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ABSTRACT 

 

 

The aim of this research was to study the behavior of a wheel-chaired occupant for 

different crash scenarios in a mass transit bus. Actual crash sled tests were carried out at the 

National Institute for Aviation Research (NIAR) crash laboratory facility and validated 

according kinematics and injury parameters. Setup of these crash tests was done by following 

various wheelchair restraint and tie-down standards. Other factors, such as wheelchair placement 

in a bus environment were taken into consideration while preparing the sled tests. The Hybrid III 

50
th 

percentile anthropometric test device (ATD) was used for all crash pulses, as it represents 

the weight and size of an average American. 

  A detailed Computer-Aided design (CAD) model using CATIA V5 was created by 

applying a reverse engineering technique. This CAD model was then used to prepare a detailed 

finite element model (FEM) and a facet model which were used for carrying out simulations with 

the help of software such as MADYMO for multi-body dynamics and LS-DYNA for finite 

element analysis. These two models were then simulated for the same crash pulses as the actual 

sled tests to study the kinematics and injury parameters. To define correct material properties 

tension tests of the belt material were carried out to obtain the actual belt webbing 

characteristics. The detailed finite element model was developed and used to study the exact 

force-displacement relationship and to obtain the proper kinematics. Simulations were run using 

both software for all crash tests, and the kinematics and injury values were validated with the 

actual crash test values and kinematics. Validation was done using the MotionView software.  

The validation of the tests was studied to discern the various parameters responsible for 

the injury values of the wheel-chaired occupant. Further, a more detailed parametric study was 

carried out where these parameters were changed or modified to create combinations of restraint 
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and securement systems, in order to provide an overview of the appropriate choice of restraint 

and securement system to reduce the potential injury to the wheel-chaired occupant. 
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CHAPTER 1 

 

INTRODUCTION 

 

 

1.1      Motivation 

Vehicle transportation has become an essential part of our lives, both in public and in 

private. This has resulted in a great amount of research in the field of occupant safety and vehicle 

crashworthiness. A number of people have physical disabilities and the use of a wheelchair is 

necessary for their daily movement. For the past two decades, federal legislation has ensured that 

people with disabilities not be excluded from public transportation thereby making public and 

private transportation a vital part of their lives [1]. 

While many wheelchair users are able to transfer to the vehicle seat, many are not able to 

do this. For these, the legislation has ensured certain access to motor vehicles for people in 

wheelchairs, but this has generally not been followed by legislation that ensures a safe ride. 

Thus, persons seated in wheelchairs while traveling in motor vehicles, which include children 

traveling to school, adults commuting in public transit and paratransit vehicles, elderly traveling 

to and from nursing homes, and wheelchair-seated drivers and passengers of personally licensed 

vehicles, have generally traveled at significantly higher risk of injury in a vehicle crash than the 

able-bodied population [1]. 

  In 1990, the U.S. Congress enacted the Americans with Disabilities Act (ADA), barring 

unfairness against people with disabilities in employment practices, public accommodations, and 

telecommunication services. Therefore, public and private transportation service providers must 

accommodate persons seated in their wheelchairs [2]. 

Wheelchair users who are not able to transfer to a motor vehicle seat during transport 

must make use of their wheelchair to function as a vehicle seat. Unfortunately, design 
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characteristics that make a wheelchair suitable for mobility often are in direct conflict with 

characteristics that define an acceptable motor vehicle seat. Wheelchairs are intended to serve as 

a means of mobility, whereas motor vehicle seats are intended to restrain the passenger or driver 

to the motor vehicle which is responsible for the mobility. Motor vehicle seats also incorporate 

several design features that protect an occupant in a crash, and accordingly. Research has been 

done on vehicle seats but unfortunately only limited efforts have been taken in the case of 

development, and design of wheelchairs and their seating systems intended to serve as vehicle 

seats. The past decade has, however, seen an outbreak of activity related to wheelchair 

transportation standards development [2]. 

Development and compliance with these standards represents the critical first steps 

towards increasing the safety of those traveling seated in their wheelchairs. However, despite the 

tremendous effort that has been made towards industry standards, much work remains to bring 

the safety of persons traveling in wheelchairs to a level equivalent to that of a persons traveling 

seated in motor vehicle seats. 

1.2 Literature Review 

A study was carried out by Bertocci et al. [3] wherein the main objective was to promote 

proper wheelchair securement in transportation. The proposed ANSI/RESNA standard on 

wheelchairs used as seats in motor vehicles requires that all transit wheelchairs be equipped with 

four securement points compatible with strap-type tiedown belts. Computer simulations show 

that securement points play a vital role in wheelchair occupant injury responses. The study of 

computer simulations employs an injury risk assessment method to verify crashworthiness of 

wheelchair occupants and their relationship with securement points. Injury criteria set by Federal 

Motor Vehicle Safety Standards (FMVSS) and excursion limits set by Society of Automobile 
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Engineers (SAE) J2249 have been used as benchmarks for the assessment of injury responses of 

wheelchair occupants using Wheelchair Tie-Downs and Occupant Restraint Systems (WTORS). 

A study was done on a 50
th

 percentile male Hybrid III Anthropometric Test Device (ATD) seated 

in a commercial powerbase wheelchair with an applied pulse of 20g/30mph was applied to it. 

The wheelchair occupant was restrained by pelvic and shoulder belts and the wheelchair was 

secured by four strap-type tiedowns. Results of this study showed that securement points located 

1.5 to 2.5 inches above the evaluated wheelchair‟s center of gravity provide the most efficient 

occupant protection. This study was done with a power base wheelchair [3]. 

Shaw G. [4] from the University of Virginia Center for Applied Biomechanics showed 

that the securement and occupant restraint for wheelchair riders on mass transit buses is one of 

the most difficult problems faced by mass transit providers.  

The primary findings of this research include the following:  

1. There is not much published information about transit bus safety.  

2. The primary focus of most reported wheelchair incidents had non-collision events, in 

which improper wheelchair securement or occupant restraint resulted in minor injuries.  

3. Studies over thirty years indicate that the mass transit bus is an extremely safe form of 

transport. 

4. Wheelchair occupants do not face any risk of injury in the mass transit bus transport.  

Future study is needed to characterize seldom occurring major transit bus crashes. Information is 

required to establish an suitable level of crash safety so that that the future generation of 

wheelchair riders are not only convincingly safe but are also easy to put to use wheelchair 

occupants and mass transit bus providers [4]. 
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Work has also been done on behalf of the United Kingdom Department for Transport by 

TRL Limited [5]. The primary objective of this work was to study the safety of wheelchair 

occupants travelling in vehicles that ranged in seating capacity when compared with travelers 

seated in conventional seats that are fitted with headrests. In cases where the performance of the 

wheelchair occupant was below the mark as compared with the occupant travelling in normal 

seats, some modifications were assessed in case of wheelchair occupants. The approach included 

data taken from numerous sled tests and computer simulations performed with a wheelchair 

occupant. This work found that injury responses of the head and the neck were high due to lack 

of head and back restraint systems. However, it was found that such restraints should be met 

according to the requirements of ECE Regulation 17, which states that the wheelchair should 

serve the purpose for the head and back restraint system. Also, suggestions for an upper 

anchorage location for the diagonal restraint system  was found to be more favorable than a 

floor- mounted systems and it was found that these should meet rigorous strength requirements. 

It was also recommended that a protective space envelop for a frontal crash be provided and that 

a vertical stanchion is preferable over a horizontal bar in terms of avoiding excessive movement 

of the wheelchair [5]. 

The Biosciences Division of University of Michigan Transportation Institute (UMTRI) 

[6] has conducted sled tests on wheelchairs and studied the effect of restraint systems and 

wheelchair occupant injury responses for more than twenty years. The research staff at UMTRI 

has been active since 1985. Most of the wheelchair sled tests have been performed according to 

ANSI/RESNA Section 19. This voluntary standard was approved in May 2000. The primary test 

is the 48-kph, 20-g frontal impact test, which is conducted on the UMTRI rebound sled. 

Additional tests have also been carried out to test the secure points, clear path from restraint 
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systems, anchor points, lateral stability, and accommodation of the anchored wheelchair. 

WTORS have been dynamically tested on the UMTRI sled to study the performance of 

wheelchair occupant restraint systems [6]. 

When crash safety of the wheelchair occupant is compared using various wheelchair 

securement configurations the influence of multibody regions can be complicated. Comparison 

studies between occupant protection levels and various safety features have been undertaken by 

automotive manufacturers and consumers. To meet these needs, efforts by Viano et al. [7, 8] and 

Hackney et al. [7, 8] have addressed the improvement of a single indicator or measure that could 

be used for such comparisons of occupant protection. Methods developed by these researchers 

are based upon a comparison of measured biomechanical parameters and kinematic excursions, 

to established human injury tolerances and occupant excursion limitations that could prevent a 

probable injury. These researchers have defined and adapted various approaches, including 

studying the influence of securement point location on occupant risk of injury in the case of 

different crash conditions [7, 8]. 

Ha et al. [9] have researched the response of manual pediatric wheelchair in crashes and 

the associated injury risks .Three Sunrise Medical Zippie pediatric wheelchairs with a seated 

Hybrid III six year old ATD was sled tested in accordance with the WC-19 standard, which 

requires a 20g/48kph frontal impact test. A mathematical model was also developed in 

MADYMO, this model was validated against the sled test, and the kinematics were tried to 

match according to the sled tests. The force-time and acceleration-time history plots were plotted 

and compared with the sled tests. These tests were done with the Hybrid III six year old ATD 

[9]. 
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1.3     Objectives of the Research 

The objective of this research work was to study the effect of restraint and 

 securement systems of a wheelchair occupant in a mass transit bus in case of different crash 

conditions. Restraint and securement systems play a vital role in injury values of the wheelchair 

occupant, so it is necessary to know the factors related to these systems. Restraint and 

securement systems include pelvic belts, shoulder belts, and tiedowns. To study the kinematics 

and injury parameters, sled tests for various crash scenarios were carried out and validated with 

simulations modeled in software such as MADYMO and LS-DYNA. 

To have a good understanding of the correlation between the restraint and securement 

 system and the dummy, it is essential to have a detailed model in both software packages. 

Modeling of the wheelchair occupant in both MADYMO and LS-DYNA is a major part of this 

research work since the model must have the correct material properties for the restraint systems, 

like belts, and the wheelchair structure. A detailed model of the wheelchair occupant setup is 

also important in determining out the correlations. 

This research work also covers a detailed study of the parameters affecting the injury 

 values of the wheelchair occupant in order to determine the exact combination of the wheelchair 

occupant environment.  
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CHAPTER 2 

 

BACKGROUND  

 

2.1  Introduction 

Transit buses are a safe means of transportation because of their lower average speed and 

relatively high mass compared to other vehicles. Statistics related to accidents of motor vehicles 

show that transit buses are about 30 times safer in terms of fatalities per mile than other 

commuting vehicles such as vans, etc. One reason is the poor data collection and documentation 

regarding deaths and injuries of wheelchair occupants in transit buses who have less exposure 

compared to other passengers, so the fact that there is a need to have more idea on the safety of 

wheelchair occupants and their probable injuries during travel in transit buses. The facts that 

transit buses are a safe means of passenger travel is universal, since there have been no 

quantified and systematic analyses on the injury producing environment in a transit bus. This 

study is important because it can lead to some conclusions for the design and policy of WTORS. 

Researchers at some universities suggest that collisions related to transit buses should be 

quantified in terms of frequency and magnitude, including vehicle maneuvering and emergency 

braking. 

 Traveling includes risk in the form of injury during an accident. Government regulators 

make sure that existing travel be made quicker but safer so as to reduce the chances of an injury 

to passengers. Government traffic safety regulators try continually to reduce the price of travel. It 

has been seen that passengers with wheelchairs and other types of scooters are at a greater risk of 

being injured unless and until they and their chairs are safely and properly secured to the body of 

the transit bus. This has led to setting up of safety standards and mandatory usage of WTORS 

[10]. 
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National standards mandate the use of WTORS that abide with both the Americans with 

Disabilities Act (ADA) and the new Society of Automobile Engineers WTORS standard (SAE 

J2249). The use of WTORS can reduce the chance of a probable injury in the case of a accident 

involving a mass transit bus. Evidence shows that WTORS that abide with the standards namely 

ADA, WTORS and J2249 offer greater protection in the case of large, heavy, and relatively slow 

moving low floor mass transit buses. A certain amount of time is spent in operating these types 

of systems which is a problem in WTORS. There is a need to have more knowledge of these 

systems so as to establish barrier-free access to mass transportation. Various types of designs 

withstand different crash conditions and static strength requirements have also been developed. 

These designs also abide with both standards namely ADA and SAE J2249. These types of 

safety systems are a little more cumbersome compared to other safety systems used by 

passengers without wheelchairs, since they consist of a restraint system with four straps called 

tiedowns and separate shoulder and lap belts. Many design change efforts to make the existing 

safety system more simple and effective are been put but the efforts have not achieved much 

success because it is not easy to design one safety system exclusive for different types of 

wheelchairs. Some researchers also think that even though WTORS is a improved way to 

achieve safety in small passenger vehicles, they are over-designed for usage in mass transit 

buses. An effort must be made to design and develop a less-time-consuming safety system for 

the wheelchair occupant in order for WTORS to comply with ADA and SAE J2249 and to make 

them more users friendly so that they can be operated by the wheelchair occupant. This poses the 

possibility of generalization of overall design and an increase in some risk to the wheelchair 

occupant [10]. 
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 Despite research efforts over the years on WTORS, developers have not been able to 

completely satisfy ADA crash protection requirements without hindering the transit system. This 

is because ADA standards are more stringent than necessary, and there is no reason to believe 

that mass transit buses are not a safer option for wheelchair occupants [10]. 

2.2  Statistical Review 

 The National Center for Statistics and Analysis (NCSA) at the National Highway Traffic 

Safety Administration (NHTSA) has examined data from The Consumer Product Safety 

Commission‟s (CPSC) National Electronic Injury Surveillance System (NEISS) on cases 

involving wheelchair occupants in motor vehicles during the period from 1991 to 1995. The data 

was also collected for cases of injury to the wheelchair occupant because of improper or no 

securement and also during ingress and egress from the vehicle. The NEISS obtains data from a 

sample of 91 of the 6,127 hospitals nationwide. This data was used to estimate the number of 

injuries and deaths in traffic incidents. The data can be considered as conservative because it 

does not include cases without emergency care, it is focused on consumer injuries than motor 

vehicles, and cannot be determined whether the case involved a wheelchair user prior to 

accident, and so it may be excluded from the sample [11]. 

 As seen in Figure 2.1, during 1991 – 95, an estimated 299,734 persons in wheelchairs 

were injured, which is an average of 60,000 every year. More than 2 percent (7,121 of 299,734) 

of these were killed in incidents involving motor vehicles, which is 1,500 annually. Here it was 

noted that vans were involved in 48 percent of the cases, passenger vehicles in 30 percent and 

buses, ambulances and trucks in the remainder [11]. 
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Figure 2.1. Estimated number of wheelchair users injured or killed by  

various vehicles, 1991 – 95 [11]. 

 

Several reasons for these accidents can be classified as follows: 

1. Improper or no securement. 

2. Collision between a wheelchair and motor vehicle. 

3. Wheelchair lift malfunction. 

4. Tranferring to or from a motor vehicle. 

5. Falling onto or off  of a ramp. 

Figure 2.2, shows that improper or no securement was involved in 35 percent of the incidents, 

which was more than one-third.  Of the 2,494 wheelchair occupants whose injuries were related 

to improper or no securement , 65 percent involved vans, 18 percent ambulances and 17 percent 

buses, and none of them passenger cars [11]. 

Information on the severity of injury by the medical disposition for the estimated number 

of injured wheelchair occupants between 1991 – 95 is shown in Figure 2.3. 
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Figure 2.2. Wheechair users injured or killed by injury-producing activity, 1991 – 95 [11]. 

  

 

Figure 2.3. Estimated number of injured wheelchair users by injury severity and medical  

disposition, 1991 – 95 [11]. 
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Here, the proportion of serious injuries differed considerably for different types of injury- 

producing activity, e.g., more than 14 percent of wheelchair occupants who were involved in a 

collision were considered seriously injured. This number varied from 7 percent for serious 

injuries due to improper or no securement to approximately 3 percent for those involved in lift 

malfunctions, and none of them were serious as a result of falling off the ramp [11]. 

 Age statistics shown in Figure 2.4, indicate that 73 percent of the persons killed were 

above 60 years of age 18 percent were between 30 and 59 years old and the remaining were 29 

years of age or less [11]. 

 

 

Figure 2.4. Estimated number of wheelchair users injured or killed in motor vehicle incidents  

by age 1991 – 95 [11]. 

 

CPSC data reports indicated that 12 deaths occurred during 1991 – 95. This data cannot 

be treated as an input for national estimates, but the data does provide some insight into whether 

the injury-producing actions explained earlier are similar for injuries and fatalities. Here as 

shown in Figure 2.5, 75 percent of the cases are due to a collision between a wheelchair and a 

motor vehicle, whereas 26 percent of wheelchair users are seriously injured or killed by an 
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injury- producing activity, and 35 percent of wheelchair occupant injuries involve cases with 

improper or no securement. This tells us that there is a more chance of a major injury when a 

vehicle collides with a wheelchair than in other situations [11]. 

 

Figure 2.5. Wheelchair users seriously injured or killed by injury-producing activity, 1991 – 95 

[11]. 

 

 

2.3  Regulations and Standards 

In 1990, the United States Congress came up with the ADA which focused on disparity 

being done on the persons with disabilities in work, public and various other services. According 

to this act all public as well as private service providers should have provisions for disabled 

people and for them travelling in wheelchairs. According to statistics more than 1.2 million 

people use wheelchairs for public and private travel in the United States which means that there 

is an increase in more and more disabled people using wheelchairs as an aid in transportation 

systems [3]. 

This has led to useful occupant protection which mainly focuses on the factors such as 

the wheelchair, securement points which includes the anchoring of the wheelchair to the vehicle 

and the restraint system. According to ADA wheelchairs are used as seats in motor vehicles. This 
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makes it necessary that the wheelchair should be adjustable and compatible to various aspects in 

occupant protection such as the restraint system and various securement methods. The 

wheelchair should be able to abide with the various securement and restraint standards as the 

proper attachment of the occupant to the wheelchair and the wheelchair to the vehicle plays a 

vital role in crash worthiness [3]. 

 Taking these facts into consideration the American National Standards Institute / 

Rehabilitation Engineering Society of North America (ANSI/RESNA) subcommittee studying 

wheelchairs decided that a wheelchair used for transportation must be equipped with four 

securement points compatible with tiedown securement systems. This results in designing 

features for attachment of the wheelchair to the vehicle as well as the restraint system. The 

placement of these provisions is very important as a study has shown that these features are 

influencing factors in wheelchair crash responses. The design and performance of WTORS is 

addressed in a separate document in the form of a SAE recommended practice, J2249 WTORS 

for use in motor vehicles. The purpose of this ANSI/RESNA standard is to support occupant 

safety and decrease the risk of injury for motor vehicle occupants who remain seated in their 

wheelchairs during transit; this is done by improving the crashworthiness of wheelchairs by 

satisfying the requirements. By satisfying the requirements of occupant safety, this standard 

takes into account principles of occupant protection and conventional methods for dynamic 

testing to setup design and performance requirements for wheelchairs used in transport systems 

[12]. 

The ANSI/RESNA wheelchair standards (Volume 1, Section 19) standard is very 

important one and should be viewed in the totality of daily wheelchair use and the variety of 

standards to which all wheelchairs  should  fulfill. According to these standards the wheelchair 
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should provide mobility and should abide with the standards. Wheelchairs and various other 

products related to the wheelchair which follow these standards will result in better occupant 

protection. According to this standard, a wheelchair is considered to be a seating system which is 

comprised of a frame, a seat, and wheels that are designed to provide support and means of travel 

for persons with physical disabilities. Here, the term wheelchair comprises all types of 

wheelchairs, which include standard manual wheelchairs, powered wheelchairs, power-base 

wheelchairs, scooter-type wheelchairs, and specialized seating bases. These different types of 

wheelchairs can be seen in Figure 2.6 [12]. 

                      

(a) Manual wheelchair     (b) Electric wheelchair 

                      

(c) Heavy electric wheelchair    (d) Surrogate wheelchair 

 

Figure 2.6. Different types of wheelchairs [5]. 
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 A wheelchair satisfying all requirements of the ANSI/RESNA standard is considered to 

be safer and proper during normal transportation in a mass transit bus, vehicle crashes, and 

during emergency stops, etc. It should be noted that wheelchairs abiding with these standards 

cannot replace safety equivalent to seats and occupant restraint provided by vehicle 

manufacturer. Transfer from the wheelchair to the vehicle seat, and use of the original vehicle 

restraint systems is always suggested. This is recommended because the wheelchair 

manufacturer has almost no control over the types of transportation travel the wheelchair 

occupant might decide; therefore it is important that these standards perform well at different 

crash conditions. Wheelchair tiedowns with restraint systems have been put crash testing at 48 

kmph velocity change using a deceleration pulse, which falls in the specified decelerated time 

standard. The purpose of the standards specified is to provide safety to wheelchair occupants. 

Standards also include the proper turning radius to be specified hence making it easy for 

maneuvering the wheelchair inside the vehicle which helps in proper securement of the 

wheelchair as well as the restraint systems. The lateral stability of the wheelchair is also an 

important factor which decides the lateral movement of the wheelchair during travel. The 

standard also covers a compatibility of the various attachments provided in the vehicles as 

compared to the ones provided by the manufacturer. The standard also suggests that the 

wheelchair should be provided by four securement points or tie downs but this procedure is very 

much cumbersome as it involves lot of adjustments to be done during securement. Special care 

should be taken in case of pelvic belt as occupant space should be taken into consideration. 

Dynamically tested pelvic belt attachment with a shoulder belt should be taken into consideration 

and tested [12]. 
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This ANSI/RESNA standard specifies general design requirements, test procedures, and 

performance requirements for wheelchairs that are intended for use by a single occupant as a 

forward-facing seat in a motor vehicle. The provisions of this standard pertain to wheelchairs 

that may be used for single-occupancy seating in a wide variety of transportation modes and 

vehicle types, including transit buses, para transit vehicles, school buses, over-the-road coaches, 

and personally licensed vehicles [12]. 

This standard applies to wheelchairs that are intended for children with a body mass of 48 

pounds (about 6 years) or more, as well as for wheelchairs intended for adults. The requirements 

of this standard are intended for wheelchairs secured in a motor vehicle using a four-point, strap-

type tiedown system which complies with SAE J2249, when the wheelchair occupant is 

restrained by a belt-type occupant restraint system. This standard places particular importance on 

design and performance requirements, and related test procedures associated with various crash 

conditions, including the strength, geometry, and location requirements of wheelchair 

securement points including tiedowns and pelvic-belt anchor points on the wheelchair. In 

addition, the standard includes requirements for revelation of data by wheelchair manufacturers 

with regard to wheelchair size and turning radius, wheelchair lateral stability during normal 

vehicle travel, and place of vehicle-anchored, belt-type occupant restraint systems [12].   

2.4  Standards 

Some wheelchair standards are given as follows: 

Posture 

  The wheelchair provides the wheelchair occupant a seated posture, as measured 

according to ANSI/RESNA wheelchair (Volume 1 – Section 07) [12]. 

Mass 
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The mass of the wheelchair shall not exceed 182 kg (400 lb) when measured according to 

ANSI/RESNA wheelchair (Volume 1 – Section 05) [12]. 

Size 

  Wheelchair size shall be measured according to the provisions of ANSI/RESNA 

wheelchair (Volume 1 – Section 05) as follows, 

 Wheelchair length and breadth shall not exceed the dimensions specified in  

ANSI/RESNA wheelchair (Volume 1 – Section 93), such that the wheelchair length is 

not greater  than 1,300 mm (52.2 in) and the width is not greater than 700 mm (27.6 in). 

 The wheelchair height limitation of 1,090 mm (42.9 in) specified in ANSI/RESNA   

wheelchair (Volume 1 - Section 93) is not a requirement in this standard [12]. 

Reduction of Sharp Edges 

The wheelchair should be free of sharp edges so that the occupant is not injured during 

any kind of impact. The reduction in sharp edges can be done by using energy absorbing 

material. Here the energy-absorbing material should conform to the requirements of FMVSS 201 

and edge radius less than 2 mm is considered to be a sharp edge [12]. 

Number of Securement Points 

 Wheelchairs with a total mass of 125 kg (275 lb) or less, measured according to   

ANSI/RESNA wheelchair (Volume 1 – Section 05), must have four securement points 

which includes two front and two rear securement points. 

 Wheelchairs with a mass greater than 125 kg shall have at least two front and two rear   

securement points. The wheelchair may be provided with additional securement points as 

needed to meet dynamic performance criteria [12]. 

Attachment of Securement Points 
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The wheelchair securement points shall be attached to the wheelchair frame or base. The 

securement points are either a part of the wheelchair frame or fixed by fasteners. [12]. 

Anchor-Point Locations 

Pelvic-belt anchor points shall be located so that the projected side-view angle of the 

pelvic belt is between 30° and 75° to the horizontal, as indicated in Figure 2.7.  If a range is 

given care should be taken to conform the belt angles with the specified range [12]. 

 

Figure 2.7. Required range of angles for wheelchair-anchored pelvic belts when installed on the 

appropriate-size ATD [12]. 

 

Shoulder-Belt Interface 

The pelvic belt is outfitted with standard link up hardware to enable attachment of a 

suitably equipped shoulder belt to either the left or right side of the pelvic belt. This hardware 

shall: 

 Consist of a pin/bushing assembly similar to that shown in Figure 2.8, that will  

effectively fit into place with the shoulder-belt end fitting shown in Figure 2.9, and 

 Be permanently secured to the pelvic-belt on both the left and right portions  

of the belt, in a manner that: 

o Provides access for attaching the shoulder-belt end fitting, and 

o Places the effective point of attachment between the shoulder belt and the pelvic belt  



20 

 

 within 75 mm of the H-point of the ATD [12]. 

 

Figure 2.8. Pin/bushing assembly required on the left and right halves of the wheelchair-

anchored pelvic belt [12]. 

 

 

 

Figure 2.9. Geometry of shoulder-belt end fitting to which the pelvic-belt pin/bushing assembly 

shall effectively engage [12]. 

 

SAE J2249 has few requirements that apply only to WTORS such as types of tiedowns; it 

is recommended that WTORS is used for crash worthiness purposes. Here the important factor to 

take into consideration is that the WTORS should include a belt-type occupant restraint system 

which can either be a three-point restraint system developed by the vehicle manufacturer or can 

be the occupant restraint system provided by the WTORS manufacturer. Care has to be taken 

when WTORS is put into use as it has to taken into consideration that both the upper and lower 

torso restraints are being included in the complete WTORS system.  The use of WTORS cannot 

be enforced onto an individual wheelchair occupant [12].  
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Unlike the comparable ISO WTORS standard, SAE J2249 is used for children and adults. 

It is necessary for WTORS standards to exhibit a high strength as the conditions in private and 

public transport are sometimes uncontrollable. A WTORS designed for use with only lighter-

weight child-size wheelchairs and occupants can be tested to the SAE J2249 standard using a 

specific wheelchair. In this case, particular marking and labeling is required on the WTORS 

components and in the WTORS literature to specify limitations, and minimize the likelihood of 

misuse [12].  

2.5  Definitions 

Even though most definitions of occupant restraint systems are self explanatory there is a 

need to quote the definitions of some terms in order to clarify the meaning of a term which is 

unique in terms of the wheelchair occupant restraint systems. These definitions are taken from 

the SAE J2249 standard for wheelchair occupant restraint systems, 

Restraint: This term is defined with respect to the occupant and not with respect to the 

wheelchair [13].  

Belt: This term is used only in the context of a length of webbing material in an occupant 

restraint [13]. 

Strap: This can be referred to webbing material. This is usually in case of tie downs used as 

vehicle securement to the vehicle [13]. 

Anchor point and securement point:  Both these points are attachment points and are used for 

attaching the wheelchair to the vehicle and the occupant to the wheelchair. Wheelchair is 

generally secured to anchor points. The securement of the wheelchair to the vehicle is known as 

„grabbing‟. Therefore a wheelchair can have four securement points or it can have two 

securement points depending on the type of securement system [13]. 
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End fitting: This term involves all the hardware which is used for an anchorage and securement 

of the wheelchair occupant [13]. 

Independent occupant restraint: This means that all the anchor points are on the wheelchair 

and all the forces i.e. upper and lower are transferred to and through the wheelchair [13]. 

Integrated occupant restraint: This means that the pelvic belt anchors to tiedown components 

that are located close to, or attached to, the wheelchair, as is the case with some systems [13]. 

Figure 2.10 illustrates this more liberal definition of an integrated occupant belt restraint 

with a our-point, strap-type tiedown compared to an independent occupant restraint that anchors 

to the vehicle.  

 

 

Figure 2.10. Integrated (left) and independent (right) three-point belt restraint and four-point, 

trap-type tiedown [13]. 

 

2.6  General Injury Mechanisms in Crash Scenarios 

In motor vehicle crashes, three types of collision forces can cause injuries. The first force 

is the direct impact due to the collision between the motor vehicle and another object. The 

second is any collision that may occur between the intruded parts of the vehicle and the 

passenger body. The third involves the violent collision of body organs within the body frame. 
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The last two forces increase the importance of consistent use of safety restraints in motor 

vehicles. 

2.6.1 Head Injury  

 Injuries to the head are divided into three different sections as follows: 

 Skull injuries 

 Brain injuries 

  Scalp injuries  

2.7 Injury Criterion 

2.7.1  Head Injury Criterion (HIC) 

The head injury criterion (HIC) is used in case of head injury. Values greater than 1,000 

suggest that there are chances of serious head injury. HIC is calculated when the head of the 

occupant comes in hard contact with another rigid object during a frontal (contact) impact. 

It is evaluated as 
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where 

 t1, t2 = arbitrary instants of time when head experiences acceleration or deceleration. 

 a(t) =  resultant linear acceleration at the center of gravity of the head 

2.7.2  Neck Injury Criterion 

Neck injury occurs from compressive or tensile forces along the axis of the neck or shear 

forces acting perpendicular to the neck axis. The duration of the load which acts on the neck is 

also important as it affects the level of injury. Neck injuries can even occur due to moments. A 
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limiting value of 504 in-lb and 1,680 in-lb is set for moments in extension and flexion, 

respectively. (SI equivalent of 1 lb-f is 4.484 N and in 1 in-lbf is 0.1130 N-m). 

2.7.3  Thoracic Trauma Index 

The thorax consists of some vital organs like the heart, and the chest which are vulnerable 

to rapid changes in the acceleration pulse. In cadaver tests, the peak lateral acceleration on the 

struck side of the rib and lower thoracic spine highly influences the injury to the thorax [14]. 

2.8  FMVSS 208 Injury Criteria 

The FMVSS 208 standard was developed to reduce the number of fatalities and number 

of severity of injuries to occupants involved in frontal crashes. This standard also specifies the 

injury criteria for various ATD‟s. This standard is used for estimating the fatalities from frontal 

impacts. Parameters from FMVSS 208 are used to compare results obtained from MADYMO 

model of a frontal impact involving a transit bus. Injury criterion is shown in Table 2.1. 

TABLE 2.1  

INJURY CRITERIA FOR 50
TH

 PERCENTILE ATD 
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2.9 Standard Bus Procurement Guidelines (SBPG) 

The Standard Bus Procurement Guidelines (SBPGs) is a model for solicitation of offers 

and contracts for the supply of transit buses. They are intended to replace the Baseline Advanced 

Design Transit Coach Specification or “White Book,” which was developed 20 years earlier for 

the Federal Transit Administration.  

2.9.1 Wheelchair 

  A mobility aid belonging to any class of three or four-wheeled devices, usable indoors, 

designed for and used by individuals with mobility impairments, whether operated manually or 

powered.  A “common wheelchair” is such a device that does not exceed 30 inches in width and 

48 inches in length measured two inches above the ground, and does not weigh more than 600 

pounds when occupied [15]. 

2.9.2 Baseline: Two Wheelchair Securement Locations, at Least One Forward Facing 

Two wheelchair locations, at least one of which must be forward facing, as close to the 

wheelchair loading system as practical, shall provide parking space and securement system 

compliant with ADA requirements for a passenger in a wheelchair [15]. 

2.9.3 Alternative I: Two Forward-Facing Wheelchair Securement Locations  

Two forward-facing locations, as close to the wheelchair loading system as practical, 

shall provide parking space and securement system compliant with ADA requirements for a 

passenger in a wheelchair [15]. 

2.9.4  Alternative II: Greater Number of Wheelchair Securement Locations  

Location(s), as close to the wheelchair loading system as practical, shall provide parking 

space and a securement system compliant with ADA requirements for a passenger in a 

wheelchair. 
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Additional equipment, including passenger restraint seat belts, shoulder harnesses and 

wheelchair securement devices shall be provided for each wheelchair passenger. All belt 

assemblies must stow out of the way when not in use [15]. 

2.9.5    Securement Devices 

2.9.5.1 Design Load 

Vehicles with GVWRs of 30,000 pounds or greater, should restrain a force of up to 2,000 

pounds per securement leg in the forward longitudinal direction for the securement systems and 

4,000 pounds for clamping mechanism. Vehicles with Gross Vehicle Weight Ratio (GVWR) of 

up to 30,000 pounds, should restrain a force of up to 2,500 pounds per securement leg in the 

forward longitudinal direction for the securement systems and 5,000 pounds for clamping 

mechanism [15]. 

2.9.5.2 Orientation 

 In vehicles measuring in excess of 22 feet in length, atleast one securement feature 

should be present for forward facing position of the wheelchair. Rearward protection can be 

taken in account by a rear post extending from a height of 38 inches from the vehicle floor to a 

height of 56 inches from the vehicle floor having a width of 18 inches, laterally centered located 

at the back of the seated individual [15].  
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CHAPTER 3 

 

 SLED TEST PROCEDURE OF WHEELCHAIR 

 

3.1  Introduction 

 Sled tests have always been an important part of any research done on crash testing. To 

achieve better crash test results, sled tests have been put to use. These tests include the 

measurement and recording of various facts and figures, which are vital during the research 

conducted. Sled tests provide a good correlation of data when compared to the actual crash 

scenarios, but it is also true that some complex real life crash scenarios cannot be performed in 

the form of sled testing. 

 In this study, four different conditions were sled tested for the wheelchair, resembling 

real-life scenarios, and sled test procedures and standards were maintained so that the test could 

be replicated exactly according to the real life condition. Various standards were followed, 

keeping in mind the wheelchair manufacturer‟s terminology and the overall requirements of the 

sled test.   

3.2  Wheelchair Occupant Environment 

 A typical setup of a wheelchair in a mass transit environment is shown in Figure 3.1. This 

setup was used for all conditions. For this sled test setup, all conditions were performed 

individually; therefore different setups were created for different conditions. This was 

done by studying the wheelchair occupant environment then preparing a similar set up for 

the crash sled pulse tests. 
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                    Figure 3.1. Typical mass transit wheelchair occupant environment 

 Crash pulses were decided according to a previous Finite Element Analysis (FEA) done 

so that the severity of the crash pulse would already be known and the desired simulated 

pulse can be decided. 

 A typical frontal sled setup can be seen in Figure 3.2. 

 

Figure 3.2. Frontal impact sled test setup 
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 Then the sled setup was prepared, in and the vehicle buck was constructed. This is an 

important phase, since the dummy kinematics and the interaction with the environment 

can been studied in detailed if the correct setup is constructed. The appropriate material 

used for constructing the environment was chosen, and the whole setup was prepared 

accordingly. Multiple cameras were fitted in different locations to obtain a good view of 

all the dummy kinematics so that the biomechanical responses and interaction could be 

studied accurately.  

 Then the kinematics and biomechanical performance of the occupants were evaluated. 

3.3 Crash Test  

3.3.1    The sled 

 The crash sled facility at NIAR as shown in Figure 3.3, houses a servo-hydraulic MTS 

model 888.20 crash simulator. This system works using deceleration, whereas the crash pulse 

magnitude is attained, and then the sled is decelerated to a dead stop. All sled tests were 

conducted in a similar fashion and in the same crash testing facility at NIAR. This facility uses 

the MTS system Inc. accelerator.  

 

Figure 3.3. Sled test facility at NIAR 
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3.3.2  Anthropomorphic Test Device (ATD) 

A typical ATD is shown in the Figure 3.4,  

 

Figure 3.4. Hybrid III 50
th

 percentile ATD. 

3.3.3    Comparison of weight  

TABLE 3.1 

 COMPARISON OF WEIGHT FOR HYBRID III 50
TH

 PERCENTILE ATD [16]. 
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3.3.4 Segmented weights 

TABLE 3.2 

 SEGMENTED WEIGHTS FOR HYBRID III 50
TH

 PERCENTILE ATD [16].  

 

3.3.5 External Dimensions  

TABLE 3.3 

 EXTERNAL DIMENSIONS FOR HYBRID III 50
TH

 PERCENTILE ATD [16].  
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3.3.6    Data Processing 

 Data processing is an important part of sled testing as the data collected is very useful in 

the process of validating the sled tests. This data is collected by the means of an onboard system. 

Three cameras were mounted around the sled test setup. All of these were SpeedCam VISARIO 

High Resolution (1000 fps @ 1536 x 1024 pixel resolution). One of the cameras was mounted at 

the side with the help of a mounting fixture specially designed for the camera mounting. The 

second one was mounted directly in front of the sled test setup which gives us a frontal view of 

the test, this is also called the onboard camera and the third one was mounted at the top of the 

setup. Pre-test and post-test pictures were taken of the test setup in order to correctly place the 

dummy according to the wheelchair environment. As mentioned previously a pre and post 

measurement of the Initial Graphics Exchange Specification (IGES) data points was conducted 

in order to obtain the change in position of the dummy and the Wheelchair environment. This 

was done with the help of a Coordinate Measuring Machine (CMM). 

3.4 Test Method 

The following test procedure was followed during sled tests for various crash conditions: 

 Set up the high-speed video system to record the impact during the sled test and the ATD 

from different views. 

 Ensure all sections of the fabrication used are fastened to the sled. 

 Anchor the wheelchair to the sled with tiedowns, symmetrical about the reference plane 

of the wheelchair such that the following applies: 

o The distance between the front and rear anchor points is 1295 + 25 mm (50 to 52 in). 

o The rear anchor points are located laterally within 25 mm of the rear wheelchair.  
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o Securement points must be not less than 300 mm or more than 610 mm (12 to 24 in)    

  apart. 

o The centers of the front anchor points should be between 300 and 710 mm (12 to 28 

in) apart, but in line with, the lateral positions of the front wheelchair securement 

points. 

 Position the wheelchair facing forward on the sled between the front and the rear tiedown 

anchor points. 

 Attach the tiedowns to the wheelchair securement points and secure them.  

 Secure the wheelchair by adjusting the tiedown tension between 100N and 200N (about 

22 to 44 lb). Ensure that the projected angles on the side of the rear tiedown with the 

horizontal are approximately 45 degrees. Vary the length of the tiedown between 495 mm 

and 521 mm if this cannot be achieved. 

 Lock the wheelchair, and check for any movement of the wheelchair for some force. 

 Position the ATD sitting upright and symmetrically in the wheelchair, with the pelvis as 

close to the backrest of the wheelchair as possible and both forearms resting on the 

armrests of the wheelchair. 

 Position the upper and lower torso belts according to Figure 3.5., or given in the 

wheelchair manual. 
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Figure 3.5. Preferred zones for location of shoulder belt on ATDs torso [12]. 

 

  If the wheelchair is equipped with a wheelchair-anchored pelvic belt do the following: 

o Buckle the pelvic belt around the ATD pelvis and adjust to a snug fit. 

o Bolt the upper anchorage of the shoulder-belt assembly to the rigid support called the   

 post structure at a location that provides a  good fit of the shoulder belt to the ATD‟s  

 chest and shoulder. 

o Tie up the shoulder-belt end fitting to the pin/bushing assembly on the pelvic belt. 

o Check both shoulder and pelvic belts for a good fit. 

 When the pelvic belts are not part of the wheelchair, use the following method  

o  Attach the floor anchorages of the pelvic belt to the sled platform so that they are 

located longitudinally between the rear tie down anchorages and the wheelchair, and 

laterally within 100 mm of the wheelchair side frames, and so that the side-view pelvic 
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belt angles are achieved between 30° and 75° to the horizontal when the pelvic belt is 

positioned around the pelvis of the ATD. 

o Position the pelvic belt webbing as low as possible on the ATD's pelvis as in the 

Figure 3.6.  

 

 

Figure 3.6. Test location of shoulder-belt upper-anchor point or guide point, and angles 

of shoulder belt for tests conducted with midsize male ATD [12]. 
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 Measure the height of the ATD‟s left and right H-points from the sled platform. 

 Verify that the wheelchair is in line with the direction of sled travel. 

 Measure and record the side-view projected angles of all tie down straps and restraint  

belts relative to the horizontal. 

 Measure and note down all securement-point-to-anchor-point distances. 

 Conduct impact test by activating the appropriate sequence of events to record  

 Record data, like the ATD positioning points and the whole setup of the wheelchair [12].  

3.5  Frontal Impact Sled Test  

3.5.1  Frontal Impact Sled Test Configuration 

 The sled test configuration is as shown in the Figure 3.7., where the wheelchair is 

mounted on the sled. The dummy was the Hybrid 50
th

 percentile ATD with the dummy facing 

the firing end of the sled.  

 The mounting of the wheelchair to the sled was done with the aid of tiedowns or straps 

which are bolted to the sled at one end and anchored to the wheelchair at the other. The dummy 

was restrained with the help of a three point belt system of which the pelvic belts were attached 

to the sled and the shoulder belt was mounted to the side post, which resembles the bus wall in 

real-life scenarios. The rear wheels of the wheelchair were locked with the help of brakes so as to 

restrict any movement of the wheelchair. Figure 3.7 also shows a comparison of the actual sled 

setup with a modeled setup.   
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Figure 3.7. Frontal impact sled test configuration  

The sled pulse for frontal impact testing obtained was extracted from a simulation of Bus 0 mph 

with rigid wall. This can be seen in Figure 3.8. 

 

Figure 3.8. Acceleration pulse for front impact sled test. 

 

The sled test summary Table 3.4 can be given as, 
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TABLE 3.4 

 

 FRONTAL IMPACT SLED TEST SUMMARY TABLE 

 

 

 

3.5.2 Frontal Impact Sled Test Kinematics 

 The frontal impact sled test kinematics were framed as shown in Figure 3.9. 

   

   

Figure 3.9. Frontal impact sled test kinematics. 
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3.5.3  Frontal Impact Sled Test Results 

 FMVSS 208 injury criteria for Hybrid III 50
th

 percentile belted ATD. The sled tests 

summary is shown as in Table 3.5. 

TABLE 3.5 

 FRONTAL IMPACT SLED TEST INJURY PARAMETERS 

 

3.6  Rear Impact Sled Test  

3.6.1  Rear Impact Sled Test Configuration 

 The test setup was kept same as in the case of frontal impact the only change being the 

rear head bolster. This was designed and positioned according to the ANSI-RESNA standard for 

rear protection. The standard setup is as shown in Figure 3.10. 
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Figure 3.10. Rear impact sled test configuration 

The sled pulse for rear impact testing obtained was extracted from a simulation of a rear impact 

of Bus 0 mph with a Bus traveling at 20 mph as seen in Figure 3.11. 

 

 

Figure 3.11. Acceleration pulse for rear impact sled test acceleration pulse 

 



41 

 

Test parameters for rear impact sled test are shown in Table 3.6. 

TABLE 3.6 

 

 REAR IMPACT SLED TEST SUMMARY TABLE 

 

3.6.2 Rear Impact Sled Test Kinematics 

Rear Impact sled test kinematics were framed, as shown in Figure 3.12. 

   

 Figure 3.12. Rear impact sled test kinematics (continued) 
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Figure 3.12. Rear impact sled test kinematics 

3.6.3  Rear Impact Test Results 

 FMVSS 208 injury criteria for Hybrid III 50
th

 percentile belted ATD. The sled tests 

summary is shown as in Table 3.7. 

TABLE 3.7 

 REAR IMPACT SLED TEST INJURY PARAMETERS 
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3.7  Driver Side Impact Sled Test 

3.7.1  Driver Side Impact Sled Test Configuration 

 The set up was a side impact one with the impact from the driver‟s side of the bus. A 

wooden plate was used as the sidewall of the bus. The rest of the setup was same as that of the 

frontal impact one the only difference being the sidewall was attached to the sled by means of 

bolts as shown in Figure 3.13. 

 

               

 

Figure 3.13. Driver side impact sled test configuration 

The sled pulse for frontal impact testing obtained was extracted from simulation of side impact 

of Bus 0 mph with F800 25 mph as shown in Figure 3.14. 
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Figure 3.14. Acceleration pulse for driver side impact sled test.  

The test parameters are as shown in Table 3.8. 

TABLE 3.8 

 

 DRIVER SIDE IMPACT SLED TEST SUMMARY TABLE 
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3.7.2 Driver Side Impact Sled Test Kinematics 

The driver side impact sled test kinematics were framed as shown in Figure 3.15. 

   

   

 

Figure 3.15. Driver side impact sled test kinematics. 

3.7.3  Driver Side Impact Sled Test Results 

 FMVSS 208 injury criteria for Hybrid III 50
th

 percentile belted ATD. The sled tests 

summary is shown as in Table 3.8. 
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TABLE 3.9 

 DRIVER SIDE IMPACT SLED TEST INJURY PARAMETERS 

 

3.8  Door Side Impact Sled Test 

3.8.1  Door Side Impact Sled Test Configuration 

 This test setup was similar to the one used for the driver‟s side impact. No change is 

made to the setup the only change is in the direction of impact being the opposite one to the 

driver‟s side impact. The sled test setup is shown in Figure 3.16. 

            

 

Figure 3.16. Door side impact sled test configuration. 



47 

 

The sled pulse for frontal impact testing obtained was extracted from a simulation of a side 

impact of Bus 0 mph with F800 25 mph as shown in Figure 3.17. 

 

Figure 3.17. Acceleration pulse for door side impact sled test. 

The test parameters for a door side impact are summarized in Table 3.10. 

                TABLE 3.10 

 

 DOOR SIDE IMPACT SLED TEST SUMMARY TABLE 
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3.8.2 Door Side Impact Sled Test Kinematics 

The door side sled test kinematics were framed as shown in Figure 3.18. 

   

   

 

Figure 3.18. Door side impact sled test kinematics. 

3.8.3  Door Side Impact Sled Test Results 

 FMVSS 208 injury criterions for Hybrid III 50
th

 percentile belted ATD. The sled tests 

summary is shown as in Table 3.11. 
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TABLE 3.11 

 DOOR SIDE IMPACT SLED TEST INJURY PARAMETERS 
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CHAPTER 4 

 

 FINITE ELEMENT MODEL OF WHEELCHAIR 

 

4.1 Introduction 

 Finite element modeling of the wheelchair was carried out to study force-deflection 

characteristics and kinematics of the model. CAD geometry was put to use by meshing 

individual parts and then grouping them to form a meshed model, which was then converted into 

a finite element model. This process involved the use of various finite element software; 

therefore, development of finite element model of the wheelchair was done using various 

computer-aided tools. The complete finite element (FE) process included three main stages: 

 Pre-processor 

 Solver 

 Post-processor 

4.2  Pre-processor 

 Pre-processors are used in finite element modeling to generate an FE model so that the 

solver is ready to solve it with the help of an input deck generated by the pre-processor. 

 HyperMesh 

  HyperMesh is a very efficient finite element pre-processor and a post-processor which is 

used for finite element modeling for engineering analysis. HyperMesh has user-defined quality 

criteria, which in meshing high-fidelity models. This software also includes functions such as 

automatic mid-surface generation for varying thickness of models and morphing to modify an 

existing design to new proposals. HyperMesh provides ease in importing and exporting of data in 

the form of model files from the CAD software package and to the post-processor if required. It 
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also provides a means of cleaning the geometry that contains gaps, misalignments, overlaps, and 

surfaces with holes which finally results in auto meshing and good quality mesh generation [17]. 

A typical screenshot of the wheelchair is shown in Figure 4.1.  

 

Figure 4.1. Typical screen shot of HyperMesh. 

The FE model was meshed through HyperMesh v 8.0 service pack 1. This version was 

released and marketed by Altair Engineering Inc. 

 OASYS Primer 

  The Oasys PRIMER is a pre-processor developed by OASYS (Ove Arup SYStems) and 

is used to modify or prepare LS-DYNA models. This is user friendly software, which results in 

improving overall efficiency and reduction in time for modifying finite element models. The user 

interface is such that it supports LS-DYNA very well without any compromises. The keyword 

file can be completely generated and gives a clear idea of setting up the cards and modifying 

existing cards because of its visual user interface.  
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 This software has a unique function in that; it can detect a dummy‟s rotational degrees of 

freedom so that the dummy can be positioned easily and properly. It also provides the stop angles for 

the respective dummy positions. A typical primer is shown in Figure 4.2. 

 

Figure 4.2. Typical Primer interface 

 Primer is also capable of quick editing the keyword file and has the ability to provide 

spotwelds. 

4.3  FEA Solver 

LS-DYNA3D is a registered trademark of the Livermore Software Technology 

Corporation. LS-DYNA is a explicit as well as a implicit solver which is used to analyze the 

nonlinear dynamic response of finite element models. The contact analysis done in this software 

is automatic which enables users to solve many complex problems. It also has good error 

checking features. This software consists of many has many solution procedures which can 

simulate various physical conditions of different structures viz. linear dynamics, nonlinear 
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dynamics, quasi-static, contact, crack propagation, Eulerian, Arbitary Lagrangian Eulerian 

(ALE), thermal, failure, fluid structure interaction, coupling, multi- physics, real-time acoustics 

etc. Hourglass viscosity or stiffness is used in case of zero-energy for under-integrated solid and 

shell elements.  

Areas where LS-DYNA is primarily used in the following applications: 

 Simulating crash scenarios in aircraft, automobiles, trains, ships etc. 

 Structural analysis  

 Metal forming applications such as extrusion, forging, spinning, sheet metal stamping, 

deep drawing, ironing, rolling, casting, deep drawing, hydro forming. 

 Occupant safety analyses such as airbag and seat belt modeling. 

 Modeling SPH as in the case of bird strike [18, 19]. 

4.4  Post processor  

Altair Motion view is a pre and post-processing software for simulations related to 

various analyses mentioned above, it can also be used for visualization purpose. Altair 

MotionView has found great importance in industry due to its application in flexible bodies. It is 

also very efficient in working with windows and UNIX and can import and export data from 

various solvers such as MADYMO, LS-DYNA, ADAMS, DADS, ABAQUS etc. MotionView is 

capable of producing animations which are an important part of any analysis. It is also highly 

interactive which gives it an edge over other similar softwares.   

4.5   Livermore Software Technology Corporation (LSTC) Dummy 

 The finite element ATD models are Hybrid III dummy models made by Livermore 

Software Technology Corporation (LSTC). This model library comprises of three different types 
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namely the 5
th

 percentile, 50
th

 percentile and 95
th

 percentile. Here, the 5
th

 percentile represents 

the small female and the 95
th

 percentile represents the large male, which are scaled versions of 

the 50
th

 percentile dummy model, which is shown in Figure 4.3. These models are available in 

fully deformable and rigidized formats. 

 

 

 

Figure 4.3.  50
th

 percentile LSTC dummy. 

 The dummy shown in the above figure was used for all the sled tests. The 50
th

 can be 

represented as the “average” size and weight of a male in the United States of America.  

The ATD Finite element specifications are as shown in Table 4.1. 
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TABLE 4.1 

  DUMMY INFORMATION [18]. 

 

4.6 Wheelchair FE Model Generation Process 

 After generating the CAD model for the wheelchair the individual CATpart files were 

exported to Hypermesh 8.0 for mesh generation. A detailed mesh was done on the wheelchair 

model and mesh density was maintained constant all over the part as almost all parts of the 

wheelchair is in contact with the environment. To get the correct biomechanical responses of the 

wheelchair occupant it was very important that the setup was correct as it was in the sled tests. 

Therefore, all environmental parts were also taken into consideration namely, side post, sidewall, 

and rear bulkhead, and they were meshed properly in order to have a good simulation model for 

different crash scenarios.  

The following was used to develop a detailed FE model of the wheelchair: 

 A detailed CAD model of the wheelchair was prepared taking into consideration all the 

structural aspects of the wheelchair; this was done using CATIA V5 as the modeling tool. 

This was done to ensure the same FE structure for simulation purpose as it was there for 

the sled tests conducted. 
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 All the parts were modeled individually so as to export them separately in IGES format to 

Hypermesh 8.0. 

 After the successful export of all the part files to Hypermesh 8.0, each part was opened 

individually and meshing was carried on each part. Meshing criteria was taken into 

consideration and all the parts are meshed hence maintaining the mesh density.  

 The wheelchair assembly as shown in Figure 4.4, were meshed. Shell meshing was done 

on most of the parts with mid-surfaces of the shell meshed parts. This was done by using 

the mid-surf command in Hypermesh 8.0. After doing this the extracted mid-surface was 

transferred to a new component where the part is meshed, so each part was meshed in a 

separate component. 

 

 

Figure 4.4.  HyperMesh model of the wheelchair 
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 A proper quality criterion was used for creating the meshed parts. 

 Proper mesh quality criteria were used while creating mesh and parts were remeshed to 

meet quality criteria. Parts are connected to each other by spot welds. 

 To achieve the exact biomechanical responses of occupants in the bus, the parts of the 

model were meshed in detail considering the effect of each part on the injury values to 

the occupants. 

The complete FE model of sled model was then set to fulfill the criterion set for analysis through 

LS-DYNA. The FE model generated is of following configuration as shown in Table 4.2. 

TABLE 4.2  

MODEL STATISTICS 

 

The units of the model were as follows: 

 Mass: Tones 

 Time: Seconds 

 Length: Millimeter 

 Force: Newton 

 Density: Tones/mm
3
 

The complete step-by-step process of modeling is shown in Figure 4.5. Here the process 

starts from the CAD geometry which is then meshed in HyperMesh and then converted into a 

key file in Primer where the pre-processing is done. 
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Figure 4.5.  Step wise process from CAD to FE model of the wheelchair. 

 

4.7  Element Formulation 

 For most of the parts shell element with element formulation 2 was used. Here the 

Belytschko-Lin-Tsay element formulation is used instead of the Hughes-Liu element 

formulation. The Belytschko-Lin-Tsay shell element was developed back in 1981, as an 

alternative to the Hughes – Liu element formulation. The difference between these two types of 
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element formulation is that as integration points through the thickness increases more 

mathematical operations are required are more for Hughes-Liu formulation as compared to 

Belytschko-Lin-Tsay element. This can be seen if we take for example 5 integration points 

through the thickness of the shell element for this application, the Hughes-Liu formulation 

requires 4,066 mathematical operations whereas the Belytschko-Lin-Tsay requires 725 

mathematical operations  which makes the Belytschko-Lin-Tsay formulation more cost effective 

and efficient [18, 19].  

4.8  Mesh Quality Criterion 

 Here the minimum length of the shell element was an important factor to be taken into 

consideration as the minimum length is taken for calculation of the time step is calculated when 

the model is run for analysis. Also the percentage of trias should be less than 5% of the total 

number of shell elements.  

 The mesh quality criteria for the wheelchair model is shown in Table 4.3,  

TABLE 4.3 

 MESH QUALITY CRITERIA 

 

 

 



60 

 

4.9  Material Model and Properties 

 The wheelchair is made up of different materials and hence it is important to assign 

different material properties to different parts of the wheelchair. In Ls-Dyna we can define 

approximately 100 material models. In sled the cage structure is mainly made of steel, sled 

structure supporting plates are made up of aluminum and wooden floor is used.  

In this section all the material models used in bus were discussed. 

Mat_024: MAT_PIECEWISE_LINEAR_PLASTICITY  

This material card was used for most of frame parts.  This is material type 24 is an elasto-plastic 

material with an arbitrary stress versus strain curve and arbitrary strain dependency can be 

defined using this model. Material type 24 is used for all frame and steel parts. This card is 

defined as follows in the Table 4.4. 

TABLE 4.4 

 

 MAT- PIECEWISE LINEAR PLASTICITY MATERIAL CARD 

 

Variable MID RO E PR SIGY ETAN FAIL TDEL 

Type 10012 7.85E-9 210000 0.3 350 470.0 0.0  

Default None None None None None 0 10e+20 0 

Variable C  P  LCSS LCSR VP    

Type 0 0 0 0 0    

Default 0 0 0 0 0    

 

List of parts defined by this material card are as follows, 

 Wheelchair structure 

 Side post 
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Mat_020: RIGID 

This material card shown in Table 4.5 is used for parts mentioned below,  

TABLE 4.5 

 MAT- RIGID MATERIAL CARD 

Variable MID RO E PR N COUPLE M ALIAS/RE 

Type 10007 1.3E-9 4.0 0.45 0.0 0.0 0.0 C/F 

Default None None None None 0 0 0 blank/none 

Variable CMO  CON1 CON2      

Type 0 0 0      

Default 0 0 0      

  

List of parts defined by this material card are as follows, 

 Sled platform 

 Rubber wheels 

Mat_001: ELASTIC 

This material card as shown in Table 4.6 is isotropic elastic material which is used  mostly for 

beam, shell and solid elements. 

 

TABLE 4.6 

 MAT- ELASTIC MATERIAL CARD 

Variable MID RO E PR DA DB K  

Type 10013 1.273E-9 8000 0.30 0.0 0.0 0.0  

Default None None None None 0 0 0  

 

List of parts defined by this material card are as follows, 

 Wheelchair plastic parts 
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Mat_B01: SEATBELT  

The seat belt was modeled by using MAT_B01 SEATBELT as the material card shown in Table 

4.7. Here the seatbelt is given the loading and unloading curves. This card is given by, 

TABLE 4.7 

 MAT-SEATBELT MATERIAL CARD 

Variable MID MPUL LLCID ULCID LMIN CSE DAMP  

Type 10017 6.88E-8 10038 10039 6.0E-2 0.0 0.0  

Default 0 0 0 0 0 0 0  

 

Mat_001: ELASTIC 

The seat belt material is defined by the MAT_001 ELASTIC card this card is given in Table 4.8, 

TABLE 4.8 

 MAT -ELASTIC MATERIAL CARD FOR SEATBELTS 

Variable MID RO E PR DA DB K  

Type 10015 1.06E-9 2500 0.36 0 0 0  

Default 0 0 0 0 0 0 0  

 

4.10  Retractor and Slipring Model 

The seatbelts are modeled with retractors and the shoulder belt has a slipring defined to 

the point where it is attached to the side post. The Figure 4.6 shows the retractor and the slipring 

modeling in the wheelchair finite element model. 
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Figure 4.6. Retractor and slipring in the wheelchair FE model 

 

4.10.1 Retractor 

The retractor node cannot be any node on the seat belt element, and should be coincident 

with an element node but not inside the retractor. The loading and an unloading curve should be 

defined for the retractor. The time when the retractor should grab the belt is controlled by the 

sensor, so it is important to define atleast one type of sensor. In this model a time-delay sensor 

was used [18, 19]. 

4.10.2 Slipring 

 A slipring allowed continuous sliding of the belt through an anchorage point thus 

maintaining a sharp angle during sliding. A node defined on the belt element remained attached 

to the slipring node but the belt material was passed from one element to the other to achieve the 

slip. The amount of slip for each time step was calculated based on the forces on each of the 

elements B105057 and B105063 and the ratio of forces between these two elements was 

determined by the relative angle between the two elements [18, 19]. 
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 The common node should not be constrained since its motion will be automatically 

constrained to follow the slipring node [18, 19]. The Figure 4.7 shows the slipring attached to the 

side post in case of the frontal impact crash condition. 

 

Figure 4.7. Slipring in wheelchair FE model 

 

The card for the slipring can be defined as shown in Table 4.9. 

TABLE 4.9 

 SLIPRING CARD 

Variable SBSRID SBID1 SBID2 FC SBRNID LTIME FCS  

Type 1 105057 105063 0.0 95864 3.0 0.0  

Default 0 0 0 0 0 1.0E20 0  
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4.11  Joints 

 Revolute joints were created in Hypermesh using four nodes coincident to each other. 

Two nodes belonged to one rigid body and the other two to another rigid body. They were 

connected by using the Constrained Extra Node option in LS-DYNA [17]. 

 Here in this wheelchair finite element model four revolute joints were created at both the 

front and the rear wheel centers to simulate the revolute movement at those points. These joints 

are shown in the Figure 4.8. 

 

 

Figure 4.8.  Revolute joints in wheelchair FE model 

4.12  Spot welds Modeling 

  The spot weld is a rigid beam that connects the nodal points of the nodal pairs. Thus 

nodal rotations and displacements were coupled. The spot welds were connected to nodes having 

rotary inertias e.g. beam or shell. Failure of spot welds occurs when addition of shear force and 

normal force at spot weld is greater than effective plastic strain. We can specify this value was 

specified in a constrained spot weld card, so that if this value is reached then the spot welds will 

fail.  
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Where fn and fs are the normal and shear interface force.  

 

4.13    Simulation Setup 

 Dummy positions and other components of the sled test setup were digitized by 

extracting profiles of respective parts in the form of IGES points with the help of a FARO 

arm Coordinate Measuring Machine (CMM) 

 The LS-DYNA simulation setup as shown in Figure 4.9 was replicated in accordance to 

the sled test setup for frontal, side and rear test respectively to get exact responses as in 

actual sled tests. 

    

 

Figure 4.9. Setup comparison of frontal impact test 
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4.14  Sled Acceleration Pulse  

Acceleration pulses for both sled test and simulation were obtained from finite element 

simulation done for frontal, side and rear impact test of bus. Acceleration pulses at different 

locations of the bus were compared and acceleration level in passenger compartment was 

measured from FE simulation of bus frontal impact and was given to sled in actual sled test. The 

sled pulse from the testing was measured and was used to simulate the crash pulse of the 

simulation. 

The crash pulses for frontal, rear, driver side and door side crash pulses can be seen in the 

Figure 4.10. 

 

Figure 4.10.  Front, rear, driver side and door side acceleration pulses. 
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CHAPTER 5 

 

 MADYMO MODELING OF WHEELCHAIR  

 

5.1 MADYMO  

   MADYMO stands for MAthematical DYnamic MOdelling, a software package 

simulating mechanical systems that uses multi body dynamics to solve crash engineering 

problems. MADYMO uses an XML translator which was specifically developed for MADYMO 

by TNO. MADYMO is used extensively in the industry to solve problems involving injury 

biomechanics and several ergonomics related issues. MADYMO involves several multi bodies 

connected by kinematic joints which are responsible for the kinematics involved in multi bodies. 

The package includes numerical solvers, dummy, human and example mathematical models as 

shown in Figure 5.1 that are applicable to the automotive and aerospace engineering industries. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1. MADYMO 3D structures [20]. 
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5.1.1  MADYMO Systems 

 A multi-body system can be defined as a system where several bodies are combined to 

form one body. These bodies can be connected to each other by the means of kinematic joints, 

which can be modeled between two separate bodies of different systems. The primary function 

of any kinematic joint is to restrict motion between the bodies to which it is connected. Several 

types of joints are available in MADYMO such as revolute joints, spherical joints, translational 

joints, cylindrical joints, bracket joints, free joints, planar joints and universal joints as shown in 

Figure 5.2. The restricted motion of the joint depends upon the characteristics assigned to it. 

Also, degrees of freedom are defined for a particular joint which decides the relative motion of 

the joint [20]. 

 

Figure 5.2. Kinematic joints in MADYMO [20]. 
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The motion of a particular joint can be controlled by defining a control system that is 

controlled by actuator joint positions and joint sensors. Each joint has a parent body and a child 

body and these are defined according to the expected relative motion [20]. 

5.1.2 Belt model  

The belt model takes into account initial pre-tension and rupture of belt segments. For 

each belt segment elastic characteristics can be specified separately and slip of belt material. An 

option is available for fusing belts. For each belt one retractor with a possible webbing grabber, 

one pretensioner and one load limiter can be modeled as shown in Figure 5.3 [20]. 

Simple belts can be modeled with Kelvin restraints. For more complex belt systems, the 

standard belt model is available which explains the real spatial belt geometry. The standard belt 

model is capable of modeling belts, belt slip and special seat belt components such as a retractor 

with a possible webbing grabber, a pretensioner and a load limiter. In MADYMO, the standard 

belt model has predetermined attachment points. The hybrid belt model is a blend of a standard 

belt model with finite element options in order to attain the property of slip in different directions 

across the dummy model such as it occurs in belt roll-out and submarining [20]. 

A MADYMO belt is a chain of straight belt segments interrelated by tyings. The ends of 

a MADYMO belt segment are known as the attachment points. Attachment points are preset 

points on bodies or on the reference space. The model takes into account the slip of belt material 

from one segment to an adjoining segment. In the typical belt model, attachment points are set to 

bodies. For example at an attachment point, the belt can only slide in the path of the belt 

segment. If finite elements are used for some particular segments, the nodes can slide on the 

dummy surface in an arbitrary direction which enables submarining and belt roll-out to be 

modeled [20]. 
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Figure 5.3. Types of seat belt systems [20]. 

 

5.2  Numerical Integration Methods in MADYMO 

MADYMO solves the equations of motion based on three numerical methods: 

1. Runge-Kutta method with fixed time step. 

2. Modified Euler method with a fixed time step. 

3. Runge-Kutta Merson method with variable time step.  

5.3  ATD  

 The Hybrid III 50th percentile male dummy is one of the most commonly used dummies 

for the evaluation of automotive safety restraint systems in crash testing. This dummy is 

accepted in several standards such as FMVSS 208, ECE R.94, and the European New Car 

Assessment Programme (NCAP). This dummy represents the size and weight of an average 

American male. In MADYMO a model having 37 ellipsoidal bodies is being used which is 

shown in the Figure 5.4. 
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Figure 5.4. Hybrid III 50th percentile ellipsoid ATD model [20]. 

 

A brief description of the various types of joints involved in the Hybrid III 50
th

 percentile 

ATD model can be explained as follows: 

 The model is typically ellipsoidal. 

 The neck has five kinematic joints, which are situated in the center and on the rotation 

axis of the nodding joint (OC). 

 The rib cage is made up of two regions, i.e. the left and right, and the sternum represents 

the compliant central sternal region. 

 A blend of a free joint and a confined resistance joint is used for the lumber spine region. 

 The abdomen is linked to the lower torso by means of a predefined translational joint. 

 A blend of a spherical joint and protective joint resistance model is developed for the hip 

joint. 

 The femur takes in account for the flexion and the translational movement. 
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 The foot and the ankle accounts for a 45 degrees angular rotational movement and also a 

stopper is  provided to minimize the peak loads on the tibia [20]. 

5.4  Wheelchair Occupant Environment 

 Various types of dummies are available in the MADYMO dummy database, but here for 

all the tests in this study the Hybrid III 50
th

 percentile dummy, which represents the 

average size and weight of an American was chosen. All four different sled tests were 

performed on this 50
th

 percentile dummy. 

 A detailed MADYMO model of the wheelchair was used for the validation of frontal, 

rear, driver side, door side tests. These tests are carried out in the crash sled testing 

facility.   

 The environment was modeled of a typical wheelchair occupant environment in a mass 

transit bus as shown in Figure 5.5 and Figure 5.6 with all the attachments that are present 

in the bus. For validation only the wheelchair occupant area was considered. 

 The validation was done for the crash tests performed on the sled at the crash testing 

facility. In order to validate the simulation models the same sled structure was maintained 

in the MADYMO model. This was done by modeling FE parts as facets, ellipsoids and 

planes thereby simulating the occupant environment and getting the correct kinematics 

and injury values.  
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Figure 5.5. MADYMO wheelchair model frontal sled test setup 

 

 

Figure 5.6. MADYMO wheelchair model rear impact sled test setup 

 All the systems in the MADYMO model which are a part of the Wheelchair occupant 

environment are modeled in individual systems. For example separate systems are 

defined for the side post, rear bulkhead, floor, wheelchair structure. 
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5.5 Wheelchair Madymo Model Development 

5.5.1 Modeling of Facet Model 

 A detailed MADYMO model of the wheelchair was prepared. This is an important factor 

because in the study of biomechanical responses and the dummy, wheelchair interaction is of 

utmost importance and ultimately results in validation of the model. A meshed model of the 

wheelchair structure was prepared, to import this model in MADYMO it was separated out into 

quads and trias. The separation of the model in quads and trias was done in HyperMesh and then 

the file is taken to MADYMO. This transformation results in facets. Facets of all FE structures 

was modeled which makes it easy to replicate the same wheelchair occupant environment in the 

MADYMO model.   

The Figure 5.7 shows the development from completed meshed FE wheelchair model to 

MB Wheelchair model. The CAD geometry was modeled by the reference of a real wheelchair. 

Full CAD model of the wheelchair was done in CATIA V5 R16 as follows: 

 Individual part model files were created to simplify the meshing process and making 

modification of part models easier and feasible.  

 All the part model files were imported into Hypermesh and meshed accordingly. 

Hypermesh was used as a pre-processor where in the part model files were transformed 

into FEA files. 

 After converting all the individual parts of the wheelchair structure to meshed models 

then each model was separated out into trias and quads and then exported to MADYMO 

where they were called facets. In this way the whole wheelchair structure was 

transformed from a CAD model to a MADYMO facet model ready for simulation. 
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Figure 5.7. Wheelchair MADYMO model generation 

5.5.2 Modeling of Side Post, Floor and Sidewall 

The floor and the side wall have been modeled in MADYMO using facets. The floor, 

wall, and side post as shown in Figure 5.8, were modeled in the respective specified system of 

MADYMO and the properties were specified by giving the suitable force deflection 

characteristics obtained from earlier studies and references to get a validated response of the 

setup.  
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Figure 5.8. Facet generations in MADYMO 

5.6    Simulation Setup 

The position of the dummy and the wheelchair structure during the sled tests was very 

vital and hence the simulation set was done with reference to the data received from the sled test 

setup. All key dummy positions were recorded with the help of a CMM. This instrument is 

known as the FARO arm as shown in Figure 5.9. All data was recorded in an IGES point data 

format. This data is then used for correct positioning of the simulation setup and thereby 

replicating the sled test setup dummy and wheelchair occupant environment position.  
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Figure 5.9. FARO arm CMM in use. 

The MADYMO simulation setup was replicated in accordance to the sled test setup for frontal, 

side and rear test respectively to get exact responses as in actual sled tests. A typical frontal setup 

is shown in Figure 5.10. 

5.6.1  Sled Acceleration Pulse  

Acceleration pulses for sled tests and MADYMO simulations were obtained from finite 

element simulation done for bus impact tests. Acceleration pulses at different locations of the bus 

were compared and acceleration level in passenger compartment was measured from FE 

simulation of bus frontal impact and is given to sled in actual sled test. 
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Figure 5.10. MADYMO model frontal setup. 

 

The sled pulse was measured and was used to simulate the crash pulse of the simulation. 

The crash pulse for frontal, rear, driver side and door side impact conditions applied to respective 

MADYMO models as shown in Figure 5.11. 

 
 

Figure 5.11. Frontal, rear, driver side and door side acceleration pulses. 



80 

 

5.7 Defining Material Properties 

5.7.1  Belt Properties 

 The restraint properties were obtained from actual testing of the seat belts and the 

tiedowns. The belts were checked for their width and thickness before testing. The following 

Table 5.1 specifies the various dimensions of the two different types of belts. 

TABLE 5.1 

 

 SEATBELT PROPERTIES 

 

The test is a quasi static loading test, where in the load applied was 2500 lb at a rate of 6in/min. 

The grip pressure applied at both the ends was 2000 psi. The test setup can be seen in Figure 

5.12. 

 

Figure 5.12. Seatbelt tension testing setup 
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The loading and unloading curves were plotted with the help of the test data recorded. These are 

the seat belt properties were a result of testing on the two types of seat belts. The curves were 

used to define the characteristic load card in MADYMO, which defined the belt segment 

properties. These loading and unloading curves are shown in Figures 5.13 and 5.14. 

 

Figure 5.13. Seat belt characteristics 

 

Figure 5.14. Tiedown belt characteristics 

 

In order to define the characteristic material card, the stress on the webbing material was 

calculated as shown in Figure 5.15. 
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Figure 5.15. Stress in belts 

σ = F/A 

where 

F = Load values taken from the Characteristic Load curves 

A= cross-sectional area of the webbing material 

A = thickness * width 

A= 0.0477 x 0.00121 = 5.81e-5 mm
2
 for seat belt  

A= 0.0490 x 0.00129 = 6.32e-5 mm
2
 for tiedown 
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Now, using the above formula the seat belt and tiedown material properties were calculated and 

the loading and unloading curves were plotted respectively which can be observed in Figures 

5.16 and 5.17. 

 

Figure 5.16. Seatbelt material characteristics. 

 

 

 

Figure 5.17. Tiedown belt material characteristics. 
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5.8  Contact Definitions 

To define contacts between dummy model, ellipsoids and FE parts force-deflection 

characteristic was required .Contact characteristics are the most vital factor in MADYMO 

simulation as the kinematics depend heavily on the contacts specified in the model.  

5.8.1  Wheelchair Dummy to Seat Contact 

 The contact between the ATD and the seat back and seat pan was defined between the 

dummy system and seat system.  The contact characteristic is the defined characteristic of the 

seat structure and the contact point was on the ATD.  The friction coefficient is 0.2 and the 

damping coefficient is 250.0. This is shown in Figure 5.18. 

 

Figure 5.18. Seat contact characteristics 

5.8.2  Wheelchair Dummy to Rigid Part Contact 

 The contact between the dummy and the rigid parts like floor and sidewall were defined 

between the dummy system and rigid parts system which was defined by facets.  The contact 

characteristic was the defined characteristic of the sidewall and the contact point was on the 

dummy. The characteristics contacts are shown in Figures 5.19, 5.20 and 5.21. 
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Figure 5.19. Sidewall contact characteristics. 

 

 

Figure 5.20. Bulkhead contact characteristics. 
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Figure 5.21. Upper bulkhead contact characteristics. 

 

5.8.3  Retractor Characteristics 

 The retractor characteristics can be defined as shown in Figure 5.22, where the loading 

curve of the retractor function is shown. 

  

Figure 5.22. Retractor characteristics 

 

A retractor must be located at one of the ends of the chain of belt segments. If the 

pretensioner and/or load limiter model are also used for the current belt, they must both be 
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located at the same location as the retractor. The retractor model features include reel locking 

and film spool effect. Once a retractor is locked, it will remain locked for the remainder of the 

simulation. The retractor reel is either vehicle sensitive or webbing sensitive. 
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CHAPTER 6 

 

 VALIDATION OF WHEELCHAIR 

 

6.1 Introduction 

 Validation is an important factor to determine whether the simulation is consistent with 

the physical tests conducted. The sled tests were compared to the simulated models for 

kinematics. The reliability of the simulated model was checked through the process of validation. 

The comparison process also involved comparing various statistics, since comparing only 

kinematics may result in false interpretation. Various methods are used to validate a particular 

model: 

 Dummy kinematics 

 Profile matching 

 Injury values 

6.1.1 Dummy Kinematics 

 This important method to validate the model is used primarily to compare the dummy 

responses of both the sled test and the simulated model. This method gives us an idea of the 

reactions of the dummy with respect to the environment and hence is a vital tool in the process of 

validation. 

 The kinematics was compared with the video of the sled test captured during testing. The 

comparison is done using Hyperworks MotionView, where the test time and the simulation time 

were matched and the kinematics observed. 

6.1.2 Profile Matching 

 In this method for validation the simulation peak values of the head, chest, and pelvic 

accelerations were compared with similar peak values for the sled test. Validation was done 
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according to the Sprague and Geers method and considered the matching of the peak values 

mentioned above as this indicates that the dummy profile peak values lie in an acceptable range 

with the sled profile peak values. The validation was done by observing the curve profile of the 

above peak values. In order to quantitatively measure the uncertainty in the experimental data, a 

number of validation or error metric methods were considered. These methods consist of 

computable measures that can quantitatively compare experimental and/or computational results 

over a series of parameters to objectively assess computational accuracy and or experimental 

uncertainty over the traditional qualitative graphical comparison. The applications of these 

validation metrics in this study included the evaluation of model quality, and quantification of 

the repeatability of test results. 

Four methods were studied to provide validation metrics: 

 Quick Rating (from MADPost, a software package that includes three different criteria). 

 Weighted Integrated Factor. 

 Mod Eval (from ESI Group, software that includes four different criteria). 

 Sprague & Geers. 

The Sprague & Geers as well as the Mod Eval methods are metric methods that can be 

biased towards one set of data, while the weighted integrated factor and quick rating from 

MADPost are not biased towards any data set.  

The Sprague and Geers method considers a magnitude error factor that is insensitive to 

phase discrepancies, a phase error factor that is insensitive to magnitude discrepancies.  The total 

error factor or score is given by the following expressions [21]. 
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where 

t1<t<t2 is the time span or evaluation period 

f(t) = benchmark history or reference data 

g(t) = candidate solution or data to compare [21]. 

6.1.3  Injury values 

 Injury values are very important in the process of validating a model with the actual test 

conducted as it gives us a clear idea of the reliability of the simulated model with the actual sled 

test. There are injury criteria for various injury values of the dummy and comparison was done 

keeping in mind the injury criteria. 
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The various types of injury criteria are as follows: 

 Head injury criteria (HIC) 

 Chest 3ms 

 Pelvic 3ms 

 Neck forces and moments 

The injury values taken from the actual tests should be in an acceptable range with the injury 

values of the simulated model. Some injury criteria such as the HIC involve a time window and 

its position of this time window.  

6.2 Validation of the Simulated Model   

6.2.1 Dummy Kinematics 

 The kinematics of the wheelchair occupant dummy were compared with the actual sled 

kinematics as shown in Figure 6.1. 
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Figure 6.1. Frontal impact kinematics 

 

6.2.2 Profile matching 

The peak injury values of the dummy were compared as shown in Figure 6.2. 
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Head Acceleration 

 

 

Chest Acceleration 

 

 

 

Pelvic Acceleration 

Figure 6.2. Rear impact injury profiles 
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6.2.3 Injury Values 

 The various normalized injury values of the simulation were compared with the actual 

tests. The graphs are given as shown in Figure 6.3. 

 

 

 

 

Figure 6.3. Frontal impact normalized injury values 
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CHAPTER 7 

 

  RESULTS AND DISCUSSION 

 

7.1 Comparison of Dummy Kinematics 

 As discussed in the previous chapter a comparison of dummy kinematics is an important 

part of the validation process. Kinematics of the wheelchair occupant for the four crash tests 

were compared to the actual sled tests.  

7.1.1 Frontal Impact Crash Test 

 The comparison of kinematics for the frontal impact crash test as shown in Figure 7.1 

was conducted until 180 ms because after this time the dummy was in the improper condition in 

the actual sled tests. Comparisons of the wheelchair occupant kinematics untill 180 ms shows 

that the dummy followed the same kinematics as compared to the actual sled test. The head 

movement in the simulation was similar to the actual sled test. The arm movement was also 

observed to be similar to the actual sled test. The femur movement is also same for both the 

simulation as well as the actual sled test. The head movement at the end of the 180 ms time 

frame was not similar to that of the actual sled test; this difference is observed due to the failure 

of the wheelchair seat pan in tear during the actual sled test. This tearing of the seat pan in the 

actual sled test brings the dummy to the sled platform as the belts pull it back. The wheelchair 

structure showed similar kinematics expect for the tearing of the seat pan. 

7.1.2 Rear Impact 

 In this test the wheelchair occupant kinematics were observed until 300 ms. The head 

profile was observed to be similar to the actual sled test. The time of impact to the rear bulkhead 

was also same for the simulation when compared with the actual sled test. 
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Figure 7.1. Frontal impact kinematics. 

 

The head movement after the impact of the wheelchair occupant with the rear bulkhead is also 

similar as we can see the arm movement and the femur movement similar to the actual test 

frames. In the simulation the wheelchair occupant moves more forward after the rear bulkhead 

impact than in the actual test. The wheelchair structure shows similar kinematics as in the actual 

sled test as shown in Figure 7.2. 
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Figure 7.2. Rear impact kinematics. 

 

7.1.3 Driver Side Impact 

 The kinematics was compared until 300 ms for this test as shown in Figure 7.3. The head 

movement was observed to be similar to the actual sled test. The time of impact of the 

wheelchair occupant head with the sidewall was observed to be exactly same to the actual sled 

test. The head movement after the impact with the sidewall was also observed to be similar to the 
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actual sled test. The upper arm impact with the sidewall was also observed to be at similar time 

when compared with the actual sled test. 

 

 

 

Figure 7.3. Driver side impact kinematics. 

 

7.1.4 Door Side Impact 

 The kinematics was compared until 300 ms for this test as shown in Figure 7.4. The 

wheelchair occupant kinematics was observed to be similar as compared to the actual sled test. 

The wheelchair occupant tends to be off position from the wheelchair from 200 ms. In actual test 
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there was stretching of the seat pan material observed at this time frame which causes the width 

of the wheelchair to increase thereby keeping the dummy in position with the seat pan.  

 

 

 

Figure 7.4. Door side impact kinematics. 

 

7.2 Profile Comparison 

A comparison of the simulation curve profiles with the actual sled test profiles which 

included head, chest, pelvic, neck forces and moments, femur forces and lap and tie down belt 

forces was made and plotted. The profiles show that the simulations and the actual tests followed 
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the same path for all curves, but some time difference in reaching the peak values was observed. 

A detailed comparison of the profiles can be seen in the appendices A through J. 

7.3 Injury Parameters 

 The comparison of all the crash tests was done with the actual tests on the basis of injury 

criteria as discussed in the above chapters. The injury criteria is an important part of the 

simulation as it tells us the injury the wheelchair occupant can uphold during a particular crash 

condition. The injury values data available from the sled test was used to compare with the 

simulation. 

7.3.1 Head 

 The head injury criteria (HIC) was used to evaluate the injury caused to the wheelchair 

occupant. Head injury levels show us that the head accelerations which were obtained from the 

simulations were well under acceptable limits. The simulations of all the tests were under the 

acceptable HIC values. 

7.3.2 Chest 

 The injury values for the chest were observed to be under the acceptable limits for chest 

accelerations. Here, the chest acceleration over a time interval of 3 ms was observed to be well 

under 60 g‟s which is standard for chest injury criterion. All the test conditions showed that the 

chest injury value is well under the acceptable range. 

7.3.3 Neck  

 The neck forces and moments were observed to be well within the limits and were equal 

to the actual sled test values. Neck tension, flexion, compression, and extension values were well 

within the range of the injury criteria.  
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7.4 Injury Parameter Summary 

7.4.1 Frontal Impact Injury Value Summary 

 The comparison of frontal impact summary injury values is shown in Figure 7.5. 

 

 

Figure 7.5. Frontal impact normalized injury values. 

 

7.4.2 Rear Impact Injury Value Summary 

 The comparison of rear impact summary injury values can be seen as in Figure 7.6 

below, here it can be seen that the neck extension is more as compared to neck flexion; this is 

due to the head hitting the rear bulkhead at the time of impact. A softer contact could result in 

higher neck extension. 
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Figure 7.6. Rear impact normalized injury values. 

 

 

7.4.3 Driver Side Impact Injury Value Summary 

The comparison of driver side impact summary injury values is shown in Figure 7.7. 

 

Figure 7.7. Driver side impact normalized injury values. 
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7.4.4 Door Side Impact Injury Value Summary 

The comparison of door side impact summary injury values is shown in Figure 7.8. 

 

 

Figure 7.8. Door side impact normalized injury values. 
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CHAPTER 8 

 

PARAMETRIC STUDY OF WHEELCHAIR 

 

 

Experiments are a vital part of any kind of work. The main purpose of conducting 

experiments is to find out something which is not known. Unfortunately, there are cases where 

the purpose of carrying out experiments is to prove what is already known to the experimenter. 

The main purpose behind conducting these types of experiments is to make the known result 

occur no matter whether it should or not. Frequently, experiments are conducted so that the 

effect of the factor of interest is distinguished by the effect of another factor not considered. This 

latter factor is then considered unimportant but in the long run it is the real cause. 

8.1 Design of Experiments  

 Design of experiments (DOE) is a statistical process where a problem is analyzed and a 

solution is given which aims in maximizing efficiency and essential information of the problem 

can be obtained. Here factors are defined which can be in the form of mathematical or physical 

changes in the model and a interaction between the factors can be observed. 

 DOE is a very sophisticated tool and very proficient due to reduction in computational 

time. Factorial Designs are nothing but forms of DOE where one or more experiments are carried 

out in which various levels of input can be defined [21]. 

This application has following features: 

Design Setup: This feature includes defining factors, defining responses, selecting the model 

type, selecting DOE design, and creating worksheet. 

Execution: This feature includes processing the simulation model.  
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Post-processing: This technique is used to analyze and improve the system model using various 

statistical tools (plots). This feature includes viewing the approximation model, evaluating the 

approximation model, evaluation of DOE design and optimizing the design [21]. 

8.2 Parametric study of the Wheelchair model 

A Factor can be defined as a characteristic of an experiment which can be changed or 

varied from one trial to another. This can be either quantitative or qualitative. Various factors or 

parameters are decided to carry on the parametric study of the Wheelchair model to check the 

effect of restraint system and securement on the occupant. To decide the factors certain key 

points have to be taken into consideration such as the feasibility of the factor, the presumed 

effect of the factor on the occupant, the levels to be given to the factor. 

For this model the following factors were decided, 

 Head rest design 

 Webbing characteristics 

 Retractor characteristics 

 Variation in distance of the wheelchair structure from the side wall 

Head rest design 

 The head rest is considered as a factor responsible for upper body injuries. Here we have 

carried out a DOE showing the effect of distance of the rear bulkhead from the dummy. These 

changes in rear bulkhead rest results in variation in neck injury values. The head rests were 

varied in thickness, height, and distance from the dummy. The three different positions of the 

rear bulkhead are shown in the Figure 8.1. 
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Figure 8.1. Various distances of rear bulkhead from the dummy. 

Webbing Characteristics 

 The variations in webbing characteristics were made and three levels were decided for 

the same. The webbing characteristics involved change in percentage elongation of the loading 

and unloading curves accordingly. This change was made to observe the effect of webbing 

characteristics on various crash conditions. The webbing percentage elongation was varied in 

three levels, which are 8%, 12%, and 20%. 

Retractor Characteristics 

 The variation in retractor characteristics was made to check the conditions for load 

limiting. Here the load limits on the retractor were varied to check the effect of retractor 

characteristics on the occupant. 

Variation in Distance of the Wheelchair Structure from the Side Wall 

 The distance of the wheelchair structure from the side wall was varied to check its effect 

on the occupant and tiedown forces. The change in these values was the result of an earlier or a 

delay in impact of the wheelchair with the side wall. 

8.4 Responses 

This can be defined as a result of the DOE based on the levels of factors being studied. 

Here the choice of responses is made according to the type of crash condition: 
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 Frontal Impact: 

o HIC 15 

o Chest 3ms 

o Neck Flexion 

 Rear Impact: 

o HIC 15 

o Chest 3ms 

o Neck Extension 

 Side Impact: 

o HIC 15 

o Chest 3ms 

o Pelvic Acceleration 

8.5 Frontal Impact 

 The factors decided for this condition were as shown in Table 8.1 

TABLE 8.1 

 LIST OF FACTORS DEFINED FOR FRONTAL IMPACT 

 

Figure 8.2 shows the goodness of fit of the design of experiment conducted. We can see 

that the goodness of fit is 1.  
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Figure 8.2. Goodness of fit for frontal impact.  

The Figure 8.3 shows us the main effects for response HIC15. In this we can see that the 

factor shoulder grabber (SG) is prominent while the webbing characteristic (WC) is the second 

most prominent. We can also see that the retractor characteristic (RC) does not play a vital role 

in this experiment. 

 

 

Figure 8.3. Main effects for response HIC15. 
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 The effect of a combination of factors can also be studied as in Figure 8.4, here the 

combined effect of the webbing characteristics and the shoulder grabber can be seen which has 

the most effect on the defined responses. 

 

Figure 8.4. Combined effect of factors 

 In Figure 8.5 the effect of shoulder grabbing time can be observed. It can be seen that the 

HIC 15 is least when the shoulder is grabbed at 70 ms after the start of the simulation; this tells 

us that the 70 ms should be the grabbing time to achieve the lowest HIC15 value. 

 

Figure 8.5. Main effect of shoulder grabber on HIC15 
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 The factors for the frontal impact can be optimized and a solution can be reached which 

will give us a condition which will minimize the injury values for the dummy. This combination 

can be seen in the Table 8.2. 

TABLE 8.2 

 OPTIMIZED SOLUTION FOR LESS INJURY VALUES 

 

For the optimized design condition we can see that the webbing elongation needed is maximum 

i.e 20%, the retractor loading was given by 5000N which is also the peak value we have given, 

but the shoulder grabber time was 35 ms which was a value neither to early nor late for the 

shoulder grabber to grab the belt. Hence this gives us an idea of various conditions which can 

reduce the injury values.  

Figure 8.6 is a comparison of the optimized DOE with the simulation injury values. 
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Figure 8.6. Comparison of simulation and optimized DOE. 

8.6 Rear Impact 

 In this condition the factors to be considered were as given in the Table 8.3 and Figure 

8.7 and 8.8 shows  the setup. 

 

Figure 8.7. Rear bulkhead distance from dummy. 
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TABLE 8.3 

 FACTORS FOR REAR IMPACT CRASH CONDITION 

 

 

 

Figure 8.8. Variation in rear bulkhead position and overall size. 

We can see in the above Table 8.3 that the rear bulkhead is varied in distance from the 

dummy head, the thickness of the rear bulkhead and the height of the bulkhead. The effect of 

these factors were studied on the responses: 

 HIC 15 

 Chest 3ms 

 Neck Extension 
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Goodness of Fit 

 Here it was observed that the goodness of fit is above 0.9 for all of the chosen responses. 

This can be seen in the Figure 8.9. 

 

Figure 8.9.  Goodness of fit for rear impact. 

Main effects can be observed in Figures 8.10, 8.11, 8.12; here we can see the effect of the chosen 

factors on the various responses. The chest 3ms depends mostly on the rear bulkhead distance 

from the dummy, whereas the neck extension is dependent on the rear bulkhead height and the 

HIC15 is also dependent on the rear bulkhead height. 

 

Figure 8.10.  Chest 3ms main effects. 
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Figure 8.11.  Neck extension main effects. 

 

Figure 8.12.  HIC15 main effects. 

Response HIC15 

 The HIC value increases as the distance between the dummy head and the rear bulkhead 

is increased. The HIC value was observed to be the least when the distance between the rear 

bulkhead and the dummy was minimum. The HIC value is observed to be less when the rear 

bulkhead height was kept in a zero position. 

Response Chest 3ms 

 The chest 3ms was observed to be least when the rear bulkhead was at a maximum 

distance from the dummy. The chest 3ms value was less when the rear bulkhead padding 

thickness was more. So when the rear bulkhead was farthest from the dummy and was of 

maximum thickness the chest3ms was the least in this case. 
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Response Neck Extension 

 Neck extension was observed to be high when the bulkhead height was kept at medium 

level which was zero. The bulkhead height was the main criteria for less or more neck extension. 

The neck extension was observed to be more when the distance between the rear bulkhead and 

the dummy was minimum. 

8.7 Side impact 

 Here there was only one factor considered for the parametric study, the distance between 

the wheelchair structure with the dummy and the side wall was varied. This gives us the effect of 

the placement of the wheelchair and thereby anchors with respect to the bus wall.  

The sidewall distance can be seen in the above Figure 8.13. Here the sidewall position 

was varied instead of moving the wheelchair for every simulation. This contact characteristic of 

the sidewall was kept same for all the cases, thereby studying the effect of the distance between 

the wheelchair and the sidewall. 

 

Figure 8.13. Distance from side wall to the wheelchair. 

 

 



116 

 

The factor can be seen in Table 8.4 as shown, 

TABLE 8.4 

 WHEELCHAIR DISTANCE FROM SIDEWALL 

 

Here a comparison of all the injury values is made, 

 When distance is maintained as -0.14 

The summary of injury values can be given as shown in Figure 8.14. 

 

 

Figure 8.14. Summary of injury values for level 1 
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In Figure 8.14 we can see that the neck compression injury value is high which tells us that the 

impact is mostly taken up by the neck. All other injury values are within limits. 

 When distance is maintained as 0.08 

The summary of injury values can be given as shown in Figure 8.15. 

          

    Figure 8.15. Summary of injury values level 2 

In Figure 8.15 it can be seen that due to increase in distance between the wheelchair and the 

sidewall the dummy experienced high HIC15 value also high neck compression was observed as 

the wheelchair did not come in contact with the sidewall at all and the whole impact was taken 

up by the dummy, here the tiedown belt forces were also high as they were loaded as a result of 

no impact with the sidewall. Neck flexion was also observed to be high in this case. 
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 When the distance is maintained as -0.08 

The summary of injury values is given as in Figure 8.16 here all the injury values were 

observed to be in limits of the injury criteria, and it can be seen that the wheelchair should be 

anchored neither too close to the sidewall nor it should be too far. 

 

 

Figure 8.16. Summary of injury values level 3 

8.4 Summary of Parametric study 

To minimize the injury criteria following steps can be taken as per the above study 

conducted, 

 Webbing characteristics can be designed to have 20 % elongation which results in 

minimizing HIC15. 
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 The shoulder grabbing time should be modeled to be 35 ms after the simulation time 

starts. 

 The retractor loading should be taken 5000 N for minimum chest 3ms and HIC15. 

 The distance between the rear bulkhead and the dummy should be as less as possible to 

minimize the injury values such as HIC15. 

 The rear bulkhead should be such that it supports the lower back as well. 

 The distance between the wheelchair and the sidewall should be optimum, a distance of 

0.08 m from the wheelchair to the sidewall can be observed as a good distance. 
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CHAPTER 9 
 

CONCLUSIONS AND RECOMMENDATIONS 

 

9.1 Conclusions 

 This research work focused on the study of wheelchair occupants in various crash 

scenarios. This work was done on a restrained wheelchair occupant and a secured wheelchair 

with the help of tiedowns. The restraint system consisted of pelvic, shoulder and the tiedown 

belts secured to the sled platform with the help of securement bolts.  

 The objective of this research was to validate the actual sled tests with the help of multi 

body and finite element software such as MADYMO 6.3 and LS-DYNA. Validation of the 

model was done on the basis of kinematics, profile matching, and injury parameters. The 

kinematics of the actual tests and the simulations carried out in MADYMO 6.3 and LS-DYNA 

were observed to be similar which indicates that the modeling of the wheelchair in both 

softwares was done in a proper manner. The profiles of the simulations done in MADYMO 6.3 

were close to those of actual tests. The normalized graphs of the injury values also show similar 

values to that of the actual tests. 

 Some important conclusions can be drawn from the injury values extracted out from 

simulations, these are as follows, 

 Sled tests were conducted sucessesfully for various crash conditions such as 

frontal, rear, driver side and door side for a mass transit bus and occupant injuries 

were noted to be within the specified limits.  

 Detailed modeling of the wheelchair structure and the test setup was done using 

MADYMO and LSDYNA. 
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 The injury values of actual sled test correspond fairly with simulation done using 

MADYMO. 

 The kinematics of actual sled tests and the simulation done using MADYMO as 

well as LSDYNA match accordingly. 

 Even though the kinematics match with those of the actual sled test in case of FE 

simulations the injury values were not close to the actual test as  the FE dummy 

is not validated. 

 Parametric study for the frontal impact shows that for minimizing wheelchair 

occupant injury values in the mass transit bus the shoulder grab time should be 

35 ms, webbing characteristics should be 20 % and load limiting should be 5000 

N for the retractor function. 

 Parametric study for the rear impact shows that the rear bulkhead should be 

closest to the dummy, the thickness is given by 0.02 m and the bulkhead height 

should be at the mean position for minimum wheelchair occupant injury values. 

 The distance between the dummy and the wall should be 0.06 m for minimum 

wheelchair occupant injury values in a mass transit bus. 

9.2 Recommendations 

 Some recommendations can be stated after working on this research work, 

 Tests with different types of wheelchairs can be carried out and validated so as to 

get a clear idea of the effect of different types of wheelchairs on the different 

crash conditions. 

 Tests and validation can be carried out for more crash pulses to study the effect of 

those on the dummy. 
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 Actual sled tests can be conducted with more safety features such as cushioned 

head rest, modesty panels. 

 Tests can be conducted with the rear wheels locked by using a wheelchair with 

steel spokes. 
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APPENDIX A 

 

FRONTAL IMPACT KINEMATICS AND PROFILES OF SIMULATION IN MADYMO 

AND ACTUAL SLED TESTS 

 

 

 

 
 

 
 

 
 

 
 

Figure A1. Wheelchair occupant kinematics 
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Figure A2. Accelerations 
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Figure A3. Neck forces and moments 

 

 

 
 

Figure A4. Femur forces 
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Figure A5. Sear belt and tiedown forces 
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Figure A6. Normalized injury values 
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APPENDIX B 

 

REAR IMPACT KINEMATICS AND PROFILES OF SIMULATION IN MADYMO AND 

ACTUAL SLED TESTS 

 

 

 

 
 

   
 

 
 

 
 

Figure B1. Wheelchair occupant kinematics 
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Figure B2. Accelerations 
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Figure B3. Neck forces and moments 

 

 
 

Figure B4. Femur forces 
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Figure B5. Seat belt and tiedown forces 
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Figure B6. Normalized injury values 
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APPENDIX C 

 

DRIVER SIDE IMPACT KINEMATICS AND PROFILES OF SIMULATION IN 

MADYMO AND ACTUAL SLED TESTS 

 

 

 

 
 

 
 

 
 

 
 

Figure C1. Wheelchair occupant kinematics 
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Figure C2. Accelerations 

 

 

 



139 

 

 
 

Figure C3. Neck forces and moments 

 

 

 
 

Figure C4. Femur forces 
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Figure C5. Seat belt and tiedown forces 
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Figure C6. Normalized injury values 
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APPENDIX D 

 

DOOR SIDE IMPACT KINEMATICS AND PROFILES OF SIMULATION IN 

MADYMO AND ACTUAL SLED TESTS 

 

 

 

 
 

 
 

 
 

 
 

Figure D1. Wheelchair occupant kinematics 
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Figure D2. Accelerations 
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Figure D3. Neck forces and moments 

 

 

 
 

Figure D4. Femur forces 
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Figure D5. Seat belt and tiedown forces 
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Figure D6. Normalized injury values 
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APPENDIX E 

 

COMPARISON OF FRONTAL IMPACT KINEMATICS OF SIMULATION IN 

LSDYNA AND ACTUAL SLED TESTS 

 

 

 

 
 

 
 

 
 

 
 

Figure E1. Wheelchair occupant kinematics 
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APPENDIX F 

 

COMPARISON OF REAR IMPACT KINEMATICS OF SIMULATION IN LSDYNA 

AND ACTUAL SLED TESTS 

 

 

 

 
 

 
 

 
 

 
 

Figure F1. Wheelchair occupant kinematics 
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APPENDIX G 

 

COMPARISON OF DRIVER SIDE IMPACT KINEMATICS OF SIMULATION IN 

LSDYNA AND ACTUAL SLED TESTS 

 

 

 

 
 

 
 

 
 

 
 

Figure G1. Wheelchair occupant kinematics 
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APPENDIX H 

 

COMPARISON OF DOOR SIDE IMPACT KINEMATICS OF SIMULATION IN 

LSDYNA AND ACTUAL SLED TESTS 

 

 

 

 
 

 
 

 
 

 
 

Figure H1. Wheelchair occupant kinematics 
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APPENDIX I 

 

 

 

FRONTAL IMPACT DOE 

 

                       

Figure I1. Effect of factors on responses 

 

                          

Figure I2. Combined effect of factors on responses 
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APPENDIX J 

 

 

REAR IMPACT DOE 

 

           

Figure J1. Effect of bulkhead height on responses 

 

           

 

Figure J2. Effect of bulkhead position on responses 

 

           
 

 

Figure J3. Effect of bulkhead distance on responses 
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Figure J4. Main effect of factors on responses 
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