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Tunable compound eyes with coaxial lens-on-lens ommatidia for
cooperative bi-focal imaging

Zhi-Juan Sun?, Wei-Jian Zhong?, Qing Cai?*, Yi-Fan Lu?3, Chang-Xu Li, Dong-Dong Han' and Yong-Lai Zhang'*

Abstract: Compound eyes (CEs) offer a unique design paradigm for developing artificial micro-optical systems.
However, current bionic CEs still fall significantly short of their insect counterparts in performance, particularly
regarding ommatidial spatial arrangement, size distribution, visual field adaptability and environmental perception.
Inspired by the CEs of Sympetrum frequens, we developed a tunable bionic CE with bi-focal ommatidia by integrat-
ing a flexible lens-on-lens (Lol) array with microfluidics, enabling simultaneous bi-focal imaging. The polydimethyl-
siloxane (PDMS) Lol array was fabricated through sequential processing steps, including femtosecond laser dual-
modification of quartz glass, two-step wet etching, and soft lithography using the resulting glass template. Integra-
tion of this flexible Lol array with a microfluidic chip produced a tunable CE with bi-focal ommatidia, allowing liquid-
pressure modulation of CE configurations. We systematically investigated the optical performance of both Lol
ommatidia and the integrated CE, including bi-focal focusing/imaging properties, tunable field-of-view (FOV), large-
FOV imaging, and moving target monitoring. This tunable CE with LoL ommatidia demonstrates significant potential

for cutting-edge applications.
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1 Introduction

Insect compound eyes (CEs) that consist of thousands of
densely packed ommatidia on a hemispherical surface are
highly efficient natural visual systems. The ommatidia typi-
cally arrange in a tight hexagonal pattern, and each omma-
tidium acts as an independent photosensitive unit for multi-
vision imaging'~. As a product of natural evolution, CEs
inherently possess advantages such as a large field of view
(FOV), high temporal resolution, and strong dynamic
perception capabilities, providing a unique design paradigm
for developing artificial micro-optical systems with compa-
rable imaging capabilities'”’. Advanced imaging systems
based on CEs can break through the limitations of tradi-
tional single-aperture imaging, and thus achieves both large
FOV and efficient information acquisition simultaneously
through a multi-aperture distributed acquisition and parallel

processing mechanism®'°. This unique advantage offers
innovative technical solutions for cutting-edge applications
such as particle image velocimetry'!, robotic vision'?, and
virtual endoscopy'*!4.

In recent years, with the development of micro/nanofabri-
cation technologies®, bionic CEs have been successfully
manufactured through various top-down and bottom-up
approaches, such as inkjet printing'®’, photolithographic
hot melting'®!*, two-photon photopolymerization (TPP)>-2
and the transformation of planar microlens arrays
(MLAs)*7%. Among different manufacturing strategies, laser
enabled CEs shows unique advantages due to the controlla-
bility over CE profiles. As typical examples, Hu et al.’® fabri-
cated aspherical CEs with logarithmic profile ommatidia
using femtosecond laser TPP technology, which suitably
addressed the problem with respect to optoelectronic inte-
gration of CE with planar photodetector chip. Similarly, Zhu
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et al?”’ fabricated ultra-compact CE with nonuniform
ommatidia at different positions, enabling planar imaging.
Zhang et al®® further advanced femtosecond laser TPP-
based fabrication technology by developing a dynamic holo-
graphically shifted multifoci strategy. Additionally, Hua et
al.” produced CEs with smooth surfaces via femtosecond
laser engraving combined with an annealing process, achiev-
ing nanoscale precision in surface finishing, which demon-
strates remarkable technical features. As a typical three-
dimensional (3D) processing technology, femtosecond laser
manufacturing®* has broken through the limitations of
traditional processes, significantly enhancing the designabil-
ity and manufacturing freedom of CEs. Recently, tunable
liquid lenses demonstrate distinct advantages over tradi-
tional solid lenses in terms of response speed, parameter
tuning, and environmental adaptability, emerging as a
promising way to develop CEs with tunable ommatidia®*-.
Nevertheless, the fabrication of tunable liquid lens array on
non-planar 3D substrates is still challenging. At present,
despite significant progress, bionic CEs still fall short of
natural insect CEs, particularly in visual field adaptability
and environmental perception.

For instance, the CEs of Sympetrum frequens® feature
distinct regional differentiation. Its dorsal ommatidia have
larger facets, while the ventral ones are smaller. Function-
ally, the dorsal region shows peak short-wavelength sensitiv-
ity at 360 nm. Conversely, the ventral region exhibits
broader spectral photosensitivity with dual response peaks at
360 nm and 520 nm. This sophisticated regional specializa-
tion enables full-environment adaptive vision. In contrast,
most artificial CEs use a uniform ommatidial design. Conse-
quently, they demonstrate significant limitations in environ-
mental adaptability and spectral response capabilities.
Mimicking dragonfly CEs by integrating ommatidia with
varying sizes and focal lengths could theoretically address
this issue**. Nevertheless, such a uniform ommatidial design
inherently restricts the alignment orientation of different
ommatidia, which inevitably results in a limited imaging
range.

As an appealing alternative, the reports on lens-on-lens
(LoL) structures have provided new insights for developing
advanced CEs****.. The LoL structure that consists of two
lenses of different sizes stacked together can achieve bi-focal
imaging through the synergistic cooperation of the two
layers of lens. Theoretically, employing the LoL structure as
ommatidia of CE systems can lead to a complete curved
dual-focal surface, which consequently overcomes the issue
in multi-focal CEs based on nonuniform ommatidia
arranged in different regions. However, in addition to the
increased aberrations and the light loss, the LoL-ommatidia
CEs with bi-focal planes may generate dual data streams per
ommatidium. Due to the lack of dynamic tuning abilities,
the two distinct ommatidia systems cannot be employed
simultaneously for bi-focal imaging, which restricts dynamic
adaptation to objects of different distances. Currently, the

development of tunable CEs with LoL ommatidia remains a
big challenge.

In this paper, we proposed a tunable artificial CE with
coaxial LoL ommatidia for simultaneous bi-focal imaging.
First, large-area of concave LoL template had been fabri-
cated using a combined method of femtosecond laser dual
modification and continuous wet etching. Subsequently, a
soft convex LoL array was fabricated via soft lithography
using polydimethylsiloxane (PDMS). To form a tunable CE
structure, the flexible PDMS LoL array was integrated with a
microfluidic chip. In this way, the FOV of the CE and the
relative positions of the LoL ommatidia can be tuned by
regulating the volume of liquid injected into the cavity. Our
tunable CE with LoL ommatidia holds great potential for
large FOV and bi-focal imaging.

2 Experimental methods

2.1 Fabrication of concave LoL array template

Firstly, two-tiered hexagonal crater arrays in vertical config-
uration are fabricated on quartz glass using femtosecond
laser pulses (1030 nm, 280 fs, 100 kHz) focused through an
objective lens with a numerical aperture of 0.6. The bottom-
layer array was fabricated within the quartz glass bulk (~20
um underneath the surface) using a laser power of 0.48 mW.
For the second layer, the laser beam was focused on the glass
surface, and the laser power is increased to 2.13 mW. The
laser-modified sample was submerged in a 10% hydrofluo-
ric acid solution at ambient temperature for a two-stage wet
etching. Upon completion of buffered HF wet etching, the
laser-induced craters were structurally converted into
concave LoL array.

2.2 Fabrication of convex PDMS Lol array

PDMS and curing agent were mixed at a mass ratio of
10 : 1. To eliminate air bubbles, the mixture underwent
centrifugation at 3000 rpm for 5 minutes. The degassed
precursor was subsequently spin-coated onto a quartz
template at 500 rpm for 10 seconds, followed by thermal
curing in an oven at 90 °C for 30 minutes. Upon complete
solidification, the PDMS structure was carefully peeled from
the template, yielding the PDMS convex LoL array.

2.3 Fabrication of LoL-ommatidia CE

The PDMS LoL array was bonded to a microfluidic cham-
ber with a circular reservoir, ensuring precise alignment
between the LoL array and the microfluidic chip. Liquid
PDMS precursor was then injected into the chamber
through a Teflon tube. As the liquid pressure increased, the
planar MLA gradually bulged to form a CE structure. The
geometry of the LoL-ommatidia CE can be tuned by varying
the volume of the PDMS precursor.
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2.4 Characterization

The morphological characterization was conducted using a
scanning electron microscope (SEM, JSM-7500, JEOL,
Japan), while the three-dimensional topography was
measured via a laser scanning confocal microscope (LSCM,
OLS4100, Olympus, Japan). Optical images were acquired
with an optical microscope (NIB410, Nexcope, China).

3 Results and discussion
3.1 Design and fabrication of tunable LoL-ommatidia CE

Some of the insect CEs that consist of numerous closely and
intricately arranged ommatidia exhibit distinct regional
differentiation characteristics. A prime example is the CEs of
dragonflies (Fig. 1(a)). Each distinct region of their CEs
performs specialized visual functions to achieve holistic
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Fig. 1 | A schematic of the CE with LoL ommatidia. (a) The CE of dragonflies exhibit remarkable regional differentiation. Scale bars: 50 um. (b) Two models
of CE composed of hierarchical ommatidia and LoL ommatidia. (c) Schematic illustration of the imaging and focusing mechanism for the LoL ommatidium.
(d) Fabrication process of the Lol array template. (e) A schematic of the fabrication of the LoL-ommatidia CE.
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perception. However, for artificial CEs, such regional differ-
entiation characteristics at the morphological level will give
rise to serious problems. As shown in Fig. 1(b), the hierar-
chical ommatidia in segmented regions results in distributed
focal planes, which restricts the orientation of all ommatidia.
To address this limitation, we proposed a CE with LoL
ommatidia. In this way, bi-focal plane imaging can be
achieved throughout the FOV. The LoL ommatidium
features coaxial convex lenses stacked vertically. Take
advantage of the LoL structure, incident light can be focused
onto two distinct focal planes (Fig. 1(c)). Consequently, an
object can form two distinct images through the LoL omma-
tidium (Image 1 and Image 2, Fig. 1(c)). Unlike traditional
zonal non-uniform CEs that tune image plane to match the
planar sensor, the CEs with LoL ommatidia enable indepen-
dent bi-focal imaging. By tuning the curvature of the base,
the spatial positions of the two layers of lenses can be altered
to match the planar sensor, and the FOV can be modulated
simultaneously. The synergistic cooperation of the two
lenses can promote the utilization of ommatidia and the
environmental adaptability. To fabricate the LoL-omma-
tidia CEs, we developed a combined technology that
involves femtosecond laser dual modification, two-step wet
etching, soft lithography and microfluidic injection. As
shown in Fig. 1(d), dual laser modification has been imple-
mented to create two-tiered hexagonal crater arrays on
quartz glass. The embedded crater array (20 um underneath
surface) and the surface crater array are fabricated succes-
sively. Then two-stage wet etching was implemented until
the formation of concave LoL array that was further
employed as a hard template for mass-production of PDMS
LoL arrays via soft lithography.

Furthermore, to endow the CE structure with tunable
FOV, the flexible PDMS LoL array is combined with a
microfluidic chip, in which a liquid chamber is aligned
underneath the planar PDMS Lol array. By injecting PDMS
precursor into the reservoir, 3D CE structure with a hemi-
spherical base gradually formed with the increase of liquid
pressure (Fig. 1(e)). Interestingly, the FOV of the CE and the
relative distribution of the LoL ommatidia can be precisely
tuned within a certain range by varying the pressure. The
integration of microfluidic chamber with LoL array also
enables dynamic tunability, by which the configuration of
the CE can be modulated in a controlled fashion. Notably,
the relative spatial position of the LoL ommatidia can be
precisely tuned to match the image sensor, thereby enhanc-
ing dynamic adaptability. Under certain conditions, the
complementary dual focus data streams can be captured
simultaneously at different regions. Nevertheless, the
tunable FOV may bring additional difficulties for integra-
tion with planar CCD/CMOS detectors. In this regard, the
development of flexible detectors might be a solution to this
issue’*. Unlike conventional zoom lenses with tunable
magnification, the tunable FOV not only change the "view
angle", but also alters the spatial distribution of the two sets

of images formed by the LoL ommatidia, which signifi-
cantly enhances the observation efficiency and scene
compatibility in practical applications.

3.2 Characterization of the LoL template

The quartz glass concave LoL array was fabricated using a
femtosecond laser dual-modification process followed by HF
wet etching. During this process, the concave LoL structure
evolved progressively through two distinct stages. The first
stage corresponds to the formation of the initial surface
concave lens, whereby the second stage commences upon
etching into the embedded modified region and continues
until the complete LoL structure is realized. In this work, we
employed laser scanning confocal microscope (LSCM) to
investigate the morphology evolution of the LoL structure
throughout this process, and the relevant results are shown
in Fig. 2.

Initially, the laser-modified region on the quartz glass
surface can be etched readily due to its relatively high reac-
tivity. As etching time increased, this region gradually trans-
formed into a concave lens structure’®?, with both the size
and depth of the lens increasing to etching duration. The
process transitioned to a second stage once the embedded
modified region became exposed, during which the base
concave lens continued expanding in size and depth while a
secondary concave lens simultaneously began developing.
Figure 2(a) correspondingly illustrates the surface morphol-
ogy evolution across different etching durations. Figure 2(b)
shows the SEM image of the LoL structures after 12 hours of
etching. The cross-sectional profile evolution was systemati-
cally characterized at 30 minute intervals following the
initial 9 h etching period (Fig.2(c)). Analysis reveals
progressively regularized small lens contours with extended
etching duration. A three-dimensional surface profile after
12 h of etching confirms the developed concave LoL struc-
ture (Fig. 2(d)), exhibiting cross-sectional consistency with
Fig. 2(c). Quantitative measurements demonstrate etching-
time dependency for both lens components. Large lens
depth increased from 9.9 um to 10.6 pm with diameter
expansion from 34.6 um to 44.7 um (Fig. 2(e)), while small
lens depth grew from 6.3 pm to 9.1 pm alongside diameter
increase from 8.9 um to 20.3 um (Fig. 2(f)). This accelerated
morphological evolution stems from higher etching rates
within laser-modified regions. Crucially, controlled etching
duration enables precise tuning of the small-to-large lens
area ratio, which increased from 0.06 to 0.20 between 9-12 h
(Fig. 2(g)). In this study, the area ratio of the two lenses can
be tuned by adjusting laser processing parameters and etch-
ing time. Nevertheless, to achieve reasonable imaging
performance based on the two lenses simultaneously, we
need to balance this area ratio. Herein, the suitable area ratio
is around 0.2.
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Fig. 2 | Morphological evolution of the concave Lol array template. (a) Morphological evolution of the concave Lol array during the wet etching process.
(b) SEM images of the concave Lol array after etching for 12 h. (c) The cross-sectional profile of the LoL array extracted along the dashed line in (a). (d) 3D
LSCM and cross-sectional morphology of the concave array template. (e, f) Dependence of diameters and heights of the large and small lenses with etch-
ing time, respectively. (g) Relationship between the area ratio of small lenses to large lenses and etching time.

3.3 Structural characterization of the LoL-ommatidia CE

The as-obtained concave LoL template has been employed
to fabricate a flexible convex PDMS LoL array via soft
lithography (Fig. 3(a)). After that the soft LoL array was
combined with a microfluidic chip, and the tunable CE with
LoL ommatidia formed. Structural consistency between the
template and PDMS replica (Fig. 3(b)) was confirmed
through CLSM imaging and cross-sectional profiling. The
close-packed LoL array exhibits a 50 pm periodicity. Dimen-
sional measurements indicate a large lens diameter of 52.32
pm and small lens dimension of 23.61 um diameter. The
total height of the LoL structure is ~20 um. According to the
parameters of the LoL structure, the radii of curvature of the
large lens and the small lens are calculated to be 31.7 um and
12.4 pm, respectively (Fig. S1). Accordingly, their focal
lengths are 77.4 pm (large lens) and 30.3 um (small lens),
respectively. These results suggest that the focal planes of the

two lenses are not overlapped. Figure 3(g) shows the SEM
image of the entire LoL array, there are 1261 LoL omma-
tidia in approximately 2.6 mm? The magnified SEM image
and the optical microscope images further demonstrates
excellent structural uniformity (Fig. 3(d, e)).

By integrating the PDMS LoL array with a microfluidic
chamber, the planar structure can be tuned to form a 3D CE
structure by injecting PDMS precursor. The as-obtained CE
is ~2 mm in diameter and 0.5 mm in height (Fig. 3(f)). Inter-
estingly, the FOV of the CE that mainly depends on the
surface curvature can be precisely tuned by increasing the
volume progressively. Figure 3(g) shows the dependence of
the curvature on the volume of PDMS precursor and the
insets are photographs of their profiles at different volumes.
Furthermore, the tuning process was repeated 15 times to
demonstrate its repeatability (Fig. S2). In actual manufactur-
ing, to ensure consistency during the tuning process, a
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ogy of the PDMS convex Lol array. (c, d) SEM images of the PDMS convex Lol array. (e) Optical microscope images of the PDMS convex Lol array, the inset
is the image of a magnified region. (f) Side-view optical microscope images of the tunable CE. (g) Correlation between the curvature of CE and the volume
of the liquid chamber. (h) Optical microscope images of LoL-ommatidia CE. (i, j) SEM images of the local area of the LoL-ommatidia CE.

dependency relationship between the injected liquid volume
and CE geometry should be established in advance, so that
real-time observation of morphology evolution is not neces-
sary. The maximum curvature of the prepared CEs is
approximately 0.8 mm~. Figure 3(h) presents the top-view
morphology of the CE, while Fig. 3(i, j) show its partial SEM
images. Regional morphological details are shown in Fig. S3.
Notably, during the formation of the CE, the LoL array had

undergone significant stretching, which inevitably results in
the morphology change. When the planar PDMS LoL array
is transformed into a curved compound eye under liquid
pressure, the film stretches under uneven stress, because the
PDMS slice with LoL array is also uneven. Large lenses and
their surrounding gaps (thin region) bear the main mechan-
ical loads, which leads to a substantial increase in size. In
contrast, small lenses (thick region) endure weaker direct
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stress and deform slightly. Additionally, the profiles of the
LoL structure at different regions show that stretching at the
edge is more obvious. The size of the large lens at the central
region increased to 60.7 pum, and the lens size at the edge
increased to 64.1 pm. The average size after stretching is
~62.4 pm. Accordingly, the average height of the LoL
ommatidium decreased to 16.4 pm. Nevertheless, SEM
images of the CE details show that the LoL structure main-
tain good morphology after such deformation. Nevertheless,
the stretching of the LoL structure may slightly alter their
focusing/imaging performance. With the increase of liquid

pressure, the size of the lenses increased, whereas the heigh
decreased. Accordingly, the focal length increased.

3.4 Optical performance

The imaging and focusing performance of both the planar
LoL array and the resultant CE after deformation were char-
acterized. In the case of planar LoL, both focal and image
planes remain planar for both ommatidia types (Fig. S4).
Upon deformation into a CE, these planes shifted to curved
surfaces. Figure 4(d-f) demonstrates the focusing properties
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Focal point of

Unfocused region

Q
(]

large ommatidium
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Fig. 4 | The focusing and imaging performances of the LoL-ommatidia CE. (a—c) The focusing results of LoL ommatidia in different regions. The insets are
the focal spots of the large and small lenses. (d—f) The intensity distributions of the focal spots extracted along the dashed lines in (a), (b), and (c), respec-
tively. (g—i) The imaging performance of a letter "S" by the LoL ommatidia in different regions of the CE. The insets are images formed by the large and

small lenses.
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of the LoL-ommatidia CE. When a laser beam vertically illu-
minated the CE, focal spots exhibited a dual-3D distribution
(from both ommatidia types), preventing a planar CCD
from capturing all spots simultaneously at fixed positions.
By varying the relative position of CCD, clear focal spots
from large and small ommatidia were captured across differ-
ent regions.

Figure 4(d-f) show spot intensity distributions along the
dashed lines in Fig. 4(a—c), with blue and green areas denot-
ing effective focusing regions of large and small ommatidia,
respectively. Initially, the CCD captured only central large
ommatidia focal spots (Fig. 4(a)), while edge areas remained
defocused. Figure 4(d) confirms intensity decay toward the
periphery and central confinement of effective focusing.
Adjusting the relative position enabled simultaneous capture
of focal spots from central small ommatidia and peripheral
large ommatidia (Fig. 4(b)), expanding the effective focus-
ing area (Fig. 4(e)). Further adjustment defocused the
center, allowing the CCD to capture focused spots from
annular small ommatidia and far-peripheral large omma-
tidia (Fig. 4(c)), as validated by Fig. 4(f). For imaging tests,
an S-shaped mask was employed as the object. Figure 4(g-h)
show images from both ommatidia types, revealing a dual
distribution pattern matching the focal spots. Distinct large
and small "S" images were captured in different regions, as
marked in Fig. 4(g-i). Notably, bright spots around the "S"
images formed by the small ommatidia are observed due to
the light convergence from the large ommatidia. To
suppress this phenomenon, the focal length difference of the
two lenses can be further modulated.

3.5 Tunable FOV

The FOV of the LoL-ommatidia CE was measured by
adjusting the incident light angles. Light focused by the LoL
ommatidia passes through the objective lens and is projected
onto a CCD camera. The theoretical FOV formula is:
2H-r

FOV = 2arcsmH,27_|_r2 , (1)
where H denotes the height of the spherical base and r repre-
sents the base radius of the spherical cap. As mentioned
previously, the curvature of CE can be tuned by varying the
volume of PDMS precursor injected into the chamber. To
demonstrate this FOV tunability, we tested two CEs with
different curvatures. CE-1, with smaller curvature, had a
diameter of 2.05 mm and a height of ~0.28 mm, while CE-2,
with larger curvature, shared the same diameter (2.05 mm)
but had a height of ~0.46 mm. Their theoretical FOVs were
calculated as approximately 60° and 96°, respectively. For
CE-1, focal spot distributions for both ommatidia types were
captured at 0°, 10°, and 20° (Fig. 5(a, b)). For CE-2, distribu-
tions were tested at 0°, 20°, and 40° (Fig. 5(c, d)). Focal spots
from both large and small ommatidia appear clear and
bright, indicating good focusing properties. In our experi-

ments, the maximum half FOV for the two CEs can reach
30° and 50°, respectively (Fig. S5), in good agreement with
their theoretical values.

Additionally, point spread functions (PSFs) quantified the
optical performance of the LoL ommatidia of CE-2. We first
extracted and normalized the intensity of focal spots from
the large ommatidia along the X-Y axis, plotting the distri-
bution maps (Fig. 5(e, f)). The full width at half maximum
(FWHM) values for these spots were 4.62 + 0.44 um (X-axis)
and 4.53 + 0.39 pm (Y-axis), with corresponding relative
standard deviations (RSD) of approximately 9.52% and
8.61%, respectively. For comparison, focal spot intensity
from the small ommatidia was also measured (Fig. 5(g, h)),
yielding FWHM values of 2.01 + 0.07 um (X-axis, RSD:
~3.48%) and 2.09 £ 0.07 pm (Y-axis, RSD: ~3.35%). These
results confirm that both ommatidia types exhibit good
focusing ability within their theoretical FOV. The smaller
RSD with respect to the small ommatidia indicates the better
focusing performance, which may be attributed to the
stretching of large ommatidia during the formation of CE.

3.6 Large FOV imaging

In lens optics, when objects are excessively large or posi-
tioned too close, edge rays become blocked causing
vignetting, where image edges darken or disappear. This
represents a typical FOV limitation. While CEs generally
address FOV constraints effectively, the obtained image
arrays from different ommatidia typically exhibit curved
distributions, preventing simultaneous capture of all images.
The CE with LoL ommatidia partially ameliorates this issue.
As shown in Fig. 6(a), targets labeled "N, S, W, E, and C"
were created for large-FOV imaging. The mask pattern is
illustrated in Fig. 6(b), in which letter "C" is approximately
480 um in size, and the other letters are approximately 200
pm in size. With the mask center aligned to the CE center,
the central region received light from "C" while peripheral
regions captured other letters. Keeping the mask and CE
stationary while varying the receiving angle allowed full
image capture (Fig. S6). The merged image shows inverted
letter images (Fig. 6(c)). By leveraging the LoL ommatidia,
all letters become observable. Notably, the images of "C"
formed through small ommatidia appear diminutive,
whereas other letters formed through large ommatidia. After
extracting individual letter images, the large-FOV image was
reconstructed according to their respective positions. The
reconstructed image shows strong consistency with the
target object (Fig. 6(d)), demonstrating its potential for
large-FOV imaging.

3.7 Dynamic target detection

Beyond large-FOV imaging, the CE with LoL ommatidia
also enables dynamic target detection. To validate this capa-
bility, we first imaged moving targets using individual large
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Fig. 5 | The tunable FOV of the LoL-ommatidia CE. (a, b) Focusing performance of large and small lenses of CE-1 under incident light at 0°, 10°, and 20°,
respectively. (c, d) Focusing performance of large and small ommatidia of CE-2 under incident light at 0°, 20°, and 40°, respectively. (e—h) Normalized inten-
sities extracted along the X-axis and Y-axis of the focal spots under different incident angles, in which (e, f) correspond to large lenses, (g, h) correspond to
the small lenses of the LoL ommatidium.

and small ommatidia separately (Fig. 7(a)). Subsequently, trajectory from the acquired images. Notably, when the
collaborative detection experiments employing both large  target is distant from the CE, either the large or small
and small ommatidia were conducted (Fig.7(b)). This ommatidia system can be used for imaging. Figure 7(c) and
approach allowed reconstruction of the target's moving  7(d) display images of a triangular target captured at eight

250197 (Page 9 of 13)


https://doi.org/10.29026/oea.2026.250197

Sun ZJ et al. Opto-Electron Adv 9, 250197 (2026)

https://doi.org/10.29026/0ea.2026.250197

Objective lens

Fig. 6 | Large-FOV imaging performance of the LoL-ommatidia CE. (a) Schematic diagram of the imaging setup. (b) Optical microscopic image of the target
mask. (c) Result of the imaging of the target object by the LoL-ommatidia CE. (d) Reconstructed image of the target object.

positions along its movement trajectory using the large and
small ommatidia systems, respectively. As the target moved
randomly, its spatial position changed. Consequently,
images at different times were sequentially captured across
different regions of the CE, with the image size reflecting the
target distance. Using these sequential images, we calculated
the target's relative position to reconstruct its moving trajec-
tory. In Fig. 7(f), the yellow and black trajectories corre-
spond to results from the large and small ommatidium
systems, respectively, with the color bar indicating object-to-
CE distance. Crucially, both the trajectories and distances
reconstructed from the two systems show high consistency.
When the target distance changes significantly, individ-
ual ommatidium systems cannot capture target images.
Consequently, collaboration between both types of omma-
tidia becomes essential. In this experiment, we used a drag-
onfly-shaped pattern as a moving target. Images at different
time points were sequentially captured using both large and
small ommatidia (Fig. 7(e)). As the dragonfly target first
approached and then moved away from the CE, images were
captured by large and small ommatidia at different regions

of the CE. Based on these sequential images, we generated a
position map (Fig. 7(g)) and a 3D coordinate map (Fig.
7(h)), revealing a movement trajectory from distant to near
and then gradually away. These results clearly demonstrate
the moving object detection and tracking capabilities of the
LoL-ommatidia CE.

4 Conclusions

In conclusion, we developed a tunable CE with coaxial LoL
ommatidia by integrating a planar LoL array with a
microfluidic chip, enabling tunable FOV and cooperative bi-
focal imaging. A quartz glass concave LoL template (approx-
imately 2.6 mm? in area) was fabricated through combined
femtosecond laser dual-modification and two-step wet etch-
ing. Using this template, we fabricated a flexible PDMS LoL
array via soft lithography. Subsequent integration of the LoL
array with a microfluidic chamber produced the tunable CE.
Featuring a complete curved bi-focal plane, the CE with
LoL ommatidia overcomes the limitations of both tradi-
tional single-focal-plane CEs and those with regionalized
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Fig. 7 | Detection of moving targets by the LoL-ommatidia CE. (a) Schematic diagram of target detection based on the large- and small-ommatidium
systems individually. (b) Schematic diagram of target detection based on the cooperation of both large- and small-ommatidium systems. (c, d) Images of
the triangular target at different positions captured by the large- and small-ommatidium systems, respectively. (e) Images of the dragonfly target at differ-
ent positions captured collaboratively by the large- and small-ommatidium systems. (f) Trajectories of the triangular target derived from both large- and
small-ommatidium systems. (g) Trajectory of the dragonfly target. (h) Moving path of the dragonfly target in a 3D coordinate system.
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nonuniform ommatidia. Notably, cooperative bi-focal imag-
ing was achieved by regulating the FOV and relative
positions of different LoL ommatidia through controlled
injection of PDMS precursor. Optical characterization
confirmed the LoL-ommatidia CE's excellent bi-focal imag-
ing capability, with both large and small ommatidia main-
taining stable focusing performance within their theoretical
FOVs. Furthermore, the dual focal planes of the LoL struc-
ture enable simultaneous large-FOV imaging and moving
target monitoring. The collaborative imaging capability
inherent to the LoL ommatidia also facilitates efficient
moving target detection. This LoL-ommatidia CE holds
significant promise for tunable, high-efficiency, large-FOV
imaging applications.
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