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ABSTRACT	
  

	
  

A	
  teleoperated	
  system	
  of	
  dual	
  redundant	
  manipulator	
  will	
  be	
  controlled	
  in	
  this	
  thesis.	
  

The	
   robot	
   used	
   with	
   the	
   dual	
   redundant	
   manipulator	
   in	
   this	
   thesis	
   is	
   Baxter.	
   Baxter’s	
  

redundant	
   robot	
  arms	
  are	
  7-­‐degree-­‐of-­‐freedom	
  arms.	
  The	
  problem	
   that	
  will	
  be	
   solved	
   in	
  

this	
  thesis	
  is	
  optimization	
  of	
  the	
  7-­‐degree-­‐of-­‐freedom	
  robot	
  arms.	
  The	
  control	
  algorithm	
  of	
  

the	
  7-­‐degree-­‐of-­‐freedom	
  robot	
  arms	
  will	
  be	
  discussed	
  and	
  built.	
  A	
  simulation	
  program	
  will	
  

be	
   built	
   to	
   test	
   the	
   control	
   algorithm.	
   Based	
   on	
   the	
   control	
   algorithm,	
   a	
   teleoperation	
  

system	
  will	
  be	
  created	
  for	
  Baxter.	
  The	
  controller	
  used	
   is	
  Omni,	
  which	
   is	
  a	
  six-­‐joint	
  haptic	
  

device.	
   Omni	
   will	
   also	
   be	
   used	
   to	
   give	
   force	
   feedback	
   upon	
   collision	
   while	
   the	
   user	
   is	
  

controlling	
   the	
  robot.	
  Hence,	
  a	
  collision	
   force	
   feedback	
  system	
   is	
  going	
   to	
  be	
  created	
  and	
  

combined	
   with	
   the	
   teleoperation	
   system.	
   The	
   teleoperation	
   system	
   will	
   be	
   tested	
   in	
  

common	
  daily	
  applications.	
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CHAPTER	
  1:	
  INTRODUCTION	
  

	
  

1.1	
   Motivation	
  

Imagine	
  there	
  is	
  a	
  robot	
  that	
  can	
  perform	
  arm-­‐like	
  motions	
  while	
  being	
  controlled	
  by	
  

a	
  person	
  from	
  a	
  different	
  location,	
  there	
  may	
  be	
  some	
  benefits	
  for	
  that	
  person.	
  For	
  instance,	
  

the	
  robot	
  can	
  enter	
  dangerous	
  environments	
   to	
  complete	
   tasks	
   instead	
  of	
   the	
  person	
  [1].	
  

Now	
   imagine	
   a	
  more	
   probable	
   scenario,	
   the	
   robot	
   is	
   trying	
   to	
   complete	
   a	
   complex	
   task	
  

automatically.	
   If	
   the	
   pre-­‐programmed	
   robot	
   cannot	
   implement	
   the	
   work,	
   a	
   human	
   is	
  

needed	
  to	
  control	
  it	
  [2].	
  Hence,	
  a	
  reliable	
  remote	
  controlled	
  robotic	
  system	
  is	
  necessary	
  to	
  

be	
  built	
  to	
  represent	
  a	
  human.	
  

In	
  order	
  to	
  represent	
  a	
  human,	
  the	
  robot’s	
  arms	
  should	
  have	
  the	
  same	
  manipulability	
  

as	
  a	
  human.	
  This	
  robot	
  should	
  have	
  at	
  least	
  two	
  arms,	
  both	
  7	
  degrees	
  of	
  freedom	
  or	
  more.	
  

With	
  dual	
  arms,	
  the	
  robot	
  can	
  work	
  effectively	
  in	
  more	
  tasks	
  than	
  a	
  robot	
  with	
  a	
  single	
  arm,	
  

such	
   as	
   holding	
   a	
   tray	
   and	
   opening	
   a	
   bottle.	
   And	
   7-­‐degrees-­‐of-­‐freedom	
   arms	
   allow	
   the	
  

robot	
   to	
   finish	
  many	
   tasks	
  without	
   redesigning	
   the	
   kinematics	
   of	
   the	
   arms	
   because	
   a	
   7-­‐

degree-­‐of-­‐freedom	
  arm	
  can	
  achieve	
  more	
  poses.	
  A	
   teleoperated	
  robotic	
  system	
  with	
  dual	
  

arm	
  can	
  assist	
   in	
  accomplishing	
  the	
  above	
  task.	
  A	
  7-­‐degree-­‐of-­‐freedom	
  arm	
  is	
  redundant.	
  

Hence,	
   how	
   to	
   optimize	
   its	
   kinematics	
   is	
   an	
   important	
   topic.	
   Additionally,	
   combining	
  

teleoperation	
   system	
  with	
   some	
  devices	
   can	
   improve	
  users’	
   experience,	
   such	
   as	
   a	
   haptic	
  

device	
  [16],	
  and	
  depth	
  sensor	
  camera	
  [11].	
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This	
   thesis	
   is	
   going	
   to	
   discuss	
   the	
   control	
   method	
   of	
   a	
   dual	
   7-­‐degree-­‐of-­‐freedom	
  

manipulator	
  and	
  its	
  optimization.	
  Based	
  on	
  the	
  control	
  method,	
  a	
  motion	
  planning	
  system	
  

of	
  the	
  manipulator	
  will	
  be	
  built.	
  Motion	
  planning	
  in	
  this	
  thesis	
  is	
  defined	
  as	
  the	
  motion	
  of	
  

the	
   robot’s	
   joints	
   after	
   considering	
   the	
   commanded	
  Cartesian	
  motion	
  and	
   the	
  given	
   joint	
  

limits.	
   The	
  motion	
  planning	
   system	
   computes	
   changes	
   of	
   joints	
   of	
   the	
  manipulator	
  when	
  

the	
  end-­‐effector	
  of	
  the	
  manipulator	
  moves	
  from	
  one	
  point	
  to	
  other	
  points.	
  Then,	
  with	
  our	
  

input	
  velocities	
  of	
   the	
  end-­‐effector	
   from	
  control	
  device	
  and	
  communication	
  program,	
   the	
  

motion	
   planning	
   system	
   can	
   send	
   joint	
   commands	
   to	
   the	
   robot	
   for	
   achieving	
   desired	
  

positions,	
   and	
   the	
   robot	
   can	
   also	
   return	
   its	
   current	
   joint	
   angles	
   to	
   the	
  motion	
   planning	
  

system.	
   In	
   this	
  way	
   a	
   reliable	
   teleoperation	
   control	
   system	
   can	
   be	
   built.	
   Finally,	
  we	
  will	
  

combine	
  the	
  system	
  with	
  force	
  feedback	
  for	
  a	
  better	
  user	
  experience.	
  The	
  platform	
  used	
  in	
  

this	
  thesis	
  is	
  a	
  Baxter	
  robot,	
  which	
  is	
  made	
  by	
  Rethink	
  Robotics	
  [30].	
  This	
  robot	
  has	
  dual	
  7-­‐

degree-­‐of-­‐freedom	
  arm.	
  In	
  the	
  end,	
  a	
  remote	
  controlled	
  Baxter	
  system	
  will	
  be	
  accomplished,	
  

and	
   can	
   be	
   controlled	
   to	
   complete	
   some	
   daily	
   activities.	
   The	
   system	
  will	
   be	
   tested	
  with	
  

human	
  subjects,	
  and	
  statistical	
  analysis	
  will	
  be	
  performed	
  to	
   find	
   the	
  effectiveness	
  of	
   the	
  

control	
  system.	
  

	
  

1.2	
   Thesis	
  Objectives	
  

1. The	
  first	
  objective	
  for	
  this	
  thesis	
  is	
  to	
  develop	
  a	
  control	
  system	
  for	
  the	
  redundant	
  

arms	
  of	
  Baxter	
  to	
  move	
  the	
  end-­‐effector	
  of	
  the	
  arm	
  from	
  one	
  point	
  to	
  other	
  points.	
  

2. A	
  simulation	
  program	
  of	
  the	
  arms	
  will	
  be	
  built	
  and	
  tested	
  with	
  the	
  control	
  system.	
  

3. The	
  redundant	
  control	
  system	
  will	
  be	
  optimized	
   to	
  avoid	
  singularities	
  and	
   joint	
  

limits	
  by	
  using	
  the	
  simulation	
  program.	
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4. A	
   communication	
   program	
   will	
   be	
   established	
   in	
   order	
   to	
   interchange	
  

information	
  of	
  joint	
  angles	
  between	
  the	
  motion	
  planning	
  system	
  and	
  the	
  physical	
  

robot.	
  

5. A	
  motion	
   planning	
   system	
  will	
   be	
   built	
   and	
   tested	
   on	
   the	
   physical	
   platform	
   to	
  

confirm	
  accuracy	
  of	
  the	
  control	
  system	
  through	
  the	
  communication	
  program.	
  

6. By	
  adding	
  a	
  velocity	
   input	
  device	
   into	
   the	
  motion	
  planning	
  system,	
  velocities	
  of	
  

the	
  end-­‐effector	
  will	
  be	
  obtained.	
  	
  

7. Combining	
   the	
   motion	
   planning	
   system,	
   the	
   velocities	
   input	
   device,	
   and	
   the	
  

communication	
  program,	
  a	
  teleoperation	
  system	
  will	
  be	
  created	
  on	
  the	
  platform.	
  

8. A	
  user	
  interface	
  will	
  be	
  developed.	
  

9. A	
  collision	
   force	
   feedback	
  program	
  will	
  be	
  built,	
   and	
  will	
  be	
  combined	
  with	
   the	
  

teleoperation	
  system.	
  

10. Human	
  subject	
  testing	
  will	
  be	
  performed,	
  and	
  data	
  will	
  be	
  collected	
  and	
  analyzed.	
  

	
  

1.3	
   Thesis	
  Outline	
  

For	
  this	
  thesis,	
  the	
  background	
  of	
  works	
  that	
  have	
  been	
  done	
  previously	
  in	
  the	
  field	
  of	
  

teleoperation,	
  dual	
  redundant	
  arm	
  control,	
  and	
  force	
  feedback	
  application	
  will	
  be	
  introduce	
  

in	
   chapter	
   2.	
   Chapter	
   3	
   will	
   discuss	
   the	
   redundant	
   arms	
   control	
   method	
   and	
   its	
  

optimization.	
  Chapter	
  4	
  will	
  focus	
  on	
  the	
  simulation	
  development	
  with	
  the	
  control	
  method.	
  

Chapter	
   5	
   will	
   discuss	
   the	
   teleoperation	
   system,	
   and	
   apply	
   the	
   control	
   method	
   on	
   the	
  

teleoperation	
   system	
   with	
   collision	
   force	
   feedback.	
   Finally,	
   Chapter	
   6	
   will	
   conclude	
   the	
  

thesis	
  and	
  discuss	
  future	
  work.	
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CHAPTER	
  2:	
  BACKGROUND	
  

	
  

2.1	
   Teleoperation	
  

Why	
  do	
  humans	
  need	
  telerobotics?	
  Sheridan	
  [2]	
  has	
  mentioned	
  that	
  there	
  are	
  many	
  

unpredictable	
   tasks	
   that	
   pre-­‐programmable	
   robotics	
   cannot	
   implement;	
  moreover,	
  many	
  

working	
  environments	
  are	
  unsuitable	
   for	
  humans.	
  However,	
  comparing	
  human	
  capability	
  

with	
  robot’s	
  capability	
   is	
  meaningless.	
  Hence,	
   it	
   is	
  more	
  important	
  to	
  study	
  how	
  they	
  can	
  

collaborate.	
  In	
  his	
  paper,	
  Sheridan	
  has	
  defined	
  teleoperation	
  as	
  a	
  means	
  to	
  allow	
  a	
  user	
  to	
  

execute	
  their	
  own	
  senses	
  and	
  manipulation	
  capability	
  on	
  a	
  remote-­‐controlled	
  device,	
  which	
  

also	
   includes	
   telerobotics.	
  Telerobotics	
   technology	
  has	
  been	
  used	
   in	
  various	
  applications,	
  

as	
   stated	
   in	
   Sheridan’s	
   papers	
   [1]	
   and	
   [2],	
   such	
   as	
   space,	
   undersea,	
   toxic	
  waste	
   cleanup,	
  

nuclear	
   power,	
   telediagnosis,	
   telesurgery,	
   aids	
   for	
   the	
   handicapped,	
   terrestrial	
   mining,	
  

construction	
  and	
  maintenance,	
  warehousing,	
  firefighting,	
  policing,	
  and	
  military	
  operations.	
  

Niemeyer	
  et	
  al	
   [3]	
  proposed	
   the	
  concept	
  of	
  a	
   teleoperation	
  system,	
  shown	
   in	
   figure	
  

2.1,	
  which	
  can	
  be	
  divided	
  into	
  five	
  parts:	
  human	
  operator,	
  master	
  system,	
  communications,	
  

telerobot,	
   and	
   environment.	
   Nevertheless,	
   the	
   communication	
   part	
   causes	
   time	
   delay	
  

problems	
   between	
   the	
   human	
   operator	
   and	
   the	
   telerobot.	
   Goto	
   et	
   al	
   [4]	
   have	
   combined	
  

visual	
   servo	
   control	
   technique	
   and	
   remote	
   control	
   system	
   in	
   the	
   loop	
   to	
   correct	
   user’s	
  

desire	
  position.	
  The	
  result	
  shows	
  that	
  because	
  of	
  the	
  improvement	
  of	
  the	
  handling	
  ability	
  of	
  

the	
   robot	
   arm	
   motion	
   with	
   visual	
   servo	
   control	
   in	
   the	
   loop,	
   the	
   influence	
   of	
   the	
  

communication	
   problem	
   is	
   reduced.	
   Lai	
   et	
   al	
   [5]	
   has	
   implemented	
   an	
   “Adaptive	
   Smith	
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Predictor”	
   to	
   compensate	
   for	
   the	
   time	
   delay.	
   The	
   experiment	
   in	
   this	
   paper	
   is	
   to	
   remote	
  

control	
  a	
  400W	
  servo	
  motor	
  from	
  15	
  km	
  away.	
  The	
  results	
  show	
  that	
  the	
  Adaptive	
  Smith	
  

Predictor	
  improves	
  the	
  stability	
  of	
  the	
  motor,	
  but	
  causes	
  a	
  larger	
  overshoot	
  problem.	
  

	
  

Figure	
  2.1:	
  Concept	
  of	
  Teleoperation	
  System.	
  

	
  

2.2	
   Dual	
  Arm	
  Control	
  

The	
   researchers	
   at	
   the	
   Royal	
   Institute	
   of	
   Technology	
   [6]	
   have	
   proposed	
   two	
  

classifications	
  of	
  dual	
  arm	
  manipulation.	
  The	
  first	
  classification	
  is	
  non-­‐coordinated	
  control,	
  

which	
  mean	
  both	
  arms	
  act	
  on	
  two	
  different	
  works,	
  and	
  can	
  be	
  regarded	
  as	
  two	
  single	
  arms.	
  

In	
  the	
  second	
  categorization,	
  coordinated	
  control,	
  two	
  arms	
  work	
  on	
  different	
  parts	
  of	
  the	
  

same	
  work.	
  According	
   to	
   the	
  existence	
  of	
  physical	
   interaction	
   in	
  coordinated	
  control,	
   the	
  

authors	
   have	
   further	
   classified	
   it	
   into	
   bimanual	
   manipulation,	
   with	
   physical	
   interaction,	
  

and	
  goal	
  coordinated	
  manipulation,	
  without	
  physical	
  interaction.	
  

Krüger	
  et	
  al	
  [7]	
  have	
  proposed	
  the	
  development	
  of	
  an	
  industrial	
  dual	
  arm	
  robot.	
  They	
  

focused	
   on	
   a	
   bimanual	
   manipulation	
   task,	
   and	
   presented	
   an	
   algorithm	
   for	
   compliant	
  

motion	
   control.	
   	
   Using	
   impedance	
   control	
   with	
   position	
   control	
   and	
   closed	
   loop	
  

environmental	
  transfer	
  functions	
  can	
  have	
  better	
  performance	
  with	
  dual	
  arm	
  manipulation	
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than	
  two	
  single	
  arm	
  controls.	
  Wimböck	
  et	
  al	
   [9]	
  also	
  executed	
  impedance	
  control	
  of	
  both	
  

arms	
  in	
  the	
  same	
  system	
  to	
  coordinate	
  in	
  the	
  same	
  task.	
  

The	
   researchers	
   at	
   the	
   California	
   Institute	
   of	
   Technology	
   [8],	
   figure	
   2.2,	
   and	
   Chiba	
  

University	
   [10]	
   have	
   respectively	
   combined	
   dual	
   arm	
   control	
   with	
   a	
   visual	
   system	
   to	
  

estimate	
  the	
  robotic	
  arms	
  sate	
  and	
  object	
  state	
  for	
  improving	
  task	
  performance.	
  

	
  

Figure	
  2.2:	
  A	
  Dual	
  Arm	
  Robot	
  in	
  Gripping	
  Wheel	
  Experiment	
  with	
  Visual	
  System.	
  

	
  

2.3	
   Application	
  of	
  Kinect	
  on	
  Robotics	
  

The	
  Kinect	
   has	
   become	
   a	
  well-­‐known	
   and	
   popular	
   3D	
   sensor	
   device	
   because	
   of	
   its	
  

versatility,	
   competitive	
   price,	
   high	
   efficiency	
   and	
   accurate	
   results	
   [11].	
   It	
   is	
   composed	
   of	
  

one	
   near-­‐infrared	
   laser	
   pattern	
   projector,	
   an	
   IR	
   camera	
   and	
   an	
   RGB	
   camera,	
   as	
   seen	
   in	
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figure	
  2.3.	
  The	
  RGB	
  camera	
  can	
  show	
  color	
  and	
  pattern	
  on	
  top	
  of	
  the	
  3D	
  image	
  information.	
  

Moreover,	
   the	
   near-­‐infrared	
   laser	
   pattern	
   projector	
   and	
   IR	
   camera	
   gives	
   a	
   set	
   of	
   depth	
  

image	
   information;	
   hence,	
   the	
  Kinect	
   can	
  offer	
   a	
   color	
   image	
  with	
  depth	
   information.	
  By	
  

using	
   depth	
   information,	
   the	
   user	
   can	
   obtain	
   the	
   distance	
   between	
   the	
   Kinect	
   and	
   any	
  

objects	
  shown	
  in	
  the	
  image.	
  Therefore,	
  with	
  those	
  characteristics,	
  Kinect	
  is	
  widely	
  used	
  in	
  

the	
  robotics	
  domain.	
  

	
  

Figure	
  2.3:	
  The	
  RGB	
  Camera,	
  IR	
  Projector,	
  and	
  IR	
  Camera	
  on	
  the	
  Kinect.	
  

	
  

Rakprayoon	
  et	
  al	
  [12]	
  used	
  a	
  Kinect	
  to	
  recognize	
  the	
  manipulator	
  and	
  obstacles	
  when	
  

obstacles	
  are	
  in	
  the	
  working	
  space	
  of	
  the	
  manipulator.	
  The	
  authors	
  converted	
  a	
  3D	
  model	
  

of	
  the	
  manipulator	
  to	
  3D	
  point	
  cloud	
  in	
  the	
  scene.	
  Then,	
  they	
  used	
  least-­‐square	
  method	
  to	
  

eliminate	
  the	
  manipulator	
  data	
  points	
  from	
  Kinect	
  coordinates,	
  as	
  shown	
  in	
  Figure	
  2.4.	
  

Flacco	
  et	
  al	
  [13]	
  has	
  proposed	
  a	
  real	
  time	
  collision	
  avoidance	
  method	
  with	
  the	
  Kinect.	
  

Using	
   the	
   depth	
   data,	
   one	
   can	
   estimate	
   the	
   distance	
   between	
   the	
   robot	
   and	
   moving	
  

obstacles,	
  as	
  shown	
  figure	
  2.5.	
  Next,	
  they	
  computed	
  the	
  direction	
  of	
  the	
  obstacle	
  repulsive	
  

vector	
   to	
   avoid	
  obstacle	
   collision	
   in	
   their	
  motion	
   task.	
   In	
   addition,	
  Leeper	
  at	
   al	
   [14]	
   [32]	
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have	
   also	
   created	
   real-­‐time	
   environment	
   models	
   using	
   the	
   Kinect	
   sensor	
   to	
   avoid	
  

environment	
   collisions	
   in	
   their	
   Constraint-­‐Aware	
   Teleoperation	
   system,	
   shown	
   in	
   figure	
  

2.6.	
   Because	
   it	
   takes	
   time	
   to	
   estimate	
   a	
   collision	
   avoidance	
   task,	
   their	
   joint	
   velocity	
   is	
  

limited.	
  

	
  

	
  

Figure	
  2.4:	
  The	
  Point	
  Cloud	
  of	
  Manipulator	
  from	
  Kinect	
  in	
  the	
  Scene.	
  

	
  

	
  

Figure	
  2.5:	
  The	
  Intensity	
  of	
  Colors	
  Refer	
  to	
  Distance	
  of	
  Obstacle	
  Points.	
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Figure	
  2.6:	
  A	
  Teleoperated	
  Robot	
  in	
  a	
  Cluttered	
  Environment,	
  and	
  Its	
  Virtual	
  Scene.	
  

	
  

2.4	
   Haptic	
  Teleoperation	
  

Haptics	
   help	
   the	
   user	
   to	
   feel	
   the	
   virtual	
   environment	
   or	
   remote	
   scene	
   [16].	
  	
  

Interactions	
  can	
  be	
  performed	
  with	
  force	
  feedback	
  on	
  the	
  master	
  device.	
  In	
  other	
  words,	
  it	
  

can	
  improve	
  the	
  user’s	
  remote	
  control	
  experience	
  by	
  adding	
  force	
  feedback	
  from	
  the	
  slave	
  

robot	
   with	
   the	
   audio-­‐visual	
   feedback,	
   figure	
   2.7.	
   Hence,	
   one	
   of	
   the	
   challenges	
   for	
  

teleoperation	
  haptics	
   is	
  how	
  to	
  design	
  a	
   local	
   force	
   interface	
  and	
  estimate	
   the	
   local	
   force	
  

from	
  the	
  remote	
  environment	
  to	
  the	
  slave	
  robot	
  [17].	
  	
  

	
  

Figure	
  2.7:	
  Haptic	
  Interaction	
  between	
  Humans	
  and	
  Machines.	
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Park	
  et	
  al	
  [15]	
  have	
  proposed	
  a	
  teleoperation	
  interface	
  to	
  compute	
  the	
  local	
  force	
  and	
  

feedback	
   force.	
   There	
   are	
   three	
   parts	
   of	
   the	
   system.	
   The	
   first	
   part	
   is	
   a	
   virtual	
   spring	
  

between	
  the	
  master	
  and	
  slave	
  devices.	
  The	
  second	
  part	
  is	
  a	
  motion	
  control	
  system,	
  and	
  the	
  

third	
  is	
  a	
  contact	
  force	
  sensor	
  on	
  the	
  slave	
  device.	
  By	
  using	
  the	
  above	
  parts,	
  the	
  users	
  can	
  

remote	
   control	
   the	
   end-­‐effector	
   of	
   a	
   robotic	
   arm	
   via	
   a	
   haptic	
   device	
  with	
   effective	
   force	
  

feedback.	
  

Nadrag	
  et	
  al	
  [18]	
  provided	
  the	
  user	
  with	
  force	
  feedback	
  from	
  a	
  slave	
  device,	
  which	
  is	
  a	
  

Lina	
  robot,	
  to	
  improve	
  operator	
  grasp.	
  Lina	
  is	
  a	
  mobile	
  wheels	
  robot,	
  shown	
  in	
  figure	
  2.8,	
  

with	
  12	
  ultrasonic	
  sensors	
  positioned	
  around	
   the	
  robot	
  and	
  a	
   laser	
  range	
   finder.	
   In	
   their	
  

experiment,	
   only	
   seven	
   ultrasonic	
   sensors	
  were	
   used.	
   Lina	
  was	
   tested	
   in	
   various	
  walled	
  

environments	
  with	
  and	
  without	
  force	
  feedback.	
  The	
  result	
  showed	
  that	
  force	
  feedback	
  does	
  

not	
  always	
  have	
  an	
  advantage	
  in	
  various	
  situations.	
  

	
  

Figure	
  2.8:	
  The	
  Lina	
  Robot.	
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Leeper	
  at	
  al	
  [19]	
  have	
  also	
  designed	
  a	
  haptic	
  algorithm	
  using	
  the	
  distance	
  between	
  a	
  

virtual	
  gripper’s	
  surface	
  and	
  a	
  virtual	
  environment,	
  which	
  is	
  built	
  by	
  a	
  3D	
  sensor,	
  to	
  avoid	
  

collisions.	
  The	
  user	
  remote	
  controls	
   the	
  virtual	
  gripper	
  through	
  a	
  haptic	
  device	
  or	
  mouse	
  

on	
  the	
  virtual	
  environment	
  screen,	
  shown	
  in	
  figure	
  2.9.	
  While	
  the	
  user	
  is	
  creating	
  a	
  path	
  of	
  

motion	
  on	
  the	
  virtual	
  gripper,	
  the	
  haptic	
  algorithm	
  allows	
  him	
  or	
  her	
  to	
  feel	
  the	
  force	
  of	
  the	
  

virtual	
  scene.	
  After	
  the	
  user	
  confirmed	
  the	
  motion	
  of	
  the	
  end-­‐effector	
  on	
  the	
  virtual	
  scene,	
  

the	
  robot	
  would	
  execute	
  the	
  confirmed	
  trajectory.	
  The	
  results	
  of	
  their	
  works	
  show	
  that	
  in	
  a	
  

10	
  minute	
   period,	
   users	
   grasped	
  more	
   objects	
  with	
   haptic	
   feedback	
   than	
  without	
   haptic	
  

feedback.	
  	
  

	
  

Figure	
  2.9:	
  The	
  Haptic	
  Device	
  and	
  the	
  Virtual	
  Environment	
  on	
  Screen.	
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2.5	
   Redundant	
  Robot	
  Control	
  

In	
  Cartesian	
  space,	
  there	
  are	
  6	
  degrees	
  of	
  freedom	
  (DOF),	
  which	
  consist	
  of	
  3	
  degrees	
  

of	
   freedom	
   for	
   translation	
   and	
   3	
   degrees	
   of	
   freedom	
   for	
   rotation.	
   These	
   can	
   be	
   used	
   to	
  

describe	
   the	
   movement	
   of	
   a	
   rigid	
   body,	
   such	
   as	
   aircraft,	
   in	
   3D	
   space.	
   Likewise,	
   the	
  

movement	
  of	
  the	
  end-­‐effector	
  of	
  a	
  robot	
  arm	
  can	
  also	
  be	
  described	
  as	
  degrees	
  of	
  freedom	
  in	
  

3D	
  space.	
  Hence,	
  if	
  an	
  end-­‐effector	
  is	
  required	
  to	
  match	
  any	
  particular	
  pose	
  in	
  the	
  working	
  

space,	
  the	
  robot	
  arm	
  should	
  be	
  designed	
  with	
  at	
  least	
  6	
  degrees	
  of	
  freedom	
  [20].	
  And	
  then,	
  

if	
  a	
  robot	
  arm	
  has	
  more	
  than	
  6	
  degrees	
  of	
  freedom,	
  it	
  is	
  call	
  redundancy,	
  which	
  can	
  provide	
  

infinite	
   kinematic	
   solutions	
   for	
   performing	
   one	
   end-­‐effector	
   movement.	
   However,	
   even	
  

though	
  a	
  redundant	
  robot	
  arm	
  can	
  offer	
  infinite	
  paths	
  for	
  motion	
  planning	
  as	
  a	
  significant	
  

benefit,	
   the	
   traditional	
   inverse	
   kinematics	
   is	
   not	
   fit	
   to	
   solve	
   kinematic	
   problems	
   with	
  

redundancy	
   because	
   the	
   normal	
   Jacobin	
   matrix	
   size	
   is	
   not	
   suitable	
   to	
   resolve	
   inverse	
  

manipulator	
   kinematics.	
  Moreover,	
   singularity	
   points	
   appear	
   in	
   some	
   poses	
   of	
   the	
   robot	
  

arm,	
  which	
  can	
  cause	
  singularity	
  problems	
  in	
  resolving	
  inverse	
  kinematics.	
  

Klein	
   et	
   al	
   [21]	
   have	
   discussed	
   a	
   suggestion	
   about	
   joint	
   velocities	
   of	
   redundant	
  

kinematics	
  with	
  pseudoinverses,	
  which	
  can	
  also	
  easily	
  use	
  the	
  minimum	
  norm	
  solution	
  to	
  

minimize	
  velocity,	
  which	
  can	
  reduce	
  energy	
  consumption.	
  With	
  minimized	
  velocity,	
  we	
  can	
  

avoid	
  singularities	
  by	
  limiting	
  the	
  joint	
  velocity	
  when	
  the	
  joint	
  is	
  nearby	
  the	
  singularities.	
  

However,	
  the	
  author	
  noted	
  pseudoinverses	
  couldn’t	
  provide	
  joint	
  angle	
  limits.	
  The	
  authors	
  

suggested	
  adding	
  maximum	
  and	
  minimum	
  joint	
  stop	
  conditions,	
  separately.	
  Lee	
  et	
  al	
  [22],	
  

Huber	
   et	
   al	
   [23],	
   and	
   Leeper	
   et	
   al	
   [19]	
   used	
   the	
   same	
   method	
   to	
   resolve	
   and	
   optimize	
  

kinematic	
   redundancy	
  on	
  dual	
   redundant	
   arm	
  manipulators,	
   aerial	
   redundant	
   robot	
   arm	
  

manipulation,	
  shown	
  in	
  figure	
  2.10,	
  and	
  PR2	
  robot	
  control,	
  respectively.	
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Figure	
  2.10:	
  A	
  Redundant	
  Industrial	
  Robot	
  Arm	
  on	
  an	
  Aerial	
  Platform.	
  

	
  

Chan	
   et	
   al	
   [24]	
   have	
   presented	
   a	
   method	
   to	
   avoid	
   joint	
   angle	
   limit	
   and	
   resolve	
  

kinematic	
  redundancy	
  with	
  pseudoinverses.	
   In	
  this	
  method,	
   they	
  added	
  a	
  weighted	
   least-­‐

norm	
   solution	
   into	
   pseudoinverse.	
   Then,	
   they	
   treated	
   the	
  weighted	
  matrix	
   as	
   a	
   diagonal	
  

matrix,	
   and	
   offered	
   a	
   criteria	
   function	
   related	
   to	
   the	
   upper	
   and	
   lower	
   joint	
   limits.	
   This	
  

criteria	
  function	
  would	
  restrain	
  the	
  joint	
  motion	
  if	
  the	
  joint	
  angle	
  is	
  close	
  to	
  the	
  joint	
  angle	
  

limits.	
  With	
   the	
  added	
   function,	
   the	
  kinematic	
   redundancy	
   can	
  be	
   resolved,	
   and	
   the	
   joint	
  

limits	
  can	
  be	
  avoided.	
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CHAPTER	
  3:	
  CONTROL	
  METHOD	
  OF	
  REDUNDANT	
  ROBOTIC	
  ARM	
  

	
  

3.1	
   Introduction	
  

For	
   a	
   healthy	
   person,	
   it	
   is	
   intuitive	
   to	
   grasp	
   an	
   object	
   and	
   place	
   it	
   somewhere.	
  

However,	
  for	
  a	
  robot	
  arm,	
  there	
  are	
  a	
  series	
  of	
  computations	
  necessary	
  to	
  accomplish	
  the	
  

motion	
  planning.	
  First,	
  the	
  pose	
  and	
  position	
  of	
  the	
  end-­‐effector	
  of	
  the	
  robot	
  arm	
  have	
  to	
  be	
  

calculated	
  based	
  on	
  each	
  joint	
  angle	
  and	
  link	
  length	
  in	
  the	
  system.	
  Then,	
  we	
  can	
  calculate	
  

the	
   relative	
   position	
   and	
   orientation	
   between	
   the	
   object	
   and	
   base	
   frame	
   of	
   a	
   robot	
   in	
  

Cartesian	
  coordinates.	
   	
  After	
  that,	
  the	
  relation	
  between	
  the	
  object	
  and	
  end-­‐effector	
  can	
  be	
  

built	
  with	
   a	
  mathematical	
  method	
   in	
   order	
   to	
   create	
   the	
   trajectory	
   for	
   going	
   through	
  on	
  

each	
  waypoint.	
  Then,	
  all	
   the	
   joint	
  angels	
   should	
  be	
  obtained	
  with	
   the	
  desired	
  position	
   to	
  

achieve	
   the	
   object.	
   Because	
   there	
   are	
   infinite	
   kinematic	
   solutions	
   for	
   redundant	
  

manipulators	
  (more	
  than	
  6	
  degrees	
  of	
  freedom),	
  the	
  necessary	
  resolution	
  and	
  optimization	
  

of	
   a	
   redundant	
  manipulator	
   will	
   be	
   problematic	
   to	
   perform.	
   In	
   this	
   chapter,	
   the	
   control	
  

method	
   from	
  manipulator	
   kinematics	
   to	
   inverse	
   manipulator	
   kinematics	
   and	
   redundant	
  

robotic	
  arm	
  optimization	
  will	
  be	
  introduced.	
  In	
  this	
  research,	
  the	
  robot	
  platform	
  will	
  be	
  the	
  

Baxter	
  from	
  Rethink	
  Robotics	
  [30],	
  which	
  has	
  dual	
  7-­‐degree-­‐of-­‐freedom	
  arms.	
  

	
  

3.2	
   Description	
  of	
  Link	
  	
  

A	
  link	
  chain	
  of	
  a	
  robot	
  arm	
  is	
  composed	
  of	
  both	
  joints	
  and	
  links.	
  Before	
  the	
  position	
  

and	
   orientation	
   of	
   the	
   end-­‐effector	
   from	
   base	
   frame	
   can	
   be	
   computed,	
   each	
   link	
   frame	
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should	
   be	
   properly	
   attached	
   to	
   every	
   link	
   and	
   joint.	
   Craig	
   [20]	
   has	
   introduced	
   the	
  

description	
  of	
  link	
  frames	
  and	
  link-­‐joint	
  parameters	
  Figure	
  3.1	
  shows	
  the	
  relation	
  between	
  

every	
  neighboring	
  link	
  and	
  joint	
  with	
  link-­‐joint	
  parameters	
  and	
  link	
  frames.	
  

With	
  the	
  link-­‐joint	
  parameters,	
  the	
  Denavit-­‐Hartenberg	
  parameters	
  (D-­‐H	
  parameter)	
  

can	
   be	
   obtained	
   according	
   to	
   Craig’s	
   notation.	
   Figure	
   3.2	
   and	
   figure	
   3.3	
   show	
   link-­‐joint	
  

parameters	
   (D-­‐H	
   parameters)	
   and	
   frame	
   definitions	
   of	
   the	
   right	
   and	
   left	
   arms	
   of	
   Baxter	
  

robot,	
   respectively.	
   The	
  DH	
   parameters	
   are	
   defined	
   in	
   tables	
   3.1	
   and	
   3.2.	
   The	
   picture	
   of	
  

Baxter	
  is	
  shown	
  in	
  figure	
  3.4.	
  

	
  

Figure	
  3.1:	
  Link	
  Frame	
  and	
  Joint	
  Parameters.	
  

	
  

Figure	
  3.2:	
  Link	
  Parameters	
  and	
  Frames	
  of	
  Baxter’s	
  Right	
  Arms.	
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Figure	
  3.3:	
  Link	
  Parameters	
  and	
  Frames	
  of	
  Baxter’s	
  Left	
  Arms.	
  	
  

	
  

	
  

	
  

Figure	
  3.4:	
  Baxter	
  Is	
  Gripping	
  a	
  Bottle.	
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Table	
  3.1:	
  D-­‐H	
  Parameter	
  of	
  Baxter’s	
  Right	
  Arm.	
  

i	
   𝛼! 	
   𝑎! 	
   𝑑! 	
   𝜃! 	
  

1	
   0°	
   0	
   𝐿!	
   𝜃!	
  

2	
   −90°	
   𝑑!	
   0	
   𝜃!	
  

3	
   90°	
   0	
   𝐿!	
   𝜃!	
  

4	
   −90°	
   𝑑!	
   0	
   𝜃!	
  

5	
   90°	
   0	
   𝐿!	
   𝜃!	
  

6	
   −90°	
   𝑑!	
   0	
   𝜃!	
  

7	
   90°	
   0	
   𝐿!	
   𝜃!	
  

	
  
	
  

	
  

Table	
  3.2:	
  D-­‐H	
  Parameter	
  of	
  Baxter’s	
  Left	
  Arm.	
  

i	
   𝛼! 	
   𝑎! 	
   𝑑! 	
   𝜃! 	
  

1	
   0°	
   0	
   𝐿!	
   𝜃!	
  

2	
   −90°	
   𝑑!	
   0	
   𝜃!	
  

3	
   90°	
   0	
   𝐿!	
   𝜃!	
  

4	
   −90°	
   𝑑!	
   0	
   𝜃!	
  

5	
   90°	
   0	
   𝐿!	
   𝜃!	
  

6	
   −90°	
   𝑑!	
   0	
   𝜃!	
  

7	
   90°	
   0	
   𝐿!	
   𝜃!	
  

	
  
	
  



www.manaraa.com

 18	
  

3.3	
   Manipulator	
  Kinematics	
  

D-­‐H	
  parameters	
  show	
  the	
  relation	
  between	
  every	
  neighboring	
   link	
  and	
   joint,	
  where	
  

only	
  the	
  joint	
  angles	
  are	
  variables	
  in	
  the	
  system.	
  Hence,	
  after	
  knowing	
  every	
  joint	
  angle	
  of	
  a	
  

robot	
  arm,	
   the	
  position	
  and	
  orientation	
  of	
   the	
  end-­‐effector	
  can	
  be	
  acquired	
  with	
   forward	
  

kinematics	
   by	
   a	
   homogenous	
   transformation	
   matrix	
   [20],	
   which	
   shows	
   the	
   relation	
  

between	
  two	
  frames.	
  The	
   following	
  equation	
   is	
  a	
   form	
  of	
   transformation	
  matrix	
   from	
  the	
  

DH	
  parameters:	
  

	
  
𝑇!!!! =   

𝑐𝜃!
𝑠𝜃!𝑐𝛼!!!

−𝑠𝜃!
𝑐𝜃!𝑐𝛼!!!

0
−𝑠𝛼!!!

𝑎!!!
−𝑠𝛼!!!𝑑!

𝑠𝜃!𝑠𝛼!!!
0

𝑐𝜃!𝑠𝛼!!!
0

𝑐𝛼!!!
0

𝑐𝛼!!!𝑑!
1

	
  
	
  

(3.1)	
  

where	
  𝑐	
  is	
   cosine	
   and	
  𝑠	
  is	
   sine.	
   In	
   the	
   homogenous	
   transformation	
  matrix,	
   the	
   first	
   three	
  

rows	
  and	
  columns	
  are	
  a	
  3x3	
  rotation	
  matrix	
  that	
  is	
  related	
  to	
  row,	
  pitch,	
  and	
  yaw	
  of	
  frame	
  

{𝑖}	
  relative	
  to	
  frame	
  {𝑖 − 1}.	
  Furthermore,	
  the	
  relative	
  position	
  matrix	
  on	
  x,	
  y,	
  and	
  z	
  axes	
  of	
  

the	
   Cartesian	
   coordinates	
   are	
   the	
   first	
   three	
   elements	
   in	
   the	
   fourth	
   column	
   of	
   the	
  

homogenous	
  transformation	
  matrix.	
  	
  With	
  the	
  D-­‐H	
  parameter	
  in	
  table	
  3.1,	
  the	
  homogenous	
  

transformation	
  matrices	
  between	
  each	
  neighboring	
   frames	
  of	
   the	
  right	
  arm	
  of	
  Baxter	
  can	
  

be	
  laid	
  out	
  as	
  follows:	
  

	
  
𝑇!!
! =   

𝑐𝜃!
𝑠𝜃!

−𝑠𝜃!
𝑐𝜃!

0
0

0
0

0             0
0             0

1
0

𝐿!
1

,	
  

𝑇!!
! =   

𝑐𝜃!
0

−𝑠𝜃!
0

        0
−1

0
−𝐿!

𝑠𝜃!
0

𝑐𝜃!
0

0
0       01

,	
  

𝑇!!
! =   

𝑐𝜃!
0

−𝑠𝜃!
0

0
1

𝑑!
0

−𝑠𝜃!
0

−𝑐𝜃!
0

0
0

0
1

,	
  

𝑇!!
! =   

𝑐𝜃!
0

−𝑠𝜃!
0

  0
  1

𝑑!
0

−𝑠𝜃!
0

−𝑐𝜃!
0

0
0

  0
  1

,	
  

	
  

	
  

(3.2)	
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𝑇!!
! =   

𝑐𝜃!
0

−𝑠𝜃!
0

        0
−1

0
−𝐿!

𝑠𝜃!
0

𝑐𝜃!
0

0
0       01

,	
  

𝑇!!
! =   

𝑐𝜃!
0

−𝑠𝜃!
0

        0
−1

0
−𝐿!

𝑠𝜃!
0

𝑐𝜃!
0

0
0       01

	
  

𝑇!!
! =   

𝑐𝜃!
0

−𝑠𝜃!
0

  0
  1

𝑑!
0

−𝑠𝜃!
0

−𝑐𝜃!
0

0
0

  0
  1

,	
  
	
  

	
  

(3.2)	
  

	
  

	
  

Because	
  the	
  left	
  arm	
  of	
  Baxter	
  is	
  same	
  as	
  the	
  right	
  arm,	
  the	
  transformation	
  matrices	
  of	
  the	
  

left	
  arm	
  is	
  equal	
  to	
  the	
  transformation	
  matrices	
  of	
  the	
  right	
  arm.	
  

	
  

3.4	
   Relation	
  of	
  Transformation	
  Matrix	
  

In	
  equation	
  3.2,	
  the	
  homogenous	
  transformation	
  matrix	
  of	
  frame	
  {2}	
  relative	
  to	
  frame	
  

{0},	
   𝑇!! ,	
   can	
   be	
   obtained	
   by	
   multiplying	
   𝑇!! 	
  and	
   𝑇!! .	
   By	
   the	
   same	
   logic,	
   the	
   homogenous	
  

transformation	
  matrix	
  relates	
  frame	
  {0}	
  and	
  frame	
  {7},	
   𝑇!! ,	
  is:	
  	
  

	
   𝑇!! = 𝑇 ∙!
! 𝑇!! ∙ 𝑇 ∙!

! 𝑇 ∙!
! 𝑇 ∙!

! 𝑇 ∙!
! 𝑇!! 	
   (3.3)	
  

Then,	
   the	
   relative	
   position	
   and	
   orientation	
   of	
   frame	
  {7}	
  based	
   on	
   frame	
  {0}	
  in	
   Cartesian	
  

coordinates	
  can	
  be	
  obtained	
  from	
  equation	
  3.3.	
  The	
  relation	
  between	
  the	
  base	
   frame	
  and	
  

frame	
  {0}	
  of	
  both	
  arms	
  should	
  be	
  calculated	
  in	
  order	
  to	
  obtain	
  the	
  correspondent	
  Cartesian	
  

position	
  and	
  orientation	
  relative	
   to	
   the	
  base	
   frame.	
  The	
  relation	
  between	
   the	
  base	
   frame	
  

and	
  frame	
  {0}	
  of	
  both	
  arms	
  can	
  be	
  found	
  in	
  figure	
  3.5	
  The	
  transformation	
  matrices	
  between	
  

frame	
  {0}	
  of	
  the	
  right	
  arm	
  and	
  the	
  base	
  frame	
  is	
   𝑇!!"#$
! ,	
  and	
  between	
  zero	
  frame	
  of	
  left	
  arm	
  

and	
  base	
  frame	
  is	
   𝑇!!"#$
! .	
  

	
  
𝑇!!

!"#$ =
1 0
0 1

      0 6.4027
      0 −25.9027

0 0
0 0

1 11.8588
0 1

,	
   𝑇!!
!"#$ =

1 0
0 1

0 6.4027
0 25.9027

0 0
0 0

1 11.8588
0 1

	
  
	
  

(3.4)	
  

Then,	
  the	
  transformation	
  matrices	
  from	
  the	
  base	
  to	
  the	
  end-­‐effectors	
  of	
  both	
  arms	
  are:	
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   𝑇! =!
!"#$ 𝑇!!

!"#$ ∙ 𝑇!!
! 	
  ,	
   𝑇! =!

!"#$ 𝑇!!
!"#$ ∙ 𝑇!!

! 	
   (3.5)	
  

Moreover,	
   if	
   there	
   is	
   an	
   object,	
   and	
   the	
   homogenous	
   transformation	
  matrix	
   between	
   the	
  

object	
   and	
   the	
   base	
   frame	
   {𝑏𝑎𝑠𝑒} ,	
   𝑇!"#$%&
!"#$ ,	
   is	
   known,	
   the	
   relative	
   homogenous	
  

transformation	
  matrix,	
   𝑇!"#$%&
! ,	
  can	
  be	
  easily	
  computed	
  as:	
  

	
   𝑇 =    𝑇!"!"
! ∙ 𝑇!"#$%&

!!"#
!"#$%&

! = 𝑇!!"#$ !! ∙ 𝑇!"#$%&
!"#$ 	
   (3.6)	
  

By	
   using	
   this	
   relation,	
   the	
   homogenous	
   transformation	
  matrix	
   between	
   the	
   end	
   effector	
  

and	
  any	
  object	
  frame	
  can	
  be	
  easily	
  obtained.	
  	
  

	
  

Figure	
  3.5:	
  Relation	
  of	
  Base	
  Frame	
  and	
  Frame	
  {0}.	
  

	
  

Additionally,	
   the	
   difference	
   in	
   the	
   Cartesian	
   position	
   between	
   two	
   homogenous	
  

transformation	
  matrices	
  is	
  easy	
  to	
  compute,	
  by	
  subtracting	
  the	
  two	
  position	
  vectors	
  from	
  

the	
  homogenous	
  transformation	
  matrices.	
  But	
  the	
  difference	
  of	
  Cartesian	
  orientation	
  is	
  not	
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obvious	
  from	
  the	
  homogenous	
  transformation	
  matrices.	
  The	
  orientation	
  error,	
  𝑒! ,	
  between	
  

two	
   homogeneous	
   transformation	
   matrices	
   can	
   be	
   used	
   to	
   obtain	
   the	
   difference	
   of	
  

Cartesian	
  orientation.	
  The	
  definition	
  of	
  the	
  orientation	
  error	
  as	
  defined	
  in	
  [26]	
  is:	
  

	
   𝑒! =
1
2 (𝑛×𝑛! + 𝑠×𝑠! + 𝑎×𝑎!)	
  

(3.7)	
  

where	
  𝑛,	
  𝑠,  𝑎	
  are	
  each	
  column	
  of	
  the	
  current	
  rotation	
  matrices,	
  𝑛! ,	
  𝑠! ,	
  𝑎! 	
  are	
  each	
  column	
  of	
  

the	
   desire	
   rotation	
   matrices.	
   With	
   the	
   error	
   of	
   both	
   position	
   and	
   orientation,	
   a	
   linear	
  

trajectory	
  can	
  be	
  calculated.	
  

	
  

3.5	
   Inverse	
  Manipulator	
  Kinematics	
  and	
  Jacobians	
  

If	
   the	
   joint	
   angles	
   are	
   known,	
   the	
   position	
   and	
   orientation	
   of	
   the	
   end-­‐effector	
   of	
   a	
  

robot	
  arm	
  can	
  be	
  computed	
  by	
  forward	
  kinematics.	
  However,	
  in	
  the	
  real	
  world,	
  the	
  desired	
  

position	
  and	
  orientation,	
  or	
  the	
  desired	
  velocities	
  of	
  the	
  end-­‐effector	
  are	
  usually	
  given	
  for	
  

the	
  manipulators,	
   and	
   the	
  proper	
  combination	
  of	
   joint	
  angles	
  or	
  velocities	
  are	
  desired	
   to	
  

allow	
  the	
  end-­‐effector	
  to	
  reach	
  the	
  desired	
  point	
  if	
  necessary.	
  Hence,	
  inverse	
  kinematics	
  of	
  

manipulators	
  can	
  be	
  used	
  to	
  assist	
  the	
  controller	
  to	
  read	
  and	
  command	
  the	
  joint	
  velocities	
  

to	
  achieve	
  the	
  desired	
  point.	
  	
  

Because	
   the	
   linear	
   velocity	
   (𝑣)	
   and	
   angular	
   velocity	
   (𝑤)	
   of	
   neighboring	
   links	
   in	
   a	
  

manipulator	
  are	
  relative	
  to	
  each	
  other,	
  the	
  velocity	
  of	
  each	
  link	
  can	
  be	
  computed	
  [20][29].	
  

Figure	
  3.6	
   shows	
   the	
  velocity	
   vectors	
  of	
  neighboring	
   links.	
  The	
   relationship	
   for	
  𝑣	
  vectors	
  

and	
  𝑤	
  vectors	
  between	
  𝑖	
  and	
  𝑖 + 1	
  can	
  be	
  defined	
  as:	
  	
  

	
   𝑤!!!!!! = 𝑅!!!! 𝑤! + 𝜃!!! 𝑍!!!!!!! 	
   (3.8)	
  

	
   𝑣!!!!!! = 𝑅!!!! ( 𝑣! + 𝑤!! × 𝑃!!!!! )	
   (3.9)	
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Here,   𝑤!! 	
  is	
   the	
   angular	
   velocity	
   for	
   link	
  𝑖	
  relative	
   to	
   frame	
  𝑖,	
   𝑣!! 	
  is	
   the	
   velocity	
   of	
   link	
  𝑖	
  

relative	
  to	
  frame	
  𝑖,	
  𝜃! 	
  is	
  joint	
  angular	
  velocity	
  for	
  joint	
  𝑖,	
   𝑅!!!! 	
  is	
  a	
  rotation	
  matrix	
  of	
  frame	
  𝑖	
  

relative	
  to	
  frame	
  𝑖 + 1,	
  and	
   𝑃!!!! 	
  is	
  a	
  position	
  vector	
  of	
  frame	
  𝑖 + 1	
  relative	
  to	
  frame  𝑖  .	
  

	
  

Figure	
  3.6:	
  Velocity	
  Vectors	
  on	
  Link	
  𝑖	
  and	
  Neighboring	
  Links.	
  

	
  

In	
  this	
  research,	
  there	
  are	
  seven	
  joints	
  on	
  each	
  manipulator,	
  so	
  each	
  velocity	
  function	
  can	
  

be	
  written	
  with	
  seven	
  independent	
  variables:	
  

	
   𝑌 = 𝐹(𝜃!,𝜃!,𝜃!,𝜃!,𝜃!,𝜃!,𝜃!)	
   (3.10)	
  

where	
  𝑌  is	
  a	
  6×1	
  vector,	
  which	
  includes	
  three	
  position	
  and	
  three	
  orientation	
  vectors	
  of	
  the	
  

end-­‐effector.	
   Vectors	
   of	
   the	
   end-­‐effector	
   are	
   based	
   on	
   the	
   base	
   frame	
   in	
   the	
   Cartesian	
  

system.	
  The	
  vectors	
  can	
  be	
  written	
  as	
  below:	
  

	
   𝛿𝑥 = !!!
!!!

𝛿𝜃! +
!!!
!!!

𝛿𝜃! +⋯+ !!!
!!!

𝛿𝜃!,	
  

𝛿𝑦 = !!!
!!!

𝛿𝜃! +
!!!
!!!

𝛿𝜃! +⋯+ !!!
!!!

𝛿𝜃!,	
  

	
  

(3.11)	
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𝛿𝑧 = !!!
!!!

𝛿𝜃! +
!!!
!!!

𝛿𝜃! +⋯+ !!!
!!!

𝛿𝜃!,	
  

𝛿𝛼 = !!!
!!!

𝛿𝜃! +
!!!
!!!

𝛿𝜃! +⋯+ !!!
!!!

𝛿𝜃!,	
  

𝛿𝛽 = !!!
!!!

𝛿𝜃! +
!!!
!!!

𝛿𝜃! +⋯+ !!!
!!!

𝛿𝜃!,	
  

𝛿𝛾 =
𝛿𝑓!
𝛿𝜃!

𝛿𝜃! +
𝛿𝑓!
𝛿𝜃!

𝛿𝜃! +⋯+
𝛿𝑓!
𝛿𝜃!

𝛿𝜃!	
  

	
  

	
  
	
  
	
  
(3.11)	
  

which	
  can	
  be	
  also	
  described	
  as:	
  

	
   𝛿𝑋 =
𝛿𝐹
𝛿𝜃 ∙ 𝛿𝜃	
  

(3.12)	
  

The	
   derivative	
  6×6	
  matrix	
   in	
   equation	
   3.12	
   is	
   called	
   the	
   “Jacobians	
   matrix”,	
   which	
   is	
   a	
  

multidimensional	
   matrix.	
   In	
   robot	
   manipulators,	
   a	
   Jacobian	
   matrix	
   defines	
   the	
   relation	
  

between	
  Cartesian	
  velocities	
  and	
  joint	
  rates	
  as:	
  

	
   𝑉 = 𝐽 𝜃 ∙ 𝜃	
   (3.13)	
  

where  𝑉	
  are	
   the	
   Cartesian	
   linear	
   and	
   angular	
   velocities,	
  𝐽(𝜃)	
  is	
   the	
   Jacobian	
   matrix,	
   and	
  

𝜃  are	
  the	
  joint	
  velocities.	
  The	
  𝑉	
  and	
  𝐽  (𝜃)	
  are	
  based	
  on	
  the	
  same	
  frame.	
  On	
  the	
  other	
  hand,	
  

by	
   knowing	
   the	
   inverse	
   Jacobian	
   matrix	
   and	
   Cartesian	
   velocities,	
   the	
   joint	
   rates	
   can	
   be	
  

calculated,	
  as	
  shown	
  in	
  equation	
  3.14.	
  

	
   𝜃 = 𝐽!! 𝜃 ∙ 𝑉	
   (3.14)	
  

However,	
   there	
   are	
   some	
   singularity	
   points	
   in	
   the	
   workspace.	
   Singularities	
   occur	
  

when	
   the	
  manipulator	
   of	
   a	
   robot	
   arm	
   is	
   fully	
   stretched	
   out	
   or	
   folded	
   back	
   and	
   the	
   end-­‐

effector	
  is	
  near	
  the	
  boundary	
  of	
  the	
  workspace,	
  or	
  when	
  two	
  or	
  more	
  joint	
  axes	
  are	
  lined	
  up.	
  

At	
  those	
  moments,	
  the	
  determinant	
  of	
  Jacobian	
  is	
  zero,	
  which	
  causes	
  inverse	
  Jacobian	
  to	
  be	
  

infinite.	
  Looking	
  at	
  equation	
  3.14,	
  when	
  the	
  inverse	
  Jacobian	
  is	
  infinite,	
  joint	
  velocities	
  are	
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also	
  infinite.	
  High	
  joint	
  velocities	
  will	
  cause	
  the	
  robot	
  arm	
  to	
  vibrate	
  and	
  go	
  out	
  of	
  control.	
  

Yoshikawa	
  [25]	
  has	
  proposed	
  a	
  manipulability	
  measure:	
  

	
   𝑤 = det  [𝐽 𝜃 ∙ 𝐽! 𝜃 ]	
   (3.15)	
  

The	
   Manipulability	
   measure,	
  𝑤,	
   is	
   a	
   scalar	
   value,	
   which	
   becomes	
   zero	
   when	
   singularity	
  

occurs,	
   and	
   increases	
   as	
   the	
   manipulator	
   configuration	
   moves	
   away	
   from	
   singular	
  

configurations.	
  Hence,	
  𝑤  can	
  be	
  considered	
  to	
  be	
  a	
  measure	
  of	
  how	
  far	
  is	
  the	
  manipulator	
  

from	
  singular	
  configurations.	
  

	
  

3.6	
   Redundant	
  Arm	
  Optimization	
  

A	
  redundant	
  arm	
  has	
  its	
  benefits	
  and	
  disadvantages.	
  As	
  for	
  the	
  benefits,	
  a	
  redundant	
  

arm	
  has	
  more	
  poses	
  available	
  for	
  a	
  given	
  position	
  than	
  non-­‐redundant	
  robot	
  arm.	
  In	
  other	
  

words,	
  the	
  redundant	
  arm	
  can	
  reach	
  the	
  fixed	
  orientation	
  and	
  position	
  with	
  more	
  options,	
  

such	
  as	
  options	
  for	
  obstacle	
  avoidance.	
  However,	
  the	
  Jacobian	
  matrix	
  for	
  a	
  redundant	
  robot	
  

arm	
  is	
  not	
  a	
  square	
  matrix,	
  so	
  the	
  inverse	
  Jacobian	
  matrix	
  of	
  redundant	
  robot	
  arm	
  cannot	
  

be	
  computed.	
  For	
   instance,	
   the	
  Baxter	
  has	
  dual	
  7-­‐degree-­‐of-­‐freedom	
  arms.	
  For	
  each	
  arm,	
  

the	
   size	
   of	
   the	
   Jacobian	
   matrix	
   is	
  6×7,	
   which	
   cannot	
   be	
   inverted.	
   Hence,	
   we	
   can	
   use	
  

pseudoinverse	
   to	
  resolve	
   this	
  problem	
  as	
   introduced	
   in	
   [27].	
  Pseudoinverse	
   is	
  written	
  as	
  

follows:	
  

	
   𝐽# = 𝐽!(𝐽 ∙ 𝐽!)!!	
   (3.16)	
  

where	
   𝐽 	
  is	
   a	
  𝑚×𝑛 	
  matrix,	
  𝑚 < 𝑛 ,	
   and	
   𝐽# 	
  is	
   𝑛×𝑚 	
  matrix.	
   Then,	
   by	
   combining	
   the	
  

pseudoinverse,	
  equation	
  3.14	
  can	
  be	
  written	
  as	
  follows:	
  

	
   𝜃 = 𝐽# 𝜃 ∙ 𝑉	
   (3.17)	
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For	
   Baxter,	
   𝐽# 	
  is	
   a	
   7×6 	
  matrix,	
   𝜃 	
  is	
   7×1 	
  vector,	
   and	
   𝑉 is	
   6×1 	
  vector.	
   But	
   the	
  

pseudoinverse	
  cannot	
  resolve	
  the	
  singularity	
  problem,	
  so	
  singularity-­‐robust	
  inverse	
  will	
  be	
  

introduced	
  in	
  next	
  section	
  [28].	
  

	
  

3.6.1	
   Singularity-­‐Robust	
  Inverse	
  

Nakamura	
  [28]	
  has	
  proposed	
  the	
  singularity-­‐robust	
   inverse	
  (SR-­‐inverse),	
  which	
  can	
  

not	
   only	
   resolve	
   kinematic	
   redundancy,	
   but	
   also	
   the	
   singularity	
   problem.	
   SR-­‐inverse	
   is	
  

performed	
  as	
  follows:	
  

	
   𝐽∗ 𝜃 = 𝐽!(𝐽 ∙ 𝐽! + 𝑘 ∙ 𝐼)!!	
   (3.18)	
  

where	
  𝐼	
  is	
  the	
  identity	
  matrix,	
  and	
  𝑘	
  is	
  a	
  scale	
  factor,	
  which	
  is	
  written	
  as	
  follows:	
  

	
  
𝑘 =

𝑘!(1−
𝑤
𝑤!
)!          𝑓𝑜𝑟          𝑤 <   𝑤!

0                                                  𝑓𝑜𝑟          𝑤 ≥   𝑤!
	
  

	
  
(3.19)	
  

where	
  𝑘!  is	
   the	
   scale	
   factor	
   at	
   singular	
   points,	
   and	
  𝑤!	
  is	
   the	
   measure	
   of	
   manipulability	
  

threshold	
  to	
  recognize	
  measure	
  of	
  manipulability,	
  𝑤	
  in	
  equation	
  3.15,	
  as	
  the	
  neighborhood	
  

of	
  singular	
  points.	
  When	
  𝑤	
  is	
  inside	
  of	
  the	
  neighborhood	
  of	
  singular	
  points,	
  𝑘	
  starts	
  to	
  limit	
  

the	
  joint	
  rates.	
  Then,	
  on	
  the	
  other	
  hand,	
  when	
  𝑤	
  is	
  outside	
  of	
  the	
  neighborhood	
  of	
  singular	
  

points,	
   SR-­‐inverse	
   is	
   equal	
   to	
   the	
   pseudoinverse	
   because	
  𝑘	
  is	
   zero.	
   For	
   each	
   of	
   Baxter’s	
  

arms,	
  𝐽∗	
  is	
  also	
  a	
  7×6	
  matrix,	
  and	
  𝐼	
  is	
  a	
  6×6	
  matrix.	
  Therefore,	
  SR-­‐inverse	
  can	
  be	
  applied	
  to	
  

inverse	
  redundant	
  kinematics	
  as:	
  

	
   𝜃 = 𝐽∗ 𝜃 ∙ 𝑉	
   (3.20)	
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3.6.2	
   Weighted	
  Least-­‐Norm	
  Solution	
  for	
  Joint	
  Limit	
  Avoidance	
  

Weighted	
  least-­‐norm	
  solution	
  has	
  to	
  be	
  introduced	
  to	
  avoid	
  joint	
  limits	
  as	
  proposed	
  

by	
  Chan	
  et	
  al	
  [24].	
  The	
  definition	
  of	
  a	
  weighted	
  norm	
  of	
  the	
  joint	
  velocity	
  vector	
  is:	
  

	
   𝜃
!
= 𝜃!   𝑊  𝜃	
   (3.21)	
  

where	
  𝑊	
  is	
  a	
  positive	
  and	
  symmetric	
  weighting	
  matrix,	
  and	
  usually	
  a	
  diagonal	
  matrix	
   for	
  

simplicity.	
   Then,	
   the	
   following	
   transformations	
  were	
   introduced	
   in	
   Chan’s	
   paper	
   for	
   the	
  

purpose	
  of	
  analysis:	
  

	
   𝐽! = 𝐽𝑊!!
!	
  	
  and	
  	
  𝜃! =𝑊!!

!𝜃	
   (3.22)	
  

Using	
  equation	
  3.22,	
  equation	
  3.13	
  can	
  be	
  rewritten	
  as:	
  

	
   𝑥 = 𝐽!  𝜃!	
   (3.23)	
  

and	
  equation	
  3.21	
  can	
  be	
  rewritten	
  as:	
  

	
  
𝜃
!
= 𝜃!! 𝜃!	
  

(3.24)	
  

Then,	
  equation	
  3.23	
  can	
  be	
  also	
  rewritten	
  as:	
  

	
   𝜃!∗ = 𝐽∗!  𝑥	
   (3.25)	
  

By	
  using	
  the	
  second	
  part	
  of	
  equation	
  (3.22),	
  the	
  weighted	
  least-­‐norm	
  of	
  joint	
  rate	
  is:	
  

	
   𝜃! =𝑊!!
!𝜃∗	
   (3.26)	
  

Using	
  pseudoinverse,	
  the	
  weighted	
  least-­‐norm	
  solution	
  can	
  be	
  obtained	
  as	
  following:	
  

	
   𝜃! =𝑊!!𝐽![𝐽𝑊!!𝐽!]!!𝑥	
   (3.27)	
  

Here,	
   the	
  authors	
  defined	
   the	
  weighting	
  matrix,	
  𝑊,	
   to	
  be	
  a	
  diagonal	
  𝑛×𝑛	
  matrix,	
  which	
   is	
  

represented	
  in	
  the	
  following	
  form:	
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𝑊 =

1+
𝜕𝐻(𝜃)
𝜕𝜃!

0

0   1+
𝜕𝐻(𝜃)
𝜕𝜃!

… 0
…                         0                        

⋮                                   ⋮
        0                                                   0        

⋱ ⋮

… 1+
𝜕𝐻(𝜃)
𝜕𝜃!

	
  

	
  

	
  

(3.28)	
  

where	
  𝜕𝐻 𝜕𝜃	
  is	
   a	
   performance	
   criterion	
   function	
   that	
   is	
   defined	
   to	
   limit	
   joint	
  motion	
   as	
  

follows:	
  

	
   𝜕𝐻(𝜃!)
𝜕𝜃!

=
𝜃!,!"# − 𝜃!,!"#

!(𝜃! − 𝜃!,!"# − 𝜃!,!"#)
4(𝜃!,!"# − 𝜃!)!(𝜃! − 𝜃!,!"#)!

	
  
	
  
(3.29)	
  

where	
  𝜃! 	
  is	
   the	
   current	
   joint	
   angle,	
  𝜃!,!"# 	
  is	
   the	
   maximum	
   joint	
   limit,	
   and	
  𝜃!,!"# 	
  is	
   the	
  

minimum	
   joint	
   limit	
   for	
   joint	
  𝑖.	
   In	
   equation	
   3.29,	
   when	
   the	
   current	
   joint	
   angle	
   is	
   in	
   the	
  

middle	
   between	
  maximum	
   and	
  minimum	
   of	
   joint	
   limits,	
   the	
   value	
   is	
   zero.	
   On	
   the	
   other	
  

hand,	
  when	
   the	
   joint	
  angle	
   is	
  equal	
   to	
   joint	
   limits,	
   the	
  value	
  of	
   the	
  performance	
  criterion	
  

function	
  goes	
  to	
  infinity.	
  The	
  value	
  of	
  performance	
  criterion	
  function	
  is	
  shown	
  in	
  figure	
  3.7.	
  

This	
  way,	
  with	
  this	
  function,	
  if	
  each	
  joint	
  angle	
  is	
  in	
  the	
  middle	
  span	
  of	
  its	
  joint	
  limits,	
  the	
  

weighting	
  factor	
  is	
  one.	
  In	
  contrast,	
  if	
  the	
  joint	
  angle	
  is	
  close	
  to	
  its	
  joint	
  limits,	
  the	
  value	
  of	
  

the	
  weighting	
  factor	
  goes	
  higher.	
  As	
  the	
  weighting	
  factor	
  goes	
  higher,	
  the	
  joint	
  rate	
  goes	
  to	
  

lower	
   for	
   that	
   joint.	
  When	
   the	
   current	
   joint	
   angle	
   achieves	
   the	
   joint	
   limit,	
   the	
  weighting	
  

factor	
   equals	
   to	
   infinity,	
   and	
   the	
   joint	
   rate	
   is	
   zero.	
   Therefore,	
   the	
   joint	
   angle	
   can	
   be	
  

prevented	
   from	
   crossing	
   its	
   joint	
   limits	
   by	
   the	
   heavy	
  weighting	
   factor,	
   and	
  moves	
   freely	
  

when	
   it	
   is	
   in	
   the	
  middle	
   span	
   of	
   joint	
   range.	
   But	
   when	
   the	
   joint	
   is	
  moving	
   towards	
   the	
  

middle	
  of	
  the	
  joint	
  range	
  from	
  the	
  joint	
  limit,	
  the	
  joint	
  motion	
  should	
  not	
  be	
  penalized	
  by	
  

the	
  performance	
  criterion	
  function	
  because	
  of	
  the	
  heavy	
  weighting	
  factor.	
  For	
  resolving	
  the	
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above	
   condition	
   problems,	
   Alqasemi	
   [29]	
   has	
   proposed	
   four	
   conditions	
   by	
   using	
   the	
  

performance	
  criterion	
  function.	
  The	
  conditions	
  are	
  defined	
  as	
  following:	
  

1. When	
   the	
   current	
   joint	
   is	
   inside	
   of	
   the	
   joint	
   range,	
   and	
   is	
  moving	
   towards	
   the	
  

joint	
   limit,	
   the	
  performance	
  criterion	
   function	
  should	
  be	
  processed	
   the	
   same	
  as	
  

equation	
  3.29.	
  Then	
  the	
  following	
  joint	
  motion	
  is	
  under	
  penalizing	
  condition.	
  

2. When	
   the	
   current	
   joint	
   is	
   inside	
   of	
   the	
   joint	
   range,	
   and	
  moving	
   away	
   from	
   the	
  

joint	
  limit,	
  the	
  performance	
  criterion	
  function	
  is	
  equal	
  to	
  zero.	
  After	
  that,	
  the	
  joint	
  

can	
  move	
  freely.	
  

3. If	
  the	
  present	
  joint	
  is	
  outside	
  of	
  the	
  joint	
  range,	
  and	
  it	
  is	
  moving	
  away	
  from	
  joint	
  

limits	
   to	
   outside	
   of	
   the	
   joint	
   range,	
   the	
   infinite	
   value	
   of	
   performance	
   criterion	
  

function	
   should	
   be	
   given	
   as	
   the	
   weighting	
   factor.	
   While	
   the	
   infinite	
   value	
   is	
  

applied,	
  the	
  future	
  joint	
  motion	
  is	
  not	
  allowed.	
  

4. If	
  the	
  present	
  joint	
  is	
  outside	
  of	
  the	
  joint	
  range,	
  and	
  moving	
  toward	
  the	
  middle	
  of	
  

the	
   joint	
   range,	
   the	
   performance	
   criterion	
   function	
   is	
   equal	
   to	
   zero.	
   Then,	
   the	
  

future	
  joint	
  motion	
  can	
  move	
  freely	
  and	
  back	
  to	
  the	
  range	
  of	
  the	
  joint.	
  

With	
  the	
  above	
  conditions,	
  the	
  performance	
  of	
  the	
  joint	
  is	
  suitable	
  until	
   it	
   is	
  very	
  close	
  to	
  

the	
  joint	
  limit	
  because	
  of	
  these	
  reasons.	
  

When	
  the	
  joint	
  is	
  very	
  close	
  to	
  the	
  joint	
  limit,	
  the	
  above	
  conditions	
  are	
  insufficient	
  for	
  

the	
   joint	
   limit	
   avoidance.	
   The	
   following	
   paragraphs	
   are	
   the	
   explanations.	
   First,	
   only	
   the	
  

current	
   and	
   previous	
   joint	
   angles	
   can	
   be	
   compared.	
   Equation	
   3.29	
   can	
   only	
   input	
   the	
  

current	
  angles,	
  and	
  combined	
  with	
  the	
  SR-­‐inverse	
  and	
  velocities	
  of	
  the	
  end-­‐effector,	
  it	
  can	
  

compute	
  the	
  next	
  joint	
  angles.	
  Then,	
  we	
  compare	
  the	
  current	
  and	
  previous	
  joint	
  angles	
  to	
  

check	
  the	
  joint	
  motion	
  trend.	
  That	
  means	
  the	
  current	
  and	
  previous	
  joints	
  states	
  are	
  used	
  to	
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determine	
   future	
   joints	
   trend,	
   and	
   apply	
   the	
   joint	
   limit	
   avoidance.	
   It	
   may	
   cause	
   low	
  

accuracy	
   of	
   joint	
   limit	
   avoidance.	
   For	
   example,	
   assume	
   there	
   is	
   a	
   joint	
   angle,	
  𝜃!"#$ ,	
   is	
  

moving	
  towards	
   its	
   limit,	
   shown	
   in	
   figure	
  3.8.	
  At	
   time	
  𝑖,	
   the	
   joint	
  angle	
   is	
  𝜃! ,	
  and	
   it	
   is	
  still	
  

moving	
   forward	
   to	
   its	
   limit.	
   The	
   next	
   joint	
   angle,	
  𝜃!!!,	
   is	
   computed	
   by	
  𝜃! 	
  using	
   equation	
  

3.29.	
  At	
   time  𝑖 + 1,	
  𝜃!!!	
  is	
   applied	
   to	
   equation	
  3.29	
   to	
  obtain	
  𝜃!!!.	
   At	
   this	
  moment,	
  𝜃!!!	
  is	
  

larger	
  than	
  𝜃! ,	
  and	
  the	
  weighting	
  factor	
  for	
  𝜃!!!	
  is	
  greater	
  than	
  that	
  for	
  𝜃!!!.	
  If	
  at	
  time	
  𝑖 + 1,	
  

the	
  joint	
  switched	
  direction	
  towards	
  the	
  middle	
  of	
  the	
  joint	
  range,	
  there	
  is	
  no	
  indication	
  for	
  

it.	
  The	
  weighting	
  factor	
  for	
  𝜃!!!	
  is	
  from	
  the	
  above	
  first	
  condition,	
  not	
  the	
  second	
  condition.	
  

This	
  way,	
  the	
  weighting	
  factor	
  for	
  𝜃!!!	
  is	
  heavier	
  than	
  it	
  should	
  be,	
  as	
  shown	
  in	
  Figure	
  3.8.	
  

	
  

	
  

Figure	
  3.7:	
  Value	
  of	
  Performance	
  Criterion	
  Function.	
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Figure	
  3.8:	
  Example	
  of	
  Influence	
  of	
  Weight	
  for	
  Next	
  Joint	
  in	
  Motion	
  Planning.	
  

	
  

Second,	
  excessively	
  heavy	
  weighting	
  factors	
  may	
  cause	
  a	
  joint	
  lock	
  problem.	
  For	
  the	
  

same	
  reason	
  as	
   the	
   first	
  problem,	
   the	
  performance	
  criterion	
   function	
   for	
   the	
  next	
   joint	
   is	
  

based	
  on	
  the	
  current	
   joint	
  positions,	
  when	
  the	
   joint	
  goes	
  very	
  close	
   to	
   the	
   joint	
   limit,	
   the	
  

weighting	
  factor	
  is	
  very	
  heavy,	
  which	
  causes	
  the	
  weight	
  to	
  be	
  very	
  high	
  for	
  the	
  future	
  joint	
  

angles,	
  and	
  the	
  future	
   joint	
  may	
  be	
  hard	
  to	
  move.	
  In	
  this	
  situation,	
   if	
   the	
   joint	
   is	
  trying	
  to	
  

move	
  towards	
  the	
  middle	
  of	
  its	
  joint	
  range	
  from	
  the	
  joint	
  limits,	
  it	
  cannot	
  move.	
  The	
  heavy	
  

weights	
  may	
  cause	
   the	
   future	
   joint	
  angles	
   to	
  be	
   the	
  same	
  as	
   the	
  current	
   joint	
  angles,	
  and	
  

there	
   is	
   no	
   condition	
   when	
   the	
   previous	
   joint	
   angles	
   equal	
   the	
   current	
   joint	
   angles.	
  

Therefore,	
   the	
   joint	
  will	
   be	
   locked	
   for	
   a	
  while,	
   and	
  will	
   be	
   hard	
   to	
  move	
   away	
   from	
   the	
  

angle	
  that	
  is	
  very	
  close	
  to	
  joint	
  limits.	
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A	
  good	
  way	
  to	
  resolve	
   those	
  problems	
   is	
   to	
  pre-­‐compute	
   the	
  next	
   joint	
  movements,	
  

analyze	
   the	
   trend	
   of	
   the	
   joint	
   by	
   using	
   current	
   and	
   forecast	
   joint	
   angles,	
   and	
   use	
   the	
  

forecasted	
   joints	
   in	
   the	
   performance	
   criterion	
   function.	
   Then,	
   use	
   the	
   pre-­‐performance	
  

criterion	
  value	
  in	
  equation	
  3.27	
  to	
  prevent	
  from	
  achieving	
  or	
  crossing	
  the	
  joint	
  limits	
  with	
  

new	
  conditions.	
  

	
  

3.6.2.1	
  Next	
  Joint	
  Motion	
  Forecasting	
  

For	
  getting	
  better	
  results	
  of	
  joint	
  limit	
  avoidance,	
  forecasting	
  the	
  next	
  step	
  of	
  the	
  joint	
  

is	
  important.	
  In	
  equation	
  3.13,	
  once	
  𝑉	
  is	
  obtained,	
  the	
  joint	
  rates	
  can	
  be	
  computed	
  with	
  the	
  

current	
   joint	
  angles.	
  By	
  using	
  the	
   joint	
  rates	
  and	
  current	
  angles,	
   the	
  next	
   joint	
  angles	
  can	
  

also	
  be	
  established.	
  The	
  weighting	
  matrix	
  should	
  be	
  really	
  applied	
  for	
  the	
  next	
  joint	
  angle	
  

by	
   forecasting	
   the	
   joint	
  motion,  𝜃!"#$ ,	
   not	
   by	
   the	
   current	
   joint	
   because	
   the	
   current	
   joint	
  

angle	
   cannot	
   represent	
   the	
   future	
   joint	
   trend.	
  Hence,	
   forecasting	
   the	
   joint	
  angles	
  and	
   the	
  

weighting	
  factor	
  with	
  equation	
  3.27	
  should	
  be	
  applied	
  to	
  resolve	
  the	
  problems	
  in	
  3.6.2.	
  This	
  

way,	
  the	
  joints	
  are	
  not	
  allowed	
  to	
  be	
  over	
  their	
  limits	
  or	
  locked	
  when	
  the	
  joints	
  are	
  moving	
  

towards	
  the	
  middle	
  of	
  the	
  joint	
  range,	
  as	
  shown	
  in	
  figure	
  3.9.	
  

To	
  obtain	
   the	
   forecast	
   joint	
  angles,	
   the	
   joint	
   rates	
  and	
  current	
  angles	
  are	
  applied	
   in	
  

equation	
  3.27	
  without	
  any	
  weighting	
  factor,	
  which	
  means	
  the	
  weight	
  is	
  zero	
  in	
  SR-­‐inverse,	
  

and	
   the	
   joint	
   can	
  move	
  without	
   any	
   penalization.	
   This	
  way,	
   the	
   trend	
   of	
   the	
   future	
   joint	
  

motion	
  can	
  be	
  exhibited.	
  Then,	
  by	
  using	
  these	
  forecast	
  joint	
  angles	
  and	
  their	
  relations	
  with	
  

current	
   joint	
   angles,	
   weighting	
   factors	
   can	
   be	
   obtained.	
   Here,	
   the	
   forecast	
   joint	
   can	
   be	
  

considered	
  as	
  an	
  original	
  joint	
  command.	
  The	
  obtained	
  weighting	
  factors	
  will	
  be	
  applied	
  to	
  

SR-­‐inverse	
  with	
  the	
  current	
  joint	
  angles	
  to	
  compute	
  the	
  next	
  joint	
  angles.	
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Figure	
  3.9:	
  Example	
  for	
  Joint	
  Motion	
  Forecasting	
  and	
  Its	
  Weight	
  

	
  

3.6.2.2	
  	
  	
  	
  New	
  Conditions	
  of	
  Joint	
  Limits	
  Avoidance	
  

With	
   the	
   trends	
  of	
   the	
   joint,	
   and	
  pre-­‐performance	
   criterion	
  value,	
   the	
   conditions	
  of	
  

the	
  joint	
  limit	
  avoidance	
  have	
  to	
  be	
  reconsidered.	
  The	
  first	
  three	
  conditions	
  are	
  similar	
  to	
  

the	
  original	
  conditions.	
  	
  

1. When	
   the	
   current	
   joint,	
  𝜃! ,	
   and	
   the	
   forecast	
   joint,	
  𝜃!"#$ ,	
   are	
   in	
   the	
   joint	
   range,	
  

and  𝜃!"#$ 	
  is	
  closer	
  to	
  the	
  joint	
  limits	
  than	
  𝜃! ,	
  the	
  weight	
  in	
  equation	
  3.28	
  is	
  given	
  

as	
  the	
  result	
  of	
  equation	
  3.29	
  for	
  the	
  following	
  joint,  𝜃!!!.	
  Then	
  𝜃!!!	
  is	
  under	
  the	
  

penalizing	
  condition.	
  

2. No	
  matter	
  where	
  𝜃! 	
  is,	
   if	
  𝜃!"#$ 	
  is	
   closer	
   to	
   the	
  middle	
   of	
   joint	
   range	
   than	
  𝜃! ,	
   the	
  

weight	
   is	
   given	
   as	
   zero	
   to	
   allow	
  𝜃!!!to	
  move	
   towards	
   the	
  middle	
   of	
   joint	
   range	
  

without	
  any	
  penalizing	
  conditions.	
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3. No	
  matter	
  where	
  𝜃! 	
  is,	
   if	
  𝜃!"#$ 	
  is	
  outside	
  of	
   the	
   joint	
  range	
  or	
  on	
  the	
   joint	
   limits,	
  

the	
  weight	
  is	
  given	
  as	
  infinity	
  to	
  avoid	
  crossing	
  the	
  joint	
  limits	
  for	
  𝜃!!!.	
  

In	
  the	
  above	
  conditions,	
  we	
  only	
  consider	
  the	
  conditions	
  of	
  moving	
  joints.	
  What	
  if	
  the	
  

current	
  joint	
  and	
  the	
  forecast	
  joint	
  are	
  the	
  same?	
  That	
  means	
  no	
  motion	
  is	
  commanded	
  for	
  

that	
   joint	
   at	
   that	
   step.	
  However,	
   every	
   changed	
  weight	
   can	
  affect	
   the	
   results	
  of	
   the	
  other	
  

joint	
   angles	
   in	
   the	
  weighted	
   least-­‐norm	
   solution.	
   That	
  means	
   if	
   there	
   is	
   one	
   joint	
   that	
   is	
  

penalized	
  by	
  the	
  weight	
  matrix,	
  the	
  other	
  joints	
  in	
  this	
  system	
  will	
  be	
  influenced	
  to	
  change	
  

their	
   joint	
   angles	
   because	
   of	
   their	
   weights	
   relative	
   to	
   the	
   penalized	
   joint.	
   Hence,	
   if	
   the	
  

forecast	
  joint	
  position	
  is	
  the	
  same	
  as	
  the	
  current	
  joint	
  position,	
  because	
  of	
  the	
  relative	
  joint	
  

weight,	
  the	
  result	
  of	
  the	
  next	
  joint	
  angle	
  will	
  be	
  influenced.	
  Moreover,	
  when	
  a	
  joint	
  is	
  very	
  

close	
   to	
   its	
   limit,	
   if	
   the	
   joint	
   is	
   under	
   heavy	
  weight,	
   the	
   possibility	
   of	
  whether	
   a	
   joint	
   is	
  

crossing	
   its	
   limit	
   or	
   not	
   has	
   to	
   be	
   considered	
   carefully.	
   Because	
   of	
   the	
   above	
   situations,	
  

when	
  the	
  current	
  joint	
  and	
  the	
  forecast	
  joint	
  are	
  the	
  same,	
  conditions	
  can	
  be	
  considered	
  as	
  

follows:	
  

4. Based	
   on	
   the	
   previous	
   conditions	
   and	
   problems,	
   the	
   rest	
   of	
   the	
   conditions	
   are	
  

about	
   the	
  case	
  when	
  the	
  current	
   joint	
  angle	
  and	
  the	
   forecast	
   joint	
  angle	
  are	
   the	
  

same.	
  In	
  that	
  case,	
  the	
  original	
  joint	
  rate	
  command	
  is	
  zero.	
  But,	
  in	
  this	
  situation,	
  

the	
  weight	
  of	
  the	
  other	
  related	
  joints	
  can	
  influence	
  the	
  joint	
  rate.	
  That	
  causes	
  the	
  

joint	
  rate	
  to	
  carry	
  another	
  value	
  instead	
  of	
  zero,	
  and	
  has	
  a	
  possibility	
  to	
  make	
  the	
  

joint	
   close	
   to	
   the	
   joint	
   limit.	
   Hence,	
   the	
   rest	
   of	
   the	
   conditions	
   have	
   to	
   be	
  

considered	
   in	
  this	
  case.	
  There	
  are	
  two	
  parts	
  of	
   the	
  rest	
  of	
   the	
  conditions,	
  which	
  

are	
  separated	
  by	
  a	
  boundary.	
  The	
  boundary	
  of	
  a	
  joint	
  angle	
  is	
  set	
  to	
  distinguish	
  a	
  

very-­‐close-­‐to-­‐joint-­‐limit	
  area	
  and	
  a	
  not	
  very-­‐close-­‐to-­‐joint-­‐limit	
  area	
   in	
   the	
   joint	
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range.	
  Because	
  the	
  related	
  joints	
  may	
  influence	
  the	
  joint	
  rate,	
  when	
  𝜃! 	
  is	
  equal	
  to	
  

𝜃!"#$ ,	
   and	
  𝜃! 	
  is	
   not	
   in	
   very-­‐close-­‐to-­‐joint-­‐limit	
   area,	
   if	
   the	
  weight	
   of	
   the	
   joint	
   is	
  

given	
   as	
   zero,	
  𝜃!!!	
  may	
   not	
   be	
   the	
   same	
   as	
  𝜃! .	
  𝜃!!!	
  may	
  move	
   towards	
   the	
   joint	
  

limit.	
  But	
  when	
  the	
  joint	
  is	
  not	
  in	
  very-­‐close-­‐to-­‐joint-­‐limit	
  area,	
  then	
  there	
  is	
  still	
  

some	
  room	
  for	
  the	
  joint	
  to	
  move	
  in	
  the	
  joint	
  range.	
  Hence,	
  the	
  weight	
  is	
  given	
  as	
  

the	
   result	
   of	
   equation	
   3.29	
   to	
   ensure	
   the	
   result	
   of	
  𝜃!!!	
  won't	
   be	
   far	
   from	
   the	
  

original	
  joint	
  command.	
  

5. When	
  𝜃! 	
  is	
   in	
   the	
   very-­‐close-­‐to-­‐joint-­‐limit	
   area,	
   and	
  𝜃! 	
  and	
  𝜃!"#$ 	
  are	
   the	
   same,	
  

there	
  is	
  no	
  much	
  room	
  for	
  the	
  joint	
  to	
  move	
  around	
  because	
  the	
  joint	
  may	
  cross	
  

the	
  joint	
  limit.	
  Therefore,	
  the	
  weight	
  is	
  given	
  as	
  infinite	
  to	
  avoid	
  the	
  influence	
  of	
  

the	
  weights	
  of	
  the	
  related	
  joints.	
  This	
  way,	
  we	
  can	
  ensure	
  that	
  𝜃! 	
  and	
  𝜃!!!	
  will	
  be	
  

the	
  same,	
  and	
  won’t	
  achieve	
  the	
  limits	
  by	
  the	
  effects	
  of	
  other	
  joint	
  weights.	
  

As	
  an	
  example,	
  we	
  consider	
  the	
  two-­‐link	
  robot	
  arm.	
  By	
  using	
  the	
  result	
  of	
  the	
  Jacobian	
  

in	
  frame	
  zero,	
  𝐽 𝜃 = −𝑙!𝑠! − 𝑙!𝑠!" −𝑙!𝑠!"
𝑙!𝑐! + 𝑙!𝑐!" 𝑙!𝑐!"

,	
  of	
  the	
  two-­‐link	
  robot	
  arm	
  in	
  [20]	
  (5.67),	
  we	
  

can	
   combine	
   the	
   Jacobian	
   with	
   the	
   weight	
   matrices	
   (equation	
   3.27).	
   If	
   three	
   weight	
  

matrices	
  are	
  given	
  as:	
  

	
   𝑊! =
1 0
0 1 	
  

(3.30)	
  

	
   𝑊! =
∞ 0
0 1 	
  

(3.31)	
  

	
   𝑊! =
1 0
0 ∞ 	
   (3.32)	
  

and	
   assuming	
   that	
  𝑙! = 10𝑚,	
  𝑙! = 10𝑚,	
  𝜃! = 30∘ ,	
  𝜃! = −45∘ ,	
   and	
  𝑣 = 10 30 ! ,	
  𝐽∗! 	
  can	
  

be	
  computed	
  as	
  below:	
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   𝐽∗!!   =
−0.1366 0.0366
0.2591 0.0341 	
  

(3.33)	
  

	
   𝐽∗!!   =
0 0
0 0.1250 	
  

(3.34)	
  

	
   𝐽∗!!   =
0 0.0625
0 0 	
   (3.35)	
  

With	
  𝐽∗! ,	
  the	
  joint	
  rate	
  can	
  also	
  be	
  obtained	
  as:	
  

	
   𝜃!! = −15.3495 207.0669 ! 	
   (3.36)	
  

	
   𝜃!! = 0 214.8592 ! 	
   (3.37)	
  

	
   𝜃!! = 107.4296 0 ! 	
   (3.38)	
  

Here,	
   the	
   first	
   element	
  of	
   the	
   joint	
   rate	
  matrix,	
  𝜃! ,	
   is	
   the	
   joint	
   rate	
  of	
  𝜃!,	
   and	
   the	
   second	
  

element	
  is	
  the	
  joint	
  rate	
  of	
  𝜃!.	
  It	
  is	
  clear	
  that	
  because	
  of	
  the	
  different	
  heavy	
  weight	
  matrices,	
  

the	
   result	
   of	
  𝐽∗! 	
  will	
   be	
   different.	
   And	
   in	
   equation	
   3.27,	
   if	
  𝐽
∗
! 	
  is	
   changed,	
   and	
   the	
  

requirement	
  of	
  the	
  velocity	
  are	
  the	
  same,	
  the	
  results	
  of	
  joint	
  rates	
  will	
  also	
  be	
  changed.	
  	
  

With	
   the	
   above	
   conditions	
   and	
   methods,	
   the	
   joints	
   can	
   move	
   more	
   freely	
   and	
  

smoothly	
  between	
  the	
  limits,	
  easily	
  move	
  back	
  to	
  the	
  joint	
  range	
  from	
  outside	
  of	
  joint	
  limits,	
  

and	
  will	
  be	
  stopped	
  when	
  they	
  are	
  going	
  to	
  reach	
  their	
  limits.	
  Figure	
  3.10	
  shows	
  the	
  joint	
  

position	
  of	
  five	
  of	
  the	
  above	
  conditions	
  and	
  very-­‐close-­‐to-­‐joint-­‐limit	
  area.	
  

 

3.7	
   Control	
  Frames	
  

From	
  section	
  3.4,	
  the	
  position	
  and	
  orientation	
  relation	
  between	
  the	
  desired	
  target	
  and	
  

the	
   current	
   end-­‐effector	
   poses	
   can	
   be	
   obtained	
   based	
   on	
   the	
   base	
   frame	
   using	
   a	
  

transformation	
  matrix.	
   Hence,	
   the	
   direction	
   of	
   velocity	
   and	
   Jacobian,	
   which	
   are	
   given	
   in	
  

equation	
  3.20	
  are	
  also	
  based	
  on	
  the	
  base	
  frame.	
  However,	
  when	
  the	
  users	
  are	
  teleoperating	
  

the	
  end-­‐effectors,	
  it’s	
  usually	
  instinctive	
  to	
  control	
  based	
  on	
  the	
  base	
  frame.	
  The	
  users	
  can	
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comprehend	
  and	
  have	
  more	
  intuitive	
  control	
  if	
  objects’	
  position	
  and	
  pose	
  are	
  relative	
  to	
  the	
  

end-­‐effector	
  frame	
  when	
  they	
  are	
  doing	
  teleoperation	
  [29].	
  Hence,	
  the	
  control	
  frame	
  mode	
  

should	
  be	
  easy	
  to	
  switch	
  between	
  the	
  base	
  frame	
  mode	
  and	
  the	
  end-­‐effector	
  frame	
  mode.	
  

Then	
  the	
  users	
  can	
  switch	
  the	
  control	
  basis	
  mode	
  for	
  different	
  tasks.	
  In	
  [20],	
  the	
  Jacobian	
  in	
  

different	
   frames	
   can	
   be	
   switch	
   from	
   the	
   base	
   frame	
   to	
   the	
   end-­‐effector	
   frame	
   as	
   the	
  

equation	
  below:	
  

With	
   𝐽!"# ,	
   the	
   users	
   can	
   input	
   the	
   velocity	
   vectors,	
   which	
   are	
   based	
   on	
   the	
   end-­‐effector	
  

frame,	
  to	
  control	
  the	
  end-­‐effector	
  relative	
  to	
  its	
  own	
  frame.	
  	
  

	
  

3.8	
   Safety	
  Conditions	
  

To	
  use	
   the	
  control	
  algorithm	
  on	
   the	
  physical	
  platform,	
  Alqasemi	
   [29]	
  has	
  suggested	
  

adding	
  safety	
  conditions	
  in	
  the	
  system	
  for	
  avoiding	
  joint	
  limits.	
  	
  Two	
  of	
  the	
  suggestions	
  that	
  

are	
  going	
  to	
  be	
  used	
  in	
  the	
  system	
  are	
  described	
  below:	
  

1. If	
  a	
  joint	
  reaches	
  its	
  limit,	
  stop	
  the	
  joint.	
  

	
   𝑖𝑓  𝑞! > 𝑞!,!"#  𝑜𝑟𝑞! < 𝑞!,!"#, 𝑞!,!"##$%& = 0	
   (3.40)	
  

2. If	
  a	
  joint	
  reaches	
  its	
  velocity	
  limit,	
  slow	
  down	
  the	
  joint,	
  which	
  is	
  also	
  useful	
  when	
  

singularity	
  happens	
  and	
  the	
  arms	
  go	
  out	
  of	
  control.	
  

	
   𝑖𝑓   𝑞! ≥ 𝑞!,!!! , 𝑞!,!"##$%& = 𝑠𝑖𝑔𝑛(𝑞!,!"##$%&) ∙ 𝑞!,!"#	
   (3.41)	
  

With	
  the	
  safety	
  condition,	
  the	
  control	
  system	
  can	
  be	
  reliable	
  and	
  avoid	
  physical	
  damage	
  on	
  

the	
  platform.	
  

	
  
	
  

	
  
𝐽!"# =

𝑅!"!
!"#$ ! 0
0 𝑅!"#

!"#$ ! ∙ 𝐽!"#$ 	
  
(3.39)	
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3.9	
   Summary	
  

In	
   this	
   chapter,	
   the	
   control	
   methods	
   of	
   Baxter’s	
   redundant	
   robotic	
   arms	
   are	
  

introduced.	
  With	
  the	
  D-­‐H	
  parameter,	
  the	
  parameters	
  of	
  every	
  link	
  and	
  joint	
  can	
  be	
  defined	
  

for	
   Baxter	
   system.	
   Then,	
   transformation	
  matrices	
   can	
   be	
   computed.	
   The	
   transformation	
  

matrix	
   describes	
   the	
   relation	
   between	
   two	
   neighboring	
   links	
   for	
   every	
   frame	
   with	
   a	
  

variable	
   joint	
   angle,	
   and	
   relates	
   each	
   frame	
   to	
   calculate	
   their	
   position	
   and	
   orientation	
  

relative	
  to	
  each	
  other.	
   Jacobian	
  matrices	
  define	
  the	
  relations	
  between	
  Cartesian	
  velocities	
  

and	
   joint	
   rates	
   in	
   forward	
   and	
   inverse	
   kinematics.	
   Pseudoinverse	
   was	
   generated	
   to	
  

optimize	
   the	
   problem	
   of	
   redundant	
   manipulators,	
   and	
   SR-­‐inverse	
   is	
   further	
   used	
   to	
  

overcome	
   the	
   singularity	
   problem.	
   Combining	
   SR-­‐inverse	
   and	
   weighted	
   least-­‐norm	
  

solution	
  offers	
  an	
  optimized	
  solution	
  to	
  avoid	
  joint	
  limits.	
  Forecasting	
  the	
  next	
  joint	
  angle	
  

with	
  current	
  conditions	
  can	
  be	
  more	
  efficient	
  to	
  avoid	
  joint	
  limits.	
  Additionally,	
  the	
  method	
  

for	
  switching	
  the	
  control	
  reference	
  frame	
  was	
  also	
  generated	
  for	
  users’	
  better	
  experience	
  in	
  

teleoperation.	
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Figure	
  3.10:	
  Image	
  of	
  Joint	
  Position	
  of	
  the	
  5	
  New	
  Conditions. 
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CHAPTER	
  4:	
  SIMULATION	
  

	
  

4.1	
   Introduction	
  

Before	
   the	
   control	
  method	
   is	
   applied	
  on	
   the	
  platform	
   for	
   teleoperation,	
   it	
  has	
   to	
  be	
  

simulated	
   for	
   detecting	
   errors	
   and	
   improving	
   the	
   code,	
   and	
   confirming	
   the	
   process.	
   In	
  

teleoperation,	
   users	
  will	
   give	
   a	
   desired	
   position	
   and	
   orientation	
   as	
   a	
   target	
   for	
   the	
   end-­‐

effector.	
  A	
  motion	
  planning	
  system	
  has	
  to	
  be	
  built	
  for	
  the	
  teleoperation	
  system.	
  The	
  motion	
  

planning	
  system	
  can	
  give	
  commands	
  of	
  joint	
  angles	
  for	
  moving	
  the	
  end-­‐effector	
  of	
  the	
  arm	
  

from	
  one	
  point	
  to	
  the	
  target.	
  Only	
  if	
  the	
  whole	
  process	
  of	
  motion	
  planning	
  and	
  results	
  are	
  

stable	
   in	
   the	
   simulation,	
   the	
   method	
   can	
   be	
   applied	
   on	
   the	
   physical	
   platform	
   to	
   avoid	
  

damage	
  to	
  the	
  arms.	
  For	
  optimizing	
  the	
  singularity	
  problem,	
  the	
  𝑘!	
  and	
  𝑤!	
  in	
  equation	
  3.19	
  

have	
  to	
  be	
  found	
  in	
  simulation.	
  Moreover,	
  the	
  parameters	
  from	
  joint	
  one	
  to	
  joint	
  seven	
  of	
  

both	
  Baxter’s	
  arms	
  are	
  the	
  same,	
  so	
  in	
  the	
  simulation,	
  only	
  the	
  right	
  arm	
  would	
  be	
  tested.	
  	
  

	
  

4.2	
   Program	
  Flowchart	
  of	
  the	
  Next	
  Joint	
  Motion	
  Forecasting	
  Method	
  

In	
  order	
  to	
  implement	
  the	
  program	
  for	
  manipulator	
  in	
  simulation,	
  the	
  programming	
  

language	
  should	
  have	
  powerful	
  and	
  friendly	
  packages	
  for	
  computing	
  matrices	
  and	
  plotting.	
  

Hence,	
  Matlab	
  R2013a	
  is	
  used	
  for	
  this	
  simulation.	
  	
  

In	
  Chapter	
  3,	
  the	
  control	
  methods	
  are	
  introduced.	
  With	
  the	
  control	
  methods,	
  a	
  motion	
  

planning	
  system	
  can	
  be	
  built	
  to	
  give	
  commands	
  of	
  joint	
  angles	
  to	
  move	
  the	
  end-­‐effector	
  of	
  

the	
  arm	
  from	
  one	
  point	
  to	
  other	
  desired	
  position	
  and	
  orientation.	
  Before	
  those	
  methods	
  are	
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applied	
   on	
   the	
   platform,	
   the	
   calculation	
   of	
   motion	
   planning	
   is	
   necessary	
   to	
   be	
   tested	
  

repeatedly	
   in	
   the	
   simulation	
   for	
   achieving	
   the	
   target.	
   First,	
   after	
   obtaining	
   the	
   D-­‐H	
  

parameters	
   and	
   initial	
   transformation	
  matrix	
   of	
   each	
   frame	
   from	
   section	
   3.2	
   to	
   3.4,	
   the	
  

desired	
   positions	
   and	
   poses	
   of	
   the	
   end-­‐effector	
   should	
   be	
   confirmed.	
   Then,	
   compute	
   the	
  

error	
   of	
   positions	
   and	
   orientations.	
   By	
   using	
   the	
   available	
   linear	
   velocity	
   of	
   end-­‐effector	
  

and	
   distance	
   between	
   initial	
   and	
   desired	
   positions,	
   the	
   total	
   run	
   time	
   can	
   be	
   generated.	
  

Here,	
   the	
   time	
   increment	
   also	
   has	
   to	
   be	
   set	
   in	
   order	
   to	
   compute	
   the	
   running	
   number	
   of	
  

increment	
   loops.	
  With	
  the	
  above	
   information,	
   the	
  trajectory	
  and	
  points	
  can	
  be	
  generated.	
  

After	
  all	
  of	
  those	
  tasks,	
  the	
  run	
  time	
  will	
  start	
  at	
  zero.	
  Then,	
  the	
  Jacobian	
  is	
  calculated	
  with	
  

the	
  current	
  joint	
  angles.	
  The	
  first	
  waypoint	
  is	
  used	
  as	
  the	
  target	
  for	
  the	
  first	
  loop,	
  and	
  delta	
  

of	
  the	
  position	
  and	
  orientation	
  are	
  calculated	
  as	
  the	
  rates	
  between	
  the	
  current	
  and	
  target	
  

positions.	
  SR-­‐Inverse	
  is	
  then	
  run	
  without	
  weights	
  in	
  order	
  to	
  obtain	
  the	
  forecasting	
  future	
  

joint	
   angles.	
   After	
   getting	
   the	
   future	
   joint	
  motion,	
   they	
   are	
   applied	
   into	
   the	
  performance	
  

criterion	
   function	
   to	
   avoid	
   joint	
   limits.	
   Later,	
   SR-­‐Inverse	
   and	
   the	
   optimization	
   with	
   the	
  

result	
  from	
  the	
  performance	
  criterion	
  function	
  are	
  run	
  to	
  get	
  the	
  joint	
  rates.	
  We	
  then	
  check	
  

or	
  modify	
  the	
  joint	
  rates	
  based	
  on	
  the	
  safety	
  conditions.	
  After	
  that,	
  the	
  new	
  joint	
  commands	
  

are	
   used,	
   and	
   the	
   new	
   end-­‐effector	
   transformation	
   matrix	
   is	
   calculated	
   using	
   forward	
  

kinematics.	
  Because	
  the	
  new	
  joint	
  angles	
  will	
  be	
  the	
  current	
  angles	
  for	
  the	
  next	
  loop	
  in	
  the	
  

simulation,	
  we	
   let	
   the	
   current	
   joint	
   angles	
  equal	
   to	
   the	
  new	
   joint	
  angles,	
   and	
   the	
   current	
  

transformation	
  matrix	
   equals	
   to	
   the	
   new	
   end-­‐effector	
   transformation	
  matrix.	
   Therefore,	
  

until	
  the	
  running	
  time	
  is	
  achieved,	
  the	
  current	
  joint	
  angles	
  will	
  keep	
  being	
  re-­‐computed	
  for	
  

the	
  new	
  waypoint	
   as	
   a	
   new	
   target	
   in	
   the	
   loop.	
  When	
   the	
   running	
   time	
   ends,	
   the	
   current	
  

position	
   and	
   orientation	
   can	
   be	
   extracted	
   from	
   the	
   current	
   end-­‐effector	
   transformation	
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matrix.	
  The	
  program	
  flowchart	
  is	
  shown	
  in	
  figure	
  4.1,	
  and	
  the	
  simulation	
  of	
  Baxter’s	
  right	
  

arm	
  model	
  is	
  shown	
  in	
  figure	
  4.2.	
  

	
  

Figure	
   4.1:	
   Flowchart	
   of	
   the	
   Simulation	
   Program	
   for	
   the	
   Next	
   Joint	
   Motion	
   Forecasting	
  
Method.	
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Figure	
   4.2:	
   Baxter’s	
   Right	
   Arm	
  Model	
   while	
   Moving	
   from	
   Black	
   Point	
   to	
   Green	
   Point	
   in	
  
Motion	
  Planning	
  Simulation.	
  

	
  

4.3	
   Manipulability	
  Measure	
  and	
  Scale	
  Factor	
  

In	
  order	
  to	
  optimize	
  the	
  redundant	
  manipulator	
  at	
  a	
  singularity,	
  SR-­‐inverse	
  is	
  applied	
  

in	
   the	
   inverse	
   kinetics	
   algorithm.	
   In	
   equation	
   3.18,	
  𝑘 	
  is	
   the	
   scale	
   factor.	
   When	
   the	
  

manipulability	
  measures,	
  equation	
  3.15	
  is	
  too	
   low,	
  this	
  means	
  the	
  manipulator	
   is	
  close	
  to	
  

singularities,	
  𝑘	
  starts	
  to	
  work	
  to	
  reduce	
  the	
  joint	
  velocities.	
  But	
  reducing	
  the	
  joint	
  velocities	
  

affect	
  the	
  accuracy	
  of	
  the	
  arm.	
  To	
  decrease	
  the	
  effect	
  of	
  reducing	
  the	
  joint	
  velocities,	
  there	
  

is	
  a	
  threshold,	
  𝑤!,after	
  which,	
  the	
  value	
  of	
  the	
  manipulability	
  measure	
  is	
  not	
  acceptable	
  or	
  

too	
   close	
   to	
   singularity.	
   This	
   is	
   shown	
   in	
   the	
   equation	
   3.19.	
   When	
   the	
   manipulability	
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measure	
   is	
  higher	
   than	
  𝑤!,	
  𝑘	
  is	
  zero.	
  And	
  when	
   the	
  manipulability	
  measure	
   is	
   lower	
   than	
  

𝑤!,	
  𝑘	
  starts	
  to	
  reduce	
  the	
  joint	
  velocities	
  by	
  the	
  results	
  of	
  equation	
  3.19.	
  Hence,	
  it	
  is	
  critical	
  

to	
  choose	
  𝑤!	
  and	
  𝑘!	
  for	
  𝑘.	
  If	
  𝑘	
  is	
  too	
  high,	
  the	
  accuracy	
  will	
  be	
  low.	
  If	
  𝑘	
  is	
  too	
  low,	
  the	
  joint	
  

rates	
  will	
   be	
   too	
  high,	
   and	
   the	
   arm	
  will	
   be	
  unstable.	
  Using	
   the	
   simulation,	
   the	
   ideal	
  𝑤!	
  is	
  

2×10!	
  and	
  𝑘!	
  is	
  570.	
   Figure	
   4.3	
   and	
   figure	
   4.4	
   show	
   the	
   results	
   of	
   the	
   manipulability	
  

measure	
  when	
  the	
  desired	
  positions	
  of	
  both	
  arms	
  are	
  out	
  of	
  the	
  workspace,	
  which	
  drive	
  the	
  

arms	
  to	
  singularity,	
  when	
  the	
  determined	
  values	
  of	
  𝑘!	
  and	
  𝑤!	
  are	
  used.	
  

	
  

	
  

	
  

Figure	
  4.3:	
  Manipulability	
  Measure	
  of	
  Baxter’s	
  Right	
  Arm:	
  Goes	
  to	
  Zero	
  When	
  it	
  is	
  Moving	
  
Out	
  of	
  the	
  Workspace	
  with	
  the	
  Ideal	
  𝑘!	
  and	
  𝑤!.	
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Figure	
  4.4:	
  Manipulability	
  Measure	
  of	
  Baxter’s	
  Left	
  Arm:	
  Goes	
   to	
  Zero	
  When	
   it	
   is	
  Moving	
  
Out	
  of	
  the	
  Workspace	
  with	
  the	
  Ideal	
  𝑘!	
  and	
  𝑤!.	
  

	
  

4.4	
   Results	
  and	
  Discussion	
  of	
  Simulation	
  Test	
  

With	
   the	
   new	
   conditions	
   of	
   the	
   performance	
   criterion	
   function	
   and	
   process,	
   the	
  

problems	
   in	
   3.6.2	
   can	
   be	
   overcome	
   effectively.	
   In	
   the	
   simulation,	
   the	
   results	
   of	
   the	
  

condition	
  and	
  process	
  are	
  tested	
  and	
  compared	
  with	
  the	
  other	
  conditions	
  and	
  processes	
  in	
  

the	
  motion	
  planning	
  algorithm.	
  

	
  

4.4.1	
   Test	
  of	
  Next	
  Joint	
  Motion	
  Forecasting	
  

The	
  weighted	
  least-­‐norm	
  solution	
  gives	
  a	
  forecast	
  into	
  the	
  future	
  joint	
  angle,	
  and	
  that	
  

allows	
   the	
   joint	
   to	
  be	
  penalized	
   if	
   the	
   joint	
   is	
   too	
  close	
   to	
   the	
   joint	
   limits.	
   In	
   this	
   section,	
  

before	
  teleoperation	
  testing,	
   the	
  next	
   joint	
  motion	
  forecasting	
  method	
  will	
  be	
  tested	
  with	
  

motion	
  planning,	
  and	
  compared	
  with	
  a	
  non-­‐	
  forecasting	
  motion	
  planning	
  in	
  the	
  simulation	
  



www.manaraa.com

 45	
  

program.	
   There	
   are	
   five	
   tests	
   to	
   be	
   implemented	
   in	
   different	
   conditions	
   and	
   control	
  

methods:	
  

1. The	
  motion	
  planning	
  with	
  non-­‐forecast	
  will	
  be	
  tested	
  without	
  the	
  weight	
  matrix.	
  

This	
  case	
  will	
  be	
  the	
  baseline	
  for	
  our	
  comparisons.	
  

2. The	
  motion	
  planning	
  with	
  non-­‐forecast	
  will	
  be	
  tested	
  with	
  weighted	
   least-­‐norm	
  

solution.	
  

3. The	
  motion	
  planning	
  with	
  non-­‐forecast	
  will	
  be	
  tested	
  with	
  weighted	
   least-­‐norm	
  

solution	
  and	
  the	
  original	
  conditions	
  in	
  chapter	
  3	
  section	
  3.6.2.	
  

4. The	
  motion	
   planning	
  with	
   next	
   joint	
  motion	
   forecasting	
  method	
  will	
   be	
   tested	
  

without	
  the	
  weight	
  matrix.	
  

5. The	
  motion	
   planning	
  with	
   next	
   joint	
  motion	
   forecasting	
  method	
  will	
   be	
   tested	
  

with	
  weighted	
  least-­‐norm	
  solution.	
  

The	
   tests	
  will	
  be	
   implemented	
  on	
   the	
   right	
  arm	
  of	
  Baxter.	
   In	
  all	
  of	
   these	
   tests,	
   the	
   initial	
  

transformation	
  matrix	
  is	
  	
  set	
  as:	
  

	
  
𝑇!! ! =

0.2463 −0.7990
−0.4242 0.4200

0.5485 20.2481
0.8023 −42.6812

−0.8714 −0.4303
0 0

−0.2355 3.4457
0 1

	
  
	
  

(4.1)	
  

and	
  the	
  goal	
  transformation	
  matrix	
  is	
  set	
  as:	
  

	
  
𝑇! =

0.9361 0.3507
−0.0819 0.1436

0.0267 30
0.9862 −30

0.3420 −0.9254
0 0

0.1632 50
0 1

	
  
	
  

(4.2)	
  

Moreover,	
  in	
  order	
  to	
  compare	
  the	
  effect	
  of	
  weighted	
  least-­‐norm	
  solution,	
  the	
  initial	
  angle	
  

of	
  joint	
  (5)	
  is	
  set	
  on	
  its	
  limit,	
  which	
  is	
  −175.3°.  
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In	
  the	
  first	
  test,	
  the	
  result	
  of	
  the	
  transformation	
  matrix	
  of	
  the	
  end-­‐effector	
  is:	
  

	
  
𝑇!! =

0.9361 0.3507
−0.0819 0.1436

0.0267 30
0.9862 −30

0.3420 −0.9254
0 0

0.1632 50
0 1

	
  
	
  

(4.3)	
  

which	
  is	
  the	
  same	
  as	
  the	
  target.	
  However,	
  joint	
  (5)	
  starts	
  to	
  cross	
  the	
  joint	
  limit	
  in	
  the	
  first	
  

step,	
  and	
  moves	
   into	
  the	
   joint	
  range	
  at	
  4.2	
  seconds,	
  as	
  shown	
  in	
   figure	
  4.5.	
  The	
  complete	
  

run	
  time	
  is	
  21.1	
  seconds.	
  Figure	
  4.6	
  shows	
   joint	
  rates	
  of	
  Baxter’s	
  right	
  arm	
  in	
  the	
  case	
  of	
  

test	
  1.	
  

	
  

	
  

	
  

Figure	
  4.5:	
  The	
  Joint	
  Angles	
  of	
  Baxter’s	
  Right	
  Arm	
  in	
  Test	
  1.	
  
Time	
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Figure	
  4.6:	
  The	
  Joint	
  Velocities	
  of	
  Baxter’s	
  Right	
  Arm	
  in	
  Test	
  1.	
  

	
  

The	
   second	
   test	
   is	
   to	
   check	
   the	
   result	
   of	
   the	
   non-­‐forecast	
   motion	
   planning	
   with	
  

weighted	
   least-­‐norm	
   solution.	
   The	
   complete	
   run	
   time	
  of	
   the	
   second	
   test	
   is	
   21.1	
   seconds.	
  

The	
  result	
  of	
  the	
  transformation	
  matrix	
  of	
  the	
  end	
  in	
  this	
  test	
  is:	
  	
  

	
  
𝑇!! =

0.9344 0.3426
−0.0738 −0.0815

0.0975 29.9698
0.9939 −30.0307

0.3484 −0.9360
0 0

−0.0509 49.9841
0 1

	
  
	
  

(4.4)	
  

which	
   has	
   small	
   differences	
   between	
   the	
   result	
   and	
   the	
   commanded	
   target.	
   joint	
   (5)	
   is	
  

locked	
  by	
   the	
  weight	
  because	
  of	
   its	
   initial	
   joint	
  angle.	
  Figure	
  4.7	
  shows	
   the	
   joint	
  angle	
  of	
  

joint	
  (5)	
  as	
  it	
  is	
  locked	
  at	
  its	
  initial	
  joint	
  angle.	
  Figure	
  4.8	
  shows	
  the	
  joint	
  rate	
  of	
  the	
  joint	
  (5),	
  

which	
   is	
   almost	
   zero	
   throughout	
   the	
   simulation.	
   The	
   locked	
   joint	
   (5)	
  may	
   cause	
   a	
   small	
  

difference	
  in	
  the	
  resulting	
  matrix.	
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Figure	
  4.7:	
  The	
  Joint	
  Angles	
  of	
  Baxter’s	
  Right	
  Arm	
  in	
  Test	
  2.	
  

	
  

	
  

Figure	
  4.8:	
  The	
  Joint	
  Velocities	
  of	
  Baxter’s	
  Right	
  Arm	
  in	
  Test	
  2.	
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The	
   non-­‐forecasting	
   motion	
   planning	
   will	
   be	
   tested	
   with	
   weighted	
   least-­‐norm	
  

solution	
  and	
  the	
  original	
  conditions	
  in	
  the	
  third	
  test.	
  The	
  result	
  of	
  the	
  test	
  is	
  as	
  follows:	
  

	
  
𝑇!! =

0.9301 0.3617
−0.1273 0.1542

  0.0639 30.0002
0.9798 −29.9987

0.3445 −0.9195
0 0

0.1895 49.9995
0 1

	
  
	
  

(4.5)	
  

The	
  resulting	
  pose	
  of	
  the	
  third	
  test	
  is	
  different	
  from	
  the	
  commanded	
  target.	
  Joint	
  (5)	
  is	
  also	
  

locked	
  throughout	
  the	
  test	
  due	
  to	
  the	
  weight.	
  Figure	
  4.9	
  shows	
  the	
  joint	
  angle	
  of	
  joint	
  (5),	
  

which	
  does	
  not	
  change	
  through	
  the	
  entire	
  process.	
  Figure	
  4.10	
  shows	
  the	
  joint	
  velocity	
  of	
  

joint	
  (5),	
  which	
  is	
  zero	
  from	
  the	
  beginning	
  to	
  the	
  end	
  of	
  the	
  test.	
  

	
  

	
  

Figure	
  4.9:	
  The	
  Joint	
  Angles	
  of	
  Baxter’s	
  Right	
  Arm	
  in	
  Test	
  3.	
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Figure	
  4.10:	
  The	
  Joint	
  Angles	
  of	
  Baxter’s	
  Right	
  Arm	
  in	
  Test	
  3.	
  

	
  

In	
   the	
   fourth	
   test,	
   the	
   next	
   joint	
   motion	
   forecasting	
   method	
   is	
   tested	
   without	
   the	
  

weighted	
  least-­‐norm	
  solution.	
  The	
  result	
  of	
  the	
  end	
  effector’s	
  pose	
  in	
  the	
  third	
  test	
  is:	
  	
  

	
  
𝑇!! =

0.9361 0.3507
−0.0819 0.1436

0.0267 30
0.9862 −30

0.3420 −0.9254
0 0

0.1632 50
0 1

	
  
	
  

(4.6)	
  

The	
  result	
  is	
  similar	
  to	
  the	
  commanded	
  target	
  and	
  the	
  first	
  test.	
  The	
  complete	
  run	
  time	
  is	
  

21.1	
  seconds.	
  In	
  the	
  first	
  step,	
  joint	
  (5)	
  starts	
  to	
  cross	
  the	
  joint	
  limit,	
  and	
  it	
  moves	
  back	
  to	
  

the	
  joint	
  range	
  at	
  4.2	
  seconds,	
  as	
  shown	
  in	
  figure	
  4.11.	
  Figure	
  4.12	
  shows	
  the	
  joint	
  rates	
  in	
  

the	
  fourth	
  test.	
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Figure	
  4.11:	
  The	
  Joint	
  Angles	
  of	
  Baxter’s	
  Right	
  Arm	
  in	
  Test	
  4.	
  

	
  

	
  

Figure	
  4.12:	
  The	
  Joint	
  Velocities	
  of	
  Baxter’s	
  Right	
  Arm	
  in	
  Test	
  4.	
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The	
   last	
   test	
   is	
   to	
   implement	
   the	
   next	
   joint	
   motion	
   forecasting	
   method	
   with	
   the	
  

weighted	
   least-­‐norm	
   solution.	
   In	
   this	
   test,	
   the	
   result	
   of	
   the	
   end-­‐effector’s	
   transformation	
  

matrix	
  is:	
  

	
  
𝑇!! =

0.9376 0.3379
−0.0300 −0.1565

0.0821 29.9806
0.9872 −30.0208

0.3465 −0.9281
0 0

−0.1365 49.9922
0 1

	
  
	
  

(4.7)	
  

which	
  has	
  small	
  differences	
  between	
  the	
  resulting	
  matrix	
  and	
  the	
  commanded	
  target.	
  But	
  

the	
  differences	
  are	
  smaller	
  than	
  those	
  in	
  test	
  2.	
  Joint	
  (5)	
  is	
  not	
  locked	
  by	
  the	
  weight,	
  and	
  it	
  

moves	
  back	
  to	
  the	
  joint	
  range	
  at	
  1.5	
  seconds.	
  The	
  end	
  of	
  the	
  joint	
  angle	
  of	
  joint	
  (5)	
  is	
  175.1°.	
  

The	
   complete	
   run	
   time	
   is	
   21.1	
   seconds.	
   Figure	
   4.13	
   shows	
   the	
   joint	
   angles.	
   Because	
   the	
  

difference	
  in	
  joint	
  (5)	
  between	
  the	
  initial	
  angle	
  and	
  the	
  end	
  angle	
  is	
  small,	
  the	
  line	
  of	
  joint	
  

(5)	
   looks	
   horizontal.	
   But	
   in	
   figure	
   4.14,	
   the	
   joint	
   velocity	
   of	
   joint	
   (5)	
   increases.	
   Also,	
  

because	
  of	
   the	
   increased	
   joint	
   rate,	
   the	
  differences	
  between	
   the	
   resulting	
  matrix	
   and	
   the	
  

target	
  matrix	
  are	
  smaller	
  than	
  that	
  difference	
  in	
  test	
  2.	
  	
  

In	
   those	
   five	
   tests,	
   it	
   is	
   clear	
   that	
   the	
   results	
   of	
   the	
   “no	
   forecast	
  motion	
   planning”	
  

without	
  the	
  weighted	
  least-­‐norm	
  solution,	
  and	
  the	
  “next	
  joint	
  motion	
  forecasting	
  method”	
  

without	
  the	
  weighted	
  least-­‐norm	
  solution,	
  are	
  the	
  same.	
  But	
  with	
  the	
  weighted	
  least-­‐norm	
  

solution,	
  the	
  next	
  joint	
  motion	
  forecasting	
  method	
  can	
  offer	
  a	
  better	
  solution	
  to	
  stay	
  away	
  

from	
  the	
  joint	
  limit	
  than	
  the	
  motion	
  planning	
  with	
  no	
  forecasting.	
  In	
  the	
  next	
  step,	
  the	
  new	
  

conditions	
  will	
  be	
  applied	
  to	
  the	
  next	
  joint	
  motion	
  forecasting	
  method.	
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Figure	
  4.13:	
  The	
  Joint	
  Angles	
  of	
  Baxter’s	
  Right	
  Arm	
  in	
  Test	
  5.	
  

	
  

	
  

Figure	
  4.14:	
  The	
  Joint	
  Velocities	
  of	
  Baxter’s	
  Right	
  Arm	
  in	
  Test	
  5.	
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4.4.2	
  	
   Improvement	
  of	
  the	
  New	
  Conditions	
  on	
  Joint	
  Limit	
  Avoidance	
  	
  

With	
  forecasting	
  the	
  next	
  joint	
  motion,	
  the	
  joint	
  can	
  more	
  easily	
  move	
  forward	
  to	
  the	
  

middle	
   of	
   its	
   range	
   from	
   the	
   joint	
   limits	
   than	
  when	
   there	
   is	
   no	
   forecast,	
   if	
   the	
  weighted	
  

least-­‐norm	
   solution	
   is	
   applied.	
   However,	
   there	
   is	
   still	
   some	
   room	
   to	
   improve	
   the	
  

performance	
  with	
   some	
   joint	
   trend	
   conditions,	
  which	
   are	
  discussed	
   in	
  Chapter	
   3	
   section	
  

3.6.2.	
  Extending	
  the	
  forth	
  test	
   in	
  Chapter	
  4	
  section	
  4.4.1,	
  the	
  new	
  conditions	
  of	
   joint	
   limit	
  

avoidance	
  and	
  the	
  original	
  conditions	
  of	
  joint	
  limit	
  avoidance	
  will	
  be	
  implemented	
  with	
  the	
  

next	
  joint	
  motion	
  forecasting	
  method.	
  The	
  results	
  of	
  both	
  conditions	
  will	
  be	
  discussed.	
  	
  	
  

With	
  the	
  original	
  conditions,	
  the	
  resulting	
  transformation	
  matrix	
  of	
  the	
  end-­‐effector	
  is:	
  

	
  
𝑇!! =

0.9970 −0.0461
−0.0445 0.3247

0.0628 29.9867
0.9448 −30.0015

−0.0640 −0.9447
0 0

0.3216 50.0003
0 1

	
  
	
  

(4.8)	
  

The	
   position	
   of	
   this	
   transformation	
  matrix	
   is	
   close	
   to	
   the	
   target	
   (equation	
   4.2).	
   But	
   the	
  

rotation	
  part	
  has	
  some	
  elements	
  that	
  show	
  obvious	
  difference	
  from	
  the	
  target.	
  Figure	
  4.15	
  

and	
   figure	
  4.16	
   show	
   joint	
   angles	
   and	
   joint	
   velocities	
  with	
   the	
  original	
   conditions	
   in	
   this	
  

test,	
  respectively.	
  In	
  contrast,	
  the	
  resulting	
  transformation	
  matrix	
  of	
  the	
  end-­‐effector	
  with	
  

the	
  new	
  conditions	
  is:	
  

	
  
𝑇!! =

0.9359 0.3509
−0.0846 0.1429

0.0295 29.9993
0.9861 −30.0011

0.3418 −0.9254
0 0

0.1634 49.9988
0 1

	
  
	
  

(4.9)	
  

which	
  has	
  smaller	
  differences	
  in	
  the	
  rotation	
  part,	
  and	
  the	
  position	
  part	
  is	
  also	
  close	
  to	
  the	
  

target.	
  Figure	
  4.17	
  and	
  figure	
  4.18	
  show	
  the	
  joint	
  angles	
  and	
  joint	
  velocities	
  with	
  the	
  new	
  

conditions	
  in	
  this	
  test,	
  respectively.	
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However,	
   even	
   though	
   the	
   results	
   of	
   the	
   new	
   conditions	
   are	
   better,	
   the	
   joint	
   rates	
  

with	
   these	
   conditions	
  may	
   be	
   high	
   for	
   the	
   physical	
   platform,	
   as	
   shown	
   in	
   figure	
   4.18.	
   In	
  

Chapter	
   3	
   section	
   3.8,	
   the	
   suggestions	
   of	
   safety	
   conditions	
   [29]	
   have	
   been	
   introduced.	
  

Hence,	
  by	
  adding	
  the	
  suggested	
  safety	
  conditions,	
  a	
  better	
  result	
  than	
  equation	
  4.9	
  can	
  be	
  

obtained	
  as:	
  

	
  
𝑇!! =

0.9361 0.3507
−0.0819 0.1436

0.0267 30.0001
0.9861 −30.0001

0.3420 −0.9254
0 0

0.1632 50.0000
0 1

	
  
	
  

(4.10)	
  

The	
  new	
  conditions	
  of	
   joint	
   limit	
  avoidance	
  and	
  the	
  safety	
  conditions	
  are	
  suggested	
  to	
  be	
  

implemented	
   on	
   the	
   next	
   joint	
   motion	
   forecasting	
   method.	
   Figure	
   4.19	
   and	
   figure	
   4.20	
  

show	
  the	
  joint	
  angles	
  and	
  joint	
  velocities	
  with	
  the	
  new	
  joint	
  limit	
  avoidance	
  conditions	
  and	
  

the	
  safety	
  conditions	
  in	
  this	
  implementation,	
  respectively.	
  	
  

	
  

Figure	
  4.15:	
  Joint	
  Angles	
  with	
  the	
  Original	
  Joint	
  Limit	
  Avoidance	
  Conditions.	
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Figure	
  4.16:	
  Joint	
  Velocities	
  with	
  the	
  Original	
  Joint	
  Limit	
  Avoidance	
  Conditions.	
  

	
  

	
  

Figure	
  4.17:	
  Joint	
  Angles	
  with	
  the	
  New	
  Joint	
  Limit	
  Avoidance	
  Conditions.	
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Figure	
  4.18:	
  Joint	
  Velocities	
  with	
  the	
  New	
  Joint	
  Limit	
  Avoidance	
  Conditions.	
  

	
  

	
  

Figure	
   4.19:	
   Joint	
   Angles	
   with	
   the	
   New	
   Joint	
   Limit	
   Avoidance	
   Conditions	
   and	
   Safety	
  
Conditions.	
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Figure	
   4.20:	
   Joint	
   Velocities	
   with	
   the	
   New	
   Joint	
   Limit	
   Avoidance	
   Conditions	
   and	
   Safety	
  
Conditions.	
  

 

4.5	
   Summary	
  

In	
   this	
   chapter,	
   the	
   simulation	
   program	
   and	
   flowchart	
   are	
   introduced.	
   The	
   most	
  

important	
  part	
  of	
  the	
  process	
  is	
  the	
  forecasting	
  of	
  the	
  joint	
  angle,	
  which	
  offers	
  the	
  program	
  

to	
  recognize	
  the	
  joint	
  motion	
  trend,	
  and	
  better	
  perform	
  joint	
  limit	
  avoidance.	
  Moreover,	
  the	
  

manipulability	
  measure	
  and	
  scale	
  factor	
  are	
  found	
  to	
  optimize	
  the	
  singularity	
  for	
  Baxter’s	
  

arms.	
  All	
  the	
  conditions	
  and	
  processes	
  are	
  tested	
  in	
  simulation	
  before	
  they	
  are	
  applied	
  on	
  

the	
   platform.	
   Then,	
   the	
   tests	
   of	
   the	
   forecasting	
   joint	
   angle	
   process	
   and	
   new	
   joint	
   limit	
  

avoidance	
  conditions	
  are	
  also	
  discussed.	
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CHAPTER	
  5:	
  IMPLEMENTATION	
  OF	
  TELEOPERATION	
  ON	
  THE	
  PHYSICAL	
  PLATFORM	
  

	
  

5.1	
   Introduction	
  

After	
  the	
  simulation	
  test	
  and	
  confirmation,	
  the	
  flowchart	
  from	
  Ch.	
  4.2	
  can	
  be	
  applied	
  

on	
  the	
  physical	
  platform,	
  Baxter.	
  On	
  Baxter,	
  the	
  flowchart	
  will	
  be	
  tested	
  in	
  motion	
  planning.	
  

The	
   results	
   will	
   be	
   compared	
   to	
   the	
   simulation	
  with	
   the	
   same	
   task.	
   Then,	
   teleoperation	
  

system	
   can	
   be	
   developed	
   based	
   on	
   the	
  motion	
   planning	
   flowchart	
   on	
  Baxter.	
   Hence,	
   the	
  

whole	
   teleoperation	
   system	
   will	
   be	
   discussed	
   and	
   tested	
   in	
   this	
   chapter.	
   Moreover,	
   an	
  

obstacles	
   collision	
   force	
   feedback	
   system	
   will	
   be	
   developed	
   and	
   implemented	
   for	
   the	
  

teleoperation	
   system.	
   For	
   a	
   better	
   user	
   experience,	
   the	
   user	
   interface	
   and	
   collision	
  

feedback	
  will	
  also	
  be	
  introduced.	
  

	
  

5.2	
   Teleoperation	
  Program	
  

There	
   are	
   four	
  main	
   parts	
   to	
   establish	
   the	
   implemented	
   teleoperation	
   system.	
   The	
  

first	
   part	
   is	
   the	
   velocity	
   input.	
   In	
   the	
   simulation,	
   the	
   flowchart	
   was	
   only	
   about	
   motion	
  

planning,	
  which	
  will	
  be	
  the	
  second	
  part	
  of	
  the	
  implementation.	
  The	
  first	
  and	
  second	
  parts	
  

are	
   built	
   in	
   C++	
   because	
   the	
  motion	
   planning	
   program	
   and	
   API	
   of	
   the	
   haptic	
   device	
   for	
  

velocity	
   input	
   are	
   also	
   built	
   on	
   C++.	
   The	
   third	
   part	
   is	
   the	
   communication	
   between	
   the	
  

master	
  side	
  and	
  slave	
  side.	
  For	
  building	
  the	
  new	
  teleoperation	
  flowchart,	
  the	
  protocol	
  used	
  

in	
   the	
   input	
   and	
   communication	
   signal	
   should	
   be	
   confirmed.	
   The	
   last	
   part	
   of	
   the	
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teleoperation	
  system	
  is	
  the	
  platform,	
  Baxter.	
  Moreover,	
  the	
  collision	
  force	
  feedback	
  is	
  also	
  

included	
  in	
  the	
  real-­‐time	
  teleoperation	
  system.	
  

	
  

5.2.1	
   Velocity	
  Input	
  

In	
   inverse	
   kinematics,	
   current	
   joint	
   angles	
   and	
   velocities	
   of	
   the	
   end-­‐effector	
   are	
  

necessary	
   inputs	
   to	
   compute	
   joint	
   rates.	
   The	
   current	
   joint	
   angles	
   come	
   from	
   the	
   current	
  

pose	
  of	
  the	
  arms.	
  The	
  teleoperation	
  control	
  devices	
  have	
  to	
  input	
  velocity	
  commands.	
  Then	
  

the	
  velocities	
  will	
  be	
  sent	
   to	
   the	
  motion	
  planning.	
  Here,	
  because	
   it	
   is	
   the	
   real	
   time	
   input,	
  

there	
   is	
   no	
   waypoint	
   between	
   every	
   single	
   target.	
   The	
   motion	
   planning	
   program	
   will	
  

compute	
  the	
  transformation	
  matrix	
  from	
  the	
  current	
  position	
  to	
  the	
  next	
  target.	
  

	
  

5.2.2	
   Communication	
  

The	
  communication	
  between	
  Baxter	
  and	
  the	
  user	
  controls	
  is	
  done	
  via	
  TCP/IP	
  socket	
  

across	
   the	
   network.	
   In	
   this	
   research,	
   Baxter	
   part	
   is	
   the	
   server	
   point,	
   and	
   the	
   motion	
  

planning	
   part	
   is	
   the	
   client	
   point.	
   The	
   client	
   point	
   is	
   built	
   in	
   C++,	
   and	
   Python	
   builds	
   the	
  

server	
   point	
   in	
   Robot	
   Operating	
   System	
   (ROS).	
   The	
  main	
   signal	
   between	
   the	
   server	
   and	
  

client	
   carries	
   the	
   current	
   joint	
   angles,	
   joint	
   angle	
   commands,	
   griper	
   open	
   and	
   close	
  

commands,	
  and	
  force	
  feedback	
  vectors.	
  

	
  

5.2.3	
   Physical	
  Platform	
  

The	
  physical	
  platform	
  for	
  the	
  research	
  is	
  the	
  Baxter	
  robot,	
  which	
  is	
  made	
  by	
  Rethink	
  

robotics.	
   Baxter	
   has	
   dual	
   7-­‐degree-­‐of-­‐freedom	
   arms.	
   The	
   typical	
   accuracy	
   of	
   its	
   joints	
   is	
  

+/−0.10  degrees,	
  and	
  when	
  the	
  joints	
  approach	
  the	
  joint	
  limit,	
  the	
  accuracy	
  is	
  worst,	
  which	
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is	
  +/−0.25	
  degrees	
  [30].	
  The	
  ROS	
  interface	
  for	
  Baxter	
  allows	
  writing	
  the	
  program	
  with	
  C++	
  

and	
  python.	
  	
  

	
  

5.2.4	
   Collision	
  Feedback	
  	
  

For	
  a	
  better	
  teleoperation	
  experience,	
  the	
  force	
  feedback	
  related	
  to	
  obstacle	
  collision	
  

is	
  considered.	
  In	
  this	
  research,	
  the	
  user	
  can	
  only	
  control	
  the	
  end-­‐effectors	
  of	
  Baxter’s	
  arms,	
  

so	
  the	
  force	
  feedback	
  is	
  for	
  collisions	
  between	
  the	
  end-­‐effectors	
  and	
  the	
  plane,	
  or	
  obstacles	
  

on	
  the	
  plane.	
  By	
  using	
  a	
  Kinect	
  camera	
  with	
  the	
  Object	
  Pose	
  Estimation	
  system	
  [31],	
  when	
  

objects	
  are	
  on	
  a	
  plane,	
   the	
   information	
  about	
   the	
  plane	
  and	
  each	
  object	
   can	
  be	
  obtained,	
  

such	
   as	
   position,	
   orientation,	
   and	
   size,	
   as	
   shown	
   in	
   figure	
   5.1.	
   That	
   information	
   will	
  

consider	
   the	
   shapes	
   of	
   objects	
   as	
   rectangular.	
   On	
   the	
   other	
   hand,	
   the	
   position	
   and	
  

orientation	
  of	
   the	
  end-­‐effector	
  can	
  be	
  computed	
  by	
   forward	
  kinematics.	
  The	
  shape	
  of	
   the	
  

end-­‐effector	
   is	
   simplified	
   as	
   a	
   sphere,	
   and	
   the	
   center	
   of	
   the	
   sphere	
   is	
   the	
  position	
  of	
   the	
  

end-­‐effector.	
  This	
  way,	
  the	
  collision	
  between	
  the	
  end-­‐effector	
  and	
  an	
  obstacle	
  can	
  be	
  seen	
  

as	
  the	
  collision	
  from	
  a	
  3D	
  sphere	
  to	
  a	
  3D	
  rectangle.	
  

	
  

Figure	
  5.1:	
  Scene	
  in	
  Object	
  Pose	
  Estimation	
  System.	
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Because	
  the	
  collision	
  can	
  be	
  simplified	
  to	
  the	
  collision	
  of	
  a	
  sphere	
  and	
  a	
  rectangle,	
  the	
  

distance	
  between	
  the	
  sphere	
  and	
  the	
  rectangle	
  will	
  be	
  considered.	
  If	
  the	
  shortest	
  distance,	
  

𝐷,	
  from	
  the	
  center	
  of	
  the	
  sphere	
  to	
  the	
  surface	
  of	
  the	
  rectangle	
  is	
  equal	
  to	
  or	
  less	
  than	
  the	
  

radius,	
  𝑟,	
  of	
  the	
  sphere,	
  the	
  collision	
  is	
  recognized.	
  If	
  the	
  collision	
  happens	
  when	
  the	
  center	
  

of	
   the	
   sphere	
   is	
   above	
   of	
   any	
   plane	
   of	
   the	
   rectangle,	
   the	
   force	
   feedback,	
  𝐹 ,	
   will	
   be	
  

perpendicular	
  to	
  the	
  surface	
  of	
  the	
  rectangle.	
  Depending	
  on	
  the	
  orientation	
  of	
  the	
  arms,	
  the	
  

force	
  vectors	
  will	
  be	
  applied	
  on	
  the	
  haptic	
  controller.	
  For	
  instance,	
  in	
  figure	
  5.2,	
  a	
  sphere	
  is	
  

closing	
   to	
   the	
  𝑥𝑦 -­‐plane	
   of	
   a	
   rectangular	
   object.	
   The	
   position	
   of	
   the	
   object	
   in	
   three	
  

dimensional	
  Cartesian	
  coordinate	
  is	
  (𝑃! ,𝑃! ,𝑃!).	
  The	
  position	
  of	
  the	
  corners	
  on	
  the	
  𝑥𝑦-­‐plane	
  

can	
  be	
  compute	
  as:	
  

	
   𝑃!,±!"#$%# = 𝑃! ± 𝑃!,!"#$ 	
   (5.1)	
  

	
   𝑃!,±!"#$%# = 𝑃! ± 𝑃!,!"#$ 	
   (5.2)	
  

	
   𝑃!,!"#$%&' = 𝑃! + 𝑃!,!"#$ 	
   (5.3)	
  

Here,	
  𝑃!,!"#$ 	
  is	
   the	
  distance	
   from	
  𝑦𝑧-­‐plane	
   to	
  𝑃!	
  along	
  𝑥-­‐axis,	
  𝑃!,!"#$is	
   the	
  distance	
   from	
  𝑥𝑧-­‐

plane	
  to	
  𝑃!	
  along	
  𝑦-­‐axis,	
  and	
  𝑃!,!"#$ 	
  is	
  the	
  distance	
  from	
  the	
  𝑥𝑦-­‐plane	
  to	
  𝑃!	
  along	
  𝑧-­‐axis.	
  The	
  

positions	
   of	
   the	
   four	
   corners	
   are	
   ( 𝑃!,!!"#$%#,𝑃!,!!"#$%# ,𝑃!,!"#$%&' ),	
  

( 𝑃!,!!"#$%# ,𝑃!,!!"#$%# ,𝑃!,!"#$%&' ),	
   ( 𝑃!,!!"#$%# ,𝑃!,!!"#$%# ,𝑃!,!"#$%&' ),	
   and	
  

(𝑃!,!!"#$%# ,𝑃!,!!"#$%# ,𝑃!,!"#$%&').	
  If	
  the	
  end-­‐effector	
  of	
  the	
  arm	
  is	
  above	
  of	
  the	
  𝑥𝑦-­‐plane,	
  the	
  

shortest	
  distance	
  between	
  the	
  𝑥𝑦-­‐plane	
  and	
  the	
  arm	
  should	
  be	
  calculated.	
  

	
   𝑖𝑓[   𝑃!,!!"#$%# ≤ 𝑃!"#,! ≤ 𝑃!,!!"#$%#   𝑎𝑛𝑑   𝑃!,!!!"#$" ≤ 𝑃!"#,! ≤ 𝑃!,!!"#$%# ]  	
  
(5.4)	
  

	
   𝐷!".!"#$% = 𝑃!"#,! − 𝑃!,!"#$%&' 	
  

Here,	
  𝑃!"#,! ,	
  𝑃!"#,! ,	
  and	
  𝑃!"#,!	
  are	
  the	
  positions	
  of	
  the	
  end-­‐effector	
  of	
  the	
  arm	
  on	
  𝑥-­‐axis,	
  𝑦-­‐
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axis,	
   and	
  𝑧-­‐axis,	
   respectively.	
  𝐷!".!"#$% 	
  is	
   the	
   distance	
   between	
   the	
  𝑥𝑦-­‐plane	
   and	
   the	
   arm	
  

along	
  𝑧-­‐axis.	
  If	
  𝐷!".!"#$% 	
  is	
  equal	
  to	
  or	
  smaller	
  than	
  𝑟,	
  the	
  force	
  feedback	
  will	
  be	
  given.	
  And	
  

the	
  force	
  feedback	
  will	
  be	
  perpendicular	
  to	
  the	
  𝑥𝑦-­‐plane.	
  

	
  

Figure	
  5.2:	
  The	
  Distance	
  Between	
  the	
  Center	
  of	
  Sphere	
  and	
  the	
  Surface	
  of	
  Rectangle.	
  

	
  

If	
  the	
  collision	
  happens	
  when	
  the	
  center	
  of	
  the	
  sphere	
  is	
  not	
  placed	
  above	
  any	
  plane	
  of	
  

the	
   rectangle,	
   the	
   collision	
   can	
   be	
   considered	
   happening	
   at	
   the	
   sides	
   or	
   corners	
   of	
   the	
  

rectangle.	
  The	
  force	
  feedback	
  vector	
  is	
  applied	
  via	
  the	
  ratio	
  of	
  the	
  relationship	
  between	
  the	
  

shortest	
  distance	
  between	
  every	
  plane,	
  side,	
  or	
  corner	
  of	
  the	
  rectangle	
  and	
  the	
  center	
  of	
  the	
  

sphere.	
  For	
  example,	
   in	
   figure	
  5.3,	
   the	
   center	
  of	
   the	
   sphere	
   is	
  not	
   above	
   the	
  plane	
  of	
   the	
  

rectangle,	
  but	
  near	
  a	
   side	
  of	
   the	
   rectangle,	
  which	
   is	
   along	
   the	
  𝑦-­‐axis.	
   In	
   this	
  example,	
   the	
  

side	
   is	
   called	
  𝑦-­‐corner.	
   When	
   the	
   shortest	
   distance,	
  𝐷,	
   equals	
  𝑟,	
   the	
   vector	
   of	
   the	
   force	
  

feedback	
  is	
  applied	
  as	
  the	
  vector	
  between	
  the	
  center	
  and	
  the	
  corner:	
  	
  

	
   𝑃!,±!"#$%# = 𝑃! ± 𝑃!,!"#$ 	
   (5.5)	
  

	
   𝑖𝑓  [   𝑃!,!!"#$%# ≤ 𝑃!"#,!   𝑎𝑛𝑑   𝑃!,!!"#$%# ≤ 𝑃!"#,! ≤ 𝑃!,!!"#$%#   𝑎𝑛𝑑  	
   	
  
(5.6)	
  	
  

	
  
	
  

	
   𝑃!,!!"#$%# ≤ 𝑃!"#,!   ]                                                                      	
  

P!,!!"#$%# P!,!!"#$%# 
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𝐷!.!"#$%# = 𝑃! − 𝑃!,!!"#$%#

! + 𝑃! − 𝑃!,!!"#$%#
!
	
  

	
  
(5.6)	
  

Here,	
  𝑃!,!!"#$%# 	
  is	
  a	
  position	
  on	
   the	
  side	
  of	
   the	
  rectangle	
  on	
   the	
  𝑧-­‐axis,	
  and	
  𝐷!.!"#$%# 	
  is	
   the	
  

shortest	
   distance	
   between	
   the	
   position	
   of	
   the	
   end-­‐effector	
   of	
   the	
   arm	
   and	
   the	
  𝑦-­‐corner.	
  

Once	
  the	
  collision	
  happens,	
  the	
  haptic	
  device	
  will	
  receive	
  force	
  feedback	
  commands	
  to	
  give	
  

correct	
  force	
  feedback.	
  The	
  force	
  vectors	
  are	
  implemented	
  as	
  the	
  ratio	
  of	
  the	
  distances	
  on	
  

the	
  𝑥-­‐axis	
  and	
  the	
  𝑧-­‐axis.	
  

	
   𝑖𝑓   𝐷!.!"#$%# ≤ 𝑟     	
  

(5.7)	
  
	
  

𝐹! = 𝐹×
𝑃! − 𝑃!,!!"#$%#
𝐷!.!"#$%#

	
  

	
  
𝐹! = 𝐹×

𝑃! − 𝑃!,!!"#$%#
𝐷!.!"#$%#

	
  

Here,	
  𝐹!	
  and	
  𝐹!	
  are	
  the	
  force	
  vectors	
  along	
  the	
  𝑥-­‐axis	
  and	
  the	
  𝑧-­‐axis,	
  respectively,	
  and	
  𝐹	
  is	
  a	
  

total	
  force	
  feedback.	
  	
  

	
  

	
  

Figure	
  5.3:	
  The	
  Distance	
  Between	
  the	
  Center	
  of	
  Sphere	
  and	
  the	
  Corner	
  of	
  Rectangle.	
  

P!,!!"#$%# 

P!,!!"#$%# 
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From	
  the	
  above	
  descriptions,	
  it	
  is	
  clear	
  that	
  the	
  result	
  of	
  collision	
  recognition	
  does	
  not	
  

influence	
   the	
   motion	
   planning,	
   so	
   the	
   collision	
   recognition	
   system	
   is	
   considered	
   an	
  

additional	
   system	
   for	
   the	
   program.	
   Even	
   if	
   there	
   is	
   no	
   collision	
   recognition	
   system,	
   the	
  

teleoperation	
  program	
  can	
  still	
  run	
  well.	
  

	
  

5.2.5	
   Process	
  of	
  Real-­‐Time	
  Teleoperation	
  Program	
  

Every	
  time,	
  when	
  the	
  user	
  provides	
  the	
  velocities	
  of	
  the	
  end-­‐effector	
  using	
  the	
  haptic	
  

device,	
  the	
  velocities	
  are	
  input	
  into	
  the	
  motion	
  planning	
  program.	
  Because	
  the	
  robot	
  stays	
  

at	
   the	
   ready	
   pose	
   before	
   the	
   teleoperation,	
   the	
   current	
   pose	
   is	
   known	
   in	
   the	
   motion	
  

planning	
   program.	
   After	
   computing,	
   the	
   motion	
   planning	
   program	
   will	
   output	
   the	
   joint	
  

commands.	
  The	
  command	
  is	
  a	
  message,	
  which	
  is	
  sent	
  from	
  the	
  client	
  point	
  to	
  server	
  point	
  

via	
  TCP/IP.	
  Then,	
  the	
  joint	
  command	
  is	
  sent	
  to	
  the	
  robot.	
  After	
  receiving	
  the	
  command,	
  the	
  

robot	
  starts	
   to	
  move	
  to	
   the	
  target,	
  and	
  the	
  robot	
  will	
  send	
   its	
  current	
  angle	
   to	
   the	
  server	
  

point	
  and	
  the	
  forward	
  kinematics	
  program	
  to	
  calculate	
  the	
  positions	
  and	
  orientations	
  of	
  the	
  

end-­‐effectors.	
  By	
  using	
  the	
  information	
  of	
  the	
  end-­‐effectors	
  and	
  the	
  information	
  about	
  the	
  

obstacles	
  from	
  Kinect,	
  the	
  collision	
  recognition	
  can	
  be	
  confirmed.	
  The	
  collision	
  recognition	
  

program	
   computes	
   the	
   vectors	
   of	
   force	
   feedback,	
   and	
   sends	
   it	
   to	
   the	
   server	
   point.	
  

Combining	
   the	
   current	
   joint	
   angles	
   and	
   force	
   vectors,	
   the	
   server	
   point	
   sends	
   that	
  

information	
   back	
   to	
   the	
   client	
   point.	
   Then,	
   the	
   information	
   is	
   separated	
   into	
   its’	
   current	
  

joint	
  angle	
  part	
  and	
  force	
  vectors	
  part,	
  which	
  are	
  then	
  sent	
  to	
  the	
  motion	
  planning	
  program	
  

to	
  compute	
  the	
  joint	
  angles	
  for	
  the	
  next	
  motion	
  and	
  to	
  the	
  controller	
  to	
  offer	
  the	
  direction	
  

of	
   force	
   feedback.	
   These	
   are	
   done	
   in	
   one	
   loop	
   for	
   the	
   teleoperation.	
   This	
   loop	
   keeps	
  

repeating	
  when	
  the	
  user	
  is	
  giving	
  the	
  velocities	
  of	
  end-­‐effector	
  using	
  the	
  haptic	
  controller.	
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Figure	
  5.4:	
  Flowchart	
  of	
  Teleoperation	
  System.	
  

	
  

5.3	
   Platform	
  Testing	
  Result	
  Using	
  the	
  Same	
  Simulation	
  Algorithm	
  

The	
   motion	
   planning	
   algorithm	
   should	
   be	
   tested	
   on	
   the	
   real	
   platform	
   before	
  

implementing	
  teleoperation.	
  Hence,	
  based	
  on	
  Chapter	
  5.2,	
  the	
  input	
  resource	
  is	
  switched	
  to	
  

keyboard.	
   The	
   user	
   can	
   enter	
   the	
   desired	
   position	
   and	
   orientation.	
   Moreover,	
   the	
  

waypoints	
   are	
   required	
   because	
   it	
   is	
   not	
   real-­‐time	
   control.	
   The	
   end-­‐effector	
   can	
   only	
  

receive	
  and	
  act	
  on	
  the	
  next	
  command	
  after	
  it	
  finishes	
  its’	
  current	
  processing.	
  In	
  the	
  test,	
  the	
  

initial	
  positions	
  and	
  orientations	
  of	
  the	
  right	
  arm	
  in	
  both	
  simulation	
  and	
  platform	
  are:	
  

	
  
𝑇!!
! =

0.0000 0.0001
0.0000 1.0000

1.0000 32.8072
0.0001 −64.9976

    1.0000 0.0000
    0 0

0.0000 9.9978
0 1

	
  
	
  

(5.8)	
  

and	
  the	
  target	
  are	
  both:	
  

	
  
𝑇! =

0.2549 −0.1622
−0.0449 0.9828

0.9533 50.0000
0.1792 −50.0000

    −0.9659 −0.0885
    0 0

0.2432 −10.0000
0 1

	
  
	
  

(5.9)	
  

The	
  motion	
  planning	
  results	
  of	
  the	
  simulation	
  is	
  same	
  as	
  the	
  target,	
  which	
  is:	
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𝑇!"#$%&'"()!
! =

0.2549 −0.1622
−0.0449 0.9828

0.9533 50.0000
0.1792 −50.0000

    −0.9659 −0.0885
    0 0

0.2432 −10.0000
0 1

	
  
	
  

(5.10)	
  

And	
  the	
  motion	
  planning	
  results	
  of	
  Baxter	
  is:	
  

	
  
𝑇!"#$%&!
! =

0.2297 −0.1576
−0.0441 0.9841

0.9604 49.9588
0.1720 −49.8693

  −0.9723 −0.0819
    0 0

0.2191 −10.4051
0 1

	
  
	
  

(5.11)	
  

which	
   is	
   close	
   to	
   the	
   target.	
   Compared	
   to	
   the	
   figures	
   of	
   the	
   command	
   of	
   joint	
   angles	
   in	
  

figure	
  5.5	
  and	
  5.6,	
  the	
  slope,	
  and	
  the	
  beginning	
  and	
  end	
  positions	
  are	
  similar.	
  But	
  the	
  joint	
  

rates	
   of	
   simulation	
   and	
   physical	
   platform	
   are	
   different	
   because	
   the	
   physical	
   platform	
  

cannot	
   reach	
   the	
   required	
   joint	
   rates	
   as	
   simulation	
   does.	
   If	
   initially	
   the	
   joint	
   rates	
   are	
  

slower	
   than	
   the	
   required	
   command,	
   the	
   distance	
   from	
   the	
   current	
   position	
   to	
   the	
   next	
  

waypoint	
  will	
  be	
  farther	
  than	
  expected.	
  Then,	
  the	
   joint	
  rates	
  will	
  be	
  raised	
  to	
  achieve	
  the	
  

next	
  waypoint.	
  However,	
  raising	
  the	
  joint	
  rates	
  may	
  cause	
  some	
  joints	
  to	
  move	
  beyond	
  the	
  

required	
  angles.	
  If	
  that	
  happens,	
  then	
  the	
  next	
  step	
  will	
  be	
  slower.	
  In	
  figure	
  5.7	
  and	
  figure	
  

5.8,	
   the	
   joint	
   rates	
   of	
   the	
   simulation	
   are	
   smoother	
   than	
   the	
   joint	
   rates	
   of	
   the	
   physical	
  

platform.	
   For	
   this	
   reason,	
   in	
   the	
   physical	
   platform,	
   the	
   joint	
   angle	
   commands	
   and	
   the	
  

results	
  of	
  joint	
  motion	
  are	
  different.	
  The	
  joint	
  angles	
  on	
  the	
  platform	
  can	
  be	
  found	
  in	
  figure	
  

5.9.	
   Figure	
   5.10	
   shows	
   the	
   difference	
   between	
   the	
   commanded	
   values	
   and	
   the	
   resulted	
  

values	
  of	
  the	
  angles	
  in	
  the	
  platform.	
  The	
  differences	
  are	
  within	
  0.6°,	
  which	
  is	
  very	
  small.	
  To	
  

sum	
   it	
   up,	
   even	
   though	
   the	
   results	
   of	
   the	
   transformation	
   matrix	
   of	
   the	
   simulation	
   and	
  

Baxter	
  have	
  a	
  narrow	
  gap;	
  the	
  results	
  of	
  Baxter	
  are	
  still	
  close	
  to	
  the	
  target.	
  Moreover,	
  based	
  

on	
  similar	
  results	
  of	
  the	
  joint	
  angles	
  from	
  the	
  motion	
  planning	
  program	
  in	
  simulation	
  and	
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from	
  the	
  platform,	
   the	
  motion	
  planning	
  on	
   the	
  physical	
  platform	
   is	
  acceptable,	
  which	
  are	
  

shown	
  in	
  figure	
  5.5	
  and	
  figure	
  5.9,	
  respectively.	
  

	
  

Figure	
  5.5:	
  Joint	
  Angles	
  in	
  Simulation.	
  

	
  

Figure	
  5.6:	
  Joint	
  Angle	
  Commands	
  on	
  Platform.	
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Figure	
  5.7:	
  Result	
  of	
  Joint	
  Velocities	
  in	
  Simulation	
  

	
  

	
  

Figure	
  5.8:	
  Result	
  of	
  Joint	
  Velocities	
  on	
  Platform	
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Figure	
  5.9:	
  Joint	
  Angles	
  on	
  Platform.	
  	
  

	
  

	
  

Figure	
  5.10:	
  Differences	
  Between	
  Joint	
  Commands	
  and	
  Real	
  Joint	
  Angles.	
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5.4	
   User	
  Interface	
  

The	
  user	
   interface	
   is	
   important	
   for	
   the	
  user	
   to	
   remotely	
  check	
   the	
  arms.	
  To	
  remote	
  

control	
  the	
  arms,	
  the	
  interface	
  should	
  allow	
  the	
  user	
  to	
  input	
  velocities	
  of	
  the	
  end-­‐effectors.	
  

The	
   Phantom	
  Omni	
   is	
   a	
   good	
   device	
   to	
   get	
   velocities	
   from,	
   in	
   figure	
   5.11.	
   There	
   are	
   six	
  

joints	
  on	
  the	
  Omni.	
  It	
  can	
  present	
  the	
  position	
  and	
  orientation	
  of	
  its	
  end	
  point	
  in	
  Cartesian	
  

coordinates.	
   Moreover,	
   it	
   is	
   also	
   a	
   haptic	
   device,	
   so	
   the	
   user	
   can	
   feel	
   the	
   collision	
   force	
  

feedback	
  through	
  it.	
  There	
  are	
  also	
  two	
  buttons	
  on	
  it.	
  The	
  first	
  button	
  is	
  used	
  to	
  launch	
  the	
  

arm.	
  Every	
  time,	
  when	
  the	
  user	
  pushes	
  the	
  first	
  button,	
  that	
  position	
  and	
  orientation	
  is	
  set	
  

as	
  the	
  initial	
  point,	
  zero.	
  	
  If	
  the	
  user	
  is	
  still	
  pushing	
  the	
  button	
  while	
  moving	
  the	
  Omni,	
  the	
  

difference	
  between	
  the	
  current	
  and	
  initial	
  points	
  of	
  the	
  end	
  point’s	
  position	
  and	
  orientation	
  

will	
   be	
  used	
  as	
   the	
  velocity	
   input.	
  The	
   second	
  button	
   is	
   set	
   as	
   a	
   controller	
   for	
   closing	
  or	
  

opening	
  the	
  gripper.	
  The	
  user	
  only	
  needs	
  to	
  click	
  once	
  to	
  close	
  or	
  open	
  the	
  gripper.	
  

Figure	
  5.12	
  shows	
  the	
  monitor	
  screen	
  as	
  part	
  of	
  the	
  user	
  interface.	
  We	
  installed	
  three	
  

webcams	
  that	
  we	
  attached	
  to	
  Baxter	
  instead	
  of	
  the	
  three	
  original	
  cameras,	
  that	
  is	
  because	
  

the	
  video	
   frame	
  rates	
  of	
   the	
  original	
   cameras	
  are	
  not	
  acceptable	
  with	
  high	
  resolution.	
  As	
  

shown	
  in	
  figure	
  5.13,	
  there	
  are	
  three	
  webcams,	
  two	
  attached	
  on	
  both	
  end-­‐effectors	
  and	
  one	
  

on	
  Baxter’s	
  head,	
  whose	
  direction	
  can	
  be	
  controlled	
  by	
   the	
  keyboard.	
  Hence,	
   through	
  the	
  

webcams,	
  the	
  user	
  can	
  see	
  the	
  video	
  of	
  the	
  robots’	
  environment	
  on	
  their	
  monitor.	
  On	
  the	
  

monitor	
  screen,	
  the	
  real	
  time	
  model	
  of	
  Baxter	
  is	
  also	
  displayed.	
  From	
  this	
  model,	
  the	
  user	
  

can	
  check	
  the	
  pose	
  of	
  Baxter,	
  and	
  control	
  it	
  with	
  high	
  efficiency.	
  Because	
  the	
  webcams	
  can	
  

only	
   offer	
   2D	
   video,	
   and	
   collision	
   force	
   feedback	
   happens	
  when	
   the	
   end-­‐effector	
   is	
   very	
  

close	
  to	
  the	
  obstacles,	
  the	
  IR	
  sensor	
  is	
  offered	
  for	
  the	
  user	
  to	
  realize	
  the	
  distance	
  from	
  the	
  

end-­‐effector	
   to	
  any	
  obstacles.	
  The	
  data	
  of	
   the	
   IR	
  sensor	
   is	
   shown	
  on	
   the	
  user’s	
   screen	
  as	
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bars.	
  As	
  the	
  obstacles	
  get	
  closer	
  to	
  the	
  end-­‐effector,	
  the	
  bar	
  raises.	
  In	
  contrast,	
  the	
  bar	
  goes	
  

lower	
  when	
  the	
  end-­‐effector	
  is	
  farther	
  from	
  the	
  obstacle.	
  	
  

	
  

Figure	
  5.11:	
  Image	
  of	
  Phantom	
  Omni	
  

	
  

	
  

Figure	
  5.12:	
  Two	
  Omni’s	
  and	
  the	
  User	
  Interface	
  on	
  the	
  Monitor.	
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Figure	
  5.13:	
  Webcams	
  on	
  Baxter’s	
  Right	
  Arm	
  (Top),	
  Head	
  (Middle),	
  and	
  Left	
  Arm	
  (Bottom).	
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5.5	
   Result	
  of	
  Teleoperation	
  on	
  the	
  Physical	
  Platform	
  

The	
   remote	
   control	
   algorithm	
   was	
   tested	
   after	
   building	
   the	
   whole	
   teleoperation	
  

system.	
  At	
  the	
  beginning	
  of	
  the	
  test,	
  as	
  time	
  went	
  by	
  in	
  teleoperation,	
  Baxter’s	
  arms	
  started	
  

to	
   vibrate	
   because	
   the	
   update	
   frequency	
   of	
   Omni	
   was	
   higher	
   than	
   that	
   of	
   Baxter.	
   If	
   the	
  

frequency	
  of	
  Omni	
   is	
  higher,	
  new	
  commands	
  come	
   to	
  Baxter	
  before	
  Baxter	
   completes	
   its	
  

previous	
   commands.	
   When	
   Baxter	
   cannot	
   complete	
   the	
   previous	
   commands,	
   the	
   gap	
  

between	
   the	
  new	
  commands	
  and	
  pervious	
  commands	
  will	
  be	
   increased.	
  As	
   time	
  goes	
  by,	
  

the	
   increased	
   gap	
   needs	
   higher	
   velocities	
   to	
   achieve.	
   Hence,	
   joint	
   rates	
   become	
   higher.	
  

Once	
  the	
  joint	
  velocities	
  go	
  too	
  fast,	
  accuracy	
  of	
  Baxter’s	
  arms	
  motion	
  are	
  reduced	
  because	
  

the	
   joint	
  may	
  move	
  more	
   than	
   the	
   commanded	
  value.	
  Those	
   relative	
  problems	
  cause	
   the	
  

vibration.	
   Once	
   the	
   frequency	
   of	
   Omni	
  was	
   reduced,	
   the	
   position	
   and	
   orientation	
   of	
   the	
  

end-­‐effectors	
  of	
  Baxter’s	
  arms	
  could	
  follow	
  the	
  joint	
  commands	
  from	
  the	
  Omni	
  with	
  good	
  

accuracy.	
  Furthermore,	
  with	
  the	
  collision	
  feedback	
  system,	
  the	
  directions	
  of	
  force	
  feedback	
  

were	
  correct,	
  and	
   the	
   force	
   feedback	
  was	
  clear.	
  The	
  results	
  of	
   teleoperation	
  using	
  Baxter	
  

was	
  acceptable.	
  	
  

	
  

5.6	
   Summary	
  

Many	
  details	
  had	
  to	
  be	
  discussed	
  in	
  order	
  to	
  build	
  the	
  teleoperation	
  system	
  after	
  the	
  

simulation	
   was	
   done.	
   In	
   this	
   chapter,	
   the	
   control	
   system	
   is	
   extended	
   from	
   the	
   motion	
  

planning	
   system	
   from	
   simulation.	
   The	
   motion	
   planning	
   system	
   was	
   then	
   tested	
   on	
   the	
  

platform.	
   After	
   that,	
   the	
   teleoperation	
   algorithm	
  was	
   discussed	
   and	
   built.	
   Moreover,	
   the	
  

additional	
   collision	
   force	
   feedback	
   system	
  was	
   created	
  with	
   the	
  OPE	
   system.	
  The	
   system	
  

can	
  offer	
  the	
  position	
  and	
  size	
  of	
  objects	
  detected	
  on	
  a	
  plane.	
  The	
   information	
  allows	
  the	
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control	
   system	
   to	
   recognize	
   when	
   a	
   collision	
   is	
   occurring.	
   The	
   user	
   interface	
   is	
   also	
   an	
  

important	
  piece	
  in	
  the	
  teleoperation	
  system.	
  The	
  interface	
  includes	
  the	
  haptic	
  controllers,	
  

the	
   information	
   of	
   the	
   pose	
   of	
   Baxter,	
   distance	
   from	
   the	
   IR	
   sensors,	
   and	
   video	
   from	
   the	
  

robot’s	
  environment.	
  The	
  result	
  of	
  the	
  teleoperation	
  system	
  was	
  as	
  expected.	
  Baxter’s	
  arms	
  

could	
  be	
  remote	
  controlled	
  well,	
  and	
  the	
  collision	
  force	
  feedback	
  was	
  correct	
  and	
  clear.	
  

	
   	
  



www.manaraa.com

 76	
  

	
  
	
  
	
  
	
  
 

CHAPTER	
  6:	
  HUMAN	
  SUBJECTS	
  TESTING	
  

	
  

6.1	
   Introduction	
  

In	
   this	
   chapter,	
   the	
   teleoperation	
   system	
   will	
   be	
   tested	
   on	
   human	
   subjects	
   to	
  

understand	
   the	
   usability	
   of	
   the	
   control	
   system.	
   There	
   are	
   three	
   teleoperation	
   tasks	
  

designed	
  for	
  human	
  subjects.	
  The	
  subjects	
  have	
  been	
  asked	
  to	
  finish	
  the	
  tasks	
  while	
  being	
  

timed.	
  The	
  details	
  and	
  results	
  of	
  the	
  tasks	
  will	
  be	
  discussed	
  in	
  this	
  chapter.	
  

	
  

6.2	
   Design	
  of	
  Human	
  Subjects	
  Testing	
  

After	
   discussing	
   the	
   control	
   method	
   and	
   building	
   the	
   real-­‐time	
   teleoperation	
  

algorithm,	
   the	
   teleoperation	
   program	
   with	
   the	
   control	
   method	
   is	
   tested	
   in	
   three	
   real	
  

applications.	
  The	
  experiments	
  are	
  designed	
   for	
  Baxter	
  as	
  an	
  assistance	
   to	
   finish	
  common	
  

works	
   in	
   daily	
   tasks.	
   The	
   experiments	
   are	
   also	
   focused	
   on	
   the	
   flexible	
   cooperative	
  

applications	
   of	
   dual	
   manipulators.	
   The	
   users	
   can	
   decide	
   to	
   use	
   single	
   or	
   both	
   arms	
   to	
  

complete	
  the	
  tasks.	
  The	
  difficulty	
  of	
  the	
  applications	
  increased	
  in	
  series	
  from	
  the	
  first	
  to	
  the	
  

last	
  test.	
  

The	
  first	
  test	
  is	
  called	
  “grip-­‐a-­‐bottle”.	
  There	
  are	
  two	
  tasks	
  in	
  the	
  first	
  experiment.	
  The	
  

First	
  task,	
  which	
  is	
  an	
  easy	
  test,	
  is	
  to	
  grasp	
  a	
  bottle	
  from	
  the	
  initial	
  position	
  on	
  a	
  table	
  with	
  

one	
  robot	
  arm,	
  and	
  pass	
  it	
  to	
  the	
  other	
  arm.	
  Then	
  by	
  controlling	
  the	
  second	
  arm,	
  the	
  user	
  

will	
  place	
   the	
  bottle	
   into	
   the	
  desired	
  destination	
  area	
  on	
   the	
   table.	
  The	
   scene	
  of	
   the	
   first	
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task	
  is	
  shown	
  in	
  figure	
  6.1.	
  The	
  blue	
  circle	
  in	
  the	
  figure	
  is	
  the	
  desired	
  destination	
  area.	
  This	
  

task	
  is	
  done	
  to	
  test	
  the	
  efficiency	
  for	
  passing	
  items.	
  	
  

A	
  second	
  task	
  is	
  extended	
  from	
  the	
  first	
  task.	
  Based	
  on	
  the	
  first	
  task,	
  two	
  red	
  bottles	
  

are	
   added	
   as	
   obstacles.	
   The	
   red	
   bottles,	
   nearby	
   the	
   object,	
   are	
   placed	
   to	
   increase	
   the	
  

difficulty,	
  as	
  shown	
  in	
  figure	
  6.2.	
  The	
  time	
  to	
  finish	
  both	
  of	
  the	
  tests	
  was	
  recorded,	
  and	
  the	
  

number	
  of	
  collisions	
  happened	
  was	
  also	
  noted	
  to	
  compare	
  the	
  efficiency	
  with	
  and	
  without	
  

obstacles.	
  Figure	
  6.3	
  shows	
  the	
  moment	
  when	
  the	
  bottle	
  is	
  being	
  passed.	
  

	
  

	
  

	
  

Figure	
  6.1:	
  First	
  Test	
  without	
  Obstacles.	
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Figure	
  6.2:	
  First	
  Test	
  with	
  Obstacles.	
  

	
  

	
  

Figure	
  6.3:	
  Baxter	
  Is	
  Passing	
  a	
  White	
  Bottle	
  to	
  the	
  Other	
  Arm	
  in	
  the	
  First	
  Test.	
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The	
   second	
   experiment	
   is	
   called	
   “open-­‐a-­‐cabinet”.	
   In	
   this	
   test,	
   the	
   users	
   have	
   to	
  

remotely	
  control	
  the	
  robot	
  to	
  open	
  a	
  door	
  of	
  a	
  cabinet.	
  Because	
  the	
  shapes	
  of	
  the	
  grippers	
  

are	
  hard	
  to	
  grasp	
  the	
  handle	
  of	
  the	
  door	
  tightly,	
  a	
  small	
  hook	
  was	
  attached	
  to	
  the	
  gripper	
  of	
  

the	
   right	
   arm	
   to	
   hold	
   the	
   door	
   handle	
   tightly.	
   The	
   hook	
   and	
   the	
   door	
   of	
   the	
   cabinet	
   are	
  

shown	
  in	
  figure	
  6.4.	
  After	
  the	
  door	
  is	
  opened,	
  the	
  user	
  controls	
  any	
  one	
  of	
  the	
  manipulators	
  

to	
  grasp	
  the	
  bottle	
  inside,	
  and	
  place	
  it	
  in	
  the	
  desired	
  area	
  on	
  the	
  higher	
  shelf	
  of	
  the	
  cabinet.	
  

Figures	
  6.5	
  and	
   	
   figure	
  6.6	
  show	
  the	
  opening	
  of	
   the	
  door	
  and	
  the	
  structure	
  of	
   the	
  cabinet	
  

while	
  the	
  experiment	
  is	
  in	
  progress.	
  This	
  test	
  is	
  harder	
  than	
  the	
  first	
  experiment.	
  The	
  point	
  

for	
   this	
  application	
   is	
   to	
   test	
   the	
  ability	
  of	
   the	
  user	
   to	
  remotely	
  control	
  Baxter	
  with	
  more	
  

complex	
   trajectories.	
   The	
   numbers	
   of	
   collisions	
   and	
   the	
   time	
   to	
   complete	
   the	
   task	
  were	
  

noted.	
  

	
  

Figure	
  6.4:	
  A	
  Hook	
  on	
  Gripper	
  



www.manaraa.com

 80	
  

	
  

Figure	
  6.5:	
  Baxter	
  Is	
  Opening	
  the	
  Door	
  of	
  a	
  Cabinet.	
  

	
  

	
  

Figure	
  6.6:	
  Structure	
  of	
  the	
  Cabinet	
  in	
  the	
  Second	
  Test.	
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The	
  last	
  test	
  is	
  called	
  “place-­‐a-­‐basket-­‐on-­‐bookshelf”,	
  which	
  is	
  the	
  most	
  complicated	
  to	
  

achieve	
   of	
   all	
   the	
   experiments.	
   At	
   the	
   beginning	
   of	
   the	
   test,	
   there	
   is	
   a	
   bottle	
   on	
   top	
   of	
   a	
  

bookshelf,	
  and	
  a	
  basket	
  is	
  placed	
  in	
  front	
  of	
  the	
  bookshelf.	
  In	
  this	
  application,	
  the	
  users	
  are	
  

asked	
  to	
  control	
  the	
  arms	
  to	
  grasp	
  the	
  bottle	
  and	
  then	
  place	
  it	
  into	
  the	
  basket.	
  Then,	
  they	
  

use	
  both	
  Baxter’s	
  arms	
  to	
  raise	
  the	
  basket	
  with	
  the	
  bottle	
  inside,	
  and	
  place	
  them	
  on	
  the	
  top	
  

layer	
  of	
  the	
  bookshelf,	
  as	
  shown	
  in	
  figure	
  6.7.	
  Figure	
  6.8	
  shows	
  the	
  environment	
  of	
  this	
  test.	
  

In	
  the	
  test,	
   if	
  either	
  the	
  bottle	
  or	
  the	
  basket	
  falls,	
  then	
  the	
  user	
  fails	
  the	
  task,	
  and	
  the	
  task	
  

has	
  to	
  be	
  restarted.	
  The	
  amounts	
  of	
  failures	
  are	
  noted	
  in	
  order	
  to	
  compute	
  the	
  percentage	
  

of	
  success.	
  Moreover,	
  the	
  number	
  of	
  collisions	
  and	
  the	
  time	
  to	
  complete	
  the	
  test	
  are	
  noted.	
  

Figure	
  6.9	
  shows	
  the	
  raised	
  basket	
  with	
  the	
  bottle	
  inside.	
  

	
  

	
  

Figure	
  6.7:	
  Raising	
  Basket	
  with	
  Bottle,	
  and	
  Place	
  on	
  Bookshelf.	
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Figure	
  6.8:	
  Environment	
  of	
  Third	
  Test.	
  	
  

	
  

	
  

Figure	
  6.9:	
  Raising	
  a	
  Basket	
  with	
  a	
  Bottle	
  Inside.	
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6.3	
   Result	
  of	
  Human	
  Subjects	
  Testing	
  	
  

There	
  were	
  22	
  healthy	
  subjects	
  for	
  these	
  experiments.	
  The	
  age	
  range	
  is	
  between	
  19	
  

and	
  29	
   years	
   old.	
   They	
  were	
   asked	
   to	
   complete	
   each	
   test	
   independently.	
   14	
   of	
   them	
  are	
  

male	
   and	
   eight	
   of	
   them	
   are	
   female.	
   Eight	
   of	
   the	
   subjects	
   had	
   more	
   than	
   four	
   hours	
  

experience	
  in	
  this	
  teleoperation	
  system.	
  The	
  rest	
  of	
  them	
  who	
  do	
  not	
  have	
  experience	
  had	
  

40	
  minutes	
   of	
   training	
   before	
   the	
   tests.	
   The	
   number	
   of	
   collisions	
   and	
   the	
   time	
   taken	
   to	
  

complete	
   each	
   test	
  were	
  noted.	
  And	
   after	
   the	
   experiments,	
   the	
   users	
  were	
   asked	
   to	
   give	
  

scores	
  (from	
  one	
  to	
  ten,	
  where	
  one	
   is	
   the	
  worst	
  and	
  ten	
   is	
   the	
  best)	
   in	
  a	
  survey	
  and	
  give	
  

some	
  comments	
  about	
  the	
  user	
  experience	
  and	
  control	
  program.	
  

In	
  the	
  “grip-­‐a-­‐bottle”	
  test	
  without	
  obstacles,	
  the	
  users	
  usually	
  had	
  difficulty	
  in	
  passing	
  

the	
   bottle,	
   and	
   in	
   the	
   test	
   with	
   obstacles,	
   the	
   users	
   also	
   took	
   longer	
   time	
   to	
   avoid	
   the	
  

obstacles	
   and	
   grasp	
   the	
   bottle,	
   basically.	
   For	
   the	
   second	
   test,	
   “open-­‐a-­‐cabinet”,	
   the	
   users	
  

had	
  a	
  challenge	
  in	
  opening	
  the	
  cabinet	
  door.	
  But	
  they	
  were	
  still	
  able	
  to	
  finish	
  the	
  test.	
  In	
  the	
  

third	
  test,	
  “place-­‐a-­‐basket-­‐on-­‐bookshelf”,	
  the	
  users	
  struggled	
  to	
  grip	
  the	
  basket	
  and	
  raise	
  it	
  

up	
  to	
  the	
  bookshelf	
  with	
  both	
  manipulators	
  at	
  the	
  same	
  time.	
  	
  

The	
   average	
   time	
   to	
   complete	
   the	
   “grip-­‐a-­‐bottle”	
   test	
  without	
   obstacles	
  was	
  331.33	
  

seconds,	
   the	
   “grip-­‐a-­‐bottle”	
   test	
  with	
   obstacles	
  was	
  372.83	
  seconds,	
   the	
   “open-­‐a-­‐cabinet”	
  

test	
   was	
  460.65	
  seconds,	
   and	
   the	
   “place-­‐a-­‐basket-­‐on-­‐bookshelf”	
   test	
   was	
  503.17	
  seconds,	
  

as	
  shown	
  in	
  figure	
  6.10.	
  The	
  error	
  bars	
  of	
  histogram	
  in	
  figure	
  6.10	
  and	
  the	
  following	
  figures	
  

are	
   standard	
   errors	
   of	
   sample	
  mean.	
  However,	
   the	
   average	
   time	
   between	
   test	
   1	
  without	
  

obstacles	
  and	
  test	
  1	
  with	
  obstacles,	
  and	
  test	
  2	
  and	
  test	
  3	
  are	
  close.	
  By	
  using	
  t-­‐test	
  to	
  analyze	
  

the	
   differences	
   among	
   those	
   groups,	
   there	
   are	
   no	
   statistically	
   significant	
   difference	
  

between	
  test	
  1	
  without	
  obstacles	
  and	
  test	
  1	
  with	
  obstacles	
  (𝑝 = 0.2925),	
  and	
  test	
  2	
  and	
  test	
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3	
  (𝑝 = 0.2521),	
  but	
  there	
  are	
  significant	
  differences	
  between	
  both	
  tasks	
  of	
  test	
  1	
  and	
  test	
  2,	
  

or	
  both	
  tasks	
  of	
  test	
  1	
  and	
  test	
  3.	
  The	
  results	
  of	
  the	
  t-­‐test	
  indicate	
  that	
  the	
  times	
  to	
  complete	
  

test	
  1	
  without	
  obstacles	
  and	
  test	
  1	
  with	
  obstacles	
  are	
  equal	
  for	
  the	
  users,	
  and	
  the	
  times	
  to	
  

finish	
  test	
  2	
  and	
  test	
  3	
  are	
  the	
  same.	
  

	
  	
  

Figure	
  6.10:	
  Average	
  Time	
  to	
  Finish	
  Different	
  Tests	
  

	
  

In	
   the	
  survey,	
   the	
  average	
  scores	
  of	
   the	
  difficulty	
   from	
  the	
   first	
   task	
   to	
   the	
   last	
   task	
  

were	
  3.82,	
  5.05,	
  6.64,	
  and	
  7.5,	
  respectively,	
  as	
  shown	
  in	
  figure	
  6.11.	
  Because	
  of	
  the	
  increase	
  

in	
  difficulty	
  of	
  the	
  test	
  from	
  easy	
  to	
  hard,	
  the	
  average	
  scores	
  of	
  the	
  difficulty	
  from	
  the	
  first	
  

task	
  to	
  the	
  last	
  task	
  were	
  increasing.	
  The	
  difference	
  between	
  the	
  average	
  time	
  to	
  complete	
  

each	
   test	
   in	
   the	
   t-­‐test,	
   and	
   the	
   average	
   scores	
   of	
   the	
   difficulty	
   between	
   test	
   1	
   without	
  

obstacles	
  and	
  test	
  1	
  with	
  obstacles,	
  is	
  statistically	
  significant	
  difference	
  (𝑝 = 0.0348).	
  That	
  

means	
   the	
   existing	
   obstacles	
   influence	
   users’	
   feelings	
   about	
   test	
   1.	
   But	
   there	
   is	
   no	
  

significant	
  difference	
  between	
  the	
  difficulty	
  of	
  test	
  2	
  and	
  test	
  3,	
  and	
  𝑝 − 𝑣𝑎𝑙𝑢𝑒	
  is	
  0.1674	
  in	
  

the	
  t-­‐test.	
  The	
  results	
  of	
  the	
  t-­‐test	
  show	
  that	
  even	
  the	
  completion	
  times	
  of	
  the	
  two	
  tasks	
  of	
  

331.33	
   372.83	
  

460.65	
  
503.17	
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test	
  1	
  are	
  equal,	
  the	
  users	
  still	
  consider	
  their	
  difficulties	
  to	
  be	
  different.	
  The	
  results	
  of	
  the	
  

completion	
  times	
  and	
  difficulties	
  of	
  test	
  2	
  and	
  test	
  3	
  are	
  identical	
  in	
  the	
  t-­‐test.	
  

	
  	
   	
  

Figure	
  6.11:	
  Average	
  Scores	
  for	
  Difficulty	
  in	
  Different	
  Tests.	
  	
  

	
  

Figure	
  6.12	
  shows	
  the	
  comparative	
  time	
  with	
  experienced	
  and	
  non-­‐experienced	
  users.	
  

With	
   analysis	
   of	
   variance	
   (ANOVA)	
   [33],	
   the	
   average	
   time	
   to	
   complete	
   each	
   test	
   is	
   the	
  

response	
   vector,	
   and	
   the	
   experience	
   is	
   the	
   grouping	
   variable	
   (factor).	
   The	
  𝑝 − 𝑣𝑎𝑢𝑙𝑒𝑠	
  of	
  

ANOVA	
  is	
  0.008,	
  0.0037,	
  and	
  0.0278	
  in	
  test	
  1	
  without	
  obstacles,	
   tset1	
  with	
  obstacles,	
  and	
  

test	
  3	
  respectively,	
  which	
  means	
  that	
  the	
  mean	
  responses	
  for	
  the	
  average	
  time	
  to	
  complete	
  

the	
   tests	
   of	
   the	
   experience	
   are	
   significantly	
   different.	
   The	
  𝑝 − 𝑣𝑎𝑢𝑙𝑒	
  in	
   test	
   2	
   is	
   0.1358,	
  

which	
   indicates	
   that	
   the	
   mean	
   response	
   for	
   test	
   2	
   of	
   the	
   factor,	
   experience,	
   is	
   not	
  

significantly	
   different.	
   Using	
   the	
   ANOVA,	
   it	
   is	
   clear	
   that	
   the	
   users	
   who	
   had	
   existing	
  

experience	
   took	
  a	
   shorter	
   average	
   time	
   to	
   complete	
  both	
   test1	
  and	
   test	
  3	
   than	
   the	
  users	
  

who	
  did	
   not	
   have	
   experience.	
   But	
   the	
   average	
   time	
   to	
   complete	
   test	
   2	
   for	
   both	
  with	
   the	
  

experienced	
   users	
   and	
   the	
   non-­‐experienced	
   users	
   is	
   similar	
   because	
   the	
   users	
   had	
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difficulties	
  finding	
  the	
  pivot	
  of	
  the	
  door	
  of	
  the	
  cabinet.	
  The	
  cameras	
  cannot	
  provide	
  enough	
  

information	
  of	
  the	
  door	
  of	
  the	
  cabinet	
  here.	
  

	
  

Figure	
  6.12:	
  Comparative	
  Time	
  to	
  Experienced	
  (Right	
  Part)	
  and	
  Non-­‐Experienced	
  (Left	
  Part)	
  
Users.	
  	
  

	
  

Similar	
  to	
  the	
  average	
  time	
  to	
  complete	
  the	
  tests,	
  there	
  are	
  no	
  statistically	
  significant	
  

differences	
  for	
  the	
  average	
  number	
  of	
  collisions	
  between	
  test	
  1	
  without	
  obstacles	
  and	
  test	
  1	
  

with	
  obstacles	
   (𝑝 = 0.3574),	
   and	
   test	
  2	
   and	
   test	
  3	
   (𝑝 = 0.6048)	
   in	
   the	
   t-­‐test.	
   Figure	
  6.13	
  

shows	
   the	
  histogram	
  of	
   the	
  average	
  number	
  of	
  collisions	
   in	
  each	
   task.	
  Figure	
  6.14	
  shows	
  

the	
   average	
  number	
  of	
   collisions	
   for	
   experienced	
   and	
  non-­‐experienced	
  users	
   in	
  different	
  

tests.	
  Compared	
  to	
  the	
  collision	
  results	
  for	
  the	
  number	
  of	
  experienced	
  and	
  non-­‐experienced	
  

users,	
   there	
   are	
   no	
   statistically	
   significant	
   differences	
   in	
   test	
   1	
  without	
   obstacles,	
   test	
   1	
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with	
   obstacles,	
   and	
   test	
   2	
  with	
  ANOVA.	
   The	
  𝑝 − 𝑣𝑎𝑢𝑙𝑒	
  of	
   the	
  ANOVA	
   are	
   0.2102,	
   0.4255,	
  

and	
  0.2825,	
  respectively.	
  Those	
  values	
  suggest	
  that	
  experience	
  does	
  not	
  help	
  the	
  users	
  to	
  

reduce	
   the	
   collision	
  numbers	
   in	
  both	
  of	
   test	
  1	
  and	
   test	
  2.	
  But	
   the	
  𝑝 − 𝑣𝑎𝑢𝑙𝑒	
  of	
  ANOVA	
   in	
  

test	
   3	
   is	
   0.0095,	
   which	
   means	
   that	
   experience	
   helps	
   the	
   users	
   to	
   reduce	
   the	
   collision	
  

numbers	
  when	
  they	
  are	
  doing	
  test	
  3.	
  

	
  

Figure	
  6.13:	
  Average	
  Number	
  of	
  Collisions	
  in	
  Different	
  Tests.	
  

	
  

	
  

Figure	
   6.14:	
   Comparison	
   of	
   the	
   Average	
   Number	
   of	
   Collisions	
   of	
   Experienced	
   and	
   Non-­‐
experienced	
  Users.	
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In	
   the	
   “place-­‐a-­‐basket-­‐on-­‐bookshelf”	
   test,	
   the	
   amounts	
   of	
   failures	
   were	
   noted.	
   The	
  

results	
   of	
   the	
   last	
   test	
   are	
   shown	
   in	
   figure	
   6.15.	
   On	
   average,	
   every	
   user	
   fails	
  1.14	
  times	
  

before	
   succeeding.	
  The	
  experienced	
  and	
  non-­‐experienced	
  users	
   spent	
  0.5	
  and	
  1.5	
   failures	
  

before	
   they	
   completed	
   the	
   last	
   test	
   on	
   average,	
   respectively.	
   Compared	
   to	
   the	
   failure	
  

number	
   of	
   experienced	
   and	
   non-­‐experienced	
   users	
   in	
   ANOVA,	
   there	
   is	
   no	
   statistically	
  

significant	
  difference	
  (𝑝 = 0.0966).	
  

	
  	
  

Figure	
  6.15:	
  Average	
  of	
  Failure	
  Numbers.	
  

	
  

In	
  the	
  survey,	
  the	
  questions	
  of	
  ease	
  of	
  use	
  and	
  ease	
  to	
  learn	
  got	
  6.86	
  and	
  7.68	
  points,	
  

respectively.	
  The	
  users	
  gave	
  the	
  interface	
  design	
  7.54	
  points	
  in	
  average.	
  And	
  the	
  amount	
  of	
  

users’	
  frustration	
  got	
  4.64	
  points	
  in	
  average.	
  For	
  the	
  interface,	
  the	
  users	
  thought	
  the	
  force	
  

feedback	
  and	
  IR	
  sensor	
  did	
  not	
  give	
  much	
  help	
  in	
  the	
  test.	
  Each	
  of	
  them	
  got	
  6.23	
  and	
  6.95	
  

points	
  in	
  average,	
  respectively.	
  But	
  the	
  cameras	
  at	
  the	
  end-­‐effectors	
  and	
  the	
  cameras	
  on	
  the	
  

head	
  did	
  help	
  much	
  in	
  teleoperation.	
  Their	
  average	
  points	
  were	
  9.27	
  and	
  9.14,	
  respectively.	
  

1.14	
  

0.5	
  

1.5	
  

0	
  
0.2	
  
0.4	
  
0.6	
  
0.8	
  
1	
  

1.2	
  
1.4	
  
1.6	
  
1.8	
  
2	
  

Fa
ilu
re
	
  N
um

be
rs
	
  

average	
  	
   experience	
   non-­‐experience	
  



www.manaraa.com

 89	
  

Over	
  all,	
  most	
  parts	
  of	
   the	
  system	
  received	
  positive	
  responses.	
  The	
  results	
  of	
   the	
  surveys	
  

are	
  shown	
  in	
  table	
  6.1.	
  	
  

Table	
   6.1:	
   Result	
   of	
   the	
   Survey	
   of	
   Human	
   Subjects	
   Testing	
   (From	
   1	
   to	
   10,	
   Lightest	
   to	
  
Strongest)	
  

	
  	
   Easy	
  to	
  use	
   Easy	
  to	
  learn	
   Interface	
   Frustration	
  
Average	
  Points	
   6.86	
   7.68	
   7.55	
   4.64	
  
	
  	
   Force	
  feedback	
   IR	
  sensor	
   Arm	
  camera	
   Head	
  camera	
  
Average	
  Points	
   6.22	
   6.95	
   9.27	
   9.14	
  

	
  	
   Difficulty	
  of	
  test	
  
I	
  w/	
  obstacles	
  

Difficulty	
  of	
  test	
  
I	
  w/o	
  obstacles	
  

Difficulty	
  of	
  
	
  test	
  II	
  

Difficulty	
  of	
  
	
  test	
  III	
  

Average	
  Points	
   6.86	
   5.05	
   6.64	
   7.5	
  
	
  

	
  
6.4	
   Summary	
  

The	
  human	
  subjects	
   testing	
  of	
   the	
   teleoperation	
  algorithm	
  was	
   tested	
   in	
   three	
  daily	
  

life	
  applications.	
  The	
  time	
  to	
  complete	
  the	
  tests	
  and	
  number	
  of	
  collisions	
  were	
  noted.	
  The	
  

completion	
   time	
   and	
   collision	
   number	
   was	
   analyzed	
   through	
   the	
   t-­‐test	
   and	
   ANOVA.	
  

Through	
  the	
  record,	
  it	
  was	
  clear	
  that	
  users	
  with	
  more	
  experience	
  of	
  teleoperation	
  provided	
  

shorter	
  time	
  to	
  complete	
  test	
  1	
  and	
  test	
  2,	
  and	
  better	
  results	
  of	
  collision	
  in	
  test	
  3	
  on	
  Baxter.	
  

The	
   results	
   of	
   the	
   survey	
   were	
   discussed.	
   Through	
   completion	
   of	
   the	
   testing,	
   the	
  

teleoperation	
  algorithm	
  was	
  satisfactory	
  to	
  complete	
  the	
  daily	
  common	
  tasks.	
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CHAPTER	
  7:	
  CONCLUSIONS	
  AND	
  FUTURE	
  WORK	
  

	
  

7.1	
   Overview	
  

An	
  optimized	
  control	
  method	
  for	
  two	
  7-­‐degree-­‐of-­‐freedom	
  arms	
  was	
  discussed	
  in	
  this	
  

thesis.	
  Baxter	
  robot	
  is	
  the	
  platform	
  used	
  for	
  the	
  hardware	
  implementation	
  of	
  this	
  work.	
  The	
  

simulation	
   program	
   of	
   the	
   arms	
  was	
   built	
   in	
  Matlab.	
   	
  With	
   the	
   simulation	
   program,	
   the	
  

motion	
   planning	
   process	
   was	
   tested	
   and	
   checked.	
   The	
   motion	
   planning	
   program	
   was	
  

utilized	
   to	
   develop	
   a	
   real-­‐time	
   teleoperation	
   system	
   for	
   Baxter	
   robot.	
   The	
   user	
   interface	
  

was	
   also	
   built	
   for	
   this	
   teleoperation	
   system.	
   In	
   the	
   teleoperation	
   system,	
   collision	
   force	
  

feedback	
  was	
  added	
  to	
  the	
  control	
  program.	
  The	
  teleoperation	
  system	
  can	
  work	
  well	
  with	
  

or	
  without	
  the	
  collision	
  force	
  feedback	
  program.	
  Finally,	
  the	
  simulation	
  system	
  was	
  tested	
  

in	
  three	
  different	
  applications.	
  

	
  

7.2	
   General	
  Discussion	
  and	
  Recommendations	
  

The	
  optimization	
  of	
  the	
  redundant	
  arm	
  was	
  built	
  with	
  SR-­‐inverse	
  and	
  weighted	
  least-­‐

norm	
  solution	
  in	
  this	
  thesis.	
  Forecasting	
  the	
  next	
  joint	
  motion	
  was	
  suggested	
  to	
  give	
  better	
  

results	
   of	
   the	
   weighted	
   least-­‐norm	
   solution	
   when	
   avoiding	
   joint	
   limits.	
   With	
   the	
   new	
  

conditions,	
  the	
  joint	
  can	
  move	
  freely	
  and	
  smoothly	
  within	
  the	
  joint	
  range,	
  and	
  easily	
  move	
  

back	
  from	
  the	
  heavy	
  weighted	
  regions,	
  and	
  be	
  stopped	
  when	
  the	
  joint	
  is	
  going	
  to	
  reach	
  its	
  

limits.	
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In	
   the	
   simulation	
   of	
   this	
   research,	
   there	
   was	
   only	
   one	
   arm	
   considered	
   for	
  

implementation	
   on	
  Matlab.	
   To	
   present	
   a	
   better	
   performance,	
   both	
   arms	
   together	
   can	
   be	
  

included	
  in	
  the	
  simulation.	
  	
  

The	
  results	
  of	
  ANOVA	
  in	
  test	
  2	
  show	
  the	
  experienced	
  users	
  and	
  the	
  non-­‐experienced	
  

users	
  have	
  the	
  same	
  results	
  of	
  the	
  time	
  to	
  complete	
  the	
  test	
  because	
  the	
  cameras	
  could	
  not	
  

provide	
   enough	
   information	
  of	
   the	
  door	
  of	
   the	
   cabinet	
   there,	
   and	
   they	
  had	
  difficulties	
   in	
  

finding	
  the	
  pivot	
  of	
  the	
  door	
  of	
  the	
  cabinet.	
  Hence,	
  cameras	
  with	
  wider	
  shooting	
  angle	
  are	
  

suggested,	
  and	
  the	
  teleoperation	
  system	
  combines	
  with	
  force	
  control	
  is	
  recommended.	
  

In	
  the	
  survey,	
  the	
  score	
  of	
  collision	
  force	
  feedback	
  was	
  lower	
  than	
  the	
  scores	
  for	
  the	
  

other	
  questions.	
  When	
  the	
  collision	
  force	
  feedback	
  was	
  applied	
  in	
  the	
  teleoperation	
  system,	
  

some	
  users	
  felt	
  that	
  the	
  force	
  feedback	
  was	
  not	
  useful	
  because	
  the	
  shapes	
  of	
  the	
  grippers	
  

and	
  objects	
  were	
  simplified	
  to	
  those	
  of	
  a	
  sphere	
  and	
  a	
  rectangle.	
  Actual	
  models	
  of	
  shapes	
  of	
  

the	
  end-­‐effector	
  and	
  objects	
  are	
  recommended	
  to	
  give	
  better	
  feeling	
  of	
  force	
  feedback.	
  

Additionally,	
   there	
   were	
   some	
   difficulties	
   when	
   the	
   users	
   were	
   trying	
   to	
   remotely	
  

control	
   the	
   robot	
   to	
   raise	
   the	
   basket	
   because	
   the	
   speed	
   at	
  which	
   the	
   arms	
  were	
   raising	
  

were	
  not	
  always	
   the	
  same.	
   It	
  may	
  have	
  confused	
  the	
  users	
  when	
  they	
  were	
   thinking	
  that	
  

the	
  arms	
  would	
  move	
  together	
  perfectly.	
  Actually,	
   the	
  users	
  did	
  not	
  know	
  what	
  the	
  exact	
  

direction	
  and	
  velocities	
  were	
  given	
  to	
  the	
  program	
  when	
  they	
  were	
  controlling	
  the	
  robot,	
  

because	
  when	
  they	
  were	
  trying	
  to	
  give	
  a	
  specific	
  motion,	
  their	
  hands	
  were	
  move	
  towards	
  

other	
  directions.	
  For	
  example,	
   if	
  they	
  were	
  trying	
  to	
  move	
  forward,	
  their	
  hand	
  might	
  also	
  

turn	
  a	
  little	
  bit	
  left	
  or	
  right.	
  This	
  situation	
  caused	
  both	
  arms	
  to	
  not	
  move	
  synchronously.	
  For	
  

tasks	
  that	
  used	
  a	
  single	
  arm,	
  the	
  users	
  were	
  able	
  to	
  correct	
  the	
  moving	
  direction	
  easily	
  by	
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changing	
  their	
  poses.	
  For	
  the	
  tasks	
  that	
  required	
  both	
  arms,	
  there	
  should	
  have	
  been	
  some	
  

mode	
  to	
  assist	
  the	
  users	
  to	
  complete	
  the	
  task,	
  such	
  as	
  a	
  puppet	
  control	
  mode.	
  

	
  

7.3	
   Future	
  Work	
  

The	
   results	
   of	
   this	
   thesis	
   show	
   that	
   the	
   control	
   algorithm	
   can	
   be	
   applied	
   for	
  

teleoperation.	
  The	
  control	
  method	
  is	
  based	
  on	
  positions,	
  angles,	
  and	
  velocities.	
  Since	
  there	
  

are	
  torque	
  sensors	
  on	
  each	
  of	
  Baxter’s	
  joints,	
  the	
  force	
  control	
  can	
  also	
  be	
  applied	
  for	
  more	
  

possibilities	
  of	
  various	
  teleoperation	
  applications.	
  If	
  the	
  control	
  algorithm	
  is	
  based	
  on	
  force	
  

control,	
   we	
   can	
   consider	
   adding	
   a	
   PD	
   controller	
   to	
   the	
   control	
   algorithm	
   to	
   improve	
  

precision.	
  

Also,	
  the	
  experiments	
  show	
  the	
  significance	
  of	
  dual	
  arm	
  manipulation.	
  In	
  the	
  future,	
  

there	
  should	
  be	
  more	
  discussions	
  and	
  developments	
  of	
  dual	
  arm	
  coordinated	
  teleoperation.	
  

Both	
  arms	
  are	
  on	
  the	
  same	
  torso,	
  so	
  the	
  control	
  should	
  use	
  the	
  information	
  from	
  both	
  arms	
  

to	
  assist	
   the	
  user	
   to	
  control	
   them.	
   If	
   there	
  are	
  some	
  modes	
  of	
  dual	
  arm	
  manipulation	
   for	
  

some	
  tasks,	
  it	
  will	
  be	
  much	
  easier	
  to	
  control	
  the	
  robot,	
  such	
  as	
  one	
  arm	
  copies	
  the	
  pose	
  of	
  

the	
  other	
  arm,	
  or	
  mirrored	
  poses.	
  Moreover,	
  if	
  the	
  force	
  control	
  is	
  applied	
  to	
  the	
  dual	
  arm	
  

control	
  algorithm,	
  the	
  robot	
  can	
  have	
  more	
  possibilities	
  and	
  it	
  will	
  be	
  easier	
  to	
  implement	
  

more	
  complex	
  tasks.	
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APPENDIX	
  B:	
  A	
  FORM	
  OF	
  SURVEY	
  OF	
  THIS	
  THESIS	
  

	
  

Dual 7 Degree-of-Freedom Robotic Arms Control with Haptic Device over TCP/IP 
Experiment Survey 

1. Personal Information 
Name% % Age% % �

	
�% % Date% %
Email% % Weight% % Birth%Day% %
%
2.Experment%Data%
Task%I.%Grip%Bottle%%

% 1% 2% 3% Average%
W/o%Obstacle% % % % %
Collision% % % % %

W/%Obstacle% % % % %
Collision% % % % %

%
Task%II������

��

% 1% 2% 3% Average%
���
% % % % %

Collision% % % % %
%
Task%III.%Basket%and%Bookshelf%

% 1% 2% 3% Average% Failure%
���
% % % % % %

Collision% % % % %
%
3.%Experience%(1%to%10�%1:%worst,%10:%best)%

Score% %%%%1%%%%%%%2%%%%%%%3%%%%%%%4%%%%%%%5%%%%%%%6%%%%%%%7%%%%%%%8%%%%%%%9%%%%%%%10%
Easy%to%use%   ☐      ☐      ☐      ☐     ☐     ☐      ☐     ☐      ☐      ☐%
Easy%to%learn%    ☐      ☐      ☐      ☐     ☐     ☐      ☐     ☐      ☐      ☐%
Interface%experience%    ☐      ☐      ☐      ☐     ☐     ☐      ☐     ☐      ☐      ☐%
Frustration%level%    ☐      ☐      ☐      ☐     ☐     ☐      ☐     ☐      ☐      ☐%
Usefulness%of%force%feedback%    ☐      ☐      ☐      ☐     ☐     ☐      ☐     ☐      ☐      ☐%
Usefulness%of%IR%sensor%    ☐      ☐      ☐      ☐     ☐     ☐      ☐     ☐      ☐      ☐%
Usefulness%of%arm%cameras%    ☐      ☐      ☐      ☐     ☐     ☐      ☐     ☐      ☐      ☐%
Usefulness%of%head%camera%    ☐      ☐      ☐      ☐     ☐     ☐      ☐     ☐      ☐      ☐%
Difficulty%of%task%I%(no%obstacle)%    ☐      ☐      ☐      ☐     ☐     ☐      ☐     ☐      ☐      ☐%
Difficulty%of%task%I%(obstacle)%    ☐      ☐      ☐      ☐     ☐     ☐      ☐     ☐      ☐      ☐%
Difficulty%of%task%II%    ☐      ☐      ☐      ☐     ☐     ☐      ☐     ☐      ☐      ☐%
Difficulty%of%task%III%    ☐      ☐      ☐      ☐     ☐     ☐      ☐     ☐      ☐      ☐%
%
4.%Please%leave%your%comment%or%suggestion%for%this%experiment%
%
%

%
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