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Abstract— Frontal and side crashes causes the severe injury 

to the occupants and damage to the components. The 

objective of this study is to evaluate various tools and 

techniques used for analysis of dynamic response of vehicle 

occupants and automobile components during frontal and 

side impact. Crash simulation is a virtual recreation of a 

destructive crash test of a vehicle and its components using 

a computer aided analysis software in order to examine the 

level of safety of the vehicle and its occupants. CAD 

software are generally used for modeling of the vehicle 

components, this CAD data is transferred to an FEM 

software for pre-processing, solving and post-processing 

followed by interpretation of results related to energies, 

acceleration and displacements with different loads & 

boundary conditions possible in various accidental 

situations. Simulation software like LSDYNA, Pamcrash, 

Abaqus-Explicit and others are used to perform crash 

simulations. Multibody analyses have been applied 

extensively in biodynamic modeling and in investigations of 

the dynamic behavior of bio systems. In this study 

multibody dynamics method is used to explore frontal 

collision phenomena. Specifically, it study examines the 

dynamic response of the human body in a crash event and 

assesses the injuries sustained to the occupant’s head and 

chest. The multibody dynamics results are found to be in 

good agreement with the numerical results found using 

crash simulation tools. 
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I. INTRODUCTION 

Traffic accidents are one of the leading causes of mortality 

in modern society. Currently ranked ninth among the 

world’s disease burdens, motor vehicle crashes are projected 

to rank third by 2020. Recent estimates of national 

economic loss due to road traffic injuries show that these 

range from 1 to 2% of the gross domestic product (GDP) of 

nations around the world. Therefore, as it is desirable to 

retain the convenience and social functions afforded by 

automobiles, it is essential to reduce the number of deaths 

on the road [3]. Hence, manufacturers now incorporate a 

wide range of safety devices and features into their vehicles, 

including airbags, energy-absorbing steering columns, side 

door beams, etc. Evaluating the effectiveness of these 

protective devices involves investigating the dynamic 

response of the human body in a traffic accident situation. 

The information provided by such investigations enables 

vehicle manufacturers to modify their designs appropriately 

in order to enhance the occupant’s safety. 

 In order to satisfy the various industrial and 

governmental safety regulations and address consumers’ 

valid concerns for safety, it is necessary to develop an 

efficient evaluation and analysis methodology with which to 

examine the safety aspects of a vehicle. Crash testing is a 

commonly employed technique for evaluating the occupant 

protection capability of a particular vehicle. Crash testing 

can either be performed experimentally or via numerical 

simulations. Typically, experimental methods involve 

collisions conducted using actual cars or representative 

sleds. Although the results obtained from collision tests 

performed using real cars are more representative of a 

genuine accident, this approach is complex and expensive. 

 However, performing sled-based experiments is 

also costly. Additionally, practical and ethical concerns 

prevent the use of real occupants in collision testing. 

Accordingly, various test dummies which accurately 

simulate human response in a car collision have been 

developed for research and development purposes. The 

Hybrid and ATD (Anthropomorphic Test Dummy) test 

dummy series developed by General Motors are recognized 

as industry standards in car collision testing. These test 

dummies are highly repeatable, reproducible, durable and 

serviceable test devices and have been used extensively in 

many human dynamics simulations. 

 Rapid advances in computer technology in recent 

years have enabled applied mathematicians, engineers and 

scientists to make significant progress in solving previously 

intractable problems. Numerical simulations of vehicle 

crashes provide valuable data for automotive engineers. In 

vehicle collision analysis, finite element modeling provides 

an essential tool for investigating the occupant’s dynamic 

behavior and analyzing the sustained injuries. Typical 

software packages capable of performing these types of 

analyses include MSC-DYTRAN, LS-DYNA3D, Pam 

Crash, etc. 

II. CRASH TESTS 

A crash test is a form of destructive testing usually 

performed in order to ensure safe design standards in 

crashworthiness and crash compatibility for various types of 

vehicle like small, medium and heavy duty and its related 

systems and components for the sake of getting the 

performance of the vehicle under the different conditions of 

crash at different angles with taking certain object like rigid 

wall, cables specially three-strand cable, concrete barriers, 

guardrail systems etc. It will be performed either by 

numerical simulations or experimentally. Figure 1 depicts 

different types of crash test generally used [1]. 

(1) Frontal Impact test- In this test a fully front 

structure of the vehicle collides with another object 

like another vehicle, rigid wall etc. at a given 

speed. 

(2) Offset Test- In this test only a part of front portion 

of the vehicle strikes on some barrier usually a 

vehicle at a given speed. 

(3) Small Overlap Test- In this only a small portions of 

the vehicle strikes an object like tree, pole or if a 

car were to clip another. This situation loads a 

maximum value of force into the vehicle structure 
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at a particular given speed. This test usually 

comprises of 15% to 20% of the front structure. 

(4) Side Impact Test- In this test sometimes the vehicle 

is in static condition or in dynamic and another 

vehicle or an object collide at the side surface 

having some speed.  

(5) Roll-Over Test- In this test a vehicle is in rollover 

condition having certain angle by which they tests 

ability (specifically the pillars holding the roof) to 

support itself in a dynamic impact. It is also done 

for the static crash testing condition. 

(6) Roadside Hardware- These are performed to ensure 

that the crash barriers and crash cushions will 

protect vehicle occupants from roadside hazards. 

(7) Old Versus New- In this an impact is done between 

old car against a new car and the big car against a 

small car; it is performed to show the 

advancements in crashworthiness [1]. 

 
Fig. 1: Various crash test used in testing [1] 

III. FINITE ELEMENT ANALYSIS 

Simulation of crash analysis using finite element method 

comprises of three major phases:  

(1) Pre-processing, in which the analyst develops a 

finite element mesh to divide the subject geometry 

into sub-domains for mathematical analysis, and 

applies material properties and boundary 

conditions,  

(2) Solution, during which the program derives the 

governing matrix equations from the model and 

solves for the primary quantities, and  

(3) Post-processing, in which the analyst checks the 

validity of the solution, examines the values of 

primary quantities (such as displacements and 

stresses), and derives and examines additional 

quantities (such as specialized stresses and error 

indicators) [1].   

A. Software used for Crash Analysis:  

Table 1 shows the common applications of the different 

software’s available for the analysis in the various fields like 

dynamic and static analysis. 

Software Applications 

LS-DYNA 

Crashworthiness, Occupant Protection, 

Metal Forming, Product Testing, 

Drop Testing, High velocity impacts etc. 

PAMCRASH 
Aerospace application, Nuclear 

application etc 

RADIOSS 
Solving highly nonlinear problems under 

dynamic loadings etc 

MSC.DYTRAN 

Aerospace applications, Automotive 

applications , Military and defense 

applications, Other commercial and 

industrial applications etc. 

MADYMO 

Airbag Modeling, Frontal Impact 

Application, Side Impact Application, 

FMVSS 208 Out-of- Position (OOP) 

Analyses, Rollover application, Airbag 

using Initial Metric Method 2, 

MADYMO/Simulink application etc. 

ABAQUS 
Automotive, Aerospace, and Industrial 

products industries etc. 

ANSYS Structural Analysis, Thermal Analysis 

Table 1: Software used for Crash FEA [1] 

B. Implicit and Explicit Philosophy: 

Most software’s normally solve the dynamic equilibrium 

equation in an implicit approach however the widespread 

approach to be used for highly non-linear issues is explicit 

(specific) time integration scheme like a central difference 

scheme. There are several benefits of such a procedure and 

therefore the most significant is that it results in an 

algorithmic programmed which may be simplified 

programmed, does not need any matrix operation procedure 

and more is very appropriate for a quick parallel computing 

methodology [1].  

Criteria Explicit Implicit 

Common 

Software 

Software used 

such as LS-

DYNA, 

ABAQUS 

Explicit, 

PAMCRASH, 

RADIOSS 

Software used such 

as LS-DYNA-

Implicit, ABAQUS-

Standard, 

RADIOSS-Implicit 

Support non-

linearity 

Its capability to 

solve highly 

nonlinear 

problems without 

numerous 

iterations 

Its capability to solve 

highly non-linear 

problems without 

numerous iterations 

Maximum size 

of 

computational 

problem 

To avoid large 

amount of CPU 

time, the explicit 

method is usually 

used for non-

linear dynamic 

problems with a 

short period of 

simulation 

duration 

To avoid large 

amount of CPU time, 

the explicit method is 

usually used for 

nonlinear dynamic 

problems with a 

short period of 

simulation duration. 

Speed of 

calculation 

Computational 

speed is very fast 

as there is no 

matrix operation. 

Computational speed 

is very fast as there is 

no matrix operation. 
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Table 2: Implicit and Explicit philosophy [1] 

C. Standards and regulation:  

Most common standards in US are FMVSS (Federal Motor 

Vehicle Safety Standards) regulations, ECE (Economic 

Commission of Europe) regulations in Europe, ARAI 

(Automotive Research Association of India) testing 

standards are used in our country. Important 

standards/regulations shown in Table 3 related to crash 

situations which are referred for the modeling and testing 

purpose [1]. 

IV. MULTIBODY DYNAMICS METHOD: 

Many researchers have applied numerical methods to the 

simulation and analysis of crash phenomena. To investigate 

the dynamic response of the occupant in a frontal impact the 

Multibody dynamics method is used. The kinematics and 

dynamic equations of motion of the Multibody system are 

established using Kane’s equations and the geometric and 

accounting procedures developed by Huston and Passerello. 

Kane’s equations enable the automatic elimination of non-

working internal constraint forces without the need for 

tedious differentiations [2]. 

Description 

FMVSS 

Standard 

number 

ECE 

Regulation 

number 

ARAI 

Standard 

number 

Occupant 

Protection in 

Interior Impact 

201 ECE R-11 AIS-002 

Head Restraints 202 ECE R-12 
AIS-009 / 

2001 

Impact 

protection for 

the Driver from 

the steering 

control System 

203 ECE R-14 

AIS-011 / 

2001 and 

Amd. No.1 

Steering Control 

Rearward 

Displacement 

204 ECE R-16 AIS-012 

Glazing 

Materials 
205 ECE R-17 

AIS-015 / 

2000 

Door locks and 

Door Retention 

components 

206 ECE R-21 
AIS-016 / 

2000 

Seating System 207 ECE R-25 

AIS-018 / 

2001 

and 

Amd.No.1/ 

June 2002 

& 

Amd. 2 

Table 3: Standards used for Crash FEA [1] 

A. Vehicle Occupant Model: 

In simulating the dynamic response of a car collision victim, 

the human body model is regarded as being seated relative 

to a vehicle frame, which in turn is regarded as moving 

relative to an inertial frame. Furthermore, the human body 

model is constrained to the seat by means of a three-point 

belt restraint system. Fig. 2 illustrates the current human 

body model and vehicle frame. In this model, the human 

body consists of 15 segments interconnected with joints 

(B3–B8: upper extremity; B2, B11–B16: lower extremity; 

B9: neck; and B10: head) [2].  

B. Equations of Motion:  

As shown in Fig. 2, the vehicle occupant model contains 15 

bodies. These bodies have a total of 54 degrees of freedom 

(6 for the translation and rotation of the vehicle frame 

relative to the inertial frame, 6 for the translation and 

rotation of a reference body of the body relative to the 

vehicle frame, and 42 for the orientation of the 14 remaining 

bodies relative to their adjacent lower numbered bodies).The 

relative coordinates between the bodies are used to describe 

the orientation of any rigid body with respect to the fixed 

inertial frame. 

 
Fig. 2: Vehicle occupant model system [2] 

 The generalized coordinates are represented by    

and grouped in triplets. Variables     , referred to as 

“generalized speeds”, are introduced.     Are independent 

linear combinations of the derivatives of the generalized 

coordinates. For example, the individual variables    could 

be set equal to the individual generalized coordinates    ̇   
respectively. Generally, it is convenient to let the    

variables associated with the rotational degrees of freedom 

be components of the relative angular velocities of the 

bodies. 

 The generalized speed can also be adopted as an 

independent variable in the multibody system. In this study, 

the relative velocity and the angular velocity are used as 

generalized speeds. The angular velocity,    and the mass 

center velocity,     of a typical body                   
of the system can be expressed as: 

                                         (4.1) 

And 

                                           (4.2) 

 Where                are mutually 

perpendicular unit vectors fixed in the inertial frame R. The 

coefficients      and                are the      
components of the “partial angular velocity components” 

and the “partial velocity components”, respectively, and 

form arrays which depend only upon the geometrical 

parameters of the system. 
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By differentiating Eqs (4.1) and (4.2), the angular 

acceleration and the mass center acceleration of    in R can 

be expressed as: 

  ⃗⃗ ⃗⃗            ̇    ̇                                 
                   (4.3) 

And 

  ⃗⃗⃗⃗           ̇    ̇                                  
                           (4.4) 

 Note that      and      are coefficients of the 

generalized speeds    . In other words, it can be shown that: 

          
   

   
  

   

   ̇
     

                

                        (4.5) 

And  

          
   

   
  

   

   ̇
     

                

                        (4.6) 

 Study considered the case of a human body model 

within a front impacted vehicle. The model system is 

subjected to various forces, i.e. from gravity, from the 

seatback, and from the safety belts, all of which may be 

represented on a typical body    by a single force    

passing through the mass center    and a couple with a 

torque  of     The contribution of    and    to the 

generalized active force    associated with    is given by: 

    (
   

   ̇
)        (

   

   ̇
)        

         
          (4.7) 

 From Eqs. (4.5) and (4.6), Eq. (4.7) may be written 

as: 

                                    
                    (no sum on  )    (4.8) 

 Where      and     are the      components of 

   and   , respectively. Regarding the index notation, if 

there are sums over , Eq. (4.8) represents the contribution 

from all the bodies. Hence, the generalized active force     

associated with the generalized speed    of the entire system 

can be written as: 

      
         

                               
                (4.9) 

Or simply as: 

                                    
                        (4.10) 

 Similarly, let the inertia forces on    be 

represented by a single force passing through    , together 

with a couple with a torque   
  and   

  can then be expressed 

as: 

  
           (No sum on )    (4.11) 

  
     ̃            ̃      )        (no sum on  )   (4.12) 

 Where    is the mass of    and    is the central 

inertia dyadic. The generalized inertia force   
  associated 

with the generalized speed    of the entire system is then 

given by: 

  
     

     
    

    
                              

                            (4.13) 

Or 

  
           

         
                              

                      (4.14) 

 Where    
  and    

  are the      components of   
  

and    
 , respectively. 

 Kane’s equations state that the dynamic equations 

of motion may be written as: 

      
                           (4.15) 

 From Eqs. (4.1)– (4.14), Eq. (4.15) may be 

expressed as: 

        ̇                        (4.16) 

Where: 

                                              

                                     (4.17) 

And 

       (       ̇                ̇     

                           ) 

                                       (4.18) 

 Where      are the     and     components of 

the central dyadic    and      is the standard permutation 

symbol. Eq. (4.16) form(s) a set of 54 simultaneous first-

order ordinary differential equations from which the 54 

generalized coordinates    of the system can be determined. 

Since the coefficients     and    of these equations are 

algebraic functions of the physical parameters and the 

generalized coordinates, the form of the equations is ideally 

suited to numerical integration [2]. 

C. Computer Program Algorithm: 

From Eq. (4.16), the equations of motion for the vehicle–

occupant system are second-order nonlinear ordinary 

differential equations. To solve the second-order derivatives, 

the equations must be changed into a suitable form for 

numerical integration. An automated approach can be 

developed to represent the equations of motion for the 

vehicle–occupant multibody system. In this study, the 

fourth-order Runge–Kutta method is used and a computation 

algorithm is then programmed using FORTRAN 90 to 

simulate the dynamic behavior of the human body in a 

frontal impact collision. Using this algorithm, the 

displacement, velocity and acceleration of the human–

vehicle system can be obtained. The proposed 

computational analysis procedure involves three stages: 

1) Data input: 

 Import the geometry properties of the different 

segments of the human model, their mass, moments 

of inertia and coordinate locations, etc. 

 Import the physical characteristics of the 

connecting joints. 

 Import the properties of the seat belt, including its 

material properties and its attachment points on the 

vehicle and human model. 

 Import the deceleration profile of the vehicle. 

2) Calculation Algorithm:  

 Transfer each rigid body in the local coordinate 

system to the global coordinate system (fixed in 

inertial frame R) by the transformation matrices. 

 Calculate the coefficients of the kinematic arrays 

      ̇         ̇   . 

 Calculate the parameters alp and fl of the 

governing dynamic equations. 

 Solve the first-order ordinary differential equations. 

3) Output Results:  

The computational output consists of the time histories of 

the displacement, velocity, and acceleration profiles of the 

connecting joints and mass centers of the bodies of the 

human model. The data are relative to both the inertial frame 

R and the vehicle frame. The computation results enable the 
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dynamic response of the human body in a frontal collision to 

be analyzed [2]. 

D. Frontal crash simulation:  

The study simulated a belted sled test with a seated dummy 

in a 35 mph (55 km/h) frontal crash. The peak value of the 

sled acceleration is found to be 23.7 G. The multibody 

human model placed in the seat was secured by a safety belt 

system comprising a shoulder belt and a lap belt. The overall 

mass of the dummy, and the mass and inertia of each of its 

components, are consistent with those of the Hybrid 50% 

dummy in terms of its geometry, mass and material 

properties. The human model response is analyzed by 

investigating the accelerations of the head and chest regions. 

The numerical results obtained using the multibody 

dynamics model were verified via comparison with the 

simulation results obtained using LS-DYNA3D software. 

Fig. 3 presents the finite element model of the dummy used 

in the frontal sled test. The finite element dummy model in 

LS-DYNA3D is composed of 111 components, 12 236 

nodes and 5695 elements. For a 112 ms simulation, the CPU 

time on the same computer and the LS-DYNA3D 960 

version was approximately 3:5 h [2].  

 
Fig. 3: Finite element model of Hybrid III 50% dummy [2]. 

 
Fig. 4: Acceleration of head in frontal collision [2] 

 
Fig. 5: Acceleration of chest in frontal collision [2] 

 Fig. 4 shows the time history of the acceleration of 

the head as calculated by the current multibody dynamics 

model. It can be seen that the acceleration attains a 

maximum value of 57.6 G. Using the commonly applied 36 

ms HIC (Head Injury Criteria), the HIC value of the current 

case is found to be 532. According to FMVSS (Federal 

Motor Vehicle Safety Standard) Specification No. 208, the 

maximum calculated HIC36 value shall not exceed 1000. 

Fig. 5 illustrates the time history of the chest acceleration. 

The forward displacement of the dummy chest reaches its 

maximum position after 71 ms. The peak value of the 

acceleration is reduced to 47:1 G as a result of the 

constraining force applied to the chest by the shoulder part 

of the seat belt system. According to regulations, the 

resultant acceleration calculated from the output of the 

thoracic instrumentation shall not exceed 60 G; other than 

for intervals whose cumulative duration is not more than 3 

ms. For comparison purposes, these figures also show the 

acceleration curves of the head and chest experimentally and 

by LS-DYNA simulations. In general, it can be seen that the 

acceleration curves computed by the current multibody 

dynamics method are in good agreement with the 

experimental and LS-DYNA results [2].  

V. CONCLUSION 

Crash testing which is a commonly employed technique for 

evaluating the occupant protection capability of a particular 

vehicle. Although the results obtained from collision tests 

performed using real cars are more representative of a 

genuine accident, this approach is complex and expensive.  

With the use of numerical simulations, vehicle crashes 

provide valuable data for automotive engineers. In vehicle 

collision analysis, finite element modeling provides an 

essential tool for investigating the occupant’s dynamic 

behavior and analyzing the sustained injuries. Software’s 

capable of performing these types of analyses include MSC-

DYTRAN, LS-DYNA3D, Pam Crash, etc. 

 Also the computational analysis multibody 

dynamics program constructed is capable of accurately 

calculating the acceleration of each part of the human body 

and analyzing the resulting injuries to the occupant. 

Therefore, the multibody dynamics method provides a 

suitable tool for evaluating the crashworthiness of a vehicle. 

Significantly, the costs associated with the multibody 

dynamics method are much less than those of the LS-DYNA 

finite element method. 
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