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Abstract: Temperature is a crucial factor for the safe operation of lithium-ion batteries. During
operation, the internal temperature rises above the external temperature due to poor inner thermal
conductivity. Various sensors have been proposed to detect the internal temperature, including
fiber Bragg grating sensors. However, to the authors’ knowledge, there is no detailed description
of the encapsulation of the fiber Bragg grating sensor in the literature to shield it from strain. In
this study, different encapsulation methods for strain compensation were compared to find the
encapsulation material most compatible with the electrolyte. For this, we stored the proposed
sensors with different encapsulation methods in ethylene carbonate:ethyl methyl carbonate (EC:EMC)
3:7 with LiPF6 (lithium hexafluorophosphate) electrolyte and applied temperature changes. After
evaluating the sensor encapsulation methods in terms of handling, diameter, uncertainty, usability,
and hysteresis behavior, the most suitable sensor encapsulation was found to be a fused silica capillary
with polyimide coating.

Keywords: lithium-ion battery; electrolyte; fiber optic sensor; internal temperature; fiber Bragg
grating; sensor encapsulation

1. Introduction

In our everyday life, lithium-ion batteries (LIB) have become indispensable. Portable
devices, such as smartphones, tablets, etc., are powered by them. Moreover, the number
of electric vehicles (EVs) and energy storage systems (ESS) has increased [1,2] due to the
high specific energy, good cycle life, and low self-discharge rate of LIBs [3], as well as the
desire to reduce fossil fuel consumption. With the increasing amount of LIBs in various
applications, ensuring safety is a mandatory requirement. For this, the monitoring of
certain parameters of the LIB is crucial; for example, the voltage, current, and temperature
are the common parameters that a battery management system (BMS) measures and uses
to estimate the state of charge (SOC) and state of health (SOH) [4–6].

From these parameters, the temperature of the LIB is critical [7]. The ideal operating
temperature with the least aging effects is between 15 °C and 35 °C [8]. If the temper-
ature is above this operating window, the solid electrolyte interphase (SEI) thickness
increases [7,9,10]. If it is below this operating window, lithium plating occurs [7,9,10]. Both
effects degrade the LIB and increase the probability of hazardous events, such as thermal
runaway [9,10]. To prevent such an event in an early state, it is crucial to continuously monitor
the temperature of the LIB [11,12]. It is known from the literature that the internal temperature
is higher than the surface temperature of an operating LIB due to poor inner thermal conduc-
tivity [13–15]. However, in state-of-the-art battery thermal management systems (BTMS), the
temperature is only monitored on the surface at a few points in a battery pack [16].
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Fiber optic sensors are an emerging area for integrated LIB monitoring. Other tem-
perature sensors have also been implanted, such as thermocouples [17], thermistors [18],
and resistance temperature detectors [19]. However, fiber optic sensors are small, lightweight,
and immune to electromagnetic interference [20]. They can withstand harsh environments,
such as the inside of an LIB. A special sensor variant is the fiber Bragg grating (FBG). Multiple
FBGs can be multiplexed on a single fiber and thus can be used as a quasi-distributed sensor.
However, a major problem is that FBG sensors are cross-sensitive to strain. Therefore, a
fiber with FBGs has to be shielded from any strain by an additional capillary to reduce this
cross-sensitivity.

A group at the University of Warwick published three papers in which they encapsu-
lated the FBGs in an aluminum tube and covered the tube with fluorinated ethylene propy-
lene as protection against the electrolyte in cylindrical cells of the format of 18650 [21–23].
This sensor packaging has a diameter of 1.6 mm and is therefore not suitable for pouch
cells. In contrast, Liu et al. [24] did not encapsulate the FBG in cylindrical cells of the format
18650 with the reason that there is no electrolyte in the inner hole and thus no strain. For
pouch cells, Novais et al. [15] did not use an encapsulation because, in their opinion, no
strain was applied to the fiber due to the small thickness of the pouch cell they used (about
1 mm). Raghavan et al. [25] used a “special tubing” with no further explanation. To our
knowledge, there is no detailed work on strain compensation on FBG-based sensors used
for LIB pouch cells.

In this work, we tested three different capillary materials and two mounting methods
of the capillary and studied the compatibility with the electrolyte to show which capillary
material works best. For this, the optical fibers were immersed in an electrolyte, and we
applied temperature cycling to check the FBGs’ response during temperature changes. We
compare the sensitivities of the FBGs in air and the electrolyte. With this study, we found a
suitable capillary material that shows reduced hysteresis during heating and cooling.

2. Materials and Methods
2.1. Fiber Bragg Grating Principle

For an FBG, the core refractive index of an optical fiber becomes modulated and forms
a grating in the fiber [20]. Light propagating through the fiber is reflected when a certain
relationship is satisfied. The relationship between the Bragg wavelength λB in nm, the
effective refractive index ne f f , and the grating period Λ in nm is shown in Equation (1) [26].

λB = 2 · ne f f ·Λ (1)

The measurement principle is based on the fact that external influences change the
refractive index and the grating period; hence, a shift in the reflected Bragg wavelength is
measured. This shift can be related to the change in temperature ∆T in K, for example. To
obtain the temperature dependence, one has to differentiate Equation (1) with respect to
the temperature and insert Equation (1) in the derivation to obtain Equation (2):

∆λB
λB

=
1
Λ

dΛ
dT

∆T +
1

ne f f

dne f f

dT
∆T = (α + ζ)∆T (2)

where α is the thermal expansion coefficient, and ζ is the thermo-optic coefficient.
Another influencing factor is external strain. The strain influence on the wavelength is

as follows:
∆λB
λB

=
1
Λ

dΛ
dL

∆L +
1

ne f f

dne f f

dL
∆L = (1− Pe)ε (3)

Pe is the strain-optic coefficient, and ε is the strain. As can be seen from these equations,
both the temperature and strain can shift the Bragg wavelength, and a decoupling method
is necessary. In this work, we shield the FBG from external strain by encapsulating it in a
capillary. The sensor design for temperature measurement is described in the next section.
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2.2. Fiber Bragg Grating Sensors

Three FBGs are inscribed in four standard single-mode fibers (Corning SMF-28). The
FBGs have a length of 5 mm and are 18 mm apart; the latter was measured from the center
of the FBGs. To measure only the temperature, three different capillaries and two mounting
methods were used for strain reduction. The used materials are a PEEK (polyether ether
ketone) capillary from TECHLAB GmbH (Braunschweig, Germany), a fused silica tube
with polyimide coating (Molex, Polymicro capillary tubing), and a fused silica tube on
which the polyimide coating was removed to reduce the diameter of the encapsulation.
To remove the polyimide coating, the fused silica tube was placed in an oven at 600 °C for
1 h, as stated by the manufacturer. The selected materials show high chemical resistance
and have already been used in LIB research [27,28], which supports the assumption that
these materials can withstand the chemically active environment in the LIB. All capillary
materials are commercially available and drop significantly in price when bought in large
quantities. The capillary materials, the mounting methods, and the outer diameter of each
encapsulation method are listed in Table 1. We used Loctite EA 0151 adhesive from Henkel
to attach the capillaries.

Table 1. The sensor sample, the material, the mounting method, and the diameter of the encapsulation.
Single-point: the capillary is glued to the fiber on one point only; the other side is sealed before
mounting. Double-point: the capillary is glued to the fiber on both sides of the capillary.

Sensor Sample Capillary Material Mounting Method Outer Diameter [µm]

SP1 polyether ether ketone (PEEK) single-point 785
SP2 fused silica with polyimide single-point 360
SP3 fused silica without polyimide single-point 324
SP4 fused silica without polyimide double-point 324

Two different mounting methods are used. For the mounting method called the single-
point, one side of the capillary was sealed with the adhesive before inserting the optical
fiber. The capillaries for the single-point mounting are 90 mm long. After proper curing of
the adhesive on the capillary, the fiber was inserted and fixed with the adhesive on the other
side. For the double-point mounting method, the fiber was loosely inserted in the capillary
and fixed on both sides of the capillary. The capillary for the double-point mounting is
60 mm long. The four sensor designs are shown in Figure 1 and listed in Table 1. The
single-point mounting has the advantage that the fiber can move freely in the capillary. In
the double-point mounting method, however, the fiber becomes strained by the mounting
points even though the fiber is inserted loosely into the capillary.
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SP1

SP2

SP3

SP4

FBG1FBG3 FBG2 Adhesive Fiber

Figure 1. The investigated sensor samples (SP); SP1: optical fiber in PEEK capillary, single-point
mounting; SP2: optical fiber in fused silica tube with polyimide coating, single-point mounting; SP3:
optical fiber in fused silica tube, removed polyimide coating, single-point mounting; SP4: optical
fiber in fused silica tube, removed polyimide coating, double-point mounting; vertical lines indicate
the FBGs; grey circles indicate adhesive points; grey circles with an X indicate a connection between
encapsulation and the fiber

Figure 1. The investigated sensor samples (SP); SP1: optical fiber in PEEK capillary, single-point
mounting; SP2: optical fiber in fused silica tube with polyimide coating, single-point mounting; SP3:
optical fiber in fused silica tube, removed polyimide coating, single-point mounting; SP4: optical
fiber in fused silica tube, removed polyimide coating, double-point mounting; vertical lines indicate
the FBGs; gray circles indicate adhesive points; gray circles with an X indicate a connection between
encapsulation and the fiber.
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For reading the FBGs, an interrogator type si155 from Luna Inc. (Roanoke, VA, USA)
was used. The sample rate was set to 100 Hz, and the python API is used for saving the
data. The wavelength accuracy of the interrogator is 1 pm.

2.3. Calibration in Air

All fibers were calibrated back and forth in a climatic chamber (Weiss WKL 100) from
20 °C to 45 °C in 5 °C increments in air with 50% relative humidity [29]. Each temperature
was kept for 3 h to ensure thermal equilibrium. We use an aluminum heat spreader for
calibration. The aluminum heat spreader has two inlets for fibers and one for a reference
temperature sensor. A high-precision thermometer from DOSTMANN electronic GmbH
(Wertheim-Reicholzheim, Germany), the T4200 with a PT100 probe with a resolution of
1 mK and an uncertainty of 15 mK, was used as the reference temperature sensor.

2.4. Electrolyte Measurements

To investigate the interaction of the electrolyte with the capillary materials, the fibers
were inserted into a glass tube (length: 300 mm, diameter: 7 mm) that was filled with the
electrolyte from Solvionic (EC:EMC 3:7 with LiPF6) up to FBG1 and closed with a plug into
which a small hole was drilled. All FBGs were covered with the electrolyte. The tubes were
sealed with hot-melt adhesive to prevent electrolyte leakage. We inserted the fibers and
the electrolyte into the tubes in a dry room under a fume hood. The tubes with the fibers
were placed in a climatic chamber (Vötschtechnik VT3 4060) and cycled twice between
20 °C and 45 °C in 5 °C increments. Every temperature was kept for 2 h to ensure thermal
equilibrium. The measurement setup can be seen in Figure 2. We recorded the temperature
of the climatic chamber and the reflected wavelength of each FBG.

Figure 2. Setup of the electrolyte measurement in the climatic chamber. Test tubes filled with the
electrolyte and the inserted fibers in a test tube holder.

3. Results and Discussions
3.1. Calibration in Air

The calibration in air with 50% relative humidity in the climatic chamber shows a
good agreement between the reference sensor and the FBG responses (Figure 3). SP2 and
SP3 show the best behavior compared to the other mounting method/capillary material.
SP1 shows a hysteresis between heating and cooling, and SP4 shows a drift to higher
wavelengths induced by strain build-up in the fiber. Both effects complicate the temperature
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calculation. The response from SP4 looks different because the fiber was not inserted into
the aluminum heat spreader for calibration. The reason for this is that it was not possible
to insert the fiber into the heat spreader because the fiber was split during the electrolyte
measurements (Figure A1). The fiber lay next to the calibration block freely in the climatic
chamber and, hence, reacted faster to the temperature change than the embedded fibers.

Figure 3. Standard calibration in air; FBG3 from each sensor. SP1: optical fiber in PEEK capillary,
single-point mounting; SP2: optical fiber in fused silica tube with polyimide coating, single-point
mounting; SP3: optical fiber in fused silica tube, removed polyimide coating, single-point mounting;
SP4: optical fiber in fused silica tube, removed polyimide coating, double-point mounting.

Figure 4 shows the polynomial fitting for the mean wavelength (averaged over the
last 30 min of every temperature step) for each temperature from Figure 3. The polyno-
mial fitting reduces the calibration error [30,31]. All calibration coefficients are listed in
Table A2. The mean wavelengths for heating and cooling are shown as red and blue points,
respectively. For SP2 and SP3, the heating and cooling curves are almost identical, and the
averaged wavelength can be used. For SP1 and SP4, the hysteresis leads to an error in the
temperature calculation.

Figure 4. Calibration curve in air for FBG3 from each sensor. SP1: optical fiber in PEEK capillary,
single-point mounting; SP2: optical fiber in fused silica tube with polyimide coating, single-point
mounting; SP3: optical fiber in fused silica tube, removed polyimide coating, single-point mounting;
SP4: optical fiber in fused silica tube, removed polyimide coating, double-point mounting.
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In Figure 5, each FBG response has been converted to temperature using the polyno-
mial coefficients from Table A2. For SP2 and SP3, all FBGs follow the reference temperature
without major deviations. FBG3 has the best agreement with the reference temperature
sensor for all sensors, followed by FBG2 and FBG1. One possible explanation is that FBG1
is located closest to the mounting point and, therefore, becomes more strained by the
adhesive and capillary than the other two FBGs.

Figure 5. Standard calibration in air, all sensors. Temperature calculation with the polynomial fit
from Figure 4/ Table A2. SP1: optical fiber in PEEK capillary, single-point mounting; SP2: optical
fiber in fused silica tube with polyimide coating, single-point mounting; SP3: optical fiber in fused
silica tube, removed polyimide coating, single-point mounting; SP4: optical fiber in fused silica tube,
removed polyimide coating, double-point mounting.

3.2. Electrolyte Measurements

In the first twelve hours, the fibers undergo a settling phase, which is shown in
Figure 6. During this first phase, the sensor interacts with the electrolyte. The fatty acids
of the adhesive oxidize and show this by changing from transparent to amber-colored
(Figure A1). After this phase, the sensors show reproducible behaviors compared to the
temperature, marked as the settled phase in Figure 6. Our findings show that SP1 shows
a hysteresis between heating and cooling. SP4 was damaged, and the data cannot be
analyzed. SP2 and SP3 have minimal hysteresis. The sensitivities were evaluated without
the first twelve hours. Polynomial calibration curves were obtained for each FBG with the
averaged wavelength for each temperature [30,31]. The coefficients are listed in Table A3.

In Figure A1, one can see the splitting of the fiber that occurred at SP4. With this
sensor, a mixture of the mechanical strain and temperature was measured (see Figure 6)
(SP4). Therefore, no relevant evaluation is possible.

Figure 7 shows the polynomial fitting for the measurement conducted in the electrolyte
shown in Figure 6. To calculate the necessary data points for the fitting, the temperature
over the last 30 min of each temperature step was averaged. The resulting values for
heating and cooling, and the mean value of these two, are depicted in Figure 7 as points.
For SP2 and SP3, the heating and cooling curves are almost identical, and the fitting of the
averaged wavelengths can be used. For SP1, the hysteresis leads again to an error in the
temperature calculation. All calibration coefficients are listed in Table A3.
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Figure 6. Representative behaviors of the FBGs of each sensor’s encapsulation in the electrolyte. SP1:
optical fiber in PEEK capillary, single-point mounting; SP2: optical fiber in fused silica tube with
polyimide coating, single-point mounting; SP3: optical fiber in fused silica tube, removed polyimide
coating, single-point mounting; SP4: optical fiber in fused silica tube, removed polyimide coating,
double-point mounting.

In Figure 8, each FBG response was converted to temperature using the polynomial
coefficients from Table A3. Additionally, for the electrolyte measurement, all FBGs from
SP2 and SP3 follow the reference temperature quite accurately. For all sensors, FBG3 best
matches the reference temperature sensor. The deviation increases as the FBG becomes
closer to the mounting point, and, therefore, FBG2 has a smaller deviation than FBG1, as
was also the case for the measurement that was conducted in air.

Figure 7. Calibration curve for the measurement in electrolyte for FBG3 for each sensor. Polynomial
fit. SP1: optical fiber in PEEK capillary, single-point mounting; SP2: optical fiber in fused silica
tube with polyimide coating, single-point mounting; SP3: optical fiber in fused silica tube, removed
polyimide coating, single-point mounting; SP4: optical fiber in fused silica tube, removed polyimide
coating, double-point mounting.
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Figure 8. Temperature calculation using the polynomial fit from Figure 7/Table A3 for each FBG
of each sensor encapsulation in the electrolyte. SP1: optical fiber in PEEK capillary, single-point
mounting; SP2: optical fiber in fused silica tube with polyimide coating, single-point mounting; SP3:
optical fiber in fused silica tube, removed polyimide coating, single-point mounting; SP4: optical
fiber in fused silica tube, removed polyimide coating, double-point mounting.

SP3 has the smallest diameter of the tested capillaries, which would be very desirable;
however, glass is not applicable for battery integration. The reason for this is that when
the electrolyte degrades, it attacks the glass, as can be seen from the following reaction
equations [9,32]:

LiPF6 −−→ LiF + PF5 (4)

PF5 + H2O −−→ POF3 + 2HF (5)

From this, the total reaction equation follows:

LiPF6 + H2O −−→ LiF + POF3 + 2HF (6)

The resulting HF (hydrogen fluoride) attacks the glass [33]:

SiO2 + 4HF −−→ SiF4 + 2H2O (7)

The generation of HF is not so relevant for the use of batteries within the safety limits
but must be considered for abuse conditions [32].

3.3. Comparison

For comparison with other works, the sensitivities of the FBGs obtained by linear
fitting are presented in Table 2. Figure 9 shows the comparison between the sensitivities
in air and the electrolyte. It can be seen that the sensitivity increases from air to the
electrolyte with two outliers (SP1,FBG1; SP3,FBG1). A change in sensitivity is also observed
by Nascimento et al. [34], who have shown that FBGs have higher sensitivities when
embedded in an LIB.
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Table 2. The sensitivities for each FBG in the electrolyte and air. SP1: optical fiber in PEEK capillary,
single-point mounting; SP2: optical fiber in fused silica tube with polyimide coating, single-point
mounting; SP3: optical fiber in fused silica tube, removed polyimide coating, single-point mounting;
SP4: optical fiber in fused silica tube, removed polyimide coating, double-point mounting.

Sensor Sample, FBG Sensitivity in Electrolyte
(pm/◦C) ± 0.2

Sensitivity in Air (pm/◦C) ±
0.2

SP1, FBG1 13.79 14.11
SP1, FBG2 13.06 12.65
SP1, FBG3 12.08 11.26
SP2, FBG1 11.60 10.87
SP2, FBG2 11.67 11.08
SP2, FBG3 11.37 10.95
SP3, FBG1 10.80 10.83
SP3, FBG2 11.18 11.05
SP3, FBG3 11.31 11.24
SP4, FBG1 - 10.20
SP4, FBG2 - 10.39
SP4, FBG3 - 11.90

Figure 9. Sensitivity comparison between the calibration in air and the electrolyte. SP1: optical fiber in
PEEK capillary, single-point mounting; SP2: optical fiber in fused silica tube with polyimide coating,
single-point mounting; SP3: optical fiber in fused silica tube, removed polyimide coating, single-point
mounting; SP4: optical fiber in fused silica tube, removed polyimide coating, double-point mounting.

During calibration, SP1 shows hysteresis between heating and cooling in both the air
and electrolyte cases. SP2 and SP3, on the other hand, show no hysteresis in either case.
SP4 shows no hysteresis in air and cannot be evaluated in the electrolyte. Table A1 lists the
Bragg wavelengths at 20 °C for the measurements in the electrolyte and air. For SP1, the
wavelength becomes higher. For SP2, the wavelength stays almost the same, and, for SP3,
the wavelength becomes lower. SP4 cannot be evaluated.

Table 3 lists the sensor sample, capillary handling, diameter, and uncertainty. It
indicates whether the capillary material is usable in the electrolyte and whether there is
hysteresis for each sensor in the electrolyte. The colors green, yellow and red rank the
different categories.
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Table 3. Comparison of the different materials tested as capillaries in the electrolyte. SP1: optical fiber
in PEEK capillary, single-point mounting; SP2: optical fiber in fused silica tube with polyimide coating,
single-point mounting; SP3: optical fiber in fused silica tube, removed polyimide coating, single-point
mounting; SP4: optical fiber in fused silica tube, removed polyimide coating, double-point mounting.
The colors green, yellow and red rank the different categories.

Sensor Sample Capillary Handling Diameter (µm) Uncertainty Usable in
Electrolyte Hysteresis

SP1 very easy, robust material 785 ±1.7 °C yes yes
SP2 easy 360 ±0.4 °C yes no
SP3 difficult, brittle material 324 ±0.6 °C no no
SP4 difficult, brittle material 324 - no -

From Table 3, one can see that SP2 is the best option. SP2 is the leading encapsulation
method in almost all categories.

4. Conclusions

We compared four different encapsulation methods for optical fibers with FBGs to
be used in LIBs. To find the best capillary, all proposed encapsulation methods were
inserted into the electrolyte. The PEEK material is characterized by easy handling and
good protection of the fiber. However, the diameter is quite large, and a hysteresis effect
is observable in all measurements. The fused silica tube with polyimide coating is also
characterized by easy handling and good protection of the fiber. The diameter is smaller
than the PEEK capillary, and hysteresis is canceled out. The two sensor designs with the
bare fused silica capillary have the smallest diameter. The sensor with the double-point
mounting method is not possible to analyze due to the splitting of the fiber. The sensor with
the single-point mounting method shows no hysteresis as well. However, the handling
is difficult due to the brittleness of the capillary, and bare fused silica is not applicable in
LIBs because of the HF that can develop in an LIB. Another possible material that could
be tested would be polytetrafluoroethylene (PTFE). It would be suitable due to its high
chemical inertness [35]. In conclusion, the fused silica with the polyimide coating works
best, and we will do further research with this sensor encapsulation inside an LIB pouch
cell. This sensor can be used to monitor the internal temperature of an LIB pouch cell and
provide the data to the BMS to improve the control, aging, and SOH estimation of an LIB.
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Abbreviations

The following abbreviations are used in this manuscript:
BMS Battery management system
BTMS Battery thermal management system
EC Ethylene carbonate
EMC Ethyl methyl carbonate
ESS Energy storage system
EV Electric vehicle
FBG Fiber Bragg grating
HF Hydrogen fluoride
LIB Lithium-ion battery
LiF Lithium fluoride
LiPF6 Lithium hexafluorophosphate
PEEK Polyether ether ketone
PF5 Phosphorus pentafluoride
POF3 Phosphoryl fluoride
PTFE Polytetrafluoroethylene
SEI Solid electrolyte interphase
SOC State of charge
SOH State of health
SP Sensor sample

Appendix A. Split Fiber

Figure A1. Split fiber (SP4). Coating peeled off the fiber and the adhesive changed color after
electrolyte contact (from transparent to amber-colored). Blue and red marks: FBG positions.
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Appendix B. Bragg Wavelength

Table A1. The mean Bragg wavelength at 20 °C and the standard deviation.

Sensor Sample Bragg Wavelength (nm) at
20 ◦C in Electrolyte

Bragg Wavelength (nm) at
20 ◦C in Air

SP1, FBG1 1470.634 ± 0.010 1470.638 ± 0.010
SP1, FBG2 1478.005 ± 0.007 1478.024 ± 0.005
SP1, FBG3 1492.593 ± 0.003 1492.614 ± 0.003
SP2, FBG1 1499.991 ± 0.002 1499.995 ± 0.001
SP2, FBG2 1514.663 ± 0.002 1514.663 ± 0.001
SP2, FBG3 1521.883 ± 0.002 1521.880 ± 0.001
SP3, FBG1 1551.127 ± 0.002 1551.115 ± 0.003
SP3, FBG2 1558.478 ± 0.001 1558.474 ± 0.001
SP3, FBG3 1565.780 ± 0.001 1565.775 ± 0.001
SP4, FBG1 - 1529.240 ± 0.001
SP4, FBG2 - 1536.646 ± 0.001
SP4, FBG3 - 1543.933 ± 0.001

Appendix C. Calibration Coefficients

Table A2. Calibration coefficients in air from the polynomial fit (T = C1λ3 + C2λ2 + C3λ + C4).

Sensor Sample C1 C2 C3 C4 R2

SP1, FBG1 29.11 −128,427 188,874,675 −92,591,247,562 0.999902
SP1, FBG2 −21.67 961,159 −142,098,017 70,026,001,349 0.999876
SP1, FBG3 −32.06 143,604 −214,391,696 106,690,953,636 0.999975
SP2, FBG1 47.91 −215,608 323,413,610 −161,707,979,628 0.999967
SP2, FBG2 52.85 −240,143 363,739,792 −183,649,825,336 0.999985
SP2, FBG3 65.30 −298,130 453,293,326 −230,179,447,554 0.999997
SP3, FBG1 −47.77 222,363 −344,986,963 178,411,117,657 0.999997
SP3, FBG2 28.28 −132,198 206,010,176 −107,011,535,410 0.999994
SP3, FBG3 76.67 −360,172 563,970,495 −294,361,797,795 0.999993
SP4, FBG1 −49.14 225,450 −344,791,531 175,769,071,504 0.9999996
SP4, FBG2 −77.82 358,787 −551,380,651 282,452,240,799 0.99999998
SP4, FBG3 −65.95 305,503 −471,681,266 242,750,930,198 0.9999999

Table A3. Calibration coefficients in electrolyte from the polynomial fit (T = C1λ3 + C2λ2 + C3λ + C4)).

Sensor Sample C1 C2 C3 C4 R2

SP1, FBG1 −1.232 5446 −8,024,973 3,941,651,040 0.999995
SP1, FBG2 −67.10 297,534 −439,800,651 216,697,065,329 0.999955
SP1, FBG3 −66.16 296,297 −442,294,275 220,076,616,066 0.999992
SP2, FBG1 −40.70 1,831,986 −274,843,761 1,374,455,125,198 0.9999998
SP2, FBG2 −32.41 147,289 −223,136,836 112,681,114,679 0.999999
SP2, FBG3 −12.14 55,449 −84,411,476 42,833,718,376 0.999999
SP3, FBG1 −0.9471 4441 −6,939,210 3,614,408,111 0.999989
SP3, FBG2 8.661 −40,466 63,023,727 −32,718,473,425 0.999995
SP3, FBG3 22.61 −106,206 166,274,508 −86,772,050,031 0.999998
SP4, FBG1 - - - - -
SP4, FBG2 - - - - -
SP4, FBG3 - - - - -
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