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ABASTRACT 

 

AN INNOVATIVE INFLATABLE MORPHING BODY STRUCTURE FOR 

CRASHWORTHINESS OF MILITARY AND COMMERCIAL VEHICLES 

 

by 

 

Dong Wook Lee 

 

 

Co-Chairs: Noboru Kikuchi and Zheng-Dong Ma 

 

 

The greatest demand facing the automotive industry has been to provide safer 

vehicles with high fuel efficiency at minimum cost. Current automotive vehicle structures 

have one fundamental handicap: a short crumple zone for crash energy absorption. This 

leaves limited room for further safety improvements, especially for high-speed crashes. 

Breakthrough technologies are needed. One potential breakthrough is to use active 

devices instead of conventional passive devices.  

An innovative inflatable bumper concept, called the “I-bumper,” is developed in 

this research for improved crashworthiness and safety of military and commercial 

vehicles.  The developed I-bumper has several active structural components, including a 

morphing mechanism, a movable bumper, two explosive airbags, and a morphing lattice 

structure with a locking mechanism that provides desired rigidity and energy absorption 

capability during a vehicular crash. Another additional innovative means for improving 

crashworthiness is the use of tubes filled with a granular material to absorb energy during 

the process of a crash. 
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An analytical design model is also developed in this research for the optimal design 

of the I-bumper system, with a focus on up-front design. Major design variables include 

those of the explosive airbag, the morphing lattice structure, and the granular material 

used in the front posts. The morphing lattice structure is designed to maximize energy 

absorption during the crash impact. The granular material in the front posts is used for 

further crash energy management in the passive stage. The new design methodology has 

been implemented in MATLAB and validation has been conducted at a full vehicle level 

in order to demonstrate the effectiveness of the I-bumper for improved suitability in a 

high-speed crash. 

In future research, this I-bumper can be extended to address other types of crashes 

(for example, side impacts, rear impacts, roll over, and collision with pedestrian) and to 

innovative blast-worthiness applications for military vehicles. 

The main achievement of this work has been an introduction of the I-bumper and 

the development of an analytical model of the I-bumper for absorbed energy during a 

crash. 
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CHAPTER I 

 

INTRODUCTION 

 

1.1 Motivations and scope of this research 

 

An automobile (from Greek auto, self and Latin mobilis, moving) is a vehicle that 

moves itself with its own motor rather than being moved by another vehicle or animal. 

There were 590 million passenger cars worldwide as of 2002. Today, automobiles are 

one of the most important transportation devices in our lives. 

The automotive body is one of the critical subsystems of an automobile, and it 

carries out multiple functions. It should hold the parts of the vehicle together and serve to 

filter noise and vibration. Additionally, it should be able to protect its occupants when 

accidents happen. To do this, the automotive body designer should create a structure with 

significant levels of strength, stiffness, and energy absorption. The body stiffness is 

closely related to the noise and vibration performance of automobiles. Out of the many 

functions of the automobile body, this research focuses on the crashworthiness of 

automobiles. 

Worldwide, an estimated 1.2 million people are killed in road crashes annually. 

This translates into more than 3,287 men, women, and children dying every day 

(according to the World Health Organization). More than six million car accidents 

happen on the roads of the United States annually, and more than three million people are 

injured due to car accidents annually, with more than two million of these injuries being 

permanent injuries (according to the National Highway Transportation Safety 

Administration). Traffic accidents occur every day. We can’t be sure who the victim will 

be, when the accident will happen or where it occur; the best we can do is to make 
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automobiles safer. The importance of automotive crashworthiness cannot be emphasized 

enough. 

From an engineering perspective, crashworthiness is the ability of a vehicle to 

protect its occupants during an impact. Crashworthiness is a rapidly growing field in 

automotive engineering and it plays a major part in the practical design of automobiles. 

In recent years, the greatest demand facing the automotive industry from customers 

and regulators has been to provide safer vehicles that weigh less, in order to improve the 

safety and fuel efficiency of these vehicles. The conventional design order, Durability → 

NVH (Noise, Vibration, and Harshness) → Crashworthiness, has been reversed to 

Crashworthiness → NVH → Durability, where crashworthiness has become the most 

important factor in the vehicle design process. For developers of military vehicles, at the 

forefront of vehicle technology, safety has always been a central concern for the purpose 

of mission efficiency and survivability. 

Conventional safety equipments, such as air bags, seat belts, and various crash 

avoidance devices, have been developed as standards in many commercial and military 

vehicles.  However, breakthrough technology is still a key requirement for meeting future 

demands for vehicle safety design for high speed crash. 

In this research, a new vehicle concept is developed, one that is able to reconfigure 

itself during a crash to protect the occupants, and advanced design methodologies for the 

concept, called innovative inflatable morphing body structures, are developed. In detail, 

an innovative design concept of inflatable body structures (I-bumper) is proposed, a First-

Order Analysis (FOA) model for inflatable bumper system(I-bumper) is developed, an 

FOA software using MATLAB is implemented, and the I-bumper FOA model is 

validated using an LS-DYNA Finite Element Analysis (FEA) model. 

In this study, the concept of an ―inflatable morphing body‖ is introduced as an 

example of innovative body designs for crashworthiness and improved safety of military 

and commercial vehicles. The proposed inflatable body has several components, 

including an active bumper, airbags, springs, and an energy absorbing lattice structure 

with a locking capability to increase stiffness during a vehicular crash. These are attached 

to the main body of a vehicle. A simple dummy model of Livermore Software 

Technology Corporation (LSTC) is also implemented in the vehicle Computer Aided 
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Engineering (CAE) model for evaluating the Head Injury Criterion (HIC) of the occupant 

during the crash process.  Extensive CAE model validations are conducted for the truck 

and dummy models to ensure the suitability for use in the present design study. Major 

design variables and design guidelines and procedures are introduced based on an 

analytical design model for airbags, including an explosive that is described by a First-

Order-Analysis (FOA) model. The active bumper with an explosive airbag is developed 

for the inflatable body concept to achieve significant improvement in vehicle 

crashworthiness. An advanced design method is developed to design lattice-spring 

structures by using structural optimization to maximize energy absorption. Furthermore, 

another new design concept using granular material is examined during the passive stage 

of crash management.  

 

1.2 Vehicle structure design for vehicle safety 

 

Engineering research on crash safety began in 1958 at Ford Motor Company. 

Initially, safety research focused on increasing the reliability of brake systems and 

decreasing the flammability of fuel systems. Subsequently, most research has focused on 

crash energy absorption with crushable components. The addition of safety belts and 

airbags has notably reduced death and injury of occupants. Today, most of the car 

companies are putting a significant portion of their development cost and human 

resources toward crashworthiness of automotive structures. Fig. 1.1 shows the research 

categories for vehicle safety design. 

 Previous research on automotive crashworthiness design has typically focused on 

the passive structure design, which includes cross section and shape, honeycomb or 

sandwich structures, and alternative materials. Usually, passive safety refers to built-in 

features of the automobile, like structures that work passively to prevent human injury 

but which do not change the shape of the vehicle in response to crash. In this dissertation, 

the term ―passive‖ means that the automotive body is fixed, regardless of the situation it 

encounters. Thus, absorption of crash energy in the passive state is completely reliant on 

the stiffness of the car’s structure. Unfortunately, current cars have some fundamental 

handicaps, including fixed front end structures and limited crumple zones (see Fig. 1.2). 
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Figure 1.1 Research categories for vehicle safety design 

 

Because of these limitations, the fatality rate increases dramatically in high speed 

impacts. In order to design a successful lightweight vehicle and significantly improve the 

crash performance of current cars, technological development is still needed. If the 

automotive body could extend its front end during or right before a crash, the mechanism 

of absorbing the crash energy would be totally different from that of the passive structure. 
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This concept has been implemented with an external airbag fitted with an explosive 

charge in this research. During a crash, the kinetic energy of moving or inflating parts (i.e. 

the bumper) activated by the explosive charge can absorb the kinetic energy of the other 

cars, and intermediate structures like airbags and lattice structure can absorb the 

remaining kinetic energy before the main body-to-body crash takes place. 

 

 

Figure 1.2 Fixed front end structure of current automobile (Ford and Toyota) 

 

During a frontal crash, the front side member is expected to fold progressively, so 

as to absorb more energy and to ensure enough passenger space. To do so, various cross 

sections and shapes of tubes or beams have been investigated (Kim and Wierzbicke, 

2001(a); Kim and Wierzbicke, 2001(b); Han and Yamazaki, 2003; Alghamdi, 2001). Kim 

and Wierzbicke (2001(a), 2001(b)) addressed a design for the front rail of the automotive 

body to maximize crashworthiness and weight efficiency; their design included 

reinforcing the cross-section. Han and Yamazaki (2003) discussed the axial impact 

crushing behavior of the S-shape square tube, the effectiveness of stiffening at the curved 

parts, and shape perturbation at the two straight parts of the tubes. Alghamdi (2001) 

reviewed several shapes (tubes, frusta, multi corner columns, struts, sandwich plates, 

honeycomb cells, and other shapes) of collapsible energy absorbers and the different 

modes (tube inversion, tube splitting, lateral indentation of tubes, and lateral flattening of 

tubes) of deformation of the most common ones in his paper. 

Collapse mode, or the collapse behavior of tubes, has been studied (Andrews, 

England, and Ghani, 1983; Singace, 1999; White and Jones, 1999; Kim and Wierzbicki 

2001 (c)). Andrews et al. (1983) investigated the axial crushing modes of cylindrical 
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tubes experimentally and formulated the chart of collapse mode of cylindrical tubes 

which enables a designer to predict the energy-absorbing properties of a given tube and 

its crush mode. Singace (1999) examined the collapse of tubes in the multi-lobe in order 

to evaluate the crushing load and developed an analytical model for the mean crushing 

load, one that is in reasonable agreement with those obtained from experiments. White 

and Jones (1999) presented the approximate theoretical analysis for the mean crushing 

forces generated during the dynamic axial loading of top-hat and double-hat sections. 

Kim and Wierzbicki (2001) studied the crushing behavior of thin-walled prismatic 

columns under the combined loading of bending and compression.  

Sandwich or honeycomb structures (Yasui, 2000; Aktay, Johnson, and Holzapfel, 

2005) are extensively employed in the aerospace and automobile industries. Their 

behavior under impact conditions has been studied. Yasui (2000) examined the dynamic 

impact crushing behavior of multi-layer honeycomb sandwich panels and the impact 

tensile loading behavior of their material members, and found that multi-layer 

honeycomb panels of the built-up pyramid type, accompanied by the uniform built-up 

type, can be expected to provide high performance. Aktay et al. (2005) addressed the 

damage behavior of composite sandwich panels with polyetherimide (PEI) foam cores 

and aramid paper honeycomb (NOMEX) under transverse impacts at high velocities. 

Some papers have examined the design of a new material such as aluminum or 

plastic (Deb et al., 2004; Chen et al., 2004). Deb et al. (2004) investigated the design of 

an aluminum-intensive small car platform for desirable crashworthiness in the front end. 

They demonstrated that the aluminum-bodied vehicle design holds promise in terms of 

crashworthiness. Chen et al. (2004) reviewed various subframe concepts and showed the 

development process of an aluminum subframe. Their results demonstrated that the 

aluminum subframe could be designed to meet various load-carrying and energy-

absorption targets. 

Many researchers have been trying to devise a method by which vehicles can 

absorb more crash energy through the layout and structure optimization of a car body 

(Soto, 2001; Fredricson, 2000; Pedersen, 2004; Kim, Mijar, and Arora, 2001; Suh, Lee, 

and Cho, 2002; Avalle, Chiandussi, and Belingardi, 2002). Soto (2001) reviewed the 

improvement of the subject of topology optimization of continuum for maximizing 
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energy absorption. Fredricson (2000) surveyed the literature on structural topology 

optimization in the vehicle industry, focusing on specific applications. Pedersen (2004) 

discussed the topology optimization to obtain a crashworthiness design using the plastic 

zone formulation to model the plasticity.  Kim et al. (2001) developed simplified models 

for design and optimization of automotive structures for crashworthiness, which were 

particularly useful for the up-front design of automotive structures where formulation 

was based on the system identification approach. Suh et al. (2002) developed two 

methods for the optimal design of vehicle body structure, the section property method 

and the section shape method. Avalle et al. (2002) found the optimal design for 

automotive components using response surface methodology to improve the mechanical 

behavior in impact loading. 

Structural adhesive or connection improvements (Schulenburg and Kramer, 2004; 

Yang, Rui, Mohammed, and Singh, 1996) in vehicle crash performance have been made. 

Schulenburg and Kramer (2004) investigated special flexible polymers for car’s structural 

adhesives, which provided improved stiffness and crash resistance as well. 

 

1.3 Restraint system and occupant protection devices for occupant safety 

 

Conventional safety equipment, such as air bags, seat belts, and Anti-lock Braking 

System (ABS), has been investigated in the automotive industry for many years.  

An airbag is one of the most commonly used devices to protect occupants in the 

case of an automotive collision. Invented by Patrick W. Hetrick in 1951, the airbag has 

saved many lives through the years. Shout and Mallon (2000) studied airbag technology 

from the past, and made projections about the airbag’s future in their paper. Glass et al. 

(2000) investigated whether a child should be restrained, and where the child should be 

seated, to minimize the risk of fatality, and estimated the effectiveness of passenger-side 

airbags and rear seating for children. Aside from the airbag mechanism or operation, 

many studies have focused on airbag-associated injury. Huelke et al. (1992) discussed the 

cases of air bag-associated injuries, primarily erythema, abrasions, and contusions of the 

lower face, anterior throat, and upper chest, these injuries being the ones most often 

observed in automotive crashes. Sefrin et al. (2004) analyzed 394 accidents in which the 
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airbag was deployed and concluded that occult injuries of the body cavities have to be 

expected after the release of the airbag. Manche et al. (1997) studied airbag-related ocular 

injuries and Marshall et al. (1998) discussed airbag-related deaths and serious injuries in 

children.  

Seat belts, invented by George Cayley in the 1800s, are designed to reduce injuries 

by stopping the occupants from the second impact (hitting hard interior elements of the 

vehicle or other passengers). Huston (2001) presented a review, analysis, and discussion 

of the effectiveness and limitations of seat belt systems and discussed expected findings 

in post-accident inspections of seat belt systems.  

There are additional active safety systems for automobiles. Usually, an active 

safety system in a vehicle uses information about the crash situation to adjust the 

response of the automobile and enhance the safety of the vehicle, before or during the 

crash. These include Adaptive Cruise Control, innovative brake systems like Anti-lock 

Braking Systems (ABS), and pre-crash systems. Adaptive Cruise Control systems use 

either a radar or laser to reduce the vehicle velocity when approaching another 

automobile. An anti-lock braking system (ABS) is a system on automobiles that prevents 

the wheels from locking while braking. Delaney and Newstead (2004) found that ABS 

can reduce the risk of multiple vehicle crashes by 18 percent and the risk of run-off-the-

road crashes by 35 percent. Pre-crash systems also use radar sensors to detect an 

impending crash. Skutek et al. (2003) described a pre-crash system for vehicles with four 

short-range radars and the associated signal processing, a system that provides 

information relevant to the crash situation. I-bumper (Lee et al., 2008) could be added to 

the category of active safety systems, since I-bumper changes the structure of the 

automobile using information about the car’s external environment. 

 

1.4 Inflatable bumper design for vehicle safety 

 

For several decades, bumper design has focused on material and structure. 

Andersson et al. (2002) investigated the applicability of stainless steel for crash-

absorbing bumpers to increase crash performance in automotive vehicles. Butler (2002) 

studied the design of efficient epoxy structural foam reinforcements to increase the 
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energy absorbed in front and rear automotive bumper beams. Carley (2004) introduced 

Expanded Polypropylene (EPP) foam technologies and techniques for bumper systems. 

Cheon et al. (1995) developed a new composite bumper that has two pads at each end of 

the bumper. Evans and Morgan (1999) studied thermoplastic energy absorbers for 

bumpers. 

The concept of safety design using external airbag bumpers was introduced two 

decades ago. Even though this idea has not yet been implemented in commercial industry 

or the military, the introduction of the concept alone has had a significant impact. 

 

   

 

Figure 1.3 Frontal airbag bumper with Kevlar cover sheet on a 1989 Oldsmobile Cutlass 

Ciera (Clark and Young, 1995) 

 

Fig 1.3 shows an early style of inflatable bumper using an airbag on a 1989 GM 

Oldsmobile (Clark and Young, 1994 and 1995). The frontal airbag bumper had a high 

pressure airbag, at 221 kPa and 23 cm thick, embedded on the outboard side of a low 

pressure airbag, at 20 kPa, whose inboard side was against the original car bumper, with a 

thickness of an additional 61 cm at the center line, for a combined thickness of 84 cm. 

The low pressure airbag ruptured as expected in the frontal crash, with this airbag bumper 

system absorbing about 19 percent of the energy of the crash.  

Recently, RAFAEL has made some progress in developing an external airbag (see 

Fig. 1.4). They developed the Rotorcraft External Airbag Protection System (REAPS) 

which has an external airbag array attached under the fuselage of passenger rotorcrafts. 

The system deploys the external airbag array right before an impending crash, thereby 

reducing passenger injuries and airframe damage. Autoliv has developed two new 

external airbag systems (a front edge airbag and a bumper airbag) for SUVs (see Fig. 1.5). 
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The front edge airbag is designed to alleviate the effects of an SUV colliding with a 

pedestrian, and the bumper airbag handles the compatibility problem of high-hood 

vehicles like SUVs colliding with lower vehicles like passenger cars. Pipkorn et al. 

(2007) investigated an external airbag for sport utility vehicle to passenger vehicle 

compatibility in side impact. In this research, they found that an external bumper airbag 

reduced the intrusion velocity of the side door structure of a passenger car colliding with 

an SUV with a bumper airbag, and it also reduced the injury measures for the lower 

extremity of a pedestrian upon collision with a SUV with an external airbag. Many 

patents have been granted for inflatable bumper systems; some examples are shown in 

Fig. 1.6.  

 

  

 

 

Figure 1.4 Rotorcraft external airbag protection system (REAPS) 

 

Source:  www.defense-update.com 
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Source: www.autoliv.com 

 

Figure 1.5 External airbag system developed by Autoliv 

 

1.5 Deployable systems 

 

A deployable structure (see Fig. 1.7) is a structure that can be transformed from a 

compact configuration to a pre-designed and expanded form, that can carry loads, and 

that are stable. Well-known examples from daily life include an umbrella, a convertible 

car, and a ―pop-up‖ camping tent. Deployable structures have been used in the temporary 

construction industry and the aerospace industry. In civil engineering, the deployable 

structure has been used for a long time for emergency and temporary structures. A recent 

application is the retractable roof of stadiums (Escrig, 1998; Kassabian, 1999). In space, 

deployable structures have been used in booms, aerials and masts, as well as in 

deployable solar arrays, because of their compactness. Pellegrino (2006) developed a new 

deployable reflector for an Earth observation mission. Soykasap et al. (2006) developed a 

novel concept for a deployable antenna that can measure terrestrial biomass levels from a 

spacecraft in a low Earth orbit. Thus far, it has not been common to use deployable or 

inflatable structures in the automotive industry. In this research, the application of 

deployable structures to an automotive body for crashworthiness design has been 

investigated. 



12 

 

 Figure 1.6 Patents on inflatable external airbags 

 

Extendible Bumper System and Method of Control (US6709035B1) 

General Motors Corporation 

 
 

 

Bumper Airbag and System (WO 02/055343 A1) 

Universal Propulsion Company. 

 
 

 

Bumper Airbag with Multiple Chambers (US 2004/0169362 A1) 

Ford 
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Energy Absorbing Devices (GB1371145) 
 

 
 

 

Safety Device for Motor Vehicle (DE 102 39 352 A1) 
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Deployable tent (http://military.eurekatents.com) 

 

           

The roof of the University of Phoenix Stadium 

 

            

Deployable reflector (Pellegrino (2006)) 

 

Figure 1.7 Examples of deployable systems 

 

Table 1.1 shows the comparison between an inflatable space structure and an 

inflatable body for automotive crashworthiness. The applications of an inflatable 

structure to the automobile are different from applications to the space structure. 

Mechanical springs or electromagnetic force can be used as the actuator in automobiles, 
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whereas space structures use heat, ultraviolet radiation, or shape alloy memory. Inflatable 

bodies for crashworthiness in automobiles should be able to transform to their desired 

form much faster than inflatable space structures transform, because vehicle crashes 

happen so quickly that they are measured in milliseconds. A major requirement of the 

inflatable space structure is reliability, whereas the major requirement of the inflatable 

body for automotive crashworthiness is energy absorption. The space deployable system 

should be easy to disassemble for use; however, for automotive crashworthiness, an 

inflatable body does not need to be reusable. 

 

Table 1.1 Comparison between inflatable space structure and inflatable body for 

crashworthiness 

 Inflatable Space Structure Inflatable Body for 

Crashworthiness 

Actuator Heat, Cold, Ultra-violet 

Radiation, Shape alloy memory 

Mechanical spring or 

Electromagnetic force 

Deployment speed Slow Very fast 

Major requirement Reliability Energy absorption 

Reusability Yes No 

 

 

1.6 Intermediate material filled tube for vehicle safety 

 

Regarding the passive state design, an innovative design concept using granular 

material is introduced in this study. A granular material is a conglomeration of discrete 

solid, macroscopic particles that absorb energy whenever the particles interact (the most 

common example would be friction when grains collide). Common materials could be as 

diverse as sand, rice, ball bearings, or flour (see Fig. 1.8). Granular materials create 

enormous friction through the interaction of their individual particles, so a tube 

containing granular material can absorb much more crash energy than an empty tube. The 
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application of granular material to crashworthiness design will be very challenging and 

highly effective.  

 

      

                                                    

Figure 1.8 Granular materials (http://www.phy.duke.edu/research/ltb) 

 

In previous research, the effects of filling metal tubes with a material such as foam 

or sawdust (Reid, Reddy, and Gray, 1986; Abramowicz and Wierzbicki, 1988; Santosa 

and Wierzbicki, 1998; Singace, 2000; Singace, 2003) have been studied with regard to 

the capabilities of tubes to absorb extra crash energy. Santosa and Wierzbicki (1998) 

studied the effect of aluminum or foam on the axial crush resistance of square box 

column. They found that significant energy absorption was obtained by filling the column 

with moderate or high strength aluminum foam. Singace (2000) investigated the 

influence of foam-like wood filter on the mode of collapse and energy absorption 

performance of polyvinylchloride (PVC) tubes. He found that empty PVC tubes normally 

collapse into a multi-lobe model when axially crushed, but the collapse mode was 

changed from multi-lobe to the concertina model in the sawdust-filled PVC tubes; 

therefore the PVC tubes absorbed more energy.  

These investigations have been oriented toward a specific material or structure, so 

the results have been applicable only to that specific material. In addition, the results 

from these studies cannot be applied directly to an automotive body composed of thin-

walled members like empty tubes to determine the bending stiffness or torsion stiffness 

http://www.phy.duke.edu/research/ltb
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of automotive body. To do this, special treatments should be considered for tubes filled 

with a granular material.   

In many fields, granular material is becoming an important subject. Unfortunately, 

no crashworthiness-related papers about granular material have been published.  

 

In order to design a successful lightweight vehicle and improve the crash 

performance of current cars, an innovative crashworthiness design called the I-body (I-

bumper) is introduced. For an active body, some ideas applicable to the bumper are 

introduced mainly based on the external airbag systems. They are, however, still in need 

of development and more theoretical grounding. In this study, some theoretical bases for 

the external airbag have been given and innovative concepts including explosives are 

investigated. 

 

 

 

Figure 1.9 Fatal crash distributions (from Traffic Safety Facts 2004, NHTSA) 

 

Frontal crashes have the highest priority in research on crashworthiness design in 

the automotive industry, because this type of crash accounts for more than half of all 

serious (injury-producing) and fatal passenger motor vehicle accidents. As seen in Fig. 

1.9, the frontal crash is the most common type of fatal car crash, accounting for 60% of 

all fatal car crashes. Therefore, in this research, innovative I-bumper design is applied to 

the automotive front structure. In future research, this I-bumper concept can be extended 

Front: 60% 

Right: 12% 

Left: 14% 

Rear: 6% 

Others: 7% 
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to side impact, rear impact, and rollover, and will be implemented as an innovative hard-

kill means for blast-worthiness of military vehicles. 

 

1.7 Organization of this dissertation 

 

This dissertation discusses an innovative design for automotive crashworthiness 

focusing on front crashes, called the ―I-bumper.‖ This dissertation is organized as follows. 

 

In chapter 2, a new design concept is proposed for the ―I-bumper‖ inflatable 

bumper for automotive crashworthiness. The preliminary design analysis of a simplified 

FEA model with only mass and spring is performed. A comparison of crashworthiness or 

safety between conventional cars and cars with I-bumpers is made. The geometry effects 

and material effects of inflatable bumpers on energy absorption are examined in this 

chapter. Validation of the Finite Element Method (FEM) truck model and dummy model 

used in this research is conducted. To analyze and predict the crash motion of a car with 

an I-bumper, a simplified First Order Analysis (FOA) model is investigated in this 

research. For simplicity the three degrees-of-freedom (DOF) model or the two DOF 

model is used in this research. I-bumper components, and the impact between the bumper 

and the moving barrier, are modeled by a spring coefficient in a spring matrix and by a 

damping coefficient in a damping matrix. It is also necessary to know the initial 

conditions (displacements and velocities) for each mass in the models. The analytic 

approach for those coefficients of I-bumper components and initial conditions is shown in 

the next chapters. 

 

In chapter 3, a First-Order Analysis (FOA) model for an external explosive airbag 

is developed based on lumped mass, spring coefficients, and damping coefficients. Two 

spring coefficients and one damping coefficient for external explosive airbags are derived 

in terms of the change in pressure and contact area. For damping coefficient of leakage 

and vent, the Bernoulli equation is used. The state variables appearing in the spring 

coefficients are obtained by the Wang and Nefske model. This external explosive airbag 

is different from a conventional airbag in that it uses an explosive instead of compressed 



19 

 

gas as an inflator. Because of this, the effect of this explosive in the airbag is investigated. 

Investigation starts with the Gurney’s model, and with Jones’ model for explosives. The 

initial velocity of the FOA model is determined by this modified Gurney’s and Jones’ 

equation. Validation of the explosive airbag system using LS-DYNA is given in this 

chapter.  

 

In chapter 4, a crash energy absorbing (CEA) lattice structure is studied. Analytic 

modeling of an active (foldable and expendable) lattice structure is conducted. This 

structure is folded while driving, and is expanded and locked during the crash in order to 

absorb the crash energy. The energy absorbed in the lattice structure should be 

maximized. To do this, the optimization for structure size and shape is performed. To 

calculate the spring coefficient of the lattice structure, the deformation region is separated 

into a pre-buckling region and a post-buckling region. For the pre-buckling region, strain 

energy is used. For the post-buckling region, the theory of plastic limit analysis is applied 

to absorbed energy in the lattice structure. Final energy absorption by the lattice structure 

is obtained by summation of the absorbed energies in the pre-buckling region and the 

post-buckling region. The equivalent spring coefficient for lattice structure is given based 

on the derived energy absorption equation. 

 

In chapter 5, one of the innovative means for crashworthiness of an automotive 

body is introduced: to use tubes filled with granular materials like sand or grain. To do 

this, a new concept called ―effective thickness‖ is introduced and applied to find an 

analytical model of a tube filled with granules. An analytical model based on the 

effective thickness theory of a tube filled with granules is developed. Effective thickness 

is the thickness of an empty tube that is equivalent to a tube filled with granules. Various 

effective thicknesses for tubes filled with granules are developed in this chapter. The 

equation of the energy absorbed by a tube filled with granules is developed based on the 

effective thickness theory for the axial deformation and global bending deformation. The 

equivalent spring coefficient for a granule-filled tube is defined according to a 

predetermined energy absorption equation. 
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In chapter 6, each component of the I-bumper, including the explosive airbag, 

lattice structure, and tube filled with granular materials, is integrated into the total system. 

The incremental differential equation of crash motion for the system is expressed as 

 

][]][[]][[]][[ iiiiiii Fxcxkxm    

 

I-bumper components, and the impact between the bumper and the moving barrier, 

are modeled by a spring coefficient and a damping coefficient characterized by 

nonlinearity in the spring matrix and the damping matrix of equation (1-1). The nonlinear 

characteristics of the spring and damping coefficients are taken into account in this 

method by updating these coefficients at the beginning of each time increment. To solve 

the incremental differential equation that appears in the FOA model, the step-by-step 

integration method is utilized. In this method, the equation is solved at successive 

increments ∆t (or dt) of time.  

 

A validation of the I-bumper system is presented, and the developed software is 

introduced in this chapter. The effectiveness and availability of the I-bumper are shown 

from a comparison of the acceleration of the compartment between a conventional car 

and an innovative car with an I-bumper. The application of a high-speed crash of a light 

truck and a heavy tuck using the FEM model is investigated. It is possible to have an 

indirect experience of high speed crashes and estimate the effectiveness of the I-bumper 

from this simulation. 

 

In chapter 7, the conclusion of this dissertation is reached and future work is also 

discussed, including the extension of the I-bumper concept to other impacts (side impact, 

rear impact, and roll over), as well as to blast-worthiness. The future work including the 

optimization of I-bumper variables and sensor technology is presented. 

 

In the appendices, the Coefficient of Restitution (COR) and Coefficient of Crash 

(COC) used for a collision between an inflated bumper and closing car’s body are 

(1-1) 
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discussed in Appendix 1, while design considerations and criteria for blast-worthiness are 

addressed in Appendix 2. 
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CHAPTER II 

 

PROPOSED DESIGN CONCEPT AND FINITE ELEMENT 

ANALYSIS MODEL  

 

2.1 Proposed design concept 

 

In this chapter, an idea for morphing vehicle technology is proposed. The body of a 

conventional car is always fixed, regardless of whether it is driving, parking, or crashing. 

However, it would be more efficient if the car body could be changed according to the 

situation, transforming the car into a so-called ―morphing‖ vehicle. Out of the many 

scenarios that a car might encounter, the crashworthiness during a crash is the focus of 

this design research.  

The concept of a morphing vehicle to enhance crashworthiness is essentially that 

the volume of the vehicle can be increased very rapidly, much like the ―Incredible 

HULK,‖ as shown in Fig. 2.1. Through this concept, possibilities such as extending the 

front end structure, expanding the space available for crumple zones, and increasing the 

stiffness and strength of the vehicle body can be realized. Finally, the inflated body 

would be able to mitigate and split the crash energy as depicted in Fig. 2.2.  

This morphing concept is called the ―Inflatable body,‖ or simply ―I-body.‖ The 

substance with which the increased volume can be filled must be considered. The 

performance of the car in terms of crashworthiness hinges on the material and structure in 

the increased volume, and the kinetic energy of the colliding vehicle absorbed by the 

kinetic energy of the inflatable body. In this study, the airbag and lattice structure is filled 

in the increased volume to expand the crumple zone of the car body and absorb more 

crash energy. An explosive is used to increase the kinetic energy of the inflatable body.  
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The ―break fall‖ in martial arts and the behavior of a cat when it falls down are 

good examples that illustrate crashworthiness in nature. Martial artists can minimize 

impact force through employment of various break-fall techniques when they hit the 

ground. The cat reduces its falling velocity and distributes its impact force through 

positioning its body, thus allowing it to land on the ground safely without hurting itself. 

Although the cat’s skill and the break-fall techniques of martial arts weren’t implemented 

in the design of this study, these concepts are worthwhile enough to be researched in the 

crashworthiness design. The concept of morphing a vehicle body for crashworthiness has 

something in common with them, in that they all mitigate and split the crash or impact 

energy.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 Concept of the inflatable body 

Normal time Crash time 
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Figure 2.2 Split and mitigation of the crash energy by inflatable body 

 

The inflatable body has two states. The first is the active state, in which the 

dynamic energy of the inflatable body (bumper) and special structures such as an external 

explosive airbag and lattice structure, can absorb the energy of cars before body-to-body 

contact occurs. To do so, an explosive (i.e. TNT) has been considered in this study. 

Explosives are very efficient at imparting high kinetic energy to projectiles (i.e. a 

bumper) while using only a small amount of explosive material. In this case, safety is 

also a very important factor to be considered. The second is the passive state, in which 

the stiffness of the fixed body will absorb the energy of the crashing cars. To reinforce 

the crashworthiness of an automotive fixed body, a front-post filled with granular 

material has been considered in this research. This study will both demonstrate and prove 

how the crash energy is mitigated and split using the aforementioned techniques. 
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2.2 Preliminary analysis of active inflatable bumper with only spring and mass 

 

First, an active inflatable bumper employing only springs and mass (without 

explosive airbag and lattice structure) has been modeled below. Although this is not the 

ultimate design for the inflatable body, new and interesting facts have been revealed 

through the design. Fig. 2.3 shows the FEM model of an inflatable bumper with only 

springs and mass. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3 FEM model of inflatable bumper with only spring and mass 

 

Fig 2.4 shows a crush force curve for two kinds of collision. Line A represents a 

collision between two conventional car bodies where neither car has an inflatable bumper, 

and line B represents a collision of two cars in which both cars have inflatable bumpers. 

Whereas line A has only one crash peak, line B has multiple discrete peaks as indicated 

by the arrows. The split and distribution of a crash force during a collision will work 

positively for energy absorption, which is the same approach used in martial arts as a safe 

way of falling down. As mentioned in Fig. 2.2, the I-body (or I-bumper) turns out to be 

able to mitigate and split the crash energy. 
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     where non_IB means the car without inflatable body 

                                        IB means the car with inflatable body   

 

Figure 2.4 Crash force curves for a collision between two cars (speed: 30 mph) 

 

 

 

 

Figure 2.5 Kinetic energy curves for a collision between two cars (speed: 30 mph) 
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Fig. 2.5 shows a kinetic energy change curve for two cases during a collision. As 

shown, much more kinetic energy is absorbed before the main body collision in the case 

of a collision between two cars that both have an inflatable body. Fig. 2.6 shows the 

response surface of mass and the spring coefficient of an I-body. If a bigger mass for the 

bumper and a higher spring coefficient are chosen, more crash energy can be absorbed by 

the inflatable bumper. 

 

 

 

Figure 2.6 Response surface of reduced kinetic energy of each mass and spring 

coefficient (speed: 30 mph) 

 

Table 2.1 and Table 2.2 show that the geometry and material of the bumper can 

also be design variables. It is found that the absorbed kinetic energy varies according to 

the shape of the bumper and the type of material. 

Next, consider the offset collision of the I-bumper. Fig. 2.8 and Fig. 2.9 show a 

kinetic energy change curve for two cases; line B represents a case with an offset 

between bumpers, while line A represents a case without an offset between bumpers. 

More crash energy is absorbed in the case with an offset. 
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Table 2.1 Reduced kinetic energy for each material of bumper (speed: 30 mph) 

Material 

Type 

Young’s 

Modulus (GPa) 

Initial Kinetic 

Energy (Nmm) 

Final Kinetic 

Energy (Nmm) 

Reduced Kinetic 

Energy (%) 

Al 70  398,720 306,330 23.17 

Titanium 115  398,720 293,120 26.48 

Steel 210  398,720 274,740 31.09 

 

Table 2.2 Reduced kinetic energy for each shape of bumper (speed: 30 mph) 

The shape of 

bumper 

Initial KE of cars with 

I-bumper (Nmm) 

Final KE of cars with I-

bumper (Nmm) 

Reduced KE with I-

bumper (%) 

Normal 396,899 304,690 23.23 (%) 

Flat 403,317 216,220 46.39 (%) 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7 FEM model of inflatable bumper car with normal shape and flat shape 

 

Therefore, the mass of the bumper, the spring coefficient, geometry, and the 

material of which the bumper is composed are all potential design variables. Figs. 2.10 

and 2.11 show crash peaks and FEM models for various collisions between IB cars (cars 

with inflatable bodies) and non_IB cars (cars without inflatable bodies). Although these 

models incorporated some constraints that made it less realistic – for example, the 

Flat Normal 
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bumper was only able to move along the front-rear axis – the split and the distribution of 

the crash peaks are clearer than in Fig. 2.4, as shown in Fig. 2.10. 

 

 

 

Figure 2.8 Kinetic energy curves for offset collision and non-offset collision 

 

 

 

 

 

Figure 2.9 FEM model for offset collision and no-offset collision 
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Figure 2.10 Crash peaks for various collisions 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11 FEM models for various collisions 
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2.3 Preliminary analysis of active inflatable bumper with proposed design concept 

 

2.3.1 Overview 

 

Some modifications have been made to the previous inflatable body design shown 

in Fig. 2.3. This modified inflatable body is composed of airbags, a lattice structure and 

springs, as shown in Fig 2.12 and Fig 2.13. In particular, an explosive has been used as an 

airbag inflator as opposed to how it is conventionally done in airbag inflation. For passive 

state design, granular materials were included in the front-post. 

 

Active Bumper

Expanded structure

Mechanical spring

Front Post Airbag

Explosive

Granular material

Anything !!!
 

 

Figure 2.12 I-Bumper 

 

Simulations were performed with this modified inflatable body. Fig. 2.14 shows a 

HIC number (Head Injury Criteria, a dimensionless number) for various masses and 

springs with the assumption that the airbag condition is fixed and that is a conventional 

airbag without explosive effects. It is observed that a significant reduction of the HIC 

number can be made using an inflatable body. HIC is defined by the equation of Fig. 2.14. 
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Figure 2.13 Components of active inflatable bumper 
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Figure 2.14 HIC number for various masses and spring coefficients 

 

2.3.2 Design and analysis 

 

Fig. 2.15 illustrates the status of a truck FEA model (originally developed at GWU) 

with the innovative inflatable body before deployment. The inflatable body has several 



33 

 

components, including a deployable bumper, two external explosive airbags, two springs, 

and a lattice structure, all of which are attached to the main body. A simple dummy 

model of LSTC has also been implemented in the simulation model, as shown in Fig. 

2.15 and 2.16, for the purpose of HIC evaluation. 

 

 

                    

Figure 2.15 Truck with an innovative inflatable body before deployment 

 

 

                            

 

Figure 2.16 Truck body shape after deployment (side view) 

Dummy 



34 

 

                         

Figure 2.17 Truck body shape after deployment (bottom view) 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.18 Lattice structure for locking 

 

Fig. 2.16 and Fig. 2.17 show a bottom view and a side view of the truck FEM 

model after the deployment of the inflatable body, and they clearly show the composition 

of the airbags, springs, and lattice structure. Each component is spot-welded to the 

bumper and the main body. It can be seen that the new design comes much closer to 

being a realistic and practical design, compared to the previous design shown in Fig. 2.3. 

Airbags 

Lattice Structure 

Springs 

Before deployment During deployment After deployment 

Lattice structure prototype 
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This inflatable bumper (I-bumper) will be locked using a lattice structure after full 

deployment (see Fig. 2.18). 

 

2.3.3 Validation of the C-2500 truck and dummy model 

  

Virtual prototyping of the C-2500 (a Chevrolet truck model originally developed at 

George Washington University) has been performed in this study in order to validate a 

suitable model to be used in current inflatable body design studies. In terms of the 

fundamental body stiffness, since the real experimental data is not available to the public, 

a comparison was made with the nominal value for truck bodies. Table 2.3 illustrates the 

stiffness and frequency test results, which indicates that the current C-2500 model is 

softer in terms of bending stiffness, as well as in terms of the first eigenfrequency 

compared with the nominal value found from the literature, and in terms of torsional 

stiffness.  

 

 

 

Figure 2.19 Comparison of the accelerations at the right seat for a frontal crash 

into a rigid wall   Left figure: GWU’s results   Right figure: UM’s result 

 

Table 2.3 Stiffness and frequency test results 

Test items Nominal value for truck body C-2500 model 

Bending stiffness 4,000~5,000 N/mm 2,216 N/mm 

Torsion stiffness 3,000~4,000 Nm/o 2,536 Nm/o 

Primary frequency Around 15 Hz 9.5 Hz 

(g
) 
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Figure 2.20 Comparison of the velocities for the frontal crash into a rigid wall 

Left figure: GWU’s results.    Right figure:  UM’s result. 

 

 

Table 2.4 Physical dimension and weight comparison for simplified dummy 

model and Hybrid III 

 

 Simplified model Hybrid III 

(50
th

 percentile adult male) 

Erect Sitting Height 893 mm 907 mm 

Standing Height 1,742 mm 1,751 mm 

 

 

 Simplified model Hybrid III 

(50
th

 percentile adult male) 

Head 4.53 kg 4.54 kg 

Neck 1.48 kg 1.54 kg 

Torso 38.92 kg 40.23 kg 

Total 76.2 kg 78.20 kg 

 

 

b) Weight comparison: 

a) Dimension comparison: 
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Figure 2.21 Comparison of accelerations of the head and pelvis between the simplified 

dummy model and Hybrid III: 1) head acceleration of Hybrid III, 2) pelvis acceleration of 

Hybrid III, 3) head acceleration of the simplified model, 4) pelvis acceleration of the 

simplified model. 

 

In terms of crash performance, Fig. 2.19 compares the accelerations obtained in the 

right front seat during a frontal crash. The thick line in the left graph is a simulation result 

obtained at GWU (Zaouk, et al., 1996), who developed the original truck model, and the 

thin line in the same graph is the test result obtained at GWU. The right graph depicts the 

simulation results obtained at UM. It can be seen that the results are compatible in terms 

of major tendencies.  

Fig. 2.20 further shows the velocity comparison of the measurement in the 

corresponding left front seat. The thick line in the left graph is the simulation result 

obtained at GWU and the thin line in the same graph is the test result. The right graph 

shows the results obtained at UM. It can be seen again that the results are compatible in 

terms of major tendencies. 

A simplified dummy FEA model (see Fig. 2.22) was also evaluated and compared 

with a real dummy model, Hybrid III, using the virtual prototyping with LS-DYNA.  

1 2 

3 4 
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First, as shown in Table 2.4, the physical dimensions and weights are compared between 

the two models, and this comparison shows the similarity of the two models.  Second, as 

shown in Fig. 2.21, the accelerations of the head and pelvis under a Belted Sled Test are 

compared between the two models.  It can be observed that the tendencies and peak 

values are in good correlation. 

 

 

 

Figure 2.22 Simplified FEA dummy model 
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CHAPTER III 

 

FIRST-ORDER ANALYSIS (FOA) MODEL OF AN EXPLOSIVE 

AIRBAG 

 

3. 1 Introduction 

 

In the I-bumper (inflatable bumper) concept (Kikuchi, 2007), two explosive airbags 

are deployed just before the main body-to-body crash in order to absorb the kinetic 

energy of the other vehicle. The release also actuates other components in the I-bumper, 

including a movable bumper and an energy absorption morphing lattice structure.  A 

small explosive charge is used to deploy the airbag. A conventional airbag model has 

been used to reduce the crash energy in a controlled manner and reduce the peak impact 

force.  An analytical model of the explosive airbag is developed in this chapter for the I-

bumper system and for its optimal design, while the complete system design (I-bumper) 

is discussed in a separate chapter. 

Analytical formulations for an explosive airbag have been developed and major 

design variables have been identified. These are used to determine the required amount of 

explosive and to predict the airbag’s behavior, as well to predict the impact of the airbag 

on the I-bumper system. Related design guidelines and procedures have also been 

introduced. This new explosive airbag model has been implemented in MATLAB, and 

has been validated with a high fidelity model using an LS-DYNA simulation. 

The concept of safety design using external airbag bumpers was introduced more 

than ten years ago (Clark and Young, 1995).  

In this research, the advanced external airbag fitted with explosive charges for 

crashworthiness design is investigated. Some ideas on external airbag systems have been 

applied to the bumper. They are, however, still in need of development and more 
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theoretical grounding. In this study, some theoretical bases for the external airbag have 

been given, and innovative concepts including explosive charges have been investigated. 

 

3. 2 FOA (First-order-analysis) model for an external explosive airbag model  

      

To obtain the governing equation on the crash of a car equipped with an external 

explosive airbag, a simplified First-Order-Analysis (FOA) model was used in this 

research. Although various simplified models for vehicle collisions have been developed 

(Kamal, 1970; Mooi and Huibers, 1998; Lin, Kamal, and Justusson, 1975; Greene, 1977), 

only the three degree-of-freedom (DOF) model or the two degree-of-freedom (DOF) 

model has been applied in this research.  

 

 

Figure 3.1 Simplified FOA model (3 DOF) for a head-on collision between cars 

 

 

 

 

Figure 3.2 Simplified FOA model (2 DOF) for head-on car collision using er, the 

coefficient of restitution (COR) 
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Fig. 3.1 and Fig. 3.2 show the First-Order-Analysis model of a car crash with the 

airbags used in this study. In Fig. 3.1, a spring coefficient and a damping coefficient have 

been used to model both the explosive airbag and the collision between the bumper and 

other cars, while in Fig. 3.2, er, the coefficient of restitution (COR), has been used to 

model the collision between the bumper and other cars, and the explosive airbag has 

again been modeled by a spring coefficient and a damping coefficient. 

The governing incremental equation of crash motion of the system (Fig. 3.1 and 

Fig. 3.2) can be expressed as 

 

][]][[]][[]][[
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To find the stiffness matrix and the damping matrix of equation (3-1), it is 

necessary to determine the spring coefficients and the damping coefficients of the 

external airbag, and the initial conditions (displacements and velocities after detonation) 

of each mass in the models shown in Figs. 3.1 and 3.2. In subsequent chapters, the 

analytic approach for those coefficients of airbags and initial conditions will be 

investigated. To obtain the spring coefficients and the damping coefficient of the airbag, 

the Wang-Nefske state equation was used (see chapter 3.3). The initial velocity of the car 

body and the bumper in equation (3-1) was obtained using a modification of Gurney’s 

equation, a modification that was developed in this research (see chapter 3.4). In this 

model, typically the car bumper will have a very high speed due to the detonation of the 

explosive. The equation (3-1) will be solved using the step-by-step integration method 

(see chapter 3.5).  

The spring coefficient and damping coefficient of the impact between the car 

bumper and other cars in Fig. 3.1 and the COR in Fig. 3.2 can be determined by 

experimental tests. Fig. 3.3 shows the FEA model for an external airbag using LS-

DYNA. In the latter part of this chapter, the validation of the analytic model developed 

based on FOA (Figs. 3.1 and 3.2) using the FEA model of Fig. 3.3 has been performed. 

 

 

 

(3-1) 
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Figure 3.3 FEA model for external airbag using LS-DYNA 

 

3.3 FOA model of a conventional airbag  

 

As mentioned in the previous chapter, the FOA model has been used for an 

external explosive airbag. Therefore it is a basic necessity to know the spring coefficient 

and the damping coefficient for the external airbag. The development of the airbag model 

based on FOA is shown in this chapter. This external explosive airbag model includes 

both the modified conventional airbag model and the modified explosive model.  

 

         

Figure 3.4 Simple airbag FOA model 

 

Fig. 3.4 shows a simple airbag FOA model. Two spring coefficients and one 

damping coefficient are determined in this chapter. 

 

3.3.1 Spring coefficients of airbag 

 

The force of the airbag is defined by gauge pressure multiplied by the effective 

area 

x 
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External explosive airbag 

Bumper 
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egx APF   

 

where gP  denotes a gauge pressure of the airbag, and 
eA denotes the effective area of the 

airbag, defined by the load divided by the pressure. To determine the force of the airbag 

at any given point, atmospheric pressure should be subtracted from the absolute pressure 

values to obtain the gauge pressure, giving 

 

ag PPP   

 

where P  is absolute pressure and aP  is atmospheric pressure. The spring coefficient can 

be evaluated by force differentiated by displacement (Presthus, 2002). Plugging equation 

(3-3) into equation (3-2) and differentiating the force by displacement will give 
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Equation (3-4) will be 
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Now two spring coefficients for an airbag will be 
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where  x denotes the velocity of impact mass. 

 

(3-2) 

(3-3) 

(3-4) 

(3-5) 

(3-6) 
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3.3.2 Damping coefficient of airbag 

 

For the damping coefficient of leakage or venting in the airbag, the Bernoulli 

equation is used. It is assumed that the flow between location A (inside the airbag) and 

location B (outside the airbag) (see Fig. 3.5) is inviscid, incompressible, free from heat 

transfer, and steady. Thus the Bernoulli equation between these two locations yields 

(White, 1994). 
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Assuming laminar flow gives (White, 1994) 
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Figure 3.5 Airbag properties and geometry for the Bernoulli equation 

 

Plugging (3-8) into (3-7) gives 

 

,

outm

dL

A B 

B A 

(3-7) 

where 

P : absolute pressure 

PA: pressure of point A  

PB: pressure of point B 

vA:  velocity of point A 

vB:  velocity of point B 

g:  gravity 

 : density 

 : coefficient of viscosity 

outm : mass flow rate of exit 

ZA: height of point A  

ZB: height of point B 

h:  head loss 

d: diameter of exit hole 

L: length of exit hole 

(3-8) 
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From equation (3-9), the pressure difference between spot A and spot B is written as 
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The force generated by the pressure difference is 
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Finally, the viscous damping coefficient will be 
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where  x denotes the velocity of the airbag compression, Bv can be expressed 

as π
d

ρmout

2

2







 , and Av  can be assumed to be zero.  

The airbag damping coefficient, usually a viscous damping coefficient, is much 

lower than the spring coefficient unless there is leakage or a vent hole. In that case, the 

damping coefficient can be neglected without detriment. 

 

3.3.3 Wang and Nefske state variables 

      

The spring coefficient (eq. 3-6), thus, requires knowing the pressure change at any 

given time. The Wang and Nefske model (Wang and Nefske, 1988) has been used to 

(3-12) 

(3-9) 

(3-10) 

(3-11) 
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determine the pressure change in the spring coefficient equation. For the airbag, they 

made three assumptions about the airbag processes: that the gas behaves as an ideal gas, 

that adiabatic processes are taking place, the tabular input of mass flow and the gas 

temperature. Based on the above assumptions, they obtained basic state equations as 

follows: 
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Making use of equation (3-13) results in the governing gas dynamic equations that 

apply after the airbag is fully inflated. 
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Again, after performing some algebraic manipulation, equation (3-14) may be 

written in the form of 
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(3-15) 

(3-13) 

(3-14) 

Subscript 1: canister (inflator) 

Subscript 2: airbag 
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At this point, airbag model spring coefficients can be determined by using the 

pressure change of the airbag obtained by using the Wang and Nefske equation (3-15). 

Problems involving multi-degree of freedom, including these spring coefficients (eq. 3-6) 

and damping coefficient (eq. 3-12) can be evaluated using the step-by-step integration 

method. In this method, the response is evaluated at successive increments ∆t (or dt) of 

time. These coefficients are considered in the analysis by reevaluating at the beginning of 

each time increment. Details are given in chapter 3.5. 

The bag’s stretch factor is denoted as c  , and this was determined experimentally. 

V  is the bag’s computed volume change rate due to the impacting mass making contact 

with the airbag; this can be estimated by the standard contact algorithm. To make the 

Wang and Nefske algorithm easier to apply to external airbags, an analytic expression 

for
c and V   is derived in this research. 

 

3.3.4 Analytic solution for  c   and V                                     

 

According to Wang and Nefske (Wang and Nefske, 1988), the relationship 

between the pressure ( 2P ) and the volume ( 2V ) of the airbag will be expressed as 
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))(1( 2202 aPPcVV    

 

where V20 is the volume of the fully inflated bag, and 
2P  and

2V  denote the pressure and 

volume of the airbag at any given time during collision; usually, 2P  >
aP . The bag is 

considered ―fully inflated‖ when it has attained some prescribed value V20 at which the 

bag material is taut. The volume of the airbag can be analytically found to vary with the 

bag pressure. 

Equation (3-16) represents the volume of the airbag according to the pressure of 

the airbag. To find an analytic solution for c , some assumptions are made about the 

airbag. The shape of the airbag is assumed to be spherical and the thickness of the airbag 

is assumed to be very small relative to the radius of the airbag. So, the stress of the airbag 

fabric (Beer, Dewolf, and Johnston, 2002) will be shown by 
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where r means a radius of the airbag and t  means a thickness of the airbag fabric. The 

strain rate is expressed as 
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where E  denotes a Young’s modulus of airbag fabric. The radius of the airbag ( r ) 

according to pressure change will be given as 
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(3-17) 

(3-16) 

(3-18) 
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where rmeans a changed radius according to pressure change (see Fig. 3.6). The volume 

of the fully inflated airbag will be expressed by 
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Figure 3.6 Cross section of spherical airbag 

 

and the volume of airbag according to the pressure increase will be expressed by 
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Finally, a volume expression that has the same format as the Wang-Nefske 

expression (3-16) is obtained from equation (3-21): 
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Therefore, it can be said that 
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The analytic value for V  could simply be defined by the effective area multiplied 

by the speed of the impacting mass. 

 

)( ievAV    

 

where iv denotes the speed of the impacting mass 

 

3.3.5 Effective area  )( eA         a  

 

The spring coefficient (eq. 3-6) and the damping coefficient (eq. 3-12) also require 

knowing the effective area. Tests for effective area and displacement were conducted by 

Nefske (1972).  

The experimental test results of a variation of the effective area with displacement 

are shown in the work of Nefske (1972). It can be assumed that the relationship between 

the effective area and the displacement is also linear. Therefore, the effective area can be 

expressed as 

 

conseslopeee AxAA __   

 

where slopeeA _ , conseA _ , and x  represent the slope of the line, the coefficient, and the 

displacement of impacting mass, respectively. slopeeA _  and conseA _  can be obtained from 

the airbag and impacting mass static tests. 

 

(3-23) 

(3-24) 

(3-25) 
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Figure 3.7(a) Force vs. bag (gauge) pressure by Nefske (1972) 

 

 

Figure 3.7(b) Effective area vs. displacement by Nefske (1972) 
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3.3.6 Prediction of airbag failure 

      

To estimate the time when the airbag is flattened after a crash, it is assumed that 

the airbag will be compressed in such a way that when the center part of the airbag is 

compressed, the upper part and lower part of the airbag will be forced into a cylindrical 

shape, as shown in Fig 3.8. Therefore, maximum stress will appear in the upper part or 

the lower part of the cylinder. The volume of one cylinder is given as 

 

2/)(2 xAVar e  

 

where xVar ,,,  represent the radius of the cylinder, the length of the cylinder, the 

volume of the airbag, and the intrusion distance of the impacting mass, respectively. The 

radius and stress (Beer, Dewolf, and Johnston, 2002) of the cylinder becomes 
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Thus, if the stress obtained by the equation (3-27) exceeds the yield stress of the 

airbag fabric, then the airbag will flatten. 

 

 

Figure 3.8 Estimated shape of airbag during compression 

 

 
Ae 

a x 

Crash force 
Crash force r

: 

(3-26) 

(3-27) 

V: volume of airbag 

r: radius of cylinder 

a: length of cylinder 

x: intrusion distance of impacting mass 

Ae: effective area 
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3.4 Explosive model in an airbag for the system with an initial velocity 

 

3.4.1 Airbag bumper equipped with an explosive charge and Gurney’s model   

         (Jones, Kennedy, and Bertholf, 1980; Zukas and Walters, 1998) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9 Examples of Gurney’s equation 
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In this study, it is necessary to determine the effect of the explosive in deploying 

the airbag as opposed to the effect of deploying it with compressed gas. To do this, 

Gurney’s model for the explosive has been applied. The explosive will be positioned in 

the airbag between the bumper and the main body of the car.  

The explosive model of the airbag is based on Gurney’s model that estimates the 

velocity or the kinetic energy of materials driven by detonation expansion. Gurney’s 

approach is outstanding for its versatility and simplicity. Extensions and new applications 

continue to appear because the physical framework is intuitively satisfying and 

mathematically easy to handle even at very advanced and complex levels.  

The basic equation is derived based on the assumption that the potential energy 

characterizing the explosive charge before detonation is equal to the sum of the kinetic 

energies of the detonation product gases and the metal after detonation expansion. 

Fig. 3.9 shows Gurney’s equation for certain cases that denote the maximum 

velocity of masses after detonation. The velocity of the bumper and the car after 

detonation (but before the collision) can be determined from Gurney’s equation as the 

system’s initial velocity in Figs. 3.1 and 3.2. After detonation, the external airbag will 

work like an ordinary dynamic airbag or a static air spring as modeled by FOA in Figs. 

3.1 and 3.2. The external explosive airbag can be modeled using the explosive model (the 

modified Gurney model for the system’s initial velocities) and the conventional model 

(the Wang and Nefske model for the state variables of the spring coefficients). 

 

3.4.2 Modified Gurney’s model with initial velocity (for velocity and pressure during  

         detonation) 

 

Gurney’s equation was developed through treating the mass to be driven as a 

stationary object. In a car crash, usually the cars have an initial non-zero velocity before 

the crash. To apply Gurney’s model to an external explosive airbag, some modifications 

must be made to Gurney’s original equation with respect to initial velocity 0v  (see Fig. 

3.10).  

Additionally, it is necessary to know the velocity history during detonation, as well 

as the maximum velocities of the masses, because a collision could occur before the 
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driven mass reaches the maximum velocity. To do this, an energy conservation equation 

and momentum conservation equation will be applied. 

 

 

Figure 3.10 Asymmetric sandwich configuration with initial velocity 0v  for modified 

Gurney’s model 

 

Jones (Jones, Kennedy, and Bertholf, 1980) developed the velocity history 

equation ( Mv ) and pressure history equation ( P ) of an airbag during detonation for 

stationary case ( 00 v ) with respect to displacement ( Mx ) 
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From these equations (3-28), the velocity of mass N and mass M after detonation 

for the stationary case can be computed. 

Now the equation (3-28) must be modified for a case where the initial velocity is 

not zero. The linear gas velocity profile assumption (see Fig. 3.10) allows us to write the 

principle of energy conservation as 
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which reduces to 
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It is assumed that the emitted energy and the time relationship for the explosive are 

not associated with the initial velocity, so the emitted energy during detonation for the 

case with the initial non-zero velocity can be obtained from the stationary case ( 00 v  ) 

(Jones, Kennedy, and Bertholf, 1980); that is, 

(3-29) 

(3-30) 
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energy explosive same with detonationduring
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Therefore, plugging equation (3-31) into equation (3-30) will give 
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Momentum conservation can be expressed by 

 






0

0
0 )]()[()(

xx

x
NM dxxvxNvMvvCNM   

 

which reduces to 
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Thus, equation (3-34) will be 
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Finally, the velocity equation from equations (3-32) and (3-35) can be expressed as 
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This equation is a function of Mv and Nv  (see equation (3-28)) which are functions 

of displacement ( Mx ). So it can be said that equation (3-36) is a function of displacement 

( Mx ). 

Finally, the velocity of mass M for the case with initial non-zero velocity according 

to the displacement can be found from the equation (3-36). The velocity of mass N can be 

found in the same way. The ideal gas equation is 
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Therefore, the pressure ( P ) equation for the case with initial non-zero velocity 

with respect to displacement, from equations (3-30) and (3-37), can be given as 
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The inside pressure of the airbag after the collision between the bumper and the 

other cars will be increased by the reflection of the air shock in the airbag. Reflected 

pressure in the airbag for a solid surface and a zero angle of incidence will be (Kinney 

and Graham, 1985) 

a
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where 
aP  is atmospheric pressure. This pressure will be the initial value for equation (3-

13). 

 

3.4.3 Volume calculation during detonation using the effective explosive mass  

 

Now, consider the effective explosive mass in driving the bumper. It cannot be 

assumed that the whole mass of the explosive is fully employed to drive the bumper. The 

explosive that is effective in driving the bumper plate is the core of the explosive nearest 

to the mass (Zukas and Walters, 1998). The effective explosive in driving the plate can be 

calculated by discounting angle (ka) (see Fig. 3.11). 

 

 

 

 

 

Figure 3.11 Effective explosive mass in driving the plate 
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The discounting angle (Zukas and Walters, 1998) for confined cylinders to account 

for side losses in a cylindrical charge can be given as 
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The total explosive mass (C ) will be expressed as a summation of the effective 

explosive ( eC ) in driving a mass and residual explosive ( rC ). It can be assumed that the 

effective explosive mass will be effective in driving in the bumper, and the residual 

explosive mass will produce the lateral expansion of the airbag. 

 

 

Figure 3.12 Effective explosive mass in driving the plate and residual explosive mass in 

lateral inflation 

 

Therefore the airbag volume calculation during detonation will be performed by 

lateral expansion with residual explosive mass, and by longitudinal expansion with 

effective explosive mass, using the modified Gurney’s equation (see Fig. 3.12). This 

volume will be the initial value for equation (3-15). 

Fig. 3.13 shows a comparison between Gurney’s original equation and modified 

equation in this study. 
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Figure 3.13 Comparison between original Gurney’s equation and modified Gurney’s 

equation 

 

3.4.4 Collision time issue 

 

In this section, the effect that the collision time has on absorbing the kinetic energy 

of the cars is investigated. Fig. 3.14 shows the velocity and deployment distance of the 

bumper with an explosive airbag. It says that the bumper will reach the steady-state 
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velocity (120 m/s) before it deploys 1 cm. Considering that the usual full deployment 

distance is more than 30 cm, it can be said that the collision will barely begin to happen 

during the transition region (within 1 cm of deployment). This means that there is no 

need to account for the collision occurring prior to when the steady state velocity of the 

bumper is reached. 

 

 

 

Figure 3.14 Deployment velocity and distance of bumper from an LS-DYNA simulation 

 

Table 3.1 Total reduced kinetic energy according to the deployment distance 

Deployment  Distance (m) Total Reduced KE of Mass 1 & 3 (%) 

0.05 35.3514 

0.1 35.3520 

0.15 35.3535 

0.2 35.3559 

0.25 35.3594 

0.3 35.3637 

TNT- 100 g 

 

The simulation results of Table 3.1 will further demonstrate this. Given the mass of 

TNT, the total of the kinetic energy absorbed by the explosive bumper is almost constant 

regardless of where the collision happens during the inflation of the airbag, as shown in 

Table 3.1. Again, Table 3.1 tells us that the position (inflated distance) of the projected 
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bumper is not critical to the reduced kinetic energy. Therefore it is not necessary to 

consider the collision time and position of the bumper in relation to the external airbag.  

 

3.4.5 Issues of explosive design 

 

The basic concept to project a bumper with explosives can be derived from the 

principles of the shaped charge of Rocket Propelled Grenade (RPG) based on the Munroe 

effect. The Munroe effect refers to the partial focusing of blast energy caused by a hollow 

or void cut into a piece of explosive, a property which is exploited by a shaped charge. 

Explosive energy is released directly away from (normal to) the surface of an explosive, 

so shaping the explosive will concentrate the explosive energy in the void. If the void is 

properly shaped, a high-velocity and safe projection will be obtained.  

Safety is also a very important concern here, as a car loaded with explosives could 

be very dangerous. It should normally be very stable and should not explode if the car 

impacts with a human rather than another vehicle. Furthermore, when it explodes, it 

should not destroy any other parts of the car. These will be very challenging and vital 

tasks. In the future, the safety of the design must also be considered. 

 

3.5 Integrated airbag-vehicle model and its solution 

 

The spring and damping coefficient was investigated based on the Wang and 

Nefske equation for the stiffness matrix and the damping matrix of equation (3-1) and 

mass velocity driven by the explosive, based on Gurney’s equation for the system’s initial 

velocity of equation (3-1). As can be seen in Fig. 3.15, two kinds of models (the Gurney 

model and the Wang and Nefske model) for an airbag with explosives (as opposed to an 

airbag with a conventional gas canister as an inflator) were used. 

Finally, the external airbag model can be combined and completed, incorporating 

both the explosive and the conventional airbag models (see Fig. 3.16). The initial 

pressure and volume of the airbag for equation (3-15) can be obtained from equation (3-

39) and Fig. 3.11, respectively. The effective area (equation (3-25)) and the mass flow 

rate of the vent can be obtained from a static test of the airbag. 
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Figure 3.15 Explosive model and FOA model of airbag 

 

 

 

 

Figure 3.16 Process flow of the complete airbag model including explosive 
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To solve the nonlinear equation that appeared in the FOA model (equation (3-1) 

and Fig. 3.16), the step-by-step integration method for multi-degree of freedom systems 

using the linear acceleration method and the Wilson-  method is applied. For details, see 

chapter 6.1.3 

 

3.6 Validation of the integrated airbag and vehicle model 

 

To validate the analytic model, a comparison between the analytic model and the 

FEA model using LS-DYNA has been made. Figure 3.17 shows an analytic model and an 

FEA model for validation. To simulate the effect of the explosive in the airbag, the 

CONWEP function of LS-DYNA was used. 

The methodology for the complete airbag model was implemented using MATLAB. 

Now, the velocities of each mass are shown in Figs. 3.18, 3.19, and 3.20, for the velocity 

of mass1, the velocity of mass 3, and the velocity of mass 2, respectively. The results are 

compatible in terms of their major tendencies 

 

 

 

 

Figure 3.17 Analytic FOA model and FEA model for the complete airbag model 
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Figure 3.18 Velocity of Mass1 
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Figure 3.19 Velocity of Mass 3 
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Figure 3.20 Velocity of Mass 2 (bumper) 

 

 

LS-DYNA simulation 

Analytic solution developed 
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3.7 Design variables for the explosive airbag 

 

Input parameters or design variables are composed of the physical data from the 

cars, the explosive mass, and the airbag properties. The output results include the reduced 

kinetic energy of each mass, the displacement and velocity of each mass and the airbag 

state values, such as pressure and volume.  Mass1, mass2, and mass3 denote the mass of 

the car body to be designed, the bumper mass of car to be designed and the mass of the 

other car, respectively. 

 

 

 

Figure 3.21 Design variable sensitivity 

 

Fig. 3.21 shows the sensitivity of several design variables. The variable expected to 

be most sensitive was picked based on experience. It can be seen that some design 

variables are more sensitive and important for explosive design than other variables. 

Those are the variables for an effective area, explosive mass, and bumper mass.  
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3.8 Closure 

 

In this chapter, the spring coefficients of an airbag were expressed by volume and 

pressure changes. The Wang and Nefske airbag model was used to find the value of 

pressure and volume changes. Airbag model spring coefficients can be computed using 

iteration processes and the interaction with the FOA model. The analytic expression for 

c   and V  in the Wang and Nefske model were shown in this chapter. The stress and 

radius of an airbag according to the pressure change was obtained as well.  

A modified Gurney’s equation was introduced for the velocity of moving mass 

with non-zero initial velocity after detonation, based on the energy conservation equation 

and the momentum conservation equation.  

Finally, a combined and complete airbag model, including the explosive and the 

conventional model, was developed in this research. From the explosive model, the 

velocity of car and bumper after detonation was obtained. From the conventional airbag 

model, the spring coefficient of an airbag can be calculated.  

In this paper, it is assumed that the bumper mass was concentrated on the area that 

is in contact with the explosives. However, to obtain a more realistic and effective 

analytic tool, the secondary mass of the bumper (outside the explosive contact area) 

should also be considered (Kennedy et al.. 1996). This will be addressed in the future.
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CHAPTER IV 

 

DESIGN OF LATTICE STRUCTURE 

 

A crash energy absorbing (CEA) lattice structure with a locking mechanism has 

been investigated as a way of providing rigidity and energy absorption capability during a 

vehicular collision. An analytical model for the CEA lattice structure design has been 

developed. The proposed CEA structure is composed of a morphing lattice structure with 

movable thin-walled members for morphing purposes, members that will be locked in 

designated positions either before or during the crash. What will be described here is how 

to model the CEA structure analytically based on the energy absorbed by the CEA 

structure. 

 

4.1. Introduction   

 

 

Figure 4.1 Prototype of expandable lattice structure for crashworthiness 

 

In this research, analytic modeling of an active (foldable and expendable) lattice 

structure (see Fig. 4.1) was conducted. This structure is used to absorb the crash energy 

of colliding cars that have active bumpers. The structure is folded while driving, and is 

expanded and locked during the crash in order to absorb the crash energy. The car is 

Driving Time Crash Time 
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equipped with a sophisticated sensor and radar system to detect an impending collision. 

Usually in mechanical or civil engineering, a lattice structure utilizes beam elements or 

bar elements; analytic modeling of the lattice structure has been performed for strength 

and stiffness (Pedersen and Nielsen, 2003; Sedaghati et al., 2001; Kawamura, Ohmori, 

and Kito, 2002) or for frequency constraints to avoid resonance (Lingyun et al., 2005). 

Pedersen (Pedersen, 2004) has studied the crashworthiness design of frame structures, but 

his work is also for passive (fixed) structures. 

 

 

Figure 4.2 Pre-buckling region and post-buckling region in plate crush behavior 

  

The thin-walled member of the proposed lattice structure is composed of plates. 

Therefore analytic modeling should be performed for the plates instead of beams or bars. 

It is assumed that the pressure is evenly distributed between the upper and lower plates; 

that every thin-walled member in the lattice structure is under the same boundary and 

loading conditions; and that every thin-walled member has the same shape and size. To 

calculate the crash energy absorbed in the lattice structure, the deformation region can be 

separated into a pre-buckling region and a post-buckling region (see Fig. 4.2). For the 

pre-buckling region, a strain energy of superimposed thin-walled member elements in 

parallel and series can be used, based on the single plate theory. For the post-buckling 

region, this research applies the theory of plastic limit analysis to an absorbed energy in 

the lattice structure. The methods of plastic limit analysis have been widely used to solve 

Energy absorption of plate 

Pre-buckling 
 
 
 
 

Post-buckling 
 
 
 
 

Pre elastic-buckling 

Pre plastic-buckling 

Strain energy 
 

Plastic bending 
energy 

Plate deformation 
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practical engineering problems. Final energy absorption by the lattice structure can be 

obtained by summation of the absorbed energies in the pre-buckling region and the post-

buckling region.   

Two kinds of elements for thin-walled members in the lattice structure have been 

considered in this research. Those are the U shape of the thin-walled member (see Fig. 

4.3 (a)) and the rectangular jagged thin-walled member (see Fig. 4.3 (b)). Analytic 

modeling in this research is based on the U shape of the thin-walled member. The 

analytic model that was developed can be applied to the rectangular jagged member with 

minor changes like boundary conditions. For the material properties, it is assumed to be 

elastic-perfect plastic material. 

 

 

 

Figure 4.3 Lattice structure with the U shape of a thin-walled member (a) and 

rectangular jagged member (b) 

 

Many materials are strain rate sensitive, and the yield stress increases as the strain 

rate increases. In this research, the strain rate effect has been neglected. 

 

4.2 Absorbed energy in the pre-buckling region based on the strain energy 

 

4.2.1 Strain energy of lattice structure in pre-elastic buckling 

 

In this section, an analytic expression for strain energy of the lattice structure in the 

state of pre-elastic buckling is found. 

 

Impact 

Row direction 

Column 

direction 

Impact 

Story direction 

(a) (b) 
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Figure 4.4 Stress and strain curve for elastic buckling 

 

Fig. 4.4 shows a stress and strain curve for the elastic buckling of a plate in lattice 

structure. Elastic buckling means that the buckling will happen before the stress reaches 

the elastic limit. During pre-elastic buckling, the energy absorbed by plate deformation 

can be determined by the strain energy stored in the plate. The strain energy density is 

simply the area under the stress-strain curve in Fig. 4.4. The strain energy can be obtained 

by multiplying the strain energy density by the volume of the plate. Considering only the 

longitudinal stress, the strain energy of a single plate (Hibbeler, 2005) will be expressed 

by 

 

 
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where baEcr ,,, , and t  denote a critical stress, Young’s modulus, the width of the 

plate, the length of the plate, and the thickness of the plate, respectively. If it is assumed 

that the element in the lattice structure is the U shape of a thin-walled member like Fig. 

4.3, then the U section can be isolated using boundary conditions as in Fig. 4.5. Therefore 

the critical stress for each plate in the U section element can be obtained separately 

(Schafer, 2002). The strain energy of the element will be given as 
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Figure 4.5 Element to be repeated in lattice structure and plate edge condition for 

buckling coefficient k 

 

where webcr _  and flangecr _  are the critical stress for the web part and the critical stress 

for the flange part, respectively. The first term represents the strain energy of the web and 

the second term shows the strain energy of two flanges. Generally, buckling-critical stress 

for a single plate (Yu, 2000) will be given as 
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where wEk ,,,  , and t  denote the constant for the boundary condition of a single plate, 

Young’s modulus, Poisson’s ratio, the width of a single plate, and the thickness of a 

single plate, respectively. Now, the critical stress for web and flanges can be determined 

by equation (4-3) and boundary conditions for the web and flange are shown in Fig. 4.5. 

Plugging the critical stress obtained by equation (4-3) into equation (4-2) gives a strain 

energy of one element (see Fig. 4.5). That is,  
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where webk is a constant for the boundary condition of the web plate and flangek  is a 

constant for the boundary condition for the flange plate. Therefore, the total strain energy 

stored in the lattice structure will be the sum of the individual strain energies in each 

element of the lattice members. That is, 
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where rown_ , columnn _ , and storyn_  are the number of elements in the direction of 

the row, the number of elements in the direction of the column, and the number of 

elements in the direction of height, respectively (see Fig. 4.3). preU1  is the same for each 

of the elements in the lattice structure, because the elements are identical. 

 

4.2.2. Strain energy of lattice structure in pre-plastic buckling 

 

Next, the strain energy of pre-buckling in the case of plastic buckling will be 

described. Fig. 4.6 shows the stress-strain curve for plastic buckling. The plastic buckling 

will happen in the plastic region over the elastic limit. To obtain the strain energy of pre-

plastic buckling, it is necessary to know the area under the graph in Fig. 4.6. It is not easy, 

however, to directly calculate the area under the graph of Fig. 4.6. 
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Figure 4.6 Stress and strain curve for plastic buckling 

 

Therefore, the reduced modulus or double modulus (von Karman, 1947; Shanley, 

1947; Pride and Heimerl 1949; Bloom and Coffin 2001) for plastic buckling will be 

introduced here. Reduced modulus is effective at the plastic buckling and can be 

expressed as 
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The non-dimensional coefficient   is a reduction factor for plastic buckling and 

1  is for stresses in the elastic range, whereas  1  is for above the elastic range. 

Values of   can be determined by various theories. In this research, the theory of Stowell 

(1948) will be used to determine  . This theory is applicable to plates having various 

edge support and constraints. 
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where sEE, , and tE represent Young’s modulus, the secant modulus, and the tangent 

modulus, respectively. By using the reduced modulus, the graph of Fig. 4.6 can be 

modified into the graph shown in Fig. 4.7. Therefore, the strain energy for the pre-plastic 
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buckling of one element can be found by repeating equation (4-4) and switching the 

critical stress and the elastic modulus. It will be shown as 
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Figure 4.7 Modified stress and strain curve using reduced modulus for plastic buckling 

 

So the total strain energy stored in the lattice structure will be the sum of the 

individual strain energies in each element of the lattice members. That is, 
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Finally, the general expression for absorbed energy in the pre-buckling of the 

lattice structure can be written as 
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4.3 Absorbed energy in the pre-buckling region based on the stiffness approach 

 

In this chapter, another approach for energy absorption in the pre-buckling region 

based on the stiffness theory is investigated.  

 

4.3.1 Stiffness of a single plate in the lattice structure 

 

A plate of the lattice structure will undergo plate buckling during failure. In this 

section, another approach to estimate the absorbed energy in the pre-buckling region is 

investigated based on stiffness theory derived from the plate buckling theory. Once it has 
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buckled, a beam will lose the ability to carry increased load. However, a plate can carry 

an increased load even after buckling (see Fig. 4.8). 

Another method for measuring the absorbed energy in the lattice structure of a pre-

plastic buckling region has been investigated (see Fig. 4.8). It is assumed that every plate 

in the lattice structure have the same shape and size, and the structure is constructed by 

repeating the same plate obtained from optimization. In this section, equations for 

estimating stiffness of a single plate (see Figs. 4.9 and 4.10) in the lattice structure before 

and after buckling are developed. 

 

 

Figure 4.8 Elastic region and plastic region in plate crush behavior 

 

 

 

(a)                           (b) 

Figure 4.9 Load path of a single plate in lattice structure 
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Fig. 4.9 shows the load path of a single plate in the lattice structure. Load ( avgF  ) in 

Fig. 4.9 (a) can be divided into load in the longitudinal direction ( )sin(avgF ) and load in 

the lateral direction ( )cos(avgF ) of the plate in Fig. 4.9 (b). Actually, the load in lateral 

direction has no influence on the deformation of the plate, and the lock device and 

horizontal plates are stiff enough to withstand the lateral load. Considering only the load 

in longitudinal direction yields Fig. 4.10. 

 

Figure 4.10 Plate under longitudinal force and declined by   

 

Work done by external force ( )sin(avgF ) is the same as strain energy stored in the 

structure, which is, 
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Therefore, stiffness of a single plate can be expressed as 
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The strain energy stored in a single plate can be given simply as 
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Now, it is necessary to find the stress of a plate in order to determine the absorbed 

strain energy U. This stress can be considered in two cases: before buckling and after 

buckling. First, the stress of plate before buckling will be expressed by 
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The strain energy stored by the plate will be 
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Therefore, the stiffness of the plate before buckling can be expressed as 
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Therefore, the stiffness of the plate right before failing can be given by 
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Fig. 4.11 shows the comparison of stiffness obtained by our measurements and those of 

Rhodes. As can be seen, the stiffness (Kbefore_buckling and Kavg_after_buckling) before buckling 

and after buckling is almost the same in both studies. 

 

Figure 4.11 Stiffness of a single plate (90 degree simply supported) 

 

4.3.2 Stiffness of lattice structure 

 

 

 

Figure 4.12 F-D curve of lattice structure 
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The stiffness of one plate is obtained for the whole range: before buckling, after 

buckling, and after failure. To find the stiffness (represented by K1 and K2 in the F-D 

curve in Fig. 4.12) of a lattice structure composed of many identical plates represented by 

1K  and 2K , plates are superimposed using the serial and parallel theories of connected 

springs.   
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Figure 4.13 Serial and parallel combination of lattice structure 

 

Considering the U-shape section of Fig. 4.5 results in: 
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4.3.3 Absorbed energy in lattice structure 
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Usually, force can be obtained by stress multiplied by area. 
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The critical force at the buckling start point (F1) can be expressed as 
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At the point where failure begins,  
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The critical force at the point where failure begins (F2) can be expressed as 
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And, the critical displacements under the critical forces become  
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Using the above equations, the absorbed energy of a lattice structure can be obtained as 
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4.4 Absorbed energy in the post buckling region 

 

In this section, absorbed energy for the post buckling region is investigated. In the 

post buckling region, the plate will be deformed and some part of the plate will go 

through the plastic bending as shown in Fig. 4.14. The absorbed energy for post buckling 

will be the same as the plastic bending energy. To obtain the plastic bending energy, the 

plastic limit analysis can be applied. 

 

 

Figure 4.14 Deformation of a plate 

 

The energy absorbed by the plastic deformation of one element can be given by 
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(4-33) 
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where pM means a full plastic bending moment and final  means an average distortion 

angle in the final position.  

To obtain the value of equation (4-33), it is necessary to know the full plastic 

bending moment and the amount of distortion of the elements in plastic bending. 

Consider the full plastic bending moment. If it is assumed that the plate is a solid 

rectangle, the full plastic bending moment (Crandall, Dahl, and Lardner, 1978) can be 

expressed by 
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where yM , expressed by   yat 62
(Crandall, Dahl, and Lardner, 1978), denotes a 

bending moment that corresponds to the onset of yielding in the plate. ay , , and t  are 

yield stress, the width of a plate, and the thickness of a plate, respectively. For the 

elements in the lattice structure (Fig. 4.5), the full plastic bending moment can be 

modified as 
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where ea  means an effective width for plastic moments determined by the summation of 

the width of web, the height of flange, and the extra elongation. It can be expressed by 

 

hflangehflangeaa latticee _2_2    

 

where 
lattice  is an elongation factor for plastic bending, the value of which can be 

determined by a simulation test. As shown in Fig. 4.15, after plastic bending, the total 

width for the element will be increased by some amount. In this research, it is assumed 

that the width of the web is bigger than the height of the flange; it can then be assumed 

that an elongated length is proportional to flange height, like hflangelattice _ . 

(4-34) 

(4-35) 

(4-36) 
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Now, consider the amount of distortion of the elements. To find the analytic 

expression for the amount of distortion, the shape of deformation has been assumed to be 

a circle or any other polygon that has one loop and two hinges like Fig. 4.16. It is 

necessary to know the total deformation angle for the loop and the hinges around the 

polygon that is modeled. 

 

 

Figure 4.15 The cross section shape of plates before and after buckling 

 

 

 

Figure 4.16 The shape of the deformation of a plate (one loop and two hinges) 

 

The deformation angle (exterior angle) for one polygon (loop) that has n sides will 

be given as the constant 
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Therefore, it can be said that the deformation angle in any polygon is always 2  

(see Fig. 4.17). So, regardless of loop shape, the loop can be assigned 2 for its 

deformation angle, and the hinge can be assigned   for its deformation angle. Then the 

total deformation angle for elements with one loop and two hinges will be 
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The deformation angle of an element depends on the number of loops and the 

number of hinges. In this research, those numbers are determined by a simulation using 

LS-DYNA. For a U section thin-walled member, one loop and two hinges are appropriate 

for almost all cases. In future research, those numbers will be determined by an analytic 

approach. 

 

 

 

Figure 4.17 Deformation angle of some polygons 

 

The absorbed energy in the post-buckling region by the lattice structure during a 

crash will be the sum of the individual plastic bending energies in each of the lattice 

members. The resulting equation (4-33) will be 
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So, the total strain energy stored in the lattice structure will be the sum of 

individual plastic bending energies in each element of the lattice structure. That is,  
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Finally, the energy absorbed by the lattice structure during elastic and plastic 

deformation can be described as  
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Now, the equivalent spring constant can be determined by  
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where, expandedx
 
denotes an expanded distance of the lattice structure. 

 

4.5 Maximum force (ultimate compressive load) of lattice structure 

 

Maximum force can be calculated using the effective width theory of plate 

buckling. Some references (Yu, 2000; Malen and Kikuchi, 2006) demonstrate this 

procedure, so, results for maximum force are given here without additional proof or 

derivation. The maximum force (ultimate compressive load) of one element for elastic 

buckling will be at the onset of yield for a U section. That is, 
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So, the maximum force for lattice structure will be the sum of the individual 

maximum force in each element connected in parallel in the lattice structure. 
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In plastic buckling, the yield will start before buckling and the maximum stress will 

be at the yield uniformly. So the maximum force of plate for plastic buckling will be 
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4.6 Optimization of lattice structure’s shape and size 

 

Now the amount of energy absorbed by the lattice structure during elastic and 

plastic deformation can be found. The absorbed energy will be maximized. So, the 

objective function will be 

 

Postpretotal UUUMAXIMIZE   

 

The constraint functions for geometry (see Fig. 4.18) and mass are: 
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Mnabtn columnrow 2  

Wb   

 

Equation (4-47) is the relationship between a width of the element and L. Equation 

(4-48) is the relationship between a length of the element and H. Equation (4-49) is a 

constraint on total mass of the lattice structure. Equation (4-50) indicates that the length 

of the element should be less than W. 

 

 

Figure 4.18 Given volume for lattice structure and size of element 

 

An optimization process has been implemented using a MATLAB function 

(fminbnd). This optimization process can be used to predict the optimum shape of the 

plate as well as average stiffness of the lattice structure and the absorbed energy by the 

lattice structure during the crash. Variables of the objective function include integer 

numbers and real numbers. In this research, to simplify the optimization process, some 

pairs were made for integer numbers with the number of rows, the number of stories and 

the number of columns using a For-loop. The optimization was performed in each For-

loop and the results of each loop were compared to find the optimized value. 

 

4.7 Validation of the analytic model of a crash energy absorption structure using  

      LS-DYNA 

 

The analytic model has been verified simply by using LS-DYNA. For the lattice 

structure crash simulation, the impact mass is 1962 kg and the speed of the mass is 13.4 

m/s. The material used in this test is steel that is assumed to be elastic-perfect plastic. 
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Three kinds of elements (see Fig. 4.19) were applied to this test:  the U shape of the thin-

walled member with a short flange, the U shape of a thin-walled member with a long 

flange, and the rectangular jagged thin-walled member. The masses of the structure for 

each element are same. 

 

Figure 4.19 FEM model for verification of analytic solution 

 

Fig. 4.20 demonstrates the total absorbed energy for the three kinds of elements. 

Fig. 4.21 shows the maximum force of lattice structure for each element.  

As seen in Fig. 4.20 and Fig. 4.21, the values of the total absorbed energy during 

the crash and the maximum load of the analytic model and simulation for the lattice 

structure are in good agreement with each element. Fig. 4.20 shows that the jagged-

member gives better results than the isolated U section thin-walled member in terms of 

energy absorption.  

Test1: Column:2, Row:3, Story:2 

 (Short Flange) 

Test2: Column:2, Row:3, Story:2 

(Long Flange) 

Test3: Jagged-member 

Mass:1962kg 

Velocity: 13.4 m/s 
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There is still information to be learned through future research. In this research, the 

number of lobes, the secant modulus )( sE , and the elongation factor   have been 

obtained by simulation. For this method to be faster and more economical, these values 

should be determined by analytic expression. These will be researched in the future. 

 

 

0

20

40

60

80

100

120

140

2 3 4 5 6 7 8 9

E
n

e
rg

y
 (

K
N

m
)

Mass (kg)

Absorbed energy obtained from analytic model

short flange

long flange

Jagged member

0

20

40

60

80

100

120

140

2 3 4 5 6 7 8 9

E
n

e
rg

y
 (

K
N

m
)

Mass (kg)

Absorbed energy obtained from LS-DYNA simulation

short flange

long flange

Jagged member

 

 

Figure 4.20 Absorbed energy of analytic model and LS-DYNA simulation 

(X axis: mass of lattice structure (kg), Y axis: energy (KNm)) 
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Figure 4.21 Maximum force of analytic solution and LS-DYNA simulation 

(X axis: mass of lattice structure (kg), Y axis: force (KN)) 

 

4.8 Closure 

 

The objective of this chapter was to develop a reconfigurable lattice structure for 

the improved crashworthiness of vehicles, and to develop an analytic model for crash 

energy absorption of an expandable lattice structure. The available space and total mass 

for a lattice structure have been pre-determined and this space has been filled with an 

expandable lattice structure. The structure is folded while driving and is expanded at the 
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moment of impact. In this structure, an identical element has been repeated in the 

direction of story, row, and column. In this research, two kinds of elements have been 

considered. The absorbed energy in this structure was determined from summation of the 

strain energy and the plastic bending energy. To maximize the absorbed energy, the 

shape and size of this element, and the numbers of story, row, and column, were 

optimized. The values of the total absorbed energy during the crash of the analytic model 

and simulation for the lattice structure were in good agreement with each element. 

Practically, this lattice structure should have a support structure like a cross member 

between the engine and the bumper. Therefore, the means by which the lattice structure 

will be supported by the vehicle body should be examined in the future. 
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CHAPTER V 

 

APPLICATION OF TUBES FILLED WITH GRANULES FOR 

CRASHWORTHY DESIGN OF AUTOMOBILES 

 

An innovative means for improving crashworthiness is to use tubes filled with a 

granular material to absorb energy during the process of a crash.  In this research, how to 

use granular materials in the tubes found in the front posts of automobiles for improved 

safety has been studied. The focus has been on a specific design of tubes filled with a 

granular material. Granular particles can create enormous friction through their 

interactions; therefore a tube filled with a granular material can absorb much more crash 

energy than an empty tube. The application of granular materials to a crashworthiness 

design is very challenging but highly effective.  In this research, an analytic model has 

been developed based on the effective thickness theory of a tube filled with granules.  

 

5.1 Introduction 

 

In the previous section, a crashworthiness design for the active state using 

explosives and airbags was presented. In this section, a crashworthiness design for the 

passive state using granular materials is presented. Granular materials are currently the 

subject of a very active line of research in various scientific fields: physics, mechanics, 

geophysics, chemistry, and pharmacy. In engineering, static granular materials under 

gravitationally induced stress (i.e. a grain silo) and flowing granular material like fluid 

(i.e. an avalanche) used to be the main subjects of analysis. Many approaches for 

analyzing flowing granular material originated from the field of fluid mechanics. In this 

section, the application of granular materials to vehicle crashworthiness design is 

researched. 
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                                                © Bureau of Land Management 

Figure 5.1 Example of granular material: sand 

 

In this research, an approach is introduced that is more general and more directly 

applicable to automotive bodies, an approach called the ―effective thickness approach,‖ 

that is applied to a tube filled with granular material. 

The material properties in this research were assumed to be elastic-perfect plastic 

material. Many materials are strain-rate sensitive, and the yield stress increases as the 

strain rate increases. In this research, the strain-rate effect has been neglected. 

 

5.2 Effective thickness of a tube filled with granules  

 

In this chapter, the concept of the effective thickness of a tube equivalent to a tube 

filled with granules is introduced. The effective thickness has been found separately for 

axial deformation (see Fig. 5.7(a)) and global bending deformation (see Fig. 5.7(b)). In 

the latter part of this chapter, the effective thickness of a tube filled with granules is used 

in the simple crashworthiness design of automotive rails. First, consider the case of axial 

deformation. It has been assumed that during the deformation, the tube would undergo 
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plastic deformation. This assumption is reasonable for elastic-perfect material and it can 

be confirmed from the LS-DYNA simulation. Therefore, the axial peak crush force for a 

square tube will be given by 

 

btP ytt _max_ 4  

 

where yt _  is a yield stress, b  is a section width and t  is the thickness of a square tube. 

Peak crush force for granules in the tube will be given by 

 

ygg bP _

2

max_   

 

where yg _ denotes a yield stress of granules and b denotes the section of a square tube. 

Therefore, the peak crush force for a tube filled with granules (see Fig. 5.2) can be 

expressed by 
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Now an effective thickness for a tube filled with granules can be defined from 

equation (5-3) as 
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In the same way, the effective thickness of a non-square tube filled with granules 

for axial deformation can be obtained. That is, 
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where a  and b  mean section widths for non-square tube.  

 

 

Figure 5.2 Tubes filled with granules 

 

Next consider the case of global bending deformation. The full plastic bending 

moment (Crandall, Dahl, and Lardner, 1978) for the square tube will be given by 
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The full plastic bending moment for the square tube filled with granules can be 

given as 
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where only the upper half of the granules will be compressed, having been subjected to 

bending deformation. This is because the lower half of the granules will go through 

tensile stress and there is no tensile stress between granules. Therefore, the bending 

moment of granules about the neutral axis of a tube will be expressed by 8/3

_ byg . Now 

(5-6) 

(5-7) 
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the effective thickness of a square tube filled with granules for bending deformation can 

be defined as 
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Consider a non-square tube undergoing bending deformation. The full plastic 

bending moment for the non-square tube (Malen and Kikuchi, 2006) will be given as in 

Fig. 5.3. 

 

 

Figure 5.3 Non-square thin-walled section for plastic bending 

 

Just as in the square tube, the full plastic bending moment for the non-square tube 

filled with granules will be given as 
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Therefore the effective thickness of a non-square tube filled with granules for 

bending deformation can be defined as 

 

b 

a 
atabM ytb )2/(_ 

(5-9) 

(5-8) 
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Various effective thicknesses for tubes filled with granules are shown in Table 5.1. 

This effective thickness will be used in the simple crashworthiness design of automotive 

rails in the latter part of this chapter.  

 

Table 5.1 Effective thickness of tubes filled with granules 

Loading Square tubes filled 

with granules 

Non-square tubes filled 

with granules 

Axial 

deformation 



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 btt
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In this research, the stress for granules has been obtained using an LS-DYNA 

simulation test. The simple analytic expression of stress for granules has been 

investigated by Walton (Walton, 1987). In future research, the general stress expression 

for granules in the tube will be developed. 

If the tube is to undergo only axial deformation (see Fig. 5.7(a)), all granules in the 

tube will be in compression. Therefore the effective thickness for axial deformation will 

be effective for the tube. On the other hand, if the tube is to undergo only bending 

deformation (see Fig. 5.7(b)), some of the granules in the tube will be in compression and 

the effective thickness for bending deformation will be effective for the tube. Real tubes 

will go through both axial deformation and global bending deformation during a crash. 

Therefore, the effective thickness for the crashworthiness in a tube will vary according to 

the deformation mode. The portion of the axial deformation and the bending deformation 

during the crash can be expressed by deformation mode factors, 
tube  and 

tube , which 

are values between zero and one, and where 
tubetube   is equal to one. Generally, the 

effective thickness for crashworthiness of tubes will be expressed as 

(5-10) 
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Now it will be shown how to use the effective thickness of a tube filled with 

granules to calculate the energy absorbed in a square tube. The energy absorbed by a 

square tube can be obtained from the equation developed by Mahmood and Paluszny 

(1981). Note that this relationship was developed for a square steel section loaded by 

static force. They said that the relationship between mean crush force and peak crush 

force can be expressed as meanPP 42.1max  . maxP can be expressed as )4(_ eyt bt  for a 

square tube filled with granules. So the mean crush force ( meanP ) can be expressed by  

 

42.1

)4(_ eyt
mean

bt
P


  

 

Therefore the energy absorbed by a tube filled with granules for the axial 

deformation will be 

 

lengthndeformatio
bt

lengthndeformatioPU

eyt

meanaxial





42.1

)4(_  

 

Now consider the case of bending deformation. The energy absorbed by the tube 

for bending deformation can be given by 

 

 bbend MU  

 

for square tubes; 

and 

for non-square tubes 

(5-11) 

(5-12) 

(5-13) 

(5-14) 
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where bM (eq. 5-6) means a full plastic bending moment and  means a deformation 

angle in the hinge. Therefore, the energy absorbed by a tube filled with granules during 

bending deformation will be 

 

  eytbend tbU 2

_
2

3
 

 

where the values of  in an actual crash of tubes must be determined by simulation or an 

through analytic approach. In this research, the value will be assumed.  

Therefore, the absorbed energy in a tube filled with granules will be 

 

bendtubeaxialtubetube UUU    

 

where, tube  and tube  express the portion of the axial deformation and the bending 

deformation during the crash by deformation mode factors. 

Now, the equivalent spring constant can be determined by 

 

 
2

_
2

1
tubetubeeqtube xKU   

2_

2

tube

tube
tubeeq

x

U
K 

 

 

where tubex
 
denotes the deformation length of a front post filled with granules. 

 

5.3 Stress on granular material (Walton, 1978 and 1987) 

 

The stress of granular material packing has been derived from the elastic moduli 

developed by Walton (1978 and 1987). In Walton’s paper, the sphere material is assumed 

to be homogenous and elastically isotropic and the spheres are identical in that they are of 

the same size and have the same elastic moduli (see Fig. 5.4). In his research, for 

(5-15) 

(5-16) 

(5-17) 
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simplicity, only two special cases were taken into consideration to examine the effect of 

friction, namely those in which there is infinite friction and those in which there is no 

friction. Packing is assumed to be random. The center of the nth sphere and mth sphere 

initially in contact with each other will undergo a displacement (see Fig. 5.5). From this 

initial deformation state, some vectors will be derived. 

 

                                                         

Figure 5.4 Random packing of granular spheres 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5 The initial deformation 

 

The position vector of the contact point is 

 

)(2/1 )()( mn XX   

 

Displacement of the contact point is 

)(mX

)(nX

)(mu

)(nu

(5-18) 
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)(2/1 )()( mn uu   

 

The unit vector along the line of center reduces to 

 

R

mn
nm

2

)()(
)( XX

I


  

granuleofradiusR :  

 

The normal component w0 of the relative displacement of the upper sphere will be 

 

)()()(

0 )(2/1 nmnmw Iuu   

 

The remainder of the relative displacement is: 

 

)()()()()()(

00 ])(2/1[)(2/1 nmnmnmnmvu IIuuuu   

 

It was assumed that the displacement of the sphere centers was consistent with the 

applied uniform field: 

 

)()( n

jij

n

i Xeu   

 

The effective moduli will be obtained from the relationship between incremental stress 

and incremental strain  

 

  kljilkqppqikjkjkikqppqij eIIIIIIeCIIeIIeIIeB
CBB

n





 2/12/1

2
)()(

)2(2

3



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where,  

(5-19) 

(5-20) 

(5-21) 

(5-22) 

(5-24) 

(5-23) 
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Since the effective moduli are defined by 
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The general expression for the effective moduli is 
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For the case where the spheres are infinitely rough: 

 





7),(8

,2,2),2(3

232313133333

*

122233113311221111


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For the case where the sphere are perfectly smooth: 

 

 8,2,,3 3333223311332323131311221111  CCCCCCC  

 

(5-25) 

(5-26) 

(5-27) 

(5-28) 
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To extend the above spring constant from a specific case to a more general case, 

multi-axial compression, general friction, a plastic case, non-identical spheres, composite 

materials, and non-sphere materials should be considered.  

 

5.4 Validation of effective thickness approach for tubes filled with granules using  

      LS-DYNA 

 

In this section, the validation of effective thickness approach for tubes filled with 

granules using LS-DYNA is performed (see Fig. 5.6). Two cases of deformation are 

considered. The first one is an axial deformation (see Fig. 5.7(a)). The second one is a 

global bending deformation (see Fig. 5.7(b)). A pre-V-shaped tube with a small angle has 

been used to reconstruct the global bending deformation of Fig. 5.7(a). 

 

     

* Impact mass: 1962 kg, Impact speed: 13.4 m/s 

* One end is fixed and the other end is struck by the impact mass 

 

Figure 5.6 Tubes filled with granules and the effective tube 

 

For the axial deformation, 0,1  tubetube  , and for the global bending 

deformation, 1,0  tubetube  . In Figs. 5.8 – 5.11, ―A‖ in the legend denotes the results 

of a tube filled with granules, using LS-DYNA; ―B‖ denotes the results of the tube with 

effective thickness, using LS-DYNA; and ―C‖ denotes the results using the developed 

analytic model. The X-axis refers to the deformation length of the tube and the Y-axis 

refers to the corresponding force or energy. It is assumed that the tube is made of steel, 

Tube: 4cm*4cm*16cm 

     Thickness-3mm 

Granules: Radius-1cm 

        Thickness-3mm 

Effective thickness 

4.26mm (axial ) 

3.42mm (bending ) 
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that granules are made of polyester (PBT) and that the two materials are elastic-perfect 

plastic materials that have no strain rate effect.  

 

 

  

 

Figure 5.7 Axial deformation (a) and global bending deformation (b) of tubes with filled 

with granules 

 

 

 

Figure 5.8 Force and deformation curve for an effective tube and a tube filled with 

granules (axial deformation) 

 

(a) (b) 

Maximum load by analytic solution: 0.14E6 

A: LS-DYNA, tube filled with granules 

B: LS-DYNA, tube with effective thickness 

(a) (b) 
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Figure 5.9 Energy absorbed by an effective tube and a tube filled with granules and 

obtained by analytic model (axial deformation) 

 

 

 

Figure 5.10 Force and deformation curve for an effective tube and a tube filled with 

granules (global bending) 

 

Maximum load by analytic solution: 0.14E6 

A: LS-DYNA, tube filled with granules 

B: LS-DYNA, tube with effective thickness 

A: LS-DYNA, tube filled with granules 

B: LS-DYNA, tube with effective thickness 

C: Analytic model developed in this research 
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Figure 5.11 Energy absorbed by an effective tube and a tube filled with granules and 

obtained by analytic model (global bending) 

 

Fig. 5.8 shows a force and deformation curve of an effective tube and a tube filled 

with granules for axial deformation. Fig. 5.9 shows energy absorbed by an effective tube 

and a tube filled with granules using LS-DYNA and obtained by the analytical model.  

Fig. 5.10 shows a force and deformation curve of an effective tube and a tube filled 

with granules for global bending deformation. Fig. 5.11 shows the energy absorbed by an 

effective tube and a tube filled with granules and obtained by the developed analytic 

model. 

As seen in Figs 5.8 through 5.11, the results of the analytic model and the 

simulation test are in good agreement with each other. 

According to Fig. 5.12, which shows the absorbed energy in the tube filled with 

granular material and the absorbed energy in the empty tube, the tube filled with granules 

can absorb more energy than the empty tube for both axial deformation and global 

bending deformation. 

 

 

A: LS-DYNA, tube filled with granules 

B: LS-DYNA, tube with effective thickness 

C: Analytic model developed in this research 
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Figure 5.12 Comparison of energy absorbed by a tube filled with granules and empty 

tube for axial and global bending deformation 

 

A: LS - DYNA, tube filled with granules 

B: LS - DYNA, empty tube  

A B 

Global bending deformation 

Mass: 1962 kg 
Vel.: 13.4 m/s 

A 

B 

A: LS - DYNA, tube filled with granules 

B: LS - DYNA, empty tube  

Axial deformation 

Mass: 1962 kg 

Vel.: 13.4 m/s 
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5.5 Comparisons of crashworthiness of typical sections of motor compartment rails  

      with empty tubes and tubes filled with granules 

    

In this section, comparisons of typical sections of motor compartment rails are 

made for empty tubes and for tubes filled with granules using a simple method (Malen 

and Kikuchi 2006). Those results have been compared to show the suitability of tubes 

filled with granules. In this analysis, Young’s modulus ( E ) is 2.0E5 N/mm
2
, Poisson’s 

ration ( ) is 0.3 and yield stress ( yt _ ) is 300 N/mm
2
 for the properties of a steel tube. 

The stress for bulk of granules can be assumed or obtained using Walton’s equations (see 

chapter 5.3) before using it. 

 

5.5.1 Motor compartment side rails – front crash load  

 

In this section, the design of a side rail for crashworthiness is discussed. Assuming 

the maximum allowable acceleration to be 20g’s, and the vehicle mass to be 1,423.7 kg, 

the allowable maximum crush force will be given by 

 

NmaF 330,27981.9207.423,1maxmax   

 

Therefore, assuming a crush efficiency factor to be 0.7, the allowable average 

crush force will be given as 

 

NFFavg 531,195330,2797.0max   

 

where   is a crush efficiency factor (Malen and Kikuchi, 2006) expressed by 

 

maxF

Favg
  

 

(5-29) 

(5-30) 

(5-31) 
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Assuming that in the motor compartment, the two rails will account for 50% of the 

crush force, then the crash force for two rails will be 97,765.5N. So, 48,882.8N will be 

the crash force for one rail. Equation (5-12) will give 

 

8.882,48
42.1

)4(_ eyt bt
 

 

Assuming the thickness to be 1 mm and yt _  to be 300 N/mm
2
, the section width 

of a square tube will be 

 

cm
t

b
yt

78.5
4

8.882,4842.1

_







 

 

Now, a rail section size for a square tube filled with granules will be determined. 

Assuming that
ytyg __ 1.0   , 

2

_ /300 mmNyt  and mmt 1  , then equation (5-4) 

and equation (5-12) will give 

 

08.882,4842.144 _

2

_  tbb ytyg   

 

From equation (5-34), the section width b is 1.95 cm. It is shown that using the 

tube filled with granules, the side rails can be more slender, leaving more space for the 

engine or the wheels. 

 

5.5.2 Under-floor longitudinal rails: reaction crash loads 

  

Now the under-floor longitudinal rails will be considered. The limit analysis will 

be done for reaction crash loads of under-floor longitudinal rails. Taking the deformation 

model of under-floor longitudinal rails as given in Fig. 5.13 and using the work and 

energy equation, the reaction force and bending moment relationship is given as 

 

(5-32) 

(5-33) 

(5-34) 
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where bM denotes a full plastic bending moment (Crandall, Dahl, and Lardner, 1978) in 

the joints and 1 and 2 denote a deformation angle in the joints. For an empty square 

tube, the plastic bending moment (Crandall, Dahl, and Lardner, 1978) is expressed as 

 

tbM ytb

2

_
2

3
  

 

where byt ,_ , and t  are the yield stress of tube, the section width, and the thickness of a 

tube, respectively. Assuming that t=1mm and b=120mm 

 

NmmEbM ytb 648.6120300
2

3

2

3 22

_    

 

 

Figure 5.13 Deformation model of under-floor longitudinal rails with small deflection 

(from the course pack of an automotive body class at the University of Michigan) 

 

If L1=350mm, and L2=300mm, then equation (5-35) will give 

 

NFP 2.974,73  

 

(5-35) 

(5-38) 

(5-36) 

(5-37) 
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Now, consider the square tube filed with granules; the plastic bending moment will 

be expressed (eq. 5-7) as   

 



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 btbM
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Assuming that mmtytyg 1,01.0 __   and mmb 120 , then 

NmmEMb 7296.1 . Therefore the plastic bending moment in the case of a tube filled 

with granules will be twice as large as the plastic bending moment of an empty tube. So, 

the reaction force ( PF ) will be twice as high as in the case of an empty square tube 

 

NFP 948,147  

 

The results of the rail analysis for empty tubes and tubes filled with granules are 

summarized in Table 5.2. As can be seen, a significant increase in body performance can 

be made by using tubes filled with granules. 

 

Table 5.2 Numerical structural values for an empty-tube body and a granule-filled tube 

body 

 Empty tubes Tubes filled with granules 

Motor compartment side 

rail size 
5.78 cm 1.95 cm  (66.3% decrease) 

Reaction force of mid rail 73,974.2 N 147,948 N  (100% increase) 

 

 

 

(5-39) 

(5-40) 
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5.6 Closure 

 

The objective of this chapter was to develop an analytic model for the energy 

absorption of a tube filled with granules based on the effective thickness theory 

developed in this research, and to validate the analytic model and show the effectiveness 

and availability of a tube filled with granules for crashworthiness. In this research, the 

tube filled with granules has been investigated in view of its crashworthiness design, and 

the analytic expression of absorbed energy in a tube filled with granular material has been 

proposed. However, it was not straightforward to obtain that value directly from a tube 

filled with granules, so an effective thickness theory of a tube filled with granules has 

been developed. Effective thickness is the thickness of an empty tube which provides 

crash energy absorption capabilities equivalent to a tube filled with granules. Absorbed 

energy has been obtained from this equivalent tube instead of from the tube filled with 

granular materials. The results of the analytic model and the simulation test are in good 

agreement with each other. Therefore, it can be said that the absorbed energy in this 

effective empty tube would be equivalent to the one in the tube filled with granules. 
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CHAPTER VI 

 

INTEGRATION, VALIDATION, DEVELOPED SOFTWARE, AND 

APPLICATION OF I-BUMPER TO HIGH-SPEED CRASH 

 

6.1 Integration of I-bumper and vehicle 

 

6.1.1 FOA model for a system with an explosive airbag, lattice structure, and   

         mechanical spring (I-bumper at active state)  

 

To analyze and predict the collision of a car with the I-bumper, a simplified FOA 

model is investigated in this study. Although some authors have already developed a 

simplified model for car collisions (Kamal, 1970; Mooi and Huibers, 1998; Lin, Kamal, 

and Justusson, 1975; Greene, 1977), only the three degree-of-freedom (DOF) model or 

two DOF model has been used in this research.  

 

 

 

Figure 6.1 Simplified First-Order-Analysis model (3 DOF) for car head-on collision in 

active state 

Car body Moving barrier 

I-bumper components  

(airbags, springs, lattice structure) 

B
u
m

p
er 
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Fig. 6.1 and Fig. 6.2 illustrate the FOA model of crash between an I-bumper-car 

and a moving barrier used in this study. In Fig. 6.1, I-bumper components and the impact 

between the bumper and a moving barrier have been modeled using a spring coefficient 

and a damping coefficient.  

In Fig. 6.2, however, the impact between the bumper and the moving barrier has 

been modeled by er, the coefficient of restitution (COR), but the I-bumper components 

are again modeled by a spring coefficient and a damping coefficient. 

The incremental differential equation of crash motion for the system (Fig. 6.1 and 

Fig. 6.2) can be expressed as 

 

][]][[]][[]][[
i

F
i

x
i

c
i

x
i

k
i

x
i

m    

 

To determine the stiffness matrix and the damping matrix in equation (6-1), it is 

necessary to find the spring coefficients and damping coefficients of the I-bumper 

components. It is also necessary to know the initial conditions (displacements and 

velocities) for each mass in the models of Figs. 6.1 and 6.2. In the previous chapters, the 

analytic approaches for those coefficients of I-bumper components and initial conditions 

were derived.  

 

 

 

Figure 6.2 Simplified First-Order-Analysis model (2-DOF) for a car head-on collision 

using er, the coefficient of restitution (COR), in active state 

er 
Car body Moving barrier 

I-bumper components  

(airbags, springs, lattice structure) 

B
u
m

p
er 

(6-1) 
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The system’s initial velocity of the car body and bumper, as well as the velocity 

after detonation, has been determined by a developed using the modified Gurney’s 

equation (see chapter 3.4). In this model, in most cases, the bumper will have a very high 

speed due to the detonation of the explosive. Equation (6-1) can be solved using a step-

by-step integration method. The spring coefficient and the damping coefficient of the 

impact between the car bumper and the moving barrier in Fig. 6.1 and COR in Fig. 6.2 

can be determined by experimental testing. 

 

6.1.2 FOA model for a system with a front-post filled with granules (I-bumper at  

         passive state) 

 

 

 

Figure 6.3 Simplified First-Order-Analysis model (2-DOF) for a car head-on collision in 

the passive state 

 

In the passive state, the front structure, including a front post filled with granules, 

will account for the remaining energy left over from the active state. The FOA model for 

the passive state, including a front-post filled with granules, can be simply two DOF, as 

shown in Fig. 6.3. 

 

6.1.3 The integrated I-bumper and vehicle model 

 

 

 

Car body 

 

 

Moving barrier 

Car front structure including front-post filled 

with granules 
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This research investigated the spring and damping coefficients for an airbag (eq. 3-

6 and eq. 3-12); lattice structure (eq. 4-42); tubes filled with granules (eq. 5-17), by 

which the spring and damping matrix in equation (6-1) can be determined; and mass 

velocity driven by an explosive, based on Gurney’s equation for initial velocity (eq. 3-36) 

in the previous chapters. These were summarized in Table 6.1.  

 

Table 6.1 Spring coefficients and damping coefficient for I-body components 
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Figure 6.4 Explosive model and FOA model of I-bumper 
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The I-bumper system comprises the detonation state, the active state, and the 

passive state (see Fig. 6.4). In the detonation state, the I-bumper will be deployed by the 

explosive in the airbag, and the bumper will be projected with high kinetic energy after 

the impending crash is anticipated. In this state, the projected bumper will reduce the 

kinetic energy of other cars by colliding with them. In the active state, expanded front 

structures including the airbag, the lattice structure, and the mechanical spring will absorb 

the crash energy (see Figs. 6.1 and 6.2). In the passive state, the automotive front 

structure including a front-post filled with granules will absorb the crash energy 

remaining from the active state (see Fig. 6.3). 

To solve the nonlinear equation that appears in the FOA model (equation (6-1) and 

Fig. 6.5), the step-by-step integration method (Paz, 1997) can be applied. In this method, 

the equation is solved at successive increments ∆t (or dt) of time.  

For computational advantage, the increment is usually taken at equal lengths of 

time. At the beginning of each interval, the initial conditions (such as displacements and 

velocities of the dynamic equilibrium) are updated. Then, the solution of the equation for 

a time increment ∆t is obtained approximately on the assumption that the spring and 

damping coefficients are constant during the increment ∆t. The nonlinear characteristics 

of the spring and damping coefficients are taken into account in this method by updating 

these coefficients at the beginning of each time increment using the equations (3-6), (3-

12), (4-42), and (5-17) (see Fig. 6.5). The response is obtained using the displacement 

and velocity calculated at the end of the time interval as the initial conditions for the next 

time step. The system’s initial velocity can be determined using the modified Gurney’s 

equation (3-36) (see Fig. 6.5). Many procedures are available for implementing this step-

by-step integration. In this study, the linear acceleration method with a modification 

known as the Wilson-  method (Paz, 1997) has been used. The basic assumption of the 

Wilson-  method is that the acceleration varies linearly over the time interval from t 

to tt  . The value of the factor   is determined so as to obtain optimum stability of the 

numerical process and accuracy of the solution. It was shown by Wilson that for 38.1  

the method becomes unconditionally stable. 
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The equation of motion (equation (6-1)) would be the incremental equation of 

motion, which is 

 

FxCxKxM    

 

 

Equations for each time step are as follows (Paz, 1997):                
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Figure 6.5 Process flow of a complete collision model for a car with an I-bumper 
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6.2 Validation of the FOA model of the I-bumper 

 

To validate the FOA model, a comparison between the developed FOA model and 

the FEA model using LS-DYNA has been made. Figure 6.6 shows an FOA model and an 

FEA model for validation. 

 

 

 

Figure 6.6 FOA model and FEA model for a complete I-bumper model 

 

To simulate the explosive effect, the velocities of the bumper and the car after 

detonation, as well as the airbag pressure obtained from the simple explosive model (Fig. 

6.6) using the CONWEP function of LS-DYNA, were entered simply as initial conditions 

of simulation. For a tube filled with granules made of polyester (PBT), an effective tube 

with effective thickness (Lee, Ma, and Kikuchi, 2007) was used. 

The method for the complete airbag model was implemented using MATLAB. The 

velocity of each mass is shown in Figs. 6.7, 6.8, and 6.9, for velocity of mass 1, velocity 

of mass 3, and velocity of mass 2, respectively. The results are compatible in terms of 

major tendencies. 
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Figure 6.7 Velocity of Mass1 
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Figure 6.8 Velocity of Mass 3 

 

 

Analytic solution developed 

(Absorbed energy: 48.1%) 

LS-DYNA simulation 

(Absorbed energy: 49.2%) 
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Figure 6.9 Velocity of Mass 2 (bumper) 

 

To show the effectiveness and availability of an I-bumper, the acceleration values 

at the center of the compartment for the I-bumper car collision and a conventional car 

collision against a moving barrier are compared.  

LS-DYNA simulation 

Analytic solution developed 
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As shown in Fig. 6.10, the maximum acceleration of the car can be significantly 

reduced (by around 40%) during the collision with a system using an I-bumper along 

with a front post filled with granules. 

 

 

Figure 6.10 Accelerations of the center of the compartment 

 

6.3 Software developed using MATLAB 

 

Fig. 6.11 shows the snapshot of design software for the I-bumper system. This is 

the initial screen display of this software which features two buttons, one being for the 

optimization of the lattice structure (see Fig. 6.12), and the other one being for the 

analysis of the I-bumper (see Fig. 6.14). The optimization of the lattice structure should 

be performed before the analysis of I-bumper is started because the average stiffness of 

the lattice structure is one of the input parameters in the analysis of the I-bumper. 

An optimization process has been implemented for the lattice structure (see Fig. 

6.12). This optimization process can be used to predict the optimum shape of the plate as 

well as the average stiffness of the lattice structure and the energy absorbed by the lattice 

structure during the crash. 

Car with inflatable bumper  

and front-post with granules 

Conventional car 

Car with inflatable 

bumper 
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Figure 6.11 Snapshot of initial screen of analysis software 

 

 

Figure 6.12 Optimization tool for lattice structure 
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Table 6.2 Input parameters for lattice structure 

 

Input parameters Variables in this thesis 

1. Length (m) L: in Fig. 4.18 

2. Width (m) W: in Fig. 4.18 

3. Height (m) H: in Fig. 4.18 

4. Young’s Modulus (E) (Pa) E: Young’s modulus of plate in eq.(4-3) 

5. Secant Modulus (Es) (Pa) Es: Secant modulus of plate in eq.(4-7) 

6. Poisson’s Ratio µ: Poisson’s ration of plate in eq.(4-3) 

7. Yield Stress (Pa) 
y : Yield stress of plate in eq.(4-34) 

8. Total Mass (Kg) M: total mass of lattice structure in eq.(4-50) 

9. Density (kg/m
3
) Density of plate 

10. Maximum Acceleration (gravity) Allowable maximum acceleration in unit g 

11. Mass of the car (kg) Mass of the car 

12. Mass of intermediate plate (kg) Mass of the intermediate plate and cover in the 

lattice structure in Fig. 4.3 

13. Number of loops Number of loops in Fig. 4.16 

14. Number of hinges Number of hinges in Fig. 4.16 

14. Beta (elongation factor) Elongation factor in eq. (4-36) 

15. Minimum numbers  

     of stories, rows, and columns 

Available minimum number of stories, rows, 

and columns 

16. Maximum numbers  

     of stories, rows, and columns 

 

Available maximum number of stories, rows, 

and columns 
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Table 6.3 Output values for lattice structure 

 

Output Values Variables in this thesis 

1. Average stiffness (N/m)  

2. Absorbed energy (Nm)  

3. Optimized number of rows See Fig. 4.3 

4. Optimized number of columns See Fig. 4.3 

5. Optimized number of stories See Fig. 4.3 

6. Angle of lattice (Radian) See Fig. 4.9 

7. Height of element (m) b in Fig. 4.5 

8. Width of element (m) a in Fig. 4.5 

9. Thickness of element (m) t in Fig. 4.5 

10. Height of flange (m) flange_h in Fig. 4.5 

 

 

For a jagged member, ―Optimized number of columns‖ means the number of 

jagged plates. The width, height, and length of each jagged member are shown in Fig. 

6.13. 

 

 

 

The number of jagged plates (the number of columns): 5 

 

Figure 6.13 Jagged member element 

 

Width of element 

Length of element 

Height of element 
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This optimization tool will give the optimized size and shape and the average 

stiffness of the lattice structure. The average stiffness will be input in ―Structure spring 

constant‖ for the analysis of the I-bumper (see Fig. 6.14).  

Input parameters and output values for the lattice structure design are listed in 

Tables 6.2 and 6.3. When values are input and the optimization button is clicked, the 

software gives results including average stiffness, absorbed energy, and optimized values 

of element in lattice structure (width, length, and height of U-shape plate or jagged plate). 

 

 

 

Figure 6.14 Snapshot of analysis software for the I-bumper 

 

Figs. 6.14 and 6.15 are snapshots of the software developed for I-bumper analysis. 

Fig. 6.15 shows a screen that appears when the ―GRAPHS‖ button in Fig. 6.14 is clicked. 

The screen for the I-bumper includes an input panel, output panel, and simple animation 

panel. After the entering all the parameter values into the input panel, the analysis results 
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will be shown in the output panel by clicking the ―ANALYSIS START‖ button, as well 

as being shown in graphs by clicking the ―GRAPHS‖ button. In the graph results 

window, an item can be displayed by selecting it from the drop-down menu (see Fig. 

6.15). When the ―ANIMATION‖ button is clicked, a simple animation will be shown in 

the animation panel. 

 

 

 

Figure 6.15 Snapshot of graphs shown by analysis software for the I-bumper 

 

This software will estimate how much energy can be absorbed using the I-bumper. 

Input parameters are composed of the physical data from cars, explosive mass, airbag 

properties, front-post filled with granules, and lattice structure. The output results include 

the reduced kinetic energy of each mass, displacement, and velocity of each mass, as well 

as airbag state values such as pressure and volume.   
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Table 6.4 Input parameters for I-bumper 

Input parameters Variables in this thesis 

1. Mass of m1 (kg) Mass of car body in Fig. 6.1 

2. Mass of m2 (kg) Bumper mass in Fig. 6.1 

3. Mass of m3 (kg) Mass of moving barrier or colliding car in 

Fig. 6.1 

4. Initial velocity of m1 and m2 (m/s) Initial velocity of the car body and bumper 

5. Initial velocity of m3 (m/s) Initial velocity of the other colliding car 

6. Time increment (sec)  t : time increment in eq.(6-3) 

7. Structure spring constant (N/m) Spring coefficient of lattice structure in 

eq.(4-42) and mechanical spring 

8. Structure damping constant (Ns/m) Adds mechanical damper 

9. Equivalent spring constant between 

    bumper and the other car (N/m) 

See Fig. 6.1 

10. Equivalent damping constant        

     between bumper and the other car (Ns/m) 

See Fig. 6.1 

11. Equivalent spring constant car body (N/m) Spring coefficient of I-bumper car body 

12. Equivalent damping constant car body 

      (Ns/m) 

Damping coefficient of I-bumper car body 

13. TNT mass (kg) C: TNT mass in eq.(3-29) 

14. Effective TNT mass (kg) See Fig. 3.12 

15. Deployment distance (kg) H: in Fig. 4.18 

16. Airbag fully inflated volume (m
3
) V20 in eq.(3-20) 

17. Airbag fabric thickness (m) t in eq.(3-17) 

18. Airbag mass (kg)  

19. Airbag fabric Young’s modulus (N/m
2
) E in eq.(3-18) 

20. Mass flow rate of vent (kg/s) 
outm : mass flow rate of vent in Fig. 3.5 

21. Diameter of vent hole (m) d : diameter of exit hole in Fig. 3.5 

22. Length of hole (m) L: length of exit hole in Fig. 3.5 

23. Effective area constant 
conseA _

 in eq.(3-25) 

24. Effective area slope 
slopeeA _

in eq.(3-25) 

25. Coefficient of restitution See Fig. 6.2 
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Table 6.5 Output values and graphs for I-bumper 

 

Output Values Output Graphs 

1. Reduced Kinetic Energy of Mass 1 1. Reduced Kinetic Energy of Mass 1 

2. Reduced Kinetic Energy of Mass 3 2. Reduced Kinetic Energy of Mass 3 

3. Maximum Stress of Airbag Fabric 3. Velocity of Mass 1 

 4. Velocity of Mass 2 

 5. Velocity of Mass 3 

 6. Spring Constant of Airbag 

 7. Damping Constant of Airbag 

 8. Stress of Airbag Fabric 

 9. Pressure of Airbag 

 10. Volume of Airbag 

 11. Displacement of Mass 1 

 12. Displacement of Mass 2 

 13. Displacement of Mass 3 

 14. F_D curve for tube with granules 

 15. F_D curve for tube without granules 

 16. Amplified airbag pressure 

 17. Amplified airbag volume 

 18. Amplified body velocity 

 19. Amplified bumper velocity 

 

Mass1, mass2, and mass3 denote the mass of the car body to be designed, the 

bumper mass of the car to be designed, and the mass of the other car, respectively.  

The impact between the bumper and the moving barrier will be modeled by the 

coefficient of restitution (COR) (input parameter 11 in Table 6.4) or spring and damping 

coefficients (input parameters 9 and 10 in Table 6.4). To use the coefficient of restitution, 

the combo button (―Coefficient of Restitution‖) next to the ―ANALYSIS START‖ button 

should be checked and appropriate values should be inputted in parameter 11 in Table 6.4 
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Input parameters and output values for I-bumper and granule-filled tube are listed in 

Tables 6.4, 6.5, 6.6, and 6.7 

 

 

Table 6.6 Input parameters for granules and front-post 

 

Input parameters Variables in this thesis 

1. Width of tube (m) a in the Fig. 5.3 

2. Height of tube (m) b in the Fig. 5.3 

3. Thickness of tube (m) Eq. (5.5) 

4. Length of tube (m)  

5. Radius of granules (m) R in eq. (5-20) 

6. Number of granules N in eq. (5-26) 

7. Average contact number of granules n in eq. (5-26) 

8. Yield stress of tube (N/m
2
) 

yt _ In Fig. 5.3 

9. Lambda of granules (N/m
2
)  in eq. (5-24) 

10. Mu of granules (N/m
2
)  in eq. (5-24) 

11. Axial deformation mode factor  In eq. (5-11) 

12. Bending deformation mode factor  In eq. (5-11) 

 

 

Table 6.7 Output values for front-post filled with granules 

 

Output Values 

1. Front-post length with granules (needed 

to absorb the remaining energy) 

2. Front-post length without granules 

(needed to absorb the remaining energy) 
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6.4 Application of the I-bumper to a high-speed crash 

 

Princess Diana died in a Paris car crash on Aug. 31, 1997. The princess’ Mercedes-

Benz car was apparently being pursued at a high rate of speed (80 mph) by photographers 

on motorbikes, when it hit a pillar and smashed into a wall. The problem was the high 

speed.  

In this chapter, some applications of the I-bumper for high-speed crashes, and the 

mass incompatibility problem using the LS-DYNA FEA model, is considered. As shown 

in Fig. 6.16, the current automotive structure does not work well in high-speed crashes. 

Fig. 6.16 also illustrates that human injury from a high speed crash is much more serious 

and more probable than from low-velocity impacts.  

 

 

 

Figure 6.16 High speed crash and incompatibility problem (H. Nishigaki, Toyota Central 

R&D Lab.) 

 

As mentioned in Chapter I, it was expected that the I-bumper system would work 

for high speed crashes and the mass incompatibility problem in crashes. The 

effectiveness and availability of the I-bumper for high speed crashes is shown in this 

chapter. 
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The crash test between a light truck and a heavy truck is considered (see Fig. 6.17) 

in two cases. In one case, both colliding vehicles have a velocity of 30 mph (13.4 m/s), 

and in the other case, both are traveling at 50 mph (22.35 m/s) before the collision. To 

compensate for the geometric incompatibility between the height of the trucks’ bumpers, 

the position of the light truck was rearranged so that a bumper-to-bumper crash occurred. 

 

 

 

 

 

 

Figure 6.17 FEA model for a high speed crash 
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Figure 6.18 Accelerations of the center of the compartment (V0=30 mph, TNT:100g) 

 

 

 

 

Figure 6.19 Accelerations of the center of the compartment (V0=50mph, TNT:100g) 
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The results of the tests are shown in Fig. 6.18 and Fig. 6.19. These figures show the 

accelerations of the center of the compartment for each case (see Fig. 6.17 for the 

position of the accelerometer for these tests). As seen in these two figures, the 

acceleration of the center of the compartment of the car with the I-bumper is lower than 

the acceleration of the center of the conventional car. In this simulation, the I-bumper was 

charged with 100g of TNT. The acceleration of the center of the compartment was 

reduced by 18.8% (for the crash in which both cars were traveling at a speed of 30 mph) 

or 12.4% (for the crash in which both cars were traveling at a speed of 50 mph). 

Fig. 6.20 shows the result of the car with the I-bumper when loaded with 500g of 

TNT. The maximum acceleration of the center of the compartment is 509 m/s
2
. 

Compared to the result of the conventional car (Fig. 6.18), the acceleration of the car with 

the I-bumper is reduced by 29.8%.  

 

 

Figure 6.20 Accelerations of the center of the compartment (V0=50mph, TNT:500g) 

 

The maximum of allowable acceleration of the car during a crash in the industry is 

usually 20g’s (where g means the acceleration of gravity: 9.81 m/s
2
) and the result of Fig. 

6.20 is about 50g’s. More reduction of the maximum acceleration is needed for it to be 

within the acceptable limit of 20g’s. Theoretically, changing design variables like using a 

509 m/s
2
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(TNT:500g) 
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larger amount of TNT or a bigger bumper mass should reduce the acceleration of the 

compartment to a value closer to the 20g’s threshold. It can be seen that the I-bumper 

system can reduce the acceleration of the compartment of the car and, correspondingly, 

the possibility of fatality or injury, and this performance will depend on design variables 

such as TNT mass and bumper mass. 
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CHAPTER VII 

 

CONCLUSIONS AND FUTURE WORK 

 

7.1 Conclusions 

 

One of the main aims in automotive crashworthy design of automotive vehicles is 

to realize the maximum use of the front crumple zone in a frontal collision.  

Unfortunately, the current typical car front crumple zone is fixed and with a limited short 

distance of the crash. An innovative active safety device, called the ―I-Bumper,‖ has been 

therefore investigated in this research. 

 

Analytical formulations for an explosive airbag have been developed and major 

design variables have been identified. These have been used to determine the required 

amount of explosive material and to predict airbag behavior, as well to predict their 

impact on the I-bumper system design. Related design guidelines and procedures have 

been introduced. This new explosive airbag model has been implemented in MATLAB, 

and has been validated with a high fidelity model using an LS-DYNA simulation. 

The spring coefficients of an airbag have been expressed by volume and pressure 

changes. The Wang and Nefske airbag model has been used to find the value of pressure 

and volume changes. Airbag model spring coefficients have been computed using the 

iteration process and interaction with the FOA model. An analytic expression for c   

and V  in the Wang and Nefske model have also been developed. The stress and radius 

of the airbag according to the pressure change has been obtained as well.  

A modified version of Gurney’s equation has been introduced for the velocity of 

moving mass with non-zero initial velocity after detonation based on the energy 

conservation equation and momentum conservation equation.  
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An analytic model for the absorbed energy of a lattice structure composed of plates 

during a crash has been developed. To quantify the absorbed energy, the deformation 

process is divided into pre-buckling and post-buckling stages. The buckling can be either 

plastic or elastic, according to when the buckling occurs. A method for predicting the 

total absorbed energy has been developed, and it accounts for the pre-elastic buckling, the 

pre-plastic buckling, and the post-buckling, based on strain energy theory or stiffness, 

and the plastic limit analysis. The analytic model developed for the absorbed energy of 

the lattice structure has been implemented in MATLAB. The validation has shown that 

the results of the developed analytic model are in good agreement with the results of the 

simulation based on LS-DYNA. It can be concluded that the analytic model developed in 

this research is useful for designing an expandable lattice structure for crashworthiness. 

Future research will combine a more detailed CEA (Crash Energy Absorption) structure 

with the strain rate effect. The main achievement of this work has been the development 

of a simplified analytic model of the expandable lattice structure for estimating the 

energy absorption during a crash. 

 

An innovative post structure to be included in a vehicle body to enhance 

crashworthiness has been proposed. The design methodology for the tubes filled with 

granules has been developed and validated based on an effective thickness theory. The 

suitability of tubes filled with granules for crashworthiness has been demonstrated using 

simple analytic methods. In this research, the stress for granules can be assumed, 

obtained from Walton’s simple equation, or determined by virtual tests. Future research 

will develop a general stress expression for the granules in a tube. This research may 

include multi-axial compression, general friction, non-identical spheres, composite 

materials, and non-spherical materials.  

The analytic model has been then used to analyze alternative tubes filled with the 

selected granules in order to predict the effective (nonlinear) spring and damping 

coefficients of the crash energy absorption component. This has been further integrated 

with the other components in the inflatable morphing body structure to improve the 

crashworthiness of the design.   
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The above analysis models developed have been integrated into an active explosive 

bumper concept, called the ―I-bumper,‖ which is introduced as an example of innovative 

body designs for crashworthiness and improved safety for military and commercial 

vehicles. Major design variables and design guidelines and procedures have been 

introduced based on the integrated analytical design model, including the airbags with 

explosives described by a FOA (First-Order-Analysis) model. Design procedures and 

methods have been implemented using MATLAB. The approach developed for the I-

bumper has been validated by the FEA model of LS-DYNA. The validation has shown 

that the results of the developed analytic model are in good agreement with the 

simulation results based on LS-DYNA. 

 

7.2 Contributions 

 

The major contributions of this research work are the introduction of the innovative 

I-bumper concepts for the crashworthy design of automotive vehicles as a solution to 

high speed crashes in which current automotive structure is inadequate.  

We developed an advanced design methodology for novel active (inflatable, 

morphing, etc.) and passive (tubes with granules) body structures. We also developed 

innovative concepts for inflatable/morphing body structures that minimize crash damage 

and protect occupants, and finally we developed new standards and design guidelines for 

active and passive crash protection devices. 

One of the major contributions of this research is the development of the analytic 

models for each of the I-bumper’s components including explosive airbags, an 

expandable lattice structure, and tubes filled with granular materials. The development of 

these analytic models consists of innovations in several areas of design with the main 

contributions being in the following areas: 

 

a. The development of the analytic model of external airbags using an explosive 

instead of a compressed gas. This development includes the modification of 

Gurney’s equation, which is significant for its simplicity and versatility with 
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calculations involving a non-zero initial velocity. The spring coefficients and 

damping coefficient for the airbag has been developed. 

 

b. The development of the analytic model of an expandable lattice structure for 

crashworthy design. This development includes the derivation of absorbed crash 

energy in this lattice structure and the equivalent spring coefficient of the lattice 

structure, which is foldable and expandable. 

 

c. The development of the analytic model of a tube filled with granular materials for 

crashworthy design. This development includes the effective thickness theory for 

crash energy absorbed in the granule-filled tubes and the equivalent spring 

coefficient of the tubes. 

 

d. The development of an integration method of I-bumper components, 

incorporating an explosive external airbag, a lattice structure, and a granule-filled 

tube. The availability and effectiveness of the I-bumper concept for the 

crashworthy design of automotive vehicles has been verified. 

 

The innovative structure concepts that are developed can be used for designing 

better and safer vehicles and for improving the crashworthiness of military and civilian 

vehicles.  The advanced body design methodologies developed can be used for 

innovative structural concepts for manned, unmanned, and alternative vehicles, including 

application to vehicle configuration, body shape, and morphing structures.  

 

7.3 Future work 

 

There are several directions for potential future work that arise from this research.  

 

In this research, a simplified FOA model of an I-bumper was developed. It needs to 

be extended to include, for example, body flexibility, human and restrained systems in 

order to estimate the probability of human injury (i.e. HIC indices) more accurately. 

Mathematical models of the human body, together with an FOA model of the vehicle 
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structure can offer economical and useful methods for analyses of the crash response (see 

Fig. 7.1). Lobdell (1973) developed a one-dimensional model of the human thorax. This 

model simulates the thorax response in case of loading by an impacting mass. The first 

example of a multi-body model was presented by McHenry (1963). This model is two-

dimensional and offers multiple-degrees of freedom, and the human body part of the 

model was characterized by rigid bodies representing the thorax/head, upper arms, upper 

legs, and lower legs. A more recent example of a multi-body model, specifically, a three-

dimensional MADYMO model, was presented by the European Community and NHTSA 

(2000). Shugar (1977) developed an FEA model that was three-dimensional and that 

included a representation of the skull and brain. 

 

              Lumped mass model (Lobdell, 1973)           Multi-body model (McHenry, 1963) 

 

               

 Multi-body model (European Community and NHTSA)       FEA model (Shugar, 1977) 

 

Figure 7.1 Human body models 
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The extension of the I-bumper to other applications (for example, side impacts, rear 

impacts, roll-over, and collisions with pedestrians) can be performed. In the United States, 

side and rear collisions are the second and third most common type of vehicle crashes, 

after frontal impacts. Side impacts constitute approximately 30 percent of motor vehicle 

crash injuries and 26 percent of motor vehicle crash fatalities. Rear impacts constitute 

approximately five percent of motor vehicle crash fatalities. Usually, the side and rear 

structures of automobiles are less crashworthy than the front structure, so the application 

of the I-bumper to side and rear impacts will be challenging but likely to increase the 

energy absorbed in the side and rear structure of the automobile. Road accident statistics 

indicate that a considerable proportion of casualties involve cyclists and pedestrians who 

are injured as a result of contact with a moving vehicle. Extension of the I-bumper to 

protect pedestrians offers a promising possibility of saving more lives. 

 

It is also necessary to consider the triggering conditions and mechanism of the I-

bumper. The I-bumper should be designed to deploy immediately prior to a car crash, so 

the car needs to be equipped with a sophisticated sensor and radar system to detect an 

impending collision. Airbag sensors usually contain a MEMS accelerometer, which is a 

microscopic mechanical element that moves in response to sudden deceleration. This 

motion causes a change in capacitance, which then sends a signal to fire the airbag.  For 

the I-bumper, the algorithms and the mechanism that trigger the explosive airbag must be 

much more complex. To protect pedestrians, inappropriate deployment of the I-bumper 

must be prevented, because a sudden deployment of the I-bumper during driving or 

parking could injure pedestrians. Many crash avoidance systems and other safety systems 

rely on high-tech sensors like radar or laser sensors to tell when a car ahead slows down, 

so either the driver can be alerted to slow down or the car can reduce its own speed. 

These sensors are good candidates for indicating when the I-bumper should be deployed. 

Sensing methodology will be a key field to be investigated in the future for the I-bumper 

system.  

The I-bumper system has potential applications beyond the civilian automotive 

industry; it may also contribute to military needs. All-around protection with passive 
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armor for military vehicles is becoming too heavy for even the most powerful tanks, and 

even the best passive protection cannot stop all threats from all directions. In military 

vehicles, the Active Protection Systems commonly consist of an array of soft-kill and 

hard-kill techniques. Soft-kill methods, similar to Electronic Counter-Measures (ECM) in 

aircraft, confuse an incoming missile, by using decoys, smoke, and electro-optical signals, 

as well as infrared or laser jamming. Other concepts, which include ―hard-kill‖ methods, 

are designed to intercept and destroy the incoming projectile or missile before it hits its 

target. The I-bumper could be implemented as an innovative hard-kill means for military 

vehicles. The Inflatable Air Bag System (IABS, see Fig. 7.2) is a good example of use of 

external active device for blast-worthiness. IABS combines an inexpensive radar sensor 

and airbag systems which are inflated before the Rocket Propelled Grenade (RPG – an 

anti-tank infantry weapon) hits the protected vehicle. The airbag disrupts the shaped 

charge fuse, as the projectile collapses upon itself, jamming the time-out fuse, thus 

defusing the shaped charge before it hits the vehicle’s skin. During tests, the system was 

installed on up-armored Humvee doors, and demonstrated effective protection of the 

crew compartment. 

IABS was also effective in protecting the transparent armor (windows). The 

considerations and criteria of blast-worthiness are different from those of crashworthiness. 

More details about blast-worthiness will be described in appendix II. 

 

 

 

 

 

 

Figure 7.2 IABS 

 

 

Source: www.defense-update.com 
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APPENDIX I 

 

 COEFFICIENT OF RESTITUTION (COR) AND COEFFICIENT OF 

CRASH (COC) 

 

In this study, two schemes are used for a collision between an inflated bumper and 

an oncoming car’s body (see Fig A1.1).  These are the spring-damping coefficients 

approach, and the COC or COR approach.  In this appendix, a clear explanation of the 

COR and COC is given. Usually, the COC can be called ―minus COR‖. The new 

terminology COC (minus COR) is introduced and discussed in this appendix. 

 

 

Figure A1.1 Two schemes for collision model between inflated bumper and oncoming 

car’s body 

 

A1.1 Coefficient of Restitution (COR) [Meriam and Kraige, 1993; Greenwood,  

         1988] 
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The coefficient of restitution (COR) of two objects is a fractional value 

representing the ratio of relative velocities before and after an impact. The coefficient 

itself is given by: 
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The constant er is a number between 0 and 1. A coefficient near 1 indicates a nearly 

perfectly elastic collision (the relative velocities before and after impact are equal and the 

capacity of the two particles to recover equals their tendency to deform), while a 

coefficient near 0 indicates a perfectly inelastic collision (objects remain in contact after 

the collision).  

The constant er can be expressed by the ratio of the magnitude of restoration 

impulse to the magnitude of the deformation impulse. If rF  and dF  represent the 

magnitudes of the contact forces during the restoration and deformation periods, 

respectively, as shown in Fig. A1.2, for mass 1 the definition of er together with the 

impulse momentum equation gives us 
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Similarly, for mass 2 it is 

(A1-1) 

(A1-2) 
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Eliminating 
0v  between the two expressions for er gives us 

 

 

 

 

                                  

Figure A1.2 Collision between two masses 

 

Usually, the deformation impulse is bigger than the restoration impulse (see Fig. 

A1.3), so er is less than 1. The deformation force and restoration force are going in the 

same direction. The variable er is equal to 1 when these two forces are equal. A COR 

greater than one is theoretically possible, representing a collision that generates kinetic 

energy, such as land mines being thrown together and exploding. A COR less than zero is 

also theoretically possible, representing a collision that pulls two objects closer together 

instead of bouncing them apart. For the case of a COR less than zero, more explanation is 

given in the next chapter. 

An equation to address COR was obtained. One more equation is still needed in 

order to solve the final velocities after impact. This is a momentum equation given by: 

m
2 

m
1 

dF

1v 2v

Deformation 
Period 

m
2 

m
1 

rF

0v
0v

Restoration 
Period 

1v 2v

21

12

vv

vv
er






(A1-3) 

(A1-4) 



154 

 

 

'

22

'

112211 vmvmvmvm   

 

For a collision occurring between mass 1 and mass 2 in an isolated system, the total 

momentum of the two masses before the collision is equal to the total momentum of the 

two masses after the collision. That is, the momentum lost by mass 1 is equal to the 

momentum gained by mass 2. The above statement tells us that the total momentum of a 

collection of masses (a system) is ―conserved‖ - that is, the total amount of momentum is 

a constant or unchanging value. 

 

                                                

Figure A1.3 Deformation period and restoration period 

 

To understand the basis of momentum conservation, a short logical proof may be 

helpful. Consider a collision between two masses, mass 1 and mass 2. In such a collision, 

the forces acting between the two masses are equal in magnitude and opposite in 

direction (Newton’s third law). This statement can be expressed in equation form as 

follows. 
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(A1-5) 

http://www.glenbrook.k12.il.us/gbssci/Phys/Class/momentum/u4l2c.html
http://www.glenbrook.k12.il.us/gbssci/Phys/Class/momentum/u4l2a.html
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Finally, the equation for final velocity after impact is obtained from the momentum 

equation and the COR equation. 
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If er is equal to 1, the energy equation will be expressed as 
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Fig. A1.4 shows the result of an experimental test for the coefficient of restitution 

of a vehicle with various closing velocities. 

 

 

 

 

Figure A1.4 Experimental tests for COR with various closing velocities (Antonetti, 1998) 

(A1-6) 

(A1-7) 
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A1.2 Coefficient of Crash (COC) – Minus COR 

 

In the previous chapter, the COR was discussed. In this chapter, the new 

terminology for automotive collision, defined as the Coefficient of Crash (COC), is 

introduced. In automotive collisions, COC should be considered because the bodies of 

two cars remain each other close together instead of bouncing apart during impact. There 

are many components in the front of an automobile that play an important role during a 

collision, including the bumper, rail, and hood. After a collision, they will have moved 

closer to the second car, rather than bouncing further away. So, the COC would be a good 

measure for automotive collision. The constant ce  (COC) is a number between -1 and 0. 

A coefficient near -1 signifies that there was no collision, while a coefficient near 0 

indicates a perfectly inelastic collision (the two objects remain in contact after the 

collision).  

 

 

Figure A1.5 Velocity curve of mass for COC and COR 

 

Figs. A1.5 and A1.6 show the velocity curve for COC and COR, and the 

momentum equation for the velocity change. For a crash, the momentum equation can be 

expressed by 
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Figure A1.6 Momentum curve for COC and COR 

 

 

 

Figure A1.7 Deformation and restoration period for COC and COR 
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The 
ce can be defined together with the impulse momentum equation for mass 1 like 
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Similarly, for mass 2 it is 
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Eliminating 
0v  between the two expressions for 

ce  gives us 
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An equation of COC, identical to COR, can be obtained as. 
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One more equation is still needed to solve the final velocities after impact. This is a 

momentum equation given by: 
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Using the equation of COC and the equation of momentum conservation gives 

(A1-10) 
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A1.3 Application of Coefficient of Crash (COC) in tennis balls (Cross, 2002) and  

         rigid bodies with stacking (Geundelman et al., 2003) 

 

The collision of a tennis ball with a firm surface can be described in terms of the 

vertical and horizontal values of the COR by Cross (2002). The COR for the vertical 

collision can be expressed by 
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where subscripts 1 and 2 denote conditions before and after the collision, respectively, 

and where ye  is between 0 and 1. Similarly, xe can be defined by the relation. 
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where Rvx  is the net horizontal speed of a point at the bottom of the ball. Unlike ye , 

xe can be positive or negative. If a ball is incident at a sufficiently small angle and 

without spin, then it can slide through the impact without rolling and will bounce with 

22 xvR  , in which case 0xe . A value 1xe  corresponds to a bounce on a 

frictionless surface, where 12 xx vv   and 12    (See Fig. A1.8). 

(A1-14) 
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(A1-16) 
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Figure A1.8 Typical bounce of tennis ball on a hard surface 

 

 

 

 

Figure A1.9 Stacking of 1000 non-convex rings (Guendelman et al., 2003) 

 

Guendelman et al. (2003) simulated the non-convex rigid bodies focusing on 

interactions using the following procedure. Rather than applying a fully inelastic impulse 

of 0ce at each point of contact, they gradually stopped the object from approaching. 
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For example, on the first iteration of contact processing, they applied impulses using 

9.0ce , on the next iteration they used 8.0ce , and so on, until they finally used 

0ce on the last iteration. A negative coefficient of restitution simply indicates that 

rather than stopping or reversing an approaching object, they only slow it down. 

 

A1.4 Application of Coefficient of Restitution (COR) and Coefficient of Crash  

         (COC) in automotive collision 

 

Infinite serial slow-downs are equal to perfectly plastic collisions (ec=0). 

Automotive collisions cannot be expressed by using only multiple serial slow-down or 

COC. It is more useful to express the automotive collision with a combination of COR 

and COC.  

 

 

Figure A1.10 Relationship between COC and COR 

 

COC can be used for the bumper and crush zone rail, the upper structure, and the 

hood. After that, COR can be used for a final collision in which the velocity is reversed. 

The combination of COR and COC can be represented by only one COR, where the 

combination of COR and COC shows us a trace of velocity during collision, and only one 
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COR shows a terminal velocity after collision. Fig. A1.10 shows a case in which the mass 

penetrates through several stationary walls. COC is appropriate for each penetration or 

slow-down. After penetrating many walls, it will lose so much momentum that it can no 

longer penetrate the wall, at which point COR is appropriate for the collision. The same 

concept can be used for automotive collision. The real rigid wall frontal collision was 

repeated in Fig. A1.12 and Fig A1.13.  

 

 

COR or COC 

Velocity of  mass  

before collision 

Velocity of  mass  

after collision 

 

-1 V0 V0 No crash 

-0.5 V0 1/2*V0 Crash 

0 V0 0 Perfectly plastic 

0.5 V0 -1/2*V0  

1 V0 -V0 Perfectly elastic 

 

Figure A1.11 Example of COC and COR 

 

 

 

 

Figure A1.12 Test velocity curve for a car (Zaouk, et al., 1996) 
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Figure A1.13 Repeat of Fig. A1.12 with COC and COR 
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Fig. A1.11 shows some examples of COR and COC for a case in which the mass 

collides with a stationary wall. Values of -1, 0, and 1 indicate no collision, a perfectly 

plastic collision, and perfectly elastic collision, respectively.  

The rigid wall front collision test of Fig. A1.12 was repeated with COC and COR 

in Fig. A1.13. As can be seen from the comparison between Fig. A1.12 (experimental 

and simulation results by Zaouk, et al., 1996) and Fig. A1.13, reconfiguration from the 

COC and COR is more realistic and useful than the case with only COR. COC and COR 

can be determined by experimental testing. 
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APPENDIX II 

  

 CONSIDERATIONS OF BLAST-WORTHINESS OF VEHICLES 

 

In this chapter, basic considerations and criteria for blast-worthiness design are 

addressed. High explosives produce shock waves and create underwater pressure pulses 

or an air blast, depending on where they are detonated, meaning that they can burst, 

shatter, lift, drive, or penetrate structures or materials, when detonated.  

An explosion is a very rapid release of stored energy. Part of the energy is released 

as thermal radiation, and part is released into the air (air-blast) and soil (ground-shock) as 

radically expanding shock waves. Air-blast is the principle damage mechanism. 

When the shock waves encounter vehicle surfaces, they are reflected, amplifying 

the overpressure so that it is higher than the initial peak pressure. A secondary effect of 

the air-blast is dynamic pressure or drag loading, which is a very high velocity movement 

of air. It accelerates the debris generated by the air-blast, creating secondary projectiles.  

In this chapter, the blast-worthiness focuses mainly on the air-blast or shock wave. 

The following principles can be incorporated into the design of vehicles to render 

protection against the blast effect of mines: 

 

1. Absorption of energy 

2. Deflection and mitigation of blast effect away from the hull 

3. Prevention of entrapment of the blast wave 

4. Distance from detonation point 

5. Protection against the fragmentation (penetration) effect of mines 
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A2.1 Absorption of energy 

 

In the case of crash, some of the crash energy is absorbed, while the remaining 

energy is transferred to other components. It can be described as 

 

Total Energy = absorbed energy + transferred energy 

 

In the case of a blast, some of the blast energy is absorbed and the remaining energy is 

transferred to other components or deflected. The total energy can be expressed as 

 

Total Energy = absorbed energy + transferred energy + deflected energy 

 

where the quantity of energy  transferred or absorbed energy depends on the inside 

structure (of an inflatable body). The amount of energy deflected depends on the shape of 

the structure (inflatable body) and the stand-off distance.  

 

A2.2 Deflection of blast away from the hull 

 

 

Figure A2.1 Blast deflection system (RKT Constructors Inc.) 
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The effect of a blast against the vehicle hull can be alleviated considerably by using 

steel plates placed at an angle to the direction of the blast wave. Face-on pressures are 

developed when the plate is at a 90 degree angle to the blast direction. Side-on pressures 

are developed if the plate angle is at a 0 degree angle to the blast direction (see Fig. A2.1 

and Fig. A2.2). Therefore, it can be said that the effect of a blast will be reduced to a 

value between the face-on pressure and the side-on pressure, if the plate is angled 

between 0 degree and 90 degree. This approach has lead to the introduction of V-hulls.  

 

 

Figure A2.2 Face-on loading and side-on loading of explosive wave 

 

 

A2.3 Prevention of entrapment of the blast wave 

 

It is also important to prevent the ―entrapment‖ of the blast wave. The U.S. Army 

found that unexpectedly, flat foam and honeycomb-faced panels transmitted more energy 

Oblique incidence Face-On loading (pressure) Side-On loading (pressure) 

  

o90  o0  

Sp

 
Sidep  



168 

 

to the pendulum (that is, target) than a flat rigid panel without energy absorbing material 

on the blast face. This phenomenon may be due to the non-uniform deformation (dishing) 

of the front face, which may increase the overall pressure loaded on the panel from the 

blast. Therefore, the effect of dishing during the deformation of a structure due to an 

explosion should be avoided. 

 

A2.4 Distance from the detonation point 

 

The effect of a blast is mitigated significantly with the distance from the detonation 

point. Thus, by increasing the distance from the ground and by spacing the wheels further 

apart, the maximum distance can be realized from the detonation point. There is a 

limitation in addressing this factor in the automotive structure for the blast-worthiness 

design. 

 

A2.5 Protection against the fragmentation (penetration) effect of mines 

 

Protection against the fragmentation (penetration) effect of mines is accomplished 

by using reinforced structure or armored glass and steel plating of sufficient thickness. 

Normal ballistic protection levels such as those required in military armored vehicles are 

used effectively for protection against fragmentation. 

The distance out to which debris from an explosion may be propelled is given as 

 

3/145Wr   

 

where yield W is in kilograms of TNT and r is a radial horizontal distance in meters 

The penetration depth would be given by the equation 
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where 

                               p   = depth of vertical penetration in feet 

                               PW = total projectile weight in lb 

                               A   = cross-sectional area of the projectile in in
2
 

                                K  = constant depending on target material 

                                V  = striking velocity in feet/sec 

 

A roll prevention, heat transfer, ductile material, and wave arrival time should also 

be considered.  

 

A2.6 Blast-worthiness design strategies and criteria 

 

Fig. A2.3 shows the general considerations and corresponding criteria for the blast-

worthiness design of vehicles based on the factors discussed above. Fig. A2.4 shows 

some considerations and corresponding design parts and corresponding criteria for the 

blast-worthiness design of vehicle in terms of vehicle structure. 

 

 

 

 

 

 

Figure A2.3 General considerations and criteria for blast-worthiness design 

Considerations 

 

- Absorption of energy 

- Deflection and mitigation of blast effect away from the hull 

- Prevention of entrapment of the blast wave 

- Distance from detonation point 

- Protection against the fragmentation (penetration) effect of mines 

- Roll prevention    - Heat transfer    - Ductile material    - Wave arrival time 

Criteria 

 

- Absorbed energy     - Deflected energy         - Transferred energy 

- Blast pressure          - Penetration depth        - Temperature 



170 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

` 

Figure A2.4 Design strategies and criteria 

Absorbed energy 

Deflected energy 

Transferred energy 

Blast pressure 

Penetration depth 

Temperature 

Design criteria 

Deflection of blast wave and 

stand-off distance 

This strategy directs the blast away 

from the hull, increases the ground 

clearance height, and spaces the 

wheels further apart. 

Blast attenuation and mitigation 

This strategy decreases transmitted 

energy through a change in their 

physical state, or attenuates the 

blast by destruction or deformation 

of the vehicle 

 

Outside 
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inflatable 
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Inside 
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inflatable 

body 

Absorbed energy 

Deflected energy 
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Avoiding entrapment of blast 

wave 

This strategy minimizes the 

reflected pressure 
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