
The f a l l  t e s t  conf igura t ion  on Spacelab 1 is  shown i n  Figure  1. 

REQUIREMENTS 

Function: sudden and smooth r e l e a s e  of 
v i s i b l e  warning under a wide range of loads  
t o  32 V) 

s u b j e c t  without aud ib le  o r  
and v o l t a g e s  (0 t o  100 Kg, 19 

Release Delay: not  t o  exceed 0.1 second from command u n t i l  s u b j e c t  
starts t o  f a l l  and t o  be very c o n s i s t e n t  f o r  a g iven load and v o l t a g e  
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ABSTRACT 

T h i s  p a p e r  d e s c r j b e s  t h e  des ign ,  <he development, and t h e  t e s t i n g  of a r e l e a s e  
mechanism f o r  use  Ln two L i f e  Science Experiments on t h e  Spacelab 1 ,  4 ,  and Dl 
m i s s i o n s .  The mechanism i s  a s e l f - l a t c h i n g  b a l l - l o c k  d e v i c e  a c t u a t e d  by a 
l i n e a r  so leno id .  An unusual f e a t u r e  is t h e  t a p e r i n g  of  t h e  b a l l - l o c k  p l u n g e r  
t o  g i v e  i t  a n e a r - c o n s t a n t  b r e a k o u t  f o r c e  f o r  r e l e a s e  under a wide range of 
loads. The selectfon of the design, based on the  des ign requirements,  i s  discussed. 
A number of problems occurred dur ing  developmect and t e s t ,  i nc lud ing  problems 
caused by human f a c t o r s  t h a t  became apparent  a f t e r  i n i t i a l  d e l i v e r y  f o r  crew-  
t r a i n i n g  s e s s i o n s .  These problems and t h e i r  s o l u t i o n s  a r e  desc r ibed  t o  a s s i s t  
i n  t h e  d e s i g n  and t e s t i n g  of s i m i l a r  mechanisms. 

INTRODUCTION 

The Spacelab Ves t ibu la r  Experiments a r e  designed to  i n v e s t i g a t e  changes 
i n  v e s t i b u l a r  func t ions  dur ing  we igh t l e ss  c o n d i t i o n s  and space  motion 
s i ckness .  

The O t o l i t h  Sp ina l  Reflex o r  "Hop and Drop" Experiment t e s t s  the  e f f e c t s  
of a l t e r a t i o n s  i n  O t o l i t h  organ c o n t r i b u t i o n s  t o  l e g  muscle a c t i v i t y  i n  
s p e c i f i c  exper imenta l  s i t u a t i o n s ,  each involving a d i f f e r e n t  motion of the  
s u b j e c t .  Hopping and unexpected f a l l  t e s t s  w i l l  be conducted on-orbit  i n  
Spacelab and on the  g r o m d  before  and a f t e r  f l i g h t .  The on-orbit  t e s t s  employ 
elastic ,ords t o  provide t h e  f o r ~ e s  necessary  t o  keep the  s u b j e c t  i.1 p lace  
whi le  hopping, o r  t o  propel  him towards t h e  f l o o r  i n  the  f a l l s .  

I n  t h e  f a l l  t e s t  s e c t i o n  of t h e  O t o l i t h  
necessary  t o  r e l e a s e  the  s u b j e c t  wi thout  warning 
t o w a r d s  t h e  f l o o r  under  t h e  i n f l u e n c e  of  t h e  

2. r e l e a s e  mechanism used i n  t h i s  t e s t  i n c o r p o r a t e s  
.I and i s  the  s u b j e c t  of t h i s  paper. 

Sp ina l  Ref lex  Experiment i t  is 
, s o  t h a t  h e  w i l l  a c c e l e r a t e  

ex tended  cord assembl ies .  The 
some u n i q u e  d e s i g n  f e a t u r e s  
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Figure 1. Fall Test Configuration 

FLOOR 



To be s e l f  l a t ch ing  i n  the  r e t en t ion  pos i t ion  

Low weight (2.5 Kg), s i z e ,  and power consumption (40 W a t  24 V) 

To be reusable immediately a f t e r  each r e l ea se  

No s tored  energy devices t ha t  could impact crew s a f e t y  

~ i f e t i m e :  1,500 r e l ea se  cycles  under a spec i f i ed  load p r o f i l e ,  before  
refurbishment 

DESIGN 

Various design approaches were i n i t i a l l y  considered. The main problem was 
t o  achieve re lease  under high ex te rna l  load within the mass, power, time and 
sa fe ty  cons t ra in t s .  

Pyrotechnic and pneumatic devices o f f e r  the best  forcelweight r a t i o  bu t  
would v io l a t e  the r e u s a b i l i t y  and s a f e t y  requirements f o r  the  Spacelab 
i n t e r i o r .  

The r e l ea se  delay of a l i n e a r  ac tua tor  employing an e l e c t r i c  motor wi th  
reduction gearing and a lead screw w a s  found to  be excessive and the subjec t  
would ob ta in  an audible  advanced warning of the release.  

It was eventual ly  determined t h a t  a solenoid-actuated bal l - lock mechanism 
would meet the performance and s a f e t y  requirements and would provide a 
compact,low-power design, with a low number of moving par t s .  

The ac t i ve  par t  of the r e l ea se  mechanisn is a h a n d l e b a r  providing a 
two-handed g r i p  and c a r r y i n g  a solenoid-actuated ball-lock pin v e r t i c a l l y  
mounted a t  i ts  c e n t e r  point. The mating pa r t  is an outer  s leeve  with a semi- 
c i r c u l a r  cross-section groove t h a t  is  attached to  the Spacelab s t ruc ture .  

On la'ch-vp, the th ree  b a l l s  a r e  r a d i a l l y  locked i n t o  t he  groove i n  the  
f ixed outer  sleeve and the  load imparted by the  subjec t  under t he  in f luence  
of the extended cord assemblies i s  taken by the b a l l s  i n  shear.  The plunger 
is held i n  the  extended pos i t ion  by a compression c o i l  spr ing.  When 
energized, the  solenoid withdl P W ~  a plunger and permits the  b a l l s  t o  co l lapse  
toward the pin cen t re  and out of the  groove, which allows t h e  b a l l  lock p in  
t o  s l i d e  out of the ou te r  s leeve  under t h e  inf luence of t he  a x i a l  load. 

A l a r g e  s o l e n o i d  f o r c e ,  however, was pred ic ted  f o r  r e l ea se  under high 
load because of high f r i c t i o n  on t h e  p lunge r  caused by t h e  clamping a c t i o n  
of t h e  b a l l s .  I n  add i t i on ,  the  r e l e a ~ e  c h a r a c t e r i s t i c s  of t h e  mechanism would 
vary considerably a s  a f u n c t i o n  of l o a d .  Th i s  problem was s o l v e d  by u s i n g  
a tapered plunger with a half-cone angle equal t o  t he  arctangent of the predicted 
coe f f i c i en t  of f r i c t i o n .  The p lunge r  which was n e u t r a l  under  l o a d ,  needed 
only a small force t o  re lease.  



The p r i n c i p l e  is i l l u s t r a t e d  i n  F igure  2. 

The f l igh t - s tandard  r e l e a s e  mechanism is shown i n  Figure  3. 

A deve lopment  model was m a n u f a c t u r e d  and  t e s t e d  u s i n g  a s p r i n g  gage 
ins tead  of a solenoid  s o  t h a t  t h e  r e l e a s e  f o r c e s  c o u l d  be measured u n d e r  a 
wide range of loads .  A s e r i e s  of plungers wi th  var ious  t a p e r  ang les  were t e s t e d  
and an optimum ang le  s e l e c t e d .  

The t h e o r e t i c a l  and measured plunger r e l e a s e  f o r c e s  a r e  shown i n  Figure  
4 and Figure  5 f o r  va r ious  loads  and plunger t a p e r  angles .  

The s3lenoid  used f o r  t h e  r e l e a s e  mechanism involved modi f i ca t ion  of a 
s tandard bought out u n i t  f o r  two reasons:  

1. R e p l a c e n x t  of unacceptable m a t e r i a l s  wi th  those  approved by NASA f o r  
manned s p a c e f l i g h t  a p p l i c a t i o n s  

2. Performance improvement ( p a r t i c u l a r l y  t h e  f o r c e  c a p a b i l i t y  at t h e  f u l l y -  
extended p o s i t i o n )  

The performance before  and a f t e r  modi f i ca t ion  is shown i n  Figure  6. 

DEVELOPMENT PROBLEMS AND SOLUTIONS 

Design modi f i ca t ion  r e s u l t e d  from development t e s t i n g  i n  t h r e e  a reas :  

0 Release c h a r a c t e r i s t i c s  
0 Retent ion c h a r a c t e r i s t i c s  

Lubr -ca t ion  l i f e  

The fol lowing paragraphs d e s c r i b e  t h e s e  a reas .  

Release C h a r a c t e r i s t i c s  

The u n i t  e x h i b i t e d  occas iona l  f a i l u r e  t o  r e l e a s e  when t h e  s o l e n o i d  was 
e..crgized because of:  

0 I n s u f f i c i e n t  solenoid  f o r c e  
a Excessive r e t e n t i o n  s p r i n g  f o r c e  

Lubricant f a i l u r e  
0 Unexpected mechanism kinemat ics  

I n v e s t i g a t i o n  of t h e  f i r ~ t  t h r e e  i tems r e s u l t e d  i n  minor improvements but 
t h e  problem was not  completely solved.  

A thorough review of t h e  mechanism des ign  was then conducted and a 
p o t e n t i a l  jamming mode of t h e  mechanism was p red ic ted  by ana lys i s .  This mode 
involved t h e  latch-up kinemat ics  of t h e  mechanism as show.1 i n  Figure  7. 



cos 8) 
(SIN B - p COS 8) 

Figure 2. Principle of Release Mechantsrn 
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Figure 4. Theoretical Pc:formance of Release Mechanism 
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Figure 5 .  Test Performance of Release Mechanism 
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(a) NOMINAL LOCK-UP GEOMETRY 
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(b) JAMMING MODE LOCK-UP GEOMETRY 

Figure 7. Lock-up Kinematics of Release Mechanism 



Because  of t h e  s p r i n g  f o r c e  and p l u n g e r  momentum, o v e r t r a v e l  of t h e  p lunger  
could f o r c e  t h e  b a l l s  i n t o  t h e  back of t h e  g roove  a l t e r i n g  t h e  c o n t a c t  a n g l e  
f o r  t h e  r e a c t i o n  f o r c e  R1. 

Because R1 = -- " 
cos  Q! 

R1 becomes very  l a r g e  a s  Q: approaches 90". 

When R1 i s  very l a r g e ,  two e f f e c t s  cause very l a r g e  r e s i s t a n c e  f o r c e s  on 
the  plunger.  

S i d e  l o a d s  on t h e  p l u n g e r  caused  by d i f f e r e n t i a l  b a l l  r e a c t i o n s  become 
s i g n i f i c a n t  and cause  high r e a c t i o n  f o r c e s  at  t h e  plunger j o u r n a l s  

0 The r e a c t i o n  f o r c e  on t h e  p lunger ,  R;! becomes l a r g e  enough t o  cause  rapid  
l u b r i c a n t  wear a l lowing s t i c k i n g  of t h e  b a l l s  t o  t h e  p lunger  

These e f f e c t s  were e l imina ted  by i n s t a l l i n g  a l i m i t  s t o p  f o r  ~;;e plunger  
which prevented i t  from reaching t h e  o v e r t r a v e l  cond i t ion  

Retent ion C h a r a c t = r i s t i c s  

Figure  5 shows t h a t  t h e  plunger t ends  t o  r e l e a s e  by i t s e l f  a t  higher loads 
and t h a t  a r e t a i n i n g  f o r c e  i s  r e q u i r e d .  S e v e r a l  i t e r a t i o n s  were  r e q u i r e d  t o  
o b t a i n  t h e  c o r r e c t  s p r i n g  f o r c e  ( i f  t o o  l a r g e  a f o r c e  was used,  t h e  so leno id  
could not  r e l e a s e ) .  I f  a  minimum s p r i n g  f o r c e  was u s e d ,  uncommanded r e l e a s e  
c o u l d  o c c u r  when t h e  mechanism was shaken o r  r o t a t e d  under f u l l  load.  When t h e  
r e l e a s e  performance problems p r e v i o u s l y  d e s c r i b e d  were  s o l v e d ,  i t  was f o u n d  
t h a t  a s t r o n g e r  s p r i n g  could be used and t h e  r e t e n t i o n  performance was 'mproved 
correspondingly. Continued r o t a t i o n  of t h e  mechanism with  r e s p e c t  t o  t h e  groove,  
however ,  e v e n t u a l l y  caused uncommanded r e l e a s e  because t h e  motion of t h e  b a l l s  
allowed s l i p  of t h e  plunger.  This was no t  considered a s e r i o u s  problem f o r  t h i s  
a k o l i c a t i o n .  

L u b r i ~ s t i o n  L i f e  

The a ~ t i v e  p a r t s  of t h e  mechanism a r e  made from hardened corros ion-  
r e s i s t a n t  stwl. Dry l u b r i c a n t s  based on molybdenum d i s u l p h i d e  a r e  used t o  
prevent  g a l l i n g  and t o  avoid t h e  problems of wet l u b r i c a n t s  i n  an  unsealed 
mechanism,(e.g., contaminat ion r i s k  when mechanism i s  s e p a r a t e d ) .  The plunger  
i s  coated wi th  a s o l i d  f i l m  l u b r i c a n t  per  M1L-L-46010 t o  provide low f r i c t i o n  
and r e l a t i v e l y  h igh con tac t  s t r e s s  c a p a c i t y  when s l i d i n g  a g a i n s t  t h e  b a l l s .  A 
high  r a t e  of wear of t h i s  l u b r i c a n t  was observed dur ing  i n i t i a l  t e s t i n g .  

When t h e  r e l e a s e  performance problems were e l imina ted  a s  p r e v i o u s l y  men- 
t i o n e d ,  a c o n s i d e r a b l e  improvement i n  t h e  plunger l u b r i c a n t  l i f e  was obta ined 
because t h e  c o n t a c t  s t r e s s e s  of the  b a l l s  on t h e  p lunger  had been reduced. 



A f u r t h e r  improvement t h a t  was o b t a i n e d  by a d d i n g  t o  t h e  experiment 
procedure i n v o l v e d  r o t a t i n g  t h e  p l u n g e r  a b o u t  i t s  c e n t e r l i n e  o c c a s i o n a l l y  
s o  t h a t  t h e  new l u b r i c a n t  was c o n t a c t e l  by t h e  b a l l s .  

TESTING 

Performance T e s t i n g  

I n i t i a l l y ,  a simple p a s s l f a i l  t e s t  was used, based on completion of a 
l a r g e  number o r  r e l e a s e s  without jamming a t  normal v o l t a g e  ( i .e . ,  worst-case 
s p e c i f i c a t i o n  values) .  To a l low t h e  t imely d e t e c t i o n  of problems, however ,  a 
c h a r a c t e r i z a t i o n  test was adopted t o  determine t h e  performance margins of t h e  
r e l e a s e  mechanism. 

Two methods of d e f i n i n g  r e l e a s e  performance were used: 

Tes t ing  a t  reduced vo l tage  
Measuring r e l e a s e  d e l a y  

The r e l a t i o n s h i p  between supply vo l tage  and r e l e a s e  f o r c e  is  i l l u s t r a t e d  
i n  Figure  8. If t h e  vo l tage  is  reduced u n t i l  c o n s i s t e n t  r e l e a s e  no longer  
occurs ,  the  r e s i s t i v e  fo rces  i n  t h e  mechanism can be determined. I f  these are 
significantly higher  than predic ted a p o t e n t i a l  problem i n  t h e  mechanism 
e x i s t s .  

Measurements of r e l e a s e  de lay  can be made using an accelerometer  mounted 
on the  solenoid housing o r  by recording the  solenoid  c u r r e n t  p r o f i l e  which 
d i p s  when t h e  plunger moves. Both have been used and provide a n  a c c u r a t e  
i n d i c a t i o n  of t h e  time between switching vo l tage  t o  t h e  solenoid  and motlon 
of t h e  r e l e a s e  mechanism. Both t h e  average value  and t h e  cons i s tency  of t h e  
d e l a y  provide a good i n d i c a t i o n  of t h e  h e a l t h  of t h e  mechanism. 

Environmental T e s t s  - 
The fol lowing environmental  t e s t s  were performed by NASA, Johnson Space 

Center and t h e  Massachusetts  I n s t i t u t e  of Technology, Laboratory f o r  Space 
Experiments : 

Electromagnetic c o m p a t i b i l i t y  (EMC) 
Vibra t ion  of stowed re lea -a  mechanism 

0 Thermal c y c l i n g  
Toxic i ty  and ou tgass ing  

L i f e  Tes t  

A L i f e  Tes t  of one r e l e a s e m e c h a n i s m  war performed and an opera t ing  l i f e  
f a c t o r  of 4 was demonstrated i n  r e l a t i o n  t o  mission,  ground tes t ing ,and  crew 
t r a i n i n g  operat ions .  A t  t h e  end of t h i s  t e s t  t h e  u n i t  vas s t i l l  o p e r a t i n g  
normally. 
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Figure 8.  Solenoid Force at  Various Supply Voltages 



CONCLUS IONS 

Three f l i z h t  u n i t s  have been d e l i v e r e d  f o r  use i n  L i f e  Science 
Experiments on t h e  Spacelab 1 ,  Dl, and 4 missions.  

The u n i t  used on Spacelab 1 (STS-9), which f l ew i n  November and December 
1983, performed s a t i s f a c t o r i l y .  

The Spacelab D l  and 4 miss ions  a r e  due i n  June 1985 (STS-26) and December 
1985 (STS-32). 

The mechanism desc r ibed  i n  t h i s  paper is s u i t a b l e  f o r  o t h e r  a p p l i c a t i o n s  
r e q u i r i n g  quick r e l e a s e  under load,  wi th  r e l e a s e  delay independent of load 
and s u p ~ l y  v o l t a g e ,  low-power consumption, and immediate r e u s a b i l i t y .  
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