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Abstract

Compound eyes (CEs) that feature ultra-compact structures and extraordinary versatility have
revealed great potential for cutting-edge applications. However, the optoelectronic integration of
CEs with available photodetectors is still challenging because the planar charge-coupled device
(CCD)/complementary metal oxide semiconductor (CMOS) detector cannot match the spatially
distributed images formed by CE ommatidia. To reach this end, we report here the
optoelectronic integration of CEs by manufacturing 3D nonuniform ommatidia for developing
an ultra-compact on-chip camera. As a proof-of-concept, we fabricated microscale CEs with
uniform and nonuniform ommatidia through femtosecond laser two-photon
photopolymerization, and compared their focusing/imaging performance both theoretically and
experimentally. By engineering the surface profiles of the ommatidia at different positions of the
CE, the images formed by all the ommatidia can be tuned on a plane. In this way, the
nonuniform CE can be directly integrated with a commercial CMOS photodetector, forming an
ultra-compact CE camera. Additionally, we further combine the CE camera with a microfluidic
chip, which can further serve as an on-chip microscopic monitoring system. We anticipate that
such an ultra-compact CE camera may find broad applications in microfluidics, robotics, and
micro-optics.

Supplementary material for this article is available online
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1. Introduction

Insect compound eyes (CEs) that consist of multitudinous
ommatidia closely packed on a curved surface are a paradigm
of biological visual system organs, providing the inspiration
for developing advanced micro-optical systems [1-10]. As a
sophisticated imaging system, CEs feature small size, light-
weight, ultra-compact structure, and extraordinary versatility
[11-15]. For example, due to the spherical distribution of
ommatidia, CEs enable large field-of-view (FOV) detec-
tion, distortion-free imaging, and sensitive perception of both
enemies and prey. The above-mentioned unique merits endow
CEs with a huge potential for cutting-edge applications in
medical, industrial, and military fields, which constantly stim-
ulate scientific innovation on artificial CEs, so as to develop
advanced photoelectric imaging systems comparable to insect
CEs. Generally, a direct and simple scheme for imitating insect
CEs is to employ a precisely arranged camera array, in which
each camera points in a different direction and works together
as a whole for large FOV imaging [16-26]. For example,
the AWARE-2 camera reported by Brady et al consists of 98
micro-cameras, achieving a large FOV of 120° x 50° and a
gigapixel resolution [16]. However, the macroscopic CE sys-
tems usually suffer from large size and complex optical/elec-
tronic components, which significantly limits their applica-
tions in intelligent microsystems such as miniature robots,
endoscopes, and lab-on-a-chip systems. When the overall
dimensions of artificial CEs decrease to insect scale, the devel-
opment of CE cameras might become extremely challenging,
because both the fabrication of CE lenses with respect to the
complex 3D profile and the integration of coupled photode-
tectors are difficult to achieve.

Recently, with the rapid advances of micronanofabrication
technologies, microscale CEs with numerous ommatidia and
complex 3D profiles have been successfully produced through
both ‘top—down’ approaches and ‘bottom—up’ strategies [27—
33]. For instance, 2D microlens arrays (MLAs) can be first
fabricated based on soft polymers. Subsequently, the MLAs
can be shaped into hemispherical CEs through a mechanical
deformation process [34-36]. This method provides a quite
clever solution to produce 3D CEs through 2D schemes. In
addition, 3D strategies that enable direct prototyping of 3D
micro-structures are also employed for developing CEs [37,
38]. In our previous works, we have reported the fabrication of
CEs through two-photon photopolymerization (TPP), in which
the complex 3D CEs structures including the main lens base
and the closely packed ommatidia on its curvilinear surface
can be directly produced in an integrated way [39—41]. The
rapid progress of preparation technologies for 3D CEs has pro-
moted the development of CEs-based micro-optical systems.

As compared with the fabrication strategies, the integra-
tion of CEs with available photodetectors is more challenging,
which limits the development of CE cameras. At present, the
imaging capabilities of the miniature CEs are generally eval-
uated with the help of a microscopic system. Most of the CEs
lack individual charge-coupled device (CCD)/complementary

metal oxide semiconductor (CMOS) detectors that can match
the numerous 3D ommatidia directly. It is well known that
the large FOV of CEs benefited from the 3D distribution of
ommatidia (on a curvilinear surface). In this case, the images
formed from all of the ommatidia are also distributed on a
curvilinear plane. Considering the small size of the entire
CEs, all of the ommatidia have to share one CCD/CMOS
detector. Consequently, to collect all the images, the as-formed
image array with a non-planar distribution should be tuned
to match the planar photodetector. To reach this end, in our
previous work, we designed and fabricated CEs with uni-
form logarithmic ommatidia. Because the focus range of all
the logarithmic ommatidia has been significantly increased,
images from all the ommatidia can be collected on a plane
[42]. However, in exchange, this imaging manner sacrifices
the intensity of light, and thus the images are much darker
than those using normal ommatidia. To completely address
the problem with respect to the optoelectronic integration of
CEs and CCD/CMOS detectors, it is necessary to implement
ingenious design for each ommatidium and get precise control
over their nonuniform surface profiles. However, to date, this
protocol has not been realized experimentally, which limits the
development of ultra-compact CE cameras.

In this work, we report the TPP fabrication of CEs with
nonuniform ommatidia for developing ultra-compact on-chip
cameras. To realize the optoelectronic integration of CEs with
planar photodetectors, we engineered individualized omma-
tidia of a CE according to pre-designed surface profiles. In
this way, all of the images generated by these spatially distrib-
uted ommatidia can be collected on one plane, enabling the
optoelectronic integration of CEs. The as-formed CE camera
is only 220 mg in weight and 8 x 16 mm in size. It can be dir-
ectly coupled with a microfluidic chip, serving as an on-chip
microscopic monitor. On-chip observation of micro-objects,
for instance, Euglena, has been demonstrated. As an advanced
micro-optical device, such an ultra-compact CE camera may
find broad application in microfluidics and optofluidics.

2. Results and discussion

2.1 Design principle for CEs with nonuniform ommatidia

The inspiration for artificial CEs generally originates from the
configuration of arthropod CEs. Figure 1(a) demonstrates the
CE of drosophila, in which thousands of individual photore-
ception units (ommatidia) are closely arranged on a 3D hemi-
spherical surface (main eye). Each ommatidium consists of a
facet lens, crystalline cone, rhabdom, and photoreceptor cells
underneath (figure 1(b)). The ommatidia work independently
and cooperate with each other as a whole for target recogni-
tion and large FOV imaging. When the target obstacle appears,
the light signals can be well collected by a number of omma-
tidia that point to it. In this way, the spatial position, size,
and moving speed of the target can be estimated by con-
sidering the positional relation of these ommatidia. For arti-
ficial CEs, the working mechanism is similar, whereas the
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Figure 1. Schematic illustration of the design principles of the nonuniform compound eye. (a) Photograph of a drosophila and the
microscopic image of its compound eye. (b) Schematic illustration for the cross-section of the visual units of ommatidia. (c) The focusing
property of the uniform CE results in the mismatch between the images and the detector. (d) The focusing property of the nonuniform CE

with well-tuned ommatidia, by which the CE can match the detector.

components are different. To develop a miniature and ultra-
compact CE camera, 3D distributed MLA (3D-MLA) can be
produced first, working as ommatidia for multi-channel ima-
ging. Nevertheless, considering the small size (e.g, from tens
to hundreds of microns) and spatial distribution of omma-
tidia, each micro-lens cannot work individually, and the entire
CE has to share one photodetector. In this case, the integra-
tion of the optical part (3D-MLA) and the optoelectrical com-
ponent (CCD or CMOS detector) becomes a Gordian knot,
since the ommatidia distributed on a curved surface may gen-
erate a curved image array that also follows a similar spatial
distribution. Consequently, all of the images cannot be col-
lected simultaneously by a planner photodetector chip, caus-
ing a defocusing problem (figure 1(c)). To address the mis-
match between the curved MLA and planner photodetectors,
we design a CE with nonuniform ommatidia for optoelec-
trical integration. As shown in figure 1(d), the focal plane of
ommatidia can be tuned by varying the focal length of each
ommatidium individually. Each ommatidium’s focal length is
calculated through a simple mathematical derivation, and the
detailed calculation process is shown in Supporting inform-
ation (figures S1 and S2). In short, with certain hemispher-
ical dome curvature (R), lens thickness (Dg), and deflection
angle of adjacent ommatidia («), the back focal length of each
ommatidium can be calculated. After that, the curvature radius
can be simulated with the ray tracing of Zemax.

2.2. Optical simulations of the CEs

To verify the feasibility of the proposed solution theoretically,
optical simulations have been carried out to compare CEs with
uniform and nonuniform ommatidia. The two CEs are both
designed with 7 ommatidia closely packed (o« = 30°) on a
spherical lens dome (R = 95 pum, Dy = 30 pum, CE diameter:
120 pum). The closely packed structure can ensure a fill factor
of 100%, which is supposed to increase the light utilization
rate. Figures 2(a) and (b) show the cross-section profile and the
schematic illustration of their focusing performance. For uni-
form CE, each ommatidium can be considered as a spherical
lens with a constant curvature radius of 26 pm. For nonuni-
form CE, the curvature radius of the outer ommatidia (Roycer)
remains at 26 pm, whereas the curvature radius of the central
ommatidium (Reneer) increases to 30 um according to the pre-
vious calculation. To investigate the focusing property of the
CEs, the 3D model reconstructed based on the parameters we
mentioned before is imported to Zemax software for further
optical ray tracking process. Here the non-sequential mode is
used, the stimulation model mainly consists of three parts: an
ellipse lightsource, the imported 3D CE model (stl file), and
the color detectors. The components are arranged along the z-
axis. These two structures are discussed independently below.

For uniform CE, considering the 3D position of these
ommatidia, their focus positions are not in the same
plane, which is not compatible with planner photodetectors.
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Figure 2. Modeling and focusing simulation of uniform and nonuniform CEs. (a) Cross-section profile of CE with uniform ommatidia and

the schematic of its spatial light field distribution. (b) Cross-section profile of CE with nonuniform ommatidia and the schematic of its spatial
light field distribution. (c) and (e) Focusing images of the uniform CE. (d) and (f) normalized intensity distributions along the (x, y = 0) axis
in figures (c) and (e). (g) Focusing image of the nonuniform CE. (h) Normalized intensity distributions along the (x, y = 0) axis in figure (g).

(figures 2(c)—(f)). To detect the focuses of these seven omma-
tidia, the simulated results of the detector viewer at successive
z coordinate values (coordinate interval: 1 um) are recorded.
The entire results are shown in figure S3. To provide an intu-
itive comprehension, a dynamic video (supporting movie 1) is
created by combining these images. It can be observed that as
the detect plane moves away from the CE lens, the central light
spot gets brighter and reaches the brightest state first while
the surrounding light spots reach the brightest state later. The
images at two focus planes (defined as Z; and Z,) are extrac-
ted in figures 2(c) and (e). The corresponding focal intensity
along the (x, y = 0) axis in figures 2(c) and (e) are depicted
in figures 2(d) and (f). At Z; plane, the central light spot is
bright and small, whereas the other spots can be barely detec-
ted (figure 2(c)). The focal intensity of the three ommatidia
shows a very clear comparison (figure 2(d)). At Z; plane, the
outer light spots reach the smallest in area and the highest in
intensity compared to other Z coordinate values (figure 2(e)).
In comparison, the central ommatidium stands in a defocus
state judged by the increasing focal area than Z; . In figure 2(f),
even though the intensity of the central focal spot decreases

sharply compared to figure 2(d), it is still slightly higher than
the outer ones.

For nonuniform CE, the same simulation is also implemen-
ted. The simulated results of the detector viewer at successive
Z coordinate values (coordinate interval: 1 pum) are recorded
as well in figure S4. Also, a video is provided in surpport-
ing movie 2. Figure 2(g) is identified as the focusing state,
in which all of the seven focus dots can be clearly observed
and the focal light intensity is calculated to be highest. The
corresponding focal intensity along the (x, y = 0) axis further
confirms the intensity change (figure 2(h)). The focal intensity
of the three ommatidia shows a similar value. The central lens
is slightly higher than that of the outer ones because the incid-
ent light is not perpendicular to the outer ommatidia. These
theoretical results confirm the feasibility of tuning the focal
plane of CEs using nonuniform ommatidia. Nevertheless, this
strategy requires precise control over the surface profiles of
different ommatidia, which increases the difficulty of the CE
manufacturing significantly. The actual non-sequential com-
ponent 3D layout of the light field is shown in figure S5, the
differences in the focus situation are indistinguishable to the
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Figure 3. Surface morphologies of the uniform and nonuniform CEs. (a) Top view of uniform CE. (b) 3D view of the uniform CE. (c)
Cross-section profiles of the ommatidia extracted from the green and blue lines in figure (a). (d) Top view of nonuniform CE. (e) 3D view of
nonuniform CE. (f) Cross-section profiles of the ommatidia extracted from the red and purple lines in figure (d). (g) and (h) Comparison of

the height profiles of both structures in a combined plot.

naked eye, so we use the schematic earlier (figures 2(a) and
(b)) to emphasize our concepts.

2.3. Surface morphologies of the CEs

Considering the programmable 3D processing capability and
the reasonably high precision, femtosecond laser direct writing
(FsLDW) has been employed to fabricate the CEs with nonuni-
form ommatidia through a TPP process. A typical negative
photoresist SU-8 is used for the TPP fabrication. As a control
experiment, CEs with both uniform and nonuniform omma-
tidia are prepared under the same condition. Figure 3 shows the
surface morphologies of the two CEs, which is characterized
by a confocal laser scanning microscope (CLSM). Figure 3(a)
is the top view of the uniform CE, figure 3(c) shows the cor-
responding cross-section height profile along the green and
blue lines in figure 3(a). The size of the CE is measured to be
120 pm in diameter and the seven ommatidia are arranged in
a hexagonal distribution with a 100% fill factor, which is con-
sistent with the previous design. It can be observed that the CE
shows a highly smooth surface profile and the outer six omma-
tidia keep on the same height level ((20.08 £ 0.53) um). The
scanning electron microscope (SEM) image (figure S6) con-
firms the smooth surface of CE fabricated via FSLDW. The 3D
view of figure 3(b) shows the 3D configuration of the uniform
CE, in which the seven ommatidia are not on the same plane.
Similarly, figures 3(d) and (e) are the top view and the 3D view

of the nonuniform CE, and figure 3(f) shows the corresponding
cross-section height profile along the red and purple lines in
figure 3(a). It can be measured that the nonuniform CE is also
120 pum in diameter and has a 100% fill factor, and the height
of the outer six ommatidia is calculated to be (20.71 4 0.36)
pm. In order to observe the difference, figure 3(g) provides
a clear comparison by combining the height profiles of both
structures in a combined plot. It can be observed that the height
of the central ommatidium of nonuniform CE is slightly lower
because it has a larger curvature radius. To provide a read-
able data, a curve fitting process for the cross section data
of figure 3(g) is running through Python software. For uni-
form CE, the curvature radii are calculated to be 26.03 um,
27.32 pm, and 26.51 pm. For nonuniform CE, the curvature
radii are calculated to be 26.55 pm, 30.25 pym and 25.75 pm.
The mean absolute percentage errors are 2.38% for uniform
CE and 1.30% for nonuniform CE, which well coincide with
the design data. The height profiles of the other six omma-
tidium are highly identical. The following part proves that such
a subtle difference would lead to a big difference in imaging
performance, enabling direct integration with a planner CMOS
chip.

2.4. Optical performances of the CEs

The focusing and optical imaging performance of both uni-
form and nonuniform CEs were analyzed using an optical
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Figure 4. Comparison of the focusing and imaging performances between the uniform and the nonuniform CEs. (a) and (b) focusing
images of the uniform CE (top) and corresponding normalized intensity distributions along the dotted line (bottom). (c) Focusing image of
the nonuniform CE (top) and corresponding normalized intensity distribution along the dotted line (bottom). (d) and (e) the images of the
letter ‘S’ and ‘F’ of the uniform CE. (f) The images of the letter ‘S’ and ‘F’ of the nonuniform CE.

microscope (figure 4). The experimental setup is provided
in figure S7. Figures 4(a) and (b) exhibit the focusing per-
formance of the uniform CE. Given a parallel incident light,
each ommatidium (micro-lens) deflects the light to a point
and then spreads out. By adjusting the objective lens of the
microscope, light spot distribution at different positions is
collected. Then we analyzed the gray intensities of the focal
spots, and two focal planes can be found at different positions
along the incident direction (defined as the z-axis). Figure 4(a)
shows the focus state of the central ommatidium, in which
the light intensity of the central spot is the highest. In con-
trast, the light intensities of the outer six spots are relatively
weak (less than one fifth of the central spot), because they are
defocused in this plane. By tuning the distance along the z-
axis, the light intensities of the outer six focal spots gradually
increased, whereas the intensity of the central one decreased
significantly. Considering the fact that the focal spots of the
seven ommatidia are not on a plane, it is impossible to col-
lect all of the focal spots simultaneously. In the case of the

CE with nonuniform ommatidia, the focusing performance
is different (figure 4(c)). When we tune the distance of the
objective, the seven focal spots with a consistent intensity can
be collected on one plane, indicating the planer distribution
of focus. These experimental results show good agreement
with the simulation (figure 2). The imaging performance of
the two kinds of CEs was also evaluated subsequently. As
shown in figures 4(d)—(f), we use a letter ‘S’ and a letter ‘F’
as objects. For the CE with uniform ommatidia, we cannot
receive all the seven images simultaneously, because the clear
images of the outer ommatidia and the central one are not on
a plane (figures 4(d) and (e)). In contrast, the CE with nonuni-
form ommatidia enables imaging in one plane due to the pre-
tuned focal length of these ommatidia. In summary, the focus-
ing and imaging experiments confirm the previous design
principle, the individual design of the ommatidia can effect-
ively tune the focal length and the image position, providing
a feasible solution to the defocus problem in optoelectronic
integration.
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2.5. CEs with more ommatidia

Taking advantage of the programmable 3D processing capab-
ility of TPP fabrication, more complex CEs with more omma-
tidia and larger FOV can be easily prepared through a similar
manner. Figure 5(a) shows a 3-layer (19 ommatidia) CE, in
which all of the ommatidia also feature a hexagonal distribu-
tion and a 100% fill factor. The diameter of the CE is measured
as 140 pym and the size of each ommatidium is about 25 pm.
The surface profiles along the second/third layer (green/blue
line) and across the center of the CE (red line) are shown in
figure 5(b). The high smoothness and uniformity indicate a
well surface quality, which can guarantee a high imaging per-
formance. The 3D CLSM image of this CE further confirms
its 3D configuration (figure 5(c)). By tuning the focal length
of ommatidia of each layer, we can tune the 19 focal points on
aplane. Under a parallel incident light, all 19 focal spots can be
collected on one flat surface (figure 5(d)). And the light intens-
ity is uniformly distributed (figure 5(e)). In the imaging test,
19 ‘S’ images can be clearly observed simultaneously in one
plane, as shown in figure 5(f). To evaluate the FOV of the 3-
layer CE, the focusing experiments at different incident angles
have been implemented. The experimental setup consists of
a light source, a CE, a rotatable stage, an objective lens, and
a CCD camera. When the incident light illuminates the CE
from different angles, the camera receives the focus point of
the ommatidia at the corresponding region. Theoretically, the

FOV can be evaluated based on the geometric parameters of
the CE:

. _1 2Hr
FOV = 2sin PENE
where H is the height of the main lens, and rg is the outer
radius of the base. In this experiment, the FOV was calculated
to be 42° (H, 30 pum; rg, 170 pm). To evaluate the FOV of the
CE, images that are taken from different incident light angles
are collected, from which the deflection of the focused region
could be detected. When the incident angle is tuned from —20°
to 20°, the best focus area changes accordingly. Under —20°
incidence, the focus spot has a deformation that can be attrib-
uted to the non-absolute normal incidence. According to the
point spread functions (PSF, figure S8), the distortion of the
focus spot is 49% in the x direction (from 1.36 pm to 2.03 pm)
and 20% in the y direction (from 1.21 pym to 1.44 pm). To
further increase the FOV of the CE, the geometric parameters
of the main lens can be further tuned according to the above
equation.

2.6. Optoelectronic CE camera

By tuning the focal plane of the ommatidia, the 3D CE and
the planar image detector match each other well, enabling the
optoelectronic integration process. In this work, considering
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Figure 6. Optoelectronic CE camera and its on-chip applications. (a) Schematic diagram of the integrated CE camera. (b) Photograph of the
integrated CE camera. (c) Imaging performance of the CE camera. (d) Schematic diagram of the experimental setup for the imaging
experiments. (e) Photograph of the on-chip CE camera and a 1 Yuan coin. (f) Schematic illustration of the on-chip observation of Euglenas
using the CE camera. The inset is the microscopic image of a Euglena. (g) Images captured by the on-chip CE camera. (h) Imaging results

of the bi-CE camera for moving target.

the actual image distance (~total distance from the CMOS
detector to the CE is ~470 pum) and the areal utilization rate
of the CMOS chip, we enlarged the size of the nonuniform
CE (~240 pm in size, twice of that shown in section 2.3).
Then the CE is combined with a commercial CMOS image
detector (OV9734, OmniVision), as shown in figure 6(a). In
our experiment, the glass substrate is cut into a rectangle shape
(2 x 1 mm) to match the image detector surface, then UV
glue is used to stick them together. In this way, an integrated
optoelectronic CE camera that enables multi-channel image
acquisition has been developed (figure 6(b)). Notably, the
weight of the CE camera module is only 220 mg, including the
CE lens, the CMOS chip, and peripheral circuits (figure S9).
The whole module is a thin chip with an area of 8§ x 16 mm.
The imaging performance of the CE camera is then charac-
terized using a ‘S’ shape template as an object (figure 6(d)).
A light source is placed in front of the template and the CE
camera. The imaging result is shown in figure 6(c), in which
seven letter ‘S’ images can be clearly identified through all
the ommatidia. These results further confirm that the images
formed by the seven ommatidia with nonuniform surface con-
tour have been tuned to a plane, enabling the simultaneous
imaging capability. Besides, due to the short focal lengths
of these ommatidia, the CE is able to observe objects within

a close distance, working as a macro camera. In this way,
an on-chip camera system capable of on-site, real-time ima-
ging of microscale objects inside a microfluidic channel is
proposed. The microfluidic chip equipped with an optoelec-
tronic CE camera is only ~2 cm in size, smaller than a ‘1
Yuan’ coin (figure 6(e)). As a proof of concept, a solution
that containing Euglena is injected into the microfluid chip
(figure 6(f)), and the real-time image of the Euglena can be
observed. Figure 6(g) shows the video screenshots of the con-
tinuous moments of the Euglena, from which the spatial mov-
ing path can be observed. Furthermore, the multi-lens omma-
tidia system provides the multi-vision observation capability.
Theoretically, the CE camera is capable of 3D detection. To
further increase the observation range, a bi-CE camera is pre-
pared. In this way, the field of view can be further expan-
ded. As shown in figure 6(h), while the target is moving
from the right side to the left, the bi-CE camera can observe
the entire process with no blind spot. Taking advantage of
the multi-vision detection ability, the bi-CE camera enables
more precise spatial information of a moving target. Compared
to other microscope systems, the CE camera is compact,
lightweight, and portable, which provides the feasibility of
integration with various miniature devices beyond microfluid
chips.
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3. Experimental section

3.1. TPP fabrication of CEs

First, the SU8 (SU8-2025, McroChem) photoresist is coated
onto a pre-processed glass substrate through a spin coating
process (with 170 pm thickness), and the as-prepared sample
is placed in a hot plate at 95° for 30 min for the soft bake pro-
cess. Then the sample is placed into the 3D translation stage
for the FSLDW processing. The FSLDW system consists of
a typical Ti: sapphire femtosecond laser oscillator (Spectra
Physics 3960-X1BB) with an 800 nm central wavelength, a
pulse width of 120 fs, and an 80 MHz repetition rate. A 60x
oil immersion objective is used to focus the laser onto the
SUS8 substrate. The laser executes a point-by-point scanning
mode by controlling the emitted light field through a certain
computer program. The scanning space between each point
is 100 nm and the exposure time of each point 500 us in our
experiment. For SU8 material, the laser power for 3D scanning
is typically 15 mW. After that, a post-exposure bake process is
necessary for further solidification of the laser irradiation area.
Usually, the sample was placed in a hot plate at 95° for 15 min.
After the baking, the unpolymerized SUS resin is removed by
soaking in the developer for several minutes.

3.2. Optoelectronic integration of the CE camera

To combine the detector with the CE, a 3D CE (100-200 ym
in diameter) was fabricated on a glass substrate (with 170 ym
thickness). To match the size of the detector (imaging area:
~1819 x 1033 pm), the glass substrate was cut into a
2 x 1.5 mm rectangular shape by a diamond wire cutter (STX-
202AQ), then a UV glue (NOA61, Norland) was applied to
attach them.

3.3. Fabrication of the microfluidic chip

The microfluidic chip is composed of two polydimethylsilox-
ane (PDMS) layers considering that PDMS possess good
biocompatibility, plasticity, and high transmittance. The first
layer is produced through a two-time embossing replication
process. First, a hard-template chip with designed microchan-
nels is fabricated by carbon dioxide laser ablation (carbon
dioxide laser engraving machine, IW6090, JG. shandong) on
a polymethyl methacrylate (PMMA) plate. Then the liquid
PDMS (base and curing agent are mixed at a weight ratio
of 10:1) is poured on the PMMA plate with an appropriate
amount. After degassing in a vacuum tank (1 KPa for 20 min)
and cured in a hot oven (95 °C for 2 h), the PDMS is peeled
off from the PMMA template. As the current PDMS layer pos-
sesses convex microchannels that complement the template,
an additional embossing process is required to obtain a PDMS
layer with the same concave microchannels as the PMMA tem-
plate. The second PDMS layer is packaged together with the
CE camera. First, the CE camera is placed into the uncured
PDMS, ensuring it is fully immersed in the PDMS gel while
only the CMOS detector area remains exposed. Then the

PDMS and the camera are cured together at room temperature
for 12 h. Finally, the microfluidic chip was made by sealing up
the two PDMS layers together after oxygen plasma treatment
for 3 min to ensure a tight bond.

3.4. Characterization

A laser scanning confocal microscope (LSCM, OLS4100,
Japan) was used to measure the 3D surface profiles. Optical
images were captured with a CCD camera equipped with a
Motic BA400 optical microscope.

4. Conclusions

In conclusion, to address the problem with respect to the opto-
electronic integration of CEs, we designed and fabricated CEs
with nonuniform ommatidia via a femtosecond laser TPP pro-
cess. The resultant CEs feature 3D configuration and spatially
distributed ommatidia. By engineering the ommatidia at dif-
ferent positions using pre-designed nonuniform surface pro-
files, the focal length of individual ommatidium can be pre-
cisely tuned, which enables multi-channel imaging on a plane.
In this way, the optoelectronic integration of CE lenses with
commercially available photodetectors has been achieved. As
a proof-of-concept, 7-ommatidia and 19-ommatidia CEs have
been demonstrated. The focusing and imaging performance of
the CEs with nonuniform ommatidia has been evaluated the-
oretically and experimentally, and compared comprehensively
with the CEs of uniform ommatidia, which confirms the planar
imaging behavior of the CEs with nonuniform ommatidia.
The CE with 19 ommatidia has demonstrated a FOV of 42°.
To develop an ultra-compact CE camera, the CE is directly
integrated with a commercial CMOS image detector. The as-
formed CE camera is only 220 mg in weight and 8 X 16 mm in
size. It enables direct imaging and can be attached to a micro-
fluidic chip, serving as an on-chip microscopic monitor. With
the help of our optoelectronic CE camera, the real-time image
of the Euglena inside a microfluidic chip can be observed.
The creation of these ultra-compact CE cameras may hold
significant promise for applications in microfluidics, opto-
fluidics, and robot vision. With the help of modern algorithms,
functions such as 3D microscopic detection may easily be
realized [43, 44].
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