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@ - Airbags in Inflated Configuration JPL

e Total of 4 airbags

— Six 1.8 m dia. lobes/airbag
e Nominal 1.0 psi inflation

— Varied in sbme tests
e Total mass ~ 565 kg

Rover/Lander

1.14m
“f)

Airbags /

MER Airbag Landing Loads Analysis Douglas Adams - 3

MER Airbag Landing Loads Analysis Douglas Adams - 4



@ MER Rover & Lander with Petals Deployed =Pk

MER Airbag Landing Loads Analysis Douglas Adams - 5

Cruciform Accelerometer Pattern JPL

* Five pressure transducers
* Three-axis rate gyro
* Four tri-axis accels

— Cruciform pattern
— Drops 1-7, 33-45

MER Airbag Landing Loads Analysis Douglas Adams - 6



@ Triangular Accelerometer Pattern JPL

» Four tri-axis accels
— Constant radius from center
— Evenly spaced at 120°
— Drops 8-32

» Average of ring = center
— True in general

~N
)
N
A\ A LA =
, h) B & &7
MER Airbag Landing Loads Analysis Douglas Adams - 7
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@ Kinematic Relations APL

o Express the acceleration at each location w.r.t. the base plate center
- Use rigid body transformations
— Measured quantities are ap, ag, ag, and ag
~ Unknowns are a (at the center of the base plate), o, and ®

8P=ac+(l>< Foic T OXOXTp, o Q
a,=8;+UXFy +OXOXT,, 2 . .
A, =8, +UXT,0 +OX QX Ty
R = AL+ AX T+ OXOX X,

» Utilizing the symmetry of the cruciform geometry P

Yoo =Ty and Fpyo =T,

— Acceleration at the centroid can be expressed in two independent ways

_aP+aQ _a,+ag
cCT T 4 c=—"F7—
2 2

* Finally, to get acceleration at the center of gravity ag

=8, +OX I, T OX OX I,

MER Airbag Landing Loads Analysis Douglas Adams - 9

Matrix Relations for Point Accelerations JPL

* The cruciform configuration simplifies the matrix form

— Results in a large number zero terms that would otherwise be populated

aa1ftoo o0 o o o -L -L 0 0 O0a |
a| 0100 0 L 0 0 0 L 0 0| a
al (001 0 -, 0 0 0 0 0 L 0|l a,
aQ| [1t0O0O0 0 0 0 -L, -L, 0 0 0| a
aQ| (0100 0 L 0 0 0 L, 0 0l a
a| 001 0 -L, 0 0 0 0 0 L, 0| &
a| 1000 0 -, 0 0 0 L, 0 0|
a| 10100 0 0 -L, 0 -L 0 0 0|la’
a| 001 L 0 0 0 0 0 0 0 Lo
a| [1 000 0 -L, 0 0 0 L 0 0| oo,
ag| 10100 0 0 -Lg 0 -L; 0 0 Ofloo,
lajloo1z, o o o 0o 0 0 0 Li|aoe,l

» Expressed in matrix notation

MER Airbag Landing Loads Analysis Douglas Adams - 10



Angular Rate Determination AP0

s The ® terms can be found by examining the point velocity expressions

Vp =V, + @ X LyY7a)

3 Velocities found by integrating the
0= Ve T OXTyc bedy frame measured accelerations
(results in incorrect velocities but
angular rates are not affected.)

v
VR = Vo + 00Xy,
Vg =Vo+OX T,

s For the cruciform pattern these reduce to

(v,ﬂ (0 100 0 L]

vl (001 0 ~L 0|[v]
vl 1010 0 0 Ly||v
vol |00 1 0 -L, 0]]v,
vl 100 0 0 -Lllo,
vl 1001 L 0 0o
vl (100 0 0 -Lj|le,|
vl 001 Ly 0 0]

» Expressed in matrix notation

MER Airbag Landing Loads Analysis Douglas Adams - 11

Determination of Acceleration Terms JPL

* Moving © terms to the left hand side we can solve for the accelerations

(6, +0, L+0L,1 [1 00 0 0 0]

ap —0m,- L, 6010 0 o0 L

ap ~00, L, 0010 -L, O

ay +o, Ly+a Ll |1 0 0 0 0 0 |[a]
ay —0,0,- L, 010 0 0 L|la
ay —0.0, L, _ 001 0 -L, O0|la
ap —0w,- Ly 1 00 0 0 -Lj|le,
ap +0, Letw Lyl [01.0 0 0 0\le,
a —0,0, L, 001 L 0 0]lla,]
as, —0.0, L 100 0 0 -L
as,+o Li+o - Lg| |0 1.0 0 0 0

| a5, — @0, Lg 1001 L 0 0 1

* [Expressed in matrix notation

MER Airbag Landing Loads Analysis . Douglas Adams - 12



Dynamic Center of Rotation? JPL

¢ The acceleration at the cg can now be determined

. A; =8, +0X TG, +AXOXT;,
e While the lander is rigid it moves and rotates within the deforming
airbag and is not guaranteed to have the same center of rotation
¢ Is it possible to determine the dynamic center of rotation?

— Due to the presence of an unmeasured force (the ramp) the center of
rotation cannot be uniquely determined from the accelerometer and rate
gyro information

* How to proceed?

— Assume the center of rotation is fixed at the cg and does not migrate
significantly

— This introduces an unknown error that is better quantified by looking at
the processed data

MER Airbag Landing Loads Analysis Douglas Adams - 13

Worst-case Point Acceleration JPL

s Determine the worst case acceleration at any point in the lander
— Assume planar motion s.t. alpha & omega vectors are perpendicular
— The RSS of these will then be the maximum rotational acceleration

s Superimposing the linear and rotational acceleration gives maximum
+ Initially used a4, to estimate acceleration

s Determined later that o4, is overly conservative [
C 3
— Including o contribution inflated o loads o /
(0]

— Remains a good indicator of planar rotation

Bcp S8+ UXTcp 6+ BXOX T p

Ja],. = (lac) + V@Y + @7 )., e,

L.

MER Airbag Landing Loads Analysis Douglas Adams - 14
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@ NASA Plumbrook’s Space Power Facility JPL ’

MER Airbag Landing Loads Analysis Note: World’s largest vacuum chamber (100° dia. & 122’ tall)! Douglas Adams - 15

SPF Vacuum Chamber Drop Test Setup JPL

Tow Rope

Bungee

MER Airbag Landing Loads Analysis Douglas Adams - 16



' @ Data Analysis & Verification of Results JPL

¢  Onboard IDDAS data sampled at 2 kHz
o Typically processed 3 seconds of data (the exciting part)
¢ Assessment of data quality and results

— Reconstruction of acceleration measurements using the calculated rigid
body motion

— Comparison of independent ® measurements (gyro and integration)
» Note the torsional oscillation (natural frequency) in o plots
s Uncertainty in initial attitude lead to some errors in acceleration

— Affected the accuracy of subtracting Earth’s gravity vector to determine
sensed acceleration (vs. inertial acceleration)

i =i & (e.g., at rest an on-board observer senses an
sensed = Qinertiat — 8 acceleration of 1-g upward in inertial space.)

MER Airbag Landing Loads Analysis Douglas Adams - 17

w Drop 15: Acceleration and Angular Rate Results JPL

Drop 15: I P rtozzﬂn"')“’2 as a Function of Distance from the cg

40 T T T T T T T T ) T
Note that peak accelerations at different radii
30 may occur at different times. -
= pL= 275 @r=75cm
2} 24.2 @ r=50 cm
= 20} 20.9 @ r=25cm 4
g 17.7@r=0cm
o
10F
0 b . L
1.65 1.7 175 1.8 1.85 1.9 1.95 2 2.05 21
Time (s)
Drop 15: Anguiar Acceleration Components
250 T T T T —T— T T T
% . ‘a2| :ggzz Peak linear acceleration is close to
g 200H — - :;’ 2171.4> maximum @ and minimum . A
e — pseudo
g
= 150
3
§ 100
<
&
2, 50f
[~
<
0 L - L
1.65 1.7 1.75 18 1.85 19 1.95 2 2.05 21

Time (s}
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Drop 15: Airbag Pressure Traces JPL

Drop 15: Airbag Pressure Traces

I T I | T ' 1 T

1
Bag 1
Bag 2
Bag 3
Bag 4

1.56F

Ny

-
i
T
i |

-
W
T

Pressure (psi)
¥
I

-
-
T

Bag 4

Trailing
1 -
09F
08 1 1 1 I ] 1 ] 1 ) ]
1.65 1.7 1.75 18 1.85 1.9 1.95 2 2.05 2.1
Time (s)
MER Airbag Landing Loads Analysis Douglas Adams - 19

@ Drop 15: Pos. 1 & 2, Good Accel. Reconstruction JPL

Drop 15: Reconstruction of Signals Measured at Acceteromater Position + Drop 15: Reconstruclion of Signals Measured at Accelerometer Position 2
3 v T T T y T T u
=
20|l Calcutated ] sl Cakcutated

\/«w/“”\—.;

8, {g's)
}
a (g

~10 -10
-20f 20
30 . . . L . L L . L L
) 05 1 15 2 25 3 () 05 1 .5 2 25 3
Time (s) Time ()
T T v T
=
oL Calutated B 20 L Calculated
1of 10 1
. 3
e S NARA e P 2 90 /\/\Wv
o -
-1 -10 4
20| g 201
L . . . . %0 R . R , .
0 05 1 15 2 25 3 ) 05 1 15 2 25 3
Time (s} Time (s
—— Wicasured "~ Measured
2ot Cakulated 4 20 M Calculated

- L r . s " = L . . s "
0 [ 1 1.5 2 25 3 o 0.5 1 15 2 25 3
Time (s} Time {s)
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@ Drop 15: Pos. 3 & 4, Good Accel. Reconstruction JPL

Drop 15 of Signais at Position 3 of Signake at Position 4
= tema]
2 Caiculated 1 20
19 ’- R 10 E

o) i ol A
» . . . . . - . . . A .
0 05 1 15 2 25 3 o 05 1 15 2 25 3
Time (s) Time (s)
Measured
p0pLo Cekuiated i 4
10F - 10 -
5 W g /\/vvvx.\./\,wv———\«
L'el lﬂ>
—1of 4 -10p 1
—20f 1 -20 B
w0 . . L . } . . . . "
[ s 1 15 2 25 3 0 05 1 t5 2 25 3
Time () Time (s}
. . r : % — . : .
—— Measured — Measured
so} L Calcutated 1 20|L== Calculated ]

-10f B -0 4
2o} _ a0l i
- . X . . . 0 . . . . .

0 05 1 15 2 25 3 o 0.5 1 15 2 25 3
Time (s) Time (s)
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. JPBL
Drop 15: Gyro vs. Angular Rate Results
Drop 15: Comparison of Gyro Polyfit and Least Squares « Measurements Drop 15: Comparison of Gyro Polyft and Least Squares o Measurements
10 B 100} -
5 %
= o \’_’/\\ = ¥
£l e
-0 4 -100 E
20 . . L . . 2 - . . ) .
il 05 1 1.5 2 2.5 3 0 0.5 1 15 2 25 3
Time i8) Time (s)
104 100} L
2 T
ot 2
el Fal
-10F B =100 4
Qo 05 1 15 2 25 3 o 05 1 1.5 2 25 3
Time {s) Time {s)
- . . . — - — T r r
10 4 100+ -
g . A
£ o
~1Q - =100 4
20 . . . . . 20 " . . . .
o 05 1 15 25 3 o 0.5 1 15 2 25 3
Time (s) Time (s)
v : — r r T v
15| east Squares i 150 it Squares
g <
s | Vg‘m L
7 st 1 * sof
o " 1 0 y S
Qo 05 1 15 2 25 3 o 0s 1 1.5

Time (8) Time (s}
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Drop 14: Acceleration and Angular Rate Results JPL

2, 4172

Drop 14: a . Tagt r{a“+w")''* as a Function of Distance from the cg
35 T T T T T T T T T T
a0k /‘,..//WON\\ 314 @r=75cm ]
25 271 @ r=50 cm
7 ol 228 @ r=25cm
gx 85@r=0cm
25
10F
5 -
0 L ) ) 1 L 1 1 1
1.9 1.95 2 205 2.1 2.15 22 225 23 2.35
Time (s)
Drop 14: Angutar Acceleration Components
250 T I T T T T T T T
o —. |a2| <176.8>
E 200H - - © <168.3> i
s — seudo <188.3>
c
g
E 150
o
§ 100
<
k:
3 S0
c
<
" A | Lned - 1 1 L 1 1 L L
19 1.95 2 205 241 2.15 22 2.25 23 2.35
Time (s)
MER Airbag Landing Loads Analysis Douglas Adams - 23

Drop 14: Airbag Pressure Traces JPL

Drop 14: Airbag Pressure Traces

1 6 T 1 I 1 1 T 1 1 L 1
— Bag 1
— Bag 2
1.5F — Bag3 [
3 —— Bag 4
141 -
1
Prn 1.3 [~ .
7]
£
]
512} 4
2
ot
[+ %
1.1¢ Bag3 7
Trailing
1k =
09
Rapid l?ss of pressure / |
due to airbag puncture
1 i 1 ] ] ! 1 ] ] 1
19 1.95 2 2.05 2.1 2.15 2.2 2.25 2.3 2.35

Time (s)
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Drop 14: Pos. 1 & 2, Poor Accel. Reconstruction JPL

Drop 14 of Signals at Pasition 1 Orop 14: ion of Signais at Position 2
Measured
» Cakulated ] » i
10F N 10
> 2 ’Jv\‘
2 2 90
'K " ll!‘ \
-10F g -10 v g
_aob J ok i
o as 1 1.5 2 25 3 0 05 1 1.5 2 25 3
Tane (3} Thme (s}
3 T T T T T T T T
» i J
10 B 10F 1
= »
B gprn e ~ B g oo
- \ -
-10p 4 -10f E
-20f g -20t 4
. . . . . - . . . n .
1] 05 1 1.5 2 25 3 ] 05 1 15 2 25 3
Time (s) Time (s}
] 20 J
J ol .
’J\'\/\/\/"\/\/\— g /\W
A I
z
J 10} _
-20 1 20t 1
%0 . . . . . o . . . N .
0 05 1 1.5 2 25 3 ] 95 1 15 2 25 3
Time (s) Time (5)
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Drop 14: Pos. 3 & 4, Poor Accel. Reconstruction JPL

Drop 14: Reconstiuction of Signals Measured at Acoeleromater Pasition 3 of Signals at Position 4
= ]
20l Cakculated p 2 4
wf 1 10+ g
g 2 /\-\.._
= 2 0 4
Ny NN = \/*\'\J
-0 4 -0k E
-20r b 201 b
3 . . . . . 20 L L " " L
] 05 1 15 2 25 3 ) 05 1 5 2 25 3
Time (s} Time (s)
3 T T T T T T T T
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10F g 10 E
I | N— -
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Time (s) Time (5)
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2 Calculated ] B
1 g 10F g
- M —
) /j \,\ )
2 4 Voo ™\ ® -
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2
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@ Drop 14: Gyro vs. Angular Rate Results JPL -

Drop 14: Compatison of Gyro Polyfit and Least Squares © Measurements. Drop 14: Comparison of Gyro Polyfit and Least Squares o Measurements
T T T T T 2 T T T T _—
10 B 100| -
: m B
E / Ea
-10 4 -100f g
2 . . L s L 0 . N N . L
0 05 1 15 2 25 3 [} ) 1 15 2 25 3
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2 T 2
10 1 100 4
g &
= et N ] s .WM\,\/\A_
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-10F E -100} 1
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Time (s} Time (s)
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too}

| (Ve

3

};
159

. @ {

g

L L A v y
05 1 15 2 25 3 0 0.5 1

15
Time (s) Time (s}
— Gyro Poiyit —— Gyro Poiyft
—— Leasl Squares. — Loast Squares

.
0 05 1 15 2 25 3 [ 05 1 15 2 25 3
Time {s) Time {8)
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0° Ramp “Superflat” Results JPL

» Simulations indicate a possible secondary impact with V
— Statistical limit taken as ~16 m/s
» Total of four “superflat” (horizontal ramp) drops

>12 m/s

norm

30
Drop Vnorm lag| 28 |
Number | (mi/s) (g's)
33 114 147 26 |
34 1.9 15.8
35 15.1 227 _ %
36 16.3 25.1 CPYE
g 2]
* Least squares data fit % y=2181x- 9,825
o.
- LUF=1.1 16 4
— Corrected to Mars gravity 14
12
o], =11*[(2.151*16-9.825)-5/8] T ‘ . ‘ , . J
e 10 1 12 13 14 15 16 17 18

N . Radar Normal Velocity (m/s)
¢ Peak non-rotating acceleration

Superflat (0° ramp) peak cg acceleration versus normal velocity (no LUF).
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Ramp Impact Results Summary JPBL

* Superflat drops represent lower bound
* P95/50 does well at capturing maximum acceleration
* Nominal target velocity of 12 m/s

11 mis < Viorm < 13 mis S ot s SV
Nl?l:'lobper \?’:;:)n I.,gsl 18.1 m/e iimit for 30 g & PS5/50 est. for 1st impact // 7
30 L
15 1141 17.7
18.5m/s
20 12.0 21.5 ag| Statistics ’ ueondlnry }
23 121 19.1 s at30g's
Max 215 25 | e
24 1.1 15.9 i 150 e
26 12.4 18.9 n - Upper PB5/50 at 12 m/s normai 4
Mean 194 (with same slope)
26A 12.2 19.1 e - hd
Sigma 1.4 » 504
27 12.0 19.7 PosI50 3185 k-] %4
30 12.2 18.2 - H )
3 121 19.7 x LA Lawer Limit = Supedfat Drops
32 127 20.6 & 15 4
38 1.2 18.1
39 114 19.0 7
10 4 y=2151x-4625 <
11.5 m/s < Vnorm < 12.5 mis
Drop Vnorm lagi ¥y =215 -9.825
Number | (m/s) (g's) ag| Statistics 54
20 12.0 215 Max 215
23 1241 19.1 Min 18.8 Drops 1144
286 124 18.9 Mean 198.8 0 - — - - . : :
26A 122 | 191 Sigma 0.9 0 2 4 8 8 10 12 14 18 18 20
27 120 19.7 Po&/g0 | 212 Radar Measured Normal Velocity (mis)
30 122 19.2
31 12.1 19.7
Note: Original result from Drops 12-15 was 21.3 g’s with LUF=1.15
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Phase Plot of Impact Accelerations JPL

* Three load cases used for FEM analysis

Loading |agl laj wi
Event 's) {1/842) 1/8) Notes:
1 213 301 138 Taken from Drop 14 with LUF=1.15
2 160 | 2070 | 108 Taken from Drop 13 with LUF=1.15
3 264 00 13.0 | 16 m/s superfiat with LUF=1,10 & expscted o
* Load cases envelope acceleration environment
2 - Pre-Peak
200]- . — Post-Peak
150 g
)
3 Drop 20 had anomalous
x angular rates.
" // 8
50+ 4
-~
1 20 ~ ~ . . 3
K s I o 20 i 30
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@ Concluding Remarks JPL :

» Total of 44 drop tests performed
— 31 with good data and appropriate mass and pressure

» Least squares accelerometer measurements shown to be capable of
accurately reproducing angular rate terms

— Verified with rate gyro measurements
* Observed scatter in cg acceleration for similar impact velocities
— Most likely result from center of rotation migration from the cg location
o Non-rotating impacts shown to be the lower bound of cg acceleration
— Secondary impact loads can be modeled as having little or no o
» Entire dynamic envelope is adequately described by three load cases
— Used to determine worst-case internal structural loads

r ag rotg, 2nd Imp 1st Impact
(cm) g's @'s) (g's) (@'s)
0 264 0.0 26.4 212
25 26.4 43 30.7 26.2 2% jmpact assumes o=13 rad/s
50 264 8.6 35.0 31.2
75 264 12.9 398.3 36.1
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