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Introduction	
  

Problem	
  Statement	
  	
  
Reduced	
  motor	
  functionality	
  of	
  the	
  upper	
  extremities	
  is	
  one	
  of	
  the	
  most	
  common	
  impairments	
  

resulting	
  from	
  spinal	
  cord	
  injuries,	
  occupational	
  and	
  sports	
  injuries,	
  strokes,	
  and	
  other	
  diseases.	
  	
  Partial	
  
or	
  even	
  full	
  sensorimotor	
  recovery	
  can	
  be	
  attained	
  through	
  intense	
  and	
  repetitive	
  exercises.	
   	
   In	
  recent	
  
years	
  robotic	
  assisted	
  rehabilitation	
  has	
  been	
  shown	
  to	
  improve	
  treatment	
  outcomes	
  in	
  these	
  cases	
  [1].	
  	
  	
  

Literature	
  Review	
  
Current	
  exoskeleton	
  rehabilitation	
  devices	
  have	
  multiple	
  advantages	
  over	
  traditionally	
  manual	
  

techniques,	
  including	
  [1]:	
  

• Data	
  tracking	
  for	
  performance	
  feedback	
  
• The	
  ability	
  to	
  apply	
  controlled	
  forces	
  at	
  each	
  joint	
  as	
  well	
  as	
  magnitude	
  adjustment	
  of	
  such	
  

forces	
  based	
  on	
  patient	
  needs	
  
• They	
  can	
  be	
  adjusted	
  for	
  multiple	
  limb	
  sizes	
  to	
  fit	
  different	
  patients	
  
• They	
  can	
  replicate	
  the	
  majority	
  of	
  the	
  patient’s	
  upper	
  limb	
  healthy	
  workspace,	
  using	
  multiple	
  

degrees	
  of	
  freedom.	
  

Our	
  device	
  contains	
  additional	
  advantages	
  over	
  current	
  devices.	
   	
  First	
  of	
  all	
   it	
  will	
  be	
  portable.	
  It	
   is	
  
going	
  to	
  address	
  a	
  very	
  specific	
  task,	
  which	
  makes	
   it	
  more	
  user	
  friendly,	
  and	
  last	
  but	
  not	
   least	
   it	
  has	
  a	
  
simple	
  and	
  cost	
  effective	
  design.	
  	
  

This	
   bicep	
   &	
   tricep	
   therapeutic	
   device	
   will	
   have	
   three	
   modes	
   of	
   operation:	
   passive,	
   active-­‐
assisted,	
  and	
  active-­‐constrained.	
  	
  A	
  linear	
  actuator	
  provides	
  the	
  necessary	
  movement	
  of	
  the	
  exoskeleton	
  
and	
  a	
  pair	
  of	
   force	
  sensors	
   tracks	
  the	
  response	
  of	
   the	
  patient	
  to	
  the	
  therapeutic	
  session.	
   	
  The	
  passive	
  
mode	
  is	
  for	
  patients	
  that	
  have	
  complete	
  muscle	
  atrophy.	
  	
  In	
  this	
  mode	
  the	
  actuator	
  does	
  all	
  the	
  work	
  to	
  
emotionally	
   stimulate	
   the	
  patient.	
   In	
   the	
   active-­‐assisted	
  mode	
   in	
   the	
   case	
  of	
   bicep	
   rehabilitation,	
   the	
  
patient	
  exerts	
  a	
  slight	
  force,	
  which	
   increases	
  the	
   load	
  on	
  the	
  force	
  sensor	
  and	
  triggers	
  the	
  actuator	
  to	
  
contract	
  or	
  extend	
  the	
  exoskeleton.	
   	
  Last	
  but	
  not	
   least,	
   in	
  the	
  active-­‐constrained	
  mode,	
  the	
  user	
  must	
  
apply	
  a	
  load	
  on	
  the	
  load	
  sensor	
  the	
  passes	
  a	
  certain	
  threshold.	
   	
  When	
  the	
  robot	
  detects	
  this,	
   it	
  moves	
  
the	
  actuator	
  at	
   a	
   speed	
   that	
   creates	
   resistance	
   for	
   the	
  user.	
   	
   In	
  both	
  of	
   the	
  active	
  modes,	
   if	
   the	
   load	
  
applied	
  by	
  the	
  user	
  falls	
  below	
  the	
  threshold,	
  the	
  actuator	
  stops.	
  

Considering	
  the	
  portable	
  nature	
  of	
  this	
  design,	
  in	
  the	
  active-­‐assisted	
  mode	
  the	
  exoskeleton	
  can	
  
also	
  be	
  used	
   to	
  multiply	
   force.	
   	
   This	
  will	
   allow	
  patients	
  with	
  weak	
  muscles	
   to	
  perform	
  everyday	
   tasks	
  
such	
  as	
   lifting,	
   pushing,	
  pulling,	
   etc.	
   	
   For	
   these	
   tasks	
   a	
  hook	
  was	
  added	
   to	
   the	
  part	
  of	
   the	
   frame	
   that	
  
supports	
  the	
  forearm.	
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Conceptual	
  Design	
  
	
  

	
  

	
   The	
  only	
  conceptual	
  design	
  considered	
  as	
  part	
  of	
  this	
  system	
  is	
  shown	
  in	
  figure	
  1.	
  	
  This	
  basic	
  1	
  
Degree-­‐of-­‐Freedom	
  (DOF)	
  system	
  consists	
  of	
  two	
  links	
  connected	
  by	
  a	
  revolute	
  joint.	
  	
  A	
  linear	
  actuator	
  
adjusts	
  the	
  angular	
  separation	
  between	
  the	
  two	
  links	
  as	
  shown	
  by	
  the	
  sequence	
  in	
  the	
  figure.	
  	
  	
  	
  

Theoretical	
  Work	
  	
   	
  
As	
  shown	
  in	
  figure	
  2,	
  based	
  on	
  an	
  external	
  applied	
  force	
  of	
  50	
  lb,	
  the	
  resulting	
  external	
  torque	
  of	
  

this	
  1-­‐DOF	
  system	
  is	
  22.9	
  lb-­‐ft.	
  	
  	
  	
  	
  

Figure	
  1	
  -­‐	
  Motion	
  Schematic	
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Figure	
  2	
  -­‐	
  Static	
  Equilibrium	
  Equations	
  

	
  

The	
   force	
  vs.	
   speed	
  curve	
   (Appendix	
  B)	
  of	
   the	
   linear	
  actuator	
  were	
   then	
  used	
   to	
  estimate	
   the	
  
torque	
   applied	
   by	
   the	
   actuator,	
   as	
   shown	
   in	
   figure	
   3.	
   	
   The	
   torque	
   (22.86	
   lb-­‐ft)	
   available	
   from	
   the	
  
actuator	
  at	
  the	
  desired	
  speed	
  is	
  very	
  close	
  to	
  the	
  required	
  torque	
  (22.9	
  lb-­‐ft)	
  of	
  the	
  external	
  50	
  lb	
  load	
  
shown	
  in	
  figure	
  2.	
  	
  The	
  system	
  is	
  therefore	
  theoretically	
  rated	
  up	
  to	
  fifty	
  pounds.	
  	
  	
  	
  

	
  

Figure	
  3	
  -­‐	
  Actuator	
  Torque	
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Figure	
  4	
  -­‐	
  Dynamic	
  Equations	
  

	
  

Additionally,	
   as	
   shown	
   in	
   figure	
   3,	
   the	
   dynamic	
   equations	
   of	
   this	
   system	
  were	
   also	
   obtained.	
  	
  
The	
  weight	
  of	
   the	
   link	
  had	
  a	
  significant	
  effect	
  on	
  the	
  external	
   torque	
  and	
  thus	
   the	
  necessary	
  actuator	
  
torque.	
   	
   To	
   properly	
   compensate	
   for	
   these	
   dynamic	
   requirements,	
   a	
   smaller	
   external	
   load	
   must	
   be	
  
applied	
  to	
  the	
  robot.	
   	
  The	
  velocity	
  related	
  inertias	
  cancel	
  out	
  for	
  a	
  one	
  degree	
  of	
  freedom	
  system	
  and	
  
therefore	
  the	
  only	
  additional	
  component	
  affecting	
  the	
  dynamic	
  equation	
  is	
  the	
  acceleration.	
  	
  	
  	
  	
  

Major	
  components	
  	
  
Qty	
   Component	
   Vendor	
   Part	
  Number	
  
1	
   6061	
  –	
  T6	
  5”	
  Aluminum	
  U-­‐Channel	
   McMaster	
   1630T352	
  
1	
   6061	
  –	
  T6	
  6”	
  Aluminum	
  U-­‐Channel	
   McMaster	
   1630T372	
  
2	
   6A1	
  –	
  4V	
  Titanium	
  Pivot	
  Pin	
   McMaster	
   89145K219	
  
2	
   Steel	
  Shoulder	
  Bolt	
  ¼	
  in	
  x	
  1	
  in	
   McMaster	
   97345A542	
  
1	
   24V	
  Linear	
  Actuator	
  90lbf	
   Ultramotion	
   5-­‐A.083-­‐DC-­‐24-­‐4-­‐RC4/3	
  
1	
   DC	
  Servo	
   Pittman	
   9434K181	
  
2	
   10LBF	
  Load	
  Cell	
   Digi-­‐Key	
   MSP6948-­‐ND	
  
2	
   Limit	
  Switch	
   RadioShack	
   275-­‐016	
  
1	
   Arduino	
  Uno	
  Microcontroller	
  Board	
   RadioShack	
   276-­‐128	
  
1	
   Pololu	
  Motor	
  Shield	
   Pololu	
   2502	
  

Table	
  1	
  -­‐	
  Bill	
  of	
  Materials	
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Design	
  Drawings	
  	
  
See	
  Appendix	
  A	
  for	
  machined	
  component	
  engineering	
  drawings.	
  

	
  

	
  
Figure	
  5	
  -­‐	
  Major	
  Components	
  

Programming	
  
The	
   initial	
  phase	
  of	
  programming	
  began	
  with	
  understanding	
  the	
  syntax	
  of	
   the	
  wiring	
   language	
  

that	
  the	
  Arduino	
  uses.	
  Wiring	
  is	
  a	
  custom	
  language	
  that	
  is	
  derived	
  from	
  C++	
  with	
  a	
  few	
  modifications	
  for	
  
the	
   simplification	
   of	
   syntax.	
   Because	
   the	
   motor	
   shield	
   had	
   already	
   been	
   decided	
   upon	
   as	
   the	
   main	
  
device	
  to	
  control	
   the	
  servos,	
  additional	
   libraries	
  that	
  were	
  written	
  for	
  the	
  Arduino	
  compiler	
  had	
  to	
  be	
  
implemented	
  and	
  thus	
  new	
  syntax	
  had	
  to	
  be	
  added	
  and	
  understood.	
  

The	
  first	
  iteration	
  of	
  the	
  program	
  began	
  as	
  a	
  simple	
  test	
  of	
  all	
  the	
  components	
  to	
  have	
  a	
  basic	
  
understanding	
   of	
   how	
   the	
   Arduino	
   interacted	
   with	
   the	
   device,	
   as	
   well	
   as	
   the	
   response	
   time	
   and	
  
calibration	
  of	
   the	
  sensors	
   that	
  were	
  being	
  used	
   to	
  detect	
   force	
  applied.	
  Several	
   tests	
  were	
  conducted	
  
with	
  the	
  first	
  iteration	
  which	
  included:	
  sensor	
  detection,	
  switch	
  detection,	
  servo	
  initiation,	
  button	
  mode	
  
switching.	
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After	
   the	
   initial	
   trial,	
   the	
   code	
  was	
   rewritten	
   from	
  nearly	
   scratch	
   to	
   incorporate	
   the	
   intended	
  
design	
  and	
  flow	
  chart	
  that	
  was	
  created	
  to	
  execute	
  the	
  desired	
  function	
  of	
  the	
  exoskeleton	
  robotic	
  arm.	
  
The	
  program	
  begins	
  with	
   the	
   initiation	
  of	
   all	
   the	
  global	
   variables,	
   along	
  with	
   the	
   setup	
  of	
   the	
   custom	
  
library,	
  and	
  pin	
  modes.	
  Several	
  subroutines	
  were	
  developed	
  that	
  could	
  be	
  called	
  upon	
  on	
  every	
  loop	
  of	
  
the	
  program	
   to	
   read	
   the	
   sensors	
   and	
   limit	
   switches.	
  Once	
   the	
  program	
   checks	
   the	
   sensor	
   and	
   switch	
  
values,	
   it	
   responds	
   to	
   the	
   button	
   mode	
   by	
   entering	
   different	
   conditional	
   loops	
   that	
   control	
   which	
  
desired	
  function	
  the	
  arm	
  executes.	
  Divided	
   into	
  three	
  conditions,	
  the	
  first	
  program	
  runs	
  the	
  cyclic	
   flex	
  
and	
   relaxation	
  motion	
   of	
   the	
   arm,	
   the	
   second	
  program	
   	
   implements	
   a	
   linear	
   function	
   that	
   acts	
   as	
   an	
  
assistive	
   ramp	
   up	
   mechanism	
   when	
   sensor	
   input	
   is	
   detected,	
   and	
   the	
   third	
   condition	
   implements	
   a	
  
linear	
  function	
  that	
  slowly	
  activates	
  the	
  servo	
  to	
  simulate	
  a	
  resistive	
  force	
  in	
  response	
  to	
  sensor	
  input.	
  
Please	
  refer	
  to	
  Appendix	
  C	
  for	
  the	
  program	
  flow	
  chart	
  as	
  well	
  as	
  the	
  final	
  code.	
  

Circuitry	
  
The	
  circuit	
  setup	
  was	
  relatively	
  straight	
  forward.	
  With	
  the	
  motor	
  shield	
  occupying	
  a	
  majority	
  of	
  

the	
   digital	
   pins	
   because	
  of	
   the	
   PWM	
  capabilities,	
   the	
   remaining	
   digital	
   pins	
  were	
   used	
   for	
   the	
   switch	
  
inputs	
  which	
  all	
  had	
  drop	
  down	
  resistors	
   for	
   functionality.	
  The	
  sensors	
  were	
  connected	
  directly	
  to	
  the	
  
power	
  source	
  and	
  ground,	
  with	
   the	
  signal	
  output	
  connected	
  directly	
   to	
   the	
  analog	
   input	
  pins	
   through	
  
the	
  motor	
  shield.	
  Because	
   the	
  motor	
  shield	
  handled	
   the	
   inputs	
  and	
  outputs	
  when	
   interfaced	
  with	
   the	
  
Arduino,	
   the	
   rest	
   was	
   just	
   connecting	
   the	
   power	
   and	
   motor	
   to	
   the	
   shield	
   directly.	
   Please	
   refer	
   to	
  
Appendix	
  D	
  for	
  the	
  circuit	
  chart.	
  

Prototype	
  Construction	
  
The	
  prototype	
  consists	
  of	
  a	
  two	
  piece	
  extruded	
  Aluminum	
  U-­‐channel	
  frame	
  that	
  was	
  machined	
  

on	
   a	
   vertical	
   mill	
   and	
   sanded	
   down	
   to	
   eliminate	
   sharp	
   edges.	
   	
   Two	
   hollow	
   Titanium	
   shafts	
   were	
  
machined	
  on	
  a	
   lathe	
  and	
   secure	
   the	
   two	
   segments	
  of	
   the	
  Aluminum	
  channels	
  with	
  external	
   retaining	
  
rings.	
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Figure	
  6	
  -­‐	
  Frame	
  Assembly	
  

Initial	
   testing	
  of	
   the	
   linear	
   actuator	
   resulted	
   in	
   the	
  motor	
   burning	
  out	
   from	
   stalling	
  when	
   the	
  
piston	
   accidentally	
   reached	
   its	
   limit.	
   	
   This	
   caused	
   us	
   to	
   get	
   a	
   replacement	
  motor	
   of	
   similar	
   size	
   and	
  
torque	
  but	
  with	
  a	
  much	
  higher	
  max	
  RPM.	
   	
  The	
  replacement	
  motor	
  operated	
  at	
  too	
  high	
  a	
  speed,	
  so	
  a	
  
significant	
   gear	
   reduction	
  was	
   needed	
   in	
   order	
   for	
   the	
   piston	
   to	
  move	
   at	
   a	
  manageable	
   speed.	
   	
  New	
  
timing	
  belt	
  pulleys	
  and	
  a	
  longer	
  timing	
  belt	
  were	
  ordered	
  from	
  McMaster	
  to	
  replace	
  the	
  existing	
  ones,	
  
changing	
  the	
  gear	
  ratio	
  from	
  3:2	
  to	
  6:1	
  before	
  the	
  change	
  from	
  rotation	
  to	
  linear	
  motion.	
   	
  Active	
  idler	
  
pulleys	
  were	
  machined	
  out	
   of	
  Delrin	
   in	
   order	
   to	
   ensure	
   that	
   the	
   belt	
  wrapped	
   around	
   approximately	
  
50%	
  of	
  the	
  smaller	
  driving	
  pinion	
  and	
  prevent	
  belt	
  slippage	
  and	
  damage.	
  

	
  

	
  
Figure	
  7	
  -­‐	
  Linear	
  Actuator	
  Drive	
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  Figure	
  8	
  -­‐	
  Linear	
  Actuator	
  Drive	
  Side	
  

	
  	
   	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
   Once	
   the	
   linear	
   actuator	
   was	
   up	
   and	
   running	
   again,	
   two	
   solid	
   blocks	
   of	
   Aluminum	
   were	
  
machined	
  on	
  a	
  CNC	
  machine	
  to	
  create	
  the	
  joints	
  between	
  the	
  linear	
  actuator	
  and	
  the	
  frame	
  assembly.	
  	
  
Soon	
   after	
   the	
   adjusting	
   sensor	
  mount/wrist	
   support	
  was	
  machined	
   on	
   a	
   vertical	
  mill	
   and	
   assembled	
  
onto	
  the	
  frame.	
   	
  At	
  this	
  point	
  all	
  the	
  machined	
  components	
  were	
  then	
  sandblasted	
  to	
  provide	
  a	
  clean	
  
finish.	
  

	
  

	
  
	
  	
  	
  	
  	
  Figure	
  9	
  -­‐	
  Linear	
  Actuator	
  Mounted	
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Figure	
  10	
  -­‐	
  Frame	
  Assembly	
  Sandblasted	
  

	
   	
  	
  	
  	
  	
  	
  

	
   Once	
   the	
   machined	
   components	
   were	
   assembled,	
   the	
   Arduino	
   motherboard,	
   along	
   with	
   the	
  
Pololu	
  motor	
  driver,	
   and	
  hand-­‐built	
   circuit	
   on	
  a	
  breadboard	
  were	
   connected	
   to	
   the	
  mechanism.	
   	
   This	
  
allowed	
  us	
  to	
  test	
  the	
  software	
  and	
  ensure	
  proper	
  functionality	
  of	
  the	
  mechanism.	
  

	
  

	
  
Figure	
  11	
  -­‐	
  Electronics	
  Connected	
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Figure	
  12	
  -­‐	
  Electronic	
  Connections	
  

	
   	
   	
   	
  	
  

	
   Once	
   the	
   software	
   was	
   running	
   properly,	
   the	
   electronic	
   boards	
   were	
   mounted	
   and	
   all	
   the	
  
electrical	
   connections	
   were	
   soldered	
   on	
   and	
   routed	
   neatly.	
   	
   Enough	
   slack	
   was	
   left	
   to	
   ensure	
   proper	
  
routing	
  throughout	
  the	
  mechanism’s	
  range	
  of	
  motion.	
  	
  Conforming	
  arm	
  rests	
  that	
  were	
  printed	
  with	
  an	
  
SLS	
  machine	
  were	
  then	
  assembled	
  to	
  the	
  mechanism,	
  and	
  Velcro	
  straps	
  were	
  cut	
  to	
  length	
  and	
  placed	
  
on.	
  	
  

	
  
Figure	
  13	
  -­‐	
  Final	
  Assembly	
  Right	
  Side	
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Figure	
  14	
  -­‐	
  Final	
  Assembly	
  Left	
  Side	
  

Testing	
  and	
  Test	
  Results	
  
Testing	
   of	
   the	
   mechanism	
   consisted	
   of	
   confirming	
   that	
   each	
   sensor	
   and	
   actuator	
   worked	
  

individually,	
   before	
   the	
   assembly	
   as	
   a	
  whole	
  was	
   tested.	
   	
   Both	
   touch	
   sensors	
  were	
  measured	
  with	
   a	
  
multimeter	
   to	
  ensure	
  that	
   the	
  circuit	
  was	
  normally	
  open	
  when	
  untouched,	
  and	
  closed	
  when	
  the	
   lever	
  
depressed	
  the	
  buttons.	
   	
  The	
   load	
  cells	
  were	
  measured	
  with	
  a	
  multimeter	
  as	
  well	
   to	
  ensure	
  that	
   there	
  
was	
  a	
  consistent	
  change	
  in	
  voltage	
  between	
  the	
  signal	
  and	
  ground	
  wires	
  when	
  5V	
  was	
  applied.	
  	
  The	
  24V	
  
motor	
   was	
   run	
   independent	
   of	
   the	
   linear	
   actuator	
   to	
   confirm	
   proper	
   functionality,	
   and	
   then	
   it	
   was	
  
actuated	
  when	
   assembled	
   to	
   the	
   linear	
   actuator	
   to	
   ensure	
   proper	
   function	
   of	
   the	
   pulley	
   system	
   and	
  
screw/nut	
  mechanism.	
  

Once	
   all	
   individual	
   components	
   were	
   verified,	
   the	
   mechanism	
   was	
   assembled,	
   with	
   the	
  
exception	
  of	
  the	
  linear	
  actuator,	
  and	
  the	
  early	
  revisions	
  of	
  the	
  software	
  was	
  run	
  to	
  ensure	
  the	
  logic	
  was	
  
sound	
  and	
  proper	
  movement	
  of	
  the	
  actuator	
  per	
   load	
  cell	
  and	
  touch	
  sensor	
   inputs.	
   	
  The	
  final	
  stage	
  of	
  
testing	
  prior	
  to	
  final	
  assembly	
  was	
  verification	
  of	
  the	
  linear	
  actuator	
  reaction	
  to	
  load	
  cell	
  inputs	
  from	
  the	
  
user	
  –	
  the	
  higher	
  the	
  load	
  on	
  the	
  cell,	
  the	
  faster	
  the	
  linear	
  actuator	
  moved.	
  

Once	
   the	
   mechanism	
   was	
   fully	
   assembled	
   and	
   all	
   wires	
   were	
   routed,	
   final	
   testing	
   was	
  
performed.	
   	
  A	
  user	
  would	
  strap	
   their	
  arm	
   into	
   the	
  mechanism	
  and	
  operate	
   the	
  mechanism	
  at	
  various	
  
speeds	
   and	
   intensities	
   to	
   ensure	
  proper	
   functionality,	
   reaction	
   time,	
   and	
   calibrated	
   for	
   a	
   comfortable	
  
input	
   threshold	
   for	
   motor	
   reaction	
   (start-­‐up	
   force	
   and	
   variable	
   speed	
   control).	
   	
   This	
   testing	
   was	
  
performed	
  for	
  all	
  three	
  states	
  of	
  the	
  mechanism:	
  passive,	
  active-­‐assisted,	
  and	
  active-­‐constrained.	
  

The	
   system	
   performed	
   well,	
   with	
   a	
   low	
   force	
   threshold	
   and	
   good	
   sensitivity	
   in	
   the	
   active-­‐
assisted	
  mode.	
  	
  A	
  balance	
  between	
  the	
  linear	
  actuator	
  force	
  and	
  speed	
  was	
  needed	
  in	
  the	
  passive	
  state	
  
in	
  order	
  to	
  allow	
  the	
  mechanism	
  to	
  begin	
  its	
  motion	
  up	
  from	
  a	
  fully	
  extended	
  position	
  (flexing),	
  as	
  it	
  is	
  
the	
  orientation	
   that	
   requires	
   the	
   largest	
  amount	
  of	
   force	
   from	
   the	
  actuator	
   to	
  begin	
  movement	
  after	
  
hitting	
   the	
   touch	
   sensor.	
   	
   The	
   active-­‐constrained	
   state	
   resists	
  motion	
  well	
   in	
   order	
   to	
  make	
   the	
   user	
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work	
   for	
   small	
   slow	
  movements	
  of	
   the	
  mechanism,	
   and	
  may	
  be	
   altered	
   via	
   the	
   software	
   to	
   allow	
   for	
  
users	
  of	
  varying	
  levels	
  of	
  strength.	
  

Overall	
   the	
  mechanism	
   performed	
   quite	
   well,	
   but	
   the	
   ergonomics	
   of	
   the	
   system	
   are	
   not	
   the	
  
best.	
   	
  Velcro	
  straps	
  are	
  used	
  to	
  attach	
  the	
  mechanism	
  to	
  the	
  user’s	
  arm,	
  which	
  provides	
  a	
   loose	
  fit	
  at	
  
best	
   and	
   is	
  most	
   noticeably	
   lacking	
   in	
   the	
   active-­‐constrained	
  mode.	
   	
   The	
  mechanism	
   as	
   a	
  whole	
   has	
  
opportunities	
  for	
  weight	
  reduction	
  as	
  having	
  it	
  strapped	
  to	
  your	
  arm	
  may	
  cause	
  shoulder	
  soreness	
  after	
  
extended	
  periods	
  of	
   time.	
   	
   Finally,	
   the	
   size	
  of	
   the	
  overall	
   frame	
  and	
  packaging	
  of	
   the	
  electronics	
   also	
  
have	
  the	
  opportunity	
  to	
  be	
  shrunken	
  down	
  for	
  a	
  more	
  comfortable	
  fit.	
  

Conclusions	
  and	
  Future	
  Work	
  
This	
  first	
  generation	
  robotic	
  system	
  contains	
  the	
  necessary	
  features	
  needed	
  for	
  the	
  device	
  to	
  be	
  

therapeutically	
  sound.	
   	
  Further	
  design	
   improvements	
  are	
  needed	
  however	
  before	
  clinical	
   trials	
  can	
  be	
  
performed	
   to	
   ensure	
   patient	
   safety	
   and	
   reliability	
   of	
   the	
   device.	
   	
   The	
   fastening	
   system	
   for	
   example	
  
needs	
   to	
   be	
   improved,	
   to	
   ensure	
   that	
   the	
   device	
   is	
   securely	
   attached	
   to	
   a	
   patient’s	
   arm	
   during	
   the	
  
therapy	
  sessions.	
  	
  Additionally,	
  a	
  soft	
  padding	
  material	
  should	
  be	
  added	
  to	
  the	
  parts	
  that	
  are	
  in	
  contact	
  
with	
  the	
  patient’s	
  arm.	
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Figure	
  1:	
  Crossbar	
  Support	
  Drawing	
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Figure	
  2:	
  Flanged	
  Grooved	
  Pin	
  Drawing	
  

	
  
Figure	
  3:	
  Forearm	
  Frame	
  Drawing	
  

	
  
Figure	
  4:	
  Pivot	
  Block	
  A	
  Drawing	
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Figure	
  5:	
  Sensor	
  Mount	
  Drawing	
  

	
  
Figure	
  6:	
  Upper	
  Arm	
  Frame	
  Drawing	
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Figure	
  7:	
  Pivot	
  Block	
  B	
  Drawing	
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Figure	
  15	
  -­‐	
  Program	
  Logic	
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Code	
  
	
  

//Exoskeleton	
  Rehabilitative	
  Arm	
  
//ERA_R0.1	
  
#include	
  "DualVNH5019MotorShield.h"	
  
	
  
DualVNH5019MotorShield	
  md;	
  
	
  
//Setup	
  fixed	
  variables	
  for	
  pin	
  connections	
  
int	
  UpperSwitch	
  =	
  11;	
  
int	
  LowerSwitch	
  =	
  13;	
  
int	
  PushButton	
  =	
  5;	
  
int	
  LED1	
  =	
  0;	
  
int	
  LED2	
  =	
  1;	
  
int	
  LED3	
  =	
  3;	
  
int	
  FrontSensor	
  =	
  A2;	
  
int	
  BackSensor	
  =	
  A3;	
  
	
  
//Setup	
  global	
  variables	
  
byte	
  statusone;	
  
byte	
  laststatusone;	
  
byte	
  statustwo;	
  
byte	
  laststatustwo;	
  
byte	
  motordirection;	
  
int	
  switchmode	
  =	
  0;	
  
int	
  buttonstate;	
  
int	
  lastbuttonstate;	
  
float	
  backvalue;	
  
float	
  frontvalue;	
  
int	
  motorspeed;	
  
int	
  motorchange	
  =	
  2000;	
  
long	
  previousMillis	
  =	
  0;	
  
	
  
	
  
void	
  setup(){	
  
	
   md.init();	
   	
   	
   	
   	
   	
   //Start	
  motor	
  shield	
  custom	
  library	
  
	
   Serial.begin	
  (115200);	
   	
   	
   //Begin	
  monitor	
  transmission	
  
	
   pinMode(UpperSwitch,	
  INPUT);	
   //Pin	
  mode	
  for	
  1st	
  switch	
  
	
   pinMode(LowerSwitch,	
  INPUT);	
   //Pin	
  mode	
  for	
  2nd	
  switch	
  
	
   pinMode(PushButton,	
  INPUT);	
   	
   //Pin	
  mode	
  for	
  Slide	
  Switch	
  1st	
  Position	
  
	
   pinMode(LED1,	
  OUTPUT);	
  	
   	
   //Pin	
  mode	
  for	
  LED	
  3	
  
	
   pinMode(LED2,	
  OUTPUT);	
  	
   	
   //Pin	
  mode	
  for	
  LED	
  2	
  
	
   pinMode(LED3,	
  OUTPUT);	
  
}	
  
	
  
void	
  loop(){	
  
	
   //Serial.print(switchmode);	
  
	
   //Gather	
  readings	
  from	
  sensors	
  
	
   switchone();	
  
	
   switchtwo();	
  
	
   frontsensor();	
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   backsensor();	
  
	
   	
  
	
   //Set	
  current	
  Circuit	
  Run	
  Time	
  variable	
  
	
   unsigned	
  long	
  currentMillis	
  =	
  millis();	
  
	
   	
  
	
   	
  
	
   //Monitor	
  program	
  state	
  mode	
  
	
   buttonstate	
  =	
  digitalRead(PushButton);	
  
	
   if	
  (buttonstate	
  !=	
  lastbuttonstate){	
  
	
   	
   if	
  (buttonstate	
  ==	
  1){	
  
	
   	
   	
   switchmode++;	
  
	
   	
   	
   if	
  (switchmode	
  >	
  2){	
  
	
   	
   	
   	
   switchmode	
  =	
  0;	
  
	
   	
   	
   }	
  
	
   	
   }	
  
	
   }	
  
	
   lastbuttonstate	
  =	
  buttonstate;	
  
	
   	
  
	
   //Excute	
  programs	
  
	
   //If	
  pushbutton	
  mode	
  is	
  set	
  to	
  two	
  
	
   if	
  (switchmode	
  ==	
  1){	
   	
   	
   	
   	
   	
   	
   	
   //Program	
  2	
  
	
   	
   digitalWrite(LED2,	
  HIGH);	
  
	
   	
   digitalWrite(LED1,	
  LOW);	
  
	
   	
   digitalWrite(LED3,	
  LOW);	
  
	
   	
   if(frontvalue>0.25	
  &&	
  frontvalue>backvalue){	
   	
   //Low	
  tolerance	
  for	
  ease	
  of	
  
acivation	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Serial.print("...");	
  
	
   	
   	
   Serial.print(frontvalue);	
  
	
   	
   	
   Serial.println("....Driving	
  motor	
  up");	
  
	
   	
   	
   motorspeed	
  =	
  40*(frontvalue-­‐0.25);	
   	
   	
   	
   //Motor	
  Ramp	
  
Up	
  function	
  
	
   	
   	
   if(statusone	
  ==	
  0){	
  
	
   	
   	
   	
   md.setM1Speed(motorspeed);	
  
	
   	
   	
   	
   stopiffault();	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  //Serial.println(md.getM1CurrentMilliamps());	
  
	
   	
   	
   }	
  
	
   	
   	
   else{	
  
	
   	
   	
   	
   md.setM1Speed(0);	
  
	
   	
   	
   	
   stopiffault();	
  
	
   	
   	
   }	
  
	
   	
   	
   delay(2);	
  
	
   	
   }	
  
	
   	
   if(backvalue>1.25	
  &&	
  backvalue>frontvalue){	
   	
   	
   //Low	
  tolerance	
  for	
  ease	
  
of	
  activation	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Serial.print("...");	
  
	
   	
   	
   Serial.print(backvalue);	
  
	
   	
   	
   Serial.println("....Driving	
  motor	
  down");	
  
	
   	
   	
   motorspeed	
  =	
  -­‐40*(backvalue-­‐1.25);	
   	
   	
   	
   //Motor	
  Ramp	
  
Up	
  function	
  
	
   	
   	
   if(statustwo	
  ==	
  0){	
  
	
   	
   	
   	
   md.setM1Speed(motorspeed);	
  
	
   	
   	
   	
   stopiffault();	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  //Serial.println(md.getM1CurrentMilliamps());	
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   }	
  
	
   	
   	
   else{	
  
	
   	
   	
   	
   md.setM1Speed(0);	
  
	
   	
   	
   	
   stopiffault();	
  
	
   	
   	
   }	
  
	
   	
   delay(2);	
  
	
   	
   }	
  
	
   	
   else{	
  
	
   	
   	
   md.setM1Speed(0);	
  
	
   	
   	
   stopiffault();	
  
	
   	
   }	
  
	
   }	
  
	
   //If	
  pushbutton	
  mode	
  is	
  set	
  to	
  three	
  
	
   else	
  if	
  (switchmode	
  ==	
  2){	
  	
   	
   	
   	
   	
   	
   //Program	
  3	
  
	
   	
   digitalWrite(LED3,	
  HIGH);	
  
	
   	
   digitalWrite(LED1,	
  LOW);	
  
	
   	
   digitalWrite(LED2,	
  LOW);	
  
	
   	
   if(frontvalue>1	
  &&	
  frontvalue>backvalue){	
   	
   //High	
  tolerance	
  for	
  resistive	
  motion	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Serial.print("...");	
  
	
   	
   	
   Serial.print(frontvalue);	
  
	
   	
   	
   Serial.println("....Driving	
  motor	
  up");	
  
	
   	
   	
   motorspeed	
  =	
  10*frontvalue;	
   	
   	
   	
   	
   //Motor	
  Ramp	
  
Up	
  function	
  
	
   	
   	
   if(statusone	
  ==	
  0){	
  
	
   	
   	
   	
   md.setM1Speed(motorspeed);	
  
	
   	
   	
   	
   stopiffault();	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  //Serial.println(md.getM1CurrentMilliamps());	
  
	
   	
   	
   }	
  
	
   	
   	
   else{	
  
	
   	
   	
   	
   md.setM1Speed(0);	
  
	
   	
   	
   	
   stopiffault();	
  
	
   	
   	
   }	
  
	
   	
   	
   delay(2);	
  
	
   	
   }	
  
	
   	
   if(backvalue>1	
  &&	
  backvalue>frontvalue){	
   	
   //High	
  tolerance	
  for	
  resistive	
  motion	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Serial.print("...");	
  
	
   	
   	
   Serial.print(backvalue);	
  
	
   	
   	
   Serial.println("....Driving	
  motor	
  down");	
  
	
   	
   	
   motorspeed	
  =	
  -­‐5*backvalue;	
   	
   	
   	
   	
   //Motor	
  Ramp	
  
Downb	
  function	
  
	
   	
   	
   if(statustwo	
  ==	
  0){	
  
	
   	
   	
   	
   md.setM1Speed(motorspeed);	
  
	
   	
   	
   	
   stopiffault();	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  //Serial.println(md.getM1CurrentMilliamps());	
  
	
   	
   	
   }	
  
	
   	
   	
   else{	
  
	
   	
   	
   	
   md.setM1Speed(0);	
  
	
   	
   	
   	
   stopiffault();	
  
	
   	
   	
   }	
  
	
   	
   delay(2);	
  
	
   	
   }	
  
	
   	
   else{	
  
	
   	
   	
   md.setM1Speed(0);	
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   stopiffault();	
  
	
   	
   }	
  
	
   }	
  
	
   //If	
  pushbutton	
  mode	
  is	
  set	
  to	
  one	
  
	
   else{	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  
	
   //Program	
  1	
  
	
   	
   digitalWrite(LED1,	
  HIGH);	
  
	
   	
   digitalWrite(LED2,	
  LOW);	
  
	
   	
   digitalWrite(LED3,	
  LOW);	
  
	
   	
   if(motordirection	
  ==	
  0){	
  
	
   	
   	
   motorspeed	
  =	
  50;	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Serial.println("Up");	
  
	
   	
   	
   md.setM1Speed(motorspeed);	
  
	
   	
   	
   stopiffault();	
  
	
   	
   	
   //Serial.println(md.getM1CurrentMilliamps());	
  
	
   	
   	
   delay(2);	
  
	
   	
   }	
  
	
   	
   else{	
  
	
   	
   	
   motorspeed	
  =	
  -­‐50;	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Serial.println("Down");	
  
	
   	
   	
   md.setM1Speed(motorspeed);	
  
	
   	
   	
   stopiffault();	
  
	
   	
   	
   //Serial.println(md.getM1CurrentMilliamps());	
  
	
   	
   	
   delay(2);	
  
	
   	
   }	
  
	
   }	
  
}	
  
	
  
void	
  stopiffault(){	
  	
   	
   //Check	
  for	
  motor	
  error	
  
	
   if	
  (md.getM1Fault()){	
  
	
   	
   while(1);	
  
	
   	
   }	
  
}	
  
	
  
void	
  switchone(){	
  	
   	
   //Check	
  status	
  of	
  Upper	
  Switch	
  
	
   statusone	
  =	
  digitalRead(UpperSwitch);	
  
	
   if	
  (statusone	
  !=	
  laststatusone){	
  
	
   	
   if	
  (statusone	
  ==	
  1){	
  
	
   	
   motordirection	
  =	
  1;	
   	
   //Set	
  motor	
  direction	
  
	
   	
   }	
  
	
   }	
  
	
   laststatusone	
  =	
  statusone;	
  
}	
  
	
  
void	
  switchtwo(){	
  	
   	
   //Check	
  status	
  of	
  Lower	
  Switch	
  
	
   statustwo	
  =	
  digitalRead(LowerSwitch);	
  
	
   if	
  (statustwo	
  !=	
  laststatustwo){	
  
	
   	
   if	
  (statustwo	
  ==	
  1){	
  
	
   	
   motordirection	
  =	
  0;	
   	
   //Set	
  motor	
  direction	
  
	
   	
   }	
  
	
   }	
  
	
   laststatustwo	
  =	
  statustwo;	
  
}	
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void	
  frontsensor(){	
   	
   	
   //Read	
  sensor	
  in	
  front	
  of	
  wrist	
  
	
   frontvalue	
  =	
  analogRead(FrontSensor);	
  
	
   frontvalue	
  =	
  (0.0566*frontvalue)	
  -­‐	
  5.716;	
   	
   //Calibrated	
  transduction	
  function	
  
	
  	
  	
  	
  //Serial.print("Force	
  Value	
  =	
  ");	
  
	
  	
  	
  	
  //Serial.println(frontvalue);	
  
}	
  
	
  
void	
  backsensor(){	
   	
   	
   //Read	
  sensor	
  in	
  back	
  of	
  wrist	
  
	
   backvalue	
  =	
  analogRead(BackSensor);	
  
	
   backvalue	
  =	
  (0.0121*backvalue)	
  -­‐	
  1.1433;	
   	
   //Calibrated	
  transduction	
  function	
  
	
  	
  	
  	
  //Serial.print("Force	
  Value	
  =	
  ");	
  
	
  	
  	
  	
  //Serial.println(backvalue);	
  
}	
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Appendix	
  D	
  -­‐	
  Circuit	
  Chart	
  
	
  

	
  

Figure	
  16	
  -­‐	
  Circuit	
  Diagram	
  

	
  


