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Abstract

The high performance of optical components is contingent upon the quality of their optical
surfaces, thereby imposing elevated standards on the methodologies employed for their
fabrication. This study involved experimental research on freeform optical surface elements
of polymethyl methacrylate with nano-surface roughness. In this study, the effects of
machining parameters of ultra-precision slow tool servo turning on the surface roughness
of different types of areas of freeform optical surfaces in the finishing stage were analysed.
Based on the analysis of ultra-precision turning test results for freeform optical surfaces, a
novel evaluation method for surface quality is proposed to assess the overall uniformity
of surface quality across the entire freeform optical surface. Building upon this proposed
evaluation method for overall surface quality uniformity, the processing method of high-
quality freeform optical surfaces is studied. The results show that in the finishing stage, the
radial feed rate exerts the greatest influence on the surface roughness of the freeform optical
surface, especially the surface roughness of the concave surface area. This will exacerbate
the surface quality inhomogeneity of the freeform optical surface. Based on the analysis
results, optimal machining parameters were selected for processing trials. Concurrently,
additional machining tests were conducted to further validate the influence of radial feed
rate. Ultimately, a nano-scale PMMA freeform optical surface with uniform overall surface
quality was achieved. The variation in surface roughness in different regions of the optical
freeform is regulated to stabilise within 2 nm on the surface of polymethyl methacrylate.
The overall uniformity of surface quality across the entire freeform optical surface was
maintained at a high level.

Keywords: ultra-precision slow tool servo turning; polymethyl methacrylate ultraprecision
machining; freeform optical surface; nanometer surface roughness; uniformity of surface
quality

1. Introduction
The demand for high-performance, lightweight optical systems in fields such as

augmented reality, imaging, and lighting continues to grow, driving the development
of optical components within optical equipment towards smaller form factors, higher
integration, enhanced optical performance, and greater cost-effectiveness [1–4]. Freeform
optical elements, distinguished by their flexible surface geometries and non-rotationally
symmetric properties, provide exceptional design freedom for the optimisation of optical
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systems [5–8]. Polymethyl methacrylate (PMMA) has emerged as a key polymeric material
for optical elements due to its outstanding transparency, favourable strength-to-weight
ratio, and high cost-effectiveness [9]. The high-quality machined surface finish of freeform
optical surfaces is fundamental to ensuring the optical performance of optical subsystems.
Consequently, exploring machining methods to enhance the surface finish of freeform
optical surfaces holds significant practical value.

Ultra-precision machining is widely used in the manufacture of optical components
due to its ability to achieve submicron-level form accuracy and nanoscale surface roughness
of freeform optical surfaces [10–12]. To achieve high-quality optical component fabrication,
scholars have conducted extensive research on the factors affecting the surface quality of
freeform surfaces in ultra-precision turning [13–16]. The surface quality of optical freeform
parts is more sensitive to the factors that affect the surface quality of ultra-precision turning.
First, the process parameters for ultra-precision slow tool servo turning are the main factors
affecting the surface quality of freeform optical surfaces [17].

Zhou et al. studied the effects of radial, axial, and tangential vibrations on surface
roughness in ultra-precision machining. It is proved that radial vibration has a greater
influence on the surface topography than axial vibration and tangential vibration [18].
Cao et al. established a surface topography model affected by the parameters of ultra-
precision turning process. The spatial frequency domain analysis of the turned surface was
performed to determine the quantitative influence of conditional parameters on surface
roughness [19]. Surfaces produced by SPDT typically depend on machining parameters
and material properties [20]. The ultra-precision turning process is precise and stable,
yet vibration is also inevitable during the machining process [21]. Lee et al. developed
a dynamic model to evaluate vibration caused by changes in micro-cutting forces by
studying the changes in micro-cutting forces caused by changes in the crystal orientation
of the workpiece material. This model can predict local changes in the surface roughness
of crystalline materials [22]. Wang et al. identified that high-frequency tip vibration is the
most important factor affecting the surface roughness of single-point diamond turning. A
surface topography prediction model considering tip vibration was established [23].

Scholars have conducted extensive research on tool paths for ultra-precision turning of
freeform optical surfaces to obtain high-quality freeform surfaces. Based on the multi-body
dynamics analysis principle of ultra-precision machine tools, Cheng et al. proposed a new
tool path generation method for ultra-precision machining of freeform surfaces [24]. He
et al. developed the STPGM-NURBS toolpath planning method, which can generate more
uniform helical toolpaths for non-rotationally symmetric freeform surfaces, maintaining
the tool residual height on the freeform surface within a very small range [25]. Prasad et al.
established a process chain of tool path generation, cutting behaviour analysis, surface
optimisation, and system integration to achieve high-precision manufacturing of single
crystal germanium freeform optical devices [26]. The influence of diamond tools on the
machined surface in ultra-precision machining has also been gradually paid attention
to [27]. Especially for ultra-precision slow tool servo turning, due to the long machining
time, tool wear and the resulting cutting vibration are inevitable during the machining
process [18]. Li et al. integrated workpiece dimensions with tool vibration and wear,
elucidating the mechanisms by which tool wear and workpiece diameter affect surface
quality in ultra-precision turning [28].

Research dedicated to enhancing the surface quality of freeform optical surfaces
focuses on factors such as the influence of ultra-precision turning process parameters
and vibration on surface topography, alongside more precise toolpath planning for ultra-
precision machining. However, the complex surface characteristics and non-rotationally
symmetric nature of freeform optical surfaces heighten their sensitivity to process parame-
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ters, necessitating consideration of additional influencing factors when improving surface
quality. Moreover, precise toolpath planning for ultra-precision machining necessitates
analysis of the surface characteristics to balance surface quality across different regions
of the freeform surface. However, limitations arise when dealing with freeform surfaces
that defy straightforward mathematical description. Consequently, conducting qualita-
tive and quantitative analyses of freeform surface quality, alongside developing efficient,
high-quality machining methods, holds significant practical importance.

Methods for characterising machined surface quality primarily concern surface rough-
ness, encompassing two-dimensional parameters such as Ra (arithmetic mean height), Rz
(maximum height), and Rt (maximum cross-sectional height), alongside three-dimensional
metrics including Sa (arithmetic mean height), Sz (maximum height), Sq (root mean square
height), Sal (minimum autocorrelation length), and Str (aspect ratio of surface features),
etc. [29,30]. For optical components such as lenses and laser mirrors, even a few nanometer-
scale defects on the machined surface can lead to reduced imaging quality or laser effi-
ciency [31]. Consequently, there are limitations in evaluating surface quality of freeform
optical surfaces with two-dimensional roughness. Three-dimensional surface roughness
offers advantages in this regard. However, the measurement accuracy of freeform surface
roughness relies on optical measurement equipment. Moreover, the field of view of optical
measurement devices is typically small, making it difficult to achieve comprehensive sur-
face measurement and evaluation of the entire freeform optical surface. To overcome these
challenges, this study quantitatively analysed the surface quality of different regions on
the freeform optical surfaces. The influence of ultra-precision turning process parameters
on the surface quality of distinct types of regions within the freeform optical surface was
investigated. A novel surface quality evaluation method is proposed to assess the unifor-
mity of surface quality across the entire freeform optical surface. These findings provide
theoretical support for developing machining methods to produce high-quality freeform
optical surfaces.

2. Evaluation of Surface Quality
Optical components demand exceptionally high machining quality, requiring not only

assured optical performance but also complete mechanical characteristics. The properties of
freeform optical surfaces are particularly complex. Therefore, this study employs both the
three-dimensional roughness parameters Sa and Sq to analyse the machined surface quality
of freeform optical surfaces, thereby ensuring their stable performance. The calculation
method is as follows.

Sa =
1

LM

∫ M

0

∫ L

0
|z(x, y)|dxdy (1)

Sq =

√
1

LM

∫ M

0

∫ L

0
z(x, y)2dxdy (2)

where z(x, y) represents the height information of the freeform surface. L and M are the size
of the measurement area.

3. Experimental Setup and Equipment
The machining equipment used in this study for the optical freeform ultra-precision

machining test is the Moore Nanotech 250 UPLv2 ultra-precision machine tool (Moore
Tools Inc., Bridgeport, CT, USA). As illustrated in Figure 1. The machine tool’s spindle
(C-axis) is mounted on the X-axis feed. A vacuum chuck mounted on the spindle secured
the workpiece, while the tool was positioned on the tool holder of the Z-axis feed. During
machining, the servo motion axis (Z-axis) and the spindle’s rotational angle (C-axis) main-
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tained strict synchronisation. The coordinated movement of the X, Z, and C-axes defined
the machining trajectory, enabling low-frequency, large-stroke cutting operations.

Figure 1. Ultra-Precision Machining test of freeform optical components.

As illustrated by Figure 2, diamond cutting tools were employed in the machining
experiments. In ultra-precision machining, the selection of tool parameters is of paramount
importance. Due to the non-rotational nature of freeform surfaces and the complexity
of their surfaces, it is necessary to analyse the freeform surface prior to machining to
determine the range of tool parameters [32]. The tool arc radius of diamond cutting tools
is 0.5 mm, with a rake angle of 45◦. Owing to the extended duration of ultra-precision
slow tool servo turning, prolonged continuous machining induces tool wear. Tool wear
exerts a significant influence on both the ultra-precision turning process and the surface
quality [20,27,28]. To mitigate the impact of tool wear on the surface quality of freeform
surfaces during continuous machining, a new diamond tool was replaced every time when
the machining test was completed.

  
(a) (b) 

Figure 2. Diamond cutting tool: (a) Top view; (b) Front view.

4. Experiments and Discussion
The machining test was designed based on the Taguchi method to analyse the influence

of ultra-precision turning parameters on the surface roughness of freeform surfaces. The
controlling factors of the trial design include radial feed rate (µm/rev), angular increment
(deg/ms), and depth of cut (µm). Based on prior research on freeform surface quality
provides a reference for parameter selection [33,34]. Given the complexity of freeform
surface curvature, the parameter range must encompass the critical zones affecting surface
quality. Concurrently, the interval between parameter values must sufficiently reflect their
impact on surface morphology and quality. The process parameters and their levels are
shown in Table 1.

The white-light interferometer (Zygo NewView, Zygo, Middlefield, CT, USA) was
employed to measure the surface quality of the machined surfaces on the freeform optical
surfaces produced during machining trials. However, constrained by the measurement
field of view of the white-light interferometer, it was impossible to perform a compre-
hensive measurement of the entire freeform surface; only a sampling measurement of the
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machined surfaces could be conducted. The results obtained through this measurement
method inevitably contained measurement errors. Concurrently, the inherent complexity of
freeform surfaces renders precise measurement across all regions challenging. To address
these limitations, this study employs separate measurement protocols for concave and
convex regions of the freeform optical surface. This approach aims to mitigate measurement
uncertainty. As illustrated in Figure 3, the red and black paths are schematic diagrams
of the measurement paths along the radial and axial directions of the machined surface,
respectively.the measurement strategy for machined freeform surfaces involves equidistant
sampling along radial and circumferential distributions of the machining path, ensuring
coverage of regions with maximum curvature variation. Each region is measured three
times to reduce sampling bias and random measurement error.

Table 1. Processing parameters of ultra-precision machining.

Symbol Processing Parameters Units
Level

1 2 3 4

A Radial feed rate (µm/rev) 6 8 10 12
B Angular increment (deg/ms) 0.4 0.6 0.8 1.0
C Cutting depth (µm) 5 8 10 12

 

Figure 3. The collection strategy of freeform surface measurement.

5. Results and Discussion
To investigate the influencing mechanisms on the surface quality of freeform optical

surfaces and to elucidate the differences in surface roughness between concave and con-
vex regions of such surfaces. Based on the results of ultra-precision turning machining
experiments, the experimental results are presented in Table 2.

Figure 4 illustrates the variation in three-dimensional surface roughness Sa with re-
spect to machining parameters. The main effect values in Figure 4 were calculated from
the measured results of different regions on the freeform surface under various process
parameters listed in Table 2. The calculation of the principal effect value is performed with
the help of the software Minitab 19. Evidently, in the case of ultra-precision turning of
freeform optical surfaces, a significant disparity exists in the three-dimensional surface
roughness Sa between the concave and convex surface regions of the machined surface.
However, the trend in Sa variation between these different regions is fundamentally con-
sistent. Compared to other machining parameters, the radial feed rate exerts the most
pronounced influence on Sa. The remaining two machining parameters exert relatively
minor effects on Sa, and their influence on Sa is comparable.
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Table 2. Experimental results of ultra-precision turning.

No.
Control Factors Convex Surface Concave Surface

A B C Sa (nm) Sq (nm) Sa (nm) Sq (nm)

1 6 0.4 5 7 8 9 11
2 6 0.6 8 5 5 7 8
3 6 0.8 10 6 7 8 10
4 6 1 12 6 8 10 12
5 8 0.4 8 8 9 11 13
6 8 0.6 5 7 12 9 15
7 8 0.7 12 10 11 10 12
8 8 1 10 9 10 9 11
9 10 0.4 10 13 17 16 19
10 10 0.6 12 14 16 22 25
11 10 0.8 5 23 26 27 30
12 10 1 8 24 27 30 34
13 12 0.4 12 34 39 38 44
14 12 0.6 10 23 27 31 36
15 12 0.7 8 24 29 32 37
16 12 1 5 37 42 40 46

Figure 4. Main effects plot for Sa: (a) Radial feed rate; (b) Angular increment; (c) Cutting depth.

As illustrated by Figure 4a, when the radial feed rate increases from 6 µm/rev to
8 µm/rev, the value of Sa exhibits a gradual increase. However, as the radial feed rate in-
creases beyond 8 µm/rev, the value of Sa rises sharply, with the rate of increase significantly
exceeding that of the preceding phase. It is not possible to directly establish a relationship
between three-dimensional surface roughness and ultra-precision turning parameters with
Equations (1) and (2). Therefore, this paper introduces the parameter residual height (h)
to analyse the experimental results. Residual height refers to the height remaining on the
machined surface along the radial direction between adjacent tool cutting paths during
ultra-precision turning, as illustrated in Figure 5. Figure 5a,b show the residual height
between the adjacent tool cutting trajectories of the convex surface region and the concave
surface region, respectively. The method for determining the convexity and concavity prop-
erties of free-form surfaces is detailed in Figure S1 of the Supplementary Materials. The
mathematical relationship between residual height and ultra-precision turning parameters
are shown as follows.

hconvex =

√(
Rc(i,j) + rε

)2
− f 2/4 −

√
rε

2 − f 2/4 − Rc(i,j) (3)
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hconcave = Rc(i,j) −
√(

Rc(i,j) − rε

)2
− f 2/4 −

√
rε

2 − f 2/4 (4)

where Rc(i,j) represents the surface curvature (mm) of the contact point of the diamond
tool in the convex or concave surface area, rε represents the tool nose radius (mm) of the
diamond tool, and f represents the radial feed (µm).

  
(a) (b) 

Figure 5. The schematic diagram of the residual height in the ultra-precision turning: (a) concave
surface; (b) convex surface.

Combining Equations (3) and (4) for analysis, under ideal conditions, the significant
difference between tool residual heights hconvex and hconcave in the concave and convex
surface regions during ultra-precision turning arises from variations in surface curvature
Rc(i,j) across different machining regions. Further measurements and analyses were con-
ducted on distinct regions of the free-form surface. Measurements were taken on both the
concave and convex surface areas of machined surface No. 16, with results presented in
Figure 6. Figure 6a displays the measurement results for the convex surface area, Figure 6b
for the concave surface area, and Figure 6c provides a comparative analysis of tool residual
heights across different regions. Analysis of the tool residual height across cross-sections of
the measured regions revealed variations in radial tool residual height, thereby validating
the theoretical analysis. This elucidates the formation mechanism of residual height differ-
ences between distinct regions on ultra-precision turned surfaces under ideal conditions.
However, the formation of surface topography in ultra-precision turning constitutes a
complex process involving multiple coupled factors. Consequently, this analysis provides
a qualitative examination of the surface topography in ultra-precision turning. Residual
height exhibits a positive correlation with the machined surface topography. Consequently,
a lower radial feed rate yields a higher quality machined surface. However, it is noteworthy
that for ultra-precision slow-cutting servo turning, a reduced radial feed rate entails a longer
machining duration, which diminishes machining efficiency. Conversely, an excessively
prolonged machining time accelerates tool wear, thereby altering the material removal
mechanism and degrading the quality of the freeform machined surface. As shown in
Figure 4b, the three-dimensional surface roughness Sa attains its minimum value when
the angular increment is 0.6 deg/ms. This sufficiently small angular increment enhances
tool path resolution, thereby improving the surface quality of the machined surface. Con-
tinuously increasing spindle speed accelerates tool wear, altering the material removal
mechanism and degrading machined surface quality. As shown in Figure 4c, the minimum
three-dimensional surface roughness Sa is achieved at a cutting depth of 10 µm. When the
cutting depth falls below this chip thickness, ploughing and extrusion effects between the
tool cutting edge and workpiece compromise surface finish quality.
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(a) (b) 

 
(c)  

Figure 6. Measurement results of different regions of the machined surface: (a) convex surface;
(b) concave surface; (c) the comparison of tool residual heights.

Figure 7 shows the variation in surface roughness Sq with processing parameters.
Compared with Sa, the change trend of Sq under the same processing conditions is basically
the same as that of Sa. Therefore, Sq can be further used to evaluate the surface quality of
freeform optical surfaces.

 
Figure 7. Main effects plot for Sq: (a) Radial feed rate; (b) Angular increment; (c) Cutting depth.

The stability and reliability of optical performance in freeform optical components
depend upon the uniformity of surface quality. The intricate surface features of freeform
surfaces can result in non-uniformity across the entire machined surface, which can degrade
the optical performance of optical components. The analysis of orthogonal experimental
data indicates a significant difference in surface roughness between concave and convex
regions of freeform surfaces. This finding indicates that the surface quality of freeform
surfaces is non-homogeneous. Such surface quality variations can adversely affect the
optical performance of freeform optical components. To achieve stable manufacturing of
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freeform optical components, establishing appropriate evaluation parameters for quanti-
tative analysis of freeform surface quality is crucial. Consequently, this paper proposes
a novel method for quantifying the uniformity of surface quality. A new set of surface
quality evaluation parameters, Sau and Squ, is introduced to perform quantitative analysis
of the overall surface quality uniformity of machined freeform surfaces. The evaluation
parameters Sau and Squ represent the difference in surface roughness between the concave
and convex regions of the freeform surface. The calculation method is outlined below.

The results of the uniformity of surface roughness of freeform surface are shown
in Figure 8. Compared with the findings from the preceding section, the differences in
overall surface quality uniformity across the freeform surface are relatively minor for
varying machining parameters. As shown in Figure 8a, the radial feed rate exerts the most
significant influence on the uniformity of the freeform surface’s overall surface quality.
Moreover, this uniformity exhibits considerable fluctuation as the radial feed rate increases.
Optimal uniformity of the freeform surface element’s surface quality is achieved at a radial
feed rate of 8 µm/rev. This indicates the most stable surface quality for freeform optical
surface elements. As illustrated in Figure 8b, the difference in surface roughness remains
within a narrow range for angular increments of both 0.4 deg/ms and 1 deg/ms. In
Figure 8c, the difference in surface roughness reaches its minimum at a cutting depth of
5 µm. Both parameters exert a relatively stable influence on the uniformity of the freeform
surface’s overall surface quality. Consequently, more efficient machining parameters may
be explored during production to enhance processing efficiency.

Figure 8. The uniformity of surface roughness of freeform surface: (a) Radial feed rate; (b) Angular
increment; (c) Cutting depth.

Based on the evaluation method for the uniformity of surface quality in freeform
optical surfaces, this study investigates machining techniques for achieving uniform surface
quality in such surfaces. The significant contribution of ultra-precision turning parameters
to the overall uniformity of surface quality in freeform surfaces can be evaluated by range
analysis value. The range calculation method is as follows:

Ri = max(ki1, ki2, ki3, ki4)− min(ki1, ki2, ki3, ki4) (5)

where Ri is the range of the i th factor, and kij is the average of the j level of the i th factor,
i = (1, 2, 3); j = (1, 2, 3, 4). The results of the Range analysis are shown in Tables 3 and 4.
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Table 3. Range analysis of the results of Sau.

A B C

k1 2.5 3 2.75
k2 1.25 5 4.75
k3 5.25 3.5 3.25
k4 5.75 3.25 4
R 18 8 8

Table 4. Range analysis of the results of Squ.

A B C

k1 3.25 3.5 3.5
k2 2.25 6 5.5
k3 5.5 4 3.75
k4 6.5 4 4.75
R 17 10 8

As illustrated in Figure 9, the significance of the influence of machining parameters on
the uniformity of the overall surface quality of the freeform optical surface is radial feed
rate > angular increment > cutting depth. And the radial feed rate is the primary factor
causing non-uniformity in the surface quality of the freeform surface. The angular incre-
ment and cutting depth exert effects of comparable magnitude. This finding is consistent
with the results of previous studies.

Figure 9. Range analysis of the uniformity for freeform surface.

Based on the results of the range analysis, the optimal combination of machining
parameters within the experimental range was determined as (radial feed rate = 8 µm/r,
angular increment = 0.4 deg/ms, cutting depth = 5 µm). Research indicates that the radial
feed rate exerts the most significant influence on the surface quality of freeform surfaces.
Consequently, the impact of the radial feed rate warrants further validation. To further
investigate machining methods for high-quality freeform optical elements, supplementary
machining trials were conducted using a parameter combination with a smaller radial feed
rate (radial feed rate= 4 µm/r, angular increment = 0.4 deg/ms, cutting depth = 5 µm) as a
comparative machining parameter set. Given the minor influence of angular increment
and cutting depth, no additional verification tests were required for these parameters. The
freeform optical element machined using the comparative parameter combination is shown
in Figure 10, while that produced with the optimal parameter combination is depicted in
Figure 11.
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Figure 10. Freeform optical component by comparative combination of machining parameter:
(a,b) the measurement results of convex area; (c,d) the measurement results of concave area.

 
Figure 11. Freeform optical component by optimal combination of machining parameters: (a,b) the
measurement results of convex area; (c,d) the measurement results of concave area.

Further experiments were conducted on the ultra-precision turning of freeform sur-
faces, generating PMMA freeform optical surfaces using two sets of machining parameter
combinations. Measurement results from different regions of the machined surfaces are
shown in Figures 10 and 11. Figures 10a and 11a display surface measurement results for
convex regions of the freeform surface, while Figures 10d and 11d present measurements
for concave regions. Figures 10a and 11a reveal lower surface roughness achieved in convex
areas, specifically Sa = 4 nm and Sq = 5 nm. This further validates the influence of radial
feed rate on the surface quality of freeform surfaces. However, as depicted in Figure 10c,d,
the maximum surface roughness values in the concave regions reached Sa =10 nm and
Sq = 12 nm. This indicates significant variations in surface quality across different areas of
the freeform surface. Further calculations using the surface quality uniformity evaluation
parameters proposed herein yielded Sau = 5 and Squ = 5.5. Comparing with Figure 8a, it can
be concluded that the uniformity of surface quality across the freeform surface deteriorates.
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The measurement results align with the evaluation parameter analysis, validating the feasi-
bility of the proposed surface quality uniformity assessment method. The measurement
results in Figure 11a–d demonstrate that the surface roughness difference between the
concave and convex regions of the freeform surface can be stably maintained within 3 nm.
Concurrently, calculations based on the proposed surface quality uniformity evaluation
parameters yield Sau = 2.5 and Squ = 2.5. Comparison with Figure 8a indicates that the
overall surface quality uniformity of the freeform surface has achieved a satisfactory stan-
dard. The contrast between the surface quality results and evaluation parameters obtained
from both sets of machining parameter combinations further validates the reliability of the
proposed evaluation parameters.

6. Conclusions
In this study, nano-scale surface roughness test of PMMA optical components was

carried out by ultra-precision slow tool servo turning. The surface roughness and the
uniformity of the overall surface quality of the ultra-precision turning of freeform optical
surface components are analysed and studied. The following conclusions can be obtained.

(1) The results of machining trials indicate a significant disparity in surface roughness be-
tween concave and convex regions on PMMA freeform optical surfaces produced via
ultra-precision turning. Analysis incorporating surface roughness modelling reveals
the mechanism underlying these variations across different areas of the freeform opti-
cal surface. Research demonstrates that radial feed rate exerts the most pronounced
influence on the surface roughness of freeform optical surface components, whilst
angular increment and cutting depth exert comparatively minor effects.

(2) A novel surface quality evaluation method has been proposed to assess the uniformity
of the overall surface quality of freeform optical surfaces. This further reveals the
influence of radial feed rate on the uniformity of the overall surface quality of freeform
optical surfaces. Unlike its effect on the local surface roughness of freeform optical
surfaces, the uniformity of the overall surface quality of freeform optical surfaces
achieves its optimum when the radial feed rate is set to 8 µm/rev.

(3) High-performance ultra-precision turning of PMMA freeform optical surfaces was
carried out. Optimal machining parameter combinations were selected and vali-
dated against research findings. Concurrently, further experimental verification was
conducted on radial feed rates. Ultimately, the fabrication of a nano-scale PMMA
freeform optical surface with uniformly consistent surface quality was achieved. Sur-
face roughness variations across different regions of the machined freeform optical
surface remained stable within 2–3 nm.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app16031350/s1, Figure S1. Flowchart for Assessing the Concavity
and Convexity Properties of Free-Form Surfaces.
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