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Abstract. In the field of precision optical manufacturing, the manufacturing method using
industrial robots as the carrier has highlighted its advantages of being more economical and
efficient than existing methods. The application of different end-effectors has expanded the
scenarios and processing limits of optical polishing. However, concise and simplified polishing
technologies remain challenging. To improve the versatility of industrial robots in different proc-
esses and reduce the number of polishing iterations, pre-polishing with uniform removal is intro-
duced and optimized, providing an excellent basic surface for polishing and finishing. Combined
with the performance of an industrial robot, we adopt a swing composite path, to which the
motion parameters are adjusted and optimized to minimize the fluctuation of the overall overlap
rate (within 5%). The optimal path is based on the uniform B-spline curve characterization,
which improves the consistency of the dwelling time and reduces the complexity of pre-
polishing, laying a theoretical foundation for efficient and high-quality optical manufacturing.
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1 Introduction

As optical systems continue to prosper in diverse application fields, their increasing complexity
poses new challenges to ultra-precision optical elements, specifically medium- and large-sized
optical glass. For the manufacturing technology of optical glass, classical processes including
milling, grinding, and polishing have been widely used.1 Among them, polishing accounts for
the largest proportion of the total production time, for which tremendous efforts have been made
in terms of innovative technologies and methodologies. Throughout the manufacturing process
of optical glass, the machining accuracy, surface quality of glass, and processing efficiency have
been jointly optimized through various technology renewal, iteration, and improvement proc-
esses. These efforts involve computer-controlled optical surfacing (CCOS) technology,2 mag-
netorheological finishing (MRF),3 ion beam figuring,4 and jet polishing.5 In reality, overall
production efficiency not only depends on a certain single production link but requires more
reasonable and scrupulous coordination among all manufacturing procedures. Particularly dur-
ing mass production, the performance limitations of diverse production equipment may hinder
the implementation of state-of-the-art research. To achieve the expected accuracy, an emerging
research trend that simplifies the manufacturing method by further subdividing the process flow
has attracted much attention.

The introduction of pre-polishing is one of the important ideas for which the earliest descrip-
tion can be traced back to the study by Dumas et al.6 in 2007. They adopted mechanical polishing
as a reference to create an optical pre-polishing link according to the characteristics of different
manufacturing methods and conditions, which reduced the potential surface damage generated
during milling. By combining MRF and small-tool polishing, Dumas et al. succeeded in manu-
facturing a special-shaped mirror. Kiontke and Steinkopf7 summarized the related issues of
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aspherical manufacturing based on practical experiences and emphasized the importance and
goals of pre-polishing, which can be outlined as reducing roughness and retaining surface
accuracy.

Despite these studies, few researches have focused on pre-polishing. Zhong et al.8 studied the
effect of adding a pre-polishing procedure on wafer manufacturing, particularly on the flatness of
the wafer. In 2015 and 2016, Chaves-Jacob et al.9 studied the pre-polishing of mechanical parts
based on a five-axis computerized numerical control (CNC) machine, which had critical refer-
ence to optical polishing. Recently, Wang et al.10 and Ke et al.11 proposed a pre-polishing method
that used a semi-rigid bonnet and reduced the edge effect, providing a new perspective for optical
pre-polishing. Furthermore, Zhong et al.12 introduced the evaluation and compensation of kin-
ematic error in robot-based bonnet polishing during pre-polishing, which corrected the kinematic
error of the robot while improving the pre-polishing accuracy. Zeeko conducted extensive
research on optical polishing equipment, its specialist Prochaska13 reported the excellent per-
formance of pre-polishing in removing sub-surface damage.

In addition to the aforementioned studies, Liu et al.14 conducted a study on the spiral path and
Feng et al.15 conducted a study on the distortion of line spacing of an aspheric spiral path, which
simplified the implementation of optical polishing. Unfortunately, these studies depended
heavily on CNC machines and focused primarily on the impact of pre-polishing on the entire
process and on the polishing procedure, which may pose a potential hindrance to the mass manu-
facturing of optical glass. After clarifying the positive effects of pre-polishing, a unified evalu-
ation criterion is required to simplify and optimize the path during pre-polishing.

Combining the path optimization of optical polishing in CCOS and the outstanding charac-
teristics of industrial robots as actuators, we use a uniform pre-polishing path with a uniform
B-spline curve as the speed variation characteristic before polishing and finishing. Specifically,
a polishing end-effector designed by us is installed on an industrial robot, to which a simple
but efficient path is adopted. Moreover, we introduce an ideal surface foundation for polishing
to further minimize the number of iterations, improving the manufacturing efficiency of the opti-
cal glass. The proposed method can greatly reduce path points, exhibiting excellent operability in
practical applications.

The remainder of this paper is organized as follows. Section 2 formulates the rationale for the
uniform removal and the fundamental of path planning. Section 3 presents the optimization
method and simulation machining. Section 4 outlines the structure and components of the optical
polishing system of an industrial robot and presents the experimental results and analysis.
Finally, Sec. 5 summarizes the conclusions of the study.

2 Fundamental of Uniform Pre-Polishing

2.1 Basis of Composite Polishing

The initial surface to be polished directly affects the frequency and extent of the mid- and high-
frequency errors. The base surface directly determines the location of the processing wall. The
processing wall can be defined as the best surface accuracy that can be realized using existing
polishing technologies in an economical manner. Therefore, streamlined and reasonable pre-
polishing not only improves the basic surface shape after grinding but also increases the effi-
ciency of the entire process.

Figure 1 shows a schematic of the pre-polishing system used in this study, where the work-
piece is fixed on the turntable by negative pressure and is positioned coaxially with the turntable.
The workpiece rotates with the turntable. The polishing head moves along the generatrix of the
workpiece. The composite path covers the entire surface of the workpiece. Compared with paths
such as grating and pseudorandom, this path simplifies the motion complexity of the actuator to
the greatest extent, through which the stability of the path is improved. This pre-polishing path is
also equivalent to a spiral path.

Although introducing optical manufacturing into the application of industrial robots can sig-
nificantly reduce costs, the fundamental performance of industrial robots as carriers must be
considered. In this study, the proposed simplified composite motion facilitates more accessible
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deploying and implementation of industrial robots. Compared with the numerical control codes
of multi-axis machine tools, the post-code of industrial robots has a significantly lower load
capacity.16 Most industrial robot control systems exhibit inadequate stability when running tens
of thousands of lines of code; under these circumstances, the teaching pendant system may even
report errors, and it cannot be executed. The conventional path of large-aperture optical elements
contains tens of thousands of lines, specifically for high-order aspheric surfaces or free-form
surfaces, which necessitates the aforementioned research on the simplified composite path.
When manufacturing rotationally symmetric optical glass or certain irregular-shaped or off-axis
optical glass, a parent mirror based on rotational symmetry is used. When polishing is finished or
the surface shape of the mirror is close to the target, the workpiece is processed into the expected
shape. Therefore, the majority of machining goals can be achieved using rotation symmetric
machining methods before conducting the polishing process, which further enables the feasibil-
ity of the proposed pre-polishing method.

Specifically, we adopt a method in which an industrial robot drives the end-effector to swing
the generatrix with the rotating workpiece to complete the pre-polishing path composite. The
machining center of the end-effector is called the tool center point (TCP).17 To identify the con-
tinuity of motion, the TCP moves inward from the outside of the workpiece to the center along
the generatrix, in which a single swing motion is defined as one pre-polishing motion unit. The
TCP moves according to the equation, which is given by

EQ-TARGET;temp:intralink-;e001;116;326r ¼ Rglass − fðtÞ

8>><
>>:

x ¼ r cos ωt
y ¼ r sin ωt

z ¼ cr2

1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−ð1þkÞc2r2

p
; (1)

where r is the radial position, Rglass is the radius of the outer circumference of the workpiece, fðtÞ
is the distance function of the swing motion, t is the time of the motion unit, x, y, and z are the
space coordinates of the TCP, ω is the angular velocity of the workpiece rotating with the turn-
table, k is the function of the eccentricity of the quadratic surface, and c is the paraxial curvature
of the vertex. Figure 2 shows the composite path covering the mirror surface, where the red and
dotted black lines represent the composite path and swing path, respectively. To obtain a con-
tinuous Gaussian-shaped removal function in motion, the revolution speed within step time T
should be greater than 60∕T.

2.2 Evaluation Indicator of the Path

When the classical Archimedes path is used for full-caliber polishing, the phenomenon of center
overcutting occurs. Thus, the mirror surface becomes funnel-shaped, which destroys the basic
surface. When the turntable and swing move at a constant speed, the composite path forms an
Archimedes spiral, which must be avoided. Therefore, variable-speed rotation and swing are
required. Unfortunately, in practical production, an inadequate speed-varying capacity of the

Fig. 1 Schematic of the pre-polishing system.
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turntable can cause the speed truncation phenomenon. Given the above situation, the speed varia-
tion of the swing must be evaluated from a macro perspective in terms of certain specific and
unified indices. The nature of the surface error caused by overcutting and missed cutting is the
difference in the amount of tool removal. In deterministic polishing, the removal amount is usu-
ally expressed by the dwelling time of the tool staying on the workpiece. In this study, we use
the coverage rate instead of the dwelling time to express the removal amount. The overlap area
along the radial direction is shown in Fig. 3.

By changing the two variables according to the following equation, the composite path can be
simulated as a spiral with a different pitch. The pitch δ of the composite path can be calculated
by the substitution operation of Eq. (1), which is given as

EQ-TARGET;temp:intralink-;e002;116;303δ ¼ 2πV
ω

: (2)

In Eq. (2) and the simulation, the pitch of the spiral is positively correlated with the swing speed
V of the generatrix, and it is negatively correlated with the rotation speed of the workpiece ω. The
pitch of a spiral directly affects the coverage difference of the removal function between steps.

To describe the effect of spiral pitch on material removal, the overlap rate of the polishing
area (radial overlap rate) of two adjacent rows of polishing tools can be calculated according
to the ratio of the overlap area to the effective removal area of polishing tools. The overlap rate
is constant on a two-dimensional projection with a fixed spiral pitch. The calculation result is
represented by α, which can be expressed as

EQ-TARGET;temp:intralink-;e003;116;166α ¼
2

�
πR2

removal

arccos δ
2Rremoval

180 deg
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
removal −

δ2

4

q
δ
2

�
πR2

removal

; (3)

where Rremoval is the radius of the removal function. Subsequently, by substituting Eq. (2) into
Eq. (3), we obtain

Fig. 3 Overlap area along the radial direction.

Fig. 2 Composite path.
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EQ-TARGET;temp:intralink-;e004;116;546α ¼
arccos πV

ωRremoval

90 deg
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
removal −

π2V2

ω2

s
πV

ωπR2
removal

: (4)

There are three main factors affecting the radial overlap rate α: V, ω, and Rremoval. The varia-
tion trend of the overlap rate α affected by different parameters is shown in Fig. 4.

The three factors impose different effects on the overlap rate. In addition to the negative
correlation of the swing velocity, the positive influence of rotation speed and radius of the
removal function on the overlap rate have a relatively smooth range, based on the first evaluation
indicator obtained. However, regardless of any parameters selected for pre-polishing based on
analysis and equipment conditions, the center area of the mirror is lower than the outer area, and
more material is removed in the central area. This finding also originates from the manufacturing
experience. Apart from the aforementioned radial overlap rate, the overlap rate along the path
direction should be considered.

Thereafter, we define s as the length of the path drawn by the center of the removal function
in the step time, as shown in Fig. 5.

By calculating the curve integral of the arc length, the value is expressed as

EQ-TARGET;temp:intralink-;e005;116;346

Z
L
fðx; y; zÞds ¼

Z
b

a
f½φðtÞ;ϕðtÞ;ΩðtÞ�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
φ 02ðtÞ þ ϕ 02ðtÞ þ Ω 02ðtÞ

q
dt ða < t < bÞ; (5)

where φ, ϕ, and Ω denote the parametric equations of variables x, y, and z of the space curve,
respectively, and the parametric equation of the composite path can be obtained according to
Eq. (1), a and b are the upper and lower bounds of parametric variable t, respectively. When f
ðx; y; zÞ ¼ 1, the calculation result is the length of the space curve, which is expressed as

EQ-TARGET;temp:intralink-;e006;116;255s ¼
Z

b

a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x 02ðtÞ þ y 02ðtÞ þ z 02ðtÞ

q
dt ða < t < bÞ: (6)

The step time is the time the polishing tool takes to move 1 mm, and the path length s in step
time is equivalent to the central connection line of the polishing area along the path direction, i.e.,

Fig. 4 Univariate variation trend of radial overlap rate: (a) swing speed, (b) rotation speed, and
(c) radius of the removal function.

Fig. 5 Overlap area along the tangent direction.
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the distance δ. The tangential overlap rate β can be obtained by substituting it into Eq. (3).
Combining the two effects imposed on different surface types, we obtain a comprehensive over-
lap rate, which is given by

EQ-TARGET;temp:intralink-;e007;116;699ξ ¼ κ1αþ κ2β; κ1; κ2 ∈ ð0;1Þ; (7)

where κ1 and κ2 are the coefficients of a and β, respectively, i.e., the contribution rate to ξ.
The rationality of the composite path of pre-polishing and its motion can be analyzed and

optimized to improve coverage consistency, thereby realizing uniform material removal.

3 Path Optimization and Machining Simulation

The above analysis and problems in actual production suggest that inconsistent material removal
occurs in the uniform Archimedes spiral path. To solve this problem, we set the initial velocity of
uniform acceleration and the final velocity of uniform deceleration to 0 and substitute the final
velocity of uniform acceleration and initial velocity of uniform deceleration Vf and total duration
of the motion unit tall into the basic kinematics formula (St ¼ v0tþ 1

2
at2 and v ¼ v0 þ at, where

St is the distance, v0 is the initial velocity, a is the acceleration, t is the time, and v is the velocity
at t). Then, let fðtÞ ¼ St, we substitute St into Eq. (1) to obtain the uniform acceleration and
deceleration motion laws of the position–time, which are given by

EQ-TARGET;temp:intralink-;e008;116;491

�
r ¼ Rglass −

Vf

2tall
t2

r ¼ Rglass − Vftþ Vf

2tall
t2
: (8)

We set the swing motion as a variable-speed motion with constant acceleration, by which the
speed variation obeys the aforementioned two rules.

MATLAB software is used to generate the composite path of the mirror, as shown in Fig. 6.
It is observed from Fig. 6(b) that the outer pitch is larger than the size of the removal function,
which may result in missed cutting. The reduction in pitch during deceleration causes incon-
sistencies in the overlap rate. By contrast, the acceleration situation shown in Fig. 6(a) is more in
line with the goals and requirements of uniform removal. Concurrently, the comprehensive over-
lap rate as an evaluation index should be optimized, upon which machining simulation should
also be implemented to verify the rationality of the optimization further intuitively.

Therefore, the variable-speed method of a swing directly affects the consistency of the
composite path and material removal. By substituting the variable-speed equation of the uni-
formly accelerated swing into the composite path equation, the pitch can be obtained as

EQ-TARGET;temp:intralink-;e009;116;294δ ¼ 2Rglass

t2all
: (9)

Substituting Eq. (9) into Eq. (3), we obtain

Fig. 6 Variable-speed composite path: (a) accelerated composite path and (b) decelerated
composite path.
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EQ-TARGET;temp:intralink-;e010;116;735α ¼
2

�
πR2

removal

arccos
Rglass

t2
all

Rremoval

180 deg
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
removal −

R2
glass

t4
all

r
Rglass

t2
all

�
πR2

removal

: (10)

The tangent length s is

EQ-TARGET;temp:intralink-;e011;116;670s ¼
Z

b

a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2R2

glass

t4all
ðt4 − 2t2allt

2Þ þ 4R2
glass

t4all
þ ω2R2

glass

s
dt: (11)

Subsequently, we substitute s into Eq. (3) and calculate the best tall according to the compre-
hensive overlap rate equation. The variation in the radial overlap rate, tangential overlap rate, and
comprehensive overlap rate with time twas calculated using MATLAB software, and the optimal
variation trend of the overlap rate was obtained through optimization calculations, as shown in
Fig. 7. The theoretical comprehensive overlap rate of the entire process of a single swing motion
fluctuates within a range of 5% to 10% after optimization.

Notably, during the actual manufacturing, the amount of material removed for grinding and
rough polishing is quite large18; thus, the surface shape error increases as the manufacturing
number increases. This problem has also been reported in many other studies on variable-speed
polishing. After conducting simulation machining for 10 motion units, the peak-to-valley value
exceeded 20 λ (λ ¼ 632.8 nm). The interferometer cannot obtain images owing to the severe
center overcutting.

To adjust the rationality of the variable-speed motion, further fine-tuning is required based on
the problems caused by uniform acceleration. Therefore, a uniform B-spline is introduced to
optimize the characteristic curve of the uniform acceleration in sections. The B-spline curve
equation can be written as

EQ-TARGET;temp:intralink-;e012;116;426pðuÞ ¼
Xn
i¼0

diNi;kðuÞ ði ¼ 0;1; 2; : : : ; nÞ; (12)

where di is the control point (coordinates) and Ni;kðuÞ is the i’th k-degree B-spline basis
function.

Through continuous connections, the B-spline replaces high-order polynomials with piece-
wise low-order ones, wherein the curve change rate of its line segments can be controlled by
control points.19–21

Fig. 7 Variation trend of the overlap rate under variable speed conditions.
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First, the intersection of the position–time curve and coordinate axis can be determined
according to the Rglass of the starting point of the swing motion and the duration of a single
motion.

Second, we set five knots to divide the curve into four different segments according to the
variation trends of the uniform acceleration motion. For the lower area of the glass, we increase
the polishing swing speed by adjusting the slope of the curve, which can reduce the dwelling
time and material removal. Conversely, for high regions, the slope of the curve should be
decreased to increase the material removal.

Third, we adopt the overlap rate as the evaluation indicator, upon which the control points are
set, and segments are optimized. The number and distribution of control points are directly cor-
related with knots or the characteristics of the glass surface, that is, the distribution of the lower
and higher areas and the radius corresponding to the low and high belts. The number of control
points should exceed the number of knots. Taking a parabola that represents the curve of optimal
uniform acceleration of swing motion as an example, we set four intermediate control points
because of the five relatively independent characteristics of the glass surface, which also match
the setting of knots. However, note that knots are not control points, and the control points drive
segments between knots. The radii corresponding to these four control points are 90% Rglass,
75% Rglass, 50% Rglass, and 15% Rglass. Moreover, two outer control points are set with radius
values of 110% Rglass and −15% Rglass. Different speed characteristic curves are obtained by
changing the time of the motion to these points, and the proposed overlap rate is used as the
evaluation indicator.

Finally, the optimal characteristic curve of the glass is obtained. It can be observed from
Fig. 8 that the optimal characteristic curve is located between the uniform speed and uniform
acceleration curves, realizing a trade-off between these two curves while achieving compara-
tively uniform rough polishing.

Because the optimal characteristic curve expresses the relationship between position r and
time t, the velocity–time curve can be obtained via derivation. We assign it to an industrial robot
that can start pre-polishing after matching the path and velocity–time information in the offline
programming software.

The simulation of the pre-polishing verified the excellent performance of the proposed path.
Figure 9 shows the simulation results of the uniform velocity, optimal uniform acceleration, and
uniform B-spline, during which the tool size, rotating speed, pressure, and polishing environ-
ment remain the same. These results are consistent with the analysis of the path overlap rate.
Although the central areas of the three simulation results exhibit different degrees of concavity,
the optimized pre-polishing proposal achieves a good trade-off between efficiency and quality.

In addition to the above efforts, we analyzed the number of path points. The comparison
result of the grating and spiral path suggests that the number of path points introduced in this

Fig. 8 Three types of velocity characteristic curves.
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study is significantly less than that of the others when the line spacing/spiral pitch and step length
are the same. For instance, when we polish a Φ140 mm flat mirror with a line spacing/spiral
pitch of 1 mm step length, the path points of a single polishing of the grating path are 15,730, and
those of the spiral path is 5760. In contrast, the number of path points of our proposal is 71.
When the robot performs an offline program that contains more than 10,000 points, the absolute/
relative positioning error of the robot is aggravated. Furthermore, the above program also indu-
ces operation errors in the control cabinet, degrading the stability of manufacturing. Therefore,
our proposed method outperforms the conventional methods in terms of stability and feasibility.

4 Experiments and Results

To verify the excellent performance of the optimized pre-polishing, we used equipment that is
consistent with the actual production. The equipment of industrial robots characterized by the
goal of high-efficiency optical manufacturing is required to satisfy multiple-stage demands and
thus achieve the goals of pre-polishing and polishing.

4.1 Experimental Setting

The experimental equipment we adopted is based on KUKA robot (Model KR210 R2700),
which can be equipped with different end-effectors22 to adapt to different manufacturing stages.
Details of the equipment are presented in Fig. 10.

Specifically, an active planetary end-effector was used for pre-polishing in this study. A con-
stant-force cylinder provides the target force and a conductive slip ring and sliding table are used
to recognize planetary rotation. The overall structure of the robot is compact and reliable, pro-
viding a stable removal function. For the robot, the required pressure, eccentricity, polishing
head size, and motor speed are adjustable for different manufacturing scenarios and require-
ments. The parameters are listed in Table 1.

To demonstrate the uniform removal performance of our proposed pre-polishing method and
the basic surface shape prepared for the formal polishing stage, we used a concave spherical K9
mirror with a diameter of 200 mm and a curvature radius of 647 mm. The profile tolerance of
surface of the frosted glass is approximately 5 μm. The path longer than that of generatrix of the
workpiece is to minimize the edge effect. However, the positive pressure increases when the
contact area decreases, and then the removal amount of the removal function increases, resulting

Fig. 9 Simulation polishing in three cases: (a) uniform velocity, (b) optimal uniform acceleration,
and (c) uniform B-spline.
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in excessive removal of edge material, which can be referred to as the “edge collapse effect,”23

thus, the extra part did not exceed half of the range of the removal function.
Specifically, we tested the pre-polishing effect of the mirror surface with the swing motion of

uniform speed to demonstrate the accuracy and necessity of the optimized parameters, and we
conducted the pre-polishing of the variable-speed swing motion. According to the defined opti-
mization parameters, the necessity for pre-polishing and the better basic surface shape available
were determined through the variable-speed path obtained in Sec. 3. Finally, we conducted a
comparative experiment to illustrate the effect of pre-polishing on efficiency. The corresponding
process parameters are listed in Table 2.

Simultaneously, the tool head of the end-effector must be optimized for the surface curvature
of the workpiece. Because the polyurethane has high elasticity, the curvature of the polishing
head should be slightly smaller than that of the mirror surface to maximize the effective polishing
range and performance. Moreover, the global stability of the removal function depends heavily
on constant-force control; therefore, we tested the constant-force performance of the end-effector
under dynamic conditions, as shown in Fig. 11.

Table 1 Parameters of the polishing robot.

Industrial
robot

Model KUKA KR210 R2700

Repetitive positioning error 0.02 to 0.2 mm

Max load 210 kg

End-effector Velocity range of spin motion 0 to 500 rpm

Axial stroke 0 to 20 mm

Force 0 to 100 N

Optional diameters of the polishing pad 10, 15, and 25 mm

Fig. 10 Equipment of optical polishing robot: (a) polishing robot and (b) floating small tool.
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4.2 Experimental Results

Three experiments were designed to verify the analytical process and results. In the first experi-
ment, multiple uniform motion units were superimposed to illustrate the problem of the removal
process, by which the consistency of the simulation machining was verified. The second experi-
ment verified the uniformity of pre-polishing featuring with uniform B-spline speed character-
istics. Finally, identical optical glass was polished using the classical method and pre-polishing
paths to compare the difference in polishing efficiency.

4.2.1 Polishing experiment of uniform speed swing

In this experiment, 10 cycles of pre-polishing were performed (i.e., 10 motion units). The cor-
responding results are presented in Fig. 12. Using an optical test plate, we discovered that the
interference fringes gradually become denser from the outside to the inside. The bending direc-
tion of the aperture suggests that the mirror surface has a low spatial-frequency error. The pro-
posed concave trend was consistent with the theoretical analysis, and the curvature of the mirror
surface is smaller than the target curvature.

Fig. 11 Constant force of end-effector under dynamic conditions.

Table 2 Experimental process parameters.

Tool diameter 10 mm

Pad material LP66 Polyurethane

Revolution speed 90 rpm

Rotation speed −250 rpm (“−” denotes reverse)

Force 30 N

Eccentricity (Δ) 4 mm

Workpiece size Φ200 mm R647 mm spherical surface

Workpiece material K9

Slurry 12% wt. CeO2 (with a suspending agent)
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4.2.2 Polishing experiment of variable speed swing

In this experiment, 10 cycles of variable-speed pre-polishing were performed. Considering the
actual operating restrictions of the industrial robot, the swing speed was increased from 0 at the
edge to 1 mm∕s. The imaging area was increased in the interferometer, as shown in Fig. 13,
indicating that the problem in the central area was alleviated. The size of the collapse central area
accounts for 19% of the entire mirror surface, which is reduced compared to the 35% of the
uniform swing pre-polishing shown in Fig. 12(d). In optical design, the center of a mirror is
primarily a light hole that must be cut and removed, upon which minimizing the collapsed area,
therefore, benefits the optical design. The increase in the power value also suggests that the
proposed method will aggravate the convex trend of the surface.

The theoretical analysis suggests that the effective dwelling time of a single polishing of this
variable-speed swing is two to three times that of the same uniform-speed swing. Hence, it is
necessary to reduce the number of cycles and make the results approximate the processing wall,
which can minimize the polishing time and prevent the mid-spatial frequency error from occur-
ring too early. Therefore, we conducted four cycles of pre-polishing experiments with uniform
B-spline speed characteristics. The results presented in Fig. 14 indicate that the mid-spatial fre-
quency error was noticeably alleviated, and reducing the number of cycles can further increase

Fig. 12 Experiment results: (a) frosted glass, (b) pre-polished mirror, (c) interference fringes, and
(d) surface map.

Fig. 13 Result of the uniformly accelerated polishing.
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the process stability. When the root-mean-square (RMS) is approximately 1 λ, the former polish-
ing path induces serious problems in the central area of the mirror, whereas the latter path is
much better. Using a uniform B-spline can enable a much lower concave of the mirror within a
small area, to which the RMS value is less than 1∕15 λ. Our proposed parameter optimization
theory was verified through multiple experiments, which improved the efficiency of mirror
manufacturing to a greater extent, laying the theoretical foundation for subsequent work.

Additionally, we conducted a complete polishing experiment with the pre-polished mirror,
and the final surface RMS reached 1∕30 λ. The MRF equipment was used to complete the
remaining finishing work. The final polished result is shown in the surface map in Fig. 15, which
illustrates a good surface shape. Moreover, the introduction of pre-polishing shortens the polish-
ing time of the MRF equipment, which improves the efficiency of complete polishing.

4.2.3 Comparative experiment

To verify the efficiency of our proposal further, we used identical K9 plane glass with a diameter
of 140 mm to conduct comparative experiments. Specifically, we designed four experiments that
used the classical method, uniform speed swing, uniform acceleration swing, and the uniform B-
spline swing. The total polishing duration for each experiment was counted, and the results are
presented in Fig. 16. The statistical results indicate that the total polishing duration of the pre-
polishing group was 1.5 to 2.7 times shorter than that of the classical polishing group, which
significantly reduced the calculation amount and complexity of deterministic polishing in the
polishing stage. In addition, the duration of the experiment using the uniform B-spline as the
velocity characteristic curve is significantly shorter than that of the experiment using the uniform
acceleration swing, which further proves the efficiency of the proposed pre-polishing method.

The grating path was also used for tool mark comparison. To demonstrate the tool marks
more intuitively, we culled and hid the unrelated part of the central area on the surface map,
which does not affect the surface data or the result. A surface map of the grating path is shown
in Fig. 17, which depicts that tool marks are more noticeable than that of the uniform B-spline

Fig. 14 Result of the uniform B-spline polishing.

Fig. 15 Final result of the polished mirror.
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swing, causing a wider and deeper edge effect. The use of a conventional path also induces the
early occurrence of mid-spatial frequency error, moving the processing wall forward. Excessive
path points for polishing large-size mirrors cause many problems, such as errors and faults that
occur in various types of control cabinets. In contrast, the simplified path point set of our pro-
posed method enables a more stable operation of the robot, ensuring polishing accuracy.

5 Conclusions

In this study, we proposed a simple optical pre-polishing method; the parameters for several
indicators were optimized to realize uniform removal, providing an excellent basic surface shape
for the formal polishing stage. To achieve uniform removal, the pre-polishing optimization
mainly focused on overlap rate, during which the actual characteristics and technical indicators
of the polishing equipment were considered, particularly for the industrial robot. The optimi-
zation process realizes real-time verification of polishing results through simulation machining
programming. The experimental results indicate that the variable-speed swing composite path
can effectively reduce the complexity of pre-polishing and that the versatility of equipment in
different process stages can be maximized. This path is also beneficial for subsequent polishing,
by which the number of iterations can be reduced.

We conducted multiple experiments to verify the proposed and the theoretical optimization
process. While realizing the 1∕15 λ RMS of the surface shape, our proposed method can main-
tain the basic surface shape of the milling stage and reduce the potential tool marks, benefiting

Fig. 16 Comparison of polishing duration.

Fig. 17 Result of grating path polishing.
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industrial robots used in optical batch manufacturing. Furthermore, the addition of pre-polishing
can effectively shorten the polishing procedure and improve the efficiency of the entire process.
In addition to industrial robots, other CNC equipment can also implement pre-polishing to
increase the efficiency of large-diameter optical glass manufacturing, which is of great signifi-
cance for batch manufacturing.

Despite the above research findings, certain problems concerning edge and center effects
were not fully considered, which might pose a detrimental obstruction to the procedure.
Therefore, our future research will focus on these problems, paving the way for future research
and innovations in optical manufacturing.
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