
b 

F I N A L  REPORT ON 
DES1 GN DOCUMENTATION AND 

T E S T  HARDMARE FOR AN 
E N G I N E E R I N G  MODEL OF A 

SERPENTUATOR 

CONTRACT N A S 8 - 3 0 1 6 6  

https://ntrs.nasa.gov/search.jsp?R=19700015006 2020-03-12T02:39:59+00:00Z



A S I  rR69-8 

FINAL REPORT ON 
DESIGN DOCUMENTATION AND 

TEST KARDNARE FOR AN 
E N G I N E E R I N G  MODEL OF A 

SE RP ENTUATO R 

CONTRACT NAS8-30166 

J .  R .  Loyh  111 
P r o j e c t  E n g i n e e r  

To:  N a t i o n a l  A e r o n a u t i c s  & Space 

George C .  M a r s h a l l  Space 

M a r s h a l l  Space F l i g h t  C e n t e r ,  

Admi n i  s t r a t i  o n  

F1 i g h t  C e n t e r  

A1 abama 3581 2 

As t ro . -Space L a b o r a t o r i e s ,  I n c .  
1 I Q  Wynn D r i v e ,  N. W .  

H u n t s v i  1 l e ,  A 1  ab.ama 35806 



TABLE O F  CONTENTS 

Page 

INTROPUCTION 

GENERAL D E S C R I P T I O N  OF SERPENTUATOR 

STRESS ANALYSIS 
. .  . D r i v e  T r a i n  

L i n k a g e  
I 

KINEMATIC ANALYSIS 

*' FABRICATION 

WEIGHT ANALYSIS 

CONCLUSIONS AND RECOMMENDATIONS 
C o n c l u s i o n s  
Recommendat ions 

1 

2 

5 
5 

28 

30 

34 

3 7  

3 9  
3 9  
40 

ii 



I N T R O  D U  CT I ON 

Under N a t i o n a l  A e r o n a u t i c s  a n d  Space A d m i n i s t r a t i o n ,  
George C .  Marsha l l  Space F l i g h t  C e n t e r ,  Alabama, C o n t r a c t  
Number NAS8-30166, a n d  unde r  t h e  d i r e c t i o n  of t h e  M&E Labora-  
t o r y ,  As t ro -Space  L a b o r a t o r i e s ,  I n c . ,  (ASL) d e s i g n e d ,  f a b r i -  
c a t e d ,  and t e s t e d  a S e r p e n t u a t o r  f o r  i n t e r v e h i c u l a r  pe r fo rm-  
ance .  

The S e r p e n t u a t o r  s o  d e s i g n e d ,  f a b r i c a t e d ,  a n d  t e s t e d  
i s  an  e n g i n e e r i n g  model of c o n t r o l l a b l e ,  mechanica l  l i n k a g e  
t o  be used  t o  d e t e r m i n e  t h e  f e a s i b i l i t y  of  u s i n g  such  a d e v i c e  
f o r :  1 )  M a t e r i a l  h a n d l i n g  w i t h  t h e  O r b i t a l  Workshop, a n d ,  
2 )  a s  an  e x t e n s i o n  of  t h e  f o r t y  ( 4 0 )  f o o t  ATM S e r p e n t u a t a r  
t o  l o c a t e  t i p  s e n s o r s  f o r  i n s p e c t i o n  of t h e  e x t e r i o r  of  t h e  
OMS c l u s t e r ,  or t o  p o s i t i o n  e a r t h  l o o k i n g  o r  c l u s t e r  l o o k i n g  
e x p e r i m e n t s .  

The un ique  l i n k a g e  used  i n  t h i s  e n g i n e e r i n g  model S e r p e n t u a -  
t o r  was deve loped  by ASL pr ior  t o  t h e  i n i t i a t i o n  of t h i s  
c o n t r a c t .  T h i s  deve lopment  was  due t o  t h e  obv ious  need f o r  
a f o l d a b l e ,  movable ( p l u s  o r  minus 180" )  l i n k a g e  f o r  i n t e r -  
v e h i c u l a r  S e r p e n t u a t o r  t a s k s .  

The r a t h e r  complex mechanica l  l i n k a g e  can b e s t  be d e s c r i b e d  
as an " a n g l e  m u l t i p l i e r "  a r r a n g e m e n t  by which t h e  i n p u t  a n g l e  
a p p l i e d  t o  t h e  f i r s t  member of  t h e  l i n k a g e  i s  m u l t i p l i e d  by a 
f a c t o r  of a p p r o x i m a t e l y  s i x  ( 6 )  t h r o u g h  t h e  l i n k a g e .  

S i n c e  t h e  i n p u t  a n d  o u t p u t  work  must be t h e  same,  ( l e s s  
f r i c t i o n )  t h e  p e n a l t y  p a i d  f o r  t h e  " a n g l e  m u l t i p l i e r "  e f f e c t  
i s  t h e  n e c e s s i t y  of a p p l y i n g  q u i t e  h igh  f o r c e s  t o  t h e  i n p u t  
l i n k a g e .  The load  c a r r y i n g  s t r u c t u r a l  members were s t r e s s e d ,  
a n d ,  where n e c e s s a r y ,  h i g h  s t r e n g t h  s t e e l  or aluminum a l l o y  
was s e l e c t e d .  



S h o r t l y  a f t e r  d e s i g n  a p p r o v a l ,  t h e  p r o j e c t e d  f a b r i c a t i o n  
and assembly  c o s t s  were e s t i m a t e d  from approved  s h o p  d r a w i n g s  
and found t o  exceed  the  v a l u e  of the  above c o s t - p l u s - f i x e d  
f e e  c o n t r a c t .  The d e c i s i o n  was made t o  r educe  t h e  hardware  
t o  s t a y  w i t h i n  t h e  o r i g i n a l  c o n t r a c t  v a l u e .  

B r i e f l y ,  t h e  number o f  l i n k s  was r educed  from f o u r  t o  
t w o ,  and t h e  r e d u n d a n t  s e a l i n g  i n s i d e  t h e  d r i v e  mechanism 
was e l i m i n a t e d .  When b u i l d i n g  t h e  t w o - l i n k  v e r s i o n ,  c a r e  
was t a k e n  t o  make the  n e c e s s a r y  p r o v i s i o n s  t o  a l l o w  the s y s t e m  
t o  be expanded t o  t h e  o r i g i n a l  f o u r  l i n k  v e r s i o n ,  o r  even 
more, a t  a l a t e r  d a t e .  

G E N E R A L  DESCRIPTION OF SERPENTUATOR 

P r e s e n t e d  below a r e  p e r t i n e n t  pe r fo rmance  and d e s i g n  
c r i t e r i a  a s  s t i p u l a t e d  i n  At tachment  A t o  C o n t r a c t  NAS8-30166. 

1. H i n g e  Movement 
2 .  Leng th ,  t i p - t o - b a s e  
3.  L e n g t h ,  t i p  t o  L i n k  #1 
4.  T i p  F o r c e ,  max. 
5 .  Number o f  L i n k s  

- + - 180" 
- 1 8  f e e t  
- 1 5  f e e t  
- 10 l b  
- 4  

6 .  I n t e r n a l  Pressure,  max. - 10 p s i g  
7 .  S p e c i f i c  G r a v i t y  of Sys tem - 1  
8. M i n i m u m  S t a t i c  Load S a f e t y  F a c t o r  - 3 

T h e  unique h i n g e  d e s i g n ,  a s  shown  on Ast ro-Space  Drawing 
#500253,  can be d e s c r i b e d  as  one c o n v e r t i n g  an i n p u t  o f  low 
a n g u l a r  movement - h i g h  f o r c e s  i n t o  an o u t p u t  of  h i g h  a n g u l a r  
movement - low f o r c e s .  

T h e r e f o r e ,  t o  a t t a i n  the  o u t p u t  pe r fo rmance  s e t  f o r t h  
i n  t h e  p r e c e d i n g  s p e c i f i c a t i o n  l i s t ,  w h i l e  r e s t r i c t i n g  t he  
d i a m e t r i c a l  s i z e  would be a f o r m i d a b l e  d e s i g n  problem.  
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I n  o r d e r  t o  s e l e c t  t h e  warst c a s e  a p p r o a c h ,  a s  f a r  as 
s t r e s s  i s , c o n c e r n e d ,  t h e  l i n k  n e a r e s t  t h e  b a s e  was a n a l y z e d  
t h r o u g h o u t  a s  h a v i n g  s u f f i c i e n t  power c a p a b i l i t y  t o  move a 
10 p o u n d  t i p  f o r c e  on a 15  f o o t  l e v e r  a r m ,  or t o  s u s t a i n  an 
e x t e r n . a l l y  a p p l i e d  fo rce  of  10  p o u n d s  a t  t h e  t i p .  

T h e  c o n c e p t  of  a t t a i n i n g  + - 180" maximum m o b i l i t y  i n  each  
. .  h i n g e  j o i n t  n e c e s s i t a t e d  p l a c i n g  t h e  main l e v e r  h i n g e  p o i n t s  
, ( s e e  Dwg. #500253 a g a i n )  on t h e  c e n t e r l i n e .  T h i s  i s  advan tageous  

f rom t h e  s t a n d p o i n t . o f  m o b i l i t y  and i m m u n i t y  t o  i n t e r n a l  
-. p r e s s u r i z a t i o n ,  b u t  i t  i s  a d i s a d v a n t a g e  from t h e  l e v e r a g e  

s t a n d p o i n t .  For  i n s t a n c e ;  t h e  l e v e r  arm fo r  t h e  i n i t i a l  f o r c e  
i m p a r t e d  t o  t he  h i n g e  j o i n t  i s  r e s t r i c t e d  t o  1 .375 i n c h e s ,  
by t h e  s i z e  o f  t h e  t u b i n g  a s  i s  shown  on  A S L  Drawing #500254,  
F i n d  Numbers 49 and 46. T h i s  l e v e r a g e  s i t u a t i o n  i s  a p p l i c a b l e  

. t o  a l l  t h e  i n d i v i d u a l  h i n g e  j o i n t  members. 

The n e t  o u t p u t  torque generated by t h e  l e v e r a g e  i s  

T o  = (15  f t ) ( l O  1 6 )  = 150 f t - l b s  (1800 i n - l b )  

I f  t h e  l i n k a g e  b e i n g  moved and t h e  a t t a c h e d  S e r p e n t u a t o r  
were a r i g i d  member, t h e  i n p u t  f o r c e ,  based  o n  a s i m p l e  r a t i o  
o f  t he  l e v e r  arms i s :  

= 1800/1 .375 = 1309 l b s  Fi n 

However, the  r a t i o  o f  f o r c e s  t h r o u g h  t h e  l i n k a g e  i s  
r educed  by t h e  same amount a s  t h e  a n g u l a r  movement i n c r e a s e s .  
The r a t i o  of i n p u t - t o - o u t p u t  a n g l e s  a v e r a g e s  o u t  t o  be a p p r o x i -  
ma te ly  6 .  T h i s  w i l l  be d i s c u s s e d  i n  more d e t a i l  l a t e r  i n  t h i s  
r e p o r t .  

T h e r e f o r e ,  f o r  t h e  maximum i n p u t - t o - o u t p u t  a n g l e  r a t i o  

3 



1 t o  6 . 5 ,  t h e  f o r c e  must be i n c r e a s e d  6 . 5  t o  1 ,  making 

F i n  
l o s s e s  i n  t h e  h i n g e  b u s h i n g s ,  the  t o t a l  g r o s s  i n p u t  f o r c e  
must be 

= 8508.5  l b s .  A s s u m i n g  20% must be added f o r  f r i c t i o n a l  

= ( 8 5 0 8 . 5 ) ( 1 . 2 )  = 10 ,210  l b s  
F i n t o t  

T h e  a c t u a l  f o r c e  t r a n s m i t t e d  a l o n g  t h e  a x i s  o f  t h e  b a l l  
screw m u s t  be s l i g h t l y  g r e a t e r  d u e  t o  t h e  o u t p u t  f o r c e  b e i n g  
t r a n s m i t t e d  t h r o u g h  an a n g l e  o f  a p p r o x i m a t e l y  8" w i t h  t h e  
b a l l  s c r e w  a x i s .  T h e  t o t a l  f o r c e  w h i c h  must be g e n e r a t e d  
a l o n g  the  a x i s  of  t h e  b a l l  screw t o  y i e l d  an h o r i z o n t a l  
component o f  1 0 , 2 1 0  pounds i s :  

F 1  = 1 0 , 2 1 0 / ~ 0 ~  8" 

F 1  = 10 ,300  l b  

T h i s  i s  t h e  l o a d  assumed f o r  d r i v e  t r a i n  s t r e s s  c a l c u l a -  
t i o n s  and s i z i n g  o f  o the r  d r i v e  . t r a i n  components .  T h i s  a n g u l a r  
c o r r e c t i o n  was not made i n  t h e  a n a l y s i s  i n c l u d e d  i n  the  F i r s t  
Monthly P r o g r e s s  Report. 

The i n p u t  t o r q u e  t o  t h e  b a l l  screw t o  a c h i e v e  an o u t p u t  
o f  F1  i s  

- (Lead)  (Load)  
T i n  - 21T e 

where 

Lead = Screw l e a d ,  0 . 2  i n  

Load = F1, 10 ,300  l b  

e = Screw e f f i c i e n c y ,  90% 

4 



then , 

From D r a w i n g  #500254,  i t  can be seen t h a t  t h e  b a l l  screw 

T h e  t o t a l  i n p u t  t o r q u e ,  
i n p u t  t o r q u e  i s  f i r s t  p a s s e d  t h r o u g h  a 200 t o  1 harmonic  d r i v e ,  
s o  t h a t  T i n  i s  365/200 = 1.82 i n - l b .  

= 40.9  i n - o z  

The power source i s  an  I n l a n d  torque m o t o r  #NT2173 c a p a b l e  
of  54  i n - o z  t o r q u e  a t  12VDC. 

STRESS A N A L Y S I S  

A t y p i c a l  S e r p e n t u a t o r  l i n k  i s  d i v i d e d  i n t o  t he  d r i v e  
t r a i n  s e c t i o n  (Dwg. #500254) ' ,  and t h e  h i n g e  s e c t i o n  (Dwg. 
#500253) .  The s t r e s s  a n a l y s i s  w i l l  cover  t h e s e  two a r e a s  i n  
t h e  above o r d e r .  

Dr ive  T r a i n  

T h e  me thod  of l o a d i n g  o n  t h e  s t r u c t u r a l  members o f  t h e  
d r i v e  t r a i n  s e c t i o n  deserves  some e x p l a n a t i o n .  

When the  screw i s  r o t a t e d  c l o c k w i s e  w h e n  l o o k i n g  f o r w a r d  
a l o n g  t h e  S e r p e n t u a t o r ,  t h e  maximum l o a d  i s  t r a n s m i t t e d  t o  
t h e  C o l l a r  (Dwg.  #301559) ,  then t o  t h e  r o l l e r  t h rus t  b e a r i n g ,  
t h e n  t o  t h e  Hous ing  (Dwg.  #301558) ,  t h e n  t o  the  s i x  No. 8-32 
screws ( F i n d  No. 2 0 ) ,  t hen  t o  t h e  B a l l  Screw Hous ing  (Dwg. 
#400981) ,  and f i n a l l y  t o  t h e  S l e e v e  (Dwg. #400985) ,  which 
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. .  
t r a n s m i t s  . the l o a d  back t o  t h e  preceding l i n k .  I t  s h o u l d  
be n o t e d  here ,  t h a t  n e i t h e r  t h e  t h i n  o u t e r  t u b e  (Dwg. #400984)  
n o r  t he  i n n e r  t u b e  (Dwg. #400985)  c o n t r i b u t e  t o  t h e  l o a d  
c a r r y i n g  c a p a b i l i t y  o f  t h e  d r i v e  t r a i n  u n i t .  T h e  p r i m a r y  
f u n c t i o n  o f  t hese  tubes  i s  t o  e f f e c t  a s e a l .  

. I n i t i a l l y ,  i t  was a n t i c i p a t e d  t h a t  t h e  H o u s i n g  (Dwg. 
a i  #400981)  would need  t o  be made o f  some t y p e  o f  s t e e l  t o  
. u t i l i z e  t h e  b e s t  p o s s i b l e  m a t e r i a l  s t r e n g t h .  However, t h e  

.. h i g h  s t r e n g t h  aluminum a l l o y ,  2219 ,  would be s t r o n g  e n o u g h  
f o l l o w i n g  s t r e s s  a n a l y s i s  of  t h i s  p a r t  h a s  i n d i c a t e d  t h a t  a 

w i t h o u t  p a y i n g  t h e  w e i g h t  p e n a l t y  o f  s t e e l .  

The p r o p e r t i e s  of  2219,  h e a t  t r e a t e d  t o  c o n d i t i o n  H87, .  
a r e  presented  by t h e  f o l l o w i n g  from t h e  Alcoa  Handbook. 

T e n s i l e  U l t i m a t e  ( k s i )  - 6 8  
T e n s i l e  Y i e l d  ( k s i )  - 56 
E l o n g a t i o n  - % i n  2 "  - 10  
Compress ive  Y i e l d  ( k s i )  - 59 
S h e a r  U l t i m a t e  ( k s i )  - 40 
B r i n e l l  Hardness  

Bea r ing  S t r e n g t h  
500 Kg L o a d ,  lOmm B a l l  - 126  

U l t i m a t e  ( k s i ) ,  e/D = 1 . 5  - 106 
U l t i m a t e  ( k s i ) ,  e/D = 2.0  - 134  

B e a r i n g  S t r e n g t h  
Yie ld  ( k s i ) ,  e/D = 1 . 5  - 91 
Yield ( k s i ) ,  e/D = 2.0 - 106 

Endurance L i m i t  ( R o t a t i n g  Beam 
F a t i g u e  T e s t s ,  R = 1 . 0 )  

Modu lus  o f  E l a s t i c i t y  x l o 6 ,  
ksi  a t  500x1 O 6  . c y c l e s  - 15  

p s i  - 1 0 . 6  
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I n  o r d e r  t o  g e t  an a p p r o x i m a t i o n  o f  t h e  cross s e c t i o n a l  
a r e a  o f  t he  h o u s i n g  i n  t h e  c e n t r a l  a r e a ,  S e c t i o n  A - A ,  Page 
2 o f  Dwg.  #400981,  w i l l  be used a s  a b a s i s  o f  c o m p u t a t i o n ,  
and i s  i l l u s t r a t e d  by F i g u r e  1 .  

Approx ima t ing  t h e  a r e a s  1 ,  2 ,  and 3 w i t h  r e c t a n g l e s ,  

A l  = ( 0 . 7 8  + 0 . 6 2 ) ( 0 . 1 5 ) ( 2 )  = 0 . 4 2  i n 2  

A 2  = ( 1 . 4 ) ( 0 . 2 5 ) ( 2 )  = 0 .70  i n 2  

x 2  = - 1 . 2 0  

A 3  = ( 1 . 9 5 ) ( 0 . 2 4 )  = 0 .468  i n 2  

x 3  = - 9.74 

- A l X l  + A7X7 + A 3 X 3  x =  
A 1  + A 2  + A 3  

- - ( 0 . 4 2 ) ( + 0 . 1 6 )  + ( 0 . 7 0 ) ( - 1 . 2 0 )  + ( 0 . 4 6 8 ) ( - 1 . 7 4 )  
0 .42  + 0.70  + 0 .468  

- 
X =-1.00 i n c h  

To i n su re  a c o n s e r v a t i v e  a p p r o a c h ,  i t  i s  assumed t h a t  A l  
t a k e s  a l l  the  b a l l  screw l o a d .  S i n c e  t h e  v a l u e  o f  A l  i s  
somewhat c r i t i c a l ,  i t  w i l l  be computed more e x a c t l y .  To 
e x p e d i t e  t he  a r e a  c a l c u l a t i o n ,  i t  i s  assumed t h a t  the  v e r t i c a l  
c h o r d  1 . 9 4  inches  f rom t h e  v e r t i c a l  c e n t e r l i n e  i s  e x t e n d e d  
u n t i l  i t  i n t e r s e c t s  t h e  2.110 r a d i u s ,  t h u s  l e a v i n g  A l  a s  a 
c i r c u l a r  segment. .  

7 



Figure 1. - Cross-Sectional Area of Housing 



~1 = t a n - 1  0 .90 /1 .94  = 24'54' 

-0 

e = 201 = 49'48' 

A l  = 0 .468  i n 2  , 
. :  
. .  . .  

., t h e n  

St = 10 ,300 /0 .468  = 22,000 psi 

i s  5 T h e  t e n s i l e  y i e l d  s t r e n g t h  o f  t h e  m a t e r i a  
t h e r e f o r e ,  t h e  s t r e s s  i n  AI i s  a c c e p t a b l e .  

,000 p s i ;  

T h e  d e f o r m a t i o n  can be computed a s  .a s imple r a t i o  s i n c e  
the  e l a s t i c  l i m i t  of the  m a t e r i a l  i s  n o t  app roached .  

6 = St /E  

where 

6 i s  t h e  d e f l e c t i o n ,  i n c h  

St = t e n s i l e  s t r e s s ,  p s i  

E = modulus o f  e l a s t i c i t y ,  psi 

6 =  2 2 y o o o  = 0 .0023  i n c h  
10 .9x106 

To compute t h e  b e n d i n g  s t r e s s ,  t h e  moments o f  i n e r t i a  of  
e a c h  o f  t h e  a r e a s  must be computed a round  the C . G .  

8 



L 

I 1  = 0.135 i n 4  + ( 0 . 4 6 8 ) ( 1 , 1 6 ) 2  = 0.765 i n 4  

I 3  = &bh3 + Ad2 

= ( 1 . 9 5 ) ( 0 . 2 4 ) 3  + ( 0 . 4 2 ) ( 0 . 7 4 ) 2  

= 0.257 i n 4  

The A 2  i s  n o t  c o n s i d e r e d  i n  t h e  b e n d i n g  s t r e s s  c a l c u l a t i o n .  

- 'Mc s - -  I 

where  

S = b e n d i n g  s t r e s s g  p s i  

c = d i s t a n c e  f r o m  n e u t r a l  a x i s  t o  p o i n t  o f  maximum 
f i b e r  s t r e s s ,  i n .  

I = t o t a l  moment o f  a r e a s  1 and 2 

- (10 ,300)  ( 1  .OO) ( 1 . 7 8 )  
'B - 0.765 + 0 .257 

The n e x t  a r e a s  t o  be c h e c k e d  a r e  P o i n t s  B and C as  
i d e n t i f i e d  i n  F i g u r e  2 .  The s h a f t  b e a r i n g  s u r f a c e  a t  P o i n t  
C i s  q u i t e  l o n g  (2 .312 i n c h e s )  s o  t h a t  t h e  b e a r i n g  s t r e s s  
even  f o r  t h e  e n t i r e  10,200 l b s  i s :  

S B '  'S 1 0 , 2 0 0 / ( 0 . 5 ) ( 2 . 3 1 2 ) ( 2 )  = 4,400 p s i  
C 

9 



Figure 2. - Moment of Areas 



T h e  l i n k a g e ,  due  t o  i t s  u n i q u e  c o n s t r u c t i o n ,  was n o t  
comple te ly ,  *. ' a n a l y z e d  s t a t i c a l l y  f o r  e v e r y  . l o a d  and r e a c t i o n  
under  t h i s  c o n t r a c t .  Most o f  t h e  members a r e  s t a t i c a l l y  
i n d e t e r m i n a t e ,  and would have r e q u i r e d  a d i s p r o p o r t i o n a l l y  
l a r g e e n u m b e r  o f  t h e  e n g i n e e r i n g  h o u r s  t o  so lve .  More w i l l  
be ment ioned  l a t e r ;  however ,  t h e  r e a c t i o n  f o r c e  a t  P o i n t  B 
on t h e  h o u s i n g  i s  n o t  k n o w n .  B y  n e g l e c t i n g  t h e  i n t e r a c t i o n s  

. .  beyond P o i n t  A ,  t h e  f o r c e  FA can be approx ima ted  by r a t i o i n g  

. t h e  a p p l i c a b l e  l e v e r  arms:  

h .  FA = io,2oo (3 .165  1 * 3 7 5 )  = 4,431 l b  

The e s t i m a t e d  l o a d  a t  P o i n t  B ( n e g l e c t i n g  t h e  r e a c t i o n  
a t  C )  i s  4,431 l b .  

The b e a r i n g  s t r e s s  a t  B,  

S = 4 4 3 1 / ( 0 . 7 5 ) ( 0 . 5 ) ( 2 )  = 5 ,908  psi 
BB 

T h e  c o m p r e s s i v e  s t r e s s  on t h e  h o l e  i s :  
. - .  

S = 4 4 3 1 / ( 0 . 6 2 5 ) ( 0 . 7 5 )  = 9 , 4 5 3  psi 
C B  

The thrust  b e a r i n g  t r a n s m i t s  t h e  b a l l  s c r e w  g e n e r a t e d  
a x i a l  f o r c e  d i r e c t l y  i n t o  t he  h o u s i n g ,  a s  s h o w n  by F i g u r e  
3 ,  t h u s  c r e a t i n g  a c o m p r e s s i v e  s t r e s s :  

A, = 0.785(1 .352  - 1 . 1 2 5 2 )  = 0.437 i n 2  

= 10,300/0 .437  = 23 ,570  psi s c  

Compress ive  y i e l d  s t r e n g t h  o f  2219 aluminum i s  5 9 , 0 0 0  ps i .  

T h e  e n t i r e  Hous ing  (Dwg. #400981) i s  t i e d  t o  t h e  p r e c e d i n g  
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Figure 3 .  - Ball Screw Axial Force 



l o a d  c a r r y i n g  member by means  o f  a row o f  s i x  No. 8 screws 
on a 3 . 8 1 0  d i a .  T h e  a l u m i n u m  h o u s i n g  i s  t a p p e d  t o  a c c o m m o d a t e  
h e l i c o i l s  f o r  a d d i t i o n a l  s t r e n g t h .  

A t i p  moment of  1 8 0 0  i n - l b s  must b e  c o n v e r t e d  t o  a n  
a x i a l  f o r c e  on t he  screws b y  r a t i o i n g  t h e  t i p - t o - b a s e  l e n g t h  
b y  o n e - h a l f  t h e  b o l t  c i r c l e  d i a m e t e r .  

T h e  s i n g l e  t h r e a d  s h e a r  a r e a  i s :  

S n  = 3 . 1 4 1 6 n L e D s m i n ~  + 0 .57735(Dsmin  - Enmax) 0 1 
w h e r e  

n = n u m b e r  o f  t h r e a d s  per i n c h  

L e  = l e n g t h  o f  e n g a g e m e n t  

Knmax = maximum m i n o r  d i a m e t e r  o f  i n t e r n a l  t h r e a d  

Esmin = m i n i m u m  p i t c h  d i a m e t e r  o f  e x t e r n a l  t h r e a d  

D S m i n  = m i n i m u m  m a j o r  d i a m e t e r  o f  e x t e r n a l  t h r e a d  

Enmax = maximum p i t c h  d i a m e t e r  o f  i n t e r n a l  t h r e a d  

S o l v i n g  Eq. 1 :  

I S n  = 1 1 ( 3 2 ) ( 0 . 2 5 ) ( 0 . 1 5 7 1 )  1 TW + 0 . 5 7 7 ( 0 . 1 5 7 1 - 0 . 1 4 7 5 )  
b J 

= 0 . 0 8 3 3  i n 2  

I f  o n e  b o l t  must c a r r y  a l l  t h e  l o a d ,  ( a c t u a l l y  t w o  t o  
t h r e e  a r e  a l w a y s  l o a d e d ) ,  t h e  t h r e a d  s t r e s s  i s :  

Eq. 1 

0 S c r e w - T h r e a d  S t a n d a r d s  f o r  F e d e r a l  S e r v i c e s ,  1 9 5 7  - U - S .  
D e p a r t m e n t  o f  Commerce 

1 1  



= F/Sn = 9 4 5 [ 0 . 0 8 3 3 ' i n 2  

S s  = 1 1 , 3 4 3  psi . 
ss 

- 0  

. T h u s ,  one t h r e a d  i s  s u f f i c i e n t  t o  c a r r y  t h e  l o a d .  N o w  
i t  i s  d e s i r e d  t o . c o m p u t e  t h e  b o l t  c r o s s - s e c t i o n a l  s t r e n g t h  
i n  t e n s i o n .  

. .  
T h e  t h r e a d  r o o t  a r e a  of  one b o l t  i s :  

A R  = E ( 0 . 1 3 0 ) 2  = m i 3 3  i n *  

I 

*. 

The t e n s i ' l e  s t r e s s  on one  b o l t  i s :  

ST = 945/0.0133 

ST = 71 ,052  psi 

T h r o u g h o u t ,  t h e  b o l t s  a r e  "Nylock" t y p e  w i t h  a m i n i m u m  
t e n s i l e  s t r e n g t h  o f  170,000 p s i ;  t h e r e f o r e ,  a s i n g l e  b o l t  
cou ld  c a r r y  t h e  maximum s y s t e m  l o a d s .  

B a l l  Screw (Dwg. #301568) 

The f o l l o w i n g  p a r a m e t e r s  d e s c r i b e ,  i n  p a r t ,  t h e  b a l l  
s c rew:  

Lead - 0.20  i n .  

P i t c h  d i a ,  - 1 . 2 5  i n .  

R o o t  d i a .  - 1 , 1 2  i n .  

L e n g t h  between b e a r i n g  suppor t s  - 9 .50  i n .  

1 2  



The p u s h  r o d  connecting the  ba l l  n u t  t o  t he  f i r s t  l inkage 
p o i n t  i s  inc l ined  a t  an angle of  approximately 9'43' t o  the 
Serpentuator  c e n t e r l i n e ,  t h u s  causing a normal  f o r c e ,  F n ,  o f  

= 10,300 ( s in  9"43 ' )  

= 1,738 l b  
Fn  

t o  be appl ied t o  the b a l l  screw. I f  i t  i s  assumed t h a t  t h i s  
bending load i s  equal ly  d i s t r i b u t e d  across  the  ba l l  n u t ,  a s  
s h o w n  i n  Figure 4 ,  t he  simply supported screw d e f l e c t i o n  can 
then be ca l cu la t ed  as :  

Solu t ion  of t he  above f o r  values i n  Figure 4 y i e l d s :  

y = 0.0099 inch 

T h i s  i s  a f a i r l y  l a rge  d e f l e c t i o n ,  w h i c h  could cause 
binding i n  the  ba l l  screw; t h e r e f o r e ,  t he  manufacturer,  
Scul ly-Jones (Chicago) , was contacted.  Af te r  t h e i r  engineer-  
ing department went over the  b a l l  screw a p p l i c a t i o n ,  they 
s t a t e d  t h a t  normal ba l l  screw operat ion could be expected,  
even w i t h  the  r a t h e r  l a rge  s i d e  load a n d  r e s u l t i n g  d e f l e c t i o n s .  

The ax ia l  load on the ba l l  screw i s  taken i n  compression 
on  a shoulder  a t  each end between the  1 . 1 2  inch r o o t  diameter 
of the ba l l  grooves and  the 0.875 inch diameter.  In c o m p u t i n g  
t he  compressive s t r e s s  S s  on these  shou lde r s ,  

- (1.122 - 0.8752)  As - -4 

A; = 0.822 i n 2  

1 3  



Figure 4 .  - Bending Load Distr ibut ion 



= 1 0 , 3 0 0 / 0 . 8 2 2  in2 
s S  

-* 

S s  = 1 2 , 5 3 0  psi  

T h e  b a l l  screw i s  h a r d e n e d  s t e e l  w i t h  a c o m p r e s s i v e  
s t r e s s  of  a p p r o x i m a t e l y  1 7 5 , 0 0 0  p s i .  

T h e  keyway on t h e  b a l l  screw l o c k i n g  t h e  s c r e w  t o  t h e  . .  
. h a r m o n i c  d r i v e  o u t p u t  i s  0 . 5 0  i n c h  l o n g  a n d  0 . 1 2 5  i n c h  w i d e ,  

I 

t h u s  c r e a t i n g  a s h e a r  a r e a :  

LI. 

= ( 0 . 5 0 ) ( 0 . 1 2 5 )  
A S  

A;= 0,0625 i n 2  

T h e  i n p u t  t o rque  t o  t h e  b a l l  s c r e w  i s  3 8 2  i n - l b ,  a n d  
c o n v e r t i n g  t o  a t a n g e n t i a l  f o r c e  on t h e  key: 
1 5 2 8  l b .  The s h e a r  s t r e s s  i n  t h e  k e y  i s :  

FT = 3 8 2 / 0 . 2 5  = 

= 1 5 2 8 / 0 . 0 6 2 5  i n 2  
s S  

= 2 4 , 4 4 8  p s i  
s S  

T h i s  s t r e s s  l e v e l  i s  a c c e p t a b l e  s i n c e  t h e  s h e a r  s t r e n g t h  
o f  3 0 3  s t a i n l e s s  i s  a p p r o x i m a t e l y  6 0 , 0 0 0  p s i .  

T h e  b a l l  screw c a p a c i t y  i s  1 7 , 0 0 0  p o u n d s  s t a t i c  l o a d  a n d  
1 1 , 0 0 0  p o u n d s  d y n a m i c  l o a d  w i t h  s i x  t u rns  o f  t h e  b a l l s .  H o w e v e r ,  
t he  S e r p e n t u a t o r  screws a r e  s p e c i  a1 l y  d e s i g n e d  w i t h  seven turns 
t o  p r o v i d e  a d d i t i o n a l  c a p a c i t y .  

L i n k  (Dwa. # 4 0 0 9 8 3 )  

T h e  p u s h - p u l l  l i n k  t r a n s f e r s  t h e  l i n e a r  m o t i o n  o f  the  
b a l l  s c r e w  t o  t h e  i n i t i a l  member i n  the m u l t i - l e v e r  h i n g e  
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j o i n t ,  A s i d e  view and a s e c t i o n a l  view o f  t h i s  l i n k  a r e  
shown by Figure 5 .  

S i n c e  t h e  l o a d  i s  a p p l i e d  a l o n g  a l i n e  between the  two 
b e a r i n g  diameters ,  t h e  main conce rn  w i t h  t h i s  p a r t  i s  the  
s t r e s s  i n  t h e  "backbone" o f  t h e  p a r t .  In  o r d e r  t o  d e t e r m i n e  
t h i s ,  t h e  C . G . ,  c r o s s - s e c t i o n a l  a r e a ,  and moment o f  i n e r t i a  
must be determined. 

The c e n t r o i d  d i s t a n c e ,  y l ,  f o r  t h e  o u t e r  r a d i u s  i n  Figure 
5 i s :  

- 0 s i n  ")  = 0.897 i n c h  
Y 1 ,  - R2(1 3" 

s i n  ") + 0.38  = 1 .107  i n c h  3" = R3(1 - 
y 1 3  

4- Y1 
y 1  = y- = 1 .002  i n c h  

T h e  cross s e c t i o n a l  a r e a  i s  A = 2" R l t  where t i s  t h e  
t h i c k n e s s .  

A = 1 .44  i n 2  

T h e  moment o f  i n e r t i a  is.: 

1 '1 = ' R 2  - 'R3 
= 1 / 4  ( R 2  - R $ ) b + s i n o c o s a  - 1 6 s i n 2 a  9 a  

= 0.471 i n 4  

T h e  p a r t  i s  under combined l o a d i n g  s o  t h a t  a t y p i c a l  
s e c t i o n  ( A - A  i n  Figure 5 )  i s  s u b j e c t e d  t o  compress ive  (or 
t e n s i l e )  l o a d s  i n  a d d i t i o n  t o  a bend ing  moment, 

Because o f  t h e  f a i r l y  l a r g e  c r o s s - s e c t i o n a l  a r e a g  t h e  
compress ive  s t r e s s  i s  low; ! . e . ,  7 ,000  ps i .  

1 5  



F i g u r e  5 ,  - S i d e  &Sectional V i e w ,  P u s h - P u l l  L i n k  



T o  compute t h e  b e n d i n g  s t r e s s  a b o u t  t h e  C . G . ,  l o c a t e d  
6 . 5  i nches  f rom t h e  r i g h t  hand s i d e  ( s e e  F i g u r e  5 ) ,  t h e  
moment w i t h  a f o r c e  of  10 ,300  cos  9 .5"  and a l e v e r  arm,  L ,  

must f i r s t  be d e t e r m i n e d ,  where 

- 6 .5  sin 9 .5"  - (1 .002-0 .644)  
cos  9 .5"  L -  

0.725 inch  

T h e n  t h e  b e n d i n g  s t ress  i s  

- Mc - (10 ,300  cos  9 . 5 ) ( 0 . 7 2 5 ) ( 1 . 0 0 2 )  
= y 1  0.471 sg  - - -  I 

1 5 , 6 6 3  psi 

Next, t h e  combined s t r e s s  i n  t h e  s m a l l  end  o f  t h e  c r a d l e  
w i l l  be computed ( s e e  F i g .  6 ) :  

I = p  b h 3  = r ;2-(0.75)(1)3 1 

I 0 .0625 im 4 

c = 0.50 i n c h  

A ( 0 . 7 5 ) ( 1 . 0 0 )  0 .75  i n 2  

. Fc Mc + -  I Fc  = 10,157 l b  = A 

L 0.81  

M =  

s in  

0 . 2 7 8  

1 0  ,157(  L )  

9.5" 

i nch  

+ [O.  500 0 .356)  

- 1 0 , 1 5 7  + (0 .271  ) ( 1 0 , 1 5 7 )  ( 0 . 5 0 )  
-0.75 0.0625 

1 6  



Figure 6 .  - Bearing Stress Area 



S = 3 5 , 7 4 0  psi 

T h e  c r a d l e ,  l i k e  t he  b a l l  screw h o u s i n g ,  i s  made o f  
2219 aluminum w i t h  a m i n i m u m  y i e l d  o f  56,000 i n  C o n d i t i o n  
H87, t h e r e f o r e ,  t h e  s t r e s s  l e v e l  i s  a c c e p t a b l e .  

T h e  l o a d s  on t h e  b a l l  s c r e w  e n d  must be checked  f o r  
b e a r i n g  s t r e s s  i n  t h e  me ta l  o u t s i d e  t he  h o l e  and c o m p r e s s i v e  
s t r e s s  i n  t h e  0 .625  d i a m e t e r  h o l e  i t s e l f .  There a r e  t w o  
i d e n t i c a l  l u g s  on t h e  l i n k  t h a t  s t r a d d l e  t h e  b a l l n u t .  

T h e  b e a r i n g  a r e a  ( s ee  F i g u r e  6 and Dwg.  #400983)  i s :  

A B  = ( 0 . 6 2 5 ) ( 0 . 6 2 5 ) ( 2 ) ( 2 )  

= 1.560 i n 2  

where 

M .= b e a r i n g  l e n g t h ,  and 

N = b e a r i n g  t h i c k n e s s  

SB = 10,200/1 .560  i n 2  

SB = 6 , 5 3 8  psi 

I n  c o m p r e s s i o n ,  the compressive a r e a  b e i n g  c o n s i d e r e d  i s  
t h e  d i a m e t e r  o f  t h e  h o l e  t imes i t s  l e n g t h :  

A, = ( 0 . 6 5 6 ) ( 2 ) ( 0 . 5 0 0 )  

A, = 0 .656  i n 2  
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The c o m p r e s s i v e  s t r e s s  i n  t h e  h o l e  i s  t h e n  

= 10,200/0.656 
s C  

= 15,549 p s i  
s C  

On t h e  h i n g e  end ,  t h e  same s t r e s s  c o n s i d e r a t i o n s  a p p l y ;  
h o w e v e r ,  o n l y  one l a r g e r  s u p p o r t  i s  i n v o l v e d .  R e f e r r i n g  t o  
F i g u r e  6 and Dwg. #400983,  t h e  b e a r i n g  s t r e s s  a r e a  i s :  

AB = ( 2 ) ( 0 . 4 0 ) ( 0 . 7 5 )  

AB = 0.600 i n 2  

SB = 10 ,200 /0 .60  

SB = ,17,000 psi 

The c o m p r e s s i v e  s t r e s s  a r e a .  i s :  

A, = ( 0 . 6 2 5 ) ( 0 . 7 5 )  

A, = 0.469 i n 2  

S, = 10,200/0.469 i n 2  

= 21 ,748 p s i  
s C  

C o l l a r  (Dwg. #301559)  

The s t r e s s  on t h e  c o l l a r  i s  v e r y  i m p o r t a n t  t o  t h e  l i f e  
o f  t h e  d r i v e  t r a i n  b e c a u s e ,  i n  e f f e c t ,  i t  t r a n s f e r s  t h e  l a r g e  

18  



. .  

a x i a l  l o a d s  from t h e  b a l l  s c r e w  t o  t h e  t h r u s t  b e a r i n g s  a t  
each  e n d .  I d e a l l y ,  t h e  0 .25  i n c h  t h i c k  f l a n g e  on the c o l l a r  
w i l l  remain  p e r f e c t l y  v e r t i c a l  under  l o a d i n g ,  so  t h a t  t he  
l o a d s  w i l l  be u n i f o r m l y  d i s t r i b u t e d  i n  a r a d i a l  d i r e c t i o n  
on t h e  th rus t  b e a r i n g  r o l l e r .  I n  r e a l i t y ,  however ,  t h e  
method of  l o a d i n g  a s  shown i n  Figure 7 ( a )  i n d i c a t e s  t h a t  
t h e r e  w i l l  be d e f l e c t i o n s ,  t he  magn i tude  o f  w h i c h  can be 
c a l c u l a t e d  employ ing  f l a t  p l a t e  e q u a t i o n s .  

I 

A s s u m i n g  t h a t  t he  l o a d  was e q u a l l y  d i s t r i b u t e d  i n  a 
-. r a d i a l  and c i r c u m f e r e n t i a l  d i r e c t i o n  on t h e  t h rus t  b e a r i n g ,  

Case 16 on  Page 221 of R o a r k ' s  S t r e s s  a n d  S t r a i n ,  F o u r t h  
E d i t i o n ,  McGraw-Hill ,. New York,  1965 most  n e a r l y  f i t s  t h e  
a p p l i c a t i o n .  T h i s  l o a d i n g  i s  d e p i c t e d  i n  Figure 7La) .  

The maximum d e f l e c t i o n  o c c u r s  a t  t h e  o u t e r  edge and i s  
g i v e n  by 

c 

Max y = 3w(m-1! 

4a2  b 2  ( 3m+l) (m+l ) 
[m-1) 

, 

16Em't 

- a2b2(12m+4) - 
1 

where 

w = W/n(a2-b2)  

a = inner  r a d i u s ,  0 . 8 7 5 / 2  = 0.4375 i n c h  

b = o u t e r  r a d i u s ,  2 .23 /2  = 1 .115  i n c h  

t = t h i c k n e s s ,  0 . 2 5  i n c h  

m = r e c i p r o c a l  o f  P o i s s o i n s  r a t i o ,  3 .704  

E q .  3 

19 



.- 

(a 

Figure 7. 



S o l u t i o n  of  ( 3 )  f o r  t h e  above v a l u e s  y i e l d s :  

Max y = 0.0095 i n c h  

U s i n g  t h e  companion e q u a t i o n ,  t he  maximum s t r e s s ,  which 
o c c u r s  a t  the inner r a d i u s ,  was c a l c u l a t e d :  

Max s = 57 ,000  psi 

The above d e f l e c t i o n  i s  u n a c c e p t a b l y  h i g h ,  s i n c e  i t  
w o u l d  c a u s e  a l l  the  l o a d  t o  be c a r r i e d  on t h e  i n n e r  p o r t i o n  
of t h e  r o l l e r s ,  r e s u l t i n g  i n  b r i n e l l i n g  o f  t h e  r a c e s  a t  t h e  
i n n e r  d i a m e t e r .  

S i n c e  t h i s  f i r s t  computa t ion  i n d i c a t e d  u n s a t i s f a c t o r y  
o p e r a t i n g  c o n d i t i o n s ,  t h e  d e f l e c t i o n  was c a l c u l a t e d  a g a i n  
u s i n g  a s i m i l a r  l o a d i n g  a s s u m p t i o n ,  w i t h  t h e  o n l y  d i f f e r e n c e  
b e i n g * t h a t  t h e  t h rus t  b e a r i n g  i s  l o a d e d  by a s i n g l e  c o n c e n t r a t e d  
f o r c e  a t  a r i n g  o f  xC, w i t h  C a s  shown  i n  Figure 7 ( b ) .  These 
l o a d i n g  a s s u m p t i o n s  f i t  Case’ 15  of  t h e  above Roark r e f e r e n c e .  
The d e f l e c t i o n  e q u a t i o n  was n o t  g i v e n ,  s o  o n l y  t h e  Max s ,  
o c c u r r i n g  a t  t h e  i n n e r  edge  was computed. 

r 1 

C 2 - d 2  
Max s = 2Xmt l o g  -+ (m-1) 

a 2 - b 2  a 2 - b 2  

where 

c = mean b e a r i n g  r a d i u s ,  0 .870  i n c h  

d = mean b a l l  s c rew s h o u l d e r  r a d i u s ,  0 .499 i n c h  

a , b , t , m  same a s  f o r  E q .  ( 3 )  

S o l v i n g  E q u a t i o n  ( 4 )  

E q .  4 

Max s = 165,420 p s i  
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S i n c e  t h i s  i s  w i t h i n  t h e  e l a s t i c  l i m i t  o f  t h e  m a t e r i a l ,  
t h e  d e f l e c t i o n  a t  t h e  ou te r  edge  o f  t h e  c o l l a r  w i l l  be even 
g r e a t e r  t h a n  t h a t  computed i n  E q u a t i o n  ( 3 ) .  

A t  t h i s  p o i n t ,  i t  was a p p a r e n t  t h a t  w i t h  t h e  a n a l y t i c a l  
methods u s e d ,  t h e  d e f l e c t i o n s  i n  t h e  c o l l a r  were e x c e s s i v e ,  
i n  s p i t e  o f  t he  c o l l a r  b e i n g  f a b r i c a t e d  o f  4340 s t e e l  h e a t  
t r e a t e d  t o  Rockwell 40 (ST = 200 ,000  p s i ) .  

F u r t h e r  d i s c u s s i o n  d i s c l o s e d  one  p o s s i b l e  s o l u t i o n :  
Namely, t h a t  t h e  b e a r i n g  r a c e  a d j a c e n t  t o  t h e  c o l l a r  w i l l  
a l s o  add s t i f f n e s s  t o  t h e  s y s t e m ,  t h r o u g h  e s s e n t i a l l y  i n c r e a s -  
i n g  the  c o l l a r  t h i c k n e s s  by t he  b e a r i n g  r a c e  t h i c k n e s s .  T h i s  
c o n c e p t  i s  s h o w n  i n  F i g u r e  7 ( c ) .  

U s i n g  Case 16 (Roark )  a g a i n  f o r  a compos i t e  t h i c k n e s s  
of the  c o l l a r  and r a c e  ( 0 . 2 5  + 0 . 1 8 8 ) ,  the  d e f l e c t i o n  i s :  

Max y = 0.'0021 i n c h  

To d e t e r m i n e  i f  t h i s  d e f l e c t i o n  i s  a c c e p t a b l e ,  t h e  deforma-  
t i o n  caused  by t h e  r o l l e r s  on t h e  r a c e  i s  c a l c u l a t e d .  

By u s i n g  Case 4 on page 320 of  t h e  Roark r e f e r e n c e  f o r  
Bodies  Under D i r e c t  B e a r i n g ,  t h e  maximum compress ive  s t r e s s ,  

i s  d e t e r m i n e d :  
s C '  

s C  = 3190-&- 

where 

Eq. 5 

p = l o a d  p e r  l i n e a r  i n c h  

I) = b a l l  d i a m e t e r ,  i n c h  
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To determine p ,  t h e  A u b u r n  Thrust  B e a r i n g  h a s  1 4  r o l l e r s ,  
each 0 .25  i n c h  d i a m e t e r  and 0 .5  inch  l o n g .  The e f f e c t i v e  
l e n g t h  i s  s i m p l y  ( 1 4 ) ( 0 . 5 )  = 7 i n c h e s ,  and 

p = 10 ,300 /7  = 1471 l b / i n c h  
v = 0.27  
E = 30 x l o 6  psi 
D = b a l l  d i a m e t e r ,  0 . 2 5  inch  

S o l v i n g  Eq.  ( 5 ) ,  

= 244,600 p s i  which i s  ve ry  c l o s e  t o  t h e  u l t i m a t e  
s C  

c o m p r e s s i v e  s t r e n g t h  of  t h e  m a t e r i a l  

T h e  d e f o r m a t i o n  of the r o l l e r s  i s :  

where 

v = P o i s s o i n ' s  r a t i o  

b .= w i d t h  of  r e c t a n g u l a r  c o n t a c t  a r e a  = 

0 . 0 0 0 4 f l =  0 .008  inch  

S o l v i n g  E q .  ( 6 )  

1-0 .252  1 2 ( 0 . 2 5 )  1 
A D  = ( 4 ) ( 1 4 7 1 ) ( 3  . I  4 ( 3 0 x 1 0 b )  ' ( 3  -k l o g  0 .008  

A D  = 2750 x l o m 6  i n c h ,  or 0 .0028  i n c h  

E q .  6 

T h e r e f o r e ;  i n  o rde r  t o  l o a d  t h e  b a l l s  e v e n l y  a c r o s s  t h e i r  
l e n g t h  ( s e e  Figur.e 7 ( e ) ) ,  the  c o l l a r  must d e f l e c t  l e s s  t h a n  
0 .0028 i n c h .  
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P r e v i o u s  c a l c u l a t i o n s  showed t h a t  t h e  c o l l a r  d e f l e c t e d  
0 ,0021 i n c h ,  b u t ,  d u e  t o  t h e  l o a d i n g  a s s u m p t i o n s ,  e t c . ,  t h i s  
was n o t  c o n s i d e r e d  an a d e q u a t e  margin .  S i n c e  t h e r e  was room, 
i t  was d e c i d e d  t o  i n c r e a s e  t h e  c o l l a r  t h i c k n e s s  f rom 0 .25  
i n c h  t o  0 . 3 8  i n c h  a s  s h o w n  i n  Figure 7 ( d ) .  U s i n g  Case 15  
( R o a r k )  a g a i n  , 

Max y = 5 0 2 ~ 1 0 - ~  i n c h ,  or 

0.0005 i n c h ,  a n d  

Max s = 31 ,340 p s i  

T h i s  d e f o r m a t i o n  of  t h e  c o l l a r ,  added t o  the  unaccoun ted  
f o r  a m o u n t  o f  s t i f f n e s s  r e a l i z e d  from t h e  c o l l a r  I .D.  b e i n g  
f i x e d  r a t h e r  t h a n  s i m p l y  s u p p o r t e d ,  makes t h e  t h i c k e r  c o l l a r  
s t r u c t u r a l l y  and o p e r a t i o n a l l y  s o u n d .  

H . o u s i n g '  (Dwg.  #301558)  

As d i s c u s s e d  e a r l i e r ,  t h i s  Housing a c t u a l l y  transmits 
t h e  main b a l l  s c rew thrus t  l o a d  back t o  t h e  main b a l l  s c rew 
h o u s i n g  v i a  t h e  th rus t  b e a r i n g .  T h i s  can be s e e n  by r ev iew 
of  t h e  Drive. Mechanism (Dwg.  #500524) .  

T h e  p r i m a r y  l o a d i n g  of  t h i s  member, s h o w n  i n  F i g u r e  8 ,  
i s  a g a i n  a f l a t  p l a t e  t y p e  s i t u a t i o n  where t h e  i n p u t  l o a d  i s  
a p p l i e d  t h r u  t h e  t h rus t  b e a r i n g  and i s  b e i n g  r e s t r a i n e d  by 
t h e  3.00 i n c h  d i a m e t e r  b o l t  c i r c l e .  

R e f e r r i n g  t o  Case 1 7  ( R o a r k )  

E q .  7 
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where 

w = W/n(a2-b2) 

t = p l a t e  t h i c k n e s s ,  0 . 2 5  i n c h  

a = p l a t e  o u t e r  r a d i u s ,  3 .00 /2  = 1 . 5  inches  

b = p l a t e  i nne r  r a d i u s ,  1 . 3 7 5 / 2  = 0 .688  i n c h  

m = r e c i p r o c a l  o f  P o i s s o i n ' s  r a t i o ,  3 .70 

S o l v i n g  Eq.  ( 7 )  f o r  t h e  above va lues :  

Max s = 35,089 p s i  

Ano the r  c o n s i d e r a t i o n  r e l a t e d  t o  t h i s  p a r t  i s  t h e  s h e a r  
s t r e s s  i n  an a r e a  marked As i n  F i g u r e  8.  

= 2.68(11)(0.25)  = 2.105 i n 2  AS 

= F/As = 10 ,300 /2 .105  i n 2  
s S  

S s  = 4893 p s i  

T h e  b o l t s  h o l d i n g  t h e  B a l l  Screw Hous ing  t o  t h e  Sleeve 
(Dwg. #400985) h a v e  a l r e a d y  been s t r e s s e d ,  and s i n c e  the l o a d i n g  
on t h e  Housing (Dwg. #301558) i s  n o t  a s  s e v e r e ,  t h i s  c a l c u l a t i o n  
w i l l  n o t  be r e p e a t e d .  

T runn ion  (Dwg. #400999) 

T h i s  t r u n n i o n  t r a n s m i t s  t he  a x i a l  f o r c e  from the  b a l l n u t  
t o  t h e  L i n k  (Dwg.  #400983) .  The t r u n n i o n  i s  a t t a c h e d  t o  t h e  
b a l l  screw n u t  by means o f  f o u r  ( 4 )  1 /4 -20  h i g h  s t r e n g t h  
Nylock b o l t s ,  w i t h  t he  t h r e a d e d  p o r t i o n  i n  t he  t r u n n i o n .  A 
l i g h t  press  f i t  between t h e  t r u n n i o n  I .D.  and t h e  b a l l  n u t  
O . D .  insures  t h a t  no r a d i a l  p l a y  between t h e  p a r t s  e x i s t s .  
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To a t t a i n  maximum s t r e n g t h ,  t h e ’ t r u n n i o n  was machined 
o u t  of so1.i.d s t o c k ,  t h u s  e l i m i n a t i n g  p o s s i b l e  l o s s  of  s t r e n g t h  
had w e l d i n g  been used t o  a t t a c h  the l u g s  t o  t h e  body. 

As w i t h  t h e  b a l l  screw h o u s i n g  and t h e  l i n k ,  t h e  t r u n n i o n  
i s  s u b j e c t  t o  t h e  maximum o u t p u t  f o r c e  g e n e r a t e d  by t h e  d r i v e  
t r a i n ,  and must, t h e r e f o r e ,  be c a r e f u l l y  checked  f o r  s t r u c t u r a l  

. . i ’ntegri  t y .  

The f i r s t  check w i l l  be f o r  b e n d i n g  s t r e s s  i n  the  l u g s .  
T h e  maximum d i a m e t r a l  c l e a r a n c e  between t h e  l u g s  and the  l i n k  
i s  0 .0014 i n c h ,  w i t h  a nomina l  c l e a r a n c e  of  0 .001 i n c h .  
Bending can t a k e  p l a c e  w i t h i n  t h i s  c l e a r a n c e  s p a c e .  

From F i g u r e  9 ,  i t  can be seen t h a t  t h e  t o t a l  b a l l  s c r e w  
‘ o u t p u t  o f  10 ,300  pounds i s  assumed t o  a c t  i n  t h e  c e n t e r  o f  
each  l u g  f o r  an i n d i v i d u a l  f o r c e  o f  5 ,150  pounds.  The s i t u a -  
t i o n  i s  a c a n t i l e v e r  beam w i t h  t h e  b e n d i n g  s t r e s s  

where 

B e n d i n g  moment: 
’ _ . .  

- .  
. .  . .  

3 .  . 

. .  

c = D i s t a n c e  t o  p o i n t  o f  max. f i b e r  s t r e s s ,  0125  

I = S e c t i o n  m o d u l u s  = 1/4rtR4 = 0.0031 i n 4  

U s i n g  t h e  above  v a l u e s  and d e f i n i t i o n s ,  t h e  b e n d i n g  s t r e s s  
i s :  

(1612)  ( 0  2 5 )  
( 0 . 0 0 3 1 )  

SB = 130 ,000  psi 
. .  
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T h i s  p a r t  i s  4340 s t e e l ,  h e a t  t r e a t e d  t o  R / C  4 5 ,  w h i c h  
i s  e q u i v a l e n t  t o  a t e n s i l e  s t r e n g t h  o f  225,000 p s i .  

The d e f l e c t i o n  o f  t he  l u g  a t  i t s  o u t e r  edge  w i l l  be 

y = m ( 3 a 2 ~  W - a 3 )  

where 

W = a p p l i e d  l o a d ,  l b  

a = d i s t a n c e  f rom s u p p o r t  t o  p o i n t  o f  a p p l i e d  
l o a d ,  i n c h  

R = t o t a l  l u g  l e n g t h ,  i n c h  

E = Modulus o f  E l a s t i c i t y ,  psi 

I = S e c t i o n  Modulus,  i n 4  

( 5 , 1 5 0 )  
= (6) (30x1Ob)(0 .O031)  

y = 0.00166 i n c h  

Next, i f  i t  i s  assumed t h a t  t h e  l o a d  i s  c a r r i e d  as pure 
s h e a r ,  a s  would be  t h e  c a s e  i f  t he  f i t  on t h e  l u g s  was s u f f i -  
c i e n t l y  c l o s e  t o  prevent  b e n d i n g ,  t h e  s h e a r  a r e a  A s ,  i s  

.AS = ( t ) ( 0 . 5 0 ) 2  '= 0.196 i n 2  

and t h e  s h e a r  s t r e s s ,  S s ,  i s  

= 5150/0 .196  i n 2  
s S  

= 26 ,275  psi 
s S  
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T h e  n.ext s t r e s s  c o n d i t i o n  t o  be i n v e s t i g a t e d  i s  t h e  
t o r s i o n  o n ' t h e . l u g s .  Under a b e n d i n g  moment, M ,  o f  ( 5 1 5 0 ) ( L ) ,  
t h e  t o r s i a n a l  s t r e s s  i s  i n d u c e d  i n  t h e  s h a d e d  a r e a ,  A T ,  o f  
Figure 10 .  The s h a d e d  a r e a  i s  a g a i n  shown i n  Figure 1 1 ,  w i t h  
t he  d'irnensions and t h e  ma jo r  a x e s  d e s i g n a t e d  1 - 1 ,  and 2 - 2 .  

. .  

.. 
The p o l a r  moment o f  i n e r t i a  f o r  b o t h  t o p  and bo t tom a r e a s  

i s  

J = ( I 1  + 1 2 ) 2  = 0 . 0 7 3 2  i n 4  . 

T = ( 5 1 5 0 ) ( 0 . 5 2 8 )  = 2719 i n - l b  

r = 1 .250 /2  = 0.625 i n c h  

Tr = ( 2 7 1 9 ) ( 0 . 6 2 5 )  
J 0.0732 Max. S, = - 

Max. S ,  = 23,215 psi 

I n  summary, t he  p a r t  i s  c o n s i d e r e d  s t r u c t u r a l l y  a d e q u a t e .  

S1 eeve (Dwg. #400987)  

T h i s  s l eeve  must t r a n s m i t  t h e  f u l l  l o a d  of t h e  S e r p e n t u a t o r ,  
which w i l l  be i n  t h e  form of a moment. T h e  magn i tude  of  t h e  
moment i s  r e f e r r e d  back t o  t he  s p e c i f i c a t i o n  t i p  f o r c e  o f  1 0  
pounds ,  and t h e  o v e r a l l  l e n g t h  o f  t h e  S e r p e n t u a t o r :  

M = ( 1 7  f t ) ( 1 2  i n / f t ) ( l O  l b )  = 2040 i n - 1 6  
. .  
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T h e  b e n d i n g  s t r e s s  i s  a g a i n  

From F i g u r e  1 2 :  
c = 2 - 1 9  inches  

I I 4 4  I = T ( R 1 - R o )  = 3 . 0 8 1  i n 4  

( 2 0 4 0 ) ( 2 . 1 9 )  
3 . 0 8 1  = 1 4 5 0  psi 

T h e  d e f l e c t i o n  ( u s i n g  Case 9 on  p a g e  1 0 6 ,  ( R o a r k ) )  i s :  

= 0 . 0 0 4  i n c h  yma x 

L i n k a g e  

S i m p l i f i e d  s k e t c h e s  o f  t h e  l i n k a g e  m e c h a n i s m  a r e  shown  
by F i g u r e s  1 3 - a  t h r o u g h  1 3 - e .  I n  t h e s e  f i g u r e s ,  t h e  j o i n t  
i s  p r o g r e s s i v e l y  r o t a t e d  c o u n t e r c l o c k w i s e  f r o m  a f o l d e d  p o s i t i o n  
t h r o u g h  3 6 0 "  t o  t h e  o t h e r  f o l d e d  p o s i t i o n .  

I t  i s  a p p a r e n t  t h a t  e a c h  member h a s  m u l t i p l e  r e a c t i o n  
p o i n t s ,  a l l  o f  w h i c h  must b e  s o l v e d  t o  p r o p e r l y  a n a l y z e  t h e  
s t r e s s e s  i n  t h e  l i n k a g e .  T h e  m a n n e r  i n  w h i c h  t h e  l i n k s  a r e  
p i n n e d  t o g e t h e r  w o u l d  r e q u i r e  s o l u t i o n  o f  a s t a t i c s  p r o b l e m  
i n  w h i c h  n u m e r o u s  e q u a t i o n s  must b e  s o l v e d  s i m u l t a n e o u s l y  
f o r  t h e  x a n d  y r e a c t i o n s  a t  each p i n .  

U n d e r  t h e  f u n d i n g  a n d  s c h e d u l e  l i m i t a t i o n s  f o r  d e l i v e r i n g  
t h e  S e r p e n t u a t o r  h a r d w a r e ,  t h e  l i n k a g e  c o u l d  n o t  b e  t h o r o u g h l y  
a n a l y z e d  t o  insur'e t h a t  t h e r e  were n o  s t r u c t u r a l  f a i l u r e s  i n  
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t he  1 inkage members. A conserva t ive  approach was t aken ,  
however, as  t o  the  s i z e  of the  l inkage members, the  p ivot  
po in ts  , and mater ia l  s e l e c t i o n .  S p e c i f i c a l l y ,  the  s i n g l e  
l i n k s  were 0 . 7 5  t h i ck  4340 s t e e l ,  heat  t r e a t e d  t o  Rockwell 
C40 ,  which i s  equiva len t  t o  2 0 0 , 0 0 0  psi  t e n s i l e  s t r e n g t h .  
The s p l i t  l i nkages ,  which s t r a d d l e  t h e  s i n g l e  l i nkages ,  a r e  
of equiva len t  th ickness  a n d  of the  same ma te r i a l .  

Super O i l i t e  No. 1 6  bushings were used i n  a l l  p i n  j o i n t s .  
The s h a f t s  were a l l  p ress  f i t t e d  60  Case, Class L diameter ,  
Thompson s h a f t i n g  (Thompson I n d u s t r i e s ,  Manhasset, N . Y . ) .  The 
O i l i t e  bushings were reamed t o  a range of 0 .5000 t o  0 . 5 0 0 4  inch 
d iameter ,  while the  s h a f t i n g  was 0.4990 t o  0 . 4 9 9 5  inch d iameter ,  
thus providing a maximum diametral  c learance  of 0 . 0 0 1 4  inch a n d  
a minimum diametral  c learance o f  0 . 0 0 0 5  inch.  

Brief  check-out t e s t s  o f  the  completed Serpentua tor  
i nd ica t ed  t h a t  t h e  r a t h e r  massive a n d  heavy l inkage members 
could be optimized e i t h e r  i n  s i z e  o r  mater ia l  s e l e c t i o n  t o  a 
smal le r  a n d  l i g h t e r  package ‘ w i t h o u t  a f f e c t i n g  performance 
or s t r u c t u r a l  adequacy. 
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,KINEMATIC .ANALYSIS 

... 
The formal  a n a l y s i s  of t h e  proposed  S e r p e n t u a t o r  l i n k a g e  

i n  i t s  p r e s e n t  f o r m  i s  beyond t h e  s c o p e  of t h i s  c o n t r a c t .  

In o r d e r  t o ' u n d e r s t a n d  t h e  b a s i c  o p e r a t i o n  o f  t h e  l i n k a g e ,  
an a n a l o g y  must be made whereby t h e  a c t u a l  l i n k a g e  i s  r e p l a c e d  

. .  by a s e r i e s  o f  p l a n e t a r y  g e a r s  as s h o w n  i n  F igu re  1 4 a .  U n l i k e  
t h e  a c t u a l  S e r p e n t u a t o r ,  t h e  g e a r  s y s t e m  shown i n  F i g u r e  1 4 a  
can r o t a t e  con t inuo .us ly  w i t h o u t  i n t e r f e r e n c e  between c o n n e c t i n g  

.. members. 

The o v e r a l l  g e a r  r a t i o  f o r  a p l a n e t a r y  sys t em would be 
t h e  sum of  t h e  r a t i o s  f o r  t h e  sys t em d i v i d e d  by t h e  r a t i o  for  
one l i n k ,  or s i m p l y :  

2 + 2 + 2 + 2  2 = 4  

In  such a s y s t e m ,  an  i n p u t  a n g l e  of 45" would r e s u l t  i n  
an a c c u m u l a t i v e  a n g l e  of 45"-90"-135"-180"  f o r  l i n k s  1 ,  2 ,  3 ,  
a n d  4 ,  r e s p e c t i v e l y .  

The a c t u a l  S e r p e n t u a t o r ,  because  l e v e r s  a r e  used i n s t e a d  
o f  g e a r s ,  i s  n o t  l i n e a r  a s  i n d i c a t e d  above .  The a n g u l a r  
d i s p l a c e m e n t s  a r e  36"-79"-127"-180"  f o r  t h e  f o u r  l i n k s .  The 
o v e r a l l  g e a r  r a t i o  i s  i n  t h e  r ange  o f  5 . 0  t o  6 . 5 ,  depend ing  
o n  t h e  i n p u t  a n g l e .  

The c o n n e c t i n g  l i n k s  i n  t h e  s u c c e e d i n g  f i g u r e s  a r e  numbered 
1 t h r o u g h  4 ,  a n d  t h e  comple te  motion o f  e a c h  l i n k  w i l l  be g iven  
f o r  one r e v o l u t i o n  o f  L i n k  1 .  

In F i g u r e  1 4 b ,  Link 1 i s  r o t a t e d  360" ,  a n d  t h u s  f o l l o w s  a 
c i r c u l a r  p a t h .  The p o s i t i o n  of L i n k  1 f o r  any i n p u t  a n g l e ,  a ,  

i s  d e r i v e d  from t h e  f o r m u l a  f o r  a c i r c l e :  X = s i n  a ,  y = cos  a .  
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Figure 14a. 



Figure 14b. 



The s e c o n d  l i n k  makes  two r e v o l u t i o n s  a l o n g  t h e  p a t h  
i n d i c a t e d - . i n  Figure 1 4 c  w h i l e  L i n k  1 m a k e s  o n e  c i r c u l a r  
r e v o l u t i o n .  The p a t h  t a k e n  b y  L i n k  2 a p p e a r s  t o  b e  a c u r v e  
t y p e  c a l l e d  a L i m a c o n  d e s c r i b e d  i n  p o l a r  c o o r d i n a t e s  by  t h e  
e q u a t i o n  

r = a - b  c o s  a 
. :  

f a < b  

.. A l t h o u g h  t h e  c u r v e  a p p e a r s  t o  b e  s o m e w h a t  i n v o l v e d  a s  
f a r  a s  S e r p e n t y a t o r  m o t i o n  i s  c o n c e r n e d ,  t h e  p r o b l e m  i s  a c a d e m i c  
b e c a u s e  o n l y  t h e  p o r t i o n  o f  t h e  curve b e t w e e n  2 a  = 0" a n d  
2 a  = 90" w i l l  b e  u s e d .  

I n  r e c t a n g u l a r  c o o r d i n a t e s ,  

X = s i n  a + s in  2 a  

Y = cos a + c o s  2 a  

X = Y e 2  s i n  a - s i n  a t 4 s i n 3  a ' 

T h e  t h i r d  l i n k ,  by  c a r r y i n g  t h e  s a m e  c o n v e n t i o n  f u r t h e r ,  
makes  t h r e e  r e v o l u t i o n s  a l o n g  a p a t h  s h o w n  i n  F igu re  1 4 d  f o r  
o n e  c i r c u l a r  r e v o l u t i o n  o f  L i n k  1 .  T h e  f o r m a l  t y p e  o f  c u r v e  
f o r  t h i s  m o t i o n  i s  n o t  d e t e r m i n e d ,  a l t h o u g h  t h e  r e c t a n g u l a r  
c o o r d i n a t e s  may b e  f o u n d  by 

x = s i n  a + s in  2 a  + s i n  3 a 
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Figure 14c. 



Figure 14d, 



As w i t h  L i n k  2 ,  t h e  f u l l  . m o t i o n  p r o f i l e  w i l l  n o t  be a p p l i -  
c a b l e  t o  t.he S e r p e n t u a t o r  o p e r a t i o n .  Only t h e  p o r t i o n  of t h e  
curve  between 3 a  = 0" t o  135" i s  u s e d .  

The l a s t  l i n k ,  No. 4 ,  i s  t h e  most s i g n i f i c a n t  of  a l l  
because  i t  d e t e r m i n e s  t h e  t y p e  o f  m o t i o n  t o  be f o l l o w e d  by 
an  e x t e n s i o n  t u b e  a t t a c h e d  t o  t h e  l a s t  p o i n t .  The cu rve  as  

. .  shown i n  F igu re  14e i s  an  e x t e n s i o n  of  the  p r e v i o u s  c u r v e s ,  
, b u t  t h i s  l i n k  makes f o u r  r e v o l u t i o n s  f o r  one r e v o l u t i o n  o f  

L i n k  1 .  
.. 

I t  now becomes a p p a r e n t  t h a t  i f  t h e  l i n k a g e  d e p i c t e d  i n  
t h e  l a s t  f o u r  f i g u r e :  were c o n s i d e r e d  t o  be t h e  o u t b o a r d  
elbow on t h e  I n s e r p ,  an e x t e n s i o n  arm a t t a c h e d  t o  t h e  l i n k a g e  
would n o t  f o l l o w  a c i r c u l a r  p a t t e r n .  F i g u r e  l 4 f  i s  a r e p l o t  

. o f  t h e  l a s t  l i n k  cu rve  a l o n g  w i t h  a c i r c u l a r  a r c  e q u a l  t o  t h e  
e x t e n d e d  l e n g t h  of t h e  l i n k a g e .  I t  a l s o  h o l d s  t h a t ;  t h e  
d i f f e r e n c e  between t h e  a c t u a l  c u r v a t u r e .  and a c i r c u l a r  a r c  
w i 1 7  a lways  be c o n s t a n t ,  r e g a r d l e s s  of w h e t h e r  t h e  e n t i r e  
15 f o o t  S e r p e n t u a t o r  ( f rom f i r s t  e lbow)  i s  swept  t h r o u g h  
+180° - f rom t h e  i n b o a r d  l i n k ,  o r  w h e t h e r  t h e  3 f o o t  e x t e n s i o n  
t u b e  a t  t h e  o u t b o a r d  l i n k  i s  swep t .  

An a c t u a l  measurement w i t h  t h e  s c a l e  model l i n k a g e  s h o w s  
t h e  d i f f e r e n c e  between a c i r c u l a r  a r c  of 12 .88  i n c h  r a d i u s  
a n d  t h e  l i n k a g e  t o  be 5 . 1 8  i n c h e s .  

As s t a t e d  e a r l i e r ,  t h e  S e r p e n t u a t o r  l i n k a g e  i s ,  i n  r e a l i t y ,  
a s e r i e s  of l e v e r s  i n s t e a d  o f  g e a r s ,  t h u s  making the f o r e g o i n g  
a n a l y s i s  based  on l i n e a r  i n p u t - t o - o u t p u t  r e l a t i o n s  o n l y  a p p r o x i -  
mate .  

D u r i n g  t h e  d e s i g n . s t a g e s  of t h e  p r o g r a m ,  t h e  l i n k a g e  
p i v o t  p o i n t s  were p o s i t i o n e d  by f a i r l y  i n v o l v e d  t r i g o n o m e t r i c  
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Figure 14e. 



Figure 14f, 



. .  
r e l a t i o n s h i p s  t o  a c h i e v e  n e a r l y  u n i f o r m  movement  o f  t h e  
S e r p e n t u a t o ' r ,  -. The l i n k a g e  c o n f i g u r a t i o n  was  d e s i g n e d  t o :  
( 1 )  P r o v i d e  e q u ' a l  t a p e r i n g  o f  t h e  a n g l e  r a t i o  among t h e  
l i n k a g e  m e m b e r s ;  a n d  ( 2 )  k e e p  t h e  a n g l e  r a t i o  b e t w e e n  
l i n k a g e  i n p u t  a n d  o u t p u t  a n g l e s  c l o s e  t o  t h e  s a m e  f o r  b o t h  
c l o c k w i s e  a n d  c o u n t e r c l o c k w i s e  o p e r a t i o n .  

. .  . T h e  f i r s t  ( 1 )  o b j e c t i v e  was c o n s i d e r e d  t h e  m o r e  i m p o r t a n t ,  
r e c o g n i z i n g  t h a t  t h e  s t r e s ses  i n d u c e d  among t h e  members w o u l d  
d e p e n d ' o n  t h e i r  l o a d i n g ,  a n d  the l o a d i n g  w o u l d  d e p e n d  on 
the e x t e n t  o f  t h e  m e c h a n i c a l  d i s a d v ' a n t a g e  e a c h  member h a d  t o  
o p e r a t e  u n d e r .  To k e e p  t h e  l o a d s  a n d  h a v e  t he  s t r e s s e s  u n i f o r m ,  
t h e  p o r t i o n  o f  the a n g u l a r  g a i n  a c h i e v e d  b y  e a c h  member s h o u l d  
b e  t a p e r e d  u n i f o r m l y  b e t w e e n  0" a n d  180O. 

I 

.. 

T h e  s e c o n d  o b j e c t i v e  c o u l d  n o t  b e  a t t a i n e d ,  a t  l e a s t  w i t h i n  
t h e  s c h e d u l e  a n d  c o s t  l i m i t a t i o n s  o f  t h i s  c o n t r a c t .  

T h e  f i n a l  a n g u l a r  r e l a t i o n s h i p  b e t w e e n '  i n p u t  a n d  o u t p u t  
a n g l e s  f o r  b o t h  f u l l  c l o c k w i s e  a n d  c o u n t e r c l o c k w i s e  o p e r a t i o n s  
i s  shown by  F i g u r e  1 5 .  T h i s  f i g u r e  d e m o n s t r a t e s  t h a t ,  f o r  
g i v e n  i n p u t  a n g l e s ,  t h e  c l o c k w i s e  mode o f  o p e r a ' t i o n  i s  s l i g h t l y  
m o r e  s e n s i t i v e  ( i . e . ,  l a r g e r  o u t p u t  a n g l e s )  t h a n  t h e  o p p o s i t e  
d i r e c t i o n .  I t  i s  a l s o  o b v i o u s  f r o m  F i g u r e  1 5  t h a t  i n  s p i t e  
o f  t h e  d i f f e r e n c e s  i n  t h e  m e d i a n  i n p u t  a n g l e s ,  t h e  e x t r e m e s  
a t  0 a n d  1 8 0 "  a r e  a g a i n  e q u a l  i n  b o t h  d i r e c t i o n s .  

Af t e r  c o n s u l t a t i o n  w i t h  t h e  customer,  i t  was  d e c i d e d  t h a t  
t h e  s l i g h t  n o n l i n e a r i t y  a n d  u n e q u a l n e s s  w o u l d  n o t  a f f e c t  the  
o p e r a t i o n  o f  t h e  S e r p e n t u a t o r  s i n c e  t h e  o p e r a t o r  w o u l d  be 
c o n t r o l  1 i n g  the  movement  m a n u a l  l y ,  a n d  woul  d have v i  s u a 1  
c o n t a c t  w i t h  t h e  t i p  a t  a l l  t imes.  I n  f u t u r e  v e r s i o n s  where 
t h e  t i p  p o s i t i o n  must be r e m o t e l y  o p e r a t e d ,  o r  e v e n  p r o g r a m m e d ,  
the  n o n l i n e a r i t y  w o u l d  n e e d  t o  b e  c o m p e n s a t e d  f o r  e l e c t r o n i c a l l y ,  
o r  e l i m i n a t e d  e n t i r e l y  f r o m  the l i n k a g e  t h r o u g h  f u r t h e r  re f inement .  
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FABRICATION 

The in t e rveh i  cul a r  Serpentua tor  t h a t  was o r i g i n a l  l y  
planned f o r  s e r v i c e  w i t h i n  t h e  Orbi ta l  Workshop ,  was t o  
have been 18 f e e t  long a n d  fo ldab le  i n t o  a volume which 
c o u l d  be passed t h r o u g h  a removable bulkhead opening in 
the  S-IVB t a n k  a n d  the E V A  a i r  lock hatch.  

The Serpentua tor  was t o  have been provided with four  
( 4 )  powered l i n k s  with con t ro l s  provided a t  b o t h  t he  f ixed  
a n d  the f r e e  ends.  In t e rna l  redundant hermetic s e a l i n g  of 
a l l  c r i t i c a l  e l e c t r i c a l  a n d  mechanical p a r t s  was a l s o  t o  
be included. 

S h o r t l y  a f t e r  t he  design review meeting, a t  which the 
design layouts  a n d  d e t a i l  drawings were presented a n d  
approved, a f i rm s h o p  e s t ima te  of the  f a b r i c a t i o n  c o s t  was 
obtained.  This e s t i m a t e ,  inc luding  t h e  machine shop time 
a n d  the assembly time appreciably exceeded the  a l l o t t e d  funds.  

The high cos t  was a t t r i b u t e d  t o  t he  r a t h e r  s o p h i s t i c a t e d  
dr ive  t r a i n  a n d  hermetic s e a l i n g  systems w h i c h  evolved t h r o u g h  
several  prel iminary design review meetings.  The dec is ion  was 
made t o  reduce the  number of d e l i v e r a b l e  l i n k s ,  t o  e l imina te  
the i n t e r n a l  hermetic s e a l s  ( t h e  primary s e a l s  were O-rings 
a t  the  f lange  a n d  metal bellows over t he  l inkage)  , a n d  t o  
provide only one cont ro l  panel.  

Documentation de l ivered  t o  the  customer descr ibed t h e  
fou r  l i n k  ve r s ion ,  a n d  p rovis ions  were maintained t h r o u g h o u t  
the p r o g r a m  t o  r e t a i n  the  f e a t u r e  o f  having the t w o  l i n k  
Inserp e a s i l y  conve r t ib l e  t o  the  o r i g i n a l  four  l i n k  model. 

The bulk o f  t h e  raw mater ia l  used i n  the  Serpentua tor  
f a b r i c a t i o n  was ,furnished by t h e  government, a n d  r e s u l t e d  
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i n  some r e d u c t i o n  i n  c o s t .  All  e x c e s s  m a t e r i a l  was r e t u r n e d  
w i t h  t h e  f i n i s h e d  p r o d u c t .  

The f a b r i c a t i o n  of p a r t s  p roceeded  s m o o t h l y ,  and an 
u n u s u a l l y  low n u m b e r  of rework or r e j e c t  s i t u a t i o n s  a r o s e .  

Assembly a l s o  went s m o o t h l y ,  e x c e p t  f o r  an o c c a s i o n a l  
t h r e a d  t h a t  needed t o  be c h a s e d ,  o r  a s h a f t  l a p p e d  t o  g e t  
t h e  p r o p e r  f i t .  The mechanica l  s t o p s  d i d  n o t  l i n e  u p  e x a c t l y  
and a minor l a s t  minute m o d i f i c a t i o n  had t o  be i n c o r p o r a t e d .  

After  t h e  f i r s t  l i n k a g e  a n d  d r i v e  t r a i n  were a s s e m b l e d ,  
i t  was found t h a t  t he re  was a p p r o x i m a t e l y  3 i n c h e s  o f  u n c o n t r o l l e d  
p l a y  i n  t h e  p l a n e  o f  t h e  S e r p e n t u a t o r  movement. This  p l a y  
was measured 17 i n c h e s  away from t h e  o u t b o a r d  s i d e  of  t h e  j o i n t ,  
and i f  t h i s  l e v e r  arm were r a t i o e d  t o  t h e  o r i g i n a l  l e n g t h  of  
1 8  f e e t ,  t h e  t i p  p l a y  would have been u n a c c e p t a b l e .  

Approximate ly  2 days time was spen t  l o c a t i n g  t h e  c a u s e  
of t h e  p l a y ,  by u s i n g  l o c a t i ' n g  i n d i c a t o r s  a t  v a r i o u s  p o i n t s ,  
d i s a s s e m b l i n g  the sys t em a n d  measu r ing  t h e  O i l i t e  b e a r i n g  
c l e a r a n c e s ,  e t c .  I t  was f i n a l l y  d e t e r m i n e d  t h a t  t he  p l a y  was 
due t o  an accumula t ion  o f  t h r e e  s i t u a t i o n s :  ( 1 )  D e f l e c t i o n  
i n  t h e  w a l l s  of  the  Ba l l  Screw Housing (Dwg.  #400981) ;  ( 2 )  p l a y  
i n  t he  b a l l  n u t - t o - l i n k  b u s h i n g ;  and ( 3 ) ,  p l a y  i n  a l l  the 
l i n k a g e  j o i n t s .  

E s p e c i a l l y  l a r g e  c o n t r i b u t o r s  t o  the o v e r a l l  p l a y  a r e  
items ( 1 )  and ( Z ) ,  and t h e  f i r s t  l i n k s  o f  ( 3 ) .  These p o i n t s  
a r e  s i g n i f i c a n t  because  t h e  p l a y  e x i s t i n g .  h e r e  i s  m u l t i p l i e d  
t h rough  t h e  l i n k a g e  j u s t  a s  a p lanned  a n g u l a r  movement i s  
m u l t i p l i e d  a t  a r a t i o  a s  s h o w n  by Figure 15.  
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I t  s h o u l d  s u f f i c e  t o  s a y  t h a t ,  t h e  a d d i t i o n  o f  t h e  
i n d i v i d u a l  _. p l a y  a t  each  j o i n t  r a t i o e d  t h r o u g h  the  17 i n c h  
l e v e r  arm,  and a l s o  r a t i o e d  t h r o u g h  t h e  j o i n t ,  e q u a l l e d  t h e  
t o t a l  p l a y  v e r y  c l o s e l y .  

T h e  p r o b l e m  was c o r r e c t e d  t o  a g rea t  e x t e n t  by t a k i n g  
t h e  d e f l e c t i o n  o u t  o f  t h e  b a l l  s c rew h o u s i n g  ( D w g .  #400981)  

(Dwg.  #301558) .  
. .  t h r o u g h  shims added between the thrust  b e a r i n g s  and t h e  H o u s i n g  

.. I t  was d e c i d e d  t h a t  t h e  t o l e r a n c e  l imi t s  o n  the l i n k a g e  
b e a r i n g s  were c o n s i s t e n t  w i t h  good  d e s i g n  p r a c t i c e s ,  and t h a t  
c l o s e r  t o l e r a n c e s  ( m i n i m u m  c l e a r a n c e  o f  0.0004 i n c h )  would 
have i m p o s e d  s e v e r e  c o s t  p e n a l t i e s .  In r e t r o s p e c t ,  t h e  w a l l s  
o f  the  b a l l  s c rew h o u s i n g  c o u l d  have been made more r i g i d ,  
even t h o u g h  i t  i s  n o t  r e q u i r e d  from a p u r e  s t r e s s  f a i l u r e  
s t a n d p o i n t .  

. .  . .: . 
. .  

. .  . .  . .  
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WEIGHT ANALYSIS 

T h e  c o n t r a c t  s p e c i f i e d  t h a t  the S e r p e n t u a t o r  s h o u l d  have  
a s p e c i f i c  g r a v i t y  o f  one t o  i n su re  c o m p a t i b i l i t y  w i t h  u n d e r -  
w a t e r  t e s t i n g  a s  w i l l  be c o n d u c t e d  i n  t h e  Marsha l l  N e u t r a l  
Buoyancy Faci  l i  t y .  

W i t h  t h e  tube  d i a m e t e r  a n d  l e n g t h  u s e d ,  however ,  t h e  
buoyancy was p r i m a r i l y  a f u n c t i o n  o f  t h e  w e i g h t  o f  t h e  d r i v e  
t r a i n  and l i n k a g e  components  i n s i d e  t h e  t u b e .  A breakdown 
o f  t h e  weights o f  t h e  i n d i v i d u a l  components  i s  shown by Figure 
1 6 .  

T h e  a c t u a l  w e i g h t  o f  the  a s sembly  i s  117  pounds .  However, 
t o  compute the  buoyancy ,  i t  must be n o t e d  t h a t  t h e  C o n t r o l  
L i n k  i s  f a s t e n e d  t o  a bu lkhead  o r  beam, t h u s  making t h e  Con t ro l  
L i n k ,  w i t h  Drive T r a i n  No. 1 ,  and Linkage  No. 1 s e l f - s u p p o r t i n g ;  
i . e . ,  i t  adds n o t h i n g  t o  the  buoyancy o f  the  r e m a i n i n g  p a r t s .  
The two o u t b o a r d  s p a c e r  t u b e s ,  Drive T r a i n  No. 2 ,  and Linkage  
No. 2 s h o u l d  be n e u t r a l l y  b u o y a n t .  

A s s u m i n g  t h a t  a 4 . 5  i n c h  d i a m e t e r  i s  c o n s t a n t  a l o n g  t h e  
e n t i r e  S e r p e n t u a t o r  l e n g t h  f o r  s i m p l i f i c a t i o n  o f  c a l c u l a t i o n s ,  
t h e  o u t b o a r d  volume i s :  

V = $ ( 4 . 5 ) 2 ( 7 2 )  = 1145 c u b i c  i n c h e s  

S i n c e  a c u b i c  i n c h  o f  w a t e r  weighs 0.0361 p o u n d s ,  t h e  
b u o y a n t  f o r c e  i s  

= (0 .0361 -*)(1145 ounds c u b i c  i n c h e s )  F B  

F B  = 41.3  pounds 
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The w e i g h t  o f  t h e  o u t b o a r d  components ( F i g u r e  1 6 )  i s  
6 6  pounds ' w h i  ch i n d i c a t e s  t h e  need t o  add f l  o t a t i  on m a t e r i  a1 
t o  a c h i e v e  buoyancy. Another  693 c u b i c  i n c h e s  o f  volume 
i s  r e q u i r e d ,  which can be i n  t h e  form o f  Sty ro foam dep loyed  
f o r  a .  l e n g t h  o f  59 i n c h e s  (over two s p a c e r  tubes and Drive 
T r a i n  No. Z ) ,  w i t h  a m a x i m u m  d i a m e t e r  o f  5.93  i n c h e s  a n d  a 
m i n i . m u m  d i a m e t e r  of 4 .50 i n c h e s .  

. .  . 
. .  

1 .  . 
. .  . .  
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CONCLUSIONS A N D  RECOMMENDATIONS 

Concl u s i  o n s  

The E n g i n e e r i n g  Model I n t e r v e h i c u l a r  S e r p e n t u a t o r  was 
s u c c e s s f u l l y  d e s i g n e d  and f a b r i c a t e d  by As t ro -Space  L a b o r a t o r i e s  
i n  a c c o r d a n c e  w i t h  C o n t r a c t  NAS8-30166. 

D u r i n g  p r o g r e s s  mee t ings  w i t h  t h e  c u s t o m e r  e a r l y  i n  t h e  
program,  c o n s i d e r a b l e  e f f o r t  was d i r e c t e d  toward  a c h i e v i n g  a 
r e a l i s t i c  back-up h e r m e t i c  s e a l i n g  d e s i g n  f o r  t h e  components 
which c o u l d  be damaged by e x p o s u r e  t o  e i t h e r  w a t e r  or h a r d  
vacuum. Evo lv ing  from t h e s e  m e e t i n g s  was a complex d e s i g n  
e n t a i l i n g  a r a t h e r  e l a b o r a t e  method of c o m p a r t m e n t a l i z i n g  
t h e  S e r p e n t u a t o r  f o r  i n t e r n a l  p r e s s u r i z a t i o n  , d e p l o y i n g  t h e  
e l e c t r i c a l  w i r e s  between compar tments  , and s e a l i n g  t h e  compar t -  
ments f rom each  o t h e r  a n d  from t h e  o u t s i d e .  

The f a b r i c a t i o n  a n d  assembly  c o s t s  of  such  a s y s t e m ,  when 
coup led  w i t h  a d r i v e  t r a i n  r e q u i r e d  t o  p r o v i d e  q u i t e  l a r g e  
f o r c e s ,  a n d  a complex mechanica l  l i n k a g e ,  were h i g h e r  t h a n  
t h e  c o n t r a c t  v a l u e .  

The q u a n t i t y  of hardware  was a c c o r d i n g l y  r educed  t o  more 
n e a r l y  f i t  t h e  c o n t r a c t  v a l u e ,  then  f a b r i c a t i o n  a n d  assembly  
c o n t i n u e d  on t h e  s m a l l e r  s y s t e m  w i t h o u t  any unexpec ted  p rob lems .  

As t ro -Space  L a b o r a t o r i e s ,  I n c . ,  has p a r t i c i p a t e d  i n  t h e  
d e s i g n  and f a b r i c a t i o n  of s e v e r a l  S e r p e n t u a t o r  s y s t e m s ;  b u t  , 
t h e  s y s t e m  deve loped  unde r  t h i s  p r o g r a m  o f f e r e d  t h e  g r e a t e s t  
e n g i n e e r i n g  c h a l l e n g e ,  because  t h e  l i n k a g e  i n  each  j o i n t  was 
u n i q u e ,  a n d  t h e  d r i v e  s e c t i o n  r e q u i r e d  t o  power t h e  l i n k a g e  
h a d  t o  produce  q u i , t e  l a r g e  f o r c e s  w i t h i n  a smal l  e n v e l o p e .  
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Re commendat ions 

Gene r a  1 

During the  course of t h e  p r o g r a m ,  severa l  ideas presented 
themselves t h a t  would be w o r t h y  of cons idera t ion  i f  s i m i l a r  
systems a re  proposed in t h e  f u t u r e .  

The l inkage would be considered s t a t e  of t h e  a r t ,  a n d  
the  so lu t ion  of the  loads a n d ,  hence,  t h e  s t r e s s e s  in  the 
members would-.make poss ib l e  t h e  opt imizat ion o f  t he  l i nks  a s  
s t r u c t u r a l  members. Further ana lys i s  i n t o  the geometry of 
the l i n k s  would e l imina te  o r  reduce the non l inea r i ty  discussed 
i n  c o n n e c t i o n  w i t h  Figure 15 .  Undoubtedly t h e r e  i s  a computer 
p r o g r a m  f o r  the  so lu t ion  of such a problem, 

The appl ica t ion  o f  a metal bellows as the  j o i n t  s ea l  
was, according t o  d i scuss ions  w i t h  vendors,  an  unusual a p p l i -  
c a t i o n ,  with the  unce r t a in ty  r e s u l t i n g  from the  t180" - bending 
of t h e  bellows, r a t h e r  t h a n  only a x i a l  movement. Since the  
f u t u r e  po ten t i a l  of the  Serpentua tor  depends heavily on the 
r e l i a b i l i t y  o f  the  metal bel lows,  i t  i s  recommended t h a t  
f a t i g u e  t e s t s  be conducted on t he  present  des ign ,  a s  well as  
addi t iona l  a n a l y t i c a l  s t u d i e s  on  the bellows geometry s o  t h a t  
space-compatible re1 i a b i  l i  t y  may be achieved. 

To reduce 'uncont ro l lab le  play in  the  j o i n t  l i nkage ,  i t  
i s  recommended t h a t  the to le rance  l i m i t a t i o n s  w i t h  r e spec t  
t o  the  unique geometry of t he  l inkage be s tud ied  so t h a t  a 
r e a l i s t i c  t r ade -o f f  between c o s t  a n d  performance can be made 
o n  subsequent systems using the  "angle m u l t i p l i e r "  l inkage .  

Space Compatibil i ty 

The o r ig ina l  des ign ,  which ex i s t ed  p r i o r  t o  the  reduction 
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. .  
i n  f a b r i c a t i o n  e f f o r t  i n c o r p o . r a t e d  f e a t u r e s  w h i c h  p r o v i d e d  
f o r  r e d u n d a n t  s e a l i n g  o f  a l l  c r i t i c a l  c o m p o n e n t s ,  a s  wel l  a s  
p r o v i s i o n s  f o r  p e r m a n e n t l y  s e a l i n g  a l l  f l a n g e  j o i n t s  by e i t h e r  
w e l d i n g  o r  w r a p p i n g  w i t h  Perma S e a l  T a p e  ( U n i o n  C a r b i d e ) . ,  T h e  
c o n t r o l  s w i t c h e s  a n d  t h e  e l e c t r i c a l  c o n n e c t o r s  u s e d  t h r o u g h o u t  
were o f  t h e  hermetic  t y p e ,  a n d  w o u l d  n e e d  n o  m o d i f i c a t i o n  
f o r  s p a c e  use.  T h e  switch b o d i e s  a n d  c o n n e c t o r  f l a n g e s  w o u l d  

. . r e q u i r e  w e l d i n g  f o r  s e a l i n g  t h e i r  m o u n t i n g  i n t e r f a c e  f o r  s p a c e  
, a p p l i c a t i o n .  Even t h o u g h  t he  e l e c t r i c  d r i v e  m o t o r s  w o u l d  b e  

d o u b l y  p r o t e c t e d  a g a i n s t  t h e  e n v i r o n m e n t  a t h i r d  p r o t e c t i o n  

m o t o r  c o m p o n e n t s  t o  make them c a p a b l e  o f  o p e r a t i o n  i n  a h a r d  
vacuum. T h i s  f e a t u r e . ,  i s  a t t a i n e d ,  h o w e v e r ,  a t  a l o s s  i n  t h e  
l i f e  e x p e c t a n c y  of  t h e  m o t o r ;  down t o  a p p r o x i m a t e l y  50  hours , .  

-. c a n  b e  a d d e d  i n  the  f o r m  o f  a p r o p r i e t a r y  t r e a t m e n t  t o  the  
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