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Abstract

Quantitative prediction of the smoothing of mid-spatial frequency errors (MSFE) is urgently needed to realize
process guidance for computer controlled optical surfacing (CCOS) rather than a qualitative analysis of the
processing results. Consequently, a predictable time-dependent model combining process parameters and an error
decreasing factor (EDF) were presented in this paper. The basic smoothing theory, solution method and
modification of this model were expounded separately and verified by experiments. The experimental results show
that the theoretical predicted curve agrees well with the actual smoothing effect. The smoothing evolution model
provides certain theoretical support and guidance for the quantitative prediction and parameter selection of the
smoothing of MSFE.
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Introduction
In the past few decades, computer controlled optical sur-
facing (CCOS) has been widely and successfully applied
to the manufacture of optical components [1–3], provid-
ing a deterministic material removal technology for op-
tical devices [4], such as small-sized optical lenses, large
astronomical telescopes and high-power laser systems.
Different processing methods are commonly used, which
has a broad coverage including CNC polishing, gasbag
polishing, magnetorheological polishing, ion beam pol-
ishing, etc [5–7] In some extreme optical systems like
large-aperture telescope systems or nanoscale lithog-
raphy systems, surface errors of the optical components
play a critical role in the imaging and operation quality
of the entire system. In consequences, study on the for-
mation mechanism and suppression method of surface
errors is of great significance to the process and
manufacturing.
The surface errors of optical components can be classi-

fied as low-spatial frequency errors, mid-spatial frequency

errors (MSFE) and high-spatial frequency errors, accord-
ing to the spatial frequency. The low-spatial frequency
error is a shape error, which can introduce various aberra-
tions and lead to image distortion of the optical system;
the mid-spatial frequency error represents the ripples of
the component surface, which can result in the small
angle scattering of light and affect the imaging contrast;
the high-spatial frequency error represents the roughness
of the surface which enables large-angle scattering of light
and reduces specular reflectance. Therefore, sub-band re-
search and surface error control play a key role in the pro-
cessing and evaluation of optical systems.
In recent years, lots of research have been done on the

smoothing of the surface errors. In 1981, Brown and
Parks quantitatively explained the smoothing effect with
elastic support flexible abrasive belts [8]. Mehta and Reid
first proposed flexible pads in 1990 and built bridge
models based on elastic theory [9, 10]. After 2010, Kim
did a lot of research work on RC pads. A parametric
mathematical model was proposed based on the bridge
model to describe the polishing effect and efficiency of
various polishing processes [11, 12]. Later on, Y. Shu
pointed out that Kim’s model gave a flat uniform slip
factor (SF), by ignoring the time-varying characteristics.
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When considering the smoothing time during the pol-
ishing process, the evolution of surface errors was re-
vealed and an exponentially decreasing function image
was obtained [13]. And by comparing the different pol-
ishing pad movements, it was pointed out that the
smoothing curve under the double planetary motion
drops faster and the smoothing limit value is smaller, in-
dicating that the double planetary motion polishing pad
has better smoothing effect. At the same time, the
addition of random polishing paths in the smoothing
process also achieved progress [14, 15]. Nie analyzed the
smoothing effect of irregular ripples with finite element
method [16].
With some of the theoretical models mentioned above,

the effects of different process parameters on the
smoothing process have also been studied. Zhang com-
pared the smoothing experiment of the asphalt disk with
the polyurethane pad at the same speed, finding that the
pitch pad had better smoothing effect than the polyur-
ethane pad, and higher speed resulted in higher smooth-
ing efficiency [17]. With the parametric model, Kim
compared the smoothing factors of different polishing
tools, finding that the elastic material with harder sur-
face had better smoothing effect [18]. Nie found that the
polishing pad groove did affect the material removal and
also the radial slotting method had a better smoothing
effect by changing the slotting method of the polishing
pad groove [19].
In this paper, the smoothing mechanism of the mid-

spatial frequency errors in computer-controlled polish-
ing using pitch pads was studied. Based on the existing
theoretical model, a further extension and derivation of
the smoothing theory has been carried out. Considering
the actual polishing process, a predictable smoothing
evolution model was established. It is promising that this
model can provide more precise guidance and prediction
for the actual smoothing process of the surface ripple
errors.

Method
Smoothing theory
It is very important to establish a reasonable and effect-
ive mathematical model of the smoothing effect in the
computer-controlled polishing process. There have been
some studies on the smoothing effect by using elastic
tools mentioned above.
As shown in Fig. 1(a), the ripple errors on the surface

cause uneven contact between the polishing pad and the
workpiece, resulting in inhomogeneity in the pressure
distribution. The peak of the ripple has an additional
pressure difference Padd compared to that of the trough.
According to the Preston equation, the material re-
moved during the polishing process is proportional to
the polishing pressure. Therefore, more material is

removed at the peak of the ripple than at the trough. As
a result, the workpiece will become smoother, thereby
achieving the smoothing effect of the surface errors. The
Preston equation shows that the material removal of
workpiece satisfies:

Δε ¼ K � Padd � v � Δt ð1Þ

where Δε is the amount of change in the amplitude of
the ripple errors after single smoothing, K is a constant
parameter, v is the relative speed between the polishing
pad and the workpiece, and Δt is the time of single
smoothing based on the existing surface errors.
For visco-elastic polishing tools, such as pitch pads or

RC pads, a parametric smoothing model [11] has been
established:

SF ¼ Δε
ΔZ

¼ k � εini − ε0ð Þ ð2Þ

where SF is the smoothing factor, defined as the ratio of
Δε (the amount of change in the amplitude of the ripple
errors after single smoothing) to ΔZ (the depth of ma-
terial removal on the surface of the workpiece after sin-
gle smoothing under the premise that the contact
pressure at the peak and the trough of the ripple errors
is the same). To a certain extent, ΔZ can be understood
as the depth of material removal on the surface of the
workpiece without ripple errors under the same process-
ing conditions. εini is the initial amplitude of the ripple
errors before smoothing and ε0 is the final amplitude
after multiple smoothing which indicates the limit of the
smoothing process, that is, the amplitude does not
change with the increase of smoothing time when the
amplitude of ripple errors decreases to ε0. The magni-
tude of SF characterizes the smoothing capacity to the
ripple errors in the polishing process. It can be seen that
the smoothing factor SF has a linear correlation with the
surface roughness of the workpiece, and the propor-
tional coefficient is k. In the parametric smoothing
model:

k ¼ κtotal
P

ð3Þ

1
κtotal

¼ 1
κelastic

þ 1
κothers

ð4Þ

where P is the pressure between the polishing pad and
the workpiece, κtotal is the material coefficient of the pol-
ishing pad, which is related to the elastic material coeffi-
cient κelastic and the overall material coefficient κothers of
other structures.
The parametric smoothing model indicates that the

smoothing factor is related to the material parameters
and polishing pressure during the polishing process.
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However, it is difficult to reflect the relationship between
the parameters of smoothing process and other process.
It is not intuitive to infer the material removal rate of
the actual polishing process because no factor is in-
cluded in this model to describe the evolution of the
surface error with time. Therefore, based on the para-
metric model, a time-dependent smoothing evolution
model has also been proposed and applied [13].
Using the mathematical expression of the smoothing

factor in the parametric smoothing model, the following
equation can be obtained:

dε
dZ

¼ d ε − ε0ð Þ
dZ

¼ − k � ε − ε0ð Þ ð5Þ

Then

ε ¼ εini − ε0ð Þ � e − k�Z þ ε0 ð6Þ
where ε is the amplitude of the ripple errors on the
workpiece surface after several times of smoothing
process, Z is the total material removal depth of the
workpiece surface without ripple errors under the same
smoothing time t and processing conditions.
With Z developed by the Preston equation, similar as

Eq.1, combined with Eq.3, the above equation yields:

ε ¼ εini − ε0ð Þ � e − κtotal �K �v�t þ ε0 ð7Þ
The smoothing model represented by Eq.7 reveals that

the surface ripple errors converge exponentially with
time during the smoothing process. In the general appli-
cation of the model, the data points of the polishing
process are often fitted by an exponential function, and
the smoothing efficiency is measured by the obtained fit-
ting parameter values. However, how to calculate a more
accurate predicted curve of smoothing process from the
various process parameters of the model is still an ur-
gent problem to be solved. The theoretical model estab-
lished next is to find the relationship between the
practical polishing parameters and the smoothing

efficiency by analyzing the actual smoothing parameters
in computer-controlled polishing.

Predictable evolution smoothing model
Starting from Eq.6, the material removal depth Z under
different processing conditions can be obtained by
relatively accurately modeling and simulating of the the-
oretical tool influence function (TIF). In computer-
controlled polishing, the polishing pad usually moves in
a specific mode. The most common mode for pitch pad
is double planetary motion, as shown in Fig. 2.

Fig. 2 The double planetary motion of the polishing pad, where R is
the radius of the polishing pad. The polishing pad has a revolution
ω1 around a certain circle O at a certain eccentricity e, and a rotation
with angular velocity ω2. The distance between the polishing point
A and the center O is r. Since the polishing pad motion has both
revolution and rotation, with the corresponding linear velocities
being v1 and v2, respectively, the velocity v of the polishing pad
relative to the workpiece is the vector sum of v1 and v2. The angle
between v1 and v2 is β. The angle between O, A and O′ is α

Fig. 1 a A pitch polishing pad contact on the workpiece with ripple errors. b) Experiment platform
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The polishing velocity v of any contact point (r, α) on
the polishing pad surface varies with the locations, which
can be expressed as:

v r; αð Þ ¼ ω1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 1þ nð Þ2 þ e2n2 − 2ren 1þ nð Þ cosα

q

ð8Þ

where

n ¼ ω2

ω1
ð9Þ

Under a uniform pressure distribution of the polishing
layer, the TIF of the double planetary motion pad (the
average removal within a period T) satisfies:

TIF ¼ K � P � v ¼ K � P �

Zθ

− θ

v r; αð Þdα

T

¼ K � P � ω1

2π

Zθ

− θ

v r; αð Þdα

ð10Þ

where the integration interval θ satisfies the following
condition:

θ ¼
2π

2 arccos
r2 þ e2 − R2

2re

� �

0

8
><

>:

r≤R − e
R − e < r≤Rþ e

r > Rþ e

ð11Þ

The TIF is related to the position r as can be seen
from the above equation. Meanwhile, in the polishing
process, the area of a 2-D TIF image contains all the
points at which the polishing pad can produce material
removal. Therefore, an overall analysis of the TIF area is
carried out to establish a comprehensive average effect
of material removal. Then the total volume removal rate
(VRR) in the area of the tool influence function satisfies:

VRR ¼ ∬TIF x; yð Þdxdy ¼ K � P � ω1

2π

Z2π

0

dϕ
ZR

0

rV rð Þdr

¼ K � P � ω1

ZR

0

rV rð Þdr

ð12Þ

where

V rð Þ ¼ 1
ω1

Zθ

− θ

v r; αð Þdα

¼
Zθ

− θ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 1þ nð Þ2 þ e2n2 − 2ren 1þ nð Þ cosα

q
dα

ð13Þ
During the actual polishing process, due to the

non-uniformity of the velocity distribution generated
by the polishing pad movement mode, the material
removal depth at different positions in a specific
dwell time is different. Hence, the average removal
depth of each polishing point is taken as the total
material removal depth Z of the workpiece to achieve
an objective consideration of the smoothing effect. Z
satisfies the following equation:

Z ¼ VRR

πR2 � t ¼ K � P � ω1

πR2

ZR

0

rV rð Þdr � t ð14Þ

Substituting Eq.3 and Eq.14 into Eq.6, a complete
multi-parametric smoothing model can be obtained as
follows:

ε ¼ εini − ε0ð Þe − κtotal � VRRP�πR2�t þ ε0

¼ εini − ε0ð Þe
− κtotal �K � ω1

πR2

ZR

0

rV rð Þdr�t
þ ε0

ð15Þ
An error decreasing factor (EDF) is defined to

characterize the efficiency of the exponential conver-
gence over time of the surface ripple errors of the work-
piece during the smoothing process, and its equation
satisfies:

EDF ¼ κtotal � VRR

P � πR2 ¼ κtotal � K � ω1

πR2

ZR

0

rV rð Þdr ð16Þ

In this way, the predictable smoothing evolution
model Eq.15 with complete parameters of the entire pol-
ishing process is simplified as:

ε ¼ εini − ε0ð Þe − EDF �t þ ε0 ð17Þ
In this model, the surface ripple errors converge

exponentially with a certain smoothing efficiency
which depends on the magnitude of EDF: larger EDF
implies higher efficiency. The convergence curve of
the whole smoothing process and then the volume
removal rate can be theoretically predicted with the
given process parameters. However, due to the
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instability of the pitch layer and the inhomogeneity
of the pressure distribution, the actual removal rate
might deviate from the theoretic prediction. There-
fore, it is necessary to bring in the volume removal
efficiency from an actual polishing spot to calculate
the EDF based on Eq.16.

Correction of EDF solution process
According to the parameterized smoothing theory,
κtotal is com posed of κelastic and κothers. The elastic
coefficient κelastic of the pitch layer is related to the
spatial frequency f of the workpiece surface ripple
errors [18], while κothers is possibly affected by the
geometry of the polishing tool itself, material, polish-
ing slurry, and also the spatial frequency f of ripple
errors. Therefore, a parameter C, called the slope
correction factor, is used instead of κothers [11].

κtotal ¼ 1
1

κelastic fð Þ þ
1

C fð Þ
ð18Þ

The influence of the spatial frequency f of the ripple
errors on the factor EDF will be discussed in the experi-
mental part.
In the parametrized smoothing model, according to

Eq.2 and Eq.3, fitting a series of continuous experi-
ment data of the smoothing factor SF and the surface
ripple errors as shown in Fig. 3(a), a straight line with

fitting slope k as shown in Fig. 3(b) can be obtained.
Then κtotal can be calculated with k and the pressure
P of the polishing pad from Eq.3. At the same time,
the convergence curve of the ripple errors in the
whole smoothing process can be inferred in accord-
ance with the smoothing model. However, comparing
the experimental results, there is a certain difference
between the κtotal calculated by using the slope k and
the κtotal obtained by the reverse calculation of the
experimental results, which leads to the deviation of
the predicted curve and the actual smoothing curve.
Hence, it’s of vital importance to quantitatively
analyze and modify the solution process of the EDF
based on the parameterized model in combination
with experimental phenomena.
Several short-time pre-processing is usually carried

out to achieve the purpose of predicting the smooth-
ing effect, and then the actual smoothing factor SF
is calculated by combining these data. As shown in
Fig. 3(a), during the pre-polishing process, the sur-
face ripple errors converge exponentially. The actual
experimental data is only a series of points on the
curve at equal time intervals, denoted as data 1,
data 2, data 3. The linear fit lines corresponding to
these data points are shown in the Fig. 3(b). Accord-
ing to the definition of the smoothing factor SF from
Eq.2 and Eq.17, for data 1, the following relationship
equation between smoothing factor SF and the error
decreasing factor EDF can be obtained:

Fig. 3 a The convergence curve of ripple errors during the actual smoothing process. b The corresponding data points in the parametric model
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SF1 ¼ Δε
ΔZ

¼ ε1 − ε2
VRR

πR2 t2 − t1ð Þ

¼ Ae − EDF �t1 −Ae − EDF �t2

VRR

πR2 t2 − t1ð Þ

¼ Ae − EDF �t1 1 − e − EDF �Δt� �

VRR

πR2 Δt
ð19Þ

Similarly, at the point of data 2, SF satisfies:

SF2 ¼
Ae − EDF �t2 1 − e − EDF �Δt� �

VRR

πR2 Δt

¼ Ae − EDF �t1e − EDF �Δt 1 − e − EDF �Δt� �

VRR

πR2 Δt
ð20Þ

Then the slope of the line shown in Fig. 3 (b) satisfies:

k0 ¼ SF1 − SF2

ε1 − ε2
¼ Ae − EDF �t1 1 − e − EDF �Δt� �2

VRR

πR2 Ae
− EDF �t1 1 − e − EDF �Δt� �

¼ 1 − e − EDF �Δt

VRR

πR2 Δt
ð21Þ

Substituting the expression of EDF in Eq.16 into the
above equation gives:

k0 ¼ 1 − e −
κtotal
P �VRR

πR2
Δt

VRR

πR2 Δt
ð22Þ

It can be seen that under the premise of keeping the
process parameters the same, the fitting slope k0 will
change with the difference of the single pre-processing
time Δt. Affected by this, the κtotal obtained by Eq.3
combining the fitting slope k0 and the polishing pressure
P also becomes a variable affected by the single pre-
processing time Δt, which does not conform to the es-
sence of the processing process. κtotal is defined as the
material coefficient of the polishing pad, which is usually
constant without changing the structure or material of
the polishing pad. Therefore, the abnormal experimental
phenomena obtained above can be reasonably explained
by Eq.22. During the actual polishing process, the rela-
tionship between the true value of κtotal and the linear
slope k0 obtained by fitting the parametric smoothing
model no longer satisfies Eq.3, which does not mean that
Eq.3 is not suitable for the whole smoothing pro-
cess。The slope k in Eq.3 is calculated by fitting mul-
tiple sets of data points obtained from the complete
smoothing process (the ripple errors of the workpiece
reach the smoothing limit from the initial amplitude

through multiple smoothing processes). Several short-
term smoothing during the pre-processing process, how-
ever, causes a certain degree of difference between the
fitted slope k0 calculated by the fewer data points and
the fitting slope k of the complete smoothing process.
Under this inducement, the κtotal (expressed as κtotal_(un-
fixed) in the experimental part) and EDF (expressed as
EDF_(unfixed) in the experimental part) calculated by Eq.3
cannot match the actual values obtained from the
smoothing process.
In fact, taking the limit value for the single pre-

processing time Δt, Eq.22 satisfies:

lim
Δt→0

1 − e −
κtotal
P �VRR

πR2
Δt

VRR

πR2 Δt
¼ κtotal

P
ð23Þ

Obviously, since the sampling interval Δt of the two
data points is not zero in the actual polishing, the value
of κtotal calculated based on the fitted slope k and Eq.3 is
smaller than its actual value. In the case of multiple sam-
pling and ensuring that the sampling interval Δt is small
enough, the above equation can be satisfied approxi-
mately, which is hard to implement in the pre-
processing process. Calculating the value of κtotal
through Eq. 22 can effectively avoid the influence of the
sampling interval Δt on the solution process of κtotal and
obtain the true material coefficients normalized by sam-
pling interval and the error decreasing factor of the
complete smoothing process. Due to the differences in
the structure and characteristics of different polishing
pads, the material properties need to be tested after re-
placing the polishing pad for smooth processing, that
is, several short-time pre-processing is required. The
real material properties of the current polishing pad
can be obtained by substituting the calculated
smoothing factor SF and the fitting slope k0 into
Eq.22, and then the convergence curve of ripple er-
rors in the whole smoothing process can be simulated
to realize the prediction and guidance of smoothing
processing. At this point, a modified smoothing
model has been established completely.

Results and discussions
Smoothing contrast experiment of ripple errors with
different spatial periods
In order to explore the relationship between the error
decreasing factor (EDF) and the spatial frequency of
ripple errors, a set of smoothing contrast experiments
were carried out on three pieces of fused silica (size
100 mm × 100 mm) with initial surface error of 3 mm,
5 mm and 7 mm obtained through magnetorheological
finishing pretreatment, respectively. These three fused
silica components were subjected to a continuous
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polishing experiment on the same polishing platform
(seen Fig. 1(b)).
The experiment was performed on a pitch pad

with a diameter of 35 mm, with eccentricity set to 3
mm, angular velocity of revolution set to 200 rpm, of
rotation to 20 rpm, and the rotation direction being
opposite to the revolution direction. On the surface
of the component, the polishing pad travels in a
grating path at a speed of 200 mm/min and a grating
spacing of 3 mm. The surface of the three fused sil-
ica components was examined initially and after each
polishing process with an interferometer. For each
fused silica component, the polishing experiment
should be stopped when the smoothing effect
reaches the limit.
Figure 4 shows the area image measured in the ex-

periment with an error of 7 mm in space interval.
Considering the edge effect in the polishing process
and the uniformity of the material removal after the
superposition of the TIF, the data taken contains only
the area of the original fused silica element with a
center diameter of 40 mm, which is about the same
size of a TIF scale.
From the experiment, it is clear that the surface

ripple errors gradually decrease as the smoothing
process goes on. The RMS (root mean square) is re-
duced from the initial 32.41 nm to the final 1.57 nm
to reach the smoothing limit, when the mid-spatial
frequency errors of the fused silica have been

removed. The experimental images of the other two
components with ripple errors of 5 mm and 3 mm in
spatial frequency respectively are similar to the
image above. The data collected from the experiment
of the three components were analyzed and plotted
as shown in Fig. 5, with the RMS value being the or-
dinate and the number of smoothing times being the
abscissa, and an exponential fitting was performed.
The fitting results on the data of 3 mm, 5 mm, and 7

mm spatial spacing are listed as follows:

RMS3mm ¼ 27:274e − 0:630N þ 0:853 nmð Þ
RMS5mm ¼ 28:859e − 0:471N þ 1:343 nmð Þ
RMS7mm ¼ 31:672e − 0:183N þ 0:738 nmð Þ

It is found through the experiments that the work-
piece with an initial surface error of 3 mm took the
minimum time to reach the smoothing limit, while
the workpiece with 7 mm initial surface error took
the longest time. In the experiment, a single smooth-
ing time of each workpiece was set to 17 min, and
the average smoothing time of each point in the ex-
perimental area was:

Δt ¼ π � 20:52

100� 100
� 17 ≈ 2 min

Therefore, the fitted EDF values for the three curves
are:

Fig. 4 Surface data of the workpiece surface with a spatial period of 7 mm, which is at the initial time and after the 3rd, 6th, 9th, 12th, 15th and
the final polishing process
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EDF fittedð Þ3mm ¼ 0:310= min
EDF fittedð Þ5mm ¼ 0:236= min
EDF fittedð Þ7mm ¼ 0:092= min

In fact, in the three sets of experiments, except for
the initial surface ripple error frequency of the work-
piece, all other parameters of the polishing process
are the same, that is to say, all terms of EDF of the
three sets of experiments in the theoretical model are
equal except for κtotal. According to Eq.17, the ripple
frequency affects the elastic coefficient κelastic (f) of
the pitch layer and the slope correction factor C.
Comparing the EDF values of the three sets of experi-
ments, the higher the corrugated space frequency is,
the larger the material impact parameter κtotal is,
which leads to a larger EDF. And the larger EDF is,
the higher smoothing efficiency is, then the faster the
convergence curve of the smoothing experiment
decreases.

Experimental verification of the correction effect of
parametric smoothing model
Before the experiment mentioned above, a set of
polishing spots were obtained under the same pol-
ishing process parameters, as shown in Fig. 6. Due
to the inhomogeneous pressure distribution of the
actual polishing pad and the instability of the pitch
layer, the TIF has a certain deviation from the the-
ory. And in the calculation of the smoothing model,
it is the volume removal rate of the actual polishing
spot that should be applied, which was 2.06 × 10− 2

mm3/min.
According to the parametric smoothing model, a

series of data points (PV) of the surface ripple errors

on the experimental workpieces and the smoothing
factor (SF) were plotted and fitted linearly, as shown
in Fig. 7.
The pressure loading during the experiment was al-

ways 5 N. With the fitted straight line slope k0 shown
in Table. 1, using Eq.22, the corresponding κtotal value
in the experiment can be obtained. Substituting it
into the smoothing model Eq.15, together with the
parameters of the polishing pad in the experiment,
the calculated EDF values corresponding to the spatial
frequency can be obtained. In order to verify the
correction effect of parametric smoothing model, the
original κtotal_(unfixed) calculated from Eq.3 and the
corrected κtotal_(fixed) calculated according to Eq.22
are listed below. Finally, the error decreasing factors
EDF_(fitted) fitted to the experimental data were com-
pared, as shown in Table. 1.
EDF_(unfixed) and EDF_(fixed) are the EDF values

calculated from κtotal_(unfixed) and κtotal_(fixed), re-
spectively. From the table, it can be found that the
magnitude of the corrected EDF_(fixed) is closer to
the experimental results (with uncertainty within
4.5%), while the uncorrected EDF_(unfixed) has a lar-
ger deviation from the actual curve convergence fac-
tor (with maximum deviation 38.1%). Therefore, it
can be objectively considered that κtotal_(fixed) calcu-
lated from the modified relationship Eq.22 is closer
to the actual data, thereby confirming the accuracy
of Eq.22 and the necessity of correction for paramet-
ric model.

Prediction of smoothing experiment
In order to further examine how well the theoretical
smoothing model can describe the actual smoothing
process, another set of polishing experiment was per-
formed, which is on a round workpiece (Φ150mm), with
initial surface ripple spital interval set to 5 mm. A polish-
ing pad with a diameter of 50 mm and eccentricity of 5
mm were chosen in the progress. Different from the pre-
vious experiments, the volume removal rate measured
through the polishing spot before smoothing experiment
was VRR = 1.445 × 10− 1 mm3/min, and the pressure
given during polishing was 55 N. The experimental re-
sult is shown in Fig. 8.
In Fig. 8, the red curve is the predicted curve calcu-

lated by the theoretical parameterized model. Since the
material of the polishing pad selected in the experiment
was the same as the previous experiment, and the spital
interval of the surface ripple errors is 5 mm, the value of
κtotal used in the theoretical prediction is 77.357/
(pa·nm− 1) as listed in Table.1. According to the para-
metric smoothing model, the theoretical error decreas-
ing factor EDF2 calculated by Eq.15 satisfies:

Fig. 5 Data points and the fitting curve of the three components
with different spatial period ripple error in the
smoothing experiment
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EDF2 ¼ 77:357pa � nm − 1

55N

π � 252mm2

� 1:445� 10 − 1mm3 � min − 1

π � 302mm2

¼ 0:141 min − 1

Similarly, the actual smoothing time of each point in
the polishing area is 3 min, so the actual EDF2(fitted) ob-
tained from the fitting curve of the experimental data is:

EDF2 fittedð Þ ¼ 0:433� 3 ¼ 0:144 min − 1

It shows that there is a better match between the
smoothing convergence curve obtained by theoretical
calculation and the experimental curve within a certain

uncertainty. In this experiment, the deviation of each
data point from the theoretical prediction does not ex-
ceed 2%.
The source of the uncertainties is from the fitted

slope k0 and the instability of the experimental condi-
tions: the slope k0 obtained from the linear fit on the
experimental data is not accurate, therefore propagat-
ing to calculating κtotal. At the same time, there is
still a certain difference between the polishing pads of
the two groups due to the instability of the pitch
layer and the change in thickness, which can affect
the actual material coefficient. In general, the theoret-
ical model predicts the experimental results from nu-
merical calculations well, and gives a certain accuracy
of the predicted curve for the actual processing, appli-
cation and optimization of the selection of polished
spots to smooth the surface ripple errors.

Conclusion
Based on the urgent need for quantitative prediction of
smoothing effect, a new predictable smoothing evolution
model for computer-controlled polishing was established.
The main focus of this study was its basic smoothing

Fig. 7 Linear fitting of the smoothing factor and the surface ripple
errors. In the experiment, smoothing time of each workpiece
was 17min

Table. 1 Parameters calculated results

Spatial period 3mm 5mm 7mm

k0/nm
− 1 0.0153 0.0097 0.0044

κtotal_(unfixed)/pa nm−1 79.553 48.876 22.878

κtotal_(fixed)/pa nm−1 108.045 77.357 29.465

EDF_(unfixed)/min−1 0.238 0.146 0.069

EDF_(fixed)/min−1 0.324 0.231 0.088

EDF_(fitted)/min−1 0.310 0.236 0.092

Fig. 6 Polishing spot of the experience and the normalized TIF
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theory, solution method and modification. Firstly, combin-
ing the existing qualitative characterization equation of
the convergence process of the ripple errors, the paramet-
ric smoothing model containing time variables suitable for
computer-controlled polishing was proposed. An error de-
creasing factor EDF was defined, as an integral factor that
contains the various process parameters of the polishing
process, which characterizes the smoothing efficiency
under some specific settings of polishing process. Accord-
ing to the several data points and process parameters ob-
tained by the short-time pre-processing before smoothing,
the EDF and theoretical error convergence curve of the
current smoothing process can be calculated.
In view of the observed experimental phenomenon

that the theoretical predicted curve deviates from the
actual curve, the solution process of the parameter-
ized smoothing model was revised and verified by ex-
periments. After correction, the maximum deviation
of the EDF obtained by theoretical calculation and
the EDF obtained by experimental fitting is reduced
from 38.1% to 4.5%. On this basis, the predicted ex-
periment for the actual complete smoothing process
was carried out by using the parametric model, which
indicated that the predicted curve is in good agree-
ment with the actual smoothing curve and the devi-
ation between theoretical data points and actual
values is not more than 2%.
The error decreasing factor EDF specifically includes

the polishing pad geometry, rotational speed, material,
and physicochemical environmental factors during the
polishing process, and the spatial frequency of the ripple
errors. It can be concluded from the smoothing experi-
ments that the spatial frequency of the surface ripple
error does have an effect on the smoothing efficiency. In
the same smoothing environment, the smoothing effi-
ciency of the ripple errors with a larger spatial frequency
is higher, and the convergence curve falls faster.

The predictable smoothing evolution model pro-
posed in this paper shows high accuracy and good
universality, so that the research on the smoothing ef-
fect of ripple errors in computer-controlled polishing
is no longer limited to qualitative analysis but can
achieve quantitative prediction. In addition, it also
provides a certain degree of theoretical support and
guidance for the adjustment of the process conditions
of smoothing the ripple errors.
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