
ABSTRACT 

LAMONDS, DONALD LUCAS.  Surface Finish and Form fidelity in Diamond Turning.  
(Under the direction of Thomas A. Dow.) 
 

Fabrication of imaging systems requires nanometer precision of the optical form and 

micrometer precision in the position of that surface relative to the imaging system.  To 

gain experience with production of optical systems and prepare for non-rotationally 

symmetric systems, a two-mirror axisymmetric Richey-Chrétien telescope was fabricated 

with a diamond turning machine; based on the measurements of the telescope, further 

modeling and experimentation was done to verify the form-error capability of the 

machine and surface finish with machine vibration. 

 
Optical flats were fabricated in a fashion that revealed the error motions of the diamond 

turning machine.  Squareness between the axes was found as the dominating error and 

compensation was first attempted by setting the tool path equal to the inverse of the error.  

Automatic error correction routines written prior to this work were re-activated and the 

correct squareness compensation was input. Several optical flats were fabricated using 

different tool locations on the DTM and all measurements showed traces at !/4.  A sphere 

was then fabricated that had less the !/4 form error with optical power (spherical radius 

error) removed and the spherical radius was within 6 !m of the target.  When observing 

the conditions described in this work, optical surfaces can repeatedly be fabricated with 

error levels of !/4. 

 



 

Initial surface finish tests were conducted at machining rates where the parabolic 

approximation should accurately predict peak-to-valley surface finish.  These tests were 

designed to check for surface finish dependence on cutting depth, surface speed, and 

cross-feed rate.  Results indicated that finish was dependant on cross feed-rate but that 

there were other factors causing increased roughness.  Further examination of the results 

showed that machine vibration and minimum chip thickness (a variable dependant on tool 

edge sharpness) were adding to roughness.  A model was created to predict surface 

roughness influenced by machine vibration and experiments to prove the model used a 

freshly sharpened tool.  The model results predicted that surface finish can be improve 

beyond the vibration amplitude of the machine as did the experimental results.  The 

model was expanded to further improve the finish quality by dithering the tool in the 

cross-feed direction such that diffraction patterns from diamond turned cusps were 

smooth rather than periodic.  Scatter measurements were taken from the workpiece used 

in machine tests vibrations tests and it was found that the desired effects of tool dithering 

were present in the lower, optical surface quality feed-rates (1-2 !m/rev).   This result 

invalidated the need for optical-quality feed rates. 
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1 INTRODUCTION 

1.1 BACKGROUND 

Diamond turned optics have been widely utilized in infrared and near-infrared imaging 

systems.  These systems were placed in military applications including missile defense 

systems [9, 30].  They are typically rotationally symmetric and fabricated from an 

aerospace material, such as 6061-T6 aluminum alloy and the surface is sometimes coated 

with an impurity-free homogeneous (from the diamond tool perspective) material to 

improve surface finish [9]. 

 

Future applications include three-mirror systems that utilize free-form optical surfaces 

with no axis of rotation. Surfaces with no axis of rotation are currently being fabricated 

with diamond turning machines [21].  The performance of systems designed with free-

from optics is often diffraction limited [28] and, according to the Rayleigh criterion, this 

performance is maintained for up to a quarter-wave peak-to-valley deviation from the 

designed wavefront [31].  Before fabrication of these non-rotationally symmetric optical 

components is attempted, the ability to fabricate less complicated axisymmetric systems 

with the Rayleigh criterion as a reference must be explored.  Challenges in fabrication of 

these systems are not limited to the optical surfaces themselves.  Special attention must 

be paid to the fiducial alignment feature on both the mirror and metrology frames used to 

locate the mirrors relative to one another and to the imaging sensors.  
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1.2 PREVIOUS RESEARCH 

Single-point diamond turning machines commercially available in the late 1980s and 

early 1990’s (like the Rank Pneumo ASG 2500) are typically equipped with oil 

hydrostatic bearings, ball screw drives for axis actuation, air bearing spindles, and laser 

interferometers for position feedback [9].  These machines are reported to create surface 

finishes in 6061 aluminum of approximately 40 nm PV and 6-7 nm RMS [9]. This is 

useful for the wavelengths in the near infrared spectrum and larger because these 

wavelengths will scatter from diamond turned surfaces at large angles (incoherent scatter) 

[16].  Newer machines with brushless DC linear motors for axis actuation and high-speed 

spindles have been reported to produce smoother roughness on surfaces coated with a 

single-phase material such as pure aluminum plating (Alumaplate®).  Surface Roughness 

approaching 1 nm RMS has been reported and these diamond turned surfaces are 

reportedly adequate for use in the visible light spectrum. [6] 

 

More recent research [19] has further explored the use of diamond turned 6061-T6 

aluminum surfaces in white light applications.  The optical surfaces fabricated for the 

Ralph telescope, a Three Mirror Antistigmat with 6061-T6 optical surfaces and 

metrology frame, were diamond turned but typical diamond turning characteristics were 

largely absent [19].  Measurements of the optical surfaces showed little indication of a 

tool nose radius and the frequency analysis of the surface more resembled that of an 

isotropic surface than a grooved diamond turned surfaces.   RMS roughnesses of the 

Ralph telescope mirrors were reported from 4.9 nm to 7.1 nm.  The optical elements were 
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off-axis conics and turned on-axis using a specialized chucking apparatus with 

allowances for centrifugal distortions. 

 

1.3 PREVIOUS RESEARCH AT THE PEC 

An error budget of the ASG-2500 was performed upon its delivery to the PEC.  Slide 

straightness and squareness were measured as well as the yaw characteristics of each axis 

[3,4,5,6].  The repeatable errors were quantified and an automatic error compensation 

routine was created [3,4,5].  It was incorporated into the custom designed and built 

machine controller.  The effects of spindle growth due to heating and environmental 

factors were also explored [7].  Axes vibration has been examined and closed-loop 

control for spindle error motions was attempted [14]. 

 

Drescher and Arcona performed a great deal of research oriented towards the 

improvement of the diamond turning process through modeled and experimental 

measurement of tooling forces and surface finish [12,13]. Many experiments were 

conducted using various materials and cutting conditions.  The effects of tool wear on 

cutting forces and second order surface roughness effects were studied and described.  

Minimum chip thickness was examined and chip segmentation formulas were derived.   
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1.4 PROBLEM STATEMENT 

To establish an understanding of optical system fabrication, a two-mirror Ritchey-

Chrétien telescope was fabricated. Fabrication of this rotationally symmetric design was 

intended to establish a baseline capability for the diamond turning machine.  Challenges 

include alignment of fiducial features of each element to the optical surface, optical 

surface finish quality, optical surface figure quality and alignment of fiducial features in 

the metrology frame.  Also, fiducial feature shape and size are of interest because of 

interactions between the metrology frame and the optical elements. 

 

A set of experiments was devised to characterize the form error capability of the diamond 

turning machine.  Optical flats present the simplest geometry for a t-lathe to produce 

because one slide simply holds a position while the other slide moves the tool at a 

constant velocity. The goal figure error of an optical flat was !/4 peak-to-valley.  Proper 

parameters for the automatic figure error correction scheme were desired such that it 

could be reactivated. Proof of machine repeatability at several axis locations was desired.  

A test was designed to fabricate a sphere such that the figure error of a workpiece when 

both axes were moving in concert could be measured. The goal for the sphere was also 

!/4 peak-to-valley figure error with a spherical radius error of ±3 !m.   

 

After inspection of the Two-Mirror, it was desired that surface roughness be studied.  A 

model was developed to describe surface finish based on theoretical tool cusps and how 

they are affected by machine vibration.  In efforts to improve the surface finish of a 
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diamond turned surface, the model was expanded to incorporated tool dithering such that 

diffraction from a diamond turned surface could be modeled. 
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2 FABRICATION OF TWO MIRROR TELESCOPE 

2.1 INTRODUCTION 

Diamond turning is a standard technique for creating rotationally symmetric reflective 

optical surfaces.  The workpiece is mounted on a rotating spindle and the diamond tool is 

moved along a path in space that is described by the cross-section of the surface to be 

created.  The rotating spindle of the Diamond Turning Machine (DTM) turns the tool 

path into a three dimensional surface.  The rotationally symmetric Ritchey-Chrétien 

telescope diamond turned here consists of a concave hyperbolic primary mirror, a convex 

hyperbolic secondary and a thin-wall tube to align the optics.  A Ritchey-Chrétien  (also 

called aplanatic Cassegrain) telescope has advantages over other classic axisymmetric 

two-mirror systems because two hyperboloid mirrors can simultaneously correct for 

coma and spherical aberration over the full field.  However, as with all axisymmetric 

two-mirror systems, astigmatic aberration of this system increases with field angle.  The 

rough machined components (pre-diamond turning) are seen in Figure 2-1.  In addition to 

the two optical elements and the tube, the mounting plate to attach an SLR camera and 

the mounting brackets to attach a tripod are shown. 
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Figure 2-1: Rough machined components of the two-mirror telescope. 

  

Figure 2-2 shows the optical path of the final telescope design and gives the 

specifications for the hyperbolic mirrors as described by Wanna [25].  The design 

requirements for the Ritchey-Chrétien called for a primary with f/number = f/1 for high 

light-gathering ability (f/number = aperture diameter/focal length), a 150 mm primary 

mirror aperture, a 15 mm detector height, 1º total field angle (± 0.5º) and 20% secondary 

mirror obscuration (distance from the primary focal point as percentage of primary focal 

length).  For a concave mirror reflecting a collimated wavefront (infinite conjugate) the 

radius of curvature is twice the focal length; so for a f/1 primary with 150 mm aperture 

the radius of curvature is 300 mm.  The remaining parameters in Figure 2-2, in addition 

to the primary-secondary spacing of 113.625 mm and the secondary-image spacing of 

208.519 mm, were optimized with CODE V by Optical Research Associates (ORA) as 

discussed by Wanna [25]. 
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Figure 2-2: The optical path of the Richey-Chrétien telescope with optical elements and 

specifications.  Incident light from the object (infinite conjugates) enters from the left and 

the image is formed on the right.  Path generated with OSLO-EDU® from Lambda 

Research Corporation. 

 

To create the optical surfaces, the tool moves through the prescribed hyperbolic path 

(from the outer radius to spindle centerline) with some compensation based on the 

circular edge shape of a diamond tool.  The geometry (straightness and squareness) and 

control system of the machine slides determine the optical shape form error.  The circular 

tool radius, tool edge quality, speed at which the tool is fed across the part, machine 

vibration and workpiece material determine the surface finish.  
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Fiducial surfaces are used to locate the two mirrors with respect to each other as 

prescribed by the optical design specifications.  In this two-mirror system, a step on OD 

of the primary mirror locates one end of the tube while a step on the OD of the secondary 

support structure locates the other.  The distances between the optical apexes and fiducial 

steps, combined with the length of the tube, set the mirror spacing.  High resolution (2.5 

nm) length measuring laser interferometers mounted on the DTM slides were used to 

control these distances during machining.  Figure 2-3 shows a cross section of the 

components with heavy lines to indicate surfaces that were diamond turned.  The 

assembled system can be seen in Figure 2-4.  

 

 

Figure 2-3:  Cross section of telescope components with dark lines indicating surfaces 

that were diamond turned.  Dashed line shows the common axis of symmetry/rotation. 
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Figure 2-4:  Final assembled optical system. 

 

2.2 MATERIAL PREPARATION 

2.2.1 Rough Machining 

The telescope components shown in Figure 2-1 were rough machined with allowances for 

diamond turning of the optical and fiducial surfaces.  The drawings of the rough 

machined components are found in Appendix C.  All surfaces diamond turned had at 

least 150 µm of extra material that was removed during final machining.  The optical 

surfaces were rough machined to their spherical base radii.  The locating steps on the 
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primary and secondary mirrors each have a tapered OD to align their centerline with the 

tube centerline when assembled. Rough machining of the step was specified at 90º so it 

had the extra 150 µm plus the material removed to create the taper. The interior of the 

tube was anodized black with a matte finish to minimize internal reflections. 

 

2.2.2 Heat Treatment 

To relieve residual stresses introduced during the rough machining process, the 

components were heat-treated.  The procedure was as follows:  

 

1. Cool the parts in a -100 ºF environment at a natural rate for one hour.  

2. Warm to room temperature in a still, ambient atmosphere. 

3. Heat in a 300 ºF environment at a natural rate for 2 hours. 

4. Cool to room temperature in a still, ambient atmosphere. 

5. Repeated steps 1-4 once. 

 

2.2.3 Material Hardness 

The hardness of the system was measured following the stress reduction heat-treatment 

process.  A Vickers indenter (pyramid shaped diamond with 136° included angle between 

the faces) was used for the experiments.  Vickers Hardness Number (VHN) is a function 

of the load, P (kg), and the diagonal of the indentation, d (mm), as described in Equation 

2-1.    
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! 

VHN =
1.72P

d
2

                                                         (2-1) 

 

All tests were performed using a 1 Kg load, which is well suited to the hardness of 

machined aluminum because it provided small indention marks (0.1 mm) that had crisp 

edges and corners.  Increasing the load would cause a larger indention and the original 

surface would extrude upward at the indention edge. 

 

Three pieces were tested: the heat-treated spacer and two reference specimens of 6061-

T6.  The diagonal lengths of the indention were measured with two methods on the Zygo 

NewView white light interferometer and its software, MetroPro. The first method 

measured the diagonal lengths on an interferometric image with manually drawn trace 

lines across the indenture corners.  MetroPro reported the trace length.  The second 

method utilized the translating stage to align a cross-hair on the video monitor with each 

corner.  MetroPro reported the X and Y position of the stage (crosshair) when aligned 

with a corner and the diagonal lengths were calculated using the Pythagorean theorem.  

This yielded two diagonal lengths for each method and the average of all four 

measurements was used to calculate the VHN.  The resultant indentation lengths and 

calculated VHN are found in Table 2-1. 
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Table 2-1: Vickers Hardness Values for Rough Machined Telescope Components 

Sample Diagonal (mm) Hardness (VHN) 
Equation 2-1 (kg/mm2) 

Hardness (GPa) 

Spacer 0.125 110 0.110 

Reference 1 0.139 90 0.90 

Reference 2 0.126 108 0.108 

 

 

The published hardness of 6061-T6 Aluminum is 107 VHN or 95 Brinell hardness [18].  

Both the spacer and Reference 2 are close to this value but Reference 1 is lower.  None of 

the samples approach the hardness of un-tempered 6061: 30 Brinell hardness.  Based on 

the results shown in Table 2-1, the heat treat process used to relieve residual stresses from 

rough machining had no effect on the hardness of the optical surfaces. 

 

2.3 DTM SETUP  

2.3.1 DTM Geometry 

The fabrication of axisymmetric, Richey-Chrétien optical systems can be carried out 

using a t-based Diamond Turning Machine (DTM) shown in Figure 2-5.  It is a Rank-

Pneumo ASG-2500 and is further described in Section 2.5.  The optical axis of each 

element is collinear, which means each can be machined using the face of the vacuum 

chuck as a reference surface and the spindle axis as the optical axis (the dashed line as 

shown in Figure 2-6).  The process began with an operation to machine the back surface 
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of the primary mirror for vacuum chucking. The diamond cut back of the primary is then 

vacuumed to the spindle and the fiducial surface is machined during the same setup that 

cuts the optical surface.  The distance between the fiducial surface and the apex of each 

optical surface is set during the single part chucking. After the primary is removed, the 

secondary is mounted and machined in the same manner with the same tool setup.  The 

tube is then machined with a different tool layout because of is length and inner diameter 

fiducials.  The tube length, face parallelism, and ID alignment set the relative position of 

the two optical elements.  While the tube shown in Figure 2-6 is only one way to create 

the spacing between elements, it is a good illustration of the technique used to build 

rotationally symmetric systems because lengths and diameters are controlled with the 

DTM axes laser interferometers.    
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Figure 2-5:  Rank-Pneumo ASG-2500 Diamond Turning Machine. 
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Figure 2-6: Fabrication of Richey-Chrétien telescope components on the ASG-2500 DTM 

with a dashed line to show the collinear optical, tube and spindle axes. 

 

2.3.2 Tooling Setup 

To create both the optical surface and the fiducials in one setup, two tools were used: a 

large nose radius (3.135 mm) for low optical surface roughness with shorter machining 

times and a small radius tool (0.1057 mm) for the sharp corners at the intersection of the 

fiducial surfaces on the primary and secondary. The DTM X-axis table provides room for 

multiple tool holders.  Figure 2-7 shows the orientation and relative distance between the 

tools that was necessary to insure that neither contacted the workpiece while the other 

was in use.  The tool holders and diamond tools were situated in this fashion before they 

were aligned to the DTM coordinate system.  The small radius tool is angled towards the 

spindle centerline (angle set at ~ 30º for adequate tool holder clearance) as seen in Figure 

2-6 so that it can machine both the fiducial OD and step.  The complete fiducial 

machining path is discussed later in Section 2.5.3 through 2.5.5.  Since the back of the 

primary mirror is mounted to the spacer plate, overall thickness is a critical feature. It was 

then necessary to simultaneously know the position of the both tools with respect to the 

vacuum check face.  
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Figure 2-7: Tool layout on the DTM illustrating the relative location of the two tools and 

the 10x telescope (black cylinder on right of photo). 

 

The X and Y position of each tool apex were located relative to the spindle centerline 

while the Z positions were located relative to the vacuum chuck face.  Both tools were 

aligned to the spindle axis in the Y and X directions within 1.5 !m.  The absolute 

positions of each tool in the X direction were recorded so that they could easily be 

switched between during machining. 

 

2.3.3 Tool Alignment to Spindle Centerline 

Finding tool center is a multi-step process that takes considerable time and, if not 

preformed adequately, will signficantly increase form error of the optical surface. The 

goal is to place the apex of the tool (X=Y=0) at the centerline of the spindle.  Figure 2-7 
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in Section 2.3.2 shows the larger tool being centered with respect to the spindle 

centerline.  For fine centering errors in the horizontal direction (short or long in the X 

direction) an “Ogive Error” appears in the surface profile as measured with the laser 

interferometer [2].  Ogive error is named so because its characteristic shape often appears 

in arches of Gothic architecture and is seen in Figure 2-8.  Gerchman discusses centering 

errors and calculated that the impact on form error is much greater for horizontal errors 

(X-direction) than vertical errors (Y=direction) [2].  It has been shown by others that the 

horizontal centering error can be modeled by adding an offset to the radial position in the 

standard aspheric sag formula [34]. 

 

 

 

Figure 2-8:  Ogive error caused by tool going past spindle center in X direction. 

 

The technique used here was a multi-step method where several cuts in a centering plug 

were performed.  The first step was to visually align the spindle during setup. The second 
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step (first cutting stage) set the rough center by finding the center error in both directions 

simultaneously because large errors are difficult to separate into X and Y components.  

The third stage of alignment sets the final tool center through error shapes seen in the 

centering plug and features seen at the tip.  This stage generally requires several iterations 

and with each iteration, the X and Y direction errors are reduced independently of one 

another.   

 

2.3.3.1 Step 1:  Visual Alignment at Setup 

A centering plug in its holder is seen in Figure 2-9.  An obvious feature may still be 

visible at the center of the plug through the 10X telescope if a previous centering exercise 

had a large height error (Y direction).  If the small feature is visible (with the spindle 

running), the initial centering in the X direction can be accomplished by aligning the tool 

apex with the feature while looking through the telescope.  If no feature was visible, 

initial X center was set by simply judging the apex of the tool with respect to the Z-axis 

(best done while standing behind the tool and looking towards the chuck face) and 

aligning it with the center of rotation. Both of these techniques yield alignment between 

spindle centerline in the X direction and the tool to within 500 !m.  
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Figure 2-9:  Centering plug mounted in holder, which is vacuumed to chuck. 

 

To set the initial tool height (Y direction), a height gage was set to the nominal spindle 

height (6.007 in) and tool post was raised until the back edge of the diamond was seen to 

touch the gage tip; extreme care must be used here, as it is especially easy to damage the 

diamond.  Figure 2-10 shows the height gage tip just above the diamond edge. 
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Figure 2-10:  Height gage used to set the diamond tool height (Y-direction) at setup.  

The diamond is raised into gage tip by turning the knob on the tool post. 

 

2.3.3.2 Step 2:  Rough Center 

Rough centering was accomplished through use of the two-circles method.  At larger 

alignment errors, the error in the horizontal (X-direction) and vertical (Y-direction) are 

not easily separated.  Once initial alignment had been visually set, the tool was jogged 

some distance to the left of the spindle centerline and the X direction error was set to 

zero; this is called ex in Figure 2-11.  The distance may need to vary with tool radius but a 

distance often selected is 200 !m.  The tool is then slowly plunged into the part (1 

mm/min) to make a single groove with radius ri; the plunge depth need not be greater 
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than 2 !m so a few open-loop jog pulses at the slow speed, once the tool has contacted 

the part, are adequate.  The tool is then jogged away from the part and moved in the X-

direction some distance to create the second outer groove at radius ro.  The X-distance 

moved is recorded and seen in the Figure 2-11 as dx.  The part is removed from the DTM 

and the groove diameter is measured with the NewView using the crosshair and 

translating stage technique discussed in Section 2.2.3. 

 

 

Figure 2-11:  Two diamond turned grooves cut in the end of a centering plug. 

 

Since the radii of the grooves (ri and ro) and the distance moved in the X-direction (dx) 

are known, two equations with two unknowns can be written using the Pythagorean 

theorem for the triangles seen in Figure 2-11.  The bases of the triangles are ex and dx + ex 
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with respective hypotenuses of ri and ro that share the common height, ey.  Solving for the 

two error terms yields the following system of equations: 

! 

ex =
ro
2
" dx

2
" 2dx

2dx

ey = ri
2
" ex

2

     (2-2) 

which gave the errors from the current tool location.  The new offsets were programmed 

into the DTM and the fine centering steps were started. 

 

2.3.3.3 Step 3:  Fine Tool Center in the Vertical (Y) Direction  

To set the fine position of the tool a small convex sphere was machined on a test part and 

measured to find its error shape.  This technique requires a few iterations to set the tool 

center within 2 !m of the spindle centerline.  For centering errors in the vertical direction 

(low or high in the Y direction), a center defect will be created and the micro-height 

adjustor can be used to center the tool in the Y direction.  The center defect was measured 

with the Zygo NewView white light interferometer.  If the tool is lower than the spindle 

centerline, it simply fails to remove a small portion of material that is shaped like a 

cylinder as seen in Figure 2-12.  If the tool is higher than the spindle centerline, a defect 

is created by the clearance face and has the shape of a cone as seen in Figure 2-13. 
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Figure 2-12:  Screen capture of the New View measurement showing a centering error in 

the vertical direction (Y).  The cylindrical shape indicates the tool was low of centerline. 
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Figure 2-13: Screen capture of the New View measurement showing a centering error in 

the vertical direction (Y).  The cone shape indicates the tool was high of centerline. 

 

When working with small center features or center features without a clear shape, marks 

left on the workpiece from seams in the spindle air-bearing pads are useful to determine 

the direction and magnitude of the vertical error.  When the spindle shaft passes a seam in 

air-bearing pad, it moves the chuck and workpiece into the diamond tool.  This spindle 

motion is synchronous and is sometimes called ‘spindle star.’  Figure 2-14 shows the 

spindle star and has lines overdrawn to show the relationship between two marks that are 

180º apart (there are 12 pads which make 12 marks so there are 6 opposing pairs).  With 

counter clockwise spindle rotation the tool was moving from the left side towards the 

center.  Following the line on the left in Figure 2-14 from the left to the center of rotation 

shows that the tool was lower than the center feature.   
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Figure 2-14:  Spiral at center of workpiece where radial lines created by spindle air-

bearing pads are visible.  Dark lines highlight two opposing marks that, with counter 

clockwise spindle rotation, indicate tool was low. 

 

2.3.3.4 Step 3:  Fine Tool Centering in the Horizontal (X) Direction 

Figure 2-15 shows the form error for X-direction errors where the plug shapes are at the 

top (dashed line indicates tool path) and the error shapes with respect to a best-fit sphere 

(horizontal line) are at the bottom.  If the tool is sweeping out a circular path from some 
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value of X corresponding to the aperture radius to the programmed point of X=0 and the 

tool goes beyond the spindle centerline, the interferogram will have the Ogive shape as 

seen in Figure 2-15a.  If it stops short of the spindle centerline the interferogram will 

have a wavy dip in the center as seen in Figure 2-15b.  The peak in the center of the error 

in Figure 2-15b is caused by the center feature remaining when the tool stops short and, if 

the error is small, is not always observed in the part measurement.  For a concave sphere 

test part, the ogive error shapes are inverted about the best fit sphere line.   

 

 

                  a) Long of Center in X-direction           b) Short of Center in X-direction 

Figure 2-15:  Cross Sectional Error Shapes for a Centering Plug Sphere in the Horizontal 

Direction (X). 

 

Based on the measured form error, the X value is offset until a sphere with minimal form 

error magnitude (approximately 100 nm to 150 nm) is created.  At that point, the tool 

location relative to the spindle centerline is known within 2 !m as calculated by the Zygo 

GPI software.  An example of a center plug measurement where the tool traveled beyond 
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the spindle centerline is seen in Figure 2-16 and the error shape can be matched to the 

one seen in Figure 2-15a. 

 

 

Figure 2-16: Screen shot of GPI output showing a centering error in the horizontal 

direction (X) where the tool was long of center.  Trace shape seen in Figure 2-15a. 

 

2.3.4 Tool Z reference 

After the tools were centered with respect to the spindle axis (X and Y), each apex was 

referenced to the face of the vacuum chuck to define a common Z reference.  By setting 

the apex of the tool, instead of the radius center, as the point of reference where 
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X=Y=Z=0, the Z direction offset could be easily found by bringing the tool into contact 

with the vacuum chuck.  The small tool was used to face the vacuum chuck to ensure that 

no raised material that would influence mirror fabrication.  The large tool was “touched” 

to the chuck using a closed loop program with 100 nm step sizes.  Because the tool radius 

was large, even a depth of cut of 100 nm produced a chip large enough to see with the 

10x telescope seen in the bottom right of the photo in Figure 2-7.  The Z-axis offsets of 

each tool were recorded after they were referenced to the spindle face so they could be 

switched between while performing various operations on the ASG-2500.  As discussed 

later in Section 2.5.1, the chuck had a convex shape with a peak to valley error of about 

700 nm due to squareness error between the slide axes.  The large tool was touched to the 

chuck at an intermediate radius, so the error in offsets was about 350 nm. 

 

2.3.5 Surface Finish, Feed Rate and Spindle Speed 

Feed rate and spindle speed are selected based on the desired surface finish, machining 

time and error characteristics of the spindle.  The theoretical peak-to-valley (PV) surface 

finish is calculated from Equation 2-2 with a parabolic approximation of the tool shape 

using the feed rate (f=feed/rev) and the tool radius (Rt).    
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! 

PV =
f
2

8Rt
                                                 (2-2) 

 

Smaller feed rates and larger tool radii will improve the finish.  However, there is a 

roughness minimum that is based on the asynchronous vibration of the spindle, the tool 

sharpness and the material to be machined.  Asynchronous spindle vibration will change 

the cutting depth from one revolution to the next for any angular position across the face 

of the part thus increasing the surface roughness.  The tool edge sharpness will affect the 

minimum chip thickness and can increase the roughness [12, 13].  Finally, the material 

structure (for example second phase particles in 6061 Al [10, 11]) will create 

imperfections that will degrade the surface finish.  The sharpness of the tool can interact 

with the second phase particles in 6061-T6 and a less sharp tool can produce better 

surface finish than a sharp one [12]. 

 

For the proposed mirror surfaces, a spindle speed of 530 rpm was selected (minimum 

error motion as measured), feed rate of 2 mm/min for the primary, 1 mm/min for the 

secondary, and a tool nose radius of 3.135 mm.  At these feed rates, each finish pass was 

approximately 40 minutes long, indicating the need for excellent temperature control 

because of the temperature sensitive of the laser interferometers in the ASG-2500 [5].  

For these machining conditions the theoretical PV surface roughness from Equation 2-2 

will be 0.57 nm for the primary and 0.19 nm for the secondary.  The ASG-2500 has 

created surface finishes on the order of 2 nm in pure materials (plated copper and 1100 

aluminum) but not in 6061- T6 [8].  The actual surface finish was on the order of 5 nm 
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RMS due to the issues discussed above which are further explored in the Chapter 4 of this 

thesis. 

 

2.4 CONTROLLER PROGRAMMING 

2.4.1 Number of Points in the Programmed Path 

The hyperboloid surfaces of the primary and secondary mirrors are created with a 

programmed path that consists of a series of X, Z commands.  As a result, the controller 

prescribes a series of straight lines that approximate the hyperbolic shape.  If the 

acceptable deviation between the programmed straight lines and curved tool path is 1 nm 

and the reflective surface is approximated as a parabola, Equation 2-2 can be used to 

calculate the acceptable distance between points for the primary mirror.  Equation 2-3 

shows Equation 2-2 solved for f, where f = dp is the distance between points along the 

straight line, PV is the peak-to-valley sag between the line and curve it represents, and Rt 

is the parabolic base radius.   The cutting path length of the primary mirror is 62 mm, so 

62 mm divided by 48.9 !m/point yields 1266 X, Z points.  Employing the same method 

for the secondary mirror yields 735 X, Z points.  

 

! 

dp = PV( ) *8*Rt = 1 nm( ) *8* 300 mm = 48.9 µm/point  (2-3) 
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2.4.2 Tool Radius Compensation 

The shape of the diamond tool must be considered when cutting non-flat surfaces.  For a 

circular tool cross-section, the theoretical tool center traces out a path that is offset from 

the cutting edge by the radius of the tool as seen in Figure 2-17.  The direction of this 

offset is perpendicular to the slope of the surface at the point of contact.  The tool radius 

was measured using the translating stage and video output of the NewView to position a 

crosshair on the diamond edge.  The MetroPro software gives coordinates of the stage 

(taken as the coordinates of the crosshair) and, with several points recorded along the 

cutting window, the data are input to a curve fitting function in MATLAB to find the best 

fit radius.  

 

 

 

Figure 2-17:  Illustration of surface normal vectors and tool offset to form discrete tool 

path.  Desired surface is a continuous function and the normal vector length is equal to 

the tool radius.  
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The programmed tool path can be corrected for the radius of the tool by finding the 

normal vector at each point in the path and offsetting the axes locations by the tool radius 

along this vector (in the correct direction).  Figure 2-17 shows a hypothetical surface 

shape with evenly spaced normal vectors that are equal in length to the radius of the 

diamond tool in that figure.  The dashed line represents the discrete tool command, which 

is a series of straight lines between successive points as discussed in the previous section.  

The discrete tool path length between the two right most normals is smaller than the 

length between the left most normals because the curvature between the right most 

normals is greater.  Normal vectors can be found analytically for geometrical surfaces or 

estimated numerically for a closely spaced path of discrete data points.  The offset for 

each discrete point is simply the product of the tool radius with the sine (for X) and the 

cosine (for Z) of the normal angle.  Figure 2-18 shows the desired primary surface (solid 

line), the tool radius compensated machining path (dashed line), and has three circles 

representing the tool nose radius. 
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Figure 2-18:  Cross-section of desired primary optical surface (solid line) and tool radius 

compensated machining path (dashed line) with circles representing the tool radius.  To 

scale. 

 

The sequence of corrected points defines the commanded path of the tool center.  The 

result of this process is illustrated in Figure 2-19 where the upper curve in each plot 

labeled “Tool Path” (i.e., the tool center) is at a constant offset (the tool radius) from the 

hyperbolic surface swept out by the tool edge during machining.  The upper curves are 

the recorded tool paths as measured by the laser interferometer and are discussed in the 

next section.  The same data uncompensated for tool radius is shown as dots and the 

desired hyperbola is the solid line that passes through the circles.   
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Figure 2-19:  Primary (upper) and secondary (lower) mirror motion plots drawn by K. 

Garrard.  The circles (o) identify the uncompensated tool path while lines passing through 

the circles labeled Hyperbola are the surface as specified by the optical design.  Lines 

labeled Tool Path are the tool radius compensated path. 

 

2.4.3 Axes Following Error 

The programmed tool path for the hyperbolic mirrors with correction for the tool radius 

was input to the controller.  To check for error in this path, the trajectory following 

capability of the ASG 2500 DTM was evaluated while running the primary and 

secondary hyperbolic mirror finish pass motion programs.  The controller recorded data 
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every 32nd iteration of its 500 Hz servo loop, for a 15.625 Hz sample rate (64 

milliseconds/sample).  The finish pass cross-feed rates for the secondary and primary 

mirrors were 1 and 2 mm/min, respectively.  Approximately 30,000 data points were 

collected for the primary mirror motion program and 22,000 data points for the secondary 

mirror.  Each sample contains the commanded positions of the X and Z axes, their actual 

positions as measured by the laser interferometer, and the servo loop voltage commands 

sent to the pulse width modulated motor amplifiers.  This is the data seen in Figure 2-19 

and Figure 2-20. Each axis of the DTM vibrates at its natural frequency (Z axis with 

spindle is 64 Hz and X axis is 89 Hz) with amplitude of about 30 nm [12, 13, 14] but this 

vibration will appear as aliased high frequency information in the sampled data because 

the Nyquist frequency of the sampled data is 7.8126 Hz [29].  In Figure 2-20 this aliased 

high frequency vibration was removed with a 100 point running average filter. 

 

The error in tool trajectory caused by the control system for each mirror is a combination 

of the X and Z command following errors.  To evaluate this error, X and Z axis positions 

were compared with the ideal trajectory in Figure 2-19.  As discussed previously, the 

commanded tool path and the resulting motion of the axes were compensated for tool 

radius.  The direction of the offset is determined by whether the shape is a concave or 

convex.  Therefore, to compare the actual motion to the desired path, the recorded data 

was uncompensated for tool radius by applying a radius compensation algorithm in a 

direction normal to the tool path and toward the ideal surface.  Then, for each X position 

in the data set, a sag value on the desired hyperbola was generated and the sag error was 

calculated.  
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Figure 2-20 shows the difference between the dots and the solid lines that pass through 

them from the two plots in Figure 2-19.  This difference is the sag error as recorded by 

the ASG-2500 control system laser interferometer feedback.  For the primary mirror the 

PV motion path error is 16.75 nm (2.4 nm RMS) and for the secondary mirror the error is 

12 nm PV (2 nm RMS).  The pitch of the lead screws is 5 mm and neither plot exhibits 

that spatial frequency because the laser interferometers measure in the direction of axis 

motion as discussed later in Section 3.2.2.  At the relatively slow feed rate used to 

machine both mirrors, the dead band from the controller DACs, ball screw friction, and 

motor friction were most likely responsible for the error magnitude [32].  The actual tool 

motion is close enough to the programmed tool path to create no figure errors.   

 

 

Figure 2-20:  Primary (left) and Secondary (right) mirror motion path error filtered with 

100 point moving average by K Garrard.  This shows the difference between commanded 

path and the actual path as measured by the laser interferometer feedback of the ASG-

2500 control system. 
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2.5 DIAMOND TURNING OPERATIONS 

The diamond turning machine used for machining the optical and fiducial surfaces is a 

Rank-Pneumo ASG-2500 T-lathe and is seen in Figure 2-5.  It is equipped with 

hydrostatic oil bearing slide-ways, laser interferometer position feedback for slide-way 

position (2.5 nm resolution), ball screw slide drives, air bearing spindle with angular 

encoder (20,000 points/rev) and a vacuum chuck to hold parts to the spindle.  A 

controller developed at the PEC is used to command the position of the axes.  It uses a 

Motorola 68020 processor board with Burr-Brown input/output boards for motion 

control. The host PC for the 68020 was an early 1990’s PC-AT 80286. 

 

The fabrication capability of a modern DTM allows the optical elements to be machined 

with a form tolerance of !/4 (150 nm) on the optical and fiducial surfaces while 

diameters and lengths can be fabricated to a tolerance of ±2 !m.  For the R-C telescope 

discussed in Section 2.1, machining errors of this magnitude double the wave front error 

(0.15 ! to 0.30 !) of the best performing field angle (0.35º) and increase the other field 

angle (0º and 0.5º) errors by about 10% (0.7 ! to 0.8 !) [28].    

 

The remainder of this section describes the steps in the fabrication of the mirror and 

fiducial surfaces. 
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2.5.1 Step 1: Vacuum Chuck 

2.5.1.1 Flatness 

The face of the vacuum chuck was used in the machining process as the reference surface 

for position of the optical and fiducial surfaces.  It was faced off prior to machining and 

was assumed to be flat.  Unfortunately, this was not true.  Figure 2-21 shows the flatness 

of the chuck around the periphery measured with an electronic LVDT indicator by the 

PEC staff after the optic was fabricated.  Comparing the slope of the flat and tapered 

faces, the relative angle is about 2 arc-seconds.  This is a result of the spindle axis 

(mounted to but not necessarily perfectly aligned with the Z-Axis) to X-Axis squareness 

error and not activating the yaw and squareness correction built into the machine tool 

controller as discussed in the next chapter.  The surface of the chuck was cone shaped 

with a peak in the center and the taper had a magnitude of about 710 nm.  This lack of 

flatness had an effect of the shape of the finished mirrors and suggestions for future 

operations are discussed in Section 2.5.7. 
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Figure 2-21:  Vacuum chuck flatness (left) and runout (right) as measured for two mirror 

fabrication. 

 

2.5.1.2 Axial Runout 

The axial runout of the chuck was also measured with a LVDT indicator while the 

spindle rotated at low speed and is shown at the right in Figure 2-21.  The indicator was 

80 mm from the center of the spindle (spindle radius is 101.6 mm).  The peak-to-valley 

runout is low (140 nm), which should produce an optical surface that has less than #/4 

non-rotationally symmetric error.  If this value is deemed too high, the chuck could be 

machined with the FTS or a workpiece aspect ratio could be designed to tolerate this 

runout as described in Section 2.5.7 
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2.5.2 Step 2: Primary Back 

The back of the rough machined primary mirror was diamond turned to create a flat 

reference surface for attaching it to the vacuum chuck.  The back of the primary is seen in 

Figure 2-22.  A small flat ring was first cut into the outer rim of the optical surface (front) 

to create a chucking surface.  When this component was vacuumed to the chuck, the 

support at the edge would cause it to take on a concave shape.  If machined flat and 

removed from the chuck, it would elastically deflect into a convex shape because the 

aspect ratio was low of (thickness to diameter = 1:6) [28].  However, the tool path could 

be modified to counteract this effect. The shape of the back while the primary vacuumed 

to the chuck was measured (~0.7 !m concave) with an LVDT indicator with involute tip. 

The back was measured off the chuck (1.3 !m convex) and then machined with a 

concave radius that had sag equal to 2 !m.  When the back was inspected after the first 

pass, an edge of the surface remained uncut which indicated the rough machined 

component was non-rotationally symmetric, so the operation was performed again with a 

larger depth of cut.  The final shape of the primary found in Woodside’s measurements 

[1] shows a convex shape with about 0.6 µm of magnitude.  The convex shape in the 

vacuum chuck described previously in Section 2.5.1 would indicate that the machine axes 

were not square for this operation and explain why the back of the primary had a convex 

shape after final machining.  The measurements also showed a non-rotationally 

symmetric shape remained with a magnitude of 0.6 !m when the convex shape is 

removed with the interferometer software.  This, the need for two machining passes, and 

the small level of measured runout in the chuck indicate that the rough machined 
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workpiece contained non-rotationally symmetric distortion.  Future suggestions to 

address this issues are discussed in Section 2.5.7. 

 

 

Figure 2-22: Diamond turned primary back.  Center plug is rubber. 

 

2.5.3 Step 3: Primary Mirror and Fiducial 

The programmed path of X, Z commands is based on the mathematical description of the 

optical surface.  The optical surface is a hyperbola with a k=-1.0195, a base radius of 300 

mm, an OD of 150 mm and a 26 mm hole in the center.  Because there is a hole in the 

center of the mirror, a rubber plug was used to create a seal for the vacuum chuck.  The 
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optical surface was first rough machined to the desired hyperbola shape with the 0.1057 

mm tool (used for the fiducials, not the optical surfaces) to preserve the edge sharpness of 

the 3.135 mm tool.  When cutting 6061-T6 aluminum, second phase particulates cause 

high tool wear rates and can easily damage a sharp nose radius [8,12,13].  The finished 

optical surface was cut using the 3.135 mm tool and multiple passes were performed at 

increasing depth until the surface was completely machined.  At this point, machining 

logs indicated that apex to chuck distance was 22.571 mm.  The designed distance was 

22.5 mm; however, tool wear concerns dictated the decision to cease machining at the 

larger thickness.  Fiducial step height was adjusted accordingly so the relationship of the 

fiducial step to the apex was preserved at 15 mm and there was no impact on the distance 

from the primary apex to the secondary apex (measurements indicated that machining 

error between the fiducial and apex were 3 !m [33]).  Because the overall thickness of 

the primary was larger, the relationship between the system apex and the camera-

mounting surface was affected.  Adjusting the spacer washers between the primary and 

the spacer plate could compensate for this difference.  

 

The cutting paths are seen in Figure 2-23.  Unfortunately, the tool radius was input to the 

controller as 3.125 mm instead of the measured radius of 3.135.  As a result, sag in the 

primary was reduced by 300 nm or the radius of the hyperbola was increased.  This had 

minimal effect on the optical performance. It mostly increased the optical power (or 

speed) of the primary and is partly responsible for the difference between the location of 

the designed and measured focal point [1].    
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Figure 2-23: Primary optical and fiducial cutting paths. 

 

The fiducial feature that transfers the primary optical shape to the secondary is a step on 

the OD that mates with the tube and is shown in Figure 2-23.  Figure 2-24 shows the 

critical features of this fiducial: the taper angle (1º), the taper radius and the step height 

from the vacuum chuck.  This feature was machined with the 0.1057 mm radius diamond 

tool, which was set to Z reference and spindle centerline as discussed in Section 2.3.3 – 

2.3.4.  
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Figure 2-24:  Cross-section of Primary showing critical fiducial features.  Surfaces cut 

are drawn with bold lines. 

 

Cutting parameters used for the primary were dependant on machining operation.  For 

machining the optical surface with the fiducial tool, a feed rate of 25 mm/min and a cut 

depth of 25 !m was used to reduce the time needed for each pass.  7 passes were required 

to create the hyperbolic shape.  For rough machining of the fiducial, the feed rate was 10 

mm/min and cutting depth was 20 !m.  The final pass on the fiducial was done at 1 

mm/min.  The final depth of cut for both surfaces was 1 !m and the spindle speed was 

530 RPM for all operations. 

 

2.5.4 Step 4: Secondary Mirror and Fiducial 

The secondary mirror is also a hyperbolic surface but much smaller (~40 mm diameter) --

- a convex rather than concave shape.  The optical surface is supported by three arms that 
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extend to a ring that mates with the tube via the same interference fit method as the 

primary.  As with the primary, to guarantee axisymmetric features the optical surface and 

the fiducial were diamond turned sequentially without removal from the vacuum chuck 

between operations.  The diamond turned secondary is seen in Figure 2-25. 

 

 

Figure 2-25:  Secondary mirror and support structure after diamond turning. 

 

To vacuum this mirror to the spindle, a thin plate with a hole in the center (to allow the 

optical surface to protrude) was used to seal the area between the outside ring and the 

optical surface.  The thin plate contacted the support arms, a ridge on the inside of the 



 47  

ring and a ridge on outside the mirror surface; all three were co-planer and the ridges are 

shown in Figure 2-26. 

 

 

Figure 2-26: Secondary on Vacuum Chuck with Vacuum Plate.  Critical Fiducial 

Surfaces are in Bold. 

 

The machining processes for the critical surfaces were performed in the same manner as 

those used to fabricate the primary mirror because the secondary was designed with 

almost identical fiducials.   The critical features were the step height from the chuck to 

the fiducial surface, the tapered surface (1º) and the radial location of the taper as shown 

in Figure 2-26.  Again like the primary, the step height and apex height are both 

machined with respect to the chuck face which was set to Z reference and spindle 

centerline as discussed in Section 2.3.3 – 2.3.4.   
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The rough machined secondary was measured on a Brown & Sharp Gage 2000 

Coordinate Measuring Machine (CMM).  This CMM has micrometer resolution and the 

accuracy was verified to within 3 !m using a 50.8 mm (2”) gage block.  The back surface 

of the mirror was measured by placing the reflective surface down, taking several points 

on the back of the fiducial step (set the reference plane), taking several points on the back 

of the mirror surface (set as the second plane) and calculating the distance between the 

planes along the optical axis with the CMM software.  Figure 2-27 shows the digitized 

back of the secondary where the outer ring represents the back of the fiducial step and the 

mirror back is the cluster of points in the center (shown with points along the three legs 

for clarity). The measurement found that the back was offset approximately 20 !m from 

the outer ring and the relationship between the surfaces is shown in Figure 2-28.   
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Figure 2-27:  Digitized Secondary Back.  Outer ring represents the back of the fiducial 

step.  Center cluster is the mirror back. Points along the three legs shown for clarity. 

 

 

Figure 2-28:  Cross section of secondary mirror structure illustrating the 20 !m offset 

between the mirror back and the outer ring. 

 

A force experiment was performed to measure the displacement of the optical surface 

when the secondary is vacuumed to the chuck.  Because of the relationship between the 
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outer ring and the inner back, the secondary was placed on a marble metrology table with 

the reflective surface (pre diamond turned) facing up.  A Chilton force gage was used to 

load the secondary with a force equal to that experienced while vacuumed to the chuck 

with 20 in. Hg. (approximately 90 N) and a Federal Gage LVDT indicator with involute 

tip was used to measure the deflection.  The force gage was pressed against the rough 

reflective surface such that it deflected downwards into the surface of the marble table 

and the 20 !m gap measured with the CMM was verified with the deflection observed 

with the LVDT.  This critical distance on the diamond turned secondary is from the apex 

of the hyperbola to the fiducial surface.  When loaded by the vacuum chuck, this distance 

is 20 !m smaller than in the unloaded state.  Therefore the controller was programmed to 

compensate this deflection by cutting the optical surface 20 µm deeper with respect to the 

fiducial surface than designed and the result is discussed in Section 2.5.7. 

 

Machining parameters used for the secondary were similar to those used for the primary.  

For machining the optical surface with the fiducial tool, a feed rate of 25 mm/min and a 

cut depth of 20 !m was used because several passes were needed to create the hyperbolic 

shape from the rough-cut spherical surface.  4 passes were required machine the entire 

surface.  For rough machining of the fiducial, the feed rate was 10 mm/min and cutting 

depth was 20 !m.  7 roughing passes were required.  The final pass on the fiducial was 

done at 1 mm/min.  The final depth of cut for both surfaces was 1 !m and the spindle 

speed was 530 RPM for all operations. 
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2.5.5 Step 5: Tube 

The tube establishes the connection between the primary and secondary mirror.  It sets 

the axial spacing as well as aligns the two optical axes. Each end includes a radial 

interference fit surface and a flat axial seating surface as seen in Figure 2-29.  For the 

tube, the radial interference surface was designed as a shallow arc (constant radius) so it 

would mate with the 1º taper on the primary and secondary as line contact around the 

periphery of the fiducial.  Tool radius compensation was done by simply adding the 

radius of the tool to the arc radius in the motion program.  The tube was attached to a flat 

plate (previously turned on the DTM to prepare the tube-mounting surface) and the plate 

was vacuumed to the chuck as shown in Figure 2-30.  The squareness error discussed in 

Section 2.5.1.1 would have caused the plate to have a similar cone shape but this would 

not affect the tube and is discussed in Section 2.5.7.  The plate was attached to the tube 

(axial seating surface) using the 3 #4-40 threaded holes that will be used to attach the 

primary and the secondary to the tube.  The 0.1 mm tool was used to machine the IDs, 

end faces, and OD references.  The process was as follows: 

  

1.  Surface the plate. 

2.  Mount tube and machine a flat on the rough exposed surface. 

3.  Invert Tube. 

4.  Machine all fiducial surfaces simultaneously on primary end. 

5.  Machine centering reference on tube OD. 

6.  Machine a feature to distinguish the primary end. 
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7.  Invert tube. 

8.  Center tube with OD reference. 

9.  Measure plate to tube end distance. 

10. Machine all fiducial surfaces simultaneously on secondary end. 

 

 

Figure 2-29:  Tube cross section showing radial seating surfaces and axial seating 

surfaces. 
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Figure 2-30:  Machining the tube with DTM. 

 

To measure the tube length before machining the secondary fiducial, a Federal Gage 

LVDT indicator with involute tip was used to touch the surfaces and the laser 

interferometer output was used for length measurement.  The resolution of the 

interferometers is 2.5 nm and the resolution of the Federal Gage, at its highest setting, is 

100 nm between scale graduations.  The LVDT indicator was attached to the X-axis table 

with a magnetic base and the Z-axis was jogged until the Federal Gage was in contact 

with the plate, where it was set to zero and the Z-axis interferometer coordinate was 

recorded.  The Z-axis was jogged away and the X-axis was jogged a small distance to 

move the Federal Gage such that it would contact the tube end when appropriately 

positioned in Z.  The Z-axis was then moved with closed loop commands until the 

reading on the Federal Gage returned to zero (within 500 nm).  The Z-axis offset was 

compared to the previously recorded value and the tube length, as mounted, was 

calculated from the difference.  The desired tube length (134.4 mm) was subtracted from 
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the measured length to find the amount of material left to remove.  Measurement of the 

tube after machining found that it was machined 8 !m short and is discussed further in 

Section 2.5.7. 

 

2.5.6 Step 6: Spacer 

The spacer sets the distance between the back surface of the primary and the camera 

body.  It is connected to the primary with three machine screws and thin spacers that act 

as a semi-kinematic mount.  As a reference surface for both the camera and primary, the 

thickness of this plate provides the most versatile adjustment for focus.  Initially, spacer 

thickness was to be machined with a fly-cutter mounted to the DTM spindle.  However, 

measurement of the rough machined spacer and optical assembly dictated that this step 

was not needed. 

 

2.5.7 Machining Results, Discussion and Suggestions for the Future 

Primary optical form error showed both rotationally symmetric and NRS errors.  At the 

center of the issue is the low aspect ratio of 1:6 (thickness to diameter) [28], which made 

it susceptible to vacuum chuck induced distortions through elastic deformation.  The 

symmetric errors were caused by a combination of the incorrect axes squareness as 

discussed in Section 2.5.2 - 2.5.3 and the incorrectly programmed tool radius as discussed 

in Section 2.5.3.  The two combined errors added to a total PV error of more than 1 !m 

[28].  NRS errors were observed during machining of the back face and on the optical 
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surface (hyperbolic roughing with small radius tool).  Primary fiducial surfaces also 

exhibit form errors of similar magnitude and shape as the optical surface. 

 

Measurement of the secondary revealed an optical surface with a form error of about 200 

nm (NRS and RS) and a fiducial mounting ring with a form error of about 25 !m.  The 

1:3 aspect ratio of the optical surface itself was high enough to prevent vacuum induced 

distortions.  The predicted change in apex height when vacuumed (20 !m) due to the gap 

found between the fiducial ring and the optical back was successfully compensated as the 

apex to fiducial step error was measured at 3 !m.   The correlation of the distortions on 

the fiducial step surface with the three arms indicates that future support structures need 

be stiffer to reduced vacuum distortions.  The squareness errors that had such a large 

effect on the primary were negligible in the secondary.  This was because the optical 

surface aspect ratio was higher and the squareness error of about 200 nm over the 

secondary diameter would not be realized in the optical surface because of its higher 

thickness.  The relationship between the outer ring the optical surface would have only 

been affected by about 700 nm, a distance not resolvable by the CMM measurements.  

 

The actual surface finish of each optical component was on the order of 5 nm RMS. This 

was a much larger value than the theoretical values, which were 0.57 nm RMS for the 

primary and 0.19 nm RMS for the secondary.  In the past, RMS roughness machined in 

pure copper was about 2 nm RMS.  Chapter 4 of this thesis deals with surface finish and 

machine vibration; it also discusses the importance of tool sharpness. 
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During operation of the Federal Gage over several months following fabrication of the 

tube, it was found that the gage might not repeat its position relative to the workpiece 

when the tip lost contact with the measurement surface.  This is the most likely source of 

the 8 !m machining error.  Future cutting operations perform workpiece touch-offs to set 

machining lengths which utilize the ASG-2500 high-resolution laser interferometers and 

high precision slides.  

 

The roundness of the tube ID was 25 !m and the end flatness was 3 !m.  Between 

machining operations the tube was unbolted and remounted to the machining plate.  

Before unbolting, a portion of the OD was diamond turned and measured to less than 1 

!m runout.  However, upon remounting the runout was approximately 25 !m.  The 

runout was caused by distortions introduced by mounting the tube to a plate with a low 

aspect ratio (easily distorted by vacuum forces) and using large screw torques to hold the 

tube to the plate (40 lbs clamping force per screw).  Because the tube had a high aspect 

ratio (the width was less than the length), mounting distortions seen in the runout did not 

have a large effect on the end exposed for machining.  Future designs should use a plate 

with a step in the back to reduce the area exposed to vacuum pressure so distortions from 

vacuum forces are reduced and should calculate the minimum screw torque need to 

adequately seat the workpiece to the vacuum plate. 

 

Cutting a sphere with a radius best-fit to the hyperbolic mirror before final machining 

would allowed for easy form error measurements with the Zygo GPI and would reveal 

the rotationally symmetric and NRS errors.  To correct the rough machined distortions, a 
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tool servo could have been programmed to cut an inverse error shape before final 

machining operations began.  Another possible method for large diameter workpieces 

would involve cutting a notch into the chucking surface such that diameter contacting the 

vacuum chuck is much smaller.  This smaller diameter would effectively change the 

aspect ratio such that the workpiece is less susceptible to vacuum induced distortions.  

The form errors found in the primary set the direction for the next chapter of this work; 

form error capability of the DTM.  

 

 

2.6 CONCLUSIONS 

The methods used to create the hyperbolic optical surfaces and the fiducial surfaces were 

effective.  Two tools were simultaneously used to machine the two surface types and 

each tool was adequately centered with respect to the X, Y and Z-axes.  The tool nose 

radius compensation technique and motion path programming techniques were effective. 

Procedures were developed to machine whole components in a single part chucking so 

optical surface and fiducial alignment distances were preserved.  The primary mirror 

contained axisymmetric errors because it was easily distorted by vacuum chuck forces 

and the DTM error shapes were not compensated.  It also contained non-rotationally 

symmetric (NRS) errors from rough machining that were not removed by diamond 

turning because of these vacuum chuck distortions.   The low aspect ratio (thickness to 

diameter) of the primary is the reason that it distorts so readily.  In future operations, the 

NRS errors could be removed with use of tool servo.  The secondary back was not flat, 
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but it was adequately corrected during diamond turning.  The tube has a length error of 8 

!m that was associated with the measurement technique used during final machining. 
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3 FORM ERROR OF ASG 2500 DIAMOND TURNING 

MACHINE 

3.1 INTRODUCTION 

The measurements of the surfaces created for the two-mirror design showed significant 

non-rotational symmetric form errors in addition to rotationally symmetric form errors 

that indicated problems with the setup of the ASG-2500 diamond turning machine.  The 

vacuum chuck flatness and axes squareness were two parameters that influenced the 

shape of the primary mirror.  Over the past 15 years, a number of experiments have been 

performed to study the errors in this machine as discussed in Section 1.3.  What follows 

is a summery of a significant portion of those results and experiments that verify the 

machine capability.  The goal was to determine the capability of the ASG-2500 DTM to 

fabricate flat and spherical surfaces by measuring peak-to-valley (PV) form error.  The 

end goal was to make a surface equal to or less than !/4 (0.25 wavelengths HeNe ~150 

nm) as prescribed by the Rayleigh criterion [31].  Thermal expansion of work pieces due 

to handling contact was studied along with spindle expansion due to transient heating 

effects of startup. 

 

After two-mirror fabrication was completed, the host PC was upgraded to an Intel® 

Celeron® (a x86 class processor and instruction set) operating at 2 GHz.  Although a 

potential significant upgrade, the coprocessor board for machine control and input/output 

devices discussed in Section 2.5 remained.  The upgrade was transparent for the 

discussions in this and subsequent chapters. 
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3.2 DTM ERROR BUDGET 

An error budget was completed on the ASG 2500 DTM in 1991 [3].  To create high 

quality optical surfaces, repeatable errors in the machine must be compensated.  Such 

errors are introduced through the environment, machine geometry, and thermal expansion 

during spindle startup. 

 

3.2.1 Environment 

The labs at the PEC are designed to provide an environment conducive to high precision 

machining.  Temperature stability is critical for dimensional stability and the actual 

temperature in each laboratory room is 20 ± 0.05 ºC [4].  The laser interferometer system 

used on the ASG is open to the ambient air so it is sensitive to temperature changes as 

well as humidity, barometric pressure and carbon dioxide content.  The floor of each lab 

is a concrete slab that is resting on a specially designed vibration isolation device.  It is 

made from a rubber material that provides the desired stiffness and high internal 

damping.  The intent of the rubber isolation is to set the first natural frequency of the 

floor (50-60 Hz for the lab used in this thesis) below the first natural frequencies of the 

lab equipment.  Frequencies higher than the lab floor resonance are attenuated.   As 

discussed in section 4.3.1 through 4.3.1.3 the ASG-2500 z-slide with spindle mounted 

has a natural frequency just above the lab floor. 
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3.2.2 Machine Geometry: Slide Straightness and Automatic Compensation 

Each axis has 5 constrained degrees of freedom: straightness in the vertical and lateral 

direction plus the angular motions of roll, pitch and yaw.  The geometry of the ASG-2500 

is designed to reduce Abbe offsets by placing the sensors as close to the axis motion as 

possible and reduce error motions by using a T-lathe configuration with high precision 

hydrostatic slide ways.  Figure 3-1 shows a three dimensional layout of the ASG-2500 

slide geometry labeled with respective degrees of freedom.  The interferometer cubes for 

both axes are at the nominal tool height, which is coplanar with the spindle centerline in 

the vertical direction.  The Z-slide interferometer in the X-direction is as close to the 

spindle centerline as possible (the spindle housing is about 5 inches in diameter) and it is 

positioned directly behind the oil guard on the Z-slide (about 3 inches from the chuck 

face).  The X-slide interferometer is placed behind the oil guard in a Z-direction location 

where the tool is commonly located. Because of the geometric layout, the errors can be 

reduced to three motions: X-axis straightness, Z-axis straightness, and Z-axis yaw [5].   

X-axis straightness contains lateral (Z-direction) and vertical (Y-direction) straightness 

plus roll, pitch and yaw.  Z-axis straightness represents the same error motions except Z-

axis yaw error, which is discussed in Section 3.3.  Straightness measurements were 

recorded using a Zerodur straight edge supported by a custom fixture [5].  The fixture 

allowed use of the ‘reversal’ technique such that form errors in the straightedge can be 

canceled out of the reported slide errors [6]. 
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Figure 3-1:  Geometrical layout of the ASG-2500 slides with directions labeled.  Z 

interferometer is next to the spindle and X interferometer is right of tool holder; for 

clarity, the interferometer mounting plates and oil guards are not shown. 

 

Squareness of the X-axis and Z-axis is realized through the relationship between the 

spindle centerline and the X-slide because the spindle is mounted to the Z-slide with the 

axis of rotation approximately collinear with the Z-axis.  Previous work indicated that it 

was very difficult to perfectly align the spindle with the X-axis physically, so a 

squareness variable was added to the yaw correction scheme as discussed in Section 3.3 

[3]. 
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Error shapes for each axis error were repeatable with a ±3$ variation of approximately 20 

nm.  The X-axis shows a peak to valley (PV) error of 200 nm over its entire 250 mm 

travel [4] with features that indicate the pitch (5 mm) of the ball screw drive system [7].  

The Z-axis shows a PV error of 60 nm over its 150 mm travel [5].  Error maps were 

created from these measurements for the ASG controller in the form of lookup tables.  

Figure 3-2 shows both the uncorrected (dashed) and the corrected (solid) straightness 

error motions for the X-axis in the Z direction (Figure 3-2a) and the Z-axis in the X 

direction (Figure 3-2b) over the full ranges of travel.  Straightness using the look up 

tables for automatic error compensation is 40 nm peak-to-valley for both axes.  

 

 

         a) Z straightness of X-axis                             b) X straightness of Z-axis 

Figure 3-2: X and Z-axis straightness (note scale difference) with (solid line) and 

without (dashed line) compensation from the orthogonal slide. [4] 

 

The automatic straightness error compensation was activated for all experiments reported 

in Section 3.3 and 3.4 but was not on for the optical fabrication of the primary and 
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secondary mirrors.  This could be done because the routine written for automatic error 

correction had an option to employ the straightness compensation without activating the 

yaw and squareness compensation called “no yaw” as seen later in Table 3-1. 

 

3.2.3 Thermal Growth of Spindle 

Heating effects caused the spindle of the ASG 2500 to grow in length (Z-direction) when 

started from a standstill at room temperature [7].  Several long-term tests determined the 

time required to achieve steady state operation and transient effects caused by the 

stopping and restarting of the spindle.  Transient effects were modeled around typical 

start-up/shut-down operations such as the shut-down time required to measure a part, 

perform tool changes and complete setup routines.  Results of the longterm tests indicated 

that at 1000 rpm the spindle takes 8 to 12 hours to reach a steady state growth of 1500 

nm.  Transient cycling tests revealed that once the spindle is stopped and restarted to 

1000 rpm, it requires a re-stabilization time equal to the time it was shutdown.  The re-

stabilization time was minimized by only stopping the spindle long enough to remove the 

part, vacuum a silicon disk to the chuck (the air bearing spindle collects oil and dust if the 

chuck is not vacuumed sealed) and restart the spindle.  Also, for workpiece mounting the 

spindle was stopped only long enough to vacuum it to the chuck and center it with respect 

to the spindle. 
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3.3 DIAMOND TURNED FLATS 

A series of experiments were conducted to measure the capability of the DTM to machine 

a flat surface as shown in Figure 3-3.  The tool is programmed to move through a 

rectangular path.  The cutting leg of the rectangle is started beyond the OD of the part and 

moves to the center.  A stream of oil, directed at the tool and spraying from the OD 

towards the center of the part was used to remove chips.  Spindle rotation was 500 rpm 

counter-clockwise. The diamond tool used had approximate radius of 5.45 mm and the 

cross-feed rate was set at 5 mm/min.  A 10 to 15 µm depth of cut (DOC) roughing pass 

was performed followed by a finishing pass of 2 µm DOC.    

 

 

Figure 3-3:  Tool path and oil spray for diamond turned flats experiment. To scale. 



 66  

 

The flats were machined from a 6061-T6 aluminum alloy cylindrical workpiece with a 

diameter of 100 mm and a thickness of 75 mm.  The aspect ratio (thickness/diameter) of 

this workpiece is 0.75, which is much higher than the primary mirror blank discussed 

earlier. This should reduce the distortion in the finished surface as a result of a non-flat 

vacuum chuck or workpiece-chucking surface. 

 

3.3.1 Yaw Error, Squareness of Spindle to X-axis and Automatic Compensation 

The change in the yaw of the Z-axis as it moves combined with the squareness between 

the spindle centerline (spindle centerline is approximately parallel to Z-axis) and the X-

axis have a significant effect on surface form error [3].  Measurements revealed that the 

axis yaws nearly linearly and the magnitude is +1.6 arcsec (clockwise looking down on 

the spindle as viewed from the ceiling) over its full 150 mm length.  The yaw 

measurement was repeatable for the Z-axis.  Figure 3-4 shows how both the slide and 

spindle yaw as they travel over the 150 mm range of travel when the spindle centerline is 

assumed square (yaw = 0) at Z = 0.  Because yaw error is repeatable, it can be 

compensated in real time according to the expression:  

 

                                    (3-1) 
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where (Xpos – X0) is the X distance from the spindle rotation axis, %slope is the linear 

change in slope along the Z-axis (1.6 arcsec./150 mm) and the intercept is Slope0 (yaw 

magnitude or axes squareness at Z = 0) [3].  The intercept may vary, as the spindle can be 

unbolted and its angular orientation changed.  For this reason, measurements and test cuts 

were performed to find this intercept (squareness).   

 

 

Figure 3-4: Z-axis yaw over full 150 mm range is 1.6 arcsec. 

 

The position measuring system on the Z-axis (Zpos) has an Abbe offset (Xpos – X0) from 

the location of the centerline of the spindle to the laser retroflector.  The effect of the 
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Abbe offset is negligible when performing an operation where the Z-axis is held constant; 

however, any operation where the Z-axis moves will be affected.  Miller [3] measured the 

Abbe offset and modified the linear yaw and squareness compensation equation to 

account for its effect in 1991.  In the present work, several test pieces were cut to verify 

the error compensation program and to identify the squareness (yaw intercept) for the 

machine in 2006. 

 

3.3.2 Optical Flat Test Results 

The surface profiles were measured with a Zygo GPI XPHR form measuring 

interferometer and evaluated with MetroPro software.  For consistency, the MetroPro 

automatic aperture edge-trimming feature was used.  This is intended to eliminate any 

interferometric artifacts at the part edge and was set at the default of 95%.  Figure 3-5 

shows the GPI with an interferometric image and MetroPro running from a PC. 
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Figure 3-5:  Zygo GPI HPXR form measuring interferometer with MetroPro software. 

 

The results of 16 machining tests used to find the yaw error compensation values are 

shown in Table 3-1.  Explanation of each experiment follows this brief summary of the 

table columns.  Z-axis coordinate is the absolute position of the Z-slide during the cut and 

also serves as the Z intercept to set the squareness for automatic yaw compensation.  PV 

surface is the total peak-to-valley measurement over the full aperture of the specimen. 

This includes any non-rotationally symmetric features.  PV Trace is a single trace at an 

arbitrary angle that passes through the center and across the entire diameter of the work 

piece.  The differences between the PV Trace and PV Surface represent the non-

rotationally symmetric (NRS) form errors seen during optical flat fabrication.  They 

range from 70 nm to 25 nm.  Some authors [9] have suggested that large nose radius 
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tools, like the 5.45 mm radius tool used for this experiment, cause greater NRS errors 

than smaller tools (< 0.75 mm).   
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Table 3-1:  Results of 6061 T-6 Aluminum machining test to produce flat specimens.  

*For Tests 15 & 16, the automatic mask was set to 5% ID and still used 95% OD. 

Test Z-axis 
 

(mm) 

PV 
Surface 

(nm) 

PV 
Trace 
(nm) 

Manual 
Compensation 

(nm) 

Automatic 
Compensation 
(arcs, z mm) 

Mean 
 

(nm) 

St. Dev 
(nm) 

1 1.2 244 174 600 no yaw 

2 1.2 216 144 600 no yaw 

3 1.2 202 166 600 no yaw 

4 1.2 188 125 600 no yaw 

213 23.9 

        

5 1.2 250 185 - 1.03 1.2 

6 1.2 164 132 - 1.03 1.2 

7 1.2 222 196  1.03 1.2 

8 1.2 279 236  1.03 1.2 

228 49 

        

9 1.2 290 237 - 0.7 1.2 

10 1.2 300 - - 0.7 1.2 

11 1.2 290 - - 0.7 1.2 

12 1.2 220 168 - 0.7 1.2 

275 32 

        

13 20 227 184 - 0.7 1.2 

14 20 206 183 - 0.7 1.2 

15* 20 219 161 - 0.7 1.2 

16* 20 147 98 - 0.7 1.2 

199 31 

        

17 24 184 97 - 1.7    0 

18 127.9 173 107 - 1.7    0 

19 1.25 157 105 - 1.7    0 

20 74.8 184 112 - 1.7    0 

174 11 
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An example of the measurement of a 6061-T6 aluminum flat is shown in Figure 3-6.  The 

top down view of the entire part showing the machined shape is at the left.  The surface is 

close to flat but the center is higher than the edges.  The PV is 227 nm or approximately 

!/3.  The trace along the line in the top view is shown at the right.  The profile of this 

trace is a more obvious measurement and the PV of this trace is 160 nm or !/4.  For Tests 

1-4 in Table 3-1, the motion of axis was manually corrected (the same amount for each 

test).  By repeating the same compensation for each test, the variation between machining 

passes machine was observed to have a standard deviation of 24 nm.  Starting at Test 5, 

the automatic compensation routine was activated and the linear intercept values put in 

the controller are in last column.  Like the manual compensation tests, the same 

automatic compensation values were tested several times.  Summary of the tests in Table 

3-1 are discussed next. 
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Figure 3-6:  Example trace (#13 from Table 3-1) of 6061 T-6 flat machined on the DTM 

with yaw correction of 0.7 arc-seconds. 

 

3.3.3 Table 3-1, Tests 1-4: Manual Compensation 

Z-axis yaw and axes squareness lead to a cone shaped feature in the flat that may be 

concave or convex.  Manual modification of the part program was used to remove cone 

shape caused by the z-axis yaw by programming a tool path that was the inverse of the 

measured shape.  Rather than hold position, the Z-axis was programmed to move a small 

distance as the X-axis transverse the tool across the face of the part.   

 

Experiments have shown that the slides are capable of sustaining very low velocity 

motions with deviation from the commanded position of less 20 nm.  A plot of a 16 

!m/sec move of the X-axis is found in Figure 3-7.  The results of Tests 1-4 indicated that 

the Z-axis yaw at Z = 1.2 mm was 10 !rad (2 arcsec.) or 600 nm at a radius of 60 mm.   

The uncorrected shape was a convex cone.  The corrected shape was also convex with PV 

traces of approximately 160 nm as seen in Figure 3-8. 
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Figure 3-7:  Slow velocity x-axis move.  Linear curve fit slope = 0.0165 mm/s. 

 

 

Figure 3-8:  Final manually corrected squareness error showing convex shape. 
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3.3.4 Table 3-1, Tests 5-16: Automatic Compensation 

Based on the results of the manual compensation tests, the ASG 2500 automatic 

compensation routine was re-implemented to correct for Z-axis yaw and axes squareness.   

Again, the results are in Table 3-1.  The intercept (axes squareness) for the yaw 

compensation routine was calculated from the results of the manual compensation 

experiments.  The first estimate for squareness was yaw = 1.03 arcsec at Z = 1.2 mm.  

Tests 5-8 were conducted and the shape of the cone changed from convex (during manual 

compensation) to concave.  The squareness was then changed to yaw = 0.7 arcsec at z = 

1.2 mm for Tests 9-12, which resulted in the same convex shape seen in the manual 

compensation tests.    

  

To prove the robustness of automatic yaw compensation the tool was moved such that Z 

= 20 mm for Tests 13-16.  The compensation expression is the same as was used in Tests 

9-12 (Table 3-1) which were machined at Z = 1.2 mm.  The results at Z = 20 mm have 

error magnitudes like the tests at Z = 1.2 mm and were similarly convex.    

 

3.3.5 Squareness Setting Revisited by Comparison with a Larger Diameter Flat 

As part of a fiducial alignment and mirror-mounting test, a 160 mm diameter, 25 mm 

thick 6061-T6 mirror was fabricated [22].  This experiment was performed a few months 

after the flat tests were completed and the spindle remained undisturbed from the 

orientation used during the flat tests.  This flat was similar to the primary mirror of the 
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two-mirror telescope discussed from Section 2.5.3 in dimension and material.  The back 

of the mirror had a step cut into the outer diameter such that only 100 mm of diameter 

was in contact with the vacuum chuck.  This increased the aspect ratio of the loaded 

section from 1:6 found in the primary to 1:3. This step reduced the potential for distortion 

generated by vacuum chucking forces.  The vacuum chuck was surfaced and it was found 

to have a figure error of approximately 400 nm of PV with a convex cone shape.  The 

modeled deflection of the optical surface of this mirror from the measured chuck shape 

was less than 40 nm [22].  The first machining pass revealed a shape similar to Figure 3-6 

but had PV of more than 400 nm.  By comparing the motion paths of the program used to 

cut this mirror and the motion program used to cut the optical flats in Section 3.3.4 - 

3.3.5, it was found that the OD of both programs started at approximately the same X, Z-

coordinate of  (220, 24).  The flats machined earlier in this section stopped at X = 170 

while the larger mirror cut here continued to X = 140.  A comparison of the shapes and 

error magnitudes with relative DTM coordinates is in Figure 3-9.   

 

 

Figure 3-9:  Comparison of 6061 workpiece and the final shape of the flat tests. 
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After comparison, it was decided that the ASG-2500 yaw compensation routine be 

adjusted because this figure error could be attributed to an squareness error between the 

axes.  The similar shape of the parts indicated that the correction routine was repeating 

the results of Tests 5-16 in Table 3-1, however the PV of the 6061 workpiece was too 

large.  400 nm of slope for 80 mm of aperture diameter translated to an additional 

squareness error of 1.0 arcsec so the intercept was changed from yaw = 0.7 arcs at z = 1.2 

mm to yaw = 1.7 arcsec at z = 0 mm. The small change is Z coordinate is insignificant 

when compared to 1.6 arcsec of yaw over the entire 150 mm range of the Z-axis (yaw = 

0.01 arcs over 1.2 mm).  The final surface was concave (convex before) in shape with a 

the same slight curvature, but the PV was reduced to 170 nm and is seen in Figure 3-10. 
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Figure 3-10:  6061-T6 workpiece with 150 mm optical surface diameter.  Upper left 

corner trimmed out because it was not machined during this pass. 

 

3.3.6 Table 3-1, Tests 17-20: Final Yaw and Squareness Setting 

After the final yaw setting was implemented for the fiducial experiment in Section 3.3.5, 

the reflective flat was cut again as indicated in Table 3-1 as Test 17.  A spindle speed of 

500 rpm was used, but the process differed in that the tool radius was 0.5 mm  (5.45 mm 

before) and feed-rate was 3.2 mm/min for a cut duration of 16 minutes.  The initial pass 

did not clean up, necessitating a second finish pass at 2 !m depth.  Z-axis position was 

23.689 mm. The spindle had been running for more than 24 hours.  The error level, as 

shown in Table 3 as PV =180 nm or !/3.5, was smaller than with the previous tests.  
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Similar to Figure 3-10, the form was lower at the center than at the edge.  The RMS form 

error was 21.5 nm or !/30 and the GPI measurement can be seen in Figure 3-11.   

 

 

Figure 3-11:  Final flat measurement from GPI with final squareness correction.  PV 

error of 183 nm or 0.29 #. 

 

Tests 18, 19 and 20 in Table 3-1 were also cut using the final yaw and squareness setting 

to verify that automatic compensation is effective for the entire Z-axis travel (150 mm).  

They were cut at Z-locations of 127.9 mm, 1.25 mm, and 74.8 mm respectively using 

identical machining conditions.   They all had similar error levels (PV < 180 nm) and 

shapes as Test 17. 
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3.4 DIAMOND TURNED SPHERE 

After the flat experiments were conducted, a sphere was machined to test the form error 

of the ASG when both axes are in motion.  The programmed path was set to a have a 

trajectory similar to the flat program, where the cutting leg started beyond the OD of the 

part and moved to the center.  A stream of oil (Mobilmet Omicron®), directed at the tool 

and spraying from the center of the part towards the OD, was used to lubricate the cut and 

remove chips.  Spindle rotation was 500 rpm counter-clockwise. The diamond tool used 

had an approximate radius of 0.5 mm and the feed rate was 3.2 mm/min.  A finish pass 

with a 2 µm cutting depth was used.   

 

The sphere was 6061-T6 aluminum alloy.  Like the flats in Section 3.3, the workpiece 

diameter was 100.4 mm and the thickness was 75 mm, which provided the same aspect 

ratio and resistance to distortions in the optical surface introduced by a non-flat vacuum 

chuck.  The programmed radius of the convex sphere was 275 mm.  Using an aperture 

diameter of 100.4 mm, the spherical sag was 4.7 mm and the f/# was 2.74 (for a finite 

conjugate).  During the machining pass, the ASG-2500 Z-axis moved almost 5 mm and 

the X-axis moved 52 mm. 

 

The Zygo GPI form measuring laser interferometer was fitted with a length measuring 

interferometer for evaluation of the sphere.  This setup allowed precise measurement of 

translating stage travel on the Zygo GPI so the sphere radius could be measured.  Figure 

3-12 shows the GPI stage with the retroreflector attached, the interferometer mounted to 

the base and the HP laser source with white lines to indicate the beam path.  The “cat’s 
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eye” technique [26] was used to set the zero position of the translating stage by aligning 

the apex of the workpiece with the focus of the GPI reference element.  A shape 

resembling a “cat’s eye” is seen on the interferometric image when the optical focus is 

aligned to the apex of the sphere.  The analytical measure used to find perfect apex-to-

focus alignment is power (curvature or spherical radius) of the interferogram. The focus 

point was found by translating the stage until the power is near zero (the interferogram 

has little curvature) and an example is seen in Figure 3-13. 

 

 

Figure 3-12:  Zygo GPI Form Measuring Laser Interferometer Stage fitted with a Length 

Measuring Interferometer. 
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Figure 3-13:  Interferogram seen when the GPI focus is aligned with the apex of the 

sphere using the “Cat’s Eye” technique.  Power is almost zero (0.037 ! = 23 nm radius).  

Horizontal and vertical scales should be ignored because this measurement is an 

interferogram of a spot (apex of the sphere). 

 

The average of three measurements of the final workpiece showed that the form error, 

with power (or spherical radius error) removed, was PV = 156 nm or !/4.  The measured 

spherical radius errors or the distances from the reference element focus where power 

was equal to zero were 1, -2, and -5 !m.  This variation shows that the measurement of 

the translating stage has, at best, a precision of 6 !m.  Figure 3-14 shows the 

measurement from the GPI with power removed. 
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Figure 3-14:  Sphere measurement with power removed.  PV error was 150 nm or #/4. 

 

3.5 CONCLUSIONS  

A number of diamond turned 100 mm diameter flats were machined on the ASG- 2500.  

These surfaces have PV form fidelity below #/3 (211 nm) often falling below the #/4 (158 

nm) threshold.  All linear traces of the surface fall below #/4 and often fall below #/5 

(127 nm).  The NRS component seen in these flats is the difference between the form 

error and the trace error, which was measured between 30 and 80 nm.  This places these 

surfaces slightly below and above the Rayleigh limit for optics that have diffraction-

limited performance, which means they would be suitable for use in diamond turned 

optical systems designed for the visible spectrum.  For imaging at the small wavelength 



 84  

end of the visible spectrum (400 nm), the performance would be slightly less than 

diffraction limited as #/4 becomes 100 nm.   

 

Automatic error correction is imperative for fabrication of high-fidelity mirrors. 

Squareness error between the spindle centerline and X-axis are the dominating error in 

optical flat fabrication with the ASG-2500.  The squareness error was found 

experimentally and it was corrected ASG-2500 automatic compensation routine.  Lookup 

tables were verified to correct for the straightness errors of each axis.  

 

The consistency in the results above was not achieved until thermal influences were 

observed.  “Warm up” of the spindle must be complete before attempting to diamond turn 

an optical surface which is similar to results from Moorefield [7] discussed in Section 

3.2.3.  Also, the aspect ratio of the part gave it high sensitivity to temperature changes 

such that a 75 mm long part made from 6061-T6 aluminum alloy will expand 1770 

nm/ºC.  It is absolutely necessary to utilize thermally isolating gloves, have minimal 

contact with the work piece, confine it to a tightly controlled environment and constantly 

monitor lab temperature for changes. 

 

Using the automatic error correction that yielded high-fidelity flats allowed the 

fabrication of a high-fidelity large-aperture sphere.  The aperture diameter was 100 mm 

and the spherical radius was 275 mm.  The form error measured in a trace across the 

sphere was !/4 (158 nm). The measured sphere radius error was less than 6 !m, which 
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was observed as the repeatability of the length measuring laser interferometer mounted to 

the GPI translating stage. 
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4 SURFACE ROUGHNESS IN DIAMOND TURNING 

4.1 INTRODUCTION 

Theoretical RMS roughness using the parabolic approximation for a round tool edge is 

calculated with the equation: 

 

 

! 

RMS =
f
2

26.6Rt
                                                     (4-1) 

 

where feed rate is f (!m/rev) and tool nose radius is Rt (!m). The actual RMS surface 

roughness of the optical surfaces in the two-mirror telescope described in Section 2 was 

approximately 20x the theoretical RMS and there was little indication of tool nose radius 

or the specified cross-feed in either surface.  With the small feed rate (2-4 !m/rev) and 

large nose radius tool (3.135 mm) discussed in Section 2, the theoretical RMS surface 

finish of the primary is 0.19 nm while the actual was 5 nm and the theoretical RMS of the 

secondary was 0.05 nm while the actual was 4 nm [1].  Research completed previously at 

the PEC showed better surface finishes were achievable with the same equipment used to 

fabricate the two-mirror telescope [12, 13].  It also showed that both the approximated 

parabolic and the true circular cusp height were most accurate at large feed rates where 

machine vibration magnitude was small compared to cusp height.   

 

The objectives of this Section were to machine in a regime (larger feeds than used for 

telescope) where the first-order geometric model in Equation 4-1 accurately predicted 
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surface finish and, based on those results, to develop a surface finish model with machine 

vibration that predicts roughness at small feed rates (similar feeds used for telescope).  

Dithering of the tool in the cross-feed direction was also studied as a method to reduce 

diffraction effects caused by diamond turned grooves by randomizing the groove spacing 

without causing significant increases to surface roughness. 

 

4.2 SURFACE FINISH EXPERIMENTS IN FIRST-ORDER REGIME WITH 

VARIATION OF SECOND-ORDER FACTORS 

The research done at the PEC by Drescher [12] and Arcona [13] was used as a baseline 

for repeated experiments in the regime where the parabolic approximation accurately 

predicts roughness with first-order variables of cusp spacing and tool radius. Surface 

speed was tested to verify that it does not influence surface finish by cutting at different 

workpiece radii with the same cross-feed rate.  To ensure that the parabolic 

approximation would predict finish, the initial tests were conducted at a relatively high 

feed rate and, to explore the lower limit of the prediction accuracy, feed rate for 

subsequent tests was incrementally decreased.  Each test in this section incorporated 

several cut depths to examine the effects of depth of cut on roughness.  A tool servo was 

used to quickly change these depths such that a large portion of the cutting window 

remained in the surface profile for a complete revolution.   

 

Quick depth changes provided the ability to observe a large section of the tool edge as it 

advanced thought the work piece and its relationship to the previous passes.  An example 

of the quick depth change is seen in Figure 4-1 where the lower set of grooves were cut 1 
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!m deeper than the upper grooves.  The cross feed direction in this profile is from left to 

right and is the same for all other surface profiles seen in this chapter.  It shows a large 

portion of the cutting window, so interactions between the tool edge and the material that 

was removed could be examined.  This is interesting because the leading edge of the tool 

has a much larger depth of cut than the trailing edge (the trailing edge is responsible for 

the residual grooves that determine surface roughness).  Test measurements were then 

easily matched to theoretical tool paths for analysis of desired and undesired cross-feed 

features.  In the event that the curvature of the cusps did not match the tool radius, the 

large section of the edge could have been used to verify the radius or align the cusps with 

a theoretical profile.  Also, the large portion of the tool edge remaining provided the 

chance to observe the tool-workpiece interactions at larger cutting depths than normally 

seen in a surface finish measurement.  Here, up-feed feature could be observed over a 

large cutting window. 
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Figure 4-1: Transition from 2 !m cutting depth to 1 !m at 37.7 !m/rev feed rate, and 1.1 

m/s surface speed in electroplated copper with a 0.750 mm radius tool.  Cross feed 

direction is from left to right in this and all other surface profiles in this Section. 

 

4.2.1 Surface Finish Variables 

The geometry of a diamond tool has two main variables that influence surface roughness: 

nose radius and edge radius. The nose radius of a diamond tool leaves a circular cusp in 

the workpiece that has a width equal to the cross-feed.  As the cross-feed is linearly 

reduced, cusp spacing becomes proportionally narrower; however, the RMS cusp height 

decreases by the square – see Equation 4-1.  This is the basis for the first-order model 

discussed in Equation 2-2 where large tool radii and fine cross-feeds should produce a 
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surface contour with a very small PV roughness.  For the tests in this section (Section 

4.2), a nose radius of 750 !m was used such that the cusps were easily identified in the 

surface profiles at both coarse and fine cross-feeds.  For a given feed rate, a smaller nose 

radius tool will produce a rougher surface with larger cusp heights.  The cusp features 

then will be visible for low slide velocities (~2 mm/min with a spindle speed of ~500 

rpm) like those used for the two-mirror telescope. 

 

The edge radius of the diamond tool is a measure of its “sharpness.”  As the edge wears, 

the radius becomes larger and the tool becomes “duller”.   Others [13] have shown that 

cutting and thrust forces increase with edge wear, as does the minimum chip thickness as 

seen in Figure 4-2.  Because the chip thickness cannot be zero, a certain amount of 

material is elastically deformed into the workpiece as the tool passes.  Once the tool has 

left the area, the deformed material (also called spanzipfel) springs back leaving a ridge 

at the trailing edge where the cutting depth should theoretically be zero.  The result is a 

portion of the residual cusp rises above the expected round cusp shape thereby increasing 

the surface roughness.  The influence of a minimum chip was undesired in these tests so 

the 750 !m tool used was sharpened in anticipation of this experiment to minimize the 

presence of material spring back (spanzipfel). 
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Figure 4-2:  Second-order effect of minimum chip thickness caused by a worn tool with 

a large edge radius [13]. 

 

Electroplated copper made an ideal material choice for this experiment because of its 

high microhardness, small grain structure (~10 nm), lack of ductility and lack of second-

phase particulates. The microhardness of electroplated copper has been shown near the 

pure copper limit [20].  As seen by the diamond tool, this material is homogenous.  When 

using a tool with a sharp edge, surface profiles produced in this material have sharp cusp 

corners and smooth up-feed grooves.  

 

Depth of cut directly affects both cutting and thrust forces by changing the area of the 

rake face that is removing material [13].  The area of the rake face used is enclosed by the 

uncut surface, the radius left by the previous pass, and the edge of the tool that is cutting 

as seen in Figure 4-3.  Depth of cut was varied between sets of machining passes in this 

section with a tool servo.  The servo quickly retracted the tool from the workpiece so a 

groove at the current (deeper) depth was left for almost an entire revolution of the 
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workpiece.  The section of the tool edge that is higher than the cusps seen in Figure 4-3 

could then be matched to the residual cusps or examined independently to check for other 

features. 

 

 

Figure 4-3:  Rake face area enclosed by the previous pass, tool edge and uncut surface.  

The ratio of length to height in this drawing was set to resemble Figure 4-1 at 

approximately 150:1.  

 

In lathe-based rotational machining, the surface speed of the work piece relative to the 

tool changes linearly as the radius of the part changes.   The changing surface speed 

dictates that material removal rate and cutting speed change linearly over the duration of 

a cut.  Others have shown that the effect of surface speed is insignificant at the cutting 

velocities used in this experiment [12].  The tests were performed at several radii on the 

workpiece to verify these results.   
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Cross-feed rate of the diamond tool through the workpiece sets the cusp spacing and, 

combined with the tool nose radius, will determine the cusp height.  The largest cross-

feed was set so a coarse surface with relatively large cusps was produced.  This coarse 

surface presented the opportunity to match large cusps to a theoretical tool edge and align 

them with the groove wall remaining after the depth of cut was quickly reduced with the 

FTS.  Since the goal was to machine in a regime where the parabolic approximation can 

predict the roughness of a surface profile, the smallest cross-feed was set such that the 

profile exhibited regularly spaced cusps at that cross-feed. 

 

4.2.2 Experimental Setup and Part Planning 

A fast tool servo (FTS) was mounted to the ASG-2500 diamond turning machine (DTM) 

as seen in Figure 4-4 to facilitate instant depth of cut changes.  The FTS axis of motion 

was orthogonal to both the spindle face and the experimental surface.  The FTS was 

mounted on the micro-height adjuster for adjustability in the vertical (Y-axis) direction.  

This allows precise (< 1 !m) positioning of the diamond tool relative to the spindle 

centerline.  To cool and lubricate the material removal process, petroleum oil cutting 

fluid (Mobilmet Omicron®) was sprayed onto the tool.  The cutting fluid was manually 

sprayed onto the tool (from directly above with a squirt bottle).   
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Figure 4-4: Diamond Turning Machine with FTS for instant depth of cut change 

 

The servo was designed and built at the PEC and a great deal of research has been 

dedicated to measuring the dynamic response, developing closed loop control schemes, 

and finding novel applications of this auxiliary axis.  It consists of a threaded housing that 

sets a preload on a tubular piezoelectric ceramic (Lead Zirconate Titanate or PZT) stack 

through annular flexures.  A capacitance (cap) gage is situated inside the PZT stack and 

measures the position of the back face of the tool holder.  Positive input voltages to the 

PZT result in a displacement of the tool holder toward the part, which is opposite the 

flexure force direction. The cap gage output provides position feedback for closed loop 

control of the tool position (depth of cut). 
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4.2.2.1 Fast Tool Servo Setup 

A 40 mm long PZT stack was used in the FTS that afforded a servo range of 40 !m.  A 

cap gage with a 20 !m range provided position feedback for closed loop control of tool 

position to eliminate errors such as PZT hysteresis effects.  The difference in range 

between the PZT and the cap gage was accounted for by mechanically setting the gage to 

null with the servo extended half of its range or 20 !m.  This practice keeps the PZT in 

the center of its mechanical and electrical range during closed loop operation.   

 

The open loop position response of the FTS with the 40 mm PZT stack was measured.  

Because the PZT stacks have a crystal structure, tensile stresses would cause cracks.  The 

flexure is thereby used to mechanically bias the stack such that it is always in 

compression.  The need for compressive bias means the electrical input to the 40 mm 

stack ranges from 0 to 1000 volts for corresponding displacements of 0 to 40 !m.  The 

tests performed were limited to an amplifier input range 2.5 – 8.5 volts (amplifier voltage 

gain is 100x) because the cap gage range is only 20 !m (5 V input = 500 V output = 20 

!m servo displacement = 0 !m cap gage reading).  The amplifier has an output channel 

that is divided by a factor of 100 to verify the command signal.  For redundancy, a 

Federal Gage LVDT with involute tip was used to measure the step displacements of the 

FTS tool holder during setup.   

 

The open loop position data was collected and a plot of the results are in Figure 4-5.  

Output voltage of the amplifier increased equally with input voltage.  The cap gage data 
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was fitted with a linear regression and the slope of -4.004 !m/volt corresponds with the 

expected displacement of 4 !m/volt of amplifier input.  The slope of the regression is 

negative because the capacitance gage measures the back of the tool holder and a positive 

motion of the tool is away from the cap gage.  For plotting purposes, the sign of the slope 

was switched.  Although the slope of the Federal Gage was smaller (calibration of the 

gage for this test was not critical), it verified tool holder motion, positive displacement 

direction and output of the capacitance gage.  This test was performed moving in only 

one direction to avoid the hysteresis effects commonly found in a PZT.  Repetition of this 

test produced the same result. 

 

 

Figure 4-5:  Open Loop Response of FTS with 40 mm PZT Stack 

 

Because the FTS is position command with position feedback and has a mechanical and 

electrical bias, a closed loop controller with low proportional gain (KP ) and high integral 

(KI) gain was used [21].  The high integral gain facilitates good command following and 
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position holding [21].  Since the servo axis moves in the direction that surface finish is 

most sensitive, position holding is critical [14].  

 

DTM control was performed by the control system discussed in Section 2.5 while FTS 

control was through a dSPACE DSP card.  The dSPACE was programmed with 

MATLAB and Simulink.  Software by dSPACE called Control Desk was used as the 

controller interface. The gains in the controller were adjusted to provide stable closed 

loop response to a step command at 10 !m (KP = 0.1, KI = 2000).  A surface profile 

showing one of the commanded steps (1 !m) is in Figure 4-6.  The measured length of 

the step is 75 !m and with a spindle speed of 530 rpm at a circumference of 125 mm, the 

rise time is calculated as 5.3 milliseconds.  This was more than adequate to make instant 

cutting depth changes because the transition length was less than 1/1000 of a revolution. 

 

 

Figure 4-6:   1 !m cutting depth change command at a circumference of 125mm.  Rise 

time is 5.3 ms. 
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4.2.2.2 Tool Path 

The DTM plunged the tool into the part and then moved the tool across the face of the 

workpiece (perpendicular to the spindle face) at a constant velocity while the FTS 

instantly stepped the tool to a new, shallower cutting depth.  The plunge depth was 10 !m 

into the work piece at an outer radius and the tool was moved towards the spindle 

centerline to an inner radius. The FTS moved the tool to a shallower depth after 10 

grooves (or 10 spindle revolutions) were cut at each depth.  The step sizes were 5 !m, 

3!m, 1 !m and 3 !m.  Combining the DTM plunge depth with the FTS step sizes yielded 

cutting depths of 10 !m, 5 !m, 2 !m, and 1 !m.  The last 3 !m step removed the tool 

from the work piece and held it 2 !m above the original surface until the DTM fully 

retracted from the initial plunge depth.  A continuous profile that displays each cutting 

depth and the original surface is seen in Figure 4-7. 
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Figure 4-7:  Example of tool path with instant depth of cut changes.  The original surface 

is seen at far left and right of the profile.  The deepest cut is on the left and was 

performed first.  The cutting depths were 10 !m, 5 !m, 2 !m and 1 !m. 

 

4.2.2.3 Machining Plan 

A total of seven continuous cutting passes were performed.  Table 4-1 lists beginning 

workpiece radius, ending workpiece radius, cross-feed rate, theoretical and actual PV and 

RMS for each test.  The spindle speed was 530 rpm.  Tests 1, 2, and 3 had identical feed 

rates and spacing, but were performed at different radii on the work-piece to test the 

effects of surface speed, which varied by a factor of 10.  The change in radius from Test 1 

to 2 results in a 70% decrease in cutting speed and 1 to 3 results in a 90% decrease.  
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Because Test 3 is near the workpiece center (2 mm - 0.1 mm) the final revolution for this 

test is 90% slower than the first revolution.  Tests 4-7 were each performed at gradually 

lowered feed rates and tested for any combined effect from cutting depth and feed rate.  

They were at intermediate radii on the same workpiece and had a spacing of 2 mm 

between the starting radii.  The changes in feed rate between Tests 4 and 7 were 

determined by reductions in the theoretical PV roughness from the first three tests.  Order 

of magnitude decreases in surface finish were initially desired but the final reductions 

were 1/2, 1/5, 1/10, and 1/50 to allow for intermediate roughnesses and to ensure that 

cusp features with spacing that matched the lowest feed rate were still identifiable for the 

slowest test (7). 

 

Table 4-1:  Layout of tests on copper workpiece. 

PV Actual   
(nm) 

RMS Actual 
(nm) 
(nm) 

Test Start 
Radius 
(mm) 

End 
Radius 
(mm) 

Feed 
Rate 

(!m/rev) 

Surf 
Vel 

(m/s) 

PV 
Theory 
(nm) Mean St. 

Dev 
Dev 

RMS 
Theory 
(nm) Mean St. 

Dev 
1 20 18.1 37.7 1.1 231 289 12.8 69.1 73.0 3.55 
2 6 4.1 37.7 0.3 231 284 17.0 69.1 69.3 2.16 
3 2 0.1 37.7 0.1 231 267 20.4 69.1 69.5 3.00 
4 17 15.67 26.7 0.9 115 145 14.6 34.5 38.3 1.71 
5 15 14.07 16.86 0.8 46.2 79.0 3.92 13.8 17.3 0.50 
6 13 12.26 11.9 0.7 23.1 59.7 7.89 6.9 13.0 1.83 
7 11 10.53 5.33 0.6 4.6 37.0 1.41 1.4 7.25 0.50 
 

4.2.3 Surface Speed Effects 

The results of Test 1, 2, and 3 were measured to assess the effect of cutting speed on 

surface finish.  A Zygo NewView 5000 Scanning White Light Interferometer produced 
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3D profiles of the machined surface and was able to easily resolve the diamond tool 

grooves.  A sample measurement of the surface for Test 1 at 5 !m cut depth is seen in 

Figure 4-8.  From this 3D data, a 2D trace was produced in the cross feed direction.   

 

 

Figure 4-8:  Sample New View Scan. Test 1 at 5 !m DOC.  Circles overlaid onto the 

surface profile represent the theoretical cusps. 

 

Roughness measurements from Tests 1, 2 and 3 (all depths of cut included) were 

compiled into Figure 4-9 for evaluation of surface speed effects.  Surface speeds of 0.1, 

0.3 and 1.1 m/s at 530 RPM correspond to respective workpiece radii of 2, 6 and 20 mm.  

The PV and RMS roughness for each of the three surface speeds have similar means and 
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variation.  For each surface speed, there were 4 cutting depths, thus 4 data points at each 

speed.  The relationship between cutting depth and surface finish was examined with 

respect to surface speed but no trend was seen.  The slowest speed has a couple of points 

with lower PV than the other two speeds, but by less than 20 nm.  Both actual PV and 

RMS have higher means than the theoretical values and the increases appear consistent 

across the different speeds.  This suggests that roughness is independent of surface speed 

for range typically seen in diamond turning operations, which is consistent with 

conclusions made in the previous research [12, 13]. 

 

Figure 4-9:  Actual and theoretical surface roughness vs. surface speed for Tests 1-3 

(1.1, 0.3, 0.1 m/s, respectively).  f = 37.7 !m/rev. 
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4.2.4 Depth of Cut Effect 

Measurements of Tests 1, 2, and 3 show there is little in this experiment indicating that 

roughness is a function of cutting depth.  Because Tests 1, 2, and 3 showed no trend when 

compared by surface speed (as calculated with workpiece radius and spindle speed), the 

data from these tests was grouped together for the depth of cut plot at 37.7 !m/rev feed 

rate in Figure 4-10.  For comparison, horizontal lines in the plot show the theoretical PV 

and RMS surface roughness.  The data spread is fairly consistent for each cut depth and 

there is little variation from depth to depth.  The spread in PV roughnesses is about 60 nm 

and, when grouping the data together, the mean is approximately 50 nm higher than 

theoretical PV.  When comparing the PV and RMS theoretical values to the actual data, 

the actual data are equal to or higher (similar to the surface speed comparisons). 
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Figure 4-10:  Actual and theoretical surface roughness vs. depth of cut for Tests 1-3.  

Three points at each cutting depth from Tests 1-3.  f = 37.7 !m/rev. 

 

Tests 4-7 showed similar trends to Tests 1-3: a generally uniform PV and RMS when 

comparing different depth of cuts. The results are presented in Table 4-1.  For each feed 

rate, the actual PV and RMS are consistently higher than the theoretical, although the 

difference is much less of a factor in the higher feed rate tests than in the lower.  The 

results reveal that the actual PV is 30 nm to 50 nm larger than the theoretical for all feed 

rates.  This suggests that another variable (second order effect such as machine vibration 

or tool sharpness) has an influence on PV and RMS roughness that is independent of feed 

rate. 



 105  

  

4.2.5 Cross-Feed Rate Effect 

Measurements from all experiments in Table 4-1 were complied into a single data set to 

compare feed rate affects on surface roughness.  Plots of this data with respect to cross-

feed rate are found in Figure 4-11 for PV roughness and Figure 4-12 for RMS roughness.  

Each plot has a line to represent the theoretical value and a series of points at discrete 

cross-feeds that represent different cutting depths and workpiece radii for each data point. 

 

Figure 4-11: Actual and theoretical PV surface roughness vs. feed rate for Tests 1-7 in 

Table 4-1. 
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Figure 4-12:  Actual and theoretical RMS surface roughness vs. feed rate for Tests 1-7 in 

Table 4-1. 

 

The PV and RMS roughness data both demonstrate trends that follow the theoretical 

predictions.  The mean of the PV roughness measurements in Figure 4-11 were 

consistently 30 to 50 !m larger than theoretical value, again implying that this 

measurement is affected by an independent variable (such as machine vibration or tool 

sharpness) that remains constant with respect to feed rate.  The RMS roughness appears 

consistently larger as well but only by 5 nm or so. 

 

The largest cross-feed (37.7 !m) has three times the number of data points than the other 

cross-feeds.  The mean of the 37.7 !m cross feed appears higher by the same amount as 

the mean of the other cross-feeds.  In the RMS results seen in Figure 4-12, the actual 

values approach the theoretical and one data point falls 1 nm (1%) below theoretical.  
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4.2.6 Groove Comparison with Instant Depth of Cut Change 

Figure 4-1 in Section 4.2 showed an example of an instant depth change while machining 

at a large feed rate (37.7 !m/rev) and, for contrast, Figure 4-17 shows the same depth 

change (1 !m) while machining at the lowest feed rate in the test (5.33 !m/rev).  At the 

low feed rate, the cusp features are barely discernable when compared to the 1 !m cutting 

depth change, which is very different than Figure 4-1 where cusp features are readily 

distinguishable at the high feed rate (37.7 !m/rev).   

 

 

Figure 4-13:  1 !m depth of Cut change for 5.33 !m/rev feed rate. 
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The large radius left by the step change was compared to the remaining cusps.  Figure 4-

14 shows a surface profile of several cusps leading up to a cutting depth change and the 

theoretical tool shape at the prescribed feed rate.  When comparing features at large cross 

feeds, it is difficult to discern secondary effects.   Figure 4-15 shows a comparable plot at 

a feed rate of 5.33 !m/rev where it is more difficult to match the theoretical cusp spacing 

and the step profile to the actual surface contour.  At this small cross feed, the 

contribution to roughness has less to do with the parabolic approximation of the tool and 

more to with secondary effects.  These secondary effects (discussed next) are the cause of 

the increase to PV and RMS roughness as seen in the roughness measurements of Table 

4-1.   
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Figure 4-14:  Surface profile from a 37.7 !m/rev feed rate (Test 1) showing several 

cusps with the last groove cut at that depth before the FTS stepped the tool up compared 

to the theoretical profile (smooth line). 

 

 

Figure 4-15: Surface profile from a 5.33 !m/rev feed rate (Test 4D) showing several 

cusps and the last groove cut at that depth before the FTS stepped the tool up compared 

to the theoretical profile (smooth line).  This graph has 10X the vertical magnification of 

Figure 4-14. 
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Summary: Two separate mechanisms caused larger surface roughness than the parabolic 

approximation (PV and RMS) of a round nose tool predicted.  One was minimum chip 

thickness and the second is spindle vibration.  The minimum chip thickness is a function 

of tool edge radius or sharpness.  All tools have some edge radius after sharpening and, as 

they wear, this radius becomes larger.  According to Arcona  [13], even a freshly 

sharpened tool (<50 nm edge radius) will cause elastic deformation as the tool moves 

through the workpiece.  The elastic rebound was approximately equal to the edge radius 

when cutting with a sharp tool round nose tool in electroplated copper.  With elastic 

rebound present in the cutting conditions, some minimum chip thickness was seen in the 

surface profile.  By placing a theoretical tool path against the trace, the uncut material 

was observed and can be seen as a small hump at the intersection of adjacent tool passes 

in Figure 4-16 (Test 1, 37.7 !m/rev, 5 !m depth of cut).  Also, Figure 4-17 shows Test 6 

(11.9 !m/rev, 5 !m depth of cut) where the minimum chip thickness causes the cusp 

height to appear much larger than expected with a round nose tool at that feed rate 

(predicted with the parabolic approximation).  The minimum chip is best seen in the first 

two cusps (left side) where the theoretical profile is closely aligned to the leading edge of 

the theoretical tool, but is separated from the trailing edge of the theoretical tool (again, 

feed is from left to right).  The illustration in Figure 4-2 demonstrates this elastic rebound 

of the minimum chip. 

 

The second mechanism is asynchronous spindle vibration and is best observed in Figure 

4-17 because of the smaller cusp heights than in Figure 4-16.  Each pass occurs at slightly 
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different depth where the range of depths closely matches the previously reported 

vibration of the Z-axis and spindle on the ASG2500 where the full amplitude was 30 nm 

[12]. 

 

 

 

Figure 4-16:  37.7 !m/rev feed rate (Test 1) zoomed to show only a few cusps and 

compared to theoretical (smooth line).  Feed direction left to right. 

 

 

Figure 4-17: 11.9 !m/rev feed rate (Test 4C) with cutting depth change compared to 

theoretical profile (smooth line).  Asynchronous vibration caused valley-to-valley 

variation of 22 nm.  Feed direction left to right. 
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4.2.7 Features in the Cutting Direction 

Features were found when examining the circumferential path of the cut in the last 

groove cut before the FTS retracted the tool to a new cutting depth.  Figure 4-18 gives the 

orientation of the measurement in Figure 4-19, which shows the top edge of the last 

groove in Test 3 at 10 !m cutting depth (37.7 !m/rev, 2 mm starting workpiece radius).  

Because the next cutting depth was 5 !m, the actual cutting depth when the tool passes 

through the measured portion of the groove was 5 !m.  This groove was the 10th pass at 

37.7 !m/rev and given the groove height of 5 !m with a 750 !m tool nose radius, the 

workpiece radius of the cusp bottom was 1.535 mm.  At 530 rpm, the surface speed was 

5100 mm/min or 0.085 m/s.  The measurement shows features with a spacing of 1.5 !m, 

which can be seen in xPos of the Autocovarince Plot menu in Figure 4-19.   

 

 

Figure 4-18: Orientation of up feed trace in Figure 4-19.   
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Figure 4-19:  Trace measurement in the cutting direction (up-feed). Tool moved from the 

left of the trace to the right.  Test 3: f = 37.7 !m/rev, cutting depth = 5 !m, surface speed 

= 0.085 m/min.  Feature spacing is 1.5 !m as seen in Autocovariance Plot menu xPos. 

 

Arcona concluded that these features are a byproduct of chip segmentation [13].  That 

research showed that the chip was sheared away from the workpiece by the tool edge and 

that the shearing mechanism resulted in segmented chip layers with regular spacing 

called ‘lamella.’  The chip segments sheared from the workpiece surface at a constant 

angle.  The thickness of the lamella was dependant on cutting depth and the shear angle 

was affected by tool edge radius (sharpness).  Arcona gave the following formula for 

calculating the spacing or thickness of the lamella: 

 

t = -.215 + 0.265*d     (4-2) 
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where d is the cutting depth.  For a cutting depth of 5 !m, the lamella thickness from 

Equation 4-2 is 1.11 !m.  Arcona also gave the following formula for spatial period of 

segmentation in the cutting direction: 

! 

x =
t

sin"
          (4-3) 

where t is the lamella thickness and ! is the shear angle.  For a sharp tool (edge radius < 

0.050 !m) in electroplated copper the shear angle was 45º.  With a lamella thickness of 

1.11 !m and a shear angle of 45º, Equation 4-3 yields a segmentation period of 1.57 !m, 

which is close to the period observed here.   

 

These features were observed at the larger workpiece radii with this cross-feed (37.7 

!m/rev) but were much less defined.  As discussed in Section 4.3.1.2, the frequency 

response of the Z-axis with spindle in the cutting direction is 64 Hz.  At this workpiece 

radius (1.535 mm), a 64 Hz oscillation would have a spatial frequency in the up-feed 

direction of 225 !m.   

 

4.2.8 Conclusions 

Experiments were conducted to verify surface finish at large feed rates where the 

parabolic approximation would predict roughness.  A tool servo was used to instantly 

change cutting depths, which prove useful in comparing the theoretical cross-feed 

profiles to the actual profiles and in examining up-feed features at large chip thicknesses.  
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Surface finish did not appear to be affected by changes in depth of cut or surface speed.  

While the experimental profile differed from the theoretical parabolic profile, the 

calculated RMS roughness from experimental data showed no trend that indicates depth 

of cut or feed rate influence surface finish. 

 

The theoretical surface finish was close to the predicted values with minimum chip 

thickness (due to tool edge sharpness) and asynchronous spindle motion effects becoming 

dominant as cross-feed rate slowed. In all tests, the spacing of the tool passes matched the 

programmed cross-feed became small.  Because asynchronous spindle motion and 

minimum chip thickness produced features that were independent of the variables tested 

in this experiment, their contribution was significant in the measured PV and RMS 

roughness.  Tool edge quality is also extremely important to surface finish as the smallest 

nicks will cause many nanometers of defects in the residual cusp. 

 

Chip segmentation features were observed in the up-feed direction at large chip 

thicknesses (>5 !m) that matched those found by Arcona.  The features were less defined 

at larger workpiece radii, indicating the chip formation mechanics with a round nose tool 

at large chip thickness change at higher surface speed.   

 

4.3 MACHINE VIBRATION 

Optical quality surface roughness in single-point diamond turning, as observed in the 

previous section, is primarily influenced by four factors:  cross-feed geometry, material 
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properties, tool edge quality and machine vibration.  As discussed in Section 4.2.2, 

lubrication for chip removal is essential to create low roughness surfaces.  The first-order 

geometric model using the parabolic approximation gives the peak-to-valley (PV) surface 

roughness and is determined solely by the cross feed (f), and the tool radius (R) as shown 

in Equation 2-2.  This approximation is often used as the sole determiner for choosing 

radius and feed rate even though for large radii and small feeds, the predicted finish is not 

achievable.  This effect is observed in the experiments of Section 4.2.4 (more obvious at 

lower feed rates) where a homogenous material (small grain plated copper), a recently 

lapped tool with a high quality edge, and a small cross-feed produced a PV of more than 

50 nm while theoretical was 23 nm (Test 6).  Figure 4-21 shows a relatively large 

variation in cusp valley depth that partly caused an increase in surface roughness beyond 

theoretical and can be attributed to machine vibration.  As discussed in Section 4.2.8, 

elastic rebound on trailing edge of the cusp due to minimum chip criterion also 

contributed to the surface roughness increase. 

 

The impact of machine vibration on a diamond-turned surface is generally to degrade the 

surface finish.  If the machine vibration could be modeled as sinusoidal oscillation in the 

normal direction, the RMS surface finish would increase by 0.707 times the amplitude of 

the vibration (RMS of sinusoid amplitude = 0.707 * amplitude).  It would seem that the 

surface finish could never be improved beyond this value because vibration motions 

would be much larger than the cusp features created by a tool at a moderate to low cross-

feed.  There would then be little merit in slowing the feed rate or using a larger radius 

tool to reduce surface roughness.  To test this assumption, a model was developed to 
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simulate the interaction between successive tool passes when the tool is vibrating relative 

to the workpiece surface.  The model was designed to draw successive cusps left in the 

surface by cross feeds (in 2D and 3D) so surface roughness statistics could be calculated.  

Variables in the model were cross-feed rate, tool nose radius, frequency of sinusoidal 

machine vibration, and amplitude of machine vibration. 

 

4.3.1 Vibration Motion in Diamond Turning Machines 

The origin of machine vibration can be from a number of sources, although the axes 

hydrostatic way mechanism or the air bearing which supports the spindle are the most 

likely candidates because these interfaces are more compliant than the steel structures or 

granite base of a DTM.  Drescher [8] addressed the surface finish capabilities of the 

ASG-2500 and the relationship between tooling forces, machine vibration, tool edge 

quality and surface finish.  It was found that the motion between the tool and spindle was 

from the non-influencing coupling for ball screw attachment (~60 Hz for Z-axis, ~89 Hz 

for X-axis).  The only way to eliminate this motion was to stop oil flow to the Z-slide so 

it rested on the machine base and disable the Z-axis controller.  Only then was the 

predictive model for surface finish accurate for small feed rates.  

 

The influence of small amplitude machine vibration (15 nm) on surface finish has been 

studied at Hitachi Ltd. [35].  The vibration in these experiments was parallel to the 

spindle axis and at frequencies lower than the spindle speed (<5.8 Hz).  The model 

developed in that work predicted roughness through the phase difference between 
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machine vibration and spindle position.  It examined the influence of “interference” 

between adjacent cross-feeds with a large radius tool and a straight tool.  Experiments 

with fly-cut samples showed that surface finish can improve beyond the vibration 

amplitude and continues to improve with smaller cross-feeds. 

 

Most optical workpieces are fabricated with the surface normal nearly parallel to the Z-

axis (the maximum surface normal of the Primary Hyperbola from the spindle rotation 

axis was about 14º) and it has been shown that roughness is most sensitive to 

disturbances in this direction [17]. For the following discussions and examples, the ASG 

2500 Z-slide will be used as the source of the vibration, though the technique can be 

applied to any source.  This amplitude can vary slightly depending on spindle rpm and its 

balance.  Changes to either of these can result in amplitude changes. 

 

4.3.1.1 Z-axis motion from the spiral groove at workpiece center 

Characteristics of the Z-slide dynamic motion were determined by measuring the features 

diamond-turned near the center of a copper workpiece from Section 4.2.  For those tests, 

the tool was centered with respect to the spindle centerline within 1 !m using the Ogive 

techniques discussed in Section 2.3.2.1.  At a spindle speed of 530 RPM (8.833 rev/s) 

vibration features at ~60 Hz would not be visible in the normal field of the view of the 

New View at the workpiece radii used in Section 4.2 as discussed in Section 4.2.7 

because less than 1/100th of a revolution is captured.  At the very center of the part, a 

spiral is created as the tool moves to the centerline of spindle rotation. Because the 
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distance from the spindle centerline is small, several complete revolutions are captured.  

The spiral created at the center of the workpiece is found in Figure 4-20.  It was measured 

with the NewView white light interferometer and imported into MATLAB for analysis.  

A MATLAB script found in Appendix A (Section 6.1.5) was written to align a spiral 

trace to the data and perform interpolation along the trace.  The number of interpolated 

points was calculated with the circumference (c) at the largest trace radius of 22.4 !m 

and equating it to the grid sample density found in the NewView data of 0.11 !m/sample 

as: 

 

# of samples = (c = 2*"*22.4 =140 !m) / 0.11 !m/sample = 1270        (4-4) 

 

A plot of the spiral fit to the tool path is in Figure 4-21 where the dark line represents the 

series of points taken to form the groove trace.  The spindle speed for this cut was 530 

rpm and with 1270 samples per revolution, the trace sample frequency is 11 kHz.  The 

highest un-aliased frequency component, according to the Nyquist, is half the sample 

rate, or 5.5 kHz.  The Z-axis vibration frequency was expect to be less than 100 Hz so the 

trace data has more than enough information.  A plot of the interpolated tool height along 

the spiral trace is in Figure 4-22. 
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Figure 4-20:  Diamond-turned cusps forming spiral found at center of workpiece after 

last tool centering adjustment. 
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Figure 4-21:  Center feature found in Figure 4-23 with a spiral trace aligned to the 

groove bottoms. 

 

 

Figure 4-22:  3D plot of interpolated points from the spiral trace in Figure 4-24. 

 

4.3.1.2 Frequency response of spiral groove at workpiece center 

The spiral trace was analyzed for frequency content and the result is found in Figure 4-

23.  The first four peaks represent 0.5, 1, 2, and 3 times the spindle speed (530 rpm = 

8.833 Hz) or peak 1 = 4.42 Hz, 2 = 8.83 Hz, 3 = 17.7 Hz, and 4 = 26.5 Hz.  These points 

represent synchronous motions of the Z-axis and are most likely a combination of form 

error, tilt in the measurement and anomalies from taking a Fourier transform of a data set 

that contains incomplete waves.  Synchronous motions at low frequencies have no effect 
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on surface finish because the height of the tool for a given profile is the same from one 

revolution to the next.  Features occurring at once per revolution (8.833 Hz) and twice 

per revolution  (17.7 Hz) are largest because the synchronous motions of the spindle are 

largest.  The first asynchronous frequency is the fifth peak at 63.6 Hz and is close to the 

first natural frequency of the Z-axis in the Z-direction.  The mass of the Z-axis is 

constrained by a ball screw with a flexure-based support to decouple any rotary motion of 

the ball screw from influencing the motion of the slide.  The support stiffness is 24 N/!m 

and the slide mass (with spindle) is 135 kg.  The natural frequency is approximately 68 

Hz.   

 

 

Figure 4-23:  Frequency response of spiral profile seen in Figure 4-24. 

 

An experiment was conducted using a capacitance gage to measure the closed loop 

response of the Z-axis when subjected to an impulse.  A silicon wafer was vacuumed to 

the chuck and the cap gage clamped to a tool holder that was bolted to the X-axis.  The 

cap gage was aligned perpendicular to the silicon wafer and the Z-axis was jogged 
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towards the cap gage with open loop commands to the cap gage null position (output = 0 

volts).  The voltage output of the cap gage was fed into an oscilloscope, which was 

configured to calculate the dominant frequency of the output signal. Closed loop control 

was initiated to hold the null position and to provide an experiment that duplicated 

normal cutting conditions.  A rubber hammer was used to tap the Z-axis table in the Z-

direction to create an impulse disturbance. The oscilloscope calculated the settling 

frequency as 64 Hz, which confirmed the frequency analysis performed on the center 

spiral. 

 

The sixth, seventh, eighth, and tenth peak in the data represent 12, 24, 36, and 48 times 

the spindle speed or 106, 212, 318, and 424 Hz.  The sixth is caused by ASG 2500 air-

bearing spindle because it has twelve air pads and the seventh, eight, and tenth are 

harmonics of the marks caused by the 12 pads.  The features caused by the pads have 

been measured and are less than 5 nm.  The ninth peak at 394 Hz and the high frequency 

peaks from the spindle pads are insignificant in terms of machine vibration because the 

Z-axis will respond at its first mode of 64 Hz when excited [23]. 

 

4.3.1.3 Vibration Amplitude from Workpiece 

The amplitude of Z-axis vibration was found by analyzing the surface profiles from the 

experiments conducted in Section 4.2.  Several sets of traces were examined and the 

maximum trough-to-trough separation of 22 nm from Figure 4-17 in Section 4.2.6 was 

set as the vibration magnitude.  This traced showed significant separation while still 
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clearly demonstrating the expected number of cusps.  At lower cross-feeds, the cusps 

were less obvious and it was difficult to discern the trough locations. 

 

4.3.2 Surface Finish Model with Vibration 

The variables used to model surface finish with machine vibration are cross-feed rate, 

tool nose radius and sinusoidal motion parameters of the ASG-2500 as discussed in 

Section 4.3.1.  Like Section 4.2, the model assumes ideal cusps created by a round nose 

tool with perfect edge sharpness and homogenous materials that are appropriate for 

diamond turning.  The model is independent of surface speed or depth of cut, as the 

results of Section 4.2 show.  Also, the location of the simulated surface profile was at a 

large radius on the workpiece (all simulations used 20 mm) so the diamond turned 

grooves would be nearly straight for a 3D surface profile of conventional dimensions.  At 

the large radius, the circumferential distance between points was assumed equal at every 

radius. 

 

The surface profile was formed by 1) calculating a rectangular matrix of tool tip 

positions, 2) calculating the tool tip depth for each point in the center matrix, 3) solving 

the two dimensional surface profiles along radial lines from the spindle centerline (cross-

feed direction) with equal angular spacing called meridians and 4) stacking the cross-feed 

traces in the up-feed direction to generate a three dimensional profile.  The first step in 

the program was input of machining parameters: feed rate, spindle speed in RPM, tool 

nose radius in !m, machine vibration frequency in Hz, and machine vibration amplitude 
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in !m.   Then the model parameters were input: the number of points and tool passes in 

the cross-feed profile.  For the modeled data found in Section 4.3, the spindle speed was 

500 RPM, the machine vibration frequency was 63.6 Hz (Section 4.3.1.2), the vibration 

amplitude was 11 nm (Section 4.3.1.3), the cross-feed trace had 201 data points and there 

were 20 tool passes.  Careful selection of the spindle speed was needed to ensure that the 

generated surface profile didn’t exhibit any aliased frequencies because profiles with 

aliased content had falsely large surface roughnesses (4-7x parabolic PV). The ratio of 

machine vibration frequency to spindle speed for the modeled data was 7.632.  The ASG-

2500 spindle speed varies over a range of about 5 RPM with no apparent trend when 

commanded to turn 500 RPM.  The varying speed causes the vibration phase to change 

slightly from one revolution to the next, which will prevent any aliased vibration features 

from appearing in the surface roughness. 

 

4.3.2.1 Tool Tip X and Z Position 

The tool tip locations were calculated from the input variables.  The spacing of the tool 

tip in the cross feed direction was set by multiplying the number of passes by the cross-

feed rate.  The spacing of the tool tip in the up-feed direction was set by dividing the 

length of the cross-feed profile by the number of data points for the cross-feed profiles; 

this was done to make data point density equal for up-feed and cross-feed.  With the tool 

tip spacing known, tool center vectors were calculated for the X and "-directions.  Figure 

4-24 shows a workpiece with the axis of rotation and has a section view illustrating the X 

and "-center vectors used to calculate tool tip locations.  "-direction was used, rather 
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than Y-direction, to preserve the idea that the cross-feed profiles were modeled along a 

meridian representing a discrete angle with respect to workpiece centerline.  While X-

direction centers were set by the feed rate, "-direction centers were found by a small 

angle approximation (" = arc length / workpiece radius) of the up-feed length. 

 

 

Figure 4-24: X and " vectors of tool center showing model coordinate system with 

relationship to workpiece and rotation centerline.  

 

To take advantage of MATLAB vectorization routines in later calculations (loop 

elimination through calculation along vectors), the center vectors were expanded to 

matrices.  The tool center vectors were input to the MATLAB function meshgrid, which 

produce X and "-center matrices.  The X-center matrix had rows that were copies of the 

X-center vector; the number of rows was equal to the number of points in the "-center 
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vector.  The "-center matrix had columns that were copies of the "-center vector; the 

number of columns was equal to the number of points in the X-center vector.  Thus, both 

matrices were number of tool passes wide, by number of points tall.   

 

The tool center matrices were input to Equation 4-5 to calculate the tool depth at each 

tool tip location.  The result was a third matrix (same dimensions as the tool tip matrices) 

that contained the tool tip depths.  The change in depth of cut around the periphery of the 

part with the vibration environment can be expressed as: 

   

! 

depth = A " sin
#x
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% 

& 
' 

( 

) 
*                                                   (4-5) 

 

where A is the vibration amplitude, " is the vibration frequency of the tool, x is the radial 

position of the tool center and # is the vibration frequency of the spindle.  Because the 

tool center matrices were in the X and "-directions and tool depth was only a function of 

the radial X-position, the "-position was converted into a X-position increment by a 

small angle approximation (#X = ("/360º) * cross-feed) and summed with the X-position 

for input to Equation 4-5. 

 

4.3.2.2 Surface Profiles 

The surface profiles were calculated in the cross-feed direction along meridians because 

the variation in height of adjacent tool passes caused each cusp to individually influence 
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the final profile as demonstrated in Figure 4-253zz.  The shape of the cusps were 

calculated with the Cartesian formula of a circle: 

 

(x – x0)
2
 + (z-z0)

2
 = R

2                                                    (4-6) 

 

where x is the vector of evenly spaced x-positions, x0 is the vector of cross-feed tool 

centers taken from the X tool-center matrix, z is the vector of z-positions, z0 is the vector 

of tool tip depth taken from the matrix calculated with Equation 4-5, and R is the tool 

nose radius.  A set of z values was calculated for all tool tip locations (x0 , z0) for each x 

in the vector of x-positions.  Only the minimum z for each x in the x-position vector was 

retained, thus producing the lowest point in the profile for each x-position.  The final 

product was a pair of equal length x-position and z-position vectors, which describe a 

surface that only displays the residual cusps.  Also, this gives a final surface profile with 

constant sample density in the x direction.   
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Figure 4-25:  Certain points from multiple tool cups (circles), at varying depths due to 

vibration, produce a finished surface contour (line). 

 

As shown in Figure 4-25 where complete tool edges from adjacent cusps have been 

generated (circles), the redundant points in the overlapping regions do not appear in the 

final surface contour (line).  Individual cross-traces at different rotational positions of the 

spindle can then also be assembled into 3D profiles as shown in Figure 4-26.  When 

creating the 3D profile, the number of traces stacked in the Y direction is equal to the 

number of points per trace in the X direction allowing a sample with a uniformly spaced 

grid of data points. 
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Figure 4-26:  Consecutive surface contours in the cross-feed direction (X) were stacked 

in the up-feed direction (Y) into a 3-D surface. 

 

4.3.2.3 Fine Cross-feed Rates 

It is at lower feed rates as illustrated in Figure 4-27 that the effects of tool vibration on a 

diamond-turned surface become interesting.  The plot shows the surface profile for a 

small cross-feed rate while the crosshairs show the apex of tool for each pass.  A number 

of passes are completely absent from the finished surface, leaving only the most extreme 

passes and, hence, a smoother surface than would be expected with machine vibration.  
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Figure 4-27:  At fine cross-feed rates, some passes of the tool (+) are not represented in 

the finished surface.  This produces a better finish than would be expected from the RMS 

of the vibration alone. 

 

Figure 4-28 shows the relationship between the theoretical RMS finish as calculated with 

parabolic approximation and the RMS finish modeled with machine vibration.  The 

figure indicates that as the theoretical RMS surface finish decreases, the effects of 

machine vibration on roughness are diminished.  Reduction of the roughness data in 

Figure 4-28 was done by decreasing cross-feed rates while holding tool radius constant 

(480 !m).  The feed rates were 1.13, 1.60, 3.58, 5.06, 11.3, and 16.0 !m/rev.  At the 

higher theoretical roughness of 20 nm (large cross feeds) the effect of vibration adds only 

a couple nanometers (10%) to the modeled roughness. As the theoretical RMS roughness 

decreases to 3 nm, the vibration influences double RMS, indicating a profile shape 

similar to Figure 4-25 where most pass are represented but the height difference between 

cusps is large.  However, as the feed rate (and thus the theoretical surface finish) falls 
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below this point, many tool passes are absent from the final profile and the modeled RMS 

starts to decrease rapidly (as in Figure 4-27).  The shape of the curve in Figure 4-28 is 

similar to the curve reported by Takasu [35]. 

 

 

Figure 4-28:  As theoretical surface finish decreases, the effects of machine vibration on 

surface finished are reduced.  Vibration PV = 22 nm and RMS = 7.7 nm.  

 

4.3.3 Experimental Results and Discussion 

An electroplated copper sample was machined with the same feed rates used in the 

model.  The machining experiments were performed on an ASG-2500 DTM with a 500 

rpm spindle speed and a 480 !m radius, zero degree rake angle single-crystal diamond 

tool.  Special care was taken when setting up this experiment such that the freshly 
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sharpened diamond had minimal cutting exposure before the test was run.  The laboratory 

temperature was controlled to 20 ±0.05°C.  Cutting fluid (Mobilmet Omicron®) was 

sprayed from a PEC custom-built system for lubrication and chip removal.  The 

workpiece used was electroplated copper, like the sample cut in the first-order regime 

tests in Section 4.2.  The tool moved across the part from OD to ID. 

 

Seven 2 mm wide bands were machined on the 50 mm diameter sample with cross feeds 

of 1.13, 1.60, 3.58, 5.06, 11.3, 16.0, 35.8 !m/rev.  The surface was cleaned by spraying it 

with (in order) Mineral Spirits, Acetone, Methanol and an industrial-grade degreasing 

soap diluted with de-ionized water.  Optical grade wipes were used to gently scrub (no 

direct pressure) the surface and it was rinsed with de-ionized water before another wipe 

was used to absorb the water standing on the surface.  It was then measured on a Zygo 

NewView 5000 Scanning White-Light Interferometer (SWLI) using 50X & 100X 

magnification.  The measurement area was 108 !m tall by 144 !m wide and 55 !m tall 

by 72 !m wide, respectively. Figures 4-29 and 4-30 show the typical profile 

measurement result.  The effects of vibration on groove depth (~7.5 nm) are seen in the 

profile at this large feed rate.  The depth varies with no repetitive cycle as the tool 

traverses the part.  Note that the cusps are free of any repeated features and that they have 

smooth shapes.  This indicates a sharp tool with small edge radius and high edge quality. 
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Figure 4-29:  Typical surface profile measurement illustrating the depth change as a 

result of vibration with large feed rate of 11.3 !m/rev.  Theoretical PV = 33 and 

Theoretical RMS = 10 nm drawn with bold line. 

 

 

Figure 4-30: Typical measurements result in oblique plot form.  This is the same surface 

shown in Figure 4-29. 

 

The results for the series of simulations and experiments are in Figure 4-31, which shows 

the RMS of machine vibration (7.7 nm), the theoretical RMS roughness from the 

parabolic approximation (curved solid line), and the model predicted RMS roughness 

trend (dashed line).  The theoretical RMS roughness is calculated from Equation 4-1 
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where f is the cross-feed rate in !m/rev and R is the tool radius (480 !m).  For each feed 

rate, there are 5 data points from both the model and experiment (in both cases, found by 

moving circumferentially around the workpiece at constant radii).  Clearly, the surface 

finish can be significantly better than RMS 7.7 nm limit of a simple sinusoidal vibration.  

The finish also continues to improve with finer feed rates where the RMS roughness 

deviates significantly from the theoretical parabolic approximation.  The shape of the 

deviation is similar to the shape of the model in Figure 4-28.  The mean of the measured 

RMS roughness for each feed rate follows the predicted shape and, while larger than 

theoretical RMS, is smaller than the modeled roughness for the feed rates larger than 2 

!m/rev.  This would suggest that the simulated asynchronous sinusoidal vibration is 

slightly smaller than that described by Section 4.3.1.3.  At feed rates lower than 2 !m/rev 

the model more closely matches the experimental values but other effects like minimum 

chip thickness likely limit the RMS to about 2 nm. These effects are also the cause of the 

large spread seen in the data at the 3.08 and 5.06 !m/rev feed rates. 
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Figure 4-31:  Results from experimental and model data with threshold of RMS Z-axis 

vibration, a curve to represent the theoretical parabolic RMS surface roughness and a 

dashed line to represent model prediction. 

 

4.3.3.1 Cross-Feed Spacing from Surface Profiles and Comparisons to Modeled Surface 

Figures 4-32, 4-33, and 4-34 show measurements of the 1.13 !m/rev cross-feed (tool 

radius = 480 !m, spindle speed = 500 RPM, Theoretical PV = 0.3 nm) from the 

NewView MetroPro software.  Each figure contains a 3D surface profile, cross-feed 

trace, autocovariance of the trace, and PSD (Power Spectral Density) of the trace.  The 

PSD and autocovariance function are described later in Section 4.4.1 and are used here to 
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examine cross-feed cusp spacing.  In these three plots and the following three (Figures 4-

35 to 4-47) the PSD horizontal scale of Spatial Frequency was set from 0 to 0.9 1/!m for 

direct comparison.  In each measurement of the 1.13 !m/rev cross-feed, it appears that 

grooves from the tool nose radius are discernable in the 3D surface profile but the 

grooves do not correspond to the cross feed.  The autocovariance indicates regularly 

spaced features in only one measurement (Figure 4-33) and the distance between the 

oscillatory peaks in that autocovariance for that case is about 9 !m or 8x the cross-feed.  

The PSD shows no peak at the spatial frequency corresponding to the cross-feed (1/1.13 

= 0.88 1/!m) in any of the measurements; only random content at much lower frequency 

(lower frequency corresponds to larger grove spacing).  This supports the modeled results 

where low cross feeds only leave indication of a small percentage of the tool passes 

expected.  The next largest feed rate of 1.60 !m/rev had similar results with a slightly 

larger RMS roughness.  

 



 138  

 

 

Figure 4-32:  Measurement of 1.13 !m/rev cross-feed with 3D profile, cross-feed trace, 

autocovariance of trace, and PSD of trace. Grooves are present, but there is little 

indication of cross-feed. 
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Figure 4-33: Measurement of 1.13 !m/rev cross-feed with 3D profile, cross-feed trace, 

autocovariance of trace, and PSD of trace.  Autocovariance shows recurrent features at 8x 

(9 !m) the feed rate. 
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Figure 4-34:  Measurement of 1.13 !m/rev cross-feed with 3D profile, cross-feed trace, 

autocovariance of trace, and PSD of trace. Little indication of cross-feed is seen but 

larger spacing is shown. 

 

Figure 4-35 shows a measurement of the third smallest feed rate of 3.58 !m/rev with the 

same MetroPro layout as the 1.13 !m/rev measurements above.  The autocovariance plot 

for this feed rate indicates the cusp features have little regularity in spacing, like the 1.13 

!m/rev measurements.  However, the MetroPro PSD does show significant frequency 

content at the specified feed rate (3.58 !m/rev = 0.27 1/!m).  The peak at the cross-feed 

is much smaller than the peaks at lower frequency (or larger spacing), which indicates 

that most tool passes at this feed rate are represented but that the large differences in 

groove height and width from machine vibration cause the profile to have significantly 

larger roughness than theoretical.  This matches the prediction of the model discussed in 

Section 4.3.2.2.  Figure 4-36 shows a PSD of the modeled surface finish with machine 
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vibration amplitude of 9 nm (Section 4.3.2.2) that exhibits a peak at 0.27 1/!m.  When 

using vibration amplitude of 11 nm from Section 4.3.2 there was little indication of the 

cross-feed, however reduction of the amplitude to 9 nm as suggested in Section 4.3.3 

provided a distinguishable peak at the cross-feed. 

 

 

Figure 4-35: Measurement of 3.58 !m/rev cross-feed with 3D profile, cross-feed trace, 

autocovariance of trace, and PSD of trace.  PSD shows small peak at feed rate (3.58 

!m/rev = 0.27 1/!m) 
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Figure 4-36:  PSD of modeled surface profile with 3.58 !m/rev.  Vibration amplitude 

reduced to 9 nm (from 11 nm) where a peak at 0.27 1/!m was evident.  This matches the 

PSD in Figure 4-35. 

 

Figure 4-37 shows a measurement of the 5.06 !m/rev feed rate with the same MetroPro 

layout as the four measurements above.  The autocovariance plot indicates that the cusp 

features have highly regular spacing because oscillatory peaks have a consistent 5 !m 

span.  Also, the PSD has a large peak at the feed rate (5 !m = 0.20 1/!m), which 

indicates that the effect on groove height and width from machine vibration was smaller 

at 5 !m/rev than at the lower cross-feeds.  Figure 4-38 shows a PSD of the modeled 

surface profile with vibration amplitude reduced from 11 nm (Section 4.3.2) to 9 nm like 

that used for the 3.58 !m/rev modeled PSD in Figure 4-36.  A peak at 0.2 1/!m is easily 

distinguished.  Figures 4-31 and 4-32 show the next feed rate of 11.3 !m/rev where the 

height of the grooves has become much larger (PV = 39 nm) so the influences of machine 

vibration on roughness are minimized. 
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Figure 4-37: Measurement of 5.06 !m/rev cross-feed with 3D profile, cross-feed trace, 

autocovariance of trace, and PSD of trace. PSD has a peak at the feed rate (5.06 !m/rev = 

0.20 1/!m). 
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Figure 4-38: PSD of modeled surface profile with 5.06 !m/rev.  Vibration amplitude was 

reduced to 9 nm (was 11 nm) where a peak at 0.20 1/!m was evident. 

 

4.3.3.2 Controller Tracking Error 

Another contribution to a degraded surface finish is position errors due to the control of 

the axes.  In the case of the ASG, tests of the custom, DSP-based, controller showed 

tracking errors of less than 10 nm Peak-to-Valley as seen in Section 2.  While of some 

significance, the effects of this tracking error are at relatively low frequencies and mostly 

affect form errors.  Controller tracking can improve surface finish only when the closed-

loop bandwidth of the axes [32] and controller speed [9] have been increased.  The ball 

screw drives on the ASG-2500 are the chief limiter of closed loop bandwidth and several 

feedback control algorithms have been attempted to improve the response [32]. Also, a 

“dead-band” of this mechanical actuation has been observed at approximately 20 nm 

[14]. As discussed earlier, the diamond turning machines most recently available for 
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purchase utilize DC brushless linear actuators (low torque ripple designs) to drive the 

axes.  These systems have no backlash or mechanical linkage and, coupled with a high-

speed controller, tracking errors at surface finish frequencies may be better corrected [9]. 

 

4.3.4 Conclusions 

Surface finish was better than the spindle vibration magnitude at small feed rates.  Finer 

feed rates continue to reduce RMS roughness, even with the impact of machine vibration, 

to the point where material properties, tool edge quality and tool edge sharpness become 

dominant factors.  In the particular case of the ASG-2500 DTM where machine vibration 

was measured as 7.7 nm RMS, a surface finish of less than 2 nm RMS was measured 

with a 0.5 mm tool, a cross-feed of 1.13 !m and a spindle speed of 500 rpm in 

electroplated copper. Analysis of the experimental data showed that tool passes were 

missing from the final surface profile as predicted by the surface finish model with 

machine vibration.  The factors described above dominate at this slow feed-rate and until 

these the impact of these factors is reduced, smaller feed rates add time to the machining 

effort with little gain.  For optical systems fabricated from 6061-T6 aluminum alloy, use 

of a pure aluminum coating such as Alumiplate$ on the optical surface will achieve a 

finish similar to that seen in the electroplated copper. 
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4.4 CROSS-FEED TOOL DITHERING TO REDUCE DIFFRACTION FROM 

DIAMOND TURNED CUSPS 

The precisely controlled cross-feed rate of the tool in a diamond turning process can 

produce a surface that has periodic cusps (Section 4.3.3.1 at higher feed rates).  These 

regularly spaced cusps act like a diffraction grating for light incident to the surface, 

which results in the reflected light exhibiting an interference pattern (also called a 

diffraction pattern).  For an incident beam of a single wavelength, the scatter pattern 

consists of  discrete points along a line that is parallel to the cross-feed.  Also, the range 

of wavelengths found in white light are affected differently by the grating and will 

produce separate scatter patterns that cause the “rainbow” appearance of some diamond 

turned surfaces.  While the shape of the scatter pattern is determined by cusp spacing, the 

intensity of the scattered light is determined by the surface roughness; larger roughness 

scatter more light.  The surface roughness and diffraction effects from cusps traditionally 

limit diamond turned optics to infrared and near-infrared wavelengths [9] that are large in 

comparison to the shallow, narrow grooves in a diamond turned surface.  This section 

explores dithering the tool in the cross-feed direction to reduce regularity of cusp spacing, 

thereby smoothing the inference pattern from intense, discrete points to a smooth, 

continuous line as discussed in later in Section 4.4.1.  

 

4.4.1 Principles of Optical Scattering from Diamond Turned Surfaces 

For discussions of scattering from diamond turned surfaces, the evenly spaced cusps of a 

diamond turned surface can be thought of as a summation of sinusoidal components 
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calculated through Fourier transformation of the surface profile [27].  Each sinusoid 

found in the Fourier transform will create a diffraction pattern as described by the 

sinusoidal grating diffraction equation [27]: 

 

! 

sin"n = sin"i + nf#     (4-7) 

 

where n is the diffraction order (n = ± 1, ± 2, ± 3…), !n is the angle of each order with 

respect to the surface normal, !i is the incident light angle with respect to the surface 

normal, f is the sinusoid spatial frequency (1/wavelength) of the surface, and # is the 

wavelength of incident light.  Figure 4-39 shows the positions of the diffracted modes 

relative to the surface normal.  The incident light beam is reflected about the surface 

normal.     

 

 

Figure 4-39:  Diffraction pattern from a sinusoidal surface. 
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The diffraction patterns created by each sinusoid are then summed to form the diffraction 

pattern created by the surface.  Fourier transform of a surface profile into discrete 

sinusoidal gratings is applicable for surfaces with less periodic features provided a 

Fourier transform of the profile yields valid frequency content.  The sinusoidal grating 

diffraction equation (Equation 4-7) predicts that scatter angles for different orders will 

differ with the wavelength of the incident beam so white light, which contains all 

wavelengths between ultra-violet (# = 390 nm) and near-infrared (# = 780), will yield a 

different pattern for each wavelength prescribed.  This is the diffraction effect that can 

separate white light into the colors of a rainbow.  Table 4-2 gives examples of the 

diffraction angles found from four wavelengths spread over the white light spectrum with 

!i = 0º (parallel to surface normal) and f, the spatial frequency of features on the surface, 

of 0.2 !m-1 (5 !m wavelength) for the first four diffraction modes.  The relationship 

between light wavelength and scatter-mode angle is linear so, for a given angle of 

incidence, the difference in angular spacing between two wavelengths is proportional to 

the ratio of the two wavelengths.  This can be seen in Table 4-2 where the first mode of # 

= 780 nm light is reflected at an angle (9º) equal to the second mode of # = 390 nm light 

(780:390 = 2:1).  For every mode of 780 nm light, there will be two modes of 390 nm 

light.  As the surface spatial frequency increases, the angle of each diffraction order 

increases until they become larger than 90º, at which point they diffract into the sample 

and contribute to absorption.  Also, the spot diameter of the incident beam must be 

several times larger than the spatial wavelength (1/f) to create scatter patterns. 
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Table 4-2:  Angles of diffraction for four diffraction orders and four wavelengths over 

visible (white light) spectrum.  Incident beam is parallel with the surface normal (!i = 0º) 

and the surface spatial frequency is 0.2 waves/!m (or 5 !m sinusoid wavelength). 

Diffraction Order 1 2 3 4

Light Wavelength (!m)              Angle of Diffraction Order from Surface Normal (º)

0.780 9 18 28 39

0.6328 7 15 22 30

0.500 6 12 17 24

0.380 4 9 14 18  

 

The intensity of each diffracted order can be calculated with various power formulas that 

depend on the incident beam power, incident beam wavelength and amplitude of the 

sinusoidal grating.  For normal incidence, low-angle scatter and a smooth surface (a/# 

<< 1), the power of each order is calculated with 
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where Pn is the power of each diffraction order, Jn are Bessel Functions of the first kind, 

a is sinusoid amplitude and # is the incident beam wavelength.  Conservation of energy is 

observed because the sum of squared Bessel functions over n from minus infinity to 

positive infinity is one.  For high angle scatter and non-normal incidence, scatter intensity 

becomes dependant on polarization in addition to incident power, wavelength and 

sinusoid amplitude [27]. The equations that describe high angle, non-normal incidence 
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converge to a result equal to the equation for normal incidence and low angle scatter 

(Equation 4-8).  Both methods of calculating scatter power depend on the grating 

equation (Equation 4-7) to determine the position of each scatter order and surface 

roughness to determine intensity.  Section 4.4 examines optimization of the scatter 

pattern while keeping increases to surface roughness to a minimum. 

 

Statistical tools commonly used for evaluation of precision surfaces with respect to 

frequency content and power are the Autocovariance Function and Power Spectral 

Density  (PSD).  Autocovariance of a surface profile is used for analysis of the regularly 

spaced features in a diamond turned surface because it gives a good indication of the 

agreement between similar surface features as discussed in the next section.  The PSD 

function is useful to characterize a surface with multiple spatial frequencies as it 

calculates power for each spatial frequency; the underlying theories of this function are 

thoroughly discussed in the literature [16, 27].   

 

A PSD plot of a surface is found through use of a Fast Fourier Transform (FFT).  The 

relationship between the surface profile, autocovariance, and PSD is determined by 

various implementations of the FFT [16].  PSD can be calculated by squaring the FFT of 

the surface profile or by calculating the FFT of the autocovariance of a surface profile.  

Figure 4-40 shows the surface profile of an ideal diamond turned surface with perfect 

circular cusps, Figure 4-41 shows the autocovariance of that surface (oscillations 

indicated correlations in features along surface) and Figure 4-42 shows the PSD of that 

surface with respect to spatial frequency (inverse of wavelength) with peaks from 
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harmonics to right of 0.2 1/!m. The cusp-to-cusp intersection of the 5 !m/rev feed rate 

differs greatly from a sinusoidal profile thus, higher frequency harmonics appear in the 

PSD that represent the sharp peaks at cusp intersections.  These harmonics are effectively 

higher frequency sinusoids that cause modes of diffraction for all wavelengths in the 

white light spectrum. The lowest frequency in a Fourier transform of ideal cusps is the 

cross-feed rate and the higher frequency harmonics will produce diffraction modes along 

the same angles as the fundamental cross-feed.  The value corresponding to a wavelength 

of zero (the DC component in frequency spectrum terminology) is at very low power 

because the mean of the cusp height was almost zero when the PSD was calculated. 

 

Figure 4-40:  Surface profile of perfect diamond turned cusps.  f = 5 !m/rev, R = 570 

!m, PV = 5.4 nm and RMS = 1.6 nm. 
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Figure 4-41:  Autocovariance for surface in Figure 4-40. 

 

 

Figure 4-42:  Log of PSD normalized for the maximum peak from autocovariance in 4-

41.  First peak is at 0.2 features/!m or 5 !m/feature. 
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The scatter patterns formed by ideal diamond turned cusps and other surfaces are in 

Figure 4-43.  Figure 4-43a shows the reflected beam from a perfect surface with no 

scatter and Figure 4-43b shows scatter from a perfect sinusoidal grating as predicted by 

Equation 4-7.  For a surface with perfect diamond turned cusps, Figure 4-43c shows the 

scatter pattern from the Fourier transform of the cusps.  There are discrete points in the 

pattern along the Xo axis that are created by the harmonics found from a Fourier 

transform of ideal cusps.  As seen in the PSD plot, the powers of the harmonics decrease 

as spatial frequency increases.  Figures 4-43d shows a scatter pattern from a surface with 

an arbitrary one-dimensional random frequency content (no pattern). The random 

frequency content could represent cusp-to-cusp variations caused by machine vibrations.  

Figure 4-43e shows an isotropic surface that contains all frequencies and demonstrates no 

pattern in any direction. This could represent a high quality ground and polished surface 

with an absence of periodicity from grinding wheel feed rate.  Finally, Figure 4-43f 

shows the scatter pattern found on a real, diamond turned surface which is a combination 

of 4-43c, d and e.  
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Figure 4-43:  Scatter patterns for various surface profiles. 
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4.4.2 Cross Feed Dither Model 

With the knowledge that a diamond turned surface has residual cusps left by a round-nose 

tool, a model was created to reduce the regularity of the cusp spacing by dithering the 

tool in the cross feed direction.  Randomizing the cusp spacing would eliminate the 

discrete scatter points seen in the scatter pattern of Figure 4-43c and produce a 

continuous pattern of lower intensity seen in Figure 4-43d.  For medium to high feed 

rates (3.65 !m/rev and 11.5 !m/rev) were the regular cusp spacing seen in Figure 4-43c 

is evident (Section 4.3.3.1), the spacing could be randomized into an arbitrary one-

dimensional grating as seen in Figure 4-43d.  For low feed rates (1.16 !m/rev) where the 

cross feed is not evident, assuming the tool edge radius was sharp and the edge quality 

was perfect, the random one-dimensional contribution in Figure 4-43d was introduced by 

machine vibration and could be optimized by manipulating the cross feed spacing of the 

cusps.   

 

The Z-axis vertical vibration model in Section 4.3.2 was expanded to accommodate 

varying the movement of the tool in the X-direction (cross feed).  The spacing of each 

cross feed was moved from its evenly spaced X-coordinate in a positive or negative 

direction.  Figure 4-44 shows the center of each cross feed with a crosshair and resultant 

surface trace without the effects of Z-axis vibration.  While the height of each apex is at 

zero, the cross feed is no longer periodic and the residual cusps are no longer uniform 

heights and widths.  The assumptions in this model were the same as with the vibration 

model: ideal cusps created with a sharp tool and a homogenous material compatible with 
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diamond turning.  Figure 4-44 also demonstrates that any change from perfectly spaced 

cups when using a round nose tool will increase the theoretical surface roughness; the 

theoretical PV without dither is 5.5 nm and RMS is 1.6 nm compared to the 10 nm PV 

and the 2.4 nm RMS from the model. 

 

  

 

Figure 4-44:  Example of dither concept (without machine vibration disturbing the cusps 

in the Z-direction) showing apex of tool (+) moved from regularly spaced intervals 

(cross-feed) and resultant contour of circular cusps.  A 570 !m nose radius tool was used 

with a 5 !m/rev cross feed.  PV = 10 nm and RMS = 2.4 nm. 

 

Realizing that change from evenly spaced cusps increases roughness, the dithering 

amplitude must be selected so the cross-feed cusp spacing is only changed enough to 

randomize periodicity.  A Gaussian distribution was selected for generating the cross-

feed variations. Several standard deviations (%) and cross-feed rates were modeled.  
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Standard deviation was calculated using +/- 3% distributions with a spreads equal to half, 

once, and twice the cross feed rate.  Because cross-feed dithering has a negative effect on 

surface finish, dithering rates were kept low enough that individual grooves show little 

variation in the up-feed direction for surface profile of typical length and width.  A 3D 

profile with dithering and machine vibration is shown in Figure 4-45.  Its appearance is 

very similar to a surface with vibration only as seen in Figure 4-26. 

  

 

Figure 4-45:  Sample 3D surface profile with cross feed dithering (motion along the X-

axis) and Z-axis machine vibration. 

 

4.4.3 Analytical Model Analysis  

To evaluate the spatial repetitiveness of the surface, the autocovariance function [16] was 

applied to each trace generated by the model (vibration was included with cross-feed 

dither profiles as discussed later in this section).  It was selected because it is an excellent 

indicator of repeated features in the surface and an “enveloping” function can be use to 

evaluate amplitude decay seen in Figure 4-47.  PSD was not used because secondary 
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surface finish effects introduce random peaks that dominate measurement, especially at 

lower feed rates.  Also, the PSD of diamond turned cusps shows higher frequency 

harmonics due to cusp intersections, which obscures evaluation of cusp spacing that has 

been randomized.   

 

As discussed in Section 4.3, when cutting at low feed rates (about f = 5 !m/rev and 

lower) Z-axis machine vibration results in several tool passes being absent from the 

surface profile.  To make sure that the profiles modeled at low feed rates with cross-feed 

dithering and machine vibration contained adequate information for analysis, the number 

of tool passes was increased to 40 and the number of points in the profile was increased 

to 401.  For conceptual illustration, examples in this section (4.4.3) with no cross-feed 

dither and no machine vibration only used 10 passes and 5 !m/rev feed rate.  

 

The autocovariance function  (G(z)) is the product of two copies of the same surface 

contour as one is shifted (lag length) relative to the other.  The formula for 

autocovariance of a data set with discrete points is found in this equation: 

 

! 

G(l) =
1

N
zi " zi+1

i=1

N#l

$      l = 0, 1, 2, …N-1   (4-9) 

where l is the integer corresponding to lag length, N is the total number of data points in 

the data set, and z is a point in the data set.  It has units of height squared and the first 

point, where the lag length equals zero (G(0)), is the square of RMS roughness. Lag 

increments are equal to the spacing between data points or samples.  It is important that 
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the profile be quantized at a constant sample rate with no jitter.  A highly positive value 

of G(z) at a certain lag length will indicate that the surface has correlating features for 

that length.  Also, the mean of the surface contour must be zero for the first point in the 

Autocovariance (G(0)) to equal the square of RMS roughness. 
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When a surface with ideal cusp spacing and uniform height seen in Figure 4-46 (repeat of 

Figure 4-44) is evaluated with the autocovariance function the evenly spaced cusps will 

alternate between positive (peak aligned to peak) and negative (peak aligned to trough) as 

seen in Figure 4-47 (repeat of Figure 4-41).  For reference, a perfectly flat surface will 

result in a straight line along G(z) = 0.  A random, isotropic surface with a Gaussian 

distribution, such as Figure 4-42e, starts at G(0) = RMS2, decays immediately to G(z) = 

0, and randomly oscillates about G(z) = 0 through the remaining lag length.  A single-

point diamond turned surface cannot achieve this randomness because the tool will 

always leave up-feed features. 

 

 

Figure 4-46:  Surface Profile for autocovariance seen in Figure 4-47.  f  = 5 !m/rev and 

R = 570 !m. 
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Figure 4-47: Autocovariance of theoretical profile in Figure 4-43 where f =5 !m/rev, R = 

570 !m, PV =5.5 nm, RMS = 1.6 nm, G(0) = RMS2 = 2.56 nm2. 

 

The Hilbert (H(z)) [17] transform enables computation of the instantaneous amplitude of 

an oscillating function for a surface with periodic features, which is useful to characterize 

the decreasing amplitude of the autocovariance seen in Figure 4-47.  The Hilbert 

transform is often used to evaluate the exponential decay terms found in a sinusoidal 

decay.  A common example of sinusoidal decay is the impulse response of an under-

damped spring-mass-damper system.  Table 4-3 gives Hilbert Transforms for common 

functions.  Of particular interest is H( sin(x) ) = cos (x), which means the Hilbert function 

returns a 90º phase shift.  The sum of squares of the two values will give the amplitude of 

the sinusoid.   
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Table 4-3: Hilbert Transforms [36]. 

Function Hilbert Transform 

! 

sin x( ) 

! 

cos x( ) 

! 

cos x( ) 
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"sin x( )  
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sin x( )
x
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2
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"
x
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The decrease in amplitude of an autocovariance function with lag length provides a 

measure of the regularity (or irregularly) of the feature spacing in a surface profile. A 

quick decrease in amplitude indicates the surface has randomized features.  A slow 

decrease in the autocovariance amplitude indicates a surface with many highly repetitive 

features that are evenly spaced. 

 

For ideal diamond turned cusps, the decrease in autocovariance amplitude was best 

described by a negatively sloped line. The Hilbert transform of the autocovariance was 

normalized and fit with a linear regression: 

 

! 

H(z)normalized = m * l + b                                                    (4-10) 

 

where b is the y-axis intercept, m is the line slope, and l is lag length. A Hilbert transform 

of the autocovariance function seen in Figure 4-47 is found in Figure 4-48 where the 

dotted line is the autocovariance, the solid line is the normalized Hilbert transform result 
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and the dashed line is the line fit.  The slightly jagged path of the Hilbert transform 

indicates that the autocovariance of ideal diamond turned cusps does not perfectly match 

a sinusoidal decay.  This is caused by sharp peaks at cusp-to-cusp intersections.  Also, the 

small initial decline at the beginning of the Hilbert transform is caused by the first point 

of an autocovariance equaling the square of RMS surface finish (G(0) = RMS2) rather 

than zero, like that of a under-damped system. 

 

 

Figure 4-48: Autocovariance (dots), Hilbert transform (solid) and exponential decay fit 

(dashed) of Figure 4-47. 

 

Surface profiles were modeled with the machine vibration discussed in Section 4.3 (Z-

axis = 63.6 Hz & 11 nm amplitude). Varying levels of cross-feed dither (+/- 3 % = 0.5x, 

1x and 2x cross-feed), were tested on low, medium and high feed rates (1.16, 3.65 and 

11.55 !m/rev respectively).  The value of the y-axis intercept (b) varied significantly as 
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the dither was for all feed rates.  Also, b was found to best represent how quickly the 

autocovariance amplitude initially drops towards and oscillates about zero.  Thus, smaller 

values of b indicated quick initial decays and improved surfaces that have lessened 

correlation of cusp spacing.  The slope (m) was largely similar for each cross feed.  It 

became less negative (flatter) as dither amplitude increased, which supports the y-axis 

intercept being the best representation of initial autocovariance amplitude drop and less 

regular surface patterns.  Figure 4-49a and 4-49b show examples of the fit for the 11.55 

!m/rev feed rate with no dither and 1x cross-feed dither, respectively. 

 

 

a) 0 dither        b) 1x feed rate dither  

Figure 4-49:  Dither examples for the 11.55 !m/rev feed rate. Machine vibration is 

included (11 nm amplitude at 63.6 Hz). 

 

The amplitude decreases (reduced cusp spacing regularity) discussed above must be 

evaluated while taking the RMS surface finish in consideration.  Dithering can reduce 
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spatial periodicity but the resulting cross-feed variations can cause the RMS roughness to 

exceed optical surface quality.   

 

4.4.4 Predicted Machining Conditions 

By dithering the cross feed motion with a Gaussian distribution while modeling surface 

finish with influences of machine vibration, the periodicity of the tool cusps was reduced 

for small feed rates while causing only a small increase in RMS roughness. The y-axis 

intercept (b) is shown with respect to the dither amplitude factor (* feed rate) in Figure 4-

50 for three feed rates.  Lower values of b are surfaces that have less correlation of cusp 

spacing.  The increase in RMS roughness for three feed rates is shown in Figure 4-51 for 

the same surface contours and dither amplitudes. 
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Figure 4-50:  y-axis intercepts (b) vs dither amplitude with machine vibration present.  

Lower values of b indicate less surface agreement. Same modeled cutting conditions are 

shown below in Figure 4-51. 

 

 

Figure 4-51: RMS Surface Finish vs Dither amplitude for three cross feed rates (um/rev) 

with machine vibration present.  Same modeled cutting conditions used above in Figure 

4-50. 
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The RMS roughnesses at smaller cross-feeds appear less influenced by the dithering; this 

is a result of the several tool passes not being represented in the final surface profile 

because of vibration.  The larger cross-feeds show the largest reduction in cusp 

periodicity but have a sharp increase in RMS roughness.  Also, the y-axis intercept b 

shows a minimum as dither amplitude is increased where the optimal is equal to one 

cross-feed.  This is caused by large cross-feed excursions of the tool at the higher dither 

amplitude which leaves several large cusps in the profile.  The repeated large cusps 

increase the spacing regularity. 

 

4.4.5 Scatter Measurements of a First Surface Mirror and Diamond Turned 

Grooves without Cross Feed Dither 

To set the baseline for predicted machining conditions, scatter patterns images were taken 

from the electroplated copper sample cut for the machine vibration experiments.  For an 

additional reference, the scatter pattern from first-surface glass mirror was measured.  

The RMS roughness of the mirrored glass, over a similar area as the roughness 

measurements of the machine vibration workpiece, was about 0.5 nm.   A length 

measuring laser interferometer (the same unit was used to measure the sphere radius in 

Section 3.4) was used as the laser source along with three fold mirrors, two beam 

apertures and a optical rail; which is seen in Figure 4-52.  Figure 4-53 shows an alternate 

view of two paper pinhole apertures.   Because the laser was aligned to the GPI, the fold 
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mirrors were used to redirect the beam such that it ran parallel with the threaded holes in 

the optical table used to mount the optical rail.  The vibration experiment workpiece had 

7 adjacent 2 mm wide bands cut in the face with different feed rate used for each band so 

the beam size was reduced with a pinhole aperture in heavy paper.    The pin used to 

make the final aperture was 1.05 mm in diameter so the beam was incident to a single 

feed rate while exposing a adequate number of grooves to diffract the beam into a scatter 

pattern.  An intermediate aperture of slightly larger diameter was used to block light 

scattered from the fold mirrors and reduce the size of the beam incident on the final 

aperture.  
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Figure 4-52:  Scatter pattern measurement setup.  Dashed line shows beam path.  The 

mirrored glass reference is lying beside the optical setup.  The final fold mirror, pinhole 

apertures and the diamond turned sample are mounted on the optical rail. 
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Figure 4-53:  Alternate view of paper pinhole apertures.  From foreground to 

background: final fold mirror, first aperture and final aperture.  The large dot on the first 

aperture represents a beam diameter of about 4 mm. 

 

The surface normal of the test mirror was set 25º from the incident beam so the detector 

body (Canon Digital EOS Rebel XT) would not obstruct the beam while keeping the 

detector close enough to capture the first few scatter modes. The detector (22.8 mm wide 

by 14.8 mm tall) was set normal to the reflected beam about 80 mm from the sample 

surface.  This would allow modes below about 8º from the reflected beam to be captured. 

The angular positions were measured with a protractor (1º graduations) relative to the 

optical table holes.  To capture relatively low intensity scatter pattern, the detector shutter 

speed was set to 1/60 sec. with the detector sensitivity set at ISO 100.  At this slower 

shutter speed, the reflected beam and higher intensity modes appear saturated.   
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To measure the different feed rates, both the sample and the detector were repositioned.  

The fixture holding the sample had a linear slide that would allow movement in the 

surface normal direction.  Because the surface normal was 25º from the incident beam, 

translating the sample in the surface normal direction caused the incident beam to move 

across the surface of the sample.  The height of the sample was set so the incident beam 

moved across the diameter from the sample centerline to the edge in the cross-feed 

direction.  The detector was repositioned for each measurement to avoid blocking the 

incident beam and to center the reflected beam.  The protractor was used to verify the 

reflected beam was normal to detector plane.   

 

The scatter patterns from the mirrored glass and all seven cross-feeds are in Figure 4-54.  

The mirrored glass pattern in Figure 4-54a shows the best possible scatter pattern so the 

scatter contribution from the diamond turned surfaces added to that pattern.  The pattern 

seen here is a result of using paper for the final aperture because the edge of the hole was 

not sharp; several metal foil apertures were attempted but the foil would tear when the 

hole was cut..  Figure 4-54b (35.8 !m/rev) shows one more scatter mode on the left than 

on the right because the detector width was too small to capture the 7th mode on both 

sides of the reflected beam.  Also, the detector width was too small to simultaneously 

capture both sides of the 1st mode for 4-54f, (3.58 !m/rev) so the reflected beam was 

moved to the edge of the detector to capture one of the 1st modes.  For the final two 

measurements in Figures 4-54g and 4-54h, no modes were detected so only the reflected 

beam is shown.  The scatter modes to the right of the reflected beam have lower intensity 

than the modes to the left because the incident beam is not normal to the surface; 
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calculation of power with non-normal incidence is discussed in Section 4.4.1.  This 

variation in intensity across a scatter pattern is inconsequential for pattern observation 

because the mode locations relative to the reflected beam are insensitive to non-normal 

incidence, which is also discussed in Section 4.4.1. 
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Figure 4-54:  Diffraction patterns for mirrored glass and 7 feed rates diamond turned in 

electroplated copper.  In Figure 4-54b, the detector width and position allowed room for 

one more mode to the left of center.  In Figure 4-54f, the reflected beam is off center to 

observe the first mode that was outside the detector when centered. 
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Table 4-4: Expected Modes in the Scatter Images found in Figure 4-54. 

Cross Feed Rate 
(!m/rev) 

Figure 
Number of Modes: Detector Centered 

on Reflected Beam (+/- 8º) 
35.8 4-54b +/- 7 
16.0 4-54c +/- 3 
11.3 4-54d +/- 2 
5.06 4-54e +/- 1 
3.58 4-54f 0 (1st mode: 10.2º) 
1.60 4-54g 0 (1st mode: 23.3º) 
1.13 4-54h 0 (1st mode: 34.1º) 

 

As predicted by the diffraction grating formula in Equation 4-4, the spacing of the scatter 

modes becomes larger as the spatial frequency increases (groove spacing decreases) in 

Figures 4-54b to 4-54f.  Table 4-4 indicates that +/- 7 modes should be seen in Figure 4-

54b while only 6 are seen on the right side.  This is a result of detector placement: the 

camera body was interfering with the incident beam. Table 4-4 indicates that the 1st mode 

of Figure 4-54f (3.58 !m/rev) is 10.2º which supports the need to move the reflected 

beam off-center to capture this mode.  Scatter modes representative of a surface with 

regularly spaced features were absent from the reflected beam in the 1.6 !m/rev and 1.13 

!m/rev feeds seen in Figures 4-54g and 4-54h.  The detector was reposition several times 

in an attempt to find the 1st mode but it was not found.  All diamond turned scatter 

measurements show a faint line that is parallel with the cross-feed direction and extends 

from the reflected beam.  This line matches the pattern for a random grating as discussed 

in Section 4.4.1 and seen in Figure 4-43d, which is the best possible result for a surface 

with up-feed features.   
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4.4.6 Conclusions 

Through modeling and analysis, it was theorized that cross feed tool dithering can 

randomize the regularly spaced grooves formed in diamond turning that cause the surface 

to act like a diffraction grating.  A surface with randomized cusp spacing would produce 

a diffraction pattern where the undesirable diffraction structure (Figure 4-42c) is absent 

and only a faint line that is parallel to the cross-feed direction would appear (Figure 4-

42d).  However, during scatter pattern measurement of the diamond turned surface cut for 

the machine vibration section, this effect was observed (Figures 4-53g, 4-53h) at low 

cross-feeds (f = 1.13, 1.6 !m/rev) where not all tool passes are represented in the final 

surface (Figures 4-31, 4-32, 4-33).  In effect, machine vibration causes surfaces with low 

cross-feeds, where optical quality surface roughness is achieved, to demonstrate 

randomized grating properties.  Cross feed dither at these feed rates would only increase 

surface roughness. 

 

Cross feed dithering at higher cross feeds could randomize the diamond turned cusp 

spacing, but the higher RMS roughness found at these feed rates would increase the 

magnitude of the random scatter along the cross feed direction, thus making them 

unsuitable for imaging systems. 
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5 CONCLUSIONS AND FUTURE WORK 

5.1  FORM FIDELITY 

The study of diamond turning for fabricating optical and fiducial surfaces is an important 

area of research related to the production of high-quality optical systems for civilian and 

military applications.  Discussion of form fidelity included the generation of the 

hyperbolic mirrors for the Ritchey-Chrétien telescope as well as the general capability of 

the ASG diamond turning machine to generate optical quality surfaces. 

  

5.1.1 Hyperbolic Mirrors and Fiducial Features  

The steps needed to create the hyperbolic optical surfaces are described as well as the 

related fiducial surfaces that dictate the spacing of the mirrors.  

• The optical and fiducial surfaces were cut with separate tools that were 

simultaneously aligned to the X, Y and Z-axes.   

• Whole components were cut in a single part chucking so optical surface and 

fiducial alignment distances were preserved.   

• The primary mirror contained axisymmetric from uncorrected DTM error shapes.   

• The primary contained non-rotationally symmetric errors from rough machining 

that were not correct by diamond turning because of its high aspect ratio 

(diameter to thickness).   
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5.1.2 Flat and Spherical Surfaces  

A number of 100 mm diameter flats were diamond-turned on the ASG- 2500.   

• All linear traces of the surface fall below !/4 and often fall below !/5 (127 nm). 

• The NRS error of the flats was between 30 and 80 nm because the aspect ratio 

was high enough to resist vacuum chuck distortion forces. 

• These surface meet the Rayleigh limit for optics that have diffraction-limited 

performance, and are suitable for optical systems.  

 

Automatic error correction is imperative for fabrication of high-fidelity mirrors. 

• Squareness error between axes was the dominating form error.  

• The squareness error was found experimentally and it was corrected with  an 

automatic compensation routine that was previously programmed into the motion 

controller. 

 

The consistency in the results above was not achieved until thermal influences were 

observed.   

• “Warm up” of the spindle must be completed prior to optical surface machining.   

• Utilization of thermally isolating gloves, minimal work piece contact and tightly 

controlled environment with constant temperature monitoring are critical. 

 

Using the automatic error correction that yielded high-fidelity flats allowed the 

fabrication of a high-fidelity large-aperture sphere.  
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• The form error measured in a trace across the sphere was !/4 (158 nm).  

• The measured sphere radius error was less than 6 !m, which was observed as the 

repeatability of the length measuring laser interferometer fit to the GPI translating 

stage. 

• The ASG-2500 can fabricating aspheric surfaces for use in optical systems. 

 

For future diamond turning applications: 

• Chuck flatness need be verified 

• A best fit sphere should be cut and measured before the final asphere is cut 

• The chucking surface should have a low aspect ratio (thickness to diameter) 

 

5.2 SURFACE FINISH 

5.2.1 PV Approximation Regime Test with Servo 

Experiments were conducted to verify surface finish in a regime where the parabolic 

approximation would predict roughness.   

• Results exhibited little to indicate that finish is affected by changes in depth of cut 

or surface speed.   

• Cross-feed rate predicted surface roughness closely at large cross-feeds.  

• Minimum chip thickness and asynchronous spindle motion effects became 

dominant as cross-feed was reduced.  

• Spacing of the tool passes matched the programmed cross-feed rate.   
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• Tool edge quality is extremely important as nicks can easily produce defects 

many nanometers in size. 

 

5.2.2 Machine Vibration   

The conventional wisdom that there is little merit in machining at feed rates where the 

measured surface finish is worse than the theoretical finish simply does not hold.   

• At small cross-feeds, many tool passes are not represented in the surface profile. 

• Finer feed rates continue to reduce RMS roughness below the amplitude of 

machine vibration. 

• Material properties, tool edge quality and tool edge sharpness become dominate 

factors at RMS roughness below 2 nm in electroplated copper. 

• For optical systems fabricated with 6061-T6 aluminum alloy, use of a pure 

aluminum coating such as Alumiplate$ will achieve finishes similar to those 

discussed in this thesis using electroplated copper. 

 

5.2.3 Cross-feed Tool Dithering   

Through modeling and analysis, it was theorized that cross feed tool dithering can 

randomize the regularly spaced grooves formed in diamond turning that cause the surface 

to act like a diffraction grating.   
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• A surface with randomized cusp spacing would produce a scatter pattern where 

the undesirable scatter structure (Figure 4-42c) is absent and only a faint line that 

is parallel to the cross-feed direction would appear (Figure 4-42d).   

• Analytic model analysis showed cross-feed dithering would randomize groove 

spacing but increase RMS roughness. 

• Scatter pattern measurement of the vibration experiment workpiece showed 

randomization at low cross-feeds where all tool passes were not represented in the 

final surface.   

• Machine vibration causes surfaces with low cross-feeds, where optical quality 

surface roughness is achieved, to demonstrate randomized grating properties. 
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6 APPENDIX 
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6.1 APPENDIX A: MATLAB PROGRAMS 

6.1.1 Surface finish model with machine vibration and tool dithering 

MATLAB Program:  dither_3d 

% Tool dithering model using circular tool cusps with z-axis/spindle 
% asynchronous motion. 
 
% Parameters of Motion & Finish 
feed         = 5;         % feedrate               (um/rev) 
tool_rad     = 570;       % tool radius              (um) 
rad_wp       = 20000;     % workpiece radius         (um) 
theta_offset = 0.; 
 
w_Hz         = 63.6;      % spindle motion frequency (Hz)  % 
amp_spin     = 0.011;     % spindle motion amplitude (um) 
W_rpm        = 500;       % spindle speed            (rev/min)  
 
amp_dith     = 0*feed;         % dithering amplitude      (um) 
dith_ratio   = amp_dith; 
lambda       = 40.56565656; % dithering frequency      (cycles/rev) 
 
% Parameters of the Model 
w          = w_Hz  * 2*pi   ;   % convert (2Pi_rad/1_rev) 
W          = W_rpm * 2*pi/60;   % convert (above * 1_min/60_sec) 
num_pts    = 401; 
num_pass   = 10; 
 
 
% Create vectors for tool center grid 
x          = 0 : feed : feed*num_pass; 
theta      = linspace(feed*num_pass/rad_wp,0,num_pts); 
%theta      = theta + 2*pi*theta_offset; 
 
% Create Tool Center Grid & Axis Vibration Depths 
[X, Theta] = meshgrid(x,theta); 
Z_tip      = amp_spin * sin(w/W * 2*pi*(X+feed*Theta/2/pi)/feed); 
 
 
% Modify X Centers to Model Dithering (Sinusoidal, Uniform and Normal). 
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%              + amp_dith * sin (lambda * 2*pi*(X + feed*(Theta/2/pi))/feed); 
%              + ones(num_pts,1) * (rand(1,length(x))*feed*dith_ratio-feed*dith_ratio/2); 
%              + ones(num_pts,1)* random('Normal',0,dith_ratio*.333333,1,length(x)); 
X_dith     = X + ones(num_pts,1)* random('Normal',0,dith_ratio*.333333,1,length(x)); 
 
 
% Create tool edges 
x_plot = linspace(0,feed*num_pass,num_pts); 
Z_plot = zeros(num_pts,num_pts); 
Zc     = abs(min(Z_tip(:))) + tool_rad; 
 
 
% Create grid for drawing 2D traces 
[X_plot,Theta_plot] = meshgrid(x_plot,theta); 
 
 
% Loop to draw traces (Inner loop for each trace, outer loop for each 
% trace) with result in Z_plot. 
for l = 1:num_pts 
ll=num_pts-l+1; 
for k = 1:num_pts 
Z_plot(ll,k)  = min(-sqrt(tool_rad^2 - (x_plot(k) - X_dith(ll,:)).^2) + Z_tip(ll,:) +Zc ); 
end; 
end; 
 
 
% Plot 2D trace 
figure, plot(x_plot, Z_plot(1,:), 'r-+', X_dith(1,:), Z_tip(1,:) + abs(min(Z_tip(:))), 'g.'); 
 
 
%plot 3D trace 
figure, [Xi,Yi,Zi,Zc] = surf3([X_plot(:),Theta_plot(:)*rad_wp,Z_plot(:)],[401 401 
1],'nearest'); 
tstr = {['           Spindle   ', '          Z-axis        ','  Dither     ']  ;... 
[num2str(W_rpm,'%6.0f'), ' rpm = ', num2str(W_rpm/60,'%6.2f'),' Hz    ',... 
num2str(w_Hz,'%6.2f') ,' Hz    ',num2str(lambda*W_rpm/60,'%6.2f'),'Hz'];... 
['z-cycles/rev = ', num2str(w/W,'%6.2f')                              ];... 
['dithers/rev = ', num2str(lambda,'%6.2f'),... 
]}; 
title(tstr,'FontName','Arial','FontSize',14,'FontWeight','Bold'); 
xlabel('X (!m)','FontName','Arial','FontSize',14,'FontWeight','Bold'); 
ylabel('Y (!m)','FontName','Arial','FontSize',14,'FontWeight','Bold'); 
zlabel('Z 
(!m)','FontName','Arial','FontSize',14,'FontWeight','Bold','Rotation',0,'Position',[-1,-1,0]); 
set(gca,'DataAspectRatio',[1 1 .7e-3]); 
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% alternative 3D plots commented out 
% figure, surf(Z_plot); 
% figure, plot3k([X_plot(:),Theta_plot(:),Z_plot(:)]); 
 
 
% Calculate Surface Statistics 
Stats             = metro(Z_plot'); 
[pv, pv_trace]    = max(Stats.Rt); 
[rms,rms_trace]   = max(Stats.Rq); 
pv                = pv *1000; 
rms               = rms*1000; 
 
test = metro(Z_plot(100,:)'); rms2 = test.Rq*1000, pv2 = test.Rt*1000; 
 

6.1.2 Hilbert Transform with Decay Fit and Autocovariance 

MATLAB Script:  linear_fit.m 

%set variables 
feed = 5;  
feed_factor =  0; 
dith_ratio = feed*feed_factor; 
amp_dith = dith_ratio; 
 
% Call machine vibration & tool dither program 
dither_3d; 
 
% Calculate autocovariance of profile 
figure, [r,g,t]=autocovariance([x_plot' Z_plot(50,:)'-mean(Z_plot(50,:))],'-+r'); 
close(gcf); 
 
% Calculate Hilbert transform 
gh = abs(hilbert(g)); 
 
% Call MATLAB curve fit function and plot autocovariance, Hilbert transform & 
% curve fit 
ghfit = fit (t(1:375), gh(1:375)/gh(1), 'poly1');%exp1') 
figure, plot(t(1:375), gh(1:375)/gh(1), 'b', t(1:375), ghfit.p1*t(1:375)+ghfit.p2, 'r', t, g/g(1) 
,'g'); 
feed_factor, ghfit.p1,ghfit.p2 
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MATLAB Function:  autocovariance.m 

function [rms_out, g_out, Tau_out] = autocovariance (array,pltopts); 
 
% function [rms_out, g_out, Tau_out] = autocovariance (array);  
% 
% Calculates the autocovariance of a 2D surface trace.  Expects a (nx2) 
% matrix input.  Array(:,1) = trace length vector.  array(:,2)= trace 
% hieght vector. 
 
error(nargchk   (2,2,nargin)); 
error(nargoutchk(0,3,nargout)); 
 
N     = length(array); 
g     = zeros(N,1); 
 
x = array(:,1); 
z = array(:,2); 
 
for l = 0:(N-1) 
    for n = 1:(N-l) 
        g(l+1) = g(l+1) + (z(n)*z(n+l)); 
    end 
    g(l+1)= g(l+1) / N; 
end 
 
Tau=x; 
plot(Tau,g,pltopts); 
 
 
total = 0; 
for n = 1:N 
    total = total + z(n)^2; 
end; 
rms = sqrt(total/N); 
 
title (['Autocovariance  (rms = ', num2str(rms),' )']) 
xlabel('Lag Length '); 
ylabel('G(z) (z-unit)^2','Rotation',0); 
 
if nargout >= 1 
    rms_out = rms;    
    if nargout >= 2 
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        g_out = g; 
        if nargout == 3 
            Tau_out = Tau; 
        end; 
    end; 
end; 
 

6.1.3 Theoretical Tool Nose Radius & DOC Alignment 

MATLAB Function:  plot_tool_nose.m 

function [out] = plot_tool (tool_rad, feed, num_passes, x_offset, z_offset, plot_opts) 
% 
%Generate a plot of diamond tool nose radius using the parabolic 
%approximation. 
% 
%Input 
%   tool_rad   radius of the diamond tool 
%   feed       distance per pass 
%   num_passes number of passes in the plot 
%   x_offset   x offset for generated theoretical tool path 
%   z_offset   z offset for generated theoretcial tool path 
%   plot_opts  plot window options 
% 
%Output 
%   out       data in the plot array ([x z]) 
% 
%function [out] = plot_tool (tool_rad, feed, num_passes, x_offset, z_offset, plot_opts) 
 
%check for correct input & output syntax 
 
error(nargchk   (2,6,nargin)); 
error(nargoutchk(0,1,nargout)); 
 
%create tool 
 
x_tool = -feed/2: feed*0.001 :feed/2; 
z_tool = (x_tool.^2)/(2*tool_rad); 
x_plot = []; 
z_plot = []; 
count  = 0; 
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%repeat tool if values input 
 
if nargin <3 
    num_passes = 3; 
end; 
 
 
for n = 1:num_passes   %feedrate:(plot_data(half_pts,1) - plot_data(1,1)) 
    x_temp = x_tool + (feed*count); 
    x_plot = [x_plot x_temp]; 
    z_plot = [z_plot z_tool]; 
    count  = count +1; 
end;     
 
 
%If input, set offsets 
 
if nargin >= 4 
        x_plot = x_plot + x_offset; 
         
        if nargin >=5 
            z_plot = z_plot + z_offset; 
        end; 
    end; 
     
 
%set default plot options 
 
if nargin <= 5 
    plot_opts = '-r'; 
end;  
 
%generate plot of tool 
 
plot (x_plot, z_plot, plot_opts); 
 
 
%check for output variable and fill if available 
 
if nargout > 0                       
    out = [x_plot' z_plot']; 
end; 
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MATLAB Script:  Depth of Cut Change Alignment 

% Import MetroPro data and flip data in Y-dirction--only do once 
[zz,y,x,hdr]=import_metropro('10mid100x.dat','bpmrsnk'); 
y=flipud(y); 
 
% Call Slicer (Graphical Program by K. Garrard) and export data as "data_slice" 
save 1mid100.mat 
 
% Rotate trace to horizontal and plot results 
theta= atan(.000050/.055); 
ytrace = data_slice.z + data_slice.x*theta*1000; 
xtrace = data_slice.x; 
plot(xtrace,ytrace); 
 
% generate theoretical matrix and close plot created by plot_tool_nose.m 
feed        = 5.2296; 
count       = 10; 
tool_rad    = 770; 
x_offset    = 4.5; 
z_offset    = .014; 
[theory]    = plot_tool_nose (tool_rad,feed,count,x_offset,z_offset); 
close(gcf) 
 
% generate final tool pass as cause by instant DOC change 
x_tool      = -feed/2: feed*0.001 :feed*3; 
z_tool      = (x_tool.^2)/(2*tool_rad); 
x_tool      = x_tool' + count*feed + x_offset; 
z_tool      = z_tool'              + z_offset; 
theory = [ [theory(:,1); x_tool] [theory(:,2); z_tool] ]; 
 
%scale to match MetroPro data output 
theory(:,1)=theory(:,1)/1000; 
 
% open new figure to plot theoretical and actual simultanesously 
figure; 
hold; 
plot( theory(:,1), theory(:,2),'r'); 
plot( xtrace     , ytrace         ); 
hold; 
 



 195  

6.1.4 Two Mirror Scripts 

MATLAB Scrip: primary.m 

% Variables 
r = 300; 
c = 1/r; 
K = -1.019483; 
y = 12:.049:74; 
tool_rad = 3.125; 
 
y_length = length(y); 
 
% Formula for a conic and radius compensation 
z =  c .* (y.^2) ./ (1+sqrt(1-(1+K).*(c^2).*(y.^2))); 
[x_tool, z_tool]=radius_comp (y,z,tool_rad,'concave'); 
 
theta = 0:(.1/180*pi):(359.9/180*pi); 
 
% Plot desires surface, compensated tool path, and circles representing 
% tool radius to verify that tool is normal 
plot(z,y,'r',z_tool,x_tool,'b',... 
sin(theta)*tool_rad+z_tool(2),cos(theta)*tool_rad+x_tool(2),'g',... 
sin(theta)*tool_rad+z_tool(y_length/2),cos(theta)*tool_rad+x_tool(y_length/2),'g',... 
sin(theta)*tool_rad+z_tool(y_length-1),cos(theta)*tool_rad+x_tool(y_length-1),'g'); 
 
% Offset z so apex of tool reference point and feed data into a matrix 
z_tool = z_tool - tool_rad; 
coords = [x_tool z_tool]; 
count = length (x_tool); 
 
% Output tool matrix into a text file for the ASG-2500 controller.  Write 
% once ONLY. 
% fid = fopen('primir_f.mm','w');  
% fprintf(fid,'units mm\n\n\n'); 
%  
% for n = count:-1:1 
%      
%     fprintf(fid, 'line %10.6f %10.6f  feed\n', coords(n,:)); 
% end; 
%      
% status = fclose(fid); 
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MATLAB Script:  secondary_f.m 

% Set variables and add points beyond center and OD. 
r = -88.122476; 
K = -2.166620; 
tool_rad = 3.135;   
y = 0:.026551:20.695;   % 1mm past od  
y = y-0.026551;         % satisfy radius_comp with a point past center 
c = 1/r; 
 
y_length = length(y); 
 
% Calculate Conic surface and perform radius comp. 
z =  c .* (y.^2) ./ (1+sqrt(1-(1+K).*(c^2).*(y.^2))); 
[x_tool, z_tool] = radius_comp (y,z,tool_rad,'concave'); 
 
theta = 0:(.1/180*pi):(359.9/180*pi); 
 
% Plost surface, tool path, and cirlces to represent tool. 
figure,plot(z,y,'b-', z_tool,x_tool,'g-',... 
sin(theta)*tool_rad+z_tool(2),cos(theta)*tool_rad+x_tool(2),... 
sin(theta)*tool_rad+z_tool(y_length/2),cos(theta)*tool_rad+x_tool(y_length/2),... 
sin(theta)*tool_rad+z_tool(y_length-1),cos(theta)*tool_rad+x_tool(y_length-1)); 
 
z_tool = z_tool - tool_rad; 
coords = [x_tool z_tool]; 
 
 
% Output tool path to a text file for the ASG-2500 controller.  Write ONLY 
% once. 
% count = length (x_tool); 
%  
% fid = fopen('secmir_f.mm','w'); 
% fprintf(fid,'units mm\n\n\n'); 
%  
% for n = count:-1:2       % don't put neg x point in .mm file 
%      
%     fprintf(fid, 'line %10.6f %10.6f  feed\n', coords(n,:)); 
%      
% end; 
%      
% status = fclose(fid); 
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6.1.5 Spiral Alignment for Vibration Analysis 

MATLAB Script:  spiral_align.m 

% Prepare measured surface data (high point density) for plot fuction 
% (surf) 
[Xi,Yi] = meshgrid(linspace(min(x),max(x),201),linspace(min(y),max(y),201)); 
Zi = griddata(x,y,zz,Xi,Yi,'linear',{'QJ'}); 
Zi = Zi-max(max(Zi))-0.1; 
 
% Draw contour plot of prepared surface 
cla; 
surf(Xi,Yi,Zi,'EdgeColor','none')       % draw contour plot 
set(gca,'FontWeight','Bold'); 
set(gca,'DataAspectRatioMode','Manual','DataAspectRatio',[1 1 1]); 
view([0 90]);                           % view plot from above without a grid 
grid('off'); 
 
% Calculate point density in spiral for original measured data and for the 
% interp2 MATLAB function which is called after this program to find spiral 
pt_density   = 0.9 / 640;               % mm/(data points = pixels) 
base_circum  = 2*pi*0.284;              % mm 
theta_num    = base_circum/pt_density;  % mm/mm*data points = data_points 
 
% Calculated points on spiral in polar coordinates 
theta = linspace(0,5*2*pi,1270*5);      %1270 points per rev and 5 revolutions 
r = 0.058 + theta/2/pi*0.039;            
theta = theta + 2*pi*.17; 
 
% Convert to Cartesian coordinates for plotting, adjust spiral center, and  
% plot spiral on contour plot. 
[x_spir,y_spir] = pol2cart(theta,r); 
x_spir = x_spir+0.508; 
y_spir = y_spir+0.360; 
hold on 
plot(x_spir,y_spir,'ok') 
hold off 
 

Some of the preceding programs called routines written by K. Garrard.  They are freq.m 

(for FFT analysis and packaging which calls magphase.m, cplxfilt.m and plotfreq.m) 
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metro.m (simple surface statistics of PV, RMS, Roughness average), import_metropro.m 

(import MetroPro data file), export_metropro.m (export to MetroPro data file) and 

radius_comp.m (calculate normal vector of a point from the slope between the next and 

previous point).  

 

6.2 APPENDIX B: ASG-2500 DTM PROGRAMS FOR TWO MIRROR 

Primary roughing program using 0.1057 mm tool: primir_r.mm 

!using .0157 tool 
!programing center of tool 
  
  
units mm 
  
move  74.0       15.0        250 
move  74.0       10.0         50 
move  74.0        9.230     feed 
dwell  0 
line  73.959713   9.222894  feed 
line  73.910721   9.210823  feed 

 
---removed all but first two and last two commands for brevity--- 

line  12.044758   0.347577  feed 
line  11.995767   0.345613  feed 
dwell 1000 
move  12.0        15.0  
move  74.0        15.0  

 

 

Primary finish program using 3.135 mm tool: prmir_f.mm 

units mm 
  
move  73.286     20.0        250 
move  73.286      9.5         25 
move  73.286      9.041     feed 
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dwell 0 
line  73.237392   9.029522  feed 
line  73.188625   9.017506  feed 

 
---removed all but first two and last two commands for brevity--- 

line  11.923593   0.239445  feed 
line  11.874847   0.237491  feed 
  
dwell 1000 
move  11.875     20.0        250 
move  73.286     20.0        250 

 

 

Primary Fiducial program using 0.1057 mm tool:  prifid.mm 

units mm 
  
move  7         16  250 
move  7          0  250 
line  0          0   10 
line -0.1396299 16   10 
move  7         16  250 

 

 

Secondary roughing program using 0.1057 mm tool:  secmir_r.mm 

units mm 
  
move  20.707      5          250 
move  20.707     -2.          25 
move  20.707     -2.392       10 
  
dwell 0 
  
line  20.680087  -2.386074  feed 
line  20.653522  -2.380041  feed 
 

---removed all but first two and last two commands for brevity--- 

line   0.026583  -0.000004  feed 
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line   0.000000   0.000000  feed 
  
dwell 1000 
move   0          1           10 
move   0          5          250 
move  20.707      5          250 

 

Secondary finish program using 3.135 mm tool: secmir_f.mm 

units mm 
  
move  21.376      5.0        250 
move  21.376     -2.2         25 
move  21.376     -2.467     feed 
  
dwell 0 
line  21.350962  -2.461295  feed 
line  21.324012  -2.455175  feed 

 
---removed all but first two and last two commands for brevity--- 

line   0.027496  -0.000004  feed 
line   0.000000   0.000000  feed 
dwell 1000 
  
move   0.0        1.0       feed 
move   0.0        5.0        250 
move  21.376      5.0        250 

 

Secondary fiducial program using 0.1057 mm tool: secfid.mm 

units mm 
  
move   7         9  250 
move   7         0  250 
line   0         0   10 
line  -0.078542  9   10 
move   7.0       9  250 

 

Tube primary fiducial: tubeprim.mm 
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units mm 
  
move   -84          5      250    
move   -84          0      250 
line   -75.82443    0        7.5 
circle -76.36490   -7.5197   7.5 60.5197 ccw 
line   -76.36490  -17        7.5 
line   -74        -19.8129   7.5 
move   -74          5      250 
move   -84          5      250 

 

Tube secondary fiducial: tubeseco.mm 

units mm 
  
move   -84         5        250    
move   -84         0        250 
line   -76.777395  0          7.5 
circle -76.2932   -4.5197     7.5 60.5197 ccw 
line   -76.2932  -14          7.5 
line   -74       -16.2932     7.5 
move   -74         5        250 
move   -84         5        250 
 


