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ABSTRACT

A computerized mathematical model (DEPLOY) has been developed which
predicts the response of a forward positioned occupant's chest interacting
with a deploying air bag. In addition, this computer program predicts the
chest response of normally seated occupants, permitting the model to be used
in a comprehensive parameter study of air bag design factors including the
competing protection requirements for normally seated adults and forward
positioned children. Development of this model along with further development
of refined and expanded models of this type will permit a generalized systems
approach at air bag parameter design. This approach is essential considering
the large numbers of parameters to be investigated in any air bag development
program and the associated substantial expense in exhaustively establishing
design relationships and limits using laboratory testing with anthropomorphic
test devices or animals.

1.0 INTRODUCTION

The continuing evolution of air cushion technology requires more
powerful predictive tools to represent the thermodynamic and mechanical
relationships which govern not only the dynamics of the restraint phase
but also of the deployment phase dynamics where there is some finite
chance that an occupant, positioned forward at the time of deployment,
will interact with the bag.

The development of the DEPLOY computerized mathematical model is a

first step in developing such tools which can be used in a comprehensive
systems analysis approach to air cushion analysis and design. The
benefits of having a model which predicts the primary dynamic modes of an

air bag in both the restraint and deploying modes is that both design and
analysis can be conducted in an atmosphere of much greater confidence in

the performance evaluation results. The governing equations and
principles will, in effect, interpolate between the data points to

predict the performance of the system at points where, due to finite
testing resources, test results are not available. Additionally, even
when a full matrix of all feasible test conditions are run, the
unavoidable variations in surrogates and other test conditions can inject
unacceptable variations into the test results either in terms of meeting
compliance requirements or, in defending the performance of the system in

any product liability actions. These uncertainties can mask the location
of the idealized performance curve predicted by the fundamental physical
principles governing the dynamics being investigated ana, if enough
repeat tests cannot be run, the performance curve cannot be located by
regression means either. This reasoning is at the core of the impetus to
enbark on the investigative path on which DEPLOY is only the first

milestone.

1



2.0 OBJECTIVES AND APPROACH

2. 1 Obj ectives

The objectives of this effort then were to:

1. Derive a computerized math model capable of accurately
predicting the air bag deployment and restraint processes and
the resulting dynamic responses of both normally seated and
forward positioned occupants.

2. Exercise the computer model so developed to perform a

sensitivity analysis on the many parameters which might
influence the response of the forward positioned occupant. The
results of this sensitivity analysis are to show the influence
of these parameters on the occupant responses and the trends in

variation over the full range of values which are observed in

current design practice.

3. To use the DEPLOY program in a systems analysis approach at
developing several air bag/inflator /module concepts which
considers the full range of realistic values of the design
parameters being studied and to minimize the injury potential
of the collective influences of these influential design
parameters. Directions in hardware development should be
apparent from the results of this systems approach.

2.2 Approach

The DEPLOY model is looked upon as the first step in a

continuing evolvement of mathematical models to represent the

physical system of an air bag deploying and restraining an occupant.
The DEPLOY model is a one-dimensional representation of the vehicle
occupant in which the occupant is constrained to- move only in the

horizontal fore-aft direction directly toward or away from the
deploying air bag. As such, no articulation is considered in this

model. The air bag is modeled in three dimensions but in this

version, the occupant's chest can only respond in the x-direction.
Figure 1 shows schematically the math model for the DEPLOY program.

The DEPLOY model was inspired by, and based in part on, a

previous program called BAGSLAP but because of evolving needs and
information concerning the dynamics of deploying airbags, it was

necessary to take a fresh approach at the requirements for such a

computer program. The differences between DEPLOY and BAGSLAP are as

follows %

2
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The BAGSLAP program had been written using part of one program
(ABAC 19) to give results during the “waterwing 88 phase of air bag

deployment but used another air bag algorithms to yield results
during the "bagslap" phase, A discontinuity was present as the
program switched from the bagslap phase to the catapult phase of
deployment. Further compounding the problem was that the time at
which the switch occur ed was required input by the user. There was

ho way for the user to know - apriori - when this might happen and,
consequently, the results could vary considerably just based upon

the input of the time catapult was to begin. Even if it was known
when this would occur, a large discontinuity in output values was

observed as the changeover occured.

A second area where the BAGSLAP program was judged to be
inadequate for this study was in the values selected for output. In

order to gain insight it was necessary to have more output
concerning the details of bag deployment and chest response.

For these reasons the BAGSLAP program was extensively modified
and expanded to provide the information needed for the study. The
discontinuity described above was eliminated by using the same
general air bag algorithum throughout the event. In order to gain
more information on chest response, a second chest mass was added
in series with the main chest mass. This second mass represents
the sternum and will help in describing the details of total chest
response, especially during the very complex bagslap phase.

This two-mass chest model included the spring rates and
damping ratios between the sternum mass and the spinal main body
mass. Provisions were also made for a seperate analysis if the
child's chest were to bottom out on the dash. In this event,
computation of g levels were modified accordingly so that either

bagslap or catapult would continue after the chest had rebounded
away from the dash.

The force computations during bagslap were modified to be more
accurate by including wraparound forces and increasing the accuracy
of the chest contact calculation. Further, the amount of output
describing the airbag deployment process was doubled.

The resulting computer program was named '"DEPLOY." The new

designation was made to eliminate confusion for users who might be

using either one or both of the programs.

Fundamental to developing any type of computer program to

predict the interaction dynamics of air bags with forward
positioned occupants, is the requirement that this same program
should also accurately predict the responses of normally seated
adult occupants restrained by the air bag in car crash conditions.
Any such model should provide guidance in parameter studies for

both the forward positioned occupant and the normally seated adult

4



because the ultimate design will have to consider the extensive
exposure of the normally seated adult along with the small but

finite exposure of an out-of-position child. it is highly
desirable, and a goal of this effort, to take a first step at
developing the analytical tools which will aid the designer in

making informed and objective decisions concerning any competing
factors in these two very different performance requirements.

In any computer approach to investigating how various
parameters interact to produce a result, the investigator must have
some informed ideas on the types of designs he wishes to

investigate. Without this, the analysis would take inordinate
amounts of time and effort to complete as one proceeded through
each independent variable on a one by one basis and then varying
the dependent variable through the range of interest. Not only
would this approach take a great deal of time, but it also would
result in voluminous output which would confuse the relationships
being sought. This approach, not withstanding being generally
undes ireable, is clearly beyond the scope of this study.

To establish a firm experimental basis for this modeling
effort a brainstorming session was held with a number of experts in

the field in which many approaches were generated and discussed.
From this session came several promising methods of reducing the
injury potential to the forward positioned occupant. Some were of
a nature that would lend themselves to computer simulation and
therefore were pursued in this modeling effort. Other concepts
were more immediately tractable to experimental investigation and
were assigned as such.

The areas which were identified for computer analysis were:

° Inflator mass flow tailoring

° Staged inflation

° Ches t-to-dash spacing

° Air bag shape and volume

0 Air bag fabric mass

° Aspiration and gas dump valves

Interrelationships of the above factors.

In addition, the program is readily adaptable to investigating
cover mass effects but the constraints on this effort did not
permit a parameter sensitivity analysis on this factor.

5



The approach here was to investigate each of these areas
individually in order to assess their relative potential for injury
reduction and, just as importantly, to determine the effects of
these combined parameters and how they interact to determine the
responses of the forward positioned occupants, particularly
children,. This would be a first attempt at a systons approach to
considering the design factors for air bags and would give vastly
greater confidence in predicting the performance of air bags over
the full range of parameters which may be determined by design or
encountered in service. Thus, the major factors and their
interrelationships will be identified so that design efforts can be
concentrated in these areas

.

The crash environment selected for this study was based upon
the Chevrolet Citation's performance in a frontal barrier test at

30 mph. It was thought that the GM X-Body cars would be
representative of vehicles that would be manufactured for the next
decade*, The DEPLOY program is readily adapatable to analyzing
other crash speeds and conditions.

3,0 COMPUTER PROGRAM DESCRIPTION AND VALIDATION

The DEPLOY program is based in large degree on the already existing
BAGSLAP program with modifications and additions as described
previously, and accordingly has certain features common to BAGSLAP,
These common features include that DEPLOY is also written in the BASIC
computer language and is a one-dimensional simulation of the vehicle
occupant in which the occupant is constrained to move only in a

horizontal plane directly toward or away from the deploying airbag. As

such, no articulation of the occupant is considered (see Figure 1) .

However, unlike the BAGSLAP model, a second chest mass has been

added to DEPLOY in order to provide information on how the sternum

responds during the bagslap portion of the event. Later, during the

catapult phase, the lighter sternum and the main body mass are assumed

to be locked together and exhibit common g levels.

In the original BAGSLAP version, wraparound forces were not
considered during the bagslap phase. In addition, an approximation was

made that the total bag front in contact with the child was always the

instantaneous diameter of the deploying airbag. In writing the DEPLOY
program, these approximations were eliminated. Experience has shown

that these wraparound forces can play an important part in child

response even during the bagslap phase and for this reason, wraparound
was included in the DEPLOY model.

Further, rather than assume the whole bag diameter was reacting
against the child at any particular instant, an input for the child's

seated or standing height has been added and the exact length of bag in

6



contact with the child is computed in the progam. in this way there is
no way in which the actual length of bag in contact with the child can be
greater than his effective height. Further, the actual chord length of
bag contact diameter is used rather than just the bag diameter.

Numerous other changes, most of which have been previously
mentioned, were also made to the BAGSLAP program in order to render it
responsive to the particular needs of this effort. Items not
specifically mentioned are not required for the reader to understand the
results given by DEPLOY. Tapes of the DEPLOY program are available
through NWTSA, Office of Passenger Vehicle Research.

Appendix A contains a listing of the completed program. Appendix B

contains the results of a typical computer run. Appendix C is the
flowchart of the DEPLOY program and Appendix D is a line by line

explanation of the data input values and formats. Let us now discuss a
typical run in some detail so the program inputs, outputs and general
capabilities can be understood.

When the user accesses the program, the computer will ask for a

"deployment time." The program uses this input to trigger venting if the
pressure conditions are satisfied (pressure greater than a specified
amount - usually zero psig) . For times less than this, venting is not
allowed. Some judgement and knowledge of the system is presupposed here,
but the time must be greater than the sensing time, usually falling
between 15 to 30 msec after sensing. In physical terms, the deployment
corresponds roughly to the time at which the pressure in the bag becomes
positive for the second time (the first pressure spike is neglected since
it is due only to getting the bag moving) or the bag is in firm contact
with the chest or both. Thirty milliseconds have been used for most of
the runs made with the program for this study.

Next the computer asks whether you want the full output of nineteen

different output parameters printed or just the normal ten basic

parameters. Once the user becomes familiar with the output, he can

choose for himself which way to answer the question for the particular

needs of the project.

Next the computer lists the main input variables which one might

adjust in order to study various airbag systems, crash environments and

child configurations. The input variables in the listed in Apendices B

and D are:

1. Bag Diameter (the program assumes a cylindrical bag with
hemisperical ends with the longitudinal axis perpendicular to

the vehicle axis and at the same height as the occupant's

center-of-mass) , inches.
2. Total Bag Length, inches.

3. Bag Weight, ounces per square yard.

4. Vent Opening Pressure, psig.

5. Airbag initial pressure, psig.

7



6. Entering Gas Temperature, deg. F.

7. Dash Compliance, g
8 s /inch.

8. Total Passenger Weight, lb.

9. Sternal Weight, lb.

10. Impact Velocity, fps

.

11. Effective Height of Passenger, inches.
12. Width of Passenger’s Chest, inches.

13. Initial Distance of the Passenger from the Dash, inches.
14. Dimensions of the Airbag Slfeeve in which the Gas Generator is

Located, inches.

15. Factor Used to Adjust the Effective Passenger Mass for Various
Airbag Configurations.

16. Vent Coefficient (zero if vent area not dependent on any other
variable such as pressure, time etc.).

17. Chest Mass Damping Coefficients (one for each mass) .

18. Table of points Describing Gas Flow Profile, Ib/sec vs time.

19. Table Describing Sternal Force-Deflection Relationship for

Chest, lb. vs inches.
20. Table Describing Overall Force-Dleflection Relationship for

chest, lb. vs inches.
21. Table Describing Vehicle Crash Pulse, g's vs time.

Parameters listed as output are (left to right across page) :

Page 1

1. Elapsed Time, sec.

2. Passenger Chest G’s (G) .

3. Passenger Velocity, fps, (V).

4. Vehicle Velocity, fps, (W) .

5. Airbag Penetration, inches, (X) .

6. Vehicle Crush, inches, (Xl) .

7. Airbag Pressure, psig, (P) .

8. Airbag Volume, cubic inches, (VOL).

9. Rate of Gas Exiting Vent, lb/sec, (Q) .

10. Passenger Sternal G's, (G6) .

Page 2

11. Airbag G's, (B)

.

12. Airbag Velocity, (BV)

.

13. Airbag Over Ground Displacement, inches, (BD) .

14. Sternal Overground Velocity, fps, (CSV).

15. Sternal Overground Displacerient , inches, (CSD) .

16. Force Applied to Sternum, lb., (CSF) .

17. Airbag Diameter, inches, (D8) .

18. Passenger Overground Displacement, inches, (PD).

19. Force Applied to Passenger Main Mass, lb., (PF) .

8



3.1 ABAG 19 VS DEPLOY

Although the total time of this study was short and a large

part of this time was necessarily spent in deriving the DEPLOY
computer program, it was felt that it would be time well spent if

some time was spent in validating the program. To this end, a

comparison was made between the results generated by DEPLOY and
those generated for an equivalent impact condition in ABAG 19, a

program widely used by NHTSA and airbag designers for years. Since
ABAG 19 does not have the capability to simulate the deploying
airbag and the effect it has on the forward positioned occupant, the
input of the more general DEPLOY program had to be adjusted to

simulate the type of case for which ABAG 19 is normally used.

It was therefore chosen to simulate with both programs the case
of a normally seated adult undergoing a crash situation in the crash
environment of the Chevy Citation. Equivalent input was used in

both simulations, i.e. the same airbag shape and volume, the same
gas flow into the airbag, the same sensing and deployment time, the
same passenger mass, etc.

In order to obtain a comparison for more than a single
condition, three widely different gas flow profiles were used in the
simulations and a total of six computer runs were made - three with
ABAG 19 and three with DEPLOY. The three gas flow profiles used in

the simulations are the same ones used in the study reported in

Section 4.0 and are shown by Figure 2.

Figure 3 shows the results of this comparison. In this figure,
the computer predicted peak chest g’s are compared for the two

programs for each of the three gas flow profiles.

As can be seen from the figure, very good agreement was

obtained despite the fact that the bag shape algorithms used in the
two programs were different.

One area in which the results were somewhat different was in
phasing. Due to the finite (not zero) mass of the airbag in the
DEPLOY program and the fact that the whole airbag deployment process
is modeled, it takes longer to reach the peak chest g's than in the
ABAG 19 model. We feel that the results would match more closely in
phasing if the deployment time of ABAG 19 were increased somewhat to
compensate for this fact.

The comparison serves as a good general check on both programs;
ABAG 19 which has been in use for some time and DEPLOY which is

mainly new except for those parts that are still common to the
BAGSLAP program. Further, the results of this comparison are
sufficiently close to warrant using DEPLOY with a good degree of
confidence in this study.

9
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3 . 2 Computer vs . Test Results

In order to further validate the DEPLOY computer program the

results predicted by DEPLOY were compared with recent sled testing

done with the forward positioned child by Minicars Inc.

Minicars Sled Run 163 7 was selected as ’’typical" in that no
unusual or otherwise unexplainable events occurred, the results
seemed to be similar to other runs made under similar conditions,
and the inflator used was the latest version of the one Minicars was
using on the Small Car Airbag Program.

Minicars supplied the data needed for computer input such as

the crash pulse, the 3 yr. old dummy chest parameters, the impact
velocity, the sensing time, the airbag shape and volume, the initial
distance of the dummy chest from the dash, the inflator gas flow

rate, etc. Fitzpatrick Engineering prepared this data from Sled Run
1637 for computer input and then ran the program varying the vent

area (which was essentially unknown since the airbag venting occurs
not only through the vent, but also through the airbag seams) until
the best match with test data was obtained.

Figure 3B shows the comparison between actual test data and the
computer prediction for Sled Run 163 7. As can be seen in this

figure, the correlation is very good, especially considering the

relative simplicity of the airbag and passenger models used in the
program. We believe this further validation of the program should
lend sufficient credence to the DEPLOY model so that it can be used
with a good degree of confidence in other out-of-position work.

Appendix B contains a copy of the actual run for this

validation.

4.0 RESULTS OF SENSITIVITY ANALYSES

As previously mentioned, it was necessary to restrict this study to

values of each parameter (in each of the areas of investigation listed in

Section 2.0) to values that were reasonable from a design point of view.

For example, it does no good to discover that a tiny airbag with a very
small amount of gas results in injury measures for the forward positioned
child that are quite low, if the design is such that it will not protect
the adult passenger in the more normal impact situations.

Therefore the study has been restricted to parameters that make
sense from a total design point of view. In order to accomplish this in

a reasonable period of time, much reliance was made on past experience

with both normally seated and out-of-position front seat passengers.

12
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The approach taken in conducting this study was as follows:

1. Put appropriate bounds on the pertinent parameters for each
concept studied (Gas Flow Tailoring, etc.) by using past
experience and available data.

2. Run DEPLOY varying each of these parameters within these bounds.

3. Make qualitative assessments on what effect each of these
parameters had on the performance of the forward positioned
child and the normally seated adult for each concept.

4. Using the information gained in the above, a detailed list of
the most promising design solutions was generated.

5. Generate curves and graphs that showed the effect and the
inter-relationships of the parameters.

6. Investigate the next concept, i.e. repeat steps 1 through 5.

Before the results of the various analyses conducted in this study
are discussed, it would be a good idea to define two terms which will be
used repeatedly throughout the discussion. These terms are "bagslap" and
"catapult". "Bagslap", the way it is used in this report, is defined as

that portion of the total impact event from the time when the bag first
impacts the chest, through full chest deflection caused by this impact,
continuing until the combination of receding bag front from the chest and
zero chest deflection occurs. The time in which the child is in contact
with the bag after this time (unless he is in contact with the dash) is

referred to as the "catapult" phase.

Therefore, repeated bag impacts due to repeated surging of the bag
into the chest while the original chest deflection is positive and while
the child continues to approach the deploying bag front, are considered
part of the same "bagslap" event. Normally, this phase lasts longest for

sustained flows where the rate of flow of gas entering the bag continues
to increase with time (LQWFLQ in Figure 4) . With impulsive flows with

high initial flow rates where the flow profile resembles a stored gas

flow profile (HIFLO in Figure 4) , the period of "bagslap" is usually
shorter but exhibits higher bagslap g-levels on the chest.

Once the bagslap portion of the event is over (the chest deflection
due to bagslap has returned to zero) , the sternal mass and the main body
mass are constrained to respond as a single, rigid unit for the remaining
catapult phase.

With the foregoing as background, the results obtained from the

study to date will be discussed.
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4 .

1

Effect of Fabric Weight

4.1.1 Bounding the Problem - Fabric Weight

Putting bounds on the airbag fabric weights to be used

in this study was relatively easy since either coated or

uncoated Nylon is used almost exclusively for production
airbags by the automobile industry so that the fabric
weights for the candidate fabrics is generally well known.

For the few other fabrics that might be considered* the
weights (oz./sq.yd.) are generally close to Nylon and also
well known. Therefore one may easily select a band width
of fabric weights that are representative by choosing the
lightest based upon the approximate rip strength of
conventional airbag fabrics at normal airbag pressures. In

our experience* any fabric weight below approximately 5

oz./sq.yd. is marginal in terms of possible bag or seam
tearing for normal airbag pressures* especially in the
small car crash environment where the airbag must be
inflated quickly to relatively high pressures.

On the other side* in our experience very few cases
have ever arisen in which fabric weights greater than

approximately 12 oz./sq.yd. were required. Usually even
this weight was not really required but was used simply
because it was readily available and one could be sure the
bag had an ample safety factor.

Thus* the upper and lower bounds for the fabric weight
analysis are chosen to be 12 and 5 oz./sq.yd.*
respectively. The only exception to this range would be if
there was a strong reason to investigate further* such as

to see more of a total trend in a graphical presentation.

4.1.2 Fabric Weight Effects

In discussing what was learned from the fabric weight
analysis on the response of the forward positioned child*
we must preview some of the results of the gas flow
tailoring analysis that will be presented in detail in the
following section. The reason for this is that the degree
to which the airbag fabric weight affects the chest g’s
imparted to the child is a strong function of the inflator
gas flow profile.

Figure 4 shows the three widely different gas flow
profiles which were used in this study. The very fast

rising curve* typical of a stored gas inflator or "ganged"
driver inflators* is called "HIFLO" . A more typical gas
flow profile which qualitatively ressnbles the flow profile
on most of the solid propellant gas generators used in

16



previous NHTSA programs is shown by "MEDFLO" . A flow

profile typical of what some segments of the industry are
using in an attempt to reduce the chest g's on the forward

positioned occupant, is shown by "LOFLO" . Most known flow
profiles which have been past or are present candidates for

airbag usage for airbags in the ten cubic foot range fall
somewhere in this regime. Further , these flow profiles
encompass, in a qualitative manner, all flow profiles with
which we are familiar irrespective of airbag volume.

The effect airbag fabric weight has on the forward
positioned child response was investigated for the three
flow profiles just described.

Three fabric weights were chosen for this portion of
the study. All three fall within the bounds established in

Section 4.1. The fabric weights chosen were 5.0, 8.4, and
12.2 ounces per square yard of material. A single extra

case with 3.5 oz./sq.yd. fabric was tried with the LOFLO
profile in order to check the curve shape for this case.

The 8.4 oz./sq.yd. Nylon fabric is a fabric which
Fitzpatrick Engineering has used in numerous research
programs for NHTSA and others in past years and was chosen
as the middle of the range of fabric weights evaluated.

Figure 5 shows the significant results of this portion
of the study. The peak chest g's in the figure are plotted
versus the airbag fabric weight for the three gas flow

profiles. As can be seen from the figure, for LOFLO there
is virtually no effect on the child's chest response during
bagslap for variations in airbag fabric weight. We
therefore conclude that for "slow" gas generators one may
expect fairly low chest g's during the bagslap phase and,
further, these g-levels do not vary appreciably with fabric
weight within the range of reasonable fabric weights.

Conversely, if the gas flow profile has a more rapid
onset such as the MEDFLO or the HIFLO profiles, the fabric

weight does have an effect on bagslap g's with an increase
in fabric weight producing an increase in chest g's.

We therefore have two inter-related effects that occur
when fabric weight is increased. The chest g's during
bagslap increase with an increase in fabric mass (for

MEDFLO and HIFLO) and/or an increase in the initial rate of
gas flow into the bag (more about this in the next
section). For very slow initial gas flow into the bag,

chest g's are low during bagslap and largely independent of
fabric weight.
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Please note that in the foregoing we have been
discussing peak g's. If we were to plot 3 msec clipped
values, the g levels would be much lower and the effect of

fabric mass, therefore, less pronounced.

Figure 6 is presented to show these effects in a

slightly different way. In this figure, the gas flow

curves in Figure 4 have been integrated up to the time at

which the peak bagslap g's are reached and then divided by

that time interval. This operation yields the average flow

rate in pounds of gas per second that occurred up until the
peak bagslap g's were reached for each case. When these
values are plotted versus the peak chest g's, we see the
high dependence that bagslap g's have on rate of gas flow
into the airbag.

One might ask, why do the peak bagslap g's tend to
increase with increasing bag mass for the HIFLO and MEDFLO
gas flow profiles? After studying the results from the
computer runs it can be seen that for a given gas flow

profile as bag mass is increased, it takes a little longer,
perhaps one or two milliseconds, for the bag to impact the
chest. This is due to the slightly lower bag front
acceleration that results from the slightly greater inertia
of the heavier fabric. Since more time elapses until chest
contact for the heavier bag materials, slightly more gas
has gone into the airbag by the time the chest is slapped
by the airbag. This greater amount of flow that occurs
before bagslap for the heavier fabrics means that there is

a greater total amount of flow energy imparted to the bag

at the time the bag slaps the chest. This greater flow
energy is translated into relatively higher g's applied to

the chest. This effect, as one might expect, can be
related to the total average flow that has occurred up

until the time of bagslap. This relationship then, is the
one which has been graphically depicted in Figure 6.

For very slow initial rates of flow as in LOFLO with a

relatively low average flow rate at the time bagslap
occurs, there are low bagslap g's with very little
difference between the different fabric masses. This
follows from the description above - there is a

correspondingly lower flow energy increase for LOFLO at
bagslap for a given increase in fabric weight than for
either MEDFLO or HIFLO.

It is not possible to make a singular statement on
whether the airbag fabric weight influences the peak chest
g's during bagslap. For very low rates of flow onset, the
chest g's are low and do not seen to vary with fabric
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weight. However, for high rates of initial flow, the peak
chest g's are high and there is an increase in bagslap g's
with increasing fabric weight.

A further conclusion which may be drawn from the
results of these computer runs is that only the bagslap
peak g's are influenced by fabric weight. The catapult
g-levels are unaffected by fabric weight variations since
the airbag is almost completely deployed with a very low

amount of concentrated airbag mass remaining with which to

cause significant impact forces to be generated at this
late point in the crash event.
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4 . 2 Effect of Gas Flow Tailoring

4.2.1 Bounding the Problem - Flow Tailoring

In establishing the bounds or the range of the gas

flow profiles that were investigated in this computer
study, it was of primary concern that the total amount of
gas generated be sufficient to protect full size, normally
seated passengers as well as the forward positioned chi la.

The attempt to quantify this variable led to the
construction of Figure 7.

This graph, which shows the required gas per cubic
foot of airbag volume, is basea upon both test results ana
computer results for systems Fitzpatrick Engineering has

developed over the years. As such, the curves are useful
in establishing a general relationship for the required
total gas flow and bag volume as a function of vehicle
size. Although such a curve cannot hope to cover all
possible aesign situations, it does provide one with
general knowledge on the approximate total gas flow

which 7m us t be provided to satisfy the normally seated aault
injury criteria. Once the approximate total required gas
flow is known, we may then vary the flow profile usea in

obtaining this total flow in order to quantify the effect
flow profile or gas flow tailoring will have on the
response of the forward positioned child.

Generally speaking, the smaller the vehicle the
greater the amount of gas required for a given airbag
volume. This is as one woula expect due to the more severe
crash environment to which the smaller car and its

occupants are subjected. The curve is not meant to be

construed as a hard rule for airbag design, but is

presented merely to show an interesting trend and to aid in
obtaining valid gas flow inputs for DEPLOY.

Since the total gas flows shown by this figure are
known to protect normally seated adult passengers at speeds
equal to or greater than 30 mph in most crash envi rerun ents

,

there will be confidence that if one does not stray too far

from these basic relationships the restraint performance
for the normally positioned passenger will not be
jeopardized.

There is still a further piece of information that may
be gained from Figure 7. As can be seen by examining the
lower curve on the figure, the "ganged" driver generator

approach to filling the passenger airbag seans to require
less total gas flow for a given airbag volume. The reason
for this is that this type of inflator is inherently
"quicker" than a single, axial flow type of inflator
resulting in low bag fill times and, therefore, a
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correspondingly greater proportion of the passsenger's
kinetic energy being absorbed in the more efficient "ride
down" mode rather than by bag penetration.

For this reason, if one is simulating the ganged
driver generators or the similar performing stored gas,

bottle "blowdown" type of gas flow profile, less total gas
is required and the computer input may be modified
accordingly and results compared directly to the other
"slower" flow profiles where more gas is used. Figure 7

then, will serve as the general guideline in this analysis
as regards the total amount of gas flow required for a

given airbag/inflator design.

Looking at Figure 7 for the vehicle selected for this
study, it can be seen that the Citation, which weighs
approximately 2700 lbs., will require an inflator capable
of delivering approximately 32 grams of gas per cubic foot
of airbag volume if the inflator is a conventional, axial
flow gas generator. If a quicker type of generator is

used, such as those previously described, approximately 26

grams of gas per cubic foot of airbag volume will be
required. This says that the range of generators which
should be considered in this study should stay within the
general bounds of 26 to 32 grams of delivered gas per cubic
foot of airbag volume.

4.2.2 Flow Tailoring Results

Since it was impossible to discuss the effect of
airbag fabric weight on chest response without discussing
the inter-related effect of flow tailoring, some of the
effects of flow tailoring have already been covered in the
previous section. However, the effect of this very
important factor on the responses on the forward positioned
child will be discussed in greater detail.

Of all the parameters that were investigated as a

result of the study, flow tailoring of the instantaneous
mass flow rates from inflators shows the most promise for

reducing bagslap g's. Unfortunately, as will be pointed
out in the following discussion, somewhat of a dilemma
exists since the flow profiles that reduce bagslap g's tend
to increase the catapult g's of the child as well as the
chest g's of normally seated adults.

Before going on to discuss the details of this study,
one comment will be made here. The results presented
reflect computer input data that represents as "closely as

possible" that of an actual three year old child. However,
"as closely as possible" may be somewhat different from

what it actually may be. NHTSA has assisted Fitzpatrick
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Engineering in searching for valid data on the child chest
properties such as dynamic force-deflection properties and
damping coefficients for use as computer input data.

Unfortunately, very little (almost nothing) exists in the
literature on what these properties might be. Therefore
the input data used in the program was a mixture of scaled
down adult data and measured three year old dummy data.

Even the ratio of sternal mass to whole body mass was
difficult to establish. Since good correlation with adults
as found in computer simulations for a mass ratio of 1:40,
and since the ratio was thought to be slightly higher for

the child, a sternal mass to whole body mass ratio of 1:33

was used in our simulations, i.e. a 1 lb. sternal mass for

the 33 lb. child.

Limited data was available on the values of chest
surface accelerations indicated when accelerometers were
mounted just under the chest surface in recent forward
positioned child sled tests and these data points are shown
on the right ordinate in Figure 8 and compare in a

qualitative sense with the peak sternal g’s predicted by

the DEPLOY computer program. "Qualitatively" is used
because the crash environment was different in the tests
than simulated with the program. These results, however,
provide the only data with which we are familiar in which
accelerometers were placed on the child dummy in a manner
that would permit us to estimate sternal g’s and,

therefore, provides our sole piece of data from which we
may infer whether or not the program predicts even
qualitatively, what the peak sternal g

9 s may be.

However, from the figure we see that the values
predicted by the computer correspond in magnitude to those
actually seen in the tests when the LOFLO flow profile is

the gas flow source. The fact that it is the LOFLO profile
that matches actual test data most closely is interesting
since it is the LOFLO type of flow profile that is most
likely the one actually used in these tests. In fact, the
LOFLO profile was provided by inflator manufacturers as an
example of the types of flow profile generally being used
by the industry to meet the child injury criteria.

Let us now discuss Figure 8 in more detail. The right
ordinate, as discussed above, represents the absolute peak
sternal acceleration during the bagslap phase which is the
time the g-levels are highest . The values are much higher
than the whole body g-levels since the stermal mass is only
one pound; however, one must keep in mind that these high g

values only last for a very short time. In fact, the whole
duration of a cycle in which the stermal g's climb from
zero to the maximum and back to zero again is almost always
less than two or three milliseconds.
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The left side ordinate reflects the absolute peak
whole chest or whole body accelerations that occur during
the bagslap phase. Again, the abscissa is the airbag
fabric mass with the various gas flow profiles grouped as

shown in the figure.

The effect of fabric mass was discussed in the
previous section and will not be repeated here. Now we
will direct our attention to the various gas flow profiles.

As can be seen from this figure, both the peak sternal
g's and the peak whole chest g's increase with an increase
in the rate of flow onset (the slope of the curves shown in

Figure 4) as we proceed from LOFLO to HIFLQ. Inspecting
these bagslap results alone it might be said that the best
design would use a LOFLO gas flow profile.

However, let us now look at Figure 9 in which the
abscissa is incremented into the LOFLO profile, the MEDFLO
profile and the HIFLO profile. Here the abscissa has no
specific numerical or quantitative value but is used
qualitatively to show the effect the individual flow

profiles have on the peak bagslap g's and the peak catapult
g's for the out-of-position child and the peak chest g's
for the normally seated adult. Please note that in this
figure, unlike previous figures, the "peak g's" reflect 3

msec clipped values rather than absolute peak values. Also
note in Figure 9, the effective body mass during the
bagslap phase only, was taken to be one-half of the total
body mass of 33 lbs. This factor was found during the
validation effort described in Section 3.2 to yield values
closest to actual test values.

In Figure 9 the previously mentioned dilemma becomes
obvious. If we were to design our restraint system based
only upon realizing lowest bagslap g's for the child, we
would select the LOFLO type gas generator. However, this
choice would result in the highest catapult g's for the
child and the highest g's for the normally seated adult.
The reason for this is that a slow flow onset, such as

LOFLO exhibits, reduced the velocity of the bagfront at the
time of bagslap with correspondingly low bagslap g's.

However, this same flow profile also reduced the amount of
the passenger's kinetic energy that is absorbed by

"ridedown" resulting in excessively high g's for the
normally seated adult and the forward positioned child
during the later stages of the impact event.

If in trying to reduce the catapult g's by increasing
the amount of energy absorbed by ridedown through changing
to a gas generator with a flow profile more like MEDFLO or

HIFLO, one could end up drastically increasing the bagslap
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One thing which could be done is to merely look for

the z6he (if one exists) where the injury criteria is

satisfied for both bagslap and catapult. Figure 9 shows

where this zone would be for a 48 g (80% criteria limit)

goal on maximum chest g’s assuming 8.4 oz./sq. yd. fabric

(60 if wasn't used as the criteria limi^t Since to design to

this goal would result in an unacceptable large statistical
probability that it could be exceeded in compliance
testing) . Two other zones of "satisfactory" system designs
could be constructed for the 12.2 and the 5.0 oz./sq. yd.
material. The net effect would be •to'" raise the confidence
level on meeting the chest g criteria as the fabric weight
is reduced, while increasing the ip'rbbability the bag would
fail as the favored generator begins to tilt toward the

HIFLO generator with its higher initial bag pressures.

We feel there are some drawbacks to selecting the gas

flow profile based merely on the tradeoff considerations of
falling with the zones constructed on the figure. These
reasons are discussed in the

J following*® action.
U , ; ->

;
-

4.2.3 Possible Directions in Gas Flow Tailoring

In the previous section' ‘‘zones of designs" were
described as shown in Figure 9 which would theoretically
meet the combined requirements of the out-of-position child
and the normally seated adult 1

. A drawback to this

particular type of solution is that-' -a* "compromise" solution
is called for; i.e„, the type ! of flow- profile chosen to

satisfy the normally seated adult requirements would not be
optimum for the child and vice-versa. If only the adult
were to be considered, one would choose a flow profile that
was of rapid onset such as HIFLO or MEDFLO with a

relatively large amount of total gas flOw would be
prudent. Conversely, if one had' diilyisfche child to

consider, one would limit th^^tOtaP ’amount of gas flowing
into the airbag to an amount les^ than that required for

the adult. v - " c " c -v ^1
r -

5 >0 9fli SOI :

A compromise design is somewhat unsatisfactory since
the normally seated adult,’ whO’will occupy the passenger
seat by far the greatest amount of the time, will receive
somewhat higher injury measures as a result of the gas flow
modifications made to accomodate? thfe forward positioned
child. If this happens, on a societal cost basis, we may
well see a net loss in total- b%he fib! with a corresponding
net increase in costs. f'-.i'.v

Of
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catapult g requirements optimally, but it became
apparent that there could even be various levels
of "proficiency” within the different concepts of

providing the dual flow profiles.

Aspirated Systems

For example, a drawback to the aspirated
and pressure dump systems is that the flow up

until the time the bag would slap the forward
positioned child's chest is the same for both
the child and the normally seated adult. That

is to say, the early part of the flow profile
is fixed and will vary from what the normally
seated aault flow profile would be only after
chest contact with the forward positioned child
has actually occurred. Therefore, the
aspirated system does not attenuate the bags lap

g's that would be imparted to the child very
much if at all because, as we have pointed out,
bagslap g's are the result of the gas flow into

the bag up unti

1

bagslap actually occurs. For

this reason, an aspirated inflation source can,

at the limit, only lower catapult g's.

Additionally, the flow profile that must be

provided up until bagslap must be somewhat of a

compromise since bagslap g's cannot be allowed
to be excessive but, at the same time, ridedown
must not be limited too much.

For the reasons described above, a

relatively slow flow onset is required for the
aspirated systen regardless of the size of the
passenger actually occupying the seat.
Therefore, the aspirated inflation systen is

not a true dual level system in that the

beginning of the flow, up until bagslap occurs,
must be programmed to limit bagslap g's which
will, like other single level inflation
systens, compromise the normally seated adult
performance by not maximizing the ridedown
potential for the systen.

Staged Inflation

Now consider staged inflation. In a

staged inflation system, several inflators, or
a single inflator with two or more flow profile
stages are used in order to obtain the desired
flow profile. Here again, however, a true dual
level system is not present since one can vary
only how many of the stages are actually
programmed to fire in any given impact or
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seating configuration. The only way such a

system can be a truly dual level system is if

the degree of staging flexibility is such that

the ver V beginning of the flow profile would be
regulated to be optimal for the size and seated
configuration of the passenger occupying the
seat.

Dual Level Gas Generators

A true dual level system then? has the
ability to generate two entirely different flow

profiles from beginning to end , and has some
built in logic that tells it which of the two
flow profiles to provide in a given crash
condition, seated configuration, or passenger
size in order to optimally meet the
requirements for that condition. One such
system which would provide this dual level
function will now be discussed.

Consider the following system in which a

dual level inflation system generates the flow

profile shown by the lower curve in Figure 10

for the condition where the forward positioned
child is occupying the passenger position, and
the upper curve in Figure 10 when a normally
seated adult occupies this position. Notice
that the upper curve is the HIFLOW curve while
the lower curve is a new flow profile called
MEWFLO created specifically to lower the

bagslap g's on the child. For the sake of
comparison, included in Table 1 are the results

for the single level HIFLO system along with

the dual level HXFLO-NEWFLQ system.

Table 1

Flow Profile Adult G's

HIFLO 20.5

HIFLQ-NEWFLO 20.5

Child
Bagslap G's *

53

43

Child
Cat. G's*

25

32

* Values based upon a mass factor on whole body mass
of one-half during the bagslap phase. Values are 3

msec clipped values.
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Figure 10.
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By examining the results shown in Table 1

it can be seen that the bags lap g's are
considerably reduced by using the dual level
system. The adult g

8 s remain the same as
before since the HIFLO profile was used in both
cases for the adult and was the flow profile
which was most efficient for the normally
seated adult (Figure 9)

.

The above analysis serves to show, through
example, the feasibility and, indeed, the
desirability of using a true dual level system
to individually tailor the flow into the bag
for the two conditions described above. It is

anticipated that additional computer searching
would undoubtedly turn up even better designs;
however, the point has been established.

The desirability of having a dual level
inflation source has been established, but what

about the practicality? We believe the design
and fabrication of a dual level inflator is not

difficult, and is well within the state of the
art of those in the solid propellant system
business. In fact, several such systems were
fabricated and tested a few years ago to

provide individual flow profiles for different

impact velocities. Since this time, the state
of the art has improved still more so that flow

profiles of almost any shape may be achieved by
making the appropriate design adjustments.

The main remaining question to be answered
is, "How might the dual level system be
triggered so that the correct flow profile was

activated for the corresponding passenger size
and position?". This question will be
addressed by proposing two possible design
solutions. Please keep in mind, however, that
it is beyond the scope of this program to be
exhaustive here; and it is merely meant to be
shown here that such designs are feasible.

A few years ago the auto industry designed
seat belt systems for the passenger seat that

would sense whether the seat was occupied or
not. If there was someone in the seat and the

seat belt was not fastened, a buzzer would
sound and would continue until the belt was
fastened. One possible way to trigger the
particular flow profile desired in a given
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situation would be to provide a seat sensor
directly under the part of the seat where a

normally seated person would reside (Figure
11) . When the switch was closed, both levels
would fire and the HIFLO flow profile (or one
like it) would fill the bag.

For a child seated out-of-position on the
edge of the seat or standing on the floor in

front of the seat, no switch closure would
occur and only the single level would fire so
that the NEWFLOW flow profile (or one like it)

would fill the bag (Figure 12) .

Further analysis on the computer with the
DEPLOY program and experimental testing would
show whether one wanted the single level or the
dual level to fire when the child was normally
seated. If both levels were desired, the
system described above would suffice. If, here
again, only the single level was desired, one
could provide a spring bias on the seat sensor
switch that would only close the switch for a

heavier weight person on the seat.

Another way to initiate a truly dual level
system would be through a judiciously designed
crash sensing scenario. The high level system
would be triggered by high delta V (say 30 mph)

sensors located as far forward in the car
structure as possible. Should the bumper or

radiator cross menber undergo say a 30 mph
delta V in the first few miliseconds, a high

level crash would be indicated and high level

deployment would be the appropriate response.
Low level sensors would be located further back

in the car structure to avoid inadvertent
deployment should a low level delta V crash be
indicated.

The above discussion is presented to show
that, first, one does not necessarily have to

compromise performance in order to have a

restraint systan that performs optimally for

both the adult and the child. Secondly, two
such systems that could be constructed only out
of hardware previously developed are described
that would meet this criteria. Knowledgable
persons will be able to design even better
systems once attention is directed to this

area. The purpose of this study is merely to
point out these computer revealed solutions and

to focus attention to the appropriate areas

where improvanents appear possible and
promising.
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4. 2.3.2 Dual Cell Airbag

In conducting the computer simulations for

this study the important influence that flow

tailoring has on the performance of the restraint
system in protecting the forward positioned child
and the normally seated adult was discovered.
More specifically * the desirability of having a

dual level inflator to provide a separate*
optimal flow for each of these two conditions was
identified.

As these results were obtained it became
clear why an experimental system developed a few

years ago as part of another NHTSA contract
performed as it did. In this program
(Development of a Solid Propellant Inflation
Technique* Contract No, DOT-HS- 6-013 84) a solid
propellant inflator that would provide the dual
protection function in a similar optimal fashion
was being developed. Due to the limited scope of
that program Fitzpatrick Engineering was unable
to do a great deal in actual flow tailoring
through modification of the inflator design
parameters. However* relatively good success at

45 mph impact velocity was achieved by making use
of a very important concept that*

;
unknown

specifically at that time* provided* in essence*
this same dual level inflation capability.

In the particular airbag design on this

contract there were two individual cells. One
cell* the lower cell* received gas directly from

the inflator causing this cell to fill very
quickly. The other cell* the upper cell*
received its gas through a vent in the membrane
dividing the two cells (Figure 13) .

When the forward positioned child was being
tested* the lower cell of the airbag came out and

hit the chest and then rotated downward until it

hit the floor and became wedged between the floor
and the seat so that the bulk of the inflation

energy was reacted by the seat. The upper cell
then came into contact with the child®s chest and
head and provide his primary means of restraint.

The upper cell filled more slowly through the
membrane vent than the lower cell which was

inflated directly from the inflator. In essence*

a lower flow rate system was operating for the

standing child (see Figures 14 through 16) .

38



Upper

Cell

_3

Figure

13

Dual

Cell

Airbag



•CO-

Figure

14

Deployment

Sequence

—

Out-of-Position

Child



- 41 -

Figure

15

Deployment

Sequence

—

Out-of-Position

Child



- 42 -

Deployment

Sequence

—

Out-of-Position

Child



However, when a normally seated adult
occupied the passenger seat, the bag deployed
normally bringing the harder, more quickly filled
lower cell into rapid contact with the chest,
thereby resulting in a large percentage of the
passenger's kinetic energy being absorbed by the
efficient ridedown mode. Therefore, in this

case, the dual flow levels were provided not by
tailoring the gas flow from the generator per se,

but by an effective flow tailoring that resulted
from the differing bag deployment geometries for

the two seated configurations (see Figures 17
through 19 ) .

The type of system described above performed
marginally for the forward positioned child at 45
mph but might hold promise for 30 mph impacts
where only approximately one-half the kinetic
energy must be absorbed by the airbag. Although
this dual level scenario would probably not be as

consistent as direct inflator flow tailoring,
this scenario is presented merely to show a

further way in which one might provide a dual
level system or enhance the effects of a dual
level inflator, or both.

4.3 Effect of Airbag Shape

In this portion of the analyses, the effect of airbag shape on
the response of the out-of-position child to the deploying airbag
will be investigated. All parameters except the airbag
length-to-diameter ratio and the gas generator flow profile have
been held constant at the values used in the previous parts of the
study. The values held constant were:

a) The chest- to-dash distance of six inches

b) The airbag volume of ten cubic feet

c) The total amount of gas following into the airbag of 312
grams

d) The fabric weight of 8.4 ounces per square yard

e) The Citation crash pulse

f) The three year old child anthropometric properties.

The objective, therefore, is to obtain a relationship between
airbag shape ana gas flow profile as they affect the degree of
injury an out-of-position child might experience in a given crash
situation.
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The limits over which the airbag shape were varied are shown in

Figure 20. As can be seen in the figure, the limits chosen cover
the entire range of possible bag shapes (consistent with a

cylindrical airbag with hemispherical ends) one might consider for a

potential airbag design.

The limits over which the gas flow profiles were varied were
the same as before and are shown in Figure 21. The results of the
airbag shape study will now be discussed.

In Figure 22 the results for an L/D ratio of 1.0 are
presented. Plotted are the peak chest g's with 3 msec clip versus
the gas flow profile. Both the peak chest g's during the bagslip
phase and the catapult phase have been presented to facilitate
understanding the mechanisms that work together to produce injury.
As before, a goal of 48 g's peak chest acceleration has been
selected as acceptable. This is 80% of the 60 g criteria limit and
is a reasonable design goal for the 60 g criteria limit.

As the figure shows, the chest g's are very high for all three
of the gas flow profiles so that there is no airbag/gas generator
design possible that meets the 48 g goal with an L/D of 1.0 (a

spherical airbag) . Since the three gas flow profiles chosen for

this study encompass practically all feasible gas flows for a ten
cubic foot airbag, it is concluded that the spherical airbag has a

shape that somehow seems to aggravate the out-of-position child.
The question is, why?

The answer to this question becomes clearer as further results
from the other runs with different L/D ratios are studied.

Figure 23 shows the results of the computer analysis after
increasing the L/D ratio from 1.0 to 2.0, the latter which is,

incidentally, the same airbag design used in the gas flow tailoring
and the fabric weight analysis reported earlier. From this figure
it can be seen that the peak check g's are somewhat lower so that a

small zone of acceptable gas flow profiles exist which will meet the

48 g goal for the chest.

As the L/D ratio is increased still more, up to 3.0, it can be
seen from Figure 24 that the chest g's drop even more so that the
zone of acceptable gas flow profiles gets even larger, with a

greater margin of safety between the 48 g goal for peak chest g's
and the values actually realized. A pattern to the results obtained
in the airbag shape study now begins to emerge.

As the L/D ratio is increased, the zone of acceptable gas flow
profiles gets larger - effectively increasing the probability that a

given inflator flow profile will satisfy the 48 g goal.
Additionally, the margin between the actual peak chest g's and the
48 g goal gets more and more favorable as the L/D ratio increases
and as the HIFLO type of gas generator is approached. The question,
again, is why?
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Upon studying the results of the computer runs, it merges that

three separate factors in the airbag design heavily influenced the
peak chest g's.

First, it can be seen that the catapult g's are lowest for an
airbag shape that is more elongated than spherical (higher L/D
ratio) . This is because, for a given airbag volume and
chest-to-dash distance, the percent of the airbag depth penetrated
by the child is greatest for the larger bag diameters (lowest L/D
ratios) . This results in the greatest wraparound forces being
generated with correspondingly high catapult g levels. Conversely,
when the bag is more elongated, a smaller percentage of total bag
penetration occurs resulting in lower wraparound forces and lower
catapult g's.

A second reason for the high catapult g's for low L/D ratios
and, conversely, for the lower catapult g's for higher L/D ratios is

that the greater the airbag diameter for a given airbag volume, the
greater the degree of "pressure pumping” that is applied to the
torso. By more "pressure pumping" it is meant that the airbag
pressure forces are applied over a greater body length due to the
greater airbag diameter. Since the airbag volumes and the total gas
flow are held invariant for this part of the study, this means that

the pressure forces are not much different for the different L/D
ratios. However, since the bag diameter is different, the largest
"pressure pumping" g's can be seen for the larger bag diameters due
to the increased body length over which these forces operate.

A further effect of the larger bag diameters is that the
pressure forces operate over a greater distance, imparting higher
rebound velocities to the child. This effect is shown in Figure
25. The reason the rebound velocities tend to increase for an L/D
of 4.0 for the HIFLO and MEDFLO cases is that the impact of the
chest with the dash and subsequent rebound from the dash imparts an
additional velocity during the rebound phase.

Thirdly, the bagslap g's are also lowest for high L/D ratios.

The reason for this is that, for a given airbag volume, and the more
elongated the airbag, the lower the percentage of the total bag

width that impacts the chest. Since the constant volume criteria
effectively means that each of the airbags has approximately the

same total weight, this lower percentage of the total width of the

airbag that impacts the chest means that the effective mass of the

bag that impacts the chest is also reduced. Thus, for the more
elongated airbags, less fabric mass is brought into direct chest
contact. in the previous analysis it was shown that as the
effective bag mass was increased, the peak chest g's would also
increase for flow profiles like the MEDFLO and HIFLO flow profiles
(Figure 4) . Conversely, as the L/D ratio becomes smaller, more of
the bag fabric is concentrated in front of the chest with
correspondingly higher bagslap g's.
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This latter discovery indicates that the bag should be folded

so that the fabric is spaced out over as large an area as possible.
In this way, the effective mass of the airbag that is closest to the
chest is lowest. Further, we want a fairly elongated bag since more
of the bag can be placed where the chest is not. And, finally, we
want the more elongated bag so that the effect of "pressure pumping"
and the magnitude of wraparound forces are minimized.

The L/D ratio was increased to 4.0 to see if this trend
continued. As Figure 20 shows, the bag shape for L/D of 4.0 is not
much different than for L/D of 3.0. Thus, as the L/D ratio is

increased in steps of 1.0, less change in the general shape of the
bag, is apparent.

The results of changing the L/D ratio to 4.0 are presented in
Figure 26. Here the zone of acceptable flow profiles is almost the
same as in Figure 24 for an L/D ratio of 3.0. However, one thing is

quite different. Whereas in the case where the L/D ratio was 3.0
and the child impacted the dash only when the LOFLO flow profile was
used, now the child impacts the dash for all three gas flow

profiles. This says that the wraparound g's are now getting low
enough that there is insufficient force generated to keep the child
from going completely through the bag and impacting the dash. Thus
even though the more elongated type of airbag seems to promise
lowest injury measures for the out-of-position child, must be taken
when designing the airbag not to go so far with increasing the L/D
ratio that dash impact occurs for the child or for the normally
seated adult.

The results gained from this airbag shape study were very
informative, pointing out the value of computer simulation in

sorting out the competing mechanisms that determine out-of-position
child repons e for various airbag/gas generator design combinations.
Although the results seen reasonable once presented, they are,
nevertheless, not intuitive enough to be arrived at without a

computer type systems analysis.

Listed below are the main conclusions which may be drawn from

the airbag shape study.

a) As the airbag length-to-diameter ratio is increased, the
zone of acceptable gas flow profiles increases

b) As the airbag length-to-diameter ratio increases, the
safety margin between the 48 g goal on chest g's and the
actual value experienced increases

c) As the airbag length-to-diameter ratio is increased, the
chances of the child going through the bag and impacting
the dash increase
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d) As the airbag length-to-diameter ratio is decreased, the
bag becomes more concentrated in a location near the chest

resulting in higher bagslap g's. This effect is most
prounced for the more impulsive gas flow profiles such as
MEDFLO and HIFLO. This indicates that the best bag fold

would be one that concentrated most of the bag away from
the child's chest? i.e. if the bag is folded along its

entire width and if that width is relatively long, bagslap
g's will be lowest.

e) As the airbag length-to-diameter ratio decreases, there is

a larger contact area on the child's chest resulting in
higher catapult g levels. Also, the greater depth of
airbag results in a greater pressure stroke and
correspondingly higher rebound velocities.

f) Because of the above listed factors, it appears that an

airbag with internal "tethers" would perform well with the
forward positioned child. This type of bag would also
accomodate the widest variety of gas flow profiles and
still meet the injury criteria. However, care must be
exercized not to overly compromise the ridedown performance
for the adult occupants

g) The MEDFLO and HIFLO gas flow profiles are preferred over
the slower LOFLO type of flow profile since the LOFLO
profile has a tendency to allow the chest to impact the
dash. Further, the lack of "ridedown" inherent in this

type of generator results in high, late peaking chest g
levels when an attempt is made to prevent dash impact.
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4 . 4 Effect of Airbag Volume

Following the investigation into the effect of airbag shape on

the forward positioned child 8 s dynamic response, a related, but

somewhat different area of the sensitivity analysis was pursued.
This was the investigation of the effect the deploying airbag total

volume has on the out-of-position child response.

4.4.1 Methodo logy

For this investigation, as in the previously reported
investigations, the "LOFLO," "MEOFLO" and "HIFLO 81 gas flow

profile types were used as the standards of reference.
However, since the volume was to be varied, it was
necessary to multiply the gas flow rates shown in Figure 4

by the volume ratio equal to the new volume divided by the
reference airbag volume of 10 cubic feet which has been
used throughout the analysis up to this point. By doing
this the total grams of generated gas per cubic foot of
airbag volume was kept constant at 31.2 grams per cubic
foot - the value established in Section 4.2 as appropriate
for a vehicle in the Citation weight class.

It was also necessary to establish the airbag vent
area that would be used with each flow profile and airbag
volume. In order to accomplish this, for each volume
within each flow profile investigated, DEPLOY was run and
rerun with the normally seated aoult varying the vent area
until the 50 th percentile male would penetrate the
airbag to approximately 75 percent of the total depth
available at the point of maximum penetration. This vent
area then became the vent area used for the corresponding
case in the child simulations.

All parameters other than airbag volume and gas flow
profile with its associated vent area were held constant.
These constant variables included the airbag
length- to- diameter ratio at 2.04, the chest- to- dash
distance at 6 inches, the fabric weight at 8.4 ounces per
square yard, the total grams of gas per cubic foot of
airbag volume at 31.2, and the crash environment of a

frontal barrier impact of the Citation at 30 mph.

4.4.2 Bounding the Problqn - Airbag Volume

Figure 27 shows the range over which the airbag
volume was varied. The airbag volume used in this study
up to this point was 10 cubic feet and comprised the

middle of the range of volumes investigated. In all,
three different volumes were compared; 5.0 cubic feet,
10.0 cubic feet, and 14.3 cubic feet. As previously
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mentioned* the airbag lengfch-to-diameter ratio was held
constant at 2.04 so that the airbags had the same overall
shape as shown in Figure 27.

4.4.3 Results - Airbag Volume Study

Figures 28 and 29 show the results from the airbag
volume study. The two figures divide the results into
bagslap g's versus airbag volume (Figure 28) and catapult
g's versus airbag volume (Figure 29). The reason for

dividing up the results this way is a matter of
convenience so the different aspects of the effect of
airbag volume can be discussed separately.

Figure 28 shows the bagslap g's for the forward
positioned child plotted as a function of airbag volume.
As is evident from the figure* bagslap g's increase with
increasing airbag volume for the MEDFLO and HIFLO gas flow

profiles* while the bagslap g's are relatively constant
for all three volumes for the LOFLO gas flow profile.
Additionally* for a given airbag volume* the bagslap g's

increase with increasing rates of initial flow onset as

one proceeds from LOFLO to HIFLO.

All this should sound somewhat familiar for these are
precisely the effects noted for increasing fabric mass
reported earlier in Section 4.1. Upon close inspection of
the results it can be seen that the phenomenon that
appears here in the guise of an airbag volume effect, is

really another manifestation of the fabric mass effect.
One might well wonder how this could be since the fabric
mass has been held constant for the airbag volume study at
8.4 ounces per square yard.

The answer lies in the fact that the larger airbag
volumes* having larger diameters, result in a greater
weight of airbag fabric per inch of airbag width. Thus,
as the airbag volume is increased from five cubic feet to
fourteen cubic feet for constant L/D, the airbag diameter
increases as shown in Figure 27. As this diameter
increases, there is, in both the stowed and the deploying
airbag configurations, more fabric mass per inch of airbag

width with correspondingly higher bagslap g's. Therefore,
the effect noticed here under the airbag volume stuay is

nothing more than a reappearance of the effects of fabric

mass on bagslap g's.

It should be noted here that a "rolled up" type of
bag fold is assumed in the computer program as

formulated. If a more "accordian" type of bag fold were
used where only the front of the deploying airbag came
into chest contact, this effect could be much reduced or
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possibly eliminated. The DEPLOY program is flexible
enough to accept other fold patterns, but for this study,
the rolled technique was used to give the most

conservative results.

Let us now discuss the effect of airbag volume on
catapult g's as presented in Figure 29. In this figure we
have plotted catapult g's for the forward positioned child
versus airbag volume. In this figure it can be seen that
all three curves are qualitatively the same showing very
little effect of airbag volume on catapult g's for a given
gas flow profile - although there is a great difference in

catapult g's between the gas flow profiles for a given
airbag volume.

First, the effect of catapult g's as a function of
airbag volume will be discussed. As the airbag volume is

increased fom five cubic feet, a lessening effect of

airbag volume on catapult g's is evident up to ten cubic
feet. After this point, increasing the airbag volume
still more toward fourteen cubic feet results in

practically no difference at all.

The reason for this is as follows. As previously
mentioned, in order to obtain results for the
out-of-position child that were as accurate as possible,
DEPLOY was run and rerun with the normally seated adult
for each flow profile and for each airbag volume within
each flow profile until a vent area was established for

each set of conditions that would allow the 50^
percentile male a maximum airbag penetration of
approximately 75 percent of the total airbag depth. This
would still leave enough additional depth to handle the

9 percentile male. Throughout these adult
simulations, a constant ches t-to-dash distance of 21
inches was maintained. Thus, for the smaller airbag
volume of five cubic feet with an airbag diameter of only
18 inches (Figure 27) , the adult passenger had a three
inch gap between his chest and airbag at full deployment.

Conversely, for the largest airbag volume of fourteen
cubic feet with a diameter of 26 inches, there are 5

inches of initial airbag penetration . The significance of
this factor will become apparent in the following
discussion.

Once the vent area was established for each airbag
volume (5, 10 and 14 cubic feet) within each gas flow

profile for the adult, simulations of the forward
positioned child could begin using these same vent areas
for the corresponding conditions of airbag volume and gas
flow profile.
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Consider now the two equations presented with Figure
30. The first equation describes in approximate terms the
variables governing the wraparound forces. The second
equation describes the pertinent factors influencing the
pressure forces. Consider the effect on these equations
as the volume is increased from the 5 cubic foot value up
to the 14 cubic foot value.

Firsts when the airbag volume is 5 cubic feet, the
normally seated adult's chest is, as previously described,

3 inches rearward of the fully deployed airbag's rearmost
surface. This means that valuable time is wasted as the
adult closes this gap during the crash. As a result, the
amount of the passenger’s kinetic energy absorbed in the
efficient "ridedown" mode is low and the airbag itself
must absorb a preponderant amount of the energy through
airbag penetration. Thus, for a given total allowed
penetration for the adult of 75 percent of the 18 inch

airbag diameter, the required vent area is relatively
small and the resulting airbag pressure relatively high.

However, as the airbag volume is increased, the
airbag diameter gets larger and the initial wraparound
effects increase with a larger and larger amount of the
passenger energy absorbed in the ridedown mode with less

energy required to be absorbed by penetrating the airbag.
Therefore, for a constant airbag penetration of 75 percent
of the total airbag depth, it can be seen that the larger
the airbag volume the lower the requied airbag pressure.

Now consider the child in light of the equations
presented in Figure 30. Since the required airbag
pressures for the adult decrease with an increase in
airbag volume, they will do the same for the child since
he has the same gas flow profile and the same vent area.
From the equations then, it can be seen that an increase
in airbag volume and the resulting decrease in pressure
will tend to reduce both the wraparound and the pressure
forces being applied to the child. However, as we
increase the volume, both the "D" and "C" terms in the
equations also increase which tends to cause a net
increase in the forces. Thus, an increase in airbag

volume will result in countering effects; the pressure
goes down but the bag diameter and the body intercept
length go up.

Therefore, the explanation for the relatively slower
rate of drop off in chest g's as the volume gets

progressively larger is explained by the pressure effect
being predominant at the smaller volumes but this effect
being offset by the "D" and "C" terms as the volume gets
still larger. This explains the relatively constant value
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for chest g
s s for volumes between 10 and 14 cubic feet as

the declining pressure is offset by the increasing bag
diameter and chest contact length (the "D" and "C" terms

respectively) .

The effect of the gas flow profile on chest response
for constant airbag volume will now be discussed.

Going from the HIFLO to the LOFLO gas flow profile
type, it can be seen from Figure 29 that the catapult
chest g's increase significantly. This is not surprising
since, as was discussed in the section on the effects of
gas flow tailoring, the more impulsive gas flow profiles
such as HIFLO (and to a lesser extent, MEDFLQ) result in

more of the child's energy being absorbed in the efficient
ridedown mode. Thus the g-profi le on the child's chest is

of relatively long duration and relatively constant as

compared to the LOFLO case.

The LOFLO gas flow profile, on the other hand, with
its relatively slow flow onset that gradually builds to

its highest flow rate late in the crash event, results in

relatively slow airbag deployment with an airbag pressure
that peaks late. For this reason, the chest g's are also
late peaking and very high.

Probably more time has been spent explaining the
effect airbag volume has on the catapult chest g’s than
would be deserved considering the relatively small
variation in catapult g's with airbag volume that actually
exists. However, even though the overall effect may be
somewhat inconsequential, the explanation given here for

what little effect there is increases the understanding of
the factors that influence the out-of-position child
response. It also gives us an appreciation for the
parameters which are important and which are relatively
unimportant as they affect the overall injury measures
received by the forward positioned child.

Listed below are our conclusions for the effect of
airbag volume on the dynamic response of the
out-of-position child.

a) Overall it may be stated that the effect of
airbag volume on the out-of-position child is

relatively minor. As stated above, there are
related effects due to increased fabric mass
that result from an increase in volume that

appear to be due to a volume effect, but these
can be shown to be primarily the result of
previously identified effects other than airbag
volume such as total fabric mass.
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b) The role of airbag volume in airbag design for

the forward positioned child or the normally
seated adult is therefore more a matter of the

practical considerations of available space in

the vehicle, such as, whether the vehicle has
bench or bucket type seats (must support more
than one passenger or not) , distance of the
chest from the dash in the normally seated
configuration, and whether the system is high or

low mount. As stated above, the airbag volume
considerations alone appear to be relatively
minor for the forward positioned child.

c) Again, the preferred gas flow profile for best
overall performance would be of the H IFLO-MEDFLO
type; this would be true for the entire range of
volumes investigated. This would indicate that
for the best overall out-of-position child
performance and, for that matter, best normally
seated adult performance in the subcompact car
crash environment, we would use the more
impulsive type gas flow profile - a direction
generally opposite to that taken in most
experimental programs. If a less impulsive flow

profile is chosen, then it would help if either
the bag were designed with internal tethers or
otherwise constrained from bringing the full
catapult forces to bear on the child. In this

way perhaps the high, late peaking catapult
forces typical of the LOFLO type gas flow

profile could be attenuated.

4 . 5 Effects of Aspiration and Gas Dumping

In considering technical options to attenuate bagslap for the
out-of-position child by somehow dumping a portion of the gas in
the airbag if the airbag pressure exceeded some predetermined
threshold amount was considered. The idea was based upon the
hypothesized possibility that the airbag pressure might have a

maximum value that would be higher for the forward positioned child
than for the normally seated adult. If it turned out this were
true, then a method whereby a vent would dump gas out of the airbag

once some design pressure were reached would in effect limit the g

level on the chest. Naturally for this to work properly, the

maximum pressure that the bag would "try" to attain must be greater
for the out-of-position child case than for the normally seated
passenger case; otherwise, the bag would dump the gas for the case
where the passenger was seated normally. Therefore, in order to

work properly, if the normally seated passenger occupied the
passenger seat, no gas dumping would occur; if however, the forward



positioned child occupied the passenger seat and the pressure were
sufficiently high, the gas would dump and the chest g's would
presumably be reduced.

In order to investigate this possibility, a series of six
computer runs were made - three each with the out-of-position child
and the normally seated adult. Three runs were made for each
seating configuration in order to investigate three separate gas

flow profiles and their effect on the potential for "gas dumping."

The three gas flow profiles used were shown in Figure 4 which were
used extensively in the rest of the study.

Table 2 lists the pertinent results of these simulations. In

all six runs the fabric weight was held constant at 8.4 ounces per
square yard and the ches t-to-dash distance constant at six inches.

Table 2

Pressure Dump Study

Flow Type

Normally Seated Adult
Peak Pressure

......

Out-of-Position Child
Peak Pressure

-Pglr.

LOFLO 16 psi at IOC msec for

25 msec.
10 psi at 100 msec for

15 msec.

MEDFLO
12 psi "spike" before
bags lap, then 6 psi for

15 msec at 65 msec.

12 psi "spike" before
bags lap, then 6 psi for

for 10 msec at 60 msec.

HIFLO
35 psi "spike" before
bags lap, then 3 psi for

30 msec at 50 msec.

3 5 psi "spike" before
bags lap, then 3 psi
for 10 msec at 4 5 msec.

The "gas dumping" possibility for attenuating the bagslap chest g's

does not appear promising based upon these results.

First of all, in the case where the LOFLO gas generator is

used, the airbag pressures with the adult are even higher than with
the child. This is hardly the situation we need to trigger gas

dumping for the forward positioned child.

Secondly, the peak pressures in the MEDFLO and HIFLO cases are

reached before airbag contact with the chest. This means there is

no pressure discrimination possible between the forward positioned
child case and the normally seated adult case.

We therefore conclude that gas dumping based upon reaching a

threshold airbag pressure is not a promising method of reducing

injury for the out-of-position child.
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A similar situation occurs with aspiration techniques. In

fact, aspiration is a specific type of pressure dumping or flow

redirection depending on the terminology preferred.

When an aspirated inflator system begins to inflate a bag in

front of a normally seated occupant, the flow stream pressures are

designed such that a secondary aspirated flow is set-up which
augments the mass flow in the primary stream. However, when an

obstruction to the bag deployment is encountered, the main gas

stream is redirected (dumped) resulting in a stalling of the

aspirating flow process.

There have been claims made about the benefits of aspirating
to attenuate bagslap g's. However, based on the DEPLOY analysis
and reviewing much experimental data, the benefits of aspirating to

reduce injury potential for the out-of-position child from bagslap
would be minimal. This is because (as the gas dumping analysis
showed) by the time the bag first contacts the forward positioned
child's chest, the energy in the bag, and the flow energy behind
it, is already set at a value which will predetermine the degree of
bagslap which the child will experience. Only after the bagslap
event is over will flow redirection and aspiration stalling occur.
Thus, the requirement for crash protection ridedown and inflation
times for the normally seated occupant will determine the initial
inflation rate up until the bag would impact any out-of-position
child's chest. This fixes the bagslap response regardless of any
aspirating later in the event.

It is true that the flow redirection (gas dumping) of the
aspiration techniques will reduce the catapult phase g's should a

child's chest be encountered during deployment and this reduction
can, in turn, be traded off - much as in the mass flow tailoring
discussion - to lower the bagslap g's. It does not appear however,
that making this tradeoff with the aspiration technique has any
advantage over making the tradeoff directly with the use of mass
flow tailoring or dual level systems, or both.

Aspirators may have other benefits including minimizing
propellant r equirements and systen weight but, based on this
analysis and much developmental experience, aspiration will not

have an inherent advantage over the most advanced direct flow

systems in reducing out-of-position child bagslap g's.

4.6 Effects of Chest-to-Dash Distance

4.6.1 Bounding the Problan

The final parameter investigated
study was what effect the distance of

as part of this

the child's chest
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from the dash at the time of vehicle impact had on the
degree of injury which it receives. Parameters held
constant for this portion of the study were?

a) Crash environment of the Chevrolet Citation in a 30
mph frontal impact

b) Airbag volume - 10 cubic feet

c) Airbag length-to-diameter ratio - 2.04

d) Airbag fabric weight - 8.4 oz. per sq. yd.

e) Total mass of gas flowing into airbag - 312 gm.

f) Three-year-old child anthropometric properties.

Paramenters varied in the study were the ches t-to-dash
spacing and the gas flow profile. The gas flow profiles
used were the LOFLO, MEDFLO and HIFLO profiles as shown by

Figure 4. For each of these three gas flow profiles,
ches t-to-dash distances of 0.5, 3.0, 6.0, 9.0, and 12.0

inches were investigated.

4.6.2 Results - Ches t-to-Pash Spacing

Again, it is convenient to discuss the results of the
study in two parts - the bagslap phase and the catapult
phase. We will first discuss the effect of chest-to-dash
spacing on bagslap g's.

For all five distances studied, the 3 msec clipped
values for the main chest (spinal) g's (as opposed to the
chest surface g's) were below the criteria limit of 60

g's. The most information about the effect of the

chest-to-dash distance on bagslap g's may be obtained by
studying the behavior of the chest surface (sternal) g's.

Figure 31 shows a plot of absolute peak chest surface
g's plotted versus the initial chest-to-dash distance. As

can be seen from the figure, the bagslap g's on the chest
surface dramatically increase with increasing rates of gas
flow into the airbag proceeding from the LOFLO gas flow
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profile to the HI FLO gas flow profile. This effect is not
really new as it was observed in other parts of the study

for the 6 inch chest- to-dash spacing used there. What is_

new is that we have now verified that this effect occurs
for all chest- to-dash spacings. Therefore, it may now be

concluded that the chest g's during the bagslap phase are
a strong function of the initial rate of flowonset into
the airbag for all values of the initial chest-to-dash
separation distance.

A second piece of information that may be gained from
Figure 31 is that, generally speaking, for all three gas

flow profiles, the peak bagslap g's increase with
increasing chest-to-dash distance up to approximately 9

inches. This increase is due to the increasing velocity
of impact of the airbag with the chest as the chest is

located farther and farther from the dash. After about 9

inches, however, the combined effects of the slowing bag
velocity due to the bag getting ahead of the driving
pressure force (as evidenced by low pressure or vacuum
readings in testing) , and the declining mass of the bag
front, tend to slow the rate of increase of chest g's, or

even lower them in the case of MEDFLO and LOFLO. Similar
maxima have been observed in sled testing with
out-of-position child dummies.

A further phenomenon of the effect chest-to-dash
distance plays in the overall response of the
out-of-position child will now be investigated.

Figure 32 shows a plot of the peak chest surface
velocity change averaged over three milliseconds versus
the initial distance of separation of the chest from the
dash. By "peak chest surface velocity averaged over three
milliseconds" it is meant that the absolute peak chest
surface velocity with respect to the main chest mass is

found and then it is averaged with values of chest surface
velocity that occur immediately 1.5 milliseconds before
and 1.5 milliseconds immediately after the peak value.
This yields an average value for the peak chest surface
change velocity over a three millisecond interval. This
is not the same as a three millisecond "clip" as this
would yield an even lower velocity since only the value at

the end points of the interval would be considered. This
averaging was done to eliminate high frequency velocity
"spikes" that the digital computer can follow but which
would most probably not have a physical or biomechanical
manifestation in the internal body cavity. The fluidic
nature of internal organ supports and their natural
frequencies would effectively preclude these velocity
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spikes from being transmitted to these organs. Admittedly
however, without detailed biomechanics studies, the three
millisecond average is arbitrary at this point and other

values can be picked out of the DEPLOY output as

additional biomechanical guidance is forthcoming.

From Figure 32 it can again be seen the strong effect

the gas flow profile has on the chest surface response
during bagslap (recall that all three flow profiles result

in the same total amount of gas entering the airbag) . The
most impulsive flow profile, HIFLO, results in by far the

highest chest surface velocity. Correspondingly, as the
rate of flow onset is reduced to the MEDFLQ profile, the

peak chest surface velocity is dramatically reduced until,
with the LOFLO profile, the peak velocities are a factor

of 3 to 4 lower than for the HIFLO case. Here again, the

strong effect gas flow tailoring has on overall chest
response is evident.

There is some biomechanical evidence that chest
surface velocity change may be a better indicator of
injury than the high frequency acceleration fluctuations

the chest undergoes as the airbag strikes the chest. If

so, it can be seen that the HIFLO type of gas flow profile
may not be desirable as a gas flow source due to the high
velocities of the chest wall it produces.

Now consider the effect ches t-to-dash spacing has on

the peak chest surface velocity attained. The mechanism
that determines just what the chest surface velocity will
be for a given initial chest-to-dash distance is complex
with a large number of things happening simultaneously.
The airbag itself is growing in diameter while the mass of
the rolled up bagfront is decreasing as the deployment
process continues. The airbag pressure is oscillating as

the pressure alternately pushes and then ''pulls" on the
airbag. By "pulls" we mean that as the bag front velocity
increases, the bag can "get ahead" of the driving pressure
resulting in a "stall" period of slower or even negative
bag growth. Such periods are evident in experimental
tests when the bag pulls a vacuum on the pressure
transducer

.

Simultaneously with these airbag dynamics, the child
is approaching the airbag at a relative rate dependent on
the crash pulse and the airbag dynamics. Once the airbag
impacts the child’s chest, subsequent happenings are a

function of numerous factors such as velocity of the

airbag relative to the chest, degree of damping exhibited
on this velocity by the chest wall and the fluidics of the

chest cavity, the instantaneous value of the effective

/
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airbag mass, whether the chest surface is moving toward or

rebounding away from the approaching airbag at the time

subsequent impacts of the chest wall with the airbag

occur, etc. All of these parameters are constantly

changing so that as what is believed to be a simple change
is made, whether it be in a test or computer simulation,

such as increasing the distance of the chest from the dash

by a few inches, many factors come into play to determine
what the net effect will be.

Overall however, even though the mechanism that

produces it is complex, the controlling parameter on peak

bagslap chest g's seems to be the velocity of the airbag
with respect to the chest at the instant of chest
contact. Airbag mass effects appear to be of second order.

Looking now at Figure 33 in which the velocity of the
airbag with respect to the chest at the instant of the

most severe chest impact (several impacts of the bag with

the chest usually occur during the bagslap phase; here we
are concerned with the particular impact that results in

highest chest surface change in velocity) is plotted
versus ches t-to-dash distance, we see a great degree of
similarity to the curve previously presented in Figure
31. We therefore conclude that the peak chest surface g's

are a strong function of the velocity of the bag front
with respect to the child at the instant of chest impact.
This result may seem somewhat intuitive, and to a certain
extent it is, however it shows that the bag velocity
correlates most strongly with the degree of injury that
might be received while the instantaneous value of the

unrolling bag mass contributes only secondarily . Previous
to this analyis there was some uncertainty among
researchers about which of these two factors, bag velocity
or bag mass, was the controlling parameter. It now can be
said that it is bag velocity that is by far the stronger
parameter in influencing potential injury that may be

received by the out-of-position child during the airbag
deployment process. Further, since bag velocity is

determined by the gas flow profile, it can be seen again
the very strong effect of gas flow profile on the impact
response of the forward position child to the deploying
airbag. This again shows the desirability of providing
the optimum flow profile for a given impact situation.

We will now investigate the effects of ches t-to-dash
distance on the catapult g levels.

In Figure 34 a plot showing the catapult g's that
result from various initial separation distances of the
chest from the dash was presented. As would be expected,
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the higher flow rate flow profiles , with their greater
amount of energy absorbed in the efficient ridedown mode,
result in the lowest value for catapult g's as shown in

the figure for the HIFLO and MEBFLO gas flow profiles,,

However, the LOFLO gas flow profile with its slow rate of
flow onset allowed the child to impact the dash in all
cases except when the ches t-to-dash distance is 12 inches

or, presumably, higher.

The rather strange shape of the LOFLO curve in Figure
34 is best explained on a point-by-point basis. When the
dash separation distance is low, the airbag pressure at
the time of maximum catapult g's is also low so that, even
though the chest impacts the dash, the pressure forces
that add to this impact force are relatively low also.

However, as we increase the separation distance to six
inches, the peak pressure forces occur almost
simultaneously with chest iaipact resulting in a large
increase in chest g's. As we proceed still further, the
pressure forces become more and more predominate and the
dash impact less and less severe until at 12 inches of
initial dash separation, the chest g's are due entirely to

the pressure effect and no dash impact occurs.

Looking at HIFLO and MEDFLO there is a general
lessening in catapult injury severity as the initial
ches t-to-dash distance is increased. This is because the
maximum airbag penetration becomes less and less as the
initial separation distance is increased thereby lessening
the "slingshot" effect which produces the catapult g's.

This is roughly equivalent to the lower force exerted on
the slingshot pellet as the distance of "pullback" is

decreased.

The findings from the chest-to-dash distance study
with the out-of-position child can now be summarized.

1) The maximum g's during bagslap correlate
strongly with the velocity of the bag front with
respect to the chest at the time of chest impact
for all dash separation distances.

2) The peak chest surface velocity change is

highest for the impulsive type of gas flow
profiles such as HIFLO and lower for the less

impulsive MEDFLO and HIFLO gas flow profiles.

3) The LOFLO gas flow profile causes catapult g's

which are too high over the entire range of

chest-to-dash spacings investigated. We
therefore do not consider the LOFLO type of
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profile as adequate as a single level gas
generation system unless the severe catapult g's
are mitigated through bag tethering, dual airbag
design for optimum deployment geometry, or some
other similar technique.

4) In general the velocity of the bag front and,
therefore, chest impact severity during bags lap ,

increases with increasing distance of the
initial chest location with respect to the

dash. This effect occurs up to the point in
time at which the bag velocity begins to

decrease either due to flow profile changes or
due to one of the other complex effects
mentioned in the foregoing becoming
predominant. For this study with the parameters
assumed, this reduction in velocity appeared to

occur for dash separation distances greater than
approximately 9 inches.

5) An opposite effect to that noted in (4) above
occurs during the catapult phase however. As

discussed in the foregoing, the "slingshot"
effect which is the largest contributor to

catapult g levels generally lessens as the chest
is located farther and farther from the dash.

Thus, for a case where the chest is located very
close to the dash, one would, in general, expect
relatively low initial bagslap g's followed
later by higher catapult g's. Conversely, for

an initial dash separation distance that is

relatively high, one would, in general, expect
relatively high initial bagslap g's followed by
relatively lower catapult g's.

6) Overall, the MEDFLO type of gas flow profile
appears the most promising for a a single level
system design which will protect both the
normally seated passengers as well as the
out-of-position child during the entire impact
event from bagslap through catapult.

5.0 SYSTEMS ANALYSIS APPROACH TO AIRBAG DESIGN

As stated above, the MEDFLO type of gas flow profile appears, for

any single level generator, to have the most promise for meeting all the

criteria specified for a viable airbag design. It alone as a single
level gas generation systen, appears to provide the combination of
protection for the normally seated passengers as well as the
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out-of-position child from the bagslap through the catapult phases of
airbag deployment. Further,, through what was learned in this study in
Section 4.3, the restraint system designer may further increase the

probability of success of the total design by using an airbag with the
highest length-to-diameter as is practical. And, finally, seme slight
additional benefit will be realized for certain flow profiles by

decreasing the airbag fabric weight.

The system studied in the previous sections will now be modified to

take advantage of all these findings and the results of this

"improvement" will be compared with what was realized in the study
results presented in the preceding sections for the same gas flow

profile.

The Table 3 summarizes the two systems. Recall that the systems
described below have both been previously shown to provide satisfactory
performance with the normally seated adult at 30 mph impact velocity
before being considered as candidates for the forward positioned child
study.

Parameter

Airbag L/D°.

Airbag Fabric Wgt:
Gas Flow Profiles

Table 3

System Improvements

Section 4.6 System

2.04
8.4 oz./sq.yd.

MEDFLO

New "Improved" System

3.0
5.0 oz./sq.yd.

MEDFLO

In both cases the airbag volume is ten cubic feet with a total of 312
grams of gas flowing into the airbag.

Figures 35 through 3 7 show the results of using the findings of this
study to "improve" the design investigated in the previous section
(Section 4.6). As may be seen by studying the figures, in each case
the peak chest surface g's, the peak chest surface velocity, and the
peak catapult g's were all reduced by making those changes to the design
deemed appropriate by the things discovered in the analyses presented in

this report. By using this knowledge, we are able to improve the design
where to the point the system performance results in the chest criteria
being satisfied for both the normally seated passenger as well as for

the out-of-position child for the entire deployment sequence and for all

chest- to- dash initial separation distances. Through further

modification, by way of additional computer study with systems of

interest we are confident the design could be further improved.
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6.0

CONCLUSIONS

6. 1 Mass Flow Tailoring

Of all the parameters and mitigation techniques studied,
inflator mass flow tailoring has the greatest and most pervasive
effect on the responses of the out-of-position child. The rate of
onset of the mass flow of gas out of the inflator has a strong and
positive correlation with bagslap chest g

9 s. Also, the inflator
gas flow profile has a Strong interrelationship with most of the
other parameters studied as detailed below.

6.2 Multiple Level Inflation Sequences

Multiple level inflation can substantially reduce bagslap
exposures for the out-of-position child while maintaining optimum
system performance for the normally seated adult. General Motors
used crash sensing to initiate deployment of a staged two-level
inflator system in their 19 73-76 air cushion cars and Daimler Benz
reports they will use a dual level sensing and inflation system in

their production air cushion cars.

Two types of sensing are available to initiate deployment in a

dual level system. The first is, as discussed above, judiciously
placed crash sensors set to low and high level velocity changes to

initiate the different levels. The second is occupant size or

weight sensors in the seat or elsewhere which tell the system to

fire the high level if there is a heavy occupant in the seat.

The predictive sensing of occupant size or proximity, or both,
has benefits because, in a crash, the high level would go at the
first possible moment a deployment signal is received (providing
maximum ridedown potential) if a large occupant is in the seat.

In using crash sensing alone to initiate a dual level system,
the high level delta V sensor will fire at some time lag after the
low delta V sensor (unless it is positioned further forward in the
car) . It remains to be seen in further investigations into sensing
scenarios for the dual level inflation system, if such a delay has

unacceptable consequences for the normally seated adult.

For either sensing scenerio, added reliability concerns can be
largely offset by having the low level system always go off in any
deployment demand situation, but only have the high level booster

go off if a positive indicative signal is received by the
diagnostics of either a heavy occupant in the seat, or a severe
crash, or both. Also, if the low level system meets FMVSS No. 208

for the passenger at 30 mph, reliability equal to any single level
system will be assured.
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6.3

Bag Fabric Mass

The effect of bag fabric mass on chest bagslap g's is highly
interdependent with the mass flow profile out of the inflator. For

slow onset rate inflators, the forward positioned child's bagslap
g's are nearly independent of fabric weight over a reasonable range
of fabric weights. However, for the more impulsive type inflators
such as the stored gas systems or the ganged driver units, fabric
weights correlate strongly and positively with the bagslap g's for

the child.

6.4 Aspiration and Pressure Dump Features

The analysis based on the DEPLOY computer model does not
predict much benefit, if any, in reducing bagslap from aspiration
or pressure dump features. The reason for this is that the bagslap
event is very short in duration, typically 1 to 3 milliseconds, and
is over before any alternate deployment mode, based on pressure
feedback or flow redirection, can occur.

Aspiration has some secondary benefits like reducing catapult
g's for the forward positioned child, but these do not seem to be
superior to what can be obtained with judicious flow tailoring of
conventional inflators or multiple level system design, or both.

6. 5 Chest- to-Dash Spacing

In the 0 to 12 inch range, chest-to-dash spacing is a

significant variable in determining the response of the forward
positioned child's chest ana is strongly interrelated to the rate
of onset of the mass flow from the inflator. A peaking in the
chest surface bagslap g's is apparent around 9 inches for the low
to medium flows while for the high flow rates, chest g's continue
to increase with an increase in chest spacing but the rate of
increase is much slower above 8 inches. The much higher bag front
velocities associated with high flow profiles directly relate to

higher bagslap g's at all chest-to-dash spacings but are much more
pronounced for the HIFLO Case at spacings above 6 inches. During
the catapult phase a nearly opposite effect occurs. As the chest
is located further from the dash, the waterwing forces are lower,
resulting in lower catapult g's.

6. 6 Air Bag Shape and Volume

The effect of airbag shape on the forward positioned child's
chest is that the chest surface g's and resultant velocity changes
decrease as the length-to-diameter (L/D) ratio increases up to the
point where the chest goes through the bag and contacts the dash.

As the L/D ratio is increased, the system becomes less
dependent on a specific inflator flow profile characteristic to

give acceptable bagslap and catapult g's.
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The bag shape has fundamental influences on the bagslap and
catapult phases? on bagslap because? for lower L/D ratios, more bag

fabric will contact the out-of-position child's chest and will
consequently increase bagslap; on catapult because, for lower L/D
ratios, the forward positioned child will be subjected to larger

waterwing and pressure stroke forces.

The air bag volume alone (normalized for inflation gas) has a

minimal effect on bagslap or catapult; however, air bag volume can
be the result of other interrelated bag design parameters which can
strongly affect either bagslap or catapult, or both.

6. 7 Systems Analysis Approach

As stated in the introductory remarks, the ultimate goal of
this study was a systems approach to determining the effects on the

out-of-position child of the many independent and dependent
variables in air bag design and analysis. This implies, and it

should be definitely restated here, that the combined effects of
the variables and parameters will many times be just as important,
if not more important, than the isolated effects of a single
variable. It has been confirmed in this study that the inopportune
or uninformed adjustment of one parameter in the wrong direction
can more than outweigh the adjustment of another parameter in a

beneficial direction, with a net loss in benefit.

Some of the more significant interrelationships discovered in
this study were those between flow tailoring and the following:
bag fabric weight, ches t-to-dash spacing, and air bag shape. Other
relationships exist as detailed in the report. Others undoubtedly
are yet to be discovered with the additional use and expansion of
the model. It should be emphasized here that probably the most
significant finding of this study is the basic and unavoidable
requirement that in order to pursue a systems analysis approach to

air bag design and analysis (to "know where one is on the curve"
while trying to optimize the many design parameters) the use of
advanced modeling and computational techniques using high capacity
digital computers, backed by extensive developmental experience in
the laboratory, is essential.
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Special Note

Because of a setback of the inflator and dash from the un-

deployed bagfront of 2 inches in sled run no. 1637, certain

changes were made to the DEPLOY program just for this com-

puter run to accomodate this. Thus three statements were

changed from what they are listed as in Appendix A to what

is listed below for this run. The added part is underlined.

2580 IF X 2 . *R0+ 2

.

THEN 2950

2960 C-=-P9* ( X-2 . *R0 -2 . )

2980 G--P9* (X-2 .*R0 -2

.

) -Pi * 12 (BO/ (M3+W0 ) +D8 *A1/ (4 . * (A0+R0-B0 ) * (M8+W0 )

)
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APPENDIX C

DEPLOY FLOWCHARTS



Flow Chart for “Deploy”
Computer Program

Line Number
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470

480-580

610-840

850-860

870

890-1100

1110-1230

1240

1250

1260

1270
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1280

1290

1300

1310

1320

1330

1340

1350

1360
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1370

1380

1390-1495

1500

1520

1530

1540
,
1550
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1570-1675

1680
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1700
,
1710
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1720

1730
,
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1810

1830

1840
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1860
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1880

1890

1900

1920
,

1930
,

1950

1960
,
2000

1970
,
2030

1980
,
2010

2040

2050-2180

2190

2200

2210



2220, 2270

2230

2240

2250

2290

2300

2310

2380

2370-2400

2420

2470
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2480-2520

2530

2540-2550

2660-2670

2580
, 2950

2590
,
2890

,

2960

2600
,
2900

2610 , 2910 ,

2980

2620 ,
2930

2650
,
2630

2660

2990
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3010

3050

3030

3040

2680

2740

2750
,
2690

2760
,
2700

2770
,
2710

2720

2830
,
2850
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2810,

2865

2875,

2870

2780

2790

3060

3070

3080

3090

3500

3110

3120

3130

3140

3 ISO-

3170

3180

3200-3300
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3330, 3310

3340

3350

3360

3370, 3380

3510

3520-3560

3570

3600

3670

3690

3380

Go To 1 1 10
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APPENDIX D

INPUT DATA FORMATS





Input Data Formats

Line

Line

Line

Line

Line

Line

3 09 0 U=5 Minimum Print Interval = 1 ms

U=1 Minimum Print Interval = 1/5 ms

3 39 0 DATA QO, 11, Q2, 12, Q3 , 13, Q4 , 14, Q5 , 15

QO = lb/sec First Data Point of Flow
Ii = Time Characteristic

Q2 = Second Data Point

12 =

Q3 Tnird Data Point

13 =

Q4 = Fourth Data Point

14 =

Q5 = Fifth Data Point
15 =

Th e First Data Point must include sensing time.

3400 DATA RO, AO, Ll B1

RO = Bag Radi us ( in.

)

AO = Bag Half Cylinder Length (in.)

LI = Effective Height of Pass enger (in.)

B

1

= Vent Coefficient

3410 DATA A6 , P2 , Nl, N2 , N3

A5 = Vent Area (in 2
)

P2 = Pressure Vent Opens at (psig)

N

1

= Polytropic Process Exponents (Flow)

N2 = Polytropic Process Exponents (Compression)
N3 = Polytropic Process Exponents (Exhaust)

34 20 DATA Cl, C2 , T5

Cl = Vent Discharge Coefficient, Subsonic
C2 = Vent Discharge Coefficient, Sonic
T5 = Integration Interval (sec.)

3430 DATA PO, TO, R9

PO = Initial Bag Pressure
TO = Gas Temperature (°R)

R9 = Universal Gas Constant

D-l



Line

Line

Line

Line

Line

3440 DATA WO, W 6 , SO, BO

WO = Passenger Weight ( lbs .

)

W6 - Chest Sternal Weight (lbs.)

SO = Impact Velocity ( fps)

BO = Half Chest Width (in.)

34 50 DATA B2 , W2 , B3

,

W3 , B4 , W4 , B5, W5

B2 = G's First Data Point of
W2 = Time Crash Pulse

B3 = Second Data Point
W3 =

B4 = Third Data Point
W4 =

B5 = Fourth Data Point
W5 =

34 60 DATA Cb, P9

C6 = Initial Distance from Dash (in.)

P9 = Dash Padding Stiffness (G's/in.)

34 70 DATA N6, X9 , L9 , D9 , D4

N6 = Passenger Mass Factor During Bagslap
X9 = Manifold Sock Dia. (in.)

L9 = Manifold Sock Length (in.)

D9 = Sternum Damping Coefficient
D4 = Main Chest Damping Coefficient

3480 DATA Fl, Ul, F2 , U2 , F3 , U3 , F4 , U4

FI = lbs First Data Point of Sternum
Ul = in. Force vs. Displacanent Curve

F2 = Second Data Point
U2 =

F3 = Third Data Point
U3 =

F4 = Fourth Data Point
U4 =

D-2



Line 3440 DATA WO, W6 , SO, BO

WO

W 6

SO

BO

= Passenger Weight (lbs.)

= Chest Sternal Weight (lbs.)

= Impact Velocity (fps)

= Half Chest Width (in.)

Line 3450 DATA B2 , W2, B3 , W3 , B4 , W4 , B5, W5

B2
W2

= G's First Data Point of
= Time Crash Pulse

B3

W3

= Second Data Point

B4

W4

= Third Data Point

B5
W5

= Fourth Data Point

Line 3460 DATA C6, P9

C 6

P9

= Initial Distance from Dash (in.)

= Dash Padding Stiffness (G’s/in.)

Line 34 70 DATA N6, X9 , L9 , D9 , D4

N 6

X9

L9

D9

D4

= Passenger Mass Factor During Bagslap
= Manifold Sock Dia. (in.)

= Manifold Sock Length (in.)

= Sternum Damping Coefficient
= Main Chest Damping Coefficient

Line 3480 DATA FI, Ul, F2 , U2 , F3 , U3 , F4 , U4

FI

U1

= lbs First Data Point of Sternum
= in. Force vs. Displaconent Curve

F2

U2

= Second Data Point

F3

U3

= Third Data Point

F4

U4

= Fourth Data Point
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Line 3490 DATA M6, Rl, VI, R2 , V2 , R3 , V3 , R4 , V4

M 6 = Bag Material Weight (oz./sq. yd.)

R

1

= lbs. First Data Point of Chest
VI = in. Force vs. Displacement

R2 = Second Data Point
V2 =

R3 Third Data Point
V3 =

R4 = Fourth Data Point
V4 =

I

I
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