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Abstract We present a lumped parameter model (LPM) for improving
vehicle crashworthiness analysis. The novel methodology divides the
event into two phases: until maximum crush and when the vehicle starts
pitching forward. We built a three degrees of freedom (DOF) model
for the analysis of a crash event supporting the vehicle development
process. The model has been validated against the National Highway
Traffic Safety Administration (NHTSA) finite element (FE) simulation
of a truck and a sedan. The LPM shows good correlation with the
FE test data. A parameter variation study, changing the thickness of
the metal parts by 10% and 20%, is presented to improve the vehicle
crash performance resulting in the reduction in pitching of the vehicle.
The Simulink based simulation captures the change in the performance
confirming the reliability of the model to predict event kinematics.

C.1 Introduction

Each year 1.23 million people are reported to die in road accidents and vehicle crashes
have been among the major causes of mortality [1]. Even a larger number of people
suffers from non-fatal injuries with many incurring a disability due to the injury.
Production of vehicles that ensure safety for all road users including occupants is
crucial to reduce the road related injuries.

Most vehicle safety regulations require crash testing at a specialized facility to
determine the crashworthiness parameters. Car manufacturers conduct full vehicle
or Vulnerable Road User (VRU) tests to ensure that the car design meets the
regulations. Usually, crash-testing is time consuming and costly. Mathematical
models are employed to represent crash dynamics, for example, in the case of a car
impacting a barrier or another car. These models involve differential equations of
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motion describing the deformation of the parts in the vehicle. The occupants inside
the car can also be included in a mathematical model to predict injury values during
a crash, models of a human present a valuable complement to other models, such as
animal models and crash dummies. The vehicle front-end and side structures have
been modified to improve energy absorption capability [2]. Finite Element Methods
(FEM) have received impetus in vehicle crash modeling in the past decades. With
improved computational speeds the models became more accurate and reliable for
vehicle development. Benson et al. [3] presented the calculations of crashworthiness
design laying the foundations for application of FEM in the automotive industry.
However, development of FE models is time-consuming and needs CAD data which
is not available during the early stages of vehicle design. Lumped parameter models
(LPM) were first applied for modeling vehicle crash events in [4] where the vehicle
was represented by three lumped mass components and eight resistances representing
the deformable parts in the vehicle. The citeCd paper paved the way for many more
studies using LPMs to represent the behaviour of a vehicle and occupants under
impact. Recently, LPMs were used by Elkady et al. [2, 5] to develop a multi-DOF
mathematical model to simulate a crash event with active vehicle dynamics control
systems (VDCS). The model replicated a full frontal and offset impact between two
vehicles comparing the performance of a baseline vehicle with a vehicle equipped
with VDCS features. It also includes a 3-DOF occupant impact model derived using
Lagrangian formulation. Munyazikwiye et al. [6] use a mass-spring-damper model
with two lumped mass components to represent a full frontal impact with a rigid
barrier. The study shows good correlation with test data suggesting that a simple
LPM can replicate the impact kinematics successfully.

Occupant injury prediction is an important area of research where the vehicle-
occupant interaction in a vehicle impact scenario is studied and the injury patterns
of occupants in the car are determined with a help of mathematical models. Large
vehicle deceleration has been identified as one of the main causes of head and chest
injuries, and vehicle rotational motions in different axes also lead to occupant injuries
[7].

In a full frontal impact, vehicle pitch and drop are significantly larger compared
to rolling and yawing motions. Neck injury is one of the most common types of
injury in vehicle accidents [8]. In a vehicle crash, unbelted occupants could interact
with the vehicle interiors leading to severe injuries. In the recent past, the research
focusing on unbelted occupants to meet Federal Motor Vehicle Safety Standards
(FMVSS 208) requirements demonstrated that vehicle pitch and drop contributed to
higher head and neck injury values.

The objective of a vehicle structure is not just to absorb energy and optimize
crash pulses, but also to minimize vehicle pitch and drop [7, 9]. Chang et al. [10] have
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developed an FE model to study vehicle pitch and drop in body-on-frame vehicles.
The model is correlated to barrier tests and predicts factors affecting vehicle pitch
and drop in a crash event. This research points to the fact that design of vehicle
rails plays an important role in the load distribution during an impact scenario
for body-on-frame vehicles. The out-of-plane bending of the vehicle rails increases
the role of a vertical component of the barrier force, causing an imbalance in the
vehicle, leading to forward pitching on the vehicle. Wei et al. [11] have estimated the
relationship between energy absorbing components and the crash pulse, establishing
that the bumper and the front rails both significantly contribute to the energy
absorption in a full frontal crash event.

Researchers use different methodologies to improve vehicle crashworthiness modi-
fying the vehicle structure or materials used to manufacture different vehicle parts.
Genetic algorithm to estimate and optimize the vehicle parameters for a vehicle-
vehicle impact was used in [12]. Li et al. [13] used lightweight optimization and
material modification to meet crashworthiness requirements balancing contradictory
vehicle dynamics and fuel economy requirements. The design optimization using a
DOE to develop surrogate models reducing the pitch and drop in an FE model that
improves interactions between the occupant’s head and vehicle interior parts was
presented in [14]. Our paper is an extension of the work presented by the authors at
the conference SIMULTECH 2021 [15]. The model developed has been extended to
validate a sedan FE model. We establish the robustness of the model to predict the
impact of changes in stiffness of the vehicle on the reduction of vehicle pitching. To
this end, we simplify the system splitting the vehicle motion into two phases as in
[15]:

• the horizontal linear motion, and

• the rotation of the vehicle body.

We replicate a full frontal vehicle crash event at 56 kilometers per hour (kmph)
employing an LPM with multiple DOFs to predict

• the maximum deformation in the vehicle to absorb energy, and

• the pitch angle of the vehicle due to the crash response.

The model has been validated with a 2014 pickup truck (Chevrolet Silverado)
and a 2010 sedan (Toyota Yaris). FE model simulations of the two cars were used to
compare the LPM results. The Toyota Yaris FE model has also been modified to
study stiffness variations in the crashworthiness of the vehicle. The LPM is robust
to predict the changes in stiffness of the vehicle making this model suitable for
prediction of injury parameters in a vehicle crash.
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C.2 Methodology

Literature documents that a crash event leads to pitching, rolling and yawing of the
vehicle along with the deceleration of the vehicle and movement in horizontal and
vertical directions. It is difficult to model the impact scenario in different axes and
to generate the governing equations. It was observed that the time for the vehicle to
attain minimum velocity after impact coincides with the maximum deformation on
the vehicle.

In this study, we separate the horizontal translational motion from the vertical
motion during the impact event. In a full frontal crash event the vehicle experiences
forward pitching; whereas the effect of rolling and yawing can be neglected. Taking
into account these assumptions we split the crash event into two phases:

• time interval until maximum deformation and minimum vehicle velocity after
start of crash event t1, and

• time interval after maximum deformation to the end of the crash event t2.

C.2.1 FEM Simulations for Validation

We conducted a FE simulation for a 2014 Chevrolet Silverado and a 2010 Toyota
Yaris running at 56 kmph and hitting a frontal barrier at 0% offset. These FE
models were developed by National Crash Analysis Center (NCAC) in collaboration
with NHTSA (National Highway Traffic Safety Administration) through the reverse
engineering process [16].

Chevrolet Silverado model The FE model in Figure C.1 consisting of 1,476
parts, 2,741,848 nodes and 2,870,507 elements has been correlated to NHTSA Oblique
Test and Insurance Institute for Highway Safety (IIHS) Small Overlap Front Test.
The FE model weighs 2,582 kg which is close to the physical test vehicle weighing
2,624 kg. It replicates the material and geometrical properties of the physical vehicle
[17].

Toyota Yaris model The FE model replicates a 2010 four-door passenger sedan
consisting of 917 parts, 1,480,422 nodes and 1,514,068 elements. The FE model
weighs 1,100 kg which is close to the physical test vehicle weighing 1,078 kg. The
validation is conducted against an NCAP frontal wall impact with actual data from
NHTSA Tests 5677 and 6221. It replicates the material and geometrical properties
of the physical vehicle [18]. The model was also validated against test data from
other scenarios. The curves correlate well with the test data and the FE model has
been used by several authors [19].

The FE models were run on LS-DYNA with 32 CPUs in an HPC environment
and the corresponding curves generated were used for the parameter estimation and
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Figure C.1: An FE Model of a 2014 Chevrolet Silverado developed by NCAC [15]

validation of the LPM in MATLAB Simulink. In the FE simulation, the acceleration
of some nodes on the vehicle body are recorded by the solver LS-DYNA. These nodes
are selected by the user at the pre-processing stage. This process was employed to
determine the acceleration of the vehicle center of gravity (CG) as well as the barrier
forces, employed for the validation. Figure C.1 and C.2 shows the FE model used
in the simulations. These FE model generated the piecewise linear curve data for

Figure C.2: An FE model of a 2010 Toyota Yaris developed by NCAC

the spring and damper coefficients. Newton-Euler numerical integration is used to
calculate the values and predict the time for maximum dynamic crush of the vehicle.
The algorithm is discussed in the following section.

The Toyota Yaris FE model was further updated to increase the stiffness by
changing the thickness of all the metal parts by 10% and 20%. This was achieved
by changing the shell element thickness on the FE regardless of the parts being
load bearing or deformable members. The parts undergoing thickness change are
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represented in Figure C.3. The increase in vehicle mass, mass moment of inertia and,
change in vehicle CG were noted and updated in the LPM. The FE simulations were
run and validated against the LPM to compare the performance.

Figure C.3: Toyota Yaris metal parts undergoing thickness change for robustness
study

C.2.2 Description of the Lumped parameter model

As a single-mass system, the LPM developed utilizes a spring and damper system
in the front side as the bumper and deformable system; this is commonly known as
the Kelvin model. The front springs allow translational motion only in the direction
of x-axis [20]. There are two pairs of springs and dampers in the suspension of the
vehicle, allowing translation in the z axis and rotation around the y-axis. There
are three degrees of freedom in this system, making it quite challenging to solve.
The lumped mass body can move in the direction of horizontal (x) and vertical (z)
axes along with the rotation around one (y) axis. The CG of the vehicle is located
at a distance lf from the front end and lr from the rear end suspension points; l0
represents the distance between the CG and the front occupant compartment zone.
The two phases are described below.

C.2.3 Vehicle Crash Model - Phase I

First we model only the translational movement along the horizontal axis of the
vehicle hitting the barrier at 0% offset. The LPM developed in Simulink replicates
the maximum vehicle deformation until the time of maximum crush tm. Additionally,
this value corresponds to the instant the vehicle reaches its zero velocity or minimum
speed. If the vehicle front end does not absorb energy by deforming plastically, then
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it is possible that it will not reach zero velocity by the time of maximum deformation.
A single DOF equation with a spring-damper unit is used in the mathematical model.
The stiffness of the spring is tuned to represent the maximum deformation of the
vehicle at a particular speed. For this problem we have assumed the speed of 56
kmph (NHTSA regulations for frontal crash). The motion of suspension system in
the model has been neglected during this phase of the event. Figure C.4 represents
the vehicle in a deformed state. The Simulink model predicts the time until the
maximum deformation of the vehicle and the maximum displacement of the vehicle
CG.

The prediction of the values of spring deformation coefficient k and damper
coefficient c used in the general equation of motion has been a challenge for researchers
in the past [21], [22]. The stiffness of the vehicle front in a crash was estimated using
various parameter estimation studies. Despite the highly nonlinear behavior of the
front end, it was approximated by a piecewise linear relationship [23, 24].
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Figure C.4: Vehicle representation in Phase 1 of the event: Deformed front end [15]

In our case the equation of motion assumes the form:

mẍ+ cẋ+ kx = Qi (C.1)

where Qi = 0 (i.e. no force component is added here); k is the spring coefficient; c is
the damper coefficient for the bumper model.

Optimization algorithm
At this stage, the spring and damper coefficients are parameterized using a gradient-
descent optimization algorithm developed in [25] for a single mass-spring-damper
system. The code searches for a global minima by performing 100 re-runs of gradient
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descent optimization, each with randomly generated initial parameter values. The
algorithm was modified to improve the correlation between the test and computed
values. The non-linear force-deformation curve for the spring-damper system is
assumed to be piecewise-linear with six breakpoints in the curve. The forces on the
spring are calculated using the general relationship between the force and deformation
for a spring-damper system [2], see Figure C.5. The stiffness of the spring k and the
spring force component Fk vary according to the deflection values in the spring.

Figure C.5: General piecewise force-deformation characteristics [2], [15]

The spring stiffness and damping coefficients in the model are defined as the
piecewise-linear functions of x and ẋ, respectively:

k(x) =



(k2−k1)·|x̂|
x1

+ k1, for |x̂| ≤ x1,

(k3−k2)·(|x̂|−x1)
(x2−x1)

+ k2, for x1 ≤ |x̂| ≤ x2,

(k4−k3)·(|x̂|−x2)
(x3−x2)

+ k3, for x2 ≤ |x̂| ≤ x3,

(k5−k4)·(|x̂|−x3)
(x4−x3)

+ k4, for x3 ≤ |x̂| ≤ x4,

(k6−k5)·(|x̂|−x4)
(x5−x4)

+ k5, for x4 ≤ |x̂| ≤ x5,

(k7−k6)·(|x̂|−x5)
(C−x5)

+ k6, for x5 ≤ |x̂| ≤ C.

The damper characteristics are defined similarly to the spring characteristics:
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c(ẋ) =



(c2−c1)·|ˆ̇x|
ẋ1

+ c1, for |ˆ̇x| ≤ ẋ1,

(c3−c2)·(|ˆ̇x|−ẋ1)
(ẋ2−ẋ1)

+ c2, for ẋ1 ≤ |ˆ̇x| ≤ ẋ2,

(c4−c3)·(|ˆ̇x|−ẋ2)
(ẋ3−ẋ2)

+ c3, for ẋ2 ≤ |ˆ̇x| ≤ ẋ3,

(c5−c4)·(|ˆ̇x|−ẋ3)
(ẋ4−ẋ3)

+ c4, for ẋ3 ≤ |ˆ̇x| ≤ ẋ4,

(c6−c5)·(|ˆ̇x|−ẋ4)
(ẋ5−ẋ4)

+ c5, for ẋ4 ≤ |ˆ̇x| ≤ ẋ5,

(c7−c6)·(|ˆ̇x|−ẋ5)
(v0−ẋ5)

+ c6, for ẋ5 ≤ |ˆ̇x| ≤ v0,

where k is the spring coefficient, c is the damper coefficient, x̂ is the computed
vehicle deformation, ẋ is the vehicle velocity, ˆ̇x is the computed vehicle velocity, v0
is the velocity at the time of maximum dynamic crush, C is the maximum dynamic
crush, Fk and Fc are the built-up spring and damping forces defined by the following
equations

Fk = k(x) · x, (C.2)

Fc = c(ẋ) · ẋ. (C.3)

The proposed algorithm uses an optimization approach to minimize an objective
function. The objective function to be minimized is the error function E(Θ, t) where
Θ denotes the unknown variables in the mode. The error function is defined as
follows: E(Θ, t) = E1(Θ, t) + E2(Θ, t) + E3(Θ, t) where

E1(Θ, t) = |(aFE − aLPM)|, (C.4a)

E2(Θ, t) = |(vFE − vLPM)|, (C.4b)

E3(Θ, t) = |(xFE − xLPM)|, (C.4c)

where a is the acceleration, v is the vehicle velocity, and x is the displacement. The
error function E(Θ, t) determines the difference between the FE values and LPM
values at every point, and the optimization algorithm minimizes the error values by
altering Θ = [ki, ci], ∀i ∈ [1, 7]. The corresponding spring and damper coefficient
values obtained from this minimization algorithm are discussed in the results section.
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C.2.4 Vehicle Crash Model - Phase II

The second phase for the model describes what happens after the instant the vehicle
achieves maximum dynamic crush and minimum velocity. At this instant the vehicle
starts to pitch forward. Several studies were conducted to understand the vehicle
pitching forward [7, 26] suggesting that for the body-on-frame vehicles one of the
reasons is the out-of-plane bending in vehicle rails which leads to the appearance
of a vertical force component in the moment balance equation. This vertical force
component is added to gravity force acting downwards and creates an imbalance
of loading resulting in the vehicle pitching. The prediction of the pitching angle is
important for determining the injury to occupants. Low pitching angles influences
occupant protection design in a vehicle. This phase of the event is shown in Figure
C.6 and Figure C.7. We consider here only vertical motion of the suspension springs
and the rotation about the y-axis with angle θ.
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Figure C.6: Vehicle representation in Phase II of the event: Vehicle Pitching forward
[15]

The dynamics in the Lagrangian formulation is described by the equation [27]:

d

dt

∂L

∂q̇i
− ∂L

∂qi
+

∂D

∂qi
= Qi (C.5)

where, in the general case, L = T − V , T is the total kinetic energy of the system
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Figure C.7: Vehicle representation in Phase II with forces acting on the vehicle and
suspension springs in play [15]

equal to the sum of the kinetic energies of the particles, qi i = 1, . . . , n are generalized
coordinates, Qi is the external force acting on the system, which in this case is the
vertical force component experienced by the vehicle at the time of maximum dynamic
crush, and V is the potential energy of the system. For dissipation forces, a special
function D must be introduced alongside L.

The equations for the kinetic, potential and dissipation energy are:

T =
1

2
Jθ̇2 +

1

2
mẋ2, (C.6)

V =
1

2
k1(x− lfθ)

2 +
1

2
k2(x+ lrθ)

2, (C.7)

and
D =

1

2
c1(ẋ− lf θ̇)

2 +
1

2
c2(ẋ+ lrθ̇)

2. (C.8)

The values of standard automotive parameters k1, k2, c1, c2, lf and lr are taken
from the literature, [28], see Table C.1.
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Table C.1: Automotive Parameters set [28]

The values of the vehicle mass m and the moment of inertia J for the lumped mass
system are calculated from the FE model of the vehicle. The governing equations of
motion are [15]:

Qi =Jθ̈ + (k1l
2
f + k2l

2
r)θ + (c1l

2
f + c2l

2
r)θ̇

+ (k2lr − k1lf )x+ (c2lr − c1lf )ẋ, (C.9)

Qi =mẍ+ (k1 + k2)x+ (c1lf + c2lr)θ̇

+ (k2lr − k1lf )θ + (c1 + c2)ẋ. (C.10)

C.2.5 Robustness Check

The LPM predicts important vehicle parameters, thus, contributing to analysis of
vehicle crashworthiness. The model was validated to estimate the injury parameters
for a truck and a sedan. The sensitivity of the model to stiffness is assessed by changing
the thickness of the material; analyzing the spring and damper coefficient curves
generated with the help of the optimization algorithm described in Section C.2.3.
The methodology for determining the vehicle parameters (maximum displacement,
time for zero velocity and maximum pitch angle) is similar to the baseline model.
It is interesting to observe the changes in vehicle pitching angle and acceleration
by adding mass to the system in terms of elemental thickness to the metal parts.
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The changes in mass and moment of inertia for the model are presented in Table
C.2 below. These changes have been incorporated in the LPM to determine injury
values.

Table C.2: FE Model specifications

Parameter Yaris Baseline 10% stiffness 20% stiffness

Mass, (kg) 1253.5 1303.9 1353.6
Mass Moment of Inertia, (kgm2) (Ixx) 425128 445472 465782

Vehicle CG x, (mm) 1025 1033.6 1039
Vehicle CG y, (mm) -3.0 -2.1 -1.5

Vehicle CG z, (mm) 557 560 563 [1ex]

C.3 Results and Discussion

In this section we compare the results of the LPM with FE data generated from
LS-DYNA simulations for a Chevrolet Silverado and Toyota Yaris vehicle at 56 kmph
with a full frontal impact loadcase.

C.3.1 Phase I

Baseline Chevrolet Silverado Model First we simulate the time until maximum
deformation of the vehicle; the spring and damper coefficients are determined using
the Gradient Descent Optimization with an error function defined in Section C.2.3.
The computed and test (FE) values are plotted in Figure C.8; They show good
correlation of results. The predicted values of the stiffness and damping coefficients
are shown in Figures C.9 and C.10.
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Figure C.8: Plot of computed and test values for parameter model for a Chevrolet
Silverado Model

Figure C.9: Spring coefficient obtained from the algorithm for Chevrolet Silverado
Baseline model

The output from the Gradient Descent Optimization algorithm is used to predict
the deformation and vehicle velocity in a MATLAB Simulink model.

The plots of maximum FE vehicle deformation and LPM deformation in Figure
C.11(a) show good correlation. A similar plot (Figure C.11(b)) was generated to
compare the velocity of the vehicle at the CG; in the case of LPM at the lumped
mass center. The LPM is represented by the mathematical model in the plots. The
time the vehicle attains zero velocity is closely correlated in the plots but there is
a small deviation after 40 ms. The reason for this deviation can be attributed to
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Figure C.10: Damper Coefficient obtained from the algorithm for Chevrolet Silverado
Baseline model

the spring and damper characteristics which are approximated in this study using a
piece-wise linear function. The model can be improved using a non-linear function
for the spring stiffness and damping characteristics. If the model is simulated beyond
the time the vehicle attains zero velocity, a rebound is observed in the velocity. This
velocity rebound could be due to the internal strain energy stored in the springs, and
it would be interesting to investigate this further in the future.

(a) (b)

Figure C.11: (a) Displacement of the vehicle CG curves comparison for LPM vs FE
model, (b) velocity of the vehicle CG curves comparison for LPM vs FE model
Chevrolet Silverado Baseline model - Phase I

Baseline Toyota Yaris Model The baseline 2010 Yaris model FE simulations
were used for estimating the front-end spring-damper characteristics shown in Figure
C.13; acceleration, velocity and deformation plots are compared in C.12. These char-
acteristics are used in Phase I of the Simulink model to determine the displacement
and time for the vehicle to attain zero velocity. The curves are overlayed in Figure
C.14.
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Figure C.12: Plot of computed and FE test values for lumped parameter model for a
Toyota Yaris Model

C.3.2 Phase II

The prediction for the second part of the lumped model using Simulink was conducted
and plotted against the data from FE model. The quantity Qi in the governing
equations is the vertical component of the barrier force experienced by the vehicle
in the crash. The force curve is derived from the FE model and inputted into the
Simulink model to improve the prediction; it will be of interest to mathematically
explain this force component in terms of residual impact energy after absorption.
The Simulink model is run with numerical integration (variable timestep- ode 45)
and the velocity of the lumped mass in z-direction along with the pitching angle is
compared to the data from FE model.

C.3.2.1 Baseline Chevrolet Silverado Model

Figure C.15(a) compares the z-velocity (vertical velocity) in the body with the curves
generated from the FE data. The trend in the curve is similar but the peak values
are not matching. One of the contributing factors to this deviation is the use of
standard linear spring and damper coefficient values for the model. The use of the
linear approximation for the spring and damper coefficients can lead to the difference
in the values for this parameter as well. The values of lf and lr can also be further
tuned to represent the Chevrolet Silverado (2014) model. However, we intentionally
avoided fine tuning these values assuming that this data may not be available to
vehicle development team at the start of the design process and it makes sense to use
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Figure C.13: Damper Coefficient obtained from the algorithm for Toyota Yaris Base-
line model

standard values for automotive parameters. Figure C.15(b) compares the forward
pitching angle for the FE model and the LPM developed in this study. The pitch
angle comparison shows a similar trend observed in both curves. The vehicle starts
to pitch around the same time during the crash event; this is crucial for designers
planning airbag deployment in vehicles and other active protection features. The
pitch angle curve for the simulation LPM peaks higher than the FE data at the start
of the vehicle rotation but slowly follows the FE data curve showing comparable
maximum pitch angle values. In addition, this is also a very important observation
for vehicle safety designers. The difference between the curves can be explained by
the linear approximation for the spring and damper coefficients and the barrier force
definition. The study did not account for energy losses that may exist in the model.

C.3.2.2 Baseline Toyota Yaris Model

Similar to Phase I, the z velocity and pitch of the vehicle is overlaid for the Yaris
model in Phase II of the impact presented in Fig C.16. The observations for the
prediction of the injury parameters are consistent with the truck model prompting
the reliability of the model for different vehicle platforms.
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(a) (b)

Figure C.14: (a)Displacement curves overlaid, (b) Velocity curves overlaid
Toyota Yaris Baseline model Phase I : Overlay of curves for LPM and FEM

(a) (b)

Figure C.15: (a) Z-Velocity curve overlay for LPM vs FE model, (b) Forward Pitch
Angle curve overlay for LPM vs FE model
Chevrolet Silverado Baseline Model Phase II : Overlay of curves for LPM and FEM

C.3.3 Robustness Check

According to Section C.2.5 the LPM was used to predict stiffness changes in the
model by changing the thickness of the model by

• increasing thickness of all metal parts by 10%

• increasing thickness of all metal parts by 20%

Figure C.17 shows the acceleration and pitch curves for the baseline Toyota Yaris
model and the modified models. It is observed that increasing the thickness of the
parts reduces the peak acceleration values along with the vehicle pitching forward.
However, the trend is non-linear indicating that only increasing the thickness is
not a possible countermeasure to improve vehicle crashworthiness. There are other
contributing variables which could help reduce the injury values in a crash.
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(a) (b)

(c)

Figure C.16: (a)Z Acceleration curve, (b) Z Velocity curve, (c)Pitch curve
Toyota Yaris Baseline Phase II : Overlay of curves for LPM and FEM

C.3.3.1 Phase I - 10% thickness

The spring and damper coefficient curves; mass/moment of inertia changes are
updated in the Simulink model to determine the performance of the LPM in both
phases of impact. The maximum displacement is closely correlated to the test data
in Figure C.18(a) and the time the vehicle attains zero velocity is predicted with a
variation of approximately 10 ms.

C.3.3.2 Phase II - 10% thickness

The simulation was repeated for the 10% stiffness model using Simulink to simulate
the impact kinematics and predict the front-end deformation to absorb the energy
of the impact; along with the forward pitching of the vehicle. The model predicts
the maximum pitching angle and the z acceleration curve is closely replicated in the
LPM simulations, see Figure C.20.
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Figure C.17: (a) X-acceleration comparison for baseline and modified models,
(b) Forward Pitch Angle comparison for baseline and modified models
Toyota Yaris Model: Stiffness Variation

(a) (b)

(c)

Figure C.19: (a) Z Acceleration curves overlaid, (b) Z Velocity curves overlaid,
(c) Forward Pitching curves overlaid
Toyota Yaris Model - 10% Thickness Variation - Phase II : Overlay of curves for
LPM and FEM
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(a) (b)

(c)

Figure C.18: (a)Deformation curves overlaid, (b) Velocity curves overlaid, (c) Pitch
curve
Toyota Yaris Model - 10% Thickness Variation - Phase I : Overlay of curves for LPM
and FEM

.

C.3.3.3 Phase I - 20% thickness

The results of Phase I with thickness modification are presented in Figure C.20 and
show good correlation with the results. The gap in correlation is consistent with the
observations outlined with the Silverado model.

C.3.3.4 Phase II - 20% thickness

The pitching curve in Figure C.21(c) follows the trend of the FE test data, however,
the LPM simulation deviates from the test curve after the time of maximum pitching.
This can be attributed to the constant stiffness of the suspension springs and damper
coefficients. The LPM can be further improved by providing non-linear stiffness and
damper characteristics representing the vehicle suspension system.
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(a) (b)

Figure C.20: (a)Deformation curves overlaid, (b) X velocity curves overlaid
Toyota Yaris Model - 20% Thickness Variation Phase I : Overlay of curves for LPM
and FEM

(a) (b)

(c)

Figure C.21: (a)z Acceleration curves overlaid, (b) z Velocity curves overlaid, (c)
Forward Pitch curves overlaid
Toyota Yaris Model - 20% Thickness Variation - Phase II : Overlay of curves for
LPM and FEM

The change in stiffness is closely predicted in both models for the z acceleration and
maximum pitching angle indicating a high reliability of the model. The maximum
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deformation and time to attain zero velocity is also correlated well in the LPM
simulations; the differences in the result can be attributed to the assumption of linear
characteristics for non-linear front-end spring data.

C.4 Conclusions

The novel technique developed in this paper for modeling a full frontal vehicle crash
event successfully predicts the event kinematics. The study demonstrates that the
two phase simulation model can describe a highly complex dynamical multiple DOF
system with few equations and parameters, making the process of using LPMs very
simple and reliable for safety design engineers. The robustness check and stiffness
variation analysis indicates that the model is reliable and predicts variations in the
parameters to determine injury values. The increase in thickness of the model by
10% and 20% improved the crashworthiness of the vehicle. Reducing the pitching
angle would reduce the likelihood of injury to the occupants. The study highlights
that parameter identification is an important part of the accident reconstruction
process and influences the crashworthiness performance of the vehicle.

The assumptions used to arrive at a simpler LPM model providing reliable results
include the following:

• The spring and damper characteristics are assumed to be piecewise-linear with
six breakpoints although they are non-linear in physical systems.

• The suspension spring and damper coefficients were assumed same for the truck
and sedan model used in the validation study.

• The vehicle acceleration is assumed to be zero at the time pitching starts in
the crash event.

• Energy losses like friction and heat losses in the vehicle during the crash event
are neglected to simplify the problem.

• Only vehicle rotations about the y-axis (pitching) are considered for modeling
in the full frontal impact scenario; rotations about other axes are considered
negligible and not impacting the occupant injuries.
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