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SUMMARY 

An a n a l y t i c a l   s t u d y  w a s  made t o  eva lua te   changes   in   the   fundamenta l   f requency  of 
a two-dimens iona l   can t i levered   t russ  boom a t  various  stages  of  deployment.  The t r u s s  
could   be   ax ia l ly   deployed  or retracted  and  undergo a var ie ty   of   control led-geometry 
changes by shor t en ing   o r   l eng then ing   t he   t e l e scop ing   d i agona l  members i n   e a c h  bay. 
Both untapered   and   tapered   vers ions   o f   the   t russ  boom were modeled  and  analyzed  using 
t h e   f i n i t e - e l e m e n t  method. When fu l ly   dep loyed ,  a q u a d r a t i c a l l y   t a p e r e d   t r u s s ,   i n  
which the members i n   t h e  t i p  bay  had  an area one-tenth  the area i n   t h e   r o o t   b a y ,   h a d  
a fundamental  frequency  which w a s  s i g n i f i c a n t l y   h i g h e r   t h a n  that  of   the  untapered 
base- l ine   t russ .   Large   reduct ions   in   fundamenta l   f requency   occur red   for   bo th   the  
untapered   and   tapered   t russes  when they were uniformly retracted o r  maneuvered later- 
a l l y  from t h e i r   f u l l y   d e p l o y e d   p o s i t i o n .  These  frequency  reductions  can  be  mini-  
mized,  however, i f   t r u s s   g e o m e t r i e s  are s e l e c t e d  which   main ta in   can t i lever   roo t  
s t i f fnes s   du r ing   t ru s s   maneuver s .  

INTRODUCTION 

Cur ren t ly ,   t he re  i s  c o n s i d e r a b l e   i n t e r e s t   i n   t h e   p o s s i b i l i t y  of p l a c i n g   l a r g e  
s t r u c t u r e s   i n  space. These   s t ruc tu res  may i n i t i a l l y  be on the   o rde r  of 2 0  t o  30 m 
across   and  then  expand  to  more than  100 m ac ross  as man's c a p a b i l i t y   i n   s p a c e  
inc reases .  (See r e f .  1 . )  Typical   missions  which  require   these  large space s t r u c -  
tures   include  science  and  appl icat ions  platforms,   remote-sensing  and  communicat ions 
antennas,  and  permanent space s t a t i o n s   o r   s p a c e - o p e r a t i o n s   c e n t e r s .  

It is a n t i c i p a t e d   t h a t  some type  of   long  t russ  boom o r  space crane w i l l  be a n  
i n t e g r a l   p a r t  of t hese  large s t r u c t u r e s ,   e s p e c i a l l y  a p l a t f o r m   o r   s p a c e   s t a t i o n .  
Space cranes   can   per form  docking   or   ber th ing   opera t ions   wi th   v i s i t ing   spacecraf t ,  
handle  cargo  loading  and  unloading,  and move o b j e c t s   t o   d i f f e r e n t   l o c a t i o n s  on a 
platform.  The ex is t ing   Shut t le   remote   manipula tor   sys tem ( R M S ) ,  described i n   r e f e r -  
ence 2, h a s   t h e   p o t e n t i a l   t o   p e r f o r m   t h e s e   t a s k s   b u t   s u f f e r s  a major  drawback. The 
RMS, as cu r ren t ly   des igned ,  is i n e f f i c i e n t  from a packaging   s tandpoin t  because i t s  
packaged  length is e q u a l   t o  i ts  deployed  length.   Thus,   the maximum length  of the RMS 
is cons t ra ined  to  be the   l ength   o f   the  Space S h u t t l e   o r b i t e r   b a y .  

A deployable  truss  concept  has  been  designed  which is a n   a l t e r n a t i v e   t o   t h e  RMS 
f o r  a space c r a n e   o r  boom and  which   possesses   the   added   fea ture   tha t  it packages 
e f f i c i e n t l y .  (See f i g .  1 . )  Th i s   t ru s s   has   an   i ndependen t ly   con t ro l l ed   ac tua to r   i n  
each   te lescoping   d iagonal  member. The truss   can  be  packaged  for   s towing  on  the 
S h u t t l e  by f u l l y   e x t e n d i n g  a l l  the d iagonal  members. Once i n   o r b i t ,  the t r u s s   c a n  
func t ion  as a s t r a igh t - l i ne   man ipu la to r  by s imul t aneous   ex tens ion   o r   r e t r ac t ion   o f  
a l l  the d iagonal  members. (See f i g .   l ( a l . 1   S i n c e   e a c h   a c t u a t o r  is independently 
c o n t r o l l e d ,   t h e   t r u s s   c a n   a l s o  be maneuvered l a t e r a l l y  (see f i g .  1 ( b )  1 and,   thus,  is  
c a l l e d  a s e r p e n t i n e   t r u s s .   S t r u c t u r a l   c h a r a c t e r i s t i c s  of a s e r p e n t i n e   t r u s s   v a r y  as 
the t russ   geometry   changes .   Before   se rpent ine   t russes   can  be c o n s i d e r e d   f o r   u s e   i n  
space, however, their s t r u c t u r a l   c h a r a c t e r i s t i c s   a n d  dynamic  behavior  must be ana- 
lyzed  and  understood . 



( a )  Axial deployment / re t rac t ion .  

(b )  Serpent ine   opera t ion .  

Figure 1.- Represen ta t ive   ope ra t iona l  modes o f   s e r p e n t i n e   t r u s s .  

As a f i r s t  s t e p   i n   u n d e r s t a n d i n g   s e r p e n t i n e   s t r u c t u r e s ,   a n   a n a l y t i c a l   i n v e s t i g a -  
t i o n  w a s  conducted  of   the  two-dimensional   cant i levered  t russ  boom shown i n   f i g u r e  1 .  
The t r u s s  w a s  analyzed by us ing   an   ex i s t ing   f i n i t e - e l emen t   compute r  program, and  the 
fundamental   natural-vibrat ion  f requency  and mode shape were determined a t  s e l e c t e d  
stages of  deployment  and  serpentine  operation. A s t u d y  of the  fundamental   f requency 
provides  a c o n v e n i e n t   a n d   e f f i c i e n t  way of c h a r a c t e r i z i n g   t h e  dynamic  behavior  of the 
t rus s .   Because   t ape r ing   can   r e su l t   i n  a more s t r u c t u r a l l y   e f f i c i e n t   d i s t r i b u t i o n   o f  
t r u s s  mass a n d   s t i f f n e s s ,   t a p e r e d   t r u s s  models were a l so  s tud ied .  The fundamental  
f requencies   o f   un tapered   and   tapered   t russes  a t  v a r i o u s   s t a g e s  of deployment  and 
s e r p e n t i n e   o p e r a t i o n  are compared with  the  fundamental   f requency of t h e   f u l l y  
deployed   un tapered   (base- l ine)   t russ .  

Ai 

E 

2 

SYMBOLS 

c ross - sec t iona l  area of e a c h   t r u s s  member i n   i t h  bay, m 

Young's  modulus, Pa 
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e inc remen t   i n   d i agona l   e longa t ion ,  m 

f fundamental   frequency, Hz 

f O  fundamental   f requency  of   ful ly   deployed  base- l ine  t russ ,  Hz 

I area moment of i n e r t i a ,  m 4 

i i t h  bay number 

L t r u s s   l e n g t h ,  m 

'i 

m t o t a l   , t r u s s  mass, kg 

d i agona l  member l e n g t h   i n   i t h   b a y ,  m 

6 t i p  d e f l e c t i o n ,  m 

11 i n i t i a l   d i a g o n a l   e l o n g a t i o n ,  m 

'b t ru s s   base   ang le ,   deg  

t r u s s   t i p   a n g l e ,   d e g  't 

h t a p e r   r a t i o  

P mass per u n i t   l e n g t h ,  kg/m 

Subscr ip ts :  

A s e c t i o n  A ( f u l l y   d e p l o y e d   s e c t i o n  of t r u s s )  

0 f u l l y   d e p l o y e d   b a s e - l i n e   t r u s s  

1 , 2 ,  . . . ,30 bay  numbers 

Abbreviations:  

EAL engineer ing   ana lys i s   l anguage  

RMS remote  manipulator   sys  tem 

TRUSS  DESCRIPTION 

General  Requirements  and  Sizing 

Base-line model.- The two-dimensional   deployable   t russ  is assumed t o  have  pin 
j o i n t s   c o n n e c t i n g  a l l  the members and   an   i ndependen t ly   con t ro l l ed   ac tua to r   i n   each  
d i agona l  member. ( S e e   f i g .  2. ) A bay   o f   t he   t ru s s   cons i s t s  of two longerons,  a 
diagonal ,   and a r igh t - s ide   ba t t en .   (See   f i g .  3 .) The b a s e - l i n e   t r u s s  i s  s i z e d  
acco rd ing   t o   t he   fo l lowing  t w o  r equ i r emen t s :   F i r s t ,  the t r u s s  must  have a f u l l y  
deployed  length,  Lo of 30.48 m; and  second,   the  cant i levered  t russ   must   support  a 
t i p  load  of 2.77 t o  3.46 N, s u c h   t h a t   t h e   r a t i o   o f  t i p  d e f l e c t i o n   t o   t h e   f u l l y  
dep loyed   t ru s s   l eng th  6/Lo is  approximately 0.01. ( S e e   f i g .   2 ( a ) . )  
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2.77 t o  3.46 N 
1 

6 

- L o  = 30.48 rn4d 
( a )  Ful ly   deployed   t russ .  

Gatten 

Diagonal member 

P i n   j o i n t  

Longeron 

(b) Truss  d e t a i l s .  

F igure  2.- Model of two-dimensional  deployable  truss.  

\Y 
Bay 1 

A 1  (typical, a1 1 members) A3,, (typical, all members) 

Figure 3 .- Truss  t a p e r i n g  scheme. 
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The r e s u l t i n g   b a s e - l i n e   t r u s s   c a n   s u p p o r t  a t i p  load  of 3.2 N and  maintain 
6/Lo = 0.01. It has  30 i d e n t i c a l   b a y s ,   e a c h   w i t h  a length  and  depth  of 1.016 m 
(see f i g .  2 ( b ) ) ,  and  has a un i fo rm  d i s t r ibu t ion   o f  mass, s t i f f n e s s ,   a n d  member cross- 
s e c t i o n a l  areas a long  i ts  length .   Other   fea tures   o f   the   t russ  are summarized i n  
table I. 

TABLE I.- BASE-LINE TRUSS  FEATURES 

Number of  bays .......................................... 30 
Bay l eng th ,  m ........................................ 1.016 
Bay depth,  m ......................................... 1.016 
Longeron area, y2 ................................... 88.65 
Bat ten area, pm- ..................................... 88.65 

Modulus (aluminum), GPa ................................ 68.9 
Diagonal area, pn2 ................................... 98.65 

Tapered model.- The e f f e c t   t h a t   t a p e r i n g   t h e   t r u s s   h a s  on i ts  fundamental fre- 
quency is a l s o  examined.   In   general ,   taper ing a c a n t i l e v e r e d   t r u s s  so t h a t  the 
c r o s s - s e c t i o n a l  area a t  t h e  t i p  is less t h a n   t h a t  a t  the   base   i nc reases   t he   t ru s s  
fundamental  frequency  because a more e f f i c i e n t   d i s t r i b u t i o n  of t r u s s  mass and s t i f f -  
ness  is achieved. The c ross - sec t iona l  areas of t h e   t r u s s  members ( longerons,   bat-  
t ens ,  and d i a g o n a l s ) ,   r a t h e r   t h a n   t h e   o v e r a l l   t r u s s   g e o m e t r y ,  are tapered  so t h a t   t h e  
t russ   can   be   packaged   accord ing   to   the  method shown i n   f i g u r e  1 .  The area- taper ing  
method is as fo l lows:  The two longerons,   the   diagonal ,   and  the  r ight-s ide  bat ten  of  
bay 1 each  have a c r o s s - s e c t i o n a l  area of A1. A t  the t i p  bay of t he   t ru s s   (bay   30 ) ,  
the longerons,   bat ten,   and  diagonal   each  have  an area of A30, where 0 G A30 < A1. 
The taper r a t i o  A of the t r u s s  is def ined  as 

A = A  /A 30 1 

Two in t e rpo la t ion   func t ions ,   based  on t h e   t a p e r   r a t i o ,  are used   to   de te rmine   the  
areas of t he  members in   each   bay .  For the  case o f   l i n e a r   t a p e r i n g ,   t h e  areas are 
given by 

A i = A k -  1 29 

where 

Ai 

A1 

c r o s s - s e c t i o n a l  area o f   each   t ru s s  member i n   i t h  bay, m2 

c ros s - sec t iona l  area o f   each   t ru s s  member i n   f i r s t  bay, m 2 

S i m i l a r l y ,   f o r   t h e  case of   quadra t ic   t aper ing ,  the c ross - sec t iona l  areas are given by 



I n   t h i s   s t u d y ,   t h e   t a p e r e d   t r u s s  is s i z e d  so t h a t   t h e  areas of t h e  members i n   t h e  
f i r s t  bay e q u a l   t h a t  of t he   base - l ine   t ru s s  (i .e., A, = 88.65 p2). An impor tan t  
p o i n t   t o  make he re  is t h a t   t h e   t a p e r e d  t r u s s  w i l l  n o t  n e c e s s a r i l y  meet the d e f l e c t i o n  
c r i t e r i o n  of 6/Lo = 0.01 f o r   t h e  3.2-N a p p l i e d   t i p   l o a d i n g .  

Truss   Operat ing Modes 

Uniform ax ia l   ope ra t ion . -  One o f   t he   bas i c   ope ra t ing  modes of t h i s   t r u s s  i s  
axia l   deployment  and r e t r a c t i o n ,  and two deployment/retraction  schemes are chosen  for 
t h i s   s t u d y .  The f i r s t  scheme, shown i n   f i g u r e  4, is called  uniform  deployment  and 
r e t r a c t i o n .  With t h i s  scheme a l l  d iagonals  are ac tua ted   s imul taneous ly .   I f   the  
t r u s s  starts ou t   fu l ly   dep loyed  (see f i g .   4 ( a ) )  and the   d i agona l s  are a l l  lengthened 
an  equal  amount,   the  truss  assumes a c o n f i g u r a t i o n   s i m i l a r   t o   t h a t  shown i n   f i g -  
u r e  4 (  b )  . The deployment   ra t io  of t h e   t r u s s  is def ined  as L / L ~ ,  where L is t h e  
c u r r e n t   l e n g t h  of t he  t r u s s  and Lo is the   l eng th  of t h e   f u l l y   d e p l o y e d   t r u s s .  

( a )  Fully  deployed t r u s s .  

( b )   P a r t i a l l y   d e p l o y e d / r e t r a c t e d  t ru s s .  

Figure 4.- Uniform deployment / re t rac t ion  scheme. 

S e l e c t i v e   a x i a l   o p e r a t i o n . -  The second scheme f o r   a x i a l  deployment  and retrac- 
t i o n  (see f i g .  5) i s  ca l l ed   s e l ec t ive   dep loymen t   and   r e t r ac t ion .  With t h i s  scheme, 
t h e  t r u s s  is d i v i d e d   i n t o  two s e c t i o n s :   s e c t i o n  A, c o n s i s t i n g  of a s e l e c t e d  number 
of fu l ly   deployed   bays ,   and   sec t ion  B, where a l l   t h e   r e m a i n i n g   b a y s   a r e   e i t h e r   u n i -  
f o r m l y   r e t r a c t e d   t o  some in t e rmed ia t e   s t age  of  deployment  or a l l  are f u l l y   r e t r a c t e d .  
The deployment   ra t io  is once  again  def ined  as  L/Lo. Another  parameter  which i s  
i m p o r t a n t   t o   t h e  scheme f o r   s e l e c t i v e   a x i a l   d e p l o y m e n t   a n d   r e t r a c t i o n  is t h e   r a t i o  of 
the   l ength   o f   sec t ion  A t o   t h e   l e n g t h  of t he   fu l ly   dep loyed  t r u s s  LA/Lo. Examples 
o f   va r ious   r a t io s  of LA/Lo f o r  a given  value of L/Lo are i l l u s t r a t e d   i n   f i g u r e  6. 
For each   conf igu ra t ion   In   f i gu re  6, t h e   t o t a l   l e n g t h  L is 24.38 m and,   thus,  

6 



Section A ~ & Section 6 i d  

Figure 5.- Se lec t ive   dep loymen t / r e t r ac t ion  scheme. 

(a) L ~ / L ~  = 0.733. 

( c )  LA/Lo = 0.600. 

/ 

' I _  L = 24.38 m 

( d l  L * / L ~  = 0 .333 .  

Figure 6.- Examples of s e l e c t i v e   r e t r a c t i o n   w i t h  L/Lo = 0.8. 
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L/Lo = 0.8 f o r  a l l  the t r u s s e s .  However, even  though the r a t i o  LA/Lo is  d i f f e r e n t  
f o r   e a c h  case, it is a lways   wi th in   the  limits 0 < LA/Lo < L/Lo. When LA/Lo = 0 ,  
t h e   t r u s s   r e v e r t s   t o   t h e   u n i f o r m   d e p l o y m e n t / r e t r a c t i o n  scheme;  and when 
L + / L ~  = L / L ~ ,  a l l  t h e   b a y s   i n   s e c t i o n  B are fu l ly   r e t r ac t ed   and   l ocked   and  act  as a 
t l p  mass. 

S t r a i g h t ,  lateral  serpent ine   opera t ion . -  A l a r g e   v a r i e t y   o f   t r u s s   g e o m e t r i e s  are 
poss ib l e   du r ing   s e rpen t ine   ope ra t ion .   In  the s t r a i g h t ,  la teral  s e r p e n t i n e   o p e r a t i o n  
shown i n   f i g u r e  7, the  angle   between  the t i p  and   the   base   o f   the   t russ  8, remains 
cons t an t   a long   t he   l eng th  of the t r u s s .  This  geometry is gene ra t ed   f rom  the   fu l ly  
dep loyed   t ru s s  by lengthening  every other diagonal  an  equal  amount.  The limit on 
t h i s   t y p e  of  maneuvering  (achieved when every   o ther   bay  is f u l l y   r e t r a c t e d )  is  
-450 < et < 450. 

Curved, l a t e ra l  serpent ine   opera t ion . -  One type  of  curved, l a te ra l  s e r p e n t i n e  
o p e r a t i o n   p o s s i b l e   w i t h   t h i s   t r u s s  is shown i n   f i g u r e  8. Here, t h e   d i a g o n a l s   i n  
every   o ther   bay   of   the   fu l ly   deployed   t russ  are g iven   p rog res s ive ly   i nc reas ing   e lon -  
ga t ions .  The d iagonal   in   bay  2 is g i v e n   a n   i n i t i a l   e l o n g a t i o n  q; t hus ,   t he   l eng th  
o f   t he  bay-2 d iagonal  l2 is  the  sum of  the  lengths   of   the  bay-1 d i agona l   p lus   t he  
increment  (i.e.,  I = I + q). I n  bay  4, the d i a g o n a l   r e c e i v e s   t h e  same e longa t ion  
q p lus   an   add i t iona l   i nc remen t  e (i.e.,  I~ = I, + q + e ) .  Bay 6 r ece ives   t he  
same e longa t ion  as bay 4 p lus   an   addi t iona l   increment  e (i.e.,  l6 = I + q + 2 e ) .  
Bay 8 ge ts   an   e longat ion  q + 3e (i .e., l8 = l1 + q + 3e) ,   and so on, o u t   t o   t h e  
t i p  o f   t he   t ru s s .   Fu l l   ex t ens ion  of t h e   d i a g o n a l   i n  bay 30 s e r v e s   t o  limit t h e  
values  of q and e. Thus, f o r   t h e  30 bay t r u s s e s   c h o s e n   f o r   t h i s   s t u d y ,  q and 
e m u s t   s a t i s f y  

2 1 

1 

The  two angles   used   to   descr ibe   th i s   geometry  are shown i n   f i g u r e  8. The f i r s t  
is the   base   angle  Ob, de f ined  by us ing   t he   o r ig in   and   t he   s econd  bay   of   the   t russ ,  
and  the  second is the  t i p  angle  et, def ined  by u s i n g   t h e   o r i g i n  and  bay  30.  In  the 
limit, as e goes   t o  0, 8, g o e s   t o  8b   and   the   geometry   o f   the   t russ   rever t s   to  
t h e   s t r a i g h t ,  l a te ra l  se rpen t ine   ope ra t ion  shown i n   f i g u r e  7. In a l l  cases, t h e  
maximum angle  8, w i l l  always  be less than 45O and i s  ach ieved   fo r  a given when 
e is chosen s o  t h a t   t h e   d i a g o n a l   i n  bay 30 is fu l ly   ex t ended .  

ANALYSIS 

S i n c e   s t i f f n e s s   c o n s i d e r a t i o n s  are c r i t i ca l  i n   t h e   d e s i g n  of large s p a c e c r a f t ,  
the eva lua t ion  of t he i r   f r equenc ie s   and  mode shapes is extremely  important .  This 
t a s k  is d i f f i c u l t   f o r  a se rpen t ine   s t ruc tu re   because   t he   f r equenc ie s   and  mode shapes 
vary as the  geometry  of  the t r u s s  changes. The aim he re  is t o   c h a r a c t e r i z e   t h e   f r e -  
quency  behavior  of  the  truss by s tudying  a l i m i t e d  number of r e p r e s e n t a t i v e  geome- 
tries. No attempt is made t o  examine  every  conceivable  truss  geometry.  

For a c a n t i l e v e r  beam with  uniform  cross   sect ion  and  uniform mass d i s t r i b u t i o n ,  
the  fundamental   frequency i s  given by ( r e f .   3 )  

f = 0.564: 
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Figure 7 . -  Straight,  lateral  serpentine  operation. 

Figure 8.- Curved, lateral  serpentine  operation. 
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where 

E Young's  modulus, Pa 

I moment of i n e r t i a  of beam c r o s s   s e c t i o n ,  m 4 

L beam length ,  m 

P mass per u n i t   l e n g t h   o f  beam, kg/m 

The mode shape   assoc ia ted   wi th   the   f requency   g iven  i n  equat ion   (5a)  is f i r s t   c a n t i -  
l eve r   bend ing .   Rewr i t ing   equa t ion   (5a )   fo r   t he   fundamen ta l   f r equency   o f   t he   fu l ly  
dep loyed   base - l ine   t ru s s   g ives  

EIO 
f o  = 0.560 - J 

where   the   subscr ip t  0 ind ica t e s   t he   base - l ine  beam. Dividing  equat ion  (5b)  by 
equat ion  (5a)   and  rearranging terms g ives  

I 3 

- IO = (?T(&) 
Thus, t h e   r a t i o   o f   t h e   f i r s t   b e n d i n g   f r e q u e n c i e s   s q u a r e d   g i v e s   a n   i n d i c a t i o n   o f   t h e  
r e l a t i v e   b e n d i n g   s t i f f n e s s e s   o f  t w o  t r u s s   c o n f i g u r a t i o n s .  

The two-dimensional   t russ ,  shown i n   f i g u r e  2 w i t h   f e a t u r e s  summarized i n  
table I, was modeled with  the  f ini te-element-program EAL ( eng inee r ing   ana lys i s   l an -  
guage)  from  reference 4 by using  rod  e lements .  The f in i t e - e l emen t  model  had 
62 nodes, 1 2 0  degrees  of  freedom,  and a d iagonal  mass mat r ix .  The t r u s s  w a s  modeled 
a t  va r ious   s t ages  of   un i form  deployment / re t rac t ion ,   se lec t ive   deployment / re t rac t ion ,  
and  serpent ine  operat ion.  "he EAL e igensolver  w a s  used t o  determine  the  fundamental  
frequency  and mode s h a p e   r e s u l t i n g  from  each  geometry. 

The fo l lowing   fou r   l imi t a t ions  are p laced   on   t he   ana lys i s   because   o f   d i f f e rences  
between a real t r u s s  s t r u c t u r e  and  the  f inite-element  model.  

( 1 )  The f in i t e - e l emen t  model d id   no t   i nc lude   any  mass f o r   t h e   j o i n t s  o r  
a c t u a t o r s .  

( 2 )  In   t he   f i n i t e - e l emen t  model, the  rod  elements  have no th ickness   and ,   thus ,  
c a n   r o t a t e   a b o u t   t h e   j o i n t   c e n t e r   w i t h o u t  member i n t e r f e r e n c e .  I n  a p h y s i c a l   t r u s s  
s t r u c t u r e ,   t h i s  is n o t   p o s s i b l e   b e c a u s e   t h e   f i n i t e   w i d t h   o f   t h e  members w i l l  cause 
in te r fe rence   and ,   thus ,  w i l l  i n f luence   j o in t   des ign   and   r educe   packag ing   e f f i c i ency .  

( 3 )  In t h e   t a p e r i n g  schemes  used,  the w a l l  th ickness   o f  the members is allowed 
t o  become a r b i t r a r i l y  small as t h e  taper ratio decreases .   In  a p h y s i c a l   s t r u c t u r e ,  
minimum gage   cons t r a in t s  on the  w a l l  t h i c k n e s s   o f   s t r u c t u r a l  members must  be 
maintained. 
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( 4 )  The d i agona l  members are assumed t o  have a uniform cross s e c t i o n  rather than  
a s tepped  cross s e c t i o n   t y p i c a l  of a t e l e scop ing  member. 

These   l imi ta t ions  do n o t   i n v a l i d a t e   a n y  of t h e   r e s u l t s   o b t a i n e d   b u t   r e p r e s e n t ,  how- 
ever, refinements  which  might be made i n  the s t r u c t u r a l  model. 

RESULTS AND DISCUSSION 

Fu l ly  Deployed  Truss 

The  fundamental   frequency f of the f u l l y   d e p l o y e d   b a s e - l i n e   t r u s s  w a s  calcu-  
l a t e d  by EAL t o  be 1.01 5 Hz.  The a s s o c i a t e d  mode shape, shown i n   f i g u r e   9 ,  is  

Figure  9.- F i r s t -mode   shape   for   fu l ly   deployed   t russ .  

f i r s t   c a n t i l e v e r   b e n d i n g .   S u b s t i t u t i n g   t h e   v a l u e s  E = 68.9 GPa, Io = 45.8 pm , 
= 1.09 kg/m, and Lo = 30.48 m i n to   equa t ion   (5b )   g ives   fo  = 1.03 Hz. Thus, 

equa t ion   (5b )   p red ic t s  a fundamental   f requency  for   the  t russ   which is approximately 
1 pe rcen t   g rea t e r   t han   t he   f r equency   ca l cu la t ed  by us ing  EAL. Since  equat ion  (5b)  
assumes i n f i n i t e   s h e a r   s t i f f n e s s ,  it p r e d i c t s  a f r e q u e n c y   t h a t  i s  too  high.  The 
f in i t e - e l emen t   r ep resen ta t ion ,   however ,   i nc ludes   t ru s s   de fo rma t ion   due  t o  s h e a r ,   t h u s  
achiev ing  a more accu ra t e   r ep resen ta t ion   o f   t he  t r u s s  s t i f f n e s s .  The fundamental 
f requency   ob ta ined   f rom  the   f in i te -e lement   ana lys i s  is  used   fo r  a l l  subsequent  com- 
p a r i s o n s   i n   t h i s   r e p o r t .  

4 

F igure   10   summar izes   the   e f fec t   tha t   t aper ing   has  on the  f requency  and mass of 
t he   fu l ly   dep loyed   t ru s s .  T$e q u a n t i t i e s   p l o t t e d  on t h e   o r d i n a t e  are t h e  r a t io  of  
f r equenc ie s   squa red   ( f / f0 )&  and  the r a t io  of the t ape red - t rus s  mass to  the  base-  
l i n e - t r u s s  mass. The t r u s s  is a lways   fu l ly   deployed ,   and   the  taper ra t io  ( A ~ ~ / A ~ )  is  
p l o t t e d   o n   t h e  abscissa. A l l  r e s u l t s  were obta ined  by us ing  EAL f in i t e - e l emen t  
a n a l y s i s .  

The r e s u l t s  show tha t  t h e   t a p e r i n g  scheme  used i n   t h e   p r e s e n t   s t u d y   c a u s e s   t h e  
f requency r a t io  t o  inc rease   and   t he  mass r a t io  t o  dec rease .  The f r equency   i nc rease  
is due i n  part  t o  a r e d u c t i o n   o f   t r u s s  mass and i n  pa r t  to  a more e f f i c i e n t   s t i f f n e s s  
d i s t r i b u t i o n .  As w a s  noted before, t h e   t a p e r e d   t r u s s  w a s  n o t   r e q u i r e d  t o  meet t h e  
base- l ine- t russ  6/Lo c o n s t r a i n t .  A t  a taper ra t io  of  0.1, the fundamental   fre- 
quency for the q u a d r a t i c a l l y  tapered t r u s s  is 3.6 times the   fundamen ta l   f r equency   fo r  
t h e   b a s e - l i n e   t r u s s .   S i m i l a r l y ,  for l i nea r   t ape r ing ,   t he   fundamen ta l   f r equency  is  
3.1 times as l a rge .  The mass of the t r u s s  is reduced  by  approximately  50  percent a t  
a taper r a t io  of 0.1 for  both  tapering  schemes. 
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Uniform Axial Deployment/Retraction  Operation 

Figure 11 shows the   var ia t ion   o f   the   fundamenta l   f requency   wi th   deployment   ra t io  
L/Lo dur ing   un i fo rm  ax ia l   dep loymen t / r e t r ac t ion   ope ra t ion .  The t w o  cases shown are 

0 .1 .2  . 3  .4  .5  .G .7 .8 .9 1 .o  
D e p l o y m e n t   r a t i o ,  L/LO 

Figure 11.- Variation  of  fundamental   frequency  during  uniform  deployment/  
r e t r a c t i o n  of   t russ .  
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t h e   b a s e - l i n e   t r u s s   a n d   t h e   q u a d r a t i c a l l y   t a p e r e d  t r u s s  wi th  a t a p e r   r a t i o  of 0.1 . 
Because  of a d e c r e a s e   i n   t h e   t r u s s   b e n d i n g   s t i f f n e s s ,   t h e   f r e q u e n c y   r a t i o s  of  both 
t r u s s e s   d e c r e a s e  as t h e   t r u s s  is r e t r a c t e d .  

The fundamental  mode shape   changes   dur ing   un i form  re t rac t ion ,   and  i ts  behavior  
can be summarized as   fo l lows:   For .   bo th   t russes ,   the  mode shape   of   the   fu l ly   deployed  
t r u s s  is f i r s t   c a n t i l e v e r  bending. A s  t h e   t r u s s   b e g i n s   t o  retract, t h e   f i r s t  mode 
starts p ick ing  up  an a x i a l  component so t h a t   t h e  mode shape is pr imar i ly   bending   wi th  
some a x i a l   c o u p l i n g .  As t h e   t r u s s  is r e t r a c t e d   f a r t h e r ,   t h e  mode t r a n s i t i o n  is com- 
p l e t e d ,   t h e  mode shape shows  a pure ax ia l  v i b r a t i o n   o f   t h e   t r u s s ,  and f i r s t   c a n t i -  
l ever   bending  becomes a higher   (second,   third,  etc.) v i b r a t i o n  mode. For the  base-  
l i n e   t r u s s ,   t h e   t r a n s i t i o n  from a combinat ion  of   bending  and  axial   v ibrat ion  to  a 
p u r e   a x i a l  mode shape  occurs  near a deployment r a t i o  of 0.1 5.  For t h e   q u a d r a t i c a l l y  
t ape red   t ru s s   w i th  a t a p e r   r a t i o   e q u a l   t o  0.1, t h e   t r a n s i t i o n   o c c u r s   a t  a deployment 
r a t i o  of  approximately  0.25. 

By us ing   the   f requency   in format ion   f rom  f igure  11 and  equat ion  (61,   the   var ia-  
t i o n  of t h e   t r u s s   b e n d i n g   s t i f f n e s s  I / I ~  during  deployment  can be determined.  This 
r e s u l t  is summarized f o r   t h e   b a s e - l i n e   t r u s s   i n   f i g u r e  12 .  It  should  be  noted  that  
the   assumpt ion   tha t   the  mode shape i s  f i r s t  bending i s  i m p l i c i t   i n   e q u a t i o n s  ( 5 ) ;  
thus ,   the   curve  i n  f i g u r e  1 2  extends  only  between  deployment  ratios of  0.3  and 1 .O. 
A s imi la r   curve   cannot  be de r ived   fo r   t he   t ape red   t ru s s   because   equa t ion   (6 )  is v a l i d  
on ly   fo r   t ru s ses   w i th  a uniform mass  and s t i f f n e s s   d i s t r i b u t i o n .  The impor tan t  
r e s u l t   i l l u s t r a t e d  i n  f i g u r e  7 is t h e   d r a m a t i c   d e c r e a s e   i n   b e n d i n g   s t i f f n e s s   t h a t  
occurs  as t h e  t r u s s  is un i fo rmly   r e t r ac t ed .  

Select ive  Axial   Deployment/Retract ion  Operat ion 

The fundamental  frequencies  and mode s h a p e s   a s s o c i a t e d   w i t h   s e l e c t i v e   a x i a l  
deployment / re t rac t ion   opera t ion   of   the   base- l ine   t russ   a re  summarized f o r  a p a r t i c u -  
lar deployment r a t i o   i n   f i g u r e  13.  Note t h a t   t h e   t r u s s   g e o m e t r y  i s  t h e  same as t h a t  
i n   f i g u r e  6  and t h a t   t h e  deployment r a t i o   f o r  a l l  the   geometr ies  shown i n   f i g u r e   1 3  
r e m a i n s   c o n s t a n t   a t  0.8. The r a t i o  LA/Lo5 however, v a r i e s  from  0.733 t o  0.267.  For 
LA/LQ = 0.733, t h e   f r e q u e n c y   r a t i o   ( f / f o )  is  1.275 ( f i g .   1 3 ( a ) )  and t h e  mode shape 
is f l r s t   c a n t i l e v e r   b e n d i n g  of t h e   o v e r a l l   t r u s s .  As LA/Lo decreases ,   the  fre- 
q u e n c y   r a t i o   i n c r e a s e s   ( f i g .   1 3 ( b )  ) , reaching  a maximum of ( f / f o )  = 1.359 a t  
L A / ~ o  = 0.600 ( f i g .   1 3 ( c ) ) .  The  mode shape  for   these  values   of  LA/Lo remains 
f i r s t   c a n t i l e v e r   b e n d i n g  of t h e   o v e r a l l  t r u s s .  The f r equency   r a t io   t hen   beg ins  
decreas ing   wi th   decreas ing  LA/Lo ( f i g s .   1 3 ( d ) ,   1 3 ( e ) ,  and 1 3 ( f ) )  and passes through 
1.006 a t  LA/Lo = 0.267 ( f i g .   1 3 ( g )  1. A s  LA/Lo is  decreased from  0.467, t h e  mode 
shape  changes  from  one  of f i r s t   c a n t i l e v e r   b e n d l n g  o f   t h e   o v e r a l l  t r u s s  t o  a mode 
shape where t h e  amount  of  bending i n   t h e   f u l l y   d e p l o y e d   s e c t i o n  A decreases   whi le   the  
amount  of  bending i n   t h e   p a r t i a l l y   d e p l o y e d   s e c t i o n  B i n c r e a s e s .  A t  LA/Lo = 0.267, 
t h e  mode shape shows most of t he   bend ing   occu r r ing   i n   s ec t ion  B with  very l i t t l e  
occurr ing  i n  s e c t i o n  A. (See f i g .   1 3 ( g ) . )  

Figure 14  shows t h e   v a r i a t i o n  of   f requency   ra t io  as a func t ion  of LA/Lo f o r  
t he   s e l ec t ive   dep loymen t / r e t r ac t ion  scheme. I n   t h i s   f i g u r e ,   t h e   p o i n t s   g i v e n   i n  
f i g u r e   1 3   f o r  L/Lo = 0.8 are represented  by t h e   c i r c u l a r  symbols.   Similarly,  
r e s u l t s   f o r  L / L ~  = 0.7,  0.6,  0.5,  and  0.267 were also c a l c u l a t e d  and a r e   p r e s e n t e d  
i n   f i g u r e  14. The curves shown were fa i r ed   t h rough   t he   da t a   po in t s   t o   p rov ide  con- 
t i n u i t y  and to  sugges t  results f o r   p o i n t s   n o t   c a l c u l a t e d .  The cu rves   fo r   each  
d e p l o y m e n t   r a t i o   i n t e r s e c t   t h e   o r d i n a t e  a t  the  appropriate  uniform  deployment/  
r e t r a c t i o n   v a l u e s .  
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Figure 13.- Frequency ra t ios  and mode shapes   fo r   s e l ec t ive   dep loymen t /  
r e t r a c t i o n  of b a s e - l i n e   t r u s s  w i t h  L/Lo = 0.8. 
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The f r e q u e n c y   r a t i o  starts a t  the   un i form  deployment / re t rac t ion   va lue  when 
LA/Lo = 0 (see f i g .  1 1 )  and, i n   g e n e r a l ,  rises w i t h   i n c r e a s i n g  LA/Lo, reaches  a 
peak,   and  then  begins   decreasing.  Note t h a t   f o r   d e p l o y m e n t   r a t i o s   e q u a l  t o  0.8 
and  0.7, the  peaks  of   the  curves   appear   to   occur  a t  LA/Lo = 0.600. A l s o ,  f o r   t h e  
deployment ratios of 0.5, 0.6,  0.7,  and  0.8, t he   f r equency   r a t io   appea r s  t o  pass  
through 1.0 a t  L ~ / L ~  = 0.267. (See t a b l e  11.) The reasons   the   f requencies   peak   and  
pass   th rough  un i ty  a t  these  two p a r t i c u l a r   v a l u e s   o f  L A / ~ o  are no t  known. 

TABLE 11.- FREQUENCY RATIO FOR LA/Lo = 0 -267 
AT FOUR DEPLOYMENT RATIOS 

I I L/LO ( f / f o ) 2  I Deployment r a t i o ,  Frequency r a t i o ,  

I 

0.8 I 1 .007 
.7 
e6 
.5 

1.01 4 
1 .018 
1.01 0 

Var ia t ions  from the   genera l   f requency   t rends   occur  a t  LA/Lo = 0.467 f o r  
L/Lo = 0.5,  and a t  LA/Lo = 0.20 f o r  L/Lo = 0.267.  For t h e s e  two cases ,   t he  
r e t r a c t e d   s e c t i o n  B of t h e   t r u s s   v i b r a t e s   a x i a l l y .  It should   be   reca l led   f rom  the  
d i s c u s s i o n  of f i g u r e  1 1  t ha t   du r ing   un i fo rm  r e t r ac t ion   (wh ich  is  t a k i n g   p l a c e   i n  
s e c t i o n  B )  , t h e   t r u s s  mode is  p u r e   a x i a l   v i b r a t i o n   f o r  L/Lo < 0.1 5 .  Thus, the   fun-  
damental  frequency  and mode shape   fo r   t hese  two p a r t i c u l a r   c a s e s   r e f l e c t  a s t i f f  
t r u s s  ( s e c t i o n  A )  with a s p r i n g   ( s e c t i o n  B)  v i b r a t i n g   a x i a l l y  a t  t h e   t i p .  All t h e  
o the r   con f igu ra t ions   r e f l ec t   fundamen ta l   f r equenc ie s   a s soc ia t ed   w i th  mode shapes 
which are p r i m a r i l y   f i r s t   c a n t i l e v e r   b e n d i n g .  

I n  f i gu re   15 ,   t he   f r equency   va r i a t ion   w i th  L A / ~ o  fo r   t he   s e l ec t ive   dep loymen t /  
r e t r a c t i o n  scheme is shown f o r  a q u a d r a t i c a l l y   t a p e r e d   t r u s s   w i t h  a t a p e r   r a t i o   e q u a l  
t o  0.1.  For t h e  two values  of deployment   ra t io  shown (L/Lo = 0.6 and 0 . 8 ) ,  t h e  gen- 
e r a l   b e h a v i o r  of t he   f r equency   r a t io   w i th  LA/Lo is similar t o  t h a t   f o r   t h e   b a s e -  
l i n e   t r u s s .  The maximum f r e q u e n c y   r a t i o   f o r  L/Lo = 0.8 occurs  a t  LA/Lo = 0.600. 
A sharp   decrease  i n  f requency   occurs   for  L/Lo = 0.6 a t  LA/Lo = 0.533. This ,  
aga in ,  i s  due t o  a  change i n  t h e   f i r s t  mode of t h e   t a p e r e d   t r u s s   t o  a p u r e   a x i a l  
v i b r a t i o n  of t h e   r e t r a c t e d   s e c t i o n  B. 

F igures  1 4  and  15 show t h a t   d u r i n g   t h e   s e l e c t i v e   d e p l o y m e n t / r e t r a c t i o n  scheme, a 
wide r ange   o f   f r equenc ie s   a r e   poss ib l e   fo r   t he   t ru s s ,   bu t   fo r   each   dep loymen t   r a t io ,  
( f / f o )   r e a c h e s  a maximum a t  some p a r t i c u l a r   v a l u e  of LA/Lo. Figure 16  shows t h e  
v a r i a t i o n  of t hese  maximum f requency   r a t io s   a s  a func t ion  of t h e  t r u s s  deployment 
r a t i o .  For both   the   base- l ine   and   tapered   t russes ,  the f r equency   r a t io  increases 
from the   respec t ive   fu l ly   deployed   va lues   wi th   decreas ing   deployment   ra t io ,   reaches  a 
maximum a t  L/Lo = 0.6,   and  then  decreases  with  decreasing  deployment  ratio.   Fig- 
ure  16  shows t h a t   f o r  0.2 < L/Lo < 1 .O, the   se lec t ive   deployment / re t rac t ion   scheme,  
because it resul ts  i n   h i g h e r   f r e q u e n c y   r a t i o s ,  is s u p e r i o r   t o   t h e   u n i f o r m  scheme. 
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Figure 15.- F requency   r a t io s   fo r   s e l ec t ive   dep loymen t / r e t r ac t ion  
of q u a d r a t i c a l l y   t a p e r e d  t r u s s .  h = 0.1 . 
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I: 

Truss With Tip Mass 

One limit on t h e   s e l e c t i v e   d e p l o y m e n t / r e t r a c t i o n  scheme i s  obtained by a l lowing  
t h e   l e n g t h   o f   t h e   r e t r a c t e d   s e c t i o n   ( s e c t i o n  B) t o  go to  0. This   gives   the  config-  
u r a t i o n  shown i n   f i g u r e   1 7 ,  where a l l  o f   s ec t ion  B is r e t r a c t e d   a n d   l o c k e d ,   i n  which 

Figure  17.- Ske tch   of   base- l ine   t russ   wi th   t ip  mass. 

a t i p  mass is formed a t  the  end  of a fu l ly   dep loyed   t ru s s   w i th   l eng th  L = LA. For 
purposes of the f in i t e - e l emen t   ana lys i s ,  a r i g i d  mass was placed a t  t he   f r ee   end  of 
t h e   t r u s s   t o   r e p r e s e n t   t h e   r e t r a c t e d  and  locked  sect ion B. 

Frequency  mvelope 

The frequency  envelope of t h e   b a s e - l i n e   t r u s s  is summarized f o r   a x i a l   o p e r a t i o n  
i n   f i g u r e  18. The lower   bound  on   the   t russ   f requency   ra t io   ( so l id   l ine)  is given by 
the  uniform  deployment/retract ion scheme for  a l l  va lues  of deployment   ra t io .   Truss  

. conf igura t ions   wi th   fundamenta l   f requencies   which   fa l l   be low  th i s   l ine  are poss ib l e ,  
bu t   they  would n o t  be used   because   for   any   deployment   ra t io ,   because   the   t russ   can  
always  be  configured so t h a t   t h e   f r e q u e n c y   r a t i o  is a t  least  the   va lue   g iven  by the  
uniform case. 

Two other  curves  which appear i n   f i g u r e  18  are t h e   s e l e c t i v e - r e t r a c t i o n   c u r v e  
f o r   t h e   b a s e - l i n e   t r u s s   ( t a k e n  from f ig .   16 )   and   t he   cu rve   fo r  a t r u s s   w i t h  a t i p  
mass. These two curves ,  which cross a t  a deployment ra t io  of 0.667,  form the  upper  
bound  of the  f requency  envelope.  For  0.667 < L/Lo < 1 .O, t h e   s e l e c t i v e - r e t r a c t i o n  
curve  gives  the upper bound  on ( f / f o ) 2 ;   a n d   f o r  L/Lo < 0.667, t h e   t r u s s   w i t h  a tip- 
mass curve  gives  the  upper  bound. 

The f i n a l   c u r v e   i n   f i g u r e  1 8  i l lustrates a special se lec t ive   deployment /  
r e t r a c t i o n  case wi th in   t he  t o t a l  frequency  envelope. Here, LA/Lo = 0.267 (See 
f ig .   14 )  so t h a t   t h e  number o f   bays   i n   t he   fu l ly   dep loyed   s ec t ion  A is 8. As sec- 
t i o n  B is r e t r a c t e d  from i ts  f u l l y   d e p l o y e d   p o s i t i o n ,   ( f / f o ) 2   b e g i n s  a . g radua l  
climb  from i ts  va lue  of  1.0 a t  L/Lo = 1 .O. A t  a deployment   ra t io  of 0.6, ( f / f o ) 2  
reaches a maximum value  of 1.018; then, it beg ins   t o   dec rease   and  passes through 1 -0 
aga in   nea r  L/Lo = 0.45. T h e s e   r e s u l t s  show tha t   t he   f r equency   o f  the t r u s s   c a n  be 
he ld   nea r ly   cons t an t   (w i th in  2 percent   o f   1 .0)   for  0.45 < L / L ~  < 1.0 by u s i n g   t h i s  
p a r t i c u l a r   s e l e c t i v e  scheme. 
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Figure 18.- Summary of frequency  envelope of base-line  truss  for 
axial  operation. 
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Serpent ine   Opera t ion  

The f i r s t   t y p e  o f   s e rpen t ine   ope ra t ion   i nves t iga t ed  w a s  t h e   s t r a i g h t ,  l a t e ra l  
geometry shown i n   f i g u r e  7. The v a r i a t i o n   i n   f i r s t   f r e q u e n c y   r a t i o  as a func t ion  
of et is shown i n   f i g u r e  19 f o r   t h e   b a s e - l i n e   t r u s s   a n d   t h e   q u a d r a t i c a l l y   t a p e r e d  
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Figure 19.- Fundamental   f requency  of   base- l ine  and  quadrat ical ly   tapered ( h  = 0.1) 
t r u s s e s   d u r i n g   s t r a i g h t ,  l a te ra l  se rpen t ine   ope ra t ion .  
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t r u s s  wi th  = 0.1. In   both cases, t h e   f r e q u e n c y   r a t i o  is a t  i ts  maximum a t  
et = Oo. A t  et = f45O, eve ry   o the r  bay of the t r u s s  is f u l l y   r e t r a c t e d   w h i c h  means 
tha t   t hese   bays   have  no s t i f f n e s s .  Thus, the frequency ratio f o r  both the untapered 
and   tapered   t russes   qoes   to  0 a t  f45O. The frequency  behavior  is very   near ly  sym- 
metric, w i t h   ( f / f o )   f o r   n e g a t i v e  0, ranging  between 0.8 and 6.1 percent less 
t h a n   t h e   c o r r e s p o n d i n g   v a l u e s   f o r   p o s i t i v e  0,. !&e r e a s o n   f o r   t h i s   r e s u l t  is t h a t  
f o r  the negat ive  0, conf igu ra t ion ,  the f i r s t  bay i s  p a r t i a l l y   r e t r a c t e d   a n d  the 
second  bay i s  fu l ly   deployed;   whereas   in  the p o s i t i v e  0, c o n f i g u r a t i o n ,   t h e   f i r s t  
bay is ful ly   deployed  and  the  second  bay is p a r t i a l l y   r e t r a c t e d .  The e x t r a   s t i f f n e s s  
provided by the   fu l ly   deployed   bay  a t  t h e   r o o t   o f   t h e   t r u s s ,   t h u s ,   r e s u l t s   i n  
s l i g h t l y   h i g h e r   f r e q u e n c i e s   f o r   t h e   p o s i t i v e  0, con f igu ra t ion .  

The second  type  of   serpent ine  geometry  s tudied w a s  the  curved,  lateral  geometry 
shown i n   f i g u r e  20.  For t h i s  case, eb has  been made 0 by h a v i n g   t h e   f i r s t   t h r e e  

Figure 20.- Representat ive  curved,  l a te ra l  serpent ine  geometry.  
8 = oo.  b 

bays  always  remain  fully  deployed. The f r e q u e n c y   r a t i o   ( f / f o ) 2  as a funct ion  of  
the  t i p  ang le  8, i s  shown f o r   t h e   b a s e - l i n e   a n d   q u a d r a t i c a l l y   t a p e r e d   t r u s s   i n  
f i g u r e  21. Since 9, is  l i m i t e d  by f u l l   e x t e n s i o n   o f  the d i a g o n a l   i n   t h e   o u t e r m o s t  
bay,  values  of 8, for   the   curved   geometry   ex tend   on ly   to  23O (when 9 = O O ) .  The 
d a t a  show tha t  f o r  8, < 23O, the   cu rved   s e rpen t ine   t ru s s  w i l l  g ive  a h lghe r   f r e -  
quency   r a t io   t han  a s t r a i g h t   s e r p e n t i n e   t r u s s .  The r e a s o n   f o r   t h i s   r e s u l t  is t h a t  
the  three  bays a t  the  base  of   the   curved  t russ  are fu l ly   dep loyed ,   t hus   g iv ing   t he  
curved t r u s s  more r o o t   s t i f f n e s s   t h a n   t h e   s t r a i g h t   t r u s s .  The importance  of  retain- 
i n g   r o o t   s t i f f n e s s   f o r   m a i n t a i n i n g   o r   i n c r e a s i n g   t h e   f r e q u e n c y   r a t i o   h a s   a l r e a d y   b e e n  
e s t a b l i s h e d   i n   t h e   s e l e c t i v e   d e p l o y m e n t / r e t r a c t i o n   s t u d y ,   a n d  it is shown t o  be 
a p p l i c a b l e   f o r   s e r p e n t i n e   o p e r a t i o n   a l s o .  

b 
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Figure 21.- Fundamental   frequency  of  base-line  and  quadratically  tapered ( h  = 0.1) 
t ru s ses   du r ing   cu rved ,  la teral  se rpen t ine   ope ra t ion .  

CONCLUDING REMARKS 

An a n a l y t i c a l   s t u d y  w a s  made to   eva lua te   t he   fundamen ta l   f r equenc ie s  of a two- 
d imens iona l   can t i l eve red   t ru s s  boom a t  var ious  stages of  deployment. Each bay of t h e  
t r u s s   h a d   a n   i n d e p e n d e n t l y   c o n t r o l l e d   a c t u a t o r   i n   t h e   d i a g o n a l  member. By extending 
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a n d   r e t r a c t i n g   t h e s e   d i a g o n a l s ,  the t rus s   cou ld   be   ax ia l ly   r e t r ac t ed   o r   dep loyed   and  
undergo lateral  se rpen t ine   ope ra t ions .  -The t r u s s   e v a l u a t e d   i n   t h i s   s t u d y  w a s  30.48 m 
long,  1.016 m deep,  and  had 30 bays. 

Two truss 'models   with  the  aforementioned  dimensions were examined. I n  the f i r s t  
(base-line)  model, a l l  t h e   t r u s s  members (ba t tens ,   d iagonals ,   and   longerons)   had  
e q u a l   c r o s s - s e c t i o n a l  areas and,  thus,  each  bay w a s  i den t i ca l .   I n   t he   s econd  
( t ape red )  model, the areas of the members var ied  f rom  bay  to   bay  but  were uniform 
wi th in   each   bay .   For   th i s   t apered  model, the member areas were l a r g e s t   i n   t h e  bay a t  
the c a n t i l e v e r   r o o t   a n d   d e c r e a s e d   i n   e a c h   s u c c e s s i v e   b a y  from t h e   r o o t   t o   t h e  t ip .  
When fu l ly   dep loyed ,  a q u a d r a t i c a l l y   t a p e r e d   t r u s s ,   i n  which the area of   the members 
i n   t h e  t i p  bay w a s  10 percent   o f   the  area i n   t h e   r o o t   b a y ,   h a d  a fundamental   f re-  
quency  which w a s  3.6 times t h a t  of the   base- l ine  t russ   and  approximately  one-half  
t h a t  of t he  mass. The t ape red   t ru s s ,  however,  no  longer met the requirement on t i p  
de f l ec t ion   because  of a n  applied  load,  which w a s  the c r i t e r i o n   u s e d   t o   s i z e   t h e   b a s e -  
l i n e   t r u s s .  

A s ign i f i can t   r educ t ion   i n   t he   fundamen ta l   f r equency   o f   bo th  models  took place 
as t h e   t r u s s  w a s  uniformly retracted from a fu l ly   dep loyed   pos i t i on .  The l a r g e s t  
decrease   in   f requency   occur red  a t  t h e   b e g i n n i n g   o f   t r u s s   r e t r a c t i o n   f o r  a small 
change i n   t h e  diagonal-member  lengths.   During  uniform  retraction,  the  fundamental  
mode changed  from  pure  bending ( a t  f u l l  deployment) t o  a combination of bending  and 
a x i a l   v i b r a t i o n ,  and  then  to  a p u r e   a x i a l  mode ( n e a r   f u l l   r e t r a c t i o n ) .  

S igni f icant   increases   in   fundamenta l   f requency   for   the   base- l ine   and   tapered  
t r u s s e s  are p o s s i b l e   i f  a se l ec t ive   r a the r   t han   un i fo rm  dep loymen t / r e t r ac t ion  scheme 
i s  used   du r ing   ax ia l   ope ra t ion .  The f r equency   i nc rease   occu r s   w i th   t he   s e l ec t ive  
ope ra t ion   because   s t i f fnes s  is maintained a t  t h e   r o o t   o f   t h e   c a n t i l e v e r  by s e l e c t i n g  
a number o f   b a y s   t h e r e   t o   s t a y   f u l l y   d e p l o y e d   d u r i n g   t r u s s  maneuvers. Similar f r e -  
quency  increases  are noted   dur ing   se rpent ine   opera t ion  when a curved, l a te ra l  geom- 
e t r y ,   r a t h e r   t h a n  a s t r a i g h t ,  l a te ra l  geometry, is  used. The f requency   increases   for  
the  curved  geometry are d u e ,   a g a i n ,   t o   r e q u i r i n g   t h a t  a number of   bays  near   the  t russ  
root   remain  ful ly   deployed  during  serpent ine  maneuvers .  

Langley  Research  Center 
National  Aeronautics  and  Space  Administration 
Hampton, VA 23665 
Apr i l  27, 1983 
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