
FLIGHT TEST OF A DISPLACEMENT SIDEARM CONTROLLER 

A n n u a l  C o n f e r e n c e  o n  M a n u a l  C o n t r o l  17 June  1985 

Andrew zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAL .  L i p p a y ,  R o n a l d  K r u k ,  M i c h a e l  K i n g  

CAE E l e c t r o n i c s  L t d ,  8585  C o t e  de L i e s s e ,  
S t  L a u r e n t ,  Quebec,  Canada, H4L 4x4 

and 

M u r r a y  Morgan,  

N a t i o n a l  A e r o n a u t i c a l  E s t a b l i s h m e n t ,  
F l i g h t  R e s e a r c h  L a b o r a t o r y ,  

U p l a n d s  A i r p o r t ,  B l d g  U-61, O t t a w a ,  Canada 

A s i x - a x i s  d i s p l a c e m e n t - s t i c k  s i d e a r m  c o n t r o l l e r  was 
d e v e l o p e d  t o  e n a b l e  s i n g l e - h a n d e d  c o n t r o l  o f  r e m o t e  
m a n i p u l a t o r  o p e r a t i o n s  i n  s p a c e .  A p p l i c a t i o n  o f  s u c h  a 

d e v i c e  t o  v e h i c u l a r  f l i g h t  c o n t r o l  has  b e e n  a p r i m e  o b j e c t i v e  

e v e r  s i n c e  CAE E l e c t r o n i c s  was i n v o l v e d  i n  t h e  T A G S  p r o g r a m .  

W i t h  a w o r k i n g  m o d e l  a v a i l a b l e ,  p i l o t e d  e v a l u a t i o n  became 

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

a i r c r a f t ,  o r i g i n a l l y  a B e l l  205 h e l i c o p t e r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

F o l l o w i n g  p r e l i m i n a r y  t r i a l s ,  t h e  o r i g i n a l  m e c h a n i z a t i o n  was 
l i m i t e d  t o  t h r e e  r o t a t i o n a l  axes  and a l i n e a r  one, a n a l o g o u s  

t o  t h e  c o l l e c t i v e  s t i c k .  A n e w l y  d e s i g n e d  s h o r t  s t i c k g r i p  

was m o u n t e d  and  t h e  s p r i n g  f o r c e  p a t t e r n  a d j u s t e d  t o  s u i t  t h e  

h e l i c o p t e r  f l i g h t  c o n t r o l  e n v i r o n m e n t .  

A s t a n d a r d  s e t  o f  t e s t  maneuvers  was f l o w n  b y  f o u r  

e x p e r i m e n t a l  p i l o t s  w i t h  c o n v e n t i o n a l  h e l i c o p t e r  f l i g h t  

c o n t r o l s  and  w i t h  s i d e a r m  c o n t r o l l e r s  e q u i p p e d  w i t h  t w o  

d i f f e r e n t  h a n d g r i p s .  E x i s t i n g  d a t a  f r o m  f l i g h t  t e s t s  w i t h  an 

i s o m e t r i c - s t i c k  c o n t r o l l e r  w e r e  added  t o  c o m p l e t e  t h e  

c o m p a r i s o n .  c o ns i s  t e nt 1 y 

a c h i e v e d  a r a t i n g  o f  3 . 0  t o  3 . 5  o n  t h e  C o o p e r - H a r p e r  s c a l e ,  

o n  p a r  w i t h  t h e  c o n v e n t i o n a l  c o n t r o l s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT h e  l e a r n i n g  p e r i o d  

was g e n e r a l l y  s h o r t ,  w i t h  t h e  c o n t r o l l e r  b e c o m i n g  
" t r a n s p a r e n t "  t o  t h e  p i l o t ,  g i v i n g  t h e  s u b j e c t i v e  i m p r e s s i o n  
o f  d i r e c t  c o n t r o l  o f  t h e  h e l i c o p t e r  l i f t  v e c t o r .  

T he d i s  p 1 ac eme n t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc on t t' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo 1 1 e t' 

The same b a s i c  c o n t r o l l e r  d e s i g n  has  b e e n  t e s t e d  i n  

s p a c e c r a f t  and  r e m o t e  m a n i p u l a t o r  s i m u l a t i o n s  w i t h  v e r y  

p r o m i s i n g  r e s u l t s .  I n  e a c h  a p p l i c a t i o n  o p e r a t o r / s y s t e m  

i n t e g r a t i o n  was r a p i d  and  p o s i t i v e .  The r e s u l t s  d e m o n s t r a t e  
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f e a s i b i l i t y  and  s u p p o r t  t h e  d e s i g n  p h i l o s o p h y  o f  u s i n g  

d e f l e c t i o n  as  w e l l  a s  f o r c e  t o  g e n e r a t e  p r o p r i o c e p t i v e  

f e e d b a c k .  

P r e l i m i n a r y  e v a l u a t i o n s  i n  s p a c e  s y s t e m s  s i m u l a t i o n s  

g e n e r a l l y  showed g o o d  o p e r a t o r / a s t r o n a u t  a c c e p t a n c e ,  r e d u c e d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
t r a i n i n g / f a m i l i a r i z a t i o n  r e q u i r e m e n t s  and  - i n  some c a s e s  - 
s i g n i f  i c a n t  i m p r o v e m e n t  i n  t i m e - t o - t a r g e t  c o n t r o l  

p e r f o r m a n c e .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA s e c o n d - g e n e r a t i o n  e n g i n e e r i n g  e f f o r t  i s  

c u r r e n t l y  i n  p r o g r e s s  t o  p r o d u c e  h i g h - q u a l i t y  u n i t s  f o r  

f o r m a l  t e s t i n g  and e v e n t u a l  f l i g h t  q u a l i f i c a t i o n .  

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

c o n t r o l  s y s t e m s  has  g r e a t l y  i n c r e a s e d  t h e  s c o p e  o f  a i r c r a f t  

p e r f o r m a n c e  and  m i s s i o n  c o m p l e x i t y  t h a t  c o u l d  b e  h a n d l e d  b y  
human p i l o t s  and  h a s  c a u s e d  r a d i c a l  c h a n g e s  i n  t h e  n a t u r e  o f  

t h e  p i l o t i n g  t a s k .  I t  has ,  t h e r e f o r e ,  become n e c e s s a r y  t o  
r e - e x a m i n e  t h e  p h y s i c a l  i n t e r f a c e  w h i c h  p u t s  t h e  p i l o t  i n  

d i r e c t  c o n t a c t  w i t h  t h e  f l y i n g  task . ,  n a m e l y  t h e  m a n u a l  f l i g h t  
c o n t r o l s .  

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

p i l o t  m o s t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  t h e  t i m e .  T h i s  l e a v e s  no  f u r t h e r  c a p a b i l i t y  

f o r  command t a s k s  [ e . g .  f o r w a r d  s p e e d  c o n t r o l  i n  f u t u r e  
h e l i c o p t e r s  w i t h  a u x i l i a r y  t h r u s t ) .  The c o n t r o l s  o c c u p y  much 

p r i m e  c o c k p i t  s p a c e  and  a r e  s e l d o m  o p e r a b l e  b y  e i t h e r  h a n d  t o  

e n a b l e  a wounded p i l o t  t o  f l y  home. I n  p r e c i s i o n  m a n e u v e r s  

t h e  c o l l e c t i v e - c y c l i c  s t i c k  c o n f i g u r a t i o n  may f o r c e  t h e  p i l o t  

i n t o  a " h e l i c o p t e r  c r o u c h "  w i t h  r e s u l t i n g  f a t i g u e  and  s p i n a l  

a i l m e n t s  due t o  t h e  c o m b i n a t i o n  o f  p o o r  p o s t u r e  and  t h e  h i g h  
v i b r a t i o n  e n v i r o n m e n t .  A m u l t i - a x i s  s i d e a r m  c o n t r o l l e r  w o u l d  

l e a v e  one h a n d  f r e e  and c o u l d  r e l i e v e  m o s t  o f  t h e  o t h e r  

p r o b l e m s  as w e l l .  

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

a r e  s c e n a r i o s  w h e r e  a v e h i c l e  and  a d e x t r o u s  m a n i p u l a t o r  may 

h a v e  t o  b e  o p e r a t e d  c o n c u r r e n t l y .  No one e x p e c t s  human 

o p e r a t o r s  t o  c o n t r o l  1 2  o r  more  i n d i v i d u a l  p a r a m e t e r s  

s i m u l t a n e o u s l y ,  c o n t i n u o u s l y  and  a c c u r a t e l y .  However ,  a 
d e v i c e  whose d y n a m i c  c h a r a c t e r i s t i c s  and g e o m e t r y  c o r r e s p o n d  

d i r e c t l y  t o  t h e  o u t e r  l o o p  p a r a m e t e r s  may become 
" t r a n s p a r e n t "  t o  t h e  o p e r a t o r  and p r o m o t e s  an i n t u i t i v e  mode zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
o f  m a n u a l  c o n t r o l .  A p a i r  of  s u c h  t r a n s p a r e n t ,  f u n c t i o n -  

o r i e n t e d  command d e v i c e s  may b e  manageab le ,  w i t h  some 

s e q u e n t i a l  l i m i t a t i o n s ,  e v e n  i n  a p r o p o r t i o n a l  c o n t r o l  

s y s t e m .  
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The p r i n c i p a l  d i f f i c u l t y  i n  t h i s  p r o p o s i t i o n  l i e s  n o t  i n  t h e  
d e r i v a t i o n  o f  e l e c t r i c a l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo r  m e c h a n i c a l  command s i g n a l s ,  n o r  
i n  t h e i r  p r o c e s s i n g ,  b u t  r a t h e r  i n  t h e  p a c k a g i n g  and  

c a s c a d i n g  o f  t h e  command axes  i n  s u c h  a way t h a t  t h e  

c o n t r o l l e r  movements r e m a i n  c o m p a t i b l e  w i t h  t h e  a r t i c u l a t i o n s  

o f  t h e  human arm and hand,  w h i l e  m a t c h i n g  t h e  d e s i r e d  e n d  
r e s u l t s  and s y s t e m  r e s p o n s e s ,  I d e a l l y ,  any r e l a t e d  d i s p l a y s  

s h o u l d  a l s o  b e  h a r m o n i z e d  w i t h  c o n t r o l l e r  movements .  

The o b j e c t i v e  o f  t h e  p r e s e n t  e f f o r t  i s  t o  a c h i e v e  a b a s i c  

f l i g h t w o r t h y  c o n t r o l l e r  d e s i g n  t h a t  s a t i s f i e s  t h e  p r i n c i p a l  

human-mach ine  i n t e r f a c e  r e q u i r e m e n t s  and w h i c h  c o u l d  b e  

o p t i m i z e d  f o r  a w i d e  r a n g e  o f  f l i g h t  and r e m o t e  m a n i p u l a t o r  
a p p l i c a t i o n s  w i t h  a min imum o f  m o d i f i c a t i o n s .  The b a s i c  

r a t i o n a l e  f o r  c o n t r o l l e r  d e s i g n ,  i f  c o r r e c t l y  s t a t e d ,  s h o u l d  

h o l d  f o r  a l o n g  t i m e  and f o r  many c o n t r o l  s y s t e m  v a r i a t i o n s .  

Th is  p a p e r  i s  i n t e n d e d  a s  a p r o g r e s s  r e p o r t  r a t h e r  t h a n  as a 

c o m p r e h e n s i v e  s t u d y  o f  t h e  s t a t e  o f  t h e  a r t .  A b r i e f  summary 
o f  p r i n c i p a l  c o n s i d e r a t i o n s  and  d e v e l o p m e n t  d r i v e r s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis 
o f f e r e d  b y  way o f  r a t i o n a l e .  

2 . 1  Single P o i n t  Command Ineut 

A s i n g l e - p o i n t  i n p u t  d e v i c e  was e n v i s a g e d ,  c a p a b l e  o f  

commanding a l l  v e h i c l e  r e s p o n s e s ,  o p e r a b l e  b y  e i t h e r  hand,  i n  

r a t e  o r  p o s i t i o n  c o n t r o l  modes .  L e a v i n g  one h a n d  f r e e  f o r  

s u c h  t a s k s  as d i s p l a y  management o r  c o m m u n i c a t i o n s  s e l e c t i o n s  

was c o n s i d e r e d  i m p o r t a n t ,  A u x i l i a r y  c o n t r o l s  o p e r a b l e  b y  t h e  

same h a n d  w e r e  a l s o  t o  b e  accommodated.  

2 . 2  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA!&mmsnd Yarmonr 

S p a t i a l  command harmony was c o n s i d e r e d  e s s e n t i a l ,  t h a t  i s ,  

t h e  i n p u t s  ( c o n t r o l l e r  movements )  w o u l d  b e  f o l l o w e d  b y  a 

v e h i c l e  o r  s y s t e m  r e s p o n s e  i n  t h e  same s e n s e  and d i r e c t i o n  as  

t h e  c o n t r o l l e r  has  moved, e n a b l i n g  t h e  n o r m a t i v e  o r  i n n e r  

m o d e l  d e v e l o p e d  b y  t h e  p i l o t  t o  s e r v e  as a p r e d i c t o r  i n  t e r m s  
o f  t h e  d e s i r e d  end  r e s u l t s  Ag reemen t  b e t w e e n  t h e  p r e d i c t e d  

and  a c t u a l  r e s p o n s e s  l a r g e l y  d e t e r m i n e s  t h e  p i l o t ' s  

a s s e s s m e n t  o f  t h e  t a s k  d i f f i c u l t y  and t h e  h a n d l i n g  
c h a r a c t e r i s t i c s  o f  t h e  v e h i c l e ,  and g r e a t l y  i n f l u e n c e s  

o v e r a l l  s u c c e s s  and p e r f o r m a n c e .  
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M a n u a l  c o n t r o l s  a l s o  f u l f i l l  t h e  r o l e  o f  a t a c t i l e  d i s p l a y .  

The human hand  c a n  i n t e r p r e t  l o a d i n g  f o r c e s  a p p e a r i n g  o n  t h e  

h a n d g r i p  i n  t e r m s  o f  demands imposed  o n  t h e  s y s t e m  and  i t s  

e x p e c t a b l e  r e s p o n s e ,  e n a b l i n g  t h e  p i l o t  t o  d e v e l o p  a 

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

o r  demand i s  p r e f e r a b l e  t o  t h a t  o f  d e r a t i n g  v e h i c l e  r e s p o n s e s  

i n  t h e  c o n t r o l  s y s t e m ;  t h e  l a t t e r  may a p p e a r  as  s l u g g i s h n e s s  
and  i n v i t e  p o o r  p i l o t  a c c e p t a n c e  o r  e v e n  p i l o t - i n d u c e d  

o s c  i 1 l a t  i o n s .  I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPI01  

A c t i v e  f o r c e  f e e d b a c k  r a i s e s  a v e r y  s e v e r e  p a c k a g i n g  p r o b l e m  

i n  i n t e g r a t e d  c o n t r o l l e r s ,  e s p e c i a l l y  i f  r e d u n d a n c y  i s  

r e q u i r e d ,  I t  a p p e a r s ,  h o w e v e r ,  t h a t  p a s s i v e  f o r c e s  g e n e r a t e d  

w i t h i n  t h e  c o n t r o l l e r  and  o p t i m i z e d  f o r  t h e  command t a s k  may 

b e  a d e q u a t e  f o r  m o s t  p u r p o s e s .  

On t h e  b a s i s  o f  p h y s i o l o g i c a l  c h a r a c t e r i s t i c s  and  

e x p e r i m e n t a l  r e s u l t s  i t  may b e  s a i d  t h a t  t h e  human o p e r a t o r  

i s  a b l e  t o  c o n t r o l  m o t i o n  o r  d i s p l a c e m e n t  w i t h  much g r e a t e r  

e a s e  and a c c u r a c y  t h a n  h e  c a n  c o n t r o l  f o r c e .  I t  was 
c o n c l u d e d  t h a t  t h e  i n t r i n s i c  and  n e a r - i n s t a n t a n e o u s  

p r o p r i o c e p t i v e  f e e d b a c k  o n  t h e  command i n p u t s  d e v e l o p e d  b y  
c o n t r o l l e r  movements c o m b i n e d  w i t h  a h a r m o n i o u s  f o r c e  p a t t e r n  

was e s s e n t i a l ,  A d e f  l e c t i o n - s t i c k  c o n c e p t  was a d o p t e d  d e s p i t e  

t h e  many o b v i o u s  e n g i n e e r i n g  a d v a n t a g e s  o f  t h e  r i g i d  s t i c k .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 . 5  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs e r i n s  Betlcrn and oameins 

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

n e c e s s a r y  t o  r e s t o r e  z e r o  command o r  t r i m  o u t p u t s  f o r  t h e  

h a n d s - o f f  c o n d i t i o n .  D u r i n g  i n f o r m a l  s i m u l a t i o n  t r i a l s  i t  
was f o u n d  t h a t  p i l o t s  c o u l d  n o t  d i f f e r e n t i a t e  b e t w e e n  s p r i n g  
and damp ing  f o r c e s  i n  t h e  s h o r t  t e r m ,  and  t h a t  a h e a v i l y  

s p r i n g - l o a d e d  s t i c k  w i l l  c a u s e  d r i f t  w i t h  o r  a g a i n s t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt h e  
f o r c e  g r a d i e n t  b e c a u s e  o f  accommoda t ion  t o  c o n s t a n t  p r e s s u r e  
w h i c h  d e v e l o p s  q u i t e  q u i c k l y .  I t  i s  p r o p o s e d  t h a t  f o r  many 

r a t e  c o n t r o l  a p p l i c a t i o n s ,  r a t e  d e p e n d e n t  damp ing  and  g o o d  

n u l l  i d e n t i f i c a t i o n  may b e  s u f f i c i e n t .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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3 . 0  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBABELATED W Q B K  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
D u r i n g  1968-72  a f l i g h t  d e m o n s t r a t i o n  o f  t h e  T a c t i c a l  

A i r c r a f t  G u i d a n c e  Sys tem ( T A G S ]  was c o n d u c t e d  as a j o i n t  

Canada-US A r m y  p r o j e c t  i n v o l v i n g  a CH-47 h e l i c o p t e r  e q u i p p e d  

w i t h  a d i g i t a l  t r i p l e x  r e d u n d a n t  f l y - b y - c o m p u t e r  s y s t e m .  One 
p r i n c i p a l  o b j e c t i v e  was t o  i n c r e a s e  f l i g h t  s a f e t y  and m i s s i o n  

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

p i l o t s  i n  V i e t  Nam. 

A C a n a d i a n  c o n t r i b u t i o n  was a f o u r - a x i s  s i d e a r m  c o n t r o l l e r  
w i t h  l i n e a r  f o r e - a f t  movement c o n t r o l l i n g  f o r w a r d  speed ,  r o l l  

movement g i v i n g  l a t e r a l  s p e e d  a t  h o v e r  o r  f l i g h t  p a t h  
d i r e c t i o n  o v e r  3 5  k t s  f o r w a r d  s p e e d .  A s t i c k  t w i s t  i n p u t  

c o n t r o l l e d  s p o t  t u r n  a t  h o v e r  o r  a i r c r a f t  h e a d i n g  a t  s p e e d .  

A p i v o t i n g  a r m r e s t  c o n t r o l l e d  v e r t i c a l  s p e e d .  T h i s  was l a t e r  

r e l o c a t e d  t o  t h e  c o n v e n t i o n a l  c o l l e c t i v e  s t i c k .  

The m e c h a n i c a l  d e s i g n  l e f *  much t o  b e  d e s i r e d  due t o  a h i g h l y  

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

f a i l u r e  o f  t h e  v e r t i c a l  c o n t r o l  i n  w h i c h  t h e  p i l o t  l o s t  

c o n t a c t  w i t h  t h e  arm s u p p o r t  and hand  r e f e r e n c e .  

N e v e r t h e l e s s ,  1 0 3  t e s t  f l i g h t s  w e r e  c o n d u c t e d  s u c c e s s f u l l y ,  
i n C l U d i n g  s l i n g  l o a d s ,  p r e c i s i o n  and  c r o s s - c o u n t r y  f l i g h t s ,  

and much v a l u a b l e  e x p e r i e n c e  was g a i n e d .  

I n  1974-77  t h e  Remote M a n i p u l a t o r  S y s t e m  o f  t h e  Space S h u t t l e  
r e q u i r e d  a command d e v i c e .  A s i x - a x i s  c o n t r o l l e r  was 

recommended b u t  was l a t e r  c o n s i d e r e d  a h i g h  s c h e d u l e  r i s k  and  
t w o  t h r e e - a x i s  c o n t r o l l e r s  w e r e  u s e d  i n s t e a d .  One c o n t r o l s  

t r a n s l a t i o n s  o f  t h e  end  e f f e c t o r ,  i t s  n e a r - l i n e a r  movements  

a r e  c o o r d i n a t e d  w i t h  t h e  p r i m e  d i s p l a y  means a s s o c i a t e d  w i t h  
t h e  o p e r a t i o n  i n  a f l y - t o  f a s h i o n .  The r o t a t i o n a l  c o n t r o l l e r  

has  t h r e e  a n g u l a r  f r e e d o m s  and c o n t r o l s  t h e  a t t i t u d e s  o f  t h e  
e n d  e f f e c t o r .  

I n  r e s p o n s e  t o  a NASA r e q u e s t ,  CAE E l e c t r o n i c s  p e r f o r m e d  a 

s t u d y  t o  show t h e  f e a s i b i l i t y  o f  a s i x - a x i s  c o n t r o l l e r  f o r  

s p a c e c r a f t  f l i g h t  and r e m o t e  m a n i p u l a t o r  s y s t e m s .  A s t a t e -  

o f - t h e - a r t  s u r v e y  and l i t e r a t u r e  s e a r c h  r e v e a l e d  many 
a t t e m p t s  b u t  no m a t u r e  d e s i g n s  w i t h  s i x  d e g r e e s  o f  f r e d o m ,  

and p r e c i o u s  f e w  w i t h  more  t h a n  t h r e e .  (1979)  A s  a f o l l o w - o n  

e f f o r t  t o  t h i s  s t u d y ,  CAE d e v e l o p e d  c o n t r o l l e r  m o d e l s  w h i c h  

w e r e  u s e d  i n  t h e  M a n i p u l a t o r  D e v e l o p m e n t  F a c i l i t y  o f  t h e  NASA 

J o h n s o n  Space C e n t e r ,  i n  t h e  Manned M a n e u v e r i n g  U n i t  EMMU) 
s i m u l a t i o n  a t  M a r t i n - M a r i e t t a  D e n v e r .  The o r i g i n a l  

d e m o n s t r a t o r  m o d e l  i s  c u r r e n t l y  i n s t a l l e d  a t  N A S A - M a r s h a l l  
Space C e n t e r  i n  a d e x t r o u s  m a n i p u l a t o r  s y s t e m  b e i n g  d e v e l o p e d  

f o r  s p a c e c r a f t  s e r v i c i n g .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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I n  e a r l y  1984 ~ C A E  a p p r o a c h e d  t h e  N a t i o n a l  A e r o n a u t i c a l  

E s t a B l i s h m e n t  o f  t h e  N a t i o n a l  R e s e a r c h  C o u n c i l  o f  Canada t o  
t e s t  t h e  d e v i c e  as t h e  p r i m a r y  f l i g h t  c o n t r o l l e r  o f \  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa h i g h l y  

m a n e u v e r a b l e  h e l i c o p t e r .  A f o u r - a x i s  v e r s i o n  was c o n f i g u r e d  

and p r e l i m i n a r y  f l i g h t  t e s t s  w e r e  c o n d u c t e d .  An i m p r o v e d  
e n g i n e e r i n g  m o d e l  was b u i l t  and  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis u n d e r g o i n g  f l i g h t  t e s t i n g .  

The r e s i ~ l t s  o f  f l i g h t  t e s t i n g  t h i s  u n i t  a r e  p r e s e n t e d  l a t e r  

i n  t h i s  r e p o r t .  

The b a s i c  c o n t r o l l e r  d e s i g n  h a s  t h r e e  r o t a t i o n a l  a n d  t h r e e  

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

t h e  g i m b a l  f o r  t w o  o f  t h e  r o t a t i o n a l  a x e s  ( p i t c h  and  r o l l ] ,  

t h e  t h i r d  i s  c e n t e r e d  o n  t h e  s h a f t  s u p p o r t i n g  t h e  b a l l .  The  
t h r e e  l i n e a r  a x e s  [ X ,  Y, Z )  a r e  c o n t a i n e d  i n  t h e  e n c l o s u r e  

b e l o w  t h e  h a n d g r i p ,  t o g e t h e r  w i t h  t h e  b a s e - m o u n t e d  

e l e c t r o n i c s  w h i c h  p r e - p r o c e s s  t h e  t r a n s d u c e r  o u t p u t s .  F i g u r e  

1 shows t h e  b a s i c  c o n f i g u r a t i o n .  

T h i s  g e o m e t r y  a l l o w s  a l l  h a n d  f o r c e s  t o  p a s s  t h r o u g h  t h e  same 

p o i n t ,  i . e .  t h e  c e n t e r  o f  t h e  b a l l ;  t h e  l i n e a r  

C t r ans l a t  i o n a  1) a x e s  a r e  c o n s t r a i n e d  a g a i n s t  t o r q u e s  

d e v e l o p i n g  due t o  t h e i r  o f f s e t  f r o m  t h i s  c e n t e r .  Thus  a n y  

t e n d e n c y  t o  c r o s s - c o u p l i n g  b e t w e e n  a x e s  i s  m i n i m i z e d  and  t h e  

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

t h e  c o n t r o l l e r  i s  l o c a t e d  c o r r e c t l y  w i t h  r e s p e c t  t o  t h e  

f o r e a r m  and  a r m r e s t .  

The r o t a t i o n a l  d i s p l a c e m e n t s  a r e  a p p r o x i m a t e l y  + / -  1 5  
d e g r e e s ,  t h e  l i n e a r  e x c u r s i o n s  + / -  3 / 8  i n c h .  The t o t a l  
v e r t i c a l  movement as  c o n f i g u r e d  f o r  t h e  h e l i c o p t e r  c o l l e c t i v e  

i s  a p p r o x i m a t e l y  1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 1 i n c h e s ,  

S p r i n g  b r e a k o u t s  and g r a d i e n t s  a r e  a d j u s t a b l e  b y  r e p l a c i n g  

t h e  s p r i n g  s e t s . ,  and c a n  b e  made n o n - s y m m e t r i c a l .  The 

v e r t i c a l  a x i s  h a s  damp ing  w h i c h  i s  r a t e  d e p e n d e n t  a n d  p i l o t -  
a d j u s t a b l e  o v e r  a v e r n i e r  s c a l e  o f  i t s  t o t a l  f o r c e  r a n g e .  

16.6 



F I G U R E  1 B A S I C  C O N T R O L L E R  C O N F I G U R A T I O N  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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T h e  f o l l o w i n g  is b a s e d  on f l i g h t  t e s t s  c o n d u c t e d  a t  t h e  
N a t i o n a l  A e r o n a u t i c a l  E s t a b l i s h m e n t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[ NAE ) Ottawa,  C a n a d a .  
A d d i t i o n a l  i n f o r m a t i o n  d e r i v e d  f r o m  NASA s i m u l a t i o n s  a n d  
r e l a t e d  t e s t s  is i n c l u d e d  as a p p r o p r i a t e  t o  t h e  t o p i c s  b e i n g  
d i s c u s s e d .  

5 , l  I n i t i a l  I n v e s t i g a t i o n s  

An e a r l y  m o d e l  was i n s t a l l e d  i n  t h e  N A S A - J o h n s o n  MDF 
[ M a n i p u l a t o r  D e v e l o p m e n t  F a c i l i t y ) ,  i n  a p o s i t i o n  
c o r r e s p o n d i n g  t o  t h e  r o t a t i o n a l  c o n t r o l l e r  o f  t h e  C A N A D A R M  
remote m a n i p u l a t o r  s y s t e m ,  a n d  t h e  MDF arm was u s e d  f o r  
c a p t u r i n g  a n d  p o s i t i o n i n g  m o v i n g  t a r g e t s .  T h e  M a n n e d  
M o b i l i t y  1 J n i t  [ M M U  ) s i m u l a t i o n  a t  M a r t i n - M a r i e t t a '  D e n v e r  
was  t e m p o r a r i l y  e q u i p p e d  w i t h  t h e  m o d e l ,  r e p l a c i n g  t w o  t h r e e -  
a x i s  c o n t r o l l e r s .  T h i s  u n i t  is c u r r e n t l y  i n s t a l l e d  a t  t h e  
N A S A - M a r s h a l l  S p a c e  C e n t e r  w h e r e  it is u s e d  t o  o p e r a t e  a 
d e x t r o u s  m a n i p u l a t o r  i n  a d e v e l o p m e n t  p r o j e c t  f o r  s a t e l l i t e  
s e r v i c i n g  a n d  O r b i t a l  M a n e u v e r i n g  V e h i c l e  [ O M V )  o p e r a t i o n s .  

B e f o r e  c o n d u c t i n g  t h e  f i r s t  h e l i c o p t e r  e x p e r i m e n t ,  t w o  
i n f o r m a l  f l i g h t  d e v e l o p m e n t  p e r i o d s  were h e l d  t o  a d a p t  t h e  
c o n t r o l l e r  c h a r a c t e r i s t i c s  t o  t h e  h e l i c o p t e r  f l y i n g  t a s k  a n d  
i n v e s t i g a t e  d i f f e r e n t  h a n d g r i p  s h a p e s .  Two o f  t h e  g e n e r i c  
m o d e l ' s  t r a n s l a t i o n a l  a x e s  were d i s a b l e d  [ i m m o b i l i z e d ]  a n d  
t h e  t h i r d  was m o d i f i e d  a s  d e s c r i b e d  b e l o w .  T h e  c u r r e n t  
v e r s i o n  u s e d  f o r  h e l i c o p t e r  t r i a l s  is a n  i m p r o v e d  e n g i n e e r i n g  
m o d e l  w i t h  h e l i c o p t e r - s p e c i f i c  f e a t u r e s .  

T h e  i n i t i a l  v e r s i o n  h a d  a c e n t e r  n u l l  p o s i t i o n  o n  t h e  
v e r t i c a l  a x i s  w i t h  s p r i n g  c e n t e r i n g  a n d  b r e a k o u t .  F o r  a n  
o p e n - l o o p  c o l l e c t i v e  d r i v e  i n  t h e  h e l i c o p t e r  t h e  a v a i l a b l e  
r a n g e  w a s  o b j e c t i o n a b l y  s h o r t .  T h e  n u l l  was m o v e d  c l o s e  t o  
t h e  b o t t o m  o f  t h i s  l i n e a r  ( v e r t i c a l ]  s t r o k e .  T h e  l i g h t  
f r i c t i o n  l e v e l s  i n  t h e  a x i s  r e s u l t e d  i n  a t e n d e n c y  t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP I O .  
A s  a q u i c k  f i x ,  f r i c t i o n  d a m p i n g  was i n s t a l l e d  b u t  t h i s  
p r e d i c t a b l y  p r o d u c e d  l u m p i n e s s  i n  t h e  c o n t r o l  d u e  t o  i ts  
s t i c k - s l i p  p r o p e r t i e s .  T h e  f i n a l  v e r s i o n  h a d  f l u i d  d a m p i n g  
a n d  n o  s p r i n g  r e t u r n  o n  t h e  v e r t i c a l  m o t i o n .  

F o r  m a n i p u l a t o r  c o n t r o l  a n d  M a n n e d  M a n e u v e r i n g  U n i t  C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMMU zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 
f l i g h t  t h e  c e n t e r - n u l l  v e r t i c a l  a x i s  was f o u n d  a c c e p t a b l e .  
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The f i r s t  m o d e l s  w e r e  e q u i p p e d  w i t h  a u n i v e r s a l  s p h e r i c a l  

h a n d g r i p  o f  a p p r o x  3 . 5  i n c h e s  i n  d i a m e t e r .  H e l i c o p t e r  p i l o t s  

e x p r e s s e d  a m a r k e d  d i s l i k e  o f  t h e  b a l l  h a n d g r i p ,  e s p e c i a l l y  
f o r  l a r g e - a m p l i t u d e  m a n e u v e r s .  F o r  a q u i c k  t r i a l ,  an  

e x i s t i n g  h a n d g r i p  d e v e l o p e d  f o r  a s e m i - r i g i d  s t i c k  

c o n f i g u r a t i o n  was i n s t a l l e d  w i t h  a n  a d a p t e r  r i n g  a t t a c h e d  t o  

t h e  t o p  p a r t  o f  t h e  b a l l .  F i g u r e  2 shows t h i s  c o n f i g u r a t i o n  

The r e s u l t i n g  o f f s e t  i n  t h e  h a n d  p r e s s u r e  p o i n t  i n t r o d u c e s  

some c r o s s - c o u p l i n g  b e t w e e n  t h e  v e r t i c a l  and t h e  p i t c h  axes ,  

b u t  t h e  p i l o t s  seem t o  a c c e p t  t h i s  a d d i t i o n a l  w o r k l o a d  as 
l o n g  as t h e y  c a n  h a v e  a s t i c k  g r i p .  F i g u r e  3 shows t h e  

c u r r e n t  h e l i c o p t e r  v e r s i o n  w i t h  a c o m b i n a t i o n  b a l l - g r i p  w h i c h  
m i n i m i z e s  t h e  o f f s e t  and  c o m b i n e s  t h e  b a l l  c o n c e p t  w i t h  

s p e c i a l  a d v a n t a g e s  o f  a v e r t i c a l  s t i c k  g r i p .  

F o r  s p a c e  o p e r a t i o n s ,  t h e  b a l l  was f o u n d  q u i t e  s u i t a b l e  e v e n  
w i t h  an  i n f l a t e d  s p a c e s u i t  g l o v e  a n d  was i n s e n s i t i v e  t o  h a n d  
p o s i t i o n s  w i t h  r e m o t e  m a n i p u l a t o r s .  A t h i n  f i n  was l a t e r  

added f o r  f o r e - a f t  h a n d  r e f e r e n c e ,  s l i p p i n g  b e t w e e n  t h e  i n d e x  

and  m i d d l e  f i n g e r ,  P i l o t s  and  a s t r o n a u t s  a l i k e  recommended a 
s m a l l e r ,  b a s e b a l l - s i z e d  g r i p .  The d i a m e t e r  o f  t h e  b a l l  was 

e v e n t u a l l y  r e d u c e d  t o  2 . 9  i n c h e s .  

FIGURE 2 EXISTING S T I C K  G R I P  ADAPTATION 
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F I G U R E  3 H E L I C O P T E R  S T I C K - G R I P  C O N F I G U R A T I O N  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 . 1 . 4  i n s t a l l a t i o n  Eygonomics_ 

Due t o  s c h e d u l e  and  manpower l i m i t a t i o n s ,  r i g o r o u s  e r g o n o m i c  

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

hand  p r e s s u r e  p o i n t  w i t h  r e s p e c t  t o  t h e  a r m r e s t  [ w h e r e  t h e r e  
i s  one  p r e s e n t )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo r  t o  t h e  r e l a x e d  o r  p r e f e r r e d  hand  p o s i t i o n .  

I n  m o s t  c a s e s ,  t h e  c o n t r o l l e r  was s i m p l y  p l a c e d  t o  h a v e  t h e  

b a l l  c e n t e r  f a l l  w h e r e  p ' r e v i o u s  d e v i c e s  h a d  t h e i r  h a n d  
p r e s s u r e  p o i n t s  o r  w h e r e  a s u i t e d  a s t r o n a u t  s a i d  h e  c o u l d  s e e  

and  r e a c h  t h e  c o n t r o l l e r  w i t h i n  t h e  f r a m e w o r k  o f  e x i s t i n g  

v e h i c l e  o r  c o c k p i t  d e s i g n .  

I n  t h e  h e l i c o p t e r  c o c k p i t  t h e  p i l o t ' s  a r m r e s t  a c t s  as  a n  

e s s e n t i a l  r e f e r e n c e  s u r f a c e  b u t  may a l s o  become an  o b s t a c l e  
t o  w r i s t  movement i n  d y n a m i c  maneuvers  s u c h  as  a u t o r o t a t i o n  

o r  q u i c k  s t o p .  A s  a f i r s t  s t e p  t o  r e s o l v e  t h e  e r g o n o m i c  

p r o b l e m  o f  arm s u p p o r t  and w r i s t  f r e e d o m ,  an a d j u s t a b l e  

a r m r e s t  now r e p l a c e s  t h e  s t a n d a r d  u n i t  o n  t h e  h e l i c o p t e r  
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s e a t .  E x p e r i e n c e  t h u s  f a r  i n d i c a t e s  t h a t  o r i e n t a t i o n  and 

p o s i t i o n i n g  o f  t h e  c o n t r o l l e r  a r e  c r i t i c a l  f a c t o r s  i n  c o n t r o l  
p e r f o r m a n c e  and p i l o t  a c c e p t a n c e .  T h e r e f o r e  t h e s e  i s s u e s  

w i l l  b e  a d d r e s s e d  i n  g r e a t e r  d e t a i l  as t h e  d e v e l o p m e n t  

p r o g r a m  c o n t i n u e s .  

The o r d e r  i n  w h i c h  t h e  r o t a t i o n a l  axes  i n  t h e  m a n i p u l a t o r  

w e r e  c a s c a d e d  r e s u l t e d  i n  t h e  p i t c h  and r o l l  s e n s i n g  a x e s  

r o t a t i n g  w i t h  a yaw i n p u t ;  t h i s  mean t  t h a t  t h e r e  was no  
f i x e d  r e l a t i o n s h i p  o f  p i t c h  and  r o l l  i n p u t s  t o  a i r f r a m e  

movements .  H e l i c o p t e r  p i l o t s  h a d  d i f f i c u l t y  c o m p e n s a t i n g  f o r  
t h i s  e f f e c t .  The p r o b l e m  was t e m p o r a r i l y  c o r r e c t e d  b y  

s o f t w a r e  t r a n s f o r m a t i o n  as  a f u n c t i o n  o f  c o n t r o l l e r  yaw 

a n g l e .  Th is  a l i g n e d  t h e  command axes  w i t h  t h e  a i r f r a m e  b u t  

i n t r o d u c e d  v a r i a t i o n s  i n  t h e  e f f e c t i v e  s p r i n g  r a t e s  i n  p i t c h  

and r o l l  w i t h  r e s p e c t  t o  t h e  t r a n s f o r m e d  s e n s i n g  a x e s .  W h i l e  
t h i s  e f f e c t  was n o t i c e a b l e  u n d e r  l a b o r a t o r y  c o n d i t i o n s ,  i t  
was n o t  r e p o r t e d  b y  any  o f  t h e  e v a l u a t i o n  p i l o t s  as  a 

d i f f i c u l t y .  N e v e r t h e l e s s ,  i t  m i g h t  h a v e  had  an  i n f l u e n c e  on  

t h e  o v e r a l l  h a n d l i n g  q u a l i t i e s  a s s i g n e d .  

The p r o b l e m  was removed b y  a l t e r i n g  t h e  c a s c a d i n g  o f  a x e s  i n  

t h e  n e x t  m o d e l  s u c h  t h a t  t h e  p i t c h  and r o l l  movements  

r e m a i n e d  a l i g n e d  t o  t h e  a i r c r a f t  p i t c h  and r o l l  a x e s .  

No e q u i v a l e n t  p r o b l e m  was r e p o r t e d  b y  m a n i p u l a t o r  o p e r a t o r s  

and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMMU s i m u l a t i o n  p i l o t s .  

The F l i g h t  R e s e a r c h  L a b o r a t o r y  [ FRL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI o f  t h e  N a t i o n a l  

A e r o n a u t i c a l  E s t a b l i s h m e n t  of Canada zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC NAE 1 h a s  b e e n  
a c t i v e l y  engaged  i n  r e s e a r c h  i n t o  t h e  u s e  o f  i n t e g r a t e d  s i d e -  

arm c o n t r o l l e r s  i n  an a i r b o r n e  f l i g h t  s i m u l a t o r  f o r  t h e  l a s t  

f o u r  y e a r s .  

The FRL h a s  e x t e n s i v e l y  m o d i f i e d  a B e l l  2 0 5 - A  s i n g l e - e n g i n e  

s i n g l e  m a i n  r o t o r  h e l i c o p t e r  t o  g e n e r a t e  a v a r i a b l e - s t a b i l i t y  
t e s t  b e d  w i t h  f u l l - a u t h o r i t y  f l y - b y - c o m p u t e r  command 
c apab i 1 i t y  . An o n - b o a r d  d i g i t a l  s y s t e m  s e n s e s  many 

e n v i r o n m e n t a l  and a i r c r a f t  s t a t e  p a r a m e t e r s ,  p r o c e s s e s  t h e m  
i n  a v a r i a b l e - c o n f i g u r a t i o n  f l i g h t  c o n t r o l  s y s t e m  and h a s  a 
64 -c  h anne 1 d i g  i t  a 1 r ec  o r d i n g  c ap ab i 1 i t  y . The f a c i l i t y  i s  

f u l l y  d e s c r i b e d  i n  R e f e r e n c e  [ 5 ) ,  
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I n  a d d i t i o n  t o  t h e  s e n s e  a x i s  t r a n s f o r m a t i o n  d e s c r i b e d  a b o v e ,  
i n p u t s  f r o m  t h e  c o n t r o l l e r  were s u b j e c t  t o  t h e  f o l l o w i n g  
p r o c e s s  i n g  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: 

0 N o r m a l i s i n g  g a i n  
0 F i l t e r i n g  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAClS r a d l s e c  f i r s t  o r d e r  low p a s s ]  
0 Deadband  
0 S e n s i t i v i t y  s e t t i n g  g a i n  

The two  g a i n s  i n  s e r i e s ,  w h i l e  r e d u n d a n t ,  w e r e  u s e f u l  b e c a u s e  
o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAease  o f  c o m p a r a t i v e  d o c u m e n t a t i o n .  A t y p i c a l  i n p u t  
c o n d i t i o n i n g  c h a i n  is shown i n  f i g u r e  4 , ,  t h e  v a l u e s  u s e d  
f o r  t h e  v a r i o u s  c o n d i t i o n i n g  p a r a m e t e r s  a r e  g i v e n  i n  T a b l e  1.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Normal 

stick 

F i l t e r  Deadband Sensitivity 

F I G U R E  4 T Y P I C A L  I N P U T  C O N D I T I O N I N G  
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r 
r. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

TABLE 1 SIGNAL CONDITIONING PARAMETERS 

5 . 3  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAExnerlmerrh Desisrr 

Seven r e p r e s e n t a t i v e  t a s k s  w e r e  f l o w n  o v e r  a c o u r s e  w i t h  
p o s i t i o n  m a r k i n g s  a l i d  o u t  o n  t h e  g r o u n d .  The t a s k s  i n c l u d e d  

o f f - l e v e l  l a n d i n g s  and t a k e o f f s ,  l a t e r a l  f l i g h t ,  r e a r w a r d  

f l i g h t ,  q u i c k s t o p ,  s p o t  t u r n  and s p o t  t u r n  w i t h  h e s i t a t i o n s .  

The c o u r s e  i t s e l f  and maneuver  s t a n d a r d s  a r e  d e s c r i b e d  i n  

R e f e r e n c e  3 and a r e  r o u t i n e l y  u s e d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAb y  t h e  FRL. 

I n s t r u c t i o n s  t o  p i l o t s  f o r  t h e  o f f - l e v e l  l a n d i n g  and t a k e o f f  
maneuver  were  as f o l l o w s :  

E s t a b l i s h  a 1 0  f o o t  h o v e r ,  l a n d  w i t h i n  t h e  m a r k e d  box  

w i t h  a c o n t i n u o u s  downward m o t i o n  o f  t h e  a i r c r a f t ,  no 

h e s i t a t i o n s  and no  v e r t i c a l  v e l o c i t y  r e v e r s a l s .  

D e s i r e d  p e r f o r m a n c e :  c o m p l e t e  t a s k  s a f e l y .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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R a i s e  t h e  a i r c r a f t  t o  a l e v e l  a t t i t u d e  w i t h  t h e  up 

h i l l  s k i d  i n  c o n t a c t  w i t h  t h e  g r o u n d ,  h e s i t a t e  f o r  5 
s e c o n d s  i n  t h a t  c o n d i t i o n  t h e n  make a c l e a n  t r a n s i t i o n  

t o  a 1 0  f o o t  h o v e r .  D e s i r e d  p e r f o r m a n c e :  S a f e  
c o m p l e t i o n  w i t h  no  r e t u r n  t o  b o t h  s k i d s  and  n o  

p r e m a t u r e  l i f t - o f f  f r o m  p a r t i a l  c o n t a c t  h o v e r .  

Each  o f  t h e  f o u r  FRL r e s e a r c h  p i l o t s  f l e w  t h e  f u l l  s e t  o f  

t a s k s  u s i n g  c o n v e n t i o n a l  c e n t r e  m o u n t e d  c o n t r o l l e r s ,  t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACAE 
c o n t r o l l e r  w i t h  b a l l  g r i p ,  and t h e  same d e v i c e  w i t h  t h e  NAE 
g r i p .  Cooper  H a r p e r  r a t i n g s  w e r e  r e q u e s t e d  f o r  e a c h  t a s k  a n d  

v e r b a l  comments and w r i t t e n  d e b r i e f s  w e r e  t a k e n  a l s o .  

P r e v i o u s  r e s u l t s  o n  t h e  same t a s k s  f l o w n  w i t h  a f o r c e - s t i c k  

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

s t a t i s t i c s ,  as  r e c o r d e d  i n  R e f e r e n c e  3 .  

The a i r c r a f t  c o n t r o l  c o n f i g u r a t i o n  f o r  t h e  p r i m a r y  e x p e r i m e n t  
w a s  a p r i m i t i v e  s y s t e m  p e r m i t t i n g  c o m p a r i s o n  w i t h  
c o n v e n t i o n a l  c o n t r o l s .  T h i s  c o n f i g u r a t i o n  h a d  r a t e  damping ,  

a u g m e n t a t i o n  i n  p i t c h ,  r o l l  and  yaw, a m o d e l  o f  t h e  2 0 5  
s t a b i l i s e r  b a r ,  and c o l l e c t i v e  i n p u t s  w e r e  d e - c o u p l e d  f r o m  

t h e  yaw a x i s .  The r a t e  damp ing  a u g m e n t a t i o n  was s c h e d u l e d  

w i t h  a i r s p e e d  t o  p r o v i d e  a v e h i c l e  w i t h  a p p r o x i m a t e l y  - 2  deg  

p e r  s e c o n d  damp ing  t h r o u g h o u t  t h e  e n v e l o p e  i n  a l l  t h r e e  
r o t a t i o n a l  a x e s .  C o l l e c t i v e  c o n t r o l  was s i m p l e  d i r e c t  d r i v e .  

A s l o w  f o l l o w - u p  t r i m  s y s t e m  was i n s t a l l e d  w h i c h  summed a l o w  
g a i n  ( 0 . 2 5 1  i n t e g r a l  o f  t h e  c o n t r o l l e r  o u t p u t  w i t h  t h a t  
o u t p u t .  A t y p i c a l  c o n t r o l  s y s t e m  c h a n n e l  i s  shown i n  F i g u r e  

5, w h i l e  t h e  g a i n s  u s e d  a r e  t a b u l a t e d  i n  T a b l e  2 .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
actuator zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

s t a b i l i s e r  b a r  

F I G U R E  5 TYPICAL CONTROL CHANNEL [ROLL) 
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TABLE 2 CONTROL S Y S T E M  G A I N S  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 . 4 . 1  E g m i l i a r i z a t i q n  2nd T r a i n i n g  

A s  a g e n e r a l  c h a r a c t e r i s t i c ,  b o t h  v e r s i o n s  o f  t h e  c o n t r o l l e r  

r e q u i r e d  v e r y  l i t t l e  t i m e  t o  become f a m i l i a r  t o  p i l o t s ,  

a s t r o n a u t s  and o p e r a t o r s .  T h i s  i s  a t t r i b u t e d  t o  t h e  s p a t i a l  

command ha rmony  a c h i e v e d  and  t h e  a b s e n c e  o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmode s w i t c h i n g  

and o t h e r  a c t i v i t i e s  w h i c h  n o r m a l l y  r e s u l t  i n  b r e a k i n g  o f  
c o n t a c t  b e t w e e n  t h e  h a n d  and t h e  c o n t r o l l e r .  

The NAE p i l o t s  h a d  e x t e n s i v e  h e l i c o p t e r  e x p e r i e n c e ,  some 

i n c l u d i n g  s i d e a r m  c o n t r o l l e r s .  They  a l l  became s u f f i c i e n t l y  

f a m i l i a r  w i t h  t h e  c o n t r o l l e r  d u r i n g  t h e  f i r s t  h o u r  o f  f l i g h t  

t o  p e r f o r m  t o  t h e  r e q u i r e d  s t a n d a r d s .  A t  l e a s t  one  o t h e r  

p i l o t  w i t h  no p r e v i o u s  s i d e a r m  e x p e r i e n c e  was a b l e  t o  f l y  

n a p - o f - t h e - e a r t h  a f t e r  a p p r o x i m a t e l y  2 0  m i n u t e s ;  h i s  
comments d u r i n g  d e b r i e f i n g  i n d i c a t e d  t h a t  he  was a b l e  t o  

t r e a t  t h e  c o n t r o l l e r  as i f  i t  w e r e  t r a n s p a r e n t ,  and f l y  t h e  

a i r c r a f t  i n t u i t  i v e  l y  . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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The m a n i p u l a t o r  and s p a c e c r a f t  s i m u l a t i o n s  showed t h a t  

o p e r a t o r s  n e e d  o n l y  r u d i m e n t a r y  i n s t r u c t i o n s  and  a s e l f - p a c e d  

t r a i n i n g  p e r i o d  w h i c h  i s  e x t r e m e l y  s h o r t  i n  c o m p a r i s o n  w i t h  
o t h e r  c o n t r o l  m e c h a n i z a t i o n s .  The MDF arm was r e p e a t e d l y  

o p e r a t e d  w i t h  s u r p r i s i n g  p r o f i c i e n c y  b y  p e r s o n n e l  o f  v a r i o u s  
b a c k g r o u n d s  w i t h o u t  t h e  b e n e f i t s  o f  e v e n  a b a s i c  
i n t r o d u c t i o n .  P r e l i m i n a r y  t r i a l s  w i t h  t h e  d e x t r o u s  

m a n i p u l a t o r  a t  t h e  M a r s h a l l  Space C e n t e r  showed a t e n d e n c y  o f  

s i g n i f i c a n t l y  r e d u c e d  t a s k  t i m e s  as  w e l l  as  t r a i n i n g  

r e q u i r e m e n t s  e v e n  w i t h  n o v i c e  o p e r a t o r s .  

5 . 4 . 2  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApi lo t_  R a t i n g s  

F i g u r e  6 shows means o f  C o o p e r - H a r p e r  r a t i n g s  and  s t a n d a r d  
d e v i a t i o n s  f o r  a l l  m a n e u v e r s  and  t e s t  p e r i o d s  e x e c u t e d  t o  

d a t e ,  f o r  a g l o b a l  c o m p a r i s o n  b e t w e e n  c o n v e n t i o n a l  c o n t r o l s ,  

an i s o m e t r i c  v e r t i c a l  g r i p ,  t h e  CAE c o n t r o l l e r  w i t h  t h e  

v e r t i c a l  g r i p  and  w i t h  t h e  b a l l  g r i p .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 

2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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FIGURE 6 COOPER-HARPER RATINGS; C O M P A R A T I V E  SUMMARY 

16.16 



A s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt h e  B e l l  2 0 5 - A  w i t h  c o n t r o l s  c o n f i g u r e d  f o r  t h e  p r e s e n t  
s t u d y  is a m a r g i n a l  L e v e l  O n e  v e h i c l e  i n  h a n d l i n g  q u a l i t i e s ,  
t h e r e  were  few o c c a s i o n s  w h e n  p i l o t  c o m p e n s a t i o n  f o r  h a n d l i n g  
d e f i c i e n c i e s  was n o t  a f a c t o r .  W i t h i n  t h i s  o v e r a l l  
c o n s t r a i n t ,  however ,  t h e r e  is a c o n s i s t e n t  h i e r a r c h y  o f  

h a n d l i n g  q u a l i t y  r a t i n g s  among t h e  c o n t r o l l e r  t y p e 5  
e v a l u a t e d .  

G e n e r a l l y ,  t h e  c o n v e n t i o n a l  c o n t r o l s  a r e  r a t e d  h i g h e s t ,  w i t h  
a mean of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 . 3 ,  s a t i s f a c t o r y  b u t  w i t h  some m i l d l y  u n p l e a s a n t  
c h a r a c t e r i s t i c s .  T h e  CAE c o n t r o l l e r  w i t h  t h e  FRL s t i c k  g r i p  
is r a t e d  n e x t ,  w i t h  a mean zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  3 . 6 ,  a c c e p t a b l e  b u t  w i t h  
u n p l e a s a n t  c h a r a c t e r i s t i c s .  T h e  CAE u n i t  w i t h  t h e  b a l l  g r i p  
is r a t e d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 . 1 ,  s t i l l  a c c e p t a b l e  b u t  u n p l e a s a n t .  L a s t  is t h e  
f o r c e  s t i c k  a t  4 . 7 ,  t e n d i n g  t o w a r d s  u n a c c e p t a b l e  f o r  no rma l  
o p e r a t i o n .  

T h e  d a t a  f r o m  t h e  i n d i v i d u a l  t a s k s  shows t h e  same t r e n d  w i t h  
o n e  v a r i a t i o n  [See F i g u r e  7 a  t o  7 g ) .  T h e  f o r c e  s t i c k  
p r o v i d e s  u n e q u i v o c a l  L e v e l  Two h a n d l i n g  q u a l i t i e s  f o r  l a n d i n g  
on f l a t  s u r f a c e s .  O f f - l e v e l  l a n d i n g s  and t a k e o f f s  were  n o t  
c o n d u c t e d  s y s t e m a t i c a l l y  w i t h  t h i s  d e v i c e ,  T h e  p e r f o r m a n c e  
of  t h e  CAE c o n t r o l l e r  w i t h  t h e  b a l l  g r i p  is r a t e d  much p o o r e r  
t h a n  t h e  c o n v e n t i o n a l  c o n t r o l s  o r  t h e  same u n i t  w i t h  a 
v e r t i c a l  g r i p .  I n  l a t e r a l  and r e a r w a r d  f l i g h t  t h e  
c o n v e n t i o n a l  c o n t r o l s  a r e  r a t e d  much b e t t e r  t h a n  any  o f  t h e  
o t h e r s  and t h e  f o r c e  s t i c k  is a g a i n  l a s t  I n  t h e  q u i c k  s t o p  
maneuver  t h e  c o n v e n t i o n a l  c o n t r o l s  and t h e  CAE c o n t r o l l e r  
w i t h  t h e  F R L  g r i p  a r e  s i m i l a r ,  b u t  t h e  b a l l  g r i p  is w o r s e  
t h a n  t h e  f o r c e  s t i c k .  I n  s p o t  t u r n s  w i t h  and w i t h o u t  
h e s i t a t i o n  t h e  CAE c o n t r o l l e r  is r a t e d  s l i g h t l y  a h e a d  o f  t h e  
c o n v e n t i o n a l  c o n t r o l s  b u t  w i t h  a g r e a t e r  s p r e a d  i n  r a t i n g s .  
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Conventional Isometric zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACAE CAE 
Controls Vertical Vertical Ball Grip 

Grip Grip zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
FIGURE 7 a  OFF-LEVEL LANDING MANEUVER RATINGS 
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Conventional Isometric CAE CAE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Con t ro 1 s Vertical Vertical Ball G r i p  

Gr ip  Grip 

F I G U R E  7 9  I N T E R R U P T E D  SPOT T U R N  R A T I N G S  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6 , O  DISCUSSION 

I n  n e a r l y  a l l  c a s e s ,  p e r f o r m a n c e  w i t h  s i d e a r m  c o n t r o l l e r s  is 
d e g r a d e d  a s  c o m p a r e d  t o  c o n v e n t i o n a l  c o n t r o l s .  T h i s  is most  
s e v e r e  i n  c a s e s  w h e r e  f i n e l y  c o o r d i n a t e d  m u l t i - a x i s  i n p u t s  
a r e  r e q u i r e d  s u c h  a 5  i n  o f f - l e v e l  l a n d i n g  a n d  t a k e o f f .  
D e g r a d a t i o n  is l e a s t  s e v e r e  o r  is e v e n  r e v e r s e d  w h e r e  v e h i c l e  
c h a r a c t e r i s t i c s  a r e  t h e  l i m i t i n g  f a c t o r  s u c h  a s  i n  s p o t  
t u r n s ;  t h e  a i r c r a f t  d e m o n s t r a t e s  a p o w e r f u l  y a w / r o l l  c o u p l i n g  
when r a p i d  y a w i n g  m o t i o n s  a r e  a b r u p t l y  t e r m i n a t e d .  T h i s  
r e s u l t s  i n  s i g n i f i c a n t  l a t e r a l  i n s t a b i l i t y  a n d  t h e  v e h i c l e  is 
a d e f i n i t e  L e v e l  Two m a c h i n e  i n  t h e s e  c o n d i t i o n s  e v e n  w i t h  
c o n v e n t i o n a l  c o n t r o l s .  

I d e n t i f y i n g  t h e  c a u s e  f o r  p o o r  p e r f o r m a n c e  w i t h  t h e  f o r c e  
s t i c k  is r e l a t i v e l y  e a s y .  Lack  o f  i m m e d i a t e  f e e d b a c k  f r o m  
t h e  c o n t r o l l e r  i t s e l f  o n  c o n t r o l  i n p u t s  means t h a t  t h e  p i l o t  
m u s t  w a i t  u n t i l  t h e  v e h i c l e  r e s p o n d s  t o  a s s e s s  w h e t h e r  t h e  
i n p u t  was a p p r o p r i a t e .  T h i s  i n t r o d u c e s  a l a g  w h i c h  r a i s e s  
p i l o t  w o r k l o a d  s u b s t a n t i a l l y  a n d  e v e n  s o ,  s t a b i l i t y  may b e  
i n a d e q u a t e  t o  p e r m i t  o f f - l e v e l  l a n d i n g s  t o  b e  c o n d u c t e d  a s  a 
r o u t i n e  m a n e u v e r .  
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W i t h  d i s p l a c e m e n t  c o n t r o l l e r s  t h e  c a s e  i s  somewhat  more  

c o m p l e x .  I m m e d i a t e  f e e d b a c k  o n  c o n t r o l  i n p u t  i s  c e r t a i n l y  

a v a i l a b l e .  However ,  e n s u r i n g  t h a t  t h i s  f e e d b a c k  i s  

a p p r o p r i a t e  i n  t e r m s  o f  r a t e  and d i r e c t i o n  p r o v e s  t o  b e  a 

d i s t i n c t l y  n o n - t r i v i a l  t a s k .  W i t h  t h e  b a l l  g r i p ,  t h e  

" n a t u r a l "  hand  p o s i t i o n  seemed t o  r e s t  t h e  p a l m  o v e r  t h e  t o p .  
T h i s  d i d  n o t  g e n e r a t e  i n h e r e n t  c o r r r e l a t i o n  b e t w e e n  t h e  

s e n s e d  h a n d  p o s i t i o n  and  t h e  l i f t  v e c t o r .  As w e l l ,  i n  
d y n a m i c  maneuvers  i n v o l v i n g  t h e  c o l l e c t i v e  a t e n d e n c y  t o  

c r o s s  c o u p l e  n e e d s  t o  b e  a c t i v e l y  n e u t r a l i z e d .  W i t h  u p w a r d  

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

s u r f a c e ,  p r o d u c i n g  a s u b j e c t i v e  i m p r e s s i o n  t h a t  t h e  a i r c r a f t  

w i l l  f a l l  o u t  o f  t h e  s k y  u n l e s s  t h e  b a l l  i s  h e l d  i n  a d e a t h  

g r i p .  T h i s  l e a d s  t o  w h i t e  k n u c k l e s  and f a t i g u e , ,  c o m b i n e d  

w i t h  e x c e s s i v e  t e n s i o n  i n  t h e  hand  and f o r e a r m  m u s c l e s  w h i c h  
f u r t h e r  r e d u c e s  t h e  p r e c i s i o n  o f  i n p u t s  and h e n c e  t h e  a b i l i t y  

t o  compensa te  f o r  c r o s s - c o u p l i n g .  

These p r o b l e m s  a r e  m o s t  n o t i c e a b l e  when l a r g e - a m p l i t u d e  up-  

c o l l e c t i v e  i n p u t s  m u s t  b e  c o m b i n e d  w i t h  p r e c i s i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi n  o t h e r  

axes ,  s u c h  as i n  q u i c k s t o p  maneuvers  and o f f - l e v e l  t a k e o f f s .  

S h i f t i n g  t h e  h a n d g r i p  t o  t h e  s i d e  o f  t h e  b a l l  r e d u c e s  t h e s e  

p r o b l e m s  somewhat., b u t  t h e  l a c k  o f  a d e q u a t e  g r i p  s u r f a c e  and  

t e n d e n c y  t o  c r o s s  c o u p l e  r e m a i n s .  [ T h e  b a l l  was l e f t  b a r e  
and s m o o t h  i n  o r d e r  n o t  t o  f o r c e  a g i v e n  h a n d  p o s i t i o n  o n  t h e  

e v a l u a t i o n  p i l o t s . ]  

As t h e  d a t a  shows,  a s s e s s m e n t  o f  t h e  c o n t r o l l e r  w i t h  a 

v e r t i c a l  g r i p  i m p r o v e d  d r a m a t i c a l l y  o v e r  t h e  b a l l ,  c o m i n g  
c l o s e  t o  c o n v e n t i o n a l  c o n t r o l s ,  and t h i s  b y  p i l o t s  w i t h  up t o  

2 0 0 0  h o u r s  o f  c o n v e n t i o n a l  h e l i c o p t e r  e x p e r i e n c e .  T h a t  t h i s  

p e r f o r m a n c e  c o u l d  b e  a c h i e v e d  d e s p i t e  t h e  f a c t  t h a t  t h e  
damp ing  c h a r a c t e r i s t i c s  and s p r i n g  f o r c e s  w e r e  s t i l l  n o t  

o p t i m a l ,  t h e  r o t a t i o n a l  i n p u t s  w e r e  o f f - a x i s  and no  

s y s t e m a t i c  e r g o n o m e t r i c  w o r k  has  b e e n  done t o  v e r i f y  t h e  

i n s t a l l a t i o n ,  was a g o o d  i n d i c a t i o n  t h a t  t h e  c o n c e p t  o f  u s i n g  

d i s p l a c e m e n t  f o r  c o n t r o l  f e e d b a c k  i n  a s i d e a r m  c o n t r o l l e r  i s  
v a l i d .  

I n t e r e s t i n g l y ,  t h e  b a l l  g r i p  was p r e f e r r e d  b y  a s t r o n a u t s  and 

o p e r a t o r s  i n  m a n i p u l a t o r  and MMU s i m u l a t i o n s .  No s i g n i f i c a n t  

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

t h e  s t r o n g  f a m i l i a r i t y  o f  t h e  v e r t i c a l  s t i c k  g r i p  t o  

h e l i c o p t e r  p i l o t s  and i t s  o b v i o u s  a n a l o g y  t o  t h e  l i f t  v e c t o r .  
F u r t h e r m o r e ,  t h e  e f f e c t s  o f  command i n p u t s  i n  l o w - a l t i t u d e  

p r e c i s i o n  h o v e r  and t h e  r e s u l t i n g  w h o l e - b o d y  f e e d b a c k  c u e i n g  
h a v e  a much g r e a t e r  e f f e c t  t h a n  i n  a s l o w - m o v i n g  m a n i p u l a t o r  

w h e r e  t h e  o p e r a t o r  i s  much more  l o o s e l y  c o u p l e d .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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