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  The	
  normalized	
  posi&on	
  
error	
  and	
  comple&on	
  
&me	
  plots	
  are	
  presented.	
  
The	
  op&mum	
  feedback	
  
condi&on	
  has	
  the	
  lowest	
  
ra&o.	
  

Falcon	
  with	
  s&ffness	
  and	
  
damping	
  feedback,	
  C5,	
  
offers	
  the	
  best	
  tradeoff	
  in	
  
terms	
  of	
  error	
  and	
  
comple&on	
  &me	
  
performance.	
  The	
  joys&ck	
  
C2	
  is	
  op&mized	
  to	
  
decrease	
  the	
  posi&on	
  
error	
  but	
  sacrificed	
  with	
  
comple&on	
  &me.	
  	
  

UAV	
  flight	
  path	
  operaCon	
  
versus	
  reference	
  trajectory	
  –	
  

sCffness	
  and	
  damping	
  
feedback,	
  C5	
  	
  	
  

• UAV	
  (Unmanned	
  Aerial	
  
Vehicle)	
  applica&ons	
  
- Environmental	
  monitoring	
  
- Agricultural	
  chemical	
  
spraying	
  
- Land	
  management	
  
- Merchandise	
  delivery	
  

•  	
  Hap&c	
  feedback	
  
- Interprets	
  the	
  operator	
  
commands	
  	
  
- Regulates	
  the	
  vehicle’s	
  
dynamics	
  	
  
- Feed	
  states	
  back	
  for	
  
enhanced	
  UAV	
  
performance	
  	
  

To	
  increase	
  awareness	
  for	
  operators,	
  a	
  
three	
  degree-­‐of-­‐freedom	
  hap&c	
  interface	
  
is	
  introduced	
  to	
  provide	
  helpful	
  
	
  assistance	
  for	
  UAV	
  mo&on	
  control.	
  	
  

How It Works

C1:	
  Keyboard	
  +	
  no	
  feedback	
  
C2:	
  JoysCck	
  +	
  no	
  feedback	
  

C3:	
  Falcon	
  +	
  no	
  feedback	
  
C4:	
  Falcon	
  +	
  sCffness	
  feedback	
  
C5:	
  Falcon	
  +	
  sCffness	
  and	
  
	
  	
  	
  	
  	
  	
  damping	
  feedback	
  
C6:	
  Falcon	
  +	
  damping	
  feedback	
  

Flight	
  paths	
  are	
  recorded	
  and	
  	
  
	
  	
  	
  	
  ques&onnaires	
  are	
  subjec&vely	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  evaluated	
  in	
  C1	
  to	
  C6	
  condi&on.	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Error	
  devia&on	
  and	
  test	
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Flight	
  simulaCon	
  
environment	
  

Haptic Device
 Model

DepicCon	
  of	
  the	
  joint	
  angles	
  
and	
  link	
  lengths	
  for	
  leg	
  i,	
  using	
  
a	
  side	
  view	
  (le]	
  image)	
  and	
  a	
  

top	
  view	
  (right	
  image).	
  	
  	
  

KinemaCc	
  representaCon	
  of	
  the	
  
Falcon	
  hapCc	
  device	
  with	
  three	
  
arms	
  along	
  with	
  the	
  base	
  and	
  

moCon	
  plates.	
  

Mathema&cal	
  model	
  of	
  	
  
hap&c	
  device	
  can	
  provide	
  rela&onship	
  
between	
  end	
  point	
  posi&on	
  and	
  motor	
  
angle	
  mo&on.	
  
	
  
	
  A	
  kinema&c	
  model	
  is	
  established	
  to	
  derive	
  the	
  
Jacobian	
  matrix	
  and	
  the	
  inverse	
  kinema&cs	
  of	
  	
  
the	
  manipulator	
  to	
  solve	
  posi&oning	
  and	
  
veloci&es	
  problems.	
  

Novint	
  Falcon	
  hapCc	
  device	
  for	
  three-­‐
DOF	
  with	
  mulCple	
  links	
  interfaced	
  to	
  
servo-­‐motors	
  for	
  force	
  feedback.	
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