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Abstract: This paper aims to comprehend and predict the 

mechanical behavior of the genuine Tesla Model-S chassis and the 

battery module during a crash in Abaqus/Explicit. The parametric 

method was incorporated with varying impact velocities from 27.7, 

55.5, and 100m/s and battery shell thickness from 1mm to 3mm. 

The asymmetry model was considered for both the chassis and 

battery pack. Aluminum 6061 and ASI430 SS are assigned to the 

chassis profile and the battery shells (cells). A Johnson-Cook (JC) 

plastic and damage failure model has been implemented to 

simulate realistic crash behavior. Displacement, energy, and force 

results were captured during the simulation. A battery shell 

thickness of 3mm showed higher resistance than a 1mm thick shell 

at 55.5 m/s. The numerical findings reveal the dynamic response 

in displacement and compression under various loading 

conditions for both individual profiles. Additionally, the study 

presents a detailed inspection of each cell module, graphically 

demonstrating how the individual cells respond to initial positions, 

crashes, and external deformation (shear) caused by collision 

energy. The finite element model is validated against previous 

experimental and numerical studies, successfully simulating 

crashworthiness. The present study provides significant insights 

that have the potential to improve the safety and efficiency of 

battery-operated vehicles through the design and optimization of 

their structures. 

Keywords: Abaqus/Explicit, Crashworthiness, Dynamic 

Impact, Electric Vehicle. 

Nomenclature 

U – Displacement, mm 

EV - Electric vehicle 

σ - Equivalent stress, pa 

n - Hardening coefficient 

HV - Hybrid vehicle  

JC - Johnson-cook 

LIB - Lithium-ion batteries 

𝜎𝑚 – Mean stress, pa 

Tm – Melting temperature, K 

𝜀𝑓 - Plastic fracture strain 

RF - Reaction Force, kN 

Tr – Room temperature, K 
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m – Softening coefficient 

𝜀 ∗̇ - Strain rate 

ε - True strain 

v – Velocity, m/s 

I. INTRODUCTION 

The future of automotive transposing into electric 

vehicles is beyond agreement. Before these battery-powered 

vehicles leave the factory, they must meet a similar safety 

standard to conventional vehicles. Lithium batteries were 

used to power electric vehcles (EVs) because of their nature 

of having higher energy density, voltage capacity, and a slow 

self-discharge rate [1]. Fig 1 ([2]) represents the bare Tesla 

chassis. These batteries were protected by layers of other 

vehicle components, such as doors, chassis, and carbon fiber 

epoxy [3]. The vehicle's secondary safety classification 

describes protecting the vehicle and passengers during a crash 

[4]. The safety measures of EVs are different from gas-

powered vehicles. These questions challenge automakers to 

ensure and improve the degree of safety of the occupants 

during any traffic incidents. These can be translated into the 

safety hazard of EV drives: the high possibility of internal 

short-circuit, overheating, fire safety, explosion, and 

chemical acid risk [5, 6]. Therefore, the various essential test 

practices are required to set an appropriate stage of safety. 

Aluminum alloy is extensively used due to its characteristics 

of corrosion resistance, weldability, and high toughness value 

[7]. The primary role of an automotive vehicle is to transport 

citizens from one place to another comfortably and safely, 

with the occupant's safety risk discussed above for EVs. This 

ideology was developed when Tesla introduced a new battery 

design with a 3mm thickness, replacing their previous 

models. 

 
Fig. 1. Tesla Model-S Chassis with Batteries and Motors 

[2] 
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II. LITERATURE STUDY 

A. Li-ion Battery Shell in EV 

In 1873, Davidson introduced the first fuel vehicle in 

1885. The luxury trend peaked significantly as the USA 

enforced the Research Development and Demonstration Act 

EVs and Hybrid Vehicles (HV) [8]. Currently, each 

automobile supplier produces either EV or HV on their 

productions. Furthermore, Toyota found remarkable success 

with the first hybrid electric vehicle (HEV) in the late 1990s, 

on their model Toyota Prius, operating with low energy 

density batteries, the Ni-Cd Hydride [9]. The mechanical 

behavior of battery cells of EVs under crash performance has 

lately drawn global attention [10, 11]. Kisters et al. [12] found 

that Li-ion cells adjust significantly over different speeds, as 

per the impact test. Xu et al. [13] studied and implemented an 

experiment on the batteries to understand the failure of the 

LIB's electrodes. 

Furthermore, the test also discovered the plastic and 

fracture properties of the cylinder shell, which failed the 

quasi-static loading. EV crashworthiness analysis design 

requires an equivalent homogenized battery pack [14-

16][38][39][40]. Lai et al. [17] observed additional 

mechanical behavior on LIB during crashworthiness.  The 

buckling kink and shear band formation and the final 

densification of the LIB cell describe the cell's representative 

volume element. However, the present investigations do not 

contemplate the thermal behavior of the battery cell structure. 

 
Fig. 2. Shows the Geometrical Dimensions of the Battery 

Shell and Stacked Batteries 

 
Fig. 3. (a) Represents the Tesla Models-S Assembled 

Battery Pack and (b) Individual Pack [31] 

B. EV Aluminum Alloy Chassis 

The chassis provides the primary protection for the battery 

packs during high-velocity collision. It is essential to evaluate 

different types of materials while manufacturing structures 

for vehicles, which can absorb and transform kinetic energy 

into elastic strain energy, heat energy, and fracture energy at 

the crash zone [18-20]. Aluminum alloy is well-known and 

widely used in aerospace, automobiles, and rail transportation 

because of its high strength in a medium application, 

resistance to corrosion, heat treatability, weldability, and 

structural lightness [21]. In 2006, the usage of aluminum 

overtook cast iron as the second-highest material in North 

American vehicles [22]. Among most aluminum alloys, the 

6000 series (AA6061) aluminum is commonly used by 

automotive manufacturers. In order to maximize the effective 

range of EVs, engineers had to adapt lightweight materials as 

much as possible; compared with other materials such as 

steel, aluminum aims to provide 28% in a vehicle's weight 

reduction [20]. These also increase fuel efficiency and 

successively lower harmful carbon emissions into the 

environment [23]. Researchers examined the aluminum alloy 

chassis at different impact loading conditions, and to simulate 

the experimental data, Lemaitre, Gologanu, Gurson, and JC 

damage models [24, 25] were implemented to achieve the 

physical-based results. The importance of these models is to 

investigate the mechanical properties of materials in impact 

problems. The well-known and undertaken model is Johnson 

Cook, which characterizes the material behavior in stress 

response at considerable strain rates and elevated 

temperatures. Lin et al. [26] have provided a more effective, 

accurate, and precise approximation of the flow stress for the 

standard high-strength alloy steel by combining JC and 

Zerilli-Armstrong (ZA). The standardized Charpy impact test 

is a low-budget test that is also reliable, and the test proposes 

to measure the toughness of material under impact loading at 

a multi-axial stress rate [18]. Hufenbach et al. [27] studied the 

resistance of composite materials under impact loading. Peng 

et al. [28] examined a similar Charpy impact test approach for 

energy-absorbing structures withAA6082-T6  material. Two 

group tests have been performed to maintain the specimens' 

size and vary the notch depth, and these two tests have been 

developed in finite elements. The simulation presented an 

agreeable result of 16.34% for FEA and 24.38% for the 

experiment [25]. 

 
Fig. 4. (a) CAD model of Tesla Model S Chassis and (b) 

Symmetry Model of Chassis 

 
Fig. 5. Illustrates the Geometrical Dimensions of the 

Tesla Model S Chassis 
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III. NUMERICAL MODELS 

A. Model Material Properties 

The JC plasticity and damage model is well-known for 

material failure response following large deformations, high 

strain rates, and temperatures. In the present study, these JC 

equations are considered to investigate the mechanical 

behavior of selected materials under impact simulations. The 

flow stress can be denoted as [17, 24, 25, 29, 30], 

𝜎 = [𝐴 + 𝐵𝜀𝑛][1 + 𝐶𝑙𝑛𝜀̇∗][1 − (𝑇∗)𝑚]  (1) 

Where 𝜎 represents the equivalent stress, 𝜀 is the true 

strain, 𝜀̇∗ equivalent strain rate,  𝐴 , 𝐵, 𝐶 are individual 

material parameters which are determined with the help of 

tensile testing, 𝑛 refers to the hardening coefficient and where 

𝑚 is softening exponents. 𝑇∗ is expressed as 𝑇∗ = (𝑇 −
𝑇𝑟)/(𝑇𝑚 − 𝑇𝑟), where 𝑇𝑟 is the room temperature and 𝑇𝑚 

melting temperature. In association with fracture deformation 

of metals, a JC damage failure model is relevant to high-strain 

rates under dynamic conditions. The progressive damage and 

failure models are advised for other investigations, such as 

quasi-static procedures where the demand for element 

removal is necessary for Gurson plasticity. The expression 

given by the Johnson-Cook dynamic failure model is denoted 

as: 

𝜀𝑓 = [𝐷1 + 𝐷2𝑒𝑥𝑝 (𝐷3 (
𝜎𝑚

𝜎𝑒𝑞
))] [1 + 𝐷4𝑙𝑛(𝜀𝑝̇

∗)][1 +

𝐷5𝑇∗]                                                                                             (2) 

Where   𝜀𝑓 is the equivalent plastic fracture strain, 

associated with strain rate and temperature in addition to 

stress triaxiality,  𝜎𝑚   is the mean stress and 𝜎𝑒𝑞  is the 

equivalent of stress. 𝐷1, 𝐷2, 𝐷3, 𝐷4, 𝐷5 are material constants 

determined from various strain tests shown in Table 3. 

B. Simulation Setup 

A CAD model was developed using Autodesk Inventor 

2022 and later imported into Abaqus/Explicit. It was the 

initial methodology for the present numerical analysis; 

however, the finite element analysis is carried out under an 

educational license. Therefore, Abaqus is limited in 

performing many elements; a single module has been 

constructed in Fig 4 (a, b) and Fig 5 shows the blueprint of 

the symmetric chassis. External supportive enforcement, such 

as doors and other materials, were excluded in the current 

study. The Tesla battery module had 16 modules, as shown in 

Fig 3 (a, b) [31]. The Geometry of individual LIB-cells is 

adapted from previous studies [30, 32] with a height of 65mm 

and diameter of 18mm with alerting shell thickness between 

3 and 1mm. Fig 2 shows the current battery pack simulation 

setup, which consists of 192 individual cells. The dimensions 

of the model and its components are hand-measured from the 

assembly of the Tesla Model-S chassis [2]. The chassis and 

battery shells were assembled with symmetry conditions to 

reduce computational cost. For Li-ion battery shell ASI 430 

SS [33] and chassis aluminum, 6061 [18] were assigned. 

Table 1-3 consists of the mechanical properties of various 

aluminum alloys and steels [18, 29, 33-35]. The entire setup, 

including the chassis and battery packs, is assembled with tie-

constrained interaction, as shown in Fig 6. Every cell is in 

contact with four neighboring cells, apart from the one outer 

side of the module. A coefficient of friction of 0.1 was 

defined between battery shells and chassis. 

 

Fig. 6. Assembly set up in Abaqus/explicit and red 

Defines the Impactor (Analytical Rigid Car Model) 

 

Table 1. Johnson Cook Plasticity Parameters for Battery Shell 

Material A [Mpa] B [Mpa] c n m 𝑻𝒎𝒆𝒍𝒕𝒊𝒏𝒈, 𝑲 𝜺̇ E [Gpa] 𝝑 

ASI 430 Stainless steel [33] 349.6 307.9 0.062 0.3478 0.919 1425 1 200 0.3 

Steel 4340 [34] 792 510 0.14 0.26 1.03 1793 1 200 0.29 

AMRCO IRON [34]  175 380 0.06 0.32 0.55 1811 1 207 0.29 

OFHC COPPER [34] 90 292 0.025 0.31 1.09 1356 1 124 0.34 

Table 2. Johnson Cook Plasticity Parameters for Chassis 

Material 

A, 

[Mpa] 

B, 

[Mpa] c n m 𝑻𝒎𝒆𝒍𝒕𝒊𝒏𝒈, 𝑲 𝜺̇ 

E, 

[Gpa] 𝝑 

Aluminum 6061-T6 [18] 324 114 0.002 0.42 1.34 925 1 69 0.32 

AA6082-T6 [35] 201.55 250.87 0.0097 0.206 1.31 855 0.001 70 0.3 

Aluminum 7075-T6 [29] 473 210 0.033 0.381 - - 0.001 - - 

 

Table 3. Johnson Cook Damage Parameters for Chassis 

𝐝𝟏 𝐝𝟐 𝐝𝟑 𝐝𝟒 𝐝𝟓 Ref 

-0.77 1.45 -0.47 0 1.6 [18] 

The dynamic step was created with a time of 0.001s. The 

chassis and battery shell were meshed with C3D8R 

(Continuum 3D 8-node reduced integration) and S4R (shell 4 

nodes reduced integration), resulting in 214,662 elements. 

The impactor was modelled using analytical rigid, close to a 

real car and does not require mesh to simulate. Creating 

boundaries and conditions varies from deformable bodies. 

Rigid bodies require a point (reference point) to assign 

conditions and can be created anywhere on the body. In this 

case, a mass of approx.2200kg (shared by the Tesla sales 

team at the time of the visit to the showroom), equal to a Tesla 

car [2], was assigned to a rigid body.  
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Table 4 consists of the initial and residual (impacted) 

velocities for rigid impactor. All DOFs are enabled for battery 

shells to capture the displacements caused by impact 

simulation. The following section describes the simulated 

model's validation with various published experiments and 

simulation data. Moreover, ±2 % of human error was 

considered in manual measuring dimensions. 

Table 4. Simulation velocity setup for rigid impactor. 

Initial Velocities 

km/h m/s Impacted Velocity, m/s 

100 27.77 26.99 

200 55.5 54.76 

360 100 92.7 

IV. RESULTS AND DISCUSSION 

A. Validation of Numerical Simulation 

Selected material for the Tesla chassis is simulated and 

validated with dynamic axial crushing from [36]. Axial 

compression is divided into static and dynamic categories on 

AA circular tubes. Current FE results are compared with 

experimental data of DRA 11 samples. Two-step verification 

has been implemented: 1) to study the force and energy 

absorbed by the chassis and 2) to study the material 

deformation of the chassis. Simulated results showed an 

excellent cure fit with published data, as shown in Fig 7 [36]. 

Al6061 – T6 experienced ~16mm displacement compared to 

Al6060 (experiment and simulation) under 120kN. Due to 

mechanical properties like plasticity and elastic limit, they are 

lower than Al6061. However, regarding durability and light 

structure, the Al6061-T6 stands out. Fig 8 compares the 

experiment and current simulation, which achieved approx. 5 

folding and error between 2-17%. Later, static analysis was 

executed on a stainless steel (SS) battery shell with a rigid 

analytical indenter and using identical load conditions [36]. 

The end caps of the shell are encastred (left and right). 

Surface-to-surface contact interaction is assigned between the 

rigid impactor and the peripheral of the battery shell, allowing 

1DoF to the impactor. Fig 9 shows the indentation of the SS 

battery shell and achieves a similar indentation depth to [36]. 

However, many other factors may affect the deformation of 

Li-ion batteries, like short circuits, chemical reactions, etc. 

 

Fig. 7. Shows the Validation of the Currently Selected 

Material (Abaqus Al6061-T6) with Published Data 

 
Fig. 8. Photographic Comparison of Battery Material (a) 

Axial Compression of Experiment and Simulation from 

[36]. (b) Current Compression Simulation 

 

Fig. 9. Photographic Comparison of Battery Material (a) 

Indentation of Experiment and Simulation from [36]. (b) 

Current Simulation on Li-ion 

B. Simulation Results  

A crashworthiness simulation was conducted on the Tesla 

Model S in Abaqus/Explicit. Five parametric simulations 

have been carried out in this project, varying impact 

velocities from 27.7, 55.5, and 100 m/s with the changing 

thickness of lithium-ion battery shell casing from 1 and 

3mm. 18 simulations were carried out successfully using 8-

core CPU machines. Fig 10 shows the summaries of all 

parametric simulation results. High displacement 

(deformation) is seen in the chassis compared to battery 

shells. The reason can be that the chassis guarded the battery 

module, which is the first place of contact in this analysis. Fig 

12 compares the battery shell with 1 and 3mm thickness and 

chassis for an impact velocity of 27.7m/s. A significant 

variation was achieved between the 1mm and 3mm battery 

shell, resulting in higher RF with minimal displacement than 

1mm. 

Moreover, a 1mm shell occurred steadily around 19.6mm 

and a 3mm shell after 29mm. Likewise, chassis performance 

perceived equivalent outcomes as battery module. The 

deformation of shells is minimal for 27.7 m/s compared to 

55.5 or 100 m/s. 
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Fig. 10 Represents the Summarised Results of all 

Configurations with Battery Module and Chassis 

Assembly 

 

Fig. 11 Comparison of Reaction Force and Displacement 

for 1mm Shell Thickness at 100m/s Impact Velocity 

 

Fig. 12 Comparison of Reaction Force and Displacement 

for 1mm and 3mm Shell Thickness at 27.7m/s Impact 

Velocity 

 

Fig. 13 Comparison of Reaction Force and Displacement 

for 1mm and 3mm Shell Thickness at 55.5m/s Impact 

Velocity. 

 

Fig. 14 Comparison of Reaction Force and Displacement 

for 1mm and 3mm Shell Thickness at 100m/s Impact 

Velocity 

On the other hand, impact velocity changed from 27.7m/s 

to 55.5m/s (200km/h) with similar conditions in Fig 13. For 

55.5m/s, impact velocity 1mm thick shell showed minor 

displacement compared to 27.7m/s. A good relationship was 

shown between the chassis and the battery after 18mm 

displacement (under 75kN RF). It caused a drastic drop in RF 

from 256kN to 131kN for 27.7m/s and 55.5m/s, respectively. 

Approx. 15.5% decrease in RF for 1mm thick subjected to 

55.5m/s against 27.7m/s. Dealignment occurred in both 

modelling modes (thickness), illustrated in Fig 17. A close 

agreement appeared among batteries and chassis relative to 

impact positions. 

 

Fig. 15 Post-Processed Results (Side View) of the Battery 

Module and Chassis at Various Velocities. The First and 

Second Rows Have Shell Thicknesses of 3mm and 1mm, 

Respectively. Impact Velocities are as Follows: (a) at 

27.7m/s, (b) 55.5m/s, and (c) 100m/s 

 

Fig. 16 Shows the Front Rows of the Battery Module 

During Impact Simulation. (a) at 27.7m/s for 1mm (Left 

side) and 3mm (Right Side), (b) at 55.5m/s for 1mm (Left 

side) and 3mm (Right Side), and (c) at 100m/s for 1mm 

(Left Side) and 3mm (Right Side) 
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Fig. 17 Represents the Photographic Representation of the Battery Module (Excluding Chassis) at Time Increments 

Figures 11 and 14 illustrate the comparison of the chassis 

and battery module (with 1mm and 3mm shell thickness, 

respectively) for an impact velocity of 100 m/s. There were 

overshoots in the chassis and battery module, approx.—

23mm and approx.—5.5mm, respectively, achieved at the 

same reaction force ~189kN. An identical result was evolved 

in a previously published paper [37] on the bottom surface of 

the battery using two various indenters. The reasons for 

overshooting batteries are modelled with an empty casing, 

and the front end of the chassis has two support beams, which 

involved nearly 70% damage as per the simulation assembly.  

 

 

 

 

https://doi.org/10.54105/ijde.B8027.04010224
http://www.ijde.latticescipub.com/


Indian Journal of Design Engineering (IJDE) 

ISSN: 2582-8584 (Online), Volume-4 Issue-1, February, 2024 

                                        7 

Published By: 
Lattice Science Publication (LSP) 

© Copyright: All rights reserved. 

 

Retrieval Number:100.1/ijde.B802704020824 

DOI:10.54105/ijde.B8027.04010224 

Journal Website: www.ijde.latticescipub.com 

Figs. 15 (a, b, c) and 16 illustrate separating the 

assembly's frontal part and contact area. The displacement of 

the 1mm battery shell and 3mm chassis response is almost 

equal with a variation of forces. In contrast, this 3mm battery 

shell presented a closure agreement with a 1mm thick shell 

after ~25mm in displacement. After 30mm displacement, the 

chassis and battery module presented lower reaction force 

(RF), and the kinetic energy in the impactor may be fully or 

semi-transferred to the chassis with significant chassis 

deformation. These results show that increasing shell and 

chassis thickness can absorb or reduce deformation. Due to 

this, front-row cells are dismantled from the assembly and 

contribute to the penetration of the top surface of the chassis 

shown in Fig 15 (a, b, c). 

V. CONCLUSION 

In summary, this study uses Abaqus/Explicit to explore 

the mechanical dynamics of the Tesla Model-S chassis and 

battery module during a crash. The study's practical 

application is improved by including an asymmetry model for 

the battery pack and chassis and using ASI430 SS and 

Aluminum 6061 components. The precise simulation of crash 

behavior is made possible by applying a damage failure 

model and a Johnson-Cook plasticity model. Notably, at 55.5 

m/s, the observed resistance variations between battery shell 

thicknesses provide insightful information that can be applied 

to optimising structures in different battery-operated 

vehicles, reducing the chance of failure. The simulation 

results demonstrated the mechanical behavior of the material 

under dynamic impact response: Peak load, Reaction force-

displacement, deformation, deformation dealignment altering 

shell casing thickness of Li-ion, and different velocity 

profiles. Derived conclusions as follows, 

1. The numerical findings demonstrated the dynamic 

response in displacement and compression under 

various loading conditions of both individual profiles.  

2.  In all configuration setups, the lower velocity profile 

from 55.m/s with 3mm shell casing responded with 

higher resistive force than a thickness of 1mm. 

3. High speed resulted in significant displacement for 

chassis profile in both 3mm and 1mm thickness of shell 

casing. However, in the case of shell casing with a 

hypervelocity of 100 m/s, the distinction between 3mm 

to 1mm thickness is significantly lower. 

4.  The present research goes a step further by explaining 

and graphically presenting a detailed inspection of each 

cell module, showing how the individual cells will 

respond from their initial positions, crash, and be 

externally deformed (shear) by collision energy. 

5. The finite element model is validated with previous 

experimental and numerical studies and successfully 

simulated to visualize crashworthiness. 
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