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Abstract: Surface errors directly affect the performance of optical systems in terms of contrast
and resolution. Surface figure errors at different surface scales are deterministically removed
using controlled material removal rate (MRR) during a precision optics fabrication process.
We systematically sectioned the wide range of MRR space with systematic parameters and
experimentally evaluated and mapped the MRR values using a flexible membrane-polishing
tool. We performed numerical analysis with a tool influence function model using a distributed
MRR-based Preston’s constant evaluation approach. The analysis procedure was applied to a
series of experimental data along with the tool influence function models to evaluate removal
rates. In order to provide referenceable survey data without entangled information, we designed
the experiments using Taguchi’s L27 orthogonal array involving five control parameters and
statistically analyzed a large number of programmatic experiments. The analysis of variance
showed that the most significant parameters for achieving a higher MRR are the spot size and
active diameter.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Polishing is the final stage of optical surfacing in the production chain of modern optical
components. It is the most critical finishing process in the fabrication of high-quality optics.
However, there is limited process certainty concerning the reproducibility of surface quality.
Therefore, attempts have been made to optimize the polishing process [1–3]. In recent years, the
requirements for high-performance optics have increased, processes have advanced, and new
fabrication and finishing methods have been developed. This growth is also motivated by the
increasing demand to manufacture complex aspheric and free-form surfaces. The full potential
of the advanced methods for fabricating optics is yet to be realized.
Computer-controlled optical surfacing (CCOS) of aspheric and free-form optical surfaces

requires a sequence of polishing processes using different tools. The process starts with the
pre-polishing of a fine ground surface to remove sub-surface damage and reduce surface roughness
[4,5]. This stage is followed by correction polishing to control the low spatial frequency figure,
but this process leaves mid-to-high spatial frequency residual surface errors [6]. Therefore,
monitoring and minimizing these errors are important in precision optical system manufacturing.
These surface errors and scattering phenomena due to surface roughness reduce the contrast and
resolution of optical systems. In particular, systems used in short-wavelength applications are
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often directly affected as the total integrated scatter is inversely proportional to the square of the
system wavelength [7,8].
These errors are difficult to control using CCOS, as the minimum usable polishing contact

size is often higher than the mid-to-high spatial frequency range of surface errors. Researchers
have attempted to avoid or remove these errors using methods such as random paths, orbital tool
motion, full-size pitch polishing, and fluid jet polishing [9–12]. Surface errors are estimated
quantitatively by determining the root mean square (rms) of surface errors over a range of
frequencies; further, the power spectral density is considered as a function of the spatial frequency,
and the bidirectional reflectance distribution function is used for scattering measurement merit
[13,14].
Polishing experiments using modified tools and different process parameters to control the

figure and finish have been reported [11,15–19]. Also, the bonnet tool removal process has
been investigated and analyzed adopting detailed micro-scale analysis model for the material
removal mechanisms [20–21]. Most studies have focused on modifying existing tools, optimizing
the tool speed, analyzing removal characteristics, observing figure change during polishing of
free-form optics, and evaluating the effect of pad wear on the polishing process. There are
various fabrication and process optimization approaches for guiding different polishing processes
to produce specific components. Especially,MRR, which is the most fundamental and critical
property, is affected by many uncontrollable random factors. For large astronomical mirror
(e.g., 4 - 8 m class mirrors) fabrication applications, it is often not practical to control some
parameters (ambient temperature, slurry particle size and distribution) due to the large volume of
the environment and practical/cost limitations. It is difficult to perform objective comparisons
between the results of separately reported experiments. Although previous studies attempted to
clarify the MRR during polishing using theoretical modeling and experimental analyses [22–27],
deterministic and fully valid relationships are yet to be established for estimating the MRR.
Moreover, findings from different studies cannot be generalized owing to differences in the
process setups used in the studies.

The invaluable, yet fragmented and separately investigated, collection of removal rates can be
further improved and refined to provide referenceableMRR data through re-investigating their
material removal rates (MRRs) under a carefully designed single large campaign. Such a focused
parametric experimental survey guarantees uniformly controlled fabrication conditions and
compatibleMRR space mapping between data points. During our parametric experimental survey,
volumetric analysis was performed to determineMRRs under dynamic conditions, considering
configuration-specific factors such as the actual tool size, stroke motion, stroke speed, and
polishing pressure. Hence, this study aims to address the gap between various experimentalMRR
data and identify the most critical parameters that can be used to control the sub-aperture pad
polishing process.
We performed numerical and experimental analyses of MRRs during flexible membrane

polishing; numerical results were validated through systematically controlled and calibrated
experimental observations. The tool influence function (TIF) was applied to model and take
account of the effects of the relative velocity and tool inclination on theMRR. Simulated dynamic
MRRs were analyzed for different workpiece and tool speeds. The process parameters considered
in the analysis were the active diameter, feed, pressure, spot size, and tool speed. This paper
clearly outlines our approach to evaluate the constant coefficient in Preston’s equation through
distributed MRR-based analysis of the TIF. In order to serve the community as a reference,
by following the identical procedure and modeling process, all the experimental data can be
reproduced and verified independently. Also, the simulated and measured TIFs are nearly the
same; therefore, the proposed method to evaluate the constant-coefficient can be used efficiently
for controlling the sub-aperture polishing process and fabricating precision optical lenses.
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This paper is organized as follows. Section 2 gives a brief overview of the membrane-polishing
tool configuration used for the experiments and the concept ofMRR. A distributedMRR-based
method to evaluate Preston’s constant is outlined in Section 3. In Section 4, the parametric survey
result of the MRR study is analyzed and presented. The conclusion is summarized in Section 5.

2. Experiment setup and material removal rate

2.1. Sub-aperture membrane-polishing tool set-up

The aspherical experiment samples were polished using a flexible membrane-polishing tool
(MCP 250, OptoTech, Article number 185-90-1000). Figure 1 shows the axis configuration of
the polishing machine, the polishing tool and workpiece, and the kinematic relationship between
the tool and workpiece. For polishing, the workpiece and tool were rotated at a predetermined
speed along their axes. The contact spot was formed by compressing an inflated tool against
the workpiece. Also, the active diameter A, which affects the velocity field in the contact area,
is defined as shown in Fig. 1(c). Thereafter, the polishing tool moved radially following the
workpiece curvature from the center to the outer edge of the sample.

2.2. Mathematical MRR model

Most precision glass polishing is performed using loose abrasives in the form of a suspension
and it is usually the final manufacturing process in optical component fabrication. Mechanical
and chemical interactions during glass polishing lead to smoothing of the surface [28–33]. The
ablation, flow, chemical, and wear-friction hypotheses describe the physical changes that occur
at the glass boundary during polishing. The model explaining theMRR during glass polishing
is based on Preston’s equation [28]. It states that the rate of material removal during a glass
polishing is proportional to the contact pressure and relative velocity between the tool and the
workpiece. This is expressed as

dz(x, y)
dt

= −kp(x, y)vtw(x, y), (1)

where dz/dt is the removal depth per unit time, k is Preston’s constant, p(x,y) is the pressure, and
vtw(x,y) is the relative velocity between the tool and workpiece. Thus, a prerequisite for modeling
is defining the relative velocity and contact pressure. Here, tool kinematics are obtained by
considering the tool geometry, workpiece geometry, tool radius, tool inclination, tool compression,
workpiece speed, and tool speed.

Spatial distribution of material removal is often controlled using the dwell time as a function
of tool position on the optic under fabrication. Dwell time is the time required to remove the
local surface error and it is proportional to the surface error magnitude. The removal depth z(x,y)
and depth removal rate DRR(x,y) at any arbitrary contact point are given by

z(x, y) = − ∫τ0 kp(x, y)vtw(x, y)dt, (2)

DRR(x, y) = −
1
τ
∫
τ
0 kp(x, y)vtw(x, y)dt, (3)

where τ is the dwell time at an arbitrary point (x,y).
During the polishing process, the inflated tool rotates and moves on the workpiece. Both the

tool and workpiece motion influences theMRR according to the tool position on the workpiece
surface. Figure 1(c) shows the tool inclination angle (φ), position of the tool center (rc), position
vector (rp) of the arbitrary contact point, and displacement vector (rpc) of the arbitrary point with
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Fig. 1. (a) The material removal rate experiment setup using the machine tool (MCP 250,
OptoTech) with linear x, y, and z axes, and rotational B, C1, and C2 axes. (b) Contact
between sub-aperture flexible membrane-polishing tool and the workpiece during polishing.
(c) Representative diagram of the workpiece and tool parameters, along with the material
removal function of the flexible membrane-polishing tool.
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respect to the tool center, which are given by

rc = {xc, yc, zc}, rp = {x, y, z}, (4)

rpc = rp − rc. (5)

The respective angular velocities of the tool and workpiece, namely ωt and ωw, are given by

ωt = 2πNt{1, − sin(φ), cos(φ)}, (6)

ωw = 2πNw{0, 0, 1}, (7)

where Nt is the rotational speed of the tool (rpm) and Nw is that of the workpiece. The respective
tangential velocities of the tool and workpiece are

vt = ωt × rpc, (8)

vw = ωw × rp. (9)

The relative velocity of the tool with respect to the workpiece, where vf = (vfx , vfy , vfz ) is the
tool feed velocity, is given by

vtw = vt + vf + (−vw), (10)

vtw = ωt × (rp − rc) + vf − ωw × rp. (11)

Contact pressure distribution is obtained by assuming that the pressure is distributed in a
Gaussian form. The pressure at the arbitrary contact point is given by

p(x, y) = poe

(
− 1

2
(x−xc)2+(y−yc)2

σ2

)
, (12)

where po is the peak pressure and σ is a constant.
It is better to have rotationally symmetric removal function with the peak at the center e.g. bell

shaped or Gaussian-like removal function. The convolution of such smooth symmetric removal
function is identical in every direction, so the dwell time evaluation and optimization become
simple. It is worth to note that, if the tool offset is too big, flexible membrane polishing tool may
warp and the removal shape is deviating from the Gaussian-like profile. In the presented study
the offset/compression of the tool was kept within the limit preventing the warping phenomena.

Transformation of the removal function over the workpiece surface for tool motion was carried
by evaluating Gaussian exponent about the tool contact center. Also, the removal function is set
to be zero at D/2 with respect to tool center over the workpiece. Here the constant σ defines the
standard deviation (i.e., spatial size) of the Gaussian-like removal function which is fraction of
contact diameter.

Figure 2 shows the change in spot size with tool compression for different pressure 1, 1.25 and
5 bar. Static finite element analysis model was applied to study the effect of contact pressure
on spot diameter during contact between flexible membrane polishing tool and workpiece. The
Mooney-Rivlin method [29] was used to study the interaction between spot size and pressure.
The MRR is defined using Eqs. (1), (11), and (12) as follows:

MRR = −
kpo
τ
∫
τ
0

(∫∫
e

(
− 1

2
(x−xc)2+(y−yc)2

σ2

)
vtw(x, y)dxdy

)
dt. (13)

The domain constraint for MRR evaluation is given by
√
((x − xc)2 + (y − yc)2) ≤ D

2 , where D is
the spot diameter.
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Fig. 2. Spot diameter (D) for different tool compressions (d) at pressure 1, 1.25 and 1.5 bar
for aspherical surface used in the parametric survey study in Section 4.

3. Comprehensive distributed MRR-based modeling and evaluation

3.1. MRR evaluation using distributed MRR-based approach

A common method to estimate Preston’s coefficient is using the ratio of the depth removal rate
to the product of the peak pressure and velocity. However, physical parameters (e.g., elastic
recovery, plastic removal, and brittle cracking) [34] across the contact surface may vary along
the radial direction during actual polishing runs. Therefore, the Preston’s constant needs to be
measured considering the distributed effect of removal depth, pressure and velocity in contact
area as

kdist =
1
τ

������
∫∫ z(x,y)

p(x,y)vtw(x,y)dxdy∫∫
dxdy

������ = 4
πD2τ

����∫∫
z(x, y)

p(x, y)vtw(x, y)
dxdy

���� , (14)

where kdist is the Preston’s constant obtained using distributed MRR-based method. As shown in
Eq. (14), the volume of the TIF is used to obtain the constant in Preston’s equation.
The newly defined kdist Eq. (14) is different from the two traditional evaluation methods, the

peak-to-valley based kp [35] evaluation approach in Eq. (15) and the volume-based kV [11]
method in Eq. (16).

kp =
1
τ

���� z(x, y)max
(p(x, y)vtw)max

���� (15)

kV =

������� Volume

∫τ0

(∫∫
(p(x, y)vtw(x, y))dxdy

)
dt

������� (16)

Also, the kdist is directly related to theMRR andDRR as Eqs. (17) and (18), which can be precisely
measured from actual measurements. The measured MRR can be used to calculate the kdist. The
improved performance of kdist compared to the two traditional methods will be investigated and
discussed in Section 4.1. The measuredMRR library data from the parametric survey experiment
are presented in Section 4.4 with the calculated kdist values.

The average depth removal rate (DRR) using Eqs. (3), (11), (12), and (14) for a dwell time τ is

DRR(x, y) = −
kdistpo
τ
∫
τ
0 e

(
− 1

2
(x−xc)2+(y−yc)2

σ2

)
vtw(x, y)dt. (17)

Finally, the MRR is obtained through areal integration of the DRR.

MRR = −
kdistpo
τ
∫
τ
0

(∫∫
e

(
− 1

2
(x−xc)2+(y−yc)2

σ2

)
vtw(x, y)dxdy

)
dt (18)



Research Article Vol. 28, No. 18 / 31 August 2020 / Optics Express 26739

To assess the experimental volume of material removed during polishing experiments, the cross-
section of the polished glass surface was measured across the diameter using two profilometers
(MarForm MFU 200 Asphere 3D, Mahr and Talysurf PGI 120, Taylor Hobson). The difference
between the successive profile measurements before and after the polishing run measures the
amount of material removed during polishing. The average MRR was calculated as the ratio
of the volume of material removed to the polishing process time (i.e., 2047, 1638, and 1365 s,
which corresponds to feed rates of 0.8, 1, and 1.2mm/min as defined in the experiments); a mean
diameter of 54mm was set for polishing. Profile deviation measurements were performed within
the entire polishing zone shown in Fig. 3.

Fig. 3. (a) An example workpiece surface with a polishing ring used in the survey study
and (b) its measured removal profile obtained along the workpiece diameter to evaluate
experimental MRR.

The complete polishing zone is the sum of the area within the ring defined by the mean
diameter and spot size; the remaining outer ring is the reference for differential evaluation. All
samples were polished at a constant workpiece rotation speed (780 rpm) and different tool speeds,
according to the experimental conditions. Figure 3(b) shows an example of a differential profile
(i.e., removal profile) obtained from the polishing run.

3.2. Relative velocity modeling at the interface

Sub-aperture optical polishing of symmetric surfaces can be performed in two ways: 1) using the
workpiece axis as a spindle and 2) using the workpiece axis as an additional rotational axis as
shown in Fig. 4. Using the workpiece axis as a spindle has the advantage of allowing the process
to operate at a relatively high velocity; therefore, the low-to-high spatial frequency error may be
avoided using an optimized radial feed function. When the workpiece axis acts as a rotational
axis, the process operates at a low relative velocity. Table 1 lists the process parameters used in
the relative velocity simulation and analysis.

Table 1. Process parameters for relative velocity simulation and analysis.

Parameter Value

Workpiece diameter (Dw) 70mm

Pressure (po) 1 bar

Workpiece speed (Nw) −500 rpm

Tool speed (Nt) 0, 500, and 1,000 rpm

Tool inclination angle (φ) 5°

Tool radius (Rt) 10mm
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Fig. 4. Schematic spiral tool path diagrams comparing (a) constant high-speed substrate
rotation case and (b) controllable lower speed rotation case.

To fully explorer and represent the wide range of possible variation of tool speed relative
to workpiece speed, the tool speed was kept equal or double the workpiece speed. However,
for actual applications, any variations of the tool speed within the explored range may reduce
repeating errors.

Figure 5 shows the relative velocity along two sections of the contact spot. Figure 5(a) shows
the section of the spot along section line x=R/2, where R=Dw/2. As this line is along the plane
perpendicular to the tool inclination plane, the velocity profile is symmetric. A change in the
velocity distribution profile can be observed where there is an increase in the difference between
the tool velocities at the tool edge and center. This clearly shows the variation in the tool velocity
along the radial direction. Here, the effect of the workpiece speed is greater than that of the
tool speed. Sectional velocity profiles shown in Fig. 5(b) are evaluated along the section line
y= 0, at the spot center coordinate of (R/2, 0). The negative coordinate indicates points towards
workpiece center and the positive points are towards the edge of the workpiece. Difference
between the relative velocity across the two ends is increasing as we increase the tool velocity.

Fig. 5. Model simulation of the relative velocities in the tool-workpiece contact region for
three tool speed Nt (in rpm) cases: (a) profile at section x=R/2 and (b) profile at section
y= 0.

Also, the effect of tool inclination on theMRR was modeled assuming a flexible membrane
tool (radius Rt = 10mm). The removal depth was evaluated at a tool speed Nt = 500 rpm, pressure
po = 1 bar, spot diameter D= 8mm, workpiece speed Nw = 0 rpm, and time τ = 2 min. Figure 6
shows the change in the material removal depth and shape of the removal function for φ= 0, 5,
and 10°. The MRR increased with tool inclination; the calculated MRRs for φ= 0, 5, and 10°
were 0.0204, 0.0223, and 0.0270 mm3/min, respectively.
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Fig. 6. Simulated removal depth contour maps ( m) at Nt = 500 rpm, pressure po = 1 bar,
D= 8mm, Nw = 0 rpm, and time τ = 120 s for each radial position. (a) φ= 0, (b) φ= 5, and
(c) φ= 10°.

3.3. Numerical study of Instantaneous DRR and MRR

The modeled DRR was numerically evaluated using Preston’s equation. Figure 7 shows the
influence of the workpiece speed on the instantaneousDRR under the following process conditions:
Nt = 500 rpm, pressure po = 1 bar, D= 8mm, and tool center on x-axis at x=R/2 for Nw = 0, 250,
and 750 rpm. Figure 7(a) shows a low DRR with velocity contour lines that are more circular and
concentric (i.e., non-uniform) toward the tool rotation axis. The velocity contour lines in Fig. 7(b)
are curved and centered about the workpiece rotation axis. Figure 7(c) shows the velocity contour
lines have less curvature and are more uniformly distributed, so the DRR shows a Gaussian-like
distribution. In other words, at a low workpiece rotation speed compared to the tool rotation
speed, the influence that the tool motion has on the DRR distribution is asymmetric and depends
on the tool parameters and its inclination. An increase in workpiece speed can result in a more
uniform velocity distribution like the case in Fig. 7(c). The influence of the workpiece rotation
and the tool’s pressure distribution dominates the DRR shape and distribution of material removal
in the contact zone.

Fig. 7. Instantaneous depth removal rate (DRR) at Nt = 500 rpm, po = 1 bar, and tool center
on x-axis at x=R/2 for (a) Nw = 0, (b) 250, and (c) 750 rpm. The white contour lines
represent the relative velocity between the tool and workpiece (in m/s).

To study the effect that the workpiece and tool speeds have on MRR, two case studies were
performed for each 6 minutes run with different workpiece and tool speed combinations. A
linear feed was provided for radial travel of 35mm with a lead-in distance of 4mm from the
edge to the center of the workpiece. For the first case study, Fig. 8(a) shows the variation in the
MRR change along the radial position for Nw = 250, 500, 750, and 1,000 rpm (with Nt = 500 rpm,
pressure po = 1 bar, φ= 5°, D= 8mm). Increasing the workpiece speed significantly increases
theMRR from the center to the edge. Another set of conditions was examined as the second case,
in which the workpiece speed was kept constant while the tool speed was varied for Nt = 250,
500, 750, and 1,000 rpm (with Nw = 500 rpm, pressure po = 1 bar, φ= 5°, D= 8mm) as shown
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in Fig. 8(b). A comparison of Figs. 8(a) and (b) shows that increasing the workpiece speed
significantly impacts the MRR along the radial direction compared to the result of increasing
the tool speed case. Increasing the difference between workpiece and tool speed increases (or
decreases) the relative velocity at the center causing excessive (or less) removal at the center.
However, the overall material removal rate mainly depends on the workpiece speed. This needs
to be carefully considered during the CCOS simulation and optimization process.

Fig. 8. The MRR variation along the instantaneous radial position of the tool center on
a rotating workpiece. (a) Nt = 500 rpm, pressure of po = 1 bar, φ= 5°, and D= 8mm for
Nw = 250, 500, 750, and 1,000 rpm. (b) Nw = 500 rpm, pressure of po = 1 bar, φ= 5°, and
D= 8mm for Nt = 250, 500, 750, and 1,000 rpm.

4. Parametric survey experiments of MRR

4.1. Experimental verification of the numerical MRR model

Before conducting theMRR survey study, experimental verification of theMRR modeling and
evaluation (Section 3) was performed on BK7 optical glass (workpiece diameter of 70mm).
The finely ground surface was polished before obtaining the shape of the removal zone in order
to avoid overestimated removal measurements due to the non-uniform initial surface height
distribution. The workpiece was kept stationary during polishing. The tool (radius Rt = 10mm;
pressure po = 1 bar) was pressed against the workpiece, creating a compression spot with a
diameter of 9.2mm. The tool was inclined at 5° to the contact normal and operated for 2 minutes.
Figure 9 shows the images of polished zone, measured topography, and simulated topography,
respectively.
An experimental peak material removal depth of 3.66 m was measured using profilometry.

The simulation was performed and compared as shown in Fig. 9(c). A peak removal depth of
3.82 m was obtained for the removal zone. To measure the polished contact spot, the tilt on
the workpiece was removed using the measurement system. For the evaluation, the reference
measurement zone was set to z= 0. Figure 9(c) shows the pressure contour lines and relative
velocity field. The velocity is reduced near the tooltip, and it is relatively higher on the opposite
side. The resulting tool influence function produces an approximate bean shape.
The MRR and DRR were evaluated using the distributed MRR-based process described in

Section 2 and 3. This approach is more stable than those obtained with a traditional single-
point (e.g., peak) evaluation method where a peak-removal depth may not reflect the overall
characteristic of actual removal footprint. Also, this is a good alternative or cross-check solution
for a non-trivial TIF evaluation case where a common volume-based calculation (i.e., using
the total volume within a pre-defined TIF boundary) may have practical uncertainties due to
the noisy low removal areas and ambiguous actual effective spot size estimation. The actual
data processing steps applying the distributed MRR-based calculation is depicted in Fig. 10,
Comparison with the other traditional methods is also carried and provided as a benchmark.
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Fig. 9. (a) Photographic image of the experimentally polished zone (The circular footprint
looks elliptical due to the non-normal view-angle.), (b) measured tool influence function,
and (c) simulated tool influence function, pressure contour lines (in bar), and velocity vectors
(with tool radius Rt = 10mm, inclination φ= 5°, pressure po = 1 bar, Nt = 500 rpm, and
Nw = 0 rpm).

Fig. 10. MRR-based removal rate data processing steps: (a) acquiring measured footprint,
(b) define p(x,y) × vtw(x,y) (c) exclude region greater than spot size (i.e.,

√
x2 + y2 ≥ D

2 ) and
(d) evaluate kdist using effective volume within spot region.

Figure 11 shows the bar chart comparison of mean Preston’s constant evaluated using peak-
depth based method (kp), volume-based method (kV ) and distributedMRR-based method (kdist).
Each method is evaluated using three different active diameters (i.e., A= 0, 1.743 and 3.743mm).
The standard error is least in distributed MRR-based evaluation.

Fig. 11. Comparison of Preston’s constant evaluated using peak-depth based (kp), volume-
based (kV ) and distributed MRR-based method (kdist). The standard error in Preston’s
constant was evaluating using active diameter A= 0, 1.743 and 3.743mm.

4.2. Parametric survey experiment design

The survey experiment space was designed using Taguchi’s L27 orthogonal array method. The
optical manufacturing process parameters are active diameter (A), feed (B), pressure (C), spot
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size (D), and tool speed (E). These five parameters are often used in controlling theMRR, surface
errors, processing time, and surface quality. Each parameter is assigned to three levels (Table 2)
based on a predetermined machine’s dynamic range and the numerical analysis study. During the
experiments, the parameter levels were varied according to the design table using the numerically
controlled machine tool (MCP 250, OptoTech) described in Section 2.1. Also, the complete
combinations of the process parameters used in the experimental design are presented in Table 4.

Table 2. Three levels assigned to the experimental process parameters

Level Active diameter (A)(mm) Feed (B)(mm/min) Pressure (C)(bar) Spot size (D)(mm) Tool speed (E)(rpm)

1 0 0.8 1 3 760

2 1.743 1 1.25 6 780

3 3.743 1.2 1.5 9 800

4.3. Comprehensive experiment procedure

In order to guarantee the full traceability of the presented survey data as a reference, a
comprehensive description of the experimental setting is described in detail. The experimental
workpiece samples were prepared by grinding and polishing using machine tools MCG 150 and
MCP 250 (OptoTech), respectively. During grinding, the best-fit sphere was generated on the
blank with a diamond cup wheel tool (mean diameter= 45mm; radius= 2mm; grain size=D64).
An aspheric surface was then generated using a rough diamond wheel tool (width= 12mm;
radius= 50mm; grain size=D64) followed by a fine aspheric grinding phase using a diamond
wheel tool (width= 12mm; radius= 50mm; grain size=D20). Polishing experiments were
conducted on an even aspheric surface composed of BK7 optical glass procured from Schott AG
(cylindrical blanks diameter= 70mm; thickness= 20mm). The following aspheric equation was
used for determining feed progression:

z =
cy2

1 +
√
1 − (1 + Kconic)c2y2

+ A4y4 + A6y6 + A8y8 + A10y10 + A12y12, (19)

where the curvature c is (–1/71.42) mm−1, conic constant Kconic is 0, and Aeven coefficients
are A4 = 0.566322 × 10−6 mm−3, A6 = 0.174788 × 10−9 mm−5, A8 =−0.218562 × 10−12 mm−7,
A10 = 0.19529 × 10−15 mm−9, and A12 =−0.70000 × 10−19 mm−11. The sagittas for the aspherical
equation are shown in Table 3.

Table 3. Sagittas at various radial distances of the aspherical workpiece surface.

y (mm) 0 4 8 12 16 20 24 28 34

z (mm) 0 −0.11196 −0.44711 −1.00316 −1.77598 −2.75958 −3.94615 −5.32602 −7.73851

The upper layer of the flexible membrane-polishing tool was prepared by pasting a 1-mm-thick
and 16-mm-diameter polyurethane pad (GR-35). The polishing tool was dressed using a bonded
abrasive tool (ring tool, diameter= 12.5mm, lip radius= 1mm, grain size=D64). During the
experiment, the wear on the polishing pad in the contact zone of the pad surface was monitored
and controlled to minimize practical uncertainties. Figures 12(a) and (b) shows the SEM images
of the unused and used polyurethane pad. A fresh polishing pad was used in each trial to limit
the variation caused by pad wear or aquaplaning of the pad [26,27]. Tool pad surfaces prior to
experiments was dressed using electroplated diamond cup wheel to condition the tool into its
geometric shape matching the target radius of curvature and dimensions. During the dressing
process, constant feed rate of 0.1mm/min was given to polishing tool rotating at 400 rpm with
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a safety clearance of 0.1mm from the dressing tool rotating at 600 rpm. Spark out time (time
for which axes remains at their positions after reaching the set position on dressing tool) of 60 s
was given to improve the final surface quality. We applied the identical dressing process for all
polishing pads used in the survey study.

Fig. 12. SEM images: (a) polyurethane pad before polishing, (b) polyurethane pad after
polishing, and (c) agglomerates of cerium oxide particles.

A suspension of cerium oxide and water was prepared as the polishing compound (concen-
tration= 30 g/L). The cerium oxide used in the slurry (white) had a pH of 7 and particle size
ranging from 0.9–1.3 m. Figure 12(c) shows a scanning electron microscopy (SEM) image of
the agglomerates in the polishing compound.

4.4. Experimental data and analysis

Parametric survey analysis was performed using the experimental design presented in Table 2.
The distributed MRR-based removal rate values are evaluated and presented in Table 4. Also,
signal-to-noise (S/N) ratios were computed to analyze theMRR and identify the most effective
process parameters that maximize the MRR response.

S/Nmean =
1
n

∑n

i=1
(−10log10(1/MRRi

2)), i = 1, 2, . . . , n, (20)

where MRRi is the MRR for the ith trial and n is the total number of trials with the polishing
parameter factors.
In order to find the most efficient removal run condition (i.e., highest sensitivity run control

parameter), the S/N ratio values in Table 4 are averaged for each polishing parameter spaces.
The outcome represents the relative response strength of the factors and levels, and the graph in
Fig. 13 (left) visualizes the effectiveness of each control parameter on the S/N ratio and mean
S/N ratio. For instance, combination A2B1C2D3E1 provides the highest S/N ratio.

The significance of each control parameter was statistically analyzed using analysis of variance
for the average MRR (Table 5). There were several uncontrolled and unpredictable parameters in
the experiments (e.g., distribution of the polishing slurry at the interface, slurry particle size, and
height and size of asperities on the polyurethane pad), which may have affected the statistical
response data.

The analysis results indicated that the spot size D was the most significant parameter affecting
the response of the experimental removal rate; it contributed 62.17% to the MRR, where the
P-value of spot size indicates a strong significance. The active diameter A was the second most
significant factor, with contributions of 14.98% to the MRR. The main effectiveness trends of
control parameters for theMRR are shown in Fig. 13 (right). TheMRR increases with an increase
in the spot size. However, no such trend was observed for the other factors.

As another insightful bi-product worth to mention, a newly defined Polishing Power, Pp, over
the removal region can be derived from Eq. (18) including the pressure, velocity, contact area
and processing time. The terms on the right-hand side of the Eq. (18) can be re-grouped as a
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Table 4. Experimental Survey Data: Material removal rates (MRRs), signal-to-noise (S/N) ratios,
polishing interface power, and distributed MRR-based Preston’s constant (kdist ).

ID No. Taguchi’s L27 design codea MRR (mm3min−1) S/N ratio Power Pp (W) kdist (Pa−1)

1 A1B1C1D1E1 0.0326 −29.7397 0.178 3.06 × 10−12

2 A1B1C1D1E2 0.0530 −25.5221 0.178 4.97 × 10−12

3 A1B1C1D1E3 0.0552 −25.1642 0.178 5.18 × 10−12

4 A1B2C2D2E1 0.1424 −16.9290 0.903 2.63 × 10−12

5 A1B2C2D2E2 0.1298 −17.7341 0.903 2.40 × 10−12

6 A1B2C2D2E3 0.1238 −18.1451 0.904 2.28 × 10−12

7 A1B3C3D3E1 0.2594 −11.7207 2.499 1.73 × 10−12

8 A1B3C3D3E2 0.1997 −13.9914 2.501 1.33 × 10−12

9 A1B3C3D3E3 0.1988 −14.0323 2.504 1.32 × 10−12

10 A2B1C2D3E1 0.5104 −5.84100 2.181 3.90 × 10−12

11 A2B1C2D3E2 0.3872 −8.24190 2.186 2.95 × 10−12

12 A2B1C2D3E3 0.5284 −5.54060 2.190 4.02 × 10−12

13 A2B2C3D1E1 0.1027 −19.7679 0.282 6.07 × 10−12

14 A2B2C3D1E2 0.0831 −21.6117 0.283 4.90 × 10−12

15 A2B2C3D1E3 0.0234 −32.6104 0.283 1.38 × 10−12

16 A2B3C1D2E1 0.2014 −13.9167 0.761 4.41 × 10−12

17 A2B3C1D2E2 0.1677 −15.5081 0.762 3.67 × 10−12

18 A2B3C1D2E3 0.2509 −12.0094 0.764 5.48 × 10−12

19 A3B1C3D2E1 0.2053 −13.7532 1.210 2.83 × 10−12

20 A3B1C3D2E2 0.1353 −17.3767 1.214 1.86 × 10−12

21 A3B1C3D2E3 0.2449 −12.2207 1.218 3.35 × 10−12

22 A3B2C1D3E1 0.2849 −10.9051 1.838 2.58 × 10−12

23 A3B2C1D3E2 0.1821 −14.7924 1.844 1.65 × 10−12

24 A3B2C1D3E3 0.2234 −13.0186 1.850 2.01 × 10−12

25 A3B3C2D1E1 0.1054 −19.5405 0.250 7.02 × 10−12

26 A3B3C2D1E2 0.0300 −30.4443 0.251 1.99 × 10−12

27 A3B3C2D1E3 0.0232 −32.6844 0.252 1.54 × 10−12

aThe code means the experimental parameter values in Table 2. For instance, A2B2C2D2E3 run’s polishing parameters
are Active diameter (A)= 1.743mm, Feed (B)= 1mm/min, Pressure (C)= 1.25 bar, Spot size (D)= 6mm and Tool speed
(E)= 800mm.

Fig. 13. Polishing parameter effectiveness graph in terms of S/N ratio (left) and MRR
(right).
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Table 5. Statistical analysis of the MRR variance from the experimental survey result.a

Source DF Adj SS Adj MS F-Value P-Value % Contribution

Active diameter (A) 2 0.06875 0.034373 22.57 0.000 14.98

Feed (B) 2 0.04687 0.023433 15.39 0.000 10.21

Pressure (C) 2 0.02072 0.010359 6.80 0.007 4.51

Spot size (D) 2 0.28533 0.142666 93.67 0.000 62.17

Tool speed (E) 2 0.01295 0.006474 4.25 0.033 2.82

Error 16 0.02437 0.001523

Total 26 0.45898

Model Summary

S R-sq

0.0390259 94.69%

aNote: DF is the total degrees of freedom; Adj SS is the adjusted sums of squares; Adj MS is the adjusted mean squares
measure; S is the standard deviation; R-sq or R2 is the percentage of variation in the response.

product of kdist and Pp,

MRR = kdist

(
−
po
τ
∫
τ
0

(∫∫
e

(
− 1

2
(x−xc)2+(y−yc)2

σ2

)
vtw(x, y)dxdy

)
dt

)
= kdist × Pp, (21)

where Pp is the average polishing power for the processing time τ. Thus, the Pp is evaluated as

Pp =
MRR
kdist

= −
1
τ
∫
τ
0

(∫∫
poe

(
− 1

2
(x−xc)2+(y−yc)2

σ2

)
vtw(x, y)dxdy

)
dt. (22)

Figure 14 plots the scatter kdist values as a function of average polishing power Pp (units in watt,
W) obtained from the parametric survey listed in Table 4 including all different polishing process
parameters.

Fig. 14. Preston’s constant (kdist) variation with average polishing power Pp at tool and
workpiece interface.

The scatter plot between Preston’s constant and polishing power was obtained from the MRR
and the kdist as given in Eq. (21) and Eq. (22). Scattered value of Preston’s constant is affected by
the parameters in the parametric survey study including active diameter, feed, pressure, spot size
and tool speed. Here, low Pp indicate low value of product of the pressure and relative velocity.
As shown in Fig. 14, the kdist scatter is high when a tool operates at low power and the scatter
reduces as the power increases. Therefore, it may be inferred that a tool will have lower scatter of
Preston’s constant at higher polishing power.
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This observation-based empirical conclusion is that the scattering is least when polishing tool
operates at high polishing power, therefore the predictive simulation modeling may efficiently
predict MRR and optimize the CCOS runs targeting surface errors if the polishing process
parameters are chosen within the high polishing power consumption range.

5. Concluding remarks

In this study, we performed an experimental survey and numerical analyses of various computer-
controlled optical surfacing process parameters involved in sub-aperture pad polishing of Schott
BK7 optical glass. The systematic large survey data with statistical analysis results provided a
clear understanding of the changes in the instantaneousMRR and Preston’s constant behavior
during the polishing process. Especially, using the distributed MRR-based Preston’s constant
resulted in improved predictability of the MRR and DRR.

There are additional parameters to be investigated and explored as an expanded future survey
study. For instance, the topography of tool/pad surfaces, slurry distribution as a function of
contacting area size, and the ratio between tool size and substrate size, which varies locally
for aspheric manufacturing applications, are the remaining parameters beyond the scope of the
presented work.
To represent realistic and applied case experiments ensuring that the measured removal rates

and the reported parameter range values are still valid for aspheric fabrication processes (i.e.,
maintaining good and intimate contact between the tool and aspheric substrate), the presented
parametric survey study was performed using the aspheric substrate. Most simple experiments
performed on a flat or spherical substrate cannot demonstrate this aspect. This is another factor
differentiating our contribution compared to the existing literature data.
We acknowledge that the results reported may not be applicable for all types of optical

polishing process because the actual polishing process often depends on several complicated
factors. However, the experiments were systematically designed to represent a wide variety of
cases with widely accepted general process parameters (e.g. active diameter, feed, pressure, spot
size, and tool speed). In addition, all the actual experimental parameters are clearly defined,
depicted, and described in this paper so the data and results of this survey study can be reproduced
for crosschecks.

A stable TIF for accurate removal modeling, control of tool stiffness, and smoothing ability are
three important characteristics of sub-aperture polishing tools for deterministically controlling
optical surface shape and quality. As the full potential applications of aspheric/free-form surfaces
are yet to be identified, there is wide scope for developing polishing and figuring technologies to
meet stringent design requirements and tolerances.
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