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A B S T R A C T

Lithium-ion batteries undergo structural deformation during operation because of the electrochemical-induced
strain caused by the insertion of lithium ions inside the active material of the electrodes.

In this work, the mechanical characteristic, i.e. thickness change, of batteries with different chemistries
(lithium iron phosphate and lithium cobalt oxide) and formats (prismatic and pouch) is measured in-operando
and with different current rates. A dedicated test bench is built to carry out the measurements with contactless
triangulation optical sensors, sensing the displacement of the battery surfaces.

The results are critically discussed, justifying the trajectory of the thickness change observed experimentally
with the mechanical properties of the electrode’s active materials. Furthermore, the results obtained with the
batteries of different chemistries are compared, discussing the reasons underlying these differences. Statistical
considerations on the results, such as repeatability errors and cell-to-cell differences, are provided as well.

The mechanical characteristic appears as a three-stage linear curve, with two deflection points between the
linear sections, and proportional to the state of charge of the battery. In fact, the mechanical characteristic tells
the amount of lithium ions stored in each electrode, which together with the stoichiometric range defining the
electrodes balancing, is closely related to the state of charge. Then, these measurements reveal an interesting
tool for evaluating the state of charge.

The two deflection points of the mechanical characteristic are linked to graphite stage changes. Then,
these measurements carry the same information about battery degradation as the peaks in differential voltage
analysis. The advantage is that the deflection points remain visible at any current rate, but the peaks in the
differential voltage analysis vanish at high current rates. Then, these preliminary studies of the mechanical
characteristic evidence it can become a promising alternative tool for evaluating the state of health as well.
1. Introduction

The reduction of greenhouse gas emissions is the key challenge of
this and the next decades to control global warming and environmen-
tal pollution. To date, 25% of greenhouse gas emissions come from
transportation in the EU according to Eurostat report [1], 29% in the
US according to the United State environmental Protection Agency
(EPA) [2] and 15% in the world [3]. This scenario paved the way for
the fast growth of zero-emission vehicles.

Nowadays, lithium-ion battery (LIB) is the leading technology able
to meet the requirements of vehicles in terms of power and energy
densities, causing an abrupt increase in LIB demand. Besides the good
energy and power performance, LIBs have three significant drawbacks:
Safety, limited life, and difficulty in estimating the internal parameters,
such as state of charge (SOC), state of health (SOH), and remaining
useful life (RUL).

∗ Corresponding author.
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The life of LIBs is in the order of 1000 cycles as a rule of thumb, and
it strongly depends on current and temperature. Then, its life cycle is
possibly shorter than the vehicle’s life [4,5]. The limited battery life
raises the issue about the management of LIBs at end of life (EOL)
(second life, recycling, disposal), as well as the issue about under-
standing how far the LIB is from EOL and how to recognize the EOL.
Indeed, a sensor able to measure the SOH or the RUL does not exist,
and these parameters must be estimated from what can be measured:
voltage, temperature, and current, traditionally. However, the SOH or
RUL estimation from voltage, temperature and current is extremely
challenging because of the complex multi-physics nature of LIBs. In-
deed, physics-based models can be accurate, but the high number of
physical parameters difficult to estimate, and the model complexity
hinder their application for on-board estimation purposes in battery
management systems (BMS). These drawbacks may be overcome by
neural-network-based algorithms, which, on the other hand, rely on
vailable online 15 February 2024
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huge amounts of data, specific of a certain battery model, and suffer
poor interpretability and generalization. Furthermore, considering an
average length of several months for accelerated cyclic aging tests up
to years for calendar aging tests in a laboratory, the data collection
becomes extremely time-consuming.

Besides SOH and RUL, SOC is another key parameter necessary to be
known for the correct management of the LIB during usage. Again, a
sensor able to estimate SOC does not exist, and it must be estimated
from voltage, temperature and current measurements, facing all the
difficulties explained before for SOH and RUL estimation.

Mechanics has a significant role in LIBs, both as a damaging cause,
due to the rise of mechanical stress in the electrode microstructure
during operation [6–11], and consequent crack propagation [12–16],
both as a way to estimate battery internal parameters, measuring its
mechanical deformation.

In the last years, especially since 2020, mechanical measurements
have attracted increasing attention because of their ability to carry
important information about the SOH and SOC of the LIB. In this
regard, Popp et al. [17] proposed an interesting review of the mechan-
ical methods for state determination of LIB. In literature, mechanical
measurements have been carried out with optical displacement sen-
sors [18–20], strain gauges [21,21,22], internal pressure sensors [23],
pressure sensors [24–30], dial indicator [31–37], load cells [38–42],
fiber optics [43–46] and eddy current sensors [47–49].

LIBs store and withdraw electrical energy thanks to the electrochem-
ical reactions involving lithium ions and the active material of anode
and cathode. During charge, lithium ions are deintercalated from the
positive electrode, travel through the separator and intercalate into the
negative electrode. The greater the state of charge of the battery, the
greater the amount of lithium stored in the negative electrode with
respect to the positive electrode. Vice-versa during discharge. When
lithium ions intercalate into the lattice structure of the electrode they
cause its structural deformation. At the macroscopic level, this results
in the battery ‘‘breath’’: LIBs swell during charge and the swelling is
reversibly recovered during discharge, because of the relative mechan-
ical properties of the anode and cathode. Several works also modeled
LIB deformation from the atomic scale to the battery scale with multi-
scale approach [24,32,35,50,51]. Then, the swelling of the battery is
proportional to the number of lithium ions stored in the anode with
respect to the cathode, which together with the stoichiometric range
defining the electrodes balancing, is closely related to the SOC. As a
consequence, this characteristic makes the mechanical deformation a
promising tool to estimate SOC, and it may overcome some of the
limits of voltage: (a) Voltage plateaus, where small changes in voltage
correspond to large changes in SOC; (b) Polarization, making the
voltage strongly dependent on the applied current.

Recently, several authors developed a SOC estimator based on solely
LIB swelling characteristics, or together with electrical parameters
and temperature. Mainly, two approaches were followed: model-based
approach with the Kalman filter estimator [52,53], and neural net-
work models [54]. Jiang et al. [55] estimated SOC based on battery
expansion with deep neural network, obtaining an RMSE of about
2%. Interestingly, Ee et al. [43] compared the SOC estimation with
deep neural networks based on electrical and non-electrical (strain
and temperature) parameters. In the case of non-electrical parameters,
they obtained a 1% RMSE, lower than the estimation based on solely
electrical parameters. Peng et al. [45] estimated SOC both with Un-
scented Kalman filtering and with a two-hidden layer artificial neural
network. The unscented Kalman filter was solely based on strain,
which was modeled with the multiple linear regression method, getting
a polynomial that correlates strain with current and SOC. A good
accuracy was got in the SOC estimation both with constant current
cycles and dynamic cycles with this method. On the other hand, the
neural network method took as input voltage, current, temperature,
2

and strain. The results showed that the accuracy was slightly better
than the unscented Kalman filter model, and the inclusion of strain and
temperature had a negligible influence on the error reduction.

About the model-based approach, Mohan et al. [38] related SOC
to bulk force, temperature and current, and provided a mathematical
explanation supporting the benefits of LIB swelling in SOC estimation,
particularly in the low SOC range (30%–50%). Figueroa et al. [40]
compared the SOC estimated with the Kalman filter based on voltage
and swelling or voltage alone, showing that the inclusion of voltage
improved the estimation, especially in those cases, such as lithium
iron phosphate (LFP), where voltage is flat with respect to SOC. Dai
et al. [42] found a mathematical correlation between stress exerted
by pouch battery surface over a constraint and SOC, which is at the
basis of their estimation algorithm. Finally, Rente et al. [46] estimated
SOC with a dynamic time-warping technique, based on strain and
temperature measurements.

Irreversible swelling occurs during aging, meaning that some extent
of the swelling during charge is not recovered during discharge, and
the battery constantly increases in volume with repeated charges and
discharges cycles [22,25,26,45,56], probably because of the growth of
the solid electrolyte interphase (SEI) layer [30]. This behavior allows
relating the SOH with the amount of irreversible swelling, improves
the estimation correcting mismatched initial values and eliminating
cumulative errors [45].

Together with irreversible swelling, the reduction of reversible
swelling is usually observed with aging, because of the decrease of
capacity and cyclable lithium ultimately [34,56], but this trend is not in
agreement with the works of other authors, who observed an increase
of reversible swelling with aging [22].

Irreversible swelling is not the only way to keep track of SOH.
Cannarella et al. [26] was the first to observe the connection between
the graphite phase transitions and the LIB swelling, relating the peaks
in differential voltage analysis (DVA) with the peaks in the second
derivative of the LIB swelling. This method can be used, exactly as DVA,
to quantify SOH [26,31,33,39]. The advantage with respect to DVA is
the improvement of the SOH estimation at higher SOC and with higher
current [31,39].

From this literature review, mechanical measurements appear well
suited for SOC and SOH estimation, resulting in several patents [57–
63]. These considerations motivate an in-depth and structured study
of the mechanical characteristic of different LIBs, both in terms of
chemistry and formats.

The objective of this work is to carry out a rigorous experimental
study on the mechanical behavior of lithium-ion batteries with differ-
ent chemistries and formats. To this end, LFP-graphite prismatic and
lithium cobalt oxide (LCO)-graphite pouch LIBs are considered because
of the significantly different mechanical behavior of LFP with respect
of LCO. Furthermore, the aim of the work is also to highlight potential
features of the mechanical characteristic of LIB in the view of state
estimation based on mechanical measurements.

In the work methodology, the following aspects represent a novelty
according to the authors:

• Mechanical measurements are carried out with contactless sen-
sors, while usually load cells or optical fibers are used for such
measurements. Optical fibers give strain measurements which are
difficult to link to the volume change of the battery, while load
cells exert a force on the battery sample, potentially affecting its
mechanical behavior.

• Statistical study of the results. The tests are repeated five times
on the same sample, and three samples per chemistry are consid-
ered. This allows studying the repeatability of the measurement
and cell to cell variations. These are valuable information in
the view of adopting mechanical information as an additional

measurement for battery state estimation.
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Fig. 1. Description of the measurement set-up designed by the authors for the prismatic LFP (a)-(c) and the pouch LCO (d)-(f) batteries.
• Comparison of mechanical measurements on batteries with dif-
ferent chemistries. Indeed, LFP has the higher lithiation-induced
swelling among cathodes, while LCO shrinks during lithiation.
This comparison highlights how the mechanical behavior of the
negative electrode dominates the mechanical deformation of the
battery. It is highlighted that graphite is used as a negative
electrode in the battery samples tested in this work and in most
of commercial batteries, making the results observed in this work
similar to what can be expected from most of commercial batter-
ies.

• Finally, it is highlighted how the influence of the format (pouch
or prismatic) affects the mechanical measurements.

2. Methods

Prismatic LFP and pouch LCO battery samples were mechanically
characterized during charge and discharge cycles at different current
rates. The energetic size of the two types of batteries is similar, and the
summary of the batteries’ properties is reported in Table 1.

The test bench used for the in-operando mechanical characterization
consists of a power supply ‘‘QPX600DP’’ by Aim-TTi and an electronic
load ‘‘EL 9080-400’’ by Elektro-Automatik. The batteries are sensorized
with a thermistor, and a couple of optical displacement sensors ‘‘op-
toNCDT 1900-10LL’’ by MicroEpsilon for thickness change sensing.
The benchmark is controlled in real-time by the National Instruments
controller ‘‘NI PXIe-8840’’. The ambient temperature is controlled with
a climatic chamber by MSL.

The distance sensors have a linearity error of ±2 μm, which is about
0.5% of the maximum displacement measured by each sensor during
the tests. The optical sensors are mounted on a dedicated structure
designed by the authors which ensures the perpendicularity between
3

Table 1
LIBs samples properties. The current rate is expressed in C-rate, where 1C is the current
needed to completely discharge the battery in one hour.

LFP LCO

Manufacturer Topband Melasta
Anode Graphite Graphite
Cathode LFP LCO
Type Prismatic Pouch
Length 180 mm 182, 5 mm
Width 70 mm 94, 5 mm
Thickness 27 mm 9, 2 mm
Capacity 25 Ah 22 Ah
Operating voltage 2, 5 V–3.65 V 3 V–4, 2 V
Max operating current charge C/2 C/2
Max operating current discharge 3C 5C
Thermal expansion

2, 5 10−4 ◦C−1 2, 0 10−4 ◦C−1
coefficient

the laser beam and the LIB surfaces and keeps fixed the LIB during the
acquisition process, as shown in Fig. 1a-c (prismatic LIB) and Fig. 1d-f
(pouch LIB). Thickness change measurements were carried out in the
central point of the larger surfaces of the LIBs, as shown in Fig. 1a,e.

The mechanical measurements were conducted during operation at
different current rates: discharge was carried out at C/20, C/5, C/2, 1C,
2C, 3C (and 5C just on LCO), charge at C/20, C/5, and C/2, according
to manufacturer limits. Discharge is carried out with continuous current
(CC) until cut-off voltage (2,5 V for LFP and 3 V for LCO), charge begins
with CC, when cut-over voltage (3,65 V for LFP and 4,2 V for LCO) is
reached, a constant voltage is kept until the current drops below C/20.

The tests are repeated five times on the same LIB for each current
rate, then the same procedure is carried out on three different samples
of LFP and LCO batteries.
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Fig. 2. Identification of thermal expansion coefficient. Thickness change as a function of temperature difference during cool-downs after operation on (a) LFP and (b) LCO battery
samples. The parameter 𝑚 refers to the slope of the linear fit ( 𝛥𝑡𝐿𝐼𝐵

𝛥𝑇
).
LIBs temperature rises during operation, because of joule heat-
ng, irreversible (proportional to overpotential), and reversible pro-
esses. As a consequence, both electrochemical processes (lithium in-
ertion and extraction) and temperature changes affect the mechanical
haracteristic of the batteries. For this reason, LIBs temperature was
ecorded on the external surfaces during the tests, to identify the
hermal contribution to the thickness change measurements.

Thermal deformation coefficient was measured experimentally mon-
toring how the LIBs thickness changed during cool down after dis-
harge when no current was applied. To explore a possible SOC
ependency, LIB samples were discharged until different SOC levels
nd then let cool. As shown in Fig. 2, a linear relationship exists
etween thickness change and temperature during cool down. No
ependence of the thermal expansion coefficient on SOC was observed,
n agreement with previous works [64]. This method is more effective
han changing the temperature inside the climatic chamber because
he fixture where the optical sensors are mounted keeps the same
emperature, avoiding its thermal deformation which would affect the
isplacement measurement.

Then, the thermal expansion coefficient (𝛼) is calculated in Eq. (1)
nowing the slope (𝑚 = 𝛥𝑡𝐿𝐼𝐵

𝛥𝑇 ) of the linear fit of data in Fig. 2.

= 1
𝑡𝑛𝑜𝑚

𝛥𝑡𝐿𝐼𝐵
𝛥𝑇

(1)

Where 𝑡𝑛𝑜𝑚 is the nominal thickness of the battery sample.
The temperature was kept at 20 ◦C inside the climatic chamber

during the tests.

3. Results and discussion

3.1. Voltage

Voltage measurements of LFP and LCO batteries are reported in
Fig. 3a, c and Fig. 3b, d, respectively.

Stage transitions of graphite can be identified by the sudden drop
of voltage measurements at SOC 30% and 65% in LFP battery samples
and at SOC 25% and 60% in LFP battery samples. It will be shown that
these drops match the deflection points of the mechanical characteristic
curve. Furthermore, these drops become unobservable at progressively
higher current rates.

The rate capability of LCO batteries is quite poor, especially in
comparison to LFP batteries, as the capacity extracted during discharge
drastically falls at higher current rates, as well as the voltage provided
by the battery.
4

3.2. Temperature

Temperature measurements of LFP and LCO batteries are reported
in Fig. 4a, c and Fig. 4b, d, respectively. From the temperature point of
view, LCO batteries result significantly more exothermic with respect
to LFP, especially at high current rates.

The ripple visible in the low rate charge and discharge curves of
the LCO battery is reasonably caused by the reversible heat, namely
the heat caused by entropy change and the temperature dependence of
the open circuit voltage. Being reversible, it can be released or stored
in the battery according to its voltage, and then temperature increases
and decreases accordingly. The reversible heat does not depend on
current, then its influence vanishes at high current rates, where the
irreversible and joule heats prevail. The trend of the entropy (dU/dT)
measured on LCO electrodes by Thomas and Newman [65] supports
this reasoning: It is clear that the steep ripple at 𝑦 = 0.6 in Li𝑦CoO2
in their entropy measurements is in agreement with the ripple at SOC
80% in the measurements in Figs. 4b, d.

3.3. Thickness change

The thickness change curves of LFP and LCO batteries during dis-
charge and charge are reported in Fig. 5a, c and Fig. 5b, d, respectively.

Both LFP and LCO batteries shrink during discharge and swell
during charge. This behavior is due to the mechanical properties of the
electrodes: graphite, which is the negative electrode material in both
batteries, has greater partial molar volume than active materials used
in the positive electrodes. Partial molar volume is the proportionality
coefficient between electrochemical-induced strain and solute (lithium
ions) concentration, according to Eq. (2) [7].

𝜀𝑒 =
1
3 ∫

𝑐

𝑐𝑠𝑓
𝛺𝑑𝑐 (2)

Where 𝜀𝑒 is the electrochemical-induced strain, 𝑐𝑠𝑓 is the reference
concentration at zero strain, 𝛺 is partial molar volume and 𝑐 is the
lithium-ions concentration.

Then, for example during charge, graphite expansion is greater
than the shrinkage of the positive electrode, causing the overall LIBs
swelling. Vice-versa, LIBs shrink during discharge. Furthermore, LCO
has a negative partial molar volume, meaning that it shrinks when
lithiated.

LCO batteries show a greater absolute thickness change, nearly
0, 3 mm with respect to 0, 2 mm of LFP batteries. In general, the amount
of volume deformation depends on the quantity of active material

(proportional to the battery capacity), the volume deformation of the
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Fig. 3. Voltage response at different current rates of LFP battery samples during discharge (a) and charge (c), and LCO battery samples during discharge (b) and charge (d). Solid
lines refer to the mean value between all the measurements carried out on all the samples and the error bars to the total standard deviation. The vertical red line indicates the
nominal capacity.
active materials, and possibly the LIB format. Capacity is similar, even
if LFP battery samples have a slightly greater capacity. Anode active
material is the same, but LFP has about 6, 53% deformation when fully
lithiated [19,66], with respect to −2% of LCO [67]. This means that
during charge, the expansion of graphite (about 10% at Li0,75C6 which
corresponds to SOC 100% [19]) is counterbalanced by the shrinkage of
the positive electrode being delithiated (−6, 53%) in LFP batteries.

On the other hand, in LCO batteries both the negative and positive
electrode swell during charge, because of the peculiar behavior of LCO,
which swells when delithiated. This is the most significant reason why
LCO batteries show greater absolute volume change with respect to LFP
batteries.

The format of the battery does not play a significant role in LIB de-
formation: The rigid case of prismatic batteries slightly hinders volume
change, constraining the inside of the LIB, but the amount of thickness
change prevented has been quantified lower than 10% according to
a structural finite element model carried out in authors’ previous
work [19].

The thickness change curves of LFP and LCO batteries have a similar
trajectory: a three-stage linear piecewise function, where the three
linear sections are separated by two deflection points, at SOC about
30% and 60%. This trend is caused by the graphite deformation, which
5

is used as an anode in both LFP and LCO batteries. Graphite has a non-
constant partial molar volume, resulting in a non-linear deformation
with respect to the moles of lithium ions inserted (refer to Eq. (2)).
This behavior is due to stages formation in the crystalline structure
of graphite with different atomic arrangements and then geometric
dimensions [68].

In particular, stage II, which corresponds to Li0,5C6 and it has the
major content when the battery SOC is in the range 30%–60%, has
a significantly lower partial molar volume, about 1 cm3∕mol (some
differences exist between charge and discharge) with respect to the
other stages, about 5 − 7 cm3∕mol [19]. This makes the overall battery
deformation trend to decrease, or even invert (passing from swelling
to shrinkage or vice-versa), in the SOC range 30%–60%. In particular,
the thickness change of LFP batteries inverts its trend in the SOC range
30%–60% both in charge and discharge, as observed in Fig. 5a, c. On
the other hand, the thickness change trend of LCO in the SOC range
30%–60% just decreases, as observed in Fig. 5b, d.

The discerning element of the possible inversion of the thickness
change trend is the value of the partial molar volume of the cathode
in the battery SOC range 30%-60%: if it is greater than graphite
(1 cm3∕mol), the thickness change inverts its trend.

In the case of LFP batteries, LFP has a constant partial molar volume
equal to 3 cm3∕mol, greater than the one of stage II of graphite, then
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Fig. 4. Temperature response at different current rates of LFP battery samples during discharge (a) and charge (c), and LCO battery samples during discharge (b) and charge
(d). Solid lines refer to the mean value between all the measurements carried out on all the samples and error bars to the standard deviation. The vertical red line indicates the
nominal capacity.
,

the shrinkage of LFP during charge overcomes the reduced graphite
expansion in the central SOC range 30%–60%, causing the battery to
shrink during charge in this SOC range.

On the other hand, LCO has a negative partial molar volume, then
deformation is always monotonic as the positive and negative elec-
trodes swell (or shrink) simultaneously during charge (or discharge).
Nevertheless, the swelling of the LCO batteries slows down in the SOC
range 30%–60%, and the curve deflection points at the boundaries of
this range remain visible. Interestingly, these deflection points occur
at approximately the same SOC value, both in LCO and LFP batteries,
at about SOC 30% and 60%, meaning that the lithiation window of
graphite in both the battery is similar (Li0,05C6-Li0,75C6 approximately).

From these considerations, it is evident that the two deflection
points in the thickness change curve identify stage transitions in graphite
even when compared to the voltage drops observed in Fig. 3. The
identification of the stage transitions of graphite with respect to SOC is
a strategic tool to identify battery degradation and capacity fade, and
will be deepened later by discussing SOH estimation.

Thickness change curves at different current rates are similar during
charge (Figs. 5c-d), because the electrochemical-induced deformation
of the active materials does not depend on the lithiation rate, and
because the temperature change is not significant, then the volume
6

deformation associated to thermal phenomena. On the contrary, thick-
ness change curves change trajectories with different current rates
during discharge (Figs. 5a-b). This is particularly evident at the higher
current rates because temperature change and the associated thermal
deformation become significant. Anyway, in LCO batteries the current
rate dependence looks less apparent because the partial molar volume
of LCO does not stand out the current rate dependency of partial molar
volume of graphite, and because of the lower thermal contribution to
thickness change of LCO batteries.

The thermal contribution to thickness change is quantified in Eq. (3)
and reported as dashed lines in Fig. 6a-b.

𝛥𝑡𝑡ℎ𝑒𝑟𝑚𝑎𝑙 = 𝛼𝑡𝑛𝑜𝑚𝛥𝑇 (3)

Where 𝛥𝑡𝑡ℎ𝑒𝑟𝑚𝑎𝑙 is the thermal contribution to thickness change,
𝛼 and 𝑡𝑛𝑜𝑚 are the thermal expansion coefficient and the nominal
thickness of the batteries, reported in Table 1 and 𝛥𝑇 is the temperature
change during the test, reported in Fig. 4.

Then, the electrochemical contribution to thickness change is cal-
culated by subtracting the thermal contribution from thickness change
measurements (dotted lines in Figs. 6a–b), and is reported in Fig. 6 with
solid lines together with standard deviation (Figs. 6c–d).

It is observed that in the LCO batteries, the low nominal thickness of
the battery (9 mm with respect to 27 mm of the LFP) makes the thermal
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Fig. 5. Thickness change response at different current rates of LFP battery samples during discharge (a) and charge (c), and LCO battery samples during discharge (b) and charge
(d). Solid lines refer to the mean value between all the measurements carried out on all the samples and the error bars to the total standard deviation. The vertical red line
indicates the nominal capacity.
induced thickness change less pronounced, even if the temperature are
higher (40 ◦C for the LCO vs 28 ◦C for the LFP at 3C).

Temperature is not the only responsible for the different trajec-
tories followed by the thickness change curves at different discharge
rates. Observing the electrochemical-induced thickness change curves
in Fig. 6c–d, it is evident that the curves still follow different tra-
jectories changing the discharge rate, both in LFP and LCO batteries.
In particular, the second deflection point at SOC 30% is observed to
decrease increasing the current rate.

This happens because graphite follows a different delithiation path
going from stage III to stage II changing the discharge (delithiation)
rate. Indeed, stage IIL (characterized by greater volume than stage II)
appears at a low discharge rate and gradually disappears increasing the
current (delithiation) rate, to the advantage of stage II. This behavior
makes the second deflection point (at SOC 30%) to gradually decrease
its volume because of the increasing content of stage II at the expense
of stage IIL. Furthermore, stage IIL does not appear during graphite
lithiation (charge), then the deflection point at SOC 30% has a lower
volume during charge, similar to the one at a high discharge rate, and
is not affected by the charge rate.

In the view of SOC and SOH estimation with mechanical mea-
surements, just the electrochemical-induced thickness change must be
considered, even if not explicitly specified in the next lines.
7

The thickness change of LFP and LCO batteries is proportional to
battery capacity, then it is an effective way to estimate SOC. Neverthe-
less, some difficulties may be encountered when dealing with cathode
materials with partial molar volume locally greater than graphite in
the SOC range 30%–60%, such as LFP. In those cases, the LIB locally
inverts its deformation trend (shrinks during charge and swells during
discharge) in the SOC range 30%–60%, resulting in an overall non-
monotonic thickness change trend, as explained earlier and reported
in Fig. 5a, c.

As explained before, the thickness change trend of LFP is non-
monotonic and the one of LCO is monotonic, because of their partial
molar volume. Considering other materials, NMC has a partial molar
volume slightly lower than graphite, about 0, 5 cm3∕mol at high lithia-
tion index [69] corresponding to battery SOC 30%–60%, resulting in a
monotonic thickness change curve [32,36].

The possible non-monotonic trend complicates the SOC estimation
because one thickness change value corresponds up to three possible
SOC values. To overcome this issue, Figueroa et al. [40] modeled the
force-SOC (similar to thickness change-SOC) relation with a piecewise
linear function, based on the positions of the deflection points at SOC
30% and 60%. The accuracy of this method strongly relies on the
correct SOC position of the deflection points, which may shift during
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t

Fig. 6. Thickness change contributions at different current rates of LFP (a) and LCO (b) battery samples during discharge. Dotted lines correspond to measurements, solid lines
o electrochemical contribution, and dashed lines to thermal contribution. Electrochemical contribution to thickness change and total standard deviation of LFP (c) and LCO (d)

batteries during discharge. The vertical red line indicates the nominal capacity.
LIB aging. To this end, a robust SOC estimation algorithm may embed
a SOH estimator as well.

In conclusion, in the case of graphitic anode, the active materials
with partial molar volume lower than 1 cm3∕mol in the SOC range
30%–60% (such as NMC and LCO) will result in a monotonic battery
swelling behavior, simplifying the algorithm of SOC estimation. In the
other cases, a non-monotonic thickness change trend will occur.

The tests presented in this work do not consider how the mechanical
characteristic of the battery change with aging, but knowing its shape,
some consideration about SOH can be done as well.

SOH can be estimated from mechanical measurements leveraging
two characteristics: Irreversible swelling and the shift of the deflection
points. Clearly, nothing can be said about the irreversible swelling from
this work.

Differential voltage analysis (DVA) is one of the most popular anal-
yses to accurately evaluate battery degradation. It consists in analyzing
how the peaks in the curve obtained as the derivative of voltage with
respect to capacity shift with respect to the SOC during aging [70]. The
method is accurate but can be applied just at a very low current. Indeed,
as can be observed from voltage measurements in Fig. 3, the little
drops in voltage disappear at high current rates. On the other hand,
the mechanical characteristic does not suffer polarization as voltage,
8

and the deflection points remain visible even at a higher current.
The shift of the deflection points of the mechanical characteristic are
usually traced by the second derivative of the thickness change (or
any mechanical characteristic). In those cases when the inversion of
the mechanical characteristic occurs in the SOC range 30%–60% (such
as in LFP batteries), the shift of the deflection points may be simply
followed by tracking the zero of the first derivative of the mechani-
cal characteristic, because the deflection points are local peaks with
zero derivative, as illustrated in a recent patent by authors’ research
group [63]. This method has two main advantages: it has an easier
implementation and causes fewer errors. Indeed, finding the zero of a
function is easier than finding a peak. Furthermore, the derivation of a
measurement amplifies the noise, then an estimation based on a lower
derivation order improves the accuracy, especially with noisy data.

In the end, from the analysis of the mechanical measurements
reported in Figs. 5–6, it turns out that LIB with non-monotonic mechan-
ical characteristic, such as LFP, may be problematic for SOC estimation,
but good for SOH estimation. The other way around, LIB with mono-
tonic mechanical characteristic, such as LCO and NMC, have easier SOC
estimation algorithms but more complex SOH estimators, if based just
on mechanical measurements.
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carried out on all the battery samples, highlighting the cell-to-cell differences.
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3.4. Statistical considerations

Two types of measurement errors are taken into account: repeata-
bility error and cell-to-cell differences. The first takes into account the
error among repeated measurements with the same operating condition
(current rates), and is calculated as the standard deviation of the
measurements on a certain sample with a certain operating condi-
tion, as reported in Eq. (4)a. The latter considers the discrepancies
of the measurements, carried out with the same operating conditions,
among different battery samples of the same chemistry (cell-to-cell
differences), and is calculated as the standard deviation of all the
measurements carried out on all the battery samples for a certain op-
erating condition, as reported in Eq. (4)b. Both the standard deviations
in Eq. (4) are then normalized with respect to the mean, to get a
percentage error.

𝑆𝐷𝐵𝑎𝑡𝑡 =

√

√

√

√

∑𝑁𝑡𝑒𝑠𝑡
𝑖=1 (𝑥𝑖𝑛 − 𝑥𝑛)2

𝑁𝑡𝑒𝑠𝑡 − 1
(4a)

𝐷𝑇 𝑜𝑡𝑎𝑙 =

√

√

√

√

∑𝑁𝑠𝑎𝑚𝑝𝑙𝑒
𝑛=1

∑𝑁𝑡𝑒𝑠𝑡
𝑖=1 (𝑥𝑖𝑛 − ̂𝑥𝑡𝑜𝑡)2

𝑁𝑡𝑒𝑠𝑡 ⋅𝑁𝑠𝑎𝑚𝑝𝑙𝑒 − 1
(4b)

Where 𝑆𝐷𝐵𝑎𝑡𝑡 is the repeatability error, 𝑆𝐷𝑇 𝑜𝑡𝑎𝑙 is the cell-to-cell
rror, 𝑁𝑡𝑒𝑠𝑡 is the number of tests carried out on the same battery
ample with a certain current rate, 𝑁𝑠𝑎𝑚𝑝𝑙𝑒 is the number of battery
amples considered, 𝑥𝑖𝑛 is the 𝑖th measurement with a certain current
ate carried out on the battery sample 𝑛, 𝑥𝑛 is the mean of the measure-
ents with a certain current rate carried out on the battery sample 𝑛,
̂𝑥𝑡𝑜𝑡 is the mean of the measurements with certain current rates, carried
ut on all the battery samples.

Repeatability errors are reported in Fig. 7 as shaded blue columns
or each battery sample, and cell to cell error is reported as a red
9

olumn and labeled as ‘‘Total’’. l
If blue columns have comparable height with respect to the red
olumn, it means that repeatability error is dominant, and cell-to-
ell error is just a consequence. If the height of the red column is
ubstantially greater than the blue columns, it means that cell-to-cell
rror is dominant. These errors are calculated separately for LFP and
CO batteries.

Voltage measurements show negligible errors and excellent consis-
ency among different LFP battery samples, as shown in Fig. 7a. For
hat concerns LCO batteries, an increasing error is observed increasing

he current rate (Fig. 7d), mainly due to repeatable errors, as the
tandard deviation of the measurement on the single cells is comparable
o the overall standard deviation.

Temperature shows little variation among LFP batteries (Fig. 7b),
nd slightly greater cell-to-cell differences in LCO batteries (Fig. 7e),
specially at higher rates.

The repeatability error on the thickness change measurements on
FP and LCO batteries on the same sample is satisfactory, as the
tandard deviation of the measurements on each sample is lower than
%, except for some cases at the highest current rates, according to
igs. 7c, f. For LCO batteries, cell-to-cell differences are negligible,
xcept for high current rates. On the other hand, LFP batteries show
reater cell-to-cell differences, with an overall standard deviation of
bout 6%. It is observed both in LFP and LCO batteries that higher
urrent rates affect the consistency of thickness change measurements
arried out on the same LIB, causing repeatability errors.

. Conclusion

The results of the in-operando measurements of the mechanical
haracteristic in terms of thickness change of batteries with different
hemistries (LFP and LCO) and formats (prismatic and pouch) subjected
o different charge and discharge rates are shown in this work. The
rrors in terms of repeatability and cell-to-cell differences are generally

ow, about 5%, and always lower than 10%, except few cases.
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The interpretation of the thickness change trajectory is provided
based on the chemo-mechanical properties of the active materials of
the anode and cathode and the thermal properties of the LIBs. In
particular, it is observed that graphite dominates the deformation trend,
overcoming the opposite deformation of the positive electrode during
operation and giving the distinguishable linear three-stage shape to
the mechanical characteristic of the battery, regardless of the active
material of the positive electrode.

Nevertheless, the partial molar volume of the active material of
the positive electrode is the discerning element from monotonic and
non-monotonic trend of the mechanical characteristic. Partial molar
volume is the proportionality constant between material deformation
and lithium concentration. Generally, the partial molar volume of
graphite (negative electrode) is greater than the positive electrode,
making the battery swell during charging, and shrink during discharg-
ing. Nevertheless, the partial molar volume of graphite is not constant
with lithium concentration and drastically decreases in the central SOC
region (30%–60%). In this range, if the partial molar volume of the
positive electrode overcomes graphite (1 cm3∕mol), such as in LFP
batteries, a non-monotonic mechanical characteristic occurs.

The analysis of the features of the mechanical deformation of LIBs
during operation highlights its potential application in the SOC and
SOH estimation algorithms, together or as alternative to voltage. In-
deed, mechanical deformation is proportional to the mean concen-
tration of lithium ions in the electrode, thus to the state of charge.
Furthermore, when compared to voltage, it is less influenced by the
applied current and does not show plateaus hindering the estimation.
Secondly, the turning points of the mechanical characteristic are linked
to graphite stage transitions and can be used to estimate battery degra-
dation [63] as in DVA, with the advantages that such traces do not
vanishes increasing the current rate, as the peaks in DVA do.

The trend of the mechanical characteristic has an impact on possible
estimation algorithms: non-monotonic mechanical deformation might
complicate SOC estimation but aid SOH estimation. Conversely, SOC
estimation becomes easier with a monotonic mechanical deformation,
but SOH would require a greater derivative order to track the graphite
stage transitions, complicating the algorithm when dealing with noisy
data.
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