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Abstract	   	  
The	   research	   activity	   I	   am	  presenting	   in	   this	   thesis	   lies	  within	   the	   framework	   of	   a	  
cooperation	  between	  the	  University	  of	  Cagliari	  (Applied	  Mechanics	  and	  Robotics	  lab,	  
headed	   by	   professor	   Andrea	   Manuello	   Bertetto,	   and	   the	   research	   group	   of	  
physicians	   referencing	   to	   professor	   Alberto	   Concu	   at	   the	   Laboratory	   of	   Sports	  
Physiology,	  Department	  of	  Medical	  Sciences),	  and	  the	  Polytechnic	  of	  Turin	  (professor	  
Carlo	  Ferraresi	  and	  his	  équipe	  at	  the	  Group	  of	  Automation	  and	  Robotics,	  Department	  
of	  Mechanical	  and	  Aerospace	  Engineering)	  	  
This	   research	   was	   also	   funded	   by	   the	   Italian	   Ministry	   of	   Research	   (MIUR	   –	   PRIN	  
2009).	  	  
My	  activity	  has	  been	  mainly	  carried	  on	  at	  the	  Department	  of	  Mechanics,	  Robotics	  lab	  
under	   the	  supervision	  of	  prof.	  Manuello;	   I	  have	  also	  spent	  one	  year	  at	   the	  Control	  
Lab	  of	  the	  School	  of	  Electrical	  Engineering	  at	  Aalto	  University	  (Helsinki,	  Finland).	  The	  
tests	  on	  the	  patients	  were	  taken	  at	  the	  Laboratory	  of	  Sports	  Physiology,	  Cagliari.	  	  
I	   will	   be	   describing	   the	   design,	   development	   and	   testing	   of	   some	   soft	   pneumatic	  
flexible	   devices	   meant	   to	   apply	   an	   intermittent	   massage	   and	   to	   restore	   blood	  
circulation	  in	  lower	  limbs	  in	  order	  to	  improve	  cardiac	  output	  and	  wellness	  in	  general.	  
The	   choice	   of	   the	   actuators,	   as	  well	   as	   the	   pneumatic	   circuits	   and	   air	   distribution	  
system	  and	  PLC	  control	  patterns	  will	  be	  outlined.	  The	  trial	   run	  of	   the	  devices	  have	  
been	  field-‐tested	  as	  soon	  a	  prototype	  was	  ready,	  so	  as	  to	  tune	  its	  features	  step-‐by-‐
step.	  	  
I	   am	   also	   giving	   a	   characterization	   of	   a	   commercial	   thin	   force	   sensor	   after	   briefly	  
reviewing	   some	  other	   type	  of	   thin	  pressure	   transducer.	   It	  has	  been	  used	   to	  gauge	  
the	   contact	   pressure	   between	   the	   actuator	   and	   the	   subject’s	   skin	   in	   order	   to	  
correlate	  the	  level	  of	  discomfort	  to	  the	  supply	  pressure,	  and	  to	  feed	  this	  value	  back	  
to	  regulate	  the	  supply	  air	  flow.	  
In	  order	  for	  the	  massage	  to	  be	  still	  effective	  without	  causing	  pain	  or	  distress	  or	  any	  
cutoff	   to	   the	   blood	   flow,	   some	   control	   objective	   have	   been	   set,	   consisting	   in	   the	  
regulation	  of	  the	  contact	  force	  so	  that	  it	  comes	  to	  the	  constant	  set	  point	  	  smoothly	  
and	  its	  value	  holds	  constant	  until	  unloading	  occurs.	  	  
The	   targets	   of	   such	  mechatronic	   devices	   range	   from	  paraplegic	   patients	   lacking	   of	  
muscle	   tone	   because	   of	   their	   spinal	   cord	   damage,	   to	   élite	   endurance	   athletes	  
needing	   a	   circulation	   booster	   when	   resting	   from	   practicing	   after	   serious	   injuries	  
leading	  to	  bed	  rest.	  	  
Encouraging	  results	  have	  been	  attained	  for	  both	  these	  two	  categories,	  based	  on	  the	  
monitored	  hemodynamic	  variables.	  	  
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1 Introduction	  

	  
Reduction	   of	   the	   hemodynamic	   response	   leading	   to	   poor	   oxygen	   delivery	   has	  

been	  observed	   in	   paraplegic	   patients;	   hence	   a	  means	   to	   replace	  muscle	   action	  on	  

deep	  leg	  blood	  vessels	  to	  restore	  venous	  return	  when	  tonus	  is	  lost	  is	  seriously	  sought	  

after.	  Inflatable	  pneumatic	  devices	  are	  particularly	  suited	  for	  human	  interaction	  and	  

rehabilitation	  purposes.	  	  

1.1 Motivation	  
Some	   lightweight,	   low-‐cost,	   customizable	   pneumatic	   devices	   for	   blood	   flow	  

recovery	   have	   been	   developed	   and	   tested	   for	   their	   effectiveness	   in	   modifying	  

cardiac	   output.	   They	   mainly	   consist	   of	   some	   pneumatic	   compliant	   actuators,	   of	  

different	   shape	   size	   and	   number	   resulting	   in	   different	   actuation	   mechanisms,	  

performing	  an	  intermittent	  massage	  on	  different	  leg	  segments	  at	  controlled	  law	  and	  

pressure	   level.	   The	   actuators,	   which	   are	   toroidal	   balloons	   each	   consisting	   of	   an	  

inflatable	  bladder	  bounded	  by	  an	  inextensible	  fabric	  coat	  acting	  as	  a	  constraint,	  were	  

chosen	   for	   their	   geometrical,	   mechanical,	   pneumatic	   and	   shape	   properties.	  

Actuation	   can	   be	   performed	   either	   by	   means	   of	   the	   only	   inflatable	   bladders	   or	  

adopting	  a	  further	  constraining	  stiff	  shell.	  The	  pneumatic	  circuits	  supplying	  air	  to	  the	  

actuators	  has	  been	  kept	  as	  compact	  as	  possible	  and	  designed	  so	  as	  not	   to	  get	   too	  

high	  pressure	  drops	  caused	  by	  piping	  resistance,	  neither	  suffer	  the	  relatively	  large	  air	  

mass	  responsible	  for	  high	  inertial	  (inductive)	  features	  as	  well	  as	  properly	  feeding	  the	  

relatively	   large	   bladder	   volumes	   behaving	   as	   capacitors.	   The	   devices,	   meant	   for	  

people	   having	   chronic	   or	   transient	   muscular	   inefficiencies	   or	   diseases	   up	   to	  

paraplegia	   as	  well	   as	   for	   élite	   athletes,	  were	   first	   tested	   on	   a	   group	   of	   paraplegic	  

patients	   to	   preliminarily	   assess	   their	   effectiveness	   in	   modifying	   some	   indexes	   of	  
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heart	   efficiency	   (as	   stroke	   volume	   and	   ventricular	   pre-‐ejection	   time/ventricular	  

ejection	   time),	   then,	  after	   some	  modifications,	  underwent	   several	   tests	  on	  healthy	  

subjects	   in	  order	  to	  monitor	  either	  different	  hemodynamic	  parameters.	  The	  effects	  

of	   applying	   different	   intermittent	   pressure	   patterns	   on	   patients	   legs	   are	   thus	  

highlighted	   and	   related	   to	   impedance	   cardiography	   measures	   of	   heart	   efficiency	  

parameters.	  

1.2 Statement	  of	  the	  problem	  
In	   normal	   subjects,	   the	   arterial	   blood	   pressure	   adjustment	   during	   dynamic	  

exercise	   is	  regulated	  through	  a	  balance	  between	  systemic	  vascular	  resistance	  (SVR)	  

and	  cardiac	  output	  (CO).	  The	  integrity	  of	  the	  central	  nervous	  system,	  which	  operates	  

an	  effective	   integration	  between	  these	  components,	   is	  essential	   to	   reach	  a	  normal	  

hemodynamic	  response.	  In	  spinal	  cord-‐injured	  (SCI)	  individuals,	  there	  is	  a	  partial	  loss	  

of	   nervous	   control	   over	   circulation,	   and	   this	   reaches	   to	   the	   absent	   peripheral	  

vasoconstriction	   below	   the	   level	   of	   the	   spinal	   lesion	   and	   the	   lower	   stroke	   volume	  

(SV).	  Moreover,	   in	   paraplegic	   subjects,	   due	   to	   absence	   of	   leg	  muscle	   contraction,	  

venous	   return	   to	   the	  heart	   is	   reduced	  and	   this	  may	  cause	  a	  diastolic	  deficit	  with	  a	  

reduction	   of	   (CO)	   and	   oxygen	   delivery	   that,	   in	   turn,	   would	   reduce	   the	   aerobic	  

capacity	  in	  these	  patients.	  

Many	  medical	  and	  biomechanical	  researchers	  evaluate	  the	  possibility	  of	  replacing	  

the	   striate	  muscle	   pump	   on	   limb	   veins	  with	   the	   application	   to	   legs	   of	  mechanical	  

actuators,	  thus	  restoring	  end	  diastolic	  filling	  pressure	  of	  ventricles.	  In	  this	  occurrence,	  

cardiac	  output	  compensation	  would	  occur	  and	  aerobic	  capacity	  would	  be	  restored	  in	  

these	  patients.	  
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1.3 Outline	  
This	  section	  gives	  a	  summary	  of	  the	  thesis	  

Chapter	  2:	  Background	  

The	   framework	   within	   this	   thesis	   has	   been	   developed.	   Generalities	   on	   flexible	  

pneumatic	   actuators	   as	   well	   as	   the	   physiological	   fundamentals	   for	   the	   choice	   of	  

using	  those	  as	  an	  aid	  device	  for	  restoring	  blood	  circulation	  are	  presented.	  

	  

Chapter	  3:	  Flexible	  pneumatic	  systems	  

A	   review	   on	   the	   wide	   range	   on	   such	   class	   of	   actuators	   is	   given.	   Following	   an	  

overview	  of	   their	   functioning	  principles,	  and	   finally	  a	  description	  of	   the	  design	  and	  

development	  of	  the	  devices	  set	  up	  and	  tested	  in	  this	  thesis.	  

	  

Chapter	  4:	  Preliminary	  experimental	  

Very	   encouraging	   results	   of	   the	   preliminary	   tests	   on	   paraplegic	   patients,	   showing	  

how	  the	  patients	  cardiac	   function	   improves	  when	  having	  pressure	  applied	  on	  their	  

legs	  under	  incremental	  effort	  will	  be	  given,	  along	  with	  the	  description	  of	  the	  circuit,	  

the	   actuators,	   the	   acquisition	   system	   and	   the	   improvement	   of	   the	   hemodynamic	  

parameters	  values	  showing	  blood	  circulation	  improvement.	  

	  

Chapter	  5:	  Contact	  experimental	  and	  modeling	  

Static	   and	   dynamic	   calibration	   data	   of	   the	   thin	   sensors	   used	   in	   order	   to	  measure	  

contact	  pressure	  between	  the	  actuators	  and	  the	  skin	  are	  given.	  A	  review	  of	  contact	  

pressure	  sensors	  is	  given	  as	  well.	  	  
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Chapter	  6:	  	  Modeling	  and	  control	  

Some	  circuits	  have	  ben	  identified	  and	  their	  dynamics	  modeled;	  a	  PID	  controller	  have	  

been	  tuned	  in	  order	  to	  keep	  the	  contact	  force	  constant	  until	  unloading	  occurs	  and	  to	  

come	  to	  the	  set	  point	  smoothly.	  

	  

Chapter	  7:	  Testing	  on	  the	  patients	  

Two	   different	   PLC	   controlled	   devices	   have	   been	   tested,	   giving	   both	   encouraging	  

results	  as	  for	  the	  blood	  restoration.	  
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2. Background	  

2.1. 	  Why	  pneumatics	  

Why	  matching	  pneumatics	  benefits	   to	   soft	   actuators	   features?	  Both	   industrial	   and	  

service	  robots	  can	  take	  advantage	  of	  adaptivity	  and	  safety	  that	  such	  systems	  exhibit.	  

As	  for	  industrial	  robots,	   in	  order	  to	  get	  fine	  positioning	  or	  tight	  clamping	  rigid	  grips	  

are	   usually	   the	   elective	   choice.	   Sometimes	   the	   irregular	   geometry	   or	   peculiar	  

mechanical	  features	  of	  the	  piece	  being	  handled	  make	  a	  lower	  bound	  on	  the	  stiffness	  

and	   jerkiness	   of	   steel	   clamps.	   Or	  maybe	   the	   corrosive	   operating	   environment	   can	  

make	  it	  risky	  using	  metal	  clamps,	  or	  too	  expensive	  as	  for	  the	  maintenance.	  In	  order	  

to	  smoothen	  the	  effects	  of	  stress	  concentrators,	  a	  soft	  gripper	  exerting	  as	  much	  as	  

an	   even	   force	   as	   possible	   could	   be	   a	   better	   choice.	   At	   the	   same	   time,	   rubber	   or	  

plastic	   bladders	   are	   much	   less	   sensitive	   to	   corrosion	   and	   chemically	   aggressive	  

conditions.	  

Manipulation	   of	   brittle	   objects,	   whether	   they	   are	   ice-‐cream	   cones	   or	   graphite	  

electrodes,	  telescope	  mirrors	  or	  human	  skin,	  could	  be	  better	  achieved	  by	  means	  of	  

bladder	  inflatable	  actuators.	  

In	   addition,	   such	   soft	   clamps	   dampen	   out	   vibrations	   (which	   is	   not	   necessarily	   an	  

advantage	   as	  we	  will	   see	   lately),	   fit	  more	   easily	   in	   confined	   volumes	   and	   take	   the	  

same	  shape	  of	  non-‐uniform	  surfaces.	  

Service	   robots	   interacting	  with	  animals	  or	  humans,	  on	   the	  other	  hand,	  need	   to	  be	  

safe,	   clean,	   non	   harmful	   and,	   why	   not,	   lightweight	   and	   friendly.	   They	   have	   to	   be	  

designed	  and	  controlled	  to	  accomplish	  such	  features.	  

In	  one	  word,	  compliance	  is	  the	  feature	  allowing	  for	  such	  features	  to	  be	  achieved.	  
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In	  order	  to	  fulfill	  the	  requirement	  of	  faster	  operating	  speed	  a	  lower	  inertia	  is	  mostly	  

sought	  for.	  

	  

2.2. 	  Prosthetics	  

Chronic	   venous	   insufficiency	   of	   the	   lower	   extremities	   is	   a	   condition	   caused	   by	  

abnormalities	   of	   the	   venous	  wall	   and	   valves	   that	   leads	   to	   obstruction	   or	   reflux	   of	  

blood	  flow	  in	  the	  veins.	  

	  

	  

	  

Figure	  2.1	  Calf	  compression	  helps	  check	  valves	  action	  on	  the	  saphenous	  vein	  flow	  towards	  

the	  heart	  

	  

Pneumatic	   compression	   has	   been	   long	   used	   for	   treatment	   of	   chronic	   venous	  

insufficiency	   (Berliner,	   Ozbilgin,	   &	   Zarin,	   2003).	   In	   the	   literature	   a	   wide	  

acknowledgement	   of	   the	   compression	   as	   a	   necessary	   part	   of	   all	   treatments	   for	  

chronic	  venous	  insufficiency	  and	  venous	  ulcers	  is	  found.	  	  
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Figure	   2.2	  Compression	  on	  the	   foot	  sole,	   together	  with	   the	  ankle	   rotation,	  mimics	  a	  crank	  

pushing	  a	  piston	  up	  onto	  the	  calf.	  

	  

Compression	   is	   commonly	   provided	   with	   stockings.	   Some	   authors	   state	   that	  

pneumatic	   compression	   therapy	   may	   be	   necessary	   if	   edema	   fails	   to	   resolve	   with	  

compression	  bandages.	  

	  

Prophylaxis	   to	  prevent	  deep	  venous	  thrombosis	   formation	   includes	  anticoagulation	  

and	  physical	  methods	  such	  as	  intermittent	  pneumatic	  compression	  devices.	  In	  high-‐	  

risk	   surgical	   patients,	   the	   use	   of	   anticoagulants	  may	   be	   contraindicated:	   whereas,	  

physical	  methods	  have	  been	  proven	  effective.	  
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Fig.	   2.3	   Compression	   of	   the	   common	   peroneal	   nerve	   at	   the	   fibular	   head	   (arrow)	   by	   an	  

inflated	  pneumatic	  leg	  sleeve	  

	  

The	  most	  common	  side	  effects	  of	   intermittent	  pneumatic	  compression	  devices	  use	  

are	  discomfort,	  warmth,	  and	  sweating	  beneath	  the	  vinyl	   leg	  sleeves.	  Complications	  

associated	   with	   a	   related	   pneumatic	   compression	   device,	   namely	   sequential	  

pneumatic	   compression	   devices	   have	   been	   reported.	   These	   complications	   include	  

peroneal	   nerve	   palsy	   and	   pressure	   necrosis	   of	   the	   thigh.	   Neither	   of	   these	  

complications	  has	  been	  associated	  with	  IPCD	  use.	  

Pneumatically	  powered	  orthoses	  meant	  as	  an	  aid	  for	  ambulation	  have	  been	  studied	  

and	  tuned	  by	  several	  research	  groups	  lately.	  

Some	  results	  of	  this	  research	  can	  be	  found	  in	  (Manuello	  Bertetto,	  Meili	  et	  al.,	  2012,	  

Manuello	  Bertetto,	  Meili	  et	  al.,	  2011,	  Concu,	  Manuello	  Bertetto,	  Meili	  et	  al.,	  in	  press)	  

2.3. Tactile	  sensors	  

Tactile	  sensors	  are	  a	  key	  component	   in	  robotic	  applications	  requiring	  human-‐robot	  

interaction.	   Surface	   force	   or	   pressure	   transducers	   are	   used	   both	   for	   simple	  

qualitative	  touch	  sensing,	  thus	  requiring	  a	  simple	  binary	  output,	  and	  for	  quantitative	  

continuous	  gauging	  of	  contact	  pressure	  through	  analog	  voltage	  signals.	  	  

Pressure	  sensors	  allow	  for	   feedback	  controlling	   the	  system	  or	  safety	  monitoring	   to	  
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prevent	  harm	  to	  the	  user	  or	  damage	  of	  the	  device.	  A	  large	  class	  of	  service	  robots	  is	  

(Hollinger	  &	  Wanderley,	  2006;	  Vecchi	  et	  al.,	  2000)	  meant	  for	  biomedical	  applications	  

or	   care	   purposes	   as	   artificial	   hands,	   gait	   orthoses	   or	   rehabilitation	   and	   wellness	  

devices	  in	  general.	  	  

A	   few	  commercial,	   low	  cost	   force	  sensors	  are	  available	  on	  the	  market	   (Hollinger	  &	  

Wanderley,	   2006;	  Vecchi	   et	   al.,	   2000)	   and	   for	   some	  of	   them	   the	  producer	  doesn't	  

guarantee	   an	   acceptable	   repeatability,	   not	   to	   mention	   linear	   or	   hysteresis	   free	  

response.	   Many	   authors	   have	   studied	   such	   sensors'	   behavior	   (Castro	   &	   Cliquet,	  

1997;	  Freschi	  et	  al.,	  2000;	  Otto,	  Brown,	  &	  Callaghan,	  1999.;	  Vidal-‐Verdu,	  Estı´balitz,	  

Castellanos-‐Ramos,	  Navas-‐Gonzàlez,	  Macicior,	  Sikora,	  2010).	  Sensors	  come	  in	  many	  

sizes	  and	  shapes,	  given	  their	  prior	  requirement	  not	  to	  be	  thick	  or	  intrusive,	  and	  they	  

work	   based	   on	   a	   few	   different	   principles,	   being	   them	   capacitive	   or	   piezoresistive,	  

being	   too	   bulky	   elastic	   load	   cells.	   As	   for	   the	   shape/size	   issue,	   thin	   sensors’	  

dimensions	   span	   from	  a	   few	  millimeters,	  allowing	   for	  point	  contact	  measurements	  

i.e.	  for	  artificial	  fingers	  or	  point-‐wise,	  spherical-‐ended	  tools,	  to	  large	  arrays	  of	  tenth	  

of	   centimeters	   side	   for	   larger	   contact	   areas,	   i.e.	   for	   stress	   distribution	   under	   the	  

plantar	   sole	   or	   over	   the	   dorsal	   area	   or	   between	   soil	   and	   foundations	   (Palmer,	  

Rourke,	   Olson,	   Nathaniel	   A.,	   Abdoun,	   Ha,	  &	   Rourke,	   2009;	   Shaw,	   Davis,	   Collins,	   &	  

Carney,	  2009)	  for	  civil	  engineering	  applications.	  	  

Our	   main	   target	   in	   considering	   these	   piezoresistive	   sensors	   was	   a	   soft-‐robot	  

application,	  i.e.	  a	  deformable	  pneumatic	  device	  intended	  to	  boost	  leg	  circulation	  of	  

paraplegic	   patients	   by	   applying	   an	   intermittent	   massage	   and	   at	   the	   same	   time	  

imposing	   passive	   ankle	   dorsiflexion	   (Manuello	   Bertetto,	   Meili,	   Concu,	   &	   Crisafulli,	  
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2012).	   Measuring	   the	   contact	   force	   between	   the	   actuator	   and	   the	   patients	   skin	  

should	  give	  reliable	  and	  quick	  response	  in	  order	  to	  tune	  contact	  pressure.	  Thin-‐film	  

sensors	   to	   be	  mounted	   under	   the	   actuator	   inner	   surface	   are	   eligible	   for	   this	   task,	  

thus	  need	  to	  be	  tested	  and	  characterized.	  	  

The	   FlexiForce®	   sensors	   from	   Tekscan	   Inc.,	   Boston,	  MA,	   US	   seemed	   to	   us	   a	   good	  

commercial	   and	   affordable	   offer	   (Manuello	   Bertetto,	   Meili,	   2012)	   for	   measuring	  

small	  forces,	  also	  given	  their	  short	  response	  time	  (<5	  μs).	  Good	  frequency	  response	  

in	  the	  low-‐	  frequency	  band	  of	  our	  interest	  (0.5÷1	  Hz,	  meaning	  the	  gait	  frequency,	  is	  

required.	  	  

2.4. Modeling	  

Several	  approaches	  have	  been	  proposed	  for	  modeling	  the	  pneumatic	  actuators.	  The	  

analysis	   of	   pneumatic	   actuators	   requires	   a	   combination	   of	   thermodynamics,	   fluid	  

dynamics	  and	  the	  dynamics	  of	  the	  motion.	  For	  constructing	  a	  mathematical	  model,	  

three	  major	  considerations	  are	   involved	  (French	  et	  al.,	  1988):	  1)	   the	  determination	  

of	   the	   mass	   flow	   rates;	   2)	   the	   determination	   of	   the	   pressure,	   volume	   and	  

temperature	  of	  the	  air	  inside	  the	  actuator;	  3)	  the	  determination	  of	  the	  dynamics	  of	  

the	  load.	  Identification	  techniques	  are	  also	  used	  for	  finding	  the	  mathematical	  model	  

of	  the	  pneumatic	  actuators.	  Accurate	  model	  of	  pneumatic	  actuator	   is	  an	  important	  

condition	  both	  for	  control	  design	  and	  for	  optimizing	  its	  mechanical	  behavior.	  (Sorli	  et	  

al.,	   1999)	   presented	   two	   different	   formulations	   to	   model	   a	   pneumatic	   actuator,	  

composed	  of	  an	  actuator	  and	  a	  digital	  valve.	   In	  the	  first	  one	  an	  air	  thermodynamic	  

transformation	   was	   assumed	   and	   the	   simulation	   was	   carried	   out	   in	   the	   Matlab-‐

Simulink	   environment,	   while	   in	   the	   second	   one	   also	   the	   energy	   equation	   was	  
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introduced,	   so	   that	   the	   thermic	  exchange	  between	   the	  chambers	  and	   the	  external	  

ambient	  was	  considered.	  A	  detailed	  mathematical	  model	  of	  dual	  action	  pneumatic	  

actuators	   controlled	  with	   proportional	   spool	   valves	  was	   developed	  by	   (Edmond	  et	  

al.,	  2001).	  Effects	  of	  nonlinear	  flow	  through	  the	  valve,	  air	  compressibility	  in	  cylinder	  

chambers,	   leakage	   between	   chambers,	   end	   of	   stroke	   inactive	   volume,	   and	   time	  

delay	   and	   attenuation	   in	   the	   pneumatic	   lines	   were	   carefully	   considered.	   System	  

identification,	   numerical	   simulation	   and	   model	   validation	   experiments	   were	  

conducted	   for	   two	   types	   of	   air	   cylinders	   and	   different	   connecting	   tubes	   length,	  

showing	   very	   good	   agreement.	   This	   mathematical	   model	   will	   be	   used	   in	   the	  

development	   of	   high	   performance	   nonlinear	   force	   controllers,	  with	   applications	   in	  

teleoperation,	   haptic	   interfaces,	   and	   robotics.	   For	   modeling	   a	   pulse	   width	  

modulation	  (PWM)	  based	  pneumatic	  systems	  a	  state	  space	  averaging	  approach	  was	  

presented	  by	   (Eric	  et	   al.,	   2002).	   This	  provided	   the	  analytic	  machinery	  necessary	   to	  

remove	  the	  discontinuities	  associated	  with	  switching	  and	  results	  in	  a	  model	  tractable	  

to	   standard	  nonlinear	   control	   design	   techniques.	   The	   control	   of	   a	   single	  degree	  of	  

freedom	   pneumatic	   positioning	   system	   illustrated	   this	   technique	   experimentally.	  

(Arcangelo	   et	   al.,	   2005)	   presented	   an	   extensive	   set	   of	   experiments	   and	   a	   related	  

mathematical	  model	   investigating	   the	   dynamics	   of	   pneumatic	   actuators	   controlled	  

by	  on-‐off	   solenoid	   valves,	  whose	  opening	  and	   closing	   time	   response	   is	  based	  on	  a	  

pulse	  width	  modulation	  (PWM)	  technique.	  The	  experimental	  set-‐up	  consists	  of	  both	  

commercial	   electronics	   and	   circuits	   appropriately	   realized	   where	   particular	   needs	  

are	  required.	  As	  well	  as	  providing	  a	  highly	  repeatable	  set	  of	  measurements,	  valuable	  

for	  future	  comparisons,	  the	  experimental	  investigation	  also	  provided	  an	  appropriate	  

base	   aimed	   at	   testing	   the	   performances	   of	   the	   analytical	   model.	   The	   analytical-‐	  
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experimental	  comparisons	  showed	  the	  ability	  of	  the	  theoretical	  model	  to	  provide	  an	  

accurate	  mean	   expectation	   of	   the	   position	   of	   the	   actuator	   less	   than	   about	   2	  mm.	  

Such	  a	  capability	  of	  the	  model	  was	  tested	  for	  several	  operating	  and	  initial	  conditions	  

during	  the	  first	  five	  cycles.	  The	  presented	  theoretical	  model	  dealing	  with	  non-‐linear	  

dynamics	   phenomena	  whose	   behavior	   is	   highly	   transient	   should	   be	   considered	   an	  

attempt	  aimed	  at	  providing	  a	  valuable	  tool	  for	  designing	  control	  strategies	  without	  

the	  need	  for	  expensive	  physical	  models.	  (Shu	  et	  al.,	  2005)	  presented	  a	  methodology	  

for	   deriving	   a	   nonlinear	   dynamic	  model	   for	   a	   pneumatic	   servo	   system.	   The	  model	  

includes	   cylinder	   dynamics,	   payload	   motion,	   friction	   and	   valve	   characteristics.	  

Methods	   for	  estimating	   the	  model	  parameters	   from	  simple	  experiments	  were	  also	  

described.	  Experimental	  results	  demonstrating	  the	  ability	  of	  the	  model	  to	  predict	  the	  

measured	  piston	  position	  and	  cylinder	  chamber	  pressure	  were	  included.	  (Qinghua	  et	  

al.,	  2006)	  established	  the	  dynamic	  model	  of	  FPA	  (flexible	  pneumatic	  actuator),	  which	  

is	   a	   new	   type	   of	   actuators,	   proposed	   in	   Zhejiang	   University	   of	   Technology.	   The	  

primary	  factors,	  which	  affect	  the	  dynamic	  properties	  of	  FPA,	  are	  the	  mass	  flow	  of	  air	  

and	  the	  volume	  of	  FPA	  chamber.	  Simulation	  results	  of	  inflating	  and	  deflating	  process	  

of	  FPA	  indicated	  that	  the	  section	  area	  of	  air	  connector	  of	  FPA	  is	  proportional	  to	  the	  

mass	  flow	  of	  air	  and	  affects	  the	  dynamic	  properties	  greatly.	  The	  dynamic	  response	  of	  

FPA	   is	   rapid,	   completed	  within	   15	  milliseconds.	   (Carducci	   et	   al.,	   2006)	   validated	   a	  

complete	  mathematical	  model	   of	   a	   pneumatic	   actuator	   driven	   by	   two	   on/off	   two	  

ways	   valves	   (with	   Pulse	   Width	   Modulation	   technique)	   by	   tuning	   a	   number	   of	  

geometric	   and	   functional	   characteristics	   and	   parameters	   by	   means	   of	   non-‐linear	  

optimization	   algorithms.	   The	   experimental	   data	   were	   obtained	   driving	   the	   on/off	  

valves	  with	  five	  different	  duty	  cycles:	  10,	  25,	  50,	  75	  and	  90%	  over	  a	  period	  of	  20	  ms	  
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and	   measuring	   the	   actuator	   position	   with	   a	   potentiometer.	   In	   particular	  

experimental	   apparatus	   was	   realized	   in	   order	   to	   measure	   valve	   coefficients	   in	   all	  

operative	   conditions.	   (Xue	   et	   al.,	   2007)	   presented	   a	   dynamic	  model	   and	   a	   design	  

method	  for	  an	  accurate	  self-‐tuning	  pressure	  regulator	   for	  pneumatic	  pressure	   load	  

systems	   that	   have	   some	   special	   characteristics	   such	   as	   being	   nonlinear	   and	   time	  

varying.	  A	  mathematical	  model	  was	  derived,	  which	  consists	  of	  a	  chamber	  continuity	  

equation,	  an	  orifice	  flow	  equation	  and	  a	  force	  balance	  equation	  of	  the	  spool.	  
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3. Flexible	  pneumatic	  systems	  	  

3.1. A	  review	  

3.1.1. Historical	  background	  

Design	   and	   development	   of	   flexible	   pneumatic	   actuators	   (FPA)	   have	   been	   much	  

investigated	  in	  the	  last	  decades,	  for	  multiple	  purposes:	  health	  equipment,	  home	  care	  

mechanisms	   and	   accessories,	   mimics	   of	   human	   tactile	   and	   sensing	   properties.	  

Pneumatics	  generally	  represents	  a	  safe,	  fast	  and	  mainly	  inexpensive	  energy	  source.	  

When	   it	   comes	   to	   coupling	   with	   soft	   actuators	   it	   reveals	   itself	   to	   be	   suitable	   for	  

human	  interaction,	  either	   in	  active	  or	  passive	  fashion,	  yet	   lacking	  of	  that	  precision,	  

both	   in	   force	   or	   pressure	   and	   position,	   it	   gives	   if	   stiff	   steel	   actuators	   (typically	  

cylinders)	  are	  used.	  The	  advantages	  of	  such	  inflatable	  soft	  devices	  range	  from	  being	  

clean	  and	  light-‐weight	  to	  exerting	  the	  required	  relatively	  small	  forces	  and	  pressures	  

harmlessly	  on	  e.g.	   a	  patient	   skin	  or	   a	   flower	  or	   fruit	   to	  be	  picked,	   to	  being	   ideally	  

given	   any	   geometrical	   configuration	   or	   shape.	   As	   for	   forces,	   either	   tensile	   or	  

compressive,	   several	   layouts,	   briefly	   inspected	   in	   the	   following,	   provide	   pushing,	  

pulling,	  bending	  and	  twisting	   features,	  as	  well	  as	  axial	   symmetric	  momentum.	  Also	  

multi-‐DOF	  systems	  are	  achievable.	  	  

A	   useful	   classification	   of	   Flexible	   Fluidic	   Actuators	   can	   be	  made	   according	   to	   their	  

operating	   principle,	   or	   the	   kind	   of	   force	   they	   are	   creating.	   Here	   we	   differentiate	  

between	   designs	   that	   use	   expansion,	   contraction	   or	   bending	   directions	   to	   drive	   a	  

system.	  

	  

The	  FPA	  muscles	  were	  extensively	  studied	  and	  used	  in	  numerous	  non-‐conventional	  

applications,	   (Schulte,	  1961;	  Chou	  and	  Hannaford,	  1994;	  Pack	  et	  al.,	  1997).	  A	  great	  
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effort	   was	   made	   to	   propose	   and	   fabricate	   novel	   types	   of	   flexible	   pneumatic	  

actuators	   (FPA)	   as	   well,	   in	   order	   to	   improve	   the	   pull	   capabilities	   of	   the	   muscle	  

(Ferraresi	   et	   al.,	   1999).	   A	   few	  works	   on	   the	  modeling	   of	   pneumatic	  muscles	   have	  

been	  presented	  (Hirai	  et	  al.,	  2000;	  Chou	  and	  Hannaford,	  1996;	  Raparelli	  et	  al.,	  1999;	  

Gorissen	  et	  al.,	  2011;	  Manuello	  Bertetto	  and	  Ruggiu,	  2004).	  Many	  researchers	  have	  

studied	  a	  particular	   type	  of	   flexible	  actuator	  powered	  by	  pressurized	   fluid,	  namely	  

flexible	  Pneumatic	  Balloon	  Actuators	   (PBA’s)	   introduced	  by	  Schwörer	  et	   al.	   (1998),	  

Konishi	   et	   al.	   (2001)	   and	   others	   (Abe	   et	   al.	   2007;	   Lu	   and	   Kim,	   2009).	   For	   a	  more	  

thorough	   state	   of	   the	   art	   of	   flexible	   fluid	   actuators,	   we	   refer	   to	   two	   recently	  

published	   review	  papers	   (De	  Volder	   and	  Reynaerts,	   2010).	   The	   operation	   of	   these	  

actuators	   is	  based	  on	   the	   same	  mechanism	  as	   the	   joints	  of	   certain	   insects	   such	  as	  

spiders	   (Schwörer	   et	   al.,	   1998;	   Parry	   and	   Brown,	   1959;	   Zentner	   et	   al.,	   2000).	  

Essentially,	   these	   actuators	   comprise	   two	   flexible	   layers	   with	   different	   bending	  

stiffness	  which	  are	  bonded	  together	  at	  the	  edges	  to	  form	  a	  balloon.	  Because	  of	  this	  

asymmetrical	   stiffness,	   the	   actuator	   bends	   when	   pressurized,	   thus	   generating	   the	  

actuation	   motion.	   The	   asymmetric	   bending	   stiffness	   can	   be	   achieved	   using	   for	  

instance	  different	   layer	  thicknesses	  or	  different	  Young’s	  moduli	  (Jeong	  and	  Konishi,	  

2000).	  A	  promising	  research	  activity	   in	  the	  robotics	  community	   is	   the	  development	  

of	   devices	   attempting	   to	   imitate	   biological	   forms	   that	   are	   based	   on	   flexible	  

structures	  and	  often	   fluid-‐powered.	  Numerous	  examples	  are	   to	  be	   found	  either	  as	  

manipulators,	   actuators,	   grippers	   and	   hands	   or	   mobile	   robots.	   For	   each	   of	   these	  

robotics	   areas,	   several	   relevant	   advantages	   may	   be	   stressed	   when	   using	   flexible	  

structures	  over	  traditional	  robots.	  Manipulators	  as	  well	  as	  grippers	  or	  flexible	  hands	  

can	   operate	   with	   delicate	   objects	   without	   causing	   any	   damage	   because	   of	   their	  
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compliance.	  Furthermore,	  robot	  hands	  can	  approximate	  the	  manipulation	  skills	  and	  

grip	   force	   of	   the	   human	   hand	   when	   using	   fluidic	   actuators	   (Schultz	   et	   al.,	   2001;	  

Dohta	  et	  al.,	  2001;	  Kwak	  and	  Lee,	  2009).	  These	  types	  of	  structures	  have	  significant	  

potential	   for	   improved	   performance	   over	   traditional	   manipulators	   in	   the	   areas	   of	  

obstacle	  avoidance	  and	  manipulation	  (Hannan	  and	  Walzer,	  2001).	  Moreover,	   these	  

manipulators	  have	  the	   inherent	  ability	  to	  conform	  to	  environmental	  constraints	  on	  

contact.	   Flexible	   manipulators	   can	   boast	   a	   drastic	   simplification	   in	   design	   over	  

traditional	   devices	   while	   still	   being	   hyper-‐redundant	   in	   number	   of	   degrees	   of	  

freedom	   (Ferraresi	   et	   al.,	   1997).	   No	   heavy	   motors	   and	   transmission	   boxes	   are	  

required	   since	   only	   static	   sealing,	   with	   no	   relative	   motion,	   is	   used.	   Thus	   these	  

devices	   appear	   to	   be	   well	   suited	   for	   operation	   in	   clean	   rooms	   and	   food	   and	  

agriculture	   industries	   since	   they	   require	   no	   lubricants	   and	   wear	   particles	   are	   not	  

released.	  A	  common	  inspiration	  from	  biology	  guides	  researchers	  in	  developing	  fluidic	  

muscles	   or	   actuators.	   A	   large	   number	   of	   applications,	   from	   the	   human	   inspired	  

muscle	   through	   angular	   or	   revolute	   actuators,	   can	   be	   found	   in	   recent	   literature	  

(Daerden	   et	   al.,	   2001;	   Hirai	   et	   al.,	   2000;	   Noritsuguet	   al.,	   2000;	  Margineanu	   et	   al.,	  

2008,	   Rodrigo	   et	   al.,	   2008).	   The	   striking	   characteristic	   of	   these	  motors	   is	   the	   high	  

ratio	  between	  actuation	  force	  and	  weight.	  However,	   the	  robotic	  area	  where	  fluidic	  

flexible	   structure	   devices	   are	   probably	  more	  widespread	   is	   that	   of	  mobile	   robots.	  

There	  are	  several	  prototypes	  based	  on	  a	  flexible	  structure	  driven	  by	  fluid,	  which	  are	  

capable	  of	  working	  in	  unstructured	  or	  even	  hostile	  environments.	  By	  exploiting	  the	  

absence	   of	   electrical	   power,	   these	   robots	   can	   operate	   with	   radioactivity	   or	   in	  

presence	   of	   electromagnetic	   fields.	   Some	   flexible	   robots	   have	   been	   built	   for	  

navigating	   through	   pipes	   (Slatkin	   and	   Burdick,	   1995),	   swimming	   (Sfakiotakis	   et	   al.,	  
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2001)	   and	   climbing	   (Manuello	   Bertetto	   and	   Ruggiu,	   2002).	   Despite	   the	   several	  

advantages	  mentioned,	  a	  strong	  shortcoming	  in	  using	  these	  devices	   is	  their	  control	  

strategy.	   Fluidic	   flexible	   robots	   require	   sophisticated	   controls	   in	   order	   to	   reach	  

accurate	   and	   repeatable	   positioning.	   Furthermore,	   their	   dynamic	  modeling	   has	   to	  

struggle	   with	   their	   deformable	   structure	   and	   unconventional	   actuations.	   An	  

extended	  bibliography	  can	  be	  found	  concerning	  the	  issue	  of	  flexible	  robot	  modeling	  

(Yoshikama	   and	   Hosoda,	   1996;	   Ding	   and	   Selig,	   2003).	   However,	   experimental	  

applications	  are	  often	  limited	  to	  simple	  cases.	  Many	  approximate	  models,	  i.e.	  finite	  

elements,	  Myklestad’s	  method,	  the	  Ding-‐Holzer	  method	  and	  the	  screw	  theory	  have	  

been	   proposed	   to	   overcome	   the	   difficulty	   of	   applying	   the	   distributed	   parameter	  

approach.	  However,	  models	  of	   robots	  with	   continuum	  structures	  have	   rarely	  been	  

dealt	  with	  (O’Brien	  and	  Lane,	  2001,	  Leitman	  and	  Villaggio,	  2006).	  In	  any	  case,	  much	  

interest	   has	   been	   shown	   this	   kind	   of	   actuators,	   in	   particular	   for	   recovering	   the	  

fundamental	  functions	  of	  paraplegic	  subjects.	  

The	   biomechanical	   research	   community	   recently	   evaluated	   the	   possibility	   of	  

replacing	  the	  striate	  muscle	  pump	  on	  limb	  veins	  with	  the	  application	  of	  mechanical	  

actuators	   to	   legs,	   thus	   restoring	   end	   diastolic	   filling	   pressure	   of	   ventricles.	   In	   this	  

occurrence,	  a	  cardiac	  output	  compensation	  would	  occur	  and	  aerobic	  capacity	  would	  

be	  restored	  in	  these	  patients.	  

	  

In	  spinal	  cord	  injured	  (SCI)	  individuals	  there	  is	  a	  partial	   loss	  of	  nervous	  control	  over	  

circulation,	   and	   this	   fact	  may	   explain	   some	  of	   the	   altered	   circulatory	   responses	   to	  

effort	  occurring	  in	  SCI	  persons	  (Dela	  et	  al.,	  2003;	  Hopman,	  1994;	  Jacobset	  al.,	  2002).	  

The	  absence	  of	  peripheral	  vasoconstriction	  below	  the	   level	  of	  the	  spinal	   lesion	  and	  
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the	  lower	  stroke	  volume	  (SV)	  increment	  compared	  to	  able-‐bodied	  subjects	  are	  well	  

known	  phenomena	  during	  physical	  activity	  in	  SCI	  patients	  (Crisafulli	  et	  al.,	  2009).	  

The	   inability	   of	   SCI	   patients	   to	   increase	   venous	   return	   during	   exercise	   has	   been	  

reported	   several	   times	   and	   has	   been	   associated	  with	   a	   disturbed	   redistribution	   of	  

blood	  due	  to	   the	   lack	  of	  sympathetic-‐mediated	  vasoconstriction	  below	  the	   level	  of	  

the	  spinal	  cord	   lesion	  (Davis	  et	  al.,	  1990;	  Hopman,	  1994;	  Jacobs	  et	  al.,	  2002;	  Davis,	  

1990).	  This	  fact	  impairs	  venous	  return	  and	  cardiac	  filling	  and	  in	  part	  explains	  the	  low	  

SV	  during	  exercise	  shown	  by	  these	  patients	  (Crisafulli	  et	  al.,	  2007).	  

Some	   studies	   employing	   antigravity	   suits	   found	   that	   this	   kind	   of	   device	   could	  

increase	  peak	  oxygen	  uptake	  and	  decrease	  heart	  rate	  in	  relation	  to	  workload	  during	  

arm	  crank	  exercise.	  Moreover,	  subjects	  with	  SCI	  demonstrated	  a	  significantly	  higher	  

SV	   with	   the	   application	   of	   a	   pneumatic	   device	   capable	   of	   inducing	   lower	   body	  

positive	  pressure,	  while	  able	  body	   individuals’	  performance	  was	  unaffected	  by	   this	  

kind	  of	   intervention.	  These	  studies	  suggest	   that	   for	   individuals	  with	  SCI,	   the	  use	  of	  

devices	  that	  increase	  venous	  return	  to	  the	  heart	  could	  augment	  exercise	  capacity	  by	  

preventing	   the	   redistribution	  of	   blood	   to	   the	   lower	   extremities	   (Bazzi	   et	   al.,	   1996;	  

Pitetti	  et	  al.,	  1994).	  

Intermittent	  Pneumatic	  Compression	  (IPC)	  (Hills	  et	  al.,	  1972)	  has	  been	  adopted	  since	  

early	  1970s	  by	  using	  inflatable	  leggings	  to	  prevent	  vascular	  diseases	  such	  deep	  vein	  

thrombosis,	  blood	  clots	  and	  ulcers.	  Such	  stockings	  come	  in	  many	  shapes,	  both	  full-‐

leg	  or	  half	  leg,	  segmented	  or	  not-‐segmented,	  sequentially	  inflated	  or	  not,	  and	  cuffs	  

applied	   to	   thigh	  and	  calf	  may	  cover	   the	  whole	   length	   from	  knee	   to	  hip	  and	  all	   the	  

shank	  long	  or	  may	  leave	  particular	  portions,	  such	  as	  the	  fibular	  head,	  unloaded	  so	  as	  

not	  to	  inflate	  over	  it	  causing	  undesired	  compression	  of	  peroneal	  nerve	  (Lachmann	  et	  
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al.,	  1992).	  The	  last	  consideration	  suggests	  not	  to	  use	  too	  wide	  devices	  but	  to	  apply	  a	  

local	   compression	   instead.	   Medical	   devices	   that	   are	   also	   quite	   common,	   but	   of	  

simpler	   design,	   are	   “military	   anti-‐shock	   trousers”,	   also	   known	   as	   “pneumatic	   anti-‐

shock	  garments”,	  which	  consist	  of	  a	  few	  section	  sleeves	  applying	  pressure	  both	  over	  

each	  leg	  and	  the	  pelvic	  section.	  

	  

3.1.2. Classification	  based	  on	  operating	  principle	  

A	  useful	   classification	   of	   Flexible	   Fluidic	   Actuators	   can	   be	  made	   according	   to	   their	  

operating	  principle,	   or	   the	   kind	  of	   force	   they	  are	  producing.	  Here	  we	  differentiate	  

between	   designs	   that	   use	   expansion,	   contraction	   or	   bending	   directions	   to	   drive	   a	  

system.	  

3.1.2.1. Expansion	  actuators	  

These	   systems	   are	   either	   bellow-‐type	   actuators	   or	   rolling	   lobe-‐type	   actuators.	  

Examples	  of	  the	  latter	  type	  go	  back	  to	  the	  19th	  century.	  These	  air	  springs	  have	  been	  

made	  from	  the	  start	  for	  lifting	  applications	  or	  damping	  elements,	  used	  for	  example	  

for	  rescue	  operations.	  Bellow-‐type	  actuators	  can	  drive	  or	  dampen	  tilt	  motions	  up	  to	  

30°	  without	   friction,	   being	   the	   only	   actuation	   element.	   Size	   can	   range	   from	   tenth	  

down	  to	  a	  couple	  of	  centimeters.	  

Another	   large	   group	   are	   expansion	   actuators	   that	   work	   as	   rotary	   drive	   elements.	  

(Sigmon,	  1976)	  describes	  a	  solution	  where	  the	  structural	   integrity	   is	  created	  by	  the	  

stiff	   housing	  and	   the	   torque	   is	   created	  by	  an	   internal	  bellow-‐type	  actuator	   (Figure	  

3.2(a))	   The	   design	   proposed	   in	   (Johnston,	   1965)	   describes	   a	   bellow-‐type	   actuator	  

suitable	   for	   linear	   or	   rotary	   motions	   as	   well	   as	   single	   chamber	   actuators	   (Figure	  

3.2(b)-‐(d)).	  The	  proposed	  materials	  for	  the	  bellow	  include	  rubbers	  as	  well	  as	  metals.	  	  
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In	  (Bicchi,	  A.	  &	  Tonietti,	  G.,	  2004)	  a	  very	  interesting	  design	  is	  introduced,	  regarding	  a	  

patent	   on	   fabrication	   techniques	   used	   in	   the	   tire	   industry	   and	  describes	   a	   layered	  

membrane	  design	  with	  several	  reinforcement	  layers	  (Figure	  3.2(e),	  (f)).	  The	  actuator	  

has	  a	  layered	  structure,	  being	  the	  layers	  reinforced.	  Anyway,	  standard	  materials	  such	  

as	  ordinary	  water	  hoses	  are	  made	  of	  are	  often	  used.	  Such	  actuators	  can	  be	  coupled	  

with	  controllable	  electrical	  actuators	  to	  make	  the	  most	  of	  both	  technologies.	  

	  

	  

(a)	  Conventional	  Cylinder	  (b)	  Bellow-‐Type	  Actuator	  (c)	  Rolling	  Lobe-‐Type	  Actuator	  	  

Figure	   3.1.	   Comparison	   of	   different	   kinds	   of	   expansion	   actuators	   (ContiTech	   AG,	  
2011;	  in	  (Gaiser	  et	  al.,	  2012)).	  
	  

(DeLepeleire,	   1974)	   discusses	   the	   stress	   distribution	   in	   the	  membrane	   of	   a	   rotary	  

actuator	   and	   requirements	   for	   achieving	   low	   bending	   stiffness	   and	   high	   tensile	  

strength.	   Another	   approach	   is	   described	   in	   (Fuchs,	   1994).	   Here	   the	   drive	   element	  

consists	  of	  a	  mono-‐material	  system.	  The	  whole	  drive	  is	  fabricated	  in	  one	  step	  (Figure	  

3.2(g)).	  
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Figure	  3.2.	  Radial	  Cross-‐Section	  View	  of	  Different	  Fluidic	  “Expansion”	  Drives	  (Gaiser	  
et	  al.,	  2012)	  

While	  the	  presented	  concepts	  are	  designed	  to	  operate	  with	  pressures	  in	  the	  range	  of	  

0	   −	   20	   bar	   the	   development	   in	   (Larsson,	   1988)	   is	   operated	   with	   pressures	   up	   to	  

200	  bar.	  The	  actuator	  set-‐up	  allows	  both,	  linear	  and	  rotary	  actuation	  (Figure	  3.2(h),	  

(i)).	   The	   focus	   in	   these	   works	   lies	   on	   heavy-‐duty	   machinery	   but	   rotary	   drives	   or	  

trunk-‐like	  structures	  are	  discussed	  for	  robotic	  applications	  as	  well.	  Detailed	  concepts	  

regarding	  layered	  fiber	  reinforcements	  in	  the	  shell	  are	  introduced.	  	  

While	  the	  previous	  example	  requires	  complex	  knowledge	  and	  technology	  to	  produce	  

an	  individually	  shaped	  membrane,	  other	  examples	  implement	  standard	  materials	  for	  

flexible	   fluidic	   actuators.	   In	   (Ivlev,	   2009;	  Marette,	   1961;	   Schulz,	   2004b)	   a	   design	   is	  

proposed	   that	   uses	   bulky	   materials	   such	   as	   ordinary	   water	   hoses	   to	   form	   the	  

actuator.	   Figure	   3.2(j)	   shows	   one	   set-‐up	   of	   this	   FLEXATOR	   muscle.	   Subsequent	  

developments	  applied	  the	  FLEXATOR	  technology	  to	  the	  fields	  of	  rehabilitation	  (Prior	  

et	  al.	  1993)	  and	  horticultural	  robotics	  (Tillett	  et	  al.,	  1994).	  The	  works	  of	  (Prior	  et	  al.,	  

1993)	   introduced	  a	  unique	  approach	   that	  came	  to	  be	  known	  as	  “hybrid	  actuation”	  

(Shin	  et	  al.,	  2009).	  Here	  the	  powerful	   fluidic	  actuators	  are	  combined	  with	  precisely	  

controllable	  electrical	  actuators	  in	  a	  parallel	  configuration.	  	  
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3.1.2.2. Bending	  actuators	  

Bending	   actuators	   generate	   bending	   motion	   when	   pressurized,	   allowing	  

manipulation	   of	   objects	   in	   adaptive	   and	   compliant	   way.	   Basically,	   they	   can	   be	  

vacuum	  or	  pressure	  operated.	  (Staines,	  1962)	  presented	  vacuum	  operated	  and	  (Baer	  

1967,	  1975)	  pressure	  operated	  conceptual	  solutions	   for	   this	  problem	  (Figure	  3.3(a)	  

and	  3.3(b)).	  	  

The	   work	   by	   (Orndorff,	   1971)	   and	   (Ewing,	   1973)	   as	   well	   as	   (Andorf	   et	   al.,	   1976)	  

introduce	  designs	  where	   bending	   occurs	   due	   to	   “anisotropic	  membrane	   stiffness”.	  

(Craig	  et	  al.,	  1989)	  point	  out	  that	  these	  types	  of	  actuators	  can	  be	  folded	  to	  reduce	  

shipping	   volume	   especially	   for	   space	   applications.	   Figures	   3.3(c)-‐3.3(e)	   show	   the	  

different	   designs.	   Bending	   actuators	   designed	   with	   multi-‐lumen	   hoses	   are	  

represented	   by	   the	   work	   of	   (Suzumori	   et	   al.,	   1992,	   1995,	   1996,	   2007)	   shown	   in	  

Figure	   3.3(f).	   Radial	   reinforcements	   inhibit	   radial	   expansion	   so	   that	   the	   operating	  

pressure	  is	  1.4−4	  bar.	  There	  are	  a	   large	  variety	  of	  trunk-‐like	  bending	  actuators	  that	  

create	  bending	  motion	  by	  adding	  structural	  constraints.	  A	  few	  examples	  are	  shown	  

in	   Figures	   3.4(a)-‐(c).	  Monolithic	   bending	   actuators	   represent	   the	   last	   group	   in	   this	  

section.	  Different	   research	  groups	  have	  been	  working	  on	   this	   topic	  during	   the	   last	  

years	  (Ilievski	  et	  al.,	  2011;	  Koishi	  et	  al.,	  2001;	  Zentner	  et	  al.,	  2007).	  These	  actuators	  

are	   single	  material	   devices	   and	  mainly	   fabricated	   in	  one	   step.	  Operating	  pressures	  

are	  mostly	  <	  1	  bar.	  Some	  prototypes	  are	  shown	  in	  Figure	  3.4(d)-‐(e).	  
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Figure	  3.3.	  Bending	  Actuators	  (Gaiser	  et	  al.,	  2012)	  
	  

Another	  type	  is	  that	  of	  multi-‐chamber	  tubes	  exhibiting	  as	  many	  bending	  degrees	  of	  

freedom	   as	   the	   lumen	   hoses	   they	   are	   made	   of,	   having	   axial	   and	   radial	   stiffness	  

constrained	  by	  stiff	  reinforcement.	  

	  

	  

Figure	  3.4.	  Trunk-‐Like	  Bending	  Actuators	  and	  Monolithic	  Bending	  Actuators	  (Gaiser	  
et	  al.,	  2012)	  

	  

3.1.2.3. Contraction	  actuators	  

Very	   promising	   technology	   since	  many	   decades,	   these	   actuators	   produce	   a	   tensile	  
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force	  when	  pressure	  is	  applied.	  Both	  consist	  of	  an	  elastomeric	  membrane	  wrapped	  

with	   elastic	   fibers.	   They	   can	   be	   divided	   into	   two	   main	   groups:	   The	   first	   group	  

includes	   actuators	   that	   generate	   a	   tensile	   force	   due	   to	   “Anisotropic	   Membrane	  

Stiffness”.	   (Daerden	   &	   Lefeber,	   2000)	   described	   some	   of	   those	   actuators	   in	   their	  

review	  article.	  These	  actuators	  increase	  in	  surface	  area	  when	  pressurized.	  The	  axial	  

contraction	  is	  coupled	  to	  a	  radial	  expansion	  in	  which	  some	  of	  the	  energy	  is	  used	  for	  

membrane	  deformation.	  Generally	  Joseph	  L.	  McKibben	  is	  said	  to	  be	  the	  inventor	  of	  

the	  most	  popular	  design,	  often	  referred	  to	  as	  “McKibben	  Muscle”.	  However,	  earlier	  

patents	   describe	   the	   same	   design.	   In	   1929	   (Dimitri	   Sensaud	   de	   Lavaud,	   1929)	  

introduced	   a	   fluidic	   muscle	   as	   shown	   in	   Figure	   3.5(a).	   This	   early	   work	   was	   later	  

followed	  up	  by	  the	  patents	  of	   (Morin,	  1953)	  and	   (Woods,	  1957),	  where	  the	  design	  

and	   characteristics	   of	   the	   fluidic	   muscle	   were	   described	   in	   detail.	   The	   actuators	  

consist	   of	   a	   highly	   elastic	   inner	  membrane	   that	   is	   covered	  with	   a	   helically	  wound	  

fiber	   reinforcement	   like	  a	  braided	   fiber	  hose	   (Figure	  3.5(b)).	  When	  pressurized	   the	  

fiber	  angles	  change	  until	  the	  critical	  fiber	  angle	  of	  θ	  =	  54,	  4◦	  is	  reached	  (Figure	  3.5(c))	  

(Woods,	  1957).	  	  

(a)	   (b)	   (c)	  

	  

(a)	  (de	  Lavaud,	  1929)	  	  (b)	  (Woods,	  1957)	  	  (c)	  geometric	  correlation	  	  (d)	  (Sigmon,	  1976)	  	  (e)	  
(Negishi,	  1991)	  (f)	  (g)	  between	  fiber	  angle	  θ	  and	  (Lewis,1974;	  Monroe,1994)	  muscle	  
diameter	  D	  	  

Figure	  3.5.	  Different	  Fluidic	  Muscles	  (Gaiser	  et	  al.,	  2012)	  
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In	   (Paynter,	   1988b)	   describes	   a	   variation	   of	   this	   type	   of	   fluidic	   actuator.	   The	  

“hyperboloid	  muscle”	   is	  equivalent	   to	  a	  prestretched	  fluidic	  muscle,	  which	  extends	  

the	   range	   of	   motion	   (figure	   3(d)).	   Other	   set-‐ups	   are	   discussed	   in	   (Paynter,	   1974;	  

Paynter,	  1988a).	  	  

Commercially	   available	   fluidic	   actuators	   were	   introduced	   by	   Bridgestone	  

Corporation,	  Japan,	  FESTO	  AG&Co.	  KG,	  Germany,	  and	  Shadow	  Robot	  Company,	  UK.	  

Bridgestone	   introduced	   a	   single-‐acting	   (Takagi,	   1986)	   and	   a	   antagonistic	   (Negishi,	  

1991)	   actuator	   design	   (Figure	   3.5(e))	   but	   soon	   stopped	   their	   activities	   in	   the	   field.	  

With	  operating	  pressures	  up	  to	  2	  bar	  and	  a	  fatigue	  life	  of	  67,	  000	  load	  cycles	  these	  

actuators	  weren’t	  really	  competitive.	  	  

Nowadays	  FESTO	  offers	  the	  biggest	  portfolio	  of	  fluidic	  muscles.	  Operating	  pressures	  

are	   0	   −	   8	   bar	   in	   connection	   with	   a	   fatigue	   life	   of	   more	   than	   10,	   000	   load	   cycles	  

depending	  on	   the	   load	   case.	   (Lewis,	   1974)	   and	   (Monroe,	   1994)	   proposed	   a	  design	  

with	   only	   axially	   fiber	   reinforcements.	   Thus	   actuation	   is	   connected	   with	   a	   radial	  

stretch	  of	  the	  pure	  rubber	  sections	  between	  the	  axial	  fiber	  strands	  (Figure	  3.5(f),(g)).	  	  

The	  second	  group	  of	  “Contraction”	  actuators	  generates	  the	  force	  due	  to	  “Vectored	  

Structural	  Degrees	  of	  Freedom”.	  These	  actuator	  designs	  try	  to	  raise	  efficiency	  and	  to	  

minimize	  the	  hysteresis	  compared	  to	  the	  first	  group	  of	  actuators.	  Ideally	  there	  is	  no	  

strain	   of	   the	   membrane	   and	   almost	   no	   internal	   friction.	   When	   pressurized	   these	  

actuators	   increase	   in	   volume	   while	   maintaining	   the	   same	   surface	   area.	   (Yarlott,	  

1972)	  proposed	  a	  folded	  structure	  that	  unfolds	  when	  pressurized	  and	  thus	  contracts	  

(Figure	  3.6(a))	  	  
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Figure	  3.6.	  Some	  FFAs	  based	  on	  “Vectored	  Structural	  Degrees	  of	  Freedom”	   (Gaiser	  
et	  al.,	  2012)	  

	  

3.2. Our	  balloon	  actuators	  

We	   are	   using	   and	   testing	   some	   commercial	   sphygmomanometer	   cuffs	   that	   make	  

very	   efficient	   and	   promising	   toroidal	   balloon	   actuators.	   They	   are	   actually	   very	  

interesting	   because	   of	   their	   inextensibility	   and	   axial	   symmetrical	   shape,	   i.e.	   both	  

mechanical	  and	  geometrical	  properties.	  

We’ll	  give	  a	  look	  to	  the	  cyclic	  inflating-‐deflating	  behavior	  as	  a	  first	  thing,	  and	  we’ll	  try	  

to	  state	  some	  law	  for	  the	  pressure	  as	  a	  function	  of	  the	  volume,	  to	  be	  used	  into	  the	  

constitutive	  equations.	  

	  

	  

	  

3.3. Actuators	  characterization	  

3.3.1. The	  actuator	  cyclic	  behavior	  

A	  sample	  of	  the	  acquired	  circuit	  pressure	  values	  is	  shown	  in	  Figure	  3.7.	  
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(a)	  

(b)	  

	  

Figure	  3.7.	  Air	  pressure	  vs.	  time	  just	  upstream	  of	  each	  cuff	  bladder:	  (a)	  global	  trend	  
and	  (b)	  detail:	  pressure	  oscillations	  are	  almost	  synchronous.	  

	  

The	   shown	   trend	   highlights	   some	   circuit	   features:	   first,	   ejector	   efficiency,	   which	  

during	  deflation	  brings	  about	  a	  negative	   relative	  pressure	  mostly	  visible	   in	   the	  calf	  

bladder	  curve,	  is	  stressed	  with	  increasing	  operating	  pressure,	  finally	  overcoming	  the	  

inflating	  action	  and	   resulting	   in	  a	  minor	  average	  effective	  value;	   second,	   the	   three	  

bladder	  pressure	  peak	  values	  appear	  to	  be	  in	  phase	  even	  though	  the	  solenoid	  valve	  

on-‐off	   law	   shown	   in	   Fig.	   3.7	   gives	   out-‐of-‐phase	   commands	   to	   them.	   This	   phase	  

coupling	  can	  be	  explained	  by	  the	  role	  of	  the	  common	  branch	  for	  air	  ejecting	  as	  well	  

as	  with	   the	  very	   slow	  circuit	  dynamics	  due	   to	   the	   large	  air	   volumes;	   third,	  a	  much	  

less	   steep	   slope	   of	   pressure	   rate	   at	   valves	   opening	   was	   achieved	   thanks	   to	   the	  

unidirectional	  flow	  regulators,	  resulting	  in	  a	  ramp	  instead	  of	  a	  step	  impulse;	   it	   is	  to	  

be	  noted	  that	  their	  check	  valve	  prevents	  air	  from	  flowing	  back	  in	  the	  inlet	  pipe.	  



	   32	  

	  
	  
Figure	  3.8.	  The	  pneumatic	  circuit.	  
	  

3.3.2. Some	  engineering	  hypotheses	  

Power	   consumption	   of	   the	   system,	   being	   negligible	   the	   piezometric	   and	   dynamic	  

energy	   losses	  along	  the	  circuit	  piping,	   is	  mainly	  Pe	   to	  ascribe	  to	  the	  ejectors'	  action	  

and	  to	  a	  lesser	  extent	  Pi	  due	  to	  bladder	  inflation.	  Deformation	  energy,	  spent	  for	  the	  

actuator	  to	  perform	  its	  action	  on	  patient's	  leg,	  is	  not	  accounted	  for	  here.	  

	  

	  

• Pe	  is	  the	  work	  done	  by	  the	  ejectors,	  whose	  flow	  rate	  at	  the	  feeding	  pressure	  

of	  2	  bar	  is	  30	  l/min:	  it	  is	  about	  250	  W.	  

• Pi	  is	  the	  pressure	  power	  needed	  for	  inflating	  the	  6	  actuators	  in	  a	  T=3.5	  s	  time	  

period,	   assuming	   volume	  and	  pressure	   change	   in	   time	   as	   shown	   in	   Fig.	   3.8	  

(a),	   (b)	   so	   that	  p-‐V	   cycle	   shape	   is	   approximately	   as	   depicted	   in	   Fig.	   3.8	   (c):	  

bladder	   volume	   increases	   at	   constant	   zero	   relative	   pressure	   (isobaric	  

compression),	  faster	  than	  decreasing	  when	  deflating,	  then	  is	  kept	  constant	  by	  

the	  rigid	  cuff	  (isovolumic	  compression),	  then	  slowly	  decreases;	  the	  work	  done	  
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on	  the	  system	  can	  thus	  be	  given	  by	  the	  rectangular	  area	  below	  the	  graph;	  it	  is	  

one	  order	  of	  magnitude	  smaller	  than	  Pe	  	  .	  

(a)	  

(b)	  

(c)	  

Figure	  3.9	  (a)	  bladder	  pressure	  is	  initially	  at	  atmospheric	  level	  while	  inflating,	  rapidly	  
increases	  as	  maximum	  volume	  is	  reached,	  i.e.	  when	  the	  actuating	  action	  is	  exerted,	  
then	  reduces	  to	  a	  negative	  relative	  value	  to	  finally	  become	  zero;	  (b)	  bladder	  volume	  
goes	  from	  zero	  to	  its	  maximum	  capacity,	  then	  while	  the	  cuff	  slightly	  stretches	  due	  to	  
internal	   pressure	   it	   performs	   the	   leg	  massage,	   and	   goes	   back	   to	   zero	  when	   air	   is	  
sucked	   out	   by	   the	   ejectors;	   (c)	   the	   corresponding	   pressure-‐volume	   graph,	   where	  
expansion	  at	  atmospheric	  pressure	  is	  followed	  by	  a	  sudden	  rise	  of	  internal	  pressure	  
and	  eventually	  by	  the	  outflow	  in	  vacuum	  conditions.	  

	  

We	  can	  see	  that	  the	  system	  requires	  very	  low	  power.	  
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3.3.3. P-‐V	  behavior:	  experimental	  data	  

We	  needed	  an	  experimental	   setup	   to	   state	  a	  pressure-‐volume	   relationship	   for	  our	  

bladder	  actuators.	   Instead	  of	  measuring	  the	  contact	  force	  we	  applied	  a	  hydrostatic	  

load	   all	   around	   the	   actuator	   surface,	   as	   shown	   in	   Figures	   3.10	   and	   3.11.	   A	   tank,	  

suspended	   to	  a	   load	  cell,	  was	  progressively	   filled	   in	  with	   the	  water	   coming	   from	  a	  

larger	   tank	   containing	   an	   inflated-‐deflated	   actuator:	   two	   large	   enough	   pipes	   -‐-‐to	  

avoid	  internal	  flow	  resistance	  leading	  to	  a	  pressure	  drop—	  were	  connecting	  the	  two	  

tanks.	  The	  calibration	  curve	  of	   the	   load	  cell,	   i.e.	   its	  output	  voltage	  as	  a	   function	  of	  

the	  water	  volume	  (or	  weight,	  given	  the	  density)	  is	  shown	  in	  Figure	  3.11.	  

	  

Figure	   3.10	   The	   progressively	   inflating	   bladder	   will	   slowly	   push	   the	   surrounding	  
water	  into	  the	  suspended	  small	  tank	  (front	  view).	  
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Figure	  3.11	  The	  load	  cell	  calibration	  curve	  
	  

	  

	  

	  
Figure	   3.12	   As	   the	   actuator	   gets	   inflated,	   a	   top	   lid	   prevents	   it	   from	   floating;	  
meanwhile,	  the	  water	  flows	  into	  the	  gauged	  small	  tank	  (side	  view).	  
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Figure	  3.13	  The	  pressure	  inside	  the	  actuator	  as	  a	  function	  of	  its	  volume,	  as	  obtained	  
with	  the	  setup	  in	  Figure	  3.8,	  3.9.	  

	  

The	   experimental	   and	   computed	   curves	   shapes	   are	   in	   fact	   very	   similar,	   i.e.	   the	  

assumptions	  made	  in	  3.3.2	  suit	  very	  well	  to	  the	  mechanical	  behavior	  of	  our	  system.	  

Below	  in	  Fig.	  3.14	  experimental	  and	  computed	  trends	  for	  pressure	  and	  volume	  of	  an	  

inflated	  balloon	  actuator	  are	  compared.	  

	  

	   	  

	  
(a)	  

	  

(b)	  

Figure	  3.14	  The	  computed	  (red)	  and	  measured	  (yellow)	  curves	  for	  both	  pressure	  (a)	  
and	  volume	  (b)	  for	  our	  actuators	  are	  quite	  similar	  in	  shape	  and	  trend.	  
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They	  are	  almost	  perfectly	  matching	  except	  for	  the	  values,	  being	  slightly	  different	  the	  

geometry.	  

The	  whole	  cycle	  shows	  almost	  the	  same	  shape	  as	  well	  as	  in	  in	  Figure	  3.12	  below.	  

	  

	  

	  

Figure	  3.15	  The	  computed	  (blue)	  and	  measured	  (green)	  curves	  of	  a	  pressure	  loading-‐
unloading	  cycle	  for	  a	  bladder	  cuff	  actuator	  are	  quite	  similar	  in	  shape	  and	  trend.	  

	  

	  

3.3.4. P-‐V	  behavior:	  conclusions	  

We	  can	  state	  that	  our	  engineering	  hypotheses	  in	  3.3.2	  were	  good,	  as	  the	  results	  are	  

almost	  perfectly	  overlapping	  with	  the	  measured	  curves.	  This	  experimental,	  empirical	  

p-‐V	  law	  can	  thus	  be	  introduced	  into	  the	  constitutive	  equations.	  
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4. Preliminary	  experimental	  

A	   first	   calf-‐plantar	   sequential	   pneumatic	   compression	   device,	   consisting	   of	   three	  

sensorized	  and	  PLC-‐controlled	  chambers	  has	  been	  first	  designed	  and	   implemented.	  

It	  performed	  a	  massage	  on	  the	  calf	  surface	  and	  on	  the	  foot	  sole	  at	  a	  given	  controlled	  

pressure	   level	   and	   frequency	   and,	   in	   addition,	   carried	   out	   the	   ankle	   passive	  

movement.	  

Preliminary	   tests	   were	   performed	   on	   patients,	   using	   a	   commercial	   apparatus	  

normally	   devoted	   to	   lymphatic	   drainage	   massage.	   In	   testing	   the	   mechatronic	  

apparatus	  under	  real	  working	  conditions	  three	  air	  pressure	  transducers	  were	  used	  to	  

feedback	   control	   the	   actuation	   system	   and	   the	   pressure	   trends	   in	   the	   actuator	  

chambers	  during	  massage	  are	  here	  reported	  

4.1. Tests	  on	  patients	  under	  incremental	  effort	  

A	  preliminary	  study	  was	  performed	  to	  verify	  the	  effectiveness	  of	  compression	  on	  

patients’	   legs	   in	   restoring	   circulation	  efficiency,	   identifying	   the	  minimum	  threshold	  

of	  pressure	  values	  to	  be	  applied	  to	  the	  lower	  limbs	  and	  the	  sizes	  of	  the	  muscle	  areas	  

to	  be	  involved	  in	  the	  actuators	  action.	  After	  this	  study	  the	  force	  and	  pulse	  trends	  as	  a	  

function	  of	   time	  to	  be	  applied	  on	  different	  areas	  of	   the	   limbs	  where	   the	  actuators	  

were	  to	  be	  assembled	  were	  identified.	  	  

To	   this	   end	   a	   commercial	   device,	   normally	   devoted	   to	   lymphatic	   drainage	  

massage,	  was	  used.	  This	  device,	  shown	  in	  Figure	  4.1,	  consists	  of	  a	  sheath/boot	  with	  

four	   sleeve	   sectors	  assembled	   in	   sequence	   from	   foot	   to	   thigh,	  each	   independently	  

supplied	   with	   compressed	   air,	   to	   perform	   a	   sequential	   inflation.	   The	   sectors	   are	  

indicated	  in	  Figure	  4.2	  as	  Ch#n.	  
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In	  this	  way,	  peristaltic	  compression,	  having	  a	  rostral-‐caudate	  trend	  corresponding	  

to	  a	  pressure	  wave	  from	  foot	  to	  thigh,	   is	   implemented.	  The	  pressure	   level	   is	  about	  

50	  mm	  Hg;	   this	   level	   is	   higher	   than	   the	   venous	  pressure	   in	   the	   lower	   limbs,	  which	  

typically	   varies	   in	   a	   range	   from	   10	   to	   20	  mm	  Hg,	   as	   the	   air	   pressure	   inside	   the	  

pressurized	  chambers	  can	  be	  significantly	  higher	  than	  that	  transmitted	  to	  the	  veins,	  

here	  not	  detected.	  The	  time	  period	  of	  pressure	  increment	  in	  each	  chamber	  is	  about	  

15-‐20	  s,	  so	  the	  peristaltic	  cycle	  has	  a	  period	  of	  about	  1	  min.	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

Figure	  4.1:	  The	  peristaltic	  device	  on	  a	  leg	  of	  a	  paraplegic	  patient.	  

The	  preliminary	  tests	  were	  performed	  on	  eleven	  patients.	  

The	  volume	  variation	  of	  the	  cardiac	  chambers	  was	  detected	  by	  the	  bi-‐dimensional	  

echocardiography	   shown	   in	   Figure	   4.3.	   Similarly,	   the	   volume	   oscillation	   of	   the	  
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cardiac	  chambers	  was	  detected	   in	   the	  same	  patient,	  without	  the	  peristaltic	  device,	  

comparing	  the	  test	  results	  in	  the	  two	  different	  conditions.	  

	  

	  

	  

	  

	  

	  

	  

	  

Figure	  4.2:	  The	  pressure	  trend	  in	  time	  air-‐supplying	  the	  four	  chambers	  of	  the	  boot.	  

The	   volume	   oscillations	   of	   cardiac	   chambers	   are	   higher	   when	   the	   peristaltic	  

device	   is	   applied	   to	   the	   legs	   of	   the	   patient	   during	   the	   incremental	   effort	   test	  

compared	  to	  incremental	  effort	  testing	  without	  it.	  

Each	  boot	  consists	  of	  four	  chambers;	  they	  are	  air-‐supplied	  in	  a	  peristaltic	  way,	  as	  

represented	  in	  the	  graph	  in	  Figure	  4.2	  The	  chambers,	  from	  the	  lower	  one	  around	  the	  

foot	  to	  the	  upper	  one	  on	  the	  thigh,	  are	  inflated	  in	  turn	  after	  15	  s	  each.	  The	  chambers	  

are	  then	  deflated	  altogether	  and	  after	  3	  s	   the	  cycle	  starts	  again.	  Thus	  the	  device	   is	  

cycle-‐powered	   approximately	   every	   75	  s.	   The	   maximum	   pressure	   value	   in	   the	  

chambers	  is	  50	  mmHg.	  

A	  paraplegic	  patient	  is	  then	  given	  an	  incremental	  effort	  test	  by	  means	  of	  an	  arm-‐

ergometer,	  as	  shown	  in	  Figure	  4.3.	  
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Figure	  4.3:	  A	  patient	  having	  a	  bi-‐dimensional	  echocardiogram	  during	  an	  incremental	  
effort	  test.	  He	  is	  using	  an	  arm	  ergometer	  and	  is	  wearing	  a	  peristaltic	  device.	  

During	   this	   test	   peristaltic	   devices	   were	   applied	   to	   the	   patient’s	   legs.	   The	   arm	  

ergometer	   load,	   applied	   by	   an	   electromagnetic	   brake,	   is	   imposed	   at	   30%	   of	   the	  

maximal	   effort,	   which	   was	   detected	   for	   each	   patient	   from	   a	   previous	   test:	   the	  

ergometer	   load	   changes	   for	   each	   patient	   as	   a	   function	   (30%)	   of	   their	   respective	  

maximum	   tolerable	   load.	   The	   hemodynamic	   parameters	   are	   shown	   in	   Table	   4.1,	  

where	   the	   mean	   values	   for	   the	   eleven	   patients	   are	   reported.	   In	   particular,	   the	  

effectiveness	   of	   applying	   pressure	   on	   the	   legs	   to	   recover	   circulation	   efficiency	   is	  

shown	  by	  the	  increment	  of	  the	  end	  diastolic	  volume	  and	  the	  cardiac	  output	  (grayed	  

fields	   in	  Table	  4.1.	  This	   confirms	   that	   the	  pressure	  action	  on	   the	   legs	   is	   capable	  of	  

supporting	   the	   heart	   action.	   Both	   parameters	   are	   a	  measure	   of	   the	   heart	   activity:	  

cardiac	  output	  is	  the	  blood	  flow	  pumped	  by	  the	  heart,	  and	  the	  higher	  the	  flow,	  the	  

more	  the	  ventricular	  volume	  increases.	  The	  first	  two	  parameters	  are	  also	  related,	  as	  

bi-‐dimensional	  
echocardiography	  
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cardiac	  output	  is	  a	  function	  of	  heart	  rate	  and	  stroke	  volume,	  being	  the	  heart	  rate	  the	  

number	   of	   heart	   beats	   per	  minute.	   It	   is	   to	   be	   noted	   how	   heart	   rate	   decreases	   as	  

pressure	  is	  applied	  to	  the	  legs,	  which	  is	  a	  symptom	  of	  heart	  relief.	  

In	   Table	   4.1	   the	   measured	   parameters	   are	   shown,	   both	   with	   and	   without	   the	  

ergometer	  load	  and	  combining	  the	  results	  obtained	  using	  the	  boot	  or	  not.	  The	  values	  

corresponding	  to	  the	  condition	  “without	  the	  ergometer	  load”	  and	  “without	  pressure	  

on	  leg”	  as	  well,	  i.e.	  those	  on	  the	  first	  column	  are	  to	  be	  taken	  as	  reference	  values	  at	  

rest.	  	  

	  
	  
Table	  4.1:	  Four	  hemodynamic	  parameters	  showing	  (highlighted	  values	  in	  particular)	  how	  the	  
patients	  cardiac	  function	  improves	  when	  having	  pressure	  applied	  on	  their	  legs.	  

	  

	   without	  the	  ergometer	  load	   imposing	  the	  ergometer	  load	  

Hemodynamic	  

parameter	  

without	  pressure	  

on	  leg	  

with	  pressure	  

on	  leg	  

without	  pressure	  

on	  leg	  

with	  pressure	  

on	  leg	  

HR(bpm)	  

heart	  rate	   88.3	   85.8	   114.2	   110.3	  

SV(ml)	  

stroke	  volume	   65.1	   63.7	   72.1	   85.7	  

CO	  (ml/min)	  

cardiac	  output	   5752.3	   5478.6	   8284.6	   9457.8	  

EDV(ml)	  

end	  diastolic	  

volume	   141.5	   157.9	   180.4	   226.5	  

	  

4.2. The	  blood	  pressure	  recovery	  device	  

The	   development	   and	   use	   of	   robotic	   systems	   for	   rehabilitation	   is	   a	   widely	  

investigated	   topic	   and	  many	   such	   devices	   are	   commercially	   available	   to	  meet	   the	  

needs	  of	  different	  therapies.	  
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Figure	  4.4:	  The	  blood	  pressure	  recovery	  device.	  

The	   purpose	   of	   this	   research	   is	   to	   produce	   a	   device	   that	   will	   combine	   two	  

different	   functions:	   to	   produce	   a	   distributed	   pressure	   action	   and	   passively	   move	  

limbs	  in	  a	  controlled	  way.	  The	  use	  of	  external	  aid	  devices	  (static,	  manually	  operated	  

or	  motorized)	  exerting	  the	  pressure	  action	  with	  the	  aim	  of	   improving	  the	  return	  of	  

blood	  and	  lymph	  from	  the	  circulatory	  periphery	  to	  central	  systems	  has	  been	  adopted	  

for	  a	  long	  time.	  

In	   Figure	   4.4	   the	   device	   put	   on	   by	   a	   patient	   is	   represented.	   Three	   balloon	  

actuators	  can	  be	  seen:	  the	  first	  one	  acts	  (1)	  on	  the	  foot	  sole	  to	  recover	  the	  pressure	  

coming	  from	  the	  soil	  during	  the	  gait;	  the	  second	  one	  (2)	  performs	  ankle	  rotation	  in	  a	  

sagittal	  plane;	  the	  third	  one	  (3)	  radially	  compresses	  the	  calf	  and	  simulates	  a	  pumping	  

action	  from	  the	  gastrocnemius	  muscle	  on	  the	  leg	  veins	  to	  simulate	  walking.	  

1	  

2	  

3	  
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In	  Figure	  4.5	  the	  scheme	  of	  one	  of	  the	  circuits	  supplying	  each	  of	  the	  three	  balloon	  

actuators	  is	  shown.	  On	  the	  right	  hand	  side	  a	  photograph	  of	  the	  circuit	  is	  shown.	  

The	   compressed	  air	   comes	   from	   the	   supply	   (1)	   and	   is	   processed	  within	   the	   FRL	  

(Filter,	   Pressure	   Reducer,	   Lubricator)	   group.	   The	   compressed	   air	   flow	   is	   then	  

controlled	   by	   the	   electrovalve	   (3)	   and	   drives	   the	   balloon	   actuator	   (4),	   here	  

represented	   as	   a	   single-‐effect	   cylinder.	   The	   regulator	   valves	   (5)	   allow	   the	   speed	  

control	   of	   the	   balloon	   actuation.	   The	   pressure	   switch	   (6)	   gives	   a	   signal	   for	  

commutation	  of	   the	  electrovalve	   (3)	   to	  avoid	   reaching	   too	  high	  a	  pressure	   level	   in	  

the	  actuator	   (4)	  with	  danger	   to	   the	  patient.	  To	  have	  an	  easier	  actuator	  exhausting	  

phase	  during	   the	  actuation	  cycle	   the	  environment	   is	  depressurized	  downstream	  of	  

the	  valve	  by	  the	  vacuum	  generator	  ejector	  (7),	  supplied	  through	  the	  flow	  regulator	  

(8).	   In	  the	  photograph	  the	  preliminary	  circuit	  used	  for	  driving	  one	  balloon	  actuator	  

can	   be	   seen.	   The	   system	   is	   closed-‐loop	   controlled	   by	   a	   PLC	   basic	   unit,	   namely	   a	  

SIEMENS	  LOGO	  24	  RC,	  provided	  with	  two	  digital	  I/O	  modules	  of	  the	  DM8	  24	  model	  

and	  DM16	  24	  model.	  

A	   NI	   cDAQ-‐9172	   CompactDAQ	   chassis	   (Figure	   4.6),	   equipped	   with	   a	   NI9219	   4-‐

Channel,	  24-‐Bit,	  analog	  input	  module,	  was	  used	  to	  read	  pressure	  data	  coming	  from	  

three	  0-‐15	  psi	  Honeywell	  24PC	  Series	  transducers.	  
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Figure	   4.5:	   One	   of	   the	   three	   circuits	   supplying	   the	   balloon	   actuators	   of	   the	   blood	  
pressure	  recovery	  device.	  

	  

	  

	  

	  

Figure	  4.6:	  The	  pressure	  acquisition	  system.	  
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The	  pressure	   trend	  of	   the	   three	  balloon	  actuators,	  each	  detected	  by	  a	  pressure	  

transducer	  assembled	  on	  the	  supply	  circuit	  near	  the	  actuator	  supply	  port,	  is	  referred	  

to	  in	  Figure	  4.7.	  

	  

Figure	  4.7:	  Pressure	  trends	  in	  the	  three	  balloon	  actuators.	  

The	  dotted	  curve	  plots	  the	  pressure	  trend	  vs.	  time	  in	  the	  actuator	  acting	  on	  the	  foot	  

sole;	   the	   dot-‐dashed	   and	   the	   solid	   ones	   represent,	   in	   turn,	   the	   pressure	   in	   the	  

actuator	   performing	   the	   ankle	   rotation	   and	   in	   the	   actuator	   producing	   radial	  

compression	   of	   the	   calf.	   Frequency	   represented	   here	   is	   0.25	   Hz,	   as	   for	   a	   healthy	  

person	  walking	  slowly.	  Pressure	  peaks	  on	  different	  leg	  segments	  have	  been	  chosen	  

so	  as	  not	  to	  overlap	  since	  that	  appears	  to	  bring	  better	  results,	  but	  a	  more	  systematic	  

approach	  can	  be	  taken	  in	  the	  future	  to	  give	  some	  numerical	  values.	  

Figure	  4.8	  shows	  a	  histogram	  of	  relative	  changes	  of	  blood	  flow	  taken	  on	  a	  sample	  

of	  patients	  who	  were	  classified	  based	  on	  their	  Body	  Mass	  Index	  (BMI),	  which	  is	  the	  

percent	   rate	   between	  body	   fat	   and	   total	  weight.	   Flow	  was	  measured	   both	   on	   the	  

vena	  cava	  at	  the	  abdomen	  level	  and	  on	  the	  ascending	  aorta	  just	  downstream	  of	  the	  
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aortic	   valve.	   Both	   flow	   changes	   decrease	   as	   BMI	   increases,	   showing	   how	   the	  

presence	  of	  body	  fat	  could	  vanish	  the	  efficacy	  of	  the	  treatment.	  

	  

	  

Figure	  4.8:	  Blood	  flow	  boosted	  by	  the	  pneumatic	  actuator,	  displayed	  as	  a	  function	  of	  BMI.	  

4.3. Preliminary	  results	  

The	   effectiveness	   of	  mechanical	   action	   on	   leg	  muscles	   of	   paraplegic	   patients	   in	  

restoring	  end	  diastolic	  filling	  pressure	  of	  ventricles	  was	  assessed	  using	  a	  commercial	  

device:	   cardiac	   output	   compensation	   and	   aerobic	   capacity	   improvement	   was	  

echocardiographically	  monitored	  on	  these	  patients	  during	  incremental	  effort	  tests.	  

To	   this	   purpose	   the	   device	   was	   set	   up	   to	   apply	   to	   the	   patient’s	   leg	   a	   pulsing	  

pressure	   reaching	   levels	   and	   having	   a	   trend	   suitable	   for	   restoring	   circulation	  

efficiency.	   The	   device	   was	   then	   tested	   and	   the	   pressure	   trends	   in	   the	   actuator	  

chambers	  are	  reported	  in	  this	  paper.	  Massage	  was	  performed	  at	  a	  given	  frequency	  

approximating	  the	  human	  pace.	  In	  future	  works	  the	  device	  will	  be	  tested	  on	  patients	  

following	  authorization	  of	  formal	  clinical	  trials.	  

vena	  cava	  

ascending	  aorta	  

body	  fat	  amount	  

blood	  <low	  increase	  

body	  fat	  amount	  

blood	  <low	  increase	  
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5 Contact	  experimental	  and	  modeling	  

In	  order	   to	   feedback	   the	  contact	  pressure,	  a	  proper	  and	  widespread	  sensorization	  

has	  to	  be	  set	  up	  as	  well.	  

This	  section	  presents	  first	  the	  state-‐of	  the-‐art	  of	  robotic	  tactile	  sensing	  technologies	  

and	  analyzes	  the	  present	  state	  of	  research	  in	  the	  area	  tactile	  sensing.	  Various	  tactile	  

sensing	   technologies	  have	  been	  discussed	  under	   three	   categories:	   (1)	   transduction	  

methods;	  (2)	  structures	  that	  generate	  a	  signal	  on	  touch;	  and	  (3)	  new	  materials	  that	  

intrinsically	   convert	   mechanical	   stimulus	   on	   touch	   into	   usable	   signals.	   The	   tactile	  

sensing	   technologies	   are	   explained	   along	   with	   their	   merits	   and	   demerits.	   The	  

working	   principles	   of	   various	   methods	   have	   been	   explained	   and	   selected	  

implementations	  are	  presented.	  	  

Afterwards,	   the	   sensors	  adopted	   in	  our	   research	  are	  described	  and	  examined,	  and	  

details	  are	  given	  about	  static	  and	  dynamic	  characterization.	  

Finally,	  results	  of	  a	  comparison	  between	  the	  measured	  data	  and	  a	  FE	  model	  are	  

given.	  

5.1. Contact	  sensors	  

Although	   in	   the	   present	  work	  we	   are	   interested	   in	   contact	   pressure	  measuring,	   a	  

more	  widespread	  review	  of	  tactile	  sensing	  technologies	  in	  robotics	  will	  be	  given.	  

Tactile	   sensing	   has	   been	   a	   component	   of	   robotics	   for	   roughly	   as	   long	   as	   artificial	  

vision	  and	  auditory	  sense	  modalities.	  Tactile	  sensing	  began	  to	  develop	  in	  the	  1970s—	  

albeit	   at	   a	   slower	   pace,	   when	   compared	   with	   the	   development	   of	   other	   sense	  

modalities.	  Early	  surveys	  on	  the	  state	  of	  tactile	  sensing	  show	  a	  wide	  diversity	  in	  the	  

types	  of	  sensing	  device	  that	  were	  developed	  in	  the	  1980s	  (Harmon,	  1982;	  Nicholls,	  &	  
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Lee,	  1989).	  Early	  works	  on	  tactile	  sensing	  focused	  on	  the	  creation	  of	  sensor	  devices	  

using	  new	  transduction	  techniques	  and	  a	  large	  number	  of	  experimental	  devices	  and	  

prototypes	  were	  built	  and	  reported	  in	  the	  literature.	  Particular	  attention	  was	  given	  

to	  the	  development	  of	  tactile	  sensing	  arrays	  for	  the	  object	  recognition	  (Hillis,	  1982).	  

The	  creation	  of	  multifingered	  robotic	  hands,	  in	  late	  1980s,	  increased	  the	  interest	  in	  

tactile	   sensing	   for	   robotic	  manipulation	   and	   thus	   started	   appearing	  works	   utilizing	  

tactile	  sensing	  in	  real-‐time	  control	  of	  manipulation	  (Dario,	  &	  de	  Rossi,	  1985;	  Howe,	  &	  

Kutkoski,	   1993;	   Jacobsen,	   McCammon,	   &	   Biggers,	   1988;	   Howe,	   1994).	   The	   new	  

applications	   demanded	   features	   such	   as	   mechanical	   flexibility	   and	   conformability	  

and	  accordingly	  new	  designs	  and	  materials	  for	  tactile	  sensing	  received	  attention.	  	  

Table	  5.1	  The	  classification	  of	  various	  Tactile	  Sensing	  technologies	  (Dahiya	  &	  Valle,	  
2013)	  

Transduction	  
Medium/Method	  	  

Material	  	   Sensor	  Structure	  	  

Resistive	  	  

Capacitive	  Optical	  Magnetic	  	  

Ultrasonic	  Piezoelectric	  

	  Electrorheological	  

	  Magnetorheological	  

	  Electrochemical	  

Composites	  Carbon	  Nano	  

Tubes	  (CNT)	  Conductive	  

Polymers	  Force	  Sensing	  

Resistors	  

Pressure	  Sensitive	  Ink	  

Conductive	  Gels	  

Conductive	  Fibers	  and	  

Yarns	  

Piezo-‐/pyroelectric	  

Materials	  

Photoelastic	  Materials	  

Microelectromechanical	  systems	  

(MEMS)	  

Plastic	  MEMS	  POSFET	  Extended	  

Gate	  Transistors	  	  

Organic	  Field	  Effect	  Transistors	  

(OFET)	  Flexible	  Printed	  Circuit	  

Boards	  (PCB)	  Mechanical	  

Switches	  	  

	  
While	  the	  development	  of	  tactile	  sensors	  for	  robotic	  fingertips	  and	  hands	  continued,	  

the	  application	  areas	  such	  as	  motion	  planning	  in	  unstructured	  environment	  brought	  

whole	  body	  sensing	  to	  the	  fore.	  As	  a	  result,	  many	  sensitive	  skin	  design	  projects	  were	  
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undertaken	   in	   the	   late	   1980s	   and	   1990s	   (Cheung,	   &	   Lumelski,	   1989;	   Cheung,	   &	  

Lumelski,	  1992;	  Um,	  Stankovic,	  Giles,	  Hammond,	  &	  Lumelsky,	  1998).	  

The	   application	   domain	   of	   robotics	   has	   been	   continuously	   increasing	   and	   the	   new	  

generation	   of	   robots	   nowadays	   includes	   social	   robots,	   rehabilitation	   and	   assistive	  

robots,	   biorobots,	   medical	   robots	   and	   humanoids.	   Compared	   to	   the	   human	  

controlled	   industrial	   robots,	   operating	   in	   “No-‐Humans”	   working	   zones,	   these	   new	  

generation	  robots	  are	  characterized	  by	  close	  interaction	  with	  environment	  (including	  

humans)	   and	   autonomous	   learning.	   In	   addition	   to	   the	   standard	  manipulation	   and	  

exploration	   tasks,	   the	   new	   generation	   robots	   are	   also	   expected	   to	   interact	   safely.	  

Tactile	   sensors	   distribution	   over	   the	   entire	   body	   is	   indispensable	   to	   build	   service	  

robots	   that	  can	  co-‐exist	  with	  humans	   for	  support	  and	  enhancement	  of	  human	   life.	  

The	  full-‐body	  tactile	  sensor	  could	  generate	  more	  tactile	  information	  than	  in	  the	  case	  

where	  only	  joint	  force	  and	  moment	  are	  measured.	  As	  a	  result,	  nowadays	  there	  is	  an	  

increased	  interest	   in	  developing	  large	  area	  or	  whole	  body	  tactile	  sensing	  structures	  

that	   allow	   a	   robot	   to	   safely	   carry	   out	   a	   task	   while	   maintaining	   physical	   contact	  

(Mukai,	   Onishi,	   Odashima,	   Hirano,	   &	   Luo	   ,	   2008;	   Dahiya,	  Metta,	   Valle,	   &	   Sandini,	  

2008).	  	  

Analyzing	   the	  present	  state	  of	   research	   in	   the	  area	   tactile	  sensing,	   three	  strategies	  

emerge	   for	   the	   development	   of	   tactile	   sensing	   units	   in	   robots	   (Dahiya,	   Metta,	  

Cannata,	   &	   Valle,	   2011):	   (1)	   developing	   sensors	   based	   on	   various	   methods	   of	  

transduction;	  (2)	  development	  of	  structures	  that	  generate	  a	  signal	  on	  touch;	  and	  (3)	  

the	  use	  of	  new	  materials	  that	  intrinsically	  convert	  mechanical	  stimulus	  on	  touch	  into	  

usable	  signals.	  This	  classification	  of	  tactile	  sensing	  technologies	  is	  given	  in	  Table	  5.1	  



	   51	  

and	   explained	   in	   this	   chapter	   along	   with	   their	   merits	   and	   demerits.	   The	   working	  

principles	   of	   various	  methods	   have	   been	   explained	   and	   selected	   implementations	  

are	   presented.	   Quite	   often	   the	   tactile	   sensing	   schemes	   belong	   to	   one	   or	   more	  

aforementioned	   strategies,	  which	   is	   also	   reflected	  by	   some	  of	   the	   implementation	  

presented	  in	  this	  chapter.	  The	  overview	  presented	  here	  also	  takes	  into	  consideration	  

the	   reviews	   on	   the	   state	   of	   research	   in	   tactile	   sensing	   reported	   in	   literature	   from	  

time	  to	  time.	  

5.1.1. Resistive	  sensors	  

Resistive	   tactile	   sensors	  utilize	   the	  change	   in	   resistance	  of	   the	  sensing	  material	   for	  

detection	  and	  measurement	  of	  contact	  forces.	  The	  degree	  to	  which	  resistance	  of	  any	  

sensing	  material	   changes	  depends	  on:	   (a)	   the	   contact	   location	   (e.g.	   potentiometer	  

type);	   (b)	   the	   contact	   force	   or	   contact	   pressure	   (e.g.	   piezoresistance,	   and	  

elastoresistance).	   Accordingly,	   the	   resistive	   tactile	   sensors	   can	   be	   grouped	   in	   two	  

categories.	  	  

Resistive	  sensors	  based	  on	  the	  first	  type,	  are	  either	  made	  of	  two-‐dimensional	  grid	  of	  

sensing	  elements	  or	  composed	  of	  two	  flexible	  sheets	  coated	  with	  a	  resistive	  material	  

(with	   finite	   resistivity,	   typically	   on	   the	   order	   of	   100	   ︎Ω/sq.)	   placed	   on	   top	   of	   each	  

other	   and	   separated	   by	   air,	   microspheres,	   insulating	   fabric	   etc.,	   as	   shown	   in	  

Figure	  5.1	  (a).	  Accordingly,	  former	  arrangement	  is	  termed	  as	  discrete	  resistive	  touch	  

sensing	  and	  latter	  as	  analog	  resistive	  touch	  sensing.	  The	  scheme	  of	  analog	  resistive	  

touch	   sensing,	   in	   typical	   4-‐wire	   configuration,	   is	   shown	   in	   Figure	  5.1(a)–(f).	   During	  

operation,	  a	  uniform,	  unidirectional	  voltage	  gradient	  is	  applied	  to	  the	  first	  sheet,	  as	  

shown	  in	  Figure	  5.1(b).	  When	  the	  two	  sheets	  are	  pressed	  together	  the	  second	  sheet	  
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serves	  like	  the	  slider	  in	  a	  linear	  potentiometer	  and	  measures	  the	  voltage	  as	  distance	  

along	  the	  first	  sheet,	  thus	  providing	  the	  X	  coordinate.	  When	  this	  contact	  coordinate	  

has	  been	  acquired,	   the	  uniform	  voltage	  gradient	   is	   applied	   to	   the	   second	   sheet	   to	  

ascertain	  the	  Y	  coordinate.	  The	  complete	  method	  of	  ascertaining	  contact	  location	  is	  

given	   in	  Figure	  5.1(b)–(f).	  As	   voltage	  𝑉𝑥	  or	  𝑉𝑦	  is	   applied	  over	   the	  X	  or	  Y	  plane	  and	  

the	   voltage	  𝑉𝑥𝑜𝑢𝑡	  or	  𝑉𝑦𝑜𝑢𝑡	  measured	   at	   any	   of	   the	   analog	   high	   impedance	   (Hi-‐Z)	  

terminals	  is	  approximately	  given	  by:	  

𝑉𝑥𝑜𝑢𝑡   =
𝑅𝑥2

𝑅𝑥1   +   𝑅𝑥2
𝑉𝑥      

𝑉𝑦𝑜𝑢𝑡   =
𝑅𝑦2

𝑅𝑦1   +   𝑅𝑦2
𝑉𝑥  

proportional	  to	  the	  X	  or	  Y	  coordinate	  of	  contact	  point.	  Both	  the	  sampling	  of	  the	  two	  

voltages	  and	  the	  subsequent	  calculations	  are	  very	  simple	  and	  the	  operation	  occurs	  

instantaneously,	  registering	  the	  exact	  touch	  location	  as	  contact	  is	  made.	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (b)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (c)	  

	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (a)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (d)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (e)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (f)	  
	  

Figure	   5.1	   (a)	   The	   scheme	   of	   analog	   resistive	   touch	   sensing;	   (b)	   X	   coordinate	  
measurement:	  Voltage	  gradient	  applied	  across	  the	  front	  sheet	  and	  voltage	  measured	  at	  
any	  of	  the	  Hi-‐Z	  terminals	  of	  back	  sheet;	  (c)	  Y	  coordinate	  measurement:	  Voltage	  gradient	  
applied	  across	  the	  back	  sheet	  and	  voltage	  measured	  at	  any	  of	  the	  Hi-‐Z	  terminals	  of	  front	  
sheet;	  (d)	  Circuit	  configuration	  under	  untouched	  condition;	  (e)	  Circuit	  configuration	  for	  
measuring	  X	  coordinate;	   (f)	  Circuit	  configuration	   for	  measuring	  Y	  coordinate	   (Dahiya	  &	  
Valle,	  2013)	  
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In	  addition	  to	  the	  contact	  location,	  the	  touch	  pressure	  (or	  Z	  axis	  measurement)	  can	  

also	  be	  measured	  by	   relating	  pressure	   to	   the	   resistance	   (Svyatoslav,	  2004).	  Analog	  

resistive	   touch	   sensing	   technology	   typically	   results	   in	  high	   resolution	   (4096	  ×	  4096	  

DPI	  or	  higher)	  and	  high	  response	  speed	  (10	  msec	  or	  higher),	  thus	  providing	  fast	  and	  

accurate	   touch	   control.	   However,	   the	   approach	   results	   in	   detection	   of	   only	   one	  

contact	  location.	  While	  suitable	  for	  the	  touch	  screens	  of	  appliances	  such	  as	  personal	  

digital	  assistants	  (PDAs),	  and	  as	  generic	  pointing	  devices	  for	  instruments,	  the	  analog	  

resistive	   sensing	   technology	   has	   limited	   utility	   for	   robotic	   applications	   where	  

simultaneous	  multiple	  contacts	  are	  often	  observed.	  With	  some	  design	  modifications	  

the	   multiple	   contacts	   can	   be	   measured	   and	   hence	   analog	   resistive	   sensing	  

technology	   can	   be	   adapted	   for	   robotic	   applications.	   Among	   others,	   the	   hybrid	  

resistive	   tactile	   sensing	   (Zhang,	   &	   So,	   2002)	   is	   one	   such	   technique	   that	   allows	  

measurement	  of	  multiple	  contact	  points.	  Hybrid	  resistive	  sensing	  is	  a	  combination	  of	  

the	   analog	   resistive	   and	   the	   array	   touch	   sensing	   technologies.	   It	   also	   involves	   two	  

sheets	  of	  	  

	  
Figure	   5.2	  The	   scheme	  and	  equivalent	   circuit	  diagram	  of	  hybrid	  analog	   resistive	   touch	  

sensing	  (Dahiya	  &	  Valle,	  2013)	  
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conductive	  materials,	  one	  on	  top	  of	  the	  other.	  However,	  one	  or	  both	  sheets	  are	  di-‐	  

vided	   into	  multiple	   strips	   aligned	  along	   their	   lengths.	  One	   such	   scheme,	  with	  both	  

sheets	   divided	   into	   multiple	   strips,	   is	   shown	   in	   Figure	   5.2.	   In	   this	   way,	   the	  

configuration	   looks	   like	  one-‐dimensional	  arrays	  of	  stripped	  analog	  resistive	  sensors	  

described	  earlier	   and	   the	   contacts	   can	  be	   sensed	   along	  different	   strips	   separately.	  

The	  sensor	  measurement,	  along	  a	  strip,	  depends	  on	  both	  the	  location	  and	  the	  length	  

of	   con-‐	   tact	   along	  each	   strip.	   Following	  a	   simple	   circuit	   analysis,	   the	  output	  of	   the	  

sensor	  equivalent	  shown	  in	  Figure	  5.2	  can	  be	  obtained	  as:	  	  

𝑉𝑜𝑢𝑡   =
𝑙! + 𝑤/2
𝐿 − 𝑤/2   𝑉𝑟𝑒𝑓  	  

Where	  𝑉𝑟𝑒𝑓	  is	   the	   reference	   voltage	   applied	   across	   the	   sheet,	   w	   is	   the	   contact	  

width,	  lx	  is	  the	  contact	  distance	  from	  one	  of	  the	  ends	  as	  shown	  in	  Figure	  5.2,	  and	  L	  is	  

the	   length	   of	   the	   strip.	   Because	   the	   sensor	   is	   discretized	   in	   one	   direction,	   each	  

scanning	  of	   the	   sensor	  produces	  a	   set	  of	  at	   least	  n	  measurements	   from	  which	   the	  

contact	  shape	  is	  to	  be	  reconstructed.	  In	  comparison	  with	  the	  𝑛!	  operations	  needed	  

with	  a	  conventional	  matrix	  sensor	  configuration,	  the	  number	  of	  measurements,	  and	  

hence	  the	  scanning	  time,	  is	  much	  lower	  in	  case	  of	  hybrid	  resistive	  tactile	  sensing.	  The	  

number	   of	   measurements	   in	   each	   scanning	   will,	   however,	   become	   2𝑛 	  if	   two	  

measurements	  are	  made	  for	  each	  contact	  point—as	  in	  analog	  resistive	  touch	  sensing	  

described	   earlier.	   Similarly,	   the	   scheme	   discussed	   above	   requires	   a	   minimum	   of	  

𝑛  +   2	  connectors/wires	  (one	  for	  the	  𝑉𝑟𝑒𝑓	  ,	  one	  for	  common	  ground,	  and	  𝑛	  for	  the	  

sensing	  the	  individual	  strips)	  against	  2n	  (without	  MUX)	  needed	  with	  a	  conventional	  

matrix	  sensor	  configuration.	  	  
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Piezoresistive	   touch	   sensors	   are	  made	  of	  materials	  whose	   resistance	   changes	  with	  

force/pressure.	   Touch	   sensing	   system	   using	   this	   mode	   of	   transduction	   have	   been	  

used	  in	  anthropomorphic	  hands	  (Weiss,	  &	  Worn,	  2004).	  Piezoresistive	  tactile	  sensing	  

is	   also	   popular	   among	   the	  MEMS	   based	   and	   silicon	   based	   tactile	   sensors	   (Beebe,	  

Hsieh,	  Denton,	  &.	  Radwin	  ,	  1995;	  Wolffenbuttel,	  &	  L.Regtien,	  1991;	  Kane,	  Cutkosky,	  

&	   Kovacs,	   2000).	   Some	   examples	   of	   piezoresistive	   sensors	   are	   given	   in	   Figure	   5.3.	  

These	   examples	   also	   include	   the	   sensors	   that	   are	   based	   on	  MEMS	   approach.	   The	  

MEMS	   based	   tactile	   sensors	   are	   described	   later	   in	   the	   section	   on	   tactile	   sensing	  

structures.	  	  

Recently,	   the	  piezoresistive	   tactile	   sensors	  have	  been	  realized	  using	  materials	   such	  

as	   conductive	   rubber,	   conductive	  polymers,	   conductive	   gels,	   conductive	   fibers	   and	  

yarns,	   force	   sensing	   resistors	   (FSR),	   and	  pressure	   sensitive	   ink	  etc.	   Sometimes,	   the	  

changes	   in	   resistance	   of	   a	   conductive	   elastomer	   or	   foam	   are	   also	   termed	   as	  

elastoresistance	   or	   elastoresistivity.	   However,	   for	   simplicity,	   the	   term	  

piezoresistance	  is	  used	  here.	  	  

5.1.2. Capacitive	  sensors	  

The	   capacitive	   measurement	   methods	   have	   been	   used	   for	   a	   long	   time	   in	   many	  

applications	   to	   measure	   physical	   values	   like	   distance,	   pressure,	   liquid	   level,	  

acceleration,	  humidity,	  and	  material	  composition	  etc.	  The	  newer	  applications,	  widely	  

using	   capacitive	   touch	   technology,	   include	   human–machine	   interfaces	   applications	  

such	   as	   laptop	   track	   pads,	   computer	   displays,	   mobile	   phones	   and	   other	   portable	  

devices.	  The	  capacitive	  measurement	  methods	  are	  also	  widely	  used	  in	  many	  MEMS	  

based	   touch	   sensing	   arrays	   such	   as	   those	   for	   high	   resolution	   tactile	   imaging	   of	  
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fingerprints.	   The	   technique	  has	   also	   been	  employed	   in	   robotics	   to	   detect	   contacts	  

over	  large	  areas	  of	  a	  robot’s	  body.	  	  

At	   the	  heart	  of	  any	  capacitive	  sensing	  system	   is	  a	   set	  of	   conductors	   that	   inter-‐	  act	  

with	  electric	  fields.	  Typically,	  the	  capacitive	  sensors	  are	  the	  plate	  capacitors	  (Figure	  

5.4),	   consisting	   of	   two	   identical	   and	   parallel	   metal	   plates	   or	   electrodes	   of	   area	  𝐴	  

separated	  by	  a	  distance	  d	  with	  a	   flexible	  spacer	   (usually,	   silicone	  or	  air)	  of	   relative	  

dielectric	   constant	  εr	   .	  The	  basic	  principle	  behind	  working	  of	  a	   capacitive	   sensor	   is	  

detection	  of	  the	  change	  in	  capacitance	  when	  something	  or	  someone	  approaches	  or	  

touches	  the	  sensor.	  The	  capacitance	  of	  a	  parallel-‐plate	  type	  capacitor	  (Figure	  5.4)	  is	  

given	  as:	  	  

	  

𝐶 = 4𝜋  𝜀!𝜀!   
𝐴
𝑑 + 𝐶!    

	  

Figure	  5.4	  A	  parallel	  plate	  capacitor	  consisting	  of	  tow	  parallel	  plates	  of	  area	  A,	  separated	  

by	  a	   flexible	   insulator	  of	   relative	  dielectric	   constant	  εr	   .	   The	   thickness	  of	   the	  dielectric	  

film	  is	  d	  (Dahiya	  &	  Valle,	  2013)	  

where	  𝜀0	  is	   the	   (electric)	   permittivity	   of	   a	   vacuum,	   and	  𝐶𝑓	  is	   the	   contribution	   from	  

edges	   of	   the	   electrode	   (which	   tend	   to	   store	   more	   charge	   than	   the	   rest	   of	   the	  
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electrode).	  Typically,	  𝐴   ≫   𝑑!	  in	  all	  designs	  for	  tactile	  sensors,	  therefore,	  the	  Cf	  term	  

is	   negligible.	   The	   distance	   between	   the	   electrodes	   is	   usually	   lower,	   as	   the	   inverse	  

relation	  between	  capacitance	  and	  gap	  between	  electrodes	   is	  highly	  non-‐linear	  and	  

the	  sensitivity	  drops	  significantly	  with	  larger	  gaps.	  	  

When	  a	  force	  is	  applied	  on	  the	  capacitive	  sensors,	  it	  changes	  the	  distance	  between	  

the	  plates	  or	   the	  effective	  area—resulting	   in	   the	  changed	  capacitance.	  The	  normal	  

force	   changes	   the	   distance	  between	   the	  plates	  while	   tangential	   force	   changes	   the	  

effective	   area	   between	   the	   plates.	   The	   capacitive	   sensors	   are	   thus	   capable	   of	  

detecting	   touch	  by	   sensing	   the	  applied	  normal	  or	   tangential	   forces;	  however,	   they	  

are	   not	   efficient	   enough	   to	   distinguish	   these	   two	   types	   of	   forces.	   The	   change	   in	  

capacitance	  is	  eventually	  converted	  into	  a	  change	  in	  voltage	  by	  using	  an	  appropriate	  

circuit	   and	   a	   measure	   of	   the	   applied	   force	   is	   obtained.	   The	   capacitive	   sensors	  

therefore	  convert	  the	  physical	  input	  signal	  to	  the	  output	  signal	  in	  two	  steps:	  firstly,	  

by	   transducing	   a	   physical	   quantity	   into	   a	   change	   of	   electric	   capacitance;	   then,	   by	  

measuring	  and	  converting	  the	  capacitive	  signal	  into	  an	  electric	  output	  signal.	  	  

5.1.3. Optical	  sensors	  

The	  optical	  mode	  of	   transduction	   (Figure	   5.5)	   is	   another	   alternative	   for	   the	   tactile	  

sensing	  in	  robotics.	  In	  simple	  terms,	  the	  optical	  sensing	  involves	  “injecting”	  light	  into	  

a	  medium	  (generally,	  soft	  and	  deformable)	  and	  measuring	  the	  change	  in	  the	  amount	  

or	   the	   pattern	   of	   light	   when	   force	   is	   applied.	   Depending	   on	   how	   the	   amount	   or	  

pattern	   of	   light	   is	   detected,	   the	   tactile	   sensors	   based	   on	   optical	   mode	   of	  

transduction	  can	  be	  grouped	  into	  two	  categories:	  	  
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Figure	  5.5	  (a)	  The	  optical	  transducer	  before	  applying	  the	  force	  or	  before	  contact;	  (b)	  The	  

opaque	  pin	  moves	  downward	  after	  contact	  and	  blocks	  the	  block	  path	  of	   light	  between	  

emitter	  and	  detector,	  thereby	  reducing	  the	  intensity	  of	  light	  received	  by	  detector	  (Dahiya	  

&	  Valle,	  2013)	  

1. The	  extrinsic	  optical	  sensors,	  where	  the	  physical	  stimulus	  interacts	  with	  the	  light	  

external	  to	  the	  primary	  light	  path.	  	  	  

2. The	  intrinsic	  optical	  sensors,	  where	  the	  optical	  phase,	  intensity,	  or	  polarization	  of	  

transmitted	  light	  are	  modulated	  without	  interrupting	  the	  optical	  path.	  	  	  

	  

Sometimes,	  optical	  fibers	  are	  directly	  used	  as	  the	  transducers	  in	  the	  design	  of	  tactile	  

sensors.	   Therefore,	   this	   could	   also	   be	   considered	   as	   the	   third	   category	   of	   optical	  

sensors.	  	  

5.1.4. Magnetism	  based	  sensors	  

The	   touch	  or	   tactile	   sensors	  based	  on	  magnetic	   transduction	   are	   developed	  using	  

two	  approaches.	  Firstly,	   the	  sensors	  measuring	  the	  applied	   force	   led	  change	   in	  the	  

magnetic	  flux	  using	  either	  the	  Hall	  effect	  or	  magnetoresistance.	  Second,	  the	  sensors	  

measuring	  the	  change	  in	  the	  magnetic	  coupling	  or	  change	  in	  the	  inductance	  of	  a	  coil	  
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as	  a	  result	  of	  applied	  force	  or	  pressure.	  A	  few	  tactile	  sensors	  using	  these	  approaches	  

have	  been	  reported	  in	  literature	  (Nelson,	  Van	  Dover,	  Jin,	  Hackwood,	  &	  Beni,	  1982).	  

	  

5.1.5. Ultrasonic	  based	  sensors	  

The	   ultrasonic	   transduction	   for	   tactile	   sensing	   is	   one	   of	   the	   methods	   where	  

mechanical	   transduction	   is	   decoupled	   from	   electrical	   transduction.	   A	   typical	  

ultrasonic	  sensing	  arrangement,	  shown	  in	  Figure	  5.6,	  involves	  a	  thin	  rubber	  covering	  

that	   is	   deformed	  when	   an	   object	   presses	   into	   it.	   The	   amount	   of	   this	   deformation	  

depends	  upon	  the	  magnitude	  of	  the	  force	  applied	  to	  the	  object	  and	  the	  stiffness	  of	  

the	   rubber.	   Underneath	   this	   rubber	   covering	   are	   ultrasonic	   transmitters	   and	  

receivers.	   The	   ultrasonic	   transmitters	   launch	   a	   small	   ultrasonic	   pulse	   of	   a	   few	  

megahertz	   into	  the	  rubber	  pad.	  This	  pulse	  then	  propagates	  through	  the	  pad	  and	   is	  

reflected	   from	   the	  ex-‐	   posed	   surface	  of	   the	   rubber.	   The	   reflected	  or	   echo	  pulse	   is	  

received	   by	   the	   receiver,	  which	   is	   usually	   the	   same	   element	   that	   launched	   it.	   The	  

round-‐trip	   travel	  or	   transit	   time	   is	  proportional	   to	   the	   thickness	  of	   the	   rubber	  pad	  

overlying	   a	   particular	   tactile	   element.	   Therefore,	   by	   measuring	   the	   change	   in	   the	  

round-‐trip	  travel	  or	  transit	  time	  (i.e.	  𝑡!   −   𝑡!)	  of	  the	  pulse,	  it	  is	  possible	  to	  measure	  

parameters	  like	  change	  in	  the	  thickness	  of	  the	  rubber	  pad	  (i.e.	  𝑑!   −   𝑑!	  )	  and	  hence	  

the	  applied	  force.	  The	  operation	  of	  the	  sensor	  can	  be	  expressed	  as:	  	  

𝑑!   −   𝑑!   =   
1
2   𝑐  (𝑡!   −   𝑡!)	  

𝐹   = 𝑘(𝑑!   −   𝑑!) = 1/2  𝑘(𝑡!   −   𝑡!)	  

where	  𝐹	  is	   the	   compressing	   force,	  𝑐	  is	   the	   speed	   of	   propagation	   of	   the	   ultrasonic	  



	   60	  

wave	   in	   the	   rubber	   covering,	   and	  𝑘	  is	   the	   rubber	   stiffness.	   Typically,	   the	  ultrasonic	  

pulse	  transit	  times	  through	  the	  pad	  and	  back	  are	  on	  the	  order	  of	  few	  microseconds	  

and	   changes	   in	   pad	   thickness	   of	   a	   few	   microns	   can	   therefore	   be	   detected.	   The	  

strength	  of	  the	  echo	  pulse	  depends	  upon	  the	  acoustic	  properties	  of	  the	  rubber	  pad	  

and	  the	  material	  contacting	  the	  pad.	  	  

	  

Figure	  5.6	  Working	  principle	  of	  an	  ultrasonic	  tactile	  sensor	  (Dahiya	  &	  Valle,	  2013)	  

	  

The	  resonant	   frequencies	  of	   the	  piezoelectric	  materials	  change	  when	  they	  come	   in	  

contact	  with	  the	  objects	  having	  different	  acoustic	  impedances	  (Dahiya,	  Valle,	  Metta,	  

&	   Lorenzelli,	   2007;	   Dahiya,	   Valle,	   &	   Lorenzelli,	   2009).	   The	   change	   in	   resonance	  

frequency	   of	   the	   sensor,	   in	   accordance	   with	   the	   contact	   object’s	   acoustic	  

impedance,	   is	   also	   sometimes	   used	   to	   detect	   contact	   parameters.	   The	   change	   in	  

resonance	   frequency	   has	   been	   used	   for	   detecting	   hardness	   and/or	   softness	   of	  

objects	   (Omata,	   Murayama,	   &	   Constantinou,	   2004)	   and	   to	   detect	   force/pressure	  

(Krishna,	   &	   Rajanna,	   2004).	   Simple	   and	   elastic	   tactile	   sensors	   utilizing	   acoustic	  

resonance	  frequency	  to	  detect	  contact	  parameters	  like	  principal	  stress,	  friction,	  and	  
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slip	   are	   also	   described	   in	   (Shinoda,	   Matsumoto,	   &	   Ando,	   1997;	   Nakamura,	   &	  

Shinoda,	  1997).	  The	  ultrasonic-‐based	  tactile	  sensors	  have	  fast	  dynamic	  response	  and	  

good	  force	  resolution.	  However,	  many	  such	  sensors	  use	  materials	  like	  lead	  zirconate	  

titanate	  (PZT),	  which	  are	  difficult	  to	  process	  in	  miniaturized	  circuits.	  

	  

5.1.6. Piezoelectric	  sensors	  

The	   piezoelectric	   transducers	   generate	   charge/voltage	   proportional	   to	   the	   applied	  

force/pressure.	  They	  are	  also	  able	  to	  generate	  force	  due	  to	  applied	  electrical	  in-‐	  put.	  

They	  can	  therefore	  be	  used	  both	  as	  sensors	  and	  actuators—the	  property	  that	  makes	  

them	  ‘Smart	  Materials’.	  The	  mechanical	  and	  electrical	  transductions	  are	  coupled	   in	  

case	  of	  piezoelectric	  sensors.	  	  

	  

	  
Figure	   5.7	   An	   endoscopic	   grasper	   prototype	   integrated	   with	   the	   piezoelectric	   tactile	  

sensor.	   The	   photograph	   (left)	   of	   the	   endoscopic	   grasper	   prototype	   and	   (right)	   the	  

expanded	   view	   of	   the	   piezoelectric	   polymer	   PVDF	   based	   tactile	   sensor	   unit	   (with	  

permission,	   from	  Dargahi,	  Parameswaran,	  &	  Payandeh,	  ©(2000)	   IEEE)	   (Dahiya	  &	  Valle,	  

2013)	  

A	   typical	   piezoelectric	   tactile	   sensor	   element	   has	   the	   same	   construction	   as	   the	  
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capacitance-‐based	  sensors	  (Figure	  5.4),	  where	  the	  dielectric	  material	  is	  piezoelectric	  

with	   thickness	   t	   and	  area	  A.	   The	  piezoelectric	  material	   deforms	  by	  Δt	  on	   touching	  

with	  contact	   force	  F	   to	  generate	  charges	  +Q	  and	  −Q	  at	   the	   two	  electrodes.	  As	   the	  

element	   is	   also	   a	   capacitor,	   the	   induced	   charge	   leads	   to	   a	   potential	   V	   across	   the	  

tactile	  element,	  as	  given	  by:	  	  

𝑉 =
𝑄
𝐶 ≈

𝑑𝐹
𝐶 =

𝑑𝑡
4𝜋𝜀𝜀𝑟𝐴

𝐹  

The	  piezoelectric	  sensors	  are	  highly	  sensitive	  with	  high	  voltage	  outputs	  even	  to	  small	  

dynamic	   contact	   deformations.	   If	   a	   load	   is	   maintained,	   then	   the	   sensor	   output	  

decays	  to	  zero.	  Therefore,	  these	  sensors	  are	  most	  suited	  for	  sensing	  dynamic	  forces.	  

The	  sensing	  elements	  do	  not	  require	  power	  supply	  for	  its	  operation,	  and	  hence	  the	  

sensors	  using	  piezoelectric	  transduction	  are	  reliable	  and	  efficient	  in	  terms	  of	  power	  

consumption.	  Depending	  on	  the	  design	  of	  the	  sensor,	  different	  modes	  (longitudinal,	  

transversal	   and	   shear)	   can	   be	   used	   to	   load	   the	   piezoelectric	   element.	   The	   tactile	  

sensors	  based	  on	  piezoelectric	  transduction	  exhibit	  high	  sensitivity,	  a	  large	  dynamic	  

range,	  a	  wide	  bandwidth	  with	  good	  linearity,	  and	  a	  high	  signal-‐to-‐noise	  ratio	  (SNR).	  

The	  piezoelectric	  materials	  often	  used	  in	  tactile	  sensing	  schemes	  are	  described	  later	  

in	  the	  section	  on	  tactile	  sensing	  materials.	  	  

	  

5.1.7. Electrorheological	  sensors	  

Some	  gels	  or	  electrorheological	  (ER)	  fluids	  have	  the	  ability	  to	  transform	  from	  a	  liquid	  

to	   a	   plastic	   state,	   in	   milliseconds,	   on	   application	   of	   a	   strong	   electric	   field	   across	  

them.	  This	  is	  known	  as	  the	  electrorheologic	  effect.	  The	  fluid	  viscosity	  of	  the	  ER	  fluid	  
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is	   proportional	   to	   the	   applied	   field	   strength.	   The	   ER	   fluids	   are	   a	   suspension	   of	   a	  

dielectric	  solid	  or	  polymeric	  particles	  (the	  dispersed	  phase)	   in	  an	  insulating	  base	  oil	  

(the	   continuous	   phase),	   which	   under	   normal	   conditions	   behaves	   as	   a	   Newtonian	  

fluid.	   Examples	   of	   ER	   fluids	   include,	   silicone	   oil	   with	   Na12Al12Si12O48,	   and	   a	  

nematic	   liquid	   crystalline	   (LC)	   E7	   mixed	   with	   lithium	   polymethacrylate	   (LiPMA)	  

(Taylor,	   Pollet,	   Hosseini-‐Sianaki,	   &	   Varley,	   1998).	   A	  widely	   accepted	   description	   of	  

the	   electrorheologic	   effect	   states	   that	   the	   dielectric	   solid	   particles	   in	   the	   fluid	  

become	  polarized	  and	  form	  microstructures	  (chains	  or	  clusters)	  under	  the	  presence	  

of	   an	   electric	   field.	  Whereas	   a	  majority	   of	   applications	   use	   the	   ER	   fluids	   in	   shear	  

mode,	   they	   are	   subjected	   to	   both	   shear	   and	   squeeze	   in	   case	   of	   tactile	   arrays.	   A	  

tactile	   actuator	   and	   a	  matching	   sensor,	   based	   on	   the	   aforementioned	   principle,	   is	  

reported	  by	  Voyles	  et	  al.	  (Voyles,	  Fedder,	  &	  Khosla,	  1996).	  The	  actuator–sensor	  pair	  

has	  male–female	  symmetry	  for	  the	  purpose	  of	  remote	  monitoring	  of	  touch	  sensing.	  

The	  fingertip-‐shaped	  sensor	  detects	  contact	  events	  on	  its	  external	  surface	  using	  a	  gel	  

layer	   as	   a	   dielectric	   in	   capacitive	   sensing,	   while	   the	   similarly	   shaped	   actuator	  

recreates	  the	  remotely	  sensed	  tactile	  events	  on	  its	  internal	  surface	  by	  changing	  the	  

solidity	  of	  areas	  of	   the	  gel	   in	  contact	  with	  the	  human	  operator.	  The	  ER	  fluid	  based	  

robotic	   fingers	   have	   also	   been	   reported	   in	   literature	   (Kenaley,	   &	   Cutkosky,	   1989).	  

The	   ER	   fluids	   are	   attractive	   because	   they	   are	   controlled	   electrically,	   which	   is	  

convenient	  as	   there	  are	  no	  moving	  parts.	   They	   require	   little	  power	   (although	  volt-‐	  

ages	  can	  be	  very	  high)	  and	  they	  can	  be	  made	  very	  compact.	  In	  fact,	  the	  smaller	  the	  

dimensions,	   the	   higher	   the	   field	   strengths	   and	   the	   stronger	   the	   ER	   effect.	   These	  

characteristics	  make	  ER	  fluids	  attractive	  for	  the	  haptic	  interfaces.	  
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5.1.8. Magnetorheological	  sensors	  

Similar	   to	   the	   ER	   effect,	   discussed	   above,	   there	   exists	   magnetorheological	   (MR)	  

effect	  whereby	  the	  MR	  fluids	  exhibit	  rapid,	  reversible	  and	  significant	  changes	  in	  their	  

rheological	   (mechanical)	   properties	   while	   subjected	   to	   an	   external	   magnetic	   field	  

(Taylor,	   Pollet,	  Hosseini-‐Sianaki,	  &	  Varley,	   1998).	   The	  MR	   fluids	   are	   suspensions	  of	  

micron	  sized	   ferromagnetic	  particles	  dispersed	   in	  different	  proportions	  of	  a	  variety	  

of	  non	  ferromagnetic	  fluids.	  As	  with	  ER	  fluids,	  the	  MR	  fluids	  are	  also	   in	   liquid	  state	  

without	  external	  stimuli.	  While	  MR	  fluids	  are	  subject	  to	  amagnetic	  field,	  they	  behave	  

as	  solid	  gels,	   typically	  becoming	  similar	   in	  consistency	  with	  dried-‐up	   toothpaste.	   In	  

recent	   years,	   MR	   fluid	   based	   haptic	   displays	   and	   haptic	   interfaces	   have	   been	  

investigated	  by	  some	  researchers.	  Carlson	  and	  Koester	  have	  developed	  a	  prototype	  

of	   portable	   hand	   and	   wrist	   rehabilitation	   device	   based	   on	   MR	   fluid	   (Carlson,	   &	  

Koester,	  2001).	  MR	  fluids	  have	  also	  been	  used	  to	  construct	  tactile	  and	  haptic	  displays	  

to	  replicate	  perceived	  biological	  tissue	  compliance	  (Scilingo,	  Sgambelluri,	  DeRossi,	  &	  

Bicchi,	   2003;	   Liu,	   Davidson,	   Taylor,	   Ngu,	   &	   Zarraga,	   2005).	   The	   challenges	   of	  

producing	   strong	   magnetic	   fields	   over	   large	   surface	   areas,	   however,	   limit	   the	  

application	  of	  MR	  fluid	  sensors.	  From	  discussion	  above	  it	  may	  be	  noticed	  that	  tactile	  

sensors	  based	  on	  nearly	  all	  possible	  modes	  of	  transduction	  exist.	  Some	  of	  the	  least	  

explored	   transduction	   methods	   not	   explained	   above	   include,	   electrochemical	   and	  

acoustics	   methods.	   The	   advantages	   and	   disadvantages	   of	   some	   of	   the	   frequently	  

used	  tactile	  sensing	  methods	  are	  summarized	  in	  Table	  5.2.	  Some	  of	  these	  methods	  

combine	   mechanical	   and	   electrical	   transduction	   (e.g.	   capacitive,	   resistive,	   and	  

ferroelectric)	  and	  some	  other	  do	  not	  have	  such	  coupling	  (e.g.	  optical,	  ultrasonic,	  and	  

magnetic).	   The	   main	   problem	   with	   coupled	   mechanical–electrical	   transduction	  
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schemes	   is	   the	   difficulty	   in	   optimizing	   one	   form	   of	   transduction	   without	  

compromising	   the	   other.	   This	   is	   simply	   because	   there	   is	   no	  material	  with	   just	   the	  

right	   combination	   of	   mechanical	   and	   electrical	   at-‐	   tributes.	   By	   separating	   the	  

mechanical	  and	  electrical	  transduction	  in	  the	  sensor,	  both	  forms	  of	  transduction	  can	  

be	   optimized	   without	   compromising	   the	   other.	   Consider	   for	   instance,	   the	   elastic	  

material	   typically	   used	   in	   the	   sensor	   covering	   can	   be	   chosen	   for	   the	   most	  

appropriate	   combination	   of	   stiffness,	   resistance	   to	   abrasion,	   tearing,	   oxidation,	  

chemicals	   and	   other	   environmental	   factors.	   Since	   the	   rubber	   covering	   simply	  

overlies	  the	  sensor,	  it	  can	  be	  replaced	  when	  it	  is	  worn	  or	  damaged	  or	  when	  different	  

rubber	   characteristics	   are	   required;	   such	   as	   less	   stiffness	   to	   provide	   higher	   force	  

sensitivity.	  

	  

5.2. Characterization	  

Service	   robots	  meant	   for	   human	   interaction	   need	   to	   simulate	   touch	   sensitivity,	   or	  

contact	  force	  is	  to	  be	  known	  for	  control	  purposes,	  therefore	  tactile	  sensors	  are	  a	  key	  

component	   in	   robotic	   applications	   requiring	   human-‐robot	   interaction.	   For	   better	  

integration	  and	  effective	  utilization	  of	   tactile	  data,	   the	   tactile	   sensing	   schemes	  are	  

required	  to	  be	  conformable.	  Surface	  force	  or	  pressure	  transducers	  are	  used	  both	  for	  

simple	   qualitative	   touch	   sensing,	   thus	   requiring	   a	   simple	   binary	   output,	   and	   for	  

quantitative	  continuous	  gauging	  of	  contact	  pressure	  through	  analog	  voltage	  signals.	  

Measurements	  have	  thus	  to	  be	  quick,	  reliable	  and	  have	  a	  good	  frequency	  response	  

in	   the	   required	   band.	   Moreover,	   minimal	   dimensions	   are	   required,	   as	   well	   as	   an	  

evenly	   responsive	   contact	   surface.	   We	   chose	   at	   first	   a	   commercial	   contact	   force	  

sensor	   which	   exhibits	   all	   of	   these	   features:	   minimal	   overall	   dimensions,	   uniform	  
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measuring	  area,	  customizable	  range	  and	  certified	  linearity,	  no	  drift	  and	  hysteresis	  or	  

good	  frequency	  response	  features.	  Prior	  calibration	  has	  to	  be	  performed	  under	  non-‐

perturbed	  conditions,	  so	  as	  to	  take	   into	  account	  of	  different	  constraints	  applied	  by	  

the	   facing	   surfaces.	   Here	   our	   static	   and	   dynamic	   calibration	   results	   are	   presented	  

along	   with	   the	   peculiarities	   we	   came	   across.	   We	   also	   compared	   its	   output	   to	   a	  

commercial	   capacitive	   buzzer’s.	  We	  wanted	   to	   assess	   if	   the	   sensors	  would	   exhibit	  

linear	  behavior,	  no	  drift	  nor	  hysteresis	  as	   stated	  by	   the	  manufacturer.	  The	  sensors	  

should	  offer	  uniform	  sensitivity	  over	  the	  sensing	  area,	  so	  matching	  section	  weights	  

can	  be	  used	  to	  load	  them	  for	  static	  calibration.	  Besides	  this	  simple	  method,	  we	  also	  

used	   hydrostatic	   pressure	   in	   a	   sealed	   chamber,	   getting	   rid	   of	   errors	   uncertainties	  

coming	  from	  loading	  over	  the	  edges	  or	  from	  point	  loading.	  This	  method	  also	  allows	  

for	  dynamic	  testing,	  as	  impulse	  loading	  or	  different	  frequency	  pressure	  waves	  can	  be	  

applied	   to	   the	   sensors.	   Calibration	   curves	   will	   be	   presented	   in	   different	   loading	  

conditions,	   focusing	   our	   attention	   on	   loading	   velocity	   and	   frequency.	   Although	  

sensor	   gain	   exhibits	   remarkable	   changes	   after	   repeated	   loading,	   its	   smooth	   and	  

continuous	  output	  makes	  us	  think	  it	  can	  still	  be	  put	  in	  a	  feedback	  chain.	  	  

With	  the	  intention	  of	  performing	  preliminary	  experiments	  with	  tactile	  sensing,	  they	  

were	  chosen	  as	  a	  good	  compromise	  between	  price	  and	  performance.	  	  

5.2.1. Sensors	  properties	  

The	   Tekscan	   FlexiForce®	   sensor	   is	   made	   of	   two	   polyester	   sheets	   patterned	   with	  

piezoresistive	  ink	  electrodes	  (see	  Figure	  5.8).	  	  
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Figure	  5.8	  Sensor	  construction.	  	  
	  

The	  sensor	  acts	  as	  a	  force-‐sensing	  resistor	  in	  an	  electrical	  circuit.	  The	  lower	  the	  load,	  

the	   higher	   the	   resistance.	   When	   a	   force	   is	   applied	   to	   the	   sensor,	   this	   resistance	  

decreases.	  	  

	  

Figure	  5.9	  The	  amplifier	  based	  on	  the	  suggested	  op-‐amp	  drive	  circuit.	  	  
	  

As	   the	  manufacturer	   suggests,	  we	   used	   a	   custom	  op-‐amp	  drive	   circuit	   (see	   Figure	  

5.9)	   following	   the	   given	   scheme	   to	  produce	  a	   linear	   voltage	  output	  between	  0÷10	  

volts	  and	  allowing	  for	  DC	  power	  supplying	  eight	  sensors	  at	  once,	  being	  in	  turn	  fed	  at	  

5	  V	  through	  a	  USB	  cable.	  	  
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The	  A201	  model	  we	  are	  studying	  has	  a	  9.53	  mm	  diameter	  sensing	  area,	  and	  a	  0÷4.4	  

N	   force	   range.	   These	   piezoresistive	   sensors	   are	   guaranteed	   for	   a	   linear	   output,	  

acceptable	  repeatability	  and	  low	  hysteresis	  (see	  Table	  5.1).	  	  

Table	  5.2	  –	  FlexiForce®	  A201	  data	  sheet	  

	  
Linearity	  (Error)	  	   <	  ±3%	  
Repeatability	   <	  ±	  2.5%	  of	  Full	  Scale	  
Hysteresis	  	   <	  4.5%	  of	  Full	  Scale	  
Drift	   <	  5%	  per	  Logarithmic	  Time	  Scale	  
Response	  time	   <	  5μs	  

	  

5.2.2. Static	  calibration	  

Two	   methods	   were	   adopted:	   dead	   weights	   laying	   in	   the	   sensors	   surface,	   and	  

hydrostatic	   air	   pressure	   in	   a	   sealed	   container.	   For	   applying	   loads	   on	   the	   sensors	  

surface	   a	   plastic	   shim	   (Figure	   5.10)	  was	   placed	   between	   the	   sensing	   area	   and	   the	  

weight	   bottom	  when	   contact	   areas	   would	   not	  match,	   and	   to	   uniformly	   distribute	  

loading	   when	   the	   contact	   surface	   was	   not	   smooth,	   thus	   avoiding	   kinks	   or	   stress	  

concentrations.	  Of	  course	  such	  care	  cannot	  be	  taken	  in	  actual	  applications.	  	  

	  

	  

Figure	  5.10	  The	  shim	  used	  to	  evenly	  distribute	  the	  load.	  	  
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A	  pressure	  vessel	  (a	  sealed	  bottle,	  see	  Figure	  5.12)	  was	  used	  to	  test	  the	  sensors	  using	  

hydrostatic	   pressure,	   thus	   getting	   rid	   of	   all	   those	   issues	   tied	   to	   stress	   distribution,	  

and	  should	  give	  as	  clean	  output	  values	  as	  possible.	  

	  

5.2.2.1.	  Drift	  

Four	  increasing	  weights	  were	  laid	  over	  the	  sensor	  surface	  for	  2	  hours	  each	  to	  assess	  

drift,	  and	  pressure	  values	  were	  continuously	  monitored	  and	  recorded	  by	  means	  of	  a	  

NI	  cDAQ-‐9172	  CompactDAQ	  chassis,	  equipped	  with	  a	  9219	  4-‐Channel,	  24-‐Bit,	  analog	  

input	  module	  A	  sample	  of	  acquired	  data	  is	  shown	  in	  Figure	  5.11.	  Loading	  conditions	  

changes	  are	  not	  associated	  to	  the	  gap	  in	  output	  voltage	  values.	  	  

	  

Figure	  5.11	  An	  example	  of	  the	  drift	  trend	  in	  about	  one	  hour	  time	  
	  

5.2.2.2	  Hydrostatic	  pressure	  loading	  

Static	  loading	  curves,	  some	  of	  them	  followed	  by	  unloading,	  were	  all	  recorded	  at	  the	  

same	  velocity,	  about	  the	  same	  as	  the	  one	  adopted	  in	  working	  conditions,	  and	  after	  

the	   conditioning	   procedure	   suggested	   by	   the	   manufacturer:	   each	   sensor	   was	  

repeatedly	   loaded	   and	   unloaded	   at	   about	   110%	   full	   scale,	   and	   tested	   almost	  

immediately	  not	  to	  lose	  conditioning	  effects.	  	  
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It	  is	  to	  be	  noted	  how	  each	  curve	  is	  smooth	  and	  how	  they	  are	  perfectly	  scaled	  to	  each	  

other	  although	  they	  do	  not	  match.	  	  

	  

	  

Figure	  5.12	  The	  sealed	  plastic	  bottle	  used	  for	  hydrostatic	  pressure	  testing.	  	  
	  

Nevertheless,	  it	  doesn't	  seem	  that	  repeatability	  can	  be	  achieved	  anyhow	  in	  spite	  of	  

not	  changing	  the	  testing	  conditions.	  

	  

Figure	  5.13	  Static-‐loading	  curves	  (sensor	  voltage	  output	  vs.	  high-‐precision	  Bourdon	  
gauge):	  the	  gain	  is	  not	  related	  to	  the	  loading	  sequence.	  	  

	  

Moreover,	  the	  test	  sequence	  is	  not	  related	  to	  the	  gain	  increasing	  or	  decreasing.	  	  

As	   for	   linearity,	   in	  Figure	  5.14	  are	   shown	   two	   rectified	  calibration	  curves	  and	   their	  

coefficients.	  The	  power	  law	  p=(V/12)^2	  seems	  to	  give	  better	  fitting	  here.	  
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Figure	  5.14	  Calibration	  curves	  for	  one	  piezoresistive	  sensor.	  	  
	  

A	  piezo	  buzzer	  (Figures	  5.15,	  5.16,	  5.17)	  was	  also	  tested	  as	  comparison.	  

	  

	  

Figure	  5.15	  A	  piezo	  buzzer.	  	  
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Figure	  5.16	  Calibration	  curves	  for	  the	  piezo	  buzzer.	  

	  

Figure	  5.17	  FlexiForce	  force	  sensor	  vs.	  piezo	  buzzer.	  

	  

5.3. Dynamic	  calibration	  

5.3.1. Purpose	  

We	  wanted	  to	  assess	  the	  loss	  of	  calibration	  occurring	  over	  multiple	  loading	  cycles,	  if	  

any,	  as	  static	  loading	  and	  drift	  curves	  suggest.	  This	  would	  minimize	  the	  sensor	  utility	  

for	  repeated,	  long-‐term	  load	  measurements	  not	  to	  speak	  of	  feedback	  controlling	  the	  

system.	  	  
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A	  preliminary	   loading-‐unloading	   curve	   is	   shown	   in	   Figure	  5.18.	  During	   the	   test	   the	  

sensor	  behaves	  in	  a	  satisfactory	  and	  reliable	  way,	  without	  any	  appreciable	  response	  

changes.	  

5.3.2. Sine	  wave	  loading	  

The	  sensor	  was	  cycle-‐loaded	  at	  low	  frequencies	  by	  means	  of	  one	  of	  the	  two	  analog	  

outputs	  (16-‐bit,	  833	  kS/s)	  of	  a	  NI-‐6221	  USB	  module	  piloting	  at	  0÷10	  V	  DC	  a	  Norgren	  

VP10	  E/P	  converter	  with	  an	  air	  consumption	  of	  0.85	  Nl/min	  and	  a	  response	  time	  less	  

than	  0.5	  s	  for	  10-‐90%	  step	  change.	  Experimental	  setup	  is	  shown	  in	  Figure	  5.18.	  

	  

Figure	  5.18	  Experimental	  setup	  
	  

The	   proportional	   valve	   was	   power	   supplied	   at	   24	   V	   DC.	   A	   few	   loading	   conditions	  

were	  chosen	  to	  assess	  the	  sensors	  performance:	  pressure	  was	   imposed	  to	  oscillate	  

around	   a	   mean	   value	   of	   0.5	   bar	   at	   frequencies	   of	   0.5	   Hz	   and	   1	   Hz,	   and	   0.2	   bar	  

amplitude	  (0.4÷0.6	  bar).	  Air	  pressure	  was	  also	  monitored	  upstream	  of	  the	  container	  

by	  means	  of	  a	  0-‐15	  psi	  Honeywell	  24	  PC	  Series	  piezo-‐resistive	  differential	  pressure	  

gauge	  with	  15	  mV/psi	  sensitivity.	  

The	  green	  curves	   in	   Figure	  5.19a,	  5.19b	  below	  give	   the	   line	  pressure	  measured	  by	  

the	  transducer,	  while	  the	  blue	  ones	  are	  the	  output	  of	  the	  thin-‐film	  sensor	  inside	  the	  
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pressure	   bottle.	   They	   do	   not	   match	   in	   amplitude	   nor	   in	   global	   trend,	   generally	  

overestimating	  the	  measured	  pressure.	  

a)

b)	  

Figure	  5.19	  The	   line	  pressure	  measured	  by	  the	  transducer	  (green)	  vs	  the	  output	  of	  
the	  thin-‐film	  sensor	  inside	  the	  pressure	  bottle	  (blue).	  	  
	  
5.3.3. Contact	  testing	  

In	   Figure	   5.20	   below	   a	   power	   function	   calibration	   is	   given	   for	   a	   loading-‐unloading	  

curve	  in	  the	  0÷0.4	  bar	  range.	  

	  

Figure	  5.20	  Power	  function	  calibration	  coefficients	  for	  a	  loading-‐unloading	  curve.	  A	  
cyclic	  contact	  measurement	  (in	  blue)	  is	  also	  shown	  for	  comparison.	  	  
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The	  blue	  curve	  was	  obtained	  interposing	  the	  thin-‐film	  sensor	  between	  a	  plastic	  pipe	  

and	  the	  inflatable	  actuator	  (a	  cuff-‐bladder	  system)	  of	  the	  device	  in	  [5].	  In	  Figure	  5.21	  

a	   cyclic	   loading-‐unloading	   curve	   was	   obtained	   by	   inflating-‐deflating	   the	   cuff.	   The	  

black	  curve	  comes	  from	  testing	  the	  system	  on	  a	  arm.	  The	  red	  curve	  exhibits	  higher	  

hysteresis.	  

	  

Figure	   5.21	  Qualitative	   trend	  of	   the	  measured	  pressure	   contact	   between	   a	   plastic	  
tube	   and	   the	   cuff-‐bladder	   system	   in	   [9]	   (blue	   curve)	   and	   cyclic	   loading-‐unloading	  
curves	   from	  contact	  pressure	  measurements	  between	  the	  same	  actuator	  as	  above	  
and	   a	   human	   arm.	   Air	   pressure	   is	   given	   by	   the	   analog	   output	   of	   the	   Honeywell	  
differential	  transducer.	  	  

	  

5.4. Results	  

The	  drift	   curves	  doesn't	   seem	  to	  be	  satisfactory,	  as	   they	  present	  sudden	  gaps	   that	  

cannot	   be	   foreseen	   or	   avoided,	   or	   simply	   don't	   give	   repeatable	   measures	   being	  

measured	  pressure	  unchanged.	  

The	   static	   loading	   curves	   as	   well	   exhibit	   neither	   repeatability	   nor	   linearity.	   A	  

question	  could	  be	  raised	  about	  the	  opportunity	  to	  use	  a	  linear	  or	  a	  power	  function	  to	  

give	   the	   best	   fit.	   Both	   solutions	   are	   presented.	   The	   pressure	   range	   could	   lead	  

towards	  one	  or	  the	  other.	  
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As	  for	  low-‐frequency	  cyclic	  loading,	  the	  sensors'	  behavior	  doesn't	  seem	  to	  be	  reliable	  

either,	  as	  unexpected	  and	  unjustified	  raises	  and	  drops	  of	  the	  output	  occur,	  still	  being	  

it	  smooth.	  

	  

5.5. Conclusions	  

These	  observations	  make	  us	   think	   that	   the	   studied	   thin-‐film	  piezoresistive	   sensors	  

deserve	  a	   further	   systematic	   investigation,	  being	   their	  advantages	   in	   terms	  of	   size,	  

smooth	   output,	   apparently	   good	   frequency	   response	   -‐in	   the	   band	   of	   use	   and	  

investigation-‐	   and	   sensitivity	   still	   predominant	   on	   their	   poor	   repeatability,	   which	  

could	  be	  rectified	  i.e.	  through	  on-‐the-‐fly	  tuning.	  
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1. Circuit	  modeling	  and	  control	  

The	  control	  objective	  consists	  of	  the	  regulation	  of	  the	  contact	  force	  f	  so	  that	  	  

• it	  comes	  to	  the	  constant	  set	  point	  fd	  smoothly	  and	  	  

• its	  value	  holds	  constant	  until	  unloading	  occurs	  

in	  order	  for	  the	  massage	  to	  be	  still	  effective	  without	  causing	  pain	  or	  distress	  or	  any	  

cutoff	  to	  the	  blood	  flow,	  or	  for	  giving	  it	  the	  desired	  linear	  or	  oscillating	  law.	  

• Model	  performance	  

The	  results	  of	  modeling	  tasks	  are	  to	  be	  checked	  by	  approximation	  quality,	  and	  model	  

complexity-‐interpretability.	  Most	   commonly,	   the	   approximation/prediction	   error	   is	  

used	  as	  assessment	  criterion.	  

• Control	  performance	  

The	   standard	   riteria	   to	   assess	   the	   control	   performance	   include	   the	   step	   response,	  

reference	   tracking,	   disturbance	   rejection	  behavior	   and	   the	   control	   effort	   (Belforte,	  

Mauro,	   &	   Mattiazzo,	   2004).	   This	   is	   analyzed	   for	   the	   nominal	   case	   and	   in	   some	  

benchmark	  problems	  also	  with	  predefined	  structured	  model	  uncertainties.	  Such	  case	  

is	  application-‐dependent.	  The	  step	  response	  is	  used	  to	  characterize	  the	  accuracy	  of	  

the	  closed	  loop	  system.	  

From	  the	  control	  point	  of	  view,	  compliant	  pneumatic	  actuators	  represent	  a	  complex	  

dynamic	   system	   of	   high	   nonlinearity.	   In	   contrast	   to	   conventional	   fluidic	   actuators,	  

compliant	   pneumatic	   actuators	   possess	   some	   important	   properties,	   which	   are	  
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essential	  with	  respect	  to	  modeling	  and	  control	  problems.	  

	  

1.1. Different	  configurations	  

Different	  set	  up's,	  still	  significant	  to	  our	  purpose,	  were	  tested	  in	  order	  to	  dynamically	  

identify	  them.	  	  

Figure	  6.1	  below	  shows	  the	  PLC	  driven	  circuit	  whose	  behavior	  we	  intend	  to	  model.	  

	  

Fig.	  6.1	  FluidSIM®	  pneumatic	  scheme	  of	  the	  PLC	  driven	  double	  capacitor	  circuit	  

	  

The	  following	  results	  are	  given	  for	  two	  different	  configurations,	  both	  of	  them	  voltage	  

controlled,	  shown	  in	  Figure	  6.2,	  6.3.	  

A	   3/2	   valve	   distributes	   the	   flow	   in	   the	   circuit	   of	   Figure	   6.1,	   feeding	   both	   the	  

accumulator	  and	  the	  air	  ejector	  that	  is	  connected	  to	  the	  relief	  port	  3.	  Downstream	  of	  

that,	  a	  Norgren	  VP10	  E/P	  converter	  voltage	  driven	  by	  one	  of	  the	  two	  analog	  outputs	  
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(16-‐bit,	  833	  kS/s)	  of	  a	  NI-‐6221	  USB	  module	  gives	  a	  0÷10	  V	  DC	  sine	  law	  to	  the	  feeding	  

pressure.	  

	  

Fig.	  6.2	  FluidSIM®	  pneumatic	  scheme	  of	  the	  single-‐capacitor	  circuit	  including	  an	  E/P	  

pressure	  regulator	  driven	  by	  a	  LabView	  controlled	  signal	  generator	  	  

	  

A	  different	  circuit,	  shown	  below	  in	  Figure	  6.3,	   includes	  two	  E/P	  pressure	  regulators	  

upstream	  of	   each	   valve;	   air	   ejection	   is	   achieved	  by	   supplying	  both	  of	   them	  with	   a	  

feeding	  circuit	  consisting	  of	  a	  3/2	  valve	  and	  an	  air	  ejector.	  
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Fig.	  6.3	  FluidSIM®	  pneumatic	  scheme	  of	  a	  double-‐capacitor	  circuit	  including	  two	  E/P	  

pressure	  regulators,	  both	  driven	  by	  a	  LabView	  controlled	  signal	  generator	  

	  

6.2. Identification	  and	  modeling	  	  

Our	  pneumatic	  system	  can	  be	  modeled	  in	  the	  same	  manner	  as	  the	  electrical	  circuits	  

with	  lumped	  parameters.	  Briefly	  reminding	  the	  analogy,	  we	  have:	  

• energy	  storing	  components:	  the	  inductors.	  

An	   inductor	   stores	   energy	   based	   on	   its	   inertial	   properties	   and	   due	   to	   the	  

acceleration	  of	  electric	  charges	  or	  masses.	  
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For	  a	  fluid	  flowing	  in	  a	  pipe	  a	  pressure	  drop	  is	  linked	  to	  the	  flow	  rate	  by	  the	  

∆𝑝 = 𝐿𝑞	  

Where	  𝐿	  is	  the	  pneumatic	  inertance	  (like	  the	  electrical	  inductance)	  whose	  unity	  is	  Pa	  

s2/kg	  or	  m-‐1	  and	  it	  can	  be	  shown	  to	  be	  equal	  to	  

𝐿 =
𝜋𝑑!

4 𝑙 = 𝐴 ∙ 𝑙	  

Longer	  or	  wider	  pipes	  (bigger	  length	  𝑙	  or	  section	  𝐴)	  cause	  the	  air	  to	  oscillate	  and	  the	  

system	   to	   be	   of	   second	   order.	   For	   shorter	   pipes	   the	   inertial	   contribute	   can	   be	  

neglected.	  

• energy	  dissipating	  components:	  the	  fluid	  resistors	  

Fluid	  resistors	  are	  components	  offering	  resistance	  to	  flow,	  such	  a	  sudden	  change	  of	  

pipe	  section.	  Pressure	  drop	  is	  proportional	  to	  the	  mass	  velocity,	   i.e.	  the	  flow	  q,	  the	  

same	  way	  as	  electrical	  resistance	  causes	  voltage	  drops	  proportional	  to	  the	  current	  or	  

the	  viscous	   friction	   is	  proportional	   to	  the	  velocity	   (in	  a	  mechanical	  analogy	  such	  as	  

that	  caused	  by	  a	  dashpot	  or	  a	  damper),	  although	  the	  relationship	  between	  ∆𝑝	  and	  q	  

is	  non	  linear	  so	  that	  an	  exact	  analogy	  with	  the	  electrical	  resistance	  is	  not	  possible.	  

𝐺 =
∆𝑝
𝑞 	  

Fluid	  resistance	  G	  unity	   is	  Pa	  s/kg.	  G	   is	  used	  here,	   instead	  of	   the	  more	  common	  R,	  

not	  to	  mistake	  it	  with	  the	  gas	  constant	  R.	  

	  

• energy-‐storing	  components:	  the	  accumulators	  

In	  pneumatic	  systems	  both	  accumulators	  and	  large	  tanks	  can	  play	  this	  role.	  
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Because	   air	   is	   a	   compressible	   fluid,	   a	   large	   volume	   of	   air	   embodies	   this	  

compressibility	   effect,	   making	   thus	   a	   tank,	   whether	   it’s	   rigid	   or	   not,	   act	   as	   an	  

accumulator.	   A	   compliant	   actuator	   with	   no	   proper	   volume,	   as	   we	   will	   see	   later,	  

makes	  it	  difficult	  to	  state	  a	  pressure-‐volume	  relationship.	  

We	  will	  therefore	  model	  our	  large	  volume	  actuators	  as	  equivalent	  capacitors	  due	  to	  

the	  compressibility	  of	  the	  air.	  The	  capacitance	  is	  given	  by	  the	  	  

𝑞 = 𝐶
𝑑𝑝
𝑑𝑡   

where	  	  

𝐶 =
𝜌! ∙ 𝑝
𝑘! ∙ 𝑝!

+
𝑉

𝑅 ∙ 𝑇    ;   𝐶 =
𝜌!
𝑘!
∙
𝑝
𝑝!

!
!
+
𝑉
𝑎!	  

are	  the	  isotherm	  and	  adiabatic	  pneumatic	  capacitances	  of	  an	  elastic	  chamber,	  being	  	  

𝑘! =
𝑑𝑝
𝑑𝑉 ;𝑎 =

𝑑𝑝
𝑑𝜌	  

the	  volume	  stiffness	  𝑘!	  and	  the	  sound	  velocity	  𝑎.	  

Nonlinearity	   of	   the	   flow	   as	   a	   function	   of	   pressure	   is	   to	   be	   evaluated	   in	   order	   to	  

properly	  model	   the	   actuator	   capacitance.	   An	   assumption	   can	   be	  made	   abo	   ut	   the	  

transformation	   being	   slow	   enough	   to	   be	   considered	   isothermal	   ( 𝑛 = 1.0 )	   or	  

adiabatic	  with	   pressure	   rapidly	   changing	  which	  means	   there	   is	   no	   heat	   transfer	   in	  

and	   out	   of	   the	   tank	   as	   the	   air	   is	   compressed	   and,	   as	   a	   result,	   small	   changes	   in	  

temperature	  occur	  (𝑛 = 1.4),	  by	  deducing	  experimentally	  the	  polytrophic	  exponent	  

𝑛	  in	  the	  following	  

𝑞 =
𝜌!
𝑘!
∙
𝑝
𝑝!

!
!
+
𝑉
𝑛 ∙
𝜌!
𝑝!

𝑝
𝑝!

!!!
!

∙
𝑑𝑝
𝑑𝑡 = 𝐶 ∙

𝑑𝑝
𝑑𝑡 	  
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The	  polytrophic	  capacitance	  𝐶	  above,	  valid	  for	  an	  elastic	  tank,	  consist	  of	  two	  terms:	  

the	  first	  one	  depends	  on	  the	  volume	  variation	  of	  the	  tank,	  the	  second	  one	  depends	  

on	  air	  compressibility.	  Pneumatic	  capacitance,	  as	  seen,	  is	  always	  nonlinear.	  

Modeling:	  a	  closed-‐form	  equation	  

This	  is	  the	  most	  common	  way	  to	  represent	  a	  dynamic	  system.	  	  

A	   lumped-‐parameter	   modeling	   of	   the	   circuit	   can	   be	   based	   on	   deeming	   each	  

component	   responsible	   for	   energy-‐storing	   and	   dissipating	   properties	   as	   well	   as	  

inertial	  behavior.	  	  

	  

Fig.	  6.4	  Single	  accumulator	  simple	  RLC	  circuit	  
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Fig.	  6.5	  Step	  response	  simulation	  for	  the	  open-‐loop	  circuit	  model	  in	  Figure	  6.4	  

	  

For	  the	  RLC	  circuit	  above	  a	  sound	  equation	  could	  be:	  

𝑝 𝑡 = 𝐿
𝑑𝑞
𝑑𝑡 − 𝑅𝑞 −

1
𝐶 𝑞 ∙ 𝑑𝑡	  

𝑝! = 𝑝! + 𝑅𝐶𝑝! + 𝐿𝐶𝑝!	  

Nonlinearities	   are	  most	   probably	   coming	   either	   from	   air	   compressibility	   and	   from	  

the	  peculiar	  behavior	  of	  the	  inflatable	  balloons	  constrained	  by	  their	  fabric	  cuff.	  
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Modeling:	  estimating	  and	  identifying	  object	  models	  

The	  system	  has	  been	  analyzed	  in	  both	  SISO	  (Single-‐Input	  Single-‐Output)	  and	  MIMO	  

(Multiple-‐Input	   Multiple-‐Output)	   configuration.	   In	   Figure	   6.6	   analog	   data	   coming	  

from	  the	  on-‐off	  opening	  valve	  law	  are	  shown,	  together	  with	  the	  pressure	  measured	  

upstream	  of	   the	  balloon	  actuator.	  Some	  estimation	  results	  will	  be	  shown	  below.	  A	  

first	   look	   at	   the	   data	   by	   means	   of	   System	   Identification	   Toolbox	   gave	   us	   some	  

preliminary	   indication	   about	   data	   quality:	   the	  main	   outcome	   is	   the	   presence	   of	   a	  

system	  integrator	  which	  can	  lead	  to	  instability.	  Nonlinearities	  in	  the	  data	  are	  worth	  

being	  investigated,	  and	  that	  is	  what	  we	  did.	  

	  

	  

	  

	  

	  

(a)	  

	  

	  

	  

	  

(b)	  

Fig.	  6.6	  A	  sample	  of	  the	  analog	  pressure	  data	  as	  a	  step	  response:	  pressure	  inside	  the	  

balloon	  actuator	  (a)	  and	  on-‐off	  opening	  valve	  signal	  drawn	  from	  the	  PLC	  contact	  (b)	  

	  

Modeling:	  Transfer	  function	  estimation	  
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Measured	   input/output	   data	   gave	   us	   a	   first	   estimation	   of	   a	   transfer	   function	  G:	   a	  

model	  order	  of	  2	  was	  chosen	  as	  a	  constraint.	  	  

2

11.23 15.04( )
23.37 20.16
sG s

s s
+=

+ +
	  

	  

Modeling:	  estimating	  linear	  state-‐space	  models	  

Estimation	  of	  a	  continuous	  state-‐space	  model	  in	  the	  usual	  form	  	  

'y Ax Bu Ke
y Cx Du e
= + +
= + +

	  

gave	  us	  the	  following	  coefficients	  	  

 0.8164   -6.999
6.35 -8.469

A ⎡ ⎤
= ⎢ ⎥
⎣ ⎦

	  ;	  
2.6
1.206

B ⎡ ⎤
= ⎢ ⎥
⎣ ⎦

;	   [ ]1.826 -0.009194C = ;	   0D = ;	  

173.5
-1.264e+04

K ⎡ ⎤
= ⎢ ⎥
⎣ ⎦

	  

with	  a	  fit	  to	  estimation	  data	  of	  99.82%	  

Same	  process	  models	  were	  preliminary	  checked	  with	  different	  initial	  assumptions:	  

The	  model	  structure	  have	  been	  specified	  by	  selecting	  the	  number	  of	  real	  or	  complex	  

poles,	  and	  whether	  to	  include	  a	  zero,	  delay,	  and	  integrator,	  afterwards	  displaying	  the	  

resulting	  transfer	  function	  in	  the	  Process	  Models	  dialog	  box.	  

‘P1D’	  process	  model,	  i.e.	  with	  1	  pole	  and	  a	  time	  delay	  

1
1

K  = 0.73198
( ) ; T  = 1.049

1
T  = 0

d

p
p T s

p
p

d

K
G s e

T s
−=

+
	  

	  

At	   the	   same	   way,	   different	   linear	   models	   were	   tested	   (Ljung,	  2003,	   System	  

Identification	  Toolbox	  User's	  Guide):	  
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‘P2ZU’	  two	  poles	  and	  one	  zero,	  underdamped	  
‘P0ID’	  an	  integrating	  (self-‐regulating)	  process,	  with	  time	  delay	  
‘P2U’	  two	  poles,	  underdamped	  
	  
Modeling:	  estimating	  nonlinear	  state-‐space	  models	  
An	  ARX	  model	  has	  been	  tested,	  i.e.	  	  

sys = idnlarx(LinModel,Nonlinearity) 

as	  well	  as	  grey	  box	  models	  

sys = idnlgrey(FileName,Order,Parameters) 

	  
Validating	  models	  

The	   proper,	   usual	   way	   for	   validating	   models	   has	   been	   followed,	   i.e.	   splitting	   the	  

recorded	   signal	   in	   two	   and	  using	   one	  half	   for	   estimate	   a	  model	   and	   the	   other	   for	  

validating	  it	  on	  unseen	  before	  data.	  

	  

Fig.	  6.7	  PID	  controlling	  of	  the	  system	  in	  Figure	  6.5	  
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5. Clinical	  testing	  	  

Two	  main	  sets	  of	  measures	  are	  worth	  being	  presented,	  both	  carried	  on	  by	  means	  of	  

the	   devices	   developed	   either	   at	   our	   Lab	   of	   Applied	  Mechanics	   and	   Robotics	   or	   in	  

cooperation	  with	   the	  Mechanics	  and	  Aerospace	  Engineering	  of	   the	  Polytechnics	  of	  

Turin.	  

We	   performed	   the	   tests	   jointly	   with	   the	   research	   équipe	   of	   physicians	   of	   the	  

Laboratory	  of	  Sports	  Physiology	  at	  the	  Department	  of	  Medical	  Sciences	  -‐	  University	  

of	  Cagliari.	  

	  

5.1. Motivation	  

We	  considered	  paraplegic	  patients	  as	  the	  main	  target	  for	  a	  clinical	  use	  of	  our	  device;	  

nonetheless,	  we	   tested	   those	   first	  on	  healthy	   subjects	   in	  order	  both	  not	   to	   risk	  of	  

harming	  the	  patients,	  and	  to	  get	  a	  basis	  of	  results	  not	  perturbed	  by	  deficiencies	  that	  

could	  not	  be	  of	  the	  same	  order	  and	  whose	  influence	  on	  the	  results	  is	  to	  be	  tested	  as	  

well.	   The	   effects	   of	   applying	   different	   intermittent	   pressure	   patterns	   on	   patients’	  

legs	   are	   highlighted	   and	   related	   to	   impedance	   cardiography	   measures	   of	   heart	  

efficiency	   parameters.	   A	   preliminary	   explanation	   is	   given	   of	   the	   physiological	  

processes	  involved	  in	  diastolic	  insufficiency	  leading	  to	  reduced	  aerobic	  capacity.	  

Moreover,	  healthy	  subjects	  are	  of	  research	  interest	  themselves	  as	  injuries	  occurring	  

during	   workouts	   or	   when	   competing	   often	   mean	   several	   weeks	   of	   bed	   restrain,	  

which	   can	   be	   quite	   a	   prejudice	   for	   endurance	   athletes,	   as	   they	   result	   in	   seriously	  

compromising	  the	  competition	  performance	  due	  to	  a	  decrease	  of	  left	  ventricular	  end	  

diastolic	  volume	  deriving	  from	  a	  reduction	  of	  training-‐induced	  ventricle	  hypertrophy.	  
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7.2. Methods	  

7.2.1. Hemodynamic	  measurements	  

Heart	   efficiency	  parameters	   (in	   Fig.	   7.1	   impedance	   cardiography	   idea	   is	   explained)	  

were	  continuously	  monitored	  using	  an	   impedance	  cardiograph	   (NCCOM	  3,	  BoMed,	  

Irvine,	  Calif.,	  USA).	  

	  

Fig.	  7.1.	  Impedance	  cardiography	  heart	  efficiency	  measurements.	  By	  means	  of	  disposable	  
electrodes	  a	  constant	  intensity	  electrical	  current	  circulates	  in	  the	  thorax.	  Changes	  in	  
bioelectrical	  impedance	  (Zt)	  are	  detected.	  They	  are	  proportional	  to	  the	  left	  ventricle	  
systolic	  flow.	  	  

	  

NCCOM	   3	   was	   connected	   to	   the	   subject	   with	   eight	   spot	   electrodes:	   two	   pairs	   of	  

sensing	  elements	  were	  placed	   in	   the	   lower	   thorax	  and	  cervical	  area	  at	   the	  base	  of	  

the	   neck,	   while	   the	   current	   injecting	   pairs	   (2.5	  mA,	   70	   kHz)	   were	   external	   to	   the	  

sensing	   ones,	   above	   the	   cervical	   and	   below	   the	   thoracic	   pairs.	   NCCOM	   3	   analog	  

traces	  of	  electrocardiogram	  (ECG),	  and	  the	  maximal	  Z0	   first	  derivative	   (dZ/dt)	  were	  

stored	   using	   a	   digital	   chart	   recorder	   (ADInstruments,	   PowerLab	   8sp,	   Castle	   Hill,	  

Australia)	   for	  being	  processed	  getting	  SV,	  SV/DT	  and	  PEP/VET	  ratio.	  The	  processing	  

procedure	  cannot	  be	  automatic	  but	   requires	  human	   interaction	  with	  knowledge	  of	  

cardiodynamics	  to	  exclude	  signal	  errors	  and	  beat	  artifacts.	  
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7.3. Testing	  procedure	  

7.3.1. Endurance	  athletes	  

The	  changes	  in	  thoracic	  electrical	  bioimpedance	  were	  assessed	  to	  indirectly	  evaluate	  

(by	  an	   inverse	  correlation)	  the	  changes	   in	   left	  ventricle	  end	  diastolic	  volume,	  when	  

mechanical	   actuators	   are	   acting	   on	   legs.	   Nineteen	   healthy	  male	   participants	  were	  

admitted	   to	   the	   trials.	   Each	   participant,	   seated	   with	   his	   extensor	   and	   flexor	   leg	  

muscles	  voluntarily	  relaxed,	  was	  submitted	  to	  the	  action	  of	  the	  mechatronic	  device,	  

imposing	  pressure	  trends	  on	  the	  feet	  and	  legs.	  

	  

7.3.2. Pneumatic	  actuators	  	  

Figure	   7.2	   shows	   one	   of	   the	   two	   semi-‐boots	   utilized	   to	   actuate	   compressions	   on	  

subjects’	   legs.	   It	   consisted	   of	   6	   flexible	   pneumatic	   actuators	   (bladders)	   assembled	  

into	   a	   rigid	   shell	   that	   is	   the	   structure	   of	   the	   boot.	   The	   device	   performs	   a	   definite	  

massaging	   action	  on	   specific	   zones	   of	   the	   lower	   limb,	   according	   to	   particular	   time	  

laws.	  Moreover,	   it	  meets	  anatomical	  requirements	  by	  generating	  distributed	  forces	  

along	  the	  entire	  contact	  surface.	  Positive	  effects	  on	  the	  cardio-‐circulatory	  condition	  

are	  expected	  on	  the	  basis	  of	  preliminary	  tests	  where	  suitable	  pressure	  distributions	  

were	  imposed	  on	  defined	  lower	  limbs	  zones	  (Manuello	  Bertetto,	  Meili	  et	  al.,	  2012)	  	  

	  	  

Pneumatic	   actuators	   are	   inflated	   by	   compressed	   air	   flowing	   through	   high	  

performance	  miniaturized	  solenoid	  valves	  (Fig.	  7.3).	  A	  portable	  PLC	  (Programmable	  

Logic	   Controller)	   controls	   the	   device	   imposing	   the	   pressure	   trend	   in	   the	   flexible	  
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actuators	  interacting	  with	  the	  participants.	  	  

	  

Fig.	  7.2	  Here	  represented	  one	  of	  the	  two	  anatomic	  boots	  with	  flexible	  pneumatic	  actuators.	  

Each	  boot	  has	  six	  inflatable	  pneumatic	  actuators	  (bladders).	  	  

The	   PLC	   basic	   unit	   was	   a	   SIEMENS	   LOGO	   24	   RC,	   provided	   with	   two	   digital	   I/O	  

modules	  of	   the	  DM8	  24	  model	   and	  DM16	  24	  model.	   Typical	   scheme	  of	   the	   circuit	  

supplying	  each	  flexible	  actuator	  (Fig.	  7.2)	  provided	  that	  compressed	  air	  coming	  from	  

the	  supply	  (1)	  was	  treated	  by	  a	  FRL	  group	  (Filter,	  Regulator,	  Lubricator).	  The	  air	  flow	  

was	  controlled	  by	  an	  electro	  valve	  (3)	  and	  supplied	  the	  actuator	  (4,	  here	  represented	  

as	  a	  single-‐effect	  cylinder).	  The	  flow-‐regulators	  (5)	  regulated	  the	  dynamic	  response	  

of	  the	  actuator	  at	  the	  expected	  condition.	  The	  pressure	  switch	  (6)	  commutates	  the	  

electro-‐valve	   (3)	   when	   the	   actuator	   pressure	   reached	   a	   defined	   limit,	   to	   avoid	   an	  

excessive	  pressure	  level	  that	  could	  be	  dangerous	  for	  the	  patients.	  The	  exhaust	  port	  

of	   the	   valve	   was	   depressurized	   by	   the	   vacuum	   generator	   ejector	   (7),	   supplied	  
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through	  the	  flow	  regulator	  (8)	  in	  order	  to	  facilitate	  the	  actuator	  deflation	  during	  the	  

actuation	  cycle.	  To	  carry	  out	  an	  easier	  and	  faster	  actuator	  exhausting	  phase,	  during	  

the	  actuation	  cycle,	  the	  exhaust	  port	  was	  depressurized	  downstream	  of	  the	  valve	  by	  

a	  vacuum	  generator	  ejector	  

	  

Fig.	  7.3	  The	  six	  high	  performance	  miniaturized	  solenoid	  micro-‐valves	  group	  controlling	  the	  

air	  flow	  in	  the	  actuators,	  assembled	  on	  the	  boot	  structure	  (A)	  and	  shown	  in	  detail	  (B).	  	  

	   	  
A	   NI	   cDAQ-‐9172	   CompactDAQ	   chassis,	   equipped	  with	   a	   NI9219	   4-‐Channel,	   24-‐Bit,	  

analog	   input	  module	   (National	   Instruments,	   Italy),	  was	  used	   to	   read	  pressure	  data	  

coming	  from	  three	  0-‐15	  psi	  Honeywell	  24PC	  series	  pressure	  transducers	  (Honeywell	  

International	  Inc.,	  USA)	  which	  acquired	  the	  air	  pressure	  driving	  the	  flexible	  actuator.	  

The	  appropriate	  levels	  of	  air	  pressure	  were	  defined	  by	  preliminary	  tests,	  in	  order	  to	  

preserve	   the	   comfort	   of	   the	   tested	   subject.	   It	   is	   to	   be	   noted	   that	   the	   operating	  

pressure	   sensibly	   drops	   inside	   the	   flexible	   actuators,	   with	   respect	   to	   supply	  

regulated	   pressure,	   reaching	   values	   one	   order	   of	   magnitude	   lower,	   due	   to	   the	  
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system	   dynamics	   and	   the	   plant	   characteristics.	   Taking	   this	   into	   account,	   it	   was	  

possible	  to	  impose,	  for	  each	  lower	  limb,	  compression	  protocols	  involving	  sequences	  

of	   activation-‐deactivation	   following	   a	   peristaltic	   pressure,	   having	   a	   caudate-‐rostral	  

trend.	   The	   logical	   scheme	   chosen	   in	   these	   experiments	   was	   to	   alternate	   the	  

activation	  of	  the	  two	  sleeves	  to	  simulate	  the	  muscle	  action	  pattern	  during	  walking.	  	  

	  

7.3.3. .	  Inflating	  tests	  design	  	  

	  
	  

Fig.	  7.4	  The	  application	  of	  the	  mechatronic	  device	  to	  the	  athletes’	  legs	  is	  here	  represented	  

(A).	  In	  situ	  mechanical	  actuator	  particulars	  can	  be	  seen	  in	  the	  expanded	  image	  (B).	  	  

Before	  monitoring	  the	  cardiovascular	  response	  during	  activation	  of	  the	  device,	  each	  

participant	   was	   monitored	   for	   3	   min	   at	   rest	   to	   collect	   baseline	   values.	   Then,	   the	  

mechatronic	   device	   was	   positioned	   on	   the	   legs	   of	   a	   seated	   participant,	   with	   his	  

extensor	  and	  flexor	   leg	  muscles	  voluntarily	  relaxed	  (Fig.	  7.4).	  Once	  the	  preparation	  

was	   completed,	   all	   volunteers	   underwent	   a	   compression-‐relaxation	   cycle.	   As	  

indicated	   in	   Fig.	   7.2,	   the	   actuators	   were	   numbered	   starting	   from	   the	   foot	   plant	  
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actuator	   (act1)	   up	   to	   the	   higher	   one	   (act6).	   The	   time	   interval	   activation	   for	   each	  

actuator	  was	  of	  3	  s,	  with	  1.5	  s	  delay	  between	  each.	  The	  half-‐cycle	  for	  one	  boot	  lasted	  

for	  10.5	  s,	  with	  a	  delay	  of	  3	  s	  between	  the	  two	  boots;	  thus	  the	  entire	  cycle	  including	  

both	  boots	  was	  27s	  (Fig.	  7.5).	  The	  inflating	  relative	  pressure	  reached	  the	  maximum	  

value	  of	  0.3	  bar.	  On	  each	  thigh	  an	  elastic	  containment	  stocking	  was	  worn	  to	  reduce	  

venous	   distension	   coming	   from	   the	   increase	   of	   blood	   flow	   during	   mechanical	  

actuation.	  	  

	  
Fig.	  7.5	  The	  time	  sequence	  of	  the	  actuators	  command	  signals.	  Broken	  vertical	  line	  indicates	  

the	  half-‐cycle	  end.	  	  

	  

7.3.3. Hemodynamic	  assessment	  	  

Hemodynamic	  variables	  were	  monitored	  and	  recorded	  beat-‐to-‐beat	  by	  means	  of	  an	  

impedance	   cardiography	   device	   (NCCOM	   3,	   BoMed	   Inc.,	   Irvine,	   USA)	   allowing	   for	  

continuous	  non-‐invasive	  TEB	  assessment	   throughout	  all	   the	  phases	  of	   the	  protocol	  

(Davies	  et	  al.,	  2000)	  	  

The	   impedance	   measuring	   device	   was	   connected	   to	   the	   participant	   by	   eight	   ECG	  

disposable	  electrodes	   (Fig.	  7.4).	  Two	  pairs	  were	   thoracic	  and	  cervical	  electrodes	   to	  

3 
 

could be dangerous for the patients. To facilitate the 
actuator deflating, during the actuation cycle, the exhaust 
port of the valve was depressurized by the vacuum 
generator ejector (7), supplied through the flow regulator 
(8). To realize an easier and faster actuator exhausting 
phase, during the actuation cycle, the exhaust port was 
depressurized downstream of the valve by a vacuum 
generator ejector. 
 

 
 
Fig. 3 The scheme of the circuit supplying each 
pneumatic actuator (A) and the preliminary circuit of one 
actuator (B).  
 
A NI cDAQ-9172 CompactDAQ chassis, equipped with a 
NI9219 4-Channel, 24-Bit, analog input module (National 
Instruments, Italy), was used to read pressure data coming 
from three 0-15 psi Honeywell 24PC series pressure 
transducers (Honeywell International Inc., USA) which 
red the air pressure driving the flexible actuator. The 
appropriate levels of air pressure were defined by 
preliminary tests, in order to preserve the comfort of the 
tested subject. It is to be noted that the operating pressure 
sensibly drops inside the flexible actuators, with respect 
to supply regulated pressure, reaching values in the order 
of one magnitude lower, due to the system dynamics and 
the plant characteristics. Taking this into account, it was 
possible to impose, for each lower limb, compression 
protocols in terms of pressure and spatial-time 
distribution which involved sequences of activation-
deactivation following a peristaltic compression, having a 
caudate-rostral trend. The logical scheme which was 
chosen in these experiments was to alternate the 
activation of the two sleeves to simulate the muscle 
pattern during walking. 
 
2.3 Inflating tests design 
 

 
 
 
Fig. 4 The application of the mechatronic device to the 
athletes legs is here represented (A). In situ mechanical 

actuator particulars can be seen in the expanded image 
(B). 
Before monitoring cardiovascular response during the 
activation of the device, each participant was monitored at 
rest for 3 min to collect baseline values. Then, the 
mechatronic device was positioned on the legs of a seated 
participant, with his extensor and flexor leg muscles 
voluntarily relaxed (Fig. 4). Once the preparation was 
completed, all volunteers underwent a compression-
relaxation protocol. As indicated in Fig. 1, The actuators 
were numbered starting from the foot plant actuator (act1) 
and coming up to the higher one (act6). The time interval 
activation for each actuator was of  3 s, with a delay 
between each of 1.5 s. The half-cycle for one boot lasted 
for 10.5 s, with a delay of 3 s between the two boots; thus 
the entire cycle including both boots was 27s (Fig. 5). The 
inflating relative pressure reached the maximum value of 
0.3 bar. On each thigh an elastic containment stocking 
was worn to reduce venous distension coming from the 
increase of blood flow during mechanical actuation. 

 
 
Fig. 5 The time sequence of the actuators command 
signals. Broken vertical line indicates the half-cycle end. 
 
 
2.4 Hemodynamic assessment  
Hemodynamic variables were monitored and recorded 
beat-to-beat by means of an impedance cardiography 
device (NCCOM 3, BoMed Inc., Irvine, USA) which 
allows for continuous non-invasive TEB assessment 
throughout all the phases of the protocol [13]. The 
impedance device was connected to the participant by 
eight ECG disposable electrodes (Fig. 6). Two pairs were 
thoracic and cervical electrodes to inject a constant 
current (2mA, 70kHz) from the generator (G), whereas 
two other pairs were sensing electrodes placed above the 
cervical and below the thoracic pairs and tie up  the 
amplifier section (A) [14]. The electrical signals were 
recorded by a digital chart recorder (AD Instruments, 
PowerLab 8sp, Castle Hill, Australia) [15]. Beat-to-beat 
values of TEB at the end of cardiac diastole (Z0) were 
acquired and Z0 was utilized as an inverse index of 
LVEDV [16]. 
The rationale for this choice is shortly presented here so 
on. Considering the electrical resistors which all together 
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inject	  a	  constant	  current	   (2mA,	  70kHz)	   from	  the	  generator	   (G),	  whereas	   two	  other	  

pairs	  were	  sensing	  electrodes	  placed	  above	  the	  cervical	  and	  below	  the	  thoracic	  pairs	  

and	   tied	   up	   the	   amplifier	   section	   (A)	   (Crisafulli	   et	   al.,	   2006).	   The	   electrical	   signals	  

were	  acquired	  by	  a	  digital	  chart	  recorder	  (AD	  Instruments,	  PowerLab	  8sp,	  Castle	  Hill,	  

Australia)	   (Crisafulli	   et	   al.,	   2007).	   Beat-‐to-‐beat	   values	   of	   TEB	   at	   the	   end	   of	   cardiac	  

diastole	   (Z0)	  were	  acquired	  and	  Z0	  was	  utilized	  as	  an	   inverse	   index	  of	   LVEDV	   [16].	  

The	   rationale	   for	   this	   choice	   is	   shortly	   presented	   below.	   We	   can	   consider	   the	  

electrical	  resistors	  that	  all	  together	  constitute	  an	  electrically	  equivalent	  model	  of	  the	  

thorax:	  most	   of	   them	   are	   of	   solid	   consistence	   (muscles,	   bones,	   cartilages,	   vessels,	  

connective	   tissue	   of	   lungs)	   and	   practically	   homogeneous	   and	   constant	   with	   time	  

mass.	  	  

On	   the	   contrary,	   lung	   air	   content	   and	   thoracic	   liquids	   content	   are	   subjected	   to	  

cyclical	  changes.	  So,	  changes	  in	  equivalent	  electrical	  impedance	  of	  the	  thorax,	  i.e.	  Z0,	  

can	  be	  referred	  to	  by	  a	  sinusoidal	  oscillation	  showing	  two	  harmonics:	  the	  main	  one	  

corresponding	  to	  breathing	  phases	  and	  the	  secondary	  one,	  with	  a	  lesser	  amplitude,	  

corresponding	  to	  cardiac	  cycle	  phases	  (Kubicek	  et	  al.,	  1966).	  By	  utilizing	  a	  common	  

electronic	  band-‐pass	  filter	  the	  main	  respiratory	  harmonic	  of	  Z0	  can	  be	  excluded	  and,	  

in	  this	  way,	  observed	  changes	  in	  Z0	  only	  depend	  on	  changes	  in	  intrathoracic	  liquids	  

volume.	  These	  in	  turn	  depend	  on	  both	  blood	  volume	  within	  heart	  and	  thoracic	  vessel	  

and	   on	   extra-‐vessel	  water	   volume.	   It	   is	   expected	   that,	   in	   a	   healthy	   subject,	   extra-‐

vessel	   water	   volume	   does	   not	   change	   significantly,	   thus	   Z0	   ought	   to	   depend	  

essentially	   on	   beat-‐to-‐beat	   variations	   of	   thoracic	   blood	   volume,	   which	   reaches	   its	  

relative	   peak	   when	   ventricles	   get	   to	   end	   diastolic	   volume.	   Since	   blood	   is	   a	   more	  
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current-‐conducting	   tissue,	   an	   increase	   in	   end	   diastolic	   volume	   induces	   a	  

corresponding	  reduction	  in	  Z0	  (Bernstein	  et	  al.,	  2005).	  	  

During	  experimental	  sessions,	  Z0	  values	  were	  assessed	  for	  each	  subject	   just	  before	  

beginning	   the	   test	   (Z0-‐basal)	  and	  at	   the	  end	  of	   the	   test	   (Z0-‐test).	  During	   tests	  ECG	  

traces	  were	  assessed	  as	  well.	   By	  utilizing	  a	   commercial	   statistic	  program	   (MedCalc	  

Software),	  assessed	  values	  of	  Z0-‐basal	  were	  compared	  with	  Z0-‐test	  values	  using	  the	  

Students’	   t	   test	   for	   paired	   samples	   and	   a	   value	   of	   P<0.05	   was	   considered	   as	  

significant.	  	  

7.3.4. Results	  and	  discussion	  

As	  shown	  by	  the	  columns	  height	   in	   the	  graphs	  of	  Fig.	  7.6,	  Z0-‐test	  values	  showed	  a	  

significant	  reduction	  (-‐1,3	  %,	  P	  <	  0.0002)	  with	  respect	  to	  Z0-‐basal	  values.	  	  

On	  the	  basis	  of	  the	  well	  known	  Frank-‐Starling	  Law,	  increases	  in	  LVEDV	  reaches	  to	  a	  

corresponding	   increase	   of	   stroke	   volume.	   This	   very	   important,	   training	   induced,	  

hemodynamic	  adaptation	  is	  the	  key	  to	  adapting,	  in	  a	  more	  efficient	  way,	  the	  cardiac	  

output	   in	   response	   to	   the	   oxygen	   demand	   from	   aerobic,	   ATP-‐producing	   cellular	  

mechanisms	   inside	   the	  muscle	   fibers	   of	   endurance	   athletes.	   In	   a	   recent	   paper	   by	  

(Waring	  et	  al.,	  2012)	   it	  was	   found	  that,	   in	  adult	   rats	  submitted	  to	  a	  mainly	  aerobic	  

exercise	   training	   schedule	   on	  motorized	   treadmill	   (30	  min/day,	   4	   days/week	   for	   4	  

weeks,	   55-‐60%	   VO2-‐max),	   the	   heart	   responded	   with	   hypertrophy	   of	   pre-‐existing	  

myocytes	   as	   well	   as	   with	   newly	   formed	   smaller	   cardiomyocytes	   accompanied	   by	  

neo-‐angiogenesis.	  Due	   to	   aerobic	   exercise	   training,	   in	   the	   same	  animals	   the	  adult-‐	  

resident	  endogenous	  cardiac	  stem/progenitor	  cells	  showed	  an	  increased	  expression	  
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of	   transcription	   factors	   which	   are	   indicative	   of	   their	   commitment	   on	   both	  

cardiomyocytes	  and	  capillary	   lineages.	  Moreover,	   these	  exercised	  animals	   showed,	  

versus	  sedentary	  ones,	  an	  up-‐regulation	  of	  Insulin-‐like	  growth	  factor-‐1,	  neuregulin-‐1	  

and	   bone	   morphogenic	   protein-‐10.	   Interestingly,	   all	   these	   regulating	   molecules	  

posses	  well	  known	  growing	  activity	  on	   their	   target	  cells.	  So,	  molecular	  and	  cellular	  

basis	   of	   endurance	   depending	   on	   increase	   of	   LVEDV	   seem	   to	   be	   sufficiently	  

explainable.	  	  

Concerning	  detraining	  effects	  on	  cardiac	  function,	  in	  a	  paper	  by	  (Kemi	  et	  al.,	  2004)	  in	  

which	   adult	   rats	   performed	   interval	   training	   1h/day,	   5day/week,	   on	   a	   25°	   inclined	  

treadmill,	   for	   10	  weeks	   (exercise	   intervals	   alternated	   between	   8	  minutes	   at	   about	  

85%	   of	   VO2max	   and	   2	   minutes	   at	   about	   50%.),	   exercise	   detraining	   has	   been	  

suggested	   as	   the	   main	   responsible	   condition	   for	   cellular	   mechanisms	   underlying	  

aerobic	  fitness	  decrease	  to	  reduced	  cardiomyocyte	  dimension.	  In	  fact,	  these	  Authors	  

found	  that	  after	  4	  weeks	  of	  detraining	  both	  cardiomyocyte	  width	  and	  cardiac	  weight	  

regressed	   towards	   pre-‐training	   values	   as	   well	   as	   fractional	   shortening	   and	   Ca2+	  

sensitivity.	   It	   is	   interesting	  to	  underline	  that,	  as	  the	  consequence	  of	  the	  detraining-‐

induced	  morphologic	  and	  functional	  decline,	  a	   loss	  of	  the	  VO2max,	  with	  respect	  to	  

its	  value	  reached	  at	  the	  top	  of	  previous	  training,	  was	  also	  induced.	  
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Fig.	  7.6	  Columns	  represent	  mean	  values	  of	  the	  thoracic	  electrical	  impedance	  (Ohm)	  

respectively	  before	  legs	  compression	  session	  (Z0-‐basal)	  and	  just	  at	  the	  end	  of	  the	  

compression	  session	  (Z0-‐test).	  Vertical	  bar	  in	  each	  column	  	  

	  

7.3.2. Motion-‐impaired	  patients	  

A	   group	   of	   people	  with	   different	   levels	   of	   legs	  motion	   impairment,	  whose	   proper	  

informed	   consent	  was	   obtained,	   underwent	   two	   cycles	   of	   rhythmic	   leg	  massages.	  

Feeding	   air	   pressure	  upstream	  of	   the	   system	  was	   tuned	  using	   the	   air	   service	  unit,	  

and	  set	  at	  1.5	  bar	  at	  first,	  then	  raised	  to	  2.0	  bar	  .	  Pressure	  levels	  were	  chosen	  so	  as	  

not	  to	  result	  uncomfortable	  for	  the	  tested	  subject	  and	  about	  blood	  pressure	  values	  

as	   well.	   Circuit	   pressure	   upstream	   of	   each	   bladder	   was	   measured	   on	   one	   leg	   by	  

means	  of	  three	  0-‐15	  psi	  Honeywell	  24	  PC	  series	  piezo-‐resistive	  differential	  pressure	  

gauges	  with	  15	  mV/psi	  sensitivity,	  one	  for	  each	  cuff,	  and	  acquired	  by	  means	  of	  a	  NI	  

cDAQ-‐9172	  CompactDAQ	  chassis	  equipped	  with	  a	  NI9219	  4-‐channel,	  24-‐bit,	  analog	  

input	  module.	  Operating	  pressure	  sensibly	  drops	  inside	  the	  bladders,	  reaching	  values	  

about	  one	  order	  of	  magnitude	  smaller	  than	  supply	  values.	  

	  

	  

4 
 

constitute an electrically equivalent model of the thorax, 
most of they are of solid consistence (muscles, bones, 
cartilages, vessels, connective tissue of lungs) which do 
not vary their mass suddenly. 

 
 
Fig. 6 Electrical scheme assess thoracic electrical 
bioimpedance.  
 
On the contrary, lung air content and thoracic liquids 
content are subjected to cyclical changes. So, changes in 
equivalent electrical impedance of the thorax, i.e. Z0, refer 
about a like sinusoidal oscillation which shows two 
harmonics: the main one corresponding to breathing 
phases and the secondary one, with a lesser amplitude, 
corresponding to cardiac cycle phases [17]. By utilizing a 
common electronic band-pass filter the main respiratory 
harmonic of Z0 can be excluded and, in this way, observed 
changes in Z0 only depends on changes in intrathoracic 
liquids volume. These in turn depend on both blood 
volume into heart and thoracic vessel and on extra-vessel 
water volume. It is expected that, in a healthy subject, 
extra-vessel water volume does not change significantly, 
thus Z0 ought to depend essentially on beat-to-beat 
variations of thoracic blood volume which reach its 
relative peak when ventricles get to end diastolic volume. 
Since blood is a more current conducting tissue, an 
increase in end diastolic volume induces a corresponding 
reduction in Z0 [18].  
During experimental sessions, In each subject Z0 values 
were assessed just before beginning the test (Z0-basal) and 
at the end of the test (Z0-test). During tests ECG traces 
were assessed. By utilizing a commercial statistic 
program (MedCalc Software bvba, Ostend, Belgium), 
assessed values of Z0-basal were compared with Z0-test 
values using the Students’ t test for paired samples and a 
value of P<0.05 was considered as significant. 
 
3 Results 
 
As shown by the columns height in the graphs of Fig. 7, 
Z0-test values showed a significant reduction (-1,3 %, P < 
0.0002) with respect to Z0-basal values. 
 
 
4 Discussion of results 
 
On the basis of the well known Frank-Starling Law, 
increases in LVEDV reaches to a corresponding increase 
of  stroke volume. This very important, training induced, 
hemodynamic adaptation is the key to adapting, in a more 

efficient way, the cardiac output in response to the 
oxygen demand from aerobic, ATP-producing cellular 
mechanisms inside the muscle fibres of endurance 
athletes. In a recent paper by Waring et al. [19] it was 
found that, in adult rats submitted to a mainly aerobic 
exercise training schedule on motorized treadmill (30 
min/day, 4 days/week for 4 weeks, 55-60% VO2-max), 
the heart responded with hypertrophy of pre-existing 
myocytes as well as with newly formed smaller 
cardiomyocytes accompanied by neo-angiogenesis. Due 
to aerobic exercise training, in the same animals the adult-
resident endogenous cardiac stem/progenitor cells showed 
an increased expression of transcription factors which are 
indicative of their commitment on both cardiomyocytes 
and capillary lineages. Moreover, these exercised animals 
showed, versus sedentary ones, an up-regulation of 
Insulin-like growth factor-1, neuregulin-1 and bone 
morphogenic protein-10. Interestingly, all these regulating 
molecules posses well known growing activity on their 
target cells. So, molecular and cellular basis of endurance 
depending on increase of LVEDV seem to be sufficiently 
explainable. 
Concerning detraining effects on cardiac function, in a 
paper by Kemi et al. [20] in which adult rats performed 
interval training 1h/day, 5day/week, on a 25° inclined 
treadmill, for 10 weeks (exercise intervals alternated 
between 8 minutes at about 85% of VO2max and 2 
minutes at about 50%.), exercise detraining has been 
suggested as the main responsible condition for cellular 
mechanisms underlying aerobic fitness decrease to 
reduced cardiomyocyte dimension. In fact, these Authors 
found that after 4 weeks of detraining both cardiomyocyte 
width and cardiac weight regressed towards pre-training 
values as well as fractional shortening and Ca2+ 
sensitivity. It is interesting to underline that, as the 
consequence of the detraining-induced morphologic and 
functional decline, a loss of the VO2max, with respect to 
its value reached at the top of previous training, was also 
induced. 
 

 
 
Fig. 7 Columns represent mean values of the thoracic 
electrical impedance (Ohm) respectively before legs 
compression session (Z0-basal) and just at the end of the 
compression session (Z0-test). Vertical bar in each column 
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7.3.2.1. The	  device	  

A	   system,	   built	   by	   applying	   three	   sphygmomanometer	   cuffs	   connected	   to	   an	   air	  

supply	  circuit	  was	  used	  to	  intermittently	  compress	  each	  leg:	  one	  was	  to	  massage	  the	  

patient’s	  foot	  sole,	  one	  his	  ankle	  and	  one	  his	  calf.	  A	  branch	  of	  the	  two	  symmetrical	  

twin	  circuits	  is	  shown	  in	  figure	  7.8.	  

A	  sample	  of	  acquired	  circuit	  pressure	  values	  is	  shown	  in	  Fig.	  7.7.	  

	   	  
(a)	   (b)	  

Fig.	  7.7.	  Air	  pressure	  vs.	  time	  just	  upstream	  of	  each	  cuff	  bladder:	  (a)	  global	  trend	  and	  (b)	  

detail.	  

	  
The	   shown	   trend	   highlights	   some	   circuit	   features:	   first,	   ejector	   efficiency,	   which	  

during	  deflation	  brings	  about	  a	  negative	   relative	  pressure	  mostly	  visible	   in	   the	  calf	  

bladder	  curve,	  is	  stressed	  with	  increasing	  operating	  pressure,	  finally	  overcoming	  the	  

inflating	  action	  and	   resulting	   in	  a	  minor	  average	  effective	  value;	   second,	   the	   three	  

bladder	  pressure	  peak	  values	  appear	  to	  be	  in	  phase	  even	  though	  the	  solenoid	  valve	  

on-‐off	   law	   shown	   in	   Fig.	   7.10	   gives	   out-‐of-‐phase	   commands	   to	   them.	   This	   can	   be	  

explained	  with	  the	  very	  slow	  circuit	  dynamics	  due	  to	  the	  large	  air	  volumes;	  third,	  a	  

much	   less	   steep	   slope	   of	   pressure	   rate	  was	   achieved	   thanks	   to	   the	   unidirectional	  

flow	   regulators;	   it	   is	   to	   be	   noted	   that	   their	   check	   valve	   prevents	   air	   from	   flowing	  

back	  in	  the	  inlet	  pipe.	  
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Fig.	  7.8.	  The	  pneumatic	  circuit.	  
	  
Downstream	  of	  the	  air	  supply	  (a)	  an	  air	  service	  unit	  (b)	  allows	  the	  fine-‐tuning	  of	  the	  

supply	  pressure	  as	  well	  as	  filtering	  the	  inlet	  air.	  Six	  electro-‐operated	  pneumatic	  flow	  

control	  solenoid	  3/2	  valves	  (c)	  are	  piloted	  by	  a	  PLC	  (d)	  so	  as	  to	  intermittently	  inflate	  

the	   cuffs’	   bladders	   (f).	   Upstream	   of	   each	   bladder	   an	   in-‐line	   unidirectional	   flow	  

control	  regulator	  (e)	  to	  help	  in	  smoothing	  the	  inflow	  pressure	  change	  thus	  allowing	  

free	  outflow.	  In	  both	  the	  outflow	  branches	  collecting	  way	  1	  of	  each	  valve	  an	  in-‐line	  

Venturi	  ejector	  (g)	  helps	  deflation,	  fed	  by	  a	  flow	  regulator	  working	  as	  a	  check	  valve	  

so	  as	  not	  to	  allow	  outflow	  along	  the	  checked	  line	  

	  

	  
	  
Fig.	  7.9.	  The	  device	  under	  working	  conditions.	  
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Activation	  was	   performed	  with	   the	   foot	   and	   calf	   cuffs	   in	   4	  min	   time	   segments	   at	  

about	  0.3	  Hz	   frequency	   (3.5	  s	  period)	  meaning	   this	   a	   slowly	  walking	  person's	  pace	  

(half	   a	   period	   each	   step);	   the	   on-‐off	   timing	   diagram	   imposed	   by	   the	   PLC	   on	   the	  

solenoids	  is	  shown	  in	  Fig.	  7.10.	  

	  

Fig.	  7.10.	  Timing	  diagram	  of	  the	  electro-‐valves’	  on-‐off	  law	  imposed	  by	  the	  PLC.	  

In	  Figs.	  7.11	  to	  7.13	  the	  two	  typical	  extreme	  behaviors	  (i.e.	  Group	  1	  and	  Group	  2)	  for	  

hemodynamic	   adjustments	   observed	   within	   the	   tested	   group	   are	   shown	   and	  

compared.	  

7.3.2.2. Some	  clinical	  remarks	  	  

In	  a	  normobaric	  and	  normoxic	  environment	  (i.e.	  at	  sea	  level)	  oxygen	  delivery	  (OD)	  

for	  an	  organism	  having	  normal	  hemoglobin	  values	  depends	  on	  cardiac	  output	  (CO,	  

l/min).	  This	  is	  driven,	  in	  turn,	  by	  the	  oscillations	  of	  hemodynamic	  variables	  such	  as	  

ventricular	  preload	  (VP),	  i.e.	  the	  end-‐diastolic	  ventricular	  volume,	  and	  myocardial	  

contractility	  (MC),	  i.e.	  the	  systolic	  ventricular	  pressure	  rate.	  Both	  changes	  in	  VP	  and	  

CO	  lead	  to	  an	  increase	  in	  ventricular	  ejection	  per	  stroke	  (SV,	  stroke	  volume).	  Since	  

heart	  rate	  (HR)	  is	  constant,	  this	  increases	  CO	  both	  in	  a	  heterometric	  (VP)	  and	  

homeometric	  (MC)	  way,	  finally	  augmenting	  the	  OD.	  
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Impedance	   cardiography	   (IC)	   makes	   it	   possible	   to	   noninvasively	   measure	   VP	  

indicators	   such	   as	   the	   diastolic	   filling	   rate	   SV/DT	   (DT	   diastolic	   time)	   and	   MC	  

indicators,	  e.g.	  the	  PEP/VET	  (ventricular	  pre-‐ejection	  time/ventricular	  ejection	  time)	  

ratio,	  whose	   inverse	   is	   proportional	   to	   intraventricular	   pressure	   increment	   (Concu	  

and	  Marcello,	  1993).	  

A	   reduction	   of	   the	   hemodynamic	   response,	   which	   is	   mainly	   caused	   by	   diastolic	  

deficit,	   has	   been	   detected	   in	   paraplegic	   patients	   during	  metaboreflex	   stimulation.	  

This	  deficit	  was,	   in	  turn,	  connected	  to	  a	  VP	  decrease	  probably	  depending	  on	   lower	  

limb	  loss	  of	  tonus	  caused	  by	  spinal	  injury	  (Crisafulli	  et	  al.,	  2009).	  In	  these	  patients	  the	  

muscle	  pump,	  which	  would	  normally	  compress	  the	  larger	  veins,	  is	  lacking	  mostly	  at	  

the	   sural	   triceps	   level,	  whereas	   in	   normal	   subjects	   it	   boosts	   intravenous	   pressure.	  

Since	  the	  subject	   is	   in	  an	  orthostatic	  position,	   the	  muscle	  pumping	  action	  together	  

with	   the	   residual	   vis	   a	   tergo	   counteracts	   the	   hydrostatic	   pressure	   exerted	   by	   the	  

blood	  column	  between	  heart	  and	   feet,	   thus	  allowing	  both	   regular	   cardiac	  diastolic	  

flow	   and	   VP.	   Crisafulli	   et	   al.	   showed	   that	   the	   normal	   activation	   of	   hemodynamic	  

adjustments	   as	   a	   response	   to	   simulating	   physical	   exercise	   with	   both	   a	  

neurophysiological	  and	  biochemical	  metaboreflex	  stimulation	  (Crisafulli	  et	  al.,	  2003)	  

was	  not	  sufficient	  since	  no	  SV	  increment	  was	  caused	  and	  there	  was	  no	  VP	  and	  MC	  to	  

increase	  either.	  All	  this	  means	  a	  chronic	  diastolic	  insufficiency	  for	  paraplegic	  patients	  

which	   leads	   to	   an	   insufficient	   SV	   based	   on	   its	   heterometric	   auto-‐regulation	  

mechanism,	   leading	   in	   turn	  to	   inadequate	  CO	  response	  and	  then	  to	  OD	  deficiency.	  

Such	   a	   condition	   worsens	   the	   life	   quality	   of	   patients	   as	   it	   reduces	   their	   oxygen	  

availability.	  
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7.3.2.3. Hemodynamic	  measurements	  

In	   Figs.	   7.11	   to	   7.13	   hemodynamic	   variables	   are	   related	   to	   applied	   intermittent	  

massage	   at	   different	   pressures.	   The	   two	   typical	   extreme	   average	   behaviors	   (i.e.	  

Group	   1	   and	   Group	   2)	   for	   hemodynamic	   adjustments	   observed	   within	   the	   tested	  

subjects	  are	  shown	  and	  compared.	  

	  

Fig.	  7.11.	  Opposite	  trends	  of	  Stroke	  Volume	  (SV)	  values	  at	  different	  supply	  pressures:	  
beyond	  the	  threshold	  level	  the	  desired	  effect	  vanishes	  for	  Group	  2	  subjects.	  

	  

	  

Fig.	  7.12.	  Diastolic	  filling	  rate	  (SV/DT)	  in	  the	  same	  conditions	  as	  in	  Figs.	  7.11,	  7.13:	  expected	  

effects	  are	  visible	  for	  Group2	  people	  only	  below	  the	  threshold	  level.	  
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Fig.	   7.13:	   PEP/VET	   index	   decreases	   as	   expected	   as	   a	   function	   of	   applied	   pressure	   for	  

Group	   1	   subjects,	   showing	   an	   inverse	   trend	   for	   too	   high	   a	   pressure	   value	   for	   Group	   2	  

subjects.	  

	  

	  

The	  trends	  of	  measured	  indexes	  for	  Group	  1	  subjects	  are	  discussed	  in	  the	  following,	  

and	   compared	   to	   correspondent	   ones	   for	   Group	   2.	   In	   Fig.	   7.11	   SV	   values	   before	  

testing	   (control)	   and	   during	   device	   performance	   are	   displayed.	   Actuation	   was	  

exerted	  at	  1.5	  bar	  and	  2.0	  bar	  upstream	  of	  the	  system:	  the	  trend	  for	  Group	  1	  is	  an	  

increase	  up	  to	  30%	  of	  the	  control	  value.	  

In	   Figure	   7.12	   it	   is	   clearly	   seen	   that	   these	   SV	   increments,	   caused	   by	   the	   rhythmic	  

foot-‐calf	   compression,	   are	   tied	   to	   the	   progressive,	   pressure-‐dependent	   increase	   in	  

diastolic	  filling	  rate	  SV/DT:	  this	  hemodynamic	  variable,	  describing	  VP,	  has	  a	  steeper	  

increase	  reaching	  20%	  at	  2.0	  bar.	  

Figure	  7.13	  shows	  the	  PEP/VET	  ratio	   (which	  decreases	  with	  MC)	  going	   for	  Group	  1	  

rapidly	  reducing	  to	  about	  a	  20%	  its	  control	  value	  at	  2.0	  bar	  supply	  pressure.	  
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Going	  back	  to	  Figure	  7.11	  above	  for	  Group	  2	  we	  observe	  an	  opposite	  behavior:	  the	  

graph	  shows	  that	  after	  inducing	  an	  SV	  increment	  by	  supplying	  the	  system	  at	  1.5	  bar,	  

a	  reverse	  trend	  is	  conversely	  observed	  when	  supplying	  at	  2.0	  bar:	  SV	  has	  a	  negative	  

drop,	  to	  less	  than	  the	  control	  value.	  

This	   behavior	   is	   consistent	   with	   the	   one	   shown	   in	   Fig.	   7.12,	   where	   SV/DT	   slightly	  

increases	  at	  1.5	  bar,	  decreasing	  then	  at	  2.0	  bar	  	  actuation,	  according	  to	  the	  SV	  trend	  

as	  above,	  except	  (as	  it	  should	  be)	  for	  the	  reverse	  slope.	  

Considering	  that	  intraventricular	  pressure	  rate	  depends	  upon	  pre-‐systole	  stretching	  

degree	   of	   myocardic	   fibers	   (according	   to	   the	   Frank-‐Starling	   mechanism,	   aka	  

Maestrini	  law	  of	  the	  heart)	  we	  can	  also	  explain	  the	  PEP/VET	  reduction	  (Fig.	  7.13)	  as	  

myocardic	   fiber	   length	   reaching	   its	   relative	  maximum	  with	  MC	   increasing	   as	   well,	  

whereas	  for	  less	  stretched	  fibers	  (i.e.	  2.0	  bar)	  PEP/VET	  reduces	  roughly	  to	  its	  control	  

value.	  

	  

7.3.2.4. Discussion	  

We	   focused	   our	   attention	   on	   how	   such	   alternate	   massaging	   systems	   can	   really	  

produce	  heart	  efficiency	  besides	   the	  general	   comfort	   that	  makes	   their	  diffusion	  so	  

widespread.	  

Our	  observations	   lead	  us	   to	  believe	   that	   the	   system	   is	   effective	   in	   increasing	  both	  

ventricular	   preload	   and	   its	   resulting	   ventricular	   ejection.	   Nevertheless,	   the	  

relationship	  between	  SV	  and	  the	  pressure	  pattern	   imposed	  by	  the	  foot-‐calf	  system	  

appears	   to	   be	   a	   truly	   complex	   one	   and	   definitely	   linked	   to	   the	  morpho-‐functional	  

peculiarities	  of	  the	  subjects.	  In	  very	  simple	  words,	  it	  appears	  that	  beyond	  a	  threshold	  
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set	  for	  each	  subject	  the	  squeezing	  action	  acts	  in	  a	  way	  opposite	  to	  the	  desired	  one,	  

resulting	  in	  a	  grip	  holding	  blood	  flow	  and	  preventing	  it	  from	  restoring	  end	  diastolic	  

filling	   pressure	   of	   ventricles,	   thus	   improving	   cardiac	   output.	   Detection	   of	   each	  

subject’s	   threshold	   would	   then	   be	   needed	   before	   setting	   operating	   pressure.	   By	  

compressing	   a	  wider	   area,	   for	   example	   using	   two	   adjacent	   calf	   cuffs,	  may	   also	   be	  

helpful	  in	  distributing	  the	  action	  on	  the	  leg	  surface.	  

For	   this	   reason,	   how	   pressure	   is	   to	   be	   applied,	   at	   which	   levels,	   frequency	   and	  

locations	  on	  the	  legs	  is	  still	  to	  be	  investigated.	  

Another	  branch	  of	   investigation	  will	   be	   the	  dynamic	  behavior	  of	   the	   circuit,	  which	  

must	  be	  known	  and	  predictable	   in	  order	   to	  model	  pressure	   laws	   tailoring	   them	   to	  

the	  patients'	  needs.	  
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8.	  Conclusions	  

	  

The	  results	  of	  testing	  the	  soft	  pneumatic	  devices	  developed	  in	  the	  framework	  

of	  this	  thesis,	  and	  the	  wider	  research	  activity	  as	  well	  are	  very	  encouraging.	  

	  

In	   all	   tested	   subjects	   the	   monitored	   hemodynamic	   variables,	   significant	   for	  

heart	   efficiency	   (stroke	   volume,	   stroke	   volume	   rate	   and	   ventricular	   pre-‐

ejection	   time/ventricular	   ejection	   time),	   underwent	   positive	   trends	   when	  

intermittent	  massage	  was	  applied	  at	  increasing	  feeding	  pressure.	  	  

The	  tested	  devices,	  applying	  the	  imposed	  rythmic	  massage	  laws,	  appear	  to	  be	  

effective	   in	   altering	   the	   chosen	   hemodynamic	   parameters	   drawn	   by	  

impedance	   cardiography	  data.	   Feeding	  pressure	   tuning	  has	   been	  performed	  

to	  highlight	  the	  proper	  maximum	  pressure	  threshold	  for	  each	  subject,	  and	  fed	  

back	  to	  the	  proportional	  valves	  inserted	  into	  the	  circuit.	  

	  

As	   for	   the	   design	   point	   of	   view,	   both	   small	   sequential	   actuators	   and	   large,	  

compliant	   ones	   are	   very	   effective	   in	   having	   their	   job	   done.	   The	   former	   are	  

easier	   to	   inflate	   and	   deflate	  without	   introducing	   too	  many	   elements	   in	   the	  

circuit.	   On	   the	   other	   end	   they	   need	   an	   exoskeleton	   to	   constrain	   their	  

expansion.	   The	   bigger	   ones	   are	   stand-‐alone	   devices	   requiring	   some	   more	  

design	   caution	   and	  offer	   a	   good	  engineering	   versatility	   as	   for	   geometry	   and	  

circuit	  design.	  

Some	  possible	  future	  developments	  are	  outlined	  below:	  	  
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• closing	   the	   loop	   through	   an	   EMG	   signal,	   or	   any	   bio-‐feedback	   	   that	   can	  

account	  for	  pain	  or	  discomfort;	  

• testing	  of	  different	  contact	  sensors…	  

• …	  or	  designing	  of	  an	  ad	  hoc	  one	  

• modeling	   the	  contact	   surface	  actuator-‐skin	   that	  can	  be	  helpful	   in	  predicting	  

or	  setting	  any	  pre-‐tension	  threshold;	  

• pneumatic	  controlling	  (PWM)	  	  

• tuning	  of	  the	  control	  system	  
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