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ABSTRACT 

Ah-bag technology relies on woven fabrics as the material of construction. 

Knowledge pertaining to the fabric's permeabihty as a function of pressure drop and 

inflating gas temperature under biaxial stretching condhions is crucial from an energy 

dissipation point of view. An expansible fabric, stretched biaxially, wiU open up and 

become more permeable. The extent to which fabric porosity changes with temperature, 

pressure drop, the source of fiber used in the fabric, fabric weave, fabric finish and fabric 

denier is impossible to determine a priori. In this regard, it is the material properties of the 

fabric which significantly contribute to the safety of the vehicle occupant as he/she 

interacts with the deployed airbag. 

In order to quantify fabric characteristics and airbag behavior, a novel blister-

inflation technique was developed to deform a fabric biaxially. At least three different 

types of polymeric fabrics woven from nylon 66, nylon 6 and high strength polyester fibers 

with various construction and finish were investigated in this study. The biaxial 

deformation of fabrics are modeled with non-linear finite element (FEA) based approach 

with the assumption of continuity. The latter assumption is highly questionable. 

Moreover, these models fail to adequately mcorporate the effects of temperature and 

pressure drop on deformation. In this study, a more rehable fabric-material response 

model (FMRM) for biaxial deformation was developed based on the semi-empirical 

approach called artificial neural networks. 

With respect to airbag behavior, four different mechanisms for overall energy 

dissipation were modeled. This approach was based on the kinetic energy considerations 

which arise when the occupant interacts with the airbag (KEAM). The KEAM model 

highlights the various energy adsorption mechanisms and defines potential synergistic roles 

they play on energy dissipation. Finally, energy dissipation of an airbag made from a 

particular fabric was related to the properties of the fabric and the required volume of the 

airbag for rehable operation. 

These two models, FMRM and KEAM, were then integrated with a passenger 

restraint action model (PRAM) in order to investigate the restraint action on the occupant 

during impact. PRAM is a model of numerical simulation for investigating the restraint 

achieved whh airbags. A detailed analysis of the interaction forces experienced after 

impact between the airbag and the occupant can be carried out with this model. 

X I 



LIST OF TABLES 

2.1 Properties of fibers related to airbag apphcation 31 

2.2 List of commercial simulation programs 32 

4.1 Physical characteristics of test fabrics 95 

5.1 Fabrics considered in statistical analysis 133 

5.2 Experimental data considered in statistical analysis 134 

5.3 ANOVA resuhs from 3 x 3 FAT experiments for nylon 6,6 fabrics 135 

5.4 ANOVA resuhs for polyester fabrics 13 6 

5.5 Cotton fabrics investigated in this research 137 

5.6 Properties estimated from ball-burst experiments 138 

6.1 List of samples considered in FMRM predictions 251 

X l l 



LIST OF FIGURES 

2.1 Components of a typical airbag system 33 

2.2 Basic study plan for system evaluation 34 

2.3 Biaxial stress-strain behavior under uniaxial and biaxial condhions 35 

2.4 Unit definition in the FEM model 36 

2.5 Types of neural networks 3 7 

3.1 Airbag pressure wave form m the presence of Hybrid III dummy 79 

3.2 Airbag-pressure-time history in isolation and with a dummy 80 

3.3 Structure of an arbitrary neuron 81 

3.4 Types of transfer functions 82 

3.5 Schematic ofa feed-forward neural network 83 

3.6 Feed-back networks 84 

3.7 Feed-forward networks 85 

3.8 Origmal Marquardt-Levenberg algorithm 86 

3.9 Modified Marquardt-Levenberg algorithm/Fletcher's algorithm 87 

3.10 Schematic of the PRAM model setup 88 

3.11 Integration of the three models (FMRM, KEAM & PRAM) 
for system evaluation 89 

4.1 Schematic of bhster-mflation apparatus 97 

4.2 Instron testing machine 98 

5.1 Permeability isotherms for fabrics in lot # 1 139 

5.2 Biaxial stress-strain behavior of lot # 1 fabrics 140 

Xlll 



5.3 Permeability isotherms for 420-D fabrics in lot # 2 141 

5.4 Biaxial stress-strain behavior of420-D fabrics in lot #2 142 

5.5 Permeability isotherms for 315-D fabrics in lot # 2 143 

5.6 Biaxial stress-strain behavior of 315-D fabrics in lot #2 144 

5.7 Permeability isotherms for polyester fabrics in lot #2 145 

5.8 Biaxial stress-strain behavior ofpolyester fabrics in lot #2 146 

5.9 Permeability isotherms for a 420-D nylon 6 fabric 147 

5.10 Permeability isobars for 420-D nylon 6 fabric 148 

5.11 Permeability isobars for 420-D nylon 6,6 fabric 149 

5.12 Permeability isobars for 440-D polyester fabric 150 

5.13 Biaxial stress-strain behavior for all the three polymeric fabrics 151 

5.14 Permeabihty isobars for 315-D nylon 6,6 fabric in low pressure 
drop experiments 152 

5.15 Permeability isobars for 315-D nylon 6,6 fabric in high pressure 

drop experiments 153 

5.16 Biaxial stress-strain behavior of nylon 6,6 fabrics 154 

5.17 Effect of pressure drop on biaxial strain of the fabric during 
blister formation 155 

5.18 Permeability isobars for 420-D (49 x 49) nylon 6,6 fabric in low 
pressure drop experiments 156 

5.19 Permeability isobars for 420-D (49 x 49) nylon 6,6 fabric in 

high pressure drop experiments 157 

5.20 Permeability isobars for 420-D (72 x 46) nylon 6,6 fabric 158 

5.21 Biaxial stress-strain behavior of nylon 6,6 fabrics 159 

5.22 Permeability isobars for 420-D (55 x 55) nylon 6,6 fabric 160 
xiv 



5.23 Biaxial stress-strain behavior in blister-inflation experiments 161 

5.24 Permeability isobars for 420-D (46 x 46) nylon 6,6 fabric 
from Milliken 162 

5.25 PermeabUity isobars for 420-D (46 x 46) nylon 6,6 fabric from 
J.P. Stevens 163 

5.26 Permeability isobars for 420-D (46 x 46) nylon 6,6 fabric from 

Highland Industries 164 

5.27 Biaxial stress-strain behavior of all the three 420-D (46 x 46) fabrics 165 

5.28 Permeability isobars for 630-D (42 x 42) nylon 6,6 fabric 166 

5.29 Permeabihty isobars for 630-D (41x41) nylon 6,6 fabric in low 
pressure drop experiments 167 

5.30 Permeability isobars for 630-D (41x41) nylon 6,6 fabric in high 

pressure drop experiments 168 

5.31 Permeability isobars for 630-D (35x35) nylon 6,6 fabric 169 

5.32 Biaxial stress-strain behavior of 630-D (35 x 35) nylon 6,6 fabric 170 

5.33 Permeability isobars for 840-D (32 x 32) nylon 6,6 ripstop fabric 
from Hoechst Celanese 171 

5.34 Permeability isobars for 840-D (32 x 32) nylon 6,6 ripstop 
fabric (MiUiken) in low pressure drop experiments 172 

5.35 Permeability isobars for 840-D (32 x 32) nylon 6,6 ripstop 
fabric (MiUiken) in high pressure drop experiments 173 

5.36 Permeability isobars for 840-D (38 x 38) nylon 6,6 paradox fabric 
(Milliken) in low pressure drop experiments 174 

5.37 Permeability isobars for 840-D (38x38) nylon 6,6 paradox fabric 
(Milliken) in high pressure drop experiments 175 

5.38 A comparison of biaxial stress-strain behavior in a ripstop fabric 
with a paradox fabric 176 

XV 



5.39 Permeability isobars for 840-D (25 x 25) nylon 6,6 plain weave 
fabric (Allied) in low pressure drop experiments 177 

5.40 Permeabihty isobars for 840-D (25 x 25) nylon 6,6 plain weave 
fabric (AUied) in high pressure drop experiments 178 

5.41 Biaxial stress-strain behavior of 840-D (25 x 25) plam weave 
fabric with a 840-D (32 x 32) ripstop weave fabric 179 

5.42 Permeability isobars for 420-D (49 x 49) nylon 6 plain weave 
fabric (Alhed) m low pressure drop experiments 180 

5.43 Permeability isobars for 630-D (35 x 35) nylon 6 plain weave 
fabric (Allied) in low pressure drop experiments 181 

5.44 Permeabihty isobars for 630-D (41x41) nylon 6 plain weave 
fabric (Allied) in low pressure drop experiments 182 

5.45 Permeabihty isobars for 420-D (49 x 49) nylon 6 plam weave 
fabric (Allied) m high pressure drop experiments 183 

5.46 Permeability isobars for 630-D (35x35) nylon 6 plain weave 
fabric (Alhed) in high pressure drop experiments 184 

5.47 Permeabihty isobars for 630-D (41x41) nylon 6 plain weave 
fabric (Alhed) in high pressure drop experiments 185 

5.48 Permeabihty isobars for 420-D (49 x 49) nylon 6,6 plam weave 
fabric (MiUiken) 186 

5.49 PermeabUity isobars for 630-D (35 x 35) nylon 6,6 plain weave 
fabric (MiUUcen) 187 

5.50 Permeabihty isobars for 630-D (41x41) nylon 6,6 plain weave 

fabric (MUlUcen) 188 

5.51 Biaxial stress-strain behavior of 420-D nylon 6 fabric 189 

5.52 Biaxial stress-strain behavior of 630-D (35x35) nylon 6 fabric 190 

5.53 Biaxial stress-strain behavior of 630-D (41x41) nylon 6 fabric 191 

5.54 Comparison of biaxial stress-strain behavior of 420-D nylon 6,6 
and nylon 6 fabrics 192 

xvi 



5.55 Comparison of biaxial stress-strain behavior of 630-D (35 x 35) 
nylon 6,6 and nylon 6 fabrics 193 

5.56 Comparison of biaxial stress-strain behavior of 630-D (41x41) 
nylon 6,6 and nylon 6 fabrics 194 

5.57 Permeability isobars for the 420-D dobby-dot polyester fabric 

(F-PET; AB-142RR9) 195 

5.58 Biaxial stress strain behavior of polyester fabrics 196 

5.59 Permeability isobars for the 420-D dobby-dot polyester fabric 
(F-PET; AB-139GR8) 197 

5.60 Permeability isobars for the 420-D dobby-dot polyester fabric 
(F-PET; AB-139GR9) 198 

5.61 PermeabUity isobars for the 420-D dobby-dot polyester fabric 
(F-PET; AB-140IR9) 199 

5.62 Permeability isobars for the 420-D plain weave polyester fabric 
(U-PET; AB-172R) 200 

5.63 Permeability isobars for the 420-D plain weave polyester fabric 
(C-PET; AB-142RH) 201 

5.64 Permeability isobars for 650-D plain weave uncalendered 
polyester fabric 202 

5.65 PermeabUity isobars for 650-D plain weave calendered polyester fabric 203 

5.66 Biaxial stress-strain behavior of 420-D nylon 6 fabric at various 
mflating gas temperatures 204 

5.67 Biaxial stress-strain behavior of 630-D (35x35) nylon 6 fabric 
at various mflating gas temperatures 205 

5.68 Biaxial stress-strain behavior of 630-D (41 x 41) nylon 6 fabric 

at various inflating gas temperatures 206 

5.69 Permeability isotherm at room temperature for cotton fabrics in Lot # 1 207 

5.70 Permeability isotherm at room temperature for cotton fabrics in Lot # 2 208 
XVll 



5.71 PermeabUity comparison of a 420-D nylon 66 fabric and a cotton 
fabric at ambient temperature and, the performance of the cotton 
fabric (lot # 3) at higher temperatures 209 

5.72 Comparison of biaxial stress-strain characteristics between 420-D 
nylon 6,6 and nylon 6 fabrics in baU-burst experiments 210 

5 73 Comparison of biaxial stress-stram characteristics between 63 0-D 
(35x35) nylon 6,6 and nylon 6 fabrics in baU-burst experiments 211 

5.74 Comparison of biaxial stress-strain characteristics between 63 0-D 
(41x41) nylon 6,6 and nylon 6 fabrics in baU-burst experiments 212 

5.75 Biaxial stress-strain characteristics of nylon 6,6 and polyester 
fabrics in ball-burst experiments 213 

5.76 Biaxial stress variation with baU-pressure in ASTM baU-burst 
experiments 214 

5.77 Biaxial stram variation with ball-pressure m ASTM ball-burst 
experiments 215 

5.78 Biaxial stress-stram as a function of strain rate in baU-burst 
experiment for 420-D nylon 6,6 fabric 216 

5.79 Biaxial stress-strain as a function of strain rate in ball-burst 
experiment for 63 0-D nylon 6,6 fabric 217 

5.80 Biaxial stress-strain as a function of strain rate in baU-burst 
experiment for 840-D nylon 6,6 fabric 218 

5.81 Biaxial stress-strain comparison between bhster-inflation and 
ASTM ball-burst experiment for the uncalendered polyester 219 

5.82 Comparison of abrasion resistance between various nylon 6,6 and 
nylon 6 fabrics 220 

5.83 Comparison of permeability isotherms for a coated (15%) 840-D 
fabric and the original fabric at room temperature 221 

5.84 Effect of applied coating (in wt %) on the performance of a 
420-D fabric (46 x 46) 222 

xvni 



5.85 PermeabUity isotherms for the coated (5%) 420-D fabric 223 

5.86 Observed permeability performance on both surfaces of 
the coated fabric. 224 

6.1 A general structure of a feed-forward neural network 252 

6.2 Typical functions carried out by an arbitrary neuron 253 

6.3 Schematic of input/output data processing 254 

6.4 Schematic of the proposed training approach 255 

6.5 Proposed neural network model (FMRM) traming and 
testmg resuhs for permeability of nylon 6,6 fabrics 256 

6.6 Neural network traming resuhs for back-propagation routine 
with a conjugate-gradient search 257 

6.7 Proposed neural network model (FMRM) training and 
testmg results for biaxial stress-strain of nylon 6,6 fabrics 258 

6.8 Proposed neural network model (FMRM) training and 
testing results for permeability of nylon 6 fabrics 259 

6.9 Root-mean-squared error progression plot for three different 
training algorithms during permeabUity modehng 260 

6.10 Proposed neural network model (FMRM) traming and testing 
results for biaxial stress-strain of nylon 6 fabrics 261 

6.11 Root-mean-squared error progression plot for three different 
training algorithms during biaxial stress-strain modeling 262 

6.12 Proposed neural network model (FMRM) training and testing 
results for permeabUity of nylon 6,6 fabrics 263 

6.13 Proposed neural network model (FMRM) training and testing 
resuhs for permeability ofpolyester fabrics 264 

6.14 Proposed neural network model (FMRM) training and testing 
resuhs for biaxial stress-strain of nylon 6,6 and polyester fabrics 265 

XIX 



6.15 Typical airbag pressure-time history of airbag inflation in isolation 

and with an impactor/dummy 266 

6.16 Permeability isotherm for a seam in a airbag 267 

6.17 Comparison of biaxial stress-strain behavior ofa uncoated and 
a coated driver side airbag fabric (420-D nylon 6,6) 268 

6.18 Comparison of permeability ofa fabric and vents of various sizes 269 

6.19 Permeable side of driver's side airbag showing the location of the 
fabric samples taken for particulate analyses 270 

6.20 Photographs of the permeable fabric surfaces 271 

6.21 Biaxial stress-strain relationship for the five fabrics 272 

6.22 KEAM prediction of energy dissipation at 34 kPa and various 
temperature levels for an airbag (420-D nylon 6,6) 273 

6.23 KEAM prediction of energy dissipation at 34 kPa and various 
temperature levels for an airbag (630-D nylon 6,6) 274 

6.24 KEAM prediction of energy dissipation at 34 kPa and various 
temperature levels for an airbag (840-D nylon 6,6) 275 

6.25 KEAM prediction of energy dissipation at 34 kPa and various 
temperature levels for an airbag (650-D uncalendered polyester) 276 

6.26 KEAM prediction of energy dissipation at 34 kPa and various 
temperature levels for an airbag (650-D calendered polyester) 277 

6.27 Simulation of the airbag pressure-time history 278 

6.28 Shnulation of airbag acceleration from the airbag module 
during deployment 279 

6.29 Simulation of the restraint performance of a vented airbag system 280 

6.30 The effect to the time of contact between the airbag and the 
impactor on the achieved restraint 281 

6.31 Changes in the interaction forces between the impactor and the 
airbag whh time 282 

XX 



6.32 Changes in the interaction forces between the impactor and the 
anbag with bag pressure 283 

6.33 Changes in the airbag exerted forces whh hs own acceleration/ 
deceleration during imposed restraint 284 

6.34 Changes in the impactor exerted forces with hs own acceleration/ 
deceleration during imposed restraint 285 

6.35 Changes in the interaction forces between the impactor and the 
airbag with displacement of the impactor 286 

6.36 Changes in the interaction forces between the impactor and the 

airbag with displacement of the impactor after contact between the two 287 

6.37 Effect of the impactor velocity on the airbag generated force 288 

6.38 Comparison in performance between airbag woven from a 
nylon 66 fabric (420D-Plain) and a polyester fabric (440D-Calendered) 289 

6.39 Comparison of PRAM prediction of the impactor force and 
deceleration changes with experimental data 290 

Comparison of PRAM prediction of the bag pressure and impactor 
deceleration changes with experimental data 

6.40 
291 

XXI 



CHAPTER I 

INTRODUCTION 

"The airbag, once a luxury option in upscale cars, has today become a standard safety 

feature" — Edward K. Bradley, Allied Signal 

Beginning with 1994, aU the new cars in United States are to be equipped with a 

driver-side airbag. Similar mandatory requirements for passenger-side applications and for 

other vehicles are not far from being imposed. There is now a mandate for airbag 

instaUation around the world. Apart from driver and passenger-side apphcations, airbags 

are now used for side impact protection (SIPS) and in airbag-in-the-seat (AIRBis) 

apphcations. A new Mercedes Benz concept car on display at the recent SAE 

International Conference and Congress Convention in Detroh, shows as many as eight 

airbags in a automobUe for various restraint purposes. Since 1994, the airbag industry has 

overtaken seat-behs in terms of yearly sales. For example, in 1994 Europe had a 220% 

increase in the sales among the airbag module manufacturers. The reason for this rapid 

demand is the recognition that the safety restraint systems protect occupants from serious 

injuries and death in frontal colhsions. Based on the field experience of Ford Motor Co., 

however, it has been found that some customers' expectations of airbags differs from real-

world performance. The airbag is not the entire solution to passenger restraint. However, 

the combmation of a properly used three-point safety belt and a supplemental passive 

restraint like an airbag wiU provide the greatest overall risk reduction. 

The airbag hself is constructed of fabric woven from nylon 66. Nylon was initially 

specified for this purpose because it has historically provided the highest specific strength 

at an economical cost. There have been discussions about replacing nylon 66 with nylon 6 

or thermoplastic polyesters, as was done with seat-beh fabrics. Generally, the restraint 

achieved by any airbag depends on two mechanisms: the viscous flow of hot gases through 

the fabric/vent and the viscoelastic stretching of the anbag fabric. The existing ASTM 

standards have not recognized these effects, and the conditions given in the current 

standard test procedure are well below the more hostile conditions experienced by the 

airbag fabric. Further, no commercial equipment was available prior to this research effort 

by which the biaxial deformation of airbag fabrics could be evaluated. 

Therefore, a portion of this effort involved the development of a testing machine 

called a 'blister-inflation' device. This instrument attempts to mimic the actual deformation 

of an airbag fabric during deployment. Hence fabric samples were tested under biaxial 
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conditions with this instrument. Moreover, the theory of biaxial deformation of fabrics 

was developed in order to evaluate properties of interest pertaining to airbag fabrics. 

Thus synergistic effects of temperature and pressure on energy dissipation of a particular 

fabric can be investigated with this technique. 

Most of the other fabric-material response models used in the industry make use of 

nonlinear-finite element methods for modeling the biaxial deformation of airbag fabrics. 

These models can be very complicated and are computationally very intensive, hence, they 

require enormous processing power. Further, the very important effects of temperature 

and pressure on energy dissipation characteristics of airbag fabrics are typically neglected 

in these models. 

In this research effort, a unique model based on artificial neural networks (ANN) 

was developed for biaxial deformation of airbag fabrics (FMRM). This semi-empirical 

modeling approach was used because of the absence of any theoretical understanding of 

the synergistic effects of the inflating gas temperature and pressure-drop on permeabihty 

and the fabric's biaxial stress-strain characteristics. Further, the experimental data 

obtained through the bhster-inflation technique could be used readily to develop this 

model. The predictions with this approach were within an error hmit of ±6% for 

permeability predictions and ±0.5% for biaxial stress-strain predictions. The effects of 

various fabric properties like fabric denier, weave count, finish and fiber type were also 

incorporated in this model. 

A kinetic energy adsorption model (KEAM) was developed to study the various 

mechanisms that contribute to energy dissipation in an anbag. This model estimates the 

contribution from each of four mechanisms on the total restraint provided with a particular 

airbag. Also, a relationship between the volume of the airbag, permeable area of the 

fabric, and the energy dissipation level was established with this model. 

The output from the above two models were used to develop a numerical 

simulation program caUed a passenger restraint action model (PRAM). PRAM can be 

used to assist analysis of the airbag-pressure history during restraint. Also, the forces of 

interaction between the airbag and the occupant, and various other intricate mechanisms 

that help to fine tune the response behavior were investigated with this model. 

The subsequent chapters discuss in greater detail this research. Chapter n covers 

the research background which reviews work done at other places in the field of safety 

restraints. Chapter III presents the theoretical background of biaxial deformation and the 

models that was developed in this study. Experimental details and the experimental resuhs 

are discussed in Chapter IV and V. Predictions based on the three models and their 
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validation are presented in Chapter VI. Finally, Chapter VII presents a summary of our 

conclusions and recommendations for future work in the area of safety restraint systems 

(SRS). 



CHAPTER II 

RESEARCH PROBLEM, BACKGROUND AND 

LITERATURE REVIEW 

"Combination of properly used safety seatbelts ami today's supplemental airbags can 

provide the greatest overall risk reduction" - NHTSA 

2.1 Statement of research problem 

Almost everyone is familiar with automotive mflatable restramt technology, 

conmionly referred to as airbags. Commercial scenes of automobile accidents where lives 

have been saved deeply engrave the image that automobile safety is an important 

consideration in the design of today's automobUe. A passive restraint system is any safety 

feature in an automobUe that amehorates injuries to the occupants in an accident and 

which requnes no action on the part of the occupant. Presently, these systems include a 

motorized seat belt system and an airbag system. This study focuses on the latter. 

An airbag relies on woven fabrics as the principal material of construction. On 

impact, gases are instantaneously generated by the pyrotechnique inflator which contains 

sodium azide as the primary chemical to inflate the airbag. As the pressure whhin the 

airbag increases during deployment and later from passenger contact, the akbag fabric 

stretches in a biaxial manner. Passenger contact with the slowly deflatmg airbag 

accelerates gaseous outflow through the fabric, airbag seams, and through specially 

constructed vents, if any. These are the primary mechanisms of energy dissipation m an 

airbag. A fraction of the impact energy can also be adsorbed by mechanical biaxial 

stretching of anbag fabric's fibers during deployment. 

Even though these are primary mechanisms of energy adsorption during collision 

in an airbag, until today there are few standards for evaluation of fabrics to be used in such 

an important life-and-death applications. Until recently the industrially important biaxial 

deformation of airbag fabrics had never been documented clearly in the literature. 

Moreover, no commercial equipment is available to measure biaxial properties. This 

motivated us to develop a blister-inflation technique for evaluating the biaxial properties of 

airbag fabrics. 
Commonly used simulations for airbag dynamics do not incorporate a detailed 

fabric-material model which takes into account the biaxial properties of the woven fabrics. 

Since, the biaxial properties can not be determined a priori from a knowledge of the 

physical characteristics of the fabrics, an experimental data based neural network modeling 
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approach was developed for modeling the biaxial deformation of the fabrics (FMRM). 

This model takes into account various properties namely the fiber type, weave count, 

weave type and other characteristics of the fabric, the temperature of inflation, the biaxial 

stram and the pressure drop across the fabric. The predicted variables were permeability 

and biaxial stress of the fabric. 

This fabric material model was then integrated with a kinetic energy adsorption 

model (KEAM) to estimate the energy dissipation characteristics of the selected fabric. 

The KEAM model takes into account the four mechanisms of energy dissipation in a 

typical ah-bag system. In this model the relationship between the temperature level, 

pressure-drop, volume of the airbag and energy dissipation levels can be established. 

After this evaluation, both of the above models were integrated and the output 

from these models was used to develop a passenger restraint action model (PRAM) for 

analysis of the passive restramt action. First, the pressure-time history of an airbag 

deployment was shnulated. Then the restraint mechanism and the interaction forces 

between the airbag and the occupant was mvestigated with the PRAM. All the variables 

used in this model was evaluated as a time dependent variable. 

2.2 Inflatable restraint systems—Airbags 

A typical airbag system, driver or passenger, is composed of an airbag module, 

crash sensors, a diagnostic monitor unit, steering wheel connector coil and an indicator 

lamp. These components are all interconnected by a wiring harness and powered by the 

vehicle's battery. Other safety components that function in conjunction with the 

components of the airbag system include the airbag steering wheel, energy absorbing 

steering column, seat, seat beh, and knee bolster. Usually the driver and passenger 

systems are deployed simultaneously in a crash. A schematic of these components is 

shown in Figure 2.1. 

2.2.1 Overview of events after a crash 

In a typical airbag system, a frontal crash that exceeds a predetermined severity 

level of 16-19 km/h causes a sequence of events to occur. Crash sensors are triggered 

which respond by sending impulses to an electronic control module (ECM). This module, 

which may include a safe sensor intended to avoid false deplo5mients, evaluates the 

situation before triggering an electrical impulse. The impulse causes a central igniter to 

fire. The igniter bum penetrates the propeUant chamber. The propellant ignites, 

producing and expelling hot, but otherwise harmless nitrogen gas. The gas passes through 
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a filter and enters the system's nylon bag through inflator ports. The pressurized bag 

mflates, emerging through the cover on the steering column or dash panel dependmg on 

type of the bag. Once deployed, the bag cushions the occupant's impact via pneumatic 

damping effects produced by the anbag fabric and the specially constructed vents in the 

airbag. 

Driver-side anbags are constructed of lightweight nylon fabrics and when inflated 

fill a volume of 65 L. Passenger-side airbags may be several times larger and are designed 

to hold 100-250 L of gas after inflation. A typical driver-side airbag inflates more quickly 

than a passenger side airbag, mainly due to the shorter thne to secondary impact. The 

distance between the passenger and the airbag is about 20 inches at maximum. The fabric 

used on the front surface of the drivers side airbag is coated to increase the fabric slip, 

facilitate deployment, protect the nylon fabric from hot gases, and precisely control gas 

escape during deployment. Passenger side-airbags are usually not coated because they do 

not need to inflate as rapidly and the bag's inner surface does not face the high 

temperatures, pressures, and hot-particulate exposure due to their larger volume and 

greater distance from the inflator. 

2.2.2 Airbag material of construction and selection 

The airbag itself is constructed of fabric woven from nylon 66 fibers. Nylon 66 is 

specified mainly because of its high specific strength. The specific fabric requirements for 

airbag apphcation are (1) a high strength-to-weight ratio and good elongation properties, 

(2) minimal weight for minimum space/thickness, (3) insenshivity to temperature, (4) high 

cover factor and (5) capabUity of being coated as in the case of the drivers side 

apphcation. 

In this study, the investigations on the traditional nylon 6,6 fabrics were extended 

to another polyamide, nylon 6, and to the high strength polyester fabrics. The following 

fabric construction parameters should be considered in any type of fabric used for airbag 

apphcation: 

Yam—Yams are available as spun and filament yams with or without twist. 

FUament yams were selected for airbag application because of their greater tensile strength 

in relation to bulk and weight. The twist of yam fibers is of some importance. Properties 

vary with degree of twist, since a yam's tensile strength depends not only on the 

constituent fiber strength, but also on fiictional forces between fibers in a yam. Low twist 

yams provide a smooth coating surface and offer good cover for coating, which in turn 

contributes to high tear strength of a coated fabric. Controlhng coating penetration is 
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critical to maintaining tear strength. Substantial penetration leads to resistance to fabric 

distortion, and correlation of low tear to increasing penetration for nylon is excellent. It 

was theorized by early investigators that the base fiber must exhibit as high a tensUe 

strength as possible, together with as a high an elongation as practical, in order to resist 

the sudden thmst of the inflation system. When this was considered, nylon, ehher wet or 

dry, appeared to have the best overall tenacity properties second only to glass. This 

coupled with the low specific gravity of nylon, gave a very desirable low strength to 

weight ratio. Examination of the maximum operating temperatures should give a clue to 

the resistance needed in the construction when the airbag is packed tightly away in the 

appropriate compartment in the car. 

Before moving to the effect of type of weave on airbag performance. Table 2.1 

which compares the basic properties of fabrics made from different fibers will be 

examined. 

Weave—Weave is a factor to be considered in the selection of the fabric. There are 

three basic weaves: plain, twill and satin. However, for airbag applications, in addhion to 

these basic weaves, ripstop, dobby-dot, fancy, paradym and paradox were also 

investigated. A study of the theory of tear strength indicates the importance of both the 

yam tensile strength and of maximizing this strength by increasing the number of wrap and 

fill threads. In airbag applications the weave type plays an important role on the biaxial 

properties of the fabric. 

Weave count—Weave count is indicative of the number of yams per inch. It affects 

the fabric's permeability, strength, weight, biaxial properties and buUc. Our investigations 

have shown that the effect of weave and count, and then- relation under biaxial stretchmg 

condhions is very complex. The complexity is such that synergetic effects can not be 

determined a priori. 

Finish—Besides appearance, finish can include bleaching, and sizing. It may also 

mclude scouring and heat setting. Calendering plays a cmcial role with polyester fabrics. 

However, other finishmg operations have not seemed to be significant for airbag 

apphcations. The most significant hems under finish appear to be sizing which affects 

adhesion, scouring which affects adhesion and tear strength, and heat setting which affects 

permeabihty and fabric stabihty during and after processmg. 

2.2.2.1 First-generation airbag fabrics 

The fabrics used by GM in the 1970s were woven from 840 denier nylon and had a 

neoprene coating. The higher the denier number, the thicker the yam and the coarser the 
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woven fabric. By today's standards this initial fabric was coarse and heavy. A relatively 

heavy neoprene coating was required to cover and protect the airbag's surface, and the 

coated surface was necessarily heavily coated whh talc to facilitate handling and packing 

as weU as to prevent the possibility of blocking between fabric layers during folded storage 

in the module. Therefore, a very large module was required to accommodate these early 

air bags. From today's perspective these units had both material and design shortcomings, 

even though they saved lives and reduced head and chest injuries. 

2.2.2.2 Second-generation airbag fabrics 

The next generation also featured a neoprene coating, but was woven from a 420 

denier nylon. Even though the weave density of this fabric was nearly doubled to maintain 

strength with a lighter yam, a noticeable weight and thickness improvement was possible. 

This was due to reduced fabric coarseness and a corresponding decrease in the amount of 

coating required to fill this texture of fabric. 

2.2.2.3 Third-generation airbag fabrics 

A further improvement occurred with the mtroduction of higher-strength, hghter 

weight 420 denier nylon fabrics. Pioneered in the Japanese market and later transferred to 

the U.S., the new higher-strength nylon 6,6 yam resuhed in higher performance in a 181 x 

181 square fabric design versus the conventional 420 denier standard of 193 yams/dm. 

Whh the new yam, higher fabric strength could be achieved whh looser-weave fabrics 

which were correspondingly lighter and softer. Whh mass saving and the resuhant 

reduction in stiffiiess of the fabric, packing operations were facilitated because the packed 

airbag used less space, and the deployed airbag reduced abrasions when m contact with 

human skin. 

The new higher strength fabric was first qualified in the U.S. by domestic OEMs in 

1990, and began showing up in Chrysler and Mazda vehicles during the early 1990s. A 

major change m airbag designs came with the introduction of intemal tether systems for 

improved deployment control. The addition of tethers inside the airbag was proposed to 

achieve two key objectives. First, that of limiting the intmsion of the airbag into normal 

driver space during deployment, thereby reducing the risk of inflation-induced injuries to 

the driver. This limitation in intmsion is significant, since the peak velocity of an 

untethered airbag during deployment may reach 280 m/h. This speed is an order of 

magnitude higher than the velocity at which a driver might be expected to impact the 

airbag after deployment during a 30 m/h frontal collision. Specifically, the intmsion of a 

8 



tethered bag is hmited to 12-14 inches compared to a 15-20 inches in untethered bags. 

Secondly, the tether was designed to speed up the airbag's internal expansion, increasing 

the effectiveness of out-of-position driver protection. Vent holes on the side of the 

airbags away from the passenger also lessen chances of bums from escaping hot inflation 

gases. 

2.2.2.4 Performance comparison of polvamide and polyester fabrics 

The possibility of replacing nylon with high strength polyester has been a recent 

topic of discussion. Some of the properties of polyesters that make them a more 

appropriate choice for seat-beh applications are less appropriate for airbags. The key 

advantage of polyester when used in seatbelts is that polyesters are not as hygroscopic as 

nylon. Hence, it does not exhibit the dimensional changes during temperature and 

humidity cycling that are characteristic of nylon. Polymer or fabric swelling is not 

conducive to smooth uptake and puU-out from small spools and reels in the seat-beh 

tensioning mechanism. Also, the greater degree of elongation that nylon can exhibit under 

high loadmg can lead to stretching of belts, a potential problem during impact situations. 

Thus while polyester offers clear advantages over nylon for seat-beh application, the 

normal operating conditions for airbag fabrics represent a very different and much more 

hostUe environment than seat behs are likely to encounter. Under these conditions nylons 

appears to be superior. 

Nylon's greater elongation becomes an advantage in an airbag since it means more 

uniform biaxial stress distribution along perimeter seams. As the airbag deploys and the 

seams come under stress, nylon's elongation allows the forces to be widely distributed, 

thereby enhancing fracture resistance at the highest stress points. For a given amount of 

biaxial strain, the polyesters experience a higher magnitude of biaxial stress indicative of 

their higher stiffness. Nylons exhibh a higher mehing point than polyesters, as well as a 

greater heat of fusion. Because nylon typically absorbs 2-4% water by weight, iX provides 

an additional quenching property by helping to prevent bum-through from hot particulates 

that potentially can break free from the inflator and travel into the inflating airbag. Thus 

compared to polyesters, nylons require more heat before they begins to lose their 

properties. This makes nylon better suhed for the blast of hot gases during deployment. 

The fabric on the passenger contact (front) surface of the driver-side airbag has an 

elastomeric coating that enhances the slip coefficient and provides for smooth and rapid 

deployment. The cooling must flex and stretch as the fabric is inflated in three dimensions. 



At the same time it provides heat shielding and ablative protection to the fabric by sealing 

fabric pores and the coating prevents gases from escaping prematurely. 

2.2.3 Inflator 

The pyrotechnique airbag inflator generates gas to inflate and pressurize an airbag 

within a thne period on the order of ten milhsecond. The inflator is a complex dynamic 

system which includes simultaneous heat transfer, filtration, combustion, compressible 

two-phase flow, and thermodynamics. An airbag inflator must provide a time-dependent 

profile of gas flow suited to the crash characteristics of a particular vehicle and h must 

also remove a high percentage of the particulates which are a byproduct of the combustion 

of the pyrotechnique material. To achieve a proper sequencing of the combustion process 

in this design, the two pyrotechnique materials are contained in separate chambers. 

Orifices at the exits of each of these chambers and a third chamber control the respective 

flow rates. The third chamber or the fihration chamber also contains both a slag trap and 

a filter. The filter consists of one or more sizes of wire mesh, screens or fibrous material, 

through which all of the gases are forced to flow. The purpose of these filters is to 

remove slag and other condensed particulates from the gas stream so that they do not 

enter the airbag. In the process, the filter also removes heat from the gas stream. 

2.2.4 The crash sensor 

Airbag systems for different cars all basicaUy function the same. The sensor 

system is the only significant difference from one system to another. There are currently 

several theories of sensor design and placement. Improper design, location or calibration 

ofa sensor can resuh in an unwanted inflation, late deployment, or even worse, the faUure 

of the bag to deploy when needed. 

There are three distinct types of sensors in use today: electro-mechanical, 

electronic, and mechanical. These sensors function to deploy the airbag when the vehicle 

experiences a change in velocity characteristic ofa frontal collision. 

Electro-mechanical sensors are located in the front of the car, the cmsh zone, and/ 

or m the passenger compartment, depending on the system design. All electro-mechanical 

sensors rely on the relative movement of an inertial mass which closes an electric circuit if 

the deceleration pulse is of sufficient magnitude and direction, deploying the airbag. Two 

designs currently m use are generically referred to as the "ball-in-tube design" and the 

"spring-mass design." 
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Electronic sensor systems use an accelerometer which measures the deceleration 

experienced by the car during a colhsion. This deceleration pulse is processed by a 

computer algorithm and a decision is made, based on certain criteria, on whether or not to 

deploy the airbag. An electronic sensor is usually chosen when a single passenger 

compartment discriminating sensor is used along with an arming sensor. Electronic 

sensors have an advantage over most other sensors since they are insenshive to vertical 

and lateral vibrations. A single discriminating sensor system has the advantage in that iX 

wiU trigger later on some crashes. This is of less importance if the occupants are wearing 

seat behs and, therefore, are somewhat restrained untU the airbag deploys. 

A mechanical airbag system rehes on a mechanical trigger, which is located inside 

and adjacent to the inflator within the airbag module. The electrical components found in 

more conventional airbag systems are not required in this system. The associated 

components of the system (steering wheel, energy absorbing steering column, knee 

bolster, and seat beh), however, are required. 

Sensors also fall into two operating categories: discriminating and safing sensors. 

The discriminating sensors are the primary decision components of a system. They can be 

mounted in the passenger compartment, or mounted forward in the cmsh zone of the 

vehicle, m which case they are designed to trigger on a constant velocity change. Usually 

several discriminating sensors are provided for redundancy, and these are typicaUy 

calibrated to deploy the system upon experiencing a change in the vehicle speed of 16-19 

km/h. The safing sensor is usually mounted in the passenger compartment of the 

automobile and is in series with the discriminatmg sensor. It is calibrated to fiinction upon 

experiencing a change m vehicle speed of approximately 1 to 4 km/h. This sensor reduces 

the possibility of an accidental deployment of the system. 

2.3 Literature review 

2.3.1 Airbag modeling techniques 

The use of computer simulation techniques in automotive crash safety design has 

increased rapidly in the past years. For the human body as well as for the car stmcture 

and other protection devices, like airbags and seat belts, computer models are becoming 

more and more realistic. Since the early seventies several airbag models, simple ones and 

more sophisticated ones, have been developed. Most of these models were developed as 

an extension of an existing Crash Victim Simulation (CVS) program, where the occupant 

is represented by a linkage system of rigid bodies. A survey of airbag models described in 

the lherature is given in the Table 2.2. 
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Among these empirical models the BDRACR, BPAC, MVMA-2D, MADYMO-

2D and CAL-3D airbag models are best-known. In these models rather simple 

approximations for the contact interaction between the human body and an airbag are 

employed. The airbag is represented either by a non-deformable elliptical shape or a 

deformable shape based on line segments and circular arcs. 

Recently finite element techniques have been applied in the simulation of airbag 

behavior [16-18]. Whh this approach the airbag deforms realistically when penetrated and 

generates bag inertia forces. Moreover, bag material properties can be incorporated in 

these models. No biaxial investigation has been carried out for a reahstic incorporation of 

the material properties in these models. If in addition an Euler discretization is used for 

the gas inside the airbag, gas blow forces can be simulated as well [19]. Disadvantages of 

the finite element approach, however, are the model complexity and the relatively long 

computer mn times required. For practical use, as m occupant protection studies, it 

requires a coupling with a Crash Victim Simulation (CVS) program, since finite element 

programs do not provide features like various beh systems and reahstic or efficient 

occupant models. 

A chronological literature review in the development of airbag models and material 

models is given in the following sections. 

2.3.1.1 Airbag modehng attempts during the seventies 

The design of an automobile airbag providing occupant protection is an extensive 

process of systems analysis, engineering, test and evaluation. F. J. Irish [20] and his co

workers at General Motors (1971) attempted to estabhsh systems analysis tools that 

would be effective in evaluating then existing restraint systems, new sensors and inflators. 

The need for such a systems analysis arises from both the high costs of safety-related 

experiments and from the large number of design parameters that need to be optimized. 

Irish's work was the first attempt to simulate the dynamic interaction between occupants 

and restramt systems during automobile collision. They developed an efficient mean for 

conductmg system performance trade-off studies of promising system concepts. Their 

efforts were concentrated on constmction and verification of mathematical models of 

existing sensors, inflation and cushion systems. Simulation programs were developed 

which permitted study of occupant-cushion dynamics and analysis of system performance 

with computer generated graphics. The basic study plan is shown in the following Figure 

2.2. 
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A tape of a deceleration profile containing a representative spectmm of crash and 

non-crash data was used as input for both sensor and occupant kinematic, i.e., ComeU 

model. These data can also be obtained now from vehicle cmsh simulation or from a sled 

test pulse. Henceforth, in the event of sensor trigger, the inflation and cushion models are 

actuated. As the cushion is inflated, both the cushion poshion and intemal pressure are 

computed. Occupant motion meanwhile is being calculated and time and poshion of 

contact with the airbag are determined. The ComeU model determines the time dependent 

force-deflection characteristics of each cushion and the retarding forces acting on the 

occupant. System evaluation can then be made on the basis of the load profile to which 

the occupant is subjected during the crash event. 

The study also demonstrates that vehicle cmsh simulation is an effective means of 

obtaining vehicle deceleration curves. The ComeU model was demonstrated to be a useful 

tool for evaluation of ahemate air cushion restraint systems. All of the models in this 

study individually and in combination provide a comprehensive design analysis capabUity 

that was useful in evaluation of safety restraint systems. 

Streed and Rodenbach [21] from Uniroyal Inc., presented a paper on materials 

fabrication and packs for air cushion at the 1971 SAE Congress in Detroit. This was a 

resume of the work leading to the selection of materials, methods of fabrication of airbags, 

and a practical package for automotive air cushion restraints. They identified a 840 D 

ripstop nylon fabric as an ideal fabric for airbag application. This fabric is used even today 

as a material for passenger side airbag applications. Urethane and neoprene were shown 

to be prime candidates for fabric coating in airbag applications. In general, the composite 

coated fabric required outstandmg aging properties, minimal permanent set or blocking 

and the ability to function rapidly under extreme temperature condhions (< 500°C) at a 

minimum cost. In addhion the composhe airbag must be fabricated by large scale 

production. The requirements of the fabrics were understood then to be: 

1. The purpose of the cushion was to protect the car occupant against high G loads. 

2. The cushion must deform whh a high aerospace rehability level. 

• Deploy rapidly from -20°F to 180°F after having been highly compressed into a 

small cavity for periods of up to at least 10 years. 

• Minimum weight commensurate with strength to withstand the stress produced 

by the sudden high inflation pressure. 

• Lie dormant for 5-10 years and then function perfectly. 

3. Inflation must proceed satisfactorily. 
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This study settled one of the first issues in the design of airbags, i.e., the use of 

coated fabric instead of a film. The choice of using a fabric as a base for an air cushion 

was dictated by three major considerations: (1) the need for high specific strength for the 

fabric, due to the necessity for the use of as thin and flexible material of constmction as 

possible in order to meet compact packaging requirements; (2) the necessity for this 

cushion to be almost insenshive to the temperature of storage and deployment; and (3) 

the need for uhimate reliability as to resistance to snag or tear coupled with mmimal 

thickness and tear resistance. 

Since tear resistance is the most outstanding property of a woven fabric, when 

compared to films or paper, the choice of a coated fabric became a necessity. This study 

also outlined the elements that need to be considered in the selection of materials and 

fabrication methods. The possibility of seven different polymers as the coating material 

was also investigated by Streed et al. 

A mathematical simulation of the operation ofa compressed-gas airbag system was 

developed by Nefske at the Research Laboratories in General Motors Corporation [22]. 

Nefske built and tested a system, then provided an analysis of the findings. Included in 

this study were non-ideal gas effects, manifold and diffuser effects, bag stretch, bag 

leakage and over-pressurization of the passenger compartment. Interaction between a 

single rigid object and the bag was also considered by Nefske. A correlation between bag 

pressure and the force was generated by Nefske through his proposed model. This 

allowed the development of an analytical model for determining the motion of a single 

rigid mass interacting with a dynamically inflating airbag mounted in a moving vehicle. An 

application of this model to study rebound of the occupant from the airbag was also 

demonstrated by Nefske. 

By this time there were already several airbag simulations developed [23-25] for 

use in detailed occupant-dynamics models, but very little experimental work had been 

done. Nefske's system was the first to answer this handicap. His system was assumed to 

consist of a storage bottle of compressed gas equipped with a valve that could be 

actuated, instantaneously. This system consisted of a manifold to direct the flow of gas 

from the bottle, a diffliser to distribute the gas within the airbag, and a single compartment 

airbag. Such a system was buih and tested, and the analysis was evaluated on the basis of 

these experimental tests. 

The analytical model developed by Nefske was fundamental to the development of 

a more general occupant-airbag simulations developed in the late 80's. This model was 

useful for studying the general operation of an airbag system and the effect of varying the 
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design variables on hs performance, for example, the rebound of the occupant from the 
anbag was demonstrated. 

HamUton and his co-workers at Alhed Chemical Company [26] estabhshed in then-

study the energy requirement-correlation between the occupant, airbag, and the inflator. 

This paper also discussed the development of a computer model of a hybrid air cushion 

mflator. Gas generator size and balhstic properties, stored gas composition, storage 

pressure, volume, temperature, and receivmg tank parameters can be varied accurately to 

the effects of system changes on inflator performance with this model. 

Also, an approach for analytically obtaining equations of motion for torsos during 

contact with gas cushions in frontal colhsions and subsequent ride-down characteristics 

are presented in this paper. Then, from these equations, calculations of torso 'g' forces, 

cushion pressure and other system parameters were obtained. It was then possible to 

optimize these parameters in terms of desked torso response under a variety of design 

criteria as a guide to system design. 

In the second part of this paper, TaUey et al. describes an initial approach to gas 

cushion system analysis. This approach was significantly different from other pubhshed 

work [27,28]. It briefly describes mathematically the mechanical mteraction of the torso 

and gas cushion and subsequent ride-down. In order to do this, TaUey proceeded to 

obtain the relationship between torso penetration into the cushion and cushion volume 

and, fabric permeabihty at pressures encountered during ride-down. The method of 

analysis for the impact stage was based on converting the kinetic energy of the torso to 

potential energy of the gas in the cushion, assuming adiabatic compression and taking into 

account gas loss by permeation. 

The critical importance of fabric permeabUity with regard to passenger ride-down 

and recoU control was first addressed in this paper. Fabric permeabUity evaluations were 

based on an apparatus conceptuaUy similar to the blister-inflation apparatus developed hi 

our laboratory. HamUton's evaluations were based on ASTM conditions. The calculated 

values for cushion pressure, torso 'g' forces, and the time required to reach peak values for 

these quantities were m reasonably good agreement with his experiments. 

2.3.1.2 Airbag modeling attempts m eighties 

Computer simulations of occupant dynamics will provide an appropriate means of 

evaluatmg the occupant protection system of an automobile. Today's occupant 

simulations predict occupant-loads, g-levels, injury indices and other severity measures 

that help identify the crash-injury protection of the occupant by the vehicle's restraint 
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system. In the late 80's development in this area of dynamic simulation and development 

of dunMnies for this purpose was seen. 

Wang and Nefske [29] further refmed the three-dimensional muhi-body simulation 

program, CAL3D of Felck, 1989 [30]. The limited capability of the stored-gas model in 

CAL3D was modified into a more general gas inflator model. The correction for bag 

stretch and leakage was mcorporated. Also, a more realistic energy adsorbing steering 

system model was added when studying a driver-side airbag. The limitations of this 

modified CAL3D model of Wang is in its limited apphcability for an in-position occupant 

simulation. This program was used under the assumption that the force due to opening of 

the airbag for an out-of-position occupant is small. 

The characteristics of the gas flowing into and out from the airbag were analyzed 

experimentally and theoretically by Omura and Shimamura [31] from Nissan Motors. 

They developed a simple numerical analysis model and an experimental model to analyze 

the relationship between the airbag pressure wave form and occupant restraint 

performance. Their analysis revealed the relationship between the airbag pressure wave 

form and deceleration of an impactor corresponding to the occupant. They also clarified 

the impactor restraint mechanism of an airbag. Their resuhs have indicated one direction 

to take in developing airbag specifications that wiU reduce impactor, i.e., occupant 

deceleration. 

The airbag pressure wave form is an important response in the occupant restramt 

performance provided by an airbag. Many researchers have attempted to simulate airbag 

mflation, mcluding the airbag pressure-wave form, using anbag mflation model 

constmcted around thermodynamic and hydrodynamic theories [32-39]. The model 

developed by Hammod [40] is based on a detaUed airbag inflation theory. His model 

serves as the basis for the two-dimensional MVMA-2D occupant dynamic analysis 

program, which has become a popular tool because of hs ease of use and accuracy. 

AU these models employ comphcated theoretical equations and are based on many 

assumptions. A paper by Omura et al. was the first to shed some light about the process 

or mechanism determming the pressure-history wave form. His was a promising effort for 

improvmg occupant restraint performance into actual airbag specifications. 

The theory for the mechanism determining the airbag pressure-wave form was 

presented in this work. Their theory was based on an examination of the gas-flow 

dynamics of an airbag and the action of the gas when the bag is inflated. Further, the 

vahdity of this theory was verified through experimentation. The theory was used to 

clarify the effects of various airbag system factors on the pressure-wave form. The 
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passenger restraint mechanism of an airbag was represented by a simple numerical analysis 

model. Omura also validated this response with their experimental model. Using a 

combmation of these models, he carried out his analysis that highlighted the relationship 

between the bag pressure at the onset of contact between the passenger and the airbag and 

occupant deceleration. 

A good overall review of eight different computer codes commonly used and 

proposed for the various tasks associated with restraint system analysis and design was 

given by Robbms from TRW Vehicle Safety Systems [41]. These include six commonly 

used rigid body hnkage crash victim simulation codes, one finite element code and one 

hybrid, finite element/difference code. 

The rigid body codes are ATB (CAL3D), MADYMO 2D & 3D, DRISIM, 

PASSIM and MVMA2D. The articulated total body model (ATB) was originally 

developed at Calspar Corporation as the CAL3D code [12,13,8]. It is currently 

administered and supported as a public code by the United States Air Force and the 

National Highway Traffic Safety Administration. MADYMO 2D and 3D [14,15] was 

developed by the Road Research Laboratory of TNO in the Netherlands. DRISIM and 

PASSIM [45,46] specialty driver and passenger simulations were developed and 

supported by Fitzpatrick, Inc. The oldest of the codes, stiU in heavy use by some groups, 

is the MVMA2D model [6,7], developed and supported as a public code by the University 

of Michigan Transportation Research Institute. 

Finite element codes are currently bemg proposed for use in occupant and restramt 

system simulations. Two of the most promment are PISCES and PAM-CRASH [42,43] 

which have demonstrated their capability to simulate generalized airbag mflation and 

interaction with simulated body forms and other simple geomentries. A comparison of 

these two finite element codes is given in the paper by Robbms [41]. 

2.3.1.3 Ahbag modeling attempts in nineties 

Computer simulation of static deployment of airbags was introduced by Graefe 

[44] and his co-workers from AKZO Fibers and Polymer Division. The main output of 

this effort was the pressure versus time characteristics for an airbag. This model can be 

used for fine tuning of airbags in accordance with the mflator characteristics by varymg 

vent hole area and other fabric properties. They also investigated the influence of airbag 

fabric permeability and thermal aging on restraint performance. 

The simulation program calculates the pressure-time history in an airbag based on 

gas dynamics. The main advantage of this program is that h provides a more correct 
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description of the gas outflow through vent holes and seams. Moreover, the opening of 

the akbag cover and the suckmg of the surrounding air into the bag during short thne of 

the deployment are considered. 

The mass-flow of the generator is an essential input for any simulation. A dh-ect 

measurement of this parameter is very difficuh and therefore one has to calculate this mass 

flow from the tank test-curve. Graefe's shnulation was also based on tank test-curves. 

Mass flow through a permeable airbag was calculated from continuity assumptions. This 

was not a valid approach, however, because the fabric properties that are of interest in 

airbags cannot be determined a priori from the knowledge of constmction. Steady state 

measurements of the rate of flow through airbags were also reported by Graefe. 

A new approach in numerical occupant simulation using the dynamic coupling of 

the non-hnear explich finite element code PAM-CRASH and the crash victhn shnulation 

program MADYMO was developed and validated by Rainer and co-workers from 

Engineering System Intemational, Germany [45]. This technique combines the advantages 

of the finite element method for the solution of dynamic problems with large stmctural 

deformations with the merits of validated occupant models. It uses the fliU capabihties of 

both commercial programs PAM-CRASH and MADYMO. The authors also investigated 

the mteractions of a Hybrid in dummy and a passive restraint system consisting of an 

airbag and a knee bolster for frontal impact condhion. 

The mflation of the airbag including the stmctural deformation of the airbag and 

the use ofa knee bolster upon impact of the dummy are calculated by PAM-CRASH. The 

resulting impact forces and torques are used by MADYMO in the equation of motion of 

the occupant model to determine the kinematics and dynamic behavior of the crash victim. 

In an attempt to make the airbag model usefiil for the occupant simulation process, 

a dynamic coupling between Crash Victim Shnulation (CVS) programs, m this case the 

MADYMO code, and the finite element program PAM-CRASH was developed and 

vahdated by Rainer. A brief introduction of these two computer codes is given in the 

foUowmg paragraphs along with the dynamic coupling. 

2.3.1.3.1 The PAM-CRASH finite element program 

PAM-CRASH is a computer code for analyzing three-dimensional, dynamic, large 

deformation stmctural problems. It has been used for crash worthiness engineering in the 

transportation industry since 1982. PAM-CRASH is a Lagrangian type of program, i.e., 

the mesh moves with the material during deformation. The discrete equation of motion of 

each node in each degree of the finite-element model was derived by assembling intemal 
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forces, as obtamed from the finite element approximations and forces from extemal loads. 

The investigation of equations of motion is performed using an explich central difference 

scheme. 

PAM-CRASH has a variety of elements and material models. The most important 

in view of safety simulations are elastic-plastic three and four node shell elements for the 

stmctural analysis of the car body and the elastic layered membrane element for the airbag 

simulations. 

2.3.1.3.2 The airbag model 

The PAM-CRASH program has been expanded for the simulation of airbag 

unfolding, deployment and contact with objects [45]. The airbag is modeled by 

discretizing the airbag fabric with membrane finite elements. This allows the three-

dimensional modeling of arbitrary airbag designs. A membrane element with a layered 

elastic material model has been implemented into the code. This model uses several 

hundred elements to model an airbag and is computationally very intensive. 

2.3.1.3.3 The MADYMO crash victim simulation (CVS) program 

MADYMO is a computer program particularly developed for crash victim 

simulations; a fliU description is given in [46]. Essentially the program predicts the 

kinematics and the dynamic behavior of a crash victim, or any other stmcture, which can 

be represented by a number of connected rigid bodies. This model is based on the data of 

the victim, the environment, the restraint system and the crash conditions. A major 

shortcoming of the MADYMO code, as weU as other rigid body type CVS programs are 

the necessity to provide experimental force-deflection data as the input for the contact 

models. This constraint limits the validity of the contact models to the same small range 

of loading rates and impact conditions as were used in the experimental determination of 

force deflection characteristics. 

2.3.1.3.4 The PAM CRASH and CVS dynamic coupling 

Recognizing the advantages of both the rigid body models and the finite element 

models to simulate three-dimensional interaction phenomena in the occupant safety field, a 

development to couple both methods dynamically were initiated by Engineering Systems 

Intemational. This was achieved by means ofa controlhng interface program. The PAM-

CVS (PAM-CRASH to Crash Victim Simulation) package developed by ESI was 

designed to control the time advancement of the codes and to direct the data exchange 
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between the two programs. PAM-CVS is the widely used program for complete system 
analysis of the SRS. 

2.3.1.3.5 The simulation models 

The fuU simulation model of ESI consists of MADYMO models for the dummy, 

the seat, the floor and toe-board, and PAM-CRASH finite element models of the airbag, 

the steering wheel and the knee bolster. The simulation of a Hybrid in dummy interaction 

with a passive restraint system consisting of an airbag and a knee bolster was shown to be 

m good agreement with the data obtained from experiments by Hoffinan 

Modeling of passenger side airbags with complex shapes was developed by Wang 

and Ngo [47] from General Motors in CAL3D code. Two new features, an advanced 

inflator model and a multi-contact ellipsoid method for describing bag shapes, were 

incorporated in the CAL3D model. The dual-pressure method provides the transient gas 

temperature in the inflator and the gas mass flow rate generated from the inflator. The 

transient gas temperature cannot be obtained using the average-temperature method. This 

enables a realistic simulation of airbag systems with large vents and leaks. 

The multi-contact ellipsoid method provides a way to detect contact between a 

non-ellipsoid shape airbag and hs physical environments. This method will not provide a 

detailed simulation as might be offered by a FEM analysis. Further this modification of 

CAL3D has the same level of computational complexity as the original CAL3D model. 

Hallquist and Stillman [48] developed a 3-dimensional finite element model of 

airbag deployment and interactions with an occupant using DYNA-3D (Dynamic large 

deformations based code). The airbag material was simulated by an orthotropic "wrinkle 

free" membrane elastic model. Details about this model development are given in the 

section on akbag-fabric material modeling. The authors also assumed a shnphfied gas 

mode based on a uniform thermodynamic property (pressure, density, temperature, and 

intemal energy) throughout the airbag was coupled to the airbag stmcture. New 

developments mcluded inflation of an unfolded airbag while predicting hs deployment 

kinematics and identifying its contact and interactions with several spherical and flat 

surfaces. This interactions with a Hybrid III dummy were also investigated. 

Modeling of the interior of the airbag was approached as a control volume to 

avoid the necessity of modeling the airbag with solid demerits. The authors also described 

an equation of state model to provide the gas pressure as a function of temperature and 

density. An airbag folding algorithm is also presented in this paper. This algorithm is a 

part of the DYNA3D mesh generator INGRID, which creates FE models of folded 
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airbags. This algorithm treats two types of folds: small radius folds where the radius of 

the fold is less than the element size, and large radius folds where they are larger than the 

element size. 

A MADYM03D model of the Hybrid III dummy [49] was converted into 

DYNA3D format using the same mesh generator INGRID by Hallquist. The individual 

rigid bodies were permitted to rotate freely about their joints, but the representative joint 

stiffness and damping properties were not incorporated in this model. 

A PC-based interactive program was developed by Yang and co-workers [50] at 

the Bioengineering Center of Wayne State University to simulate the unfolding and 

deploying process of a driver side airbag in the sagittal plane. The maximum allowable 

stretch was less than or equal to the allowable stretch between any two nodes. After the 

completion of the unfolding process the airbag would begin to deploy. During the 

deploying process, two parameters were used to determine the nodal priority of the 

mflation. This two-dimensional airbag inflation model can be used to simulate an airbag 

with any final shape and any folding pattem. This mteractive program utilized the quick-

basic graphic language to allow the user to visualize the unfolding, deploying and contact 

process. The salient feature of this model was hs capabUity to simulate "out-of-position" 

occupant or "off-set" impact as weU as the passenger side airbags. This represented a 

serious disadvantage with other commercial simulation codes. 

Crash-victim shnulation models such as MADYMO allow the design engineer to 

study the dynamic response of an occupant during a vehicle crash event. By modeling the 

occupant and restraint system, it is possible to study the occupant dynamic response and 

thereby to perhaps minimize the harm to which the occupant is exposed. Bosio and Lupio 

from TNO Road Vehicle Research Institute [51] demonstrated the use of design of 

experiment procedures to optimize occupant protection performance. 

The need to systematically analyze the relation between different restramt variables 

and then response depends on one's knowledge of the mechanism that influences a 

response. If the relation between input and response is known in the mathematical model, 

then one can work dnectly with the classical method, one-at-a-time variation of design 

variables [52]. The hmitations that occur in a classical analysis approach can be overcome 

by factorial analysis. In such methods, the relation between input and response can be 

estabhshed by the use of planned experiments for muhiple factor variations - Design of 

Experiments (DOE). Bosio used a balanced design plan to study complex relations 

between a vehicle design and the occupant response in a crash event. By use of DOE h is 

possible to optimize the occupant protection performance for the deterministic model. 
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Dickson and Afzal [53] from the Bendix Safety Restraint Group, Alhed Signal 

demonstrated a significant hnprovement in airbag restraint system design by integration of 

two technologies of computerized crash simulation modeling and design of experiments 

(DOE). This methodology for minimization of required physical crash test conducted 

during the development of a new vehicle airbag restramt system was the topic of then 

study. A L8 DOE test matrix was developed as a base line for the sled testing. The three 

system design factors selected for this test matrix were screened from all possible system 

design factors. The process of screening for these factors was based on factor average 

effects and analysis of variance of the system FMVSS 208 performance using the 

mathematical crash simulation model. The simulation model that was used by Dickson 

was the commercially avaUable model DRISIM (DRIver SIMulator) developed by 

Fitzpatrick Engineering [54]. 

Significant cost reduction was demonstrated by minimizing of the number of 

physical crash tests conducted. This technique could be used to determine sources of 

system response variabihty and to direct the adjustment of the significant factors to 

properly control the response. 

In general, two approaches can be distinguished for modelmg of the airbag. The 

earhest models used a non-deformable elliptical shape based on line segments and ch-cular 

arcs for representation of the airbag. Penetration volumes and contact forces were 

calculated m an empirical manner. A second approach uses the finite element method to 

simulate the bag material. The finite element bag can deform realistically and the mertia 

forces actmg on the anbag can be generated. 

Nieboer and co-workers [55] at TNO Road Vehicle Research Institute made a 

comparison with the results obtained with the emphical airbag model in MADYMO 2D 

and the finite element airbag model in PISCES. They validated both types of shnulation 

which were carried out using hnpactor tests on sealed anbags. Impact velocity and the 

shape of the impactor face were varied in these tests. It was shown that with regard to 

penetration of average and large sized objects both types of simulation provide reliable 

resuhs. The predictions of the MADYMO 2D airbag model for relatively smaU 

penetration objects was less adequate. In particular this affects the passenger side anbag 

simulations. Therefore, Nieboer developed a three-dimensional airbag model m 

MADYMO, using a finite element approach (MADYMO 3D) rather than an emphical 

approach as is customary in crash victim simulation programs (CVS). The first 

demonstration of the MADYMO 3D airbag is given in Nieboer's paper [55]. This model 

was optimized for ah-bag shnulation in a CVS environment. 
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A generic 60 L neoprene coated airbag was used to evaluate the impactor tests. 

The ah-bag was penetrated in the center by different impactor faces at various impactor 

velocities. In order to carry out a finite element analysis, the mechanical properties of the 

materials of the airbag have to be known. These properties were determined by two 

uniaxial tests in the wrap and weft direction. However, these properties can be accurately 

determined only through biaxial tests, since the performance of the fabric under such 

condhions is dramatically different from uniaxial condhion. 

2.3.2 Fabric material modeling and complexities 

One httle explored engineering problem in the rigorous analysis of technical 

membrane stmctures is the correct numerical representation of the woven fabrics and 

coated fabrics. This becomes more important for stiflfer and stronger fabrics because the 

more lightweight the fabric the lower wiU be the stress levels it experiences. For this 

reason an easily understandable fabric tissue material model was described by Haug from 

ESI [56]. This model was the basis for more elaborate models which appeared later. The 

merit of Haug's description lies in the conceptual simplicity and directness of the highly 

complex subject matter. 

A microscopic view of any woven fabric would reveal the ondulation of the wrap 

and weft threads and their tendency to straighten out if a sample of the fabric is puUed m 

one direction. The initial unidirectional fabric resistance is mainly due to the resistance 

against straightening of the threads. This resistance stems from small but over short 

distance nevertheless important, flexural rigidity of the pulled threads and of the threads m 

the other direction, which are becoming curlier in the process. This flexural mertia wUl be 

significantly increased if the fabric is calendered or coated. 

The stress-strain curves of a uniaxial tension test of a fabric are therefore rather 

non-hnear, with a lower tensile resistance in the initial phase during which the puUed fibers 

tend to straighten out and with a higher stiflfiiess and resistance later once the fibers have 

been stretched out fully and act in tension. It is the kinematic interdependence of the 

weave threads that renders a fabric response initially non-linear even for an assumed linear 

elastic or inextensible behavior of the material of the fibers. Under biaxial condhions 

however, the biaxial stress-strain curves are more nearly linear as shown in Figure 2.3. 

The second principal source of non-linearity lies in the nonlinear stress-strain 

behavior of the individual fibers of which the fabric threads are made. The mdividual 

fibers that make up the fabric interact in a complex manner. For example in polyester, the 

fibers are first stiff, then soften suddenly and at high strain levels stiffen agam. Both 
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sources of non-linearity can be incorporated into an engineering model of a fabric. Haug 

incorporated his fabric-tissue model into the fabric membrane element of the program 

PAM-LISA. This tissue model represents at each integration point the wrap and weft 

threads by geometrical nonlinear engineering beam elements, which foUow a zigzag 

fashion during the initial ondulation of the wrap and weft threads. At the cross point of 

the threads, a short cross-beam element with hs axis perpendicular to the mid-plane of the 

fabric maintains the distance between the model beams and assures the kinematic coupling 

between the two threads. A coated material was represented independently by an added 

orthotropic plane stress shear-only material, since the inplane shear resistance of a coated 

fabric is mainly due to the low shear resistance of the coating material. 

As any other finite-element model described earlier, the material properties have to 

be determined to input the model. Further, long computer mns required for such FEM 

based model approach increase the complexity of already highly complex airbag inflation. 

The fabric material response cannot be determined a priori and hence, for every new 

material to be modeled, material properties have to be evaluated. The effects of 

temperature on the fabric, especially synthetic fabric, has to be incorporated in any model 

used m airbag inflation simulations. 

The complex deformation of fabrics, whilst of great technological interest, presents 

formidable difficulties of analysis. These difificuhies and the types of deformations more 

amenable to analysis were reviewed by Lloyd [57]. The difficulties are easily understood. 

A fabric of any appreciable area, as a stmcture, consists of perhaps many thousands of 

yams with a vast number of mutual contact points, each with several degrees of freedom. 

Since modeling a fabric as such a collection of yams leads to an impossibly large number 

of equations, even for modem computers, iX is tempting to model fabrics as continuous 

sheets (discussion of this assumption is deferred to later in this section). The problem 

becomes that of modeling the deformations in two and three dimensions of a two-

dimensional sheet. Any deformation of a fabric sheet will almost inevitably be 

comphcated, and hence difficuh to model, involving in general large displacements and 

large strams of a sheet with complex mechanical properties. Different types of 

deformations that occur in the fabric are the following: 

a. Planar deformations—The simplest classes of problems are those in which an 

initially flat sheet is deformed in hs own plane, i.e., no transverse displacement occurs. 

This class of problem can be modeled, at least in principle, as suhable definitions of strains 

are available, the appropriate mechanical properties can be formulated and measured, and 

the governing equations are well known. 
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b. Tension fabric membranes-Where transverse displacements of the fabric occur, 

but the fabric has negligible bending stiffness, and the boundary conditions are such that 

the fabric is every-where m tension, then the problem is that of a 'tension membrane,' and 

can be solved by suitably extended methods from planar problems. 

c. Plate and sheU problems-A fabric with significant bending stiffness that is 

subject to transverse displacements is, in engineering terms, a 'plate' if initiaUy flat, or a 

'sheU' if naturally curved. The plate and sheU theories developed for use in engineering are 

hmited to large transverse displacements of the order of the plate or sheU thickness, and so 

have only limited apphcation to fabrics where very large transverse displacements are 

common. Consequently, very few of these shell-type problems are amenable to analysis, 

though useful simplifications are avaUable in particular examples, e.g., cylindrical bending 

with no membrane strains [58]. 

d. Buckling—Buckling can occur after only smaU fabric strains: the initial stabihty 

problem in engineering, familiar in textUe mechanics as Euler buckling of an elastica. 

More common m fabric deformations is the case where buckling occurs only after large 

fabric strains. Clearly once budding has occurred, the problem can be transformed into a 

sheU-type problem with aU its attendant difficulties. 

2.3.2.1 Fabric stmcture and the assumption of continuity 

The impracticabihty of modelmg a fabric as an assemblage of hs constituent yams 

has already been pointed out. A convenient assumption for the purpose of analysis is that 

the fabric constitutes a two-dimensional continuum, whose actual stmcture is irrelevant 

except msofar as h affects the form and values of the sheet's mechanical properties [59]. 

In homogeneous elastic materials, the load deformation behavior is a special case of three-

dimensional elastic behavior. However, in the textUe materials the stmcture is not 

homogeneous, and there is no simple recourse to three-dimensional theory. It is therefore 

hnportant to define the behavior of sheet materials as a purely two-dhnensional system, 

without any simphfications arismg from homogeneity assumptions. The fabric is hence 

ideahzed by a representative plane whose thickness does not enter the formulation. 

Although an engineering material exhibhs stmcture and inhomogeneity, i.e., 

crystaUite grains, molecular stmcture, etc., textile materials have a macro stmcture which 

is several orders of magnitude larger than engineering materials. This leads to a restriction 

m the use of the assumption of continuity. The classical measure of strain for a continuum 

material is obtained by considering the relative displacement of two neighboring material 

points. The original distance separating the two points can be made arbhrarily small, 
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leading to strain measures related to the first derivatives of displacement with respect to 

coordmates. The macro stmcture of textUe materials however, places a lower hmit to the 

size of area element that can be considered. Below this limit, which is of order or a few 

unit cells of the stmcture, the material, and hence the strain can no longer be considered as 

being continuously distributed. 

Further the practical difficulties exist in experimental techniques for measuring the 

rigidities. Also the flexible nature of fabrics, the difficulty of determining in-plane strams 

directly, and the large displacements and finite areas needed to obtain measurable effects, 

appear to mle out the measurement techniques normally employed for anisotropic 

materials [60]. These await the development ofa suhable biaxial test method [61,62]. 

Hallquist and StiUman from Livermore Software Technology developed a 3-

dimensional FEM model of airbag deployment [48]. The fabric material model 

incorporated in this simulation was based on Lloyd's analysis [57]. The brief description 

of this model is given in the foUowing sections. 

The most obvious feature in fabrics is that they have almost no bending strength 

and compressive loads immediately resuh in buckling plus an inabUity to develop 

compressive stresses. This inability to support compressive loads introduces a strong non-

Imearity into any attempt to approximate fabric as isotropic or orthotropic continua. An 

addhional complicating factor is that the fibers that make up the fabric interact in a 

complex manner that can deviate considerably from continuum behavior. Several 

approaches are available to simulate the compressive behavior of fibers [63-66]. In 

MVMA/DYNA3D, Hallquist followed the approach described by Lloyd. The airbag 

fabric model is based on an orthotropic elastic material model that was used in conjunction 

with several shell elements in DYNA3D. The sheU element was represented by a 

muhilayered laminate. To allow for an arbhrary orientation of the finite elements within 

the mesh, each ply in the fabric may have a unique orientation angle (b) which measures 

the offset angle (a) from some reference determined by the angle (c), defined for each 

element as shown in Figure 2.4. 

The dynamics of the flexible filament assembhes were examined by Leech [63] by 

considering first the motion of a filament, second the interaction of interfering filaments 

and finally by synthesizing the assembly from filament arrays. The filament behavior is 

considered from the point of view of wave propagation and when assembled these 

behavioral characteristics can be exploited for the prediction of system dynamics. Leech 

also considered various continuum models for dense assemblies. Finite deformations and 
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Green strains were used in the model formulation and Hamiltons' variational principle was 

employed to generate the necessary equations of motion. 

2.3.3 Neural networks 

Neural networks have recently become the focus of much attention, largely 

because of their wide range of applicability and the ease with which they can handle 

complex and non-linear problems. They can identify and leam correlative pattems 

between sets of input data and corresponding target values. Once trained, such networks 

can be used predictivdy to forecast outcomes from new input data. Neural networks 

operate analogously. A network must be trained by being repeatedly fed input data 

together with corresponding target outcomes. After a sufficient number of training 

herations, the network leams to recognize pattems in the data and in effect creates an 

intemal model of the process governing the data. The net can then use this intemal model 

of the process governing the input data. A trained neural network can then be used to 

make predictions from new input conditions. It is important to note that this mtemal 

model is not based on any specification of the underlying mechanism for the process; the 

network itself generates this model. After initial training, if more data are supplied and the 

net is retrained, an enhanced model incorporating the addhional learning will be generated. 

An advantage of using neural networks is their ability to handle problems involving 

data that are imprecise or noisy as well as those that are highly non-hnear and complex. 

They are ideally suhed for pattem recognition and they do not require a prior fundamental 

understandmg of the processes or phenomena being modeled. 

Conventional statistical methods requne the user to specify the functions over 

which the data are to be regressed. In order to specify these fiinctions, the user has to 

know the forms of the equations governing the correlations between the data. If these 

functions are mcorrectly specified, the data will not be satisfactorily regressed. 

Furthermore, considerable mathematical and numerical expertise is required to obtain 

convergence if these functions are highly non-linear. Neural nets obviate the need to 

specify the forms of correlations as well as any mathematical and numerical expertise 

requirements. In general artificial neural networks can be characterized by the foUowmg 

properties: 
a. Network architecture; 

b. Cause-effect relationship assimilation process; 

c. Learning mle; and 

d. Training data. 
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The network architecture provides the most distinguished feature. The grouped neurons 

that are arranged into a disjointed stmcture are called layer. Figure 2.5 shows several 

architectures which include single layer/muhi-layer and feed forward/feedback networks. 

The neuron transfer fiinction characterizes the retrieving process of an ANN. Specific 

mathematical fiinctions including sigmoid, step, Gaussian, and Bohzmann fiinctions are 

widely used to model the neuron transfer function. The nonlinear transfer function decides 

the information propagation properties at the neural retrieving process. The retrieving 

process can operate in ehher synchronous or asynchronous mode. In the synchronous 

mode, all neuron outputs are updated simuhaneously compared to random updating in a 

asynchronous mode. This function is the main difference between a biological neuron that 

operates in a random manner compared to an artificial neuron that operates in a 

synchronous mode. 

The traming procedures are divided into supervised learning and unsupervised 

learning. In supervised learning, synapse weightings are tuned by the difference between 

the retrieving pattems and expected pattems. In unsupervised learning, the network 

classifies the input without references. The neural networks using unsupervised learning 

can detect the pattem regularities. The widely used learning mles include Hebb mle, Deha 

mle, compethive learning mle, Bohzmann learning mle, Hopfidd energy minimizing mle, 

and then derivatives. In general, the input signal for an artificial neural network can be 

discrete or continuos values 

After Mcculloch and Pitts introduced the abstract neuron model for performing a 

simple task in 1943 [67], the neural network study began. Rosenblatt developed the 

Perceptron, which sparked a great amount of research interest in neurocomputing [68]. 

The Perceptron is a single layer feed forward network for pattem classifiers. InitiaUy, the 

perceptron demonstrated an optical pattem recognition when inputs of the system were 

connected to a grid of photocells. The input signals were then transferred to the neural 

layer with randondy weighted connections. The neural network performed successfiiUy 

with apphcation of the Hebb learning mle. The major limitation, pointed out by Minsky, is 

that the Perceptron cannot represent an exclusive-or-flmction so that the Perceptron 

cannot classify complex categories. Muhilayer Perceptrons were developed by Rosenblatt 

in the 1960's to overcome the hmitation of the initial Perceptron. 

In the late 1950's, the first neural hardware, called adaptive linear element 

(ADALINE), was developed by Widrow [69]. The neurons were realized with vacuum 

tube amplifiers, while the synapse weightings were manually adjusted with variable 

resistors. The ADALINE was improved to become MADALINE, which consists of 
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ADALINE and a two layer variant. These were adapted to a variety of apphcations, such 

as speech recognition, character recognition, weather prediction, adaptive control and 

echo canceUation. 

Another major category in neural networks is associative memory. Anderson 

proposed the 'Bram-State-in-a-Box Model' with his Imear associator and the Hebb leammg 

mle [70]. The network consists ofa layer with feedback and a one post processmg output 

layer. Due to the poshive feed-back architecture and the learning mle, the output is the 

best-matched pattem from the stored memory for a given mput. 

In 1982, the presentation of Hopfidd's paper to the National Academy of Science 

ignited the neural network study again [71]. The Hopfidd network is basicaUy a smgle 

layer with feedback. The condition for synapse weighting is very restricted (being 

symmetric and having no self-feedback terms), while that for the neuron transfer function 

is very relaxed (monotonicaUy increasing and bounded). Usmg the energy of the 

Lyapunov function, Hopfidd proved that the network always moves toward a low energy 

level. Due to the simple architecture and clearly proved dynamics of the Hopfidd 

network, many hardware hnplementations and real world apphcations have been 

accomphshed. The network has been apphed to associative memory and many 

engineering optimization problems. 

The multi-layer networks are vitahzed by the back-propagation learning mle. 

Before the learning mle was developed, the usefulness of the multi-layer neural network 

had been weU known, but the decision of synapse weightmgs was the main problem. The 

multi-layer neural network can be used for various apphcations mcludmg data encodmg/ 

decoding, data compression, signal processmg, noise filtering, pattem classification, and 

forecastmg. 

A Bohzmann machine has the simUar network architecture as the Hopfidd 

network, but differs m the stochastic update and learning properties. The stochastic 

update m retrieving and learning processes are based on simulated annealing technique 

usmg the Boltzmann probability function. 

2.3.3.1 Relevance of neural networks in this study 

A neural network based fabric material model is used for modehng the biaxial 

deformation of airbag fabrics [72]. We have used a Fletcher based non-hnear opthnization 

routine for training the network. Details of this procedure are given m later chapters. The 

concept of biaxial deformation of fabrics has never been addressed clearly m the lherature 

even though the fabric of an airbag deforms biaxially during deployment. The energy 
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dissipation phenomena are directly controlled by this deformation. The existing fabric 

models do not incorporate any of the biaxial characteristics of the fabrics. They also 

ignore the physical characteristics of the fabrics like their weave, count, denier, etc. 

Hence the accuracy of the existing simulations based on uniaxial properties and the 

assumption of continuity yield questionable resuhs. All of these factors are given due 

attention in our ANN based fabric material model. 
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Table 2.1 Properties of fibers related to airbag apphcation 

Property 

Tensile strength 

Elongation 

Resistance to aging 

Moisture 

Heat degradation 

MUdew 

FlammabUity 

Cotton 

Medium 

Low 

Good 

Fair 

Good 

Poor 

Poor 

Nylon 

High 

Medium 

Good 

Very good 

Very good 

Good 

Fair 

Polyester 

High 

Medium 

Good 

ExceUent 

ExceUent 

Good 

Fair 

Glass 

Very high 

Very low 

ExceUent 

Excellent 

ExceUent 

ExceUent 

ExceUent 
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Table 2.2 List of commercial simulation programs 

Name of the program 

VODS 

DEPLOY 

BDRACR 

BPAC 

MVMA-2D 

DJPAC 

ABAG-19 

HSRI-3D 

CAL-3D 

MADYMO 2D 

Organization 

Breed Corporation 

Fhzpatrick Engineering 

Fhzpatrick Engineermg 

Fitzpatrick Engineering 

HSRI (UMTRI) 

NHTSA 

ComeU Aeronautical 

Laboratory 

HSRI (UMTRI) 

Calspan Corporation/ GM 

TNO Road-Vehicles 

Research Institute 

Reference 

[1] 
[2] 

[3,4] 

[5] 

[6,7] 

[8] 
[9.10] 

[10,11] 
[12,13,8] 

[14,15] 
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Figure 2.1 Components of a typical airbag system 

33 



Accleration data 
Crash 
Non-crash 
Shnulated 

7 Sensor Model 

Mechs nical 

Electr cal 

Gas-flow model 
7N 

i Cold ^ as 
> Pyrot€ chnique 

Cushion model 
?N~ 

• Forwa rd restraint 
• Knee 1 estra int 

OCCUPANT KINEMATICS MODEL (CorneU Model) 

System Evaluation 

Figure 2.2 Basic study plan for system evaluation 
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Figure 2.3 Biaxial stress-strain behavior under uniaxial and biaxial condhions 
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reference plane 

Figure 2.4 Unit definition m the FEM model. 
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CHAPTER III 

THEORETICAL DEVELOPMENT 

Safety restraint technology rehes on woven fabrics as the principle material of 

constmction. The scenario of airbag deployment begins on impact. Gases are generated 

instantaneously to inflate the airbag. As the pressure whhin the airbag increases, both 

during deployment and later fi-om passenger contact, the airbag fabric stretches in a biaxial 

manner. Passenger contact with the slowly deflating airbag accelerates energy adsorbmg 

gaseous outflow through the fabric, airbag seams, and through specially constmcted vents. 

A fi"action of the occupants energy is also dissipated through biaxial stretching of the 

fabric's fibers. However, the fabric's permeability and/or the vent system appear to be of 

primary importance to energy dissipation. Because permeability and fabric stretching are 

important variables, a novel bhster-inflation technique was developed for the purpose of 

studying stretched fabrics. Blister-inflation, therefore, was used to evaluate those fabric 

properties necessary for energy dissipation by different mechanisms. DetaUs about this 

unique approach are given in the following chapters. 

3.1 Biaxial deformation of airbag fabrics 

Airbag fabrics undergo biaxial deformation during deployment. But the 

performance of these fabric's under biaxial stretching condhions until now has not been 

widely reported in the hterature. An expansible fabric, stretched biaxially, should open up 

and become more permeable. The extent to which this openness changes with 

temperature, pressure drop, fabric weave, and fabric denier is difficuh to determine a 

prior. Moreover, in the fourth generation of airbags known as 'smart-bags,' the energy 

dissipation rehes primarily on permeability through the fabric rather than vents. In this 

regard, the material properties of the fabrics which can significantly contribute to the 

energy adsorbing capabihties of the fabric are hs permeability and hs biaxial stress-strain 

characteristics in the plane of the fabric [73]. 

The most obvious feature of fabrics is that they have no bending strength. Hence, 

they exhibh an inability to support compressive loads in the plane of the fabric. This 

inabUity to support compressive loads introduces a strong non-lmearity into any attempt to 

approximate a fabric as an isotropic or orthotropic continua. The initial unidnectional 

fiber resistance in a fabric is attributed to the resistance encountered in an attempt to 

straighten the threads in the direction of the stress field. This resistance arises fi-om the 

flexural rigidity of the threads under tension, while the threads in the transverse direction 
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are forced to become more undulated by the uniaxial process. An addhional comphcatmg 

factor is that the fiber bundles which makeup a fabric also mteract in a complex manner 

which deviates considerably from continuum behavior. Under uniaxial tension, most of 

the non-linear response is due to the kinematic mteraction between the warp and weft 

threads and then undulation m the unstressed state. However, these effects are greatly 

reduced under biaxial tensUe condhions as shown in Chapter 2 . 

3.2 Airbag pressure time history 

The anbag pressure history is the basis for the occupant restraint provided by an 

airbag. This behavior greatly influences the level of restraint performance achieved. An 

example of the anbag pressure wave form that was obtained when an airbag was inflated 

with a Hybrid HI dummy is shown in Figure 3.1 for a proprietary fabric specification. 

Many researchers have attempted to simulate airbag inflation including the airbag pressure 

wave form using dynamic models constmcted around thermodynamic and mechanical 

theories. A much simpler model which provides a numerical shnulation of the passenger 

restraint was developed in this study and is presented in section 3.5. 

A schematic comparison for an anbag inflation in isolation and for one with impact 

interaction from a dummy is shown in Figure 3.2. After reachmg an initial large peak (1), 

a momentary vacuum occurs in the bag (2), foUowed by subsequent pressurization (3). 

Within approximately 30 msec a second peak (4) is reached, after which the pressure 

graduaUy decreases and approaches the atmospheric pressure (5) level. Based on the 

figure it is clear that anbag mflation contmues up to the second peak (4), after which the 

airbag is virtuaUy fiiUy mflated. This hnphes that the pressure-wave form from the vicmity 

of this point wiU be closely related to any restramt forces on the occupant. Hence, the 

pressure wave form foUowmg pomt 3, where repressurization begins, is of interest from an 

energy dissipation point of view. 

3.3 Theorv of blister inflation 

An expansible fabric when it is stretched biaxiaUy should open up and become 

more permeable. The amount of openness produced by a given pressure drop is difficuh 

to determme a priori. The openness is a strong fiinction of the type of the weave used, 

fabric's fiber diameter, fabric finish, and the yam twist and crimp employed. Because 

prediction of permeabihties is impossible h was decided to experimentaUy measure the 

permeabUity of fabric samples. Hence, a biaxial stretching technique was used wherem a 

sample of fabric was distended into a bhster by high pressure air on one side of the fabric. 
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This procedure mimics the final stages in the actual deployment of an anbag. The 
procedure also permits the biaxial stress-stram relationship of the fabric to be determmed. 
The biaxial stress-stram might also be used as an addhional means to quantify the fabrics 
permeabUity performance. 

Inelastic fiber stretching and viscous air flow through the fabric stmcture or vents 
in the fabric are the two mechanisms by which kinetic energy can be adsorbed by a 
deployed airbag [74]. Both of these mechanisms, fiber stretching, i.e., elastic and inelastic, 
and, anflow under biaxial conditions, can be quantified by the bhster inflation technique 
[75]. 

With respect to fiber stretching, the approach Tock et al. [76] used for the 
calculation of the biaxial stress and strain m distended fabrics is based on the relationships 
derived by Denson and coworkers for sohd plastic films [77]. In both instances biaxial 
tensUe stress is calculated by the foUowmg equation. 

a = ^ [ 4(X)^ + 2(X) + ( i ) ( ^ ) ] (3.1) 
b dQ 4 X 

The amount of biaxial stram is given by Equation 3.2 

1 1 - 4(X)^ 1 1 
e =hi[[cos-l( ^ - - ) ] ( X + -(-^))] (3.2) 
' 1 . 4(X)^ ^ "" 

In these equations the variables m SI units are: 
c\) = biaxial tensUe stress in the fabric. Pa 
P = pressure drop across the fabric. Pa 
do = the origmal fabric thickness, m 
X = dhnension less ratio of (h/D) 
h = height of the bhster, m 
D = bhster diameter, m 
sb = biaxial stram in the fabric m/m. 

Equations 3.1 and 3.2 were derived based on the assumption that a constant volume of the 
polymer sheet used m the test deforms from a flat configuration mto a spherical segment. 
This same assumption applies to the woven fabric samples mvestigated in this study. 
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3.4 Development of fabric-material response 
modd rFMRMi 

3.4.1 Complexities involved in modehng biaxial 

deformations of fabrics 

The most obvious feature ofa fabric is hs lack of bending strength. This causes an 

mabihty to support compressive loads in the plane of the fabric when the fabric is 

deformed biaxially. This introduces a strong non-hnearity in any attempt to model the 

fabric as a continuum, i.e., an isotropic or orthotropic continuum. Furthermore, the fiber 

filaments which make up the fabric interact in a highly complex and unpredictable manner. 

Most of the existmg nonhnear finite element analysis (FEA) models incorporate both 

plastic and elastic elements and are computationally very intensive. These models use 

uniaxial test data for the elements. Also, since the synergistic effects of temperature and 

pressure drop on biaxial deformation of the fabric are not fijlly documented or understood, 

the effects of these variables cannot be incorporated in the models. Even so, these effects 

play a cmcial role during the passenger restraint action. 

All of the above shortcomings in existing models can be overcome by proper 

mvestigation of the fabric with the blister-inflation technique. The evaluations based on 

this technique were used to develop an artificial neural network (ANN) based fabric 

material model for biaxial deformation of airbag fabrics. This neural network model 

approach was used to model the permeability of the fabric and its biaxial stress-strain 

relationship during blister creation. The competitive advantage of the neural network over 

regular phenomenological models became obvious in this study. The experimental data 

obtained from the blister-mflation experiments were used for develop the ANN model. A 

brief introduction to artificial neural networks and the various training algorithms needed 

to implement this unique training approach is explained in the following sections 

3.4.2 What are artificial neural networks? 

To understand why and how artificial neural networks behave as they do, we must 

first understand some of the fijndamental characteristics of complex biological neural 

networks, more commonly known as the central nervous system. The brain is composed 

of bUlions of nerve cells, or neurons, arranged in layers or groups. Each biological 

neuron is made up of one axon and one or more dendrites. 

If we equate a biological neuron to a processing unit, we can think of an axon, 

which carries hnpulses away from the neuron, as an output. Similarly, dendrites, which 

carry impulses toward the neuron, can be considered inputs. Each neuron's output 
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branches out to the input of many other neurons. The pomts at which they connect whh 

other neurons form synapses. 

Synapses provide pathways of varying strength for transmission of impulses from 

one neuron to another, forming the network. The source of the impulses transmitted 

through the neuron's inputs are the result of either the outputs of many other neurons or 

sensory input from the outside world. 

Since each neurons output may interconnect with many other neurons at once, 

massive parallehsm is achieved. As a resuh, the speed at which the brain fiinctions is not 

determined so much by the processmg speed of each individual neuron but by the 

staggering number of interconnected neurons that unite in response to stimuh. 

3.4.2.1 Stmcture and fiinction of an artificial neural network 

Artificial neural networks are analytical systems that address problems whose 

solutions have not been exphcitly formulated. They contrast to classical computer 

programs, which are designed to solve problems whose solutions have been made exphcit. 

The topology of neural networks is a logical and sometimes physical stmcture m 

which multiple nodes communicate with each other through synapses that interconnect 

them. This topology is imitative of the stmcture of biological nervous systems. The 

topology of interconnection and the mles employed by any neural network are generaUy 

lumped as the paradigm (pattem or model) of the network. Some of these require 

topologies with total mterconnection among nodes, and others require arrangement in 

layers, whh intemodal connections between layers. There are many other possibilities as 

weU. The selected topology and the mles of operation are interrelated and are chosen by 

the experimenter to implement a particular paradigm. 

Figure 3.3 shows the stmcture of a single node or neuron from an arbhrary 

network. The neuron in the figure, designated the j ^ ^ neuron, occupies a poshion m hs 

network that is quhe general; that is, this neuron both accepts inputs from other neurons 

and sends outputs to other neurons. Any neuron in a totaUy interconnected network has 

this generahty. In a layered network, however, some neurons are specialized for ehher 

input or output. In such a network, h is only the interior or hidden nodes that mamtain 

generality. 

The generalized neuron gets hs inputs from interconnections leadmg from the 

outputs of other neurons. Following the biological terminology for the connections 

between nerve cells, these interconnections are also known as synapses. The synaptic 

connections are weighted. That is, when the î h neuron sends a signal to the j^h neuron, 
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that signal is multiplied by the wdghting on the i,j synapse. This weightmg can be 

symbolized as w[y If the output to the î h neuron is designated as x[, then the mput to the 

jth neuron from the î h neuron is x\wiy Summing the weighted inputs to the jth neuron: 

^ = p i ^ j - ^ B , j ® j (3-^) 

where 0j is a bias term and W B j is the weight of the bias connection to the fi^ neuron. 

The bias neuron is provided to supply an mvariant output to each neuron m the hidden 

layer. The role of the bias can be interpreted as foUows. If the weighted sum of the scaled 

inputs mto the hidden layer exceeds the weight of the bias hidden layer neuron, the neuron 

m the hidden layer is activated; ehher exched or otherwise inhibhed. The weight of the 

bias hidden layer synapse is called the threshold value of the hidden neuron. A constant 

threshold value of+1 was used throughout this work. 

This summing of the weighted mputs is carried out by a processor withm the 

neuron. The sum that is obtained is caUed the activation of the neuron. This activation 

can be positive, zero, or negative, because the synaptic weightmgs and the inputs can be 

either positive or negative. Any weighted mput that makes a positive contribution to the 

activation represents a stimulus (tending to tum the j ^ " neuron on), whereas one making a 

negative contribution represents an inhibhion (tendmg to tum the j ^ ^ neuron off). 

The activation is purely an intemal nature of the neuron. This characteristic is 

particularly tme for biological neurons: nehher the experimenter nor adjoining neurons in 

the biological nervous system have access to the mtemal state of the neuron. AU that 

adjacent neurons see is the signal that emerges, and this signal represents a transformation 

by the intemal state. The neuron is also referred to as a black box for this reason. In the 

case of artificial neurons, the experimenter has more flexibUity. The intemal state of a 

neuron can be displayed just as easily as hs output signal. By convention, however, hs 

feUow neurons in the network see only the output signal. 

After summing aU inputs to determine its activation, the neuron's next job is to 

apply a signal transfer fiinction to that activation, and thereby create an output. There are 

various choices for the transfer fiinction (Figure 3.4). For example, it could be a simple 

step fiinction~a hard limiting threshold that puts the neuron mto an on state whenever the 

activation is greater than 0 or otherwise puts the neuron into an off state. Many 

paradigms use this sort of logic. Or the transfer fiinction could be a linear threshold 

fianction with an output that remains a low at a constant value until an mitial threshold is 
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reached, after which h increases as a linear fiinction, and finally, becoming constant again 

after a second threshold point is reached. 

A very common formula for determining a neuron's output is through the use of a 

logistic fiinction: 

S = Krjj- (3.4) 

where u represents the activation. This fiinction belongs to a class of ^S-shaped or 

sigmoidal fiinctions and has characteristics which are advantageous within the context of 

many paradigms. These characteristics include the fact that it is continuous, that it has a 

derivative at all points and that it is monotonicaUy increasing while being asymptotic to 0 

and +1, as its arguments go to -oc and +oc , respectively. Any transformation that accepts 

mputs having an infinite range to produce outputs over a finite range is known as a 

squashing function. As can be seen in the Figure 3.4, the limiting case ofa sigmoid can be 

approximated by a step fiinction. 

Another sigmoid fiinction commonly used is the hyperbolic tangent: 

u _ -u 
S = Xanh(u)= J, % . (3.5) 

e +e 

This fiinction has limiting values of-1 and +1. A third common sigmoid fiinction is the 

ratio of squares: 

S = T ^ (3.6) 
1 + w 

with limiting values of 0 and 1. 

Neural networks are capable of handling complex and non-linear problems, 

processing information very rapidly, and reducing the engineering effort required in 

developing highly computation intensive models or time consuming effort in finding 

fiinctional forms for empirical models. 

The type of the neural network architecture used in this study is known as a feed

forward neural network, i.e., each layer must feed sequentially into the next layer, with no 

feed-back connections (recurrent). A general stmcture of a feed-forward neural network 

is shown in the Figure 3.5. Neural networks are organized in layers and typically consist 

of at least three layers: an input layer; one or more hidden layers; and an output layer. The 
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fiinction of the input/output layer is to perform appropriate scahng between the actual and 

the network processed data. 

3.4.2.2 Neural network architecture 

The neural network architecture gives us the details of the types of 

interconnections between individual neuron's in different layers. Once a network 

architecture is selected, the network has to be taught to assimilate the fiinctional 

dependencies of the variables in a given data set. Learning corresponds to adjustment of 

the weights in order to obtain a satisfactory input-output match. Hence, h is very 

hnportant to have data that correctly represent the unique relationships between the 

networks input and output. 

The number of input and output neurons are quite obvious in any modehng effort. 

However, the number of neurons to be used in the hidden layer has to be determined by 

trial and error procedures. This is done by monitoring the sum-of-squared error during 

the training progression. Even though heuristic based approaches are available, the trial 

and error approach was adopted because of the small network used in this model. 

3.4.2.3 Artificial neural nets and empirical modeling 

Consider the ANN shown in Figure 3.5, there are a total of twenty connections, 

and twenty weights to adjust to train the network. An engineer may say, "Hold on here! If 

you give me twenty variables, I can curve-fit almost anything. This artificial neural 

network is nothing but empirical modeling, which has been around for more than fifty 

years. You are doing some fancy curve-fitting." There is tmth in that claim [78]. An 

ANN is an empirical modehng tool and it is does operate by "curve-fitting." However, 

some notable differences exist between ANNs and more typical empirical models. As a 

result, ANNs offer distinctive advantages in some areas, as explained below. 

1. ANNs have a better filtering capacity than empirical models because of the 

micro feature concept. In other words, each node encodes a micro feature of the overaU 

input-output pattem; that is, each node affects the input-output pattem only shghtly. 

ANNs are also massively parallel. Each node operates independent of other nodes. So, 

we can view each node as a processor in its own right, and these processors all operate in 

parallel. As a resuh, the network does not depend on a single node as heavily as, for 

instance, an empirical model depends on an independent variable. Some examples of these 

can be seen in this study, where at times a few data points in the training phase would 

deviate from the rest, or the model predicts the same value for slight changes in the 
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dependent variable. Because of this micro feature concept, ANNs have fihering capacity 

and can generally perform better than empirical models whh noisy or incomplete data. 

2. A second advantage that ANNs have over empirical models is the ability to 

adapt. ANNs have specified training algorithms, where we adjust connection weights 

between nodes are adjusted until the desired input-output pattem is attained. If conditions 

change such that the ANN model performance is inadequate, we can subject the ANN to 

fijrther training under these new condhions to correct performance. In addhion, we can 

design the ANN to periodically update hs input-output performance, resultmg in a 

continuous, "on-hne," self-correcting model. Typical empirical models do not have this 

abUity. 

3.4.2.4 Types of neural networks 

Neural networks can be broadly classified based on their network architecture as 

feed-forward and feed-back networks as shown in Figure 2.5. In brief, if a neuron's 

output is never dependent on the output of the subsequent neurons, the network is said to 

be feed-forward. Input signals go only one way, and the outputs are dependent on only 

the signals incoming from other neurons. Thus there are no loops in the system. 

Neural networks can also be classified by their neuron transfer fiinction, usuaUy 

into linear and non-linear models. The earhest models used linear transfer fiinctions where 

aU of the output values are continuous. Linear fiinctions are not very usefiil for most 

apphcations because most problems are too complex to be solved by simple muhiplication. 

In a non-hnear model, the output of the neuron is a non-linear fiinction of the sum of the 

inputs. The output of a nonlinear neuron can have a very complicated relationship of the 

activation value. 

3.4.2.4.1 Feed-back networks 

In a feed-back network, the output signals of neurons directly feed-back mto 

neurons in the same or preceding layers as shown in the Figure 3.6. Feed-back refers to 

the way neurons are connected. Feed-back networks send signals back as inputs to other 

neurons. This is not same as back-propagation (BP), which describes a trainmg method. 

With BP, the error at the final output layer is used for correction. Feed-back networks do 

not use back-propagation for training. Back-propagation networks are not feedback 

models. 

Feed-back models can be constmcted or trained. In a constmcted model, the 

weight matrix is created by adding the outer product of every input pattem vector with 
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hself or with an associated input. After constmction, a partial or maccurate input pattem 

can be presented to the network, and after a time, the network converges to one of the 

original mput pattems. Hopfidd and BAM are two well-known constmcted feed-back 

models. 

3.4.2.4.2 Feed-forward networks 

The second main category of neural networks is the feed-forward type. In this 

type of network, the signals go in only one direction; there are no loops in the system as 

shown in the Figure 3.7. The earhest neural network models were linear feed-forward. In 

1972, two simultaneous papers independently proposed the same model for an associative 

memory, the hnear associator. Anderson [79], a neurophysiologist, and Kohonen [80], an 

electrical engineer, were unaware of each other's work. Today, the most commonly used 

neural networks are nonlinear feed-forward models. 

Current feed-forward network architectures work better than current feed-back 

architectures for a number of reasons. The capacity of feed-back networks has not thus 

far proved to be impressive. In the mnning mode, feed-forward models are also faster, 

since they need to make one pass through the system to find a solution. Feed-back 

networks must cycle repetitively until the neuron outputs stop changing, which can 

typically take anywhere from 3 to 1000 cycles. 

3.4.3 Optimization methods for trainmg in neural networks 

This review describes briefly some methods that have been shown to accelerate the 

convergence of the learning process in neural networks. The classification of methods in 

the hterature is based on combining a quickly convergent local method with a globaUy 

convergent one. Local methods are based on appropriate local models of the fiinction to 

be mmimized. In the following sections, the properties of methods based on linear 

models, i.e., steepest-descent are first presented and foUowed by those based on the 

quadratic model, i.e., Newton's method. 

3.4.3.1 Back propagation and steepest descent 

The problem of learning an input-output relationship from a set of P pattems can 

be transformed into the minimization ofa suhably defined error function. Where the error 

fiinction is the traditional sum-of-squared difference error fiinction defined as 
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E(-) = |pli^p4pliiliI'pi-°pi(">]' (3.7) 

where tpj and Opj are the actual and network predicted output for the pattem P, 
respectively, and n^ is the number of output units. The learning procedure caUed back-
propagation (Rumdhart and McClelland [81]) is composed of two stages. In the first, the 
contributions to the gradient coming from the different patterns (dEJdw[\) are calculated 
back-propagating the error signal. The partial contributions are then used to correct the 
weights, ehher after every pattem presentation (on-line BP), or after they are summed m 
order to obtain the total gradient (batch-BP). 

Let gk be defined as the gradient of the error fiinction; [gk=VE(wk)]. Then batch 
back-propagation update is a form of gradient descent defined as 

while the on-line update is 

^ ( k + l ) = ^ k - s 8 k (3.8) 

^ ( k + l ) = ^ k - ^ ' ^ p ( ^ k ) (2-^) 

If the learning rate 8 tends to zero, the difference between the weight vectors W(̂lĴ -̂ .p̂  
during one epoch of the on-line method tends to be smaU, and the step s.VE (w, ) 

induced by a particular pattem p can be approximated by e.WE (w» )• By summing the 

contributions for all pattems, the movement in the weight space during one epoch wUl be 

similar to one obtained with a single batch update. However, the learning rate has to be 

large to accelerate convergence, so that the paths in weight space of the two methods 

differ. 

The on-line procedure has to be used if pattems are not available before learning 

starts, and if a continuous adaptation to a stream of input-output signals is desired. By 

contrast, if all pattems are available, then collecting the total gradient before the next step 

is needed in order to avoid a mutual interference of the weight changes that could occur 

for large learning rates. One of the reasons in favor of on-line approach is that h 

possesses some randomness that may help in escaping from a local minimum. The 

objection to this may, for the same reason, miss a good local minimum, while there is an 

ahemative method of converging to the nearest local minimum and using randomness to 

escape only after convergence [82]. In addition, the on-line update may be usefiil when 
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the number of pattems is so large that the errors involved in the finite predsion 

computation of the total gradient may be comparable to the gradient hsdf Many pattems 

possess redundant information. This can be hmited usmg batch BP provided that leammg 

is started with a subset of relevant pattems and continued after convergence by 

progressively increasing the example set. 

The convergence of methods based on gradient descent depends criticaUy on the 

relative size of the maximum and minimum eigen values of the Hessian matrix [83]. This 

is related to the narrow vaUey effect described by RumeUiart and McCeUand [84]. In the 

origmal formulation, the learning rate e was taken as a fixed parameter. Unfortunately, if 

the leammg rate is fixed in an arbitrary way, there is no guarantee that the net wUl 

converge to a pomt with vanishing gradient. Nonetheless, convergence in the on-hne 

approach can be obtained by appropriately choosing a fixed and sufficiently small leammg 

rate. Gradient descent is not always the fastest method even if e is appropriately chosen 

so that the error decreases with a reasonable speed and oscUlations are avoided. 

In the steepest descent method, the process of minimizing along successive 

negative gradients is described as : 

where eĵ  minimizes E(wi^-8giJ. 

3.4.3.2 Conjugate gradient methods 

One of the major difficulties in using the steepest descent method is that a one-

dimensional minimization in direction 'a' foUowed by a minimization in dnection "b' does 

not hnply that the fiinction is minimized on the subspace generated by a and b. 

Minimization in the direction b may in general spoU a previous minimization along 

direction a. On the contrary, if the directions were non-mterfering and hnearly 

independent, at the end of N steps the process would converge to the minimum. The 

concept of non-interfering directions is the basis of the conjugate gradient method for 

mmhnization. Two dnections are mutually conjugate with respect to the matrix 'G if 

p J c p . ^ O wheni ^] (3.11) 

After minimizing m direction p\, the gradient at the minimize wUl be perpendicular to pj. If 

a second minimization is in the direction pj+i, the change of gradient along this direction 
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is (gi+l-gi = aG pi+i). The matrix G is indeed the Hessian, the matrix containing the 

second derivatives and in the quadratic case the model coincides with the original fiinction. 

If Equation 3.11 is valid, this change is perpendicular to the previous direction [p^(gi+i-

gi) = 0]. Therefore the gradient at the new point remains perpendicular to pj and the 
previous minimization is spoiled. 

Let us introduce the vector y^ = (gk+l-gk)- The first search direction pi is given 

by the negative gradient -gj. Then the sequence w^ of the approximations to minimize is 

defined as foUows: 

> + l ) = " ' * + « * ^ / f c (312) 

and 

Pik+l)=-S(k+l)^^kPk (313) 

where g^ is the gradient, a^ is chosen to minimizer E along the search direction pĵ  and P^ 

are defined by 
T 

ykPk 

There are different versions of the above equation. In particular, the Polak-Ribiere choice 
T T 

[85] is Pj^ = ^^^+1 and the Fletcher-Reeves choice is /?, = ^+1 ^+1. They aU 

^k^k Skgk 

coincide for the quadratic fiinction [86]. A major difficulty with all the above forms is 

that, for a general fiinction, the obtained directions are not necessarily descent directions 

and numerical instability can result. 

The use of a momentum term to avoid oscillations in Rumdhart and McClelland 

[84] can be considered as an approximated form of conjugate gradient. In both cases, the 

gradient direction is modified whh a term that takes the previous direction into account, 

the important difference being that the parameter P in conjugate gradient is automatically 

defined by the algorithm, while the momentum rate has to be guessed by the user. This 

requires some experience. Another difficulty related to the use of a momentum term is 

due to the fact that there is an upper bound on the adjustment caused by the momentum. 

Furthermore, summing the momentum term to one proportional to the negative gradient 

may produce an ascent direction, so that the error increases after the weight update. 

50 



3.4.3.3 Newton's method 

Newton's method can be considered as the basic local method using second-order 

information. It is important to stress that hs practical apphcabUity to multUayer 

perceptrons is hampered by the fact that h requires a calculation of the Hessian matrix, 

which is a complex and expensive task. Nonethdess, the method is briefly illustrated 

because most of the usefiil second-order methods originate from iX as approximations or 

variations. 

It is based on modeling the fiinction whh the first three terms of the Taylor-series 
expansion about the current point WQ: 

^f T 1 T 
E(wc+s)<^mc(wc+s) = E(Wc) + VE{wc) ^ +-s^V^E(wc)s (3.15) 

and solving for the step sN that brings to a point where the gradient of the model is zero: 

Vmc(wc+sN) = 0. This corresponds to solving the following linear system 

^'^E^wc^s^ =-^E{Wc). (3.16) 

m which s^ is, by definition, Newton's step and direction. 

If the Hessian matrix (V^E or H, for short) is poshive definite and the quadratic 

model is correct, one iteration would be sufficient to reach the minimum. In general if the 

initial point WQ is close to the minimizer w* and V^E(w*) is positive definite, the 

sequence generated by repeating Newton's algorithm converges quadratically to w* [87]. 

Assuming that the quadratic matrix can be obtained within reasonable computing 

times, the main practical difificuhies in applying the pure Newton's method of Equation 

3.16 arise when the Hessian is not poshive definite or when it is singular or ill-conditioned. 

If the Hessian is not positive definite, then there will not be any natural scaling. Thus, 

there are dh-ections pĵ  of negative curvature that would suggest infinite steps in order to 

minimize the model. Unfortunately, long steps increase the probability of leaving the 

region where the model is appropriate, producing nonsense. This behavior is not 

uncommon for multilayer perceptron learning. In some cases a local minimization step 

increases some weights by large amounts, pushing the output of the sigmoidal transfer 

fiinction into a saturated region. When this happens, some second derivatives are very 

small and, given the finite machine, the calculated Hessian will not be poshive definite or 

ill-conditioned. Modified Newton's methods incorporate techniques for dealing with the 
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above problems, changing the model Hessian in order to obtain a sufficiently positive 

definite and non-singular matrix [88]. 

3.4.3.4 Modd-tmst region methods 

The different methods mentioned earher are optimization techniques based on 

finding a search direction and moving by an acceptable amount in that direction, i.e., step-

length based methods. In the Newton's method the direction was obtained by multiplying 

the gradient by the inverse Hessian and the step was the fiiU Newton step when possible to 

obtain fast local convergence or a shorter step when the global strategy is required. The 

modifications in the Newton's method when the Hessian is not poshive definite consisted 

m adding to the local model a term quadratic in the step magnitude (m^odified (wc+s) = 

mc(wc+s)+|icS s). One may suspect that minimizing the new model is equivalent to 

mmimizing the original one with the constraint that the step s is not too large. While in 

line-search algorithms the direction is maintained and only the step length is changed, 

there are ahemative strategies based on choosing first a step length and then using the fiiU 

quadratic model to determine the appropriate direction. These competitive methods are 

called model-trust-region methods whh the idea that the model is tmsted only within a 

region, that is updated using the experience accumulated during the search processes. The 

above suspicion is tme and there is indeed a close relationship between tmst-region 

methods and line-search methods with diagonal modification of the Hessian. While the 

analytical gradient could be obtained easily, the calculation of second derivatives is stiU 

complex and time-consuming. For these reasons, the methods described above, while 

fimdamental from a theoretical standpoint, have to be simplified and approximated in 

suitable ways. 

3.4.3.5 Secant methods 

When the Hessian is not avaUable analytically, secant methods [89] are widely used 

techniques for approximating the Hessian in an herative way using only information about 

the gradient. In one dimension the second derivative (d'^E(w)ldw^) can be approximated 

whh the slope of the secant line thorough the values of the first derivatives in two near 

points: 

a^E(w), . 
—-^(W2-Wj)« 

5E(w2) oE(W|) 

dw dw 
(3.17) 
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In more dhnensions the situation is more complex. Let the current and next pomt be Wc 
and w+; definmg y^ = VE(w+) - VE(wc) and Sc = WcW+. The analogous secant equation 
to Equation 3.17 is 

H+Sc=yc. (3.18) 

The new problem is that m more than one dhnension Equation 3.18 does not determme a 

unique H+ but leaves the freedom to choose from a (N^-N)- dhnensional afifine subspace 

Q(sc,yc) of matrices obeymg Equation 3.18. The new suggested strategy is that of usmg 

Equation 3.18 not to determme, but to update, a previously avaUable approxhnation. One 

of the most famous updatmgs of this kmd known as BFGS [90] abbreviated after the 

authors (Boryden , Fletcher, Goldfarb, and Shanno) is by expressmg H+ = (j+ jT+) and 

usmg Broyden's method to derive a suhable J+ [91] and is given by 

H^=H,^y^-^^^^. (3.19) 
ye ^c ^c ^c^c 

The BFGS poshive definite secant update has been the most successfiil update m a number 

of studies performed during the years. The poshive definite secant update converges q-

super hnearly [91]. Secant methods for learning m the muhUayer perceptron have been 

used, for example m Watrous [92]. The 0 ( N 2 ) complexity of BFGS is clearly a problem 

for large networks, but the method can stUl remam compethive if the number of examples 

is very large, so that the computation of error fiinctions dominate. A comparison of 

various non-hnear opthnization strategies can be found m Webb et al. [93]. 

3.4.3.6 Special methods for nonlinear least squares 
\ P ^o 9 

If the error fiinction be minimized is the usual E = — T T r/„,-0„v(>v)l , 
2p=l /=i ^ ' p/^ >'J ' 

learning a set of examples consists of solving a nonlinear least squares problem, for which 

special methods have been devised. Three of these methods are described in this section. 

Fnst, the Gauss-Newton method is based on simphfying the computation of second 

derivatives. The second Marquardt-Levenberg method [94] is a tmst-region modification 

of the former and the third a more efficient Fletcher method (a modified Marquardt-

Levenberg method). 
Let us define R(x) the vector whose components are the residuals for the different 

pattems m the training set and output units [r . (w) = (/ - 0„^ (>^))], so that the error 
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1 T 
can expressed asE = -R{wY R(w). It is straightforward to see that the first and second 

derivatives of E(w) are respectively: 

P n, o T 

or 

VEiw) = ̂ Z^.E/•p,(>v)Vr^,.(w) = J(wy R(w) (3.20) 

V'-Eiw) = ^ ^ . Z [Vr̂ y(M )̂Vr̂ ,.(w) +r^.(w)V^r^.{w)] = J(wY J{w) + S{w) 

(3.21) 

where J(w) is the Jacobian matrix J(x)pij = (arpi(w)/^j) and S(w) is the part of the 
Hessian containing second derivatives of rpi(w), that is given as 

The standard Newton heration is the following: 

y^+=^c-U{^c)^J(}^c)^S(wc)Y^J{wc)^R{wc) . (3.22) 

The particular feature of the problem is that while J(wc) is easily calculated, S(wc) is not. 

On the other hand, a secant approximation seems wastefiil because part of the Hessian is 

easily obtained from J(w) and, in addition, the remaining part S(w) is negligible for smaU 

values of the residuals. The Gauss-Newton method consists of neglecting the S(w) part, 

so that a single iteration is 

>î+ = yi'e-iAy^cfAy^cn'^Ay^cfRiy^c) • (323) 

It can be shown that this step is completely equivalent to minimizing the error obtained 

from using an afifine model of R(w) around WQ. 

. 1 
mm — 

2 
Mciw)f (3.24) 

where 
Mc(w) = R(wc) + J(wc)(w-Wc). (3.25) 
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Another modification is based on the tmst-region idea and known as the Marquardt-
Levenberg method. The step is defined as 

^-^=^c-U{^efjiyVc)^fieI)T^J{y^efR{y^e) (3-26) 

This method can be used also if J(w) does not have fiiU column rank, for example, if the 

number of examples is less that the number of weights. 

However, h is usefiil to mention that the components of the Jacobian matrix {d 

rpi(w)/^j) can be calculated by the usual chain mle of derivatives whh a number of back 

propagation passes equal to the number of output units. If the weight Wab connects unit b 

to a, then one obtains 

-~ = -^ ^^ = 8 . X , (3.27) 
d^^ Snetpa aw^^ P'.a pb 

where the term 5pi a = (^pi(w)/^etpa) and Xp^ is the output of unit b. For the output 

layer, 5pî a ̂  ^' (^®tpa) if i = a, 0 otherwise. For the other layers, Spj a = f' (netpa) ^^ ^ 

pi,c'^ca' summing over the units of the next layer. 

3.4.3.7 General non-linear models and the proposed training algorithm 

A very simple description of non-linear models from Press [95] is presented here. 

Consider fittmg a model that depends non Imearly on the set of M unknown parameters 

ajj, such that k = 1,2,...., M. To measure how weU the model fits the given data we can 

define a merit fiinction x2 and determine best-fit parameters by hs minimization. With 

nonlinear dependencies, the minimization should however proceed iterativdy. Hence, 

given the trial values for the parameters, we develop a procedure that hnproves the trial 

solution. The procedure is then repeated untU %2 stops decreasmg. This problem is not at 

aU different from general nonlinear fiinction minimization problem. However, we expect 

the x2 fiinction to be weU approximated by a quadratic form, which can be written as: 

9 1 
x'^(a)«Y-d.a + -a.D.a (3.28) 

where d is an M-vector and D is an M x M matrix. If the approximations are good, we 

can jump from current trial parameters a^ur to the minhnizmg ones a^in in a single step as 

foUows: 
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^rr.\n = ̂ CUr+0 ^[-V/(a^^)] 
mm 

(3.29) 

If the approxhnation of Equation 3.28 is a poor local approximation to the shape of the 

fimction that we are trying to minimize at a^urj we can step down the gradient, as in the 

steepest descent method as foUows 

^next"^cur-c[Vx (acur)] (3.30) 

where the constant c is smaU enough not to exhaust the downhiU direction. To use 

Equations 3.29 and 3.30, we must be able to compute the gradient of the x2 fiinction at 

any set of parameters a. To use Equation 3.29, we also need the matrix D, which is the 

second derivative matrix, i.e., the Hessian matrix of the x2 merit fiinction, at any a. 

3.4.3.7.1 Calculation of the gradient and Hessian 

The model to be fitted can be written as 

y = y (x;a) (3.31) 

and the merit fiinction can be defined as 

2 N 

1=1 

y j - y ^ ^ 
-.2 

(3.32) 

The gradient of x2 with respect to the parameters a, which wiU be zero at the x2 

minimum, has components 

ax^ N [yj - y(xj; a)] ay(x.;a) 

^ k i=l cjj day^ 

k = l,2,....,M 

Takmg an addhional derivative gives 

3^X^ . N 1 
= 2 X 

^\^£ i=lo? 

'dy(x.,a)dy(x.;a) a^y(x ;a) 
[ y - y ( x ; a ) ] — 

5 \ ^e ' ' ^(^k 

(3.33) 

(3.34) 
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It is conventional to remove the factors of 2 by defining 

.2 

Pk = 
19X' 

" k € " 

2 da^ (3.35) 

1 d^X^ 
2 5a, 5a. 

Making [a] = {(1/2).D} in Equation 3.29, we can rewrite Equation 3.34 as a set of linear 

equations 
M 
Z aj^^aa^ = pj^ . (3.36) 

This set of equations can be solved for the increments da^ that are added to the current 

approximation to give the new approximation. The steepest descent formula (Equation 

3.30) translates to 

aa^=c(pp (3.37) 

where c is a constant. 
It is important to note that the components a,/, of the Hessian matrix depend both 

on the first and second derivatives of the basis fiinctions whh respect to their parameters. 

Some treatments proceed to ignore the second derivative without comment. Press also 

ignores this derivative but for the foUowing reasons. 

Second derivatives occur because the gradient in Equation 3.29 already has a 

dependence on dy^ I da\^, so the next derivative simply must contain terms involving d^y[ I 

Sak^ai. The second derivative term can be dismissed when h is zero, or smaU enough to 

be negligible when compared to the term involving the first derivative. It also has an 

additional possibility of being ignorably small in practice. (The term muhiplying the second 

derivative in Equation 3.28 is [yj - y(xi;a)].) For a successfiil model, this term should just 

be the random measurement error of each point. This error can have ehher sign, and 

should in general be uncorrdated whh the model. Therefore, the second derivative terms 

tend to cancel out when summed over i. 

Inclusion of the second derivative term can in fact be destabilizing if the model fits 

badly or is contaminated by outlier points that are unlikely to be offset by compensating 
points of opposhe sign. The expression for a^^ can be expanded as foUows 
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s 1 
I 

ay(x.;a)ay(x.;a) 

da^ da^ 
(3.38) 

It is important to note that minor (or even major) adjustments in [a] has no effect at all on 

what the final set of parameters a is reached, but only affects the herative route that is 

taken. The condition at the x2 minimum, that Pk " ^ for all k, is independent of how [a] 

is defined. 

3.4.3.7.2 Levenberg-Marquardt method 

Marquardt has put forth an elegant method, related to an eariier suggestion of 

Levenberg, for varying smoothly between the extremes of the inverse-Hessian method 

(Equation 3.36) and the steepest descent method (Equation 3.37). The latter method is 

used far from the minimum, swhching continuously to the former as the minimum is 

approached. This Levenberg-Marquardt method works very weU in practice and has 

become the standard for nonlinear least-squares routines. 

This method is based on two elementary, but important, insights. Consider the 

constant 'c' in Equation 3.37, there is actually no information about the answer in the 

gradient. This gives an idea of the slope, but not how far this slope extends. Marquardt's 

first insight is that the components of the Hessian matrix, even if they are not usable in any 

precise fashion, give some information about the order of magnitude scale of the problem. 

The quantity x2 is non dimensional, i.e., is a pure number; this is evident from hs 

definition in Equation 3.32. On the other hand, P^ has the dimensions of l/a^, which may 

weU be dimensional. The constant of proportionality between p^ and Sa^ must therefore 

have the dimension of aip-. There is obviously only one quantity with this dimension in 

the components of a, which is (l/a^k), the reciprocal of the dimensional element. Hence, 

this must set the scale of the constant 'c'. But this scale might hself be too large. So 

Marquardt divided this constant by some fiidge factor X, whh the possibility of setting X 

» 1 to cut down the step. In other words, replacing Equation 3.37 by 

6 a ^ = - - ^ P ^ (3.39) 

or 
^a^^5a^=P^ . (3.40) 
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It is necessary that a^^ be positive, but this is guaranteed by the definition of a in 

Equation 3.38. 

Marquardt's second insight is that Equations 3.38 and 3.36 can be combined if we 

define a new matrix a* by the following prescription 

a U a j j ( l + X) 

« j k " « j k (3 41) 

( j ^k ) 

and then replace both Equations 3.39 and 3.40 by 

M , 
| l ^ k ^ ^ ^ ^ = P k - (3-42) 

When X is very large, the matrix a' is forced to being diagonally dominant, so Equation 

3.42 becomes identical with Equation 3.40. On the other hand, as X approaches zero. 

Equation 3.42 becomes Equation 3.36. 

Given an initial guess for the set of fitted parameters a, the recommended recipe is 

as foUows: 

(1) Compute x2(a). 

(2) Pick a modest value for X, say 0.001. 

(3) Solve the linear Equations 3.36 for 5a and evaluate x2(a+5a). 

(4) If x2(a+6a) > x2(a), increase A, by a factor of 10 and go back to step 3. 

(5) If x2(a+6a) < x2(a), decrease A, by a factor 10, update the trial solution a <- a+ 

5a, and go back to step 3. 

Also necessary is the condhion for stopping. Iterating to convergence is generally 

wastefiil and unnecessary since the minimum is at best only a statistical estimate of the 

parameters a. Furthermore h is not uncommon to find the parameters wandering around 

near the minimum in a flat valley of complicated topology. The reason is that Marquardt's 

method generahzes the method of normal equations, hence has the same problem to near-

degeneracy of the minimum. Outright failure by a zero pivot is possible, but unlikely. 

More often, a small pivot will generate a large correction which is then rejected, the value 
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of A. being then increased. For sufficiently large X, the matrix [a'] is positive defmite and 

can have no small pivots. Thus the method does not tend to stay away from zero pivots, 

but at the cost of a tendency to wander around doing steepest descent in very un-steep 

degenerate valleys. These considerations suggest that, in practice, one might as well stop 

herating on the first or second occasion that x2 decreases by a negligible amount, say 

either less than 0.1 absolutely or some fractional amount hke 0.0001. Don't stop after a 

step where x2 increases: that only shows that X has not yet adjusted hself optimally. Once 

the acceptable minimum has been found, one wants to set A,=0 and compute the matrix. 

3.4.3.7.2.1 Modifications of Levenberg-Marquardt method. A number of 

modifications to eliminate some less favorable aspects of the Marquardt-Levenberg 

method were considered by Fletcher. For instance, the arbhrary initial choice of the 

adjustable parameter X, if poor, can cause the wastage ofa number of evaluations of (|), the 

sum of squared error, before a realistic value is obtained. This is especially noticeable if v, 

i.e., JTR(X) is chosen to be fairly smaU (e.g., v = 2). Another disadvantage of the method 

is that the reduction of X to Xlv at the start of each iteration may prove to be excessive, 

especially if v is chosen to be large (v = 10, say). The effect is that the average number of 

evaluations of (j) per iteration may be about 2, which is unnecessarily meflficient. A fiirther 

disadvantage of the method is that the tests ())' < (|) or even (j)' < (t> precludes a proof of 

convergence from being made. Finally, when solving problems in which R=0 at the 

solution, it is possible to achieve a quadratic rate of convergence with the Gauss-Newton 

method, but only a superfine rate with Marquardt scheme. All of these drawbacks of the 

original Marquardt method was overcome in Fletcher modification. Details about this 

implementation is given in the following sections. 

3.4.3.7.2.2 Fletcher non-linear optimization. The problem under consideration is 

that of minimizing a sum of square (t)(x) of several non-linear fiinctions ri(x) of many 

variables x, that is 

m o 
(t)(x)=Z[r.(x)]^ (3.43) 

i=l ^ 

where x = (xi,X2, , x^^ and m > n. Such problems arise typically in non-linear least 

squares data fitting, when q is the residual difference between observed and predicted 

quanthies, and also when solving systems of non-linear equations. Two very similar 

methods have been published for this problem by Levenberg [96] and Marquardt [97]. 
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If the (m X n) Jacobian matrix J is defined by Jjj = ^rj /^xj then each heration can be 
written as 

x(k+l)=^(k)^5(k) (3^4^ 

where 5 is the solution of the set of linear equations 

(A + A.I)5 = - v (3.45) 

where A = jT J and v = jT r are evaluated at x(k), and where X is an adjustable parameter 

which is used to control the heration. 

On any one heration A and v are fixed, so that 5 may be considered as a fiinction 

of A,. As A< ->oc, then 5(A.) -^ (-v / A,) which is an incremental step along the direction of 

the steepest descent of ^(x) at x(^). As A. ^ 0 , then 5(A,) -^ (-A'^v ) which is the 

correction predicted by the Gauss-Newton or generalized least squares method. Steepest 

descent methods are known to be convergent but slow, whereas rapid but less rehable 

convergence is usually obtained whh the Gauss-Newton method. The motivation of the 

Marquardt-Levenberg methods is that they attempt to choose X so as to foUow the Gauss-

Newton method to as large an extent as possible, whilst retaining a bias towards steepest 

descent direction to prevent divergence. 

The methods differ in the way in which X is selected on each heration. Levenberg 

suggested that it would be preferable to estimate the minimum of (|)(x+5(A,)) as a fiinction 

of A., on each iteration. This requires the solution of Equation 3.43 and the calculation of 

(j) to be repeated for a number of different values of A,. This suggestion is open to a 

number of objections but primarily it is less efficient to spend time in looking for a 

minimum of (j) with respect to A,, rather that to start a new iteration whh more up-to-date 

information for A and v, once a sufficient reduction in the sum of squares has been 

obtained. Furthermore the programming of this search process is complicated by a 

number of difficuh ad-hoc decisions and, in this case in particular, h is not at all obvious 

what sort of behavior ^(X) relating (j) to A. should be assumed to make the interpolations 

which would be required. However, the argument of Marquardt that Levenberg's scheme 

would lead to a serious over-emphasis of the bias towards steepest descents is 

questionable. Unfortunately Levenberg never stated his ideas in a sufficiently precise form 

that a computer program could be written from them, so no fiirther consideration is given 

for his scheme. 

Marquardt suggested a way of varying A, which gave much more hope of being 

efficient in the number of solutions of equation 3.43 and evaluations of ^ required per 

heration. His idea was to choose a fixed parameter v (v = 10 was recommended), 
6 1 



mcreasing or decreasing A. by multiples of v or 1/v as necessary, and termmating any 

heration once a 5 had been obtained for which (j) (x+5) < (t)(x). Unfortunately Marquardt's 

statement of the algorithm makes it appear necessary that S(x) be evaluated as least twice 

per heration, and the text confirms this impression. However if his algorithm is written as 

shown in Figure 3.7, then it is clear that only one evaluation may be requned on some 

iterations. 

Marquardt's algorithm is very simple and evaluation of some hmited test samples 

showed that h is reasonably efficient. In fact, on many problems, an average of a little 

over one solution per heration is required. A number of modifications to ehminate some 

less favorable aspects of the Marquardt-Levenberg method was considered by Fletcher. 

For mstance, the arbitrary initial choice of the adjustable parameter A,, if poor, can cause 

the wastage of a number of evaluations of (j), the sum of squared error, before a reahstic 

value is obtained. This is especially noticeable if v, i.e., JTR(X) is chosen to be fairly 

smaU, v = 2 say. Another disadvantage of the method is that the reduction of A. to Xl\ at 

the start of each iteration may prove to be excessive, especially if v is chosen to be large 

(say v = 10). The effect is that the average number of evaluations of (|) per iteration may 

be about 2, which is unnecessarily inefficient. A fiirther disadvantage of the method is that 

the tests ([)' < (j) or even (j)' < (j) preclude a proof of convergence from being made. FinaUy, 

when solving problems in which R=0 at the solution, h is possible to achieve a quadratic 

rate of convergence with the Gauss-Newton method, but only a superfine rate with 

Marquardt scheme. All of these drawbacks of the original Marquardt method were 

overcome m Fletcher's modification. The efficiency of the proposed modifications 

(Fletcher's) was compared to the original Maquardt-Levenberg algorithm and a traditional 

back-propagation algorithm with a conjugate-gradient search in my earher publication 

[98]. 

3.4.3.7.2.3 Implementation of Fletcher's modifications in this research. Although 

Marquardt's idea of replacing x(l̂ ) by xC )̂ + 5 when a better sum of squares is obtained, is 

foUowed, the circumstances under which A. is changed are modified. The initial reduction 

of A. to Ayv was discontinued by Fletcher. After solving Equation 3.43 and evaluating (j)' = 

(t)(x(^) + 5), a new value of A. is calculated by comparing the actual reduction ((t)-(|)') in the 

sum of squares with that predicted on a linear model. If (j) (x) represents the predicted 

sum of squares, then the predicted reduction is given by 

(t)(x(^))-(t)(x(^) +5) = -26 V ^ ) - 5 ' ^ A ( ^ ) 6 (3.46) 
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The motivation for the strategy to be described is that if the ratio R of actual reduction/ 

predicted reduction is near 1, then A, ought to be increased. However for some 

intermediate values of A,, it is probably best to leave A, unchanged for the next iteration. In 

fact it has been found satisfactory merely to choose arbitrary constants p and a such that 

(0< p < o < 1), to reduce A, if R < p, and increase A. if R >a. In fact various experiments 

were tried by Fletcher with p in the range of 0.01 and 0.25 and a in the range of 0.5 to 

0.9. He found that the rate of convergence was largely insensitive to different choices of 

both parameters. Values p = 0.5 and a = 0.75 was finally chosen by Fletcher. 

The method chosen by Fletcher for increasing A. is similar to that used by 

Marquardt in that A, is increased to vA. It was found that on most iterations the value v = 

2 would be adequate, but on early herations, when A. might be much too small. Then a 

larger factor of say v =10 would be desirable. Thus, Fletcher decided to allow the use of 

multiple V between 2 and 10 and an automatic method for choosing a multiple in this range 

was devised. For large values of X, increasing X to vX corresponds approximately to 

reducing 5 to 5/v. Now because the sum of squares and its derivative is available at x(^), 

and because the sum of squares is available at x(^) + 5, it is possible to estimate the 

optimum correction a5 in the direction 5 from the formula 

a = ^ j — (3.47) 
(2-((|)(x^+5)-(|)(x'^)) 

5'^V 

From the assumptions of reciprocity, a multiple v = 1/a is chosen by which to increase A,. 

This muhiple is replaced by 2 or 10 if h is less than 2 or greater than 10, respectively. 

This test has worked very well in practice and is very simple to apply. The modification to 

Marquardt's idea for reducing X comes from the feeling that the geometric progression 

choice of A, works is poorest for very smaU X. As A,->o, ||6(A,)||/||5(A,/v)|| ->1 and the 

changes in 5 on replacing A, by A,/v are much smaller than might be desired. For instance if 

good progress is made whh the Marquardt method for a number of herations, then a A. of 

around the machine accuracy can be obtained. If an heration then occurs on which the 

sum of squares is not improved, quhe a number of increases of A, and hence evaluations of 

(j) might be necessary before a significant reduction in 5 is obtained. Another disadvantage 

of the geometric progression method is that h precludes the quadratic rate of convergence 

being achieved when r = 0 at the solution. One way of getting around these difificuhies is 

to reduce A, to A/v as whh Marquardt's method, but to define a cut-off value A.c such that 
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any values of A, < A.c are replaced by A. = 0. However there are some difificuhies with the 

cut-ofif strategy which have to be overcome before it is acceptable. 

The most hnportant problem lies in the actual choice of Xc. Too small a value, 

although not catastrophic, has effect that very little modification is being made to the 

method at aU. Too large a value however can be catastrophic, in that the iteration can 

osciUate by faUing to make progress with a value of A. = 0 and then making an incremental 

step along the steepest descent vector with A. = Xc. Clearly it is necessary to make a good 

automatic choice of Xc and not an arbitrary one. To do this, it is argued that A.c would be 

suitable if h caused ||5(A.c)|| / ||5(0)|| = 1/2. Then to go from >. = 0 to >. = >.c would cause || 

5|| to be halved which is what happens with large A, on going from A, to 2A,. An estimate of 

such a A,c, which is usuaUy reahstic, yet which is on the smaU side and therefore fail-safe, is 

given by 

Ac = — ^ (3.48) 

l|A-^ll 
To solve Equation 3.43, we require ~ n3/6 operations. In addition we require ~ 

n3/3 operations to obtain A~l. Thus it is tedious to recalculate Xc on each iteration. On 

the other hand, to set A.c once only might lead to the oscillatory behavior. The 

compromise which has been adopted is to recalculate A.c every time A. is increased from 

zero to some positive number. This avoids the possibility of osciUation. This avoids the 

possibiUty of oscillation, yet in practice has required the evaluation of A"l at most twice 

per problem. 

Another difficulty with cut-off strategy is that a method m which A, is increased to 

some multiple vA, no longer works when A = 0. However a simple way of avoiding the 

difficulty is to adopt the convention that a change from >. = 0 to A. = A<c is equivalent to 

doublmg A,, by vhtue of ||6(A.c)|| «||5(0)||. Given this convention, then the strategy for 

increasing A, which has been described earlier in this section can be applied without 

change. 

When a cut-off strategy is in use, an arbitrary initial choice of A, is no longer 

necessary, because the choice X = 0 suggests itself in a natural way and has therefore been 

used. A flow diagram of both the original Marquardt-Levenberg and modified Marquardt-

Levenberg/ Fletchers' algorithm is shown in Figures 3.8 and 3.9, respectively. 

3.4.3.8 Principles of back-propagation training algorithm 

Back-propagation network has forward-flowing information in the prediction 

mode and back-propagated error corrections in the learning mode. When the network 
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undergoes training, the errors between the resuhs of the output neurons and the desired 

corresponding target values are propagated backward through the network. The 

backward propagation of error signals is used to update the connection weights. 

Repeated iterations of this operation results in a converged set of the connection weights, 

yielding a network that is trained to identify and leam patterns between sets of input data 

and corresponding sets of target values. Equations governing the general principle for 

back-propagation algorithm is as follows. 

In general, neural networks are trained on sets of data containing input and 

corresponding target values. The input data could be viewed as ann xp matrix, where n 

is the number of input neurons and p is the different number of pattems. Then, a set of m 

target output values are associated with each of the p patterns, corresponding to m output 

neurons in the network. In the predictive mode the network is presented with one or more 

pattems of n inputs and will be required to predict m outputs for each input pattem. The 

signals imposed on the input neurons are thus specified by the input data patterns. The 

output from each of these neurons is given by: 

Sir.= r 7- (3.49) 

{\ + e ' '^ ) 

where uj p is the input the neuron i for pattem p and Sj p is the output from the neuron i. 

The input to neuron i in a hidden or output layer is: 

where the sum over j represents all of the neurons in the preceding layer and B represents 

the bias neuron. It should be noted that the output to the bias neuron is invariant because 

of a constant input (usually +1). The weights wj j are associated whh the connections 

from the j neurons to the i neuron, and wg i represents the weight of the connection from 

the bias neuron to the i neuron. The output from the neuron in a hidden or output layer is 

obtained by substituting the input value obtained from Equation 3.50 in Equation 3.49. 

Thus, h can be seen that the output from the neurons in the hidden layer is summed to 

form the input to the neurons in subsequent layers after being modified by the appropriate 

connection weights. 

Initially, all the connection weights are randomized. Therefore, the outputs from 

the neurons in the output layer will differ initially from the desired target values. This 
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error difference will then form the basis for updating the weights. Each pattem is taken 

ehher sequentially or randomly from the training data and weights are updated herativdy. 

The general principle behind the most commonly used back-propagation learning methods 

is the delta mle, which essentially minimizes an objective fiinction involving sum of 

squares of the output errors from the network. Another common learning method is the 

vaniUa back-propagation algorithm. Details about this algorithm can be found elsewhere 

[78]. 

The delta mle requires that the sigmoidal fiinction used at each neuron be 

continuously differentiable. This method identifies an error signal associated with each 

neuron for each involving a pattem. Then, the error signal for an arbitrary neuron i in the 

output layer can be written as foUows: 

where Oj p is the desired target output for neuron i and pattem p, and/ ' is the derivative 

of the sigmoidal fiinction used for neuron i. The change in the weight for the connection 

between neuron i and neuron j is given by: 

„^ryV=A<5,,p^y,P + «Av.„ (3.52) 

where P is the learning rate, a is the momentum factor, and n indexes the iteration. The 

error signals for the neurons in the output layer can be easily identified, but the same is not 

tme for the hidden layers. This difficulty is overcome by back-propagating the error signal 

backward through the network. For example, the error signal for the hidden layer can be 

obtained by in the following fashion: 

\p-f<\p)Y\p\k^ (3 53) 

where k represents the neurons to which neuron i in the hidden layer sends hs output. The 

weights are updated as shown in Equation (3.52). 

3.5 Kinetic energv adsorption model for passenger 
restraint (KEAM) 

The maximum energy adsorption capability required of an airbag can be estimated 

based on kinetic energy considerations [99]. The energy to be adsorbed arises from a 
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passenger of known mass whose velocity is suddenly reduced from the speed of his vehicle 

to rest, or zero velocity. The two primary mechanism that appear to be responsible for the 

viscose dissipation of this kinetic energy are the gases flowing through the airbag fabric 

and the biaxial stretching of the fabric. For both mechanisms, the important variables are 

pressure drop across the fabric which creates the gaseous and plastic flows and the 

absolute pressure on the high pressure side of the fabric. The latter pressure is indicative 

of the amount of air avaUable for flow through the fabric as h coUapses. Also, the biaxial 

or viscoelastic stretching of the fabrics is more significant for the smaUer bag volumes. 

Furthermore, the role played by vents and pressure leaks through seams in energy 

dissipation were considered in the KEAM model. 

3.5.1 KEAM-devdopment 

Simulation of the energy adsorption process by these mechanisms, indicated that 

the kinetic energy of a 30 kg (contribution from head and upper body) occupant travehng 

from 13 m/s to 0 m/s during a crash could be adsorbed by an airbag of reasonable size and 

operating characteristics. The airbag pressure-time history is the basis for the occupant 

restraint provided by an airbag, and, hence, influences the level of restraint performance. 

Many researchers have attempted to simulate airbag inflation, including the airbag wave 

form, using airbag inflation models constmcted around thermodynamic and hydrodynamic 

theories. However, most of these airbag models employ complicated theoretical equations 

and are based on numerous assumptions. Consequently, even though these simulation 

programs may compute an airbag pressure wave form that correlates reasonably weU with 

specific experimental results, practical performance of the fabric material during 

deployment is typically ignored. 

Comparison of airbag pressure wave forms for inflation in isolation and inflation 

followed with an impactor or a dummy was shown in Figure 3.2. It was noted that when 

the airbag is inflated in isolation, an initial peak bag-pressure is reached. After reachmg 

this initial peak, a momentary vacuum is observed, followed by subsequent 

repressurization. A second peak is then attained whhin approximately 30 ms, after which 

the pressure graduaUy decreases until h reaches atmospheric pressure In comparison, the 

inflation whh an impactor or a dummy causes the bag to be compressed by contact, 

producing an increase in the bag pressure. When the contact occurs whh the slowly 

deflating airbag, h accelerates the gaseous outflow and thereby begins to dissipate the 

kinetic energy of the passenger. As noted, a fraction of this energy can also be absorbed 

by mechanical stretching of the fabric's fibers. However, h is the fabric's permeabUity and 
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vent system which are of primary importance to energy dissipation [100, 101]. In practice 

the bag-pressure increase is typically in the range of 20-35 kPa depending on the bag's 

volume. The permeability and biaxial performance of the test fabrics over the pressure 

range of 0 to 200 kPa were investigated at five different isothermal temperature levels 

(292°K to 373°K) in this study. 

In order to quantify the contribution to energy dissipation due to the fabric, the 

permeability of the expansible fabric was correlated whh the biaxial stress-strain behavior 

of the fabric. Measurement of this relationship was accomplished by a blister-inflation 

technique [102-104]. When an expansible fabric is stretched biaxially by inflation into a 

spherical segment or "blister," the fabric's stmcture can open up and become more 

permeable, just as h does when an airbag is inflated. 

3.5.1.1 Adsorption of impact energies 

As noted, airbags can adsorb impact energy by four different mechanisms. The 

most obvious is the viscose dissipation of energy due to gases flowing through the fabric 

and vents. Less well defined is the adsorption of energy by biaxial stretching or visco

elastic stretching of the fabric and seams. All four mechanisms, however, require a 

differential pressure across the fabric in order to be activated. An initial pressure 

difference is created by the generation of gases with a pyrotechnique device which is 

activated on impact. Subsequent differential pressures arise from a unique combination of 

impacts between the occupant and the airbag, and from the rate of the release of air 

through the fabric, vents and seams. Hence, a complete history of differential pressure 

versus time is needed to adequately describe the adsorption of impact energies. An insight 

into the airbag's performance can be obtained, however, by some simplifying assumptions. 

3.5.1.2 Impact energv released bv the passenger 

An estimate of the amount of the energy to be adsorbed by the airbag upon impact 

can be calculated from kinetic energy considerations [105]. Given the mass of the 

passenger, plus the assumption that the passenger is traveling at the same speed as the 

automobile (m/s), and finally must come to rest, then the magnitude of the energy being 

released which must be adsorbed can be estimated: 
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where A E ^ . E " change in kinetic energy (J/ms) in going from a velocity U to zero 

velocity. Some or all of this energy must be dissipated. 

M = mass of occupant (kg) 

U = velocity (m/s) 

gc = gravitational constant (9.806 kg.m / kg.f s2) . 

Substitution of the assumed values into Equation 3.54, yields an upper value of energy 

which must be adsorbed by the airbag. However, the time span available for the entire 

energy dissipation was assumed to be 150 ms. Hence, the average rate of energy that 

requires dissipation by the safety restraint system is approximately 32 J/ms. 

3.5.1.3 Energy dissipation by gas flow through the fabric 

Fluid flow dissipates mechanical energy through viscous effects. This is the basis 

for numerous shock absorption devices. For airbags, the viscous dissipation is probably 

the most dominant mechanism by which energy is adsorbed following impact. The energy 

dissipated in this manner can be estimated by the product of the total volume of fluid (air) 

which is forced to flow through the fabric and the differential pressure gradient across the 

fabric which is required to produce the flow. The fluid used in this study was compressed 

air. In order to provide a comparison, all flows were corrected to STP conditions to 

highlight the effects of temperature. 

E y p = Q p ( A P ) . A ^ ^ (3.55) 

where, Ey p = energy dissipated by viscous flow of the fluid (J/ ms) 

Qp = volumetric flow rate of fluid through the fabric (m3[STP]/m2/ ms) 

AP = pressure drop across the fabric (Pa) 

Ax A ^ t^tal area of the permeable fabric in a given airbag (m2). 

Equation 3.55 can be used to estimate the rate of energy dissipation, if the volumetric flow 

rate for a given differential pressure is known. This relationship was determined by a 

bhster-inflation technique developed in our laboratory. This technique simulates a bag that 

is inflated to a certain pressure and which remains at a constant pressure as the gas 

escapes from the bag. In the case of both a drivers side and or a passenger side airbag, a 

34 kPa pressure drop appears to be the critical level from the energy dissipation point of 

view. This pressure level, 34 kPa, was considered as the basis for evaluation of energy 

dissipated in this paper. 

The ratio of Equations 3.54 and 3.55 would given an estimate of the volume of the 

airbag necessary for dissipating the kinetic energy. Since 'Qp' was determined 
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experimentally in our laboratory, an estimate of the energy dissipated through viscous 

flow can be estimated directly. 

3.5.1.4 Energy adsorbed bv biaxial stretching or viscoelastic flow of 
the polymer fiber 

The phenomena of storing energy by elastic deformation is well known in metals. 

Polymers, especially mbbery polymers, can store energy at the molecular level. Whh 

elastomers, the energy storage is achieved after relatively large deformations, but for very 

low modulus materials. Also unlike metals, the modulus of the polymer usually decreases 

with deformation. For both metals and polymers, however, the amount of energy 

dissipated or stored in a unit volume of material can be estimated from the area under a 

stress-stram curve for that material. This area is also referred to as the material's 

toughness when the stress extends to fracture. 

The most obvious feature of fabrics is their inabUity to support compressive loads 

in the plane of the fabric. This inabUity to support compressive loads introduces a strong 

non-linearity into any attempt to approximate fabrics as isotropic or orthotropic continua. 

An additional complicating factor is that the fibers which make up a fabric interact in a 

complex manner which can deviate considerably from continuum behavior. Under uniaxial 

tension, this non-linearity is due to the kinematic interaction between the warp and weft 

threads and their undulation in the unstressed state. However, these effects are greatly 

reduced under biaxial tension. From such biaxial stress-stram curves, the absorbed energy 

due to elasticity (or toughness) can be easily estimated as follows: 

% S = 2^' 'b%)-^T.V (^-^^^ 

where E g g = energy dissipated through biaxial stretching (J/ms) 

<j\) = biaxial stress (Pa) 

e\y = biaxial strain (m/m) 

Vx Y = total volume of the fabric being stretched (m3). Stretching rates are 

different for the coated and uncoated fabrics. 

For mbbery materials (coated fabrics), a linear stress strain relationship does not exist, and 

integration is required. 

ork 
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The biaxial stress-strain curve was generated for each airbag fabric by a blister-inflation 

technique using the fabric of the airbag. It is of interest to note that the adsorbed energy is 

never fiilly recovered with polymeric materials. The viscoelastic effects produced from the 

molecular motions required by the long extensions converts a fraction of the energy to 

heat. When this occurs, plastic flow is generated and the fabric is ehher permanently 

deformed or undergoes a protracted period of recovery. Because there is an elastic 

component of viscoelastic behavior, however, an elastic rebound can also be expected 

with the polymer fabrics. This is observed after the occupant impacts the airbag and some 

of his kinetic energy is adsorbed by hs elasticity. Then at some point in time as his 

forward motion stops, the energy which was stored dastically will push the occupant 

backward in rebound fashion. Since the tissues of the human body are also somewhat 

visco-dastic, they too can store energies of impact and then rebound. In this paper, we 

have assumed that only the airbags have this capability or capacity to adsorb energy via 

visco-dastic extension. 

In order to utUize the energy dissipation equations through the above two 

mechanisms for Ey p and Eg §, the volume of the fabric being stretched by the pressure 

drop across the fabric must be known. In order to simplify the calculations it was assumed 

that the air bag was spherical in shape. On this basis, and a knowledge of the fabric's 

thickness, the volume of the fabric could be calculated from an assumed gas volume for 

the airbag. The energy dissipation of a coated fabric by biaxial stretching was estimated in 

a simUar manner. 

3.5.1.5 Energy dissipation through vents and seams 

The energy adsorption by airbag fabrics due to viscous flow through seams and 

vents was estimated by the same blister-inflation technique. If the seams are assumed to be 

in the shape of a ring, the energy dissipation through seams can be estimated from the 

volumetric flow rate through the fabric, the pressure gradient required for this flow and 

the toms of the inner and outer radius of the airbag seam. 

Eg=(AP.Qg).Ag (3.58) 

where Eg = energy dissipated through seam (J/ms) 

AP = pressure across the airbag (Pa) 

Qs = permeability of the seam (m3[STP]/m2/ms) 

As = area of the seam in an airbag, toms. (m2). 
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On the other hand, a vent, like a controlled tear in the fabric, accounts for much more of 

the air lost. Vents thus aid in adsorbing impact energy even though the total area of the 

vent is very small compared to the fabric's area (>0.1%). In this study, the vent was 

visualized as an orifice through which a jet of air passes. The energy dissipated whh vents 

can be esthnated based on the product of the volumetric flow rate achieved through the 

vent and the pressure gradient required to achieve that flow rate. 

E y = (Qy.AP).A^ (3.59) 

where E y = energy dissipated through the vent (J/ms) 

Qy = volumetric flow rate through a vent of area Ayg^t (m3[STP]/m2/ms) 

AP = pressure across the airbag (Pa) 

Ay = area of the vent (m2). 

The energy adsorbing capability of an airbag is therefore, a combination of these four 

mechanisms. In this paper not much attention is given to experiments designed to study 

the energy adsorption achieved through vents. This was because the investigative team 

beheve that the same amount of energy could just as easily be dissipated through a anbag 

without vents, given a proper fabric design. Even so, the total energy dissipated was 

estimated by the sum in the following equation. 

^Total " ^V.F "^^B.S(Coated) "^^B.S(Uncoated) "^^S "^^V (^'^^^ 

where Exotal ^ ^̂ ^̂ ^ energy dissipated through a given airbag (J/ms). The energy 

dissipated through the biaxial stretching mechanism is divided into two components, i.e., 

through the coated fabric on the top surface and the uncoated fabric in the bottom surface. 

Also, the last term E y goes to zero in a vent-less airbag system. 

3.6 Passenger restraint action model (PRAM) 

The airbag pressure-time history is the basis for the restraint achieved by an airbag. 

Its characteristics influence the total restraint that can be achieved. A simple model based 

on experimental evaluations [106-112] was developed to study the restraint action and the 

factors affecting h during deployment. The passenger restraint action influenced by the 

passenger deceleration and its relationship to pressure-time history was analyzed with this 

model. Since, the objective of this study was to develop a vent-less airbag system for 
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automobiles, the effect of vents on energy dissipation whh respect to time was also 

mvestigated (Chapter V). 

3.6.1 Importance of airbag pressure-time history 

The airbag pressure-time history is an important relationship in the passenger 

restraint performance analysis. This relationship has been simulated by many researchers 

using ah-bag inflation models constmcted around thermodynamic and hydrodynamic 

theories [106-112]. However, in sphe of their utility, the existing models do not shed 

any light on the mechanisms embodied in an airbag restraint system. A basic 

understanding of this mechanism is necessary if improvements are to be made in the 

passenger restraint performance. For example, most of these airbag models employ 

complicated theoretical equations and are based on many assumptions. Consequently, 

even though these simulation programs can compute an airbag pressure wave form that 

corresponds reasonably well with specific experimental resuhs, the actual performance of 

the fabric material during deployment is usually completely ignored. 

A typical airbag pressure wave form comparison between inflation in isolation and 

mflation foUowed with an impactor/dummy is shown in Figure 3.10. When the airbag is 

inflated in isolation, an initial peak bag-pressure is reached. After reaching this initial 

peak, a momentary vacuum occurs in the bag, foUowed by subsequent normal 

repressurization. A second peak is attained within approximately 30 msec, after which the 

pressure gradually decreases until it reaches atmospheric pressure. In comparison, the 

inflation with an impactor/dummy sequence causes the bag to be compressed by contact, 

producmg an increase in the experimental bag pressure. With dummies, the contact shows 

that the slowly deflating airbag accelerates gaseous outflow and thereby should help 

dissipate the kinetic energy of the passenger. A fraction of this energy can also be 

absorbed by mechanical stretching of the fabric's fibers. However, the fabric's 

permeability and/or vent system is of primary importance to energy dissipation. In 

practice the maximum bag-pressure increase is typically in the range of 10-15 Psi. 

3.6.2 Development of PRAM 

To better understand the effects of various factors affecting the airbag pressure 

history, a simple numerical model was developed. The different phenomena that affect the 

airbag pressure history can be broadly classified as: (1) gas exhaust characteristics; (2) gas 

inflow behavior; and (3) bag related parameters. The gas exhaust characteristics are 

controUed by the gross permeability of the fabrics, the number of vents and the size of the 
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vents. The gas inflow behavior is dependent on both the temperature of the gas and the 

mass flow rate of the gas. Bag related parameters depend on the volume of the bag and hs 

shape. The relationship between bag parameters and gas exhaust properties (permeability 

of the fabric and vents) can be analyzed by the KEAM model developed eariier in section 

3.4. 

The performance of airbags is conceptually simple: a bag made out ofa soft fabric 

is inflated to dissipate the energy during an accident. Behind this simple concept the 

engineering embodied is very specific and complex. Many attempts have been made to 

simulate the airbag pressure-time history in the past. Most of these were based on 

thermodynamic theories [105-111]. However, most of these models are computationally 

mtensive and are very complicated. Even though some of the models can simulate this 

history to the degree that it is in agreement with experimental evaluations, the forces of 

interaction between the occupant and the airbag has not been so clearly addressed or 

clarified. Therefore, the objective of this attempt was to developed a simple numerical 

model to analyze the interaction between the occupant and the airbag after impact. 

The anbag pressure-time history was simulated to help facilitate the analysis. Most 

of the important factors affecting airbag response have been addressed in earher 

pubhcations [113-120]. The fabric-material model based on artificial neural networks 

(FMRM) was next integrated with the kinetic energy adsorption model (KEAM) to 

analyze the relationship between the viscose and visco-dastic effects on energy dissipation 

with respect to the fabric properties. The outputs from these two models were then used 

to develop a final simulation for analyzing the passenger-airbag interactions. 

3.6.2.1 Airbag pressure-time historv 

A typical airbag pressure wave form comparison between a airbag inflation in 

isolation and inflation followed with an impactor/dummy was shown in Figure 3.2. When 

the airbag is inflated in isolation, an initial peak bag-pressure is reached. After reaching 

this initial peak, a momentary vacuum occurs in the bag, followed by subsequent normal 

repressurization. A second peak is attained whhin approximately 30 msec, after which the 

pressure gradually decreases until h reaches atmospheric pressure By comparison, the 

inflation whh an impactor/dummy causes the bag to be compressed by contact (after about 

50 msec). The compression produces an increase in the bag pressure. However, the 

contact between the impactor and the slowly deflating airbag accelerates gaseous outflow 

from the bag, and thereby helps dissipate the kinetic energy of the passenger. Gaseous 

outflow is through the fabric or specially constmcted vents and accounts for most of the 
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energy dissipation. A fraction of the energy can also be absorbed by mechanical 

stretching of the fabric's fibers. In practice the bag-pressure increase is typically in the 

range of 10-15 Psi. 

3.6.2.2 Factors affecting airbag pressure-time history 

The interaction between the airbag and the occupant is a very complex process and 

any attempt to model the interactions between the passenger and the airbag require many 

bold assumptions. The many factors that affect the airbag pressure-time history can be 

broadly classified into three characteristics pertaining to the airbag, the gas exhaust and 

gas inflow characteristics. The factors affecting bag characteristics are the volume of the 

bag required for a particular fabric of choice. This can be evaluated by the KEAM model. 

The shape of bag has no effect on the pressure-time history. The gas exhaust 

characteristics are affected by the permeabihty of the fabric (seam and vent) and the total 

area and number of airbag vents. The shape of the vent has no effect on the exhaust 

characteristics. The gas dynamics are affected by the temperature and flowrate of the gas. 

The overall effects of each of these factors can be easily assessed with the proposed 

simulation. 

3.6.2.3 PRAM simulation program 

In order to study the passenger restraint action during deployment of an airbag the 

pressure-time history of the inflation process was simulated. A schematic of the PRAM 

model setup is shown in Figure 3.8. The model proposed here consists ofa cylinder with 

a diameter equal to the airbag's diameter, DA(m), a flat impactor, and, an airbag of volume 

VB(m3). An impactor of mass, mi(kg), and area, Ai(m2), represents the 

passenger/occupant in the simulated crash environment. It is assumed that the impactor 

forms a tight seal with the waUs of the cylinder so that the exhaust gases from the airbag 

(through fabric, vents and seams) can be released to the atmosphere only though the vent 

of area, Av(m2), provided at the bottom of the cylinder. During operation, when the 

impactor traveling at a velocity vi(m/s) comes in contact with the inflating anbag, the 

continued displacement of the impactor, X(m) compresses the gases in the bag. Hence, 

the bag pressure, PB(N/m2), increases forcing the gas to exhaust through the fabric and 

vents. 

From the schematic, the change in the volume of the airbag, Vg, can be related to 

the displacement of the impactor, X, through the following relationship. 
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^ = -(A,ff.Vj) (3.61) 

where A f̂if is the effective area of contact (m2) between the impactor and the airbag and 

VI (m/s) is the velocity of the impactor. The negative sign indicates a reduction in bag 

volume. The effective area of contact between the airbag and the impactor can also be 

written in terms of the displacement of the impactor, X(m). The relationship which was 

used in this model was the experimentally determined relationship reported by Nefske 

[106]. 

^ ^ = 41.666 (3.62) 
AX ^ ^ 

Here the differential displacement, AX, is in inches and the effective differential area of 

contact, AA f̂f, is in inch2. 

When the impactor comes in contact with the inflating airbag, the force exerted by 

the impactor on the airbag is quite different from the force the airbag apphes to restrain 

the impactor. Only when the effective contact area between them is equal will the forces 

be identical. The force exerted by the airbag on the inflator can be estimated from a 

knowledge of the airbag pressure and the effective area of contact between them. 

FA=(PB-PA)Aeff (3^3) 

where F/^ is the force (N) exerted by the airbag on the impactor, PB(N/m2) is the 

instantaneous airbag pressure at a given elapse of time, PA(N/m2) [^ ^he atmospheric 

pressure, and A^ff (m2), is the effective area of contact between the airbag and the 

hnpactor at that time. It is important to note that A f̂f changes whh displacement as 

given by the relation in Equation 3.62. 

In a similar fashion, the force exerted by the impactor on the airbag can be 

estimated from the knowledge of the mass, velocity and displacement of the impactor. 

Fx = mx—7y-, (3.64) 
dt^ 

where Fj is the force (N) exerted by the impactor on the airbag, mj is the mass of the 

impactor (kg), and, X is the displacement of the impactor (m) at a given time, t (msec). 
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Under ideal condhions for restraint, |FAI = |Fi|, and Equations 3.63 and 3.64 can 
be combined as follows: 

2 

( P B - P A ) A e f f = n > I ^ (3 65) 
at 

Equations 3.61 and 3.65 can now be solved to obtain a differential equation of the 

following form: 

A 
^ = ( % - P A ) 

^- 2^ 
êff 

. "^I , 
(3.66) 

If Pg is the pressure of the airbag when no gas starts to exhaust from the bag, then 

the bag pressure, PB|(N/m2), after a time, X\, following an interval. At, from a certain 

time, t, can be estimated from the total bag pressure loss due to leakage. 

P g l ^ P g - A P ^ (3.67) 

where APx is the total bag pressure loss due to leakage through the entire airbag module. 

Under the same condition of zero gas exhaust, the relationship between the bag 

pressure, Pg^, and volume, Vg^, at a certain time, t, and the same relationship between 

P£ and V£ after a time, t +At, can be estimated from the equation of state, if an ideal gas 

assumption is used. 

PBtVBt=PE^E- (3 68) 

Under the exhaust condhions, the gases in an airbag can be released by viscous 

flow of gases through the fabric, vent and seams. An estimate of these three mechanisms 

can be evaluated through the kinetic energy adsorption model. This evaluation is based on 

the theory of blister inflation. Hence, the total leakage rate in an airbag under the 

conditions described in this model can be written as follows: 

AP^ = (AP'P +AP'y +AP'g). At (3.69) 

where APx is the combined total pressure loss due to leakage (N/m2), AP'p is the pressure 

loss rate through the permeable fabric (N/m2/s), AP'y is the pressure loss rate through the 

vent (N/m2/s), and, AP's is the pressure loss rate through the seam (N/m2/s) over a time 
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span of At msec. All three pressure loss rates can be estimated by the blister-inflation 

technique. Solving Equations 3.67-3.69 we can write an expression for change in airbag 

pressure as a fiinction of time. 

dP B 
dt 

Bt 
rdVg^ 

V 
dt 

J 

-(K) (3.70) 

Here K is a constant and can be estimated from Equation 3.69 as (APx / At). The change 

in bag pressure with time can be estimated by solving Equation 3.70. In this case a 

complete numerical simulation was carried out by solving all of the above equations. 

Outputs from the two models, i.e., the fabric material response model (FMRM) and the 

kinetic energy adsorption model (KEAM), were used in the proposed simulation. A 

systematic integration of these models is shown in Figure 3.11. 
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Figure 3.1 Airbag pressure wave form in the presence of Hybrid III dummy. 
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Figure 3.2 Airbag pressure-time history m isolation and with a dummy. 
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Figure 3.3 Structure of an arbitrary neuron. 
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Figure 3.5 Schematic of a feed-forward neural network 
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Figure 3.7 Feed-forward networks 
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Figure 3.8 Original Marquardt-Levenberg algorithm 
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Figure 3.10 Schematic of the PRAM model setup 
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CHAPTER IV 

EXPERIMENT 

4.1 Standards for evaluation of airbag fabrics 

ASTM has been active in the standardization of test methods and practices for the 

fabric and occupant safety restraint industries [107]. But the ASTM standard [D737-75] 

developed for measuring fabric permeability specifies an extremely low pressure drop of 

0.5 inches of water, a constant temperature of 70°F and a controUed humidity of 65% 

[108]. These conditions tacitly recognize the given effects of the many variables that 

affect the performance of the airbags. Their imposition is intended to encourage 

repeatability and reliability of data obtained from different investigators from various 

laboratories. However, safety airbags are usually deployed under a range of condhions 

outside the scope of these standards. Hence, a new technique called bhster-inflation [109] 

championed by Chrysler Motors, but developed in our laboratory, was used for this 

purpose, since the standard test conditions do not adequately predict performance. 

4.2 Blister-inflation technique 

The bhster mflation technique is a quasi-steady state measurement m which a 

bhster is created by a pressure drop across the fabric. A constant pressure drop is 

maintained while data on permeability and biaxial-strain are recorded. These biaxial 

characteristics are important since they directly impact on the energy dissipation of a 

distended fabric [109]. It is important to note in this study that the bhster inflation 

technique did not extend to fabric rupture. In fact, except for the combinations of high 

pressure drop and high temperatures, deformations of the fabrics are primarily elastic in 

nature. 

4.2.1 Description of bhster-inflation apparatus 

In this experiment, a flat sheet of test fabric was deformed with compressed air 

mto an expanded blister. A schematic diagram of the experimental apparatus is shown in 

Figure 4.1. The basic components of the apparatus comprise the blister-jig assembly. The 

sample jig hself consisted of two metal plates, both with a centered, beveled hole of 

diameter, D = 0.075 m. The test fabric of thickness, do, was clamped between the plates 

which were then bolted together to form a tight seal at the edge of the hole. As shown, 

the compressed air which was used to form the blister passed through a pressure 

regulator, a manual valve, a Speedaire® moisture trap, and a heat exchanger prior to 
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entering the bhster-jig assembly. A pressure gage whh the smallest division of 0.5 Psi 

(3.44 kPa), to determine P, was poshioned in the line downstream of the moisture trap. 

A thermocouple was placed on the high pressure side of the fabric to determine the 

temperature, T, of the inflating gas. The bhster height, h, was measured manually. The 

volumetric flow rate of air passing through a given test fabric for a given differential 

pressure drop was measured with a Taylor® anemometer. This instrument was calibrated 

for a flow range of 0.094 m^/s to 1.400 m^/s. The experimental data were reduced for 

each sample and the permeability at STP as a fimction of pressure drop and temperature 

was determined. By converting the permeation rates to standard temperature and 

pressure, only the temperature response of the fabric should be highlighted. 

4.3 Fabric materials 

Woven fabrics has been the material of choice for materials used in safety air bag 

construction. In this study, experimental results on the performance of polyamides, 

namely high tensile strength nylon 6 and nylon 6,6, and thermoplastic polyester fabrics are 

fiimished. In addition to the good engineering properties of their constituent fibers, the 

chosen fabric must be compatible with the design constraints required in the construction 

and performance of airbags. For example, questions have arisen as to the performance of 

a given fabric at extreme environmental temperatures. In order to assess overaU 

performance and answer such questions, a series of permeability experiments and biaxial 

stress-strain measurements were performed at different isotherms on these fabrics. Fabric 

characteristics and their respective lot numbers are given in Table 4.1 for the fabrics 

investigated in this research effort. 

4.4 BaU-burst experiments with Instron Tester 

BaU-burst experiments were carried out whh an Instron tester. The Instron tester 

(Figure 4.2) is capable of performing tensile tests at selected, constant extension rates. 

The effect of change in biaxial properties with the cross-head rate was evaluated at speeds 

ranging from 0.5 "/min to 50"/min. The recording chart and the cross-head movement 

drive were set to preselected speeds. The force-elongation data was recorded by the X-Y 

plotter attached to the instrument console. The biaxial stress-strain behavior during baU-

burst, breaking properties and the tenacity of the fabrics were calculated from these 

experiments. The biaxial stress-strain curves from these experiments were less steeper 

compared to similar curves obtained in blister-inflation. 
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4.5 Abrasion resistance 

The performance of nylon 6,6 and nylon 6 fabrics often have been compared within 

the global bias as h pertains to their use as reinforcement cords in automobUe tire 

applications. However, the discussions about the softness advantage one nylon has over 

the other in airbag applications becomes irrelevant. This is because of the high 

deployment velochies of airbags. Even so, the objective of this work was to clarify the 

misconceptions about different fabrics which exist in the airbag industry. Hence, a 

comparison of the abrasion resistance between fabrics woven from different types of 

polymeric fibers was undertaken. The standard ASTM-D3886-92 was adopted for this 

purpose. This is a multidirectional abrasion resistance method with a load of one pound 

was used. These tests were performed in a Stoll flat abrasion tester. 

4.6 Test plan 

Different fabric specifications given in Table 4.1 were investigated for various 

proprietary reasons. Overall, the prime objective was a better understanding the 

performance of these fabrics under typical airbag deployment conditions. Most of the 

fabrics were investigated over a pressure drop range of 0-200 kPa, and a temperature 

range of 281°K to 323°K. In the bhster-inflation experiments, the fabric's permeability and 

biaxial stress-strain behavior was determined. As mentioned in section 3.1.2, an efficient 

artificial neural network became the basis foe a fabric material model. The ANN was 

developed from the experimental findings. The output from this model was then used to 

estimate the kinetic energy dissipation characteristics of airbags woven from the 

investigated fabrics using the KEAM model. A relationship between various airbag 

characteristics that affect the restraint were developed. Finally, the output from the above 

two models was used to study the restraint action between the airbag and the occupant 

usmg the PRAM model. Many intricate details about the mechanisms involved with the 

achieved restramt were analyzed. Details about these finding are detailed in Chapter V. 

Estimation of various fabric properties pertaining to airbags are highlighted in the 

foUowing sections. 

4.7 Estimation of permeabilitv and biaxial stress-strain 
of various components of an airbag 

As mentioned earlier, permeability of the fabric was measured by blister-inflation 

technique developed in our laboratory. A fabric sample of 10 in x 10 in dimension was 

sandwiched between the two metal plates in the sample jig. A tight seal was secured by 
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bolting all the four sides of the metal plates. The sample jig was then secured tightly in the 

glass-housmg of the blister-inflation apparatus. A differential pressure was maintained by 

creatmg a bhster in the fabric sample. As mentioned eariier, this is a quasi-steady state 

measurement in which the blister was maintained for a certain time until the permeability 

and blister height of the fabric for a certain pressure drop was recorded. From the 

measured blister height for a certain pressure differential across the fabric, the biaxial 

stress-strain relationship was calculated using Equations 3.1 and 3.2 which were presented 

in Chapter III. 

The top surfaces of the driver's side airbags are coated with isoprene or sihcone to 

help prevent the high temperature exposure of the occupant. The coated fabric, seam and 

vent in an airbag were also investigated with the blister-inflation technique. Samples with 

these fabric features were cut from an actual driver's side airbag. Similarly, samples were 

obtained from a passenger side airbag for evaluation. Determination of the permeabUity 

and blister height for a coated fabric was similar to that used for an uncoated fabric, as 

mentioned earlier. The permeability of seams were measured by inserting a sample of the 

seam in a special sample holder to properly secure the seams because of the uneven seam 

thickness. But, the permeability obtained from a seam would be a composite permeabUity 

of the seam and the fabric. The effect of the fabric was then mathematically factored out 

to highlight the leak through the seam as described below. 

The sample jig exposes a circular crossection of the fabric with seam to a pressure 

created by the inflating gas. The seam is assumed to traverse the sample on a diagonal. 

The equations used to calculate permeabUity of a seam as a fiinction of the seam length 

[109] can be written as foUows for the passenger side airbag (no coated fabrics are used 

this application). 
"(QsiOpTA 

d 
Q = (4.1) 

In contrast, the drivers side airbag consisted of two different fabrics; the top surface is 

coated and the bottom surface is a permeable fabric. Hence, a permeability through this 

sample should be corrected for the area of the coated fabric (coated fabrics are 

impermeable until a pressure drop of 30 kPa) as shown below, 
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Q = 
Qs * A - Q T ; * 

. 2 , 
(4.2) 

In Equation 4.1 and 4.2, 

Qs = composhe volumetric flow rate of the seam and the fabric (ft̂  {STP}/ ft^/ 

min) 

O F = volumetric flow rate thorough the fabric (ft̂  {STP}/ ft^/ min) 

A = surface area of the fabric sample (ft^) 

d = length of the seam (ft) 

In the case of vents, the effects of the total area of the vent on energy dissipation was 

investigated with the blister-inflation technique. The vents were properly reinforced whh 

a coated fabric as in the actual airbag. (Even so, some muhiaxial deformations were 

observed.) Also, a special bhster-jig was used to secure a tight seal as under investigation 

of airbag seams. Hence, the experimental permeability corrected to the area of the vent 

would appear as vertical lines compared to the fabric's permeability curves. 
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Table 4.1 Physical characteristics of test fabrics 

Material 

Nylon 66 

Nylon 6 

LOT 

# 

1 

2 

4 

6 

7 

8 

9 

3 

Denier 

840-D 

420-D 

630-D 

840-D 

315-D 

315-D 

420-D 

420-D 

420-D 

420-D 

420-D 

420-D 

420-D 

630-D 

840-D 

315-D 

420-D 

630-D 

840-D 

420-D 

Weave Count 

32x32 

49x49 

41.5x41.5 

32x32 

66x59 

66x61 

49x49 

52x52 

72x46 

55.4x55 

46x46 

46x46 

46x46 

35x35 

38x38 

60x60 

49x49 

41x41 

32x32 

49x49 

Weave-Type 

Paradym 

Rip-stop 

Plain 

Plain 

Rip-stop 

Plain 

Plain 

Plain 

Cross-TwiU 

Plain 

Plain 

Plain 

Plain 

Plain 

Plain 

Paradox 

Plain 

Fancy 

Plain 

Rip-stop 

Plain 

Suppher 

Milliken 

Milliken 

JPS 

Milliken 

MiUiken 

JPS 

Milliken 

Highland 

JPS 

JPS 

Milliken 

Milliken 

MiUiken 

Milliken 

Milliken 

Alhed 

Signal 
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Table 4.1 continued 

Polyester 

2 

4 

5 

440-D 

44-D 

650-D 

650-D 

420-D 

420-D 

420-D 

420-D 

420-D 

420-D 

50x50 

49x49 

41x41 

44x44 

54 X 51(F) 

54 X 52 (F) 

60 X 56 (C) 

59 X 57 (U) 

55 X 53 (F) 

53 X 51(F) 

calendered 

Uncalendered 

Calendered 

Uncalendered 

Dobby-dot 

Dobby-dot 

Plain 

Plain 

Dobby-dot 

Dobby-dot 

JPS 

Milliken 

JPS 

JPS 

Samples from Milliken 

Nylon 6,6 

• 

420-D 

630-D 

840-D 

315-D 

49x49 

42x42 

32x32 

60x60 

Fancy 

Plain 

Rip-stop 

Plain 

Samples from Hoechst Celanese: 

Nylon 6,6 

Polyester 1 

420-D 

630-D 

840-D 

650-D 

650-D 

72x46 

42x42 

32x32 

42x42 

42x42 

Plain 

Plain 

Rip-stop 

Uncalendered 

Calendered 

Samples from Allied Signal: 

Nylon 6 

Nylon 6,6 

420-D 

630-D 

630-D 

315-D 

840-D 

49x49 

35x35 

41x41 

58x58 

25x25 

Plain 

Plain 

Plain 

Plain 

Plain 
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Figure 4.1 Schematic of blister-inflation apparatus 
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Model 1122 

Figure 4.2 Instron testing machine 
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CHAPTER V 

EXPERIMENTAL RESULTS AND DISCUSSIONS 

5.1 General discussion 

The purpose of this work was to present a resume of the necessary characteristics 

of fabrics used in construction of airbags. The purpose of an airbag in a automobile is to 

protect the occupant agamst high 'G' loads. Under such safety applications, reliability and 

repeatability have been prime resolves. These airbags should deploy very rapidly at 

temperatures from -20 to +180°F after having been highly compressed into a smaU cavity 

for periods of up to at least 10 years of dormancy. The first, and probably most obvious 

requirement is to control the gas permeabUity of the fabrics to a desired level. Hence, 

there should be a controUed gas retention during the extremely rapid gas pressure build up 

and a similar controlled gas release once the airbag is fijlly inflated. The complete inflation 

of the anbag occurs in less than 30 msec and the later release of the gas through the 

fabric/vent occurs in about 100 to 120 msec. The airbag inflation processes are tuned m 

such a way that the occupant comes in contact with the airbag only after a complete 

mflation of the latter. Hence, the energy dissipation achieved through an airbag made 

from a particular fabric can be translated to the fabric's permeability. A novel 'bhster-

inflation' technique was developed at Texas Tech for quantifying the permeabUity of the 

fabric under biaxial condhions. 

This chapter covers the experimental results from three different experiments: 

bhster-inflation, ball-burst and abrasion resistance. The data generated by the blister-

inflation experiments were fabric permeability and the biaxial stress-strain characteristics 

of the commercial and experimental fabrics. The ball-burst experiments highhghted the 

effects of strain rate on biaxial stress-strain behavior and provided an estimation on 

tenacity of the woven fabrics. Also, a comparison between the bhster-inflation and ball-

burst analysis was attempted based on the relevance of these two tests to air bag 

deployment rate during actual deployment. Finally, the "softness" qualhies of the fabrics 

were compared based on their performance in abrasion resistance experiments conducted 

with a StoU abrasion tester. 

5 2 Biaxial deformation of airbag fabrics 

As mentioned eariier in Chapter IV, viscous gas flow through the permeable fabric 

or specially constructed vents and the viscoelastic, biaxial stretching of the fabric are the 

two primary mechanisms by which energy is dissipated by impact with an airbag. The 
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viscous air flow and biaxial stretching characteristics were estimated using the blister-

inflation approach. The effects produced by other fabric variables, such as the fabric 

denier, weave count, yam content, finish on permeability and biaxial stress-strain 

characteristics were correlated through a neural network model. The effects of the strain 

rate on biaxial deformation of airbag fabrics were investigated with the ball-burst test 

using an Instron tester. Also, since the fabrics were taken to failure in the baU-burst test, 

the tenacity of the fabric's fibers were evaluated. A Stole abrasion tester was used to 

compare the softness qualities of the individual fabrics woven from different polymeric 

fibers. 

5.3 Estimation of permeability and biaxial 
stress-strain characteristics of airbag fabrics 

PermeabUities for all the fabrics listed Table 4.1 were experimentally evaluated by 

the bhster-inflation approach. Blister-inflation is a quasi-steady state measurement in 

which a blister is created by maintaining a differential pressure across the fabric. While a 

specific pressure drop was maintained across the fabric, the amount of air flow through 

the fabric was recorded by the anemometer placed on the low pressure side of the fabric. 

Also, the height of the blister generated for a given pressure drop was measured manually. 

A 0.254 X 0.254 m sample was used throughout this study. Permeability resuhs are 

presented in this section for the two polyamides (nylon 6,6 and nylon 6), a high strength 

polyethylene therepthalate (PET, polyesters) and selected cotton fabrics. 

5.4 RepeatabUitv of experimental permeability resuhs 
with blister-inflation technique 

An attempt was made to establish the reliability and the repeatability of the blister-

inflation experiments. Because of the complexities involved, h was suspected that 

variations can and do occur both within observations and as a result of fluctuations in 

temperature and pressure levels. To investigate these variations, three temperature and 

pressure drop levels were arbitrarily selected as operating conditions, and five different 

fabrics were used to estimate the permeability under these condhions with one sample 

replication in each estimation. A list of the five fabrics selected is given in Table 5.1. In 

all, three nylon fabrics and two polyester fabrics were selected. 

A 3x3 factorial analysis of treatments (FAT) of completely randomized design 

approach was used in the case of nylon fabrics to investigate the effects of temperature 

(Factor A), pressure drop (Factor B) and fabric denier (Factor C). The randomly selected 

levels for these factors were 8°C, 50°C and 75°C for factor A (temperature), 17.23 kPa 
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(3.5 Psi), 34.47 kPa (5.0 Psi) and 104.42 kPa (15 Psi) for factor B (pressure drop) and, 

420, 630, 840 denier for factor C (fabric denier). In the case of polyesters, factors A and B 

remained the same. But, since both the polyester fabric samples were of same denier and 

differed only in their finish, the effect of calendering (finish) was considered as factor C. 

Hence, factor C was only at two levels. The two and three factor interactions between the 

three factors were also estimated. 

The experimental data for both the nylon and polyester fabrics are given in Table 

5.2. A separate analysis was carried out for the nylon and polyester fabrics because of the 

uneven factorial design. The analysis of variance (ANOVA) resuhs from the factorial 

analysis for the three nylon 6,6 fabrics are shown in Table 5.3. Since each of the factors 

was at three levels, the number of degrees of freedom for each factor was 2. Whh one 

rephcation, the total number of degrees of freedom was 53. Hence, there were 27 degrees 

of freedom for the error component. The calculated R^ value of 0.998 indicated that the 

model describes 99.8% of the experimental variability. The rms error and the coefficient 

of variation (CV) were 6.429 and 3.815, respectively. These values are very small 

considering an experiment of this nature. The LSD, Duncan, SNK and Tukey options 

were exercised to test for significance between the factor levels, but these results are not 

presented here. Rather a more detailed experimental evaluation of these variables is given 

in the later chapters. Moreover, an analysis on confounding interaction effects can be 

found elsewhere [110]. The residual and normal probability plots were used to check the 

spread and normality of the experimental data. The data did not show any trend in the 

residual plot; also, the probability plot was found to be a straight line. 

The obtained ANOVA resuhs for the two polyester fabrics are given in Table 5.4. 

In this analysis, since the factor C was at two levels, the degree of freedom for C was 1, 

compared to 2 for the factors A and B. With one replication the total number of degrees 

of freedom was 35; and 24 for the error, 11 for the model. After confounding some of the 

interaction effects, the model accounted for 99.7% variability. The rms error and 

coefficient of variation (CV) values were 7.94 and 5.39, respectively. These quanthies are 

higher than the equivalent values obtained for a similar analysis carried out for nylons, but 

are stUl of very small magnitude for this experiment. No trend was observed in the 

residual plot for these polyester fabrics. 

Even though this statistical analysis did not highlight the effect of temperature on 

permeabUity, hs significance can be easily understood in the foUowing chapters. 

Moreover, based on these statistical tests it was concluded that the repeatability of 

experiments whh blister-inflation was good. 
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5.5 Permeabilitv and biaxial deformation at 
room temperature 

Permeability of the fabrics in Lot #1 and #2 were evaluated only at room 

temperature over a pressure drop range of 3.5 to 200 kPa (0.5 to 30 Psi). Samples for 

these two lots cover a wide range of properties that are of interest for passive restraint 

applications. Permeability evaluations were primarily used to eliminate fabrics at both the 

extremes. FoUowing these two lots, addhional fabric samples were evaluated at five 

different temperatures ranging from 8°C to 100°C. Also, having justified the repeatabUity 

of the permeability measurements with the developed blister-inflation apparatus, only one 

evaluation was performed for each sample. 

Permeability isotherms at room temperature for the four fabrics in Lot # 1, namely, 

paradym, 840 denier, 630 denier and 420 denier are shown in Figure 5.1. Based on this 

figure, the permeability isotherms of the three fabrics apart from the 840-D fabric seem to 

be identical. This was surprising considering the fact that the 840-D fabric is supposed to 

exhibh a higher porosity than the other three. These resuhs prompted a closer look into 

the fabric weave and yam content of the fabric. This particular 840-D fabric was actually 

found to be of a much tighter weave constmction than the other three fabrics. Also, the 

weave count of the paradym, 630-D and 420-D fabric was very similar in this lot. 

Moreover, the increase in permeability of the higher denier fabrics, 840-D and 630-D, 

were very steep after a pressure drop of = 100 kPa was reached in the apparatus. 

This phenomena was even more obvious in Figure 5.2. This figure is a plot of the 

biaxial stress-strain behavior during blister formation. The 630-D fabric was found to be 

somewhat stififer than the other three fabrics. Also, the 840-D fabric was found to have a 

higher modulus than the paradym and the 420-D fabric. The 840-D and 420-D fabric 

were found to behave in a similar manner after a pressure drop of 137 kPa (20 Psi) was 

attamed across the fabric. This type of behavior is indicative of the role played by initial 

fiber reahgnment during biaxial deformation of the fabrics. 

ShnUar permeability isotherms for the 420 denier fabrics in Lot #2 are shown in 

Figure 5.3. Three different 420-D fabrics with weave counts of 49 x 49, 52 x 52 and 72 x 

46 are considered in this figure. All three fabrics were of plain weave constmction. The 

first two fabrics behaved similariy since both the fabrics exhibhed identical cover factors. 

Hence, an increase in the weave count from 49 x 49 to 52 x 52 did not produce a 

significant effect apart from increasing the weight of the fabric. However, the third fabric 

whh a 72 X 46 constmction seem to exhibh a much lower permeability values indicating a 
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decrease m the porosity of the fabric. Also, the permeability isotherm was found to curve 

downward at high pressure drop levels. 

The biaxial stress-strain behavior of the same three 420 denier fabrics are shown in 

Figure 5.4. As can be seen in this figure, during the initial fiber reahgnment, the stress-

strain curves look very similar for all the three fabrics. However, the third fabric (72 x 46) 

appeared to exhibh a lower stififiiess in comparison to other two fabrics. Further, the 

biaxial modulus decreased at a steady rate for this fabric. 

For comparison purposes, the permeability isotherms for the reduced denier fabrics 

namely, 315-D are shown in Figure 5.5, along whh the permeabilities for the 630 and 840 

denier fabrics. Recently with the introduction of the lighter 630-D fabrics into the airbag 

market, the heavier 840-D fabrics in the passenger side airbag applications are slowly 

being replaced. The reason behind this replacement is obvious from the Figure 5.5. Both 

the fabrics behaved in an identical manner. The 840-D fabric also has a ripstop weave, 

whereas the 630-D fabric has a plain weave constmction. 

In the Figure 5.5, even though the two 315-D fabrics had a similar weave count, 

their performance was found to be drastically different. Actually, one of these fabrics was 

produced by J. P. Stevens and the other one was woven by MiUiken. The differences were 

assumed to be due to the differences in the heat treatment procedures employed by each 

manufacturer. Another example of such difference in physical properties for supposedly 

the same fabrics can be seen in 420 denier fabrics obtained from three different 

manufacturers. This behavior is explained later in section 5.6. 

The biaxial stress-strain behaviors of these four fabrics are shown in Figure 5.6. 

The biaxial stress-strain curves for the two 315-D fabrics are very similar and nearly 

identical in shape. Hence, it can be concluded that the finish on the fabric has little effect 

on the biaxial deformation process, but can introduce a drastic change in the porosity of 

the fabric. The latter plays a major role on energy adsorption. As expected, both the 840-

D and 630-D fabrics exhibhed much higher stiffness than the 315-D series, with the former 

(630-D) bemg shghtly stififer than the 840-D fabric. However, stiffness appears to have 

very httle hnpact on the airbag's performance except for folding and compacting. 

Fmally, the isothermal permeability curves for the four polyester fabrics from lot # 

2 are given in Figure 5.7. Two different deniers, namely, 440 and 630, were considered in 

the polyester fabrics. The effects of calendering on both the permeability and biaxial 

stress-strain characteristics were investigated. The 440-D fabric with a 50 x 50 

constmction and the 630-D fabric with a 44 x 44 weave count were the two calendered 

fabrics. All four fabrics were of plain weave constmction. Whh calendering, the 
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individual fiber bundles conform to one another, and assume an elliptical configuration 

rather than the circular configuration. This increases the cover factor of the fabrics 

resuhing in a decrease in the initial fabric porosity. In general, the decrease in permeability 

was higher for the higher denier fabrics. This conclusion is possible since both the fabrics 

were of similar constmction and weave count. 

The biaxial stress-strain curves for the above four fabrics are shown in Figure 5.8. 

All four fabrics exhibhed a similar behavior whh the calendering producing in a slight 

increase in the stiffness of the fabric. In general, the polyester fabrics ofa given denier are 

much stififer than the nylon 6,6 or nylon 6 fabrics. A comparison in performance between 

these three fabrics of similar constmction and physical characteristics is given in the 

foUowing section. 

5.6 Comparison in biaxial deformation of fabrics 
woven from different polymeric fibers 

PermeabUity and biaxial stress strain comparisons between fabrics woven from 

nylon 6,6, nylon 6 and polyester fibers of similar physical characteristics was the subject of 

the presentation by the author at ANTEC'94 in San Francisco [111]. As mentioned 

earher, all three fabrics which were tested had similar physical characteristics (i.e., the 

weave count, weave type, and the denier of the constituent fibers), but were manufactured 

from different polymer fibers (nylon 66, nylon 6, and polyester). Generally, one would 

expect the permeability of those fabrics manufactured from the stififer fibers to be less 

sensitive to pressure drop changes across the fabric. Thus, as the pressure drop is 

increased, they should have less tendency to stretch and open up in the biaxial stress field. 

The experimental data were reduced for each sample, and the volumetric 

permeabilities were corrected to STP for the different pressure drops and temperatures. 

For a given fabric and isotherm, the permeability of all three fabrics as a fimction of 

pressure drop across the fabric remained essentially linear over a pressure drop range of 0 

kPa (0 Psi) to 206.85 kPa (30 Psi). This behavior is shown in Figure 5.9 for the nylon 6 

fabric. The hnear relationship over this pressure range is indicative of the behavior of 

expansion of the fabric with temperature variation. Moreover, the predictability of this 

hnear behavior is especially desirable for airbag design, particularly in the repressuration 

region of the bag's pressure-time history curve [112]. Ideally, the passenger comes in 

contact with the airbag during this stage of hs deployment. 

A better insight into fabric's performance, however, can be obtained from studies 

of the variation of the permeability whh temperature for a given isobar. Under these 
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condhions, the experimentally determined permeability data appeared to pass through a 

maximum with respect to temperature. This maximum became more pronounced at the 

higher pressure drops (isobars). These data, four points per isobar, were fit by a 

interpolation which is represented by the solid lines shown on the graph. Typical data are 

shown for each of the three fabrics in Figures 5.10, 5.11, and 5.12. Despite the sparsity of 

data, there is an indication that the permeabUhies pass through a maximum with respect to 

temperature for a given isobar. This maximum was whhin ± 10% of the documented glass 

transhion temperature, Tg, for these polymeric fibers. There may also be a minimum for 

permeability as the temperature is increased well beyond the glass transition temperature 

of the polymeric material, but the data set is too sparse to establish this trend. If a 

minimum does exist h should be due to the combination of several influences, including 

the coefficient of thermal expansion or to the increased viscoelastic nature of the fabric 

fibers above the Tg. This behavior is reported for other fabrics in the foUowing chapters. 

All of these fabrics were woven with an ordinary orthogonal alignment. Hence, 

fiber bundles in the plane of the fabric are ehher paraUel or perpendicular to one another. 

Biaxial strain imphes simuhaneous strain in the orthogonal directions. However, for a 

single fiber and a given strain, the total elongation will be greatest in the direction of the 

fibers axis. For example, suppose a fiber is 10 cm long and 0.01 cm in diameter. A one 

percent tensile strain in the axial direction wiU elongate the fiber 0.1 cm. At the same 

thne, the diameter of the elongated fiber, having a Poisson's ratio of 0.4, decreases by 

0.00004 cm or 0.4 percent. Based on this behavior any biaxial stress should tend to open 

up the fabric and produce a higher permeability. 

5.6.1 Permeability characteristics for low pressure 
drop experiments 

For all three samples subjected to pressure drops of less than 35 kPa, a slight 

increase in their permeability was observed near 50°C. This temperature is in the glass 

transition range for the nylon polymers. Conceptually the fabric first appears to undergo 

minor adjustments in fiber alignment under a biaxial stress field over the pressure drop 

range of 0 kPa (0 Psi) to 34.47 kPa (5 Psi). For this pressure range and for temperatures 

below the glass transhion temperature, the fabric fibers exhibhed linear-permeabUity 

isobars. After attaining a maximum in permeability near the glass transhion temperature, 

the permeability of the fabrics was observed to decrease with fiirther increases in the 

temperature for a given isobar. This was assumed to be due to deformation and spreading 

of the fiber bundles from circular to elliptical cross sections. However, no microscopy 
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tests were performed to confirm this. Over the low range pressure drops the 

permeabUities of nylon 66 and polyester were comparable, while the nylon 6 fabric 

appeared to exhibh much more expansibUity and, hence, a higher permeability. This is 

undoubtedly due in part to the higher stiffness exhibhed by the former two fabrics in 

comparison to the nylon 6. 

5.6.2 PermeabUity in high pressure drop experiments 

The effect of temperature was much more pronounced at the higher isobars (P >70 

kPa) as shown in Figures 5.10, 5.11, and 5.12. Similar behavior was observed during 

earher investigations [113]. The most elevated isobars for this temperature range can be 

described as "beU-shape" permeability profiles, whh the maxima occurring somewhere 

near the glass transhion temperature. Permeability is reduced whh either increases or 

decreases in temperature away from the general Tg region. We believe that this reduction 

in permeabUity is due to fiber spreading and changes in configuration of the polymer 

bundles that make up the fabric. For example at temperatures above the Tg region, the 

fiber bundles appear to change from a circular to an elliptical configuration. Also in the 

case of nylons the Tg wiU vary whh moisture [114] (Tg = 50°C @ 6.4%> moisture and 

70°C @ 0% moisture). 

As mentioned earlier for the low pressure drop experiments, the effect of 

temperature on the permeability of the polyester (PET) fabric was insignificant. Hence, 

the low isobaric curves for this fabric remain essentially horizontal irrespective of the 

degree of temperature increase. However, for the higher pressure drop experiments, the 

slopes of the permeability curves for polyester were observed to increase whh an increase 

in temperature. This is an indication of inelastic deformation of the fabric for the higher 

isobaric pressure drops [113]. This behavior was also assumed to be indicative of an 

increased compactness of the fibers in the fabric due to an increase in temperature above 

the fiber's glass transhion temperature. Moreover the thermal expansion coefficient of the 

fibers increases whh temperature due to softening. This resuhs in a general collapse of the 

fiber bundles and crowding of the individual fibers. 

The concave shaped behavior of the permeability isobars observed for both the 

nylon 66 and polyester fabrics was discernible only at the highest pressure drops in the 

nylon 6 fabric. Moreover, the permeability for the nylon 6 at this high pressure drop could 

not be measured whh the current apparatus for temperatures around the glass transhion 

temperatures. Hence these data do not appear in Figure 5.12, but the expected trend is 

indicated whh dashed lines. 
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5.6.3 Biaxial stress-strain behavior during " blister " formation 

The differences in the behavior of the fabric under biaxial tests are shown in 

comparison whh uniaxial tests in Figure 5.13. As shown in the figure the biaxial stress 

varies hnearly whh biaxial strain. The biaxial stress-strain behavior as determined by air 

inflation (bhster-inflation) at room temperature for each of the three fabrics is also shown 

in Figure 5.13. The six data points on each graph reflect the six, discrete pressure drop 

levels selected for the experiment; they are 34.47 kPa, 68.95 kPa, 103.42 kPa, 137.9 kPa, 

172.37 kPa and 206.85 kPa. The slope of the tensUe stress-strain plot can be assumed to 

be a measure of the tensUe stififiiess of the material. Correspondingly the area under the 

stress-strain curve is an indication of the energy required per unit volume of fabric to 

produce deformation. As mentioned earher, the permeability of each fabric increased with 

an increase in openness (biaxial stretching). For the same steady state inflation pressure 

and pressure drop, the order of increased openness as reflected by permeability was; 

polyester (least), nylon 66 and then nylon 6. The physical-mechanical characteristics of 

the fabrics required to produce an increase in permeability of the above order can be easily 

surmised from the slopes of the curves in Figure 5.13. The polyester fabric was the stififest 

of the three samples tested, and hence required higher stress fields to cause deformation 

[113]. In comparison, the nylon 6 fabric underwent significant deformation even for the 

lowest stress fields. 

Having mvestigated the fimdamental permeability-biaxial stress-strain behavior for 

the fabrics, h was decided to perform a similar investigation at extreme temperature levels 

encountered during airbag deployment. Results from such investigations are addressed in 

the foUowmg chapters under separate subdivisions for polymeric fiber source. 

5.7 Investigation on biaxial deformation of 
nylon 6.6 fabrics 

Apart from the resuhs presented in the earlier section, many more fabric samples 

were mvestigated for their applicability as a material of constmction in restraint devices 

(ah-bags). A hst of these fabrics was given in Chapter IV. Of all the fabrics evaluated at 

room temperature, other potential fabrics along whh the recently introduced fabrics, like 

fancy and dobby-dot weave, were also analyzed over a wider temperature (8°C to 100°C) 

and pressure drop ranges (3.4 kPa to 200 kPa). The permeability and biaxial stress-strain 

relationship of the nylon 6,6 fabrics are presented in the foUowing sections. 
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5.7.1 315 denier fabrics 

A 315-D nylon 6,6 fabric whh a 60 x 60 weave count was investigated over a 

temperature range of 8°C to 100°C and a pressure range of 3.4 kPa to 200 kPa. The 315-

D fabric was of lower tensile strength in comparison to the 420-D fabric and because of 

this reason h has not been widely utilized in the airbag industry. However, one such 

promising fabric from Milliken & Company with a 'fancy' weave was found to behave 

ahnost identically to the regular 420-D fabric whh a 49 x 49 weave count. In the 

following sections, the permeability resuhs from each fabric sample is discussed under two 

separate sections of a) low pressure drop experiments which covers pressure drop range 

of 3.4 kPa to 62.0 kPa, and b) high pressure drop experiments which cover a pressure 

drop range of 75 kPa to 200 kPa. 

5.7.1.1 Low pressure drop experiments 

The 315-D fabric was the only material that exhibited a positive increase in 

permeability when the temperature of the inflating gas was increased from 8°C to 50°C. 

This is shown in Figure 5.14. The permeabUity of this fabric at and below 25°C could not 

be detected m the blister inflation apparatus until pressure drops on excess of 13.7 kPa 

was used. A maximum in the permeabUity was observed around 50°C for the inflating 

gas. This peak became more obvious at pressure drops exceeding 34.4 kPa. However, 

with fiirther increases in temperature above the glass transition temperature, the 

permeability again decreased drastically. This behavior of low denier nylon fabrics around 

Tg, was reported in earher publications [115]. We beheve that with an increase in 

pressure and temperature above Tg, the individual fiber bundles expand/swell and 

transform into an elliptical crossection from their initial circular crossections, thus 

resulting in increase in the cover-factor of the fabric. 

5.7.1.2 High pressure drop experiments 

The behavior of the 315-D fabric with an increase in pressure drop from 62.0 kPa 

to 200 kPa is shown in Figure 5.15. The permeability of this fabric at temperatures below 

room temperatures, i.e., at 8°C, was higher than the recorded permeability at room 

temperatures. This behavior creates a change in slope from poshive to negative at higher 

pressure drops in this temperature range as reported in the authors' eariier publications 

[115]. We beheve that the low denier fibers shrink whh reduced temperatures and, hence, 

cause the stretched fabric to exhibit increased openness. The distinctive permeabUity peaks 

around the glass transition temperatures, Tg, for nylons (50°C to 75°C) were more 
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pronounced at the higher pressure drops. Once again, however, the permeability was 

observed to drop dramatically following temperature increases above the Tg range. 

5.71.3 Biaxial stress-strain behavior 

The biaxial stress-strain characteristics of the 315-D fabric are shown in Figure 

5.16, along with three different denier fabrics. Typically, for any fabric under biaxial 

deformation, the characteristic biaxial curve can be divided into three separate sections. 

Fnst, there is a period where all the fabrics undergo some realignment of the fiber bundles 

due to the differential pressure. In this region, no significant difference between the 

fabrics was noticed, apart from the fact that the fabric modulus increases at a very steep 

rate. Second, the stiffness of the fabric due to realignment of the fibers decreases and the 

fibers actually start to undergo some biaxial deformation. In this second phase, each fabric 

behaves m a very dififerent manner because of the synergistic effect of the many fabric 

characteristics. At the end of this second phase, the fabrics have undergone a maximum 

biaxial strain for an incremental change in the biaxial stress experienced by the fabric. 

Finally, all the fabrics exhibit a continuous increase in the biaxial stress, which is solely 

controlled by the modulus of the fiber. These three regions are clearly differentiated in 

Figure 5.16. It is important to note that the slope of region I and III are comparable for 

most fabrics. 

The performance of the 420-D fabric in this figure is uniquely dififerent because of 

a new weave called a 'fancy' weave. A fancy weave increases the stiffness of the fabric to 

a large extent. The change in biaxial strain of the fabric with differential pressure is shown 

in Figure 5.17 for the same four fabrics. In this figure, the first region during bhster 

formation is divided into two phases, which Ulustrates the initial increase in the modulus 

just due to fiber reahgnment (region I) and the later due to fiber alignment and the 

beginning of deformation of the fabric (region la). In this figure, with fiirther increases in 

differential pressure across the fabric, a sudden change in the slope of the curve was 

noticed m the transhion region between phases la and II. 

5.7.2 420 denier fabrics 

In the 420 denier series, fabrics whh five dififerent constmctions were evaluated. 

Also, the need for the dififerent manufacturers to perhaps standardized their procedures is 

Ulustrated in Section 5.7.2.5 through comparisons ofa 420-D fabric whh a 46 x 46 weave 

count and the same physical characteristics, but manufactured by three different suppliers, 

namely; MiUiken, J. P. Stevens and Highland Industries. 
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5.7.2.1 420-D fabric whh a 49 x 49 weave count and plain weave 

The performance of a 420-D nylon 6,6 fabric with a 49 x 49 weave count and a 

plain weave was presented in discussions foUowing Figure 5.10. This particular material 

has become one of the standard fabrics used on the driver's side airbag apphcation because 

of hs high specific strength over different constraints encountered in this driver's side 

restraint application. 

5.7.2.2 420-D fabric with a 49 x 49 weave count and fancy weave 

Recently a new fabric weave called as fancy weave was developed and introduced 

to the airbag market by Milliken & Company. They first introduced a 420-D fabric with 

this new weave and author is thankfiil to Milliken & Company for fiimishing this new 

fabric for evaluation. Higher denier fabrics whh this weave were found to be promising, 

but the results cannot be discussed due to proprietary reasons. 

5.7.2.2.1 Low pressure drop experiments. 

The permeability-isobars for the 420-D fancy weave fabric are shown in Figure 

5.18. In the differential pressure range of 3.4 to 62 kPa, the permeability of the fabric 

decreased at a steady rate whh an Increase in inflating gas temperature. This decline was 

in the range of 50 to 220 (ft^{STP}/ ffil min) over the pressure range presented in Figure 

5.18. No permeability peaks was noticed around the glass transhion temperature for this 

fabric. The observed permeability over any given differential pressure was more for this 

fancy weave compared to a plain weave whh a similar weave count presented in Figure 

5.10. The permeability level recorded for this particular fabric make h an ideal candidate 

for a vent-less airbag application. 

5.7.2.2.2 High pressure drop experiments. 

A small permeability peak was noticed in the upper glass transhion region as 

shown m Figure 5.19. However, this was not sufficiently significant (+80 ft^fSTP}/ ffil 

min) to cause any substantial changes during inflation. Further increases in temperature 

above the transition region upto 100°C resulted in a decrease in permeability/porosity. 

This decline ranged from 220 to 400 (ft3{STP}/ ffil min) in the pressure drop range 

presented here (75 to 100 kPa). At high differential pressures, the permeability at 50°C 

and 100°C was very similar indicating that permeability does not decline with temperature 
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for this fabric after glass transhion region. This could be an ideal fabric for airbags if the 

same behavior could be achieved at low pressures. 

5.7.2.2.3 Biaxial stress-strain behavior. 

The biaxial stress-strain behavior for this fabric is shown in Figures 5.16 and 5.17 

as indicated in the earlier discussions. In general, the 420-D fabrics were found to be less 

stiff than the 630-D and the 840-D fabrics. Such a comparison was reported in the 

authors' earlier publications [116,117]. But a close inspection of Figure 5.16 reveals 

some contradictions for this new fancy weave in regions I and II. Also, a rather smooth 

increase in the biaxial strain of the fabric was observed whh pressure (Figure 5.17). This 

indicates that there is controlled fiber realignment in this particular fabric. This 

characteristic was substantiated by a constant stiffness maintained during blister formation. 

5.7.2.3 420-D fabric with a 72 x 46 weave count and plain weave 

The performance ofa 420-D, 72 x 46 weave count fabric at room temperature was 

presented in discussions foUowing Figure 5.3. In this section the investigation of a 

Hoechst Celanese fabric, with a 72 x 46 constmction, over a wide temperature range is 

presented. The permeabUity-isobars for this sample are shown in Figure 5.20. This fabric 

was of a plain weave constmction. Hence, a comparison of this fabric with the 49 x 49 

constmction presented in Figure 5.10 should give the effect of increase in weave count on 

permeabihty. In comparison to the 49 x 49, there is an increase of 40% yam content for 

every square inch of the 72 x 46 fabric. As can be noted in Figure 5.20, this increase in 

yam content of the fabric resuhed in a substantial decrease in the permeability of this 

fabric. On an average, the permeability decreased by 500 (ft^{STP}/ ft^/ min) in this 

fabric. Also, a fiirther significant decrease in the permeability of the fabric was once again 

noticed when the temperature of the inflating gas was above the glass transition region. 

The biaxial stress-strain behavior of this particular fabric is shown in Figure 5.21, 

along with four other fabrics to be considered later. As mentioned earlier, the 420-D 

fabric was found to be less stiff than a 840-D fabric. The three transhion regions created 

during blister formation were not as distinguishable for this fabric. 

5.7.2.4 420-D fabric with a 55 x 55 weave count and plain weave 

This fabric is a unique nylon 6,6 fabric. It exhibhed a very steep decline in porosity 

with increase in inflating gas temperature as shown in Figure 5.22. At high differential 

pressures, permeability of this fabric at 8°C was twice hs permeability at 100°C. No 
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permeabUity peaks at glass transition temperature or atypical behavior were observed at 

ehher extremes of temperature for this fabric. The biaxial stress-strain characteristics of 

this fabric is shown in Figure 5.23. Biaxial stress and biaxial strain increased smoothly 

with pressure differential in this fabric. 

5.7.2.5 420-D fabrics from dififerent manufacturers with a 46 x 46 
weave count and plain weave 

In this section, test resuhs for three fabrics with similar physical properties but 

supplied by different manufacturers (Milliken, J. P. Stevens and Highland) are compared 

to emphasize the need for the development of standard procedures among the fabric 

manufacturers for quality assurance. This section also illustrates how misleading the 

physical characteristics might be if one were to design a safety restraint system. 

The permeability-isobars are shown in Figures 5.24, 5.25, and 5.26, respectively, 

for the fabrics supplied by Milliken, J. P. Stevens and Highland Industries. These three 

fabrics exhibited rather astounding behavior around the glass transition region for nylons. 

Further, the variance in permeability values at a given temperature and pressure drop was 

significant to place the emphasis on consistency. Also, the biaxial stress-strain 

characteristics were inconsistent (Figure 5.27). As can be seen (Figure 5.27), the 

performance of these three fabrics in the three regions was totally inconsistent. 

These differences may be due to the difference in the amount of sizing agents used, 

filament content of the yam, dwell time, heat time, etc. It is also possible to achieve a 

targeted cover factor, with lower count yam, but, this will result in a different fabric 

behavior due to the difference in concentration of the filaments in individual warp/fill. 

Hence, the difference can be attributed to any of these variables if the procedures are not 

standardized. 

5.7.3 630 denier fabrics 

Whh then recent introduction into the airbag market, the 630 denier fabrics have 

been widely investigated as the possible replacement for the heavier 840 denier fabrics. 

With this fabric the sacrifice in strength appears insignificant. Three 630 denier fabrics 

were investigated in this research. All the fabrics had a plain weave constmction, but whh 

a difference in the weave count; namely 42 x 42 (H.C), 41x41 (MiUiken) and 35 x 35 (J 

PS). 

The first two fabrics behaved in a similar manner even though they were from 

dififerent suppliers as shown Figures 5.28, 5.29, and 5.30, respectively. In both the fabrics, 
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permeabUity decreased steadily whh an increase in inflating gas temperature. A maximum 

dechne m slope was observed whh an increase in temperature above 50°C. A weak 

permeability maximum was observed for both fabrics at around the glass transhion 

temperature of nylons. At the higher level of glass transhion region (70°C), permeability 

of both the fabrics was lower than their permeability at 100°C. 

The biaxial stress-strain behavior of these two fabrics is shown in Figures 5.16 and 

5.21, respectively. Their overall behavior was identical whh the three transhion regions 

occurring at the same biaxial strain levels. 

The permeability-isobars for the third fabric with a 35 x 35 weave count is shown 

in Figure 5.31. This fabric also exhibhed a permeability peak around 50°C and a 

permeabUity trough (minimum) around 75°C. But, an increase in temperature above the 

trough (75°C) resuhed in an slight increase in permeabUity at the higher differential 

pressures. The biaxial stress-strain graph for this fabric is shown in Figure 5.32. No 

distinctive regions could be identified for this fabric. Biaxial stress seems to increase at a 

smooth rate with differential pressure. 

5.7.4 840 denier fabrics 

The 840-D fabrics are usually highly permeable and are used for the passenger side 

airbag apphcations. With the passenger side airbag, the design constraints encountered 

are minimal compared to the driver side airbag. Also, the volume of the passenger side 

airbag is almost double than the driver side airbag, as is the distance between the occupant 

and the airbag module. The passenger side airbags are not coated on the top surface 

because no heat shielding is required on this application due to significant cooling 

achieved during expansion of the gas into the airbag. Typically, a ripstop weave fabric is 

employed for this application because of the unique strength advantage for this weave. 

Four different 840 denier fabrics were investigated: two 32 x 32 ripstop from different 

supphers, a new paradox weave with a 38 x 38 count, and a 25 x 25 weave count plain 

weave fabric used typically for coating applications. 

5.7.4.1 Ripstop weave 

Two 840 denier nylon 6,6 fabrics with a ripstop weave, but supplied by different 

manufacturers were investigated. Both the fabrics behaved in a very similar manner over 

the investigated operating condhions as shown in Figures 5.33-5.35. With increases in 

inflating gas temperature, the permeability was observed to decrease at a steady rate. A 

rather small permeability peak was observed in the glass-transition temperature range, but 
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only at high differential pressures. Permeabihty below the room temperature level (8°C) 

was higher than that observed at the room temperature level. This was possibly due to an 

increase m porosity of the fabrics caused by the shrinking of the fiber bundles. A contrary 

effect was noticed at the other temperature extreme (100°C), because this temperature 

was above the glass transhion of the nylons. Above the glass-transition temperature, the 

fiber bundles sweU in their diameter resuhing in a decrease in the fabric porosity. At the 

high differential pressures, permeabUity peaks were observed towards the upper glass-

transition region (70°C) of the nylons. The greatest decline in slope of the permeability-

isobar was in the transhion from 8°C to 25°C. 

The biaxial stress-strain behavior of one of the ripstop fabric is shown in Figure 

5.21. This fabric exhibhed a modulus similar to the polyester fabrics presented in the later 

sections. The initial stififiiess determined for the ripstop fabric was the highest reported 

among nylon 6,6 fabrics [118]. This fabric exhibhed three distinct regions of transition 

during bhster creation. A fit of the experimental data below 34 kPa (5 Psi) yielded a 

fabric flexural modulus of 2 x 10^ kPa. This value is in the midrange of the values 

reported in the hterature for the bulk nylon 6,6 [118]. 

5.7.4.2 Paradox weave 

A paradox weave represents a new constmction in the textile industry as far as 

airbag apphcations are considered. This paradox fabric has a 38 x 38 weave count, which 

compared to the tradhional 32 x32 used with ripstop weave. 

5.7.4.2.1 Low pressure drop experiments. 

The permeability isobars for the low pressure drop experiments are shown in 

Figure 5.36. This fabric with a paradox weave behaved in a different manner in 

comparison to the ripstop fabric. Its permeability decreased drastically as the glass-

transition region was approached. This dechne was observed to be maintained over the 

enth-e glass-transhion region (50°C to 70°C). But, with fiirther increases in temperature, 

the permeabUity increased at a steep rate in the low pressure drop experiments. Also, the 

permeabUity increases with the reduction of temperature below room temperature were 

not significant in this fabric. 

5.7.4.2.2 High pressure drop experiments 

Resuhs from the high pressure drop experiments are shown in Figure 3.37. At 

high differential pressures, the permeability isobars seem to decrease at a steady rate with 
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temperature untU the upper glass transhion region (70°C) was reached. Whh increases in 

temperature above this level, a slight increase in the fabric porosity was evident. The 

greatest decline in the slope of the permeability isobars was noticed in the transhion 

temperature region 50°C to 75°C. 

5.7.4.2.3 Biaxial stress-strain behavior 

A comparison of the biaxial stress-strain behavior of the paradox fabric with the 

ripstop is shown in Figure 3.38. Even though the biaxial stress-strain curve for both the 

fabrics appear identical, a closer observation of the fabrics reveals that the higher biaxial 

stress and strain (higher stiffness) for a given differential pressure for the paradox fabric. 

5.7.4.3 Plain weave 

This plain weave 840-D fabric with 25 x 25 weave count is typically used as the 

fabric for coating applications. With 840-D fibers and at such a low fiber 

concentration/unit area, this fabric has one of the lowest weaves encountered in this study. 

This fabric was, however, evaluated in a similar manner as the other 840-D fabric reported 

earlier in section 5.4. 

Permeability-isobars for the low drop experiments is shown in Figure 5.39. As 

mentioned earher, the initial fabric porosity was very high in this fabric. As a result, this 

fabric exhibhed the highest permeability for any temperature and/or pressure drop level. A 

steady dechne in the permeabUity isobars was observed with increases in the inflation gas 

temperature. This behavior was also observed for the higher pressure drop experiments as 

shown in Figure 5.40. 

Biaxial stress-strain behavior of this fabric, in comparison to the ripstop fabric, is 

shown in Figure 5.41. As expected the plain weave fabric demonstrated a much lower 

stififiiess m comparison to the ripstop fabric. The three transition regions were also 

observed in this sample. 

5.8 Investigation of biaxial deformation of nylon 6 

fabrics 

Tradhionally nylon 6,6 has been the material of choice for safety airbags. In 

general, all nylon fibers exhibits high specific strength, abrasion resistance and toughness 

or energy absorption properties. The aging characteristics of the nylons are also very 

good. Several comparisons between polyester fabrics and nylon 6,6 fabrics have been 

outhned in the authors' eariier publication [119]. However, polyester fibers are known to 
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offer two key advantages over nylons in another passive restraint application: seat behs. 

In this apphcation the non-hygroscopic and non-dimensional change of polyester whh 

temperature is highly desirable. However, the normal operating conditions for airbag 

fabrics present a very different and more taxing environment than does the seat belt 

apphcation. For airbag constraints nylons have proven to be superior. Nylon's greater 

biaxial elongation due to lower stiffness offers a unique advantage in airbag apphcation by 

providmg more uniform biaxial stress distribution. Further, their hygroscopic nature 

provides some addhional quenching of the hot gases generated by the airbag's 

pyrotechnique inflator. Absorption of moisture by nylon also helps to lower the glass 

transition temperature of the polymer. The lower Tg can increase the permeability at 

lower temperatures and provide pneumatic damping action of the airbags, especially in 

vent-less airbag modules. 

While most differences between polyester and nylon fabrics are clear and well 

understood, differences between the two nylons are not. An understanding of the 

difference between both types of nylons is needed before they can be criticaUy compared 

with respect to their biaxial properties. Even though both nylons are composed of six 

carbon atoms in their polyamide chain, they exhibh a difference in the orientation of the 

amide linkage. This difference results in a higher crystaUinity in nylon 6,6. Based on 

airbag restraint requirements, the lower crystaUinity of the nylon 6 may offer a unique 

advantage due to the potential for greater flexibility. However, comparisons of the 

"softness" of the fabric has become mute in airbag apphcations, since injuries due to bag 

slap have been found to be mitigated by other reinforcements. Also, the difference in 

melting points between the two nylons is of little relevance, since both have identical glass 

transhion regions and both exhibh diminishing gas permeabihties above this temperatures. 

The critical difference in performance between the two nylons is suspected to be due to 

their basic stmctural differences. These differences which arise from the amide hnkage, 

seem to favor of nylon 6 for airbag apphcations. In the published lherature, comparison 

between the three types of fabrics nylon 6,6, polyester and nylon 6 were based on 

toughness, softness, mehing temperature range, bag-slap, etc. These comparisons are 

somewhat meaningless, however, because of various reasons pertaming to unique 

operating condhions to which the airbag fabrics are exposed. For example, the toughness 

of both types of nylons are well above the expected performance levels needed for airbags. 

Also, the difference in the melting point temperature between the two nylons does not 

represent any unique advantage in the airbag apphcation since the bags are never intended 

meh. On some occasions, however, the fabric may be burnt completely due to a projected 
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stream of hot gases in a particular area of the fabric. This may also resuh when hot 

particulate fly ash become embedded in the fabric. 

In general, however, the fabrics become soft above 50°C and their permeabihty 

decreases dramatically above the glass transhion region. The problems due to bag-slap, 

caused by the forces created during deployment of airbags can be offset by providing 

tethers m the airbags. This appears to be the only way for maintaining the correct distance 

between the airbag and the occupant. Hence, the discussion about the softness advantage 

is hrelevant for the high deployment velocities. 

The fabrics were tested at five different isothermal temperatures (8°C, 25°C, 50°C, 

75°C and 100°C). The experimental volumetric permeability data were corrected to STP 

for different pressure drops and temperature for all of the experimental data in order to 

highlight the temperature effect. The temperature of the compressed air used for inflation 

was maintained with the use of a heat exchanger. The observed behaviors of the three 

nylon 6 fabrics are discussed under two separate sections: (1) low pressure drop (0-62 

kPa) experiments and (2) high pressure drop experiments (62-200 kPa). They are then 

contrasted with nylon 6,6 fabrics of similar constmction in the section following the 

discussions. 

5.8.1 Low pressure drop experiments 

The 420-D fabric exhibhed a steady decline in permeability with an increase in 

temperature from 8°C to 100°C as shown in Figure 5.42. No permeability peaks were 

observed in the glass transhion region of the nylon 6 (50°C) in comparison to nylon 6,6 

fabrics of similar constmction described in the authors' earher pubhcations [119]. When 

the pressure differential was above 34 kPa (5 Psi), a decrease in permeability was 

observed around 50°C. The region of transhion in the nylon 6,6 fabrics was reported to 

be in the temperature range of 50°C to 75°C [118]. Increases in temperature above this 

transition region of the nylon 6 fabrics resuhed in a steady decline in permeabUity. This 

behavior is due to the synergetic effect of temperature and pressure on transforming fiber 

bundles from a circular to a elliptical configuration and thereby reducing the porosity of 

the fabric. The same behavior was noticed with temperature levels below room 

temperature and pressure drops above 34 kPa (5 Psi). This is thought to be due to the 

sweUing of the fiber bundles that resuhs in an increase in cover factor of the fabric. 

Furthermore, this is aided by the hygroscopic and the biaxial extension nature of nylon 6 

fiber bundles. 
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The 630-D nylon 6 fabric with 35x35 weave count behaved in a manner similar to 

a nylon 6,6 fabric whh essentially the same constmction [120]. In this fabric a 

permeabUity peak was observed at the upper end of the transition region as shown in 

Figure 5.43. With fiirther increases in temperature above the transhion region, the 

permeability decreased as was reported for other fabrics [120]. At temperatures below 

room temperature, the permeabUity decreased in a manner similar to that reported for the 

earher 420D fabric. 

The second 630-D nylon 6 fabric with a 41 x 41 weave count behaved much like 

the higher denier fabrics used in passenger side airbag apphcations, namely, the 840 denier 

series [113]. This fabric with a high weave count could be the ideal replacement for the 

heavier 840D fabrics. This fabric did not exhibh any noticeable permeabUity peak around 

the glass transition region (Figure 5.44). Moreover, permeability decreased steadily with 

increases m temperature. Even though the biaxial extension of the nylon 6 fibers was 

more than that of the nylon 6,6 fibers, this 630-D fabric exhibhed an increase in 

permeabihty with decreases in temperature below room temperature. 

5.8.2 High pressure drop experiments 

For in the 420-D fabric, the lower transhion temperature region (50°C) displayed a 

steady decline in permeability. In the upper transhion region, however, the fiber bundles 

appeared to shrink with increases in temperature, and the biaxially stretched fabric exhibhs 

an increase in porosity as shown in Figure 5.45. At both extreme temperature levels, 

permeabUity decreased with temperature gradients in the poshive and negative directions. 

This nylon 6 fabric exhibhed a continuous change in slope for the permeability isobars. A 

much steeper decrease in permeability isobars was observed for temperatures above glass 

transition. 

The 630-D nylon 6 fabric whh a 35 x 35 weave count behaved similarly to the 

420D fabric at high pressure drops, exhibhing a change in slope from negative to positive 

at the lower transition temperature level of 50°C (Figure 5.46). Whh a fiirther increase in 

temperature above the glass transition (50°C) to 75°C, permeability increased. But above 

this transition region, permeability decreased at a steady rate. 

The second 630-D nylon 6 fabric with a 41 x 41 weave exhibhed a steady decline 

in permeability with increases in temperature from 8°C to 100°C as shown in Figure 5.47. 

The overall permeability behavior at high pressure drops was different from that observed 

for the low pressure drop experiments. In general this fabric was less permeable than the 

earher fabric of the same denier. 
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5.8.3 Comparison of permeability behavior of 
nylon 6 and nylon 6,6 fabrics 

The permeability behavior of a 420-D nylon 6,6 fabric of similar constmction to 

the earlier nylon 6 fabric is shown in Figure 5.48. For the nylon 6,6 fabric around the 

glass transhion region, permeabUity increases whh temperature. But with a further 

mcrease m temperature above 75°C, a steady decline in permeability isobars was observed. 

In general, this fabric exhibited lower permeabilities when compared to the nylon 6 fabric 

considered earlier. A significant difference in permeability performance below the room 

temperature level was noticed in the nylon 6,6 fabric. In general, the nylon 6,6 fiber is 

more crystalhne than the nylon 6 fiber. This is evident in the lower temperature 

performance of this nylon 6,6 fabric. Whh the lowering of temperature below room 

temperature, the fiber bundles sweU in diameter and the porosity of the fabric decreases 

due to limited biaxial extension. 

The 630-D nylon 6,6 fabric with a 35 x 35 weave count behaved in a manner 

simUar to the nylon 6 fabric of same weave count as shown in Figure 5.49. The behavior 

around the glass transition region and at both extreme temperature levels was also 

comparable. However, this nylon 6,6 fabric had a much lower permeability in comparison 

to its nylon 6 counterpart. We believe this was due to the basic difference in the biaxial 

extension properties of the nylon 6 fabrics. 

The second 630-D nylon 6,6 fabric with a 41 x 41 weave count also behaved in a 

manner similar to the nylon 6 fabric of the same weave count. At the higher pressure drop 

levels, the decrease in permeabUity with temperature from 8°C to 100°C was around 350 

ft3/ft2{STP}/min (Figure 5.50) compared to 450 ft3/ft2{STP}/min for the earher nylon 6 

fabric in Figure 5.48. But the steep decline in the permeability of the fabric around the 

glass transition region was similar for both the fabrics. 

5.8.4 Biaxial stress-strain behavior of nylon 6 fabrics 

The biaxial stress-strain behavior exhibhed by the nylon 6 fabrics during bhster-

mflation experiments is presented in this section. It is important to remember that in the 

bhster-inflation tests the fabrics are not taken to mpture. As mentioned eariier, the blister 

approach is a quasi-steady state measurement wherein a blister is maintained until the 

necessary experimental parameters are recorded. In this technique, therefore, the fabrics 

are sensitive in the lower biaxial strain range, i.e., 2 to 8%. Biaxial stress-strain behavior 

at room temperature should be sufficient from a modeling design perspective [121]; 
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however, because of the comparison objective in this section, the evaluations were carried 

out at aU temperature levels in order to correlate the observed permeability behavior. 

The observed biaxial stress-strain behavior for the 420-D nylon 6 fabric is shown in 

Figure 5.51 for all temperature levels. In general, aU the fabrics undergo some fiber 

realignment in the lower pressure drop range of 0-34 kPa (5 Psi). The synergetic efifect of 

the temperature and pressure drop is very complicated and is dependent on various fiber 

and fabric properties. An understanding of this is necessary in order to correlate the 

observed permeability behavior whh the biaxial deformation process. The 420-D nylon 6 

fabric exhibited a much stififer behavior at room temperature and the lower temperature 

levels. With an increase in temperature above room temperature, however, this fabric 

exhibhed a much higher biaxial strain development for a given biaxial stress that was 

observed. This represents a decline in the modulus of the fabric. Such behavior can be 

correlated to the earlier reported permeability behavior around the glass transition region 

for this particular fabric. 

In the 630-D nylon 6 fabric whh a 35 x 35 weave count, the biaxial stress-strain 

behavior was similar at 8°C and 50°C temperature levels for both the low and high 

pressure drop experiments as depicted in Figure 5.52. The stiffness of the fabric at 75°C 

and 100°C temperature levels is very similar at low pressure drop levels (0-62 kPa). But 

with an increase in temperature to 100°C, the stiffness increases at a steady rate. This 

behavior for stiffness can be correlated to the earlier reported permeability behavior. 

The second 630-D nylon 6 fabric with a 41 x 41 weave count exhibhed a steady 

increase in biaxial strain with an increase in temperature. This increase resuhed in a 

considerable reduction in the stififiiess (modulus) of the fabric as shown in Figure 5.53. 

This correlates whh the observed steady decrease in the experimental permeability isobars. 

5.8.5 Comparison of biaxial stress-strain behavior of 
nylon 6 and nylon 6,6 fabric 

The biaxial performances of all three nylon 6 fabrics with the nylon 6,6 fabrics are 

presented only at room temperature levels: A comparison of the 420-D series fabrics 

woven from nylon 6 and from nylon 6,6 fiber is shown in Figure 5.54. In this figure the 

biaxial performance of a 420-D polyester fabric with a plain weave is also included to 

differentiate between the developed biaxial stress fields between these three fibers. The 

polyester fabric is generally of much higher modulus than the nylons [113]. The biaxial 

stress-strain behavior graphed here is for a pressure drop range of 0-200 kPa (0-30 Psi). 

Among the nylons, fabrics woven from nylon 6 fibers exhibit a lower flexural modulus, 
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and, hence, exhibh a much higher elongation or biaxial strain development for a given 

biaxial stress or differential pressure [113]. In fact, the difference in flexural modulus for 

nylon 6,6 was found to be more than twice that of nylon 6 fiber [120]. At a 199 kPa (30 

Psi) pressure differential the biaxial extension of nylon 6,6 was 3.8% compared to 7.9% 

observed for nylon 6 fabrics of similar constmction. 

A similar comparison for the 630-D nylons whh a 35 x 35 weave count is shown in 

Figure 5.55. The biaxial modulus of both the nylons 6 and 6,6 were of similar magnitude 

untU a pressure drop of 34 kPa (5 Psi). But with a further increase in differential pressure 

above 34 kPa, the stififiiess of the nylon 6 fabric decreases at a steady rate. By contrast, 

the nylon 6,6 fabric exhibhed a steady increase in fabric stiffness. At 199 kPa (30 Psi), the 

biaxial extension of the nylon 6,6 fabric was 7.5% compared to 14% for the nylon 6 fabric. 

Also the biaxial stress fields developed for a given differential pressure drop were almost 

double in nylon 6,6 fabric. 

The 630-D nylons with a 41 x 41 weave count exhibited (Figure 5.56) a simUar 

biaxial behavior in the low pressure drop experiments (0-34 kPa) as did the earlier 63 OD 

fabric in Figure 5.55. This initial biaxial phenomena is probably controlled by fiber 

realignments in both the fabrics. But whh increases in pressure across the fabric, the 

stififiiess of the nylon 6,6 fabric increases at a steady rate for a given incremental pressure 

drop change. 

5.9 Investigation on biaxial deformation of 
polyester fabrics 

The airbag traditionally has been constmcted of fabric woven from nylon 6,6. 

Polyamides are specified mainly because historically they have provided the highest 

strength-to-weight ratio, i.e., specific strength, at an affordable price. There have been 

discussions about replacing nylon whh polyester, as was done whh seat behs. However, h 

should be realized that the operating condhions in a airbag-fabric environment is very 

dififerent than those ofa seat beh's and is characterized as a more hostile one. 

PET is not as hygroscopic as polyamides, and hence, does not exhibh the 

significant dimensional change with temperature and humidity that nylons do. Also, 

nylons are not as stiff as polyesters and hence exhibh higher elongation under high 

loading. This latter property is not desirable in seat behs because h may prove be a 

potential problem even at lower impact velochies. 

However, under the operating conditions encountered by the airbag fabric, nylon 

may be superior to polyesters. This was the subject for an evaluation of some commercial 
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polyester fabrics offered for airbag applications. In all, ten different polyester fabrics were 

investigated in this study. Results from four of them have been presented in an earlier 

section on room temperature evaluation. In this section, resuhs from six 420-D fabrics of 

which four were of dobby dot weave and two whh a plain weave, and two 650-D fabrics 

with the effect of calendering are presented. These fabrics were identified in Table 4.1, 

along with their designated numbers. Other physical property data are not available from 

the suppher, hence, the same designation wiU be used in the following discussions. 

5.9.1 420-D fabrics 

5.9.1.1 Dobbv dot weave 

A dobby-dot weave is a rather fascinating weave in the sense that, micro-pores are 

a part of the fabric's architecture. The author believes that this weave wiU be ideally suhed 

for 'smart-airbag' fabrics, because the amount of energy now dissipated through vents can 

be easily distributed by designing a fabric with a desired initial fabric porosity. Five of 

these fabrics were investigated in this study. Resuhs from those fabrics are presented in 

the following section. 

5.9.1.1.1 F-PET; AB-142RR9 

This fabric has a dobby-dot weave with the thickness ofa plain weave being 0.33 

mm and the dobby-dot weave being 0.36 mm. The weave count of this fabric was found 

to be 53 X 51. The permeability-isobars for this fabric are shown in Figure 5.57. A smaU 

permeability trough was noticed for this fabric at room temperature for the low pressure 

drop levels (<32 kPa). Because of this trough, the permeability at the glass-transition 

region looks hke a typical permeability peak reported earlier for the 440-D polyester fabric 

whh a plam weave (Figure 5.12). Permeability of this fabric was within the reasonable 

limits expected of an airbag fabric. The permeability curve characteristics of this fabric at 

extreme temperature levels (8°C and 100°C) was comparable to the 840-D fabrics 

presented m earher section on nylon 6,6 fabrics. 

The biaxial stress-strain characteristics for all the polyester fabrics presented in this 

section is shown in Figure 5.58. This particular polyester seems to exhibh a lower 

stiffness than the 6 fabrics. This behavior looks very similar to a nylon 6,6 fabric. Also, 

the region of fiber-realignment is dififerent for all the fabrics suggesting the role played by 

fabric finish on biaxial deformation process. 
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5.9.1.1.2 F-PET; AB-139GR8 

This dobby-dot fabric has plain area thickness of 0.28 and a dobby dot thickness of 

0.35 and a weave count of 53 x 51. The permeability-isobars for this fabric are shown in 

Figure 5.59. This fabric exhibhed a typical beU-shaped isobar, with the maximum 

occurring around the ambient temperature (25°C) region. A contrary behavior was 

observed in the permeabUity-isobars when the inflating gas temperature was dropped 

below room temperature. With the lowering of temperature, permeability dropped 

drastically indicating a decrease in the fabric porosity whh temperature. This is suspected 

to be due to the closing of the dobby dot holes in the fabrics. The permeabUity of this 

fabric was also comparable to nylon 6,6 fabrics of the same denier, even though the 

stififiiess of this fabric was higher; more like a typical polyester fabric (Figure 5.58). In 

fact, this fabric exhibited the highest modulus among the polyesters investigated in this 

study. 

5.9.1.1.3 F-PET; AB-139GR9 

This dobby-dot fabric has a plain area thickness of 0.28 and a corresponding 

dobby-dot area thickness of 0.37 and, a weave count of 55 x 53. In comparison to the 

earher fabric, this fabric weave has a 8% increase in the fabric concentration which is 

sacrificed by a 5% decrease in the initial dobby-dot-plain area. As expected, this fabric 

(Figure 5.60) behaved much similar to the earlier fabric as shown in Figure 5.59. But, the 

difference was in the changes in the porosity of the fabric, i.e., a decrease in the initial 

fabric porosity. Hence, this fabric exhibhed a lower permeability at any given pressure 

differential and temperature. The biaxial stress-strain characteristics of this fabric were 

comparable to the earher fabric-material as shown in Figure 5.58. The modulus/stiffness 

of the fabric was also found to be very similar. 

5.9.1.1.4 F-PET; AB-140IR9 

This particular dobby-dot fabric had a very similar constmction to the earlier 

139GR9, but behaved in a very different manner. The thickness of this fabric in the plain 

area was 0.28 mm and in the dobby-dot area was 0.37. It had a weave count of 54 x 52. 

This fabric exhibhed a steady decrease in permeability whh increases in temperature from 

8°C to 50°C as seen in Figure 5.61. However, the fabric exhibited a drastic increase in 

permeability in the region of glass-transhion around 80°C. Above the glass-transhion 

temperature, permeability decreased as expected. At high differential pressures, the 

permeabUity trough reached as low as 100 (ft3{STP}/ ffil min). The biaxial stress-strain 
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curves mdicate that this fabric is dififerent from the two F-PET's considered earher. The 

transhion regions were quhe distinguishable in this fabric (Figure 5.58). 

5.9.1.2 Plain weave 

As mentioned earlier, two 420 denier plain weave fabrics were considered, namely 

U-PET; AB-172R and C-PET; AB-172RH. Both these fabrics had a very similar weave 

count, 59 X 57, but the latter seem to have been heat treated, or calendered. The 

permeability-isobars for these two fabrics are given in Figures 5.62 and 5.63, respectively. 

Both of these fabrics exhibhed very low permeability, and were more like pliable films. 

These fabrics exhibhed permeabihties several orders of magnitude lower than the 

permeabUity of a typical fabric used in airbags. Because of the low permeability of these 

two fabrics, permeability evaluations at temperatures below ambient were not performed. 

The biaxial stress-strain curves for these fabrics are shown in Figure 5.58. As expected, 

the biaxial strain level at a given differential pressure was higher for the heat treated fabric 

(172RH). Also, the transition regions were not distinguishable in the heat treated fabric 

because of the adhesion between the fibers produced by the calendering. 

5.9.2 650-D fabrics 

Two 650 denier fiber polyester fabrics both with a plain weave and a 42 x 42 

weave count were analyzed and the results are presented in this section. One of the 

polyesters was calendered and its efifect on permeability performance was investigated. 

Calendering causes the permanent flattening of the fiber bundles and, hence, an increase in 

the fabric's cover factors. With an increase in cover factor, a drop in the initial porosity of 

the fabric is expected. The experiments indicated that the calendered polyester was not 

permeable untU a pressure drop of 2.5 Psi (17 kPa) was attained (Figure 5.64). In 

comparison to Figure 5.65 for the uncalendered polyester, the calendering effect as 

expected resuhed in a reduction of the permeability of this fabric. The difference was in 

the range of 100 to 250 ft^/ ft2(STP)/ min depending on the pressure drop across the 

fabric. 

The performance of the 650D-uncalendered polyester was comparable to that of 

the 840D nylon 6,6 fabric presented in the earlier sections. This was tme especiaUy in the 

temperature range of 50°C to 95°C. Also, the permeability increased with a reduction in 

temperature below the room temperature. The degree of increase in permeabihty at 8°C 

compared whh room temperature permeability was similar for the two materials. 
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The biaxial stress-strain characteristics of these two polyesters are given in Figure 

5.21, along with three other nylon 6,6 samples for comparison purposes. The effect of 

calendering on the stiffness of the polyester fabric is obvious in that Figure. Moreover, the 

deviation between the two polyesters increases with pressure drop (AP>27.5 kPa). Also, 

the initial stiffness of the uncalendered polyester was comparable to the 840-D ripstop 

weave nylon 6,6 fabric. 

5.10 Effect of temperature on biaxial stress-strain 

behavior 

The efifect of temperature on stress-strain behavior of the fabric under biaxial 

conditions is not significant. Hence, the room temperature biaxial stress-strain data was 

used for modeling purposes. In this section, the effect of temperature under biaxial 

conditions on nylon 6 fabrics is discussed. 

The biaxial stress-strain behavior exhibhed by the nylon 6 fabrics during bhster-

inflation experiments is presented in this section. Biaxial stress-strain behavior at room 

temperature should be good enough for design modeling [121]. However, because of the 

comparison objective in this paper, the evaluations were carried out at all temperature 

levels in order to correlate the observed permeability behavior. 

The observed biaxial stress-strain behavior for the 420-D nylon 6 fabric is shown in 

Figure 5.66 for all the experimental temperature levels. In general, all the fabrics exhibited 

fiber realignment in the lower pressure drop range of 0-34 kPa (5 Psi). The synergetic 

efifect of the temperature and pressure drop is very complicated and is dependent on 

various fiber and fabric properties. An understanding of this is necessary in order to 

correlate the observed permeabUity behavior whh the biaxial deformation process. The 

420-D nylon 6 fabric exhibhed a much stififer behavior at room temperature and lower 

temperature levels. With an increase in temperature above room temperature, however, 

this fabric exhibhed a much higher biaxial strain development for a given biaxial stress that 

was observed. This represents a dechne in the modulus of the fabric. Such behavior can 

be correlated to the eariier reported permeability behavior around the glass transhion 

region for this particular fabric. 

In the 630-D nylon 6 fabric with a 35 x 35 weave count, the biaxial stress-strain 

behavior was similar at 8°C and 50°C temperature levels for both the low and high 

pressure drop experiments as depicted in Figure 5.67. The stiffness of the fabric at 75°C 

and 100°C temperature levels is very similar at low pressure drop levels (0-62 kPa). But 
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whh an increase in temperature to 100°C, the stiffness increases at a steady rate. This 

behavior for stiffness can be correlated to the eariier reported permeability behavior. 

The second 630-D nylon 6 fabric whh a 41 x 41 weave count exhibited a steady 

increase in biaxial strain whh an increase in temperature. This increase resuhed in a 

considerable reduction in the stiffness (modulus) of the fabric as shown in Figure 5.68. 

This justifies the observed steady decrease in the experimental permeability isobars. 

5.11 Investigation on biaxial deformation of 
cotton fabrics 

Compared to the continuous fiber synthetic fabrics used in airbag apphcations, the 

potential of discontinuous cotton fabrics were also investigated in this study. All the 

fabrics used in this study and the resuhs presented in this section were woven at the 

Intemational Textile Center at Texas Tech University. 

Having identified the variables that effect the energy dissipation characteristics in 

airbags, it was decided to use the blister-inflation technique for analyzing various cotton 

fabrics that were readily available. A list of the fabrics investigated in this work is given in 

Table 5.5. Samples in Lot # 1 covered a wide range of cotton fabrics with different weave 

counts. The permeability isotherms for these cotton fabrics are room temperature is 

shown in Figure 5.69 for the first four samples. Samples 5 and 6 were found to be highly 

permeable. In this figure, the permeability isotherms for samples 1, 3 and 4 looks like the 

permeabUity curves obtained for fabrics whh vents. A flow-rate needed to maintain a 

pressure drop greater than 3 Psi could not achieved whh our instmment. Sample #2 had a 

tighter weave among the six fabrics as can been interpreted from the permeability 

isotherms. 

Samples in Lot 2 had a wrap count of 72, but the fill count was varied from 24 to 

34 in order to investigate their effect on the observed permeability of the fabric. The 

permeabihty isotherms for these fabrics at room temperature is shown in Figure 5.70. In 

general, the permeability was found to decrease whh an increase in the fill count because 

of the decrease in the fabric porosity. 

Sample in Lot 3 is a unique fabric with a twin layer weave. The top surface of the 

fabric has a weave count of 184 x 60 and the bottom layer has a weave count of 24 x 60. 

This was an attempt to weave an airbag with two different fabrics on the top and bottom 

surface, but whhout seams. As can be surmised from the constmction of the bottom 

surface this was highly permeable. But the constmction on the bottom surface cannot be 

increased because of the limhation with the weaving machine. Also, the pressure leak 
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through the sandwiched portion of the twin layer was found to increase exponentiaUy with 

pressure drop and will prove costly if used. Hence, the concept of twin-layer weave was 

not considered to be a successful design. However, a comparison of the 184 x 60 weave 

count, oxford weave, cotton fabric with a traditional 420-D nylon 6,6 fabric is shown in 

Figure 5.71. Permeability levels experienced by this fabric were in reasonable agreement 

with the 420-D nylon fabric. 

Performance of this cotton fabric at higher temperatures were also mvestigated. 

The permeabihty-isobars are shown in Figure 5.71 for 25°C, 50°C and 100°C. No 

permeabUity peaks were noticed for cotton fabrics and, the fabrics permeabUity was similar 

at both 50°C and 100°C. Airbags are currently being made out of this fabric at Air Bag 

Corporation, but the field performance of these anbags are not available at the present 

time. 

5.12 BaU-burst experiments 

It is possible to distend a fabric sample into a bhster whhout using compressed air 

or another fluid. A simple steel ball can be used to mechanically force the fabric into a 

blister configuration. Such a procedure is usuaUy used in the textUe mdustry to mvestigate 

the bursting properties of woven fabrics. Hence the baU-burst test is an ASTM (D3787) 

procedure performed on an Instron for fabric failure. The usual ball-burst procedure is to 

report the force required to mpture the fabric. Such experimental data have been further 

reduced. In this case, the data coUected during this standard test was used in order to 

calculate the biaxial stress-strain properties of the fabric as h is distended by the baU. A 

comparison between nylon 6,6 and nylon 6 fabrics with the ball-burst approach is 

addressed in the foUowing sections. 

5.12.1 Comparison between nylon 6 and 
nylon 6,6 fabrics 

A baU-burst is a very rapid test compared to the blister-inflation experiments. 

Moreover, the fabric is taken to failure in the ball-burst test. BaU-burst experiments were 

carried out m an Instron tester. Hence, equilibrium condhions are not approached whh 

the ball-burst test. As a resuh, a comparison of the biaxial data generated by these two 

techniques are not necessarily expected to be congment even over the range for which 

they overlap. 

The performance of both nylons under baU-burst experiments provides a more 

reahstic view of the strength of the fabric under biaxial condhions. Comparisons of the 
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mpture tensUe strength of the fabrics under uniaxial condhions is usually unwarranted in 

the ahtag apphcations, since the fabric failure does not occur. Moreover, the 

performance of both the nylons under uniaxial condhions are similar. A similar 

comparison of dififerent nylon 6,6 and polyester fabrics is given in the section on polyester 

fabrics [113]. The ball-burst experiments were graphed only at two cross-head rates; 0.5 

in/mm and 50 in/min. In general, whh increase in strain rate, the biaxial stress experienced 

by the fabric decrease with a substantial increase in the biaxial strain, maintaining the 

original modulus. 

The biaxial stress-strain behavior of the 420-D nylons whh a 49 x 49 constmction 

in ball-burst experiment is shown in Figure 5.72. At the high strain rate, there is no 

difference in performance between the two nylons. It is important to note that the 

breaking strength is similar for both nylons at this strain rate. However, whh decrease in 

strain rate to 0.5 in/min, the nylon 6,6 fabric exhibhs a much higher biaxial stress field 

(+25%) for a given biaxial strain. This phenomena also resuhed in a higher breaking 

strength for this nylon 6,6 fabric compared to the nylon 6. In contrast, the nylon 6 fabric 

exhibits a higher biaxial extension which would appear to offer an advantage in airbag 

apphcation. The performance of the 630 denier fabrics at different strain rates was very 

similar as shown in Figures 5.73 and 5.74. In this series, the nylon 6,6 fabrics exhibited a 

higher extension at higher strain rates. 

5.12.2 Biaxial stress-strain behavior in polyester 
fabrics in comparison to nylon 6,6 fabrics 

A biaxial stress-strain relationship as determined by the ASTM ball-burst test is 

shown m Figures 5.75, 5.76, and 5.77. The ball-burst experiment was performed in an 

Instron capable of testing the fabric to failure. The Instron generated data appear to be 

less erratic than those obtained by the blister-inflation approach and extend over a much 

broader range of biaxial strains (Figure 5.75). All three nylons exhibhed a very similar 

behavior, and the differences between the fabrics could not be easily discerned. The 650-

D fabric at the higher strain levels, exhibhed a stififer behavior at the point of failure. 

However, a biaxial strain level of this magnitude is seldom observed in airbags and, hence, 

was not of interest in passive restraint systems. The distinct deviation in the biaxial stress-

strain behavior between the two polyesters due to calendering was also apparent from the 

data in this experiment. 

The variation in the biaxial stress and strain due to the baU-pressure in ball-burst 

experiment as opposed to air pressure is shown in Figures 5.76 and 5.77. All five fabrics 
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demonstrated a smooth increase in biaxial stress levels with pressure. The corresponding 

strain levels of the fabrics which arises from the stiffness of the fabric's fibers is highlighted 

in Figure 5.77. 

The biaxial stress at final fabric failure or mpture for the nylons was in the range of 

2 to 2.75 MPa, (290 to 398 Psi) and, 2.4 to 2.6 MPa (348 to 377 Psi) for polyesters. This 

level of performance is near the maximum reported in the lherature [122], as is the biaxial 

strain at mpture; 91.1% for nylons and 71.5% for polyesters. The final biaxial breaking 

tenacity for these samples as determined from the baU-burst data, are given in Table 5.6 

along with the biaxial stress, strain, and, pressure levels at failure. The calendering of the 

polyester resuhed m an increase in the biaxial tenacity and the biaxial stress levels. 

5.12.3 Effect of strain rate on the observed biaxial 
stress-strain behavior 

The effect of strain rate on the observed biaxial stress-strain behavior was 

investigated in order to quantify the difference between the inflation rate in blister-inflation 

and the actual deployment rate. Ball-burst experiments were performed at five different 

cross-head rates ranging from 0.5 in/ min to 50 in/min. Such results are shown in Figures 

5.78, 5.79 and 5.80 for 420-D, 630-D and 840-D fabrics, respectively. In general, the 

stififiiess of the fabrics at the higher strain rate of 50 "/ min was lower than at other four. 

This rate of 50 "/min is still an order of magnitude less than that experienced during the 

deployment velocity of the airbag under crash condhions. 

5.12.4 Comparison of biaxial behavior between 
bhster-inflation and ball-burst experiments 

Biaxial stress-strain behavior for the fabrics, as determined by both the blister and 

ball-burst technique, was essentially linear as one would expect for plastic materials. It is 

important to note, however, that the fabric material was not taken to the failure stress 

levels m bhster-inflation as h was in the ball-burst. Moreover, the ball-burst test is very 

rapid compared to the inflation technique. Hence, equilibrium condhions are not 

approached whh the ball-burst test. Therefore, a comparison of the data generated by the 

two techniques is not necessarily expected to be congment even over the range for which 

they overiap. Even so, the Instron generated data from the ball-burst test line up 

reasonably weU whh those obtained by blister-inflation technique as shown in Figure 5.81 

for the calendered polyester fabric. The differences observed in this latter comparison are 

primarily due to the dififerences between rates of deformation produced by both the 

129 



techniques. Hence, once plastic flow begins, the slower blister-inflation technique always 

resuhs m greater level of strain for the same stress level. 

5.13 Abrasion resistance 

5.13.1 Comparison between nylon 6 and nylon 6,6 

The abrasion resistance of the nylon fabrics were evaluated based on the ASTM-

D3 886-92 method. A muhidirectional abrasion resistance method with a load of one 

pound was used. These tests were performed in a Stoll flat abrasion tester. The resuhs 

from this tests are shown in Figure 5.82. A comparison between both nylons is shown in 

this graph with respect to the number of cycles of failure. Since polyester is a much 

harder material than nylon, a comparison between the nylons alone was shown. In this 

figure, the difference in abrasion resistance of the three fabrics 315-D, 420-D and 630-D 

(41 X 41) fabrics woven from nylon 6,6 and nylon 6 fibers decreases with an increase in 

fabric denier. In general, the nylon 6 fabric was found to be softer than the nylon 6,6 

fabric. However, this conclusion should not be generalized because with a higher 

constmction, i.e., 41 x 41, the 630-D fabrics exhibited a similar magnitude of abrasion 

resistance and, softness dififerences between these two nylons could not be differentiated. 

Also, the effect of weave count on abrasion resistance on the 630-D series can be seen in 

this Figure. With a 27% decrease in fiber concentration, a dramatic sacrifice in abrasion 

resistance of both nylon 6,6 and nylon 6 fabrics can be noticed. The 840-D fabric used in 

coating application is also given in the same figure for comparison purposes. 

5.14 Smart-airbag fabrics 

5.14.1 What are smart-airbag fabrics? 

Smart fabric refers to those airbag fabrics that respond to stimulus; namely 

pressure differential in a highly predictable manner. This modified behavior of the airbag 

fabric wUl involve the alteration in the fabrics permeability. These alterations will aid in 

reducmg the time required for complete inflation of the airbag and, hence, the amount of 

gas requned to inflate the bag completely. 

Fabric stmcture can be controlled in a number of different senses. The objective of 

the control system here is the mechanical properties of the airbag fabric. Properties of the 

woven fabric have to be controlled for predetermined release of the inflated gases during 

the initial stages of airbag inflation. In general, gas leakage through the a smart-airbag 

should be controlled to be very low level until the airbag pressure reaches 3 to 4 Psi. 

After this differential pressure has been reached, the permeability of the airbag fabric 
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should mcrease steeply to the deshed level that is necessary for required impact energy 
dissipation. 

From the author's experience whh non-woven fabrics used in various apphcations, 

h was decided to take a direction towards developing appropriate coatings that would be 

senshive to pressure build-up inside the airbag. Several different types of polymeric 

coatings were experimented with for this purpose. One of the coating procedures 

developed at our laboratories appeared promising for this apphcation. Resuhs for this 

treated fabric performance along whh the results form the original fabric presented eariier 

are discussed in the foUowing sections. 

Two dififerent polymeric coatings were initially attempted, they were polyurethane 

and DuPont's commercial waterproofing agent called NALAN. Various percentages of 

polyurethane were initially tried for this purpose, but because of the cross Imking nature of 

the former, the fabric exhibhed a drastic decrease in porosity. Whh an increase in 

dififerential pressure, the porosity of the fabric did not increase to the original fabric's 

magnitude. 

NALAN is mainly water (70-75%) and the remainder being paraffin wax (10-

15%), acetic acid (10-15%) and a proprietary component from DuPont (10-15%). Four 

different percentages of this coating, namely 15%, 10%, 5% and 3%, were tried in this 

research. The fabric material was initially coated whh a suspension created from NALAN 

and then was heat cured at 150°C in a dmm dryer. 

Permeability isotherms at ambient temperature for a coated (15%) 840-D fabric 

along with the original fabrics' performance is shown in Figure 5.83 for comparison. This 

fabric had a ripstop weave with a 38 x 38 constmction. Even though a significant 

decrease in the coated fabrics' permeability was observed at low pressure drop levels, this 

behavior did not change when the dififerential pressure was increased. Hence the 

application of this type of coating on a highly porous constmction is limited. However, 

when the same coating was tested on a 420-D fabric whh a plain weave and a 46 x 46 

constmction, a different behavior was noticed. The performance of this fabric with a 

varying percent of coating on the fabric along whh the uncoated fabric is shown in Figure 

5.84. Unhke the 840-D fabric, this 420-D fabric with a 5% coating exhibhed more than 

50% reduction in permeability in the lower pressure drop region (0 to 3 Psi), but behaved 

similar to the original fabric when the pressure drop as high as 10 Psi was attained in the 

blister-inflation apparatus. The advantage of such a behavior is easily distinguishable from 

this figure and hence, h was decided to investigate this fabric for hs performance at 

elevated temperatures. 
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Room temperature isotherm of the original uncoated fabric along with the 

isotherms of the coated fabric at three different temperatures, namely, 25°C, 50°C and 

100°C are shown in Figure 5.85 for comparison purposes. Even though the coated 

fabric's porosity decreases with an increase in temperature at the lower pressure drop 

levels, hs behavior at 50°C and 100°C was comparable to hs performance at 25°C. The 

efficiency of the applied coating was also investigated by comparing the fabrics 

permeabUity on both surfaces as shown in Figure 5.86. Field performance resuhs of 

airbags made from these coated fabrics are not avaUable at the present time, but wiU be 

presented in future communications. 
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Table 5.1 Fabrics considered m statistical analysis 

MATERIAL 

Nylon 66 

Polyester 

DENIER 

420 

630 

840 

650 

650 

WEAVE 

COUNT 

72x46 

42x42 

32x32 

42x42 

42 x 42 

WEAVE 

TYPE/ 

PROCESS 

Plam 

Plam 

Ripstop 

Plam/ 

uncalendered 

Calendered 

133 



Table 5.2 Experimental daU considered m statistical analysis 

Permeability observitioni (n^{STP}/n2/nia) 

TEMPERATURE C Q 

8 50 75 

PRESSURE DROP (kPa) 

P-17.2 P-34 4 P-103.4 P-17 2 P-34.4 P-103.4 P-17.2 P-34.4 P-103 4 

SYLON 

420-D 73 157 332 52 125 281 37 95 276 

80 155 322 51 118 264 31 106 281 

CSO-D 35 91 288 16 72 169 30 91 213 

43 98 271 12 78 173 41 100 211 

840.D 125 234 477 90 149 338 102 170 307 

HI 233 464 100 155 350 98 160 311 

POLYESTER (65^D) 

UNCAL 115 197 455 112 170 303 76 129 317 

112 207 432 101 166 298 72 116 298 

CAL 60 107 249 9 44 147 11 38 134 

57 98 271 12 58 152 15 49 135 
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Table 5.3 ANOVA results from 3 x 3 FAT experiments 
for nylon 6,6 fiibrics 

~.v 
« 

Dependent Variable: PERM 

Source 

Model 

Error 

Corrected Total 

Source 

A 
B 
c 
A*B 
A*C 
B*C 
A*B*C 

Source 

A 
B 
c 
A*B 
A*C 
B*C 
A*B*C 

DF 

26 

27 

53 

R-Square 

0.998476 

DF 

2 
2 
2 
4 
4 
4 
8 

DF 

2 
2 
2 
4 
4 
4 
8 

Sua of 
Squares 

690738.25926 

1054.50000 

691792.75926 

CV. 

3.815376 

Type I SS 

34436.03704 
515791.37037 
105882.48148 
10922.18519 
6838.40741 
10138.07407 
6729.70370 

Type III SS 

34436.03704 
515791.37037 
105882.48148 
10922.18519 
6838.40741 
10138.07407 
6729.70370 

Mean 
Square 

26566.85613 

39.05556 

Root MSE 

6.2494444 

Mean Square 

17218.01852 
257895.68519 
52941.24074 
2730.54630 
1709.60185 
2534.51852 
841.21296 

Mean Square 

17218.01852 
257895.68519 
52941.24074 
2730.54630 
1709.60185 
2534.51852 
841.21296 

F Value 

680.23 

F Value 

440.86 
6603.30 
1355.54 
69.91 
43.77 
64.90 
21.54 

P Value 

440.86 
6603.30 
1355.54 
69.91 
43.77 
64.90 
21.54 

Pr > 

0.000 

PERM Hea 

163.7963 

Pr > 

0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

Pr > 

0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
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Table 5.4 ANOVA results for polyester fiibrics 

Source 

Model 

Error 

Corrected Total 

Source 

A 
B 
c 
A*B 
B*C 
A*B*C 

Source 

A 
B 
c 
A*B 
B*C 
A*B*C 

DF 

17 

18 

35 

R-Square 

0.997530 

DF 

2 
2 
1 
4 
2 
6 

DF 

2 
2 
1 
4 
2 
6 

SUB of 
Squares 

459265.88889 

113 7.00000 

460402.88889 

CV. 

5.390333 

Type I SS 

44071.72222 
269022.38889 
114469.44444 
13784.77778 
15673.72222 
2243.83333 

Type III SS 

44071.72222 
269022.38889 
114469.44444 
13784.77778 
15673.72222 
2243.83333 

Mean 
Square 

27015.64052 

63.16667 

Root MSE 

7.9477460 

Mean Square 

22035.86111 
134511.19444 
114469.44444 
3446.19444 
7836.86111 
373.97222 

M«an Square 

22035.86111 
134511.19444 
114469.44444 
3446.19444 
7836.86111 
373.97222 

F Value 

427.69 

F Value 

348.85 
2129.46 
1812.18 

%A C « 

124.07 
5.92 

F Value 

348.85 
2129.46 
1812.18 
54.56 
124.07 
S.92 

Pr > 

0.000 

PERM Mea 

147.4444 

Pr > 

0.000 
0.000 
0.000 
0.000 
0.000 
0.001 

Pr > 

0.000 
0.000 
0.000 
0.000 
0.000 
0.001 
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Table 5.5 Cotton fabrics investigated in this research 

Lot# 

I 

2 

3 

Weave count 

100x55 

184x60 

55x45 

66x38 

52x44 

48x42 

72x34 

72x32 

72x30 

72x28 

72x24 

184x60 

Yam number 

36/1 

24/2 

7.75/1 

10/1 

10/1 

72/2 & 36/1 
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Table 5.6 Properties estimated from ball-burst experiments 

PROPERTIES 

Rupture 

pressure (MPa) 

Biaxial tenacity 

(g / denier) 

Biaxial strain 

at rupture 

( • / . ) 

Bijuuai-stress 

at rupture 

(MPi) 

NYLON 

66 

420 D 

2.04 

7.8 

91.10 

1492 

NYLON 

66 

630 D 

2.45 

8.1 

91.10 

1784 

NYLON 

66 

840 D 

2.69 

7.3 

91.10 

1471 

PET 

(UNCAL) 

2.49 

9.1 

71.5 

1195 

PET 

(CAL) 

2.42 

9.4 

71.5 

1747 
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Figure 5.1 Permeability isotherms for fabrics in lot # 1 
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Figure 5.2 Biaxial stress-strain behavior of lot # 1 fabrics. 
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Figure 5.3 Permeability isotherms for 420-D fabrics in lot # 2. 
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Figure 5.4 Biaxial stress-strain behavior of 420-D fabrics in lot # 2. 
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Figure 5.5 Permeability isotherms for fabrics in lot # 2. 
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Figure 5.6 Biaxial stress-strain behavior of fabrics in lot # 2. 
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Figure 5.7 Permeability isotherms for polyester fabrics in lot #2. 
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Figure 5.8 Biaxial stress-strain behavior ofpolyester fabrics in lot # 2. 
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Figure 5.9 Permeability isotherms for a 420-D nylon 6 fabric. 
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Figure 5.10 Permeability isobars for 420-D nylon 6 fabric 
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Figure 5.11 Permeability isobars for 420-D nylon 6,6 fabric 
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Figure 5.12 Permeability isobars for 440-D polyester fabric. 
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Figure 5.13 Biaxial stress-strain behavior for all the three polymeric fabrics. 
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Figure 5.14 Permeability isobars for 315-D nylon 6,6 fabric in low pressure drop 
experiments. 

152 



1000 

r^ 800 a 
1 

J=̂  600 

H 

400 

I 
a* 

200-

a 75.8 kPa 

• 89.6 kPa 

• 103.4 kPa 

« ll7.2k:Pa 

• 131.0 kPa 

O 144.7 kPa 

A 158.5 kPa 

• 172.3 kPa 

• 186.1 kPa 

+ 199.9 kPa 

0 20 40 60 80 100 120 

Inflating gas temperature (C) 

Figure 5.15 Permeability isobars for 315-D nylon 6,6 fabric in high pressure drop 
experiments. 
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Figure 5.16 Biaxial stress-strain behavior of nylon 6,6 fabrics. 
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Figure 5.17 Efifect of pressure drop on biaxial strain of the fabric during blister 
formation. 
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Figure 5.18 Permeability isobars for 420-D (49 x 49) nylon 6,6 fabric in low pressure 
drop experiments. 

156 



• 1400 

1200 

2 1000 

Cu 

a 800 

:̂  600: 

OI 400-

200 

Q 75.8 kPa 

• 89.6 kPa 

• 103.4 kPa 

* 117.2 kPa 

• 131.0 kPa 

O 144.7 kPa 

A 158.5 kPa 

• 172.3 kPa 

• 186.1 kPa 

+ 199.9 kPa 

Inflating gas temperature (C) 

Figure 5.19 Permeability isobars for 420-D (49 x 49) nylon 6,6 fabric in high pressure 
drop experiments. 
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Figure 5.20 Permeability isobars for 420-D (72 x 46) nylon 6,6 fabric. 
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Figure 5.21 Biaxial stress-strain behavior of nylon 6,6 fabrics. 
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Figure 5.22 Permeability isobars for 420-D (55 x 55) nylon 6,6 fabric. 
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Figure 5.23 Biaxial stress-strain behavior in blister-inflation experiments. 
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Figure 5.24 Permeability isobars for 420-D (46 x 46) nylon 6,6 fabric from Milliken. 
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Figure 5.25 Permeability isobars for 420-D (46 x 46) nylon 6,6 fabric from J.P. 
Stevens. 
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Figure 5.26 Permeability isobars for 420-D (46 x 46) nylon 6,6 fabric from Highland 
Industries. 
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Figure 5.27 Biaxial stress-strain behavior of all the three 420-D (46 x 46) fabrics. 
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Figure 5.28 Permeability isobars for 630-D (42 x 42) nylon 6,6 fabric. 
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Figure 5.29 Permeability isobars for 630-D (41 x 41) nylon 6,6 fabric in low pressure 
drop experiments. 
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Figure 5.31 Permeability isobars for 630-D (35x35) nylon 6,6 fabric. 
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Figure 5.32 Biaxial stress-strain behavior of 630-D (35x35) nylon 6,6 fabric. 

170 



500 

60 80 100 

Inflating gas temperature (C) 

B 3.44 kPa 

• 6.89 kPa 

B 10.34 kPa 

o 13.79 kPa 

B 17.23 kPa 

n 20.68 kPa 

A 24.13 kPa 

A 27.58 kPa 

B 31.02 kPa 

+ 34.47 kPa 

a 48.26 kPa 

X 62.05 kPa 

X 75.84 kPa 

s 89.93 kPa 

• 103.42 kPa 

Figure 5.33 PermeabiUty isobars for 840-D (32 x 32) nylon 6,6 ripstop fabric from 
Hoechst Celanese. 
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Figure 5.34 Permeability isobars for 840-D (32 x 32) nylon 6,6 ripstop fabric (Milliken) 
in low pressure drop experiments. 
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Figure 5.35 Permeability isobars for 840-D (32 x 32) nylon 6,6 ripstop fabric (Milliken) 
in high pressure drop experiments. 
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Figure 5.36 Permeability isobars for 840-D (38x38) nylon 6,6 paradox fabric 
(Milliken) in low pressure drop experiments. 
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Figure 5.37 Permeability isobars for 840-D (38 x 38) nylon 6,6 paradox fabric 
(Milliken) in high pressure drop experiments. 
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Figure 5.38 A comparison of biaxial stress-strain behavior in a ripstop fabric with a 
paradox fabric. 
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Figure 5.39 Permeability isobars for 840-D (25 x 25) nylon 6,6 plain weave fabric 
(Allied) in low pressure drop experiments. 
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Figure 5.40 Permeability isobars for 840-D (25 x 25) nylon 6,6 plain weave fabric 
(Allied) in high pressure drop experiments. 
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Figure 5.41 Biaxial stress-strain behavior of 840-D (25 x 25) plain weave fabric with a 
840-D (32 X 32) ripstop weave fabric. 
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Figure 5.42 Permeability isobars for 420-D (49 x 49) nylon 6 plain weave fabric 
(Allied) in low pressure drop experiments. 
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Figure 5.43 Permeability isobars for 630-D (35x35) nylon 6 plain weave fabric 
(Allied) in low pressure drop experiments. 
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Figure 5.44 Permeability isobars for 630-D (41x41) nylon 6 plain weave fabric 
(Allied) in low pressure drop experiments. 
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Figure 5.45 Permeability isobars for 420-D (49 x 49) nylon 6 plain weave fabric 
(Allied) in high pressure drop experiments. 
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Figure 5.46 Permeability isobars for 630-D (35x35) nylon 6 plain weave fabric 
(Allied) in high pressure drop experiments. 
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Figure 5.47 Permeability isobars for 630-D (41x41) nylon 6 plain weave fabric 
(Allied) in high pressure drop experiments. 
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Figure 5.48 Permeability isobars for 420-D (49 x 49) nylon 6,6 plain weave fabric 
(Milliken). 
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Figure 5.49 Permeability isobars for 630-D (35 x 35) nylon 6,6 plain weave fabric 
(Milliken). 
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Figure 5.50 Permeability isobars for 630-D (41x41) nylon 6,6 plain weave fabric 
(Milliken). 
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Figure 5.51 Biaxial stress-strain behavior of 420-D nylon 6 fabric. 

189 



0 

2 

CO 

-a 
S 

0.00 0.05 0.10 0.15 0.20 

Biaxial Strain 

Figure 5.52 Biaxial stress-strain behavior of 630-D (35x35) nylon 6 fabric. 
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Figure 5.53 Biaxial stress-strain behavior of 630-D (41x41) nylon 6 fabric. 
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Figure 5.54 Comparison of biaxial stress-strain behavior of 420-D nylon 6,6 and nylon 
6 fabrics. 
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Figure 5.55 Comparison of biaxial stress-strain behavior of 630-D (35 x 35) nylon 6,6 
and nylon 6 fabrics. 
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Figure 5.56 Comparison of biaxial stress-strain behavior of 630-D (41 x 41) nylon 6,6 
and nylon 6 fabrics. 
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Figure 5.57 Permeability isobars for the 420-D dobby-dot polyester fabric (F-PET, AB-
142RR9). 
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Figure 5.58 Biaxial stress strain behavior ofpolyester fabrics. 
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Figure 5.59 Permeability isobars for the 420-D dobby-dot polyester fabric (F-PET; AB-
139GR8). 
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Figure 5.60 Permeability isobars for the 420-D dobby-dot polyester fabric (F-PET; AB-
139GR9). 
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Figure 5.61 Permeability isobars for the 420-D dobby-dot polyester fabric (F-PET; AB-
140IR9). 
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Figure 5.62 Permeability isobars for the 420-D plain weave polyester fabric (U-PET; 
AB-172R). 

200 



O /^ /% 

CVKJ 

150 

SS 

04 
H 
CO 100 
0^ 
(CI 

50 

IN 

Cu 

0 

B 68.95 kPa 

• 103.42 kPa 

• 137.9 kPa 

o 172.37 kPa 

• 206.85 kPa 

20 40 60 80 100 120 

Inflating gas temperature (C) 

Figure 5.63 Permeability isobars for the 420-D plain weave polyester fabric (C-PET; 
AB-142RH). 
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Figure 5.64 Permeability isobars for 650-D plain weave uncalendered polyester fabric. 
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Figure 5.65 Permeability isobars for 650-D plain weave calendered polyester fabric. 
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Figure 5.66 Biaxial stress-strain behavior of 420-D nylon 6 fabric at various inflating 
gas temperatures. 
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Figure 5.67 Biaxial stress-strain behavior of 630-D (35x35) nylon 6 fabric at various 
inflating gas temperatures. 
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Figure 5.68 Biaxial stress-strain behavior of 630-D (41 x 41) nylon 6 fabric at various 
inflating gas temperatures. 
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Figure 5.69 Permeability isotherm at room temperature for cotton fabrics in lot # 1 
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Figure 5.70 Permeability isotherm at room temperature for cotton fabrics in lot # 2 
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Figure 5.71 Permeability comparison ofa 420-D nylon 6,6 fabric and a cotton fabric at 
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higher temperatures. 
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Figure 5.72 Comparison of biaxial stress-strain characteristics between 420-D nylon 6,6 
and nylon 6 fabrics in ball-burst experiments. 
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Figure 5.73 Comparison of biaxial stress-strain characteristics between 630-D (35x35) 
nylon 6,6 and nylon 6 fabrics in ball-burst experiments. 
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Figure 5.74 Comparison of biaxial stress-strain characteristics between 630-D (41 x 41) 
nylon 6,6 and nylon 6 fabrics in ball-burst experiments. 
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Figure 5.75 Biaxial stress-strain characteristics of nylon 6,6 and polyester fabrics in 
ball-burst experiments. 
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Figure 5.76 Biaxial stress variation with ball-pressure in ASTM ball-burst experiments. 
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Figure 5.77 Biaxial strain variation with ball-pressure in ASTM ball-burst experiments. 

215 



300 

-a 

200- • 

2 100 

Biaxial strain 

Figure 5.78 Biaxial stress-strain as a function of strain rate in ball-burst experiment for 
420-D nylon 6,6 fabric. 
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Figure 5.79 Biaxial stress-strain as a function of strain rate in ball-burst experiment for 
630-D nylon 6,6 fabric. 
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Figure 5.80 Biaxial stress-strain as a function of strain rate in ball-burst experiment for 
84D nylon 6,6 fabric. 
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Figure 5.81 Biaxial stress-strain comparison between blister-inflation and ASTM ball-
burst experiment for the uncalendered polyester. 
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Figure 5.82 Comparison of abrasion resistance between various nylon 6,6 and nylon 6 
fabrics. 
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Figure 5.83 Comparison of permeability isotherms for a coated (15%) 840-D fabric and 
the original uncoated fabric at room temperature. 
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Figure 5.84 Efifect of the applied coating (in percent) on the performance of a 420-D 
fabric (46 X 46). 
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Figure 5.85 Permeability isotherms for the coated (5%) 420-D fabric. 
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Figure 5.86 Observed permeability performance on both surfaces of the coated 
fabric(5%). 
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CHAPTER VI 

MODEL PREDICTIONS AND SIMULATIONS 

6.1 General discussion 

Three dififerent models were developed and integrated for the systems analysis of 

an airbag module. The first attempt involved the development a fabric material response 

model (FMRM) to describe the biaxial deformation of airbag fabrics. An efificient and 

highly sophisticated model based on artificial neural networks was developed for this 

purpose. Based on the deformation process of the fabric during deployment, a kinetic 

energy adsorption model (KEAM) was then developed to study the efifects of various 

factors and mechanisms on the energy adsorption capabilities of an airbag. These two 

models were then integrated and the outputs fi-om these two models were used to study 

the passenger restraint action in a third model, PRAM. PRAM is the acronym for a 

passenger restraint action model developed to simulate the pressure-time history of the 

airbag inflation process. This model has capabilities designed to assist investigations into 

the occupant restraint action. Hence, the effect of different factors on the airbag 

deployment process can be investigated in an efficient yet detailed manner. Descriptions 

of these models, the modeling approach used, and the subsequent model validation are 

addressed in separate sections in this chapter. 

6.2 Fabric Material Response Model (TMRM) 

'"The airbag starts out as aflat, circular disc, and is then inflated to the proper shape. 

For that type of behavior, you have to have a good membrane element, and that really 

solves the problem " - Dr. Fritz Halt 

Airbag fabrics undergo biaxial stretching during deployment. But the performance 

of these fabrics under these conditions has not been widely reported in the literature. An 

expansible fabric, stretched biaxially, will open up and become more permeable. The 

extent to which this openness changes with temperature, pressure drop, fabric weave, and 

fabric denier is difficult to determine a priori. Moreover, in the third generation of airbags 

known as 'smart-bags,' the energy dissipation relies primarily on permeability through the 

fabric rather than through structured vents. In this regard, it is the properties of the fabric 

which significantly contribute to the safety of the vehicle occupant as he/she interacts with 

the deployed airbag. As mentioned earlier, the two fabric properties which contribute to 
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the energy absorbing capabilities of the fabric-bag are its permeability and its biaxial stress-

strain characteristics in the plane of the fabric [109]. 

The most obvious feature of fabrics is that they have almost no bending strength, 

and, hence, exhibit an inability to support compressive loads in the plane of the fabric. 

This inability to support compressive loads introduces a strong non-linearity into any 

attempt to approximate a fabric as an isotropic or orthotropic continua. The initial 

unidirectional fiber resistance is attributed to the resistance encountered during fiber 

movements directed at straightening of the threads of the fabrics. This resistance arises 

fi-om the flexural rigidity of the threads under tension, while the threads in the transverse 

direction are forced to become more undulated by the process. An additional 

complicating factor is that the fibers which make up a fabric also interact in a complex 

manner which deviates considerably from continuum behavior. Under uniaxial tension, 

most of the non-linear response is due to the kinematic interaction between the warp and 

weft threads and their undulation in the unstressed state. However, these efifects are 

greatly reduced during biaxial tensile loading conditions [122]. 

As mentioned earlier, a semi-empirical modeling approach called artificial neural 

networks was used for modeling the deformation of airbag fabrics during deployment. 

Experimental data on biaxial deformation presented earlier in Chapter V for various 

fabrics was used to develop this fabric-material response model. This section deals with 

some basics concepts of neural networks and the modeling approach used in this research. 

Modeling results are presented here for only selected fabrics because of the large number 

of samples investigated in this research. However, all the fabric response can be modeled 

by this approach to within an error limit of ± 7%. 

6.2.1 How do artificial neural networks 
leam from environment? 

Neural networks are constructed of processing elements known as neurons that are 

connected via information channels called interconnections. Neural nets can identify and 

leam correlative pattems between sets of input data and corresponding target values. 

Once trained, neural nets can be used to forecast the outputs expected for new levels of 

input variables. Each neuron can have multiple inputs, but only one output. Each output, 

however, branches out to input to many other neurons. The neurons operate collectively 

and simultaneously on most or all data and are configured in a regular architecture. They 

"leam" by extracting preexisting information fi-om the data that describe the relationship 

between the inputs and the outputs. Hence, in the learning process, the network actually 
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acquires knowledge or information fi-om the environment. As a result of the 

interrelationships, the network assimilates information that can be recalled later. Neural 

networks which are capable of handling complex and non-linear problems can process 

information rapidly and can reduce the engineering effort required to develop highly 

computation intensive models, such as non-linear FEA used for modeling fabric 

membranes. Neural networks also come in a variety of types, and each have their distinct 

architectural differences and uses [123]. 

The stmcture of neural nets forms the basis for information storage and govems 

the learning process. The type of neural network used in this work is known as a feed

forward network in which a non-linear optimization method was used to estimate the 

strength of each connection, i.e., weights. The training achieved through this technique 

was then compared to a back-propagation training which has forward flowing information 

in the prediction mode and back-propagated error correction in the training mode. Hence, 

the information flows only in the forward direction, i.e., from input to output in the testing 

mode. A general stmcture ofa feed forward network s shown in Figure 6.1. Connections 

are made between neurons of adjacent layers: a neuron is connected so that it receives 

signals from each neuron in the immediate preceding layer and transmits signals to each 

neuron in the immediate succeeding layer. Neural networks which are organized in layers 

typically consist of at least three layers: an input layer; one or more hidden layers; and an 

output layer. The input and output layers serve as interfaces which perform appropriate 

scaling relationship between the actual and the network data. Hidden layers are so termed 

because their neurons are hidden from the actual data. The connections are the means for 

information flow. Each connection has an associated weight factor, wj, expressed by a 

numerical value which can be adjusted. The weight is an indication of the connection 

strength between two neurons. 

The neurons in the hidden and output layers perform summing and non-linear 

mapping functions. The functions carried by each neuron is illustrated in Figure 6.2. Each 

neuron occupies a particular position in a feed-forward network and accepts inputs only 

from other neurons and sends its outputs to other neurons. The inputs from other nodes 

are first summed up. This summing of the weighted inputs is carried out by a processor 

within the neuron. The sum that is obtained is called the activation of the neuron. Each 

activated neuron performs three primary functions: it receives signals from other neurons, 

sums their signals, and then transforms the sum. For example, if the output from the /th 

neuron with pattem/? is designated as xj^p, then the input to the/h neuron from the /th 

neuron is xi^pWij. Summing the weighted inputs to the/h neuron can be represented as; 
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U; „ = I x . w. . - w ^ .6. (6.1) 
i,P r i,p i,j B,j J ^ ^ 

where Of is a bias term and wgj is the weight of the connection from the bias neuron to 

the / h neuron. This activation can either be positive, zero, or negative; because the 

synaptic weightings and the inputs can be either positive or negative. Any weighted input 

that makes a positive contribution to activation represents a triggering or tendency to tum 

the neuron on. An input making a negative contribution represents an inhibition which 

tends to tum the neuron off. Hence, the bias neuron is provided to supply an invariant 

output to each neuron in the hidden layer. The role played by the bias neuron can be 

numerically explained as follows: 

Let us assume that the 1st neuron in the hidden layer is excited and the activation 

be written the same format as earlier 

u. =i;x. w. . - w ^ .0. . (6.2) 
i,P J i,P iJ B,j J 

Let the value of output after applying the transfer function be written as Sj p, so that Sj p 

= sigm(uip). Then, 

Sip > O f o r I x i p W i i > Z w B , i e i 

< OforZxi pWi i < Z w B , i O i . (6.3) 

Thus if the weighted sum of the scaled inputs to the hidden layer exceeds the weight of the 

bias hidden neuron, then the particular neuron in the hidden layer is activated or otherwise 

inhibited. This weight of the bias hidden synapse is called the threshold value of that 

particular hidden neuron. 
After summing its inputs to determine its activation, the summed total is then 

modified by a mapping fimction, also known as a transfer fimction/ threshold fimction. A 

transfer fimction commonly used is the "sigmoid," which is expressed as: 

S = ^- . (6.4) 
i,P [l + exp(-w. )] 

i,p 

A sigmoid (s-shaped) is a continuous fimction that has a derivative at all the points and is a 

monotonicaUy increasing fimction. Where Sj^p is the transformed output asymptotic to 0 < 

S- < I and Ui „ is the summed total of the inputs (-oo < uj^p < +QO) for pattem p. 
i,p ^'r 

228 



Hence, when the neural network is presented with a set of input data, each neuron sums 

up all the inputs modified by the corresponding connection weights and applies the 

transfer function to the summed total. This process is repeated until the network outputs 

are obtained. 

6.2.2 "Training" a neural network 

Once the network architecture is selected and the characteristics of the neurons 

and the initial weights are specified, the network has to be taught to associate new 

pattems and new fijnctional dependencies. Learning corresponds to the adjustment of the 

weights in order to obtain satisfactory input-output mapping. Since neural networks do 

not use a priori information about the process to be modeled and learning is experiential, it 

is necessary to have data which adequately represent the relationship between the process 

input and output. 

Several dififerent learning mles have been proposed by various researchers [123], 

but the aim of every learning process is to adjust the weights in order to minimize the error 

between the network predicted output and the actual output. The output from each 

neuron / is Sjp, as shown in Equation 6.4. 

6.2.3 Proposed ANN training routine 

A faster training process is to search for the weights with the help of a 

optimization routine that minimizes the same objective function. The learning mle used in 

this work is common to a standard nonlinear optimization or least squares technique. 

Moreover, the entire set of weights are adjusted at once instead of adjusting them 

sequentially from the output to the input layers. The weight adjustment was done at the 

end of each exposure of the entire training set to the network, and the sum of squares of 

all errors for all pattems was used as the objective fimction for the optimization problem. 

A nonlinear opthnization routine based on the Levenberg-Marquardt method [97] was 

used for solving the nonlinear least-squares problem. The optimization problem can be 

defined if the model to be fitted to the data is written as follows: 

F(y) = f(a,,a2,...,a^;Pi,p2,...,PJ (6-5) 

= f(a,P) 

where ai,a2,...,am are independent variables, Pi,P2,...,Pk are the population values of k 

parameter and F(y) is the expected value of the independent variable y. Then the data 

points can be denoted by 
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(Y„X,„X,„...,X„)i=l,2,...,n. 

The problem is to compute those estimates of the parameter which will minimize the 
following objective function 

(6.6) 

n 
^ = Zi:Yi-Yj2 (6.7) 

where Yi is the value of y predicted by the model at the î h data point. The parameters to 

be determined in our case is the strength of the connections, i.e., the weights, wj. If the 

(m X n) Jacobian is defined by Jy = r̂̂  / axj, then each iteration can be written as follows: 

Y^=Y^+5^ (6.8) 

where 5 is the solution of the set of linear equations of the following form: 

(A + XI)5 = - U (6.9) 

A 

where q is the residual Yj - Ŷ  , A = jTj and v = J^r are evaluated at Y*̂ , and where X is 

an adjustable parameter which is used to control the iteration. More details of this 

Levenberg-Marquardt method can be found elsewhere [124]. A flow diagram of this 

original Marquardt algorithm and the modified Fletcher's algorithm was given in Figures 

3.6 and 3.7, respectively. 

This algorithm shares with the gradient methods their ability to converge from an 

initial guess which may be outside the range of convergence of other methods. It shares 

with the Taylor series method the ability to close in on the converged values rapidly after 

the vicinity of the convergence has been reached. The weights were initialized to values in 

the range ± 0.1 by random assignment. 

6.2.4 Model development 

To begin with, the number of nodes in the input and output layers are known from 

the number of variables used as input and the number of variables predicted from them. 

There is no clear understanding of the optimum number of nodes to be used in the hidden 

layer because this depends on the type of data considered. In this work, the actual number 

of hidden nodes used was estimated by a trial-and-error procedure. Thus the root mean 
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square error (rms error) progression was monitored for a dififerent number of hidden 

nodes inorder to determine the optimum. The procedure followed in building a neural 

network model is explamed in the following paragraphs. 

6.2.5 Input and output data processing 

It is tempting to view ANN as simplified analog versions of the biological nervous 

system. Yet even the most complex neurocomputers, with several million neurons, are 

still unable to mimic the behavior ofa fly, which has approximately one million nerve cells. 

This is because the nerve system of the fly has far more interconnections than are possible 

with current-day neurocomputers and the fly's neurons are highly specialized to perform 

necessary tasks. The human brain, with about ten billion nerve cells, is orders of 

magnitude more sophisticated and complex. 

Even so, artificial neural networks exhibit many "brain-like" characteristics. For 

example, during training, neural networks constmct intemal mapping models of an 

extemal system. That is, they "make sense" of the problem with which they are presented. 

The bottom line in the constmction of a robust intemal model is the extemal system 

presented to the network. It must contain meaningful information. 

In general, the following anthropomorphic perspective should be maintamed while 

preparing the data: 

• Determine which data to use to train and test the selected network. For effective 

training, the selected data should be relevant, meaningfiil and complete. 

• Divide the available data into training and test data sets (1/3). Test sets are used to 

validate the trained network, insuring accurate generalization. (In this work, during 

training, part of the training data (10%) was used to validate during training.) 

• Scale/map the data to an array of numbers. Transform the real worid data into 

numeric input and target output pattems. 

• Normalize both the input and the target output data to fit transfer fimction range. 

Hence, the data has to be scaled to fit between the minimum and maximum values of 

your transfer fiinction. (Details about this normalizing is addressed in the following 

sections.) 

6.2.6 Scaling of real-word data 

In many cases, numeric data with a continuous range of values do not need to be 

encoded prior to being sent to a neural network. However, encoding was found to be 

necessary for the experimental data under consideration. The analog data were scaled to 
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fit within the transfer function range. A maximum/minimum scaling process for 

standardizing numeric data was used. To do this, a simple formula was applied to each 

data point: 

Xs = 
( X . - X MIN 

A 

^^MAX ^MINJ 
(TE MAX ^^MIN + TF 

MIN 
(6.10) 

where Xs is the Max/Min scaled data point, X ĵ is the real-worid unsealed input data 

point, dMAX ŝ the minimum value of the raw input data, djyQN is the minimum value of 

the raw input data, TFĵ ^^^x is the transfer function maximum and TF^IN ^̂  the transfer 

fimction minimum. 

Similarly, the network predicted data has to be unsealed for error estimation with 

the real world output data. The unsealing can be performed by a simple linear 

transformation to each data point. 

Yd = 
^S~^^MIN ^ 

TF̂  
V 

-TFT, 
MAX ^ ^ M I N ; 

(b MAX ^MIN> + b MIN (6.11) 

where Y ĵ is the real worid output, Yg is the neural network predicted output, b]y[AX and 

^MTN are the maximum and minimum value of the raw output data. A schematic of this 

scaling/unsealing procedure of the experimental data for neural network processing is 

shown in Figure 6.3. 

During the training phase, one of the important issues is that of achieving optimal 

training, which helps to reduce the number of training examples required to assimilate the 

cause-efifect relationship between the modeled variables. The goodness of the intemal 

model built by the neural network depends on this efficiency. Several methods have been 

developed by earlier investigations [125,126]. A novel approach suggested by Weigand 

[127], which uses a separate validation data set during training was used here. A 

validation data set is made up of an arbitrary number of data points from the original 

training data set (say 10%). Hence, at the end of each exposure and after weights 

updating, the validation data is presented to the network, and the network prediction error 

for the validation is calculated. Training is stopped when this error starts to increase. 

However, it should be remembered that the validation data is not part of the training data 

once the training begins. But, with the proposed training algorithm, this intermediate 

validation during training did not have any efifect on the final trained model's prediction. 
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6.2.7 Fabric materials in model predictions 

As mentioned earlier, modeling results are presented here only for selected fabric 

samples investigated in this research effort. A list of the fabrics considered are given in 

Table 6.1. The first section covers four different nylon 6,6 fabrics, followed by three 

nylon 6 fabrics in the second section. Finally, results for the three nylon 6,6 and two 

polyester fabrics that were trained and tested together are given in the third section. A 

general schematic of the training approach for permeability of a fabric is shown in Figure 

6.4. The approach shown here is same for all types of predictions carried out with the 

proposed model. 

6.2.8 Modeling of biaxial deformation of nylon 6,6 
fabrics 

The experimental permeability and biaxial stress-strain behavior was modeled 

separately with dififerent network architectures. The architecture for the neural network 

model used for predicting the fabric permeabilities was a 3-6-1 stmcture, i.e., 3-input 

nodes; 6-hidden nodes and 1-output node. The 3 inputs nodes correspond to the fabric 

type, temperature and pressure drop level. The one output node corresponds to the 

permeability of the fabric. Other network architectures with 3 to 7 hidden layers were also 

considered, but the network with 6 hidden nodes gave the best overall performance based 

on the root-mean-squared error for all pattems. Since, the network stmcture was simple 

on this case, the number of hidden layers were determined by a trial and error approach by 

monitoring the rms-error of neural network prediction during the training phase. 

6.2.8.1 Permeabilitv Predictions bv the Neural Network Model 
for nvlon 6.6 fabrics 

The main purpose of this experimental activity was to develop a model that could 

be used to predict the changes in permeability and biaxial stress-strain with inflation 

temperature and pressure drop. The permeability data were divided into two data sets. 

The training data set included experimental results for three temperature levels: namely 

8°C, 50°C and lOO^C. The 8°C to 100°C span covered the whole range of operating 

conditions for the 22 dififerent isobaric pressure drops. The second or test data set, 

consisted of the permeabilites obtained at two other intermediate temperature levels; 

namely 25*'C and 75°C. These two isotherms also covered all 22 dififerent isobaric 

pressure drop conditions. The fabric characteristics incorporated in the model were the 

fabric type (fabric denier, weave type), the inflation temperature and the intemal pressure 
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drop. All the four types of nylons were trained and tested together with appropriate 

differentiation for each. Thus the training data set consisted of 264 permeability data 

points at three dififerent inflation temperature levels (8°C, 50°C and 100°C) and 22 

dififerent pressure drop levels over a pressure range of 3.4 kPa to 200 kPa. The test data 

set to validate the model consisted of 176 permeability data points at two dififerent 

inflation temperature levels (25°C and 75T) and the same 22 pressure drop levels. 

The training and testing results from the feed-forward neural network model are 

shown in Figure 6.5. The model predictions for fabric permeability fell within a ± 7% 

error limit. This agreement is very good considering the nature of this experiment, and 

also, this level of error constitutes a relatively small level of energy dissipation by viscose 

flow through the airbag [128]. The training of the same data set with a back propagation 

routine did not converge for the same error criterion. Hence, the real-world data were 

normalized by a 'Z-scaling' method, which removed the constant offset common in many 

real-world data sets. The normalized data were then retrained with the back propagation 

routine. The best possible training achieved for these data is shown in Figure 6.6. The 

weights were adjusted by this method at the end of every epoch. Hence, the training was 

extremely slow. Further, the routine used a gradient-descent search which is a strong a 

fimction of the initial guess and the training achieved was not satisfactory. 

6.2.8.2 Biaxial stress-strain predictions bv the neural network 
model for nylon 6.6 fabrics 

The experimental data in this instance were randomly separated into two data sets. 

The training data set consisted of 48 data points and the corresponding test data set 

consisted of 40 data points. The efifects of the type of the fabric, i.e., fabric denier and 

weave type, pressure drop and biaxial strain were considered as the input layers. The 

predicted variable was the biaxial-stress level in the fabric. However, since the change in 

the biaxial stress-strain relationship with inflation temperature was not significant, this 

effect was ignored in the model. The same 3-6-1 feed-forward neural network 

architecture used in the preceding experiment was again used in this phase of the 

investigation. The training and test results from the network model are shown in Figure 

6.7. The model predictions were within a ± 1% error limit. 

6.2.9 Modeling of biaxial deformation of nylon 6 fabrics 

As earlier, the experimental permeability and biaxial stress-strain behavior were 

modeled separately. The architecture for the neural network model used for predicting the 
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fabric permeabilities was a 3-6-1 stmcture, i.e., 3-input nodes; 6-hidden nodes and 1-

output node. The 3 inputs nodes corresponds to the fabric type, temperature and pressure 

drop level. The one output node corresponds to the permeability of the fabric as in the 

earlier case with nylon 6,6 fabrics. 

6.2.9.1 Permeabilitv predictions bv the neural network 
model for nvlon 6 fabrics 

The experimental permeability data reported in the earlier sections were divided 

into two data sets, one for training and the other for testing the trained neural network in a 

new environment. The training was carried out at temperature levels of 8°C, 50°C and 

100°C, while testing was at 25°C and 75°C. The entire training and testing were carried 

out for 22 dififerent pressure drop levels over a range of 0 to 200 kPa. 

All the three fabrics were trained and tested together with appropriate 

differentiation for each of them. The training data set consisted of 284 data points and the 

test data set consisted of 187 data points at the same pressure drop levels. The training 

and testing results are shown in Figure 6.8. The predictions of the proposed model were 

in good agreement with the experimental data. The root-mean-squared error progression 

plot for the proposed Fletcher's, the original Marquardt-Levenberg, and a traditional back-

propagation with a conjugate gradient search are shown in Figure 6.9. With the 

Marquardt-Levenberg algorithm, a similar architecture was used as in the proposed 

Fletcher's routine (3-6-1). The Fletcher routine converged to an rms error of 1*10"̂  in 

less than 20 iterations. In contrast, the Marquardt-Levenberg routine required 45 

iterations. Both of these training routines were quite good and comparable apart from the 

difference in the number of iterations and time required to train the network. The 

traditional back-propagation with the conjugate gradient search reached a rms error limit 

of 0.05 after 250 iterations as shown in Figure 6.9. But the back-propagation algorithm 

yielded the best results with 10 hidden neurons (3-10-1). When the rms error limit of 

1*10-3 vvas hnposed on the back-propagation algorithm, the model did not converge even 

after 90,000 iterations. Changes in the learning rate and momentum factor did not seem to 

have a significant influence on the achieved training after a certain number of iterations on 

the back-propagation routine. 

6.2.9.2 Biaxial stress-strain predictions bv the neural network 
model for nylon 6 fabrics 

In this case, a different architecture of the neural network was used: a 3-6-2 

configuration. The input variables were same as in the eariier predictions. They were the 
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fabric type, temperature and pressure drop. But the two output variables in this particular 

architecture were the observed biaxial stress and biaxial strain generated during blister 

formation. The prediction was also carried out quite dififerently inorder to test the 

versatility of using neural networks in this application. Predictions were carried out at 

dififerent levels of pressure-drop rather than at dififerent temperatures as was used in the 

permeability predictions. 

The training data set consisted of 171 data points and the testing data set consisted 

of 125 data points. Training and testing was carried out at all the five temperature levels 

(8°C to 100°C) but at dififerent pressure-drop levels. The training and testing results are 

shown in Figure 6.10. A comparison of the root-mean-squared error progression plot for 

the three training routines are shown in Figure 6.11. For the Fletcher's routine, an error 

limit of 1*10-3 ^as approached in less than 20 iterations. In contrast, the original 

Marquardt-Levenberg algorithm (3-6-2) required about 95 iterations to reach this rms 

error limit. The back-propagation training routine required two hidden layers with 10 

neurons/nodes in each layer. Even so, the back-propagation training routine could reach 

an rms error of only 0.05 even after 300 iterations. When an rms error limit of 1*10"3 

was imposed for the back-propagation algorithm, no convergence was reached even after 

250,000 iterations for a network architecture of 3-(10,10)-2, i.e., two hidden layers with 

10 neurons in each layer. 

6.2.10 Modeling of biaxial deformation of nylon 6,6 
and polyester fabrics 

6.2.10.1 Permeabilitv predictions bv the neural network model 

In this section, results from modeling dififerent fabrics constmcted with dififerent 

polymeric fibers (nylon 6,6 and polyester) are presented. The network used in the model 

was a 3-input node, 6-hidden node, 1-output node (abbreviated as 3-6-1 network) 

architecture. The permeability data were divided into two data sets, the training data set 

was at three temperature levels of 8T, 50°C, and 100°C. These data covered the whole 

range of operating conditions for the fifteen dififerent isobaric pressure drops. The second 

or test data set was the permeability obtained at the other two temperature levels, namely, 

25°C and 75°C. These also covered all 15 dififerent isobaric pressure drop conditions. 

The fabric characteristics incorporated in the model were the fabric type (fabric deniers, 

weave type). These were combined with inflation temperature and pressure drop. The 

nylon 66 fabric and the polyester fabric were trained and tested together. However, the 
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results from this model are presented separately for the two fabric types (nylon and 

polyester) in the following sections. 

6.2.10.1.1 Nylon 66 fabrics 

The training data set consisted of 108 permeability data points at three dififerent 

inflation temperature levels (8°C, 50°C and 100°C) and fifteen dififerent pressure drop 

levels over a pressure range of 3.4 kPa to 103.4 kPa for the three nylon fabrics: namely 

420-D, 630-D and 840-D fabrics. The test data set consisted of 72 permeability data 

points at two dififerent temperature levels that the network had not seen before, namely, 

25°C and 75°C and at fifteen dififerent pressure drop levels. A 3-6-1 architecture was 

used in this case. 

The training and testing results from the neural network model is shown in Figure 

6.12. The model prediction for permeability was within ±0.2 m^jSTPj/m^/s (±6% error). 

This agreement is very good considering the nature of this experiment, and also, this level 

of error constitutes a relatively small level of energy dissipation by viscose flow through 

the airbag. 

6.2.10.1.2 Polyester fabrics 

The training data set for the polyester fabric consisted of both the uncalendered 

and calendered fabric data. Both the fabrics were of the same denier (650-D) so the 

calendering efifect was introduced as an input layer. The training data set consisted of 66 

permeability data points, and the test data set consisted of 44 permeability data points. 

The training and testing results of the model is shown in Figure 6.13. Overall, the 

predictions provided by the neural network model were better for the polyester fabrics 

than they were for the nylon fabrics for the inflation temperature and pressure drop ranges 

investigated. The model predictions for the polyester fabrics were within ±0.01 

m3{STP}/m2/s (±0.1% error) 

6.2.10.2 Biaxial-stress-strain predictions bv the neural network 
model for both nylon 6,6 and polvester fabrics 

The experimental data in this instance were randomly separated into two data sets 

of 32 data points each with dififerent levels of the fabrics' biaxial strain. The efifects of the 

type of the fabric, i.e., denier and weave type with nylons and calendering in case of 

polyester, biaxial strain, biaxial-stress, and pressure drop were considered in the model. 

However, since the change in biaxial stress-strain relationship with inflation temperature 
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was not significant, this efifect was ignored. The predicted variable was the biaxial-stress of 

the fabric under a biaxial deformation. The same 3-6-1 network architecture was again 

used here. The training and testing results from the model is shown in Figure 6.14. The 

predictions agreed very well with the experimental data as can be seen in this figure. The 

model prediction was within a ± 3 MPa error limit. 

The proposed modeling approach with artificial neural networks is simple to 

implement and computationally much simpler than the FEA based approach. Furthermore, 

various fabric characteristics and, the temperature and pressure efifects could be 

incorporated into this model. These efifects have been completely ignored in other existing 

models. The efifectiveness and speed of the proposed training algorithm was very good 

considering the complexities of various synergistically acting variables involved. This 

approach appears to have a potential for on-line simulation studies. 

6.3 Kinetic energy adsorption model (KEAM) 

6.3.1 General discussions 

The maximum energy adsorption required of an airbag was estimated based only 

on kinetic energy considerations. The energy thus adsorbed is that generated by a 

passenger of known mass whose velocity or momentum is reduced from that associated 

with the speed of his vehicle as the car comes to rest or zero velocity. With airbags, two 

primary mechanism appear to be responsible for the viscose dissipation of energy; these 

are gases flowing through the airbag fabric and the biaxial stretching of the fabric. For 

these two mechanisms, the important variables are pressure drop across the fabric which 

creates flow and the absolute pressure on the high pressure side of the fabric. The latter 

pressure is indicative of the amount of air available for flow through the fabric as it 

collapses. The biaxial stretching or viscoelastic stretching of the fabrics also becomes 

significant for the smaller bag volumes [129]. Furthermore, the role played by vents in 

energy dissipation is also presented in this section. Theoretical details about the model 

development was presented in section 3.4 

This efifort represents only a limited theoretical study. The example used is for 

illustration of controlled laboratory conditions and does not represent what might actually 

happen in a real vehicle crash. No attempt is made to predict actual levels of energy 

adsorption by the occupant during a crash event. Instead the resuhs are presented here 

only to give insights into various aspects of the airbag response. Direct extrapolation to 

occupant response is not possible without consideration of the fijU complexity of airbag 

dynamics. 
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Through simulation of the energy adsorbed by these four mechanisms, it was 

shown that the kinetic energy of a 100 kg occupant traveling from 13 m/s and coming to 

rest during a crash could be adsorbed by an airbag of reasonable size and operating 

characteristics [129]. The resuhs from this simulation study are presented for three 

dififerent nylon 66 fabrics; namely a 420-D, 630-D and a 840-D, and two 650-D polyesters 

with the efifects of calendering. 

6.3.2 Airbag pressure-time history 

The airbag pressure-time history is the basis for the occupant restraint provided by 

an airbag, and, hence, influences the level of restraint performance. Many researchers 

have attempted to simulate airbag inflation, including the airbag wave form, using airbag 

inflation models constmcted around thermodynamic and hydrodynamic theories. 

However, most of these airbag models employ complicated theoretical equations and are 

based on many assumptions. Consequently, even though these simulation programs may 

compute an airbag pressure wave form that corresponds reasonably well with specific 

experimental results, performance of the fabric material during deployment is usually 

completely ignored. A simple numerical model for simulation of the pressure-time history 

presented in the section 3.5 will be discussed in the next chapter. 

A typical airbag pressure wave form comparison between inflation in isolation and 

inflation followed by interaction with an impactor or a dummy is shown in Figure 6.15. 

When the airbag is inflated in isolation, an initial peak bag-pressure is reached. After 

reaching this initial peak, a momentary vacuum occurs in the bag because of the 

turbulence of gases inside the bag immediately after the cover breakage, followed by 

subsequent normal repressurization. Before the failure of the airbag-door, the pressure 

inside the compartment reaches as high as 400 kPa. During the repressurization, a second 

peak is attained within approximately 30 ms, after which the pressure again decreases, but 

this time gradually until it reaches atmospheric pressure- In comparison, the inflation 

behavior followed by an impactor or a dummy causes the bag to be compressed by 

contact, producing an increase in the bag pressure. This contact with the slowly deflating 

airbag causes an acceleration of gaseous outflow producing the viscous dissipation of the 

kinetic energy of the passenger. A fraction of this energy will also be absorbed by the 

resulting mechanical stretching of the fabric's fibers. However, it is the fabric's 

permeability and vent system which are of primary importance to energy dissipation [109]. 

In practice the bag-pressure increase during repressurization is typically in the range of 20-

35 kPa depending on the volume. Hence, the permeability and biaxial performance of the 
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fabncs for this pressure range were mvestigated at five dififerent isothermal temperature 

levels (8°C to 100°C) as mentioned in Chapter V. 

In order to quantify the contribution to energy dissipation due to the fabric, the 

permeabihty of the expansible fabric was correlated with the biaxial stress-strain behavior 

of the fabric. Measurement of this relationship was accomplished by the blister-inflation 

technique. When an expansible fabric is stretched biaxially by inflation into a spherical 

segment or "bhster," the fabric's stmcture opens up and becomes more permeable, just as 

it does when an autag is inflated. The efifects of fabric denier m the case of nylons and the 

mfluence of calendering m the case of polyester on energy adsorption is presented in this 

chapter, 

6.3.3 Permeabihty of fabrics, seams and vents 

The experimental permeabihty-isobaric data which were obtained in the bhster-

inflation experiments for the 630-D nylon 66 fabric are shown m Figure 5.29. The isobaric 

permeabihty lines are convoluted with maxima and minima. A maximum of the 

permeabihty-isobar was found to occur around the glass transition temperature, Tg, of the 

polymeric fabric. This behavior was observed to reverse with an increase in temperatures 

above the glass transition temperature of the polymeric fibers. However, the low 

temperature data for the 630-D nylon 66 fabric are somewhat atypical compared to other 

fabrics investigated m our laboratory. The low pressure isobars indicate that permeabihty 

is mcreasmg as the temperature is reduced; while the high pressure data mdicate that 

permeabihty is either constant or decreasmg as temperature drops. This may be due to the 

fact that even at the low temperatures, a sufiBciently elevated threshold pressure can 

mduce the fibers to spread out from the yam stmctures and thereby increase the fabric's 

cover factor. 

Typically, the lower denier fabrics, i.e., 420-D nylon 66 fabrics (except for a fancy 

weave) exhibit a clear permeabihty maxunum around the Tg The coarse 840-D fabrics 

with a ripstop weave, however, are not as sensitive around Tg, but exhibit a steady dechne 

m the permeabihty with mcreases in temperature. The performance of the 650-D polyester 

fabric with a plam weave was comparable to the 840-D nylon 66 fabric (section 5.65), 

hence, it should receive consideration as a potential fabric for passenger side safety 

restramt apphcations. However, calendering of the same fabric causes permanent 

flattemng of the fiber bundles, and, hence, an mcrease in the fabric's cover factor. With an 

mcrease in cover factor, a decrease in the mitial porosity of the fabric was expected. The 

actual decrease was m the range of 100 to 250 f^3[STP]/ft2/mm, dependmg on the 
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pressure drop across the fabric (Figure 5.65). Such permeabihty data were used to 

esthnate the viscous energy dissipation at a 34 kPa pressure drop using Equation 3.53. 

The energy dissipation on a typical driver's side airbag, where the top surface of 

the bag is coated with mbber was also considered. Hence, the permeabihty of the seams 

was measured in the bhster-mflation apparatus by insertmg a sample of the fabric from an 

actual ah-bag contammg a seam in the sample-jig. Thus, the permeabihty through this 

fabric wiU be a composite of both seam and permeable component of the fabric. The 

efifect of the fabric was factored out and permeabihty of the seam based on the area of the 

seam was estimated. 

The seam was assumed to be m the shape of a toms across the airbag, and hence, 

the permeabihty of the seam was corrected for this area. A plot of the estimated 

permeabihty through seams as a function of pressure drop across the airbag is shown m 

Figure 6.16. The sample-jig exposes a ch-cular crossection of fabric with a seam to a 

pressure drop created by the inflating gas. If the seam is assumed to transverse the sample 

on a diagonal, the foUowing equations can be used to calculate permeabihty of a seam as a 

fimction of the area. 

for uncoated fabric: 

QS = ( Q C - Q F ) - A S (^-1^) 

for coated fabric: 

Qs = Qc-Ag-Qp 
V 2 y j 

(6.13) 

where Qs = volumetric flow rate through the seam (ft ^[STP]/m2/ms) 

QC = the composite volumetric flow rate through the seam and fabric m the 

sample (ft3[STP]/ft2/ms) 

Qp = volumetric flow rate through the fabric alone (ft̂  [STP]/ft2/ms) 

As = area of the sample m the sample-jig (ft^) 

The seam permeabihty was variable with respect to the pressure drop across the 

coated fabric seams, exhibitmg less volumetric flow rate than the uncoated fabric as seen 

m Figure 6.16. Further, the biaxial stress-stram behavior was quite dififerent for both the 

coated and uncoated fabrics as shown in Figure 6.17. As mentioned earlier, two dififerent 

terms for energy dissipation through biaxial stretching were used in the energy dissipation 

model. From the figure it is clear that the uncoated fabric undergoes some realignment of 
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the fiber bundles at low pressure drops and, hence, has a greater biaxial strain at the low 

biaxial stress level than a coated fabric. The initial slopes of the two curves are 

approxunately the same, indicating a stabilization of characteristics of the fibers during this 

portion of the biaxial stretching process. There is also an indication that the elastomeric 

coating may be beginning to fail at a given biaxial stress level because there is a evident 

decrease in slope of the biaxial stress-strain curve as the amount of biaxial strain increases 

for the fabric. 

The permeability resuhs for vents of various sizes are shown in Figure 6.18, along 

with the fabric permeability of the 420-D fabric inorder to present a clear picture of the 

dififerences between the level of energy dissipation achievable by these two mechanisms. 

The vents were of 1.0 in, 0.75 in and 0.5 in diameter. Each of these vents was properly 

reinforced as in the actual airbag so that the area of the fabric around the vent was not 

permeable. Only a limited multidiamensional deformation could be controlled by 

reinforcements. The experimental permeability data corrected for just the area of the vent 

would appear as vertical lines on this figure in comparison to the permeability of the plain 

fabric. There was not much difference in the permeability of the fabrics with vents of sizes 

0.75 in and 1.0 in diameter. Further, the fimction of the total air lost from the airbag was 

greatest for the vent at low pressure drops. This fraction steadily decreased as the bag 

stretched with high intemal pressure or as the surface area of the bag itself increased. 

6.3.4 Particulate analysis 

Before studying the levels of energy dissipation through airbag vents, it was 

decided to do a particulate analysis ofa deployed airbag. This should give some idea as to 

the pattems of particulates embedded in the fabric during biaxial extension. For this 

analysis a deployed drivers side airbag was used. This bag had one vent of 1 inch 

diameter. Twelve small samples of fabric were removed from the uncoated side 

(permeable) of the airbag. Their location is shown schematically in Figure 6.19, where 

they are designated by alphabetical letters: three samples were taken from around the vent 

(A, B, and C), three were equally spaced around the larger, central anchor hole (D, E, and 

F), four samples were taken from equally spaced regions nearer to the circumference of 

the airbag (G, H, I and J), and the final two holes were spaced randomly (K and L). The 

intemal surfaces of samples A through J were subjected to an electron scanning 

microscope, while the extemal surfaces of K and L were examined with ESM. The 

hypothesis was that the intemal surfaces might show debris/particulates, while the outside 

surface would be free of particulates. This turned out to be almost correct. The 
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respective particulate count densities are also given in Figure 6.19. On average, there are 

seven tunes more particles per surface area inside the airbag than there are outside the 

airbag. 

A chemical assay of the particles was not performed by electron diffraction X-ray 

analysis. Hence, it was not known if the particles were a talc lubricant or of pyrotechnic 

origin. However, the particles appeared to be of a rather uniform size distribution with 

diameters ranging from 10 to 20 microns. Some of the particles had rough surfaces, while 

some were smooth and spheroid as if they had been mehed. Most of the particles 

appeared to rest on the surface of the fabric, but many were observed embedded just 

below the first layers of fibers. There were only a small number of instances where 

portions of the fibers appeared to be abraded due to contact with neighboring fibers. 

The density of particulate matter was greatest around the central hole because the 

particles bounce from the unpermeable fabric on the upper part of the airbag during 

mflation. However, even in this region it did not appear that they posed a serious threat to 

be a reduction in permeability of the fabric. The particles on the outside of the fabric were 

of the same size and shape as those photographed on the inside fabric surfaces. Thus they 

appear to have the same origin, and they may have simply passed through the fabric when 

it was distended. Copies of the photographs of the surfaces at the lowest magnification 

(lOOX) are shown in Figure 6.20. 

6.3.5 Energy adsorption by viscous flow, biaxial stretching, 
or viscoelastic behavior of airbag fabrics 

Energy dissipation by viscous flow can be estimated from Equation 3.55 with the 

knowledge of volumetric flow rate of the gas through the fabric for a given dififerential 

pressure. It should be remembered that more than 80% of this energy dissipation occurs 

by viscose air-flow behavior. The remainder can be attributed to inelasticities in the fiber 

and the woven fabrics 

The biaxial-stress-strain relationship as determined in permeability experiments are 

shown m Figure 6.21 for all the five fabrics. The viscoelastic efifects were assumed to be 

independent of time, hence, the energy adsorbed by this processes was assumed to span 

the entire time of 150 ms for airbag deployment. The elastic or inelastic energy dissipated 

through biaxial stretching process was estimated by Equations 3.56 and 3.57. In general, 

the stififiiess or modulus of the polyester fabrics was higher than the nylons. Inspite of this 

behavior, the area under the biaxial stress-strain curve was not much dififerent for both the 

fabrics. At high pressures (200 kPa), there is an indication that the calendered fibers may 
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be begmning to separate. This is indicated by the decrease in the slope of the stress-strain 

curve as the amount of biaxial strain increase for the fabric to the point where the fiber 

bundles are freed from each other. 

6.3.6 Impact energy adsorption by an airbag 

The amount of energy adsorbed by an airbag is dependent on many variables; not 

the least of which is the pressure-time-temperature history of the gas within the airbag 

foUowing deployment. As mentioned earlier, a spherical shaped bag was assumed in order 

to estabhsh the relationship between the fabric type, volume of the gas forced out of the 

bag, temperature, and pressure drop with respect to the amount of energy dissipated. A 

step pressure spike of 34.4 kPa to inflate the bag and a constant intemal pressure 

throughout hs coUapse was assumed to occur over a milhsecond span. The relative levels 

of energy dissipated by the three fabric related mechanisms: viscous flow, biaxial 

stretching and seams, were found to be sufficient to dissipate an energy of 32 J/ms as 

estimated by Equation 3.54, under the assumed parameters of this equation. The energy 

dissipated as a function of the volume of the airbag and temperature at a 34 kPa pressure 

drop is shown in Figures 6.22 - 6.26 for all the five fabrics. The data are presented here as 

isotherms, which should be a linear function with the volume of the assumed airbag as 

expected. The efifect of the glass transition temperature, Tg, of the polymeric fibers can be 

shown by plotting the same data as isobars. The effect of Tg, appears not to be significant 

at such low pressure drops (34 kPa) during energy dissipation. 

The proposed kinetic energy model considered in this study accounts for 

conditions that are not encountered during the actual deployment of airbags. For example, 

the typical contribution of the load of the passenger (head and upper body) during impact 

is approximately 30 kg, and not the total body load. Moreover, the velocity of the 

passenger impacting the airbag usually will not exceed 13 m/s. The impact energy 

generated m this more conservative case must then be dissipation through a passive 

restraint system within a significantly smaller time span. In addition it should be 

remembered that during impact the space available for movement between the passenger 

and the airbag is less than a foot. Moreover, the predicted level of energy dissipation will 

be reduced significantly when the permeable surface area of the airbag is reduced by 

passenger contact. In the model that was used, the predictions were based on the entire 

surface area of the airbag-fabric. Also, our experiments indicated that there will be uneven 

stretching of the coated and uncoated portions of the fabric. 
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It should be remembered that the biaxial deformation of textile fabrics can be used 

to advantage in the characterization of properties important to safety restraint system. 

The estimate based on the kinetic energy model suggests that inflatable airbags may 

perform well as energy adsorbing devices without the presence of vents. While these 

resuhs appear to make the airbag technology look adequate, it must also be remembered 

that not all the energy of the crash needs to be adsorbed by the safety restraint system 

[130]. The complex conditions encountered during the dynamic interactions between the 

airbag and the occupants are discussed in the foUowing section on PRAM predictions. 

6.4 Passenger restraint action model (PRAM) 

'For many, the words 'airbag test' evoke an image ofa crash dummy in a sled. While 

this type of analysis is quite valuable, sled tests are much more costly compared to 

computerized simulation of airbag deployment" - Fritz Hatt, General Manager, ESI 

6.4.1 General discussion 

Passive restraint systems, namely airbags help to mitigate the forces of impact in 

automobile colhsions. Conceptually the performance of an airbag is simple: a bag made 

of a soft fabric is inflated to a pillow and then dissipates the energy released during an 

accident. Behind this simple concept, however, the engineering embodied is very specific 

and complex. Many attempts have been made to simulate the airbag pressure-time history 

in the past. Most of these were based on thermodynamic and hydrodynamic theories [20-

31]. However, the majority of these models are computationally intensive and very 

complicated. Even though some of the models can simulate a time-history that agrees 

with experimental evaluations, the forces of interaction between the occupant and the 

airbag have not been adequately addressed or clarified. Therefore, it was decided to 

develop a simple numerical model to analyze the interactive forces between the occupant 

and the ah-bag foUowing impact [31,131]. Theory and mathematical background about 

this model were given in section 3.5. 

The airbag pressure-time profile was simulated to facilitate this analysis. Many of 

the important factors affecting airbag response have been addressed in eariier publications 

and in Chapter V [72-75]. For example, an accurate fabric-material behavior model which 

was presented in section 6.2, was developed based on artificial neural networks. This 

model for the fabric behavior was then integrated with a kinetic energy adsorption model 

(KEAM) to analyze the relationships between the viscous and visco-elastic efifects on 
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energy dissipation with respect the fabric properties as presented in section 6.3. The 

outputs from these two models were then utilized in developing a numerical shnulation 

which helps to analyze passenger-airbag interactions. 

6.4.2 Simulation resuhs and discussions 

This simple numerical model was used to establish the relationships between 

various variables that influence restraint on an occupant. The initial conditions used in this 

model were as foUows: The mass of the impactor/occupant is due to the contribution of 

the passenger's upper body and head. Hence, a 30 Kg mass was used. A reasonable 

esthnate for the velocity of the passenger towards the ah-bag was found to be 13 m/s. The 

total leakage rate through the vent, seams and the fabric was experimentaUy determined to 

be 430 N/ m^/ msec for the vented airbags. In contrast, for the ventless airbag systems, 

exhaust condhions rely on the fabric, and to a certain extent on seams. In such cases, the 

pressure leakage rate was found to be 205 N/ rn^l msec. These initial conditions were 

used through out this model. 

6.4.2.1 Shnulation of pressure-time historv 

Based on the assumption of ideal gas behavior for the inflatmg gas, the maximum 

ah-bag pressure for a given volume of the akbag and the temperature of the gas was 

esthnated. The gas leakage characteristics were experimentally determmed for each of the 

fabrics as mentioned in Chapter V. Then the change in the airbag pressure with tune was 

calculated. The approach was used to overcome the high variability observed whh the 

pyrotechnique-mflator gas flow equations used m many commercial simulation programs. 

The pressure-tune history was simulated initially without the presence of the impactor as 

shown m Figure 6.27. This figure shows only the second peak produced after 10 msec m 

the pressure-tune history. Hence, an initial time of 0 msec corresponds to the 10 msec 

mark m Figure 6.15. The efifect of the inflating gas temperature on this history is also 

shown m Figure 6.27, for high (800°K) and low temperature (400°K) gas. Generally, with 

an increase m inflating gas temperature, the mass of gas required to inflate the aubag to 

atmospheric pressure decreases. From Figure 6.27, iX is clear that inflation gases at 800° 

K would reach a bag pressure of at least 40 kN/ m^ more than the gas at 400°K, and iX 

wiU do so in a much shorter time interval. Also, the time required for the bag pressure to 

reach atmospheric pressure was delayed (more than twice) due to the increase in inflatmg 

gas temperature. 
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The acceleration of the airbag from the module in the steering column is at a much 

higher velocity as shown in Figure 6.28. The airbag attains a velocity of 135 mph during 

deployment under simulation conditions. However, from the author's experience, this 

velocity can reach upto 400 mph under extreme conditions. The time of contact between 

the airbag and the occupant has to be properly tuned for the possible extreme condhions 

because field conditions may vary to a great degree. 

6.4.2.2 Airbag-occupant restraint 

The simulation was carried out with the presence of the impactor/occupant inorder 

to analyze the restraint action after contact. Figure 6.29 shows the restraint action of a 

vented airbag system. The vented airbag pressure reaches atmospheric pressure in about 

68 msec when inflated in isolation. A restraint action was imposed after a 50 msec time 

interval, and the response of the model to this restraint is also shown in Figure 6.29. On 

contact the bag pressure increases to about 33 kN/ m^, after which the time required for 

the bag pressure to reach atmospheric pressure was extended to 128 msec. 

The restraint action imposed at three dififerent time intervals, 50, 60 and 70 msec, 

along whh the original pressure-time history without any impactor for a ventless airbag 

system is shown in Figure 6.30. The bag pressure at the point of contact between the 

impactor and the airbag was dififerent in each case. It is important to note that with the 

reduction of airbag pressure at contact, i.e., the area below the restraint action curve, 

increased. That is, an increase in the peak pressure and elapsed time were noticed due to 

the imposed restraint. This should give a better picture of the change in the airbag's 

exerted force due to a change in time of contact between the airbag and the occupant. 

However, the delay apparently does not seem to curtail the achieved restraint. 

6.4.2.3 Analvsis offerees of interaction between the airbag 
and the occupant 

The forces of interaction between the impactor and the airbag were analyzed 

during the restraint action of the occupant/impactor. The force exerted by the airbag on 

the impactor and vice versa were plotted against time as shown in Figure 6.31. However, 

iX should be realized that more than 40% of the energy released by the passenger is 

adsorbed by the present steering columns. This efifect was not considered in the PRAM. 

The force exerted by the airbag on the impactor is initially higher than the actual force that 

the impactor applies on the bag. This becomes more understandable through the high 

speed photography of the impact action, where the passenger bounces back after his first 
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contact with the fiiUy inflated airbag. But when the effective area of comact between the 

passenger and the impactor becomes equal to the area of the impactor hself, then an 

increase in the impactor force is noticed. This phenomena does not occur immediately 

when both the areas become identical, but only after a time delay of roughly 8-10 msec. 

In this short time span, |FAI = |Fi|, and, hence, ideal condhions exist. The maximum force 

due to the airbag was observed to occur at around 38 msec, after which the bag began to 

decelerate. On the other hand, the impactor acceleration increases up to a time of 80 

msec, and reaches zero after 102 msec as shown in Figure 6.31. The deceleration of the 

airbag was found to start at a displacement of 0.37 m. However, ix should be realized that 

the type of reaction surface considered in an analysis would have a substantial effect on 

the observed forces of interaction. 

A plot of the forces of interaction between the airbag and the impactor versus the 

airbag pressure change is shown in Figure 6.32. The force exerted by the airbag and the 

impactor mcrease at a very slow rate until the efifective area of contact between them 

starts to increase. A restraint action was imposed after a time lapse of 50 msec, and the 

bag pressure at this point was around 40 kN/ m^. At the onset of contact, the force 

exerted by the airbag on the impactor increases at a faster rate in comparison to the force 

exerted by the impactor. But when the airbag begins to decelerate, the impactor pressure 

increase before the impactor finally experiences deceleration. A plot of the forces exerted 

by the ah-bag and the impactor against their individual accelerations and declarations are 

shown in Figures 6.33 and 6.34. 

A plot of the two types of force changes whh displacement of the impactor is 

shown in Figure 6.35. The change in displacement of the occupant with time is considered 

as a relative change in most of the existing models and an Equation similar to 3.70 is used. 

But in PRAM, the indirect role played by elapsed time on displacement can be 

incorporated. The simulation resuhs for such a change is shown in Figure 6.35. The force 

exerted by the airbag increases untU a displacement of 0.37 m by the impactor. After this 

initial increase, the airbag begins to experience deceleration forces at a much slower rate 

until the effective area of contact between the two becomes equal to the area of the 

impactor. Once this stage is reached, the airbag is observed to decelerate at a steady rate. 

The same phenomena is observed with the forces exerted by the impactor on the airbag, 

but at a much lower magnitude until a total displacement of 0.74 m is reached. After this, 

the impactor forces increase until the airbag is completely deflated. 

The above phenomena is depicted much clearer in Figure 6.36, where the forces 

encountered during the restraint action alone are graphed against the bag pressure. The 
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individual forces stayed at a constant magnitude until a pressure of 17 kN/ m^ was 

reached within the airbag. The time corresponding to a zero bag pressure occurred at 50 

msec, after which the restraint was applied. 

The efifect of the velocity of the impactor/occupant on the forces generated by the 

airbag on the impactor was also simulated. The resuhs from this simulation are shown in 

Figure 6.37. The simulations shown in this figure are for two different velocities', 13 m/s 

and 23 m/s. The peak force attained due to the imposed restraint increased from 2800 N 

to 4600 N for the increase in velocity. At a higher impactor velocity (23 m/s), the time 

required to reach this peak bag force was about 7-10 msec earher than at 13 m/s impactor 

velocity. Also, the bag force decayed to zero in less time (> 16 msec) for the higher 

impactor velocity. 

6.4.2.4 Comparison in performance of dififerent airbags 

The performance of vented airbags constmcted from ehher a 420-D nylon 6,6 

fabric or a 440-D polyester fabric of similar weave count were compared for their restraint 

behavior. The resuhs from the simulation studies are given in Figure 6.38 for these two 

fabrics. With the polyester material, the peak bag pressure due to restraint was higher 

than that experienced for the bag woven from nylon 6,6 material. Also, the time required 

for the airbag pressure to reach the atmospheric pressure was greater with the polyester 

fabric. This is due to their differences in permeability and biaxial extension [111]. 

However, a close examination of the pressure-time history, without the presence of an 

impactor, does not show a significant difference. Hence, the importance of the change in 

the porosity of the fabric, first after the attainment of the initial peak pressure in the airbag 

and, secondly when the impactor comes in contact with the bag, is apparent. A 

comparison of the permeability and biaxial deformation of dififerent nylon 6,6, nylon 6 and 

polyester fabrics of various physical characteristics can be referred to Chapter 5.2.3 or to 

an earlier pubhcation [111]. 

6.4.2.5 Comparison of PRAM predictions with experimental data 

A comparison of the proposed PRAM predictions with an experimental plot 

obtained from reference 22 is presented in Figures 6.39 and 6.40. A plot of the impactor 

deceleration with the force exerted by the impactor on the airbag is shown in Figure 6.39. 

A comparison of this prediction whh the experimental data is presented as a separate plot 

in the same figure. A reasonably good comparison was obtained considering the level of 

complexities and assumptions involved. 
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A shnilar comparison for the change in the bag pressure once the impactor started 

to decelerate is shown in Figure 6.40. In this figure, the impactor comes in contact with 

the inflating airbag after a 30 msec interval. This was chosen because the pubhshed 

experimental data were available at these condhions. After the onset of contact, the 

acceleration of the impactor increased further for a very short time span, but with a higher 

pressure spike. After the attainment of this peak pressure, the impactor began to 

decelerate. Using this scenario, good comparisons between the model predictions and the 

published experimental data were observed. 
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Table 6.1 List of samples considered for FMRM predictions. 

Fabric Type 

Nylon 6,6 

Polyester 

Nylon 6 

Denier 

420 

630 

840 

420 

630 

840 

650 

650 

420 

630 

630 

Weave 

Count 

74x46 

42x42 

32x32 

49x49 

35x35 

32x32 

42x42 

42x42 

49x49 

41x41 

35x35 

Weave Type 

Plain (H.C) 

Plain (H.C) 

Ripstop (H.C) 

Fancy (M) 

Plain (M) 

Ripstop (M) 

Plain (H.C) 

Plain (H.C) 

Plain (A) 

Plam (A) 

Plain (A) 

Fmish 

Calendered 

M - Fabric from Milliken & Company 

H.C - Fabric from Hoechst Celanese 

A - Fabric from Allied Signal 

2 5 1 
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Figure 6.1 A general structure ofa feed-forward neiu-al network. 
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Figure 6.2 Typical fiinctions carried out by an arbhrary neuron. 
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Estimate Xmin, Xmax form the input data 

Transfer real-world data to ANN processing 
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FOR FURTHER PROCESSING 

Figure 6.3 Schematic of input/output data processmg 
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DEFINE ANN STRUCTURE 
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Figure 6.4 Schematic of the proposed training approach. 
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Figure 6.6 Neural network training resuhs for back-propagation routine whh a 
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Figure 6.15 Typical airbag pressure-time history of airbag inflation in isolation and whh 
an impactor/dummy. 
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Figure 6.19 Permeable side of driver's side airbag showing the location of the fabric 
samples taken for particulate analyses. 
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Figure 6.20 Photographs of the permeable fabric surfaces. 
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Figure 6.22 KEAM prediction of energy dissipation at 34 kPa and various temperature 
levels for an ahtag (420-D nylon 6,6). 
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CHAPTER Vn 

CONCLUSIONS AND RECOMMENDATIONS 

7.1 Summary of accomplishments 

This research was initiated to gain a better understandmg of the various fabric 

properties that affect the ahtag-fabric material during deployment. Emphasis was placed 

on the development of shnple methods and models to study various characteristics of 

airbag fabrics. Because of the perception of the safety device nature of airbag as a major 

safety device for automobile, the demands for quality and rehabhity in theh- manufacture 

have been high. Questions concerning the actual performance of different commercial 

fabrics have been raised because of the dififerent proprietary weaving and finishing 

processes followed by various manufacturers. Further, the existing standards for 

evaluating ah-bag fabrics (ASTM) tachly fail to recognize any of the given efifects of the 

many variables that affect the performance of akbags. Hence, we were motivated to 

develop a novel approach caUed blister-inflation in order to evaluate fabrics under biaxial 

stress condhions. Theories for the biaxial stretching process were also developed to 

evaluate the permeabUity-temperature-pressure drop and biaxial stress-stram relationships. 

It has been demonstrated through several of author's publications that this technique can 

be used to an advantage in the characterization of various properties hnportant to safety 

ah-bag performance. In particular, the bhster-mflation technique revealed fabric properties 

which could not be disclosed by other techniques available at the present thne. 

Fabrics woven from three dififerent polymeric fibers, namely, nylon 6,6, nylon 6 

and polyester, were mvestigated. Most of the clahns in the hterature about the use of 

either of two types of polyamides were clarified with respect to condhions encountered 

during airbag deployment. Also, the potential for fabrics woven from discontmuous 

fibers, namely cotton fibers, were also investigated. The existmg airbag fabric response 

models are based on non-hnear finite element methods. These models hke any other FEA 

require mputs to each mesh, and apparently, only uniaxial data on fabrics have been used 

in these models. Biaxial deformation data has never been reported in the hterature for 

these textile fabrics. Biaxial deformation data for such fabrics are significantly dififerent 

from the uniaxial performance of the fabrics, because of the synergistic interactions of the 

rigidities m the wrap and fill directions. Furthermore, the efifects of temperature and 

pressure drop, which were shown to have a significant efifect in this study on the 

performance of airbags, were ignored in the FEA models because of their non-existence. 

Also, the assumption of continuity has been used m these models, which is highly 
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questionable m airbag fabric deformations during deployment. In this research, a unique 

fabric-material response model (FMRM) using the concepts of artificial neural networks 

was developed. This model is computationally fairly simple compared to the FEA based 

models, and moreover, h is very fast in hs predictions. Overall, the permeability of the 

fabrics at a given temperature and differential pressure could be predicted to whhin an 

accuracy of ±7% and the biaxial deformation can be predicted to whhin an ±2% accuracy. 

This ANN based model has a strong potential to be used for on-line control and shnulation 

studies. 

The FMRM could not be used to tram all the observed experimental data for 

dififerent fabrics as one data set. Fletcher's algorithm was found be inefiScient when the 

number of weights m the selected network mcreased above 50. This was also not 

possible with a back-propagation method with a conjugate-gradient search even though a 

sacrifice m the error criterion was considered. But this problem was overcome by usmg 

several smaUer architectures for fabrics in individual lots. In this latter attempt, aU these 

smaller networks can be integrated to represent a universal model for the fabrics evaluated 

m this study. 

One of the objectives of this research efifort was to develop the concepts for a 

vent-less airbag system. Therefore, the various mechanisms by which energy is dissipated 

in an airbag was mvestigated. The roles played by the fabric, vents and seams were 

investigated. Based on these efforts, a unique kinetic energy adsorption model (KEAM) 

was developed for estimating these factors with respect to energy dissipation. This model 

can be used to determine the optimum volume and other design characteristics of an 

airbag made from a particular fabric. Furthermore, the KEAM model aUows the changes 

m operating condhions on energy dissipation characteristics to be evaluated on a rapid 

routine basis. 

The outputs from these two models were used to developed a simple numerical 

model (PRAM) for shnulation of the airbag-pressure time history. The efifect of various 

variables on the restraint action of the occupant was investigated with this model. Also, 

an analysis on the mteraction forces between the occupant and the airbag during 

deployment was examined with this model. The author beheves that this model can be 

very usefiil for optimizing various variables which are involved in fine tuning of the 

airbag's response. 

However, direct interpolations from this models to an actual environment can not 

be carried out at the present time without considering the airbag dynamics. These models. 
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however, should serve as a platform for fiirther refinement and understanding of the 

passive restramts. 

Further, the behavior of fabrics woven from discontinuous fibers like cotton was 

briefly investigated. The efifects of twisting of the filament yams on the observed 

permeability behavior were highlighted. 

Finally, some of our developmental efforts in the area of smart fabrics were 

presented. The possibihty of optimizing various design variables whh these new fabrics 

seems overwhehning. But no recommendations wih be made at the present thne because 

of the lack of actual airbag performance resuhs which are stih in progress. 

7.2 Recommendations for fijture research efforts 

In this research, a fimdamental understanding of the role played by the airbag 

fabrics in actual energy dissipation after impact was developed. Three dififerent models 

were developed for systems evaluation. This research efifort has clarified many clouds of 

misconceptions that prevailed whh passive restraints. Biaxial deformation comparisons 

between various fabrics from dififerent manufactures are suspect because of the various 

dififerent processing techniques used by the textile industry. Further, the existing ASTM 

standards should be revised to incorporate various factors which were shown to be 

important for airbag applications. However, the following recommendations are given for 

fiiture research in the area of passive restraints: 

1. Complex airbag dynamics were not incorporated in any of the proposed 

models because of the lack of the actual airbag-time history and the expensive 

instrumentation required for carrying out such analysis. Incorporation of such 

characteristics would make the PRAM a very efifective tool. 

2. Dynamic integration of the three models was also not possible from the 

quasi-steady state data obtained from our existing blister-inflation apparatus. This should 

be possible with the development of a new apparatus for measuring the unsteady-state 

response. This mstrument is not yet available for testing. 

3. The deformation rates encountered in actual deployment of an airbag are 

an order of magnitude larger than those encountered in blister-inflation. Higher 

deformation rates should be possible whh the new instrument. Hence, a detailed study on 

the fabric deformations at such high biaxial strain rates should be carried out to fiirther 

refine our understanding on biaxial deformations pertaining to airbags. Also, these 

changes should be incorporated in the KEAM model. 
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4. In efforts at Texas Tech University to develop smart-airbag fabrics, only 

two types of coatings were evaluated because of time constraints. Among these two, the 

NALAN coating was found to be efifective for driver's side airbag fabrics. Further 

evaluation is required before this fabric can be recommended for use in automobiles. 

Also, the similar application on the passenger side airbag should be considered. 
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