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ABSTRACT The challenges facing electric vehicles with respect to driving range and safety
make the design of a lightweight and safe battery pack a critical issue. This study proposes a
multifunctional structural battery system comprising cylindrical battery cells and a surrounding
lightweight lattice metamaterial. The lattice density distribution was optimized via topological
optimization to minimize stress on the battery during compression. Surrounding a single 18650
cylindrical battery cell, non-uniform lattices were designed featuring areas of increased density
in an X-shaped pattern and then fabricated by additive manufacturing using stainless steel pow-
ders. Compression testing of the assembled structural battery system revealed that the stronger
lattice units in the X-shaped lattice pattern resisted deformation and helped delay the emer-
gence of a battery short circuit. Specifically, the short circuit of the structural battery based on
a variable-density patterned lattice was ∼166% later than that with a uniform-density lattice.
Finite element simulation results for structural battery systems comprising nine battery cells indi-
cate that superior battery protection is achieved in specially packed batteries via non-uniform
lattices with an interconnected network of stronger lattices. The proposed structural battery
systems featuring non-uniform lattices will shed light on the next generation of lightweight and
impact-resistant electric vehicle designs.

KEY WORDS Lightweight, Lattices, Metamaterials, Structural battery, Battery safety, Internal
short circuit

1. Introduction
The development of electric vehicles (EVs) has rapidly increased in the past decade, but chal-

lenges remain associated with battery safety and driving range. It is inevitable that vehicle accidents
will occur, which can result in battery explosions. Numerous studies on the mechanical integrity of
lithium-ion batteries (LIBs) under mechanical abusive loading have been reported [1–4]. The internal
short-circuit criterion was examined under a multiphysics coupling framework [5], while data-based
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machine learning was used for safety risk prediction [6, 7]. Further, multifunctional energy storage
materials simultaneously possessing energy storage and load-bearing capabilities were examined as a
new technology in advancing lightweight EV design. Material-level solutions such as carbon fiber-based
structural batteries have been explored owing to the outstanding mechanical and electrochemical prop-
erties of carbon fibers [8–11]. Asp et al. [12–14] pioneered the fabrication of a prototype from carbon
fiber-reinforced composites. Yin et al. [15, 16] focused on the design of a fiber/matrix interface to fur-
ther improve the electrochemical and interfacial properties. For solutions at the system level, Siegmund
et al. [17] proposed a multifunctional and damage-tolerant battery system to enhance energy storage
and battery safety, whereby they combined individual cylindrical battery units and sacrificial tubes
into a bimodal packing structure. That work supposed that this multifunctional battery pack would
absorb energy during an impact and contribute to battery and vehicle safety. Further, this battery
pack could be placed in the secondary safe zone instead of the passenger cabin where battery volume is
limited. Additionally, Shuai et al. [18] designed a new thin-walled honeycomb structure for LIB pack-
aging and developed a space mapping algorithm to optimize the entire structure for increased battery
protection. Studies addressing both integrated battery protection and lightweight design are limited
though in high demand.

Lattice materials are ordered cellular materials and synthetic mechanical metamaterials with
mechanical properties tailored by their architecture. The structural efficiency and unusual mechanical
properties of lattice materials have been widely studied during the past decade [19–22]. In addition,
the corresponding multifunctional potential of lattice materials owing to the existing space inside the
microstructures has been thoroughly explored [23, 24], including for heat exchange [24, 25] and impact
mitigation [25, 26]. A recently proposed bi-material concept for a periodic dissipative lattice featured a
bi-material lattice exhibiting high strength and strain capacity [22]. Face-centered cubic lattice mate-
rials were created featuring various rotation angles where the optimal orientation angle was identified
that possessed the best energy absorption capability [27]. A multimorphology hybrid lattice was also
developed whose design space for strength and energy absorption capability was expanded significantly
[28]. Employing bioinspired patterning increased the energy absorption capability of dual-phase lattices
to 2̃.5 times that of traditional single-phase lattices [29]. Further, optimized phase patterns produced
non-uniform lattice materials with varying relative density within the design zone [30, 31].

Multifunctional lattice materials are ideal lightweight candidates for battery protection under both
mechanical and thermal abusive loading. The objective of this study is to propose a structural battery
concept that increases both vehicle and battery safety, featuring interconnected lattice-type metama-
terials instead of sacrificial tubes [17] in the battery packing system. An optimized lattice arrangement
featuring varying density is identified via topology optimization. Then, a lattice-based structural
battery system with a single 18650 cylindrical battery is printed and compressed to determine the
protective capability of the structure for the battery. Finally, a structural battery system with nine
battery cells is examined by validated simulations

2. Design
2.1. Geometric Design

To increase the crushing safety of EV battery packs (Fig. 1a), a novel metamaterial-based structural
battery system (MSBS) was developed. Figure 1b illustrates the MSBS, which featured several cylindri-
cal batteries incorporated within interconnected lattice materials. As a representative unit comprising
a single 18650 cylindrical battery, lattice units were filled into the space along the radial direction of
each battery as shown in Fig. 1c. A simple body-centered cubic (that could also be generated directly
from Optistruct in Sect. 2.2) cell was selected as the lattice unit, where a was the side length of lattice
cell and d was the lattice truss diameter. Specifically, a was 5 mm in this study, and the side length
of the entire MSBS unit was equal to 12 lattice cells (60 mm). Note that the length of the MSBS unit
was 65 mm (13 lattice cells) along the axial direction of the battery dimension.

2.2. Optimal Design

The density distribution of the lattice units was optimized to obtain a minimum stress around the
battery for an MSBS under lateral compression in a preliminary compression stage. A finite element
(FE) model was established using solid elements in the Hypermesh software (Hypermesh 2017, Altair
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Fig. 1. Optimal design of metamaterial-based structure battery system (MSBS). a Schematic diagrams of new energy
vehicles, b an MSBS and c an MSBS unit composed of a lattice cell and an 18650 lithium-ion battery (LIB) cell with
respective geometries. d Optimized material density distribution. e Non-uniform MSBS unit. f Uniform MSBS unit

Engineering, Inc., USA), where the element size was set equal to a. Under lateral compression, the
MSBS unit was simplified as a 2D problem to increase the computational efficiency. Then, the size of
FE model along the axial battery direction was decreased to a (i.e., one lattice cell), and symmetric
boundary conditions were applied. Note that FE models considering a large deformation was too
complex to be used in the FE model for the complex structural battery system.

The entire optimization procedure could be divided into a topology design and a lattice layout
design. The first step was to obtain the optimal density distribution of lattice units for improved
battery protection. Generally two types of elements termed elements ‘0’ and ‘1’ exist, wherein element
‘0’ with zero density would be deleted to achieve optimal performance with minimal mass. However, to
obtain the density distribution and owing to printing precision limitations that determine a minimum
truss diameter of 0.6 mm, we defined a minimum element density of 0.2. With the given design area
(green area in Fig. 1c), the compression displacement was set at 1.5 mm. Furthermore, the maximum
von Mises stress on the battery was used in this study as the evaluation index for battery protection
capability. The optimization problem can be described as
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Min, S
Subject to,Mf ≥ 0.2
0.2 ≤ Xi ≤ 1 (i = 1, 2, ...)

(1)

where S is the maximum von Mises stress on the battery, Mf is the mass fraction of the design part and
Xi is the element density. All optimization parameters were set in the Optistruct software. Results are
shown in Fig. 1d, which indicate that the battery should be surrounded with an X-shaped non-uniform
pattern of increased density lattice units in the design area.

Next, in the lattice layout design, lattice units with different relative densities were arranged to
correspond to the density variation pattern of the topological results (Fig. 1d). To simplify the layout
design, lattice units with only three types of relative densities were employed, corresponding to truss
diameters of 1, 0.8 and 0.6 mm (d1, d2 and d3, respectively), to produce a non-uniform MSBS unit.
Finally, the detailed shape near battery boundary was trimmed and the final model of a non-uniform
MSBS unit was produced (Fig. 1e) and experimentally compared with a uniform MSBS unit (Fig.1f).

3. Experimental
3.1. Fabrication

The designed MSBS unit was fabricated and comprised a non-uniform lattice surrounding a single
18650 NCA/graphite cylindrical LIB. Note that all battery cells studied were fresh having undergone
only a single discharging cycle to zero. The surrounding lattice was fabricated by additive manufac-
turing using stainless steel powders in a laser-sintering 3D printer system (EOS M280, Electro Optical
Systems, Germany). The mesoscale morphology was observed via optical microscopy (KEYENCE
VHX-6000 Keyence, Osaka, Japan), whereby the truss diameters of the three lattice unit types in
the non-uniform MSBS unit were measured (d1–d3 shown as images i-iii in Fig. 2a). The diameters
of the three truss types were each about 0.1 mm larger than that of the CAD model resulting in a
greater relative density of the experimental MSBS unit. This discrepancy also reduced the assembly
space for the LIB, so that the printed lattices required proper polishing to accommodate the LIB prior
to assembly. The struts around the LIB before (image iv in Fig. 2a) and after (image v in Fig. 2a)
polishing were shown.

3.2. Mechanical Testing

Quasi-static compression tests for the assembled MSBS units were carried out using in situ voltage
measurements via a voltage sensor, and the compressive behavior of the non-uniform lattice MSBS
units was compared with that of the uniform lattice MSBS units. To clarify the deformation mode
during testing, regions with the d3 truss diameter was painted orange. All specimens were compressed
on a universal electromechanical testing machine (MTS Exceed E64, MTS Systems China, Shenzhen)
at a constant crosshead strain rate of ∼10−3 s−1. Videos of the compression tests were obtained for
further analysis (Canon EOS 80D, Canon, Japan).

4. Results and Discussion
4.1. Compressive Response

A previous study [2] reported the 18650 battery performance under radial compression and validated
the experimental results using finite element modeling (Fig. 2b). The compressive (engineering) stress–
strain curves and in situ open-circuit voltage curves for the uniform and non-uniform lattice MSBS
units are shown in Fig. 2c including the corresponding deformation history. For the uniform MSBS unit,
initially the stress increased linearly until reaching the yield stress followed by a strain hardening stage
with simultaneous contributions from deformation of the lattice and the LIB cell. The predominant
failure mode of the uniform lattices was plastic buckling of the trusses, and the formation of an X-
shaped localized shear band bypassed the LIB cell (dashed yellow line in Fig. 2d). A large deformation
induced a short circuit of the LIB cell, prior to which the contributed energy absorption of the lattice
cells was ∼874 J. The LIB cell within the uniform MSBS unit deformed rapidly along the compression
direction, also failing rapidly because of the stress concentration. The LIB voltage dropped sharply to
zero at a strain of ε = 0.15 (Fig. 2c), which is designated as a deformation-based internal short-circuit
criterion for batteries [2] and indicates the protective capability of the surrounding uniform lattice.
After the short circuit of the LIB cell (at ε > 0.15), the lattice continued to deform considerably while
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Fig. 2. Compression testing and morphology for two types of MSBSs fabricated by selective laser melting-based 3D print-
ing. a Mesoscopic truss morphology images. b Load–displacement curves of the 18650 battery cell in radial compression
by experiment (from Ref. [2]) and simulation. c In situ voltage curve (right axis) and engineering stress–strain curves
(left axis) of uniform (left plot) and non-uniform (right plot) MSBS units. d–e Experimental and simulated deformation
modes of the d uniform and e non-uniform MSBS units

the LIB cell deformed slightly. Thus, for the uniform MSBS, the stress concentration and insufficient
deformation of the lattice prior to the LIB internal short circuit were responsible for its inadequate
protective capability.

For non-uniform lattices, the weaker lattice cells with smaller densities (i.e., smaller truss diameters)
deformed first and failed by plastic buckling of the trusses, as shown in Fig. 2e. Next, the greater density
lattice units in the X-shaped pattern deformed with the surrounding weaker lattice units, resulting in
a slightly horizontal compression of the LIB cell perpendicular to the loading direction with no short
circuit. A long stress plateau stage occurred after the initial stress peak until the strain of ε = 0.26,
followed by a strain hardening and lattice densification stage (Fig. 2c). The delayed short circuit of the
LIB cell in the non-uniform MSBS lattice occurred at a compressive strain of 0.42, which was 166%
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greater than that of the uniform MSBS unit. In the strain value range 0.26 < ε < 0.42 strain hardening
of the non-uniform lattice occurred owing to the densification of the weaker lattices, further increasing
the deformation/bending of the X-shaped patterned lattices and the longitudinal compression of the
LIB cell. Unlike the uniform lattice MSBS unit, the LIB cell in a non-uniform lattice MSBS underwent
horizontal and then longitudinal compression during different compression stages. The stronger X-
shaped patterned lattice helped resist deformation and thus helped delay the appearance of a short
circuit. Prior to short circuit, the compressive stress of the non-uniform lattice MSBS unit reached 48
MPa and the absorbed energy reached 2740 J, which are 33% and 214% greater than those respective
values of the uniform MSBS unit.

4.2. Simulation

Finite element analysis (FEA) was performed to further investigate the stress distribution within
the LIB cell in the MSBS units during compression, using an explicit dynamics FEA approach (Radioss,
Altair, USA). For an MSBS, the lattices were meshed with beam elements possessing the experimentally
measured diameter, while the battery cell was meshed with solid elements. Then, the MSBS units were
compressed between two stiff plates both meshed with solid elements. A mesh convergence analysis
was performed to select the appropriate element size, whereby an element size of 1 mm was selected
for the beam and solid elements to ensure accurate results with a high calculation efficiency. The
lattice material properties were set to be ideally elastoplastic in the simulation model [29] Moreover,
the battery was set as a foam model and validated by comparison with the experimental results from
our previous study of a single 18650 battery cell during radial compression [2] (Fig. 2b). In this model,
two types of contacts were employed. The first was a line-to-line contact that simulated the contact
among lattice trusses. The second was a line-to-surface contact between the lattice trusses and the
compression plates/LIB cell.

To validate the above compression model, the simulated stress–strain curves and deformation modes
were compared with the experimental results of the two types of MSBS units (Fig. 2c). The simulated
stress–strain curves matched well with the experiment results before densification. Furthermore, the
distribution of shear bands in the lattice and the deformation of the LIB cell in the simulation results
were almost the same as that observed experimentally for the two types of MSBS units. In particular,
the simulated stress of the LIB cell revealed that the LIB cell stress in the uniform MSBS increased
faster than that of non-uniform MSBS during the early compression stage, corresponding to an earlier
short circuit of the LIB cell. Note that the local deformation induced by broken struts around the LIB
cell was much smaller than the compressive deformation along the loading direction. Thus, we claim
that the broken struts have little effect on the mechanical behavior herein. However, we note that the
lattice design should be better optimized in future studies to avoid a possible LIB penetration by the
broken lattice trusses

4.3. Variation of Multibattery Packing Patterns

Various battery packing patterns exist for battery systems that can affect the lattice arrangement
in the MSBS and its battery protection capacity. A similar topology optimization process as that
detailed in Sect. 2.2 was employed for a series of MSBSs containing nine battery cells and featuring
different patterns. Two featured parameters, R and θ, were used to define the cell pattern (Fig. 3a).
The parameter R = r + A, where r is the radius of the cylindrical battery and A is the radial length
of the lattice structure along the length of the battery, which limited the size of the MSBS; and the
parameter θ defined the specific location of each unit. Various MSBS models were established with
varying values of A (A = a, 2a and 3a) and θ (θ = 60◦, 90◦, 120◦, 150◦ and 180◦). From the geometric
perspective, the protective area of the MSBS unit would apparently expand with increasing A, which
was good for battery protection but was not conducive to a lightweight design. However, the effect of
varying the parameter θ was more complex because there existed two stages of change with increasing
θ value. When θ < 120◦, the distance between two LIBs within the same row was larger than R while
the distance within each column was still equal to R. When θ ≥ 120◦, the inter-LIB distance within
each row or column was equal to R
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FE models were similarly established for MSBS, but some settings were changed. To optimize MSBS
with 3 × 3 cells, the process is described as

Min S,
Subject to Mf ≥ 0.2,
σ2 = 1

9 [(S1 − S)2 + (S2 − S)2 + · · · + (S9 − S)2] ≤ 0.02,
0.2 ≤ Xi ≤ 1 (i = 1, 2, . . .)

(2)

where S is the average maximal von Mises stress of the nine battery cells and σ2 is the variance
between the real stress of each cell and the average value. The constraint of σ2 can guarantee that
all cells simultaneously possess a relatively low stress. The optimal material density distribution in
the MSBS as a function of R and of θ is shown in Fig. 3b, c, respectively. Generally, stronger lattices
were in the form of an X shape and featured an interconnected network among the batteries for
better protection, as illustrated in Fig. 3d. The maximum battery cell stress and total MSBS mass
after topology optimization are compared in Fig. 3e, f. The variation tendencies of the stress and the
mass were opposite with respect to R, which is obviously owing to the incorporation of an increased
amount of protective materials. Further, relatively low stress and mass values as θ < 120◦ indicated
that these MSBS were superior. For an MSBS with nine battery cells, the height h can be defined
as h = R [sin(θ/2) + 2]. With smaller θ, less protective area existed along the compression direction
and the growth rate was limited when θ ≥ 120◦, so that a limited amount of lattice material could be
incorporated for battery protection and the stress variation was negligible. Finally, for the lightweight
design of multibattery MSBSs, we recommend a battery cell patterned with θ ≥ 120◦ given by the
limit of R to realize superior battery protection. Moreover, the relationship between the battery energy
density per MSBS unit volume and the packing parameters R and θ can be given as

ρ =

⎧
⎨

⎩

πwlr2

4R2(2w cos θ
2+1−cos θ

2 )(l sin
θ
2+1−sin θ

2 )
, 60◦ ≤ θ < 120◦

πwlr2

4R2(w+cos θ
2 )(l sin

θ
2+1−sin θ

2 )
, 120◦ ≤ θ ≤ 180◦ (3)

where w and l are the width and length of the MSBS, respectively. We should optimize the packing
parameters to achieve the greatest battery density per unit volume. Accordingly, a multiobjective
optimization could be employed to consider the variants all together, including the energy density per
unit volume, the mass and battery protection.

5. Summary and Conclusions
A novel MSBS was proposed and a collaborative design for both a lightweight structure and battery

safety was achieved via the optimization of the metamaterial density distribution. Topology optimiza-
tion produced a non-uniform MSBS featuring higher-density lattices arranged in an X-shaped pattern,
which were then printed and subjected to compression testing The compression test results revealed
that the stronger X-shaped patterned lattices helped resist deformation and thus helped delay the
appearance of a short circuit, which occurred 166% later than that of a uniform MSBS. For an MSBS
containing nine battery cells, the optimized and stronger lattices formed an interconnected network
among batteries that could better protect batteries from deformation. In addition, FE simulation
results showed that battery MSBS cells patterned with θ ≥ 120◦ realized superior battery protection
and lightweight MSBS design given by the limit of R for reduced weight and volume design. Further-
more, for actual MSBS applications, we predict that a multiobjective optimization can be employed to
simultaneously consider all variables, including the energy density per unit volume, the mass and the
stress. The proposed MSBS can simultaneously achieve a greater load-bearing capacity of the battery
pack and superior battery protection. This is achieved by employing non-uniform lattice metamaterials
with optimized density distribution and selecting the geometric packing configuration These results
will inform the next generation of lightweight and safe battery system designs
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