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Abstract: Over millions of years of evolution, arthropods have intricately developed and fine-tuned
their highly sophisticated compound eye visual systems, serving as a valuable source of inspiration for
human emulation and tracking. Femtosecond laser processing technology has attracted attention for
its excellent precision, programmable design capabilities, and advanced three-dimensional processing
characteristics, especially in the production of artificial bionic compound eye structures, showing
unparalleled advantages. This comprehensive review initiates with a succinct introduction to the
operational principles of biological compound eyes, providing essential context for the design of
biomimetic counterparts. It subsequently offers a concise overview of crucial manufacturing methods
for biomimetic compound eye structures. In addition, the application of femtosecond laser technology
in the production of biomimetic compound eyes is also briefly introduced. The review concludes by
highlighting the current challenges and presenting a forward-looking perspective on the future of
this evolving field.
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1. Introduction

Compound eyes represent an exquisitely sophisticated imaging system in nature,
prevalent among insects and crustaceans in the natural world. They are composed of
thousands of tiny ommatidia, mainly hexagonal and circular in shape, each of which acts
as an independent photoreceptor unit (Figure 1a) [1]. The basic structure of an individual
ommatidium includes the corneal lens, crystalline cone, and rhabdom bundle [2–5], as illus-
trated in Figure 1b [6]. Different species exhibit distinct compound eye structures, broadly
categorized into two types: apposition compound eyes and superposition compound
eyes. Most diurnal insects, shallow-water organisms, and crustaceans possess apposition
compound eyes, where each ommatidium receives light from a single lens. In contrast,
superposition compound eyes are more suited for nocturnal animals [6].

In apposition compound eyes, each optical channel is strategically isolated from its
adjacent channels, mitigating contrast degradation caused by stray light and minimizing
interference [7,8]. Within each ommatidium, a lens facilitates the passage of light signals
to the photoreceptor region [9], giving rise to visual perception (Figure 2a) [6]. The light-
receiving portion comprises retinal cells known as the rhabdom. The primary focusing
element, a crystalline cone, is positioned between the cornea and the rhabdom. Images
captured by these compound eyes undergo parallel processing, with each corneal lens adept
at simultaneously transmitting and receiving signals. This capability facilitates swift motion
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detection and image recognition. Nevertheless, a drawback is the notable reduction in
brightness. Despite the relatively limited individual field of view for each ommatidium, the
coordinated efforts of multiple ommatidia contribute to extensive visual perception, even
achieving a complete 360◦ field of view. Each ommatidium possesses imaging capabilities,
enabling arthropods to gather ample information in complex environments. This distinctive
structure is characterized by a large field of view, minimal distortion, and rapid detection
of moving objects [10–14]. Apposition compound eyes typically comprise thousands of
irregularly arranged hexagonal ommatidia, a prevalent feature in structures observed in
dragonflies and bees.
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pared to corresponding compound eyes, as shown in Figure 2b [6]. In addition to these 
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struction of artificial superposition compound eye imaging systems. In the realm of bio-
mimicry, apposition-type compound eyes are more commonly adopted. 

Figure 1. (a) Working principles and properties of a compound eye. Figure reproduced from ref. [1],
American Chemical Society. (b) Schematics of compound eye. Figure reproduced from ref. [6], Science.

Superposition compound eyes are primarily found in nocturnal animals and deep-sea
crustaceans, specifically engineered to efficiently absorb light from diverse directions. The
rhabdom within each ommatidium can capture two or more light signals from the corneal
lens, resulting in superior focusing ability and a larger numerical aperture compared to
corresponding compound eyes, as shown in Figure 2b [6]. In addition to these advantages,
superposition compound eyes also demonstrate exceptional light sensitivity, although they
may encounter blurriness at the edges of the imaging field. Typically, each channel of a
superposition compound eye transmits only a segment of the extensive visual field image.
Within superposition compound eyes, the combination of multiple summed signals and
individual signals collectively constructs an overall image [15,16]. The intricate design
and challenging manufacturing processes pose significant obstacles to the construction
of artificial superposition compound eye imaging systems. In the realm of biomimicry,
apposition-type compound eyes are more commonly adopted.
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With the evolving requirements of modern optical systems and devices towards
lightweight, miniaturized, arrayed, integrated, three-dimensional, and functionalized de-
signs, traditional single-eye systems are constrained by factors such as size, functionality,
field of view, and resolution, making them inadequate to meet the demands of optical
system development and practical applications. Inspired by the structure of arthropods’
compound eyes in the natural world, researchers have utilized micro-nanofabrication tech-
niques to create optical microstructures based on planar and curved bio-inspired compound
eye structures [17–21]. Due to the advantages of high integration, small size, large field of
view imaging, and minimal impact from diffraction limits, biomimetic compound eyes find
widespread applications in the military (missile guidance and radar detection), industrial
(micro cameras and robot vision), and clinical medical (endoscopy) fields [22–34].

Presently, researchers have predominantly categorized biomimetic compound eye
structures into two types based on their geometric characteristics: planar compound
eye structures and curved compound eye structures. Planar compound eye structures are
characterized by thousands of closely interconnected planar micro-lenses, densely arranged
and uniformly distributed on a planar substrate [35–38]. In contrast, curved compound
eye structures emulate the architecture of biological compound eyes, featuring a closely
connected array of hexagonal micro-lenses arranged on a curved substrate [2,7,39,40]. As
micro-optical systems continue to advance and the utilization of compound eye structures
becomes more prevalent, there is a growing emphasis on exploring micro-nanofabrication
techniques. This exploration aims to achieve higher integration and enhanced functionality
of planar compound eye structures. Simultaneously, there is a concerted effort to develop
efficient methods for preparing high-quality curved compound eye structures. This dual
focus on advancing both planar and curved structures reflects the current forefront of
development and research in the field of biomimetic compound eyes.

In recent years, as micro-nanomanufacturing technology has advanced continuously,
a multitude of innovative microfabrication processes have been gradually integrated into
the preparation of a microlens array (MLA) [41–46]. The current repertoire of fabrication
methods for planar compound eye structures encompasses diverse techniques such as
self-assembly, photolithography, thermal reflow, surface energy-driven methods, and micro-
spray printing. Self-assembly relies on the inherent interactions among atoms, ions, and
molecules to spontaneously aggregate and bond, resulting in the formation of numerous
structurally stable micro-/nanostructures with regular shapes. These structures are then
strategically arranged in a specific pattern to yield an MLA [47–50]. Photolithography
and thermal reflow techniques involve the initial formation of a micro-cylinder array
using photolithography. Subsequently, by heating the photolithography material to the
glass transition temperature, the micro-cylinders are transformed into spherical microlens
structures under the influence of surface tension [51,52]. As the exploration of artificial
biomimetic compound eye structures has progressed, there has been a successive unveiling
of curved biomimetic artificial compound eye MLAs. These advancements incorporate var-
ious materials and technological approaches, including lithography [53], three-dimensional
reconstruction [2], surface wrinkling technology [54], etc. While traditional fabrication
methods exhibit certain feasibility, they are confined by processing accuracy, particularly
in achieving flexible three-dimensional curved surface structures. This necessitates the
adoption of more intricate processing procedures.

The femtosecond laser, characterized by an ultra-short pulse duration ranging from
10−14 to 10−15 s, represents a revolutionary advancement in laser technology. While a
single femtosecond laser pulse carries energy in the range of tens of microjoules to a few
millijoules, its distinctiveness lies in the remarkably short pulse duration, leading to an
exceptionally high peak power. The ultra-short pulse width of femtosecond lasers plays
a pivotal role in effectively circumventing physical and chemical processes that occur in
picoseconds or longer durations, with thermal diffusion being the most notable. Traditional
laser processing approaches often result in a substantial thermal diffusion zone, adversely
impacting processing accuracy. In contrast, femtosecond laser micromachining introduces
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a “cold” processing approach that minimizes damage to the surrounding area and facil-
itates ultra-high precision micro-/nanofabrication [55–57]. Therefore, femtosecond laser
micromachining technology not only fulfills the demands for flexible three-dimensional
processing of devices, but also achieves downsizing [58–65], establishing itself as a potent
tool for the fabrication of microlenses in compound eyes.

This article provides a comprehensive overview of the advancements in the fem-
tosecond laser processing of microlenses for compound eyes, classifying the progress into
additive manufacturing and subtractive manufacturing. Initially, a succinct introduction
to the working principles of biological compound eyes lays the foundation for designing
biomimetic compound eyes. The subsequent sections delve into a detailed exploration of
crucial manufacturing methods employed for crafting biomimetic compound eye structures.
To conclude, the challenges and prospects of MLA manufacturing in both industrial and
academic research are addressed.

2. Femtosecond Laser Processing Technology
2.1. Two-Photon Polymerization Technology

Two-photon polymerization is a captivating phenomenon arising from the interaction
of light and matter. Ordinarily, a molecule or atom absorbs a single photon, undergoing
a transition from the ground state to the excited state. However, when exposed to high-
energy lasers, materials such as photoresists or organic substances exhibit multi-photon
transitions, reaching higher energy levels and initiating cross-linking in photosensitive poly-
mer monomers [66]. This technology harnesses femtosecond lasers for ultra-fine processing.
It capitalizes on the two-photon absorption phenomenon induced by femtosecond lasers
at the focus to solidify the photoresist material. In areas with insufficient laser intensity for
two-photon absorption, the material remains in a liquid state. Precise control over the prepa-
ration of three-dimensional structures is achieved by manipulating the movement of the laser
focus, facilitating genuine three-dimensional, high-precision processing [67–70]. Utilizing
femtosecond laser pulses and two-photon absorption, this manufacturing method reduces
the feature size of 3D printing to sub-micrometer levels, aligning with the prevailing trend
towards miniaturization.

Femtosecond laser two-photon polymerization technology stands out as a versatile
approach for crafting three-dimensional structures with nanoscale precision in diverse
geometric forms. Noteworthy examples of its application encompass the fabrication of
complex 3D structures, such as micro-bull, nano-oscillators, and photonic crystals [67,71,72].
Guo et al., applied femtosecond two-photon polymerization for the manufacturing of
microlenses, employing a continuous layer-by-layer thickness annular scanning pattern [73].
The optimization of crucial process parameters influencing the quality of the resulting
microlenses, including scanning mode and step size, was achieved through a combination
of theoretical simulations and experimental trials. Figure 3a illustrates the successful
production of a 2 × 2 MLA with a diameter of 15 µm. Due to limitations in the processing
technology, most MLAs have a low filling factor, resulting in relatively low optical efficiency.
To address this issue, Wu et al., pioneered the fabrication of high-quality hexagonal MLAs
by capitalizing on the self-smoothing effect and employing an equidistant arc scanning
technique, as illustrated in Figure 3b,c [74]. The hexagonal configuration was selected due
to its close approximation to a circular shape, minimizing off-axis deviations in incident
light and consequently reducing spherical aberration during imaging. This MLA achieved
a filling factor of nearly 100% [Figure 3d], and its exceptional optical performance garnered
acclaim for delivering clear focus and high-resolution imaging.

Benefiting from its meticulous point-by-point processing capability, two-photon poly-
merization has emerged as a versatile technique for crafting intricate three-dimensional
microstructures [75]. This groundbreaking approach addresses the inherent constraints
associated with the repetitive and uniformly curved nature of conventional compound
eye lens arrays, holding significant promise for enhanced optical performance. Sun et al.,
introduced a novel concept of microlens array with different curvatures (MLADC) [76],
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employing two-photon polymerization technology to fabricate microlenses with variable
focus, as shown in Figure 4a. The resulting microlenses exhibited diverse heights and
curvatures, facilitating the imaging of objects at different positions. The ability to adjust
curvature enables comprehensive scene imaging. In the realm of commercial image de-
tectors, nearly all devices are flat due to manufacturing limitations, necessitating multiple
lenses in complex optical systems to achieve a flat image plane [77]. MLADC adeptly
tackles this challenge, featuring unit lenses in the central region that are taller and possess
a shorter focal length than those at the periphery, as illustrated. Unlike the flat focal planes
of traditional MLAs [Figure 4b,d], MLADC introduces a curved focal plane [Figure 4c,e],
providing a mechanism to compensate for the inherent field curvature. In comparison to
traditional MLAs, MLADC exhibits a distinctive optical performance, playing a pivotal role
in optimizing optical system structures, streamlining optical components, and particularly
addressing field curvature corrections.
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The innovation in two-photon polymerization technology lies in its ability to construct
MLAs on curved substrates without the need for masks or templates, mitigating the risk of
deformation during the transition from a planar to a curved structure. In a notable study by
Wu et al., femtosecond laser pixel modulation with high-speed scanning was employed to
process SU-8 material, resulting in the creation of biomimetic compound eye structures [78],
as is visually represented in Figure 5a–d. In the initial phase, a laser beam with a pixel
spacing of 400 nm × 400 nm and a power of 15 mW was used to scan the photoresist,
forming a curved, large base. The entire processing procedure is illustrated in Figure 5e.
Subsequently, a laser beam with a power of 6 mW and a pixel spacing of 100 nm × 100 nm
was employed to process the small eye array on the curved substrate. This processing
technique ensures meticulous control over the shape, height, size, profile, and curvature
of the spherical large base through optimized program design and threshold laser power.
By strategically controlling the height of the spherical large base at 5.3 µm, 10.7 µm, and
16.5 µm, the study achieved undistorted wide-angle imaging at 30◦, 60◦, and 90◦ angles.
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Figure 5. (a) SEM top-view images of the natural compound eye and (c) the artificially prepared
compound eye both exhibit a 100% filling of small eye structures (b,d). The scale bars for (a–d) are
40, 10, 10, and 5 µm, respectively. (e) Schematic diagram of the artificial compound eye processing
modes: I photoresist samples were prepared by spin coating SU-8 films on microscope cover slides,
II illustrates the processing of a hemispherical base, III demonstrates the processing of densely
distributed small eyes on a spherical surface, and IV represents the final composite structure. Figure
reproduced from (a–e) ref. [78], Wiley-VCH.

Femtosecond laser two-photon polymerization is widely employed with photosen-
sitive polymers such as photoresists, proteins, liquid crystals, and soft polymers [79,80].
Leveraging the stimuli-responsive characteristics of polymer materials, researchers have
successfully fabricated tunable biomimetic compound eye lenses. A notable example is
the work by Ma et al., who developed a tunable biomimetic compound eye lens based on
bovine serum albumin (BSA). This compound eye features a double-layer structure with an
SU8 photoresist core and a shell made of BSA protein [81], as shown in Figure 6b–d. Bovine
serum albumin, being highly responsive to the surrounding pH environment, exhibits
contraction and expansion at different pH values [82,83]. Exploiting the pH-responsive
properties of BSA protein, dynamic adjustments of the field of view and focal length were
achieved by altering the pH of the surrounding solution. The field of view angle varied
from 35◦ (pH = 5) to 80◦ (pH = 13), and changes in the microlens shape resulted in variations
in focal length. Consequently, under different pH conditions, the lens could effectively
detect targets at different distances, as shown in Figure 6a. This tunable compound eye
introduces a novel perspective for adjustable imaging and holds promising applications in
the fields of micro-robotic vision, optofluidic devices for wide-field monitoring, medical
endoscopic diagnosis, and microscale particle image velocimetry.
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Figure 6. (a) The schematic of the reversible swelling and contraction characteristics of the protein
compound eye, enabling adjustment of the field of view and focal length. The diagram below depicts
the potential mechanism of the adjustable protein compound eye. (b) The fabrication of the SU-
8/BSA-based compound eye. First, an SU-8 microlens was fabricated; subsequently, the ommatidia
based on BSA were integrated onto the SU-8 microlens through a secondary femtosecond laser direct
writing process. (c) SEM images of the compound eye based on BSA. Figure reproduced from (a–d)
ref. [81], Wiley-VCH.

Two-photon polymerization technology is a suitable tool for manufacturing complex
multi-lens optical systems with high optical performance and significant compactness.
Gissibi et al., utilized femtosecond laser two-photon lithography to fabricate a multi-
layer MLA [75]. This integrated three-dimensional microlens exhibited excellent surface
quality and imaging performance, enhancing the integration of micro-optical systems.
Non-spherical lenses were employed to compensate for optical aberrations, improving the
imaging quality of each surface. Subsequently, composite lenses were manufactured using
a femtosecond laser lithography system. Several different single lenses were combined in a
supporting shell to form a composite lens, meeting various requirements simultaneously.
The simulation of the USAF 1951 resolution test chart in Figure 7a confirms these observa-
tions. Single-layer lenses exhibit strong field-related aberrations, which can be identified
from the blurred edges of the image. Additionally, the magnification of single-layer lenses
is uneven across the entire image field. In Figure 7a, this barrel distortion is clearly visible at
the edges of the image. Figure 7b shows SEM images of the single-layer, double-layer, and
triple-layer lenses. Figure 7c illustrates the optical performance of single-layer, double-layer,
and triple-layer lenses in imaging the USAF 1951 resolution test chart. This work lies at the
intersection of micro-optics and nano-optics, representing a paradigm shift in micro-optics.
The entire process takes only a few hours, from lens design to production and testing to the
final functioning optical device.

The parameters for processing compound eyes in several works are compared in
Table 1. It can be observed that femtosecond laser two-photon polymerization technology
can achieve high-precision manufacturing at the micro and even nano scales, providing
unique advantages in the field of micro-/nanofabrication. However, this technology has a
relatively low processing efficiency, especially unsuitable for the preparation of large-area
structures. Additionally, its applicability is limited to specific materials, mainly photoresists
or organic materials. The soft material and poor mechanical strength and thermal stability
of photoresist materials significantly restrict the practical application of this technology
in production.
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Figure 7. (a) Simulated image of the USAF 1951 resolution test chart. (b) The SEM images of single-
layer, double-layer, and triple-layer lenses. (c) The image of the lens imaging the USAF 1951 resolution
test chart. The distance between the lens and the target is 20 mm, scale: 20 µm. Figure reproduced
from (a–c) ref. [75], Nature.

Table 1. Parameters of compound eyes fabricated using two-photon polymerization technology.

Year No. of
Ommatidium

Ommatidium
Diameter (µm)

Ommatidium
Height (µm)

FOV
(◦) Laser Parameters Materials References

2006 4 15 8 - 800 nm, 80 fs,
80 MHz

commercial
resin [74]

2010 ~91 10 1.2–2.4 - 800 nm, 120 fs,
82 MHz SU-8 [75]

2015 ~67 20 3–10 - 800 nm, 120 fs,
82 MHz SU-8 [77]

2014 ~150 16 4 30–90 790 nm, 120 fs,
80 MHz SU-8 [79]

2019 ~93 8 2 35–80 800 nm, 120 fs,
80 MHz SU-8 [82]

2016 - 100–200 115 80 - photoresist [76]

2.2. Femtosecond Laser Ablation Processing Technology

With the continuous advancement of femtosecond laser technology, femtosecond laser
ablation processing has emerged as an innovative and effective technique for crafting intri-
cate three-dimensional micro-/nanostructures. This method capitalizes on the ultra-high
peak power of femtosecond lasers and the attributes of “cold” processing, making it suitable
for high-hardness materials like diamonds and sapphires [84–87]. Its widespread applica-
tion in creating complex structures demonstrates its efficacy. The interaction between the
femtosecond lasers and the materials induces localized modification in the laser-affected
region. When combined with wet or dry etching, modified areas can be selectively etched
during micro-/nanoprocessing. This dual-process approach enhances precision and control,
making femtosecond laser ablation an indispensable tool in the fabrication of intricate and
high-precision three-dimensional micro-/nanostructures.
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2.2.1. Femtosecond Laser Direct Writing Technology

For the processing of hard materials such as quartz, silicon, and metals, high-energy-
density lasers are typically employed. This involves utilizing femtosecond laser abla-
tion technology to scan and remove material, achieving the fabrication of intricate three-
dimensional micro-/nanostructures. The laser beam is focused on the material’s surface,
and the processed material is placed on a three-dimensional platform. The computer
program controls the motion of the three-dimensional platform. Therefore, the quality of
the optical components depends on the precision, flatness, and stability of the platform’s
motion. Liu et al., utilized femtosecond laser direct writing technology to create positive
spherical microlenses on a glass surface [88]. During the processing, a selective removal
approach was first applied using a spiral scanning method to obtain the spherical cap
structure. The removal of annular regions was then carried out layer by layer from top to
bottom, as shown in Figure 8a. Debris deposited on the cap structure was cleaned using
airflow, followed by a special smoothing treatment to reduce the number of processing lay-
ers and enhance processing quality, as illustrated in Figure 8b. Subsequently, a meridional
arc smoothing process was employed to achieve microlenses with a desirable appearance.
However, as a point-by-point scanning processing technique, processing efficiency becomes
a significant concern when fabricating large-area, three-dimensional structures. Yong et al.,
addressed this challenge by using a high-speed femtosecond laser scanning method to
rapidly produce a large-area concave MLA [89], as depicted in Figure 8c. Each microlens
could be formed by a single femtosecond laser pulse. Within 50 min, approximately
2.78 million microlenses, with diameters of 8.68 µm and depths of 0.95 µm, were fabricated
on a 2 × 2 cm2 polydimethylsiloxane (PDMS) film. The mechanical pressure generated by
the expansion of the laser-induced plasma on molten PDMS and the longer solidification
time of PDMS contributed to the formation of high-quality microlenses. The fabricated
microlenses demonstrated excellent optical performance, and the diameter and depth could
be conveniently adjusted by varying the femtosecond laser power.
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removed by the laser pulses. The material is selectively eliminated through a spiral scanning path,
progressing from layer 1 to layer 6. (b) Schematic of the fabrication process. Figure reproduced from
(a,b) ref. [88], Elsevier. (c) The inset shows the formation mechanism of a microlens irradiated by a
single-femtosecond laser pulse. The following image is a SEM image of the fabricated MLA. Figure
reproduced from (c) ref. [89], American Chemical Society.

Table 2 provides the parameters for processing compound eyes in these two works. For
femtosecond laser direct writing technology, the laser–material interaction region is located
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at the material interface. Any material that absorbs a sufficient amount of energy and lacks
interface constraints can undergo the ablation removal process. Therefore, the laser ablation
processing mode can be applied to work with any material found in nature. However,
material ablation removal is a dynamic process with unstable factors, such as dynamic
changes in the ablation interface and the generation of ablation debris. On the one hand,
these factors hinder the transmission of laser energy to the working area. On the other
hand, they disrupt the state where the processing material lacks interface constraints. All
these factors contribute to a cumulative impact on subsequent direct writing and ablation.
Consequently, current femtosecond laser direct writing technology does not possess stable
three-dimensional processing capabilities.

Table 2. Parameters of compound eyes fabricated by femtosecond laser direct writing technology.

Year No. of
Ommatidium

Ommatidium
Diameter (µm)

Ommatidium
Height (µm)

FOV
(◦)

Laser
Parameters Materials References

2009 1 48 13.2 - 800 nm, 30 fs,
1 kHz optical glass [89]

2013 2.78
million 8.68 0.95 - 800 nm, 50 fs,

1 kHz PDMS [90]

2.2.2. Femtosecond Laser Wet Etching Technology

Femtosecond laser wet etching stands out as a cutting-edge laser microfabrication pro-
cess that has gained considerable traction in recent years. Essentially, this process hinges on
the interaction between femtosecond lasers and materials. When femtosecond lasers induce
material modification within a localized region, the chemical reactivity of the modified
material surpasses that of the unmodified area. Consequently, during subsequent chemical
wet etching, the modified material undergoes rapid removal [84,90–96]. The amalgamation
of chemical wet etching with femtosecond laser processing has significantly enhanced effi-
ciency, resulting in smoother surfaces. This technique has become a focal point of research
interest [87,97–99], particularly in the realm of compound eye fabrication. Its innovative
approach holds promise for advancing precision and quality in microfabrication processes,
reflecting a noteworthy evolution in laser-based manufacturing technologies. Chen et al.,
utilized this method to manufacture large-area concave MLAs on silica glass [100]. Through
laser irradiation and hydrofluoric acid etching processes, they prepared extensive rectangu-
lar and hexagonal arrays of concave microlenses with diameters less than 100 micrometers
in a few hours, as shown in Figure 9a,b. The fabricated microlenses exhibited excellent
surface quality and uniformity. In comparison to traditional processing techniques, this
method is a maskless technology that allows for flexible control over the dimensions and
shapes of the microlenses by adjusting parameters such as pulse energy, pulse count, and
etching time. As crucial optical devices, artificial compound eyes are susceptible to contam-
ination from airborne water droplets or similar pollutants [101,102]. To address this issue,
Li et al., employed a combination of femtosecond laser wet etching and femtosecond laser
direct writing to create superhydrophobic MLAs [103], shown in Figure 9c. The structure
comprises MLAs and surrounding rough areas [Figure 9d]. The rough areas around each
microlens were generated through subsequent femtosecond laser direct writing processes,
resulting in the prepared MLAs exhibiting superhydrophobicity [104–107]. Water droplets
can easily roll off the surface of the fabricated MLAs. By ingeniously combining smooth
microlenses with the surrounding rough microstructures, the fabricated MLAs demon-
strated excellent optical imaging capabilities and self-cleaning abilities. This flat compound
eye structure holds potential applications in endoscopes, solar cells, and various optical
systems frequently used in outdoor environments.
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Figure 9. SEM images of (a) the rectangular MLA and (b) hexagonal MLA. (c) SEM image of the
fabricated PDMS MLA (inset shows a single microlens). Figure reproduced from (a,b) ref. [100],
Optical Society of America. (d) Magnified image of the laser-induced microstructures. Figure
reproduced from (c,d) ref. [103], Wiley-VCH.

As exploration into artificial biomimetic compound eye structures progresses, recent
breakthroughs have unveiled a curved biomimetic artificial compound eye that closely
emulates its counterparts in the natural world. Deng et al., pioneered an innovative process,
shown in Figure 10a, by seamlessly integrating femtosecond laser wet etching and thermal
deformation to craft these intricate structures [108]. The fabrication journey begins with
femtosecond laser wet etching, meticulously creating a concave compound eye lens array.
Subsequently, a planar convex compound eye is created through the thermal imprinting
of polymethyl methacrylate (PMMA) onto the existing structure. The final touch involves
thermal pressing of this array onto a hemispherical mold, softening it to attain the desired
curved structure. Upon cooling, a robust curved compound eye lens is formed. These
artificial compound eyes boast hexagonal, rectangular, or irregular microlenses, each with
nuanced shapes and sizes [Figure 10b,c]. The microlenses average approximately 24.5 µm
in diameter for each small eye, amounting to a grand total of 30,000 small eyes [Figure 10d].
Remarkably, the field of view for a single artificial compound eye can extend up to 140◦,
and when paired with another eye, the collective field of view surpasses 180◦, mirroring
the panoramic perspective observed in natural compound eyes.

Beyond artificial compound eye structures optimized for high transmittance in the
visible light spectrum, there have been notable advancements in the development of
MLAs designed for the infrared (IR) wavelength range. Liu et al., pioneered the use of
a femtosecond laser-induced wet etching technique to meticulously craft high-precision
plano-concave microlens templates on a BK7 glass substrate [109]. Employing nanoimprint-
ing technology, they successfully transferred the intricate microstructure array morphology
onto an infrared polymer sheet, yielding a cutting-edge planar infrared MLA with superior
performance, which is shown in Figure 11a. The specific processing technique involved the
precise focusing of femtosecond laser pulses on a BK7 glass substrate, utilizing a deposition
dose of 135 kJ/cm2 and an irradiation interval of 150 µm. Following the laser-induced
treatment, a sequence of chemical etching and polishing procedures was implemented,
employing a 5% HF solution at room temperature to meticulously shape a rigid template.
The choice of infrared PMMA material, characterized by a refractive index of 1.49 in the
near-infrared range and a Vicat softening temperature of 107 ◦C, played a crucial role.
Subsequently, an MLA device was replicated under a pressure of 87 kPa, resulting in a
device with a well-defined surface morphology, exemplified in Figure 11b,c. The imaging
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performance of the device underwent quantitative analysis using the Modulation transfer
function (MTF) [Figure 11d], revealing a resolution in the infrared range that exceeded
100 lp/mm. Furthermore, both passive and active infrared imaging measurements were
conducted using a halogen lamp as a target, showcasing the device’s clear resolution of
intricate details, such as a filament with a diameter of 0.1 mm. This innovative method in-
troduces a novel approach to fabricating intricate three-dimensional micro-/nanostructures
tailored to the infrared spectrum.
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Figure 11. (a) The 3D morphology of the infrared micro-lens array surface. (b) Scanning electron
microscope image of the device’s surface morphology. (c) Cross-sectional morphology of a micro-lens
unit. (d) MTF of the imaging unit. Figure reproduced from (a–d) ref. [109], Optical Society of America.

Accuracy when transforming a planar micro-lens array into a curved structure is
paramount for the success of the two methods mentioned above. However, during the
conversion process from a planar to a curved surface, unavoidable deformations arise
due to differing curvatures at various positions, thereby affecting the uniformity of the
sub-eyes within the artificial compound eye structure. An alternative fabrication approach
entails directly manufacturing a micro-lens array on a spherical substrate. Wang et al.,
employed a concave glass lens, illustrated in the Figure 12a, as the substrate and harnessed
a femtosecond laser-induced wet etching method to craft a three-dimensional concave lens
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structure [110]. Following this, a two-step hot embossing technique was implemented
to mold it with chalcogenide glass in order to obtain a biomimetic three-dimensional
compound eye, as shown in Figure 12b. The intricate processing sequence began with the
precise focus of femtosecond laser pulses, featuring a wavelength of 800 nm and a pulse
width of 50 fs, onto the surface of a K9 concave glass. Employing a laser power of 17 mW
and an irradiation time of 500 ms per pit, thousands of hexagonal pits, spaced at 90 µm
intervals, were selectively ablated. Subsequent to the laser-induced treatment, a series
of chemical etching and polishing steps ensued, involving the use of an 8% hydrofluoric
acid solution to sculpt the K9 glass compound eye template. The chalcogenide glass
(Ge20Sb15Se65) material, possessing a specific softening temperature, was strategically
placed at the center of the untreated K9 concave glass to create a preform under a pressure
of 142 kPa. The preform was then vertically positioned at the core of the K9 glass artificial
compound eye template, and the precise shaping process was replicated to fabricate the
infrared artificial compound eye structure, mirroring the steps of the initial procedure.
This compound eye incorporated 6000 small eyes arranged in concert, each boasting a
diameter of 88 µm and a concave height of 11 µm [Figure 12c]. Moreover, the compound
eye structure exhibited exceptional active imaging performance, achieving a remarkable
resolution of up to 20.16 lp/mm [Figure 12d]. Subsequent to infrared passive imaging tests,
the infrared compound eye showcased outstanding performance in the realm of infrared
thermal imaging [Figure 11e], displaying a high transmittance of 60–70% in the range of
2.5 to 15 µm. The infrared compound eye accomplished large field-of-view imaging at 60◦,
signaling promising prospects for applications such as large-field imaging, infrared thermal
imaging, and three-dimensional motion detection. The challenge of this approach lies in
the continuous need to adjust the laser focusing position during processing. Specifically,
when machining concave lenses, the focal point shifts downward with a decreasing radius,
necessitating a substantial number of experiments and precise adjustments to achieve the
desired outcome.
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Figure 12. (a) Schematic diagram of the preparation of the K9 glass artificial compound eye template
using femtosecond laser wet etching. (b) Schematic diagram of the “two-step” precision glass
molding method for preparing the artificial compound eyes. (c) SEM image of artificial compound
eyes. (d) Imaging of the USAF 1951 resolution test chart using an infrared compound eye. The inset
shows the USAF 1951 resolution test chart. (e) Infrared passive imaging amplification of the heated
tungsten wire after being powered on. The inset shows the infrared image of the tungsten wire.
Figure reproduced from (a–d) ref. [110], Wiley.

Table 3 presents the parameters for processing compound eyes in these works. Wet-
etching-assisted femtosecond laser modification technology has been widely employed
in the fabrication of certain artificial compound eye structures. However, this method
faces challenges in terms of processing materials with corrosion resistance. Wet etching of
crystalline materials is typically based on crystal orientation, leading to distortions in the
designed structure. Achieving isotropic chemical wet etching requires a mixture solution
with complex and precise component ratios, adding to the process’s requirements.
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Table 3. Parameters of compound eyes fabricated using femtosecond laser wet etching technology.

Year No. of
Ommatidium

Ommatidium
Diameter (µm)

Ommatidium
Height (µm)

FOV
(◦)

Laser
Parameters Materials References

2010 ~20,000

67.05
rectangular

30.54
hexagonal

10.68
rectangular

3.35
hexagonal

- 800 nm, 30 fs,
1 kHz silica glass [101]

2019 ~2500 49.96 7.46 - 800 nm, 50 fs,
1 kHz

K9 glass concave
MLAs/PDMS
convex MLAs

[104]

2016 ~30,000 24.8 4.5 140 800 nm, 50 fs,
1 kHz

K9 glass concave
MLAs/PMMA
convex MLAs

[109]

2019 ~4400 150 16 - 800 nm, 50 fs,
1 kHz

K9 glass concave
MLAs/NIR PMMA

convex MLAs
[110]

2022 ~6000 88 11 60 800 nm, 50 fs,
1 kHz

K9 glass concave
MLAs/Chalcogenide
glass convex MLAs

[111]

2.2.3. Femtosecond Laser Dry Etching Technology

Dry etching technology stands as the most mature and extensively utilized etching
process in the industry. In essence, any etching technique that circumvents chemical solu-
tion corrosion is labeled as dry etching [111–114]. Owing to its commendable controllability,
high precision, and mass etching capabilities in a production line, dry etching has evolved
into a pivotal technology in semiconductor processes. Liu et al., pioneered the concept
of dry-etching-assisted femtosecond laser processing technology, a two-step approach
encompassing femtosecond laser ablation to generate modified regions and plasma etch-
ing (ICP) [115], as shown in Figure 13a,b. Initially, a femtosecond laser beam, boasting a
wavelength of 800 nm and a repetition frequency of 1 kHz, was precisely focused on the
surface of a silicon wafer, creating a microhole array on the silicon’s surface. Subsequently,
the irradiated silicon wafer underwent etching using inductively coupled plasma in sulfur
hexafluoride (SF6) gas. The diameter of the concave structure expanded with the prolonged
etching time, culminating in the formation of concave lenses, depicted in Figure 13c,d. Fur-
thermore, by fine-tuning the laser power, pulse count, and etching duration, the diameter
and height of the structures post-dry etching could be systematically adjusted.
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Figure 13. (a) Schematic diagram of the manufacturing process for a silicon MLA. (b) Schematic
diagram illustrating the evolution of microlens formation. (c) SEM of the closely packed silicon
concave MLAs. (d) The 3D profiles of microlenses. Figure reproduced from (a–d) ref. [115], Wiley.



Photonics 2024, 11, 264 15 of 25

In addition to silicon, high-power plasma etching has emerged as a versatile tool for
processing other robust materials, including superhard materials, for three-dimensional
manufacturing. Sapphire (Al2O3 single crystal), boasting a Mohs hardness of up to 9,
ranks as the third hardest material in nature, showcasing exceptional wear resistance [116].
Additionally, sapphire exhibits high-temperature resistance, with a melting point soaring
to 2040 ◦C. Leveraging these attributes, optical devices based on sapphire demonstrate
promising applications in cutting-edge fields [117–120]. Sapphire’s unique physical and
chemical properties position it as a potential window or substrate material for LEDs and
metasurfaces, given its high transparency across a broad spectral range from UV to mid-IR
(0.18–4.5 µm). Liu et al., introduced a dry-etching-assisted femtosecond laser processing
method for the rapid fabrication of artificial compound eyes on curved sapphire substrates,
resulting in an efficiency improvement of over two orders of magnitude and a reduced
processing time of 7 h, including 3 h for etching [121]. The processing steps are shown
in Figure 14a. The morphology of the compound eyes can be finely tuned by adjusting
laser energy and the number of pulses, offering a focal length range of 10 to 100 µm.
Sapphire concave compound eyes, due to their high hardness and thermal stability, serve
as ideal high-temperature hard casting templates. This enables the replication of convex
compound eyes onto mineral glass materials such as K9 glass [Figure 13b]. Employing
high-temperature casting replication technology, a fully glass compound eye comprising
190,000 ommatidia was successfully manufactured [Figure 14c,d]. Glass compound eyes
boast attributes such as a wide field of view, exceeding 90◦, and a high filling factor (≈100%).
The diameters and heights of the sapphire concave microlenses can be precisely manipu-
lated by adjusting the laser energy, pulse count, and etching time. The outcomes underscore
that high-temperature casting replication of superhard materials offers a groundbreaking
avenue for crafting three-dimensional micro-/nanostructures on hard materials.
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Table 4 provides the parameters for processing compound eyes in these works. Dry
etching provides precise control over structural dimensions by adjusting plasma parameters
to achieve specific etching profiles. However, it can sometimes result in surface damage due
to high-energy ion bombardment, leading to defects like lattice damage or the formation of
amorphous layers, thus adversely affecting device performance. Wet-etching-assisted fem-
tosecond laser modification offers advantages in terms of manufacturing three-dimensional
microchannels within hard materials, while dry etching-assisted femtosecond laser modifi-
cation excels in surface processing. In certain scenarios, a combination of both techniques
can be employed to strike the optimal balance between contour control, surface quality,
and other process parameters, such as etching rate and selectivity.
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Table 4. Parameters of compound eyes fabricated using femtosecond laser wet etching technology.

Year No. of
Ommatidium

Ommatidium
Diameter (µm)

Ommatidium
Height (µm)

FOV
(◦)

Laser
Parameters Materials References

2017 - 20 1.6 - 800 nm, 100
fs, 1 kHz silicon wafer [116]

2019 ~190,000 20 11 90 800 nm, 100
fs, 1 kHz

sapphire concave
MLAs/K9 glass
convex MLAs

[122]

3. Applications

In recent years, researchers have developed planar and curved artificial biomimetic
compound eye structures. These biomimetic compound eye structures, as novel optical
microstructures, have found extensive applications in various fields such as illumination
engineering, radar systems, micro-aerial vehicles, compound eye cameras, night vision de-
vices, and other defense and civilian equipment. In this section, we provide a brief overview
of the application areas, including imaging, dynamic target capture, beam homogenization,
and microfabrication.

The application of artificial compound eye structures and curved carrier optical mi-
crostructures in novel micro-optical devices has unparalleled advantages. Curved MLAs,
with features such as wide-angle imaging, ultra-high resolution, and dynamic imaging,
exhibit extensive application prospects. Inspired by the compound eye structures of insects
such as moths, lobsters, and flies in the natural world, Song et al., combined flexible com-
posite optical elements with deformable, thin silicon photodetectors to create an artificial
compound eye camera [5], as shown in Figure 15a,b. This artificial compound eye camera
offers a superior field of view compared to traditional cameras; reduces the camera’s size;
enhances spatial distribution; and, with excellent optical components, achieves imaging ca-
pabilities surpassing those of biological visual systems. The field of view of this biomimetic
compound eye camera can be adjusted within the range of 140◦–180◦ by changing the
curvature radius of the elastic substrate through hydraulic means. Image reconstruction
algorithms can restore captured images to their original three-dimensional objects. Flore-
ano et al., integrated a three-layer structure comprising a micro-lens array, a silicon-based
photodetector array, and a flexible printed circuit board to create a biomimetic compound
eye system [122], as depicted in Figure 15c. The photodetector array was precisely cut into
42 columns, each containing 15 photodetector array units, then aligned and stacked with
the micro-lens array (with alignment errors in the micrometer range). After curving it into
a hemispherical shape, it was integrated with the flexible circuit board. The entire system
weighed less than 1.7 g and had a volume of only 2.2 cm3, a total power consumption of
less than 0.9 W for 630 sub-eyes, and a field of view of 180◦ × 60◦, as shown in Figure 15d.

Biomimetic compound eyes exhibit significant advantages in motion target detection.
Hu et al., addressed the mismatch between the curved focal planes of biomimetic compound
eye units and commercial planar image sensors by controlling the shape of the compound
eye lens units to increase the depth of field for individual units [123], as shown in Figure 16a.
The resulting micro-biomimetic compound eye lens had dimensions of 400 µm, containing
160 lens units capable of achieving wide-angle imaging within a 90◦ range. Experimental
tests on the spatial position recognition and motion trajectory detection capabilities of
this micro biomimetic compound eye structure revealed real-time reconstruction of the
movement trajectory of a paramecium, as depicted in Figure 11a. Zheng et al., introduced a
three-dimensional trajectory detection technique based on a curved compound eye [124].
The overall structure of this compound eye vision system is illustrated in Figure 16b,
consisting of a curved compound eye lens, aperture, and top light cone. By integrating the
compound eye system with a CCD camera, it rapidly determined the three-dimensional
positions of objects by analyzing the position and intensity distribution of light, achieving
efficient and accurate localization.
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Figure 15. (a) A photograph of the complete camera mounted on a printed circuit board, with
insets featuring a tilted view (upper inset) and a top-down view (lower inset). (b) Exploded view
of the system components: a black silicon perforated sheet (black matrix), a hemispherical array of
micro-lenses and photodiodes/avalanche diodes, thin-film contact points for external interconnection,
and a hemispherical black silicon support substrate. Figure reproduced from (a,b) ref. [5], Nature.
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a maximum power consumption of 0.9 W. (d) Illustration of the panoramic FOV of the fabricated
prototype. Figure reproduced from (c,d) ref. [122], National Academy of Sciences.
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Figure 16. (a) Photograph of the on-chip camera system (left), the µCE camera (top middle), and
the SEM image of the compound eye (top right). The insets include a schematic illustration of the
working mechanism of a paramecium (bottom to middle) and a microscopic image of a paramecium.
(b) The reconstructed 3D trajectory of the Paramecia. (Figure reproduced from (a,b) ref. [123],
Nature. (b) Curved bionic compound-eye lens. Figure reproduced from (b) ref. [124], Optical Society
of America.

The refractive concave MLA has immense application value in micro-optical systems
and structured light fields, particularly in applications such as beam homogenization,
where the divergent characteristics of concave lenses can prevent the generation of “hot
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spots” in the laser’s transmission path. Deng et al., utilized single-pulse femtosecond
laser-assisted chemical wet etching to fabricate a double-sided MLA [125] consisting of
irregularly arranged concave MLAs on both sides with specific rotation angles, as shown
in Figure 17a. Simulation and experimental results indicated that the homogenization
performance was optimal when the rotation angle of the MLAs on both sides was 60◦

[Figure 17b]. Additionally, the MLA can function as a parallel lens group for achieving high-
throughput micro-/nanoprocessing. Liu et al., employed a combination of femtosecond
laser wet etching and hot embossing techniques to fabricate an infrared PMMA MLA [109].
Using the damage probability method, the laser damage thresholds for “single-shot” and
“multiple-shot” conditions of the infrared PMMA material under near-infrared ultrashort
pulses (wavelength of 1030 nm, pulse width of 350 fs) were determined to be 2 J/cm2 and
0.7 J/cm2, respectively, as shown in Figure 17c. Focusing the collimated femtosecond laser
beam through the infrared MLA, the focal spot size after the focusing device was 3.1 µm,
with a fluence density of 2.1 J/cm2, exceeding the laser damage threshold of the polymer.
This allowed for the writing of patterns on the polymer target material, demonstrating
uniform pattern details and spacing (Figure 17d), showcasing the practical application
potential of the microlens.

Photonics 2024, 11, x FOR PEER REVIEW 20 of 27 
 

 

 
Figure 17. (a) The SEM images of the fabricated microlenses. (b) A change of the degree of homog-
enization (D) with the angles (θ) between scans. Inset: Illumination paĴerns of the diffuser at differ-
ent scanning angles. Figure reproduced from (a,b) ref [125], IEEE Xplore. (c) Relationship between 
laser ablation probability and incident energy for the variable region data (solid gray line) to deter-
mine the damage threshold. (d)laser micro-etching paĴern of the MLA device (left). Figure repro-
duced from (c,d) ref [109], Optical Society of America. 

4. Conclusions 
In the early 20th century, scientists embarked on the development of biomimetic 

compound eye systems. Initially constrained by planar fabrication processes, the empha-
sis was on creating planar biomimetic compound eye devices that replicated the multi-
aperture imaging paĴern of compound eyes. With the robust evolution of computer algo-
rithms, researchers delved into methods to enhance the resolution of planar biomimetic 
compound eyes and continuously explored their practical applications. Planar biomimetic 
compound eye systems have exhibited significant potential in areas such as depth detec-
tion and three-dimensional display. Given the primary advantage of biomimetic com-
pound eyes, which lies in the expansive field of view provided by the curved surface, 
curved biomimetic compound eyes have emerged alongside the flourishing of planar 
counterparts. Currently, fabrication processes for curved artificial compound eyes include 
femtosecond laser microfabrication technology, as well as techniques like self-assembly, 
thermally induced reflow deformation, ultra-precision mechanical machining, and others. 
Despite various processing techniques achieving the fabrication of curved microstruc-
tures, challenges persist in the manufacturing processes. The utilization of self-assembly 
of micro/nanospheres made of polymer molecules can form the required array structure 
at the nanometer level, representing a promising method for manufacturing the smallest 
artificial compound eyes. However, the shape of the spheres is susceptible to deformation 
due to excessive compression, and aggregation may not be sufficiently tight. Therefore, 
ensuring the sphericity of the spheres remains a challenge to be addressed. Currently, the 
most commonly used method is the thermal reflow method due to its simplicity and cost-
effectiveness. It can be combined with various deformation methods such as negative 
pressure deformation, gas-assisted deformation, and microfluidic devices, among others. 
However, curved artificial compound eyes prepared by thermal reflow tend to have larger 
dimensions compared to those in nature. On the other hand, single-point diamond micro-
machining may result in micrograting structures on the surface of the micro-lens array 
units due to larger tool spacing, leading to higher surface roughness. 

Femtosecond laser processing technology is increasingly asserting its unique ad-
vantages in crafting artificial biomimetic compound eye structures, leveraging its 

Figure 17. (a) The SEM images of the fabricated microlenses. (b) A change of the degree of homoge-
nization (D) with the angles (θ) between scans. Inset: Illumination patterns of the diffuser at different
scanning angles. Figure reproduced from (a,b) ref [125], IEEE Xplore. (c) Relationship between laser
ablation probability and incident energy for the variable region data (solid gray line) to determine
the damage threshold. (d) laser micro-etching pattern of the MLA device (left). Figure reproduced
from (c,d) ref. [109], Optical Society of America.

4. Conclusions

In the early 20th century, scientists embarked on the development of biomimetic com-
pound eye systems. Initially constrained by planar fabrication processes, the emphasis was
on creating planar biomimetic compound eye devices that replicated the multi-aperture
imaging pattern of compound eyes. With the robust evolution of computer algorithms,
researchers delved into methods to enhance the resolution of planar biomimetic compound
eyes and continuously explored their practical applications. Planar biomimetic compound
eye systems have exhibited significant potential in areas such as depth detection and
three-dimensional display. Given the primary advantage of biomimetic compound eyes,
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which lies in the expansive field of view provided by the curved surface, curved biomimetic
compound eyes have emerged alongside the flourishing of planar counterparts. Currently,
fabrication processes for curved artificial compound eyes include femtosecond laser micro-
fabrication technology, as well as techniques like self-assembly, thermally induced reflow
deformation, ultra-precision mechanical machining, and others. Despite various processing
techniques achieving the fabrication of curved microstructures, challenges persist in the
manufacturing processes. The utilization of self-assembly of micro/nanospheres made of
polymer molecules can form the required array structure at the nanometer level, represent-
ing a promising method for manufacturing the smallest artificial compound eyes. However,
the shape of the spheres is susceptible to deformation due to excessive compression, and
aggregation may not be sufficiently tight. Therefore, ensuring the sphericity of the spheres
remains a challenge to be addressed. Currently, the most commonly used method is the
thermal reflow method due to its simplicity and cost-effectiveness. It can be combined with
various deformation methods such as negative pressure deformation, gas-assisted deforma-
tion, and microfluidic devices, among others. However, curved artificial compound eyes
prepared by thermal reflow tend to have larger dimensions compared to those in nature.
On the other hand, single-point diamond micro-machining may result in micrograting
structures on the surface of the micro-lens array units due to larger tool spacing, leading to
higher surface roughness.

Femtosecond laser processing technology is increasingly asserting its unique advan-
tages in crafting artificial biomimetic compound eye structures, leveraging its precision,
programmable design, and three-dimensional processing capabilities. This review provides
a concise overview of the advancements in femtosecond laser-prepared compound eyes,
emphasizing two pivotal femtosecond laser processing techniques. (1) The first is femtosec-
ond laser additive manufacturing, specifically referring to femtosecond laser two-photon
polymerization. This bottom-up preparation method utilizes the dual-photon absorption
effect when the femtosecond laser interacts with polymers, making it suitable for soft
polymers such as photoresist and proteins. Fine-tuning of laser parameters and polymer
materials allows for the precise fabrication of highly detailed three-dimensional structures.
(2) Femtosecond laser subtractive manufacturing, primarily referring to femtosecond laser
ablation, utilizes the ultra-high energy of a femtosecond laser to selectively remove or mod-
ify the substrate. This approach is applicable to hard substrates, including semiconductors,
metals, and dielectric materials. Further processing through wet or dry etching ensures
surface smoothness, making it suitable for the fabrication of complex three-dimensional
structures. Both femtosecond laser processing methods possess the capability to create
miniaturized, intricate, three-dimensional biomimetic structures, establishing femtosec-
ond laser technology as a key player in the next generation of artificial compound eye
fabrication. Its advantages, including high processing precision, strong controllability, and
applicability to various material types, provide robust support for the development of
biomimetic compound eyes.

However, there are still some obstacles that need to be overcome. (1) Further improve-
ment of processing efficiency: In actual manufacturing, there is a challenging balance be-
tween the dimensions, unit numbers, surface precision of devices, and processing efficiency.
For example, two-photon polymerization technology, as a point-by-point scanning process-
ing method, has a long processing time, relatively low efficiency, and is not conducive to
practical industrial production [74,78,126]. While femtosecond laser ablation technology
can achieve the preparation of complex three-dimensional micro-/nanostructures on hard
materials, processing hard materials typically requires high laser energy density, which
makes it challenging to increase processing rates. It is essential to explore innovative
strategies aimed at enhancing the fabrication efficiency of femtosecond laser modifica-
tion [109,127]. For example, parallel processing technologies such as laser interference and
spatial light modulators are employed for multi-beam processing and three-dimensional
focal field scanning to enhance processing efficiency [128–130]. (2) High-precision manu-
facturing challenges for complex three-dimensional biomimetic compound eyes include
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the following: Biological compound eyes are composed of numerous facets, each with
nearly perfect geometric shapes. The size, spacing, arrangement, and effective quantity
of each facet directly impact the imaging quality, responsiveness, and field of view of the
compound eye. As a precise optical component, a biomimetic compound eye needs to have
a three-dimensional surface configuration comparable to that of an biological compound
eye. The array of small eye lenses not only needs to be closely arranged, but also requires
external contours to strictly adhere to specific function curves [131]. The preparation of such
a high-precision three-dimensional compound eye structure poses a severe challenge to
traditional manufacturing processes. Certainly, prior to fabrication, one can utilize relevant
software (such as ZEMAX) to simulate compound eye parameters, calculate the required
specifications, and produce an artificial compound eye structure comparable to that of an
insect compound eye [123]. (3) Integration challenges of optoelectronic functional compo-
nents: For macroscopic biomimetic compound eye systems, assembly is typically achieved
by assembling various discrete components. Traditional preparation methods involve the
independent processing and fabrication of each component, followed by precision assembly.
This method not only increases the volume of the optoelectronic system, but also introduces
information loss due to component coupling, thereby diminishing the performance of the
compound eye. This approach is clearly unsuitable for miniature compound eyes. When
the size of the compound eye is in the millimeter or even hundred-micrometer range,
achieving precise alignment and assembly of multiple components becomes extremely
challenging. To address the integration challenges, there are several approaches: (a) utilize
light path folding to converge images distributed on curved lenses onto a flat surface. This
includes techniques such as fiber optic bending and lens bending; or (b) develop flexible
image sensors that can directly capture images formed by the curved compound eye.

The potential applications and developmental possibilities of curved artificial com-
pound eyes are vast. These future artificial compound eyes have the capability to mimic
natural vision more effectively and adapt to a wide range of scenarios. By utilizing innova-
tive materials, they can operate in different wavelengths, including infrared and ultraviolet,
broadening their usability across diverse environments. Concurrently, improvements in the
optical and mechanical performance of biomimetic compound eyes enhance their overall
stability and durability. The integration of intelligent technology and artificial intelligence
algorithms empowers biomimetic compound eyes to process and interpret visual infor-
mation intelligently, allowing them to comprehend and respond to complex scenes. An
illustrative example is the integration of artificial compound eyes with CCD cameras,
forming intelligent electronic panoramic cameras. With their expansive field of view, these
eyes find applications in medicine, contributing to the development of endoscopes for
enhanced monitoring of internal body structures. Moreover, the compound eye structure
holds the potential to be incorporated into unmanned aerial vehicles, small robots, or
automobiles for navigation and surveillance purposes [132]. Despite successful advance-
ments in producing artificial compound eyes using various technologies, imaging systems
still grapple with challenges such as large volume and complex manufacturing processes.
Future research efforts should concentrate on seamlessly integrating curved micro-lens
arrays into compact devices; achieving commercialization; and propelling advancements
in panoramic imaging, 3D information extraction, biomedical applications, and navigation
and positioning technologies.

Author Contributions: Conceptualization, F.C. and F.Z.; validation, H.X. and F.Z.; formal analysis,
H.X. and F.Z.; investigation, F.Z. and Q.Y.; data curation, Y.L. and G.D.; writing—original draft
preparation, F.Z.; writing—review and editing, F.Z. and G.D.; supervision, F.C. and Q.Y.; project
administration, F.C. All authors have read and agreed to the published version of the manuscript.

Funding: This work is supported by the National Science Foundation of China under the Grant (nos.
12127806, 62175195), the International Joint Research Laboratory for Micro/Nano Manufacturing and
Measurement Technologies, the Natural Science Foundation of Shandong Province (ZR2023QF107),
the Doctoral Research Foundation of Liaocheng University (318052215).



Photonics 2024, 11, 264 21 of 25

Institutional Review Board Statement: The study did not require ethical approval.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Informed consent was obtained from all subjects involved in the study.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Cao, J.J.; Hou, Z.S.; Tian, Z.N.; Hua, J.G.; Zhang, Y.L.; Chen, Q.D. Bioinspired zoom compound eyes enable variable-focus imaging.

ACS Appl. Mater. Interfaces 2020, 12, 10107–10117. [CrossRef]
2. Jeong, K.H.; Kim, J.; Lee, L.P. Biologically inspired artificial compound eyes. Science 2006, 312, 557–561. [CrossRef]
3. Kim, K.; Jang, K.W.; Bae, S.I.; Jeong, K.H. Multi-functional imaging inspired by insect stereopsis. Commun. Eng. 2022, 1, 39.

[CrossRef]
4. Dai, B.; Zhang, L.; Zhao, C.; Bachman, H.; Becker, R.; Mai, J.; Jiao, Z.; Li, W.; Zheng, L.; Wan, X.; et al. Biomimetic apposition

compound eye fabricated using microfluidic-assisted 3D printing. Nat. Commun. 2021, 12, 6458. [CrossRef]
5. Song, Y.M.; Xie, Y.; Malyarchuk, V.; Xiao, J.; Jung, I.; Choi, K.J.; Liu, Z.; Park, H.; Lu, C.; Kim, R.H.; et al. Digital cameras with

designs inspired by the arthropod eye. Nature 2013, 497, 95–99. [CrossRef]
6. Lee, L.P.; Szema, R. Inspirations from biological optics for advanced photonic systems. Science 2005, 310, 1148–1150. [CrossRef]
7. Duparré, J.W.; Wippermann, F.C. Micro-optical artificial compound eyes. Bioinspir. Biomim. 2006, 1, R1–R16. [CrossRef]
8. Stavenga, D.; Kinoshita, M.; Yang, E.-C.; Arikawa, K. Retinal regionalization and heterogeneity of butterfly eyes. Sci. Nat. 2001,

88, 477–481. [CrossRef] [PubMed]
9. Garza-Rivera, A.; Renero-Carrillo, F.-J. Design of artificial apposition compound eye with cylindrical micro-doublets. Opt. Rev.

2011, 18, 184–186. [CrossRef]
10. Olberg, R.M. Object- and self-movement detectors in the ventral nerve cord of the dragonfly. J. Comp. Physiol. A 1981, 141,

327–334. [CrossRef]
11. Snyder, A.W.; Stavenga, D.G.; Laughlin, S.B. Spatial information capacity of compound eyes. J. Comp. Physiol. A 1977, 116,

183–207. [CrossRef]
12. Beersma, D.G.M.; Stavenga, D.G.; Kuiper, J.W. Organization of visual axes in the compound eye of the FlyMusca domestica L. and

behavioural consequences. J. Comp. Physiol. A 1975, 102, 305–320. [CrossRef]
13. Li, J.; Wang, W.; Mei, X.; Pan, A.; Sun, X.; Liu, B.; Cui, J. Artificial compound eyes prepared by a combination of Air-assisted

deformation, modified laser swelling, and controlled crystal growth. ACS Nano 2019, 13, 114–124. [CrossRef] [PubMed]
14. Liang, W.L.; Pan, J.G.; Su, G.D. One-lens camera using a biologically based artificial compound eye with multiple focal lengths.

Optica 2019, 6, 326–334. [CrossRef]
15. Fallah, H.R.; Karimzadeh, A. Design and simulation of a high-resolution superposition compound eye. J. Mod. Opt. 2007, 54,

67–76. [CrossRef]
16. Fallah, H.R.; Karimzadeh, A. MTF of compound eye. Opt. Express 2010, 18, 12304. [CrossRef]
17. Gao, X.; Yan, X.; Yao, X.; Xu, L.; Zhang, K.; Zhang, J.; Yang, B.; Jiang, L. The dry-style antifogging properties of mosquito

compound eyes and artificial analogues prepared by soft lithography. Adv. Mater. 2007, 19, 2213–2217. [CrossRef]
18. Sun, Z.; Liao, T.; Liu, K.; Jiang, L.; Kim, J.H.; Dou, S.X. Fly-eye inspired superhydrophobic anti-fogging inorganic nanostructures.

Small 2014, 10, 3001–3006. [CrossRef]
19. Cheng, Y.; Cao, J.; Zhang, F.; Hao, Q. Design and modeling of pulsed-laser three-dimensional imaging system inspired by

compound and human hybrid eye. Sci. Rep. 2018, 8, 17164. [CrossRef]
20. Qu, P.; Chen, F.; Liu, H.; Yang, Q.; Lu, J.; Si, J.; Wang, Y.; Hou, X. A simple route to fabricate artificial compound eye structures.

Opt. Express 2012, 20, 5775–5782. [CrossRef]
21. Huang, C.C.; Wu, X.; Liu, H.; Aldalali, B.; Rogers, J.A.; Jiang, H. Large-Field-of-View Wide-Spectrum Artificial Reflecting

Superposition Compound Eyes. Small 2014, 10, 3050–3057. [CrossRef] [PubMed]
22. Brady, D.J.; Gehm, M.E.; Stack, R.A.; Marks, D.L.; Kittle, D.S.; Golish, D.R.; Vera, E.M.; Feller, S.D. Multiscale gigapixel

photography. Nature 2012, 486, 386–389. [CrossRef] [PubMed]
23. Ko, H.C.; Stoykovich, M.P.; Song, J.; Malyarchuk, V.; Choi, W.M.; Yu, C.-J.; Iii, J.B.G.; Xiao, J.; Wang, S.; Huang, Y.; et al. A

hemispherical electronic eye camera based on compressible silicon optoelectronics. Nature 2008, 454, 748–753. [CrossRef]
24. Zhang, K.; Jung, Y.H.; Mikael, S.; Seo, J.-H.; Kim, M.; Mi, H.; Zhou, H.; Xia, Z.; Zhou, W.; Gong, S.; et al. Origami silicon

optoelectronics for hemispherical electronic eye systems. Nat. Commun. 2017, 8, 1782. [CrossRef]
25. Lee, G.J.; Choi, C.; Kim, D.H.; Song, Y.M. Bioinspired artificial eyes: Optic components, digital cameras, and visual prostheses.

Adv. Funct. Mater. 2008, 28, 1705202. [CrossRef]
26. Iyer, V.; Najafi, A.; James, J.; Fuller, S.; Gollakota, S. Wireless steerable vision for live insects and insect-scale robots. Sci. Robot.

2020, 5, 0839. [CrossRef]
27. Li, J.; Thiele, S.; Quirk, B.C.; Kirk, R.W.; Verjans, J.W.; Akers, E.; Bursill, C.A.; Nicholls, S.J.; Herkommer, A.M.; Giessen, H.; et al.

Ultrathin monolithic 3D printed optical coherence tomography endoscopy for preclinical and clinical use. Light Sci. Appl. 2020,
9, 124. [CrossRef]

https://doi.org/10.1021/acsami.9b21008
https://doi.org/10.1126/science.1123053
https://doi.org/10.1038/s44172-022-00039-y
https://doi.org/10.1038/s41467-021-26606-z
https://doi.org/10.1038/nature12083
https://doi.org/10.1126/science.1115248
https://doi.org/10.1088/1748-3182/1/1/R01
https://doi.org/10.1007/s001140100268
https://www.ncbi.nlm.nih.gov/pubmed/11771477
https://doi.org/10.1007/s10043-011-0021-3
https://doi.org/10.1007/BF00609935
https://doi.org/10.1007/BF00605402
https://doi.org/10.1007/BF01464343
https://doi.org/10.1021/acsnano.8b04047
https://www.ncbi.nlm.nih.gov/pubmed/30623651
https://doi.org/10.1364/OPTICA.6.000326
https://doi.org/10.1080/09500340600872739
https://doi.org/10.1364/OE.18.012304
https://doi.org/10.1002/adma.200601946
https://doi.org/10.1002/smll.201400516
https://doi.org/10.1038/s41598-018-35098-9
https://doi.org/10.1364/OE.20.005775
https://doi.org/10.1002/smll.201400037
https://www.ncbi.nlm.nih.gov/pubmed/24764227
https://doi.org/10.1038/nature11150
https://www.ncbi.nlm.nih.gov/pubmed/22722199
https://doi.org/10.1038/nature07113
https://doi.org/10.1038/s41467-017-01926-1
https://doi.org/10.1002/adfm.201705202
https://doi.org/10.1126/scirobotics.abb0839
https://doi.org/10.1038/s41377-020-00365-w


Photonics 2024, 11, 264 22 of 25

28. Yanny, K.; Antipa, N.; Liberti, W.; Dehaeck, S.; Monakhova, K.; Liu, F.L.; Shen, K.; Ng, R.; Waller, L. Miniscope3D: Optimized
single-shot miniature 3D fluorescence microscopy. Light Sci. Appl. 2020, 9, 171. [CrossRef]

29. Pahlevaninezhad, H.; Khorasaninejad, M.; Huang, Y.-W.; Shi, Z.; Hariri, L.P.; Adams, D.C.; Ding, V.; Zhu, A.; Qiu, C.-W.; Capasso,
F.; et al. Nano-optic endoscope for high-resolution optical coherence tomography in vivo. Nat. Photonics 2018, 12, 540–547.
[CrossRef]

30. Lin, R.J.; Su, V.-C.; Wang, S.; Chen, M.K.; Chung, T.L.; Chen, Y.H.; Kuo, H.Y.; Chen, J.-W.; Chen, J.; Huang, Y.-T.; et al. Achromatic
metalens array for full-colour light-field imaging. Nat. Nanotechnol. 2019, 14, 227–231. [CrossRef] [PubMed]

31. Duparré, J.; Dannberg, P.; Schreiber, P.; Bräuer, A.; Tünnermann, A. Thin compound-eye camera. Appl. Opt. 2005, 44, 2949–2956.
[CrossRef] [PubMed]

32. Luo, Y.; Chu, C.H.; Vyas, S.; Kuo, H.Y.; Chia, Y.H.; Chen, M.K.; Shi, X.; Tanaka, T.; Misawa, H.; Huang, Y.-Y.; et al. Varifocal
metalens for optical sectioning fluorescence microscopy. Nano Lett. 2021, 21, 5133–5142. [CrossRef]

33. Holzner, G.; Du, Y.; Cao, X.; Choo, J.; Demello, A.J.; Stavrakis, S. An optofluidic system with integrated microlens arrays for
parallel imaging flow cytometry. Lab Chip 2018, 18, 3631–3637. [CrossRef]

34. Yoshimoto, K.; Yamada, K.; Sasaki, N.; Takeda, M.; Shimizu, S.; Nagakura, T.; Takahashi, H.; Ohno, Y. Evaluation of a compound
eye type tactile endoscope. Proc. SPIE 2013, 8575, 81–86.

35. Ahmed, R.; Yetisen, A.K.; Butt, H. High numerical aperture hexagonal stacked ring-based bidirectional flexible polymer microlens
array. ACS Nano 2017, 11, 3155–3165. [CrossRef]

36. Choi, W.; Shin, R.; Lim, J.; Kang, S. Design methodology for a confocal imaging system using an objective microlens array with an
increased working distance. Sci. Rep. 2016, 6, 33278. [CrossRef]

37. Deng, Z.; Yang, Q.; Chen, F.; Meng, X.; Bian, H.; Yong, J.; Shan, C.; Hou, X. Fabrication of large-area concave microlens array on
silicon by femtosecond laser micromachining. Opt. Lett. 2015, 40, 1928–1931. [CrossRef]

38. Tanida, J.; Kumagai, T.; Yamada, K.; Miyatake, S.; Ishida, K.; Morimoto, T.; Kondou, N.; Miyazaki, D.; Ichioka, Y. Thin observation
module by bound optics (TOMBO): An optoelectronic image capturing system. Opt. Comput. 2000, 4089, 1030–1036.

39. Chen, J.; Lee, H.H.; Wang, D.; Di, S.; Chen, S. Hybrid imprinting process to fabricate a multi-layer compound eye for multispectral
imaging. Opt. Express 2017, 25, 4180–4189. [CrossRef] [PubMed]

40. Huang, C.-C.; Jiang, H. Bio-inspired wide-angle broad-spectrum cylindrical lens based on reflections from micro-mirror array on
a cylindrical elastomeric membrane. Micromachines 2014, 5, 373–384. [CrossRef]

41. Bi, X.; Li, W. Fabrication of flexible microlens arrays through vapor-induced dewetting on selectively plasma-treated surfaces.
J. Mater. Chem. C 2015, 3, 5825–5834. [CrossRef]

42. Choi, H.J.; Kang, E.K.; Ju, G.W.; Song, Y.M.; Lee, Y.T. Shape-controllable, bottom-up fabrication of microlens using oblique angle
deposition. Opt. Lett. 2016, 41, 3328–3330. [CrossRef] [PubMed]

43. Kang, D.; Pang, C.; Kim, S.M.; Cho, H.S.; Um, H.S.; Choi, Y.W.; Suh, K.Y. shape-controllable microlens arrays via direct transfer of
photocurable polymer droplets. Adv. Mater. 2012, 24, 1709–1715. [CrossRef]

44. Lai, L.-J.; Zhou, H.; Zhu, L.-M. Fabrication of microlens array on silicon surface using electrochemical wet stamping technique.
Appl. Surf. Sci. 2016, 364, 442–445. [CrossRef]

45. Surdo, S.; Diaspro, A.; Duocastella, M. Microlens fabrication by replica molding of frozen laser-printed droplets. Appl. Surf. Sci.
2017, 418, 554–558. [CrossRef]

46. Liu, F.; Bian, H.; Zhang, F.; Yang, Q.; Shan, C.; Li, M.J.; Hou, X.; Chen, F. IR artificial compound eye. Adv. Opt. Mater. 2020,
8, 1901767. [CrossRef]

47. Bowen, J.J.; Taylor, J.M.; Jurich, C.P.; Morin, S.A. Stretchable chemical patterns for the assembly and manipulation of arrays of
microdroplets with lensing and micromixing functionality. Adv. Funct. Mater. 2015, 25, 5520–5528. [CrossRef]

48. Lee, J.Y.; Hong, B.H.; Kim, W.Y.; Min, S.Y.; Kim, Y.; Jouravlev, M.; Bose, R.; Kim, K.S.; Hwang, I.; Kaufman, F.; et al. Near-field
focusing and magnification through self-assembled nanoscale spherical lenses. Nature 2009, 460, 498–501. [CrossRef]

49. Lu, Y.; Yin, Y.D.; Xia, Y.N. A self-assembly approach to the fabrication of patterned, two-dimensional arrays of microlenses of
organic polymers. Adv. Mater. 2001, 13, 34–37. [CrossRef]

50. Lee, K.; Wagermaier, W.; Masic, A.; Kommareddy, K.P.; Bennet, M.; Manjubala, I.; Lee, S.-W.; Park, S.B.; Cölfen, H.; Fratzl, P.
Self-assembly of amorphous calcium carbonate microlens arrays. Nat. Commun. 2012, 3, 725. [CrossRef]

51. Zhang, D.; Xu, Q.; Fang, C.; Wang, K.; Wang, X.; Zhuang, S.; Dai, B. Fabrication of a microlens array with controlled curvature by
thermally curving photosensitive gel film beneath microholes. ACS Appl. Mater. Interfaces 2017, 9, 16604–16609. [CrossRef]

52. Jung, H.; Jeong, K.-H. Monolithic polymer microlens arrays with high numerical aperture and high packing density. ACS Appl.
Mater. Interfaces 2015, 7, 2160–2165. [CrossRef] [PubMed]

53. Tormen, M.; Carpentiero, A.; Ferrari, E.; Cojoc, D.; Di Fabrizio, E. Novel fabrication method for three-dimensional nanostructuring:
An application to micro-optics. Nanotechnology 2007, 18, 385301. [CrossRef]

54. Chan, E.P.; Crosby, A.J. Fabricating Microlens Arrays by Surface Wrinkling. Adv. Mater. 2006, 18, 3238–3242. [CrossRef]
55. Jiang, L.; Wang, A.-D.; Li, B.; Cui, T.-H.; Lu, Y.-F. Electrons dynamics control by shaping femtosecond laser pulses in mi-

cro/nanofabrication: Modeling, method, measurement and application. Light Sci. Appl. 2018, 7, 17134. [CrossRef] [PubMed]
56. Bonse, J.; Baudach, S.; Krüger, J.; Kautek, W.; Lenzner, M. Femtosecond laser ablation of silicon–modification thresholds and

morphology. Appl. Phys. A 2003, 74, 19–25. [CrossRef]

https://doi.org/10.1038/s41377-020-00403-7
https://doi.org/10.1038/s41566-018-0224-2
https://doi.org/10.1038/s41565-018-0347-0
https://www.ncbi.nlm.nih.gov/pubmed/30664753
https://doi.org/10.1364/AO.44.002949
https://www.ncbi.nlm.nih.gov/pubmed/15929282
https://doi.org/10.1021/acs.nanolett.1c01114
https://doi.org/10.1039/C8LC00593A
https://doi.org/10.1021/acsnano.7b00211
https://doi.org/10.1038/srep33278
https://doi.org/10.1364/OL.40.001928
https://doi.org/10.1364/OE.25.004180
https://www.ncbi.nlm.nih.gov/pubmed/28241623
https://doi.org/10.3390/mi5020373
https://doi.org/10.1039/C4TC02944E
https://doi.org/10.1364/OL.41.003328
https://www.ncbi.nlm.nih.gov/pubmed/27420527
https://doi.org/10.1002/adma.201104507
https://doi.org/10.1016/j.apsusc.2015.12.085
https://doi.org/10.1016/j.apsusc.2016.11.077
https://doi.org/10.1002/adom.201901767
https://doi.org/10.1002/adfm.201502174
https://doi.org/10.1038/nature08173
https://doi.org/10.1002/1521-4095(200101)13:1%3C34::AID-ADMA34%3E3.0.CO;2-1
https://doi.org/10.1038/ncomms1720
https://doi.org/10.1021/acsami.7b00766
https://doi.org/10.1021/am5077809
https://www.ncbi.nlm.nih.gov/pubmed/25612820
https://doi.org/10.1088/0957-4484/18/38/385301
https://doi.org/10.1002/adma.200601595
https://doi.org/10.1038/lsa.2017.134
https://www.ncbi.nlm.nih.gov/pubmed/30839523
https://doi.org/10.1007/s003390100893


Photonics 2024, 11, 264 23 of 25

57. Matsuo, S.; Hashimoto, S. Spontaneous formation of 10-mum-scale periodic patterns in transverse-scanning femtosecond laser
processing. Opt. Express 2015, 23, 165–171. [CrossRef] [PubMed]

58. Bian, H.; Shan, C.; Liu, K.; Chen, F.; Yang, Q.; Yong, J.; Hou, X. A miniaturized Rogowski current transducer with wide bandwidth
and fast response. J. Micromech. Microeng. 2016, 26, 115015. [CrossRef]

59. Chen, F.; Zhang, D.; Yang, Q.; Yong, J.; Du, G.; Si, J.; Yun, F.; Hou, X. Bioinspired wetting surface via laser microfabrication. ACS
Appl. Mater. Interfaces 2013, 5, 6777–6792. [CrossRef]

60. Lin, J.; Yu, S.; Ma, Y.; Fang, W.; He, F.; Qiao, L.; Tong, L.; Cheng, Y.; Xu, Z. On-chip three-dimensional high-Q microcavities
fabricated by femtosecond laser direct writing. Opt. Express 2012, 20, 10212–10217. [CrossRef]

61. Lu, D.-X.; Zhang, Y.-L.; Han, D.-D.; Wang, H.; Xia, H.; Chen, Q.-D.; Ding, H.; Sun, H.-B. Solvent-tunable PDMS microlens
fabricated by femtosecond laser direct writing. J. Mater. Chem. C 2015, 3, 1751–1756. [CrossRef]

62. Nishiyama, H.; Nishii, J.; Mizoshiri, M.; Hirata, Y. Microlens arrays of high-refractive-index glass fabricated by femtosecond laser
lithography. Appl. Surf. Sci. 2009, 255, 9750–9753. [CrossRef]

63. Sugioka, K.; Xu, J.; Wu, D.; Hanada, Y.; Wang, Z.; Cheng, Y.; Midorikawa, K. Femtosecond laser 3D micromachining: A powerful
tool for the fabrication of microfluidic, optofluidic, and electrofluidic devices based on glass. Lab Chip 2014, 14, 3447–3458.
[CrossRef] [PubMed]

64. Zhang, H.; Yang, F.; Dong, J.; Du, L.; Wang, C.; Zhang, J.; Guo, C.F.; Liu, Q. Kaleidoscopic imaging patterns of complex structures
fabricated by laser-induced deformation. Nat. Commun. 2016, 7, 13743. [CrossRef] [PubMed]

65. Zheng, C.; Hu, A.; Kihm, K.D.; Ma, Q.; Li, R.; Chen, T.; Duley, W.W. femtosecond laser fabrication of cavity microball lens (CMBL)
inside a PMMA substrate for super-wide angle imaging. Small 2015, 11, 3007–3016. [CrossRef]

66. Albota, M.; Beljonne, D.; Bredas, J.L.; Ehrlich, J.; Fu, J.; Heikal, A.A.; Hess, S.E.; Kogej, T.; Levin, M.; Marder, S.; et al. Design of
organic molecules with large two-photon absorption cross-sections. Science 1998, 281, 1653–1656. [CrossRef]

67. Kawata, S.; Sun, H.-B.; Tanaka, T.; Takada, K. Finer features for functional microdevices. Nature 2001, 412, 697–698. [CrossRef]
[PubMed]

68. Tanaka, T.; Ishikawa, A.; Kawata, S. Two-photon-induced reduction of metal ions for fabricating three-dimensional electrically
conductive metallic microstructure. Appl. Phys. Lett. 2006, 88, 081107. [CrossRef]

69. Hu, Y.; Chen, Y.; Ma, J.; Li, J.; Huang, W.; Chu, J. High-efficiency fabrication of aspheric microlens arrays by holographic
femtosecond laser-induced photopolymerization. Appl. Phys. Lett. 2013, 103, 141112. [CrossRef]

70. Xu, B.B.; Xia, H.; Niu, L.G.; Zhang., Y.L.; Sun, K.; Chen, Q.D.; Xu, Y.; LV, Z.Q.; Li, Z.H.; Misawa, H.; et al. Flexible nanowiring of
metal on nonplanar substrates by femtosecond-laser-induced electroless plating. Small 2010, 6, 1762–1766. [CrossRef]

71. Cumpston, B.H.; Ananthavel, S.P.; Barlow, S.; Dyer, D.L.; Ehrlich, J.E.; Erskine, L.L.; Heikal, A.A.; Kuebler, S.M.; Lee, I.-Y.S.;
McCord-Maughon, D.; et al. Two-photon polymerization initiators for three-dimensional optical data storage and microfabrication.
Nature 1999, 398, 51–54. [CrossRef]

72. Deubel, M.; von Freymann, G.; Wegener, M.; Pereira, S.; Busch, K.; Soukoulis, C.M. Direct laser writing of three-dimensional
photonic-crystal templates for telecommunications. Nat. Mater. 2004, 3, 444–447. [CrossRef]

73. Guo, R.; Xiao, S.; Zhai, X.; Li, J.; Xia, A.; Huang, W. Micro lens fabrication by means of femtosecond two photon photopolymeriza-
tion. Opt. Express 2006, 14, 810–816. [CrossRef]

74. Wu, D.; Wu, S.Z.; Niu, L.G.; Chen, Q.D.; Wang, R.; Song, J.F.; Fang, H.H.; Sun, H.B. High numerical aperture microlens arrays of
close packing. Appl. Phys. Lett. 2010, 97, 031109. [CrossRef]

75. Gissibl, T.; Thiele, S.; Herkommer, A.; Giessen, H. Two-photon direct laser writing of ultracompact multi-lens objectives. Nat.
Photonics 2016, 10, 554–560. [CrossRef]

76. Tian, Z.N.; Yao, W.G.; Xu, J.J.; Yu, Y.H.; Chen, Q.D.; Sun, H.B. Focal varying microlens array. Opt. Lett. 2015, 40, 4222–4225.
[CrossRef] [PubMed]

77. Abrahamsson, S.; Chen, J.; Hajj, B.; Stallinga, S.; Katsov, A.Y.; Wisniewski, J.; Mizuguchi, G.; Soule, P.; Mueller, F.; Darzacq, C.D.;
et al. Fast multicolor 3D imaging using aberration-corrected multifocus microscopy. Nat. Methods 2013, 10, 60–63. [CrossRef]

78. Wu, D.; Wang, J.N.; Niu, L.G.; Zhang, X.L.; Wu, S.Z.; Chen, Q.D.; Lee, L.P.; Sun, H.B. Bioinspired fabrication of high-quality 3D
artificial compound eyes by voxel-modulation femtosecond laser writing for distortion-free wide-field-of-view imaging. Adv.
Opt. Mater. 2014, 2, 751–758. [CrossRef]

79. Sun, Q.; Juodkazis, S.; Murazawa, N.; Mizeikis, V.; Misawa, H. Freestanding and movable photonic microstructures fabricated by
photopolymerization with femtosecond laser pulses. J. Micromech. Microeng. 2010, 20, 035004. [CrossRef]

80. Prabhakaran, P.; Son, Y.; Ha, C.-W.; Park, J.-J.; Jeon, S.; Lee, K.-S. Optical materials forming tightly polymerized voxels during
laser direct writing. Adv. Eng. Mater. 2018, 20, 1800320. [CrossRef]

81. Ma, Z.C.; Hu, X.Y.; Zhang, Y.L.; Liu, X.Q.; Hou, Z.S.; Niu, L.G.; Zhu, L.; Han, B.; Chen, Q.D.; Sun, H.B. Smart compound eyes
enable tunable imaging. Adv. Funct. Mater. 2019, 29, 1903340. [CrossRef]

82. Wei, S.; Liu, J.; Zhao, Y.; Zhang, T.; Zheng, M.; Jin, F.; Dong, X.; Xing, J.; Duan, X.; Lu, Y. Protein-based 3D microstructures with
controllable morphology and pH-responsive properties. ACS Appl. Mater. Interfaces 2017, 9, 42247–42257. [CrossRef] [PubMed]

83. Lay, C.L.; Lee, Y.H.; Lee, M.R.; Phang, I.Y.; Ling, X.Y. Formulating an ideal protein photoresist for fabricating dynamic mi-
crostructures with high aspect ratios and uniform responsiveness. ACS Appl. Mater. Interfaces 2016, 8, 8145–8153. [CrossRef]
[PubMed]

https://doi.org/10.1364/OE.23.000165
https://www.ncbi.nlm.nih.gov/pubmed/25835663
https://doi.org/10.1088/0960-1317/26/11/115015
https://doi.org/10.1021/am401677z
https://doi.org/10.1364/OE.20.010212
https://doi.org/10.1039/C4TC02737J
https://doi.org/10.1016/j.apsusc.2009.04.064
https://doi.org/10.1039/C4LC00548A
https://www.ncbi.nlm.nih.gov/pubmed/25012238
https://doi.org/10.1038/ncomms13743
https://www.ncbi.nlm.nih.gov/pubmed/27910852
https://doi.org/10.1002/smll.201403419
https://doi.org/10.1126/science.281.5383.1653
https://doi.org/10.1038/35089130
https://www.ncbi.nlm.nih.gov/pubmed/11507627
https://doi.org/10.1063/1.2177636
https://doi.org/10.1063/1.4824307
https://doi.org/10.1002/smll.201000511
https://doi.org/10.1038/17989
https://doi.org/10.1038/nmat1155
https://doi.org/10.1364/OPEX.14.000810
https://doi.org/10.1063/1.3464979
https://doi.org/10.1038/nphoton.2016.121
https://doi.org/10.1364/OL.40.004222
https://www.ncbi.nlm.nih.gov/pubmed/26371901
https://doi.org/10.1038/nmeth.2277
https://doi.org/10.1002/adom.201400175
https://doi.org/10.1088/0960-1317/20/3/035004
https://doi.org/10.1002/adem.201800320
https://doi.org/10.1002/adfm.201903340
https://doi.org/10.1021/acsami.7b14915
https://www.ncbi.nlm.nih.gov/pubmed/29131565
https://doi.org/10.1021/acsami.6b02306
https://www.ncbi.nlm.nih.gov/pubmed/26974854


Photonics 2024, 11, 264 24 of 25

84. Malinauskas, M.; Žukauskas, A.; Hasegawa, S.; Hayasaki, Y.; Mizeikis, V.; Buividas, R.; Juodkazis, S. Ultrafast laser processing of
materials: From science to industry. Light Sci. Appl. 2016, 5, 16133. [CrossRef]

85. Wang, A.; Jiang, L.; Li, X.; Liu, Y.; Dong, X.; Qu, L.; Duan, X.; Lu, Y. Mask-free patterning of high-conductivity metal nanowires in
open air by spatially modulated femtosecond laser pulses. Adv. Mater. 2015, 27, 6238–6243. [CrossRef]

86. Fang, R.; Vorobyev, A.; Guo, C. Direct visualization of the complete evolution of femtosecond laser-induced surface structural
dynamics of metals. Light Sci. Appl. 2017, 6, e16256. [CrossRef]

87. Cao, X.W.; Lu, Y.M.; Fan, H.; Xia, H.; Zhang, L.; Zhang, Y.L. Wet-etching-assisted femtosecond laser holographic processing of a
sapphire concave microlens array. Appl. Opt. 2018, 57, 9604–9608. [CrossRef] [PubMed]

88. Liu, H.; Chen, F.; Wang, X.; Yang, Q.; Zhang, D.; Si, J.; Hou, X. Photoetching of spherical microlenses on glasses using a
femtosecond laser. Opt. Commun. 2009, 282, 4119–4123. [CrossRef]

89. Yong, J.; Chen, F.; Yang, Q.; Du, G.; Bian, H.; Zhang, D.; Si, J.; Yun, F.; Hou, X. Rapid fabrication of large-area concave microlens
arrays on PDMS by a femtosecond laser. ACS Appl. Mater. Interfaces 2013, 5, 9382–9385. [CrossRef]

90. Sugioka, K.; Cheng, Y. Ultrafast lasers—Reliable tools for advanced materials processing. Light Sci. Appl. 2014, 3, e149. [CrossRef]
91. Ams, M.; Marshall, G.D.; Dekker, P.; Dubov, M.; Mezentsev, V.K.; Bennion, I.; Withford, M.J. Investigation of ultrafast laser-

photonic material interactions: Challenges for directly written glass photonics. IEEE J. Sel. Top. Quantum Electron. 2008, 14,
1370–1381. [CrossRef]
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