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Abstract — The article presents the process of simulating the crash
and frame durability of a series hybrid electric vehicle (HEV) based
on the Kia Frontier K200 light truck. A HEV model was built using
Autodesk Inventor software, and the frame durability analysis was
performed in a Stress Analysis environment under both static and
maximum load conditions. By using the finite element analysis
(FEA), parameters such as stress, displacement, and deformation of
the HEV chassis were determined. The crash simulation of the
frame was examined using the Radioss module in HyperWorks,
with the frame fixed and the vehicle set at a velocity of 50 km/h.
The results indicate that the frame meets durability requirements,
with stress concentrated at load-bearing points, while the
displacement does not significantly alter the shape of the chassis.
These parameters are used as a basis for evaluating and improving
the component layout to enhance durability, safety, and efficiency.

Key words — Hybrid truck; truck chassis; durability analysis
simulation; crash simulation; Finite Element Analysis; battery pack.

1. Introduction

In the context of the current automotive industry
shifting towards sustainable development and prioritizing
clean energy solutions, research into converting traditional
vehicles to hybrid power sources has become an inevitable
requirement for progress [1-2]. Evaluating the durability of
the Hybrid Electric Vehicle (HEV) chassis is therefore
essential. Particularly in the light truck segment, there is a
high demand for load-bearing capacity and structural
durability. Thus, simulating safety and crash analysis of the
HEV chassis based on the Kia Frontier light truck platform
is proposed as a solution to build accurate computational
models for the conversion of conventional trucks to hybrid
trucks. These models not only facilitate comprehensive
evaluation of influencing factors but also optimize the
structural design of the chassis.

Previous studies have shown that durability analysis
techniques are employed to optimize vehicle design
processes. Research related to truck chassis mainly focuses
on two directions: structural optimization and new material
modeling. Both approaches have proven to be technically
and economically effective in truck chassis design and
manufacturing. For HEV/EVs, some notable studies
include: evaluating the structural performance of electric
vehicle chassis under static and dynamic loads [3];
optimizing the size and weight of EV batteries and thermal

Tém tit - Bai bdo trinh bay mé phong va cham va d6 bén khung
ctia xe hybrid electric vehicle (HEV) kiéu ndi tiép duoc thiét ké
dua trén co so xe tai nhe Kia Frontier K200. M6 hinh HEV duoc
x4y dung biang phan mém Autodesk Inventor va phén tich do bén
khung duoc thyc hién boi Stress Analysis dudi didu kién tai trong
tinh va tai trong téi da. Str dung phu’ong phap phan tich phan tir
hitu han (FEA) dé xéc dinh tng suit, chuyén vi va bién dang cia
khung xe tdi HEV. M6 phong va cham cua khung xe dugc phan
tich bang mo-dun Radioss trong Hyperwork, véi gia thiét cé dinh
khung va thiét 1ap van tc xe gia lap khi va cham tai 50 km/h. Két
qué cho thdy, khung xe dap tmg yéu cdu vé do bén, tng sut tap
trung tai cac diém chiu tai 16n, trong khi chuyén vi khong lam
thay ddi dang ké hinh dang khung xe. Céc thong s6 nay dugc st
dung 1am co so dé danh gia va cai tién bd tri cac chi tiét, nhim
ting cudng do bén, d6 an toan va hiéu qua.

Tur khéa — Xe tai Hybrid; khung xe tai; m6 phong bén; md phong
va cham; phan tr htu han; Pack pin.

management systems [4]; structural optimization and
development of a fully aluminum EV chassis platform with
crashworthiness  considerations [5]; and reliability
optimization and analysis of multifunctional electric truck
chassis under varying load positions [6]. In general, these
studies focus on reducing the mass of HEV/EV chassis to
optimize energy management for these vehicle types.

Applying CAE techniques combined with FEM
solutions to optimize and analyze the structural durability
of automotive chassis can be effectively addressed (stress,
strain, displacement). This affirms that numerical analysis
and simulation techniques are forecasted to bring orderly
advancements in today's automotive design and
manufacturing.

By applying finite element analysis (FEA) methods
combined with advanced linear solutions, it is possible to
visualize regions at risk of structural issues, thereby
proposing design improvements to enhance operational
efficiency, ensure maximum user safety, and extend
vehicle lifespan. Crashworthiness and safety thresholds
for HEV/EV chassis and battery packs are always critical
factors in the design of these vehicles. Unlike previous
studies that only focused on reducing chassis mass and
energy management for HEV/EVs, this research applies
finite element analysis (FEA) to analyze durability and
simulate crash standards for an HEV chassis model
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designed based on the Kia Frontier K200 light truck. The
research results not only open new directions for
designers in developing light-duty HEV trucks but also
provide a solid scientific basis to support strategic
business decisions amid increasingly stringent market
conditions and the prioritization of environmental
protection [8-9].

2. Theoretical background
2.1. Linear problems

In structural analysis, the static linear problem plays a
key role in assessing the load-bearing capacity and
verifying the durability of engineering structures,
especially in applications related to vehicle chassis,
bridges, and modern constructions. Therefore, a clear
understanding of the theoretical basis and accurate
application of this method is crucial for ensuring safety and
efficiency in design. The static linear method is built on the
assumption that the relationship between stress and strain
in materials is linear, represented by Hooke's law with the
formula o = . E [9], where o is the stress representing
internal force per unit area, € is the relative strain indicating
the degree of dimensional change under load, and E is the
modulus of elasticity, a material-specific constant
representing stiffness and load-bearing capacity. The
stress-strain graph in this case is a straight line through the
origin, following the equation y = a.x, where a is the
proportional coefficient, or tana = o/E, thus showing the
direct proportionality between fundamental quantities
when the material operates within the elastic range.

Durability analysis of the chassis using FEA with linear
solutions is based on subdividing the entire chassis into
finite elements, each described by specific material and
geometric properties. The system of equations is
constructed as K = v.F, where K is the stiffness matrix
reflecting the load-bearing capacity of the chassis, v is the
deformation vector, and F is the load vector acting on the
structure. Simultaneously, the general dynamic equation
[9-11] in static durability simulation is expressed as:

Mi+Cv+Kv=F €))

where, M is the mass matrix, C is the damping matrix, and
K is the stiffness matrix. In static analysis, the components
related to acceleration U and velocity v are omitted,
yielding the fundamental equation K = v.F. The FEA
simulation results provide an overview of the chassis
behavior under load, helping to identify regions at risk of
structural failure and supporting design improvements to
enhance safety and usability. In material mechanics, the
stress-strain-displacement equations are fundamental for
describing and predicting material changes under loading.
The basic relationships include:

Relationship between displacement and strain:
The strain component & is

displacement u by the formula:

1(0dv; av;
o =3 (32 +22) @

6x1- 6xi

determined from

where, v; is the displacement component in the x;
direction.

Stress-strain law (for linear elastic materials):

For homogeneous materials, Hooke's law describes the

relationship between stress oy and strain g;;

Uij = /‘161] Ekk + Zﬂfij (3)
Here, A and p are Lamé constants, d;; is the Kronecker

delta, and & is the trace of the strain tensor (sum of
diagonal components).

Force equilibrium equation (static state):

The internal force equilibrium condition of the system
is expressed as:
aO’ij _
oy, T/i=0 “4)
where, f; is the component of the body force acting on the
material. These equations collectively form the theoretical basis
for analyzing structural behavior in FEA problems, thereby
assessing strain and stress in materials under various loads.

2.2. Nonlinear problems

Nonlinear problems in crash simulation are a complex
type of finite element analysis (FEA) used to simulate the
behavior of structures (such as the chassis or battery pack)
under strong impacts, where the relationship between load and
system response (such as deformation, stress) does not follow
linear rules, thus requiring iterative computational methods.

In crash simulation, nonlinear analysis arises when
factors such as material, geometry, contact, and boundary
conditions no longer adhere to linear assumptions
(i.e., responses are not proportional to loads). The
mathematical relationship of the nonlinear problem is
F = f(x), where f(x) is a complex nonlinear function.

The stiffness matrix [K] in the FEA equation
[K]{u} = {F} is no longer fixed but varies with
displacement {u}. Crash simulations (such as chassis
impacting a rigid wall or protecting battery packs in EVs)
commonly encounter the following nonlinear factors:

Material Nonlinearity: The material exceeds the elastic
region, entering plasticity or failure. The stress-strain
relationship (¢ =f{€)) is no longer linear, requiring nonlinear
material models such as Johnson-Cook or plasticity models.

Geometric Nonlinearity: Large deformations alter the
structure's geometry, affecting force distribution.
Geometry must be updated at each calculation step (large
deformation analysis).

Contact Nonlinearity: Contact between parts changes
during impact. Contact forces and boundary conditions vary,
necessitating dynamic contact definitions in HyperMesh.

Boundary Condition  Nonlinearity: Loads and
constraints change over time or with system response.
Load curves are used to describe load variation over time.

Dynamic Nonlinearity: Crash is a dynamic problem,
with rapidly changing forces and accelerations.

Stress and strain in nonlinear problems

In crash simulation, especially in nonlinear problems,
the relationship between stress and strain becomes
complex due to the combination of deformation, nonlinear
material behavior, and high strain rates (dynamic effects).

Stress in crash problems is often represented as the
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Cauchy tensor, accounting for dynamic effects:
F
o= )
where, F: Impact force (calculated from momentum or
acceleration); A: Cross-sectional area (may change due to

large deformation).

Strains in crash problems include elastic, plastic, and
sometimes failure strains. Due to nonlinear properties,
large strain tensors are typically used.

Effective Plastic Strain:
=f 24eP 6
& =] [3de; (6)
where, dsle: Incremental plastic strain component.

In crashes, strain rate (¢) greatly affects stress, especially
for rate-sensitive materials (such as steel, aluminum):

Johnson-Cook model:
o=[a+B(e,)" | (1+cm(L))a -1 7)
0

where, A: Initial yield stress; B, n: Hardening constants;
C: Strain rate sensitivity constant; £,: Reference strain rate.
T* — T-To
Tm=To
thermal effects in crashes).

: Normalized temperature (accounts for

3. Model setup
3.1. Material properties

The truck chassis is the component that bears the entire
vehicle load, thus requiring high strength and rigidity to
ensure safety and operational efficiency under harsh
conditions. Additionally, the chassis design must be
optimized for compactness to save space, and load and
production costs must be carefully considered for
economic viability. Based on these requirements, the
selected materials for the designed vehicle are as follows:

- Chassis: AISI 317 steel (base chassis material);
- Mounting brackets: SS400 steel;
- Battery pack housing: 304 stainless steel.
3.2. HEV vehicle specifications
Table 1. HEV truck specifications [12]

No. Parameter Value
1 | Allowable load (kg) 1900
2 | Overall vehicle dimensions (mm) 5100x1750x2000
3 | Wheelbase of the vehicle (mm) 2615
4 | Ground clearance (mm) 185
5 | Maximum power (kW) 80
6 | Maximum torque (Nm) 240

Based on calculation results and the design process for
HEV truck components derived from the Kia Frontier
K200 light truck platform [12], this study has developed an
overall architectural layout and technical specifications for
the vehicle (Figure 1 and Table 1). In the designed HEV
truck model, the battery pack is positioned at the rear of the
chassis, encased in a protective metal box. The selected
battery type for the HEV is Lithium-ion. The calculation
process includes data analysis, technical evaluation, and

application of road traffic regulations to optimize
performance, durability, and safety under the support of
FEA tools [13].

Figure 1. Chassis of the HEV truck model
1. ICE; 2. Generator; 3. Electric Motor, 4. Battery pack

The fundamental differences between the Kia Frontier
K200 chassis and the HEV chassis are the additional
mounting brackets for the electric motor, generator, and
battery pack.

4. Chassis durability simulation using FEA
4.1. Boundary conditions
4.1.1. Fixed support boundary conditions

fixed support

Figure 2. Fixed support boundary conditions

In chassis durability simulation, fixed supports are
placed at the leaf spring and shock absorber mounts to
accurately simulate the constraints between the chassis and
the suspension system (Figure 2). These points bear
significant loads and transmit forces from the chassis to the
suspension. Applying fixed supports helps limit unwanted
movement, ensures the model reflects real-world
conditions, supports accurate stress and strain analysis, and
thus optimizes the design to enhance durability and safety
for the truck [14-15].

4.1.2. Load boundary conditions

In structural durability simulation, the static analysis
method is applied to convert connected components into
forces acting on the chassis [13]. Components directly
mounted on the chassis are represented as forces, while
elements such as the internal combustion engine, electric
motor, generator, and battery pack, although not directly
mounted, are represented by forces applied to their
respective brackets (Figure 3). Each force vector is
oriented vertically downward, with magnitudes varying
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depending on the load distribution characteristics of each
component, ensuring accurate assessment of the chassis's
load-bearing capacity [16-17]. Table 2 presents the load
parameters set for the computational model.

Table 2. Load parameters set up the HEV truck model

No. Part Weight (N)

1 Engine 2900

2 Gear box -

3 Tank 510

4 Battery 270

5 Spare tire 450

6 Full truck load 23000

7 Electric motor 650

8 Generator 2300

9 Pack Pin 1250

Figure 3. Load boundary conditions
4.1.3. Meshing boundary conditions

During meshing for FEA problems, meshing boundary
conditions are the constraints and requirements applied at
the boundaries of the computational domain to ensure the
mesh is suitable for the geometry and physical
characteristics of the problem. Mesh size is selected after
performing convergence tests on computed values and
must also ensure minimal solution time (Figure 4). The
final chosen mesh parameters are:

- Minimum division: 0.01;
- Average division: 0.05;
- Mesh parameter: 1.5.

Figure 4. HEV truck frame mesh
4.2. Results and evaluation

4.2.1. Simulation results
a. Stress
Figure 5 shows the calculated stress distribution on the

HEV truck chassis. The maximum measured stress is 295
MPa, located at the rear leaf spring mount. The primary
cause is the battery pack being positioned at the end of the
cargo area, significantly increasing the mass in this region.
In other areas of the chassis, stresses are not excessively
high, and the minimum stress occurs at the battery pack
housing area. This result indicates that the current layout is
reasonable, ensuring safety for the battery pack and
contributing to the overall durability of the chassis.

Type: Von Mses Stress
Unit: MPa

30 max
524

18

12

Max: 295 MPa

0 min

Figure 5. Stress distribution diagram for the HEV truck chassis
b. Displacement

Type: Displacement
Unit: mm
2.434 max

H 1.947

H 0.974

0.487

E———
| Max: 2.434 mm

0 min

Figure 6. Displacement distribution diagram for
the HEV truck chassis

Figure 6 shows the calculated displacement distribution
on the HEV truck chassis. Displacements are concentrated
mainly at locations with numerous chassis connections. The
cargo area and battery pack housing, which have the largest
masses, correspond to the highest displacement values
(battery pack housing reaches 2.434 mm). In contrast,
assemblies such as the generator and electric motor exhibit
average displacements of about 1 mm, small enough to
ensure accuracy and stability for rotating components.

4.2.2. Evaluation and discussion

The maximum stress value of 295 MPa at the rear leaf
spring mount is lower than the material limit of 461 MPa,
ensuring chassis durability at maximum load. Due to the
truck's cargo-carrying nature, stress is concentrated at the
rear leaf spring area. Additional brackets mounted on the
original chassis have low stress values, indicating that the
bracket connections are sufficiently strong and rigid when
the truck is fully loaded.

Most of the cargo, battery pack, and electric motor mass
is concentrated at the rear of the vehicle, which is why
displacement in this area is highest. The relatively small
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displacement value of 2.432 mm ensures the chassis's
rigidity.
5. Battery pack safety crash simulation

Positioning the battery pack at the rear of the HEV truck
necessitates consideration of safety in the event of a crash.
The HEV truck chassis structure is evaluated for side and
rear-end durability during collisions at a speed of 50 km/h.

5.1.1. Crash simulation standards

Figure 7 shows the crash simulation model applying the
ECE R95 side impact standard [18], specifically:

- Crash condition:

= The test vehicle is struck laterally by a simulated
vehicle at the door;

= Impact object: A simulated vehicle (Mobile
Deformable Barrier - MDB) with a mass of 950 kg;

= Impact speed: 50 [km/h];

= Impact angle: Perpendicular to the test vehicle;

= Object shape: Simulates the front of a vehicle, with a
front energy-absorbing zone.

Figure 7. Side impact crash simulation model for the HEV truck

Figure 8 shows the crash simulation model applying the
ECE R32 rear-end impact standard [19], specifically:

- Crash condition:

= The vehicle is tested for front or rear impact against a
fixed barrier;

= Impact speed: Approximately 50 km/h;

= Test vehicle mass: Vehicle tested under nominal load
conditions (may include simulated passengers).

Figure 8. Rear-end crash simulation model for the HEV truck

5.2. Model setup for crash simulation analysis
5.2.1. M6 hinh CAD

The CAD model of the chassis and the assumed front
plane of the truck are designed using Inventor software

(Figures 9 and 10). Inventor's Frame Generator feature
allows rapid chassis design using a library of standard steel
profiles.

Figure 9. CAD model of the HEV truck chassis

Figure 10. Assumed front plane model of the truck created with
Inventor software

5.2.2. Finite element model

The finite element model of the chassis is built based
on the CAD model using HyperMesh software [20]. The
model is extracted in 2D for simulation to reduce
complexity and computation time while maintaining
analytical efficiency in FEA (Figures 11 and 12).

Figure 11. Finite element model of the truck chassis after setup
in HyperMesh

Figure 12. Assumed front plane model of
the truck after setup in HyperMesh
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Table 3. Technical specifications of the chassis and

assumed front plane
Part No. of elements No. of Nodes
Chassis 90393 89624
Truck front 5142 5288

Table 4. Material specifications for the entire model

Density E - Card
Part (kg/md) (GPa) Poission Image
Chassis 7850 210 0.3 M36
Truck front 7850 210 0.3 Ml

5.3. Boundary condition analysis in crash simulation
5.3.1. Meshing boundary conditions

To simulate battery pack safety in two crash scenarios
(side and rear-end) in FEA, which involve large impact
forces over short periods, the Automesh tool in HyperMesh
is used to generate 2D meshes (shell elements). The
complex geometry model is subdivided into smaller
elements and nodes for thin plates, allowing the solution of
mathematical equations describing the physical behavior
of the structure (Figure 13) [21].

Figure 13. Meshed model of the HEV truck chassis
- Number of Nodes: 89624,
- Element size: 1 mm.

For the assumed truck model used to simulate chassis
and battery pack crash, the mesh size is set similarly to the
chassis to maximize and balance accuracy and computation
time (Figure 14) [21].

Figure 14. Meshed model of the assumed truck front
- Number of Nodes: 5142;
- Element size: 2 mm.

Mesh size statistics and material parameters for the chassis
and assumed truck front are shown in Tables 3 and 4.

5.3.2. Fixed support boundary conditions

In a battery pack safety crash simulation, fixed supports
are placed on shock absorber mounts, leaf spring mounts,
and battery pack subframe beams. Fixed supports are
placed at major load-bearing points to ensure the model
complies with physical conditions (such as force and
moment equilibrium) and technical standards (such as
vehicle maximum load) and to identify regions of high
stress or large deformation, thereby improving chassis
design for crash scenarios. For crash simulation, fixing all
six degrees of freedom at major load-bearing areas such as
the battery pack location may require fixed supports to
simulate anchoring when the vehicle is stationary, ensuring
the model does not move freely when loads are applied.
Placing fixed supports on parts of the chassis during crash
simulation ensures anchoring during impact, thus enabling
accurate stress and deformation analysis (Figure 15).

Figure 15. Fixed supports placed on the chassis
5.3.3. Load boundary conditions

In chassis crash simulation using HyperMesh, load
boundary conditions play a crucial role in accurately
reproducing structural behavior under strong impacts,
typically including dynamic loads such as acceleration,
initial velocity, concentrated impact force, and time-
varying contact forces, characterized by nonlinearity due
to plastic material deformation, large geometric changes,
and unstable contact between surfaces. For battery pack
safety crash simulation, focus is placed on loads applied to
the chassis to adjust battery pack position, velocity, and
model acceleration so that upon collision, the chassis
maintains sufficient rigidity, and deformation does not
affect the battery pack. Table 5 presents the load
parameters set for the crash simulation model.

Table 5. Load parameters for crash simulation

Part Weight (kg) | Velocity (km/h) | G (m/s?)
Chassis 1000 0 9.81
Truck model 950 50 9.81

5.4. Results and evaluation
5.4.1. Simulation results
a. Side impact stress

Figure 16 shows the stress distribution on the chassis
during a side impact. The maximum stress value reaches
806.4 MPa at the rear leaf spring mount. Chassis stress
reaches 537.6 MPa. For the battery pack, the maximum
stress is 179 MPa.
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Figure 16. Side impact stress distribution for
the HEV truck chassis
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Figure 17. Side impact stress distribution for
the HEV truck chassis and battery pack

b. Rear-end impact stress

1: CRASH CHASSIS BEHIND
Loadcase 1: Time = 1.00006-02: Frame 2

2143
Local Max = 1.261E+03
SHELL 163689
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| x

Figure 18. Rear-end impact stress distribution for
the HEV truck chassis

(Maximum stress at the rear end of the longitudinal beam and
chassis stress at the initial collision)

Figures 18 and 19 show the stress distribution on the
chassis during a rear-end impact. The maximum stress
value reaches 1,261 MPa at the rear end of the longitudinal
chassis beam. Chassis stress reaches 560.5 MPa. For the
battery pack area, the maximum stress is 280 MPa.
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Figure 19. Rear-end impact stress distribution for
the HEV truck chassis and battery pack

c. Side impact displacement

Figure 20 shows the displacement distribution on the
chassis during a side impact. The maximum displacement
value reaches 131 mm. For the battery pack area, the
maximum displacement is 72 mm.

Figure 20. Side impact displacement distribution for
the HEV truck chassis

d. Rear-end impact displacement
Figure 21 shows the displacement distribution on the
chassis during a rear-end impact. The maximum

displacement value reaches 80.2 mm. For the battery pack
area, the maximum displacement is 17 mm.
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No Result
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Figure 21. Rear-end impact displacement distribution for
the HEV truck chassis

5.4.2. Evaluation

The crash simulation results at the battery pack
installation location demonstrate the load-bearing capability
of the chassis structures under various impact scenarios.

Side impact: The chassis endures a maximum stress of
806.4 MPa at the rear leaf spring mount, with chassis stress
reaching 537.6 MPa, exceeding the material's allowable
strength limit of 461 MPa. However, the maximum stress
recorded for the battery pack is 179 MPa, which remains
within the safe range. The maximum chassis displacement
is 131 mm, and the battery pack frame displacement is
72 mm, indicating significant chassis movement, but the
battery pack frame displacement still ensures safety for the
battery cells. To improve safety during side impacts, it is
proposed to increase the stiffness of the connection area
between the leaf spring mount and the chassis. Specifically,
using thicker reinforcement steel plates surrounding the
area between the leaf spring mount and the chassis, and
adding ribs aligned with the force transmission direction
(from outside to inside the chassis) to effectively disperse
impact forces and reduce the risk of chassis deformation.
This approach ensures durability, is easy to implement, and
optimizes production costs.

Rear-end impact: The chassis endures a maximum
stress of 1,261 MPa, with chassis stress reaching
560.5 MPa at the rear end of the longitudinal chassis beam,
exceeding the material's allowable strength limit of
461 MPa. However, the maximum stress recorded for the
battery pack area is 280 MPa, which remains within the
safe range. The maximum chassis displacement is
80.2 mm, and the battery pack displacement is 17 mm,
indicating significant chassis movement, but the battery
pack frame displacement still ensures safety for the battery
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cells. The fact that the chassis stress exceeds the allowable
limit at the rearmost beam can be addressed by replacing
the rearmost chassis beam with a box steel section of
100 x 50 x 3 mm.

6. Conclusion

This study presents crash and durability simulations for
the KiA HEV chassis converted from the original KiA
Frontier K200, utilizing CAD/FEA tools to analyze key
parameters such as stress, displacement, and safety factors
under maximum loads, thereby determining the optimal
load limits for the chassis. Crash simulation results at a
speed of 50 km/h show that the HEV chassis not only meets
all safety and durability standards in crash scenarios but
also provides adequate protection for the driver, assistant,
and ensures the safety of the vehicle's battery pack system.

Additionally, safety for the battery pack, a crucial
component of HEVs, is also ensured. Simulation results
demonstrate that the battery pack layout is designed to
prevent the risk of fire or damage in severe collision
scenarios. Protective measures, such as robust enclosures
and cooling systems, ensure that the battery system
operates safely throughout its service life.

This research not only contributes to the development
of safe hybrid vehicles but also lays the foundation for
future improvements in chassis and safety system design
for sustainable vehicles.
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