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ABSTRACT
There are various types of automobile accident scenarios which occur
every day around the globe such as the frontal, side, rear impact collisions etc. In
general, the accidents due to the frontal impact constitute the most severe type
of crash. The side Impact crashes are the second most severe after the frontal.
Major percentage of the side impact crashes also involve the vehicles crashing
into fixed objects like trees, poles etc., especially when the vehicle is negotiating
a curve at higher speeds. The side impacts pose a difficult task in improving the
automotive crashworthiness because of the limited space between the vehicle
occupant and the intruding side door structure. Under the Federal Motor Vehicle
Safety Standard (FMVSS) 214 regulation, a new side impact pole test has been
proposed to improve automotive safety where the key evaluation criteria are the
head, neck and torso protection of the occupant and also vehicle’s structural
performance.
The National Crash Analysis Center (NCAC)’s Ford Taurus and Moving
Deformable Barrier (MDB) finite element (FE) models have been utilized in this
thesis to assess the structural side impact responses of a typical mid-size sedan.
From the dummy database available in MADYMO, the US DOT-SID side impact
dummy has been used. The rigid pole is modeled in MSC.Patran software.
According to the proposed new pole test under the FMVSS 214 regulation,
the virtual simulations have been evaluated. The critical injury parameters of the
dummy and the vehicle deformation are reported and evaluated defending the
requirement for the pole test.
vi
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CHAPTER 1
INTRODUCTION

1.1

Background
In general, on roads occupants in various types of motor vehicles are injured or

killed in different types of crash situations such as frontal, side, rear, rollovers and many
more. Associated with each type of crash there are different distributions of crash
severities, causes and risk of injuries to the occupant for a given type of vehicle. The
most severe of accident situations are the frontal impact. The second most severe type
of automobile impacts in the United States are the side impacts after the frontal that
result in serious head and pelvic injuries to the occupants. The side impact crashes
mainly involve impacts between passenger cars and light trucks and also the vehicle
going onto hit a fixed tree or a rigid pole.

Figure1.11. Distribution of Serious-to-fatal crashes by impact type [2]
1

The Statistics in Figure 1.1 are derived from Volvo’s accident database, containing 27500 crashes
involving Volvo cars only [2].

1

Table 1.1 Passenger vehicle occupant death in side impact crashes [3]

Figure 1.1 shows the comparison of crash scenarios. As can be seen from the pi
diagram the percentage of the frontal impacts is far higher than the side-impact. In side
impacts the energy absorbed by the vehicle structure is very less when compared to the
frontal-impact. Over the years researchers have carried out a wide range of studies on the side
impact analysis and have largely been successful in keeping the injury parameters, sustained by
the vehicle occupant within the regulation limits. Similarly Table 1.1 and figure 1.2 shows a
comparison of the injuries involved in the frontal and side impact scenarios, which clearly
indicates that over the years researchers have been successful in reducing the injury levels in
frontal impacts, however the injuries involved in side impact crash have increased. One reason
for this is that the severe injuries sustained in side impacts occur over a wide range of crash
severities. There have been many improvements to reduce the injuries by improving the side
impact protection techniques.

2

.

Figure 1.2 Comparison of the frontal and side impact crash injuries [10]
Around 10,000 occupant deaths occur each year in side impact crashes, of which
deaths due to head injuries account for more than half of them. Side impact collisions
with roadside objects are responsible for many injuries and deaths on highways in the
United States [2]. Thirty-eight percent of single-vehicle side impact crash deaths occur
when the vehicle strikes fixed narrow objects like trees or pole on the dead occupant’s
side of the vehicle [3]. More than half of the deaths in such type of crashes involve head
injuries.
Impacts with poles represent a significant division of the vehicular collisions.
Fixed object collisions account for less than 8% of all crashes in the USA, but they
represent nearly 30% of all fatal crashes. Also, nearly half of all fixed-object impacts
are into roadside objects like trees, pole or post. In Sweden, around 25% of car
occupants killed on Swedish roads collide with a fixed object [4].

3

In comparison with different types of crashes, side impact poses a much difficult
problem for improving crashworthiness because of very close distance between the
vehicle occupant and the intruding surface and also these impacts occur relatively much
more rapidly. Significant research has been going on in this field and many safety
standards and tests have been amended by various agencies like National Highway
Traffic Safety Administration (NHTSA) and Insurance Institute for Highway Safety (IIHS)
to assure automotive crashworthiness and occupant safety. Full compliance with the
regulations is mandatory for all automobile manufacturers.

1.2

Literature Review
The U.S. Department of Transportation (DOT) has proposed a major regulatory

revision of Federal Motor Vehicle Safety Standard (FMVSS) 214 concerning passenger
impact protection [5]. The present standard does not address side crashes into fixed
narrow objects, which as indicated earlier account for approximately 20 percent of
deaths and serious injuries that occur in side impacts. The current standard also does
not address head injuries, which account for 43 percent of the total deaths and serious
injuries. According to NHTSA the revision would require that all new passenger
vehicles, trucks, and buses sold in the United States provide substantial head protection
in side crashes [paper]. In NHTSA’s opinion, the new pole test will more accurately
reflect the real world side impact collisions in which head injuries are more prevalent.
Other dangerous side-impact crashes often happen when a large vehicle strikes a
smaller one at an intersection.

4

NHTSA estimates a car occupant is 3.5 times more likely to die if the occupant’s
vehicle is struck by a pickup or SUV. Side impact crashes are responsible for
approximately 9000 deaths each year in the U.S., or approximately twenty-five percent
of all deaths on the road. The agency estimates that 60 percent of fatal side-impact
crashes involve brain injuries. It also estimates that the regulatory change would save
700 to 1000 lives per year. NHTSA reports that in 2003 a total of 42,643 people died
from motor vehicle crashes of all types, with an additional 2.9 million persons suffering
injuries [5].

1.2

Objective
The main objective in this thesis is to evaluate the performance of the occupant

inside the vehicle and also the vehicle side structure performance according to the
proposed pole test as per FMVSS 214 side impact regulation. The Critical dummy injury
parameters and kinematics are reported and reviewed. The side impact crash test
configuration chosen for this research is restricted to a sideways direct impact to the
driver’s door. The driver’s head and chest injuries are thereby evaluated.

5

CHAPTER 2
TEST REGULATIONS

2.1

Introduction
Automobile manufacturer’s have to meet certain safety standards set by the

government before they launch their vehicle models. This also includes the side impact
safety standard. The important test procedure which is used to regulate the side impact
crash scenario is the FMVSS 214 regulation. This test procedure is discussed in detail
in the section 2.2 below.
2.2

Federal Motor Vehicle Safety Standard (FMVSS 214)

Figure 2.1 FMVSS 214 side impact test configuration [5]
The Federal Motor Vehicle Safety Standard (FMVSS) 214, “Side Impact
Protection” was introduced to assure occupant protection in a dynamic test that
simulates a direct impact onto the driver’s door. The Side impact regulation is one of the
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important safety regulations issued by the National Highway Traffic Safety
Administration (NHTSA).
In the test a moving deformable barrier (MDB) strikes the stationary vehicle with
a velocity of 33.5mph and at an angle of 27° with the horizontal. The impact angle is 90°
[1].
The main purpose of the research behind the present FMVSS 214 regulation is
to make the passenger cars safer especially during the side impact collisions and
thereby in reducing the fatality risk to the side occupant when a car strikes another
vehicle in the door. This configuration is responsible for majority of side-impact fatalities.
NHTSA developed the test configuration using a Moving Deformable Barrier (MDB) by
simulating a severe side impact collision between two passenger vehicles. Injury criteria
like the Thoracic Trauma Index (TTI) is evaluated which predicts the severity of thoracic
injuries experienced by the occupant because of the contact with the interior side
surface of a car. NHTSA also developed a Side Impact Dummy on which the TTI is
measured during the side impact tests. The injury score measured on the dummy is
reported as the TTI (d). The FMVSS 214 regulation limit for the TTI (d) is up to 90g in 2door cars and 85g in 4-door cars.
The objective of the above evaluation is to ensure the amount of lives saved,
injuries reduced or prevented and also be able to bring down the cost of safety
equipment installed in production vehicles.
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2.3

Proposed Side Impact Pole Test under the FMVSS 214 Regulation
Designing automobiles with improved protection to vehicle occupants in side

impact collisions has become an important area of concern in safety research. One of
which is the side impact crashes into fixed narrow obstacles like trees, utility poles,
supports etc.
In the 214 regulation, MDB does not demonstrate the worst-case scenario since
there is too much sill loading and pillar loading. The newly proposed test by NHTSA is
more favorable since the area subjected to impact is much more narrow when
compared to the MDB tests. Therefore, greater crash energy is concentrated on the
driver’s side and transmitted onto the occupant.
In this test procedure the vehicle is propelled sideways at an approach angle of
75 degrees with a speed of 20 mph into a fixed rigid pole. As the pole is relatively
narrow, there is major penetration into the side of the car thereby affecting the occupant
severely on the driver’s seat.

Figure 2.2 Proposed Side Impact Pole Test
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In this test, the pole is set to align with the occupant or the driver’s head, so that
the worst case scenario can be obtained where the occupant’s body strikes the inner
door and the driver’s head strikes the pole.

(a)

(b)

Figure 2.3 (a) A Side Pole Crash. (b) Vehicle Intrusion after the Impact [14]
Figure 2.3 above shows side impact pole crash scenario in real time. As can be
seen from the figure, the impact intrusion into the car is quite large. The objective of this
side impact pole test is to evaluate the hazardous head injuries caused and the
structural damage, which is the vehicle intrusion experienced by the vehicle which is not
seen in the common side impact testing.
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CHAPTER 3
INJURY PARAMETERS

3.1

Introduction
The branch of injury biomechanics describes the effect of impact loads on human

body and the injury caused when these loads deform the biological system beyond a
recoverable limit. This results in damage to the anatomical structures and alteration in
the normal function [7].To measure the extent of injury caused, a physical quantity
called injury parameter or the injury criteria is defined which quantifies the level of injury
severity to the body region being examined.
The three important evaluation criteria in side impact collisions with roadside
objects are the head and torso injuries and the amount of intrusion into the occupant
side structure. The Head Injury Criteria (HIC), the Thoracic Trauma Index (TTI) and the
Pelvis Lateral Acceleration are the main injury criteria developed by NHTSA for the
body regions as mentioned above. The usage of these parameters improves the
understanding of various injury mechanisms and the situations in which they occur. The
experiments conducted with cadavers, animals, other mechanical substitutes (dummies)
of occupants provide dynamic test data like forces, displacements, velocity and
accelerations. Based on the values obtained from these experiments or mathematical
simulations, the injury parameters can be used for efficient analysis of automobile safety
design and optimization.
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The various types of injury criteria which are available for calculations are
• Gadd Severity Index (GSI)
• Head Injury Criteria (HIC)
• 3 ms Criterion (3MS)
• Thoracic Trauma Index (TTI)
• Viscous Injury Response (VC)

3.2

Gadd Severity Index (GSI)
The first extensive quantification of head tolerance to impact was the Wayne

State Tolerance Curve (WSTC) which gives a relationship between a linear acceleration
level and pulse duration that gives the head injury severity in head contact impact. The
figure below shows the accepted form of WSTC. The ordinate represents the effective
or average acceleration which is measured at the rear of the head and the abscissa
represents the time duration of this acceleration. Combinations of acceleration and time
which lie above the curve are likely to result in considerable brain damage and that lie
below this curve stay below human tolerance.
For evaluating complex acceleration time pulses to the WSTC, a weighted
acceleration criterion is used for establishing the Gadd Severity Index (GSI) for the head
given by

(1)
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Where R(t) = resultant linear head acceleration in g’s
T0 = starting time of the simulation in seconds
TE = end time of the simulation in seconds
The threshold – tolerance level – proposed by Gadd for concussion in case of
frontal impact is 1000.For non-contact impact, Gadd proposed a tolerance of 1500 for
concussion [7].

Figure 3.1 The Wayne State Tolerance Curve [9]
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3.3

Head Injury Criterion (HIC)
While head injuries are not specifically addressed in NHTSA side impact 214

regulations, they are an important injury mechanism in impact with narrow objects like
poles and trees. The HIC is commonly used as frontal impact evaluation criteria to
assess the level of head injury risk in frontal collisions.

(2)
Initial time T0
End time TE
R(t) is the resultant head acceleration in g’s; time interval T0≤t≤TE
t and t are the initial and end times of the interval during which the injuries attain a
1

2

peak value.
A value of 1000 is provides as the upper tolerance limit for the HIC. The
difference in the time interval (t – t ) is 36 ms. Maintaining a proper time interval is very
2

1

important as it very much affects the HIC calculation. The time interval is reduced to 16
ms [7].
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3.4 3 ms Criterion
After the head the most critical and sensitive organ which needs to be protected
in side impacts is the thorax. The structure of the dummy thorax in general consists of
twelve thoracic vertebral columns which are numbered from T1 to T12.
The Thorax injury criterion is based on the highest acceleration level that is
exceeded during a cumulative time interval of 3 ms or longer. The criterion is based on
a sustainable level of linear acceleration [7].

3.5

Thoracic Trauma Index (TTI)
Thoracic Trauma Index (TTI) is used to predict the probability of serious injury to

the hard thorax due to blunt lateral impact. The TTI is the acceleration of the lower
thoracic spine and ribs. The occurrence of injuries to the hard thorax including the ribs
and the internal organs protected by the ribs is strongly related to the average of the
peak lateral acceleration, experienced by the struck side of the rib cage and the lower
thoracic spine. The TTI of the Occupants is evaluated mainly in the side impact
regulation. The TTI as defined by Morgan is given by
TTI = 1.4 * AGE + 0.5 * (Rib + T12 ) * MASS / MSTD
g

Where

AGE = age of the test subject in years
RIB = maximum absolute value of acceleration in g’s
g

T12 = maximum absolute acceleration value in g’s
g

MASS = test subject mass in kg
MSTD = standard reference mass of 75 kg
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(3)

As per the FMVSS 214 regulation, TTI should not exceed 85g for passenger cars
with four side doors and 90g for two side doors [7].

3.6

Viscous Injury Response (VC)
The vital organs of the chest, heart and the lungs are made of soft tissue and

injury to these parts is induced by rate sensitive deformation of the chest. The
acceleration of bony structures like the ribs and the spine do not address the injury
mechanism at high velocity for the soft tissues. For the improvement of occupant safety
systems understanding the mechanism of the soft tissue injury is critical. The viscous
response VC is defined as below. It’s a function of the instantaneous compression
function(C):

(4)
Where D(t) is the deflection and SZ is the initial torso thickness for frontal
impacts. For side impacts its taken as half the torso width. The maximum value of VC
should always be less than 1 m/s [7].

3.7

Neck Injury Criteria - Forward (NIC_FORWARD)
Neck injury is assessed by peak forces and moments in the upper and lower

neck. The NIC_FORWARD is a measure of the injury due to the load transferred
through the head/neck interface.
The NIC_FORWARD consists of three components:
•

Neck axial force

•

Fore/aft neck shear force
15

•

Neck bending moment about a lateral axis at the head/neck interface.

The moment My is given as
My = My1 - eFx

(5)

The bending moment is, in general, not about the lateral axis of the head/neck
interface [7].
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CHAPTER 4
MODELING AND ANALYSIS
To evaluate the feasibility and the effectiveness of the test regulations, virtual
simulations are always carried out in automotive crashworthiness. The basis for further
improvement in order to get the injury criterion within the regulation limits, these
computer simulations are very effective. These modeling techniques have been
particularly useful for estimating safety benefits where often very little data are available
[8]. By simulating the side impact crashes over a wide range of test conditions which
might not be feasible through real life crash testing, the virtual simulations will help to
further improve the available test data.

4.1

Computer Aided Engineering Tools

4.1.1 MADYMO
MADYMO (Mathematical Dynamic Model) is a user-friendly computer program
that simulates the dynamic behavior of physical systems emphasizing the analysis of
vehicle collisions and assessing injuries sustained by the passengers. It was originally
developed for studying occupant behavior during car crashes, but MADYMO is
sufficiently flexible to analyze collisions involving other means of transport such as
trains, airplanes, motorcycles and bicycles. By using the available restraint systems in
MADYMO like the seat belts and airbags, assessing and improving the occupant
behavior becomes all the more effective. The structural behavior of the system of
bodies connected by various kinematical joints is simulated in MADYMO [9].
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The initial state of the systems needs to be defined at the beginning of the
algorithm in Madymo. The multi bodies with joints will have the same number of
degrees of freedom. For a large system of bodies, the algorithm generated as in the
above case will be more efficient. Depending on the user’s measure the various joint
types available in MADYMO can be locked or kept free. [10]. The shape of a body is
represented by means of planes, ellipsoids or cylinders. Contact surfaces are to be
defined to study the interaction of the occupant with the vehicle interior.
Output control parameters can be defined in MADYMO in order to represent the
output injury parameters of the occupants. The standard output parameters available
are accelerations, forces, and torques [10].
In this research SID dummy model is the MADYMO entity used. This dummy
model is coupled with LS-Dyna vehicle model to run the side impact and the pole impact
simulations.

4.1.2 LS-DYNA
The nonlinear dynamic response of the FE structures are carried out by the
explicit finite element program, LS-DYNA. Complex automotive crash simulations can
be solved successfully with the help of the contact analysis capability and errorchecking features in the software.
Lesser computations are required in an explicit code when compared to the
implicit analysis for a given time step. For solid and shell structures the lesser
computations is an added advantage [11].
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The explicit dyna methods are faster and accurate in the car crash and airbag
analyses when compared to the implicit methods [11].
The techniques used in LS-Dyna are very helpful in automotive crashworthiness
and occupant safety analyses. The contact surfaces can be defined.
LS-DYNA areas of applications:
•

Automobile Crashworthiness simulations

•

Dummy safety analyses

•

Bird strike

•

Metal forming

•

Biomedical applications

Specialized capabilities for airbags, sensors and seatbelts have tailored LS-Dyna for
application in automotive industry.

4.1.3 MSC.Patran
MSC.Patran is the incorporated software that compacts with the design and FE
analysis. The manufacturing processes in the early stages of the design level can be
simulated by using this software. MSC.Patran has a capability in able to import
geometry from various CAD systems.
The tools available for meshing are user friendly wherein automatic meshing
options are also available. The output results tool enables to identify and evaluate
critical data like the minimums, maximums, trends, and correlations.
MSC.Patran’s integrated product partners include CAE products which are
helpful in evaluating various structural and thermal analysis, fatigue simulation,
19

materials selection etc. Using the powerful capabilities of the PCL tool kit, one can
customize all of these functions to the needed requirements. Providing unmatched
programmability, flexibility, and opportunity for customization, PCL is the core
MSC.Patran component that delivers an open Computer Aided Engineering (CAE)
environment.
4.1.4 Coupling between LS-DYNA 3D and MADYMO
The vehicle model and the rigid pole are modeled in Finite Element and the
simulation is carried out in LS-DYNA3D.Whereas the Occupant’s response with respect
to the interior of the vehicle is evaluated using MADYMO multi-body analysis. As the
above are done separately, there is no communication between the two parts. These
two software will not be able to serve their purpose effectively if they cannot be
combined together. In order to visualize the dummy’s interaction with the car interior,
both the software has to be combined. Therefore in order to perform the complete
effective simulation, they are coupled together.
Coupling process can usually be done using a LS-DYNA preprocessor. In the
coupling process, the *CONTROL_COUPLING card needs to be turned on. After the
coupling, the ellipsoid parts of the dummy will be placed under the *PART section in the
key file. The dummy now is treated as rigid body entity and can be moved to a desired
location. Once the coupling is done, contacts are to be defined between the dummy and
the vehicle environment to simulate the real crash scenario. Figure 4.1 in the next page
shows the basic coupling technique in which the dummy is placed inside the car, as a
result of which the dummy’s interaction with whole car during the simulations can be
visualized.
20

Figure 4.1 below shows the basic coupling technique in which the dummy is
placed inside the car, as a result of which the dummy’s interaction with the whole car
during the simulations can be visualized. A rigid seat cushion has also been
constructed. The dummy is placed on the cushion during the coupling process.

Typical Sedan Model

Dummy Placed inside the car after Coupling

USDOT-SID
Side Impact Dummy

Figure 4.1 Coupling Between the vehicle and the dummy
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4.2

Vehicle Modeling
To develop the finite element model of various vehicles, researchers use

the concept of reverse engineering that virtually recreates automobiles and
trucks. With the models generated by the above process, which are more
accurate, various crash scenarios can be simulated and thereby the occupant
response to these conditions can be evaluated. Such evaluation helps in more
productive research data based on which the safety decisions can be made.
Developing an accurate and broad FE model requires a very detailed and
laborious approach and involves a huge amount of mathematical computation.
It’s a complex task. Researches generally12]:
•

To get an accurate representation of the geometries tape is applied over
the entire vehicle

•

Every component is digitized

•

All the vehicle components are disassembled

•

For all the individual parts mass and material thickness data are noted

•

center-of-gravity calculations

•

All the parts are to be reconnected accurately which include the spot
welds, joints, springs and dampers.
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The FE model of the Ford Taurus car has been used in this thesis as the test
vehicle developed by National Crash Analysis Center (NCAC) as shown in the
figure 4.2.

Figure 4.2 Ford Taurus finite element model
The ford Taurus model is composed of four different types of elements. The
types of elements are the shell, beam and solid elements. The numbers for each
type of element has been tabulated in the table 4.1 in the next page. Shell
elements are used to define three and four nodded elements including 3D shells,
membranes, 2D plane stress, plane strain and axi- symmetric solids. Beam
elements are used to define two node elements

23

Table 4.1 Model Summary
Parts

134

Nodes

26797

Quad Elements

23124

Tria Elements

4750

Hexa Elements

338

Penta Elements

10

Discrete Elements

2

Table 4.2 Material Properties
Mass Density

7890 Kg / m3

Young’s Modulus

210E+09 N / mm2

Yield Stress

270E+09 N / mm2

Poisson Ratio

0.3

An Elastoplastic material model (table 4.2) is defined for the car parts. In
LS-DYNA solver MAT_PIECEWISE_LINEAR_PLASTICITY has been defined as
the material model for modeling the automobile parts.
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4.3

Impactor Modeling
In this thesis, the moving deformable barrier (MDB) as shown in figure 4.4

is used as the finite element impactor. The dimensions and the material
characteristics of the 214MDB face are shown in figure 4.5. The MDB face
assembly includes a bumper constructed of honeycomb. Based on the material
properties of the front and back plates the flexion bumper generates flexion
strength.
The honeycomb structure of the barrier face is made of aluminum. The
bottom edge and the protruding area of the barrier are 279 mm and 330 mm from
the ground respectively. The MDB has a total mass of 1367 kg initially derived
from the weights of passenger cars and light trucks in the U.S fleet with an
adjustment made assuming a downward trend in vehicle mass due to fuel
economy needs [13].

Figure 4.3 Moving Deformable Barrier [9]
(a)
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(b)
Figure 4.4 FE Moving Deformable Barrier: (a) geometry; (b) FE model
Table 4.3 Model Summary
Parts

8

Nodes

11033

Quad Elements

718

Hexa Elements

7324

Figure 4.5 Honeycomb Structure of the MDB [5]
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4.4

Occupant Modeling (US DOT-SID Side Impact Dummy)
The vehicle occupant used in this thesis is the US DOT-SID side impact

ellipsoid dummy as shown in figure 4.6 taken from the MADYMO dummy
database. MADYMO dummy models are calibrated and validated both on
component and full dummy level. Major effort is put into the systematic validation
of the dummy models in a loading range that covers all realistic applications.
These component tests are summarized as follows [13].

Figure 4.6 US DOT-SID Side Impact Dummy
In both the simulation, successful test performance is determined by the
dummy injury criteria. The injury criteria for both the regulations relates to the
measurement capabilities of the dummy used.
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Table 4.4 Component tests for US DOT-SID dummy model [5]
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The various output signals that can be obtained by using US DoT-SID
Side Impact Dummy are as shown in the table 4.5 below.
Table 4.5 US DoT – SID Output Signals [5]

Ellipsoids, cylinders and planes represent the geometry of the dummies.
Structural deformation and deformation of soft materials are represented by
force-based contact characteristics. The characteristics represent in helping to
define the contacts between the dummy and the vehicle environment and also
within the dummy.
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4.5

Finite Element Belt Modeling
A finite element belt restraint system as shown in figure 4.7 below has

been used for the dummy. In this thesis a separate lap and shoulder belt has
been constructed. The width and thickness of the FE belt are 50mm and 1 mm
respectively. The parts of the belts, which are in contact with the dummy, are
modeled with non-linear 3-node triangular membrane elements. The maximum
element size is about 35 mm. The belt ends are described using conventional
belt segments.
The actual material behavior is of no importance during the positioning of
the belts, simple linear elastic isotropic material behavior is used to speed up the
simulations. During the positioning simulation the elements in a FE belt should
not deform much, which is achieved by specifying a very low stiffness for the
conventional belt segments [7].

Figure 4.7 Finite Element Belt Positioned on the dummy
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Figure 4.8 shows the four points created to construct the finite element
belt, i.e. the D-ring, left buckle, right buckle and the retractor.

D-ring

Retractor
Left Buckle

Right Buckle

Figure 4.8 Finite Element Belt Points
Elastic properties for joints, springs, contacts, belts and restraints are
defined by means of functions, with x representing the deformation and y the
corresponding load. Energy dissipation in these force models is described by
means of hysteresis [7]. The following specifications are required for the
hysteresis.
•

loading curve y1(x)

•

unloading curve yu(x)

•

hysteresis slope sl

•

elastic limit xe
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4.5.1 Belt – Dummy Contacts
Contact is defined between the FE belt section of the shoulder belt and
the neck, the thorax and the abdomen and pelvis of the dummy. The lap belt
contact is defined between the FE belt section of the lap belt and the thorax, the
abdomen and pelvis and both femurs and knees of the dummy. The contact
between the FE belt and the US DOT-SID side impact dummy is governed by
MB_MB contact interactions.
The contact definitions use the gap option to prevent initial penetrations.
Initial penetration should never exist at the start of a simulation. This gap option
creates an area around an element in which it detects the contact. A gap of 2 mm
is specified in this thesis. These contacts prevent penetrations, and thereby
provide a stable initial position for the actual simulation.
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4.6

Rigid Pole Modeling
The rigid pole is constructed using the Finite Element Preprocessor
software MSC PATRAN. The cross section of the pole is meshed using rigid
triangle elements. The pole is placed just outside the driver’s door and
aligned with the driver’s head. It measures 254 mm (10 inches) in diameter
and 100 mm above ground to above roofline. It is constrained in all degrees
of freedom to simulate the rigid pole.

Table 4.6 Dimensions of the Pole
Diameter Of The Pole
Height Of The Pole

254 mm
100 mm above ground
to above roofline

Table 4.7 Material Properties
Density

7.8E-09 kg/mm3

Young’s Modulus

2E+05 KN / mm2

Poisson Ratio

0.30

Figure 4.9 Rigid Pole
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CHAPTER 5
RESULTS AND DISCUSSION
5.1

FMVSS 214 Side Impact Regulation
In this test a moving deformable barrier (MDB) strikes the stationary

vehicle with a velocity of 33.5mph and at an angle of 27° with the horizontal. The
impact angle is 90°.

Figure 5.1 FMVSS 214 Side Impact Regulation [5]
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5.1.1

Simulation results
Time = 0 ms

Time = 19 ms

Time = 29 ms

35

Time = 49 ms

Time = 69 ms

Time = 89 ms

Time = 110 ms

36

Time = 140 ms

Time = 180 ms

From the above simulations it can be seen that there is uniform vehicle
intrusion in the mdb impact as the front surface of the honeycomb structure of the
moving deformable barrier is uniformly distributed. Moreover in this side impact
regulation the vehicle is thrown away from the moving deformable barrier. The
simulations of the occupant behavior are shown in the subsequent chapters.
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5.1.2

Occupant response simulation results

Time = 0 ms

Time = 20 ms

Time = 30 ms

38

Time = 50 ms

Time = 70 ms

Time = 90 ms

Time = 110 ms

39

Time = 140 ms

Time = 160 ms

Time = 180 ms

From these simulations, the occupant dynamic response in the side
impact regulation can be observed. It can be seen that the occupant is thrown
away from the impactor.
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5.2

Side Impact Pole Test Configuration
In this test procedure the vehicle is propelled sideways at an approach

angle of 75 degrees with a speed of 20 mph into a fixed rigid pole. As the pole is
relatively narrow, there is major penetration into the side of the car thereby
affecting the occupant severely on the driver’s seat.

Figure 5.2 Proposed Side Impact Pole Test
The simulations of the pole test are shown in the subsequent pages where
in the vehicle intrusion and the occupant behavior are shown.
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5.2.1

Simulation results
Time = 0 ms

Time = 44 ms

Time = 62 ms

42

Time = 71 ms

Time = 89 ms

Time = 107 ms

43

Time = 125 ms

Time = 143 ms

Time = 171 ms

44

Time = 180 ms

From the simulations of the side impact pole test it can be seen that the
vehicle intrusion in this test is far much larger, when compared to the side impact
214 regulation involving a moving deformable barrier. In the pole test, the vehicle
strikes the rigid pole at a velocity of 20 mph, and as the pole being narrow, the
vehicle rotates about the pole. Thus, there is a point impact involved in this crash
scenario. The occupant is prone to serious head and neck injuries.
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5.2.2

Occupant response simulation results
Time = 0 ms

Time = 18 ms

Time = 36 ms

46

Time = 54 ms

Time = 72 ms

Time = 90 ms

47

Time = 108 ms

Time = 117 ms

Time = 135 ms

48

Time = 153 ms

Time = 171 ms

Time = 180 ms
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5.2.3 Comparison of the B-pillar intrusion

214 Side Impact Test

Side Impact Pole Test

Figure 5.3 B-pillar Intrusion
Figure 5.3 shows the comparison between the B-pillar effect in both crash
scenarios. From the figure it can be seen that the vehicle intrusion or the B-pillar
intrusion is more in side impact pole test than, when compared to the 214
regulation.
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5.2.4

Occupant kinematics
The acceleration response for critical dummy parts has been compared

according to the FMVSS 214 test regulation and the newly proposed side impact
pole test. It has been observed that there is significant reduction in the peak
values attained. Significant bending and torsion has been observed in the
Occupant.

Figure 5.4 Head Acceleration Response

Figure 5.5 Pelvis Acceleration Response
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Figure 5.4 and 5.5 shows the comparison of the Head CG acceleration
and the pelvis region acceleration of the driver occupant. From the graphs it can
be inferred that the acceleration response are comparatively lesser in the side
impact pole test.

Figure 5.6 Upper Spine Acceleration Response

Figure 5.7 Lower Spine Acceleration Response
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Figures 5.6 and 5.7 in the previous page shows the comparison between
the upper and lower spine accelerations, and again it can be seen that the spine
acceleration response are low in the side impact pole test.

Figure 5.8 Upper Rib Acceleration Response

Figure 5.9 Lower Rib Acceleration Response
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Figure 5.10 Dummy Chest Deflections

Figures 5.8, 5.9 and 5.10 show the comparison between the upper and
lower rib acceleration response and the occupant chest deflections for both the
test simulations. From the graphs it can be inferred that the general acceleration
response got for the side impact pole test are comparatively lower when
compared to the 214 side impact regulation.
The injury parameters which will be discussed in the following chapter are
of most importance to bring about a comparison between the two tests carried
out.
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5.2.5

Injury parameters
The various dummy injury parameters are evaluated for both the FMVSS

214 regulation and the Side impact pole test.

Table 5.1 Dummy Injury Parameters

Head Injury Criteria
(HIC)
Thoracic Trauma Index
(TTI)
Viscous Injury Response
(VC)
Chest Deflection (mm)

FMVSS 214
Regulation
424

Threshold
Limit
1000

Side Impact Pole
Test
74

90

94

71

1

0.67

0.26

70

63

37

FMVSS 214
Regulation

Side Impact Pole
Test

6795

603

900

279

NIC_FORWARD_TENSION
POSITIVE (N)
NIC_FORWARD_SHEAR
POSITIVE (N)

From the values obtained, it can be seen that the critical dummy injury
values for the side impact pole test are less, when compared to the 214 side
impact regulation. The significant parts of the simulations are the occupant neck
and bending injuries and also the vehicle’s structural damage.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

6.1

Conclusions
The objective of the above study was to evaluate the critical injury

parameters of the occupant and the vehicle structural damage according to the
proposed pole test in the FMVSS 214 side impact regulation. The FMVSS 214
barrier test and the proposed pole test were simulated to report the critical
dummy injury parameters and the intrusion sustained by the vehicle in both the
tests. The occupant kinematics and injury potentials were elaborated in detail.
The following conclusions have been made based on this research.
¾ The FMVSS 214 Side Impact Regulation and the Side Impact Pole test
have been simulated and compared.
¾ The critical injury parameters of the dummy and the structural damage
have been evaluated according to the proposed side impact pole test.
¾ From the simulations, it is observed that the vehicle intrusion in the pole
test is quite larger compared to the one from the side impact test.
¾ Based on the comparisons, significant neck bending and torsion has been
observed in the occupant as the vehicle rotates about the narrow pole,
which is not captured in FMVSS 214 regulation.
¾ Possibility of severe head injuries due to blunt lateral impacts is high in
pole test compared to the impact with the moving deformable barrier
(MDB).
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Therefore in order to award star rating for side impact tests, inclusion of pole
test into FMVSS 214 regulation will make the regulation more robust, which takes
into account all the critical injury values that occur in real life accident scenarios.

6.2

Recommendations
The following recommendations are made to further this research.
¾ The study can be repeated on other vehicle platforms such as small cars
and pick up trucks.
¾ A DOE study can be performed to assess more severe test conditions to
develop comprehensive robust regulation.
¾ Similar study can be done with a 5th Percentile Female Dummy to study
the injury effects on female drivers.
¾ Deformable Finite Element Seat Cushion can be modeled which predicts
more realistic point of contact of dummy head with the intruding door
surface.
¾ Various other occupant positions like passenger side, rear seat can be
considered for the study.
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LS-DYNA – MADYMO COUPLING
To couple a Madymo dummy model into LS-Dyna key file, the number of
ellipsoids and planes present in the dummy model’s include file has to be taken
into account.
Then the following cards are written in MADYMO which is in the xml file
format and LSDYNA key file to do the coupling analysis.
MADYMO xml cards
The following cards are written after
{<SYSTEM.REF_SPACE ID = "1" NAME = "INERTIAL_SPACE"
></SYSTEM.REF_SPACE>}
<COUPLING>

<COUPLING_SURFACE
EXTERNAL_REF =”3”
SURFACE =”/2/1”
EXTERNAL_DATA =”9”
/>

Repeated for N ellipsoids

</COUPLING>
On the SURFACE line, 2 is the dummy system id and 1 is the ellipsoid id
which

varies

for

each

individual

ellipsoid.

EXTERNAL_DATA id’s are the user defined id’s.
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EXTERNAL_REF

and

LS-DYNA CARDS
•

The *CONTROL_COUPLING card is used to set the units relationship
between MADYMO and LS-DYNA. This card can also be used to flip the
axis and set the sub-cycling parameters.

•

Parts are defined by using *PART for representing the MADYMO
ellipsoids and planes. This is to be repeated for each ellipsoid and plane
in MADYMO.

•

Define shells for parts representing the MADYMO ellipsoids and planes
using *SECTION_SHELL.

•

Define rigid body material behaviour for parts representing MADYMO
ellipsoids and planes using *MAT_RIGID:
*MAT_RIGID
$# MID RO E PR N COUPLE M RE/ALIAS
- RE/ALIAS must match the EXTERNAL_REF number of the MADYMO
ellipsoid or plane in the COUPLING data block.
RE/ALIAS must be unique for all coupling entities.
- MID must match the EXTERNAL_DATA number of the MADYMO
ellipsoid or plane in the COUPLING data block.
- COUPLE: coupling flag. Set to 2 to generate a mesh in LS-DYNA for
MADYMO ellipsoids and planes and write these in the D3plot output file.
- M and N are ignored.

•

Define contacts for the parts representing MADYMO ellipsoids or planes
using *CONTACT_ENTITY.
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6: Plane
7: Ellipsoid
- SO (card2): Contact stiffness type:
0: Rigid MADYMO ellipsoid or plane
1: Contact stiffness to be taken from E value in *MAT_RIGID
2: User-defined force-penetration curve
- G1 (card5): ID for MADYMO ellipsoid or plane
Coupling cards for US DOT – SID Side Impact Dummy
MADYMO xml Cards
<SYSTEM.REF_SPACE ID = "1" NAME = "INERTIAL_SPACE"
></SYSTEM.REF_SPACE>
<COUPLING
>
<COUPLING_SURFACE
EXTERNAL_REF = "2"
SURFACE = "/USDoTSID_lhs/LumbarSpineLow_ell"
EXTERNAL_DATA = "2.000502E+06
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0"
>
</COUPLING_SURFACE>
<COUPLING_SURFACE
EXTERNAL_REF = "3"
SURFACE = "/USDoTSID_lhs/LumbarSpineUp_ell"
EXTERNAL_DATA = "2.000503E+06
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0"
>
</COUPLING_SURFACE>
<COUPLING_SURFACE
EXTERNAL_REF = "4"
SURFACE = "/USDoTSID_lhs/ThoraxSpine_ell"
EXTERNAL_DATA = "2.000504E+06
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0"
>
</COUPLING_SURFACE>
<COUPLING_SURFACE
EXTERNAL_REF = "5"
SURFACE = "/USDoTSID_lhs/Neck_ell"
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EXTERNAL_DATA = "2.000505E+06
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0"
>
</COUPLING_SURFACE>
<COUPLING_SURFACE
EXTERNAL_REF = "6"
SURFACE = "/USDoTSID_lhs/Head_ell"
EXTERNAL_DATA = "2.000506E+06
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0"
>
</COUPLING_SURFACE>
<COUPLING_SURFACE
EXTERNAL_REF = "7"
SURFACE = "/USDoTSID_lhs/FemurUpL_ell"
EXTERNAL_DATA = "2.000507E+06
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0"
>
</COUPLING_SURFACE>
<COUPLING_SURFACE
EXTERNAL_REF = "8"
SURFACE = "/USDoTSID_lhs/FemurUpR_ell"
EXTERNAL_DATA = "2.000508E+06
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0"
>
</COUPLING>
LS-DYNA key file CARDS
*CONTROL_COUPLING
$# UNLENG UNTIME UNFORC TIMIDL FLIPX FLIPY FLIPZ SUBCYL
1000. 1. 1. 0. 0 0 0
$ ********** MATERIAL CARD FOR ELLIPSOIDS ********
$
$$
$
*MAT_RIGID
1267, .8888E-10, 200000, 0.3,0,0,0,
*MAT_RIGID
1277, .8888E-10, 200000, 0.3,0,0,0,
*MAT_RIGID
1287, .8888E-10, 200000, 0.3,0,0,0,
*MAT_RIGID
1297, .8888E-10, 200000, 0.3,0,0,0,
*MAT_RIGID
1307, .8888E-10, 200000, 0.3,0,0,0,
*MAT_RIGID
65

1217, .8888E-10,
*MAT_RIGID
1227, .8888E-10,
*MAT_RIGID
1237, .8888E-10,
*MAT_RIGID
1247, .8888E-10,

200000, 0.3,0,0,0,
200000, 0.3,0,0,0,
200000, 0.3,0,0,0,
200000, 0.3,0,0,0,

$
$
$ ************** DEFINING PART FOR ELLIPSOIDS *********
$
$
$
*PART
$#
HEADING
$#
PID
SECID
MID
EOSID HGID GRAV ADPOPT
TMID
4000000
4000000
4000000
0
0
0
0
0
*PART
$#
HEADING
$#
PID
SECID
MID
EOSID HGID GRAV ADPOPT
TMID
4000001
4000001
4000001
0
0
0
0
0
*PART
$#
HEADING
$#
PID
SECID
MID
EOSID HGID GRAV ADPOPT
TMID
4000002
4000002
4000002
0
3003
0
0
0
*PART
$#
HEADING
$#
PID
SECID
MID
EOSID HGID GRAV ADPOPT
TMID
4000003
4000003
4000003
0
3004
0
0
0
*PART
$#
HEADING
$#
PID
SECID
MID
EOSID HGID GRAV ADPOPT
TMID
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4000004
0
*PART
$#
HEADING
$#
PID
TMID
4000005
0
*PART
$#
HEADING
$#
PID
TMID
4000006
0
*PART
$#
HEADING
$#
PID
TMID
4000007
0

4000004

SECID
4000005

SECID
4000006

SECID
4000007

4000004

MID

0

0

0

0

EOSID HGID GRAV ADPOPT

4000005

MID

0

0

0

0

EOSID HGID GRAV ADPOPT

4000006

MID

0

0

0

0

EOSID HGID GRAV ADPOPT

4000007
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0

0

0

0

