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ABSTRACT 

The impact  of s t r u c t u r a l  o p t i m i z a t i o n  i s  
growing i n  many i n d u s t r i e s  due t o  economic 
p r e s s u r e s  demanding e f f i c i e n c y  i n  t h e  design 
process .  This  e f f i c i e n c y  i m p l i e s  developing 
products  which a r e  c o s t  e f f e c t i v e  and ahead of 
t h e  c o m p e t i t i o n  a t  t h e  same t i m e .  The 
motivation of the  present work i s  t o  provide the 
s t r u c t u r a l  d e s i g n  e n g i n e e r  w i t h  t o o l s  o f  
optimization techniques and pract ices  t ha t  have 
been appl ied successful l y  t o  landing gears. 

Modern l a n d i n g  g e a r s  have t o  meet  a  
multitude of landing and ground handling design 
loads  whose magnitudes a r e  s e v e r a l  t i m e s  t h e  
g ros s  weight  of t h e  a i r c r a f t .  All t h e  design 
l oads  have t o  be i n v e s t i g a t e d  and t h e i r  e f f e c t  
on e a c h  c o m p o n e n t  m u s t  be e v a l u a t e d .  
Furthermore, the response of the landing gears 
t o  a l l  t h e  des ign  loads  must be cons t r a ined  t o  
s a t i s f y  the  design requirements while minimizing 
i t s  s t r u c t u r a l  weight .  The weight  of t h e  
landing gear i s  becoming an ever more important 
f a c t o r ,  a s  i n e f f i c i e n t  d e s i g n  can  add 
u n n e c e s s a r y  w e i g h t  t o  t h e  a i r c r a f t  a n d ,  
consequent ly ,  dec rea se  t h e  payload o r  u se fu l  
load. 

Typical  des ign  examples of components of 
landing gears a r e  presented t ha t  demonstrate the 
performance of STARSTRUC a s  an e f f ec t i ve  weight 
o p t i m i z a t i o n  des ign  t o o l .  The minimum weight  
des ign  i s  ach ieved  when t h e  landing  gear  i s  
subjected t o  behavior c o n s t r a i n t s  on s t r e s s e s ,  
d e f l e c t i o n s ,  b u c k l i n g ,  and f r e q u e n c i e s  of 
vibration. 

IN THE ENGINEERING DESIGN of a  s t ruc ture ,  there  
a r e  always two conditions t o  be s a t i s f i e d :  
a )  The s t ruc tu re  must perform a  given function 
b) The overa l l  cos t  should be minimum 

T r a d i t i o n a l l y ,  performance i s  cons idered  
s a t i s f a c t o r y  when t h e  s t r u c t u r e  c a r r i e s  t h e  
imposed loads s a f e ly  and general ly  behaves in an 
acceptable manner under a1 1  expected conditions. 

The s t r u c t u r a l  behavior  i s  u s u a l l y  de te rmined  
us ing  t he  f i n i t e  e lement  method of a n a l y s i s ,  
which fo r  most s t ruc tures  i s  not unduly d i f f i c u l t  
and has been successful ly  automated. 

A t  t h e  p r e sen t  t i m e ,  t h e  e n g i n e e r  i s  a l s o  
becoming concerned about how h i s  work r e l a t e s  t o  
i t s  environment. I t  i s  now recognized t h a t  i t  i s  
the engineers' r e s p o n s i b i l i t y  t o  a s c e r t a i n  t h a t  
h i s  creat ions a r e  not only s t r u c t u r a l l y  sound and 
aes the t ica l  l y  pleasing, but a l s o  environmental ly  
c o m p a t i b l e .  Al l  t h e s e  a s p e c t s  s h o u l d  be 
considered necessary conditions f o r  s a t i s f ac to ry  
performance. As t h e  e n g i n e e r  i s  now l a r g e l y  
f r e e d  from the  onerous t a s k  of  manual a n a l y s i s ,  
i t  i s  hoped t h a t  he w i l l  app ly  more of h i s  
c rea t ive  energies and judgment t o  ae s the t i c  and 
environmental concerns. 

While cond i t i on  ( a )  above i s  p r i m a r i l y  a  
problem of a n a l y s i s ,  c o n d i t i o n  ( b )  i s  one of 
syn thes i z ing  t h e  s t r u c t u r e  which s a t i s f i e s  t he  
given performance c r i t e r i a  a t  a  minimum t o t a l  
cos t .  Today t h i s  i s  by f a r  s t i l l  mos t ly  t r i a l  
and e r r o r  procedure,  t h a t  i s ,  a  sma l l  number of 
p o s s i b l e  s o l u t i o n s  a r e  synthesized and analyzed 
f o r  s a t i s f ac to ry  behavior, then the  most su i tab le  
one i s  s e l e c t e d .  The r e s u l t i n g  s t r u c t u r e  w i l l  
perform t h e  r equ i r ed  f u n c t i o n  s a f e l y ,  but no t  
n e c e s s a r i l y  a t  t h e  minimum cos t .  A h igh ly  
e f f i c i e n t  technique f o r  s t r u c t u r a l  o p t i m i z a t i o n  
therefore remains the  goal of many researchers. 

I d e a l l y ,  an o p t i m i z a t i o n  technique  f o r  
s t r u c t u r e s  should be a  computer-based procedure 
using as  input a  s e t  of commands very s imi l a r  t o  
the ex is t ing  ana lys i s  software, and another s e t  
s p e c i f y i n g  t h e  t h e  de s ign  requi rements .  The 
ou tpu t  of t h i s  t e chn ique  should be t h e  optimum 
des ign  p r e f e r a b l y  i n  p r i n t e d ,  p l o t t e d ,  and 
d r a f t e d  form. No time-consuming p re l im ina ry  
des ign  by t h e  eng inee r  should be r equ i r ed .  The 
e n g i n e e r  may d e s i r e  some i n t e r a c t i o n  w i th  t h e  
computer t o  a l l o w  him t o  s tudy  t h e  e f f e c t  of 
c h a n g e s  i n  t h e  o v e r a l l  c o n f i g u r a t i o n ,  b u t  
o t h e r w i s e ,  t h e  p r o c e d u r e  s h o u l d  be f u l l y  
automated. Above a l l ,  t h e  procedure must be 
economical, and be t t e r  ye t  in a  desktop computer 
i f  the  s ize  of the  s t ruc tu re  i s  not a  deterrent .  
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The c r i t e r i a  f o r  o p t i m a l i t y  i s  minimum cost ,  
b o t h  f o r  d e s i g n  and m a n u f a c t u r i n g .  S t r u c t u r a l  
o p t i m i z a t i o n  reduces t h e  des ign c o s t  due t o  t h e  
e l i m i n a t i o n  o f  t he  manual t r i a l  and e r r o r .  The 
manufac tur ing  c o s t  i s  a l s o  reduced because i t  i s  
n e a r l y  p r o p o r t i o n a l  t o  t h e  s t r u c t u r a l  w e i g h t .  
I t  i s  t h e r e f o r e  r e a s o n a b l e  i n  s t r u c t u r a l  
e n g i n e e r i n g  t o  assume t h a t  m in imum w e i g h t  
r e p r e s e n t s  m in imum c o s t  as  t h e  c r i t e r i a  f o r  
o p t i m a l i t y .  Th i s  a s s u m p t i o n  i s  v a l i d  p r o v i d e d  
t h a t  designs wh ich  wou ld  be unusua l l y  expensive 
t o  manufacture a re  avoided. 

I t  i s  r e a l i z e d  o f  c o u r s e  t h a t  f o r  c e r t a i n  
t y p e s  o f  s t r u c t u r e s ,  such  as  a i r f r a m e s  and 
l a n d i n g  gears where a  premium i s  a t t ached  t o  t he  
we ight ,  s t r u c t u r a l  w e i g h t  may a f f e c t  t h e  t o t a l  
c o s t  and p e r f o r m a n c e  v e r y  d e c i s i v e l y .  The 
l a n d i n g  g e a r  and i t s  s u p p o r t  s t r u c t u r e  w e i g h  
f r o m  3-8% o f  t h e  a i r c r a f t  weight .  Therefore on 
a  t y p i c a l  t r a n s p o r t  a i r c r a f t ,  a  20% increase i n  
t h e  l a n d i n g  gear w e i g h t  c o u l d  c o s t  3-4,000 lbs .  
w e i g h t  - t h e  e q u i v a l e n t  o f  20 passengers .  
The m o t i v a t i o n  o f  t h e  p r e s e n t e d  p a p e r  i s  t o  
p r o v i d e  t h e  s t r u c t u r a l  e n g i n e e r  w i t h  t o o l s  o f  
o p t i m i z a t i o n  techn iques and p r a c t i c e s  t h a t  have 
been a p p l i e d  successfu l  l y  t o  l a n d i n g  gears. 

DESIGN PARAMETERS 

I n  1964, t h e  c o n c e p t  o f  a  d e s i g n  p a r a m e t e r  
h i e r a r c h y  was o u t 1  i n e d  b y  S c h m i t  and Ma1 l e t ,  
[I]*. I n  t h e i r  v i e w ,  t h e  h i e r a r c h y  c o n s i s t e d  
o f :  

1-Type o f  s t r u c t u r e  
2-General arrangement 
3 -Ma te r i a l  
4-Geometry o f  t h e  s t r u c t u r e  
5-Size o f  t he  elements 
A t  one t i m e ,  i t  seemed t h a t  an a l g o r i t h m  

f o r  s t r u c t u r a l  o p t i m i z a t i o n  c o u l d  be d e v e l o p e d  
t o  t r e a t  a l l  t h e  above f i v e  parameters as des ign 
v a r i a b l e s .  However,  a t t e m p t s  t o  i n c o r p o r a t e  
v a r i a b l e s  f r o m  t h e  f i r s t  t w o  c a t e g o r i e s  have 
been r a r e ,  and t h e  f e w  r e s u l t s  a r e  n o t  o f  much 
h e l p  t o  t h e  p r a c t i c i n g  e n g i n e e r .  One such  
example i s  work done by M i c h e l l ,  [2], who proved 
t h a t  t h e  a b s o l u t e  m i n i m u m  w e i g h t  d e s i g n  f o r  a  
s i m p l y - s u p p o r t e d  beam w o u l d  be as  shown i n  
f i g u r e  1. 

I t  i s  hoped t h a t  a r t i f i c i a l  i n t e l l i g e n c e  
w i l l  e v e n t u a l l y  be u s e d  t o  o p t i m i z e  f o r  t h e  
f i r s t  t w o  c a t e g o r i e s .  T h i s  may be a c h i e v e d  
th rough a  h e u r i s t i c  approach o f  i d e n t i f y i n g  t h e  
s t r a i n  e n e r g y  d e n s i t y  o r  s t r e s s  d e n s i t y  o f  t h e  
s t r u c t u r e  o f  each  f i n i t e  e l e m e n t  t y p e  a t  each  7 .  

l o a d  case. 
* Square bracketed number r e f e r  t o  re fe rences  a t  

However, t h i s  w i l l  r e q u i r e  a  tremendous e f f o r t  t o  
deve lop such a  huge database. 

Schmi t  and M a l l e t  i l l u s t r a t e d  t h e  concept o f  
des ign parameter h i e r a r c h y  by u s i n g  a  th ree-bar  
t r u s s  w h e r e  t h e  member  a r e a s ,  t h e  member  
d i r e c t i o n s  and t h e  member m a t e r i a l s  we re  a l l  
cons idered t o  be des ign var iab les .  By i n c l u d i n g  
v a r i a b l e s  f r o m  c a t e g o r i e s  3, 4, and 5, t h e y  
i d e n t i f i e d  the  main problem t h a t  a r i s e s  when t o o  
many t y p e s  o f  d e s i g n  p a r a m e t e r s  a r e  i n c l u d e d .  
G e n e r a l l y ,  t h e  r a t e  o f  conve rgence  i s  much 
s lower.  I n  t h e  case of t h e  th ree -ba r  t russ ,  over  
100 des ign i t e r a t i o n s  were r e q u i r e d  t o  ach ieve a  
reasonab ly  accura te  so lu t i on .  

I n  c o m p a r i s o n  t o  t h e  w e a l t h  o f  e x p e r i e n c e  
w i t h  e l e m e n t  s i z e s  i n  s t r u c t u r a l  o p t i m i z a t i o n ,  
t he  exper ience w i t h  t h e  geomet r ic  o p t i m i z a t i o n  o f  
s t r u c t u r e s  i s  s t i l l  ve ry  l i m i t e d ,  [3,4]. Th is  i s  
due t o  t h e  f a c t  t h a t  t r u e  geomet r ic  o p t i m i z a t i o n  
r e q u i r e s  t h e  d i f f e r e n t i a t i o n  o f  t h e  s t r u c t u r a l  
m a t r i c e s  w i t h  r e s p e c t  t o  t h e  n o d a l  c o o r d i n a t e  
v e c t o r .  D e v e l o p m e n t  o f  a  g e n e r a l  p u r p o s e  
g e o m e t r i c  o p t i m i z a t i o n  s o f t w a r e  t h a t  can be 
e c o n o m i c a l  l y  used  i s  p r e s e n t l y  q u e s t i o n a b l e .  
Therefore,  research i n t o  s t r u c t u r a l  o p t i m i z a t i o n  
h a s  t e n d e d  t o  c e n t e r  o n  t h e  l a s t  d e s i g n  
p a r a m e t e r s ,  i.e., t h e  s i z e  o f  e l e m e n t s .  T h i s  
a p p r o a c h  has been e x t r e m e l y  s u c c e s s f u l  w i t h  an 
a p p r e c i a b l e  w e i g h t  s a v i n g - o f  u p  t o  40% i n  j u s t  
a b o u t  4  t o  6  d e s i g n  c y c l e s  f o r  m o s t  s t r u c t u r e s  
[5,6,7,81. 

STRUCTURAL OPT1 M IZATION METHODS 

I t  i s  r e a l i z e d  t h a t  d e s c r i b i n g  t h e  many 
o p t i m i z a t i o n  a l g o r i t h m s  i s  beyond t h e  scope o f  
t h e  presented work. Many books have been w r i t t e n  
t o  t h i s  p r e s e n t  s u b j e c t .  One o f  t h e  b e s t  books 
t h a t  has  been w r i t t e n  by  Fox, [9], i n  1971, l a y s  
the  ground work f o r  s t r u c t u r a l  o p t i m i z a t i o n ,  and 
r e m a i n s  a  p i o n e e r i n g  w o r k  f o r  i n t r o d u c i n g  t h i s  
sub jec t .  La te r ,  papers were pub1 i shed  by Venkayya 
[ l o ] ,  and S c h m i t ,  [ll], t h a t  summar i zed  t h e  
s t a t e m e n t  and t h e  s o l u t i o n  t e c h n i q u e s  o f  t h e  
s t r u c t u r a l  o p t i m i z a t i o n  problem. 

The d e s i g n  v a r i a b l e s  a r e  d e f i n e d  a s  t h o s e  
q u a n t i t i e s  t h a t  a r e  changed d u r i n g  t h e  i t e r a t i v e  
p r o c e d u r e  w h i c h  seeks an opt imum.  These N r e a l  
numbers  a r e  c o n v e n i e n t l y  w r i t t e n  a s  an N X 1 
v e c t o r  o f  t h e  d e s i g n  v a r i a b l e  D. R e c o g n i z i n g  
t h a t  o n l y  a  s i n g l e  s c a l a r  can be o p t i m i z e d  a t  a 
t i m e ,  one mus t  d e v i s e  a  p e r f o r m a n c e  i n d e x ,  such 
as  t h e  s t r u c t u r a l  w e i g h t  W w h i c h  i s  a  s i n g l e -  
v a l u e d  f u n c t i o n  o f  D. W can a l w a y s  be chosen 
such t h a t  t h e  goa l  i s :  

end  o f  paper .  



The search f o r  the optimum must be carr ied out 
in  an N-dimensional design space popiilated by 
bar r ie rs ,  which quant ify the applied contraintr ,  
Because e n g i n e e r s  usual  "iy 
r e s u l t s  by s a y i n g  s u c h  
s t r e s se s  a r e  too high, the 
and t h e  deflection i s  t oo  
i s  too  low; t h i s  ~ u g g e s  
aerformance can be formulated as M f ~ ~ n c t i o n a  l i n  
equa l i t i e s :  

The mathemat ica l  rsrogramma'ng me thods ,  
g e n e r a l l y  c a l l e d  t h e  '"search" o r  t h e  " d i r e c t "  

LANDING G t W R  DESIGN 

y definition, can be a n y  

landing  o r  a  t a  
g e a r s  h a s  g r o  
i n t r o d u c t i o n  o f  s k i d s  o f  t h e  
Biplane. During World War I ,  a i r c r a f t s  had 
shock absorbing landing gears,  which used rubber 
r i n g s  around t h e  a x l e s  where t hey  a t t a ched  t o  
t h e  s u p p o r t  s t r u t s .  O l e o p n e u m a t i c  shock  
absorbing s t r u t s  were in  use by 1918. The narne 
Oleopneumatic r e f e r s  t o  the  use of the  a j r c r a f t  
h y d r a u l i c  o i l  i n  c o m b i n a t i o n  w i t h  a i r .  
R e t r a c t a b l e  l a n d i n g  g e a r s  we re  g e n e r a l l y  
i n t roduced  i n  t h e  e a r l y  19301s, S ince  t h a t  
t i m e ,  l and ing  g e a r s  have become more and more 
complex, p r i m a r i l y  because of  t h e  increased  
demands imposed upon them. As an example, t h e  
Lockheed C-5A presen ted  a  major  cha l l enge  f o r  
the  design of i t s  landing gears t h a t  supports a  
weight of 732,500 Ib. This requires  many wheels 
and r e l a t i v e l y  low t i r e  pressure. 

Furthermore,  drag r equ i r emen t s  precluded large 
landing gear pods, t he r e fo re  complex r e t r a c t i o n  
mechanisms were developed t o  stow the huge gear 
in a  low-drag envelope. Obviously the weight of 
such a  landing gear combined with i t s  s t r uc tu ra l  
in teqr i  t y  represented a  major design chal lenge, 

As show in  f igure 2, a  typical  landing gear 
c o n s i s t s  of shock a b r o r b e r s ,  whee ls ,  t i r e s ,  
b r a k e s ,  l i n k a g e s ,  s t e e r i n g  s y s t e m s ,  and 
provisions f o r  jacking and towing, 

Modern a i r c r a f t  landing gear  assemblies can 
be c l a s s i f i ed  in to  two basic types: 

d f  the can t i lever  

a n t ' i l e v e r  c o n f i q u r a t i s n  1 
o p e r a t e  S n  a  t e l e s c o p e  a c t i o n  of a  p i s t o n - a x l e  

nent inside a cylinder andlor housi 
t assembly type i s  of course n 
c a n t i l e v e r  s t r u c t u r e  a s  t h e  

r r e a c t i o n  t o  S i r e l w h e e l  t r a n s v e r s e  
loading. The brace being e i t h e r  a s rpa ra te  t r u s s  
member o r  in tegra l  with the hou 
2 f o r  i l l v s t r a t i o n s  of t h e  c 

t y p e  o f  I a r t d j n g  g e a r  

I t e r a t - i v e  i n  g a t u r e ,  Among t h e  f a c t o r s  t h a t  
govern the design of a  landing ge r a r e  the load 
p a t h s ,  t h e  d e g r e e  o f  i n d e t e r m i n a c y  o f  t h e  
s t r u c t u r e ,  and  t h e  m a t e r i a l  s e l e c t f o n ,  
S t r u c t u r a l  inde te rminacy  and load pa ths  a r e  
i n t e r t w i n e d  i n  t h a t  one u s u a l l y  l e a d s  t o  t he  
o t h e r ,  An i n d e t e r m i n a t e  s t r u c t u r e  i s  one i 
which t h e r e  i s  more than one path f o r  a  l o a d  t o  
take ,  The load pa ths  of a  l anding  gea r  a r e  
g e n e r a l l y  a  f u n c t i o n  o f  t h e  f o l l o w i n g  two 
f ac to r s :  

1 - R e l a t i v e  s t i f f n e s s  o f  t h e  s t r u c t u r a l  
components,  i .e .  t h e  s t i f f e r  component 
react ing proportionately more load than the 
l e s s  s t i f f  component. 

2-The socketing action between the  d i f f e r en t  
components such a s  t h e  p i s t o n  movement 
i n s i d e  t h e  c y l i n d e r  which i s  socke ted  
ins ide  the housing. 

Another impor t an t  f a c t o r  i n  t h e  de s ign  of a  
l and ing  gea r  i s  t h e  number of l oad ing  c a s e s ,  
perhaps a s  many a s  20, t h a t  have t o  be examined. 



The a n a l y s i s  o f  t h a t  many l oad  cases, even f o r  a  
s i m p l e  d e s i g n ,  can be a  v e r y  t i m e - c o n s u m i n g  
p rocess .  R e a l i z i n g  t h i s  p o i n t ,  and a t  t h e  same 
t i m e  e m p h a s i z i n g  t h e  i m p o r t a n c e  o f  i t s  
s t r u c t u r a l  we ight  demonstrates t h e  r e a l  b e n e f i t s  
o f  i n t r o d u c i n g  s t r u c t u r a l  o p t i m i z a i t o n  as  a  
d e s i g n  t o o l .  Among t h e  i m m e d i a t e  advan tages  
t h a t  f o l l o w  the  use o f  s t r u c t u r a l  o p t i m i z a t i o n  
a r e  t h e  f o l l o w i n g :  

1 - W i t h  a  s o f t w a r e  such  a s  STARSTRUC 
t h a t  can handle m u l t i p l e  s t a t i c ,  s t a b i l i t y ,  and 
v i b r a t i o n  c o n s t r a i n t s  s imu l taneous l y ,  t h e  des ign 
eng ineer  can use these f e a t u r e s  t o  produce more 
r e 1  i a b l e  s t ruc tu res .  

2 - W i t h  t h e  d e s i g n  e n g i n e e r  f r e e d  f r o m  
t h e  guess w o r k  o f  t h e  t r i a l  and e r r o r ,  he can 
c o n c e n t r a t e  on more c r e a t i v e  i d e a s  such  as  
s i m p l i f y i n g  t h e  l o a d  p a t h  o r  e x a m i n i n g  t h e  
e f f e c t s  o f  d i f f e r e n t  m a t e r i a l  se lec t i ons .  

3-The a b i l i t y  t o  d e v e l o p  more c o m p l e x  
f i n i t e  e l e m e n t  mode ls  t o  o b t a i n  more  a c c u r a t e  
r e s u l t s  such as expanding the  model f r o m  s imp le  
beam t y p e  model  t o  a  mode l  t h a t  i n c l u d e s  s h e l l  
o r  s o l i d  elements. 

NUMERICAL EXAMPLES 

I n  t h i s  s e c t i o n ,  e x a m p l e s  a r e  p r e s e n t e d  t o  
demonstrate t he  e f f i c i e n c y  and g e n e r a l i t y  of t he  
approach used i n  t h e  presented program. 

EXAMPLE 1 - T h i s  e x a m p l e  r e p r e s e n t s  a  
s i m p l i f i e d  2-dimensional  l a n d i n g  gear as shown 
i n  fSmll-e y Y 1  3. Thts s i m p l e  mode? i s  s e l e c t e d  as ; 
t e s t  p r o b l e m ,  t h a t  can  be checked  b y  hand 
c a l c u l a t i o n s ,  due t o  t h e  f a c t  t h e  t h i s  i s  t h e  
f i r s t  t i m e  an o p t i m i z a t i o n  a l g o r i t h m  i s  a p p l i e d  
t o  a  l a n d i n g  gea r  a n d  no p u b l i s h e d  w o r k  i s  
a v a i l a b l e  f o r  compar i son .  The i n i t i a l  d e s i g n  
v a r i a b l e s  a r e  se lec ted  as f o l l o w s :  

1 - F i r s t  d e s i g n  v a r i a b l e  i s  a  t u b e  w i t h  
O.D./I.D.=3.5/2.9 i n .  f o r  beam number  1. 

2-Second d e s i g n  v a r i a b l e  i s  a  t u b e  w i t h  
O.D./I.D.=4.5/3.826 in. ,  f o r  beam numbers  
2  and 3. 

3 - T h i r d  d e s i g n  v a r i a b l e  i s  a  t u b e  w i t h  
O.D./I.D.=5.563/4.813 in. ,  f o r  beam number 
4. 

4 - F o u r t h  d e s i g n  v a r i a b l e  i s  a  r e c t a n g u l a r  
s e c t i o n  w i t h  d i m e n s i o n  .5 X 3. in., f o r  
beam number 5. 

Two d e s i g n  cases  a r e  p r e s e n t e d  and t h e s e  
a r e  : 

1-Case A: A l l  e l e m e n t s  a r e  made o f  s t e e l  
a l l o y  w i t h  t h e  f o l l o w i n g  data:  

-Modulus o f  e l a s t i c i t y  = 29E6 p s i  
-Dens i ty  = ,283 l b / i n 3  
-A l l owab le  s t r e s s  = 100 k s i  

2-Case B: M a t e r i a l  o f  t h e  d r a g  b r a c e ,  
e l e m e n t  number 5 i s  changed t o  
Aluminum a l l o y  w i t h  t h e  f o l l o w i n g  
data :  

-Modulus o f  e l a s t i c i t y  = 10E6 p s i  
-Dens i t y  = 0.1 1b/ in3  
-A l l owab le  s t r e s s  = 50 k s i  

Both  cases converged i n  one i t e r a t i o n  w i t h  a  
we igh t  savings of 34% as shown i n  Table 1. It i s  
i n t e r e s t i n g  t o  no te  t h a t  i n i t i a l l y ,  t he  c r i t i c a l  
b u c k l i n g  l o a d  f o r  t h e  d r a g  b r a c e  i s  much l o w e r  
t.han the  a1 Jowable s t ress .  Therefore,  STARSTRUC 
designed t h i s  e lement  f a r  l o c a l  buck l ing .  

EXAMPLE 2 - T h i s  e x a m p l e  r e p r e s e n t s  a n  
i d e a l i z e d  d rag  brace w i t h  geometry and l o a d i n g  as 
shown i n  f i g u r e  4, and m o d e l l e d  w i t h  44 f l a t  
s h e l l  elements. S i x  des ign v a r i a b l e s  a r e  used t o  
r e p r e s e n t  t h e  s i x  p l a t e  t h i c k n e s s e s  as  shown i n  
f i g u r e  4. The o b j e c t i v e  o f  t h i s  examp le  i s  t o  
a c h i e v e  t h e  m in imum w e i g h t  o f  t h e  f o l l o w i n g  
proposed c o n f i g u r a t i o n s :  

1. Case A: No C u t o u t s  
2. Case B: One Cutout :  Elements 20, 21, 24 

and 25 a r e  e l im ina ted .  
3. Case C :  Three C u t o u t s :  E l e m e n t s  8, 9, 

12, 13, 20, 21, 24, 25, 32, 33, 
36, and 37 a re  e l i m i n a t e d .  

4. Case D: One B i g  C u t o u t :  E l e m e n t s  8, 9, 
12, 13, 16, 17, 20, 21, 24, 25 
28, 29, 32, 33, 36, and 37 a r e  
e l im ina ted .  

The above f o u r  cases  a r e  o p t i m i z e d  w i t h  
s t r e s s  a n d  b u c k l i n g  c o n s t r a i n t s  w i t h  t h e  
f o l l o w i n g  des ign data :  

1 - I n i t i a l  t h i c k n e s s  o f  a l l  s i x  d e s i g n  
v a r i a b l e s  = .25 i n .  

2 - M a t e r i a l  d e n s i t y  = .283 l b / i n  
3-Poisson's r a t i o  = 0  
4-Modulus o f  e l a s t i c i t y  = 29E6 p s i  
5-A1 l owab le  normal  s t r e s s  = 25 k s i  
6 -A l lowab le  b u c k l i n g  l oad  f a c t o r  = 1.2 
To ou r  knowledge, t h e r e  i s  no pub l i shed  work 

a v a i l a b l e  f o r  s i m i l a r  con f i gu ra t i ons .  Therefore,  
i t  was  d e c i d e d  f i r s t  t o  s o l v e  a  c o m p l e t e  
r e c t a n g u l a r  p l a t e  w i t h  d i m e n s i o n s  6  X 36 i n .  
u s i n g  t h e  above d a t a .  The b u c k l i n g  l o a d  f a c t o r  
o f  t h e  i n i t i a l  d e s i g n  a s  c a l c u l a t e d  f r o m  
STARSTRUC i s  1.7339 wh ich  compares f a v o r a b l y  w i t h  
t h e  a n a l y t i c a l  s o l u t i o n  o f  1.7254 c a l c u l a t e d  f r o m  
Eu ler 's  buck1 i n g  formula.  Th is  demonstrates the  
a c c u r a c y  o f  t h e  p r e s e n t e d  approach.  The r e s u l t s  
o f  o p t i m i z e d  c o n f i g u r a t i o n s  a r e  shown i n  Table 2. 
I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  i n  a l l  f o u r  
c o n f i g u r a t i o n s ,  STARSTRUC t a k e s  t w o  d e s i g n  
i t e r a t i o n s  t o  c o n v e r g e  t o  t h e  m in imum w e i g h t  
d e s i g n .  T h i s  d e m o n s t r a t e s  t h e  e f f i c i e n c y  o f  t h e  
presented o p t i m i z a t i o n  a lgo r i t hm.  



T h i s  example  can a l s o  be c o n s i d e r e d  as a  way 
o f  h a n d 1  i n g  g e o m e t r i c  o p t i m i z a t i o n  w h e r e  t h e  
d e s i g n  e n g i n e e r  c a n  c h a n g e  t h e  g e o m e t r y  o f  t h e  
s t r u c t u r e ,  and t h e n  o p t i m i z e  each c o n f i g u r a t i o n ,  
I n  t h i s  c a s e ,  t h e  e x p e r i e n c e  o f  t h e  d e s i g n  
e n g i n e e r  c o u p l e d  w i t h  t h e  p r e s e n t e d  approach can 
l e a d  t o  t h e  b e s t  c o n f i g u r a t i o n .  

CONCLUSIONS 

T h i s  p a p e r  i s  a n  a t t e m p t  t o  p r o v i d e  t h e  
d e s i g n  e n g i n e e r s  w i t h  b a s i c  u n d e r s t a n d i n g  a n d  
c o n f i d e n c e  o f  t h i s  v a l u a b l e  t o o l  o f  s t r u c t u r a l  
o p t i m i z a t i o n .  STARSTRUC has been used w i t h  t h e  
o b v i o u s  r e s u l t s  o f  m a t e r i a l  s a v i n g s  on c r i t i c a l  
c o m p o n e n t s  s u c h  a s  t h e  i a n d i  n g  g e a r s .  
F u r t h e r m o r e ,  w i t h  s u c h  a  t o o l  t h e  d e s i g n  
e n g i n e e r  d o e s  n o t  h a v e  t o  s p e n d  v a l u a b l e  
e n g i n e e r i n g  t i m e  p e r f o r m i n g  t r i a l  a n d  e r r o r  
p r o c e d u r e  o f  t h e  f i n l ' t e  e l e m e n t  m e t h o d  o f  
a n a l y s i s .  

The u n d e r s t a n d i n g  o f  t h e  u p p e r  and  m i d d l e  
management  o f  t h i s  t o o l  a n d  i t s  b e n e f i t s  i s  
c r u c i a l  t o  e x p a n d i n g  t h e  u s a g e  o f  s t r u c t u r a l  
o p t i m i z a t i o n  e s p e c i a l l y  i n  t h e  a i r c r a f t  i n d u s t r y  
w h e r e  i t  i s  n e e d e d  t h e  m o s t .  I t  i s  e x p e c t e d  
t h a t  s t r u c t u r a l  o p t i m i z a t i o n  w i l l  become a  
s t a n d a r d  p r o c e d u r e  i n  t h e  d e s i g n  process.  Next,  
s t r u c t u r a l  o p t i m i z a t i o n  s h o u l d  be i n t e g r a t e d  
w i t h  t h e  o t h e r  e x i s t i n g  t o o l s  o f  t h e  d e s i g n  
p r o c e s s  w i t h  t h e  p u r p o s e  o f  i n c r e a s i n g  t h e  
e f f i c i e n c y  o f  t h e  w h o l e  e n g i n e e r i n g  i n d u s t r i e s .  

ACKNOWLEDGEMENT 

The a u t h o r s  w o u l d  1  i ke t o  a c k n o w l e d g e  t h e  
e n c o u r a g e m e n t  a n d  i n s p i r a t i o n  o f  M r .  J.G. 
Rand01 ph, P.E., V i c e  P r e s i d e n t ,  E n g i n e e r i n g ,  
M e n a s c o  I n c . ,  A e r o s y s t e m s  D i v i s i o n ,  C o l t  
I n d u s t r i e s .  

REFERENCES 

S c h m i  t, L.A., a n d  Ma1 l e t ,  R.H., " S t r u c t u r a l  
S y n t h e s i s  and D e s i g n  P a r a m e t e r  H i e r a r c h y " ,  
P r o c e e d i n g s  o f  ASCE, V o l .  89, No. ST4, Aug. 
1963,  pp. 264-299 .  
M i c h e l l ,  A.G.M., "The  L i m i t s  o f  Economy o f  
M a t e r i a l  i n  F r a m e  S t r u c t u r e s " ,  
~ h i l o s o ~ h i c a l  M a g a z i n e ,  S e r .  6, V o l .  8, No. 
47, Nov. 1904,  pp. 589-597.  . . .  
~ o t k i n ,  M.E., a n d  B e n n e t t ,  J.A., "Shape 
O p t i m i z a t i o n  o f  T h r e e - D i m e n s i o n a l  F o l d e d -  
P l a t e  S t r u c t u r e s " ,  AIAA J o u r n a l ,  V o l .  23, 
No. 11. Nov. 1985.  DD. 1 8 0 4 - 1 8 1 0 .  
~ i F d ,  J.s., ed., G t i m i z a t i o n  o f  C o m p u t e r -  
A i d e d  D e s i g n ,  E l s e v i e r  S c i e n c e  P u b l i s h i n g  
Co., N.Y., 1985,  pp. 231-269 .  

5. O luyomi ,  M.A., " G e n e r a l i z a t i o n  o f  t h e  Energy  
C r i t e r i a  f o r  S t r u c t u r a l  O p t i m i z a t i o n  b y  t h e  
F i n i t e  E l e m e n t  M e t h o d "  Ph.D, D i s s e r t a t j o n ,  
U n i v e r s i t y  o f  T o r r o n t o ,  1977, pp. 4-43. 

6. Tabak ,  E.I., a n d  M r i g h t ,  P.M., i l O p t i m a l i t y  
C r i t e r i a  Method f o r  B u i l d i n g  Frames", PorcC 
o f  t h e  ASCE, J u r _ n a l  o f  S t r u c t u r a l  D i v i s i o n ,  
s n ,  JUIY 1981, pp. ~ 7 - 1 3 4 2 .  

7. E l s a i e ,  A.M., G a t c h e l ,  S., T a b a r r o k ,  B., a n d  
Fenton, R.G. ,"STARSTRUC: S t r u c t u r a l  O p t i  m i z a -  
t i o n  S o f t w a r e  System and i t s  A p p l i c a t i o n s " ,  
Seven th  symposium on Eng. App. o f  Mechanics,  
U n i v e r s f t v  o f  T a r r o n t o ,  J u n e  1984 ,  DO. . . .  
209-221. 

8. E l s a i e ,  A.M.,  "STARSTRUC: S t r u c t u r a l  
O p t i m i z a t i o n  P r o g r a m  f o r  L a r g e  S y s t e m s ,  
"1986 ASME I n t .  Computers i n  Eng, Conf .  a n t  
Exh., CED. V o l .  1, PVP - Vol .  101,  J u l y  1 9 8 6  
DD. 11-17.  . . 

9. Fox, R.L., O p t i m i z a t 4 o n  Methods  f o r  E n g i -  
n e e r i n g  D e s i g n ,  A d d i s o n -  W e s l e y ,  Readin], 
Massachusset ts ,  1971. 

10. V e n k a y y a ,  ' T t r u c t u r a i  O p t i m i z a t i o n :  A  
R e v i e w  a n d  S o m e  R e c o m m e n d a t i o n s " ,  
I n t .  J o u r n a l  f o r  Num. Meth. i n  Eng., Vol. 13, 
NO. 2. 1978.  DD. 203-228 .  . . .  

11. ~ c h m i t ,  L.A., " S t r u c t u r a l  S y n t h e s i s  - I t s  
Genesis  and Development",  AIAA J o u r n a l ,  Vol.  
19, NO. 10,  O c t .  1981 ,  DD. 1 2 4 9 - 1 2 6 2 .  

12. ~ l u e r r v .  C.. "A u n i f i e d  A a ~ r o a c h  t o  S t r u c -  - - , , 
t u r a l  i e > g h t  M i n i m i z a t i o n " ,  Computer  Methods 
i n  A p p l i e d  M e c h a n i c s  a n d  E n g i n e e r i n g ,  V o l .  
20. 1979 .  DD. 17-38.  - , ,  

13. C u r r e y ,  N.S., L a n d i n g  Ge:r D e s i g i i  Handbook ,  
Loc kheed-Georg ia Company, Jan. 1982. 



w i t h  a Central Load 
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FIGURE 2. 
L l O l l  Landing Gear 
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FIGURE 3. 
2-Dimensional  Land ing  Gear 

TABLE 1. 
O p t i m i z a t i o n  R e s u l t s  o f  Example 1 

Design I n i t i a l  F i n a l  Values I n .  2 
V a r i a b l e  Element  Va 1 u$ Case A Case B 

No. No. I n .  

1 1 3.02 1.843 1.843 

3 4 6.11 3.140 3.140 

4 5 1.50 2.486 7.209 

TOTAL WEIGHT (LB)  64.45 42.56 42.89 

YO. OF ITERATIONS 1 1 
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FIGURE 4. 
Drag Brace Model 

TABLE 2. 
Optimization Results of the Drag Brace 

x Node Number 
x Element Number - 

Optimal Thickness Distr ibut ion 
___l_lf__-- 1- 
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