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Abstract— This paper describes a type of car’s side impact 

performance on the BIW. The main intension is to co-relate 

the performance of the BIW frame (when vehicle undergo 

crash with a various angles towards rigid pole) and occupant 

safety after the crash. Initially, FEM model of BIW frame is 

created based on logical method to solve the problem. Then, 

analysis evaluation of the side impact safety, method of 

design and manufacturing processes and the results of the 

side impact feature will be discussed. Then, analysis of the 

intrusion level according to the FMVSS No.214 or EURO 

NCAP standards towards the occupant (boot) space and of 

the occupant injury levels is discussed. 
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I. INTRODUCTION 

In various incidents, the accidents of the vehicles on the 

road the side impact have highest contribution to mortality. 

In a side impact, the occupants on both the struck, or near 

side, of the vehicle and the occupants on the opposite, or far 

side, of the vehicle are at risk of injury. Hence, it is very 

crucial in vehicle industry to confirm the crashworthiness of 

car, which is forecasted by robust modelling and CAE 

analysis method. This paper evaluates the risk of side crash 

injury for occupants as a basis developing side impact injury 

countermeasures, which are based on FMVSS (Federal 

Motor Vehicle Standard Specifications) No. 214. 

A. Establishment of Side Impact Model 

The modelling of this paper uses Hypermesh software. For 

effective and accurate modelling, it adopts the method of 

establishing respective ABAQUS key documents for the 

sub-systems. The sub-systems of the model include BIW 

system, closure system, chassis system, steering system, 

power train system, interior-exterior decoration system and 

safety system. The BIW structure contains approximate 

25,000 to 30,000 elements, 120 to 200 joints. BIW frame 

weight with full equipments is 75kg. The connection of 

frame with some stiffener is done by spot welding. The 

choosing of solder joints in the mode is mainly based on the 

decomposition chart of the parts and takes the procedure 

requirements of spot welding into consideration. As in 

practical connections of doors and endplate are pressing 

techniques and are realized through node constraints in 

modelling process.  

B. Problem Statement and Motivation 

Each year more than one million people are killed in road 

accidents. In Canada in 2006, nearly two hundred thousands 

were injured in road accidents, bringing an estimate of $63 

billion in social costs. The majority of fatalities and serious 

injuries occurred due to frontal vehicle collisions. 

Consumers have become highly aware of the importance of 

vehicle safety which has made it a major influencing factor 

in vehicle sales. Moreover, the competitive nature in the 

automobile sector makes each company always strive to 

develop safer vehicles. Considering this, safety is of 

paramount importance in modern vehicle design and 

according to Khalil and Du Bois, crashworthiness is the first 

analysis to be completed in modern vehicle design. The 

nonlinear finite element method is the state of the art tool in 

modern vehicle design for safety. This method enables the 

designer to investigate different designs easily and reliably. 

This is very important especially at the initial design stages, 

at which the design is uncertain and different alternatives are 

to be tested. Another advantage of the nonlinear finite 

element method is that, it reduces the total number of 

prototype testing. This is also very important, since vehicle 

crash tests are expensive and time consuming. For instance, 

a physical crash test may take on average 36 hours to 

prepare and a male dummy costs approximately $30,000 

without instrumentation. The nonlinear finite element 

method is extremely computationally expensive. This is due 

to the complex nature of vehicle structures. A typical 

vehicle structure consists of many parts with complex 

shapes made of different materials. During an accident, parts 

go through large deformations and stresses exceed materials 

elastic limits into plastic regions. Furthermore, parts are 

pressed against each other’s under the large forces of 

impact. This produces contact forces and friction between 

these parts. Finally, the whole accident occurs during very 

short time (about 100 ms). Considering this, the nonlinear 

finite element method requires sophisticated modelling, 

which in turn demands huge calculations. For example, a 

simulation of full frontal impact of a full vehicle model may 

last for more than half a day. 

In addition to safety, there are numerous design 

objectives (fuel economy, space, comfort, etc.). An 

acceptable vehicle design must meet safety requirements 

and all other design objectives. This means that an ad-hoc 

approach can no longer be applied to vehicle design, and 

instead, optimization must be applied. Optimization is a 

numerical technique that systematically and automatically 

searches the design space through numerous iterations to 

find an optimum feasible solution. This constitutes a 

problem in vehicle design for safety due to the large 

computational cost of nonlinear finite element analysis. 

Moreover, the gradient based optimization technique 

requires gradients of the objective and constraint functions, 

which cannot be obtained analytically due to the complexity 

of the problem. Numerical evaluation of these gradients may 

also fail or generate spurious results due to the high 

frequency noisy nature of the responses. Also, in the case of 

using non gradient based algorithms such as genetic 

algorithms, a much larger number of iterations is required 

compared with gradient based techniques. Considering this, 
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applying optimization algorithms directly to the nonlinear 

finite element model is not practical and an alternative 

method based on approximation techniques should be 

investigated. A problem in modern vehicle design for 

crashworthiness is the ability to evaluate the performance of 

a specific design easily and quickly. In modern vehicle 

design for crashworthiness, the main goal is to maximize the 

amount of impact energy absorbed in vehicle structure and 

at the same time minimize its weight. Thus, it is important to 

find if a design absorbs the maximum amount of impact 

energy for its current weight or not. In this thesis, a new 

methodology is proposed to derive the relationship between 

maximum amount of impact energy absorbed and minimum 

weight.  

II. LITERATURE REVIEW 

Crashworthiness is an engineering term used to define the 

ability of vehicle structure to protect its occupants during an 

impact. Crashworthiness is not limited to automobiles only; 

it is also applied to other transportation vehicles, such as 

ships, planes, and trains. In fact, the first systematic and 

scientific investigation of the subject was applied to railway 

axles between 1879 to 1890 by Thomas Andrews. In other 

words, crashworthiness is the process of improving the crash 

performance of a structure by sacrificing it under impact for 

the purpose of protecting occupants from injuries. To 

improve the structure design for crashworthiness, it is 

required to understand the different factors affecting the 

crash process. In the following, different fundamental 

aspects of design for crashworthiness have been described 

and pertinent works have been reviewed during project 

work.  

Hampton C. Gabler, Kennerly Digges, Brian N. 

Fildes, Laurie Sparke has evaluated the risk of injury from 

far side impact crashes in the United States. The analysis 

was based upon an examination of over 4500 far side struck 

occupants of passenger cars, light trucks and vans which 

were extracted from the NASS/CDS 1993-2002 crash 

investigations database. The findings of the study were used 

to establish priorities for injury countermeasure 

development. The definition of impact region used in this 

analysis NASS categories Y (front 2/3 of the car side), P 

(centre 1/3 of the car side), Z (rear 2/3 of the car side), and 

D (distributed), all involve impact to the occupant 

compartment. An impact to the occupant compartment may 

result in intrusion which is known to increase the injury 

severity for near side struck occupants. Intrusion may also 

affect the injury outcome for a far side struck occupant. 

FMVSS No. 214 is used for reference in this study [1]. 

 
Fig. 1: Impact region 

Chen and Usman mentioned that implementing 

optimization at early design stages will help in improving 

the manufacturing process and also in reducing the number 

of required tests and prototypes, which will ultimately 

reduce the total product cost [2]. T.L. Teng, K.C. Chang and 

T.H. Nguyen investigated the effectiveness of using side 

door beam of a passenger car by means of computational 

simulation of its behaviour under FMVSS 214 test 

specification. Based on the results in this study, following 

conclusions were made,  

The impacting for force to the dummy Pelvic area 

by the intruding side is potentially the most injury causing 

factor.  

Placement, Shape & Material are factor that 

dominate the effectiveness of protection afforded by side 

door impact beam[3]. It has been shown that Abaqus/Explicit 

can be used to simulate the extreme deformation, failure, 

and contact conditions that arise during the experimental 

determination of B-pillar quasi-static strength. The damage 

initiation and evolution capabilities of Abaqus/Explicit 

permit the accurate determination of failure in sheet metal 

associated with necking instability [4]. The results of this 

study allow generalization of the characteristics of energy 

dissipation in the lateral side of the vehicle. During collision 

of a fixed vertical cylindrical obstacle the energy turns in 

strain energy of the side of the vehicle, and the information 

regarding the deformation can be used in reconstructing 

road events. Only data obtained from tests vehicle collisions 

are compared with similar technical characteristics. The 

paper presented a test procedure where is performed a 

reversibly collision, namely the obstacle collides the vehicle 

which otherwise is in rest. Although this working mode is 

not always met in practice, the test procedure may be 

considered valid to study the energy absorbed during road 

event. Modern vehicles must meet consumer requirements 

regarding performance and safety features [5]. 

In this paper, a certain type of car’s side impact 

performance is discussed. The purpose is to express the 

relationship of the side impact response and safety. First, A 

certain car’s Finite Element Model (FEM) is established 

which is based on a logical method to solve the problem 

during the modelling process; Then, analysis the evaluation 

indexes of side impact safety, traces the designing and 

manufacturing process, got the side impact feature and point 

test data of this type of car, and verified the practicability of 

simulation result in the car developing process. Finally, 

express the connection between the side impact response 

and safety of this car, aiming at discussing the effective 

method of whole car side impact mode and response 

evaluation [6]. 

A. Crash Characteristics 

Accidents occur in a random manner. An automobile can be 

impacted from any direction at different speeds. It can also 

include an automobile impacting another automobile, which 

in turn can be the same or different from the first 

automobile. This shows how automobiles affect and being 

affected by each other in crash situations. An automobile 

can also impact a rigid barrier, a tree, a light post. . .etc. 

which may lead to severe deceleration and high loads, as a 

rigid body cannot deform to absorb part of the impact 

energy. An automobile can also impact a pedestrian which 

leads to the importance of design for pedestrian safety as 

well, and finally an automobile can go into rollover 
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accidents. According to Galganski, crashworthiness 

problems can be characterized by: 

1) Displacement and energy:  

Frontal structure length is being reduced by modern design 

styles and at the same time, it is required to absorb most of 

the impact energy and to minimize intrusion into the 

compartment. 

2) Crash pulse:  

Crash pulse is the deceleration induced by impact on the 

human body. Head injury criterion (HIC) is used to measure 

the damage from crash pulse on the brain, and it should be 

less than a certain limit by regulations. 

3) Crash position:  

The structure should be able to mitigate injuries in different 

crash positions such as full frontal impact, offset frontal 

impact, side impact, rear impact, and rollover. 

4) Automobile compatibility:  

With different automobile models, the structure should be 

able to mitigate injuries resulting from an accident involving 

two different automobiles, which can differ in size and/or 

weight. 

B. Nonlinear Finite Elemental analysis for 

Crashworthiness 

Simulation of vehicle accidents is one of the most 

challenging nonlinear problems in mechanical design as it 

includes all sources of nonlinearity. A vehicle structure 

consists of multiple parts with complex geometry and is 

made of different materials. During crash, these parts 

experience high impact loads resulting in high stresses. 

Once these stresses exceed the material yield load and/or the 

buckling critical limit, the structural components undergo 

large progressive elastic-plastic deformation and/or 

buckling. The whole process occurs within very short time 

durations. Since closed form analytical solutions are not 

available, using numerical approach specially the nonlinear 

FE method becomes unavoidable. There are few computer 

software’s dedicated to nonlinear FE analysis such as 

ABAQUS, RADIOSS, PAM-CRASH and LS-DYNA. LS-

DYNA has been proved to be best suited for modelling 

nonlinear problems such as crashworthiness problems. In 

the following section, the theoretical foundation of the 

nonlinear FE analysis is presented. 

III. MATERIAL OPTIMIZATION FOR CRASHWORTHINESS  

Material's role is of paramount importance to 

crashworthiness. Lighter materials are being developed to 

reduce automobile's weight for cost and emission reduction. 

At the same time these lighter materials should maintain the 

safety of the automobile according to regulations. 

Significant research work has been conducted to achieve 

both objectives. The research in this area can be classified 

according to the type of material into four categories: (1) 

steel, (2) composite materials, (3) aluminium and (4) 

magnesium. A brief overview of the published literature is 

presented in the following: 

A. Steel 

Steel sheets have been used in vehicle structures for more 

than one century. Its low production costs, consistent 

properties and the huge accumulated and available 

knowledge about its production processes make it the 

material of choice for automobile manufacturers. Its 

crashworthiness performance has been studied by several 

researchers.  

B. Composite Materials 

Composite materials have been investigated for their 

probable use as impact energy absorbing elements. Some of 

the composites that have been investigated for use in 

crashworthiness are random chopped fibre reinforced 

composites 

C. Aluminium 

Aluminium has been used in some automobile structures 

due to its low density. In 1993, Audi introduced the 

aluminium space frame sedan, and in 1999, GM introduced 

the first all wrought aluminium cradle.  

D. Magnesium 

Magnesium has recently received a great attention from the 

automotive industry due to its attractive low density. It is the 

lightest of all structural metals (78% lighter than steel and 

35% lighter than aluminium). Moreover, it is also one of the 

most abundant structural materials in Earth's crust and in sea 

water. Due to its excellent casting properties, it has been 

used in several automotive components, such as, engine 

block, engine cradle, transmission case, and instrument 

panel. Also, it has been used as inner door frames and seats. 

However, it has not fully replaced steel in vehicle structures 

due to the following challenges: 

 Magnesium has a Hexagonal Closed Packed (HCP) 

crystal structure and has limited slip systems, 

mainly in the basal planes, hence it is difficult to 

form especially at low temperatures. 

 Magnesium has high affinity to react with oxygen 

which causes corrosion; hence expensive 

treatments are required. 

There is a considerable amount of research to 

overcome the challenges that hinder the full use of 

magnesium alloys in vehicle structures.  

IV. EXPERIMENTAL PROCEDURE  

A. Test Requirements 

Vehicles have side impacts with a variety of different 

objects, including poles and trees and other vehicles of the 

same or different type as the impacting vehicle. These 

crashes can pose different risks of injury to vehicle 

occupants. There is also the risk of injury from being ejected 

in a side crash, even crashes not involving vehicle rollover. 

To address these concerns, NHTSA is requiring vehicles to 

meet an oblique pole test in which the vehicle is propelled 

into a rigid 254 mm (10-inche) diameter pole. The pole is 

aimed at the head of a front seat occupant (either the driver 

or right front passenger) using crash dummies representing a 

50th percentile male (ES2-re) and 5th percentile female 

(SID-IIs). 

In the NPRM, the agency proposed to use a SID-IIs 

Build C small female test dummy to which the agency had 

added “floating rib guide” (FRG) components to increase 

the durability of the dummy. The dummy with the FRG 

modification was called the “SIDIIsFRG.” Comments to the 

NPRM maintained that the entirety of the FRG 
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modifications was unnecessary, and that the totality of the 

FRG modifications needlessly reduced the biofidelity and 

functionality of the dummy. Some commenter’s suggested 

alternative means of improving the durability of the Build 

Level C dummy. Upon consideration, we have decided to 

adopt some but not all of the FRG modifications, and to 

adopt the commenter’s’ alternative suggested revisions to 

Build Level C. The SID-IIs dummy adopted today is 

referred to as the SID-IIs “Build Level D” crash test 

dummy. Build II-2 Level D incorporates features stemming 

from the FRG and from users’ efforts to enhance the 

functionality of predecessor SID-IIs dummies. The oblique 

pole test requires protection for the head, chest, abdomen 

and pelvis at a vehicle delta-V of 32.2 kph (20 mph). For 

this analysis, it is assumed that manufacturers will choose a 

head and torso air bag system to meet the requirements. In 

addition to the oblique pole test, the agency is requiring the 

ES-2re, 50th percentile male dummy be used in the front 

seat of the moving deformable barrier (MDB) dynamic 

FMVSS No. 214 side impact test, and additionally, include a 

5th percentile female dummy (the SID-IIs) in the rear seat of 

the MDB test. The injury criteria in the MDB test are the 

same as those required for the vehicle-to-pole test. 

 
Fig. 2: B-pillar final separation: experiment (left) and 

Abaqus/Explicit with MSFLD initiation criterion and 

refined mesh (photo courtesy BMW Group) 

B. Dummies 

The 1990 amendment to FMVSS No. 214 used a 50th 

percentile male Side Impact Dummy (SID) in the dynamic 

MDB test. SID measures acceleration in the chest and 

pelvis. The agency has concluded that the 50th percentile 

male ES-2re dummy is considerably more biofidelic and 

offers more injury measurement capabilities than the present 

side impact dummy (SID). The agency also finds that small 

stature occupants have injury patterns that differ from those 

of medium stature occupants. Therefore, the agency adopts a 

5th percentile female SID-IIs crash test dummy for use in 

both the vehicle-to-pole and MDB tests. 

C. Pole 

It is a vertical metal structure beginning not more than 102 

mm (4 inches) above the lowest point of the tires on the 

striking side of the test vehicle when the vehicle is loaded as 

specified in the standard and extending above the highest 

point of the roof of the test vehicle. The pole is 254 mm (10 

inches) ± 3 mm in diameter and set off from any mounting 

surface such as a barrier or other structure, so that a test 

vehicle would not contact such a mount or support at any 

time within 100 milliseconds of initiation of vehicle-to-pole 

impact. 

D. Test Method 

This section describes the sled test method and apparatus in 

general terms only. It does not include significant detail on 

mounting the test specimen hardware or tuning the system to 

achieve the desired level of correlation. As is typical for side 

impact sled testing, these details are, to a large degree, 

dependant on the subject vehicle geometry and crush 

characteristics. The following section titled “Test Setup” 

will describe the process used to understand these variables 

and account for them in the test configuration. Before 

discussing the sled test method, it is important for the reader 

to first consider certain characteristics of the full scale crash 

test (FMVSS 214 Oblique Pole Impact): 

1) At the time of impact (T=0): 

 The vehicle is travelling at a 15 degree crabbed 

angle (front angled toward pole) at a constant 

velocity of 32 km/hr 

 The test dummy is travelling at a constant velocity 

of 32 km/hr (same as vehicle) with its head (centre 

of gravity) aligned, in the direction of travel, with 

the centerline of the pole. 

 The pole is fixed rigidly to earth. We could say that 

the pole is travelling at a constant velocity of zero. 

2) After Initial Contact: 

 The entire vehicle undergoes a change in velocity, 

with certain subcomponents (door, door trim, seat, 

roof rail, etc…) changing more quickly than others 

(accelerating toward the non-struck side of the 

vehicle). 

 The test dummy also experiences a change in 

velocity, but not until it is acted on by certain other 

components (door trim, seat, roof rail, side airbag, 

curtain airbag, and pole). 

 The pole does not change velocity. It maintains the 

constant speed of zero km/hr throughout the 

duration of the test and beyond.  

The device described here is designed for use with an 

acceleration type sled, but can be easily adapted for use with 

a deceleration sled application – the basic test method 

remains the same with respect to the configuration of the 

door, trim, seat, and test dummy. When used with an 

acceleration sled, the sled must be capable of achieving the 

impact test speed (32 km/hr) then maintaining that speed for 

the duration of the test (up to 100 m/sec). The device used 

by the authors is an acceleration sled retrofitted with a 

servo-controlled carriage braking system. The device 

consists of the main sled carriage with a rigid pole attached 

to it (a); a sliding dolly to which the door element, seat, and 

dummy are mounted (b); a seat slider for attaching the seat 

to the dolly (c); various crush elements (d), (e), and (f), and 

a position switch (g). 

 
Fig. 3: Schematic of test device 
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The test method proceeds as follows: The main 

sled carriage and pole are accelerated to 32 km/hr over a 

stroke of about 200mm, and then maintained at that speed 

under velocity based servo control braking to counteract the 

thrust column forces still trying to accelerate the sled. The 

sliding dolly, in addition to the seat slider and seat, is built 

with two vertical pillars used to support the struck door 

components. The door components are supported by two (or 

more as needed) horizontal bars (1 inch electrical conduit) 

that are attached at each end to the vertical pillars using a 

sliding swivel arrangement, which allows the bars to deform 

toward the seat and occupant when struck by the pole. Once 

the door components are mounted to this structure, the seat 

is positioned on the slider such that its orientation with the 

door trim simulates the target vehicle geometry. A crush 

element (e) is then added to ensure the seat remains in 

contact with the door once it is struck, while still allowing 

the seat to travel with the door relative to the dolly to which 

they are both mounted. This dolly assembly remains 

essentially motionless during the acceleration of the main 

sled due to its inertia and the low friction linear bearings 

used to attach it to the main sled. When the pole (a) has 

achieved the impact speed and is at the initial vehicle 

contact position (measures the same distance from dummy 

head to pole as in full scale crash at T=0) a position switch 

(g) triggers T=0 for the data acquisition system and the 

airbag deployment timer. At this position (or slightly later – 

depending on the target vehicle characteristics) the sled/pole 

engage a crush element (d) sized to accelerate the dolly to 

simulate the motion of the target vehicle’s centre of gravity 

during the crash, thus simulating the body-side and floor 

structure stiffness. During this time the pole surface will 

also engage the door components and begin to deform them 

toward the test dummy. As the door components and 

conduit supports used in this method are not structurally 

significant the force required to deform them has very little 

influence on the acceleration of the dolly. From there, the 

pole surface, and deformed door components continue at 

constant velocity (32 km/hrs) as the vehicle’s dummy-to-

door “gap closure” is reproduced, and finally – the seat and 

test dummy are impacted. When the relevant portion of the 

test is complete, the on-board brakes for the carriage safely 

stop the entire assembly, with the crush element (f) allowing 

the dolly to gently couple with the sled carriage during this 

deceleration phase. 

V. CONCLUSION 

While studying literatures it was observed that, FEA is a 

good option for conducting impact analysis. Implementation 

of FEA for non-linear analysis is practice.  Many of the 

researchers found results of FEA are in good agreement with 

the manually calculated results or experimental results. Non-

linear problems are very difficult to model mathematically 

hence FEA is implemented for solving this type of problem. 

Hypermesh is a tool used for meshing of geometry & 

Abaqus is used for solving explicit type of crash analysis. 

As the governing parameters changes with respect to time 

accurate boundary condition assigning & analysis of 

solution is required. Various materials can be assign for 

analysis as material properties plays very important role.   
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