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Abstract:

The usc of airbags to atlenuate the tnpact aunng
landing on Mars is described, withemphaaus 011
simulation of its complex dynamics. A siiplifico low-
order impact simulat ion model is desenboed which
captures th e global dynamics at the cxpense of
neglecting localized effects. Details of the mo fel wg,
concept are given, along with sesults of soveral
simulations. Many developmental and flight- like (ous
were also performed to evaluate performance of the
airbag systcmn and to verify the analysis Results of ihie
tests arc discussed.  For most parmncices, good
correlation is obtained between results of analysi< and
tests.

1. Introduction:

The use of airbags to soflen the impact guring colhision
isnot new. Aside from their present dayviscanciins
and trucks to protect their passengers at tinigs of
collision, the concept was proposed for usc inspacin
the pioneering work of Ross and Layman thirlyy cars
ago, [1]. In that reference, the authors suiicd
designed, fabricated, and tested a prototype infii d
spherical-shaped “impact limiter” for a mission tha
was to deliver a lander on Mars. The mission was
never built, and the concept never advanced beyod
the prototype, until recently, when the NASA N fars
Pathfinder mission became a redlity.

In addition to delivering a number of scici e
instroinents to the surface of Mars, the Fatt ifidc
mission is intended to demonstrate key  low « o
technologies for use in future scicnce  niissions (o

Mars. Among these technologies is the landing system,
Upon entering the Mariian atinosphere at about 7000
m/scc, the spacecrafiw ill deploy a series of breaking
devices (patachutes and solid rockets) to slow down its
speed 10 less than 20 m/sec as it impacts with the
Marban ground. To cushion the scienc,instruments
from the landing impact, an aitbag system is inflated to
suiround the lander approximately five seconds before
impact  After multiple bounces, the lander/airbags
conics 1o 1est, the aitbags arc deflated and retracted,
and the lander opens up its petalsto alow amicrorover
1o beginexploration, i lig. (1), Of interest here, is the
impact and landing plasc.  Inthis paper, we focus on
the mcthodology uscdto simulate the nonlinear
dynamics Of lander/airbags landing impact, and how
this simulation corrclates with developmental and
fliglt-like tests.

2. Lander/Airbag Design Concept:

The lander is 330 kg tcwahcdral-shaped, Fig. (1),
consisting, of four deployable petals, onc on each face of
the tetiahedron. A microrover and science instruments
are niounted on the inside of the petals, Four airbags
are tctheied to the outside of the four petals by kevlar
tendons.  Each of the four airbags consists of six
spherical-shaped lobes which are merged together to
forns @ single larger volume, Fig. (28).  Tethering of
atypical airbag to its petal is accomplished by a set of
external tendons (dotted in Fig. 2b) that follow the
v alleys between the six lobes, and a set of internal
tendons that tic (he cusp points on the airbags to six
hatd points 011 each petal  Internal movement of the
pressurization gas between aitbags is allowed directly
botween the bottom airbag and each of the side airbags
tuough 0.5m* Orifices, but is not allowed direct
communication between side airbags.
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The dynamics of airbag impact aticnuation sy ste 1
described above begins with the inflatcdantag- (witl
tendons taut) recciving the initial landing inuys - load
upon contact with ground.  Then during, a 1 ativels
complex deformation pattern of the inflated ining -
gas compression and movement betwed ) i 1 thoags
through the venting orifices, and slacking of st ¢l
the initially taut tendons, the loads arc aticnua o ant
transferred to the relatively rigid tetrabediatlandda
Upon contacting ground, the airbag skinisdesiyn:dt
transfer all of the impact load to the contnined
pressurized gas and the tendons. By vitiucof th- s’
much lighter weight over the wcight of skiniang
tendons, it is a more cfficient encrgy absosier, and it
therefore relied upon to transfer and attconuiic U
majority of the impact energy. Thisis 11uadc pross ble by
using ‘ tendon materials and skin fabwics thta
almiost  incxtensible. During impact, the vas
compression, healing, and movement thioug h the
orifices act as mcchanisms for encrgy trausfos e well
asfor energy attenuation.  Further encrgy transi.y and
attcnuation iS contributed by the tendons and sh i
Before impact, the undeformed configuration of the
inflated airbags is designed such thatih¢intiation
pressure keeps the tendons taut, as evenly ae pxo-sible.
During impact, the skin and tendons in the v icuits of
ground contact aica become slack, thelod e
redistributed, and support of the increascd gias prossure
in the deformed configurat ion is provided by i nicrcased
tension in the remaining skin and tendons. $1ic-bon
between the airtbags and Martian ground isaver y
important energy attenuation mechanisin, cspc- ially
when landing occurs at non-vertical anglc of atta. K on
arocky terrain. I'bus, in addition to theirhigh
modulus of elasticity, the tendons and cxtciiorol the
skin must have high abrasion and puncturc rcsstine.
These requirements arc satisfied by amuliilaa
composite ski n fabric.

3. Impact Simulation Model:

When simulating the airbag impact dynainics, o1i¢is
tempted to construct a high fidelity large defosmation
finite clement mode! that includes detailed geoniztry
and properties of the lander and airbag tendons skin
fabrics, and gas system. In fact this approach wasfiist
attecmpted using  thousands of elastic degrees of
freedom in nonlinear finite element codes. Butwhile
this type of detailed model could be useful forasses<ing
the localized stresses in the tendons and skin, ithai
the drawback of requiring enormous t i m¢ and
comput i ngresources  to obtain useful results I
addition, numerical conditioning problems sceined t o

grow With the numbcer of degrees of freedom in the
muolel 3'bus, to complement the above effort, a
simplificd model was created to capture the global

tipact dynamics of the system with good fidelity but
low computing Tesources. To this end, a highly
reduced 30 degrees of freedom model was constructed
using the Automatic Dynamic Analysis Mcchanical
Systeins (ADAMS)  software. The  modeling
primitivesin Al JAMS provide various ways to connect

any collection of 1igid bodies by various types of
joints, forces and pressure systems that may be defined
by a widce range ol mathematical expressions and
variables. A limited number of the traditional one-
dimensional flexible clements such as rods, beams, and
spting/dashpots we also available.  Matrix and/or
matuix/diflerential cquations can be part of the model.
As discussed subscquently, these capabilities proved
useful in modcling the gas flow among airbags. To a
lar ge degree, flexibilities and nonlinearitics in the
systemare modeled by functional expressions of forces
and pressures., and to a lesser degree by finite clements.

The 30 degree of freedom maodel consists of onc central
rigid body representing the lander with six degrees of
frecdow, surrounded by four rigid bodies each having
Six degiees of freedom to represent each of the airbags.
The tetrahedral lander IS defined geometrically by
twelve warkers, Fig (3), to which tendons of all four
aitbags are connccled  Each of the four airbags is
about 17.5 kg , and isgcometrically defined by eleven
markers: one at the center of each of the six lobes
(latxcled “A” in Fig 2a), four markers at the cusp points
(labelegd “B” in Fig 2b) to which the tendons join
together, and onc marker at the geometric center of
each bag , to which the mass and inertia propertics of a
bag isrcferenced  Markers located on the same rigid
body move together Jigidly, while ones located on
different rigid bodies deform relative to each other
depending on the. system of forces, constraints, and
flexible connections that join them. in this context,
the Six spherical lobes txlonging to the same airbag do
not deform relative to each other, but deform relative to
other lobes in the system.

Before impact, the inflated system of airbags is in a
state of quasi-static equilibrium, in which the inflation
pressure iS supported by the airbag skin being tightly
tethered to faces of the tetrahedral lander by a system of
tendons. The airbag skin itself is not modeled
explicitly, butis substituted by the pressure forces
within This is simulated by a combination of (a)
resultant pressure forces acting outward at the center of
each of the 24 lobes, (b) 1esultant pressure forces
acting inward and nonmal to the faces of the tetrahedral



lander, (c) pairs of bag-to-bag pircssurciesaltints
applied at contacting lobes of diffcient aitbagsin
directions normal 10 the contact surfaces, and(c)a
sct of self-cquilibrat i ng tendon forces.

By definition, cach tendon joining matkers rimds
carrics tension form only, ~ 7°(7),, , the magnitud: of
which is a function of the instantancous ¢(hangan
length (/(1),, - 1,) from the unstressed state

Vo= FAG141 /1),
= 0 otherwise

{1, >10 ,
(1)

On the other hand, the pressure scsultait s st funiction
of the instantaneous contact surface- arcas wnd
instantancous pressure, both of which arc déenved from
local gas movement and changes in geoinetry.  T'hus,
if p(1),and p(f), is the instantancous pressuics in
airbagsmand n (each of which have six lot» s), aund
d, (f) is the instantancous distance betw centheconters

of lobesi and j, which belong to aibags maudn,

respectively,  then the contact force batw cerigh- (wo
lobes is

Fy= o (R =dy(0) ) (p),+ p1),)/s

(2)
Equation (2) idealizes the region of contactba
circular area defining the intersection betweern two
overlapping spherical lobes with radius R

All four airbags start initially with equal inflation
pressures before impact. Subsequent pressurcchinges
during impact arc duc to gas flow through theintcrnal
orifices between bags, and due to voluime changes as
the bags arc deformed. The gas is assunicd perfea. s
flow through the venting orifices canbcgonicor
subsonic, depending upon the ratio of the pressures
downstream and upstrecam.  FOr subsonic fiow, the
rate of mass of gas flowing through the o1 i fice beiween
airbags m and n is [2] :

dm_ ldt = kA, P,IQ/GTY2y I (v - DXP 1 y#)” ©
x (P 1 PO -1 (0
where: P, = initial pressure, P, = upsticat pue-suie,
P,= downstream pressure, 4, = venting orifice area,
y = gpecific heat ratio, G = gas constant, A:: ¢o:1fice
coefficient (Ref. [3]), and 7 = gas tempcratuie

Similatly, for sonic flow:
dmfdt=kA,P,(1/ G2y Iy + 1)eo-m

x ([: /l)o )(HU’; ]05 (4)
Integration Of three nonlincar equations as indicated by
(3)01 (4) for the gas flow between bags (11,2) , (1,3) ,
and (1,4) is done numerically at each discrete time
pomtin the simulation to calculate the mass of gas
transferied between  airbags. Assuming constant
density, this is thenused to compute the change in
volume AV (7),, in each airbag duc to gas flow.

in addition togas flow, volumetric changes
AV (1), result from crushing of the bottom airbag as it

contacts ground, and from the side airbags being
squecescd against cach other, AS two spherical-shaped
lobes iand jbclonging to two different airbags arc
compressed together 1o a  center-to-center distance
d(1),avolume change in each lobe is idealized by
the loss of the over la pping volume of two spheres of
radius k:

(AV,)), = (/3R - d,12)'(2R+d; [2), R>d, /2
| ()

Similatly, when lobe i is compressed against ground
during impact, thechangein volume of this lobe

"0 otherwise

AV, s (x/3) (R-d,) QR4 d),),
: O otherwise

R>d,
6)

whete d (1), isthe distance between the center of lobe

i and ground, along the normal to ground, The total
change in volume for aitbagm is simply the sum from
all of the aforernentioned effects:

AV, (1) : (G aV, (), 4+ (AV (1), ], M
The corresponding pressure is found from:
P@y=nBWw,/,- AV, (O)N 8

Landing is simulated by monitoring all 24 distance-to-
ground landing vectors d(?),, i = 1,...,24 as function
of time. Each vector is directed along the normal to
ground between the center of each of the 24 lobes and
ground If the length of one (or more) of the
normals d (1), becomes less than the lobe radius R,

S.



then that lobe(s) has contacted ground At v hict

time, components of ground reaction X(7) , K{1) in

ditcctions normal
immediately applied

and parallcl to gioun 1, ar.
to the lobe(s) in coma  wil
ground.  The magnitude of the components (IF o
reaction depend on the instantancous Contacimy
surface area, instantaneous airbag pressurcdiflacntial
P(1),, and the cocflicient of groundfiiction

R, = Ix A,

mn

R, = R, x friction cocff . 'Y)

where, similar to ¥q.(2) A, = 76, (PR- & )is thie
contact area, ands, = R- 4, 1S the convypunding
stroke.

4. Drop’ Tests:

A comprchensive test program was carsicd oul I1¢in the
initial design phase to the final qualification of the
flight airbag landing system. Two scrics of those lesls,
hereafter referred to as .38 scale and flight sy slemdrop
tests, arc described next.  Their objectives were10
(a) cstablish corrclation between the analysisanlest
results, (b) evaluate the aitbag performance a< a
function of a number of design paramcters, and (c)
verify survivability of the designin 4 ¢ .livh ¢
simulation of the Martian conditions.

A, .38 Scae Tedts: This series of 1cste wete
developmental in nature and emphasized the fis{two
objectives. A number of deviations from the expcicd
design conditions were implemented for case of tcsting
and to allow greater control over test paramctcrs Lo
example, the airbag/lander system was simulated by a
0.38 scale model that preserved most of the attiiburesof
the full scale design [2], with the 0.38 ratio boing the
ratio between Mars and Earth gravity. Most
importantly, rather than dropping the airbag/izndc t
model t0 ground, the model was kept stationaryanjan
appropriately scaled mass of 27.66 kg impuctylate
(representing ground) was accelerated to hittheaithays
at aprescribed angle.  Severa test paraincteis weic
Varied thatincluded the magnitude and or it-l watio:of
the impact velocity, venting scheme and siz of
venting orifices between airbags.  These pivanicters
have considerable influence on the landing dynariss
and degree of impact attenuation. Test sncasurcinents
included the velocit y at impact, displaceinentsti ol of
the impacted airbag, pressure and temperatur ¢ profilcs

of allairbags, acccleration profile of the impacting
plate, and the forces in sclected tendons,

B. Flight System Drop Tests: These tests simulate
the Martian landing conditions of the full scale
aitbag/lander systcin. To this end, verifying
swvivability of the design and its performance was of
primary importance, especially for the airbag skin
design (bladder and fabric). Results of these tests arc
intended to guide further design modifications and
subscquent testing,  Relying completely ontests to
verify the integrity of the airbag skin was aresult of the
absence of credible and practical anaytical tools that
can predict stresses there to @ reasonable accuracy.
Thisis so, parily because of the numerical difficultics
discussed in Scction 3, and mostly because the actual
landing conditions on Mars surface, will most likely
encounter rocky teirain,  Specific configurations of
the 1ocks - such as size, distribution, and sharpness -
will to a large cxtent detenine the local maximum
stresses in the skin. Suchinformation is lacking in a
deterministic sense, thereby making analytical
predictions of design stresses in the airbag skin
impractical.

The test configuration, Fig (4), consisted of the
prototype airbag system attached in flight like fashion
to a fullscale enginccring model of the lander. The
airbags were instrumented With thermocouples and
pressure transducers to measure airbag thermodynamic
performance parameters. in addition, a selected set of
tendons connecting one of the aid-rags to the lander
were instrarnented with inline load cells to measure the
tendon forces, and the lander was instrumented with
accelcrometers to record its six degrees of freedom rigid
body kincmaticsthroughout the tests.  All datawas
recorded on a porlable acquisition system mounted
inside the moving landei. The combined airbag/lander
asscibly  was suspended from the top of the
envirommental test chamber, then allowed to drop onto
either a horizontal surface or aplatform inclined 60”

with a simulated rock ficld. The 60" incline simulates
the desigo landing condition of 30° with respect to the
Martian surface, and the rock field simulates the actual
Martian surface rock distribution based on the Viking
lander data.  Therange of velocity magnitude and
orientation at impact used in these tests were guided by
arecent study [4], in which Monte Carlo simulations of
I he entire sequence of entry, descent, and landing was
vsed to detennine probability distributions for the
terminal landing velocity and orientation of the
aithaghander .g'stern Fifteen drop tests were
performed under various combination of conditions,




wherein the impact velocity ranged from} Sns 28
m/s at either horizontal or 60" incline, the rock sives
were either 0 (no rocks), 0.3 m, or 0.5 m, and thzinitial
inflation pressure in the airbags was sct al viilu s
between 0.89 and 1.5 psia Al tests took pla ¢ at
ambicnt chamber pressure Of approximately 5 toir.
Martian surface ambient condition.

s, Analysis and Test Results:

Predicting the worst case landing conditions and hw
these affect design of the scicnce instrumentson-board
isof primary importance. For this purpose. mumni i ol
simulations were carried out with various conubinition
of design paramecter values such asimitinlasbisg
pressure, writing orifice areas, impact vVeaxaly
magnitude and direction, as well as assumicdyalu Sfot
damping - both intersial in the system and extermim
the system (clue to friction between the avibag 1,11.,1 ¢
and Martian ground). Furthermore, since the
simulation model contains many idcalizations, its
important 10 validate the simulation approachand
assumptions by comparison with selecicd 1c st
conditions. This was done first by simulatingtln38
scale test configuration discussed in Scction 4A and
subsequently by simulating the flight systc drop tcst
of Section 4B.

A. .38 Scale Correlation: Two represcilative cases
arc selected here from among several ones usc:dfor
analysis - test correlation. In the first case, the boticnn
airbag was flatly impacted by the plate at13.5 s In
the second case the lander was rotated 70.5s:111 1at
impact (at -15.0 nv/s velocity) occurs at thieg lobcs
belonging to three different airbags thatshuca
common tetrahedral vertex. This is referiediloas
oblique impact. Tables 1 and 2 compare the
analytically predicted steady state and peak rcsponscs
with t hci r correspond i ng test values forthe1wo cises
above. Comparison between time historicsis fAuihes
illustrated for the first case (flat impact) infigs (5.6)

for the accelerat ion and pressure time history forthe
impacted airbag, and in Fig (7) forpressure time
history in a typical side airbag.  Frome iy cisses
considered, including those in Tablesl,2, the poak
accelcration, airbag pressure, and the sicady siste
tendon loads agree quite well (within 5%), while the
rebound velocity of the impact plate and the aubag
deformation (stroke) compare less favorably (<20%%).
The peak dynamic tendon loads showed the icast
agreement (~200%) - with the analysic bong

conscrvative.  Thismay be expected, since the highly
compliant airbag skinat the junction of a group of
wendons was not modeled elastically (modeled as
nfinitely stifi),

~able 1:.38 Scale Bottom Airbag Impact Correlation

_ Response Test AﬁJySiS
Velosity (nvs)impactR ebound * *| 135/7.1 | 135110.88
Peak Acceleration (g) 39 40.8
Stroke (m) 0.37 0,29
Pressute (£1,kPa):initial/Feak 8.1 /11.0 8.1 /11.4
Pressute (F2-P4 kPa)Initial/leak 8.119.2 8.119.05
1 endonForce (F1,N):Initial/Peak 400/520 540/1293
Tendon Force (F2 N) Initial/Peak 3001450 3081750
Tendon F orce (F4,N) Initial/Peak 400/480 410/480

“1able 2:.38 Scae Oblique Impact Correlation

Responsew N Test ~| Analysis
Velocity (mvs)ImpactRebound | 149188 | 148/12.4
Feak Acceleration (g) 37 52
Stroke (m) 0.5 0.39
Pressure (F1,kFa):Initial/Peak 8.019.5 8,418.8
Pressure (k2 kPa):initialFeak 8.0110.0 8.419.7
Pressure (i3, P4,kfa)Intial/Peak 8.0/10.1 8.419.9
tendon F orce (F 1,N):initial/Feak 400/ 450 57011250
1 endon Force (F2,N):Initial/Peak 203/250 310/800
1 endonForce (F 4, N):Initisl/Peak 32011000 43012920

B. HlightSystem Coreclation: Full scale lander/airbag
systen in flight like conditions were tested and
numerically simulated for landing on a flat smooth
sutface (Fig 8) and onsocky inclined slopes (Fig 9).
Comiparison of analysis and test results of two landing
cases on flat surface are shown in Tables 3 and 4. In
I’able 3, the system is dropped verticaly so that it lands
upright on the bottom airbag at an impact velocity of 15
m/s. Iu Table 4, the system is dropped also vertically,
butis rotated such that it lands on one of the side
atrtbags at animpact velocity of 20 nvs. Aside from the
impact speed, the main difierence between the above
two cases is the venting path from the impacted airbag
to the other three aitbags. Direct venting is allowed
only through three orifices between the bottom airbag
and each of the side ones. No direct venting is allowed
between Side airbags. This influences how the airbag
pressure and other response parameters change during
impact




Table 3: Flight Test Corrclation, (Botlom bag landing)

Response Test Aunalysis
[Velocity (mvs) impacURebound | 15.113.53 | 15 /3%
Peak Acceleration (g) 26.3 26 1
Stroke (m) 0.79 065
Pressure (P4,kPa):Initial/Peak 10.62/1341 | 10&2. 145
Pressure (Pl -P3,kPa):Initial/Peak 10.62/120 | 10.62. 175
Peak Tendon Force (F I,N) 2735 I
Peak Tendon Force (F2,N) 2558 324
Peak Tendon Force (F3,N) 3760 H140
Peak Tendon Force (F4,N) 979 D6 5
Peak Tendon Force (F&,N) 4276 YT
Peak Tendon Force (F&,N) 890 P40

Table 4: Flight Test Correlation, (Sidc bag Lindiog)

__ Response [ Test | Analysis
[Velocity (m/s).impacURebound  ‘p9x31171 | 20 /161
Peak Acceleration (g) 38.25 3
Stroke (m) 1.12 0.¢1
Pressure (PI kPa):Initial/Peak 1043 117.58 [ 1043717 )
Pressure (P4,kPa):InitialPeak | 1043/15 1€ [ 1043, 134!
Pressure (P2»P3,kPa):Initial/PeakI 10,43 / 1338 [ 10 4313 (%

An example of test results Of airbag diops onan
inclined rocky surface in Fig 9is givenintigl0.
Considering the geometric center of the al 1Lag/inde
system, Figs 10 (a, b, c) respectively, show the
trajectory, velocity, and acceleration history duimyga
typical drop.  This test was not simulated byanlysis
duc to the random nature of rock landing avnd the
uncertainty in quantifying the coeflicicnt of fnichion
between the airbags and the rocky field

6. (conclusions:

Airbag landing is a nonlinear contact problcin ‘1 he
dynamic response is influenced in arelatively complex
manner by a number of interacting, paramcters.
Ideally, detailed mathematical structural modclswith
thousands of degrees of freedom ate¢ construcicd (o
capture details of the dynamic responsc.  For the
present problem, this approach was notvery benclic Ml
Instcad, and at the expense of gross inaccuracicsin
localized response quantities such as sticsses, global
dynamics of the airbag landing is captwicdby a
simplified 30 degrees of freedom simulation g 1, In

patt, this IS achieved by functional representation of the

nonlincar  relationships  between  the  problem
parameters. An exanple is the relationship between
paramcters of the gas dynamics and the structural
stifiness and deformation of the airbag during impact,
Success of the approach is evidenced by the good
agreement between analysis and test results.
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Fig 1: Mars Pathfinder Landing Cone-cj,|

Fig 2: Six-Lobe Airbag Configuration,
(a) Six Lobes, (b) Tendons Fig 4: Flight Pi ototypc Airbag/Lander System
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