
i 
 

IMPROVEMENT IN CRASHWORTHINESS OF A VEHICLE FOR SIDE IMPACT 
OCCUPANT PROTECTION USING IMPAXX AND POLYURETHANE HIGH ENERGY-

ABSORBING FOAM MATERIALS 

 

 

 

 

A Thesis by 

Saketh Reddy Muthyala 

Bachelor of Technology, Jawaharlal Nehru Technological University, 2012 

 

 

 

 

 

 

 

Submitted to the Department of Mechanical Engineering 
and the faculty of the Graduate School of 

Wichita State University 
in partial fulfillment of 

the requirements for the degree of 
Master of Science 

 

 

December 2017  

 



ii 
 

 

 

 

 

 

 

 

© Copyright 2017 by Saketh Reddy Muthyala 

All Rights Reserved 

  

 



iii 
 

 

IMPROVEMENT IN CRASHWORTHINESS OF A VEHICLE FOR SIDE IMPACT 
OCCUPANT PROTECTION USING IMPAXX AND POLYURETHANE HIGH ENERGY-

ABSORBING FOAM MATERIALS 

 

 

The following faculty members have examined this final copy of the thesis for form and content, 

and recommend that it be accepted in partial fulfillment of the requirement for the degree of Master 

of Science with a major in Mechanical Engineering. 

 

________________________________________  

 Hamid M. Lankarani, Committee Chair 

 

________________________________________  

Ramazan Asmatulu, Committee Member  

 

________________________________________  

Abu Asaduzzaman, Committee Member 

 

 

 

 

 

 

 

 

 

 

 



iv 
 

DEDICATION 

 

 

 

 

 

 

 

To my parents, friends 

And 

To my adviser Dr. Hamid M. Lankarani 

 

 

 

 

 

 

 

 

 

 

 

 



v 
 

ACKNOWLEDGEMENT 

I am thankful to my advisor, Dr. Hamid M. Lankarani, Professor of Mechanical Engineering 

Department at Wichita State University, for all his guidance and support throughout my studies. His 

encouragement and patience helped me to complete this thesis. I would like to thank my committee 

members Dr. Ramazan Asmatulu and Dr. Abu Asaduzzaman for their valuable time in reviewing this 

thesis. I would also like to thank my friends Sai Bhargav, Rohit, Sachin Patil, Prasanna, Ranjith Kumar, 

Viquar, Suresh, Surya, Vishal and Vijay Sai for their constant support and making my stay in Wichita 

enjoyable.  

Finally, I would take this opportunity to thank my parents Mrs. Latha & Mr. Venkat Narsimha 

Reddy, my uncle Sudarshan Reddy, my sisters Mamatha and Shravani, my brothers-in-laws Naresh 

Reddy, Sannith Reddy and my little niece Dhyuti for their love, support and constant encouragement 

throughout my master’s studies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vi 
 

ABSTRACT 

Side impact car crashes account for roughly 30% of all fatalities in road accidents including 

passenger cars and light trucks, and they tend to have a disastrous effect on the human body than 

all other types of car accidents due to very less crumple zone. In consideration of all this, even in 

the lower end and higher end vehicle segments, active safety systems are incorporated more often 

for side impact protection. However, there is still a large number of vehicles built without side 

airbags, in specific regions such as North America and emerging markets. Therefore, it is still 

necessary to engineer passive safety measurement by utilizing safety countermeasures, such as 

foams solutions to protect the occupant during side impact collisions.  

The present study is focused on investigation of the advantage of applying high efficient 

energy absorption foams for side impact protection of car occupants. First, the characteristics of 

high energy absorbing foam models are examined by finite element analysis and simulations of 

the Drop Tower Tests and the Free Motion Headform tests. After ensuring material models 

behavior, the design of the current B-pillar is altered by adding foam into its cavity. Subsequently, 

side impact test simulations of a typical passenger car with a moving deformable barrier, as per 

NHTSA and IIHS safety regulations, with the current and modified B-pillar are conducted. In the 

end, various injury criteria are evaluated by positioning a ES-2re finite element dummy model 

with, a three-point lap and shoulder seat belt into the driver seat. The study demonstrates that the 

potential for the use of high-energy absorbing foam for side impact protection. 
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CHAPTER 1 

INTRODUCTION 

 
1.1 Crashworthiness Tests 

In recent vehicle designs, crashworthiness and occupant safety is being the most important 

factor in design considerations. Crashworthiness [1] is the measure of the vehicle’s structural 

ability to deform plastically and provide sufficient space for its occupants to survive the 

deceleration loads at the event of the crash. To reduce the transfer of these deceleration loads to 

the vehicle occupants, the vehicle structures are must optimized so that it can absorb crash energy 

in a controlled manner through deformations and at the same time it has to maintain enough space 

for the restraint systems. The demand for evolution in the design of vehicle’s structures has 

increased enormously to satisfy Government’s mandated safety regulations, fuel economy, 

manufacturing cost and reduction in design cycle time. In early days, the structural design was 

purely depended on extensive testing and experience, and then, vehicle prototypes were built and 

tested. Due to tremendous developments in software and hardware, made a rapid improvement in 

numerical solutions ability, which eliminated the prototypes design testing. Now, the 

crashworthiness simulations can test from components level to full-scale vehicles, using latest 

techniques in computational mechanics and supercomputers. 

There are three categories of crashworthiness testing: 

1. Component Tests, 

2. Sled Tests, 

3. Full-Scale Barrier Impacts. 

The component tests are used to determine the dynamic or quasi-static response of a single 

component. This type of tests plays a crucial role in identifying crush-mode and energy absorption 



2 
 

capacity. Conducting component level tests are essential for some components like foam 

structures, in development of prototype substructures and mathematical models. 

In a sled test, safety engineers use a small portion of a vehicle model that looks like a 

passenger’s compartment with some of its essential components such as seat, instrumental panel, 

steering system, seat belts and airbag.  Anthropomorphic Test devices (ATD/ Dummy) are seated 

in the compartment to do simulation tests on driver or passenger, while dynamic loads that are 

similar to vehicle deceleration - time pulse, to determine occupant response in frontal and side-

impact tests. Mostly, sled tests are used in the design of restraint systems like seat belts and airbags, 

to determine its effectiveness in reducing loads transferred to the dummy. 

  In the full-scale barrier tests, a barrier hits the target vehicle at a predetermined initial 

velocity and angle. For a barrier test, a complete vehicle model is used to evaluate individual 

substructures. 

1.2 Role of Numerical Solutions in Crashworthiness 

In the last decade, regulatory standards were rapidly improved. In addition to frontal 

impact, now it is compulsory to consider side impact, rear impact, and roll-over protection 

requirements. Due to these additionally added tests, it is now necessary to shorten the development 

cycle. In view of all this, it is obvious automotive crashworthiness testing methodology should 

give a solution to continuous growth in demand and need for the reduced development cycle.  

Numerical simulations have the potential to reduce the increased workload of 

crashworthiness engineers. The constant and spectacular development in hardware and software 

has enabled numerical simulations to become fully integrated into the vehicle design cycle. The 

actual strength of simulation lies in rapidly performing important simulations in the form of 

parametric studies that allow quick elimination from prototyping those designs, which have a high 
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probability of not satisfying testing criteria. At very early stages of design, to build prototypes 

which can pass all test criteria, numerical simulations supported directly to the design teams in 

decision making through the concept of developing full vehicle finite element models [2]. 

Whenever certain changes in design have an indirect influence on safety and design cost, 

simulations play an important role. When a safety-related problem occurs in a prototype during a 

test, simulation helps in determining the cause of the problem and selection of appropriate 

structural modification in the minimum amount of time.  

Finally, it must be mentioned that numerical simulations have found their way into each 

aspect of crashworthiness engineering not only in the structural analysis as mentioned above, but 

also extensively used in occupant simulation by using finite element models. Hence, only the 

extensive use of numerical simulation has enabled the motor vehicle industry to introduce safer 

cars and trucks increasingly in less time without a corresponding increase in test facilities. 

1.3 Different Solving Techniques used by Numerical Solutions 

 In general, vehicles are manufactured from many stamped thin-shell parts and assembled 

by various welding and fastening techniques. For example, the body-in-white itself contains steel 

of different strength grades, aluminum, and composite materials.  During a crash incident, the 

structure experiences high impact loads which produce localized plastic hinges and buckling. 

Which leads to large deformations and rotations and results in stacking of various components that 

are in contact. Initially, the deformations involved in wave effects, associated with high stresses. 

Once these stresses exceed the yield strength of the material or its critical buckling load, localized 

structural deformations will occur during in the structure.  It follows by inertial effects, which 

results in structural integrity and kinematics and stacking of components, forces transmitted 

through various members, stresses, strains, and energy absorption [3]. 
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 The finite element method of structural dynamics solves a set of partial differential 

equations of motion numerically in pace and time, coupled with material stress-strain relations 

along with the given initial and boundary conditions [7]. The solution first discretizes the equations 

in the space by formulating the problem in a weak variation form and assuming an admissible 

displacement field. Which leads to a set of second order differential equations in time. Next, the 

system of equations is solved by discretization in the time domain. The discretization is 

accomplished by the classical Newmark-Beta method [4]. There exists two different techniques to 

approach a solution. If a global stiffness matrix is computed, decomposed and applied to the nodal 

out-of-balance force to obtain a displacement increment. Then, equilibrium iterations are required 

to arrive at an acceptable force balance. The stiffness matrix (i.e., internal forces) has to be 

decomposed or inverted at each time step this technique is labeled as Implicit. In this approach, 

user-defined time step size is a great advantage [6]. If internal and external forces are summoned 

at every single node point, and a nodal acceleration is computed by dividing nodal mass, the 

solution advances by integrating acceleration in time [5]. This approach is called Explicit and 

requires a very small-time step; Courant condition can calculate it. Using this criterion, the solution 

is conditionally stable. Since the solution is solving for displacements at nodal points, the time step 

must lead the progress in calculation across the element without skipping nodes. Hence, the whole 

solution purely depends on time step, element size and speed sound of the material. It is a running 

analysis, where the stiffness terms are recomputed at each time step, but no inversion is required. 

1.4 High Energy Absorbing Materials used in Crashworthiness Tests 

Most of the safety improvements implemented were given focus on frontal impacts due to 

the higher closing speed of frontal crashes on impact. Vehicles have Crumple zone only in front 

and rear to absorb crash kinetic energy form the event of a crash. Side impact collisions are being 
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still dangerous since there is no sufficient space between impact and the vehicle. In view of all 

this, NHTSA and IIHS have increased safety requirements to minimize the injury parameters. For 

example, In IIHS the deformable barrier has higher dimensions, and NHTSA has introduced side 

impact pole tests. Recently, the automotive companies paid attention to passive safety 

measurements and implemented passive safety systems like airbags. However, there is still a large 

number of vehicles that built without side airbags, in specific regions such as North America and 

its emerging markets. Therefore, it is still necessary to engineer vehicle structural strength utilizing 

passive energy absorbing countermeasures to provide occupant protection for side impact 

collisions.  To increase vehicle’s structural integrity, different types of foams are used in various 

parts of an automobile [9]. On a microscopic level, the ability to absorb energy while deforming 

is due to mechanics of cell crushing. i.e. cell wall deforms plastically and gets damaged. This 

energy absorbing capability of these materials leads to significant improvements in vehicles 

passive safety by absorbing impact energy at the event crash. The mechanical properties such as 

lightweight, low cost, low stiffness, design flexibility and ability to take large compressive strains, 

makes foams as an ultimate option in design optimization of vehicle structures [10]. The crushable 

foams are used in the new Steel and Foam Energy Reducing (SAFER) barriers. At many NASCAR 

racetracks, crushable foam blocks are placed between the outer steel tube and the inner concrete 

wall. The inclusion of foam paddings on the level of pelvis area and in the door interior, the injury 

criteria of occupants, could be significantly reduced [22]. Using Foam material as a structural 

alternative for reinforced versions of inner trim and the roof, prevent the occupant injuries in the 

event of frontal and side collisions. The effect of various foam materials was investigated in 

enhancing vehicle crashworthiness like side door’s intrusion, interior door’s acceleration and the 

internal energy.  
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1.5 Deformation Mechanism in Foam Structures 

The ability to absorb energy during an impact event, lightweight and thermal insulation 

properties led to use these materials in different applications. To utilize these foams efficiently it 

is must to understand its mechanical behavior. The mechanical properties of foams are related to 

their complex microstructure and its cell wall deformation [26]. The features like relative density, 

the degree to which cell walls are open or closed, and geometric anisotropy of the foams alter the 

most important properties like polymer density, Young’s modulus, and yield stress. These 

properties are already studied extensively, can be found in literature or companies provides it. 

             

Figure 1.1 Deformation Mechanism in Elastomeric and Elasto-Plastic Foams [10]. 

Stress-strain response of foams in compression tests show some equivalent properties for 

different types of foams [12]. Figure 1.1 shows the schematic compressive stress-strain response 

for foams. The importance is only given for uni-axial compression tests because the mechanical 

behavior of foams in tension is different. Foams exhibit plastic behavior in compression but brittle 

in tension. It is due to the stress concentration effect of the crack, which leads to the fast fracture 

in tension [10]. 

In stress-strain response in compression tests, a region of linear elasticity at low stresses is 

continued to a long collapse plateau in which stress does not change a lot; then it is condensed by 
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a region of densification in which stresses will rise steeply. The linear elastic region is held by cell 

wall bending, as the load increases cell walls tend to stretch to withstand it. At this stage foams 

exhibit small strains, they will have an elastic response. The failure in the plateau region is 

prevented by the collapse of the cell. This region of the plateau is not same for all foams, it is 

different and depends on the type of failure. For few foams, this cell collapse is due to elastic 

buckling, whereas in others it leads to the formation of plastic hinges. Whenever, the cell walls 

completely collapsed in opposing further deformation, compress the solid itself. At this stage, 

stresses are induced rapidly, and this region is referred as densification.  

 Foams with higher densities have the higher Young’s modulus, results in rising of the 

plateau stresses and reduces the strain at the point where densification begins. The point where 

densification begins is called as shoulder point. This shoulder point varies from foam to foam, and 

depends on the density and applied strain rates. 
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CHAPTER 2 

LITERATURE REVIEW 

 

The use of various countermeasures in the automotive industry and Polymeric foams in 

particularly has been increasing extensively over the past few decades. These countermeasures are 

widely used within a vehicle for many different purposes, among which are, sound and thermal 

insulation, vibration damping, fire protection and crashworthiness. Crashworthiness safety and 

protection parameters are strongly influenced by materials used, and importantly, polymeric foams 

play a vital role in vehicle’s crashworthiness levels. The energy absorption capability of foams can 

lead the significant improvements in the vehicle’s passive safety [18], better protection to the 

passengers from aggressive impacts, by absorbing impact energy in a gradual and controlled way. 

In all different types of polymeric foams, Polyurethane foam is nowadays widely used in 

automotive industry as an energy absorbing material in passive safety mechanisms, and it also 

provides more comfort, insulation, and sound absorption [21]. Polyurethane foams can absorb 

energy while deforming due to mechanics of cell crushing. In the process of absorbing Impact 

energy, on a microscopic level, cell walls deform plastically and get damaged [11].  

Avalle, et al., [15] investigated the mechanical properties and impact behavior of 

microcellular structural foam. The author conducted tensile tests at various speeds to study the 

effect of strain rate, and compression of the tests results showed anisotropic properties at different 

loading directions. Tensile and compression tests were quasi-static, to verify models and 

simulations of this material, the authors performed impact tests. The study concludes that density 

is a primary parameter, which influences foam’s mechanical properties and reported how to deal 

with the effect of density.  
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Colloca, et al., [16] has given focus on failure mechanisms of closed cell PVC foams. Four 

types of high performance closed cell PVC foams with different densities were tested under 

tension, compression and impact loading. This study has concluded that the elastic moduli, 

strength and energy absorption had a great influence of density and microstructure of the PVC 

foams and observed that this material absorbs five times more energy under compressive loading 

than under tensile loading. 

Fremgen, et al., [17] studied modeling and testing of energy absorbing lightweight 

materials and structures for automotive application. In this research, shear and compressive tests 

were conducted on foams and studied its behavior. The study continued with reinforced the design 

of inner trim and roof in pam crash software and simulated crash scenarios. It was concluded that 

foams were the best fit for energy absorption purpose, and that they can be used to prevent injuries 

to the occupants in the event of front or side collisions.  

Heim, et al., [12] investigated the design parameters of foams and plastics to enhance 

vehicle safety. In this study, foams and plastic solutions were proposed for different applications 

in car, providing energy absorption capabilities and safety performance. The research, was focused 

on integrated thermoplastic structures in the interior and filled rigid foam inside cavities a vehicle 

body for stiffening purpose, NVH, and crash energy management.  

Cooper, et al., [13] conducted a study on selecting material models for the simulation of 

foams in LS-DYNA. To observe foam behavior, they conducted experimental tests for three 

different types of foams. This study used the MAT_LOW_DENSITY_FOAM (MAT57) material 

model, which incorporated only one loading curve, but was s necessary to have loading and 

unloading curves to simulate it. The EPP foam is neither crushable nor totally recoverable, and 
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hence the MAT_CRUSHABLE_FOAM (MAT63) and MAT57 are could not be used. Finally, the 

study concluded that MAT83 is a best suited for this application. 

In Babu, et al., [11], the focus was given to IMPAXX foam. The IMPAXX Energy 

Absorbing (EA) foams were made from highly engineered, styrene thermoplastic and additive 

package. The extrusion process was developed and optimized to produce foams having anisotropic 

physical properties, which maximized energy absorption. In the LS-DYNA, the 

MAT_LOW_DENSITY_FOAM (MAT57) was used. This material model was robust, and 

appropriate variable settings to represent the behavior of the IMPAXX energy absorbing foams.  

This material model was designed for modeling highly compressible low-density foams, so that it 

could be applicable for seat cushions and padding on side impact dummies. 

Slik, et al., [11] mentioned that energy absorbing foam padding could be applied to a 

passive safety system in automotive. For validating the material model, the authors conducted 

physical drop tower tests and defined material properties.  In a stress-strain curve, at first, it was 

observed that stress increased quickly and then remained constant up to 70-80% of the 

compression. At the end, the material was densified, and stress increased rapidly. In this research, 

quasi-static compression test, drop tower test, impact test with pelvic shape impactor, and free 

motion head from tests were all conducted using material model type MAT57 & MAT63 in LS-

DYNA. After that, the test results were compared from different simulations, and the study 

concluded that both the material types achieved same results with the same level of accuracy. 

Examination of the literature review on this topic indicates that LS-Dyna material models 

show a good correlation with the experimental results in compression tests. Models can be 

developed for high energy absorbing elastomeric and elastoplastic foams and structural dynamic 

behavior can be analyzed by conducting full scale barrier side impact tests using safety regulations. 
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CHAPTER 3 

OBJECTIVES AND METHODOLOGY 

3.1 Objectives 

There exist several different ways to improve vehicle structural integrity of an automobile 

to sustain deceleration loads at an event of a crash. So far, extensive research has been contributed 

to understanding energy absorption characteristics and material model behavior of passive 

countermeasures like foam structures. In this study, the finite element method is utilized as an 

alternative method to analyze energy absorption characteristics and mathematical model behavior 

of two different foam materials at component level using drop tower tests and free motion 

headform tests and the effect of foam material was studied by conducting full-scale barrier impact 

tests utilizing NHTSA and IIHS side impact test safety regulations.  

The specific objectives of this research are: 

• To validate and analyze stress-strain behavior of IMPAXX and Polyurethane foam material 

models Drop Tower Test results  

• To evaluate and compare Head injury criteria in Free Motion Headform Tests 

• To validate component level tests results with experimental results 

• To evaluate and compare the dynamic response of modified B-pillar with current B-pillar 

using regulatory safety standards FMVSS 214 and IIHS 

•  To compare and analyze B- pillar intrusion utilizing IIHS side-impact structural rating 

system 

• To evaluate different injury pass/fail criteria for Es-2re side impact dummy using the 

FMVSS 214 regulations 
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3.2 Methodology 

This research starts with a development of material models for IMPAXX and Polyurethane 

foams in LS-Prepost. The mechanical behavior and energy absorbing characteristics of these 

material models are then tested by developing component level testing environment for drop tower 

tests according to test regulations of ASTM D3574 C. Next, studied the mechanical behavior of 

the foams when it is attached to the steel profile, representing a typical cross-section of the body 

in white pillar of the car, are examined and the influence of foam material models of the injury 

criteria parameters are analyzed for free motion headform tests conducted according to FMVSS 

201U safety standards. The side-impact crash test for a representative of a small sedan car (Toyota-

Yaris) is subsequently conducted a with a moving deformable barrier, as per NHTSA and IIHS 

safety regulations with current and new B-pillar. Finally, various injury criteria are evaluated by 

conducting side impact crash test, according to NHTSA’s FMVSS-214 regulations for the small 

sedan car (Toyota-Yaris) along with ES-2re and a three-point shoulder and lap seatbelt in the driver 

seat, as shown in Figure 3.1.   

  

Figure 3.1 General Methodology. 
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CHAPTER 4 

DESIGN AND VALIDATION OF FOAM MATERIAL MODELS 

 
4.1 Introduction to Foam Validation Tests 
 
 From the extensive research that has been conducted on the engineering polymeric foam’s 

properties, it was observed that these cellular materials had shown different mechanical properties 

for different densities, strain rates and mechanism of failure. To evaluate impact response of 

components in the interior of B-pillar, numerical model and its response in the crash environment 

is quite important [11]. As discussed earlier, to reduce cost and time, these automotive components 

are tested virtually by using finite element modeling software, such as LS-Dyna, Hypermesh, etc. 

To simulate using the finite element analysis of these component level tests, the material properties 

data is required. Since foam material properties depend on the mechanism of failure like cell wall 

cracking or cell wall bending, it is not possible to understand its behavior with one model, and it 

would be quite expensive to simulate all possible forms of behavior with a single model. So, it 

would be reasonable to model different foams with different material models [19]. There exist 

various component level tests to characterize these foams. In this research, the following methods 

are used to study the mechanical behavior of IMPAXX and Polyurethane foams: 

1. Drop Tower Tests, 

2. Free Motion Head-form Tests. 

Finite Element models are developed for both component level tests, and material models are 

created based on LS-Prepost. The behavior of the foam material models is analyzed first through 

finite element model simulations and then compared with the experimental tests to ensure its 

properties.  
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4.2 Finite Element Analysis of Drop Tower Tests  

 In general drop tower tests are conducted according to ASTM D3574 C Foam force 

deflection testing regulations. An entire drop tower test finite element model is created in LS-

Dyna. This finite element model consists of an impactor, fixed plate, and a foam model. A foam 

model of dimensions 107 mm × 107 mm × 65 mm is modeled by solid elements, Element type 2, 

which is fully integrated solid element formulation, and it is supported on a rigid fixture. The steel 

plate impactor hits with an initial velocity of 12.5 mph in the z-direction, as shown in the Figure 

4.1.  

 

 

Figure 4.1 Drop Tower Test Finite Element Model Set-up. 

In this simulation, Fixture motion is restricted in all directions, and impactor is constrained 

in such a way that it moves linearly only in Z-direction. The details of number of elements, nodes 

and element size are discussed in Table 4.1. 
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Table 4.1 Foam Finite Element Model Summary. 

Number of Elements in Foam 993 

Number of Nodes in Foam 2394 

Foam Element Length 10 

 
Steel and low-density foam material models are used in this analysis. Impactor and fixed 

plate are made of steel, so MAT_20 (MATERIAL_ RIGID) material card is used to represent its 

material properties. A 1-mm thick four-node quadrilateral shell element property was assigned to 

both impactor and fixed plate by selecting element formation 2, which is Belytschko-Tsay shell 

elements. 

 A material model type *MAT57, MAT_LOW_DENSITY_FOAM is used for 

compressible, low-density and elastic foams. In General, material type 57 and 63 

(MAT_CRUSHABLE_FOAM) are used to represent low density and high compressive behavior. 

MAT_63 foam models are failed to exhibit proper unloading behavior and exhibited poor recovery 

rate. Mat_57 (MAT_LOW_DENSITY_FOAM) material model showed high hysteric unloading 

with the sufficient unloading shape factor. The material properties, shown in Table 4.2, are 

assigned to the foam model to simulate drop tower test. SOFT 2 is selected in defining contact, 

generally SOFT 2 is used for soft materials to control element intrusion. Hour glass plays important 

role in solid elements deformation and to control in simulations. HOUR_GLASS 0.5 value is used 

for this study. To avoid negative volume errors, In general, null elements are created around the 

strain sensitive materials but in LS-Dyna another alternative is used by defining *INTERIOR 

CONTACT for set of nodes belongs to foam block. 

 



16 
 

Table 4.2 Material Properties of Foams. 

 

The AUTOMATIC SINGLE SUFACE contact algorithm is defined for all the components. 

INTERIOR contact algorithm is used for foam model to prevent negative volume error during 

runtime. The simulation was set to terminate at 0.025 sec with a time step of 1.000e-06.  

 

Figure 4.2 Densified Curve for IMPAXX Foam. [11] 

 

 

 
 

Density 
(Ton/mm3) 

Young’s 
Modulus 
(N/mm2) 

Tension 
cut-off 
Stress 
(Mpa) 

Material 
Card 

Damping 
Coefficient 

Shape 
Factor 

IMPAXX 3.700e-11 10.5 1.000e+20 MAT_57 0.225 15 

PU Foam 4.350e-10 4.159999 1.000e+20 MAT_57 0.25 25 
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Figure 4.3 Densified Curve Polyurethane Foam. [9] 
 

The foam materials are quite sensitive, to compressing, proper densification is needed for 

the input stress- train curve. In the LS-Dyna, this process of densification is called as “curve 

fitting”. Figures 4.2 and 4.3 represent the two input curves that have been used for the IMPAXX 

and Polyurethane foams respectively. 

4.2.1 Comparison of Drop Tower Test Results 
 

The stress-strain response of IMPAXX and Polyurethane foam for the given boundary 

conditions is compared in Figure 4.4. It is observed that the stress-strain response for IMPAXX 

and Polyurethane foams have linear elastic, stress plateau and densification regions as discussed 

in deformation mechanism of foams. It should be noted that stress strain curve for IMPAXX foam 

material showed slightly higher load across till half of the plateau region, but Polyurethane has the 

overall higher plateau and densification regions. As discussed earlier, the density of the 

polyurethane foam is higher, hence its shoulder point is a bit higher than the IMPAXX foam. 
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Figure 4.4 Stress Strain Plots for PU and IMPAXX Foams 

4.2.2 Validating Drop Tower Test Results  

The obtained response of the IMPAXX and Polyurethane foam models are compared with 

the experimental drop tower test results respectively. The force vs displacement responses of the 

IMPAXX foam and the Polyurethane foam, shown in Figures 4.5 and 4.6, indicate a close co-

relation with the simulation results. The elastic Youngs Modulus is higher than the simulation 

result’s elastic Young’s Modulus. In experimental test densification begins after 55-mm 

displacement, whereas for simulation curve it starts after 50-mm displacement. The maximum load 

baring capacity is nearly the same in both the results of 20 kN.  The energy absorbed by the 

IMPAXX foam is 141.26 J whereas the energy absorbed by Polyurethane foam during this test 

was 115.5 J. The IMPAXX foam was absorbed 18% more energy than PU foam. 
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Figure 4.5 Drop Tower Test Validation for IMPAXX Foam. 

 

Figure 4.6 Drop Tower Test Validation for Polyurethane Foam. 
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Table 4.3 Sprague and Gear Error Estimation.   

 

 

 

 

 

 

The magnitude, phase and total deviations are calculated by using Sprague and Gear method, 

coded in MATLAB as shown in Table 4.3. The overall results showed a reasonable correlation 

between experimental and simulation results. The total deviation is 16% and 14% for both foam 

material models in experimental and simulation tests respectively. 

4.3 Finite Element Modelling of Free Motion Headform Tests 
 
 The simulations of the free motion Headform tests are conducted, utilizing FMVSS 201U 

safety regulations. The experimental setup consists of a Hybrid III head structure, from which head 

accelerations are measured in frontal head impacts into foam samples of different stiffness and 

density with a constant thickness mounted on a steel structure at low (2.52 m/s), intermediate (4.0 

m/s) and high (6.7 m/s) impact speeds. In current study the FMH model of Hybrid III dummy was 

developed by Livermore Software Technology Corporation [23]. This headform model consists of 

8 different parts and its skin features are defined by MAT_OGDEN_RUBBER material model and 

all the other parts are assigned with MAT_RIGID. The center of gravity of Headform is located at 

node 1 and accelerometer is placed at this node and all the injury parameters are obtained from 

this node from node out file. The finite element experimental set-up is shown in Figure 4.7. 

Foam 
Type 

Test Magnitude 
Deviation 

Phase 
Deviation 

Total  
Deviation 

IMPAXX Experimental 15% 5% 16% 

Simulation 13% 5% 14% 

PU Foam Experimental 14% 7% 16% 

Simulation 12% 7% 14% 
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Figure 4.7 Head form Test without Foam and with Foam. 

 

4.3.1 Comparison of Acceleration Results without Foam 

Figure 4.8 shows the comparison of Head Acceleration of the Headform at three different 

speeds, 2.72 m/s, 4.0 m/sand 6.72 m/s. It is evident that the peak acceleration is 1181 G’s with 

speed of 6.72 m/s and 440 G’s with speed of 4.0 m/s and 250 G’s with speed of 2.72 m/s. 

 

Figure 4.8 Head Acceleration of the Head form without foam. 
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4.3.2 Comparison of Acceleration Results with IMPAXX Foam 
 

Figure 4.9 shows the comparison of Head Acceleration of the Headform at three different 

speeds, 2.72 m/s, 4.0 m/sand 6.72 m/s with including IMPAXX foam model in between steel 

structure and head form. It is evident that the peak acceleration is 150 G’s with speed of 6.72 m/s 

and 80 G’s with speed of 4.0 m/s and 55 G’s with speed of 2.72 m/s. It is evident that there is a 

significant drop in acceleration with inclusion of Foam material. 

 

 

Figure 4. 9 Head Acceleration of the Head form with IMPAXX foam. 

4.3.3 Comparison of Acceleration Results with Polyurethane Foam 

Figure 4.10 shows the comparison of Head Acceleration of the Headform at three different 

speeds, 2.72 m/s, 4.0 m/sand 6.72 m/s with including Polyurethane foam model in between steel 

structure and head form. It is evident that the peak acceleration is 111 G’s with speed of 6.72 m/s 

and 62 G’s with speed of 4.0 m/s and 40 G’s with speed of 2.72 m/s. It can be seen that there is a 

significant drop in acceleration with inclusion of Foam material and Head acceleration values are 

further reduced by using Polyurethane foam model. 
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Figure 4.10 Head Acceleration of the Head form with Polyurethane Foam. 

4.3.4 Comparison of Head Injury Criteria with and without Foam 
 

All the important observations from the Free Motion Headform tests are showed in Table 

4.4. It can be observed that this component level test’s simulation results shows very good 

correlation with experimental tests conducted by LSTC [23]. It is evident that there is significant 

acceleration drop IMPAXX and Polyurethane foams. There is a maximum of 90% of acceleration 

drop with Polyurethane foam at speed of 6.72 m/s. It can be seen that Head Injury Criteria is 

reduced with inclusion of foam padding, in all most all the scenarios head injury is prevented but 

with IMPAXX 6.72 m/s test the HIC value is 1072, even it is very close to the Injury criteria value 

and it is negligible. 
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Table 4.4 Comparison of the Head Injuries with and without Foams. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 

Experimental 
Results 

Without 
Foam 

With Foam HIC HIC 

IMPAXX PU No 
Foam 

IMPAXX PU 

Peak 
Resultant 
Acceleration, 
(G) with 
2.72m/s 

 
225-275 

 
237 

 
56 

 
40 

 
689 

 
106 

 
56 

Peak 
Resultant 
Acceleration, 
(G) with 
4.0m/s 

 
437 

 
444 

 
83 

 
62 

 
2484 

 
264 

 
162 

Peak 
Resultant 
Acceleration, 
(G) with 
6.72m/s 

 
1067 

 
1181 

 
148 

 
111 

 
14590 

 
1072 

 
630 
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CHAPTER 5  

VEHICLE SIDE IMPACT MODELLING AND ANALYSIS 

 
 In this study, vehicle side impact crash tests are conducted, by following NHTSA and IIHS 

safety regulations. Mathematical models of Toyota-Yaris and Moving Deformable Barriers are 

used to simulate side impact collision. In this chapter, side impact simulations and response of 

Toyota-Yaris with current B-Pillar, IMPAXX and Polyurethane foams padded B-pillars for both 

NHTSA and IIHS regulations were discussed and important injury parameters were observed in 

side crash test with a 50th percentile adult male ES-2re dummy model using NHTSA safety 

regulations. 

5.1  Finite Element Model of a Small Compact Car (Toyota – Yaris) 
  
 A Finite element model of 2010 Toyota-Yaris passenger sedan, shown in Figure 5.1, was 

developed at National Crash Analysis Center (NCAC) of George Washington University. This 

detailed finite element model was constructed to include full functional capabilities of the 

suspension and steering systems. The reverse engineering process is used to construct this Finite 

element model, the actual 2010 Toyota-Yaris car is disassembled systematically part by part. Each 

part was cataloged, scanned to define its geometry, measured for thickness, and classified by 

material type. All data is entered into a computer file and by using finite element modelling 

software created a finite element model that reflected all structural and mechanical features in 

digital form.  

 Material data for the important structural components was updated using coupon testing of 

samples taken from vehicle parts. Material tests were conducted to use an appropriate stress-strain 

values in material models for the analysis of crush behavior in crash simulation. 
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Figure 5.1 Toyota Yaris 2010 Car and Finite Element Model [28]. 

Table 5.1  Details of Small Compact Car (Toyota-Yaris 2010) FE Model. [28] 

 

Table 5.2  Mass, Moment of Inertias of Small Compact Car (Toyota-Yaris 2010) FE Model [28]. 

Weight, kg 1100 

Pitch inertia, kg-m2 1566 

Yaw inertia, kg-m2 1739 

Roll inertia, kg-m2 395 

 
The Summary of finite element model is presented in the Table 5.1, the finite element 

model was verified and validated in different ways to ensure that it was an exact representation of 

the actual vehicle. Model summary, mass, moments of inertia, and center of gravity (CG) locations 

are listed in Tables 5.1 and 5.2. 

 The finite element model was validated by comparing simulations of NCAP frontal wall 

impact with actual test data from NHTSA tests. Simulation results reflected the expected responses 

Number of parts 917 Beam Element Connections 4,425 
Number of nodes 1,480,422 Nodal Rigid Body 

Connections 
727 

Number of shells 1,250,424 Extra Node Set Connections  20 
Number of Beams 4,738 Rigid Body Connections 2 
Number of Solids 285,887 Spot Weld Connections 4,107 

Total Number of Elements 1,514,068 Joint Connections 39 



27 
 

and consistency.  This model development process proved the developed finite element model is 

robust and applicable for the study of various crash scenarios [30]. 

5.2  National Highway Traffic Safety Administration (NHTSA) Side Impact Test 
 

Vehicle models manufactured after 1986, in United States must satisfy FMVSS safety 

regulations set by NHTSA. According to NHTSA, there are certain vehicle safety regulations set 

up and must to follow those standards for different crash scenarios [30]. This study follows the 

FMVSS 214 regulations for the side impact crashes. Figure 5.2 illustrates the FMVSS 214 safety 

regulations for the side impact crash test.  

 

Figure 5. 2 FMVSS 214 Regulation Standard Configuration for a Side Impact Protection [29] 

In this test, vehicle is kept stationary and it is going to be hit by Moving Deformable Barrier 

which has 1676 mm width and 279mm ground clearance at speed of 54kmph at an angle of 27O. 

The impact should be on A-Pillar and 50th percentile adult male ES2RE dummy model placed in 

driver seat and 5th percentile adult female SID II dummy placed in the rear seat as shown in the 
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Figure 5.2. The ground clearance of bumper should be about 330 mm and barrier were attached on 

a moving trolley which weighs about 1386 kg.   

5.2.1 Finite Element Model of Moving Deformable Barrier 
 

The finite element model of Moving Deformable Solid Barrier, as shown in Figure 5.3, 

was developed by Livermore Software Technology Corporation, based on NHTSA’s MDB 

according to FMVSS 214 Regulations. 

 

Figure 5.3 Finite Element Model of FMVSS214 Moving Deformable Barrier [29]. 

The Total mass of the barrier is 1388 Kg. The yielding function technique is defined to the 

barrier under MAT_DEFINED_HONEYCOMB (MAT_126) with multilayer segment 

configuration. The finite element model showed a good numerical and visual correlation with 

experimental investigation for all test configurations. Null shell elements with a reasonable 
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thickness within solid layers were defined to prevent element penetrations and negative volume 

errors during shear performances. The model summary is listed in the Table 5.3. 

Table 5.3 NHTSA MDB Finite Element Model Summary. 
 

Model Information MDB 

Number of shell elements 24632 

Number of Solid elements 31938 

Number of nodes 54581 

Number of parts 61 

 

5.2.2 Simulation Results with Current B-Pillar 
 
The Finite element model of Toyota – Yaris is impacted by Moving deformable barrier 

according to FMVSS 214. The full-size barrier test carried out in LS-Dyna for 0.2 seconds using 

multi parallel processing. Total 8 accelerometers are inserted in the vehicle at 8 different locations 

to read the side impact crash response. The distance between Toyota-Yaris and MDB is kept as 

minimum as possible to reduce the run time. 

  The finite element side impact test set up is shown in the Figure 5.4 and the deformation 

of Yaris with current B-Pillar, is shown in Figure 5.5. 
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Figure 5.4 NHTSA Side Impact Test with Current B-Pillar. 
 

 

 
Figure 5.5 Deformation of Yaris with Current B-Pillar NHTSA Configuration. 
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5.2.3 Simulation Results of IMPAXX Foam Padded B-Pillar 

In this study, Foam model is created and inserted in to the B-Pillar cavity as shown in the 

Figure 5.6. Initially, shell elements of B-Pillar inner and B-Pillar support are extracted as a new 

component. Then, the dimensions of the available free space between these parts and B-Pillar Inner 

are calculated. In the last, these shell elements are dragged toward B-Pillar inner with an 

appropriate thickness. While modelling foam block, a complete care was taken that there is no 

element intrusion. Foam case is modelled by dragging shell elements from the outer face of foam 

block. Steel material properties were assign for foam case and the validated foam material models 

were assigned to Foam block. 

 

Figure 5.6 The Step by Step Process of Developing Foam Padding in the B-Pillar of Car Model. 
 

 
Figure 5.7 Car Model with IMAPXX Foam included in B-Pillar Before and After Crash. 



32 
 

The simulation result of Yaris with IMPAXX foam padded B-pillar is shown in Figure 5.7. The 

significant difference in deformation in the region of B-Pillar is noticeable. The Yaris deformation 

is shown in the Figure 5.7, before and after side impact crash. The deformation of the IMPAXX 

foam padded B-pillar before and after crash is shown in the Figure 5.8. 

 

 

    

 

 

 

 

 

Figure 5.8 Simulation Response for B-Pillar with IMPAXX Foam Before and After Crash. 

5.2.4 Simulation Results for Polyurethane Foam padded B-Pillar 

The developed foam model is assigned with the material model properties of the 

Polyurethane foam. The Deformation of the Yaris model is as shown in the Figure 5.9. A 

significant difference in the deformation of the vehicle structure near the B-Pillar region is 

observed. The deformation of the B-pillar along with foam is shown in the Figure 5.9.  

 It can be seen clearly that the foam padded is compressed during the crash test, which 

means the high amount of energy is being absorbed and there must be a reasonable drop in 

deceleration loads transfer. This indicates that the displacement and accelerations of the full 

vehicle model also reduced. The deformation of the IMPAXX foam padded B-pillar before and 

after crash is shown in the Figure 5.10.  
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Figure 5.10 Simulation response of B-Pillar with PU Foam Before and After Crash. 

 
5.2.4  Comparison of Center of Gravity Acceleration Results 

 Figure 5.11 shows the comparison of the accelerations at the center of gravity for the 

Toyota-Yaris car with current, IMPAXX padded and Polyurethane foam padded B-pillar models. 

It is evident that the acceleration of C.G. with the current B-Pillar is higher than IMPAXX and 

Polyurethane foam padded B-pillar. The peak acceleration of the current B-pillar model is 42 g’s 

where as in the IMPAXX foam padded B-pillar is 38 g’s and for the Polyurethane foam padded 

B-pillar is around   36 g’s. It can be clearly observed that the peak acceleration is reduced by 15%. 

Figure 5.9 Deformation of Toyota-Yaris with the Inclusion of Polyurethane Foam in 
B-Pillar. 



34 
 

 

Figure 5.11 Comparison plots for Car Center of Gravity without and with Foams 

5.2.6  Comparison of Internal Energy Results 
 
 Figure 5.12 demonstrates the comparison in global internal energy for the Toyota-Yaris car 

with current, IMPAXX padded and Polyurethane foam padded B-pillar models. It is clear that 

models with IMPAXX and Polyurethane Foams in B-pillar shown a noticeable increase in internal 

energy, which means the modified b-pillar shown significant improvement in energy absorption. 

We can notice that the energy absorbed by IMPAXX Foam is slightly greater than Polyurethane 

foam.     
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Figure 5.12 Comparison plots for Internal Energy without and with Foams 

 
5.2.7 Comparison of Force against Displacement Results 
 

Figure 5.13 shows the response of resultant force against displacement in Toyota -Yaris 

finite element model with current, IMPAXX padded and Polyurethane foam padded B-pillar 

models. 

It can be seen that resultant force of current B-pillar is less than IMPAXX and Polyurethane 

foam padded B-Pillar. In general, the area under force against displacement is considered as energy 

absorption. It is concluded that, inclusion of foam materials increased the resultant force, which in 

turn increased the energy absorbed by padding material. The area under the force vs displacement 

curve represents the energy absorbed by the component. This force vs displacement curve is 

integrated over time to get the energy absorbed by a compact small sedan is calculated by 

integrating in LS-Prepost. It is observed that the energy absorbed was increased a bit with inclusion 

of foam materials into the B-pillar lower end cavities. With current B-pillar the energy was 33 kJ, 

and it raised to 43 kJ, 49kJ with IMPAXX and with Polyurethane foams respectively. 
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Figure 5. 13 Comparison plots for Force vs Displacement without and with Foams. 

5.2.8  Comparison of B-Pillar Intrusion 
 

B-pillar intrusion is measured by selecting a node at center of gravity of the B-pillar. 

Intrusion is the distance between the driver’s side and passenger’s side B-pillar for pre- post 

simulations. The comparison of intrusion is shown in Table 5.4. It is observed that the B-pillar 

intrusion with IMPAXX and Polyurethane foam are less than current B-pillar. 

Table 5. 4 Comparison of B-Pillar Intrusion without and with Foams. 

Model 
(Yaris-NHTSA) 

Distance between 
B-pillars (cm) 

Percentage of 
intrusion 

(%) 

Before After Difference 

Current B-Pillar 136.6 119.2 17.4 12.7 

B-Pillar with IMPAXX 136.6 120 16.6 12.1 

B-Pillar with PU Foam 136.6 119.7 16.9 12.4 
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5.3 Insurance Institute for Highway Safety (IIHS) Side Impact Tests 
 
 IIHS safety regulations stared from 2003. In this the test vehicle is impacted by a moving 

deformable barrier of ground clearance 379 mm at a speed of 31mph (51 kmph) at an angle of 900 

as shown in Figure 5.14. The longitudinal impact point of the barrier is depending on vehicles 

wheelbase. Impact Reference Distance (IRD) is the distance from the test vehicles front axle to the 

closest edge of the MDB [24].  

 

Figure 5.14 IIHS Safety Regulation Standard Configuration for a Side Impact Protection. [24] 

Impact Reference Distance (IRD) Calculation: 

• If wheel base is less than 250 cm, then IRD is 61cm. 

•  If wheel base is in between 250 to 290 then IRD can be calculated by as 

IRD = (wheel base /2) - 64 cm  (1) 

• if IRD is greater than 290 cm, then a fixed value of IRD is used and that is 81 cm. 
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5.3.1 Finite Element Model of Moving Deformable Barrier 
 

This Moving Deformable Solid Barrier was developed by Livermore Software Technology 

Corporation, based on IIHS’s MDB according to Side Impact Crashworthiness Test Protocol. This 

model consists of an aluminum barrier attached to cart. The wheels of the cart are aligned with the 

longitudinal axis of the cart for a perpendicular impact, as shown in Figure 5.15.  

 

Figure 5.15 Finite Element model of IIHS Moving Deformable Barrier. 
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The front aluminum mounting plate has been raised 100 mm higher off the ground and it has 

been extended 200 mm taller than a standard FMVSS 214 cart to accommodate IIHS deformable 

barrier. This model showed a good numerical and visual correlation between FE model and 

experimental investigation for all test configurations. Updated material axis and automatic 

stiffening are defined to the barrier under MAT_DEFINED_HONEYCOMB (MAT_126). Fixed 

moments are defined in PART_INERTIA algorithm corresponding to carriage. Steel plates are 

added to increase the mass of the cart and the total mass of the barrier is 1500 Kg. Summary of the 

MDB model information is provided in the Table 5.5. 

Table 5.5 IIHS MDB Finite Element Model Summary. 

Model information MDB 

Number of Shell Elements 37009 

Number of Solid Elements 93638 

Number of Nodes 143627 

Number of Parts 38 

 
5.3.2 Simulation Results with Current B-Pillar 

Toyota-Yaris with current B-pillar was hit by a deformable barrier according IIHS side 

impact safety regulations as shown in the Figure 5.16. In this, the deformable barrier hits the driver 

side of a stationary car at an angle of 90o with the longitudinal axis of the barrier at the speed of 

50 kph. The full side impact model is run for 0.2 seconds in LS-Dyna. In finite element model, 

total 8 accelerometers are placed at different locations to evaluate response of the target vehicle. 

The distance between Yaris and MDB is kept very less to minimize the simulation time and multi 

parallel processors used to run this model in LS-Dyna. Figure 5.17 showed the general deformation 

of the vehicle after crash.  
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Figure 5.16 IIHS Side Impact Test with Current B-Pillar. 
 

 

Figure 5.17 Deformation of Yaris with Current B-Pillar - IIHS Configuration. 
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Figure 5.18 Maximum Intrusion of B-Pillar in IIHS Side Impact test. 

Current B-pillar deformation at pre - and post simulation of IIHS side impact test is 

shown in the Figure 5.18. It can be noticeable that the maximum deformation is at the lower end 

if the B-pillar, which caught the attention for scope of structural upgrade. 

5.3.3 Simulation Results with IMPAXX Foam Padded B-Pillar 

To reduce the deformation in the B-pillar at the lower end, in the B-pillar’s cavity 

mathematical model of IMPAXX foam is included. The response of side impact simulation is as 

shown in Figure 5.19. It is observed that the deformation at lower-end of the B-pillar is a bit 

reduced.  

Maximum Intrusion 
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Figure 5.19 Deformation of Yaris with the Inclusion of IMPAXX Foam in B-Pillar.  

It can be seen from the overall deformation of the finite element model that the region near 

by B-pillar’s lower end, the deformation is reduced. The maximum deformation of the IMPAXX 

foam padded B-pillar is evaluated by comparing the deformation region of current B-pillar, as 

shown in Figure 5.20.  

 

 
 

Figure 5.20 Maximum deformation for the B-Pillar in this test with IMPAXX Foam. 

Maximum Deformation 
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5.3.4 Simulation Results with Polyurethane Foam Padded B-Pillar 
 

To understand the response of B-pillar the mathematical model of Polyurethane foam is 

padded in to the lower end of the B-pillar. The overall Yaris finite element model response and B-

pillar’s deformation response are obtained, as shown in Figures 5.21 and 5.2.2.  It can be seen that 

the overall deformation is slightly reduced at the lower end region of B-pillar and the deformation 

is significantly reduced. 

 

Figure 5.21 Deformation of Yaris with the Inclusion of Poly Urethane Foam in B-Pillar. 

 
 

Figure 5.22 Maximum deformation for the B-Pillar in this test with Poly Urethane Foam. 
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  5.3.5 Comparison of Center of Gravity Acceleration Results 

 Figure 5.23 illustrates the comparison of Center of Gravity resultant acceleration for Yaris 

finite element model with current B-pillar, IMPAXX and Polyurethane foams padded B-pillars.  

 It is evident that acceleration of the current B-pillar is higher than the IMPAXX and 

Polyurethane foam padded B-pillars. The peak acceleration of the current B-pillar is 43 g’s 

whereas with IMPAXX foam padded is about 35 g’s and for Polyurethane foam padded B-pillar 

is around 33 g’s. It is noticed that the overall acceleration is reduced nearly by 19% with IMPAXX 

foam where as 23% is dropped with Polyurethane foam.  

 
Figure 5.23 Comparison plots for CG without and with foams. 

 
5.3.6 Comparison of Internal Energy Results 

 
Figure 5.24 demonstrates the comparison in global internal energy for the Toyota-Yaris car 

with current, IMPAXX padded and Polyurethane foam padded B-pillar models. It can be noticed 

that model with IMPAXX foam in B-pillar shown a noticeable increase in internal energy, which 

means the modified b-pillar shown significant improvement in energy absorption. Whereas 
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Polyurethane foam padded, and current B-pillars have followed almost all same pattern.  It can be 

seen that the energy absorbed by IMPAXX foam slightly is greater than Polyurethane foam. This 

increment in internal energy indicates that kinetic impact energy is converted to potential energy, 

this potential energy increment is indicated by increment in internal energy.  

 
Figure 5.24 Comparison plots for Internal Energy without and with foams.  

 
5.3.7 Comparison of Force against Displacement Results 
  

Figure 5.25 shows the response of resultant force against displacement in Toyota -Yaris 

finite element model with current, IMPAXX padded and Polyurethane foam padded B-pillar 

models. 

It can be observed that resultant force of current B-pillar is less than IMPAXX foam padded 

B-Pillar. In general, the area under force against displacement is considered as energy absorption. 

It is concluded that, inclusion of foam materials increased the resultant force, which in turn 

increased the energy absorbed by padding material. It is observed that the energy absorbed is 

increased a bit with including foam materials into the B-pillar lower end cavities, with current B-

pillar it was 30 kJ and raised to 38 kJ, 39kJ with IMPAXX and with Polyurethane foam. 
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Figure 5.25 Comparison plots for Force vs Displacement without and with Foams.  

5.3.8  Comparison of B-Pillar Intrusion and IIHS Seat Intrusion Structural Rating System 

The structural intrusions of vehicles can be determined by using IIHS side impact rating 

guidelines, where the intrusion is measured from B-Pillar to driver seat center line. Figure 5.26 

shows IIHS side impact guidelines. Any distance from B-pillar to driver’s seat center line is more 

than 12.5 cm is rated as “Good”, 5 cm to 12.5 cm is rated as “Acceptable”, and in between 0 and 

5 is rated as “Marginal”, and if the distance is zero (i.e. B-pillar intruding driver seat center line) 

is rated as “Poor”. 

The B-Pillar intrusion is measured from selecting a node near to the Center of Gravity of 

the B-pillar and its difference between the driver side and passenger side B-pillar for pre-post 

simulations. 

 



47 
 

 

Figure 5.26 Structural rating for B-Pillar Intrusion and IIHS Seat intrusion. 

Table 5.3 Comparison of B-Pillar Intrusion for IIHS Test with and without Foams. 

Model 
(Yaris-
IIHS) 

B-Pillar 
Intrusion 

(cm) 
(From 
Seat 

Center 
line) 

Distance between 
B-pillars (cm) 

Percentage 
of 

intrusion 
(%) 

IIHS 
Structural 

Seat Rating 
Before After Difference 

Current  
B-Pillar 

9.44 136.6 113.6        23 17 Acceptable 

B-Pillar 
with 
IMPAXX 

9.77 136.6 114.4 22.2 16 Acceptable 

B-Pillar 
with PU 
Foam 

9.83 136.6 114.3 22.3 16 Acceptable 

From the Table 5.6, It is observed that the percentage of intrusion is reduced by 1%. For 

IIHS seat structural rating, Intrusion is measured from driver’s seat centerline and it is noted that 

Intrusion from seat center line is reduced but this reduction is not great enough to change the rating 

system. 
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CHAPTER 6 

OCCUPANT RESPONSE IN NHTSA SIDE IMPACT TESTS 

 
From the finite element side impact crashworthiness tests using NHTSA and IIHSA safety 

regulations, it is noted that there is a significant drop in resultant acceleration of Center of gravity 

and B-Pillar intrusion while resultant force exerted by a whole model is increased. The obtained 

results caught attention to check the response for various injury parameters in an Anthropomorphic 

Testing Device (ATD).     

6.1 Finite Element Model of 50th Percentile Adult Male ES-2re Dummy 

EUROSID-2 with Rib Extensions 50th percentile adult male Finite element model (ES-

2re), as shown in Figure 6.1, has been used for this study.  

 

Figure 6.1 EuroSID-2RE 50th Percentile Adult Male Dummy Model. 

The finite element model of dummy was developed combinedly by LSTC and DYNA more 

by following code of federal regulations, Title 49, part572, subpart U. This model was developed 
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using True-grid meshing software. It was a Hexahedral mesh generator, gives directly meshed 

model from scanned parts of actual dummy. Several component level tests were conducted to 

modify material parameters to match with the results of available component and calibration tests. 

In all the component tests like Head drop test, Neck test, Lumbar test, Thorax test and Calibration 

tests like Abdomen, Pelvic and Shoulder tests, the simulation results were close to the physical 

testing results. 

6.2 Finite Element Modelling of Three-Point Seat Belt 

Seat belt known as safety belt is one of the most important restraint system used to secure 

occupants against harmful deceleration loads at the event of crash. The main functionality of these 

seatbelts is to maintain occupant position correctly to increase the effectiveness of airbags and to 

prevent occupants being ejected from the vehicle at the time of crash. 

 

Figure 6.2 Finite Element Model of a 3-Point Fabric Seat Belt. 
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In general, three-point fabric seat belts are used in automotive. The seat belt final element 

model as shown in Figure 6.2 is used for this study.  

In finite element modelling of three-point seatbelts, one can divide the entire model into 

three segments: 

1. Slip Rings, 

2. Retractors, 

3. Seat belt materials. 

In LS-Dyna, D-Rings or Buckles can be modelled as sliprings, which is a ring like structure 

that helps seat belt to slip through and slides, as it is pulled. The slipring can be defined in LS-

Dyna using *ELEMENT _SEATBELT SLIPRING, in this two seatbelt ID’s are defined along 

with Coulomb dynamic friction coefficient and the common slipring node at the ring. This 

common node on slip ring serves as a Static D-ring, as belt is pulled through the D-ring, the 

segments pass through it one by one. 

Retractor is defined same as the slipring and the working principle is same. The only 

difference is Retractor node is defined using seat belt elements.  All the Retractor must lock up to 

operate, to do so, first sensor must trigger. This time is generally considered to be within 1- 

millisecond after barrier hits the vehicle and that means it is usually at 1-millisecond of our 

simulation time. Now, there could be physical time delay after the sensor triggers and Retractor to 

lockup. This physical delay is specified as 5-milliseconds. Then, the loose belt spooling out of the 

Retractor in the time gap is also considered between sensor trigger, physical delay and Retractor 

lock-up.  Loose belt inside the Retractor must spool out of the Retractor with a very low force and 

it will be routed over the dummy. To consider this effect dyna will distribute 10-mm of belt from 

within the retractor at a very low force and then retractor gets locked. the exact time of Retractor 
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Lockup cannot be determined in advance because how long it takes to spool out 10-mm is 

dependent on the Dummy Velocity and other things. After Retractor is locked, the amount of belt 

spool out is dependent on Force-Deflection loading curve defined in the retractor, and is shown in 

the Figure 6.3. 

 

Figure 6.3 Seat Belt Retractor Loading and Unloading Curves 

 

Figure 6.4 Seat Belt Loading and Unloading Curves in both Longitudinal and Lateral directions. 

 The finite element of a three-point shoulder and lap belt is a mixed type of seat belt. This 

model consists of 1D elements and 2D belt fabric elements. Retractor and slip rings are modelled 
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in association of 1D beam elements because these belt segments can be modelled shorter so that 

time step computation is reduced, and it is easy to go from one side of the Slip Ring to the other 

side and spool out of the Retractor. The fabric belt portion is like a Ribbon, which is about 2-inch-

wide and long enough to lie over the Dummy’s Chest and Pelvis. Therefore, the lateral direction 

is much stronger than the longitudinal direction. In general strength of the belt in lateral direction 

is only half that of the strength in longitudinal direction. In LS-Dyna *MAT_FABRIC material 

card is used to define material properties along with longitudinal and lateral direction load curves, 

as shown in Figure 6.4.  

6.3 Simulation Results with Current B-Pillar 
 
 The Toyota-Yaris with current B-pillar is impacted by Moving Deformable Barrier model 

according to NHTSA FMVSS 214 safety regulations. In this model, the barrier is hitting from 815 

mm away from the Yaris, as shown in Figure 6.5. The sufficient time is given to the ES2RE dummy 

model to settle in to the seat. From the available velocity components in x and y direction along 

with the 27o angle of tilt of barrier tires the distance between vehicle and MDB calculated.  The 

full side impact model is carried out in LS-Dyna using Multi Parallel Processing for 0.35 sec. The 

Figure 6.5 shows the set-up and simulation result at 0 ms, 14 ms, 20 ms, and 0.34 sec. 

 

 
 

  
Figure 6.5 Simulation Results with Current B-Pillar. 
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 The response of the ES-2re dummy is shown in the Figure 6.6. The seat belt 

response is also can be seen in this Figure. The retractor’s sensor is triggered, and the seat belt 

elements spool out of the retractor and slip through as exactly expected. 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Figure 6.6 ES-2re Dummy Responses in a Side Impact Crash for Current B-Pillar. 

It can be noticed from figure 6.6 that, initially seat belt is allowed some movement to the 

EUROSID-2re dummy. As sensor triggers the retractor, feed of seat belt is restricted, and the 

tension forces developed in seat belt restricted the dummy movement. The main functionality of 

this seatbelt was to position occupant correctly to prevent occupants being ejected from the vehicle 

at the time of crash. It can be seen clearly that this functionality is perfectly co-related in this finite 

element crashworthiness analysis. 

 

t= 0 sec t= 0.15 sec t= 0.17 sec 

t= 0.23 sec t= 0.25 sec t= 0.30 sec 
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6.4 Simulation Results with IMPAXX padded B-pillar of Yaris with ES-2re 
 

The Toyota-Yaris finite element model response with modified B-pillar with ES2RE 

Dummy model is shown in Figure 6.7.  

 

Figure 6.7 Simulation Results with IMPAXX Foam Padded B-Pillar. 
 

This model is simulated for 0.35 sec in LS-Dyna using Multi Parallel Processors. The ES-2re 

dummy kinematic response is shown in Figure 6.8. It is observed that the seat belt response is also 

can be seen in this Figure. The retractor’s sensor is triggered, and the seat belt elements spool out 

of the retractor and slip through as exactly expected. 
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Figure 6.8 ES-2re Dummy Response in Side Impact Crash for IMPAXX padded 

 B-pillar. 
 

6.5 Simulation Results with PU Foam padded B-pillar of Yaris with ES2re 
 
 The Yaris finite element model with Polyurethane foam padded B-pillar is impacted by 

Moving Deformable Barrier by following NHTSA safety regulations. This side impact crash setup 

is run in LS-Dyna for 0.35 sec using Multi Parallel Processors. The vehicle occupant’s response is 

as shown in Figure 6.9. 
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Figure 6.9 ES-2RE Dummy Response in Yaris Side Impact Test of Yaris with Polyurethane 
Foam. 

   
6.6 Comparison of Head Acceleration Results 

Figure 6.10 shows the comparison of Head acceleration of the EUROSID Dummy with 

current B-pillar, IMPAXX foam padded B-pillar and Polyurethane Foam padded B-pillar side 

impact crash test. It can be noticeable that the Head acceleration of current B-pillar of Yaris model 

is higher than the IMPAXX and Polyurethane foam padded B-pillar. The peak acceleration is 140 

G’s whereas the peak acceleration of IMPAXX and polyurethane are around 130 G’s.   
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Figure 6.10 Comparison Plots of Head Acceleration Results for ES-2RE without and with 
Foams. 

 
6.7 Comparison of HIC and CSI Results 
 
 Head Injury Criteria and Chest Severity Index of the ES-2re Dummy with current B-pillar, 

IMPAXX foam padded B-pillar and Polyurethane Foam padded B-pillar side impact crash test are 

calculated. The response is as shown in the Table 6.1.  

Table 6.1 Comparison of HIC and CSI Results for NHTSA Test with ES-2re. 

Toyota Yaris with ES2RE HIC-36 
Head Injury Criteria 

CSI 
Chest Severity Index 

No Foam in B-Pillar 896 224 

IMPAXX in B-Pillar 785 220 

Pu Foam in B-Pillar 772 205 
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6.8 Comparison of Pelvic Acceleration and Velocity Results 
 

Figure 6.11 illustrates the comparison of Pelvic acceleration of EUROSID 2RE Dummy 

with current B-pillar, IMPAXX foam padded B-pillar and Polyurethane Foam padded B-pillar side 

impact crash test. it is evident that the current B-pillar, IMPAXX Foam padded B-pillar and 

Polyurethane Foam padded B-pillar are shown same response. The peak Pelvis acceleration is 45 

G’s. 

 
Figure 6.11 Comparison of Pelvic Accelerations for without and with Foams. 

 
  Figure 6.12 shows comparison of Pelvis velocity with current B-pillar, IMPAXX foam 

padded B-pillar and Polyurethane Foam padded B-pillar side impact crash test. It can be seen that 

there is a significant drop in velocity for IMPAXX padded and Polyurethane foam padded B-pillar 

in comparison with current B-pillar. The peak velocity of pelvis is 38 m/s with current B-pillar 

whereas the B-pillars padded with IMPAXX and Polyurethane foam is 10 m/s. The velocity of 

pelvic is dropped by 73% with inclusion of foams into B-pillar.  
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Figure 6.12 Comparison of Pelvic Velocities without and with Foams. 

6.9 Comparison of Upper Rib Acceleration and Velocity Results 
 
 Figure 6.13 shows the comparison of Upper Rib Acceleration of EUROSID Dummy with 

current B-pillar, IMPAXX foam padded B-pillar and Polyurethane Foam padded B-pillar in 

NHTSA side impact crash test.   

 
Figure 6.13 Comparison of Upper-Rib Accelerations without and with Foams. 
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It is noticed from Figure 6.13 that the Upper Rib acceleration is significantly dropped by 

including IMPAXX and Polyurethane Foams. The peak Acceleration is around 45 G’s whereas for 

IMPAXX and Polyurethane foams are close to 30 G’s.  The Upper Rib acceleration lowered in the 

entire simulation of polyurethane Foam padded B-pillar. 

Figure 6.14 shows the comparison of Upper Rib velocity of EUROSID Dummy with 

current B-pillar, IMPAXX foam padded B-pillar and Polyurethane foam padded B-pillar in 

NHTSA side impact crash test 

 

 
Figure 6.14 Comparison of Upper Rib Velocities without and with Foams. 

It is noticed from Figure 6.14 that the Upper Rib Velocity is significantly dropped by 

including IMPAXX and Polyurethane Foams. The peak velocity is around 28m/s with current B-

pillar whereas for IMPAXX and Polyurethane foams are close to 8m/s.  The Upper Rib Velocity 

lowered in the entire simulation of both Foams padded B-pillars. In total 71% of the velocity is 

dropped by Foams included B-pillar.   
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6.10 Comparison of Lower Rib Acceleration and Velocity Results  
 
 Figure 6.15 shows the comparison of lower Rib acceleration of EUROSID Dummy with 

current B-pillar, IMPAXX foam padded B-pillar and Polyurethane foam padded B-pillar in 

NHTSA side impact crash test. 

    

Figure 6.15 Comparison of Lower-Rib Accelerations without and with Foams. 

It is noticed from the Figure 6.15 that the lower Rib acceleration is significantly dropped 

by including IMPAXX and Polyurethane Foams. The peak Acceleration is around 26 G’s whereas 

for IMPAXX padded B-pillar is 25 G’s and Polyurethane foam is around 24 G’s. Figure shows the 

comparison of Lower Rib Velocity of EUROSID Dummy with current B-pillar, IMPAXX foam 

padded B-pillar and Polyurethane Foam padded B-pillar in NHTSA side impact crash test 

It is noticed from Figure 6.16 that the Lower Rib Velocity is significantly dropped by 

including IMPAXX and Polyurethane Foams. The peak velocity is around 26m/s with current B-

pillar whereas for IMPAXX and Polyurethane foams are close to 7m/s.  The Lower Rib Velocity 

lowered in the entire simulation of both Foams padded B-pillars. In total 74% of the velocity is 

dropped by Foams included B-pillar.   



62 
 

 
Figure 6.16 Comparison of Lower Rib Velocities without and with Foams. 

 

6.11 Comparison of Lower Spine Acceleration and Velocity Results 
 
 Figure 6.17 shows the comparison of lower Spine acceleration of EUROSID Dummy with 

current B-pillar, IMPAXX foam padded B-pillar and Polyurethane foam padded B-pillar in 

NHTSA side impact crash test. 

 It is noticed from Figure 6.17 that there remains no big changes lower Spine acceleration 

including IMPAXX and Polyurethane Foams. The peak Acceleration is around 36 G’s whereas for 

IMPAXX padded B-pillar is 35 G’s and Polyurethane foam is around 34 G’s. It is noticed that the 

Lower Spine acceleration pattern does not have much difference in comparison.   
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Figure 6.17 Comparison of Lower Spine Accelerations without and with Foams. 

 
 
 

 
Figure 6.18 Comparison of Lower Spine Velocities without and with Foams. 
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Figure 6.18 shows the comparison of Lower Spine Velocity of EUROSID Dummy with 

current B-pillar, IMPAXX foam padded B-pillar and Polyurethane Foam padded B-pillar in 

NHTSA side impact crash test 

It is noticed from Figure 6.18 that the Lower Spine Velocity is significantly dropped by 

including IMPAXX and Polyurethane Foams. The peak velocity is around 31m/s with current B-

pillar whereas for IMPAXX and Polyurethane foams are close to 8m/s.  The Lower Rib Velocity 

lowered in the entire simulation of both Foams padded B-pillars. In total 74% of the velocity is 

dropped by Foams included B-pillar.   

6.12 Comparison of Thoracic Trauma Index Results 
  
 Thoracic injury criteria in side impacts is evaluated by calculating Thoracic Trauma Index. 

It is a chest acceleration based criteria, and is developed by National Highway Traffic Safety 

Administration (NHTSA) and included in FMVSS 214 side impact standard. The Thoracic Trauma 

Index is the average of the lateral maximum acceleration of the abdominal spine (12th spinal 

segment) and the higher of the two values for the maximum acceleration of the upper (8th) and 

lower (4th) Rib. Thoracic trauma index is calculated for EUROSID Dummy with current B-pillar, 

IMPAXX foam padded B-pillar and Polyurethane Foam padded B-pillar in NHTSA side impact 

crash test. 

In general, Thoracic trauma index is a function of pelvic acceleration. It is calculated using, 

           TTI = 0.5 (Peak acceleration of upper or lower rib + peak acceleration of Lower spine) (2) 

           Thoracic Trauma Index value must be less than 85 for four doors and 90 for two door 

passenger vehicles as per the Lateral New Car Assessment Program (LNCAP) [27]. In Table 6.2 

the response for Thoracic Trauma Index of ES-2re Dummy is calculated and compared. 
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Table 6.2 Thoracic Trauma Index for ES-2re. 

Toyota Yaris with ES-2RE Thorax Trauma Index  
TTI (G) 

 

No Foam In B-Pillar 40.5 

IMPAXX Foam In B-Pillar 32.5 

PU Foam In B-Pillar 33.0 

 

It is evident from Table 6.2 that the Thoracic Trauma Index is reduced with inclusion of 

Foam padding into B-Pillar. The maximum Thoracic Trauma Index is 40.5 G’s in current B-pillar 

whereas it is 32.5 G’s with IMPAXX Foam padding and 33 G’s with Polyurethane Foam padding. 
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CHAPTER 7 

CONCLUSIONS AND RECOMMANDATIONS 

 
7.1 Conclusions 
 
 The objective of this study was to investigate the use of high energy absorbing materials, 

such as the IMPAXX and Polyurethane Foams, padded into the B-pillar cavities of small compact 

vehicle to reduce the risk of injuries to the occupant in the side impact accidents. First, a 

mathematical model of foam block was designed, and several component level tests were 

conducted to ensure its mechanical behavior and energy absorption characteristics. Then, the B-

pillar was modified by filling its lower end cavities with the foam, and full-scale barrier side impact 

crash tests were conducted for small compact car (Toyota – Yaris) finite element model. 

The following conclusions can be made from this study: 

• The foam with the thickness of 6.5 cm exhibited quasi-static elastic and elastoplastic 

behavior in the simulations of Drop Tower Tests. 

• From simulations of the Free Motion Head-form tests, it was observed that head 

acceleration and Head Injury Criteria values were reduced. Up to 90% of acceleration was 

reduced by using the Polyurethane foam padding at 6.72 m/s test. In all test scenarios, the 

head injury is prevented with the use of the foams. Observations showed that using the 

IMPAXX foam material the head acceleration was reduced up to 87%. 

• The effectiveness of three different B-pillars were evaluated by comparing full-scale 

barrier tests, according to NHTSA and IIHS safety regulations. 

• It was observed that the C.G acceleration of the small compact car was dropped by 15%, 

Internal energy was improved by 2%, and the resultant force vs displacement was 

significantly improved. A slight reduction in B-pillar intrusion, utilizing IMPAXX and 
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Polyurethane foam paddings was observed in accordance with NHTSA’s FMVSS 214 

safety regulations. 

• From the IIHS Side Impact Tests results, up to 19% and 23% of reduction was observed in 

C.G. acceleration of small compact car. A slight increment in the Internal Energy and 

resultant force vs displacement, and also there was a significant reduction in B-pillar 

intrusion using IMPAXX and Polyurethane Foam paddings, in accordance with IIHS side 

impact crash test regulations. It was also observed that this B-Pillar intrusion did not affect 

the IIHS structural seat ratings (all tests ratings were labeled as “Average”). 

• The NHTSA Side Impact Tests with ES-2re Dummy simulation results, indicated that the 

Head acceleration of the ES-2re dummy was reduced by 2%, the HIC and CSI values were 

significantly reduced, and pelvic acceleration remained nearly to same, and the pelvic 

velocity was reduced by 73%. The upper rib acceleration was reduced by 33%, and its 

velocity was dropped by 71%. The lower rib accelerations were reduced by a small amount, 

but velocities were reduced by 74%. The lower spine acceleration was slightly reduced but 

velocities were decreased by 74%. The most importantly, the Thoracic Trauma Index was 

reduced   by 20%, using B-pillar foam paddings of IMPAXX and Polyurethane foams. 

• It was evident that velocities nearby the occupant’s pelvic, upper rib, lower rib and lower 

spine were significantly reduced, which means the forces transmitted to the dummy were 

also reduced. 

Overall, the study demonstrated that with the inclusion of a small piece high energy absorbing 

material such as IMPAXX and Polyurethane foam into the B-pillar of a car can produce an added 

advantage in vehicle crashworthiness responses. It can also reduce the injury parameters, such as 

rib deflections, HIC, CSI and TTI for the car occupant.  
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7.2 Recommendations 

The following recommendations are suggested for the future in extending current study: 

• Experimental tests should be performed and to validate the full-scale barrier side impact 

tests using IMPAXX and Polyurethane foam paddings in B-pillar cavities. 

• For further reduction in head acceleration of the occupant, it is recommended to perform 

side impact tests utilizing active safety restraint systems like side curtain air bags.  

• The design of foam model can be optimized using design optimization tools. 

• For further improvements in foam materials performance Corban Nano materials can be 

included and tested. 

• It is recommended to include 5th percentile female dummy in rear seat and evaluate injury 

criteria. 

• It is recommended to observe the response of far side and rear seating side occupants in 

side impact crashworthiness tests. 
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