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Endoscopic technology plays a crucial role in minimally
invasive diagnostic procedures and precision industrial
inspections. However, producing a microsized full-color
endoscope has been challenging in fabrication and aber-
ration corrections. In this paper, we propose a miniatur-
ized fiber endoscope featuring multiple lens elements with
freeform surfaces using two-photon polymerization (TPP)
3 D nanoprinting technology to effectively correct various
optical aberrations and have realized good optical perfor-
mances in full-color imaging. The microlens was integrated
onto an imaging fiber tip, achieving a FOV of 60° and a
resolution of 7.13 line pairs per mm (lp/mm). In addition,
the proposed fiber endoscope is capable of accurately repro-
ducing full-color information while preserving image details
across different image types. This research offers an inno-
vative approach to develop high-performance endoscopes
and enhance its imaging applications. © 2026 Optica Publishing
Group. All rights, including for text and data mining (TDM), Artificial
Intelligence (AI) training, and similar technologies, are reserved.
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Color information is essential in image and video processing
as it closely aligns with human visual perception, providing
realistic and vivid visual effects. In the medical field, color
information helps accurately identify different tissues and patho-
logical regions, enhancing the diagnostic accuracy of various
devices. With the advancement of minimally invasive technol-
ogy [1], higher demands have been placed on the size and
performance of endoscopes. To accommodate the confined sur-
gical spaces, endoscopes need to be miniaturized [1,2], while
simultaneously improving imaging resolution, field of view, and
enhancing color imaging capabilities to meet the increasingly
stringent clinical demands. Endoscopes based on various work-
ing mechanisms have been proposed, such as lensless imaging
schemes based on the measurement of the fiber transmission
matrix (TM) [3,4]. However, due to fiber bending and twisting,

these imaging methods are prone to significant distortion when
reconstructing images and are often unable to effectively capture
color information. Additionally, metalens is used as the objective
lens of the endoscope, which can significantly reduce the size
of the endoscope [5], but this method involves a strict tradeoff
between working distance, depth of field, resolution, and FOV,
with limited color imaging capabilities. Another solution in-
volves the use of imaging fiber bundles, where each core within
the bundle serves as an individual pixel. A straightforward imag-
ing scheme adds a GRIN lens at the distal end [6], though this
approach is limited by its resolution, a small and fixed working
distance, and challenges in correcting optical aberrations.

Additive manufacturing technologies have become increas-
ingly important in advanced manufacturing processes [7,8].
Among these, two-photon polymerization (TPP) 3D nanoprint-
ing has demonstrated significant promise [9,10]. Unlike tra-
ditional photolithography, TPP technology allows for precise
control of material solidification in three-dimensional space, of-
fering extremely high spatial resolution of less than 100 nm. This
capability has led to its widespread application in fields such
as beam shaping [11–13], optical communications [14–16], and
microfluidics [17–19]. Particularly in the domain of micro op-
tics, TPP have demonstrated its unique potential for fabrication
of complicated optical components with micron scale dimen-
sions and superior optical performance across heterogeneous
substrates [20–22]. The integration of TPP 3D printed microlens
onto fiber endoscopes presents a promising strategy to enhance
imaging quality, expand the FOV, and reduce the rigid tip length
of endoscopic devices, thus significantly improving their clinical
practicality [23].

In our previous work, a monochromatic imaging fiber en-
doscope was designed and experimentally demonstrated with
the TPP 3D nanoprinting technology [24]. In this paper, we
propose a full-color imaging fiber endoscope, a comprehensive
workflow integrating optical design, fabrication, and characteri-
zation are presented. Both simulation and experimental analyses
were conducted to evaluate the imaging performance of the
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Fig. 1. (a) Geometric ray tracing results of the proposed objective
dual lenses. (b) Scanning electron microscope image of the dual
lens includes a 90° section cut. (c) Confocal microscope image of
the topography of the microlens. (d) The upper graph displays the
design height and printed height of the microlens, while the lower
graph shows the deviation between the design height and the printed
height. Scale bars, 30 μm.

endoscope, including resolution, FOV, modulation transfer func-
tion (MTF), and chromatic imaging capabilities. It is demon-
strated that the proposed fiber endoscope was able to accurately
render color images, highlighting its potential feasibility and
future development prospects in practical applications.

The objective lens of the proposed fiber endoscope features
a doublet microlens structure with a flat bottom surface in col-
lection with the printing substrate (glass substrate and optical
fiber endface in our experiment), as shown in Fig. 1(a). This con-
figuration effectively mitigates edge warping during the man-
ufacturing process while enhancing interfacial adhesion with
substrates, thereby preventing delamination under mechanical
perturbations. Geometric ray tracing methods were employed
for microlens design. The microlens system was designed and
optimized with a 60° FOV and a 180 μm entrance pupil di-
ameter at the first lens surface, the total microlens dimensions
were limited to less than 300 μm to avoid artifacts caused by
stitching during the printing process. All other three surfaces
of the doublet microlens were designed as aspherical and opti-
mized accordingly, with the optimization process expressed by
the equation in Eq. (1):

𝑍(𝑟) =
𝑐𝑟2

1 + √1 − (1 + 𝑘)𝑐2𝑟2
+ ∑

𝑖=1
𝐴2𝑖𝑟2𝑖. (1)

IP-N162 (Nanoscribe GmbH) photoresist with a high refrac-
tive index (n = 1.62, V = 24.57) was selected to enable the re-
duction of lens curvature and minimizes incident angles at the
interface [25], which collectively contribute to improved aberra-
tion correction. Furthermore, higher refractive index photoresist
enables a reduction in the overall lens volume while maintaining
excellent optical performance, thereby shortening processing
times. For structural stability concerns, seven pillars were in-
tegrated into the lens design, ensuring precise alignment and
mechanical robustness of the multi-lens system. The optimized
simulation results show that the spot size increases with the field
of view. At a half-field angle of 30°, the maximum RMS spot
size is 2.31 µm, while the mirolens field curvature is controlled

Fig. 2. Comparison of modulation transfer function simulation
and experimental results at different FOVs.

within 8 µm and the distortion is constrained to below 3%, as
shown in Fig. S1 (Supplement 1).

All optical components were fabricated using a commercial
two-photon polymerization 3D printer (Photonics Professional
GT, Nanoscribe GmbH). We employed a 25× oil immersion mi-
croscope objective with a numerical aperture (NA) of 0.8 as the
fabrication lens during the processing. The microlens fabrica-
tion parameters included a slice thickness of 0.1 μm, interlayer
spacing of 0.1 μm, laser scanning speed of 50 mm/s, and pro-
cessing power of 26 mW. Before the fabrication of the fiber
endoscope, both ends of the imaging fiber were polished to
achieve flat surfaces. After the micro lens was fabricated on the
fiber end surface, it was immersed in PGMEA for 2 minutes and
rinsed with IPA for 2 minutes.

A 90° sectional scanning electron microscopy image of the
fabricated lens in Fig. 1(b) reveals a smooth surface with no no-
ticeable defects. The top surface profile, measured via a confocal
microscopy, is presented in Fig. 1(c), indicating a surface rough-
ness of 30.8 nm. To assess the deviation between the printed
and designed surface profiles, a cross-sectional line passing
through the center of the lens was extracted and compared
with the design values as shown in Fig. 1(d), the deviation be-
tween the designed and actual fabricated surface profiles is less
than 2.5 μm. Minor shrinkage during the development process,
along with the staircase effect caused by the layer by layer 3D
nanoprinting process, led to deviations between the actual sur-
face morphology and the designed contour. To test its imaging
properties, microlens was first fabricated on glass substrates,
and the detailed imaging results are provided in Supplement 1,
Fig. S2. Experimental results of the resolution test chart show
resolved imaging of element 6 of Group 2, corresponding to
a resolution of 7.13 lp/mm. Imaging results of the Telefunken
FuBK test chart, demonstrating effective chromatic aberration
control across visible spectra, with no significant color fringing
observed in test patterns.

MTF offers an effective means to assess an optical system’s
ability to reproduce object details. Figure 2 shows the MTF
curves of the microlens simulated and measured at different
fields of view. As the spatial frequency increases, the MTF
values decrease, with a more pronounced performance degrada-
tion at larger field angles. Considering the relatively low pixel

https://doi.org/10.6084/m9.figshare.30752726
https://doi.org/10.6084/m9.figshare.30752726


Letter Vol. 51, No. 1 / 1 January 2026 / Optics Letters 39

Fig. 3. Optical fiber endoscope and its resolution imaging testing.
(a) A schematic diagram of the fiber endoscopy testing system and a
photograph of the endoscope probe with the lower-right section dis-
playing a magnified view of the probe. (b)–(d) Imaging of Groups
0 and 1 with the fiber endoscope. (e) and (f) Imaging of Groups 2
and 3 with the fiber endoscope. (Scale: 100 μm.)

density of imaging fibers compared to CMOS sensors, the
Nyquist sampling theorem indicates that sufficient MTF per-
formance at 125 line pairs per mm (lp/mm) is adequate for
endoscopic applications. In a photographic system, the Modu-
lation Transfer Function value must exceed 0.1 to be resolvable
by the image sensor. The measured MTF exceeds 0.45 at 125
lp/mm, fully satisfying the operational requirements for imag-
ing fibers, ensuring sufficient clarity and resolution even in the
peripheral field of view.

A miniaturized fiber endoscope and its imaging properties are
characterized in Fig. 3. A schematic diagram of the fiber endo-
scope testing system and a photograph of the fiber endoscope
are shown in Fig. 3(a). The imaging fiber, purchased from the
Xi’an institute of optics and precision mechanics, has a diame-
ter of 460 µm and a numerical aperture (NA) of 0.35, it contains
approximately 12,000 cores with each core having a diameter
of 4 µm and a core spacing of 1 µm. The imaging quality across
different regions of the USAF 1951 target was evaluated us-
ing the testing system depicted in Fig. 3(a) in conjunction with
the fiber endoscope. Figure 3(b) presents the full-field image of
Group 0–1. This image covers an information-rich area, where
the spacing of the stripes is resolvable, though slightly blurred.
In contrast, Figs. 3(c) and 3(d) present localized views of el-
ement 1 of Group 1, where the details are clearer. In Group
1, the boundaries of the black-and-white stripes and numeri-
cal markings are clearly distinguishable. Figure 3(e) shows the
full-field image of Groups 2-3. Although these groups contain
smaller features compared to Group 0-1, the imaging perfor-
mance demonstrates similar quality. Figures 3(f) and 3(g) show
the magnified views of element 6 of Group 2. It can be observed
that the lines in Group 2 remain clearly distinguishable. We also

Fig. 4. (a) Schematic diagram of the chromatic aberration testing
system, with the fabricated test probe shown below. (b) Measured
FWHM distribution for 495 and 650 nm at different Z-Positions,
with Z steps of 0.5 μm.

examined the elements of Group 3, but were unable to distin-
guish its line pairs. Therefore, the proposed fiber endoscope is
capable of resolving element 6 of Group 2, corresponding to a
resolution of 7.13 lp/mm, and its imaging quality is superior to
previous results [23,24].

To quantify the chromatic aberration of the proposed mi-
crolens, a beam analyzer was used to measure the full width at
half maximum (FWHM) of the light spot at different Z-positions
near the focal point for different wavelengths of 495 and 650 nm.
The focal position was determined by measuring the minimum
beam FWHM. To achieve this, a section of no-core fiber was
spliced to a single-mode fiber to expand the beam, and then a
section of GRIN fiber (1/4 pitch length) was spliced after the
no-core fiber to produce a collimated beam. The proposed mi-
crolens was then inverted and fabricated on the end face of the
GRIN fiber, as shown in the structural and physical diagrams in
Fig. 4(a). The FWHM was measured in a 100 µm range in the
Z-direction before and after the focal plane using a high-
precision translation stage, with the results shown in Fig. 4(b).
The beam FWHM for both wavelengths shows the minimal val-
ues at the focal point and gradually expands when moving away
from the focus. The focal point at 495 nm occurs earlier than at
650 nm, which is attributed to the higher refractive index of ma-
terials with normal dispersion at shorter wavelengths, leading to
faster beam convergence. The focal shift between the two wave-
lengths is approximately 5.0 µm, indicating a slight focal offset
due to chromatic aberration. It is worth noting that this 5.0 µm
difference is comparable with the previous reported microlens
[26]. To further mitigate chromatic aberration, materials with
varying Abbe numbers or hybrid refractive-diffractive designs
can be employed to achieve achromatic performance [25].

We evaluated the full-color imaging capabilities of the fiber
endoscope by testing its performance on a variety of chromatic
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Fig. 5. Presents chromatic imaging results of the fiber endoscope.
(a) Multicolor grid chart. (b) Telefunken FuBK test card. (c) Orange
tabby cat. (d) Gray butterfly. (e) Architectural structure of a castle.
(f) Shenzhen University emblem. The inset in the lower-right corner
of each figure shows the picture used for the imaging test. (Scale:
100 μm.)

targets. Figure 5(a) shows the imaging results of a color chart,
demonstrating clear differentiation of color distributions and
authentic color reproduction. Figure 5(b) illustrates the perfor-
mance on the Telefunken FuBK test chart, featuring standard-
ized color patches with smaller dimensions and increased detail
complexity. Figure 5(c) presents a lateral view of an orange
tabby cat, where the system faithfully reproduces natural fur
coloration, eye pigmentation, and skin tones with high chro-
matic fidelity. Figure 5(d) depicts a gray butterfly, capturing fine
details of brown spots against the gray wings. Figure 5(e) show-
cases architectural imaging of a castle, with the endoscope ac-
curately rendering façade elements, including wall surfaces and
window details, while effectively conveying three-dimensional
layering of the structure. Figure 5(f) displays the imaging results
of the text information in the center of the Shenzhen Univer-
sity emblem. The system effectively preserves accurate color
reproduction and fine detail resolution across different image
types. While current endoscopic imaging exhibits pixelation ar-
tifacts, this limitation can be mitigated through the application
of advanced image processing techniques [27].

In summary, we successfully designed and fabricated a full-
color fiber endoscopic microlens using TPP 3D nanoprinting
technology. The microlens was integrated on an imaging fiber,
enabling comprehensive endoscopic evaluation through resolu-
tion target imaging at various positions and chromatic imaging
tests involving color blocks, biological specimens, architectural
structures, and textual information. The experimental results
indicate that the microlens achieves a FOV of 60° and a reso-
lution of 7.13 line pairs per mm (lp/mm), and the fiber endo-
scope system exhibited superior chromatic performance across
diverse imaging targets, effectively maintaining color fidelity
and detail reproduction. These findings highlight the significant

advantages of TPP 3D nanoprinting microlens for endoscopic
applications, including high precision, enhanced resolution,
miniaturization potential, and design customization.
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