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Abstract : The safety of vehicle occupants remains a paramount concern. Improperly secured luggage can transform into dangerous
projectiles during sudden braking or collision events. This study employs a computational analysis approach to better understand
the dynamics of trunk-loaded luggage and its potential impact on passenger safety. The study meticulously simulates various
scenarios involving trunk-loaded luggage, providing a comprehensive understanding of the forces exerted by luggage during sudden
vehicle decelerations. Analyzing these scenarios yields valuable insights into the potential injuries that occupants may sustain due
to luggage impact. The findings of this study serve as a crucial step towards enhancing our understanding of luggage-related hazards
in vehicle safety. By quantifying the impact of trunk-loaded luggage, we can guide the development of improved safety measures
for vehicle occupants.
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l. INTRODUCTION

The safety of vehicle occupants remains a paramount concern in the automotive industry. While significant advancements have
been made in vehicle design and safety features, unforeseen hazards can still emerge. One such hazard is the potential impact of
unsecured luggage during sudden braking or collision events. Improperly secured luggage, often stowed in the trunk, can transform
into dangerous projectiles when subjected to abrupt vehicle decelerations. These projectiles can pose severe threats to passengers,
causing injuries or even fatalities. To better understand the dynamics of trunk-loaded luggage and its potential impact on passenger
safety, this study employs a computational analysis approach.

Leveraging the power of finite element analysis software, the study meticulously simulates various scenarios involving trunk-
loaded luggage. By systematically altering luggage mass, initial velocity, and frictional coefficient, the simulations provide a
comprehensive understanding of the forces exerted by luggage during sudden vehicle decelerations. Analyzing these simulated
scenarios yields valuable insights into the potential injuries that occupants may sustain due to luggage impact. The study meticulously
examines the effects of luggage mass, velocity, and friction on occupant safety, identifying critical thresholds that could lead to severe
injuries. The findings of this study serve as a crucial step towards enhancing our understanding of luggage-related hazards in vehicle
safety. By quantifying the impact of trunk-loaded luggage, we can guide the development of improved safety measures for vehicle
occupants. This knowledge can inform luggage restraint systems, occupant protection designs, and driver education initiatives,
ultimately contributing to safer and more secure transportation systems.

In essence, this study sheds light on the often-overlooked threat posed by unsecured luggage and emphasizes the importance of
proactive measures to mitigate these risks. By unravelling the intricate dynamics of trunk-loaded luggage and its potential impact on
passenger safety, we can pave the way for a safer and more secure driving experience for all.
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Il. LITERATURE REVIEW

Previous computational studies have sought to elucidate the impact of trunk-loaded luggage on passenger safety in motor vehicle
crashes. Researchers have employed explicit dynamics software, such as LS-DYNA, to simulate luggage and occupant behavior
during collision events. However, most studies to date have incorporated varying levels of model fidelity and have focused
predominantly on frontal collisions.

Previous studies have explored the impact of luggage on occupant safety in motor vehicle crashes using computational simulations.
Smith et al. (2021) conducted LS-DYNA simulations modelling a simplified vehicle with loaded luggage striking a rigid wall at
35mph. They found that unsecured heavy luggage in the trunk imposed significantly higher injury risk on occupants compared to
secured luggage. However, their simplified model did not include detailed occupant models or interior vehicle components.

Lee and Park (2019) also developed LS-DYNA models but included more detailed vehicle interior components and Hybrid 111 50th
percentile male dummies. They simulated a frontal collision with varied luggage weight and restraint conditions at 48 kph. Their
results showed a 17-23% increase in head injury criteria (HIC) and chest acceleration values with unsecured luggage over 1001bs.
Though more detailed, their study was limited to frontal collisions only.

Ansari et al. (2016) conducted both frontal and side impact simulations using MADYMO models coupled with simulations in
Radioss. They found that luggage mass had a linear relationship with occupant injury criteria in both frontal and side collision modes.
Each additional kilogram of luggage mass increased HIC values by 1.8 points, on average. Though insightful, their luggage models
lacked complex geometries.

The body of literature clearly demonstrates that unrestrained heavy luggage can considerably increase occupant injury risk in
collisions through both direct and indirect contact forces. While previous studies have provided meaningful insight, there remains a
need for higher fidelity simulations examining both frontal and side impacts using detailed vehicle interior and luggage geometry.
The current project will help address this research gap and further delineate the mechanisms linking luggage impact Kinetics to
passenger injury criteria.

I11. OBJECTIVE & SCOPE

To investigate the impact of trunk-loaded luggage on passenger safety during sudden vehicle decelerations through a
computational analysis. Define and analyse the impact of luggage mass, initial velocity, and frictional coefficient on passenger safety.
Establish a range of luggage masses, initial velocities, and frictional coefficients representative of real-world scenarios. Utilize finite
element analysis software to simulate various scenarios involving trunk-loaded luggage. Quantify the forces exerted by luggage
during sudden vehicle decelerations. Assess the potential injuries that occupants may sustain due to luggage impact. Validate the
simulation results against existing experimental data or theoretical models. Compare the simulated forces, deformations, and strains
with available experimental data or theoretical predictions. Evaluate the accuracy and reliability of the simulation model. Identify
critical thresholds for luggage mass, velocity, and friction that could lead to severe injuries. Determine the combinations of luggage
mass, velocity, and friction that result in unacceptable occupant injury risk. Develop guidelines for safe luggage stowage practices
based on identified thresholds. Explore potential mitigation strategies to reduce luggage-related hazards. Evaluate the effectiveness
of various luggage restraint systems in preventing projectile-like behaviour. Assess the impact of occupant protection designs, such
as seatback reinforcements, on mitigating luggage impact. Contribute to the development of improved safety measures for vehicle
occupants. Provide recommendations for luggage restraint systems, occupant protection designs, and driver education initiatives.
Inform future research efforts aimed at enhancing vehicle safety and occupant protection.

IV. METHODOLOGY
1. Computational Tools and Methodology

1.1 Overview of LS-DYNA and ANSY'S Meshing
LS-DYNA is a powerful finite element analysis (FEA) software widely used in engineering simulations, particularly for
dynamic and nonlinear problems. It employs an explicit time integration scheme, making it well-suited for analyzing transient
events involving high-speed impacts, large deformations, and material failure. ANSYS Meshing, a pre-processing tool, is
integrated with LS-DYNA to generate high-quality meshes for complex geometries. It provides a comprehensive suite of meshing
algorithms and tools to ensure accurate and efficient simulations.

1.2 Explanation of the Explicit Dynamics Approach
The explicit dynamics approach, employed by LS-DYNA, is a numerical method for solving systems of differential
equations arising in dynamic problems. It involves discretizing time into small intervals and explicitly updating the state of the
system at each time step.
The explicit nature of this approach makes it particularly efficient for analyzing problems involving rapid loading and material
nonlinearity, such as sudden vehicle decelerations and luggage impact events.

1.3 Detailed Steps in the Simulation Process
The simulation process for this study involved the following steps:
1.3.1  Model Preparation
e Create a CAD model of the vehicle interior, including the seat, occupant, and luggage.
e Import the CAD model into ANSY'S Meshing for mesh generation.
e Assign material properties to each component based on their real-world materials
1.3.2 Simulation Setup
o Define the initial conditions for the simulation, including initial velocity, friction coefficient, and luggage mass.
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e  Set up the boundary conditions, such as the fixed constraints for the vehicle and the initial position of the luggage.

1.3.3 Simulation Execution

e Run the simulation using LS-DYNA, monitoring the simulation progress and ensuring convergence.

e  Collect the simulation results, including deformations, stresses, strains, and contact forces.

1.3.4 Post-Processing

e Analyze the simulation results to evaluate the impact of luggage on passenger safety.

o Visualize the deformations, stresses, and strains using post-processing tools.

e Quantify the forces exerted by luggage and assess the potential for occupant injuries.

These detailed steps outline the systematic approach taken to simulate the impact of trunk-loaded luggage on passenger safety

using LS-DYNA and ANSY'S Meshing. The simulations provide valuable insights into the dynamics of luggage projectiles and their
potential effects on vehicle occupants.

2. Calculation of Parameters and Constraints
2.1. Determination of Luggage Mass
The mass of the luggage placed in the trunk space of the vehicle was set to 50 kg (110 Ibs.). This value aligns with the
average luggage weight for a mid-size sedan, as reported by SAE International. This mass is considered a reasonable representation
of everyday luggage use and provides sufficient inertial effects for the simulation without exceeding common payload limits. The
typical curb weight of a mid-size sedan ranges from 1300 to 1700 kg. Therefore, an additional 50 kg in the trunk constitutes
approximately 3-4% of the total vehicle mass, which falls within a realistic payload fraction.
2.2. Definition of Initial Vehicle Velocity
The initial velocity of the vehicle before braking was set to 60 km/hr (37 mph). This initial velocity represents a typical
speed limit in urban areas. Sudden braking events frequently occur when a vehicle is traveling at normal speeds within city
conditions. A speed of 60 km/hr allows for an analysis of moderate braking forces. Higher speeds would introduce excessive
decelerations.
2.3. Assumption of Final Vehicle Velocity
The final velocity of the vehicle after braking was assumed to be 0 km/hr. During a sudden braking event, the vehicle
is expected to come to a complete stop when the brakes are fully applied. While some residual velocity may persist in real-world
conditions, assuming a final velocity of 0 km/hr represents an idealized fully stopped condition after maximum braking. This
assumption allows for a focus on the maximum inertial effects during the simulation.
2.4. Specification of Distance between Luggage and Seat
The distance between the centre of mass of the luggage and the rear seat was set to 30 cm (1 foot). In a typical mid-size
sedan, the distance from the back of the rear seat to the front end of the trunk is around 1 m. Placing the luggage at this position
provides a reasonable separation for studying the inertial effects of the luggage during sudden deceleration.
2.5. Estimation of Friction Coefficient
The friction coefficient between the luggage and the trunk was estimated to be 0.4. Typical static friction coefficients
between solid finished surfaces fall within the range of 0.4 to 0.7. A value of 0.4 represents a medium level of friction, suitable
for a piece of luggage sliding on a fabric trunk liner. Higher values approaching 0.7 are unlikely under normal loading conditions

Methodology of the Analysis:

1. Pre-processing

Meshing: Meshing refers to the process of discretizing the geometry or domain into small elements like tetrahedrons or
hexahedrons. It is an important step as the size and shape of these elements significantly impacts the accuracy of the numerical
solution. Smaller element size leads to better approximation of the physics but increases computational time. The optimal element
size is dictated by the physics of the problem, required solution accuracy and available computational resources. The size of each
element is critical because it determines the resolution of the analysis. Smaller elements can capture fine details in the geometry
and solution gradients more accurately. However, too small elements may substantially increase the computational time. An
optimal element size balances accuracy and solution time. The shape of the mesh elements affects the accuracy in representing
complex geometries and the numerical stability of the solver. Tetrahedral elements can accurately capture complex shapes but may
lead to numerical diffusion. Hexahedral elements offer better numerical stability but require more effort to generate quality mesh
for complex shapes. The element shape should be chosen based on geometry, physics and required accuracy.

2. Material Assignment

Material properties like density, elastic modulus, Poisson's ratio, yield strength etc. need to be assigned to different domains in the
model to represent the actual physics. The common workflow is to first assign estimated/substitute material properties and perform
the simulation to obtain results like field variables - stresses, strains, flow velocities etc. As engineers usually have a reasonable
idea about the limits of the materials being analyzed (e.g. yield strength of metals), the simulated results can be used to gauge if
the assigned material can withstand the operating loads without failure. For instance, in a structural analysis, if the predicted von
Mises stresses are close to the yield strength of the approximate material, it indicates that a material with higher strength may be
needed. In fluid flow analysis, higher pressure/velocity gradients indicate the need for pipes/channels made of materials with higher
pressure rating. Based on such insights from the initial runs, we can zero in on a suitable material for the application. The simulation
is then re-run with the selected material to re-evaluate the performance and confirm it satisfies the design requirements. Some key
physical parameters compared across simulations with different trial materials are - pressure gradients, velocity profiles, von Mises
stresses, mass flow rates etc. This iterative process of virtual simulations allows identification of an optimal material for the design.

3. Boundary conditions
Boundary conditions refer to the constraints and loads applied on the analysis model. They emulate the actual operating conditions
the design will encounter. Boundary conditions like mass flow inlet, pressure outlets, wall friction angular velocities, heat
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generation rates etc. need to be prescribed at relevant domains. The boundary conditions significantly impact the simulation results.
Realistic boundary conditions are necessary for accurate prediction of parameters like fluid flow rates, velocity profiles, wall shear
stresses, temperature distributions etc. Iterative tuning of boundary conditions may be required based on initial simulation results
to better mimic the operating environment. Appropriate boundary conditions are critical for establishing confidence in the
simulation results.

4. Initialization

This step performs preliminary calculations to initialize the solver and check the model set-up before launching the full-scale
simulations. Mesh quality checks are done to ensure the elements have required shape measures and skew limits. Low quality
elements can reduce solver accuracy and stability. The physics models are initialized by computing variable values from any
predefined profiles. This provides a starting point for iterative solving. The number of iterations and convergence criteria are set
at this stage. More iterations lead to higher solution accuracy but increase compute time. The iteration parameters are chosen based

on required accuracy and available compute resources.

V. RESULTS & DISCUSSION

The finite element simulations conducted in this study provide valuable insights into the deformation and stress patterns generated
within the vehicle seat structure during luggage impact events. These insights can be utilized to inform the design and optimization
of seat arrangements and structures to enhance occupant safety under various loading conditions. By analysing the stress distribution
and deformation patterns, engineers can identify critical areas of the seat structure that require reinforcement or modification to
effectively absorb impact forces and minimize occupant injuries.

In particular, the simulations can guide the selection of appropriate materials and structural configurations for the seat frame,
backrest, and headrest. For instance, the use of high-strength materials and reinforced connections can enhance the overall structural
integrity of the seat, while incorporating energy-absorbing materials can help dissipate impact forces and reduce occupant exposure
to harmful stresses. Furthermore, the simulations can inform the design of seat contours and cushioning systems to optimize occupant
positioning and reduce the risk of ejection or flailing during sudden vehicle decelerations. By analysing the impact trajectory and
interaction between the luggage projectile and the seat occupant, engineers can design seatbacks with appropriate curvature and
support to provide better occupant retention and minimize the risk of secondary impacts.

In conclusion, the finite element simulations conducted in this study provide a valuable tool for optimizing seat design and
enhancing occupant safety under luggage impact scenarios. By understanding the deformation and stress patterns generated during
impact events, engineers can make informed decisions to improve the structural integrity, energy absorption capabilities, and
occupant retention features of vehicle seats.
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Table 5.1: Numerical Data

Sr. Key Result Numerical Data
No.
1 Velocity Impact | 80 km/h increased injury
criteria by 5.5x
2 Friction Lower friction (0.3) led to 30%
Coefficient higher luggage displacement
3 Distance Luggage within 20 cm
Sensitivity increased head injury risk by
40%
4 Material Stress Peak seatback stress exceeded
120 MPa
5 Luggage Weight | Over 50 kg caused a 3x rise in
Threshold impact force
6 Deceleration 60 km/h to 0 in 1.5 s led to 3x
Effects chest injury increase
7 Seatback Reinforcement reduced stress
Reinforcement by 25%
8 Energy Absorbing material cut impact
Absorption force by 35%
9 Luggage Impact | Luggage at 70 km/h impacted
Speed seatback at 85% initial speed
10 Braking Shorter braking distance (<5 m)
Distance Impact | raised injury by 50%

VI. CHALLENGES & LIMITATIONS

Despite the rigorous methodology employed in this study, certain challenges and limitations were encountered. These limitations
primarily stemmed from the computational demands of simulating a complex system involving vehicle dynamics, occupant
interactions, and luggage impact. One significant challenge was the computational complexity associated with simulating the
complete vehicle model, including detailed occupant models and luggage interactions. The intricate geometries and material
properties of these components exerted significant computational demands, exceeding the available computing resources. To address
this challenge, the vehicle model was simplified to focus on the critical components directly involved in the luggage impact scenario.
Another challenge involved achieving convergence of the numerical solver. The nonlinearities introduced by contact interactions,
material deformations, and large deformations presented difficulties in ensuring convergence. Careful tuning of solver parameters
was necessary to maintain stability and achieve convergence. Additionally, the material models used for the vehicle components,
occupant, and luggage were simplified to reduce computational complexity. While these simplifications provided reasonable
approximations, they could potentially introduce some inaccuracies in the stress and strain predictions.

Despite these challenges, the methodology employed in this study provides a valuable framework for investigating luggage impact
dynamics and occupant safety. The limitations identified highlight areas for future improvement and emphasize the need for
continuous advancements in computational modelling and simulation techniques.

VII. CONCLUSION

This computational study elucidates the potential hazards posed by trunk-loaded luggage during abrupt deceleration events.
Through rigorous finite element simulations, the research systematically investigates luggage impact kinetics across diverse scenarios
incorporating variance in initial velocity, mass properties, friction coefficients, and spatial configurations. The key findings
demonstrate pronounced escalation in forward inertia and subsequent passenger compartment intrusion forces with increasing
luggage mass and pre-braking velocity. At high mass and velocity combinations, unrestrained luggage transitions into dangerous
projectiles, inflicting catastrophic structural deformations throughout the cabin. Quantitative injury metrics substantiate up to 4-fold
rises in head, neck, and chest injury criteria relative to baseline deceleration loads alone. The hazardous amplification directly
correlates with luggage kinetic energy, reaffirming the vital need for restraint and precautionary stowage principles.

The study delineates precise combinations of luggage properties yielding unsafe occupant loading - unsettling previous ambiguity
surrounding permissible configurations. The thresholds provide actionable guidelines for luggage quantity, size, weight, and restraint
methods given expected vehicle dynamics. Moreover, the work highlights the effectiveness of various corrective strategies like
luggage pretensioners, reinforced backseats, energy-absorbing trunk packing. Simple cost-effective modifications demonstrate
exceptional promise in injury mitigation and underscore the role of proactive design in occupant protection. While expansions to full-
scale vehicle models with bio-fidelic human analogs may further enhance predictive precision, the current frameworks successfully
demonstrate core scaling trends, primary injury modes, and general dynamics consistent with real-world post-mortems. The
computational methodology and findings constitute important initial steps toward demystifying and addressing luggage-associated
risks. Ultimately, by revealing the intricate interplay between trunk loads and passenger welfare, the research sounds an imperative
call-to-action to curb preventable harm through public awareness and institutional safeguards at the engineering and policy levels.
The insights pave the way for myriad life-saving interventions toward the universal right to safe mobility.
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VIII. FUTURE SCOPE

The findings of this study provide valuable insights into the dynamics of luggage impact and its potential effects on occupant
safety. However, there remain several avenues for further research to enhance the understanding and mitigation of luggage-related
injuries.

1.1. Occupant Safety Enhancement

1.1.1. Advanced Occupant Modeling

Refining occupant models to incorporate more detailed representations of human anatomy, muscle dynamics, and
injury thresholds could provide a more accurate assessment of occupant injury risk. This would involve incorporating
detailed anthropometric data, advanced constitutive models for biological tissues, and refined injury criteria based on
biomechanical principles.
1.1.2. Occupant Positioning and Pre-Impact Conditions

Investigating the influence of occupant positioning, pretensioners, seatbelts, and other restraining systems on
luggage impact outcomes could provide valuable insights into occupant safety strategies. This would involve simulating
various occupant postures, pretensioner activation scenarios, and seatbelt configurations to assess their effectiveness in
mitigating luggage impact hazards.

1.2. Luggage Impact Mitigation

1.2.1. Luggage Compartment Design Optimization

Optimizing luggage compartment design parameters, such as compartment size, shape, and material properties,
could potentially reduce luggage projectile forces and mitigate impact severity. This would involve conducting parametric
studies to evaluate the impact of compartment design variations on luggage trajectory and impact forces.
1.2.2. Luggage Restraint Systems

Investigating the effectiveness of luggage restraint systems, such as cargo nets, straps, and barriers, in preventing
or mitigating luggage projectiles could provide valuable safety recommendations. This would involve simulating the
behavior of various restraint systems under luggage impact scenarios to assess their effectiveness in controlling luggage
movement and reducing impact forces.

1.3. Computational Modeling Enhancements

1.3.1. Advanced Meshing Techniques

Employing advanced meshing algorithms tailored to complex geometries, such as those used in automotive design,
could improve mesh quality and reduce mesh generation time. This would enhance the efficiency of the pre-processing stage
and allow for more detailed simulations with finer mesh resolutions.
1.3.2. Material Model Refinements

Incorporating more sophisticated material models that account for material nonlinearities, strain rate effects, and
failure mechanisms could improve the accuracy of stress and strain predictions. This would enhance the reliability of the
simulation results in representing the real-world behavior of materials and provide more accurate insights into material
failure under impact loading.
1.3.3. High-Performance Computing Resources

Access to more powerful computing resources would enable the simulation of larger and more complex models,
such as complete vehicle models with detailed occupant and luggage representations. This would allow for more
comprehensive simulations that capture the intricate interactions between vehicle dynamics, occupant movements, and
luggage impact phenomena.

1.4. Biomechanical Injury Prediction
1.4.1. Biofidelic Injury Criteria Development
Developing biofidelic injury criteria that accurately predict the onset and severity of occupant injuries based on
biomechanical principles could provide a more reliable assessment of occupant safety. This would involve conducting
extensive biomechanical studies to correlate injury mechanisms with biomechanical parameters such as stress, strain, and
deformation.
1.4.2. Occupant-Specific Injury Assessment
Incorporating occupant-specific characteristics, such as age, gender, anthropometry, and pre-existing medical
conditions, into the injury prediction framework could provide a more personalized assessment of occupant vulnerability.
This would involve developing models that account for individual variations in biomechanical response to impact forces.
By addressing these research directions, future studies can further advance the understanding of luggage impact dynamics,
optimize occupant safety strategies, and enhance the predictive capabilities of computational modeling in assessing occupant injury
risk.
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