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ABSTRACT 

Mass transit bus is one of the key modes of transportation, especially in highly 

populated areas of the United States (US). Review of literature has shown that there is very 

little research, which focuses on the safety and comfort of a bus operator. National Highway 

Traffic Safety Administration (NHTSA) has a Fatal Accident Reporting System (FARS). 

FARS shows that there were 300 fatal bus accidents during the period from 1995 to 1999. 

Statistical data also shows that 16 bus operators suffered fatal injuries during the period from 

1991 to 2000. 

The operators end up driving for long duration of time, which makes the three-point 

type of belt restraint system uncomfortable. This may also lead to stress and fatigue. The use 

of a two-point seat belt restraint system may be more comfortable for the operator since his 

hands and torso will be unrestrained. However, the physical sled testing of this seat belt 

configuration revealed severe life threatening risk for the operator. It was observed that the 

Head Injury Criteria (HIC15) value was above the threshold limit of 700 and the femur load 

value was well over their allowable threshold limit of 10,000 N. The Neck Injury Criteria 

(Nij) value was very close to the allowable threshold limit of 1. Thus, safety and comfort of 

the transit bus operator appear to be contradictory to each other. 

In this research, an effort had been made to develop a methodology to design an 

airbag restraint system for a mass transit bus operator, which can satisfy the two 

contradictory objectives. An Inflatable lap belt type of airbag restraint system has been 

previously implemented in aircraft safety. This system is comprised of a two-point restraint 

type seat belt system with an airbag embedded in it. This type of airbag safety system was 

tested in this study for a mass transit bus operator with an aim to keep the HIC and the Nij 

values within allowable limits. Additional knee-padding was designed to minimize the femur 
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loads. All of the research was conducted for frontal impact of a bus with the rigid-wall crash 

condition. 

A model development of a two-point restraint type seat belt system was carried out 

with the occupant simulation code, MADYMO. This model is validated with the help of 

physical sled test data. The baseline simulation model was used to develop the numerical 

model of an inflatable lap belt airbag restraint system. With the help of numerical models, the 

prototypes of airbag and inflators were manufactured. A physical sled test was also carried 

out for this system under frontal impact condition. This test data was utilized to validate the 

simulation results obtained from the MADYMO model. 

The physical sled testing as well as numerical models were developed for the three-

point belt restraint system. Except the femur injury, all of the injuries were within the 

allowable safe limit. A physical sled test with the airbag and the knee-padding was also 

conducted to test the performance of an inflatable lap belt airbag restraint system. A knee-

padding played a vital role to minimize the femur injury. 

The Results from this study can be utilized in the design and development of a safety 

belt system for optimal protection of mass transit bus operators in the event of a frontal 

impact crashes. This study can be utilized further for designing the safety restraint system for 

other crash conditions. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

Any vehicle designed for carrying at least sixteen people including the driver can be 

termed as a bus. As per the General Estimates System (GES), buses are classified into three 

types; School bus, which transports children to school, Transit buses (intracity) and over-road 

(intercity) buses [1]. 

Mass transit bus is one of the key modes of public transportation in the United States. 

According to Public Transportation Fact Book [2], 155,000 vehicles were in active service 

for public transportation in 2006, out of these buses comprised 54 percent of the total number 

of vehicles. Figure 1.1 illustrates the percentage of passenger miles in 2006. 43 percent of the 

total miles were travelled with the buses. This statistics indicates that the transit buses are the 

most popular means for the public transportation.  

 

 

 

Figure 1.1 Passenger Miles by Modes: 2006 (In Percentage) [2] 
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Fatal Accident Reporting System (FARS) acts as a comprehensive database and has 

reports of all accident cases in the United States. According to FARS, during 1995 to 1999 

buses were involved in 284,000 traffic accidents. Each year, 300 buses were involved in fatal 

accidents. During 1995 to 1999, an average of 340 fatalities occurred due to bus accidents 

annually. Transit buses accounted for 34% of all these fatal bus accident cases. On an 

average, 30,800 people were injured in traffic accidents involving buses, which included 

12900 in school bus accidents, 16000 in other bus accidents, and 1900 accidents in an 

unknown bus type [1]. 

 According to FARS, 10 bus fatalities occurred per year. Out of these, nine were 

passengers and one was the driver. During the period of 1991 to 2000, 48 accidents involving 

transit bus occurred. Out of these, 18 were rollovers and 30 were non-rollovers. There were 

16 drivers and 85 passengers with fatal injuries. 3 drivers and 45 passengers were ejected [3]. 

This statistical study identifies safety of the bus operator as a primary cause of 

concern. Since bus operators end up traveling for long durations of time, fatigue and stress 

caused to them can seriously compromise operator as well as passenger safety.  

1.2 Literature Review 

Shaout and Mallon [4] reviewed all the existing airbag technologies and found that 

from 1990, 77 deaths occurred due to airbags. Out of these, 31 were drivers, 43 were 

children, and 3 were adult passengers. National Highway Traffic Safety Administration 

(NHTSA) found that airbag with properly worn seatbelts proved more effective. These 

airbags were inflating from the steering wheel. They found that the airbag deployment at a 

correct time instant is highly effective. For this reason, they also studied different types of 

crash sensors, such as accelerometer sensors, crush sensors, weight sensors, and occupant 

detection sensors. They learned that the steering airbag could be effective only if it is 

supplemented with a three-point seatbelt restraint system. They concluded that a smart 
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restraint system should be able to decide the airbag trigger time. It should also be able to 

decide the amount and the rate of inflation depending on the nature and position of the 

occupant. 

Sances, Kumaresan, Broadhead and Weiss [5] carried out three sled tests with various 

types of airbag deployment. A Hybrid III 5
th

 percentile female dummy was used for the 

dynamic sled test. The three-point seatbelt restraint system with shoulder and lap belt was 

used to restrain the occupant. The change in the speed of the sled was approximately 27 to 28 

kph. They carried out the first test without any airbag deployment. The second test was 

conducted with the normal airbag deployment at 37.5 milliseconds. The third test was 

conducted with airbag deployment at 100 milliseconds. The neck forces and neck moments 

for that last test were higher than the allowable limit. They concluded that the upper neck 

forces and moments increase with the late airbag deployment. 

Miller and Allen [6] conducted a design of experiment study on prevention of risk of 

high output deployment for small occupants. The objective was to find the ideal deployment 

mode. They proposed a novel two stage airbag firing sequence. They found that for drivers, 

an early time by up to 10-15milliseconds, with a 20-30 milliseconds delay provided the best 

combination of restraints for the 50
th

 percentile Anthropomorphic Test Device (ATD). 

Kato, Fukaya, Murmatsu and Fujimoto [7] developed a knee airbag for the Mitsubishi 

Automobile Company. These knee airbags were installed in front of the driver’s knees and at 

the bottom of the steering column. In the event of a frontal impact, the knee airbag deploys 

simultaneously with the steering airbag. A knee airbag fills the space between the lower limb 

and instrument panel, thereby reducing the pelvis displacement. This helps to reduce load on 

the lap belt and lower part of the chest. This technique helps in reducing the chest injury. 

After analyzing the results, they concluded that such types of airbags were quite helpful in 
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reducing chest injuries and improving driver protection performance in the event of a frontal 

collision. 

Elias, Sullivan and McCray [8] evaluated large school bus safety restraints. In this 

research, performance of compartmentalization, lap belt restraint, and lap/shoulder belt 

restraint was evaluated. The effect of an inflatable airbag restraint system for passengers was 

studied and it was observed that such type of system acted similar to lap/shoulder belt 

restraint configuration.  

W.A.Van Der Veen proposed [9] novice simulation methodology for an airbag with 

multiple airbag chamber. This research was focused on the out of position occupants. During 

crash event, for effectiveness of airbag restraint system with out of position occupant, 

multiple chambered airbags are effective to weak the frontal blow. Author proposed 

Computer Fluid Dynamics (CFD) approach to analyze the multiple compartment airbag 

chamber. 

 Joseph B. [10] evaluated the new initiatives taken by U.S army to mitigate contact 

injuries sustained in the cockpit area. Cockpit airbags (CABS) were in development phase for 

the UH-60 Black Hawk. The issues such as fabric material selection, firing time, aircrew 

injuries in transferring the airbag technology from automotive industry to the aerospace 

industry were addressed. During the CAB’s development, Simula Government Products, Inc., 

has performed static as well as dynamic sled tests for 5
th

 percentile female and 95
th

 percentile 

male Hybrid III test manikins. It was observed that these CABS assisted to reduce potential 

injuries. 

Amlanjyoti, Ravi, and Nagraj [11] simulated frontal crash airbag deployment using 

RADIOSS. Four scenarios were simulated. Those cases were belted dummy with and without 

airbag at 30 mph, and unbelted dummy with and without airbag at 25 mph. These airbags 

were deployed from the steering wheel. The study was focused for the Hybrid III 50
th
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percentile male occupant protection for sedan car. After observing the results, it was found 

that for 30 mph, with seatbelt, and airbag all the injuries were below the safe limit. For 30 

mph, with seatbelt, and without airbag configuration, Head Injury Criteria (HIC) was above 

the safe limit. For 25 mph, with airbag, and without seatbelt, all the injuries were below the 

safe limit, but for 25 mph, without airbag, and without seatbelt, HIC, Chest Acceleration, 

Chest Deflection, and Neck Injury values were above the safe limit. 

Manoj, Dr. David, Dr. Blundell, Jorg, Michael, Stauart [12] proposed a new 

simulation approach for the early deployment of airbag in case of an out of position occupant. 

Previously developed airbag with the help of test were utilized for this research with an 

intention to suggest some improvements for the future. This research includes determination 

of airbag material, static and dynamic sled testing and their validation using numerical 

models. The research was focused for the 5
th

 percentile out of position occupant. Flat and 

folded airbags were manufactured for the test and numerical model was built. Flat plate and 

head foam pendulum were used for the test. The tests and simulations with early radial 

deployments of multi-chamber airbag were performed in order to increase the effectiveness 

of airbag restraint system. Applying the same principle of airbag design, static deployment 

tests were conducted by Jorg, Michael, Mike, Manoj, and peter [13]. Two different position 

of 5
th

 percentile female dummy were studied. For the first position chin was placed on the 

airbag module and for the 2
nd

 position chin was on rim. Simulation models were built and 

correlated with the test data. 

Lori, William, and Glen [14] focused on NHTSA’s research program for advanced 

airbag technology. Requirements related to vehicle performance for improved occupant crash 

protection was studied. This research includes the real world crash scenario study, test 

dummy development, certification, and related injury criteria, advanced airbag technology 

evaluation, and test procedure development. According to NHTSA, as of May 1, 1998, 42 
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drivers sustained fatal injuries due to airbags. NHTSA and National Aeronautics and Space 

Administration (NASA) signed a memorandum of understanding. NASA was assigned to 

evaluate airbag performance, and establishing the technological potential for improved airbag 

restraint systems. NASA assigned these tasks to Jet Propulsion Laboratory (JPL) .JPL 

focused type of technologies that were being developed during 2001 to 2003. According to 

the final report presented by JPL: 

 Variation in the airbag deployment time should be reduced in order to make 

improvements in the crash sensor systems.  

 Inflator variations must be reduced in order to make dual stage inflator effective. 

 Attention should be given on system and component reliability in order to achieve 

high levels required under the field conditions. 

 Accurate sensors should be developed in order to detect different sized occupants. 

 Position sensors should be developed in order to detect distance between occupant 

and airbag module with an essential response time and accuracy.   

Honglu, Shrini, Madana, and Taeyoung [15] evaluated and compared CFD integrated 

airbag models with Ls-Dyna, MADYMO, And Pam-Crash models. The purpose was to 

develop different modeling techniques to study the scenario of interaction between deploying 

airbag and out of position occupant. As CFD approach is not a practical solution and is really 

expensive, the effort had been made in this research for alternative modeling techniques with 

Ls-Dyna, MADYMO, and Pam-Crash models. Various element formulations such as, 

Eulerian, Lagrangian, or Arbitrary Eulrian and Lagrangian approach can be followed for fluid 

modeling in Ls-Dyna. MADYMO uses Eulerian element formation to model the gas flow. 

Pam-Crash uses Finite Point Method (FPM). This is a mesh-less method based on Lagrangian 

element formulation. Flat static deployment airbag tests were performed and pressure 

distribution was analyzed and compared with all the three software’s results. Pressure 
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distribution output from MADYMO was in good agreement with the test data compared to 

other two software results. Kinematics was fair compare to FPM method.  

Jeong, Won, Jae, and Duk [16] evaluated validation methodology for “driver side 

airbag” (DAB). A picture frame test was conducted to achieve the in-plane shear stiffness 

properties. After validating the material model using Ls-Dyna, two tests were conducted. 

First test was drop tower test and other was static deployment of DAB. The purpose of drop 

tower test was to minimize the time in validating simulation model. This test was simple and 

easy to validate the simulation model. Airbag fabric leakage properties were studied with the 

help of this test. Also, contact parameters between DAB and cover, reaction forces on fully 

deployed airbag were studied with the help of drop tower test. After achieving good 

correlation with drop tower test and simulation, validated DAB model was further used to 

study static deployment to achieve pressure distribution inside a folded airbag. The pressure 

peak level of test and simulation were in good agreement. The kinematics of deployment of 

airbag was also analyzed. There was an average error of 29 % observed between simulation 

and test kinematics.  

Toru [17] has performed a simulation study on the effect of depowered airbags on 

mitigating the injuries. For depowering the airbag, mass flow rate was reduced by 20 percent. 

Moderate and severe crash conditions were studied for this research. For the moderate impact 

condition, it was observed that depowering the airbag helped to reduce the potential injuries 

such as Hyper-Extension, HIC, Chest g’s, and the neck extension. For the severe impact 

condition, depowered airbag caused higher injuries than the baseline configuration, but with 

the implementation of pretensioners and load limiters depowered airbag also proved effective 

to mitigate injuries. MADYMO was used throughout this research.  

Hyunsok, Prabhakar, and Dhienkumar [18] utilized the MADYMO to improve frontal 

crash sensor through simulation. Two stage inflators were modeled. Required mass flow rate 
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information was achieved through MADYMO Tank Test Analysis. Drop tower test was 

conducted to validate the airbag module. With the help of simulation models, required time to 

fire the airbag was determined.  

1.3 Motivation 

Mass transit buses are the significant means for national transportation. From the 

literature review, it has been observed that most of the research focuses on light vehicle 

operator safety. However, not much research has been conducted on mass transit bus 

operator. The statistical data analysis revealed that bus operators’ safety is a prime cause of 

concern. The fatigue arising due to extreme travelling may also contribute towards crash 

impacts. 

1.4 Objectives 

The main aim of the research is to develop a methodology to design an inflatable 

airbag restraint system, which can be used as supplementary to the lap belt for mass transit 

bus operators. The specific objectives are:  

1. To test the performance of an inflatable lap belt airbag restraint design, instead of the 

conventional steering wheel inflating airbag design. 

2. To conduct a dynamic sled tests with the two-point seatbelt restraint system. 

3. To develop a numerical model for the configuration of the two-point seatbelt restraint 

system utilizing the MADYMO software and to validate the numerical model with the 

support of physical test data. 

4. To develop a numerical model for the configuration of airbag restraint system in order 

to study different parameters and to design an optimum configuration for the reduction of 

potential injury values. 

5. To build a prototype for the airbag restraint system and inflators with an aid of 

simulation models. 



9 

 

6. To conduct a series of physical sled tests for the bus operator with newly designed 

airbag restraint system. 

7.  To compare the different configurations and to study the advantage of the inflatable 

lap belt airbag restraint system. 

8.  To identify optimum configuration and design for an inflatable lap belt airbag 

restraint system for the safety of bus operators in the event of frontal impact crashes. 
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CHAPTER 2 

RESEARCH METHODOLOGY 

2.1 Outline of the Study 

This research is a part of a large study on the mass transit bus crashworthiness. Figure 

2.1 illustrates the development phases of this study. The outlined section is the previously 

completed research work. This thesis covers the remaining part. This thesis covers 

development of an inflatable lap belt airbag restraint system for the mass transit bus operators 

under the frontal impact condition.  

 

 

 

Figure 2.1 Outline of the Study 

2.2 Development of a Finite Element Model for the Mass Transit Bus Structure 

The Finite Element Model of the bus structure was developed in the previous research 

work conducted by Kumbhar [19]. Simulations for the real world crash scenarios, such as bus 

to Dodge Caravan, bus to Dodge Neon, and bus to Chevy are shown in Figure 2.2.  
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Figure 2.2 Finite Element Simulations for Rear Impact Condition [19] 

Figure 2.3 shows finite element simulation for the frontal impact of a bus with the 

rigid-wall. Finite element simulations were performed using the Hypermesh and LS-DYNA 

softwares. 

 

 

 

Figure 2.3 Finite Element Simulation for the Frontal Impact of a Bus with Rigid-wall [19] 

2.3 Generation of a Sled Acceleration Pulse 

Finite element model of a bus operator seat developed by Pendse [20] in his research 

is shown in the Figure 2.4. In his research, a crash pulse was extracted for the dynamic sled 

test by utilizing the previously developed finite element model of a bus. The Figure 2.5 
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illustrates the methodology to extract the sled acceleration pulse. A simulation was performed 

to extract the sled acceleration pulse. The frontal impact of a bus with initial velocity of a 

18.64 mph with the rigid-wall scenario was simulated. An accelerometer was located exactly 

below the center of an operator seat. The acceleration recorded by an accelerometer is used 

throughout this research for the dynamic sled test. 

 

 

 

Figure 2.4 Finite Element Model of a Bus Operator Seat [20] 

 

 

 

Figure 2.5 Methodology to Generate the Sled Acceleration Pulse 

 

2.4 Sled Test Methodology 



13 

 

All sled tests were conducted at the National Institute for Aviation Research (NIAR) 

Crash Dynamics Laboratory, at Wichita State University. The typical setup for the bus 

operator testing is shown in Figure 2.6. This study is mainly aimed on large sized bus 

operators and hence a 95
th 

percentile Anthropomorphic Test Device (ATD) was used in all 

the sled tests. During a dynamic sled testing, the seat was secured properly to the sled. Figure 

2.7 shows the FARO arm instrument, the Coordinate Measuring Machine (CMM). With the 

help of FARO arm, the positioning information was recorded in the form of Initial Graphic 

Exchange Specification (IGES) format. This data plays a vital role in positioning the dummy 

and a bus operator environment in the simulation model.  

 

 

 

Figure 2.6 Dynamic Sled Test Setup for the Bus Operator 

 

 

 

Figure 2.7 FARO Arm (Coordinate Measuring Machine) [21] 
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Standard views of a sled tests were captured with the help of high-speed cameras. The 

outputs like head acceleration, chest acceleration, pelvic acceleration, neck forces, and neck 

moments were recorded for all sled tests. 

2.5 Numerical Model Validation Methodology 

 Numerical models of the bus operator test setup were developed by using MADYMO, 

Human/Dummy gross motion simulation code. The detailed methodology for numerical 

model development is presented in the next chapter. A typical simulation setup is shown in 

Figure 2.8. 

 

 

 

Figure 2.8 Simulation Setup  

The validation of a numerical model was performed using these methods:  

 Kinematics Comparison 

 Profile Comparison of Sled Test and Simulation Graphs,  

  Injury Pass/Fail Criteria 
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2.5.1 Kinematics Comparison 

 Kinematics of the simulations was compared with those obtained from the dynamic 

sled test. High-speed videos were recorded during the tests and a comparison was carried out 

with the simulation models. This was the first approach in the validation process. 

2.5.2 Profile Comparison of Sled Test and Simulation Graphs 

 Head acceleration, chest acceleration, pelvic acceleration, neck forces, and neck 

moment graphs recorded during tests were compared with the corresponding simulation 

outputs. Correlation between tests and simulations were in terms of their peak and shape of 

the graphs. 

2.5.3 Injury Pass/Fail Criteria  

 The peak injury values for dynamic sled tests and simulations were compared. Details 

of the injury parameters are provided in the next section.   

2.6 Injury Pass/Fail Criteria 

 49 CFR Part 571.208 safety standards for Hybrid III 50
th

 percentile male dummy was 

followed in this research to analyze the severity of injury values. 

2.6.1 Head Injury Criteria 

 The Head Injury Criteria (HIC) was used to evaluate the injury sustained by the 

operator’s head in the event of an accident. Head injury occurs when a head of the occupant 

encounters another object in the impact. 

The evaluation of HIC is obtained as 

𝐻𝐼𝐶 =    𝑡2 − 𝑡1  
1

𝑡2 − 𝑡1
  𝑎 𝑡 𝑑𝑡

𝑡2

𝑡1

 

2.5

 

𝑚𝑎𝑥

 

Where a (t) is the resultant head acceleration in G measured at the center of gravity of 

head and t1 and t2 are the initial and final frames in seconds during which HIC attains max 

value  
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The Head Injury Criteria is classified in two different groups 

1. HIC 36: Maximum time interval to calculate HIC is 36 millisecond (Safe Limit is 1000 

for this criteria) 

2. HIC15:  Maximum time interval to calculate HIC is 15millisecond (Safe Limit is 700 

for this criteria). This criteria is preferred over HIC36 . [22,23]. 

2.6.2 Thoracic Injury Criteria 

The use of a single acceleration based criterion for the prediction of chest injuries is 

generally followed. US regulations have specified that the resultant chest acceleration at the 

center of gravity of chest should not exceed more than 60G [22, 23]. 

2.6.3 Neck Injury Criteria 

Neck Injury is calculated as the resultant effect of Shear force (FX), Axial Force (Fz) 

and bending moment (My). During the crash event, axial force can be in tension or 

compression. Occipital condyle bending moment can be in either flexion or extension. 

This results in four possible conditions to calculate neck injury (Nij) 

1. Tension-Extension (Nte). 

2. Tension-Flexion (Ntf). 

3. Compression-Extension (Nce). 

4. Compression-Flexion (Ncf).  

Neck Injury was evaluated as  

𝑁𝑖𝑗 =   
𝐹𝑧
𝐹𝑧𝑐

 +  
𝑀𝑜𝑐𝑦

𝑀𝑦𝑐
    

Where, 

 Fz= 6806 N (1530 lbf) when Fz is in tension. 

 Fzc = 6160 N (1385 lbf) when Fz is in compression. 

  Myc= 310 N-m (229 lbf-ft) when a flexion moment exists at occipital condyle. 
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 Myc= 135 N-m (100 lbf-ft) when an extension moment exists at the occipital condyle. 

According to Federal Motor Vehicle Safety Standards (FMVSS) regulations, Nij value should 

not exceed 1.0 [22]. 

2.6.4 Femur Injury Criteria 

To evaluate the femur injury, axial compression force on femur is calculated. The safe 

limit of the femur load is 10,000 N [23]. 
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CHAPTER 3 

BASELINE MODEL VALIDATION 

3.1 Introduction 

 Sled test plays a principal role in the crash analysis. Though simulation techniques 

assist in the evaluation of different crash scenarios, they should be validated with the actual 

tests before implementation of any novel design. 

In this research, an airbag for the two-point belt restraint system is proposed. It is 

necessary to study the conventional configuration first, in order to understand the advantage 

of the proposed novel airbag design. The sled test was conducted for the two-point belt 

restraint system. The simulation model was validated with the test data. 

3.2 Test Setup for the Bus Operator Environment 

 Figure 3.1 shows a typical bus operator environment. It includes the seat, dash, 

steering wheel, and occupant. This setup was used throughout this research. 

 Only Secondary impact was considered in all the tests. The operator’s impact with 

only the dash and the steering was studied throughout this research. 

 A standard bus operator seat was used for all the dynamic tests conducted for this 

research. 

  

 

Figure 3.1 Dynamic Sled Test Setup for the Bus Operator 
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Figure 3.2 Sled Acceleration Pulse and Sled Velocity 

 A Hybrid III 95
th 

Percentile ATD was used for the test. 

 Figure 3.2 shows the crash signal used for all the dynamic sled tests and the sled 

velocity. It can be observed that the peak acceleration occurs during first 50 milliseconds. 

 Before the crash test, it was made sure that the seat is secured properly to the sled. 

The seat was fixed firmly to the sled to prevent any accident. Images of a setup were 

captured, which were helpful in developing the simulation model. High-speed cameras 

were positioned at different locations to record the good view of dummy kinematics.  

3.3 Configuration 1: A 2-Point Belt Restraint System (Without Airbag) 

The details of this test configuration are summarized in Table 3.1. This test was used 

as a baseline test for designing the airbag restraint system with the two-point belt 

configuration for the bus operator. The crash signal was for the frontal impact of a bus with 

18.64 mph speed to the rigid-wall. The retractor was mounted on the lap belt. The white mark 

was prepared on the belt to measure the payout. This information was helpful while defining 
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payout to the lap belt in the simulation model. This test was conducted without an airbag and 

knee padding foam. 

 

Table 3.1 Sled Test Summary for the Two-Point Belt Restraint System (Without Airbag) 

 

 

 Figure 3.3 illustrates the test setup and profile of the sled acceleration signal. It can be 

observed from the figure that the peak acceleration occurred during first 50 milliseconds of 

the crash event.  

 

 

Figure 3.3 Test Setup and Sled Acceleration Pulse for the Two-Point Belt Restraint System 
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3.4 Dynamic Sled Test-Data Processing 

Data processing is a vital step in the sled testing, as the data helps in development of 

the simulation model and to validate it with the dynamic sled test. Three high-speed cameras 

were fitted around the sled. One of the cameras was fitted on top of the sled, which was 

functional in recording the top view of kinematics of the dynamic sled test. One of the 

cameras was used to record the front view and the third camera was used to record the side 

view of a dynamic sled test. 

Pre and post-measurement of the IGES data points were recorded with the FARO 

arm, which helped in validating the simulation model. 

Dynamic sled test dummy has inbuilt sensors, which can record accelerations at the 

center of gravity of head, chest, and pelvis. In addition, femur forces, neck forces, and neck 

moments were recorded. This data was extracted in the form of graphs and injury values like 

HIC, chest 3ms, neck flexion, neck extension, neck fore shear, neck aft shear, and femur 

forces. This data was very instrumental in validating the simulation model. 

3.5 Sled Test Results for the Two-Point Belt Restraint System (Without Airbag) 

Table 3.2 illustrates the potential injuries sustained by the mass transit bus operator 

during a dynamic sled test. The injuries were recorded in the form of a HIC, chest 3ms, chest 

compression, femur forces, neck tension, neck compression, neck flexion, neck extension, 

and neck fore Shear. In addition, different parameters to evaluate Neck Injury (Nij), like neck 

tension-flexion (NTF), neck tension-extension (NTE), neck compression-flexion (NCF), and 

neck compression-extension (NCE) were also recorded. 

All the test results are normalized with FMVSS 208 safety standard values. From the 

table 3.2, it can be observed that the test values for HIC, femur forces, neck compression, and 

neck Extension were higher than the allowable safe limit value. 
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Figure 3.4 is the graphical representation of results summarized in the Table 3.2. 

Figure 3.4 shows the normalized injury value plot for the dynamic sled test conducted for the 

two-point belt restraint system. It can be observed that the bus operator has sustained a severe 

head injury. Also, femur injury value was quite severe, due to the severe impact with the dash 

setup. 

Table 3.2 Sled Test Results for the Two-Point Belt Restraint System (Without Airbag) 

 

 

 

 

Figure 3.4 Injury Value Plot for a Two-Point Belt Restraint System (Without Airbag) 
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The HIC, femur forces, neck extension, neck compression values were higher than the 

allowable safe limit. In addition, the neck injury value was very close to the allowable limit 

of 1. Therefore, the two-point configuration, without any airbag restraint system does not 

provide adequate protection to the bus operator. 

It was essential to analyze the results in order to investigate reasons for the high injury 

values. In order to perform this analysis, the test data and kinematics was extremely essential. 

3.6 Kinematics: Sled Test for the Two-Point Belt Restraint System (Without Airbag) 

 

  

  

  

 

Figure 3.5 Kinematics: Sled Test for the Two-Point Belt Restraint System (Without Airbag) 
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 Figure 3.5 illustrates the kinematics of a dynamic sled test for the two-point belt 

restraint system. From Figure 3.5, it can be observed that between 50 to 100 milliseconds, the 

femur comes in contact with the dash setup. Also, the impact of a head with the dash setup 

occurs between 100 to 150 milliseconds. After 150 milliseconds the dummy starts retracting 

backwards. 

3.7 Simulation Model Development in MADYMO 

Validation of the simulation models is a vital stage of this research, as these numerical 

models were used for further development of an inflatable airbag restraint system. A bus 

operator environment was modeled as a facet. An Ellipsoidal ATD from the MADYMO 

database was used to simulate the bus operator. Following softwares were used in the 

validation of a baseline simulation model. 

 Preprocessors 

1. Hypermesh was used for meshing the geometry of airbag. This Software is useful for 

finite element modeling. It has a facility to clean the geometry, to extract mid-surface and to 

mesh the CAD geometry. This software can be used to prepare the analysis deck of various 

FE solvers like LS-DYNA, Nastran and Ansys. 

2.  Visual Safe was used to position the dummy and to model the seatbelt. Positioning 

and belt routing is very user-friendly in this software. In addition, facet generation of a FE 

parts was carried out with the help of this tool. 

 Solver 

 MADYMO was used as a solver for the validation of a numerical model. This 

software requires very less computational time and hence it is widely used in crash analysis. 

This software tool is also useful in retrieving the injury data and in simulating the kinematics. 

A Hybrid III 95
th 

percentile ATD was used to represent the bus operator.   

 Postprocessor 
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Altair Motionview was used to analyze the outputs retrieved from MADYMO. 

Results from the test and the simulation can be plotted in same window for ease of 

comparison using this software.  

3.7.1 Facet Modeling of the Bus Operator Environment 

The facet model of a bus operator environment created by Pendse [20] for his research 

was used further for this study. Figure 3.6 shows a facet model of the bus operator 

environment. Facet modeling is a technique used in the MADYMO to simulate and validate 

the numerical model. In this method, meshed shell model can be exported to MADYMO.  

 

  

  

 

Figure 3.6 Facet Model of a Bus Operator Environment 

Mesh Quality Criteria 

  The standard quality criterion was used to check the mesh quality of seat as described 

in table 3.3. This was necessary to achieve better correlation between testing and simulation. 

The appropriate element size selection was necessary for better results. 
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 Aspect ratio means the ratio of largest to smallest side of the element. The allowable 

limit for this ratio was 5. Warpage is the amount by which element is out of plane and the 

allowable limit was up to 15 %. Jacobian is the extent by which element deviates from 

perfect shape and the allowable limit was up to 0.7 [24]. 

 

Table 3.3 Mesh Quality Criteria 

No Quality Criteria Allowable 

1 Min Length 5 

2 Max Length 20 

3 Aspect Ratio 5 

4 Warpage 15 

5 Jacobian 0.7 

6 Skew 40 

 

 

 

 

 

Figure 3.7 Mesh Quality of Seat 
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From Figure 3.7, it can be observed that very few elements violate the mesh quality 

criteria (Elements in yellow color violate the mesh quality criteria). Minimum length of the 

element is an important factor in the simulation as the time step is calculated from the 

minimum length of element. If the element size is kept very small then the time step for that 

element decreases thereby increasing the analysis time. 

3.7.2 Bus Operator: An Ellipsoidal Hybrid III 95
th

 Percentile Dummy    

This study is mainly aimed on large sized bus operators and hence Hybrid III 95
th

 

percentile ATD was used during the sled test. MADYMO dummy database has the hybrid III 

95
th 

percentile dummy, which mimics the test ATD. Figure 3.8 represents an ellipsoidal 

hybrid III 95
th

 percentile dummy. This dummy has been included in the FMVSS 208 

 

 

 

Figure 3.8 Ellipsoidal Hybrid III 95
th

 Percentile Dummy [25] 

 This dummy is modeled with the ellipsoids and is considered as rigid in the 

simulation. This dummy is already fitted with accelerometers at the center of gravity of the 
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head, the chest, and the pelvis. Therefore, acceleration data could be gathered and used for 

the post-processing. In addition, joint forces can be requested for the neck and the femur in 

order to calculate neck and femur injury values respectively.  

The dummy can be positioned with the help of joints. Hands can be positioned with 

the help of shoulder joint and elbow joint. Legs can be positioned with the help of femur and 

knee joints. Similarly, there are other joints also to position head, neck, foot, shoe, etc. The 

dummy has predefined groups of surfaces, which can be utilized in contact definition. 

3.7.3 Positioning the Dummy 

Positioning the dummy according to the test setup is very important to achieve the 

similar biomechanical response as that obtained during the dynamic sled tests. Initial graphics 

exchange specification (IGES) data was very useful in correct positioning of the dummy. It 

can be observed from the Figure 3.9 that the dummy was positioned according to the IGES 

data recorded during the test. Also, videos and pictures were helpful to position the dummy 

accurately.  

 

  

  

 

Figure 3.9 Simulation Setup for the Bus Operator Environment 
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Figure 3.10 shows the comparison between the test and simulation setup for the two-

point belt restraint system. From Figure 3.10, it can be observed that the simulation setup is 

modeled quite similar to the dynamic test setup. 

 

  

 

Figure 3.10 Test and Simulation Setup (2-point Belt Restraint System: Without Airbag) 

3.7.4 Assigning Material Property  

Seat and sled were considered as rigid and rigid material properties were assigned to 

these parts. “MATERIAL.NULL” keyword was used in MADYMO to assign the rigid 

material property. Different parts such as seatback, seatpan, seatbase, sleds, and bus operator 

were defined in different systems in the numerical model. A body was defined for each 

system. The mass was assigned to the body of seat back and seatpan. Inertia properties were 

also assigned to the body of seat back and seatpan. 

3.7.5 Seatbelt Modeling 

Visualsafe software was used to model a seatbelt. The keyword 

“MATERIAL.HYSIO” was used to assign the material property to seatbelt. Density of 

800kg/m
3
 was assigned to the FE part of belt. 1 mm thickness was assigned to elements of the 

seatbelt. Width of belt was 50 mm. Most of the part that was in contact with abdomen was 

modeled with FE part and it was connected to the anchor point and buckle point with belt 

segments. Belt segments are 1-d elements. From Figure 3.11, it can be observed that one of 
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the belt segments connects FE part of belt to the anchor point and another belt segment 

connects FE part to the buckle point. Anchor point and buckle point were modeled in such a 

manner that they will move according to the seatpan. 

 

  

                                               

Figure 3.11 Seatbelt Modeling 

 

Figure 3.12 illustrates the belt material property. “Stress vs. Elongation” characteristic 

was assigned to the finite element part of the belt. A hysteresis model of type 1 with slope of 

6.00E+9 was assigned to this characteristic.  

 

  

 

Figure 3.12 Belt Properties 
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“Force vs. Elongation” characteristic was assigned to the belt segments. A hysteresis 

model of type 1 and elastic limit of 0.03 was assigned to this characteristic. The maximum 

allowable elongation of 12 percent was defined for the finite element part as well as belt 

segments part.  

3.7. Rotational and Translational Stiffness Modeling  

Revolute joint was modeled to simulate rotation of seatback. The keyword 

“JOINT.REVO” was used to model a revolute joint. The seatback and the seatpan were 

defined in a different system. Individual bodies were defined for different systems and mass 

and inertia properties were assigned to these bodies. 

Revolute joint was modeled between reference space and seatback body. 

“RESTRAINT.JOINT” keyword was defined to model rotational stiffness of seatback. 

Rotational stiffness function for seatback is shown in Figure 3.13. “Torque vs. Angular 

Rotation” characteristic was used to define the rotational stiffness for the seatback. A 

hysteresis model of type 1, hysteresis slope of 0.9e+5, damping co-efficient of 200, and 

friction load of 0.5 were defined for this characteristic. 

 

 

 

Figure 3.13 Seatback Rotational Stiffness Characteristic 
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Similarly, “JOINT.REVO_TRAN” was defined to simulate translation and rotation of 

seatpan. Figure 3.14 represents the characteristic defined to model the seatpan rotational 

stiffness. “Torque vs. Angular Rotation” characteristic was used to define the rotational 

stiffness for the seatpan. A hysteresis model of type 1, hysteresis slope of 3e+6, damping co-

efficient of 100, and friction load of 0.5 were defined for this characteristic. Figure 3.15 

represents the characteristic defined to model seatpan translational stiffness. It was defined as 

“Force vs. Displacement function”. A hysteresis model of type 1, hysteresis slope of 8e+10, 

damping co-efficient of 1000, and friction load of 0.7 were defined for this characteristic. 

 

 

 

Figure 3.14 Seatpan Rotational Stiffness Characteristic 

 

 

 

Figure 3.15 Seatpan Translational Stiffness Characteristic  
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3.7.7 Steering Wheel Modeling 

Steering wheel was defined in two parts. “JOINT.REVO” keyword was defined 

between these two parts to model the deflection of the steering wheel. Figure 3.16 shows the 

characteristic used to model the steering wheel deflection. It was defined as a function of 

“Torque vs. Angular Rotation.” 

 

 

 

Figure 3.16 Steering Wheel Deflection Characteristic 

3.7.8 Contact Modeling 

Table 3.4 illustrates the contact definition between dummy and bus operator 

environment. Contacts within different parts of the seat were modeled with 

“CONTACT.FE.FE” and contact between dummy and parts of occupant environment were 

modeled with “CONTACT.MB.FE”.  

 

Table 3.4 Contact Definitions between Dummy and Bus Operator Environment 

Contact Type Master Slave 

CONTACT.MB.FE Dummy Steering Wheel 

CONTACT.MB.FE Dummy Dash Setup 

CONTACT.MB.FE Dummy Seatback & Seatpan 
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Contact characteristics to define contact between different parts and dummy are 

shown in Figure 3.17. “Force vs. Penetration” or “Stress vs. Penetration” characteristics were 

defined to model the contact between the operator environment and the bus operator. Also, 

appropriate friction co-efficient values were assigned between the contacting parts as a 

function of relative velocity. 

 

  

 

 

Figure 3.17 Contact Characteristics to Define Contacts between Different Parts 

3.7.9 Assigning Gravity and Sled Acceleration Pulse 

To apply sled acceleration, “LOAD.SYSTEM_ACC” keyword was used. Pulse was 

applied to the seatpan, the seatback and the dummy. Gravity was applied to all parts of the 
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numerical model. Figure 3.18 shows the gravity and sled acceleration pulse functions 

assigned to the numerical model. 

  

 

Figure 3.18 Gravity and Acceleration Pulse Functions 

All of these properties were assigned to the simulation model and the analysis was 

carried out in MADYMO 6.3 for 300 milliseconds. Different outputs to estimate the head 

injury, the chest injury, the neck injury, and the femur injury were requested. Outputs like 

Head acceleration, chest acceleration, pelvic acceleration, neck forces, neck moments, femur 

forces, and belt forces can be retrieved from the MADYMO output files. 

3.7.10 Validation of Simulation 

Validation of simulation is very important stage. It was carried out by comparing the 

simulations results with the test kinematics, profiles of graphs and normalized injury values. 

 Kinematics Comparison 

Validation of simulation was carried out by comparing its kinematics with high-speed 

test videos. 

Figure 3.19 and Figure 3.20 are the frames captured which shows the comparison 

between the test kinematics and the simulation kinematics. It can be observed that the 

kinematics of simulation is approximately same as that of testing. To obtain the similar 

kinematics as that of testing following methodology was followed. 
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1. The occupant was positioned similar to the test setup. IGES points that were recorded 

during the test were taken as a reference. In addition, close-up pictures were referred to 

position the occupant similar to the testing. During the test, distance between knees, distance 

between shoes were recorded, which helped to make sure that the dummy is positioned 

properly.  

2. The videos were examined to estimate the seatback and the seatpan rotation. This 

helped to assign the seatback and the seatpan joint stiffness. The “right view” was used to 

check if there was any belt payout. In the beginning of test, white mark was prepared on the 

belt and in the video the same mark was tracked and measured. The payout was assigned to 

the lap belt retractor. During the test, it was observed that the operator’s chest came in contact 

with the steering and thus caused it to deflect. This frame was useful to assign joint stiffness 

of the steering wheel. 

3. A Belt anchor point and a buckle point were positioned with the help of position data 

recorded during the test. The seat belt fitting over operator was observed in pictures taken 

during the test. This information helped in modeling and routing of the seat belt. Actual belt 

width was measured and assigned to the numerical model. 

4. Assigning appropriate mass and inertia properties is also of prime importance as it 

plays critical role in correlation. 

Correlation between kinematics for the test and the simulation of a two-point belt 

restraint system is shown in Figure 3.19 and Figure 3.20. It can be observed that, kinematics 

of the simulation model is quite similar to the kinematics of the sled test. During the dynamic 

sled test, the operator started to move at 25 milliseconds. At 70 milliseconds, the operator 

came in contact with the dash setup and experienced a maximum femur force. Also, The 

operator experiences maximum pelvic acceleration at approximately 70 milliseconds. At 122 

milliseconds, there was a severe impact between the head of the dummy and the steering 
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wheel. At 137 milliseconds, there was a severe impact between the head of the dummy and 

the dash, which caused the operator to experience maximum head acceleration. Simulation 

model has shown quite similar results. 

 

  

  

  

 

Figure 3.19 Test and Simulation Kinematics A: 2-Point Belt Restraint (Without Airbag) 
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Figure 3.20 Test and Simulation Kinematics B: 2-Point Belt Restraint (Without Airbag) 

 Profile Comparison of Testing and Simulation Graphs 

Validation of simulation was carried out by comparing profiles of test and simulation 

graphs. Head acceleration, chest acceleration, pelvic acceleration, neck forces, and neck 

moment graphs from the dynamic sled test were compared with the simulation graphs.  
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Figure 3.21 Head Acceleration Comparison (2-point Belt Restraint System: Without Airbag) 

From Figure 3.21, it can be observed that the operator experienced maximum head 

acceleration at 137 milliseconds. The graph in “red” represents the test results and the graph 

in “blue” represents the simulation results. From Figure 3.21 and Figure 3.22, it can be 

concluded that the bus operator experienced maximum head acceleration due severe impact 

with the steering and the dash setup at 137 millisecond. Simulation model has predicted 

similar results as that of the test. Also, head acceleration profiles of test and simulation 

graphs are in close agreement. 

 

.  
 

 

Figure 3.22 Head Impact with the Steering Wheel and the Dash (Test and Simulation Frames) 
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Figure 3.23 Chest Acceleration Comparison (2-point Belt Restraint System: Without Airbag) 

From Figure 3.23, it can be observed that the chest acceleration profiles of the test and 

simulation graphs are in close agreement. Chest acceleration is due to the impact of a chest 

with the steering. 

The impact of a femur with the dash is shown in the Figure 3.24. This impact caused a 

bus operator to sustain severe femur injury. Also, the operator experienced high pelvic 

accelerations. From Figure 3.25, pelvic acceleration profiles for the test and simulation 

graphs are in good agreement except the maximum peak. 

 

  

 

Figure 3.24 Impact of a Femur with the Dash at 70 milliseconds 
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Figure 3.25 Pelvic Acceleration Comparison (2-point Belt Restraint System: Without Airbag) 

From Figure 3.26, it can be observed that the femur experiences peak force at 70 

milliseconds. Simulation has shown similar kinematics as that of the test. Profiles of the test 

and simulation graphs, recorded for the femur force are in good agreement. Peak femur force 

and pelvic acceleration is due to the impact between the femur and the dash setup. 

 

  

 

Figure 3.26 Femur Force Comparison (2-point Belt Restraint System: Without Airbag) 
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 Injury Value Comparison 

Comparison of injury values extracted from the simulation and the data recorded from 

testing is an important stage in validation. It decides the reliability of simulation model. 

Following are the injury parameters considered for comparison: 

1. Head Injury Criteria (HIC) 

2. Chest 3 ms 

3. Neck Flexion 

4. Neck Extension 

5. Femur Forces 

Table 3.5 Injury Value Summary Table: 2-point Belt Restraint System (Without Airbag) 

 

Table 3.5 illustrates the summary of injury values recorded from the dynamic sled 

test and from the simulation model. All the injury values are normalized with the FMVSS 
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safety standard values. Figure 3.27 is the graphical respresntation of the results summarized 

in table 3.5. 

From Table 3.5 and Figure 3.27, the HIC, femur forces, neck extension, and neck 

compression are above the allowable safe limit. It can be observed that the baseline 

simulation model results are in a good agreement with the physical sled test results. Hence, 

this model can be used to implement the novel airbag restraint system. This would also help 

in minimizing the cost to conduct the physical test. Design parameters can be studied 

beforehand. Thus, physical testing will be required only for critical parameters under limited 

conditions.  

 

 

 

 

Figure 3.27 Injury Value Comparison: 2-Point Belt Restraint System (Without Airbag) 
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3.8 Configuration 2: Unrestrained Occupant (Simulation) 

As explained earlier, the two-point belt restraint system can be considered as 

unacceptable as occupant suffered severe injuries. Generally, testing without any restraint is 

not possible due to risk of accident and ejection of dummy. A simulation was carried out to 

understand the scenario where the occupant would not be having any restraints. For this 

purpose, a baseline simulation model (two-point belt restraint system) was considered. The 

belt system was omitted from the simulation model and simulation was run for 0.3 second. 

 The results were post-processed and the dummy kinematics and the injury values 

were analyzed. All the graphs for the outputs, such as head acceleration, chest acceleration, 

pelvic acceleration, and femur force are included in the “Appendix A”. 

 Figure 3.28 illustrates the kinematics of a simulation model developed for the bus 

operator without any restraint. Simulation was carried out for the frontal impact condition and 

crash signal was for a frontal impact of a bus with 18.64 mph to the rigid-wall crash event.

 From the kinematics frames, it can be observed that, without any restraint system, the 

bus operator has a lot of displacement in vertical direction and towards the dash as well. 

Occupant comes in contact with the dash setup parts. Femur comes in contact with the dash. 

Head comes in contact with the steering. 

 It can be observed from the last frame in Figure 3.28 that the steering wheel has a lot 

of permanent deformation. This indicates that there was a severe impact between the operator 

and the steering. 
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Figure 3.28 Kinematics: Unrestrained Operator  
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Figure 3.29 illustrates the comparison between the normalized injury values for the 

unrestrained operator and the two-point belt restraint system. It can be observed that the bus 

operator without any restraint has experienced severe head injury. The HIC and the neck 

injury values are above the allowable safety limit. The bus operator without any restraint 

experiences severe injuries than the operator with the two-point belt restraint system 

 

 

 

Figure 3.29 Comparison: Unrestrained vs. 2-Point Belt Restraint System (Without Airbag) 
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CHAPTER 4 

AIRBAG MODELING 

4.1 Introduction 

As discussed in the previous chapter, the lap belt restraint system was not adequate as 

occupant sustained severe injuries. There was a need to implement supplementary restraint 

system. Therefore, an inflatable lap belt airbag restraint system was proposed. The concept 

was to design an airbag restraint system, which will inflate from the lap belt during the crash 

event. For the lap belt restraint there was an excessive occupant displacement towards the 

dash, causing the bus operator to sustain severe injuries (Head, Chest, Femur, and Neck). 

Therefore, the need was to restrain this displacement. The designing task of an airbag was 

completed in three phases.  

 Designing the airbag inflating from lap belt for the bus operator 

 Dynamic crash testing to check the performance of the design 

 Validation of the tests for the future research 

4.2 Design Methodology of a Numerical Airbag Model Development 

The validated simulation model for the two-point lap belt restraint system was 

considered as a baseline model. This simulation setup was used in designing the airbag. 

Airbag modeling has following important considerations. 

 FE Modeling of the airbag 

 Assigning material property 

 Vent Modeling 

 Airbag Chamber Modeling 

 Modeling Inflator 

 Modeling Airbag Triggering Mechanism 
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4.2.1 FE Modeling of Airbag 

FE modeling was a vital stage in the development of an airbag restraint system. 

Figure 4.1 represents the finite element model of the airbag. The shape and size of the airbag 

was modeled such that it would restrain the torso and pelvis. The height of the airbag was 

kept just below the neck for the ease of deployment. After trying different designs and 

shapes, one shape was finalized. The shape of the airbag was considered in such a way that it 

was conforming to the shape of the torso of the occupant. This procedure was carried out in 

Hypermesh. After deciding the shape and size of the airbag, its geometry was meshed with 

tria elements by following the standard meshing guidelines. Tria elements based on green 

strain formulation were preferred for meshing. The element behavior is more stable under 

large distortions such as introduced during deployment of the airbag. The lap belt was 

modeled such that it would pass through the airbag. Lap belt was also meshed with tria 

elements and nodes in the area where it connects the airbag fabric were equivalenced. The 

airbag was meshed such that it forms a closed volume. It was made sure that all normals of 

the airbag are pointing outwards. 

 

 

Figure 4.1 Finite Element Model of Airbag 
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4.2.2 Assigning Material Property  

Generally, airbags are manufactured from the fabric materials like nylon and 

polyester. These materials are energy absorbent and heat resistant. Hence, it was necessary to 

assign the fabric material properties to the airbag.  

“MATERIAL.ISOLIN” keyword was used to assign material property to airbag. 

 Density: 700.0 Kg/m
3
 

 Element Thickness: 0.00032 m 

 Total Mass of Airbag: 0.12 Kg 

 Young’s Modulus: 5.1 E+08 N/m
2
 

 Poisson’s Ratio: 0.35  

4.2.3 Exhaust Orifice (Vent) Modeling 

The mesh of the airbag should form a closed volume to define the airbag chamber. 

Membrane elements were used to model the vents and gas outflow properties were defined to 

this vent. “MATRIAL.HOLE” keyword was used to define the gas outflow properties. The 

area of vent elements was calculated and it was multiplied with the co-efficient of discharge 

to get the desired vent size. 

4.2.4 Airbag Chamber Modeling  

The inflation of the airbag chamber was modeled as the process of expanding volume 

into and out of the chamber. The airbag chamber is the volume enclosed by airbag fabric. The 

internal pressure loading takes place in the chamber as a result of the gas blown into the 

volume by inflators. Gas can flow into and out of the chamber through the vent and pores in 

the fabric.  

The gas mass “m” in the chamber is the result of the inflator-supplied gas mass ms, 

the inflowing gas mass mi, and the exhausted gas mass mex. The change of mass in a chamber 

is evaluated as 
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m
.
 = m

.
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.
i – m

.
ex  

Where , 

m
.,
 m

.
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.
i, and m

.
ex are the time derivatives of m, ms, mi, mex [25]. 

4.2.5 Inflator Modeling 

Inflator supplies gas to the airbag chamber. It was defined separately. To model the 

mass outflow supplied by inflator, “mass flow rate vs. time” characteristic was assigned to 

the inflator. In addition, “temperature vs. time” characteristic was also assigned to the 

inflator.   

Following thermal properties, from the MADYMO manual [25], were used to define 

the gas mixture in the airbag chamber and in the inflator. 

Molar Composition of the gases defined for ambient conditions  

1) N2 : 0.78084 

2) O2 : 0.20946 

3) CO2 : 0.00033 

4) AR : 0.00937 

Molar Composition of the gases defined for inflator 

1) He : 0.8 

2) Ar : 0.2 

Gas Properties  

1) Nitrogen 

MW: 0.02893 Kg 

CP_A: 26.659 [J/ (mol K)] 

CP_B: 8.218801E-03 [J/ (mol K
2
)] 

CP_C: -1.976141E-06 [J/ (mol K
3
)] 

CP_D: 1.59274E-10 [J/ (mol K
4
)] 



51 

 

CP_E: 4.4434E+04 [JK/mol] 

2) Oxygen 

MW: 0.032 

CP_A: 29.659 [J/ (mol K)] 

CP_B: 6.13726E-03 [J/ (mol K
2
)] 

CP_C: -1.186521E-06 [J/ (mol K
3
)] 

CP_D: 9.578E-11 [J/ (mol K
4
)] 

CP_E: -2.19663E+05 [JK/mol]  

3) Carbon Dioxide 

MW: 0.04401 

CP_A: 24.99735 [J/(mol K)] 

CP_B: 5.518696E-02 [J/ (mol K
2
)] 

CP_C: -3.369137E-05 [J/ (mol K
3
)] 

CP_D: 7.948387E-09 [J/ (mol K
4
)] 

CP_E: -1.36638E+05 [JK/mol] 

4) Argon 

MW: 0.03995 

CP_A: 20.786 [J/ (mol K)] 

CP_B: 2.825911E-10 [J/ (mol K
2
)] 

CP_C: -1.46419E-13   [J/ (mol K
3
)] 

CP_D: 1.09213E-17    [J/ (mol K
4
)] 

CP_E: -3.661371E-02 [JK/mol] 

5) Helium  

MW: 0.004 

CP_A: 20.78603 [J/ (mol K)] 
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CP_B: 4.850638E-13 [J/ (mol K
2
)] 

CP_C: -1.592916E-16 [J/ (mol K
3
)] 

CP_D: 1.525102E-20 [J/ (mol K
4
)] 

CP_E: 3.196347E-05 [JK/mol]  

4.2.6 Modeling of Airbag Triggering Mechanism 

Airbag triggering is a significant phenomenon. In real, activation of inflator 

mechanism takes place with the help of sensors. This sensor activates at particular 

acceleration. This mechanism was modeled by “SWITCH.TIME”. This switch controls the 

inflator triggering time. 

4.3 MADYMO Tank Test Analysis 

This is the application of MADYMO program to extract mass flow rate data from 

tank pressure data. Airbag manufactures provide “tank pressure vs. time” data to explain the 

inflator specification. 

MADYMO has application of tank test analysis, which is useful to convert tank test 

data into mass flow rate and tank temperature. “Average Temperature Solution Method” was 

used to retrieve mass flow rate and temperature input data. This method assumes constant 

temperature of the gas supplied by the inflator. The temperature was calculated using 

conservation of energy and ideal mass flow equation. The tank test was carried out for peak 

pressure and not for the entire loading and unloading of pressure data [25]. 

Figure 4.2 shows, “tank pressure vs. time information”. From this graph, it can be 

observed that the maximum tank pressure is approximately 225 KPa. To apply this pressure, 

MADYMO needs mass flow rate information from the tank test analysis. From Figure 4.2, it 

can be observed that the maximum mass flow rate is 1.2 kg/s. 
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Figure 4.2 Tank Pressure Data and Mass Flow Rate (Inflator Specifications) 

4.4 Design of Experiments (DOE) 

Design of experiments is the structured, organized method to study the effect of 

changes in various design parameters on the desired output. Design of experiments is very 

useful technique to predict the proper output response. AUTODOE 2.4 software was used to 

perform the design of experiment study. 

After deciding the initial design of the airbag and different parameters, it was 

necessary to identify the optimum design of the airbag, which would help to reduce the 

different injuries like head, chest, and femur. The three-point configuration was used for 

design of experiments.  

Following factors were considered to design an optimum airbag. 

 Airbag Trigger Time  

  Airbag switch was used to trigger the inflator of airbag. Three levels were set for 

airbag triggering. Those were 15 ms, 30ms, 45ms. 

 Vent Diameter  

Vent diameter decides the outflow characteristics of the airbag. Three levels were set 

for vent diameter. Those were 5mm, 25mm and 45 mm. 
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 Mass Flow Rate 

Three levels were set for mass flow rate with 30% variation in the base mass flow 

rate. 

 Shape 

Three shapes were proposed to design an optimum airbag. Three different heights of 

airbag were proposed. 

With four different factors and three levels, AUTODOE generated 81 different 

combinations (3
4
=81). Different responses such as HIC, chest 3ms, chest displacement, head 

displacement, pelvic displacement, lap belt forces, femur forces, chest deflection, airbag 

pressure, and airbag volume were defined to examine the combined effect of different factors. 

AUTODOE generates different combinations and MADYMO runs all these 

simulations. AUTODOE extracts all the results. 

 Following are some of the observations from post-processing results. 

1. HIC decreases as vent diameter increases. HIC increases as airbag trigger time goes 

on increasing. For small airbag size, minimum HIC value was obtained. It was observed that 

mass flow rate does not affect much on HIC. 

2. Chest 3ms increases as airbag-triggering time increases. As vent diameter increases 

chest 3 ms decreases. Mass flow rate and shape does not affect much on chest 3ms. 

3.  Chest displacement increases as vent diameter and airbag trigger time increases. 

Mass flow rate and shape does not affect much on chest displacement. 
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Figure 4.3 Goodness of Fit of All Responses 

The Figure 4.3 illustrates a goodness of fit of responses for the bus operator with the 

designed lap belt airbag system. R-Square values are near to 1.This shows the better fit of the 

model and hence it can be concluded that the model is reliable for analyzing the results. 

 This study helped to understand major factors affecting the injury parameters. The 

configuration suggested had some problems like bottoming out of the airbag. Therefore, after 

fixing such problems one final configuration was decided. All of this experimentation was 

conducted for the three-point configuration. The same configuration was utilized for the two-

point lap belt restraint system and it showed good results. Results of this configuration are 

included in “Appendix B”. 

After analyzing the results, it was predicted that this configuration might help to 

reduce the injuries suffered to the bus operator with the two-point lap belt restraint system. 
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Therefore, design and dimensions of an airbag were provided to the airbag manufacturer. 

Inflator information was also provided to the manufacturer.   

4.5 CAD Model of Airbag 

 

  

 
 

 

 

Figure 4.4 CAD Modeling of Airbag 
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Figure 4.4 represents a Computer Aided Design (CAD) of the airbag. After deciding 

the optimum configuration, the CAD model was generated using the “Catia V5” software. 

The Catia is quite user-friendly software for generation of CAD models. Figure 4.4 shows 

different views of the CAD model of an airbag. Also, schematic drawing of dimensions for 

the airbag are also included in the Figure 4.4. This drawings and inflator specification were 

provided to the manufacturer. With the help of this information, prototype for the airbag and 

inflator were built.  

4.6 Configuration 3: An Inflatable Lap Belt Airbag Restraint System (2-Point) 

After generating confidence in the results with the pre-simulations, it was necessary to 

conduct the physical sled test to examine the performance of the airbag design. Table 4.1 

illustrates the configuration details for an inflatable lap belt type of airbag restraint system. 

The crash signal was for the frontal impact of a bus with 18.64 mph to the rigid-wall crash 

condition. The crash signal is shown in Figure 4.5. The Lap belt was utilized to restrain the 

dummy. It was observed in the simulation, that even with the use of the airbag, the femur 

might come in contact with the dash setup. Therefore, three energy-absorbing foams were 

used to minimize the femur injury values. The Airbag was triggered at 23 milliseconds. 

 

Table 4.1 Test Summary for an Inflatable Lap Belt Airbag Restraint System: 2-point 
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Figure 4.5 Sled Acceleration Pulse (Inflatable Lap Belt Airbag Restraint System: 2-Point) 

 Figure 4.6 illustrates the comparison between the test setup and simulation setup for 

an inflatable lap belt airbag restraint system, designed for the two-point lap belt 

configuration. “Red ellipsoids” are the IGES data recorded during the dynamic sled test 

which helps to position the dummy similar to that of physical test ATD. Knee paddings were 

modeled with the ellipsoids in the numerical model. 

 

 
 

 

Figure 4.6 Test and Simulation Setup:  Inflatable Lap Belt Airbag Restraint System (2-Point) 

The front view, top view, side view and isometric view of the numerical model are 

shown in Figure 4.7. 
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Figure 4.7 Simulation Setup: Inflatable Lap Belt Airbag Restraint System (2-Point)  

Figure 4.8 shows the knee paddings mounted on dash setup. A bus operator suffered 

potential femur injury due to severe impact of a femur with the dash. A knee-padding 

material was used to reduce the femur injury and pelvic accelerations. These knee-paddings 

are soft foams. It absorbs the impact energy, thereby reducing the femur injuries. 

 

 

 

Figure 4.8 Knee-Padding Material to Reduce the Femur Injury 
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Figure 4.9 Test and Simulation Kinematics A: 2-Point Belt Restraint (With Airbag) 

Correlation between a kinematics for the test and the simulation of an inflatable lap 

belt airbag restraint system is shown in Figure 4.9 and Figure 4.10. It can be observed that the 

kinematics of simulation model has shown close agreement with the kinematics of the 

physical test. During the dynamic sled test, airbag started deploying at 23 milliseconds and 

gases supplied by an inflator filled the volume of an airbag at approximately 51 milliseconds, 

which helped to restrain the dummy. A Femur came in contact with the knee-padding foam at 
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51milliseconds, which helped to absorb the impact energy, thereby reducing the femur 

injuries. The space between the operator and the dash was filled with an airbag volume, 

which acted like cushion. This assisted in absorbing the kinetic energy, thereby preventing a 

impact between the dash and the dummy, which benefitted in the reduction of the head injury 

and the neck injury.  

 

  

  

  

 

Figure 4.10 Test and Simulation Kinematics B: 2-Point Belt Restraint (With Airbag) 
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Table 4.2 Injury Value Summary: Inflatable Lap Belt Airbag Restraint System (2-Point)  

 

 

Table 4.2 illustrates the summary of injury values recorded during the dynamic sled 

test and from the simulation model as well. All the injury values are normalized with the 

FMVSS safety standard values. Figure 4.11 is the graphical respresntation of all the results 

summarized in table 4.2. It can be observed that all the injury values are below the allowable 

safe limit. As per the prediction from pre-simulation results, with the help of an inflatable 

airbag restraint system, head injury and neck injury values were minimized. With the use of 

energy absorbing foam, the femur injury values were also minimized. Also, from Figure 4.11, 

it can be observed that the test and simulation results are in a good agreement. 
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Figure 4.11 Injury Value Comparison: 2-Point Belt Restraint System (With Airbag) 

Presimulations and physical sled tests showed that the airbag trigger time is an 

influential parameter in minimizing the head injury, neck injury values. This proves the 

reliability of the simulation models. 

In this test, special effort was made in trigger mechanism of the airbag by the testing 

faculty. It was observed during the test for the two-point belt restraint system ( without 

airbag) that the impact of femur with the dash was quite severe and caused the femur injury 

value to be very high. The area of dash with which the femur comes in contact was observed. 

In presimulations, it was observed that even with the implementation of airbag there was 

possibility that the femur might come in contact with the dash setup. Therefore, energy 

absorbing foam was applied as knee padding on the noticed areas. This helped to minimize 

the femur injury value. 
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4.7 A Three-Point Belt Restraint System 

Usually, a three-point belt restraint system is considered as the safest restraint system. 

However, this system may not be adequate for the severe impact crash conditions. Therefore, 

effectiveness of this restraint system was evaluated for the high-energy impact condition. An 

acceleration pulse was for a frontal impact of a bus with 18.64 mph velocity to the rigid-wall 

crash condition.  

4.7.1 Configuration 4: A 3-Point Belt Restraint System (Without Airbag) 

Table 4.3 illustrates the physical test configuration details. A 95
th

 percentile ATD was 

utilized as a bus operator. A three-point belt restraint system with a retractor mounted on a 

shoulder belt was used. Knee-paddings and airbags were not implemented for this test. This 

sled test was previously conducted during research work of Pendse [20] at NIAR crash 

dynamics laboratory. Utilizing this sled test data, numerical model is validated. 

 

 

Table 4.3 Test Summary: A 3-Point Belt Restraint System (Without Airbag) 

 

 

 



65 

 

  

  

  

 

Figure 4.12 Test and Simulation Kinematics A: 3-Point Belt Restraint (Without Airbag)  

 Figure 4.12 and Figure 4.13 represents the kinematics of test and simulation of a 

three-point belt restraint system. The kinematics of simulation has shown good agreement 

with the kinematics of physical test conducted for the same configuration. During the 

dynamic test, femur comes in contact with the dash at 75 milliseconds. This results in the 

high pelvic accelerations and the higher femur injuries. It can be observed that the head of a 
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bus operator was not impacted with the dash. The payout observed during the test was 

assigned to the numerical model to achieve similar biomechanical response as that of the 

physical test. Also, appropriate seatpan and seatback joint stiffness were assigned to the 

numerical model to achieve similar kinematics as that of the physical test. 

 

  

  

 
 

 

Figure 4.13 Test and Simulation Kinematics B: 3-Point Belt Restraint (Without Airbag) 
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Table 4.4 Injury Value Summary: 3-Point Belt Restraint System (Without Airbag) 

 

 

Table 4.4 illustrates the normalized injury values for the test and simulation 

conducted for the three-point belt restraint system (without airbag). Figure 4.14 is the 

graphical representation of results summarized in the table 4.4. From Figure 4.14, it can be 

observed that only femur forces are above the allowable safe limit. Other injury parameters, 

such as the head injury, the chest injury, the neck injury are well below the allowable safe 

limit. From the kinematics, it was observed that the impact between the femur and the dash 

caused the bus operator to sustain severe femur injury. 
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A three-point belt restraint system helped to restrain the torso part, thereby preventing 

the head of a bus operator and chest to impact on the dash. Therefore, HIC and chest 3ms are 

well below the allowable safe limit. 

 

 

 

  Figure 4.14 Injury Value Comparison: 3-Point Belt Restraint System (Without Airbag) 

4.7.2 Configuration 5: An Inflatable Lap Belt Airbag Restraint System (3-Point) 

After analyzing test results for the three-point restraint system without airbag restraint 

system, it was clear that there were no severe head and chest injuries. The Femur injuries 

were higher than safe limit due to the knee coming in contact with the dash setup. Neck 

extension was close to the safe limit. A dynamic sled test was conducted to analyze the 

performance of the inflatable lap belt airbag restraint system for the three-point belt restraint 

system. Knee-padding was used to minimize the femur forces. 

Table 4.5 illustrates the test configuration details for the novel inflatable lap belt 

airbag restraint system, designed for the three-point configuration. A 95
th

 percentile ATD was 
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used as a bus operator. A crash signal was for a bus with 18.64 mph to the rigidwall frontal 

impact condition. Airbag was triggered at 20 milliseconds. Two knee-paddings were 

implemented to reduce the femur injury.  

 

Table 4.5 Test Summary: An Inflatable Lap Belt Airbag Restraint System: 3-point  

 

 

Figure 4.15 shows the comparison between test and simulation setup for an inflatable 

lap belt airbag designed for the three-point belt restraint system. Knee-paddings were used to 

prevent the femur to impact with the dash setup. 

 

 

 

 

 

Figure 4.15 Test and Simulation Setup: An Inflatable Lap Belt Airbag Restraint (3-Point) 
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Figure 4.16 Test and Simulation Kinematics A: 3-Point Belt Restraint (With Airbag) 

Figure 4.16 and Figure 4.17 illustrates the kinematics comparison between the test 

and the simulation conducted for a three-point inflatable lap belt airbag restraint system. 

Airbag started to deploy at 20 milliseconds. Femur was coming in contact with the knee-

padding at 70 milliseconds. An airbag along with the three-point belt restraint system, 

restrained the bus operator’s movement towards the dash. This helped to prevent the severe 
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impact between occupant and dash, thereby reducing head and femur injuries. Simulation 

kinematics has shown good agreement with the test kinematics. 

 

  

  

  

 

Figure 4.17 Test and Simulation Kinematics B: 3-Point Belt Restraint (With Airbag) 
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Table 4.6 Injury Value Summary: 3-Point Belt Restraint System (With Airbag) 

 

 

Table 4.6 illustrates the comparison between injury values recorded for the test and 

simulation performed with an inflatble lap belt airbag restraint system, designed for the three-

point belt configuration. Figure 4.18 is the graphical representation of results summarized in 

Table 4.6. From Figure 4.17, it can be observed that, all the injuries are below the allowable 

safe limit. It was observed that only knee-padding helped to reduce the femur injury.  
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Figure 4.18 Injury Value Comparison: 3-Point Belt Restraint System (With Airbag) 

4.8 Configuration Comparisons 

4.8.1 Result Comparison: Unrestrained vs. 2-Point Belt Restraint  

 

 

 

Figure 4.19 Results Comparison: Unrestrained vs. 2-Point Belt Restraint System 
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 From Figure 4.19, The HIC and neck injury values are well above the safe limit for 

both the configurations. It can be observed that the unrestrained operator experienced severe 

injuries than the two-point restraint system. 

4.8.2 Result Comparison: Without Airbag vs. With Airbag (2-Point Belt Restraint) 

 

 

Figure 4.20 Results Comparison: Without Airbag vs. With Airbag (2-Point) 

From Figure 4.20, it can be observed that the operator with the two-point seatbelt restraint 

system (without an airbag), experienced severe injuries than the inflatable lap belt airbag 

restrained system, designed for the two-point configuration. Without an airbag, the HIC, 

femur and neck injuries were above the safe limit, but with the implementation of airbag and 

knee padding, all of the injuries were reduced below the allowable safety limit. 

4.8.3 Result Comparison: Without Airbag vs. With Airbag (3-Point Belt Restraint) 

From Figure 4.21, it can be observed that the 3-point configuration is safe. Only the 

femur forces were above the safe limit. With the application of airbag and knee padding all of 
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the injury values were reduced below the safety limit. It was observed that, knee-paddings 

plays vital role in reducing the femur injuries.  

 

 

 

Figure 4.21 Results Comparison: Without Airbag vs. With Airbag (2-Point) 
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions  

The objective of the research was to develop a methodology to design an inflatable 

airbag restraint system for mass transit bus operators, which inflates from the lap belt. 

Initially, a sled test was conducted for a bus operator without any airbag restraint under the 

high-energy impact condition. It was observed from the test results that the operator 

experienced quite severe head injury. A bus operator sustained severe femur injuries, due to 

the severe impact with the dash. Also, the bus operator experienced higher pelvic 

accelerations. A Neck injury was close to the allowable safety limit of 1. This test was 

considered as a baseline to design an inflatable airbag restraint system. A numerical model 

was developed for this test and it was validated with the help of physical test data. This 

validated numerical model was used to design a novel inflatable lap belt airbag restraint 

system for mass transit bus operators. The Design of experiments technique was utilized to 

identify the optimum configuration. With the help of simulation model, airbags and inflators 

were manufactured. A Dynamic sled test was conducted to test the performance of novel 

inflatable lap belt airbag restraint system. The test results were quite similar to those 

predicted by simulation model. From the dynamic sled test and numerical models, it was 

observed that the airbag deployment at correct incident is highly effective. An airbag 

deployment during first 20 milliseconds of the crash event is highly effective. An inflatable 

airbag restraint system helped to reduce the head injury and the neck injury, while energy-

absorbing foams proved effective to reduce the femur injury and pelvic accelerations. With 

the implementation of an inflatable airbag restraint system design, even a two-point lap belt 

restraint system is sufficient for the safety of the mass transit bus operators.  
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 From the test and simulations conducted for the three-point restraint system, only 

femur injury was above the safety limit. Implementation of the airbag and knee-paddings 

helped to reduce the femur injury. However, only knee-paddings played a vital role in 

reducing the femur injury.  

5.2 Recommendations 

The numerical models can further be utilized for the study of different impact 

conditions and any development in airbag restraint system. Simulation models can be utilized 

to study different airbag triggering times. These models can be utilized to study the effect of 

different inflators. These models can be used to study different designs, shapes of airbags. In 

addition, these models can be used to study the effect of different vent diameter size. For 

simplicity and due to limited time, airbags were not folded, but these validated numerical 

models can be utilized to study the behavior of folded airbag mounted on the lap belt. Airbag 

with pretensioners could be more effective. Therefore, prototype with effective crash sensor, 

pretensioners and airbag folded in the seatbelt could be built and tested in the future. 
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APPENDIX A 

  

  

 

Figure A.1 Head Acceleration: Unrestrained Occupant 

  

  

  

 

Figure A.2 Chest Acceleration: Unrestrained Occupant  
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Figure A.3 Pelvic Acceleration: Unrestrained Occupant  

 

  

 

Figure A.4 Femur Forces: Unrestrained Occupant  
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Figure A.5 Neck Forces and Neck Moments: Unrestrained Occupant  
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APPENDIX B  

 

  

  

 

Figure B.1 Head Acceleration: Pre-Test Simulation 

 

  

  

 

Figure B.2 Chest Acceleration: Pre-Test Simulation 
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Figure B.3 Pelvic Acceleration: Pre-Test Simulation 

 

  

 

Figure B.4 Femur Forces: Pre-Test Simulation 
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Figure B.5 Neck Forces and Neck Moments: Pre-Test Simulation 
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Figure B.6 Airbag Characteristics: Pre-Test Simulation 
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APPENDIX C  

 

  

  

 

Figure C.1 Head Acceleration: An Inflatable Lap Belt Airbag (2-Point) 

 

  

  

 

Figure C.2 Chest Acceleration: An Inflatable Lap Belt Airbag (2-Point) 
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Figure C.3 Pelvic Acceleration: An Inflatable Lap Belt Airbag (2-Point) 

 

  

 

 

Figure C.4 Femur Forces and Belt Forces: An Inflatable Lap Belt Airbag (2-Point) 



92 

 

  

  

  

 

Figure C.5 Neck Forces and Neck Moments: An Inflatable Lap Belt Airbag (2-Point) 
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APPENDIX D 

 

  

  

 

Figure D.1 Head Acceleration: A 3-Point Belt Restraint (Without Airbag) 

 

  

  

 

Figure D.2 Chest Acceleration: A 3-Point Belt Restraint (Without Airbag) 



94 

 

  

  

 

Figure D.3 Pelvic Acceleration: A 3-Point Belt Restraint (Without Airbag) 

 

  

  

 

Figure D.4 Femur and Belt Forces: A 3-Point Belt Restraint (Without Airbag) 
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Figure D.5 Neck Forces and Neck Moments: A 3-Point Belt Restraint (Without Airbag) 

 

 
 



96 

 

APPENDIX E 

 

  

  

 

Figure E.1 Head Acceleration: An Inflatable Lap Belt Airbag (3-Point)  

 

  

  

 

Figure E.2 Chest Acceleration: An Inflatable Lap Belt Airbag (3-Point)  
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Figure E.3 Pelvic Acceleration: An Inflatable Lap Belt Airbag (3-Point)  

 

  

  

 

Figure E.4 Femur Forces and Belt Forces: An Inflatable Lap Belt Airbag (3-Point)  
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Figure E.5 Neck Forces and Neck Moments: An Inflatable Lap Belt Airbag (3-Point)  

 

 


