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Abstract While opticians have used pitch tools for superb
surface finishing, their poor controllability in material
removal and associated lengthy tooling overhead have been
well known in optics fabrication communities. We report a
new computational technique called kernel tool influence
function (KTIF) that can bring higher predictability to pitch
tool-based material removal. The term “kernel” is defined
as the ratio of experimental to simulated removal depth,
therefore transforming the material removal coefficient of
Preston’s equation to a removal scaling function at each
point on the tool surface. This approach offers a unique
inherent control feature incorporating “real-life shop floor
effects associated with pitch tool polishing variables” into
the tool influence functions without the need for theoretical
expressions for the effects of individual variables on
material removal behavior. Using a modified Draper-type
polishing machine and a rotating pitch tool, we first
generated kernel TIFs with zero stroke and used them
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for simulation and trial experiments of extended TIFs
with variable tool strokes. The results show that the root
mean square (rms) TIF profile differences between the
prediction and experiments are in the range of 11 to
29 nm for conventional TIF and 7 to 15 nm for the
KTIF. We then generated conventional TIF and KTIF
database sets and applied them to surface figuring
simulations. The results confirm that the kernel TIF
has superior performance to the conventional TIF in
controlling the material removal for correction of the
chosen surface error.

Keywords Tool influence function - Polishing - Figuring -
Pitch

Abbreviations

TIF Tool influence function

KTIF Kernel tool influence function

NCTIF Normalized conventional tool influence function
NKTIF Normalized kernel tool influence function

1 Introduction

Computerized numerical control (CNC)-based optical sur-
facing techniques have been evolving rapidly since the
1980s. Examples include the Canon super-smooth polisher
(CSSP) [1-3], stressed lap polishing [4, 5], ion beam
finishing [6], “precession” processes [7-9], and magneto-
rheological finishing (MRF) [10-12]. These techniques
have been successfully used to produce high-quality optical
surfaces. For example, a CSSP aided by on-machine
coordinate measuring systems and pitch tools on the
flexible layer was used to achieve a surface roughness of
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Fig. 1 Modified Draper-type polishing machine

less than 0.2 nm root mean square (rms) for fused silica and
SiC mirrors [1]. Ion beam figuring techniques, while they
suffer from low material removal rates, were used to
produce the 1.8-m hexagonal mirror segments for the
Keck telescope primary mirror [6]. Stressed lap polishing
techniques have demonstrated their efficiency and con-
trollability in polishing and figuring processes for large
mirrors ranging from =1 to =8.4 m in diameter [4, 5].
“Precession” processes (Zeeko) and MRF (QED) are
representatives of commercialized CNC polishing techni-
ques for optical components up to ~500 mm in size [8, 13,
14]. These modern optics polishing techniques have
overcome several problems associated with traditional
polishing, such as estimation of time required, low
automation rates, and difficulty of technique conservation
[14].

Concurrent with these technical developments, various
surfacing materials such as polyurethane [8, 15, 16],
synthetic cloth [15, 17], and pitches [1, 18] have been used
as tool surfaces. Among them, pitch has been perhaps one

Fig. 2 Machine configuration
for tool motion analysis and Y
TIF generation computation

eﬂ

of the most widely used materials in optics fabrication
shops for its characteristic of generating smooth surfaces.
Earlier studies include an optical glass (BK7) polished to
0.53 nm rms in surface roughness [19] and fused silica
polished to ~0.035 nm rms in surface roughness [1].
However, because it is a “stiff” but highly viscous material
[18, 19], pitch has low controllability and requires high
tooling overhead, contributing to low process convergence.
Therefore, many opticians recognize that pitch-based deter-
ministic and/or CNC-based process control is extremely
difficult and challenging, if not impossible.

Earlier studies on the material removal characteristics of
pitch tools in relation to optics fabrication include Jones
[18, 20] and Donald et al. [21]. While their investigations
were focused on developing a figuring algorithm and
automated polishing process with the emphasis on final
surface profile correction, their studies revealed good
agreement between prediction and experiment in material
removal. However, at the time of writing, we acknowledge
that the systematic investigation of material removal
predictability and/or controllability for the rotating pitch
tool has received relatively little attention from the optics
fabrication community.

Addressing this, we have explored a new computa-
tional technique called kernel tool influence function
(KTIF) to improve the prediction accuracy in optical
material removal with rotating pitch tools. In Section 2,
we describe the experimental apparatus, a modified
Draper-type polishing machine, derive the rotating tool
motion equation, and present the initial material removal
experiment results in TIF generation. In Section 3, we
suggest the new concept of KTIF. This is followed by
prediction of its material removal performance, which is
demonstrated from trial experiments in Section 4. In

stroke generator

pivot joint
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Fig. 3 Simulated and experimental removal depth profiles when the
workpiece is rotated and the rotating tool is positioned off-center

Section 5, we show the simulated figuring performance of
KTIF versus conventional TIF. Implications and conclud-
ing remarks are offered in Section 6.

2 Conventional TIF for a Draper-type polishing
machine

The tool influence function (TIF) can be defined as the tool
material removal footprint on an optical surface over the
duration of the rubbing time; hence, it is closely related to
the machine characteristics that influence the polishing
variables, including rubbing pressure, relative velocity
between tool and workpiece surface, and time. For this
study, we used a modified Draper-type machine as shown
in Fig. 1. It consists of four major subsystems: workpiece
rotator, rotating polishing tool, stroke generator, and
sliding/pivot joint. The tool motion on the rotating
workpiece surface is controlled by adjusting the length
and rotation speed of the stroke arm. The pivot joint on the
motorized motion sliding rail provides a fixed reference
point for the intended tool motion on the workpiece surface.
This configuration enables efficient tool motion control
translating three rotation motions (i.e., workpiece, tool, and
stroke arm rotator) into controllable tool motion trajectories
for a wide variety of TIF generation.

The conventional TIF can be obtained from straightfor-
ward application of the well-known Preston equation:

Azen =K -P- V- AT, (1)

where Az, &, P, V, and AT are the material removal
depth, removal coefficient, polishing pressure, relative
speed of the tool on the workpiece, and dwell time,
respectively. Computing Eq. 1 requires prior knowledge
of the tool trajectory; Fig. 2 shows the machine configu-

ration variables used to determine the tool trajectory. In this
figure, a is the distance between the pivot joint and the tool
center, b is the distance between the tool center and the stroke
arm, c is the length of the stroke arm, d is the shortest distance
between the stroke generator and the machine's Y-axis, and
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Fig. 4 a Schematic diagram related to kernel shape parameters; b 2D
plot of averaged kernels from four figuring experiments; ¢ 3D plot of
averaged kernels across the tool
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Table 1 Various figuring

conditions with diverse Case Tool sweep length Stroke (mm) Radial distance of Polishing time
motions of tool (mm, max. 300) tool center (mm) (min)
190 30 109 144
220 50 100 50
3 256 90 115 64

e is the shortest distance between the stroke generator and the
machine's X-axis. We can then express the TIF as:

1/2

Azcon(xt’,)/t;xmye) =K- I/Vtool/Acontact . (sz + Vjvz) . AT’ (2)

where 7V, = —ém(rm cos 0,, + r;cos ;) + 6,r, cos 6, + acos
6, —a- 6,sin 0.V, =-6, (7 Sin 6,41, sin 6,) +6,r, sin 6, + asin
0,+a 'éa cos8,.

Here, W, is the total tool weight and A.ope 1S the
contact area between the tool and workpiece surface, and
8,,, 8;, and 8,are the rotational velocities of the mirror, tool,
and pivot joint, respectively.

To check the performance of Eq. 2, we ran a trial
polishing run and compared the experimental removal
depth profile with that of the theoretical TIF computed
from Eq. 2. For this experiment, the tool rotated at 100 rpm
on the workpiece with no stroke for 20 min. The workpiece
rotation was set to 6 rpm. The tool center was positioned
100 mm from the center of the workpiece. The pitch lap
was about 48 mm in diameter and the resulting polishing
pressure was 0.0184 N/mm”. The workpiece was an
Astro-Sitall mirror blank of 300 mm in diameter and
its surface was prepared to the nominal form accuracy
of 0.5 um p-to-v (peak to valley).

The measured removal profile and conventional TIF are
depicted in Fig. 3. We note that the two curves are well
matched to each other in general; however, a profile
mismatch becomes prominent at around +75 mm in radial
position, where it has the maximum profile difference of
around 15 nm (i.e., 22% of the maximum removal depth of
68 nm). Such discrepancies could accumulate to an
unacceptable level if the experiment run was made for
longer, or if an actual form correction figuring run was
made with various tool trajectories. Therefore, we should
devise a better computation method for improved TIF
prediction accuracy.

3 Generation of kernel TIF

Several parameters, such as the material properties of the
pitch, slurry density, fluid pressure, and/or stress distribu-
tion [22, 23], can influence the predictability of material
removal in the optical surfacing process. We recognize that
incorporating effects of these parameters into Preston's
removal coefficient (k) is impractical for the generation of a
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realistic TIF, as each variable has highly nonlinear and
complex relationships with material removal. For these
reasons, we define “kernel” as the ratio of experimental to
simulated removal depth at each point on the tool. The
kernel TIF (KTIF) can be expressed as in Eq. 3, where F
defines “kernel.” We note that the concept of “kernel F is
different from the standard material removal coefficient s
of Preston's Eq. 1. While “fixed constant x” is applied for
the whole area of tool-optical surface contact, “kernel F”
varies across the contact area during the machine run as it
takes into account the effects of nonuniformity and the
instability of all variables.

Azyer(Xe, yis X, Ve) = F (%0, V65 Xe, Ve) - Dzeon (Xe, Vi X ve)  (3)

A trial material removal experiment was carried out with
a rotating tool positioned at around 100 mm away from the
center of the rotating workpiece. The other experimental
conditions were the same as in Section 2, except for zero
stroke motion. Because the tool revolves around the center
of the workpiece surface, F becomes a function of the
relative radial position of the polishing tool on the
workpiece: (R,—R.). Figure 4a shows the experimental
configuration and the resulting kernels averaged over four
measurements are shown in Fig. 4b and c. The dots and
bars in Fig. 4b show the averaged value and standard
deviation of the kernel Fs. For practical usage of F, it can
be fitted to a Gaussian function as follows:

Rat—Ret—b ) 2

Flryixey) =a-e (4)

Here, a least-square-fitted a is 1.096 and b is 2.64 mm,
while ¢ is 27.66 mm and R? (coefficient of determination) is
0.9832. Because the peak point deviates 2.64 mm away
from the tool center, the kernel /" has asymmetric variation,
as appeared in Fig. 4b and c. We can now argue: (1) that the
standard Preston's interpretation of material removal is a
subset of the polishing regime in which F=1; and (2) that
there may exist a wider variety of polishing regimes where
F#1. When applying this fitted kernel function (4), we find
(1) that the simulated KTIF produces 5 nm n the maximum
removal profile difference whereas the conventional TIF
results in 15 nm at the radial position of +75 mm; and (2)
that the simulated KTIF yields 3 nm in rms profile
difference, whereas the conventional TIF exhibits 7 nm,
as shown in Fig. 3.
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Fig. 5 Various material removal shapes for three different tool
motions

4 KTIF performance

We ran three material removal experiments, simulating
surfacing figuring to a limited extent. The experimental input
conditions are listed in Table 1, assuring diverse tool motions
on the workpiece. The same tool and workpiece as the
previous KTIF generation experiment with zero stroke were
used. We note that, as the stroke parameter increases, the tool
motion becomes more complex and the material removal
area on the workpiece surface also increases. For this reason,
the sweeping width on the mirror surface varied from 190 to
256 mm, to check whether the KTIF with zero stroke
maintained its high prediction accuracy with an increase in
rubbing area. Other than the three input conditions listed in
Table 1, the remaining input polishing conditions were
identical to those in the experiment described in Section 2.

The experimental results (black solid line) and predicted
removal shapes from using KTIF (blue solid circles) and
conventional TIF (red open circles) are shown in Fig. 5.
The rms profile differences between the predicted and
experimental results are summarized in Table 2. In Table 2,
the improvement in prediction error was calculated from the
ratio of the difference between the rms profile differences
of KTIF and of conventional TIF to the rms profile
difference of the conventional TIF. We note that: (1) the
KTIF exhibits much better prediction performance than the
conventional TIF in all cases; (2) the KTIF prediction
performance remains more or less the same while the
material removal area increases on the work piece surface;
and (3) the profile differences between the predicted and
experimental results are most prominent where the surface
profile slope changes sharply; interestingly, this is where
the prediction performance gain of the KTIF over the
conventional TIF is most observable.

However, at this point, one may argue that the rms
profile difference from the use of KTIF with 48-mm sweep
length (i.e., zero stroke) should worsen as the sweep length
is increased with the case number (i.e., Case 1, Case 2,
Case 3). In general, this argument seems to be supported
with smaller value of the Case 1 than those of Cases 2 and
3 in the removal depth normalized rms profile difference, as
shown in the fifth columm of Table 2. At the same time,
when we focus onto Case 2 and 3, we see a reversal trend
contradicting to the aforementioned argument. We note
that, at the time of this writing, the lack of experiment
numbers contributes to the current ambiguity in trend
analysis and therefore acknowledge the need for further
experimental investigation which will be a main scope of
the following publication in series. Nevertheless, the results
shown in Fig. 5 and Table 2 are clear enough to assert that
the KTIF technique is superior to the conventional TIF
method in predicting and therefore controlling the material
removal with rotating pitch tools.
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Table 2 RMS profile difference between experiment and prediction

Case Conventional TIF (rms) KTIF (rms) Conventional TIF (depth KTIF (depth normalized Improvement
normalized to 1 um, NCTIF, rms) to 1 pm, NKTIF, rms) in prediction error®
29 nm 15 nm 69 nm 36 nm 48%
2 11 nm 7 nm 85 nm 54 nm 36%
3 12 nm 7 nm 78 nm 45 nm 42%

 Improvement in prediction error=(rms of NCTIF—rms of NKTIF)/rms of NCTIF

5 Simulated figuring performance of KTIF

We also compared the KTIFs and conventional TIFs in a
surface figuring simulation. We built two sets of extended
TIF databases using KTIFs and conventional TIFs. The first
database contains 2,156 conventional TIFs determined by
tool position and stroke varied in regular steps. The second
database was built with KTIFs derived from the same sets
of tool parameters as the conventional TIFs. The workpiece
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Fig. 6 Simulated figuring results: a Residual surface error from KTIF
b Residual surface error from conventional TIF
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and tool rotational speeds were the same as in the previous
section.

The figuring algorithm uses an initial surface error input,
and a best-fit extended TIF is then selected. The best-fit TIF
is defined as an extended TIF generating the smallest
residual surface error in terms of p—v and rms values when
the resulting surface is compared with the target surface
shape. The control parameters for the TIF used are then
stored and the resulting surface map is saved and used as
the new surface error input. When the p—v and rms residual
surface errors are not improved anymore, the figuring
simulation stops.

For the trial figuring simulation, we used a donut-shaped
surface error incorporated in the initial surface. It has 1 pm
p—v error and 347 nm rms error. A total of three figuring
simulations were carried out using each TIF database, and
the results are presented in Fig. 6. Once again, the kernel
TIF database exhibits better performance: the residual
surface profile errors with the kernel TIF database are
101 nm p—v and 21 nm rms errors, while the conventional
TIF database gives 157 nm p—v and 41 nm rms errors.

6 Concluding remarks

We have developed a new computational technique
called KTIF to increase the predictability of material
removal in pitch tool-based surface figuring. As opposed
to the conventional TIF computed from the straightfor-
ward application of Preston's equation, a KTIF computa-
tion technique benefits uniquely from the simple and
practical use of integrated material removal effects caused
by the instability and nonuniformity of all real-life
polishing parameters (such as the properties of the tool
material, fluid pressure, and stress distribution) during a
polishing run.

In particular, the superior prediction performance of the
KTIF over the conventional TIF has been proven in three
TIF generation experiments. Furthermore, the three figuring
simulations to remove the donut-shaped surface error of
1 um in p—v shows the superior performance of the KTIF-
based material removal control as opposed to that of the
conventional TIF-based technique.
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We note that earlier studies on TIF were concerned
mainly with building precessions tools that used polishing
cloths and with the repeatability of TIF generation in view
of its associated CNC process control algorithm [7, 24, 25].
On the other hand, this study shows clear benefits of the
KTIF technique and its accuracy in predicting the experi-
mental removal profile with rotating pitch tools. This tends
to support an increased value for rotating pitch tools that
have the potential, even today, for CNC-style optical
surfacing toward the “deterministic” polishing and figuring
processes in the optics fabrication industry.
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