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Abstract
The safety of lithium-ion batteries is an essential concern where instant and accurate temperature sensing is critical. It is 
generally desired to put sensors inside batteries for instant sensing. However, the transmission of internal measurement out-
side batteries without interfering their normal state is a non-trivial task due to the harsh electrochemical environment, the 
particular packaging structures and the intrinsic electromagnetic shielding problems of batteries. In this work, a novel in-situ 
temperature sensing framework is proposed by incorporating temperature sensors with a novel signal transmission solution. 
The signal transmission solution uses a self-designed integrated-circuit which modulates the internal measurements outside 
battery via its positive pole without package breaking. Extensive experimental results validate the noninterference properties 
of the proposed framework. Our proposed in-situ temperature measurement by the self-designed signal modulation solu-
tion has a promising potential for in-situ battery health monitoring and thus promoting the development of smart batteries.
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1 Introduction

Lithium-ion batteries (LIBs) played an important role in 
energy strategies from fossil fuels to renewable energy [1, 2]. 
Owing to higher energy density, high nominal voltage, long 

service life and low cost, LIBs have been widely applied in 
communication technologies, aerospace and electric vehi-
cles [3]. However, due to self-ignite and explosive events 
with sharply raised temperature over past decade, the safety 
of LIBs is an essential concern which need to demand the 
markets [4, 5]. Therefore, instant and accurate internal infor-
mation measuring of LIBs is very important.

The complex internal multi-field coupling behaviours dur-
ing the electrochemical cycles would significantly influence 
the state of health (SOH) of the LIBs [6–9]. It is essential 
to analyse and monitor the SOH of the LIBs to obtain inter-
nal information, especially temperature and strain [10–12]. 
Recently, the BATTERY 2030 + proposed the smart batter-
ies concept, which is based on newly embedded sensors for 
monitoring status changes in real time. Currently, the tem-
perature of the LIBs has been measured by using different 
methods, such as thermocouple [13–16], thermo-resistive 
[17–21], infrared camera [22–27], and optical fibre [28–32]. 
It is a critical challenge to obtain internal measurement that 
harsh electrochemical environment, the particular packaging 
structures and the excellent performance of the LIBs. Only a 
few methods have been applied to measure internal tempera-
ture of the pouch and cylindrical cells [16–18, 31, 32]. For 
the thermocouple [16] and thermo-resistive [17, 18], the soft 
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thin-film sensors with good chemical and thermal stability 
were preferred for avoiding physical damage to the elec-
trodes and separators. The optical fibre was used to measure 
the internal temperature of 18,650 battery that placed in the 
centre of jelly roll [31, 32]. But optical fibre was too harsh 
for the thin electrodes, causing damage on electrodes [33]. 
During the charging and discharging processes, the site of 
optical fibre has shifted resulting inaccurate temperature 
measurement that caused by electrode deformation and opti-
cal fibres have an impact on the performance of the battery. 
In order to decrease impact, thin film sensors were located 
between the electrode and aluminium laminated films that 
the ionic flow would not be affected between electrodes, 
which could not monitor the actual internal temperature. 
On the other hand, the thin film sensors were attached on 
the electrodes resulted in the electrochemical problem, such 
as plating [17]. So, electrochemical stability and accurate 
temperature measurement are need to be urgently solved. 
Recently, a novel embedded method was developed by Chen 
et al. [18] that a small region of the active materials on the 
positive was removed for placing the thin film sensor. The 
configuration can weaken effect of the sensor on the capac-
ity loss and damage of the active materials. The long-term 
cyclic experimental results show that the cell with inserting 
thin film sensor could remain a good cycling performance 
compared with the normal cell. Up to now, the internal 
thermal information measurement of the commercial LIBs 
has been carried out successfully. The conventional wired 
transmitted way is adopted, while the cable destroys the seal-
ing of the packaging structures, especially for the cylindri-
cal cells. However, it is nontrivial to transmit the internal 
measurement outside LIBs due to the particular packaging 
structures of LIBs. The location between the top cap and 
the steel can be cut to put the sensor into the jelly roll and 
make the signal transmitter by the cable [31, 32]. However, 
the transmission of internal measurement outside batteries 
without interfering their normal state is a non-trivial task 
due to the harsh electrochemical environment, the particu-
lar packaging structures and the intrinsic electromagnetic 
shielding problems of batteries.

In this paper, in-situ internal temperature field was meas-
ured by a novel and facile method based on temperature 
sensor and wireless transmission, which overcome signal 
transmission barrier through shell and instability. The wire-
less transmission was firstly used in internal field meas-
urement of battery. The signal transmission was used by a 
self-designed integrated-circuit which modulates the inter-
nal measurements outside battery via its positive pole with-
out package breaking. This method has no evident impact 
on battery, especially electrochemistry performance. The 
stability of battery and wireless sensor were verified by a 
series of tests, including electrochemical impedance spec-
troscopy (EIS), charge–discharge cycle, and in-situ internal 

temperature field under different states. In-situ wireless sen-
sors have provided a new strategy for battery manufacturers 
for existing technology as well as facilitating future innova-
tion in design and management, which can offer thermal 
runaway warning for battery safety.

2  Experiment

2.1  Wireless transmission design 
and manufacturing

A novel wireless transmission is urgent to be developed 
for measuring and transmit temperature signal. So, self-
designed chips were used for wireless signal transmission 
based on electromagnetic signal transmission by chip car-
rier. The temperature sensing and transmitting circuit con-
sists of three parts in Fig. 1, temperature sensors as Part (a), 
data transmission as Part (b) and signal recovery as Part 
(c). Temperature sensors played role of temperature sensing 
where a Wheatstone bridge circuit is adopted to connect to 
the temperature sensor. Once there is a temperature vari-
ance, the temperature sensor generates a certain resistance 
variance which is captured by the Wheatstone bridge circuit. 
The sensors have been used and calibrated in our previous 
work [27]. During the calibrate process, the sensors are put 
in a standard thermostat (DGBELL-BTT-150B) which pos-
sess 500 mm × 500 mm × 600 mm inner space, and could 
realize precise temperature control. Then, the resistances of 
the sensors are collected by the resistance test instrument 
(HPS5132), and the resistance–temperature relationship of 
the sensor are established. Subsequently, the analog-to-digit 
(ADC) chip converts the analogy Wheatstone variance to 
digits. These digits are to be transmitted to the outside of 
power cell via data transmission. This is a hard but the key 
part of the temperature sensing and transmitting circuit. Due 
to limited space of circuits, a full function of signal transmit-
ting circuit, whose mechanical size could be larger than that 
of a power cell, cannot be mounted inside the power cell. 

Fig. 1  Schematic illustration of wireless signal transmission. a Tem-
perature sensing, b data transmitting and c signal recovery
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Hence, a very simple signal transmitting circuit is designed 
for our application. For the current in-situ system, the accu-
racy of the sensor is 0.05 ℃, the space between two sensing 
point on the sensor is 5 mm and the collection frequency of 
the resistance tester is 4 Hz. However, the resolution and 
accuracy of the system could be improved by using more 
accurate collect instruments.

It is obvious that the modulated signal is very weak due 
to the fact that there is a large attenuation via the positive 
pole of power cell. That is, a receiver is expected to recover 
the temperature information via the weak signal-to-noise 
ratio (SNR) signal. In signal recovery, the modulated signal 
is captured via the receiver antenna, and a signal recovery 
algorithm is designed to recover the temperature variance 
via the modulated signal. However, compared to the task of 
data transmitting circuit inside the power cell, the receiver 
designation is not a hard one because there is no limitation 
of size or power consumption outside power cell. In short, 
based on the temperature sensing in Part (a), data transmis-
sion in Part (b) and data recovery in Part (c), a temperature 
sensing system is implemented to capture inner tempera-
ture variance inside a power cell. The wireless transmission 
technology provides an alternative method to solve trans-
mitted problem and was used to transmit internal signal to 
computer.

2.2  Integrated wireless sensor into cylindrical 
battery

Figure 2 showed schematic diagram of the 21700 lithium-
ion battery (21700 LIB) with inserted wireless sensor into 
the jelly roll. A small region of the positive active mate-rials, 
about 320  mm2 (8 mm × 40 mm), was removed by N-Methyl 
pyrrolidone (NMP) to expose Al foil to integrated thin-film 
sensor. Thin-film temperature sensor tied chip, width of 
5 mm, was put on the surface of the Al current collector. 
Then positive electrode with wireless sensor, negative elec-
trode and separator were winded together to form cylinder 
and put into steel shell. The 21700 LIB was assembled and 
injected electrolyte in the argon-filled glovebox with  H2O 
and  O2 concentrations < 0.1 ppm. The electrolyte was 1 M 

 LiPF6 with the volume ratio of EC:DMC = 1:1. And, a 21700 
LIB without integrated wireless sensor were also fabricated 
with above steps. The wireless sensor was composed of thin-
film temperature sensor, chip and demo board, realized sta-
ble signal transmission, as shown in Fig. S1.

2.3  Measurement method

All the 21700 LIBs, which  LiFePO4 and graphite were used 
as positive and negative electrode, were tested with the volt-
age between 2.8 and 3.4 V by the battery testing system of 
Neware instruments. The electrochemical impedance spec-
troscopy (EIS) measurements were tested by a BioLogic 
VMP3 instruments with frequency range from 102 kHz to 
0.01 Hz. The internal temperature was measured by wireless 
sensor and surface temperature was tested simultaneously 
by thin film sensor. All the temperature measurement and 
charge–discharge process were executed at the same time. 
In-situ temperature measurement with thin film sensor was 
connected with the resistance acquisition system by a printed 
circuit board (PCB), recorded resistance value.

3  Results and discussion

3.1  Effect of wireless sensor on the battery

The X-ray tomography images of sensor in cylindrical cells 
were shown in Fig. S2, which displayed the location of 
sensor and chips. In order to demonstrate electrochemical 
stability of 21700 LIBs with wireless sensor, the electro-
chemical performances were tested by Neware instrument 
and electrochemical workstation. The batteries with wireless 
sensor were named integrated batteries and normal batteries 
without wireless sensor. As shown in Fig. 3, integrated bat-
teries have exhibited similarly capacity at the current density 
of 1500 mA compared to normal batteries without wire-
less sensor. The discharge capacity of integrated batteries 
has shown a slightly attenuation at the first cycle in Fig. 3a 
due to remove a small area of the active materials to embed 
sensors, reduced form 1.19 Ah to 1.16 Ah. The capacity 
of integrated batteries was stable during 100 cycles, which 
verified that the wireless sensor had no evident impact on 
battery. In addition, normal and integrated batteries were 
cycled at the current density of 1.5 A. From the Fig. 3c, 
the discharge capacity of the normal batteries dec creased 
form 1.19 Ah to 1.15 Ah, which were 3.3% capacity reduc-
tion. But the integrated batteries have kept relative capacity 
and good stable cycle performance, contain at 1.16 Ah. The 
coulombic efficiency was close to 99.9%. The above results 
demonstrated that integrated wireless sensor has exhibited 
almost no effect on the capacity and cycle performance. To 
evaluate the effects of integrated wireless sensor of LIBs, the 

Fig. 2  Schematic of 21700 lithium-ion battery with embedded wire-
less senor in the core of the cell
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normal and integrated batteries were analysed under differ-
ent cycles by the electrochemical impedance spectroscopy 
(EIS). The Nyquist curves of normal and integrated batteries 
with 1st and 100th cycle were displayed in Fig. 3b. Intersec-
tion point with Z’ axis represents internal resistance which 
mainly related to ohmic resistance of electrolyte and internal 
resistance of the electrodes. Form the Fig. 3b, intersection 
point shifted a slightly due to little changes in the contact 
between the electrodes which may be caused by integrated 
wireless sensor into cathode. The semicircles were related to 
the solid electrolyte interface and resistance of charge trans-
port charge transport. In the low frequency, it corresponded 
to the Li-ion diffusion in the solid electrodes. The EIS data 
of the normal and integrated battery became slightly larger 
due to electrode structure changed with cycling. And the 
behaviours in each frequency with normal and integrated 
batteries had similar changes that demonstrated the inte-
grated wireless sensor has no significant impact on battery. 
Considering cycle performance and EIS, it can be verified 
that this novel method, integrated wireless sensor, had lit-
tle impact on the electrochemical performance of batteries.

3.2  The temperature measurements of the battery

For the purpose of measuring the temperature changes of 
integrated batteries, the internal temperature and surface 
temperature were tested by wireless sensor and surface sen-
sor on battery shell, respectively. As shown in Fig. 4, the 
measured temperature changes, internal and surface tem-
perature, were tightly consistent with charged and discharged 
process. It is noted that the response and transmission time 
of the wireless sensor were sufficient to receive the inter-
nal temperature. Owing to the hostile environment of the 
battery, the stability of wireless sensor is very important, 
which can offer in-situ temperature measurement stably 
under a long-term cycle. From the Fig. 4a, the internal tem-
peratures of 1st cycle and 100th cycle were measured at the 
constant current of 1500 mA. Even though no difference was 
observed between first cycle and 100th cycle, it is clearly 
stated that the wireless sensor can maintain the stable per-
formance under the long-cycle condition in the corrosive 
environment of battery. So, it is certified that the corrosive 
environment of battery has no effect on the wireless sensor.

Furthermore, the temperature of 21700 LIBs changed 
with charge–discharge rate. As shown in Fig. 4b, the inter-
nal and surface temperature increased as the result of heat 

Fig. 3  Electrochemical performance of 21700 lithium-ion battery with or without wireless sensor. a The charge–discharge curves. b The electro-
chemical impedance spectra. c The charge–discharge cycles and coulombic efficiency at the current density of 1500 mA
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generate during charge–discharge processes with different 
current density of 0.5C, 1C and 2C. Neither internal nor 
surface temperature increased continually with the increase 
of C rates. In Fig. 4b, c, the maximum temperature rise can 
reach about 8 °C and the maximum internal temperature 
was nearly 36 °C. Even though no lag was observed between 
the internal and surface temperature, it is shown that in all 
rates the internal temperature is significantly higher than 
surface temperature. The average temperature difference 
between the internal and surface in Fig. 4d were caused by 
the thin film sensor sites and small radial thermal conduc-
tivity of cylindrical battery. And in all cases presented the 
temperature of discharge process is significantly higher than 

that of charge process. But the internal temperature would 
decrease during the charge process. In order to simulate the 
real work conditions, the battery was tested under a non-
adiabatic condition, thus the heat generated was not enough 
to make the temperature rise due to the heat dissipation 
during the constant voltage charge process. These results 
show the typical non-equilibrium thermal process inner the 
LIBs during the electrochemical cycles. The temperature is 
various with the position changes along the radial direction 
of the 21700 LIBs, the heat exchange of the battery with 
the environment could also influence the temperature field 
evolution. However, the wireless sensor can measure accu-
rately the internal temperature and transmit stable signals, 

Fig. 4  Temperature measurements. a The internal and surface temperature between the 1st cycle and 100th cycle. b The internal and surface 
temperature distribution with different rates. c The highest temperature in internal and surface of integrated battery. d The average temperature 
difference between internal and surface of integrated battery
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and the sensors could inserted at the difference locations 
along the radial direction of the battery, and could be used 
to in-situ study the non-equilibrium thermal process. Conse-
quently, this method, integrated wireless sensor, provides a 
new perspective to manufacturers to improve battery design, 
such as safety and performance improvement. Consequently, 
this method, integrated wireless sensor, provides a new per-
spective to manufacturers to improve battery design, such as 
safety and performance improvement.

4  Conclusions

In summary, a novel in-situ method by integrated wireless 
sensor that signal transmission was used by a self-designed 
integrated-circuit, was proposed to measure internal temper-
ature of battery. The integrated wireless sensor has almost 
no effect on the electrochemical performance, which was 
demostrated by EIS and charge-dicharge cycle. The wire-
less sensor can measure accuratly the internal temperature 
and transmit stable signal in real-time with different cur-
rent rates. The significant divergence between internal and 
surface of battery temperatures was caused by small radial 
thermal conductivity of cylindrical battery, which demon-
stated the internal temperature can better reflect the state of 
health of the battery. So this in-situ measurement by wire-
less sensor has the potential to drive improvement in bat-
tery management systems to maintain excellent performance 

and understand state of health during deployment in actual 
scenarios.

Furthermore, we can develop this wireless sensor 
method to measure all internal information that use to 
monitor battery status in realtime. When different kinds 
of sensors are integrated into multiple sites of battery 
in Fig. 5a, temperature, stress and gas signal will been 
obtained in the same time. In-situ real-time monitor-
ing through smart sensors is invaluable to researchers 
and engineers, which is attribute develop an intelligent 
responsive battery management system. The smart sen-
sors and intelligent management system can promote the 
realization of digital twins in Fig. 5b. The wireless sensor 
technology will be used to realize the early warning of 
battery thermal runaway, as shown in Fig. 5c. The wire-
less sensor technology is consistent with concept of smart 
battery and smart management, which can inspired by the 
medical science by developing self-healing to improve 
battery lifetime and safety in practice in Fig. 5d. The 
wireless sensor technology that combined with artificial 
intelligence, robotics and smart system, would contribute 
to achieve ultrahigh-performance, safe and affordable bat-
teries. In a word, it is foreseen that the wireless sensing 
technology can be extended to monitor all internal filed 
signal, intelligently battery management and digital twin.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10409- 021- 01103-0.

Fig. 5  Propescts. a In-situ monitor internal information of battery. b Digtal twin of battery with all information. c The early warning of battery 
thermal runaway. d Intelligent management (self-healing) of battery
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