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Transportation market once more put emphasis on electrical and hybrid vehicles to sat-

isfy environmental regulations and disregard fossil fuel price variations. Leading compa-
nies in the market and the researchers study on critical units of electrical and hybrid vehi-
cles such as electric motors and batteries which directly affect the vehicle performance on
different operating modes. However, battery safety on unusual cases such as crash, explo-
sion or fire caused by the short cut inside the battery pack could damage the other units
and the human inside or around the vehicle. On that point, generally, protection of the
battery system accomplished by the battery housing with the usage of steel or aluminum
sheets. In this study, battery housing designed with sandwich panels constructed with dif-
ferent lattice structures, which could be used in aviation, aerospace, manufacturing indus-
tries and biomechanical applications. High strength and stiffness, thermal flow and mass
reduction opportunities makes the lattices foremost solution when compared with plain
sheet metals. In this scope, the lattice structures were introduced and six different lattice
types designed in Solidworks and analyzed in HyperWorks from the point of static loading
with 0.2 MPa on upper cover while keeping the lower one fix. Compliance value evaluated
for each lattice structure to find linear static response when loaded. Results show that hex-
agonal honeycomb lattice have superiority on other structures regarding to the compliance
value noted as 3.82 Nmm for the load case while 23% mass increase according to plain
sheet metal. For the mass reduction output, cross semicirlcle and 3D kagome lattices pre-
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1. Introduction

Automotive manufacturers once more focus on electrical vehi-
cle (EV) and hybrid electrical vehicles (HEV) to meet the environ-
mental demands of strict regulations for the developed/developing
countries after more than a hundred years. For this propulsion con-
figuration with respect to internal combustion engine (ICE) vehi-
cles, some problems should be solved related with mainly limited
range, charging duration, higher cost per unit weight, etc. In this
scope, main constraint seems electric motors and battery technol-
ogies and companies mostly gives effort to develop energy density
of the batteries to gain superiority over petroleum based ICE [1, 2].
On the other hand, some of the research highlights the battery
safety on hazardous cases such as crash, puncturing, flaming,
threshold problems on the circuits according to safety regulations.
The batteries undergo a series phase tests such as shock, drop, pen-
etration, roll over, immersion, crush, thermal stability and thermal

insulation to observe deformation behavior [3-5].

Battery safety accomplished mostly by the aluminum and steel
based housing to prevent mechanical deformations against both in-
ternal and external cases. On that point, less weight, more robust
and higher thermal resistance properties of the covers contributes
positive effect to total mass of the vehicle while keeping safety
conditions. Many companies research for the better solutions for
decades in the field. Hitachi Metals Ltd finds the solution with the
usage of 5 mm thickness of aluminum sheet for battery covers.
They used gravity die casting methodology to produce the plates
with achieving high stiffness and airtightness [6]. Rochling Auto-
motive Co. offers one shot and one-piece design usage of sheet
molding compound materials based on plastics and aluminum.
However, that shows greater superiority on aluminum and steel at
higher thermal conditions especially with the availability of ce-
ramic coating and protects against the electromagnetic radiation
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and liquid penetration. Up to 40% weight reduction obtained with
respect to steel covers and 30% for aluminum ones. In their design,
tightness gained while preventing the interruption for sealing and
removing welding lines due to the manufacturing methods [7].
Tyhssenkrupp Co. uses steel for battery housing and reduces up to
50% production cost and CO; emissions due to the production
compared to aluminum covers. In the fire protection test, 1.2 mm
thickness of DP-K steel cover presents better performance in safety
with accessing 1000 °C temperature after 20 minutes while Alu-
minum 6016 access its melting temperature, 610 °C, in 15 seconds
[8]. Novalis Co. produces the battery covers with Novelis Ad-
vanz™ aluminum alloy and up to 50% weight reduction obtained
according to steel base covers, which increases range of the vehicle
due the lightness [9]. EDAG Engineering offers modular and scal-
able battery housing with the usage of steel roll form structure base
cover, which ensures structural integration for different battery
systems [10]. Diiser and Schramm studied on a lithium-ion battery
housing to simulate the system using temperature of the battery,
diurnal ambient temperature, electric waste heat according to heat
flow, cooling capacity, and heat flow through the housing. They
developed the battery system keeping the temperature under
1000 °C with respect to ECE R100 standard for the fire protection.
A patented semi-permeable membraned pressure relief valve was
integrated to prevent the propagation of the highly toxic flue gases
to the environment at fire due to the short circuit or damage and
crash safety tested with using geometries including meander foam
plate, aluminum based hexagonal and round design honeycomb
structures and aluminum foam sheets [11].

Xing et al. studied on prismatic type lithium-ion batteries to ob-
serve mechanical, electrical and thermal behavior under static and
dynamic loading at out of plane and in plane direction depended to
the cell surface. For the tests, all cells prepared to 0% and 50 %
state of charge (SOC). The test results shows that oblique cracks
occurs on interlayer and some local micro cracks which causes in-
ternal short circuit [12]. Vijayaraghavan et al. denoted a holistic
solution, genetic programming operating with survival of the fittest
principle, to find the maximum force that the battery faced on
pinch-torsion test. In the explicit model, increasing the temperature
causes decreasing of the force generation while an increase on dis-
placement and strain rate values present an increase on the me-
chanical force generation. Design input, displacement, dominates
the force generation more according to other inputs, temperature
and strain rate respectively [13]. Arora and et al. reviewed battery
pack layout and design for the robust battery structure of EV. The
study presents thermal runaway, protection from the vibration,
crash safety, variety in materials and layout of the battery packs,
and finally put forward a robust design with the governing stand-
ards using Nissan Leaf, Tesla Model S and Chevrolet Volt struc-
ture. Battery pack placed on the center of the vehicle structure un-
der the seats reduces the risks especially at frontal and rear colli-
sions. For suitable vibrational isolation, vertical and lateral sup-
ports offered [14]. Kalnaus et al. reported mechanical behavior of
the pouch cells by out of plane deformation tests both in low and
high-speeds loading rates with the usage of 3D X-ray tomography

device. They used a 2013 Ford Focus EV battery pack major com-
ponents, which were subjected to transversal forces in the opera-
tion. The experiments shows the pack response stiffening critically
that changes the behavior from compressible to crushable type at
high-speed deformation rates. Electrode structure was not cracked
and due to the compression, only few layer rearranged. A 4 mm
displacement could dissipate the impact on entire battery module,
but could cause additional measures for the short circuit safety [15].
Uerlich et al. analyzed rectangular, hexagonal and trapezoidal
structures on battery pack design from the point of volumetric ef-
ficiency of the packaging, space occupancy rate and crash safety
at static and dynamic conditions. According to 10 mm/min static
loading, energy absorption obtained mostly on hexagonal, rectan-
gular and trapezoidal geometry, respectively. Crash force effi-
ciency nearly same for the three model at low speed rate but at high
deformation rate such as 8 m/s, the geometries shows distinction
with getting more efficient rates. The hexagonal structure pre-
sented better crash efficiency and followed by trapezoidal and rec-
tangular geometries on both static and dynamic conditions [16].

Above stated researches, battery safety is as important as increas-
ing their energy density chemically. On that point, this study pre-
sents an alternative EV/HEV battery housing with the usage of lat-
tice structure on the cover instead of usage of plain sheet metals.
Six different aluminum based lattice structures were modelled and
analyzed from the point of structural stability on a determined pres-
sure applied to the upper surface and kept the bottom surface fixed.
Mass and compliance value were compared with respect to plain
sheet metal as a reference.

2. Battery Structure

EV/HEV batteries catch on for the last decade but history of this
energy storage devices date back to early of 19th century [1, 17].
The batteries competed with ICE due to the conversion from chem-
ical energy to electrical energy with higher efficiencies and with-
out gaseous emission operating case. The conversion includes no
thermal cycle so that the batteries are not limited by the Carnot
cycle efficiency, however, due to the reaction, which could be af-
fected by the other factors such as operating temperature, active
material, volume efficiencies etc. could force back from the oper-
ation of 100 % efficiency. Generally, the battery cell structure is
same for all types, which is categorized according to active mate-
rial, consist of anode and cathode electrodes that immersed in elec-
trolyte separated with a diaphragm [18, 19]. With respect to de-
manded power, the pack composed of many cells and protected by
the upper and bottom housing due to the mechanical, electrical,
thermal inflow attempt from the external sources. On the other
hand, in case of explosion or fire with the short cuts, the housing
keeps the exterior systems in safety. For optimal operating temper-
ature, there could be thermal management system on the pack [20,
21]. An exploded view of EV/HEV battery pack and the structure
is given in Fig. 1 below.
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Fig. 1. An exploded view of EV/HEV battery structure [22]

3. Methodology
3.1 Lattice model

Developing technologies on additive manufacturing such as se-
lective laser melting, ensures complex, unique lattice structures
that used widely in aviation, aerospace, defense, and biomechani-
cal industries [23-29].

The lattices could be classified into prismatic, honeycomb and
truss based structures. Prismatic lattice materials generally denoted
by triangular or diamond corrugations and the Navtruss structures.
Honeycomb-like structures are constructed by the webs to shape
close contours that are normal to the surfaces. Webs of the honey-
comb could be located to set triangular, square or hexagonal cells.
On the other hand, truss type lattice structures are connected to ran-
dom cross section with inclined struts, which could be three, four,
or six trusses meeting on a node and shown in the Fig 2 below [30].
Especially, truss based structures have superiority to be fitted to
multi-purpose applications thanks to high strength, stiffness and
thermo-structural properties with providing interior cooling [31,
32].

(a) hexagonal (b)

square ( triangular

c)
diamond (3]

navtruss

(d) triangular (e)

(§3) tetrahedral (h)

L~ R 1

Fig. 2. Lattice structure samples, (a)-(c) are honeycomb, (d)-(f) are
prismatic and (g)-(i) are truss type [30]

pyramidal

(i) three-diamensional Kagomé

In this study, identical size lattice structures were designed to ob-
tain light, robust battery housing with pyramidal, cross semicircle,
and 3D kagome form. The structural elements were modelled as a
sandwich in Solidworks software. For the reference, 100x100x1.5
mm plain sheet metal was used which is common in the market.
Generally, the sheet is stamped for smooth corrugations to increase
the reinforcement but to make the analysis on same scenario, plain

section was used. Mass of the sheet is 40.5 gram. The plain sheet
metal is given in Figure 3.

Fig. 3. Plain sheet metal

Pyramidal (Figure 4), cross semicircle (Figure 5), and 3D ka-
gome (Figure 6) lattices were modelled on the same size basement
keeping 10 mm for the each cell. Strut diameter of the truss was
taken 1.18 mm. The strut angle was 45°. The structures were also
compared with hollow pyramidal (Figure 7), semicircle (Figure 8),
and honeycomb (Figure 9) lattices [33]. Wall thickness for the hol-
low pyramidal strut was 0.095 mm. Upper and lower plate thick-
ness was 0.5 mm for each type to hold the lattices inside. Total
height was obtained 6 mm. Mass of the lattices are given in Table
1 below.

Table 1. Mass of the designed lattices

Lattices Mass [grams]
Plain sheet metal 40.50
Pyramidal 31.81
Cross semicircle 36.03
3D Kagome 34.20
Hollow pyramidal 28.41
Semicircle 31.38
Honeycomb 49.97

Fig. 4. Pyramidal lattice
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Fig. 5. Cross semicircle lattice

Fig. 9. Hexagonal honeycomb lattice

3.2 FE model and boundary conditions

Fig. 6. 3D Kagome lattice Finite element model of the lattice structures were created to an-
alyze in linear static condition, which shows the stiffness compar-
ison between the lattice models, which are hollow pyramidal, py-
ramidal, semicircle, cross semicircle, honeycomb and 3D Kagome.
FE modeling strategy can be seen in Figure 10.

0.2 MPa pressure is applied on top
plate in surface normal direction
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Bottom plate is Lattice structures modeled

Flg 7. Hollow pyramidal lattice constrained at its edges with proper element type

Fig. 10. FE modeling technique for the structures

The lattice structures were located at between two plates. Lower
plate was constrained at the edges and 0.2 MPa constant pressure
was applied on upper plate. The plates were modelled with quad4
shell elements. Also, empty lattice structures, which had thickness
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were modelled with shell elements, others were modelled with
brick and tetras. Lattice structures were fastened to plates with
rigid elements. All structures were analyzed with same method. FE
model information about the structures is shown in Table 2.

Table 2. FE Model Information

Structure Node Number Element Number

Plain sheet 15625 15376

Pyramidal 66339 53365
Cross Semicircle 37250 30146

3D Kagome 125518 104489
Hollow Pyramidal 25939 24957

Semicircle 69625 59173

Honeycomb 61626 50889

As a material, 6061-T6 aluminum was used regarding its
strength and mass advantages. Physical and mechanical properties of
the material is given in Table 3.

Table 3. 6061 T6 [33].

Density 2700 kg/m?
Melting Point 925 K
Thermal Expansion 2.4x10°K
Poisson’s Ratio 0.33
Elastic Modulus 69 GPa
Tensile Strength, Ultimate 310 MPa
Tensile Strength, Yield 275 MPa
Thermal Conductivity 167 W/mK

In order to compare structure stiffness under the load conditions,
compliance output of the FE analyses was used. This output means,
total strain energy of the elements and it can be simply formulated
force times deflection. In other words, if the component has high
compliance, it has low stiffness.

The compliance, C, is denoted with the Equation 1 below:

T 2
ol lUTD 16
2 2 K 2 K

For a structure with an applied forces, f subcase, the compliance,
C, can be considered a reciprocal measure of the stiffness K, where

% f? is constant, f is external forces, u is the displacement. For
maximum stiffness K, the compliance, C, could be reduced. [34].

@

4. Results

At the beginning, plain sheet metal, which has a 1.5 mm thick-
ness was analyzed according to comparison aim of the study.
Later on, pyramidal, cross semicircle, 3D Kagome, hollow py-
ramidal, semicircle, and honeycomb lattice models’ FE analyses

was performed. The displacement distributions and the compli-
ance values of compared structures are shown in Figure 11, Fig-
ure 12, Figure 13, Figure 14, Figure 15, Figure 16, and Figure
17, respectively. One quarter of the model was taken to gain time
in analysis. The compliance value were 16.45 Nmm for pyram-
idal, 13.34 Nmm for cross semicircle, and 13.35 Nmm for 3D
kagome. These results evaluated together with the compliance
values 20.81 Nmm for the hollow pyramidal, 22.77 Nmm for
semicircle,3.82 Nmm for honeycomb, and 5.31 Nmm for plain
sheet metal [33].

ICompliance = 5.31 Nmm

Fig. 11. FE model of plain sheet metal
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Fig. 12. FE model of pyramidal lattice
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Fig. 13. FE model of cross semicircle
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Fig. 14. FE model of 3D kagome lattice
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Fig. 15. FE model of hollow pyramidal lattice [33]

Contour Plot

Displacement(Mag)

Analysis system
1823601

l 1621601
1.418€-01

— 1.216E-01

= 1013601

£ 8104E02

l come0 [Compliance = 22.77 Nmm

4.052E-02
2.026E-02
0.000E+00

Max = 1.823€-01
Grids 87805

Min = 0.000E+00
Grids 102502

Fig. 16. FE model of semicircle lattice [33]
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Fig. 17. FE model of honeycomb lattice [33]

The results of the compliance value is given in Table 4 below.

Table 4. Results of compliance, mass change and stiffness comparison
with plain sheet metal.

Structure Compliance Mass Stiff_ness co_mparison

[Nmm] Change with Plain Sheet
Pyramidal 16.45
Cross Semicircle 13.34
3D Kagome 13.35
Hollow Pyramidal 20.81
Semicircle 22.77
Honeycomb 3.82

According to Table 4, due to the load distribution along the strut
of the lattices, deformation changes with their stiffness and ef-
fects the compliance value. The struts were exposed to shearing
forces additionally different from the honeycomb structure,
which was only facing compression. So, as an inference, the
stiffness is better for the honeycomb structure on the normal
loading while the mass is not a factor for the compliance value
reduction that could be seen between cross semicircle and 3D
kagome lattices.

5. Concluding

In this study, electrical and hybrid vehicle battery pack hous-
ing for the protection were investigated and lattice structures in-
troduced to design a light and robust cover. Regarding to lattice
structure, pyramidal, cross semicircle and 3D kagome type lat-
tices were designed, and FE models were created to simulate
compliance value of each in linear static conditions. Stiffness
were compared with hollow pyramidal, semicircle, honeycomb
lattices and referenced plain sheet metal. In contrast to propor-
tion of mass reduction increasing, pyramidal, hollow pyramidal
and semicircle structures present worse results with respect to
plain sheet metal. On the other hand, the honeycomb structure is
28% stiffer and 23% heavier than plain sheet. Hollow Pyramidal
and Semicircle models are 30% and 23% lighter, and they are
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292% and 329% milder, respectively. (access date: 20.10.2021)
This study shows that, instead of using plain sheet metal, the  [8] Tyhssenkrupp Co. [internet] https://Awww.thyssenkrupp-

lattice structures could be used to manufacture the housing.
When mass reduction as a design output is taken care, cross sem-
icircle and 3D kagome lattices offered. The lattices could be op-
timized with shape and topology studies to increase the gain on
mass and stiffness while keeping the battery pack in safer hous-

ing.

Nomenclature

EV  Electrical vehicle

HEV Hybrid electrical vehicle
ICE Internal combustion engine

SOC State of charge

FE Finite element

C Compliance index
K Stiffness index

u Displacement in mm
f Forcein N

T Total
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