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Abstract: Strain rate sensitivity has been widely recognized as a significant feature of the dynamic
mechanical properties of lithium-ion cells, which are important for their accurate representation in
automotive crash simulations. This research sought to improve the precision with which dynamic
mechanical properties can be determined from drop tower impact testing through the use of a
diaphragm to minimize transient shock loads and to constrain off-axis motion of the indenter,
specialized impact absorbers to reduce noise, and observation of displacement with a high speed
camera. Inert pouch cells showed strain rate sensitivity in an increased stiffness during impact tests
that was consistent with the poromechanical interaction of the porous structure of the jellyroll with the
liquid electrolyte. The impact behaviour of the inert pouch cells was similar to that of an Expanded
Polypropylene foam (EPP), with the exception that the inert pouch cells did not show hysteretic
recovery under the weight of the indenter. This suggests that the dynamic mechanical behaviour of
the inert pouch cells is analogous to a highly damped foam.
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1. Introduction

At the time of writing, cost effective finite element modelling of vehicle impact in the absence
of a supercomputer is typically limited to several millions of elements [1,2]. For full vehicle crash
simulations, it may therefore only be computationally efficient to represent individual lithium-ion
cells with several thousands of elements, which is insufficient to model all of the layers of the
jellyroll [3]. Therefore, simulation of the mechanical behaviour of lithium-ion cells has frequently
involved techniques for homogenizing the internal micromechanics to give macroscopic material
properties. Homogenization techniques have included representative volume elements [4–6], material
models validated with empirically derived engineering constants [7] and estimation of globalized
properties from individual layers [8]. These ‘macroscopic’ approaches contrast with ‘microscopic’ or
‘detailed’ modelling, which seeks to represent individual layers in the jellyroll as separate entities [9].

In a review of mechanical modelling of lithium-ion batteries, Zhu identified aspects of mechanical
behaviour inherent to lithium-ion cells that should be represented by accurate homogenized material
models that included [10]: the pressure dependence of the compression stiffness of porous layers, the
poromechanics of the electrolyte-filled porous structure of the jellyroll, anisotropy of individual layers,
plasticity, and crack propagation. Despite the complexity of multi-physics in the jellyroll [11–13], a
notable consensus has arisen within a growing body of research that structural properties can be
adequately approximated in solid mechanical terms for the practical finite element simulation of
lithium-ion cells [6,14–19]. Due to the common motivation of simulating automotive crash events,
research has been predominantly concerned with bending and compression deformation. The
through-thickness compression of jellyrolls has been observed to occur with a negligible in-plane
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Poisson’s ratio [20] and has been likened to the behaviour of cellular materials [21]. To this purpose,
crushable foam and honeycomb material models have been frequently employed for homogenization
techniques in commercial finite element codes such as LS DYNA and Abaqus [4,15,18,21–36]. The
stiffness of polymeric foams is strain-rate dependent and is generally characterized by three phases
of compression [37–40]. This begins with a linear elastic region and once a yield strain has been
reached, the foam experiences a ‘plateau’ region of relatively constant stress that corresponds to
the majority of energy absorption of a cellular material under compression. Further compression
results in densification, in which the stiffness of the collapsed matrix behaves in a similar manner to a
dense bulk material [41–43]. Elastic foams may be repeatedly deformed within a prescribed range of
motion without apparent loss of stiffness, which lends them to applications requiring both high energy
absorption and long service life, such as automotive interiors [44,45].

Given the application of finite element modelling to vehicle impact analysis, a significant area of
study is the strain rate dependence of the jellyroll. Xu and Kisters showed that cylindrical and prismatic
cells respond with increased stiffness and greater peak load when compressed, flexed, and indented at
higher strain rates, and they characterized this behaviour with a principle of strain hardening [7,46].
Kisters observed higher peak loads in ‘dry’ elliptical cells without the presence of an electrolyte
and deduced that the strain rate dependence of wet cells was influenced by the poromechanics of
fluid pressure within the porous structure of active electrode material and separator layers. This is
consistent with Gilaki’s observation of higher peak loads in dry jellyroll stacks [35]. Dixon confirmed
that dry cells experience comparatively higher peak loads under indentation and explained that this
is due to the softening effect of the liquid electrolyte on cell layers in wet cells, a finding that was
latterly supported by Chen [47,48]. Furthermore, Jia observed that the hardening effect of strain rate
dependence has a greater influence on the magnitude of compression stress than the dependence
of compression stiffness on the state of charge, which is known to arise from volumetric changes
in graphite and silicone anodes due to the intercalation of lithium ions [49]. Intercalation stresses
during electrical cycling causes swelling of the jellyroll, although this form of electrochemically-driven
reversible expansion and contraction occurs at a much lower strain rate than that of impact events [50].
Through simulation of fluid flow of the electrolyte within the porous structure of the jellyroll, Zhu
demonstrated that the poromechanics that governs the strain rate dependence of individual layers is
also manifest in the macroscopic behaviour of jellyroll stacks [51]. Kalnaus found that as the testing
speed of through-thickness compression of pouch cells was increased, load-displacement plots changed
in shape from concave parabolic curves that resembled the compaction of cellular materials to convex
curves that were characteristic of the compression of dense materials [52].

Investigations of compression and indentation of lithium-ion cells at quasi-static test speeds have
been undertaken with universal test frames. Inertial phenomena can be effectively ignored at low test
speeds [53–57] but are significant at higher test speeds [58]. A consequence of this is that testing at
intermediate speeds is affected by the propagation of stress waves that contribute to vibration noise,
especially in the measurement of transient loads [59]. This is particularly notable for falling mass test
devices that can achieve high impact energies but unlike universal test frames are typically unable
to actively maintain a constant strain rate due to deceleration of the indenter [60,61]. Due to their
general availability and ubiquity, drop towers have been used in a number of studies concerning
the dynamic mechanical properties of lithium-ion cells [34,48,49,62]. This investigation considered
adaptations to falling mass impact methodologies with the aim of improving the precision with which
dynamic mechanical properties of lithium-ion cells can be determined from drop tower experiments.
This included the use of a diaphragm to reduce transient shock loads on the sample and to constrain
the off-axis motion of the falling mass, specialized impact absorbers for achieving stable rates of
deceleration, and a high-speed camera for observing displacement.
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2. Experimental

2.1. Materials

Materials included Expanded Polypropylene (EPP) Arpro 5130, a carbon black-filled EPP with a
mean bulk density of 30 kgm−3 and inert pouch cells manufactured at the Battery Scale-Up Line at the
Energy Innovation Centre, Warwick Manufacturing Group, as summarized in Table 1. Inert pouch
cells were utilized in this investigation due to safety restrictions on the testing of live lithium-ion cells
in the workshop where the drop tower is located. The foam was originally acquired in a single 1200 ×
800 × 200 mm block and then cut into smaller pieces using a band saw, following the methodology for
sample preparation reported by Carnegie [63]. Inert pouch cells contained 14 repeating units of an iron
phosphate (FePO4) double-layer cathode, a tri-layer separator and a graphite double-layer anode that
after stacking were filled with a pure dimethyl carbonate (DMC) electrolyte and sealed in a pouch
without a subsequent formation cycle, owing to the inertness of the electrolyte that lacked any lithium
salt content. The electrodes were cut to a length and width of 70 × 35 mm and the mean thickness of
the inert pouch cells was 4.5 mm.

Table 1. Summary of Expanded Polypropylene (EPP) foam materials by experimental method.

Material Dimensions Description

EPP foam 200 × 100 × 50 mm Arpro 5130, band saw finish

Inert pouch cell
Jellyroll length and width: 75 × 50 mm
Approximate thickness of pouch cells:

4.5 mm

14 repeating units:
Cathode: FePO4

Separator: trilayer 20 µm
Anode: graphite

Electrolyte: DMC without lithium salt

2.2. Quasi-Static Compression

Quasi-static compression tests were undertaken on five inert pouch cells using a Zwick AllroundLine
250 kN test frame with flat compression platens. A test speed of 1 mm/min was used for all compression
tests, which were terminated when the load reached a maximum safety limit of 245 kN.

2.3. Compression Impulse with Diaphragm Method Development

Drop towers typically apply a falling indenter directly onto the sample, resulting in transient
shock loads at the point of impact. Unless tolerances of flatness and parallelism can be controlled to
a high precision, variation in the area of impact and unpredictability of contact phenomena such as
chattering may introduce noise to the load signal. Capturing transient shock loads at high strain rates
therefore constitutes an instrumentation challenge that is not typically encountered in the measurement
of quasi-static elastic mechanical properties, such as Young’s modulus. In an effort to reduce noise
from hard contact with an indenter, a fixture was designed that utilized a diaphragm to constrain
the position of samples so that they were in contact with compression platens throughout the whole
duration of an experiment. Samples were thus sandwiched between a lower ‘stator’ platen that was
fixed to the falling carriage of the drop tower and an upper ‘impactor’ platen that acted as a flat
indenter. During an experiment, movement of the impactor relative to the stator applied a compression
impulse through the sample, as shown in Figure 1. The diaphragm permitted vertical translations for
small deflections and prevented the sample from being ejected by the reaction force exerted by the
sample and constrained horizontal and planar rotations relative to the flat upper surface of the sample.
A limitation of the diaphragm is that it represented a load path for the reaction force from the impactor
to be transmitted directly to the stator rather than through the sample. Several design features were
introduced to minimize the influence of the load path through the diaphragm: the diaphragm was
fabricated from a CS75 spring steel sheet with a minimal thickness of 0.5 mm, a ‘free length’ of 30 mm
between the impactor and supporting wall of the stator minimized stress concentration close to the
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edges of the impactor, and the ‘separation’ between the impactor and the supporting wall was limited
to 1 mm by a cap that constrained the diaphragm from upward travel after compression impulses
in order to dampen ringing modes. Rubber pads have been shown to minimize the bias introduced
by ringing in drop tower impact experiments [64], so Fabreeka Fabcel 300 rubber pads were placed
between the stator and the carriage such that there would be no points of steel-to-steel contact between
the stator and its fasteners with the carriage.
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Figure 1. Principle of operation of the diaphragm in compression impulse tests.

A feature of impact tests with falling mass devices is non-constant test speed due to variable
deceleration. Researchers have addressed this either by averaging the test speed for the whole period
of compression [38,57] or by using bespoke testing methods to achieve control of test speed during
tests. For instance, Bouix and Viot utilized a flywheel-driven impactor for testing foams [61,65] that
was originally developed to generate a near-constant test speed by Froustey [66]. This investigation
considered an alternative method, in which control of deceleration was achieved by utilizing an impact
absorber with mechanical properties that were optimized in order to achieve an approximately constant
rate of deceleration. This may be achieved by cellular materials, such as pre-crushed honeycombs and
brittle foams in the plateau region of compression. Owing to limitations of laboratory space, a suitable
alternative was found in die expansion of thin-walled tubes, which was investigated by Moreno for
the purpose of impact absorption for railway vehicles [67]. The technique involves penetration of
a seamless tube by a circular die that has a circumference slightly larger than that of the tube. As
the die travels into the tube, it expands the circumference of the tube at an approximately constant
rate. Like other related thin-walled tube techniques such as inversion and splitting, this technique
has been valued for generating an approximately constant deceleration and high efficiency in energy
absorption [68]. Seamless hydraulic tubes were chosen for this role due to their approximately constant
wall thickness and diameter and the relatively low cost of individual specimens.

The impactor consisted of two opposing aluminium plates that were instrumented with three
low-profile Kistler 4576A 5 kN strain gauge load cells with amplification from a VPG 2310 signal
conditioner for the purpose of directly measuring the reaction force of the impactor against the sample.
In addition, StrainSense 4604 MEMS DC amplified accelerometers were attached to the impactor and
stator in order to quantify acceleration, with excitation voltage supplied by a TENMA bench top power
supply. Displacement was measured by direct visual observation of the relative distance between the
impactor and the stator by image correlation with a Photron SA3 high speed camera at a frame rate
of 15,000 frames per second using Photron FASTCAM Analysis (PFA) software. Voltage outputs for
the load cells and accelerometers were captured by Photron FASTCAM Viewer (PFV) with a National
Instruments DAQ USB-6251 that was triggered at the start of each impact test by a digital edge from
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the high-speed camera. Additional lighting was provided by two Simpact ICARUS LED lights. A
summary of experimental apparatus is shown in Figure 2.
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2.4. Compression Impulse Methodology

Dynamic compression impulse tests were undertaken on 1 EPP foam sample and 5 inert pouch
cells using the fixture and test apparatus described in Section 2.3. Specially manufactured flat plate
shims with a thickness equal to that of the samples were used to ensure that the impactor would be
resting under its weight on top of the sample at the start of the test. Additional steel plates were
attached to the impactor to increase the mass of the fixture. The total mass of the impactor, diaphragm,
instrumentation, and mass plates above the sample, collectively known as the ‘indenter’ was 14.9 kg,
as measured by a digital balance. Each sample was repeatedly tested in a series of 8 impact events,
with a period of approximately 5 min between each impact to allow for the previously crushed tube to
be replaced with a new tube and to raise the carriage to its impact height. Samples were only removed
from the fixture once the whole series of 8 tests had been completed. The speed of the carriage at the
point of impact was 2.9 ms−1 for all tests. The impact energy for all tests was 600 J, which refers to the
kinetic energy of the falling mass that was absorbed by the impact absorber and the sample during an
impact event. The graphs shown for compression impulse tests in Section 3 include the mean values
from all the impact tests for each material, therefore representing the mean of 8 tests for the Arpro 5130
EPP foam sample and 40 tests for the five inert pouch cells. The colour-shaded regions in the graphs
represent one standard deviation from the mean.

As explained in Section 2.3, the diaphragm represents a parasitic load path by which load can be
transferred through tension to the sides of the fixture and therefore directly to the stator rather than the
sample. The magnitude of the parasitic tension that is lost through this load path was estimated from
beam deflection equations [69], assuming that the diaphragm acted as a thin sheet that was constrained
by the fixed walls of the fixture.
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3. Results and Discussion

3.1. Arpro 5130 EPP Foam

As shown in the acceleration traces in Figure 3a, the duration of the impact event for Arpro 5130
was approximately 20 ms. The stator reached a peak acceleration after approximately 3 ms, while the
peak acceleration of the impactor lagged behind the stator. The intervening period of approximately
10 ms between the peak acceleration of the stator and impactor represents the ‘impulse’ portion
of the impact, in which the difference in momentum between the impactor and stator produced a
compression impulse on the foam sample. This is evident from the load trace shown in Figure 3b, which
demonstrates approximately bilinear behaviour; the load rises steeply at the start of the compression
impulse until the gradient of the curve decreases at approximately 4 ms, after which the load rises at
an approximately constant rate until it decreases at approximately 14 ms. The rubber pads and impact
absorber were successful in removing much of the high frequency noise but a low frequency ringing
mode is evident throughout the curve in Figure 3b, which may have been caused by off-axis movement
of the drop tower carriage during its descent. The magnitude of the fluctuations in the load that were
caused by sinusoidal noise were maximal during the impact event and were gradually damped by the
impact absorber. The efficacy of the impact absorber in creating a near-constant rate of compression is
demonstrated by the approximately linear rate of change of displacement during the impulse period,
as shown in Figure 3c.
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Figure 3. Compression impulse of Arpro 5130 foam: (a) impactor and stator acceleration, (b) compressive
load measured by the load cells, (c) displacement from high speed camera, (d) load-displacement curve.

Repeatability in the mean of the acceleration, load, and displacement suggests that there
was no significant plastic deformation of the foam between tests. Consequently, the resultant
force-displacement curve shown in Figure 3d resembles the expected elastic hysteresis behaviour of
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cyclic loading and unloading of a cellular material under compression. The approximately bilinear
behaviour is representative of the elastic and compaction regions of compression. For a sample
thickness of 50 mm, the peak displacement of 9 mm represents a compression strain of 18%. This is
well below the threshold for plastic densification of Arpro 5130 that was observed by Carnegie to occur
above 50% compression strain [63].

The measured load of the compression impulse is compared with the sum of the measured load
and the estimated tension in the diaphragm in Figure 4. The estimated tension is proportional to the
deflection of the diaphragm and is therefore maximal at the greatest deflection, which approximately
coincides with the peak load. The peak tension at a displacement of 9 mm has an estimated value of
approximately 1040 N, compared with a peak measured load of 2526 N. At almost 40% of the peak
load, the tension in the diaphragm represents a considerable load path to the stator and constitutes
a significant bias to the test. Nonetheless, the tension is relatively low at the small displacements of
up to 1 mm for which the test method was intended. This suggests that the test method may be less
suitable for testing substances with large ranges of deformation, such as foam blocks, but adequate for
smaller ranges of displacement, such as those encountered with pouch cells.
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3.2. Inert Pouch Cells

The concave shapes of the force-displacement curves for quasi-static compression of inert pouch
cells shown in Figure 5 resemble the compaction behaviour of a porous material under compression, as
described by Kalnaus [52]. This diverges from the expected compression behaviour of an elastomeric
foam insofar as the compaction region is characterized by a relatively steep monotonic increase in load
rather than a plateau. At loads above approximately 190 kN, the inert pouch cells experienced a rapid
increase in stiffness that is analogous to the densification region of a cellular material and this can be
interpreted as the maximal densification of the porous structures of the jellyroll layers.

Unlike the acceleration traces of Arpro 5130 foam, the acceleration response of the impactor
and stator for the inert pouch cells shown in Figure 6a closely resemble one another in shape and
magnitude. This can be explained by the lower thickness and greater through-thickness stiffness of the
inert pouch cells, which permitted greater rigidity in load transfer between the stator and impactor.
The load trace for the inert pouch cells shown in Figure 6b resembles the first portion of the load trace
for Arpro 5130 shown in Figure 3b in its trend of approximately linear elasticity followed by a plateau.
The displacement trace for inert pouch cells in Figure 6c shows a similar trend to that observed for
Arpro 5130 in Figure 3c with an approximately constant rate of change of displacement before reaching
a peak. In contrast with the concave shape of the force-displacement curves at quasi-static test speeds,
force-displacement curves for compression impulse were convex, which matches the finding of a strain
rate dependent increase in stiffness that was observed by Kalnaus [52]. Given the similarity in the
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convex shape of the curves, this suggests that the strain rate sensitivity in inert pouch cells arises from
the same poromechanical phenomenon that has been observed for live pouch cells [46,51].
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The estimated tension in the diaphragm at the observed peak displacement of 0.42 mm in Figure 6b
is approximately 60 N. This is approximately 2% of the load at peak displacement observed in the
force-displacement curve for the pouch cells shown in Figure 6d and therefore this represents a much
smaller bias to the load path into the sample than that noted for the Arpro 5130 foam sample in
Figure 4. A notable difference between the inert pouch cells and the Arpro 5130 foam sample is
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that the displacement of the foam rapidly fell to zero after reaching a peak in Figure 6c, whereas the
displacement of the inert pouch cells reached a plateau in Figure 6c. Thus, the force-displacement
curve for the inert pouch cells does not feature a hysteresis loop for unloading. Repeatability of the
displacement and force curves in Figure 6b,c shows that the inert pouch cells relaxed between tests;
had this not been the case, the repeated trend of a linear increase in displacement and force followed
by a plateau would not have been observed. This could only have occurred when the impactor and
stator were in free-fall at the start of each successive impact test, which implies that while the jellyrolls
of the inert pouch cells were capable of elastic recovery, this could not occur under the 14.9 kg weight
of the indenter. Therefore, both Arpro 5130 and the inert pouch cells showed elastic and compaction
behaviour expected for cellular materials but, while Arpro 5130 featured hysteretic recovery in the
manner of an elastomeric foam, recovery in the inert pouch cells was highly damped.

As described in §1, homogenization techniques for structural finite element simulation of
lithium-ion cells frequently employ material models that utilize damping and viscoelastic coefficients
to representation energy absorption. For example, the parameter ‘DAMP’ is a damping coefficient used
to control rate sensitivity for MAT_063 CRUSHABLE_FOAM in LS DYNA [70], while the HYPERFOAM
keyword may be used to define energy dissipation in elastomeric foams in Abaqus [71]. In the absence
of comprehensive datasets on energy absorption and the strain rate dependence of stiffness in pouch
cells, these coefficients may be estimated heuristically or defined through iterative optimization tools,
such as LS-OPT [44]. The authors hope that the finding that pouch cells behave in the manner of
heavily damped foams will help to validate the selection of material models and to inform assumptions
about appropriate parameters for modelling energy absorption in the jellyroll of these structures.

4. Conclusions

Dynamic compression impulse testing of Arpro 5130 Expanded Polypropylene foam (EPP) and
inert pouch cells with a pure DMC liquid electrolyte was undertaken using a drop tower. Method
development included the novel use of a diaphragm that reduced transient shock loads and constrained
the off-axis motion of the indenter, vibration isolation pads for reducing noise, and seamless tube impact
absorbers for achieving an approximately constant rate of deceleration during impact. Load cells
mounted within the indenter and a high-speed camera were used to respectively measure compression
and displacement. Compression impulse testing of EPP foam confirmed that the methodology was
appropriate for observing the expected general behaviour of hysteresis in force-displacement curves.
However, the peak displacement of 9 mm attained by compression impulse of the Arpro 5130 foam
implies a large deflection of the diaphragm and this represents a considerable bias to the test. In
contrast, the tension in the diaphragm is estimated to have only represented 2% of the load at peak
displacement during compression of the pouch cells. Therefore, the test methodology is adequate
for measuring load at small displacements but is inappropriate for characterizing the full range of
densification behaviour in highly compressible materials.

The quasi-static compression of inert pouch cells featured an approximately parabolic monotonic
increase in load that is representative of the gradual compaction of a porous structure. When subjected
to dynamic compression impulse, inert pouch cells showed an increase in stiffness that is consistent
with prior research on the strain rate dependence of poromechanics in the jellyroll. There was similarity
in the shape of the force-displacement curves for compression impulse of the EPP foam and inert
pouch cells, with both featuring a linear elastic region that tended towards a plateau. In this respect,
both materials behaved in the expected manner of a cellular material under compression. While the
EPP foam recovered with a hysteresis loop, the inert pouch cells did not recover under the weight of
the indenter, although they did recover between tests when the weight was alleviated. This suggests
that the dynamic mechanical properties of the inert pouch cells can be effectively represented by a
highly damped foam material model. This finding may help in validating the selection of material
models for structural finite element simulations of lithium-ion cells and in determining appropriate
values for energy absorption parameters. Expansion and contraction due to swelling of the jellyroll
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may represent a mechanism for electrochemically-driven mechanical recovery, so further work should
compare the dynamic compression of live and inert pouch cells.
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