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ABSTRACT 

Even though rear-end crashes are third among various collision types, occupant injuries from these 

incidents contribute for around one-third of all collisions. The National Highway Traffic Safety 

Administration (NHTSA) provides standards including the Federal Motor Vehicle Safety 

Standards (FMVSS) related to the vehicle structural crash responses as well as car occupant 

injuries. This thesis is mainly focused on the structural damage of a small compact car in Full-

Width, Offset and Oblique-Offset Rear-End collisions, and evaluation of  the potential neck 

injuries to the LEFT and RIGHT rear occupants of the car. To accomplish this, LS-DYNA 

simulations are performed using finite element (FE) models with rigid and deformable barriers 

according to the FMVSS 301 old and new regulations. Based on accelerations extracted at LEFT 

and RIGHT occupants, a car seat cabin configuration model in MADYMO with seat belt and a 

Hybrid-III 50th percentile dummy is developed. The occupant responses and kinematics of rear 

occupants (both LEFT and RIGHT) are examined in different rear end collisions including the 

Full-Width, Offset and Oblique-Offset rear end collisions. In addition to this Oblique-Offset Rear-

Impact is also performed for better analysis of occupant responses at the near-side impact and the 

interaction of two rear occupants, to examine the proposed Oblique-Offset Rear-End Collision and 

to make recommendation on its use as regulatory standard. The results obtained from this study 

illustrates the difference of structural responses and evaluation of potential injuries of occupants 

in Full-Width, Offset, and Oblique-Offset Rear-End Collisions. The study also recommends that 

the Oblique-Offset Rear-Impact with two rear occupants to be part of the new Rear-End collision 

standard and that the secondary impact, including the Head Injury Criteria (HIC) to be evaluated 

for the occupants.  
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

Rear-end crashes are one of the most common crash types on US highways. In the modern 

era, all automobile manufacturers strive to maintain their passengers and vehicles in the maximum 

degree of safety. This is due to the fact that the structural damage to the vehicle and the injuries 

suffered by a passenger as a result of the accident are significant issues. Recent statistics show that 

there has been around 14 million people getting treated every year after automobile accidents 

(2016). By using different modes of transportation, nowadays passengers and drivers are in high 

risk of occupant injuries and fatalities. According to the National Highway Traffic Safety 

Administration (NHTSA), roughly 2.1 million rear-end collisions occurred in the United States in 

2015 [1]. Despite the high number of collisions, rear-end collisions are generally regarded as a 

benign crash mode with only little casualties and property damage. According to the National 

Safety Council (NSC), there were over 40,000 road fatalities in 2016. In 2017, the National Safety 

Council (NSC) estimated that property loss was more than $400 billion (National Safety Council 

[2]. A road traffic accident (RTA) also known as a motor vehicle collision (MVC) occurs when a 

vehicle collides with another vehicle, a pedestrian, an animal, road debris, or another stationary 

object such as a tree, pole, or structure, among other things[3]. Around 25% traffic accidents 

occurring in type of rear and front collisions which is second among type of accidents recorded. 

The side swipe collision which same side direction collision is the most common type of accident 

according to the RTA. Frequency distribution of types of road accidents is shown in Figure 1.1. 
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Figure 1.1 The Frequency Distribution of Road Traffic Accident Type Recorded [4] 

 

1.2 Rear-End Collisions 

 

A Rear-End collision occurs when one vehicle collides with another in front of it. 

Regardless of the speed of the impact, rear-end collisions can cause severe and fatal injuries to 

occupants. Whiplash injuries have become a severe problem in car crashes involving rear-impact 

crashes, which are frequently low-velocity collisions. Rear collisions are the third most common 

type of accident in the United States after front and side collisions [2]. Rear end crashes are often 

low-speed incidents, and they can potentially lead to longer trauma to the spine, neck, face, brain, 

and knees. Rear-end crashes are known as Whiplash Accidents. High speed rear impact not only 

affect passengers but also creates structural damage to vehicle. The breakdown of injuries and 

fatalities on occupants based on type of collision is shown in Figure 1.2. 
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Figure 1.2 Number of the Injured Occupant Based on Collision Type [2]. 

Though Rear Collisions constitute of nearly 29 percent of all accidents but are associated 

with an approximate of 50 percent injuries out of injuries caused by all other collisions.  

1.3 Common Causes of Rear-End Collisions 

When you consider how most rear-end collisions happen, it is no surprise that the person 

who rear-ends the other vehicle is almost always at fault. For instance, consider the following four 

scenarios [6], 

• On the highway, a driver slams into another vehicle that is slowing down for approaching 

traffic. 

• A driver fails to see that another vehicle's turn signal is activated and collides with it when 

it slows down to turn. 
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• A driver intends driving through a changing traffic signal and does not expect the vehicle 

in front of them to stop. 

• When the light turns green, a driver expects the vehicle in front of them will start driving 

and accelerates into the back of the vehicle. 

In some cases, rear end collisions may happen due to various factors. They are : 

Tailgating: Tailgating is a driving offense that occurs when a driver does not keep a safe 

distance behind the car in front of them. In the event of an emergency, the car will be unable 

to stop. 

Distracted driving: Distractions in a vehicle while driving include listening to loud music, 

talking on the phone, texting, eating, and operating different instruments. It only takes a few 

seconds to become sidetracked, miss a slowing vehicle in front of us and collide with it. 

Speeding: Speeding causes the most dangerous rear-end collisions. A speedy operator cannot      

judge the spacing between the vehicles.  

Mechanical Failure: Lights that are not working properly can mislead a driver who is 

approaching quite near, if the driver is focused on the lights, he or she may fail to apply the 

brakes and collide with the car in front of them. An abrupt stop of a vehicle, as well as the 

failing of parking lights, will all contribute to a rear crash. 

There are other factors like improper turning, drunk and driven by person, proceeding 

without clearance Infront of the vehicles and reckless driving are some of the common causes 

for rear-end collisions, as shown in Figure 1.3. 
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Figure 1.3 Common Causes of Rear End Collisions [5]. 

1.4 Injuries Associated with Rear-End Collisions 

During such a collision, it is important to consider the occupants' injuries. Severe head 

trauma, whiplash and neck injuries, vertigo, and back injuries are all common problems sustained 

in a rear-end crash. Spine injuries occurs mainly in parts like lumbar, thoracic and neck injuries or 

cervical spine. The injury distribution based on collision type and body parts is shown in Table 1.1 

[6]. 

Neck injuries are the most prominent type of injury suffered by rear-end crash occupants. 

Thoracic and lumbar injuries are significantly less likely in rear-end incidents. In severe loading 

conditions the "tension-extension" can cause fracture of the vertebral body due to extreme 

stretching of the anterior longitudinal ligament. Except for specific accident configurations such 

as rear-end collisions where more than half of the injuries tend to be in the neck area and the 

prevalence of neck injuries in traffic accidents appears to be rather low when compared to head 

injuries [6]. 
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Table 1.1 Injury Distribution Based on Collision Type and Body Parts [6]. 

Main Group Lateral Collisions Front Rear Collisions 

Skull & Brain 23.7 20.0 14.4 

Face 11.2 21.1 7.2 

Neck 4.4 3.7 51.6 

Thorax 20.2 16.9 6.8 

Abdomen 2.6 2.3 0.4 

Back 2.4 1.3 4.0 

Pelvis 5.0 1.3 0.4 

Arms 16.0 13.6 7.2 

Legs 14.5 19.8 8.0 

                    Total 100%           100%              100% 

 

1.5 Injury Mechanisms 

During a rear-end accident, the struck vehicle is forcefully accelerated forward, and the car 

occupant is forced forward by the seat-back. Due to its inertia, the head lags pushing the neck to 

extend quickly. Later, the head advances forward in relation to the torso and may come to a halt 

with a slightly flexed neck posture. The neck motion when it is subjected to sudden rear ward 

motion is called as “hyper-extension” [13]. Tension-Extension (NTE) is combination of tension 

and extension of the cervical spine, it is the most important cause of so-called "whiplash" injuries. 

Injuries of the neck are usually caused by indirect loading  through the head, either by inertial 

loading or by impact on the head.This is a typical neck injury seen in Rear-End Collisions. It could 

be AIS = 1 injury, but with long lasting effects. The extension movement of neck during rear 

collision is shown in Figure 1.4. 
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Figure 1.4 Steps of Extension Movement of Neck During Rear End Collision [13]. 

The struck vehicle is subjected to a strong forward acceleration in a typical rear end 

accident. The neck is subjected to rapid rearward translational motion (extension) at first and then 

the head will rebound forward by flexing its neck (flexion). This has been a major issue in rear 

collisions and extensive study is being conducted to decrease the effect [8]. 

1.6 Injury Severity 

The biomechanical reaction to impact loading, mechanical changes encountered by the 

human body can exceed recoverable limitations resulting in anatomical structure damage and 

changing normal function. The mechanism involved is termed as the injury mechanism, and the 

severity of the resultant injuries is known as the "Injury Severity"[8]. An occupant's cervical spine 

or neck can respond to high loads and related moments. There are different physical criteria that 

correspond with the severity of the body's injuries when it has been inspected post-accident. The 

most often used scale is the Abbreviated Injury Scale (AIS). The injury levels on Abbreviated 

injury scale (AIS) and type of injuries for each injury level are shown in Table 1.2 [9]. 
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Table 1.2 Comparison of Abbreviated Injury Scale [9]. 

 

1.7 Injury Criteria 

The biomechanical response of the cervical spine provides information on its tolerance 

from which we can derive the injury criterion. Injury criteria are evaluated using accelerations, 

relative velocities, and joint constraint forces. The Data from Mertz and Patrick's (1971) dynamic 

cadaver tests and accident reconstruction propose tolerance values for the occipital condyle force 

and torque levels [10]. The Neck injury criteria of a person involved in rear collision can be 

evaluated using Nij. The tension force (FZ) measured at the upper neck load cell must never exceed 

4170 N, and the peak compression force (FZ) measured at the upper neck load cell must never 

exceed 4000 N. The limits of the neck flexion and extension moments are 190 Nm and 57 Nm, 

respectively. The combined loading and final Nij rule states that the tension force measured at 

upper load neck should not exceed 4170 N, and the compression force shall not exceed 4000 N, as 

shown in Table 1.3 [13].  

AIS Injury level Injuries 

1 Minor Brain injuries, loss of consciousness, whiplash 

2 Moderate Concussion with or without skull fracture, corneal 

tiny crack, detachment of retina 

3 Serious Concussion with or without skull fracture, 15-

minute unconsciousness without severe damages 

4 Severe Skull injuries 

5 Critical More than 12 hours unconsciousness with 

hemorrhage in skull 

6 Maximum injury (death) Death partly or fully damage of brain or cervical 

injuries. 
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          Table 1.3 Injury Threshold Values for Axial Loads and Bending Moments [13]. 

 

 

 

 

 

 

 

 

* Values in red color are to be assessed for rear-end collisions. 

The assumption of a neck injury criterion based on the linear combination of loads and 

moments proposed by “Prasad and Daniel” was expanded to cover the four basic classifications of 

combined neck loading modes [12]: 

• Tension-Extension  

• Tension-Flexion  

• Compression-Extension  

• Compression-Flexion 

The resulting criteria are referred to as Nij, where “ij” represents indices for the four injury 

mechanisms: namely: 

• NTE 

Parameter Injury 

Thresholds 

Tension (N) 4170 

Compression (N) 4000 

Flexion (Nm) 190 

Extension (Nm) 57 

Shear (N) 3100 

NTE 1.0 

NTF 1.0 

NCE 1.0 

NCF 1.0 
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• NTF 

• NCE 

• NCF 

The first index represents the axial load (tension or compression) and the second index 

represents the sagittal plane bending moment (flexion or extension). 

The linear combination of loads and moments can be expressed in one equation [13]: 

Nij = FZ / FZC + MY / MYC                                                                                                                                 (1.1) 

➢ FZ is the axial load.   

➢ FZC is the critical intercept value of load used for normalization. 

➢ MY is flexion/extension bending moment. 

➢ MYC is the critical intercept value for moment used in normalization. 

➢ The Nij limit:         Nij < 1.0 

1.8 FMVSS Regulatory Standards 

The National Highway Traffic Safety Administration is obligated by law to issue Federal 

Motor Vehicle Safety Standards (FMVSS) and Regulations to which manufacturers of motor 

vehicles and equipment must comply and certify compliance under Title 49 of the United States 

Code, Chapter 301, Motor Vehicle Safety. 

Post-crash fires are uncommon, but they can be fatal. According to the NHTSA's Fatality 

Analysis Reporting System, post-crash fires were involved in 2.5 to 2.8 percent of fatally injured 

occupants in light vehicles from 1991 to 2001. On December 1, 2003, the National Highway 

Traffic Safety Administration (NHTSA) released a regulation to enhance the fuel system integrity 
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requirements [15], as shown in Figure 1.5. The Rear Impact test of prior FMVSS 301 required the 

entire rear of the target vehicle to be hit by a 4000-lb moving rigid barrier at a speed of 30 mph 

(48 kmph). 

 

Figure 1.6 FMVSS 301 Old Regulation [15]. 

In 2007, NHTSA finally released a new regulation to enhance the fuel system integrity 

requirements as shown in Figure 1.6 [15]. The Upgrade Rear Impact test requires striking the Rear 

of the target vehicle at 50 mph (80 kmph) with a 3015-lb moving deformable barrier at 70% 

Overlap with target vehicle. 

  

Figure 1.6 FMVSS 301R New Regulation [15]. 
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1.9 Literature Review 

Different resources about collisions are combined together, while papers focusing on rear 

end collisions involving MADYMO occupant reactions are divided to stay aware of injuries and 

development during various rear-end crash scenarios. 

Ragland (1998) studied the impacts of various vehicles on the FMVSS 214 deformable 

barrier This research did focus on the quantity of fuel leakage that occurs whenever the barrier 

collides with various cars traveling at varying speeds. Finally, the study confirmed the chest and 

head measures of occupant Hybrid III anthropomorphic test device (ATD) in accordance with 

FMVSS 208 [18]. 

Kleinburger (1999) conducted a computationally research in order to understand the risk 

of neck and spine injury in a rear-impact collision. The consequences of a head constraint were 

also considered. As dummies were unavailable, a cadaver was used. The study concluded that 

raising the head restraint by 2.5 to 5.5 inches above the standard might lessen the stresses on the 

cervical spine during low-speed rear-impacts [19]. 

Using a Bio RID MADYMO dummy model, Eriksson & Boström, (1999) investigated the 

key risk variables for whiplash in a rear-end collision, including crash pulse, seat force parameters, 

and head restraint posture. A Neck Injury Criterion (NIC) has also been developed using dummy, 

human, and rear-impact simulations [25]. 

Heinrichs (2001) examined on both the front and rear end crashes with five trucks, 

including the severity of the collision with vehicle-to-vehicle impact and also with barrier impact. 

On all occasions, bumper damage and high-speed crash footage were captured, and average 

crushes were evaluated. Eventually, the analysis found a link between barrier and vehicle crash 

values [24]. 
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Derosia (2003) conducted rear sled tests to extract acceleration pulse for 5th, 50th, and 95th 

percentile Hybrid III dummies and to analyze injury criteria. The tests were carried out and the Nij 

values for increasing seat back distance were assessed [20]. 

Patel (2003) examined rear collision in light trucks and possible occupant injuries. The 

neck injury values of a Hybrid III 50 percentile dummy with and without a head restraint were 

evaluated without taking the seat belt effect into account. The acceleration pulses were acquired 

by simulating several rear end collisions with a Geo Metro, a Chevy pickup, and a Ford Taurus at 

moderate speeds of 5mph, 10mph, and 20mph [16]. 

Ranganatha (2003) examine the impact of varying seat back angles on neck loads during 

several low-speed vehicle crashes in a mid-size vehicle. The acceleration pulse was produced after 

a Ford Taurus was collided with a deformable barrier at three various speeds. The parametric neck 

loads of the Rear Impact Dummy and the Hybrid III 50th percentile dummy were then evaluated 

with MADYMO [17].  

Jagan (2004) optimized vehicle interior vehicle setups during a low speed rear-end impact. 

Later, the Nij values of the Hybrid III dummy were also evaluated with variations in seat back 

angles (9 degrees and 22 degrees), head restraint position relative to vehicle CG, and seat cushion 

qualities. According to the study, a greater seat back angle reduces neck injury risks and enhanced 

seat cushion qualities reduce whiplash impacts [22]. 

Herbst (2009) applied Quasistatic Seat Test (QST) technique on an Anthropometric Test 

Dummy (ATD) to test different seat designs and discovered that the load on the seat back through 

the lumbar spine of the ATD can be a predictor of seat deformation under dynamic loading. In 

addition, an FMVSS 301R test with ATD was performed, and the degree of intrusion of the 

deforming seat back into the rear seat cabin of the rear occupant was assessed [23]. 
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Farmer (2003) evaluated head restraints and altered the seat to reduce the risk of neck injury 

in rear-end collisions. He updated the seat model, adjusting mostly to the head restraint. The data 

base on design changes in cars was explained in comparison to old cars and new cars. Cars 

equipped with the AHR and WHIPS systems were compared [26]. 

Kuppa (2006) provided a whiplash injury criterion based on head-to-torso rotation in a 

rear-impact utilizing a hybrid III 50th percentile male dummy and was able to rank the 

performance of head restraint/seat systems in FMVSS 202 dynamic option sled tests [21]. 

Eis (2005) According to a study that looked at the German In-Depth Accident Study 

(GIDAS), rear crashes did neither result in a significant rate of serious or AIS3+ injuries. Many 

patients, however, sustained mild, or AIS1 injuries such as whiplash. When AIS3+ injuries was 

found, they were most typically to the head and thorax, with concussion and rib fracture being the 

most common [27]. 

Braver (1998) An early 1990 research revealed that children in rear seats would be at a 

substantial disadvantage in rear impact collisions, with a 61 percent higher chance of fatal injury 

than children in front seats, before it was extensively suggested to seat children in the rear and 

airbags were necessary [28]. 

Viano (2002) While most studies on the subject agree that there is an optimal seatback 

stiffness in which seatbacks yield in a regulated manner when rapidly loaded, often by an occupant 

in a rear-impact. These studies are mostly built on the idea that there is a link between seatback 

stiffness or strength and the likelihood of serious/fatal injury in rear-end collisions. The common 

agreement is that yielding seats are safer than inflexible seats [29]. 
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1.10 Research Motivation 

The National Highway Traffic Safety Administration (NHTSA) announced in 2007 a rule 

to upgrade the FMVSS 301 standard that formerly dealt with fuel system integrity, to a new 

regulation; that is FMVSS 301R. Although the rule seems to have been beneficial in reducing the 

number of post-crash fuel leaks, the effect of a rear-end collision on the occupants still has not 

been carefully examined. NHTSA data shown that one quarter of rear-end crashes have an oblique 

component (NHTSA, 2016). Hence, a procedure for oblique-offset near-end collision in evaluation 

has been proposed. In case of oblique offset collision, it is third common type of rear collision in 

which the car is impacted at one of its corners. This may cause the rear occupants to come out of 

the seat which may causes some serious neck and several other injuries. The effect of this test on 

the rear occupants has not been evaluated. The structural response of car in different types of rear-

end collisions and the occupant potential injuries have also not been examined in detail. 

 Figure 1.7  represents four types of Rear-End crashes [8]. The Offset Rear-End Collision 

is the most common type of Rear-End Impact. The FMVSS 301R standard by inference provides 

a comparable setting for the test in which the occupant's response can be analyzed. 

 

Figure 1.7 Rear-Crash Distribution [8] 
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CHAPTER 2 

OBJECTIVES AND METHODOLOGY 

2.1 Objectives 

The goal of this study is to examine the structural damage of small compact car and injury 

potential of Near-side and Far-side occupants in Full-Width, Offset and Oblique-Offset Rear-End 

collisions. To achieve this goal, the following objectives have been identified: 

• To study crashworthiness of a representative small car (Toyota Yaris) with a finite element 

barrier, under the FMVSS 301R regulation, with computational modelling and simulation. 

• To analyse the effect of barrier on fuel tank and examine respective structural deformations 

in different collisions. 

• To develop a car seat cabin configuration model in MADYMO with seat belt and a Hybrid-

III 50th percentile dummy. 

• To study the occupant responses and kinematics of rear occupants (both LEFT and RIGHT) 

in different rear end collisions including Full-Width, Offset and Oblique-Offset rear-end 

collisions. 

• To examine the neck loads and Nij values of Hybrid-III 50th percentile dummy in the 

different collision scenarios and quantify the expected injuries in these different collision 

environments. 

• To examine the viability of the proposed Oblique-Offset Rear-End impact conditions, and 

to make recommendation on its use as a regulatory standard. 
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2.2 Methodology 

As a starting point, a Finite Element model (FE) of a small compact car (Toyota Yaris) is 

chosen as the target vehicle. Two rear impact collisions are simulated with different finite element 

barriers such as rigid and deformable. Positions and velocities are assigned in accordance with 

FMVSS 301R old and new regulation standards. An experimental set up of rear collision called 

oblique offset collision is done on the target vehicle and the acceleration plots were extracted at 

left and right rear seat occupant nodes.  

For collision with various barriers, structural responses of the entire small compact target 

vehicle and fuel tank deformation are evaluated and intrusions are computed. After viewing the 

intrusions, acceleration pulses at the CG of the rear occupant seat nodes in the target vehicle's at 

left and right rear seats are extracted and the units of each plot are adjusted to better fit the 

MADYMO functioning interaction. 

A seat structure is assessed and designed in MADYMO based on the car seat cabin 

environment of a small compact target car (Toyota Yaris). The entire model is made up of three 

major components: the head restraint, the seat structure, and the three-point belt. The seat belt is 

made to look like the belt that is used in the Yaris and it is extracted to MADYMO together with 

a Hybrid III 50th percentile male dummy (rear seat occupant at left and right side) to research 

occupant effects in the target car during rear impact collisions. 

MADYMO simulations without Head Restraint are explored at various collisions by taking 

acceleration pulses from the CG of rear occupant seat nodes on the left and right sides. Peak loads, 

moments, and neck injury values of occupants are measured during collisions. The methodology 

of this research is described in a flowchart shown in Figure 2.1. 
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Figure 2.1 Flow Chart of Methodology 
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2.3 Computational Tools 

In the analysis of the Rear Impact test, various Finite Element Analysis and Occupant 

Safety simulation models were used. In this LS DYNA was used to extract the acceleration plots 

at rear occupants’ node from the targeted vehicle. In MADYMO the kinematics response of the 

Hybrid III 50th percentile dummy model were compared. 

2.3.1 LS DYNA  

LS-Dyna is a software that can perform numerical computations for static, dynamic, 

implicit, and explicit analysis and solves major difficulties. LS-Dyna is ideal for safety and 

reliability study in industries including automotive and aviation. This application solves problems 

by computing on a cluster. In my research, LS -Dyna was one of the primary software’s that are 

used. 

2.3.2 MADYMO 

  MADYMO (Mathematical Dynamic Models) is a software program that is used to simulate 

the dummy's dynamic response in different crash scenarios.  MADYMO supports a variety of 

restraint devices including seatbelts and airbags. 

MADYMO XMADGIC is a MADYMO pre-processor. It is an XML-editor with dedicated 

editing and XML input decks support for the MADYMO simulation. 

MADYMO MADPOST is a MADYMO solver post processor. It was designed to help the 

optimum use of the MADYMO solver output. 
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2.4 Finite Element Model of Small Compact Car 

A small compact car (Toyota Yaris) is chosen as the target vehicle to analyze regulatory 

criteria and confirm the results of rear passenger seat. Toyota Yaris is a perfect example of a small 

compact passenger vehicle. Through a reverse engineering procedure at George Washington 

University, the National Crash Analysis Centre (NCAC) created a Finite Element Model of a 2010 

Toyota Yaris. The finite element model of the Toyota Yaris is shown in Figure 2.2 [8]. 

 

 

Figure 2.2 FE Model of Toyota Yaris [8] 

Coupon testing was used to gather material data for the primary structural components 

from samples taken from actual vehicle components. The FE model of the Yaris was tested in 

numerous ways to ensure that it accurately represented the actual vehicle. It is composed of 917 

separate parts that involves different vehicle components. The total number of elements in the 

model is 1,514,068. There are 1,250,424 Shell elements, 4,738 total beams, and 258,887 total 

solids among these elements.  The complete finite element model summary of Yaris are provided 

in Table 2.1 [8]. 
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Table 2.1 Toyota Yaris Finite Element Model Summary [8]. 

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 Number of Elements  1,514,068  

Number of Parts  917  

Number of Nodes  1,480,422  

 

2.5 Moving Deformable Barrier (FMVSS 301R) 

To simulate rear end collision for the target vehicle, a barrier is also used as an FE model. 

For this particular rear end collision, moving deformable barrier is used according to FMVSS 301R 

regulation and it is downloaded from LSTC’s website. Both Yaris and barrier is imported to LS 

DYNA and the barrier is given a velocity of 50 mph according to the regulatory standards. The FE 

model of movable deformable barrier is shown in Figure 2.3 [8].  

 

Figure 2.3 Movable Deformable Barrier Model [8] 

The complete properties of barrier like weight, type of surface, barrier model and type of 

regulation are provided in Table 2.2 [8]. 
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Table 2.2 Details of Movable Deformable Barrier [8] 

Model Deformable Barrier 

Test FMVSS 301R New 

Regulation 

Weight 3015 lbs. 

Striking Surfaces Honeycomb 

Manufacturer LSTC 

 

2.6 Various Rear-End Collision Scenarios Modeling 

The compact car model and barrier is imported to LS DYNA to reconstruct the rear end 

collision. The position of the barrier is close to point of contact to reduce the simulation time and 

contacts are given to target vehicle and barrier. The barrier moves with a velocity 30mph and 

50mph with an offset of 20% of maximum width of vehicle according to FMVSS 301Old and 

301R New regulation. For Oblique-Offset collision it is third common type of rear collision in 

which the car is impacted at one of its corner. This may cause the rear occupants to come out of 

the vehicle which may causes some serious neck and several other injuries. In this the target vehicle 

is impacted with movable deformable barrier at a speed of 50 Mph at one of its corner. The Full-

Width, Offset and Oblique-Offset Rear-End Collisions are shown in Figures 2.4 through 2.6. 

 

Figure 2.4 Top View of Full-Width Rear-End Collision 
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Figure 2.5 Top View of Offset Rear-End Collision 

 

 

Figure 2.6 Top View of Oblique-Offset Rear-End Collision 

2.7 MADYMO Modeling  

To evaluate the rear occupant’s response of the target vehicle (Yaris), a seat model is 

developed in MADYMO according to the target vehicle seat cabin measurements. In this a three 

pointer FE model safety belt is used. A three-pointer seat belt is a protective strap that has three 

mounting locations. A three-point seat belt is a Y-shaped strap which combines a lap and a 

shoulder belt. In the event of a collision, the three - point belt distributes the force of the moving 

body across the chest, pelvis, and shoulders. The three pointer safety belts consists of components 

like retractors, buckles, tongues, webbing and pillar loops. The three-pointer safety belt system is 

modeled and shown in Figure 2.7. 
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Figure 2.7 Three Pointer Safety Belt for MADYMO Model 

Seat pan relates to the bottom surface of a passenger seat. As an original seat design, a seat 

pan with cushion properties can be used. The seat pan is attached to the vehicle frame. The vehicle 

structure is made up of all the seat bodies, such as the seat back, seat pan. Seat pan has a fixed 

Bracket link with the vehicle frame, while the vehicle frame has a translation joint with the vehicle 

floor, causing translation movement in the case of a rear collision. The Seat pan model structure 

is shown in Figure 2.8. 

 

Figure 2.8 Seat Pan Model 
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A Hybrid-III 50th percentile male test dummy (ATD) is utilized as a passenger in this study 

to examine peak loads, moments, and neck injuries after impacts. This is the most commonly used 

crash dummy; its size and weight are representative of the adult male population in the United 

States. The complete seat structure of rear occupant cabin with Hybrid-III 50th Percentile dummy 

is shown in Figure 2.9 

       

Figure 2.9 MADYMO Occupant Seat-Restraint System (Single and two rear occupants) 

The seat model with occupant was developed in MADYMO to test occupant impact 

behavior. The seat model was created using both multi body and Finite element models, and it 

comprises of a dummy, a seat, and a seat belt. The Hybrid III 50th percentile dummy was utilized 

with several seat designs. Safety belts are designed using a Finite Element Model. The Hybrid-III 

dummy is perhaps the most commonly utilized dummy in rear impact testing because of 

dimensions and bodyweight of the Hybrid III 50th percentile male dummy resemble a typical adult 

in the United States. It is made up of 69 bodies, 6 left and right ribs, and 5 neck points. 
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CHAPTER-3 

STRUCTURAL AND OCCUPANT RESPONSES IN FULL-WIDTH REAR-END 

COLLISION 

In this chapter, an LSDYNA simulation of the small car model, rear-impacted with a rigid 

wall in full-width according to the FMVSS 301 old regulation (Full-Width Rear-Impact), shall be 

conducted. The structural responses of the entire target vehicle and its fuel tank intrusions are then 

investigated. Acceleration pulses are generated from the CG of the target vehicle's rear occupant 

seat nodes on the LEFT and RIGHT, and utilized as input to the MADYMO model to examine the 

response of the Hybrid III 50th percentile dummy. 

3.1 LS DYNA Simulation 

A rigid wall was used in the rear crash. Initially, LSPREPOST imports a rigid wall. The 

target vehicle (Toyota Yaris) is imported into the working file, and the car's position is changed so 

that it will have a direct rear collision with a stiff wall. Contacts are established between the wall 

and the vehicle, as shown in Figure 3.1. 

 

Figure 3.1 Simulation Set up of Full-Width Rear-End Collision 
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 A 30-mph velocity is converted to LSDYNA operating units and applied to a Deformable 

barrier. The distance of barrier and target vehicle is 20mm before the impact and barrier is 

positioned to impact Yaris at full-width rear-impact. In LS DYNA, the entire barrier is selected as 

one set-part before assigning velocity to the deformable barrier. Two seat acceleration nodes are 

given LEFT and RIGHT rear occupants seats to extract the acceleration plots. The entire file, 

including all essential attachments, is reviewed for faults before being submitted to LSDYNA to 

acquire simulations. The response of target vehicle when it is impacted with rigid wall is shown in 

Figure 3.2. 

 

 

 

Figure 3.2 Simulation of Full-Width Rear-End Collision at t= {0,75,100, 150} ms 

After getting the LSDYNA simulation results, the rear occupants at LEFT and RIGHT seat 

node’s acceleration with respect to time are retrieved as shown in Figures 3.3 and 3.4 respectively. 
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Figure 3.3 Seat Acceleration at Left Rear Occupant 

 

 

Figure 3.4 Seat Acceleration at Right Rear Occupant 

3.2 Structural Response of Vehicle After Collision 

The structural response of the compact car according to FMVSS 301R is shown below. 

The target vehicle before and after the crash is shown in Figures 3.5 and 3.6. At each end of the 

target vehicle a node is selected. The two nodes (295174 and 2877204) determine the length of the 

vehicle before and after the simulation. 
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Figure 3.5 Toyota Yaris Before Crash with Rigid Wall 

 

 

Figure 3.6 Toyota Yaris After Crash with Rigid Wall 

  Initial length of the vehicle before the simulation is 4299 mm. After the simulation the 

vehicle length is reduced to 3482 mm. The amount of longitudinal intrusion happened for the Full-

Width Rear-End Collision is 817 mm. There is no lateral intrusion of the vehicle because it is 

uniform along the rear bumper. 
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3.3 MADYMO Simulations 

3.3.1 MADYMO Simulation at LEFT REAR Occupant  

The acceleration output at the LEFT REAR occupant seat node is derived from the 

LSDYNA simulation and evaluated as [X, Y] pairs. All the acceleration values are given as input 

in X, Y and Z directions according to LS-DYNA simulation.  The seat acceleration node at left 

rear occupant is shown in Figure 3.7. 

 

 

 

Figure 3.7 Acceleration Plot Node at LEFT REAR Occupant 

To correspond with MADYMO working units, all readings are changed to meters per 

second square. The acceleration output with time is transferred into the MADYMO model as input. 

Before conducting the simulation, suitable contacts are provided, and the control end time is set at 

0.15 seconds. Following the correction of the errors, the entire model with acceleration output is 

processed and the results are obtained. The response of HYBRID III dummy using MADYMO for 

left rear occupant is shown in Figure 3.8. 

Left Rear Occupant Seat 

Node 
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at T= 0ms                                     at T= 50ms                           at T=75ms 

 

    

at T= 100ms                          at T= 125ms                       at T=150ms 

Figure 3.8 Simulation of LEFT REAR Dummy Model 

Peak loads and moments values of the dummy are computed and shown in Table 3.1 after 

witnessing its motion during the collision. By observing the neck movements during the impact 

there are high risk of neck flexion and extension injuries due to the movement of the neck in 

rearward direction. Neck damage values are calculated and displayed in Table 3.1.  
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Table 3.1 Peak Injury Values from Rigid Wall Crash at LEFT REAR Occupant 

Parameters Threshold Value Obtained Value 

Tension 4170 N 2307 

Compression 4000 N 1625 

Flexion 190 Nm 205 

Extension 57 Nm 87 

Shear 3300 N 1415 

NTE 1.0 1.01 

NTF 1.0 0.94 

NCE 1.0 0.74 

NCF 1.0 0.50 

 

 

Injury values for the Extension and Flexion moments have been observed to exceed the 

threshold values. It is also noted that the value of Neck Tension-Extension (1.01) is also a bit above 

the threshold limit (1.0).  

3.3.2 MADYMO Simulation at RIGHT REAR Occupant  

The acceleration output at the RIGHT REAR occupant seat node is derived from the 

LSDYNA simulation and evaluated as [X, Y] pairs. All the acceleration values are given as input 

in X, Y and Z directions according to LS-DYNA simulation. The seat acceleration node at left rear 

occupant is shown in Figure 3.9. 
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Figure 3.9 Acceleration Plot Node at RIGHT REAR Occupant 

All readings are changed to meters per second square to work in MADYMO. The 

acceleration output with time is transferred into the MADYMO model as input. Before conducting 

the simulation, suitable contacts are provided, and the control end time is set at 0.15 seconds.  All 

the errors need to be corrected before simulating the model. The response of HYBRID III dummy 

using MADYMO for left rear occupant is shown in Figure 3.10. 

     

         at T= 0ms                                     at T= 50ms                               at T=75ms 

Figure 3.10 Simulation of RIGHT REAR Dummy Model  

RIGHT Rear Occupant 

Seat Node 
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at T= 100ms                                     at T= 125ms                             at T=150ms 

Figure 3.10 (continued) 

Peak loads and moments values of the dummy are computed and shown in Table 3.2 after 

witnessing its motion during the collision. Neck damage values are calculated and displayed in 

Table 3.2. 

Table 3.2 Peak Injury Values from Rigid Wall Crash at RIGHT REAR Occupant 

Parameters Threshold Value Obtained Value 

Tension 4170 N 2593 

Compression 4000 N 1769 

Flexion 190 Nm 224 

Extension 57 Nm 94 

Shear 3300 N 1357 

NTE 1.0 0.94 

NTF 1.0 0.78 

NCE 1.0 0.63 

NCF 1.0 0.54 
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Injury values for the Extension and Flexion have been observed to exceed the threshold values. 

It is also noted that the value of Neck Tension-Extension (0.94) is below the threshold limit (1.0). 

In Full-Width impact, the neck injury values are higher for RIGHT rear occupant compared to 

LEFT occupant because of the structural deformation of the target vehicle. In Full-Width Collision, 

the potential of injury for Left (Near-side) Occupant is higher compared to that for the Right (Far-

Side) Occupant. 
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CHAPTER-4 

STRUCTURAL AND OCCUPANT RESPONSES IN OFFSET REAR-END COLLISION 

In this chapter, an LSDYNA simulation with a Deformable barrier according to FMVSS 

301R regulation shall be conducted. The structural responses of the entire target vehicle is 

investigated. Acceleration pulses are generated from the CG of the target vehicle's rear occupant 

seat nodes on the LEFT and RIGHT are utilized as input to the MADYMO model to examine the 

response of the Hybrid III 50th percentile dummy. 

4.1 LS DYNA Simulation 

A Movable Deformable barrier was used in the crash according to FMVSS 301R 

regulation. In this barrier is placed offset to target vehicle where the barrier contacts only 70% of 

target vehicle. The target vehicle (Toyota Yaris) is imported into the working file, and the car's 

position is changed so that it will have a direct rear offset collision with barrier. Contacts are 

established between the floor, barrier and the vehicle, as shown in Figure 4.1. 

  

Figure 4.1 Simulation Set up of Offset Rear-End Collision 
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A 50-mph velocity is converted to LSDYNA operating units and applied to a Deformable 

barrier. The distance of barrier and target vehicle is 20mm before the impact and barrier is 

positioned to impact Yaris at 70% offset rear-end collision. In LS DYNA, the entire barrier is 

selected as one set-part before assigning velocity to the deformable barrier.  Two seat acceleration 

nodes are given LEFT and RIGHT rear occupants seats to extract the acceleration plots. The entire 

file, including all essential attachments, is reviewed for faults before being submitted to LSDYNA 

to acquire simulations.  The response of target vehicle when it is impacted with barrier is shown 

in Figure 4.2. 

 

 

Figure 4.2 Simulation of Offset Rear-End Collision at t= {0,75,100, 150} ms 

After obtaining  the LSDYNA simulation results, the rear occupants at LEFT and RIGHT 

seat node’s acceleration with respect to time are retrieved as shown in Figures 4.3 and 4.4 

respectively. 



 

38 
 

 

Figure 4.3 Seat Acceleration at LEFT REAR Occupant 

 

 

Figure 4.4 Seat Acceleration at RIGHT REAR Occupant 

4.2 Structural Response of Vehicle After Collision 

The structural response of the compact car according to FMVSS 301R is shown in Figure 

4.6. The target vehicle before and after the crash is shown in Figures 4.5 and 4.6. At each end of 

the target vehicle a node is selected. The two nodes (295174 and 2877204) determine the length 

of the vehicle before and after the simulation.   
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Figure 4.5 Toyota Yaris Before Crash with Deformable Barrier 

 

 

Figure 4.6 Toyota Yaris After Crash with Deformable Barrier 

Initial length of the vehicle before the simulation is 4299 mm. After the simulation the 

vehicle length is reduced to 3446 mm. The amount of longitudinal intrusion happened for the 

Offset Rear-End Collision is 853mm. The lateral intrusion of the vehicle is 585 mm, which is 

located at the LEFT nearside of the vehicle. 
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4.3 MADYMO Simulations 

4.3.1 MADYMO Simulation at LEFT REAR Occupant  

The acceleration output at the LEFT REAR occupant seat node is derived from the 

LSDYNA simulation and evaluated as [X, Y] pairs. All the acceleration values are given as input 

in X, Y and Z directions according to LS-DYNA simulation. The seat acceleration node at LEFT 

rear occupant is shown in Figure 4.7. 

 

 

  

Figure 4.7 Acceleration plot node at LEFT rear occupant  

To correspond with MADYMO working units, all readings are changed to meters per 

second square. The acceleration output with time is transferred into the MADYMO model as input. 

Before conducting the simulation, suitable contacts are provided, and the control end time is set at 

0.15 seconds. Following the correction of the errors, the entire model with acceleration output is 

processed and the results are obtained. The response of LEFT rear occupant in MADYMO is 

shown in Figure 4.8. 

LEFT Rear Occupant 

Seat Node 
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at T= 0ms                              at T= 50ms                         at T=75ms 

 

   

at T= 100ms                      at T= 125ms                   at T=150ms 

Figure 4.8 Simulation of LEFT REAR Dummy model 

Peak loads and moments values of the dummy are computed and shown in Table 4.1 after 

witnessing its motion during the collision. Neck damage values are calculated and displayed in 

Table 4.1. 
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           Table 4.1 Peak Injury Values from Deformable Barrier Crash at LEFT REAR Occupant 

Parameters Threshold Value Obtained Value 

Tension 4170 N 2362 

Compression 4000 N 1671 

Flexion 190 Nm 204 

Extension 57 Nm 91 

Shear 3300 N 1575 

NTE 1.0 1.07 

NTF 1.0 0.37 

NCE 1.0 0.34 

NCF 1.0 0.24 

 

Injury values for the Extension and Flexion moments have been observed to exceed the 

threshold values. It is also noted that the value of Neck Tension-Extension (1.07) is above the 

threshold limit (1.0).  

4.3.2 MADYMO Simulation at RIGHT REAR Occupant  

The same process is followed like the previous simulation, where acceleration output at the 

RIGHT REAR occupant seat node is derived from the LSDYNA simulation and evaluated as [X, 

Y] pairs. All the acceleration values are given as input in X, Y and Z directions according to LS-

DYNA simulation. The seat acceleration node at RIGHT rear occupant is shown in Figure 4.9. 
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Figure 4.9 Acceleration Plot Node at RIGHT REAR Occupant 

The acceleration output with time is transferred into the MADYMO model as input. Any 

corrections are rectified and the model is simulated for end time of 0.15 sec. After completion of 

simulation the neck values are tabulated below. The response of RIGHT rear occupant in 

MADYMO is shown in Figure 4.10. 

 

    

at T= 0ms                                     at T= 50ms                     at T=75ms 

Figure 4.10 Simulation of RIGHT REAR Dummy Model  

RIGHT Rear Occupant 

Node 
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  at T= 100ms at T= 125ms at T=150ms 

Figure 4.10 (continued) 

Peak loads and moments values of the dummy are computed and shown in Table 4.2 after 

witnessing its motion during the collision. Neck damage values are calculated and displayed in 

Table 4.2. 

Table 4.2 Peak Injury Values from Deformable Crash at RIGHT REAR Occupant 

Parameters Threshold Value Obtained Value 

Tension 4170 N 2129 

Compression 4000 N 1423 

Flexion 190 Nm 191 

Extension 57 Nm 76 

Shear 3300 N 1508 

NTE 1.0 1.03 

NTF 1.0 0.35 

NCE 1.0 0.15 

NCF 1.0 0.12 
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Injury values for the Extension and Flexion have been observed to exceed the threshold values. 

it is also noted that the value of Neck Tension-Extension (1.03) is above the threshold limit (1.0). 

In Offset Rear-Impact, the LEFT occupant is more injury prone than RIGHT occupant due to the 

way of impact on target vehicle by deformable barrier and its structure comparatively to rigid 

barrier. The Left (Near-Side) Occupant injury potential is higher compared to that for the Right 

(Far-Side) in Rear-Offset Collision. 
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CHAPTER 5 

STRUCTURAL AND OCCUPANT RESPONSES IN OBLIQUE-OFFSET REAR-END 

COLLISION 

In this chapter, an LSDYNA simulation with a Deformable barrier according to the 

proposed oblique offset regulation shall be conducted. Acceleration pulses are generated from the 

CG of the target vehicle's rear occupant seat nodes on the LEFT and RIGHT, and utilized as input 

to the MADYMO model to examine the response of the Hybrid III 50th percentile dummy. 

5.1 LS DYNA Simulation 

  The barrier is placed at an angle of 30 degree by center of barrier axis to target vehicle 

which contacts the edge of target vehicle. Initially, Target vehicle (Toyota Yaris) and movable 

deformable barrier is imported into the working file.  All the contacts are established between the 

floor, barrier and the vehicle, as shown in Figure 5.1. 

 

Figure 5.1 Simulation Set up of Oblique-Offset Rear-End Collision 
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 A 50-mph velocity is converted to LSDYNA operating units and applied to a Deformable 

barrier. The distance of barrier and target vehicle is 20mm before the impact and barrier is 

positioned to impact Yaris at  Oblique-Offset Rear-end collision. In LS DYNA, the entire barrier 

is selected as one set-part before assigning velocity to the deformable barrier. Two seat 

acceleration nodes are given LEFT and RIGHT rear occupants seats to extract the acceleration 

plots. The entire file, including all essential attachments, is reviewed for faults before being 

submitted to LSDYNA to acquire simulations. The response of target vehicle when its impacted 

with barrier is shown in Figure 5.2. 

 

 

 

Figure 5.2 Simulation of Oblique-Offset Rear-End Collision at t= {0,100,135, 250} ms 

After getting the LSDYNA simulation results, the rear occupants at LEFT and RIGHT seat 

node’s acceleration with respect to time are retrieved, as shown in Figures 5.3 and 5.4 respectively. 
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Figure 5.3 Seat Acceleration at LEFT REAR Occupant 

 

 

Figure 5.4 Seat Acceleration at RIGHT REAR Occupant 

5.2 Structural Response of Vehicle After Collision 

The structural response of the compact car according to FMVSS 301R is shown Figure 4.6. 

The target vehicle before and after the crash is shown in Figures 5.5 and 5.6. As the target vehicle 

is same two nodes (295174 and 2877204) determine the length of vehicle. Initial length of the 

vehicle before the simulation is 4299 mm. 
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Figure 5.5 Toyota Yaris Before Crash with Deformable Barrier 

 

 

 

Figure 5.6 Toyota Yaris After Crash with Deformable Barrier 

After the simulation the vehicle length is reduced to 3569 mm. The amount of longitudinal 

intrusion happened for the Oblique-Offset Rear-End Collision is 730 mm. The lateral intrusion of 

the vehicle is 792 mm which is located at the LEFT nearside of the vehicle. 
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5.3 MADYMO Simulations 

5.3.1 MADYMO Simulation at LEFT REAR Occupant  

The acceleration output at the LEFT REAR occupant seat node is derived from the 

LSDYNA simulation and evaluated as [X, Y] pairs. All the acceleration values are given as input 

in X, Y and Z directions according to LS-DYNA simulation. The seat acceleration plot node at 

LEFT rear occupant is shown in Figure 5.7. 

 

 

 

Figure 5.7 Acceleration Plot Node at LEFT REAR Occupant 

To correspond with MADYMO working units, all readings are changed to meters per 

second square. The acceleration output with time is transferred into the MADYMO model as input. 

All the errors are corrected and the model is simulated for end time of 0.15. The response of LEFT 

rear occupant in MADYMO is shown in Figure 5.8. 

LEFT Rear Occupant 

Seat Node 
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at T= 0ms                                     at T= 50ms                                    at T=75ms 

   

at T= 100ms                                     at T= 125ms                             at T=150ms    

Figure 5.8 Simulation of LEFT REAR Dummy Model 

Peak loads and moments values of the dummy are computed and shown in Table 5.1 after 

witnessing its motion during the collision. By observing the neck movements during the impact 

there are high risk of neck flexion and extension injuries due to the movement of the neck in 

rearward direction. Neck damage values are calculated and displayed in Table 5.1. 
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Table 5.1 Peak Injury Values from Oblique Offset Crash at LEFT REAR Occupant 

Parameters Threshold Value Obtained Value 

Tension 4170 N 1897 

Compression 4000 N 1287 

Flexion 190 Nm 194 

Extension 57 Nm 58 

Shear 3300 N 1477 

NTE 1.0 0.52 

NTF 1.0 0.29 

NCE 1.0 0.39 

NCF 1.0 0.53 

 

Injury values for the Extension and Flexion moments have been observed to exceed the 

threshold values. It is also noted that the value of Neck Tension-Extension (0.52) is below the 

threshold limit (1.0). 

5.3.2 MADYMO Simulation at RIGHT REAR Occupant  

The same process is followed like the previous simulation, where acceleration output at the 

RIGHT REAR occupant seat node is derived from the LSDYNA simulation and evaluated as [X, 

Y] pairs. All the acceleration values are given as input in X, Y and Z directions according to LS-

DYNA simulation. The RIGHT rear occupant seat node is shown in Figure 5.9. 
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Figure 5.9 Acceleration Plot Node at RIGHT REAR Occupant 

To correspond with MADYMO working units, all readings are changed to meters per 

second square. The acceleration output with time is transferred into the MADYMO model as input. 

The model is simulated for end time of 0.15 sec following no errors. The response of RIGHT rear 

occupant in MADYMO is shown in Figure 5.10. 

   

at T= 0ms                                     at T= 50ms                                    at T=75ms 

Figure 5.10 Simulation of RIGHT REAR Dummy Model  

RIGHT Rear 

Occupant Seat Node 
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at T= 100ms                                     at T= 125ms                       at T=150ms 

Figure 5.10 (continued)  

Peak loads and Neck injury values of the dummy are computed and shown in Table 5.2 

after witnessing its motion during the collision. 

Table 5.2 Peak Injury Values from Oblique Offset Crash at RIGHT REAR Occupant 

Parameters Threshold Value Obtained Value 

Tension 4170 N 1508 

Compression 4000 N 1133 

Flexion 190 Nm 153 

Extension 57 Nm 47 

Shear 3300 N 1133 

NTE 1.0 0.44 

NTF 1.0 0.17 

NCE 1.0 0.20 

NCF 1.0 0.19 
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Injury values for the Extension and Flexion have been observed to limit under threshold 

values. It is also noted that the value of Neck Tension-Extension value (0.47) is below the threshold 

limit (1.0). In Oblique-Offset Rear-Impact, the LEFT occupant is more injury prone than RIGHT 

occupant due to way of impact on target vehicle by deformable barrier at LEFT near-side of the 

vehicle. The potential of injury to RIGHT rear occupant is less compared to the LEFT rear 

occupant due to impact at LEFT(Near-Side) of the vehicle. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

56 
 

CHAPTER 6 

COMPARSION OF RESULTS  

The structural responses of the target vehicle before and after the collision as well as the 

neck injury criteria of LEFT and RIGHT rear occupants in Full-Width, Offset and Oblique-Offset 

Rear-End Collisions are all compared and discussed. 

6.1 Structural Response 

The structural responses of the Toyota Yaris are observed in all three rear-end crash 

collision configuration, as in Figure 6.1. At each end of the target vehicle a node is selected. The 

two nodes (295174 and 2877204) determine the length of the entire vehicle before and after the 

simulation. The largest damage is found when the Yaris is involved in a rear offset collision. 

Although that speed of the bullet vehicle varies for rear and rear offset impacts. When a Yaris is 

in a rear offset collision, its longitudinal damage is greater than it being in a direct rear collision. 

The structural responses of target vehicle before and after impact for three rear collisions is shown 

in Figure 6.1. 

 

Full-Width Rear-Impact 

 

Figure 6.1 Structural Response of Toyota Yaris Before and After in Various Rear Collisions 
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Offset Rear-Impact 

 

Oblique-Offset Rear-Impact 

 

Figure 6.1 (continued)  

6.2 Comparison of Structural Intrusions 

At each end of the target vehicle a node is selected. The two nodes (295174 and 2877204) 

determine the length of the entire vehicle before and after the simulation. The intrusion of target 

vehicle for various collisions is shown in Table 6.1. The damage occurred to compact car in offset 

rear collision is larger when compared to the full-width rear collision. It demonstrates that upgrade 

of FMVSS 301R Regulatory standard is appropriate. 

 



 

58 
 

Table 6.1 Comparison of Structural Intrusions 

Type of Collision Intrusion (mm) 

Longitudinal 

Intrusion (mm) 

Lateral 

Location 

Full-Width Rear-End 

Collision 

817 0 Uniform Along Rear 

Bumper 

Offset Rear-End 

Collision 

853 585 Left Near-Side Rear 

of the Vehicle 

Oblique-Offset Rear-

End Collision 

730 792 Left Near-Side Rear 

of the Vehicle 

  

The longitudinal intrusion for oblique is smaller than the other two, but the lateral intrusion 

is significantly larger. Fuel tank Integrity issue can be better demonstrated using the proposed 

Oblique-Offset test. 

6.3 Neck Injury Values and Peak Load Moments 

For all three collision scenarios the peak moments and neck injury values of LEFT and 

RIGHT rear occupants were tabulated as shown in Table 6.2.  

Table 6.2 Comparison of Peak Injury Values for Various Rear Collisions 

 

Parameters 

 

Threshold 

values 

Full-Width Rear-

Impact 

Offset Rear-

Impact 

Oblique Offset 

Rear-Impact 

LEFT RIGHT LEFT RIGHT LEFT  RIGHT 

Tension 4170 N 2307 2593 2362 2129 1897 1508 

Compression 4000 N 1625 1769 1671 1423 1287 1133 

Extension 190 Nm 205 224 204 191 194 153 

Flexion 57 Nm 87 94 91 76 58 47 

Shear 3300 N 1415 1357 1575 1508 1477 1133 

NTE 1.0 1.01 0.94 1.07 1.03 0.52 0.44 

NTF 1.0 0.94 0.78 0.37 0.35 0.29 0.17 

NCE 1.0 0.74 0.63 0.34 0.15 0.39 0.20 

NCF 1.0 0.50 0.54 0.24 0.12 0.53 0.19 
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In Full-Width impact, the neck injury values are higher for RIGHT rear occupant compared 

to LEFT occupant because of the structural deformation of the target vehicle. The combined neck 

loading and amount NTE for Rear Offset impact is larger compared to Full-Width Collision. In 

Full-Width Collision the potential of injury for Left (Near-side) Occupant is higher compared to 

Right (Far-Side) Occupant. 

In the Offset Rear-Impact, the LEFT occupant is more injury prone than RIGHT occupant 

due to the way of impact on target vehicle by deformable barrier and its structure comparatively 

to rigid barrier. The Left (Near-Side) Occupant injury potential is higher compared to Right (Far-

Side) in Rear-Offset Collision. 

For the Oblique-Offset, the neck loading, and moments are not as large as the one from the 

other two rear-end collision configuration. The potential for neck injury for the Left (Near-Side) 

Occupant is higher than that of the Right (Far-side) Occupant because of its proximity to the 

location of impact. However, the right (Far-side) occupant seems to be susceptible to moving out 

of the belt. 

The potential injury due to interaction of two rear occupants in Oblique-Offset collision 

and secondary impact resulting in head injury are evaluated and discussed next. 
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CHAPTER 7 

DYNAMICS AND INTERACTION OF TWO REAR OCCUPANTS IN OBLIQUE-

OFFSET REAR-END COLLISION 

In this chapter, the dynamics and interaction of two rear occupants with and without Slack 

in Seatbelt for LEFT and RIGHT are evaluated and compared in Oblique-Offset Rear-End 

Collision. The interaction of two rear occupants are observed in two scenarios including potential 

secondary impact with roof and without roof.   

7.1 MADYMO Simulation of Two Rear Occupants with No Roof  

The acceleration pulse is extracted from LS-dyna simulation of target vehicle which is 

impacted with deformable barrier in Oblique-Offset Rear-End Collision. To correspond with 

MADYMO working units, all readings are changed to meters per second square. The acceleration 

output with time is transferred into the MADYMO model as input. The model is simulated for end 

time of 0.30 sec following no errors. The responses of LEFT and RIGHT rear occupants in 

MADYMO without roof are shown in Figure 7.1. 

   

at T= 0ms                                     at T= 75ms                     at T=150ms 

Figure 7.1 Interaction of Two Rear Occupants with No Roof  
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at T= 200ms                                     at T= 250ms                             at T=300ms 

Figure 7.1 (continued)   

  In this case, Impact interaction occurs between the two rear occupants in which the RIGHT 

occupant head contact with right shoulder of the LEFT occupant. Due to this, there is a potential 

for the head injury to RIGHT occupant. 

7.2 MADYMO Simulation of Two Rear Occupants with Roof  

To correspond with MADYMO working units, all readings are changed to meters per 

second square. The model is simulated for end time of 0.30 sec following no errors. The responses 

of LEFT and RIGHT rear occupants with roof in MADYMO are shown in Figure 7.2. 

   

at T= 0ms                                     at T= 75ms                                    at T=150ms 

Figure 7.2 Interaction of Two Rear Occupants with Roof  
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at T= 200ms at T= 250ms at T=300ms 

Figure 7.2 (continued) 

In this case there is interaction between the two rear occupants in which the RIGHT 

occupant’s head contacts with roof of the vehicle and then comes in contact with right arm of the 

LEFT occupant. This might result in significant head injury to RIGHT occupant. 

7.3 Comparison of Head Injury Criteria for Two Rear Occupants With and without Roof 

Because of the interaction of rear occupants, The impact of the head onto the roof for the 

RIGHT rear occupant and contact with the arm of  the LEFT occupant, there may be a potential 

for head injury for the RIGHT occupant due to secondary impact. This potential is evaluated using 

the Head Injury Criteria (HIC) [13]. 

 (7.1) 

Where a(t) is the resultant head acceleration in G’s (measured at the head’s center of 

gravity), t1 and t2 are initial and final times (in seconds) during which the HIC attains a 
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maximum value. The limit threshold for HIC is 1000 with maximum window size of 36 

milliseconds, or 700 with a maximum window size of 15 milliseconds. 

HIC36 threshold value = 1000                                                                                    (7.2) 

HIC15 threshold value = 700                                                                                      (7.3) 

Due to the interaction of two Rear Occupants in Oblique-Offset Rear-End Collision, there 

are high chances of having head injuries to both occupants. The corresponding HIC values are 

tabulated in Table 7.1. 

Table 7.1 Comparison of HIC for the LEFT and RIGHT Occupants in Oblique-Offset Collision 

LEFT Occupant RIGHT Occupant 

 HIC Δt (ms) Description HIC Δt (ms) Description 

Occupants 

without 

Roof 

88.3 35.97 No Contact 1969 1.71 Contact of 

head onto the 

shoulder of 

Left Occupant 

Occupants 

with Roof 

88.3 35.97 No Contact 2862 0.91 Contact of 

head onto the 

roof 

 

The HIC values for LEFT (Near-side) occupant is much less than threshold value (1000) 

in cases of roof and no roof, as there is basically no contact of the head onto anything.  Hence, 

there is no potential head injuries to the occupant in Oblique-Offset Rear-End collision for the 

LEFT (Nearside) occupant. For the RIGHT (Far-side) occupant though, the potential head injury 

is quite serious, as the HIC is significantly higher than the threshold value (1000) for cases of roof 

and without roof.  
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7.4 MADYMO Simulation of Two Rear Occupants with Slack in Seatbelt 

The acceleration output with time is transferred into the MADYMO model as input. The 

model is simulated for end time of 0.30 sec following no errors. The response of two rear occupants 

in MADYMO with slack in seatbelt and absence of roof are shown in Figure 7.3. 

   

at T= 0ms                                     at T= 75ms                                    at T=150ms 

    

at T= 200ms                                     at T= 250ms                             at T=300ms 

Figure 7.3 Interaction of Two Rear Occupants with Slack in Seatbelt and No roof 

In this case, Impact interaction occurs between the two rear occupants in which the RIGHT 

occupant head contact with right shoulder of the LEFT occupant. Due to this, there is a potential 

for the head injury to RIGHT occupant. 
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7.5 MADYMO Simulation of Two Rear Occupants with Roof and Slack in Seatbelt 

The acceleration output with time is transferred into the MADYMO model as input. The 

model is simulated for end time of 0.30 sec following no errors. The response of two rear occupants 

in MADYMO with slack in seatbelt and in presence of roof are shown in Figure 7.4. 

   

at T= 0ms                                     at T= 75ms                                    at T=150ms 

    

at T= 200ms                                     at T= 250ms                             at T=300ms 

Figure 7.4 Interaction of Two Rear Occupants with Roof and Slack in Seatbelt 

In this case there is interaction between the two rear occupants in which the RIGHT 

occupant’s head contacts with roof of the vehicle and then comes in contact with right shoulder of 

the LEFT occupant. This might result in significant head injury to RIGHT occupant. 
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7.6 Comparison of Head Injury Criteria for Two Rear Occupants with Slack in Seatbelt 

Due to the interaction of two Rear Occupants in Oblique-Offset Rear-End Collision, there 

are high chances of having head injuries to both occupants. The corresponding HIC values are 

tabulated in Table 7.2. 

Table 7.2 Comparison of HIC for LEFT and RIGHT Occupants with Slack in Seatbelt 

LEFT Occupant RIGHT Occupant 

 HIC Δt (ms) Description HIC Δt (ms) Description 

Occupants 

without 

Roof 

88.7 35.97 No Contact 1197 1.71 Contact of 

head onto the 

shoulder of 

Left Occupant 

Occupants 

with Roof 

88.3 35.97 No Contact 2677 0.92 Contact of 

head onto the 

roof 

 

The HIC values for LEFT (Near-side) occupant is much less than threshold value (1000) 

in cases of roof and no roof with slack in seatbelt as there is basically no contact of the head onto 

anything. Hence, there is no potential head injuries to the occupant in Oblique-Offset Rear-End 

collision for  the LEFT (Near-side) occupant. For the RIGHT (Far-side) occupant though, the 

potential Head injury is quite serious, as the HIC is significantly higher than the threshold value 

(1000) for cases of roof and without roof.  

7.7 Neck Injury Values and Peak Load Moments 

For Oblique-Offset collision scenario, the LEFT and RIGHT rear occupants  response with 

slack is similar to the response of without slack in seatbelt. Peak loads and moments values of the 

dummy at LEFT and RIGHT rear occupants are computed and shown in Table 7.3 after witnessing 
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their motion during the collision. Injury values for Extension and Flexion moments have been 

observed to limit under threshold values. 

Table 7.3 Neck Injury Criteria for Two Rear Occupants with Slack in Seatbelt 

 

The neck injury values and peak load moments are slightly higher than the injury criteria 

without slack in seatbelt. In Oblique-Offset impact the LEFT rear occupant had high potential of 

injuries compared to RIGHT rear occupant due to its impact on the target vehicle. For LEFT rear 

occupant the extension and flexion values are exceeding the threshold limit in absence of slack in 

seatbelt. However, the LEFT rear occupant neck extension and flexion values are under the 

threshold limit in presence of slack in seatbelt. It is also noted that the value of Neck Tension-

Extension is under the threshold limit (1.0). However, the study showed that in the proposed 

Oblique-Offset Collision, there is potential for the RIGHT (Far-side) rear occupant to come out of 

the belt, even without any slack on the lap or shoulder belt.  

Parameters Threshold Value LEFT Occupant RIGHT Occupant 

Tension 4170 N 1979 1503 

Compression 4000 N 1361 1139 

Flexion 190 N-m 182 171 

Extension 57 N-m 56 54 

Shear 3100 N 1422 1155 

NTE 1.0 0.47 0.41 

NTF 1.0 0.25 0.13 

NCE 1.0 0.38 0.18 

NCF 1.0 0.57 0.15 
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CHAPTER 8 

CONCLUSIONS AND RECOMMENDATIONS 

8.1 Conclusions 

The goal of this research was to investigate the structural deformations of a small compact 

car as well as the potential injury to the LEFT and RIGHT rear occupants sitting within the car in 

various rear-end regulatory and proposed collisions configuration using FE modeling and 

simulation in LS-DYNA and MADYMO seat-occupant-restraint modeling and simulation. 

The target vehicle was a relatively compact car Toyota Yaris, impacted with both rigid and 

deformable barriers, in accordance with the FMVSS 301 Old and New regulation guidelines for 

the Full-Width and Offset rear-end impacts. A third proposed configuration of Oblique-Offset rear-

end collision was also examined for its viability. 

The structural response of the car and its deformation were examined when the target 

vehicle were collided in all three scenarios. A car cabin seat was then developed using MADYMO 

where the seat cabin consisted of bottom and back plane with three-point safety seatbelt and a 

Hybrid-III dummy placed on the seat.  

After extracting the pulse from the CG of rear occupants at left and right sides of the target 

vehicle, the acceleration pulses were applied to the LEFT and RIGHT rear occupants to study the 

peak loads, moments and neck injury values.  

Peak extension neck injury values were observed to be exceeding the threshold limit for 

both LEFT and RIGHT rear occupants in Full-Width and Offset Rear-End collisions. The neck 

tension values also exceeded the thresholds for the LEFT and RIGHT occupants in Rear-Offset 
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impact, whereas only LEFT rear occupant exceeded the threshold limit in Full-Width rear impact 

configuration. 

In Oblique-Offset impact the LEFT rear occupant had a higher potential for neck injuries 

compared to the RIGHT rear occupant nearest of its impact location proximity. Here for the LEFT 

rear occupant, the  neck extension and flexion values exceeded the threshold values, while for the 

RIGHT occupant they were under the limit. Oblique Offset impact collision produced lower neck 

injury potential on the occupant compared to the Offset and Full-width Rear-Impact collisions. 

Peak neck extension moments were observed to be under the threshold limit for the RIGHT 

rear occupant in Oblique offset collision. The value for the combined neck Tension-Extension 

(NTE) was greater than 1.0 for the RIGHT rear occupant in Rear Offset impact collisions, whereas 

it was above threshold value for only LEFT occupant. 

In comparison of both regulatory standards, there seems to be a bit  higher neck injury 

potential for rear occupants in Rear- Offset impact with deformable barrier compared to the rigid 

barrier of Full-Width rear-end collision.  

As for intrusions, the impact with new FMVSS 301R standard had higher longitudinal 

intrusion than old regulation with rigid barrier. The damage occurred to compact car in offset rear 

collision were larger when compared to the full-width rear collision. It demonstrates that upgrade 

of FMVSS 301R Regulatory standard is appropriate. For the Oblique-Offset collisions, there is 

higher lateral intrusion compared to full-width and offset collisions. 

The study showed that in the proposed Oblique-Offset Collision, there is potential for the 

RIGHT (Far-side) rear occupant to come out of the belt, even without any slack on the lap or 
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shoulder belt. This resulted in severe injuries to the head of the RIGHT (Far-side) occupant due to 

the body-to-body and body-to-roof contacts in the Oblique-Offset rear-end Collision. 

In the Oblique-Offset rear-end collision configuration, the HIC values for the LEFT (Near-

side) occupant were below the threshold value (1000) in both cases of roof and slack in seatbelt. 

Hence, there were no potential head injuries to the LEFT occupant in oblique offset rear end 

collision. For the RIGHT (Far-side) occupant though the potential Head injury was quite serious, 

as the HIC were significantly higher than the threshold value (1000) for cases of roof and without 

roof. This demonstrates that the secondary impacts also need to be addressed in Oblique-Offset 

Rear-End Collision. 

Overall, it is recommended that the proposed Oblique-Offset Rear-Impact configuration to 

become part of the new Rear-End collision standard. This test is to be conducted with two 

HYBRID-III ATD’s placed in the near (LEFT) and far (RIGHT) sides. The secondary impacts and 

potential injuries including HIC, need to be evaluated in addition to the neck injury potential. 

8.2 Recommendations 

The following recommendations are identified for future research 

• Instead of Hybrid III dummy, human body models can be utilized in a similar study for 

rear crash scenarios for better detection of potential injuries to neck-line regions. 

• The potential injuries can be evaluated for array of occupant sizes. This can be achieved 

by comparing the adult and child injury responses by placing child dummy and Hybrid III 

dummy at rear seats on both LEFT and RIGHT side during various rear-end collision 

configuration. 
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•  Using a head rest or restraint for the rear occupants, could provide major protection related 

to the neck region. This can be added to the models and the occupant response can be 

evaluated with and without head restraint for various rear-end collision configurations. 

• Larger distances between the two rear occupants should also be examined for proposed 

Oblique-Offset Rear-End Collision, and secondary impact due to body-body contact need 

to be assessed and measured. 

• Interaction of three rear-seated passenger can also be examined for the various Rear-Impact 

scenarios discussed. 
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