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Batteries have rapidly evolved and are widely applied in both stationary and transport applications. The safe and
reliable operation is of vital importance to all types of batteries, herein an effective battery sensing system with
high performance and easy implementation is critically needed. This also requires the sensing system to monitor
the states of batteries in real time. Among the available methods, optical fibre sensors have shown a significant
advantage due to their advanced capabilities of which include the fast measurement of multiple parameters with
high sensitivity, working without interfering the battery performance, being able to be composited in multi-

plexed configurations and being robust to various harsh environment conditions. This paper mainly discusses the
current optical fibre sensing methods for batteries in terms of the working principles and critical reviews the
sensing performance corresponding to different sensing parameters. Moreover, the challenges and outlooks for
future research on battery sensing are derived.

1. Introduction

Batteries, as one of the sustainable energy storage technologies [1],
have rapidly evolved due to the global issues of energy crisis and air
pollution in the last decades. They also are popular in supplying power
to consumer electronics such as laptops, tablets, cameras, watches and
portable phones. In particular, they are considered to be the ideal power
sources in electric vehicles (EVs) and hybrid electric vehicles (HEVs) [2].
Currently, batteries have been widely applied in both stationary and
transport applications attributing to their high energy density, long
cycle-life, low self-discharge and high safety level. There are diverse
battery technologies such as lithium-ion (Li-ion) batteries, lead-acid
batteries, flow batteries and high-temperature batteries depending on
the battery electrochemistry. According to the research of International
Renewable Energy Agency, batteries contributed 1.9 GW (1.1 %) to the
installed storage power capacity globally at mid-2017, in which Li-ion
batteries dominated total electricity storage power capacity with 59
%, followed by small but important contributions from lead-acid bat-
teries with 3 %, high temperature sodium sulphur batteries with 3 % and
flow batteries with 2 %, respectively [3]. It is rapidly expanding and
reaching a capacity of 6 GW (5 %) in 2019, in which variants of Li-ion
batteries account for 93 % of total annual new energy storage in-
stallations and other batteries make up the majority of the remaining 7
% [4]. Driven by optimisation of manufacturing facilities, combined
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with better combinations and reduced use of materials, the unit cost of
batteries for transport applications has already fallen by 85 % since 2010
[4], the total installed cost of batteries could drop 50-66 % by 2030 in
stationary applications [3]. With the large cost reduction potential for
battery storage technologies and the continued improvement in battery
performance as well as the development of behind-the-meter and
in-front of the meter storage opportunities in the future, the storage
capacity of batteries will increase significantly which makes the quality,
reliability and life (QRL) of batteries immensely more important than
ever before, therefore an effective battery sensing system is of crucial
need.

Traditional batteries are passive sources of energy and power where
there is no direct control of the electrical output. A conventional battery
management system (BMS) monitors the functional status of batteries
(terminal voltage, current and pack temperature) to further estimate
State of Charge (SoC) as well as State of Health (SoH) and ultimately
manages the batteries during cycling. However, due to relatively few
monitored parameters and limited understanding of cell operation have
led batteries to still face some technological challenges of accurately
predicting the states and controlling the operation, which seriously in-
fluence the QRL of the batteries. An effective battery sensing system
with high performance and easy implementation is expected to address
the challenges. Nascimento et al. [5] embedded a hybrid sensing
network into a Li-ion battery pouch cell to monitor and simultaneously
discriminate the internal strain and temperature variations in real time,
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Abbreviations VRFB all-Vanadium Redox Flow Battery
WE Working Electrode
AGFFPI  Air-Gap Fibre Fabry-Perot Interferometer XRD X-ray Diffraction
BMS Battery Management System XPS X-ray Photoelectron Spectroscopy
CAN Controller Area Network o .
CE Counter Electrode Symbol Description Unit
CIR Circulator Constant coefficient

C-OFDR Coherent Optical Frequency Domain Reflectometry

DAQ Data Acquisition card

DOFS Distributed Optical Fibre Sensor

ECM Equivalent Circuit Model

EIS Electrochemical Impedance Spectroscope
EM Electron Microscopy

EV Electric Vehicle

FBG Fibre Bragg Grating

FPI Fabry-Perot Interferometer

FUT Fibre Under Test

HEV Hybrid Electric Vehicle
LED Light Emitting Diode

LSPR Localized Surface Plasmon Resonance
MMF Multimode Fibre

MZI Mach-Zehnder Interferometer

oC Optical Coupler

OFS Optical Fibre Sensor

PBS Polarisation Beam Splitter

PC Polarisation Controller

PCF Photonic Crystal Fibre

PD Photo Detector

PMMA  Poly Methyl Methacrylate Acid
PtTFPP  Platinum Tetrakis Pentafluorophenyl Porphine
QRL Quality, Reliability and Life

RBS Rayleigh Backscattered Spectrum

RE Reference Electrode

RH Relative Humidity

RI Refractive Index

RTD Resistance Temperature Detector

SEI Solid Electrolyte Interface

SMF Single Mode Fibre

SoC State of Charge

SoH State of Health

SoP State of Power

SPI Serial Peripheral Interface

SPR Surface Plasmon Resonance

SRI Surrounding Refractive Index

STEM Scanning Transmission Electron Microscope
TC Thermocouple

TCF Thin-Core Fibre

TFBG Tilted Fibre Bragg Grating
TLS Tunable Laser Source
TOF Tapered Optical Fibre

Residual discharge capacity or Concentration Ah or w/w
Speed of light in space m/s

Distance m

Penetration depth m

Electrical field of light or Young’s modulus V or Pa

AF Frequency tuning range of TLS Hz

M A O

fs Beat frequency Hz

h Planck constant J-s

I Light intensity W

Kr Temperature sensitivity m/K or Hz/K

K. Strain sensitivity m or Hz

k Integer or Rate or Propagation constant — or — orrad/m
L orl Length m

m Sensitivity of A2 m

n RI

An RI variation

[09] Oxygen concentration g/m>

P Strain-optical coefficient

De Photoelastic constant of fibre

S Energy singlet state J

T Temperature or Energy triplet state K or J
AT Temperature variation K

t Time s

Vv Volume L

z Position along the FUT m

Az Spatial resolution m

a Thermal expansion coefficient of fibre K~!
c Stress Pa

0 Angle -

€ Temperature correlated absorption coefficient
17 Quantum efficiency

T Fluorescence lifetime s

€ Strain or Dielectric constant — or —

Ae Strain variation

Srpr Phase difference

£ Thermo-optic coefficient of fibre K—!

A Grating period m

A Wavelength m

AA Wavelength shift m

® Angular frequency rad/s

v Poisson’s ratio or Frequency — or Hz

Av Frequency shift Hz

the results directly gave more accurate information for states estimation
which is crucial for a safe and reliable operation. Moreover, the sensing
dataset provided the details of heat and stress evolution in the batteries
that can help scientists and engineers deepen their understanding of the
internal structure and the underpinning the creation of new mathe-
matical models of the battery. This will in turn further help in the
development of battery chemistry and optimise future battery design. In
addition, battery sensing can present evidences of early indication of
performance degradation.

Over the years, various battery sensing methods have been demon-
strated to examine different battery chemistries, Dominko et al. [6] gave
a statistical result of the available sensing technologies proposed in

patents for battery modules and systems. So far, it concluded that optical
fibre sensors (fibre Bragg grating, evanescent wave spectroscopy and
other fibre optics) accounted for the highest proportion. To further
investigate the academic tendency of battery sensing methods, the last 5
years’ research articles have been reviewed and catalogued, as shown in
Fig. 1 wherein the methods for current/voltage sensing are not included
due to their mature development. The results straightforward show that
optical fibre sensing methods (marked with red shadow) are predomi-
nantly attracting increased interest compared to other sensing methods.
Table 1 lists some of the main sensing methods being developed for
monitoring different parameters: temperature, strain and SoC/SoH.
Temperature is an essential factor to determine the safe and reliable
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I 15% Fibre Bragg Grating
I 7% Evanescent Wave Spectroscopy
I 10% Other Fibre Optics
5% Other Optics
- Resistance
10% Piezoelectrics
7% Electromagnetics
5%  Semiconductor
5% Micro-Electro-Mechanical System

14% Other

Fig. 1. Available sensing methods for battery.

Table 1
Various battery sensing methods.

Parameter Method Implementation  Destructiveness  Ref.
Temperature Thermocouple Internal & Non- [8,
(TC) External destructive 9]
Temperature Thermistor Internal & Non- [10,
External destructive 11]
Temperature Resistance Internal & Non- [12,
Temperature External destructive 13]
Detector (RTD)
Temperature Thermographic External Non- [14]
Imaging destructive
Temperature Infrared Thermal External Non- [15]
Imaging destructive
Strain Strain-gauge External Non- [17]
destructive
Strain Load Cell External Non- [18]
destructive
Strain Digital Image External Non- [19]
Correlation destructive
Strain X-ray External Destructive [20]
Photoelectron
Spectroscopy
(XPS)
Strain X-ray Diffraction External Destructive [21]
(XRD)
SoC/SoH Electrochemical External Non- [24]
Impedance destructive
Spectroscope
(EIS)
SoC/SoH Equivalent Circuit  External Non- [26]
Model (ECM) destructive
SoC/SoH Machine Learning External Non- [27]1
Algorithm destructive
SoC/SoH Electron External Destructive [30]
Microscopy (EM)
SoC/SoH Scanning External Destructive [31]
Transmission
Electron
Microscope
(STEM)
Temperature Optical Fibre Internal & Non- [32,
& Strain & Sensor External destructive 33]
SoC/SoH

operation of batteries due to temperature gradients which can lead to
local ageing differences and hence to global ageing of batteries. More-
over, failures, thermal runaway, venting, fire and explosion of batteries
could occur under insufficient cooling or abusive conditions [7], thus it
has called for numerous temperature sensing methods for batteries. The
well-known traditional methods such as thermocouple (TC) [8,9],
thermistor [10,11] and resistance temperature detector (RTD) [12,13]
are commonly applied to monitor the surface temperature in general
deployments, while TC and RTD are more widely used to measure the
internal temperature in a lab. They have the advantages of high
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sensitivity, small size, fast response time and low cost, however, their
challenges include residing in the positioning and wiring without
affecting the performance of batteries. In addition, these methods, as
single point measurement technologies, are inadequate to obtain the
spatially non-uniform temperature distribution, thus thermographic
imaging [14] and infrared thermal imaging [15] are two popular
methods to observe the surface temperature distribution and the hot
spots within the cell with complex configuration, poor spatial resolution
and limited temperature accuracy. Since the surface temperature is
significantly lower than the actual maximum temperature of batteries
[7], monitoring of the internal temperature is more helpful and more
accurate to keep the batteries operating in the optimal working tem-
perature range and to improve the QRL of the batteries.

Strain is of equal importance with temperature for battery moni-
toring, it has resulted from the inhomogeneous electrode stress accu-
mulation which reduces capacity and power of batteries [16]. The
electrode stress can be commonly reflected either by the dimensional
change or by the surface pressure of the electrode and/or a whole bat-
tery. Strain-gauge [17] is the simplest method to measure the strain by
probing the total volume change of batteries. Another strain measure-
ment method is load cell [18], it employs a constraint fixture, consisting
of an amplified load cell in series with a battery cell, applied with an
initial load to monitor the stack level mechanical stress in real-time.
Digital image correlation [19] is a non-contact optical technique
which directly measures the strain, in two or three dimensions, by
tracking a unique pattern on the surface through a sequence of digital
images. X-ray photoelectron spectroscopy (XPS) [20] and X-ray
diffraction (XRD) [21] are two destructive methods to directly measure
the strain inside the battery instead of monitoring the cell volume
variation externally.

SoC is a critical parameter which indicates the current and remaining
performance of the battery [22]. On the other hand, SoH is an important
indicator of the battery’s life and ability to deliver or receive energy
[23]. However, neither SoC nor SoH can be observed directly because of
the non-linear, time-varying characteristics and electrochemical re-
actions. Therefore, estimation of SOC/SoH relies on a combination of the
physical properties of batteries and various models and algorithms. A
wide variety of estimation methods have been developed over the years,
in which electrochemical impedance spectroscope (EIS) [24] is a con-
ventional method to decipher the electrochemical processes that are
closely related to battery impedance [25], it has been implemented to
estimate SoC/SoH of batteries and to develop various equivalent circuit
models (ECMs) [26] which also are used to estimate the SoC/SoH un-
derpinning the design of adaptive filter algorithms and non-linear ob-
servers, for example different derivatives of the Kalman Filter
implementation. Machine learning algorithms [27] are exploited to
accurately predict SoC/SoH of batteries even to quantify the SoC/SoH
variability among cells in battery packs [28,29] owing to their strong
capability of data processing and nonlinear fitting. Furthermore, both
electron microscopy (EM) [30] and scanning transmission electron mi-
croscope (STEM) [31] are employed to estimate SoC/SoH of batteries by
characterizing the detailed evolution of the Li electrodeposition and the
solid electrolyte interface (SEI) layer at the atomic scale in a destructive
way.

Among all the battery sensing methods, optical fibre sensor (OFS)
[32,33] is an emerging technology which can be attached to the surface
as well as embedded inside the battery to measure the temperature,
strain and other parameters in real-time, to estimate SoC/SoH with the
help of algorithms. As highlighted within [34], accurately sensing with
fine temporal and spatial resolution is essential for an advanced and
intelligent battery to ensure safe and reliable operation, estimate and
predict the real-time states and provide a basis for thermal management,
power management as well as life management of batteries.

To the best of our knowledge, there is no such review on optical fibre
sensing methods for batteries, the present review therefore contributes
to close this knowledge gap by discussing the current developments in
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optical fibre sensing methods for batteries. Various optical fibre sensing
methods applied to batteries are reviewed and discussed systematically
in terms of the working principles. Followed by an overview of the
sensing performance corresponding to different sensing parameters.
Challenges and outlooks are revealed before a conclusion is made at the
end of the present review.

The remainder of this review is organized as follows: Section 2 dis-
cusses the working principles relying on the following categories: optical
fibre grating sensors, optical fibre interferometer sensors, optical fibre
evanescent wave sensors, optical fibre photoluminescent sensors and
optical fibre scattering sensors. Section 3 reviews the sensing perfor-
mance with the methods discussed above. Section 4 lists the current
challenges and gives the outlooks for future research, and finally, Sec-
tion 5 summarizes the paper.

2. Optical fibre sensing methods for batteries

The purpose of battery sensing is to assist the BMS to control the flow
of energy to and from the battery, as well as to ensure the safe and
optimal use of the energy inside the battery. Among all the sensing
methods adopted in batteries, the ones that can measure multiple pa-
rameters at various locations both inside and outside the batteries in
real-time are of prime importance. The optical fibre sensing methods are
expected to be one of the most promising sensing methods for batteries
in the future due to their capability of acquiring multiple parameters
with high speed and sensitivity [5], being able to be composited in
multiplexed configurations [32,35], working without interfering the
battery performance [36,37] and being robust to various harsh envi-
ronment conditions [38]. There are five representative types of optical
fibre sensing methods for batteries, called optical fibre grating [39],
optical fibre interferometer [5], optical fibre evanescent wave [40],
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optical fibre photoluminescent [41] and optical fibre scattering [42].
The operating principles for each type of methods are presented.

2.1. Optical fibre grating sensors

2.1.1. Fibre Bragg Grating

Optical Fibre Bragg Grating (FBG) sensors are extensively investi-
gated and used in measuring local static and fluctuating temperature,
strain, bending, pressure and refractive index (RI) in electrochemical
systems such as polymer electrolyte membrane fuel cells [43-47] and
Li-ion batteries [48-52].

An FBG sensor typically consists of a short segment of a single-mode
optical fibre with a photoinduced periodically modulated RI in the core
of the fibre. The length of an FBG sensor is usually a few millimetres.
When the FBG sensor is illuminated with a broadband optical signal, as
shown in Fig. 2(a), the wavelength of the reflected signal can be given as

g =2n5 A )

where A is the grating period, ng is the effective RI of the fibre core, 4 is
the so-called Bragg wavelength.

When the FBG sensor is exposed to external influences, take tem-
perature T (Fig. 2(b)) and strain ¢ (Fig. 2(c)) as examples, the response to
the temperature variation AT and the strain variation Ae¢ can be deter-
mined by

1 ong 1 0A
Al = —— |AT = AT =Ky AT 2
Ap =g (neﬁ. o +A (3T) Ap ((14‘5) T 2
1 ong 1 0A _ _
Adg =g (% % +K a)AS—/{B (1 pe> Ae=K.Ae 3

Fig. 2. Typical scheme and operating
mechanism of an FBG sensor. I; stands for
the incident broadband optical signal, Ir and
Ir stand for the reflected and transmitted
signals, respectively. (a) without influence,
when the FBG sensor is illuminated with a
broadband optical signal, a specific wave-
length is reflected with a sharp peak power
spectrum, while the transmitted signal re-
mains nearly unaffected; when the FBG
sensor is exposed to (b) temperature influ-
ence or/and (c) strain influence, a shift in
the Bragg wavelength presents due to the
changes in nyy and A caused by the external
variations.

transmitted signal
I7(2)

—_—

transmitted signal

transmitted signal
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where A/ is the shift in the Bragg wavelength, a and ¢ are the thermal
expansion and thermo-optic coefficients of the optical fibre material,
respectively. p, is the photoelastic constant of the fibre, Ky and K, are the
temperature and strain sensitivities, respectively.

2.1.2. Tilted Fibre Bragg Grating

Compared to the conventional FBG sensors discussed above, Tilted
Fibre Bragg Grating (TFBG) sensors have a special configuration which
leads to the enhanced sensitivity to the surrounding refractive index
(SRI). Thus, the TFBG sensors have been advantageously employed in
sensing temperature [53], liquid level [54], SRI [55], relative humidity
(RH) [56] and pH [57] in the chemical and biochemical areas. Among
the applications, Lao et al. [33] adopted a TFBG sensor to detect the SoC
of supercapacitors.

In a typical TFBG sensor, as shown in Fig. 3, the tilt angle 0 gives rise
to an effective coupling of part of the transmitted core mode to the co-
propagating or counter-propagating cladding modes depending on 6.
The wavelength of the coupled i -th cladding mode A; can be expressed
as

core | el
(ngﬁ +n )Ag

eff | i
. core cl _ S
’ <>_<n"ﬂ o <>>A_ cos 6 (4)
ol i eff | i

where ngj'f’e and ng}f(i) are the effective Rls of the fibre core and the i -th
cladding mode, respectively. A and A, are the grating periods along the
fibre longitudinal axis and perpendicular to the grating plane,
respectively.

The excited cladding modes are confined in the fibre cladding by
total internal reflection on the cladding-surrounding medium interface.
Each of the cladding modes propagates with a corresponding effective RI
value. When the RI value of the surrounding medium reaches the one of
a specific cladding mode, the cladding mode will be coupled out of the
fibre cladding, resulting in a change in the grating transmission spec-
trum. Therefore, the variations of the SRI can be quantitatively detected
by monitoring the changes in the grating transmission spectrum of the
TFBG.

2.2. Optical fibre interferometer sensors

2.2.1. Mach-Zehnder Interferometer

Mach-Zehnder Interferometer (MZI) sensors (or fibre modal inter-
ferometer sensors) are widely adopted for sensing temperature [58],
strain [59], curvature [60], SRI [61], liquid level [62], RH [63], pH [64]
and so on because of its advantages of high RI sensitivity and flexible
configurations, as shown in Fig. 4.

An MZI is formed due to the phase difference between the funda-
mental core mode and the higher order cladding modes in fibre.
Consequently, peaks or dips in the interference spectrum are formed. For

Tilted Fibre Bragg Gratings
incident signal transmitted signal

s (110 S

cl
Terr@)

Fig. 3. Typical scheme of a TFBG sensor. The periodic modulation pattern of
the RI of the fibre core is uniformly tilted by an angle ¢ perpendicular to the
fibre longitudinal axis. I; and I stand for the incident broadband optical signal
and the transmitted signal, respectively. The excited discrete cladding modes
appear on the grating transmission spectrum as a series of narrow attenuation
peaks which generally locate in the shorter wavelength range of the main
attenuation band.
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simplicity, only the core mode (I;) and one cladding mode (I) are taken
into consideration. The transmitted interference signal I can be
expressed as

core el

2n (npﬂ — n€ﬂ> L

I=I+5L+2 I,Izcos[li} 5)
1

It reaches a minimum I = I;;, when the interferometric phase dif-
ference satisfies the following condition

Efgfg{};l?ézf-—(zk4-l>n 6)

where nege and ng}f are the effective RIs of the fibre core and cladding
mode, respectively. /; is the input optical wavelength, L is the interfer-
ometric length, k is an integer (k = 0, 1, 2, ...) and 4, is the central
wavelength of the interference valley of the k -th order that can be
expressed as

2<n;}"’ - ni’})L
hy=———— L 7
v 2k +1 @

When a change of the surrounding environment occurs, the differ-
ence of the effective RI will vary by Anyy = Ang® — Ang, ~ Ang, finally
A, will have a shift of

_ 2AngL 2An;}fL
T2k+1 7 2k+1

Al ®
Therefore, the variations of the surrounding environment can be
detected by tracking the wavelength shifts of the interference spectrum.

2.2.2. Fabry-Perot Interferometer

Fabry-Perot Interferometer (FPI) sensors, a type of optical fibre
interferometer sensor, are proposed to monitor strain or pressure vari-
ations due to their high strain sensitivity [65] and utilised for mea-
surement of RI [66,67], temperature [68], gas pressure [69], RH [70],
Carbon dioxide [71], magnetic field [72], ultrasound [73] and micro-
fluidic velocity [74]. Recent study shows that they are becoming the
popular candidates to improve the discrimination of strain and tem-
perature in batteries [5].

Although various shaped FPI sensor cavities are designed, such as
rectangular [75], spheroidal [76], hollow tube [77] and crescent [65], a
simplest FPI sensor is composed with a cavity which has two parallel
reflecting surfaces separated by a certain distance, as shown in Fig. 5(a),
due to the optical phase difference between two reflected signals, the
reflection spectrum of an FPI can be described as the wavelength
dependent intensity modulation of the incident signal spectrum. The
phase difference of the FPI (gpy) can be given as

4nnl

1 ©)

51-'!’1 =

where n is the RI of the cavity material, L is the physical length of the
cavity and 4 is the wavelength of the output signal.

Thus, an introduced perturbation to the FPI sensor, take a longitu-
dinal strain (Fig. 5(b)) as example, can be obtained by measuring the
wavelength shift of the spectrum of an FPI sensor.

2.3. Optical fibre evanescent wave sensors

Optical fibre evanescent wave sensors are based on the interaction of
the evanescent field in the cladding with the fibre’s surroundings,
resulting in changes of the transmitted spectrum. It follows that they
possess the capability of translating a change of the target analyte into
optical signals so that they are widely applied to chemical sensing [78]
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(b) SMF-TCF-SMF

(d) SMF-PCF-SMF

Fig. 4. Several configurations of MZI sensors. The methods implemented include combining (a) multimode fibre (MMF) [58]; (b) thin-core fibre (TCF) [59]; (c)
tapered optical fibre (TOF) [61]; (d) photonic crystal fibre (PCF) [63] with single mode fibre (SMF) in a hybrid structure.

incident signal

output signal

Io(2) ?
A

(a) without influence

incident signal

s
lo(2) ,, > ,,
P

Fig. 5. Operating mechanism of an FPI sensor. (a) without influence, when the
incident signal (I;) transmitting along the fibre core, it will be reflected by the
two surfaces of the FP cavity respectively, the output signal (Ip) is an inter-
ference signal resulted from the multiple superpositions of both reflected and
transmitted signals; (b) strain influence, when inducing a longitudinal strain
perturbation to the FPI sensor, a change of the phase difference of the FPI oc-
curs because of the variation in the optical path difference of the interferometer
resulted from the variation of L or/and n.

(b) strain influence

and biosensing [79]. In 2018, Lao et al. [33] demonstrated a surface
plasmon resonance (SPR)-based optical fibre sensor to monitor the
electrochemical activity in supercapacitors for the first time.

As shown in Fig. 6, the evanescent field E.,, (d) decays exponentially
as

Eon(d) =E0exp(d—d) 10)
P

where E, is the magnitude of the field at the fibre core-cladding inter-

face, d is the distance from the core-cladding interface, d, is the distance

where the evanescent field decreases to Ey/e and is described as the

penetration depth which is given by

A

dy=——F—
P -

2 2 2

2xy\/n2,sin 2 0 — n;

(1)

Surface Plasmon Wave
p——

Metal Layer (Au or Ag) &,

Dielectric Media Eq

Fig. 6. Illustrations of evanescent field and surface plasmon resonance. E, (d)
and Eg,(z) refer to evanescent field and surface plasmon resonance, respectively.
z is the distance from the metal-dielectric interface.

where 4 is the wavelength of the incident light, 6 is the angle of incidence
at the fibre core-cladding interface, n,, and n, are the Rls of the fibre
core and cladding, respectively.

The SPR is a collective oscillation of free electrons excited by light at
the metal-dielectric interface. The electromagnetic field decays expo-
nentially into both the metal and the dielectric, the propagation constant
of the SPR can be given as

® [ Entq
oy =2 [EmEL 12
7 e \Nen,+es 12

and the propagation constant of the evanescent wave parallel to the
planar metal film surface can be expressed as

ko =2 /Eysin 0 a3)
C

where w is the angular frequency of the incident light, c is the speed of
light in space. &, &4 and ¢, are the dielectric constants of the metal,
dielectric and optical fibre, respectively.

The SPR occurs when kg, = ke, it exhibits high sensitivity to even
slight fluctuations in the dielectric constant of the dielectric. Conse-
quently, SPR-based sensors can effectively detect distinct variables due
to the position of the resonance (incident wavelength or angle) shifts
with the varying of the RI of the surrounding dielectric.

In addition, the increase in the evanescent field results in the
enhancement of the sensing sensitivity and selectivity. Apart from the
penetration depth, the evanescent field also increases due to the
coupling of modes in a multimode fibre. Fig. 7 illustrates the profiles of
the sensing fibres. However, the penetration depth is still small, different
additional transduction mechanisms such as refractive index induced
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Suippe|) a1q14

(d) bent fibre

Fig. 7. Several fibre geometries. They are based on (a) de-cladding [80], (b) polishing [81], (c) tapering [82] and (d) bending [83] to achieve the evanescent wave
sensors as well as the increase in the penetration depth and facilitate the mode coupling.

intensity change [84], evanescent field absorption [85], evanescent field
fluorescence [86] and SPR [87] have been investigated to amplify the
response signal.

2.4. Optical fibre photoluminescent sensors

Optical fibre fluorescent sensors, a type of optical fibre photo-
luminescent sensor, are maturely developed and employed to monitor
the internal temperature of batteries [41,86]. Recently, optical fibre
phosphorescent sensors are adopted to measure the oxygen concentra-
tion in the porous cathode of a lithium-air battery [88].

The working principle is primarily based on photoluminescence, as
shown in Fig. 8. For a fluorescent substance of a given concentration C
and volume V, the intensity of the fluorescence Iy can be expressed as

If = IinCVS(ﬂ (14)

where I, is the intensity of the incident light, ¢ is the temperature
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Fig. 8. Illustration of photoluminescence. When the electrons in the lumines-
cent substance are excited by the excitation light, the electrons absorb the
energy from the photons (hv; or hv,) and transition from Sy to S; or Sy, then the
electrons in S, move to S; via internal relaxation due to the instability of S,. As
a result, a fraction of the electrons in S; moves to T; via intersystem crossing
and finally generates the phosphorescence, another fraction of the electrons
returns to Sy along with the emission of the fluorescence. Meanwhile, other
electrons reach to Sy via non-radiative internal relaxation.

correlated absorption coefficient and ¢ is the quantum efficiency of
fluorescence which is strongly dependent on temperature. The modu-
lation of I as a single-valued function of temperature forms the funda-
mental principle of the fluorescence intensity measurement method
[86].

When the excitation light fades, Ir single-exponentially decays as

(1) = AL (1)e ™ as)

where A is a constant coefficient, It(to) is the intensity of the fluores-
cence when the excitation light stops, 7 is the fluorescence lifetime
which has a single function relationship with temperature. Furthermore,
7 is not affected by the fluctuations in light intensity. Thus, temperature
can be monitored by measuring 7. This is how the fluorescence lifetime
measurement method works [41].

2.5. Optical fibre scattering sensors

Distributed Optical Fibre Sensors (DOFSs), also known as optical
fibre scattering sensors, are based on the Rayleigh [89], Brillouin [90]
and Raman [91] scattering effects in optical fibres. DOFSs have found
wide applications such as structural health monitoring of civil engi-
neering structures [92], geohazards prevention [93], health and safety
monitoring of composite materials [94] and quantitative chemical
monitoring [95]. In a recent study [42]., the Coherent Optical Frequency
Domain Reflectometry (C-OFDR), a type of Rayleigh scattering based
DOFS, is performed to monitor Li-ion batteries due to its high spatial
resolution and simple configuration compared to other DOFSs.

A typical configuration of C-OFDR is illustrated in Fig. 9. By ana-
lysing the interference signal of the main interferometer, it can be found
that a specific beat frequency fp directly corresponds to a specific posi-
tion z along the FUT. The spatial resolution Az can be given as

C
Ag=—C 1
“ T 2nAF (16)

where c is the speed of light in space, ng is the group RI and AF is the
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Fig. 9. Typical configuration of a C-OFDR. It consists of a main interferometer
and an auxiliary interferometer. The main interferometer contains two optical
couplers (OC1 and OC2), an optical circulator (CIR), two polarisation control-
lers (PC1 and PC2), a fibre under test (FUT) and a polarisation beam splitter
(PBS). The auxiliary interferometer includes two optical couplers (OC3 and
0C4). The optical frequency of the output laser from the tunable laser source
(TLS) is linearly tuned in time, the laser splits into two arms after undergoing
the OCO. Then the frequency tuning laser launched into the main interferometer
splits into two portions at the OC1: one (light a) enters the CIR, the PC1 and the
FUT, the other (light b) enters the PC2. The spontaneous Rayleigh backscat-
tering light in the FUT interferes with light b at the OC2. The interference light
launches into the PBS and then splits into two orthogonal polarisation com-
ponents (P and S). P and S are detected by the photo detectors (PDs) and stored
by the data acquisition card (DAQ). Meanwhile, the laser launched into the
auxiliary interferometer splits into light ¢ and light d, an interference between
them occurs at the OC4, the interference light is employed as a trigger signal to
mitigate the tuning nonlinearity.

frequency tuning range of the TLS.

In known conditions, a stable and unique fingerprint Rayleigh
backscattered spectrum (RBS) is acquired. The local RBS shifts when an
environment variation occurs. The cross-correlation of the measurement
RBS and the fingerprint RBS determines the local spectral shift Av,

Optical Fibre
Grating Sensors
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which can reveal local information (temperature, strain and vibration)
along the whole fibre by using proper calibration constants. Assuming
the temperature and strain responses are essentially independent, then
the relationship between Av and the temperature variation AT and the
strain variation Ae can be described as

Av=K;AT + K. Ae a7)

where Kr and K, are the temperature and strain sensitivities, respec-
tively.

3. Battery sensing based on optical fibre sensors

The methods discussed above have been conjunctively applied to the
battery sensing, in the aspects of measuring temperature, strain (stress),
Rl, electrolyte density, flow change, oxygen concentration, SoC and
SoH, the sensing parameters corresponding to each method are pre-
sented in Fig. 10.

3.1. Temperature measurement

Both the surface and internal temperature variations of Li-ion bat-
teries, demonstrated by pouch cell and cylindrical cell, are monitored by
the optical fibre sensing technologies both in-situ and in-operando. The
applied methods mainly focus on the FBG sensors, then the photo-
luminescent sensors combined with the evanescent wave sensors, be-
sides, the scattering sensors are new employers in battery sensing area.
The results are introduced by publication time based on different
research groups.

Du et al. [41] invented a measuring device for monitoring the in-
ternal temperature of a Li-ion battery in 2011. The schematic of the
proposed device is illustrated in Fig. 11, where the light emitting diode
(LED) at 470 nm worked as the excitation light source driven by an
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Fig. 10. Various optical fibre sensing methods for batteries.
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Fig. 11. Schematic of a device based on fluorescence lifetime measurement
method. Adapted from Ref. [41]. Copyright 2011.

electronic circuit control system; the optical coupling system consisted
of three focusing coupling lenses and a beam splitter that reflected the
light at 470 nm and transmit the light near 510 nm; a nickel-coated
corrosion-resistant fluorescent fibre was adopted as the optical fibre
probe which was embedded in a copper sleeve inside a Li-ion battery;
the fluorescence signal was detected and the fluorescence lifetime was
measured by a detection and processing system; the internal tempera-
ture of the battery was monitored and displayed in real time by a display
system. The device was able to realise a measurement range of
—50-350 °C with an accuracy higher than +£0.5 °C and directly obtain
the temperature distribution inside the battery by implementing multi-
ple optical fibre probes.

Yang et al. [48] integrated FBG sensors in Li-ion batteries to measure
temperature variations in 2013 for the first time. The real-time tem-
perature monitoring under various charge and discharge operating
conditions was carried out with in situ calibration against the co-located
thermocouple. A temperature resolution of 0.1 °C and a typical sensi-
tivity of 10 p.m./°C were obtained. The experimental results showed
that FBG sensors exhibit good thermal response to dynamic input and/or
output of the batteries in comparison to the thermocouple.

Iyer [86] proposed a novel internal temperature measurement
method based on optical fibre evanescent wave fluorescence for Li-ion
battery in 2016. An etched multimode fibre coated with Poly Methyl
Methacrylate Acid (PMMA) was used as the sensing region. Different
from the single dye fluorescent sensor, the method adopted two different
dyes, fluorescein (the donor) and Rhodamine B (the acceptor), to pro-
duce fluorescence. For an optimised sensitivity, a 0.06%w/ w fluorescein
as well as a 0.014% w/w Rhodamine B solution was mixed with a 5%w/
w PMMA solution. The proposed temperature sensor was integrated
in-line with a battery SoC sensor, as shown in Fig. 12, the active
wavelength of the temperature sensor was different from the SoC sensor
due to their different working principles. A y-fibre coupler was
employed to couple light into the sensing fibre. An LED at 850 nm was
used as the light source for real-time SoC monitoring. An LED at 470 nm
was used as the fluorescent excitation light source, the intensity of the
fluorescence was measured to indicate the temperature. For the multi-
functional temperature and SoC sensor, the study obtained a sensitivity
of 9.738 Ix/°C and a resolution of 0.86 °C. However, the temperature
sensor showed a theoretical resolution of 0.168 °C when solely
implemented.

Nascimento et al. [39] presented an in-situ and in-operando tem-
perature monitoring approach of Li-ion batteries in 2016. The internal
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Fig. 12. Schematic of a multifunctional temperature and SoC sensor [86].
Copyright 2016.
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and external temperature variations were measured by integrating two
internal FBG sensors and two external FBG sensors in Li-ion pouch cells,
with calibration on a thermal chamber, respectively. A smaller tem-
perature change of 1.5 4+ 0.1 °C was observed for external measurement
at the centre area, while the corresponding internal temperature change
was 4.0 + 0.1 °C. The difference between the internal and external
temperature changes needed to be considered for optimisation in battery
modelling and BMS. The temperature variations were observed both
internally and externally at different C-rates. It can be concluded that
there was a direct correlation between the temperature changes and the
applied current gradient. The same research group [51] conducted a
comparative study between FBG sensors and K-type thermocouples
(TCs) in 2017. The response rates in this study were 4.88 °C/min and
4.10 °C/min for the FBG and TC, respectively. The results showed that
the FBG sensors were able to detect temperature changes with a ~1.2
times higher response rate than the K-type TCs. The rise time obtained
for the FBG was 28.2 % lower than the TC, making the FBG sensors a
better choice for the real-time monitoring of battery temperature. A
network based on FBG sensors for monitoring surface temperature dis-
tribution on a smartphone Li-ion battery was developed by Nascimento
et al. [35] in 2019. The thermal performance of five different points of a
rechargeable smartphone Li-ion battery was monitored during constant
current charge and different discharge rates. It was the first time to
analyse the smartphone Li-ion battery thermal behaviour by taking
environmental conditions, temperature and relative humidity, into ac-
count. The schematic diagram of the experimental set-up is shown in
Fig. 13. The study gave a real-time thermal mapping to elucidate which
areas of the battery needed to be cooled faster when it was exposed to
dry, temperate and cold climates. Absolute temperature values of 30.0
4+ 0.1 °C, 53.0 & 0.1 °C and 65.0 4+ 0.1 °C were achieved near the
electrodes during the discharge rate of 5.77C, when exposed to the cold,
temperate, and dry climates, respectively. Generally, the lower tem-
perature variations 1.9 + 0.1 °C were detected when the battery oper-
ated in the cold environment, while the higher temperature shifts were
detected under the other two conditions, 3.5 4 0.1 °C and 2.3 & 0.1 °C
corresponding to temperate and dry climates, respectively.

Fleming et al. [96] fabricated and demonstrated an FBG sensor to
monitor the distributed temperature of a cylindrical Li-ion cell in 2018.
As shown in Fig. 14(a), four 5 mm FBGs were evenly performed in an
SMF-28 single-mode fibre which was threaded through a bespoke FEP
coated aluminium tube and embedded within a cylindrical 18650 Li-ion
cell. The fabricated FBG sensor was resistant to the strain imposed
during the cell instrumentation procedure and the harsh chemical
environment inside the cell. A K-type thermocouple was placed on the
outside of the cell to monitor the can temperature, as illustrated in
Fig. 14(b). Additionally, an environmental chamber with temperature of
25 + 0.1 °C was employed in all the measurements. Results showed a
temperature difference between the core temperature and the can
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Fig. 13. Schematic of experimental set-up (left) and thermal chamber (right)
[35]. Copyright 2019.
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Fig. 14. FBG-based temperature measurement for cylindrical Li-ion cell. (a) complete cell design; (b) complete system setup; (c) discharge thermal characteristics;

(d) charge thermal characteristics. Adapted from Ref. [96]. Copyright 2018.

temperature of up to 6 °C during the discharging process, while a tem-
perature difference of 3 °C was obtained during the charging process, as
presented in Fig. 14(c) and (d), respectively. The research also noted
that the areas closer to the anode presented a higher temperature during
the discharging process while the areas closer to the cathode performed
a higher temperature during the charging process, meanwhile, a tem-
perature gradient of 1 °C was observed.

Vergori et al. [97] identified the surface temperature gradients of a
battery cell by using Rayleigh scattering based DOFS in 2019. The
sensing fibre was put in a Polytetrafluoroethylene tube in order to
remove the effect of strain. The temperature evolution over time was

10

obtained, two TCs were attached beside the fibre. The results showed
that the point sensors (TCs) had great limitations such as the necessity to
have the physical space for locating, the necessity of data acquisition
channels and the wires deriving from these connections. The research
also tested the strain gradients with the same equipment. The study
demonstrated that Rayleigh scattering based DOFS was suitable to
monitor both temperature and strain gradients on Li-ion cells surface
during cycling. Yu et al. [42] further investigated the thermal behaviour
of a Li-ion pouch cell by deploying the C-OFDR in 2021. A 5 m long
optical fibre was bonded to the surface of an A5-size pouch cell and
marked as 4 regions, 8 TCs were utilised to validate the output of the
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OFDR, as shown in Fig. 15(a), the experimental spatial resolution was
1.3 mm. The maximum in-plane temperature difference was measured
by both TC and OFDR at different ambient temperatures during various
C-rates discharge, for a 5C discharge at a 10 °C ambient temperature, a
value of 11.8 °C was obtained by the OFDR while the corresponding
value measured by the TC was 2.9 °C. It was highlighted by Fig. 15(b)
that the OFDR results were found to be up to 307 % higher than TC
results. During a 5C discharge at an ambient temperature of 25 °C, a
real-time temperature evolution obtained by the OFDR was presented in
Fig. 15(c) in which the red dot along time domain was the instantaneous
maximum temperature of the cell surface. It was obviously concluded
that the location of the hotspot would vary during operation and the
simplified movement of it was illustrated in Fig. 15(d).

3.2. Strain measurement

During charging and discharging processes of Li-ion batteries, strain
evolution is monitored either by attaching the FBG sensors on the sur-
face of the battery cell or by embedding the FBG sensors into the battery
anode. Furthermore, novel structure is proposed to enhance the sensi-
tivity of the FBG sensors. Li-ion pouch cell is the most popular type to be
used in experiments while Li-ion coin cell is only employed to demon-
strate the preliminary studies. Similarly, the research results are pre-
sented by publication time based on different research groups.

Sommer et al. [52] investigated the strain relaxation processes that
occur after switching from charge to no-load phases by using optical
fibre sensors in 2015. The strain was resulted from the change of elec-
trode volume, due to the constant Li* fluctuation and intercalation from
and to the positive electrode, and thermal expansion/contraction during
charging and discharging processes. Thus, two FBG sensors were
employed in the experimental setup, one, bonded at two points to the
surface of the pouch cell with epoxy, responded to both strain and
temperature variations; while the other one, loosely attached to the cell
skin with a heat conducting paste, only related to temperature varia-
tions. The relationship between strain relaxation and SoC level was
investigated. The results showed that strain relaxation was easier
observed at higher SoC levels, especially strain signal relaxed by ~30 %
at SoC level of 100 %, and the ratio of Li-ions in the outer electrode
region to Li-ions in the inner electrode region was larger at a higher SoC
level. The relationship between them was also investigated at various
temperatures. It concluded that the residual strain increased with
decreasing temperature for a certain SoC level and the difference be-
tween the residual strains was higher at a higher SoC level. Subse-
quently, Bae et al. [98] from the same research group developed two
approaches to monitor the strain and stress evolution in the graphite
anode of a small-format Li-ion pouch cell, as shown in Fig. 16(a) and
Fig. 16(b). The attached approach embedded the FBG sensor between
the graphite anode and the separator while the implanted approach
integrated the FBG sensor entirely within the anode material. Mea-
surements of the evolving strain and stress states of the graphite anode
were conducted over charge-discharge cycles. The reflection spectra at
0 % and 100 % SoC of both the attached and the implanted FBG sensors
were recorded in Fig. 16(c) and (d), respectively. Only monotonic peak
shifting was detected in the attached FBG sensor, whereas both peak
shifting and peak splitting were observed in the implanted FBG sensor.
The reason, illustrated in Fig. 16(e) and (f), was that the attached FBG
sensor was merely affected by the longitudinal strain due to the trans-
verse strain was relieved by the compliant separator. However, because
of the encapsulated configuration, the implanted FBG sensor was
simultaneously affected by the longitudinal strain and the transverse
strain which induced significant birefringence. Additionally, the
implanted FBG sensor showed three times higher sensitivity than the
attached FBG sensor at 100 % SoC. The total strain ¢ and stress ¢ were
estimated by the equations in Ref. [98]:
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where 19 and A1 were the Bragg wavelength and the wavelength shift,
respectively. ny was the average RI, v = 0.19 was the Poisson’s ratio, E =
69.9 GPa was the Young’s modulus, P;; = 0.113 and P;2 = 0.252 were
the respective strain-optical coefficients.

Fortier et al. [99] demonstrated a preliminary study on the integra-
tion of FBG sensor inside a Li-ion battery coin cell in 2017. In this study,
the FBG sensor was integrated between the cathode and the separator
layers as shown in Fig. 17(a) and Fig. 17(b). Optical-based NOA 65 was
used as the sealant due to its longer life cycle and four layers of separator
were implemented in the slotted coin cell to improve the functionality.
The internal strain and the internal temperature were presented in
Fig. 17(c) and (d), respectively. The results showed a strain stability
within the cell over the charging cycle at a charging rate of C/20 and an
approximately —79 pe was recorded. The strain gradient was relatively
small due to the small area of the coin cell. A temperature gradient
between the internal cell temperature and the ambient temperature of
approximate 10 °C was obtained over 50 h charge-discharge time.

Peng et al. [100] proposed a novel strain sensor based on FBG for
Li-ion batteries in 2019. The structure of the strain sensor consisted of
two FBGs (FBG I and FBG II), a sensitization structure and a protective
cover, as shown in Fig. 18(a) while Fig. 18(b) gives the details of the
sensitivity-enhanced structure, which contained two symmetrical lever
mechanisms and an installation platform, in which the rotating pairs of
levers were replaced by flexure hinges. In this strain sensor, FBG I (both
ends were attached to the lever mechanism structure) was used as the
functional grating and FBG II (left loose to avoid any stress drift) was
acted as the thermal compensation grating. When the measured object
was under strain ¢ then the strain on the FBG was ¢, the total sensitivity
enhancement coefficient was
& _ [214 L

N 20)
where L was the length between the two installation platforms, Ly was
the length between the two fixed points on the grating, L, b, I3, l4 were
the lengths of the lever arms as shown in Fig. 18(b) and (c). A com-
parison experiment between the proposed FBG sensor and a bare FBG
sensor confirmed that the proposed sensor had an enhanced strain
sensitivity which was 11.69 times larger than that of a bare FBG sensor
with good linearity and repeatability.

Nedjalkov et al. [101] embedded a manufactured core FBG sensor
into the anode plate of a 5 Ah Li-ion pouch cell to monitor strain con-
dition in 2019. The manufactured core FBG had a length of 1 mm and
1200 RI variation points in the third grating period order with a
reflectivity of 50 % at the central wavelength of 829 nm. In order to
integrate the FBG inside the anode plate, a small groove was created by
removing a central strip of the anode active material. The cell formation
and cycling were conducted at 23.0 °C in a temperature-controlled
chamber. The core FBG sensor exclusively detected the longitudinal
expansion of the anode due to its structure. The results showed that
during the cycling process, the maximum wavelength at the charging
end decreased while the minimum wavelength at the discharging end
increased, as shown in Fig. 19(a). The logarithmically plotted decay of
the wavelength difference of a charging-discharging cycle was approx-
imately linear to the linear capacity drop, as shown in Fig. 19(b). The
SoC of the present battery cell can be indicated as

InAA[nm] + 18.7961 [nm]
5.7648[nm /Al

ClAR] =~ @D

where C was the residual discharge capacity and A4 was the wavelength



ble and S inable Energy Revi 150 (2021) 111514

G. Han et al. R

C-OFDR
Analyser

185 mm
DFOS

° .
TCI Regiond 1C2

37mm

. - —
1C3 Region3 TC4 ) yeaxis l
o * e
( L&) Region2 1C6 Region 2
0 mm

¢
Terminator

—
|
{

p—

1C7  Regionl TCH Region 1

y-axis

I " !

130 mm
x-axis 0 mm x-axis 130 mm

(a) schematic setup (d) simplified movement of hotspot

12 T o
O Measured by TC at 10 °C ambient temperature
O Measured by TC at 25 °C ambient temperature
10| OMeasured by TC at 40 °C ambient temperature &
@ Measured by DFOS at 10 °C ambient temperature]
® Measured by DFOS at 25 °C ambient temperature °
8 @ Measured by DFOS at 40 °C ambient temperature ° i
[ J

0
4 L] 1

° 8
2+ ' J
, ; ° g e 8 |

1C charge 1C discharge 3C charge 3C discharge 5C charge 5C discharge
C rate

(b) maximum in-plane temperature difference

Temperature (°C)

Distance (mm)
o 8 B
&

236 238 24 242

Distance (mm)

242

Time (s)

20

Temperature (°C)

Distance (mm)
o 8

236 238 24 242 244 246

_ Time (s)

E|

Y

g

=

-

2

a 236 238 24 242 244 246 248

Time (s) 104

(c) temperature and hotspot at different region
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difference of a full cycle. consisted of an FBG sensor and an FPI sensor, the simultaneous mea-
surements of temperature (AT) and strain (A¢) were given as

3.3. Temperature and strain discrimination measurement {AS AT} = ! {_KFPT Krbay } {AAFBG} 24)
AT Krp, Ko, — Kep Krsc, | Krp, —Krse, | | Adrp
Strain evolution due in part to the temperature variations. Thus,
some methods for discriminating temperature and strain have been
proposed and demonstrated when the temperature and strain vary at the
same time.

where Krpg,, Krsg, and Alppe were the temperature sensitivity, strain
sensitivity and wavelength shift of the FBG sensor, respectively. Kgp,,
Kpp, and Alpp corresponded to the FPI sensor.

The internal temperature and strain variations of three different
positions (top, middle and bottom) during three different C-rates (0.5C,
1.0C and 0.25C) were obtained in the study. The results showed that the
temperature increased more rapidly during the charging process in all
cycles and the internal temperature variations (2.7 + 0.1 °C) were
higher than the external temperature variations (1.8 + 0.1 °C) during
the lower C-rate (0.3C). The strain variations were recorded as ~20.0 £+
0.1 pe at the end of CC charge step and as 13.0 £ 0.1 pe during the
discharging process. Noted that all the strain variations were related to
the temperature variations and the results showed that the higher strain
variations were resulted from the higher temperature variations.
Comparing the performance of the three different positions, it was found

3.3.1. Reference FBG method

Nascimento et al. [32] employed FBG sensors to simultaneously
monitor the temperature and bi-directional strain in a prismatic Li-ion
battery in 2018, as shown in Fig. 20. The measurement was conducted
by attaching two different types of FBG sensors to the Li-ion battery
surface on both x- and y-directions. The strain-free FBG sensors (FBG1,
FBG3 and FBG4), acted as references, were only used to measure tem-
perature variations, while other FBG sensors (FBG2 and FBG5) were
applied to simultaneously detect temperature and strain variations. The
response wavelength shifts to temperature and strain were given as

Aldg, =Ky, AT, (22) that the maximum absolute strain variations, 65.0 + 0.1 pe compared
with 20.0 £+ 0.1 pe and 38.0 + 0.1 pe, were detected in the bottom while
Adp, = K7, AT, + K., Ag, 23) the maximum absolute temperature variations were obtained in the

o ) middle with the value of 3.3 + 0.1 °C compared with 2.7 + 0.1 °C and
where K1, was the temperature sensitivity of the strain-free FBG, Kr, and 2.5 £ 0.1 °C. The study proved the validity and feasibility of the pro-
K., were the temperature and strain sensitivities of the fixed FBG, posed temperature and strain discrimination method.
respectively. AT and Ae were the temperature and strain changes,

respectively.
The simultaneous temperature and strain variations registered by the 3.4. RI measurement
FBG sensors placed on the two sides of the battery were recorded during
discharge rates of 1.32C and 5.77C. The results showed that the Li-ion batteries primarily employ liquid electrolytes to ensure rapid
maximum temperature and strain variations were obtained at the end of ion transport for a high performance, the changes in the RI of the elec-
the CC charging process, with the values of 0.86 + 0.13 °C on the trolytes are related to the changes in the conductive salt concentrations,
negative electrode side, 29.61 + 0.01 pe and 122.49 + 0.01 pe on the x- thus the RI variations can be treated as indicator to the degradation
and y-directions, respectively, during 1.32 C-rate. A deformation in- progress. Nedjalkov et al. [101] proposed a novel-designed optical fibre
crease occurred due to the thermal expansion of the battery materials as sensor, named the self-compensating FBG sensor, to monitor the sepa-
the temperature increased. This research provided evidence of the rator internal status of a Li-ion battery by detecting the RI of the battery
effectiveness of the reference FBG method, enabling an alternative so- electrolyte in 2019. The proposed FBG sensor consisted of a surface FBG
lution for real-time simultaneous sensing of temperature and strain. and a cladding FBG that are schematically presented in Fig. 22(a). The
surface FBG (orange), a sigmoid waveguide which was tangentially
3.3.2. Hybrid FBG-FPI method parallel to the fibre core at the beginning and parallel to the edge at the
Nascimento et al. [5] proposed a hybrid sensing network for the end, was inscribed into the fibre outer cladding which was gently etched
discrimination of internal strain and temperature in Li-ion batteries in to increase the sensitivity for RI variations. The cladding FBG (magenta),
2019. The diagrams of the hybrid sensor and the experimental setup are an additional waveguide positioned at half the distance between the
illustrated in Fig. 21(a) and Fig. 21(b), respectively. The hybrid sensor fibre core and cladding surfaces in radial direction, was integrated into

13
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Fig. 17. FBG sensor integrated in a Li-ion battery coin cell. Schematic of the slotted coin cell (a) case and (b) all components; internal (c) strain and (d) temperature

of the battery coin cell. Adapted from Ref. [99]. Copyright 2017.

the inner cladding at the same axial position. Both the influences of the
longitudinal strain and temperature could be compensated with this
configuration, thus the remaining variable of the measurement was the
influence of the effective RI, which was proportional to the reflected
Bragg wavelength shift. During the monitoring, the proposed FBG sensor
was inserted centrally between two separator layers of a 5 Ah Li-ion
pouch cell. The results of two exemplary cycles are shown in Fig. 22
(b) and (c), in which the green labels represent the signal dominantly
influenced by the effective RI of the battery electrolyte.
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3.5. Electrolyte density measurement

It is known that the electrolyte density decreases during the dis-
charging process and increases during the charging process in lead-acid
batteries, therefore, the evolution of the electrolyte density is a good
indicator of SoH. In addition, stratification is created during the
charging process due to the density difference between sulphuric acid
and water, it thus requires the electrolyte density to be measured at
different depths. Cao-Paz et al. [40] demonstrated a multi-point sensor
based on U-shape fibre to measure the electrolyte density in lead-acid
batteries in 2010. The multi-point sensor used in the study consisted
of 5 optical fibres which were placed on the U-shape mould with a radius
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Fig. 20. Experimental diagram of the reference FBG method. (a) down view;
(b) top view [32]. Copyright 2018.

length of 1.5 mm, as shown in Fig. 23(a). Among the 5 fibres, one of
them was used as the reference fibre while the others worked as the
sensing fibre. In order to monitor the electrolyte density at different
heights at the same time, the lead-acid battery was divided into four
zones (top zone, upper zone, medium zone and bottom zone) in each of
which placed a sensing fibre (Fig. 23(b)). The evolution of the electro-
lyte density was observed during the charging process and five phases
was distinguished in Fig. 23(c). The electrolyte density at different
heights was obtained in real time, as presented in Fig. 23(d), making it
possible to estimate the real-time SoC of the lead-acid battery.
Furthermore, the top fibre was also used as a liquid level sensor to
monitor the level of electrolyte in real time, it helped to carry out pre-
ventive maintenance of the battery.
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3.6. Flow change measurement

Information of the internal flow distribution is of critical importance
for flow batteries, it not only helps to ensure the smooth operation of the
battery cell but also it is used as the early detection of dendrite formation
inside the cell. Vidakovic et al. [102] designed an FBG-based sensor
system to detect the internal flow changes and the flow distribution
inside a zinc-nickel flow battery in 2019. The sensor system was
installed inside a previously machined groove on the surface of the flow
cell with the use of pre-strain. Among the 6 FBG sensors, FBG1H, FBG2H
and FBG3H were fixed to the top side in the horizontal orientation while
FBG1V, FBG2V and FBG3V were fixed to the bottom side in the vertical
orientation, as shown in Fig. 24. The temperature sensitivities of the
horizontal FBG sensors and the vertical FBG sensors were 99 p.m./°C
and 94 p.m./°C, respectively. After conducting the flow measurements
multiple times, the research concluded that the horizontal FBG sensors
were more sensitive to the flow changes than the vertical FBG sensors
and the FBG2H performed the highest sensitivity to the flow changes.
Additionally, the research also showed that the utility and the sensitivity
of the sensor system would significantly reduce when the pre-tensioning
of the sensors lost.

3.7. Oxygen concentration measurement

To achieve a high power density, the lithium-air battery requires
sufficient oxygen to be supplied into the porous cathode where the ox-
ygen concentration drastically decreases as the current density increases
during operation. It is crucial to understand and thus improve the oxy-
gen transport phenomena in the porous cathode to obtain a more
powerful aqueous lithium-air battery. Fujimoto et al. [88], for the first
time, measured the oxygen concentration in the porous cathode of a
lithium-air battery in 2019. As shown in Fig. 25(a), a fine optical fibre
sensor was employed with platinum tetrakis pentafluorophenyl
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porphine (PtTFPP), the oxygen indicator, painted on the edge of the
optical fibre. It was known that a phosphorescence emission (650 nm)
would occur when PtTFPP was exposed to the excitation light (405 nm)
and the intensity of the phosphorescence changed at different oxygen
concentration. Therefore, the oxygen concentration was obtained by
measuring the phosphorescence intensity and using the Stern—Volmer
equation

Iy
T=1+4(0)] (25)
where I and I were the measured phosphorescence intensities without
and with oxygen, respectively. A was a constant determined by the
experiment and [O2] was the oxygen concentration.
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The spatial and temporal oxygen concentration distribution at each
current density was obtained and shown in Fig. 25(b). During the dis-
charging process, the oxygen concentration in the porous cathode
decreased with time and the rate of change increased with the increasing
current density. Meanwhile, the lower electrolyte and the upper elec-
trolyte presented the gradients of oxygen concentration. It also
concluded that a thin upper electrolyte layer was necessary to obtain a
sufficient oxygen transport from the air layer to the porous cathode.

3.8. SoC and SoH measurement

SoC and SoH, as two crucial factors reflecting the state of batteries,
are commonly estimated under the assistance of the evanescent wave
sensors in Li-ion batteries or supercapacitors. Moreover, the fibre
grating sensors are combined with them to improve the sensing
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performance. In addition, the interferometer sensors are proposed to
monitor SoC of VRFB recently. The results included herein of multiple
research groups are continuously presented by publication time.
Ghannoum et al. [103] reported a study on the reflectance of the
commercial graphite anodes in Swagelok Li-ion batteries and the optical
fibre evanescent wave spectroscopy of electrochemically lithiated
graphite in 2016. The results demonstrated a significant increase in the
reflectance of the lithiated graphite in the near-infrared band (750-900
nm) as a function of SoC. A similar SoC dependent trend was observed in
the transmittance when a fibre was embedded in the Swagelok cell. The
study suggested that an embedded optical fibre sensor could be used to
measure the SoC of a Li-ion battery. However, the significant lifespan
decay and cell deformation of the prototype Swagelok cell limited the
system performance. In order to develop a viable long-term monitoring
system, a custom pouch cell was formed by them [104] in the same year.
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In this sensing system, the etched fibre was embedded between the
graphite anode and the polymer separator of the pouch cell, the trans-
mittance signal of the optical fibre sensor was observed in real time by
an in-house optical sensor interrogator. After testing over multiple
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partial and full cycles, the results proved the ability to monitor the state
of lithiation of the graphite and estimate the SoC of a Li-ion battery.
Compared with [103], a significant performance improvement in the
cycle efficiency was obtained from 72 % in the Swagelok cell to 89 % in
the pouch cell. Later, the same research group [105] presented the
fabrication and integration of the optical fibre sensor into a cylindrical
Li-ion cell as well as a Li-ion pouch cell in 2017. A buffered HF solution
of 7.0 wt%HF and 34.3 wt% NH4F was proved to be superior in etching
the optical fibre. It was also proved that the sensitivity of the sensor
increased along with increasing the area that the sensor contacted
within the graphite anode. The optical fibre evanescent wave sensor
integrated into the graphite anode demonstrated the potential use to
monitor the SoC and SoH of Li-ion batteries. The configurations of Li-ion
cells embedded with the proposed sensor are presented in Fig. 26.
Recently, Ghannoum et al. [106] conducted an analysis of the interac-
tion between the optical fibre evanescent wave sensor and the graphite
particles within a Li-ion battery in 2020. The results showed that the
proposed optical fibre evanescent wave sensor was sensitive to lithium
concentration at the surface of graphite particles, therefore, it was able
to monitor the capacity fade of Li-ion batteries.

Lao et al. [33] proposed a novel method, named TFBG-based SPR
optical fibre sensor, for the in-situ monitoring of the SoC of super-
capacitors in 2018 for the first time. The configuration of the
TFBG-based SPR optical fibre sensor is illustrated in Fig. 27(a), where a
50-nm-thick gold layer of high surface quality was deposited on the
TFBG of which the tilt was 18° and an additional gold coating was
deposited on the end of the fibre to achieve a single-ended sensor with
interrogation in reflection. The proposed plasmonic TFBG sensor was
attached to one of the electrodes of the supercapacitor to monitor the
electrochemical activity, as presented in Fig. 27(c) which is the exper-
imental setup. The charge density measurement and the SoC measure-
ment were demonstrated in this research, the results showed that the

3
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Fig. 26. The configurations of Li-ion cells. (a) Swagelok cell; (b) pouch cell.
Adapted from Ref. [105]. Copyright 2017.
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spectral response of the SPR mode of the TFBG was directly related to
the charge density and the SoC of the supercapacitor, as shown in Fig. 27
(b). Therefore, the changes of the charge density and the SoC during the
charging and discharging processes could be monitored by detecting the
changes of the position and the intensity of the reflection spectrum.
Modrzynski et al. [107] presented an SoC measurement method
based on an optical fibre sensing system in 2019. Two etched optical
fibres were embedded in both graphite anode and lithium iron phos-
phate with the addition of indium tin oxide cathode of a Li-ion pouch
cell. The SoC was measured in real time by simultaneously monitoring
the light transmission through both the fibres. The results showed that
the SoC correlated transmission behaved similarly for both electrodes.
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However, different relaxation behaviours and wavelength dependent
behaviours were observed during the charging and discharging pro-
cesses. The study proved that the optical fibre sensing method was able
to estimate the SoC independent of the electrical measurement methods.

Qian et al. [108], for the first time, proposed a method based on
localized surface plasmon resonance (LSPR) for the SoC monitoring of
supercapacitor in 2020. As shown in Fig. 28(a), the Au nanoparticles
were deposited on the fibre core of a multimode optical fibre to create
the LSPR sensing area (10 mm) and a silver reflective mirror was coated
at the end of the optical fibre (2 mm). In order to monitor the SoC, a
three-electrode supercapacitor was used as shown in Fig. 28(b), where
Ag/Ag/Cl performed as the reference electrode (RE), Pt as the counter
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electrode (CE) and carbon fabric-based MnO, as the working electrode
(WE) near which the LSPR optical fibre sensor was hooked. The LSPR
sensor was demonstrated for real-time online SoC monitoring of the
electrode in the supercapacitor during the charging and discharging
processes. The intensity shift of the LSPR spectrum was found to have a
good linear relationship with the SoC of the electrode and an SoC
sensitivity of 3.2 x 1073%/mC was obtained. However, no temperature
sensitivity was observed.

Ma et al. [109] proposed a novel scheme for the SoC monitoring for
the VRFB in 2020. The sensor was based on an air-gap fibre Fabry—Perot
interferometer (AGFFPI) which consisted of two single-mode fibre and
an air gap of 43 pm, as shown in Fig. 29(a). It was known that the SoC of
a VRFB with identical quantities of electrochemically available V ions
was

5+ 2+

SoC =5 v

x 100% = v v x 100%

Vi v 26)

During an ideal charging process, the increase of the SoC led to a
linear increase in the percentage of V°* or V2*, as well as a linear
decrease in the H,O concentration and H" concentration of the positive
electrolyte, which further resulted in a linear decrease of the RI of the
positive electrolyte. Additionally, the relationship between the variation
in RI (4n) and the interference spectrum shift (44) was also linear,
therefore, the SoC was linearly proportional to A4 of the AGFFPL. Fig. 29
(b) shows the experimental setup implemented for SoC monitoring. The
research concluded a mathematical relationship between SoC and A4 as

AL — my (T — 25)

SoC(%) = 27)

Mgoc
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where T was the temperature of electrolyte, mrq,. was the average
sensitivity of A1 with respect to T under different SoC levels, mg,c was
the sensitivity of A1 with respect to SoC at 25 °C. According to the
measurement results, an SoC estimation error of 0.57 % was obtained.

As seen in Table 2, the battery sensing performance reviewed above
is summarized in terms of the publication time, the corresponding bat-
tery technology, sensing parameter and deployed optical fibre sensing
technology are listed as well.

4. Challenges and outlooks

With the rapidly expanding battery energy storage technology, the
development of various battery sensing systems has shown to be crucial
in both academia and industry. Currently, the field of optical fibre
sensing for batteries is moving beyond lab-based measurement and is
increasingly becoming implemented in the in situ monitoring to help
improve battery chemistry and assist the optimisation of battery man-
agement [4,6]. However, several challenges still remain to advance the
development of optical fibre sensing systems for batteries in the future.

Firstly, implementing the optical fibre sensors in real batteries,
including cells, modules and packs, is the first challenge without influ-
encing both batteries’ and optical fibres’ performance. As discussed
beforehand, for accurately monitoring and estimating battery perfor-
mance, the internal information which requests the sensors to be
embedded in batteries is more precise than the external information.
The use of optical fibres has shown to have a high stability and tolerance
to the inner electrochemical environment of batteries without the risks
of electrically conducting, electro-magnetic interference, radio
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Table 2
Summarization of battery sensing performance.
Year Researcher Battery technology Sensing parameter Sensing technology Resolution/Accuracy Ref.
2010 Cao-Paz et al. Lead-acid Electrolyte density Optical Fibre Evanescent Wave - [40]
2011 Du et al. Li-ion Temperature Fluorescence Lifetime Measurement 0.5°C [41]
2013 Yang et al. Li-ion Temperature FBG 0.1°C [48]
2015 Sommer et al. Li-ion Strain FBG - [52]
2016 Iyer Li-ion Temperature & SoC Evanescent Field Fluorescence + 0.168/0.86 °C [86]
Fluorescence Intensity Measurement

2016 Novais et al. Li-ion Temperature FBG 0.1°c [39]
2016 Bae et al. Li-ion Strain FBG - [98]
2017 Fortier et al. Li-ion Temperature & Strain FBG - [99]
2018 Nascimento et al. Li-ion Temperature & Strain FBG 0.13 °C/0.01 pe [32]
2018 Fleming et al. Li-ion Temperature FBG 1°C [96]
2019 Nascimento et al. Li-ion Temperature FBG 0.1°c [35]
2019 Nascimento et al. Li-ion Temperature & Strain FBG + FPI 0.1°C/0.1 pe [5]
2018 Lao et al. Supercapacitor SoC TFBG + SPR - [33]
2019 Vergori et al. Li-ion Temperature & Strain OFDR 1.3 mm [97]
2019 Peng et al. Li-ion Strain FBG - [100]
2019 Nedjalkov et al. Li-ion Strain & RI FBG - [101]
2019 Vidakovic et al. Zinc-nickel Flow change FBG - [102]
2019 Fujimoto et al. Lithium-air Oxygen concentration Phosphorescence Intensity Measurement - [88]
2019 Modrzynski et al. Li-ion SoC Light Transmission — [107]
2020 Ghannoum et al. Li-ion SoC/SoH Optical Fibre Evanescent Wave - [106]
2020 Qian et al. Supercapacitor SoC LSPR 3.2x1073%/mC [108]
2020 Ma et al. VRFB SoC FPI - [109]
2021 Yuetal. Li-ion Temperature OFDR 1.3 mm [42]

frequency interference and corrosive chemical species. However, it is
vulnerable to sharp bending and vibration [110]. Thus, the deployment
strategy where the fibre is embedded in a battery cell should be taken
into consideration. Although a reflection-based configuration is
preferred for battery cells due to the simplified sealing process and
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minimised risk of electrolyte leakage [111], the one-entry configuration
is not suitable for the battery modules and packs. Thus, the imple-
mentation of optical fibre sensors being attached on or embedded in
battery modules and packs still needs to be carefully designed depending
on the mechanical and optical characteristics. As the research
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progresses, volume manufacturing and automation of instrumented
batteries with optical fibres will be an important area to investigate.
Besides, the cost of optical fibre sensors limits their implementation in
practical battery systems, especially cell-level system. Therefore, this
requires further development of the optical sensing methods in a
cost-effective way compatible with industrial manufacturing processes
as well.

Secondly, the scale-up and deployment of optical fibre sensors from
cell level to module and pack applications need to be addressed. Sub-
stantial deployments of optical fibre sensors for various cell formats
based on different chemistries have been discussed in previous sections.
The intrinsic chemical, mechanical and thermal robustness suggests that
the operando techniques explored in this review can be extended to
other energy storage devices, such as fuel cells and supercapacitors, to
achieve fundamental advancements in cell characterisation and system
management. Moreover, the optical fibre sensors have risen to one of the
most viable alternative to traditional electrical sensors in a wide range of
battery applications, especially in automotive and grid-scale battery
systems, where large format battery cells are usually deployed to form
modules and packs. In automotive applications, the battery modules
assembled by a single series string or a series-parallel arrangement of
battery cells are combined electrically to form a battery pack whose size
and shape are decided by the dimensions of the vehicle to provide the
full power and energy need for the EVs [112,113]. In grid-scale energy
storages applications, modular racks [114] or battery pods [115] are
integrated to build a grid-scale site. In these battery systems, take tem-
perature monitoring as an example, not only the gradient between the
internal and external temperatures in a large format battery cell, but also
the temperature differences between adjacent cells are crucial to avoid
accelerated degradation or possible safety concerns. Consequently,
appropriate deployment strategies of optical fibre sensors for moni-
toring modules and packs are of great interest in the future.

Thirdly, the control strategies to support in-situ use within a BMS in
addition to characterisation also need to be addressed. An advanced
BMS with excellent performance requires the sensing system to provide
reliable and accurate input measurement data for the algorithms which
perform battery modelling, parameter identification, estimation and
prediction of battery states, such as SoC and SoH [116]. Currently, the
BMS algorithms, both traditional and intelligent, have inputs such as
primary current and cell voltage, the temperature of the cells, ambient
temperature as well as the temperature at the battery coolant inlet and
outlet [117,118]. However, the optical-related information, such as high
resolution spatially distributed measurements of temperature and me-
chanical load are not available. The lack of connection between the
optical fibre sensing systems and the BMS algorithms results in inaccu-
racy and a time-consuming convergence rate. Therefore, interfaces and
communication between optical fibre sensors and BMS must be
addressed to enable the measured information to be transmitted to the
BMS. Within the context of BMS integration, research is underway to
design bespoke electronics hardware to perform in-situ fibre optics op-
erations. The electronics may be integrated with the BMS hardware or be
installed within the final application and communicate with the BMS via
an appropriate network technology, such as an ethernet, Controller Area
Network (CAN) or Serial Peripheral Interface (SPI).

Lastly, multi-functional optical fibre sensing using a single optical
fibre to assist BMS forms another challenge. One indispensable
requirement of the battery sensing system is to provide multi-
dimensional information for the next-generation BMS [116,119]. Not
only the traditional battery electrical- and thermal-related information
(voltage, current and temperature), but also the battery electrochemical-
(impedance/resistance, ion concentration, gas), mechanical- (strain/-
stress), acoustical- (intensity) and optical- (intensity, frequency and
phase) related information will be significant to the innovation of
intelligent battery sensing and the development of new state estimation
algorithms. Although the existing optical fibre sensing technologies
discussed in this review can realise the monitoring of various
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parameters, simultaneous multiple sensing system is one of the trends in
intelligent battery sensing. A feasible solution is to integrate different
optical fibre sensors into the same fibre to achieve multiplexed mea-
surements. In addition, distributed optical fibre sensing methods could
be developed into advanced optical fibre sensors capable of measuring
temporally and spatially multiple parameters simultaneously with high
sensitivity and accuracy.

Overall, the mathematical modelling, engineering and
manufacturing communities will benefit from the measurement data
derived from the use of optical fibre sensors. Fibre optics can be applied
in various stages of studies, ranging from supporting the design of new
cells, design of thermal management systems, mathematical model
development and parametrisation of the model, supporting safety
evaluation and battery performance assessment. The convergence of
battery science and optical fibre sensor engineering will significantly
improve battery safety, reliability, performance and lifetime.

5. Conclusions

This paper presents a review of all the main optical fibre sensing
methods being developed for batteries. According to the operating
principles, the optical fibre sensors cover the five types, namely optical
fibre grating sensors, optical fibre interferometer sensors, optical fibre
evanescent wave sensors, optical fibre photoluminescent sensors and
optical fibre scattering sensors. All which have been investigated by
researchers on the measurement of different battery parameters, such as
temperature, strain, RI, electrolyte density, flow change, oxygen con-
centration, SoC and SoH.

Among the five types, optical fibre grating sensors, optical fibre
interferometer sensors and optical fibre photoluminescent sensors are
popularly employed in physical parameter sensing while optical fibre
evanescent wave sensors are generally used for electrochemical
parameter monitoring. Nevertheless, the sensing methods presented in
this paper are often implemented in a fusion way. Furthermore, other
than the optical fibre scattering sensor of which uses a distributed
sensing method, all other four types above are pointwise sensors. This
results in the scattering sensor to be the most promising optical fibre
sensing method for batteries in the future.
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