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Abstract: Nowadays, large-aperture optical components are increasingly used in high-power laser
systems, remote-sensing satellites, and space-based astronomical telescopes. Fabricating these sur-
faces with submicron-scale shape accuracy and a nanoscale surface finish has been a great challenge
for the optical industry, especially for hard and difficult-to-machine materials. Thus, to achieve the
high-efficiency and high-precision polishing of large-aperture aspherical optical parts, this study
combined robotic machining technology with computer-controlled optical surfacing (CCOS) technol-
ogy and investigated the effect of robot motion accuracy on the surface topography of workpieces
during polishing. First, a material removal model considering the normal error of the polishing
tool was developed based on contact mechanics, kinematic theory, and the abrasion mechanism.
Next, in combination with the polishing trajectory, the surface morphology and form accuracy after
polishing were predicted under different normal-error conditions. Then, preliminary experiments
were conducted to verify the model. The experimental data agreed with the simulation results,
showing that as the normal error increased from 0◦ to 0.5◦ and 1◦, the peak-to-valley (PV) values
of the surface profile of the optical element decreased from 5.42, 5.28, and 4.68 µm to 3.97, 4.09, and
4.43 µm, respectively. The corresponding convergence rates were 26.8%, 22.5%, and 5.3%. The root
mean square (RMS) values decreased from 0.754, 0.895, and 0.678 µm to 0.593, 0.620, and 0.583 µm,
with corresponding convergence rates of 21.4%, 30.7% and 14.0%, respectively. Moreover, a higher
motion accuracy enabled the polishing robot to reduce the mid- and high-frequency errors of the
optical element.

Keywords: computer-controlled optical surfacing; motion accuracy; material removal model; normal
error; form accuracy

1. Introduction

The applications of aspheric surfaces in optical systems not only improve performance
but also significantly reduce the number of optical components, therefore reducing the
manufacturing cost of optical systems [1]. These advantages mean that large-aperture
aspherical surfaces are widely used in high-power laser systems, remote-sensing satellites,
and space-based astronomical telescopes [2]. However, increasing the size and accuracy
requirements of aspheric optical components often increases the processing difficulty.
Taking the Hubble Space Telescope as an example, the main lens with a diameter of
2.4 m had a surface form error of 2 µm, which shortened the observation distance from
the expected value of 14 billion light years to 4 billion light years [3]. The James Webb
Space Telescope, originally scheduled to launch in 2018, was also delayed because of the
demanding design and manufacturing requirements for the optical components. Therefore,
the fabrication of large-aperture aspherical surfaces with high efficiency and accuracy is an
important issue in the optical manufacturing industry.
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Various ultra-precision polishing processes are available for polishing aspheric surfaces
and off-axis segments, including computer-controlled optical surfacing (CCOS) [4], bonnet
polishing [5], magnetorheological finishing [6], stress lap polishing [7], and ion figuring [8].
Because each polishing process has its own merits and limitations, the most suitable method
for a specific function must be selected in the process chain. For example, Beaucamp
et al. [9] performed the super-smooth finishing of diamond-turned hard X-ray molding
dies by combined fluid jet polishing and bonnet polishing. Kim et al. [10] used a combined
polishing technique, including stress lap polishing and rigid conformal polishing, to achieve
the ultra-precision machining of large-aperture off-axis mirrors. By choosing reasonable
polishing parameters, the proposed polishing method could improve the surface roughness
RMS value of the polished surface to below 1 nm [11].

The computer-controlled optical surfacing (CCOS) technique is an enabling technology
that actively controls the position, orientation, and dwell time of a small rotating tool as
it sweeps through the polished surface to construct the desired optical contour in an
iterative process [12]. CCOS can provide a solution for the low-cost mass production of
large-aperture optical surfaces because of its advantages of high polishing efficiency and
shape accuracy [13]. Jones and Plante [6] reported that the form error of the large optic
(up to four meters in size) was reduced from 24 µm to 1.9 µm, and a surface texture with a
1.6 nm RMS value could be achieved for a 1 m diameter optic [14]. In the polishing process,
the convergence accuracy and efficiency of the surface form achieved by CCOS mainly
depend on the influence function, the dwell time algorithm, and the tool path planning.
Hence, much research has been conducted on improving the polishing process [15], edge
control [16], dwell time calculation [17], and polishing path generation [18]. During the
polishing process of aspherical surfaces, the normal error of the polishing tool relative to
the workpiece affects the pressure and velocity distribution in the contact area, resulting
in the distortion of the removal function and the deterioration of the polishing efficiency
and accuracy. However, research on the theoretical modeling and influence mechanism of
the motion accuracy of polishing equipment on surface topography during the polishing
process is still limited.

Given these considerations, a novel material removal model considering the normal
error of the polishing tool was developed based on contact mechanics, kinematic theory,
and the abrasion mechanism. In combination with the polishing trajectory, the surface
morphology and form accuracy after polishing were predicted under different normal-
error conditions. A series of experiments was conducted to verify the model and clarify
the influence mechanism of the normal error on the surface topography in CCOS. The
established model provides a solid theoretical basis for the optimization of robot motion
control strategies.

2. Model Development

Figure 1 shows a flowchart of the theoretical modeling process for CCOS. Firstly,
the surface topography of the polishing pad was simulated by a mathematical statistics
method to determine the porous distribution characteristics of the polishing pad. Secondly,
the microscopic deformation characteristics of the polishing pad under a given tool load
were calculated using the data of the pad surface topography, and the contact pressure
at each particle during polishing was calculated based on contact mechanics, so as to
determine the embedded depth and material removal of each particle. Then, considering
the planetary-motion characteristics and the normal error of the polishing tool, the material
removal amount of all effective abrasive particles on the entire polishing pad was calculated;
subsequently, the material removal characteristics of the planetary-motion polishing were
determined. Finally, the polishing trajectory and the initial surface topography were
combined to predict the surface topography and form accuracy after polishing.
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2.1. Modeling of Pad Surface Topography

The polishing tool used in this paper was a porous polyurethane polishing pad. The
pad surface was distributed with circular micropores and 2 mm × 1.5 mm diversion
grooves. During the polishing process, the surface topography of the pad has a very
important influence on the removal mechanism of the polishing material. Therefore, in
order to better understand the material removal process, it is necessary to study the surface
topography characteristics of polishing pads. In this research, a KEYENCE VH7000 digital
microscope was used to observe the surface morphology of the polishing pad, and the
image recognition method was used to analyze and measure the distribution of the porous
features on the pad surface. Figure 2a shows the measurement results of the surface
morphology of the polyurethane polishing pad. We observed randomly distributed pores
of different sizes on the pad surface. Figure 2b shows the pore distribution on the pad
surface treated by the image recognition method. After the statistical analysis of the size
of the pore area, we concluded that the pore area on the pad surface in the observation
area accounted for 35% of the total observation area. In addition, the pore size on the pad
surface was statistically analyzed, demonstrating that the average pore size was 85 µm,
and the fitted distribution curve showed an exponential distribution. After the hypothesis
test, we found that the distribution of the micropore diameter Dh on the pad surface was
exponential, with a mean value of 85 µm, that is, Dh ∼ ε(0.085 mm). In this study, Matlab
software was used to simulate the surface topography characteristics of the polishing pad.
The simulation steps were as follows:
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i. We estimated the average spacing ∆h between the micropores on the pad surface by
observing the total number of micropores on the pad surface Nh and the total surface
area of the polishing pad Sp, as shown in Equation (1).

∆h ≈
√

Sp/Nh (1)

The dg value was taken as the average spacing of uniformly distributed micropores,
and the position of the center point of the micropores was expressed as Gxyz. Since
the distribution of micropores mostly presented a disordered random position distri-
bution, the position of the center point of the micropores was randomly shifted in the
x, y, and z directions of the spatial coordinates, as follows:

Gxyz =


Gx

i,j,k
Gy

i,j,k
Gz

i,j,k

 =


Gx

0,0,0 + i · dg + Rx

Gy
0,0,0 + j · dg + Ry

Gz
0,0,0 + k · dg + Rz

 (2)

where Rx, Ry, and Rz represent the random offset of the initial center point position
of the micropore in the three directions of x, y, and z, respectively.

ii. After the random displacement of the center position of the micropore was determined,
the hemispherical “micropore” was simulated at the new position, with the diameter
of the micropore obeying an exponential distribution with an average value of 85 µm,
so as to simulate the pore distribution characteristics of the pad surface.

iii. The statistical analysis of the distribution characteristics of the micropore diameter on
the pad surface and the porosity of the pad surface was conducted. Compared with
the measured data, if the error of the simulation result was less than 5%, the simulation
met the requirements. Otherwise, we re-sampled and simulated the position of the
central hole of the micropore until the micropore distribution characteristics met the
requirements.

iv. According to the distribution characteristics of the diversion grooves and the central
hole on the pad surface, the height of the slurry supply hole and the position of the
groove in the theoretical model was set to −1.5 mm; then, the theoretical simulation
morphology of the polishing pad surface was generated.
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2.2. Removal Mechanism for Single Particle

In the present study, the abrasive particles were assumed to be evenly distributed
between the polishing pad and the polishing surface, with some of the abrasive particles
embedding into the polishing surface under the action of the tool load. Combined with
the rotation of the polishing tool, the target surface is scratched by the abrasive particles
to achieve the removal of the material. To simplify the modeling process, the influence of
the polishing liquid film was ignored in this study, and the contact between the abrasive
particles and the workpiece surface was assumed to be elastomer–solid contact. Assuming
that the load applied to the polishing tool was borne by the abrasive particles, the applied
load could be expressed as:

Fload = HwπDp

Nw

∑
m=1

dm(z), (3)

where Hw is the hardness of the polished workpiece, and dm(z) is the embedded depth of
the mth abrasive particle. The indentation of micron-sized abrasive particles can cause the
microscopic plastic deformation of the target surface. According to the wear and fracture
mechanism of hard and brittle materials, submicron-scale plastic deformation causes the
phase transformation of the material itself on the microscopic level without generating
dislocations, subsurface defects, or microcracks. The material removal model established
in this section was also based on the assumption of microscopic plastic deformation. The
macroscopic material removal characteristics of the workpiece surface were determined by
the microscopic material removal caused by the plastic deformation of a single abrasive
particle. The material removal caused by the single particle ∆MRVm could be described
as [19]:

∆MRVm = 2πnrDp
1/2dm

3/2rm∆t, (4)

where nr is the rotation speed of the polishing tool, Dp is the diameter of the abrasive
particle, and dm is the embedded depth of the mth abrasive particle. The embedded depth
of the abrasive particles is related to the load applied to the polishing tool and the material
properties of the polishing surface.

2.3. Material Removal Model under Planetary Motion

The material removal of the sample surface is caused by the scratching action of
the effective abrasive particles as the polishing tool rotates [2]. Therefore, the material
removal under planetary motion could be determined by the cumulative superposition of
the material removal of individual abrasive particles under the planetary motion trajectory.
In the planetary-motion polishing process, the material removal rate at any point in the
polishing area can be expressed as the cumulative superposition of the material removal
rate of a single particle in one motion cycle at any time. Therefore, the material removal rate
MMRn at the nth point in the polishing area under planetary motion could be expressed as:

MMRn = ϕ
ne

60

M

∑
m=1

∆MRVm

Am∆t
(m = 1, 2, 3, . . . , M), (5)

where ne is the revolution speed of the polishing tool; M is the number of abrasive particles
that can remove the surface material in the polishing area effectively; ϕ is the overlapping
influence coefficient; and Am is the microscopic contact area of the mth particle across the
surface, which can be represented as Am = 2πrmdrm. The amount of material removed
is not only related to the load applied to the tool, the rotation/revolution speed of the
polishing tool, and the eccentricity of the revolution, but also to the surface topography
characteristics of the polishing pad and the characteristics of the abrasive particles.
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2.4. Material Removal Considering the Normal Error of the Polishing Tool

In practical polishing processes, many factors, such as the polishing pad wear, the con-
centration change of the polishing slurry, and the motion error of the polishing equipment,
affect material removal [15]. The normal error of the polishing tool, that is, the deviation
between the rotation axis of the polishing tool and the normal direction of the polishing
surface, is an important factor that affects the material removal characteristics. However,
the mechanism of its influence on the profile accuracy of the polished surface has rarely
been reported. The normal error of the polishing tool directly alters the material removal
distribution in the processing area, which in turn affects the surface shape accuracy of the
polished surface. The theoretical derivation of material removal presented in this section
considered the effect of the normal error of the polishing tool on the material removal char-
acteristics of the polished surface under planetary motion. The formulation of Equation (4)
was based on the assumption that the loads applied to the polishing tool are normal to the
polished surface. When the polishing axis produces a certain inclination angle with the
normal direction of the workpiece surface along any direction, the material removal caused
by a single abrasive particle at this time can be expressed as:

∆MRVm = 2πnrDp
1/2dm(θ)

3/2rm∆t cos θ, (6)

where dm(θ) is the embedded depth of the mth abrasive particle when the normal error of
polishing tool is θ.

2.5. Surface Generation Considering Normal Error of Polishing Tool

When the polishing tool with planetary motion sweeps the entire workpiece sur-
face according to a certain polishing path, the material removal amount at any position
(x, y) on the workpiece surface can be determined by the superposition of the material
removal amount at this position when the polishing tool sweeps all trajectory points. There-
fore, the material removal amount H(x, y) at any point on the polished surface could be
expressed as:

H(x, y) = ∑Nx
i=1 ∑Ny

j=1 P(i,j)(x, y)MMR(i,j)(x, y) ∗ Rx,y(θ, t), (7)

where MMR(i,j)(x, y) is the material removal amount at position (x, y) when the polishing
tool moves to the trajectory point (i, j); P(i,j)(x, y) is the discrete trajectory of the adopted
polish path; Rx,y(θ, t) is the normal error of the polishing tool at any time, which can be
generated by the random number function in the simulation processing program; and
Nx and Ny represent the number of the discrete points in the X and Y directions on the
polished surface, respectively. The initial surface profile before polishing is Hinitial(x, y),
and the surface profile after polishing Hz(x, y) is expressed as:

Hz(x, y) = Hinitial(x, y)− H(x, y). (8)

3. Experimental Design

The experimental research presented in this section combined robotic machining tech-
nology with the CCOS process to achieve the high-efficiency and high-precision polishing
of large-diameter aspheric optical parts. Figure 3 shows the experimental robotic polishing
device for the CCOS process, which consisted of a six-degrees-of-freedom hybrid robot
system, a polishing slurry supply and circulation system, a polishing head, and a computer
numerical control (CNC) system. During the experiment, the polishing slurry was pres-
surized by the slurry supply pump and then injected into the center hole of the polishing
tool, and the rotational speed, pressure, and motion trajectory of the polishing tool were
controlled by the robot numerical control system. The K9 optical glass sample with a
diameter of 120 mm and a curvature of 0.01198 was polished by cerium oxide polishing
slurry with a concentration of 15% and a particle size of 1 µm. A polyurethane polishing
tool with a radius of 10 mm was used in the experiment, which had a revolution speed
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of 60 rpm, a rotation speed of 600 rpm, a load of 0.15 Mpa, and an eccentricity of 4 mm.
The polished samples were measured with a Nanovea white-light interferometer with a
sampling spacing of 20 µm.
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To study the influence of the robot motion accuracy on the machining accuracy of
the optical components, we carried out processing experiments using polishing tools with
different normal errors for experimental groups A, B, and C. As shown in Figure 4, the
polishing paths of the three groups of experiments were discretized into 11 × 11 machining
traces. The position and normal vector of each processing track point could be calculated
according to the geometric features of the optical element to determine the polishing
position and attitude control when the polishing robot scanned each track point. In the
group A polishing experiment, the normal error of the polishing tool when the polishing
robot scanned each track point was 0. In the group B polishing experiment, the normal
error of the polishing tool at different track points was randomly assigned values between
−0.5◦ and 0.5◦. In the group C polishing experiment, the normal error of the polishing tool
at different track points was also randomly generated, but its value was kept between −1◦

and 1◦. Figure 5a,b present the random normal-error distributions generated for the group
B and C polishing experiments, respectively.
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experiments.

4. Results and Discussion

Figure 6a shows the theoretically calculated surface topography of a 40 × 40 mm
polishing pad. Figure 6b presents a partial schematic diagram of the distribution of microp-
ores on the pad surface (5 mm × 5 mm), with micropores of different sizes being evenly
distributed on the pad surface. The surface porosity of the polishing pad obtained by
simulation was 35.8%, and the error between the simulated distribution and the measure-
ment results was within the allowable range. The surface of the actual polishing pad had
a 2 × 1.5 mm diversion groove and a slurry supply hole with a diameter of 4 mm in the
center, so the simulated pad surface morphology is shown in Figure 6c. Figure 6d presents
a photograph of a 40 mm diameter porous polyurethane polishing pad, showing that the
pore distribution characteristics of the simulated surface were basically consistent with the
real structure.
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(d) actual photo of polishing pad.

Figure 7 shows the three-dimensional material removal characteristics of planetary-
motion polishing with different normal errors. The simulation results showed that when
the normal error was 0, the removal topography of the material presented a perfect axisym-
metric distribution. However, when the normal error increased to 0.5◦, the material removal
topography was skewed, and the maximum removal depth increased. When the normal
phase error continued to increase to 1◦, the material removal profile exhibited a severe
unilateral collapse, and the material removal along the inclined side increased significantly.
The reason for this was that the force on the material surface in the single-spot removal
was uneven due to the error of the normal accuracy, resulting in the uneven removal of the
material, which eventually increased the error of the actual machined surface relative to
the ideal surface.



Appl. Sci. 2022, 12, 12301 10 of 13

Appl. Sci. 2022, 12, x FOR PEER REVIEW 9 of 12 
 

Figure 7 shows the three-dimensional material removal characteristics of planetary-
motion polishing with different normal errors. The simulation results showed that when 
the normal error was 0, the removal topography of the material presented a perfect ax-
isymmetric distribution. However, when the normal error increased to 0.5°, the material 
removal topography was skewed, and the maximum removal depth increased. When the 
normal phase error continued to increase to 1°, the material removal profile exhibited a 
severe unilateral collapse, and the material removal along the inclined side increased sig-
nificantly. The reason for this was that the force on the material surface in the single-spot 
removal was uneven due to the error of the normal accuracy, resulting in the uneven re-
moval of the material, which eventually increased the error of the actual machined surface 
relative to the ideal surface. 

 
Figure 7. 3D material removal characteristics when normal errors of polishing tool were (a) 0°, (b) 
0.5°, and (c) 1°. 

Figure 8 shows the experimental and simulated surface profiles for different polish-
ing-tool normal errors. When the normal error of the polishing tool was 0°, 0.5°, and 1°, 
the PV values of the simulated surfaces were 3.89, 4.97, and 4.7 μm, which showed good 
agreement with the experimentally measured PV values of 3.97, 4.09, and 4.43 μm, respec-
tively. At the same time, the RMS values of the simulated surfaces were 0.500, 0.659, and 
0.507 μm, which were also very consistent with the RMS values of the experimentally 
measured surfaces of 0.593, 0.620, and 0.583 μm, respectively. The experimental results 
showed that as the normal error increased from 0° to 0.5° and 1°, the PV values of the 
surface profile of the optical element decreased from 5.42, 5.28, and 4.68 μm to 3.97, 4.09, 
and 4.43 μm, respectively. The corresponding convergence rates were 26.8%, 22.5%, and 
5.3%. The RMS values decreased from 0.754, 0.895, and 0.678 μm to 0.593, 0.620, and 0.583 
μm, with corresponding convergence rates of 21.4%, 30.7%, and 14.0%, respectively. Ac-
cording to the comparative analysis of the PV and RMS numerical convergence rates of 
the three sets of polishing experiments, as the normal error of the polishing tool gradually 
increased, the overall convergence rate of the PV and RMS values of the optical element 

Figure 7. 3D material removal characteristics when normal errors of polishing tool were (a) 0◦,
(b) 0.5◦, and (c) 1◦.

Figure 8 shows the experimental and simulated surface profiles for different polishing-
tool normal errors. When the normal error of the polishing tool was 0◦, 0.5◦, and 1◦, the PV
values of the simulated surfaces were 3.89, 4.97, and 4.7 µm, which showed good agreement
with the experimentally measured PV values of 3.97, 4.09, and 4.43 µm, respectively. At
the same time, the RMS values of the simulated surfaces were 0.500, 0.659, and 0.507 µm,
which were also very consistent with the RMS values of the experimentally measured
surfaces of 0.593, 0.620, and 0.583 µm, respectively. The experimental results showed that
as the normal error increased from 0◦ to 0.5◦ and 1◦, the PV values of the surface profile
of the optical element decreased from 5.42, 5.28, and 4.68 µm to 3.97, 4.09, and 4.43 µm,
respectively. The corresponding convergence rates were 26.8%, 22.5%, and 5.3%. The
RMS values decreased from 0.754, 0.895, and 0.678 µm to 0.593, 0.620, and 0.583 µm, with
corresponding convergence rates of 21.4%, 30.7%, and 14.0%, respectively. According to
the comparative analysis of the PV and RMS numerical convergence rates of the three sets
of polishing experiments, as the normal error of the polishing tool gradually increased, the
overall convergence rate of the PV and RMS values of the optical element after polishing
decreased. The convergence rate of the RMS value was relatively high under the normal
error of 0.5◦, which may have been caused by the surface error distribution of convex and
concave in the group B optical elements. The established theoretical model successfully
predicted the influence of the normal error on the form accuracy. According to the analysis
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of the surface error of the experimental and simulated polishing surface, the higher the
normal error of the polishing robot, the greater the reduction in the contour accuracy of the
surface after polishing and the larger the decrease in the surface convergence efficiency in
the practical polishing process.
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Figure 9 shows the PSD distribution of the polished surface for three different polishing-
tool normal errors. The results showed that the motion accuracy of the polishing robot
had a substantial influence on the medium- and high-frequency errors after polishing.
As the normal error of the polishing robot gradually increased, the relative changes in
the medium- and high-frequency errors before and after polishing gradually decreased,
because the random change in the normal error of the polishing robot caused an uneven
force to be exerted on each point of the polishing pad as the polishing process progressed,
resulting in an uneven material removal rate and the suppression of medium- and high-
frequency errors. Therefore, the higher the motion accuracy of the polishing robot, the
higher the convergence efficiency of the optical element surface. Additionally, the mid- and
high-frequency errors of the optical element could be reduced to a certain extent.
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5. Conclusions

This paper presented a study involving the modeling, simulation, and testing of
surface generation considering the motion accuracy of the polishing device. A theoretical
model was developed to predict and simulate the effect of different normal errors on
surface generation. The simulation results showed that when the normal error increased
from 0◦ to 1◦, the removal topography of the material changed from perfect axisymmetric
distribution to severe unilateral collapse, and the material removal along the inclined side
increased significantly.

A series of surface polishing tests was conducted by combining robotic machining
technology with CCOS technology to verify the theoretical model under different normal-
error conditions. The experimental data reasonably agreed with the simulation results.
The results also indicated that as the normal error increased from 0◦ to 0.5◦ and 1◦, the
peak-to-valley (PV) values of the surface profile of the optical element decreased from 5.42,
5.28, and 4.68 µm to 3.97, 4.09, and 4.43 µm, respectively. The corresponding convergence
rates were 26.8%, 22.5%, and 5.3%. The root mean square (RMS) values decreased from
0.754, 0.895, and 0.678 µm to 0.593, 0.620, and 0.583 µm, with corresponding convergence
rates of 21.4%, 30.7%, and 14.0%, respectively. Furthermore, the improvement of the mid-
and high-frequency errors was significantly weakened. Therefore, the influence of the robot
motion accuracy on the surface integrity of the polished workpiece needs to be further
examined in future research, and it is necessary to study robot motion control strategies to
improve the surface convergence efficiency.
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