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Highly nonlinear structures and constituent materials and hazardous experiment situations have resulted
in a pressing need for a numerical mechanical model for lithium-ion battery (LIB). However, such a model
is still not well established. In this paper, an anisotropic homogeneous model describing the jellyroll and
the battery shell is established and validated through compression, indentation, and bending tests at
quasi-static loadings. In this model, state-of-charge (SOC) dependency of the LIB is further included
through an analogy with the strain-rate effect. Moreover, with consideration of the inertia and strain-
rate effects, the anisotropic homogeneous model is extended into the dynamic regime and proven cap-
able of predicting the dynamic response of the LIB using the drop-weight test. The established model
may help to predict extreme cases with high SOCs and crashing speeds with an over 135% improved accu-
racy compared to traditional models. The established coupled strain rate and SOC dependencies of the
numerical mechanical model for the LIB aims to provide a solid step toward unraveling and quantifying
the complicated problems for research on LIB mechanical integrity.

� 2016 Elsevier Ltd. All rights reserved.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.apenergy.2016.03.108&domain=pdf
http://dx.doi.org/10.1016/j.apenergy.2016.03.108
mailto:hudayong@buaa.edu.cn
http://dx.doi.org/10.1016/j.apenergy.2016.03.108
http://www.sciencedirect.com/science/journal/03062619
http://www.elsevier.com/locate/apenergy
https://www.researchgate.net/profile/Xinyi_Wang42?el=1_x_100&enrichId=rgreq-e25dfbcb0ca04a821ed16ae5bcd2b084-XXX&enrichSource=Y292ZXJQYWdlOzI5OTU3MDAwNjtBUzozNDY2NjU5NTQzNjU0NDBAMTQ1OTY2MzAxMjY5Mw==
https://www.researchgate.net/profile/Hu_Dayong?el=1_x_100&enrichId=rgreq-e25dfbcb0ca04a821ed16ae5bcd2b084-XXX&enrichSource=Y292ZXJQYWdlOzI5OTU3MDAwNjtBUzozNDY2NjU5NTQzNjU0NDBAMTQ1OTY2MzAxMjY5Mw==
https://www.researchgate.net/profile/Jun_Xu84?el=1_x_100&enrichId=rgreq-e25dfbcb0ca04a821ed16ae5bcd2b084-XXX&enrichSource=Y292ZXJQYWdlOzI5OTU3MDAwNjtBUzozNDY2NjU5NTQzNjU0NDBAMTQ1OTY2MzAxMjY5Mw==
https://www.researchgate.net/profile/Liu_Binghe?el=1_x_100&enrichId=rgreq-e25dfbcb0ca04a821ed16ae5bcd2b084-XXX&enrichSource=Y292ZXJQYWdlOzI5OTU3MDAwNjtBUzozNDY2NjU5NTQzNjU0NDBAMTQ1OTY2MzAxMjY5Mw==


J. Xu et al. / Applied Energy 172 (2016) 180–189 181
1. Introduction

Lithium-ion batteries (LIBs) are increasingly widely used in
modern industrial products, e.g., unmanned aircraft, vehicles,
robots, and cellphones, among others [1–7]. Take the electric vehi-
cle (EV) for example. In 2013, the annual sales of EVs reached
505,000 in the US, 904,000 in Japan, and 22,000 in Europe [8]. Such
large quantities of vehicles may inevitably suffer from crash acci-
dents and experience frequent foreign object intrusion/impact on
the LIB package during driving. Thus, the mechanical integrity of
LIBs has attracted considerable research with respect to LIB safety,
where the failure of a battery depends on chemomechanical type
[9], as well its transient and long-term electrochemical
performance.

Previous pioneering work focused on the individual compo-
nents properties including electrodes [10] and separator [9,11,12]
and the general response of the LIB subject to various mechanical
loadings, such as radial crushing, bending, and indentation. From
the structural point of view, jellyroll and battery shell are the
two core structural parts of the entire LIB. In the battery cell level,
bending, indentation, and radial crushing [13,14] tests were pro-
posed to study the overall mechanical response subject to loadings,
where jellyroll is regarded as a macroscopic homogeneous model.
Constitutive models to predict the radial direction properties of jel-
lyroll from the flow rule and the conception of volumetric strain
were proposed by Greve and Fehrenbach [13] and Wierzbicki and
Sahraei [15] respectively. Then the representative volume element
model of the jellyroll was identified [16,17]. The anisotropic prop-
erty of the structure as a result of geometry and material was not
considered by these two models. Therefore, these models may
accurately predict radial crushing and indentation tests of the jel-
lyroll, but fail for the bending cases.

Jellyroll consists of separator, cathode, anode, active particles,
and adhesives to bond active particles on the electrodes [18]. Rul-
ing out the structural effects makes obtaining the material param-
eters of cathode and anode by tension and compression tests
through staking up layers of the material rather straightforward
[16,17]. The separator plays an important role in possible internal
short-circuit and long-term electrochemical degradation [19–23].
Numerous efforts have been exerted to study the mechanical prop-
erties of the separator through carefully designed tension, com-
pression tests with the possible large deformation, and highly
anisotropic and obvious viscoelasticity exhibited during experi-
ments [22,24–26]. In addition, nanoindentation tests were pro-
posed to study the mechanical properties of active particles at
nanoscales [27,28].

However, current available finite element models of LIB are not
capable of predicting the mechanical behavior subject to bending,
Table 1
The information of the 18650 LIB.

Terms Rating

Nominal capacity 2250 mA h
Rated capacity 2150 mA h
Nominal voltage 3.7 V
Charge voltage 4.2 ± 0.05 V
Cut off voltage 2.5 V
Continuous maximum charge current 2.15 A
Continuous maximum discharge current 10 A
Size /18.6 mm � 64.9 mm
Weight 43.6 ± 1.5 g
Anode material and thickness LixC6/0.165 mm
Cathode material and thickness LiCoO2/0.159 mm
Separator PP/0.018 mm
Positive current collector and thickness Al/0.019 mm
Negative current collector and thickness Cu/0.013 mm
where the most possible load the cell has in vehicle crashing occurs
in the radius direction bending [13]. Furthermore, dynamic load-
ing, which in essence is the bottleneck in studying the LIB mechan-
ical integrity at crash scenarios, cannot be well represented. Xu
et al. made the first step to experimentally study the dynamic
behavior of the jellyroll without further experiment validation
[29]. To simulate the LIB status in the continuous charging and dis-
charging process, the state-of-charge (SOC) effect should also be
included in the model. Recent evidence has shown that the
mechanical properties [27,28] and volume [30] of the active parti-
cles will change due to SOC value changing; such finding may serve
as the direct proof for the SOC dependent mechanical behavior of
LIB.

The coating for cathode and anode materials and the separator
itself are highly porous and soaked in electrolyte fluid, where ions
could move around [21,26]. Hence, modeling the jellyroll in detail
with the exact contact modeling is rather complicated among each
constituent. Homogeneous modeling technique is adopted in this
study. Here, the anisotropic model of the jellyroll is built to predict
the various radial loading conditions to the jellyroll. After valida-
tion of the numerical model, the SOC effect is considered in this
quasi-static model. Furthermore, the dynamic model is established
with the coupling of strain rate and SOC effects taken into consid-
eration. The model may predict the dynamic response effectively in
comparison with the drop-weight test results.
2. Numerical modeling of LIB in quasi-static conditions

2.1. The modeling samples, experiment setups and simulation
boundary conditions

The LixC6/LiCoO2 batteries are chosen in this study, provided by
SONY. The basic information is summarized in Table 1, including
the physical dimensions of the whole battery and each component,
as well as the electrical performance. The charge/discharge curves
are shown in Fig. 1(a). A large number of mechanical experiments
have been studied for this type of battery [31], discovering that the
mechanical properties are related to SOCs where the maximum
contribution of SOC for the difference in force capacity can be up
to 40%. It is true that battery shell’s mechanical behavior plays
an important role in overall LIB’s mechanical behavior; however,
the jellyroll contributes more for bearing force than the shell,
demonstrated in the comparison of Figs. 1(b) and 2(b).

Bending, indentation, and radial compression tests in quasi-
static conditions are conducted based on the INSTRON 5699 plat-
form with loading rate of 5 mm/min. The force and displacement
sensors are set on the indenter. In compression tests, the indenter
and the bearing are flat; in indentation tests the bearing is flat and
Note

Typical capacity of 0.2 ItA and discharging with a cut-off voltage of 2.5 V
(at 1 C charging and standard test atmosphere)



Fig. 1. (a) Charge/discharge curve of the LIB. (b) Load–displacement curve in quasi-static radial compression loading conditions of the jellyroll. (c) Stress–strain curve of
jellyroll radial compression experiment in quasi-static loading. (d) Load–displacement of the compression tests of the jellyroll in x3 direction. (e) Load–displacement curve in
quasi-static radial compression and bending loading condition of the jellyroll for experiment and simulation.
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the indenter is cylinder with radial of 10 mm; in bending tests the
bearing are two cylinders with radial of 10 mm with distance of
60 mm and the indenter is also cylinder with radial of 10 mm.

ABAQUS/Standard is chosen for simulation. The indenter and
the platform are set as discrete rigid. The platform is fixed and
the indenter is given a forced displacement as experiment. A pen-
alty based contact is set for the contact parts assuming a friction
coefficient of 0.1.

2.2. Modeling and validation of the jellyroll

In previous studies, the uniaxial stress–strain model for the
compression of the jellyroll is expressed in two forms. The first
one is expressed as Eq. (1), as suggested by Greve and Fehrenbach
[13]:

r ¼ Aen þ B ð1Þ
where A and B are the parameters to be determined, r is the stress, e
is the strain, and n is the hardening exponent. This model is actually
reduced from the flow rule in the form of

rð�epÞ ¼ rplateau � rplateau � ryield
� � � exp � �ep

�eref

� �� �
ð2Þ

where ryield is the initial yield stress, rplateau is the intermediate pla-
teau stress, �eref shapes the curvature of the hardening curve in
between, �ep is the plastic strain, and rð�epÞ is the stress. The second
form is suggested by Wierzbicki and Sahraei [15], who used the
concept of a volumetric strain, and is expressed as

r ¼ Aen ð3Þ
where A is the amplitude and n is the exponent.

The abovementioned models actually share the same stress–
strain relationship and are both capable of providing excellent
predictions for the jellyroll in radial compression. The only

https://www.researchgate.net/publication/257225859_Homogenized_mechanical_properties_for_the_jellyroll_of_cylindrical_Lithium-ion_cells?el=1_x_8&enrichId=rgreq-e25dfbcb0ca04a821ed16ae5bcd2b084-XXX&enrichSource=Y292ZXJQYWdlOzI5OTU3MDAwNjtBUzozNDY2NjU5NTQzNjU0NDBAMTQ1OTY2MzAxMjY5Mw==
https://www.researchgate.net/publication/257224791_Mechanical_testing_and_macro-mechanical_finite_element_simulation_of_the_deformation_fracture_and_short_circuit_initiation_of_cylindrical_Lithium_ion_battery_cells?el=1_x_8&enrichId=rgreq-e25dfbcb0ca04a821ed16ae5bcd2b084-XXX&enrichSource=Y292ZXJQYWdlOzI5OTU3MDAwNjtBUzozNDY2NjU5NTQzNjU0NDBAMTQ1OTY2MzAxMjY5Mw==


J. Xu et al. / Applied Energy 172 (2016) 180–189 183
difference for the two models is that the model in Eq. (1) may
have a slightly better prediction because it describes the slow
increase of stress in small strain simultaneously with a more
rapid increase of stress in the larger strain domain owing to the
‘‘densification-like” behavior in jellyroll. Commercialized 18650
LIBs with 2250 mA h nominal capacity, 4.2 V charge voltage,
and 43.6 g weight are chosen in this study. The jellyroll of this
cell is winded with two layers of the separator (polypropylene),
one layer of negative electrode (graphite glued to the copper
collector), and one layer of positive electrode (LiCoO2 adhering
to the aluminum collector). The thicknesses of the respective
layers are 0.018, 0.165, and 0.159 mm.

Thus, Eq. (1) is set as the calibration model to describe the
uniaxial compression of the jellyroll in this study. To quantify the
fitting parameters in Eq. (1), three repeated radial compression
tests are conducted with SOC = 0 based on the INSTRON 5966
material testing platform at a loading rate of 5 mm/min (nominal
strain rate is 0.0046 s�1), which is regarded as quasi-static loading.
Fig. 1(b) illustrates the force–displacement curve extracted from
the tests.

A rather simple but useful method is employed to convert the
load–displacement curve into the nominal stress–strain relation-
ship. Nominal stress rn can be considered as

rn ¼ F
Sc

ð4Þ

where F is the load and Sc refers to the contact area. Sc may be esti-
mated via

Sc ¼ lcbc ð5Þ
where lc is the length of the cell, and the contact width bc can be fur-
ther obtained as

bc ¼ 2R arccos
R� s=2

R

� �
ð6Þ

where R denotes the radius of the cell, and s is the displacement of
the indenter. Accordingly, the nominal strain enorminal can be
expressed as
Fig. 2. (a) Compression of the finite model and the geometry structure of the LIB cell. Load
simulation: (b) radial compression, (c) bending, and (d) indentation.
en ¼ s
2R

ð7Þ

The converted nominal stress–strain curve is shown in Fig. 1(c),
and the parameters A, B, and n, which are found to be 930, 3.4, and
0.8, respectively, can be fitted by this curve. The Young’s modulus
Er
jellyroll ¼ 500 MPa is chosen for the jellyroll in the radius direction

because of the plastic strain hardening curve, and a small Poisson’s
ratio vjellyroll = 0.15 is given according to previous open literature
[13].

As shown in Fig. 1(e), the mechanical model of jellyroll
r = 930e0.8 + 3.4 can well present the mechanical behavior of LIB
under compression, where the coefficient of determination

r2 ¼ 1�Pn
i¼1ðyi � f iÞ2=

Pn
i¼1ðyi � �yÞ2 ¼ 0:99 (where yi is the experi-

ment data, fi is the simulation data or the fitting data and �y is the
mean of the experiment data). Neverthless, the performance is
not acceptable for bending since isotropic model cannot provide
an anisotropic mechanical response to the whole LIB during bend-
ing when the upper surface is in compression and the lower one is
in tension status. In this case, an anisotropic model is necessary to
overcome this challenge.

The engineering constants used for the anisotropic properties
with the stress–strain constitutive law are shown as follows:
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where E11, E22, and E33 are the Young’s modulus in the x1, x2, and x3
directions, respectively; G12, G23, and G31 is the shear modulus of
planes x1–x2, x2–x3, and x3–x1; vij is the Poisson’s ratio; and sub-
scripts ‘‘1,” ‘‘2,” and ‘‘3” stand for the coordinate system.

To simplify the model, the x1–x2 plane is considered as isotropic,
such that E11 = E22 = Ep, m31 = m32 = mtp, v13 = m23 = mpt, and
–displacement curve in quasi-static loading condition of the cell for experiment and
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Fig. 3. (a) Fitting of the function relationship of s(SOC). Comparison of the
experiment and simulation using the SOC related model in (a) radial compression
condition and (b) bending condition.

184 J. Xu et al. / Applied Energy 172 (2016) 180–189
G13 = G23 = Gt, where p and t stand for ‘‘in plane” and ‘‘transverse”
respectively. The stress–strain laws are then reduced to
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where mtp/Et = vpt/Ep, Gp = Ep/2(1 + vp), and only five independent
constants are left. The in-plane Young’s modulus Ep is equal to the
Young’s modulus in the radial direction used in the isotropic model,
Ep ¼ Er

jellyroll ¼ 500 MPa. The transverse Young’s modulus Et can be
confirmed by a compression test in the x3 direction. The elastic
stage is before 1.2 mm because the separator is slightly longer than
the electrode, Et = 1500 MPa, as shown in Fig. 1(d). The ‘‘in-plane”
Poisson’s ratio vp is chosen as the Poisson’s ratio of the isotropic
model, where vp = vjellyroll = 0.15. vpt and vtp are estimated by the
stability relationships as follows [32]:

Ep; Et;Gp;Gt > 0;
jvpj < 1;

jvpt j < ðEp=EtÞ1=2;
jv tpj < ðEt=EpÞ1=2;
1� v2

p � 2v tpvpt � 2vpv tpvpt > 0

8>>>>>>><
>>>>>>>:

ð10Þ

Thus, vpt = 0.1 and vtp = 0.3 are confirmed. A small modulus
300 MPa is chosen for the transverse shear modulus Gt, and the
plane sheer modulus Gp is calculated using the relationship as
follows:

Gp ¼ Ep=2ð1þ vpÞ ¼ 217 MPa ð11Þ
The plasticity property also differs in three principal directions.

In the x1–x2 plane, the plasticity properties are calculated by the
compression tests, which are the same as the isotropic model:

r ¼ 930e3:4 þ 0:8 ð12Þ

The yield stress ratio R ¼
�r11
r0

�r12
s0

�r13
s0

�r22
r0

�r23
s0
�r33
r0

2
64

3
75 is proposed to describe

the anisotropic properties, where r0 is the reference yield stress set
as 0.8 MPa, s0 ¼ r0=

ffiffiffi
3

p
, and �rij is the measured yield stress value.

Owing to the isotropy in the x1–x2 plane, �r11, �r12, and �r22 can be
calculated by the compression tests, the result of which is
0.8 MPa, and �r33 is set as the cut-off stress in tension tests, i.e.,
10 MPa in Ref. [14].

Using this model can well predict the mechanical properties of
jellyroll in both bending and compression, as illustrated in Fig. 1(e),
which shows the comparison of the isotropic and current anisotro-
pic models. Clearly, both isotropic and anisotropic models can well
predict the mechanical response of LIB during compression evi-
denced by r2 = 0.99. On the other hand, the anisotropic model
may well predict the bending experiment results with r2 = 0.81,
but the isotropic model fails to provide a good prediction. There-
fore, the jellyroll bears a considerable amount of loading during
bending, which cannot be regarded as trivial.
2.3. Modeling and validation of the battery cell

Based on the model established for jellyroll, one should also add
the battery shell to describe the entire mechanical behavior of the
18650 battery cell. The 18650 LIB shell is mostly made of steel or
aluminum to maintain the shape of the jellyroll. In the present
study, the shell is made of common steel, with the mechanical
properties obtained from Ref. [13]. Young’s modulus is Eshell = 207 GPa,
and Poisson’s ratio is vshell = 0.3. The strain hardening can be well
represented by the Johnson–Cook model, which is written as

r ¼ ð0:6þ 600�epnÞð1þ 0:062 ln _�ep�Þ ð13Þ

where �ep is the plastic strain, and _�ep� ¼ _�ep
_�ep0
is the dimensionless plas-

tic strain rate, with _�ep0 ¼ 1 s�1 as a reference strain rate [29].
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Fig. 4. (a) An upright view of the drop testing machine. (b) Load–time curve of the drop experiment.

Fig. 5. (a) Load–displacement curve of the drop experiment and simulation for the jellyroll in SOC = 0. (b) Load–displacement curve of the drop experiment and simulation for
the LIB cell in SOC = 0.
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The finite element model of the LIB cell is constructed strictly
following the real-world cell, except for the removal of some tiny
but geometrically complicated parts to facilitate meshing, compu-
tational convergence, and efficiency, as shown in Fig. 2(a). The cap
and winding needle have the same material properties as the shell.

Simulations are run in parallel for comparison with the data
obtained from experiments shown in Fig. 2(b)–(d) separately.
Values of r2 for the simulation results using the established
mechanical model are all greater than 0.98 for indentation, com-
pression and bending. Therefore, this model can well describe
and predict the mechanical response of the LIB cell under radial
compression, indentation, and bending.

2.4. Inclusion of the SOC effect

The reason behind the stiffening mechanism for the higher SOC
value has been proven to be the Li-ion insertion in anode [31]. The
reaction force of a fully charged cell is 40% larger than that of an
empty cell in radial compression tests.

Through an analogy with the strain-rate effect, a possible hard-
ening model is expressed as

r ¼ f ðe; SOCÞ ð14Þ
When SOC = 0, the hardening model is degenerated to Eq. (12).

Eq. (14) can be reduced to a multiple relationship as follows:

r ¼ sðSOCÞf ðe;0Þ ð15Þ
where s(SOC) presents the function relationship with the value of
SOC, which can be calculated by simulating s(SOC) with multiple
values. Fig. 3(a) presents the description of the SOC function, which
may be expressed as

sðSOCÞ ¼ expð1:103� SOCÞ ð16Þ
The compression simulation of this model and the experiment

results are compared in Fig. 3(b). The simulation can have a good
agreement with the experiment in each SOC value with
r2 = 0.97–0.98, indicating that the mechanical behavior can be pre-
dicted by this model with consideration of the SOC effect. In bend-
ing conditions, the mechanical properties related to SOC can also
be well expressed by this model with r2 = 0.96–0.99, as illustrated
in Fig. 3(c).
3. Numerical modeling of LIB in dynamic loadings

3.1. The experiment setups and simulation boundary conditions

Drop-weight experiments shown in Fig. 4(a) are carried out to
study the dynamic effect. The weight of the hammer is 31.6 kg,
according to the estimation of crash energy based on quasi-static
loading. The initial impact velocities are set as 2, 2.5, 3, and
3.5 m/s, representing the respective drop heights of 204, 318,
450, and 625 mm. The acceleration sensor is set on the hammer
for measuring the acceleration of the hammer. ABAQUS/Explicit



Fig. 6. Load–displacement curve of the drop experiment and simulation for the cell
in various SOCs with velocity of (a) 2 m/s and (b) 3 m/s.

186 J. Xu et al. / Applied Energy 172 (2016) 180–189
is chosen for dynamic simulation study. The indenter and the bear-
ing are set as discrete rigid. The bearing is fixed and the indenter is
given an initial velocity as experiment. A penalty based contact is
set for the contact parts assuming a friction coefficient of 0.1.
3.2. Modeling and validation of the jellyroll

Fig. 4(b) shows the load–time curves extracted from the tests.
Note that the force–time history curve has two peaks at the high
drop-weight velocity (i.e., 3.5 m/s), while only one peak can be
observed at low-velocity cases. The first peak indicates the fracture
of the jellyroll, while the second one is the rebound of the drop
hammer. The load–displacement curve can be easily translated
from the load–time curve by

R
vhammerdt, as depicted in Fig. 5(a).

The diameter of the hollow winding needle is approximately
3 mm in diameter by measurement. During deformation, this hol-
low hole would collapse first with little strain-rate effect. Theoret-
ically, the structure of the whole cell has little dynamic effect
before the critical nominal strain ec � 0.2. Thus, the jellyroll is
regarded as strain-rate independent before the critical nominal
strain, but highly strain-rate dependent after the threshold strain,
such that the dynamic model would be suggested in the form of
a two-stage description. Stage I is mainly for eliminating gaps of
the jellyroll, and so the jellyroll has little dynamic effect in this
stage. Stage II begins with the densification of the jellyroll when
most of the jellyroll materials are involved, such that the dynamic
effect is obvious in this stage.
The rate-dependent model can be written as

r ¼ f ðe; _eÞ ð17Þ
when e < ec, the function can be written as Eq. (12); when e P ec ,
the hardening stress is equal to the following:

r ¼ rc þ Bðen � enc Þgð _eÞ ð18Þ
where n is the hardening indicator equal to 3.4, which comes from
Eq. (12), and rc is the critical stress set as

rc ¼ 0:8þ 930e3:4c ð19Þ
gð _eÞ is the strain-rate dependent function fit by the drop-weight

experiment. After entering the densification regime, the jellyroll is
regarded as a homogeneous solid material and the strain-rate
dependent material is expressed as

gð _eÞ ¼ expð0:02085 _e�Þ ð20Þ
where _e� equals _e= _eref , and _eref is the reference strain rate set as
1 s�1.

This model is used in finite element simulation with the com-
parison of drop-weight test results of 2 and 3 m/s, as shown in
Fig. 5(a). A good agreement between numerical simulation and
experiment results for the jellyroll only can be expected in
dynamic crushing, where r2 = 0.98–0.99.

3.3. Validation of the battery cell

With the strain-rate dependent descriptions for both jellyroll
and battery shell already established, one may further verify the
dynamic mechanical response of the two parts combined. Here,
impact velocities of 2, 3, and 3.5 m/s are proposed for the experi-
ment and simulation, and the results are shown in Fig. 5(b). The
model is confirmed to predict the crush accurately with
r2 = 0.96–0.98. However, a deviation occurs in the densification
stage amplified from the slight deviation in the static model mainly
generated from the simple battery shell model.

The cells are usually well protected in crash safety design and
will not deform over the critical strain ec in small-size EV crash
tests. These results indicate that the quasi-static model of the jel-
lyroll and battery shell can be used in most vehicle crash situa-
tions. However, the crash velocity of the standard is too low in
comparison with that in actual accidents, and the protection of
the cell limits the arrangement of the vehicle. Thus, this dynamic
mechanical model of the jellyroll and battery shell can be used in
the crash safety design of high vehicle velocity and the new EV
arrangement plan.

3.4. SOC inclusion

The above study presents a model that can predict the mechan-
ical properties in various SOC values and at different crash veloci-
ties. Going one step further, the model must be related with the
SOC value, which may be expressed as

r ¼ f ðe; SOC; _eÞ ð21Þ
According to Eqs. (15) and (18), e, SOC, and _e are independent

parameters, such that the stress–strain curves can be represented
as

r ¼ ðAen þ BÞsðSOCÞgð _eÞkð _e; SOCÞ ð22Þ
where kð _e; SOCÞ is the correlation function, which may express the
relationship of strain rate and SOC. This paper predict it as

kð _e; SOCÞ ¼ 1 ð23Þ
Then, the equation can be written as



Fig. 7. Stress distribution and load–displacement curve for various SOC cells loading with (a) radial compression, (b) indentation, and (c) bending at 2 m/s crash velocity.

J. Xu et al. / Applied Energy 172 (2016) 180–189 187



Fig. 8. Load–displacement curve of the simulation for the fully charged cells in
bending, radial compression, and indentations with various SOC values.
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r ¼ ð930e3:4 þ 0:8Þe1:103SOC; e 6 ec
rc þ 930ðe3:4 � e3:4c Þe1:103SOC	 


e0:02085 _e� ; e > ec

(
ð24Þ

The established strain rate and SOC effect coupled model can be
validated by experiment data for 2 m/s impact velocity at SOC 0,
0.1, and 0.3, as well as 3 m/s impact velocity at SOC 0, 0.1, and
0.3. A good agreement can be observed among the simulation
and experiment results shown in Fig. 6(a) and (b), proving the
validity of the coupled model, where r2 = 0.96–0.98.
4. Discussions

In this section, with the help of the established finite element
model, the potentially highly dangerous experiment situations that
LIB may undergo during extreme mechanical loadings are
investigated.
4.1. Various SOC values at dynamic loadings

Battery cells in different SOCs express different mechanical
properties in crushing conditions. Simulations for cells in various
SOCs are carried out at bending, radial compression, and indenta-
tions, where the impact velocity is set as 2 m/s.

In compression conditions, the reaction force of the higher SOC
cells is larger than that of the lower ones, as shown in Fig. 7(a). The
stress distribution of the jellyroll is also slightly different in the
same deformation in various SOCs, and the maximum stress of
the jellyroll is changed due to the SOC, e.g., the maximum stress
of a fully charged jellyroll will be about 10–25% larger than those
of empty ones.

The result of indentation and bending conditions are shown in
Fig. 7(b) and (c), wherein the reaction force and maximum stress
of the high SOC are also higher in the same load displacement.
Researchers have built failure criterions from stress state to predict
the initial short of the cell [13,29]. Cells at higher SOC will reach to
a larger stress condition under the same deformation (displace-
ment), illustrated in Fig. 7. According to the established mechanical
integrity criterion from stress state to predict the initial short of
the cell in Ref. [10], cells at higher SOC should fail (or become inter-
nally short circuited) in a smaller displacement which confirms
that higher charged battery should be more dangerous during
crash situation from the mechanical perspective. The maximum
stress positions are close to the indentor at each SOC, and the val-
ues are 10–30% and 15–30% larger in fully charged cells than the
empty ones. The change in stress distribution of the cells in various
SOCs means the mechanical integrity failure of the LIB cells are also
SOC dependent.

4.2. Various loading speeds for high SOC value

As indicated in Section 4.1, crush experiments are dangerous for
high SOC cells. Numerical simulations, however, can easily predict
the mechanical behavior by using the suggested model without
any hazards. Fig. 8 shows the load–displacement curve of the fully
charged cell in radial compression, indentation, and bending crash
situations. Owing to the strain-rate dependency of the jellyroll, the
reaction force is larger in high-speed impact in all three loading
conditions, and the change in reaction force are 18%, 9.7%, and
11.2% in radial compression, indentation, and bending, respec-
tively, from 2 m/s to 10 m/s. A comparison with the empty cell in
quasi-static conditions reveals that this reaction force is increased
by about 200%, 170%, and 135%, respectively. Fig. 8 also demon-
strates that using the isotropic model may underestimate the pre-
diction of mechanical behavior of the LIB subject to dynamic
loading, such that the model 18650 LIB with coupled strain rate
and SOC dependencies is necessary to ensure a crashworthy LIB
design.

5. Concluding remarks

Correctly predicting the mechanical behaviors of LIBs subject to
mechanical loading is critical to understanding the mechanical
integrity of LIBs and ensuring LIB crash safety. To improve the
available isotropic LIB model in open literature, this paper estab-
lished an anisotropic model that can describe the mechanical
response of the LIB at bending, indentation, and compression load-
ings. Additionally, the SOC dependency of the LIB in terms of
mechanical behavior was considered in the numerical model. With
the strain effects of the jellyroll and the battery shell taken into
consideration, a dynamic mechanical model for LIB that will enable
the wider application of the mechanical model was suggested. A
satisfactory agreement among numerical simulation and experi-
ment results were observed. Finally, SOC-dependent dynamic
behaviors and the mechanical stress status of the LIB at hazardous
SOC values and high impact speeds were further discussed based
on the model. The newmechanical model for computation is estab-
lished with the full consideration of dynamic loading effect and
SOC effect from the LIB mechanical integrity point of view. This
new model may have improved 200%, 170%, and 135% accuracy
in compression, indentation and bending loading conditions sepa-
rately compared with the original models in extreme situations.
And this general mechanical model may lay a solid foundation
for future research on LIB mechanical integrity and safety design.
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