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ABSTRACT 

 

In the past decade, there has been an increase in the usage of advanced composite structures 

and metal foam filler materials for a wide range of applications in the automotive industry, primarily 

due to their correct strength, stiffness, and energy absorption. In addition, these materials offer high 

impact resistance compared to traditional metals and foam materials like PU/IMPAXX. However, due 

to the destructive nature of the crashes, the costs involved in testing physical car models are escalating 

every year. For this reason, numerical simulations, particularly Finite Element Analysis (FEA), 

significantly lower the costs associated with physical model testing. The goal of this research is to 

investigate two different engineered materials; namely Nylon66 reinforced recycled carbon fiber 

(PA66 RCF), and aluminum metal foam, for crashworthiness applications. To achieve this goal, it is 

essential to have a library of mechanical properties with materials of interest. Firstly, the coupon level 

tests such as tensile, three-point bending, and compression are performed. The experimental test data 

is numerically validated to have a working and scalable LS-DYNA material card for the component 

level and full-scale simulations. Secondly, the component level simulations are performed on empty 

thin-wall square PA66 RCF tubes and aluminum foam-filled tubes to understand the compressive 

behavior of the materials and later compared against the empty thin-wall and aluminum foam-filled 

steel square tubes. Finally, full-scale dynamic simulations are performed according to the federal 

motor vehicle safety standards (FMVSS) NO.208, NO.214, NO.301R, and NO.216a using the LS-

DYNA FE code. The materials are utilized in various regions of the vehicle including the front bumper, 

side driver door, rear bumper, and roof panel of a compact sedan finite element model. This study 

quantifies deceleration loads, energies, and compartment intrusion. It is demonstrated that applying 

PA66 RCF and foam materials significantly reduce compartment loads and intrusions. Therefore, both 

materials are shown to exhibit promising results in improving vehicle crashworthiness and occupant 

protection of ground vehicles. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Background 

   Every year more than one million people are killed in road accidents worldwide. 

According to the World Health Organization, it is estimated that 1.35 million people died in road 

fatalities in 2020; i.e., 3700 deaths per day [1]. As shown in Figure 1.1, the road fatalities on US 

roads totaled 36,096 in 2019 [2]. The Centers for Disease Control and Prevention estimates that 

nonfatal and fatal crash injuries would cost the world economy approximately 1.8 trillion dollars 

from 2015-2030, equivalent to 0.12% of the global Gross Domestic Product (GDP) [3]. Several 

voluntary and federal institutes, like NHTSA, IIHS, US-NCAP, etc., are working around the year 

to bring awareness of vehicle safety to consumers and have been successful. According to Khalil 

and Du Bois [4], crashworthiness is initiatory in modern vehicle design. In addition to safety, 

several design objectives considered are comfort, space, fuel economy, and more.           

 

Figure 1.1. Motor Vehicle Crash Deaths and Deaths Per 100,000 People in U.S.A (1975-2019) [2] 



2 

Automobiles have been the most affordable and reliable mode of transportation for the 

past few decades. The demand for automobiles is growing exponentially, thus requiring more 

advanced safety features by regulatory agencies for safer cars. Automotive manufacturers today 

are considering passenger safety as their utmost priority. The National Highway Traffic and 

Safety Administration (NHTSA) statistics for the year 2019 show that the fatality rate in 

passenger cars has slumped by 4%, as shown in Figure 1.2 [5]. According to Insurance Institute 

for Highway Safety (IIHS), there are seven primary reasons behind crashes and fatalities. The 

first and most common cause of accidents is speeding, followed by drunk driving, distractions 

(i.e., talking, texting, etc.), cell phones, weather, red light, and driver fatigue [2].  

 

One of the first studies to improve vehicle safety was by Cornell Aeronautical Laboratory, 

and the research concluded with a comprehensive report on the importance of padded dashboards 

and seatbelts [6]. According to the World Health Organization (WHO), it was estimated that 80% 

of cars sold worldwide do not comply with primary safety standards [7]. Therefore, most modern 

automobile research focuses on providing occupants improved and affordable safety. 

Figure 1.2. NHTSA Fatality Composition (2010-2019) [5] 
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1.2 Crashworthiness 

 Crashworthiness is a critical requirement for the transport industry; i.e., automotive, 

aerospace, marine, etc. Crashworthiness is the ability of the vehicle to absorb the destructive 

Kinetic Energy (K.E.) in the event of a crash. The loads are transmitted through the primary and 

secondary structures to avoid severe injuries to the occupants. Many automotive manufacturers 

today have energy-absorbing systems or components designed for progressive failure. The 

crashworthiness of automobiles is evaluated based on their performance in physical tests. All 

passenger cars are rated based on structural integrity and safety score before they are launched on 

the market. The US NCAP provides ratings based on five stars, and IIHS provides ratings as good, 

acceptable, marginal, and poor. 

1.2.1 Crashworthiness Tests 

 The continuous developments in the hardware and software have boosted the ability to 

perform computational solutions and may soon eliminate the need for prototype crash testing. 

Generally, the physical and numerical crashworthiness testing is executed at three levels as 

follows: 

1. Component Tests, 

2. Sled Tests, 

3. Full-Scale Barrier Tests. 

 The component tests provide the response of a specific vehicle component under quasi-

static or dynamic loading. These tests help understand the energy absorption and failure modes, 

which are significant for designing parts like front and rear bumpers, side doors, roofs, foam 

structures, etc.  
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 The sled test is often and widely performed with a Body in White (BIW) fastened to a 

unique fixture along with an Anthropomorphic Test Device (ATD) and essential systems like 

seat, seat belt, steering, airbag, etc. Then, dynamic loads similar to what we see in reality are 

applied to the test setup using a high-impact plunger. This test determines the efficacy of the 

restraint systems like airbags, seat belts, etc. 

 As the name indicates, full-scale barrier tests are performed with complete test conditions 

mandated by federal motor agencies like FMVSS/NHTSA. With that said, a full-vehicle model 

is used to investigate the structure's integrity and the occupants' safety. Figures 1.3, 1.4 and 1.5 

schematically illustrate various crashworthiness tests. 

 

  

 

 

 

 

 

 

  

Figure 1.3. Front Bumper Loading Component 

Level Test [8] 

Figure 1.5. IIHS Full-Scale Side Impact Test on 

Mazda3 2021 [9] 

Figure 1.4. Automotive Cabin Sled Test with 

Dummy [9] 
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1.2.2 Crash Characteristics 

 Crash events occur unpredictably and are random such that an automobile may be im-

pacted by a different car, pedestrian, rigid barrier, pole, tree, etc., in any direction at different 

speeds. Galganski [10] characterizes modern crashworthiness problems as follows: 

1. Crash pulse: Crash pulse indicates the deceleration force on the human body upon 

impact. The Head is the most sensitive organ that would not sustain higher g-forces. 

For this purpose, HIC (Head Injury Criterion) estimates the survivability in an 

accident. Generally, a HIC value of 1000 or less is recommended. 

2. Crash position: The main structure in automobiles is the Body in White (BIW). This 

structure should alleviate the occupant's injuries in various impact cases like the 

frontal, rear, side-impact, and rollover. 

3. Displacement and Energy: Some modern vehicle designs are required to 

compromise on the frontal crush zone. Therefore, car manufacturers must improve 

energy absorption capabilities and reduce intrusions with advanced constraint 

systems. 

4. Automobile compatibility: With a huge demand for automobiles over the past 

decade, it is now required automobile manufacturers to mitigate injuries in an 

accident involving two vehicles of different sizes and (or) weights. 

1.2.3 Crashworthiness Metrics 

Crashworthiness is quantified by different metrics and depends on the analysis performed. 

Below are types of analysis conducted for the safety of occupants [11]. 

1. Structural Analysis: The structural response of critical components is studied where 

the Internal Energy (I.E.) is essential. The higher the energy absorbed, the safer the 
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design. In addition, the peak force is another significant parameter to be observed in 

a typical crash event. Therefore, peak loads can be estimated and reduced by 

performing the structural analysis. 

2. Injury Analysis: Injury analysis studies the biomechanics of the occupants, where 

the injury tolerances are determined from the interaction of occupants and interiors 

of a vehicle in a crash event. In addition, the severity of the injury is investigated 

using restraint systems.  

3. Pedestrian Injury Analysis: The impact effect on the pedestrian is thoroughly 

studied. Advancements in the design of specific vehicle structures are considered, 

like implementing aerodynamics on the vehicle hood, bumper, windshield, etc., to 

reduce the injuries to pedestrians, i.e., children and adults. 

1.3 Accident Types 

 According to the Insurance Institute for Highway Safety (IIHS), the four most frequent 

passenger vehicle crashes by impact point in 2019 are shown in Figure 1.6. 

 

 

 

 

 

 

 

 

Figure 1.6. IIHS Fatality Statistics [12] 
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1. Frontal Impact – A head-to-head or oblique collision involving two cars of the same 

or different size and weight.  

2. Side Impact – A side impact is a collision of two cars at one or more of its pillars of 

the same or different size and weight. 

3. Rear Impact – A rear impact is similar to a frontal impact but involves the collision 

of the back bumper. 

4. Rollover Accidents – A rollover accident is most likely identified as a single-vehicle 

crash, but there are good chances of a multi-vehicle collision. A rollover crash hap-

pens when the forces (centripetal, centrifugal, and gravity) acting on the vehicle de-

stabilize. 

 Active research on crashworthiness worldwide has led to the development of various 

simple models to predict the severity of the crash based on the direction and angle of impact. 

Figures 1.7 and 1.8 are some examples that precinct the severity of crash using a clock point scale. 

 

  

 

   

   

Figure 1.7. Car Clock Point Scale to 

Determine Direction of Force in Crash [13] 
Figure 1.8. Modified Clock Point Scale Indicating 

Probability of Damage and Severity [13] 
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1.4 Significance of Numerical Solutions in Crashworthiness 

Over a decade, the rising number of accidents worldwide has rapidly led to the 

development of regulatory standards. For example, automotive manufacturers typically perform 

frontal impact tests to determine the vehicle's and its occupants' safety and integrity. Yet today, it 

is mandatory to perform additional tests like side impact, rear impact, rollover, side pole impact, 

etc. With these tests in place, automobile manufacturers have to shorten the design cycle and 

overall costs associated with testing. 

With the development and availability of high-performance computing, the numerical 

modeling of complicated impact problems has been made practical. Furthermore, the numerical 

solutions allow the crashworthiness engineers to quickly perform parametric studies that could 

potentially help identify and eliminate the worse designs. This is helpful in the primitive stages of 

design, where the design and Computer Aided Engineering (CAE) work hand in hand to develop 

the best structural design to reduce the forces experienced in the event of a crash. 

Eventually, it must be said that the numerical solutions are not only restricted to structural 

applications but also assists in developing effective occupant safety systems. The advancements 

in numerical modeling have revolutionized the automobile industry by bringing out safer trucks 

and cars with quick timelines with no need to increase the test facilities. 

1.4.1 Numerical Solving Techniques 

Finite Element Modeling (FEM) is a numerical solving technique that uses a set of partial 

differential equations of motion in space and time coupled with material stress-strain with realistic 

initial and boundary conditions. The numerical solving methods are described in detail in chapter 

2. 
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1.5 Crashworthiness Improvement 

Engineers and researchers have used various modeling techniques to improve vehicle 

safety; in this regard, crashworthiness can be enhanced commonly in the following ways: 

1. Geometry optimization 

2. Material optimization 

1.5.1 Geometry Optimization 

A final product in the ground vehicle development is complicated and involves unique 

designs and objectives. Therefore, a specific approach may not be sufficient to find a viable 

solution that could meet all the design objectives. Optimization, in general, is an organized 

mathematical procedure that will help shape the problems such that the objectives and constraints 

are defined as the functions of problem variables. 

Optimization of geometry-related issues can be solved by various numerical approaches 

and categorized into two methods, gradient and non-gradient. The gradient-based method uses 

numerical or analytical objectives as gradients and constraints as functions. The non-gradient-

based way, on the other hand, does not need gradients. However, both optimization techniques 

require considering a finite number of iterations to find an optimum value. 

The application of analytical gradients in crashworthiness design is tricky since they are 

not promptly available in finite element analysis, and any efforts to perform numerical evaluation 

may yield inaccurate results. In addition, high computational power is required to evaluate each 

iteration of the objectives and constraint functions. The reasons mentioned above would limit the 

application of geometry optimization directly in finite element analysis. 
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To get better with these problems, researchers have studied the feasibility of using meta-

models, i.e., models of models [14]. Meta models involve building simple and easy methods that 

approximate the solution for a given finite element model and are computationally less expensive. 

For example, a meta-model will successfully set up a problem to compute the values of objective 

and constraint functions of each iteration. Schmit and Farshi [15] 1974 introduced the first 

application of meta-models for structural-related issues. Comprehensive approximation methods 

are discussed in the reference [16]. 

The initial work on implementing the meta-models to the crashworthiness was introduced 

by Schoof et al. [17] in 1992. To minimize the injury criterion, they have modeled approximate 

MBD (Multi-Body Dynamics) models to a child seat. Etman et al. [18] 1996 used Response 

Surface Method (RSM) to develop approximate meta-models, and the behavior of occupants in 

frontal impact using MADYMO (a multi-body software) was studied. Schramm et al. [19] used 

LS-DYNA (a nonlinear FE code) to develop S-rails for frontal impact cases and built an 

approximated RSM model to optimize the impact energy. Yamazaki and Hans used RSM models 

to compare the energy absorption in circular tubes [20], square tubes [21], and S-rails [22]. Nilsson 

and Marklund [23] used Response Surface Methodology to approximate an airbag model 

simulated using LS-DYNA. They have aimed to optimize the airbag variables that could minimize 

occupant injuries when the occupant is not in an ideal seating position. Craig et al. [24] used 

Response Surface Methodology to develop approximation models on dashboard panels that were 

later used to optimize the occupant knee injuries in a crash event. Liu [25, 26] modeled thin-wall 

octagonal and square tubes using LS-DYNA subjected to axial loading or impact. Response 

Surface Methodology was used to approximate the energy absorption in the tubes, where 
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optimization was applied to the shape variables to maximize energy absorption while restraining 

the maximum crush force. 

1.5.2 Material Optimization 

Materials have a significant role to play in automotive and aircraft crashworthiness. As a 

result, engineers and researchers have been working for decades to develop lightweight materials 

that offer high strength and solve problems associated with emissions. According to the Center for 

Automotive Research, current and future material players are shown in Figures 1.9 and 1.10 [26]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.9. Materials Widely Used in Current Automobiles [26] 

Figure 1.10. Major Materials for Future Automotive Applications [26] 
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 Based on the Center for Automotive Research report in 2017 [26], the top frequently used 

materials today are detailed below. This thesis focuses on applying CFRP and foam materials to 

automotive structures, and a comprehensive review of the materials of interest is discussed in 

Chapter 2.  

1.5.2.1    Steel 

   Steel is the world’s favorite material for many applications and has been used by 

automotive manufacturers for over a century. The meager production costs, vast manufacturing 

process knowledge, and consistent properties make steel an excellent choice for several 

applications. Therefore, crashworthiness studies on steel are no new to the research community. 

For example, Hosseinipour et al. [27] investigated the behavior of the angular groove steel crash 

tubes. They have learned that the grooves on the tubes promoted a progressive deformation, thus 

increasing the specific energy absorption. 

1.5.2.2    Boron/Martensite Steel 

   The automotive industry is under immense pressure in search of lightweight materials 

that could improve crash performance. The use of boron steel for automotive applications has 

increased over the past five years due to its being 30% light compared to traditional steel [26]. 

Kim, k et al. [28] studied the frontal, offset, and corner impacts by substituting the conventional 

steel frontal impact beam with the high-strength boron steel (tensile strength ~1.5 GPa). They have 

learned that boron steel improved crash performance by increasing energy absorption and reducing 

intrusions. The boron steel is generally used to provide extra strength in the roof, center posts, 

chassis area, side impact bars, floor cross members, etc. 
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1.5.2.3    Aluminum 

   Aluminum is another widely used material after steel and is highly preferred due to its 

low density. Audi used aluminum to fabricate a space frame for its sedan in 1993, and General 

Motors took the initiative to introduce and implement a wrought aluminum cradle [29]. Caliskan 

et al. [30] investigated the impact response of the frontal structure; i.e., the aluminum space frame 

of a 2005 Ford GT. They also obtained the material properties from coupon testing of front rails 

(Al 6063-T6) and used them as input in the LS-DYNA model to study energy absorption. It was 

concluded that the effect of the heat-affected zone was not considered, and recommended to 

include it in their future models. 

1.5.2.4    Magnesium 

   The low density of magnesium has recently attracted the automotive industry's attention. 

Magnesium is the lightest material (35% lighter than Al and 78% lighter than steel) among the 

popular structural materials used in automobile manufacturing. Furthermore, magnesium is one of 

the most voluminous materials in the earth's crust and is also found in seawater [31]. The 

outstanding casting properties have made them an excellent choice for fabricating numerous 

automotive components like engine cradles, transmission cases, engine blocks, inner door frames, 

etc. [32]. However, magnesium could not wholly replace steel due to limitations like exhibiting a 

high affinity to react with oxygen and causing corrosion that may require expensive treatments. In 

addition, it is challenging to perform forming operations on this material, especially at low 

temperatures [33]. Easton et al. [34] have developed a magnesium-based alloy; i.e., AZ31, and on 

performing some impact tests and simulations, they have concluded that this alloy material could 

take more energy than steel or aluminum alloys. Nevertheless, more understanding is 

recommended for using magnesium alloys for crashworthiness applications. 
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1.5.2.5    CFRP (Carbon Fiber Reinforced Plastics) 

   Composite materials were initially used in aircraft structures and later spread the 

applications to automotive, sports goods, boat hulls, racing cars, etc. These materials are extremely 

light and offer high stiffness. Carbon fiber-reinforced polymers are highly preferred amongst many 

composites available. George et al. [35] investigated the crash performance of chopped carbon 

fiber-reinforced epoxy composites using quasi-static tests and recommended CFRPs as good 

energy absorbers. 

1.6 Energy Absorbing Materials in Crashworthiness 

To restate, crashworthiness is the ability of the vehicle structure to absorb the most 

dangerous destructive kinetic energy. Therefore, to maximize the energy absorbed during a crash 

event, choosing a suitable material that can absorb the most impact energy is significant. This 

thesis investigates the application of Nylon66 reinforced recycled carbon fiber and aluminum 

foams as high energy absorbing materials for various Federal Motor Vehicle Safety Standards 

(FMVSS). In addition, these materials offer mechanical characteristics such as low density, low 

stiffness, ability to compensate for large strains, design flexibility, etc. 

1.7 Motivation 

 

The primary tools for improving crashworthiness are the materials and an optimized 

design. The automotive industry's challenge today is weight reduction without compromising 

overall safety, structural integrity, and comfort. Weight reduction is vital in the design cycle due 

to the rise in carbon emissions. The lightweight automobiles fabricated using high-performance 

polymers such as Nylon66 reinforced recycled carbon fiber may substantially improve miles per 

gallon (mpg) for traditional vehicles or mpg-e for electric vehicles and lower carbon emissions. In 

addition, crushing elements like aluminum metal foam may significantly help lower injury risks, 
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providing improved crashworthiness. Furthermore, high-performance polymers are cost-effective, 

as any intricate design can be effortlessly manufactured through injection molding. Moreover, 

these materials reduce costs compared to the traditionally used metal structures. 
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CHAPTER 2 

LITERATURE REVIEW 

The automotive industry has been extensively researching the materials and methods to 

improve the performance of vehicles in terms of crashworthiness and Noise Vibration and 

Harshness (NVH) over the past few decades. Crashworthiness safety parameters are highly 

influenced by the materials used, and significantly, Carbon Fiber Reinforced Plastics (CFRPs) and 

Metal foams have a critical role in the development of safe passenger cars. The energy absorption 

capabilities of these materials may lead to considerable improvements in the passive safety of the 

vehicle and protect the occupants from severe injuries. In addition to the materials research and 

development, it is equally important to consider the structural requirements such that the impact 

energy is gradually dissipated and controlled. This chapter briefly discusses the theory; i.e., 

structural requirements, methods for modeling vehicular structures, Finite Element Modeling, and 

effectiveness of CFRPs and metal foams in crashworthiness. 

2.1 Structural Requirements 

 A vehicle's structural integrity is a significant consideration in crashworthiness and is 

defined as the ability to protect the occupants in the event of a crash. The structural requirements 

are summarized below:  

 A structure should absorb as much as possible by deforming plastically; i.e., in a controlled 

manner such that the remaining destructive energy is handled with the restraint systems. 

 A structure should have an adequate survivable space such that the injuries and fatalities 

are as low as possible. 

A full-scale design process is complicated and requires a high level of communication between 

engineers of different disciplines. In addition, a good design must achieve the abovementioned 
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goals and adhere to other objectives like weight reduction, fuel economy, comfortability, etc. 

These goals are achieved with a comprehensive understanding of structural deformation mecha-

nisms such as axial and bending collapse modes shown in Figures 2.1 and 2.2. 

 

 

An axial collapse mode shown in Figure 6 illustrates a pure desirable collapse form that 

absorbs maximum energy. This mode is called progressive buckling, as the failure is observed in 

folds. Understanding the axial collapse mode is significant as it can be realized only in head-to-

head or offset collisions. The bending collapse mode is the least energy path a structure will follow 

during an impact. Bending is the most frequent to occur and involves developing an overall 

bending due to stress concentrations after yielding at weak points. When engineers choose the 

collapse mode, it is required to not allow the building of stress and maintain a stable deformation 

as part of the design consideration. 

2.2 Modeling Vehicle Structural Components 

Most modern cars today have thin-wall structural members as loading carrying members. 

Behavioral investigations of these thin-wall structures can be carried out by two approaches, as 

mentioned below: 

1. Analytical Approach – Mathematical models are developed to calculate different 

parameters required for solving a problem. 

2. Empirical Approach – Empirical relations are developed based on qualitative or 

quantitative data, i.e., experimental data. 

Figure 2.1. Axial Collapse Mode [36] Figure 2.2. Bending Collapse Mode [36] 
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2.3 Modeling of Full-Scale Vehicle Structures 

 The simple modeling techniques discussed in section 1.3 may not be sufficient to predict 

the behavior of the vehicle structures under static and dynamic loadings. Automobile 

manufacturers have successfully developed models to precisely predict the response of the systems 

during an impact. Vehicle safety is an intricate process that must conform to various test standards. 

For instance, a car model that needs to meet the frontal impact regulations per FMVSS 208 should 

pass a rigid barrier impact at 0, +30, and -30 degrees at a speed of 30 mph. In addition, the 

manufacturers must conform to the (New Car Assessment Program) NCAP tests at 35 mph. The 

discussed tests are time-consuming and expensive; hence, automobile manufacturers have devoted 

a lot of research to developing reliable models that could potentially reduce the number of physical 

tests. Various modeling techniques are classified below: 

1. Lumped Mass Spring (LMS) models 

2. Finite Element (FE) models 

3. Multi-Body Dynamics (MDB) models 

4. Hybrid Models 

A comprehensive overview of the models as mentioned above is discussed in section 2.3.1. 

2.3.1 Lumped Mass Spring Models 

 A basic yet comparatively precise model was initially developed by Kamal [37] in 1970; 

the model was familiar as Lumped Mass Spring (LMS) model. This model successfully captured 

a vehicle's response in a full-frontal rigid wall impact. An illustration of lumped mass and springs 

is shown in Figure 2.3. 
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 The model requires comprehensive knowledge and understanding of virtual structural 

behavior. In addition, the model demands spring parameters determined from a physical static 

crush test setup, as shown in Figure 2.4. 

 The LMS models can be successfully applied to the different impact cases like side and 

rear. These models help engineers interpret the structural mechanics and factors influencing 

collision, like vehicle mass, speed, and stiffness. In addition, the amount of deformation can be 

Figure 2.3. Lumped Mass Spring Model by Kamal [37] 

Figure 2.4. Static Crush Setup [38] 
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easily computed with deceleration time history data. However, there are certain limitations with 

the LMS model, which are summarized as follows [39]: 

 LMS models require previous experience and knowledge of the spring 

characteristics and crash mechanics. Thus, this method is entirely unproductive in 

developing new models. 

 LMS models offer only one degree of freedom for each component; thus, the 

behavior can be predicted only in the longitudinal direction. In the later years, three-

dimensional LMS models have developed to subdue the limitations. [40, 41]. 

2.3.2 Finite Element Models 

 Generally, a vehicle FE model is built using different element types like 1D, 2D, and 3D 

elements, i.e., springs, beams, bars, shell, hex, etc. In 1981, Winter et al. [42] initially studied the 

head-to-head collision of frontal structure with a rigid wall using DYCAST [43]. In 1983 Haug et 

al. [44] studied an implicit-explicit code (PAM-CRASH) to investigate the response of an A-pillar 

using an iterative, incremental force/displacement. Later in 1986, Argyris et al. [45] developed an 

implicit code to study frontal rigid barrier impact behavior at a velocity of 13.4 m/s. However, 

there were no further advancements from this point, primarily due to the requirements of high-

power computer hardware, i.e., storage and speed.  

 The advancements in nonlinear finite element modeling began from the year 1986. Haug 

et al. [46] 1986 performed a detailed crashworthiness analysis on the Volkswagen polo, where a 

finite element car model was used to perform the study shown in Figure 2.5. The car model with 

2272 shell elements and 106 beam elements was made to hit a rigid wall barrier at 13.4 m/s. Most 

of the model primarily represents a frame structure, and the nonlinear behavior of the material was 

achieved using elastoplastic strain hardening models. The simulation took four hours on a CRAY-
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1 supercomputer to animate 60 milliseconds. 

  

 

 

 

 

 

 

 

 This breakthrough research by Haug et al. was made possible by supercomputers that 

allowed parallel processing of a finite element model. At this point, the practical applications of 

the explicit methods began due to the availability of computational power; i.e., increased speeds, 

storage, etc. The non-linear finite element models today are widely used to study the impact 

behavior of vehicle structures. First, the finite element models are achieved by developing a 3D 

Computer Aided Design model. Next, the preprocessors are used to clean up and discretize the 

geometry, i.e., meshed with desired elements based on the applications. Finally, parameters like 

boundary conditions, velocities, contacts, etc., are applied and simulated. The advancements in 

finite element codes for rapid computations and accurate results have helped the design community 

to eliminate prototyping and adopt the non-linear FE codes as a tool for crashworthiness analysis. 

2.3.2.1 History of Nonlinear Finite Element Software 

 The first nonlinear finite element software was pioneered at the US Lawrence Livermore 

National Laboratories (LLNL) [47]. The software developed was named DYNA and was primarily 

Figure 2.5. The VW-POLO Pre and Post Impact [46] 
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used for resolving problems with nonlinearities that were highly impossible to solve with other 

computational tools. For instance, an aircraft pounding at 200 m/s onto a concrete containment 

(built with 60 elements) of a nuclear power plant was modeled, and the simulation took 33 hours 

on VAX 11/780 computer [48]. Unlike other FE tools, DYNA was developed as an open 

environment with more power given to the user in what he wants to perform. In 1973, a French-

based company ESI group identified the significance of numerical tools in commercial 

applications like solving non-linear problems, developed their own code, and named it PAM-

CRASH [49]. In 1985, a group of researchers from the ESI group established their own code and 

named it RADIOSS [50]. In 1989, US Lawrence Livermore National Laboratories researchers 

developed a non-linear FE code called LS-DYNA and founded a company named Livermore 

Software Technology [51]. A group of scholars from Brown university 1978 expanded their 

implicit solver, and later in 1991, an explicit solver was added to the domain. A French company 

Dassault Systemes then acquired these solvers, who were famous for their implicit solutions [52]. 

There is quite a few nonlinear FE software available in the market, and LS-DYNA, ABAQUS, 

RADIOSS, and PAM-CRASH are widely used for automotive applications. 

 The nonlinear finite element codes are not solely confined to crashworthiness 

applications. Other applications with complex nonlinearities are medical, electronic, NVH, 

durability sheet metal, pedestrian, and occupant safety. 

2.3.2.2 Linear and Nonlinear Finite Element Analysis 

 The finite element analysis can be primarily classified into linear and nonlinear 

categories, and the differences are highlighted as follows [53]: 

 The displacements (translational + rotational) are infinitesimally small in linear anal-

ysis, whereas nonlinear finite element analysis assumes large displacements due to 
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the nature of the loads. 

 The material behavior is assumed to be linearly elastic where, in nonlinear finite 

element analysis, the elastic region is not necessarily elastic, or the material may 

even exceed the elastic limit. 

 The computational costs to solve a linear problem are relatively lower than those to solve 

a non-linear problem. In linear finite element analysis, the boundary conditions and load cases can 

be scaled appropriately and stratified, which cannot be done in non-linear finite element analysis. 

Most real-world applications like crashworthiness simulations require non-linear finite element 

analysis, while linear finite element analysis is considered ideal. In summary, the distinct features 

of the non-linear finite element analysis for most applications are listed as follows [54]: 

 Superposition is not practical, 

 Response is reliant on load history, 

 Load is studied one case at a time, 

 Initial state is significant. 

2.3.2.3 Sources of Nonlinearity 

 Nonlinearities in finite element analysis can typically be classified as follows [53]: 

1. Geometric Nonlinearity: The geometric differences are considered in setting up 

actual strain-displacement equations. This phenomenon is generally seen with large 

deflections, preloads, instability and collapse. In addition, stiffness may vary by 

resolving the difference between the initial and final shape. 
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2. Material Nonlinearity: The material response relies on the current deformation 

state and, most likely, the past deformation state. In addition, the variable stiffness 

of the material may induce nonlinearities in the system. Typical material behaviors 

include creep, plasticity, elastic-plastic, hyper-elastic, etc. 

3. Boundary/Contact Nonlinearity: The applied force and/or displacement may 

depend on the structural deformation, i.e., when two or more parts come into contact 

or interfere, the stiffness will vary. 

2.3.3 Multi-Body Dynamics Models 

 Multi-Body Dynamics (MBD) models are defined as components that are interconnected 

with various types of joints like revolute, cylindrical, spherical, etc. In fact, the MBD models may 

consist of exceptional cases with LMS models. Multi-bodies are flexible bodies that do not use 

rigid bodies as in LMS models. The multi-body models could efficiently capture the kinetics of 

the bodies and thus are best suited for investigating the human body's response interacting with 

the vehicle exterior or interior [55]. In 1963, McHenry [56] used a multi-body human model to 

simulate frontal impact, as shown in Figure 2.6. The entire model was represented using four rigid 

bodies fastened with pin joints. The simulation results were in good agreement with the physical 

test results. The latest multi-body dynamic models as shown in Figure 2.7 are primarily used to 

simulate the interaction of pedestrians or occupants with vehicle structures. Furthermore, the 

kinetic interaction of two or more colliding vehicles can be predicted. Many MBD software is 

available, and MSC Adams and OpenSim are widely used for automotive applications. 
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2.3.4 Hybrid Models 

 A hybrid model combines finite element and multi-body models as shown in Figure 2.8. 

A FE model as a separate entity is used to simulate vehicle structure, and the MBD model is used 

to simulate occupant response. The hybrid setup allows computational efficiency as MBD models 

require less computation power than finite element models. Figure 2.8 illustrates a hybrid model 

for adult pedestrian impact. The vehicle was modeled using LS-DYNA, and the occupant was 

modeled using MADYMO [58]. 

 

 

 

 

 

 

 

 

 

Figure 2.6. An Early Multi Body Model [56] Figure 2.7. A Latest MBD Model [57] 

Figure 2.8. A Pedestrian Impact Hybrid Model [58] 
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Human modeling using multi-body tools has been criticized for designing cars based on 

the response of the dummy models because it was believed that this approach would make it safe 

for dummies and not humans [59]. Therefore, the research was done using finite element modeling 

to model occupants considering this method would capture the impact effects on the body; i.e., on 

the internal organs. However, this approach was challenging in acquiring the material models and 

properties of human body parts. These challenges have led to the developing of finite element 

human models such as the Toyota HUman Model for Safety (THUMS) [60]. 

2.4 Nonlinear Finite Element Method for Crashworthiness 

Vehicle structures are made of multiple-part designs that involve all types of nonlinearities, 

and simulating vehicles is the most challenging. The parts that experience high loads have stresses 

higher than yield. In addition, the car FE model used in the present work has components that 

undergo large progressive elastic-plastic deformations in short durations. Therefore, the issues 

with the design, materials, etc., associated with nonlinear finite element methods are unavoidable. 

Some of the techniques required for the dissertation are discussed in this section. 

2.4.1 Implicit Method 

In the nonlinear implicit method nodal displacements are derived from,  

{D}n+1 = f 

 

Ḋ 
n+1 

, D̈ 
n+1 

, {D}n ,...                                   (1) 

From equation (1), it is evident that the implicit method requires an extensive knowledge 

of unknown time derivatives, i.e., derivatives of (Dn+1) and thus expensive iteration methods are 

required to solve the problems using this method. Each iteration develops a set of equations 

demanding mass, stiffness, and damping matrices. The number of equations generated may reach 

tens and thousands depending on the intricacy of the problem, making the computational cost 
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higher. On the other hand, the implicit methods or algorithms are stable under certain conditions 

and may allow for more time steps to be used. Therefore, the implicit problem-solving technique 

is best suitable for structural dynamics problems and is less preferred to crash problems [61]. 

2.4.2 Explicit Method 

In the nonlinear implicit method nodal displacements are derived from,  

{D}n+1 = f {D}n , Ḋ 
  

, D̈ 
  

, {D}n−1 ..                                   (2) 

Like the implicit method, the explicit solving technique demands a comprehensive 

knowledge of the time derivatives of displacements at time n∆t and computes the displacements 

in advance at time step n + 1. Over the last decade, explicit methods of solving nonlinear problems 

proved to be appropriate for transient dynamic issues or events that deal with a short duration of 

time [61]. 

2.5 Contact Algorithm and Formulations 

Structural parts interact with neighboring parts or components, developing contact forces 

in a vehicle crash. Therefore, an algorithm must manage the forces generated and transmitted 

between the parts through the defined contacts. For this purpose, LS-DYNA has developed three 

types of algorithms: 

1. Kinematic Constraint Algorithm, 

2. Distribution Parameter Algorithm, 

3. Penalty Algorithm. 

The penalty-based algorithm is widely implemented in crash-related finite element 

modeling, where imaginary springs are typically placed between a node and the contact surface. 

As a result, the system's forces are computed more precisely and efficiently [62]. 
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2.5.1 Standard Penalty Formulation 

In the contact problems, the interacting surfaces are discretized into segments where one 

contacting surface is denoted as “slave” and the other as “master.” In the FE analysis, a segment 

is represented using a shell or group of shell elements in contact, and the same applies to solid 

elements. Figure 2.9 illustrates the segment creation on a shell and a solid component. 

 

 

 

 

 

 

 

 

 

The contact algorithm works by executing a search for each slave node to find the closest 

node on the master surface. Then, the elements sharing the node on the master surface are utilized 

to define the normal projections. Next, the check is carried out for each step to determine whether 

a node on the slave surface has penetrated through the master surface. Finally, an offensive 

(external) force is applied to eliminate penetration if the software detects a penetration. 

2.5.2 Soft Constraint Formulation 

The soft constraint formulation is used to address or overcome the contact issues between 

parts with different material properties and mesh. For example, when metal and foam parts come 

in contact, using a soft parameter would allow the software to compute the contact stiffness (force) 

Figure 2.9. Segment Definition on a Shell and Solid Part [63] 
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by penalty formulation. In addition, a secondary stiffness is estimated based on the stability of the 

spring-mass system locally. 

2.5.3 Segment Based Formulation 

Another penalty method implemented in the finite element codes (LS-DYNA) is the 

segment-based formulation. Instead of using a slave node and master segment, this formulation 

uses segments for both slave and master. For instance, when two four-node segments are in contact, 

a contact force is applied to all eight nodes. This explains that this formulation is highly effective 

when dealing with stubborn contact problems. For shell elements, the segment created would have 

an equal mass of the elements; for the hex or solid elements, the segment mass is half of the element 

mass. In addition, this formulation has a constant time step as it is updated when increased by more 

than 5%. 

2.6 Contact Modeling in LS-DYNA 

The components or parts anticipated to come in contact during a simulation are defined in 

a group as part of the contact establishment in the finite element analysis. This will need the user 

to specify an algorithm the software should consider in solving. This process in modeling aspects 

is called contact definition, and four frequently used contact types are discussed below. 

2.6.1 Nodes to Surface Contact 

The nodes-to-surface is a one-way contact treatment defined between two parts or a group 

of parts, with one group called a slave and the other as a master. This contact definition checks for 

each node on the slave surface penetrating through the master surface at each time step, as shown 

in Figure 2.10. Normal and tangential forces are applied between the slave node and contacting 

surfaces if a penetration is detected. The amount of normal force is proportional to the depth, and 
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the number of tangential forces is computed using coulomb friction if sliding occurs along the 

contact surfaces. The contact works in such a way that the master side is a rigid body, and the slave 

side has parts with finer mesh compared to the master. The penetration check is performed only 

on the nodes (slave) that are normal to the master surface. The one-way nodes-to-surface contact 

may not work as it should when there is an interaction between high deformable bodies and/or 

intricate geometrical parts, and thus some penetrations may go unchecked, causing instabilities in 

the model. 

An as mentioned earlier, an add-on that will help overcome the problem is implementing a 

two-way contact; i.e., automatic-nodes-to-surface. This automatic or two-way treatment allows 

searching for penetrations on both slave and master surfaces. However, it is significant to note that 

this feature comes at an extra cost, i.e., computational times may go up as much as two times 

compared to the one-way treatment. 

2.6.2 Surface to Surface Contact 

This contact works similarly to the one-way nodes-to-surface by specifying an individual 

part or group of parts on the slave side and master side. The contact algorithm checks for 

penetrations at each node on the slave surface against the master surface at each time step of the 

Figure 2.10. Nodes to Surface Contact Illustration [63] 
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analysis. The penetrations are only checked on the nodes of slave surfaces that are normal. A 

surface-to-surface contact is schematically shown in Figure 2.11. 

Adding an automatic option to the surface-to-surface contact will also allow the algorithm 

to check for the master nodes penetrating the slave surface. This contact is highly preferred for 

simulations involving excessive deformations such as metal forming. 

2.6.3 Automatic Single Surface Contact 

The automatic-single-surface contact is the most frequently used contact in modern 

problems solved using LS-DYNA. A single or group of parts are defined on the slave side with no 

parts assigned to the master. This contact is defined as an internal treatment, i.e., self-contacts 

within assemblies and/or subassemblies, as shown in Figure 2.12. The automatic single surface 

makes it easy to define contact, primarily when many components interact within themselves. For 

instance, in automotive crash applications, entire vehicle parts can be defined with single surface 

treatment, and the algorithm takes care of the penetrations within the set defined. 

This contact type also uses a segment-based approach or formulation where segments are 

checked for penetrations against other segments, and when penetration is identified, the contact 

forces are applied to the nodes of the respective segment. It must be noted that the contact stiffness 

Figure 2.11. Surface to Surface Contact Illustration [63] 
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or force is calculated based on the properties of the master element, unlike the other contact types. 

For segment-based contacts, the contact stiffness is computed based on the properties of elements 

of slave and master segments. 

2.6.4 Automatic General Contact 

 

The automatic general contact type is a non-oriented segment-based contact, i.e., the 

algorithm can detect penetration from either side of the shell element. The contact surfaces are 

usually projected to the mid-plane of the shell element at a distance equal to half of the shell 

thickness. The automatic general contact uses three segments for each slave node, unlike two 

segments in the automatic-single-surface contact. The search method in this contact type looks for 

penetrations on the master segment for a given number of slave nodes at high frequency; i.e., every 

ten steps. The search frequency is ten times more than in automatic single-surface contact. The 

contact method is more stable than others and is preferred for applications like high-speed impact, 

etc. 

Figure 2.12. Automatic Single Surface Contact Illustration [63] 
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In addition, this contact type can also be used for beam-to-beam, beam-to-shell-edge, and 

shell-edge-to-edge interactions. The contact checks for penetration on the entire length of the beam 

element or on the edges of shell elements instead of checking on nodes discussed in the previous 

contact types above. The edge interaction involves wrapping the contact surface around the shell 

edge to a radius equal to half of the shell element thickness. Furthermore, an interior option is 

available and initiates penetration checks on the interior edges of shell elements, as shown in 

Figure 2.13. Applying internal/interior contact increases the computational cost, but this may be 

required in crash simulations where sharp corners protrude from the contact surface due to 

excessive deformations. Therefore, this contact type is recommended for only beam-to-beam and 

(or) edge-to-edge interactions. 

 

2.7 Material Models 

This dissertation was entirely performed using the LS-DYNA nonlinear finite element 

code. LS-DYNA offers a wide range of material models, and its library includes more than 300 

material models. Each model has a specific purpose and is used to capture the behavior of different 

Figure 2.13. Automatic General Contact Illustration [63] 
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materials like composites, foams, ceramics, fluids (SPH), glass, metals, plastics, soil, concrete, 

rubber, adhesives, rock, biological materials, and more. 

2.7.1 Strain Rate Sensitivity in Materials 

Some materials exist where the dynamic plastic flow stress (σd) is highly dependent on the 

strain rate (ε˙), or rate of deformation, and this phenomenon is known as viscoplasticity [64]. In 

case of dynamic loading or impact, the static flow stress (σo) is altered to calculate the material 

strain rate sensitivity critical in some materials used in automotive manufacturing. Cowper and 

Symonds [65] suggested an essential equation to compute the dynamic flow stress (σd) as a 

function of static flow stress (σo), strain rate (σo), and material constants, i.e., q and D. The dynamic 

flow stress experimentally determined using the equation (3): 

                               𝜎𝑑 =  𝜎0  (1 + 
ε˙

𝐷
 )

1

4
                  (3) 

There are quite a few models available in the LS-DYNA material library that address the 

strain rate sensitivity of plastic materials. The commonly used material models are MAT_03: 

PLASTIC KINEMATIC, MAT_24: PIECEWISE LINEAR PLASTICITY, and MAT_123: 

MODIFIED PIECEWISE LINEAR PLASTICITY. The plastic kinematic model uses only the 

modulus of elasticity and tangential modulus, whereas in the piecewise linear plasticity, it is 

required to define a stress-strain curve, and the failure is based on the plastic strain or minimum 

time step size. Another model-modified piecewise linear plasticity is similar to the piecewise linear 

plasticity, but an enhanced failure criterion can be defined where the failure is based on effective 

plastic strain, thinning strain, principal strain component, or minimum time step size. Based on the 

literature data, the piecewise linear plasticity can be effectively used for elastic-plastic modeling, 
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considering the effects of strain rates. Therefore, MAT_24 is supposed to model tensile and three-

point bending samples and perform coupon-level test validations. 

Another material discussed in the dissertation is aluminum foam, and LS-DYNA material 

library has quite a few models that address the material's critical strain rate effects. The material 

models like MAT_05: SOIL AND FOAM, MAT_063: CRUSHABLE FOAM, MAT_075: 

BILKHU/DUBOIS_FOAM, MAT_154: DESHPANDE_FLECK_FOAM, etc. may be suitable for 

foam crushing applications. The MAT_063 was used in this study to model compressive aluminum 

foam block to perform coupon-level validation. The MAT_063 is solely used to model crushable 

foam with damping and tension cutoff. The tension is treated as elastic-perfectly-plastic at the 

cutoff value, and unloading is considered fully elastic.  

2.8 Significance of Imperfections in Nonlinear Finite Element Analysis 

A Many assumptions are made in the linear and nonlinear finite element analysis due to 

uncertainties of values or missing information about physical parameters, such as a lack of data on 

the thickness of part or material yield strength, etc. This situation may lead to divergence in the 

results when comparing experimental and numerical models. Below are some sources of 

imperfections that may influence the analysis results [66]. 

1. Material Imperfections: To illustrate a material imperfection, let us consider finite 

element analysis, where isotropic materials are presumed to have uniform properties, 

but in reality, several factors put this assumption wrong. Sometimes the homogenous 

materials may appear to have non-homogeneous properties with imperfections like 

voids, microstructures, etc. 

2. Geometry Imperfections: The geometric imperfections can be demonstrated by 

considering a circular tube, which is assumed to have a uniform thickness of ‘x’ mm. 
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The assumption could fail to conform as the geometric dimensioning and tolerancing 

vary depending on the manufacturing processes. 

3. Load Imperfections: Let us consider a square hollow tube subjected to axial loading 

to elaborate on the load imperfections. The axial loading is assumed to be entirely 

orthogonal to the loading surface, and the surface is expected to be horizontally flat. In 

reality, this may not be achieved considering human errors, tooling challenges, etc. 

4. Measurement Imperfections: Most measurements are performed using tools, and 

almost every instrument used today has specific tolerances. These tolerances from one 

device to another may result in variations between the test samples. Thus, a slight 

difference may be encountered between actual and calibrated values. 

Therefore, all the sources mentioned above of imperfections may lead to minimal to 

considerable differences in the results of finite element simulations, particularly in the nonlinear 

analysis. Sometimes minor imperfections may be introduced purposefully in the models to account 

for the differences between reality and idealization. 

2.9 Carbon Fiber Reinforced Thermoplastics for Crashworthiness 

Over the few decades, the utilization of short fiber reinforced thermoplastic composites 

have been exponentially increased for automotive applications. These composites provide 

excellent lightweight solutions, improved crashworthiness, and mechanical properties. Thousands 

of tons of carbon fiber are produced each year; thus, the waste from the manufacturing process or 

end-of-life products has substantially increased. Given the economic and environmental issues, 

awareness is already in raise by governments and companies to recycle composites waste. The 

carbon fiber production capacities of different regions around the globe are shown in Figure 2.14. 
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The Recycling carbon fiber composites are complex due to their compositions, i.e., fibers, 

matrix, and fillers. This is solely why in most cases, only fibers can be recovered during the 

process. Several methods remove resin and retrieve virgin fibers from composites landfill waste 

[68, 69]. Among the recycling methods available, pyrolysis has been more successful in 

implementation. Composite waste is heated to temperatures ranging from 4500 C to 7000 C without 

oxygen to volatilize the matrix and retrieve the fibers. 

Recycling carbon fibers yields interesting mechanical properties and significantly 

influences the price. For instance, the mechanical properties of recycled glass fibers through 

pyrolysis drop by 70%, while the carbon fiber properties do not drop by more than 10%. In 

addition, recycled carbon fibers cost only half the price and require only 5% to 10% of the energy 

to produce compared to virgin fibers [70]. The worldwide demand is increasing yearly because of 

their properties like high stiffness or strength-to-density ratio. Short fiber reinforced thermoplastics 

are used for crashworthiness applications in the automotive industry. The mechanical behavior of 

the recycled carbon fibers is excessively dependent on the strain rate loading; thus, a multi-scale 

and damage analysis is needed to comprehend the effects locally [71]. A detailed literature study 

of coupon testing, component testing, and full-scale testing of PA66 recycled carbon fiber are 

discussed in Tables 2.1 to 2.9.

Figure 2.14. Carbon Fiber Production Capacity by Region [67] 



 

38 

  

   

  

   

  

  

  

Table 2.1. PA66 RCF Coupon Testing Literature – Group I 

Table 2.2. PA66 RCF Coupon Testing Literature – Group II 
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  Table 2.3. PA66 RCF Component Testing Literature – Group I 

Table 2.4. PA66 RCF Component Testing Literature – Group II 
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 Table 2.5. PA66 RCF Component Testing Literature – Group III 

Table 2.6. PA66 RCF Component Testing Literature – Group IV 
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Table 2.7. PA66 RCF Full-Scale Testing Literature – Group I 

Table 2.8. PA66 RCF Full-Scale Testing Literature – Group II 
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2.10 Aluminum Metal Foams for Crashworthiness 

Metallic foams are cellular structural materials with pores filled with air. If the pores are 

interconnected, they are open-cell, and if insulated, they are closed-cell. The porosity of the 

metallic foams usually ranges from 5 to 40 pores per square inch. A typical example of closed-cell 

aluminum foam is shown in Figure 2.15. Aluminum foam offers lightweight, high thermal 

conductivity, and high gas permeability. Therefore, aluminum foams are highly preferred in the 

military, automotive, aerospace, etc. The applications include energy absorbers, aircraft wing or 

rotorcraft blade structures, heat exchangers, and more [96]. 

 

 

 

 

 

Metallic foams are frequently used as filler materials in metal columns to enhance energy 

absorption capabilities under impact or blast loading. There has been adequate research on 

Figure 2.15. SEM of Closed Cell Aluminum Foam [96] 

Table 2.9. PA66 RCF Full-Scale Testing Literature – Group III 
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aluminum foams over the past few decades. All studies have proven that metal foam; i.e., 

aluminum foams have capabilities like high energy absorption under quasi-static and dynamic 

loading conditions. [97, 98, 99].   

 The aluminum foams are standardly used for crushing applications, and it is noteworthy 

that the material demonstrates unique behaviors under tensile, compressive, and shear loadings. 

The deformation mechanism of aluminum foam under typical quasi-static loading can be classified 

into the Elastic region, Quasi-Plateau region, and Densification region [100]. An ideal curve is 

shown in Figure 2.16. The curve begins with an elastic deformation at low stress and strain levels. 

The stress-strain curve in the quasi-plateau region can be characterized by a slight slope continuing 

up to 70% of the strain. Next, the foam cell begins to collapse in the quasi-plateau region and 

continues until the foam behaves like a solid material. Finally, the densification region exhibits a 

sharp increase in stress because the foam cell walls are compressed, letting the material attain bulk-

like properties. 

 

There have been several studies in the past on the constitutive modeling of metals. Today's 

commercial finite element codes provide many stable material models for metals, primarily based 

Figure 2.16. Typical Stress-Strain Curve for Metal Foams [96] 
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on the von Mises yield criterion. The LS-DYNA material models like MAT_19, MAT_63, and 

MAT_81 include strain-rate effects and failures. A pressure-related model for metals was 

introduced by Gurson, and the dilatational plastic models were incorporated as MAT_120 in LS-

DYNA [101]. The constitutive models are primarily classified into two types. The first type uses 

the principal stress to compute the yielding of the foam and the second type uses both principal 

and secondary stress that exemplify hydrostatic pressure and von Mises stress to define the 

yielding of the foam [102, 103, 104, 105]. The deformation mechanisms of metallic foams are 

entirely different from that of metals. Finite element modeling of metallic foams is challenging 

because of the inhomogeneity of the material, such that the yielding occurs in different stages like 

plastic yielding, buckling, and fracture of cell walls [106]. Daxner et al. [106] found in their study 

that the foam's inhomogeneity led to local stress, lower plateau stress, and efficient energy 

absorption.  

Reyes et al. [107] performed statistical variations on foam densities in their constitutive 

models, where the initial density of each element was given a Gaussian distribution. The study 

concluded that variations in foam densities did not aid in increasing the accuracy of the simulation 

results, i.e., force vs. displacement curves.  

Hanssen et al. [108] revealed that none of the constitutive material models for metallic 

foams available in LS-DYNA could accurately predict the behavior. Furthermore, it was 

understood that the models must account for compressibility changes during the crushing process. 

Therefore, these differences cause the density of the metallic foam due to aggregation of plastic 

strain, thus lowering the foam's compressibility ratio. A brief literature review on coupon testing, 

component testing, and full-scale testing of the aluminum foam material are discussed in Tables 

2.10 to 2.16. 
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Table 2.10. Aluminum Foam Coupon Testing Literature – Group I 

Table 2.11. Aluminum Foam Component Testing Literature – Group I 
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Table 2.12. Aluminum Foam Component Testing Literature – Group II 

Table 2.13. Aluminum Foam Component Testing Literature – Group III 
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Table 2.14. Aluminum Foam Component Testing Literature – Group IV 

Table 2.15. Aluminum Foam Component Testing Literature – Group V 
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2.11 Research Gap and Motivation 

There is plenty of research on carbon fiber composite testing and its applications associated 

with automotive safety. In contrast, based on the literature, it was found that there needs to be more 

test and application data on engineered thermoplastic materials like the nylon66 reinforced 

recycled carbon fiber that carries good energy-absorbing capabilities. Therefore, PA66 RCF 

coupons were investigated using quasi-static tensile and three-point bend tests to understand and 

obtain coupon-level material data. In addition, component-level and full-scale numerical tests are 

performed to assess the material for various impact events. From the understanding of the 

literature, it was clear that there needs to be fundamental knowledge to predict the performance of 

automotive structural composites in actual crashes. Furthermore, no correlation was available 

between composite test specimens and the crash failure behavior of vehicles. Therefore, it is crucial 

to acknowledge that the safety standards are written for metal vehicles, not composite vehicles. 

Table 2.16. Aluminum Foam Full-Scale Testing Literature – Group I 
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Similar to carbon fiber research, there are a lot of studies on the foam materials like 

polyurethane, IMPAXX, polystyrene, and more. In contrast, based on the literature, it was found 

that there is limited test and application data on the metal foam materials like aluminum foam 

which exhibits excellent energy-absorbing behavior compared to the commonly used foam 

materials. Therefore, aluminum foam coupons were investigated by performing quasi-static 

compression tests to understand and obtain material data at the coupon level. In addition, 

component-level and full-scale numerical tests are performed to assess the material for various 

impact events. In summary, the dissertation has made a holistic effort to address the knowledge 

gap by providing data on the material and its response to various automotive crashworthiness 

applications. 

The motivation behind this study to investigate the advanced materials is outlined as follows: 

 The primary tool for improving crashworthiness are the materials and an optimized 

structural design. 

 The automotive industry's challenge today is weight reduction without compromising 

overall safety, structural integrity, and comfort. 

 Weight reduction will help in lowering fuel consumption and carbon emissions. 

 The high-performance polymers are cost-effective, as any intricate design can be 

effortlessly manufactured through the injection molding process, reducing the 

miscellaneous cost. 

 In addition, crushing elements such as metal foams may significantly help lower the risk 

of injuries and improve crashworthiness performance. 
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CHAPTER 3 

OBJECTIVES AND METHODOLOGY 

3.1 Objectives 

The goal of this dissertation is to investigate the prospective of the Nylon66 (PA66) 

reinforced recycled carbon fiber and aluminum foam materials for automotive crashworthiness. 

To achieve this goal, the objectives of this study are identified and summarized in three parts. 

Coupon and Component Level ─ Part-A (PA66 RCF) and Part-B (Aluminum Foam) 

 To evaluate the performance of advanced engineered plastic material; i.e., PA66 RCF, 

in coupon and component level testing and numerical simulations. 

 To evaluate the performance of metal foam material; i.e., aluminum foam, in coupon 

and component level testing and numerical simulations. 

 To develop a scalable working material model from coupon-level testing to full-scale 

testing. 

 To recommend the above-discussed materials as an alternative replacement to improve 

crashworthiness for automotive applications compared to traditional materials. 

Full-Scale ─ Part-C (PA66 RCF and Aluminum Foam) 

 To evaluate the performance of advanced engineered plastic material; i.e., PA66 RCF 

for frontal, side, rear impact, and roof crush test cases per FMVSS regulations. 

 To evaluate the performance of metal foam material; i.e., Aluminum foam for frontal, 

side, and rear impact cases per FMVSS regulations. 

 To compare and analyze the forces, accelerations, intrusions, and energy absorption of 

various models with materials of interest against the base model. 

 To recommend Nylon66 reinforced recycled carbon fiber and aluminum foam as an 
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alternative replacement to improve crashworthiness for automotive applications. 

3.2 Methodology 

This research is structured such that coupon-level experimental tests like tensile and three-

point bending were performed on nylon66-reinforced recycled carbon fiber (20 wt.%) and 

numerically validated using LS-DYNA implicit finite element code. The test coupons with 20 

wt.% carbon fiber was chosen based on its optimal mechanical properties and availability. 

Mechanical characteristics like density, tensile modulus, poisons ratio, stress-strain curves, etc., 

were obtained per the ASTM standards. First, the tensile test was carried out according to the 

ASTM D638 standard, and the three-point bending test was per the ASTM D790 standard for 

thermoplastic materials. The primary interest of physical testing was to develop a scalable material 

model that works from a coupon level to a full-scale level. Secondly, component-level numerical 

tests were performed on an empty thin-wall tube to evaluate its behavior under compression 

against steel. Finally, the results were evaluated to identify whether the material was suitable for 

full-scale crashworthiness applications. The methodology followed is shown in Figure 3.1.  

Figure 3.1. Methodology for PA66 RCF Coupon and Component Level Tests 
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The methodology for coupon and component-level testing of aluminum foam material is 

shown in Figure 3.2. First, the physical compression test was performed and validated numerically 

using LS-DYNA implicit method. Mechanical characteristics like density, Young's modulus, 

Poisson's ratio, tensile stress cut-off, stress-strain curves, etc., were obtained through the test. The 

primary interest of physical testing was to develop a scalable material model that works from a 

coupon level to a full-scale level. Secondly, component-level numerical tests were performed on 

a foam-filled thin-wall PA66 RCF tube to evaluate its behavior under compression against a foam-

filled steel tube. Finally, the results were assessed to identify whether the material was suitable for 

full-scale crashworthiness applications. 

The material data extracted from the experimental coupon testing was used to define LS-

DYNA material models, i.e., material properties were applied to specific components in full-scale 

crash models as energy absorbers. The methodology followed for full-scale crash numerical setups 

is shown in Figure 3.3.  

Figure 3.2. Methodology for Aluminum Foam Coupon and Component Level Tests  
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 Subsequently, full-scale numerical test setups for various Federal Motor Vehicle Safety 

Standards like FMVSS 208 (Frontal Impact), FMVSS 214 (side impact), FMVSS 301R (updated 

rear impact), and FMVSS 216a (roof crush resistance) were performed. Different results were 

analyzed in detail, including intrusions, accelerations, weight comparisons, etc. Finally, 

Conclusions and recommendations were made based on the vehicle's response to the various 

impact scenarios mentioned. 

3.3 Design and Simulation Tools 

Various tools have been used for design and simulation purposes for this dissertation. To 

perform simulations, software tools like pre and post-processors are required. A brief introduction 

to all the design and simulation tools used for the study is discussed below. 

3.3.1 CATIA  

Computer Aided Three-Dimensional Interactive Application (CATIA) is a 3D software 

used in multiple industries like aerospace, automotive, and consumer products. The software was 

Figure 3.3. Methodology for Full-Scale Crash Numerical Test Setups 
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developed by a french company, ‘Dassault Systemes,’ and was introduced in 1977. A CATIA V5 

R28 version of the software was used in the dissertation to create three-dimensional geometries 

for coupon-level validations. 

3.3.2 HyperMesh 

HyperMesh is a multidisciplinary finite element pre-processor that can handle large and 

complex models, from importing geometry files to ready-to-run key files. The software was 

developed by an American engineering company ‘Altair’ in 1990. The software was used in the 

dissertation primarily to generate three-dimensional mesh or to discretize the 3D coupons 

developed using CATIA. 

3.3.3 Oasys Primer 

Primer is an LS-DYNA exclusive pre-processor developed to build robust models and 

solve daily engineering problems. The software was developed by Oasys and Arup by engineers 

for engineers. Primer 17.0 was used in the dissertation to build finite element models (materials, 

connections, boundary conidtions, prescribed motion, etc.) that avoid data loss, unlike other 

software, due to hand editing of key files. 

3.3.4 HyperView 

HyperView is a post-processing and visualization environment mainly used in finite 

element analysis. HyperView can combine the animation (kinematics) and XY plotting of results. 

The software has been used in the dissertation to analyze, plot the results, and record impact event’s 

kinematics. 

3.3.5 LS-PrePost 

Ls-PrePost is a pre and post-processor used to build and solve advanced engineering 

problems. Livermore Software Technology Corporation (LSTC) developed the software and was 
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later acquired by ANSYS in 2019. LS-DYNA has robust implicit and explicit finite element codes 

for applications like drop tests, impact, crash safety, occupant safety, and more. LS-PrePost was 

used in the dissertation essentially to analyze and plot different results like accelerations, forces, 

energies, etc. 
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CHAPTER 4 

NUMERICAL AND EXPERIMENTAL VALIDATION OF NYLON66 (PA66) 

REINFORCED RECYLED CARBON FIBER COMPOSITES 

 

4.1 Introduction 

The term composite material is not new in today's modern technological society and has 

been echoing since the aerospace industry started using it in the 1970s. The aerospace industry has 

successfully transitioned to composite components substituting metallic components. However, 

the automotive industry is way behind in adapting to the composite structures and can be rarely 

found in luxury cars today; for instance, the BMW i3 model in 2013 model is the first luxury 

passenger car with an entire composite body in white structures, and no other manufacturer has 

followed their path since then.  

Recycled carbon fibers offer distinctive mechanical and lightweight properties compared 

to virgin carbon fibers [154]. In addition, today's Electric Vehicles (EVs) could benefit from CFRP 

materials to protect the batteries against harsh environments and to gain extra miles per gallon 

equivalent driven. A recent report from the automotive world indicated that future composite 

materials would be more likely to be used strategically as reinforcements for different structural 

components [129]. 

The composites landfill issue is a serious problem and could be worse in the future. 

Therefore, recycling composites is an ideal solution to avoid composites waste ending up in 

landfills and causing potential environmental hazards. Pyrolysis is a thermochemical process 

widely used by recyclers today, and the fibers from the waste composites are recovered carefully. 

However, recovering the fibers without compromising mechanical properties is a significant 

challenge. Typical carbon fiber waste management techniques are shown in Figure. 4.1. 
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The test samples used for this dissertation were made from 20 wt. % recycled chopped 

carbon fibers reinforced with Nylon66, also called Polyamide66 (PA66). The first step is 

recovering the fiber content from the composites waste using the Solvolysis process (A chemical 

process to separate fiber from resin). In the second step, fiber content is chopped and blended with 

reinforcements in a grinder to form pellets. In the third step, the pellets are extruded into samples 

of desired shape and size through the dies using an injection molding process. A typical coupon 

fabrication process for PA66 RCF 20 wt. % is illustrated in Figure 4.2. 

 

 

 

 

 

 

 

Figure 4.1. CFRP Waste Management Techniques [130] 

Figure 4.2. PA66 RCF Fabrication Process [131] 
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 The quotes below have been gathered from the interviews of crash experts in a survey by 

the U.S. Department of Transportation in 2007, highlighting the knowledge gaps in anticipating 

the performance of CFRP structures in various crash events. 

 

4.2 Material Characterization 

Material testing is significant for various reasons and provides information on prototypes 

or product samples. In addition, the test data can be helpful for engineers, production managers, 

etc. Some of the reasons why material testing is crucial include: 

 Meet specific requirements of regulatory agencies, 

 Select appropriate material for a particular application, 

 Evaluate the design or suggest improvements, 

 Control a production process. 

The PA66 reinforced recycled carbon fiber (20 wt. %) coupons were prepared from the 

recycling and injection molding. The chopped recycled carbon fiber acts as a filler material, and 

the Nylon66 acts as reinforcement. Moreover, the chopped fiber content i.e., 20 wt. % may 

significantly alter the tensile and bending mechanical properties. The mechanical properties are 

determined by applying appropriate test methods for the material under investigation. Therefore, 

the specimens were studied through standard ASTM test procedures like tensile and three-point 

bending for thermoplastic materials. 
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4.3 Experimental Procedure 

The experimental procedure details specimen preparation and material testing required to 

determine the mechanical properties according to American Society for Testing Materials (ASTM) 

standards. The entire process, from fabrication to testing, is schematically shown in Figure 4.3 

[138].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                                    

                    

 

 

  

Coupons/Composite 

Parts 

 

 

Proprietary Patented 

Recycling Using Sol-

volysis Process 

 

Injection Molding or 

DiFTs Thermoplas-

tics 

                                                                                         

               
             

         

 

 

  

Figure 4.3. Schematic Illustration of Fabrication and Testing Process [138] 
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4.3.1 Tensile Testing 

Tensile Testing is a destructive form of engineering procedure to determine the various 

properties of a material depending on the requirement and application. The tension test is 

performed in a controlled manner, i.e., quasi-static until the sample completely fails. This test 

method is popularly used among all mechanical test techniques available. Various properties like 

tensile strength, ductility, strain hardening, yield strength, young’s modulus, poisons ratio, etc., 

can be obtained through the test. The tensile test coupon shown in Figure 4.4 was fabricated 

according to the ASTM D638 standard dimensions, i.e., 165 mm x 19 mm x 3 mm. 

 

 A sample of five specimens was used and tested per ASTM D638 standard for reasons like 

repeatability, material defects, etc. First, the specimens were placed in an industrial-grade oven 

before testing for four hours at 180o F to remove the moisture content, if any. As a next step, the 

samples were coated with white paint on one side of the face (shown in Figure 4.3) to highlight 

the fail region/gage length. In the final step, the specimens were tested under tension with the 

conditions in Table 4.1. 

 

Figure 4.4. Tensile Test Coupon 
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 The tension test was performed on an MTS Universal Testing Machine according to the 

above test matrix. Figure 4.5 shows the full test instrumentation used to carry out the test, and 

Figure 4.6 illustrates the primary equipment of an MTS machine. The specimen post-failure is 

shown in Figure 4. 7. 

Table 4.1. Tensile Test Matrix 
 

Figure 4.5. Tensile Test 

Instrumentation 
 

Figure 4.6. MTS Machine Primary 

Equipment 
 

Figure 4.7. Post Failure of PA66 RCF Tensile Specimen  
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 Several techniques are available to capture the strain deformation; i.e., using a strain gauge, 

an extensometer, or DIC (Digital Image Correlation). However, a laser extensometer was used for 

strain measurement in the present work due to availability and the DIC method being expensive 

and laborious. 

4.3.2 Three-Point Bend Testing 

Three-point bending or flexural or transverse beam test is a traditional experiment in 

mechanics and is often used to compute young’s modulus of a material. The theoretical 

representation of a three-point bend test is illustrated in Figure 4. 8. 

 

 

 A three-point bend test uses a single anvil at the center of the specimen to apply force on 

the coupon. Depending on the material and type of application, an appropriate test fixture may be 

used. A simple axial tension or compression test may only provide some required information on 

the material. As the specimen flexes, it experiences tension, compression, and shear forces. The 

area of uniform stress in a three-point test is relatively small and concentrated under the center 

loading point. The test produces tensile stress on the convex side of the specimen and compressive 

stress on the concave side. The stresses mentioned above may create shear stress along the midline 

of the sample. It is required that failure occurs from the tensile or compressive stress, and this can 

be achieved by minimizing the shear stress. The shear stress may be minimized by controlling the 

span-to-depth (s/d) ratio, and a ratio of 16:1 is used for testing. The maximum stress is usually 

Figure 4.8. Theoretical Representation of Three-Point Bend Test 
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observed on the outermost fiber and is termed flexural strength. The slope calculated from the 

stress-strain curve yields flexural modulus. Flexural test data is specifically used when a material 

of interest is used as a support structure.  

The bending test coupon shown in Figure 4.9 was fabricated according to the ASTM D790 

standard dimensions; i.e., 130 mm x 12.7 mm x 3 mm. A sample of five specimens was used and 

tested per ASTM D790 standards for reasons like repeatability, material defects, etc. First, 

specimens were placed in an industrial-grade oven before testing for four hours at 180o F to remove 

the moisture content, if any. Then, the samples were tested for bending with the conditions in Table 

4.2. 

 

  

 

 

 

 

 

Figure 4.9. Three-point Bend Test Coupon 
 

Table 4.2. Three-Point Bending Test Matrix 
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 The three-point flexural test was performed on a similar MTS Universal Testing Machine 

used for tensile testing but with a different fixture following the test matrix. Figure 4.10 shows the 

full test instrumentation used to perform the test, and Figure 4.11 shows the specimen experiencing 

flexion. In addition, the post-failure of a three-point bending sample is shown in Figure 4.12. 

  

Generally, the deformation is recorded using a strain gauge, an extensometer, or DIC 

(Digital Image Correlation). The DIC method's strain data is accurate but expensive and laborious. 

So, for this reason, a laser extensometer was used to conduct the test. 

Figure 4.10. Three-Point Bend Test In-

strumentation 
 

Figure 4.11. PA66 RCF Specimen Under 

Flexion 
 

Figure 4.12. Post Failure of PA66 RCF Three-Point Bend Specimen 
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4.4 Experimental Results 

 The material properties obtained from both tensile and three-point bending tests are 

tabulated in Table 4.3. The tensile stress is computed by dividing the instantaneous force by the 

average initial cross-sectional area of the samples measured at the gauge section. The flexural 

stress (σ) is calculated using equation (1), where p is load, L is length, b is width, and h is depth. 

    𝜎 =
3𝑃𝐿

2𝑏ℎ2
         (1) 

4.4.1 Tensile Test Results 

The average maximum tensile strength observed from the mechanical testing was 230.1 

MPa for a maximum strain of 0.013 mm/mm. The stress-strain data were generated for five 

specimens per the ASTM D638 test requirements. Figure 4.13 (left) shows data for five individual 

samples, and Figure 4.13 (right) shows the curve with an average of all five specimens.   

Table 4.3. Material Properties Obtained from Tensile and Three-Point Bend Testing 
 

Figure 4.13. Stress-Strain from Tensile Test Specimen 
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4.4.2 Three-Point Bend Test Results 

The average maximum flexural strength from the mechanical testing was 181.8 MPa for a 

maximum strain of 0.014 mm/mm. The stress-strain data were generated for five specimens per 

the ASTM D790 test requirements. Figure 4.14 (left) shows data for five individual samples, and 

Figure 4.14 (right) shows the curve with an average of all five samples.   

The test data obtained through tensile and three-point bending tests were used to establish 

the material card for input in the LS-DYNA non-linear solver. 

4.5 Numerical Test Procedure 

Experimental testing is a costly and time-consuming process. Thus, there is a need to rely 

on numerical capabilities; i.e., Finite Element (FE) codes, to simulate/validate the material coupon 

testing to limit the number of physical test repetitions. This is made possible due to rapid 

advancements in computational power from the last decade. The aerospace industry first used and 

implemented a building block approach, and later the automotive industry followed the path. 

According to this approach, coupon-level testing and validations are carried out fundamentally, 

followed by structural, component, and full-scale testing. 

 

Figure 4.14. Stress-Strain from Three-Point Bending Test Specimen 
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4.5.1 Tensile Test FE Model Preparation 

 The tensile test coupon geometry was modeled using CATIA V5 per ASTM D638 stand-

ard dimensions discussed in section 4.3.1. The Isometric view of the geometry with dimensions is 

sketched in Figure 4. 15. 

The geometry was discretized with hex elements using HyperMesh preprocessor and has a 

minimum element size of 1mm. The tensile coupon was meshed with four layers of through-thick-

ness to keep minimal computational cost. A MAT_024 (MAT_PIECEWISE_LINEAR_PLAS-

TICITY) LS-DYNA material model was used in the FE model based on an extensive literature 

review. The FE model was prepared using Oasys Primer, and an initial prescribed motion of 60mm 

was assigned in the direction of load shown in Figure 4.16.  

Figure 4.15. Tensile Test Coupon with Dimensions 
 

Figure 4.16. FE Model of Tensile Test Coupon  
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4.5.1.1 Tensile Test FE Results 

The quasi-static experimental tensile test was numerically validated with test data by 

performing implicit analysis using LS-DYNA (FE code). Figure 4.17 shows the fail region in grey 

and Figure 4.18 shows that the specimen could sustain loads up to 13,200 N for a displacement of 

2.5 mm. In addition, the uniform distributed axial stress was computed to be 230.7 MPa and a 

good correlation was achieved between the test and simulation as shown in Figure 4.19. 

Figure 4.17. Tensile Coupon Fail Region in Grey   
 

Figure 4.18. Force vs Displacement  

Cross-Sectional View   
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A Sprague-Geers correlation was performed on the data to understand the similarity 

between the curves and is tabulated in Table 4.4. 

 

 

The combined metric from the Sprague-Geers correlation indicates the similarity between 

the curves where the value closest to ‘1’ is considered a perfect fit. In addition, based on general 

engineering judgment, the error magnitude should be less than 10%. 

Table 4.4. Sprague-Geers Correlation of Test and Simulation 
 

Figure 4.19. Overlay of Stress-Strain Data of Test and Simulation 
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4.5.2 Three-Point Bending Test FE Model Preparation 

  The three-point bend test coupon geometry was modeled using CATIA V5 per ASTM 

D790 standard dimensions. An isometric view of the three-point bending geometry assembly setup 

is shown in Figure 4.20, and coupon dimensions are highlighted Figure 4.21. 

The geometry was discretized with hex elements using HyperMesh preprocessor and has a 

minimum element size of 1mm. The test coupon was meshed with three layers through the 

thickness to keep minimal computational cost. The FE model was prepared using Oasys Primer, 

and an initial prescribed motion of 70mm was assigned, as shown in Figure 4.22. 

Figure 4.20. Three-Point Bend Test Geometry 
 

Figure 4.21. Three-Point Bend Test  

                  Coupon Dimensions 

Figure 4.22. FE Model of Three-Point Bend Test Coupon  
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4.5.2.1 Three-Point Bending Test FE Results 

The quasi-static experimental three-point bend test was numerically validated with the test 

by performing implicit analysis using LS-DYNA (FE code).  Figure 4.23 shows the fail region in 

grey and Figure 4.24 shows that the specimen could sustain loads up to 711 N for a displacement 

of 7.1 mm. In addition, the uniform distributed axial stress was computed to be 183.0 MPa and a 

good correlation was achieved between the test and simulation as shown in Figure 4.25. 

 

 

 

 

 

 

 

Figure 4.23. Three-Point Bend Coupon Fail Region in Grey  

Figure 4.24. Force vs Displacement  

Cross-Sectional View   
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A Sprague-Geers correlation was performed on the data to understand the similarity 

between the curves and is tabulated in Table 4.5. 

 Simulation vs Test 

Sprague-Geers Combined Metric 0.27 

Magnitude Error 8.9 % 

Phase/Shape Error 24 % 

Combined Metric 0.73 

 

The combined 

metric from the Sprague-Geers correlation indicates the similarity between the curves where the 

value closest to ‘1’ is considered a perfect fit. In addition, based on general engineering judgment, 

the error magnitude should be less than 10%. 

Table 4.5. Sprague-Geers Correlation of Test and Simulation 
 

Figure 4.25. Overlay of Stress-Strain Data of Test and Simulation  
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4.6 Component Level Testing 

The performance of thin-wall squared empty crash tubes investigated numerically is 

discussed in this section. The tubes were modeled with Nylon66 (PA66) reinforced recycled 

carbon fiber and steel materials. The CAD geometry was generated using CATIA v5 to support 

meshing. Both steel and PA66 RCF hollow compressive tubes use the same geometry and 

boundary conditions. The tube geometry meshed in hex elements with a minimum element size of 

1mm. The dimensions of the finite element tube studied are shown in Figure 4.26. 

The Hex elements are conservative and do not offer too much bending compared to the 2D 

shell elements. Figure 4.27 shows boundary conditions and prescribed motion applied to the 

model. 

 

 

 

 

Figure 4.26. Empty Thin-Wall Squared Crash Tube Dimensions  

Figure 4.27. Boundary Conditions and Prescribed Motion  
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The crush tubes designed for automotive applications are usually manufactured from 

different steel grades. Therefore, the main goal of the component-level study is to understand the 

capabilities of the PA66 RCF tube compared to the steel tube in the event of a crash. 

4.6.1 Thin-Wall Steel Tube 

The FE model of the steel crash tube has been set up using Oasys Primer software for LS-

DYNA. Various material properties defined in the model are tabulated in Table 4.6. Furthermore, 

the non-linear stress-strain curve applied to the tube is shown in Figure 4.28. 

Material Properties Value/Unit 

Density 7.89e-9 Ton/mm3 

Tensile Modulus 200,000 MPa 

Yield Stress 380 MPa 

Strain Rate Parameter 8,000 

Strain Rate Exponent 8 

Poisson Ratio 0.3 

 

 

Table 4.6. Material Properties from NHTSA Toyota Yaris 2010 FEM 
 

Figure 4.28. Stress-Strain Data from NHTSA 2010 Toyota Yaris FEM 
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4.6.1.1 Thin-Wall Steel Tube FE Results 

The quasi-static compression test was numerically performed using LS-DYNA Implicit 

solver. Figure 4.30 show that the steel tube could withstand loads up to 63,900 N for a displacement 

of 1.7 mm. Figure 4.29(a) illustrates the collapse modes of the thin-wall steel tube under 

compression, and Figure 4.29(b) shows similar collapse modes that were observed in both the test 

and FE analysis performed by Liang Ying et al. [149]. In addition, similar crushing shapes were 

noticed in a study by B.P. DiPaolo et al. [150]. The collapse modes from the numerical research 

were evaluated against the physical and numerical tests from the literature to gain confidence in 

the work presented. The component level FE results from the thin-wall steel tube compression test 

are discussed further.  

 

 

 

 

 

 

 

 

 

Figure 4.29. (a) Thin-Wall FE Steel Tube Compression Test (b) FEM and Test of a Thin-

Wall Steel Tube Compression [Liang Ying et al. [149]] 
 

Figure 4.30. Force vs Displacement 
 

a b 
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 The maximum compressive stress from the numerical test was noticed to be 552.4 MPa, 

and the stress-strain curve is shown in Figure 4.31. It is noteworthy that all results discussed in this 

section are numerical evaluations based on available material information, and no experimental 

tests have been carried out to validate. 

4.6.2 Thin-Wall PA66 RCF Tube 

The FE model of the Nylon66 (PA66) RCF crash tube was set up using Oasys Primer and 

the essential material properties applied to the model are tabulated in Table 4.7. Furthermore, the 

non-linear behavior of the material was applied to the tube as the stress-strain curve shown in 

Figure 4.32. 

Material Property Value/Unit 

Density 1.23E-9 Ton/mm3 

Tensile Modulus 19,857 MPa 

Plastic Failure at Strain 1.25E-2 

Poisson Ratio 0.3 

Figure 4.31. Stress-Strain Data from Steel Tube Compression 
 

Table 4.7. Material Properties from Coupon Level Testing 
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4.6.2.1 Thin-Wall PA66 RCF Tube FE Results 

The quasi-static compression test of a thin-wall PA66 RCF crash tube was numerically 

performed using LS-DYNA implicit solver. Figure 4.33 compares numerical and physical tests of 

Nylon66 reinforced recycled carbon fiber crash tube. Figure 4.33(a) illustrates the controlled 

collapse modes of the thin-wall PA66 RCF tube under compression numerically. The tube begins 

to fold from the center, making the mid-cross-sectional area the weakest spot of the entire structure. 

Figure 4.33(b) shows similar collapse modes observed in both test and FE analysis performed by 

Mou, H. et al. [151]. Due to the novelty of the PA66 RCF material, the collapse shapes were 

compared against Carbon Fiber Reinforced Polymer (CFRP) crash tube investigated by Mou, H. 

et al. Therefore, considering limited research on the PA66 RCF crash tube, the CFRP tube was 

chosen to be the closest comparison in this study. It is significant to understand that the PA66 RCF 

tube is generally produced from unidirectional chopped fibers through an injection molding 

Figure 4.32. Stress-Strain Data from Coupon Level Testing 
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process and does not account for delamination, as shown in Figure 4.33(b). 

 Figure 4.33 shows that the PA66 RCF crash tube undergoes a peak force of up to 23,300 

N for a displacement of 3.3 mm. As soon as the peak force is reached, the tube does not resist the 

input loads, and the curve begins to flatten out, as noticed in Figure 4.34.  

 

Figure 4.33. (a) Empty Thin-Wall FE PA66 RCF Tube Compression Test (b) Empty 

Thin-Wall Carbon Fiber Tube Compression [Mou, H., et al. [151]] 
 

Figure 4.34. Force vs Displacement 
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The maximum compressive stress from the numerical test was noticed to be 226.1 MPa, 

and the stress-strain curve is shown in Figure 4.35. All results discussed in this section are 

numerical evaluations based on available material information, and no experimental tests have 

been carried out to validate. 

4.7 Conclusions 

Numerical validations have been performed based on the data available from physical 

testing. The conclusions drawn are outlined below 

 A reasonably good correlation of stress-strain curves was observed between the test 

and validation. 

 Experimental and numerical studies show that the material has good load-bearing 

Figure 4.35. Stress-Strain Data from PA66 RCF Tube Compression 
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capabilities under static loading. 

 The LS-DYNA MAT_024 material model used in the coupon level finite element 

validation could predict the failure behavior observed in the physical test. 

 The empty PA666 RCF thin-wall tube is 84% lighter than steel tube and offers a fuel 

efficiency solution compared to other traditional metals.  

 In conclusion, the material may provide good energy absorption capabilities and reduce 

intrusions desired for automotive applications. 

A summary of experimental and numerical (FE) results is shown in Table 4.8 and Table 

4.9. In addition, the weight comparison of the steel tube and PA66 RCF tube is shown in Table 

4.10. 

  

 

   

 

 

   

 
Force  

[N] 

Displacement/Deflection 

[mm] 

Maximum Stress [MPa] 

Experimental / Numerical 

Tensile Testing 13,200 2.5 230.1 / 230.7 

Three-Point Bend Testing 711 7.1 181.8 / 183.0 

 

 

Force 

[N] 

Displacement/Deflection 

[mm] 

Maximum Stress  

[MPa] 

Thin-Wall Steel Tube 63,900 1.7 552.4 

Thin-Wall PA66 

RCF Tube 
23,300 3.3 226.1 

 Weight[kg] 

Steel Tube 0.31 

PA66 RCF Tube 0.05 

Table 4.8. Results Summary from Coupon Level Experimental and Numerical Tests 
 

Table 4.9. Results Summary from Component Level Numerical Tests 
 

Table 4.10. Weight Comparison of Component Level FE Models 
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CHAPTER 5 

NUMERICAL AND EXPERIMENTAL VALIDATION OF ALUMINUM FOAM 

5.1 Introduction 

Metal foams are materials with low densities and excellent mechanical, acoustic, and 

thermal properties. The metal foams are cellular structures and offer solutions to various 

engineering problems. In addition, aluminum foams are promising materials that could help 

improve vehicle crashworthiness. Currently, several studies see the potential use of foam structures 

as absorbing elements in a crushable zone for automotive applications. An ideal metal aluminum 

foam is shown in Figure 5.1 [132]. 

The closed-cell metal foam was first introduced in 1926, and later in 1956, metal foams 

were fully developed by John C. Elliott at Bjorksten Research Laboratories. Although the first 

prototypes were available in the 1950s, commercial production started in the 1990s by Shinko 

Wire Company [132]. The open-cell or closed-cell aluminum foams can be created in one of two 

ways. The first method involves injecting gas into the metallic melt, and foam is made as the gas 

passes through the molten metal. The second method uses chemical foaming agents, which aid in 

Figure 5.1. Typical Closed Aluminum Foam [132] 
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reacting with the metal melt to produce bubbles resulting in foam cavities. The general 

classification of metal foams is shown in Figure 5.2. 

 The aluminum test specimen used in this dissertation was fabricated through the powder 

metallurgical process. This process uses pure and/or alloy metal powder blended with a foaming 

or blowing agent. When the blowing agent is homogenously distributed, the matrix is compacted 

to produce a dense unfinished product with open porosity. The metal foams fabricated through this 

powdered technique have closed-cell microstructure shown in Figure 5.3 [134]. 

Figure 5.2. Classification of Metal Foams [133] 
 

Figure 5.3. Typical Aluminum Foam Microstructure [134] 
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Metal foams are more expensive than sheet metals or other frequently used materials in 

automotive applications due to their intricate and energy-intensive fabrication process. However, 

aluminum metal foams are 100% recyclable and lightweight yet resilient, which can offset the 

initial material costs. 

5.2 Material Characterization 

Material testing is significant for several reasons and provides information on prototypes 

or product samples. In addition, the test data can be helpful for engineers in various stages of 

product development. Aluminum foam coupon prepared through powder metallurgical process 

was characterized in this study. The aluminum foam was explicitly used as an energy-absorbing 

element in the front section of a vehicle attached between the bumper and chassis. Many techniques 

are available to characterize a material's physical, chemical, and mechanical properties. The 

aluminum foam specimen used in this study was tested under compression based on the practical 

usage of the component. 

5.3 Experimental Procedure 

The experimental procedure details specimen preparation and material testing required to 

determine the material properties under compression. The process from fabrication to testing is 

schematically shown in Figure 5.4, and the compression testing process is shown in Figure 5.5. 

 

 

 

 

 

 

Figure 5.4. Al Metal Foam Fabrication Through Powder Metallurgy [134] 
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5.3.1 Compression Testing 

Compression testing is a destructive engineering procedure where the specimen is crushed 

to determine the various properties of a material depending on the requirement and application. 

Different properties like elastic limit, proportional limit, yield point, yield strength, compressive 

strength, etc., can be computed. In addition, the stress-strain diagram can be plotted based on 

material properties. Compressive testing allows engineers and manufacturers to assess the safety 

and integrity of the material. A material that exhibits high compressive strength has low tensile 

strength and vice versa. Therefore, compression testing is recommended on brittle materials like 

metals, plastics, ceramics, composites, etc., because these materials are often used in load-bearing 

applications where the structure's integrity is significant. Compression tests are generally 

performed on finished products and may help engineers to tweak the balance between material 

conservation and product strength. The foam compression test coupon, shown in Figure 5.6, has a 

diameter of 50 mm and a height of 70 mm. 

 

Compression 

Testing 

Compression 

Testing  

⁺ 

Figure 5.5. Schematic Illustration of Compression Testing Process 
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The metal foams exhibit excellent compressive strength; thus, it is crucial to understand 

that the materials with high compressive strength have low tensile strength. This is the primary 

reason to perform purely compression tests on the material of interest; i.e., aluminum foam. The 

test helps to understand the hyperelastic behavior and provides information on stress-strain data, 

elastic modulus, strength, etc. In addition, the material information obtained through the 

experimental testing is used to perform numerical validations from coupon level to full-scale 

testing. The compression test was carried out at room temperature using a single specimen at a 

strain rate of 0.1 mm/mm.min. A universal testing machine with a flat surface fixture was used to 

perform the test. The specimen post-compression is shown in Figure 5.7. 

Figure 5.6. Foam Compression Test Coupon 
  

Figure 5.7. Foam Compression Test (Post-Compression) 
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The strain deformation can be measured by attaching strain gauges to the specimens, using 

DIC (Digital Image Correlation), or using non-contacting extensometers. A non-contact laser 

extensometer was used to measure the strain data. 

5.4 Experimental Results 

The material properties from the compression test are tabulated in Table 5.1. In addition, a 

Tensile Stress Cutoff was used to limit the load-carrying capabilities in the tensile region. 

Material Property Value/Unit 

Density 4.12E-10 Ton/mm3 

Young’s Modulus 260.10 MPa 

Tensile Stress Cut-Off (TSC) 102.45 MPa 

Poisson Ratio 0.33 

5.4.1 Stress-Strain Data 

         The digitized stress-strain data from the testing is depicted in Figure 5.8. The specimen 

initially experiences linear elasticity followed by a plateau region (plastic deformation) and finally 

densifies with incremental loads. 

Table 5.1. Material Properties Obtained from Compression Testing 
 

Figure 5.8. Stress-Strain of Foam Specimen Under Compression 
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5.5 Numerical Procedure 

Experimental testing is a costly and time-consuming process. Thus, the numerical finite 

element codes offer great solutions to reduce the number of test repetitions and costs involved. 

Numerical simulations are significant in studying the behavior of systems whose mathematical 

models are highly intricate to provide analytical solutions, as in non-linear systems. This is made 

possible due to rapid advancements in computational power from the last decade. The automotive 

industry uses a building block approach, and according to this approach, coupon-level tests and 

validations are carried out fundamentally, followed by structural, component, and full-scale 

testing. 

5.5.1 Compression Test FE Model Preparation 

The foam compression test coupon geometry was modeled using CATIA V5, and the ISO 

view of the geometry with dimensions is shown in Figure 5.9.  

The geometry was discretized with hex elements using HyperMesh preprocessor and has a 

minimum element size of 1mm. A MAT_063 (MAT_CRUSHABLE_FOAM) LS-DYNA material 

7
0

 m
m

 

Figure 5.9. Aluminum Foam Compression Test Coupon with Dimensions 
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model was used in the FE model based on an extensive literature review. The FE model was 

prepared using Oasys Primer, and an initial prescribed motion of 70 mm was assigned in the load 

direction. The finite element model with test conditions is illustrated in Figure 5.10. 

5.5.1.1 Compression Test FE Results 

The quasi-static compression test was validated numerically by performing implicit 

analysis using LS-DYNA (FE code), shown in Figure 5.11. 

Figure 5.10. FE Model of Foam Compression Test Coupon  
 

Figure 5.11. Pre and Post Compression Numerical Test 
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Figure 5.12 shows that the specimen can take loads up to 97,300 N for a displacement of 

60 mm. In addition, an overlay of the axial stress from Figure 5.13 shows a good correlation 

between the test and simulation. 

Figure 5.12. Force vs Displacement 
 

Figure 5.13. Overlay of Stress Vs Strain Data of Test and Simulation 
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The maximum compressive stress that the FE model coupon experienced was 23.7 MPa, 

and a Sprague-Geers correlation was performed on the above data to understand the similarity 

between the curves, shown in Table 5.2. 

 Simulation vs Test 

Sprague-Geers Combined Metric 0.056 

Magnitude Error 4.3 % 

Phase/Shape Error 3.4 % 

Combined Metric 0.94 

The combined metric from the Sprague-Geers correlation indicates the similarity between 

the curves where the value closest to ‘1’ is considered a perfect fit. In addition, based on general 

engineering judgment, the magnitude error should be less than 10%. 

5.6 Component Level Testing 

The performance of aluminum foam-filled thin-wall squared crash tubes investigated 

numerically is discussed in this section. The tubes were modeled with nylon66 reinforced recycled 

carbon fiber and steel materials. The CAD geometry was generated using CATIA v5 to support 

meshing. PA66 RCF and steel compressive tubes use the same geometry and are meshed with 3D 

elements. The minimum element size in the entire model is 1mm. The aluminum foam-filled thin-

wall PA66 RCF tube Finite Element (FE) model with load platen, boundary conditions (Single 

Point Constraints), and direction of prescribed motion are shown in Figure 5.14. The thin-wall 

hollow tube has the following dimensions 200 mm x 50 mm x 2 mm (length x width x thickness). 

The FE models of the foam-filled crash tubes were set up using Oasys Primer pre-processor. 

Table 5.2. Sprague-Geers Correlation of Test and Simulation 
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 The crash tubes designed for automotive applications are usually manufactured from 

different steel grades. Therefore, the main goal of the component-level study is to understand the 

capability of the Al foam-filled PA66 RCF tube for crashworthiness applications. 

5.6.1 Al Foam Filled Thin-Wall Steel Tube 

The important material properties defined in the model for steel and aluminum foam are 

shown in Tables 5.3 and 5.4. Furthermore, the non-linear stress-strain curve for steel and aluminum 

foam are shown in Figures 5.15 and 5.16. 

Material Properties Value/Unit 

Specific Gravity 7.89e-9 Ton/mm3 

Tensile Modulus 200000 MPa 

Yield Stress 380 MPa 

Strain Rate Parameter 8000 

Strain Rate Exponent 8 

Poisson Ratio 0.3 

Figure 5.14. Boundary Conditions and Prescribed Motion  

Table 5.3. Steel Material Properties Defined to the Thin Wall Tube 
 

Wall Thickness =2 mm 

Foam Block/Insert 
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Material Property Value/Unit 

Density 4.12E-10 Ton/mm3 

Young’s Modulus 260.10  MPa 

Tensile Stress Cutoff 102.45  MPa 

Poisson Ratio 0.33 

Table 5.4. Material Properties of the Aluminum Foam 
 

Figure 5.15. Stress-Strain Data for Steel 
 

Figure 5.16. Stress-Strain of Foam Specimen Under Compression 
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5.6.1.1 Al Foam Filled Thin-Wall Steel Tube FE Results 

 The quasi-static compression test was numerically performed using LS-DYNA Implicit 

solver. Figure 5.18 shows that the aluminum foam-filled steel tube can take loads up to 82,100 N 

for a displacement of 1.7 mm. Figure 5.17(a) shows the collapse modes of a foam-filled thin-wall 

steel tube under compression studied in section 5.6, and Figure 5.17(b) shows similar collapse 

modes that were observed in a component-level test performed by Kremer K. and Fraunhofer 

[152]. An extended force vs. displacement plot is shown in Figure 5.19, and the stress-strain 

diagram is shown in Figure 5.20.  

 

 

 

 

 

 

 

 

Figure 5.18. Force vs Displacement 
 

a b 

Figure 5.17. (a) Al Foam Filled Thin-Wall Steel Tube FE Compression Test (b) Test Article of 

an Al Foam Filled Thin-Wall Steel Tube Compression [Kenneth Kremer and Fraunhofer. [152]] 
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Figure 5.19. Extended Force Vs Displacement 
 

Figure 5.20. Stress vs Strain of Foam Filled Steel Tube Under Compression 
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The maximum compressive stress from the numerical test was noticed to be 528.1 MPa, 

from the stress-strain curve trend shown in Figure 5.20. Significantly, the outcomes are purely 

based on numerical studies, and no experimental tests have been carried out to validate. 

5.6.2 Al Foam Filled Thin-Wall PA66 RCF Tube 

 The FE model of the aluminum foam-filled Nylon66 (PA66) RCF crash tube was set up 

using Oasys Primer and the PA66 RCF material properties applied to the thin-wall tube are 

tabulated in Table 5.5. The non-linear stress-strain curve defined for the tube is shown in Figure 

5.21. Furthermore, the material properties and stress-strain data applied to the foam block model 

were discussed in section 5.6.1. 

Material Property Value/Unit 

Density 1.23E-9 Ton/mm3 

Tensile Modulus 19,857 MPa 

Plastic Failure at Strain 1.25E-2 

Poisson Ratio 0.3 

Table 5.5. Material Properties Obtained from Coupon Level Testing 
 

Figure 5.21. Stress-Strain Data Obtained from Coupon Level Testing 
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5.6.2.1 Al Foam Filled Thin-Wall PA66 RCF Tube FE Results 

The quasi-static compression test of a foam-filled thin-wall PA66 RCF crash tube has been 

numerically performed using LS-DYNA implicit solver. Figure 5.22 demonstrates the controlled 

collapse modes of an aluminum foam-filled PA66 reinforced recycled carbon fiber crash tube finite 

element model. The tube wall begins to fold outward at the mid-cross-section interacting with the 

aluminum foam or vice versa, and is shown in the isometric sectional view of Figure 5.22. Figure 

5.24 shows that the aluminum foam-filled thin-wall PA66 RCF tube can take loads up to 39,300 

N for a displacement of 3.4 mm. 

Figure 5.22. Al Foam Filled PA66 RCF Tube Collapse Mode 
 

Figure 5.23. Force vs Displacement 
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An extended force vs. displacement plot for the entire event is shown in Figure 5.24. In 

addition, the maximum compressive stress from the numerical test was observed to be 206.6 MPa, 

and the corresponding stress-strain diagram is shown in Figure 5.25.  

From the numerical component level testing of an aluminum foam-filled PA66 crash tube, 

it is significant to understand that due to the novelty of the material, there were no previous 

collateral studies in terms of physical testing and finite element analysis. Therefore, the results 

discussed in section 5.6.2 are purely finite element virtual test predictions that are further subjected 

Figure 5.24. Extended Force Vs Displacement 
 

Figure 5.25. Stress vs Strain of Foam Filled PA66 RCF Tube Under Compression 
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to physical test validations. Overall, from the testing, it was understood that the thin wall tube aids 

in controlled collapse behavior by interacting with the aluminum foam, but the tube thickness may 

be increased to achieve an efficient controlled collapse mechanism. 

5.7 Conclusions 

Numerical validations have been performed based on the data available from physical 

testing. The conclusions drawn are outlined below. 

 A good correlation of stress-strain curves was observed between the test and validation.  

 Experimental and numerical studies show that the foam material can withstand higher 

loads under static conditions. 

 The LS-DYNA MAT_063 material model used in the coupon level finite element 

validation predicted similar crushing behavior observed in the physical test. 

 The foam-filled PA66RCF tube is 53% lighter than the foam-filled steel tube and offers 

good fuel efficiency compared to other traditional metals.  

 The foam-filled PA66RCF tube could take almost half the loads the foam-filled steel 

tube had to offer.  

 Understanding that this study was carried out on more straightforward designs and thin-

wall tubes is essential. Consequently, thick-walled tubes and improved designs may be 

integrated to meet the desired loads. 

 In conclusion, the foam material offers good energy absorption and may minimize 

intrusions desired for automotive crashworthiness applications. 

A summary of experimental and numerical (FE) results is presented in Tables 5.6 and 5.7. 

In addition, the weight comparison of the foam-filled steel and PA66 RCF tubes is shown in Table 

5.8. 
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Force  

[N] 

Displacement/Deflection 

[mm] 

Maximum Stress [MPa] 

Experimental / Numerical 

Compression Testing 97,300 60 23.8 / 23.7 

 

 

Force 

[N] 

Displacement/Deflection 

[mm] 

Maximum Stress  

[MPa] 

 

Foam Filled Steel 

Tube 
82,100 1.7 528.1 

Foam Filled PA66 

RCF Tube 
39,300 3.4 206.6 

 
Weight 

[kg] 

Foam Filled Steel Tube 0.51 

Foam Filled PA66 RCF Tube 0.24 

Table 5.6. Results Summary of Coupon Level Experimental and Numerical Tests 
 

Table 5.7. Results Summary from Component Level Numerical Tests 
 

Table 5.8. Weight Comparison of Component Level FE Models 
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CHAPTER 6 

FULL-SCALE EVALUATION USING NYLON66 (PA66) REIFNROCED RECYCLED 

CARBON FIBER COMPOSITES AND ALUMINUM FOAM FOR APPLICATION IN 

VEHICLE CRASHWORTHINESS PER FMVSS 208 

 

6.1 Introduction 

To restate, crashworthiness is the ability of the vehicle structure to protect the occupant 

from injuries in the event of an impact. In simpler words, crashworthiness is sacrificing the 

structure by all means to protect the occupants. Crashworthiness can be applied to other commute 

vehicles like ships, locomotives, planes, etc. Thomas Andrews performed the first scientific and 

systematic investigation on railway axles between 1879 and 1890. Crash avoidance technologies 

like ABS (Anti-Lock Braking System), traction control, etc., are not considered part of 

crashworthiness studies. Crashworthiness can be classified into three components: combustion and 

fire, biomechanics, and material and design engineering. In addition, modern crashworthiness 

problems include displacement and energy, crash position, crash pulse, and automobile 

compatibility. There are four significant accident types, according to IIHS, which are front, rear, 

side, and rollover [12]. This chapter entirely focuses on full-scale frontal collision analysis per 

FMVSS 208 standard. Experimental full-scale crash testing is integral to safety and certification, 

making the entire process extremely expensive and time-consuming. Since the automotive industry 

is cost driven, there is a need for it to rely on Finite Element (FE) codes to simulate structures that 

can optimize the design and limit the number of physical tests required. This approach is popular 

in the aerospace industry and is called the building block design. The idea behind implementing 

the building block approach is to build knowledge on the material, and structural behaviors step 

by step, i.e., from the coupon level to the full-scale structural testing. The Rouchon pyramid 

(building block) model is schematically illustrated in Figure 6.1 [135]. 
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 Occupants are injured from mild to severe and fatal in some cases like the front, side, rear, 

rollover, and more. The frontal impact research has gained significance due to the highest number 

of deaths besides side and rear collisions. A frontal collision involves a head-to-head bumper 

impact of two cars either perpendicularly, angular, or offset. The typical load paths involved in a 

pure frontal collision are sketched in Figure 6.2 [124].  

Figure 6.1. The Building Block Approach Used for Automotive Crash Studies [135] 

 

Figure 6.2. Typical Load Paths in Frontal Impact [124] 
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6.2 Safety Standard and Test Setup 

The National Highway Traffic Safety Administration (NHTSA) is the governing agency 

responsible for reducing injuries and deaths resulting from vehicle crashes. Vehicles manufactured 

after 1980 must abide by the Federal Motor Vehicle Safety Standards; i.e., FMVSS regulations set 

by the NHTSA. New Car Assessment Program (NCAP) was established in 1979 under the motor 

vehicle information and cost-saving act. The US-NCAP provides ratings for the cars, with five 

stars being the highest and one star indicating the lowest. The Insurance Institute for Highway 

Safety (IIHS) was established in 1959 by insurance companies and serves the same purpose as 

NHTSA but is privately held. In this chapter, the full-scale numerical testing of the 2010 Toyota 

Yaris car model is studied according to the FMVSS 208 standard. The primary purpose of this 

standard is to reduce the fatality rates and injury severities to the occupants in frontal impacts. 

Various frontal crash setups studied per FMVSS 208 are shown in Figure 6.3. 

The materials of interest are investigated against the three test cases shown in Figure 6.3. 

In the case of A, the car is moving, and the wall is fixed. In the case of B, the vehicle moves 

Figure 6.3. [A] Fixed Wall Barrier Setup [B] Fixed Wall Barrier Oblique Setup 

[C] Offset Deformable Barrier (ODB) Setup [137] 
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towards the fixed barrier; i.e., with an angle of 30o. Finally, in the case of C, the deformable barrier 

is rigid, and the car with forty percent of the total width is impacted in the perpendicular direction. 

6.3 Objectives 

The goal of this research is to investigate the efficiency of PA66 RCF and aluminum foam 

materials for full-scale frontal impact cases. The following objectives have been identified to 

accomplish the goal. 

• To evaluate the performance of advanced engineered plastic material; i.e., PA66 RCF, 

for frontal impact test cases per FMVSS 208 regulation. 

• To evaluate the performance of metal foam material; i.e., Aluminum foam, for frontal 

impact test cases per FMVSS 208 regulation. 

• To compare and analyze the forces, accelerations, intrusions, and energy absorption of 

the models with materials of interest against the base model. 

• To recommend the discussed materials as an alternative replacement to improve 

crashworthiness for automotive applications compared to traditional materials. 

6.4 Motivation 

It is of great interest to evaluate the response of a compact sedan for various frontal impact 

scenarios using PA66 RCF and aluminum foam materials. The motivation for this research is 

outlined below: 

• The primary tool for improving crashworthiness are the materials and an optimized 

structural design. 

• The automotive industry's challenge today is weight reduction without compromising 
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overall safety, structural integrity, and comfort. 

• Weight reduction will help in lowering fuel consumption and carbon emissions. 

• The high-performance polymers are cost-effective, as any intricate design can be 

effortlessly manufactured through the injection molding process, reducing the 

miscellaneous cost. 

• In addition, crushing elements such as metal foams may significantly help lower the 

risk of injuries and improve crashworthiness performance. 

6.5 Methodology  

The method of the approach used for the study is shown in Figure 6.4. The LS-PREPOST 

and Oasys primer were used as Finite Element (FE) tools, and LS-DYNA was used as Finite 

Element (FE) code to carry out the simulations. Toyota Yaris (2010) FE model has been 

Figure 6.4. Method of Approach 
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downloaded from the NHTSA website and used to perform the full-scale frontal impact 

simulations. The material properties obtained from the experimental testing were used to set up 

the finite element models for different impact cases shown in Figure 6.3. The material data was 

applied to some areas of the car model, including the front bumper, radiator fan assembly, crash 

box, etc. In the later sections of the chapter, results like accelerations, energy absorption, 

intrusions, etc., were evaluated against the base model, and recommendations were proposed. 

6.6 Finite Element Model Preparation 

The Toyota Yaris 2010 compact sedan physical model (left) and a Finite Element (FE) 

model (right) are shown in Figure 6.5. A compact sedan was chosen for the study due to less 

survival space and the severity of occupant injuries in an impact event. The FE car model was 

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

engineers at the NCAC have constructed a detailed finite element model that includes all functional 

capabilities like the suspension system, steering system, and more. A reverse engineering process 

was adapted to build a complete finite element model, and for this purpose, the actual physical car 

model was scanned using 3D methodologies. An entire bill of materials was prepared with each 

component's thickness and materials defined. The material library of all significant structural 

components was prepared by performing coupon-level testing from the samples cut out from the 

test article. The primary purpose of the material testing is to obtain the non-linear properties, 

especially the stress-strain data, which will be used in the later stage of finite element modeling. 

The finite element model prepared by NCAC was validated by performing simulations per NCAP 

frontal fixed barrier (wall) impact and compared the results with actual test data provided by 

NHTSA. As a result, the FE model provided reliable results, which can be used to further test 

various impact cases. 
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 The summary of the Toyota Yaris (2010) finite element model is presented in Table 6.1, 

and the comparison of the actual and FE model is shown in Table 6.2. 

 FE model Count 

Number of Parts 917 

Number of Nodes 1,480,422 

Number of shells 1,250,424 

Number of Beams 4,738 

Number of Solids 258,887 

Total Elements 1,515,068 

Beam Element Connections 4,425 

Nodal Rigid Body Connections 727 

Extra Node Set Connections 20 

Rigid Body Connections 2 

Spot-weld Connections 4,107 

Joint Connections 39 

 

 

 

 Actual Vehicle FE model 

Weight (kg) 1,078 1,100 

Pitch Inertia (Kg-m2) 1,498 1,566 

Yaw Inertia (Kg-m2) 1,647 1,739 

Roll Inertia (Kg-m2) 388 395 

Vehicle Center of Gravity X (mm) 1,022 1,004 

Vehicle Center of Gravity Y (mm) -8.3 -4.4 

Vehicle Center of Gravity  Z (mm) 558 569 

Figure 6.5. 2010 Toyota Yaris Physical Test Article and Finite Element Model 

 

Table 6.1. Overview of 2010 Toyota Yaris FE Model  

 

Table 6.2. Mass, Inertia and C.G Comparison of Actual model and FE Model  

 



 

107 

Table 6.2 compares the physical and finite element model's mass, inertia, and Center of 

Gravity (C.G.). It is clear from the figures that the finite element model was built with detailing to 

match the test article as much as possible.  

 The finite element models of the rigid wall and Offset Deformable Barrier (ODB) are 

shown in Figure 6.6 and Figure 6.7. The ODB barrier model was pre-validated by the LSTC 

(Livermore Software Technology Corporation) for use as needed. The rigid wall mesh geometry 

and dimensions are shown in Figure 6.6. Furthermore, a summary of the rigid wall mesh is 

tabulated in Table 6.3. 

 

 

 

Parameters FE Model Count 

Number of Parts 1 

Number of Nodes 121 

Number of Shells 100 

Minimum Element Size 150 mm 

Figure 6.6. Rigid Wall Mesh  

 
Table 6.3. Summary of Rigid Wall Mesh  
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Figure 6.7 shows the finite element model of the Offset Deformable Barrier (ODB) and 

has been used in the study to perform FMVSS (Federal Motor Vehicle Safety Standard) frontal-

offset ODB impact test. The offset impact events are considered to be severe by the nature of 

occurrence as the barrier absorbs less energy. The LSTC Offset Deformable Barrier dimensions 

are sketched below. In addition, the bill of materials is listed in Table 6.4.  

Figure 6.7. Offset Deformable Barrier Mesh  

 
Table 6.4. Bill of Materials for ODB FE Model  
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6.6.1 Material Application 

Chapter 6 focuses on investigating frontal impact according to FMVSS 208 regulation. The 

following impact scenarios have been studied: 

 Full-Width Rigid Wall Barrier Impact, 

 Full-Width Rigid Wall Barrier Oblique Impact, 

 Frontal Moderate Offset Deformable Barrier Impact, 

 Frontal Oblique Moving Deformable Barrier Impact. 

 The two materials that interest the study are PA66 RCF and aluminum Foam. Both 

materials were evaluated for their crash performance individually and in combination. The target 

regions for material application in the Toyota Yaris (2010) FE model for frontal impact test cases 

discussed are highlighted in Figures 6.8 (PA66 RCF) and 6.9 (Aluminum foam).  

Figure 6.8. Nylon66 (PA66) RCF Application in the FE Model 

 

Right Crash Box 

Left Crash Box 
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A summary of the PA66 RCF material applied to the components in the FE car model is 

tabulated below in Table 6.5. 

 The complex geometry of the original front crash box pointed out in yellow is shown in 

Figure 6.8. Due to the convolute geometry of the crash box, it is challenging to design new 

aluminum foam block inserts. Therefore, the thin-wall crash box was simplified to fit the new 

energy-absorbing inserts, as highlighted in Figure 6.9. A tabular summary of the application of 

aluminum foam to the components in the FE car model is shown in Table 6.6.  

 

 

 

 

Area of Application Previous Material Current Material 

Front Bumper ABS Plastic PA66 RCF 

Radiator Fan Assembly General Plastic PA66 RCF 

Left Crush Box Assembly Steel PA66 RCF 

Right Crush Box Assembly Steel PA66 RCF 

Area of Application Previous Material Current Material 

Right Foam (New) - Aluminum Foam 

Left Foam (New) - Aluminum Foam 

Thin-Wall Crash Tube Steel PA66 RCF 

Table 6.5. Summary of PA66 RCF Material Application  

 

Figure 6.9. Aluminum Foam Application in the FE Model 

   [A] Left Al Foam Insert [B] Right Al Foam Insert 

 
Table 6.6. Summary of Aluminum Foam Material Application  

 

Assembly 



 

111 

6.6.2 Boundary Conditions and Impact Speed 

 The boundary conditions and impact speed for different frontal impact test cases discussed 

in section 6.2 are illustrated using an FE model, as shown in Figure 6.10. 

All impact cases except the ODB impact are tested per FMVSS regulations. The Offset 

Deformable Barrier impact was carried out according to the IIHS test requirements. 

6.7 Finite Element Simulations 

The dynamic full-scale frontal impact simulations have been performed using LS-DYNA 

solver according to the FMVSS and IIHS regulations. This section discusses the finite element 

results of the three test cases shown in Figure 6.10. Initially, the orthogonal rigid wall impact 

scenario results are discussed and followed by the oblique rigid wall impact and ODB impact 

cases. Each of the three cases investigated under the frontal impact scenario has four sub-models, 

including a base model with no material changes. Next, the PA66 RCF and aluminum foam models 

were studied individually, as discussed in section 6.6.1. Finally, the combined model includes the 

application of both materials to understand the combined effects.  

Table 6.7. Summary of Aluminum Foam Material Application  

 

Figure 6.10. Boundary Conditions and Impact Speed  
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6.7.1 Rigid Wall Orthogonal Impact 

The finite element Toyota Yaris (2010) car model was impacted against the rigid wall 

perpendicularly with no offset, as shown in Figure 6.10 (Top Left). The kinematic behavior and 

results like accelerations (g’s), wall forces, energies, and intrusions are discussed in detail. 

6.7.1.1 Kinematic Behavior 

 The kinematics of the Toyota Yaris rigid wall frontal impact simulation for the base model 

at different time steps; i.e., 0 ms, 50 ms, 100 ms, and 150 ms, is shown in Figure 6.11. The 

kinematic behavior may appear similar in all cases but significantly differ in their results. 

The PA66 RCF material was applied to the front portion of the vehicle, as shown in Figure 

6.8. In addition, the kinematics of the Toyota Yaris rigid wall frontal impact simulation for the 

base model at different time steps; i.e., 0 ms, 50 ms, 100 ms, and 150 ms, is shown in Figure 6.12. 

Figure 6.11. Kinematic Behavior of the Base Model  

 

Figure 6.12. Kinematic Behavior of the PA66 RCF Model 
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The Toyota Yaris (2010) aluminum foam model's kinematics is shown in Figure 6.13 at 

different time steps; i.e., 0 ms, 50 ms, 100 ms, and 150 ms. The new aluminum foam blocks were 

cased inside a thin-wall crash tube, as illustrated in Figure 6.9. The thin-wall crash box was 

originally made of steel, but PA66 RCF material has been applied in this study. 

The kinematics of the Toyota Yaris (2010) combined model (PA66 RCF + Al foam) is 

shown in Figure 6.14 at different time steps; i.e., 0 ms, 50 ms, 100 ms, and 150 ms. The above two 

models; i.e., PA66 RCF and Al foam models, were integrated to study the combined effects.   

Figure 6.13. Kinematic Behavior of the Aluminum Foam Model 

 

Figure 6.14. Kinematic Behavior of the Combined Model 
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6.7.1.2 Finite Element Results 

Different finite element results like accelerations, forces, energy comparisons, and 

intrusions are detailed in this section. The accelerations were obtained by introducing virtual 

sensors at the various locations in the FE model. For the orthogonal frontal impact, the 

accelerometers were placed at the vehicle's center of gravity, driver seat cross member, and front 

passenger seat cross member. The forces and energies were obtained by activating the 'rcforc' and 

'glstat' from the Database_ASCII option in LS-DYNA.  

 Figure 6.15 shows the accelerometer data comparison at the vehicle's center of gravity for 

the base, PA66 RCF, aluminum foam, and combined (Aluminum foam + PA66 RCF) models. The 

combined model has experienced a lower 'g' force than the base model with higher 'g' at the center 

of gravity. 

Figure 6.15. Comparison of Accelerometer Data at the Center of Gravity 
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The accelerometer data from the driver seat cross member was plotted over time for all the 

cases under the orthogonal frontal impact, as shown in Figure 6.16. Again, the combined model 

has a significantly lower ‘g’ force than the base model with a higher ‘g’ force. 

The accelerometer data from the front passenger seat cross member was plotted over time, 

as shown in Figure 6.17. It is evident from the overlay below that the combined model has a 

significantly lower ‘g’ force compared to the base model, with a higher ‘g’ force. 

Figure 6.16. Comparison of Accelerometer Data at the Driver Seat Cross Member 

 

Figure 6.17. Comparison of Accelerometer Data at the Passenger Seat Cross Member 
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The impact force on the car model was calculated from the force exerted on the wall, i.e., 

the car absorbs the exact amount of wall force in reaction. Figure 6.18 illustrates the higher peak 

impact force in the base model and the lower peak force in the combined model.  

The energy balance of the entire system is significant when the destructive kinetic energy 

is converted into internal energy. For example, Figure 6.19 shows a good balance of kinetic, 

internal, and total energies for all orthogonal frontal impact cases investigated.  

Figure 6.18. Comparison of Wall Reaction Force 

 

Figure 6.19. Comparison of Energy Balance  
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6.7.1.3 Vehicle Intrusion 

Intrusion occurs when the impact energy exceeds the maximum strength of the vehicle's 

deformable structures. In frontal crashworthiness, the engine and firewall are considered rigid 

bodies. The firewall is a rigid panel between the engine and the passenger cabin intended to prevent 

fire from entering the compartment. It is significant to mention that no firewall intrusions were 

observed based on reduced intrusions. Moreover, the firewall intrusion was not computed severally 

because an overall reduction in the global intrusion was already achieved, eliminating the need. 

In this study, the node track method was used to evaluate the intrusions, and the node 

measurements in the model may vary depending on the type of impact and point of impact. The 

difference between the pre-impact and post-impact distance measures the intrusion, as shown in 

Figure 6.20. In addition, the intrusion values for all the cases under orthogonal rigid wall frontal 

impact are tabulated in Table 6.7.  

Table 6.7. Post-Impact Intrusion Comparison 

 

Figure 6.20. Pre and Post-Impact Measurement of the Base Model 
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6.7.2 Rigid Wall Oblique Impact 

The 2010 Toyota Yaris FE car model was obliquely impacted against the rigid wall; i.e., at 

30o, as illustrated in Figure 6.10 (Top Right). 

6.7.2.1 Kinematic Behavior 

The rigid wall oblique impact base FE model simulation kinematics is shown in Figure 

6.21 at different time steps; i.e., 0 ms, 50 ms, 100 ms, and 150 ms. The kinematic behavior may 

appear similar in all cases but differ in their results. 

The PA66 RCF material was applied to the front end of the vehicle structure, as shown in 

Figure 6.8. Moreover, the rigid wall oblique impact PA66 RCF FE model simulation kinematics 

is shown in Figure 6.22 at different time steps; i.e., 0 ms, 50 ms, 100 ms, and 150 ms.  

Figure 6.21. Kinematic Behavior of the Base Model  

 

Figure 6.22. Kinematic Behavior of the PA66 RCF Model 
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The aluminum foam model kinematics are shown in Figure 6.23 at different time steps; 

i.e., 0 ms, 50 ms, 100 ms, and 150 ms. The new aluminum foam blocks were cased inside a thin-

wall crash tube, as illustrated in Figure 6.9. The thin-wall crash box was originally made of steel, 

but PA66 RCF material has been applied in this study.  

The kinematics of the combined finite element model (PA66 RCF + Al foam) is shown in 

Figure 6.24 at different time steps; i.e., 0 ms, 50 ms, 100 ms, and 150 ms. The above two models; 

i.e., PA66 RCF and Al foam models, were integrated to study the combined effects.  

Figure 6.23. Kinematic Behavior of the Aluminum Foam Model 

 

Figure 6.24. Kinematic Behavior of the Combined Model 
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6.7.2.2 Finite Element Results 

Different finite element results like accelerations, forces, energy comparisons, and 

intrusions are detailed in this section. The accelerations were obtained by placing virtual sensors 

in the FE model at various locations. For instance, in the oblique frontal impact, the accelerometers 

were placed at the vehicle's center of gravity, driver seat cross member, and front passenger seat 

cross member. In addition, the acceleration, forces, and energies were obtained by activating the 

'nodout,' 'rcforc,' and 'glstat' from the Database_ASCII option in LS-DYNA.  

 Figure 6.25 shows the accelerometer data comparison at the vehicle's center of gravity for 

the base, PA66 RCF, aluminum foam, and combined (aluminum foam + PA66 RCF) models. The 

combined model has experienced a lower 'g' force than the base model with a higher 'g' force at 

the center of gravity. 

Figure 6.25. Comparison of Accelerometer Data at the Center of Gravity 
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The accelerometer data from the driver seat cross member was plotted over time for all the 

cases under the oblique frontal impact, as shown in Figure 6.26. Moreover, the foam model has 

experienced a significantly lower ‘g’ force than the base model with a higher ‘g’ force.   

The accelerometer data from the front passenger seat cross member was plotted over time, 

as shown in Figure 6.27. Furthermore, the foam model has experienced a relatively lower ‘g’ force 

than the base model with a higher ‘g’ force.   

Figure 6.26. Comparison of Accelerometer Data at the Driver Seat Cross Member 

 

Figure 6.27. Comparison of Accelerometer Data at the Passenger Seat Cross Member 
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The impact force on the car model was calculated from the force exerted on the wall, i.e., 

the car absorbs the exact amount of wall force in reaction. Figure 6.28 illustrates the higher peak 

impact force in the base model and the lower peak force in the foam model.  

The energy balance of the entire system is significant when the destructive kinetic energy 

is converted into internal energy. Figure 6.29 shows a good energy balance of kinetic energy, 

internal energy, and total energy for all oblique frontal impact cases that were investigated.  

Figure 6.28. Comparison of Wall Reaction Force 

 

Figure 6.29. Comparison of Energy Balance  
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6.7.2.3 Vehicle Intrusion 

Intrusion occurs when the impact energy exceeds the maximum strength of the vehicle's 

deformable structures. In frontal crashworthiness, the engine and firewall are considered rigid 

bodies. The firewall is a rigid panel between the engine and the passenger cabin intended to prevent 

fire from entering the compartment. It is significant to mention that no firewall intrusions were 

observed based on reduced intrusions. Moreover, the firewall intrusion was not computed 

respectively because a global reduction in the intrusion was already achieved, eliminating the need. 

 In this study, the node track method was used to evaluate the intrusions, and the node 

measurements in the model may vary depending on the type of impact and point of impact. The 

difference between the pre-impact and post-impact distance measures the intrusion, as shown in 

Figure 6.30. In addition, the intrusion values for all the cases under oblique rigid wall frontal 

impact are tabulated in Table 6.8. It is significant to mention that no firewall intrusions were 

observed based on reduced intrusions. 

Table 6.8. Post-Impact Intrusion Comparison 

 

Figure 6.30. Pre and Post-Impact Measurement of the Base Model  
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6.7.3 Offset Deformable Barrier (ODB) Impact 

The 2010 Toyota Yaris FE car model was impacted against the fixed deformable barrier 

with a 45 percent offset of the vehicle's overall width, as illustrated in Figure 6.10 (Bottom). 

6.7.3.1 Kinematic Behavior 

The kinematics of the offset deformable barrier impact base FE model simulation is shown 

in Figure 6.31 at different time steps; i.e., 0 ms, 50 ms, 100 ms, and 150 ms. The kinematic behavior 

may appear similar in all cases but significantly differ in their results.  

The PA66 RCF material was applied to the front structure of the vehicle, as illustrated in 

Figure 6.8. In addition, the PA66 RCF FE model's simulation kinematics are shown in Figure 6.32 

at different time steps; i.e., 0 ms, 50 ms, 100 ms, and 150 ms.  

Figure 6.31. Kinematic Behavior of the Base Model  

 

Figure 6.32. Kinematic Behavior of the PA66 RCF Model 
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The kinematics of the aluminum foam model is shown in Figure 6.33 at different time 

steps; i.e., 0 ms, 50 ms, 100 ms, and 150 ms. The new aluminum foam blocks were cased inside a 

thin-wall crash tube, as illustrated in Figure 6.9. The thin-wall crash box was originally made of 

steel, but PA66 RCF material has been applied in the study.  

The kinematics of the combined model (PA66 RCF + Al foam) is shown in Figure 6.34 at 

different time steps; i.e., 0 ms, 50 ms, 100 ms, and 150 ms. The above two models; i.e., PA66 RCF 

and Al foam models, were integrated to study the combined effects.  

Figure 6.33. Kinematic Behavior of the Aluminum Foam Model 

 

Figure 6.34. Kinematic Behavior of the Combined Model 
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6.7.3.2 Finite Element Results 

Different finite element results like accelerations, forces, energy comparisons, and 

intrusions are detailed in this section. The accelerations were obtained by introducing virtual 

sensors at the various locations in the FE model. For instance, in the oblique frontal impact, the 

accelerometers were placed at the vehicle's center of gravity, driver seat cross member, and front 

passenger seat cross member. In addition, the acceleration, forces, and energies were obtained by 

activating the 'nodout,' 'rcforc,' and 'glstat' from the Database_ASCII option in LS-DYNA.  

Figure 6.35 shows the accelerometer data comparison at the vehicle's center of gravity for 

the base, PA66 RCF, aluminum foam, and combined (Aluminum foam + PA66 RCF) models. The 

foam model has experienced a lower 'g' force than the base model with higher 'g' at the center of 

gravity. 

Figure 6.35. Comparison of Accelerometer Data at the Center of Gravity 
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The accelerometer data from the driver seat cross member was plotted over time for all the 

cases under ODB frontal impact, as shown in Figure 6.36. Also, the foam model has a lower ‘g’ 

force relative to the base model, which experienced a higher ‘g’ force. 

The accelerometer data from the front passenger seat cross member was plotted over time, 

as shown in Figure 6.37. Furthermore, the foam model experienced a lower ‘g’ force than the base 

model with a higher ‘g’ force.   

Figure 6.36. Comparison of Accelerometer Data at the Driver Seat Cross Member 

 

Figure 6.37. Comparison of Accelerometer Data at the Passenger Seat Cross Member 
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 Figure 6.38 shows an overlay of the peak impact force of various models studied under 

ODB frontal impact. It is evident from the overlay that the combined model has experienced a 

lower peak wall force compared to the higher peak force noticed in the base model.  

The energy balance of the entire system is significant when the highly destructive kinetic 

energy is converted into internal energy. Figure 6.39 shows a good energy balance of kinetic 

energy, internal energy, and total energy for all ODB frontal impact cases that were investigated.   

Figure 6.38. Comparison of ODB Force 

 

Figure 6.39. Comparison of Energy Balance  
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6.7.3.3 Vehicle Intrusion 

Intrusion occurs when the impact energy exceeds the maximum strength of the vehicle's 

deformable structures. In frontal crashworthiness, the engine and firewall are considered rigid 

bodies. The firewall is a rigid panel between the engine and the passenger cabin intended to prevent 

fire from entering the compartment. It is significant to mention that no firewall intrusions were 

observed based on reduced intrusions. Moreover, the firewall intrusion was not determined 

separately because an overall reduction in the global intrusion was achieved, eliminating the need. 

 In this study, the node track method was used to evaluate the intrusions, and the node 

measurements in the model may vary depending on the type of impact and point of impact. The 

difference between the pre-impact and post-impact distance measures the intrusion, as shown in 

Figure 6.40. In addition, the intrusion values for all the cases under offset deformable barrier 

impact are tabulated in Table 6.9.  

Table 6.9. Post-Impact Intrusion Comparison 

 

Figure 6.40. Pre and Post-Impact Measurement of the Base Model  
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6.8 Conclusions 

The following conclusions were made from all frontal impact simulations: 

• PA66 RCF and aluminum foam materials applied to the vehicle at targeted regions 

showed an overall improved performance in the event of a crash. 

•  An overview of the accelerometer comparisons at various locations of the rigid wall, 

oblique, and ODB frontal impact models are tabulated in Tables 6.10, 6.11, and 6.12.  

• The front bumper assembly applied with the materials of interest assisted in reducing 

Table 6.10. Overview of Rigid Wall Frontal Impact FE Results  

 

Table 6.11. Overview of Oblique Frontal Impact FE Results  

 

Table 6.12. Overview of ODB Frontal Impact FE Results  
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the intensity of the loads entering the system by an effective distribution through 

multiple transfer paths. 

• The PA66 RCF and aluminum foam materials lowered the g-force at the center of 

gravity, driver, and passenger seat locations. 

• The PA66 RCF, aluminum foam, and combined models significantly lowered the 

accelerations compared to the base model. 

• It can be concluded that the combined model alone could significantly improve vehicle 

crashworthiness. 

•  The vehicle intrusions were notably reduced in all models compared to the base model. 

• It was noticed that the firewall was not compromised in all cases based on global 

intrusion. This confirms that the materials investigated could protect the occupants 

from severe injuries. 

• All models experienced lower peak wall/ODB force and internal energy than the base 

model. 

• The energy balance of all models investigated under the frontal impact (FMVSS 208) 

was in good agreement; i.e., T.E. ≈ I. E.+K.E. 

• In summary, the materials of interest are recommended for ideal automotive 

crashworthiness applications. 
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CHAPTER 7 

FULL-SCALE EVALUATION USING NYLON66 (PA66) REINFORCED RECYCLED 

CARBON FIBER COMPOSITES AND ALUMINUM FOAM FOR APPLICATION IN 

VEHICLE CRASHWORTHINESS PER FMVSS 214 

 

7.1 Introduction 

Side-impact crashes contribute to a substantial proportion of road fatalities every year. 

These crashes typically occur because of traffic violations at intersections. In 2019, 23% of 

passenger vehicle occupant deaths in the United States were due to the side impact [139]. Side 

impact analysis is significant in crashworthiness because of the severity of the injury that it would 

cause to the body parts like the head, neck, arms, ribs, legs, and hips. Even at lower speeds, side 

impact crashes may result in severe injuries and fatal injuries in some cases. Previous studies have 

shown that driver-side impact likely results in more acute and catastrophic injuries than those with 

far-side impact. This chapter entirely focuses on full-scale side collision analysis per FMVSS 214 

standard. The side impact research has gained significance due to the highest number of deaths 

besides frontal and rear collisions. A side collision or T-bone collision occurs when one vehicle 

impacts another vehicle on its side. The typical load paths involved in a pure side collision are 

sketched in Figure 7.1.  

Figure 7.1. Typical Load Paths in Side Impact [140] 
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The vehicle structures must be designed such that they adhere to the following minimal 

structural criteria: 

 Load is primarily transferred through doors and to the rest of the structures. 

 The integrated system experiences small relative displacements. 

 The structure must allow small displacements of up to 40 ms to enable airbag inflation. 

7.2 Safety Standard and Test Setup 

The United States Department of Transportation (DOT) instituted National Highway 

Traffic Safety Administration (NHTSA) in 1970 under the highway safety act. Several regulations 

written as part of the highway safety act are shown in Figure 7.2. The primary purpose of the 

NHTSA is to save people's lives, prevent injuries, and reduce economic costs related to vehicle 

crashes.  

 

 

Figure 7.2. Safety Regulations in the USA, Europe, and China [141] 
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In this chapter, the full-scale side impact of the 2010 Toyota Yaris car numerical model is 

studied according to the FMVSS 214 test standard. The sole purpose of this standard is to mitigate 

the head and chest injury severities to the occupants in the event of side collisions. In addition, 

pure orthogonal side impact and a pole impact with an angle are studied according to the FMVSS 

214. The two test setups are schematically shown in Figure 7.3. 

 

 In in an orthogonal side impact, the vehicle remains stationary and will be impacted by a 

Moving Deformable Barrier (MDB). On the contrary, in the side pole impact, the car impacts into 

a fixed pole at an angle of 75o normal to the axis of the dummy head and the vehicle’s longitudinal 

axis. The finite element model information of both the vehicle and barrier are discussed in section 

7.6. 

7.3 Objectives 

The goal of this research is to investigate the efficiency of PA66 RCF and aluminum foam 

materials for full-scale side impact cases. The following objectives have been identified to 

accomplish the goal. 

Figure 7.3. Orthogonal Side Impact (Left) and Side Pole Impact (Right) [142] 
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• To evaluate the performance of advanced engineered plastic material; i.e., PA66 RCF, 

for side impact test cases per FMVSS 214 regulation. 

• To evaluate the performance of metal foam material; i.e., Aluminum foam, for side 

impact test cases per FMVSS 214 regulation. 

• To compare and analyze the forces, accelerations, intrusions, and energy absorption of 

the models with materials of interest against the base model. 

• To recommend the discussed materials as an alternative replacement to improve 

crashworthiness for automotive applications compared to traditional materials. 

7.4 Motivation 

It is of great interest to evaluate the response of a compact sedan for various side impact 

scenarios using PA66 RCF and aluminum foam materials. The motivation for this research is 

outlined below: 

• The primary tool for improving crashworthiness are the materials and an optimized 

structural design. 

• The automotive industry's challenge today is weight reduction without compromising 

overall safety, structural integrity, and comfort. 

• Weight reduction will help in lowering fuel consumption and carbon emissions. 

• The high-performance polymers are cost-effective, as any intricate design can be 

effortlessly manufactured through the injection molding process, reducing the 

miscellaneous cost. 

• In addition, crushing elements such as metal foams may significantly help lower the 
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risk of injuries and improve crashworthiness performance. 

7.5 Methodology  

The method of the approach followed in the study is shown in Figure 7.4. The LS-

PREPOST and Oasys primer were used as Finite Element (FE) tools, and LS-DYNA was used as 

finite element code to carry out the simulations. Toyota Yaris (2010) FE model has been 

downloaded from the NHTSA website and used to perform the full-scale side impact simulations. 

The material properties obtained from the experimental testing were used to set up the finite 

element models for different impact cases shown in Figure 7.3. The material data was applied to 

some areas of the car model, and some regions include side door skin, door interiors, side impact 

beams, etc. In the later sections, results like accelerations, energy absorption, intrusions, etc., were 

evaluated against the base model, and recommendations were made accordingly. 

Figure 7.4. Method of Approach 
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7.6 Finite Element Model Preparation 

The Toyota Yaris 2010 compact sedan physical model (left) and a Finite Element (FE) 

model (right) are shown in Figure 7.5 A compact sedan was chosen for the study due to less 

survival space and the severity of occupant injuries in an impact event. The FE model was 

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

researchers at the NCAC have constructed a detailed finite element model that includes all 

functional capabilities like the suspension system, steering system, and more.  A reverse 

engineering process was adapted to build a complete finite element model, and for this purpose, 

the actual physical car model was scanned using 3D methodologies.  An entire bill of materials 

was prepared with each component's thickness and materials defined. 

The material library of all significant structural components was updated by performing 

coupon-level testing from the samples cut out from the test article.  The primary purpose of the 

material testing is to obtain the non-linear properties, especially the stress-strain data, which will 

be used in the later stage of finite element modeling.  The finite element model prepared by NCAC 

was validated by performing simulations per NCAP frontal fixed barrier (wall) impact and 

compared the results with actual test data provided by NHTSA.  The FE model provided reliable 

results, which may be used further to test various impact cases. 

Figure 7.5. 2010 Toyota Yaris Physical Test Article and Finite Element Model 
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 The summary of the Toyota Yaris (2010) finite element model is presented in Table 7.1, 

and the comparison of the actual and FE model is shown in Table 7.2. 

 FE model Count 

Number of Parts 917 

Number of Nodes 1,480,422 

Number of shells 1,250,424 

Number of Beams 4,738 

Number of Solids 258,887 

Total Elements 1,515,068 

Beam Element Connections 4,425 

Nodal Rigid Body Connections 727 

Extra Node Set Connections 20 

Rigid Body Connections 2 

Spot-weld Connections 4,107 

Joint Connections 39 

 

 

 

 

Table 7.2 compares the mass, inertia, and Center of Gravity (C.G.) of both actual and F.E. 

models. It is clear from the figures that the F.E. model was built with detailing to match the 

physical article as much as possible. The finite element models of the Moving Deformable Barrier 

(MDB) and side impact rigid pole are shown in Figures 7.6 and 7.7. The MDB has been validated 

by LSTC (Livermore Software Technology Corporation) and can be used for various impact 

applications. The MDB's finite element model and dimensions are shown in Figure 7.6, and an 

overview of the model is detailed in Table 7.3. 

 Actual Vehicle FE model 

Weight (kg) 1,078 1,100 

Pitch Inertia (Kg-m2) 1,498 1,566 

Yaw Inertia (Kg-m2) 1,647 1,739 

Roll Inertia (Kg-m2) 388 395 

Vehicle Center of Gravity X (mm) 1,022 1,004 

Vehicle Center of Gravity Y (mm) -8.3 -4.4 

Vehicle Center of Gravity  Z (mm) 558 569 

Table 7.1. Overview of 2010 Toyota Yaris FE Model  

 

Table 7.2. Mass, Inertia and C.G Comparison of Actual model and FE Model  
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Figure 7.6. Mesh and Dimensions of the Moving Deformable Barrier  

 

Table 7.3. Overview of MDB FE Model 

 



 

140 

 The side pole impact 3D CAD model was designed using CATIA v5 and meshed using 

Altair HyperMesh 2021, as shown in Figure 7.7. The study used a rigid pole to perform FMVSS 

214 side pole impact simulation. In addition, the particular case was investigated to evaluate the 

structural integrity, as it is generally assumed to be a worse scenario due to the nature of the impact. 

The FE model summary of the rigid pole is tabulated in Table 7.4. 

  

Figure 7.7. Mesh and Dimensions of the Side Impact Rigid Pole  

 
Table 7.4. Summary of the Rigid Pole FE Model 
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7.6.1 Material Application 

Chapter 7 focuses on investigating side impact according to FMVSS 214 regulation. The 

following impact scenarios have been studied. 

 Orthogonal Side Impact 

 Rigid Pole Side Impact 

 The two materials that interest the study are Nylon (PA) 66 RCF and aluminum Foam. 

Both materials were evaluated for their energy-absorption individually and in combination. The 

target regions for material application in the Toyota Yaris (2010) FE model for side impact test 

cases are highlighted in Figures 7.8 (PA66 RCF) and 7.9 (Aluminum foam).  

Figure 7.8. Nylon66 (PA66) RCF Application in the FE Model 
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A summary of the application of PA66 RCF material to the components in the FE model 

is shown in Table 7.5. 

 In general, automotive manufacturers use foam blocks sandwiched between the exterior 

door skin and interior door panel to absorb energy in a side impact event. The components with 

aluminum foam material application are shown in Figure 7.9. The driver-side upper and lower 

padding already exists in the FE model, and the aluminum foam material has been applied. In 

addition, new B-pillar upper and lower paddings have been inserted in the FE model, and analysis 

has been carried out accordingly. A tabular summary of the material application of components 

that were targeted is shown in Table 7.6. 

Area of Application Previous Material Current Material 

Driver Side Door (Skin) Steel PA66 RCF 

Driver Side Door (Interior) Steel PA66 RCF 

Side Beam Steel PA66 RCF 

Table 7.5. Summary of PA66 RCF Material Application  

 

 Figure 7.9. Aluminum Foam Application in the FE Model 
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7.6.2 Boundary Conditions and Impact Speed 

The boundary conditions and impact speed of the side impact test cases discussed in section 

7.2 are schematically shown using an FE model in Figure 7.10. The test cases shown in Figure 

7.10 were set up according to FMVSS 214 regulations.  

7.7 Finite Element Simulations 

The dynamic full-scale side impact simulations have been performed using LS-DYNA 

solver according to the FMVSS regulations. This section discusses the finite element results of the 

two test cases shown in Figure 7.10. Initially, the orthogonal side impact scenario results are 

discussed and followed by the rigid pole side impact. Each of the two tests investigated under the 

side impact has four sub-models, including a base model with no material changes. The PA66 RCF 

and aluminum foam models were studied individually, as discussed in section 7.6.1. The combined 

model includes applying both materials to understand the combined effects.  

Table 7.6. Summary of Aluminum Foam Material Application  

 

Figure 7.10. Boundary Conditions and Impact Speed  
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7.7.1 Orthogonal Side Impact 

The Toyota Yaris (2010) FE car model was impacted by the MDB orthogonally, such that 

it impacted the driver-side door and B-pillar, as shown in Figure 7.10 (left). 

7.7.1.1 Kinematic Behavior 

The simulation kinematics of the base Finite Element (FE) model is shown in Figure 7.11 

at different time steps; i.e., 0 ms, 50 ms, 100 ms, and 150 ms. In addition, the kinematic behavior 

may appear similar in all cases but significantly vary in their results. 

The PA66 RCF material was applied to the side door assembly of a 2010 Toyota Yaris 

model, as shown in Figure 7.8. Furthermore, the simulation kinematics of the PA66 RCF FE model 

is shown in Figure 7.12 at different time steps; i.e., 0 ms, 50 ms, 100 ms, and 150 ms.  

Figure 7.11. Kinematic Behavior of the Base Model  

 

Figure 7.12. Kinematic Behavior of the PA66 RCF Model 
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The Al foam model's kinematics from the 2010 Toyota Yaris model simulation is shown 

in Figure 7.13 at different time steps; i.e., 0 ms, 50 ms, 100 ms, and 150 ms. The new B-pillar 

aluminum foam blocks were cased inside a B-pillar hat. The driver-side foam paddings were 

initially made of low-density foam, but Al foam material has been applied in this study.  

The kinematics from the combined model (PA66 RCF + Al foam) simulation performed 

on a Toyota Yaris model is shown in Figure 7.14 at different time steps; i.e., 0 ms, 50 ms, 100 ms, 

and 150 ms. The above two models; i.e., PA66 RCF and Al foam models, were integrated to com-

prehend the combined effects.   

Figure 7.13. Kinematic Behavior of the Aluminum Foam Model 

 

Figure 7.14. Kinematic Behavior of the Combined Model 
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7.7.1.2 Finite Element Results 

Several finite element results like accelerations, forces, energy comparisons, and intrusions 

are detailed in this section. The accelerations were obtained by placing virtual accelerometer 

sensors in the FE model at different locations. For the orthogonal MDB side impact, the 

accelerometers were placed at the vehicle's center of gravity, driver seat cross member, and front 

passenger seat cross member. In addition, the forces and energies were obtained by activating the 

'rcforc' and 'glstat' from the Database_ASCII option in LS-DYNA. Figure 7.15 shows the 

accelerometer data comparison at the vehicle's center of gravity for the base, PA66 RCF, aluminum 

foam, and combined (aluminum foam + PA66 RCF) models. The PA66 RCF model has 

experienced a lower 'g' force than the base model with higher 'g' at the center of gravity. 

Figure 7.15. Comparison of Accelerometer Data at the Center of Gravity 
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The virtual accelerometer sensor data from the driver seat cross member was plotted over 

time for all the cases under MDB side impact, as shown in Figure 7.16. The PA66 RCF model has 

a significantly lower ‘g’ force than the base model, which had experienced a higher ‘g’ force. 

The accelerometer data from the front passenger seat cross member obtained through the 

simulation was plotted over time, as shown in Figure 7.17. The PA66 RCF model has a lower ‘g’ 

force relative to the base model that had experienced a higher ‘g’ force.   

Figure 7.16. Comparison of Accelerometer Data at the Driver Seat Cross Member 

 

Figure 7.17. Comparison of Accelerometer Data at the Passenger Seat Cross Member 
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Figure 7.18 shows the peak impact force for various models investigated under MDB side 

impact. It was understood from the overlay that the combined model has experienced a lower MDB 

peak force compared to the higher peak force observed in the base model. 

The energy balance of the entire system is significant when the destructive kinetic energy 

is converted into internal energy. For instance, Figure 7.19 shows a balanced distribution of 

kinetic, internal, and total energy for all models investigated under the orthogonal side impact.  

Figure 7.18. Comparison of MDB Force 

 

Figure 7.19. Comparison of Energy Balance  

 



 

149 

7.7.1.3 Vehicle Intrusion 

Intrusion occurs when the impact energy exceeds the maximum strength of the vehicle's 

deformable structures. These structures are expected to be elastic-plastic, which will help to 

distribute and consume damaging loads to a greater extent. In the side impact event, there is not 

enough living space for the occupants from the point of impact to the intrusion. Therefore, the 

primary structures like the B-pillar, rocker panel, side panel, roof rail, hinge pillar, and side impact 

bar must be well designed to distribute the loads to the surrounding structures. In addition, the 

secondary structures like the foam inserts will help mitigate the impact's post- effects. The 

advanced plastic and foam materials that were investigated have successfully reduced the 

intrusions caused by the impact. The intrusions that occurred in various models are tabulated in 

Table 7.7. Node trackers were used to evaluating the intrusions by measuring the distance of the 

pre and post-impact events. The difference between the pre-impact and post-impact distance 

measures the intrusion, as shown in Figure 7.20.  

Table 7.7. Intrusion Measured from Pre and Post-Impact Event 

 

Figure 7.20. Pre and Post-Impact Door Measurement of the Base Model 
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7.7.1.4 IIHS Intrusion Guidelines and Ratings 

The Insurance Institute for Highway Safety (IIHS) has issued impact rating guidelines for 

structural intrusions resulting from a side impact. The intrusions are measured between the B-pillar 

and the driver seat centerline. The intrusion measurements were recorded from the full-scale 

simulations to evaluate whether the materials have reduced the intrusions. The IIHS measurement 

guidelines and ratings are shown in Figure 7.21. 

Based on the IIHS rating, the intrusion measurements between the B-pillar and the seat 

centerline greater than 12.5 cm have a 'good' rating, and intrusions with zero or negative 

measurements indicate a 'poor' rating. The intrusion measurements between the B-pillar post and 

driver seat centerline for the FMVSS moving deformable side impact case are shown in Table 7.8. 

Based on the ratings in Table 7.8, it can be concluded that all models investigated with the 

materials of interest have ‘good/acceptable’ ratings for an MDB side impact. 

Figure 7.21. IIHS Guideline for Side Impact Structural Rating [153]  

 

Table 7.8. IIHS Ratings for MDB Side Impact Per FMVSS 214 
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7.7.2 Rigid Pole Side Impact 

The 2010 Toyota Yaris FE car model was impacted against the rigid pole such that the 

destructive kinetic energy is transferred to the driver-side door and B-pillar.  

7.7.2.1 Kinematic Behavior 

The kinematics of the 2010 Toyota Yaris base FE model simulation is shown in Figure 

7.22 at different time steps; i.e., 0 ms, 50 ms, 100 ms, and 150 ms. Additionally, the kinematic 

behavior may appear similar in all cases but significantly differ in their results. 

 PA66 RCF material was applied to the side door assembly, as shown in Figure 7.8. In 

addition, the kinematics of the 2010 Toyota Yaris PA66 RCF finite element model simulation is 

shown in Figure 7.23 at different time steps; i.e., 0 ms, 50 ms, 100 ms, and 150 ms. 

Figure 7.22. Kinematic Behavior of the Base Model  

 

Figure 7.23. Kinematic Behavior of the PA66 RCF Model 
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The Toyota Yaris (2010) aluminum foam model's kinematics are shown in Figure 7.24 at 

different time steps; i.e., 0 ms, 50 ms, 100 ms, and 150 ms. The new B-pillar aluminum foam 

blocks shown in Figure 7.9 were cased inside the B-pillar hat. The driver-side foam paddings were 

originally made of low-density foam, but aluminum foam material was applied in this study.  

The combined model (PA66 RCF + Al foam) kinematics from the 2010 Toyota Yaris 

simulation is shown in Figure 7.25 at different time steps; i.e., 0 ms, 50 ms, 100 ms, and 150 ms. 

The above two models; i.e., PA66 RCF and Al foam models, were integrated to study the combined 

effects.   

Figure 7.24. Kinematic Behavior of the Aluminum Foam Model 

 

Figure 7.25. Kinematic Behavior of the Combined Model 
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7.7.2.2 Finite Element Results 

Various finite element results like accelerations, forces, energy comparisons, and 

intrusions are detailed in this section. The accelerations were obtained by introducing virtual 

accelerometers at the various locations in the FE model. For example, in the orthogonal and rigid 

pole side impact finite element models, the accelerometers were placed at the vehicle's center of 

gravity, driver seat cross member, and front passenger seat cross member locations. In addition, 

the forces and energies were obtained by activating the 'rcforc' and 'glstat' from the 

Database_ASCII option in LS-DYNA.  

 Figure 7.26 shows the accelerometer data overlay comparison at the vehicle's center of 

gravity for the base, PA66 RCF, aluminum foam, and combined (Aluminum foam + PA66 RCF) 

models. The foam model has experienced a lower 'g' force than the base model with higher 'g' at 

the center of gravity. 

Figure 7.26. Comparison of Accelerometer Data at the Center of Gravity 
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 The accelerometer data from the driver seat cross member was compared in the time 

domain for all the cases investigated under MDB side impact, as shown in Figure 7.27. The PA66 

RCF model has a lower ‘g’ force relative to the base model that had experienced a higher ‘g’ force. 

 The accelerometer data from the simulation was plotted over time for the front passenger 

seat cross member, as shown in Figure 7.28. A lower ‘g’ force was noticed in the combined model 

compared to the higher ‘g’ force in the base model.   

Figure 7.27. Comparison of Accelerometer Data at the Driver Seat Cross Member 

 

Figure 7.28. Comparison of Accelerometer Data at the Passenger Seat Cross Member 
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Figure 7.29 compares the peak impact force of all models investigated from the side pole 

impact simulations. It can be inferred from the overlay that the combined model has experienced 

a lower pole peak force compared to the higher peak force observed in the base model.  

When the highly destructive kinetic energy is converted to internal energy, the energy 

balance of the entire system is significant. For example, Figure 7.30 shows a good balance of 

kinetic, internal, and total energy for all models studied under the rigid pole side impact.  

Figure 7.29. Comparison of Pole Force 

 

Figure 7.30. Comparison of Energy Balance  
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7.7.2.3 Vehicle Intrusion 

Intrusion occurs when the impact energy exceeds the maximum strength of the vehicle's 

deformable structures. These structures are expected to be elastic-plastic, which will help to 

distribute and consume damaging loads to a greater extent. In the side impact event, there is not 

enough living space for the occupants from the point of impact to the intrusion. Therefore, the 

primary structures like the B-pillar, rocker panel, side panel, roof rail, hinge pillar, and side impact 

bar must be well designed to distribute the loads to the surrounding structures. In addition, the 

secondary structures like the foam inserts will help mitigate the impact's post-effects. The 

advanced plastic and foam materials that were investigated have successfully reduced the 

intrusions caused by the impact. The intrusions that occurred in various models are tabulated in 

Table 7.9. Node trackers were used to evaluating the intrusions by measuring the distance of the 

pre and post-impact events. The difference between the pre-impact and post-impact distance 

measures the intrusion, as shown in Figure 7.31.  

  Table 7.9. Intrusion Measured from Pre and Post-Impact Event 

 

Figure 7.31. Pre and Post-Impact Measurement of the Base Model 

 



 

157 

7.7.2.4 IIHS Intrusion Guidelines and Ratings 

The Insurance Institute for Highway Safety (IIHS) has issued impact rating guidelines for 

structural intrusions resulting from a side impact. The intrusions are measured between the B-pillar 

and the driver seat centerline. The intrusion measurements were recorded from the full-scale 

simulations to evaluate whether the materials have reduced the intrusions. The IIHS measurement 

guidelines and ratings are shown in Figure 7.21. 

Based on the IIHS rating, the intrusion measurements between the B-pillar and the seat 

centerline greater than 12.5 cm have a 'good' rating, and intrusions with zero or negative 

measurements indicate a 'poor' rating. The intrusion measurements between the B-pillar post and 

driver seat centerline for the FMVSS rigid pole side impact case are shown in Table 7.10. Based 

on the ratings in Table 7.10, it can be concluded that all models investigated with the materials of 

interest have ‘good’ ratings for a rigid pole side impact, but PA66 RCF and foam models offer 

additional protection and assist in reducing intrusions compared to the base model. 

7.8 Conclusions 

The following conclusions were made from the side impact simulations: 

• PA66 RCF and Al foam materials applied to the vehicle at targeted regions showed an 

overall improved performance in the event of a crash. 

Table 7.10. IIHS Ratings for Rigid Pole Side Impact Per FMVSS 

214 
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• An overview of the accelerometer comparisons at several locations of the MDB side 

impact and rigid pole side impact models are shown in Tables 7.11 and 7.12. 

• The two materials investigated assisted in effectively transferring the highly destructive 

kinetic loads through the system while most structures were still intact. 

• All models experienced lower g-force at the center of gravity, driver, and passenger 

seat locations. 

• Based on the observations from each model, it was understood that the combined model 

uniquely could optimize vehicle crashworthiness. 

• The vehicle intrusions were considerably reduced compared to the base model in both 

impact cases. 

• It was observed that the crash beam and B pillar of the driver-side door was not 

Table 7.11. Overview of MDB Side Impact FE Results  

 

Table 7.12. Overview of Rigid Pole Side Impact FE Results  
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compromised in any of the impact cases. 

• The peak MDB force dropped by 8.3%, and internal energy decreased by 4.2% based 

on the lowest value compared to the base model. 

• Likewise, the peak pole force dropped by 12.6%, and internal energy decreased by 

13.4% based on the lowest value compared to the base model. 

• The energy balance of all models from the side impact (FMVSS 214) study was in good 

agreement, i.e., T.E. ≈ I.E.+K.E. 

• In summary, it can be concluded that both materials are suitable for energy absorption 

in crashworthiness applications. 
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CHAPTER 8 

FULL-SCALE EVALUATION USING NYLON66 (PA66) REINFORCED RECYCLED 

CARBON FIBER COMPOSITES AND ALUMINUM FOAM FOR APPLICATION IN 

VEHICLE CRASHWORTHINESS PER FMVSS 301R 

 

8.1 Introduction 

Over the past decade, the private car has become more affordable with rapid economic 

development and advancements in manufacturing techniques. As a result, many traffic accident 

investigations reveal that rear-impact crashes contribute to a high proportion of road fatalities 

yearly. These crashes typically occur because of traffic violations like distracted driving, tailgating, 

drunk driving, and aggressive driving. In addition, weather conditions are also a significant 

contributor to rear-end collisions. In 2019, 6% of passenger vehicle occupant deaths in the United 

States were due to the rear impact [12]. Rear impact analysis is significant in crashworthiness 

because of the severity of the injury it would cause to the human body parts like the head, neck, 

arms, ribs, legs, and hips. Even at lower speeds, a fender bender could cause whiplash resulting in 

severe injuries and fatal injuries in some cases. The three significant injuries in a rear collision are 

flexion and extension and spine and neck injuries. In addition, a rear impact is one case with a 

potential fire risk due to fuel spillage after a severe crash. This chapter entirely focuses on full-

scale rear collision analysis per FMVSS 301R standard. The rear impact research has gained 

significance due to the highest number of deaths besides frontal, side, and rollover accidents. A 

rear collision occurs when one vehicle impacts another on its rear end with or without offset. This 

chapter analyzes the efficacy of advanced engineered energy-absorbing materials like the Nylon66 

reinforced recycled carbon fiber and aluminum foam. The typical load path distribution that is 

identified in a rear collision is shown in Figure 8.1. 
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8.2 Safety Standard and Test Setup 

The United States Department of Transportation (DOT) instituted National Highway 

Traffic Safety Administration (NHTSA) in 1970 under the highway safety act. Several regulations 

written as part of the highway safety act are shown in Figure 8.2. The primary purpose of the 

NHTSA is to save people's lives, prevent injuries, and reduce economic costs related to vehicle 

crashes.  

 

Figure 8.1. Typical Load Paths in Rear Impact [143] 

 

Figure 8.2. Safety Regulations in the USA, Europe, and China [141] 
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 Chapter 8 discusses the full-scale rear impact testing of the 2010 Toyota Yaris car 

numerical model according to the FMVSS 301R standard. The purpose of the 301R standard is to 

mitigate neck injury severities and protect the occupants from the risk of fire due to a compromised 

fuel tank in the event of a rear collision. According to the standard, an offset-moving deformable 

barrier impacts the vehicle's rear end, and the test setup is illustrated in Figure 8.3.  

NHTSA upgraded the old FMVSS 301 to the new 301R in December 2003 and requires 

all the manufacturers to assess the risk of fire post impact keeping all other interests in place. Under 

the new standard, a moving deformable barrier of 1368 kg will impact the rear end of the stationary 

vehicle with 70-80% overlap at a higher velocity of 50 mph than the previous 30 mph. The finite 

element model information of both the car and MDB barrier is discussed in section 8.6. 

8.3 Objectives 

The goal of this research is to investigate the efficiency of PA66 RCF and aluminum foam 

materials for full-scale rear impact. The following objectives have been identified to accomplish 

the goal. 

Figure 8.3. Offset Rear Impact Test Setup [144] 
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• To evaluate the performance of advanced engineered plastic material; i.e., PA66 RCF, 

for rear impact test case per FMVSS 301R regulation. 

• To evaluate the performance of metal foam material; i.e., Aluminum foam, for rear 

impact test case per FMVSS 301R regulation. 

• To compare and analyze the forces, accelerations, intrusions, and energy absorption of 

the models with materials of interest against the base model. 

• To recommend the discussed materials as an alternative replacement to improve 

crashworthiness for automotive applications compared to traditional materials. 

8.4 Motivation 

It is of great interest to evaluate the response of a compact sedan for a rear impact scenario 

using PA66 RCF and aluminum foam materials. The motivation for this research is outlined below: 

• The primary tool for improving crashworthiness are the materials and an optimized 

structural design. 

• The automotive industry's challenge today is weight reduction without compromising 

overall safety, structural integrity, and comfort. 

• Weight reduction will help in lowering fuel consumption and carbon emissions. 

• The high-performance polymers are cost-effective, as any intricate design can be 

effortlessly manufactured through the injection molding process, reducing the 

miscellaneous cost. 

• In addition, crushing elements such as metal foams may significantly help lower the 

risk of injuries and improve crashworthiness performance. 
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8.5 Methodology  

The method of the approach applied in the study is shown in Figure 8.4. The LS-PREPOST 

and Oasys primer were used as Finite Element (FE) tools, and LS-DYNA was used as Finite 

Element (FE) code to carry out the simulations. The 2010 Toyota Yaris FE model was downloaded 

from the NHTSA website and used to perform the full-scale side impact simulations. First, the 

material properties obtained from the experimental testing were used to set up the finite element 

models for the rear impact case shown in Figure 8.3. Next, the material data was applied to some 

areas in the car model, including the side door skin, door interiors, side impact beam, etc. In the 

later sections, results like accelerations, energy absorption, intrusions, etc., were evaluated against 

the base model, and recommendations were made accordingly. 

Figure 8.4. Method of Approach 
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8.6 Finite Element Model Preparation 

The Toyota Yaris 2010 compact sedan physical model (left) and the Finite Element (FE) 

model (right) are shown in Figure 8.5. A compact sedan was chosen for the study due to less 

survival space and the severity of occupant injuries in an impact event. The FE model was 

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

research team at the NCAC has constructed a detailed finite element model that includes all 

functional capabilities like the suspension system, steering system, and more. A reverse 

engineering process was adapted to build a complete finite element model, and for this purpose, 

the actual physical car model was scanned using 3D methodologies. An entire bill of materials was 

prepared with each component's thickness and materials defined. 

The material library of all significant structural components was updated by performing 

coupon-level testing from the samples cut out from the test article. The primary purpose of the 

material testing is to obtain the non-linear properties, especially the stress-strain data, which will 

be used in the later stage of finite element modeling. The finite element model prepared by NCAC 

was validated by performing simulations per NCAP frontal fixed barrier (wall) impact and 

compared the results with actual test data provided by NHTSA. The FE model provided reliable 

results, which may be used further to conduct any other user-defined tests. 

Figure 8.5. 2010 Toyota Yaris Physical Test Article and Finite Element Model 
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 The summary of the 2010 Toyota Yaris FE model information is presented in Table 8.1. 

Moreover, the mass and C.G. comparison of the actual and F.E. models are shown in Table 8.2. 

 FE model Count 

Number of Parts 917 

Number of Nodes 1,480,422 

Number of shells 1,250,424 

Number of Beams 4,738 

Number of Solids 258,887 

Total Elements 1,515,068 

Beam Element Connections 4,425 

Nodal Rigid Body Connections 727 

Extra Node Set Connections 20 

Rigid Body Connections 2 

Spot-weld Connections 4,107 

Joint Connections 39 

 

 

 

 

Table 8.2 compares the mass, inertia, and Center of Gravity (C.G.) of both actual and F.E. 

models. It is clear from the numbers that the F.E. model was built with detailing to match the 

physical article as much as possible.  

The finite element model of the Moving Deformable Barrier (MDB) is shown in Figure 

8.6. The MDB has been validated by LSTC (Livermore Software Technology Corporation) and 

can be used for various impact applications. The MDB model dimensions are shown in Figure 8.6, 

and an overview of the F.E. model is presented in Table 8.3. 

 Actual Vehicle FE model 

Weight (kg) 1,078 1,100 

Pitch Inertia (Kg-m2) 1,498 1,566 

Yaw Inertia (Kg-m2) 1,647 1,739 

Roll Inertia (Kg-m2) 388 395 

Vehicle Center of Gravity X (mm) 1,022 1,004 

Vehicle Center of Gravity Y (mm) -8.3 -4.4 

Vehicle Center of Gravity  Z (mm) 558 569 

Table 8.1. Overview of 2010 Toyota Yaris FE Model  

 

Table 8.2. Mass, Inertia and C.G Comparison of Actual model and FE Model  
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Figure 8.6. Mesh and Dimensions of the Moving Deformable Barrier  

 

Table 8.3. Overview of MDB FE Model 
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8.6.1 Material Application 

 The materials investigated with huge interest are PA66 RCF and aluminum foam. Both 

materials were evaluated for their energy-absorbing capabilities individually and in combination. 

The target regions for material application in the 2010 Toyota Yaris finite element model for the 

rear impact are highlighted in Figures 8.7 (PA66 RCF) and 8.8 (Aluminum foam).  

 The PA66 RCF material applied to the Toyota Yaris finite element model components is 

summarized in Table 8.4. 

Figure 8.7. Nylon66 (PA66) RCF Material Application in the FE Model 

 

Table 8.4. Summary of PA66 RCF Material Application  
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 The original rear crash box geometry is shown in Figure 8.7 (Pointed in yellow). The thin-

wall crash box was not designed with foam inserts; therefore, new aluminum foam inserts were 

designed and modeled to fit in the thin-wall crash tubes, as shown in Figure 8.8. A tabular summary 

of the aluminum foam material applied to the targeted components is shown in Table 8.5. 

 

 

 

 

 

 

 

 Figure 8.8. Aluminum Foam Material Application in the FE Model 
                               [A] Left Al Foam Insert [B] Right Al Foam Insert 

 

 

Table 8.5. Summary of Aluminum Foam Material Application  
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8.6.2 Boundary Conditions and Impact Speed 

The boundary conditions and impact speed of the rear impact test case discussed in section 

8.2 are illustrated using an FE model, as shown in Figure 8.9. The finite element model shown in 

Figure 8.9 was set up according to the FMVSS 301R regulation.  

8.7 Finite Element Simulations 

The dynamic full-scale rear impact simulations have been performed using LS-DYNA 

solver according to the FMVSS regulations. This section discusses the finite element results of the 

test case shown in Figure 8.9. The rear impact test case investigated has four sub-models, including 

a base model with no material changes. The PA66 RCF and aluminum foam models were studied 

individually, as discussed in section 8.6.1. In addition, the combined model includes applying both 

materials to understand the combined effects.  

8.7.1 Offset Rear Impact 

The 2010 Toyota Yaris finite element car model was impacted by a Moving Deformable 

Barrier (MDB) with 70%-80% offset such that significant damage is expected to the rear end of 

the vehicle and the fuel tank system. A top-view schematic illustration with MDB and car model 

is shown in Figure 8.9. In addition, the kinematic behavior and results, such as accelerations (g’s), 

wall forces, energies, and intrusions, are discussed in the following sections. 

Figure 8.9. Boundary Conditions and Impact Speed  
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8.7.1.1 Kinematic Behavior 

The simulation kinematics of the 2010 Toyota Yaris base FE model is shown in Figure 

8.10 at different time steps; i.e., 0 ms, 50 ms, 100 ms, and 150 ms. In addition, the kinematic 

behavior may appear similar in all cases but significantly vary in their results.  

The PA66 RCF material was applied to the rear bumper assembly, as shown in Figure 8.7. 

Moreover, the 2010 Toyota Yaris simulation kinematics of the PA66 RCF FE model is shown in 

Figure 8.11 at different time steps; i.e., 0 ms, 50 ms, 100 ms, and 150 ms.  

 

Figure 8.10. Kinematic Behavior of Base Model  

 

Figure 8.11. Kinematic Behavior of PA66 RCF Model 
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The aluminum foam simulation kinematics of a 2010 Toyota Yaris finite element model is 

shown in Figure 8.12 at different time steps; i.e., 0 ms, 50 ms, 100 ms, and 150 ms. The new rear 

aluminum foam blocks shown in Figure 8.8 were cased inside a PA66 RCF crash box. The rear 

crash box was originally made of steel, but PA66 RCF material has been applied in this study.  

The above two models; i.e., PA66 RCF and Al foam models, were studied as one model to 

interpret the combined effects. In addition, the kinematics of the 2010 Toyota Yaris combined 

model (PA66 RCF + Al foam) is shown in Figure 8.13 at different time steps; i.e., 0 ms, 50 ms, 

100 ms, and 150 ms.   

Figure 8.12. Kinematic Behavior of Aluminum Foam Model 

 

Figure 8.13. Kinematic Behavior of Combined Model 
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8.7.1.2 Finite Element Results 

Different finite element results like accelerations, forces, energy comparisons, and 

intrusions are detailed in this section. The accelerations were obtained by adding virtual 

accelerometers at the various locations in the FE model. For example, for the offset rear impact, 

the accelerometers were placed at the vehicle's center of gravity, driver seat cross member, front 

passenger seat cross member, and driver and passenger rear seat locations. In addition, the forces 

and energies were obtained by activating the 'rcforc' and 'glstat' from the Database_ASCII option 

in LS-DYNA.  

  Figure 8.14 shows the acceleration data comparison at the vehicle's center of gravity for 

the base, PA66 RCF, aluminum foam, and combined (Aluminum foam + PA66 RCF) models. The 

foam model has experienced a lower 'g' force than the base model, with a higher 'g' force at the 

center of gravity. 

Figure 8.14. Comparison of Accelerometer Data at the Center of Gravity 
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The accelerometer data from the driver seat cross member was overlaid in the time domain 

for all four models of the rear impact, as shown in Figure 8.15. The PA66 RCF model has 

experienced a lower ‘g’ force than the base model with a higher ‘g’ force. 

The accelerometer data from the front passenger seat cross member was plotted over time, 

as shown in Figure 8.16. The PA66 RCF model has a relatively lower ‘g’ force than the base 

model, which had experienced a higher ‘g’ force. 

Figure 8.15. Comparison of Accelerometer Data at the Driver Seat Cross Member 

 

Figure 8.16. Comparison of Accelerometer Data at the Passenger Seat Cross Member 
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The accelerometer data from the driver-side rear seat (rear left seat) was distributed over 

time, as shown in Figure 8.17. The combined model has a significantly lower ‘g’ force than the 

base model, which had experienced a higher ‘g’ force.   

The accelerometer data from the passenger side rear seat (rear right seat) was plotted and 

shown in Figure 8.18. Again, a lower ‘g’ force was noticed on the combined model compared to 

the higher ‘g’ force on the base model. 

Figure 8.17. Comparison of Accelerometer Data at the Driver Side Rear Seat 

 

Figure 8.18. Comparison of Accelerometer Data at the Passenger Side Rear Seat 
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Figure 8.19 shows an overlay of the peak impact force of various models investigated under 

the offset rear impact. It was understood that the base model experienced a higher MDB peak force 

than the foam model, with a considerably lower peak force. 

The energy balance of the entire system is significant when the destructive kinetic energy 

is converted into internal energy. Figure 8.20 show a good energy balance of kinetic energy, 

internal energy, and total energy for all models investigated under rear offset impact.  

Figure 8.19. Comparison of MDB Force 

 

Figure 8.20. Comparison of Energy Balance  
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8.7.1.3 Vehicle Intrusion 

Intrusion occurs when the impact energy exceeds the maximum strength of the vehicle's 

deformable structures. For instance, in the rear impact event of a compact sedan, there is enough 

living space for the occupants, but overall, the rear end is less stiff due to the absence of structures, 

unlike the vehicle's front end. Therefore, the primary structures like the bumper, impact bar, rear 

panel, and C-pillar must be well designed to distribute the loads to the surrounding structures. In 

addition, the secondary structures, like the improved seat designs and foam inserts, will help 

mitigate the impact's post effects. The advanced plastic and foam materials investigated have 

successfully reduced intrusions and eliminated the risk of fire that is possible due to a compromised 

fuel tank system. The intrusions that occurred in various models are tabulated in Table 8.6. Node 

trackers were used to evaluating the intrusions by measuring the distance of the pre and post-

impact events. The difference between the pre-impact and post-impact distance measures the 

intrusion, as shown in Figure 8.21.  

Table 8.6. Intrusion Measured from Pre and Post-Impact Event  

 

Figure 8.21. Pre and Post-Impact Door Measurement of the Base Model 
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8.8 Conclusions 

The following conclusions were made from the offset rear impact simulations: 

• PA66 RCF and Al foam material applied to the car model at targeted regions showed 

improved performance. 

• An overview of the accelerometer data at various locations of the offset rear impact 

model is shown in Table 8.7.  

• Additional sensors were placed to predict the loads on the rear seats and are specific to 

this case study. 

• The rear bumper assembly built with the materials of interest assisted in lowering the 

intensity of the kinetic loads by an effective distribution through multiple transfer paths. 

• The PA66 RCF and aluminum foam materials significantly lowered the g-force at the 

center of gravity, driver seat, passenger seat, and rear-left and rear-right seat locations. 

• The PA66 RCF, Al foam, and combined models have reduced accelerations compared 

to the base model. 

Table 8.7. Overview of Offset Rear Impact FE Results  
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• Based on the observations from each model, it can be concluded that the PA66RCF 

model outperforms other models. 

• The vehicle intrusions were substantially reduced in all models compared to the base 

model. 

• It was observed that the C pillar and the fuel tank were not compromised in any model. 

Therefore, the materials could protect the occupants from severe injuries and mitigate 

the risk of fire leading to catastrophic events. 

• The peak MDB force dropped by 13.8%, and internal energy decreased by 19.1% based 

on the lowest value compared to the base model. 

• The energy balance of all models studied under the rear impact (FMVSS 301R) was in 

good agreement; i.e., T.E. ≈ I.E.+K.E. 

• In summary, the materials can be recommended as an alternative replacement to 

improve crashworthiness for automotive applications. 
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CHAPTER 9 

FULL-SCALE EVALUATION USING NYLON66 (PA66) REINFORCED RECYCLED 

CARBON FIBER COMPOSITES FOR APPLICATION IN VEHICLE 

CRASHWORTHINESS PER FMVSS 216a 

 

9.1 Introduction 

Motor vehicle crashes are one of the significant causes of morbidity and mortality among 

the younger generation. Rollover crashes involve severe to fatal injuries like spinal injury or 

trauma, depending on the circumstance. A rollover crash occurs when the vehicle rotates greater 

than 90o about a lateral or longitudinal direction. Given the right conditions, any vehicle can roll 

over, and narrower vehicles like sport utility vehicles, pickups, and vans are more vulnerable to 

rollover due to the high center of gravity compared to other cars. Approximately 6,500 passenger 

vehicle occupants died in rollover crashes in 2019 in the United States [145]. Seventy-four percent 

of these rollover accidents were associated with a pre-rollover impact, and twenty-six percent were 

rolled over without having impacted anything earlier. Roof intrusion, projection, complete 

ejection, and partial injury mechanisms are involved in a rollover crash. In addition, the rollover 

crash categories based on various initiation scenarios include trip-over, flip-over, bounce-over, 

turn-over, fall-over, climb-over, collision with another vehicle, and end-over-end. All vehicles 

generally experience rollover to a certain degree, but distracted driving, speeding, and driving 

under the influence will escalate the chances of rollover accidents. Rollover avoidance 

technologies, enhanced safety systems, stronger government regulations, better vehicle design (in 

terms of structures and materials), and safety belts will reduce the number killed and injured by 

half or more. Typical load paths (Left) and types of roof deformations (Right) that are expected 

from a vehicle involved in a rollover crash are shown in Figure 9.1.  
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9.2 Safety Standard and Test Setup 

 The United States Department of Transportation (DOT) instituted National Highway 

Traffic Safety Administration (NHTSA) in 1970 under the highway safety act. Several regulations 

written as part of the highway safety act are shown in Figure 9.2. The primary purpose of the 

NHTSA is to save people's lives, prevent injuries, and reduce economic costs related to vehicle 

crashes.  

 

Figure 9.1. Typical Load Paths and Roof Deformations in a Rollover [146, 147] 

 

Figure 9.2. Safety Regulations in the USA, Europe, and China [141] 
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Chapter 9 discusses the full-scale static roof crush testing of the 2010 Toyota Yaris 

numerical model according to the FMVSS 216a standard. The scope of the standard is to establish 

the strength requirements for the passenger compartments to mitigate deaths and injuries due to 

roof intrusion into the occupant compartment in the event of rollover crashes. According to the 

standard, an unyielding flat rigid plate measuring 762 mm x 1,829mm angled at 25o to the roof 

advances at 13 mm/s until 31,139 N is reached within 5 inches of platen displacement while the 

car is fixed on sills. The FMVSS 216a full-scale test setup is illustrated in Figure 9.3.  

The old roof crush standard was promulgated in 1973 and required all automakers to test 

the models to roof crush resistance before they could be sold. The newest rule was updated in 

2009, where the vehicles weighing 6,000 pounds or less must be able to withstand a force equal to 

three times their weight applied on the left and right sides. Although previously heavy passenger 

vehicles weighing between 6,000 and 10,000 pounds were exempt, they are now included in the 

standard. However, heavier vehicles must withstand a force 1.5 times their weight on the roof. 

Figure 9.3. Static Roof Crush Test Setup Per FMVSS 216a Standard [148] 
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9.3 Objectives 

The goal of this research is to investigate the efficiency of PA66 RCF material for a full-

scale static roof crush test on a compact sedan. The following objectives have been identified to 

accomplish the goal. 

 To evaluate the performance of advanced engineered plastic material; i.e., Nylon66 

reinforced recycled carbon fiber for roof crush test per FMVSS 216a regulation. 

 To compare and analyze the forces, intrusions and energy absorption of the models 

with material of interest against the base model. 

 To recommend the PA66 RCF material as an alternative replacement to improve 

crashworthiness for automotive applications compared to traditional materials. 

9.4 Motivation 

It is of great interest to evaluate the response of compact sedan with a PA66 RCF roof 

under static crush loading. The motivation for this research is outlined below: 

 The primary tool for improving crashworthiness are the materials and an optimized 

structural design. 

 The automotive industry's challenge today is weight reduction without compromising 

overall safety, structural integrity, and comfort. 

 Weight reduction will help in lowering fuel consumption and carbon emissions. 

 The high-performance polymers are cost-effective, as any intricate design can be 

effortlessly manufactured through the injection molding process, reducing the 

miscellaneous cost. 

 In addition, the advanced engineered plastic material may significantly help lower the 

risk of severe to fatal injuries and improve crashworthiness performance. 



 

184 

9.5 Methodology  

The method of the approach followed in the study is shown in Figure 9.4. The LS-

PREPOST and Oasys primer were used as Finite Element (FE) tools, and LS-DYNA was used as 

Finite Element (FE) code to carry out the simulations. The 2010 Toyota Yaris FE model was 

downloaded from the NHTSA website and used to perform the full-scale side impact simulations. 

First, the finite element model was used to set up the static roof crush test, as shown in Figure 9.3. 

Then, the material data obtained through the experimental testing was applied to the target region; 

i.e., the roof of the Toyota Yaris FE model. In the later sections, results like forces, displacements, 

or intrusions were evaluated against the base model, and recommendations were made 

accordingly. 

Figure 9.4. Method of Approach 
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9.6 Finite Element Model Preparation 

The Toyota Yaris 2010 compact sedan physical model (left) and a Finite Element (FE) 

model (right) are shown in Figure 9.5. A compact sedan was chosen for the study due to less 

survival space and the severity of occupant injuries in an impact event. The FE model was 

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

researcher engineers at the NCAC have constructed a detailed finite element model that includes 

all functional capabilities like the suspension system, steering system, and more. A reverse 

engineering process was adapted to build a complete finite element model, and for this purpose, 

the actual physical car model was scanned using 3D methodologies. An entire bill of materials was 

prepared with each component's thickness and materials defined.  

The material library of all significant structural components was updated by performing 

coupon-level testing from the samples cut out from the test article. The primary purpose of the 

material testing is to obtain the non-linear properties, especially the stress-strain data, which will 

be used in the later stage of finite element modeling. The finite element model prepared by NCAC 

was validated by performing simulations per NCAP frontal fixed barrier (wall) impact and 

compared the results with actual test data provided by NHTSA. The FE model provided reliable 

results, which may be used further to test user-specific impact cases. 

 Figure 9.5. 2010 Toyota Yaris Physical Test Article and Finite Element Model 
 



 

186 

The summary of the 2010 Toyota Yaris finite element model is presented in Table 9.1, and 

the comparison of the actual and FE model is shown in Table 9.2. 

 

 

 

 

Table 9.2 compares the actual and FE model's mass, inertia, and Center of Gravity (CG). 

Moreover, it is clear from the figures that the FE model was built with detailing to match the 

physical article as much as possible.  

 FE model Count 

Number of Parts 917 

Number of Nodes 1,480,422 

Number of shells 1,250,424 

Number of Beams 4,738 

Number of Solids 258,887 

Total Elements 1,515,068 

Beam Element Connections 4,425 

Nodal Rigid Body Connections 727 

Extra Node Set Connections 20 

Rigid Body Connections 2 

Spot-weld Connections 4,107 

Joint Connections 39 

 Actual Vehicle FE model 

Weight (kg) 1,078 1,100 

Pitch Inertia (Kg-m2) 1,498 1,566 

Yaw Inertia (Kg-m2) 1,647 1,739 

Roll Inertia (Kg-m2) 388 395 

Vehicle Center of Gravity X (mm) 1,022 1,004 

Vehicle Center of Gravity Y (mm) -8.3 -4.4 

Vehicle Center of Gravity  Z (mm) 558 569 

Table 9.1. Overview of 2010 Toyota Yaris FE Model  

 

Table 9.2. Mass, Inertia and C.G Comparison of Actual model and FE Model  
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 The finite element model and dimensions of the rigid platen used for the roof crush test 

are shown in Figure 9.6. A thickness property of 3 mm was applied to the FE rigid platen. 

 The solid flat platen was modeled using HyperMesh pre-processor according to the static 

roof crush regulation, i.e., FMVSS 216a. An overview of the FE model is shown in Table 9.3.  

 

Table 9.3. Overview of Rigid Plate FE Model 

 

Figure 9.6. Rigid Flat Platen Finite Element Model 
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9.6.1 Material Application 

The PA66 RCF roof was evaluated against the original steel roof for its energy-absorbing 

capabilities according to the FMVSS 216 regulation. The target region for material application in 

the 2010 Toyota Yaris FE model is highlighted in Figure 9.7.  

9.6.2 Boundary Conditions and Rigid Plate Setup   

The boundary conditions and rigid plate setup in the static roof crush resistance test 

discussed in section 9.2 are illustrated using an FE model shown in Figure 9.8. The finite element 

model shown below was set up according to the FMVSS 216a regulation.  

Farwardmost point of the roof 

Figure 9.7. Nylon66 (PA66) RCF Material Application in the FE Model 

 

Figure 9.8. Boundary Conditions and Impact Speed  
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9.7 Finite Element Simulations 

The static roof crush impact simulations have been performed using LS-DYNA solver 

according to the FMVSS 216a regulation. This section discusses the finite element results of the 

test case shown in Figure 9.8. Two finite element models were investigated, including a base model 

with no material changes. In addition, the PA66 RCF model and the base steel roof model were 

studied individually to understand the effect of the advanced plastic materials in limiting intrusion 

and maintaining overall structural integrity.  

9.7.1 Static Roof Crush Test 

A rigid plate was placed on top of the roof where the plate's center axis aligns with the 

roof's forwardmost point at a 25o angle concerning the roof line, as shown in Figure 9.8. This setup 

is proven to cause significant damage to the roof and side structure; i.e., the B-pillar. The front 

view of the rigid plate and car model is schematically shown in Figure 9.8 (right). In addition, the 

kinematic behavior and results are discussed in the following sections. 

9.7.1.1 Kinematic Behavior 

The simulation kinematics of the roof crush test of the 2010 Toyota Yaris base FE model 

is shown in Figure 9.9 at different time steps; i.e., 0 ms, 15 ms, 25 ms, and 35 ms. The kinematic 

behavior may appear similar in all cases, but significant differences were noticed in their results.  

Figure 9.9. Kinematic Behavior of Steel Roof Model 
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The PA66 RCF material was applied to the roof of the 2010 Toyota Yaris model, as shown 

in Figure 9.7. The simulation kinematics of the PA66 RCF roof model is shown in Figure 9.10 at 

different time steps; i.e., 0 ms, 15 ms, 25 ms, and 35 ms.  

9.7.2 Finite Element Results 

Figure 9.11 shows the maximum displacement for the required load according to the 

FMVSS 216a regulation. The base steel roof model has experienced an intrusion of 49.5mm for a 

maximum required load (31,139 N) calculated shown in Figure 9.11.  

Figure 9.10. Kinematic Behavior of PA66 RCF Roof Model 

 

Figure 9.11. Comparison of Force and Displacement in the Steel Roof Model 
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Figure 9.12 shows the maximum displacement for the required load according to the 

FMVSS 216a regulation. The PA66 RCF roof model has experienced an intrusion of 56.13 mm 

for a maximum required load calculated; i.e., 31,139 N, shown in Figure 9.12.  

Figure 9.13 compares the internal energy of the B-pillar for both steel and PA66 RCF roof 

finite element models investigated. The PA66 RCF roof model holds relatively less internal 

energy, unlike the steel roof model, because the composite roof does not offer the right amount of 

stiffness with the current design and material thickness.  

Figure 9.12. Comparison of Force and Displacement in the PA66 RCF Roof Model 

 

Figure 9.13. Comparison of Internal Energy in the Steel and PA66 RCF Roof Models 
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Figure 9.14 shows the system's total energy for both steel and PA66 RCF roof finite 

element models investigated. Again, it was understood that the total energy distribution in the 

PA66 RCF roof model is less than the steel roof model due to the lack of stiffness in the area. 

Intrusion occurs when the impact energy exceeds the maximum strength of the vehicle's 

deformable structures. In vehicle rollover, there is not enough living space for the occupants from 

the point of impact to the intrusion. The advanced engineered plastic material (PA66 RCF) 

investigated has offered light to medium resistance against the intrusion. It is significant to 

understand that no design or thickness alterations were considered in the study. The original steel 

roof in the FE model was replaced with PA66 RCF to understand the material's behavior for a 

static roof crush response. In addition, strengthening the roof with an improved design will allow 

the PA66 RCF material to absorb more energy or reduce intrusions than steel. The lightness of the 

PA66 RCF material and the ease of production of complex parts through the injection molding 

process would help relieve the automotive industry from a competitive market of producing lighter 

and safer vehicles. The intrusion of the steel and PA66 RCF roof models can be visually noticed 

in Figure 9.15. 

Figure 9.14. Comparison of Total Energy in the Steel and PA66 RCF Roof Models 
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9.8 Conclusions 

The following conclusions can be made from the finite element study of the steel and PA66 

RCF roof models. 

 With the current FE model setup, steel and PA66 RCF roofs met all FMVSS 216a 

requirements for the driver side. 

 Both roofs have resultant displacements under 5 inches at the maximum required load. 

 Because of the higher stiffness, the metallic roof reached the maximum required load 

earlier than the composite roof. Also, the maximum allowable displacement of the 

composite roof is slightly higher than the steel roof. 

 PA66 RCF material applied to the targeted region; i.e., the roof in the FE model, offers 

a fair amount of protection against roof crush in a rollover event. 

 An overview of the resultant and vertical displacement data of the two roofs 

investigated is shown in Table 9.4. 

Figure 9.15. Intrusion in the Steel and PA66 RCF Roof Models 

 

Steel FE Roof FE Model PA66 RCF Roof FE Model 
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  The advanced engineered plastic material; i.e., PA66 RCF, assisted in the effective 

distribution of overall loads while maintaining the vehicle's structural integrity.  

 The vehicle intrusion measured as vertical displacement showed that the PA66 RCF 

roof model could experience slight intrusions compared to the steel roof but can be 

improved with an enhanced design, for instance, a honeycomb roof design. 

 It was noticed from the kinematics that the driver-side door B-pillar was not 

compromised in the PA66 RCF roof model and thus could assist in reducing fatal 

injuries to the occupant. 

 In addition, the PA66 RCF roof is 85% lighter than the conventional steel roof. The 

weight comparison is shown in Table 9.5. 

 Overall, PA66 RCF material can be recommended for energy absorption in automotive 

crashworthiness applications. 

Table 9.4. Overview of Roof Crush Test FE Results 

 

Table 9.5. Weight Comparison of Steel and PA66 RCF Roof 
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CHAPTER 10 

OVERALL CONCLUSIONS AND RECOMMENDATIONS 

10.1 Conclusions 

The main objectives of this study were to investigate the energy-absorbing capabilities of 

the nylon66 reinforced recycled carbon fiber (PA66 RCF) and aluminum foam materials. In 

addition, it was aimed to protect the occupants and minimize injuries in various crash events like 

frontal, side, rear, and roof crushes. 

First, the coupon and component level physical tests were performed, followed by the finite 

element validations, and these tests provided information on the non-linearity of the materials of 

interest. Furthermore, the material characterization helped to build a scalable LS-DYNA material 

card that was applied from the coupon level to full-scale testing. At the coupon level, the nylon66-

reinforced recycled carbon fiber specimens were subjected to tensile and three-point bending tests 

per ASTM 638 and ASTM 790 standards. The aluminum foam specimen was investigated under 

compression as it was intended to supplement energy-absorbing inserts at different crash zones of 

a car. Subsequently, component level finite elements tests were performed comparing the thin-

wall PA66 RCF hollow tube and aluminum foam-filled thin-wall PA66 RCF tube with standard 

steel components, i.e., thin-wall steel hollow tube and aluminum foam-filled thin-wall steel tube. 

Finally, full-scale numerical simulations were performed on a compact sedan to evaluate the 

materials for various FMVSS regulations. 

10.1.1 Coupon-Level 

The following conclusions can be made from the coupon-level study: 

 A reasonably good correlation of the stress-strain curves was achieved between the test 
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and numerical method using the LS-DYNA MAT_024 material model for thermoplastic 

material; i.e., PA66RCF, and MAT_063 material model for metal foam; i.e., aluminum 

foam. 

 Both materials exhibited good load distribution characteristics under static loads in 

experimental and numerical studies. 

 The PA66 RCF tensile test demonstrated that it could sustain loads up to 13,200 N for a 

displacement of 2.5 mm. 

 The PA66 RCF three-point bend test at the coupon level demonstrated that it could resist 

loads up to 711 N for a displacement of 7.1 mm. 

 The aluminum foam compression test exhibited that it could sustain loads up to 97,300 N 

for a displacement of 60 mm before it reached the densification zone. It was understood 

that the coupon would not take the loads past the densification region. 

An overall summary of the test and finite element results is shown in Table 10.1.  

10.1.2 Component-Level 

The following conclusions can be made from the component-level study: 

 The PA66RCF thin-wall tube is 84% lighter than the traditional steel tube widely used in 

automotive applications and also offers a fuel-efficient solution. 

 The aluminum foam-filled thin-wall PA66 RCF hollow tube is 53% lighter than the steel 

Table 10.1. Summary of Test and FE Results in Coupon-Level Study 
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foam-filled hollow tube. 

 The thin-wall PA66 RCF hollow tube compression test simulation showed that it can 

support nearly half of the loads from a thin-wall steel tube compression test. 

 The simulation of the foam-filled thin-wall PA66 RCF tube compression test revealed that 

it could support more than half loads from a foam-filled thin-wall steel tube compression. 

 The PA66 RCF thin-wall aluminum foam-filled tube may assist better in reducing the 

intrusions due to the interaction effect of the foam material with the PA66 RCF tube wall 

compared to the thin-wall hollow tube. 

 It is essential to understand that component-level studies were carried out on simple 

designs and thin-wall tubes. Therefore, thick-walled tubes and improved designs may be 

incorporated to satisfy desired loads. 

 An overall summary of the finite element results is shown in Table 10.2. 

10.1.3 Full-Scale Frontal Impact 

The following conclusions can be made from the full-scale frontal impact simulation study: 

 Four full-scale car structural models (Base, PA66 RCF, Al foam, Combined (PA66 

RCF + Al foam)) were investigated. 

 The materials and structural modifications using the materials effectively distributed 

Table 10.2. Summary of FE Results in Component-Level Study 
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the kinetic energy through multiple transfer paths. 

 The PA66 RCF, Al foam, and combined models had significantly lowered [2% (min.)-

24% (max.)] the g-force at the center of gravity, driver, and passenger seat locations 

compared to the base model, as shown in Tables 10.3, 10.4 and 10.5. 

 

 Based on the individual observations of each model, it was concluded that the 

combined model alone could significantly improve vehicle crashworthiness. 

 The vehicle intrusions were notably reduced [2% (min.)-33% (max.)] in all the impact 

Table 10.3. Summary of Rigid Wall Frontal Impact FE Results  

Table 10.4. Summary of Oblique Frontal Impact FE Results  

Table 10.5. Summary of ODB Frontal Impact FE Results  
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cases investigated compared to the base model. 

 Based on global intrusions, the firewall was not compromised in the PA66 RCF model; 

thus, the material offers enough plasticity to protect the occupants from moderate to 

severe injuries. 

 All models experienced reduced [9% (min.)-32% (max.)] peak wall force and lower 

[2% (min.)-11% (max.)] internal energy than the base model. 

 The energy balance of all the models studied under frontal impact was in good 

agreement. 

10.1.4 Full-Scale Side Impact 

The following conclusions can be made from the full-scale side impact simulation study: 

 Four full-scale car structural models (Base, PA66 RCF, Al foam, Combined (PA66 

RCF + Al foam)) were investigated. 

 The materials and structural modifications using the materials effectively distributed 

the destructive kinetic energy through different paths while most structures were intact. 

  The PA66 RCF, Al foam, and combined models had significantly lowered [4% (min.)-

21% (max.)] the g-force at the center of gravity, driver, and passenger seat locations 

compared to the base model, as shown in Tables 10.6, and 10.7. 

 

Table 10.6. Summary of MDB Side Impact FE Results  
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 It was understood that the combined model uniquely could optimize vehicle 

crashworthiness. 

 The vehicle intrusions were considerably reduced in all models compared to the base 

model. 

 It was observed that the crash beam and B pillar of the driver-side door was not 

compromised. Therefore, it can be concluded that both materials offer the right 

strength, stiffness, and energy absorption to protect the occupants from injuries. 

 The peak MDB force dropped by 8.3%, and internal energy decreased by 4.2% based 

on the lowest value compared to the base model. 

 Likewise, the peak pole force dropped by 12.6%, and internal energy decreased by 

13.4% based on the lowest value compared to the base model. 

 The energy balance of all the models studied under side impact was in good agreement. 

10.1.5 Full-Scale Rear Impact 

The following conclusions can be made from the full-scale rear impact simulation study: 

 The rear bumper assembly, applied with the materials of interest, effectively 

distributed kinetic loads through multiple transfer paths.  

 The PA66 RCF, Al foam, and combined models had significantly lowered [6% (min.)-

25% (max.)] the g-force at the center of gravity, driver, and passenger seat locations 

Table 10.7. Summary of Rigid Pole Side Impact FE Results  
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compared to the base model, as shown in Table 10.8. 

 

 The vehicle intrusions were significantly reduced in all models compared to the base 

model. 

 It was understood that the C pillar and fuel tank remained uncompromised in all the 

models.  

 Both materials could protect the occupants from injuries and are also flammable 

resistant in case of a compromised fuel tank. 

 The peak MDB force dropped by 13.8%, and internal energy decreased by 19.1% 

based on the lowest value compared to the base model. 

 The energy balance of all the models studied under rear impact was in good agreement. 

10.1.6 Full-Scale Roof Crush Resistance 

The following conclusions can be made from the full-scale static roof crush simulation 

study: 

 With the current FE model setup, steel and PA66 RCF roofs met all FMVSS 216a 

requirements for the driver side. 

 Both roof models have resultant displacements under 5 inches at the maximum 

required load (31,139 N) as shown in Table 10.9. 

 

Table 10.8. Summary of Offset Rear Impact FE Results  
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 Because of the higher stiffness, the metallic roof reached the maximum required load 

earlier than the composite roof. Also, the maximum allowable displacement of the 

composite roof is slightly higher than the steel roof. 

 PA66 RCF material applied to the targeted region; i.e., the roof in the FE model, offers 

good protection against roof crush. 

 The advanced engineered plastic material; i.e., PA66 RCF, effectively distributed 

overall loads while maintaining the vehicle's structural integrity.  

 The vehicle intrusions observed in the PA66 RCF roof model were not too significant 

but may be improved with enhanced designs, for instance, a honeycomb roof design. 

 It was noticed from the kinematics that the B-pillar of the driver-side door was not 

compromised in the PA66 RCF roof model and could help reduce injuries to the 

occupants. 

10.1.7 Weight and Cost 

Recycled carbon fibers offer 30% to 40% cost savings and better properties than virgin 

carbon fibers [154]. The average cost of recycled carbon fiber is around $6 per pound. The PA66 

RCF material is 85% lighter than steel, and the density comparison is shown in Table 10.10. In 

addition, the density comparison of aluminum foam with other common foam materials is shown 

in Table 10.11. Aluminum foam is currently expensive compared to available foam materials, but 

Table 10.9. Summary of Roof Crush Test FE Results  
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the mass adoption of these materials will assist in bringing down the prices. 

 

10.1.8 Overall Conclusions 

Overall, based on the component level and full-scale results, the advanced materials, i.e., 

PA66 RCF and aluminum foam, are recommended for energy-absorbing applications in vehicle 

crashworthiness and occupant protection. 

10.2 Recommendations 

The following recommendations are proposed in the continuation of this research: 

 Physical tests may be carried out to confirm the accuracy of the component-level finite 

element results. 

 The full-scale crash simulation models may be investigated with multiple thicknesses 

as a parametric study. 

 Design changes may be implemented to improve the overall crashworthiness of the 

front bumper, rear bumper, driver-side door panel, and roof panel. 

 Occupant analysis may be performed to capture the dummy response and various 

loading configurations, for instance, Head Injury Criteria, Neck Injury Criteria, etc. 

 The study may be carried out on other test protocols such as the IIHS, NCAP, Euro-

NCAP, etc. 

 This study may be performed on multiple vehicles in size and weight using the same 

materials. 

Table 10.10. Density Comparison of 

PA66 RCF  

Table 10.11. Density Comparison 

of Aluminum Foam 
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