amplitude in frequency domain (left) and 

surface profile (right) 
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Appendix 6.1 Table 7:   Seven step grolishing parameters & results (step 6) 
Step 6 

 
Speed 
(rpm) 

Offset 
(mm) 

Feed 
(mm/sec) 

Number 
of Passes 

Programme path 
direction 

Abrasive 
size 

Polishing 
Pad 

1000 0.3 15 1 Normal to X & Y axis 1µm Verdutex 
Average Sa before polishing process 14 nm 
Average Sa after polishing process 13 nm 

 

 
Appendix 6.1 Figure 13:   Seven step grolishing, step 6 surface topography 

 
Appendix 6.1 Figure 14:   Seven step grolishing step 6, Amplitude in frequency domain (left) and 

surface profile (right) 
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Appendix 6.1 Table 8:   Seven step grolishing parameters & results (step 7) 
Step 7 

 
Speed 
(rpm) 

Offset 
(mm) 

Feed 
(mm/sec) 

Number 
of Passes 

Programme path 
direction 

Abrasive 
size 

Polishing 
Pad 

1000 0.3 15 1 
45 Degree to X & Y  

Machine axis 
1µm Verdutex 

Average Sa before polishing process 13 nm 
Average Sa after polishing process 7 nm 

 

 
Appendix 6.1 Figure 15:   Seven step grolishing, step 7 surface topography 

 

 
Appendix 6.1 Figure 16:   Seven step grolishing step 7, Amplitude in frequency domain (left) and 

surface profile (right)
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Appendix 6 -2.1 

Multi-scale wavelet analysis of four step grolishing process showing the grinding marks removal process at four wavelet ranges. This also expose 
the tool path imprinted on the workpiece towards step 2 and the attenuation of those marks at step 4.  

(µm) STEP0 STEP1 STEP2 STEP3 STEP4 
 
 
 

14.4-28.8 

     
 
 
 

28.8-57.6 

     
 
 
 

57.6-115.2 

     
 
 
 

115.2-230.4 
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Appendix 6 -2.2 

Multi-scale wavelet analysis of seven step grolishing process showing the grinding marks removal process at four wavelet ranges. This also expose 
the tool path imprinted due to grolishing process and the change in direction of marks following the tool path. In all four wavelet range, the tool path 
marks are barely visible.  

(µm) STEP0 STEP1 STEP2 STEP3 STEP4 STEP5 STEP6 STEP7 
 
 
 

14.4-28.8 

        
 
 
 

28.8-57.6 

        
 
 
 

57.6-115.2 

        
 
 
 

115.2-230.4 
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