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ABSTRACT 

An a n a l y t i c a l  approach i s  presented f o r  determining the  touchdown 
dynamics motion of spacec ra f t  landing on the  lunar  sur face .  Spacecraf t  
wi th  hinged l egs  including e l a s t i c ,  damping, and crushing e f f e c t s  a r e  
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a ,  d 
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Fcl’ Fc2 

Fsl ,  Fs2 

Fnl’ Fn2 

Ftl’ F t2  
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DEFINITION OF SYMBOLS 

( F i r s t  and Second Legs, Respectively) 

Def in i t i on  

d i s t ance  from the f o o t  t o  the leg-vehicle  attachment 
po in t ,  measured normal t o  the veh ic l e ‘  s long i tud ina l  
axis 

d i s t ance  from the f o o t  t o  the  main member-vehicle 
attachment point ,  measured parallel  t o  the  v e h i c l e ‘ s  
l ong i tud ina l  a x i s  

d i s t ance  from the f o o t  t o  the support  member - v e h i c l e  
attachment point ,  measured p a r a l l e l  t o  t he  veh ic l e ’  s 
1 ong i tud ina l  ax i s  

spr ing constant  along the main member 

crushing f o r c e  along the main member 

sp r ing  constant  along the  support  member 

crushing f o r c e  designed t o  l i m i t  the  compressive 
fo rce  along the  support  member 

crushing f o r c e  designed t o  l i m i t  the  tension fo rce  
along the support member 

fo rce  along the main member, p o s i t i v e  i n  compression 

fo rce  along the support  member, p o s i t i v e  i n  compression 

fo rce  normal t o  the su r face ,  p o s i t i v e  along the 
p o s i t i v e  Y-axis 

fo rce  tangent ia l  t o  the surface,  p o s i t i v e  along the 
p o s i t i v e  X-axis 

g r a v i t a t i o n a l  acce le ra t ion  oi tile rnoori (or other body 
of i n t e r e s t )  

v e h i c l e ‘ s  radius  of gy ra t ion  with r e s p e c t  t o  the 
cen te r  of g rav i ty  

iii 



DEFINITION OF SYMBOLS (Cont' d )  

Symbol Def in i t i on  

Ll, L3 d i s t ance  from the cen te r  of g r a v i t y  t o  the f o o t ,  
measured normal t o  the long i tud ina l  a x i s  

o r i g i n a l  d i s t a n c e  (before d e f l e c t i o n )  from the  f e e t  
t o  the cen te r  of g r a v i t y ,  measured along t h e  long i -  
t ud ina l  a x i s  

d i s t ance  from the cen te r  of g r a v i t y  t o  the l e g  
attachment p o i n t ,  measured normal t o  the long i tud ina l  
a x i s  

d i s t ance  from the  cen te r  of g r a v i t y  t o  the  rocke t  
s t a b i l i z a t i o n  motor 

length of main member 

length of support  member 

v e h i c l e ' s  mass 

damping constant  along the  main member 

damping constant  along the  support  member 

s l i d i n g  v e l o c i t y  along the  su r face ,  p o s i t i v e  along 
the  p d s i t i v e  X-axis 

s t a b i l i z a t i o n  rocke t  motor t h r u s t  

s t a b i l i z a t i o n  rocke t  motor burning t i m e  

i n i t i a l  v e r t i c a l  v e l o c i t y ,  p o s i t i v e  downward 

i n i t i a l  h o r i z o n t a l  v e l o c i t y ,  p o s i t i v e  va lue  g ives  a 
component along the  p o s i t i v e  X d i r e c t i o n  

weight of v e h i c l e  a t  luna r  s u r f a c e ,  mg 

weight of v e h i c l e  on e a r t h  

i v  



Symbol 

X 

Y 

%1' %2 

% f f >  &2ff 

'm10' 'm20 

% l o p '  %20p 
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DEFINITION OF SYMBOLS (Cont' d )  

Def in i t i on  

cen te r  of g r a v i t y  coordinate  along the  lunar  su r face  

cen te r  of g r a v i t y  coordinate  normal t o  t h e  lunar  su r face  

ang le  between t h e  v e r t i c a l  and the  l i n e  from the 
cen te r  of g r a v i t y  t o  the  f o o t  

t he  s t roke  p a r a l l e l  t o  t he  v e h i c l e ' s  l ong i tud ina l  axis 

i n i t i a l  value of 6, 

d e f l e c t i o n  along the main member, p o s i t i v e  d e f l e c t i o n  
loads the  member in compression 

d e f l e c t i o n  along the support  member, p o s i t i v e  d e f l e c t i o n  
loads the  member in compression 

the  s t roke  p a r a l l e l  t o  the v e h i c l e ' s  l ong i tud ina l  a x i s  
when the normal force becomes zero 

e l a s t i c  d e f l e c t i o n  along main member when crushing s t o p s  

p o s i t i v e  e l a s t i c  d e f l e c t i o n  along the support  member 
when crushing s tops ,  member i n  compression 

negat ive e l a s t i c  d e f l e c t i o n  (elongation) along the 
support  member when crushing s tops ,  member i n  tension 

t h e  "previous posi t ive"  o r  l a r g e s t  d e f l e c t i o n  i n  the  
main member which has previously been obtained i n  com- 
p res s  ion 

the  "previous posi t ive"  o r  l a r g e s t  d e f l e c t i o n  i n  t h e  
support  member which has  previously been obtained i n  
compress ion 

the "previous negative" o r  l a r g e s t  negat ive d e f l e c t i o n  
(elongation) i n  the support  member which has previously 
been obtained i n  tension 

s lope  of the lunar su r face  from the h o r i z o n t a l ,  
p o s i t i v e  counterclockwise 

V 



Symbol 

P1Y c12 

D E F I N I T I O N  OF SYMBOLS (Cont' d) 

Def in i t i on  

angle  between the  t o t a l  force and the component of 
t o t a l  fo rce  normal t o  su r face ,  p o s i t i v e  f o r  p o s i t i v e  
t angen t i a l  f o r c e  

1101, Po2 l i m i t i n g  value of p, or  angle  of f r i c t i o n  

t an  pol, t a n  pO2 c o e f f i c i e n t  of f r i c t i o n  

cp veh ic l e '  s a t t i t u d e  angle ,  p o s i t i v e  counterclockwise 
and zero when the long i tud ina l  a x i s  i s  v e r t i c a l .  

* 

v i  
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SUMMARY 

Two-dimensional equations a r e  presented f o r  use i n  touchdown 
dynamics a n a l y s i s  of spacec ra f t  with hinged l e g s  including e l a s t i c ,  
damping, and crushing e f f e c t s .  Purpose of the r e p o r t  i s  t o  document 
the  equations.  

SECTION I. INTRODUCTION 

I n  t h e  o v e r a l l  study of the design and performance of the Saturn V 
lunar  l o g i s t i c s  v e h i c l e ,  a n a l y s i s  of touchdown dynamics of the landing 
s t a g e  i s  an important p a r t .  Such ana lys i s  inf luences the landing s t age  
design a s  we l l  as placing l i m i t s  on the  permissible  v e r t i c a l  and h o r i -  
zon ta l  v e l o c i t i e s ,  v e h i c l e  a t t i t u d e ,  and p i t c h  r a t e  a t  touchdown f o r  
a given design. 

A touchdown dynamics program had previously been developed [l] and 
w a s  used i n  t h e  MSFC study of touchdown motion f o r  t he  Lunar Log i s t i c s  
System [2] .  These equat ions,  however, did not  account f o r  e l a s t i c  e f f e c t s  
b u t  assumed t h a t  t h e  crushable mater ia l  i n  the l e g s  began t o  absorb 
energy upon impact without any p r io r  e l a s t i c  d e f l e c t i o n .  While i t  was 
recognized t h a t  t he  veh ic l e  would have some e l a s t i c  d e f l e c t i o n ,  t he re  
w a s  n o t  s u f f i c i e n t  apprec i a t ion  f o r  the magnitude of t h i s  d e f l e c t i o n .  
A f t e r  the MSFC Lunar Log i s t i c  System study w a s  completed, the Space 
Technology Laborator ies  received a con t r ac t  f o r  a "Comparative Design 

NAS8-11022). The STL designs show t h a t  t he  e l a s t i c  spr ing constant f o r  
each l e g  i s  so low t h a t  considerable e l a s t i c  s t r o k e  is  experienced before  
the  l e g s  s tar t  crushing. For a v e r t i c a l  landing on a l e v e l  surface,  the 
energy s to red  i n  e l a s t i c  de f l ec t ion  i s  about 30 percent  of the i n i t i a l  

Study 01 ;viodular Stage Coi;cepts fer T l l n - r  --..-& y-rr C l l n n l x 7  nnora -~ _ _ _ _ _ _ _ _ _  t innnlf  (rant- ,--..- rac t  
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k i n e t i c  energy [ 3 ] .  Thus, t he  veh ic l e  would bounce o f f  the  sur face  wi th  
a ve loc i ty  of about h a l f  the  i n i t i a l  touchdown v e l o c i t y .  I f  the  veh ic l e s  
considered f o r  lunar  landing a c t u a l l y  do have this l a r g e  a percentage of 
energy s tored  i n  e l a s t i c  d e f l e c t i o n ,  then i t  i s  t o  be expected t h a t  the  

. e f f e c t  of t h i s  would s i g n i f i c a n t l y  a l t e r  t he  touchdown dynamics motion. 

The purpose of t h i s  r e p o r t  i s  t o  document the  equat ions which have 
been developed f o r  a new touchdown dynamics program f o r  spacec ra f t  wi th  
hinged legs including e l a s t i c ,  damping, and crushing e f f e c t s  i n  both 
the  main and support  l eg  members. The new program should prove t o  be a 
va luable  ex tens ion  t o  the  touchdown dynamics a n a l y s i s  c a p a b i l i t y  a v a i l -  
ab l e  f o r  f u t u r e  a n a l y s i s  requirements.  The author  i s  indebted t o  
M r .  John D. Capps, Computation Laboratory, who programed the  equat ions 
f o r  the  GE 225 d i g i t a l  computer. 

SECTION 11. MATHEMATICAL MODEL 

The equat ions were developed corresponding t o  the  two-dimensional 
model shown i n  Figure 1. This model i s  adequate f o r  a n a l y s i s  of e i t h e r  
th ree-  or four-legged v e h i c l e s .  Motion takes  p lace  i n  a plane such that  
two l egs  contac t  t he  su r face  s imultaneously f o r  t he  four-legged v e h i c l e .  
For the  three-legged v e h i c l e ,  e i t h e r  t he  double l e g  o r  s i n g l e  l e g  can 
i n i t i a l l y  touchdown. Both the  main (upper) and support  (lower) member 
f o r  each l e g  i s  assumed t o  undergo some e l a s t i c  d e f l e c t i o n  wi th  damping 
before  the force  i s  s u f f i c i e n t  t o  begin crushing the  i n e l a s t i c  crushable  
ma te r i a l .  The main member crushes under compression only,  bu t  the  sup- 
p o r t  member i s  designed s o  t h a t  crushable  m a t e r i a l  l i m i t s  the  load i n  
both tension and compression. The fo rce  along the  support  member requi red  
t o  crush i n  tens ion  may be d i f f e r e n t  from t h a t  r equ i r ed  t o  crush i n  com- 
press ion .  

T h e . i n i t i a 1  cen te r  of g r a v i t y  coordinate  normal t o  the  luna r  su r face  
i s  

yo = ( L ~  - 81to) cos (cpo - e) + L~ s i n  (cp, - e ) ,  

where E l t o  i s  t he  i n i t i a l  va lue  assumed f o r  t he  s t r o k e  of the f i r s t  l e g .  
This value i s  usua l ly  zero.  This means the  v e h i c l e  has  j u s t  touched 
down on the sur face .  
s o l u t i o n  with the  f i r s t  l e g  o f f  t he  s u r f a c e .  
of 8lto i s  a negat ive number. 

For some cases ,  i t  may be d e s i r a b l e  t o  begin the  
I n  such cases ,  t he  va lue  
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The i n i t i a l  v e l o c i t 9  components of t h e  cen te r  of g r a v i t y  normal and 
p a r a l l e l  t o  t he  su r face  a r e  

yo = - Vv cos e - vh s i n  e 

Xo = Vh cos 8 - Vv s i n  e. (3) 

The s t r o k e  p a r a l l e l  t o  the v e h i c l e ' s  l ong i tud ina l  a x i s  f o r  the f i r s t  
l e g  i s  

61 = L2 - Y sec (cp - e) + L, t an  (cp - e) .  ( 4 )  

I f  6, < 0, t h e  f i r s t  l e g  i s  o f f  t h e  su r face  and a l l  fo rces  r e l a t i n g  t o  
the  l e g  are zero.  I f  6, 2 0, the leg is  on the su r face  and the r a t e  of 
s t r o k i n g  i s  obtained by 

$, = - li + & t a n  (cp  - e ) ,  

where 

Before the  s t rok ing  r a t e  can be obtained from Equation (5), the  ra te  a t  
which the dimension, a ,  i s  varying must be obtained. This i s  found. t o  
depend, among o the r  t h ings ,  upon the r a t e  t h a t  the f o o t  is s l i d i n g .  The 
p o s i t i o n  of t he  f i r s t  f o o t  along the X-axis may be expressed by 

s, = x - x1, (7) 

where X i s  the  coordinate of the center of g r a v i t y  and X1 is 

The s l i d i n g  r a t e  i s  thus 

8, = ir + L ~ C ,  s i n  (cp - e )  - i cos (cp - e )  + ( L ~  - sl>+ cos ( cp  - e )  

- 6, s i n  (cp - e ) .  (9) 
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Now, s ince  

Y = ( L ~  - 6,) COS (cp - e) + L, s i n  (cp - e) ,  

then 

(11) S, = i + Y;P - i cos (9 - e )  -6, s i n  (cp - e ) .  

Subs t i t u t ion  of Equation (5) i n t o  Equation (11) and solving f o r  A y i e l d s  

A t  any given time, everything is  known t o  ob ta in  5 except t he  r a t e  
of s l i d i n g  of t he  foo t .  
It i s  f i r s t  assumed t h a t  the  s l i d i v g  r a t e ,  $,, i s  zero.  Equations (11) 
and ( 5 )  a r e  then solved f o r  and 6,. The d e f l e c t i o n  r a t e s  i n  the  main 
and support  member a r e  then obtained:  

The proper s l i d i n g  r a t e  i s  obtained by i t e r a t i o n .  

a a )  L s l  ijSl = (cij, - 

where 

x 
Lml = (a2 + b2) 

Ls 1 = (a2 + c2)x.  (17) 

A t  any given time, the  d e f l e c t i o n  of t he  w i n  and suppor t  members a r e  
known from 

- 
&Sl - Lslo - Lsl* 
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The fo rce  i n  the  main member is then obtained from one of the following 
equations : 

Fcl = 0 
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The force i n  the s u p p o r t  member i s  obtained from one of the f o l l o w -  
ing e q u a t i o n s  : 

( 2 5 )  
- 

Fsl - cs16sl + R s l L  

6sl 2 0 

%l - % l o p  

s l p p  - %Op 

< o  

< o  6 

- 
Fsl - c s l o p  

6sl 2 0 

%l - % l o p  

%l - % l p p  

2 0  

> O  

- 
Fsl - cs1(6sl - % l p p  + + R s 1 i s 1  

SSl h 0 

&Sl - % l p p  

6sl - 6' s l p p  + & s l o p  > 0 

5 0  

Fsl = 0 

= C  6 + R  & 
Fs 1 sl sl sl sl 

6sl z a 

6sl - %pp + & s l o p  
s o  

%l < O 

%l - 's 1 On 

% l p n  - %10n > o  

> o  
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- 
Fsl - 's 1 On 

6sl < O 

6sl - 's 1 On 

'SI - 'slpn 

5 0  

< o  

Fsl = 0 

< o  ..6s 1 

2 0.  - 'slpn + 's10n 

There a r e  e i g h t  equations f o r  Fs l  corresponding t o  e i g h t  s e t s  of 

A s  the f i r s t  l e g  con tac t s  t he  su r face ,  the 
condi t ions on the  d e f l e c t i o n .  
w i th  t h e  a i d  of Figure 2. 
l e g  w k l l  begin t o  shorten due t o  compression, or e longate  due t o  tension.  
Assume, f o r  example, t h a t  t he  l eg  begins t o  compress. Equation (25) w i l l  
be used u n t i l  6sl 2 6s1op a f t e r  which Equation (26) w i l l  be used. 
Fsl > C s l o p  while using Equation ( 2 5 ) ,  Fsl i s  se t  equal t o  C s l o p .  
l e g  continues t o  crush u n t i l  
and the  e l a s t i c  d e f l e c t i o n  (which is equal t o  6 s ; ~ p  as 6,1 goes t o  zero) 
begins  t o  reduce. Equation (27) i s  now used u n t i l  
I f  Fsl  becomes l e s s  than zero using Equation (27), the  fo rce  is s e t  t o  
zero.  The fo rce  remains zero as the l e g  elongates  u n t i l  t he  n e u t r a l  
d e f l e c t i o n  (6,1 = 0) is  reached. Continued elongat ion w i l 1 , p l a c e  the 
l e g  i n  t ens ion  and Equation (29) i s  used. Equations (29) through (32), 
when the  l e g  i s  elongated (6sl  < 0) ,  a r e  used i n  the same way as Equa- 
t i o n s  (25) through (28) when the leg is  shortened. The a d d i t i o n a l  
r e s t r i c t i o n  on Equation (ZSj t h a t  Ss lpp  < 6,1oP I S  ficzded to keep 
Equation (25) from being used whenever 6,lPp < 2GS1op and 
1 ess than 6,1 oP again.  

These equations can b e s t  be discussed 

I f  
The 

5 GslPp, a t  which t i m e  crushing s tops  

- 'slop. I 6,lPp 

becomes 



a 

Once the  rorces  Fcl and Fsl a r e  obtained (having assumed 8, = 0),  
t he  normal and t angen t i a l  force$ a c t i n g  on the  f o o t  a r e  obtained: 

cos (51 f 0 - cp) ( 3 3 )  Fnl - - Fcl COS (’91 8 - Cp) + Fsl  

Ftl = Fcl s i n  (vl + 0 - cp) + Fsl s i n  ( 5 1  + 8 - cp) ( 3 4 )  

where 

7 = t an - l ( a /b )  

= t a n - l ( a / c ) .  

Then, 

( 3 5 )  

( 3 6 )  

I f  I tan pl( 5 t an  pol, then the  assumption t h a t  k1 = 0 is  c o r r e c t  and 
the  f o o t  is a t  r e s t .  However, i f  I tan pll > t an  pol, t he  f o o t  cannot 
be a t  r e s t  bu t  must be moving a t  some r a t e  along the  su r face .  The pro- 
per  s ign  fo r  8,  i s  opposi te  the s ign  obtained f o r  tan  p1 s i n c e  the  
t angen t i a l  fo rce  a c t s  t o  oppose the  s l i d i n g  motion. A value  f o r  8, is  
then chosen ( the  magnitude of which i s  made p ropor t iona l  t o  l t a n  p l l  - 
t an  pol) and new va lues  f o r  B and 8, obtained.  
and another tan p obtained.  
such t h a t  l t a n  pll = t an  pol. 

The process  i s  repea ted  
The proper s, is obta ined  by i t e r a t i o n  

Once the  proper fo rces  have been obtained f o r  t he  f i r s t  l e g ,  the  
forces  i n  the  second l eg  a r e  obtained i n  a similar manner. Most of t he  
time, only one l e g  or t h e  o the r  is i n  con tac t  s imultaneously.  Usual ly ,  
t he  f i r s t  leg w i l l  leave the  su r face  be fo re  the  second l e g  comes i n  con- 
t a c t ,  and the  veh ic l e  w i l l  be i n  f r e e  f l i g h t .  
from Equation (33) becomes negat ive ,  the  f o r c e s  a r e  s e t  t o  zero and the  
l eg  i s  of f  t h e  sur face .  
the surface i s  designated as 61ff .  
remain l e s s  than 61f f ,  t he  l eg  is  o f f  t h e  s u r f a c e  and the  f o r c e s  on the  
l eg  remain s e t  t o  zero. 

When the  normal fo rce  

The va lue  of 61 a t  t he  moment t h e  l eg  leaves  
A s  long as subsequent va lues  of 6 1  
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A s  the  second l e g  con tac t s  t h e  su r face  f o r  the f i r s t  time (Fj2 2 0),  
f o r c e s  i n  t h i s  l e g  w i l l  begin t o  develop. 
v e h i c l e ' s  l ong i tud ina l  a x i s  f o r  t h e  second l e g  i s  

The s t r o k e  p a r a l l e l  t o  the  

62 = L 2  - Y s e c  (cp - e)  - L3 t an  (cp - e ) ,  (38) 

and the  s t rok ing  ra te  i s  

- '6, = - c - ;Z t a n  (cp  - e ) ,  

where 

(39) 

Before the s t rok ing  r a t e  can be determined from Equation (39 ) ,  the 
r a t e  a t  which t h e  dimension, d,  i s  varying must be obtained. This 
depends upon the r a t e  t h a t  t he  second f o o t  i s  s l - id ing .  ,The pos i t i on  
of t he  second f o o t  along the X-axis may be expressed by 

s, = x + x,, (41 1 

where 

X, = (L2 - 6,) s i n  (cp - e) + L3 cos (cp  - e ) .  (42) 

Therefore ,  

Y = ( L ~  - 62) cos (cp  - e) - L3 s i n  (cp - e ) ,  ( 4 4 )  
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then, 

S2 = X + Y+ - 62 s i n  (cp - e )  + d cos (cp  - e) .  

Subs t i t u t ion  of Equation (39) i n t o  Equation (45) and solving f o r  d 
y i e l d s  : 

45) 

d = - E s i n  (cp - e) cos (cp - e )  - (X + yip - S2)  cos (cp - e ) .  (46) 

A s  before,  i t  is  f i r s t  assumed t h a t  the s l i d i n g  r a t e ,  S2, i s  zero 
The d e f l e c t i o n  r a t e s  i n  the main member and and 2 and 6, is  obtained. 

support  member a r e  then obtained: 

km2 = (ek2 - dd)/Lm2 

ss, = (fii, - di) /Ls2 

where 

e = bo - E2 

f = co - 82 

z 
Lm2 = (d2 + e") 

= (d" + f 2 ) z  . Ls 2 

The d e f l e c t i o n  i n  the members i s  obtained from 

= L  & s 2  s20 - Ls2. 

(47 1 

(48) 



, ' .  
11 

The f o r c e  i n  the main member i s  then obtained from one of t he  following 
equations : 

Fc2 = 0 

6m2 < 0. 
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The force i n  t h e  support  member of the  second l e g  i s  obtained from one 
of the following equations: 

Fs2  = c  s 2  6 s 2  + R s 2 2 2  (60) 

6s2 2 0 

%2 - %20p < o  

6 s2pp - %20p < o  

- 
Fs2  - %20p 

6s2 2 0 

&s2 - %20p 

% 2  - %2pp 

2 0  

> O  

(62) - 
Fs2 - %2(%2 - 6s2pp + 6s20p) + R s 2 i 2  

SS2 2 0 

&s2  - %2pp 

6s2  - %2pp + %20p 

5 0  

> O  

Fs2 = 0 (63 

6s2 2 0 

&s2 - %2pp + %20p 
s o  

Fs2 = cs26s2 + Rs26s2 (64) 

%2 < O 

6s2  - %20n > o  

s2pn - ‘s20n 
> O  6 



Fs2 = 0 

Once the  fo rces  Fc2 and Fs2 a re  obtained (having assumed S2 = 0) ,  
the  normal and t angen t i a l  fo rces  ac t ing  on the  f o o t  are obtained: 

where 

V 2  = tan-'(d/e) 

E 2  = t a n - l ( d / f ) .  . 
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I f '  [ t a n  p21 5 tan pO2, then the assumption t h a t  3, = 0 is c o r r e c t  
and the foot is a t  r e s t ;  
r e s t  b u t  is s l i d i n g .  
s i t e  t o  t h a t  qbtained f o r  t an  p2 and new values  f o r  d and ?52 obtained 
from Equations (46) and ( 3 9 ) .  The proper S2 is  obtained by i d r a t i o n  
such t h a t  I t an  p21 = t an  pO2. 

I f  l t an  p21 > tan pO2, the  f o o t  cannot be a t  
A value f o r  S2 is  then chosen q i t h  the  s ign  oppo- 

After t he  fo rces  have been determined, the a c c e l e r a t i o n s  a r e  
From Newton's second l a w ,  obtained from the  equations of motion. 

.. 
my = Fnl + Fn2 - W cos 8 - (T, + T2) cos (cp - 8) 

mk2@ = (Ftl + Ft2)Y + F X, - F n2 n l  X, + T,L', - T2L5 

where T, and T, a r e  downward d i r e c t e d  s t a b i l i z a t i o n  rocke t s .  

The s t a b i l i z a t i o n  rocke t s  a r e  r ep resen ted  by 

T, = K, K, # 0 ,  t < t l b  

Tl = K l O  



This r ep resen ta t ion  provides  s u f f i c i e n t  f l e x i b i l i t y  t o  account f o r  a 
number of rocke t  s t a b i l i z a t i o n  schemes. For example, one scheme might 
be a s i n g l e  rocke t  motor which i g n i t e s  upon i n i t i a l  contac t  and d i r e c t e d  
downward through the  v e h i c l e ' s  center  of g r a v i t y .  For t h i s  case,  

K, f 0, tlb # 0 

I f  t h e  rocke t  does no t  i g n i t e  upon contac t  of t he  f i r s t  l e g  bu t  does 
upon con tac t  wi th  the  second l eg ,  then 

I f  rocket: motors a r e  a t t ached  along the  s i d e  of a three- legged veh ic l e ,  
then,  

The a c c e l e r a t i o n s  obtained from the  equat ions of motion a r e  i n t e -  
g r a t e d  numerical ly  f o r  new va lues  of v e l o c i t y  and p o s i t i o n .  

k = k o + ] P d t  

x = x o +  J X d t  

Y = Y o + J k d t  

X =  X d t  
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r 

a = a o +  1 B d t  

d = d o +  J d d t  (89) 

L, = L, + a (90) 

' The e n t i r e  process i s  repeated s t a r t i n g  with Equation ( 4 )  f o r  a new 
time s t e p .  While the  f i r s t  l eg  i s  i n  con tac t ,  very  small computing 
i n t e r v a l s  a r e  used i n  order  t o  r e t a i n  accuracy and a l s o  t o  keep the 
i t e r a t i o n  procedure on s, under con t ro l .  
t he  sur face  and the v e h i c l e  i s  i n  f r e e  f l i g h t ,  l a r g e r  computing i n t e r -  
v a l s  can be used. When the  second l e g  impacts, t he  smaller  computing 
i n t e r v a l  i s  aga in  necessary.  Af t e r  the  second l e g  leaves  the  su r face  
and the  vehic le  i s  aga in  i n  f r e e  f l i g h t  (Fj l  < 81ff and 82 < 6 2 f f ) ,  t he  
l a r g e r  computing i n t e r v a l  is  aga in  used. 

Af t e r  t he  f i r s t  l e g  leaves  

For the downhill landing ( p o s i t i v e  Vh and negat ive  e ) ,  the  v e h i c l e  
impacts on t h e  f i r s t  ( u p h i l l )  l e g ,  goes i n t o  f r e e  f l i g h t  w i th  a r o t a -  
t i o n a l  motion toward tumbling (@ < 0) ,  impacts on the  second l e g ,  and 
then again goes i n t o  f r e e  f l i g h t .  A s  t he  second l e g  leaves  the  su r face  
(E2 < 82f f ) ,  the  r o t a t i o n a l  r a t e ,  4, may be p o s i t i v e .  If so, the  run 
is  stopped s ince  the  v e h i c l e  w i l l  no t  tumble, b u t  merely continue t o  
bounce on f i r s t  one l eg  and then the  o the r  a s  i t  cont inues t o  move down- 
h i l l  wi th  l e s s  and l e s s  amplitude of t he  bouncing motion. I f  4, i s  nega- 
t i v e ,  t he  motion is  continued u n t i l  the  second l e g  impacts aga in  and @ 
becomes pos i t i ve  ( fo r  a s t a b l e  landing) ,  o r  u n t i l  t h e  v e h i c l e ' s  cen te r  
of g r a v i t y  passes over t he  downhill f o o t  (a2 < 0) f o r  a tumble, The 
angle ,  a,, is given by 
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Two equat ions a r e  necessary s ince  the v e h i c l e  can go uns tab le  i n  e i t h e r  
f r e e  f l i g h t  or  while t he  second l eg  is i n  contac t .  

For an u p h i l l  landing (negative Vh and negat ive e ) ,  t h e  veh ic l e  , 

impacts on the  f i r s t  (uph i l l )  l eg  and subsequently e i t h e r  tumbles u p h i l l  
o r  begins r o t a t i n g  toward the second (downhill) l eg .  The run is  stopped 
i f  t he  center  of g r a v i t y  passes  over the  u p h i l l  f o o t  (a, < 0). The 
angle ,  a,, i s  given by 

a1 = - cp 

( 9 4 )  

( 9 5 )  

Determination of when t o  p r i n t  w a s  r a t h e r  tedious.  The p r in t -ou t  
opera t ion  i s  a time consuming process s o  t h a t  the  p r i n t i n g  is held t o  
j u s t  enough p r in t -ou t  a t  spec ia l  times t o  obta in  a c l e a r  p i c t u r e  of t he  
motion. A s  the  veh ic l e  impacts on the f i rs t  l eg ,  i t  is  des i r ab le  t o  
know when the  main and support  members start  crushing and when they 
s top  crushing,  It is d e s i r a b l e  t o  know when the  foo t  starts o r  s tops  
s l i d i n g ,  when the  v e h i c l e ' s  r o t a t i o n a l  motion changes d i r e c t i o n ,  when 
t h e  v e h i c l e  goes i n t o  f r e e  f l i g h t ,  the  maximum d i s t ance  from the sur-  
f a c e  the  veh ic l e  a t t a i n s  in  f r e e  f l i g h t ,  when the secpnd l eg  impacts, 
and so f o r t h .  After  some considerat ion of t h i s  problem, the  program 
has been coded t o  p r i n t  whenever the events  occur t h a t  a r e  l i s t e d  
i n  Table I. The da ta  t h a t  is pr in ted  i s  l i s t e d  i n  Table 11, and the  
inpu t  da ta  needed t o  begin a run a re  l i s t e d  i n  Table 111. 

In some cases ,  i t  i s  des i r ab le  t o  continue the so lu t ion  beyond 
the  time when the s t a b i l i t y  t e s t s  would normally s top  t h e  run. This 
'is t r u e ,  f o r  example, when maximum crushing s t rokes  a r e  the da ta  
desired c?r when the t o t a l  t r a v e l  d i s tance  downhill from the  i n s t a n t  
of impact i s  des i red .  For such cases,  the  s t a b i l i t y  t e s t s  f o r  s top-  
ping the  run is  bypassed and the  run is  stopped manually. 
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SECTION 111. CONCLUSIONS 

1. While the equations described i n  t h i s  r e p o r t  w i l l  more accur-  
a t e l y  represent  the touchdown dynamics motion during lunar  landing than 
those used previously,  more exact  dup l i ca t ion  of t he  landing s t r u t  loads 
and de f l ec t ions  i n  th ree  dimensions may be r equ i r ed  f o r  r e f i n e d  r e s u l t s .  

2. These equations should be adequate, however, f o r  general  
i nves t iga t ions  of the touchdown dynamics problem. Since the  STL pro- 
gram assumes the  crushing fo rce  i s  constant  normal t o  the  luna r  su r -  
f ace  r a t h e r  than along the s t r u t  member and a l s o  does not  account f o r  
the changes i n  the l eg  spread as the l e g  d e f l e c t s ,  t hese  equat ions w i l l  
y i e l d  somewhat d i f f e r e n t  r e s u l t s  than would be obtained wi th  the  STL 
program. 
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TABLE I 
PRINT-OUT EVENTS 

A p r in t -ou t  i s  -’de whenever any of the fol lowing events  occur: 

S, o r  S, changes from # 0 t o  0 o r  from 0 to # 0 

changes from # 0 t o  0 o r  from 0 t o  # 0 Fnl Or Fn2 

6ml, €im2, 6sl, o r  6s2 changes s ign  

+, i ,  o r  $ .  changes s ign  

a, or  a2 becomes negat ive 

‘ml ’ ‘mlo o r  6m2 2 sm20 f o r  the  f i r s t  time, 

& S l  %lop  Or %2 ‘s20p f o r ’ t h e  f i r s t  time 

f o r  the  f i r s t  time 
‘SI ‘ ‘s10n Or ‘82 ‘ ‘s20n 

F c l  > ‘mlo 

Fcl < 0 o r  Fcl 

Fc2 < 0 o r  Fc2 

Or Fc2 > ‘In20 from Equations (20) or  (55) 

from Equation (22) > ‘mlo 

from Equation (57) > ‘m20 

s 2  ’ ‘s20p from Equations (25) or (60) o r  F Fsl > ‘slop 

Fsl < 0 or Fsl > ‘slop from Equation (27) 

Fs2 < O Or Fs2 >‘s20p from Equation (62) 
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TABLE I (Cont’d) 

f r o m  Equations (29) or ( 6 4 )  F s ~  < ‘slon Or Fs2 < ‘s20n 

Fsl > 0 o r  Fsl < ‘slon 

Fs2 > 0 o r  Fs2 ‘ ‘s20n from Equation ( 6 6 )  

f r o m  Equation (31) 

t 
s e c  

P 
i n f s e c  

61 

Ft2 

i n  

l b  

h 

$2 

i n l s e c  

i n f s e c  

.. 
X 

in / sec2  

4, 
deglsec 

62 
i n  

a1 
deg 

hl 

Fc1 

i n  

l b  

TABLE I1 

PRINT-OUT DATA 

ii 
i n / sec2  

X 
i n  

Fn1 
l b  

%1 
i n  

Fs 1 
l b  

ii, 
r ad / sec2  

Y 
i n  

Fn 2 
l b  

a 
i n  

b 2  
i n  

Fc2 
l b  

I( 
i n f s e c  

F t 1  
l b  

d 
i n  

6s 2 
i n  

Fs 2 
l b  
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TABLE 111 

INITIAL DATA 

vv 
'h 
0 

'PO 

%lo 
h 2 0  

CdOp 
cs20p 

C s  1 On 

C s  20n 

&1 

%2 

Rs 1 

3s 2 

mlsec 

m/ s e c  

deg 

deg 
deg/sec 

- 
- 

in2 

in/sec2 

l b  

l b l  i n  

l b /  i n  

l b /  i n  

l b /  i n  

l b  

l b  

l b  

l b  

l b  

l b  

lb - sec / in  

lb - sec / in  

lb - sec / in  

1% = s e c/ iQ 

%lo 
b 2 0  
6slOp 

6s 20p 

6s 1 On 

6s 20n 

61 t o  

d0 

L2 
L5 
L7 

i n  

i n  
i n  

i n  

i n  

i n  

i n  

i n  

i n  
i n  

i n  

i n  

i n  

i n  

l b  

lb 

l b  

l b  

sec 

sec 

i n  

i n  
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