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ABSTRACT

Uncertainty in the measurement of key battery internal states, such as temperature, impacts our understanding of
battery performance, degradation and safety and underpins considerable complexity and cost when scaling-up
battery components into complete systems. Our research presents a systematic methodology for the engineer-
ing of a commercially available cylindrical cell format to accept in-cell instrumentation. We have developed
bespoke cell opening methods and unique fixtures that facilitate a reliable instrumentation process. Extensive
experimental results are presented that highlight the performance of both the sensor and the lithium-ion battery
are not adversely affected by instrumentation. Our modified test cells were evaluated the energy capacity and
impedance for a range of different electrical loading conditions and compared to a set of reference or unmodified
batteries. The longer-term implications of embedding instrumentation within a battery are also evaluated with
cell performance evaluated after a period of calendar and cyclic ageing. Our study demonstrates the importance
of internal temperature monitoring during cell operation by comparing internal and surface temperatures
measurements. We found that the internal temperature is consistently and notably higher than surface tem-
perature during cell characterisation and when the cell was electrically loaded with a dynamic real-world profile
derived from an electric vehicle. No significant effect on the electrochemical performance of the instrumented
cells was observed. Measurement data demonstrates that there is a negligible reduction in energy capacity and

only a marginal increase in internal resistance.

1. Introduction

Many countries have publicly committed to decarbonise their
transport systems between the years 2030-2050 [1]. This requirement
mandates the electrification of multiple sectors and the use of battery
technology to replace traditional fossil fuels. A complete battery system
will often consist of many hundreds of lithium-ion batteries (LIBs)
combined electrically. Cell-to-cell manufacturing variations, combined
with the impact factors including interconnection resistance and tem-
perature differences between cells makes the management and moni-
toring of key battery states, such as state of charge (SOC) and state of
health (SOH) a highly challenging task and one where there is no uni-
versally accepted solution [2,3]. Currently, many battery parameters are
estimated through a combination of mathematical modelling and data
collection using traditional surface-mount sensor technology (e.g.,

temperature, voltage and current). The challenges with this approach
are three-fold. Firstly, the mathematical model employed is tightly
coupled to the physical format and electrochemistry of the battery.
Secondly, the fidelity of the model is often limited and will not represent
many physical phenomena. Finally, the accuracy and robustness of
battery state estimation is known to reduce as the battery ages and its
electrochemical properties change. Lack of understanding of cell inter-
nal processes and the inability to measure internal parameters underpins
considerable complexity and cost when scaling-up battery components
into complete systems, e.g., for electric vehicles (EVs). The uncertainty
of measuring SOC directly impacts the estimation of driving range and
the ability to fast-charge the vehicle. The problem is more acute for
future all-electric aircraft. Regulatory bodies mandate that redundancy
must be included, in the form of additional battery capacity, to ensure
safe aircraft operation.

Abbreviations: EV, electric vehicles; LIB, lithium-ion batteries; OCV, open circuit voltage; SOH, state of health; Z, internal impedance; FBG, Fibre Bragg Grating;
CT, x-ray computed tomography; KN, alumel; KP/EP, chromel; RPT, reference performance test; DC, direct current; DCIR, direct current internal resistance; CC,

constant current; CV, constant voltage.
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There is a great interest in the field of battery sensing and SOH
evaluation. Research is often focussed on new methods of battery
management or characterisation techniques to underpin our under-
standing of LIB degradation or safety. Our research is focussed on
transforming the LIB from a passive component into a mechatronic de-
vice, through the integration of sensing, communication, and controller
hardware directly within the battery. The research presented here ad-
dresses the need to quantify internal cell temperature and the differen-
tial between internal and external cell temperatures during LIB
operation at the onset of battery life and after the battery management
has been subject to both calendar and cyclic ageing. The systematic
methodology employed to engineer the cells to accept the new tem-
perature sensor without adversely affecting energy capacity, internal
resistance and expected life are described in detail within this report.

The close coupling between thermal management and LIB perfor-
mance, degradation and safety has been the subject of considerable
research. For example, the presence of radial temperature gradients
inside a cylindrical cell have been studied by Zhang et al. [4], through
the placement of micro thermocouples within the jelly-roll. In their
study, the thermocouple tips were designed to be approximately 80 pm
in diameter, with a Parylene protective layer to prevent chemical
damage inside the cell. Smaller diameter thermocouples were available,
but their use was avoided due to their physical fragility. In the study by
Zhang et al. [5], was noted that poor thermal conductivity through the
electrodes and separator within the cross-plane direction (circa:1 W
(mK) ™) leads to high discrepancies between surface and internal tem-
peratures. During a 3C discharge, the internal temperature was found to
almost 5 °C higher than its reference surface thermocouple. Compared to
an unmodified cell, a minimal difference in cell voltage was observed
across a discharge cycle (within tolerances, <0.1 V). Although this
demonstrates the initial success of this instrumented cell, Zhang et al. do
not present results for testing the cell over a longer period of ageing.
Further, this study does not include any comparative analysis of capacity
or cell resistance variations that may arise due to in-cell
instrumentation.

As an alternative to thermocouple sensing, fibre optic sensing
methods have previously been suggested as a suitable method to mea-
sure the temperature within a LIB [6]. Typically, researchers use Fibre
Bragg Grating (FBG) sensors, which are often favoured for their
increasing commercial availability, comparatively low cost, chemical
integrity to reaction with cell electrolyte and immunity to electromag-
netic interference [7]. These distributed sensors offer improved spatial
resolution (e.g. a 2.6 mm resolution sensor was used by Yu et al. [6]) to
facilitate the distributed measurement of temperature over the surface
or within a larger format cell. However, these sensor types require costly
and physically large measurement equipment, prohibiting their
deployment within battery systems or complete battery packs. The thin
diameter of fibres, typically up to 200 pm [8] including cladding, means
they require only minimal disruption to the cell structure, although their
fragile nature usually mandates the use of additional sheathing. Di-
ameters of up to 1.6 mm have been reported in recent studies. However,
it is noted that reducing this dimension is a key point of interest within
this field of research [9]. Due to their fragility, delicate handling is
required during instrumentation. This further hinders deployment in
many end-use applications, where mechanical excitation such as vi-
bration or shock may damage the sensor.

Pioneering research that employed fibre optic sensors demonstrated
the need for careful core temperature monitoring during pack design.
Temperature differential of up to 5 °C (between cell internals and sur-
face) have been reported, when a cylindrical cell is charged at a modest
rate of 2.2C [10]. When a similarly instrumented cell was charged and
discharged at a rate of 1C, internal temperatures exceeded the surface
temperatures by between 3 and 6 °C, respectively. This leads the authors
to conclude that surface temperature measurements were not repre-
sentative or sufficiently comprehensive to understand cell performance
and to optimise battery system operation [11].
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Table 1
Previous relevant articles studying internal cell temperature.
Sensor type Cell type Experiment notes/findings Reference
Custom miniature 21700 Robust instrumentation into ~ This work.
thermocouple cylindrical centre of cell core.
Demonstrating need for
internal temperature
measurement.
Custom miniature 18650 Thermocouples radial Zhang et al.

thermocouples cylindrical distributed within jellyroll [4]
of cell to demonstrate poor
heat conduction from cell
core to surface.

Thermistor array 21700 Distributed sensing (10 mm  Vincent

cylindrical spatial resolution) along etal. [17]
core of cell. Investigating
gradients along length of
cell.

Thermistor array Pouch and Embedded flexible Fleming
18650 distributed sensing along etal. [18]
cylindrical the cell length.
cells Investigating in-situ and

operando thermal
behaviour.

Thermistor sensor 21700 Single resistive temperature  Yang et al.
cylindrical sensor deployed in cell with ~ [19]

wireless transmission
system.
FBG sensor A5 pouch Distributed sensing Yu et al.
(serpentine across internal [6]
area of pouch cell).
Demonstrating hotter and
cooler regions as cell cycled.

FBG sensor 18650 Proof-of-concept cell McTurk

cylindrical instrumentation. et al.
Demonstrating core [9-11]
temperature sensing, also
combining reference
electrode sensing.

FBG sensor Pouch (16 cm? Placement of sensor inside Novais

area) pouch, demonstrating et al. [20]
inhomogeneous heat
distribution across cell
active area.

Thermocouples Pouch Insertion of sensors inside Xu et al.
prismatic and pouch, prismatic and [16]
21700 cylindrical cells
cylindrical demonstrating internal

temperature detection of
thermal runaway.
Hard and soft Pouch Review the most recent Jinasena
Sensors cylindrical and studies of internal etal. [21]
prismatic temperature monitoring by

the comparison of hard
(required to be inserted into
the cell) and soft sensors
(uses estimation methods).

Fleckenstein et al. reviewed the harsh ageing conditions where in a
simulated cycle which included a 16C charge rate. Researchers noted a
significant temperature differential of around 20 °C between the internal
and external components of the cell at the end of the cycle [12]. Srini-
vasan et al. noted that abnormal ageing processes can occur due to
inadequate cooling and material/cell manufacturing tolerances [13].
Chombo et al. also highlighted that faster ageing can eventuate due to
non-uniform cooling [14]. Richardson et al. highlighted in order to
prevent these defects from leading to failure or excessive degradation at
the system scale, internal temperature monitoring is critical to identify
abnormal heat generation [15].

During thermal runaway experiments, Xu et al. found a significantly
greater temperature rise was experienced internally when compared to
that measured on the cell surface. At the peak of thermal runaway, the
internal temperature of the cylindrical cell exceeded 1220 °C (compared
to a surface temperature of only 600 °C), demonstrating the importance
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Sensor fabrication and calibration
B Cell modification

[ Sensor insertion into cell core

[0 Verification of instrumented cell performance

[ Verification of instrumented cells operation

Il Verification of degradation mechanism

Fig. 1. Cell instrumentation stages including verification tests performed in this work.

of measuring internal temperature, when investigating the onset of
thermal runaway [16]. Previous works on cell instrumentation that
include the experimental in-cell measurement of temperature are
included in Table 1. The summary highlights pertinent information such
as: cell format, sensor type and the experimental objective of the
research.

For the work reported here we have chosen to use bespoke ceramic
K-type thermocouple sensors for measuring internal cell temperature
conditions. Thermocouples are simple and robust sensors which can be
contained within protective tubing and can be deployed into a range of
harsh cell environments. The subject of sensor deployment was
reviewed in detail by Jinasena et al. [21], where it was noted thermo-
couples have proven to be reliable in and around commercial battery
packs. Thermocouples, e.g., K-type, are typically inexpensive to pro-
duce. High performance thermocouples with a measurement resolution
in the order of 0.03 °C and can cover wide operating range (up to
1200 °C) [22]. K-types are already mass produced and their contraction
and materials can be tailored to the application. Their temperature
dependent analogue output voltage can also be easily integrated with
precision laboratory measurement device and battery management
control hardware [23].

For in-cell instrumentation, entry to the cell via the negative terminal
is often preferred to minimise disruption to the internal components and
the cell safety mechanism. This mechanism includes pressure release cap
and PTC (if fitted) [24]. There have been previous reports of drilling into
the aluminium can of cylindrical cells. For example in Xu et al. [16] have
reported drilling into the can of cylindrical cell. However, limited in-
formation is detailed regarding the methodology, and in particular, the
steps taken to ensure that metal fragments or swarf do not enter the cell.
Such an occurrence would represent a safety concern, since metal
fragments could result in an internal short-circuit. The research also fails
to provide experimental results that demonstrate the long-term perfor-
mance of the instrumented cells.

A drilling technique involving a ‘plug cutter’ drill bit was developed
by Belt et al. [25]. The possible short circuit risk with metal shards was
identified by the authors. To counteract this issue a bespoke drill bit was
constructed with a hollow centre, thereby reducing the risk of metal
debris entering the cell. They used the method to instrument their cells

with reference electrodes to measure individual electrode potentials.
The study incorporated a procedure to monitor cell degradation, e.g.,
capacity fade and resistance rise. However, the authors acknowledged
that a longer-term durability study was not evaluated in their work.
Also, this initial research relied upon near-complete cell disassembly
where the sensors were inserted into the cells and then secured into
place using glue.

Our research extends these previous studies into methods of cell
modification to accept internal instrumentation. We have developed
bespoke cell opening methods and unique fixtures that underpin a
reliable instrumentation process. Extensive experimental results are
presented that highlight the performance of both the sensor and the cell
are not adversely affected by the instrumentation process. Our modified
test cells were evaluated the energy capacity and impedance for a range
of different electrical loading conditions and compared to a set of
reference or unmodified batteries. The longer-term implications of
embedding instrumentation within a battery are also evaluated with cell
performance evaluated after a period of calendar and cyclic ageing.

This paper is structure of the paper as follows. Cell instrumentation is
discussed in Section 2.

Section 2 discusses, in detail, the cell modification, instrumentation
and verification methodology adopted in this research. Results and
discussion are presented in Section 3, with further work and conclusions
provided in Section 4 and 5 respectively.

2. Experimental methodology

The process flow diagram in Fig. 1 illustrates the experimental stages
employed for cell instrumentation including: sensor fabrication, cell
modification and sensor insertion. The diagram highlights the different
verification stages for assessing cell performance, operation and ageing.

2.1. Sensor fabrication and calibration

Thermocouple devices were selected as suitable sensor types for in-
ternal cell instrumentation. In our research, the developed thermocou-
ples (research thermocouples) were fabricated using a twin bore ceramic
tube (1.55 mm diameter and 150 mm length). Material selection was
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Fig. 2. Research thermocouple fabrication process. (a) Assembly of bulged fitting on a ceramic tube, (b) assembly of bulkhead and bulged fittings, (c) insertion of
thermocouple wires into ceramic tube and covered with Teflon tubing, (d) welding of thermocouple wires.

Table 2
Calibration results from the three research thermocouples.

Accuracy (+°C)

Thermocouples Temperature (°C)

Reference A 19.90 24.80 29.76
Research thermocouple A 19.75 24.67 29.63
Reference B 18.99 24.05 29.12
Research thermocouple B 18.81 23.88 28.95
Reference C 18.43 23.47 28.60
Research thermocouple C 18.54 23.57 28.66

34.70 39.66 44.59 49.53 NA
34.56 39.54 44.48 49.41 0.29
34.21 39.29 44.36 49.44 NA
34.09 39.20 44.28 49.38 0.32
33.77 38.91 44.01 49.15 NA
33.84 38.98 44.10 49.21 0.25

based on affordability, the availability of the material to support po-
tential scale-up to volume production and the ability to measure a
suitable temperature range (e.g. 20 to 750 °C). K-type thermocouples
were used ensuring compatibility with industry standard measurement
equipment and the integration of the sensor into existing battery test
equipment. By constructing the thermocouples from first principles, we
were able to customise their dimensions to suit the physical re-
quirements of sensor insertion within the cell.

Custom fittings were designed and fabricated to facilitate a secure
housing for the sensor within the cell. An image of the research ther-
mocouple fabrication process is shown in Fig. 2. Stainless steel bulkhead
fittings, (Swagelok SS-100-1-OR), were employed to maintain the me-
chanical resilience of the cylindrical cells. As shown in Fig. 2(a), to
securely re-seal the cell after sensor insertion, the twin bore ceramic
tube was assembled with a threaded bulged tube. The parallel thread of
the bulkhead fitting was replaced with a bulged tube adapter as shown
in Fig. 2(b). The fitting was designed to enable the location of the
measuring tip within the cell cavity to be adjustable. This capability
supports the instrumentation of different commercially available cell
formats, such as 18650 or 21700. In this work, the bespoke fittings were
assembled 35 mm (mid-way along axial length of the cell). This distance
was selected to enable monitoring of temperature centrally within the
cell core, where a significant thermal difference is expected when
comparing against the measured surface temperature [9,10,26]. Chro-
mel alumel (KN and KP/EP) thermocouple wires were inserted into the
holes of the twin bore ceramic tube and covered with Teflon tubing as

shown in Fig. 2(c). Finally, Fig. 2(d) shows the thermocouple wires
welded using fine thermocouple welder (via RS PRO® fine thermo-
couple welder).

A total of three research thermocouples were fabricated. All research
thermocouples were calibrated within the temperature range of 20 °C to
50 °C, which covers the range of nominal cell operation [27]. Calibra-
tion was performed in a climate chamber (Binder MKF56). For precise
temperature calibration, a reference thermocouple (K-type, +0.5 °C
accuracy up to 50 °C) was fitted to each research thermocouple. The
temperature within the climate chamber was increased in steps of 5 °C,
at intervals of 120 min. Temperature measurements were made at a
sample-rate of 10 Hz via a data logger (TC-08, Pico Technology, UK).
The calibration results shown in Table 2 highlight that the research
thermocouples (Thermocouple A, B and C) show a good correlation to
the commercial reference device. The uncertainty from the measuring
system was found to be £0.143 °C and this is included in the accuracy
estimation of each sensor. Prior to inserting within the target cell, the
research thermocouples were dried within a vacuum oven for 6 h at
40 °C, to reduce humidity and to minimise the potential of introducing
moisture into the cell during the assembly process.

2.2. Cell modification

Commercial cylindrical cells LG-M50 (21700 format) were selected
for instrumentation. These cells are popular in automotive and energy
storage applications, due to their energy density and relatively long

Fig. 3. Images of the cell modification process. (a) Forming a hole on the negative terminal of LG-M50 cell, (b) tapping the hole, (c) image of the hole on the negative

terminal, (d) temporarily sealing for the primary verification and inspection.
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Fig. 4. X-ray computed tomography (CT) images of modified cell. (a) A side view of the negative terminal, (b) top view of negative terminal, (c) opening resealed

with a Nylon screw.

Fig. 5. Sensor insertion and instrumented cell testing. (a) Sensor alignment, (b) cell resealing, (c) instrumented cell testing.

cycle-life [28]. The cells comprise a NMC 811 formulation for the
cathode and a Graphite-SiO, anode. The manufacturer's datasheet de-
fines an energy capacity of 5 Ah and an operational voltage range of 2.5
V to 4.2 V [29]. Prior to modification, each cylindrical cell was dis-
charged to 3 V at a constant current rate of C/3 (process defined further
in Section 3.4) using a Bio-Logic VSP-300 Potentiostat. The reduced SOC
was selected to minimise potential safety hazards from short-circuits
that may result from inadvertently damaging the jelly-roll caused by
incorrect cell opening or sensor insertion. To support this study, three
LG-M50 cells were instrumented.

The cell opening procedure was conducted within an argon-filled
glove box, where Ojzand H,0O concentrations were maintained below
0.1 ppm. The cell modification process is shown in Fig. 3. The first stage
is to form a pilot hole located in the centre of the negative terminal, to
guide a threading tap. This hole provides access directly into the hollow
mandrel of the cylindrical cell (@ 3 mm by CT scanning), forming a
reliable instrumentation port without causing significant mechanical
damage to the integrity of the cell case or its internal components. The
pilot hole is formed using a flow-drill bit (with a diameter of 1.8 mm) via
a bench pillar drill as shown in Fig. 3(a). A thread was formed using a
custom tapping bit as shown in Fig. 3(b). The thread on the negative
terminal, illustrated in Fig. 3(c) provides a reliable means to re-seal the
instrumented cell after insertion of the sensor. The modified cylindrical
cells were temporarily re-sealed with a nylon screw and washer as-
sembly, illustrated in Fig. 3(d). This allows for the intermediate verifi-
cation of the modified cell before instrumentation (see Section 3.4) and
visual inspection of the cell while avoiding electrolyte leakage from the
negative terminal.

X-ray computed tomography (CT) images of the cell recorded after
each stage of the instrumentation process are shown in Fig. 4. The me-
chanical thread, the hole made in the can/internal tab and the use of the
nylon screw to reseal the modified cell are clearly visible.

Fig. 6. X-ray computed tomography (CT) images of an instrumented cell. (a)
The top view of the negative terminal after instrumentation: (b) the top view of
the positive terminal, (c) the side view of the instrumented cell.

2.3. Sensor insertion into cell core

The insertion of the research thermocouples within each of the
modified cells was performed inside an argon-filled glove box, where O,
and H»0 concentrations were again maintained below 0.1 ppm. Fig. 5
illustrates the overall processes from sensor insertion through to cell
testing in which its electrical properties are fully characterised. With the
temporary seal removed, a research thermocouple was positioned
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Table 3
Measured OCV and impedance values after each stage of cell modification process.
Cell No Pristine Modified Instrumented
Voltage (V) Impedance (mQ) Voltage (V) Dy (%) Impedance (mQ) Dz (%) Voltage (V) Dy (%) Impedance (mQ) Dz (%)
Cell 1 3.16 23.19 3.16 0 23.58 1.68 3.13 0.95 (-) 23.84 2.80
Cell 2 3.16 23.35 3.15 0.32 () 23.86 2.18 3.12 1.27 () 24.14 3.38
Cell 3 3.17 23.37 3.16 0.32 (-) 23.74 1.58 3.12 1.58 (-) 23.98 2.61
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Fig. 7. Reference performance test (RPT) profile used in this research. (a) Cell voltage during the RPT with (LG-M50) cell 1 before cell modification (pristine

condition), (b) current applied to the cell during the RPT.

perpendicular to the negative terminal as show in Fig. 5(a). The ther-
mocouple was carefully inserted perpendicular into the cell cavity to
avoid misalignment of the sensor hence minimising the risk of damage to
the jelly-roll. The bulkhead fitting was employed to screw into the cell
body to re-seal the cell. An example of one instrumented cell is shown in
Fig. 5(b).

The CT images of the cell after sensor insertion are shown in Fig. 6.
The images illustrate that there is no damage in the jelly-roll due to
sensor insertion. The green highlighted area in Fig. 6(c) shows the
positioning of the research thermocouple, exactly half-way along the
axial length of the cell.

The open circuit voltage (OCV) and internal impedance (Z) of the
modified and instrumented cells was measured using a battery tester
(Hioki BT3564) before and after modification and sensor insertion. This
initial test provides an efficient method to assess the success of the
instrumentation process. A more detailed verification strategy is defined
in Section 3.4. Table 3 summarises the OCV and impedance measure-
ments for each experimental cell, including the measured variation
compared to the unmodified or pristine cell. Dy(%) and Dz (%) define the
voltage and impedance change respectively. Comparing values before
and after each cell was modified, it can be seen that there is negligible
difference in OCV and a 2-3 % change in internal impedance. Our
assertion is that this variation is caused by drilling and the removal of
material from the internal tab-weld that links the current collector to the
aluminium can.

2.4. Reference performance test (RPT)

A reference performance test (RPT) was used to verify the electro-
chemical performance of the instrumented cells. During the RPT, cell
discharge capacity and DC internal resistance (DCIR) were measured to

identify the occurrence of any detrimental effect of the instrumentation
process on cell performance. An RPT was undertaken at three stages of
the instrumentation process: (i) on the pristine cell before any modifi-
cation, (ii) after the cells were engineered to accept the sensor and
finally (iii) after sensor insertion and re-sealing. This characterisation
procedure comprised a constant-current — constant voltage (CC - CV)
measure of energy capacity at current magnitudes 1C and C/10. During
each test the transition to constant voltage occurred at 4.2 V, with the
charge continuing until the value of current reduced below C/20. The
power capability of the cells was evaluated through sequence of pulse
discharges, in which a current magnitude of 2C and C/2 was applied for
a duration of 10 s at SOC levels of 100 %, 80 %, 50 % and 20 %. In Fig. 7,
the RPT characterisation procedure is illustrated, showing cell voltage
and applied current.

All experiments were conducted within climate chamber set to 25 °C.
Cells were placed in the chamber for 2 h before characterisation to allow
them to reach thermal equilibrium. RPT characterisation was performed
using a Bio Logic VSP-300 Potentiostat. Cell parameters during the RPT
were logged at a sample frequency of 1 kHz during pulse discharge tests
and 1 Hz for other stages (i.e. rest or lower charge and discharge stages).

The divergence between internal (core) and surface temperature was
investigated during RPT characterisation. In order to accurately mea-
sure surface temperature, a commercial thermocouple (K-type, Pico
Technology, UK) was attached to the centre location of the aluminium
can. Ensuring the internal and external sensors were radially aligned
allows for a robust comparison of core vs surface temperature during
electrical loading. These surface thermocouples offered 1.5 °C accuracy,
and a 0.7 sresponse time [30]. All temperature data were gathered using
a data logger (TC-08, Pico Technology, UK) and analysed using MATLAB
2021b analytical software.
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2.5. Load-profile cycling

The operational stability of the embedded thermocouples and
instrumented cells was investigated after the sensors had remained in-
side the cell cavity for a period of two months (stored at 25 °C). To
quantify if there is an adverse effect on sensor and cell operation (e.g.
due to corrosion of the sensor within the electrolyte or excessive cal-
endar ageing) a dynamic load profile was applied to each cell. The
starting SOC was varied from 100 %, 80 % and 50 %. The load profile
was derived from research published by Niri et al. [31]. This contains a
current profile of a real vehicle being driven in an urban environment for
45 min. The current measurements were extracted from the profile and
scaled to suit the maximum charge and discharge current of the LG-M50
cell (defined by the manufacturer). The modified load profile consisted
of a transient current up to 2.5 A charge and 7.5 A discharge. This rapid
current variation (1 s steps) was selected to demonstrate the sensors
stability during a fluctuating profile, and to demonstrate their potential
for deployment in a real-world application. The applied load profile at
each SOC threshold is shown in Fig. 8. The load-profile was applied
using a Bio Logic VSP-300 Potentiostat with cells located in an envi-
ronmental chamber set to 25 °C.

2.6. Degradation assessment

The potential for the instrumented cells to age faster than conven-
tional cells was investigated. The reduction in retained energy capacity
and change in internal resistance of the instrumented cells was quanti-
fied. All cells were repeatedly electrically loaded for 100 cycles. At

intervals of 20 cycles the RPT process (Section 3.4) was repeated to
define the cell's retained energy and impedance. To facilitate a com-
parison, three reference cells were also cycled under the same
conditions.

During cell cycling, charge and discharge rates of C/3 and 1C were
employed respectively. All cells were charged to the upper voltage limits
of 4.2 V using a CC-CV procedure. Termination of the CV stage occurred
when the applied current reduces below C/20. During discharge, a CC
current was applied to the cells until a lower cut-off voltage of 2.5 V was
reached. A rest period of 1 min was allowed before commencing the next
charge-discharge cycle. A subset of the ageing procedure is illustrated in
Fig. 9, showing both the applied current and terminal voltage. The
ageing study was performed on a Digatron cycler MCT, while all RPT
characterisation tests were performed using a Bio Logic VSP-300. Elec-
trical loading and characterisation were performed with the cells located
in a thermal chamber with the ambient temperature controlled to 25 °C.

3. Results and discussion

3.1. Understanding the instrumented cell performance based on discharge
capacity

Fig. 10 summarises the effect of cell instrumentation on cell perfor-
mance, in terms of discharge capacity measured from each RPT test
during instrumentation. The median discharge energy capacity of three
instrumented cells was found to be 4.83 Ah, which was identical to that
found for the pristine cells. However, a small capacity rise of approxi-
mately 0.5 Ah was observed after cell modification. The median capacity
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of the modified cells was found to be 4.87 Ah. Further investigation is
needed to determine the reason for this capacity rise and to identify the
repeatability of this result.

The consistency of the value of discharge capacity between pristine
and instrumented cells indicates that the instrumentation process has
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not been impacted by electrolyte loss and material damage due to cell
modification, sensor insertion and sealing [10,32].

3.2. Understanding the instrumented cell based on DC internal resistance
(DCIR)

Fig. 11 summarises the variations in measured DCIR obtained from
the RPTs during instrumentation. The effect of cell modification (e.g.
forming a tapped hole in the current collector), sensor insertion and
sealing processes were analysed. The DCIR of all cells was obtained from
a 2C pulse discharge test. For the pristine cells, the median DCIR of the
three cells was found to be 27.9 mQ at 100 % SOC, 26.1 mQ at 80 % SOC
and 26.2 mQ at 50 % SOC. A small increase was found in the DCIR values
after cell modification, this was calculated to be 1.1 mQ at 100 % SOC,
0.6 mQ at 80 % SOC and 0.5 mQ at 50 % SOC. The reason for this in-
crease is assumed to be caused by forming a hole in the current collector.
After cell modification, a 4.91 mm? decrease in the surface area of the
current collector was observed, as shown in Fig. 4(b). This corresponds
with an observed rise in DCIR. When comparing the DCIR values of the
modified cells against the instrumented cells, it was verified that the
median DCIR was not affected by sensor insertion, where the same DCIR
values were recorded.

3.3. Difference between internal and surface temperature

Fig. 12 highlights the temperature difference between the measured
core and surface during RPT assessment. At the end of cell discharge
(1C), the peak internal temperatures were observed to be 37 °C, 37.5 °C
and 37.3 °C for cells 1, 2 and 3, respectively. The peak surface tem-
peratures were recorded respectively as 33.7 °C, 34.6 °C and 34 °C for
the same cells. Our results indicate that the internal temperature is
approximately 4 °C higher than that measured on the cell's surface. This
significant variation demonstrates the importance of core temperature
measurement, even when the cells are cycled in a controlled manner, at
a modest rate, within the manufacturer's recommendations. Deviation
between internal and surface temperature is known to increase further
during high current rate charging and discharging and during the onset
of cell failure such as thermal runaway. Preliminary studies show a
100 °C temperature differential between core and surface during ther-
mal runaway [33].

A comparison between Fig. 12(a) and (b) shows that the thermo-
couple on the surface of cell 2 did not detect the small temperature
changes which could be observed from the associated sensor located
within the cell. The surface sensor on cell 1 was able to measure similar
fluctuations, demonstrating the inconsistency of surface measurements,
and the caution required when examining cell performance using a
limited dataset. The surface temperature of cell 2 was approximately
25 °C during pulse discharge tests (variation of <0.5 °C), whereas that of
cell 1 reached 26.5 °C during higher current pulse discharge tests.
Similar thermal characteristics were also observed during cell dis-
charging (highlighted in the plot via a yellow rectangle). Surface tem-
perature of cell 2 was measured as 24.8 °C, whereas at the same period
during the cycle, 26.7 °C was recorded for cell 1. We propose this
inconsistency could be caused by the difficulty in locating external
sensors radially and axially in the identical location between cells. In
this work, we positioned the cells axially precisely in the centre of the
cell (35 mm from each terminal). Radially we positioned each sensor on
the top surface of each cylindrical cell. The location of the current col-
lectors (the thin internal tabs linking the jelly roll to each terminal) is not
observably externally. In the cylindrical cells the negative current col-
lector is positioned along the outside of the jelly roll, internally next to
the can - visible in the top of Fig. 6(a). Without a CT scan image for each
cell with a visible external reference, it is not possible to verify if
external sensors are placed radially on-top of the current collector. The
radial alignment and proximity of the sensor to the current collector (i.
e., location in the y axis) could cause inconsistency in surface
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profile cycling.

measurements [6]. These results reinforce those reported previously in
the literature, where surface temperature data is found to poorly
correspond to internal readings, and at worst can provide inaccurate
data towards cell health estimation [4,6,10]. Amietszajew et al.
observed that the internal temperature exceeded the surface by 6 °C
during a 1C discharge [10]. Since core temperature is noticeably higher
than surface temperature, Fleming et al. also concludes that assumptions
made about the battery according to surface temperature might be a
misleading indicator when employed to predict battery failure and set
safety limits [18].

3.4. Stability of instrumented cell operation

Fig. 13(a) shows the voltage response of all cells when the dynamic
load-profile in Fig. 13(b) is applied. In preliminary testing, this profile
was tested with pristine cells. Negligible variation in cell voltage was

observed between these preliminary tests and the instrumented cell
voltage presented below. No adverse effects (e.g. sudden decrease or
increase in voltage or temperature) were observed when the profile was
repeated at 100 %, 80 % and 50 % SOC levels. This underlines that the
storage of the instrumented cells at 25 °C for 2 months after instru-
mentation did not negatively impact their operation.

Fig. 14 shows the internal and surface temperature variations during
electrical cycling. As highlighted, when the current is less than C/2,
there was no significant temperature difference between internal and
surface measurements for all SOC% thresholds. For all three instru-
mented cells, variations in temperature was observed to be <0.5 °C
during the first 800 s of cycling. However, the changes in temperature
for all cells increased when subject to higher C rates. The observed
temperature rise was noted to vary with SOC, where lower SOCs
demonstrated a greater rise of nearly 1.5 °C at 50 % SOC.

Our results show that the performance of the embedded research
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thermocouples is not degraded by the harsh chemical environment
within the cell. Furthermore, the materials used in sensor construction
and the instrumentation methods employed do not adversely affect cell
operation.

3.5. Degradation characteristics of instrumented cells

The relative reduction in energy capacity of both the instrumented
and reference cells is shown in Fig. 15. For all reference and instru-
mented cells, the discharge capacity of the cells at the pristine stage was
considered as an initial cell capacity (e.g. 100 %). This value was
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Fig. 16. DC internal resistance at 100 % SOC during ageing cycling for refer-
ence and instrumented cells.

calculated as 4.83 Ah for both reference and instrumented cells. As
highlighted by Fig. 15 the median capacity fade of pristine cells was
found to be 5.2 % after 100 cycles. Comparing the capacity fade between
the reference and instrumented cells, instrumented cell 2 and cell 3 there
was no significant difference in retained capacity. However, the capacity
fade for instrumented cell 1 was found to be slightly higher, at 6 % after
100 ageing cycles.

The DCIR results of all instrumented cells after cycling are shown in
Fig. 16. For reference cells, the median DCIR was found to be 31.5 mQ
after 100 cycles. A 3 mQ increase was observed compared to
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Table 4
Internal and surface temperatures after 20 and 100 cycles.
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Cell No After 20 cycles After 100 cycles
Internal temperature (~°C) Surface temperature (~°C) AT (~°C) Internal temperature (~°C) Surface temperature (~°C) AT (~°C)
Cell 1 36.7 34.1 3.5 38.8 34.9 3.9
Cell 2 38 34.8 3.2 38.7 35.1 3.6
Cell 3 36.4 329 3.5 37 32 5
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Fig. 17. (a) to (c) Internal and external temperatures measured during cycling for instrumented cell 1, 2 and 3; (d) Variation in temperature (internal vs external)

during ageing.

measurements taken prior to cycle ageing. For the instrumented cells,
the DCIR increased to 33 mQ, 33.2 mQ and 32.2 mQ for instrumented
cell 1, 2 and cell 3, respectively.

In our short-term study, the capacity fade and DCIR during 100 cy-
cles demonstrated that there is no significant difference between
instrumented cells and reference cells. We propose this indicates that
our instrumentation method does not have a noticeable adverse effect on
cell degradation. These initial short-term results successfully illustrate
the success of our novel instrumentation method - we propose this work
will be continued, to verify the degradation of our instrumented cells is
comparable to non-modified cells over a longer-term (e.g. 600 cycles).

A comparison between peak temperatures (surface vs internal) dur-
ing RPT testing are compared in Table 4. On average, the temperature
difference between cell internal and surface was found to be 3.4 °C after
20 cycles. However, this value increases to 4.2 °C after 100 cycles. These
results are shown graphically in Fig. 17. This result reinforces the view
that the difference between internal and external battery states will
often diverge as the battery ages and its SOH reduces [34,35].

Fig. 17 illustrates the temperature variation during the last 20 cycle
of ageing.

4. Further work

Further research is required to extend this research into instru-
mented cells to cover the advanced characterisation of cells and the
possible deployment of instrumented cells within future battery systems
for transport and intelligent stationary storage applications.

Initial results, highlighted a possible dependency between the rise in
internal temperature and battery SOC. Further research is required to
fully understand this causality across the entire SOC region taking into
account changes in the electrochemical performance of the battery at
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different SOC states. The results presented here are representative of our
entire dataset (including preliminary work, comprising in the order of
tens of cells tested). To better validate the methodology employed and in
particular, to support the findings that cell performance and life are
unaffected, a larger number of cells will be augmented with additional
instrumentation for experimentation. The authors have confidence in
the validity of the experimental results presented, although note due to
the relatively small sample size of cells evaluated here, in our future
work we aim to continue our instrumented cell development, consisting
of low-volume production runs, to strengthen our statistical evidence
and rigorous comparison to pristine cells.

The research presented here has demonstrated the measurement of
in-cell temperature within a cylindrical cell. It is likely that this meth-
odology will be transferable to other cell formats providing geometric
factors, e.g., solid mandrel and additional safety features, e.g., pressure
release features do not impede entry into the cell. In addition, the test
fixtures and sensor-adaptors would require modification based on the
revised geometry of the cell and its internal structure identified through
engineering documentation and CT imaging. Further research is
required to assess the transferability of the methodology to other cell
formats such larger prismatic and multi-layered pouch cells.

The instrumented cells developed in this research have been
employed to quantify cell operation during normal use. Further research
is required to assess the suitability of the sensors and cell engineering
techniques when quantifying cell performance under extreme use cases,
such as overcharge, undercharge, higher ambient temperatures or me-
chanical excitation. The ability to reproducibly and repeatably measure
internal battery states under conditions potentially leading to thermal
runaway are particularly pertinent given that breakdown in the struc-
ture of the battery is known to further extend the difference between
internal to surface measurements. The integrity of sensors in contact
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with harsh environment of thermal runaway needs to be appraised, e.g.,
resolution and accuracy in elevated temperature and pressure mea-
surements. Further, when undertaking such advanced characterisation,
the use of additional sensors to measure internal pressure and electrode
strain may yield greater insights into cell performance and life. Further
work is required to understand the transferability of the techniques to
other sensor types, including the ability to insert multi-sensor arrays
within a single cell.

In addition to the use of instrumented cells for laboratory charac-
terisation, such cells may be deployed within battery systems to extend
current battery management operation and to estimate key battery
states in real-time. Further research is required to optimise the inclusion
of instrumented cells within a battery system, including their selective
use at certain locations in the battery pack to allow the control system to
quantify variations in temperature, pressure and charge that may occur
during operation.

5. Conclusion

A systematic and rigorous methodology for cell modification,
instrumentation and verification has been presented. Experimental re-
sults, encompassing operational performance and the assessment of cell
degradation highlight that the performance and life of instrumented
cells are not adversely affected. In this research, internal temperature
monitoring in operando was achieved by embedding temperature sen-
sors within the interior of three cells, where damage to the cell structure
was minimised during sensor insertion and sealing. Our study demon-
strates the importance of internal temperature monitoring during cell
operation by comparing internal and surface measurements. We found
that the internal temperature is consistently and notably higher than the
surface temperature during our standard RPT and load-profile cycles.
The difference between internal and surface temperatures was observed
to be typically 4 °C during normal operation. CT images of the cells at
key stages of the instrumentation process highlight the minimal impact
to the physical structure of the cell. Any variations in performance and
life were quantified through comparative studies with pristine cells,
where no significant effect on electrochemical performance was
observed. We used a comprehensive verification method to measure cell
discharge capacity and DC internal resistance. This process was per-
formed both before and after instrumentation. Measurement data
demonstrates that there is a negligible reduction in energy capacity and
a marginal increase in internal resistance. Further the degradation rate
of our instrumented cells was comparable to conventional cells when
subject to both calendar and cyclic ageing tests.
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