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LUNAR ROVING VEHICLE /TRAVERSE GRAVIMETER 
EXPERIMENT MOTION SENSITIVITY 

SUMMARY 

The r e s u l t s  of the  lunar  roving vehicle/tr.averse gravimeter experi- 
m$nt motion s e n s i t i v i t y  test  shows t h a t  the gravi ty  measurements i n  both 
the  normal and bypass modes should not be adversely affected by motion 
induced i n  the lunar  roving vehicle by operation of the te lev is ion  camera 
posi t ion drive device o r  the operation of the  surface e l e c t r i c a l  proper- 
t i e s  receiver/recorder.  Motion of the  t raverse  gravimeter experiment oc- 
curred when a 1.4-hertz resonant mode i n  p i t c h  of the lunar  roving vehicle  
w a s  exci ted and when a 4-hertz resonant mode of the  p a l l e t  w a s  exci ted.  
Both of these modes were exci ted by camera elevation changes with the  cam- 
e r a  ax is  positioned fore  and aft .  

PURPOSE 

The purpose of the lunar  roving vehicle/ t raverse  gravimeter experi- 
ment motion s e n s i t i v i t y  t e s t  w a s  t o  determine i f  operation of other lunar  
roving vehicle equipment, spec i f i ca l ly  the te lev is ion  camera posi t ion 
dr ive device and the  receiver/recorder f o r  the surface e l e c t r i c a l  prop- 
e r t i e s  experiment, would adversely a f fec t  the experiment measurements. 

SYSTEM DESCRIPTION 

The t raverse  gravimeter i s  a semi-automatic, self-leveling instru-  
ment which w i l l  be used t o  measure gravi ty  at predetermined s tops along 
the  traverses of the  Apollo 17 lunar  roving vehicle. These readings w i l l  
be used t o  prepare a gravi ty  p r o f i l e  of the area. 

The gravi ty  sensor f o r  the experiment i s  a vibrat ing s t r i n g  acceler- 
ometer t h a t  i s  enclosed i n  a temperature-controlled oven f o r  greater  ac- 
curacy ( f i g .  1). The sensor i s  self-leveled before each reading i s  taken. 
The accelerometer consis ts  of two iden t i ca l  masses coupled by a spring. 
The masses are held apart  by two beryllium-copper tension s t r ings  which 
pass through a constant magnetic f i e l d .  Three cross t i es  r e s t r a i n  l a t -  
eral movement of the masses, but allow v e r t i c a l  motion. 

Each accelerometer s t r i n g  i s  the feedback element of an o s c i l l a t o r .  
Current from the  output of the o s c i l l a t o r  amplifier passes through the  
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s t r i n g ,  m a s s ,  and tension cross t i e s  t o  ground. This current physically 
displaces the  s t r i n g  i n  the  magnetic f i e l d  and t h i s  displacement gener- 
a tes  a voltage i n  the s t r i n g  tha t  i s  coupled i n t o  the anp l i f i e r  input .  
The s t r i n g  and amplif ier ,  therefore ,  o s c i l l a t e  at the  resonant frequency 
of the s t r i n g  (approximately 0.4 kHz). 

The resonant frequency of each s t r i n g  is .  determined by i ts  length 
and tension. Since the upper s t r i n g  supports the  tension i n  the  lower 
s t r i n g  and t h e  weight of both masses, i t s  resonant frequency w i l l  be 
higher than t h a t  of the  lower s t r ing .  The difference i n  frequency be- 
tween the two o s c i l l a t o r s  i s  determined by the  gravi ty  f i e l d  being meas- 
ured. 

The outputs of the amplifiers are  fed t o  a mixer where a difference 
frequency i s  obtained. This difference frequency i s  fed through a mode 
se l ec t  switch t o  the gate c i r c u i t  i n  one of two modes. The normal mode 
feeds the  difference frequency through a phase-locked loop which a c t s  as 
a narrow-band f i l t e r  t o  attenuate possible res idual  vibrat ions of t he  
lunar roving vehicle.  
passed and the  difference frequency i s  fed d i r ec t ly  i n t o  the  gate c i r c u i t .  
The gate i s  then opened f o r  a set number of cycles of the difference fre-  
quency. 

In  the bypass mode, the  phase-locked loop i s  by- 

The gate allows a 125-kilohertz precision clock t o  drive a binary- 
coded decimal counter fo r  a time equal t o  the gate width. The number of 
cycles counted i s  proportional t o  the gate width and thus proportional 
t o  the l o c a l  gravi ty .  The binary-coded decimal counter serves the dual 
function of a counter and a storage r eg i s t e r .  The contents of the reg- 
i s t e r  are t ransfer red  t o  a numeric display. These data ,  displayed upon 
command by a lunar surface crewman, are then transmitted by voice back 
t o  ear th .  

A bias  measurement i s  taken before the i n i t i a l  t raverse  t o  ca l ibra te  
the  accelerometer. The accelerometer i s  then inverted,  releveled, and a 
gravi ty  reading taken. The gravimeter automatically slews the  acceler- 
ometer back t o  the  normal posit ion.  

TEST SETUP 

The t e s t  a r t i c l e  ( f i g .  2 )  w a s  the qua l i f ica t ion  lunar roving vehicle 
t h a t  w a s  configured with a qua l i f ica t ion  ground-controlled te lev is ion  as- 
sembly, a fl ight-configuration lunar communications re lay  u n i t ,  a high- 
gain antenna, a low-gain antenna, and inac t ive  ba t t e r i e s .  Engineering 
models of t he  surface e l e c t r i c a l  propert ies  and the t raverse  gravimeter 
experiments were a l so  mounted on the vehicle.  The lunar roving vehicle  
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af t  p a l l e t  w a s  modified t o  the Apollo 17 configuration t o  accept t h e  mass 
representation of a t o o l  c a r r i e r  and a lunar  seismic p ro f i l e  experiment. 

The vehicle w a s  supported s o  tha t  the weight representation of t h e  
vehicle w a s  t h a t  of the  lunar  gravity (1/6g).  The support system con- 
s i s t e d  of four e l a s t i c  cords attached t o  the lunar  roving vehicle near 
t he  forward and aft  assembly hinge points. The two forward and the  two 
r ea r  e l a s t i c  cords were attached t o  a forward and r ea r  crane, respec- 
t i v e l y ,  through load c e l l s  ( f ig .  3). The outputs of both load c e l l s  were 
d i g i t a l l y  displayed t o  insure proper loading f o r  maintaining 1/6 lunar  
gravi ty  weight of t he  lunar roving vehicle on the wheels. 
provides more information on the support system. 

Appendix A 

Figure 4 shows the  predicted loading fo r  determining support system 
a t tach  points .  
on the vehicle t o  produce a weight and center of gravi ty  comparable t o  
t h a t  of the f l i g h t  lunar roving vehicle. The measured fore and aft  center 
of gravi ty  w a s  0.3 inch from the f l i g h t  vehicle and the  measured weight 
w a s  l i g h t e r  by 30 pounds than the f l i g h t  vehicle.  These differences w e r e  
s m a l l  and did not a f fec t  the tes t  results. 

Additional lead ba l l a s t  w a s  placed at various locat ions 

The lunar  roving vehicle pa l l e t  w a s  instrumented with t r i a x i a l  servo- 
type accelerometers oriented along the pr inciple  axes of the lunar  roving 
vehicle. These accelerometers were located opposite t o  the t raverse  gra- 
vimeter experiment mounted on the pa l l e t  ( f i g .  5 ) ,  and near the  surface 
e l e c t r i c a l  propert ies  experiment. A s ing le  axis  accelerometer w a s  mounted 
on the  f loo r  beneath the lunar roving vehicle t o  monitor motion normal t o  
the laboratory f loor  ( f i g .  2 ) .  The accelerometer outputs were passed 
through low-pass f i l t e r s  and recorded on a direct-wire oscillograph. The 
resolut ion of the accelerometers w a s  50 t o  100 micro-g's when low passed 
at 20 her tz  and 25 t o  50 micro-g's when low passed a t  4 hertz .  Gravity 
measurements were read d i r ec t ly  from the t raverse  gravimeter experiment 
numeric display.  For the  t e s t  gravimeter, one count w a s  equal t o  0.12 
mi l l i ga l  with one mi l l i ga l  being one centimeter per second per second or 
approximately one micro-g . 

TEST CRITERIA 

The normal operating charac te r i s t ics  of the  t e s t  gravimeter were as 
follows : 

a. Maximum changes between successive readings as high as 20 counts 
or 2.4 m i l l i g d s .  
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Figure 3 . -  Typical load cell and support system attachment. 
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Aft 

(elastic cord) 
2 9 5  pounds 

Forward 
(elastic cord) 
333 pounds 
station 26.5 

Figure 4.- Lunar roving vehicle chassis load distribution for test. 
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Figure 5.- Accelerometer location and mounted on the aft pallet. 
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b. The one sigma deviation of a group of 5 t o  10  readings i s  no more 

than one mi l l iga l .  ((5 = Jz where d is  the standard deviation and n 

i s  the  number of data  poin ts ) .  

For the  purposes of t h i s  t e s t ,  any reading which f e l l  outside of the  
above l i m i t s  could be caused by the operation of the  surface e l e c t r i c a l  
propert ies  recorder , the te lev is ion  camera, or human interference.  
sequently, the cause of any such reading w a s  determined. 

Con- 

The t e s t  out l ine f o r  t h i s  special  t e s t  i s  contained i n  appendix B. 

TEST FESULTS 

The tes t  gravimeter w&s an engineering model t ha t  d i f fe red  from f l i g h t  
hardware i n  two respects .  F i r s t  , the  vibrat ing s t r i n g  accelerometer had 
weak cross t i es  ( f i g .  1). Consequently, external  disturbances of su f f i -  
c ient  magnitude, such as bumping the lunar roving vehicle,  caused b ias  
s h i f t s .  In  some cases,  the bias  s h i f t  w a s  of a t rans ien t  nature which 
would recover i n  a period of 1 0  t o  20 minutes. Data e r rors  due t o  b i a s  
sh i f t  were discernible.  

Secondly, the test  gravimeter contained an addi t ional  hea%er c i r c u i t  

The heater con- 

Some data read- 

t o  maintain the vibrat ing s t r i n g  accelerometer at a constant temperature 
during ear th  operations (not required on lunar surface) .  
s t i t u t e d  about one fourth of the power supply load when switched on and 
caused a t rans ien t  which affected the phase-locked loop. 
ings had l a rge r  deviations than expected, but i n  a l l  cases,  these were 
correlated with the switching of the heater.  

The f i r s t  f ive  t e s t  s teps  involved mechanical adjustments of the 
test  configuration. The s ix th  test  s tep  w a s  a s e r i e s  of gravi ty  measure- 
ments with the surface e l e c t r i c a l  properties recorder operating. These 
data  indicated t h a t  the recorder w i l l  not a f fec t  the  gravimeter measure- 
ments. Since t h i s  w a s  expected, the data fo r  these measurements are  not 
presented. 

c 

Further t e s t i n g  w a s  concerned with the degradation of gravimeter 
measurements caused by te lev is ion  camera motion. 

In  t e s t  s tep  7 ,  normal and bypass mode gravity measurements were 
taken while camera power was being switched on and of f .  The f irst  four 
normal-mode gravity measurements ( f i g .  6 )  indicated a continuing upward 
bias  s h i f t .  A bypass reading w a s  taken fo r  comparison and t h i s  l e d  t o  
a search f o r  disturbances external  t o  the tes t  vehicle. The disturbances 



10 

60 

50 

40 

2 30 
v) 
U 

0 
0 

20 

10 

0 8 16 24 32 40 48 56 64 72 
Elapsed time, min 

Notes: 

1. Heater switched, disregard reading 
2. Bypass reading 
3. Repeat of test after water tower turned off. 

Figure 6.- Television camera switching in test step 7. 
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were iden t i f i ed  
The nine normal 
0.73 mi l l iga l .  

and stopped ( f a c i l i t y  water tower) and the  t e s t  continued. 
mode gravi ty  measurements taken yielded a one sigma of 

In  tes t  s tep  8, normal-mode gravi ty  measurements were taken during 
camera azimuth motions. A l s o ,  two bypass readings were taken, followed 
by two bypass-mode baseline checks. A normal-mode reading w a s  taken t o  
fur ther  check the  baseline.  Figure 7 shows the data  and again the  one 
sigma fo r  the  normal-mode gravi ty  measurements w a s  0.73 mi l l iga l .  

T e s t  s tep  9 involved gravi ty  measurements during camera elevation 
A s  shown i n  f igure  8 ,  seven normal mode gravi ty  measurements motions. 

yielded a one sigma of 1.1 mil l iga ls  and t h i s  w a s  0 .1  mi l l iga l  higher 
than the allowable. (The phase-locked loop fo r  the test gravimeter was 
found t o  be noise sens i t ive ,  so  the tes t  w a s  repeated at a la ter  period 
i n  the  bypass mode as tes t  s tep  23) .  
mode and one bypass-mode measurements t o  check the  baseline.  Two bypass- 
mode readings were then taken with camera elevation commands given i n  
10-second in t e rva l s .  

This w a s  followed by three normal- 

In  t e s t  s tep  1 0 ,  four gravi ty  measurements, i n  both the  normal and 
bypass modes , were taken during camera-zoom and iris-change operations. 
The data  ( f i g .  8 )  shows t h a t  the peak-to-peak spread i n  the readings i s  
within the  20-count allowable, but because of the s m a l l  number of usable 
data  poin ts ,  a one sigma value w a s  not computed. 

I n  t es t  s tep  11, both normal- and bypass-mode gravi ty  measurements 
were taken during combined camera elevat ion,  azimuth , and zoom operations.  
The data  ( f i g .  9 )  show tha t  the var ia t ion in  gravi ty  readings was s m a l l .  
This w a s  followed by a repeat of the camera elevation tes t  ( s t ep  9)  and 
baseline checks i n  both normal and bypass modes. The data  ( f i g .  9 )  show 
no s igni f icant  var ia t ions.  

T e s t  s teps  1 2  through 17 involved normal- and bypass-mode baseline 
readings t o  determine bias  s h i r t s  while making mechanical adjustments t o  
the t e s t  vehicle.  T e s t  s tep  18 and 19 w e r e  not used. I n  t e s t  s tep  20, 
three normal-mode baseline checks , a l te rna ted  with three bypass-mode 
baseline checks, were performed. The data fo r  t e s t  s teps  12  through 17 
and 20 indicated nothing unusual and are not presented i n  t h i s  report .  

Test s tep  21 w a s  a repeat of s tep 7 (camera power switched on and 
o f f )  except the  gravi ty  measurements were taken i n  the bypass mode. 
data  are not presented because the var ia t ion  i n  readings w a s  s m a l l  (four- 
count maximum). 

These 

In  t e s t  s t ep  22, bypass mode measurements were taken while the cam- 
e r a  w a s  moved i n  azimuth. The first eight data  points ( f ig .  10) w e r e  
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baseline readings which yielded a one sigma of 0.1.8 mi l l iga l .  
the  lunar  roving vehicle shock-mount dampers were locked. The dampers 
were unlocked and s i x  more baseline readings were taken. These meas- 
urements indicated a bias  s h i f t .  The bias  slowly recovered, however, 
and tes t  s tep  22 was  performed yielding an acceptable one sigma of 0.27 
mi l l iga l .  The las t  data point w a s  a baseline reading t h a t  indicated a 
s l i g h t  upward d r i f t  i n  bias .  

However, 

T e s t  s tep 23 w a s  a repeat of gravi ty  measurements during camera ele- 
vation motion ( s t ep  9 )  except t ha t  readings were taken i n  the bypass mode 
( f ig .  11). 
cated a s m a l l  upward drift  i n  bias .  Seven measurements were then taken 
( t e s t  s tep  23) with a one sigma of 0.27 mi l l iga l .  
urements were taken and a s l i g h t  upward drift was s t i l l  indicated.  If 
t h i s  d r i f t  w a s  taken in to  account, an improved one sigma value would be 
obtained. 

Eight baseline measurements were taken first and these indi-  

Two more baseline meas- 

I n  t es t  s tep  24, bypass measurements were taken during camera eleva- 
t i o n  motions between plus and minus 15O. 
at camera azimuths of Oo, goo ,  180°, and 270'. The data  ( f i g .  11) yielded 
a one sigma of 0.34 mi l l iga l ;  well within l i m i t s .  
ments then followed, and these s t i l l  indicated an upward b ias  s h i f t .  

These measurements w e r e  taken 

Two baseline measure- 

I n  t e s t  s tep  25, bypass measurements ( f ig .  11) were taken during a 
simulated col lect ion bag removal from the p a l l e t .  
i n  the  vibrat ing s t r i n g  accelerometer. 

This caused D, t rans ien t  

Test s t ep  26 was  performed t o  obtain baseline data  following the  un- 
locking of the  lunar roving vehicle shock-mount damper. The e f fec t  w a s  
s imi la r  t o  tha t  discussed under t e s t  s tep  22. 

I n  tes t  s tep  27, twenty-five d i f fe ren t  motions of the  camera were 
performed and the  triaxial accelerometer oscil lograph data  (set at low 
pass of 4.8 Hz) was evaluated fo r  worst case e f f ec t s .  
camera motions were performed at the beginning and end of the gravimeter 
counting cycle when the instrument w a s  most susceptible t o  vibrat ion in- 
duced er rors .  
mode and the  bypass mode with the i n i t i a t i o n  points being var ied by one 
second. The data  show no degradation i n  grav i ty  measurements due t o  the  
worst case motions and are not presented. 

Three worst case 

Five measurements were taken i n  both the normal-gravity 

T e s t  s tep 28 w a s  performed t o  es tab l i sh  a baseline for  t es t  s t ep  29. 
Data w e r e  taken i n  both the normal and bypass modes, and are presented 
i n  f igure  12. The one sigma f o r  the bypass mode w a s  0.14 mi l l i ga l  and 
f o r  the  normal mode w a s  0.43 mi l l iga l .  The t i m e  i n t e rva l  required f o r  
each measurement w a s  established for use i n  subsequent tests. 
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T e s t  s tep  29 involved both bypass- and normal-mode gravi ty  measure- 
ments taken while camera elevation movements w e r e  performed a t  the start  
and end of the difference frequency count (measurement cycle) .  Previous 
data reviews had indicated tha t  camera elevation motions would have the  
grea tes t  e f f ec t  on the  gravimeter readings. The following sequence w a s  
used : 

a. Set camera t o  Oo azimuth 

b. I n i t i a t e  gravi ty  measurement and w a i t  86 seconds (approximate 
start of difference frequency count ) 

c. Command camera t o  - l 5 O ,  then back t o  0'. W a i t  70 seconds (ap- 
proximate end of difference frequency count ) 

d. Command camera down t o  - 1 5 O ,  then back t o  Oo elevation. 

Three baseline measurements were a l so  taken i n  the  bypass mode and four 
baseline measurements were taken i n  the normal gravi ty  mode. The base- 
l i n e  measurements were interspersed with the tes t  measurements. The data  
are  shown i n  f igure 12. I n i t i a l l y ,  it would appear t h a t  camera motions 
caused a s l i g h t  upward b ias  s h i f t .  However, the  differences between the  
averages of the two se t s  of readings (camera motion and basel ine)  f o r  the 
bypass mode w a s  less than 0.5 mi l l iga l .  For the  normal mode, the d i f fe r -  
ence i n  the  averages w a s  0.2 mi l l iga l .  Since the sca t te r ing  of normal 
gravity measurements i s  greater  than the bypass measurements, a bias  s h i f t ,  
i f  any, w a s  not apparent. 

T e s t  s t e p  29.1 w a s  a repeat of t e s t  s tep 29 except the following se- 
quence w a s  used: 

a. Set camera i n i t i a l l y  t o  0' azimuth and - 4 5 O  elevation 

b. I n i t i a t e  gravi ty  measurement 

c .  After 81 seconds, command camera up fo r  5 seconds, then s top,  
and re turn  camera t o  -45' 

d. W a i t  70 seconds and repeat the camera motions i n  s tep  c. 

The data  f o r  t h i s  t e s t  a re  shown i n  f igure 13. The f irst  f ive  data  points  
were taken i n  the  bypass mode and yielded a one sigma of 0.37 mi l l iga l .  
These w e r e  followed by three bypass mode and three normal-mode baseline 
measurements. The next six data points were normal-mode measurements 
which yielded a one sigma of 0.84 mi l l iga l .  
normal mode baseline readings. The normal gravi ty  mode baseline data  
before and a f t e r  the s tep  29.1 normal mode tes t  yielded a one sigma of 
0.54 mi l l iga l .  

These were followed by four 
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I n  t e s t  s tep  29.2 the following sequence w a s  used: 

a. 
an ica l  s top)  

Posit ion camera t o  90' azimuth and + 8 5 O  elevation (upper mech- 

b. Command camera down f o r  5 seconds and s top,  then i n i t i a t e  grav- 
i t y  measurements. Wait 86 seconds and proceed with next s tep  

c .  Command camera up t o  mechanical s top,  then down fo r  5 seconds 
and s top.  Wait 70 seconds and proceed t o  next s tep  

d. Repeat camera motions i n  s tep  c.  

The data  are shown i n  f igure  14 with two bypass-mode baseline readings 
taken f o r  b ias  s h i f t  check. The next f ive  data  points are  bypass-mode 
readings, and yielded a one sigma of 0.168 mi l l iga l  showing no apparent 
e f f ec t  from the  camera motions. A baseline check i n  the  normal gravi ty  
mode followed. The next f ive  data points were normal mode readings t h a t  
produced a one sigma of 0.68 mi l l iga l .  This indicates  t h a t  driving the 
camera in to  the  upper stop while taking gravi ty  measurements had no ap- 
parent e f fec t .  
and showed a s l i g h t  upward s h i f t ,  which from previous data ,  appears t o  
be normal d r i f t  fo r  t he  t e s t  instrument and not caused by camera motions 
i n  t h i s  t es t .  

Two normal/mode baseline measurements were then taken 

The f i n a l  t e s t  w a s  as follows: 

a. I n i t i a t e  gravi ty  measurement 

b. Eighty s ix  seconds l a t e r ,  bump lunar roving vehicle a t  the Lu- 
nar Module P i l o t ' s  seat. 

The data  are shown i n  f igure 14 also fo r  one measurement i n  the bypass 
mode and two measurements i n  the normal mode. In  a l l  cases, the e f f e c t  
of t he  bump resul ted i n  a t rans ien t  in  the gravimeter t ha t  caused the 
instrument t o  re leve l  for  several  seconds. I n  bypass mode, the count 
changed by an equivalent of 2.8 mi l l iga ls .  
the  count changed by 1.6 mi l l iga ls .  

I n  the normal gravi ty  mode, 

The tes t  data  indicate  t h a t  the t raverse  gravimeter gravi ty  measure- 
ments, as expected, w i l l  not be affected by the operation of the surface 
e l ec t r i ca l ,  propert ies  experiment recorder. 
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The tes t  data  indicate  
fected by camera motions i n  

tha t  the gravi ty  measurements will not be af- 
azimuth and zoom. 

Camera motions i n  elevation and bumping the  lunar  roving vehicle do 
a f f ec t  t he  gravi ty  measurement. Camera elevation motions with the camera 
positioned fore  and art  induced motion at the t raverse  gravimeter experi- 
ment due t o  exci ta t ion of a 1.4-hertz p i tch  mode at the lunar roving ve- 
h i c l e  and exci ta t ion of a 4-hertz mode at the  'pallet  t o  which the experi- 
ment i s  attached. Although a large number of gravi ty  measurements w a s  
obtained during the t e s t  , espec ia l ly  fo r  camera elevation motions the  
number of data points  i s  insuf f ic ien t  t o  pos i t ive ly  conclude tha t  the 
camera motions w i l l  not a f fec t  the gravity measurements i n  any way. The 
data  indicate  , however, t ha t  the e f f ec t s  i f .  present should be s m a l l ,  
and w i l l  be caused by camera operations only i n  elevation. 

The lunar roving vehicle bump t e s t  ( f i n a l  t e s t )  indicated tha t  a dis- 
turbance of suf f ic ien t  magnitude t o  cause the instrument t o  re leve l  w i l l  
introduce a s igni f icant  e r r o r  i n  the  gravi ty  measurement. I f  the lunar  
roving vehicle i s  accidentally bumped while a gravi ty  measurement i s  i n  
progress the  measurement should be invalidated and repeated. 
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APPENDIX A 

TASK OEUECTIVE 

The objective of t h i s  task  w a s  t o  design and fabricate  a support sys- 
t e m  t o  be used t o  a l l ev ia t e  5/6 of the  lunar roving vehicle weight such 
t h a t  t he  dynamic charac te r i s t ics  of the lunar rdving vehicle i n  a 1-g en- 
vironment would simulate those of a lunar roving vehicle i n  a 1/6-g ( lunar  
surface ) environment. 

DESCRIPTION 

The system used t o  support 5/6 of the ea r th  weight of the lunar  rov- 
ing vehicle w a s  constructed using 5/8-inch e l a s t i c  cord manufactured per 
specif icat ion M I L - C - ~ ~ ~ I  type I. 
the lunar  roving vehicle at four points and were supported from two over- 
head cranes. A load c e l l  w a s  included between the  top of the e l a s t i c  cord 
and the crane hook t o  monitor the amount of lunar roving vehicle weight 
being supported by the support system. The two cords attached t o  the for- 
ward end of the  lunar  roving vehicle were each 33 f ee t  4 inches long and 
the two cords attached t o  the aft end of the lunar roving vehicle w e r e  
each 34 f e e t  6 inches long in  the unloaded condition. When 5/6 of the  
lunar roving vehicle w a s  being supported by the cord, the forward and af t  
cords were elongated t o  approximately 75 and 73 f ee t  and carr ied loads of 
325 pounds and 283 pounds, respectively.  

Four lengths of cord ‘were attached t o  

Since the e l a s t i c  cord had a high creep r a t e  under sustained loads,  
s teps  w e r e  taken t o  reduce the creep r a t e  t o  an acceptable l e v e l  for  the 
tests. This w a s  accomplished p r i o r  t o  each act ivat ion of the support sys- 
tem by cycling the load i n  each e l a s t i c  cord assembly approximately f20 
pounds about the ant ic ipated sustained load. 

EVALUATION OF SUPPORT SYSTEM 

The support system design objective was t o  design the system with 
as high a compliance as was practicable.  Design constraints  included the 
maximum height available i n  the laboratory,  ava i l ab i l i t y  of standard stock 
e l a s t i c  cord, weight of the lunar roving vehicle,  and acceptable a t t ach  
points on the lunar  roving vehicle chassis.  The 5/8-inch e l a s t i c  cord was  
chosen, based on load-elongation data i n  the specif icat ion ( M I L - c - ~ ~ ~ I ) ,  
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t o  produce a t o t a l  ve r t i ca l  s t i f f n e s s  of 3.25 pounds per  inch when sup- 
port ing 5/6 of t he  lunar roving vehicle weight. The e l a s t i c  cord st iff-  
ness does not have an appreciable e f f ec t  on the  lateral and fore  and af t  
modes of t he  lunar roving vehicle.  These modes are primarily affected by 
the  length of the pendulum which, i n  t h i s  case, produced a l a t e r a l  and 
fore  and aft s t i f fness  of less than one pound per  inch. 

To ver i fy  the behavior of t he  as-delivered e l a s t i c  cord, laboratory 
t e s t s  were conducted using samples of the e l a s t i c  cord which were approx- 
imately two feet i n  length.  These t e s t s  indicated t h a t  the s t i f f n e s s  w a s  
higher , but s t i l l  acceptable , than t h a t  calculated using the specifica- 
t i o n  data. A f t e r  t h e  lunar  roving vehicle/traverse gravimeter equipment 
t e s t i n g  was  completed, a bounce t e s t  with the lunar roving vehicle f u l l y  
suspended on the e l a s t i c  cord, w a s  conducted t o  determine the  natural  
frequency. The measured na tura l  frequency w a s  approximately twice t h a t  
calculated using the  data from the  sample t e s t s  (0.4 Hz versus 0.18 Hz) . 
As a r e s u l t  of t h e  frequency ( s t i f f n e s s )  discrepancy, load-deflection 
t e s t s  of t he  actual  support system w e r e  conducted. Load-deflection data  
were taken at loads equivalent t o  5/6 of the t o t a l  lunar  roving vehicle 
weight. The s t i f f n e s s  charac te r i s t ics  of t'ne e l a s t i c  cord subsequent t o  
being cycled w e r e  s ign i f i can t ly  d i f fe ren t  than during the i n i t i a l  load 
application. Figures A-1 and A-2 are p lo t s  of the data  from these t e s t s .  
Measured s t i f f n e s s  of the forward and aft  support assemblies w e r e  4.12 
and 2.97 pounds per inch, respect ively,  at the loads corresponding t o  
5/6 of t h e  lunar  roving vehicle weight. A t  loads corresponding t o  the 
f u l l  lunar  roving vehicle weight, the s t i f f n e s s  w a s  5.54 pounds per  inch 
and 3.89 pounds per  inch fo r  the  forward and af t  assemblies, respectively.  
The na tura l  frequency calculated using the f u l l  weight s t i f f n e s s  corre- 
l a t e s  w e l l  with t h e  measured, na tura l  frequency of 0.4 her tz  while f u l l y  
suspended. 

The increase i n  v e r t i c a l  s t i f f n e s s  from the  o r ig ina l  3.25 pounds per 
inch t o  7.1 (4.12 + 2.97) pounds per inch caused some concern as t o  the 
e f f ec t  of the  support system on the lunar  roving vehicle/wheel modes. 
The only six-degree-of-freedom model available in-house w a s  one MIT had 
used for t raverse  gravimeter experiment s e n s i t i v i t y  s tudies .  Although 
the  model i s  not a t o t a l l y  accurate representation of the lunar roving 
vehicle ,  pa r t i cu la r ly  with regard t o  l a t e r a l  and fore  and af t  s t i f fnes ses  
of t h e  t i r e s ,  it i s  adequate t o  assess the  changes i n  natural  frequencies 
and mode shapes caused by the  e l a s t i c  cord support system. The mass and 
s t i f f n e s s  matrices f o r  t he  lunar roving vehicle ,  as wel l  as  the  s t i f f n e s s  
matrix f6 r  t he  support system, are shown i n  f igure A-3. Modal analyses 
were performed with and without the addi t ional  s t i f f n e s s  of the support 
system. Results of these analyses are shown i n  f igure  A-4 and indicate  
ins igni f icant  changes i n  both t'ne na tura l  frequencies and mode shapes. 
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1648 

0 

17 499 

0 

-1440 

Degrees of 
freedom 

( K )  = 

roving 
vehicle  

5 

-1648 

0 

1 5 5 1  

0 

27 865 

0 

- 
1 

1772 

0 

0 

0 

-1648 

0 

- 
2 

0 

1772 

0 

1648 

0 

-1551 

- 

Units: pounds, f e e t ,  and radians 

6 

0 

-1551 

0 

-1440 

0 

29 061 

Units: slugs, and f e e t  

Units: pounds, feet ,  and radians 

Figure A-3.- Mass and stiffness matrices for the 
lunar roving vehicle and support system. 

Degrees of freedom 

1. Fore and a f t  

2. Lateral 

3. Ver t ica l  

4. Rol l  

5. P i t c h  

6. Yaw 
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Analytical model 
without support system, 

mode no.; f req ,  Hz 

Analytical model 
with support system, 
mode no.; f r eq ,  Hz 

1. 1.232 (roll and l a t e r a l )  

2. 1.296 ( r o l l ,  l a t e r a l  and yaw) 

3. 1.435 (fore and a f t ,  and bounce and p i tch)  

4. 1.745 (fore and a f t ,  and bounce) 

5. 1.905 ( l a t e r a l ,  roll and yaw) 

6. 2.736 (fore and a f t ,  and bounce and p i tch)  

0.4783-01 
0.4812-01 

0.2522-16 
0.1182-16 

1. 1.255 

2. 1.297 

3 .  1.454 

4. 1.761 

5. 1.906 

6. 2.750 

0.3406-08 
-0.3949-02 

0.1860-15 
0.9565-16 

Degrees of 
freedom/modc 

Fore and aft 

Lateral 

Vertical 

Roll 

Pitch 

Yaw 

Note : 

1 

0.1857-16 
0.1620-16 

0.4617-01 
0.45 50-01 

0.2807-16 
0.2534-16 

o .1236+00 
0.1237+00 

0 
0 

-0.7702-02 
-0.7524-02 

Mode shapes 

2 

-0.6636-16 
-0.2108-16 

-0.5095-01 
-0.5136-01 

0.1004-15 
0.3103-16 

0.2071-01 
0.2032-01 

0 
0 

0.6640-01 
0.6640-01 

0 
0 

0.8742-01 
0.9013-01 

0.6950-17 
0.3297-17 

-0.1522-14 
0 

0.1560+00 
0.1628+00 

0.2524-15 
0.5683-16 

Upper number i s  without support system. 
Lower number is with support system. 

5 

-0.3585-15 
-0.5031-15 

-0.2028+00 
-0.2029+00 

0.3234-14 
0.1810-14 

0.2294-01 
0.2260-01 

0 
0 

-0.1843-01 
-0.1849-01 

6 

0.1253+00 
0.1376+00 

0 
0 

-0.1179+00 
-o.1060+00 

0.5083-15 
0.2353-14 

0.35 47-01 
0.3486-01 

-0-3939-15 
-0.1893-14 

Figure A-4.- Dynamic characteristics of the lunar roving vehicle 
wi th  and without the support system. 
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CONCLUSIONS 

A support system t o  simulate the lunar gravi ty  environment for t he  
lunar  roving vehicle/traverse gravimenter equipment t es t  w a s  designed and 
b u i l t  and had ins igni f icant  a f fec t  on the dynamic charac te r i s t ics  of the 
lunar roving vehicle. The m a x i m u m  increase i n  any of the s i x  lunar rov- 
ing vehicle/wheel na tura l  frequencies was less than 2 percent. 
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APPENDIX B 

TEST OUTLINE 

The following out l ine states the  types of test  operations and the  
order i n  which they were performed: 

1 . 0  Baseline measurements 

1.1 With a f u l l y  configured lunar roving vehicle r e s t ing  on safe ty  
blocks , 3 normal-gravity mode and 3 bypass-mode measurements were recorded. 

1 . 2  With the  lunar roving vehicle suspended i n  the simulated lunar  
gravi ty  environment, 3 normal-gravity mode and 2 bypass-mode measurements 
were recorded. 

NOTE 

Subsequent data indicated t h a t  t h i s  
gravimeter required 8 periodic re- 
establishment of the  baseline. Even- 
t u a l l y ,  baseline measurements were 
taken before and after each new se r i e s  
of operations. 

2 . 0  
and four successive normal-gravity mode measurements were recorded. 

The surface e l e c t r i c a l  propert ies  receiver/recorder was turned on 

3 .O The ground-controlled te lev is ion  assembly camera color wheel w a s  
cycled on and off  i n  the  following manner ( tes t  s tep  7 ) .  

3.1 With the  ground-controlled te lev is ion  assembly on, a normal- 
gravi ty  mode measurement w a s  i n i t i a t e d  and the ground-controlled t e l e -  
vis ion assembly w a s  turned off  90 seconds i n t o  the measurement cycle. 

3.2 With the  ground-controlled te lev is ion  assembly off , a normal- 
gravi ty  mode measurement was i n i t i a t e d  and the  ground-controlled t e l e -  
vis ion assembly was  turned on 90 seconds in to  the measurement cycle. 

3.3 Items 3.1 and 3.2 were repeated. 

3.4 A normal-gravity mode measurement w a s  i n i t i a t e d  and 90 seconds 
l a t e r ,  the  ground-controlled te lev is ion  assembly w a s  turned on f o r  20 sec- 
onds and then o f f .  
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3.5 I t e m  3.4 w a s  repeated. 

3.6 After external  sources of vibrat ion w e r e  shutdown, t h i s  series 
of ground-controlled te lev is ion  assembly commands w a s  repeated. 

4.0 
performed as follows (test  s tep  8 ) :  

The ground-controlled te lev is ion  assembly azimuth operations w e r e  

4.1 A normal-gravity mode measurement w a s  i n i t i a t e d  and 90 seconds 
in to  the  measurement cycle,  the camera was panned r igh t  from the forward 
posi t ion u n t i l  the  mechanical s top was  reached. 

4.2 The procedure w a s  repeated with the camera panning t o  the  l e f t .  

4.3 

4.4 
i n t o  the  stop during a normal-gravity mode measurement cycle. This i t e m  
w a s  repeated. 

I t e m s  4 . 1  and 4 .2  were repeated. 

The camera w a s  positioned 4 5 O  from the  l e f t  stop and panned 

4.5 The camera w a s  panned twice from r igh t  t o  l e f t  stops i n  10-sec- 
ond increments, then panned twice i n  the  opposite direct ion.  

4.6 
ond increments during two bypass-mode measurements ( t e s t  s tep  8 .8) .  

The camera was panned twice from l e f t  t o  r igh t  s tops i n  10-sec- 

4.7 
measurements and one normal gravi ty  mode measurement were made t o  ver i fy  
the baseline.  

Upon completion of the azimuth operations , two bypass-mode 

5 .O The ground-conkrolled televisicln assembly elevation motions were 
checked approximately 140 seconds after i n i t i a t i n g  each normal gravi ty  
mode measurement as follows ( tes t  s tep  9 ) :  

5 .1  The camera w a s  commanded up from the  -45" posit ion ( test  s tep  
9 . 1 ) .  

5.2 The camera w a s  commanded down from the  +85" posit ion.  

5.3 The camera w a s  commanded up from 0" elevation t o  + 8 5 O .  

5.4 The camera was commanded down from + 8 5 O  t o  0". 

5.5 The camera w a s  commanded down from 0" t o  - 4 5 O .  

5.6 The camera w a s  commanded up i n  10-second increments from -45" 
t o  +85" ( t e s t  s tep  9.6).  
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5.7 The camera w a s  commanded down i n  10-second inc  
s tep  9.7). 

5.8 A s e r i e s  of three normal-gravity mode and one bypass-mode meas- 
urement was  recorded t o  check the baseline mode. 

5.9 I t e m s  5.6 and 5.7 were repeated i n  the bypass mode. 

6.0 
i t y  mode and bypass-mode measurement cycles ( t e s t  s tep  1 0 ) .  

7.0 Ninety seconds after i n i t i a t i n g  a gravi ty  measurement , the  camera 
w a s  commanded i n  10-second burs t s  i n  azimuth a l te rna t ing  with 10-second 
bursts  i n  elevation. Azimuth t r a v e l  was  maintained between 0' and 90' at  

Zoom and ir is  commands were accomplished during both the  normal-grav- 

t i m e s  ( t e s t  s tep  11). 

7.1 Ninety seconds a f t e r  i n i t i a t e d  a gravi ty  measurement, the cam- 
era w a s  commanded i n  10-second burs t s  i n  azimuth i n  conjunction with 10- 
second bursts  i n  elevation. 

7.2 I t e m  7 .1  w a s  repeated while performing zoom commands a l so .  

7.3 I t e m  7.1 w a s  repeated, but the  camera commands were s t a r t e d  im- 
mediately a f t e r  i n i t i a t i o n  of the gravi ty  measurement. 

7.4 A s e r i e s  of 3 normal-mode gravi ty  and 2 bypass-mode baseline 
measurements was  taken. 

8 .0  
were repeated ( tes t  s tep 2 1 ) .  

Ground-controlled te lev is ion  assembly on/off t es t  i n  the bypass mode 

NOTE 

A review of the data indicated t h a t  
the  normal-gravity mode i n  t h i s  gra- 
vimeter appeared t o  be no i s i e r  than 
ant ic ipated.  Since t h i s  could have 
influenced the grea te r  than one sigma 
deviation recorded fo r  the  ground- 
controlled te lev is ion  assembly ele- 
vation operations , steps 4.0 and 5.0 
were repeated while operating the  gra- 
vimeter i n  the bypass mode. This would 
eliminate the e f f ec t  of the  phase-lock- 
loop c i r c u i t r y  on the measurements. 
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8.1 A series of four normal-gravity mode and f ive  bypass-mode meas- 
urements were recorded t o  e s t ab l i sh  a baseline.  

8.2 The ground-controlled te lev is ion  assembly on/off t e s t i n g  i n  the  
bypass mode w a s  performed. 

9.0 The azimuth tes t  w a s  i n i t i a t e d ,  but lunar roving vehicle shock 
mounted dampers w e r e  locked ( tes t  s tep  22). 

9.1 Lunar roving vehicle dampers were unlocked and a s e r i e s  of s i x  
bypass measurements were recorded t o  rees tab l i sh  the  baseline.  

9.2 The azimuth t e s t s  were repeated i n  the  bypass mode. 

10.0 The elevation t e s t s  were run i n  the  following manner ( tes t  s t e p  23). 

1 0 . 1  A s e r i e s  of eight bypass-mode measurements w a s  recorded t o  
es tab l i sh  a baseline.  

10.2 The elevation tes ts  were repeated i n  the  bypass mode. 

1 1 . 0  
moving the  camera through a +15' t o  -15' area where most of the  pans would 
occur ( tes t  s t ep  24) .  

Further elevation t e s t s  were performed t o  determine the e f f e c t s  of 

11.1 A bypass-mode measurement w a s  i n i t i a t e d  and 90 seconds l a t e r ,  
the  ground-controlled te lev is ion  assembly began driving in  elevation t o  
-15' then t o  +l5' maintaining 0' azimuth. This tes t  w a s  repeated u n t i l  
t he  end of the measurement cycle. 

11.2 I t e m  11.1 was repeated. 

11.3 

11.4  

I t e m  11.1 w a s  repeated twice with azimuth at +goo. 

Item 11.1 w a s  repeated twice with azimuth at +180°. 

11.5 I t e m  11.1 w a s  repeated twice with a z i m t h  at -270'. 

11.6 Two bypass-mode baseline measurements were recorded. 

12 .0  
moval of a col lect ion bag from the  aft  p a l l e t  w a s  simulated by disconnec- 
t i n g  a col lect ion bag s t r ap  ( test  s tep  25).  

A bypass-mode measurement w a s  i n i t i a t e d  and 90 seconds l a t e r ,  re- 

12.1 I t e m  12.0 w a s  repeated. 

12.2 Four bypass-mode baseline measurements were recorded. 
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1 3.0 
approximately twenty-five different  motions while data were evaluated 
for worse case lunar roving vehicle dynamics. The three worse case tele- 
vision operations were selected and were repeatedly i n i t i a t e d  a t  the be- 
ginning and end of the gravimeter counting cycle when the instrument was 
believed t o  be most susceptible t o  vibration-induced errors.  A t  l e a s t  5 
measurements i n  the normal-gravity mode and 5 measurements i n  bypass mode 
were made for  every case, varying the i n i t i a t i o n  points by one second each 
time ( t e s t  step 27). 

The ground-controlled television assembly was exercised through 

13.1 Five normal-gravity mode and 5 bypass-mode measurements were 
recorded t o  es tabl ish a baseline ( t e s t  s tep 28). 

13.2 A gravity measurement was i n i t i a t e d  with the ground-controlled 
television assembly azimuth at Oo. 
vation w a s  commanded t o  -15' then back t o  zero. 
the command sequence was repeated ( t e s t  step 29.0). 

After a delay about 86 seconds, ele- 
About 70 seconds l a t e r ,  

13.3 Three bypass-mode and 4 normal-gravity mode measurements were 
recorded for baseline data. 

13.4 While maintaining the ground-controlled television assembly 

After a delay of about 81 seconds, elevation up w a s  commanded 
azimuth a t  zero degrees and elevation at -)+So, a gravity measurement was 
in i t i a t ed .  
for  f ive seconds, then stopped, and returned t o  - 4 5 O .  
l a t e r ,  the command sequence was  repeated (test step 29.1). 

About 70 seconds 

13.5 Two bypass-mode baseline measurements were recorded. 

13.6 While the ground-controlled television assembly azimuth was 
maintained a t  90' and the elevation f ive  seconds t r ave l  time down from 
+85O, a gravity measurement w a s  in i t ia ted .  After a delay of about 86 
seconds and elevation commanded up t o  the stop, the elevation was re- 
turned down for  5 seconds. About 70 seconds l a t e r ,  the command sequence 
w a s  repeated ( t e s t  s tep 29.2). 

14 .0  A gravity measurement w a s  i n i t i a t ed  and 86 seconds l a t e r ,  the lunar 
roving vehicle was bumped i n  the Lunar Module P i lo t  seat  area. This w a s  
performed once during a bypass-mode measurement and twice during a normal- 
gravity mode measurement. 

NASA-JSC 


