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Abstract 

An ultracompact micro multi-spherical compound eye (MSCE) was designed to solve the 
defocus problem existing in traditional curved compound eye for planar photoelectric detection. 
The MSCE was integrated with a series of thin lenses located on multiple spherical surfaces 
with various radii. The overall diameter of the designed MSCE was 86.3μm, and it was 
composed of 37 ommatidia with a diameter of 7.5μm. The transverse additive manufacturing 
method via two-photon polymerization (TPP) was used to achieve precise fabrication of MSCE. 
Comparison experiments were performed to show the superiority of this method in quality and 
efficiency in thin lenses manufacturing compared with traditional curved compound eye 
methods. Furthermore, the spot diagrams and Modulation Transfer Function (MTF) curves 
were used to evaluate the optical imaging. The imaging of letters ‘C’, ‘U’ and ‘T’ through the 
fabricated MSCE were successfully detected by the established imaging system, respectively. 
The imaging quality was evaluated using the root-mean-square value in the Hexcone model. 
The maximum optical intensity of MSCE increased by 63.9% compared with that of a single-
spherical compound eye (SSCE). Finally, the actual field of view (FOV) angle of MSCE was 
detected as ~80°, which was almost consistent with the theoretical angle of 77.6°. It is expected 
that this work will promote micro-optics components to be applied in the miniaturization and 
integration of optics systems for imaging, sensing and illuminating. 
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1. Introduction 

Bio-compound eyes are the special visual organs formed 
during the long-term evolution of some nature creatures, such 
as insects, arthropods or bivalves in nature, which are 
composed of hundreds of integrated optical units called 
ommatidia[1, 2]. Their unique imaging mechanisms bring a 

lot of benefits for visual perception, such as highly effective 
performance, large FOV, rapid response and so on[3-5]. 
Inspired from their components, numerous artificial bionic 
compound eyes have been developed and widely used in 
pathological diagnosis[6], target tracking[7], intelligent 
camera [8-12], motion detection[13] and other significant 
fields. This indicates the rapid development of modern optics 
towards miniaturization, intelligence and integration.  
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So far, planar compound eyes and curved compound eyes 
have been proposed and designed by researchers[14-17]. The 
curved compound eye has attracted more attention due to the 
larger FOV and more similar structure to the natural 
compound eye than the planar compound eye. Various curved 
compound eyes have been developed and manufactured. For 
example, D. Wu et al. exploited a high-speed voxel-
modulation laser scanning method to fabricate artificial 
compound eyes with full filling factor, large numerical 
aperture and free distortion [18]. However, the nonplanar 
arrangement of ommatidia on curved compound eyes brings a 
great challenge for its photoelectric detection, especially in the 
micro-optics field[19, 20]. Y. M. Song et al. [21] proposed a 
flexible detector for curved compound eye detection. But there 
are few curved photoelectric detectors that were totally 
matured to detect the imaging of curved compound eyes, 
especially in extra-small fields. Therefore, the planar 
photoelectric detector was used in most cases which led to a 
mismatch between the detection plane and imaging focal 
surface. Only several levels of ommatidia can be detected at a 
certain focal depth. Some solutions have been proposed to deal 
with the above problems. For example, Z. C. Ma et al. 
developed a smart artificial compound eye using stimuli-
responsive proteins to achieve the tunable focal distance of 
ommatidia[22]. Other solutions including refractive lens 
array[23, 24], self-writing waveguide[25], optical fiber 
guidance[26], introduction prism [27], etc. However, all these 
solutions need additional external environments or 
components, which cause some fabrication challenges and 
system complexities. 

TPP is one of the feasible ways which equipped with 
flexible 3D manufacturing capacity and nanoscale resolution 
in terms of achieving the manufacturing of micro compound 
eye among the various artificial compound eye processing. 
However, its traditional bottom-to-top additive method still 
has difficulties in dealing with the precision fabrication of thin 
lenses in the micro compound eyes. A large number of slicing 
layers are still needed to fit the thin lenses contours to meet 
the precision requirement, which will lead to an expatiatory 
program and low efficiency. The adaptive slicing method is a 
feasible way to reduce the number of layers, but it doesn’t 
have obvious effects on micro-thin lenses[28, 29]. 
Furthermore, to evaluate the imaging quality of the micro 
compound eyes, the optical evaluation of miniature thin lenses 
array is still a crucial limitation [30]. Various methods are 
verified feasibly to evaluate the optical property of the 
compound eye on the macro scale. For example, the USAF 
test target is a representative method to assess resolution[31, 
32]. Nevertheless, the optical evaluation of compound eye in 
micro-scale is still needed to be further explored due to its 
small size, low imaging quality and serious diffraction. 

In the present work, a kind of MSCE was designed and 
fabricated via two-photon polymerization. It can realize all the 

ommatidia synchronously focused on a planar photoelectric 
detector with a single-layer compound eye without additional 
adjustable components. The transverse additive 
manufacturing method was proposed to fabricate MSCE and 
then compared with the traditional method. Meanwhile, the 
optical performance of the designed structure was investigated 
by the radius RMS values in terms of defocused spots and 
MTF curves. Imaging comparison experiments involved a 
series of letters through the single-spherical compound eye 
(SSCE) and MSCE were conducted to assess the imaging 
performance, respectively. Lightness value in the Hexcone 
model was used to evaluate the light intensity in the images. 
Finally, the actual FOV angle of MSCE was measured to make 
a comparison with the theoretical value. 

2. Theory 

Normally, the ommatidia of SSCE are arranged on a 
spheric surface. Fig. 1(a) shows the ray tracing of incident 
light illuminating on a SSCE. There will be a mismatch 
between the SSCE focal spots and the planar photoelectric 
detector. Then, the structure parameters of a SSCE are 
demonstrated in Fig. 1(b). It is obvious that the ommatidia 
arrays are distributed symmetrically in a ring and were 
numbered as 0, 1, 2, 3-level from the center to the periphery 
as shown in Fig. 1(a), respectively.  

 

 
Fig. 1. Design of MSCE. (a) Ray tracing of a SSCE. (b) Sectional 

view of a single-spherical compound eye. (c) Ray tracing for MSCE. 
(d) The radii of 0, 1, 2, 3-level ommatidia in MSCE. (e) Top view of 
a MSCE. (f) Flow simulation of developer around MSCE. (g) RMS 
radius values of spot diagrams in SSCE versus different imaging 
distances. (h) RMS radius values of spot diagrams in MSCE versus 
different imaging distances. 

 
The diameters of natural compound eyes range from a few 

microns to tens of microns in most cases. In this paper, the 
diameters of ommatidia d in SSCE were selected 7.5 μm. To 
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simplify the processing, the curvature radii of ommatidia r 
were designed to be 10μm to confine the overall height of the 
compound eye within the working distance range of objective. 
Likewise, the curvature radius of substrate R was chosen to be 
54.4μm. The thickness of the substrate h2 was designed to be 
2.4μm according to the experientially support thickness. 

According to the thin lenses manufacturing equation, the 
focal length f of each ommatidium can be calculated by Eq. 1. 
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Where n is the refractive index of the photoresist. 
The defocus distance lN of each ommatidium can be 

obtained by Eq. 2. 
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Where N is the level of ommatidium. The defocus distances 

of 1, 2, 3-level ommatidium were 0.461μm, 1.919μm, 
4.626μm, respectively. 

Angular resolution of ommatidia is one of the important 
parameters effecting the FOV. It refers to the angle between 
adjacent ommatidia, which can be obtained from Eq. 3. 

)2/arcsin(2 RLC=                        (3) 
Where Lc is the distance between two adjacent ommatidia 

on the outer surface of the substrate, which is 9.48μm. 
The FOV angle θ of an individual ommatidium can be 

obtained from Eq. 4. 
)2/arcsin(2 fd=                        (4) 

The overall FOV angle Ψ of compound eye can be 
calculated by the Eq. 5 (Here Ψ=77.6°). 
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Unlike the single-spherical substrate surface of SSCE, the 
ommatidia of MSCE considering different levels were located 
at four spheric surfaces with various curvature radii as shown 
in Fig. 1(c). The distances between each level of ommatidia 
and photoelectric detection plane are determined by the 
optimal imaging distances. The substrates with different level 
are placed on concentric circles with various radii. The 
curvature radius of substrate is RN, as shown in Fig. 1(d). (N is 
the level of ommatidium). Thus, RN can be calculated by Eq. 
6. 
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After calculation, we can obtain R0=54.4μm, R1=54.86μm, 
R2=56.32μm, R3= 59.03μm, respectively. Obviously, the radii 
of 1, 2, 3-level spherical substrate in MSCE were increased 
compared with SSCE. Thus, the 1, 2, 3-level ommatidia were 
expanded outward along optical axes. Besides, the fabricated 
compound eye was formed on the glass substrate within the 
photoresist. The polymerized compound eye structure and 
glass substrate would generate a confined space if there is no 

channel. The unpolymerized photoresist inside the compound 
eye should be dissolved by developer. Therefore, supports and 
gaps were considered to improve the development of 
unpolymerized photoresist as shown in Fig. 1(e). Meanwhile, 
the hydrodynamic simulation was conducted to predict the 
development state around MSCE in the fluid developer. 
According to the actual development process, the average 
flow rate was set as 10mm/s. Fig. 1(f) demonstrates the fluid 
flow around MSCE. The flow rate of developer inside the 
MSCE was improved from 0 mm/s to ~3mm/s due to the 
designed supports and gaps. It is sufficient to dissolve the 
unpolymerized photoresist inside the fabricated structure 
during a short time. Otherwise, low surface quality and 
undesired structure will be generated during the post-
processing in the case of the residue of unpolymerized 
photoresist can’t be removed completely. This method 
provides an effective way to improve the developing 
efficiency and surface quality of MSCE. 

Fig. 1(g) and Fig. 1(h) show the RMS radius values of focal 
spots of SSME and MSCE varying with the imaging distances 
of ommatidia, respectively. The spot RMS values of 0, 1, 2, 3-
level ommatidia in SSCE reach minimum at different imaging 
distances while the corresponding values in MSCE reach 
minimum at a same imaging distance. It is concluded that 
MSCE is more suitable for planar photodetection than SSCE 
in theory. The minimum spot RMS values of every level 
ommatidium in MSCE were not showed in Fig. 1(h) as the 
decimal place limitation of the simulation software. 

Fig. 2(a-d) figure the spot diagrams of ommatidia at 
different levels, respectively. The spot RMS radius values of 
0, 1, 2, 3-level ommatidia are 0.049μm, 0.051μm, 0.056μm 
and 0.068μm, respectively. 

The diameter of airy disk rs can be obtained by Eq. 7. 
2.44* *sr F =                                       (7) 

Where λ is the dominant wavelength. The value of F is 5.43, 
which is the reciprocal of the relative aperture. Thus, the 
radius of the airy spot is 7.78μm by the above calculation. It is 
clearly seeing that all the spot radii of ommatidia are less than 
rs which indicates that the ommatidia of MSCE meet the 
requirements of optical system. 

Fig. 2(e) shows the MTF curves considering different levels 
of MSCE structure at tangential direction and Fig. 2(f-i) 
demonstrate them at sagittal direction. MTF is the modulus of 
Optical Transfer Function (OTF) and it has been widely 
adopted to describe the optical properties of system. MTF 
curve explains the contrast of the images at different spatial 
frequencies. The cutoff frequency is the limiting frequency, 
which indicates the optical resolution of lens. And the cutoff 
frequency of the MSCE can be calculated through Eq. 8. 
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Fig. 2. (a-d) Spot diagrams of 0, 1, 2, 3-level ommatidia. (e) 
Tangential MTF curves of 0, 1, 2, 3-level ommatidia. (f-i) Sagittal 
MTF curves of 0, 1, 2, 3-level ommatidia, respectively. 
 

Obviously, the 3-level ommatidia demonstrate the worst 
performance of all the ommatidia. Thus, if the parameters of 
3-level ommatidia can achieve standard, the others will meet 
the related requirements. Besides, the cutoff frequency of 3-
level ommatidia is 313 lp/mm which theoretically given by Eq. 

8. The simulated cutoff frequency of 3-level ommatidia is 469 
lp/mm and 594 lp/mm on the tangential plane and on the 
sagittal plane, respectively, as shown in Fig. 2(e) and Fig. 2(i). 
As conclusion, all the simulated cutoff frequencies were 
greater than theorical value. And the points which needed to 
be attached more attention are the MTF value is greater than 
0.3 and the curve is smooth when the spatial frequency is 220 
lp/mm, which indicates the ommatidium fill the need of 
imaging[33]. 

3. Results and discussion 

Ormocer, a kind of organic modified ceramics, was used as 
the photoresist in this work. And it was evenly spin-coated on 
the substrate and then pre-baked at 90℃ for 10 minutes. In the 
experiment, a titanium-sapphire mode-locked oscillator with a 
wavelength of 800nm, a pulse width of 100fs and a repetition 
frequency of 80MHz were used to induce TPP. Commercially 
available OrmoDev® was applied to construct the target 
structures. 

The designed MSCE was fabricated by TPP as shown in 
Fig. 3. And the structure was divided into three parts, 
including inner contour, outer contour and infill. It was 
constructed with additive manufacturing method by scanning 
laser focal spot layer by layer. Fig. 3(a) shows the fabrication 
schematic diagram of MSCE. Meanwhile, Fig. 3(b) and Fig. 
3(c) demonstrate the manufacturing path of a hemispheroid in 
traditional vertical and transverse additive manufacturing 
methods, respectively. Fig. 3(d-g) claim the simulated 
hemispheroids with layer thicknesses Lth of 2μm, 1μm, 0.2μm 
and 0.1μm, respectively. These figures show that low slope 
region in the top of the hemispheroid improve little with the 
reduction in layer thickness. Meanwhile, it can be assured that 
the ommatidia in the compound eye are exactly thin lenses 
with low slopes, which causes a large number of layers and 
low efficiency. Although transverse additive manufacturing 
method seems similar with traditional vertical additive method 
in some aspects, they possess an essential difference in dealing 
with thin lens. It is common realized that low slope has no 
obvious effect on the surface quality in transverse additive 
manufacturing method. However, this method was not be 
widely used in popular macro additive manufacturing such as 
Fused Deposition Modeling(FDM), Stereo Lithography 
Apparatus(SLA), Selective Laser Sintering(SLS) and so on. It 
is because that this method needs a vertical manufacturing. 
And the vertical direction-oriented processing may induce 
movement interference between nozzle and adjacent 
fabricated structure or materials padding difficulty. However, 
it is feasible for TPP. TPP only forms structure at focal spot 
region and has no limitation about fabricating directions and 
padding. All these factors make transverse additive 
manufacturing succeed in the application. Fig. 3(h) and Fig.3(i) 
show the SEM images of fabricated MSCEs with a layer 
thickness of 0.13μm by vertical additive manufacturing and 
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transverse additive manufacturing, respectively. The laser 
power is 34 mW and scanning speed is 25μm/s. Long-stroke 
air-bearing linear stages with 1 nm positioning resolution used 
as positioning devices to lay the foundation of prospective 
large-scaling and high-efficiency manufacturing for future 
industrial production. The relatively low position accuracy of 
linear stage compared with micropositioner is also equipped 
with the benefit to verify the superiority of the proposed 
methods. Fig. 3(j) and Fig.3(k) show the partial enlarged detail 
of central region used vertical additive manufacturing method 
and transverse additive manufacturing method, respectively.  

 
Fig. 3. Fabrication of compound eyes. (a) Schematic diagram of 
MSCE fabrication. (b) Vertical fabrication path of a hemispheroid. 
(c) Transverse fabrication path of a hemispheroid. (d-g) simulated 
hemispheroids with layer thicknesses Lth of 2μm, 1μm, 0.2μm and 
0.1μm, respectively. (h) SEM image of the MSCE fabricated with 
vertical method. (i) SEM image of the MSCE fabricated with 
transverse method. (j) Partial enlarged detail of central region with 
vertical method. (k) Partial enlarged detail of central region with 
transverse method. (m) Surface topography of overall SSCE. (n) 
Surface topography of overall MSCE. 

 
Compared with the conspicuous microgrooves caused by 

ladder errors in vertical additive manufacturing method, a 
relative smooth surface was obtained in the MSCE using 
transverse additive manufacturing method. Besides, a SSCE 
was designed and fabricated to compare with the designed 
MSCE in the aspect of the optical performance. The surface 
topography of SSCE and MSCE were detected by optical 
profiler as shown in Fig. 3(m) and Fig. 3(n), respectively. The 
images show that the fabricated MSCE has a good surface 

quality and the appearance is consistent with the targeted 
structure. 

In this paragraph, an imaging system was constructed to 
detect the fabricated micro compound eyes as shown in Fig. 
4(a). The schematic diagram of imaging system was shown in 
Fig. 4(b). It consisted of a bromine-tungsten lamp, computer, 
3D positioning stage, objective lens and CCD camera. And the 
prepared compound eye sample was placed on the 3D 
micromotion stage in the imaging experiment. The position of 
the compound eye sample was fine-tuned by this stage to 
facilitate imaging at the CCD camera. The computer was used 
to show the imaging results. And a photomask with T-shape 
through-hole was placed on a holder between the light source 
and compound eye. 

 

 
Fig. 4. Imaging detection of Compound eye. (a) Compound eye 
imaging system. (b) Schematic diagram of imaging system. (c) 
Imaging of ‘T’ through SSCE. (d) Imaging of ‘T’ through MSCE. (e) 
Imaging of ‘U’ through MSCE. (f) Imaging of ‘C’ through MSCE. 
(g) Light intensity RMS of ‘T’ imaging. (h) The simulated and 
measured tangential MTF value of SSCE and MSCE. (i) The 
simulated and measured sagittal MTF value of SSCE and MSCE. 

 
It can be clearly seen that both SSCE and MSCE were 

detected by the imaging system. The imaging images of letter 
‘T’ through the SSCE and MSCE were shown in Fig. 4(c) and 
Fig. 4(d), respectively. Hexcone model is a kind of colour 
space proposed by A. R. Smith to describe the image. It is also 
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called HSV model where ‘H’, ‘S’ and ‘V’ represented hue, 
saturation and value, respectively. The values in Hexcone 
model were used to evaluate the light intensity of detecting 
image. To avoid noise and disturbance, only the light intensity 
in T-shape imaging region was considered. Accordingly, the 
RMS values of light intensity in the T-shape region were used 
to evaluate the imaging quality of SSCE and MSCE. 

The RMS value curves of light intensity at various levels 
are shown in Fig. 4(g). As shown in the Fig. 4(g), the light 
intensity distribution of the traditional SSCE decays from 0-
level to 3-level gradually while that of MSCE shows a 
relatively good uniformity. The optical intensities of 1, 2, 3-
level ommatidia increased by 34.1%, 48.5%, 63.9%, 
respectively. Furthermore, the imaging experiments of letters 
‘U’ and ‘C’ through MSCE were also conducted to verify the 
applicability of MSCE for other type images, respectively. 
The images of ‘U’ and ‘C’ are showed in Fig. 4(e) and Fig. 
4(f), respectively.  

These results verify the proposed MSCE successfully in 
terms of solving the defocus problem existing in SSCE. The 
horizontal and vertical lines of ‘T’ photomask were used as 
one line pair test, which aims to measure the MTF value. And 
the nonopaque part is acted as the white line and its adjacently 
opaque part of photomask is served as the black line. The 
nonuniform illumination of light source is subtracted. Last but 
not least, the tangential and sagittal MTF value of imaging 
image at a spatial frequency of 267 lp/mm was measured and 
compared with the simulated results, as shown in Fig. 4(h) and 
Fig. 4(i), respectively. 

 

 
Fig. 5. Measurement of FOV angle. The incident angle of 
MSCE ranged from -40° to 40° 

 
According to the discussions above, the experimental MTF 

value decreases from 0-level to 3-level ommatidium gently 
which makes agreement with the tendency of simulated results. 
And this phenomenon is caused by the orientations of the 
ommatidia deviate from illumination optical axis from 0-level 
to 3-level gradually. Besides, the MTF value of MSCE show 
an almost negligible difference with that of SSCE because 
their ommatidia are different in position but same in 
orientation and structural parameters. The difference between 
experimental and simulated MTF values can be explained by 
the surface difference between the actual fabricated compound 
eye and ideal compound eye. The results claim that MSCE 
improves the imaging quality mainly from the lightness 
instead of MTF value. Nevertheless, MTF curves remain an 
effective basis to evaluate the optical property of compound 
eye in structural design stage. 

The FOV can be served as a crucial parameter to assess 
compound eye performance. Fig. 5 shows imaging results of 
spots under different incident angles ranging from -40° to 40°. 
When the absolute value of incident angle was less than or 
equal to 35°, the light intensity of every ommatidia shows a 
good uniformity. But when the absolute value of incident 
angle was 40°, the light intensity of ommatidia was partially 
disappeared on one side. That means the actual FOV angle of 
MSCE is ~80°, which is consistent with the theoretical FOV 
angle 77.6°. 

4. Conclusion 

In general, a kind of ultra-compact micro MSCE was 
designed and fabricated by two-photon polymerization 
technology to solve the defocusing problem existing in 
traditional SSCE for planar photoelectric detection. A 
transverse additive manufacturing method was proposed to 
improve the surface quality of thin lenses in the compound 
eyes. Its superiority is experimentally compared with the 
traditional vertical additive manufacturing method. The spot 
diagrams and MTF curves were utilized to evaluate the optical 
property of the designed MSCE. The images of letters ‘C’, ‘U’ 
and ‘T’ were successfully detected by the established MSCE 
imaging system, respectively. The imaging of MSCE was 
compared with that of traditional SSCE. The results showed 
MSCE has a more uniform optical intensity. Especially, the 
optical intensity at the outer edge increased by 63.9%. It is 
expected that this work will promote micro-optics component 
to be applied in the miniaturization and integration of optics 
systems for imaging, sensing and illumination. 
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