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Accurate measurement of essential operational parameters in electrochemical energy storage devices is vital for
ensuring reliable and long-lasting performance in a circular economy. This study presents the first use of a Lossy
Mode Resonance (LMR) optical fibre sensor to measure the temperature of lithium-ion batteries, which is a
highly influential aspect of their degradation. This technique enables an effective and simple application of
optical fibre sensors for energy storage devices. The design involves using a U-shaped fibre to accurately detect
changes in absorption, rather than changes in wavelength. Additionally, it incorporates a thin-film of graphene
oxide and polyethyleneimine to induce the LMR which is enclosed within polydimethylsiloxane which alters
refractive index with temperature. The total sensitivity reached is —0.0072 A.U./°C and —0.39 nm/°C, with
excellent linearity values of R? 0.98 and R? 0.99 for the 2 C and 2.5 C discharge rates, respectively. This work
emphasises the affordable, accurate, and innovative use of LMR sensors, which encourages the advancement and

utilisation of these sensors in electrochemical energy storage systems.

1. Introduction

Electrochemical energy storage devices, such as batteries and
supercapacitors, are increasingly crucial in the current energy-intensive
socio-economic trajectory. There is a growing expectation that their
continued advancement will assist in the fight against and reduction of
global warming in the collaborative effort to address climate change.
However, in order to accomplish this, these technologies must not
contribute to the underlying problem and must attain longevity in order
to be beneficial [1,2].

When seeking sustainable devices, it is crucial to consider the
availability of resources, the environmental effectiveness, scalability,
and toxicity of their production techniques, as well as their potential for
recycling at the end of their useable lifespan. Currently, certain "critical
materials" are vital components in significant energy conversion and
storage technologies. Lithium, cobalt, and graphite are essential com-
ponents of lithium-ion batteries (LIBs), which currently have a signifi-
cant market share. Furthermore, vanadium serves a vital role in redox
flow batteries. These factors are promoting initiatives to develop and
transition to more environmentally friendly alternatives [3-5].

* Corresponding authors.

Nevertheless, these alternatives are currently in the experimental stage
and have not yet progressed beyond the boundaries of the laboratory.
Therefore, the reliability of the current generation of energy storage
devices is of paramount importance due to the increasing demand and
subsequent use of valuable and limited resources. Therefore, it is crucial
to devise sensing methods that can effectively monitor crucial variables
to enhance their durability prior to their eventual recycling in a circular
economy.

LIBs are commonly used in many applications, such as mobile
phones, portable computers, wearable and medical equipment, and
more recently, electric vehicles. The electric vehicle sector is a signifi-
cant catalyst for the increased adoption of LIBs. According to the In-
ternational Energy Agency’s most recent global electric vehicle outlook
report, the automotive sector experienced a 65 % surge in demand for
LIBs in 2022, reaching a total of 550 GWh [6].

The longevity of LIBs is influenced by various causes with elevated
temperature being particularly significant. High temperature triggers
several degradation mechanisms, such as the formation and decompo-
sition of the Solid Electrolyte Interphase (SEI) layer, as well as the
degradation of electrolyte and binder materials [7,8]. It is crucial to
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address the factors influencing the growth/breakdown of the SEI layer
and electrolyte, as they can result in the depletion of lithium inventory
[7]. Additionally, binder decomposition can lead to the loss of active
anode and cathode materials resulting in power and capacity reduction
of the device [7]. The ideal operating temperature range for a LIB lies
between 15 °C and 35 °C [9]. To maintain this temperature range, the
Battery Thermal Management System (BTMS) is utilised to monitor and
control temperature variations within battery packs [10]. However,
temperature quantification typically is not taken at the individual cell
level, but rather at a single point for a group or ‘module’ of cells. In
addition, the temperature monitoring is owed to the wiring re-
quirements of traditional temperature measuring devices, such as ther-
mocouples [11], thus limiting the data accessible to the BTMS [11].
Hence, it is crucial to establish real-time temperature monitoring of LIBs
to implement proactive maintenance, which will result in an extended
battery life and reduced downtime. The resulting effects encompass
decreased costs, enhanced customer satisfaction, and a distinct advan-
tage in the marketplace.

Optical fibre sensors are becoming a popular approach for measuring
a multitude of battery parameters since they offer clear benefits
compared to traditional sensing methods [12-14]. These sensors utilise
the characteristics of light transmission through optical fibres, providing
advantages, such as high precision, immunity to electromagnetic inter-
ference, small size, durability in harsh environments and multiplexing
capabilities [15,16]. Accordingly, the high interest that optical fibre
sensors are generating for their implementation in batteries.

In this context, optical sensing systems using Fibre Bragg Gratings
(FBGs) have been explored, obtaining very promising results. FBGs are
conventional fibres with a distributed Bragg reflector that is inscribed in
a small portion of the fibre core. This Bragg is designed to reflect a
certain range of wavelengths of the guided modes while permitting all
others to transmit through [16,17]. These sensors have been utilised for
applications such as temperature detection [18-20], strain measure-
ment [21-24], and dendrite formation [25] in LIBs. However there are
some limitations to FBGs, for example, while collecting temperature and
strain data it is necessary to distinguish between these as it is capable of
monitoring both simultaneously [26]. Microtubes made of glass, metal,
or polymer are commonly used in this method to enable silica glass or
polymer fibres to expand and constrict, effectively separating sensing
targets [27-29]. Moreover, FBGs typically require a complex and often
expensive manufacturing process using a complex laser setup for FBG
inscription [30] or a commercial setup, such as a Northlab Photonics
Noria FBG manufacturing system [18,20,31,32] or Coherent Braggstar
system [33], as well as a relatively expensive interrogation system to
provide and measure the reflected wavelengths. Consequently, it is
essential to find other more robust and affordable sensor platforms.

This study demonstrates that optical fibre sensors using Lossy Mode
Resonance (LMR) are a viable substitute for FBGs in electrochemical
energy storage devices. An optical fibre is composed of a glass core that
serves as the waveguide and a cladding material with a lower refractive
index, which is used to confine the transmitted light within the core.
This sensing technology utilises a thin-film material applied onto the
core of the optical fibre instead of the cladding, enabling the passing of
light modes into the deposited layers. In this case, the chosen thin-film
material is carefully engineered to permit the transmission of light and
generate an LMR. Thin-film coatings that induce LMR must demonstrate
a higher and positive real component of permittivity in comparison to its
imaginary component. Furthermore, the real part of the thin-film
permittivity should be positive and greater in magnitude than its own
imaginary part, and also greater than the real part of the permittivity of
both the optical waveguide and the external medium surrounding the
thin-film [34]. When these criteria are fulfilled, certain modes are
transmitted to the thin-film, leading to the emergence of a detectable
absorption peak. Moreover, this observed peak is highly sensitive to
variations in the refractive index (RI) of the LMR generating coating as
well as the surrounding environment. Therefore, the observed peak
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shifts towards higher or lower wavelengths when the RI increases or
decreases, resulting in a highly versatile sensing platform. LMR sensors
provide a broad spectrum of thin-film material options exploiting metal
oxides [34-36], polymers [37-39], and graphene derivatives [40-42].
Instruments based on LMR have been developed for a diverse range of
applications, including but not limited to biosensors [43,44], refractive
index [45,46], chemical [47-49], humidity [50,51], pH [37,52], and gas
[41,53-55] sensing. Electrochemical energy storage is an uncharted
territory for LMR sensors, yet their versatility makes them an attractive
alternative sensing strategy.

Fibre geometry plays a crucial role in the operation and sensitivity of
LMR optical fibre sensors. Commonly, LMR sensors are implemented
using straight fibre geometries, where the interaction between the
guided light modes and the thin-film coating on the fibre core are
relatively uniform. In these straight-type LMR sensors, resonance
wavelength shifts serve as the primary sensing metric, providing clear
and reliable detection of changes in external parameters such as
refractive index [38,56]. However, when the fibre is shaped into a U
configuration, the pronounced curvature increases the overlap between
the evanescent field and the deposited thin-film, heightening propaga-
tion losses. This translates to more significant changes in absorbance or
transmission loss, rather than wavelength shifts, and makes U-shaped
LMR sensors particularly sensitive for certain applications [57,58]. This
characteristic allows the use of more cost-effective components, such as
spectrometers with a narrower wavelength range. Additionally, this
setup enables a ‘probe’-style device where both the input and output
fibres are located on the same side of the sensor, making the overall
device more practical and easier to deploy in real-world applications.

This work presents the first application of the LMR phenomenon in
the context of electrochemical energy storage devices, specifically
developing an LMR optical fibre sensor for in-situ temperature mea-
surement within a LIB. Diverging from the typical use of straight-fibre
LMR sensors, this work utilises the U-shaped geometry to exploit the
heightened sensitivity of absorption shifts, allowing for the use of a
lower cost micro-spectrometer with a reduced wavelength detection
range.

The LMR effect is achieved with a thin-film consisting of Graphene
Oxide (GO) and Polyethylenimine (PEI), deposited using a dip assisted
Layer by Layer (LbL) methodology. The sensor further comprises an
encapsulant made of Polydimethylsiloxane (PDMS). The PDMS is
implemented as it exhibits a shifting refractive index with temperature
[59-61], thereby affecting the absorption peak of the LMR generating
thin-film. This study demonstrates the successful utilisation of LMR
optical fibre sensors for the measurement of temperature, a crucial
factor in electrochemical energy storage. The cost-effectiveness of these
sensors as a viable alternative to the complex and expensive FBGs is
underscored by the use of less complicated manufacturing and cheaper
setup. The primary goal of this investigation is to encourage the devel-
opment of cutting-edge optical sensors that employ LMR for electro-
chemical energy storage. The sensing strategies for applications such as
LIBs have the potential to be revolutionised by these sensing devices,
which will ensure their reliable and long-lasting performance. This, in
turn, will facilitate the development of a circular economy that is sus-
tainable and necessary for the future.

2. Materials and methods
2.1. Materials

The U-shaped sensor utilised the FT200EMT multimode optical fibre
(Thorlabs Inc.) which consisted of a 200 pum silica glass core with a
numerical aperture of 0.39 with a hard clad TECS™ polymer coating and
a Tefzel buffer. The GO dispersion was sourced from GO Graphene UK,
while PEI was sourced from Sigma Aldrich UK. The GO dispersion and
PEI solution were diluted to final concentrations of 0.5 mg/mL and
2 mg/mL using 18.4 Q water. Their pH values were measured as 5.2 and
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8.3, respectively. The PDMS was acquired from Sigma Aldrich, UK, in
the form of ‘SYLGRD® 184’ 5 g clip packs.

2.2. Sensor fabrication

2.2.1. U-shape fabrication

Figl depicts the U-shaped structure of a fibre, where the U-shape was
measured to be 1.6 mm in diameter with a total exposed core length of
7.1 mm. The U-shape’s diameter was selected based on the published
optimum diameter of 1.5 mm [62]. Any diameter below this value re-
sults in reduced sensitivity, therefore, the diameter was produced as
near to 1.5 mm as possible.

The fabrication procedure of the U-Shaped optical sensor began with
selecting an 80 cm segment of optical fibre. Approximately 25 mm of the
Tefzel outer buffer was removed from both ends and the core cleaved
with a NorthLabs ProCleave LD II large diameter fibre cleaver, allowing
both ends ready for connecting to the spectrometer and light source.
Next, at the 40 cm point, a stripping tool was employed to separate and
pull one side of the remaining buffer, creating an opening in the Tefzel
buffer. Once the stripping tool was removed from the fibre, the Tefzel
buffer was carefully adjusted to provide the required space. A 5 mm
section of the fibre core was revealed using this method. After the buffer
gap was established, the fibre was firmly secured to the work bench and
held taut, and a butane flame was employed to remove the TESC™
polymer cladding from the fibre core. Subsequently, the fibre was held
in the air and allowed to bend into a curved configuration. Following
that, the butane flame was swiftly directed towards the centre of the
exposed core area. As the core underwent heating, a gradual and per-
manent curvature in the fibre was induced. The heating procedure was
iterated several times until the desired curvature was achieved. It is
important to note that while utilising the initial butane flame to remove
the tough polymer cladding, a portion of the Tefzel buffer that remained
was reduced, leading to a larger exposed area. Hence, it was crucial to
factor in this aspect while striving to achieve an exact exposed core
length. Furthermore, this procedure guaranteed the secure fastening of
the buffer to the core by the act of melting the end, thus establishing a
seal between the buffer and the core, as can be seen in Fig. 1.

Finally, the U-shaped fibre was exposed to sonication in acetone for a
period of 30 min to remove any residual cladding and residue from the
core. Afterwards, the fibre was exposed to sonication in deionized water
with detergent for an additional 30 min to ensure the thorough
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elimination of acetone, then meticulously rinsed with distilled water and
allowed to air dry. Finally, the fibre was thoroughly cleaned in antici-
pation of the LbL thin-film deposition.

2.2.2. LMR generating thin-film

The PEI/GO LMR thin-film was deposited by means of dip assisted
LbL, which is published elsewhere [50,63-65]. The process, summarised
in Fig. 2 used a GO dispersion with a concentration of 0.5 mg/mL and a
PEI solution with a concentration of 2 mg/mL. To begin with, the
U-shaped fibre section was immersed in a potassium hydroxide solution
(1 M) for a duration of 30 min to acquire a negative charge. Afterwards,
the fibre was washed with deionized water and then allowed to air dry
for 1 min. The negatively charged fibre was then submerged in a solu-
tion containing positively charged PEI for a duration of five minutes.
Following that, the fibre underwent a further rinsing process using
deionized water, which was followed by drying in air. Subsequently, the
fibre was immersed in the GO dispersion, which had a negative charge,
for an additional five minutes. Once the fibre was rinsed with deionized
water to eliminate any remaining dispersion, it was left to air dry. This
process was repeated for the deposition of 3 bilayers, resulting in a
thin-film of approximately 46 nm thickness [65].

2.2.3. PDMS encapsulation and sensor packaging

The U-shaped fibre with PEI/GO, was encapsulated with PDMS. The
PDMS is temperature-sensitive, meaning that its refractive index
changes with temperature. This change in refractive index affected the
response of the thin-film which induced the LMR. The method of
encapsulating entailed using a Phrozen Sonic Mini 8 K printer together
with the necessary washing and curing stations to create a protective
casing. The enclosure was designed with a removable concave wall to
match the curvature of the INR18650MJ1 lithium-ion cells used in the
experiments, and a cylindrical void with a diameter of 5 mm. Adhesive
tape was used to secure the detachable wall to the casing, facilitating the
pouring and moulding of the PDMS. The PDMS mixture was poured into
the casing and then placed inside a vacuum chamber for a period of
10 min to remove any significant bubbles. Afterwards, the U-shaped
fibre was carefully inserted into the case that contained the liquid PDMS
and left overnight in a drying oven set at 40°C to ensure complete curing
of the PDMS.

An exploded view of the fibre sensor assembly is depicted in Fig. 3a.
This view shows the U-shaped fibre which is inserted into the PDMS
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Fig. 1. Sensor design and fabrication (a) U-Shape fibre sensor diameter measurement showing 1.6 mm, (b) U-Shape fibre sensor exposed core length for thin film

deposition, length of 7.1 mm.
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Fig. 2. Layer by layer process on U-shape sensors, illustrating thin-film absorption before and after the deposition process.
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Fig. 3. (a) Exploded illustration of the sensor components, showing the U-Shape fibre with exposed sensor section, PDMS encapsulant, cell housing and the
detachable housing wall used during PDMS curing process, and, (b) Final fabricated U-Shape encapsulated optical fibre sensor.

encapsulant that was contained within the sensor housing. In order to
ensure that the sensor assembly was able to rest firmly on the curve of
the cylindrical LIB, the housing was purposefully developed to feature a
concave surface.

The detachable housing wall was used in the PDMS curing process
allowing for a contact area of 35.11 mm? post curing. The completed
device, which is seen in Fig. 3b, offers a sturdy container for the fragile
silica glass fibre core, which was safeguarded by a functional PDMS
encapsulant responsible for stimulating the LMR generating thin-film.
Additionally, the encapsulant serves as protective barrier against mois-
ture due to its high hydrophobicity, thus rendering the sensor stable in
respect to fluctuating humidity [66].

2.3. Experimental

2.3.1. Setup

Fig. 4a depicts an overview of the experimental configuration in
which the lithium-ion cell was placed within a controlled environment
by means of an ESPEC LU-114 temperature chamber that was set at
25 °C with a tolerance of 1 °C. This configuration ensured a consistent
and reliable environment for validating the experimental outcomes. The
LIB was connected to a B&K Precision 8610 DC electronic load con-
nected by a 4-wire connection. The temperature was recorded using a
TC-08 thermocouple data logger (Pico Technology, UK). An Ocean
Insight HL-2000 halogen light source produced light within the visible
spectrum, which was then transmitted to the U-Shape fibre sensor. The
light was subsequently measured at the opposite end of the fibre using
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Fig. 4. Experimental Setup (a) Schematic of the experimental setup where the Li-ion cell is contained in a thermal chamber at 25 °C + 1 °C and connected via a 4-

wire battery holder, and (b) Schematic of the sensor placement on the Li-ion cell.

an Ocean Insight ST-VIS-25 micro spectrometer, a relatively inexpensive
device that functioned in a wavelength range of 350 nm to 810 nm and
possessed an optical resolution of 2.2 nm.

Fig. 4b depicts the placement of the sensors on the INR18650MJ1
cylindrical lithium-ion cell. The spectrometer, electronic load and TC-08
were linked to a computer for data collection. The encapsulated sensor
and thermocouple were placed adjacent to each other and affixed to the
cell using polyimide tape. In order to obtain accurate temperature
measurements, a factory calibrated T-type thermocouple (Labfacility,
UK) was utilised, which complies with the IEC 584 Class 1 standard,
ensuring a tolerance of £0.5 °C.

2.3.2. Data acquisition and analysis

The Ocean Insight Oceanview software, in conjunction with the
micro spectrometer, was employed to collect spectral data from the
encapsulated LMR sensor. The temperature data was acquired utilising
the PicoLog software (Pico Technology, UK) from the thermocouple data
logger. The LIB discharge data from the electronic load was collected
using the B&K Precision battery testing software, with measurements
recorded at a frequency of once per second. The temperature data from
the thermocouple and the spectrum data were recorded at a frequency of
one measurement every ten seconds.

The data aquired by the spectormeter was used in (1) to derive the
light absorption by the LMR thin-film, where A is the dimentionless
absorption unit A.U., Iy is the reference spectrum recorded before thin-
film deposition,and,! is the logged spectrum after thin-film deposition
during the experimental process.

A= loglo/I (€8]

The equation was applied to each spectrum recorded at 10-second
intervals to calculate the LMR peak. To accurately determine the
maximum point of each LMR curve, a third order polynomial approxi-
mation was employed due to the noise in the LMR peak. This was
accomplished by employing a MATLAB process, as the dataset for each
experiment was substantial, necessitating an automated procedure.

3. Results and discussion
3.1. Battery discharge response
The lithium-ion cell was subjected to three different discharge con-

ditions: 1 C, 2 C, and 2.5 C. These conditions correspond to constant
current loads of 3.4 A, 6.8 A, and 8.5 A, respectively, which does not

exceed the maximum continuous discharge rating of 10 A for the
INR18650MJ1 lithium-ion cell. The initial voltage of each cell,
measured in an open circuit condition before discharge, was found to be
4.181V,4.183V, and 4.178 V for discharge rates of 1 C, 2 C, and 2.5 C
correspondingly. Exhibiting a maximum deviation of 5 x 10~ Volts.
Fig. 5a shows the decrease in voltage of the cells caused by the discharge
load, displaying a voltage drop which increases from 0.151 V at 1 C to
0.334 V at 2 C and 0.346 V at 2.5 C (Fig. 5a Subplot). The duration of
each discharge test varied due to the differing constant current loads
resulting from the discharge conditions. The discharge ratesof 1 C, 2 C,
and 2.5 C result in discharge durations of 3514 s, 1754 s, and 1418 s,
respectively.

As the temperature is recorded for three discharge conditions, it is
crucial to recognise the initial temperature for each discharge. If this
temperature is not consistent, the final results cannot be compared for
sensor testing. For the three discharge conditions 1 C, 2 C, and 2.5 C the
thermocouples record this temperature as 24.82°C, 24.75°C, and
24.57 °C, respectively. Each test started within 0.5 °C of each other,
which falls within the tolerance range of the T-type thermocouple. The
discharge conditions induce a temperature gradient, at the end of 1 C
discharge the temperature reaches 33.14 °C, after 2 C discharge,
43.24 °C, and 47.64 °C after 2.5 C discharge. These values can be
observed in Fig. 5b. As a result, there is a temperature difference (AT) of
8.32 °C, 18.49 °C, and 23.07 °C, for the increasing C-rates respectively.

In addition, the total capacities achieved for 1 C, 2 C, and 2.5 C are
determined to be 3.315 Ah, 3.310 Ah, and 3.346 Ah, respectively
(Fig. 5¢). The maximum deviation observed is 36 x 1073 Ah, indicating
that the discharge results are similar, thus implying that the cells are
discharging to similar levels. Ultimately this demonstrates that the LIB
response is comparable and that the thermal gradients are appropriate,
as the cells do not show any significant degradation.

3.2. Sensor response

3.2.1. LMR thin-film response

As previously stated, the U-shape fibre was subjected to a LbL
deposition process, where a thin-film was deposited using PEI and GO to
generate the LMR. The thin-film assembly demonstrates an increase in
absorbance in response to the addition of each bilayer, as measured by
the micro spectrometer. Fig. 6 demonstrates that the absorption peak of
LMR gradually increases from 0.14 A.U. for the first bilayer to 0.52 A.U.
for the second bilayer, and ultimately to 0.86 A.U. for the third bilayer.

In addition, the peak wavelength undergoes a shift from 401.3 nm to
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Fig. 5. Experimental Setup and Li-ion Response. (a) The voltage response to the three discharge conditions, showing increased voltage drop as the discharge rate
increases. (b) The thermal response of the Li-ion cell during the three discharge conditions, showing temperature increase and cooling after discharge end, and (c)
The voltage decrease and discharged capacity increase during the three discharge conditions, showing similar achieved discharge capacity for each
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Fig. 6. Spectra graph, showing three LMR inducing bilayers, illustrating the
increase in LMR induced by the addition of PEI/GO bilayers. Both the final LMR
peak (purple line) from the micro spectrometer’s integration time adjustment
and the LMR peak in cured PDMS (yellow line) are visible.

424.14 nm as the deposition of the thin-film increases from one bilayer
to three bilayers. The selection of three bilayers was determined by the
existence of a distinct LMR peak that remains below 1 A.U. This is
essential because the RI of the PDMS material contributes to additional
peak displacement. To assess the reproducibility of the deposition pro-
cess aimed at maintaining peak values below 1 A.U., three sensors were
fabricated under identical conditions, and their peak values measured to
calculate the mean and standard deviation. After one bilayer deposition,
the average peak value was 0.13 with a standard deviation of 0.008;
after two bilayers, the average peak increased to 0.496 with a standard
deviation of 0.016; and following three bilayers, the average peak
reached 0.981 with a standard deviation of 0.09. These results demon-
strate a high degree of reproducibility and reliability in the LbL depo-
sition process, as indicated by the consistently low standard deviations
across all bilayers.

Once the fibre is encapsulated in the PDMS and allowed to cure, the
LMR curve experiences a shift and becomes noisier as demonstrated by
the orange line in Fig. 6. This evidence strongly supports terminating the
LbL process after three bilayers. Continuing beyond this point would
result in heightened absorption, which in turn would generate increased
noise and reduced light output upon encapsulation. In order to improve
the quality of the LMR curve, the integration time of the ST-VIS-25 micro
spectrometer was adjusted. This modification allows the linear Charged-
Coupled Device (CCD) array to capture light for a longer period before it
is passed to the analogue to digital converter. As a result, noise is
reduced and the LMR curve appears cleaner, as indicated by the purple
line in Fig. 6. This LMR curve, which was used as the basis for the testing
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procedure, shows a peak value of 1.33 A.U. at a wavelength of
505.54 nm.

3.2.2. Thermal response

The LMR curve for Typax, Tstart, and Teooled is depicted in Fig. 7a, b,
and c for discharge at 1 C, 2 C, and 2.5 C, respectively. T represents
the initial temperature of the LIB before starting the discharge process.
Tmax represents the highest temperature reached by the LIB, i.e., at the
end of the discharge. T¢ooleq refers to the temperature recorded once the
LIB has cooled down to a value that was similar to the Ty, temperature.
It is clear that as each discharge occurs, the maximum absorption re-
duces as there is a rise in temperature, and then returns to its original
position when the temperature decreases again. The decrease in ab-
sorption in the LMR peak becomes more noticeable as the temperature
change is amplified. This is because the rate at which the LIB discharges
is increased, as indicated by the difference between the results shown in
Fig. 7a (with a lower temperature change) and Fig. 7b and c (with a
greater temperature change). Thus, it is evident that the RI of the PDMS
is shifting as a result of the temperature change on the LIB surface. As
stated in [61] the RI reduces as temperature increases, resulting in the
detectable LMR shift presented.

The presence of noise in the data depicted by these LMR curves poses
a challenge in accurately determining the central peak of each curve
obtained at 10-second intervals during each test. This emphasises the
previously mentioned approach of using third order polynomials to
accurately identify the LMR maxima in each recorded interval. Using an
automated MATLAB routine, the mean R? value for all data points was
determined to be 0.98 for both 1 C and 2 C discharge conditions, and
0.96 for the 2.5 C discharge condition.
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The fluctuations observed by the encapsulated sensor, specifically
the changes in peak absorption (A A.U.) and peak wavelength (A nm),
along with the temperature variations of the LIB measured by the
thermocouple (AT), are depicted in Fig. 8 displaying the complete
datasets for intervals of 10 s. A similar variation in the maximum ab-
sorption and wavelength, marked by a reduction in both, is noticed as
the temperature rises, and then diminishes as the LIB cools.

Visually, it is evident that the peak absorption (purple plots) dem-
onstrates greater accuracy when compared to the peak wavelength shift
(green plots). The main reason for this is that absorption shift is more
prevalent in U-shaped designs compared to straight fibre LMR sensors,
where wavelength shift is more pronounced [62,67]. In addition, the
spectrometer utilises a CCD array with a total of 1516 active pixels. Each
pixel corresponds to a detectable wavelength and records 1 point in the
spectrum. However, due to the sensor design, there is only a small shift
in the wavelength, resulting in a segmented range with a ‘resolution’ of
approximately 0.3 nm. As a result, the accuracy of the Anm response
shows to be inferior than that of AA.U. Overall, it is clear from Fig. 8,
that the U-shape design is responding well to the PDMS RI changes due
to the increasing and decreasing of the LIB surface temperature, thus it is
imperative to analyse the linearity of the sensor response to further
assess its performance.

3.2.3. Linearity of the encapsulated sensor

The linear correlation between the sensor response and the temper-
ature gradients induced by the LIB is shown in Fig. 9a, b, and c, spe-
cifically detailing the discharge levels of 1C, 2C, and 2.5C,
respectively. When examining the relationship between temperature
and peak absorption, as well as the associated peak wavelength with
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each curve recorded at 10-second intervals.

regard to thermocouple measurements, it becomes clear that the peak
absorption demonstrates strong linearity across all discharges. Specif-
ically, the 2.5 C and 2 C discharges demonstrate the strongest linear
correlation with R? values of 0.98 and 0.99, respectively. The lesser R
value of 0.82 for 1 C indicates that the sensor is better adapted to handle
a greater rate of change, the reason for this is that PDMS is reported to
change RI from 1.4085 at 20 °C to 1.3907 at 60 °C in a linear fashion
[61]. This shift is of minor magnitude since the 1 C discharge shows a
smaller temperature variation compared to the 2 C and 2.5 C discharge
conditions. Furthermore, the discharge at a rate of 1 C has a prolonged
duration accompanied by a gradual rise in temperature, as depicted in
Fig. 9. As a result, there is a higher concentration of data points that are
closely packed together throughout the discharge, as seen in Fig. 9a at
the region of A5 °C. The correlation of the nanometre peak, for which
the R? is merely 0.4 for the 1 C discharge condition, in comparison to
0.89 for the 2 C and 2.5 C discharge conditions, further supports this
hypothesis.

The full-scale hysteresis values obtained were 0.025 A.U., 0.014 A.
U., and 0.0013 A.U. for discharge rates of 2.5 C, 2 C, and 1 C, respec-
tively, indicating a decrease in hysteresis with smaller temperature
changes. This trend is also visually evident in Fig. 9, where the gap
between the cooling and heating datasets widens as the discharge rate
increases.

The linear relationship formula is employed to calculate the tem-
perature measured by the U-shaped sensor, for both the absorption peak
shift and the wavelength peak shift (Fig. 10). The thermocouple’s tem-
perature reading is visually represented by a yellow and black hatched
zone, indicating an overall tolerance of + 0.5 °C. As anticipated, it is
evident that the temperature data associated with the nanometre shift
exhibit a higher degree of variability across all discharge conditions. The
discharge at 1 C exhibits the most notable variation. Nevertheless, it is
clear that the change in peak wavelength indicates the rise in temper-
ature, which reaches its highest point at the conclusion of the discharge
phase. This occurrence is observable under all discharge circumstances.

The sensor consistently adheres to the temperature fall throughout the
cooling phase, showing an ongoing peak nanometre change across the
2 Cand 2.5 C discharge. From the linearity plots, it can be observed that
the peak absorption change closely aligns with the thermocouple tem-
perature, showing the higher level of precision in the temperature
measurements. In every discharge scenario, the calculated temperature
consistently matches the highest temperature achieved at the end of the
discharge. It then follows the temperature decrease as the LIB cools
down. Upon analysing the sensor’s linearity, it was determined that the
average sensitivity is —0.0072 AA.U./A°C and —0.39 Anm/A°C. More-
over, the device’s resolution in the specified configuration is calculated
to be 1.17 °C using nanometre shift and 0.33 °C using absorption shift.
This suggests that the sensor in both cases is comparable with traditional
temperature sensors, such as K-Type thermocouples, which adhere to
the IEC 60584-1 Class 1 standard and have a tolerance of +1.5 °C, or
IEC 60751 Class B resistance temperature sensors, which have a toler-
ance of £+ 0.30 °C.

3.2.4. Dynamic response

Fig. 11 illustrates the sensor’s dynamic performance concerning
absorption, when the device is swiftly alternated between an ice water
bath (~0.75 °C) and a hot water bath (~55 °C) to assess its adaption
speed. Absorption is examined in this manner because of its superior
accuracy demonstrated in battery discharge tests. The time taken for the
sensor to transition from 10 % to 90 % of the stable value is used as the
response time [50,63,66]. The findings indicate that transitioning from
cold to hot leads in a sensor reaction time of 4.4 s, while reverting to cold
yields a recovery time of 4.9 s. The findings demonstrate the sensor’s
capacity to detect and adjust to substantial temperature fluctuations,
indicating its appropriateness for applications necessitating rapid tem-
perature monitoring in diverse situations. Furthermore, an additional
dynamic test was conducted on the sensor 18 months after its initial
fabrication to evaluate its robustness and long-term stability. The sensor
exhibited a cold-to-hot transition time of 4.1 s and a recovery time of
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the change in absorption and peak nanometres, and (c) Linearity for 2.5 C discharge showing the change in absorption and peak nanometres.

5.2s, corresponding to deviations of —0.3 s and + 0.3 s, respectively,
relative to the initial measurements. These results indicate that the
sensor maintains its performance characteristics over time, underscoring
the robustness of its design and fabrication.

An essential factor in enhancing sensor performance is the thickness
of the PDMS layer. Minimising this thickness may improve the sensor’s
speed, as reduced material would require less heat absorption to trigger
the refractive index alteration. This alteration may result in a swifter
reaction to temperature fluctuations, thereby enhancing the sensor’s
overall efficiency and sensitivity. This is supported by the work pre-
sented by Xue et al. where a 1.086 pm thickness of PDMS was employed
on a much more complex and expensive set up using a D-shape fibre
sensor and requiring a spin coating system for fabrication. Showing a
response time of ~109 ms, the authors conclude that an ultra-thin PDMS
layer has a larger surface volume ratio, which can transfer heat faster to
achieve rapid temperature sensing [66]. Additionally, the hysteresis
results discussed in Section 3.2.3 further support the hypothesis of
reduced PDMS thickness, as the shorter test durations associated with
higher discharge rates provide less time for the PDMS to respond to
larger temperature gradient.

When comparing the developed sensors, a U-shaped optical fibre
sensor with 4.4 s (cold-hot) and 4.9 s (hot-cold) response times and
sensitivities of -0.0072 A.U./°C and -0.39 nm/°C to conventional
thermocouples and other published optical sensors, it stands out in

several ways. Traditional thermocouples, depending on sheath thickness
and environmental conditions, can achieve 63.2 % of the temperature
change within milliseconds when using exposed, fine-gauge junctions,
whereas thicker, sheathed variants typically up to several seconds to
reach the same response level [68]; for example, response times in
practical, protected thermocouples typically range from around 0.1 s to
beyond 10 s, influenced by sheath thickness and environment conditions
[68]. In contrast, recent fibre-optic temperature sensors, such as inter-
ferometric and Fibre Bragg Grating (FBGs) based sensors report response
times from under 10 ms up to 200 s [69,70]. Additionally, U-shaped
sensors published in the literature have demonstrated wavelength sen-
sitivities from 0.07 nm/°C to the region of 1.28 nm/°C [57,71,72], and
transmission loss sensitivities around 0.025 dB/°C, frequently noting
increased sensitivity over straight-fibre designs [57,71]. It is difficult to
determine the comparative performance of this device against other
LMR devices, as it is the first U-shaped temperature sensor utilising LMR
generated from PEI/GO thin-films. The dynamic response of the sensor
presented in this work is slightly slower than the fastest thermocouples
and some reported fibre sensors, however it is comparable to or faster
than typical fibre Bragg grating sensors in practical deployment, and
well within the reported range of other U-shaped fibre sensors [57,70,
73], placing performance within the state-of-the-art. Furthermore, the
U-shaped geometry also confers benefits in robustness and measurement
flexibility versus unprotected interferometric and FBG based sensors, or
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exposed junction thin gauge thermocouples.

The presented work achieves a favourable balance between rapid
response, reliable sensitivity, and the inherent advantages of optical
sensors, such as immunity to electromagnetic interference. Its perfor-
mance is competitive with existing solutions, and opportunities remain
to further enhance wavelength sensitivity without compromising ab-
sorption peak characteristics. A promising direction involves the
development of hybrid devices that integrate the advantages of straight
fibre sensors, such as well-defined resonance wavelength shifts, with the
strong evanescent field interaction and high absorption sensitivity of U-
shaped configurations. This approach offers a compelling route for
innovation in the next generation of fibre-optic sensors.

4. Conclusion

This study has effectively showcased the first use of a lossy mode
resonance optical fibre sensor for measuring temperature in energy
storage systems. The sensor utilises affordable spectrometers and light
sources to accurately gauge the temperature of a lithium-ion battery.
This was accomplished by exploiting the theory of lossy mode resonance

10

and employing a U-shaped fibre design which accentuated variations in
absorbance rather than variations in wavelength. The achieved total
sensitivity was —0.0072 A.U./°C and —0.39 nm/°C, with strong line-
arity values of R? 0.98 and R? 0.99 for the higher rated 2 C and 2.5 C,
respectively. Furthermore, this work holds great significance as it
demonstrates the application of lossy mode resonance optical fibre
sensors in the field of electrochemical energy storage devices. This
preliminary investigation is expected to highlight a new path and pos-
sibilities for the advancement of cutting-edge, innovative optical sensing
devices for electrochemical energy storage, thanks to the numerous
benefits of lossy mode resonance. The advantages encompass a diverse
array of procedures for depositing thin-films and an extensive catalogue
of materials that induce this particular resonance. The importance of this
is emphasised by the continuous endeavours of researchers to develop
integrated sensors that aim to improve safety, durability, and autonomy.
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