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Abstract: Structure design and fabricating methods of three-dimensional (3D) artificial spherical compound eyes have been researched 
by many scholars. Micro-nano optical manufacturing is mostly used to process 3D artificial compound eyes. However, spherical optical 
compound eyes are less at optical performance than the eyes of insects, and it is difficult to further improve the imaging quality of 
compound eyes by means of micro-nano optical manufacturing. In this research, nonhomogeneous aspheric compound eyes (ACEs) are 
designed and fabricated. The nonhomogeneous aspheric structure is applied to calibrate the spherical aberration. Micro milling with 
advantages in processing three-dimensional micro structures is adopted to manufacture ACEs. In order to obtain ACEs with high 
imaging quality, the tool paths are optimized by analyzing the influence factors consisting of interpolation allowable error, scallop height 
and tool path pattern. In the experiments, two kinds of ACEs are manufactured by micro-milling with different too path patterns and 
cutting parameter on the miniature precision five-axis milling machine tool. The experimental results indicate that the ACEs of high 
surface quality can be achieved by circularly milling small micro-lens individually with changeable cutting depth. A prototype of the 
aspheric compound eye (ACE) with surface roughness (Ra) below 0.12 µm is obtained with good imaging performance. This research 
ameliorates the imaging quality of 3D artificial compound eyes, and the proposed method of micro-milling can improve surface 
processing quality of compound eyes. 
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1  Introduction∗ 

 
Artificial compound eyes are multi-aperture optical 

systems inspired by the insect visions with many specific 
superiorities like wide field of view (FOV), light weight 
and high temporal resolution, which exhibit potentially 
considerable potent applications in the industrial and 
military regions. In the near future, artificial compound 
eyes will be expected to serve as key components in the 
aspects of missile guidance, radar detection, early-warning 
satellite, lighting and visual imaging. Meanwhile, they may 
play an important role in the fields of large infrared 
telescope, micro-camera and fingerprint identification 
systems[1–2]. Therefore, over the past decade, many efforts 
have been devoted to investigate on compound eyes, 
among which structure optimization and high-precision 
manufacture of artificial compound eyes have been the 
main research hotspots in the region of optical bionics[3–4]. 
The common structure of compound eyes is 
two-dimensional (2D) on which the arrangement of lenslets 
is uniform, thereby resulting in a strong fluctuation of the 
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imaging performance over the object distance and a limited 
FOV[5–6]. In the recent years, some scholars have done a lot 
of work about the structure design and fabricating methods 
of three dimensional (3D) artificial compound eyes, 
especially on spherical compound eyes[7–8]. However, there 
is still a large disparity in optical performance (e.g., the 
resolution and FOV) between the spherical optical 
compound eyes and the eyes of insects, which motivates us 
to optimize the structure of the artificial compound eyes. 

The mainly available method for fabricating compound 
eyes is micro-nano optical manufacturing, such as 
photolithography, focused ion beam and laser direct writing. 
DUPARRÉ, et al[3], processed compound eye structure on a 
planar substrate by UV lithography in 2004. Then they also 
gained the micro-lens array on the curved surface through 
laser direct writing in 2007[7]. JUNG, et al[9], fabricated 
ommatidia using laser induced self-writing process for 
high-resolution compound-eye optical systems. GAO, et 
al[10], gained artificial analogues by soft lithography. In 
2010, OH, et al[11], fabricated micro-lens array using quartz 
wet etching and polymer. Some researchers[12–13] also tried 
to adopt the LIGA-like technology and thermal imprinting 
to construct compound eyes. Micro-nano optical 
manufacturing has good performance in fabricating 
micro-scale optical devices, but it is also a time-consuming 
and high-cost processing method with uncontrollable 
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precision and poor dimensional homogeneity which make it 
difficult to further improve the imaging quality of 
compound eyes. Furthermore, micro-nano optical 
manufacturing is mainly used to process the simple curved 
surface (sphere or cylinder)[14].  

Precision machining with advantages in processing 
three-dimensional micro structure is a feasible way to 
fabricate artificial compound eyes. In 2009, LI, et al[15], 
fabricated 3D micro-lens array projection by the diamond 
machining on spherical surface. In 2010, they utilized the 
combination of regular diamond turning, diamond 
broaching slow tool servo and micro milling to machining 
compound-eye systems consisting of the prescribed three 
arrays, 3D micro prism array, the micro-lens array and the 
aperture array[16]. The well-known direct 3D micro 
machining methods can be used to directly generate true 
3D microstructures or patterns by means of real tools on 
both planar and curved surfaces. In coordination with the 
injection mould, 3D micro machining can also improve the 
manufacturing efficiency of artificial compound eyes. 
Moreover, the processing accuracy is controllable with 
good dimensional homogeneity[17–18]. Therefore the 
precision machining provides a promising way to fabricate 
the compound eyes. However, few have been reported in 
literatures on fabricating compound eyes by micro milling. 
This paper attempts to manufacture ACEs using micro 
milling. In order to obtain ACEs with high imaging quality, 
the tool paths were optimized by analyzing the influence 
factors consisting of interpolation allowable error, scallop 
height and tool paths pattern. The tool paths were planned 
and machining experiments were conducted to verify them. 

 
2  Model Construction 

 
Spherical aberration, one of the optical aberrations, is 

inevitable in the spherical compound eyes affecting the 
imaging quality[19]. Therefore it is necessary to calibrate the 
spherical aberration. The aspheric structure is one of the 
ways to calibrate the spherical aberration. The aspheric 
surface of the compound eye was designed to improve the 
imaging quality and eliminate the imaging blind area. The 
structure of ACE incorporated the characteristics of 
hexagon honeycomb, aspheric surface and non-uniform 
micro-lens array[20]. Composed with hexagon ommatidia 
(micro-lens), the new structure was more compacted, and 
the non-uniform micro-lens array produced a larger FOV. 
The procedure of the construction includes designing the 
general structure, calculating the azimuth angle and focal 
length of each group of ommatidia, modeling and splicing 
the ommatidia. The spatial distribution of ommatidia is 
illustrated in Fig. 1. 

The profile of the ommatidium is hexagon and all the 
apexes of the hexagons are on the same spherical surface as 
shown in Fig. 1(b). Azimuth angle (α1, α2, , αn, β1, β2, , 
βn) of the ommatidium is calculated according to their 
geometrical relationship, and focal length (lF1, lF2, , lFn) is 

worked out to make every ommatidium focus on the same 
receiving plane. The design of aspheric surfaces for the 
ommatidia is of key important to calibrate the spherical 
aberration. The general equation describing the aspheric 
surface is shown as follows[21]: 
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where z is the axial distance from the origin of coordinate; 
y is the distance from the symmetry axis; k is the cone 
coefficient;  a0, a1, , an is the high order aberration 
coefficients; and r is the curvature radius of the vertex. 

 

 
Fig. 1.  Spatial distribution of ommatidia 

 
The aspheric model is designed by successive 

approximation method[22]. The procedure includes building 
the original spherical model, calculating conical section 
equation and adding the high order aberration coefficients. 
The third task is done with the help of ZEMAX. Here we 
mainly discuss the calculation of conical section equation. 

The original spherical model is built according to the 
focal length. In order to calibrate the marginal spherical 
aberration, the front surface of the ommatidia must be 
refined into aspheric surface. The optical path from the 
front surface to the back one was drawn on the basis of 
refraction principle, as shown in Fig. 2. 

The general equation of the conical section is, 
 

2 22 ,ny r x bx                (2) 
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where nr  is the spherical radius of the front surface in the 
original model. Taking incident point (d, H) into Eq. (2), 
the equation is changed into, 
 

2 22 .nH r d bd                (3) 
 

 
Fig. 2.  Refraction path 

 
According to the geometric relationship and refraction 

principle, Eq. (4) can be deduced, 
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where R1 is the spherical radius of back surface, the default 
value of R1 is 20 mm, m0 and m1 are the refractive index of 
air and microlens material, respectively, I1, I2, , I6 are the 
corresponding optical angle (incidence angle, refraction 
angle or emergence angle). 

According to Eq. (4), the incidence angle (I6) on the 
conicoid can be obtained. The normal curvature (ktanI6) 
on the refraction point of conicoid can be calculated 
according to this equation, 

 

,
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          (5) 

 
The values of b and d can be gained from Eq. (3) and    
Eq. (5). The cone coefficient is kb−1. Therefore all the 
coefficients of conical equation are ascertained. The high 
order aberration coefficients are obtained using ZEMAX. 
The equation of central ommatidium (No. 0) is shown as 
follows: 
 

2

2 21.406 1.406 (1 0.492)

yz
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   5 2 3 4 4 69.916 10 1.363 10 1.515 10 .y y y         (6) 
 

The three-dimensional model is built by splicing the 
ommatidia according to their own azimuths. The ommatidia 

on the same circle are labeled as Group 1, 2, , 7 from 
inside to outside. As shown in Fig. 3, each group has 6 
ommatidia except Group 1 with only one ommatidium. The 
ommatidia are numbered from No. 0 to No. 36 clockwise 
from Group 1 to Group 7. The size of ACE is 7 mm7 mm 
and the aperture of the ommatidium is 1.31 mm. 

 

 
Fig. 3.  Three-dimensional model of compound eyes 

 
The imaging quality of the ACE model was checked by 

simulation of ray tracing[23]. It was found that the marginal 
spherical aberration of ACE was below 60 µm whereas that 
of the spherical compound eyes with the same aperture was 
up to 400 µm, as shown in Fig. 4. Therefore, the 
non-uniform ACE can calibrate the marginal spherical 
aberration effectively. 
 

 

Fig. 4.  Comparison of spherical aberration 
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3  Analysis of Influencing Factors on Tool 

Path Optimization 
 

 High precision and low surface roughness are essential 
to high imaging quality of optical compound eyes. This 
paper tries to find out how the interpolation allowable error, 
scallop height and tool paths pattern affect the precision of 
tool paths for computer numerical control (CNC) milling. 

 
3.1  Analysis of interpolation allowable error  

Interpolation allowable error is the maximum allowable 
deviation between the actual tool path and the ideal tool 
path. Choosing ball end mill to cut, the local geometrical 
relationship of interpolation is magnified in Fig. 5. Since 
the mould of the compound eye is concave, we just discuss 
the interpolation error in the case of concave. 

 

 
Fig. 5.  Local geometrical relationship of interpolation 

 
It is presumed that kf  is the normal curvature of the 

processed surface along the feed direction in the 
interpolation section, θ is the rotation angle of the normal 
vector along the interpolation linear orientation, the ball 
end mill moves linearly from C0 to C1, and the interpolation 
error δ is, 

 
,t nδ δ δ                     (7) 

 
where nδ is the normal vector rotation error, tδ  is the 
linear approximation error (chord error). The expression of 

nδ can be obtained according to Fig. 4, 
 

 22 2 21 1cos 2 sin ,
2 4 8 8n fR R R R Rk sθ θδ θ      (8)   

 
where s is the arc length in interpolation section. 
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From Eq. (8) and Eq. (9), δt  δn is concluded. 
 

 21 .
8t n t fk sδ δ δ δ             (10) 

Replacing s  with chord length L, distance between the 
two adjacent location points of the cutter is also called 
cutting length step. 
 

21 .
8t n t fk Lδ δ δ δ              (11) 

 
Supposing ε is the interpolation allowable error and 

δ ε , we can get the following relationship, 
 

21 ,
8 fk L ε                  (12) 

 

  
22 .

f

L
k
ε

                  (13) 

 
According to the relationship presented in Eq. (13), it 

can be found that if the value of L is reasonable and meets 
the requirement of the interpolation allowable error, the 
precision of the curved surface will be guaranteed. 
 
3.2  Analysis for scallop height  

Scallop height is one of the important factors influencing 
surface roughness. In the finishing machining, the value of 
scallop height is related with the width of tool path and the 
radius of tool. When processing compound eyes, there is an 
angle between the processing surface and the cutting plane 
formed by parallel tool paths. The angle varies in different 
regions. The axle of the ball end mill tilts for good cutting 
performance and proper cutting speed. Taking the small 
segment of curved surface as a slope, the geometry 
relationship can be shown in Fig. 6.  
 

 
Fig. 6.  Geometry relationship of slope 

 
The following two equations are gained: 
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η γ

                
  (15) 

 
where D0 is the milling width, D1 is the width of actual tool 
path on the slope, η is the angle of the slope along the 
horizontal direction, ω is the angle of the slope along the 
vertical direction, γ is the angle of tool axle along the 
vertical direction, R is the radius of tool, h is the scallop 
height, H1 is the milling depth. 

Some special cases of Eq. (15) are as follows. 
In the case of γ0°, namely the tool axle is vertical,   

Eq. (15) changes into 
 

    
2

2 0 .
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         (16) 

 
In the case of γ0°, η0°, namely, the tool axle is 

vertical and the processing surface is horizontal, Eq. (15) 
changes into 
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If η, γ and D0 are fixed, the derivation about R of Eq. (15) 

is 
 

2
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In these equations, if the tool axle and the slope are on 

the same side of the vertical normal, as shown in Fig. 6, γ is 
positive and negative otherwise. The following conclusions 
are obtained from Eq. (15), the scallop height decreases as 
D0, η and γ decrease. If D0, η and γ are fixed, the scallop 
height will reduce as the radius of tool rises. The slope 
coefficients are different in different regions of compound 
eye. Therefore if the tool paths for each ommatidium are 
planned with fixed linear approximation error and scallop 
height considering its geometric position, it is easy to get 
high surface quality in finishing machining. The tool path 
will be planned based on these conclusions. 

 
3.3  Analysis of tool paths pattern 

Here the different affects of circular milling and parallel 
milling on fabricating compound eyes are discussed. 
Circular milling is down milling or up milling whereas 
parallel milling transforms alternately between down 
milling and up milling if the tool processes reciprocally. 
The variation of the feed direction and the cutting force will 
affect the surface quality. Consequently, circular milling 

has more advantages than parallel milling in the finishing 
machining which requires high machining quality. 

 
4  Scheme and Simulation of Tool Paths 

 
4.1  Tool paths for rough machining 

The rough machining was to remove the material of the 
blank. In this paper, the profile of compound eye was firstly 
processed by reciprocal-parallel milling with a machining 
allowance of 5 µm. The parameters of tool paths were 
determined according to the factors analyzed above, as 
shown in Table 1. The tool paths were gained, as shown in 
Fig. 7. The tool paths were layered and the curves on each 
layer were parallel. 

 
Table 1.  Parameters of tool paths for rough machining 

Tool paths pattern 
Milling 
depth 

Milling 
width 

Processing 
sequence 

Reciprocal-parallel 
milling 

Changeable 
(8–20 µm) 

24 µm 
Sectional 
priority 

 
 

 
Fig. 7.  Tool paths for rough machining 

 
 

4.2  Tool paths for finishing machining 
After rough machining, the remained material must be 

removed to improve the surface quality. Two schemes of 
tool paths for finishing machining were planned to verify 
the analysis result of the third part (analysis of influencing 
factors on tool path optimization). 

(1)Scheme (I)—circular-milling for the entire ommatidia 
Scheme (I) was planned to circularly mill all the 

ommatidia at a time. The milling width was 3 μm.The tool 
paths ran through all the ommatidia, as shown in Fig. 8. 

 

 
Fig. 8.  Circular-milling for the whole compound eye 

二级标题字号 10 磅 
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(2) Scheme (II)—circular- milling for each ommatidium  
Scheme (II) was planned to circularly mill each 

ommatidium individually according to its geometric 
position. The tool path for each ommatidium was different. 
Three kinds of tool paths patterns were planned, parallel 
layered milling, circular layered milling with changeable 
milling depth, and circular layered milling with fixed 
milling depth. However, there might be some small 
protuberances remained in the center of the ommatidium. A 
special tool path was added manually to wipe them out, as 
shown in Fig. 9. 

 

 
Fig. 9.  Circular-milling for each ommatidium 

  

 
4.3  Simulation of tool paths 

The simulation was carried out using Cimatron E to 
verify the tool paths. As shown in Fig. 10, the models of 
compound eyes were processed correctly in the simulation. 
After the simulation, the tool paths could be changed into G 
codes through post-processing. The G codes could be used 
directly to process the compound eyes on the precision 
CNC micro milling machine tool. 

 
Fig. 10.  Simulation procedure 

 
 

5  Machining Experiments 
 

5.1  Experimental condition 
The main device for experiments is the miniature 

precision five-axis milling machine tool designed by our 
group, as shown in Fig. 11.  

 

 
Fig. 11.  Miniature precision five-axis milling machine tool 
 
The resolution of grating in linear axis is 0.1 μm and the 

position accuracy is 0.5 μm in the scale of 7 mm7 mm. 
The highest rotating speed of spindle is 80 krmin. The 
blank is an organic-glass rectangular block with the 
dimension of 20 mm20 mm10 mm. The tool is a micro 
double-edge ball-end milling cutter produced by NS 
Company in Japan (No. MSB230). 
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5.2  Experiments 
According to the tool paths planned above, two 

compound eyes were processed. One was called 
“entire-circular-milling prototype workpiece” (Sample I), 
and the other was called “single-circular-milling prototype 
workpiece” (Sample II). The radius of milling cutter of 
50μm and the tilt angle (θ) of 20° were selected to fabricate 
the whole-circular-milling prototype workpiece. 
Reciprocal-parallel milling was adopted in the rough 

machining, and Scheme (I) was applied to the finishing 
machining. To process the single-circular-milling prototype 
workpiece, the radius of 200 μm for the milling cutter and 
the tilt angle of 20° were adopted. Specially, tool path 
pattern for No. 1 ommatidium was parallel-milling for 
further comparison with circular-milling. Tool path pattern 
for the rest was circular-milling. The corresponding 
machining parameters for the two workpieces were shown 
in Tables 2–4 respectively. 

 
Table 2.  Machining parameters for whole-circular -milling prototype workpiece 

Process type Tool path pattern 
Milling depth 

apμm 
Milling width 

aeμm 
Spindle speed  
n(r • min–1) 

Feed rate per tooth 
fz(μm • z–1) 

Allowance for 
machining Aμm 

Rough Parallel-milling 8 10 30 000 1 3 
Finishing Circular-milling 3 3 40 000 0.8 0.1 

 
Table 3.  Rough machining parameters for single-circular -milling prototype workpiece 

Process type Tool path pattern 
Milling depth 

apμm 
Milling width 

aeμm 
Spindle speed  
n(r • min–1) 

Feed rate per tooth 
fz(μm • z–1) 

Allowance for 
machining Aμm 

Rough Parallel-milling 20 24 40 000 1.5 5 

 
Table 4.  Finishing machining parameters for single-circular-milling prototype workpiece 

Ommatidium 
No.  

Tool path pattern Milling depth 

Distance 
between 
adjacent 

cutting layers 
ap μm 

Scallop 
height 
limit 

Hμm 

Milling 
width aeμm 

Feed rate per 
tooth 

 
fz(μm • z–1) 

Spindle 
speed  

n(r • min–1) 

0 Circular-milling Changeable 1 0.01 － 

1 60 000 

1 Parallel-milling Fixed － － 1 
2 Circular-milling Changeable 2 

0.1 

－ 
3 Circular-milling Changeable 3 － 
4 Circular-milling Changeable 4 － 
5 Circular-milling Changeable 5 － 
6 Circular-milling Fixed 2 － － 
7 Circular-milling Fixed 3 － － 
8 Circular-milling Fixed 4 － － 
9 Circular-milling Fixed 5 － － 

The rest Circular-milling Changeable 3 0.1 －         
 

The pictures of the two prototype workpieces were 
shown in Fig. 12. The tool marks could be seen clearly on 
the surface of entire-circular-milling prototype workpiece 
because of the unreasonable cutting parameters and tool 
path pattern. In contrast, the latter had clear 
hexagon-profile ommatidia with few cutter marks. 
Consequently, it had verified that the surface quality of the 
ACE obtained by Scheme (II) was better than that of the 
ACE obtained by Scheme (I). 

 
5.3  Measurement results 

The roughness of the single-circular-milling prototype 
workpiece was measured by the roughness profilometer of 
Taylor Hobson. The roughness curve of No. 0 ommatidium 
was shown in Fig. 13 (Ra0.115 μm). The roughness of 
other ommatidia was below 0.12 μm except that the Ra of 
No. 1 ommatidium is 0.48 μm. The imaging performance of 

ACE was observed by super depth field microscope. As 
shown in Fig. 14, the ommatidium of the ACE could image 
the same object individually. The images formed by No. 1 
ommatidium labeled by red circles were distorted, because 
the adopted tool path pattern was parallel-milling and the 
value of roughness was higher. In a word, the tool paths 
had a great effect on imaging quality. 

 
6  Conclusions 

 
(1) The marginal spherical aberration of the ACE       

is below 60 µm according to the simulation of ray   
tracing, whereas that of the spherical compound eye with 
the same aperture is up to 400 µm. It indicates that the 
non-uniform aspheric structure can calibrate the marginal 
optical aberration and improve the imaging quality 
effectively.  
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Fig. 12.  Pictures of two prototype workpieces 

 

 
Fig. 13.  Roughness curve of No. 0 ommatidium 

 

 

Fig. 14.  Imaging of the prototype workpiece 
 
(2) The effect of interpolation allowable error, scallop 

height and tool path pattern on the precision of tool paths 
for CNC milling show that reasonable cutting length step, 
changeable cutting depth and width in different regions 
could lead to high-precision tool paths and improve surface 
quality of the compound eyes. 

(3) The circular milling for each ommatidium is shown 
to be much better than circular milling for the entire 
compound eye on the basis of the planned tool paths of 
rough and finish machining, which is verified by simulation 
and experiment. 

(4) The surface roughness (Ra) of the compound eyes is 
below 0.12 µm, and the machined models have the same 
imaging function as the compound eyes. The machining 
experiments prove that micro milling is a feasible way to 
fabricate compound eyes with high surface quality and 
good imaging performance. Moreover, micro milling is 

flexible and controllable in processing compound eyes on 
free-form surface. 
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