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Side-viewing axicon-integrated miniature fiber
probe for extended depth of focus and ultrahigh
lateral resolution endoscopic imaging
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Yong Huang2,3✉

Abstract
The early and precise diagnosis of suspected pathological tissues or organs has increasingly embraced the utilization
of 3D real-time visualization and discrimination of intricate structures facilitated by miniature optical coherence
tomography (OCT) endoscopic probes. Those miniature side-viewing endoscopic fiber probes are indispensable for 3D
imaging with small, narrow lumens, eliminating the potential for tissue trauma associated with direct-viewing
techniques. Nevertheless, current manufacturing techniques pose limitations on the overall imaging prowess of these
miniaturized side-viewing probes, hindering their widespread adoption. To surmount this challenge, an ultra-compact
side-viewing OCT fiber-optic endoscopic probe with extended depth of focus (DOF) and high lateral resolution is
designed based on the all-fiber composite structure. The quantitative relationship between the imaging performance
and the fiber structural parameters has been theoretically analyzed. The imaging performance of the fiber probe can
be flexibly tailored by adjusting the geometric parameters of the fiber-optic cascade structure. The applicability and
feasibility of fiber probe prototype have been convincingly demonstrated through linear scanning and rotational
scanning methodologies. This ultra-compact side-viewing OCT fiber probe’s capacity to deliver microscopic structural
insights paves the way for minimally invasive applications, expected to advance the frontier of early and precise
diagnosis and treatment of suspected lesion tissues.

Keywords: quasi-Bessel Beam; high imaging performance; fiber-optic cascade structure; optical coherence
tomography

Introduction
The primary impetus behind the advancement of OCT

technologies stems from their unparalleled capability to
conduct in situ imaging of tissue microstructures at his-
tological resolution, obviating the necessity for tissue
resection1–3. While OCT imaging has significantly con-
tributed to minimally invasive diagnosis and treatment,

challenges persist in imaging narrow lumens and organs,
primarily due to limitations in visualization techniques4,5.
This requires a practical and miniaturized high imaging
performance solution that cannot only facilitate 3D
scanning but also mitigate the risk of severe traumatic
adverse events associated with endoscopic implantation.
As a side-viewing OCT system with compact size and the
ability to achieve circumferential scanning imaging fea-
tures, it is a necessary condition for effectively achieving
internal imaging of narrow lumen organs, rather than
relying on dynamically curved fibers like direct-viewing
probes to achieve 3D imaging6,7. The fiber-optic probe,
when paired with OCT imaging technology, has garnered
significant attention owing to its compact form factor,
superior imaging quality, resistance to electromagnetic
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interference, and robust biocompatibility. This combina-
tion holds immense potential for advancing medical
imaging capabilities in challenging anatomical environ-
ments. It is worth noting that fiber probes combined with
OCT imaging systems also have great potential in
industrial and engineering fields8,9, such as non-
destructive testing of composite materials10, monitoring
of industrial surfaces and structures11, surface/interface
damage of industrial products or building structures12,
and defect detection of wafers and analysis of thin film
microstructures13.
When preparing fiber probe prototypes that necessitate

extreme miniaturization, side-view imaging capabilities, and
high imaging performance, manufacturing techniques face
numerous constraints. Those constraints translate into
intricate preparation procedures, compromised robustness,
excessive sizes, and challenges in achieving both side-view
imaging functionality and simultaneously meeting the
requirements for high depth of focus (DOF) and low lateral
resolution. This technical feature has become a daunting
task. Connecting discrete optical devices with reflection and
focusing functions to the fiber tip not only increases the
overall dimension, but also poses additional challenges to
installation and alignment14–16. Two-photon polymeriza-
tion 3D printing technique based on femtosecond lasers is
an alternative solution for manufacturing submicron-level
components with complex shapes and low surface rough-
ness17,18. However, the high cost and complex process steps
of additive manufacturing equipment further hinder its
application in large-scale manufacturing. The metalens
based on artificial periodic nanostructure arrays has
attracted widespread attention due to its ability to precisely
control the optical phase19–22. Nevertheless, its integration
onto fiber tips poses challenges, hindering further minia-
turization of metalens-integrated fiber probes22,23. Having
an appropriate preparation technique is a crucial pre-
requisite for the successful fabrication of the necessary side-
viewing fiber probes, the demand for which is rapidly
growing and becoming increasingly urgent.
In the design of traditional optical focusing devices, high

lateral resolution imaging guaranteed by a large numerical
aperture will lead to rapid dispersion of illumination
focused beams, resulting in smaller DOF24–27. A good
design attempts to find the best compromise between
sufficient DOF and lateral resolution28–33. Axicon at the
fiber tip can transform Gaussian beams transmitted into
Bessel–Gaussian beams. This quasi-Bessel beam has non-
diffraction characteristics and can maintain a small
focused spot over long propagation distances, achieving
both large DOF and high lateral resolution in endo-OCT
system34–38. However, the fiber-optic axicon-integrated
device is mainly used in direct-viewing probes39–41. The
full potential of this optical device in the field of endo-
scopic side-view imaging has not been fully utilized.

To address the pressing need for side-viewing fiber
probes with compact, large DOF, and high lateral reso-
lution, we demonstrated a fiber-optic OCT imaging probe
based on a sizable axicon and spot reflector embedded
within fiber microsphere. The fiber probe prototype has
advantages such as large focusing depth (~349.8 μm), high
lateral resolution (~1.4 μm), and compactness (~591 μm
in outer diameter, ~1707 μm in effective length). Its per-
formance and conversion potential are demonstrated by
imaging in vitro animal tissues. The proposed fiber probe
has paved the way for the expansion of side-viewing fiber-
optic endoscopes to the study of disease mechanisms in
biomedical science and clinical research.

Results
Design of fiber microprobe with side-view imaging
function
The design diagram of the fiber probe for side-view

imaging is shown in Fig. 1a. The miniature side-viewing
fiber probe consists of single-mode fiber (SMF), large-
diameter no core fiber (LDNCF), fiber microsphere,
reflector, and fiber axicon. The LDNCF, as an illumination
beam expander, serves as a connector between SMF and
fiber microsphere. UV-curing adhesive is used to solidify
the fiber microsphere and LDNCF. The reflector
embedded in a fiber microsphere can achieve the con-
version of the illumination beam and the scattered col-
lection beam between axial and radial directions of the
fiber probe. The axicon located on the fiber microsphere
coincides with the spot of the illumination beam reflected
by the reflector. The function of the fiber microsphere is
not only to provide a substrate for the reflector and axi-
con, but also to further expand the illumination beam.

Simulation of fiber probe illumination beam
To facilitate the calculation of the focusing character-

istics of the illumination beam and reduce the computa-
tional burden, the optical design of the fiber probe has
been simplified (see “Methods” section). The side-viewing
fiber probe has been simplified into an equivalent direct-
view imaging fiber probe (Fig. 1b inset) with the basic
structure being the SMF-LDNCF-microsphere-axicon
cascaded structure. Considering the beam transmission
characteristics of the fiber microsphere and the material
consistency, the fiber microsphere is simplified into a
large-diameter cylindrical waveguide in the simplified
fiber probe model, and the reflector and the UV-curing
adhesive layer are ignored. The finite difference beam
propagation method (FD-BPM) was used to simulate the
transmission of an illumination beam with a central
wavelength of 1310 nm in a simplified forward-viewing
fiber probe and the focusing characteristics of the illu-
mination beam outside the fiber probe, as shown in Fig.
1b. Figure 1b inset illustrates the light field intensity
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distributions at the SMF-LDNCF connection point, the
incident axicon, and the front forward width half max-
imum (FWHM), peak, and backward FWHM points of
the illumination beam. The FWHM range of the axial
focused beam, i.e., the DOF of the OCT imaging system, is
~1370 μm, and the diameter of the focused spot@FWHM,
i.e., the lateral resolution of the OCT imaging system, is
~2.6 μm.
The simulation (Fig. 1b) using FD-BPM is carried out

under the assumption of the illumination beam being
coaxial with the fiber axicon. However, in reality, the

mismatch between the fiber axicon and the illumination
beam spot will cause the generated quasi-Bessel beam to
deviate from the cone axis. Those deviations in the actual
size, angle, and alignment, compared to the intended
design specifications, arise due to processing and instal-
lation inaccuracies in elements such as LDNCF, fiber
microsphere, axicon, and reflective surface. These inac-
curacies lead to a misalignment between the axicon and
the illumination beam spot, ultimately causing the gen-
erated quasi-Bessel beam to stray from the predetermined
conical axis. The YZ-plane and XY-plane intensity
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Fig. 1 Schematic diagram of a high imaging performance axicon-based fiber probe. a Design of fiber geometry structure for OCT imaging
system working at 1310 nm. b Beam propagation simulation on a simplified forward-viewing fiber probe. The length of the SMF, the LDNCF, the
cylindrical waveguide representing the microsphere, and the height of the axicon were set to 100 μm, 1234 μm, 425 μm, and 133 μm, respectively.
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respectively
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distributions were shown in Figs. S1 and S2 of the Sup-
plementary Materials at different axial deviations,
respectively. It can be seen from Figs. S1 and S2 that as
the axial deviation increases, the distribution of the axicon
YZ-plane and XY-plane will undergo drastic changes.
The intensity of the main lobe of the quasi-Bessel beam

under different axial deviations is shown in Fig. 2a, and as
the axial deviation increases, the overall intensity
decreases. This may be because, as the non-overlapping
areas increase, the variation in the incidence angle of the
illumination beam will lead to additional optical path
difference, a decrease in the amount of light that meets
the phase matching conditions, and thus a decrease in
overall strength. As the axial deviation increases, indi-
cating a decrease in the DOF of the fiber probe (Fig. 2b).
This may be due to a decrease in the effective incident
area of the axicon, accompanied by an increase in axial
deviation. At varying degrees of axial deviation, the one-
dimensional intensity profile corresponding to the peak
spot location is depicted in Fig. 2c. The variation in the
distance between the main lobe and the cone axis follows
a consistent trend with the change in axial deviation. This
may be due to the increase in non-interfering light as the
axial mismatch increases. The relationship between the
axial deviation and the lateral resolution at the forward
and backward FWHM positions and peak points of the
main lobe axis is shown in Fig. 2d. As the axial deviation
increases, the FWHM diameter of the forward and

backward points first rises and then slightly falls, while
that of the backward point slowly rises first and then
rapidly rises. The reason for the above phenomenon may
be due to the combined effect of the oblique incidence of
the illumination beam and the variation of the effective
working area with axial deviation. It can be clearly seen
from Fig. 2d that in the case of a small mismatch, a
relatively consistent focusing spot FWHM diameter (lat-
eral resolution) can be maintained within the focusing
imaging range.

Focusing characteristics of fiber probe prototype
The preparation method of the fiber probe can be found

in the “Methods” section. To demonstrate that the side-
viewing fiber probe can achieve high lateral resolution
within a large focusing depth range, experimental char-
acterization and analysis were conducted. The 3D optical
field intensity distribution of the output illumination
beam can be obtained by stacking the xy-plane spots at
different positions in spatial order along the z axis (see
Supplementary Materials section III). The imaging per-
formance is assessed through the evaluation of the main
lobe FWHM distance, referred to as the DOF, as well as
the xy-plane spot FWHM diameter, indicative of the lat-
eral resolution. The point of the main lobe peak intensity
is set to the z axis origin. Figure 3a shows the profile of the
illumination beam in the xz-plane, with a DOF of
349.8 μm for the quasi-Bessel beam main lobe. Compared
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with the typical direct-viewing SMF conical probe with a
DOF of about 30 μm35, the DOF is increased by about 11
times.
The focal spot measured on the xy-plane at the peak

position of z axis strength is shown in Fig. 3b. The focal
spot has an almost symmetrical contour; the estimated
FWHM diameter of x axis and y axis are ~1.40 μm and
1.54 μm, respectively. The astigmatism ratio (the ratio of
the x axis/y axis FWHM diameter) is about 0.9, signifying
an acceptable level. The sidelobe intensity in the x axis
and y axis directions is ~34.0% and 43.3% of the main lobe
intensity, respectively. The focused-plane illumination
beam profile in Fig. 3b clearly exhibits the characteristic
features of a Bessel beam alongside imperfect sidelobes.
These imperfections may arise from manufacturing errors
in the axicon and misalignment in the fiber components.
In terms of axicon fabrication, apex angle deviations and
surface roughness introduce wavefront distortions,
resulting in asymmetric sidelobe intensity distributions.
Misalignment between the propagation direction of the
illumination beam and the optical axis of the axicon
induces higher-order modes, exacerbating sidelobe
interference. Further minimizing manufacturing errors in

axicons and optimizing component alignment can miti-
gate these imperfections. To reduce the sidelobe intensity
of the Bessel beam, a multi-stage axicon structure can be
employed. By segmenting and optimizing phase distribu-
tions across different regions, such structures suppress
sidelobe generation. An excessively large apex angle in the
fiber axicon causes an abrupt phase change at the edge,
potentially intensifying sidelobes. Reducing the apex angle
or adopting a graded apex angle design can balance
energy distribution between the main lobe and sidelobes.
Enhancing surface fabrication precision in fiber axicons
minimizes phase errors caused by surface defects, thereby
lowering sidelobe intensity. Additionally, aligning the
divergence angle of the incident beam with the axicon
design parameters helps avoid phase mismatches due to
excessive divergence, thereby further reducing sidelobe
interference.
Figure 3c shows the distribution of the FWHM dia-

meter of the focused spot in the z axis direction within the
FWHM intensity range of the main lobe. The lateral
resolution remains below 1.8 μm within the DOF range of
~350 μm. These results prove that achieving high lateral
resolution under extended focusing depth is feasible. The
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FWHM diameter deviation of the focused spot, both in
the x- and y directions, is <15%, as depicted in Fig. 3d.
This aspect can be further refined through the ongoing
enhancement of the fiber probe process steps and man-
ufacturing equipment. From the comparison of perfor-
mance parameters between the proposed side-viewing
fiber probe and direct-viewing fiber probes (Table S1, in
the Supplementary Materials), the proposed probe avoids
chemical damage through hot melting and grinding, and
has excellent imaging performance.

Microprobe linear scanning imaging
To comprehensively assess the applicability and practicality

of combining the proposed fiber probe with a spectral
domain OCT (SD-OCT) imaging system (see “Methods”
section), it is imperative to employ a diverse array of test
samples. Utilize an electric linear displacement platform to
translate the fiber probe in the X’-direction, subsequently

capturing two-dimensional cross-sectional images (B-scans)
on test samples. Figure 4a depicts the internal structure of
the infrared laser detector card, which has a thin film cover
and an organic layer. OCT images can clearly distinguish the
internal structure. The thickness of the semi-transparent tape
is ~50 μm. From Fig. 4b, we can clearly observe that over 10
layers of tape, the imaging depth in stacked tape samples may
exceed 500 μm. The tissue cross-sections of onion (Fig. 4c),
orange peel (Fig. 4d), chicken skin (Fig. 4e), and chicken
breast (Fig. 4f) were imaged. The slight blurring of the OCT
imaging structure may be caused by damage to the internal
structure during the cutting process. From Figs. 4c–f, the
internal structure of these organizations can be easily
identified.

Microprobe rotational scanning imaging
The intramuscular fat (IMF) intensity of absorbing

infrared light is about 9 times that of muscle, facilitating
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an accurate estimation of fat content in meat samples42.
The side-viewing fiber-optic probe prototype can change
the traditional meat quality assessment, achieving non-
contact and non-destructive classification. The relation-
ship between the total backscattered light reflected by the
meat sample and the depth of the scatterer and the
attenuation coefficient can be obtained through the Beer-
Lambert law43. The attenuation coefficient describes the
exponential decay of illumination light incident on the
meat sample, which can be easily obtained from the
A-scan as a depth function and used to distinguish IMF
from muscle. It is worth noting that it only relies on
qualitative differences rather than absolute values. B-scan
images of different meat samples are used to elucidate this
aspect in Fig. 5a–d. Samples of chicken (breast), beef
(tenderloin), pork (hind legs), and mutton (tenderloin)
were selected for side-viewing rotation OCT image
acquisition. The optical microscopy images during probe
rotation imaging and the haematoxylin and eosin (H&E)
staining images of different meat samples are shown in
their respective illustrations. Selecting an A-scan of dif-
ferent raw meat samples at the center position (Fig. 5e).
The gradient of the feature best-fit line enables the esti-
mation of the attenuation coefficients of muscle and IMF.
The absorption of 1310 nm wavelength illumination light
by IMF is more pronounced compared to that of muscle
tissue or water. This difference can be detected in the
OCT signal for tissue identification with different IMF
content. To reduce the complexity and dimensionality, a
small area (100 pixels * 100 pixels) within the same dis-
tance from the fiber probe is selected, and the OCT signal
strength in the area is converted into an intensity quantity
histogram. The histograms within the same distance and
pixel count area for different meats are shown in Fig. 5f.
Those meat samples with low effective attenuation coef-
ficients have a smoother voxel distribution, i.e., more
dispersed. Therefore, meat samples with high IMF con-
tent are expected to have more voxels on the high side of
the effective attenuation coefficient histogram. OCT
imaging holds significant potential for meat classification
and quality assessment. By integrating the fiber probe
with OCT technology, meat samples can be scanned non-
destructively to acquire high-resolution 2D or 3D feature
images. Concurrently, label information, such as meat
type, cut, and quality grade (e.g., IMF content and ten-
derness score), is recorded to construct a labeled dataset.
The collected OCT images undergo preprocessing and
enhancement to optimize data quality. Subsequently, a
model combining classification and regression is devel-
oped to identify meat types and evaluate quality,
employing either traditional machine learning or deep
learning approaches. This framework ultimately offers the
meat industry an efficient, non-destructive solution for
classification and quality assessment.

To evaluate the performance of this side-view imaging
fiber probe in 3D scanning narrow lumen tissue samples,
images of the thawed trachea and esophagus of chickens
and quails in vitro, purchased from supermarkets, were
analyzed. In order to protect the fiber probe during
rotation and retraction, a transparent protective sleeve is
wrapped around the fiber probe (Fig. 6 inset). Although
the trachea and esophagus show severe stenosis, the fiber
probe effortlessly passes through the esophagus and tra-
chea and smoothly rotates and retracts. From Fig. 6a–d, it
can be seen that OCT images demonstrate the char-
acteristics of these tissues. The blurring of the OCT image
may be caused by protein denaturation of the trachea and
esophagus due to freezing.

Discussion
In this study, a compact fiber-optic endoscopic probe

has been devised that can achieve side-viewing OCT
imaging. This fiber probe accomplishes the transforma-
tion of the illumination beam and scattering acquisition
beam from axial to radial, and vice versa, through the
utilization of a reflector integrated within the fiber
microsphere. Notably, the sizable axicon featured on the
microsphere converts the illumination beam into a quasi-
Bessel beam, which boasts non-diffraction and self-
healing properties. This enables the illumination beam
to maintain a narrow focus spot FWHM diameter over an
extended propagation distance. When integrated with an
OCT imaging system, this probe exhibits exceptional
DOF and high lateral resolution.
In principle, the multilayered structure present in the

optical path from the SMF core tip to the focused spot
will reduce the focusing quality23. For example, the use of
protective sheaths at the remote end tends to result in
more severe distortion of the focused spot. The protective
sleeves, due to their differing curvatures parallel and
perpendicular to the fiber probe axis, introduce astigma-
tism36. Given the challenges in adjusting the shape and
refractive index (RI) distribution of the focusing element,
these significant limitations cannot be corrected in cur-
rent OCT catheter designs. Furthermore, the technical
difficulties associated with transmitting the illumination
beam inside the fiber probe itself complicate the process
of addressing the aforementioned limitations even more.
Grinding the cone into an asymmetric elliptical shape
might offer a more viable solution44.
Metasurface/metalens and 3D nano-printing technolo-

gies offer transformative potential for fabricating complex
fiber tips, addressing the limitations of conventional fiber
processing methods in flexibility, controllability, and
scalability. Metasurface/metalens exhibit unparalleled
advantages in precise phase modulation of light beams,
making them particularly suitable for applications
requiring tailored optical properties, such as wavefront
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shaping and polarization modulation. The commerciali-
zation services of 3D nano-printing have further lowered
the barrier to implementation. However, achieving large-
scale industrial production necessitates either enhanced
technological maturity or alternative solutions, as current
trade-offs between cost, precision, and throughput remain

unresolved. For example, fiber grinding techniques
remain economically viable for standardized probe mass
production, whereas 3D nano-printing and metasurface/
metalens excel in high-precision, customized scenarios.
Future advancements may lie in hybrid methodologies
that synergize fiber processing with metasurface
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engineering and 3D printing. Such integration could
balance flexibility and cost-effectiveness while leveraging
the complementary strengths of each technology.
It is noteworthy that the fabrication process of the side-

viewing fiber probe prototype relies solely on standard
and widely available fiber processing techniques. This
streamlined process ensures scalability, allowing for
potential mass production. The fiber probe showcases a
compact design with an impressively small functional tip
volume of ~0.468 mm3. In cost considerations, the prices
of SMF, LDNCF, and NCF are approximately $30.0/km,
$3.5/m, and $2.1/m, respectively. The total cost of fibers
and consumables utilized in constructing the entire fiber
probe remains well below $1. Regarding production
equipment, a fiber-optic fusion splicer, a fiber micro-
sphere burning system, a precision fiber cutting system, a
fiber grinding and polishing system, and an alignment

coupling system form the complete self-constructed
production arsenal. The cumulative cost of this equip-
ment does not exceed ~$8000, making the entire pro-
duction process both efficient and economical.
Consequently, the designed fiber probe boasts not only
low-cost production but also the capability for large-scale
manufacturing, simplicity in production processes, and
significant commercial potential. The proposed side-view
fiber probe has made significant contributions to the field
through three key advancements: fiber probe design
methodologies, a theoretical framework for validating
structure-performance relationships, and standardized
fabrication protocols that bridge the gap between minia-
turization demands and practical implementation. While
absolute performance optimization remains an area for
future research, the probe’s cost-effectiveness, scalability,
and adaptability underscore its unique value proposition
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in emerging applications where conventional solutions are
inadequate.
In summary, a fiber OCT probe prototype that boasts side-

view imaging capabilities, coupled with an exceptional
combination of a large DOF and high lateral resolution, has
been developed. The imaging prowess of this fiber probe has
undergone systematic characterization and experimental
validation. Furthermore, we have showcased its versatility
through linear and circumferential scanning imaging. To
emphasize the probe’s adaptability for imaging within narrow
lumens and its potential for diverse applications, the fiber
probe with a diameter of less than 1.1mm, post-protective

packaging was employed. This enabled the achievement of
2D/3D imaging within the trachea and esophagus of chicken/
quail. This cost-effective yet high-performance fiber probe
introduces an impactful tool for 3D OCT imaging, present-
ing a promising avenue for biopsy studies involving narrow
lumens in pediatric or young patients.

Methods
Implementation and design considerations for OCT
endoscopic probe
The optical design of the side-viewing axicon-based

fiber probe can be simplified to an equivalent direct-

NCF

Microsphere

NCF

125 �m 600 �m

Microsphere

Burning

NCF
Axicon

NCF

120 °

Microsphere
Axicon

Axicon grinding

NCF

Axicon

Plane

Microsphere

NCF

Microsphere Axicon

Grinding flat

Plane grinding

Microsphere

SMF LDNCF

LDNCF

125 �m

SMF

250 �m

1230
�m

Slicing

NCF

Axicon

LDNCF

SMFSMF

Glue

Microsphere

Bonding

Axicon

LDNCFSMFSMF

Glue

Grinding
bevel

LDNCF
SMF

ConeUV glue

Grinding
bevel

Grinding

NCF

Axial cone

LDNCF

SMFSMF

Glue

Microsphere

Separating

Axicon

LDNCFSMFSMF

Glue

Reflector

Ag film

Coating

LDNCF

SMF

Axicon

UV glue

NCF fracture
location

125 �m

250 �m

Abrasive
paper

Rubber
padJig

NCF Microsphere

Axicon

Abrasive
paper

Rubber
padJig

NCF Microsphere

Axicon

Fiber microsphere component

F
ib

er
 b

ea
m

 e
xp

an
si

on
 c

om
po

ne
nt

UV-lamp

Microscopic
monitoring system

Coupling alignment
state monitoring

Fig. 7 Preparation process of side-viewing axicon-based fiber-optic OCT probe

Liu et al. Microsystems & Nanoengineering          (2025) 11:235 Page 10 of 12



viewing fiber probe (Fig. S3 of the Supplementary Mate-
rials). The DOF of the equivalent direct-viewing fiber
probe can be expressed as refs. 29,45:

DOF ¼ ω0½cotðδÞ � cotðθ2Þ�

¼
tanθ2 tan arcsin NA

nNCF

� �
RBallþLNCFþLgþlBallð Þ

tanθ2þ tan arcsin NA
nNCF

� �

� tan θ
2 þ arcsin nBall

nenv
cos θ

2 þ arcsin NA
nNCF

� �� �� �
� cot θ2

h i

ð1Þ
where LNCF, Lg, lBall, andRBall are the length of LDNCF, the
thickness of UV adhesive layer, the distance from the center
of the fiber microsphere to the UV adhesive layer, and the
fiber microsphere radius, respectively. NA, δ, and θ are the
numerical aperture of SMF, the angle between the cone axis
and the refracted beam at the axicon-environment interface,
and the fiber axicon angle, respectively. nNCF, nBall, and nenv
are the RI of LDNCF, fiber microsphere, and environment,
respectively. The lateral resolution of the equivalent direct-
viewing fiber probe can be expressed as:

RS ¼ 2:048λ
2π sinðδÞ

¼ 2:048λ

�2π cos θ
2þarcsin

nBall
nenv

cos θ
2þarcsin NA

nNCF

� �� �� � ð2Þ

However, the reflector angle also plays a crucial role in
the imaging performance of the fiber probe. In order to
address the deficiencies inherent in the equivalent direct-
viewing probe model and to gain a profound compre-
hension of how the structural parameters of the side-
viewing fiber probe influence its imaging capabilities, we
have derived the imaging performances of this fiber probe
(Fig. S4 of the Supplementary Materials). The inter-
dependence of the DOF, lateral resolution, and the fiber
geometric structure parameters of the axicon-integrated
side-viewing fiber probe is elucidated in Eqs. (E1–E6) of
the Supplementary Materials.

Manufacturing process of the fiber probe
The prototype development of a fiber probe necessitates

the fabrication of two key components: a functional fiber
microsphere component and a fiber beam expansion
component. By seamlessly integrating these two compo-
nents, the fiber probe acquires the capability of per-
forming side-view imaging (Fig. 7). The step-by-step
procedure for constructing the fiber probe prototype is
thoroughly outlined in Section V of the Supplementary
Materials. In the side-viewing fiber probe prototype, the
length of LDNCF, the fiber microsphere radius, the dis-
tance between the bonding plane and the center of the
microsphere, the angle between the reflection angle, and

the fiber axicon angle were set to 1230 μm, 300 μm,
200 μm, 45°, 120°, respectively.

1310 nm SD-OCT endoscopy system
SD-OCT system is used to demonstrate the perfor-

mance of the side-viewing axicon-based probe. A detailed
description of the SD-OCT system can be found in the
Supplementary Materials Section VI. To achieve the side-
view 3D imaging function, a self-made rotating module
based on a servo motor driving the rotation of the fiber-
optic slip ring is used to perform the fiber probe for 360°
circumferential scanning imaging. Spiral motion can be
accurately transmitted from the distal end, composed of a
servo motor, fiber-optic slip ring, and linear electric dis-
placement platform, to the proximal end, thereby
achieving 3D scanning of the fiber probe.
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