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Abstract: Batteries play a crucial role as energy storage devices across various industries. However,
achieving high performance often comes at the cost of safety. Continuous monitoring is essential to
ensure the safety and reliability of batteries. This paper investigates the advancements in battery
monitoring technology, focusing on fiber Bragg gratings (FBGs). By examining the factors contributi-
ng to battery degradation and the principles of FBGs, this study discusses key aspects of FBG sensing,
including mounting locations, monitoring targets, and their correlation with optical signals. While
current FBG battery sensing can achieve high measurement accuracies for temperature (0.1 °C), strain
(0.1 pe), pressure (0.14 bar), and refractive index (6 x 10~ RIU), with corresponding sensitivities of
40 pm/°C, 2.2 pm/pe, —0.3 pm/bar, and —18 nm/RIU, respectively, accurately assessing battery
health in real time remains a challenge. Traditional methods struggle to provide real-time and precise
evaluations by analyzing the microstructure of battery materials or physical phenomena during
chemical reactions. Therefore, by summarizing the current state of FBG battery sensing research, it is
evident that monitoring battery material properties (e.g., refractive index and gas properties) through
FBGs offers a promising solution for real-time and accurate battery health assessment. This paper
also delves into the obstacles of battery monitoring, such as standardizing the FBG encapsulation
process, decoupling multiple parameters, and controlling costs. Ultimately, the paper highlights the
potential of FBG monitoring technology in driving advancements in battery development.

Keywords: fiber Bragg grating sensors; battery sensor; safety monitoring; battery

1. Introduction

Batteries have revolutionized various industries by offering high energy density, long
lifespan, and recharge ability [1-3]. Their widespread use in electric vehicles, energy stor-
age systems, and mobile technologies has accelerated the global energy transition [4-8].
However, the complex chemical reactions in batteries pose safety risks such as thermal
runaway and capacity degradation [9,10]. Even routine charging and discharging induce
simultaneous changes in micro-chemical properties and macro-physical parameters, in-
cluding temperature, stress, gas by-products, and electrolyte solubility. External factors
such as collisions, extrusions, and environmental changes can further impact battery per-
formance and safety [11,12]. Battery runaway phenomena typically initiate within the
battery and extend throughout the entire battery, eventually reaching the battery pack.
Despite extensive efforts to improve battery materials and design, these challenges persist.
Consequently, the research focus has shifted towards monitoring detailed chemical changes
and assessing the health states within the battery to enhance battery properties, predict
service life, and provide early warnings for safety risks [13]. Table 1 outlines sensors for
monitoring various parameters, along with their installation locations, advantages, and
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disadvantages. According to the measured battery parameter, monitoring methods can be
categorized into:

(1) Detecting the microstructure or spectral properties of the battery material: Tradi-
tional methods like X-ray diffraction (XRD), scanning transmission electron microscope
(STEM), Raman spectroscopy, infrared (IR) spectroscopy, nuclear magnetic resonance
(NMR), and mass spectrometry enable the direct observation of the crystal structure and
microscopic surface morphology of electrodes or the study of the molecular composition of
liquid electrolytes. However, these methods require sample preparation and testing in the
laboratory using expensive and sophisticated instruments. While accurate, they are not
real-time.

(2) Detecting physical phenomena accompanying chemical reactions in batteries: The
real-time monitoring of physical phenomena associated with chemical reactions (tempera-
ture changes, strains, and deformations) is typically accomplished using load cell, strain
gauge, thermocouple, or IR thermography. While these methods provide real-time insight
into chemical reaction processes, they have limitations in accurately depicting changes
in battery characteristics and health. Thermocouples are typically placed on the surface
of the cell and have limitations in directly assessing internal temperatures. Monitoring
large area battery pack temperatures is challenging due to point measurements and wire
conductivity issues. IR thermography, while useful, is limited by resolution and accuracy,
making it difficult to accurately determine surface and internal temperatures. Load cell
and strain gauge methods can measure cell expansion and contraction, but are affected
by temperature.

(3) Detecting chemical properties of battery substances: Analyzing the chemical prop-
erties of battery substances, such as acidity, alkalinity, and refractive index (RI), is commonly
achieved using electrochemical workstations or electrochemical analyzers. Techniques like
cyclic voltammetry (CV), constant current constant voltage (CCCV), and electrochemical
impedance spectroscopy (EIS) explore ionic transport during battery chemical reactions.
Mass spectrometry assesses solute and solvent concentrations in the electrolyte, along with
its potential of hydrogen (pH) value. Cycle life testing simulates charging and discharg-
ing cycles to study electrode material changes and electrolyte degradation in real time.
While this method addresses the limitations of the previous two types, providing direct
monitoring of battery material properties, the comprehensive monitoring of each battery
remains impractical.

Despite the wide variety of sensors used to monitor various parameters, current sen-
sors are still unable to provide real-time and accurate monitoring of the quality, reliability,
and life (QRL) of batteries. Fiber optic sensors are prominent in battery sensing due to their
compactness, high sensitivity, chemical inertness, resistance to electromagnetic interference,
and multiplexing capability. Distributed fiber optic sensing, while capable of covering
the battery pack comprehensively, faces challenges such as inadequate spatial resolution,
low measurement accuracy, and the requirement for manual calibration with precise posi-
tioning [14]. Point-type fiber optic sensors like the Mach-Zehnder (MZ) interferometer,
Michelson interferometers, Sagnac interferometers, and Fabry-—Pérot (FP) interferometers
can address these issues but may struggle with monitoring the battery pack at multiple
points. Quasi-distributed fiber Bragg grating (FBG) sensors offer a solution to these chal-
lenges as they can be conveniently deployed and integrated on the surface or inside the
cell, delivering more precise detection results [15-17]. Notably, FBG spectroscopy provides
insights into ionic motion at the molecular level, making it the most widely used sensor
in battery sensing today [18]. However, some recent fiber optic sensors have attempted to
monitor changes in battery chemistries, such as Surface Plasmon Resonance (SPR) spec-
troscopy, but it is difficult to use them to quantitatively characterize changes, and they do
not allow for large-scale applications [19-23].

This paper aims to further explore the accurate measurement of battery structure
health status and remaining life using FBG sensors, based on a comprehensive investi-
gation of various types of sensing systems and their monitoring parameters. The article
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begins by elaborating on the chemical reaction mechanisms and potential adverse reactions
within the battery during operation. Subsequently, it delves into the current application
status of FBG sensors in monitoring internal parameters of batteries. Finally, it scrutinizes
the future prospects and challenges associated with the application of FBG sensors in
battery monitoring.

Table 1. Various battery sensing methods.

Method

Parameters

Characteristics

Location

Fiber Bragg Grating (FBG) [24]

Temperature, Strain,

RI, and more

Small size, immune to electromagnetic
interference, quasi-distributed
measurement, and real-time monitoring

Internal, External

Resistance Temperature

High accuracy, wide linear range, and slow

T t Int 1, Ext 1
Detector [25] emperature response nternal, Externa
Thermistor [26] Temperature Small and Cos’.c—effective, fast response, and Internal, External
limited accuracy
Thermographic Imaging [27] Temperature Measu.reg overall temperature distribution, External
limited resolution and accuracy
Isothermal Calorimetry [28] Temperature Complex equipment, poor real-time External
performance
Infrared (IR) Thermal Imaging [29] Temperature .Gra.phic. display (?f temper.atu.re External
distribution, real-time monitoring
Pressure Sensor [30] Pressure Real-time monitoring of gas pressure, External
larger size
Load Cell [31] Strain Requires support structure, internal External
parameters cannot be directly measured
Strain Gauge [32] Strain Used for material stress analysis, attached External
to battery surface
Material discrimination, phase
X-ray Diffraction (XRD) [33] Strain transformation, structural variation, External
particle size distribution, and lattice size
X-ray Photoelectron Spectroscopy Strain Elemental component, valence variation, External
XPS) [34] and energy shifts
gy
Digital Image Correlation [35] Strain Acquires surface d.eformat?on information, External
cannot access internal information
IR Spectroscopy [36] Electrolyte Provides information about the structure of External
Y composition the molecule
Raman Spectroscopy [37] Electrolyte Measurement of molecular vibrational External
Y composition modes
Nuclear Magnetic Resonance Electrolyte Provides information about the structure of External
(NMR) [38] composition the molecule
Mass Spectrometry [39] Electrolyte Provides information on the mass and External
P Y composition structure of the molecule
Optical Fiber Evanescent Electrolyte Monitors electrolyte composition, complex Internal
Wave [40] composition sample preparation
Machine Learning Algorithms [32] SOC/SOH Data-driven analysis, reql.lires alarge External
number of high-quality data
Scanning Transmission Electron . Mor}) hological c.h.ange, elemept
Microscope (STEM) [41] SoC/SoH distribution, compositional analysis, and External
P structural change
Equivalent Circuit Model SoC/SoH Limited accuracy, cumulative model error External

(ECM) [42]
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2. Battery Degradation Mechanism and Fiber Optic Monitoring Principle
2.1. Battery Principle

Deng et al. from our team designed a variety of special electrode materials and applied
them to various new energy storage devices, such as lithium-ion (Li-ion) batteries, sodium-
ion batteries, lithium-sulfur batteries, and supercapacitors, which greatly improved the
performance of the batteries. In addition, they have systematically studied the interfacial
reactions in energy storage systems and elaborated various reaction mechanisms [43—47].
While different battery types undergo unique charging and discharging processes, they fun-
damentally rely on internal chemical reactions for energy conversion. During the charging
phase, an external power supply introduces electrons into the battery, merging them with
positive ions within the energy storage material, transitioning the battery from a low-energy
state to a high-energy state. Upon discharge, the chemical bonds in the energy storage
material break, returning the battery to a low-energy state. This process releases stored
electrons and positive ions, supplying energy to external devices. These processes induce
alterations in microchemical properties and macroscopic physical parameters, including
heat, stress, gas byproducts, and electrolyte solubility, impacting battery performance
and cycle life. Currently, operational battery systems predominantly comprise 78% Li-ion
batteries, with sodium and lead-acid batteries accounting for 11% and 4%, respectively.
Other storage technologies, such as flow batteries, electrochemical capacitors, sodium-ion
batteries, and nickel- and zinc-based batteries, collectively contribute to the remaining
7% [48]. Consequently, the majority of reported fiber optic sensing battery monitoring
studies have focused on Li-ion batteries. This paper specifically centers on the online
monitoring of Li-ion batteries.

2.1.1. Anode Degradation

During the charging and discharging process of Li-ion batteries, several deleterious
phenomena occurring at the anode significantly impact the QRL of the battery [49-55].
These phenomena are primarily observed in the following three aspects:

(1) The formation of a solid electrolyte interface (SEI) layer on the anode surface
leads to a decline in conductivity and ion transport rate. When a chemical reaction occurs
between the electrolyte and the anode, a SEI layer forms on the anode surface, accompanied
by the generation of gases [56—-60]. With an increasing number of charging and discharging
cycles, the SEI layer thickens on the anode surface due to mechanisms such as the solvent
molecules diffusion, cleavage, and side-reaction product accumulation. The SEI layer
obstructs contact between the active material and the electrolyte, reducing the electrical
conductivity and ion transport rate of the battery, ultimately degrading the QRL. Moreover,
under harsh conditions such as high temperature, high current load, and electrode breakage,
the growth of the SEI layer may accelerate, leading to a decrease in battery capacity [61-63].

(2) Internal stresses within the anode material can result in cracking or fracturing.
The uneven embedding or dislodging of Li-ions in the electrode material, causing varying
volume changes in different regions, has been observed [64,65]. This volume change
induces uneven internal stresses in the electrode material, ultimately leading to electrode
cracking and potential fracture. High current loads and extreme temperatures can expedite
this phenomenon. As cracks widen on the electrode surface, the SEI layer grows on the
newly exposed electrode surface, further amplifying the uneven stress distribution within
the battery. Additionally, the reduction reaction generates gases, increasing pressure within
the battery, potentially resulting in battery cracking.

(3) Lithium plating occurring on the anode surface poses the risk of causing internal
short circuits. This phenomenon induces a series of associated side reactions, including
the deposition of lithium metal and lithium dendrite growth. Li-ions undergo a reduction
reaction on the anode surface to form lithium metal deposition [60]. Consequently, lithium
metal no longer participates in redox reactions, leading to an irreversible loss of battery
capacity. Furthermore, the deposited lithium metal extends from the anode surface, forming
a tree-like structure known as lithium dendrites. The growth of lithium dendrites has the
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potential to breach the separator, causing an internal short circuit and triggering thermal
runaway in the battery. The formation and evolution of the lithium anode coating are
influenced by various factors, such as the electrolyte’s nature, the positive-to-negative
electrode capacity ratio, the operating temperature, and the charging rate.

2.1.2. Cathode Degradation

During battery operation, the cathode also undergoes changes detrimental to the QRL
of the battery, such as loss of active material, cathode cracking, and cathode electrolyte
interface (CEI) formation [66-70].

(1) The loss of active material from the cathode represents a prevalent aging process.
Transition metals such as nickel, manganese, cobalt, and iron in the cathode may dissolve
in the electrolyte [69], leading to a decline in battery capacity and performance. This
phenomenon is particularly accelerated under conditions of high temperature and frequent
charging and discharging cycles.

(2) Cathode cracking can occur due to charge insertion or extraction and gas genera-
tion. Specifically, the uneven insertion and extraction of lithium ions during charging and
discharging can cause irreversible phase transitions in the cathode structure, resulting in
internal stresses that crack the cathode [71]. This essentially reduces the amount of accept-
able lithium ions in the cathode, resulting in diminished battery capacity. Additionally,
gases generated within the battery contribute to cathode cracking; at elevated temperatures,
metal oxides may lose oxygen, and under high pressures, the electrolyte may decompose,
producing gases. The accumulation of these gases raises the internal air pressure within
the battery, potentially leading to cathode cracking.

(3) Similar to the anodic SEI layer, the CEI layer is mainly generated by the chemical
reaction between the cathode and the electrolyte. However, due to the higher cathode
voltage, the volume of the CEI layer is considerably smaller than that of the SEI layer. Its
formation results in a reduction in active materials, such as lithium, uneven pressure leading
to alterations in the cathode structure, and even the development of cracks. Particularly
under conditions of high voltage and high state of charge (SOC), these issues become more
severe, significantly impacting the QRL of the battery.

2.2. Fiber Optic Sensing Principle

The FBG sensor is essentially an optical wavelength selector that utilizes periodic
changes in RI along an optical fiber to diffract and reflect light. When external factors such
as temperature, strain, or pressure impact the fiber grating, the periodic RI of the grating
changes, leading to the reflection or diffraction of light at a specific wavelength. FBG
sensors have a wide range of applications in fields such as structural health monitoring, oil
and gas pipeline surveillance, aerospace, and the medical industry [18,72-85].

2.2.1. Fiber Bragg Grating

Fiber gratings are formed by interferential irradiation of optical fibers by laser or
ultraviolet light beams [86-88]. As shown in Figure 1, when broadband light is incident on
a fiber grating sensor, specific wavelengths of light are reflected while others are transmitted.

Input light O ' ! I l l )_’l-_)
< 1 2 4 I Transmitted light

Reflected light Fiber bragg grating
Fiber core

Fiber cladding
Figure 1. Typical scheme of FBG sensors.
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The wavelength of the reflected light is so-called the Bragg wavelength, which is pro-
portional to the period of the grating and the effective RI of the fiber. It can be expressed as:

Ap = znneffA/ 1)

where 1,7 denotes the effective RI of the optical fiber, A denotes the Bragg wavelength,
and A denotes the grating period. When a FBG sensor is subjected to temperature and/or
stress, its period and equivalent refraction change, resulting in a change in Bragg wave-
length. The relationship between Bragg wavelength change and temperature/strain can be
expressed by the following equation:

AA
T; = (a+ B)AT + (1 — po)Ae, (2)
in which )
A/ A Mgt/ 1 n
= S50 p = el o = (1 —v)pyy —vpa, ©)

where AT is the change of the FBG’s temperature, « denotes the thermal expansion coeffi-
cient, B denotes the thermo-optic coefficient, Ae is the FBG’s strain, p, denotes the effective
optoelastic coefficient of the fiber core, v denotes the Poisson’s ratio, and p1; and pi» denote
the Pockel’s coefficients of the strain optical tensor [89]. Therefore, FBG sensors can be used
to detect temperature and/or strain. The mainstream spectrum analysis device is shown in
Figure 2. The system consists of a light source, a circulator, a spectral analysis device, a pho-
todetector, and a data acquisition card. The light signal from the light source passes through
the circulator and enters the optical fiber with the FBG sensor. The FBG sensor reflects the
light back to the circulator and is spectrally decomposed. The photodetector measures the
light intensity of different frequencies, which is then converted to 16-bit electrical signals
by the data acquisition card. Finally, the signals are processed by a computer.

NS
' » , — )
Light Source Circulator Optical fiber
Spectral
analyser

Photo di Qata acquisition
d ﬁ,@ card
etector -

Signal
processing

Figure 2. Description of the interrogation system.

2.2.2. Tilted Fiber Bragg Grating

Unlike conventional FBG, Tilted FBG (TFBG) features a specific angle Bragg grating
tilted with respect to the optical axis of the fiber [90-93]. This tilt angle induces coupling
between the forward-propagating fiber core modes and the cladding modes, resulting in
the emergence of multiple closely spaced resonance peaks in the transmission spectrum of
the sensor, as illustrated in Figure 3.

The resonant wavelengths of the core modes exhibit high sensitivity to a broad range of
physical parameters (temperature, strain, pressure, etc.) but remain insensitive to changes
in the external RI. On the other hand, the resonant wavelength of the cladding mode is
highly sensitive to variations in the external RI. Consequently, the resonant wavelength of
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the cladding mode shifts in response to changes in the surrounding refractive index. The
mode wavelengths A (i) coupled to the cladding can be expressed as:

. (neff,co + neff,cl(i>)A
)\cl(l) = cos 0 ’ 4)

where A (i) is the wavelength of the ith cladding mode, and n,f,., and 1., (i) are the
effective RI of the fiber core mode and the ith cladding mode, respectively. 0 is the tilted
angle between the grating planes and the cross-section of the fiber.

[/_w ” Cladding modes \ \
eI s — v

Transmitted light

J(k; : .

- Tilted fiber bragg gratin

Reflected light &€ grating "
iber core

Fiber cladding

Figure 3. Typical scheme of TFBG sensors.

3. Online Monitoring of Battery Degradation

FBG sensors have garnered significant attention in battery monitoring applications
since their initial use in 2013 [94]. Originally employed to monitor the real-time surface
temperature distribution, surface strain, and SOC of batteries [64,95-102], their monitoring
capabilities have subsequently expanded to include temperature, strain, pressure, and
chemical reaction processes within the battery.

3.1. Monitoring Chemical Formulae and Stereo Structures

Traditional methods for characterizing the microstructure and crystal structure of battery
materials involved techniques such as STEM, Scanning Electron Microscopy (SEM), and XRD to
analyze the loss of Li-ion and the extent of electrode fracture and cracking [41,103-106]. EIS was
employed to evaluate the electrochemical impedance of the battery, providing insights into the
growth of the SEI layer [107]. Compositional analysis of battery materials was performed using
NMR, mass spectrometry, IR spectroscopy, and Raman spectroscopy, offering molecular-level
insights into the state of electrodes and electrolytes [36-39].

Different fiber optic sensors enable a variety of spectroscopic analysis techniques, in-
cluding SPR spectroscopy, absorption spectrum, IR spectroscopy, and Raman spectroscopy.
These spectral analysis techniques are safe and rapid methods that have been widely used
to monitor the chemical composition and evolution of various batteries.

Fiber optic evanescent wave sensors (FOEWS) are used to analyze the absorption
spectra of the electrodes to monitor the changes in the material inside the battery. Its
transmittance intensity is affected by the lithium content of the graphite anode, which is
directly related to the SOC of the Li-ion battery. Therefore, FOEWS can be used to estimate
the SOC of the battery. Further, a decrease in the amount of change in its transmittance
indicates a decrease in the amount of change in the lithium content of the graphite, which
implies that the capacity of the Li-ion battery is degraded. Therefore, the magnitude of
FOEWS transmittance can also decode the state of health (SOH) of the battery [108].

Silicon-free background Raman spectroscopic measurements of various electrolyte
components were conducted by incorporating a hollow-core fiber optic sensor into a Li-
ion pouch battery. The aim was to undertake a thorough examination of the chemical
degradation mechanism of the electrolyte. Spectroscopic analysis revealed changes in
the ratio of carbonate solvents and electrolyte additives corresponding to variations in
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battery voltage. Moreover, the hollow-core fiber optic sensor showcased its potential for
monitoring lithium ion dissolution dynamics [37]. Hollow-core fiber optics offer solutions to
several limitations associated with silica fiber optic probes in monitoring nearby electrolyte
compositions. These limitations include relatively weak Raman signals, short light-matter
interaction lengths (largely confined to the fiber tip), and sensitivity issues induced by
silica, while simultaneously eliminating silica-generated Raman signals.

Fiber optic IR spectroscopy has been employed to monitor the insertion and removal of
Na-ions from electrodes, as well as the phase transitions experienced by materials inside the
cell during cycling. Gervillié-Mouravieff et al. implemented operando IR fiber evanescent
wave spectroscopy using sulfur-based (sulfide, selenide, and telluride) glass fibers with a
transmission window in the range of 3 to 13 um [109].

Localized electrochemical events at the electrode interface can be screened by monitor-
ing changes in the SPR spectra of a TFBG sensor with a gold film. In 2022, Wang et al. [110]
successfully quantified ion transport kinetics and electrolyte—electrode interactions at the
electrode surface of a battery using this sensor, as shown in Figure 4.

W
°
i >
°
Tilted fiber Bragg grating
c Optical spectrum analyzer Computer Electrochemical workstation
—- Optical o —
—- Electrochemical I. H )
-
)=
Light source e :

or Polarizer Polarlzanun controller

e °—/'>—+

mical
(\ Optical

b

Electrochemical and optical response s

u)

Circulator

Potent

Power

Aqueous Zn-ion battery

Figure 4. TFBG-based SPR optical fiber sensor [110]: (a) ionic concentration; (b) sketch of the
configuration of a plasmonic fiber optic sensor; and (c) experimental setup for RI monitoring.

The sensor, with its longer penetration depth and propagation length, allows for
the real-time monitoring of electrochemical kinetics without interfering with the normal
operation of the battery. Experiments conducted on a zinc-ion water battery illustrated
the visualization of a two-step ion insertion mechanism at the MnO, cathode during the
discharge process, distinguishing the intercalation processes of H™ and Zn?*. Additionally,
it was demonstrated that a thin layer of poly (3,4-ethylenedioxythiophene) coated on the
surface of the electrodes improves battery capacity and cycle stability.

In 2024, Han et al. [111] successfully embedded a TFBG sensor onto the electrode
surface of a lithium battery, enabling the monitoring of mass transfer kinetics and lithium
dendrite growth at the anode nanoscale interface. In addition, it was demonstrated that the
artificial SEI layer can reduce the substance concentration gradient on the anode surface,
which helps to inhibit the generation of lithium dendrites, notably based on the ionic
conductor artificial SEI layer.

Traditional techniques, while capable of accurately characterizing the internal state of
a battery, require expensive and complex equipment that cannot be monitored in real time.
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3.2. Monitoring Physical Phenomena of Batteries

The microscale reactions, such as lithium ion insertion/precipitation, volume ex-
pansion, gas generation, and dendrite formation, inside the electrode particles can be
manifested in the macroscale as regular stress evolution, temperature changes, etc. The
loss of battery materials and the insertion and detachment of ions can lead to changes in
the internal stress of the battery and even lead to battery rupture. The internal battery
strain can provide information about the change of battery thickness and the evolution
of electrode stress [112]. The polarization and exotherm of chemical reactions result in
internal temperatures significantly higher than external temperatures [113,114], offering a
more reflective measure of the charging and discharging state of the battery.

In 2013, Yang et al. [94] conducted investigations on Li-ion button and cylindrical bat-
teries, achieving real-time temperature monitoring by installing FBG sensors on the battery
surface. Comparative experiments with thermocouple sensor monitoring demonstrated
that FBG sensors can accurately track temperature changes in Li-ion batteries under nor-
mal and excessive charging and discharging conditions. They exhibited excellent thermal
response performance during battery charging and discharging, providing a temperature
resolution of 0.1 °C and a sensitivity of 10 pm/°C, making them a viable alternative to
thermocouple sensors.

In 2016, Novais et al. [13] positioned two FBG sensors inside and outside Li-ion pouch
cell to monitor their temperature changes, as shown in Figure 5.

External optical fiber -7

B(+)

Internal optical fiber - ) Separators
)

s
- o ET- External tab/electrode
= il EC- External center

IT-Internal tab/electrode

(¢
e
e "0 P IC- Internal center

Figure 5. Monitoring temperature changes in pouch Li-ion battery using thermocouple sensors and
FBG sensors [13].

The results revealed that internal FBG sensors recorded temperature variations of up
to 2 °C between the two areas, while external FBG sensors exhibited temperature variations
of only 0.2 °C. In the center and electrode areas of the cell, external temperature measure-
ments showed minimal variations, approximately 1.5 £ 0.1 °C, whereas corresponding
internal temperature variations in the center area of the cell were 4.0 + 0.1 °C, and internal
temperatures varied by 4.7 &+ 0.1 °C. These temperature fluctuations were correlated with
current magnitude, with the highest temperature peaks occurring at the end of charging
and discharging. Additionally, the influence of strain on temperature measurements was
negligible due to the pouch cell’s very small thickness.

In 2018, Amietszajew et al. [115] utilized an FBG sensor to evaluate the internal
temperature of cylindrical Li-ion battery. The internal temperature increased by 5 °C
compared to the external temperature. To eliminate the effect of strain on the temperature
measurement, an aluminum loose sleeve was used to protect the FBG sensor encapsulated
with a polyamide coating. In addition, fluorinated ethylene propylene (FEP) heat shrinkable
tubing was used to prevent the aluminum tubing and polyamide coating from interfering
with the electrolyte, as shown in Figure 6a.

The results showed that the battery could safely withstand a maximum charging
current 6.7 times higher than the manufacturer’s specified value. As a result, a fast-charging
protocol was developed to improve charging efficiency, reducing charging time by more
than five times while ensuring the continued safe operation of the battery.
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1ly Roll <
Jelly Roll = —— FEP FBGI < - FEP
—> Aluminium FBG2 — Aluminium
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—> Polyimide — Polyimide
—> Silica core FBG4 <— —> Optical sensor
Sealed end using FEP — Sealed end using FEP

Anode(-) Anode(-)

(a) (b)

Figure 6. FBG-based temperature measurement for cylindrical Li-ion battery: (a) single FBG sensing
element schematic [115]; (b) four FBG sensing elements uniformly distributed schematic [116].

In the same year, Fleming et al. [116] of the same research group used four FBG
sensors to monitor the internal temperature distribution of a cylindrical Li-ion battery.
These sensors were threaded through a custom aluminum tube coated with FEP into the
interior of the battery, as shown in Figure 6b. The results show that in the region close to
the anode and cathode, the temperature difference from the surface of the battery is as high
as 6 °C during discharge and 3 °C during charging. In addition, the corrosion resistance
of the FBG sensor material to the electrolyte was demonstrated, as well as the long term
stability of the FBG sensors during the battery cycling process.

In 2022, Liu et al. [117] employed a femtosecond laser FBG sensor to monitor the
operating temperature inside a cylindrical Li-ion battery. The integration scheme of the
FBG with a thermocouple sensor into the battery is depicted in Figure 7.

In-TC & Ex-TC
Thermocouple

186,500 battery
Implanted FBG

Figure 7. Schematic of integrating FBG sensors into the central void of cylindrical jelly-roll Li-ion
battery [117].

The FBG sensor and a thermocouple were inserted inside the battery, while another
thermocouple was positioned outside the battery as a temperature reference. The results
demonstrated that the FBG sensor and the thermocouple sensor exhibited similar tempera-
ture response curves during charge/discharge cycling at different rates (0.5 C, 1 C, and 2 C).
It is noteworthy that the FBG sensor exhibited a smaller baseline change. The internal cell
temperature detected by the FBG sensor was 0.96 °C higher than the external temperature
during the 0.5 C cycle, 1.78 °C higher during the 1 C cycle, and 3.78 °C higher during
the 2 C cycle. Additionally, the reflective wavelength of the FBG sensor showed minimal
change over the 2 MPa internal pressure range, indicating that the internal pressure change
had a negligible effect on temperature.

In 2023, Wu et al. [15] employed an FBG array film (FBGAF) for assessing the internal
temperature of a hard-shelled Li-ion battery. The FBGAF integrates a flexible thin-film
sensor with five FBG sensors, as illustrated in Figure 8. In experiments with pulse discharge
rates of 30 C, the internal temperature increased by approximately 13-15 °C, reaching a
maximum temperature of 50 °C. Concurrently, the external temperature increased by about
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10 °C, reaching a maximum temperature of 45 °C. Notably, the FBGAF were able to resist
corrosion of the electrolyte solution for a long period of time.

—> FBG fiber
FBG-1 FBG-5

R

i FBG-2 FBG-3 FBG-4 U
cathode tab anode tab

Figure 8. Schematic diagram of FBG array thin film temperature measurement device [15].

In 2016, Bae et al. [118] applied FBG sensors by pasting and implanting them on
Li-ion battery anodes to monitor strain changes, as depicted in Figure 9. The pasted FBG
sensors measured longitudinal strain, while the implanted FBG sensors measured both
longitudinal and transverse strain. The results revealed that during charging, electrode
expansion caused the peak wavelength to shift towards longer wavelengths, and during
discharging, electrode contraction caused the peak to shift towards shorter wavelengths.

anode
[ FBG

T

| | | | | an(A)de FBG

(a) (b)

Figure 9. Two different approaches [118]: (a) internally attached FBG strain sensor on graphite anode;

(b) internally implanted FBC strain sensor within graphite anode.

In 2016, Ganguli et al. [119] utilized two FBG sensors to measure internal strain inside a
Li-ion pouch battery for estimating SOC and SOH. In static cycling tests with fixed charging
and discharging rates, the estimated SOC error did not exceed 1%. During dynamic cycling
tests involving different charge/discharge rates, the estimated SOC error remained below
2.5%. Furthermore, they developed a method to estimate SOH with an error of no more
than 1.1%.

In 2022, Blanquer et al. [120] utilized FBGs and external force sensors to monitor
stress changes inside and outside a Li-ion battery, respectively. Throughout battery cycling,
changes in the fiber Bragg wavelength reflected stress variations and exhibited correlation
with voltage. Importantly, in symmetric all-solid-state Li-ion batteries, external force
sensors faced limitations in monitoring stress changes outside the battery, particularly
those occurring in the electrodes. In contrast, FBG is not constrained by monitoring
electrode stress due to its small size.

In 2022, Miao et al. [70] integrated FBG sensors into the positive electrode of a Li-
ion pouch battery to monitor stress changes. Through an exploration of various sulfur
embedding and releasing mechanisms, they discovered that stress changes are not only
associated with volume alterations but also influenced by material properties. Specifically,
under the solid-solid mechanism, the polyacrylonitrile (PANS) cathode material exhibited
significant stress changes, whereas under the solid-liquid-solid mechanism, the ketjen
black/sulfur (KB/S) cathode material displayed a smaller stress change.

In 2022, Unterkofler et al. [121] explored encapsulation methods for FBG sensors used
within the Li-ion battery. Various encapsulation methods for strain relief were compared,
including polyether ether ketone (PEEK) with a single-point adhesive, fused silica tubes
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with a polyimide coating, fused silica tubes without a polyimide coating, and fused silica
tubes with a two-point adhesive but without a polyimide coating. The results indicated that
the encapsulation method using fused silica tubes with polyimide coatings is user-friendly,
provides effective fiber protection, has a smaller diameter, and exhibits rapid response to
temperature changes.

In 2017, Fortier et al. [24] employed an FBG sensor to monitor the temperature and
strain inside a Li-ion coin cell. To safeguard the positive electrode from damage, two iso-
lation layers were added above and below the embedded FBG sensor, as illustrated in
Figure 10a—d.

Top SS Case

Wave Spring

Current Collector

o

(a)

(d)

Figure 10. FBG sensor integrated into a Li-ion coin cell [24]: (a) case of the coin cell; (b) all components
of the coin cell; (c) SEM image of the damaged cathode at 500 micron magnification; and (d) SEM
image of the damaged cathode at 300 micron magnification.

The results revealed a temperature difference of 10 °C between the inside and outside
of the cell at a charge/discharge rate of C/20. The small size of the cell contributed to
minimal strain changes inside the cell.

In 2019, Nascimento et al. [122] embedded hybrid sensors consisting of FBG sensors
and FP cavities at the top, middle, and bottom of the inside of a Li-ion pouch battery to
monitor strain and temperature changes, as shown in Figure 11.

The simultaneous measurement of strain and temperature changes can be expressed
by the following equation:

{ —Krp,  Krpg; ]
[ Ae ] | Kep. —Kppe,
AT Krp,Krpcy — KepKFpg,

{ AApBg } , 5)

A)\Fp

where Krpg, and Krpg, represent the temperature and strain sensitivity coefficients of the
FBG sensor, respectively. AAppg states the wavelength shift of FBG sensors. Similarly,
Krp;, Kpp, represent the temperature and strain sensitivity coefficients of the FP cavity,
respectively. AArp represents the wavelength shift of the FP cavities. The results show that
the FBG sensor mounted at the bottom of the battery is the most sensitive to strain changes
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at 65.0 £ 0.1 pe, and the one in the middle is the most sensitive to temperature changes at
33+0.1°C.

Middle Hybrid
Fiber  Fiber sensor Li-ion pouch cell
FBG FP core cladding
w w T mmm—> Cathode
s> Anode

1 I
) ,
Bottom Hybrid  Top Hybrid
sensor sensor

(a) (b)

Figure 11. Simultaneous monitoring of temperature and strain scheme [122]: (a) FBG combined with
FP; (b) diagram of the experimental setup of a sensor network for temperature and strain monitoring
of Li-ion pouch battery.

In 2022, Xi et al. [112] positioned two FBG sensors within a Li-ion coin cell to metic-
ulously observe temperature and stress variations. As shown in the Figure 12, one FBG
sensor nested inside a quartz capillary was subjected to temperature only, while the other
was subjected to both temperature and strain.

Quartz capillary tube
Solid electrolyte

Lithium plates

sFBG2

Figure 12. Schematic diagram of the location of the FBG sensors [112].

The findings revealed a maximum temperature alteration of 0.42 °C and a maximum
strain change of 11.5 ue. Notably, the strain variations exhibited greater magnitude during
the initial two charging and discharging cycles and diminished in subsequent cycles. The
existence of strain within the cell was substantiated by the observation of lithium dendrites
through SEM at the conclusion of the charging and discharging processes.

In 2018, Lao et al. [123] utilized a TFBG sensor with an attached gold film to monitor
the charging and discharging processes of supercapacitors. The results showed that the
SPR spectral response was closely related to the charge stored in the supercapacitor. No-
tably, the SPR spectral response demonstrated a stable and distinct reflection of multiple
charge/discharge cycles in supercapacitors.

The aforementioned alterations in physical parameters, such as temperature and strain
induced by battery chemistry, may not precisely portray the authentic state of the battery.
Temperature variations can be influenced by factors like battery design and operating
environment, while strain may be subject to various elements, including material phase
transitions and battery structure. Certain materials, such as lithium titanate and lithium iron
phosphate, exhibit minimal or even negligible strains. Consequently, methodologies reliant
solely on monitoring these physical parameters might not offer an accurate determination
of the battery’s state. Fortunately, additional phenomena during battery operation, such
as variations in electrolyte RI, pH fluctuations, and the generation of gases due to battery
side reactions, present avenues for acquiring more precise and detailed insights into a
battery’s QRL.
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3.3. Monitoring Compounds and Gas Products

Accompanying substances in battery chemistry serve as key information for decipher-
ing the internal operational status of the battery. High temperatures can prompt metal
oxides to shed oxygen molecules, and elevated pressure can cause electrolytes to decom-
pose, resulting in gas production. If the gas generation rate surpasses the diffusion rate, it
may lead to battery cracking. Gas generation can also occur during the initial formation of
the SEI layer. Simultaneously, redox reactions may alter the electrolyte’s solubility. FBG sen-
sors prove instrumental in monitoring these gas byproducts and electrolyte concentrations,
facilitating the analysis of SEI layer formation and ion transport kinetics.

In 2020, Huang et al. [124] utilized FBG sensors integrated into conventional single-
mode fiber (SMF) or microstructure optical fiber (MOF) to simultaneously monitor temper-
ature and gas pressure inside the battery, as shown in Figure 13a.

SMF _Ambient FBG
Surface FBG
(= ¢ ;r
Cladding Core Rings Core

186500 battery Internal FBG

(a) (b)

Figure 13. Monitor internal battery temperature and pressure: (a) cross-section of SMF and MOF;
(b) SMF-FBG and MOF-FBG implanted into Li-ion battery.

Two FBG sensors were positioned in a 0.8 mm diameter hole at the battery’s center to
mitigate the impact of internal strain. The hole was subsequently sealed with epoxy resin,
as shown in Figure 13b. The operando calorimetry method transforms temperature into
quantifiable thermal events, enabling the tracking of SEI layer formation and battery life.
Temperature and gas pressure can be decoupled using the following equation:

k1 smMrAABMOF — kT MOFAAB SMF

AP =
kT smekpMor — kT Morkp,sME

AA k AP ©
AT — 2ABSMF — KPSMF

kT smr

7

where kp gyp = —0.3 pm/bar and k7 gprp = +10 pm/°C represent the pressure sensitivity
and the temperature sensitivity of the SMF sensor, respectively. kp \jor = —2.7 pm/bar and
k1 Mmor = +10 pm/°C represent the pressure sensitivity and the temperature sensitivity of
the MOF sensor, respectively. Apyor and AAp sy represent the wavelength shift of the
MOFEF-FBG sensor and SMF-FBG sensor, respectively.

In 2021, Desai et al. [125] integrated an FBG sensor with a MOF to monitor the heat
and pressure within a cell, aiming to optimize the electrolyte formulation for sodium-ion
batteries. The study investigated the electrolyte degradation rate in three batteries utilizing
the same electrolyte with the addition of various electrolyte additives. The three batteries
included Na3V3(PO4)2F3 (NVPF)/hard carbon (HC) full-cell, NVPE/NVPF symmetric, and
HC/HC symmetric batteries. The electrolyte composition comprised ethylene carbonate
vinyl acetate (EC)/propylene carbonate (PC)/dimethyl carbonate (DMC). The electrolyte
additives were formulated as 0.5 wt.% sodium oxalato (difluoro) borate (NaODFB), 3 wt.%
vinylene carbonatevinyl (VC), 3 wt.% succinonitrile (SN), and 0.2 wt.% VC and 0.2 wt.%
tris-trimethylsilylphosphite (TMSPi). The findings revealed that cells with additives, par-
ticularly in the NVPF electrodes, exhibited a lower rate of electrolyte degradation and
considerably reduced heat and gas generation compared to cells without additives.

In 2023, Mei et al. [126] devised a fiber optic sensor comprising an FBG and an FP
interferometer (FPI) to elucidate the thermal runaway mechanism and its progression
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in three distinct SOC cases (100% SOC, 50% SOC, and 0% SOC). Cells with 100% SOC
exhibited thermal runaway internal temperatures reaching up to 510 °C, with a maximum
temperature difference between the interior and surface exceeding 180 °C. The thermal
runaway behavior of the 50% SOC cell closely resembled that of the 100% SOC cell, regis-
tering an internal temperature of 440 °C. Conversely, the 0% SOC cell displayed no thermal
runaway, reaching a maximum internal temperature of 330 °C. The study demonstrated
that the FBG-FPI exhibited exceptional resistance to high temperatures during the entire
thermal runaway phase.

In 2019, Nedjalkov et al. [127] employed an innovative FBG sensor for monitoring the
Li-ion pouch battery, incorporating an additional optical waveguide embedded in the fiber
cladding. As illustrated in Figure 14, the first FBG sensor is integrated into the fiber core,
while the second FBG sensor is integrated into the optical waveguide at the fiber’s edge.

Input spectrum | e T / Transmitted spectrum
| i WA >
1V L\
Reflected spectrum \

e 1 [

Input spectrum / T

Reflected spectrum Ku \

Figure 14. Schematic of typical and enhanced sensitivity optical waveguide structures [127]: (a) the

Transmitted spectrum

(b)

original design, where the grating is inscribed in the fiber core; (b) the self-compensating design,
where an additional waveguide is inscribed in the cladding to increase the refractive-index sensitivity
and to direct some of the propagating light to this waveguide.

This design enhances the sensor’s sensitivity to changes in the electrolyte solution’s
RI. Experimental results demonstrate the sensor’s capability to detect subtle changes in
electrolyte properties and accurately characterize battery capacity degradation. It has
no significant effect on battery performance, although traces of pressure by the sensor
are detected on the electrodes. Notably, the sensor exhibited early detection of thermal
runaway in abuse tests.

In 2021, Huang et al. [90] utilized a TFBG sensor inserted into a hollow cylindrical Li-
ion cell to decipher its internal temperature and electrolyte RI. Due to the TFBG’s immunity
to the strain within the battery, its spectral changes are solely influenced by variations in
temperature and RI. The wavelength interval between the resonance wavelength and the
Bragg resonance provides RI information. Moreover, monitoring the amplitude peaks of
the TFBG cladding mode enables the tracking of electrolyte turbidity, offering valuable
insights into the formation process of the SEI layer.

Compared to the first two types of detection methods, monitoring the chemical re-
action’s accompanying substances provides more accurate and real-time insights into the
SOC, SOH, and Remaining Useful Life (RUL) of the battery. However, challenges persist in
decoupling the electrolyte RI from other measured quantities, such as barometric pressure
and stress; demodulating optical signals to extract the measured quantities; and effectively
monitoring multi-battery configurations.

3.4. FBG Measurement Accuracy and Sensitivity

The monitoring of the internal parameters of the battery was achieved based on FBG
sensors. Table 2 shows a summary of some FBG sensors used to monitor different parame-
ters of the battery (temperature, strain, pressure, electrolyte RI, and SOC). Table 2 illustrates
that the FBG sensing systems developed by Novais et al. [13], Nascimento et al. [122],
Huang et al. [124], and Desai et al. [125] exhibit the highest temperature accuracy of 0.1 °C.
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Furthermore, Nascimento et al. [122]'s FBG sensing system demonstrates the highest
temperature sensitivity at 40 pm/°C. Nascimento et al. [122] established the peak strain
accuracy and sensitivity of the FBG sensor at 0.1 pe and 2.2 pm/ e, respectively. Huang
et al. [124] reported the top pressure measurement accuracy and sensitivity of the FBG sen-
sor as 0.14 bar and —0.3 pm/bar. The highest RI measurement accuracy and sensitivity for
FBG sensors were determined to be 6 x 107> RIU and —18 nm/RIU, respectively, by Huang
et al. [90]. While these studies achieve notable precision and sensitivity for individual
parameters, simultaneous high accuracy and sensitivity for multi-parameter measurements
remain challenging due to the complexities associated with multi-parameter decoupling.

Table 2. Summary of FBG Sensor Monitoring Battery Performance.

Year Battery Type Measured Parameter Accuracy Sensitivity Ref.
2016 Li-ion Pouch Battery External and internal 0.1°C 10.27 pm/°C [13]
temperatures
2018 Li-ion Cylindrical Battery Internal temperatures - - [115]
2018 Li-ion Cylindrical Battery Internal temperatures 1°C 11 pm/°C [116]
2022 Li-ion Cylindrical Battery Internal temperatures 0.5°C 9.89 pm/°C [117]
2023 Hardcase Li-ion Batteries External and internal 0.5°C 9.8+ 0.2 pm/°C [15]
temperatures
2016 Li-ion Pouch Battery Internal strain - - [118]
2022 Swagelok Battery Internal strain - - [120]
2022 Li-S Pouch Battery Internal strain - 0.847 pm/pe [70]
2022 Li-ion Battery Internal temperatures - 11 £ 0.3 pm/°C [121]
2017 Li-ion Coin Battery Internal temperature and - - [24]
strain
2019 Li-ion Pouch Battery Internal tesrjggierfature and 0.1°C,0.1 ue 40 pm/°C, 2.2 pm/pe [122]
2022 Li-ion Coin Battery Internal temp.erature and ) 11.7 pm/°C, 11.3 pm/°C, [112]
strain 1.04 pm/pe
2023 Li-ion Pouch Battery nternal temperature and 103 pm/°C [126]
—2.7 pm/bar (MOF),
. S Internal temperature and 0.1°C, —0.3 pm/bar (SMF),
2020 Li-ion Cylindrical Battery pressure 0.14 bar 10 pm/°C (SMF), 10 pm/°C [124]
(MOF)
Sodium-ion Cylindrical Internal temperatures and o —2.7 pm/bar (MOEF),
2021 pressure 0.1°C —0.3 pm/bar (SMF) [125]
2019 Li-ion Pouch Battery Electrolyte RI - - [127]
2022 Aqueous Zn-ion Batteries Electrolyte RI - - [110]
2024 Lithium Metal Battery Electrolyte RI - - [111]
.. s Internal temperature and _5 o
2021 Li-ion Cylindrical Battery electrolyte RI 6 x 107> RIU —18 nm/RIU, 10.1 pm/°C [90]
2016 Li-ion Pouch Battery SOC - - [119]
2018 Supercapacitors SOC - - [123]

4. Challenges and Outlooks

FBG sensing technology for battery applications is rapidly advancing from conven-
tional laboratory measurements towards practical field monitoring applications. However,
the future development of FBG sensors for internal battery monitoring encounters sev-
eral challenges.

Firstly, the design and packaging of FBG sensors for internal battery applications
confront complex technical requirements. The variable and intricate operating environment
within the battery, coupled with the delicate nature of FBGs, necessitates stable sensor
operation. Optimizing fiber material, structure, and surface metal plasma coating becomes
imperative to withstand the harsh chemical environment within batteries [128,129], prevent-
ing electrolyte leakage, and improving the QRL of the battery [130]. Our fiber optic grating
sensor design, manufacturing, and packaging technologies developed for the construction,
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aerospace, robotics, chemical, entertainment, biological, and pharmaceutical industries
may be transferable to internal and external battery monitoring [131-137].

Secondly, accurately parsing FBG sensor data used for battery assessment is a major
challenge [70,110,121,124,125]. (1) Due to the sensitivity of fiber optic sensors to multiple
parameters, such as temperature and stress, achieving decoupling and precise measure-
ment of multidimensional parameters is crucial for accurately evaluating the health status
of batteries [138-141]. This includes addressing the coupling of temperature and strain,
electrolyte RI, and other influencing factors, such as the solid electrolyte layer versus the
electrochemical interfacial layers. (2) Effective signal processing techniques can signifi-
cantly reduce the impact of noise on optical signals, thereby enhancing the accuracy of
battery condition measurements [142-148]. For instance, the Activation Function Dynamic
Averaging (AFDA) algorithm outperforms the Frequency Domain Dynamic Averaging
(FDDA) algorithm by processing signals eight times faster and improving the SNR by
3.7 dB independently, and by 10.8 dB when combined with MA-MD [143]. Addition-
ally, a nonlinear distortion correction algorithm can rectify charge coupled device (CCD)
measurement spectra, eliminating errors that may arise during various Time of INTegra-
tion (TINT) measurements [142]. Furthermore, a fiber grating filter is incorporated to
enhance the overall signal processing capabilities [144]. (3) In addition, advanced algo-
rithms and models based on a large number of monitoring data are crucial for the real-time
evaluation and prediction of battery SOC, SOH, and RUL in fiber optic sensing battery
monitoring [149-154]. This requires the combination of multi-dimensional parameters
inside and outside the monitored battery with technologies such as machine learning and
artificial intelligence to achieve a battery level battery management system (BMS) and
fault diagnosis. Our recently proposed series of advanced fiber optic signal processing
methods [155-159] is capable of eliminating various kinds of noises in practice, such as
electrochemical noises, road noises, wind noises, and auxiliary system noises [160,161].
This helps in fiber optic sensing multiparameter decoupling; signal signature identification;
and evaluation with battery SOC, SOH, and RUL.

Finally, the cost of equipment and standardization of production also limit the ap-
plication of FBG sensors in battery monitoring. (1) Standardizing the integration of FBG
sensors during the battery manufacturing process ensures their seamless incorporation
into the battery structure. (2) The cost of optical sensing does not increase linearly with
the number of batteries because of multiplexing, which is different from the cost of using
electrical sensing. (3) The establishment of uniform standards and specifications is crucial
to ensuring the applicability and reliability of different types of FBG sensors across various
battery systems. According to a cost analysis forecast done by Alamgir in 2016 [162], fiber
optic sensing BMSs are expected to compete with traditional electrical sensing BMSs.

In short, fiber optic sensing battery monitoring technology includes fiber optic design,
fabrication, installation, signal processing, physical field analysis of monitoring objects,
big data analysis, and artificial intelligence battery health assessment. Although there are
still some difficulties and challenges, fiber optic sensors will play an important role in
future development. The application of fiber optic sensors can not only guarantee the safe
operation of batteries but also provide the necessary data support for the optimization and
development of new high energy density batteries. Therefore, further research and applica-
tion of fiber optic sensor technology is of great significance to promote the development of
battery technology.

5. Discussion

This paper provides a comprehensive review and analysis of various sensing technolo-
gies, with a particular focus on the application of FBG technology in monitoring batteries.
The strengths and limitations of different detection technologies are carefully examined.
Assessing parameters crucial to battery health, current technologies can be categorized into:
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(1) Traditional monitoring technologies, while accurate, face limitations in real-time
monitoring due to the need for intricate sample preparation, complex signal processing,
and expensive equipment.

(2) Fiber optic sensing technology, while capable of monitoring physical parameters
related to battery status in real time, faces challenges in achieving accurate monitoring. Its
effectiveness may vary under different conditions of use.

(3) Fiber optic sensing technology emerges as a promising avenue for monitoring
chemical characteristics such as pH value, RI, and gas emissions in batteries. It holds
the potential to overcome the drawbacks of the previous methods, enabling precise and
real-time assessments of battery performance.

Therefore, the primary challenge in current battery monitoring technology lies in
achieving real-time and accurate detection of SOH, SOC, and RUL. A promising approach
involves the real-time monitoring of battery material properties, contingent upon establish-
ing explicit monitoring parameters and physical models of the battery state. Despite facing
challenges, such as standardized packaging, temperature-strain coupling for fiber optic
sensing, noise reduction in signal processing, and the integration of multiparameter and
artificial intelligence models, FBG technology is expected to comprehensively enhance the
QRL of batteries. This optimism is grounded in the unique advantage of FBG, as evidenced
by its pivotal role in advancing the field of battery condition monitoring [163-165].
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Abbreviations

The following abbreviations are used in this manuscript:

XRD X-ray Diffraction

STEM Scanning Transmission Electron Microscope
IR Infrared

NMR Nuclear Magnetic Resonance

RI Refractive Index

Ccv Cyclic Voltammetry

cccv Constant Current Constant Voltage

EIS Electrochemical Impedance Spectroscopy
pH Potential of Hydrogen

QRL quality, reliability and life

Mz Mach-Zehnder

FBG Fiber Bragg Grating

SPR Surface Plasmon Resonance

XPS X-ray Photoelectron Spectroscopy

SEM Scanning Electron Microscope

ECM Equivalent Circuit Model

Li-ion lithium-ion

SEI Solid Electrolyte Interface

CEI Cathode Electrolyte Interface
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SOC State of Charge

TFBG Tilted Fiber Bragg Grating

SOH State of Health

FOEWS  Fiber optic evanescent wave sensors
FEP Fluorinated Ethylene Propylene

FBGAF Fiber Bragg Grating Array Film

PANS Polyacrylonitrile

KB/S Ketjen Black/Sulfur

PEEK Polyether Ether Ketone

FpP Fabry-Perot

SMF Single Mode Fiber

MOF Microstructure Optical Fiber

NVPF Na3V2 (PO4)2F3

HC Hard Carbon

EC Ethylene Carbonate

PC Propylene Carbonate

DMC Dimethyl Carbonate

NaODFB Namely Sodium Oxalato (Difluoro) Borate
\Y@ Vinylene Carbonate

SN Succinonitrile

TMSPi Tris-trimethylsilylphosphite

FPI Fabry—Perot Interferometer

RUL Rmaining Useful Life

AFDA Activation Function Dynamic Averaging
FDDA Frequency Domain Dynamic Averaging
CCD Charge Coupled Device

TINT Time of INTegration

BMS Battery Management Systems

References

1.

10.

11.

12.

13.

14.

Dehghani-Sanij, A.R.; Tharumalingam, E.; Dusseault, M.B.; Fraser, R. Study of Energy Storage Systems and Environmental
Challenges of Batteries. Renew. Sustain. Energy Rev. 2019, 104, 192-208. [CrossRef]

Kebede, A.A.; Coosemans, T.; Messagie, M.; Jemal, T.; Behabtu, H.A.; Van Mierlo, J.; Berecibar, M. Techno-Economic Analysis of
Li-ion and Lead-Acid Batteries in Stationary Energy Storage Application. J. Energy Storage 2021, 40, 102748. [CrossRef]

Xu, H.; Shen, M. The Control of Lithium-ion Batteries and Supercapacitors in Hybrid Energy Storage Systems for Electric Vehicles:
A Review. Int. ]. Energy Res. 2021, 45, 20524-20544. [CrossRef]

Graham, ].D.; Rupp, J.A.; Brungard, E. Lithium in the Green Energy Transition: The Quest for Both Sustainability and Security.
Sustainability 2021, 13, 11274. [CrossRef]

Grey, C.P; Hall, D.S. Prospects for Lithium-Ion Batteries and beyond—A 2030 Vision. Nat. Commun. 2020, 11, 6279. [CrossRef]
Fan, X; Liu, B.; Liu, J.; Ding, J.; Han, X,; Deng, Y.; Lv, X.; Xie, Y.; Chen, B.; Hu, W.; et al. Battery Technologies for Grid-Level
Large-Scale Electrical Energy Storage. Trans. Tianjin Univ. 2020, 26, 92-103. [CrossRef]

Mukherjee, S.; Albertengo, A.; Djenizian, T. Beyond Flexible-Li-Ion Battery Systems for Soft Electronics. Energy Storage Mater.
2021, 42,773-785. [CrossRef]

Apa, L.; D’Alvia, L.; Del Prete, Z.; Rizzuto, E. Battery Energy Storage: An Automated System for the Simulation of Real Cycles in
Domestic Renewable Applications. In Proceedings of the 2023 IEEE 13th International Workshop on Applied Measurements for
Power Systems (AMPS), Bern, Switzerland, 27-29 September 2023; pp. 1-6. [CrossRef]

Surya, S.; Rao, V.; Williamson, S.S. Comprehensive Review on Smart Techniques for Estimation of State of Health for Battery
Management System Application. Energies 2021, 14, 4617. [CrossRef]

Zou, B,; Zhang, L.; Xue, X;; Tan, R;; Jiang, P.; Ma, B.; Song, Z.; Hua, W. A Review on the Fault and Defect Diagnosis of Lithium-Ion
Battery for Electric Vehicles. Energies 2023, 16, 5507. [CrossRef]

Li, R,; Li, W.; Singh, A.; Ren, D.; Hou, Z.; Ouyang, M. Effect of External Pressure and Internal Stress on Battery Performance and
Lifespan. Energy Storage Mater. 2022, 52, 395-429. [CrossRef]

Pradhan, S.K.; Chakraborty, B. Battery Management Strategies: An Essential Review for Battery State of Health Monitoring
Techniques. |. Energy Storage 2022, 51, 104427. [CrossRef]

Novais, S.; Nascimento, M.; Grande, L.; Domingues, M.; Antunes, P.; Alberto, N.; Leitdo, C.; Oliveira, R.; Koch, S.; Kim, G,;
et al. Internal and External Temperature Monitoring of a Li-Ion Battery with Fiber Bragg Grating Sensors. Sensors 2016, 16, 1394.
[CrossRef]

Badar, M.; Lu, P; Wang, Q.; Boyer, T.; Chen, K.P.; Ohodnicki, P.R. Real-Time Optical Fiber-Based Distributed Temperature
Monitoring of Insulation Oil-Immersed Commercial Distribution Power Transformer. IEEE Sens. J. 2021, 21, 3013-3019. [CrossRef]


http://doi.org/10.1016/j.rser.2019.01.023
http://dx.doi.org/10.1016/j.est.2021.102748
http://dx.doi.org/10.1002/er.7150
http://dx.doi.org/10.3390/su132011274
http://dx.doi.org/10.1038/s41467-020-19991-4
http://dx.doi.org/10.1007/s12209-019-00231-w
http://dx.doi.org/10.1016/j.ensm.2021.08.020
http://dx.doi.org/10.1109/AMPS59207.2023.10297156
http://dx.doi.org/10.3390/en14154617
http://dx.doi.org/10.3390/en16145507
http://dx.doi.org/10.1016/j.ensm.2022.07.034
http://dx.doi.org/10.1016/j.est.2022.104427
http://dx.doi.org/10.3390/s16091394
http://dx.doi.org/10.1109/JSEN.2020.3024943

Sensors 2024, 24, 2057 20 of 25

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Wu, Y,; Long, X.; Lu, J.; Zhou, R;; Liu, L.; Wu, Y. Long-Life in-Situ Temperature Field Monitoring Using Fiber Bragg Grating
Sensors in Electromagnetic Launch High-Rate Hardcase Lithium-Ion Battery. J. Energy Storage 2023, 57, 106207. [CrossRef]
Nascimento, M.; Ferreira, M.S.; Pinto, J.L. Real Time Thermal Monitoring of Lithium Batteries with Fiber Sensors and Thermocou-
ples: A Comparative Study. Measurement 2017, 111, 260-263. [CrossRef]

Li, Y.; Wang, W.; Yang, X.-G.; Zuo, F; Liu, S.; Lin, C. A Smart Li-Ion Battery with Self-Sensing Capabilities for Enhanced Life and
Safety. J. Power Sources 2022, 546, 231705. [CrossRef]

Riza, M.A.; Go, Y.I.; Harun, S.W.; Maier, R.R.]J. FBG Sensors for Environmental and Biochemical Applications—A Review. IEEE
Sens. |. 2020, 20, 7614-7627. [CrossRef]

Han, G.; Yan, J.; Guo, Z.; Greenwood, D.; Marco, J.; Yu, Y. A Review on Various Optical Fiber Sensing Methods for Batteries.
Renew. Sust. Energy Rev. 2021, 150, 111514. [CrossRef]

Wahl, M.S.; Spitthoff, L.; Muri, H.I,; Jinasena, A.; Burheim, O.S.; Lamb, ].J. The Importance of Optical Fibers for Internal
Temperature Sensing in Lithium-Ion Batteries during Operation. Energies 2021, 14, 3617. [CrossRef]

Chen, D.; Zhao, Q.; Zheng, Y.; Xu, Y.; Chen, Y.; Ni, J.; Zhao, Y. Recent Progress in Lithium-Ion Battery Safety Monitoring Based on
Fiber Bragg Grating Sensors. Sensors 2023, 23, 5609. [CrossRef]

Su, Y.-D.; Preger, Y.; Burroughs, H.; Sun, C.; Ohodnicki, P. Fiber Optic Sensing Technologies for Battery Management Systems and
Energy Storage Applications. Sensors 2021, 21, 1397. [CrossRef] [PubMed]

Zhang, Y,; Li, Y,; Guo, Z; Li, ].; Ge, X,; Sun, Q.; Yan, Z; Li, Z.; Huang, Y. Health Monitoring by Optical Fiber Sensing Technology
for Rechargeable Batteries. eScience 2023, 4, 100174. [CrossRef]

Fortier, A.; Tsao, M.; Williard, N.; Xing, Y.; Pecht, M. Preliminary Study on Integration of Fiber Optic Bragg Grating Sensors in
Li-Ion Batteries and In Situ Strain and Temperature Monitoring of Battery Cells. Energies 2017, 10, 838. [CrossRef]

Li, B.; Parekh, M.H.; Adams, R.A.; Adams, T.E.; Love, C.T.; Pol, V.G.; Tomar, V. Lithium-Ion Battery Thermal Safety by Early
Internal Detection, Prediction and Prevention. Sci. Rep. 2019, 9, 13255. [CrossRef]

Barcellona, S.; Colnago, S.; Dotelli, G.; Latorrata, S.; Piegari, L. Aging Effect on the Variation of Li-Ion Battery Resistance as
Function of Temperature and State of Charge. ]. Energy Storage 2022, 50, 104658. [CrossRef]

Robinson, J.; Shearing, P.; Brett, D. Thermal Imaging of Electrochemical Power Systems: A Review. |. Imaging 2016, 2, 2. [CrossRef]
Winton, A.J.; Allen, M.A. Rational Design of a Bifunctional Peptide Exhibiting Lithium Titanate Oxide and Carbon Nanotube
Affinities for Lithium-Ion Battery Applications. ACS Appl. Mater. Interfaces 2023, 15, 8579-8589. [CrossRef]

Altin, S.; Altundag, E.; Altin, E.; Altundag, S. Improved Battery Performance of Silicon Modified Nag g7Fep5Mng 50, and Its
Structural and Electrochemical Properties: An Investigation of Infrared Thermal Imaging. |. Energy Storage 2021, 41, 102979.
[CrossRef]

Liu, Z,; Li, G,; Qin, Q.; Mi, L.; Li, G.; Zheng, G.; Liu, C.; Li, Q.; Liu, X. Electrospun PVDF/PAN Membrane for Pressure Sensor and
Sodium-Ion Battery Separator. Adv. Compos. Hybrid Mater. 2021, 4, 1215-1225. [CrossRef]

Cannarella, J.; Arnold, C.B. Stress Evolution and Capacity Fade in Constrained Lithium-Ion Pouch Cells. J. Power Sources 2014,
245,745-751. [CrossRef]

Hendricks, C.; Sood, B.; Pecht, M. Lithium-Ion Battery Strain Gauge Monitoring and Depth of Discharge Estimation. . Electrochem.
Energy 2023, 20, 011008. [CrossRef]

Al-Tabbakh, A.A ; Karatepe, N.; Al-Zubaidi, A.B.; Benchaabane, A.; Mahmood, N.B. Crystallite Size and Lattice Strain of Lithiated
Spinel Material for Rechargeable Battery by X-ray Diffraction Peak-Broadening Analysis. Int. ]. Energy Res. 2019, 43, 1903-1911.
[CrossRef]

Louli, A.J.; Ellis, L.D.; Dahn, J.R. Operando Pressure Measurements Reveal Solid Electrolyte Interphase Growth to Rank Li-Ion
Cell Performance. Joule 2019, 3, 745-761. [CrossRef]

Wu, Y; Sun, L.; Zhang, X.; Yang, M.; Tan, D.; Hai, C.; Liu, J.; Wang, J. Deformation Measurement within Lithium-Ion Battery
Using Sparse-View Computed Tomography and Digital Image Correlation. Meas. Sci. Technol. 2023, 34, 025402. [CrossRef]
Amaral, M.M.; Real, C.G.; Yukuhiro, V.Y.; Doubek, G.; Fernandez, P.S.; Singh, G.; Zanin, H. In Situ and Operando Infrared
Spectroscopy of Battery Systems: Progress and Opportunities. J. Energy Chem. 2023, 81, 472-491. [CrossRef]

Miele, E.; Dose, W.M.; Manyakin, I.; Frosz, M.H.; Ruff, Z.; De Volder, M.EL.; Grey, C.P.; Baumberg, ].J.; Euser, T.G. Hollow-Core
Optical Fiber Sensors for Operando Raman Spectroscopy Investigation of Li-Ion Battery Liquid Electrolytes. Nat. Commun. 2022,
13, 1651. [CrossRef]

Liu, X,; Liang, Z.; Xiang, Y.; Lin, M.; Li, Q.; Liu, Z.; Zhong, G.; Fu, R.; Yang, Y. Solid-State NMR and MRI Spectroscopy for Li/Na
Batteries: Materials, Interface, and In Situ Characterization. Adv. Mater. 2021, 33, 2005878. [CrossRef]

Zhou, Y.; Su, M.; Yu, X.; Zhang, Y.; Wang, ].-G.; Ren, X,; Cao, R.; Xu, W,; Baer, D.R,; Du, Y,; et al. Real-Time Mass Spectrometric
Characterization of the Solid—Electrolyte Interphase of a Lithium-Ion Battery. Nat. Nanotechnol. 2020, 15, 224-230. [CrossRef]
Hedman, J.; Nilebo, D.; Larsson Langhammer, E.; Bjorefors, F. Fiber Optic Sensor for Characterisation of Lithium-Ion Batteries.
ChemSusChem 2020, 13, 5731-5739. [CrossRef]

Zachman, M.].; Yang, Z.; Du, Y.; Chi, M. Robust Atomic-Resolution Imaging of Lithium in Battery Materials by Center-of-Mass
Scanning Transmission Electron Microscopy. ACS Nano 2022, 16, 1358-1367. [CrossRef] [PubMed]

Tran, M.-K.; Mathew, M.; Janhunen, S.; Panchal, S.; Raahemifar, K.; Fraser, R.; Fowler, M. A Comprehensive Equivalent Circuit
Model for Lithium-Ion Batteries, Incorporating the Effects of State of Health, State of Charge, and Temperature on Model
Parameters. J. Energy Storage 2021, 43, 103252. [CrossRef]


http://dx.doi.org/10.1016/j.est.2022.106207
http://dx.doi.org/10.1016/j.measurement.2017.07.049
http://dx.doi.org/10.1016/j.jpowsour.2022.231705
http://dx.doi.org/10.1109/JSEN.2020.2982446
http://dx.doi.org/10.1016/j.rser.2021.111514
http://dx.doi.org/10.3390/en14123617
http://dx.doi.org/10.3390/s23125609
http://dx.doi.org/10.3390/s21041397
http://www.ncbi.nlm.nih.gov/pubmed/33671244
http://dx.doi.org/10.1016/j.esci.2023.100174
http://dx.doi.org/10.3390/en10070838
http://dx.doi.org/10.1038/s41598-019-49616-w
http://dx.doi.org/10.1016/j.est.2022.104658
http://dx.doi.org/10.3390/jimaging2010002
http://dx.doi.org/10.1021/acsami.2c18018
http://dx.doi.org/10.1016/j.est.2021.102979
http://dx.doi.org/10.1007/s42114-021-00364-4
http://dx.doi.org/10.1016/j.jpowsour.2013.06.165
http://dx.doi.org/10.1115/1.4054340
http://dx.doi.org/10.1002/er.4390
http://dx.doi.org/10.1016/j.joule.2018.12.009
http://dx.doi.org/10.1088/1361-6501/ac9c21
[
http://dx.doi.org/10.1016/j.jechem.2023.02.036
http://dx.doi.org/10.1038/s41467-022-29330-4
[
http://dx.doi.org/10.1002/adma.202005878
http://dx.doi.org/10.1038/s41565-019-0618-4
http://dx.doi.org/10.1002/cssc.202001709
http://dx.doi.org/10.1021/acsnano.1c09374
http://www.ncbi.nlm.nih.gov/pubmed/35000379
http://dx.doi.org/10.1016/j.est.2021.103252

Sensors 2024, 24, 2057 21 of 25

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Deng, D.R; Cui, X.Y.; Wu, Q.H.; Zheng, M.S.; Dong, Q.F. In-situ Synthesis TiO, Nanosheets@rGO for Ultrafast Sodium ion
Storage at Both Room and Low Temperatures. J. Alloys Compd. 2020, 835 155413. [CrossRef]

Deng, D.R.; Yuan, RM.; Yu, PK,; Xue, E; Fan, X.X;; Lei, J.; Zhang, ].L.; Lin, X.D.; Wu, Q.H.; Fan, ].M.; Chang, ] .K.; Hong, W.J.;
Zheng, M.S.; Dong, Q.F. An Enhanced Electrode via Coupling with a Conducting Molecule to Extend Interfacial Reactions. Adv.
Energy Mater. 2021, 11, 2101156. [CrossRef]

Deng, D.R.; Cui, X.Y,; Fan, X.X.; Zheng, ].Q.; Fan, X.H.; Wu, Q.H.; Zheng, M.S.; Dong, Q.F. Integration of Adsorption and Catalytic
Active Sites in Cobalt Iron Oxide Nanorods for An Excellent Performance Li-S Battery with A Wide Temperature Range. Sustain.
Energy Fuels 2021, 5, 4284-4288. [CrossRef]

Deng, D.R.; Li, C.; Weng, ].C.; Fan, X.H.; Chen, Z].; Yang, G., Li, Y.; Wu, Q.H.; Zheng, M.S.; Dong, Q.F. Thin Nano Cages with
Limited Hollow Space for Ultrahigh Sulfur Loading Lithium-Sulfur Batteries. ACS Appl. Mater. Interfaces 2022, 14, 45414-45422.
[CrossRef] [PubMed]

Li, G.; Fan, X.; Deng, D.; Wu, Q. H.; Jia, L. Surface Charge Induced Self-assembled Nest-like Ni352/PNG Composites for
High-performance Supercapacitors. J. Colloid Interf. Sci. 2023, 650, 913-923. [CrossRef] [PubMed]

Choi, D.; Shamim, N.; Crawford, A.; Huang, Q.; Vartanian, C.K.; Viswanathan, V.V,; Paiss, M.D.; Alam, M.].E.; Reed, D.M,;
Sprenkle, V.L. Li-Ion Battery Technology for Grid Application. ]. Power Sources 2021, 511, 230419. . [CrossRef]

Chen, Y,; Kang, Y.; Zhao, Y.; Wang, L.; Liu, J; Li, Y;; Liang, Z.; He, X,; Li, X;; Tavajohi, N.; et al. A Review of Lithium-Ion Battery
Safety Concerns: The Issues, Strategies, and Testing Standards. J. Energy Chem. 2021, 59, 83-99. [CrossRef]

Kong, D.; Lv, H,; Ping, P; Wang, G. A Review of Early Warning Methods of Thermal Runaway of Lithium Ion Batteries. J. Energy
Storage 2023, 64, 107073. [CrossRef]

Chombo, P.V;; Laoonual, Y. A Review of Safety Strategies of a Li-lon Battery. |. Power Sources 2020, 478, 228649. [CrossRef]

Ould Ely, T.; Kamzabek, D.; Chakraborty, D. Batteries Safety: Recent Progress and Current Challenges. Front. Energy Res. 2019, 7, 71.
[CrossRef]

Ren, D.; Feng, X; Liu, L.; Hsu, H.; Lu, L.; Wang, L.; He, X.; Ouyang, M. Investigating the Relationship between Internal Short
Circuit and Thermal Runaway of Lithium-Ion Batteries under Thermal Abuse Condition. Energy Storage Mater. 2021, 34, 563-573.
[CrossRef]

Lyu, P; Liu, X.; Qu, J.; Zhao, J.; Huo, Y.; Qu, Z.; Rao, Z. Recent Advances of Thermal Safety of Lithium Ion Battery for Energy
Storage. Energy Storage Mater. 2020, 31, 195-220. [CrossRef]

Xiao, Z.; Liu, C.; Zhao, T.; Kuang, Y.; Yin, B.; Yuan, R.; Song, L. Review—Online Monitoring of Internal Temperature in Lithium-Ion
Batteries. J. Electrochem. Soc. 2023, 170, 057517. [CrossRef]

Meda, U.S,; Lal, L.; M, S.; Garg, P. Solid Electrolyte Interphase (SEI), a Boon or a Bane for Lithium Batteries: A Review on the
Recent Advances. |. Energy Storage 2022, 47, 103564. [CrossRef]

Rao Rikka, V;; Ranjan Sahu, S.; Chatterjee, A.; Gopalan, R.; Sundararajan, G.; Prakash, R. Composition-Dependent Long-Term
Stability of Mosaic Solid-Electrolyte Interface for Long-Life Lithium-Ion Battery. Batter. Supercaps 2021, 4, 1720-1730. [CrossRef]
Yan, C.; Xu, R;; Xiao, Y; Ding, J.; Xu, L.; Li, B.; Huang, ]. Toward Critical Electrode/Electrolyte Interfaces in Rechargeable Batteries.
Adv. Funct. Mater. 2020, 30, 1909887. [CrossRef]

Wu, H; Jia, H.; Wang, C.; Zhang, J.; Xu, W. Recent Progress in Understanding Solid Electrolyte Interphase on Lithium Metal
Anodes. Adv. Energy Mater. 2021, 11, 2003092. [CrossRef]

Xu, H.; Han, C.; Li, W,; Li, H.; Qiu, X. Quantification of Lithium Dendrite and Solid Electrolyte Interphase (SEI) in Lithium-Ion
Batteries. J. Power Sources 2022, 529, 231219. [CrossRef]

Yoo, D.-J.; Liu, Q.; Cohen, O.; Kim, M.; Persson, K.A.; Zhang, Z. Understanding the Role of SEI Layer in Low-Temperature
Performance of Lithium-Ion Batteries. ACS Appl. Mater. Interfaces 2022, 14, 11910-11918. [CrossRef] [PubMed]

Hu, D,; Zhang, Q.; Tian, J.; Chen, L.; Li, N.; Su, Y.; Bao, L.; Lu, Y,; Cao, D.; Yan, K,; et al. High-Temperature Storage Deterioration
Mechanism of Cylindrical 21700-Type Batteries Using Ni-Rich Cathodes under Different SOCs. ACS Appl. Mater. Interfaces 2021,
13, 6286-6297. [CrossRef] [PubMed]

Feng, X.; He, X.; Ouyang, M.; Wang, L.; Lu, L.; Ren, D.; Santhanagopalan, S. A Coupled Electrochemical-Thermal Failure Model
for Predicting the Thermal Runaway Behavior of Lithium-Ion Batteries. J. Electrochem. Soc. 2018, 165, A3748—-A3765. [CrossRef]
Li, Y.;; Zhang, Y;; Li, Z.; Yan, Z.; Xiao, X.; Liu, X.; Chen, J.; Shen, Y.; Sun, Q.; Huang, Y. Operando Decoding of Surface Strain in
Anode-Free Lithium Metal Batteries via Optical Fiber Sensor. Adv. Sci. 2022, 9, 2203247. [CrossRef] [PubMed]

Li, Z.; Liu, J.; Qin, Y.; Gao, T. Enhancing the Charging Performance of Lithium-Ion Batteries by Reducing SEI and Charge Transfer
Resistances. ACS Appl. Mater. Interfaces 2022, 14, 33004-33012. [CrossRef] [PubMed]

Huang, D.; Engtrakul, C.; Nanayakkara, S.; Mulder, D.W.; Han, S.-D.; Zhou, M.; Luo, H.; Tenent, R.C. Understanding Degradation
at the Lithium-Ion Battery Cathode/Electrolyte Interface: Connecting Transition-Metal Dissolution Mechanisms to Electrolyte
Composition. ACS Appl. Mater. Interfaces 2021, 13, 11930-11939. [CrossRef]

Guo, J.; Li, Y,; Pedersen, K.; Stroe, D.-I. Lithium-Ion Battery Operation, Degradation, and Aging Mechanism in Electric Vehicles:
An Overview. Energies 2021, 14, 5220. [CrossRef]

Han, X.; Lu, L.; Zheng, Y.; Feng, X; Li, Z.; Li, J.; Ouyang, M. A Review on the Key Issues of the Lithium Ion Battery Degradation
among the Whole Life Cycle. eTransportation 2019, 1, 100005. [CrossRef]

Woody, M.; Arbabzadeh, M.; Lewis, G.M.; Keoleian, G.A.; Stefanopoulou, A. Strategies to Limit Degradation and Maximize
Li-Ion Battery Service Lifetime - Critical Review and Guidance for Stakeholders. |. Energy Storage 2020, 28, 101231. [CrossRef]


http://dx.doi.org/10.1016/j.jallcom.2020.155413
http://dx.doi.org/10.1002/aenm.202101156
http://dx.doi.org/10.1039/D1SE00925G
http://dx.doi.org/10.1021/acsami.2c12841
http://www.ncbi.nlm.nih.gov/pubmed/36183261
http://dx.doi.org/10.1016/j.jcis.2023.06.072
http://www.ncbi.nlm.nih.gov/pubmed/37453315
.
http://dx.doi.org/10.1016/j.jpowsour.2021.230419
http://dx.doi.org/10.1016/j.jechem.2020.10.017
http://dx.doi.org/10.1016/j.est.2023.107073
http://dx.doi.org/10.1016/j.jpowsour.2020.228649
http://dx.doi.org/10.3389/fenrg.2019.00071
http://dx.doi.org/10.1016/j.ensm.2020.10.020
http://dx.doi.org/10.1016/j.ensm.2020.06.042
http://dx.doi.org/10.1149/1945-7111/acd586
http://dx.doi.org/10.1016/j.est.2021.103564
http://dx.doi.org/10.1002/batt.202100127
http://dx.doi.org/10.1002/adfm.201909887
http://dx.doi.org/10.1002/aenm.202003092
http://dx.doi.org/10.1016/j.jpowsour.2022.231219
http://dx.doi.org/10.1021/acsami.1c23934
http://www.ncbi.nlm.nih.gov/pubmed/35192763
http://dx.doi.org/10.1021/acsami.0c20835
http://www.ncbi.nlm.nih.gov/pubmed/33504149
http://dx.doi.org/10.1149/2.0311816jes
http://dx.doi.org/10.1002/advs.202203247
http://www.ncbi.nlm.nih.gov/pubmed/35863904
http://dx.doi.org/10.1021/acsami.2c04319
http://www.ncbi.nlm.nih.gov/pubmed/35822941
http://dx.doi.org/10.1021/acsami.0c22235
http://dx.doi.org/10.3390/en14175220
http://dx.doi.org/10.1016/j.etran.2019.100005
http://dx.doi.org/10.1016/j.est.2020.101231

Sensors 2024, 24, 2057 22 of 25

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Miao, Z.; Li, Y,; Xiao, X.; Sun, Q.; He, B.; Chen, X,; Liao, Y.; Zhang, Y,; Yuan, L.; Yan, Z.; et al. Direct Optical Fiber Monitor on
Stress Evolution of the Sulfur-Based Cathodes for Lithium-Sulfur Batteries. Energy Environ. Sci. 2022, 15, 2029-2038. [CrossRef]
Palacin, M.R. Understanding Ageing in Li-Ion Batteries: A Chemical Issue. Chem. Soc. Rev. 2018, 47, 4924-4933. [CrossRef]

Lo Presti, D.; Massaroni, C.; Jorge Leitao, C.S.; De Fatima Domingues, M.; Sypabekova, M.; Barrera, D.; Floris, I.; Massari, L.;
Oddo, C.M.; Sales, S.; et al. Fiber Bragg Gratings for Medical Applications and Future Challenges: A Review. IEEE Access 2020, 8,
156863-156888. [CrossRef]

Li, C,; Tang, J.; Cheng, C.; Cai, L.; Yang, M. FBG Arrays for Quasi-Distributed Sensing: A Review. Photonic Sens. 2021, 11, 91-108.
[CrossRef]

Bachar, L.; Klein, R.; Tur, M.; Bortman, J. Fault Diagnosis of Gear Transmissions via Optic Fiber Bragg Grating Strain Sensors.
Mech. Syst. Signal Process. 2022, 169, 108629. [CrossRef]

Rohan, R.; Venkadeshwaran, K.; Ranjan, P. Recent Advancements of Fiber Bragg Grating Sensors in Biomedical Application: A
Review. J. Opt. 2023. [CrossRef]

Vikas; Mishra, S.; Mishra, A.; Saccomandi, P.; Verma, R. Recent Advances in Lossy Mode Resonance-Based Fiber Optic Sensors: A
Review. Micromachines 2022, 13, 1921. [CrossRef]

Meitei, S.N.; Borah, K.; Chatterjee, S. Partial Discharge Detection in an Oil-Filled Power Transformer Using Fiber Bragg Grating
Sensors: A Review. IEEE Sens. J. 2021, 21, 10304-10316. [CrossRef]

Luo, Y;; Zhang, Q.; Zhang, J.; Feng, D.; Wu, P,; Zhang, Y.; Lv, H.; Yang, N.; Wang, D.; Zhan, H.; et al. Research on Spacecraft Strain
Measurement System and Impact Sensing Technology Based on Fiber Grating Sensors and All Fiber Optic Sensing. J. Phys. Conf.
Ser. 2021, 1846, 012094. [CrossRef]

Bonopera, M. Fiber-Bragg-Grating-Based Displacement Sensors: Review of Recent Advances. Materials 2022, 15, 5561. [CrossRef]
Li, T.; Guo, J.; Tan, Y.; Zhou, Z. Recent Advances and Tendency in Fiber Bragg Grating-Based Vibration Sensor: A Review. IEEE
Sens. J. 2020, 20, 12074-12087. [CrossRef]

Shadab, A.; Raghuwanshi, S.K.; Kumar, S. Advances in Micro-Fabricated Fiber Bragg Grating for Detection of Physical, Chemical,
and Biological Parameters—A Review. IEEE Sens. J. 2022, 22, 15650-15660. [CrossRef]

Massaroni, C.; Zaltieri, M.; Lo Presti, D.; Nicolo, A.; Tosi, D.; Schena, E. Fiber Bragg Grating Sensors for Cardiorespiratory
Monitoring: A Review. IEEE Sens. ]. 2021, 21, 14069-14080. [CrossRef]

Caucheteur, C.; Guo, T,; Liu, F; Guan, B.-O.; Albert, J. Ultrasensitive Plasmonic Sensing in Air Using Optical Fiber Spectral
Combs. Nat. Commun. 2016, 7, 13371. [CrossRef]

Li, Z.; Xiao, Y,; Liu, F; Yan, X;; You, D.; Li, K;; Zeng, L.; Zhu, M.; Xiao, G.; Albert, J.; et al. Operando Optical Fiber Monitoring of
Nanoscale and Fast Temperature Changes during Photo-Electrocatalytic Reactions. Light Sci. Appl. 2022, 11, 220. [CrossRef]
Liu, L.; Zhang, X.; Zhu, Q.; Li, K.; Lu, Y.; Zhou, X.; Guo, T. Ultrasensitive Detection of Endocrine Disruptors via Superfine
Plasmonic Spectral Combs. Light Sci. Appl. 2021, 10, 181. [CrossRef]

Zhu, C.; Wang, L.; Li, H. Phase-Inserted Fiber Gratings and Their Applications to Optical Filtering, Optical Signal Processing, and
Optical Sensing: Review. Photonics 2022, 9, 271. [CrossRef]

Gao, S.; Wang, H.; Chen, Y.; Wei, H.; Woyessa, G.; Bang, O.; Min, R.; Qu, H.; Caucheteur, C.; Hu, X. Point-by-Point Induced High
Birefringence Polymer Optical Fiber Bragg Grating for Strain Measurement. Photonics 2023, 10, 91. [CrossRef]

Matveenko, V.; Serovaev, G. Distributed Strain Measurements Based on Rayleigh Scattering in the Presence of Fiber Bragg
Gratings in an Optical Fiber. Photonics 2023, 10, 868. [CrossRef]

Cheng, X.; Pecht, M. In Situ Stress Measurement Techniques on Li-Ion Battery Electrodes: A Review. Energies 2017, 10, 591.
[CrossRef]

Huang, J.; Han, X,; Liu, F; Gervillié, C.; Blanquer, L.A.; Guo, T.; Tarascon, J.-M. Monitoring Battery Electrolyte Chemistry via
in-Operando Tilted Fiber Bragg Grating Sensors. Energy Environ. Sci. 2021, 14, 6464—6475. [CrossRef]

Singh, Y.; Raghuwanshi, S.K.; Prakash, O.; Saini, PK. Design and Development of Tilted Fiber Bragg Grating (TFBG) Chemical
Sensor with Regression Analysis of Grating Parameters for Sensitivity Optimization. Opt. Quant Electron. 2021, 53, 664. [CrossRef]
Xue, X.; Han, X; Li, L.; Min, L.; You, D.; Guo, T. Real-Time Monitoring of Human Breathing Using Wearable Tilted Fiber Grating
Curvature Sensors. J. Lightwave Technol. 2023, 41, 4531-4539. [CrossRef]

Sypabekova, M.; Amantayeva, A.; Vangelista, L.; Gonzalez-Vila, A.; Caucheteur, C.; Tosi, D. Ultralow Limit Detection of Soluble
HER?2 Biomarker in Serum with a Fiber-Optic Ball-Tip Resonator Assisted by a Tilted FBG. ACS Meas. Sci. Au 2022, 2, 309-316.
[CrossRef]

Yang, G.; Leitdo, C.; Li, Y.; Pinto, ].; Jiang, X. Real-Time Temperature Measurement with Fiber Bragg Sensors in Lithium Batteries
for Safety Usage. Measurement 2013, 46, 3166-3172. [CrossRef]

Nascimento, M.; Paixdo, T.; Ferreira, M.; Pinto, ]. Thermal Mapping of a Lithium Polymer Batteries Pack with FBGs Network.
Batteries 2018, 4, 67. [CrossRef]

Nascimento, M.; Ferreira, M.S.; Pinto, J.L. Temperature Fiber Sensing of Li-Ion Batteries under Different Environmental and
Operating Conditions. Appl. Therm. Eng. 2019, 149, 1236-1243. [CrossRef]

Matuck, L.; Pinto, J.L.; Marques, C.; Nascimento, M. Evaluation of the Orientation Impact on Thermal Behavior of Cylindrical
Li-Ion Batteries in Different Cycling Conditions Using Fiber Bragg Grating Sensors. |. Phys. Conf. Ser. 2022, 2407, 012050.
[CrossRef]


http://dx.doi.org/10.1039/D2EE00007E
http://dx.doi.org/10.1039/C7CS00889A
http://dx.doi.org/10.1109/ACCESS.2020.3019138
http://dx.doi.org/10.1007/s13320-021-0615-8
http://dx.doi.org/10.1016/j.ymssp.2021.108629
http://dx.doi.org/10.1007/s12596-023-01134-9
http://dx.doi.org/10.3390/mi13111921
http://dx.doi.org/10.1109/JSEN.2021.3059931
http://dx.doi.org/10.1088/1742-6596/1846/1/012094
http://dx.doi.org/10.3390/ma15165561
http://dx.doi.org/10.1109/JSEN.2020.3000257
http://dx.doi.org/10.1109/JSEN.2022.3188813
http://dx.doi.org/10.1109/JSEN.2020.2988692
http://dx.doi.org/10.1038/ncomms13371
http://dx.doi.org/10.1038/s41377-022-00914-5
http://dx.doi.org/10.1038/s41377-021-00618-2
http://dx.doi.org/10.3390/photonics9040271
http://dx.doi.org/10.3390/photonics10010091
http://dx.doi.org/10.3390/photonics10080868
http://dx.doi.org/10.3390/en10050591
http://dx.doi.org/10.1039/D1EE02186A
http://dx.doi.org/10.1007/s11082-021-03328-6
http://dx.doi.org/10.1109/JLT.2022.3226745
http://dx.doi.org/10.1021/acsmeasuresciau.2c00008
http://dx.doi.org/10.1016/j.measurement.2013.05.027
http://dx.doi.org/10.3390/batteries4040067
http://dx.doi.org/10.1016/j.applthermaleng.2018.12.135
http://dx.doi.org/10.1088/1742-6596/2407/1/012050

Sensors 2024, 24, 2057 23 of 25

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Sommer, L.W.; Kiesel, P.; Ganguli, A.; Lochbaum, A.; Saha, B.; Schwartz, J.; Bae, C.-J.; Alamgir, M.; Raghavan, A. Fast and Slow
Ion Diffusion Processes in Lithium Ion Pouch Cells during Cycling Observed with Fiber Optic Strain Sensors. J. Power Sources
2015, 296, 46-52. [CrossRef]

Pereira, G.; McGugan, M.; Mikkelsen, L.P. Method for Independent Strain and Temperature Measurement in Polymeric Tensile
Test Specimen Using Embedded FBG Sensors. Polymer Test. 2016, 50, 125-134. [CrossRef]

Nascimento, M.; Ferreira, M.; Pinto, J. Simultaneous Sensing of Temperature and Bi-Directional Strain in a Prismatic Li-Ion
Battery. Batteries 2018, 4, 23. [CrossRef]

Matuck, L.; Pinto, J.L.; Marques, C.; Nascimento, M. Simultaneous Strain and Temperature Discrimination in 18650 Li-Ion
Batteries Using Polarization-Maintaining Fiber Bragg Gratings. Batteries 2022, 8, 233. [CrossRef]

Sommer, L.W.; Raghavan, A.; Kiesel, P; Saha, B.; Schwartz, J.; Lochbaum, A.; Ganguli, A.; Bae, C.-].; Alamgir, M. Monitoring of
Intercalation Stages in Lithium-Ion Cells over Charge-Discharge Cycles with Fiber Optic Sensors. . Electrochem. Soc. 2015, 162,
A2664-A2669. [CrossRef]

Chen, C.-Y,; Sawamura, A.; Tsuda, T.; Uchida, S.; Ishikawa, M.; Kuwabata, S. Visualization of Si Anode Reactions in Coin-Type
Cells via Operando Scanning Electron Microscopy. ACS Appl. Mater. Interfaces 2017, 9, 35511-35515. [CrossRef]

Duan, X.; Wang, H.; Jia, Y.; Wang, L.; Liu, B.; Xu, J. A Multiphysics Understanding of Internal Short Circuit Mechanisms in
Lithium-Ion Batteries upon Mechanical Stress Abuse. Energy Storage Mater. 2022, 45, 667-679. [CrossRef]

Zhang, K.; Yin, J.; He, Y. Acoustic Emission Detection and Analysis Method for Health Status of Lithium Ion Batteries. Sensors
2021, 21, 712. [CrossRef]

Chien, Y.-C.; Menon, A.S.; Brant, W.R.; Lacey, M.].; Brandell, D. Understanding the Impact of Precipitation Kinetics on the
Electrochemical Performance of Lithium-Sulfur Batteries by Operando X-ray Diffraction. J. Phys. Chem. C 2022, 126, 2971-2979.
[CrossRef]

Choi, W.; Shin, H.-C.; Kim, ].M.; Choi, J.-Y.; Yoon, W.-S. Modeling and Applications of Electrochemical Impedance Spectroscopy
(EIS) for Lithium-Ion Batteries. J. Electrochem. Sci. Technol. 2020, 11, 1-13. [CrossRef]

Ghannoum, A.; Nieva, P. Graphite Lithiation and Capacity Fade Monitoring of Lithium Ion Batteries Using Optical Fibers. J.
Energy Storage 2020, 28, 101233. [CrossRef]

Gervillié-Mouravieff, C.; Boussard-Plédel, C.; Huang, J.; Leau, C.; Blanquer, L.A.; Yahia, M.B.; Doublet, M.-L.; Boles, S.T.; Zhang,
X.H.; Adam, J.L.; et al. Unlocking Cell Chemistry Evolution with Operando Fiber Optic Infrared Spectroscopy in Commercial
Na(Li)-Ion Batteries. Nat. Energy 2022, 7, 1157-1169. [CrossRef]

Wang, R.; Zhang, H.; Liu, Q.; Liu, F; Han, X; Liu, X,; Li, K; Xiao, G.; Albert, J.; Lu, X.; et al. Operando Monitoring of Ion Activities
in Aqueous Batteries with Plasmonic Fiber-Optic Sensors. Nat. Commun. 2022, 13, 547. [CrossRef]

Han, X.; Zhong, H.; Li, K; Xue, X.; Wu, W.; Hu, N.; Lu, X,; Huang, J.; Xiao, G.; Mai, Y,; et al. Operando Monitoring of Dendrite
Formation in Lithium Metal Batteries via Ultrasensitive Tilted Fiber Bragg Grating Sensors. Light Sci. Appl. 2024, 13, 24. [CrossRef]
Xi, J; Li, J.; Sun, H.; Ma, T.; Deng, L.; Liu, N.; Huang, X.; Zhang, ]. In-Situ Monitoring of Internal Temperature and Strain of
Solid-State Battery Based on Optical Fiber Sensors. Sens. Actuat. A-Phys. 2022, 347, 113888. [CrossRef]

Yang, L.; Li, N.; Hu, L.; Wang, S.; Wang, L.; Zhou, J.; Song, W.-L.; Sun, L.; Pan, T.-S.; Chen, H.-S,; et al. Internal Field Study of
21700 Battery Based on Long-Life Embedded Wireless Temperature Sensor. Acta Mech. Sin. 2021, 37, 895-901. [CrossRef]
Parhizi, M.; Ahmed, M.B.; Jain, A. Determination of the Core Temperature of a Li-Ilon Cell during Thermal Runaway. J. Power
Sources 2017, 370, 27-35. [CrossRef]

Amietszajew, T.; McTurk, E.; Fleming, J.; Bhagat, R. Understanding the Limits of Rapid Charging Using Instrumented Commercial
18650 High-Energy Li-lon Cells. Electrochim. Acta 2018, 263, 346-352. [CrossRef]

Fleming, J.; Amietszajew, T.; McTurk, E.; Towers, D.P.; Greenwood, D.; Bhagat, R. Development and Evaluation of In-Situ
Instrumentation for Cylindrical Li-Ion Cells Using Fiber Optic Sensors. HardwareX 2018, 3, 100-109. [CrossRef]

Liu, Y; Liu, Z.; Mei, W.; Han, X,; Liu, P; Wang, C.; Xia, X.; Li, K.; Wang, S.; Wang, Q.; et al. Operando Monitoring Lithium-
Ion Battery Temperature via Implanting Femtosecond-Laser-Inscribed Optical Fiber Sensors. Measurement 2022, 203, 111961.
[CrossRef]

Bae, C.; Manandhar, A.; Kiesel, P.; Raghavan, A. Monitoring the Strain Evolution of Lithium-Ion Battery Electrodes Using an
Optical Fiber Bragg Grating Sensor. Energy Technol. 2016, 4, 851-855. [CrossRef]

Ganguli, A.; Saha, B.; Raghavan, A.; Kiesel, P.; Arakaki, K; Schuh, A.; Schwartz, J.; Hegyi, A.; Sommer, L.W.; Lochbaum, A_; et al.
Embedded Fiber-Optic Sensing for Accurate Internal Monitoring of Cell State in Advanced Battery Management Systems Part 2:
Internal Cell Signals and Utility for State Estimation. J. Power Sources 2017, 341, 474—482. [CrossRef]

Albero Blanquer, L.; Marchini, F; Seitz, ].R.; Daher, N.; Bétermier, F.; Huang, J.; Gervillié, C.; Tarascon, J.-M. Optical Sensors for
Operando Stress Monitoring in Lithium-Based Batteries Containing Solid-State or Liquid Electrolytes. Nat. Commun. 2022, 13,
1153. [CrossRef]

Unterkofler, J.; Glanz, G.; Koller, M.; Klambauer, R.; Bergmann, A. Strain Compensation Methods for Fiber Bragg Grating
Temperature Sensors Suitable for Integration into Lithium-Ion Battery Electrolyte. Batteries 2023, 9, 34. [CrossRef]

Nascimento, M.; Novais, S.; Ding, M.S.; Ferreira, M.S.; Koch, S.; Passerini, S.; Pinto, ]J.L. Internal Strain and Temperature
Discrimination with Optical Fiber Hybrid Sensors in Li-Ion Batteries. J. Power Sources 2019, 410—411, 1-9. [CrossRef]

Lao, J.; Sun, P; Liu, F.; Zhang, X.; Zhao, C.; Mai, W.; Guo, T.; Xiao, G.; Albert, J. In Situ Plasmonic Optical Fiber Detection of the
State of Charge of Supercapacitors for Renewable Energy Storage. Light Sci. Appl. 2018, 7, 34. [CrossRef]


http://dx.doi.org/10.1016/j.jpowsour.2015.07.025
http://dx.doi.org/10.1016/j.polymertesting.2016.01.005
http://dx.doi.org/10.3390/batteries4020023
http://dx.doi.org/10.3390/batteries8110233
http://dx.doi.org/10.1149/2.0361514jes
http://dx.doi.org/10.1021/acsami.7b12340
http://dx.doi.org/10.1016/j.ensm.2021.12.018
http://dx.doi.org/10.3390/s21030712
http://dx.doi.org/10.1021/acs.jpcc.1c10197
http://dx.doi.org/10.33961/jecst.2019.00528
http://dx.doi.org/10.1016/j.est.2020.101233
http://dx.doi.org/10.1038/s41560-022-01141-3
http://dx.doi.org/10.1038/s41467-022-28267-y
http://dx.doi.org/10.1038/s41377-023-01346-5
http://dx.doi.org/10.1016/j.sna.2022.113888
http://dx.doi.org/10.1007/s10409-021-01103-0
http://dx.doi.org/10.1016/j.jpowsour.2017.09.086
http://dx.doi.org/10.1016/j.electacta.2018.01.076
[
http://dx.doi.org/10.1016/j.ohx.2018.04.001
http://dx.doi.org/10.1016/j.measurement.2022.111961
http://dx.doi.org/10.1002/ente.201500514
http://dx.doi.org/10.1016/j.jpowsour.2016.11.103
http://dx.doi.org/10.1038/s41467-022-28792-w
http://dx.doi.org/10.3390/batteries9010034
http://dx.doi.org/10.1016/j.jpowsour.2018.10.096
http://dx.doi.org/10.1038/s41377-018-0040-y

Sensors 2024, 24, 2057 24 of 25

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

Huang, J.; Albero Blanquer, L.; Bonefacino, J.; Logan, E.R.; Alves Dalla Corte, D.; Delacourt, C.; Gallant, B.M.; Boles, S.T.; Dahn,
J.R.; Tam, H.-Y,; et al. Operando Decoding of Chemical and Thermal Events in Commercial Na(Li)-Ion Cells via Optical Sensors.
Nat. Energy 2020, 5, 674-683. [CrossRef]

Desai, P.; Huang, ].; Hijazi, H.; Zhang, L.; Mariyappan, S.; Tarascon, ]. Deciphering Interfacial Reactions via Optical Sensing to
Tune the Interphase Chemistry for Optimized Na-Ion Electrolyte Formulation. Adv. Energy Mater. 2021, 11, 2101490. [CrossRef]
Mei, W,; Liu, Z.; Wang, C.; Wu, C,; Liu, Y,; Liu, P;; Xia, X.; Xue, X.; Han, X; Sun, J.; et al. Operando Monitoring of Thermal
Runaway in Commercial Lithium-Ion Cells via Advanced Lab-on-Fiber Technologies. Nat. Commun. 2023, 14, 5251. [CrossRef]
Nedjalkov, A.; Meyer, ].; Gréfenstein, A.; Schramm, B.; Angelmahr, M.; Schwenzel, J.; Schade, W. Refractive Index Measurement
of Lithium Ion Battery Electrolyte with Etched Surface Cladding Waveguide Bragg Gratings and Cell Electrode State Monitoring
by Optical Strain Sensors. Batteries 2019, 5, 30. [CrossRef]

Liu, Z.; Zhang, Z.; Tam, H.-Y.; Tao, X. Multifunctional Smart Optical Fibers: Materials, Fabrication, and Sensing Applications.
Photonics 2019, 6, 48. [CrossRef]

Liu, W,; Liu, Z.; Zhang, Y.; Li, S.; Zhang, Y.; Yang, X.; Zhang, J.; Yuan, L. Specialty Optical Fibers and 2D Materials for Sensitivity
Enhancement of Fiber Optic SPR Sensors: A Review. Opt. Laser Technol. 2022, 152, 108167. [CrossRef]

Alcock, KM.; Grammel, M.; Gonzélez-Vila, A.; Binetti, L.; Goh, K.; Alwis, L.S.M. An Accessible Method of Embedding Fiber
Optic Sensors on Lithium-Ion Battery Surface for in-Situ Thermal Monitoring. Sens. Actuat. A-Phys. 2021, 332, 113061. [CrossRef]
Chen, W.; Hao, J.; Tang, M. Improved Estimate and Accurate Measurement of Thermal Stresses in FRP Tendon. Constr. Build.
Mater. 2018, 164, 620-624. [CrossRef]

Chen, W,; Hao, J.; Tang, M. Analytical Analysis of Dynamic Stress Distribution of Fiber Reinforced Polymer Rod Based on
Realistic Boundary Shear Stress. Compos. Part B Eng. 2017, 131, 209-220. [CrossRef]

Lai, W,; Cao L.; Tan, R. X;; Phan, P. T; Hao, J.; Tjin S. C.; Phee S. ]. Force Sensing With 1 mm Fiber Bragg Gratings for Flexible
Endoscopic Surgical Robots. IEEE-ASME Trans. Mechatron. 2020, 25, 371-382. [CrossRef]

Chen, W.,; Dong, X.; Hao, J.; Yang, F.; Hu, X. Analysis of the Stress Distribution of Crimped Pultruded Composite Rods Subjected
to Traction. Compos. Part B Eng. 2013, 50, 362-370. [CrossRef]

Madan, A.; Liu, O,; Jiang, W.; Wang, Y.; Shum, PP; Hao, ]J. Carbon-Steel Tube Surface Mounted FBG Sensors under High-
Temperature Environment, Part I: Polyimide Coated and Femtosecond Laser Written. In Proceedings of the 2020 IEEE 5th
Optoelectronics Global Conference (OGC), Shenzhen, China, 7 September 2020; pp. 125-129.

Madan, A.; Yap, S.H.K,; Paulose, V.; Chang, W.; Shum, P.P; Hao, J. Investigation of a Bragg Grating-Based Fabry—Perot Structure
Inscribed Using Femtosecond Laser Micromachining in an Adiabatic Fiber Taper. Appl. Sci. 2020, 10, 1069. [CrossRef]

Chen, W.; Hao, J.; Zhang, H. Analytical Solution of Mechanical Behavior of FRP Joint with Arbitrary Bond Length for Optimal
Design. Constr. Build. Mater. 2020, 253, 119125. [CrossRef]

Liu, K.; Li, K;; Peng, Q.; Zhang, C. A Brief Review on Key Technologies in the Battery Management System of Electric Vehicles.
Front. Mech. Eng. 2019, 14, 47-64. [CrossRef]

Xiong, R.; Yu, Q.; Shen, W.; Lin, C.; Sun, F. A Sensor Fault Diagnosis Method for a Lithium-Ion Battery Pack in Electric Vehicles.
IEEE Trans. Power Electron. 2019, 34, 9709-9718. [CrossRef]

Cheng, Y.; D’ Arpino, M.; Rizzoni, G. Optimal Sensor Placement for Multifault Detection and Isolation in Lithium-Ion Battery
Pack. IEEE Trans. Transp. Electrif. 2022, 8, 4687-4707. [CrossRef]

Yu, Y.; Vergori, E.; Maddar, E; Guo, Y.; Greenwood, D.; Marco, J. Real-Time Monitoring of Internal Structural Deformation and
Thermal Events in Lithium-Ion Cell via Embedded Distributed Optical Fiber. J. Power Sources 2022, 521, 230957. [CrossRef]
Anfinogentov, V.; Karimov, K.; Kuznetsov, A.; Morozov, O.G.; Nureev, I.; Sakhabutdinov, A.; Lipatnikov, K.; Hussein, SM.R.H.;
Ali, M.H. Algorithm of FBG Spectrum Distortion Correction for Optical Spectra Analyzers with CCD Elements. Sensors 2021, 21,
2817. [CrossRef]

Turov, A.T.; Barkov, F.L.; Konstantinov, Y.A.; Korobko, D.A.; Lopez-Mercado, C.A.; Fotiadi, A.A. Activation Function Dynamic
Averaging as a Technique for Nonlinear 2D Data Denoising in Distributed Acoustic Sensors. Algorithms 2023, 16, 440. [CrossRef]
Ferndndez-Ruiz, M.R.; Carballar, A. Fiber Bragg Grating-Based Optical Signal Processing: Review and Survey. Appl. Sci. 2021, 11,
8189. [CrossRef]

Al-Gabalawy, M.; Hosny, N.S.; Dawson, ].A.; Omar, A I State of Charge Estimation of a Li-ion Battery Based on Extended Kalman
Filtering and Sensor Bias. Int. ]. Energy Res. 2021, 45, 6708-6726. [CrossRef]

Hu, J.; Bian, X.; Wei, Z.; Li, J.; He, H. Residual Statistics-Based Current Sensor Fault Diagnosis for Smart Battery Management.
IEEE ]. Emerg. Sel. Top. Power 2022, 10, 2435-2444. [CrossRef]

Hou, J.; Yang, Y.; Gao, T. A Normal-gamma-based Adaptive Dual Unscented Kalman Filter for Battery Parameters and State-of-
charge Estimation with Heavy-tailed Measurement Noise. Int. |. Energy Res. 2020, 44, 3510-3525. [CrossRef]

Cui, Z; Cui, N.; Wang, C.; Li, C.; Zhang, C. A Robust Online Parameter Identification Method for Lithium-Ion Battery Model
Under Asynchronous Sampling and Noise Interference. IEEE Trans. Ind. Electron. 2021, 68, 9550-9560. [CrossRef]

Shen, M.; Gao, Q. A Review on Battery Management System from the Modeling Efforts to Its Multiapplication and Integration.
Int. ]. Energy Res. 2019, 43, 5042-5075. [CrossRef]

Li, Y; Li, K; Liu, X,; Li, X.; Zhang, L.; Rente, B.; Sun, T.; Grattan, K.T.V. A Hybrid Machine Learning Framework for Joint SOC and
SOH Estimation of Lithium-Ion Batteries Assisted with Fiber Sensor Measurements. Appl. Energy 2022, 325, 119787. [CrossRef]


http://dx.doi.org/10.1038/s41560-020-0665-y
http://dx.doi.org/10.1002/aenm.202101490
http://dx.doi.org/10.1038/s41467-023-40995-3
http://dx.doi.org/10.3390/batteries5010030
http://dx.doi.org/10.3390/photonics6020048
http://dx.doi.org/10.1016/j.optlastec.2022.108167
http://dx.doi.org/10.1016/j.sna.2021.113061
http://dx.doi.org/10.1016/j.conbuildmat.2017.12.151
http://dx.doi.org/10.1016/j.compositesb.2017.07.043
http://dx.doi.org/10.1109/TMECH.2019.2951540
http://dx.doi.org/10.1016/j.compositesb.2013.02.039
http://dx.doi.org/10.3390/app10031069
http://dx.doi.org/10.1016/j.conbuildmat.2020.119125
http://dx.doi.org/10.1007/s11465-018-0516-8
http://dx.doi.org/10.1109/TPEL.2019.2893622
http://dx.doi.org/10.1109/TTE.2021.3137462
http://dx.doi.org/10.1016/j.jpowsour.2021.230957
http://dx.doi.org/10.3390/s21082817
http://dx.doi.org/10.3390/a16090440
http://dx.doi.org/10.3390/app11178189
http://dx.doi.org/10.1002/er.6265
http://dx.doi.org/10.1109/JESTPE.2021.3131696
http://dx.doi.org/10.1002/er.5042
http://dx.doi.org/10.1109/TIE.2020.3028799
http://dx.doi.org/10.1002/er.4433
http://dx.doi.org/10.1016/j.apenergy.2022.119787

Sensors 2024, 24, 2057 25 of 25

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.
164.

165.

Hossain Lipu, M.; Karim, T.; Ansari, S.; Miah, Md.; Rahman, Md.; Meraj, S.; Elavarasan, R.; Vijayaraghavan, R. Intelligent SOX
Estimation for Automotive Battery Management Systems: State-of-the-Art Deep Learning Approaches, Open Issues, and Future
Research Opportunities. Energies 2022, 16, 23. [CrossRef]

Alcock, K.M.; Gonzalez-Vila, A.; Beg, M.; Vedrefio-Santos, F.; Cai, Z.; Alwis, L.5.M.; Goh, K. Individual Cell-Level Temperature
Monitoring of a Lithium-Ion Battery Pack. Sensors 2023, 23, 4306. [CrossRef]

Zhang, L.; Liu, X,; Li, K; Du, D.; Zheng, M.; Niu, Q.; Yang, Y.; Zhou, Q.; Sun, T; Grattan, K.T.V. Real-Time Battery Temperature
Monitoring Using FBG Sensors: A Data-Driven Calibration Method. IEEE Sens. J. 2022, 22, 18639-18648. [CrossRef]

Wei, Z.; Hu, J.; He, H.; Yu, Y.; Marco, J]. Embedded Distributed Temperature Sensing Enabled Multistate Joint Observation of
Smart Lithium-Ion Battery. IEEE Trans. Ind. Electron. 2023, 70, 555-565. [CrossRef]

Wu, M,; Chen, Y.; Zhu, P.; Chen, W. NLM Parameter Optimization for ¢-OTDR Signal. J. Lightwave Technol. 2022, 40, 6045-6051.
[CrossRef]

Chen, Y.; Zhu, P; Yin, Y.; Wu, M.; Yu, K; Feng, L.; Chen, W. Objective Assessment of IPM Denoising Quality of ¢-OTDR Signal.
Measurement 2023, 214, 112775. [CrossRef]

Chen, Y,; Zhu, S.; Yu, K.; Wu, M; Feng, L.; Zhu, P.; Chen, W. Quantitative Analysis of p-OTDR Spatial Resolution Influenced by
NLM Parameters. Photonics 2023, 10, 529. [CrossRef]

Yu, K; Feng, L.; Chen, Y.; Wu, M.; Zhang, Y.; Zhu, P.; Chen, W.; Wu, Q.; Hao, J. Accurate Wavelet Thresholding Method for ECG
Signals. Comput. Biol. Med. 2024, 169, 107835. [CrossRef]

Chen, Y,; Yu, K.; Wu, M; Feng, L.; Zhang, Y.; Zhu, P; Chen, W.; Hao, J]. Wavelet Decomposition Layer Selection for the ¢-OTDR
Signal. Photonics 2024, 11, 137. [CrossRef]

Astafev, E.A. Measurements and Analysis of Electrochemical Noise of Li-Ion Battery. Russ. J. Electrochem. 2019, 55, 488-495.
[CrossRef]

Hua, X.; Thomas, A.; Shultis, K. Recent Progress in Battery Electric Vehicle Noise, Vibration, and Harshness. Sci. Prog. 2021, 104,
003685042110052. [CrossRef]

Raghavan, A ; Kiesel, P.; Sommer, L.W.; Schwartz, J.; Lochbaum, A.; Hegyi, A.; Schuh, A.; Arakaki, K.; Saha, B.; Ganguli, A.; et al.
Embedded Fiber-Optic Sensing for Accurate Internal Monitoring of Cell State in Advanced Battery Management Systems Part 1:
Cell Embedding Method and Performance. J. Power Sources 2017, 341, 466—473. [CrossRef]

Edstrom, K.; Dominko, R.; Fichtner, M.; Perraud, S. Battery 2030+ Roadmap; Uppsala University: Uppsala, Sweden, 2020; pp. 45—46.
Fichtner, M.; Edstrom, K.; Ayerbe, E.; Berecibar, M.; Bhowmik, A.; Castelli, LE.; Clark, S.; Dominko, R.; Erakca, M.; Franco, A.A; et al.
Rechargeable Batteries of the Future—The State of the Art from a BATTERY 2030+ Perspective. Adv. Energy Mater. 2022, 12, 2102904.
[CrossRef]

Xu, J.; Ma, J.; Zhao, X.; Chen, H.; Xu, B.; Wu, X. Detection Technology for Battery Safety in Electric Vehicles: A Review. Energies
2020, 13, 4636. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.3390/en16010023
http://dx.doi.org/10.3390/s23094306
http://dx.doi.org/10.1109/JSEN.2022.3200589
http://dx.doi.org/10.1109/TIE.2022.3146503
http://dx.doi.org/10.1109/JLT.2022.3186830
http://dx.doi.org/10.1016/j.measurement.2023.112775
http://dx.doi.org/10.3390/photonics10050529
http://dx.doi.org/10.1016/j.compbiomed.2023.107835
http://dx.doi.org/10.3390/photonics11020137
http://dx.doi.org/10.1134/S102319351906003X
http://dx.doi.org/10.1177/00368504211005224
http://dx.doi.org/10.1016/j.jpowsour.2016.11.104
http://dx.doi.org/10.1002/aenm.202102904
http://dx.doi.org/10.3390/en13184636

	Introduction
	Battery Degradation Mechanism and Fiber Optic Monitoring Principle
	Battery Principle
	Anode Degradation
	Cathode Degradation

	Fiber Optic Sensing Principle
	Fiber Bragg Grating
	Tilted Fiber Bragg Grating


	Online Monitoring of Battery Degradation
	Monitoring Chemical Formulae and Stereo Structures
	Monitoring Physical Phenomena of Batteries
	Monitoring Compounds and Gas Products
	FBG Measurement Accuracy and Sensitivity

	Challenges and Outlooks 
	Discussion
	References

