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Abstract 

New energy storage devices such as batteries and supercapacitors are widely used in various fields because of their 
irreplaceable excellent characteristics. Because there are relatively few monitoring parameters and limited under-
standing of their operation, they present problems in accurately predicting their state and controlling operation, such 
as state of charge, state of health, and early failure indicators. Poor monitoring can seriously affect the performance of 
energy storage devices. Therefore, to maximize the efficiency of new energy storage devices without damaging the 
equipment, it is important to make full use of sensing systems to accurately monitor important parameters such as 
voltage, current, temperature, and strain. These are highly related to their states. Hence, this paper reviews the sensing 
methods and divides them into two categories: embedded and non-embedded sensors. A variety of measurement 
methods used to measure the above parameters of various new energy storage devices such as batteries and super-
capacitors are systematically summarized. The methods with different innovative points are listed, their advantages 
and disadvantages are summarized, and the application of optical fiber sensors is emphasized. Finally, the challenges 
and prospects for these studies are described. The intent is to encourage researchers in relevant fields to study the 
early warning of safety accidents from the root causes.

Keywords New energy storage devices, Battery, Supercapacitor, Embedded sensors, Non-embedded sensors, 
Sensing

1 Introduction
The global energy crisis and climate change, have focused 
attention on renewable energy. New types of energy 
storage device, e.g., batteries and supercapacitors, have 
developed rapidly because of their irreplaceable advan-
tages [1–3]. As sustainable energy storage technologies, 

they have the advantages of high energy density, high 
output voltage, large allowable operating temperature 
range, long cycle life, no obvious self-discharge phenom-
enon, and offer less pollution [4, 5]. They also have good 
performance in electrochemical storage and conversion 
technology [6, 7]. Therefore they are widely used in many 
fields, e.g., in portable electronic equipment, electric 
vehicles (EV) and hybrid electric vehicles (HEV), trans-
portation industry, aerospace, military industry, and bio-
medical equipment, as shown in Fig. 1.

With the continuous reduction of the cost of the stor-
age technologies and the continuous improvement of 
energy storage performance, storage capacities are signif-
icantly increased. This makes the quality, reliability and 
life (QRL) of new energy storage devices more important 
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than ever [8–10]. Therefore, an effective sensing system is 
crucial in their application.

Existing research relies on very limited measurements 
such as current, terminal voltage, and surface tempera-
ture [11], and most research focuses on methods based 
on electrochemical and physical models, and are data-
driven [12, 13]. However, excessive reliance on imperfect 
data to establish a safety margin for batteries can even-
tually lead their underutilization. Because of the lack of 
sufficient detection parameters and limited understand-
ing of the battery operation mechanism, there are chal-
lenges in accurately predicting the state and controlling 
the operational technology’ the problems these cause can 
seriously affect the reliability and life of batteries [14–16]. 
In terms of ensuring the reliable operation, timely main-
tenance and echelon utilization, an effective sensing sys-
tem with high performance and easy implementation can 
help to solve these problems.

Sensors having good performance in the measure-
ments of voltage, current, temperature, strain, etc., are 
of great significance [17–20]. In existing practical appli-
cations, sensors are mainly divided into embedded and 
non-embedded sensors. These have their respective 
advantages and disadvantages in both the operational dif-
ficulty and accuracy of measurement parameters. They 
play irreplaceable roles on different occasions, and there-
fore this paper focuses on these two types.

The rest of this paper is organized as follows. Sec-
tion 2 introduces the types of non-embedded sensors and 
their working principles. At the same time, the perfor-
mance of new energy storage devices is introduced, and 

the characteristics of various types of sensors are sum-
marized. Section  3 introduces the types of embedded 
sensors and their working principles, as well as their per-
formance in new energy storage devices. It also compares 
them with non-embedded sensors, and puts forward 
some suggestions. Section  4 summarizes the charac-
teristics of existing sensors used in new energy storage 
devices, and predicts future research and an improve-
ment direction from the perspective of actual working 
conditions.

2  Application of non‑embedded sensors in new 
energy storage devices

Non-embedded sensors mainly include current, voltage, 
temperature, and strain sensors, as well as several types 
combined with optical sensors. As their names suggest 
these can realize real-time detection of key parameters 
such as current, voltage, temperature, and stress in the 
working process, and do this without affecting the opera-
tion the storage devices [21, 22]. Therefore, by further 
analyzing the detected parameter data, it is possible to 
judge the working state of the device, such as SOC, SOH, 
and the remaining useful life (RUL) [23–26]. It can also 
provide an important reference for maintenance and 
other related work.

2.1  Current sensor
Non-embedded current sensors are mainly divided into 
Hall effect current and shunt resistance sensors [27]. 
The Hall effect sensor is a widely used and relatively sim-
ple method. Its working schematic diagram is shown in 
Fig.  2. By placing it in the magnetic field generated by 
the cable carrying the current, a voltage signal which is 
proportional to the current can be produced [28]. Since 
there is no direct electrical connection between the cir-
cuit of the Hall effect current sensor and that of the 

Fig. 1 Various application fields of new energy storage devices

Fig. 2 Schematic diagram of working principle of Hall effect current 
sensor (Reproduced with permission from [28]. Copyright 2020, 
Journal of Magnetism and Magnetic Materials.)
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energy storage device, it has the advantage of not requir-
ing any other isolation measure.

However, because of its working mechanism, the exter-
nal magnetic field will have an impact on the accuracy 
of the Hall effect sensor. In particular, when applied to 
the measurement of small current, there will be signifi-
cant measurement errors [29], and the more complex 
the electromagnetic environment, the greater the impact 
on accuracy. In addition, Hall effect current sensors are 
expensive, large in size, and thus not suitable for sites 
with limited space. Currently, they are mostly used to 
measure the current of an entire battery pack.

Shunt resistors have the characteristics of high preci-
sion and low resistance, and are connected in series in 
the circuit under test [30]. The location of the shunt resis-
tor in the current measurement circuit is shown in Fig. 3.

From Ohm’s law, the current of the battery can be 
directly determined by using the ratio relationship between 
voltage and resistance. Compared with Hall effect current 
sensors, shunt resistors have simple structure, lower cost, 
wider range of applicable power levels, and current meas-
urement accuracy of up to 0.1% or even higher.

However, since the shunt resistor is directly connected 
to the battery, it is necessary to provide additional isola-
tion circuits in high-voltage scenarios, and this increases 

the complexity and cost of the system. In addition, since 
the shunt resistor is directly connected in series with the 
circuit, energy in the energy storage device will be con-
sumed, which reduces the efficiency of the system [31, 
32]. In addition, shunt resistance is also affected by ambi-
ent temperature, which limits its application.

To ensure the accuracy of the collected data, both 
Hall effect and shunt resistance sensors need amplifiers. 
Table 1 summarizes the advantages and disadvantages of 
both types of sensors.

2.2  Voltage sensor
At present, the most widely used voltage measurement 
method is to collect the voltage signal of a single bat-
tery using an integrated circuit and then convert it by an 
analog-to-digital converter (ADC) for further processing 
in the controller. Considering the limitation of space lay-
out and cost, there are relatively few cases of developing 
special voltage sensors for battery cells and battery packs 
[33, 34]. Recently, some studies have realized the indus-
trialization of battery voltage sampling chips, which can 
be applied to batteries. For example, NXP semiconduc-
tors (NXP) launched an intelligent battery monitoring 
chip mm9z1_638, which can accurately measure the volt-
age of the battery and simplify the application program, 
as shown in Fig. 4. At the same time, it can measure the 
current and temperature of the battery using a shunt 
resistor [35]. Because the integrated circuit voltage acqui-
sition chip can meet the requirements of circuit board 
space layout and low power consumption, it is a promis-
ing voltage acquisition method.

2.3  Temperature sensor
The current temperature measurement methods mainly 
include thermocouples, thermistors, optical fiber sens-
ing, and infrared imaging. By using the battery thermal 
model, related data processing and threshold judgment 
are realized in the battery management system (BMS) 
[36–38], while corresponding measures can be taken in 
time when thermal abnormalities occur. In addition, the 
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Fig. 3 Location of shunt resistors in current measurement circuits

Table 1 Comparison of the advantages and disadvantages between Hall effect current sensor and shunt resistance

Hall effect current sensor Shunt resistor

Accuracy Average accuracy High accuracy

Influence Independent of temperature; large deviation at low current Easily affected by high temperature; 
Not suitable for high current as severe 
heating

Range Large current range (Up to1000A) Usually less than 20A

Volume Large Small size, easy to integrate

Energy dissipation High Low

Galvanic isolation Demand Not Required
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thermal model can also be used to predict the battery 
SOC and SOH. This is of great significance for the timely 
maintenance and continuous use of the battery.

For the detection of the external temperature of the 
battery, reference [39] successfully used thermocouples 
to monitor the temperature of 16 different temperature 
points on the surface of large-size square soft-packed 
lithium-ion batteries. In 2017, reference [40] compared 
the fiber Bragg grating (FBG) and the K-type thermo-
couple sensors to monitor the temperature of the outer 
surface of the battery. The results showed that the FBG 
sensor had better resolution and 28.2% faster detection 
time than the thermocouple sensor. Thermistors are 
widely used because of their low cost, wide measurement 
range, and high-temperature sensitivity. In [41], thermis-
tors were used to monitor the surface temperature of 

different types of batteries to study the related thermal 
behavior. It was found that the maximum temperature of 
the battery was linearly related to the discharge current, 
as shown in Fig. 5. At the same time, the influence of dif-
ferent environmental conditions on heat transfer was also 
discussed, and it was found that the temperature gradi-
ents in the bag-shaped and cylindrical batteries were gen-
erally different.

A resistance temperature detector (RTD) was also 
actively used for Lithium-Ion Battery (LIB) surface tem-
perature measurement [42–44]. However, because the 
sensor size is incompatible with the battery design, it 
is not applied to the battery in an embedded manner, 
because it may damage the instantaneous performance 
and long-term cycle life of the battery.

The FBG sensor was used to measure the external tem-
perature and strain of the battery. The sensitivity of the 
temperature sensor was 12 PM/℃, while the strain sensor 
had a unique sensitization structure, and the strain sensi-
tivity reached 11.55 PM/℃ [45].

In [46], FBG sensors were respectively connected to the 
cathode and anode of a button battery and the cathode 
and outer surface of a cylindrical battery to detect the 
temperatures of the battery in real time. This can accu-
rately and quickly detect battery temperature in the case 
of overcharge and short circuit. Its installation schematic 
diagram is shown in Fig.  6a,b. Since these methods are 
single point measurement techniques, they are insuf-
ficient for obtaining a spatially uneven temperature 
distribution.

In [47], three FBG sensors were installed on the diag-
onal of the bag battery, as shown in Fig. 6c. The experi-
mental results showed that the FBG sensor has a faster 
response speed and higher sensitivity, and can solve the 
problem of not obtaining spatially uneven temperature 
distribution in single point measurement.

Fig. 4 Block diagram of voltage sensor simplified application

Tstack

Tsurf

Tstack

Tsurf

Fig. 5 Schematic diagram of thermistor installation (Reproduced 
with permission from [41]. Copyright 2015, Journal of the 
Electrochemical Society.)
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Reference [48] analyzed the thermal behavior of a smart-
phone lithium-ion battery by considering environmental 
conditions (temperature and relative humidity). A network 
based on FBG sensors monitors the temperature at five dif-
ferent points on the surface of the lithium-ion battery. Fig-
ure  7 shows the schematic diagram of the experimental 
setup. This study quantified and elucidated the temperature 
values reached when the battery was exposed to three differ-
ent environmental conditions. Through thermal mapping, it 
showed the areas of the LIB that needed to be cooled faster 
to improve its performance and thus avoid thermal runaway.

The application comparison of various non-embed-
ded temperature sensors is shown in Table 2. As can be 
seen, the non-embedded temperature sensors can effec-
tively measure the temperature outside the battery. The 
FBG sensor has the highest accuracy and sensitivity, with 
fast response. In addition, the distributed measurement 
method is more effective than the single-part measure-
ment. However, because of the difference in temperature 
inside and outside the battery, the above methods have 
certain limitations.

Fig. 6 Schematic diagram of different installation methods of FBG. a Button battery; b Cylindrical battery; c Pocket battery (Reproduced with 
permission from [46, 47]. Copyright 2014, IEEE Sensors Journal.)

Fig. 7 Schematic of experimental set-up (left) and thermal chamber (right) (Reproduced with permission from [48]. Copyright 2019, Applied 
Thermal Engineering.)
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2.4  Strain sensor
Strain is also a very important parameter for moni-
toring battery condition and can often be reflected in 
changes in cell dimensions or surface pressure. Ref-
erence [50] found that the thickness of a pouch cell 
changed by as much as 4% of the total cell thickness 
during charging, while a fully charged prismatic cell 
with a hard shell also resulted in a 1.5% increase in 
cell thickness [51]. The reversible strain change in the 
LIB is directly related to the SOC, which makes it pos-
sible to estimate the SOC of the LIB by mechanical 

measurement [52, 53]. A relatively common and simple 
method is to measure the strain by detecting the total 
volume change of the battery with a strain gauge [54]. 
In addition, a load cell can be used. This uses a con-
straint fixture and is composed of an amplification load 
cell, connected in series with the battery, to apply the 
initial load to monitor the mechanical stress at the stack 
level in real-time [55]. It should be noted that the above 
methods cannot be directly applied to the onboard bat-
tery because of difficulty in the spatial arrangement of 
the pressure measuring components.

To solve the above problems, the General Electric 
Company has proposed a battery strain sensor based on 
battery expansion measurement [38, 56]. The sensor uses 
a flat coil to generate a high-frequency magnetic field, 
which induces a corresponding eddy current in the con-
ductive material on the battery surface. Since the eddy 
current is inversely proportional to the distance between 
the batteries, the change in the battery volume can be 
obtained by measuring the eddy current strength.

In [57], a carbon nanotube (CNT)-based strain sensor 
was used to detect the irregular expansion of the cell. As 
shown in Fig. 8a, the sensor was developed by spraying a 
CNT coating on a stretchable substrate attached to the 
surface of the cell. After excluding the effect of tempera-
ture on the CNT resistance, the CNT strain sensor was 
verified for detecting a 6  mm expansion of the battery 
pack at 90° C. In general, the CNT sensor shows good 
performance in identifying minor LIB expansion.

Given that the strain caused by the volume expansion 
of the battery is usually not obvious, it is necessary to 
improve the sensitivity of the measurement. To this end, 

Table 2 Application comparison of various non-embedded 
temperature sensors

Temperature 
sensor

Reference Advantage Disadvantage

Thermocouple [39]
[40]

Accurate meas-
urement. Wide 
measuring range
Strong anti-inter-
ference ability

Cumbersome to use
Costly
Non-linear
Not suitable for high 
volume use

Thermistor [41] Low cost
Wide measure-
ment range and 
high sensitivity to 
temperature

Poor linearity
Small adjustable 
range

RTD [42–44] High accuracy
Stability

Incompatible sensor 
size and battery 
design
Slow response

FBG [49]
[46]
[47]
[48]

High sensitivity
Accurate measure-
ment
Fast response time

Exposed optical 
fiber is fragile
Needs to be pack-
aged

Fig. 8 Strain sensor: a Strain sensor based on CNT; b Optical FBG sensor with enhanced sensitivity; c Added strain compensated FBG sensor 
(Reproduced with permission from [58]. Copyright 2019, Actuators and Microsystems & Eurosensors.)
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references [58, 59] designed an optical FBG sensor with 
enhanced sensitivity based on the strain concentration 
and lever amplification theory. An optical fiber is placed 
in the parallel bar mechanism in the base plate and fixed 
on the LIB surface, as shown in Fig. 8b. The mechanically 
amplified optical FBG sensor achieves higher strain sen-
sitivity, thus improving the measurement accuracy.

In [60], the compensated strain was measured by 
arranging two FBG sensors in parallel on the LIB sur-
face, as shown in Fig.  8c, with one rigidly bonded and 
the other loosely attached with thermal paste, while the 
remaining parameters remained consistent. It was found 
that the strain increase was more pronounced in the 
high SOC stage, while the subsequent stages effectively 
mitigated the strain accumulation by 15%. This provides 
important insight into the use of strain signals for real-
time state estimation and optimal charging.

Since part of the strain is caused by temperature 
changes, a corresponding distinction needs to be made 
when temperature and strain change at the same time.

Reference [61] adopted an FBG sensor to simultane-
ously monitor the temperature and bidirectional strain 
of a prismatic Li-ion battery, as shown in Fig. 9. As can 
be seen, the measurements were performed by attaching 
two different types of FBG sensors to the Li-ion battery 
surface in the x-axis and y-axis directions. The strain-free 
FBG sensors (FBG1, FBG3, and FBG4) were only used to 
measure temperature changes and served as a reference, 
while the other FBG sensors (FBG2 and FBG5) were used 
to detect temperature and strain changes simultaneously. 
The study found that the deformation of the battery 
increases as temperature increase because of the thermal 
expansion of the battery material. This demonstrates the 
effectiveness of the reference FBG method, which can 
provide an alternative solution for real-time simultane-
ous sensing of temperature and strain. The application 
comparison of various strain sensors is shown in Table 3.

To sum up, non-embedded sensors have the advan-
tages of relatively objective measurement accuracy and 
simple and non-destructive measurement. At the same 
time, there is no need to consider their influence on the 
internal structure of the energy storage device and the 
tolerance to the internal environment of the energy stor-
age device. They have long-term stability and safety, and 
do not affect the performance of energy storage devices. 
The classification of non-embedded sensors and their 
practical applications are shown in Table 4.

However, the use of non-embedded sensors cannot 
fully perceive the internal "black box" in order to provide 
early warning of safety accidents from the root cause. In 
response to this problem, sensors are implanted inside 
the energy storage device, to detect the state of the energy 
storage device with high performance and in real-time.

3  Application of embedded sensors in new energy 
storage devices

Similar to non-embedded sensors, embedded sensors 
also include current, voltage, temperature and stress sen-
sors, as well as several types of sensors combined with 
optical sensors [62]. Among the optical sensors, the FBG 
sensor can be expanded with a variety of optical sensors 
with different performance. These are mainly applied 
alone to measure the internal temperature, strain, and 

Fig. 9 Schematic diagram of the experimental setup for the 
reference FBG method (Reproduced with permission from [62]. 
Copyright 2018, Batteries-Basel.)

Table 3 Application comparison of various strain sensors

Strain sensor Reference Advantage Disadvantage

Strain gauge [51]
[54]

Easy to apply and 
operate

Low accuracy

The weighing 
sensor

[55] The method 
design is simple

Difficult spatial 
layout

Strain sensor 
based on mag-
netic field

[38, 56] High measure-
ment accuracy

Vulnerable to 
influence and 
interference

CNT [57] It can be 
decoupled from 
temperature 
measurement

Operation is diffi-
cult to implement

FBG [58, 59] [61]
[62]

High sensitivity 
and accuracy

Special treatment 
is required to 
ensure stability
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other parameters highly relevant to the SOC and SOH 
of the new energy storage devices, overcoming the limi-
tations of external detection [64–66]. At the same time, 
there is no impact on the performance of the energy stor-
age devices. Therefore, it is also important for the later 
maintenance of energy storage devices and other related 
work.

3.1  Current sensor
Considering the limitation of space layout and cost, there 
are relatively few developed special current sensors for 
new energy storage devices. Reference [67] developed a 
flexible three-in-one embedded battery micro-sensor in 
view of the shortcomings of non-embedded current sen-
sors. This solution regards the equivalent series resist-
ance of the battery as a shunt resistance, as shown in the 
Lithium-ion battery circuit model in Fig. 10. At the same 
time, it can withstand the harsh environment inside the 
battery. A current microsensor consists of a pair of volt-
age-measuring probes and a pair of resistance-measur-
ing probes that calibrate the current according to Ohm’s 
law. This tiny sensor can accurately measure the battery’s 
internal current with negligible impact on the battery 
performance.

3.2  Voltage sensor
Since the embedded voltage sensor can measure some 
parameters that otherwise cannot be measured by non-
embedded sensors, such as distributed current and over-
potential, voltage measurement is also extended from the 

Table 4 Classification of non-embedded sensors and their practical applications

Non-embedded Sensors Reference Classification Practical limitations

Current sensor [28]
[30]

Hall-effect current sensor
Shunt resistor

It is easily interfered with by external magnetic field and has large 
error when measuring small current, so is not suitable for measuring 
small current
In practical applications, additional isolation circuits are required, and 
the cost is high while additional energy consumption will also occur

Voltage sensor [33, 34]
[35]

Smart battery monitoring chip Integrated circuit is adopted with low power consumption and con-
venient layout, but it is difficult to design in practical application

Temperature Sensor [39]
[40]
[41]
[28–30]
[46]
[47]
[48]
[49]
[63]

Thermocouple
Thermistor
RTD
FBG

In practical applications, the cost is high, and it is troublesome to use 
and is not suitable for mass use
The linearity in practical applications is poor, and it is not suitable for 
occasions requiring a large range of adjustment
In practical application, there are problems such as slow response 
and difficult size design
In practical application, because the optical fiber is relatively fragile, 
additional packaging measures are required

Strain sensor [51]
[54]
[55]
[38, 56]
[57]
[58, 59] [61]
[62]

Strain gauge
The weighing sensor
Strain sensor based on magnetic field
CNT
FBG

Low accuracy in practical application
Difficult spatial layout in practical application
In practical application, the magnetic field can be easily disturbed 
which affects the measurement accuracy
In practical application, it is difficult to operate, and the effect is poor 
when the strain is not obvious
Additional cladding is required to ensure its good safety and stability 
in highly corrosive environments. At the same time, its long-term 
reliability is susceptible to bending and vibration

Fig. 10 Lithium-ion battery circuit model based on second-order RC 
design (Reproduced with permission from [68]. Copyright 2017, IEEE 
Transactions on Vehicular Technology.)
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terminal to the inside of the battery. These rich param-
eters can help to estimate the SOC and SOH of new 
energy storage devices such as batteries and supercapaci-
tors through electrochemical (EM), equivalent circuit 
(ECM), and artificial intelligence models (AIM) [68–72].

In [73], a flexible three-in-one micro-sensor was 
developed that can withstand the harsh internal envi-
ronment of lithium batteries and give timely feedback 
of the internal information to the outside in advance 
for safe management without destroying the structure 
of the battery. This embedded voltage measurement 
method mainly adopts the idea of integrating a volt-
age sensor and a temperature/current sensor, and is 
embedded in the battery to realize the in-situ measure-
ment of current, voltage, and internal temperature. The 
structure diagram is shown in Fig. 11. In addition, this 
embedded miniature sensor can also detect parameters 
such as distributed current and overpotential that can-
not be measured by external sensors.

This internal property is more directly related to the 
multi-physical process of the battery, which can better 
detect the state of the battery and take corresponding 
measures in time. This unique advantage offers a future 
research direction.

3.3  Temperature sensor
Since the components of most new energy storage 
devices generally have a multi-layer structure, thermal 
conductivity is poor [58, 74]. Therefore, although the heat 
generated is modest, it is difficult for it to be dissipated 
to the outside. In addition, as large-scale energy stor-
age devices have become a trend, it will cause the inter-
nal temperature of the energy storage device to be more 
non-uniform, and thus the in-situ measurement of the 
internal temperature of the energy storage device is very 

important. Embedded temperature sensors are mainly 
divided into thermocouples, thermal resistance sensors, 
and various optical fiber sensors.

A thermocouple has the advantages of low cost, small 
size, and high sensitivity. Reference [75] embedded a 
T-type thermocouple into a 18,650 cylindrical lithium 
battery to provide a temperature reference, and at the 
same time, the fault diagnosis method based on the 
thermal model was verified. In [76], a K-type thermo-
couple was embedded in the battery cell to measure the 
temperature. It proved that there was a significant dif-
ference between the internal and external temperatures 
of the battery, which also validated the importance of 
embedded sensors in the temperature measurement of 
energy storage devices. In [77], it was verified that the 
battery performance was not affected by the embedded 
thermocouple by fabricating a lithium-ion battery with 
an embedded thermocouple. However, it was unclear 
whether there would be potential impact on the long-
term cycle life of the battery.

Thermal resistance sensors can be subdivided into 
thermistors and RTDs. However, because of the incom-
patibility of the size of the sensors and the design of the 
energy storage device, they are rarely used as embed-
ded sensors so as to avoid affecting the performance 
and long-term cycle life. However, high-precision NTC 
thermistors can be used to fabricate thin-film sensors for 
in-situ distributed measurement of the internal tempera-
ture of Li-ion batteries [74]. This method is more sensi-
tive than the non-embedded temperature sensors, and 
has the advantage of faster response. The experimental 
results show that this method has no great influence on 
the capacity, electrolyte, and electrode of the battery.

Reference [36] used a thin-film RTD sensor with seven 
detection points to realize a multi-point measurement 
of the internal temperature of lithium batteries. This 
distributed method has higher accuracy than the single-
point measurement, while the effect on the performance 
of the battery is also negligible.

Fiber optic sensors also have a wide range of appli-
cations in measuring the temperature of energy stor-
age devices. For example, reference [78] proposed a 
method to seal fiber Bragg gratings (FBGs) embedded 
in pouch cells by filling gaps with heat-sealing materi-
als to monitor the internal stress and temperature of 
the cells to estimate the SOC. In [79], an optical fiber 
sensor embedded in the lithium battery was used to 
monitor the battery status. The optical fiber can with-
stand a temperature of − 200 ~ 800 ℃ given a suitable 
coating. This is far beyond the normal working temper-
ature of the battery. In addition, there is little effect on 
battery capacity and life after cycling. In [80], the FBG 
sensor was implanted inside the battery to monitor the 

Miero current sensor
(155umx100um)x2
(135umx 100um)x2

Micro voltage sensor
(135pmx100um)

Micro temperature 
sensor

(310umx620um)

 
Fig. 11 Structure diagram of three-in-one micro-sensor (Reproduced 
with permission from [74]. Copyright 2015, Sensors.)
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temperature and compared with the external measure-
ment. It was found that at a charging rate of 5C, the 
internal sensor detected a temperature change of 4  °C 
compared to a change of 1.5  °C detected by the exter-
nal sensor, demonstrating that the internal tempera-
ture monitoring can better reflect the internal thermal 
behavior of the battery.

The results from further experimental studies, in 
which the FBG sensor was embedded in the core void of 
a 18,650 battery and a pre-drilled hole was used in the 
middle of the battery cover to measure the temperature 
inside the battery, showed that the core temperature in 
the battery is about 5  °C higher than the surface tem-
perature of the battery. This further proves the difference 
between the internal and external temperatures of differ-
ent types of batteries, demonstrating the importance of 
internal temperature detection [81, 82]. Reference [83] 
developed a flexible three-in-one microsensor by apply-
ing microelectromechanical systems (MEMS) technol-
ogy to a flexible substrate. This micro-sensor can not only 
withstand the harsh environment inside the lithium bat-
tery but also measure the internal temperature, voltage, 
and current of the battery in real-time. The timely feed-
back of the internal information to the outside in advance 
for safety management can avoid damage to the struc-
ture of lithium batteries, can help future improvements 
in lithium battery design and material development. 
The production process and packaging components are 
shown in Figs. 12a, b, respectively.

Considering the limitations of current single-point 
detection and external detection of lithium-ion battery 
packs, reference [84] proposed and designed a distributed 
optical fiber in-situ monitoring method for the health 
state of the temperature field in lithium-ion batteries. The 
optical fiber FBG temperature sensor was embedded in 
the lithium battery, and the distributed real-time moni-
toring of the distribution state and evolution law of the 
temperature field in the lithium-ion battery under differ-
ent operating environments were realized theoretically 
and experimentally. In addition, this method also has 
the advantages of distributed multi-point simultaneous 
monitoring and low cost. This can provide a reference 
for early warning and assessment of the health status of 
large-scale lithium-ion battery integrated components in 
the future.

The thermal coupling model of a single cell was estab-
lished, as shown in (1), while the thermophysical param-
eters of each part of the 5500 mAh lithium-ion battery in 
the experiment are shown in Table 5.

Fig. 12 Schematic diagram of the production process and 
packaging components. a Production process of flexible three-in-one 
microsensors; b Schematic diagram of the packaged components 
of the embedded flexible triple-micro sensor in the coin cell 
(Reproduced with permission from [82]. Copyright 2016, Sensors 
(Basel, Switzerland).)

Table 5 Thermal physical parameters of each part of the 5500 mAh lithium-ion battery

Material Density/(kg  m−3) Thermal conductivity/(W  m−1  K−1) Specific Heat 
Capacity/
(J  kg−1  K−1)

Single cell 2122 kx:21;  ky:21;  kz:0.48 933

Positive tap 2719 202.4 871

Negative tap 8978 387.6 381

Separator 1008 0.3344 1978

Case 8193 14.7 439.3
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In (1), ρP , ρn and ρr are the densities of the positive elec-
trode current collector, the negative electrode current col-
lector and the battery plate, respectively. CP , Cn and Cr are 
the positive electrode current collector, the negative elec-
trode current collector and the specific heat capacity of the 
battery plate, respectively. qfp , qfn and qfr are the heat dissi-
pation rates of the positive electrode sheet current collec-
tor, the negative electrode sheet current collector and the 
battery plate, respectively. The heat dissipation rates of the 
positive and negative electrode sheets are qfp

dt
=

qfn
dt

= 0 , 
while kpx , kpy , and kpz are the thermal conductivities along 
the x, y, and z directions in the positive electrode sheet, 
respectively. φp and φn are the electrical conductivities of 
the positive and negative plates, respectively, and σcp and 
σcn are the currents flowing through the positive and nega-
tive plates, respectively. Itp and Itn are the respective posi-
tive and negative plates, hp and hn are the thickness of the 
sheet, while Sp and Sn are the areas in the x and y planes of 
the positive and negative sheets, respectively.

The schematic diagram of the experimental set-up is 
shown in Fig. 13a, while the fiber grating temperature sen-
sor distributed sensing system is shown in Fig. 13b. Wave-
length division multiplexing (WDM) technology is used to 
realize multiple gratings (each grating has different grat-
ing constants) in series on one fiber. An FBG embedding 
method was also proposed, as shown in Fig. 13c. Through 
the cascade of sensor arrays formed by the series connection 
of transmission fibers or the Organization of Fast Relief & 
Development (OFDM) technology, not only real-time con-
tinuous in-situ monitoring of temperature fields in multi-
cell modules can be realized, but also an effective optical 
fiber sensor is embedded inside the lithium battery to moni-
tor quantities such as temperature, vibration, strain, etc., 
without affecting the battery performance and the optical 
fiber sensing performance. At the same time, the method of 
selecting temperature characteristic points in combination 
with thermal simulation optimizes the placement position 
of the sensor and the usage of the sensor. This all reduces 
the difficulty of the process and the cost of the demodula-
tion equipment [85]. This has a very important guiding 
significance for the development of smart new energy func-
tions in the future. The application comparison of various 
embedded temperature sensors is shown in Table 6.

(1)

ρPCP
dT

dt
= kpx

∂2T

∂2x
+ kpy

∂2T

∂2y
+

kPz
∂2T

∂2z
+

dqP

dt
−

dqfP

dt

ρnCn
dT

dt
= knx

∂2T

∂2x
+ kny

∂2T

∂2y
+

knz
∂2T

∂2z
+

dqn

dt
−

dqfn

dt

ρrCr
dT

dt
= krx

∂2T

∂2x
+ kry

∂2T

∂2y
+

krz
∂2T

∂2z
+

dqr

dt
−

dqfr

dt
dqP

dt
= JP(Eoc − U − T

dEoc

dT
)+ I2PRPP

dqn

dt
= Jn(Eoc − U − T

dEoc

dT
)+ I2nRPn

dqr

dt
= 0

JP = σcP�φP

Jn = σcP�φn

�φP =
Itp

σcphPSP

�φn =
Itn

σcnhnSn
= 0

Fig. 13 Schematic diagram of each part of the experimental 
device. a Experimental device; b Fiber Bragg Grating Temperature 
Sensor Distributed Sensing System; c Embedding method of FBG 
(Reproduced with permission from [86].  Copyright 2020, Chinese 
Journal of Lasers.)
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3.4  Strain sensor
For battery monitoring, strain is as important as temper-
ature because of uneven electrode stress accumulation, 
which reduces the capacity and power of the battery [86, 
87]. Electrode stress can usually be reflected by dimen-
sional changes or surface pressure of the electrodes and/
or the entire cell.

FBG sensors were implanted inside a battery to moni-
tor strain and temperature and it was found that there 
was a stable strain behavior inside the battery and the 
temperature difference between the inside and outside 
of the battery was about 10  °C during charge and dis-
charge cycles [88]. In [89], FBG sensors were implanted 
into the commercial 18,650 cells to monitor changes in 
temperature and pressure inside the cells, and it found 
that implanting FBG sensors did not affect the electro-
chemical performance of the cells after comparing the 
capacity retention of the cells with and without fiber 
optic sensor implantation for 100 cycles.

In [90], the functionality of the optical FBG sensor 
was enriched by adding optical FBG components, as 
shown in Fig.  14. Using the new method, the internal 
temperature, strain, and refractive index changes of 
the LIB can be detected simultaneously. It is foresee-
able that emerging FBG designs will continue to be less 
invasive while maintaining measurement fidelity. This 
offers a promising research direction.

However, due to the inherent ability of optical FBG 
sensors to simultaneously measure temperature 
and strain, the two variables are inherently coupled 
together and a reasonable decoupling method needs to 
be designed.

In [91], the coupling effect of strain was excluded by 
inserting a loosely arranged single-mode fiber optic 
sensor with a diameter of 150 μm into the middle of the 
jelly roll of a 18,650 cell, as shown in Fig. 15. The SMF-
FBG and micro-structured fibers were pre-bonded with 

Table 6 The application comparison of various embedded temperature sensors

Temperature Sensor References Advantage Disadvantage

Thermocouple [75]
[76]
[77]

Low cost
Small size and high sensitivity

Low precision
Poor stability

Thermal resistance

Thermistor [74]
[36]

High sensitivity
Small size
Fast response time
Low cost

Wiring is technically difficult

RTD

FBG [78]
[79]
[80]
[83]
[84]

Small size
Anti electromagnetic interference
Corrosion resistance
It can be multiplexed

Exposed optical fiber is 
fragile and needs to be 
packaged

Core FBG
Surface cladding FBG

Separator

Glass fiber drenchedin 
electrolyte

Fig. 14 FBG sensor with added optics (Reproduced with permission 
from [72]. Copyright 2019, Batteries-Basel.)

MOF SMFCore

Rings

MOF

Needle

Cladding

Core

SMF

(+)

(-)

Fig. 15 Schematic diagram of the 18,650 battery embedded with a 
single-mode fiber optic sensor (Reproduced with permission from 
[73].  Copyright 2020, Nature Energy.)
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parallel pins to ensure consistent sensing in position. 
The optical FBG sensor was then passed through the 
pre-drilled hole into the center void of the jelly roll. For 
insulation purposes, the interface between the cell and 
the needle was further sealed with epoxy. By using the 
above structure, simultaneous decoding of battery tem-
perature and pressure can be achieved.

In [92], a hybrid sensing network was proposed to dis-
criminate between strain and temperature inside a Li-ion 
battery, as shown in Fig. 16. The hybrid sensor consisted 
of an FBG sensor and an FPI sensor capable of measuring 
both temperature (δT) and strain (δε). It was also found 
that the strain variation was related to the temperature 
variation. The results showed that the higher strain vari-
ation was caused by the higher temperature variation. 
By comparing the experimental results obtained at three 
different positions, the effectiveness and feasibility of 
the discrimination method proposed in this study were 
proved.

The classification of embedded sensors and their prac-
tical applications are shown in Table 7.

Fig. 16 Schematic of the hybrid sensor and experimental setup. a 
Hybrid sensor; b Experimental device (Reproduced with permission 
from [94].  Copyright 2019, Journal of Power Sources.)

Table 7 Classification of embedded sensors and their practical 
applications

Embedded Sensors Reference Classification Practical limitations

Current sensor [67] Based on the 
second-order RC 
design

The current needs to 
be calibrated accord-
ing to Ohm’s law, 
and errors may occur 
in actual operation, 
which will affect the 
accuracy

Voltage sensor [73] Three in one micro 
sensor

It has no effect on 
the performance of 
the battery, but the 
design is complicated 
and the operation 
technology is difficult

Temperature Sensor [36]
[74]
[75]
[76]
[77]
[78]
[79]
[80]
[83]
[84]

Thermocouple
NTC
Thin film RTD
FBG

In practical applica-
tion, there may be 
potential impact on 
the long-term cycle 
life of the battery
In practical applica-
tions, the size of the 
sensor and the design 
of the energy storage 
device are difficult 
to be compatible, 
which may affect the 
performance and 
long-term cycle life 
of the energy storage 
device
In practical applica-
tion, there are prob-
lems such as complex 
manufacturing 
process and difficult 
installation
In practical applica-
tions, due to the rela-
tive fragility of optical 
fiber, other packaging 
measures such as cor-
rosion resistance and 
ensuring the stability 
of optical fiber need 
to be considered

Strain sensor [85]
[88]
[89]
[90]
[91]
[92]

FBG
FBG sensor with 
added optics
SMF-FBG
(FBG-FPI

In practical applica-
tions, since the two 
variables, tempera-
ture and strain, are 
intrinsically coupled 
together, a reasonable 
decoupling method 
needs to be designed
In practical applica-
tions, the two vari-
ables of temperature 
and strain can be 
decoupled, but this 
will also lead to dif-
ficult design problems
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3.5  Fiber optic sensor
Through the above comparative analysis, it can be seen 
that the fiber optic sensor FBG has the advantages of 
lightness, electrical insulation, anti-static discharge, 
anti-electromagnetic interference, and high-sensitiv-
ity distributed testing of multi-parameters (such as 
temperature and strain) in both non-embedded and 
embedded sensors [93–95]. The advantages of this will 
ensure that this will be a development trend. For the 
sake of completeness, fiber optic sensors are further 
described below.

In addition to sensitively measuring the temperature 
and strain of novel energy storage devices, fiber optic 
sensors can also measure parameters that are directly 
related to the SOC and SOH, enabling their estima-
tion [96]. Among them, optical FBG sensors have been 
widely studied and used to measure parameters such 
as local static and fluctuating temperature, strain, and 
refractive index (RI) in electrochemical systems that are 
highly correlated to the state of energy storage devices. 
An FBG sensor consists of a short length of single-
mode fiber with a photo-induced periodic modulation 

of RI in the core, typically a few millimeters in length. 
When the FBG sensor is illuminated with a broadband 
optical signal, as shown in Fig.  17a, the wavelength of 
the reflected signal can be given as:

where � is the grating period, neff  is the effective RI of the 
fiber core, and �B is the so-called Bragg wavelength.

When the FBG sensor is externally affected, taking 
temperature T  (Fig. 17b) and strain ε (Fig. 17c) as exam-
ples, the responses to temperature change �T  and strain 
change �ε can be determined by:

where �B is the shift in the Bragg wavelength, α and ξ 
are the thermal expansion and thermo-optic coefficients 

(2)�B = 2neff�

(3)

��B = �B

(

1

neff

∂neff

∂T
+

1

�

∂�

∂T

)

�T = �B(α + ξ)�T = KT�T

(4)

��B = �B

(

1

neff

∂neff

∂ε
+

1

�

∂�

∂ε

)

�ε = �B(1− pe)�ε = Kε�ε

Fig. 17 Operating principle of optical fiber sensor. a Only the light signal illuminates the FBG sensor; b Affected by temperature; c Affected by 
strain (Reproduced with permission from [96].  Copyright 2022, Energy & Fuels.)
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of the optical fiber material, respectively. Pe is the pho-
toelastic constant of the fiber, while KT and Ke are the 
temperature and strain sensitivities, respectively.

On the basis of the FBG sensor, the tilted fiber Bragg 
grating (TFBG) sensor has a special configuration, which 
can enhance the sensitivity of the surrounding refrac-
tive index (SRI). In [97], a TFBG sensor was adopted to 
detect SOC for supercapacitors. In a typical TFBG sen-
sor, as shown in Fig. 18, the tilt angle θ induces efficient 
coupling of partially transmissive core modes with either 
co-propagating or counter-propagating cladding modes, 
depending on θ.

Reference [98] investigated the reflectivity of com-
mercial graphite anodes and conducted fiber-optic eva-
nescent wave spectroscopy of electrochemically lithiated 
graphite in Swagelok lithium-ion batteries and found 

similar SOC-dependent trends. This indicates that the 
SOC of Li-ion batteries can be measured by embedded 
fiber-optic sensors. Reference [37] integrated fiber-optic 
sensors with cylindrical and pouch-shaped lithium bat-
teries, and demonstrated a fiber-optic evanescent wave 
sensor integrated with a graphite anode to solve the 
problems of electrode lifetime attenuation and deforma-
tion. Being able to do this is important in monitoring the 
SOC and SOH of Li-ion batteries.

The change of SRI can be measured by detecting the 
change of the grating transmission spectrum of the 
TFBG, which can effectively detect the SOC of the super-
capacitor. Reference [97] demonstrated for the first time 
a surface plasmon resonance (SPR)-based fiber-optic 
sensor for monitoring electrochemical activity in super-
capacitors. From this, a new fiber optic sensor named 

Optical fiber
TFBG sensor

Cross section of 1 8650 cell

+-

Fig. 18 Schematic diagram of a typical TFBG sensor (Reproduced with permission from [99]. Copyright 2018, Light: Science & Applications.)

OSA
Optical signals
Electric signals

BBS Polarizer PC

Circulater

3

1 2

Optical fiber

Computer

Electrochemical
workstation

WE

CE

RE

Supercapacitor
Fig. 19 Schematic diagram of the experimental setup of the TFBG-based SPR fiber optic sensor (Reproduced with permission from [99]. Copyright 
2018, Light: Science & Applications.)
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TFBG-based SPR was proposed for in-situ monitoring 
of supercapacitor SOC. The proposed plasmonic TFBG 
sensor was attached to one electrode of the supercapaci-
tor to monitor the electrochemical activity. Figure  19 
shows the experimental setup. The study measured the 
charge density and the SOC, and the results showed 
that the spectral response of the SPR mode of TFBG was 
directly related to the charge density and SOC of the 
supercapacitor. Therefore, by detecting changes in the 
position and intensity of the reflection spectrum, changes 
in charge density and SOC during charge and discharge 
can be monitored.

In [99], a method based on localized surface plasmon 
resonance (LSPR) was first proposed for SOC monitoring 
of supercapacitors. Gold nanoparticles were deposited 
on the core of a multimode fiber to create an LSPR sens-
ing area (10 mm), and a silver mirror was coated on the 
end of the fiber (2 mm), as shown in Fig. 20a. The SOC 
was monitored using a three-electrode supercapacitor, 
as shown in Fig. 20b. Ag/Ag/Cl was used as the reference 
electrode (RE), Pt was used as the counter electrode (CE) 

and  MnO2 based on carbon fiber fabric was used as the 
working electrode (WE), while the LSPR fiber optic sen-
sor was hooked near the electrodes. The LSPR sensor was 
used for real-time online SOC monitoring of electrodes 
in supercapacitors during charging and discharging, and 
it found that the intensity shift of the LSPR spectrum had 
a good linear relationship with the SOC of the electrode.

The various optical sensors based on fiber optic sen-
sors have excellent performance in both measuring 
highly state-dependent parameters such as temperature 
and strain of various batteries and supercapacitors, and 
directly characterizing the SOC and SOH. A summary of 
various fiber optic sensing methods is shown in Table 8.

3.6  Challenges and outlook
Safety and stability are the keys to the large-scale appli-
cation of new energy storage devices such as batteries 
and supercapacitors. Accurate and robust evaluation can 
improve the efficiency of power storage cell operation 
[130, 131]. Therefore, a method to obtain high-precision 
parameters that are highly correlated with their states is 

Fig. 20 LSPR optical fiber sensor. a Schematic structure; b Experimental setup for SOC monitoring (Reproduced with permission from [102]. 
Copyright 2020, Nanophotonics.)
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crucial. Currently, various sensing systems are flourishing 
in academia and industry, further improving the reliabil-
ity of various new energy storage devices. However, sev-
eral challenges remain in advancing the development of 
sensing systems.

1. The noise immunity of current and voltage sensors is 
a challenge as any disturbances can affect the quality 
of management, and almost all management strate-
gies rely directly on such measurements. Although 
some advanced algorithms can be used to partially 
reduce the impact of disturbances on measurement 
quality, given the distributed nature of smart energy 
storage device management, the corresponding costs 
will be greatly increased.

2. Most of the important parts of the adopted methods 
are based on laboratory data, so there will be certain 
deviations and uncertainties in practical application. 
The measurement errors of these sensing systems 
and the resulting substantial errors in the algorithms 

can impact accuracy and robustness. In the future, it 
may be well to consider combining the adaptive for-
getting recursive full least squares technique with a 
state observer (such as the Luenberger observer) to 
reduce the generated noise.

3. Embedded sensors can greatly simplify some data 
acquisition tasks, e.g., the temperature inside the bat-
tery can be directly measured, thus avoiding the tedi-
ous design of complex algorithms. However, this will 
lead to an increase in the cost of the entire system, so 
is an important factor in ensuring practicability and 
popularity.

4. Embedding sensors in practical new energy storage 
devices without affecting the performance is also a 
challenge. Optical fibers, for example, have demon-
strated the advantages of high stability, corrosion 
resistance, and immunity to electromagnetic inter-
ference, but they are susceptible to severe bending or 
vibration in practical application, and this can seri-
ously affect their performance. Therefore, effort is 

Table 8 Summary of applications of various fiber optic sensing methods

Fiber Optic Sensor Reference Classification Measurement parameters Application object

Optical Fiber
Grating Sensors

[97]
[100]
[101]
[102]
[103]
[104]
[105]
[106]
[107]

FBG Temperature; Strain;
RI;
Flow Change

Battery/supercapacitor

TFBG SOC

Optical Fiber
Grating Sensors

[108]
[109]
[110]
[111]
[112]
[113]
[114]
[115]
[116]
[117]
[118]
[119]
[120]
[121]
[122]

MZI Temperature; Strain Battery

FPI Strain;
SOC

Optical Fiber
Evanescent Wave
Sensors

[123]
[124]
[125]
[126]

OFEW Electrolyte Density;
SOC/SOH

Battery/supercapacitor

SPR SOC

LSPR SOC

Optical Fiber
Photoluminescent
Sensors

[80]
[127]

Phosphorescence Intensity
Measurement

Oxygen concentration Battery

Fluorescence Intensity Measurement Temperature

Fluorescence Lifetime Measurement Temperature

Optical Fiber
Scattering Sensors

[128]
[129]

OFDR Temperature; Strain Battery
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needed to ensure the stability of fiber optic sensors as 
well as reasonable amplification and deployment.

5. There is a lack of connectivity between the fiber 
optic sensing system and the BMS algorithm and 
this results in inaccurate and time-consuming con-
vergence rates. The interface and communication 
between the fiber optic sensor and the BMS could be 
improved by integrating electronic devices with the 
BMS hardware and appropriate networking technol-
ogies to accurately transfer the measurement infor-
mation to the BMS.

6. Improving more dimensional information for next-
generation BMS systems is also a challenge for sens-
ing systems. In response to this problem, different 
optical fiber sensors could be integrated into one to 
achieve multi-channel measurement. At the same 
time, the distributed optical fiber sensing method 
could be adopted to achieve simultaneous high-sen-
sitivity and high-precision measurement of multiple 
parameters in time and space.

Addressing these challenges will significantly contrib-
ute to the development of future sensing systems, and 
thus is crucial for the development and application of 
various novel energy storage devices.

4  Conclusion
In this paper, the measurement of key parameters such 
as current, voltage, temperature, and strain, all of which 
are closely related to the states of various new energy 
storage devices, and their relationship with the states of 
those devices are summarized and explained, mainly for 
non-embedded sensors and embedded sensors. Among 
them, non-embedded sensors diagnose their states by 
simply detecting a few characteristic signals such as 
external temperature, current, and voltage. They have 
the characteristics of simple operation and nondestruc-
tive measurement. However, it is not possible to sense 
the internal "black box" comprehensively to achieve early 
warning of safety accidents from the root. Integrated, 
miniature, embedded current/voltage sensors can meas-
ure parameters such as distribution currents and over-
potentials that cannot be measured by external sensors, 
thus providing richer and more valuable information 
for managing the performance of new energy storage 
devices. Among them, fiber optic sensors have a greater 
advantage in both embedded and non-embedded meas-
urements, especially for parameters such as temperature 
and strain. These parameters are not only used to track 
the dynamic chemistry of parasitic reactions but also of 
great relevance for use in predicting the SOC and SOH 

of batteries and supercapacitors as well as for end-of-life 
or predicting thermal runaway. Thus, composite sen-
sors not relying excessively on complex algorithms while 
combined with fiber-optic sensors will be a research 
trend.
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