
Received: 19 January 2026

Revised: 6 February 2026

Accepted: 14 February 2026

Published: 24 February 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Review

Review of Recent Advances in Femtosecond Laser Direct Writing
Technology of Fiber Bragg Gratings
Tao Li 1,2, Qiang Bian 3,* , Zhenrong Zhang 1,* , Zhengchen Wang 2,4, Donghan Shen 1, Yang Xiao 1,
Xiaoyan Huang 2, Qingquan Liang 1, Jinlong Lu 1, Jie Li 1, Yumeng Zheng 1 and Yang Yu 2

1 Guangxi Key Laboratory of Multimedia Communications and Network Technology, School of Computer,
Electronic and Information, Guangxi University, Nanning 530004, China

2 College of Sciences, National University of Defense Technology, Changsha 410073, China
3 College of Meteorology and Oceanography, National University of Defense Technology,

Changsha 410073, China
4 School of Electrical Engineering, Guangxi University, Nanning 530004, China
* Correspondence: qiang.bian@nudt.edu.cn (Q.B.); zzr76@gxu.edu.cn (Z.Z.)

Abstract

Fiber Bragg Gratings (FBGs) are essential components in fiber-optic sensing systems owing
to their high sensitivity, compact structure, and immunity to electromagnetic interfer-
ence, and have been widely applied in structural health monitoring, aerospace, energy,
and biomedical fields. Conventional FBG fabrication methods, including standing-wave,
two-beam interference and phase mask methods, rely heavily on the photosensitivity of
optical fibers and are limited in terms of fabrication flexibility and grating structural diver-
sity. Femtosecond Laser Direct Writing (FLDW) has emerged as a prospective approach
for FBG fabrication due to its nonlinear absorption mechanism, low thermal damage,
three-dimensional processing capability and broad material compatibility. This review
summarizes recent progress in FLDW-FBGs, with particular emphasis on the character-
istics of point-by-point (PbP), line-by-line (LbL) and plane-by-plane (Pl-by-Pl) methods.
The implementation of these methods in various fiber, including standard single-mode
fibers, sapphire fibers, and polymer optical fibers, is discussed in detail. In addition, recent
advances in FBG-based sensing applications under extreme environments, as well as in
biomedical sensing and optical fiber communication, are reviewed. Key challenges related
to fabrication efficiency, process stability, and microstructural characterization are fur-
ther analyzed. Finally, potential development directions toward improved controllability,
structural design flexibility, and engineering applicability of FLDW-FBGs are outlined.

Keywords: Fiber Bragg Gratings (FBGs); Femtosecond Laser Direct Writing (FLDW);
refractive index modulation; nonlinear absorption; fiber sensing

1. Introduction
With the rapid development of optical fiber technology, optical fiber sensing has be-

come a key technical means in the field of sensing technology by virtue of its high sensitivity,
flexible design, low cost, corrosion resistance, immunity to electromagnetic interference,
and multi-parameter decoupling potential. Among various technological methods, Fiber
Bragg Gratings (FBGs), thanks to their core advantages of compact size, wavelength encod-
ing, suitability for mass production, and ease of multiplexing capability, are emerging as a
key component driving the advancement of optical fiber sensing technology and have been
widely applied in multiple fields.
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The characteristics of FBGs—encompassing Bragg Wavelength, reflectivity, full width
at half maxima (FWHM), insertion loss and side mode suppression ratio (SMSR) largely
depend on their fabrication technology. Among various fabrication methods, Femtosecond
Laser Direct Writing (FLDW) offers unique advantages, such as non-thermal effects, the
ability to overcome material limitations, three-dimensional processing capability, and excel-
lent processing precision. It enables the fabrication of FBGs with strong resistance, flexible
grating structures and a wide range of substrate materials, thereby opening new avenues
for expanding FBGs applications in fields like extreme environment monitoring [1–3],
biomedical sensing [4–7], aerospace [8–10], and energy facilities [11–13].

This paper focuses on FLDW for FBGs fabrication and its sensing applications, aiming
to provide a comprehensive review of the development, research progress, and future
trends of this field. First, traditional FBGs fabrication technologies and different types
of FLDW are elaborated. Subsequently, the paper reviews the innovative applications
of various FLDW-fabricated FBGs across different fields. Finally, it conducts an in-depth
analysis of the current technical challenges facing FLDW-FBGs technology and outlines
its potential development directions. Compared with earlier reviews, this work further
enriches the technical analysis in this field through quantitative performance comparisons,
experimental result characterizations, and discussions on process limitations, clarifying the
performance advantages and application scenarios of different direct writing technologies.

2. Overview of FBGs
2.1. Principle of FBGs

An FBG is a wavelength-specific reflector by introducing specific refractive index mod-
ulation into a fiber core. When a broad light is injected into fiber, only those wavelengths
close to the Bragg condition can be reflected:

λB = 2nΛ = 2
(

ne f f + ∆nDC

)
Λ ≈ 2ne f f Λ, (1)

where λB denotes the central peak wavelength also called Bragg wavelength, n is the
averaged refractive index over the whole grating period and can be approximated as ne f f ,
ne f f is the effective refractive index of the coupled mode in the fiber core, ∆nDC is the
mean value of the refractive index change over length L due to the grating inscription and
Λ represents the grating period. Figure 1 shows the structure and working principle of
an FBG.

Figure 1. The structure and working principle of an FBG.

The FBG is sensitive to temperature and strain because both ne f f and Λ change with
variations in temperature and strain, as shown as follows:

∆λB = 2
(

Λ
∂ne f f

∂T
+ ne f f

∂Λ
∂T

)
∆T + 2

(
Λ

∂ne f f

∂ε
+ ne f f

∂Λ
∂ε

)
ε = ∆λB(T) + ∆λB(ε), (2)
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where ∆T is the temperature change, ε is the applied strain, ∆λB(T) represents the
temperature-induced Bragg wavelength change, and ∆λB(ε) represents the wavelength
change caused by strain. When only a temperature change occurs, we could obtain:

∆λB(T) = 2
(

Λ
∂ne f f

∂T
+ ne f f

∂Λ
∂T

)
∆T = λB

(
1

ne f f

∂ne f f

∂T
+

1
Λ

∂Λ
∂T

)
∆T ≈ λB(ξ + α)∆T, (3)

where ξ is the thermo-optic coefficient and α is the coefficient of thermal expansion (CTE).
When only a strain change occurs, we could obtain:

∆λB(ε) = 2
(

Λ
∂ne f f

∂ε
+ ne f f

∂Λ
∂ε

)
ε ≈ 2Λ

[
−

n3
e f f

2
∆

(
1

n2
e f f

)]
+ 2ne f f εzL

∂Λ
∂L

. (4)

By introducing the photoelastic coefficient, we can obtain:

∆

(
1

n2
e f f

)
= (p11 + p12)εr + p12εz, (5)

The fiber is axisymmetric and ∂Λ
Λ

L
∂L = 1; therefore, by combining the Equations (1),

(4), and (5), we can obtain:

∆λB = λB{−
n2

e f f

2
[(p11 + p12)εr + p12εz] + εz} ≈ λB(1 − pe)εz, (6)

where

pe =
n2

e f f

2
[p12 − v(p11 + p12)]. (7)

Among the parameters, εz is the axial strain, εr is the radial strain, pe is the effective
photoelastic coefficient, p11 denotes the longitudinal photoelastic coefficient, p12 represents
the transverse photoelastic coefficient, and v is Poisson’s ratio of the material.

2.2. Traditional Fabrication Methods of FBGs

In 1978, the world’s first FBG was developed at the Communications Research Centre
Canada (CRC) by Hill et al. [14] utilizing the photosensitivity of germanium-doped fibers
to ultraviolet (UV) light. They injected UV light generated by a 488 nm argon ion laser into
the Germanium-doped fiber. The reflected light caused by Fresnel reflection at the fiber end
face interfered with the forward-propagating light to form a standing wave interference
field inside the fiber, thereby creating a periodic refractive index modulation structure
along the fiber axis. This method is known as the “standing wave method”, as shown in
Figure 2a. However, the standing wave method relies heavily on material photosensitivity.
Due to its limited flexibility in adjusting the periodicity and intensity of the standing wave,
it is technically challenging and inefficient to create precise refractive index differences at
specific locations. As a result, it is not the preferred method for fabricating high-precision
complex-structure gratings such as Chirped Fiber Bragg Gratings (CFBGs), Phase-Shifted
Fiber Bragg Gratings (PSFBGs), and Long-Period Fiber Gratings (LPFGs).
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Figure 2. Three traditional methods for the fabrication of FBGs: (a) Standing wave method.
(b) Two-beam interference method. (c) Phase mask method.

To overcome the limitations of the standing wave method, Meltz et al. [15] first
fabricated FBGs for the communication band using the two-beam interference method in
1996. The fabrication process involves three sequential procedures: (1) A hydrogen-loaded
fiber without coating is mounted on a precision three-axis translation stage. (2) The incident
laser beam is split into two coherent sub-beams of equal intensity. (3) These beams are
focused onto the fiber core through a mirror pair to generate interference fringes. The
spacing Λ′ of the interference fringes is determined by the wavelength λ of the laser beam
and the incident angle θ:

Λ′ =
λ

2sin(θ/2)
(8)

The periodic light intensity distribution induces refractive index modulation in the
fiber core through the photosensitive effect, forming a refractive index grating with the
same period as the interference fringes. In the same year, Asobe et al. [16] fabricated FBGs
with reflectivity > 90% in chalcogenide fibers using two coherent beams from a He-Ne laser.
In 2004, Chuang et al. [17] proposed a new technology based on two-beam interference and
polarization control: by rotating a half-wave plate, they adjusted the alternating refractive
index modulation amplitude to achieve pure apodization. In addition, they introduced
phase shifts via 90◦ rotation of the half-wave plate, simplifying the fabrication of PSFBGs.
In 2008, Becker et al. [18] combined deep ultraviolet (DUV) lasers with the two-beam
interference method using a Talbot interferometer to prepare FBGs suitable for different
wavelength ranges. They also applied this technology to aluminum-/ytterbium-doped
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silica fibers, demonstrating its potential for writing in non-photosensitive fibers. In 2019,
D. Sola et al. [6] achieved efficient and low-damage periodic refractive index modulation
on ophthalmic polymers using the two-beam interference technique and the fabricated
diffraction gratings provide a new technical solution for refractive correction. However,
the two-beam interference method for grating fabrication usually requires point-by-point
scanning or segmented exposure, resulting in low fabrication efficiency and extremely high
requirements for the coherence of the light source and stability of the optical path system.

In 1993, Hill et al. [19] first fabricated FBGs using the phase mask method (Figure 2c).
The laser beam is diffracted by the mask to produce ±first-order beams in this method,
which interferes within the fiber core to induce a periodic modulation of the refractive
index. Compared with the earlier methods, its grating period is no longer limited by
the wavelength of the writing light source; by introducing a laser transverse scanning
system, the grating length can be precisely controlled. In addition, this method has rel-
atively relaxed requirements on the coherence of the writing light source. With these
advantages, it has become the most mature and widely used technical solution in the field
of FBGs fabrication. In 2003, Fan et al. [20] employed the phase mask method to inscribe
FBGs in ytterbium-doped double-clad fibers, which served as output couplers to realize
a narrow-linewidth, high-stability laser output, offering an effective wavelength control
solution for fiber lasers. However, the conventional phase mask method typically relies
only on the ±first-order diffracted beams to inscribe FBGs. In 2013, Barabach et al. [21]
utilized higher-order diffracted beams (±second- and ±third-orders) from a phase mask to
successfully inscribe multiple Bragg reflection peaks in microstructured polymer optical
fibers (mPOFs). Moreover, the phase mask method can also be applied to the inscription
of broadband CFBGs [22–24] and large-scale Weak Fiber Bragg Gratings (WFBGs) [25,26],
greatly enhancing the versatility and flexibility of grating fabrication. While the grating
period of FBGs fabricated by the phase mask method is strictly limited by the geometric
parameters of the phase mask, where Λ is the period of the FBG and ΛPM is the period of
the phase mask:

Λ =
ΛPM

2
. (9)

This limitation above prevents flexible tuning of the Bragg wavelength, as FBGs
with different wavelengths require phase masks of corresponding periods. Such rigid
dependence introduces major challenges for applications demanding multi-wavelength
or tunable gratings, increasing fabrication costs and limiting process adaptability. In
particular, for dense wavelength division multiplexing (DWDM) systems or complex
gratings, frequent phase mask replacement is necessary [27–29], which significantly lowers
fabrication efficiency.

Table 1 summarizes the characteristics of the three traditional FBGs fabrication meth-
ods. These methods also have limitations, for example, the grating period is only achievable
in the range of 0.2–2 µm (limited by the mask/laser wavelength), the thermal stability
threshold is below 300 ◦C, and the fabrication cycle of customized gratings is considerably
long [30]. It is worth noting that all the above methods rely on the photosensitivity of the
optical fiber during FBG preparation. Hydrogen loading treatment or doping of ordinary
optical fibers with specific ions can improve the photosensitivity of the fiber [31].
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Table 1. Comparison of Traditional Methods for the Fabrication of FBGs.

Characteristic
Method Standing Wave

Method
Two-Beam

Interference Method Phase Mask Method

Principle
standing wave field
formed by reflected

light

interference of two
coherent beams

interference field
generated via light

diffraction through a
phase mask

Wavelength Flexibility single Bragg
wavelength

tunable via incident
angle

changed by replacing
the phase mask

System Complexity
and Stability simple and stable complex optical path,

vibration-sensitive complex but stable

Fabrication Efficiency point-by-point single exposure batch exposure

Application Scenarios laboratory research custom
multi-wavelength

industrial mass
production

Despite the maturity and reliability of conventional phase mask-based ultraviolet
inscription techniques, their inherent dependence on photosensitive materials and limited
flexibility in grating period and structure design restrict their applicability in complex
grating architectures and extreme-environment sensing. These limitations have moti-
vated the exploration of alternative fabrication strategies capable of overcoming material
and geometric constraints. With the rapid development of micro-nano processing tech-
nology, advanced lithography processes represented by extreme ultraviolet lithography
(EUL), electron beam lithography (EBL), and nanoimprint lithography (NPL) [32–34] have
emerged continuously. In this wave of technological innovation, ultrafast laser [35–38]
technology stands out due to its unique advantages of extremely short pulse width and
ultra-high peak power. In particular, femtosecond laser [39–41] processing has enabled
high-precision, low-damage fabrication of complex microstructures, bringing new break-
throughs to FBGs manufacturing.

3. Characteristics of Femtosecond Laser Processing
The processing mechanisms of traditional UV lasers and femtosecond lasers differ

significantly. UV lasers, including gas UV lasers, such as 248 nm excimer lasers [42]
and 193 nm lasers [43], typically introduce a single-photon absorption to fiber material
to achieve the refractive index modulation of FBGs. However, FBGs fabricated by this
mechanism, often called Type-I FBGs, suffer from decay at high temperatures due to this
reversible UV-induced photo-chemical process. In addition, UV lasers have relatively low
peak power and wide pulse durations (e.g., 10–20 ns for gas UV lasers [44,45]). Due to
sufficient thermal relaxation time, part of the energy is transferred to the fiber material in
the form of heat. The fiber material undergoes modification relying on single-photon ab-
sorption [46], leading to the formation of melting and recast layers, which affects processing
precision. Femtosecond lasers, with their fs level extremely short pulse duration and MW,
and GW level extremely high instantaneous peak power [47], induce nonlinear absorp-
tion [48–50] in fiber materials and trigger local energy deposition inside the materials. It is
mainly manifested as multiphoton ionization (MPI) [51], tunneling ionization (TI) [52], and
avalanche ionization (AVI) [53]. Table 2 presents a comparison of the three main nonlinear
absorption mechanisms occurring inside the fiber under femtosecond laser irradiation. As a
key parameter characterizing the interaction between intense laser radiation and materials,
the Keldysh parameter (γ) essentially reflects the ratio of the material ionization potential
to the laser ponderomotive potential and serves as a key criterion for determining the
laser-induced ionization mechanism. When γ ≫ 1, ionization is dominated by MPI; when
γ ≪ 1, TI prevails; and when γ ≈ 1, the system enters a transitional regime where both

https://doi.org/10.3390/photonics13030215

https://doi.org/10.3390/photonics13030215


Photonics 2026, 13, 215 7 of 26

ionization mechanisms coexist. Since the time for electrons to absorb laser energy (fs level)
is much shorter than the thermal relaxation time of the lattice (ps level), the fiber material
dissociates before thermal diffusion occurs, which means this is a cold processing technol-
ogy [54]. This technology avoids the formation of a heat-affected zone, and the processing
edges are smooth, burr-free, and microcrack-free, making it particularly suitable for the
fabrication of ultra-fine structures inside fiber materials. The latest research demonstrates
that Wet-Chemical Etching-Assisted Aberration-Enhanced Single-Pulse Femtosecond Laser
Nanolithography (WEALTH) has achieved a critical performance breakthrough, enabling
feature sizes as small as 25 nm and aspect ratios exceeding 104, thereby breaking through
fabrication bottlenecks in nanophotonics and cross-disciplinary fields [55].

Table 2. Comparison of Three Main Mechanisms of Nonlinear Absorption Processes.

Characteristic MPI [51] TI [52] AVI [53]

Mechanism electrons absorb
multiple photons

electrons escape the
potential barrier

through quantum
tunneling

free electrons
collide with other

electrons

Laser Intensity 1012–1014 W/cm2 1014–1016 W/cm2 1013–1015 W/cm2

Laser Frequency
high (photon

energy close to
ionization energy)

low (photon energy
much lower than

ionization energy)

no specific
requirement

Keldysh [56]
Parameter (γ) γ >> 1 γ << 1 not applicable

Time Scale instantaneous
process

instantaneous
process

time accumulation
required

Ionization Rate (R)
R ∝ In

(I: electric field
intensity)

R ∝ e−1/I
ionization rate
related to free

electron density

These three mechanisms exhibit different characteristics in strong-field physics and
may coexist or transform into each other in actual experiments. Among them, MPI or TI
provides initial free electrons, which are the trigger conditions for AVI. AVI then becomes
the dominant pathway for generating high-density plasmas in femtosecond laser processing.
Although femtosecond laser–matter interaction enables localized and permanent refractive
index modulation through nonlinear mechanisms, the complexity of these interactions also
introduces challenges in process predictability and repeatability.

4. Technical Methods for Femtosecond Laser Inscription of FBGs
With the advancement of femtosecond laser technology, researchers have begun to use

femtosecond lasers for FBGs fabrication, and a large number of practical applications of
femtosecond laser holographic interference [18,57–60] and femtosecond laser phase mask
method [56,61–64] for fiber grating fabrication have emerged. In 1996, Davis et al. [65]
discovered that femtosecond lasers can induce refractive index modifications in glass and
other materials, enabling direct laser writing of optical waveguides, marking the beginning
of a new era in femtosecond laser-based grating fabrication. Compared with conventional
UV laser-based interferometric and phase mask methods, the femtosecond laser interfer-
ometric and phase mask methods maintain essentially the same optical configuration,
with the UV laser source simply replaced by a femtosecond laser. Owing to the ultrahigh
peak power of femtosecond pulses, these femtosecond laser-based inscription methods
substantially reduce the dependence on the photosensitivity of the fiber. However, the
achievable Bragg resonance wavelength remains constrained by the laser wavelength or the
period of the phase mask, which still imposes limitations on the tunability of the grating
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period; therefore, femtosecond laser-based two-beam interference methods and phase mask
methods will not be discussed here. This review mainly focuses on FBGs fabrication based
on FLDW.

FLDW allows the refractive-index modulation to be precisely confined to specific
regions of the core or cladding. This method enables effective regulation of the location
and strength of mode coupling, thereby significantly enhancing the design flexibility
of fiber grating structures. Figure 3 illustrates the complete architecture of the FLDW
system, which integrates writing, imaging, and in situ monitoring functional modules. This
system is compatible with multiple writing modes and enables full-process regulation and
characterization of the fabrication process: The writing module comprises a numerically
controlled (NC) femtosecond laser source, an electrically controlled attenuator (ECA), and
an electrically controlled polarizer (ECP). As the core excitation source, the femtosecond
laser can induce localized refractive index modulation within the fiber core; precise dynamic
control over the laser energy and polarization state is achievable through coordinated
regulation of the ECA and ECP. The imaging module consists of a charge-coupled device
(CCD) camera, a dichroic mirror, and a high-numerical-aperture objective: after passing
through the ECP, the laser is reflected by the dichroic mirror to the objective, realizing high-
precision alignment between the laser focus and the fiber core, while the CCD captures real-
time images via the dichroic mirror to enable visual observation and positioning calibration
during the writing process. The in situ monitoring module relies on a broadband light
source (BBS) and a high-resolution optical spectrum analyzer (OSA), both connected to the
writing fiber via a 3 dB coupler; when the fiber is fixed on a high-precision translation stage
for patterning, the OSA can real-time capture the spectral response characteristics of the
fiber, which are used to feedback and optimize the writing parameters. In addition, FLDW
of FBGs can be divided into point-by-point (PbP) [66,67], line-by-line (LbL) [68,69] and
plane-by-plane (Pl-by-Pl) [70,71] methods according to the inscription scheme. Figure 3b–d
show the schematic diagrams of three methods, and Figure 3e,f show the corresponding
microscopic pictures of grating written by our group.

Figure 3. (a) Schematic diagram of the experimental setup for the FLDW system of fiber gratings.
Schematic diagrams of FBG fabricated by (b) point-by-point, (c) line-by-line, (d) plane-by-plane
methods. The microstructure diagrams of the gratings fabricated by the above-mentioned methods
are shown in (e–g), respectively.
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4.1. Femtosecond Laser PbP Fabrication of FBGs

The femtosecond laser PbP method focuses femtosecond laser pulses into the fiber
core through a high-numerical-aperture objective lens. By employing a high-precision
three-axis translation stage, the fiber is translated with a fixed step size. During the stage
movement, the laser beam is switched off, and exposure occurs only during the brief pauses
between movement, resulting in the formation of localized refractive index modulation
points. Repeating this process produces a sequence of periodically inscribed refractive
index modulation regions. Compared with the two-beam interference and phase mask
methods, the grating period (Λ) of FBGs fabricated by the femtosecond laser PbP method
is no longer constrained by the mirror positions in the optical path or by the phase mask
period, but is instead determined by the fiber translation velocity (v) and the laser pulse
frequency ( f ), as expressed by the following:

Λ =
v
f

. (10)

Therefore, the period flexibility of FBGs fabricated by femtosecond laser PbP is
greatly improved.

In 1999, Kondo et al. [66] first fabricated long-period fiber gratings (LPFGs) using the
femtosecond laser PbP method. Since then, the PbP method has developed rapidly. In
2004, Martínez et al. [72] demonstrated the inscription of first-, second-, and third-order
FBGs in the C-band on non-photosensitive standard single-mode fibers (SMFs) using
infrared femtosecond laser irradiation, showing the high degree of flexibility offered by
femtosecond laser direct-writing technology for microstructure fabrication. Subsequently,
in 2005, they [73] systematically investigated the thermal stability of these gratings and
reported excellent performance even after annealing up to 900 ◦C, laying the foundation
for high-temperature fiber sensing applications. In 2006, they [74] further simplified the
process by directly inscribing FBGs through the intact coating layer, reducing fabrication
complexity and enhancing the mechanical strength of the gratings.

With the maturation of the PbP method, the research focus of the PbP method has
gradually shifted toward enhancing FBGs performance and expanding its applications
in sensing. In 2007, Lai et al. [75] optimized the laser focusing condition by immersing
the fiber in index-matching oil, enabling the inscription of high index modulation, clean
spectral responses, and large birefringence FBGs. Later, during 2011 to 2012, Williams
et al. [76,77] enhanced the PbP process by introducing Gaussian and sinc apodization to
suppress side lobes and by identifying the κ/α ratio (κ: coupling coefficient; α: scattering
loss coefficient) as a key parameter for optimizing reflectivity. In 2015, Morana et al. [78]
investigated the radiation tolerance of FBGs fabricated by different methods in high-
radiation environments. They found that PbP-FBG subjected to a 100 ◦C thermal treatment
exhibited only a ~10 pm blueshift under a 1 MGy radiation dose, which is significantly
smaller than the 70–120 pm redshift observed in UV-written FBGs. In 2019, Yiping Wang
et al. from Shenzhen University [79] fabricated FBGs in SMFs with different core diameters
using the PbP method. The study found that, compared with large-core fibers, small-core
fibers require lower laser pulse energy to achieve the same reflectivity. In addition, under
the same reflectivity, FBGs in small-core fibers exhibit lower short-wavelength loss. Later, in
2022, Yiping Wang et al. [80] also found that first-order FBGs fabricated by PbP have lower
insertion loss and higher κ/α ratio than second-order FBGs. In 2025, they [81] employed
the PbP method to inscribe FBG arrays in the cladding of SMF. By redistributing light
within the cladding, information retrieval via backscattered signals was achieved, while
the FBGs in the cladding had minimal impact on core light transmission, resulting in a
single-grating insertion loss as low as 0.00155 dB.
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At the same time, FBGs inscribed by the PbP method have been widely applied
in multi-dimensional sensing fields such as temperature, strain, shape, magnetic field,
and liquid level. Alexandre et al. [82] inscribed High-Order FBGs (HO-FBGs) in optical
fibers using the PbP method and they achieved high-precision calibration of FBGs un-
der high-temperature conditions (Figure 4a). Waltermann et al. [83] combined cladding
waveguide technology to inscribe multiple PbP-FBGs on a SMF, constructing a complete
three-dimensional shape sensor (Figure 4b). Dash et al. [84] realized efficient and low-cost
fabrication of dual-wavelength FBGs on POFs via the PbP method, making them suitable for
health monitoring of mechanical structures (Figure 4d). Yiping Wang et al. [85] developed
an all-fiber vector magnetic field sensor based on highly localized PbP-FBGs, overcoming
the drawback that traditional semiconductors are vulnerable to electromagnetic interfer-
ence (Figure 4c). They [86] also realized the simultaneous measurement of three parameters
(liquid level, temperature, and refractive index) based on spectral loss, Bragg wavelength
shift, and cut-off mode shift, demonstrating the flexibility of FLDW-FBGs in the design of
multi-functional sensors (Figure 4e). Furthermore, Chen et al. [87] proposed a core-cladding
FBG inscribed in parallel based on the PbP method. By utilizing the difference in effective
refractive index between the fiber core and cladding, this sensor realizes simultaneous
measurement of temperature and strain, solving the cross-sensitivity issue of temperature
and strain. In the optical communication field, Yiping Wang et al. [81] also integrated Space
Division Multiplexing (SDM) and WDM technologies. By independently encoding infor-
mation through multi-wavelength channels, they successfully inscribed an optical fiber tag
with 10-bit binary code with the PbP method and verified the feasibility of this encoding
technology using an Optical Backscatter Reflectometer (OBR). This research provides a new
idea for the intellectualization and security of future optical communication systems.

 

Figure 4. Schematic diagrams of experimental setups for measuring various physical parameters
using PbP-FBGs: (a) Temperature sensing [82], (b) Shape sensing [83], (c) Magnetic field sensing [85],
(d) Strain sensing [84], (e) Liquid level sensing [86].

https://doi.org/10.3390/photonics13030215

https://doi.org/10.3390/photonics13030215


Photonics 2026, 13, 215 11 of 26

In addition, the femtosecond laser PbP method for FBG fabrication has also achieved
significant breakthroughs in the application of sapphire fibers. In 2017, Anbo Wang et al.
from Virginia Tech [3] first fabricated fourth-order FBGs with a period of 1.776 µm on
sapphire fibers using the PbP method. Experiments found that the reflectivity of these
sapphire fiber Bragg gratings (SFBGs) in the 1550 nm band is approximately 0.6%, and the
reflectivity is permanently increased by approximately 5 times at 1400 ◦C. The structure of
the SFBGs under a microscope is shown in Figure 5a. In addition, they [87] also fabricated
three cascaded seventh-order parallel FBGs in sapphire fibers in 2022. The signal inten-
sity has a linear relationship with the number of FBGs, and the temperature response is
15.0–20.0 pm/◦C within 1500 ◦C, with an error of <3 ◦C and good stability. The multiplexed
PFBG is shown in Figure 5b. In addition, in 2021, Yiping Wang et al. [88] systematically
optimized the pulse energy and focal depth parameters, successfully fabricating SFBGs
with a reflectivity of 2.3% and a WDM array composed of five SFBGs, expanding the upper
temperature measurement limit to 1600 ◦C, as shown in Figure 5c.

Figure 5. (a) Top and side views of SFBGs fabricated by PbP technology under a microscope [3],
(b) Schematic diagram of three cascaded PFBGs [87], (c) Spectral drift of the SFBG array at 16 ◦C,
800 ◦C, and 1600 ◦C [88].

When it comes to other special fibers, Donko et al. [89] successfully inscribed 3rd-
order FBGs in multi-core fibers (MCFs) using the PbP method in 2018, providing a flexible
FBG fabrication scheme for SDM systems, suitable for scenarios such as filtering and
dispersion compensation. In 2020, Liu et al. [90] inscribed first-order FBGs on panda-type
and bow-tie-type polarization-maintaining fibers, with the reflection spectrum showing
characteristic double peaks. In the same year, Qiu et al. [91] focused on few-mode fibers
and used this method to accurately inscribe off-axis FBGs, verifying the ability to regulate
the mode coupling and birefringence characteristics of few-mode fibers. Recently, Li
et al. [67] successfully fabricated heterogeneous step-index gratings (Hetero-SI-FBGs) with
a grating length of 3 mm, breaking the traditional single-channel limitation and realizing
multi-wavelength output. The optical signal-to-noise ratios (OSNRs) reached 22.19 dB
and 20.67 dB. These examples above show that there is no longer a requirement for the
photosensitivity of fibers, and FBGs with different periods and different Bragg wavelengths
can be flexibly fabricated. They also indicate the applicability of the femtosecond laser PbP
method to various fiber types, providing a new approach for the processing of customized
fiber devices.

4.2. Femtosecond Laser LbL Fabrication of FBGs

In FLDW, the PbP method is widely adopted for FBG fabrication due to its simplicity
and precise control of the grating period. However, its limited single-pulse modification
volume often leads to low reflectivity. Benefiting from the further precise control of the
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laser spot, the LbL method was developed as an improved method, where the laser focus is
continuously scanned along the fiber core to form line-shaped periodic modulations. The
LbL method arises from the frequent on-off switching of the laser, providing larger and more
uniform refractive index changes with reduced insertion and polarization losses [68,92].

Extensive efforts have been devoted to improving the fabrication quality of FBGs. In
2010, Zhou et al. [68] first demonstrated the fabrication of FBGs using the LbL method.
Subsequently, Chah et al. [93] fabricated highly birefringent FBGs in standard SMF via
the LbL method, providing a viable solution for temperature-insensitive strain sensors.
In 2019, Bharathan et al. [94] and Yiping Wang et al. [92] independently developed the
stacked and multi-layer LbL method, greatly improving the reflectivity and coupling
strength. Later, Yiping Wang et al. [95] further optimized the LbL-FBG spectral response
through apodization design, achieving effective sidelobe suppression and demonstrating
the controllability and stability of the LbL method in grating performance optimization.

Beyond its remarkable advantages in enhancing FBG performance, the LbL method
also demonstrates unique potential in fabricating various functional gratings. Researchers
have employed this method to realize the fabrication of PSFBG, CFBG, TFBGs, and LPFGs,
thereby extending the applicability of the LbL method in optical sensing and photonic
device fabrication. In 2016, Shu et al. [96] fabricated a π-PSFBG using the LbL method,
enabling the highly sensitive measurement of fiber torsion. Their subsequent work [97]
revealed that the LbL inscription produces partial and asymmetric index modulation in the
fiber core, enabling the simultaneous observation of Bragg interference and Mach–Zehnder-
type modal interference, a phenomenon not found in PbP-FBG. Meanwhile, Yiping Wang
et al. [98] combined the LbL method with off-axis laser incidence to generate orbital angular
momentum (OAM) modes directly in SMF, offering a compact and compatible approach
for fiber-based OAM transmission. They [99] further demonstrated high-reflectivity, low-
loss uniform and CFBGs in double-clad fibers, showing great promise for high-power
all-fiber laser systems. More recently, Shu et al. [100] extended the LbL process to bulk glass
substrates, successfully fabricating high-reflectivity waveguide Bragg gratings (WBGs),
providing a new route for micro-scale grating integration in photonic devices. In con-
trast to conventional FBGs with gratings perpendicular to the fiber core, TFBGs introduce
an oblique grating structure that breaks the axial symmetry and induces polarization-
dependent coupling between the core and cladding modes. Such multimode resonance
behavior endows TFBGs with enhanced sensitivity and broad applicability in polarization,
refractive index, and biochemical sensing. Early TFBGs fabricated via the phase mask
method suffered from fixed grating periods and limited design flexibility [101–104]; the
advent of femtosecond laser LbL inscription has enabled precise control of grating tilt
and period. In 2019, Pallarés et al. [105] employed the LbL method to fabricate TFBGs,
achieving excellent inter-order filtering and linear displacement response. Subsequently,
the Yiping Wang et al. [106] systematically investigated second-order TFBGs and CTF-
BGs with different tilt angles, demonstrating that tilted structures significantly enhance
fiber sensitivity to refractive index and strain, while chirped designs improve broadband
response, offering feasible solutions for multi-parameter sensing and optical communica-
tions. Recently, LbL inscription multi-grating composite structures and ultra-short tilted
LPFGs [69] have further exhibited high reflectivity and rapid fabrication, highlighting the
broad potential of this method for high-temperature, high-sensitivity, and multifunctional
fiber-optic sensing applications.

Beyond conventional silica-based fibers, researchers have also extended the LbL
method to sapphire-based optical fibers with superior high-temperature tolerance. In 2018,
Yiping Wang et al. [107] fabricated a SFBG on a sapphire substrate using the LbL method,
achieving reliable sensing performance at temperatures above 1600 ◦C. They [92] later
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introduced a dual-layer grating configuration that significantly enhanced the reflectivity,
offering a promising approach for high-temperature fiber sensing. Figure 6a shows the
schematic diagram of the laser path for femtosecond laser LbL fabrication of a double-layer
SFBG. In 2024, Yongsen Yu et al. [2] developed sapphire fibers via a laser-heated pedestal
growth (LHPG) system and fabricated high signal-to-noise, thermally stable SFBGs using
the LbL method, as shown in Figure 6b, demonstrating the great potential of this approach
for sensing in extreme environments.

Figure 6. (a) Top, side, and front views of the laser path for fabricating double-layer FBGs via femtosec-
ond laser LbL [92], (b) Reflection spectra of SFBGs with diameters of 30 µm and 60 µm, (c) and (d)
The spectral drift of SFBGs with diameters of 30 µm and 60 µm at 20–1600 ◦C, respectively [2].

Although the LbL method enables the fabrication of high-reflectivity FBGs in sapphire
fibers, the absence of a cladding structure in sapphire fibers inherently leads to broadened
reflection spectra accompanied by pronounced multimode effects. To address this limitation,
Qiang Bian [108] proposed a tapered fusion splicing scheme that connects LbL-inscribed
SFBGs with single-mode fibers, thereby achieving effective mode-field matching and
significantly suppressing multimode interference. Building upon this approach, Zhencheng
Wang [109] further integrated a principal component analysis k-nearest neighbor (PCA-
KNN) algorithm to realize real-time temperature monitoring up to 1700 ◦C, demonstrating
the excellent stability and sensing capability of sapphire fiber Bragg gratings under extreme
high-temperature conditions.

In conclusion, the LbL method has established itself as one of the core fabrication
strategies in the domain of FBG devices. Endowed with the capability to achieve high-
precision manipulation of key grating structural parameters—encompassing grating period,
tilt angle, and the spatial profile of refractive index modulation regions—this method not
only enables the fabrication of sensor devices for various physical parameters, but also
provides customized fiber-based devices for fields such as fiber optic communications and
fiber lasers.

4.3. Femtosecond Laser Pl-by-Pl Fabrication of FBGs

Although the LbL method mitigates the limitations of the PbP method, such as the
small refractive index modulation region and weak coupling coefficient [110]. This method
still suffers from issues including non-uniform refractive index modulation and relatively
low fabrication efficiency. To further enhance the grating quality and processing speed,
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researchers have proposed a novel Pl-by-Pl inscription scheme. In this method, the fiber is
rapidly translated along its axis while a two-dimensionally modulated laser beam generates
a complete refractive index modulation plane at each fixed position, thereby sequentially
inscribing multiple grating layers with specific refractive index distributions. This method,
known as femtosecond laser Pl-by-Pl writing, provides a new pathway for fabricating
high-quality and complex fiber gratings.

The research group led by K. Kalli at the Cyprus University of Technology has con-
ducted systematic studies on femtosecond laser Pl-by-Pl inscription, which has significantly
advanced the development of FBG fabrication techniques. In 2016, they [70] first employed
the Pl-by-Pl method to fabricate a series of FBG arrays with seven different grating periods
in a coated single-mode fiber, achieving high precision and controllability (Figure 7a). In
2017, by utilizing a femtosecond laser with a repetition rate of 50 kHz, they [111] inscribed
TFBGs whose transmission spectra exhibited high-order resonances and cladding-mode re-
sponses, outperforming those fabricated by conventional PbP and LbL methods (Figure 7b).
In the same year, by adjusting the width and period of the refractive index modulation
region, they [112] fabricated single-resonance FBGs in multimode ring-core polymer fibers,
demonstrating the high flexibility of the Pl-by-Pl technique in complex fiber structures
(Figure 7c). In 2019, in collaboration with Chengbo Mou’s group at Shanghai University,
the team [113] fabricated 45◦ TFBGs and exploited their strong polarization-dependent loss
(PDL) to make a nonlinear polarization rotation mode-locked fiber laser (Figure 7d). More
recently, in 2024, they [114] fabricated polymer fiber Bragg gratings (PFBGs) in perfluo-
rinated few-mode fibers and found that after irradiation with approximately 200 kGy of
γ-rays, the PFBGs exhibited high sensitivity to relative humidity (RH) with negligible tem-
perature cross-sensitivity, offering a novel approach for physical field sensing in complex
environments (Figure 7e).

 

Figure 7. Work of the K. Kalli team on femtosecond laser Pl-by-Pl: (a) Spectrum of sensing array
with seven serially connected FBGs via Pl-by-Pl [70], (b) Microscopic structure of FBGs with different
grating lengths inscribed on polymer fibers via Pl-by-Pl [111], (c) Spectrum of TFBGs fabricated
by Pl-by-Pl [112], (d) Schematic diagram of 45◦ TFBG used in a mode-locked laser system [113],
(e) Schematic diagram of the climatic set up and the relationship diagram of different doses of γ-ray
treatment on the relative humidity (RH) sensitivity of PFBGs [114].
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The systematic exploration and continuous innovation of the femtosecond laser Pl-by-
Pl method by K. Kalli’s group have provided valuable insights into other research teams in
advancing FBG fabrication and expanding its applications. Their series of achievements
have fully demonstrated the great potential of the Pl-by-Pl method for high-precision
FBG fabrication and have inspired its widespread adoption in diverse areas of fiber
sensing research.

In 2017, Lu et al. [115] introduced a cylindrical lens into the optical setup to transform
the laser focal spot into a planar stripe, enabling single-pulse formation of refractive index
modification planes within the fiber core. This configuration effectively enhanced mode
coupling efficiency, demonstrating that optical component optimization can significantly
improve the inscription process. Subsequently, in 2018, Goya et al. [116] employed a
high-numerical-aperture (NA) objective to directly penetrate the polymer coating and
inscribe high-reflectivity FBGs in Er-doped fluoride fibers via the Pl-by-Pl method. This
approach avoided mechanical strength degradation and enabled real-time monitoring of
mid-infrared fiber lasers, providing a new platform for biomedical and environmental
sensing applications. In 2022, Luo et al. [117] further developed the Pl-by-Pl method to
fabricate ultra-high-order fiber Bragg gratings (UHO-FBGs), where the grating period
could be flexibly tuned to control the reflection peak density. The fabricated gratings
served as distributed Bragg reflector (DBR) mirrors for multi-wavelength lasing, thereby
simplifying the laser cavity structure. In 2023, Yiping Wang et al. [118] utilized the Pl-by-Pl
method to inscribe high-quality FBGs in double-clad fibers, achieving high reflectivity, low
insertion loss, enhanced mechanical stability, and improved power handling capability.
Most recently, Zhu et al. [119] precisely controlled the refractive index modulation region
via the Pl-by-Pl process to fabricate high-performance FBGs and constructed an Er-doped
fiber laser with 4 W power output and 25.6% slope efficiency, further confirming the great
potential of the Pl-by-Pl method in the fabrication of high-performance fiber devices.

As summarized in Table 3, the reported performances exhibit substantial dispersion
in reflectivity, bandwidth, insertion loss, and fabrication efficiency, indicating that grat-
ing quality is governed more by process optimization than by the inscription method
alone [120]. FLDW-based methods can fabricate high-performance FBGs, their intrinsic
trade-offs lead to distinct applicability rather than a clear superiority hierarchy. The PbP
approach offers exceptional flexibility for customized gratings but suffers from higher
scattering loss and lower fabrication efficiency, limiting scalability. In contrast, the LbL
method achieves larger, more uniform index modulation with higher reflectivity and lower
insertion loss yet requires longer processing and stricter system stability. The Pl-by-Pl
method improves consistency and efficiency via single-exposure modulation planes but
faces challenges from high system complexity and limited accessibility. Thus, no FLDW
strategy is universally optimal; method selection should be application-oriented, balancing
structural complexity, spectral performance, and fabrication throughput.
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Table 3. Performance Comparison of Fiber Gratings Fabricated via Different Methods.

Method Reflectivity
3 dB

Bandwidth
/nm

Insertion
Loss
/dB

Period Fabrication
Efficiency FBG and Fiber Ref.

PbP

—— 10~20 nm >4 dB 0.46 µm 10 s per spot LPFG/SMF [64]
>97% 0.1~0.3 nm <2 dB 0.54 µm

1.07 µm
4 mm——4 s

26 mm——26 s FBG/SMF [71]
~20% —— 0.25 dB 1.07 µm 2 mm——2 s FBG/SMF [77]
—— —— —— 2 µm 2 mm——2 s PFBG/POF [82]
2.3% 8.84 nm <0.5 dB 1.8 µm 2 mm——1.1 s SFBG/SF [86]
—— 0.16~0.28 nm —— 1.6 µm 8 mm——80 s HO-FBG/SMF [87]
—— —— —— 0.53 µm 3 mm——6 s PM-FBG/PMF [88]

LbL

—— —— <0.5 dB 2.2 µm 4 mm——11 mins FBG/—— [66]
99.98% ~0.6 nm <0.1 dB 2.93 µm 2 h per FBG FBG/ZBLAN

Fiber [92]
66.4% 0.55~0.6 nm 0.7 dB 1.07 µm 2 mm——10 s FBG/SMF [93]
—— —— —— 2.14 µm few mins

per FBG FBG/SMF [94]

—— —— —— 2.14 µm
20 µm —— TFBG/SMF [67]

34.1% 1.32 nm —— 1.78 µm 2 mm——15 mins SFBG/SF [90]
30% 1.29 nm —— 1.333 µm —— SFBG/SF [2]

Pl-by-Pl

—— 1.39 nm —— 2.2 µm 7 mins per FBG PFBGs/POF [109]
—— —— 7 dB 2.18 µm 10 mm——3 mins TFBG/SMF [111]
97% <0.12 nm 0.22~0.46 dB 0.95 µm 2.4 mm——90 mins FBG/ZBLAN

Fiber [114]

85% 0.2 nm <1 dB 100 µm —— UHO-
FBG/FBG [115]

>99% ~3 nm 0.3~0.8 dB
1.09 µm

(increase by 0.5 pm
per period)

—— CFBG/DCF [116]

31.6% 0.69 nm 0.3 dB 2.15 µm 1 mm——15 s FBG/SMF [118]
6.34% 3.43 nm —— 1.78 µm 2 mm——20 s SFBG/SF [121]

Overall, the femtosecond laser PbP, LbL and Pl-by-Pl inscription methods have enabled
the successful fabrication of high-quality gratings in a wide variety of fiber platforms,
including SMF, multi-core fibers, polarization-maintaining fibers, polymer fibers, and
sapphire fibers. As these inscription strategies continue to advance in terms of spatial
control capability and refractive-index modulation mechanisms, FLDW is expected to
further accelerate the diversification of grating types. This will allow for the flexible
realization of a broad range of structures—from standard FBGs, TFBGs, and CFBGs to ultra-
WFBGs, strongly coupled gratings, and multimode/cladding gratings—thereby expanding
the design freedom for fiber sensing, fiber communications, and fiber-based devices.

5. Advanced Fabrication Optimization Strategies for FLDW-FBGs
FLDW of FBGs has shown great potential in applications such as extreme environment

monitoring and high-precision sensing. However, the transition toward industrialization
and practical implementation still encounters multiple challenges, including the complexity
of process control, the limitations of current characterization methods and the relatively
low level of intelligent fabrication. Fundamentally, these challenges arise from the mul-
tiscale coupling among the microscopic mechanisms of laser–material interaction, the
structural design of FBG devices, the macroscopic regulation of their performance, and
the constraints imposed by practical operating environments. Accordingly, this section
systematically analyzes these key issues and based on recent research progress, proposes
targeted optimization strategies to address them.

5.1. Femtosecond Laser Fabrication of FBGs Assisted by Beam Shaping Technology

As an important technical development direction of FLDW, precise spatial domain
modulation of laser beams via core devices such as spatial light modulators (SLMs)
and diffractive optical elements (DOEs) enables high-resolution three-dimensional mi-
cro/nanofabrication with sub-diffraction-limit feature sizes (≈400 nm) based on the nonlin-
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ear absorption effect of silica fiber materials [122]. This technology not only significantly
enhances processing efficiency, but also broadens material compatibility. Recent stud-
ies have demonstrated that this technique can effectively optimize the performance of
FBGs, providing a new technological pathway for the development of high-performance
FBG-based devices [121,123].

In 2018, Salter et al. [124] achieved aberration compensation by applying pre-distorted
wavefronts using SLM. The beam shaping technology reduced the polarization sensitivity
of FBGs to 4 pm, superior to the 8 pm achieved by conventional aberration correction. In
2020, Varona et al. [121] employed axial slit beam shaping to produce a uniform refractive
index distribution, improving the reflectivity of PbP-FBGs to 5 dB, narrowing the FWHM
to 0.69 nm, and reducing the insertion loss to 0.3 dB, demonstrating a new strategy for
performance customization of FBGs. In recent years, the research team led by Yiping Wang
has continuously advanced FLDW-FBGs fabrication by introducing the beam shaping
technology. In 2021, they [123] incorporated the beam shaping into PbP-FBG fabrication,
effectively improving the cross-sectional profile of the refractive index modulation (RIM)
while maintaining or enlarging its area, thereby achieving FBGs with >99% reflectivity
and <0.3 dB insertion loss. In 2022, by finely tuning the slit width and angle, they [125]
precisely matched the refractive index modulation with the coupling strength, producing
FBGs featuring broad spectrum, strong cladding mode resonances, and low insertion loss,
while enabling flexible spectral tailoring for diverse sensing applications. In 2023, Yiping
Wang et al. [126] further integrated slit beam shaping with femtosecond laser Pl-by-Pl
inscription to fabricate high-quality SFBGs in sapphire fibers, achieving an expanded mod-
ulation region of 25 × 15 µm2. The resulting gratings exhibited stable spectral responses
even at extreme temperatures up to 1600 ◦C, offering a reliable solution for sensing in
harsh environments such as aerospace engines and nuclear reactors. In addition, Duan
et al. [71] combined the PbP method with a rotational beam shaping technology to fabricate
a CTFBG with a broadband tunable filtering range of up to 88 nm in 2024. By employing
multiplexing, they further enhanced the filtering flexibility, making it suitable for high-
power laser systems and high-temperature sensing applications. More recently, in 2025,
Zhang et al. [127] further optimized the modulation region to an approximately circular
cross-section, thereby improving the grating overlap factor and fabrication consistency.
The obtained FBGs exhibited a reflectivity exceeding 90%, a side-mode suppression ratio
greater than 20 dB, and a bandwidth as narrow as 0.29 nm.

Extensive experimental studies have confirmed that slit shaping enables improved
spectral consistency and reproducibility across different types of fiber, including stan-
dard single-mode fibers and specialty fibers. Compared with unshaped Gaussian beams,
slit-shaped beams offer a deterministic and robust means of optimizing FLDW-FBG per-
formance without significantly increasing system complexity. As a result, slit shaping
is widely regarded as a mature and reliable technique for enhancing grating quality in
FLDW-based fabrication.

5.2. Artificial Intelligence and Adaptive Control Methods

Notably, in contrast to the relatively mature beam-shaping techniques discussed
above, intelligent optimization and adaptive control strategies for FLDW of FBGs remain
at an exploratory stage. Recent advances in ultrafast laser processing have demonstrated
that machine learning and data-driven approaches can effectively address the inherent
nonlinearity of process dynamics and the strong sensitivity to processing parameters.
These methods offer promising pathways for stabilizing grating inscription processes and
compensating for cumulative errors arising during long-term or large-scale fabrication.
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As early as 2015, Theodoridis [128] pointed out that conventional laser direct writing
predominantly relies on the line-by-line (LbL) strategy, which suffers from prohibitively
long processing times when fabricating large-volume structures. By introducing artificial
neural networks (ANNs) for path optimization, the fabrication efficiency can be significantly
improved. Subsequently, Maudes et al. [129] applied various machine learning techniques
to optimize laser micromanufacturing processes for scaffold fabrication. Their results
showed that linear support vector machines (SVMs) are effective in distinguishing favorable
from unfavorable processing conditions, while random forest algorithms—based on ensem-
bles of regression trees—exhibit superior performance in predicting geometric features.

To overcome the extensive trial-and-error experiments typically required in fem-
tosecond laser percussion drilling, Zhang et al. [130] established a coupled optimization
model integrating machine learning (DNN + RF) and high-throughput genetic algorithm
(NSGA-II), enabling the efficient design of low-power femtosecond laser helical drilling
processes, which is applicable to the processing of key components such as cooling holes in
turbine blades. Wang et al. [131] also proposed a closed-loop framework integrating two-
temperature-model molecular dynamics (TTM–MD) simulations for data augmentation,
machine learning for model construction, and high-throughput optimization algorithms
for parameter searching. In this approach, key physical parameters extracted from MD
simulations were incorporated into a support vector regression (SVR) model, enabling
accurate mapping between laser parameters and processing performance with only a
limited number of experimental samples. This “physics-informed simulation + machine
learning” strategy is not only effective for the studied process, but also provides a trans-
ferable methodology for other laser manufacturing scenarios. The framework was later
extended to laser-induced plasma micromachining (LIPMM) [132], where an advanced
scheme combining physical modeling, machine learning, and iterative design was devel-
oped to address common challenges such as small-sample constraints and the trade-off
between processing quality and efficiency. Remarkably, comprehensive exploration of the
entire process parameter space was achieved using only 27 initial samples and 52 total
datasets, leading to simultaneous improvements of 23.9% in material removal rate and
21.7% in micro-groove depth. These results offer a more efficient and cost-effective opti-
mization paradigm for advanced laser manufacturing. In addition, feedback-driven control
strategies have been reported to dynamically adjust laser energy and detector gain based
on real-time echo signals, as demonstrated by Zhou et al. [133]. Such studies collectively
indicate that learning-based and feedback-enabled approaches are effective in stabilizing
ultrafast laser processes under complex and nonlinear operating conditions.

Despite these encouraging advances, current studies on artificial intelligence and
adaptive control in femtosecond laser processing are largely confined to methodological
exploration and proof-of-concept demonstrations, and they mainly target general laser
micromachining applications. In comparison, FLDW-based FBG fabrication imposes far
more stringent requirements on inscription precision, refractive-index modulation unifor-
mity, and spectral stability. Correspondingly, intelligent optimization strategies specifically
tailored to FLDW-FBGs, particularly those incorporating closed-loop validation directly
coupled with grating spectral characteristics—remain scarce. As a result, AI-assisted FLDW-
FBG fabrication has yet to evolve into a mature, engineering-ready framework, and its
practical feasibility and reproducibility still require systematic experimental verification.

5.3. Characterization of the Grating Fabrication Process

Traditional spectroscopic and interferometric techniques are effective in evaluating
the overall reflection and transmission characteristics of FBGs. However, these approaches
are intrinsically limited to far-field optical responses and are incapable of directly resolving
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the spatial distribution of refractive-index modulation within the fiber core. Such limi-
tations restrict a deep understanding of grating formation mechanisms, particularly for
FLDW, where ultrafast, highly localized, and nonlinear light–matter interactions govern
the inscription process.

In recent years, advanced microscopic and micro-optical characterization techniques
have enabled direct, high-resolution analysis of laser-inscribed grating structures. Digital
holographic microscopy (DHM) [134] has demonstrated submicrometer spatial resolution
(typically ~0.3–0.5 µm) and quantitative phase sensitivity (down to ~10−4 refractive index
units or ~mrad-level phase resolution), allowing for direct visualization of both positive
and negative refractive-index changes induced by femtosecond laser exposure. These
observations provide strong experimental evidence for density-modulation and defect-
related mechanisms driven by multiphoton absorption and ultrafast energy deposition.
Complementarily, scanning electron microscopy (SEM), often combined with UV–Vis–NIR
spectral characterization, have been widely employed to resolve nanoscale morphological
features (spatial resolution ~1–10 nm) of inscribed gratings and to correlate structural
inhomogeneities with spectral characteristics such as bandwidth broadening, side-lobe
formation, and insertion loss [135]. Such multimodal characterization offers intuitive
insight into the relationship between inscription parameters, microstructural evolution,
and grating performance.

Despite their high spatial resolution and rich physical insight, SEM- and DHM-based
techniques are generally costly, time-consuming, and incompatible with in situ or real-time
monitoring, limiting their applicability for large-scale or industrial grating fabrication.
To address these challenges, recent studies in ultrafast laser processing have explored
data-driven and learning-assisted characterization and prediction strategies. For example,
conditional generative adversarial networks (cGANs) have been successfully applied to
predict laser-induced micro- and nano-scale morphologies directly from spatial intensity
or process-parameter distributions, achieving high fidelity when benchmarked against
experimentally obtained SEM images [136]. In parallel, convolutional neural network
(CNN)-based frameworks [137], particularly when combined with physics-informed fea-
tures such as simulated three-dimensional temperature or energy-density fields, have
demonstrated accurate prediction of material response distributions, including hardness
and refractive-index modification maps.

These emerging intelligent characterization approaches highlight a promising trend
toward integrating physical modeling, advanced sensing, and machine learning, offering a
feasible pathway for rapid process evaluation, inverse design, and real-time optimization
of FLDW-FBGs.

6. Conclusions and Outlook
6.1. Conclusions

This review systematically summarizes recent advances in FLDW for fabricating
FBGs. In contrast to conventional UV-based inscription, femtosecond laser processing
achieves permanent refractive-index modification via nonlinear absorption, offering distinct
advantages in material universality, three-dimensional structural flexibility, and extreme-
environment resistance. On this basis, three representative FLDW strategies (PbP, LbL,
Pl-by-Pl) are comprehensively reviewed, with a focus on their implementation in standard
single-mode fibers, specialty fibers, polymer fibers, and sapphire fibers.

Reported studies collectively show that FLDW enables diverse grating architectures,
including uniform FBGs, CFBGs and PSFBGs, TFBGs, and UHO-FBGs—many of which
are challenging or unachievable with traditional phase mask-based methods. Furthermore,
recent progress in beam shaping, advanced characterization, and data-driven optimiza-
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tion has markedly improved the spectral quality, stability, and functional diversity of
FLDW-FBGs, facilitating their applications in extreme-environment sensing, biomedical
monitoring, optical communications, and fiber laser systems.

Nevertheless, despite these substantial advances, FLDW-FBG fabrication remains
largely at the laboratory and proof-of-concept stage. The transition from flexible small-
batch prototyping to large-scale, reliable, and cost-effective industrial production is still
constrained by a series of unresolved engineering challenges.

6.2. Outlook

Looking ahead, the development of FLDW-FBG technology is increasingly constrained
by practical engineering considerations rather than fundamental physical limitations. While
advances in laser beam shaping, motion control, and process optimization are expected to
further improve fabrication precision and adaptability, the trade-off between fabrication
flexibility and process stability remains a central challenge for industrial deployment.

Compared with the mature UV phase mask technique, FLDW offers superior design
freedom and compatibility with non-photosensitive and specialty fibers but relies on serial
scanning and precise synchronization among laser parameters and positioning systems.
Consequently, fabrication efficiency is lower, and phase errors may accumulate over long
writing lengths due to mechanical drift or environmental disturbances, limiting throughput,
wavelength accuracy, and grating-to-grating consistency. Despite ongoing improvements
in system stability and in situ monitoring, the reproducibility of FLDW processes still lags
behind that of phase mask-based methods in high-volume production.

As a result, FLDW-FBG technology is more likely to be adopted in application scenarios
where flexibility and environmental robustness outweigh the need for mass manufacturing.
In sensing, FLDW-FBGs show strong potential for extreme environments, including high-
temperature, deep-sea, and radiation conditions, as well as for emerging bio-inspired and
multi-parameter sensing architectures. Meanwhile, the versatility of FLDW-FBGs also
enables applications in optical communication, photonic integration, and fiber lasers, such
as advanced filtering, free-space optical compensation, and mode control.

Overall, FLDW-FBG technology is at a critical transition from laboratory research
to engineering applications. Future progress toward industrialization will depend on
system-level optimization, such as enhanced synchronization, environmental isolation, and
parallel writing strategies, positioning FLDW as a complementary rather than substitutive
technology to traditional methods in next-generation fiber-optic systems.
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