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Self-Aligned Waveguide Array Integrated with Flat
Microlenses for Environment-Adaptive and High-Resolution

Compound Eye Vision

Hyuk Jae Jang, Ji-Eun Yeo, Gil Ju Lee,* Hoon Hahn Yoon,* and Young Min Song*

While recent advances in artificial compound-eye vision systems have
demonstrated environmental adaptability, the precise control and optimization
of the light collection with achieving high-resolution (HR) through self-aligned
waveguides (WGs) remain a critical challenge. High-density integration of flat
microlens (fML) array using optimized self-aligned light waves is promising,
but practical implementation requires a detailed understanding of fabrication
parameters and optical mechanisms. Here, an artificial compound eye system
is presented that combines a fML array with a self-aligned WG to achieve
stable, HR imaging across the air and underwater environments. Unlike
conventional curved microlenses, the fML design maintains consistent optical
properties across environments, while self-aligned WGs ensure efficient light
collection through precisely positioned channels beneath each microlens. The
optical simulations and experimental verification demonstrate stable optical
properties over a wide range of refractive indices and optimized light guidance
through the optical WG. This novel integration scheme presented in this work,
which enables high density while maintaining environmental adaptability for
efficient light collection, opens new possibilities for compact vision systems in
various applications ranging from underwater imaging to biomedical sensing.

have evolved among these adaptations to
possess amphibious features -efficiently,
enabling vision compatible with aquatic
and terrestrial environments.*7] Gen-
erally, natural focusing lenses have a
curved shape, which is commonly em-
ployed in artificial cameras, including
human-eye-type (designed for terres-
trial  environments),[>#2  insect-eye-
type (terrestrial),>?!l and fish-eye-type
(aquatic)l'*] artificial vision systems. How-
ever, the fiddler crab, inhabiting intertidal
regions, uniquely utilizes a flat lens to
maintain visual information across the
air and underwater environments.['7-22-23]
This adaptation provides optical stability
during refractive index (RI) transitions
between air and water, as flat lenses min-
imize focal length shifts by maintaining
constant transmitted angle and focusing
light through RI distribution within the
inner part of the lens, rather than relying
on outer surface curvature and RI—a con-
trast to curved lenses, where changes in
surface geometry and RI result in variable

1. Introduction

In nature, animal vision systems have evolved to adapt to di-
verse and challenging environments, giving rise to specialized
visual capabilities that support survival and functionality in spe-
cific habitats. These visual capabilities include amphibious vi-
sion, high-resolution (HR) vision, a wide field of view (FoV),
sensitivity to ultraviolet (UV) and infrared light, polarized light
detection, and efficient depth estimation.'"'?] Certain species

refraction and focusing, as described by Snell’s law and the lens
maker’s principle. An amphibious camera with panoramic vision
has been developed, inspired by the fiddler crab’s amphibious
vision and extremely wide FoV, which is achieved through the
geometrical arrangement of optical units known as ommatidia.l*!

A compound eye typically consists of hundreds to thousands
of ommatidia, each functioning as an independent optical sys-
tem. The ommatidium in an apposition-type compound eye con-
sists of a facet lens, crystalline cone, rhabdom, and photoreceptor
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cell. The facet lens and crystalline cone refract light to efficiently
channel light toward the rhabdom and photoreceptor cell, which
are specialized for light detection.[?*] To replicate these beneficial
optical characteristics, the structural and functional biomimicry
of the natural ommatidia using microlenses (MLs) has been ex-
plored. 3D printing techniques have been employed to create arti-
ficial apposition-type compound eyes.[*] Alternatively, polymer-
based ML arrays-assisted with a 3D isolation layer, have been de-
veloped to reduce optical crosstalk between lenses, thus mimick-
ing natural compound eyes’ structural and functional features.!?]
However, these methods often involve complex fabrication pro-
cesses, and scaling down the ML size to achieve a compact HR
vision system remains a significant challenge.['2?°] One approach
to overcoming these limitations is to utilize MLs to cure a poly-
mer, achieving a self-aligned waveguide (WG) based on the RI
difference between photo-crosslinked and thermal-crosslinked
polymers.[1120-28] These methods have realized the compact ar-
tificial compound eye, but previous efforts to imitate the natural
ommatidium have focused on the fabrication process and sim-
ple demonstration in air condition using curved microlens (cML).
Furthermore, thus far, self-aligned WGs typically use cML, which
lose optical performance when RI changes in the surrounding
environment (e.g., air and water conditions) affect the focusing
power of the ML.[?! In such designs, the photo-cured WGs in-
herently inherit the optical instability of cMLs due to focal length
variations under RI shifts. In contrast, by integrating the UV-
curing process with flat microlens (fML)—whose focusing behav-
ior remains stable across air and water—we achieve WGs that
maintain consistent guiding performance regardless of the ex-
ternal environment. This configuration enables the formation of
a universal, amphibious optical pathway, representing a signifi-
cant advancement in WG-based compound eye vision systems.
While recent work has demonstrated environmental adaptabil-
ity using a fML array,!*! the integration of self-aligned WGs with
such systems—which could enhance light collection efficiency
and enable more compact and HR vision designs with one-shot
imaging capability without complex post-processing, such as a
scanning method—has remained unexplored due to fabrication
challenges.

To address these limitations of current fML systems and
expand upon previous work, our study provides a compre-
hensive analysis and optimization of self-aligned WG forma-
tion with a highly integrated fML array. This work overcomes
these limitations and focuses on several critical aspects: 1) suc-
cessful high-density integration of self-aligned WGs with fMLs
through optimized UV exposure parameters, a significant ad-
vancement over previous bulk spacer designs, 2) quantitative
analysis of RI gradients and their impact on optical perfor-
mance, 3) detailed characterization of light propagation mech-
anisms in environment-adaptive self-aligned WGs formation
using fML, 4) optimization guidelines for practical fabrication
parameters and validation for HR imaging capabilities, and
5) experimental imaging demonstration of the environment-
adaptive HR vision using miniaturized ML with amphibious
self-aligned WG. Our approach enables precise and automatic
formation of WGs beneath each ML through carefully controlled
UV exposure of photosensitive polymer resin, significantly
simplifying the fabrication process while enhancing optical
performance.
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Unlike conventional cML approaches, our system utilizes
fMLs that maintain consistent optical performance across var-
ious RI environments (e.g., air and water). While previous de-
signs with bulk spacers also achieved environmental adapt-
ability, our integration of self-alighed WGs with fMLs signifi-
cantly enhances light collection efficiency, enabling more com-
pact and HR imaging device architectures. Through compre-
hensive optical simulations and experimental validation, we
demonstrate that our fML-based self-aligned WG system not
only maintains the stable focal performance of previous de-
signs but also provides superior light guidance through pre-
cise WG formation. The successful integration of self-aligned
WGs with fMLs represents a significant advance in fabrication
approach and optical performance for amphibious vision sys-
tems. This development opens new possibilities for compact
HR vision systems in dynamic environments, with potential
applications ranging from medical monitoring to autonomous
navigation.

2. Results and Discussion

2.1. Concept of Environment-Adaptive and HR Artificial
Compound Eye (ACE)

In nature, organisms have evolved specialized visual adaptations
to enhance survival in diverse environments. Among these
adaptations, amphibious vision enables species such as the
fiddler crab to maintain stable visual perception in both terres-
trial and aquatic conditions (Figure 1a). By mimicking these
amphibious natural compound eyes, the development of an
amphibious ACE system enables the creation of environment-
adaptive imaging devices suitable for various dynamic
environments.

Figure 1b presents a detailed comparison of natural om-
matidium’s optical and structural properties for the fML and
cML systems as applied to designing an amphibious ar-
tificial compound eye. The structural design of the artifi-
cial ommatidium was inspired by natural compound eyes
found in both terrestrial/aquatic species and semiterrestrial
species. These compound eyes vary in nature based on envi-
ronmental adaptations, with terrestrial/aquatic species gener-
ally having curved corneal lenses and semiterrestrial species,
such as the fiddler crab, having flat corneal lenses. Cross-
sectional schematics of the artificial ommatidium reveal how
the cML and fML systems with WG function differently in
air and underwater environments. Optical ray paths, depicted
in green (air) and blue (underwater), show that the focus-
ing power of the cML system diminishes underwater. In con-
trast, the ML system maintains a stable focus across both
environments.

The resolution of an artificial compound eye system, i.e., the
image quality, is fundamentally determined by the number of
MLs and the light collection efficiency. In conventional cML sys-
tems, RI variations between air and underwater degrade image
resolution and intensity. Figure 1c illustrates the imaging qual-
ities of ML types and density on imaging performance using
optical simulation software, comparing a low-density cML array
(10 x 10 MLs) with a high-density fML array (30 x 30 MLs). The
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Figure 1. Concept of amphibious HR ACE vision system inspired by the natural compound eye of the fiddler crab. a) Comparison between natural
amphibious compound eye vision (e.g., fiddler crab eye) and artificial amphibious vision. b) Structural comparison of curved and flat lenses between
natural ommatidium and artificial ommatidium. c) Image simulation of environment-adaptive and HR ACE with a highly integrated fML array with WG.
The resolution and light intensity of the reconstructed image depend on the number of MLs. The cML system results in LR and reduced intensity in
aquatic environment, while the fML system achieves the amphibious imaging capabilities. Furthermore, the integration of fML with WG enhances a
highly integrated fML system by enabling precise control of optical system design, such as total track length, system volume, and focal length while

maintaining optical efficiency.

resolution and light intensity of the reconstructed image are in-
fluenced by multiple factors, including ML array density, indi-
vidual lens diameter, and WG length. Among these, the domi-
nant contributor to resolution enhancement is the increased ar-
ray density, which improves spatial sampling. The reduction in
ML size also contributes by increasing angular resolution, but
its impact is secondary to the array densification in this system
design.

The low-density cML system suffers from low resolution (LR)
and reduced light intensity, as individual MLs cannot efficiently
propagate light to the imaging plane. Furthermore, when sub-
merged in water, the focal length shift of cMLs is larger than
that of fML, further reducing imaging stability. In contrast,
the fML with WG system maintains consistent focusing power
across different environments, enabling stable imaging quality
in multi-environments. In particular, integrating an amphibious
self-aligned WG can realize a highly integrated HR imaging de-
vice. Furthermore, highly integrated fML-WG arrays that enable
highly integrated ML array configurations can significantly in-
crease the total pixel count and spatial resolution of imaging sys-
tems based on artificial compound vision. As shown in Figure 1c,
increasing the number of MLs results in a sharper and more
detailed reconstructed image, highlighting the superior resolu-
tion capability of the fML-WG system. In addition, the precise
alighment between fMLs and self-aligned WGs enhances light
confinement, minimizing optical losses and improving image

clarity.
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2.2. Fabrication and Optical Analysis of fML Array with
Self-Aligned WG Formation

Figure 2a exhibits the fabrication process of the fML array with
self-aligned WG. The fabrication of the polydimethylsiloxane
(PDMS) mold used to construct the ML array is described in
the Experimental Section and Figure S1 (Supporting Informa-
tion). The fabrication process begins with surface treatment of
PDMS mold, followed by O, plasma treatment and hydro-coating
at 4000 rpm for 30 s to facilitate demolding SU-8. Next, SU-8
2100 is spin-coated onto the PDMS mold at 1500 rpm for 30
s. This first coating is cured by a soft baking process on a hot
plate at 65 °C for 7 min for stable heat transfer. A second layer
of SU-8 2100 is then spin-coated under the same conditions for
sufficient SU-8 membrane thickness (Figure S2, Supporting In-
formation), followed by another soft bake. Subsequently, both
layers are baked at 95 °C in a convection oven for 3 h to en-
sure stability. After the SU-8 ¢cML array is prepared, the SU-8
cML array is treated with O, treatments. Norland optical adhe-
sive (NOA) 1369 is then spin-coated at 4000 rpm for 30 s and
pre-cured with UV irradiation (365 nm; 1000 m] cm~2) for a rigid
state. The sample is then exposed to UV light for different dura-
tions (260, 520, 780, 1040, 1300, and 1560 m] cm™2) to initiate
curing. Finally, post-exposure baking is performed for thermal-
crosslinking in two stages: first at 65 °C for 5 min, followed by
20 min at 95 °C, completing the curing process for the SU-8
layers.

© 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 2. Fabrication process and optical/structural analysis of fML array with self-aligned WG formation. a) Schematic illustration of the fML array
fabrication process using SU-8 and NOA. The fML array is fabricated with PDMS mold preparation, SU-8 curing, demolding, and NOA coating. The
self-aligned WGs in fML array are formed via UV light exposure. b) Schematic illustration of UV light exposure through the fML array to form polymer
cones and self-aligned WGs based on the different Rl induced by thermal and photo crosslinking. ) Top and cross-sectional SEM images of the fML
array, showing the SU-8 ML array and fML array structures with SU-8 and NOA layers. The line graph shows geometrical profile of SU-8 and NOA
layers using confocal microscope. d) False-colored optical microscope images of self-aligned WG. e) Cross-sectional light intensity distribution at UV
exposure doses (unexposed and 1560 m] cm~2) showing focus consistency along the increased depth. For exposure dose of 1560 m) cm~2, focus
depth is extended than that of the unexposed state, indicating that self-aligned WG is formed using the UV exposure. f) 3D surface plots from confocal
microscopy (640 nm laser) showing the evolution of self-aligned WG formation after 0 and 120 s of UV exposure. g) Light intensity distribution for
uniformity analysis. Confocal scanning images (top row) of light intensity within the region containing MLs and WGs. The uniform distribution of light
across WG input and output ports confirms the efficient guiding performance of the self-aligned WGs. h) Line graph of the effect of external Rl on focal
length. The cML system shows significant deviation while the fML system remains stable, demonstrating its adaptability to environmental changes (i.e.,

environment-adaptive WGs).

In Figure 2b, a schematic illustrates the formation mechanism
of the self-aligned WG through the UV exposure process. The
photosensitive polymer SU-8, used for the ML materials, guides
the UV light along the optical path due to the focusing capability
of the ML array. As the UV light is concentrated by each ML,
the UV optical path induces localized photo-crosslinking in the
SU-8, resulting in increased RI in the exposed region. This forms
the polymer cone that extends to the focal point. The unexposed
and thermal-crosslinked surrounding region maintains a lower
RI, forming a cladding region. This RI difference between core
and cladding enables optical confinement, thereby forming a self-
aligned WG structure. Despite optical diffusion during exposure,
this process, allows the fML array to precisely and automatically
define the WG with a diameter approximately one-tenth that of
the MLs without the need for additional alignment step.['1:2°]

Top and cross-sectional SEM images in Figure 2c display the
fML array structure with distinct SU-8 cML array and NOA flat

Adv. Optical Mater. 2025, 2500926 2500926 (4 of 10)

layers, forming the MLA and WG structures. The line graph
illustrates the geometrical profile of the SU-8 and NOA lay-
ers, confirming consistent thickness and alignment within the
fML array. To visualize self-aligned WGs, Figure 2d presents a
false-colored optical microscope image, emphasizing the clear
WG structure regions formed beneath the MLs. Raw optical mi-
croscope images are presented in Figure S3 (Supporting Infor-
mation). Figure 2e presents cross-sectional stacked optical mi-
croscope images showing the light intensity distribution across
varying UV exposure doses (from 260 to 1560 m] cm™?). As
the UV exposure dose increases, the depth and focus of the
WG are extended, enhancing light guidance through the WG.
At the maximum exposure dose of 1560 m] cm™2, the focus
depth extends up to #90 um, compared to ~30 um in the un-
exposed state, indicating the successful formation of self-aligned
WGs using UV exposure. Detailed light intensity distributions
for other exposure doses are provided in Figure S4 (Supporting

© 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 3. Amphibious optical evaluation of the artificial ommatidium integrated a self-aligned WG with fML. a) Schematic comparison of artificial
ommatidia with and without a self-aligned WG at cML and fML. MLs are designed with a focal plane at Z = 45 um and an image plane at Z = 95 um. b)
PSFs of both systems in air and underwater, demonstrating the superior focusing stability of fML system. c) Comparison of the Rl profiles in air (left) and
underwater (right) for the height from (i) to (ii) shown in Figure 2a. d) Reflectivity comparison for cML and fML in air and underwater. Low reflectivity
in fML results from suppression of Fresnel reflection with gradual RI changes. e) Optical simulation of light intensity of focus and image planes in cML
and fML with WG systems for evaluating light distribution. Top view of the cML and fML with WG systems shows WG region and ML regions. The
bottom figures show comparative optical performance of the WG in the cML and fML systems for source distance of 1and 10 mm. WG;,0e /WGfocys
indicates the transfer rate for focusing light from focal plane to image plane. The fML system shows resistant optical performance under different external

environments, while the cML system lose focus consistency in dynamic conditions. WGa5e /MLjmage indicates the resultant imaging efficiency in image

planes, demonstrating the stability of imaging performance in the fML with WG system under multi-environmental conditions. f) Light intensity profiles
showing enhanced light confinement in WG structure (bottom row) compared to system without WG (top row). g) Axial intensity profiles demonstrating
efficient light trapping and propagation in the WG system (marked by dashed lines).

Information). This result demonstrates that higher UV doses  section are shown in Figure S5 (Supporting Information).
increase the polymerization depth, allowing for optimized WG  This uniform distribution is crucial for maintaining clear
formation.[?6] imaging.

Figure 2f shows further analysis of self-aligned WG formation Finally, Figure 2h evaluates the effect of external RI variations
using confocal microscopy with a 640 nm laser, illustrating the  on focal length stability. The cML system exhibits significant
evolution of self-aligned WG formation over exposure time. The  focal length deviations due to environmental changes, whereas
3D surface plots depict the development of self-aligned WGs after ~ the fML system remains stable, demonstrating its adaptability to
120 s of UV exposure, confirming the precise and uniform for-  multi-environmental conditions. This confirms that fabricating
mation of WGs within the ML array. To evaluate the optical  self-aligned WGs using ML array enables environment-adaptive
uniformity of the fabricated self-aligned WG structures, artificial vision systems.

Figure 2g presents the light intensity distribution within

the WG regions in Figure 2f. MLs and WGs regions are set in

confocal microscope images (top row). The region-of-interest ~ 2.3. Comparative Environment-Adaptive Optical Performance of
(ROI) was extracted using a MATLAB-based intensity detection =~ ¢ML and fML Systems

algorithm. Specifically, the ROIs were defined in the focal

plane by identifying regions that exceeded a certain intensity = Figure 3a shows a schematic comparison of the optical configu-
threshold, corresponding to the light-converging areas of each  rations of the artificial ommatidia for optical simulation, where
ML. Circular ROIs were then positioned around these inten-  both cML and fML systems are evaluated with and without a self-
sity peaks to analyze the light intensity distribution across the  aligned WG for environment-adaptive optical characterization.
WG array. The light intensity contour map of WGs (bottom  The ML diameter is fixed at 20 um in both systems. The cML
row) shows the uniformity across WGs at input and output is designed with a spherical curvature corresponding to a radius
ports, indicating the uniform light-guiding performance of  of 21 pm and the fML consisted of a two-layer structure: the first
the self-aligned WGs. The total WG regions and sliced z-axis  layer with a curvature of 10 um, and the second layer with flat
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surface (i.e., infinite radius). The back focal length is set to 45 um
for both cML and fML systems, and the cone height is adjusted
to align the WG input port with the focal plane. The WG height
ranges from 15 to 50 um, with the WG output port aligned to the
image plane. Detailed geometry and optical design parameters
are summarized in Figure S6 and Table S1 (Supporting Informa-
tion). The designed MLs feature a focal plane at Z =45 pm and an
image plane at Z = 95 um, ensuring controlled optical properties
for comparative analysis.

Figure 3b compares the point spread function (PSF) for
the cML and fML systems across the air and underwater en-
vironments. These results demonstrate that the cML system
experiences a significant loss of underwater imaging capability,
resulting in a dispersed PSF profile. In contrast, the fML system
maintains a sharp and well-focused PSF across the air and un-
derwater environments, indicating that the fML design is more
robust to changes in RI. Such stability suggests the fML system is
Dbetter suited for applications requiring consistent, precise imag-
ing across different media. Figure S7 (Supporting Information)
shows an additional amphibious analysis of the RMS spot radius
and its diagram.

The RI profiles in air and underwater for the cML and fML
systems are compared in Figure 3c, where the height is set from
points (i) to (ii) as indicated in the bottom-right view of Figure 3a.
In the fML system, gradual RI changes help to minimize Fres-
nel reflections, supporting more consistent transmission perfor-
mance across different media. This gradual RI transition con-
trasts with the sharper RI profile seen in the cML system, lead-
ing to higher Fresnel reflection and reduced optical transmittance
underwater. Figure 3d shows reflectivity for the cML and fML sys-
tems, where the fML system exhibits over 50% lower reflectivity
across the air and underwater environments due to the gradual
RI transition. This reduction in Fresnel reflections contributes to
the stable optical performance of the fML system under changing
environmental conditions, an essential feature for amphibious
applications.

Figure 3e provides waveguiding performance of the cML and
fML with WG, a schematic illustration (top) with a comparison
of the WG performance (bottom), including the focus and im-
age planes for the cML and fML systems with WG. The point
source is apart from both systems at a set distance. The top view
shows the WG and ML regions within both systems, illustrat-
ing how light is distributed as it travels through these regions.
Comparison of the WG performance of the WG in the cML and
fML systems is evaluated for source distances at 1 and 10 mm.
The ratio of WGy, .00/ WGios (bottom left; Figure 3e) reflects
the transfer rate of focused light from the focal plane to the im-
age plane. The fML system shows constant optical performance
across different environmental conditions, indicating consistent
light transfer along the WG. In contrast, the cML system loses the
WG functionality underwater. The WG;,,,o. /MLy, ratio (bot-
tom left; Figure 3e) illustrates the imaging efficiency at the image
plane, demonstrating that the fML system with WG maintains
stable imaging performance across multi-environmental condi-
tions. This result exhibits the fML system’s stability and high-
lights its suitability for applications requiring reliable imaging in
varying refractive environments. Note that light distribution pro-
files for source distance at 1 and 10 mm can be found in Figure
S8 (Supporting Information).
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The light intensity profiles for the fML system, with and with-
out the WG, are displayed in Figure 3f. The fML without WG (top
row) shows more dispersed light patterns, indicating a loss of
light along the propagation path. In contrast, ML with WG (bot-
tom row) demonstrates consistent light transfer along the WG,
where light remains concentrated as it travels through the WG,
highlighting its role in maintaining light integrity across depths.
An additional light intensity profile along the z-axis is provided
in Figure S9 (Supporting Information).

Figure 3g presents the intensity profiles along the dashed line
indicated in Figure 3f, showing light propagation along the z-axis.
The results reveal that in the fML system with WG, light is ef-
ficiently confined within the WG, allowing it to reach the pixel
without significant loss of visual information. This effective light
trapping within the WG facilitates improved imaging quality and
reliability, particularly in environments where RIs may fluctuate.
The dashed line marks the WG region, showing the area where
light is channeled directly to the imaging plane.

2.4. Enhancement of HR ACE Vision Through Self-Alighed WG
Integration

In compound eye camera systems, imaging resolution is pri-
marily determined by the number of optical units—each com-
prising a ML and a set of photodetectors. Reducing the ML
diameter enables higher packing density within a fixed sen-
sor area, thereby improving spatial resolution. Integrating self-
aligned WGs with fMLs enhances the ACE system’s environmen-
tal adaptability and imaging resolution. The system’s feasibility
to precisely control ML alignment and optical parameters is cru-
cial in achieving HR imaging. Figure 4 presents a detailed HR
imaging evaluation of the impact of self-aligned WGs on ML sys-
tem design, focal length sensitivity, pixel density, and imaging
resolution.

Figure 4a compares different optical configurations, illustrat-
ing that, unlike a bulky fML, a small fML without WG suffers
from a non-adjustable thickness, limiting the fabrication tol-
erance for focal length and resulting in alignment difficulties.
In contrast, integrating self-alighed WGs with small fMLs pro-
vides membrane thickness adjustability—relaxed alignment tol-
erance from focal plane to the image sensor plane—allowing
for precise optical alignment and system miniaturization. This
ability to fine-tune the optical path is particularly beneficial
for ensuring consistent focal performance in high-density ML
array.

As shown in Figure 4D, the focal length of a ML becomes highly
sensitive in both curvatures as its diameter decreases, particu-
larly at the microscale. This presents a significant challenge in
the fabrication/integration of compact and HR imaging devices,
as slight variations in membrane thickness can result in signif-
icant focal shifts. Therefore, achieving precise control over the
fabrication parameters of high-density ML arrays is essential for
maintaining structural stability and HR performance.

Figure 4c shows the total number of pixels within a 25 mm?
of the sensor’s area, directly correlating with the ML density.
As the ML diameter decreases, the total number of pixels sig-
nificantly increases in sensor area, enhancing the overall imag-
ing resolution. A higher ML density—provided that the WG

© 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 4. Enhancement of HR ACE vision system through self-aligned WG integration. a) Comparison of optical configurations show small fML without a
WG has a non-adjustable thickness, leading to limitations in optical system design and challenges in well-aligned fabrication. In contrast, the integration
of self-aligned WGs with small fMLs enables thickness adjustability, allowing for precise optical alignment and system miniaturization. b) Focal length
variation as a function of ML diameter. As the ML diameter decreases, the focal length becomes highly sensitive on the micro-scale, making it difficult
to fabricate membranes with precise thickness corresponding to the required focal length. c) Total pixel variation of high-density ML integration as a

function of ML diameter. As the MLA becomes more densely packed, the total pixel count in a 25 mm

2 sensor area significantly increases, improving

overall imaging resolution. d) Imaging simulation with different MLs resolutions exhibit a low-density ML array (30 x 30) results in blurred imaging due
to limited pixel resolution, whereas a HR system (120 x 120) with densely integrated fMLs and WGs enables clear object reconstruction.

diameter, typically formed at 1/10 of the ML diameter,[2°) remains
sufficiently large to avoid substantial diffraction effects—allows
for finer spatial resolution and improved image reconstruction
in high-performance ACE vision systems.

Imaging simulations were conducted for different ML den-
sities to investigate further the impact of the number of MLs
on image resolution, as shown in Figure 4d. The letter object
is set to a distance of 1.31 cm. Due to limited pixel resolution,
a low-density ML array (30 x 30 MLs) produces mosaic and
blurred images. In contrast, an HR system (120 x 120 MLs) with
densely integrated fMLs and WGs achieves sharp and clear object
reconstruction, demonstrating the significant enhancement in
imaging quality that can be realized through ML miniaturiza-
tion and WG integration. Detailed angular sensitivity analysis
and simulation are discussed in Figure S10 (Supporting Infor-
mation) and Experimental Section.

2.5. Optical Evaluation and Imaging Characterization of
Environment-Adaptive and HR ACE

A schematic of the evaluation setup is shown in Figure 5a, illus-
trating the experimental approach used to assess the amphibi-
ous characteristics of the fML array system with a self-aligned
WG. This setup enables a comparative analysis of optical sta-
bility and light intensity distribution across different environ-
mental conditions. Figure 5b compares the light intensity dis-
tribution in fML array and cML array systems under air and
underwater conditions. Unlike the cML array system, which ex-
hibits good focusing performance in air but suffers from defo-
cusing in water condition due to changes in the surrounding
RI, the fML array system maintains stable focusing in both air
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and underwater environments, ensuring superior environmental
adaptability.

Figure 5c analyzes light confinement and propagation, exam-
ining the effect of self-aligned WGs on light intensity distri-
bution. Unlike the fML system without self-aligned WGs, self-
aligned WGs ensure that light is effectively trapped and concen-
trated at the center, enhancing optical efficiency and reducing
light loss to the image plane. Light intensity distribution in the
focal plane and additional analysis are shown in Figure S11 (Sup-
porting Information). This capability is critical for improving res-
olution and maintaining stable imaging performance in multi-
environmental conditions.

An experimental setup was designed to evaluate imaging per-
formance using object sources such as a line-pair pattern and the
number “9”, as shown in Figure 5d. This setup allows for a quan-
titative comparison of imaging capabilities across different MLs
configurations. The experimental results of imaging resolution
according to ML diameter are presented in Figure 5e for MLs
with diameters of 400, 80, and 20 um. The results confirm that as
the ML diameter decreases, HR imaging is achieved, demonstrat-
ing the significant resolution enhancement enabled by smaller
MLs. For supporting objective validation, Figures S12 and S13
(Supporting Information) present the reconstructed images and
a comprehensive spatial resolution analysis. The ability to scale
down the ML size while maintaining optical efficiency is a key
advantage of the fML array with WG system, making it suitable
for HR imaging applications.

To further investigate the environmental adaptability of the
fML array system, imaging comparisons were performed be-
tween fML and cML systems with WGs in air and underwater
conditions, as shown in Figure 5f. The numerical number “9” as
a source object was visioned to demonstrate that the fML system

© 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 5. Optical and imaging characteristic evaluation of environment-adaptive and HR ACE. a) Schematic of the experimental setup illustrating the
evaluation process of the environment-adaptive fML system with a self-aligned WG. b) Comparison of light intensity distribution. Unlike in the cML
array system, where light focusing is inconsistent, the fML array system maintains stable light focusing across different environments. c) Effect of the
WGs on light intensity distribution. The presence of a WG ensures that light is trapped and concentrated at the center, improving optical efficiency.
d) Experimental setup for imaging performance evaluation with object sources including a line-pair pattern and the number “9”, are used to evaluate
the imaging performance of different ML configurations. e) Detector images at different ML diameters. Imaging results for MLs with diameters of
400, 80, and 20 um. As the ML diameter decreases, HR imaging is achieved, demonstrating the resolution enhancement with miniaturized MLs. f)
Environment-adaptive imaging comparison of fML and cML with WG. Imaging results of the number "9” as the source object across the air and
underwater environments. The fML system with a WG maintains consistent imaging performance across both media, whereas the cML system exhibits
inconsistent imaging results due to environmental Rl changes. g) Demonstration of HR imaging in complex environments. Experimental results confirm
that clear HR images are well obtained across the air and underwater environments, demonstrating the effectiveness of the fML with WG system for
multi-environment vision applications.

with WG (above red dashed lines) maintains consistent imag-  firm that clear HR images that distinguish bird and crab objects
ing performance across the air and underwater environments. In  in the air and underwater are obtained. This validates the effec-
contrast, the cML system (below red dashed lines) exhibits signif-  tiveness of the fML-WG system for multi-environmental vision
icant imaging inconsistencies due to RI variations affecting focal ~ with HR imaging applications. We further implemented a direct
length variation. Further optical microscope images along the z-  integration of the fML-WG array onto a commercial CMOS im-
axis are displayed in Figure S14 (Supporting Information). These = age sensor. As shown in Figure S15 (Supporting Information), a
confirm that the fML-WG system is highly robust in dynamic  fish-shaped object was successfully captured through the CMOS-
environments, making it ideal for multi-environment vision integrated fML-WG device. This result supports the potential of
applications. our system as a practical solution for miniaturized imaging mod-

Figure 5g presents an imaging demonstration of HR imaging  ules. It also highlights the potential of environment-adaptive and
with environment-adaptive vision. Our experimental results con- HR ACE for various applications, including autonomous
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navigation, underwater imaging, and bio-inspired vision
systems.

3. Conclusion

This work deep dives into developing an amphibious and
HR imaging capability by synergistically combining fML
arrays with self-aligned WGs. Integrating these two key
technologies—environmentally ~stable fMLs and precisely
formed self-aligned WGs—enables consistent optical perfor-
mances and HR imaging across different RIs. Our com-
prehensive optical analyses reveal that the system main-
tains stable focal lengths and PSFs across the air and
underwater environments while achieving efficient light
collection and enhanced spatial resolution through the
self-aligned WGs. The simplified amphibious self-aligned
WG fabrication process, achieved through controlled UV ex-
posure using fML array, allows for scalable production of
compact HR ACE, ensuring both environmental adaptability
and HR imaging. Our proposed UV-curing fabrication method
demonstrates scalability through its simplicity and high repro-
ducibility. Although initial mold creation involves precision
photolithography and etching, subsequent replication via UV
curing significantly reduces complexity, time, and cost. Com-
pared to alternative methods (e.g., two-photon polymerization),
our technique offers better throughput, reduced cost per unit,
and suitability for large-scale production. This approach not
only solves the fundamental limitation of conventional cML in
multi-environment applications but also provides a practical
pathway for implementing HR amphibious vision systems. The
demonstrated capabilities open new possibilities for applications
ranging from underwater imaging and autonomous navigation
to biomedical sensing, representing a significant advancement
in adaptive and HR optical technologies.

4. Experimental Section

Optical Simulation for Artificial Ommatidium with Self-Aligned WG:
The optical evaluation of the artificial ommatidium was conducted using
Monte Carlo-based ray-tracing software (OpticsStudio 2023, Zemax LLC)
to analyze and compare the performance of various components (Figure
S6 and Table S1, Supporting Information). The optical properties of both
cML and fML, each paired with a self-aligned WG, were simulated using
Zemax software. Simulations focused on assessing the focusing perfor-
mance and light-gathering efficiency of the ML in non-sequential mode.
Additionally, the PSF of the fML system was evaluated in sequential mode
using OpticStudio software. The fML design was specifically analyzed for
its ability to maintain consistent optical performance across different RI
environments (i.e., air and water). An optical system was employed with
an ML diameter of 20 um and a WG diameter of 2 um, according to the
dimensions of the fabricated self-aligned WG.

Resolution Comparison of Artificial Compound Eye Imaging Simulation:
For resolution analysis, a MATLAB-based ray-tracing simulation was con-
ducted on hemispherical ML arrays with different densities as a function of
interommatidial angle. Each ML was assigned an experimentally obtained
acceptance angle of 5° (Figure S10, Supporting Information), and a square
object (1.31 cm X 1.31 cm) was placed 2 cm from the ML surface. Light
propagation was first simulated in OpticStudio software, and the result-
ing ray data was exported and post-processed in MATLAB to reconstruct
spatially resolved detector images.

Fabrication Process of PDMS Mold: To obtain a PDMS master mold
for SU-8 cML array and fML array with optical adhesive (NOA1369, Nor-
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land Products), the PDMS mold was first fabricated, as shown in Figure
S1 (Supporting Information). The process began with the fabrication of a
quartz MLA mold. A quartz substrate was prepared, with Poly-Si deposited
on both sides as a hard mask for the hydrofluoric acid (HF) wet etching
process. The thicknesses of the Poly-Si and quartz substrate were 700 nm
and 1 mm, respectively. Photolithography was then performed on one side
of the Poly-Si using a photoresist (PR, AZ5214) with a hexagonal hole pat-
tern mask. The Poly-Si was dry-etched using CF4 gas in a reactive ion etcher
(RIE) under the following conditions: CF, flow rate of 50 sccm, chamber
pressure of 50 mTorr, RF power of 50 W, and an etching time of 70 min.
Next, the sample with the patterned Poly-Si mask was immersed in an HF
bath, where the HF solution etched the quartz substrate through the hole
pattern (hole diameter: &2 um,; pitch: 20 um). This etching was isotropic,
creating hemispherical cavities from each via hole, and was carried out for
5 min. Following this, the Poly-Si layer was removed using potassium hy-
droxide (KOH) at 150 °C for 30 min. A final etching step was performed on
the quartz in the HF bath without any masking layer for an additional 5 min
to obtain an enhanced filling fraction with a large radius of curvature.?%! To
create the PDMS mold, replica molding was used with the etched quartz
substrate as the master mold, forming a concave lens array. Before pour-
ing the PDMS, an anti-adhesive agent (DAIFREE GA-7550, DAIKIN, Japan)
was sprayed onto the mold to facilitate release. The PDMS was cured in
a convection oven at 60 °C for 90 min. After curing, the PDMS mold was
coated with an additional layer of PDMS (3000 rpm, 30 s) on a hot plate
and then detached from the master mold.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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