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Abstract: The lens arrays are widely used in advanced industrial 

fields such as national defense, medical care, and aerospace due 

to its special optical performance. Single-point diamond turning 

based on fast/slow tool servo technology is an important 

machining method to fabricate lens arrays. However, the 

constant-angle or constant-arc-length sampling of the spiral tool 

trajectory leads to the uneven distribution of surface data point 

cloud, which makes the theoretical morphology of microstructure 

deviate from their machined morphology, and seriously restricts 

the high precision, high flexibility and large-scale fabrication of 

the microstructure. This research provided a novel fabrication 

method for machining multi-boundary lens arrays by employing 

tool offset end-fly-cutting method which interchanged the 

position of the tool and workpiece, and a mathematical model 

was established to generate the uniform tool trajectory covering 

the multi-boundary lens array. Through the comparison of 

measured and simulated results, the root-mean-square (RMS) 

error of multi-boundary lens array's sectional curve is below 1 μm, 
proving the effectiveness of the machining method. This method 

provided a new technical scheme for the fabrication of 

multi-boundary lens arrays, and provided a theoretical reference 

for machining multi-scale microstructures. 

Keywords: Slow tool servo • Micro structure • End-fly-cutting • 
Micro-lens array 

 

 
 Guoqing Zhang 

 zhanggq@szu.edu.cn 

 
1 Shenzhen Key Laboratory of High Performance Nontraditional 

Manufacturing, College of Mechatronics and Control Engineering, 

Shenzhen University, Nan-hai Ave 3688, Shenzhen 518060, 

Guangdong, China 

 
2 Guangdong Key Laboratory of Electromagnetic Control and 

Intelligent Robots, College of Mechatronics and Control Engineering, 

Shenzhen University, Nan-hai Ave 3688, Shenzhen 518060, 

Guangdong, China 

 

1  Introduction 

 

Insect compound eyes have anti-fogging and high-wide 

imaging characteristics, and their corresponding bionic 

lens arrays are widely used in imaging, biosensing, 

medicine and other fields [1]. In order to fabricate the 

micro lens array with a high-quality surface, a mechanical 

physical removal method is usually used. For obtaining 

complex optical elements surfaces such as off-axis 

aspheric surfaces, toroidal surfaces, sinusoidal array 

structures, and Alvarez micro lens arrays [2, 3], the 

fast/slow tool servo turning, ultra-precision fly-cutting and 

other machining technologies have been developed [4, 5]. 

There are many practical studies and outstanding results 

on micro/nano structure surface machining, most of them 

focused on the machining method such as slow tool servo 

(STS), fast tool servo (FTS), and end-fly-cutting. The STS 

is suitable for machining smooth and continuous 

symmetrical surfaces, such as diffraction gratings, aspheric 

surfaces, lens arrays and composite microstructures [6, 7]. 

Neo et al. [8] proposed a machining technology for 

fabricating hexagonal Fresnel lens array based on STS 

technology. Huang et al. [9] designed an interactive 

movement of the tool and the workpiece, and directly 

machined the radial Fresnel lens structure on the roller 

mold. To et al. (2016) proposed a diamond turning method 

based on virtual spindle tool servo to fabricate the 

discontinuous structure of micro-optical array [10]. 

However, limited by the motion frequency of the STS, the 

rapid response of the lathe cannot be achieved for 

machining the high-curvature variety microstructure 

profile. The fast tool servo (FTS) has been developed 

correspondingly, which is not restricted by the lathe servo 

unit, therefore, the tool can obtain a high motion frequency 

[11, 12]. Neo et al. [13] proposed a surface analytical 

model to evaluate the cutting linearization error in FTS 
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machining freeform surfaces. Zhu et al. [14] proposed a 

new adaptive tool servo diamond turning technology to 

improve the machining accuracy by optimizing the 

machining path. Tong et al. [15] successfully generated 

microgrooves in Alvarez lens arrays, which improved the 

ability of FTS to machine multi-level structures. 

The realization of micro/nano structure surface is based 

on the F/STS technology and the discretized tool trajectory 

data points [16]. In the turning process, with the tool 

feeding to the workpiece center, the cutting speed of the 

tool along the tangential direction decreases 

correspondingly. In F/STS machining, the constant-angle 

and constant-arc-length sampling method of tool position 

results in the inconsistent density of data point, and affects 

the machining surface quality finally. Therefore, in order to 

achieve large-scale and high-quality surface machining, 

ultra-precision fly-cutting technology has been proposed 

which is widely used in machining aluminum alloy flat 

mirrors and micro-groove structures [17], and this 

technology combined with F/STS to machine complex 

structure surfaces, such as freeform surfaces with 

micro/nano structures. Zhu et al. [18-20] based on 

four-axis ultra-precision lathe to fabricate large-scale 

micro-lens array by using the end fly-cutting servo method, 

and in favor of the remaining tool traces to build secondary 

nanostructures. 

This research is based on the end-fly-cutting technology 

which the workpiece and the tool are interchanged to 

generate a circular arc path, and employed an innovative 

method of machining lens array based on the three-axis 

ultra-precision lathe. Firstly, a mathematical model for 

calculating tool position points under the tool arc path is 

established. Based on this model, the circular boundary, 

square boundary and hexagonal boundary lens array are 

fabricated respectively. Through the comparison of 

measured results and simulation results, the amplitude and 

distribution of machining errors are discussed. This 

method has uniform and average machining characteristics 

in the fabrication process, and solves the problem of 

inconsistent data point dispersion and gradual linear speed 

in F/STS. It is an effective process for large-scale 

fabricating of multi-boundary lens arrays and provides a 

theoretical and technical reference for the fabricating of 

complex micro/nano structures arrays. 

 

2  Tool path and surface generation 

 

The slow-tool servo system of the tool offset rotation 

path proposed in this paper is designed and developed on a 

commercial ultra-precision lathe, the lathe equipped only 

X, Z, and C axes. The system composition is shown in 

Figure 1 (a), the cutting tool is attached on the spindle 

through a fixture and rotates with it. The rotation of the 

spindle makes the machining path of the diamond tool 

changes from the traditional spiral trajectory to the 

uniformly arranged arc trajectory. The workpiece is fixed 

on the holder, and the Z-axis of the lathe drives it to 

perform reciprocating linear motion to realize the feed in 

the cutting depth direction, with the linkage of the C-axis 

and X-axis, the required micro/nano structure can be 

fabricated. The surface data point sampling method of the 

tool offset rotation path servo technology has greater 

advantages than the traditional F/STS technology. As 

shown in Figure 1 (b), the tool offset rotation path is more 

evenly distributed than the traditional spiral trajectory tool 

path, and the intervals between the data points on the tool 

path are equal. At the same time, under the constant 

rotation speed of the spindle, the linear speed of the tool 

rotation is also constant, which is beneficial to fabricate 

micro/nano structures uniformly. 
 

 

Figure 1  Schematic of (a) tool offset end-fly-cutting system and 

(b) sampling points of the rotating tool path  

 

The lens array is mainly based on the arrangement of 

lens units to produce different performance, and their 

arrangement is shown in Figure. 2. By changing the 

relative distances h and w between the centers of adjacent 

lens units in Figure 2 (a), a lens array with a specific 

boundary can be combined and arranged, such as the 

square boundary lens array and the hexagonal boundary 

lens array shown in Figure 2 (c) and (d). 
 

 

Figure 2  Simulation of three types of lens arrays (a) 

Arrangement of lens array; (b) Circular boundary lens array 

(h=2r, w=2r); (c) Square boundary lens array (h=r, w=r); (d) 
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Hexagonal boundary lens array (h=1.5r, w=√3r) 

 

In order to obtain the lens array by the tool offset 

end-fly-cutting, it is necessary to perform theoretical 

calculation on the tool position and establish the 

mathematical model of tool path. Firstly, establish a 

rectangular machining area with length W and height H, 

this area needs to meet the condition that half of the height 

value is less than the rotation radius of diamond tool, 

otherwise a failure area will appear. The cutting edge of the 

diamond tool used by this mathematical model is 

arc-shaped and the rake angle is 0°. As shown in Figure 3 

(a), a coordinate system xwowyw at the middle of the left 

boundary line of the workpiece was established, and the 

lens array on the xwowyw surface of the workpiece 

coordinate system was projected. Set the distance from the 

tool rotation center to the left boundary line of the 

workpiece as s, the rotation radius of the tool is R, the 

center point of the cutting edge arc is the tool position, and 

the center of tool rotation moves with the spindle to the 

positive direction of the xw axis in the workpiece 

coordinate system. In order to realize the feed in the x 

direction of the three-axis lathe, the feed speed in the 

x-direction is set to f. Because the rake face of the tool 

always contacts the workpiece, it needs to pay attention to 

rotation direction of the spindle during machining. The 

rake face direction of the tool shown in Figure 3 (a) is 

downward, and it appears to rotate counterclockwise when 

projected to the workpiece coordinate system, at this time, 

the spindle rotates clockwise. 
 

 

Figure 3  Schematic of (a) tool rotation and feed, and (b) tool 

path covering the lens array   

 

In the process of machining the entire rectangular area, 

the spindle revolutions are defined as n, and each 

revolution arc is divided into l points with a constant angle. 

The current tool position defined as point k, then the 

coordinates (xs, ys) of the tool edge arc center projected on 

the workpiece coordinate system xwowyw can be expressed 

by: 

 

 
cos( )

sin( )

s

s

x R n f s

y R




    
  

 (1) 

 

where 
2

k
l

    

According to the arc trajectory of the tool rotation, the 

tool points of the entire lens array are divided as shown in 

Figure 3 (b). The diamond tool will machine each lens unit 

evenly, therefore, one of the units is used to establish a 

mathematical model for calculating single tool position. 

For the lens unit O1 shown in Figure 4, its radius is r, and 

the equation of circle boundary projected on the workpiece 

surface coordinate system xwowyw is: 

 

    
1 1

2 2
2

O Ox x y y r      (2) 

 

 
Figure 4  Schematic of (a) the lens unit formation in single tool 

path, and (b) the geometric relation between the projection line of 

tool rake face and tool path on xwowyw coordinate plane 

 

As shown in Figure 4, the rake angle of the diamond 

tool is set to 0°. When the tool position moves to the lens 

unit area, the plane of the rake face can intercept the unit 

lens to obtain a circular section, and the plane where the 

rake face is projected to the xwowyw coordinate system is a 

straight line, which can be expressed as: 

 

 tany x n f s      (3) 
 

where the α equal to θ. 
The projection of the tool position in the xoy coordinate 

system is on the ray emitted from the center of the 

coordinate system. In the real machining, affected by the 

machining accuracy of the fixture and the assembly 

accuracy of the installation, the tool position will change in 

the mathematical model, therefore the rake face needs to 

be compensated in the model. Supposing the actual tool 

height is hd, the actual depth of the tool slot is hw, an angle 

compensation is performed on the angle α and the actual 
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value of the compensation angle α´ can be expressed as: 

 

 ' arcsin w d
h h

R
 

    
 

 (4) 

 

Substituting the angle α in Eq. (3) with the α´, and 

combining Eq. (2) and Eq (3) simultaneously, two points 

k1(x1, y1) and k2(x2, y2) can be solved. These points are the 

boundary points of the current cross-sectional circle of the 

lens unit. Set the distance from the horizontal plane of the 

lens unit center to the surface of the workpiece is h1, and 

establish the coordinate system of the cross-sectional circle 

with the boundary points, the radius of the cross-sectional 

circle corresponding to the current tool position can be 

calculated as: 

 

  
1 22

1,
2

n k

k k
r h   (5) 

 

where 
2 2

1 2 2 1 2 1k k x x y y   （ ）（ ） 

As shown in Figure 5 (a), the coordinate system xnonzn 

between the cutting depth direction and the feed direction 

is established for the lens unit, and the projection equation 

of the unit can be expressed as: 

 

       

2
2 2

1, , ,
h

n k n k n k
x z r    (6) 

 

 
Figure 5  (a) Schematic of the interference between the rake 

face's tool nose arc and the lens unit's cross-sectional circle and 

its (b) compensation schematic 

 

Based on the two points k1(x1, y1) and k2(x2, y2) 

calculated above, the tool position x(n, k) is expressed in the 

cross-section circular coordinate system as:  

 

      2 2 1 2

1 1,
2

s sn k

k k
x x x y y      (7) 

 

Combined Eq. (6) and Eq. (7) can calculate the z(n,k), 

which is the current tool position feed value. 

The tool nose arc cuts into the lens according to the zn 

direction shown in Figure 5 (a), when the tool position is 

fed in the z direction, the tool nose arc overcuts the 

cross-sectional circle of the lens, therefore, interference 

compensation must be performed at this point. As shown in 

Figure 5 (b), the tool position in this coordinate system is 

expressed as: 

 

 
      

2
' 2

, , ,dn k n k n k
z r r x     (8) 

 

Therefore, the specific value of the tool position of the 

workpiece coordinate system can be expressed as: 

 

  
'

1,s n k
z z h   (9) 

 

For the circular boundary lens arrays, square boundary 

lens arrays, and hexagonal boundary lens array, the main 

difference between them is the shape of boundary, the 

judgment criteria can be expressed as: 

 

    2 2 2

, ,n o n n o n nx x y y r     (10) 

 

where xn,yn are the coordinates of the tool position in the 

lathe coordinate system, and xo,n,yo,n are the center point of 

the lens unit. 

The center position of the circular and the square lens 

unit was given by: 
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/

n o k n k k

n o k n k k

x r n x n

y r n y n

   
   

 (11) 

 

where r1 is the radius of the lens unit. 

Moreover, the judgement criteria of the boundary of the 

hexagonal lens array can be expresses as: 
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Then the tool position point corresponding to the center 

of the lens unit can be expresses as: 
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where, l1=2×cos(π/6)×r1, l2=3×r1. 

If the criteria of Eq. (13) is not satisfied, the tool position 

point corresponding to the center of the lens unit is 

expressed as: 
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By Eqs. (10) ~ (15), the professional software MATLAB 

is used to calculate the tool position of each lens array, and 

obtain the tool position simulation diagram of each lens 

array as shown in Figure 6. 

 

 

Figure 6  Data cloud of tool position to form lens array with (a) 

circle boundary, (b) square boundary and (c) hexagon boundary 

 
 

3  Experiment and results analysis 
 

3.1  Experiment setup 

The machining experiment was performed on a 

three-axis CNC lathe (Moore Nanotech 450UPL) and its 

experiment setup was shown in the Figure 7 (a). In this 

machining system, the tool was fixed on the tool fixture 

and adsorbed in the spindle, the workpiece fixed on the tool 

holder, which is attached to the Z-axis, and the workpiece 

performs translational servo movement along the Z-axis. 

The PCD tool was used to obtain a roughly flat workpiece 

surface, and the diamond tool makes it smooth and 

manufactures the micro-lens array. Such microstructure was 

fabricated on the copper workpiece by controlling the 

rotation of the tool, the feed in the x-direction of the spindle 

and the reciprocating movement of the Z-axis. In this 

experiment, a diamond tool with the radius of 0.1 mm and 

the rake face of 0° was used, the speed of the spindle was 

set as 4 r/min, the rotating radius of the tool was 15 mm, 

and the maximum cutting depth of micro-lens array was 10 

μm. The machined surface was then measured by Leica 

DM2700M optical microscope and Bruker Contour GT-X 

white light interferometer respectively, the measured result 

was then used for the surface quality and machining 

accuracy evaluation. 

 

 

Figure 7  The experiment setup for (a) tool offset end-fly-cutting 

system based on X, Z, C three-axis lathe, and (b)the zoomed 

viewport in workpiece and tool 

 

 

3.2  Results and discussion 

The machined surface is shown in Figure. 8 (a)~(c). 

Observing the lens array under the optical microscope, each 
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unit is uniformly distributed and the shape of boundary is 

clear. The micro-lens array structure has good 

morphological characteristics which proves the correctness 

of the mathematical model and the effectiveness of the 

machining method. In order to obtain the surface 

parameters for specific analysis furtherly, the white light 

interferometer is used. The measured three-dimensional 

morphologies are shown in Figure 8 (d)~(f). 
 

 

Figure 8  Morphologies of lens arrays with (a, d) circular 

boundary, (b, e) square boundary and (c, f) hexagon boundary 

(measured by Leica DM2700M optical microscope and Bruker 

Contour GT-X white light interferometer, respectively) 

 

 

3.2.1  Circular boundary lens array 

Figure 9 (a) and Figure 9 (b) show the three-dimensional 

morphological characteristics of the circular boundary lens 

array. The root mean square (RMS) is introduced to 

evaluate the curve error between the measured structure 

and the simulated structure. The calculation formula can be 

expressed as: 

 

 

2n

1 ( )
sim mea

h h
RMS

n


 

 (16) 

 

The two-dimensional cross-sectional curve of the lens 

unit can be obtained along the A-A' direction and the B-B' 

direction, and the simulated curve of the lens unit can be 

calculated in the MATLAB. In order to analyze the 

morphological characteristics of the circular boundary lens 

array, the simulated curve is fitted with the measured 

cross-sectional curve, as shown in Figure 9 (c) and (d), the 

two curves have a great coincidence. Figure 9 (e) and (f) 

shows the form error, the RMS values in the horizontal and 

vertical axis directions are 0.6232 μm and 0.7576 μm 
respectively, and the overall form error value is less than 1 

μm. There are many subtle fluctuations on the 

cross-sections curve, which are caused by residual burrs 

and material flow. 
 

 

Figure 9  Three-dimensional morphology of circular boundary 

lens array and the position of (a) A-A' and (b) B-B' cross-sectional 

plane; comparison of the measured (c) A-A’ and (d) B-B' 

cross-sectional curve with the simulated one; error curve for the 

cross-sectional curve on (e) A-A' and (f) B-B' section plane 

 

 

3.2.2  Square boundary lens array 

Figure 10 (a) and (b) show the three-dimensional 

morphological characteristics of the square boundary lens 

array. Fitting the simulated curve with the measured curve 

in A-A' and B-B' directions, as shown in Figure. 10 (c) and 

(d), the two curves have a highly overlap, the RMS values 

in the A-A' and B-B' directions are 0.2726 μm and 0.4688 
μm respectively. The form error value is less than 1 μm. 
Due to the influence of burr remaining, the actual curve has 

obvious abrupt changes. 
 

 
Figure 10  Three-dimensional morphology of square boundary 

lens array and the position of (a) A-A' and (b) B-B' cross-sectional 

plane; comparison of the measured (c) A-A' and (d) B-B' 

cross-sectional curve with the simulated one; error curve for the 
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cross-sectional curve on (e) A-A' and (f) B-B' section plane 

 

 

3.2.3  Hexagonal boundary lens array  

Figure 11 shows the three-dimensional morphological 

characteristics of the hexagonal boundary lens array. 

Getting the cross-sectional curve of the lens unit, then fit 

the simulated curve with the measured curve in the A-A' 

and B-B' directions, as shown in Figure 11 (c) and (d), the 

two curves has a great coincidence, the RMS value of the 

A-A' direction and the B-B' direction are 0.2726 μm and 0.5 
μm respectively, and the overall form error value is less 

than 1 μm.  
 

 

Figure 11  Three-dimensional morphology of hexagonal 

boundary lens array and the position of (a) A-A' and (b) B-B' 

cross-sectional plane; comparison of the measured (c) A-A' and (d) 

B-B' cross-sectional curve with the simulated one; error curve for 

the cross-sectional curve on (e) A-A' and (f) B-B' section plane 

 

Through the analysis of the cross-sectional data of the 

three lens arrays, it can be found that the abrupt changes of 

the error are mainly concentrated on the boundary of the 

lens unit, and the interior of the lens unit has better fitting 

characteristics than the boundary of the lens. The reason is 

the previous lens unit will be squeezed by the cutting tool 

path of the next lens unit during the machining process, and 

the thickness of the boundary is thin, so the flow 

deformation occurs easily at the boundary, which increases 

the error. 

 

5  Conclusions 

 

This research proposed a machining method of 

multi-boundary lens array by tool offset end-fly-cutting, 

and established a mathematical model of the tool position. 

The main conclusions are as follows: 

(1) The data point distribution of the tool arc trajectory 

takes into account the characteristics of 

constant-arc-length and constant-angles, and the linear 

speed remains constant during the machining process, 

which is conducive to fabricate micro/nano structures.  

(2) The accuracy of positioning and machining can be 

improved by an offset method which was calculated in 

the current tool position. 

(3) Performed surface simulation and machining 

experiments on the multi-boundary lens array structure, 

and compared the measured data with the simulated 

data of the surface, the root mean square error of the 

cross-sectional curve of the lens array is below 1 μm, 
which confirmed the effectiveness of the machining 

method.  

(4) Large-scale and low-curvature variety surfaces can be 

machined by the proposed method compared with the 

traditional F/STS machining method, it also provided 

technical and theoretical references for fabricating 

other micro/nano structures.  
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