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Abstract: The computer-controlled optical surface (CCOS) can process good optical surfaces, but its
edge effect greatly affects its development and application range. In this paper, based on the two
fundamental causes of the CCOS'’s edge effect—namely the nonlinear variation of edge pressure and
the unreachable edge removal—a combined polishing method of double-rotor polishing and spin-
polishing is proposed. The model of the combined polishing method is established and theoretically
analyzed. Combined with the advantages of double-rotor polishing and spin-polishing, the combined
polishing process can achieve full-aperture machining without pressure change. Finally, the single-
crystal silicon sample with a diameter of 100 mm is polished by the combined polishing process. The
results show that, compared with the traditional CCOS polishing, the residual error of the sample
after the combined polishing process is more convergent, and the edge effect is effectively controlled.

Keywords: edge effect; combined polishing method; CCOS

1. Introduction

Computer-controlled optical surfacing technology has been widely used for the ultra-
precision machining of various optical materials and plays a pivotal role in this process.
However, as with micro-milling, the further development of CCOS is severely limited by
the edge effect in the processing [1-3]. The edge effect is mainly caused by two reasons:
first, the edge area of the workpiece cannot be reached by the orbital motion of the polishing
disc; and second, the non-linear variation of the pressure at the edge of the workpiece leads
to the inaccuracy of the tool influence function (TIF) [4-7].

Many scholars have conducted in-depth studies to address these problems. Various
TIF algorithm models have been proposed to simulate and calibrate the variations of
actual TIF at the edges. Among the early representative theories are the linear pressure
distribution model by Wagner [8] and the skin model by Luna-Aguilar [9]. A new edge
pressure model is developed based on the results of finite element analysis. The basic
pressure distribution can be calculated based on the surface shape of the polishing pad, a
correction function is used to compensate for the errors caused by edge effects, and the edge
TIF with different overhang rates can be accurately predicted [5,10]. Surveys such as that
conducted by W. Song [11] have shown that the generalized spatial variable deconvolution
algorithm can accurately calculate the dwell time, which can better control the actual
removal amount so as to effectively suppress the edge error and improve the convergence
rate. Based on the errors distribution on the workpiece, Yu et al. [12] developed a new
tool running path, which not only reduces residual errors on the edges but also the total
polishing time.

On the other hand, a considerable amount of literature has been published on how to
obtain an eccentric TIF. The purpose of these studies is to expand the scope of the actual
processing as much as possible, even full-aperture processing. A polishing method based
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on surface extension is proposed. By simulating the pressure distribution of the work-
piece under different overhangs, the exact removal function under different overhangs is
obtained, and the optimal parameters that can effectively suppress the edge effect are ob-
tained [13]. Hongyu-Li established a novel edge-control technique based on “progressive”
polishing technology, which obtained an accurate and stable edge tool influence function
(TIF) and low residual surface errors [14,15]. In 2016, a new concept of the ‘heterocercal’
tool influence function (TIF) was developed by Haixing-Hu [16], which was generated
from compound motion equipment. This type of TIF can better remove the edge area of the
sample. In addition, it also has high removal efficiency and surface quality. In 2017, Hang-
Du [17] reported an acentric tool influence function (A-TIF) was designed to suppress the
rolled edge after CCOS polishing. It has been proven to be effective through experiments.

The above-mentioned work largely suppressed the edge effect of CCOS polishing, but
there are certain limitations to solving the two fundamental causes of the edge effect. In
this paper, by combining the advantages of double-rotor polishing and spin-polishing, a
combined polishing process is proposed. It aims to solve the two fundamental problems
mentioned above simultaneously and provides a new way to control the edge effect
of CCOS.

2. Theory of Combined Polishing Process
2.1. Basic Polishing Theory

Define the removal function, R (x, y), as the average amount of material removed per
unit time by a tool that does not move. The basic principle of CCOS polishing is Preston’s
equation [18], the TIF of which can be calculated based on the equation of material removal,
as shown in Equation (1).

Rexy) = 2290 L [ kpe ) v, ) <1>

Here, AZ (x, y) is the total amount of material removed from the workpiece, P (x, y) is
the pressure of the tool on the workpiece, V (x, y) is the relative velocity between the tool
and the workpiece, and T is the dwell time. kg is the Preston coefficient, which is related to
the processing temperature, polishing fluid, and other processing conditions.

Figure 1a shows a schematic diagram of two velocity fields generated from orbital
motion V7 and spin motion V. P is any point in the overlap area of the sample and tool. rq
is the offset of tool center O, relative to rotation center O and r, is the radius of the tool. wq
and w; are the orbital angular velocity and spin angular velocity of the tool, respectively.
The total velocity, V, can be expressed as Equation (2).

V2=V 2+ V,?
Vy = —=Visinf — Vsing . 2)
Vy = Vicosf + Vacos ¢

Assuming f = w;p /w1, e = rp /11, combining Equations (1) and (2), the TIF of double
rotor polishing, Ry (x, y), can be expressed as [19]:

Ra(x,y) = HE feo [0*(1+ f2) + 2% f2e* — 2orafe(1+ f) cosO]%dG ®)
pelo ,(1+e)rz],90 - arccos<p+(2€p;21)r2> .

According to Equation (3), a TIF simulation of the double-rotor polishing with a
Gaussian-like shape is shown in Figure 1b. This type of TIF has high removal efficiency
for the intermediate area and low removal efficiency for the edge area, which can provide
good processing capability for polishable areas. In addition, different height values are
indicated by different colors, while the numbers next to them indicate relative heights.
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Figure 1. Theory of double-rotor polishing, (a) motion analysis of double-rotor polishing, (b) simula-
tion of TIF.

Figure 2a shows the motion analysis of the spin-polishing, whose total speed V is equal
to the tool’s spin speed V5, as shown in Equation (4). Combining Equations (1) and (4), the
TIF of spin-polishing can be obtained, as shown in Equation (5). Figure 2b shows the TIF
simulation of the spin-polishing. This TIF is W-shaped, and it has high removal efficiency
for the edge area and low removal efficiency for the intermediate area, which is contrary to
the characteristics of double-rotor polishing.

V= V2 = rws. (4)
Ri(x,y) = fOTkP(x,y)-rwzdt ' 5)
re (0,17)
4Y 1
;ﬂ Vs ' -
0
/' i % 05
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Figure 2. Theory of spin-polishing, (a) motion analysis of spin-polishing, (b) simulation of TIF.

The TIF’s cross-sectional profiles of the double-rotor polishing and spin-polishing are
shown in Figure 3. As seen in the graph, it is clear that the distribution of the two TIFs’
removal peaks is highly complementary. That is, where the double-rotor polishing removal
is high the spin-polishing removal is low, and vice versa. H; and H; are the peak height
removed by spin-polishing and double-rotor polishing, respectively. Theoretically, the
removal rate at the center of the spin-polishing’ TIF is 0. However, due to the effect of
long-time pressure and the accuracy of machine movement, a very small removal amount,
Hj, occurs here. The effective radius R of the spin-polishing TIF is equal to the tool’s
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radius rp, whereas the double-rotor polishing’s effective radius R; is the sum of the tool’s
radius r, and offset rq, as shown in Equation (6).

Ri=rnr
. 6
{R2—7’1+7’2 (©)
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Figure 3. Cross-sectional view of TIF.

2.2. Combined Polishing Method

In the CCOS polishing process, the tool moves over the surface of the workpiece
following a predetermined trajectory and stays at each arbitrary point for a certain time.
The material removed by the tool in each area of the workpiece surface can be superimposed
together to obtain the distribution function of the surface errors. In other words, the
distribution function of the surface errors is equal to the convolution of the removal
function and the dwell time, D (x, y), as shown in Equation (7).

H(x,y) = || aR(x — &,y — B)D(x, B)dadp = R(x,y) x D(x,y). @)

It is well known that the overhang of the tool will lead to a non-linear variation in
pressure, which is an overwhelming factor causing edge effects. So, what would happen if
there were no overhang of the tools? Although the width of the rolled edge is increased,
the accuracy of CCOS polishing is also improved. Therefore, in order to eliminate the
influence of nonlinear pressure and a collapsed edge, the combined polishing process
is all based on no overhang of tools. The basic ideas of the combined polishing process
are: (1) Minimizing the height of the rolled edge as much as possible when using non-
overhanging double-rotor polishing; (2) Minimizing the width of the rolled edge using the
minimal tool; (3) Reducing the height of the rolled edge with the commutative method of
the spin-polishing; (4) Repairing of annular residual errors caused by spin-polishing using
the double-rotor polishing method and finally obtaining a flawless surface.

When CCOS is used to polish the workpiece, to a certain extent the rolled edge will
inevitably occur, as shown in Figure 4a,b. Therefore, the combined polishing process
proposed in this paper was used to solve this problem. Firstly, a large tool is used to
polish the workpiece quickly and efficiently. At the same time, a safety factor K € (0, 1)
is introduced to control the height of the rolled edge, which can prevent over-processing.
However, since there is no overhang of the tool during the polishing process, a large
unmachined area Wpax emerged at the edge of the workpiece. Second, since the small
tool has a small TIF, the width of the unmachined area at the edge of the workpiece can
be reduced, as shown in Figure 4c,d. When the red area in the figure is removed by the
small tool, the width of the edge unmachined area is reduced from Wmnax to Wiin, which
can eventually be reduced to less than 10 mm. It is worth noting that the effective area
of the double-rotor polishing does not need to be particularly flat at this point. This can
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provide a processing allowance for subsequent spin-polishing to remove the height of the
rolled edge.

—_ Em—
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Figure 4. Edge removal theory of double-rotor polishing. (a) initial surface profile and area to be
removed for the first time, (b) surface profile after polishing with a large tool, (c) area to be removed
for the second time, (d) surface profile after polishing with a small tool.

After minimizing the width of the rolled edge, the most important thing is how to
decrease the height of the rolled edge. The detailed method of using spin-polishing to
remove the height of the rolled edges is shown in Figure 5. The core idea of this method
is the equivalent replacement. Firstly, the number n of polishing discs of different sizes
is determined based on the measured surface error distribution of the workpiece. Based
on the basic principle that the height of the middle area after being removed is not lower
than the lowest point A of the full aperture, the height of the rolled edge is divided into
n segments that match the surface error of the workpiece, as shown in Figure 5a. 4 is the
height from the highest point of rolled edge to the lowest point of full aperture, which is
divided into n regions, such as 51, Sy, ..., Sn. W; and Disc; are the width and the polishing
tool used of the corresponding area, respectively. Second, the distribution function of the
surface error H; (x, y) needs to be calculated exactly before each polishing. H; (x, y) is the
sum of the distribution function of S; and the distribution function of the other areas of
the full aperture excluding S;. The distribution function of the total removal H (x, y) is
then equal to the sum of the distribution functions for each polishing. Their relationships
are shown in Equations (8) and (9). Combined with the removal efficiency of the removal
function, the distribution of the residence time of each polish can be obtained.

n
H(x,y) = ;Hi(x,y)
Hi(xry) = Hsi(x’y) + H(Ai_si)(x’y)

(i=1,2---n). )
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Here S; is the area of rolled edge to be removed in the i-th polishing, A; is the full-
aperture zone before the i-th polishing. (A;-S;) is the other regions of the full aperture
excluding S;. Hg; (x, y) is the distribution function of the surface material to be removed in
S; for the i-th polishing, and H4;.s;) (¥, y) is the distribution function of the surface material
to be removed in (A;-S;) for the i-th polishing.
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Figure 5. Edge removal theory of the combined polishing. (a) initial surface profile, (b) surface profile
after the first spin-polishing, (c) surface contours before the second spin-polishing, (d) surface profile
after the second spin-polishing, (e) surface profile after the n-th spin-polishing, (f) surface profile
after the double-rotor polishing.

In addition, after the distribution function of the removal amount of the spin-polishing
is determined, the rolled edges can be removed iteratively using the combined polishing
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method and finally eliminated, shown in Figure 5a-e. Assume that the initial surface profile
is shown in Figure 5a. The area S; is removed in the first spin-polishing and the machined
surface profile is obtained, as shown in Figure 5b. Similarly, the surface contours before
and after the second polishing are shown in Figure 5c,d, respectively. Then, the rolled edge
can be completely eliminated theoretically after n iterations, as shown in Figure 5e. After
the elimination of the rolled edge, the intermediate area can be polished with precision by
selecting a suitable size tool, and finally, a high-quality surface is obtained, as shown in
Figure 5f.

Moreover, in order to realize the assumptions of the combined polishing process and
to improve the convergence rate of the surface errors, some parameters also need to be
constrained, as shown in Equation (10). This ensures that the edge removal width is greater
than the width of the rolled edge and that the middle equivalent removal zones do not
overlap as much as possible. Here, W, is the width of the rolled edge after polishing with
the smallest tool, W; is the width of the rolled edge to be removed by the i-th polishing. D;
is the diameter of the tool used for the i-th polishing, D; . ; is the diameter of the tool used
for the (i + 1)-th polishing.

Wi > Whin ;
{ Dis1 > D;+ W, (i=1,2---n). (10)

Figure 6 shows the whole flow chart of the combined polishing process. The first
thing is to measure the initial surface error of the workpiece. Then, the choice of polishing
process is determined by whether the surface error has a rolled edge or not. If it does, the
spin-polishing is preferred to reduce the height of the rolled edge. Then the double-rotor
polishing method without overhang is used to polish the middle area of the workpiece.
Lastly, the polished surface is inspected and judged on whether it meets the requirements.
On the other hand, if there is a collapsed edge, it is processed directly by double-rotor
polishing. In conclusion, the combined polishing process not only avoids the nonlinear
variation of edge pressure but also solves the problem of unreachable trajectory, which has
an excellent effect on the control of edge effect.

<

Double- rotor

polishing
method

Double- rotor

method

Meeting the

End +—Y— g &
requirements?

Figure 6. Combined polishing method.
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3. Edge Processing Experiment

In order to verify the credibility and feasibility of the aforementioned combined
polishing process, a single crystal silicon sample was selected for the polishing experiments.
The specific experimental parameters are shown in Table 1. The detailed experiment is as
follows: First, a polishing tool with a diameter of 30 mm was used for polishing, which
could quickly remove material. Then, a polishing tool with a diameter of 10 mm was
used to reduce the width of the rolled edge. After that, three sizes of polishing tools were
used to reduce the height of the rolled edge. Finally, a 20 mm polishing disc was used
for reshaping.

Table 1. Experimental parameters.

Category Parameter
The material of the polishing pad Polyurethane
The size of tools $10, 20 and 30 mm
Polishing slurry Silica(P50 nm)
Pressure 0.06~0.1 MPa
Rotating speed 80~120 r/min

4. Results and Discussion

The initial surface error of the sample is 3.243A PV, 0.849A RMS and is shown in
Figure 7a. Since the initial surface error is the collapsed edge, a double-rotor polishing
method with a large tool was first chosen for polishing. Then, a figure accuracy of 0.882A PV,
0.184A RMS was obtained and is shown in Figure 7b. Compared to the initial surface error,
the residual surface error after polishing is greatly converged. Moreover, it can be found
that although the surface error in the middle region is converged, there are clear rolled
edges appearing at the edges of the specimen. Then the double-rotor polishing method
with the smallest tool was employed to reduce the width of the rolled edges. The surface
error with 0.921A PV, 0.142A RMS was obtained, as shown in Figure 7c. Compared with the
surface error in Figure 7b, the width of the rolled edges is significantly reduced. With this,
the suppression of rolled edges” width in the combined polishing process is realized.

According to the aforementioned combined polishing method, the spin-polishing
method was selected to reduce the height of the rolled edge. The surface error after spin-
polishing is a ring band of varying heights, as shown in Figure 7d. Its PV decreases from
0.921A to 0.275), and RMS decreases from 0.142A to 0.037A, which obviously improves the
surface quality of the sample. What is more noteworthy is that the height of the rolled
edge is significantly reduced. After the combined polishing process, the sample with a
surface accuracy of 0.148A PV and 0.021A RMS is finally obtained, as shown in Figure 7e. In
addition, it is worth noting that a figure accuracy of 0.103A PV, 0.010A RMS can be obtained
in 90% of the area after the combined polishing. Compared with the conventional CCOS
polishing, such as Figure 7b,c, the edge effect of the sample is greatly weakened after the
combined polishing process, and the surface quality is greatly improved. The results show
that the aforementioned combined polishing process is of great significance for controlling
the edge effect of CCOS polishing, which also verifies the effectiveness and practicality of
the combined polishing process.

The profiles at different stages of the combined polishing process are shown in
Figure 8a. What is clear is that the profile after double-rotor polishing with a large tool has
a larger width of the rolled edge Wnax, as the effective radius of the double-rotor polishing.
In other words, when machining with a small tool, the width Wy of the rolled edge will
be gradually reduced until the minimum value Wpn. At this point, the first step of the
combination polishing is completed, namely, reducing the width of the rolled edge.

An amplified view of the dashed area in Figure 8a is shown in Figure 8b. From the
profile after spin-polishing, the surface residual error is in line with the expectation of
the combined polishing process. In this case, the height of the rolled edge is reduced by
removing the height of the middle area simultaneously, as in regions A and B in Figure 8b.
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This shows that the method of reducing the height of the rolled edge by spin-polishing
is feasible. However, special attention should be paid to the accurate calculation of the
height to be removed for each polishing before processing. The best result is that the height
of the intermediate region after polishing is equal to the minimum height of the initial
surface, that is, /1 is 0. This helps to reduce the amount of subsequent processing and the
convergence rate of surface errors. Comparing the surface profile before and after the
combined polishing process, the results show that the combined polishing process is very
effective in suppressing the edge effect of CCOS.

| +1.25992 I +0.47208

@ ‘ L wave
-1.98347 -0.40985

PV 3.243  wave ms 0.849 wave PV 0.882 wave ms 0.184 wave
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(@)
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Figure 7. Surface error after combined polishing process. (a) initial surface errors, (b) surface errors
after the double—rotor polishing with large tool, (c) surface errors after the double-rotor polishing
with a small tool, (d) surface errors after the spin—polishing, (e) surface errors after the combined
polishing method, (f) surface errors of 90% area after the combined polishing method.
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Figure 8. Surface profile after different machining processes. (a) profile comparison at different
processing stages, (b) amplified view of the dashed part in (a).

5. Conclusions

In summary, a combined polishing process was proposed for the edge effects that
occur in CCOS. In addition, a theoretical analysis and experimental validation of the
combined polishing process were carried out. During the combined polishing process, the
pressure variation was limited and the edge area was effectively removed. Finally, the
PV value of the surface error was reduced from 3.243A to 0.148\, which indicates that the
combined polishing process has a good suppression effect on the edge effect.
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