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1. Introduction  
 

Ultra-precision machining has been widely adopted as a nanoscale 

fabrication technology by both the industry and the academia. However, 

optical surfaces fabricated by ultra-precision machining inevitably 

suffer from diffraction effect, which has demonstrated harmful to 

desired optical performance and function [1]. Extensive research on 

postprocessing techniques [2] like polishing and lapping has provided 

means to eliminate the diffraction effect, but the total cost and time 

would be significantly increased. Therefore, great effort are being 

made to investigate the cause and suppression methods of diffraction 

effect by ultra-precision machining. 

It is indicated by existing research that one major cause of the 

diffraction effect is the periodic micro textures [3] on machined 

surfaces. The constant stepover of tool path driving spiral make them 

similar to optical gratings [4] which require a precise control of the 

period as shown in Fig. 1. Wu et al. [5] found that residual cutting 

marks cause serious diffraction and optical performance deterioration 

of the machined surface. Cheung and Lee [6] conducted multi-

spectrum analysis on diamond turned surfaces and identified a single 

predominant frequency component with the spatial period identical to 

machining stepover. Stover [7] classified diamond turned surfaces into 

two-dimensional random, periodic tool mark structured and one-

dimensional random surfaces and investigated corresponding resultant 

diffraction effects. In conclusion, the diffraction effect of ultra-

precision machined surfaces is majorly caused by the periodic micro 

textures generated during machining with constant stepover. 

 

Fig. 1 Ultra-precision turned surface suffering from diffraction effect 

 

In recent years, attempts on suppressing the diffraction effect by 

novel machining methods have been made. Wang et al. [8] acquired the 

critical stepover for turned surfaces to show diffraction effect utilizing 

a blazed grating theoretical model. Weng et al. [9] monitored the 

turning process by acoustic emission and identified the correlation 

between the high-frequency energy of AE signal and the diffraction 

effect. Zhu [10] developed a Pseudo-random Diamond Turning method 

utilizing fast tool servo for the suppression of scattering effects. The 

pseudo-random spatial spiral cutting motion with random stepover 

proved effective in generating partly random micro textures. He et al. 

[11] developed an accurate surface topography model which integrated 

tool edge waviness, spindle vibration and material mechanical 

behaviors to guide the machining process. Diamond tool with 

deteriorated waviness [12] was found to enhance the diffraction effect 

and a waviness controlled tool is recommended.  

Since the periodic micro textures are generated by the spiral 

machining motion, tool path modification is a direct and reasonable 

approach to disrupt the periodic micro textures without additional 

postprocessing. Current relevant research focuses on the suppression 
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of the diffraction effect without considering the negative influence of 

tool path modification on the surface finish. 

In this study, a cutting strategy with continuously varying stepover 

is proposed to disrupt the periodic micro textures without inducing 

major surface finish degradation. Instead of using totally random 

stepover that harms surface finish, the proposed method realizes 

continuously varying stepover. Abrupt high-frequency vibrations can 

be avoided. The method to realize continuously varying stepover is 

established by incorporating harmonic variations. A theoretical model 

for three-dimensional surface topography prediction is elaborated. 

Disrupted surface topography is successfully acquired, and diffraction 

effect is suppressed as demonstrated by experimental results. 

 

 

2. Generation of tool path with continuously varying 

stepover and surface topography simulation 
 

2.1 Models for periodic micro textures 

The theoretical models for the periodic micro textures after turning 

on planar, concave and convex surfaces are established as illustrated in 

Fig. 2. The diamond tool cutting edge is approximated as a prefect 

spherical curve.  

 

Fig. 2 Models for periodic micro textures of machined surface: (a) for 

planar surface, (b) for concave surface, and (c) for convex surface 

 

For a planar surface, the peak residual height 𝛿ℎ can be simply 

calculated by tool nose radius 𝑅𝑡 and stepover 𝑓𝑟 as:  

 𝛿ℎ = 𝑅𝑡 − √𝑅𝑡
2 − (𝑓𝑟/2)2  (1) 

For a concave or a convex surface, 𝛿ℎ can be expressed as: 

 𝛿ℎ = 𝐶𝐺 − 𝐶𝐻 − 𝐻𝐿, for concave surface  (2) 

 𝛿ℎ = 𝐶𝐻 − 𝐶𝐺 − 𝐻𝐿, for concave surface  (3) 

Solve each line segment with tool nose radius 𝑅𝑡, stepover 𝑓𝑟 and 

base surface spherical radius 𝜌𝑏𝑎𝑠𝑒 , then equations can be rewritten as: 

 𝛿ℎ𝐶𝐶 = 𝜌𝑠𝑢𝑟𝑓 − √(𝜌𝑠𝑢𝑟𝑓 − 𝑅𝑡)
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Eq. 4 and 5 are for concave and convex surfaces respectively. 

With the peak residual height 𝛿ℎ  acquired, the residual height 

distribution near the peak can be obtained using the tool edge curve. 

 

2.2 Realization of continuously varying stepover 

As already demonstrated in Fig. 1 and Fig. 2, conventional turning 

tool path driven by Archimedean spirals result in inevitable periodic 

surface micro textures, which is assumed to cause diffraction effect. 

Therefore, the method to realize driving spirals with continuously 

varying stepover is developed by integrating tiny harmonic variations 

along the feed direction, as depicted in Fig. 3. 

The standard planar Archimedean driving spiral for turning can be 

expressed in the polar coordinate system as: 

 𝜌(𝜃) = 𝜌0 −
𝑓𝑟𝜃

2𝜋
 (6) 

where 𝜌0 means the outermost radius and 𝑓𝑟 represents the stepover 

of the driving spiral. And a point on the spiral is expressed as (𝜌, 𝜃). 

If equal angle interval discretization with 𝑁  points in each 

revolution is adopted, then the n-th point on the m-th revolution can be 

written as: 

 {
𝜃𝑚,𝑛 = 2𝜋(𝑚 + 𝑛/𝑁)

𝜌𝑚,𝑛 = 𝜌0 − 𝑓𝑟(𝑚 − 1 + 𝑛/𝑁)
  (7) 

 

Fig. 3 Realization of driving spiral with continuously varying stepover 

 

Now incorporate harmonic variations into standard planar 

Archimedean driving spiral. Represent the modified spiral as: 

 𝜌′(𝜃) = 𝜌0 −
𝑓𝑟𝜃

2𝜋
+ Δ𝜌𝑣 (8) 

where 𝜃  remains the same as in (6), and Δ𝜌𝑣  stands for the 

component of radial variations with amplitude 𝐴𝑣 and period 𝑇𝑣.  

 Δ𝜌𝑣(𝜃) = 𝐴𝑣sin (2𝜋
𝜃

𝑇𝑣
)  (9) 

The harmonic variations can be designed to have various 

amplitudes 𝐴𝑣,𝑖   and periods 𝐴𝑣,𝑖  in each segment, in which case 

Δ𝜌𝑣,𝑖 is expressed as: 

 {
Δ𝜌𝑣,𝑖(𝜃) = 𝐴𝑣,𝑖sin (2𝜋

𝜃−𝜃0

𝑇𝑣,𝑖
)

𝜃0 = ∑ 𝑇𝑣,𝑘
𝑖−1
𝑘=1

  (10) 

As illustrated in Fig. 3, continuously varying stepover is realized in 

the modified driving spiral, which is expected to disrupt the periodic 

surface micro textures of turned surfaces. 

 

2.3 Simulation of 3D surface topography  

Based on the surface texture model in section 2.1 and the irregular 

driving spiral in section 2.2, this study further established a simulation 

method for predicting the 3D surface topography when utilizing a 

continuously varying stepover. 

Firstly, the 2D grid for surface topography calculation is defined. 

For example, a polar grid {𝑃𝑗,𝑘(𝜌𝑗 , 𝜃𝑘 , 𝑧𝑗,𝑘)} is established in Fig. 4 

(a).  
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Fig. 4 Surface topography simulation: (a) definition of the polar grid, 

(b) identification of points near a CLP in the workpiece coordinate 

system, and (c) calculation of Z values in the tool coordinate system 

 

Next, calculate the 𝑧𝑗,𝑘 values of the grid by moving the diamond 

tool along the driving spiral and replicate the tool curve onto the grid 

surface. Assume the cutter location point (CLP) is 

𝑃𝑚,𝑛
𝑤 (𝜌𝑚,𝑛, 𝜃𝑚,𝑛, 𝑧𝑚,𝑛)  for this moment, which coincides with the 

origin 𝑜𝑡 of the tool coordinate system, as shown in Fig. 4 (b). Grid 

points {𝑃𝑗,𝑘
𝑤 }  in the workpiece coordinate system near 𝑃𝑚,𝑛  can be 

determined by: 

 {𝑃𝑗,𝑘
𝑤 (𝜌𝑗 , 𝜃𝑘 , 𝑧𝑗,𝑘) | 𝜃𝑘 = 𝜃𝑚,𝑛 , abs(𝜌𝑗 − 𝜌𝑚,𝑛) ≤ 𝜉𝜌 } (11) 

where 𝜉𝜌 is a manually set value typically smaller than 𝑓𝑟. 

Then, find their corresponding points {𝑃𝑗,𝑘
𝑡 (𝑥𝑗,𝑘

𝑡 , 𝑦𝑗,𝑘
𝑡 , 𝑧𝑗,𝑘

𝑡 )} in the 

tool coordinate system through coordinate transformation, as shown in 

Fig. 4 (c): 

 (
𝑷𝒋,𝒌

𝒕

𝟏
) = (

cos (−𝜃𝑘) −sin (−𝜃𝑘) 0 −𝜌𝑗

sin (−𝜃𝑘) cos (−𝜃𝑘) 0 0
0 0 1 0
0 0 0 1

) (
𝑷𝒋,𝒌

𝒘

𝟏
) (12) 

Now that the 𝑥𝑗,𝑘
𝑡  and 𝑦𝑗,𝑘

𝑡  of {𝑃𝑗,𝑘
𝑡 } are acquired, the Z values 

𝑧𝑗,𝑘
𝑡  can be obtained utilizing the tool curve function 𝑓𝑡𝑜𝑜𝑙

𝑡 : 

 𝑧𝑗,𝑘
𝑡 = 𝑓𝑡𝑜𝑜𝑙

𝑡 (𝑥𝑗,𝑘
𝑡 , 𝑦𝑗,𝑘

𝑡 ) (13) 

The 𝑧𝑗,𝑘
𝑤  value of surface topography at 𝑃𝑗,𝑘

𝑤  can be determined: 

 𝑧𝑗,𝑘
𝑤 = 𝑧𝑗,𝑘

𝑡 + 𝑧𝑚,𝑛
𝑤  (14) 

To be noted, if multiple 𝑧𝑗,𝑘
𝑤  values are acquired for the same grid 

point, then the minimum one is kept as the outcome. 

Using the simulation method described above, typical surface 

topographies are acquired as illustrated in Fig. 5. For driving spirals 

with constant stepover, the surface topography is completely regular 

and periodic micro textures similar to optical gratings can be clearly 

identified along the feed direction. For (b) and (c) with continuously 

varying stepovers, the periodic textures are successfully disrupted and 

the original stepover is no longer predominant. Moreover, slightly 

varying stepover, where the variations are smaller than 𝑓𝑟, generates 

relatively smaller surface residual height than severely varying 

stepover. The surface finish generated by slightly varying stepover is 

also expected to be much better than the latter. 

 

Fig. 5 Typical surface topography acquired by simulation: (a) constant 

stepover, (b) slightly varying stepover, and (c) severely varying 

stepover 

 

 

3. Experiments and results  
 

3.1 Experimental setup 

Turning experiments with varying stepovers are designed and 

conducted to validate the proposed cutting strategy. A commercial 

Moore Nanotech 250FG ultra-precision machine tool as shown in Fig. 

6 is utilized to perform the experiments.  

 

Fig. 6 Experimental setup 

 

Six tests are conducted on a planar brass workpiece under the slow 

tool servo (STS) mode. Detailed parameters for the tests are listed in 

Table. 1. A diamond tool with radius 𝑅𝑇  of 1 mm is used and the 

original stepover 𝑓𝑟 is set as 10 μm. The amplitude 𝐴𝑣 and period 𝑇𝑣 

of the introduced harmonic variations as depicted in Fig. 3 are designed 

to be different for each group for comparative analysis. Test 1 adopts a 

constant stepover of 10 μm for comparison. For tests 2 to 5, an 

amplitude of 2 μm is employed to generate slightly varying stepover 

while an amplitude of 10 μm for severely varying stepover. And the 

amplitude and period of test 6 are designed to be random. 

Table. 1 Test design and harmonic variation parameters 

Test No. 1 2 3 4 5 6 

Amplitude, 
𝐴𝑣 (μm) 

0 2 10 2 10 2-10  

Period,  
𝑇𝑣 (Points) 

— 157 157 397 397 
157-
397 

 

3.2 Experimental results 

Surface topography of machined surface is measured with a white 

light interferometer (Zygo Nexview NX2) and the results are shown in 

Fig. 7.  

 

Fig. 7 Surface topography measurement results 

 

The measured topography coincide well with the simulation results 

in Fig. 5. For test 1, periodic micro textures similar to optical gratings 

can be clearly distinguished in both the 3D topography and the cross-

section plot, which are assumed to cause the diffraction of turned 

surfaces. But it generates the best surface finish with a roughness Ra of 

3.1 nm and the lowest residual height of 14 nm among all 6 tests. For 

tests 2 to 6, disrupted surface textures with multi-level structures are 

observed instead of a single structure. Test 6 with random variation and 

tests 3 and 5 with severely varying stepover generate more irregular 

surfaces with more than twice the roughness of test 1. In comparison, 
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tests 2 and 4 generate surfaces with roughness approximating test 1 

while realizing disrupted surface textures at the same time. 

 

Fig. 8 Power spectral density (PSD) analysis results  

 

Power spectral density (PSD) analysis is conducted for the 

measured topographies as shown in Fig. 8. Cross-sections along the 

feed direction of Fig. 7 are transformed into the spatial frequency 

region to distinguish components with various frequencies. The PSD 

plot of test 1 demonstrates typical single-peak spatial frequency 

distribution at 100 mm-1, which corresponds to the periodic textures 

with period of 10 μm 𝑓𝑟 . For tests 2 to 6, multiple frequency 

components are incorporated and the peak at 100 mm-1 is no longer 

dominant. Such scattered frequency distribution is conducive to 

suppressing the diffraction effect caused by mono-frequency surface 

textures. Theoretically, the more scattered the frequency distribution is, 

the less diffraction effect takes place. 

 

 
Fig. 9 Optical inspection result 

 

Optical inspection result is acquired as Fig. 9 to assess the 

diffraction effect of 6 tests. Area of test 1, which employs constant 

stepover, suffer from severe diffraction effect. In comparison, area of 

tests 2 and 4, which employs slightly varying stepover, have 

significantly suppressed diffraction effect owing to the disrupted 

textures as represented in Fig. 8. And roughly equal surface finish to 

test 1 is realized. For the rest, suppressed diffraction effect is also 

observed, but major surface finish deteriorations happen due to the 

severely varying surface topography. 

 

 

4. Conclusions 
This study proposes a continuously varying stepover machining 

strategy by incorporating harmonic variations into conventional 

Archimedean driving spirals. Experimental investigations demonstrate 

that the periodic surface micro textures that cause diffraction effect are 

effectively disrupted by the proposed method. Major conclusions are 

drawn as follows: 

1) Tool path driven by constant stepover spiral results in periodic 

surface micro textures, which are similar to optical gratings and 

assumed to cause the diffraction effect of turned surfaces.  

2) The continuously varying stepover strategy proves effective in 

disrupting the periodic micro textures. Both measured surface 

topography and PSD analysis results demonstrate disrupted 

multi-frequency microstructures. Measured results coincides 

well with simulation. 

3) Both disrupted periodic textures and surface roughness Ra of 3.5 

nm are realized by slightly varying stepover. In comparison, 

severely varying stepover results in major surface finish 

deterioration.  
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