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Featured Application: The potential application of the work is in the area of the crashworthiness
of electric vehicles. The study focuses on structural design to protect the vehicle battery in an
event of a collision.

Abstract: This paper discusses the potential of using lightweight nature-inspired cellular structured
designs as energy absorbers in crashworthiness applications for electric vehicles (EV). As EVs are
becoming popular with their increased battery capacity, these lightweight cellular structures have
regained research interest as they may increase mileage by reducing vehicle mass in addition to
protecting the battery during collisions. In this paper, a novel lightweight cellular structure for
EV battery protection and crashworthiness is designed and simulated. In designing the cellular
structure, four different ways of applying the shell thickness have been considered that affects the
collapse behavior and the crashworthiness. A numerical study was conducted on 45 samples with
varying length, shell thicknesses, and thickness application methods. Four types of shell thickness
application methods were investigated: Uniform thickness, strut-wall thickness, gradient thickness,
and alternate thickness. Force-displacement curves, energy absorption, specific energy absorption,
and collapse behaviors are some of the metrics used for evaluating the crashworthiness of the
structures. Shell thickness is found to affect both the collapse behavior and energy absorption
capabilities. Energy absorption results are similar to other studies on designed cellular structures.
The highest performing cellular structure is reported to have a specific energy absorption of 35kJ/kg,
which is comparable to cellular structures reported in the literature.

Keywords: lightweight cellular materials; energy absorption; electric vehicle; battery compartment
crashworthiness; protective devices; passive safety

1. Introduction

By the year 2035, about two billion vehicles are expected to be used regularly around the world [1].
The majority of these vehicles will be gasoline-powered. With concerns about climate change and
greenhouse gas (GHG) emissions, many governments are encouraging the use of electric vehicles
(EVs). For instance, the Norwegian government incentivizes the use of EVs through different types of
tax-cuts [2]. Such policies have made a positive impact, as Norway currently has the highest sale of
EVs per capita with EVs being one-third of all cars sold in 2018 [3]. From sourcing the raw materials
to manufacturing and maintenance, modern EVs produce just half of the GHG emissions over their
lifetime compared to their average traditional counterparts [4]. Not only do EVs have lower GHG
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emissions but they also have good performance making them lucrative purchases. Some of the high-end
EV models that came out in 2019 can travel between 300 to 600 km per charge [5]. High-capacity
rechargeable batteries and lightweight materials are two of the most important factors behind the
success of modern EVs [6,7]. Unlike lead-acid based batteries in traditional cars that are mainly used
for starting up the engines, batteries in EVs have more functions and require additional protection
from tempering and accidents. Increasing the adoption of EVs everywhere means that there are more
chances of EVs being involved in crashes, and these new types of batteries can pose different types of
risks. Reports indicate that some lithium-ion batteries can spontaneously burst into flames while others
can catch fire in accident causing fatalities [8,9]. Hence, more research and development are needed in
improving protection systems for batteries in EVs as they come with new and unique challenges.

EVs can be of different types such as a plug-in hybrid electric vehicle (PHEV), range-extended
electric vehicle (REEV), battery electric vehicle (BEV), and fuel cell electric vehicle (FCEV) [10–12].
The PHEVs and the REEVs have combustion engines along with electric motors, while the BEVs
and FCEVs can run without a combustion engine. Based on the load-carrying capacity, the required
speed, and the driving conditions among other factors, these vehicles can have different battery
capacities and other design parameters. For a long time, the automobile depended on lead-acid
based batteries. However, these batteries are too heavy to be used in powering long-range consumer
vehicles. Today, some EVs use nickel-metal hydride (Ni-MH) based batteries, while most other EVs
use lithium-ion based batteries as the de facto power source [13]. Typically, the batteries are packed
together into modules [6]. Power consumption for typical consumer EVs can vary between 11 to
15 kWh/100 km [14]. Batteries in EVs are placed either at the center of the car or at the rear as illustrated
in Figure 1 [15]. The battery modules are protected through multi-layer casings (Figure 2). Typically,
there is an aluminum underbody protection, aluminum extrusion ring for crash absorption, steel tub
with flanges and inner walls for the battery modules, and a steel housing cover [16]. Battery casings
are designed taking into account the different challenges related to the safety, thermal runway,
electric discharge, and mechanical vibrations [17,18]. The focus of this study is limited to the aluminum
crash structure as shown in Figure 2. The aim is to replace this crash structure with cellular structures.
Most automobiles instead use tubular structures for crashworthiness [19–23]. With EVs becoming
more popular, lightweight metal cellular structures are regaining interest as promising materials for
the crashworthiness of the battery housing.
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Figure 2. Illustration of a multilayered housing for battery casing.

Metallic cellular structured materials are basically material with pores and have a density less
than the material bulk density, depending on the porosity levels [24]. Examples of such materials are
metallic foams or metallic honeycomb-like structures. Such cellular structured materials when they
collapse under axial loading allow the structure to compress without significant transversal deformation.
The influence of cell microstructure on the behavior is due to the fact that the deformation mechanism of
the material at cell level is governed by bending and stretching of the cell wall followed by buckling at a
post-yield stage [25]. This along with the plateau stress behavior (near constant deformation resistance)
makes metallic cellular structures attractive for crashworthiness applications [24–31], as depicted in
Figure 3.
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Metallic foam cellular structures have long been used for energy absorption. However, due to
inconsistent mechanical properties that arise from the traditional methods of manufacturing, they cannot
be used reliably [25,32]. This is because the stabilization mechanism of metallic foams is still not fully
understood, and is mainly due to the mechanisms of metal melting and thermal decomposition of the
blowing agent [32–35]. The approach taken here is to design novel cellular structures inspired by nature
and at the same time can be produced from additive manufacturing to maintain consistency in material
properties [36–38], unlike the traditional means of producing metal foams as discussed previously.
Nature offers many excellent examples of structures with low density, high strength, and high energy
absorption capacities. One of these is the honeycomb [39,40]. The cellular structure geometry for this
study is inspired by the honeycomb structure. Furthermore, with additive manufacturing becoming
widely available, fabrication of complex cellular structures is no longer a challenging feat [36–38].
The design of the inspiration is shown in Figure 4. Following the trend, in this paper, we propose
novel cellular lightweight structures design for the electric vehicle battery housing for crashworthiness.
These cellular structures are designed and modeled using the finite element software. The focus of this
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paper will be on metallic cellular structures for weight reduction purposes, in particular aluminum
based cellular structures for their lightweight.
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Figure 4. (a) Honeycomb design in nature, (b) nature-inspired cellular structure design for this study.
The novelty is through the addition of walls and struts to the honeycomb design.

2. Performance Metrics, Geometry, and Material Properties

2.1. Performance Metrics

Several metrics exist for evaluating the performance of cellular structures. In this paper, we will
focus on peak force, mean crushing force, energy absorption, and specific energy absorption. Peak force—
initiating the plastic deformation of the cellular structure requires a large starting load that often shows
up as a peak on the force-displace diagram. The peak force is denoted by FP. A low initial peak force is
desirable so that the damage to the battery module would be minimized. Mean force—after the peak
force, the cellular structure continues to crumple until it reaches the densification zone. Densification
usually occurs around a 60% strain. This means force is denoted by Fµ, and it is calculated by taking
the average of the forces from the peak force until the densification point. Energy absorption—EA,
is calculated as the area under the force-displacement curve from the start of the crushing until it
reaches the start of the densification zone marked by the steep rise of the force-displacement curve.
Cellular structures with high-energy absorption capacity are desirable. Specific energy absorption—ESEA,
is obtained by dividing the EA by the crushed mass, MC. It allows us to compare different cellular
structures with different masses that can have varying EA capacities.

2.2. Cellular Structure Geometry

Figure 4 shows the geometry of the cellular structure. The unit cell is a hexagon connected to
a 10 × 10 mm square from its six corners. The sides of the square are considered walls whereas the
hexagon and the lines extending from its corners are considered struts. The cellular structure is made
from stacks of unit cells. The volume of the cellular structure is 50 × 50 × L mm. The length (L) is
increased from 50 to 150 mm (increments of 50 mm) for studying the effects of length scaling. The struts,
walls, and stacks are assigned thicknesses in four different ways as discussed below.

The uniform shell thickness (UT) is shown in Figure 5 where the struts and the walls have the
same shell thickness. There is no variation in shell thickness in different stacks or elsewhere for UT.
In the strut-wall shell thickness (SWT) type, the struts and the walls have varying shell thickness
assignments. As shown in Figure 6, the walls have a thickness of T2 while the struts have a thickness
of T1 different from the former. Figure 7 shows the alternating shell thickness (AT) type where the
struts and walls alternate between two thicknesses T1 and T2. Starting with the left-most unit cell
at the bottom stack, the struts are assigned a thickness of T1. The next group of struts on its right is
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assigned T2, etc. For the wall thickness, the whole cellular structure is considered instead of the unit
cell. The bottom wall of the bottom stack is assigned T1 and the top wall of the bottom stack is assigned
T2. This pattern is repeated for all the horizontal walls. The first vertical wall of the first column-stack
is assigned T1 and the second vertical wall of the first column stack is assigned T2, etc. The gradient
shell thickness (GT) type has an incremental shell thickness based on the stacking levels. As depicted
in Figure 8 the lowest stack has a thickness of T1 and it increases as we move up along the stacks until
we reach the top-most stack, which has a thickness of T2.
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Table 1 summarizes the geometric parameters we have discussed thus far. It also specifies
the values that we have considered for these parameters. There are four geometric parameters:
Strut thickness, wall thickness, gradient thickness, and length. The struts and walls can have either 0.2,
0.4, or 0.6 mm thickness for UT, SWT, and AT. Whereas the stacks are assigned a gradient thickness
for GT which is calculated by (T2−T1)/L. For each of these geometric types, the length can be 50, 100,
or 150 mm. These all together result in 45 simulations as indicated in Table 2.

Table 1. Geometric parameters.

Parameters Values

Strut thickness 0.2, 0.4, or 0.6 mm
Wall thickness 0.2, 0.4, or 0.6 mm

Gradient(s) (T2−T1)/L
Length(L) 50, 100, or 150 mm

Table 2. Assortment and number of simulations.

Type Assortment Simulations

UT Struts = T1, Walls = T2, Length = L 9
SWT Struts = T1, Walls = T2, Length = L 18
AT (Struts, Walls)i = T1, (Struts, Walls)i+1 = T2, Length = L 9
GT Stacks = T1 → T2 with s increments, Length = L 9

2.3. Material Properties

The cellular structure material is modeled by Aluminum AA2024 Johnson-Cook material properties
as shown in Table 3 [41,42]. The Johnson-Cook material equation is given by (1), where parameters A,
B, C, and n are empirical constants, ε is the plastic strain, σ is the material flow stress,

.
ε is the strain

rate, and
.
ε0 is the reference strain rate. In this study, the temperature factor was not considered as it is

assumed that the change of temperature due to plastic deformation is negligible to cause changes in
material behavior [43].

σ = [A + Bεn]
[
1 + C ln

( .
ε
.
ε0

)]
(1)

Table 3. Aluminum AA2024 Johnson-Cook Material Properties [41,42].

Parameters Values

E 73.1 GPa
ν 0.33
A 276 MPa
B 700 MPa
C 0.0001726
n 0.421
m 1.37

Tm 502 ◦C
Tt 413 ◦C
.
ε0 1 s−1

ρ 2780 kg/m3

3. Finite Element Model

The finite element model is set up using a commercial nonlinear finite element code. A dynamic
explicit analysis is used for simulating the crushing of the cellular structure. The model assembly
consists of a planar rigid striker, a planar rigid base, and a 3D deformable shell cellular structure as
shown in Figure 9a. The striker is assigned an inertial mass of 275 kg with a velocity of 15 m/s [22,44].
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During head-on collisions, the two frontal tubes are expected to absorb less than 50% of the mass kinetic
energy of the vehicle to protect the passengers [44,45]. Since batteries are either located at the back,
the sides, or the center of the vehicle, they are not a primary concern during a frontal collision. However,
assuming that the cellular structures need to absorb an equivalent amount of kinetic energy during a
side or a rear impact, the inertial mass is set at 275 kg, which is 25% of the mass of a compact electric
vehicle of 1100 kg [22]. While the striker is free to move along [±Y], it cannot rotate or translate along
any other axes. The base is fixed and assigned a tie-constrain with the cellular structure. The cellular
structure was meshed using the S4R shell continuum element with a mesh size of 0.8. The mesh size is
selected after a mesh sensitivity analysis as shown in Table 4. FP, Fµ, EA, and ESEA all start converging
at a mesh size of 0.8 within a reasonable computation time. The general model (boundary condition,
material model, and constraints) is validated using the model described by [23]. We managed to obtain
good accuracy. After which, we used this model and replaced the tubular geometry with our cellular
structure geometry. The material model used in both cases are Johnson-Cook which is well established
in the literature and is commonly used with aluminum alloy materials. To validate further our FE
model used in this paper, a cellular structure geometry from the literature [46], as shown in Figure 9b,
and Johnson-Cook AA3003 material properties [47] was used. We simulated the work in [46] using the
FE model presented in this paper with slight changes to the material properties [47] and inertia values
to meet the requirements of [46]. The specific energy absorption values reported in [46] are compared
to our FE model simulations as depicted in Table 5. It is demonstrated that the error between [46] and
our FE approach is small.
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Figure 9. (a) The finite element model consists of a rigid striker that can translate along [-Y] with a
specified velocity, a deformable cellular structure tied to a base, and a rigid base that is encastre (b)
geometry used for validation purposes, maintaining the same model in (a).

Table 4. Mesh convergence study.

Mesh Size FP [N] Fµ [N] EA [kJ] ESEA [kJ/kg] CPU Time [s]

0.6 12.5 7.7 0.23 8.6 11,220
0.8 13 7.7 0.23 8.7 3050
1 14.5 8 0.24 9 2660

1.2 18.7 9 0.27 10 1200
1.4 19 9 0.27 10 700
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Table 5. Comparison of ESEA between our finite element (FE) model study vs. the reported ones in [46].

l/t Reported SEA [46], (MJ/m3) Simulated Results, (MJ/m3) |Error|%

250 0.30982 0.31753 2.49
125 0.77395 0.75346 2.65
83.3 1.38624 1.33263 3.87
62.5 2.11718 2.03104 4.07

4. Discussion

The results in the following sub-sections will discuss each design configuration in terms of
the force-displacement behaviors, deformation modes, and evaluation of the performance metrics.
The force-displacement diagrams for all the 45 samples (Table 2) is attached in the Appendix A of this
paper for the ease of comparison.

4.1. Uniform Thickness (UT) Design

Table 6 and Figure 10 summarize the results on the performance metrics for the cellular structure
with the UT design configuration. To understand the meaning of these findings, Figures 11–13 will
be used.

Table 6. Uniform thickness (UT) design factors and performance metrics.

ID Type
T1 T2 L FP Fµ EA ESEA

[mm] [mm] [mm] [kN] [kN] [kJ] [kJ/kg]

S1
UT (50 × 50 × 50)

0.2 0.2 50 13 7.7 0.23 8.7
S2 0.4 0.4 50 69 38 1.1 21.4
S3 0.6 0.6 50 122 92 2.7 34
S4

UT (50 × 50 × 100)
0.2 0.2 100 20 8 0.5 9.2

S5 0.4 0.4 100 56 39 2.3 22.2
S6 0.6 0.6 100 121 95 5.6 35.8
S7

UT (50 × 50 × 150)
0.2 0.2 150 16 8 0.7 8.9

S8 0.4 0.4 150 64 39 3.4 22.3
S9 0.6 0.6 150 121 93 8.2 35.3
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To better understand the effect of design factors (thicknesses and length) on the responses
(performance metrics) interaction plots are used. From Figure 11, it is evident that there are no
interaction effects between these design factors. Meaning, these design factors are independent of
each other. This is because on interaction plots, parallel lines indicate that there is no interaction effect
while different slopes (positive versus negative slopes) suggest that one might be present. This finding
allows us to safely interpret the mean plots for each response based on the design factors as shown
in Figure 12. From Figure 12, it is evident that (i) the peak and mean forces increase as the thickness
T1 and T2 increases. However, these forces are not affected by the length of the structure. The same
applies to the specific energy absorption (ESEA) and (ii) the energy absorption (EA) is affected by
all three factors, including length. This is obvious since there is more deformation distance before
densification is reached. From these performance metrics, the mean force and ESEA are most crucial
to be looked at. Hence, it can be concluded that the length of the structure is not a crucial factor to
be considered. This will have an implication on the design space and manufacturing requirements.
Figure 13 depicts a typical force-displacement graph along with the deformation mode for these
structures. These diagrams are for T1 = T2 = 0.6 mm. It can be seen that the deformation mode is stable
indicating good crash absorber characteristics. This figure also depicts that the average force and peak
force is almost similar for all lengths, indicating once again that the length is not a crucial factor.

4.2. Strut-Wall Thickness (SWT) Design

Table 7 and Figure 14 summarize the results on the performance metrics for the cellular structure
with a SWT design configuration. To understand the meaning of these findings, Figures 15–17 will
be used.

From Figure 15 (interaction plots), it is evident that there are no interaction effects between the
design factors and performance metrics. Meaning, these design factors are independent of each other.
As stated earlier in the interaction plots if these lines are parallel it indicates that there are no interaction
effects. This finding allows us to safely interpret the mean plots for each response based on the design
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factors as shown in Figure 17. From Figure 17, it is evident that the change in peak force is mainly
contributed by T2 (outer wall thickness). Once the peak force is achieved, the progressive deformation
mean force is dominated by both T1 and T2. These forces are not affected by the length of the structure.
The energy absorption is affected by all three factors, including length. This is obvious since there is
more deformation distance before densification is reached. From these performance metrics, the mean
force and ESEA are most crucial to be looked at. Hence, it can be concluded that the length of the
structure is not a crucial factor to be considered. This will have an implication on the design space
and manufacturing requirements. Figure 16 depicts a typical force-displacement graph along with the
deformation mode for these structures. It can be seen that the deformation mode is stable indicating
good crash absorber characteristics. This figure also depicts that the average force and peak force is
almost similar for all lengths, indicating once again that the length is not a crucial factor.

Table 7. SWT design factors and performance metrics.

ID Type
T1 T2 L FP Fµ EA ESEA

[mm] [mm] [mm] [kN] [kN] [kJ] [kJ/kg]

S10

SWT (50 × 50 × 50)

0.2 0.4 50 45 18 0.5 14.9
S11 0.2 0.6 50 71 36 1 22.5
S12 0.4 0.2 50 24 23 0.7 15.5
S13 0.4 0.6 50 101 58 1.7 27.3
S14 0.6 0.2 50 35 42 1.2 21
S15 0.6 0.4 50 84 67 2 29
S16

SWT (50 × 50 × 100)

0.2 0.4 100 47 18 1.1 15
S17 0.2 0.6 100 74 37 2.2 24
S18 0.4 0.2 100 24 23 1.3 15.6
S19 0.4 0.6 100 98 59 3.5 28.2
S20 0.6 0.2 100 35 42 2.5 20.9
S21 0.6 0.4 100 76 67 3.9 28.8
S22

SWT (50 × 50 × 150)

0.2 0.4 150 45 18 1.6 15
S23 0.2 0.6 150 67 36 3.2 23.4
S24 0.4 0.2 150 27 23 2 16
S25 0.4 0.6 150 99 59 5.2 28.5
S26 0.6 0.2 150 34 42 3.7 21.2
S27 0.6 0.4 150 67 66 5.7 27.9
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4.3. Alternating Thickness (AT) Design

Table 8 and Figure 18 summarize the results on the performance metrics for the cellular structure
with a SWT design configuration. To understand the meaning of these findings, Figures 19–21 will
be used.

From Figure 19, it is evident that there are no interaction effects between these design factors.
This finding allows us to safely interpret the mean plots for each response based on the design factors
as shown in Figure 20. From Figure 20, it is evident that (i) the peak and mean forces increase as the
thickness T1 and T2 increases. However, these forces are not affected by the length of the structure.
The same applies for the specific energy absorption (ESEA) and (ii) the energy absorption is affected
by all three factors, including length. This is obvious since there is more deformation distance before
densification is reached. From these performance metrics, the mean force and ESEA are most crucial
to be looked at. Hence, it can be concluded that the length of the structure is not a crucial factor to
be considered. This will have an implication on the design space and manufacturing requirements.
Figure 21 depicts a typical force displacement graph along with the deformation mode for these
structures. It can be seen that the deformation mode and response are also stable indicating good crash
absorber characteristics. However, unlike the UT and SWT designs, from Figure 21, it is evident that
the deformation modes not only are in a progressive manner, there is also a slight global buckling
taking place in the structures with lengths 100 and 150 mm, respectively. This indicates that the design
variables T1 and T2 are producing a structure with less stiffness when compared to UT and SWT.
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Table 8. Alternating thickness (AT) design factors and performance metrics.

ID Type
T1 T2 L FP Fµ EA ESEA

[mm] [mm] [mm] [kN] [kN] [kJ] [kJ/kg]

S28
AT (50 × 50 × 50)

0.2 0.4 50 34 20 0.6 15.2
S29 0.2 0.6 50 52 41 1.2 23
S31 0.4 0.6 50 86 65 1.9 29.2
S34

AT (50 × 50 × 100)
0.2 0.4 100 29 20 1.2 15.4

S35 0.2 0.6 100 50 42 2.5 23.9
S37 0.4 0.6 100 81 64 3.8 29.2
S40

AT (50 × 50 × 150)
0.2 0.4 150 32 21 1.8 15.7

S41 0.2 0.6 150 51 41 3.6 23.4
S43 0.4 0.6 150 80 65 5.7 29.5
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4.4. Grading Thickness (GT) Design

Table 9 and Figure 22 summarize the results on the performance metrics for the cellular structure
with a SWT design configuration. To understand the meaning of these findings, Figures 23–25 will
be used.

From Table 9 and Figures 22–24, it is evident that the gradient has an insignificant impact on the
performance metrics. The main contributor to the performance metrics is the thickness and length.
Unlike the previous three designs, the length of the structure significantly affects gradient design.
Figure 25 depicts the force-displacement diagram. It shows that the deformation modes are in a
progressive and stable manner.

Based on ESEA, the cellular structures with the highest specific energy absorption from each group
(UT, SWT, AT, GT) were selected. Sample S3 and its corresponding samples S6 and S9 with 100 and
150 mm, respectively had the highest ESEA among all specimen with 35 kJ/kg (S9), which is comparable
to the results found by [29,30]. Sample S15 was the highest among the SWT type with 28.8 kJ/kg and
its corresponding samples of 100 and 150 mm length are S21 and S27, respectively. The best ESEA for
the AT type was sample S31 with 29 kJ/kg and the corresponding S37 and S48 of 100 and 150 mm,
respectively. The best ESEA for the GT type was sample S48 with 29.6 kJ/kg and a gradient of 0.004.
It is apparent that the UT configuration design will be the most suitable candidate as the crash energy
absorber to replace existing designs in EV. The ESEA value obtained for the UT design (35 kJ/kg) is
much higher than those reported for metallic aluminum forms (less than 10 kJ/kg) [31], however
comparatively close with aluminum honeycomb structures (less than 45 kJ/kg) [31].

Table 9. Grading thickness (GT) design factors and performance metrics.

ID Type
T1 T2 L Gradient FP Fµ EA ESEA

[mm] [mm] [mm] [kN] [kN] [kJ] [kJ/kg]

S46
GT (50 × 50 × 50)

0.2 0.4 50 0.004 29 23 0.7 16.6
S47 0.2 0.6 50 0.008 33 47 1.4 23.9
S48 0.4 0.6 50 0.004 79 68 2 29.6
S49

GT (50 × 50 × 100)
0.2 0.4 100 0.002 22 21 1.2 15.4

S50 0.2 0.6 100 0.004 25 42 2.5 22.7
S51 0.4 0.6 100 0.002 62 65 3.8 28.9
S52

GT (50 × 50 × 150)
0.2 0.4 150 0.001 20 21 1.8 15.4

S53 0.2 0.6 150 0.003 26 38 3.3 21
S54 0.4 0.6 150 0.001 20 21 1.9 15.1

Appl. Sci. 2019, 9, x FOR PEER REVIEW 16 of 23 

 

 
(c) 

Figure 21. Example of force-displacement and deformation modes for (a) L = 50 mm, (b) L = 100 mm, 

(c) L = 150 mm. The shaded area indicates the energy absorbed before densification. 

 

4.4. Grading Thickness (GT) Design  

Table 9 and Figure 22 summarize the results on the performance metrics for the cellular structure 

with a SWT design configuration. To understand the meaning of these findings, Figures 23–25 will 

be used. 

Table 9. Grading thickness (GT) design factors and performance metrics. 

ID Type 
T1 T2 L Gradient FP Fµ EA ESEA 

[mm] [mm] [mm]   [kN] [kN] [kJ] [kJ/kg] 

S46  

GT (50 × 50 × 50) 

0.2 0.4 50 0.004 29 23 0.7 16.6 

S47  0.2 0.6 50 0.008 33 47 1.4 23.9 

S48  0.4 0.6 50 0.004 79 68 2 29.6 

S49 

GT (50 × 50 × 100) 

0.2 0.4 100 0.002 22 21 1.2 15.4 

S50 0.2 0.6 100 0.004 25 42 2.5 22.7 

S51 0.4 0.6 100 0.002 62 65 3.8 28.9 

S52 

GT (50 × 50 × 150) 

0.2 0.4 150 0.001 20 21 1.8 15.4 

S53 0.2 0.6 150 0.003 26 38 3.3 21 

S54 0.4 0.6 150 0.001 20 21 1.9 15.1 

 

 
                  (a)                                             (b) 

Figure 22. Performance metrics for the SWT design. (a) Peak and mean forces, (b) energy 

absorption. 

From Table 9 and Figures 22–24, it is evident that the gradient has an insignificant impact on the 

performance metrics. The main contributor to the performance metrics is the thickness and length. 

Unlike the previous three designs, the length of the structure significantly affects gradient design. 

Figure 22. Performance metrics for the SWT design. (a) Peak and mean forces, (b) energy absorption.



Appl. Sci. 2020, 10, 4532 17 of 23

Appl. Sci. 2019, 9, x FOR PEER REVIEW 17 of 23 

 

Figure 25 depicts the force-displacement diagram. It shows that the deformation modes are in a 

progressive and stable manner. 

 

  

Figure 23. Interaction plots between design parameters and performance metrics for the GT design. 

 
 

Figure 24. Mean effect plots for each performance metric with respect to the design factors. 

Figure 23. Interaction plots between design parameters and performance metrics for the GT design.

Appl. Sci. 2019, 9, x FOR PEER REVIEW 17 of 23 

 

Figure 25 depicts the force-displacement diagram. It shows that the deformation modes are in a 

progressive and stable manner. 

 

  

Figure 23. Interaction plots between design parameters and performance metrics for the GT design. 

 
 

Figure 24. Mean effect plots for each performance metric with respect to the design factors. 

Figure 24. Mean effect plots for each performance metric with respect to the design factors.



Appl. Sci. 2020, 10, 4532 18 of 23
Appl. Sci. 2019, 9, x FOR PEER REVIEW 18 of 23 

 

      
 

                    (a)                                       (b) 

 

 
(c) 

Figure 25. Example of force-displacement and deformation modes for (a) L = 50 mm, (b) L = 100 mm, 

(c) L = 150 mm. The shaded area indicates the energy absorbed before densification. 

Based on ESEA, the cellular structures with the highest specific energy absorption from each 

group (UT, SWT, AT, GT) were selected. Sample S3 and its corresponding samples S6 and S9 with 

100 and 150 mm, respectively had the highest ESEA among all specimen with 35 kJ/kg (S9), which is 

comparable to the results found by [29, 30]. Sample S15 was the highest among the SWT type with 

28.8 kJ/kg and its corresponding samples of 100 and 150 mm length are S21 and S27, respectively. The 

best ESEA for the AT type was sample S31 with 29 kJ/kg and the corresponding S37 and S48 of 100 and 

150 mm, respectively. The best ESEA for the GT type was sample S48 with 29.6 kJ/kg and a gradient of 

0.004. It is apparent that the UT configuration design will be the most suitable candidate as the crash 

energy absorber to replace existing designs in EV. The ESEA value obtained for the UT design (35 kJ/kg) 

is much higher than those reported for metallic aluminum forms (less than 10 kJ/kg) [31], however 

comparatively close with aluminum honeycomb structures (less than 45 kJ/kg) [31]. 

It should be noted here that in the simulations conducted in this study, the input kinetic energy 

was around 31 kJ as had been described in Section 3 of this paper. The maximum value of the energy 

absorbed by the best design reported (S9) is 8.2 kJ. Even though this is much lower than the input 

energy, what is important here is the specific energy absorption (ESEA). For sample S9, this value is 35 

kJ/kg. Which means in order to be able to absorb 31 kJ of the input energy, ideally we will require 

around 0.9 kg of S9 [43, 48]. In terms of densification, as seen in the force displacement diagrams 

depicted in Figures 13,16,21, and 25 it is obvious that the design structures collapsed beyond the 

densification point, leading to a high value of forces which practically will not be safe for vehicle 

occupants. However, this is avoidable when a sufficient structural mass (crash element) is designed. 

For example, in the case of sample S9, ideally if 0.9 kg of structural mass (series configurations of 

several S9 design) is used, the deformation will not reach the point of densification as the input energy 

will be absorbed by the multiple S9 design arranged in a series configuration. Such studies as 

presented here are primarily investigating potential structural designs for crashworthiness 

application to reduce time and cost. Potential candidate designs will then have to undergo a full-scale 

vehicle crash test (simulation) with some optimization to achieve the desired design parameters to 

absorb the crash energy [49]. 
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(c) L = 150 mm. The shaded area indicates the energy absorbed before densification.

It should be noted here that in the simulations conducted in this study, the input kinetic energy
was around 31 kJ as had been described in Section 3 of this paper. The maximum value of the energy
absorbed by the best design reported (S9) is 8.2 kJ. Even though this is much lower than the input
energy, what is important here is the specific energy absorption (ESEA). For sample S9, this value is
35 kJ/kg. Which means in order to be able to absorb 31 kJ of the input energy, ideally we will require
around 0.9 kg of S9 [43,48]. In terms of densification, as seen in the force displacement diagrams
depicted in Figures 13, 16, 21 and 25 it is obvious that the design structures collapsed beyond the
densification point, leading to a high value of forces which practically will not be safe for vehicle
occupants. However, this is avoidable when a sufficient structural mass (crash element) is designed.
For example, in the case of sample S9, ideally if 0.9 kg of structural mass (series configurations of
several S9 design) is used, the deformation will not reach the point of densification as the input energy
will be absorbed by the multiple S9 design arranged in a series configuration. Such studies as presented
here are primarily investigating potential structural designs for crashworthiness application to reduce
time and cost. Potential candidate designs will then have to undergo a full-scale vehicle crash test
(simulation) with some optimization to achieve the desired design parameters to absorb the crash
energy [49].

5. Conclusions

In this study, we have designed a novel lightweight cellular structure for electric vehicle battery
protection. In designing the cellular structure, we have considered four different ways of applying
the shell thickness that affect the collapse behavior and different performance metrics of the cellular
structure. The four types of shell thickness include uniform thickness, strut wall thickness, gradient
thickness, and alternate thickness. Among these, the uniform thickness performed the best with
the highest ESEA of 35 kJ/kg. We also considered the effect of the struts, walls, length, and gradient
thicknesses on the performance metrics. However, these design configurations could not compete with
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the performance metrics of the UT designs. This UT design has the potential to be incorporated in electric
vehicles to protect the battery compartment. Being cellular structure in nature, it is expected to reduce
the weight of the battery compartment without compromising the crashworthiness characteristics.
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