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Abstract: Crashworthiness is a crucial aspect of vehicle safety because it reduces structural
damage and protects occupants during frontal collisions. Most previous studies have relied on
Finite Element Method (FEM) simulations, which require high computational resources and
complex geometric modelling, making them less efficient for early-stage design. To overcome
this limitation, this study developed a four-mass dynamic model using a spring—damper system
to simulate the crashworthiness of a vehicle’s front-end structure under full frontal impact. The
model represents the bumper beam, crash box, and chassis, and each is assigned specific values
of mass, stiffness, and damping. Simulations were carried out using MATLAB Simulink under a
frontal impact condition with an initial velocity of 15.6 m/s (56 km/h), an impact force of 72,000
N, and a duration of 0.2 seconds. Validation was performed based on previous studies that
compared the Finite Element Method (FEM) and Lumped Parameter Model (LPM), showing that
the displacement results of the present model were similar to those obtained by FEM. The
simulation showed a maximum chassis displacement of 70 mm, followed by a rebound of 60 mm,
stabilizing within 1.2 seconds. The peak velocity reached 2.5 m/s, and the maximum acceleration
was 140 m/s?, which decreased to 100 m/s? owing to damping and plastic deformation. These
results indicate that the model can accurately and efficiently represent impact dynamics, offering
a practical alternative for early crashworthiness evaluation and structural design optimization.

Keywords: Crashworthiness; Dynamic Simulation; Four-Mass System; Frontal Impact;
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1. Introduction

Vehicle safety is one of the greatest concerns in the
automobile industry. One aspect that must be considered
during a car's design and manufacturing process is
crashworthiness, which is the ability of a car to keep its
passengers safe in the case of an accident!'?.
Crashworthiness includes the ability of a structure to
absorb impact energy and its resistance to impact, which
helps reduce fatal injuries to passengers and severe damage
to vehicles in case of accidents®. The automotive industry
is continuously working to develop vehicle technologies
that can improve crashworthiness to satisfy both consumer
aspirations and more strict government restrictions*>.

The bumper system in a car is a significant component in
the vehicle structure designed to absorb kinetic energy®
without damaging the vehicle in low-speed impacts and
dissipating energy in high-speed impact conditions”. The
crash box and bumper beam are crucial components of a
bumper system. The bumper beam is a component that
releases high-impact energy from the impact and absorbs
low-impact energy with bending resistance®. Meanwhile,
the crash box absorbs impact energy through a deformation
process to protect other parts of the structure and then
transfers the remaining impact force”. The passenger cabin
receives a residual impact force after it is transferred to the
chassis!'?. The chassis is the main frame of the vehicle that
supports the entire vehicle structure. It transmits force and
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energy from a collision to various other parts of the body.
In a full-frontal collision, the bumper beam, crash box, and
chassis play crucial roles in protecting the safety of
passengers and the vehicle itself' 12,

The dynamic model aims to analyse the interaction and
response of each component to the forces and energy
generated during a collision'?. Each component is
important for passenger safety and the overall vehicle
performance. The dynamic impact model of a car
represents how it responds when involved in a collision by
analysing the forces acting on the car and how the car
absorbs and distributes energy during the impact'?. The
dynamic model is described as a mass-spring-damping
system that changes over time in response to an impact
force. In the dynamic model, the bumper absorbs most of
the kinetic energy generated during a collision'> . An
effective bumper absorbs more energy by undergoing
controlled deformation, such as bending or breaking, in a
structured manner to reduce the direct impact of the
collision on the passenger compartment. To improve
crashworthiness performance, various studies have been
conducted, especially using approaches based on the Finite
Element Method (FEM) or Finite Element Analysis (FEA).
Askar and Ermis'® analysed the performance and
optimisation of the front bumper system of vehicles,
particularly in terms of bumper and crash box thickness, to
improve the energy absorption and reduce the reaction
force. The simulation was performed using ANSYS
software with a finite element approach to evaluate the
effect of crash box thickness variation on the crash
response. The simulation results show that a crash box
thickness of 2 mm produces a reaction force of 38.35 kN
and an absorbed energy of 821.49 J. Similarly, Abrar et
al.'? evaluated the impact of collision speed on the
performance of bumper structures made from various
materials. Modelling was carried out using CAD
(SolidWorks) and finite element analysis (ANSYS), with
varied speed scenarios. The results show that aluminum
2024-T86 and carbon fibre are the most effective materials

ImpactForce f,(t)
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for absorbing energy at speeds of up to 30 km/h. wang et
al."®analysed the crashworthiness of vehicle bumpers in
frontal and offset collisions by considering variations in
structural design and materials. Simulations were
performed using Hyper Mesh for geometry modelling and
LS-DYNA for crash dynamics analysis. The applied
design optimisation successfully reduced the impact
acceleration from 25.6 g to 17.1 g and increased the energy
absorption ratio of the bumper. Vignesh et al'?studied
vehicle crashworthiness by modifying the bumper beam
design and selecting a more optimal energy-absorbing
material. Numerical simulations were performed using the
finite element analysis (FEA) method, and the results were
validated through experimental testing. The proposed
design showed an 18.27% increase in energy absorption
compared to the conventional design. Loue et al?”
developed a mass-spring model-based inversion method to
accelerate the prediction of deformation and response time
in vehicle frontal collision processes. The simulation
approach was carried out through finite element analysis,
accompanied by drop-weight testing and the application of
inversion algorithms. The results show that this method
can predict the collision time with an error of less than
2.1% and deformation accuracy of up to 96%. Nawithan et
al.?Vdiscussed the use of hybrid hemp/glass fibre
composites as vehicle bumper materials. Numerical
simulations were performed using LS-DYNA to study the
stacking sequence configurations, and pedestrian collision
tests were conducted. The results show that the composite
can absorb up to 90.1% of the impact energy and reducing
the bumper weight by 49.2% compared with fibreglass.
Yeshanew et al?? evaluated modifications to vehicle
bumper design, including changes in geometry, material,
and thickness to enhance energy absorption capability.
Simulations were carried out using CAD (CATIA) and LS-
DYNA software to analyse various design variations. The
results indicated that aluminum bumpers absorbed 29%
more energy than standard steel bumpers at an impact
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Fig. 1: (a) The free body diagram; (b) Dynamic model parameters
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speed of 56 km/h.

However, most of these studies used a Finite Element
Method (FEM)-based approach, which requires complex
3D geometry modelling, specific material property
definitions, and high computational resources. This
process is generally time-consuming and costly, especially
during design iterations. As an alternative solution,
dynamic models based on the mass—spring—damper system
offer a simpler, more computationally efficient approach,
and are flexible for structural parameter sensitivity studies.
Based on this review, this study aims to develop and
simulate a four-mass dynamic model using MATLAB
Simulink to analyse the crashworthiness of the front
structure of a vehicle during a full-frontal collision. This
model varies the mass, stiffness, and damping parameters
of the three main components: bumper beam, crash box,
and chassis. This approach is expected to be a more
practical and economical alternative than FEM simulation,
with the capability of rapid evaluation of the displacement,
velocity, and acceleration responses resulting from impact.

2. Method and Material

In this study, a four-mass dynamic system was modelled
and simulated in a full-frontal impact scenario on a car
using MATLAB Simulink. The steps in this study are as
follows:

2.1. Modeling Dynamics Systems

Newton's second law is relevant to vehicle dynamics?).

According to this law, which can be expressed as F = m.a.
The applied force causes the momentum of the system to
change. where F is the acting force, m is the mass of the
structure, and a is the acceleration of the structure. This
equation is used in crashworthiness simulations to
calculate the forces that cause different parts of a vehicle
to move and interact®.

The dynamic model of a car's frontal crash structure is
represented as a four-mass system connected by springs
and dampers®. The model analyzes the interaction
between the main components of the bumper system,
namely the bumper beam, crash box, and chassis, during a
full-frontal impact?®.

The system was designed to study how impact energy is
absorbed and distributed through these components to
protect passenger safety. The changes in the main mass,
stiffness, and damping parameters of each component were
the independent variables used?”. The displacement,
velocity, and acceleration of the chassis during impact are
the dependent variables. The free body diagram and
dynamic model parameters used in this study are shown in
Figure 1. The dynamic response of the displacement,
velocity, and acceleration of the chassis structural
components during a full-frontal impact is analysed
because it significantly affects passenger safety. This
modelling helps to understand how the impact energy is

distributed and absorbed by the chassis, so that it can be
designed to better protect passengers.

2.2. Parameter Data

Specifically, the concepts of mass, moment of inertia,
stiffness, and damping in dynamic systems were applied in
this study. The degree to which an object resists
deformation in response to an applied force is called its
stiffness. Newtons per meter, or N/m, are used to evaluate
stiffness, a crucial parameter in determining how parts,
such as crash boxes and bumpers, react to contact. To
guarantee that crash energy is absorbed in a manner that
minimises occupant injuries, the structure must be
sufficiently stiff2®.

Damping is the process of reducing the energy of a
dynamic system through frictional forces or other energy-
absorbing components. By reducing the amplitude of the
vibrations caused by the original hit, damping lowers the
possibility of further harm and damage. The unit of
measurement for damping is Newton/m or Ns/m?”.

Their mass influences the way vehicle parts react to
applied forces. The energy distribution during a crash may
change owing to the need to transfer more energy with
greater mass. The mass, expressed in kilograms (kg), is a
significant factor in crash dynamics studies®?.

The resistance of an item to the angular acceleration caused
by an applied torque is measured by its moment of inertia.
It depends on the object's mass distribution concerning its
pivot point. Rotating objects experience a moment of
inertia. The unit of measurement for the moment of inertia
is (kg.m?).

The dataset of parameters in this study is shown in Table
1. The impact conditions are an initial velocity of 15.6 m/s
(56 km/h), an impact duration of 0.2 s, and a half-sine wave
impact force profile3). The mass consists of a bumper
beam mass (M1) of 2 kg, mass of the crash box (M2L &
M2R) of 0.3 kg, and chassis mass (M3) of 250 kg. There
are three types of stiffness. The first is the Bumper beam
stiffness (ki & kir), which is 50000 N/m. The second is
the crash box stiffness (kor & kor) of 40000 N/m, Chassis
stiffness (ks) of 100000 N/m. Damping consists of bumper
beam damping (Bi. and Bir) of 300 Ns/m, damping of
crash box (Bar and Bar) of 250 Ns/m, and chassis damping
(Bsr and Bsr) of 5000 Ns/m. The impact force fy(t) in this
study was 72000 N32,

TABLE 1: PARAMETER DATA

Component Mass (kg) SE;?::)S s D(z;:/pni:;g
Bumper Beam 2 50000 300
Crash Box 0.3 40000 250
Front Chassis 250 100000 5000
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2.3. Free Body Diagram and Equation of
Motion

Steady-state modelling was conducted to assess the
stability of the system after impact. The results show that
the system reaches a stable state after some time, with
constant displacement, velocity, and acceleration. A
steady-state evaluation shows that the model can describe
the  dynamic  behaviour  following theoretical
expectations®?,

Figure 2 shows the free-body diagram for the bumper
beam. Equations (1) and (2) below show the equation of
motion and the steady-state evaluation
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Fig. 2: Free body diagram for bumper beam
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This study uses the left crash box as mass 2 L and the right
crash box as mass 2r for a full impact with an offset. The
free-body diagrams for both the left and right crash boxes
are shown in Figure 3. Equations (3) and (4) show the
equation of motion and the steady-state evaluation for the

left crash box. Equations (5) and (6) show the equation of
motion and the steady-state evaluation for the right crash
box.

Figure 4 shows the chassis' free-body diagram. Equations
(7) and (8) show the equation of motion and the steady-
state evaluation.

2.4. MATLAB Simulink Simulation

After creating a free-body diagram and steady state for
each mass, the next step is to create a block diagram. Block
diagrams were constructed for each component based on
the equations of motion.

This is done by connecting blocks to simulate the
interaction between the bumper beam, right crash box, left
crash box, and chassis. We begin by entering the system
parameters into the Simulink model and then setting the
initial conditions and simulation parameters. Then,
simulate for frontal impact scenarios. Figure 5. shows a
block diagram of the MATLAB Simulink simulation
results based on the research data.
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2.5. Model Validation

The model developed in this study was validated with
reference to a previous study by Munyazikwiye et al>¥.
which utilised a modelling approach of the vehicle
structure as a mass—spring—damper system. In that study, a
comparison was made between the piecewise lumped
parameter model (LPM) and the Finite Element Method
(FEM), with results showing that the predictions from the
LPM closely matched those of the FEM, both in terms of
displacement during frontal collision scenarios, as shown
in Figure 6.

In line with this approach, in this study, the dynamic
system is also modelled by simplifying the vehicle
structure into a mass—spring—damper system and analysed
using MATLAB Simulink to evaluate the structural
response in terms of displacement, velocity, and
acceleration during a frontal collision.

3. Results and Discussion

3.1. Data Analysis

The Dynamic Response Analysis method analyzes the
displacement, velocity, and acceleration of the chassis
during impact. Then, the simulation results were plotted to
visualise the dynamic response. MATLAB Simulink
simulation results for the frontal impact scenario are
presented as displacement, velocity, and acceleration
graphs of the chassis. The dynamic response analysed is
for the full-frontal impact chassis™>.

The results of the dynamic response of the full-frontal
impact chassis can be presented in the form of three graphs,
namely displacement, velocity, and acceleration. tablehe
simulation graph shows the displacement response of the
chassis structure owing to a frontal collision. Initially, a
positive displacement spike of 70 mm in the time range of
0 s to 0.2 s indicates the initial deformation due to the
impact. After reaching its peak, the displacement decreases
owing to the material's resistance to further deformation.
Then, a steady state occurs in the range from 0.2 s to 1 s.
Around 1 sto 1.2 s, anegative spike of up to 60 mm occurs,
indicating the chassis structure's elastic and plastic
recovery effect. This reflects the material rebound or the
impact of the energy dispersal mechanism. After 1.2 s to 2
s, the system stabilises again near the displacement value
of the chassis structure of 0 mm, indicating that the impact
energy has been absorbed by the structural deformation of
the chassis. This pattern reflects the characteristics of the
deformation zone (crumple zone) and the inertial effect of
the chassis mass receiving a sudden external force. This
high displacement response can affect the wvehicle's
performance after impact, including its stability and
handling. If the vehicle structure changes significantly, it
may affect the reaction of the vehicle to the road after an
accident. Figure 8. shows the dynamic velocity response of

the chassis structure to impact. An initial spike in velocity
to near 2.5 m/s occurs owing to the large impulse force.
The velocity then drops dramatically within 0.2 s and
undergoes damping oscillations due to energy dissipation
in the material. At 1 s, a spike occurs owing to the
structure's propagation and reflection of stress waves. The
structural response returns to steady around 1.2 s,
indicating the damping effect of the chassis structure. The
graph in Figure 9. shows the acceleration phenomenon of
the chassis structure owing to the impact. At the beginning
of the impact at O s, the large impulse force caused the
acceleration to jump dramatically to 140 m/s?, indicating a
strong impact on the chassis structure. Immediately
afterwards, the acceleration drops sharply to 100 m/s?
indicating that the structure undergoes backlash owing to
deformation and damping of the impact energy. After the
initial phase, the acceleration oscillated with a decreasing
amplitude, indicating energy dissipation throughout the
chassis. At approximately 1 s, there is a second
acceleration spike owing to the reflection of stress waves
in the material that propagate and reflect at the boundary
of the structure. This was followed by a rapid change in the
negative direction, indicating that the structure
experienced a backlash against the reflected wave. After
several small oscillations, the acceleration finally subsides
and approaches zero, indicating that the chassis has fully
absorbed the impact energy.

More significant displacement, velocity, and acceleration
responses in the impact dynamic model can result in more
severe structural damage to the vehicle, increasing the risk
of injury to passengers and affecting overall safety.
Extreme displacements indicate significant deformations,
whereas high velocity increases the kinetic energy at
impact, causing greater forces. Meanwhile, high
acceleration can result in significant forces being received
by passengers, potentially causing serious injuries.
Combining these three parameters provides a clear picture
of the risks and impacts posed during an impact event.

3.2. Discussion of System Dynamic Response to
Impact

The dynamic response of the system shows that the model
can capture the main characteristics of the structural
behaviour during impact3®. This illustrates the importance
of the impact position to the system's overall response. The
results of this study, compared to previous research using
a similar approach in dynamic modelling for
crashworthiness, have in common that the model is
consistent with previous research regarding displacement,
velocity, and acceleration response patterns®”. Another
similarity is that the steady state achieved aligns with the
results reported in the literature however, this study
introduces more detailed stiffness and damping variations,
which allows a more in-depth analysis of the impact of
these parameters on the system response®®. This study
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utilised the MATLAB Simulink implementation for more
complex and accurate simulations.

3.3. Evaluation of Advantages and
Disadvantages of the Proposed Model

The model used in this study has several advantages. In
terms of accuracy, the model provides an accurate
prediction of the dynamic response of the system during
impact. From the aspect of parameter detail, this study used
more detailed parameters for stiffness and damping,
improving the understanding of the influence of each
component. From the perspective of the impact scenario,
the simulation of the full-front impact scenario provides a
comprehensive picture of the system's performance’”.

The shortcoming of this study is its complexity. This

requires more data and computation time because it uses a
more detailed model. In addition, for experimental
validation, the simulation results must be validated with
experimental data to ensure the model's accuracy under
real-world conditions. Thus, this study significantly
contributes to vehicle crashworthiness by developing a
detailed dynamic model and performing comprehensive
simulations using MATLAB Simulink.

4. Conclusions & recommendations

4.1. Conclusions

Based on the findings of this study, the following
conclusions were drawn.
® A four-mass dynamic model was successfully
developed using MATLAB Simulink to simulate the
crashworthiness of the front-end structure of a
vehicle. The model captures the dynamic response of
the key components of the bumper beam, crash box,
and chassis under full-frontal impact conditions.
® Under frontal impact conditions involving an impact
force of 72,000 N, an initial velocity of 15.6 m/s (56
km/h), and a duration of 0.2 seconds, the model
yielded the following key dynamic responses:
a.The chassis displacement peaked at 70 mm during
the initial impact phase, followed by a rebound
displacement of 60 mm due to stress wave reflection,
before stabilising near 0 mm after 1.2 seconds.
b.The velocity of the chassis reached a maximum of 2.5
m/s, then decreased through damped oscillations,
stabilising to near zero within 1.2 seconds.
c.The acceleration reached a peak of 140 m/s? at the
onset of the impact, reducing to 100 m/s? during the
plastic  deformation phase, indicating the
effectiveness of the damping and stiffness in force
dissipation.
® Although the model provides detailed insights and
accurate simulations, its computational complexity
requires future experimental validation through
physical crash tests to ensure applicability under
real-world crash scenarios.

4.2. Recommendations

Future research should focus on validating the simulation
results with experimental data to ensure real-world
applicability. In addition, integration with other vehicle
systems can be achieved by expanding the model to
include interactions with the suspension system or other
structural components for a thorough analysis.

Material optimisation can be performed by researching
advanced materials with superior energy absorption
properties to improve crash performance.

For wider applicability in real-world scenarios, it is
possible to simulate more complex crash scenarios, such as
oblique crashes or multivehicle crashes. Improving the
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model by incorporating accurate parameters from
experiments and recent literature and optimising the
MATLAB Simulink simulation process will further
improve the quality and accuracy of the model, thus
making a significant contribution to the field of vehicle
crashworthiness. Considering these aspects, future
research can enhance vehicle safety design and contribute
to developing innovative solutions in the field of vehicle
crashworthiness.
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Nomenclature
Symbol Description Unit
m Mass kg
k Stiffness (spring constant) N/m
c Damping coefficient N.s/m
F Force N
v Velocity m/s
a Acceleration m/s?
X Displacement m
t Time S
I Moment of inertia kg-m?
Fa(t) External impact force function N
Greek Symbols
Symbol  Description Unit
p Material density (if used in context) kg/m?
® Angular frequency rad/s
Subscripts
Subscript Description
1 Refers to bumper beam component
2L Refers to left crash box component
2R Refers to right crash box component
3 Refers to chassis component
max Maximum value
ss Steady state
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