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MARSPATEFINDER AIRBAGIMPACT  ATTENUATION SYSTEM”

Donald E. Wayet  and J. Kenneth Cale$
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\

\
The Mars Pathfinder spamx@ schxiuled  fbr

launch * 1996, is designed to validate a-. .-—
low mat Entry, Descxm4 and Landing @em and to
perform scientific surfhce operations. The Jet
Propulsion Idoratory and Sandia National
Mmatones  tcaxned to desi~  fibncate.  test and
validate a prototype 0.38 wale model of an ai.rbag
impact attenuation system.

A computer code was dwcloped  to predict the
pcrforrnatw  of the airbag gsterrr. A test program in
Sandia’s  High Altitude Chamber w performed to
validate the code and demonstrate the feasibility of
the airbag concept and design. In additiom fr=fidl
tests were performcxi at represmativc  velocities 10
demonsual,e the stnxlural  integrity of the airbag
system &sign.  The feasibility program
dcrnonstmted that the airbag impact attenuation
design will protect the lander upon irnpaet  tith the
Martian surface
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lin=  acceleration of payload (IT@
sped of sound in gas (MA)
Area (m2)
Area of bottom bag footprint (m2)
ace&ration  of gravity on Mars (m/s2)
discharge &fiicient for an orifice
mass of the payload (kg)
Mach number
pressure (hscals, newtond mz)
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gas constant (Jouledkg  K)
gas tempxrxure (K)
time (seconds)
velocity of gas (333/s)
vclcciry  of the payload (m/s)
volume (m3)
mass of gaa contained in airbag (kg)
d.istarm  (m)

mtio  of specific heats, (C&),  1.4 for N
density of gas (lc#m3)

Introduction

The Mars Pathfinder spacxcraR  scheduled to
Ix launched in November 1996, will be tic first
lander launched to Mars sin= the Viking missions
in the early 1970’s. This missio~  the first of a series
of low cost Discovery class missions is a “pathfinder”
for NASA’s engineering design methodology of
“faster, better, cheaper”. The mission was designed
to demonstrate and validate a low cost Entry,
Desmt,  and Landing (EDL) system and to perform
state+f-theart  scientific surfhce  operations. TIM
EnWy and Descent rkigns are based on the Viking
Iandcr heat shield and parachute designs,
respmivc]y.  The Mding  portion of the spacecraft
consists of a bridal mounted retro-meket Vstem and
an air%ag  impact attenuation system.

The Jet Propulsion LabomLory teamed with
Sandia National I.aboratories to desi~ fabrimte,
tesL and wdidate  a 0.38 scale proto~  airbag
impact attenuation system as a proof of ooneept for
the Pathfinder spamcrall.  This paper will dcscribc
tlm airbag desig% the eomputcr  model used for
prdkting airbag performance, and the test5
cxmductcd at Sartdia  in the High Altitude Chamber
and the Coyote Canyon Test Facility. The airbags
and tests were designed to validate the eompr.ner
model as well as lo demonstnik the sts-uclurii
integrity and dynamic darartcristics  of the system.

~o.nccptfi

Several concepts were examimxt  for the descent
and landing phase of the PaLhtindcr mission. A
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vstc% mwielcd on the Viking aystcm  with rockets
actively umtmlling  the verdeal and horizontal
components ofveloeily  was considered This system
would have required emplex eomponentry  which
~ htlpmetkd fjw?m tk SChtXhdO and budfyt
available.

The driving design pammetcm were that tic
lander be able to deploy a rovor onto the surf%t  and
also take a panoramic photo of the surface. E@ally
as important was that the lander not experience
more than SO g’s deceleration on impact, The
decision was nude to ~,~ inf##e impacf
attenuation system~ tolemte both
vertical and horizontal velocities on impact Sirux
the horizontal velocity component at inqxwt  was
estimated to be quite saere,  a ~slern  with omni-
ttireetionat  impact Mpability  was required.

Spherical airbags  were considered. Their
downfall was that the payload would bc completely
surrounded by the inflatable membrane and the task
of deploying the rover and inmruments became very
eomplcx.  Systems where multiple spherical airbags
were simply clustered around the payload prod to
be very i.neftlcient.  Non-spherical airhags of wwious
geometric shaps  were also considered and ruled out
since they wmc stmctumlly  incKleient.  The
cmdigumtion  finally selected camsists  nf a
tetrwhxiral  lander with an airbag on each of its four
sides. Each airbag is made up of spherical lobes
merged together to forma single larger volume. The
airbags are tethered to the lander via structural
tendons integrated into eaeh airbag. l%c system is
inflated with hot gas generators approximately 3-8
swords prior to hPCL

The tetmhedral  lander with four individual
airbags allows access to the lander when the airbags
deflate after the impact event. The rover and the
sciendfic  imtrumentation  are subsequently deployed
by folding out three of the four tctrahdron  panels,
like a flower blossoming, This “self rightin#
method of opening *tes the requirement to
wntrol the orientation of the lander as it comes to
rest after landing. With the basic mwept  select~
the task of designing tie a.hbags  became a function
of the actual  impact  Conditions.

Impact Environment

The surlk  ambient conditions for the landing
sites under @rsideralion  include a nighttime

temperature of approximately -7S°C and a pressure
of approximately lkPa (about 1/100 that of Earth).
DW to this rarefid atrno~hem  a practically sizd
parachute ea.n only decelerate the specraft  to a
termhat vcIocity  of about 35 ds. Pr@iously
cOllectd data indicate that 90t.b percentile surtkce
winds are approximately 35 trds, Those winds,
combined with the vertical velocity, create a
maximum impact vekreity  of 50 rds at an angle of
45°. R&s at the landing sites m predicted to&
alwut 0.5 meters high.

Airbar Desizn

The original airbag design wmeept  was derived
from tie “airbag impact attenuate?’ work
performed at JPL in the mid 1960’s [1]. The
fundamental conctp~ which is that of a “lumpy”
sphere, implies a high mochdus  inflatable membrane
with preloaded tendons. The tendons are used 10
transfer the pneumatic load tim the membrane to
the rigid body bing doxlcrated.

Basic Sizhrg

The fwst generation Pathfinder ai.rbag w
sized to dcaxlcrale  a 230 kg lander from 3S MA to
zero and limit the lander WY dwclcmtion  to less
than 50 g’s. TTre first consideration in sizing the
airbags was to determine the required deceleration
stroke. A.suming a constant deceleration the
required stroke is 1.25 meters. The mission
requirement to survive impact on 0.5 meter rocks
brings the minimum allowable airbag dimension to
1,75 meters,

Load tmnsfcr was maxim.i.uxl  by minimizing
relative movement between the aitbag system and
the lander, This was done by sizing and spacing the
lobes of the airbags  such that the center to center
distance between any two adjacent lobes in the entire
~stcm was identical. Figure 1 shows the geomcuy
for an airbag with three lobes, =ch with a radius of
1.2 meters and a lobe to lobe spacing of 1.92 meters.
A single airbag is composed of three spherical 10W
as seen from the outside. Internally, however, the
airbag is one open volurnc  tith no ixuetna.1
membranes or septums,  Figure 2 shows the
geOmeUy of the entire airbag system,

Onrx the basic configumtion  w sclectc4
analysis were performed to characterize the
perfot%atrcc.  Internal vents were added to allow the
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%ottom”  bag to vent to each of the three top hags w
thatallafthc  airbagvolurne cuuldbeaetdupon
during impact. This resultd  in three ducts
emerging from the bottom bag, each czmnecting  to
one of the top ahbags.

1.92

Figure 1- Three-lobe airbag desigo

Further analysis of the difference between the
cawtant  deceleration pro~e assumption rnadc
earlier and the more refined performaw  analysis
showed that the 2,4m diameter dimension of the
airbag  was not sufficient to provide an adequate
clcarancc margin for a nominal impact. This 14 to
the seared design cnhancemenc  external venting.
tintrolled  venting of the gas from the bottom bag to
the ambient amospherc allowxi a higher initial
pressure to bc used wilhoul cxeccdirrg the
deceleration requirement. The original venting
scheme called for the maximum pressure cmndition
to exist prior to impact. On impact the external
vents would he opened. The veins were sid so that
the mass flow Iaving Lhe airbags matched the
decrease in volume during an impaq thus yielding a
nearly Conslant pressure.

h additional lightweight gas tight intetml
diaphragm was instnlled  in the bottom airbsg  (see
figure 6). The diaphrsgn  is inflated into the bottom
bag by gas from the three side bags during the first
tm.mce, halts the external venting, and insures that
the a.irbag  system remains inflated for sub~uent
IXUnrXs.

——..
Figure 2- Airbag system with lander.

Constmction

Polyurethane coated 3,0 oz/yd2  Kevlar fhbric
was seleetfd  for the proof of conczpt  0.38 scale
protoryp airbag,  The lobes were created by a
@mbinatiorr of fabric pamming  and tensioning of
the tendons anchorrxi to the Iarrdcr. The fibric
patterns were joimxl u5ing  simple lap joint scams,
formed by prmsure fusion welding the urethane
coating on tic Kcvlat  fabric.

&twrl 4(C
{The airbag  fhbric was not mxt.ly attached to

the lander in any Imtion,  -B@ch of the pneumatic
form ws Lransfernzd from the membrane to the
lander via the tendons, which are shown in Figures 1
and 2. Six tendons originate at each of six
hardpoints  on the lander, follow the cxlemal surfhcc

of the bag, and then pair up at a confluence point
approximately 1/3 the way around the bag. Three
~endons then follow the vatley  between lobes up to
the cusp.  At the cusp, the tendons pass through the
f%bric and once again divide into six rMTerent
tendons which pass through the fabric a@n and
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dattaehateachofth sixbardpoM.s.#@ 6 prcload,
in the tendons, mtd by the inflation pressure
w&A tmnsf?rs much of the federation fo=s  to
the lander, Therefore, it was imptant to maximke
the stMheM  of the tendons, w4A@i  was amplished
by using a high elasdc nmdulus  material. Kevlar,

-?0
!%ond Genention Airk Desizn

Maturity of both the landing site location
Mormation and tho entry and ckx?nt  designs,
allowed a relaxation of the impact requirements.
Both the maximum vertical and horimntat veloeit.ies
expected at impact were rcxtueed  to 20 mh. This
allowcxi  a redesign of the airbags to make them
smaller and lighter. The new design was bad on

/ the same design principal as the original three-lobe
design. The new dtiign mnsists of six spheres
mmhecl together to form a single airbag. The
internal venting scheme was preseIve4  K3wwer,  tie
external venting was no longer rquired to provide
the noxssaxy margins. Figures 3,4, and 5 show the
six-lobe configuration.

Computer Modeling of the Airbag Impact
Attenuation Svstem.

A wmputer  model was developcxt  at Sand.ia to
model the pneumatic pcxforrnance of the airlxtgs and
the rigid-body dynamics ~lfO-W of the IX@Oad
during ground impacL In Figure 6, it em be seen
that tho fixfxs aming on the payload consist of the
payload weight acting downward and the pressure
force acting upward. Applying Newton’s sc$ond
law, tbe equation of motion for this ~stem is
Obw:

[)ARPPO Pb 1a. g&n-— (1)
m Po

Thc nitrogen gas that wa5 emtainod  in all of
the bags was assumed to perform as a perfect gas.
The mass of gas eontaid  in caeh bag was
cakulated  from the known gas pressure,
temperature, and bag volume.

Because all of the top bags eommunkwed
Pneumatically  wih the tuWom  bag, the gas
contained within thcm vms assumed to lx at the
same pressure and temperature before impact. Just
before irnpacg  external orifices w.ld be opened in

4
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FIgum 3- Six-lobe airbag.

. — — . .

——
Figure 4- Six-lobe airbags mounted to lander.
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Figure 5- Exploded view of Dyna-3D finite element model,  sk-lobe d~i~
(MoM created by Marc Collier and John McKinncy  of I@ckwcll Aerospacz  Space Systems Division)

the bottom bag and gas could  start flowing out to the
kxal environment from the bottom bag. At irnpcL
the volume of the bottom bag began to decrease. If
the external orifbs  were not toe large, the gas
pressure in the bottom bag would begin to increase
forcing ga5 back into the top bags as well as to the
outside. If the exuma.1 otics were too Iargc, the
pressure in the bottom bag would czmtinuc  to
decrease and the gas in the top bags would am.i.nue
to flow into the bottom bag until the diaphragm
expanded to fill the remaining volume of the bottom
bag. At that@ gas would cease  flowing from the
external oriiiws.

“:5’MI m’na;:’”s’”re’

Figure 6- Impact Attenuation Systcm Sketch

Gas flow through an orifice can be subsonic or
sonic. For a diatomic  gas, such as titrogem tithe
ratio rrfthe static pressure of the gas downstream to
that upstmrn  is greater than 0.5283, the flow is
subsonic up to and through the smallest flow ar~
the orifice. If the ratio is smaller than 0.5283. the
flow is subsonic as it approachc$, but sonic in the
Orifb [2].

To slow the impacting payloaq its kinetic
energy must be transferred into the @ential  energy
of the compressed gas Thus, the airbags  must
opemlc with an intcmal  pressure that is greater than
the loml atmospheric pressure to generate a form
which acting through the deflection of the bag. does
work on the payload A gasbag impact attenuation
system intended for use on Mars ean be tested in the
canh’s atmospheric pressure with the intended
initial prcxurc differential from the bag interior to
the atmosphere, but the external ori.fmx @l not
perform as they would on Mm since the pressure
ratio across them is significantly different,

The mass of gas dischargd  throrIgh  the
external orifices and the mass of gas remaining in
the bag diredly affect the rebound of the paylwr4  so
an atmospheric test on 4 would not exhibit the
same inhial rebound speed as would actually rzcur
on Mars.

5
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Themassflowrate  attheorifieethroat  is:

The gas density at the throat of the ori.free is:

and the gas velocity at the t.hmat in terms nf sordc
conditions is:

(2)

(3)

When quations 3.5 are fhctored  into equation
2, the ma5s flow rate is expressd in terms of the
presmre  and temperature in the orifice throat.

Sine the average gas flow within a bag is
nearly  zero, tie static pressure and the stagnation
pressure in the bag are essentially qual. Hence
from reference 4 the static prcssu.re  as a function of
the pmsaurc  upstream of the orith  is

3=[1+(Y-:M’T ‘n
When equation 7 is solved for M and substituted
along with the adiabatic equation into quation  6,
the equation for the mass flow rate through a
subsonic orifice is obtained

(8)

For sonic flow in the orifice, M=l .0, and quation  7
rcduets to:

(y+l) &

)2 “
(9)

Substituting the adiabatic equation and equation 9
into equation 6 and rea.rmnging  produces the
quation fir the nmw flow through a soNc orifi=,

Discharze  Cocfllcicnt

Both equations 8 and 10 depend upon the value
of the ori.fke discharge caefilcien~  k. Experiments
wue reported in mfercncx 4 in which the pressure
diiTerential  across a sharp~ged  ori!ke was varied
[0 obtain subcritical (subsonic) and Critkd  (sonic)
flow conditions, Experimental values of k measured
as a function of the ratio of downstream prmure for
the range from 0.0 to 1.0 were included in the
model.

Each  top bag can exchange gas only with the
bottom bag  through irx internal ori.fks. The mass
flow rate, dw/dL is determined by equation 8 or IO
depending on whether the orifice flow is subanic  or
sonic. If the pressure differential causes flow ftom
the bottom bag into the three top bags (recemoir),
that flow rate is considered to be negative and the
rrmss  of gas in the reservoir increases.

The bottom bag m exchange gas with the
three side bags through the internal orifme.s  and also
with the outside through the externat  orilk?s.  Gas
flow out of the Mtom bag whether through the
internal or external orifices is czmsidered to be
negative. Thus, flow into the side &Jgs and to the
atmosphere will decrease the mass of gas amtained
in the bottom bag.

~h~e in Bottom Bag Area and Volume
4(< 6 ‘YJ ?

P
Wpba proposed for the lander were

mwt.ructe.dlo fabric and remained with external
and internal @r?!rs so that ach appeared to consist ‘
of ~ or more spherical bags rnergd  together.

TFti d ud~
As shown in equation 1, the force that acts to

dederate the payload depends directly upon the area
of the footpnn~  An, of the bag with the ground.

6
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The internal pressure in the bottom bag which is
being czushed also depends directly upon tbc change
in the bag’s volume. Nofc that an implicit
assumption made in developing the arm and volume
qtions  for ach bag design was that the parts of
the Mtom  bag not in contact with the ground did
not move nor flex relative to the lander. The area of
the footprint as a function of the bag ctushup was
calculated for each &g ccmtlgu.mlion based stietly
upon the bag geometry and the area of the bag that
would bc intersected by lhC JhIIC Of thC ground
during crushup.

Bounce Eauatlons

Sins the gas remaining in the bags after the
payload  has been suecessfitlly stoppul  is still  at a
pressure greater than the local atmospheric pressure,
the payload experiences some rebound @mce).
The me governing equation which calculata the
mnsfer  nfthe payload’s kinetic energy inlo potential
energy storai  in the mmpressicm of the gas also
citculati  the rrwcmc t.mnsfcr  of energy from the gas
to the paylr.md,  The maximum velocity for a rebound
is achieval  at the Instant  the gas bag -s to push
on the payload, This oecuts when the gasbag has
reinflated to its original shape or when the pressure
in the bag reache4 the. local atmospheric pressure.
ThC height of the bounc% assuming no aerodynamic
drag is found by simply equating the payload’s
kinetic energy at the start of the rebound with its
po~ential energy at the top of the rehrtd.

Modeling

The fasibilily of using gas bags to cushion the
tander  payload during ground impact on Mars had to
be proven through testing on Earth, A modeling
study was made to determine what test conditions

were rqu.i.rcd to obtain mcaningfi.1 dam

The Buckingham  Pi Theorem [6] states that the
number of nondimensional numbers required to
define a problem is equal to the total number of
variables minus the 10M number of dimensions
involvcxi  There are 19 variables and four
dimensions, -s, lcmg@ tinm and lcrnpcralu.rc in
t-his problem, Thus, 15 nondimensional number are
needed.

The* non dimensional number can be obtained
in many ways &t often seem sornewhal  arbilnuy,
Once gcnerat.txL they can be modified by
multiplication or division with any wmbination  of

7

the other nondimensional numbers that are
involved. In this ease, the more eamplicatod  non-
dimensional numbers were chosen from the
cxxtlicients in the nondimensional governing
differential equations. Note that the product of the
gas instant and the temperature was considered as
one variable since  they were the only ones in this
problem that was lmined the dimension of
tcmperatum.  Doing this did nol afkt the quantity
of nondimensional numbers rq~ because W
the number of variablm  and tie number of
dimensions were decra by one. Fifteen non-
dimensional number were ob@ined

Lctihesystcrnbeing  tested on Earchbethe
“model”, denotd by the subscripc  IW and the
system that is to impact  on another planet be the
“prototype”, denoted by the subscrip~  P. For the
results ofa model test to be veV medngt%l  all of
the model nondimensional nt.urdxm must equal
their eounterpms  for the prototype. When this
ooam the modeling is ealld “undistorted.”

Assume that the geometric scaling factor
between the model and the prototype is:

~_ (xo)M

-~

and that the pressure ratio betwem the model and
the prototyp is:

n .  PM
Pp

Then equating the nondimensional numbers
between the mdel and the prototype produces the
following relatioruhips  between the variablw  of the
model and the prototype:

x~ =A-xp AM= A2. AP
v~=A37p mM =n” A3”mp
WM=nv A3. Wp YM =  YP

(&.Ls T)M = (J%AST)P k~ = kp
pM,z~. pp t&f= A”tp

()1a~= — .aP
A

‘he last equation shows the relationship tit
must be preserwl betwwn  all of the model and
proto~  wxelerations. Hence, for the modeling to
ix Undistoltcd;

Amerian Institute of Aeronautics and Astronautics
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()gM= + ‘gP

Thegravitationalademtion  forthemodelis
tit af~ and for the prototype, that of Mars
where the fulkale  lander will impact  Therefore,
the mtio of the gravitational aeeeletation  between
Earth and Mars, X== 0.38, preseribos  the rnodd wale
for undistorted model  testing in fill Earth gmi~.

The feature, m was added to tbc muieling
quations  to h tbe model mass from having to be
met.ly 2.3 times the prototype mass. This proved
usefid during thC tign of the ~@ AhhIde

Chamber impact apparatus and in the dtwelopment
of the test progmrn  parameters.

These tnodding  relationships also prescribe
bowthemeaswcments  trwk during model impact
tests am be used to predict the prot~ impact on
another planet during model impact. Prototype
velocities are qual to model vcloeilies. I%otow
awelemtions are L times model accelerations. If the

IQ

same gas at the -e initial tempera[urc  is used in
the nmkl and pro!otype,  then umperature  variations
will & the same Wween  the model and prototype
impacts.

-e Airbaz Test Promtm

~izh  AItitwde Chamber Test Sencs #L

A test series of the ongiml  &sign was
performed in May 1993 in the Saxda High Altitude
Chamber @.AC). The impact test appmtus shown
in Figure 7 was design~  Mxieate4 attd assembled
in the HAC for these teats. BeSuse  accelerating the
ai.rbag system itself w impractkal  in the limited
spa-  of tic HAC the “ground’ was accelerated into
the stationw. inverted Ianderhirbag Vstem which
was mounted on a strut.  The impact plate was
~leraud into the stationmy  Wag SYSC~  by
bungee mrds. Mlcr the pressure in the H.AC was
brought to test conditions the cords were stretchd  to
qual  tension and the impact plate was released
through initiation of an explosive cutter. Just before
kIpacc  the bungee cads went sIack and the velody

Wilch-1
IIMMCI PMO & B-m / Culter

“(Al Max  ~o”tit)
Veftkd  Channebw\ —

I

TOP  VIEW

wnct-2

\ 1
I

I

I_..+.–..\

:E&–iz
‘~–”
-4’:.:

~!~

---L--

vonlod

cbMOb

/

l?igure 7- MESUR Impact  Test Apparatus (top bags removed for clarity)
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oftheimpactplatewas  meastuedbyanoptiezd
velocity trap. Instrume ntation  on the impact plate
andineaehofthe  gas bagameasuredthe
deceleration and pressure-time history of the event.

The impact plate was designed for minimaJ
mass, but still  @ed the scaled massafthe model
by a f50t.or of two, The scaling model therefore
rcquirod that the pressures &th internal and
extomal) be doubled to provide a snitabk  simulation
of deceleration, The tests were perfbrmcd  at a
pressure of 2,0 kPa (0.290 psi) external pressure,
about twia that of the Martian atmosphere, The
ail’bags Were tested with initial intend presmres of
8.0 kl?a (1.16 psi) and 12.0 kPa,(l.74 psi),

Eighteen impact tests were performed wilh
variations in impact velcxity (maximum of 20
mehnskcond),  external orhke areas, and internal
orifice areas, The tests validated the rnalhcmaticat
computer mwlel  and dernonstratod thai the timing
for external vent opening was critical Those tests
also showed that due to the hxation  of the burst
patches the opening of the vents was sewerely
aflkctd  by the wushup of the bags and was not
repeatable. A rnoditled code which tailored the
exlemal orifice ar~ as a function of stroke as
measured in the video documentation was prepanxl
and used to model the ah-bag system.

‘ e<- ‘@ixmance of the airbag  ~stem was marginal for
protecting the Iandcr to less thn the 50 g
deceleration limit without the burst patches. A
decision ws made to add the retrerectux system to
the descent and landing system in lieu of the burst
patches. The retro-rocket  system decreases the
vertical veloeity  eomponcnt  and allowed the ah-bags
to h decreased in siiz.

coyote Canyon Test Series

A test series was required to evaluate the
stmctuml  integrity of the airbag impact attenuation
Vstem and demonstrate gstem feasibility. Free WI
drops of tho system were needed at representative
vakities  to meet this requirement,

The Coyote Canyon Test Facility at $andia
National I.abzNorics, which egnsists  of a cable
suspended across a vatley

v

ecn two rnounrain
ndg=, was chosen as the ‘t or this test series, The
cable facility prvvides  a drop height of

approximately 183 meter (600 k) at the highest
point above the valley floor. In the initial test ~ries
the aitbags were dropped vertically from the cable.
A 147 kg (32S lb) mass was attached to the bottom
of the airbag system to aeeelcrate the ~stem to a
desired impact velocity. At impact the cable
atLaehing  the weight was severed w that the airbag
~stem could retxnmd  mturally.

The first  test of the wstem at 12 rnk impact
vcloeity  was suasful;  however, the second 20 rds
impact test =used substantial damage to the a.irbag
struchm It should bc nti however, that the
lander was still pfotectrd  during this impact and did
not exacd the 50 g decxlcmtion limit. The two
prirwy awes for this damage was i~dequate
strain relief in the basic constmction  and fiulty load
paths  at the tendon passtlmughs. This problem w
alleviated in rhe second prototype by mating a more
direct tendon load path and using nylon fabric
locally around the passthroughs, The ftight design is
avoiding rids problem eomplctcly  by creating an
enlarged invemal  fabric boot to form the
@mgh.  The tit prevents any membrane
kding in the vicinity of the hardpoinL

The second prototype bag was testcxi  with both
vertical and horizontal mmponcnts  of veloci~.  This
test was cxmdueted by aczclerating  the airbag  system
down an inclined wire on a trolley designed by IPL.
Five trots were muhwted  at velocities up to 2S.6 m/s
total vehxity.  For the tast t~ a simulated Martian
recky surface was prepared, The airbags and lander
sumived all of these tests witi the onty damage
being a four-inch tear in the fabric on the final test
Figure 8 shows an impact from these tests.

HAC!  Test Series #2— ——-

A second HAC test series was eondueted  in
dd-$eptcmbcr  1994. llc purpose of this series was
to demonstrate p.xforrnanca  of the second generation
airbag  design under the wne conditions as the
original design and to validate the mathematical
predictions used to size and design this second
gcnemtion ~stem,  One of the major pxformmce
parameters investigated in this test series was the
sbc. of the intcmal  orifices, The computer model
predicts an optima.t  size which minimbzs the
federation and also the rebound. In additiom tesls
were mnducted  to demonstrate perforrnan~  of the
airbags  when impact =urs  on a side bag or on three
bags al an apex.
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Figure 8- Canyon Test Airbag Impact

The same impact apparatus used for the first
test series in the HAC was reused for this series of
tests. In additiou  a tripod stand was consuucted  to
support the Iander/airbag  ~stem wir-h an apex
pointed upward. This allowed investigation of an
impact on the “apex” of the airbags  where the
footprint area in-l-g the ground is smallest.

The impact test results were then compared to
the computer model,  The resuha were not ecmsistent
with the computer model. homer, examination of
the test video showed that flexing of the airbags
indi&ted  onc of the code assumptions. A
pneumatic volume module was added m the code to
compenwte  for the main bag flexing below the
original bottom plane of the lander. Also the
footprint area and volume of tho impact bag was
calculated from the impact data and inserted into the
computer model. These data more aaxrately
modeled the area and volume of tic ~stcm as it
flexed away from the impact plate. Finally, the flow
through the internal otiIces  of the stand  generation

10

airbags tid not appu (o be properly modelaf  by a
shaxp dged orifice. A conslant  flow eoefiicient  of
0.98 was used to model this ftow. This moditicd
axle more aczumcely  models the impact attenuation
system rcsutts.  Figures 9 and 10 illusrratc the
bottom bag pressure and deceleration test data and

s L———J_..~
1s0 17s 2m22s2soz753CU

Time (msec)

Figure 9- Pressure versus Time

.,L-...=
1s0 175 2M 22S 2S0 275 300

Time (msec)

Figure 1.0- Acceleration vs. Time

The tm program described in this paper was
mnsidered  prcmf of concept wrk to demonstrate the
feasibility of using an airbag system for a pkmetay
lander. In support of the flight article to be sent to
- JPL and ILC Dover Inc. have desigrd and are
performing a much more extensive and detailed
series of Tests.  These tests are all conducted with M
tic airbags  under Mars presure conditions. The
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toata  include, but aro not limited  tq retraction
x, rapid Inflation testing at M temperature
d pfOSSIUe,  and full sped drop testing onto a 60°
slanted pladorm tith  0.5 meter high rocks. l%e
results nft.ke  tests willvalidatc  and qualify the
flight airbag and gas generator designs.

Conclusions and Recommendations

h@@  attenuation system for the Mars
Pathfinder spammft  has bocn designe4 a prototype
0,38 scale model f*ricate4 a camptner  model
prepar~ and tests  conducted This feasibility
program has demonstrated that the Airbag  Impact
Attenuation design will protect the Mats Parhflrtder
kuuler upon impact with the Martian surface. A
umtract for the flight  test bag fabrication> ~
demonstration program has been issued aa part of the
prepmations  for the November 1996 launch.

ENG  SCIENCES CTR +-++ JPL SEC. 352 kao12

Thc computer code developed and validmd for
perfolmam of the airbag vsum pruvides a tool for
invest%ating  performance of the full-scale wstem in
the Manian  environment. Parametric studies ean be
performed to investigate variatiorta in impact
velocity, intermal and external prcwure, internal vent
areas%  tmd lander mass. Mao, modifbtioos  to the
airbag  aystorn  geometry can be investigated by
changing the area and volume inputs in the code.
The mmpwer code is fxfrently limited  however, to
investigation of verticat  impacts on the bottom bag.
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