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Abstract

In this paper, we report a mode-interference-based approach for the efficient and reliable diameter measurement of
micro/nanofibers (MNFs), enabling the in sifu monitoring of MNFs fabricated from both single-mode fibers (SMFs) and
multimode fibers (MMFs). The proposed method integrates automated signal processing with parameter-corrected flame-
brush models, establishing a real-time closed-loop feedback mechanism during the fabrication process. Within the
524-1778 nm range, measurement accuracies better than 8 nm (< 1.25%) for SMF and 5 nm (< 0.78%) for MMF are
demonstrated. Furthermore, to address the challenge of reconstructing complex taper profiles, we introduce a one-dimen-
sional convolutional neural network (1D-CNN). Trained on a physics-enhanced data set, this network enables the end-to-
end precision measurement of taper morphology. Within the diameter range of 1.9—10 um, the maximum relative error is
maintained below 0.35%, with a maximum absolute error of less than 9 nm. This method demonstrates broad applicability,
offering a reliable solution for the fabrication of high-performance MNF-based photonic devices.

Keywords Micro/nanofiber - Short-time Fourier transform - Deep learning - 1D-CNN - Full-profile measurement.

1 Introduction quantum optics [9,10]. In contrast, non-adiabatic MNFs ex-

cite multimode coupling and interference through their rel-

By heating and softening a standard optical fiber with high
temperature and stretching it from both ends, a
micro/nanofiber (MNF) with gradually reduced diameter at
both ends and the thinnest section in the middle, where the
diameter is typically on the order of the wavelength, can be
produced. Depending on the morphological profile of the
taper transition region, MNFs are primarily classified into
adiabatic and non-adiabatic types, each exhibiting unique
advantages in distinct applications. Specifically, featuring
ultralow transmission loss and strong optical confinement
[1-3], adiabatic MNFs are extensively utilized in disper-
sion compensation [4,5], supercontinuum generation [6—8],
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atively steep taper profiles [11,12]. This strong modal in-
teraction renders them highly sensitive to variations in the
ambient refractive index and structural morphology, mak-
ing them pivotal in the development of various high-preci-
sion optical sensors [13—15] and spectrometer [16].

The optical properties of MNFs are highly sensitive to
nanometer-scale shape variations. Different applications re-
quire MNFs with tailored geometries. With the growing in-
dustrial need for precise control over optical fields, it be-
comes increasingly vital to precisely fabricate MNFs with
diverse shapes and enable real-time diameter feedback. For
example, in composite crystal microcavity systems, the
waist diameter of the MNF governs the phase-matching
conditions for specific resonant wavelengths [17,18]. In
cold atom trapping applications, precise tuning of the fiber
diameter optimizes the evanescent field distribution, which
improves the atom-light coupling efficiency and increases
the number of trapped atoms [19,20]. Furthermore, in the
realm of nonlinear optics, tailoring the fiber diameter to
achieve an appropriate effective mode area is essential for
realizing efficient nonlinear frequency conversion [21].

While existing measurement techniques have demon-
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strated high precision in specific scenarios, achieving rapid
and precise characterization of MNF profiles remains a sig-
nificant challenge. For instance, techniques based on stand-
ing-wave illumination [22] require intricate alignment sys-
tems, whereas methods utilizing coherent forward stimulat-
ed Brillouin scattering [23] or propagation constants [24]
depend on costly detection instrumentation. Although
Monte Carlo simulations [25] provide comprehensive theo-
retical models, they are computationally intensive. Con-
versely, methods employing high-sensitivity photodetec-
tors [26] or scattering loss analysis [27] offer experimental
simplicity and rapid response but are highly susceptible to
environmental disturbances. Consequently, there is a criti-
cal need to develop a measurement scheme that simultane-
ously combines equipment simplicity, rapid response, and
the capability for full-profile reconstruction.

Monitoring methods based on modal evolution and cut-
off characteristics offer distinct advantages, including sim-
plicity, real-time capability, and non-destructiveness. How-
ever, traditional time-domain optical intensity monitoring
methods [28,29] are highly susceptible to environmental
noise (e.g., flame turbulence), causing critical cutoff fea-
tures to be obscured by background noise and hindering
precise identification. While existing Short-Time Fourier
Transform (STFT) techniques [30,31] operate effectively in
low signal-to-noise ratio (SNR) environments, they have
not yet introduced active control mechanisms into the fab-
rication process. Furthermore, a shared limitation among
these existing time-domain and frequency-domain meth-
ods is that they primarily focus on identifying specific di-
ameter points, remaining limited in their ability to dynami-
cally reconstruct the complete geometric profile of the
MNF during the tapering process.

In this paper, we present an experimental platform that
employs the interference between higher order mode LP,,
(HE,, in strong guiding regime (SGR)), LP,, (HE,,, TE,,,
and TM,, in SGR) and fundamental mode LP, (HE,, in
SGR). Using this scheme and image recognition, MNFs
with tailored linear modification factors can be automated
fabricated, and their waist diameters can be monitored in
real time. Concurrently, we design an end-to-end recon-
struction network based on a one-dimensional convolution-
al neural network (ID-CNN). This network automatically
learns the nonlinear mapping between the spatial frequen-
cy of intermodal interference signals and the geometric
profile of the fiber taper. It enables rapid, high-precision,
and direct retrieval of the MNF taper diameter distribution,
obviating the need for preset profile functions or complex
iterative algorithms. The system demonstrates robust appli-
cability for diameter measurement of MNFs under both
adiabatic and non-adiabatic conditions.
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2 Theoretical principles
2.1 Calculation formula

In the process of fiber tapering, when the length of the
heated zone changes linearly with the tapering distance, the
fiber waist diameter follows the condition described in Ref.
[32]:

_L
Doe 2h,

D(L) = L\~ %
D0(1+a7) L @#0),

(@=0),
(1)

where Dy represents the initial fiber diameter, /4 is the ini-
tial length of the heated zone, L is the tapering distance,
and « is the linear modification factor. Figure la illus-
trates the variation in fiber shape with tapering distance for
different linear modification factors, when a = 0, the fiber
diameter decreases exponentially as the taper length in-
creases, and when a = 0.5, the fiber shape follows a hyper-
bolic curve.

Taking the tapered fiber with a constant heated region
length as an example, the corresponding fiber shape satis-
fies the prediction model:

P R ) (OL< - %) o
w = Dgexp(—L/ (2h)), (5 <z< 5 +h).

Here, w is the waist diameter of the tapered fiber, with a
length of 4, and z is the distance along the fiber axis to the
start of the waist region. Typically, when the initial diame-
ter and tapering distance are known, the waist diameter of
the fiber is measured using an optical microscope. By sub-
stituting this into Eq. (1), the effective heated region length
is obtained, which then allows for deriving the waist diam-
eter for each tapering stage. However, the heated region
length is not a constant value, slight changes occur during
each tapering process, and these variations are the primary
source of fiber diameter errors [30]. Thus, to measure more
accurately, it is crucial to determine the change in the heat-
ed region length after each tapering step, thereby obtaining
a more reliable value. To achieve this, modal interference
of transmitted light during the tapering process can be used
to obtain the fiber diameter at a specific tapering distance,
which is then used to correct 4.

The propagation of light in a MNF is governed by the
Helmbholtz equation, in which the propagation constant 8
and modal fields correspond to the discrete eigenvalues and
eigenfunctions under given boundary conditions. As the
fiber diameter decreases along the taper region, the bound-
ary conditions vary, resulting in the excitation and cutoff of
different modes. For a fixed input wavelength, each mode
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Fig. 1 (a) Fiber shape variation versus taper length for different linear modification factors. (b) Effective refractive indices of selected modes for
o = 0, showing the decrease of the single-mode fiber (SMF) diameter; modes within the same ellipse are from the same family. (c) and (d) The
COMSOL-simulated energy density distributions of the HE,, mode for SMF and multimode fiber (MMF) with 50 pm cladding. Red arrows rep-
resent the transverse electric field. The simulation used an air—cladding—core three-layer waveguide, with the air layer thickness set to four wave-
lengths (6.2 pm), and the core diameters set to 0.0656 and 0.4 times the cladding diameter for SMF and MMF, respectively. (e) and (f) Energy
density distributions of the HE,, mode for SMF and MMF with a cladding diameter of 2 pm under the same simulation conditions. (g) Effective
refractive index of HE,, and HE,, as a function of fiber diameter. Black dashed lines denote the cladding refractive index, while blue and orange
circles indicate the diameters at which the HE, leaks into the cladding for SMF and MMF, respectively. (h) Adiabatic conditions of SMNF and
MMNEF, and the variation of the taper angle with fiber diameter in an exponential-shaped taper region, The y-axis is plotted on a logarithmic

scale.

possesses a well-defined cutoff diameter D; that can be de-
termined by solving the eigenvalue equation [33]. During
tapering, the cutoff distances L; of observable modes can
be recorded and mapped to their corresponding cutoff di-
ameters. These cutoff distance—mode pairs (L;, D;) are then

substituted into Eq. (2) to calibrate the hot-zone length 4.
Because / evolves dynamically with the tapering process,
incorporating a greater number of cutoff distance-mode
pairs yields higher calibration accuracy.

In the case of tapering with a fixed hot-zone length, the
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final waist diameter for i = 1 can be expressed as:

L/L
D
D =D, (—‘) .

o 3)

Here, Dy corresponds to the initial fiber diameter (125
um), while L denotes the total pulling length of the taper.
Accordingly, the final waist diameter evaluated at refer-
ence points i = 1,2 is given by:

(L-L)/(L1-Ly)
D
‘ ) )

D =D, (—
D,

In the case of a taper fabricated with a linearly varying
hot-zone, the resulting waist diameter for i =1 can be ex-
pressed as:

-1/Qa)
L

(&)20 .
D . ®)

L

D =Dy
1+

When utilizing a pair of mode cutoffs (i = 1,2), the cor-
responding waist diameter is formulated as:

h+aL; )%
D =D,
h+al
_ a(L - L)
(Dy/Dy)** -1

’ ©)

Furthermore, to simultaneously correct both parameters /
and «a, the two corresponding data pairs (L;, D;) must be
substituted into the following transcendental equation:

Di a’L,' _
2a1n(D0)+1n(1+ ; )_o. 7

Solve for the variables (a, /) and substitute them into Eq.
(7) to obtain the final waist diameter.

2.2 Discussion of adiabaticity

The single-mode fiber (SMF) employed in this study is
Corning SMF-28e, while the multimode fiber (MMF) is of
the 50/125 specification. Both fibers have a cladding diam-
eter of 125 pm. The core diameter of the SMF is 8.2 um,
whereas the MMF has a core diameter of 50 um. Both
fibers possess the same core refractive index of 1.4504
[34], with the cladding refractive index calculated as
1.4437 using the Sellmeier formula. Given the high pro-
cessing temperature of 1423 K, the core and cladding re-
fractive indices are corrected to 1.4654 and 1.4586, respec-
tively, to account for the thermo-optic effect [35,36]. The
cutoff diameters of supported modes were obtained by
COMSOL simulations at 1550 nm, using a three-layer
air—cladding—core model in which the core and cladding di-
ameters varied proportionally while the air thickness re-
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mained unchanged. As depicted in Fig. 1b, the effective re-
fractive index n,, of each mode decreases with decreasing
fiber diameter, and when n.; = n,, = 1, the mode leaks in-
to the air, defining its cutoff point. The cutoff diameters for
modes HE;,, EH,,, HE,,, HE,,, TM,,, and TE,, were found
to be 1.780, 1.977, 1.903, 1.296, 1.136, and 1.136 um, re-
spectively. Experimentally, the interference signal be-
tween the fundamental mode and higher-order modes were
observed during the tapering process. The disappearance of
a given interference signal indicated the cutoff of the corre-
sponding mode, and the taper elongation at that position,
combined with the known cutoff diameter, yielded a
(L;,D;) data pair. However, obtaining multiple pairs of
(L;, D;) is not always feasible, as it depends on whether the
MNEF satisfies the adiabatic condition [11,37,38]. In partic-
ular, the local tapered angle 6(r) = (dr)/(dx) must be sig-
nificantly smaller than angle Q(r):

rAn

Q@)= — ®)

Here, r is the fiber radius, An = ny —ny, ny, ny are the re-
fractive indices of the HE,, and HE,, mode, respectively,
and 4 is the wavelength of the light. For a MNF fabricated
from a SMF (SMNF), as depicted in Figs. 1c and le, the
fiber remains single-mode in the wider taper region. The
HE,, mode exists solely in the cladding, whereas the funda-
mental mode is located in the core, as seen in Fig. 1g. The
significant refractive index difference An between these
two modes means the adiabatic condition is readily satis-
fied, according to Eq. (8). When n; decreases to that of the
cladding (at D = 43.7 um), the HE,; mode begins to leak
into the cladding and couples with the HE,, mode. The
smaller An in this region makes it challenging to meet the
adiabatic condition. As the radius is further reduced, An in-
creases again, and the adiabatic condition becomes less
stringent. For a MNF created from a MMF (MMNF), also
shown in Figs. 1d and 1f, the HE,, mode, similar to the
fundamental mode, gradually transitions from a core mode
to a cladding mode. The overall trend for Arn is an increase
(with a slight dip at D = 11.2 um where the fundamental
mode becomes a cladding mode), making the adiabatic
condition progressively easier to satisfy. However, as illus-
trated by the red dashed and solid lines in Fig. 1g, the al-
most identical refractive indices of the two modes at the
start of the taper make it difficult to satisfy the adiabatic
condition. Figure 1h shows the taper angles that satisfy the
adiabatic condition for both types of MNFs. The red
dashed line represents the taper angle variation of a natural
exponential taper. Its initial intersection with the MMNF’s
adiabatic curve indicates that the adiabatic condition is not
met. In this study, our heat source had a width of approxi-
mately 5.1 mm. This process is adiabatic for the SMNF,
yielding only a single (L;, D;) pair, but it is non-adiabatic
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for the MMNF, which allows for multiple (L;, D;) pairs to
be obtained. Non-adiabatic MNFs produced from SMF are
widely used in practical applications. To replicate this situ-
ation, we used a two-step tapering method. First, a SMF
was tapered to have a long waist and a short taper region.
Subsequently, the long waist was tapered a second time.
Because a shorter initial diameter requires less tapering
length to achieve the same final diameter, the resulting ta-
per angle is larger, which more easily violates the adiabat-
ic condition. A microscopic image of the fiber produced
via this two-step tapering method is shown in Fig. 2i. This
image is a mosaic of 651 individual pictures, with the
transverse and axial directions not being to scale. The fiber
has two waist regions with diameters of 55 pym and 8 pm.

2.3 Recognition of modes

The measured light intensity of the interference between
the two modes can be expressed as [39]:

1=1,'+Ij+2\/Ii1jCOS¢ij(L)COSQ,’j. (9)

In this expression, /; and I; correspond to the intensities
of modes i and j, 6;; is the angle between their polariza-
tion states, while ¢;; denotes the cumulative phase accumu-
lated between the two modes along the fiber owing to dif-
ferences in refractive index. L represents the total pulling
length of the taper, and the accumulated phase can be writ-
ten as [40]:

L
¢i/(L) = | (Bir@)—By(r()) dz. (10)

The spatial frequency varies proportionally with the rate
of change of the accumulated phase along the tapering
length, and can be written as:

1 d¢;;

= AL an

Mode cutoffs appear as sudden frequency truncations in
the frequency spectrum of the interference signal. By fit-
ting the theoretically computed values to the STFT spectro-
gram of the interference data, the modes at the cutoff posi-
tions can be recognized. The findings show that, in highly
adiabatic scenarios, only LP,-LP,, interference is ob-
served, while in less adiabatic scenarios, interference be-
tween LP;, and LP;,, modes with the LP,, mode predomi-
nantly occurs.

3 Experimental setup

Figure 2a illustrates the schematic diagram of the experi-
mental setup. A 1550 nm laser source (LS-1550-10 dB-

FC/PC-80 MHz) with a linewidth of 0.04 pm is coupled in-
to the optical fiber. To prevent the interference from be-
coming invisible due to orthogonal polarization states be-
tween the coupled modes, a polarization controller (PC)
was employed after the light source when drawing SMNFs,
thereby ensuring optimal visibility in the STFT spectro-
grams. The homemade electric heater is regulated by a
computer-based temperature feedback system to maintain
the fiber at a temperature above 1423 K. When the fiber
softens, the translation stages are actuated under program
control to pull the fiber symmetrically from both ends. For
the constant heat zone heating method, the displacement
stage speed is constant at 0.2 mm/s. For the linear heating
zone method, the fiber stretching speed remains un-
changed, and the displacement stage periodically scans to
simulate the increase in the heated area. The movement
method follows the approach in references [41-43]. The
transmitted light is received at the other end of the fiber af-
ter passing through an optical attenuator, by a photodetec-
tor (Thorlabs DETO8CFC). It is then converted into an
electrical signal, displayed, and stored as voltage values by
the oscilloscope (Rohde & Schwarz RTO1014). The sam-
pling rate is set to 1 k Sample/s, and the computer process-
es the received data.

The homemade electric heater [44] is mounted on a verti-
cal stainless steel guide rail (Fig. 2b), while high-precision
motorized stages extend the fiber bi-directionally along the
vertical axis. To highlight the superior turbulence control
of the vertical tapering configuration, we performed Solid-
Works Flow Simulation of the gas-flow distribution inside
the horizontal and vertical heaters at 1423 K, as presented
in Figs. 2c-2f. The results indicate that the horizontal
heater exhibits a complex flow pattern with pronounced
turbulence near the gas inlets and outlets at the fiber cross-
section, whereas the vertical heater maintains a simpler up-
ward flow parallel to the fiber-drawing direction, exerting
negligible influence on the fiber profile. This symmetric
airflow in our vertical drawing setup effectively suppress-
es mechanical microbending, and the localized heating
(1423 K) intrinsically provides thermal annealing to re-
lieve residual stresses. Consequently, the fiber samples
maintain excellent mechanical integrity during both single-
and multi-step tapering [44—46]. We further tapered sever-
al SMNFs using both horizontal and vertical drawing se-
tups with a target linear modification factor of a = 0.05 at
lengths of 50 mm. The waist diameters and heated zone
lengths of these samples were characterized via SEM, and
the actual a values were back-calculated using Eq. (1). The
statistical results are summarized in Figs. 2g—2h. While the
mean diameters and o values are similar between the two
setups, the samples produced with the vertical drawing set-
up exhibit a markedly narrower distribution for both pa-
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rameters, demonstrating improved uniformity.

Following data import, the time—frequency spectrum of
the signal is obtained using the STFT with a Hamming
window of length 1024 and an overlap length of 960. The
use of an ultra-narrow linewidth laser source provides high
spectral resolution in the transmission spectrum. By apply-
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ing image processing to the resulting spectrogram, the cut-
off points of the modes can be accurately identified, en-
abling automated measurement of the MNF diameter. The
detailed procedure is as follows: first, the spectrogram is
preprocessed (including image enhancement and noise re-
duction). Then, the connected regions in the image are
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Fig.2 (a) Experimental setup. (b) Photograph of the vertical electric heater. (c) and (d) Simulated airflow distribution inside the horizontal
heater cavity and at the fiber cross section, performed using SolidWorks Flow Simulation. The heater housing is AL,O, (40 X 40 X 65 mm) and
the heating element is Si;N,, with a set temperature of 1423 K. (e) and (f) Airflow distribution inside the vertical heater cavity and at the fiber
cross section under the same conditions. (g) and (h) Comparison of the measured waist diameters (g) and the back-calculated linear modifica-
tion factors (h) for SMNF samples fabricated using the horizontal (red squares) and vertical (black circles) heating setups. The target parameters
were set to a taper length of 50 mm and a = 0.05. The vertical setup yields a much narrower standard deviation for both the diameter (5.25 nm
vs. 23.48 nm for the horizontal setup) and a (0.0017 vs. 0.0066 for the horizontal setup). Red and black dashed lines represent the mean values
for the horizontal and vertical samples, respectively. Error bars are estimated based on the SEM spatial resolution and experimental data. (i) Mi-
croscope image of a dual-waist fiber fabricated by the two-step tapering method.

identified, corresponding to the frequency evolution of
each interference mode with respect to the fundamental
mode over time. Finally, the coordinates of each point in
the connected regions are extracted, and their endpoints are
determined. Generally, the endpoint is at the far-right of the
connected region. To improve robustness, the condition for
determining the endpoint is set to max(x* + y).

4 Experimental results

4.1 Specific waist diameter fabrication

To verify the accuracy and robustness of our system for
measuring the diameter of MNFs, we set a series of taper-
ing lengths and fabricated MNFs with different shapes (un-
der different linear modification factors o = 0 and a = 0.1)
using both SMFs and MMFs. Typically, SMNFs in our
system exhibit highly adiabatic properties. To simulate a
broader range of conditions, we also employed a two-step
tapering method to fabricate low-adiabatic SMNFs, fol-
lowed by the same diameter measurement procedure. For
the single-step tapering method, the taper lengths were cho-
sen as 46 mm, 50 mm, and 54 mm for o = 0; and 50 mm,
60 mm, and 70 mm for a = 0.1. For the two-step tapering
method, only the a = 0 case was considered: the first taper-
ing length was fixed, and the second tapering length was
set to 20 mm, 23 mm, and 26 mm. At the end of each taper-
ing process, the recorded transmission signal was pro-
cessed to identify the cutoff moments of the interference
modes, yielding one or more (L;, D;) data pairs. According
to the predefined value of a and the number of (L;,D;)
pairs obtained, one of Eq. (3) to Eq. (6) was used to solve
for the waist diameter corresponding to the current taper-
ing length.

In Fig. 3a, the upper panel illustrates the transmission of

a SMNF fabricated with o = 0.1, recorded as a function of
time. Because of the small taper angle, the fiber maintains
good adiabaticity, with transmission exceeding 94%. The
lower panel shows the STFT of the transmission, where the
continuous trace corresponds to the frequency evolution of
the HE,, mode, which cuts off at approximately 122 s. The
upper panel of Fig. 3b presents the transmission obtained
during the two-step tapering of an SMNF with a = 0. The
first tapering produces a 4 cm waist with a diameter of 19
pum. In this strong-guiding waist, the modes propagate with
significant confinement, so that after the second heating
and tapering, the interference frequencies do not originate
from zero. The lower panel shows the STFT spectrum of
the transmission, where the gap between 200 s and 250 s
reflects the cooling and reheating interval. Because the
strongly guided higher-order modes in the micro-waist pos-
sess large evanescent fields, the two-step tapered devices
exhibit extraordinary sensitivity to external environmental
changes, making them highly ideal platforms for ultra-sen-
sitive refractive index, temperature, strain, or biochemical
sensing [47]. Figures 3c and 3d depict the transmission and
corresponding STFT spectrum for MMNF with a = 0 and
a = 0.1, respectively, with the cutoff points of different
modes labeled. Figures 3e-3h show the processed STFT
spectrum of Figs. 3a—3d, where the red dots denote the de-
tected cutoff positions and the solid lines represent the spa-
tial frequencies of mode—fundamental-mode interference
calculated from Eq. (11). In the case of the two-step taper-
ing method, the cutoff times of the HE ,, TE,,, and TM,,
modes occur at approximately 37 s, 45 s, and 48 s during
the second tapering. For MMNFs fabricated by single-step
tapering, the cutoff times of the corresponding modes are
listed in Table 1.

The SEM images of the fabricated samples were ob-
tained as references to verify the reliability of the measure-
ment results, as shown in Fig. 4. For highly adiabatic MN-
Fs, the relative error was better than 0.85% (5 nm) in the
588-1449 nm range when a = 0, and better than 0.78% (5
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Fig.3 (a) and (b) Results for SMNFs. Top: Transmission as a function of tapering time for a SMNF with (a): « = 0.1 and (b): the two-step ta-
pering method. Bottom: Corresponding spectrograms of the transmission. The dashed lines indicate the cutoff times of individual modes. In (b),
the blank region in the spectrogram corresponds to the cooling and reheating process between the two tapering steps. (¢) and (d) Results for
MMNFs. Upper panels: Transmission evolution versus tapering time for MMNFs fabricated with @ = 0 and a = 0.1, respectively. Lower panels:
The associated spectrograms, where the exact mode cutoff moments are delineated by dashed lines. (e)—(h) Processed spectrograms correspond-
ing to panels (a)—(d). The red circles denote the mode cutoff points automatically identified by the program, while the solid lines represent the
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interference spatial frequencies K;; between the modes and the fundamental mode, calculated according to Eq. (11).

nm) in the 638-1778 nm range when o
adiabatic MNFs, the relative error was better than 1.14% (7
nm) in the 594—-1451 nm range when a = 0, and better than
1.25% (8 nm) in the 635-1775 nm range when a = 0.1. In

Table 1 Cutoff times of modes under different a (single-step taper-
ing), unit (s)

0.1. For low-

addition, for SMNFs fabricated by the two-step tapering

method, the relative error was better than 1.14% (6 nm) in
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Mode a=0 a=0.05 a=0.1
HE,, 108 118 122
HE,, 116 125 142
TE,, 119 128 148
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Fig.4 (a) and (b) Comparison between the measured diameters and SEM results of SMNFs and MMNFs at different preset pulling distances,
for @ =0 and @ = 0.1, respectively. Each sample number consists of four data points: SMNFs measurement, SMNFs SEM result, MMNFs mea-
surement, and MMNFs SEM result. (c) Comparison between the measured diameter and SEM results for SMNFs using the two-step tapering
method at various pulling distances (only the o = 0 case is considered). Each sample number consists of two data points: SMNFs measurement
and SMNFs SEM result. The error bars of the red and black shapes are determined by the resolutions of SEM and STFT, respectively.

the 524-1054 nm range. These results clearly demonstrate
the high accuracy and robustness of our method for mea-
suring the diameters of MNFs with different taper profiles.
This capability provides a reliable technical foundation for
the precise fabrication and in situ characterization of MN-
Fs under various tapering conditions.

By integrating the precise measurement capability of our
system with a real-time feedback mechanism, we enable
the fabrication of MNFs with specific target waist diame-
ters. Fundamentally, this feedback loop operates by trans-
lating the on-the-fly detection of a reference mode’s physi-
cal cutoff into an immediate recalculation of the required
remaining tapering length, thereby dynamically updating
the motor’s target stop position. The specific operational
procedure is detailed in Fig. 5. Initially, in the parameter

initialization stage, the target waist diameter (D), the linear
modification factor (a), and an over-estimated initial
pulling distance (L, typically > 70 mm) are preset, and the
motorized translation stages start pulling. During tapering,
the system enters the Monitoring Module, where the time-
dependent optical transmittance is continuously recorded
via a custom LabVIEW program. Real-time STFT is ap-
plied to map the spatial frequency evolution. Crucially, our
image processing algorithm tracks the non-monotonic tra-
jectory of the spatial frequency curve to accurately identify
the physical cutoff point of a reference mode. Once the cut-
off is successfully detected, the system triggers the Feed-
back Module. It first extracts the active pulling distance
and the corresponding taper diameter (L;, D;) at that exact
moment. Subsequently, depending on the quantity of
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Fig.5 Schematic diagram of the real-time monitoring and feedback mechanism during the microfiber tapering process.

recorded (L;,D;) data points and the preset a, the algo-
rithm calculates the remaining tapering distance required to
achieve the final target diameter using the appropriate geo-
metric model from Eq. (3) to Eq. (6). This calculated value
is immediately transmitted to the motorized translation
stages to update their target stop position. The response
time of our system is lower than 10 ms, and due to the rela-
tively slow tapering speed, the error introduced by latency
is negligible.

We set the target diameters to 1700 nm, 1200 nm and
700 nm, and fabricated MNFs with three different taper
profiles (o = 0, 0.05, and 0.1). After fabrication, the actual
diameters were measured using SEM (images are provided
in the Supporting Information Figs. S1-S3). The measure-
ment results are presented in Fig. 6: For SMNFs, the maxi-
mum relative errors at the preset target diameters were
0.86% (6 nm) under both =0 and 0.05, and 1% (7 nm) un-
der a=0.1. For MMNFs, these values were 0.57% (4 nm) at
0=0, and 0.71% (5 nm) for both a=0.05 and 0.1.

It can be observed that as the target fiber diameter de-
creases or the linear modification factor increases, the fab-
rication precision exhibits a slight degradation. This is pri-
marily because a smaller target diameter requires a longer
tapering distance, which inherently increases the likeli-
hood of dynamic thermal zone fluctuations over time. This
error accumulation can be mitigated by dynamically refin-
ing the theoretical calculation formulas based on the mea-
sured data to improve accuracy. Furthermore, MMNFs ex-
hibit higher fabrication accuracy at smaller diameters com-
pared to SMNFs. Fundamentally, the excitation of a greater
number of higher-order modes in MMNFs provides a high-
er density of physical reference points during the tapering
process. To further improve fabrication precision, the num-
ber of excited modes can be actively increased by reducing
the incident light wavelength, thereby generating more cal-
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ibration reference points. In addition, the dynamic mea-
surement accuracy is fundamentally bottlenecked by the in-
herent time—frequency uncertainty of the STFT method,
which introduces a temporal window uncertainty of ap-
proximately 0.064 s. This algorithmic limitation can be ad-
dressed in future optimizations by adopting multi-resolution
analysis techniques, such as the continuous wavelet trans-
form (CWT). Finally, the measurable diameter range is
strictly bounded by the physical modal cutoff dynamics.
The measurement upper limit corresponds to the fiber di-
ameter at which the first excited mode cuts off (e.g., 1.903
ym for the HE,, mode in SMNFs). Conversely, the mea-
surement lower limit extends only to within a few hundred
nanometers beyond the final mode cutoff diameter (e.g.,
1.136 um for the TE); mode in MMNFs). Based on wave-
guide physics, this measurable range can be flexibly tuned:
employing a longer incident wavelength increases the mea-
surement upper limit, while adopting a shorter incident
wavelength effectively lowers the measurement limit deep-
er into the sub-wavelength regime.

4.2 Taper profile reconstruction of MNFs based
on 1D-CNN

While the STFT cutoff-based method facilitates precise
control of the waist diameter, current approaches fail to ful-
ly exploit the rich information embedded in the remainder
of the time-frequency evolution curve. Equations (10) to
Eq. (11) indicate that the intermodal interference trajectory
K;; is intrinsically governed by the taper’s geometric pro-
file D(z), establishing a deterministic yet complex nonlin-
ear mapping. Consequently, we introduce a 1D-CNN to
learn this nonlinear mapping, enabling the direct recon-
struction of the taper’s geometric profile from the extract-
ed time-frequency curve.
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Fig.6 (a)-(c) Top: SEM-measured diameters of SMNFs and MMNFs when the target waist diameters (black dotted line) are set to 1700 nm,
1200 nm, and 700 nm, for @ =0, @ =0.05 and @ = 0.1, respectively. Each sample number consists of two data points: SMNFs SEM result, and
MMNFs SEM result. The central data points represent the mean values of 7 spatially distributed diameter measurements (sampled at the thinnest
origin and symmetrically at 20 um intervals along the MNF waist). The error bars indicate the standard error (SE) of these measurements. Bot-

tom: The corresponding relative fabrication errors.
4.2.1 Construction of physics-enhanced data set

The generalization capability of deep learning models is
critically dependent on the quality of the training data. Re-
lying solely on theoretical formulas to generate random
shape data sets often fails to capture complex process fluc-
tuations inherent in actual tapering, such as airflow pertur-
bations and uneven heating. This discrepancy can lead to
model failure when applied to experimental data. To ad-
dress this, we propose a strategy for constructing a physics-
enhanced data set grounded in experimental measurements.
We first fabricated 64 MNF samples to serve as data
“seeds”. These samples included both SMF and MMF pre-
cursors, fabricated under the condition @ =0, with target
pulling lengths distributed across four groups: L = 37 mm,
38 mm, 39 mm, and 40 mm, comprising 8 SMNF and 8

MMNF samples per group. Following fabrication, the ta-
per region of each fiber was characterized with high preci-
sion using SEM. The axial sampling interval was set to 0.2
mm to acquire authentic discrete profile data.

To transform the discrete SEM measurements into con-
tinuous functions suitable for data generation and to aug-
ment the data set, we fitted the experimental data using a
seventh-order polynomial. This yielded a continuous func-
tion describing the fiber diameter D as a function of the ax-
ial distance z (measured from the taper transition to the
waist), as expressed in Eq. (12):

DR)=A,-Z, (12)

where A, =(Ao,A1,A2,A3,A4,As5,A¢,A7) represents the
vector of fitting coefficients, and Z = (1,z,z2,z3,z4,25 ,28,
z/)T denotes the basis function vector. Utilizing the 64 sets
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of benchmark coefficients A, derived from fitting, we in-
troduce minor random perturbations to simulate stochastic
process variations inherent to the tapering procedure.
Through this data augmentation strategy, each baseline
profile generated 2048 simulated samples, thereby con-
structing a large-scale fiber morphology data set with high
physical fidelity.

Subsequently, we employ the physical model (Eq. (11))
to perform forward calculations on each generated profile,
yielding the corresponding intermodal interference spatial
frequency curves as network inputs. Given that the HE ,-
HE,, interference pattern is stably excited and exhibits dis-
tinct features during both SMNF and MMNF tapering, we
consistently utilize the interference curve of this mode pair
as the feature input. The generated profile data initially
consist of 200 axial sampling points. To satisfy the dimen-
sional consistency requirements of the neural network, the
input data are uniformly resampled into a (50, 2) tensor
comprising the spatial frequency and pulling length dimen-
sions. Retaining the pulling length information assists the
network in distinguishing physical states across different
tapering stages. Sequences with fewer than 50 points are
padded with the maximum frequency value. Similarly, the
output labels (profiles) are uniformly resampled into a (50,
1) vector, retaining only the diameter information. In cases
of insufficient data length, padding is performed using the
minimum diameter value (i.e., the waist diameter). Finally,
the constructed physics-enhanced data set is globally shuf-
fled and strictly partitioned into training, validation, and
test sets at a ratio of 85%, 10%, and 5%, respectively. This
rigorously ensures both the convergence of the model train-
ing and the objectivity of the evaluation.

Figure 7 illustrates representative examples of shape per-
turbations and their corresponding spatial frequency curves
used for data set construction. Using two distinct pulling
length conditions as examples, Figs.7a, 7b, 7e, and 7f
present the experimentally measured HE,,-HE,, interfer-
ence spatial frequency curves and their corresponding ta-
per diameter profiles. The diameter data were acquired via
SEM and fitted with polynomials to yield continuous shape
functions. The selected pulling length range corresponds to
the interval in the spectrogram where the spatial frequency
rate of change increases significantly, extending to the
HE,, cutoff point. Within this interval, the spatial frequen-
cy features are distinct and minimally affected by STFT
uncertainty, establishing a predictable diameter range of
approximately 1.9-10 pm. It is important to note that the
actual pulling length covers twice the taper length, a rela-
tionship dictated by the axial symmetry of the fabrication
process. Building on this, as shown in Figs. 7c and 7g, we
generated a set of taper profile samples (D1-D10) dis-
tributed around the experimental profile by applying minor
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perturbations to the fitting coefficients, thereby simulating
potential process fluctuations. The corresponding spatial
frequency curves, depicted in Figs. 7d and 7h, demonstrate
that minute variations in taper geometry induce distin-
guishable changes in the spatial frequency trajectories
while maintaining a consistent overall evolutionary trend.

4.2.2 Neural network architecture design and training
strategy

The predictive accuracy and generalization capability of a
neural network are critically dependent on the rationality of
its architecture and the configuration of its hyperparame-
ters. To establish a high-precision nonlinear mapping from
intermodal interference time-frequency features to the fiber
taper profile, we constructed a deep 1D-CNN, drawing up-
on architectural concepts from Ref. [48]. To mitigate the
inefficiency of manual parameter tuning, we employed a
hyperparameter search strategy inspired by the Hyperband
algorithm [49] for the automated selection and optimiza-
tion of the network architecture and training parameters.
This optimization process progressively eliminates under-
performing hyperparameter combinations to identify the
optimal configuration.

The optimized network architecture is illustrated in Fig.
8. It takes a batch of 32 one-dimensional time-frequency
sequences as input, which are first processed by a 16-chan-
nel ConvlD layer, followed by a max pooling layer (ker-
nel size 3, stride 2) to extract local time-frequency features
and reduce dimensionality. Subsequently, the features un-
dergo Batch Normalization before being input into a sec-
ond Conv1D layer with 512 channels, followed by another
max pooling layer (kernel size 2, stride 2). The features ex-
tracted by the convolutional layers are flattened into a
2048-element vector and fed into a regression network
comprising four fully connected (FC) layers, each consist-
ing of 2000 neurons. To enhance training stability and miti-
gate overfitting, Batch Normalization and Dropout layers
(with rates of 0.45 and 0.20, respectively) are introduced
after the first two FC layers. The final layer serves as the
output layer, mapping the network features directly to the
physical diameters of the taper profile. Across this architec-
ture, all convolutional and fully connected layers utilize the
Rectified Linear Unit (ReLU) activation function, with the
kernel size for all ConvlD layers set to 3. The model is
trained using the Adam optimizer (learning rate 0.001) to
minimize the Smooth L1 loss function, with the threshold
parameter set to 4.65.

4.2.3 Neural network test results

To objectively evaluate the generalization performance and
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Fig.7 (a) and (b) HE,,-HE,, modal interference spatial frequency curves and the corresponding taper profile extracted during SMNF fabrica-
tion at a pulling length of L = 40 mm. Taper diameters were measured via SEM and fitted using a seventh-order polynomial. (c) and (d) Ten sets
of perturbed fiber profiles (D1-D10) generated from the SEM fitting curve, alongside their corresponding spatial frequency curves. For visual-
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measurement accuracy of the trained 1D-CNN model, we
constructed an experimental test data set entirely indepen-
dent of the training set. This test set included both SMF
and MMF precursors, deliberately incorporating pulling
lengths absent from the training set to assess the model’s
predictive capability for unseen process conditions. Specif-
ically, MMNFs were fabricated at pulling lengths from 35
mm to 41 mm in 2 mm increments, while SMNFs were
fabricated from 36 mm to 42 mm, also in 2 mm incre-
ments. Each fabricated sample underwent high-precision
SEM profile scanning (0.2 mm interval), covering the ta-
per region from the waist up to a diameter of approximate-
ly 10 pm. Subsequently, the HE,,-HE,, intermodal interfer-

ence time-frequency evolution curve acquired during fabri-
cation was extracted as the network input. Notably, to align
with the network input dimensions and capture the com-
plete stretching history, the input time-frequency curve was
cropped to cover the range from the end of tapering back to
a point corresponding to twice the SEM measurement span.
Feeding the extracted features into the trained 1D-CNN
model yielded taper profile predictions, which are com-
pared against SEM measurements in Fig. 9. Across the
measurement range, the maximum relative error was less
than 0.35%, with the majority of sampling points exhibit-
ing relative errors between 0.1% and 0.2%. The maximum
absolute error remained below 9 nm.
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Fig. 9 Experimental prediction results based on the neural network method. (a)-(d) Results for SMNFs. Black circles denote the ground truth
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with a diameter of approximately 10 pm. Solid lines represent the network’s predicted output, while red triangles indicate the relative error be-
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These results demonstrate that our 1D-CNN model pos-
sesses not only robust nonlinear fitting capabilities but al-
so exceptional generalization performance, enabling high-
precision reconstruction of MNF taper profiles under vary-
ing pulling conditions. Furthermore, compared to tradition-
al fluid-dynamics and thermo-mechanical models [50,51]
that involve complex boundary formulations and iterative
solving steps—making them computationally intensive and
time-consuming—our method simplifies this process to a
direct feed-forward inference and completes the full-pro-
file prediction significantly faster (~5 s). This characteris-
tic provides a practical and efficient alternative for struc-
tural evaluation. Additionally, the lower measurement lim-
it can be effectively reduced by training the network on in-
terference patterns involving higher-order modes (e.g.,
TE,,-HE,)) or by utilizing a shorter incident wavelength.
Conversely, the upper measurement bound can be extend-
ed by employing a longer incident wavelength. This
methodology is also readily applicable to taper profiles
characterized by different linear modification factors. Re-
garding the neural network input, the spatial resolution of
the extracted features is fundamentally constrained by the
inherent time-frequency uncertainty of the STFT method.
In future iterations, this limitation could be effectively mit-
igated by adopting advanced time-frequency analysis tech-
niques to extract spatial frequencies with enhanced preci-
sion.

5 Conclusion

In conclusion, we have developed a flexible and versatile
system capable of rapidly and accurately measuring and
fabricating MNFs with various profiles under both adiabat-
ic and non-adiabatic conditions. Our approach innovative-
ly integrates physical model calibration with data-driven
strategies. By incorporating a real-time closed-loop feed-
back mechanism, the system dynamically translates the on-
the-fly detection of modal cutoffs into precision motor con-
trol. This active monitoring and feedback process facili-
tates the rapid, non-destructive, and highly deterministic
fabrication of MNFs with specific target waist diameters.
Concurrently, the 1D-CNN architecture, leveraging spatial
frequency data, enables the swift extraction of taper pro-
files, thereby achieving highly efficient, full-profile MNF
reconstruction. This system provides an efficient and reli-
able manufacturing tool for cutting-edge fields that impose
stringent requirements on device precision, such as quan-
tum optics, nonlinear optics, and high-sensitivity sensing.
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