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SYNCHRONOUSLY DEPLOYABLE TRUSS REFLECTOR 

Various concepts have been examined f o r  l a r g e  antennas. 
concepts which have been e x t e n s i v e l y  i n v e s t i g a t e d  a re  desc r ibed  i n  d e t a i l  i n  
re fe rences  1 and 2. P r a c t i c a l  c o n s i d e r a t i o n s  l i m i t  these concepts t o  ape r tu res  
o f  approx imate ly  50 meters.  For ape r tu res  above 50 meters,  t h e  h i g h  s t r u c t u r a l  
s t i f f n e s s  and compact packaging o f  t h e  t e t r a h e d r a l  t r u s s  make t h i s  concept an 
a t t r a c t i v e  cand ida te  f o r  t h e  r e f l e c t o r  suppor t  s t r u c t u r e .  T h i s  paper w i l l  
i l l u s t r a t e  v a r i o u s  f e a t u r e s  o f  a deployable,  o r  f o ldab le ,  doubly  curved t e t r a -  
h e d r a l  t r u s s  s t r u c t u r e  and t h e  methods used t o  des ign t h e  t r u s s  geometry and 
t o  synchronize deployment o f  t h e  f o l d i n g  elements. An antenna w i t h  such a 
r e f l e c t o r  s t r u c t u r e  i s  d e p i c t e d  i n  t h e  f i g u r e  which shows a side-mounted feed 
supported by a three-boom t r i p o d .  P a r t i c u l a r  a p p l i c a t i o n  requi rements w i l l  
determine if a one- o r  three-boom feed  suppor t  i s  r e q u i r e d .  

Two examples of such 



TETRAHEDRAL TRUSS PACKAGING 

The t e t r a h e d r a l  t r u s s  considered h e r e i n  uses i nward - fo ld ing  sur face s t r u t s .  
The packaged geometry i s  i l l u s t r a t e d  i n  r e f e r e n c e  3 and b a s i c  packaging equa- 
t i o n s  a r e  presented. The f i g u r e  below presents  t h e  maximurll d iameter  hexagonal 
p lanform t e t r a h e d r a l  t r u s s  t h a t  may be packaged w i t h i n  t h e  d iameter  c o n s t r a i n t  
of t h e  S h u t t l e  cargo bay. The deployed t r u s s  s i z e s  a r e  shown i n  t h e  f i g u r e  as 
a f u n c t i o n  of t h e  sur face and co re  s t r u t  s lenderness r a t i o s  ( i  .e., l e n g t h /  
r a d i u s  of g y r a t i o n ) .  The f i g u r e  shows t h a t  l a r g e r  d iameter  deployed t r u s s e s  
r e q u i r e  h i g h e r  va lues of  s t r u t  s lenderness t o  package w i t h i n  t h e  d iameter  o f  
t h e  cargo bay. Using s t r u t s  w i t h  a s lenderness o f  1000 p e r m i t s  a 300-m-diameter 
t r u s s  t o  be packaged whereas a s t r u t  s lenderness of  200 l i m i t s  t h e  maximum 
diameter  t r u s s  module which can be t r a n s p o r t e d  v i a  S h u t t l e  t o  60 m. 

REFLECTOR DIAMETER VERSUS STRUT SLENDERNESS 
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ANTENNA REFLECTOR TRUSS CONSTRUCTION 

The geometr ic  techn ique f o r  d e f i n i n g  a f o l d a b l e  t r u s s  concept i s  i l l u s t r a t e d  
i n  t h e  f i g u r e  below. The d e s i r e d  doubly  curved r e f l e c t o r  su r face  i s  d i v i d e d  
approp r i  a t e l y  i n t o  a t r i  angul a r  p a t t e r n  o f  po i  n t s  which a re  connected by 
s t r u t s .  
convex s i d e  o f  t h e  r e f l e c t o r  sur face .  The t r i p o d  a p i c e s  are connected w i t h  a 
t r i a n g u l a r  s t r u t  arrangement. The r e s u l t i n g  c o n f i y u r a t i o n  can be designed t o  
f o l d  i n t o  a compact package i n  which a l l  t h e  nodes w i t h i n  a su r face  l i e  i n  a 
p l  ane. Th is  f e a t u r e  pe rm i t s  "bandi ng" t h e  nodes s o l  i d l y  t o g e t h e r  t o  s u r v i  ve 
t h e  v i b r a t i n g  environment r e s u l t i n g  f rom t h e  S h u t t l e  be ing  boosted i n t o  o r b i t .  
Use o f  i n w a r d - f o l d i n g  face  s t r u t s  ( i n s t e a d  o f  outward f o l d i n g )  r e s u l t s  i n  a 
package which i s  minimum leng th .  Th is  fea tu re  i s  impor tan t  because a premium 
i s  p laced  on t h e  cargo bay l e n g t h  occupied by a pay load.  I n  a d d i t i o n ,  inward-  
f o l d i n g  face s t r u t s  a r e  considered t o  pose fewer i n t e r f e r e n c e  problems w i t h  
any mesh r e f l e c t o r  sur face which i s  a t tached t o  t h e  t r u s s .  

Equal l e n g t h  s t r u t  t r i p o d s  a r e  e rec ted  from t h e  c , t r u t  nodes on t h e  
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NODAL DISTRIBUTION BY NORMAL PROJECTION 

The method most commonly used t o  d e f i n e  t h e  t r i a n g u l a r  nodal p o i n t  p a t t e r n  o f  
a t e t r a h e d r a l  t r u s s  face on a p a r a b o l i c  r e f l e c t o r  i s  known as normal p r o j e c t i o n .  
The method c o n s i s t s  o f  forming an e q u i l a t e r a l  t r i a n g l e  p a t t e r n  i n  a p lane ( i .e. ,  
t h e  x-y p lane)  t o  determine t h e  x and y coord ina tes  t o  be used t o  f i x  node 
l o c a t i o n s .  The z coord ina te  i s  then c a l c u l a t e d  f rom t h e  p a r a b o l i c  sur face  equa- 
t i o n  u s i n g  t h e  known x and y coord ina tes .  Th is  method corresponds t o  p r o j e c t i n g  
each p o i n t  o f  t h e  p l a n a r  e q u i l a t e r a l  t r i a n g l e  arrangement p a r a l l e l  t o  t h e  z 
a x i s  o n t o  t h e  p a r a b o l i c  surface, as shown i n  t h e  f i g u r e ,  hence t h e  te rm normal 
p r o j e c t i o n .  Due t o  c u r v a t u r e  o f  t h e  p a r a b o l i c  sur face,  t h e  t r i a n g u l a r  p a t t e r n  
t h u s  formed e x h i b i t s  a wide v a r i a t i o n  i n  s t r u t  l e n g t h  and i n  t h e  l o c a l  geometry 
of  each node. These f e a t u r e s  have an adverse e f f e c t  on design, f a b r i c a t i o n ,  
and, u l t i m a t e l y ,  c o s t  o f  t h e  r e f l e c t o r  t r u s s  s t r u c t u r e .  

1' 

lsogrid pattern 
(defines X, Y )  

X 

up to 
for Z 
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I NODAL DISTRIBUTION BY ARC D I V I S I O N  

T h e o r e t i c a l l y ,  i t  i s  p o s s i b l e  t o  have an e q u i l a t e r a l  t r i a n g l e  ( i s o g r i d )  s t r u t  
arrangement o n l y  i n  a f l a t  su r face .  I t  i s  n o t  p o s s i b l e  t o  achieve t h i s  i n  a 
doubly  curved sur face,  such as a p a r a b o l i c  antenna r e f l e c t o r .  However, t h e  
v a r i  a t  i o n  o f  geomet r i  c p r o p e r t i e s  between nodes can be reduced i f a n e a r l y  
e q u i l a t e r a l  sur face d i s t r i b u t i o n  o f  nodal p o i n t s  can be found. The f i g u r e  
below i l l u s t r a t e s  one such method. Cons ide r ing  f i r s t  t h e  shaded s e c t o r  o f  a 
p a r a b o l i c  sur face,  bounded on t h e  o u t s i d e  edge by a r c  AB, t h e  m e r i d i o n a l  and 
c i r c u m f e r e n t i a l  boundar ies o f  t h e  s e c t o r  a r e  d i v i d e d  i n t o  t h e  a p p r o p r i a t e  
number of equal l e n g t h  arcs.  I n t e r i o r  p o i n t s  a re  l o c a t e d  by d i v i d i n g  each 
i n t e r i o r  c i r c u m f e r e n t i a l  a r c  p a r a l l e l  t o  AB i n t o  t h e  a p p r o p r i a t e  number o f  
equal l e n g t h  arcs.  A t r i a n g u l a r  t r u s s  thus  formed e x h i b i t s  a more n e a r l y  equal  
v a r i a t i o n  o f  s t r u t  l e n g t h s  than  does t h e  normal p r o j e c t i o n  technique.  F u r t h e r  
improvement i s  p o s s i b l e  i f  t h e  edge p lane  ABC (which was o r i g i n a l l y  v e r t i c a l  
as shown i n  t h e  i n s e t )  i s  r o t a t e d  outward about t h e  l i n e  AC as shown i n  t h e  
f i g u r e  (see ADC) .  I n t e r i o r  c i r c u m f e r e n t i a l  a rcs  a r e  r o t a t e d  i n  a s i m i l a r  
manner and d i v i d e d  i n t o  equal l e n g t h  arcs.  The r o t a t i o n  parameter k ,  shown 
i n  t h e  i n s e t ,  has a ze ro  va lue  when t h e  p lane  c o n t a i n i n g  each c i r c u m f e r e r i t i a l  
a r c  ( s i m i l a r  t o  A B )  is v e r t i c a l ,  and has t h e  va lue  1.0 when each p lane  i s  per-  
p e n d i c u l a r  t o  t h e  mer id ian  DE. 
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STRUT LENGTH D I F F E R E N C E  M I N I M I Z A T I O N  

The o b j e c t i  ve o f  r e d i  s t  r i  b u t i  ng nodal p o i  n t s  by t h e  a r c  d i  v i  s i  on technique was 
t o  min imize d i f f e r e n c e s  i n  t h e  s t r u t  l e n g t h s  t o  a i d  i n  a r r i v i n g  a t  a common 
node design f o r  each o f  t h e  two t r u s s  sur faces.  The f i g u r e  shows t h e  s t r u t  
l e n g t h  e r r o r  o c c u r r i n g  f o r  a 100-m-diameter p a r a b o l i c  t r u s s  w i t h  nodal p o i n t  
1 o c a t i  on determined by a r c  d i v i s i o n  (normal i zed w i t h  respec t  t o  s imi  1 a r  values 
f rom normal p r o j e c t i o n ) .  The s t r u t  l e n g t h  d i f f e r e n c e  i s  shown f o r  t h r e e  values 
o f  t r u s s  c u r v a t u r e  (FPD = .5, 1.0 and 1.5).  The normal ized v a r i a t i o n  of s t r u t  
l e n g t h  d i f f e r e n c e  i s  shown t o  be e s s e n t i a l l y  equal f o r  a l l  t h r e e  values o f  FPD, 
and e x h i b i t s  a "minimum" a t  a va lue  o f  t h e  geometr ic parameter k equal t o  
0.27. S i m i l a r  reduc t ions  i n  d i f fe rences  of  t h e  geometr ic angles a, 8 ,  and 4 
a l s o  occur.  Whi le i t  i s  n o t  p o s s i b l e  t o  have g e o m e t r i c a l l y  i d e n t i c a l  nodes 
( w i t h i n  each t r u s s  sur face) ,  i t  appears t h a t  d i f f e r e n c e s  can be reduced t o  
acceptable values such t h a t  a common node design f o r  each sur face  appears 
f e a s i  b l  e. 
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NODAL GEOMETRY D E F I N I T I O N  

The geometr ic l a y o u t  o f  a t e t r a h e d r a l  node i n c l u d i n g  t h e  l o c a t i o n  o f  a l o c a l  
a c t u a t o r  a x i s  i s  shown i n  t h e  f i g u r e .  The a c t u a t o r  a x i s  i s  c o n s t r u c t e d  p e r -  
p e n d i c u l a r  t o  t h e  co re  s t r u t  t r i p o d  base and passes th rough  t h e  t r i p o d  apex. 
A t  each node, t h e  t h r e e  equal l e n g t h  co re  s t r u t s ,  by d e f i n i t i o n ,  each form an 
ang le  8 w i t h  respec t  t o  t h e  a c t u a t o r  ax i s .  The ang le  8 v a r i e s  f rom node t o  
node. Each face  s t r u t  i s  shown t o  form an angle a w i t h  respec t  t o  t h e  a c t u a t o r  
a x i s .  The ang le  a v a r i e s  f rom s t r u t  t o  s t r u t  as w e l l  as node t o  node. The 
s u r f a c e  s t r u t s  a r e  shown i n  t h e  p lan fo rm view t o  form a p r o j e c t e d  ang le  Q 
w i t h  respec t  t o  ad jacen t  s u r f a c e  s t r u t s .  The angle $I v a r i e s  from s t r u t  t o  
s t r u t  as w e l l  as node t o  node. The o b j e c t i v e  o f  t h e  a r c  d i v i s i o n  method o f  
nodal d i s t r i b u t i o n  i s  t o  m in im ize  t h e  d i f f e r e n c e  between s u r f a c e  s t r u t  l e n g t h s  
and a d d i t i o n a l l y  t o  m in im ize  v a r i a t i o n s  i n  t h e  angles a, 0 ,  and 9 .  Reduct ion 
o f  v a r i a t i o n s  i n  t h e  l o c a l  geometr ic f e a t u r e s  o f  each node t o  a smal l  enough 
magnitude w i l l  p e r m i t  t h e  use of a s ing le-node des ign each for t h e  convex and 
concave su r faces  o f  t h e  t r u s s  s t r u c t u r e .  Th is  f e a t u r e  i s  a p r a c t i c a l  n e c e s s i t y  
f o r  l a r g e  deployable t r u s s e s .  

Actuator and ref lector 
standoff a x i s 7  

- Actuator axis 

Core s t r u t  ( 3 )  

Elevation view Planform view 
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STRUT SYNCHRONIZER DESIGN FEATURES 

The method chosen t o  a f f e c t  and r e g u l a t e  t h e  deployment of t h e  t e t r a h e d r a l  
t r u s s  r e f l e c t o r  i s  i l l u s t r a t e d  i n  t h e  f i g u r e .  The nodal c l u s t e r  shown has a 
s ing le - face  and s i n g l e - c o r e  s t r u t  a t tached f o r  c l a r i t y .  I n  a c t u a l i t y ,  up t o  
s i x  face  s t r u t s  and t h r e e  core  s t r u t s  w i l l  be connected a t  a s i n g l e  node. 
Face and core  s t r u t s  a r e  actuated and synchronized by mechanical l i n k s  which 
a r e  a t tached t o  a common s l i d e r .  Th is  s l i d e r  i s  powered by a pass ive  s p r i n g  
which i s  re leased a t  a r a t e  determined by e i t h e r  (1) d i s t r i b u t e d  l o c a l  pas- 
s i v e  dampers as shown i n  t h e  f i g u r e  o r  ( 2 )  a g l o b a l  r e s t r a i n t  ( t e t h e r )  system. 
The s l i d e r - c r a n k  synchronizer  geometry i s  designed t o  p rec lude i n t e r f e r e n c e  
between dep loy ing  face  and core  members. Each node deploys independent ly  i n  
a manner t h a t  i s  compat ib le  ( f r e e  of i n t e r f e r e n c e )  w i t h  ad jacent  nodes. ' Kine- 
m a t i c  loops  a r e  formed between t h e  t r u s s  sur faces which a r e  connected by t h e  
core  s t r u t s .  
sur faces.  

These k inemat ic  loops synchronize deployment o f  t h e  t r u s s  

NODAL CLUSTER 

Folded Deployed 

U n synch ron i zed 
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STRUT SYNCHRONIZATION ANALYTICAL MODEL 

The f i g u r e  i l l u s t r a t e s  t h e  geometry o f  t h e  a n a l y t i c a l  model used t o  determine 
t h e  synch ron ize r  des ign  which r e s u l t e d  i n  m i n i m i z i n g  t h e  f o l d i n g  e r r o r  para-  
meter, E ,  as shown. P i v o t  l o c a t i o n s  were i t e r a t e d  u n t i l  t h e  rnaxiinum va lue  
o f  E was min imized over  t h e  e n t i r e  a c t u a t o r  and s t r u t  movement range-- f rom 
f u l l y  f o l d e d  t o  complete deployment. In t h e  des ign approach i l l u s t r a t e d  by 
t h e  f i g u r e ,  bo th  t h e  face  and co re  s t r u t s  a r e  a t tached  t o  a common a c t u a t o r  
( s l i d e r ) .  Whi le  E cannot be reduced t o  zero, i t  can be reduced t o  a smal l  
va lue  which has n e g l i g i b l e  consequences on t h e  k inemat i c  deployment of a 
f o l d e d  t r u s s .  S ince t h e  e r r o r  E cannot be comp le te l y  e l i m i n a t e d ,  i t  must be 
accommodated by bending o f  t h e  s t r u t s  u s i n g  t h e  des ign approach i l l u s t r a t e d .  
An a l t e r n a t i v e  approach, n o t  i l l u s t r a t e d  o r  discussed, i s  t o  p r o v i d e  a two- 
p i e c e  a c t u a t o r  s l i d e - - s p r i n g  connected--which w i l l  accommodate t h e  k inemat i c  
e r r o r  w i t h o u t  s t r u t  bending. 
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I 



FOLDING ERROR 

The f o l d i n g  e r r o r  E ,  def ined p r e v i o u s l y ,  was c a l c u l a t e d  f o r  a 100-in-diameter 
p a r a b o l i c  r e f l e c t o r  s t r u c t u r e  (FBD = 1.5). The a n a l y t i c a l  r e s u l t s  a r e  shown 
i n  t h e  f i g u r e  as a f u n c t i o n  o f  s l i d e r  p o s i t i o n .  
designed f o r  mean values o f  t h e  des ign parameters, computed by t h e  a r c  d i v i s i o n  
method. The f o l d i n g  e r r o r  E f o r  t h i s  case i s  shown i n  t h e  f i g u r e .  The 
maximum magnitude o f  e r r o r  i s  shown t o  be approx imate ly  .32 inches and occurs 
near t h e  s t a r t  o f  t h e  deployment process. A second peak i n  f o l d i n g  e r r o r  
(w .22 i n c h e s )  occurs approx imate ly  70% th rough  t h e  deployment ope ra t i on .  
These va lues o f  e r r o r  rep resen t  "hard" spots  i n  t h e  deployment process which 
must be overcome by t h e  l o c a l  a c t u a t o r  s p r i n g  f o r c e .  

The k i n e m a t i c  l i n k a g e  was 

1.675 in. 

Opening process 

f f 

Normalized slider position 
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ACTUATOR FORCE REQUIREMENTS 

A combined k inemat ics  and f o r c e  a n a l y s i s  was performed u s i n g  t h e  a n a l y t i c a l  
model c o n f i g u r a t i o n  discussed p r e v i o u s l y .  A r i g i d - b o d y  k inemat ics  code, ADAMS, 
was m o d i f i e d  t o  p e r m i t  s t r u t  bending d u r i n g  deployment. Using t h i s  approximate 
ana lys is ,  and n e g l e c t i n g  f r i c t i o n ,  paramet r ic  s t u d i e s  were performed t o  d e t e r -  
mine t h e  a c t u a t o r  f o r c e  r e q u i r e d  t o  i n s u r e  deployment o f  t h e  t r u s s  c o n f i g u r a -  
t i o n s  under i n v e s t i g a t i o n .  The f i g u r e  shows t h a t  t h e  f o r c e  r e q u i r e d  t o  over-  
come s t ru t -bend ing  deformat ions was found t o  be e s s e n t i a l l y - l i n e a r  w i t h  
respec t  t o  sur face  s t r u t  l e n g t h  d i f f e r e n c e .  
( i .e.,  e was min imized)  f o r  median values o f  t h e  nodal geometr ic parameters-- 
i n c l u d i n g  sur face  s t r u t  l e n g t h .  
t h i s  l i n k a g e  des ign and d i f f e r e n t  values o f  s t r u t  leng th .  P l o t t e d  on t h e  
f i g u r e  are  t h e  maximum s t r u t  l e n g t h  d i f f e r e n c e s  r e s u l t i n g  from t h e  a r c  d i v i s i o n  
and normal p r o j e c t i o n  techniques. Neg lec t ing  f r i c t i o n ,  t h e  a r c  d i v i s i o n  method 
i s  shown t o  r e q u i r e  an a c t u a t o r  f o r c e  o f  approx imate ly  3 l b f  whereas t h e  normal 
p r o j e c t i o n  method r e q u i r e s  approx imate ly  11 l b f .  

The k inemat ic  l i n k a g e  was designed 

The f o r c e  requirements were examined u s i n g  
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CONCLUDING REMARKS 

An a r c  d i v i s i o n  method f o r  d i s t r i b u t i n g  t r u s s  nodal l o c a t i o n s  over  a doubly 
curved r e f l e c t o r  s u r f a c e  has been presented. T h i s  method has been shown t o  
decrease d i f fe rences  i n  sur face  s t r u t  leng ths  and t o  inc rease t h e  geometr ic 
s i m i l a r i t y  o f  a l l  node c o n f i g u r a t i o n s  i n  each t r u s s  surface. 
enhance t h e  des ign o f  a s i n g l e  node and s t r u t  synchronizer  mechanism f o r  each 
s u r f a c e  o f  t h e  deployable t e t r a h e d r a l  t r u s s  examined. The f o l d i n g  e r r o r  
r e s u l t i n g  f rom u s i n g  t h i s  design approach was found t o  be minimal.  Nodal 
a c t u a t o r  s p r i n g  f o r c e s  were c a l c u l a t e d  from an approximate a n a l y s i s  and found 
t o  be on t h e  o r d e r  of  t h r e e  pounds ( n e g l e c t i n g  f r i c t i o n )  f o r  t h e  100-m- 
d iameter  b a s e l i n e  r e f l e c t o r  be ing  considered. 

These features 

I n v e s t i g a t i v e  e f f o r t s  t o  da te  i n d i c a t e  t h e  f e a s i b i l i t y  o f  u s i n g  an a r c  
d i v i s i o n  technique i n  c o n j u n c t i o n  w i t h  a s t r u t  synchron iza t ion  approach f o r  
c o n s t r u c t i n g  and r e g u l a t i n g  o p e r a t i o n  o f  a deployable t e t r a h e d r a l  t r u s s  
r e f  1 e c t o r  . 

0 Slender s t ru ts  required to  achieve 
large-diameter single-module 
reflector surfaces 

0 A r c  division method decreases 
s t ru t  length differences 

0 Use of single-node/synchronizer 
design appears feasible for each 
sur face 
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