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Summary	
  
The	
   study	
   of	
   electronic	
   noses	
   has	
   been	
   an	
   active	
   area	
   of	
   research	
   for	
   over	
   25	
   years.	
  

Commercial	
  instruments	
  have	
  been	
  successfully	
  deployed	
  within	
  niche	
  application	
  areas,	
  for	
  

example,	
  the	
  food,	
  beverage	
  and	
  pharmaceutical	
  industries.	
  However,	
  these	
  instruments	
  are	
  

still	
   inferior	
   to	
   their	
   human	
   counterparts	
   and	
   have	
   not	
   achieved	
   mainstream	
   success.	
  

Humans	
  can	
  distinguish	
  and	
  identify	
  many	
  thousands	
  of	
  different	
  aromas,	
  even	
  at	
  very	
  low	
  

concentration	
   levels,	
   with	
   relative	
   ease.	
   The	
   human	
   olfactory	
   system	
   is	
   extremely	
  

sophisticated,	
  which	
  allows	
  it	
  to	
  out-­‐perform	
  artificial	
  instruments.	
  Though	
  limited,	
  artificial	
  

instruments	
  can	
  provide	
  a	
  lower	
  cost	
  option	
  to	
  specific	
  problems	
  and	
  can	
  be	
  an	
  alternative	
  

to	
  the	
  use	
  of	
  organoleptic	
  panels.	
  	
  

Most	
  existing	
  commercial	
  electronic	
  nose	
  (e-­‐nose)	
  instruments	
  are	
  expensive,	
  bulky,	
  

desktop	
   units,	
   requiring	
   a	
   PC	
   to	
   operate.	
   In	
   addition,	
   these	
   instruments	
   usually	
   require	
   a	
  

trained	
   operator	
   to	
   gather	
   and	
   analyse	
   the	
   data.	
  Motivated	
   to	
   improve	
   the	
   performance,	
  

size	
  and	
  cost	
  of	
  e-­‐nose	
  instruments,	
  this	
  research	
  aims	
  to	
  extract	
  biological	
  principles	
  from	
  

the	
  mammalian	
  olfactory	
  system	
  to	
  aid	
  the	
  implementation	
  of	
  a	
  portable	
  e-­‐nose	
  instrument.	
  

This	
  study	
  has	
  focused	
  on	
  several	
  features	
  of	
  the	
  biological	
  system	
  that	
  may	
  provide	
  

the	
   key	
   to	
   its	
   superior	
   performance.	
   Specifically,	
   the	
   large	
   number	
   of	
   different	
   olfactory	
  

receptors	
   and	
   the	
   diversity	
   of	
   these	
   receptors;	
   the	
   nasal	
   chromatograph	
   effect;	
   stereo	
  

olfaction;	
  sniff	
  rate	
  and	
  odour	
  conditioning.	
  Based	
  on	
  these	
  features,	
  a	
  novel,	
  portable,	
  cost	
  

effective	
  instrument,	
  called	
  the	
  Portable	
  e-­‐Mucosa	
  (PeM),	
  has	
  been	
  designed,	
  implemented	
  

and	
  tested.	
  	
  The	
  main	
  components	
  of	
  the	
  PeM	
  are	
  three	
  sensor	
  arrays	
  each	
  containing	
  200	
  

carbon	
   black	
   composite	
   chemoresistive	
   sensors	
   (totalling	
   600	
   sensors	
   with	
   24	
   different	
  

tunings)	
  mimicking	
   the	
   large	
   number	
   of	
   olfactory	
   receptors	
   and	
   two	
   gas	
   chromatographic	
  

columns	
   (coated	
   with	
   non-­‐polar	
   and	
   polar	
   compounds	
   to	
   maximise	
   the	
   discrimination)	
  

emulating	
  the	
  “nasal	
  chromatograph”	
  effect	
  of	
  the	
  human	
  mucus.	
  A	
  preconcentrator	
  based	
  

on	
  thermal	
  desorption	
  is	
  also	
  included	
  as	
  an	
  odour	
  collection	
  system	
  to	
  further	
  improve	
  the	
  

instrument.	
   The	
   PeM	
   provides	
   USB	
   and	
   Multimedia	
   Memory	
   Card	
   support	
   for	
   easy	
  

communication	
  with	
  a	
  PC.	
  The	
  instrument	
  weighs	
  700g	
  and,	
  with	
  dimensions	
  of	
  110	
  x	
  210	
  x	
  

110	
   mm,	
   is	
   slightly	
   larger	
   than	
   the	
   commercial	
   Cyranose	
   320	
   (produced	
   by	
   Smiths	
  

Detection).	
  	
  

This	
  novel	
   instrument	
  generates	
   ‘spatio-­‐temporal’	
   data	
  and	
  when	
  coupled	
  with	
  an	
  

appropriate	
   pattern	
   recognition	
   algorithm,	
   has	
   shown	
   an	
   enhanced	
   ability	
   to	
   discriminate	
  

between	
  odours.	
  The	
  instrument	
  successfully	
  discriminates	
  between	
  simple	
  odours	
  (ethanol,	
  

ethyl	
  acetate	
  and	
  acetone)	
  and	
  more	
  complex	
  odours	
  (lavender,	
  ylang	
  ylang,	
  cinnamon	
  and	
  

lemon	
   grass	
   essential	
   oils).	
   This	
   system	
   can	
   perhaps	
   be	
   seen	
   as	
   a	
   foundation	
   for	
   a	
   new	
  

generation	
  of	
  e-­‐noses.	
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CHAPTER	
  1 	
  
	
  

	
  

1.1 Introduction	
  	
  	
  	
  	
  
	
  

	
  This	
   chapter	
   introduces	
   the	
   human	
   olfactory	
   system	
   and	
   compares	
   it	
   to	
   current	
  

electronic	
  nose	
  instruments,	
  discussing	
  both	
  the	
  strengths	
  and	
  weaknesses	
  of	
  both.	
  

Next,	
   current	
   technology,	
   devices	
   and	
   applications	
   are	
   discussed.	
   The	
   aims	
   and	
  

objectives	
  of	
   the	
   research	
  undertaken	
  are	
   then	
  described.	
   Lastly,	
  an	
  outline	
  of	
   the	
  

thesis	
  is	
  presented.	
  	
  	
  

1.2 Mammalian	
  olfactory	
  system	
  
	
  

The	
   sense	
   of	
   smell	
   is	
   always	
   seen	
   as	
   a	
  minor	
   sense	
   among	
   the	
   five	
  major	
   human	
  

senses	
  (sight,	
  touch,	
  taste,	
  hearing	
  and	
  smell).	
  	
  Evolution	
  created	
  the	
  sense	
  of	
  smell	
  

as	
  warning	
  mechanism,	
   for	
   finding	
  food,	
  avoiding	
  predators	
  or	
  choosing	
  a	
  mate	
  [1,	
  

2].	
  However,	
  as	
  humans	
  have	
  evolved,	
  the	
  human	
  olfactory	
  system	
  has	
  degraded	
  in	
  

function,	
  due	
  to	
  the	
  its	
  reduced	
  importance	
  for	
  survival.	
  	
  

	
   In	
  order	
  to	
  discuss	
  various	
  components	
  of	
  the	
  biological	
  olfactory	
  system,	
  an	
  

anatomy	
   of	
   the	
   human	
   olfactory	
   system	
   is	
   shown	
   in	
   Figure	
   1.1	
   [2].	
   In	
   the	
   human	
  

olfactory	
   system,	
  odours	
  are	
  delivered	
   through	
   the	
  nasal	
  passages	
   to	
   the	
  olfactory	
  

epithelium	
   where	
   various	
   olfactory	
   receptors	
   are	
   located.	
   The	
   inhaled	
   odorant	
  

molecules	
   have	
   to	
   pass	
   through	
   a	
   thin	
  mucous	
   layer	
   (10-­‐100	
   μm)	
   along	
   the	
   nasal	
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cavity	
   to	
   reach	
   the	
  olfactory	
   receptor	
  cells,	
  which	
  occupy	
  a	
   small	
  area	
   in	
   the	
  nasal	
  

epithelium[3].	
  	
  

Nasal	
  cavity	
  or	
   ‘Nasal	
   fossa’	
   is	
   the	
  air	
   filled	
  area	
   located	
  behind	
  the	
  nose	
   in	
  

front	
  of	
  the	
  face.	
  The	
  function	
  of	
  the	
  nasal	
  cavity	
  is	
  to	
  precondition	
  the	
  sniffed	
  air	
  by	
  

warming	
   and	
   humidifying	
   the	
   air	
   in	
   such	
   a	
  way	
   that	
   it	
   prepares	
   the	
   odour	
   before	
  

being	
   sensed	
   and	
   processed	
   [4,	
   5].	
   This	
   is	
   a	
   crucial	
   task	
   that	
   assists	
   the	
   olfactory	
  

system	
   to	
   perform	
  better.	
   Furthermore,	
   the	
   vibrissae	
   (short,	
   thick	
   hairs	
   located	
   in	
  

the	
   nasal	
   cavity),	
   clean	
   the	
   sniffed	
   odour	
   by	
   removing	
   dust	
   and	
   other	
   particulate	
  

matter	
   in	
   the	
   sniffed	
   air.	
   The	
   nasal	
   cavity	
   shape	
   allows	
   the	
   odour	
   molecules	
   to	
  

accumulate,	
  concentrating	
  the	
  odour	
  to	
  interact	
  better	
  with	
  olfactory	
  receptors.	
  

	
  

Figure	
  1.1:	
  Anatomy	
  of	
  a	
  Human	
  Olfactory	
  System	
  

	
  

The	
  olfactory	
  receptors,	
  located	
  on	
  the	
  surface	
  of	
  the	
  cilia	
  of	
  the	
  olfactory	
  epithelium	
  

in	
  the	
  nasal	
  cavity	
  will	
  detect	
  and	
  carry	
  out	
  thin	
  nerve	
  processes	
  directly	
  to	
  distinct	
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micro	
  domains,	
  called	
  glomerulus	
  [6,	
  7]	
   in	
  the	
  olfactory	
  bulb,	
  the	
  primary	
  olfactory	
  

area	
  of	
  the	
  brain.	
  Receptors	
  have	
  overlapping	
  sensitivity	
  to	
  different	
  odorants,	
  that	
  

is,	
   each	
   of	
   the	
   odorant	
   molecules	
   correspond	
   to	
   an	
   exclusive	
   group	
   of	
   responses	
  

from	
   the	
   receptors.	
   Through	
   the	
   olfactory	
   bulb	
   the	
   information	
   of	
   the	
   vapour	
  will	
  

reach	
   the	
   olfactory	
   cortex	
   and	
   the	
   brain	
   where	
   the	
   information	
   from	
   several	
  

receptors	
  is	
  processed,	
  forming	
  a	
  pattern	
  that	
  can	
  be	
  recognized.	
  	
  

	
   Comparing	
  the	
  olfactory	
  system	
  of	
  humans	
  with	
  other	
  animals,	
  rats	
  are	
  8	
  to	
  

50	
  times	
  more	
  sensitive	
  to	
  odours	
  than	
  humans,	
  whilst	
  dogs	
  are	
  300	
  to	
  10,000	
  times	
  

more	
   sensitive,	
   depending	
   upon	
   the	
   odorant	
   [8].	
   The	
   sensitivity	
   of	
   dogs’	
   olfactory	
  

system	
  is	
  known	
  to	
  be	
  much	
  higher	
  than	
  that	
  of	
  humans[9].	
  Several	
  factors	
  such	
  as	
  

the	
  size	
  of	
  the	
  olfactory	
  epithelium,	
  the	
  density	
  of	
  neuronal	
  cells	
  and	
  the	
  number	
  of	
  

olfactory	
   receptor	
   as	
   well	
   as	
   the	
   size	
   of	
   the	
   olfactory	
   bulb,	
   contribute	
   to	
   the	
  

sensitivity	
   of	
   mammalian	
   olfactory[10].	
   	
   The	
   human	
   nose	
   has	
   about	
   12	
   million	
  

olfactory	
   receptor	
   cells[11]	
   and	
   1000	
   different	
   receptor	
   protein	
   types	
   while	
   dogs	
  

have	
  1	
  billion	
  receptor	
  cells.	
  Furthermore,	
   in	
  dogs,	
  5%	
  of	
  the	
  dogs	
  genome	
  is	
  given	
  

over	
  to	
  smell	
  compared	
  to	
  1-­‐2%	
  in	
  human	
  genome.	
  Thus	
  it	
  is	
  clear	
  that	
  the	
  number	
  

of	
  olfactory	
  receptor	
  cells	
  contributes	
  to	
  the	
  sensitivity	
  of	
  the	
  olfactory	
  system.	
  The	
  

reason	
  why	
  a	
  number	
  of	
  sensors	
  are	
  so	
  important	
  is	
  that	
  it	
  increases	
  the	
  diversity	
  of	
  

detection,	
   meaning	
   we	
   can	
   get	
   more	
   information	
   from	
   the	
   array,	
   thus	
   detecting	
  

more	
  different	
  odours.	
  

1.1 Electronic	
  noses	
  
	
  	
  	
  	
  	
  

The	
  research	
  into	
  an	
  artificial	
  bio-­‐mimetic	
  mammalian	
  olfactory	
  system	
  has	
  been	
  an	
  

active	
   research	
   area	
   over	
   20	
   years,	
   since	
   the	
   idea	
   first	
   came	
   to	
   light	
   in	
   1980[12].	
  

Later	
   in	
  1982	
  at	
  the	
  University	
  of	
  Warwick	
   in	
  UK,	
  Persaud	
  and	
  Dodd	
  made	
  the	
  first	
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conceptualization	
  of	
  the	
  electronic	
  nose[13].	
  The	
  term	
  electronic-­‐nose	
  first	
  appears	
  

in	
  1988	
  [14];	
  it	
  was	
  later	
  defined	
  formally	
  by	
  Gardner	
  et	
  al.	
  [1]	
  where	
  he	
  defines	
  it	
  as:	
  

	
  

 ‘Electronic Nose as an instrument, which comprises an array of electronic chemical sensors 

with partial specificity and an appropriate pattern-recognition system, capable of recognising 

simple or complex odours’.  

	
  

	
  

Figure	
  1.2:	
  (a)	
  Electronic	
  Nose	
  versus	
  (b)	
  Human	
  Olfactory	
  System	
  

	
  

Figure	
  1.2	
  shows	
  the	
  comparison	
  of	
  a	
  human	
  olfactory	
  system	
  and	
  an	
  electronic	
  nose	
  

pathway	
   [15].	
   In	
   a	
   human	
   olfactory	
   system,	
   when	
   a	
   human	
   sniffs	
   an	
   odour,	
   the	
  

olfactory	
  receptor	
  neurons	
  generate	
  a	
  signal	
  and	
  send	
  it	
  to	
  the	
  brain	
  to	
  be	
  identified.	
  

Similar	
   to	
   this,	
  an	
  array	
  of	
  chemo-­‐sensors	
  are	
  used	
  to	
   replace	
   the	
  receptors	
   for	
  an	
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electronic	
   nose.	
   The	
   signal	
   from	
   these	
   chemo-­‐sensors	
   will	
   be	
   fed	
   to	
   a	
   pattern	
  

recognition	
  system	
  where	
  it	
  will	
  be	
  recognized	
  and	
  identified.	
  Here	
  we	
  can	
  see	
  that	
  

we	
  are	
   able	
   to	
   simulate	
  human	
  olfactory	
   system	
  with	
   two	
  main	
  parts,	
   the	
   sensing	
  

part	
  which	
  is	
  mimicked	
  by	
  an	
  array	
  of	
  chemical	
  sensors	
  and	
  the	
  second	
  is	
  the	
  pattern	
  

recognition	
  system	
  emulating	
  the	
  olfactory	
  bulb	
  to	
  process	
  the	
  data.	
  

Throughout	
  the	
  years,	
  researchers	
  have	
  come	
  up	
  with	
  different	
  techniques	
  of	
  

discriminating	
   and	
   recognizing	
   odours,	
   all	
   with	
   their	
   own	
   advantages	
   and	
  

disadvantages.	
  Some	
  researchers	
  have	
  focussed	
  on	
  the	
  chemical	
  sensor	
  array	
   itself	
  

while	
  others	
  try	
  to	
  improve	
  the	
  electronic	
  nose	
  (e-­‐nose)	
  by	
  improving	
  the	
  processing	
  

technique.	
  Both	
  of	
  these	
  areas	
  are	
  equally	
  important	
  in	
  creating	
  a	
  better	
  electronic	
  

nose	
  system.	
  Some	
  research	
  has	
  focussed	
  on	
  developing	
  new	
  e-­‐nose	
  instruments	
  by	
  

adding	
   an	
   ‘enhancement’	
   to	
   their	
   system,	
   such	
   as	
   SPME,	
   preconcentrator	
   or	
   gas	
  

chromatograph	
   [16].	
   Here	
  we	
  will	
   discuss	
   two	
   approaches	
   of	
   improving	
   electronic	
  

nose	
  instruments	
  focussing	
  on	
  sensor-­‐based	
  gas	
  detectors	
  and	
  instrument	
  based	
  gas	
  

detectors	
  that	
  employ	
  different	
  detection	
  mechanisms.	
  

1.2.1 Sensor-­based	
  gas	
  detectors	
  
	
  
A	
  sensor	
   is	
  a	
  device	
  that	
  measures	
  a	
  physical	
  quantity	
  and	
  converts	
   it	
   into	
  a	
  signal,	
  

which	
   is	
   readable	
  by	
  an	
  observer	
  or	
   instrument.	
  Hence,	
  a	
  chemical	
  sensor	
  changes	
  

some	
   physical	
   or	
   electrical	
   property	
   of	
   itself	
   through	
   chemical	
   reaction	
   when	
  

exposed	
  to	
  a	
  reactive	
  gas	
  or	
  vapour.	
  	
  

Sensor-­‐based	
  electronic	
  noses	
  basically	
  consist	
  of	
  some	
  type	
  of	
  sensor	
  with	
  a	
  

fluidic	
  system	
  of	
  pumps	
  and	
  valves.	
  The	
  sensors	
  (usually	
  in	
  an	
  array)	
  are	
  interfaced	
  to	
  

a	
  signal	
  conditioning	
  and	
  data	
  acquisition	
  circuit	
  to	
  collect	
  data	
  from	
  the	
  sensor.	
  This	
  

data	
  will	
  then	
  be	
  processed	
  using	
  a	
  pattern	
  recognition	
  technique	
  (usually	
  software	
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based)	
   for	
  classification	
  or	
  discrimination.	
  The	
  sensor	
  array,	
  which	
   is	
   the	
  central	
  of	
  

the	
   e-­‐nose	
   instrument,	
   utilizes	
   different	
   methods	
   of	
   detecting	
   gas	
   using	
   various	
  

principles.	
  	
  

An	
   ideal	
   gas	
   sensor	
   would	
   respond	
   to	
   odour	
   molecules	
   even	
   in	
   low	
  

concentrations	
   and	
   also	
   change	
   linearly	
   with	
   the	
   concentration	
   until	
   it	
   reaches	
  

saturation.	
   In	
   addition,	
   it	
   should	
   respond	
   and	
   recover	
   quickly	
   to	
   the	
  original	
   value	
  

once	
   the	
  odour	
  source	
   is	
   removed.	
  Other	
  desired	
  characteristics	
  also	
   include	
  great	
  

reproducibility,	
  wide	
  working	
  range	
  and	
  steady	
  baseline.	
  	
  

	
   In	
  comparison,	
   real	
   sensors	
  suffer	
   from	
  baseline	
  drift,	
   sensor	
  poisoning	
  and	
  

sensitivity	
   changes	
   depending	
   on	
   the	
   ambient	
   condition,	
   such	
   as	
   humidity,	
  

temperature	
  and	
  flow	
  rate.	
  These	
  are	
  the	
  factors	
  that	
  need	
  to	
  be	
  improved	
  in	
  order	
  

to	
  get	
  a	
  better	
  response	
  from	
  the	
  gas	
  sensor.	
  

	
   A	
  nose	
  sensing	
  capability	
  can	
  be	
  realized	
  using	
  various	
  technologies	
  including	
  

conductometric	
   chemo-­‐sensors	
   (metal	
   oxide	
   semiconductors[17],	
   carbon	
   black	
  

composite	
  and	
  conducting	
  organic	
  polymers[18]),	
  chemo-­‐capacitors,	
  potentiometric	
  

chemo-­‐sensors	
   (e.g.	
  MOSFET),	
   gravimetric	
   chemo-­‐sensors	
   (QCM[19],	
   SAW),	
   optical	
  

chemo-­‐sensors	
   (SPR,	
   fluorescent	
   sensors,	
   NIR),	
   calorimetric	
   sensors,	
   and	
  

amperometric	
  sensors	
  [3].	
  Electrochemical	
  sensor	
  is	
  a	
  popular	
  types	
  of	
  method	
  used	
  

by	
  many	
  researchers.	
  Gardner	
  et	
  al	
  describe	
  the	
  application	
  of	
  conducting	
  polymers	
  

for	
  electronic	
  nose	
  [20]	
  and	
  Persaud	
  et	
  al	
  use	
  the	
  conducting	
  polymer	
  sensor	
  arrays	
  

to	
   identify	
   a	
   few	
   types	
   of	
   chemicals	
   in	
   their	
   research	
   [21].	
  Many	
   researches	
   now	
  

focus	
   on	
   using	
   different	
   types	
   of	
   gas	
   sensitive	
  material	
   to	
   improve	
   sensitivity	
   and	
  

selectivity	
   of	
   the	
   gas	
   sensor.	
   Figure	
   1.3	
   shows	
   various	
   commercially	
   available	
  

chemosensor	
  in	
  the	
  market.	
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Figure	
  1.3:	
  Sensor	
  Technology.	
  a)	
  Osmetech	
  48	
  Conducting	
  Polymer	
  sensors	
  b)	
  Figaro	
  TGS	
  
822	
  Tin	
  Oxide	
  sensors	
  c)	
  Smiths	
  Detection	
  (previously	
  known	
  as	
  Cyrano	
  Sciences)	
  32-­‐sensor	
  

integrated	
  array	
  d)	
  Polymer	
  based	
  chemoresistive	
  sensor	
  from	
  Osmetech	
  e)	
  NASA	
  32	
  
integrated	
  sensor	
  array	
  

	
  	
  

The	
   various	
   chemo	
   sensors	
   can	
   also	
   be	
   categorized	
   by	
   the	
   sensing	
   material	
   used	
  

alongside	
  the	
  sensing	
  technique,	
  for	
  which	
  the	
  following	
  exists:	
  metal	
  oxide	
  (MOS),	
  

conducting	
  polymers	
   (CP),	
   Carbon	
  Nanotubes	
   (CNT),	
   Carbon	
  Black	
  Composite	
   (CB),	
  

and	
  Organic	
   Conducting	
   Polymer(COP).	
   A	
  more	
   recent	
   discovery	
   on	
   nanomaterials	
  

brings	
   a	
  whole	
   new	
  possibility	
   for	
   electronic	
   nose	
   instruments.	
   Various	
   researches	
  

have	
  shown	
  the	
  ability	
  of	
  nanomaterials	
  as	
  gas	
  sensors	
  [22-­‐25].	
  Table	
  1.1	
  shows	
  the	
  

different	
  techniques	
  with	
  the	
  advantages/disadvantages	
  of	
  each	
  method.	
  

	
  

	
  

	
  

a	
  

b	
  
c	
  

d	
  
e	
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Table	
  1.1:	
  	
  Various	
  Sensor	
  Types	
  with	
  advantages	
  and	
  disadvantages	
  

Sensing	
  Technique	
   Sensor	
  Type	
   Advantages	
   Disadvantages	
   References	
  

Carbon	
  Black	
  
Composite	
  

Room	
  
Temperature,	
  

diverse	
  range	
  of	
  
coating	
  

Sensitive	
  to	
  
humidity	
  /	
  small	
  

response	
  

[26,	
  27]	
  

Conducting	
  
Polymer	
  

Cheap,	
  good	
  
response	
  time,	
  

sensitive	
  to	
  polar	
  
analytes	
  

Suffer	
  from	
  
baseline	
  drift,	
  

sensitive	
  to	
  
humidity	
  

[28]	
  

Conductometric	
  

Metal	
  Oxide	
   Fast	
  response	
  and	
  

recovery	
  time,	
  
cheap	
  

Operates	
  at	
  high	
  

temperature	
  

[28]	
  

SAW	
   High	
  sensitivity,	
  
good	
  response	
  

time	
  

Poor	
  
reproducibility	
  

[29]	
  Mechanical	
  

QCM	
   Diverse	
  range	
  of	
  
coating,	
  Good	
  
reproducibility	
  

Complex	
  
circuitry,	
  poor	
  
SNR	
  

[19,	
  28]	
  

Thermal	
   Pellistor	
  
Thermocouple	
  

Low	
  Cost	
   Slow	
  Response	
   [30]	
  

Radiation	
   FIbre	
  Optics	
   Fast	
  Response,	
  
not	
  susceptible	
  to	
  

electromagnetic	
  

Expensive	
   [28,	
  31]	
  

	
  

1.2.2 Instrument-­based	
  gas	
  detectors	
  
	
  

Conventionally,	
  a	
  different	
   type	
  of	
  approach	
   is	
  used	
  as	
  a	
  method	
   for	
  analyzing	
   the	
  

composition	
   of	
   a	
   gas	
   or	
   vapour.	
  One	
   of	
   the	
  most	
   common	
   instruments	
   is	
   the	
  Gas	
  

Chromatography	
  (GC).	
  GC	
  uses	
  a	
  different	
  approach	
  in	
  detecting	
  gases	
  compared	
  to,	
  

for	
   example,	
   solid-­‐state	
   chemo	
   sensors	
   used	
   in	
   an	
   electronic	
   nose.	
   With	
   GC,	
   the	
  

tested	
  gas	
  itself	
  is	
  separated	
  to	
  smaller	
  components,	
  by	
  the	
  column,	
  and	
  detected	
  by	
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a	
  detector	
  on	
  the	
  outlet.	
  An	
  electronic	
  nose	
  on	
  the	
  other	
  hand,	
  detects	
  the	
  gas	
  as	
  a	
  

whole	
   and	
   the	
   pattern	
   recognition	
  method	
  will	
   classify	
   or	
   discriminate	
   the	
   odour.	
  

Various	
  sensors	
  can	
  be	
  use	
  along	
  side	
  a	
  GC	
   to	
  detect	
   the	
  separated	
  gases,	
   such	
  as	
  

discharge	
   ionization	
   detector	
   (DID),	
   electron	
   capture	
   detector	
   (ECD),	
   flame	
  

photometric	
   detector	
   (FPD),	
   flame	
   ionization	
   detector	
   (FID),	
   Hall	
   electrolytic	
  

conductivity	
  detector	
   (ECD),	
  helium	
   ionization	
  detector	
   (HID),	
  Nitrogen	
  Phosphorus	
  

Detector	
   (NPD),	
   mass	
   selective	
   detector	
   (MSD),	
   photo-­‐ionization	
   detector	
   (PID),	
  

pulsed	
   discharge	
   ionization	
   detector	
   (PDD)	
   or	
   thermal	
   energy(conductivity)	
  

analyzer/detector	
  (TEA/TCD)	
  .	
  There	
  are	
  also	
  some	
  studies	
  suggesting	
  employing	
  gas	
  

sensors	
  used	
  in	
  electronic	
  noses,	
  for	
  such	
  detection	
  purposes	
  [32,	
  33].	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  4	
  :	
  a)	
  HP	
  6890	
  Series	
  Gas	
  Chromatography	
  b)	
  zNose	
  4500[34]	
  

	
  

	
   The	
  main	
  problem	
  with	
  conventional	
  GC	
  techniques	
  is	
  the	
  slow	
  analysis	
  time.	
  

An	
  example	
   is	
   the	
  HP	
  6890	
  series	
  GC	
   (Figure	
  4(a))	
  which	
  takes	
  20-­‐120	
  minutes	
  per	
  

analysis	
  cycle.	
   It	
   is	
  also	
  very	
  bulky,	
   laboratory	
  based,	
  and	
  too	
  costly	
  to	
  be	
  used	
  on-­‐

site.	
  Hence,	
   the	
  need	
   for	
   faster	
  chromatogram	
  arises.	
  The	
   first	
   realization	
  of	
  a	
   fast	
  

chromatogram	
  was	
   in	
   1958,	
  when	
  Golay	
   demonstrated	
   separation	
  of	
   air,	
   acetone,	
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carbon	
  disulfide,	
  methanol,	
  and	
  methylene	
  chloride	
   in	
   less	
  than	
  10	
  seconds	
  [35].	
  A	
  

bigger	
  breakthrough	
   than	
   the	
   fast	
   separation	
  was	
   the	
   fact	
   that	
  Golay	
  used	
  a	
  32	
   ft	
  

long,	
   254	
   μm	
   diameter	
   thin	
   film	
   capillary	
   column	
   instead	
   of	
   a	
   packed	
   column	
  

commonly	
   used	
   at	
   the	
   time.	
   The	
   fast	
   GC	
   has	
   developed	
   tremendously	
   since	
   then.	
  

Now	
  research	
  shows	
  a	
  column	
  less	
  than	
  a	
  meter	
  long	
  with	
  the	
  size	
  2.4	
  cm	
  x	
  4	
  cm,	
  is	
  

able	
   to	
   separate	
   complex	
   odour	
   within	
   a	
   few	
   seconds	
   [36].	
   Sandia	
   Labs	
   have	
  

demonstrated	
   a	
   2d	
   multidimensional	
   GC	
   just	
   a	
   meter	
   long,	
   smaller	
   than	
   a	
   dime,	
  

separating	
  5	
  different	
  vapours	
  in	
  less	
  than	
  a	
  minute	
  [37].	
  The	
  zNose	
  from	
  Electronic	
  

Sensor	
   Technology	
   shown	
   in	
   Figure	
   4(b)	
   is	
   able	
   to	
   detect	
   vapour	
   at	
   part	
   per	
  

billion(ppb)	
  level	
  in	
  just	
  10	
  seconds	
  (though	
  this	
  does	
  not	
  include	
  the	
  5	
  minutes	
  for	
  

the	
  pre-­‐concentration	
  stage)	
  [34].	
  	
  	
  

	
   Mass	
   spectrometry	
   is	
   another	
   common	
   analytical	
   method	
   for	
   detecting	
  

odorant	
   compounds.	
   This	
   technique	
   separates	
   molecules	
   by	
   ionisation	
   and	
   then	
  

separating	
  the	
  ions	
  in	
  the	
  mass	
  spectrometer	
  (MS)	
  according	
  to	
  the	
  mass-­‐to-­‐charge	
  

ratio	
  of	
   the	
   ion	
   [1].	
  Smart	
  Nose	
   is	
  a	
  commercial	
  example	
  of	
  an	
  e-­‐nose	
  utilizing	
  MS	
  

methods.	
  The	
  combination	
  of	
  Gas	
  Chromatography	
  with	
  Mass	
  Spectrometry	
  (GC-­‐MS)	
  

is	
  a	
  very	
  popular	
  technique	
  for	
  identifying	
  volatile	
  compounds.	
  Many	
  research	
  have	
  

utilized	
  GC-­‐MS	
  combination	
  to	
  analyze	
  vapour[38-­‐42].	
  

	
   Another	
  method	
   for	
   identification	
   is	
   called	
   Ion	
  Mobility	
   Spectrometry(IMS)	
  

where	
   it is based on the ionization of gas or vapor molecules under atmospheric 

pressure followed by the drift of the resulting ions in an accelerating electric field. 

The velocity of the ions depends on mobility coefficients, which in turn are 

determined by ion masses and other properties. Different ions reach the detector at the 

end of the drift tube at different time. 	
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1.3 	
  	
  Commercial	
  Electronic	
  Nose	
  
	
  

The	
  first	
  commercial	
  version	
  of	
  electronic	
  nose	
  came	
  out	
  in	
  the	
  mid-­‐1990s	
  [43]	
  with	
  

the	
   Fox	
   2000	
   from	
   Alpha	
   MOS.	
   The	
   main	
   application	
   areas	
   were	
   in	
   the	
   food	
  

industries.	
  The	
  advancement	
  in	
  industries	
  calls	
  for	
  a	
  commercial	
  intelligence	
  vapour	
  

analyzing	
   device.	
   Some	
   commercial	
   instruments	
   have	
   been	
   given	
   in	
   the	
   following	
  

table	
  (Table	
  1.2).	
  

Table	
  1.2:	
  Commercial	
  E-­‐Noses	
  

Device	
   Manufacturer	
   Sensor	
  

Type	
  

Sensors	
  

Number	
  

Size	
  

Fox	
  2000,3000,40000	
   Alpha	
  MOS	
   MOS/SAW	
   6,12,18	
   Desktop	
  

z-­‐Nose	
  4500	
   EST	
   GC/SAW	
   2	
   Laptop	
  

BloodHound	
  ST214	
   University	
  of	
  Leeds	
  

Innovation	
  Ltd	
  

CP	
   14	
   Laptop	
  

Heracles	
   Alpha	
  MOS	
   GC-­‐MS	
   -­‐	
   Desktop	
  

SMart	
  Nose	
   SMart	
  Nose	
  Inc.	
   MS	
   -­‐	
   Desktop	
  

Cyranose	
  320	
   Smith	
  Detection	
   Carbon	
  

Black	
  

32	
   Portable	
  

PEN-­‐2	
  WMA	
   AIRSENSE	
  	
  ANALYTICS	
   MOS	
   10	
   Portable	
  

HAZMATCAD,	
  CW	
  Sentry	
  

3G	
  

Microsensors	
  System	
   SAW	
   -­‐	
   Portable	
  

SensorFreshQ	
   FQSI	
   -­‐	
   -­‐	
   Portable	
  

LibraNose	
   TECHNOBIOCHIP	
   QCM	
   8	
   Portable	
  

e-­‐Nose	
  5000	
  	
   Marconi	
  Applied	
   CP	
   12	
   -­‐	
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More	
  than	
  10	
  companies	
  have	
  developed	
  their	
  own	
  version	
  of	
  e-­‐Nose	
  ranging	
  from	
  

handheld	
  to	
  desktop	
  size	
   instruments.	
  Various	
  methods	
  of	
  detection	
  are	
  used	
  with	
  

their	
   own	
   advantages/disadvantages.	
   When	
   discrete	
   sensor	
   arrays	
   are	
   used	
   in	
   e-­‐

noses,	
   then	
   the	
  number	
   sensing	
  elements	
   range	
   from	
  2	
   to	
  32	
   sensors.	
   The	
  e-­‐nose	
  

has	
   even	
   gone	
   into	
   the	
   consumer	
  market	
   with	
   the	
   development	
   of	
   SensorFreshQ	
  

from	
   FQSI,	
   which	
   can	
   determine	
   the	
   freshness	
   of	
   meat	
   or	
   poultry	
   in	
   less	
   than	
   a	
  

minute.	
  	
  

	
   First	
  commercial	
  handheld	
  electronic	
  nose	
  by	
  Cyrano	
  Science	
  (USA)	
  employed	
  

a	
  32	
  carbon-­‐black	
  polymer	
  composite	
  sensor	
  array,	
  which	
  was	
  designed	
  for	
  on-­‐site	
  

applications.	
   Cyranose	
   320	
   has	
   proven	
   to	
   be	
   a	
   popular	
   e-­‐nose	
   used	
   in	
   many	
  

researches[44-­‐46],	
  probably	
  due	
  to	
  its	
  low	
  unit	
  cost	
  and	
  small	
  size	
  making	
  it	
  easier	
  to	
  

be	
  used	
  on-­‐site	
  use.	
  	
  	
  

1.4 Applications	
  of	
  electronic	
  noses	
  	
  	
  
	
  

Although	
  current	
  electronic	
  nose	
  technology	
  still	
  lags	
  far	
  behind	
  the	
  human	
  olfactory	
  

system	
  in	
  term	
  of	
  selectivity	
  and	
  sensitivity,	
   it	
   is	
  still	
  being	
  used	
   in	
  a	
  wide	
  range	
  of	
  

applications,	
   in	
   several	
   industries	
   such	
   as	
   environmental,	
   the	
   food	
   industry	
   and	
   in	
  

the	
  medical	
  field.	
  The	
  main	
  reason	
  for	
  this	
  is	
  the	
  ability	
  of	
  an	
  electronic	
  nose	
  to	
  solve	
  

specific	
  problems	
  at	
  a	
   lower	
  cost	
  within	
  a	
  shorter	
  period	
  of	
   time.	
  Using	
  humans	
  to	
  

evaluate	
   the	
   smell	
   of	
   products	
   such	
   as	
   perfumes,	
   foods	
   and	
   beverages	
   is	
   a	
   costly	
  

process,	
  because	
  trained	
  panels	
  of	
  experts	
  are	
  required	
  and	
  they	
  can	
  only	
  work	
  for	
  

relatively	
  short	
  periods	
  of	
  time.	
  This	
  topic	
  will	
  discuss	
  several	
  industrial	
  applications	
  

that	
  use	
  an	
  electronic	
  nose.	
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One	
   of	
   the	
   first	
   markets	
   for	
   electronic	
   noses	
   was	
   in	
   the	
   food	
   industry	
   [47].	
  

Electronic	
  noses	
  are	
  used	
  for	
  the	
  inspection	
  of	
  food	
  quality,	
  control	
  of	
  food	
  cooking	
  

processes	
  [48]	
  and	
  quality	
  assessment	
  of	
  food	
  production	
  [47].	
  Even	
  consumer	
  level	
  

e-­‐noses	
   have	
   been	
   developed	
   for	
   the	
   food	
   industry	
   such	
   as	
   the	
   SensorFreshQ.	
   It	
  

detects	
  the	
  freshness	
  of	
  meat	
  by	
  identifying	
  the	
  odour	
  released	
  by	
  bacteria	
  growing	
  

on	
  the	
  meat.	
  The	
  bigger	
  the	
  colony	
  of	
  bacteria,	
  the	
  stronger	
  the	
  smell	
  will	
  be.	
  In	
  the	
  

area	
   of	
   environmental	
   monitoring,	
   the	
   application	
   of	
   electronic	
   noses	
   includes	
  

analysis	
  of	
  fuel	
  mixtures	
  [49]	
  and	
  detection	
  of	
  oil	
  leaks	
  [50].	
  Significant	
  research	
  has	
  

been	
   undertaken	
   in	
   the	
   area	
   of	
   Biomedical	
   Engineering.	
   Recent	
   development	
   in	
  

biomedical	
   engineering	
   using	
   electronic	
   noses	
   includes	
   the	
   detection	
   of	
  

Mycobacterium	
   tuberculosis	
   (TB)	
   [51],	
   screening	
   of	
   aroma-­‐producing	
   lactic	
   acid	
  

bacteria	
  [52]	
  and	
  monitoring	
  of	
  Haemodialysis	
  [53].	
  The	
  electronic	
  nose	
  is	
  also	
  used	
  

in	
  the	
  brand	
  identification	
  of	
  cigarette	
  [54]	
  and	
  paper	
  quality	
  [55].	
  As	
  we	
  can	
  see,	
  the	
  

electronic	
  nose	
  has	
  been	
  applied	
  to	
  a	
  wide	
  area	
  of	
  applications.	
  Despite	
  this	
  growing	
  

number	
  of	
  applications,	
  there	
  is	
  still	
  much	
  work	
  required	
  to	
  realise	
  its	
  full	
  potential.	
  

There	
   are	
   currently	
  many	
   limitations	
   to	
   current	
   commercial	
   instruments	
   including	
  

high	
   cost	
   (Fox	
   2000	
   cost	
   around	
   £40,000),	
   large	
   size	
   and	
   weight,	
   humidity	
   and	
  

temperature	
   dependence,	
   poor	
   reproducibility	
   and	
   repeatability,	
   high	
   power	
  

consumption,	
   and	
   long	
   analysis	
   time	
   [15].	
   At	
   present,	
   odour-­‐sensing	
   applications	
  

demand	
   high	
   levels	
   of	
   system	
   sensitivity	
   and	
   stability.	
   Traditional	
   engineering	
  

approaches	
  have	
  not	
  yet	
  obtained	
  this	
  kind	
  of	
  sensitivity	
  and	
  stability.	
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1.5 Research	
  objectives	
  	
  	
  	
  	
  
	
  

The	
   mammalian	
   olfactory	
   system	
   is	
   far	
   superior	
   compared	
   to	
   any	
   sensing	
  

technique	
   available	
   today	
   in	
   indentifying	
   and	
   discriminating	
   odours.	
  However,	
   as	
  

discussed	
   in	
   this	
   chapter,	
  presently	
   available	
   instrument	
  are	
  good	
  enough	
   to	
   solve	
  

problems	
  in	
  various	
  areas.	
  More	
  research	
  is	
  being	
  done	
  to	
  improve	
  the	
  performance	
  

of	
  an	
  electronic	
  nose	
  to	
  bring	
  it	
  close	
  to	
  the	
  mammalian	
  nose.	
  This	
  research	
  focuses	
  

on	
   extracting	
   engineering	
   design	
  principles	
   in	
   the	
  mammalian	
  nose	
   and	
  mimicking	
  

that	
  design	
  in	
  an	
  artificial	
  nose.	
  As	
  discussed	
  in	
  previous	
  topics,	
  the	
  mammalian	
  nose	
  

is	
   many	
   times	
   more	
   sensitive	
   and	
   has	
   the	
   ability	
   to	
   discriminate	
   more	
   different	
  

odours,	
   over	
   traditional	
   electronic	
   noses.	
   This	
   is	
   due	
   to	
   the	
   huge	
   number	
   of	
  

receptors	
   cells	
   in	
   the	
  mammalian	
   olfactory	
   system.	
   The	
   research	
   undertaken	
   here	
  

will	
  try	
  to	
  more	
  closely	
  mimic	
  the	
  mammalian	
  system	
  by	
  developing	
  electronic	
  nose	
  

instruments	
   that	
   have	
   significantly	
   higher	
   sensor	
   numbers,	
   compared	
   to	
   present	
  

commercial	
   instruments.	
   In	
   addition,	
   we	
   will	
   use	
   many	
   different	
   sensor	
   tuning	
  

(equivalent	
   to	
   different	
   binding	
   proteins	
   in	
   the	
  mammalian	
   system).	
   Ultimately,	
   a	
  

larger	
  sensor	
  count	
  with	
  a	
  wider	
  range	
  of	
  tunings	
  provides	
  more	
  data	
  for	
  processing,	
  

thus	
  increasing	
  the	
  selectivity	
  of	
  an	
  electronic	
  nose.	
  	
  

	
   Another	
   principle	
   from	
   the	
   mammalian	
   olfactory	
   system	
   that	
   will	
   be	
  

deployed	
   in	
   this	
   research	
   project	
   is	
   a	
   replication	
   of	
   the	
   nasal	
  mucosa	
   function.	
   As	
  

mentioned	
  before,	
  the	
  nasal	
  mucosa	
  acts	
  as	
  a	
  separator	
  to	
  separate	
  complex	
  odours	
  

to	
   make	
   it	
   easier	
   for	
   the	
   olfactory	
   system	
   to	
   process	
   the	
   information.	
   It	
   is	
   not	
  

proposed	
   to	
   create	
   a	
   full	
   ‘gas	
   chromatograph’	
   system,	
   as	
   the	
  mammalian	
   system	
  

does	
  not	
  perform	
  this	
  role,	
  but	
  its	
  purpose	
  is	
  to	
  aid	
  in	
  the	
  identification	
  process.	
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Finally,	
   with	
   large	
   sensor	
   arrays	
   mimicking	
   the	
   large	
   olfactory	
   receptor,	
   and	
   the	
  

retentive	
  channel	
  to	
  mimic	
  the	
  nasal	
  cavity,	
  a	
  portable	
  e-­‐nose	
  instrument	
  based	
  on	
  

the	
  mammalian	
  nose	
  principles	
  is	
  produced.	
  This	
  portable	
  e-­‐nose	
  instrument	
  is	
  then	
  

tested	
  to	
  detect	
  some	
  complex	
  odour	
  to	
  prove	
  its	
  functionality.	
  	
  

1.6 Outline	
  of	
  thesis	
  	
  	
  	
  	
  
	
  

The	
   thesis	
   describes	
   the	
   design,	
   development	
   and	
   characterisation	
   of	
   a	
   novel	
  

instrument	
   that	
   mimics	
   more	
   closely	
   the	
   mammalian	
   olfactory	
   system	
   towards	
  

developing	
  a	
  new	
  generation	
  of	
  portable	
  electronic	
  noses.	
  	
  

	
  	
  

Chapter	
   1	
   reviews	
   the	
  biological	
   olfactory	
   system	
  and	
   electronic	
   nose	
   instruments	
  

comparing	
   their	
   differences	
   and	
   similarities.	
   It	
   also	
   discusses	
   the	
  main	
   application	
  

areas	
  of	
   the	
  electronic	
  nose	
   instruments.	
  The	
  aims	
  and	
  objectives	
  of	
   the	
  thesis	
  are	
  

then	
  presented.	
  	
  

Chapter	
  2	
  describes	
  the	
  project	
  evolution;	
  understanding	
  the	
  olfactory	
  principles	
  to	
  

be	
  applied	
  in	
  an	
  artificial	
  nose.	
  	
  

Chapter	
   3	
   and	
   4	
   cover	
   the	
   design	
   and	
   development	
   of	
   two	
   of	
   the	
   Important	
  

components,	
  the	
  sensors	
  array	
  and	
  the	
  microchannel	
  packages.	
  	
  

Chapter	
   5	
   discusses	
   the	
   fusion	
   of	
   sensor	
   array	
   and	
   microchannel	
   packages	
   to	
  

produce	
   an	
   Electronic	
   Mucosa	
   System.	
   Polymer	
   deposition	
   and	
   stationary	
   phase	
  

deposition	
  are	
  also	
  covered	
  here.	
  	
  

Chapter	
  6	
  describes	
  development	
  of	
  the	
  portable	
  electronic	
  system	
  which	
  combines	
  

control	
  and	
  data	
  acquisition	
  on	
  a	
  microcontroller	
  based	
  platform.	
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Chapter	
   7	
   reports	
   the	
   characterisation	
   results	
   of	
   the	
   fabricated	
   microsystems	
   to	
  

evaluate	
  their	
  performance.	
  The	
  central	
  focus	
  here	
  has	
  been	
  geared	
  towards	
  getting	
  

spatiotemporal	
   signals	
   from	
   these	
   systems	
   and	
   the	
   benefit	
   of	
   these	
   signals	
   to	
   aid	
  

discrimination.	
  

Chapter	
   8	
   concludes	
   the	
   research	
   and	
   the	
   latest	
   developments	
   are	
   presented	
   to	
  

highlight	
  possible	
  future	
  enhancements.	
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CHAPTER	
  2 	
  
	
  
Project	
  Evolution	
  and	
  Instrument	
  
Description	
  	
  	
  	
  	
  
	
  

2.1 Introduction	
  	
  	
  	
  	
  
	
  

The	
   Electronic	
   Nose	
   has	
   seen	
   significant	
   improvements	
   since	
   the	
   first	
   instruments	
  

were	
   conceived	
   in	
   the	
   1990s.	
   From	
   then	
   on,	
   there	
   have	
   been	
   substantial	
  

improvements	
   in	
   sensor	
   materials,	
   signal	
   processing,	
   sample	
   preparation	
   and	
  

identification	
  algorithms.	
  However,	
  even	
  with	
  these	
  enhancements	
  in	
  performance,	
  

the	
  electronic	
  nose	
  still	
  lags	
  behind	
  the	
  ability	
  of	
  the	
  mammalian	
  olfactory	
  system	
  to	
  

detect	
  and	
  identify	
  aromas.	
  In	
  an	
  attempt	
  to	
  reduce	
  this	
  gap,	
  we	
  propose	
  to	
  develop	
  

a	
  new	
  generation	
  of	
  e-­‐noses	
  that	
  more	
  closely	
  mimic	
  the	
  discoveries	
  observed	
  in	
  the	
  

biological	
  olfactory	
  system	
  [1].	
  As	
  discussed	
  in	
  the	
  previous	
  chapter,	
  several	
  factors,	
  

such	
   as	
   the	
   size	
   of	
   the	
   olfactory	
   epithelium	
   (increased	
   number	
   of	
   receptor),	
   the	
  

density	
  of	
  neuronal	
  cells,	
  the	
  number	
  of	
  different	
  types	
  olfactory	
  receptors	
  and	
  the	
  

size	
  of	
  the	
  olfactory	
  bulb,	
  contribute	
  to	
  the	
  sensitivity	
  of	
  mammals[2].	
  Having	
  more	
  

receptor	
  with	
  various	
  olfactory	
  binding	
  proteins	
  clearly	
  contribute	
  to	
  the	
  sensitivity	
  

and	
   selectivity	
   of	
   biological	
   olfactory.	
   In	
   the	
   e-­‐nose,	
   research	
   has	
   proven	
   that	
  

classification	
   performance	
   in	
   general	
   either	
   increases	
   or	
   did	
   not	
   decrease	
  

significantly	
   as	
   the	
   number	
   of	
   chemically	
   different	
   detectors	
   increases	
   [3].	
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Furthermore,	
   the	
   Lewis	
   group	
   (Caltech,	
   USA)	
   suggests	
   that	
   a	
   larger	
   number	
   of	
  

sensors	
  are	
  required	
  to	
  detect	
  lower	
  concentration	
  odours.	
  	
  

Some	
   researchers	
   also	
   suggest	
   that	
   the	
   temporal	
   information	
   produced	
   by	
  

the	
   olfactory	
   mucosa	
   may	
   offer	
   significant	
   performance	
   enhancement	
   for	
   the	
  

mammalian	
   olfactory	
   system	
   [4-­‐6].	
   These	
   researches	
   have	
   lead	
   to	
   new,	
   more	
  

inventive	
  versions	
  of	
  gas	
  sensing	
  device	
  such	
  as	
  the	
  zNose	
  and	
  Heracles	
  where	
  they	
  

include	
   a	
   high	
   speed	
   chromatographic	
   column	
   in	
   their	
   device.	
   Although	
   these	
  

devices	
  are	
  not	
  actually	
  e-­‐noses,	
  and	
  they	
  separate	
  the	
  complex	
  gas	
  composition	
  to	
  

individual	
  component	
  (not	
  using	
  the	
  temporal	
  information	
  for	
  processing),	
  these	
  are	
  

good	
   indication	
   that	
   GC	
   technologies	
   have	
   the	
   ability	
   to	
   produce	
   temporal	
  

information	
  in	
  e-­‐noses.	
  

In	
   this	
   chapter,	
   we	
   will	
   discuss	
   the	
   project	
   evolution	
   including	
   biological	
  

olfactory	
   emulation,	
   the	
   selection	
   of	
   sensor	
   technology,	
   sensing	
  material	
   selection	
  

and	
  the	
  technique	
  of	
  spatio-­‐temporal	
  signal	
  generation.	
  This	
  chapter	
  also	
  introduces	
  

various	
  sub-­‐systems	
  developed	
  throughout	
  the	
  project.	
  This	
  should	
  allow	
  readers	
  to	
  

have	
   a	
   better	
   understanding	
   of	
   the	
   proposed	
   final	
   system	
  before	
   the	
   components	
  

are	
  examined	
  in	
  detail	
  in	
  later	
  chapters.	
  	
  

2.2 Mimicking	
  the	
  biological	
  olfactory	
  system	
  	
  
	
  

Our	
  understandings	
  of	
  the	
  sense	
  of	
  smell	
  are	
  the	
  least	
  among	
  the	
  five	
  major	
  senses	
  

(though	
  the	
  human	
  body	
  is	
  believed	
  to	
  have	
  21	
  senses	
  in	
  total).	
  One	
  of	
  the	
  greatest	
  

breakthrough	
   in	
   the	
   field	
   of	
   olfactory	
   was	
   made	
   by	
   Richard	
   Axel	
   and	
   Linda	
   Buck	
  

when	
   they	
  were	
  awarded	
  with	
  a	
  Nobel	
  Prize	
   in	
  2004	
   for	
   their	
  discovery	
  of	
   a	
   gene	
  

pool	
  that	
  contains	
  the	
  blueprint	
  for	
  receptors	
  or	
  sensors	
  within	
  the	
  nose	
  that	
  identify	
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odours[7].	
   	
   This	
  has	
   lead	
   to	
  many	
  other	
   researches	
   to	
  understand	
  more	
  about	
   the	
  

biological	
   olfactory	
   system	
  of	
   animals	
   including	
   fish	
   [8-­‐10],	
   dogs	
   [11,	
   12],	
  mice[13]	
  

and	
  insects[14-­‐17].	
  

	
   The	
  idea	
  of	
  mimicking	
  the	
  biological	
  system	
  to	
  improve	
  current	
  technology	
  is	
  

not	
  new;	
  many	
  researches	
  are	
  trying	
  to	
  emulate	
  the	
  way	
  nature	
  works.	
  Often	
  known	
  

as	
  biomimetics,	
   this	
   area	
  of	
   research	
   focuses	
  on	
  mimicking	
   concepts,	
  mechanisms,	
  

functions,	
  and	
  design	
  features	
  that	
  are	
  seen	
  in	
  nature.	
  One	
  of	
  the	
  earliest	
  attempts	
  

of	
  bio-­‐inspired	
  engineering	
  is	
  probably	
  the	
  airplane	
  when	
  humans	
  tried	
  to	
  mimic	
  the	
  

way	
   birds	
   fly.	
   With	
   the	
   advancement	
   in	
   engineering	
   materials	
   and	
   techniques,	
  

currently	
  many	
   researches	
  are	
  geared	
   towards	
  bio-­‐inspired	
  approaches	
   to	
   improve	
  

the	
   current	
   state	
   of	
   engineering.	
   	
   Table	
   2.1	
   shows	
   some	
   examples	
   of	
   bio-­‐inspired	
  

techniques	
  compared	
  to	
  their	
  biological	
  counterpart.	
  

	
  
Table	
  2.1:	
  Bio-­‐Inspired	
  Engineering	
  with	
  Nature	
  Counterpart	
  

Nature System Bio-Inspired Engineering Reference 
Bird’s	
  Wing	
   Airplane	
  Wing	
   	
  
Biological	
  Immune	
  System	
   Computer	
  Virus	
  Auto	
  Immune	
   [18]	
  
Human	
  learning	
  process	
  	
   Cognitive	
  radios	
   [19]	
  
Phylogenesis	
  (evolution),	
  
Ontogenesis	
  (development)	
  	
  
Epigenesis	
  (learning)	
  	
  

Self	
  Repair	
  Electronic	
  Circuit	
   [20]	
  

Human	
  Control	
  Architecture	
   Artificial	
  Limb	
  for	
  Humanoid	
  
Robot	
  

[21]	
  

Insect	
  Vision	
  and	
  Flight	
  
Behaviour	
  

Complex	
  autonomous	
  
navigation	
  

[22]	
  

Human	
  Eyes	
  Coordination	
   Tracking	
  Camera	
  System	
   [23]	
  
Human	
  Data	
  Processing	
   Neural	
  Network	
   [24]	
  
	
  

	
  

In	
   striving	
   to	
   improve	
   e-­‐nose	
   instruments,	
   we	
   will	
   extract	
   some	
   of	
   the	
  

features	
   in	
  the	
  biological	
  nose	
  that	
  we	
  believe	
  will	
   improve	
  odour	
  discrimination	
  in	
  

our	
   electronic	
   noses.	
   As	
   mentioned	
   in	
   chapter	
   one,	
   nasal	
   cavity	
   functions	
   as	
   a	
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temperature	
  conditioning	
  and	
  filtering	
  area.	
  It	
  preconcentrates	
  the	
  odour	
  to	
  prepare	
  

it	
  for	
  sensing.	
  To	
  mimic	
  this,	
  we	
  will	
   implement	
  an	
  air	
  filter	
  and	
  preconcentrator	
  to	
  

collect	
  the	
  tested	
  odour	
  before	
  the	
  test	
  begins.	
  The	
  function	
  of	
  the	
  preconcentrator	
  

will	
   be	
   based	
   on	
   thermal	
   desorption	
   technique	
   that	
  will	
   be	
   described	
   later	
   in	
   this	
  

chapter.	
  This	
  will	
  prepare	
  the	
  odour	
  for	
  testing	
  by	
  collecting	
   it	
   for	
  a	
  period	
  of	
  time	
  

and	
  then	
  pulsing	
   it	
  through	
  the	
  sensor	
  for	
  a	
  short	
  period	
  of	
  time.	
  This	
  will	
  give	
  the	
  

sensor	
  a	
  fast	
  initial	
  response	
  to	
  the	
  odour.	
  	
  

Another	
   important	
   feature	
   is	
   the	
   temporal	
   data	
   produced	
   from	
   the	
  mucus	
  

odour	
   retention	
   effect.	
   Several	
   researches	
   have	
   proved	
   this	
   idea	
   [4-­‐6]	
   and	
   several	
  

researches	
  have	
  also	
   incorporated	
  gas	
  chromatography	
  column	
  within	
  their	
  system	
  

in	
  order	
  to	
  take	
  advantage	
  of	
  this	
  information	
  [25-­‐27].	
  However,	
  all	
  these	
  researches	
  

use	
  chromatography	
  to	
  completely	
  separate	
  the	
  data	
  before	
  detection.	
  We	
  suggest	
  a	
  

different	
   approach	
   to	
   this,	
   using	
   dual	
   gas	
   chromatograph	
   column	
   coated	
   with	
   a	
  

different	
   stationary	
   phase	
   to	
   partially	
   separate	
   the	
   data	
   enough	
   to	
   give	
   different	
  

temporal	
   information	
  between	
   two	
  differently	
   coated	
   columns.	
   The	
   advantages	
   of	
  

this	
   technique	
   are	
   that	
   a	
   shorter	
   column	
   can	
   be	
   used,	
   heated	
   elements	
   of	
  

chromatograph	
  can	
  be	
  eliminated	
  and	
  smaller	
  systems	
  can	
  be	
  developed.	
  Since	
  we	
  

are	
   aiming	
   to	
   implement	
   this	
   biomimetic	
   system	
   as	
   a	
   portable/handheld	
   system,	
  

these	
  criteria	
  are	
  important	
  in	
  achieving	
  our	
  target.	
  

The	
   third	
   factor	
   that	
   can	
  be	
  emulated	
   to	
  get	
  better	
  odour	
  discrimination	
   is	
  

the	
  diversity	
  of	
  the	
  olfactory	
  receptors.	
  With	
  over	
  1000	
  different	
  olfactory	
  proteins,	
  

humans	
  are	
  able	
  to	
  detect	
  10000	
  different	
  smells	
  [28,	
  29].	
  As	
  we	
  know,	
  a	
  dog’s	
  sense	
  

of	
  smell	
  is	
  far	
  more	
  sensitive	
  than	
  the	
  human	
  olfactory	
  system,	
  partly	
  because	
  of	
  the	
  

huge	
  number	
  of	
  olfactory	
  receptors	
  even	
  compared	
  to	
  humans	
  (in	
  the	
  dog	
  genome	
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5%	
  is	
  given	
  over	
  to	
  olfactory	
  receptors,	
  in	
  humans	
  its	
  only	
  1%).	
  As	
  discussed	
  before,	
  

several	
   researches	
  have	
  suggested	
   that	
  higher	
  number	
  of	
   sensors	
  do	
  contribute	
   to	
  

higher	
  sensitivity.	
  Due	
  to	
  this,	
  we	
  propose	
  a	
  large	
  sensor	
  array	
  with	
  a	
  diverse	
  range	
  

of	
  polymer	
  to	
  mimic	
  the	
  diversity	
  of	
  human	
  olfactory	
  epithelium.	
  	
  

Overall,	
  we	
  are	
  trying	
  to	
  mimic	
  the	
  human	
  nose	
  by	
  mimicking	
  the	
  feature	
  as	
  

in	
   the	
   table	
  below.	
  This	
   research	
  will	
   focus	
  on	
  mimicking	
   the	
  nasal	
  cavity,	
  mucosa,	
  

epithelium,	
   and	
   receptor.	
   Another	
   research	
   being	
   run	
   parallel	
   to	
   this	
   is	
   going	
   to	
  

investigate	
  olfactory	
  bulb	
  and	
  olfactory	
   cortex	
  by	
   finding	
  novel	
  ways	
  of	
  processing	
  

spatio-­‐temporal	
  data	
  gathered	
  from	
  this	
  project.	
  

Table	
  2.2	
  :	
  	
  Function	
  similarity	
  between	
  Human	
  Nose	
  and	
  E-­‐Nose	
  component.	
  

Human	
  Nose	
   Electronic	
  Nose	
  

Nasal	
  Cavity	
   Pre-­‐Concentrator	
  

Nasal	
  Mucous	
   Retentive	
  Column	
  	
  

Olfactory	
  Epithelium	
   Large	
  Sensor	
  Array	
  

Olfactory	
  Receptor	
   Chemo	
  Resistive	
  Sensor	
  

Olfactory	
  Bulb	
   Signal	
  Processing	
  

Olfactory	
  
Cortex/Brain	
   Pattern	
  Analyzer	
  

2.3 System	
  Module	
  
	
  

In	
  short,	
  our	
  effort	
  on	
  mimicking	
  the	
  biological	
  olfactory	
  system	
  will	
  focus	
  on	
  three	
  

areas,	
   namely	
   preconcentration,	
   spatio-­‐temporal	
   information	
   from	
   the	
   nasal	
  

chromatograph	
   effect	
   and	
   increasing	
   the	
   number	
   of	
   sensor	
   to	
   increase	
   data	
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diversity.	
   Here,	
   we	
   will	
   review	
   current	
   technology	
   in	
   all	
   these	
   areas	
   and	
   propose	
  

reasons	
  for	
  selecting	
  specific	
  types	
  of	
  each	
  method.	
  

2.3.1 Micro	
  gas	
  sensor	
  array	
  	
  
	
  

As	
   discussed	
   in	
   Chapter	
   1,	
   there	
   are	
   various	
   configurations	
   used	
   in	
   chemical	
  

detection	
   in	
   an	
   electronic	
   nose,	
   but	
   perhaps	
   the	
   simplest	
   type	
   is	
   the	
   chemical	
  

resistor	
  (also	
  called	
  a	
  chemoresistor)	
  in	
  which	
  a	
  change	
  in	
  the	
  electrical	
  conductivity	
  

of	
  a	
  chemical-­‐sensitive	
  layer	
  is	
  measured	
  when	
  exposed	
  to	
  a	
  odour.	
  	
  

 

 
Figure	
  2.1:	
  General	
  structure	
  of	
  a	
  chemical	
  resistive	
  gas	
  sensor 

 

Figure	
  2.1	
  shows	
  a	
  schematic	
  chemical	
  resistive	
  sensor	
  structure,	
  a	
  simple	
  structure	
  

with	
  two	
  metal	
  electrodes	
  covered	
  with	
  chemically	
  reactive	
  sensing	
  material.	
  Various	
  

sensing	
  materials	
   are	
   available	
   for	
   use	
   as	
   the	
   gas	
   reactive	
  material	
   such	
   as	
  metal	
  

oxide,	
  carbon	
  nanotubes	
  [30,	
  31],	
  carbon	
  black	
  composites	
  [32,	
  33]	
  and	
  conducting	
  

polymers	
  [34].	
  	
  

Metal	
   oxide	
  was	
   one	
   of	
   the	
   common	
  materials	
   used	
   as	
   gas	
   sensor.	
   	
  Metal	
  

oxide	
   sensors	
   operation	
   is	
   based	
   on	
   a	
   change	
   in	
   conductance	
   of	
   the	
   oxide	
   during	
  

interaction	
  with	
  a	
  gas.	
  There	
  are	
  basically	
   two	
   types	
  of	
  MOS	
  sensor,	
  n-­‐type	
  and	
  p-­‐

type.	
  The	
  n-­‐type	
  sensor	
  principles	
  is	
  that	
  when	
  oxygen	
  (O2)	
  reacts	
  with	
  the	
  surface	
  of	
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the	
   sensor	
   and	
   traps	
  any	
   free	
  electrons	
  on	
   the	
   surface,	
   a	
   large	
   resistance	
   in	
   these	
  

areas	
  is	
  produced	
  due	
  to	
  the	
  lack	
  of	
  carriers.	
  However,	
  if	
  the	
  sensor	
  is	
  introduced	
  to	
  

a	
  reducing	
  gas	
  like	
  H2,	
  CH4,	
  CO	
  the	
  resistance	
  drops	
  because	
  the	
  gas	
  reacts	
  with	
  the	
  

oxygen	
   and	
   releases	
   an	
   electron.	
   This	
   lowers	
   the	
   potential	
   barrier	
   and	
   allows	
   the	
  

electrons	
   to	
   flow,	
   thereby	
   increasing	
   the	
   conductivity.	
   P-­‐type	
   sensors	
   respond	
   to	
  

oxidising	
   gases	
   like	
  O2,	
  NO2,	
   and	
  Cl2	
   as	
   these	
  gases	
   remove	
  electrons	
  and	
  produce	
  

holes.	
  	
  

	
   Although	
  metal	
  oxides,	
  such	
  as	
  tin	
  dioxide,	
  generally	
  have	
  a	
  fast	
  response	
  and	
  

recovery	
  time	
  as	
  demonstrated	
  by	
  Lewis	
  and	
  Doleman[33],	
  it	
  requires	
  high	
  operating	
  

temperatures	
   of	
   250°C	
   to	
   500°C	
   to	
   have	
   good	
   sensitivity	
   and	
   reasonable	
   response	
  

time.	
  	
  The	
  disadvantage	
  of	
  MOS	
  is	
  its	
  poor	
  selectivity	
  and	
  being	
  able	
  to	
  operate	
  only	
  

at	
  high	
  temperatures	
  means	
  that	
  it	
  consumes	
  more	
  power.	
  

2.3.2 Carbon	
  Black	
  Polymer	
  Sensor	
  Review	
  
	
  

	
   Carbon-­‐black	
   composite	
  polymer	
  materials	
  differ	
   from	
  conducting	
  polymers	
  

in	
  a	
  number	
  of	
  ways.	
  The	
  intrinsic	
  material	
  properties	
  of	
  conducting	
  polymers	
  allow	
  

electricity	
   to	
   pass	
   through	
   them.	
   In	
   comparison	
   the	
   polymer	
   component	
   of	
  

composite	
  polymers	
  is	
  actually	
  an	
  insulator.	
  It	
  is	
  the	
  addition	
  of	
  carbon	
  black,	
  which	
  

form	
  electrical	
  bridges	
  through	
  the	
  material,	
  that	
  creates	
  a	
  semiconducting	
  material	
  

whose	
  properties	
  change	
  with	
  exposure	
  to	
  vapours.	
  This	
  semiconducting	
  behaviour	
  

is	
  believed	
  to	
  be	
  a	
  result	
  of	
  swelling	
  of	
  the	
  polymer.	
  When	
  the	
  composite	
  is	
  exposed	
  

to	
   a	
   vapour,	
   it	
   is	
   absorbed	
   into	
   the	
   polymer	
   (based	
   on	
   interaction	
   with	
   chemical	
  

components	
   in	
   the	
  vapour)	
   resulting	
   in	
   the	
  polymer	
  swelling.	
  This	
  swelling	
  reduces	
  

the	
   number	
   of	
   conducting	
   bridges	
   through	
   the	
  material	
   and	
   the	
   resistance	
   of	
   the	
  

composite	
  increases.	
  	
  



Chapter	
  2:	
  Project	
  Evolution	
  and	
  System	
  Description	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  26	
  

	
   The	
   use	
   of	
   carbon	
   black	
   in	
   gas	
   sensing	
   was	
   first	
   described	
   in	
   1986	
   by	
   B.	
  

Lundberg	
   and	
   B.	
   Sundqvist	
   while	
   they	
   were	
   examining	
   effects	
   of	
   hydrostatic	
  

pressures	
   on	
   these	
   composite	
   materials.	
   They	
   have	
   predicted	
   that	
   the	
   material	
  

studied	
  has	
  a	
  wide	
  range	
  of	
  potential	
  applications	
  for	
  pressure	
  measurements	
  and	
  as	
  

a	
  transducer	
  for	
  gas	
  or	
  liquid	
  concentration	
  [35].	
  Further	
  research	
  showed	
  polymers	
  

loaded	
  with	
   conductive	
   filler	
   near	
   the	
   percolation	
   threshold,	
   (which	
   is	
   the	
   volume	
  

fraction	
  mark	
  from	
  where	
  the	
  resistance	
  drops	
  sharply	
  with	
  a	
  small	
  increase	
  in	
  filler	
  

volume	
   fraction),	
   swell	
   reversibly	
   in	
   the	
   presence	
   of	
   liquid	
   and	
   gaseous	
   solvents,	
  

disrupting	
  the	
  conductive	
  pathways	
  and	
  proportionally	
  increasing	
  the	
  resistance[36].	
  

The	
   magnitude	
   of	
   the	
   swelling,	
   which	
   is	
   related	
   to	
   the	
   magnitude	
   of	
   resistance	
  

change,	
   depends	
   on	
   the	
   solubility	
   of	
   a	
   given	
   solvent	
   in	
   the	
   polymer.	
   The	
   recovery	
  

time	
  was	
  usually	
   longer	
  than	
  the	
  response	
  time,	
  and	
  could	
  be	
  greatly	
  enhanced	
  by	
  

heating	
  the	
  sensor	
  to	
  release	
  the	
  odour.	
  	
  

	
   The	
  response	
  time	
  of	
  the	
  sensor	
  is	
  determined	
  primarily	
  by	
  the	
  thickness	
  of	
  

the	
   sensing	
  material,	
   sample	
   volatility	
   and	
   fusion	
  behaviour	
  of	
   the	
   solvent.	
   	
   In	
   the	
  

experiment	
  performed	
  in	
  1996	
  by	
  Lewis,	
  fabrication	
  of	
  the	
  sensor	
  was	
  performed	
  by	
  

dipping	
  it	
  into	
  a	
  solution	
  of	
  dissolved	
  polymer	
  and	
  suspended	
  carbon	
  black[37].	
  The	
  

proportion	
   of	
   the	
   polymer,	
   carbon	
   black	
   and	
   the	
   solvent	
   should	
   be	
   quantitative	
  

according	
  to	
  the	
  properties	
  of	
  the	
  analyzed	
  objects.	
  This	
  allows	
  accurate	
  control	
  over	
  

the	
   electrical	
   properties	
   of	
   the	
   sensing	
   element	
   by	
   controlling	
   the	
  

conductor/insulator	
  ratio	
  in	
  an	
  individual	
  chemo	
  resistor.	
  	
  	
  

	
   Lewis	
  et	
  al.	
  have	
   found	
  that	
  as	
   the	
  carbon	
  black	
  contents	
  of	
   the	
   films	
  were	
  

lowered	
   towards	
   their	
   respective	
  percolation	
   thresholds,	
   the	
  baseline	
  conductance	
  

of	
  the	
  composites	
  decreased.	
  So	
  the	
  magnitude	
  of	
  the	
  maximum	
  relative	
  differential	
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resistance	
  response,	
  ΔRMAX	
  /R	
  	
  (where	
  R	
  is	
  the	
  baseline	
  resistance	
  of	
  the	
  film	
  prior	
  to	
  

exposure	
   to	
   the	
   solvent	
   and	
   ΔRMAX	
   is	
   the	
   maximum	
   differential	
   resistance	
   signal)	
  

depends	
   upon	
   the	
   constant	
   partial	
   pressure	
   of	
   analyte,	
   which	
   increased	
   as	
   the	
  

conductor/insulator	
  ratio	
  decreased	
  [37].	
  The	
  resistivity	
  of	
  the	
  carbon	
  black	
  polymer	
  

composite	
   could	
   be	
   predicted	
   by	
   percolation	
   theory	
   [38].	
   The	
   advantage	
   of	
   using	
  

sensing	
   element	
   whose	
   conductivity	
   is	
   controlled	
   by	
   percolation	
   is	
   that	
   their	
  

conducting	
  properties	
  could	
  be	
  readily	
  controlled	
  through	
  changing	
  the	
  composition	
  

of	
   the	
   composites.	
   Also	
   by	
   working	
   near	
   the	
   percolation	
   threshold,	
   a	
   very	
   good	
  

sensitivity	
  could	
  be	
  achieved	
  in	
  response	
  to	
  tiny	
  changes	
  in	
  vapour	
  pressure,	
  though	
  

this	
  is	
  highly	
  non-­‐linear.	
  

	
   Further	
   research	
   by	
   Lewis	
   in	
   1998	
   investigated	
   the	
   diversity	
   in	
   a	
   series	
   of	
  

carbon-­‐black	
  composite	
  polymer	
  sensors	
  array,	
  each	
  of	
  which	
  blends	
  two	
  compatible	
  

organic	
   polymers,	
  with	
   different	
   ratio,	
   as	
   the	
   organic	
   polymer	
   film	
   [33].	
   Poly(vinyl	
  

acetate)	
   and	
   poly(methyl	
   methacrylate)	
   were	
  mixed	
   at	
   various	
   ratios	
   with	
   carbon	
  

black.	
   The	
   electrical	
   resistance	
   was	
   found	
   to	
   have	
   a	
   non-­‐linear	
   relationship	
   with	
  

respect	
   to	
   the	
  mole	
   fraction	
   of	
   poly	
   (vinyl	
   acetate)	
   in	
   the	
   blend	
  which	
  means	
   the	
  

additional	
   discrimination	
   information	
   can	
   be	
   obtained	
   by	
   the	
   blended	
   polymers	
  

compared	
  to	
  the	
  reference	
  detector	
  with	
  identical	
  polymer	
  phases.	
  The	
  utilization	
  of	
  

a	
  combined	
  polymer	
  phase	
  with	
  two,	
   three,	
  or	
  more	
  polymers	
  blended	
  together	
   is	
  

likely	
   to	
   increase	
   the	
   diversity	
   of	
   the	
   composite	
   detector	
   array	
   and	
   therefore,	
  

increases	
   its	
   classification	
   performance.	
   Doleman	
   et	
   al.	
   proposed	
   the	
   idea	
   that	
  

exploitation	
   of	
   the	
   extensive	
   diversity	
   of	
   a	
   polymer-­‐based	
   vapour-­‐sensing	
   array	
  

would	
  be	
  a	
  crucial	
  approach	
  to	
  achieving	
  mimicking	
  human	
  olfactory	
  sense	
  system.	
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This	
   is	
  one	
  of	
   the	
  primary	
   reasons	
  of	
   choosing	
  carbon	
  black	
  polymer	
  composite	
  as	
  

our	
  sensing	
  material.	
  

	
   Further	
   research	
   by	
   Doleman	
   et	
   al.	
   compared	
   carbon	
   black	
   composite	
  

sensors,	
   with	
   bulk	
   organic	
   conducting	
   polymer	
   (CP)	
   and	
   tin	
   oxide	
   sensors	
   [33].	
  

Fourteen	
  carbon	
  black	
  sensors,	
   twelve	
  bulk	
  organic	
  CP,	
  and	
  eight	
   tin	
  oxide	
  sensors	
  

were	
  tested	
  by	
  resolving	
  19	
  solvent	
  specimens.	
  Results	
   indicated	
  that	
  the	
  resolving	
  

power	
  of	
  carbon	
  black	
  composite	
  sensor	
  arrays	
  was	
  significantly	
  better	
  than	
  the	
  tin	
  

oxide	
  and	
  bulk	
  conducting	
  polymer	
  sensing	
  arrays.	
  	
  	
  

	
   Continued	
   research	
   on	
   carbon	
   black	
   sensor	
   arrays	
   investigated	
   the	
  

relationship	
  between	
  its	
  vapour	
  classification	
  performances	
  vs.	
  the	
  number	
  and	
  type	
  

of	
   detectors	
   in	
   an	
   array	
   [39].	
   Excellent	
   classification	
   characteristic	
   of	
   small	
   size	
  

sensing	
   array	
   could	
   be	
   achieved	
   under	
   concentrations	
   to	
   produce	
   high	
   enough	
  

signal/noise	
  ratios	
  for	
  pure	
  analyte	
  vapours.	
  In	
  the	
  more	
  complicated	
  environment,	
  

such	
  as	
  low	
  concentration,	
  high	
  noise,	
  more	
  detectors	
  would	
  be	
  needed.	
  It	
  is	
  shown	
  

that	
   generally	
   the	
   classification	
   performance	
   would	
   be	
   enhanced,	
   at	
   least	
   not	
  

reduced,	
   as	
   the	
   number	
   of	
   chemically	
   different	
   detectors	
   increased.	
   Reduction	
   in	
  

dimensionality	
   was	
   advantageous	
   just	
   when	
   the	
   task	
   was	
   identified	
   in	
   advance,	
  

because	
   multiple	
   copies	
   of	
   detectors	
   had	
   performed	
   this	
   given	
   task	
   before.	
   The	
  

system	
  had	
  yielded	
  the	
  best	
  training	
  set	
  classification	
  performance	
  compared	
  to	
  the	
  

same	
   total	
   number	
   of	
   compositionally	
   different	
   detectors.	
   Furthermore,	
   the	
  

excellent	
   analyte	
   discrimination	
   power	
   of	
   an	
   array	
   of	
   semi-­‐selective	
   chemical	
  

resistive	
   vapour	
   sensors	
   was	
   observed	
   at	
   least	
   in	
   certain	
   tasks	
   even	
   if	
   no	
   single	
  

sensing	
   unit	
   could	
   provide	
   the	
   necessary	
   chemical	
   resolution	
   to	
   differentiate	
   the	
  

analytes.	
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   In	
   this	
   research,	
   we	
   have	
   particularly	
   selected	
   carbon	
   black	
   as	
   our	
   sensing	
  

material	
   for	
   several	
   reasons	
   but	
   the	
   main	
   reason	
   for	
   choosing	
   carbon	
   black	
  

composite	
  is	
  the	
  convenience	
  of	
  using	
  the	
  same	
  polymer	
  with	
  different	
  proportions	
  

to	
  create	
  a	
  different	
  set	
  of	
  chemical	
  sensor.	
  With	
  this	
  ability,	
  we	
  are	
  able	
  to	
  generate	
  

a	
   diverse	
   set	
   of	
   sensor	
   with	
   only	
   several	
   polymers.	
   Furthermore,	
   carbon	
   black	
  

composites	
   works	
   at	
   room	
   temperature	
   with	
   is	
   important	
   factor	
   in	
   designing	
   a	
  

portable	
  instrument	
  that	
  has	
  to	
  have	
  low	
  power	
  consumption.	
  

2.3.3 Gas	
  Chromatography	
  Overview	
  	
  
	
  

Gas	
  chromatography	
  (GC),	
  is	
  a	
  common	
  type	
  of	
  chromatography	
  used	
  for	
  separating	
  

and	
   analyzing	
   compounds	
   that	
   can	
   be	
   vaporized	
   without	
   decomposition.	
   Martin	
  

suggested	
   gas	
   chromatography	
   possibility	
   in	
   a	
   paper	
   on	
   liquid	
   chromatography	
  

published	
   in	
   1941[40].	
   Later	
   in	
   1952,	
   he	
   published	
   the	
   first	
   gas	
   chromatographic	
  

separation,	
  separating	
  a	
  series	
  of	
  fatty	
  acids	
  using	
  titration	
  procedure	
  in	
  conjunction	
  

with	
  a	
  micro	
  burette,	
  as	
  the	
  detector	
  [41].	
  Now,	
  GC	
  has	
  evolved	
  into	
  a	
  more	
  complex	
  

instrument	
   mostly	
   controlled	
   with	
   a	
   computer.	
   Some	
   factors	
   that	
   have	
   been	
  

investigated	
   extensively	
   to	
   improve	
   the	
   GC	
   system	
   include	
   temperature	
  

programming,	
  stationary	
  phase	
  selection,	
  length	
  and	
  dimension	
  of	
  column,	
  and	
  pre-­‐

concentration	
  method.	
  	
  

An	
   important	
   component	
   in	
   gas	
   chromatography	
   is	
   the	
   stationary	
   phase	
  

around	
   the	
   wall	
   of	
   the	
   column.	
   The	
   most	
   important	
   factor	
   determining	
   the	
  

separability	
  of	
   two	
  analytes	
   lies	
   in	
   their	
  difference	
   in	
  partition	
   coefficient	
  with	
   the	
  

stationary	
   phase	
   coating.	
   Partition	
   coefficient	
   is	
   the	
   equilibrium	
   distribution	
   of	
   an	
  

analyte	
  between	
  the	
  stationary	
  phase	
  and	
  the	
  odour	
  gas	
  phase	
  and	
  is	
  determined	
  by	
  

the	
   constant	
   ratio	
   of	
   the	
   solute's	
   concentration	
   in	
   the	
   stationary	
   phase	
   to	
   its	
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concentration	
   in	
   the	
   mobile	
   gas	
   phase.	
   This	
   is	
   an	
   important	
   factor	
   because	
   the	
  

retention	
  power	
  of	
  the	
  column	
  depends	
  on	
  the	
  reaction	
  of	
  the	
  stationary	
  phase	
  and	
  

the	
  odour	
  flowing	
  through	
  the	
  column.	
  	
  There	
  are	
  many	
  materials	
  available	
  for	
  use	
  

with	
  gas	
  chromatograph	
  as	
  the	
  stationary	
  phase	
  in	
  various	
  groups	
  such	
  as	
  polar,	
  non-­‐

polar	
   and	
   ionic.	
   Abraham	
   has	
   developed	
   an	
   extensive	
   list	
   of	
   stationary	
   phase	
  

materials	
   along	
  with	
   the	
   partition	
   coefficient	
   of	
   each	
  material	
   [42,	
   43].	
   Stationary	
  

phase	
  selection	
  and	
  coating	
  technique	
  will	
  be	
  described	
  further	
  in	
  Chapter	
  4.	
  

	
   One	
  of	
  the	
  challenges	
  of	
  early	
  GC	
  instruments	
  is	
  the	
  length	
  of	
  column,	
  which	
  

at	
   around	
   10-­‐30m	
   produced	
   long	
   analysis	
   times.	
   Trying	
   to	
   improve	
   the	
   speed	
   of	
  

analysis,	
   Golay	
   presented	
   the	
   idea	
   of	
   fast	
   chromatography	
   or	
   High	
   Speed	
   Gas	
  

Chromatography	
   (HPGC)	
   in	
   1958.	
   Since	
  Golay	
   first	
   discovered	
   fast	
   chromatograph,	
  

many	
   researches	
   have	
   been	
   done	
   to	
   improve	
   the	
   performance	
   of	
   gas	
  

chromatography	
   (GC)	
   while	
   decreasing	
   its	
   size.	
   Research	
   on	
   fabrication	
   of	
  

microchannel	
   for	
   GC	
   has	
   been	
   very	
   active	
   since	
   ‘micromachining’	
   technology	
   was	
  

introduced.	
   In	
  1979,	
  Terry	
   introduced	
  an	
  all	
   in	
  one	
  gas	
  analyzer	
  with	
  a	
  GC	
  column	
  

built	
   onto	
   a	
   silicon	
   wafer,	
   then	
   sealed	
   with	
   anodic	
   bonding.	
   One	
   of	
   the	
   most	
  

common	
  methods	
  of	
  creating	
  a	
  micro-­‐GC	
  column	
   is	
  by	
  etching	
  the	
  silicon	
  wafer	
  or	
  

glass	
  and	
  subsequently	
  sealing/bonding	
  them	
  together.	
  High-­‐quality	
  micro	
  channels	
  

with	
  high-­‐aspect	
  ratio	
  have	
  been	
  developed	
  by	
  bulk	
  silicon	
  micromachining	
  followed	
  

by	
  fusion	
  bonding	
  [44,	
  45],	
  and	
  in	
  another	
  research,	
  using	
  anodic	
  bonding	
  [46].	
  Some	
  

other	
   method	
   of	
   creating	
   micro	
   channels	
   has	
   also	
   been	
   studied	
   including	
  

polydimethylsiloxane	
   (PDMS)	
   based	
   channels	
   [47],	
   photo	
   patterned	
   epoxy(SU-­‐8)	
  

technique	
   [48]	
   and	
   parylenemicromolded	
   channels	
   [49].	
   	
   These	
  methods	
   have	
   the	
  

advantages	
   of	
   being	
   photo-­‐patternable,	
   low	
   fabrication	
   temperature	
   and	
   ease	
   of	
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processing	
  over	
  traditional	
  silicon	
  etching.	
  Another	
  method	
  that	
  has	
  been	
  shown	
  to	
  

produce	
  high	
  aspect	
  ratio	
  structures	
  of	
  very	
  good	
  quality	
  and	
  surface	
  roughness	
  and	
  

has	
   the	
   ability	
   to	
   use	
   materials	
   other	
   than	
   silicon	
   is	
   Lithography	
   Galvonoforming	
  

Abforming	
  (LIGA).	
  Bushan	
  have	
  demonstrated	
  a	
  micro	
  GC	
  column	
  created	
  with	
  LIGA	
  

technology	
  that	
  was	
  able	
  to	
  separate	
  four	
  compounds	
  in	
  just	
  2	
  seconds[25].	
  

	
   The	
   reason	
   gas	
   chromatography	
   is	
   discussed	
   here	
   is	
   that	
   the	
   retentive	
  

column	
  designed	
  for	
  this	
  system	
  is	
  based	
  on	
  gas	
  chromatography	
  principles.	
  The	
  only	
  

difference	
  is	
  that	
  we	
  are	
  not	
  trying	
  to	
  achieve	
  perfect	
  separation	
  of	
  gas,	
  but	
  simply	
  

to	
   gain	
   additional	
   information	
   which	
   could	
   be	
   used	
   to	
   aid	
   the	
   identification	
   of	
   a	
  

vapour	
  sample.	
  

2.3.4 Microfabrication	
  Overview	
  
	
  

	
   Another	
  area	
  that	
  has	
  seen	
  considerable	
  advancements	
  in	
  the	
  last	
  30	
  years	
  is	
  

the	
  rapid	
  prototyping	
  industries.	
  Rapid	
  prototyping	
  is	
  the	
  automatic	
  construction	
  of	
  

physical	
   objects	
   using	
   solid	
   freeform	
   fabrication.	
   As	
   the	
   name	
   suggest,	
   rapid	
  

prototyping	
  is	
  used	
  to	
  rapidly	
  produce	
  a	
  prototype	
  by	
  automatically	
  constructing	
  the	
  

object	
   using	
   special	
  material.	
   Rapid	
   prototyping	
   has	
   been	
   studied	
   extensively	
  with	
  

various	
  prototyping	
  technique	
  available	
  such	
  as	
  Selective	
  laser	
  sintering	
  (SLS),	
  Fused	
  

deposition	
   modeling	
   (FDM),	
   Stereolithography	
   (SLA),	
   Laminated	
   object	
  

manufacturing	
  (LOM),	
  Electron	
  beam	
  melting	
  (EBM)	
  and	
  	
  3D	
  printing	
  (3DP).	
  Here,	
  we	
  

are	
  going	
  to	
  focus	
  on	
  stereolitography	
  which	
  is	
  one	
  of	
  the	
  more	
  common	
  methods	
  of	
  

RP.	
  

	
   Stereolithography	
   is	
   a	
   common	
   rapid	
   prototyping	
   technology	
   for	
   producing	
  

parts	
   rapidly	
   with	
   high	
   accuracy	
   and	
   good	
   surface	
   finish.	
   Streolithography	
   is	
   an	
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additive	
  process	
  whereby	
  a	
  UV	
  curable	
  photopolymer	
  or	
  resin	
  is	
  cured	
  by	
  a	
  UV	
  laser	
  

to	
  build	
  parts	
  a	
  layer	
  at	
  a	
  time.	
  

	
   Conventional	
   stereolithography	
   rapid	
   prototyping	
   machine	
   have	
   low	
  

resolution	
   (typically	
   >	
   250	
   µm).	
   Recently,	
   these	
   systems	
   have	
   been	
   improved	
   to	
  

create	
  high-­‐resolution	
  processes	
  employing	
  fine	
  lasers	
  to	
  fabricate	
  components	
  with	
  

micrometer	
   resolution.	
   In	
   this	
   research,	
   this	
   technology	
   has	
   been	
   employed	
   to	
  

fabricate	
  many	
  of	
  the	
  micro	
  components	
  in	
  this	
  system	
  including	
  the	
  micro	
  retentive	
  

gas	
  chromatographic	
  channel	
  package.	
  A	
  more	
  detailed	
  description	
  of	
  this	
  technique	
  

called	
   ‘Micro	
   Stereo	
   Lithography’	
  will	
   be	
  described	
   in	
  Chapter	
  4	
  with	
   all	
   the	
  micro	
  

components	
  created	
  with	
  this	
  technique.	
  	
  

	
  

2.4 Spatio-­Temporal	
  Information	
  
	
   	
  

The	
  proposed	
  system	
  is	
  based	
  on	
  spatio	
  temporal	
  information	
  obtained	
  by	
  adding	
  a	
  

retentive	
   column	
   along	
   the	
   sensor	
   array	
   to	
   produce	
   the	
   ‘nasal	
   chromatograph’	
  

effects.	
   Figure	
   2.2	
   shows	
   the	
   concept	
   of	
   a	
   system	
   with	
   one	
   retentive	
   column	
   in	
  

between	
  the	
  sensor	
  arrays	
  to	
  produce	
  the	
  spatio-­‐temporal	
  signal.	
  

	
   The	
   concept	
   of	
   generating	
   spatio-­‐temporal	
   signal	
   for	
   use	
   in	
   the	
   e-­‐nose	
   has	
  

been	
  previously	
  studied.	
  Briglin	
  from	
  Caltech	
  build	
  a	
  system	
  with	
  individual	
  sensors	
  

arrange	
  along	
  a	
  micro	
  channel	
  [50]	
  as	
  a	
  way	
  to	
  generate	
  spatio	
  temporal	
  response.	
  

The	
  sensor	
  response	
  of	
  each	
  sensor	
  will	
  be	
  slightly	
  delayed	
  between	
  each	
  sensors	
  as	
  

the	
  odour	
  pass	
  through	
  the	
  columns	
  reaching	
  the	
  sensors	
  in	
  sequence.	
  Furthermore,	
  

the	
  molecule	
   of	
   odour	
  will	
   be	
   absorbed	
   by	
   the	
   sensors	
   along	
   the	
  way	
  making	
   the	
  

response	
  magnitude	
  decrease	
  as	
  the	
  odour	
  reach	
  the	
  end	
  of	
  the	
  column.	
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   Similar	
   experiments	
   have	
   also	
   been	
   done	
   by	
   Tan	
   at	
   the	
   University	
   of	
  

Warwick.	
  However,	
  in	
  Tans’	
  experiment,	
  the	
  column	
  is	
  coated	
  with	
  stationary	
  phase	
  

similar	
  to	
  the	
  one	
  used	
  in	
  gas	
  chromatography.	
  This	
  stationary	
  phase	
  added	
  an	
  extra	
  

retention	
  to	
  the	
  odour	
  on	
  top	
  of	
  the	
  delay	
  created	
  by	
  the	
  absorbed	
  odour	
  molecule	
  

by	
  the	
  sensors	
  sensing	
  film.	
  These	
  two	
  experiment	
  proof	
  the	
  concept	
  of	
  generating	
  

spatio	
  temporal	
  response	
  in	
  e-­‐nose	
  to	
  improve	
  the	
  odour	
  discrimination	
  power[51].	
  	
  

	
  

Figure	
  2.2:	
  Concept	
  of	
  Spatio-­‐Temporal	
  Signal	
  Generation	
  	
  

The	
  term	
  ‘Spatio-­‐temporal’	
  response	
  as	
  used	
  here,	
  means	
  that	
  the	
  response	
  

contains	
   both	
   space	
   (magnitude	
   of	
   the	
   response)	
   and	
   time	
   (response	
   delay)	
  

information.	
  In	
  the	
  concept	
  diagram	
  in	
  Figure	
  2.2,	
  the	
  initial	
  array	
  containing	
  a	
  large	
  

number	
   of	
   sensors	
   will	
   produce	
   a	
   high	
   spatial	
   response	
   to	
   the	
   odour	
   introduced.	
  

These	
  large	
  sensors	
  arrays	
  are	
  coated	
  with	
  different	
  gas	
  sensitive	
  materials	
  to	
  obtain	
  

a	
  diverse	
  set	
  of	
  responses.	
  Some	
  of	
  the	
  odour	
  passing	
  through	
  the	
  first	
  arrays	
  will	
  be	
  

absorbed	
  by	
  the	
  sensitive	
  film	
  on	
  the	
  sensors.	
  

Subsequently,	
   the	
   odour	
   will	
   travel	
   through	
   the	
   coated	
   micro	
   retentive	
  

columns	
   into	
   chemo	
   sensor	
   arrays.	
   The	
   second/end	
   sensor	
   arrays	
   are	
   coated	
  with	
  

the	
  same	
  gas	
  sensing	
  materials	
  in	
  the	
  same	
  manner	
  to	
  show	
  the	
  differences	
  between	
  

responses	
  before	
  and	
  after	
  the	
  gas	
  micro	
  retentive	
  column.	
  The	
  end	
  array,	
  after	
  the	
  

column,	
   will	
   produce	
   another	
   set	
   of	
   spatial	
   responses	
   but	
   with	
   lower	
   response	
  

magnitudes	
   due	
   to	
   the	
   sample	
   flowing	
   over	
   the	
   sensors	
   at	
   any	
   one	
   time	
   having	
   a	
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lower	
   concentration	
   (though	
   the	
   total	
   number	
   of	
   sample	
   molecules	
   remaining	
  

constant).	
  	
  This	
  is	
  due	
  to	
  the	
  micro	
  retentive	
  column	
  having	
  a	
  band	
  broadening	
  effect	
  

creating	
  a	
  wider	
  response	
  with	
  lower	
  magnitude.	
  

The	
   temporal	
   signal	
   is	
  generated	
  by	
   the	
  micro	
   retentive	
  columns	
   in	
  between	
  

the	
   sensor	
   arrays.	
   To	
   further	
   improve	
   the	
   system,	
   the	
   column	
   is	
   coated	
   with	
  

stationary	
   phase	
   that	
   will	
   react	
   with	
   tested	
   odour.	
   As	
  mentioned	
   before,	
   in	
   a	
   GC	
  

column,	
   various	
   stationary	
   phases	
   can	
   be	
   used	
   such	
   as	
   polar,	
   non-­‐polar	
   and	
   ionic.	
  

Generally,	
   polar	
   coatings	
   will	
   react	
   with	
   polar	
   compound	
   delaying	
   the	
   compound	
  

travelling	
  through	
  the	
  column.	
  Similarly,	
  the	
  non-­‐polar	
  coated	
  column	
  will	
  delay	
  non-­‐

polar	
   compounds	
   more	
   than	
   a	
   polar	
   compound.	
   The	
   use	
   of	
   different	
   polarity	
  

material	
   as	
   the	
   stationary	
   phase	
  will	
   produce	
   different	
   delays	
   if	
   a	
   similar	
   complex	
  

odour	
   is	
   introduced	
  thus	
  generating	
  a	
  different	
  set	
  of	
  spatio-­‐temporal	
   response	
  on	
  

the	
  sensor	
  array	
  connected	
  to	
  it.	
  	
  

A	
  wide	
  diversity	
  of	
  information	
  can	
  be	
  gathered	
  from	
  a	
  system	
  as	
  in	
  Figure	
  2.2.	
  

Spatial	
  information	
  with	
  various	
  tunings	
  is	
  acquired	
  from	
  the	
  two	
  sensor	
  array	
  while	
  

temporal	
   information	
   is	
   collected	
   from	
   the	
   response	
   of	
   the	
   second	
   sensors	
   array.	
  

Furthermore,	
  changing	
  the	
  properties	
  of	
  the	
  retentive	
  column	
  can	
  also	
  provide	
  more	
  

information	
  regarding	
  the	
  temporal	
  response.	
  Similar	
  to	
  GC	
  column,	
  properties	
  such	
  

as	
   column	
   length,	
   column	
   dimensions,	
   stationary	
   phase	
   coating	
   material,	
   and	
  

column	
  temperature	
  contribute	
  to	
  the	
  performance	
  of	
  the	
  retentive	
  column.	
  	
  

2.5 Conclusion	
  
	
  

Here	
  we	
  reviewed	
  the	
  technology	
  mainly	
  used	
  in	
  this	
  research,	
  namely	
  carbon	
  black	
  

polymer	
   composite	
   sensors,	
   gas	
   chromatographic	
   columns	
   and	
  MSL	
   technology.	
   A	
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more	
  detailed	
  description	
  of	
  these	
  technologies	
  and	
  how	
  they	
  are	
  used	
  to	
  obtain	
  our	
  

goal	
   is	
   discussed	
   in	
   the	
   next	
   few	
   chapters.	
   It	
   is	
   clear	
   that	
   carbon	
   black	
   polymer	
  

composites	
  have	
  very	
  good	
  potential	
  in	
  the	
  chemosensor	
  field	
  due	
  to	
  its	
  flexibility	
  to	
  

use	
  different	
  polymers	
  and	
  the	
  sensitivity	
  of	
  the	
  composite	
   itself.	
  Furthermore,	
  the	
  

ability	
   to	
   be	
   used	
   at	
   room	
   temperature	
   is	
   really	
   important	
   in	
   order	
   to	
   build	
   a	
  

portable	
  instrument	
  that	
  has	
  low	
  power	
  consumption.	
  	
  

However,	
  the	
  disadvantages	
  of	
  this	
  material	
  are	
  the	
  slow	
  response	
  time	
  unless	
  

submicron	
   layers	
   are	
   used.	
   The	
   main	
   focus	
   of	
   this	
   study	
   is	
   to	
   acquire	
   temporal	
  

information	
  as	
  well	
  as	
  spatial	
  information	
  to	
  further	
  improve	
  e-­‐nose	
  instruments.	
  To	
  

generate	
   spatio-­‐temporal	
   signals,	
   a	
   retentive	
   column,	
   similar	
   to	
   the	
   GC	
   column	
   is	
  

proposed.	
   This	
   column	
  will	
   delay	
   the	
   odour	
   going	
   through	
   it,	
   generating	
   temporal	
  

information	
  that	
  is	
  captured	
  by	
  the	
  two	
  sensor	
  array	
  as	
  in	
  Figure	
  2.4.	
  

There	
   is	
   huge	
   advancement	
   in	
   the	
   area	
   of	
   MSL	
   technique	
   and	
   now	
   more	
  

commercial	
  machines	
  are	
  available	
   for	
   research	
   such	
  as	
   the	
  Envisiontec	
  Perfactory	
  

Mini	
  allowing	
  research	
  to	
  progress	
  faster.	
  

The	
   next	
   few	
   chapters	
   will	
   discuss	
   the	
   design	
   and	
   fabrication	
   of	
   individual	
  

components	
   in	
   the	
   instrument,	
   focussing	
   on	
   the	
   large	
   sensors	
   array	
   and	
   micro	
  

retentive	
  column.	
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CHAPTER	
  3 	
  
	
  

The	
  design	
  and	
  fabrication	
  of	
  large	
  
chemoresistive	
  sensor	
  arrays	
  
	
  

3.1 Introduction	
  
	
  

In	
   Chapter	
   2,	
   we	
   explained	
   the	
   inherent	
   advantages	
   given	
   by	
   employing	
   a	
   large	
  

sensor	
  array,	
  predominantly	
  the	
  significantly	
  richer	
   information	
  available	
  compared	
  

to	
   a	
   lesser	
   array.	
   Previously,	
   many	
   researchers	
   have	
   studied	
   and	
   produced	
   high	
  

density	
   sensor	
   arrays[1-­‐4].	
   Furthermore,	
   it	
   has	
   been	
   shown	
   that	
   a	
   set	
   of	
   identical	
  

sensors	
  coated	
  with	
  the	
  same	
  material	
  can	
  create	
  redundancy	
  that	
   is	
  useful	
  during	
  

data	
   processing.	
   For	
   example,	
   sensor	
   selection	
   can	
   be	
  made	
   to	
   eliminate	
   sensors	
  

with	
  poor	
   responses	
   (due	
   to	
  poisoning	
  or	
   aging),	
   or	
   signal	
   averaging	
  on	
   the	
   set	
  of	
  

sensors	
  to	
  improve	
  the	
  dataset.	
  	
  Here	
  we	
  discuss	
  the	
  design	
  and	
  fabrication	
  of	
  large	
  

chemo	
   sensor	
   arrays	
   that	
   consists	
   of	
   up	
   to	
   300	
   sensors,	
   coated	
   with	
   24	
   different	
  

conducting	
  polymers.	
  	
  

3.2 Sensor	
  Array	
  Design	
  
	
  

The	
   development	
   of	
   the	
   sensor	
   arrays	
   can	
   be	
   divided	
   into	
   two	
   distinct	
   steps;	
   the	
  

fabrication	
  of	
  the	
  sensor	
  substrate	
  and	
  the	
  deposition	
  of	
  sensing	
  material.	
  

Although	
  the	
  basis	
  of	
  the	
  chemoresistive	
  sensor	
  is	
  simple,	
  comprising	
  of	
  two	
  

electrodes	
  with	
  a	
  sensing	
  material	
  deposited	
  on	
  top,	
  developing	
  a	
  large	
  sensor	
  array	
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brings	
   along	
   its	
   own	
   difficulties	
   of	
   encapsulation,	
   fabrication	
   and	
   cross	
   talk,	
   as	
  

discussed	
  below.	
  

3.2.1 Design	
  of	
  chemoresistive	
  sensor	
  substrate	
  
	
  

The	
   structure	
   of	
   an	
   individual	
   chemoresistive	
   sensor	
   was	
   presented	
   in	
   Figure	
   2.1,	
  

where	
  a	
  sensor	
  consists	
  of	
  two	
  metal	
  electrodes	
  with	
  a	
  small	
  gap	
  (typically	
  between	
  

10	
   µm	
   to	
   100	
   µm)	
   in	
   between	
   them.	
   On	
   to	
   the	
   electrodes	
   a	
   gas	
   sensitive	
   film	
   is	
  

deposited;	
   in	
  our	
   case,	
  a	
   carbon	
  black	
  polymer	
   composite.	
  As	
   stated	
  previously,	
   in	
  

the	
   case	
   of	
   carbon	
   black	
   composites,	
   when	
   the	
   sensing	
   film	
   is	
   exposed	
   to	
   a	
   test	
  

vapour,	
   the	
   film	
   swells	
   depending	
   on	
   the	
   polymer/vapour	
   interaction	
   and	
   the	
  

concentration	
   of	
   the	
   vapour.	
   These	
   swelling	
   increases	
   the	
   resistance	
   of	
   the	
   film,	
  

through	
   a	
   reduction	
   in	
   conducting	
   bridges,	
   formed	
   by	
   the	
   carbon,	
   through	
   the	
  

sensing	
  film.	
  The	
  sensitivity	
  and	
  selectivity	
  can	
  be	
  modified	
  by	
  changing	
  the	
  polymer,	
  

as	
   the	
   vapour/polymer	
   interactions	
   are	
   polymer	
   specific.	
   Carbon	
   black	
   polymer	
  

composites	
   are	
   now	
   widely	
   used	
   in	
   gas	
   sensors	
   [1-­‐3].	
   A	
   standard	
   response	
   of	
   a	
  

carbon	
  black	
  composite	
  chemoresistive	
  sensor	
  is	
  shown	
  in	
  Figure	
  3.1.	
  

	
  
Figure	
  3.1:	
  Basic	
  response	
  of	
  a	
  chemo	
  resistive	
  sensor	
  	
  

Initially,	
  the	
  sensor	
  is	
  exposed	
  to	
  a	
  reference	
  gas	
  (usually	
  air	
  or	
  a	
  carrier	
  gas,	
  such	
  as	
  

N2	
   or	
   Ar),	
   followed	
   by	
   a	
   pulse	
   of	
   test	
   gas	
   (shown	
   by	
   blue	
   dotted	
   line).	
   Once	
   the	
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vapour	
   reacts	
  with	
   the	
   sensing	
   film,	
   the	
   sensor	
   starts	
   to	
   swell	
   and	
  will	
   increase	
   in	
  

resistance	
  until	
  the	
  vapour	
  within	
  the	
  polymer	
  is	
  in	
  balance	
  with	
  those	
  in	
  the	
  air.	
  The	
  

sensor	
   response	
   is	
   the	
  difference	
  between	
   the	
   resistance	
   in	
   the	
   reference	
  gas	
  and	
  

the	
  maximum	
  resistance,	
  when	
  exposed	
  to	
  a	
  test	
  vapour,	
  shown	
  as	
  Rmax.	
  Finally,	
  the	
  

gas	
  sensor	
  is	
  flushed	
  with	
  air	
  again	
  to	
  remove	
  all	
  the	
  test	
  vapour	
  on	
  the	
  sensor.	
  The	
  

recovery	
   time	
   is	
   the	
   time	
   it	
   takes	
   for	
   the	
   sensor	
   to	
   reach	
   its	
   reference	
   resistance	
  

from	
  its	
  maximum	
  resistance	
  (though	
  in	
  data	
  processing	
  we	
  would	
  normally	
  take	
  the	
  

time	
  to	
  fall	
  to	
  10%	
  of	
  the	
  initial	
  resistance	
  –	
  or	
  t90).	
  	
  

	
   Since	
   carbon	
   black	
   composite	
   materials	
   work	
   at	
   room	
   temperature,	
   a	
  

temperature	
  sensor	
  is	
  built	
  onto	
  the	
  design	
  to	
  monitor	
  the	
  temperature	
  of	
  the	
  chip	
  

during	
  tests.	
  	
  

The	
  resistive	
  sensor	
  structure	
  is	
  the	
  simplest	
  of	
  all	
  the	
  sensor	
  structures,	
  and	
  

is	
  compatible	
  with	
  silicon	
  processing.	
  A	
  multi	
  layer	
  metal	
  structure,	
  as	
  in	
  Figure	
  3.2,	
  

has	
  been	
  employed	
  in	
  the	
  sensor	
  design	
  to	
  make	
  rooting	
  easier.	
  Another	
  important	
  

element	
   is	
  pad	
  sharing,	
  where	
   some	
  of	
   the	
   sensors	
   share	
   the	
   same	
  pad	
  electrode.	
  

This	
  will	
  reduce	
  the	
  number	
  of	
  pads	
  required,	
  making	
  data	
  acquisition	
  for	
  the	
  large	
  

sensor	
   array	
   easier.	
   The	
   gap	
   distance	
   between	
   the	
   electrodes	
   and	
   the	
   size	
   of	
  

electrodes	
  are	
  also	
   taken	
   into	
  consideration	
   in	
   the	
  design.	
  By	
  having	
  a	
  high	
  aspect	
  

ratio	
  (width	
  of	
  channel	
  /	
  length	
  of	
  channel),	
  the	
  resistance	
  of	
  the	
  material	
  would	
  be	
  

reduced,	
   and	
   it	
   is	
   easier	
   to	
   measure	
   small	
   changes	
   in	
   resistance	
   when	
   the	
   initial	
  

value	
  is	
  low	
  (1kΩ-­‐100	
  kΩ)	
  [4].	
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Figure	
  3.2:	
  Basic	
  Structure	
  of	
  single	
  gas	
  sensor 

Some	
  design	
  considerations	
  are	
  taken	
  into	
  account	
  while	
  determining	
  the	
  dimension	
  

of	
  the	
  electrode	
  and	
  the	
  gap	
  between	
  electrodes.	
  Firstly,	
  the	
  minimum	
  resolution	
  is	
  

5	
  μm	
  in	
  the	
  silicon	
  fabrication	
  laboratory	
  here	
  at	
  the	
  University	
  of	
  Warwick.	
  Hence,	
  

adhering	
  to	
  the	
  width	
  rule,	
  overlap	
  rule,	
  and	
  space	
  rule	
  in	
  CMOS	
  layout	
  design,	
  the	
  

resolution	
  in	
  this	
  design	
  is	
  20	
  μm	
  and	
  spacing	
  distance	
  of	
  two	
  electrodes	
  is	
  30	
  μm	
  in	
  

order	
  to	
  guarantee	
  the	
  gap	
  between	
  two	
  metals	
  [5].	
  	
  

To	
  further	
  avoid	
  sensing	
  material	
  cross-­‐contamination,	
  there	
  is	
  a	
  space	
  of	
  200μm	
  in	
  

the	
  horizontal	
  direction	
  and	
  250	
  μm	
  in	
  the	
  vertical	
  direction	
  between	
  two	
  sensors,	
  as	
  

shown	
  in	
  Figure	
  3.3.	
   

 

Figure	
  3.3:	
  Dimension	
  of	
  individual	
  sensor 
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Another	
   design	
   consideration	
   is	
   crosstalk	
   between	
   electrode/sensors,	
   where	
  

electromagnetic	
  noise	
  is	
  transmitted	
  between	
  leads	
  or	
  circuits	
   in	
  close	
  proximity	
  to	
  

each	
  other.	
  Gas	
  micro	
  sensor	
  arrays	
  often	
  have	
  closely-­‐spaced	
  elements,	
  in	
  our	
  case	
  

just	
   20-­‐250	
  micron	
   gaps.	
   Cross-­‐talk	
   between	
   elements	
   operated	
   within	
   a	
   gaseous	
  

environment	
   is	
   possible	
   because	
   sensing	
   materials	
   held	
   at	
   elevated	
   temperatures	
  

have	
   an	
   increased	
   probability	
   for	
   disrupting	
   gas	
   flows	
   and	
   activating	
   gas-­‐film	
  

interactions	
   that	
   can	
   consume	
  analytes	
   or	
   evolve	
   reaction	
  products	
   [6].	
   To	
   reduce	
  

the	
  cross	
  talk,	
  several	
  strategies	
  have	
  been	
  employed,	
  including	
  maximizing	
  the	
  trace	
  

space	
   between	
   lines	
   to	
   reduce	
   the	
   possibility	
   of	
   cross	
   talk	
   when	
   controlling	
   the	
  

temperature.	
  Pad	
  size	
  was	
  chosen	
  at	
  220	
  μm	
  and	
  the	
  spacing	
  between	
  pads	
  was	
  	
  30	
  

μm.	
  The	
  final	
  dimensions	
  chosen	
  for	
  a	
  single	
  individual	
  sensor	
  pad	
  is	
  as	
  follows.	
  

	
  

Table	
  3.1:	
  Pad	
  Dimensions	
  (unit	
  :	
  μm)	
  

Layer	
   Pad	
  1	
   Pad	
  2	
   Pad	
  Temp	
  Sensor	
  

Metal	
  1	
   220	
  x	
  220	
   n/a	
   500	
  x	
  500	
  

Metal	
  2	
   220	
  x	
  220	
   220	
  x	
  220	
   500	
  x	
  500	
  

Insulator	
  Opening	
   160	
  x	
  160	
   n/a	
   420	
  x	
  420	
  

Passivation	
  Opening	
   140	
  x	
  140	
   140	
  x	
  140	
   380	
  x	
  380	
  

	
  

Using	
  these	
  dimensions	
  as	
  a	
  guideline	
  for	
  a	
  single	
  sensor,	
  we	
  have	
  designed	
  several	
  

sensor	
  arrays	
  with	
  different	
   sizes	
   so	
   that	
  different	
   sensor	
  arrays	
   could	
  be	
  used	
   for	
  

different	
   applications	
   (though	
   only	
   the	
   300	
   sensors	
   were	
   used	
   here).	
   Alignment	
  

marks,	
  as	
  in	
  Figure	
  3.4,	
  allow	
  the	
  precise	
  alignment	
  of	
  the	
  mask	
  with	
  the	
  pattern	
  on	
  

the	
  wafer.	
  Layers	
  are	
  not	
  necessarily	
  aligned	
  sequentially	
  to	
  a	
  preceding	
  layer,	
  but	
  to	
  

some	
  important	
  previous	
  layer.	
  In	
  this	
  design,	
  the	
  target	
  layer	
  for	
  all	
  further	
  layers	
  is	
  

Metal1,	
  thus	
  the	
  precision	
  control	
  is	
  realized	
  by	
  covering	
  the	
  hole	
  of	
  alignment	
  mark	
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on	
  target	
   layer	
  with	
  the	
  shape	
  on	
  alignment	
  of	
  matching	
   layer,	
  and	
  vice	
  versa.	
  The	
  

two	
  alignment	
  keys	
  are	
  distributed	
  symmetrically	
  on	
  the	
  two	
  sides	
  of	
  the	
  wafer,	
  the	
  

longer	
  the	
  distance	
  departed	
  from	
  each	
  other,	
  the	
  higher	
  rotational	
  resolution.	
  

	
  

	
  
Figure	
  3.4:	
  Alignment	
  mask	
  for	
  large	
  sensor	
  array	
  

	
  

	
   The	
  final	
  wafer	
  design,	
  as	
  shown	
  in	
  Figure	
  3.5,	
  contains	
  thirteen	
  300	
  sensor	
  

arrays	
  (in	
  array	
  of	
  25	
  rows	
  by	
  12	
  columns),	
  eleven	
  150	
  sensor	
  arrays	
  (25	
  rows	
  by	
  6	
  

columns),	
  and	
  eleven	
  75	
  sensor	
  arrays	
  (25	
  rows	
  by	
  3	
  columns),	
  with	
  die	
  dimensions	
  

13mm	
  ×	
  8.5mm,	
  13mm	
  ×	
  5.5mm,	
  and	
  13mm	
  ×	
  4mm	
  respectively.	
  All	
   these	
  sensor	
  

arrays	
  have	
  integrated	
  temperature	
  sensors	
  based	
  on	
  a	
  gold	
  resistor.	
  The	
  dimensions	
  

for	
   the	
   temperature	
   sensor	
   pads	
   are	
   shown	
   in	
   Table	
   3.1.	
   This	
   design	
  was	
   done	
   in	
  

Tanner	
   EDA	
   L-­‐Edit	
   v11	
   and	
   was	
   used	
   to	
   generate	
   photo	
   masks	
   for	
   fabrication	
  

purposes.	
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Figure	
  3.5:	
  Final	
  wafer	
  design	
  with	
  several	
  sensor	
  array	
  sizes	
  

	
  

3.2.2 Multiplexed	
  Array	
  Pad	
  Design.	
  
	
  

The	
   sensor	
   array	
   design	
   is	
   laid	
   out	
   in	
   a	
   matrix	
   configuration	
   (12	
   columns	
   and	
   25	
  

rows)	
  to	
  reduce	
  the	
  pad	
  count.	
  If	
  a	
  single	
  sensor	
  used	
  2	
  electrode	
  pads	
  each,	
  this	
  will	
  

come	
   to	
   a	
   total	
   of	
   602	
   pads	
   including	
   the	
   temperature	
   sensor.	
   This	
   would	
   make	
  

packaging	
  and	
  data	
  acquisition	
  very	
  difficult.	
  Hence,	
  a	
  multiplexed	
  system	
  has	
  been	
  

implemented	
   to	
  obtain	
  300	
   sensors	
  with	
  only	
  37	
  multiplexed	
  pads	
  plus	
  2	
  pads	
   for	
  

the	
  temperature	
  sensor.	
  In	
  this	
  configuration,	
  the	
  unilateral	
  electrodes	
  in	
  one	
  sensor	
  

share	
  the	
  pads	
  with	
  the	
  sensor	
  electrodes	
  in	
  the	
  same	
  row	
  or	
  column.	
  The	
  resistance	
  

signal	
   of	
   each	
   sensor	
   in	
   the	
   array	
   is	
   then	
   measured	
   by	
   scanning	
   the	
   array	
   in	
   a	
  

sequential	
   order.	
   This	
   is	
   the	
  main	
   reason	
  multi	
   metal	
   layer	
   configuration	
   is	
   used,	
  

where	
  it	
  separates	
  traces	
  for	
  electrode	
  one	
  and	
  two	
  with	
  an	
  insulation	
  layer.	
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Figure	
  3.6:	
  Array	
  of	
  300	
  sensors	
  in	
  25	
  x	
  12	
  configuration	
  

	
  

Every	
   sensing	
   element	
  was	
   assigned	
   an	
   address,	
   comprised	
   by	
   a	
   row	
   index	
   and	
   a	
  

column	
  index.	
  Figure	
  3.6	
  displays	
  all	
  300	
  sensors	
  with	
  a	
  25	
  ×	
  12	
  configuration.	
  This	
  

combination	
   of	
   row	
   and	
   column	
   addressing	
   will	
   be	
   utilized	
   when	
   designing	
   data	
  

acquisition	
   circuit	
   for	
   this	
   array.	
   A	
   low	
   number	
   of	
   pads	
   would	
   also	
   mean	
   less	
  

switching	
   for	
   any	
   sensing	
   circuitry,	
   which	
   will	
   improve	
   the	
   overall	
   speed	
   of	
   the	
  

system.	
  

However,	
   one	
   potential	
   problem	
   with	
   this	
   structure	
   is	
   the	
   long	
   distance	
  

transmission	
  effect.	
  The	
  transmission	
  trace	
  has	
  its	
  own	
  resistance,	
  so	
  there	
  would	
  be	
  

a	
  baseline	
  difference	
  between	
  the	
  sensors	
  nearest	
  to	
  and	
  furthest	
  from	
  the	
  pad.	
  To	
  

resolve	
   this,	
   the	
   transmission	
   line	
   trace	
  width	
  was	
   increased	
   to	
   70	
  μm	
   in	
  order	
   to	
  

decrease	
  the	
  transmission	
  line	
  resistance.	
  

 

	
  

Row	
  of	
  Pad	
  (25	
  in	
  total)	
  

Pad	
  Columns(	
  6)	
   Pad	
  Columns(	
  6)	
  Temperature	
  sensor	
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3.3 On	
  Board	
  Temperature	
  Sensor	
  
	
  

A	
   temperature	
   sensor	
   was	
   integrated	
   onto	
   the	
   sensor	
   array	
   chip	
   to	
   monitor	
   the	
  

temperature	
   during	
   testing.	
   A	
   sensor	
   heater	
   is	
   implemented	
   on	
   the	
   PCB	
   package	
  

instead	
  of	
  on	
  board	
  the	
  chip.	
  One	
  of	
  the	
  main	
  reasons	
  is	
  that	
  carbon	
  black	
  composite	
  

sensor	
  have	
  the	
  highest	
  sensitivity	
  at	
  room	
  temperature	
  (or	
  lower).	
  However,	
  we	
  are	
  

still	
   implementing	
   the	
   PCB	
  heater	
   to	
   improve	
   sensor	
   flushing	
   in	
   order	
   to	
   decrease	
  

recovery	
   time	
   and	
   to	
   ensure	
   that	
   the	
   sensors	
   are	
   at	
   a	
   constant	
   temperature	
   (to	
  

improve	
   repeatability).	
   Another	
   reason	
   is	
   the	
   fact	
   that	
   integrating	
   a	
   heater	
  

underneath	
   the	
   sensor	
   would	
   make	
   the	
   fabrication	
   process	
   more	
   complex	
   as	
   an	
  

additional	
  metal	
  layer	
  is	
  required.	
  

3.3.1 Gold	
  Resistive	
  temperature	
  sensor	
  	
  	
  
	
  

As	
   mentioned	
   before,	
   the	
   on	
   board	
   temperature	
   sensor	
   is	
   based	
   on	
   the	
   thermal	
  

resistivity	
   of	
   gold.	
   Above	
   220°C,	
   the	
   relationship	
   between	
   temperature	
   and	
  

resistivity,	
  r,	
  is	
  nearly	
  proportional	
  and	
  is	
  determined	
  by	
  electron-­‐phonon	
  scattering,	
  

whereas,	
   at	
   a	
   very	
   low	
   temperature	
   (around	
   <	
   -­‐200°C),	
   r	
   is	
   independent	
   of	
  

temperature	
   due	
   to	
   electron-­‐impurity	
   scattering	
   [7].	
   The	
   linear	
   condition	
   covers	
   a	
  

wide	
  range	
  of	
  -­‐220°C	
  to	
  +1000°C.	
  Hence,	
  a	
  gold	
  metal	
  resistor	
  can	
  be	
  employed	
  since	
  

we	
   are	
   only	
   running	
   the	
   sensor	
   near	
   room	
   temperature.	
   	
   Temperature	
   based	
   on	
  

resistive	
  material,	
  gold	
  in	
  this	
  case,	
  can	
  be	
  calculated	
  with	
  the	
  following	
  formula[8], 

R=R0 [1+α(T-T0)]                      … (eq 3.1) 
 

where 
    R = Resistance at temperature, T 
    R0 = Initial Resistance 
    α = Temperature coefficient of Gold 
    T = Temperature in degree Celsius 
    T0= Initial Temperature in degree Celsius 
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The	
  linear	
  relationship	
  between	
  the	
  resistivity	
  of	
  gold	
  and	
  temperature	
   is	
  shown	
  in	
  

Figure	
   3.7	
  where	
   the	
   gold	
   resistivity	
   is	
   displayed	
   over	
   the	
   temperature	
   range	
   of	
   0	
  

through	
  900K[9].	
  

 

 
Figure	
  3.7:	
  Gold	
  resistivity	
  vs	
  Temperature [9]. 

 
The	
   temperature	
   sensor	
   is	
   designed	
   in	
   folded	
   design	
   as	
   in	
   Figure	
   3.8	
   with	
   a	
   total	
  

length	
  of	
  39040	
  µm	
  and	
  width	
  20	
  µm.	
  

 

 
Figure	
  3.8:	
  Gold	
  temperature	
  sensor	
  design	
  layout 

 
 
The	
  resistance	
  of	
  a	
  rectangular	
  region	
  is	
  given	
  by[10],	
  

               …(eq 3.2) 
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Where	
  L	
  =	
  length,	
  W=	
  width,	
  t	
  =	
  thickness	
  and	
  pn	
  =	
  	
  bulk	
  resistivity	
  (Ω-­‐m).	
  Calculating	
  

the	
  resistance	
  of	
  the	
  temperature	
  sensor	
  at	
  room	
  temperature	
  =20°C	
  (pn=2.049x10
-­‐8	
  

Ω-­‐m),	
  L=39040µm,	
  W=	
  20µm,	
  t=	
  200nm	
  we	
  get	
  the	
  resistance	
  as	
  R	
  ≈	
  200	
  Ω.	
  To	
  get	
  

the	
   function	
   of	
   temperature	
   in	
   voltage,	
   we	
   simply	
   use	
   equation	
   3.1	
   with	
   gold	
  

temperature	
  coefficient	
  3.4	
  x	
  10-­‐3	
  /	
  °C.	
  

 
V=I (200 [1+3.4 x 10-3 (T-20)])          … (eq 3.3) 

 
In	
   conclusion,	
   the	
   temperature	
   sensor	
   is	
   designed	
   using	
   the	
   thermal	
   resistivity	
   of	
  

gold	
   with	
   the	
   dimension	
   of	
   39040µm	
   x	
   20µm	
   in	
   folded	
   design.	
   The	
   baseline	
  

resistivity	
  of	
  200	
  Ω	
  at	
   room	
  temperature	
   (assumed	
  20°C)	
   is	
   calculated	
  and	
  used	
   to	
  

get	
  an	
  equation	
  where	
  changes	
  in	
  temperature	
  could	
  be	
  transduced	
  to	
  voltage.	
  	
  

 

3.4 Sensor	
  Fabrication	
  

	
  
The	
   sensor	
  was	
   fabricated	
  with	
   a	
   series	
   of	
   standard	
   silicon	
   processing	
   techniques.	
  

Using	
   the	
   layout	
   design	
   discussed	
   in	
   the	
   previous	
   section,	
   photomasks	
   have	
   been	
  

sent	
  out	
  for	
  fabrication	
  to	
  a	
  printing	
  company	
  (JDPhoto	
  Ltd,	
  UK)	
  to	
  print	
  these	
  masks	
  

in	
   high	
   resolution	
   on	
   an	
   acetate	
   sheet.	
   The	
   acetate	
   sheets	
   are	
   then	
   attached	
   to	
   a	
  

glass	
  plate	
  so	
  to	
  fit	
  into	
  the	
  mask	
  aligner.	
  

	
   The	
   sensor	
   arrays	
   were	
   fabricated	
   using	
   four	
   photomask	
   process:	
   namely	
  

metal1,	
  insulator,	
  metal2,	
  and	
  passivation	
  layer.	
  	
  Figure	
  3.9-­‐	
  Figure	
  3.15	
  illustrate	
  the	
  

silicon	
  processing	
  techniques	
  used	
  to	
  fabricate	
  this	
  device.	
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Figure	
  3.9:	
  Silicon	
  Oxide	
  coated	
  with	
  Au	
  and	
  Cr	
  layer	
  with	
  photoresist 

 
The	
  process	
  is	
  started	
  by	
  oxidizing	
  3	
  inch	
  silicon	
  wafer	
  with	
  1	
  micron	
  thermal	
  silicon	
  

dioxide	
   layer.	
   Then,	
   a	
   25nm	
   layer	
   of	
   Cr	
   is	
   deposited	
   onto	
   the	
   thermal	
   oxide	
   film	
  

followed	
  by	
  a	
  170	
  nm	
  gold	
   film.	
   	
   The	
   thin	
   layer	
  of	
  Cr	
   is	
  deposited	
   first	
   to	
   improve	
  

adhesion	
  between	
  Au	
  to	
  the	
  silicon	
  wafer[11].	
  	
  These	
  thin	
  films	
  were	
  deposited	
  using	
  

metal	
  evaporation	
  technique	
  with	
  Edwards	
  Auto	
  306	
  Thermal	
  Evaporator.	
  A	
  1.8µm	
  

positive	
  photoresist	
  Shipley	
  S1818	
  is	
  then	
  spin	
  coated	
  on	
  to	
  the	
  metal1	
  layer.	
  After	
  

spin	
  coating,	
  the	
  substrate	
  with	
  metal	
  layers	
  are	
  put	
  into	
  a	
  soft	
  bake	
  oven	
  (90°C	
  for	
  5	
  

minutes)	
  to	
  clear	
  out	
  the	
  solvent	
  in	
  the	
  photoresist	
  thus	
  transforming	
  the	
  resist	
  from	
  

liquid	
   to	
  solid	
  state.	
  The	
  bake	
  process	
  can	
  also	
   improve	
  adhesion	
   to	
   the	
  substrate.	
  

After	
   that,	
   the	
  wafer	
   is	
   left	
   to	
  cool	
  before	
   the	
  next	
  process.	
  Figure	
  3.10	
  shows	
   the	
  

substrate	
  with	
  all	
  the	
  coated	
  layers.	
  

	
  

Figure	
  3.10:	
  UV	
  Light	
  exposed	
  through	
  Mask	
  1 
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Using	
  Karl	
  Suss	
  mask-­‐aligner	
  (Zeiss),	
  photomask	
  1	
  (metal	
  1)	
  was	
  aligned	
  to	
  the	
  wafer	
  

and	
  exposed	
  to	
  350nm	
  UV	
  light	
  for	
  20	
  second	
  (shown	
  in	
  Figure	
  3.10).	
  This	
  exposure	
  

steps	
   in	
  photolithography	
  process	
  transfers	
  the	
  desired	
  pattern	
  on	
  the	
  mask	
  to	
  the	
  

photoresist	
  on	
  the	
  substrate.	
  The	
  appropriate	
  exposure	
   light	
  wavelength	
  of	
  the	
  UV	
  

light	
  must	
  be	
  chosen	
  carefully	
  according	
  to	
  the	
  photoresist	
  sensitivity.	
  Normally,	
  the	
  

shorter	
  the	
  wavelength,	
  the	
  better	
  the	
  patterning	
  resolution	
  while	
  the	
  thickness	
  of	
  

the	
  photoresist	
  material	
  determines	
  the	
  exposure	
  time.	
  	
  The	
  substrate	
  is	
  then	
  placed	
  

in	
  an	
  oven	
  for	
  a	
  hard	
  bake	
  (120°C	
  for	
  1	
  hour).	
  

 

	
  
Figure	
  3.1:	
  Etching	
  process	
  removing	
  Metal1	
   

 
The	
   next	
   process	
   is	
   wet	
   etching	
   illustrated	
   in	
   Figure	
   3.11	
   to	
   remove	
   the	
   exposed	
  

metal	
  1	
   layer	
  from	
  the	
  previous	
  process.	
   It	
  removes	
  all	
   the	
  metal	
   layers	
  uncovered	
  

by	
  the	
  photoresist.	
  Wet	
  etching	
  is	
  done	
  by	
  dipping	
  the	
  substrate	
  in	
  Au	
  etchant	
  for	
  30	
  

seconds	
   to	
   remove	
   the	
   Au	
   and	
   another	
   two	
  minutes	
   to	
   remove	
   Cr	
   layer	
   (in	
   a	
   Cr	
  

etchant).	
   Subsequently,	
   acetone	
   and	
   IPA	
   is	
   used	
   to	
   rinse	
   and	
   dry	
   the	
   substrate	
   to	
  

remove	
  photoresist	
  and	
  any	
  residue	
  on	
  the	
  substrate	
  surface	
  [12].	
   

 

	
  
Figure	
  3.2:	
  Coating	
  substrate	
  with	
  insulator	
  layer 
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The	
   next	
   step	
   is	
   coating	
   the	
   substrate	
  with	
   an	
   insulator	
   layer,	
   as	
   shown	
   in	
   Figure	
  

3.12.	
   SU8-­‐2	
   was	
   used	
   as	
   the	
   insulator	
   layer	
   material,	
   which	
   is	
   a	
   non-­‐conductive,	
  

negative-­‐tone,	
   epoxy	
   based	
   photoresist.	
   They	
   are	
   exposed	
   under	
   UV	
   and	
  

subsequently	
   cross-­‐linked	
   portions	
   of	
   the	
   film	
   are	
   rendered	
   insoluble	
   to	
   liquid	
  

developers[13].	
  SU8-­‐2	
  was	
  spin-­‐coated,	
  with	
  a	
  typical	
  thickness	
  of	
  2μm,	
  by	
  spinning	
  

it	
  at	
  4000rpm	
  for	
  15	
  seconds.	
  The	
  substrate	
  is	
  then	
  soft	
  baked	
  (90°C	
  for	
  5	
  minutes)	
  

to	
  evaporate	
  the	
  solvent	
  and	
  solidify	
  the	
  film.	
  	
  

 

	
  
Figure	
  3.3:	
  UV	
  exposure	
  using	
  Mask	
  2	
  for	
  insulator	
  layer 

 
SU8-­‐2	
  is	
  a	
  negative	
  photoresist,	
  which	
  means	
  UV	
  light	
  exposure	
  causes	
  the	
  resist	
  to	
  

polymerized,	
  and	
  become	
  more	
  difficult	
  to	
  dissolve.	
  Therefore,	
  the	
  UV	
  exposed	
  area	
  

of	
  the	
  negative	
  resist	
  will	
  remain	
  on	
  the	
  surface,	
  and	
  the	
  developer	
  solution	
  will	
  only	
  

remove	
  the	
  unexposed	
  area.	
  Figure	
  3.13	
  shows	
  UV	
  exposure	
  of	
  the	
   insulator	
   layer.	
  

After	
  being	
  developed,	
  it	
  is	
  hard	
  baked	
  at	
  120oC	
  for	
  half	
  an	
  hour	
  to	
  further	
  cross-­‐link	
  

the	
  material.	
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Figure	
  3.4:	
  Metal2	
  fabrication	
  with	
  Mask	
  3 

 
Next,	
   metal	
   2	
   (Au)	
   is	
   fabricated	
   by	
   repeating	
   the	
   procedure	
   of	
   metal	
   1	
   with	
   a	
  

different	
  mask	
  (photomask	
  3),	
  shown	
  in	
  Figure	
  3.14.	
  After	
  wet	
  etching	
  of	
  the	
  metal	
  2	
  

layer,	
  a	
  10	
  µm	
  layer	
  of	
  passivation	
  (SU8-­‐10)	
  is	
  coated	
  on	
  the	
  surface	
  using	
  the	
  same	
  

procedure	
  as	
  coating	
  the	
  insulator	
  layer.	
  The	
  passivation	
  layer	
  is	
  also	
  negative	
  resist	
  

and	
  was	
  patterned	
  by	
  photomask	
  4	
  (shown	
  in	
  figure	
  3.15).	
  SU8-­‐10	
  is	
  used	
  as	
  a	
  final	
  

passivation	
  layer	
  as	
  its	
  thickness	
  provides	
  additional	
  protection.	
  The	
  finished	
  cells	
  are	
  

then	
  diced	
  with	
  a	
  150µm	
  saw	
  blade	
  using	
  a	
  Tempress	
  Model	
  602	
  dicing	
  saw.	
  	
  

 

	
  

Figure	
  3.5:	
  Passivation	
  layer	
  UV	
  exposure	
  

Figure	
  3.16(a)	
   shows	
   the	
  metal	
  1	
   layer	
  after	
   the	
  etching	
  and	
   rinsing	
  processes	
  and	
  

Figure	
   3.16(b)	
   shows	
   the	
   final	
   device	
   after	
   finishing	
   all	
   the	
   processes.	
   In	
   order	
   to	
  



Chapter	
  3:	
  Design	
  and	
  Fabrication	
  of	
  Large	
  Micro	
  Chemo	
  Sensor	
  Array	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  53	
  

interface	
   the	
   sensor	
   chip	
  with	
   the	
   data	
   acquisition	
   system,	
   it	
   needs	
   to	
   be	
   bonded	
  

onto	
  a	
  package.	
  A	
  wire-­‐bonding	
  machine	
  was	
  used	
  to	
  bond	
  gold	
  wire	
  from	
  the	
  chip	
  

to	
  the	
  package	
  (in	
  the	
  form	
  of	
  a	
  PCB).	
  The	
  wire	
  bond	
  is	
  then	
  glued	
  down	
  to	
  ensure	
  it	
  

is	
  intact	
  when	
  covering	
  the	
  sensor	
  with	
  the	
  sensor	
  chamber.	
  Figure	
  3.9(c)	
  shows	
  the	
  

sensor	
  bonded	
  to	
  the	
  PCB	
  package.	
  

 

 

Figure	
  3.6:	
  a)	
  Wafer	
  with	
  Metal	
  1	
  b)	
  Wafer	
  with	
  Metal	
  1	
  and	
  2	
  layer 

The	
   next	
   step	
   in	
   creating	
   a	
   chemo	
   sensor	
   array	
   is	
   to	
   deposit	
   the	
   carbon	
   black	
  

composite	
   as	
   the	
   gas	
   sensitive	
   layer	
   on	
   top	
   of	
   the	
   metal	
   electrode	
   (as	
   shown	
   in	
  

Figure	
  3.17).	
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Figure	
  3.7:	
  Carbon	
  Black	
  Composite	
  deposited	
  onto	
  metal	
  electrode	
  

	
  

3.5 Carbon	
  Black-­	
  Polymer	
  Deposition	
  

	
  
Generally,	
   a	
   chemoresistive	
   sensor	
   consists	
   of	
   2	
   electrodes	
   with	
   a	
   polymer-­‐

composite	
   sensing	
   material	
   deposited	
   in	
   between	
   them.	
   To	
   complete	
   the	
  

chemoresistive	
   sensor,	
   a	
   carbon	
   black	
   composite	
   layer	
   is	
   deposited	
   on	
   top	
   of	
   the	
  

electrode	
  as	
  in	
  Figure	
  3.10.	
  There	
  are	
  various	
  ways	
  available	
  to	
  deposit	
  a	
  thin	
  layer	
  of	
  

carbon	
   black	
   composite	
   onto	
   the	
   sensor.	
   Lee	
   et	
   al	
   has	
   demonstrated	
   deposition	
  

using	
  syringe	
  into	
  a	
  bulk	
  micromachined	
  ‘well’	
   in	
  between	
  the	
  electrodes[14].	
  They	
  

managed	
  to	
  deposit	
  very	
  small	
  amounts	
  of	
  composite	
  solutions	
  (3nl	
  to	
  30	
  nl)	
  into	
  the	
  

well	
   using	
   an	
   automated	
   syringe	
   (Nanojet	
   II,	
   Drummond	
   Scientific	
   Company).	
   The	
  

disadvantage	
  of	
   this	
  drop	
  coating	
   technique	
   is	
   that	
   the	
   resulting	
   film	
   is	
  usually	
  not	
  

uniform	
   [15].	
   Another	
   technique	
   is	
   a	
   microlithography	
   process	
   where	
   the	
   whole	
  

sensor	
  array	
  is	
  spin	
  coated	
  with	
  a	
  solution	
  [16].	
  However,	
  this	
  will	
  limit	
  the	
  diversity	
  

of	
  the	
  sensor	
  as	
  the	
  entire	
  300	
  sensors	
  will	
  be	
  coated	
  with	
  the	
  same	
  material.	
  This	
  

technique	
  is	
  suitable	
  for	
  an	
  array	
  with	
  low	
  sensor	
  numbers.	
  Other	
  techniques	
  include	
  

dip	
   coating[17],	
   spin	
   casting[18],	
   and	
   electrochemical	
   deposition[19].	
   However,	
  

these	
  techniques	
  are	
  not	
  suitable	
  for	
  a	
  large	
  sensing	
  array	
  as	
  it	
  is	
  difficult	
  to	
  deposit	
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individual	
   sensors	
   with	
   different	
   gas	
   sensitive	
   layers.	
   For	
   high	
   density	
   sensor	
  

deposition,	
  Dickson	
  has	
  demonstrate	
  spray	
  coating	
  through	
  a	
  physical	
  mask[20].	
  This	
  

technique	
   is	
   suitable	
   for	
   large	
   sensor	
   arrays	
   because	
   it	
   is	
   possible	
   to	
   deposit	
   the	
  

sensor	
   individually	
   through	
   the	
   mask	
   without	
   affecting	
   the	
   neighbouring	
   sensors.	
  

However,	
   this	
   technique	
   is	
   time	
   consuming	
   for	
   very	
   large	
   sensor	
   arrays.	
   We	
   are	
  

utilizing	
  the	
  spray	
  coating	
  method	
  to	
  spray	
  our	
  large	
  sensing	
  arrays	
  with	
  a	
  diverse	
  set	
  

of	
  materials.	
  Here	
  we	
  will	
  discuss	
  material,	
  equipment	
  and	
  deposition	
  technique	
  for	
  

our	
  large	
  sensor	
  array	
  set.	
  

3.5.1 Material	
  
	
  

As	
  mentioned	
   before,	
  we	
   are	
   utilizing	
   carbon	
   black	
   polymer	
   composite	
   as	
   our	
   gas	
  

sensitive	
  film.	
  There	
  has	
  been	
  much	
  research	
  using	
  various	
  polymers	
  as	
  composites,	
  

[3,	
   4,	
   6,	
   18,	
   24-­‐27].	
  However	
  most	
   of	
   these	
   researchers	
   use	
   less	
   than	
   20	
  different	
  

polymers	
  in	
  their	
  arrays.	
  One	
  of	
  the	
  reasons	
  is	
  the	
  time	
  consuming	
  process	
  of	
  coating	
  

the	
   sensors.	
   Doleman	
   has	
   demonstrated	
   using	
   a	
   similar	
   polymer	
   with	
   different	
  

proportions	
   to	
   gain	
   additional	
   sensor	
   diversity,	
   providing	
   a	
   non-­‐linear	
   reaction	
  

compared	
   to	
   the	
  main	
   polymer[21].	
   Table	
   3.2	
   shows	
   the	
   list	
   of	
   polymer	
   with	
   the	
  

composition	
  as	
  our	
  gas	
  sensitive	
  layer	
  with	
  10	
  pure	
  phases	
  and	
  14	
  polymer	
  blends.	
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Table	
  3.1:	
  List	
  of	
  Polymer	
  Composite	
  Composition	
  with	
  Solvent	
  

	
  

3.5.2 Solution	
  Preparation	
  and	
  Deposition	
  
	
  

The	
   polymer	
   composite	
   solution	
   was	
   prepared	
   by	
   dissolving	
   a	
   polymer	
   (or	
   blend)	
  

with	
  20ml	
  of	
  solvent	
  in	
  a	
  vial.	
  The	
  solution	
  was	
  put	
  on	
  a	
  magnetic	
  stirrer	
  overnight	
  at	
  

40°C	
  to	
  make	
  sure	
  the	
  entire	
  polymer	
  dissolved	
  entirely.	
  Then,	
  20%	
  of	
  carbon	
  black	
  

(by	
  weight)	
  was	
  added	
  to	
  the	
  solution,	
  then	
  shaken	
  using	
  a	
  Griffin	
  and	
  George	
  (UK)	
  

flask	
   shaker	
   to	
   disperse	
   the	
   carbon	
   black	
   into	
   the	
   solution.	
   The	
   solution	
   is	
   then	
  

poured	
  into	
  an	
  air	
  brush	
  to	
  be	
  deposited	
  on	
  the	
  sensor.	
  	
  

The	
   sensors	
   were	
   coated	
   using	
   an	
   Iwata	
   CP-­‐30	
   Airbrush,	
   by	
   spraying	
   the	
  

solution	
   through	
   a	
   MSL	
   machined	
   mask,	
   as	
   shown	
   in	
   Figure	
   3.18(a).	
   The	
   mask	
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fabrication	
  will	
   be	
   described	
   in	
   the	
   next	
   chapter.	
   However,	
   before	
   deposition,	
   the	
  

sensor	
  needs	
  to	
  be	
  aligned	
  properly	
  through	
  the	
  mask,	
  as	
  shown	
  in	
  Figure	
  3.18(b).	
  A	
  

custom-­‐built	
  aligner	
  system,	
  as	
  shown	
  in	
  Figure	
  3.18(c),	
  was	
  used	
  to	
  align	
  the	
  mask	
  

to	
   the	
   sensor.	
   The	
   deposition	
   process	
   coated	
   12	
   sensors	
   in	
   the	
   arrays	
   at	
   once	
   (8	
  

sensors	
  for	
  Portable	
  e-­‐Mucosa	
  as	
  discussed	
  later)	
  so	
  that	
  all	
  12(or	
  8)	
  will	
  have	
  similar	
  

properties.	
  These	
   replicate	
  sensors	
   (12	
  sensors)	
   for	
   the	
  same	
  odorant	
  will	
   improve	
  

the	
  redundancy	
  of	
  the	
  system	
  thus	
  giving	
  more	
  information	
  for	
  signal	
  processing.	
  	
  

	
  

Figure	
  3.8:	
  a)	
  MSL	
  Mask	
  b)	
  Mask	
  aligned	
  to	
  sensor	
  c)	
  Mask	
  Aligner	
  machine	
  

	
  

Since	
  we	
  are	
  depositing	
  12	
  sensors	
  at	
  once,	
  it	
  is	
  necessary	
  to	
  monitor	
  the	
  resistance	
  

for	
  all	
  12	
  sensors	
  during	
  deposition	
  to	
  ensure	
  they	
  are	
  all	
  within	
  the	
  right	
  range.	
  An	
  

interface	
  to	
  the	
  data	
  acquisition	
  system	
  was	
  built	
  in	
  order	
  to	
  monitor	
  the	
  change	
  in	
  

resistance	
  during	
  deposition.	
  This	
  live	
  monitoring	
  allows	
  us	
  to	
  control	
  the	
  deposition	
  

a	
  

b	
  

c	
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to	
  be	
  as	
  similar	
  as	
  possible.	
  It	
  is	
  important	
  to	
  maintain	
  the	
  location	
  of	
  deposition	
  and	
  

similar	
  baseline	
  resistance	
  between	
  all	
  the	
  sensors	
  to	
  ensure	
  valid	
  data	
  comparison	
  

between	
  the	
  arrays.	
  The	
  sensor-­‐based	
  resistance	
  was	
  controlled	
  while	
  depositing	
  to	
  

be	
  around	
  5	
  –	
  15kΩ	
  with	
  typical	
  thickness	
  of	
  15	
  µm	
  to	
  25	
  µm.	
  Figure	
  3.19	
  shows	
  the	
  

location	
   of	
   deposition	
   of	
   the	
   24	
   different	
   polymer	
   composite	
   blends.	
   The	
   sensor	
  

numbering,	
  also	
  shown	
  in	
  the	
  same	
  figure,	
  provides	
  an	
  easy	
  way	
  to	
  identify	
  the	
  right	
  

sensor	
  response	
  during	
  processing.	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

 
 

Figure	
  3.9:	
  Sensor	
  numbering	
  and	
  polymer	
  deposition	
  location 
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3.6 Deposition	
  Process	
  
	
  

The	
  spray	
  coating	
  process	
   starts	
  by	
  aligning	
   the	
  sensor	
   to	
   the	
  spray	
  mask,	
  under	
  a	
  

microscope,	
   to	
   ensure	
   a	
   good	
  match.	
   Then	
   the	
   airbrush	
   is	
   filled	
  with	
   the	
   solution	
  

previously	
   prepared.	
   Before	
   spraying,	
   the	
   alignment	
   machine	
   is	
   connected	
   to	
   the	
  

data	
  acquisition	
  system	
  for	
  sensor	
  monitoring.	
  The	
  deposition	
  is	
  performed	
  inside	
  a	
  

fume	
   cupboard	
   for	
   safety	
   reasons.	
   Then,	
   during	
   spraying,	
   the	
   sensor	
   baseline	
   is	
  

monitored	
  to	
  ensure	
  similar	
  properties	
  between	
  sensors.	
  	
  

The	
   deposition	
   process	
   is	
   time	
   consuming	
   since	
   much	
   of	
   the	
   equipment	
  

requires	
   cleaning	
  between	
  depositions	
   to	
   avoid	
   contamination	
  with	
  other	
  polymer	
  

composites.	
   After	
   deposition,	
   the	
   airbrush	
   and	
   mask	
   needs	
   to	
   be	
   cleaned.	
   The	
  

airbrush	
   is	
   dismantled	
   and	
   put	
   in	
   a	
   beaker	
   filled	
  with	
  water	
   and	
   cleaning	
   solution	
  

(micro	
   90).	
   It	
   is	
   then	
   placed	
   inside	
   an	
   ultrasonic	
   water	
   bath	
   to	
   remove	
   carbon	
  

black/polymer	
  residue	
  inside	
  the	
  airbrush	
  and	
  blown	
  dry	
  with	
  an	
  air	
  gun.	
  Finally,	
  it	
  is	
  

assembled	
   back	
   again	
   and	
   is	
   ready	
   for	
   the	
   next	
   polymer	
   composite.	
   The	
   mask	
   is	
  

cleaned	
  using	
  the	
  same	
  process.	
  	
  

3.7 Sensor	
  Characterization	
  	
  
	
  

The	
  large	
  chemo	
  sensor	
  arrays	
  have	
  been	
  characterised	
  to	
  determine	
  their	
  responses	
  

to	
   simple	
  analytes	
  and	
  complex	
  odours.	
  Figure	
  3.20	
  shows	
  seven-­‐sensor	
   responses	
  

to	
  simple	
  analytes.	
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Figure	
  3.20:	
  Seven	
  sensor	
  responses	
  to	
  simple	
  analyte,	
  a)	
  ethyl	
  acetate	
  b)	
  toluene	
  c)	
  ethanol	
  

vapour	
  in	
  air	
  

a	
  

b	
  

c

b	
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Sensor	
  response	
  to	
  simple	
  analytes	
  was	
  tested	
  passing	
  through	
  ethanol,	
  toluene	
  and	
  

ethyl	
  acetate	
  vapour	
  over	
  the	
  sensor	
  for	
  30	
  seconds.	
  A	
  reference	
  baseline	
  is	
  initially	
  

defined	
   by	
   passing	
   air	
   through	
   the	
   sensor	
   for	
   20	
   seconds.	
   Finally,	
   the	
   sensor	
   is	
  

flushed	
  with	
  air	
   for	
  100	
  seconds	
   to	
   return	
   it	
   to	
   the	
  baseline.	
  The	
   test	
  was	
  done	
  at	
  

23°C	
  and	
  humidity	
  (10%	
  r.h.).	
  	
  	
  

	
  
Figure	
  3.10:	
  Colour	
  map	
  for	
  300	
  sensor	
  response	
  to	
  essential	
  oils	
  

	
  

Next,	
  shown	
  in	
  Figure	
  3.21,	
  are	
  the	
  responses	
  to	
  essential	
  oils	
  (lavender,	
  cinnamon,	
  

lemon	
   and	
   ylang	
   ylang)	
   were	
   used	
   to	
   demonstrate	
   the	
   sensor	
   response	
   to	
   more	
  

complex	
  odours.	
  The	
  sensor	
  was	
  exposed	
  to	
  the	
  analytes	
  for	
  1	
  minute;	
  with	
  baseline	
  

reference	
  1	
  minute	
  and	
  3	
  minutes	
  flushing	
  with	
  air.	
  The	
  test	
  condition	
  was	
  at	
  23	
  C,	
  

humidity	
  at	
  10%	
  r.h.	
  and	
  flow	
  rate	
  100	
  ml/m.	
  The	
  plot	
  of	
  RMAX-­‐RMIN	
  on	
  all	
  300	
  sensors	
  

(array	
  of	
  25	
  x	
  12)	
  clearly	
  shows	
  the	
  discrimination	
  power	
  of	
  the	
  large	
  sensor	
  arrays.	
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Figure	
  3.11:	
  Sensor	
  response	
  to	
  different	
  	
  concentrations	
  of	
  a)	
  toluene	
  and	
  b)	
  ethanol	
  

vapour	
  in	
  air	
  

	
  

To	
   examine	
   the	
   sensor	
   response	
   to	
   different	
   concentrations,	
   ethanol	
   and	
   toluene	
  

vapour	
  were	
  passed	
  over	
  the	
  sensors	
  at	
  8	
  different	
  concentrations	
  as	
  shown	
  in	
  figure	
  

3.22.	
  The	
  minimum	
  concentration	
  that	
  the	
  sensor	
  can	
  detect	
  is	
  200ppm	
  for	
  ethanol	
  

a	
  

b	
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vapour	
  and	
  400	
  ppm	
  for	
  toluene	
  vapour.	
  Some	
  research	
  has	
  demonstrated	
  ability	
  to	
  

detect	
   lower	
  concentration	
  with	
  a	
  thinner	
   layer	
  of	
  gas	
  sensitive	
  material.	
  However,	
  

in	
   this	
   research,	
  we	
  are	
   focusing	
  on	
  developing	
   larger	
   sensor	
  arrays	
  with	
   temporal	
  

information;	
   hence	
   the	
   reason	
   for	
   choosing	
   a	
   coating	
   technique	
   that	
   produces	
   a	
  

slightly	
  thicker	
  gas	
  sensitive	
  film.	
  

	
  

	
  
Figure	
  3.12:	
  Sensor	
  response	
  taken	
  at	
  seven	
  different	
  flow	
  rates	
  

	
  

	
   Finally,	
   the	
  sensors	
  were	
  tested	
  for	
   flow	
  velocity	
  effect	
  on	
  sensor	
  response.	
  

Figure	
   3.23	
   shows	
   the	
   sensor	
   response	
   at	
   different	
   velocity.	
   This	
   information	
   can	
  

help	
  determine	
  the	
  velocity	
  range	
  that	
  can	
  be	
  used	
  for	
  the	
  combined	
  system	
  which	
  

will	
   be	
   discussed	
   in	
   later	
   chapters.	
   It	
   can	
   be	
   seen	
   from	
   the	
   graph	
   that	
   the	
   sensor	
  

response	
   time	
   becomes	
   faster	
   as	
   the	
   flow	
   rate	
   increases	
   while	
   the	
   response	
  

magnitude	
  decreases	
  with	
   increasing	
   flow	
   rate.	
  However,	
   there	
   is	
   not	
   a	
   significant	
  

difference	
   in	
   response	
   time	
   between	
   flow	
   rate	
   90,	
   110	
   and	
   130	
   ml/m.	
   A	
   more	
  

detailed	
  characterization	
  of	
  the	
  large	
  sensor	
  array	
  will	
  be	
  described	
  in	
  Chapter	
  7.	
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3.8 Portable	
  e-­Mucosa	
  design	
  consideration	
  

	
  
As	
  mentioned	
  before,	
  the	
  portable	
  e-­‐mucosa	
  is	
  designed	
  based	
  on	
  the	
  complete	
  e-­‐

nose	
  system.	
  Here,	
  the	
  same	
  300	
  sensors	
  are	
  used	
  in	
  the	
  portable	
  system.	
  However,	
  

in	
  order	
  to	
  reduce	
  the	
  size	
  and	
  complexity	
  of	
  the	
  portable	
  system,	
  only	
  200	
  sensors	
  

(array	
  of	
  25	
  x	
  8)	
  are	
  utilized	
  from	
  the	
  300	
  sensors	
  in	
  the	
  array.	
  	
  	
  

	
   In	
   order	
   to	
   use	
   only	
   200	
   sensors,	
   some	
   of	
   the	
   components	
   and	
   processes	
  

related	
  to	
  the	
  300	
  sensor	
  arrays	
  need	
  to	
  be	
  modified.	
  	
  Firstly	
  the	
  sensor	
  package	
  is	
  

redesigned	
  with	
  smaller	
  dimensions	
  and	
  different	
  connectors	
  as	
  in	
  Figure	
  3.24(a).	
  In	
  

order	
   to	
   fit	
   the	
   sensor	
   onto	
   the	
   same	
   deposition	
   alignment	
  machine,	
   an	
   interface	
  

board	
   was	
   designed	
   and	
   fabricated	
   to	
   fit	
   the	
   alignment	
  machine	
   (Figure	
   3.24(b)).	
  

Secondly,	
  the	
  mask	
  is	
  redesigned	
  to	
  fit	
  eight	
  sensors	
   in	
  a	
  row	
  configuration.	
  Design	
  

and	
  modification	
  for	
  portable	
  e-­‐Mucosa	
  will	
  be	
  discussed	
  in	
  further	
  chapters.	
  

	
  

Figure	
  3.13:	
  a)	
  Sensor	
  array	
  on	
  Portable	
  e-­‐Mucosa	
  sensor	
  package	
  b)	
  Sensor	
  package	
  
plugged	
  onto	
  mask	
  aligner	
  adapter	
  

	
  

3.9 Conclusions	
  	
  	
  	
  	
  
  
In	
  this	
  chapter,	
  the	
  large	
  chemosensor	
  array	
  used	
  in	
  this	
  study	
  has	
  been	
  described.	
  

This	
   covers	
   the	
  decisions	
  made	
  on	
   the	
  dimensions,	
   layout,	
   fabrication	
  process	
   and	
  

a	
   b	
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coating.	
  This	
  work	
  resulted	
  in	
  the	
  production	
  of	
  a	
  300	
  elements	
  chemoresitive	
  array.	
  

We	
  have	
  described	
  how	
  the	
  sensor	
  array	
  is	
  accessed,	
  where	
  by	
  a	
  single	
  sensor	
  would	
  

be	
   switched	
   on	
   only	
  when	
   the	
   two	
   corresponding	
   pads	
   are	
   connected.	
   Therefore,	
  

the	
  multi-­‐metal	
   layer	
  structure	
  has	
  been	
  employed	
  to	
   reduce	
   the	
  pad	
  number	
  and	
  

total	
  size	
  of	
  the	
  sensor	
  arrays.	
  The	
  elements	
  taken	
  into	
  account	
  here	
  are	
  the	
  cross-­‐

contamination	
   effect	
   between	
   sensors,	
   cross-­‐talk	
   between	
   tracks,	
   convenience	
   for	
  

wire	
  bonding,	
  and	
  long	
  transmission	
  distance	
  influence	
  brought	
  by	
  the	
  shared	
  pads.	
  

A	
  resistive	
  based	
  gold	
  temperature	
  sensor	
  was	
  designed	
  on-­‐chip	
  to	
  aid	
  temperature	
  

monitoring	
   during	
   testing.	
   The	
   temperature	
   sensor	
   was	
   designed	
   with	
   a	
   baseline	
  

resistance	
  of	
  200Ω	
  at	
  room	
  temperature	
  (assumed	
  20oC).	
  

	
   The	
   use	
   of	
   carbon	
   black	
   composites	
   as	
   the	
   gas	
   sensitive	
   layer	
   allows	
   the	
  

sensor	
  arrays	
  to	
  operate	
  at	
  room	
  temperature.	
  A	
  number	
  of	
  deposition	
  techniques	
  

for	
   these	
   materials	
   have	
   been	
   described	
   and	
   compared.	
   Spray	
   coating	
   has	
   been	
  

favoured,	
  compared	
  to	
  dip	
  coating,	
  spin	
  coating	
  and	
  electrochemical	
  coating	
  due	
  to	
  

the	
  convenience	
  of	
   coating	
   individual	
   sensors	
  allowing	
  a	
   large	
  diversity	
  of	
  polymer	
  

blends	
  to	
  be	
  used	
  as	
  the	
  gas	
  sensitive	
  layer.	
  	
  The	
  deposition	
  process	
  is	
  also	
  described	
  

including	
   material	
   combination,	
   equipment	
   (usage	
   and	
   cleaning)	
   and	
   sensor	
  

monitoring	
  during	
  coating.	
  

	
  	
   Finally,	
  initial	
  sensor	
  characterization	
  was	
  presented	
  including	
  drift	
  and	
  noise	
  

factors,	
  magnitude	
  of	
  response	
  to	
  ethanol	
  and	
  toluene	
  vapour,	
  concentration	
  effect	
  

and	
  flow	
  velocity	
  effect.	
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CHAPTER	
  4 	
  
	
  
Design	
  and	
  Fabrication	
  of	
  Microfluidics	
  
Component	
  
	
  	
  

4.1 Introduction	
  

	
  

This	
  chapter	
  describes	
  the	
  design	
  and	
  fabrication	
  of	
  novel	
  microfluidic	
  packages	
  by	
  

3D	
   direct	
   manufacture.	
   Such	
   systems	
   are	
   a	
   direct	
   result	
   of	
   the	
   invention	
   and	
  

deployment	
   of	
   Rapid	
   prototyping	
   machines,	
   which	
   have	
   been	
   used	
   for	
   over	
   two	
  

decades	
   to	
  decrease	
  product	
  development	
   time[1-­‐3].	
   Initially,	
   such	
  machines	
  were	
  

limited	
   to	
   creating	
   large	
   replicas	
   with	
   minimum	
   feature	
   sizes	
   in	
   the	
   order	
   of	
   a	
  

millimeter,	
   but	
   later	
   machines	
   are	
   now	
   approaching	
   the	
   resolution	
   of	
   more	
  

traditional	
  silicon	
  micro-­‐machining	
  techniques.	
  	
  

	
   Although	
   various	
   silicon	
   micromachining	
   methods,	
   such	
   as	
   LIGA[4]	
   and	
  

DRIE[5],	
  are	
  able	
  to	
  construct	
  high	
  aspect	
  ratio	
  microchannels	
  and	
  microstructures,	
  

these	
   techniques,	
   in	
  general,	
  only	
  produce	
  planar	
   structures	
   (sometimes	
  described	
  

as	
   extruded	
   2D)	
   and	
   are	
   not	
   able	
   to	
   construct	
   full	
   3D	
   components.	
   Furthermore,	
  

fabricating	
   structures	
   using	
   silicon	
   machining	
   is	
   time	
   consuming	
   and	
   costly.	
   Here	
  

Micro	
   stereo	
   lithography	
   (MSL	
   –	
   a	
   form	
   of	
   micro-­‐direct	
   manufacture)	
   has	
   been	
  

favoured	
  over	
  silicon	
  micromachining	
  as	
   it	
  allows	
   full	
  3D	
  structures	
   to	
  be	
  designed	
  

and	
  constructed	
  in	
  a	
  very	
  short	
  period	
  of	
  time	
  and	
  be	
  highly	
  cost	
  effective.	
  MSL	
  has	
  

evolved	
   from	
   the	
   stereolithography	
   (SL)	
   technique,	
  based	
  on	
  a	
   light-­‐induced	
   layer-­‐
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stacking	
  manufacturing	
   technique.	
   The	
   advantages	
   of	
  MSL	
   are	
   that	
   it	
   allows	
   rapid	
  

development	
  of	
  high-­‐resolution	
  three	
  dimensional	
  micro	
  size	
  objects.	
  

	
   Here	
  we	
  will	
  first	
  review	
  various	
  MSL	
  techniques	
  and	
  then	
  discuss	
  the	
  design	
  

and	
   fabrication	
   of	
   microfluidic	
   channel	
   and	
   various	
   chamber	
   for	
  

sensors/preconcentrators	
   used	
   in	
   this	
   instrument.	
   The	
   stationary	
   phase	
   coating	
   of	
  

the	
  column	
  will	
  also	
  be	
  described.	
  	
  

	
  

4.2 Microstereolithography	
  Fabrication	
  

	
  
Most	
  stereolithography	
  systems	
  (SL	
  and	
  there	
  micro-­‐versions	
  -­‐	
  MSL)	
  predominantly	
  

work	
   through	
   an	
   additive	
   layer	
   process,	
   where	
   each	
   layer	
   is	
   cured	
   into	
   a	
  

photosensitive	
   resin	
   by	
   a	
   light	
   source	
   (a	
   process	
   called	
   photopolymerization).	
   In	
  

photopolymerization,	
  a	
  source	
  of	
  light	
  such	
  as	
  UV	
  laser[6]	
  or	
  Near	
  IR	
  laser[7]	
  is	
  used	
  

to	
   trigger	
   a	
   chain	
   reaction	
   in	
   the	
   monomer,	
   which	
   induces	
   the	
   polymerization	
   of	
  

liquid	
   monomer	
   into	
   solid	
   polymer.	
   Once	
   the	
   polymer	
   is	
   cross	
   linked,	
   it	
   cannot	
  

dissolve	
   again	
   in	
   a	
   monomer	
   [8].	
   The	
   surface	
   of	
   photosensitive	
   liquid	
   (resin)	
   is	
  

exposed	
  to	
   the	
   laser	
  source	
  creating	
  a	
  2D	
   image	
  on	
  the	
  surface.	
  When	
  the	
   layer	
   is	
  

finished,	
  a	
  fresh	
  layer	
  of	
  resin	
  is	
  spread	
  on	
  top	
  of	
  the	
  2D	
  object	
  and	
  the	
  light	
  induced	
  

solidification	
  of	
   the	
  next	
   layer	
   is	
   started.	
   This	
  process	
   is	
   repeated	
   layer-­‐by-­‐layer	
   to	
  

construct	
  a	
  full	
  3D	
  structure.	
  	
  

	
   The	
   first	
   report	
   work	
   on	
   a	
   micro	
   3D	
   structure,	
   using	
   a	
   stereolithography	
  

process,	
  was	
  made	
  by	
  N.	
  Nakajima	
  and	
  T.	
  Takagi	
  in	
  1993	
  when	
  they	
  demonstrated	
  an	
  

apparatus	
  that	
  could	
  produce	
  a	
  3D	
  structure	
  at	
  a	
  resolution	
  0.8	
  µm[9].	
  In	
  the	
  same	
  

year,	
  K.	
  Ikuta	
  and	
  K.	
  Hirowatari	
  showed	
  their	
  apparatus	
  which	
  was	
  able	
  to	
  achieve	
  up	
  

to	
  0.25	
  µm	
  in	
  XY	
  direction	
  and	
  1	
  µm	
  in	
  the	
  Z	
  direction[10].	
  The	
  process	
  developed	
  by	
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Ikuta	
  and	
  Takagi	
  are	
  similar	
  in	
  a	
  way	
  where	
  they	
  both	
  use	
  vector	
  by	
  vector	
  scanning	
  

method	
  is	
  used	
  to	
  produce	
  a	
  2D	
  layer.	
  Later	
  researches	
  are	
  more	
  extensive	
  but	
  use	
  

relatively	
  similar	
  concept.	
  The	
  vector	
  by	
  vector	
  scanning	
  technique	
  uses	
  a	
  fixed	
  light	
  

source	
   that	
   focuses	
   and	
   cures	
   the	
   resin	
   spot	
   by	
   spot	
   while	
   the	
   XY	
   stage	
   or	
  

phothoreactor(object	
  holder)	
  is	
  moved	
  around.	
  Although	
  spot	
  by	
  spot	
  curing	
  is	
  time	
  

consuming,	
   it	
   can	
  produce	
  a	
  high-­‐resolution	
   structure,	
  due	
   to	
   the	
   fact	
   that	
   the	
  UV	
  

light	
  is	
  focused	
  optimally	
  onto	
  the	
  resin	
  surface.	
  	
  

	
   The	
   next	
   generation	
   of	
   microstereolithography	
   machine	
   known	
   as	
   integral	
  

MSL	
   uses	
   a	
   slightly	
   different	
   technique.	
   In	
   integral	
   MSL,	
   the	
   2D	
   layer	
   is	
   built	
   by	
  

focusing	
  a	
  whole	
   image	
  through	
  onto	
  the	
  resin	
  surface.	
  This	
  method	
  is	
  significantly	
  

faster	
   because	
   a	
   whole	
   layer	
   is	
   cured	
   in	
   a	
   single	
   process,	
   whereas	
   the	
   vector	
   by	
  

vector	
  technique	
  requires	
  every	
  pixel	
  to	
  be	
  cured	
  one	
  by	
  one.	
  However	
  the	
  problem	
  

with	
  this	
  method	
  is	
  the	
  difficulty	
  to	
  get	
  high	
  resolution.	
  The	
  first	
  reported	
  use	
  of	
  this	
  

technique	
  is	
  by	
  Bertsch,	
  where	
  they	
  developed	
  an	
  integral	
  MSL	
  machine	
  using	
  260	
  x	
  

260	
  pixel	
  LCD	
  as	
  the	
  UV	
  light	
  mask	
  [11].	
   

The	
  next	
  stage	
  in	
  the	
  development	
  of	
  MSL	
  machine	
  is	
  the	
  use	
  of	
  digital	
  micro	
  

mirror	
  device	
  (DMD)	
  as	
  pattern	
  generator.	
  Developed	
  by	
  Texas	
  Instrument,	
  the	
  DMD	
  	
  

is	
   a	
  microelecromechanical	
   system	
  working	
   as	
   a	
   light	
   switch[12].	
   	
   In	
   1999,	
   Bertch	
  

introduce	
   a	
  MSL	
  machine	
   utilizing	
   DMD	
   technology	
   as	
   the	
   pattern	
   generator	
  with	
  

VGA	
  resolution	
  at	
  640	
  x	
  480	
  [13].	
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Figure	
  4.1:	
  Envisiontec	
  Perfactory	
  Mini	
  

	
   	
  

In	
   the	
   School	
   of	
   Engineering,	
   at	
   Warwick	
   University,	
   we	
   have	
   access	
   to	
   two	
  MSL	
  

machines	
   namely	
   the	
   Envisiontec	
   Perfactory	
   Mini	
   (Figure	
   4.1)	
   and	
   Envisiontec	
  

Perfactory	
  Desktop.	
  In	
  this	
  research,	
  we	
  are	
  using	
  the	
  Perfactory	
  Mini	
  that	
  is	
  able	
  to	
  

produce	
  objects	
  with	
  an	
  outer	
  dimension	
  of	
  41.98	
  ×	
  33.59	
  ×	
  230	
  mm3	
  at	
  a	
  resolution	
  

of	
  32.8	
  µm	
  ×	
  32.8	
  µm	
  ×	
  25	
  µm.	
  The	
  hardware	
  consists	
  of	
  a	
  dynamic	
  mask	
  modulator	
  

(with	
  a	
  DMD	
  chip),	
  visible	
  light	
  source,	
  focusing	
  optics	
  with	
  shutter,	
  a	
  build	
  platform	
  

(photoreactor),	
  a	
  Z-­‐stage	
  for	
  moving	
  the	
  base	
  (build	
  platform)	
  and	
  an	
  embedded	
  PC	
  

running	
   Linux.	
   Figure	
   4.2	
   show	
   the	
   Perfactory	
   Mini	
   functional	
   diagram.	
   The	
   resin	
  

used	
  in	
  this	
  research	
  is	
  R11.	
  It	
  is	
  a	
  liquid,	
  orange,	
  poly-­‐methyl-­‐methyl-­‐acrylate.	
  Unlike	
  

other	
  resins,	
  which	
  require	
  UV	
   laser	
  source,	
   this	
   type	
  of	
  resin	
  only	
  requires	
  a	
  high-­‐

pressure	
  mercury	
  vapour	
   lamp	
  to	
  stimulate	
  photopolyimerisation[14].	
  The	
  material	
  

offers	
  great	
   chemical	
   resistance	
  and	
  a	
  good	
  balance	
  of	
  properties	
  between	
   rigidity	
  

and	
  functionality[15].	
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Figure	
  4.2:	
  Envisiontec	
  Perfactory	
  Mini	
  Functional	
  Diagram[14]	
  

	
  

Development	
  of	
   a	
   3D	
  object	
   starts	
  with	
   a	
  3D	
  CAD	
  design	
  of	
   the	
  object,	
   using	
  CAD	
  

software,	
   in	
   our	
   case	
   Solidworks	
   2006.	
   The	
   Perfactory	
  Mini	
   system	
   accepts	
   object	
  

data	
  files	
  in	
  the	
  form	
  of	
  “STL”(stereolithography)	
  file.	
  This	
  file	
  format	
  is	
  widely	
  used	
  

in	
  most	
  rapid	
  prototyping	
  applications,	
  especially	
  among	
  stereolithography	
  systems.	
  

The	
   CAD	
   design	
   is	
   saved	
   as	
   “STL”	
   file	
   in	
   Solidworks	
   before	
   the	
   next	
   step.	
   This	
   3D	
  

object	
  is	
  then	
  sliced	
  to	
  2D	
  layers	
  using	
  the	
  Envisiontec	
  Perfactory	
  Direct	
  application.	
  

Some	
  of	
  the	
  build	
  that	
  has	
  irregular	
  unflat	
  surfaces	
  requires	
  support	
  to	
  hold	
  the	
  part	
  

together	
   during	
   the	
   build.	
   In	
   cases	
   where	
   support	
   is	
   needed,	
   Magics	
   11	
   from	
  

Materialise	
  Software	
  is	
  used	
  to	
  generate	
  3D	
  support	
  for	
  the	
  3D	
  structure	
  before	
  it	
  is	
  

sliced.	
   The	
   slice	
   data	
   is	
   then	
   sent	
   to	
   the	
   machine	
   to	
   start	
   the	
   building	
   process.	
  

Each2D	
   slice	
   is	
   projected	
   into	
   the	
   resin	
   surface,	
   layer	
   by	
   layer,	
   to	
   produce	
   the	
   3D	
  

object.	
  	
  	
  

Upon	
  completion,	
  the	
  object	
  is	
  removed	
  and	
  cleaned	
  to	
  remove	
  any	
  uncured	
  

resin	
  on	
  its	
  surfaces	
  and	
  within	
  the	
  microchannels.	
  The	
  object	
  is	
  cleaned	
  by	
  placing	
  it	
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in	
  a	
  beaker	
  filled	
  with	
  isopropanol	
  before	
  being	
  immersed	
  in	
  an	
  ultrasonic	
  bath	
  (Otto	
  

model	
  300,	
  Italy).	
  After	
  ultrasonic	
  cleaning,	
  the	
  object	
  is	
  blown	
  with	
  compressed	
  air	
  

to	
   dry	
   and	
   cured	
   using	
   a	
   UV	
   light	
   box	
   (Metalight	
   QX1,	
   Primotec,	
   Germany)	
   for	
   5	
  

minutes.	
  The	
  steps	
  for	
  MSL	
  fabrication	
  process	
  is	
  summarised	
  in	
  Figure	
  4.3.	
  

	
  
	
  

	
  
Figure	
  4.3:	
  Fabrication	
  Process	
  for	
  MSL	
  3D	
  Structure	
  

	
  

4.3 Microfluidics	
  Design	
  Evolution	
  
	
  

The	
  micro-­‐column	
   that	
  mimics	
   the	
   olfactory	
  mucosa	
   ‘nasal	
   chromatograph’	
   effect	
  

was	
   designed	
   to	
   behave	
   similarly	
   to	
   a	
   gas	
   chromatographic	
   column.	
   As	
   discussed	
  

earlier,	
  a	
  gas	
  chromatographic	
  column	
  separates	
  a	
  complex	
  mixture	
  of	
  chemicals	
  by	
  

delaying	
   each	
   chemical	
   component	
   at	
   a	
   different	
   rate,	
   depending	
   upon	
   the	
  

interaction	
   between	
   the	
   chemical	
   component	
   and	
   the	
   retentive	
   layer.	
   The	
   main	
  

objective	
   of	
   the	
  micro	
   retentive	
   column,	
   as	
   used	
   here,	
   is	
   to	
   ensure	
   that	
   an	
   odour	
  

going	
   through	
   the	
   column	
   is	
   delayed	
   before	
   being	
   detected	
   by	
   a	
   sensor	
   array.	
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Sample	
   odours	
   will	
   be	
   delayed	
   differently	
   depending	
   on	
   the	
   partition	
   coefficient	
  

between	
   the	
   odour	
   and	
   the	
   stationary	
   phase.	
   We	
   are	
   not	
   aiming	
   for	
   complete	
  

separation	
  of	
   the	
  odour,	
  as	
   in	
  gas	
   chromatography,	
  only	
  a	
   temporal	
  delay	
   that	
  we	
  

believe	
   will	
   improve	
   odour	
   discrimination.	
   In	
   addition,	
   by	
   deploying	
   dual	
   micro	
  

retentive	
   columns,	
   coated	
   with	
   two	
   different	
   polarity	
   phases,	
   we	
   are	
   hoping	
   to	
  

further	
  increase	
  the	
  diversity	
  of	
  the	
  system.	
  	
  

Many	
  of	
  the	
  microfluidic	
  components	
  have	
  gone	
  through	
  changes	
  throughout	
  

the	
  design	
  process	
  in	
  order	
  to	
  improve	
  the	
  system	
  as	
  a	
  whole.	
  Here	
  we	
  are	
  going	
  to	
  

discuss	
  the	
  evolution	
  of	
  the	
  components	
  in	
  this	
  system,	
  focusing	
  mainly	
  on	
  the	
  micro	
  

retentive	
  column.	
  

4.3.1 Preliminary	
  Design	
  -­	
  Box	
  Type	
  
	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  4.4:	
  a)	
  Boxed	
  Type	
  Micro	
  Retentive	
  Column	
  b)	
  Preliminary	
  Chamber	
  design	
  

	
  

Initially,	
  the	
  micro-­‐GC	
  column	
  was	
  designed	
  as	
  in	
  Figure	
  4.4(a),	
  where	
  the	
  channel	
  is	
  

incorporated	
   in	
   a	
   box	
   like	
   component.	
   The	
   column	
   size	
   is	
   200µm	
   x	
   200	
   µm.	
   The	
  

column	
   is	
   completed	
   after	
   sealing	
   both	
   end	
   of	
   the	
   component	
   with	
   glass	
   slides	
  

(glued	
  onto	
  end).	
  The	
  advantage	
  of	
  this	
  design	
  is	
  that	
  it	
  is	
  easy	
  to	
  increase	
  the	
  length	
  

of	
  the	
  column,	
  by	
  adding	
  additional	
  rows.	
  However,	
  in	
  order	
  to	
  increase	
  the	
  length	
  of	
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each	
  column	
  section,	
  we	
  need	
  to	
  modify	
  the	
  CAD	
  Design.	
  In	
  this	
  design,	
  the	
  column	
  

is	
  separated	
  from	
  the	
  chamber	
  as	
  shown	
  in	
  Figure	
  4.4(b).	
  	
  

	
  

Figure	
  4.5:	
  a)	
  CAD	
  design	
  of	
  Hybrid	
  Column-­‐Chamber	
  b)	
  Hybrid	
  Column-­‐Chamber	
  (with	
  5	
  
pence	
  piece	
  for	
  scale)	
  

	
  

The	
   next	
   version	
   of	
   the	
   micro	
   column	
   incorporates	
   both	
   the	
   column	
   and	
   the	
  

chamber	
   in	
  one	
  piece.	
  The	
  reason	
  behind	
  this	
   is	
  to	
  reduce	
  dead	
  volume	
  within	
  the	
  

system,	
  giving	
  higher	
  sample	
  concentration	
  over	
  the	
  sensors.	
  Another	
  advantage	
  of	
  

this	
   design	
   is	
   that	
   it	
   eliminates	
   the	
  need	
  of	
   connecting	
   tube	
   that	
   can	
   increase	
   the	
  

possibility	
   of	
   leakage	
   around	
   the	
   connector.	
   However,	
   the	
   problem	
   of	
   having	
   to	
  

redesign	
  the	
  column	
  for	
  different	
  sizes	
  remains.	
  Furthermore,	
   this	
  design	
  creates	
  a	
  

lot	
  of	
   sharp	
  bend	
  that	
  generate	
  higher	
  pressure	
  drops,	
  making	
   it	
  difficult	
   to	
  create	
  

enough	
  flow	
  for	
  longer	
  column.	
  Previously,	
  we	
  have	
  successfully	
  reported	
  a	
  working	
  

column	
   with	
   a	
   square	
   block	
   design[16].	
   Although	
   the	
   original	
   column	
   produced	
  

reasonable	
  results,	
  the	
  square	
  column	
  reduced	
  laminar	
  flow	
  within	
  the	
  column.	
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Figure	
  4.6:	
  Sharp	
  edge	
  created	
  when	
  the	
  column	
  is	
  sealed	
  with	
  glass	
  

	
  

Figure	
  4.6	
  illustrates	
  the	
  sharp	
  edge	
  that	
  would	
  make	
  cleaning	
  difficult.	
  Cleaning	
  this	
  

type	
  of	
  column	
  is	
  difficult	
  due	
  to	
  the	
  fact	
  that	
  there	
  are	
  a	
  lot	
  of	
  channels	
  within	
  the	
  

component	
  and	
  the	
  channel	
  are	
  small	
  and	
  long.	
  After	
  the	
  process,	
  the	
  small	
  and	
  long	
  

channel	
   and	
   full	
   of	
   resin.	
   The	
   problem	
   that	
  we	
   had	
   is	
   that	
   the	
  middle	
   part	
   of	
   the	
  

component	
  cannot	
  be	
  cleaned	
  properly.	
  The	
  longer	
  the	
  column,	
  the	
  more	
  difficult	
  it	
  

is	
   to	
  clean,	
  as	
   isopropranol	
   (the	
  solution	
  used	
   in	
   the	
  cleaning	
  process)	
   is	
  unable	
   to	
  

penetrate	
   through	
   the	
   thick	
   resin.	
   Thus,	
   we	
   expect	
   the	
   column	
   to	
   have	
   trouble	
  

during	
   stationary	
   phase	
   coating,	
   where	
   the	
   process	
   requires	
   flushing	
   the	
   column	
  

after	
  filling	
  it	
  with	
  coating	
  solution.	
  

	
   Although	
   there	
   are	
   fewer	
   problems	
   in	
   coating	
   this	
   device	
   using	
   a	
   vapour	
  

deposition	
  technique,	
  there	
  will	
  be	
  a	
  problem	
  when	
  coating	
  with	
  a	
  stationary	
  phase	
  

using	
  a	
  static	
  or	
  dynamic	
  coating	
  technique.	
  The	
  sharp	
  bends	
  and	
  edges	
  will	
  attract	
  

more	
   stationary	
   phase	
   materials,	
   thus	
   creating	
   an	
   uneven	
   coating	
   within	
   the	
  

channel.	
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4.3.2 Spiral	
  Design	
  
	
  

	
  

Figure	
  4.7:	
  Spiral	
  based	
  Micro	
  Retentive	
  Column	
  

	
  

In	
   order	
   to	
   overcome	
   this	
   issue,	
   a	
   spiral	
   based	
   column,	
   as	
   in	
   Figure	
   4.7,	
   was	
  

designed.	
  The	
  spiral	
  micro	
  channel	
  has	
  a	
  depth	
  of	
  250	
  µm	
  and	
  width	
  of	
  380	
  µm,	
   is	
  

placed	
  on	
  both	
  sides	
  of	
  the	
  component	
  in	
  order	
  to	
  increase	
  the	
  length	
  of	
  the	
  column	
  

in	
   one	
   single	
   component.	
   The	
   odour	
  will	
   flow	
   from	
  one	
   side	
   to	
   the	
  middle	
   of	
   the	
  

column	
  then	
  through	
  a	
  hole	
  to	
  the	
  next	
  spiral	
  where	
  the	
  flow	
  starts	
  from	
  the	
  middle	
  

of	
  the	
  spiral.	
  	
  

This	
  spiral-­‐based	
  design	
  eliminates	
  most	
  of	
  the	
  sharp	
  corner	
  and	
  edges,	
  thus	
  

aiding	
  flow	
  separation.	
  However,	
  the	
  disadvantage	
  of	
  this	
  design	
  is	
  that	
  it	
  is	
  difficult	
  

to	
   create	
   a	
   longer	
   channel.	
   However,	
   this	
   was	
   solved	
   by	
   creating	
   a	
   ‘lego-­‐like’	
  

component	
   so	
   that	
   the	
   column	
   length	
   can	
   be	
   increased	
   by	
   stacking	
   components	
  

together.	
  This	
  will	
  allow	
  the	
  performance	
  of	
  different	
  column	
   lengths	
  to	
  be	
  tested,	
  

easily,	
   just	
   by	
   adding	
   or	
   reducing	
   the	
   number	
   of	
   stacked	
   components.	
  Figure	
   4.8	
  

shows	
  how	
  column	
  scan	
  be	
  stacked	
  together.	
  It	
  is	
  built	
  with	
  integrated	
  pipe	
  fittings	
  

on	
  the	
  top	
  and	
  bottom	
  of	
  the	
  package,	
  for	
  easy	
  connection	
  to	
  more	
  packages	
  and/or	
  

the	
  sensor	
  chamber.	
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Figure	
  4.8:	
  Stacked	
  Lego(TM)	
  like	
  structure	
  in	
  chamber	
  and	
  micro	
  retentive	
  column	
  

	
  

The	
   figure	
   above	
   demonstrates	
   that	
  multiple	
   columns	
   can	
   be	
   stacked	
   together	
   to	
  

create	
   a	
   longer	
   channel.	
   Furthermore,	
   the	
   chamber	
   has	
   also	
   been	
   designed	
   to	
  

connect	
  to	
  the	
  columns	
  creating	
  a	
  hybrid	
  chamber-­‐column	
  similar	
  to	
  the	
  preliminary	
  

boxed	
   type	
  design.	
  The	
   stacking	
   concept	
   removes	
   the	
  problem	
  of	
   redesigning	
  CAD	
  

model	
  for	
  different	
  channel	
  lengths.	
  	
  

	
  
	
  	
  	
  	
  	
  	
  	
  	
  Figure	
  4.9:	
  Semi	
  rounded	
  column	
  sealed	
  with	
  glass	
  

	
  

The	
   column	
   is	
   purposely	
   built	
   unsealed	
   to	
   aid	
   stationary	
   phase	
   coating	
   (discussed	
  

later).	
   This	
   unsealed	
   design	
   also	
   helps	
   during	
   cleaning.	
   Figure	
   4.9	
   illustrated	
   the	
  

sealing	
   of	
   the	
   semi-­‐rounded	
   column	
   using	
   glass.	
   The	
   semi-­‐rounded	
   design	
   also	
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makes	
   stationary	
   phase	
   coating	
   easier	
   since	
   there	
   are	
   no	
   sharp	
   edges	
   within	
   the	
  

column.	
  

Using	
   this	
   design	
   concept,	
   we	
   built	
   columns	
   with	
   different	
   geometries	
   in	
  

order	
   to	
   demonstrate	
   the	
   effect	
   of	
   column	
   size	
   on	
   the	
   sensor	
   response/temporal	
  

delay.	
  Meanwhile,	
  the	
  length	
  of	
  the	
  column	
  was	
  also	
  be	
  varied	
  by	
  stacking	
  together	
  

a	
  number	
  of	
  spiral	
  columns.	
  Table	
  4.1	
  shows	
  the	
  size	
  of	
  different	
  column	
  geometries	
  

fabricated	
  for	
  the	
  system.	
  As	
  shown	
  in	
  table	
  4.1,	
  each	
  block	
  contains	
  a	
  spiral	
  column	
  

of	
  at	
  least	
  528	
  mm	
  per	
  block.	
  	
  

	
  
Table	
  4.1:	
  Dimension	
  of	
  spiral	
  columns	
  

Code	
   Width(mm)	
   Depth(mm)	
   Total	
  Length(mm)	
  (per	
  block)	
  

MSL	
  501	
   0.5	
   0.25	
   528	
  

MSL	
  502	
   0.38	
   0.25	
   540	
  

MSL	
  503	
   0.25	
   0.25	
   548	
  

	
  

Thus	
   to	
  obtain	
  a	
  channel	
   length	
  of	
  1.5	
  m,	
   three	
  blocks	
  of	
   spiral	
   column	
  are	
  

stacked	
   together.	
   It	
   is	
   already	
   known	
   that	
   narrower	
   channel	
   geometries	
   or	
   longer	
  

channels	
   produce	
   better	
   separation	
   in	
   gas	
   chromatography.	
   However,	
   in	
   this	
  

research	
  we	
  need	
  to	
  balance	
  the	
  dimension	
  of	
   the	
  column	
  with	
   the	
  vacuum	
  pump	
  

strength.	
   In	
  gas	
  chromatography,	
  a	
  small	
  or	
   longer	
  channel	
  would	
   require	
  a	
  higher	
  

pressure	
  to	
  operate.	
  Since	
  our	
  focus	
  is	
  to	
  build	
  a	
  handheld	
  device,	
  we	
  need	
  to	
  ensure	
  

the	
  pump	
  power	
  is	
  enough	
  to	
  pull	
  the	
  odour	
  through	
  both	
  microchannel	
  and	
  sensor	
  

array.	
  	
  Hence	
  the	
  reason	
  of	
  selecting	
  channel	
  size	
  of	
  250	
  µm	
  and	
  above	
  is	
  to	
  ensure	
  

enough	
  flow	
  in	
  going	
  through	
  the	
  system	
  to	
  operate	
  properly.	
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4.4 Post	
  Fabrication	
  

4.4.1 Sealing	
  
	
  

Sealing	
  the	
  column	
  is	
  a	
  very	
  important	
  part	
  of	
  the	
  fabrication	
  process.	
  It	
  is	
  necessary	
  

to	
   have	
   the	
   column	
   leak	
   free	
   in	
   order	
   to	
   obtain	
   the	
   maximum	
   flow	
   through	
   the	
  

column.	
   Several	
   methods	
   have	
   been	
   investigated	
   to	
   ensure	
   the	
   micro	
   channel	
   is	
  

properly	
  sealed.	
  Initially	
  sealing	
  was	
  performed	
  using	
  a	
  glass	
  slide	
  cut	
  to	
  the	
  size	
  of	
  

the	
  microchannel	
  block.	
  A	
  thin	
  layer	
  of	
  adhesive	
  (epoxy	
  based)	
  was	
  coated	
  onto	
  the	
  

glass	
  slides	
  and	
  it	
  was	
  pressed	
  against	
  the	
  column.	
  Since	
  the	
  adhesive	
  required	
  time	
  

to	
  cure,	
   it	
   flowed	
   into	
   the	
  small	
  micro	
  column	
  producing	
  a	
  blockage.	
  To	
  overcome	
  

the	
   problem,	
   a	
   cover	
   with	
   protruding	
   spiral	
   was	
   created	
   (using	
   the	
   MSL	
   process	
  

instead	
  of	
  glass)	
  so	
  that	
  it	
  can	
  be	
  aligned	
  to	
  the	
  column	
  and	
  produce	
  a	
  close	
  seal,	
  as	
  

shown	
  in	
  Figure	
  4.10.	
  

	
  

	
  

Figure	
  4.10:	
  Blockage	
  created	
  by	
  excess	
  adhesive	
  

	
  

Although	
  this	
  method	
  can	
  create	
  a	
  good	
  seal,	
  and	
   is	
  made	
  of	
  the	
  same	
  material	
  as	
  

the	
  channel,	
  problems	
  still	
  occur,	
  as	
  the	
  channel	
  cover	
  is	
  not	
  flat.	
  Furthermore,	
  it	
  is	
  

difficult	
  to	
  apply	
  a	
  thin	
  layer	
  of	
  glue	
  onto	
  the	
  channel	
  cover	
  groove.	
  More	
  often	
  than	
  

not,	
  excess	
  adhesive	
  will	
  flow	
  into	
  the	
  channel,	
  causing	
  channel	
  blockage.	
   	
  Thus,	
  to	
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overcome	
   this	
   channel	
   blockage	
   issue	
   we	
   proposed	
   to	
   use	
   a	
   very	
   thin	
   layer	
   of	
  

adhesive,	
  which	
  cures	
  rapidly.	
  	
  

To	
  achieve	
  this,	
  we	
  spun	
  coated	
  a	
  clear	
  glass	
  slide	
  with	
  UV	
  adhesive	
  (Loctite	
  

Glass	
  Bond)	
  and	
  placed	
  it	
  on	
  top	
  of	
  the	
  micro	
  channel.	
  Then,	
  it	
  is	
  placed	
  in	
  a	
  UV	
  box	
  

for	
  2	
  minutes	
   to	
  cure	
   the	
  adhesive	
   through	
   the	
   transparent	
  glass	
   slide.	
   	
   To	
  ensure	
  

the	
   column	
   was	
   hermetically	
   seal,	
   it	
   is	
   tested	
   by	
   flowing	
   water	
   through	
   it	
   and	
  

checking	
   for	
   leakage	
  around	
   the	
   column.	
   Figure	
  4.11(b)	
   shows	
   the	
   column	
   is	
   filled	
  

with	
  water	
  to	
  confirm	
  that	
   it	
   is	
  sealed	
  properly.	
  Although	
  column	
  created	
  with	
  this	
  

method	
   is	
   leakage	
   free,	
   there	
  was	
  concern	
   that	
   the	
  small	
   layer	
  of	
  UV	
  adhesive,	
  on	
  

the	
  top	
  of	
  the	
  column,	
  is	
  reacting	
  with	
  the	
  odour	
  being	
  tested.	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  4.11:	
  a)	
  Microchannel	
  sealed	
  with	
  UV	
  adhesive	
  b)	
  Micro	
  column	
  filled	
  with	
  water	
  

	
  

Hence,	
  to	
  improve	
  sealing	
  further,	
  we	
  used	
  the	
  same	
  technique	
  as	
  before,	
  only	
  with	
  

a	
  different	
  adhesive.	
  Here	
  the	
  same	
  resin	
   (R11)	
  as	
  used	
  to	
   form	
  the	
  micro	
  channel	
  

was	
  utilized	
  instead	
  of	
  the	
  UV	
  glue.	
  This	
  resin	
  will	
  also	
  cure	
  under	
  UV	
  light,	
  creating	
  a	
  

stronger	
  seal.	
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4.4.2 Stationary	
  Phase	
  Coating	
  
	
  

In	
   gas	
   chromatography,	
   the	
   stationary	
   phase	
   is	
   the	
   one	
   of	
   the	
   most	
   important	
  

components.	
   The	
   greater	
   the	
   interaction,	
   of	
   a	
   chemical	
   compound,	
   with	
   the	
  

stationary	
   phase	
   the	
  more	
   it	
   will	
   be	
   retained,	
   thus	
   the	
   slower	
   the	
   compound	
  will	
  

advance	
  through	
  the	
  column.	
  There	
  are	
  many	
  types	
  of	
  stationary	
  phases,	
  which	
  are	
  

mainly	
   classified	
   based	
   on	
   their	
   interaction	
   with	
   a	
   sample	
   (polar,	
   non-­‐polar,	
   and	
  

ionic).	
   The	
   most	
   common	
   method	
   used	
   to	
   evaluate	
   a	
   stationary	
   phase	
   is	
   the	
  

McReynolds	
   system[17].	
   McReynolds	
   constant	
   can	
   be	
   used	
   to	
   determine	
   the	
  

selection	
   of	
   stationary	
   phase	
   for	
   a	
   specific	
   compound.	
   McReynolds	
   has	
   analyzed	
  

more	
  than	
  200	
  stationary	
  phases[18],	
  from	
  which	
  Delley	
  suggested,	
  four	
  phases:	
  OV-­‐

101,	
   OV-­‐17,	
   OV-­‐225,	
   and	
   Carbowax	
   20M,	
   can	
   provide	
   satisfactory	
   GC	
   analysis	
   for	
  

over	
  80%	
  of	
  all	
  applications	
  [19].	
  The	
  general	
  rule,	
  when	
  choosing	
  a	
  stationary	
  phase,	
  

is	
   to	
   use	
   a	
   polar	
   phase	
   for	
   polar	
   compounds	
   and	
   a	
   non-­‐polar	
   phase	
   for	
   non-­‐polar	
  

compounds,	
  with	
  further	
  fine	
  tuning	
  according	
  to	
  the	
  McReynolds	
  system.	
  Non-­‐polar	
  

phases	
   are	
   more	
   resistant	
   to	
   oxidation	
   and	
   hydrolysis	
   than	
   polar	
   phases.	
  

Polysiloxane	
   based	
   phases	
   are	
   the	
   most	
   common	
   stationary	
   phases	
   used	
   in	
   GC	
  

because	
  of	
  their	
  high	
  thermal	
  stability	
  and	
  the	
  wide	
  range	
  of	
  polarities[4].	
  Here,	
  we	
  

have	
   chosen	
   OV-­‐1(100%	
   Polydymethilsiloxane)	
   as	
   our	
   non-­‐polar	
   stationary	
   phase	
  

because	
  of	
   its	
  wide	
   range	
  of	
  polarities	
   and	
  Carbowax	
  20M	
   (polyethylglycol)	
   as	
  our	
  

polar	
  stationary	
  phase.	
  

	
   Conventional	
   gas	
   chromatography	
   column	
   stationary	
   phase	
   coating	
  

techniques	
  are	
  mainly	
  divided	
   into	
   two	
  groups,	
  namely	
  dynamic	
  and	
   static	
   coating	
  

[20].	
  	
  Generally,	
  dynamic	
  coating	
  is	
  performed	
  by	
  driving	
  a	
  plug	
  of	
  stationary	
  phase	
  

solution	
  through	
  the	
  column.	
  This	
  causes	
  a	
  thin	
  layer	
  of	
  stationary	
  phase	
  to	
  adhere	
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to	
   the	
  wall	
   of	
   the	
   column.	
   This	
   process	
   is	
   repeated	
   a	
   few	
   times	
   until	
   the	
   desired	
  

stationary	
   phase	
   thickness	
   is	
   achieved.	
   Figure	
   4.12	
   illustrates	
   this	
   concept	
   on	
   an	
  

open	
   tubular	
   capillary	
   column.	
   The	
   flow	
   velocity	
   at	
   the	
   end	
   of	
   the	
   column	
  usually	
  

increases	
   sharply,	
   resulting	
   in	
   a	
   thicker	
   film	
   at	
   the	
   end	
   of	
   the	
   column.	
   The	
   most	
  

common	
  method	
  to	
  avoid	
  this	
  problem	
  is	
  to	
  use	
  a	
  buffer	
  column	
  at	
  the	
  end	
  of	
  the	
  

GC	
  column.	
  

	
  

	
  

	
  

Figure	
  4.12:	
  Dynamic	
  coating	
  example	
  of	
  open	
  tubular	
  capillary	
  column	
  [21]	
  

	
  
	
  
Figure	
  4.13	
  demonstrates	
   static	
   coating	
  of	
  an	
  open	
   tubular	
  capillary	
  column.	
  Static	
  

coating	
  is	
  performed	
  by	
  filling	
  the	
  entire	
  column	
  with	
  a	
  stationary	
  phase	
  solution	
  and	
  

one	
   end	
   of	
   the	
   column	
   is	
   sealed.	
   The	
   other	
   end	
   of	
   the	
   column	
   is	
   connected	
   to	
   a	
  

vacuum	
   pump,	
   which	
   pulls	
   evaporated	
   solvent	
   from	
   the	
   column.	
   The	
   column	
   is	
  

successfully	
  coated	
  when	
  all	
  the	
  solvent	
  has	
  evaporated	
  from	
  the	
  solution	
  leaving	
  a	
  

coating	
  on	
  the	
  walls.	
  Static	
  coating	
  usually	
  yields	
  a	
  more	
  uniform	
  coating,	
  however	
  it	
  

is	
  more	
  time	
  consuming.	
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Figure	
  4.13:	
  tatic	
  coating	
  of	
  open	
  tubular	
  capillary	
  column	
  [21]	
  

	
  

Various	
   researchers	
   have	
   demonstrated	
   different	
   techniques	
   for	
   coating	
   their	
  

micro	
   fabricated	
   gas	
   chromatographic	
   column.	
   Most	
   use	
   a	
   dynamic	
   coating	
  

technique,	
  by	
  driving	
  the	
  stationary	
  phase	
  dissolved	
  in	
  a	
  volatile	
  solvent	
  through	
  

the	
  column	
  at	
  a	
  constant	
  velocity[4,	
  22-­‐24].	
  Noh	
  and	
  Kolesar	
  have	
  demonstrated	
  

vapour	
   deposition	
   of	
   a	
   stationary	
   phase	
   onto	
   a	
  micro	
   column.	
   This	
   deposition	
  

technique	
  offers	
   the	
  advantage	
  of	
  uniformity	
  of	
   the	
  stationary	
  phase	
   layer	
  on	
  a	
  

micro	
  sized	
  column.	
  Noh	
  coated	
  their	
  microcolumn	
  with	
  parylene	
  using	
  a	
  vapour	
  

deposition	
  machine	
  from	
  Specialty	
  Coating	
  System[25].	
  Kolesar	
  used	
  sublimation	
  

technique	
   to	
  evaporate	
   the	
  stationary	
  phase	
  onto	
  an	
  unsealed	
  silicon	
  micro-­‐GC	
  

column[23].	
   Then,	
   the	
   wafer	
   was	
   polished	
   prior	
   to	
   anodically	
   bonding	
   it	
   to	
   a	
  

Pyrex	
  lid	
  to	
  seal	
  the	
  column	
  creating	
  a	
  coated	
  micro-­‐GC	
  column.	
  	
  

	
   We	
  tested	
  several	
  methods	
  of	
  coating	
  our	
  micro	
  retentive	
  columns	
  including	
  

spray	
  coating,	
  static	
  coating	
  and	
  vapour	
  deposition.	
  The	
  static	
  coating	
  technique	
  was	
  

conducted	
  in	
  a	
  similar	
  way	
  as	
  demonstrated	
  by	
  Reidy(where	
  they	
  successfully	
  coated	
  

0.1	
   –	
   0.2	
   µm	
   of	
   stationary	
   phase(OV-­‐1)	
   onto	
   a	
   silicon	
   fabricated	
   micro-­‐GC	
  

channel[24]).	
  	
  

	
   The	
  stationary	
  phase	
  solution	
  was	
  prepared	
  by	
  dissolving	
  0.05g	
  of	
  OV-­‐1(non-­‐

polar)	
   or	
   Carbowax	
   20M(polar)	
   (both	
   acquired	
   from	
   Sigma	
   Aldrich	
   UK),	
   in	
   10	
   ml	
  

dichloromethane.	
  The	
  mixture	
  was	
  then	
  agitated	
  for	
  30	
  min	
  by	
  shaking	
  it	
   in	
  a	
  flash	
  



Chapter	
  4:	
  Design	
  and	
  Fabrication	
  of	
  Microfluidic	
  Components	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  84	
  

	
  

shaker	
   (George	
   and	
   Griffin,	
   UK)	
   to	
   ensure	
   complete	
   dissolution.	
   Although	
   Reidy	
  

suggested	
   adding	
   dicumyl	
   peroxide,	
   a	
   cross-­‐linking	
   agent,	
   to	
   the	
   stationary	
   phase	
  

before	
   coating,	
   we	
   have	
   decided	
   not	
   to	
   use	
   the	
   agent	
   due	
   to	
   the	
   fact	
   that	
   the	
  

column	
  is	
  not	
  going	
  to	
  be	
  exposed	
  to	
  high	
  temperatures.	
  The	
  function	
  of	
  the	
  cross-­‐

linking	
   agent	
   is	
   to	
   stabilise	
   the	
   coating	
   for	
   when	
   the	
   column	
   is	
   heated	
   to	
   high	
  

temperatures	
  during	
  operation	
  [4].	
  

	
   The	
  column	
  was	
  then	
  filled	
  with	
  the	
  solution	
  using	
  a	
  syringe.	
  Once	
  filled,	
  one	
  

end	
  of	
   the	
  column	
   is	
  sealed	
  and	
  the	
  other	
  end	
  was	
  connected	
  to	
  a	
  vacuum	
  pump.	
  

The	
   pump	
   removed	
   all	
   the	
   solvent	
   leaving	
   the	
   stationary	
   phase	
   coating	
   on	
   the	
  

surface	
  of	
  the	
  column.	
  When	
  the	
  column	
  appeared	
  empty	
  (after	
  around	
  15	
  minutes	
  

for	
  a	
  0.5m	
  column),	
   the	
  column	
   is	
  placed	
   in	
  an	
  oven	
  at	
  50°C	
  to	
  ensure	
  that	
  all	
   the	
  

solvent	
  is	
  completely	
  evaporated.	
  Although	
  this	
  method	
  produces	
  a	
  working	
  column,	
  

the	
  solvent	
  seems	
  to	
  dissolve	
  the	
  column	
  if	
  being	
  left	
  for	
  too	
  long.	
  	
  

	
   The	
   next	
   method	
   we	
   studied	
   was	
   the	
   vapour	
   deposition	
   of	
   parylene-­‐C	
  

demonstrated	
  by	
  Noh[25].	
  Although	
  parylene-­‐C	
  has	
   retention	
   like	
   characteristics	
   is	
  

has	
   not	
   been	
   extensively	
   studied.	
   Noh	
   suggested	
   it	
   had	
   similar	
   retention	
  

characteristics	
   to	
   Poly-­‐Ethylene	
   Glycol	
   (PEG).	
   Parylene-­‐C	
   was	
   coated	
   using	
   a	
   PDS	
  

2010	
  Labcoater	
  2,	
  (Specialty	
  Coating	
  Systems,	
  USA)	
  as	
  shown	
  in	
  Figure	
  4.14.	
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Figure	
  4.14:	
  SCS	
  PDS	
  2010	
  Parylene-­‐C	
  vapour	
  deposition	
  system 

 
	
  
The	
  parylene	
  deposition	
  process	
  starts	
  by	
   loading	
  a	
  fixed	
  amount	
  of	
  parylenedimer	
  

(parylene-­‐C)	
   into	
   the	
   machine.	
   The	
   amount	
   of	
   dimer	
   required	
   depends	
   on	
   the	
  

desired	
  coating	
  thickness	
  (2	
  µm	
  per	
  1g).	
  The	
  machine	
  then	
  vaporizes	
  the	
  solid	
  phase	
  

dimmer	
  at	
  175°C.	
  The	
  parylene	
  dimer	
   is	
   then	
  pyrolized	
   into	
   reactive	
  monomers	
  at	
  

690	
  °C.	
  The	
  monomers	
  are	
  introduced	
  into	
  the	
  chamber	
  where	
  the	
  vapours	
  become	
  

polymerized	
   as	
   soon	
   as	
   they	
   get	
   in	
   contact	
   with	
   any	
   surface	
   inside	
   the	
   sample	
  

chamber.	
   Excess	
   dimmer	
   is	
   collected	
   in	
   a	
   chiller	
   thimble	
   to	
   protect	
   the	
   vacuum	
  

pump.	
  This	
  method	
  has	
  the	
  advantage	
  that	
  the	
  process	
  is	
  performed	
  under	
  vacuum	
  

and	
  at	
  room	
  temperature,	
  thus,	
  is	
  well	
  suited	
  our	
  MSL	
  created	
  packages.	
  Using	
  this	
  

machine,	
  we	
  have	
  successfully	
  coated	
  a	
  250	
  x	
  250	
  µm	
  channel	
  with	
  5	
  µm	
  parylene-­‐C	
  

as	
  the	
  stationary	
  phase.	
  

 For	
   spray	
   coating,	
   we	
   utilized	
   a	
   similar	
   method	
   to	
   that	
   deployed	
   for	
   the	
  

deposition	
   of	
   the	
   gas	
   sensitive	
   films,	
   discussed	
   in	
   the	
   previous	
   chapter.	
   The	
  

stationary	
   phases	
   were	
   prepared	
   by	
   dissolving	
   0.05	
   g	
   of	
   polymer	
   in	
   10	
   ml	
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dichloromethane.	
   This	
   solution	
   was	
   then	
   stirred	
   using	
   a	
   magnetic	
   stirrer	
   at	
  

temperature	
   50°C	
   until	
   the	
   polymer	
  was	
   fully	
   dissolved.	
   An	
   airbrush	
   (Iwata	
   SP-­‐30)	
  

was	
   then	
   filled	
   with	
   exactly	
   1	
   ml	
   of	
   the	
   dissolved	
   stationary	
   phase	
   solution	
   and	
  

sprayed	
   onto	
   the	
   spiral	
   column	
   before	
   sealing	
   it.	
   After	
   coating,	
   the	
   column	
   was	
  

sealed	
  using	
  a	
  glass	
   slide	
   that	
  was	
   spin	
   coated	
  with	
  a	
   thin	
   layer	
  of	
  UV	
  adhesive	
  as	
  

described	
   in	
   the	
   previous	
   section.	
   As	
   expected,	
   the	
   coating	
   produced	
   via	
   this	
  

technique	
   was	
   not	
   very	
   uniform	
   at	
   5-­‐50µm.	
   However,	
   this	
   method	
   produces	
   a	
  

working	
  column	
  faster	
  and	
  with	
  fewer	
  blockages	
  then	
  any	
  other	
  methods	
  we	
  tried,	
  

except	
  for	
  the	
  vapour	
  deposition	
  technique.	
  	
  

	
   The	
   final	
   method	
   studied	
   was	
   static	
   coating.	
   This	
   method	
   was	
   carried	
   out	
  

differently	
  from	
  the	
  conventional	
  GC	
  static	
  coating	
  technique.	
  In	
  the	
  latter	
  method,	
  a	
  

sealed	
  channel	
  is	
  filled	
  with	
  coating	
  solution	
  and	
  the	
  solvent	
  is	
  evaporated.	
  Here,	
  we	
  

performed	
  the	
  coating	
  with	
  the	
  channel	
  unsealed.	
  Firstly,	
   the	
  middle	
  and	
  end	
  hole	
  

on	
  the	
  spiral	
  column	
  is	
  temporarily	
  sealed	
  with	
  a	
  small	
  amount	
  of	
  pressure-­‐sensitive	
  

adhesive.	
  Then,	
  a	
  fixed	
  amount	
  of	
  prepared	
  solution	
  is	
  collected	
  into	
  a	
  micropipette.	
  

Then,	
  the	
  unsealed	
  channel	
  is	
  filled	
  with	
  the	
  solution	
  carefully.	
  After	
  it	
  was	
  entirely	
  

filled	
  up,	
  it	
  was	
  placed	
  inside	
  an	
  oven	
  at	
  50°C	
  for	
  3	
  hour	
  to	
  completely	
  evaporate	
  the	
  

solvent	
  leaving	
  a	
  layer	
  of	
  stationary	
  phase	
  coated	
  on	
  the	
  micro	
  channel.	
  This	
  process	
  

is	
  performed	
  twice	
  for	
  each	
  spiral	
  package	
  since	
  it	
  has	
  channel	
  on	
  both	
  sides	
  of	
  the	
  

package.	
  This	
  technique	
  requires	
  adequate	
  gap	
  (400µm	
  for	
  easy	
  execution)	
  between	
  

the	
   channels	
   to	
   ensure	
   the	
   stationary	
   phase	
   only	
   flow	
   inside	
   the	
   channel.	
   This	
  

method	
  was	
  successful	
  and	
  produces	
  a	
  uniform	
  layer	
  of	
  stationary	
  phase	
  of	
  between	
  

10-­‐20	
  µm.	
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4.5 Design	
  of	
  Other	
  Components	
  
	
  

There	
  are	
  several	
  other	
  micro	
  components	
  that	
  were	
  built	
  using	
  the	
  MSL	
  machine.	
  	
  

Similar	
   to	
   the	
  micro	
   retentive	
   column,	
  many	
   of	
   the	
   components	
  went	
   through	
   an	
  

evolution	
   process	
   in	
   order	
   to	
   improve	
   their	
   performance.	
   Here	
   we	
   discuss	
   the	
  

design,	
  fabrication	
  and	
  evolution	
  of	
  these	
  components.	
  

4.5.1 Sensor	
  Chamber	
  
	
  

The	
   preliminary	
   design	
   of	
   the	
   sensor	
   chamber	
   was	
   a	
   simple	
   cubic	
   shape	
   with	
  

connectors,	
  as	
  shown	
  before	
  in	
  Figure	
  4.4b.	
  As	
  discussed	
  before,	
  in	
  order	
  to	
  reduce	
  

the	
  dead	
  space	
  within	
  the	
  system,	
  the	
  sensor	
  chamber	
  was	
  built	
  integrated	
  into	
  the	
  

column,	
  as	
  in	
  Figure	
  4.15.	
  Similarly,	
  we	
  retain	
  the	
  integrated	
  chamber	
  design	
  in	
  the	
  

spiral	
   column	
   by	
   creating	
   a	
   chamber	
   that	
   is	
   able	
   to	
   connect	
   to	
   the	
   spiral	
   column.	
  

Until	
  now,	
  the	
  chamber	
  design	
  was	
  a	
  simple	
  cubic	
  (dimensions	
  20	
  mm	
  x	
  14	
  mm	
  x	
  2	
  

mm)	
  covering	
  the	
  sensor	
  area.	
  The	
  initial	
  design	
  of	
  the	
  chamber	
   is	
  shown	
  in	
  Figure	
  

4.15a.	
  One	
  of	
  the	
  problems	
  with	
  this	
  design	
  is	
  that	
  the	
  sensor	
  chamber	
  is	
  sitting	
  on	
  a	
  

layer	
   of	
   epoxy	
   adhesive	
   that	
   covers	
   the	
  wire	
   bonds	
   between	
   the	
   sensor	
   chamber	
  	
  	
  

and	
   the	
  PCB,	
   as	
   illustrated	
   in	
   Figure	
  4.15b.	
  Another	
   issue	
   is	
   that	
   the	
  height	
  of	
   the	
  

sensor	
  chamber	
  will	
  vary	
  slightly	
  depending	
  on	
  the	
  epoxy	
  layer	
  covering	
  the	
  bonds.	
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Figure	
  4.15:	
  a)	
  Initial	
  design	
  of	
  sensor	
  chamber	
  b)	
  Patch	
  of	
  glue	
  blocking	
  chamber	
  sealing	
  
properly	
  

To	
  improve	
  the	
  chamber	
  design,	
  we	
  decided	
  to	
  build	
  a	
  smaller	
  chamber	
  that	
  would	
  

sit	
  directly	
  on	
  the	
  sensor	
  array.	
  This	
  has	
  two	
  advantages	
  a)	
  in	
  improved	
  sealing	
  of	
  the	
  

sensor	
  chamber	
  and	
  b)	
  it	
  increases	
  the	
  flow	
  velocity	
  over	
  the	
  sensors,	
  thus	
  improves	
  

the	
  sensor	
  response	
  time.	
  It	
  has	
  previously	
  been	
  demonstrated,	
  by	
  Tan,	
  that	
  higher	
  

flow	
  velocities	
  over	
  a	
  sensor	
  reduces	
  the	
  response	
  time[26].	
   	
  Another	
  advantage	
  of	
  

miniaturizing	
   the	
   chamber	
   is	
   that	
   the	
   smaller	
   chamber	
   translates	
   to	
   a	
   lower	
   dead	
  

space,	
   hence	
   improving	
   the	
   system	
   further.	
   Based	
   on	
   the	
   design	
   by	
   Tan,	
  we	
   have	
  

designed	
   and	
   fabricated	
   a	
   chamber	
  with	
   channel	
   flowing	
   through	
   the	
   sensor	
   as	
   in	
  

Figure	
  4.16.	
  This	
  design	
  allow	
  for	
  smaller	
  headspace	
  on	
  top	
  of	
  the	
  sensor	
  since	
  it	
   is	
  

placed	
  exactly	
  on	
  the	
  sensor	
  chip	
   instead	
  of	
  around	
  the	
  outside	
  of	
   the	
  sensor	
  chip	
  

(on	
  top	
  of	
  adhesive	
  covering	
  wire	
  bond)	
  as	
  in	
  the	
  previous	
  design.	
  	
  

	
  

	
  

a	
  
b	
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Figure	
  4.16:	
  a)	
  Miniaturised	
  sensor	
  chamber	
  design	
  b)	
  alignment	
  hole	
  cover	
  c)	
  Exploded	
  view	
  
of	
  chamber	
  assembly	
  

	
  

Although	
  it	
  is	
  no	
  longer	
  necessary	
  to	
  cover	
  the	
  wire	
  bonds	
  with	
  glue,	
  as	
  the	
  chamber	
  

(shown	
  in	
  Figure	
  4.16a	
  is	
  now	
  sitting	
  on	
  top	
  of	
  the	
  sensor	
  itself,	
  having	
  the	
  chamber	
  

sitting	
  exactly	
  on	
  the	
  sensor	
  creates	
  another	
  challenge	
  -­‐	
  alignment.	
  Now,	
  the	
  sensor	
  

chamber	
  needs	
  to	
  be	
  aligned	
  onto	
  the	
  sensor	
  so	
  that	
  each	
  channel	
  fits	
  perfectly	
  on	
  

top	
   of	
   the	
   designated	
   row	
   of	
   sensors.	
   To	
   overcome	
   this,	
   we	
   have	
   created	
   two	
  

alignment	
  holes	
  on	
  the	
  sensor	
  chamber	
  so	
  that	
  we	
  can	
  align	
  it	
  to	
  the	
  sensor	
  (using	
  a	
  

microscope)	
  before	
  gluing	
  it	
  to	
  the	
  sensor	
  board.	
  Figure	
  4.16b	
  shows	
  the	
  alignment	
  

hole	
   cover,	
   which	
   has	
   been	
   designed	
   to	
   fit	
   perfectly	
   into	
   the	
   alignment	
   holes,	
  

creating	
   a	
   sealed	
   micro	
   channel.	
   It	
   is	
   important	
   to	
   have	
   the	
   alignment	
   holes	
   fit	
  

perfectly	
   as	
   the	
   spiral	
  micro	
   channel	
   package	
   is	
   going	
   to	
   be	
   placed	
   on	
   top	
   of	
   the	
  

chamber.	
  	
  

4.5.2 Odour	
  Distribution	
  Chamber	
  
	
  

As	
   described	
   in	
   Chapter	
   2,	
   the	
   complete	
   system	
   will	
   have	
   two	
   micro	
   retentive	
  

columns	
   and	
   three	
   sensor	
   arrays.	
   The	
   first	
   sensor	
   array	
  does	
  not	
  need	
  a	
   retentive	
  

column	
   connected	
   to	
   it.	
   The	
   chamber	
   for	
   the	
   first	
   sensor	
   array	
  will	
   distribute	
   the	
  

a	
  
b	
  

c	
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incoming	
  odour	
  to	
  the	
  other	
  columns.	
  The	
  odour	
  distribution	
  chamber,	
  for	
  the	
  first	
  

sensor	
   array,	
   needs	
   to	
   have	
   three	
   connectors,	
   one	
   inlet	
   and	
   two	
   outlets	
   to	
   the	
  

column.	
  Figure	
  4.17	
  shows	
  the	
  odour	
  distribution	
  chamber.	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  4.17:	
  Odour	
  distribution	
  chamber	
  

	
  

4.5.3 Deposition	
  Mask	
  
	
  

The	
   deposition	
   mask	
   was	
   also	
   built	
   with	
   the	
   MSL	
   machine	
   in	
   order	
   to	
   get	
   good	
  

alignment	
  while	
  spraying	
  the	
  sensors	
  with	
  polymer	
  composite	
  films.	
  As	
  discussed	
  in	
  

the	
   previous	
   chapter,	
   the	
   mask	
   was	
   built	
   with	
   12	
   holes	
   (in	
   a	
   4	
   x	
   3	
   format)	
   with	
  

dimensions	
   as	
   shown	
   in	
   Figure	
   4.18a.	
   The	
   built	
   mask	
   was	
   attached	
   to	
   a	
   Perspex	
  

holder	
  and	
  fitted	
  into	
  an	
  in-­‐house	
  alignment	
  machine	
  before	
  spraying.	
  Figure	
  4.18b	
  

shows	
  the	
  mask	
  being	
  aligned	
  to	
  the	
  sensor	
  array	
  under	
  a	
  microscope.	
  

	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  4.18:	
  a)	
  Deposition	
  mask	
  with	
  dimensions	
  b)	
  Deposition	
  mask	
  aligned	
  under	
  
microscope	
  

	
  

20	
  mm	
  

20	
  mm	
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4.6 Portable	
  Device	
  Adaptation	
  
	
  

Some	
   modifications	
   were	
   required	
   to	
   adapt	
   some	
   of	
   the	
   components	
   for	
   the	
  

portable	
   e-­‐mucosa	
   instrument.	
   For	
   the	
   portable	
   instrument,	
   stacking	
   the	
   columns	
  

vertically	
  (on	
  top	
  of	
  the	
  sensor	
  chamber)	
  would	
  result	
   in	
  a	
  bigger	
  system.	
  Thus,	
  we	
  

decided	
  to	
  separate	
  the	
  chamber	
  and	
  spiral	
  column	
  in	
  order	
  to	
  fit	
  both	
  components	
  

in	
  a	
  smaller	
  space.	
  Figure	
  4.19(a)	
  shows	
  the	
  modification	
  made	
  to	
  the	
  connector	
  of	
  

the	
   chamber	
   for	
   the	
   portable	
   instrument.	
   No	
   modifications	
   were	
   needed	
   for	
   the	
  

odour	
  distribution	
  chamber.	
  It	
  is	
  also	
  worth	
  noting	
  that	
  the	
  connector	
  was	
  changed	
  

from	
  Figure	
  4.19(b)	
  in	
  the	
  initial	
  design	
  to	
  Figure	
  4.19(c).	
  The	
  main	
  reason	
  was	
  that	
  

the	
  initial	
  connector	
  was	
  easily	
  snapped	
  at	
  the	
  connecting	
  grooves.	
  

	
  

Figure	
  4.19:	
  a)	
  Modified	
  sensor	
  chamber	
  b)	
  Preliminary	
  sensor	
  connector	
  c)	
  Current	
  sensor	
  
connector	
  

For	
  deposition	
  of	
  the	
  polymer	
  composites,	
  as	
  the	
  portable	
  mucosa	
  only	
  utilizes	
  200	
  

sensors	
  out	
  of	
  the	
  300,	
  a	
  new	
  mask	
  was	
  designed	
  and	
  fabricated	
  to	
  deposit	
  8	
  sensors	
  

at	
  a	
  time.	
  With	
  25	
  polymer	
  blends	
  available,	
  a	
  total	
  of	
  200	
  sensors	
  were	
  fabricated	
  in	
  

a	
   series	
  of	
  8	
  per	
  block.	
   Figure	
  4.20	
   shows	
   the	
  deposition	
  mask	
  with	
  9	
  holes	
   (1	
   x	
  8	
  

arrangements).	
  	
  

a	
  

b	
  

c	
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Figure	
  4.20:	
  Mask	
  for	
  Portable	
  e-­‐Mucosa	
  sensor	
  deposition	
  

	
  

Two	
   new	
   chambers	
   were	
   fabricated	
   for	
   the	
   portable	
   mucosa,	
   namely	
   the	
  

preconcentrator	
  chamber	
  and	
  the	
  inlet	
  temperature	
  chamber,	
  both	
  shown	
  in	
  Figure	
  

4.21.	
   The	
  preconcentrator	
   chamber	
   is	
   similar	
   to	
   the	
   initial	
   sensor	
   chamber	
  design,	
  

with	
   three	
   connectors.	
   The	
   preconcentrator	
   will	
   be	
   described	
   in	
   more	
   detail	
   in	
  

Chapter	
   6.	
   The	
   inlet	
   temperature/humidity	
   chamber	
   houses	
   a	
   Sensirion	
   SHT15	
  

temperature	
   sensor,	
   to	
  monitor	
   the	
  odour	
   temperature	
  at	
   the	
   inlet	
  of	
   the	
   system.	
  

Figure	
   4.21	
   shows	
   is	
   the	
   connection	
   converter	
   that	
   converts	
   the	
   spiral	
   column	
  

connector	
   to	
   a	
   smaller	
   connector	
   type	
   and	
   the	
   column	
   bridge	
   that	
   connects	
   the	
  

column	
  back	
  side	
  together. 
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Figure	
  4.21:	
  a)	
  CAD	
  Design	
  of	
  Temperature/Humidity	
  Sensor	
  chamber	
  b)	
  CAD	
  Design	
  of	
  
preconcentrator	
  chamber	
  c)	
  Connection	
  Converter	
  &	
  column	
  bridge	
  d)	
  Assembled	
  Column	
  

for	
  Portable	
  e-­‐Mucosa 

4.7 Conclusions	
  	
  	
  	
  	
  
	
  

This	
   chapter	
   has	
   discussed	
   general	
   concepts	
   of	
   stereolithography	
   and	
  

microstereolithography	
   fabrication.	
   Micro	
   retentive	
   column	
   and	
   supporting	
  

components	
  CAD	
  Design	
  has	
  been	
  designed	
  using	
  Solidworks	
  and	
  fabricated	
  with	
  an	
  

Envisiontec	
  Perfactory	
  Mini	
  MSL	
  machine.	
  Design	
  of	
  the	
  micro	
  retentive	
  column	
  has	
  

evolved	
   from	
   a	
   box	
   type	
   to	
   a	
   spiral	
   column.	
   Problems	
   created	
   by	
   the	
   box	
   design,	
  

such	
   as	
   cleaning	
   and	
   coating	
   difficulty,	
   were	
   solved	
   by	
   using	
   a	
   spiral	
   column.	
  

Furthermore,	
   integrating	
   the	
   sensor	
   chamber	
   into	
   the	
   column	
   design	
   reduced	
   the	
  

dead	
   space	
   inside	
   the	
   system.	
   The	
   spiral	
   column	
   has	
   been	
   designed	
   so	
   it	
   can	
   be	
  

stacked	
   together,	
   to	
   create	
   a	
   longer	
   channel	
  with	
   the	
   same	
   feature	
   size	
   (MSL501-­‐

500µm	
   x250	
   µm	
   x	
   528mm,	
  MSL501-­‐380µm	
   x250	
   µm	
   x	
   549mm,	
  MSL503	
   –	
   250µm	
  

x250	
  µm	
  x	
  548mm).	
  

a	
   b	
  

c	
  

d	
  



Chapter	
  4:	
  Design	
  and	
  Fabrication	
  of	
  Microfluidic	
  Components	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  94	
  

	
  

	
   Methods	
   for	
   sealing	
   the	
   microchannel	
   were	
   also	
   discussed.	
   Generally,	
   the	
  

channel	
   is	
   sealed	
   by	
   placing	
   glass	
   spin	
   coated	
   with	
   UV	
   adhesive	
   (LoctiteUV	
   Glass	
  

Bond).	
  A	
  brief	
  introduction	
  and	
  evaluation	
  of	
  gas	
  chromatography	
  stationary	
  phases	
  

has	
   been	
   given.	
   From	
   this	
   study	
   OV-­‐1(100	
   %	
   PDMS)	
   as	
   our	
   non-­‐polar	
   stationary	
  

phase	
  and	
  Carbowax	
  20M(100%	
  PEG)	
  as	
  the	
  polar	
  phase	
  was	
  chosen.	
  Then	
  a	
  review	
  

of	
   common	
  methods	
   for	
   stationary	
  phase	
   coating	
  was	
  described.	
   Several	
  methods	
  

have	
  been	
  investigated	
  to	
  achieve	
  a	
  thin	
  uniform	
  layer	
  of	
  stationary	
  phase	
  including	
  

vapour	
  deposition,	
  stating	
  coating	
  and	
  spray	
  coating.	
  	
  

	
   Towards	
  the	
  end	
  of	
  the	
  chapter,	
  several	
  more	
  components	
  built	
  with	
  the	
  MSL	
  

machine	
  were	
  described	
  including	
  the	
  sensor	
  chamber,	
  odour	
  distribution	
  chamber	
  

and	
  deposition	
  mask.	
  The	
  sensor	
  chamber	
  has	
  been	
  designed	
  as	
  small	
  as	
  possible	
  to	
  

increase	
   flow	
   velocity	
   at	
   the	
   headspace	
   of	
   the	
   sensor	
   in	
   order	
   to	
   improve	
   sensor	
  

response	
   time	
   [26].	
   Finally,	
   the	
   design,	
   fabrication	
   and	
   adaptation	
   of	
   several	
  

components	
  to	
  fit	
   into	
  the	
  portable	
  e-­‐mucosa	
  were	
  described.	
   In	
  the	
  next	
  chapter,	
  

the	
  combination	
  of	
  the	
  large	
  sensor	
  array	
  with	
  the	
  micro	
  retentive	
  column,	
  to	
  create	
  

a	
  complete	
  system,	
  will	
  be	
  described.	
  Characterization	
  of	
  the	
  micro	
  retentive	
  column	
  

will	
  be	
  described	
  in	
  detail	
  in	
  Chapter	
  7.	
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CHAPTER	
  5 	
  
	
  
Electronic	
  Mucosa-­‐Nose:	
  Integration	
  	
  	
  	
  	
  
 
 

5.1 Introduction	
  	
  	
  	
  	
  	
  	
  	
  	
  

	
  
Previously	
  we	
  have	
  discussed	
  the	
  design	
  and	
  fabrication	
  of	
  major	
  components	
  of	
  the	
  

e-­‐mucosa	
  instrument,	
  specifically	
  covering	
  the	
  development	
  and	
  deployment	
  of	
  the	
  

large	
   sensor	
   array	
   and	
   Micro-­‐GC	
   column	
   packages.	
   This	
   chapter	
   discusses	
   the	
  

electronics	
   circuitry	
   used	
   in	
   the	
   instrument,	
   followed	
   by	
   integration	
   of	
   the	
   large	
  

sensor	
   arrays	
   and	
   micro	
   retentive	
   column	
   creating	
   an	
   improved	
   miniaturised	
  

electronic	
   nose	
   instrument.	
   A	
   brief	
   description	
   about	
   the	
   electronic	
   mucosa	
   nose	
  

instrument	
   will	
   be	
   outlined	
   followed	
   by	
   the	
   large	
   sensor	
   array	
   connection	
   and	
  

circuitry.	
  	
  Then	
  the	
  micro	
  retentive	
  channel	
  functionality	
  will	
  be	
  described	
  along	
  with	
  

the	
   flow	
   system	
   of	
   the	
   electronic	
   mucosa.	
   Finally,	
   software	
   development	
   for	
   the	
  

instrument	
  is	
  explained,	
  including	
  a	
  brief	
  introduction	
  to	
  the	
  Nose	
  II	
  Network	
  e-­‐nose	
  

file	
  format	
  standard.	
  	
  

5.2 Electronic	
  Mucosa-­Nose	
  Instrument	
  
	
  

The	
   electronic	
   mucosa	
   instrument	
   has	
   been	
   realised	
   by	
   combining	
   three	
   300	
  

element	
   chemoresistive-­‐sensor	
   arrays,	
   employing	
   composite	
   polymer	
   materials	
   as	
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the	
   sensing	
   layer	
   (carbon	
   black,	
   mixed	
   with	
   24	
   combinations	
   of	
   different	
   sensing	
  

polymers),	
   and	
   two	
  micro	
   retentive	
   polymer	
   columns,	
   coated	
  with	
   polar	
   and	
   non-­‐

polar	
  retentive	
  layers.	
  Figure	
  5.1	
  illustrates	
  the	
  concept	
  of	
  electronic	
  mucosa	
  system.	
  

 

Figure	
  5.1:	
  Diagram	
  of	
  Electronic	
  Mucosa	
  Dual	
  Dimensional	
  concept 

The	
   electronic	
   mucosa	
   instrument	
   consists	
   of	
   three	
   similarly	
   coated	
   (sensing	
  

material)	
   chemoresistive	
   sensor	
   arrays	
   and	
   two	
   differently	
   coated	
   (polarity)	
  micro	
  

retentive	
  columns	
  [1].	
  In	
  operation,	
  a	
  tested	
  odour	
  will	
  pass	
  through	
  the	
  first	
  sensor	
  

array	
   giving	
   a	
   high	
   magnitude	
   spatial	
   representation	
   of	
   the	
   odour.	
   As	
   mentioned	
  

earlier,	
  the	
  sensor	
  arrays	
  are	
  coated	
  with	
  24	
  different	
  gas	
  sensitive	
  films	
  in	
  order	
  to	
  

obtain	
   a	
   variety	
   of	
   responses	
   to	
   the	
   same	
   odorant.	
   Furthermore,	
   12	
   of	
   the	
   300	
  

sensors	
  were	
  coated	
  with	
  a	
   similar	
  material	
   (coatings	
  deposited	
  at	
   the	
   same	
   time)	
  

providing	
   redundancy	
   that	
   is	
   useful	
   during	
   data	
   processing.	
   For	
   example,	
   sensor	
  

selection	
  can	
  be	
  used	
  to	
  choose	
  the	
  best	
  sensor	
  among	
  the	
  12	
  to	
  be	
  processed.	
  One	
  

of	
  the	
  main	
  reasons	
  why	
  redundancy	
  is	
  important,	
  in	
  this	
  particular	
  situation,	
  is	
  the	
  

difficulty	
  of	
  spraying	
  sensors	
  with	
  similar	
  properties,	
  due	
  to	
  the	
  inherent	
  variations	
  in	
  

the	
  deposition	
  process.	
  

After	
   passing	
   over	
   the	
   first	
   sensor	
   array,	
   a	
   test	
   sample	
   will	
   be	
   distributed	
  

equally	
  between	
  two-­‐spiral	
  columns	
  coated	
  with	
  different	
  polarity	
  stationary	
  phases.	
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The	
   flow	
   to	
   the	
   two	
   columns	
   was	
   maintained	
   at	
   the	
   same	
   rate	
   using	
   two	
   micro	
  

valves	
   connected	
   to	
   the	
  end	
  of	
   each	
   column.	
  Depending	
  on	
   the	
   tested	
  odour,	
   the	
  

column	
   will	
   delay	
   the	
   sample	
   based	
   on	
   the	
   reaction	
   between	
   the	
   chemical	
  

components	
   and	
   the	
   stationary	
   phase	
   coating.	
   Polar	
   molecules	
   will	
   be	
   retained	
  

longer	
   in	
   the	
   polar	
   column	
   and	
   on	
   the	
   non-­‐polar	
   column,	
   based	
   on	
   the	
   samples	
  

boiling	
  point.	
  Using	
   this	
  method,	
  we	
  are	
   able	
   to	
   acquire	
   two	
  varieties	
  of	
   temporal	
  

data	
  with	
   the	
   same	
   tested	
   odorant.	
   This	
   information,	
   combined	
  with	
   spatial	
   data,	
  

termed	
   ‘spatio-­‐temporal’	
   data	
   is	
   used	
   to	
   classify	
   the	
   odorant.	
   The	
   end	
   two-­‐sensor	
  

array	
  will	
  provide	
  the	
  spatio-­‐temporal	
  response	
  of	
  the	
  odorant.	
  The	
  concept	
  of	
  using	
  

spatio-­‐temporal	
  data	
  in	
  the	
  biological	
  olfactory	
  system	
  was	
  demonstrated	
  by	
  Mozell	
  

in	
  1974,	
  when	
  he	
  studied	
  the	
   ‘nasal	
  chromatograph’	
  effect	
   in	
  humans[2].	
   	
   In	
  2006,	
  

Scott	
   et.al.	
   studied	
   various	
   areas	
   	
   that	
   contribute	
   to	
   the	
   sensitivity	
   of	
   biological	
  

olfactory	
   processing	
   system,	
   including	
   spatio-­‐temporal	
   coding	
   in	
   several	
   species	
  

(salamanders,	
   mice	
   and	
   frogs	
   [3]).	
   Several	
   researchers	
   have	
   developed	
   artificial	
  

systems	
  that	
  produce	
  spatio-­‐temporal	
  data.	
  In	
  the	
  field	
  of	
  electronic	
  noses,	
  Tan	
  and	
  

Briglin	
   have	
   both	
   demonstrated	
   spatio-­‐temporal	
   response	
   by	
   flowing	
   a	
   test	
   odour	
  

through	
  a	
  sequential	
  sensor	
  array	
  inside	
  a	
  microchannel[4,5].	
  Based	
  on	
  Briglin	
  works,	
  

the	
   initial	
  sensor	
  will	
  absorb	
  some	
  of	
  the	
  odour	
   leaving	
   less	
  odour	
  molecules	
  to	
  be	
  

processed	
  on	
  the	
  next	
  sensor,	
  creating	
  a	
  sequential	
  spatio-­‐temporal	
  response	
  within	
  

the	
   system.	
   Both	
   researches	
   only	
   experimented	
   with	
   one-­‐dimensional	
   spatio-­‐

temporal	
   response.	
   Here	
   we	
   demonstrate	
   dual	
  micro	
   retentive	
   column	
   creating	
   a	
  

more	
   diverse	
   set	
   of	
   information.	
   We	
   believe	
   that	
   the	
   spatio-­‐temporal	
   signal,	
  

alongside	
  various	
  other	
  advancements	
  (larger	
  sensor	
  array,	
  sensor	
  redundancy,	
  large	
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sensor	
   tuning	
   set	
   and	
  dual	
   spatial	
   response)	
   in	
   the	
   instrument	
  will	
   improve	
  odour	
  

discrimination	
  for	
  simple	
  and	
  complex	
  odours.	
  

5.3 Large	
  Sensor	
  Array	
  Electronics	
  Circuitry	
  
	
  

The	
   electronics	
   for	
   the	
   large	
   sensor	
   arrays	
   has	
   been	
   specially	
   designed	
   and	
  

developed	
   for	
   extracting	
   the	
   high	
   number	
   of	
   signals	
   from	
   individual	
   sensing	
   units.	
  

The	
  electronic	
   circuitry	
   supports	
  up	
   to	
  4	
  ×	
  300	
   sensors.	
   Each	
   sensor	
   is	
  driven	
  by	
  a	
  

tailored	
   constant	
   current	
   to	
   circumvent	
   any	
   issues	
   of	
   varying	
   resistance.	
   	
   The	
  

circuitry	
   for	
   driving	
   the	
   sensor	
   arrays	
   is	
   distributed	
   on	
   two	
   separate	
   PCBs,	
   one	
  

contains	
  the	
  current	
  sources	
  and	
  the	
  second	
  the	
  signal	
  conditioning	
  for	
  the	
  sensors.	
  

The	
   second	
   PCB	
   also	
   contains	
   a	
   multiplexer	
   that	
   switches	
   between	
   four	
   different	
  

sensor	
   arrays	
   (thus	
   one	
   batch	
   of	
   measurement	
   circuits	
   can	
   be	
   used	
   on	
   up	
   four	
  

different	
   arrays).	
   In	
   addition,	
   this	
   PCB	
   contains	
   the	
   flow	
   control	
   circuitry	
   for	
   the	
  

fluidic	
  system.	
  

Here	
  we	
  will	
  describe	
  the	
  design	
  and	
  fabrication	
  of	
  these	
  two	
  boards.	
  	
  Figure	
  

5.2	
   shows	
   the	
   block	
   diagram	
   of	
   the	
   interfacing	
   between	
   the	
   two	
   boards.	
   In	
   its	
  

simplest	
   form,	
   board	
   2	
   is	
   just	
   an	
   extension	
   to	
   board	
   1,	
  multiplexing	
   the	
   4	
   sensor	
  

arrays,	
  so	
  that	
  only	
  one	
  sensor	
  array	
  is	
  connected	
  to	
  board	
  1	
  at	
  any	
  one	
  time.	
  Board	
  

2	
  also	
  includes	
  control	
  circuitry	
  for	
  the	
  fluidic	
  system,	
  performing	
  the	
  role	
  of	
  odour	
  

selection	
  and	
  delivery	
  achieved	
  by	
  controlling	
  the	
  valves	
  and	
  pump.	
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Figure	
  5.2:	
  Block	
  diagram	
  of	
  component	
  on	
  each	
  board	
  and	
  interfacing	
  with	
  PC 

	
  

5.3.1 Data	
  Acquisition,	
  Constant	
  Current	
  and	
  Signal	
  Conditioning	
  -­	
  
Board	
  1	
  

	
  

The	
  basic	
  principle	
  for	
  a	
  chemoresistive	
  sensor,	
  used	
  here,	
  is	
  that	
  as	
  an	
  odour	
  reacts	
  

with	
  the	
  gas	
  sensitive	
  element	
  on	
  top	
  of	
  the	
  sensor	
  electrode,	
   it	
   is	
  going	
  to	
  trigger	
  

changes	
  to	
  the	
  resistivity	
  of	
  the	
  polymer	
  composite	
  film.	
  Hence,	
  the	
  data	
  acquisition	
  

system	
  needs	
  to	
  be	
  able	
  to	
  detect	
  these	
  changes	
  and	
  translate	
  them	
  to	
  a	
  signal	
  or	
  

value	
  that	
  can	
  be	
  used	
   in	
  signal	
  processing.	
   It	
   is	
   important	
  for	
  the	
  sensor	
  to	
  detect	
  

small	
   changes	
   in	
   resistance	
   to	
   create	
   a	
   more	
   sensitive	
   sensor.	
   In	
   order	
   to	
   detect	
  

changes	
  in	
  resistance,	
  a	
  constant	
  current	
  source	
  is	
  used	
  to	
  supply	
  constant	
  current	
  to	
  

an	
  individual	
  sensor.	
  Changes	
  in	
  resistance	
  will	
  translate	
  to	
  changes	
  in	
  voltage	
  (as	
  the	
  

current	
  is	
  constant).	
  

	
   The	
   sensitivity/selectivity	
   and	
   thus	
   resistance	
   change	
   of	
   each	
   sensor	
   varies	
  

from	
   one	
   sample	
   odour	
   to	
   another	
   and	
   between	
   polymers.	
   Also,	
   the	
   actual	
  

measured	
   baseline	
   resistance	
   can	
   vary	
   from	
   its	
   initial	
   value	
   (as	
   deposited)	
   due	
   to	
  

factors,	
  such	
  as	
  the	
  age	
  of	
  the	
  polymer	
  film,	
  environmental	
  conditions	
  (temperature,	
  

humidity,	
   etc.)	
   and	
   poisoning.	
   Thus,	
   the	
   data	
   acquisition	
   circuitry	
   needs	
   to	
   be	
  

adaptable	
  and	
  robust	
  enough	
  to	
  accommodate	
  a	
  large	
  range	
  of	
  baseline	
  resistances	
  

Board	
  2	
  

Board	
  1	
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as	
  well	
  as	
  having	
  gain	
  control	
  capable	
  of	
  detecting	
  small	
  resistance	
  changes	
  for	
  each	
  

particular	
   composite	
   film	
   in	
   the	
   sensor	
   array.	
   Consequently,	
   in	
   designing	
   the	
  

electronics,	
  some	
  plug-­‐in	
  components	
  and	
  programmable	
  components	
  were	
  used	
  to	
  

increase	
  the	
  flexibility.	
  	
  Some	
  flexibility	
  to	
  the	
  board	
  is	
  the	
  ability	
  to	
  change	
  current	
  

source	
  by	
   changing	
   a	
  plug	
   in	
   resistor	
   and	
   four	
   gain	
   control	
   set	
   in	
   a	
  programmable	
  

gain	
  amplifier.	
  

	
  	
   Board	
  1	
   is	
  basically	
  a	
  data	
  acquisition	
  system	
  for	
  300	
  sensors	
  with	
  baseline,	
  

gain	
   and	
   constant	
   current	
   control.	
   As	
   shown	
   in	
   Figure	
   5.3,	
   the	
   sensor	
   voltage	
   is	
  

measured	
  using	
  National	
  Instrument	
  AT-­‐MIO-­‐16-­‐XE-­‐50	
  data	
  acquisition	
  card	
  with	
  the	
  

ability	
  to	
  read	
  analogue	
  channel	
  at	
  16	
  bit	
  resolution[6].	
  

	
  

Figure	
  5.3:	
  Functional	
  Diagram	
  of	
  Data	
  Acquisition	
  System	
  

	
  

As	
   discussed	
   in	
   Chapter	
   3,	
   the	
   300	
   sensors	
   arrays	
   were	
   arranged	
   in	
   a	
   25	
   x	
   12	
  

arrangement.	
  This	
  makes	
  data	
  acquisition	
  easier	
  with	
  only	
  37	
  pads	
  required	
  instead	
  

of	
   600	
   (2	
   per	
   sensor)	
   if	
   each	
   sensor	
   is	
   measured	
   individually.	
   Here,	
   12	
   constant	
  

current	
  sources	
  were	
  used	
  to	
  supply	
  current	
  to	
  the	
  sensor	
  column	
  pad.	
  They	
  provide	
  

the	
   capability	
   to	
  measure	
   12	
   sensors	
   at	
   once.	
   Instead	
   of	
   having	
   to	
   scan	
   between	
  

sensors	
  300	
  times,	
  having	
  12	
   identical	
  constant	
  current	
  source,	
  all	
  300	
  sensors	
  can	
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be	
  read	
  with	
  only	
  25	
  sequential	
  scan.	
  A	
  25	
  to	
  1	
  multiplexer	
  was	
  designed	
  using	
  three	
  

ADG608	
   (8	
   to	
  1)	
   and	
  one	
  DG417	
   to	
   switch	
  between	
   the	
  25	
   rows	
  of	
   sensor.	
  Digital	
  

component	
  on	
   the	
  board	
  was	
   controlled	
  using	
  Digital	
   Control	
   card	
   (PC-­‐DIO-­‐24)	
   via	
  

software	
  written	
   in	
  Labview	
  7.1[7].	
  Twelve	
  programmable	
  gain	
  amplifiers	
   (PGA205,	
  

Burr-­‐Brown)	
   were	
   used	
   to	
   control	
   gain	
   of	
   1,	
   2,	
   4	
   and	
   8	
   to	
   the	
   sensors.	
   These	
  

amplifiers	
   are	
   controlled	
   via	
   software	
   with	
   the	
   ability	
   to	
   control	
   individual	
   gain	
  

during	
   data	
   acquisition.	
   Board	
   1	
   also	
   contained	
   circuitry	
   to	
   interface	
   and	
  measure	
  

the	
  temperature	
  from	
  the	
  on-­‐chip	
  temperature	
  sensor.	
  Figure	
  5.4	
  shows	
  a	
  photo	
  of	
  

Board	
  1	
  with	
  all	
  the	
  component	
  sited.	
  

	
  

Figure	
  5.4:	
  Board	
  1-­‐	
  Data	
  Acquisition	
  and	
  Signal	
  Conditioning	
  Board	
  

	
  

5.3.2 Sensor	
  Array	
  Multiplexer	
  and	
  Odour	
  Delivery	
  -­	
  Board	
  2	
  
	
  

Board	
  2,	
  as	
  shown	
   in	
   figure	
  5.5,	
   functions	
  as	
  a	
  4	
   to	
  1	
  sensor	
  array	
  multiplexer	
  and	
  

odour	
  delivery	
  controller.	
   It	
  has	
  been	
  designed	
  to	
  accommodate	
  four	
  sensor	
  arrays	
  

that	
   translate	
   to	
   1200	
   individual	
   sensors.	
   The	
   board	
   is	
   controlled	
   via	
   a	
   software	
  

interface	
  (National	
  Instruments	
  Labview7.1)	
  through	
  a	
  National	
  Instrument	
  M	
  Series	
  

PCI-­‐6229	
  Multifunctional	
  card	
  [8].	
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Figure	
  5.5:	
  Board	
  2-­‐	
  Senor	
  array	
  multiplexer	
  and	
  Odour	
  Delivery	
  control	
  

	
  

The	
   four	
   sensor	
   arrays	
   are	
  multiplexed	
   using	
   12	
   four	
   to	
   1	
  multiplexer	
   (MAX4052).	
  

Each	
   sensor	
  array	
   column	
   is	
   connected	
   to	
  one	
  of	
   the	
   four	
  multiplexer	
   connections	
  

and	
  there	
  are	
  12	
  connections	
  corresponding	
  to	
  12	
  columns.	
  Only	
  one	
  array	
  can	
  be	
  

selected	
   at	
   one	
   time	
   and	
   the	
   other	
   remains	
   at	
   high	
   impedance	
   (effectively	
  

unconnected).	
  	
  In	
  order	
  to	
  read	
  all	
  4	
  sensor	
  array,	
  the	
  data	
  acquisition	
  software	
  will	
  

be	
  switched	
  on	
  and	
  measure	
  sequentially	
  between	
  the	
  arrays.	
  	
  

	
   The	
  odour	
  delivery	
  system	
  on	
  Board	
  2	
  consists	
  of	
  a	
  pump,	
  three	
  flow	
  sensors,	
  

temperature	
   and	
   humidity	
   sensors	
   and	
   three	
   micro	
   valves.	
   The	
   odour	
   delivery	
  

system	
  will	
  be	
  described	
  further	
   in	
  the	
  next	
  section.	
  Apart	
  from	
  the	
  odour	
  delivery	
  

component,	
   Board	
   2	
   also	
   contains	
   a	
   20	
   x	
   2	
   Liquid	
   Crystal	
   Display	
   (LCD)	
   and	
   a	
   4x3	
  

keypad.	
   These	
   components	
   are	
   built	
   together	
   with	
   the	
   board	
   as	
   a	
   prototype	
   to	
  

evaluate	
   the	
   system	
  before	
  miniaturizing	
   it.	
   The	
   LCD	
   and	
   the	
   keypad	
   provides	
   the	
  

ability	
  of	
  the	
  system	
  to	
  operate	
  independently	
  without	
  PC	
  software.	
  Interconnection	
  

to	
   microcontroller	
   has	
   been	
   placed	
   as	
   shown	
   in	
   Figure	
   5.5.	
   A	
   microcontroller	
   kit	
  

(PICDEM	
  HPC	
  Explorer)	
  based	
  on	
  Microchip	
  PIC18F8722	
  was	
  used	
  as	
  an	
  alternative	
  

to	
  PC	
  Software	
  to	
  control	
  the	
  system.	
  These	
  provide	
  a	
  way	
  to	
  evaluate	
  the	
  system	
  to	
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ensure	
   the	
   portable	
   device	
   will	
   work	
   accordingly.	
   Table	
   5.1	
   shows	
   the	
   individual	
  

component	
  of	
  the	
  odour	
  delivery	
  system.	
  

Table	
  5.1:	
  Component	
  function	
  in	
  odour	
  delivery	
  system	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Part	
   Picture	
   Supplier	
   Usage	
  

Flow	
  Meter	
  ASF1430	
  

	
  

Sensirion	
   Flow	
  rate	
  measurement	
  

Three	
  Way	
  Valve	
  
	
  

Lee	
  Co	
   Select	
  between	
  refrence	
  
gas	
  and	
  test	
  odour	
  

12V	
  DC	
  Pump	
  

	
  

KNF	
   Transport	
  odour	
  and	
  gas	
  

through	
  the	
  system	
  

Temperature	
  Humidity	
  
Sensor	
  SHT15	
  

	
  

Sensirion	
   Temperature	
  /Humidity	
  
Measurement	
  

Throttle	
  Valve	
   	
   Cole	
  Parmer	
   Control	
  Flow	
  rate	
  

Tubing	
  
	
  

Cole	
  Parmer	
   Interconnection	
  between	
  
component	
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5.4 Odour	
  Delivery	
  System	
  
	
  

	
  

Figure	
  5.6: Integration- Odour delivery system and Data Acquisition Electronics 
Diagram 

 
Figure	
  5.6	
  shows	
  the	
  odour	
  delivery	
  system	
  connections	
   to	
   the	
  electronic	
  circuitry.	
  

The	
   pump	
   will	
   push	
   either	
   the	
   test	
   samples	
   or	
   lab	
   air	
   into	
   the	
   sensor	
   chamber.	
  

Throttle	
   valve	
   T1	
   controls	
   the	
   flow	
   of	
   reference	
   air	
   through	
   a	
  micro	
   valve	
   before	
  

going	
   into	
  Sensor	
  Array	
  1.	
  Throttle	
   valve	
  T2	
  and	
  T3	
  control	
   the	
   flow	
   rate	
   from	
   the	
  

two	
  test	
  analytes	
   into	
  Sensor	
  Array	
  1.	
  A	
  non-­‐return	
  valve	
   is	
  placed	
  at	
   the	
  outlet	
  of	
  

each	
  sample	
  to	
  prevent	
  the	
  reference	
  air	
   from	
  going	
   into	
  the	
  sample	
  headspace.	
  A	
  

temperature	
  and	
  humidity	
  sensor	
  is	
  placed	
  on	
  the	
  inlet	
  of	
  the	
  reference	
  gas	
  to	
  check	
  

the	
   condition	
   of	
   air	
   coming	
   into	
   the	
   system.	
   An	
   automated	
   long	
   duration	
   test	
  

without	
   human	
   intervention	
   can	
   be	
   performed	
   with	
   both	
   test	
   samples	
   using	
   this	
  

arrangement.	
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   The	
   flow	
   rates	
   throughout	
   the	
   system	
   were	
   monitored	
   using	
   three	
   flow	
  

sensors,	
   each	
   placed	
   after	
   one	
   sensor	
   array.	
   This	
   provides	
   the	
   ability	
   to	
   check	
   for	
  

leakage	
   on	
   individual	
   sensor	
   array	
   chambers.	
   All	
   connections	
   were	
   made	
   using	
  

plastic	
   tubing	
  and	
  each	
   tube	
   run	
  was	
  kept	
  as	
   short	
  as	
  possible	
   to	
   reduce	
   the	
  dead	
  

space	
  within	
   the	
   system.	
  A	
   cooling	
  bath	
  as	
   in	
   Figure	
  5.7	
  was	
  used	
   to	
  maintain	
   the	
  

temperature	
  of	
  the	
  test	
  analytes	
  to	
  reduce	
  error	
  in	
  the	
  experiment.	
  The	
  cooling	
  bath	
  

also	
  provides	
  a	
  way	
  to	
  reduce	
  the	
  concentration	
  of	
  tested	
  analytes.	
  

	
  

	
  
Figure	
  5.7:	
  Cooling	
  Bath	
  for	
  test	
  analytes	
  

  

5.5 Data	
  Acquisition	
  Software	
  
	
  

The	
  software	
  used	
   for	
  data	
  acquisition	
  and	
  odour	
  delivery	
  control	
  were	
  developed	
  

using	
  National	
  Instrument	
  Labview	
  7.1,	
  combined	
  with	
  various	
  data	
  acquisition	
  cards	
  

(AT-­‐MIO-­‐16-­‐XE-­‐50,	
  M6229	
  and	
  PC	
  DIO	
  24)	
  connected	
  to	
  a	
  custom	
  electronic	
  circuit.	
  

Figure	
   5.8	
   shows	
   the	
   data	
   acquisition	
   panel	
   for	
   one	
   sensor	
   array	
   of	
   Board	
   1.	
   The	
  

software,	
  connected	
  to	
  a	
  data	
  acquisition	
  card	
  AT-­‐MIO-­‐16-­‐XE	
  50	
  measured	
  up	
  to	
  12	
  

channels	
  (corresponding	
  to	
  12	
  columns)	
  at	
  a	
  time.	
  The	
  measurement	
  is	
  repeated	
  25	
  

times	
   to	
   get	
   a	
   total	
   of	
   300	
   sensor	
   voltages	
   corresponding	
   to	
   the	
   changes	
   in	
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resistance	
   on	
   the	
   chemosensor	
   array.	
   The	
  measurement	
   is	
   saved	
   in	
   two	
   files,	
   one	
  

containing	
  the	
  sensor	
  response	
  voltages	
  and	
  the	
  other	
  containing	
  the	
  time	
  data.	
  As	
  

mentioned	
  before,	
  within	
   the	
  signal	
   conditioning	
  circuitry	
   there	
  are	
  programmable	
  

gain	
   amplifiers	
   to	
   boost	
   the	
   voltage	
   signal	
   from	
   the	
   sensors.	
   There	
   are	
   12	
  

programmable	
  gain	
  amplifiers	
  on	
  the	
  board,	
  grouped	
  into	
  blocks	
  of	
  4.	
  Each	
  amplifier	
  

has	
   four	
   different	
   gain	
   levels	
   that	
   can	
   be	
   set	
   via	
   software	
   to	
   amplify	
   the	
   sensors	
  

accordingly.	
  	
  

 
Figure	
  5.8:	
  Test	
  panel	
  for	
  Data	
  Acquisition	
  Board	
  1	
  

	
  

Before	
   running	
   the	
   software,	
   the	
   total	
   test	
   period	
   is	
   set	
   according	
   to	
   the	
   vapour	
  

delivery	
   system	
   end	
   time.	
   This	
   is	
   to	
   synchronize	
   the	
   data	
   acquisition	
   and	
   vapour	
  

delivery	
  system.	
  The	
  vapour	
  delivery	
  system	
  (shown	
   in	
  Figure	
  5.9)	
  used	
  to	
   test	
   the	
  

300	
   sensor	
   array	
  was	
  previously	
   developed	
  here	
   at	
   the	
  University	
   of	
  Warwick	
   and	
  

used	
  a	
  separate	
  PC	
  and	
  software[9].	
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Figure	
  5.9:	
  Vapour	
  Delivery	
  system	
  developed	
  at	
  University	
  of	
  Warwick	
  [9]	
  

	
   	
  

At	
  the	
  end	
  of	
  the	
  measurement,	
  the	
  software	
  will	
  calculate	
  Rmax-­‐Rmin	
  value	
  from	
  the	
  

response	
   and	
   plot	
   a	
   graph	
   representing	
   all	
   300	
   sensors	
   in	
   term	
   of	
   magnitude	
   of	
  

response.	
  This	
  provides	
  a	
  quick	
  look	
  of	
  the	
  total	
  sensor	
  response	
  pattern	
  to	
  certain	
  

test	
  sample.	
  	
  

	
  
Figure	
  5.10:	
  Vapour	
  Test	
  panel	
  for	
  1200	
  sensor	
  in	
  4	
  sensor	
  arrays	
  

	
  

Figure	
  5.10	
  shows	
  the	
  main	
  panel	
  of	
  the	
  vapour	
  test	
  rig,	
  which	
  is	
  used	
  to	
  control	
  the	
  

4-­‐sensor	
   arrays.	
   The	
   software	
   controls	
   both	
   Board	
   1	
   and	
   Board	
   2	
   using	
   multiple	
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National	
  Instrument	
  data	
  acquisition	
  cards.	
  Similar	
  to	
  the	
  test	
  panel	
  of	
  300	
  sensors,	
  

this	
   panel	
   also	
   includes	
   gain	
   control	
   and	
   300-­‐sensor	
   pattern	
   display	
   on	
   graph.	
  

However,	
   the	
   difference	
   here	
   is	
   the	
   number	
   of	
   ‘save	
   files’	
   available,	
   where	
   the	
  

sensor	
   responses	
   of	
   the	
   four-­‐sensor	
   arrays	
   are	
   saved	
   in	
   separate	
   txt	
   file	
   for	
   easy	
  

management	
  during	
  data	
  processing.	
  The	
  Time	
  data	
  is	
  saved	
  only	
  to	
  one	
  txt	
  file.	
  	
  

The	
   software	
   also	
   includes	
   control	
   code	
   for	
   the	
   odour	
   delivery	
   system,	
  

allowing	
  the	
  period	
  of	
  test	
  for	
  each	
  stage	
  (Pre-­‐Test,	
  Test	
  and	
  Flush)	
  to	
  be	
  adjusted.	
  

These	
  timing	
  periods	
  control	
  the	
  exact	
  time	
  when	
  the	
  valve	
  on	
  the	
  board	
  should	
  be	
  

opened	
  or	
  closed.	
  	
  

Separate	
   software	
   was	
   developed	
   to	
   read,	
   display	
   and	
   record	
   the	
   sensor	
  

responses.	
  The	
  reason	
  why	
  no	
  ‘live’	
  viewing	
  is	
  implemented	
  is	
  to	
  focus	
  as	
  much	
  CPU	
  

cycle	
  as	
  possible	
  on	
  data	
  acquisition,	
   instead	
  of	
  data	
  display.	
  This	
   is	
   important	
   in	
  a	
  

system	
  with	
  a	
  large	
  sensor	
  number.	
  The	
  sensors	
  response	
  viewer,	
  as	
  shown	
  in	
  Figure	
  

5.11,	
   is	
   used	
   to	
   display	
   up	
   to	
   5-­‐sensor	
   responses	
   for	
   a	
   quick	
   view	
   of	
   the	
   sensor	
  

reaction.	
  The	
  graph	
  on	
  the	
  left	
  displays	
  a	
  detail	
  view	
  of	
  the	
  first	
  selected	
  sensor	
  while	
  

the	
  second	
  graph	
  displays	
  a	
  total	
  of	
  up	
  to	
  5-­‐sensor	
  responses.	
  

	
  

Figure	
  5.11:	
  Sensor	
  response	
  viewer	
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5.6 Support	
  Software	
  	
  
	
  

Several	
   other	
   software	
  programs	
  were	
  developed	
   to	
   support	
   the	
   instrument.	
  Here	
  

we	
  explore	
  the	
  other	
  software	
  programs	
  created	
  to	
  support	
  the	
  instrument	
  including	
  

Live	
  Deposition	
  Viewer,	
  Vapour	
  Concentration	
  Calculator	
  and	
  XML	
  Nose	
  II	
  Converter.	
  

A	
  brief	
  explanation	
  of	
  the	
  software	
  used	
  for	
  data	
  processing	
  is	
  also	
  described	
  here.	
  	
  

5.6.1 Live	
  Deposition	
  Viewer	
  
	
  

	
  
Figure	
  5.12:	
  Live	
  Sensor	
  Deposition	
  Monitor	
  

 

As	
  mentioned	
  before,	
  the	
  resistance	
  of	
  each	
  sensor	
   is	
  monitored	
  during	
  deposition	
  

to	
   ensure	
   repeatability	
   and	
   that	
   the	
   resistance	
   is	
  within	
   a	
   useable	
   range.	
   The	
   live	
  

sensor	
  deposition	
  monitor	
   as	
   shown	
   in	
   Figure	
  5.12	
  was	
  developed	
   to	
  perform	
   this	
  

role.	
   A	
   graph	
  was	
   also	
   plotted	
   to	
   quickly	
   see	
   the	
   changes	
   in	
   resistance	
   for	
   easier	
  

deposition.	
  An	
  interface	
  was	
  created	
  to	
  mount	
  and	
  connect	
  the	
  sensor	
  array	
  to	
  the	
  

‘Live	
   Deposition	
   Monitor’,	
   achieved	
   through	
   a	
   custom	
   made	
   cable,	
   as	
   shown	
   in	
  

Figure	
  5.13. 
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Figure	
  5.13:	
  Interface	
  cable	
  from	
  mask	
  aligner	
  to	
  data	
  acquisition	
  board	
  

	
  

5.6.2 Vapour	
  Concentration	
  Calculator	
  
	
  

The	
  vapour	
  concentration	
  is	
  calculated	
  using	
  Antoine	
  Vapour	
  Pressure	
  equation	
  [10]	
  

for	
  several	
  test	
  vapours.	
  The	
  Labview	
  program,	
  shown	
  in	
  Figure	
  5.14,	
  was	
  developed	
  

to	
  calculate	
  the	
  sample	
  flow	
  from	
  a	
  specified	
  vapour	
  concentration.	
  Other	
  variables	
  

that	
   are	
   taken	
   into	
   consideration	
   are	
   the	
   sample	
   temperature	
   and	
   total	
   flow	
   rate,	
  

which	
   is	
   calibrated	
   at	
   300	
   ml/m	
   for	
   the	
   gas	
   test	
   rig.	
   Constant	
   for	
   each	
   analytes	
  

(ethanol,	
  toluene,	
  ethyl	
  acetate,	
  n-­‐pentane,	
  xylene	
  and	
  propanol)	
   is	
  extracted	
  from	
  

Lange’s	
  Handbook	
  of	
  Chemistry[10].	
  	
  

	
  

	
  Figure	
  5.14:	
  Main	
  panel	
  of	
  Vapour	
  Concentration	
  Calculator	
  with	
  Functional	
  Block	
  Diagram	
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5.6.3 NOSE	
  II	
  XML	
  Converter	
  
	
  

The	
  Nose	
  II	
  network	
  has	
  develop	
  a	
  standard	
  official	
  data	
  format	
  of	
  e-­‐nose	
  data,	
  lead	
  

by	
   Jan	
   Mitrovics	
   of	
   JLM	
   Innovations	
   [11].	
   The	
   objective	
   of	
   the	
   standard	
   was	
   to	
  

reduce	
  time	
  taken	
  to	
  convert	
  data,	
  thus	
  making	
  data	
  exchange	
  easier	
  and	
  strengthen	
  

inter-­‐partner	
   collaboration.	
   A	
   standard	
   data	
   format	
   is	
   also	
   a	
   prerequisite	
   for	
   the	
  

building	
   of	
   a	
   database	
   for	
   electronic	
   nose	
   data.	
   The	
   general	
   requirement	
   that	
   has	
  

been	
  outlined	
  by	
  the	
  Nose	
  Network	
  regarding	
  the	
  format	
  is	
  as	
  follow[12]:	
  

1. The	
  data	
  format	
  shall	
  be	
  platform	
  (OS)	
  independent.	
  
Most	
  users	
  currently	
  use	
  Windows,	
  but	
  other	
  platforms	
  (e.g.	
  Linux)	
  become	
  more	
  and	
  
more	
  important.	
  

2. The	
  data	
  format	
  shall	
  allow	
  easy	
  deployment	
  over	
  the	
  Internet.	
  
3. The	
  data	
  format	
  shall	
  facilitate	
  the	
  storage	
  in	
  a	
  database.	
  
4. The	
  data	
  format	
  shall	
  be	
  easy	
  to	
  read	
  and	
  understand.	
  	
  
5. The	
  data	
  format	
  shall	
  be	
  flexible	
  and	
  extensible,	
  to	
  be	
  able	
  to	
  adapt	
  the	
  data	
  format	
  

to	
  various	
  instruments	
  /	
  applications	
  and	
  to	
  incorporate	
  future	
  developments.	
  
	
  

To	
  meet	
  the	
  requirement,	
  XML	
  (extensible	
  Mark-­‐up	
  Language)	
  has	
  been	
  selected	
  as	
  

the	
  base	
  of	
  the	
  format	
  due	
  to	
  the	
  advantages	
  of	
  meeting	
  all	
  of	
  the	
  listed	
  criteria.	
  The	
  

fact	
  that	
  it	
   is	
  easily	
  read	
  and	
  understood	
  makes	
  it	
  easier	
  to	
  create	
  a	
  converter.	
  The	
  

simplified	
  structure	
  tree	
  for	
  a	
  simple	
  e-­‐nose	
  XML	
  data	
   is	
  shown	
  in	
  Figure	
  5.15.	
  The	
  

complete	
   structure	
   of	
   a	
   valid	
   NOSE	
   II	
   file	
   is	
   defined	
   in	
   the	
   data	
   definition	
   file	
  

enose.dtd,	
  and	
  is	
  available	
  from	
  the	
  official	
  NOSE	
  II	
  website.	
  

	
  

	
  

	
  

	
  

	
  

Figure	
  5.15:	
  E-­‐nose	
  XML	
  data	
  structure[12]	
  

enose 
└sample.. 
  ├ acquired 
  │ └measurement.. 
  │   ├ sampling 
  │   ├device.. 
  │   │ ├ device.. 
  │   │ ├ data 
  │   │ └ values 
  │   ├ class.. 
  │   └ target.. 
  └ reference 
    └measurement.. 
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For	
  this	
  project	
  it	
  was	
  decided	
  that	
  response	
  data	
  would	
  be	
  recorded	
  in	
  the	
  e-­‐nose	
  

XML	
  data	
  format	
  for	
  easier	
  distribution.	
  Thus	
  the	
  sensor	
  data	
  would	
  be	
  available	
  for	
  

distribution	
   to	
   other	
   researchers	
   to	
   study	
   different	
   methods	
   of	
   data	
   processing,	
  

especially	
  the	
  spatio-­‐temporal	
  response.	
  Furthermore,	
  this	
  makes	
   it	
  possible	
  to	
  use	
  

several	
  programs,	
  already	
  developed	
  for	
  this	
  e-­‐nose	
  format,	
  such	
  as	
  the	
  XMLViewer	
  

and	
  Multisens	
   Analyzer	
   (previously	
   known	
   as	
   E-­‐Nose	
   Analyzer)[13]	
   to	
   explore	
   the	
  

data.	
  	
  

	
  

Figure	
  5.16:	
  XML	
  Converter	
  for	
  1200	
  sensors	
  

Figure	
  5.16	
  shows	
  the	
  main	
  panel	
  of	
  the	
  XML	
  Converter	
  software.	
  On	
  this	
  panel,	
  the	
  

response	
  file	
  and	
  time	
  file	
  were	
  loaded	
  and	
  saved	
  file	
  format	
  was	
  selected.	
  Data	
  can	
  

be	
  saved	
  in	
  XML	
  format	
  or	
  TXT	
  for	
  use	
  in	
  Matlab.	
  Furthermore,	
  a	
  quick	
  view	
  of	
  the	
  

sensor	
   response	
  was	
  also	
  available.	
  At	
   the	
  core	
  of	
   the	
  program,	
   the	
   response	
  data	
  

and	
   other	
   parameter	
   including	
   test	
   period	
   are	
   rearranged	
   in	
   a	
   cluster	
   and	
   then	
  

flattened	
   into	
  XML	
  using	
  EasyXML	
  vi	
   from	
   JKI	
   Software[14].	
   	
  A	
   sample	
  XML	
  e-­‐nose	
  

file	
   is	
   presented	
   in	
   Appendix	
   A.	
   The	
   converted	
   file	
   can	
   then	
   be	
   used	
   in	
   the	
   XML	
  

viewer	
  or	
  Multisens	
  Analyzer	
  for	
  further	
  processing.	
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5.7 Data	
  Proccessing	
  Software	
  
	
  

Data	
   processing	
   associated	
   with	
   this	
   research	
   (especially	
   for	
   the	
   spatio-­‐temporal	
  

data)	
  is	
  being	
  done	
  in	
  detail	
  in	
  a	
  separate	
  study	
  [15].	
  However,	
  data	
  representation	
  

and	
   simple	
  data	
  processing	
   such	
  as	
  Principal	
  Component	
  Analysis	
   (PCA)	
  have	
  been	
  

performed	
   using	
  Matlab	
   2008	
   and	
  Multisense	
   Analyzer	
   by	
   JLM	
   Innovation.	
   Graph	
  

representation	
  and	
  Colour	
  Plots	
  from	
  the	
  large	
  sensor	
  arrays	
  have	
  been	
  performed	
  

in	
  Matlab,	
  while	
  most	
  PCA	
  or	
  LDA	
  processing	
  was	
  performed	
  in	
  Multisens	
  Analyzer.	
  

One	
  advantage	
  of	
  using	
  the	
  Multisens	
  Analyzer	
  program	
  was	
  the	
  ability	
  to	
  view	
  and	
  

select	
  the	
  best	
  sensor	
  without	
  the	
  need	
  to	
  review	
  all	
  300	
  sensors.	
  Figure	
  5.17	
  shows	
  

Multisens	
  Analyzer	
   software	
  with	
   two	
  windows	
  displaying	
  300	
  sensors	
   response	
   to	
  

Ethanol	
  and	
  Toluene	
  vapour	
  in	
  air.	
  

	
  

	
  

Figure	
  5.17:	
  Multisens	
  Analyzer	
  displaying	
  300	
  sensors	
  response	
  to	
  Toluene	
  and	
  Ethanol	
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5.8 Conclusions	
  	
  	
  	
  

	
  
In	
   this	
   chapter	
   we	
   have	
   discussed	
   the	
   integration	
   of	
   the	
   large	
   sensor	
   arrays	
   and	
  

odour	
   delivery	
   fluidic	
   system	
   to	
   create	
   a	
   complete	
   the	
   e-­‐nose	
   instrument.	
   This	
  

discussion	
  has	
  covered	
  the	
  concept	
  of	
  the	
  complete	
  e-­‐nose	
  instrument,	
  consisting	
  of;	
  

a)	
   three	
   large	
   sensor	
   arrays,	
   b)	
   two	
  micro	
   retentive	
   columns	
   and	
   c)	
   the	
   interface	
  

circuitry	
   that	
   binds	
   the	
   instrument	
   together.	
   The	
  main	
   instrument	
   consists	
   of	
   two	
  

separate	
   boards,	
   Board	
   1	
   contains	
   the	
   data	
   acquisition	
   and	
   signal	
   conditioning	
  

circuitry	
   for	
   one	
   (300	
   element)	
   sensor	
   array,	
  whilst	
   Board	
   2	
   contains	
   the	
   4-­‐sensor	
  

array	
   multiplexer	
   with	
   odour	
   delivery	
   system	
   control.	
   Both	
   boards	
   are	
   controlled	
  

with	
  a	
  PC	
  containing	
  various	
  data	
  acquisition	
  cards	
  (AT-­‐MIO-­‐16-­‐XE-­‐50,	
  M6229	
  and	
  PC	
  

DIO	
  24)	
  via	
  software	
  developed	
  with	
  Labview	
  7.1.	
  	
   The	
   data	
   acquisition	
   software	
  

has	
  been	
  explained	
  with	
  reference	
  to	
  the	
  test	
  rig	
  configuration.	
  Two	
  test	
  rigs	
  (odour	
  

delivery	
   systems)	
  were	
   used	
   to	
   test	
   sensors,	
   one	
   previously	
  was	
   developed	
   at	
   the	
  

University	
   of	
  Warwick[9]	
   and	
   the	
   other	
   one	
  was	
   built	
   onto	
   Board	
   2.	
   The	
   interface	
  

board	
   was	
   configured	
   so	
   that	
   the	
   voltage	
   gain	
   from	
   any	
   one	
   sensor,	
   of	
   the	
   300	
  

sensor	
   elements,	
   can	
   be	
   set	
   (in	
   real-­‐time)	
   to	
   one	
   of	
   four	
   values	
   (note	
   we	
   use	
   a	
  

constant	
   current	
   source	
   to	
   drive	
   the	
   sensors	
   and	
   measure	
   the	
   resultant	
   voltage	
  

drop).	
   In	
   this	
  way	
  we	
   ensure	
   that	
   even	
  with	
   variations	
   in	
   sensor	
   baseline	
   (due	
   to	
  

deposition,	
   aging,	
   poisoning	
   etc.)	
   we	
   can	
   still	
   monitor	
   the	
   sensor	
   response.	
   The	
  

software	
   has	
   also	
   an	
   integrated	
   viewer	
   for	
   quick	
   evaluation	
   of	
   the	
   overall	
   system.	
  

Separate	
   software	
   was	
   designed	
   to	
   display	
   the	
   sensor	
   response	
   after	
   the	
   data	
  

acquisition	
  was	
  completed.	
  The	
  reason	
  separate	
  software	
  was	
  developed	
  is	
  to	
  focus	
  

CPU	
  power	
  towards	
  data	
  acquisition,	
  thus	
  improving	
  the	
  speed	
  of	
  the	
  instrument.	
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   Finally,	
   subsidiary	
   support	
   software	
   for	
   the	
   instrument	
   was	
   described	
  

including	
  Live	
  Deposition	
  Viewer,	
  Vapour	
  Concentration	
  Calculator	
  and	
  XML	
  Nose	
  II	
  

Converter.	
  The	
  Live	
  Deposition	
  viewer	
  was	
  important	
  to	
  maintain	
  similar	
  deposition	
  

properties	
  of	
  the	
  gas	
  sensitive	
  polymer	
  composite	
   layers.	
  The	
  data	
  acquired	
  by	
  the	
  

instrument	
  was	
  converted	
   into	
  XML	
  Nose	
   II	
   format	
   to	
  conform	
  to	
   the	
  European	
  e-­‐

nose	
   data	
   standard.	
   The	
   main	
   advantage	
   of	
   a	
   standard	
   format	
   was	
   the	
   ability	
   to	
  

exchange	
  data	
  easily	
  between	
  researchers	
  strengthening	
  inter-­‐partner	
  collaboration.	
  

	
   The	
   next	
   chapter	
   will	
   discuss	
   the	
   design,	
   fabrication	
   and	
   software	
  

development	
   of	
   a	
   portable	
   device	
   based	
   on	
   the	
   electronic-­‐mucosa-­‐nose	
   system	
  

discussed	
  in	
  this	
  chapter.	
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CHAPTER	
  6 	
  
 

	
  
Portable	
  Electronic	
  Mucosa	
  System	
  
	
  

6.1 Introduction	
  	
  
	
  

For	
   many	
   years	
   researchers	
   have	
   been	
   interested	
   in	
   developing	
   portable	
   e-­‐nose	
  

instruments.	
  Such	
  systems	
  would	
  allow	
  the	
  operator	
  to	
  take	
  a	
  sample	
  at	
  source	
  (for	
  

example,	
   an	
   environmental	
   measurement)	
   instead	
   of	
   either	
   taking	
   a	
   sample	
   or	
  

taking	
   the	
  headspace	
  of	
   the	
   sample	
   to	
   the	
   lab.	
  These	
  developments	
   culminated	
   in	
  

the	
   	
  Cyranose	
  320	
  by	
  Cyrano	
  Sciences[1].	
  Although	
   the	
  Cyranose	
   is	
  now	
  owned	
  by	
  

Smiths	
  Detection,	
  USA,	
  other	
   researchers	
  and	
  companies	
  are	
  coming	
  up	
  with	
   their	
  

own	
  version	
  of	
  portable	
  and	
  handheld	
  e-­‐nose	
  device.	
  The	
  zNose	
  4500	
  by	
  Electronic	
  

Sensor	
   	
   Technology	
   is	
   a	
   portable	
   instrument	
   utilizing	
   GC/SAW(DB-­‐1	
   column)	
  

detection	
  method	
  with	
  part	
  per	
  billion	
  (ppb)	
  sensitivity	
  [2]	
  (achieved	
  through	
  the	
  use	
  

of	
   a	
   pre-­‐concentrator).	
   	
   TechnoBiochip	
   also	
   produces	
   a	
   portable	
   device	
   called	
  

LibraNose	
   based	
   on	
   GC/QCM	
   array	
   detection	
   method	
   [3].	
   However,	
   these	
   two	
  

devices	
  are	
  both	
  portable	
  but	
  not	
  handheld	
  and	
  still	
  require	
  a	
  laptop/PC	
  to	
  operate.	
  

PEN3	
  by	
  Airsense	
  Analytics	
   is	
  a	
  handheld	
  device	
  that	
   is	
  capable	
  of	
   identifying	
  up	
  to	
  

10	
  different	
  compounds	
  that	
  has	
  been	
  previously	
  trained	
  [4].	
  	
  

	
   In	
  2000,	
  Hyung	
  demonstrated	
  a	
  portable	
  electronic	
  nose	
  instrument	
  using	
  an	
  

metal	
  oxide	
  gas	
  sensor	
  array	
  with	
  artificial	
  neural	
  network	
  for	
  signal	
  processing[5].	
  A	
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year	
   later,	
  Perera	
  demonstrated	
  a	
  portable	
  device	
  with	
  12	
  metal	
  oxide	
  sensor	
  with	
  

built	
   in	
   signal	
   processing	
   technique[6].	
   In	
   2005,	
   a	
   portable	
   e-­‐nose	
   based	
   on	
   16	
  

carbon	
  black	
  composite	
  with	
  interface	
  to	
  PDA	
  or	
  Laptop	
  was	
  demonstrated[7].	
  It	
  can	
  

be	
  seen	
  here	
  that	
  the	
  maximum	
  number	
  of	
  sensor	
  which	
  has	
  been	
  used	
  for	
  portable	
  

device	
  is	
  still	
  less	
  than	
  32	
  (as	
  with	
  the	
  Cyranonose).	
  In	
  almost	
  all	
  aspects	
  the	
  Cyrano	
  

is	
  still	
  at	
  the	
  pinnacle	
  of	
  portable	
  e-­‐nose	
  instrumentation.	
  

	
   Some	
   researchers	
   have	
   also	
   shown	
   the	
   possibility	
   of	
   developing	
   a	
   portable	
  

gas	
   chromatograph	
   instrument.	
   Terry	
   et.	
   al	
   was	
   a	
   pioneer	
   in	
   this	
   area	
   when	
   he	
  

demonstrated	
  his	
  Air	
  Analyzer	
  in	
  1979[8].	
  Recently,	
  there	
  are	
  a	
  few	
  other	
  attempts	
  

in	
   the	
  development	
  of	
  portable	
  GC	
  with	
  different	
  methods	
   including	
  a	
   tandem	
  GC	
  

column	
   separation	
   stage	
   [9]	
   and	
   silicon/glass	
   integrated	
   micromachined	
   flushed	
  

injector	
  and	
  doubled	
  thermal	
  conductivity	
  detectors	
  (TCD)[10].	
  	
  

Here	
   in	
   this	
   chapter,	
   the	
   design	
   and	
   fabrication	
   of	
   the	
   Portable	
   Electronic	
  

Mucosa(PeM)	
   is	
   discussed.	
   Based	
   on	
   the	
   design	
   principle	
   described	
   in	
   previous	
  

chapters,	
   a	
   PEM	
   is	
   built.	
   This	
   instrument	
   tries	
   to	
  mimic	
   the	
  way	
  mammalian	
   nose	
  

functions	
   by	
   using	
   a	
   large	
   sensor	
   array	
   combined	
   with	
   two	
   retentive	
   columns	
  

focused	
   on	
  mimicking	
   the	
   olfactory	
  mucosa.	
   Also	
   embedded	
   in	
   the	
   PeM	
   is	
   a	
   pre-­‐

concentrator	
   that	
   tries	
   to	
   improve	
   the	
   system	
   by	
   concentrating	
   the	
   odour	
   being	
  

tested.	
  This	
  chapter	
  outlines	
  the	
  design	
  and	
  specification	
  of	
  the	
  portable	
  e-­‐mucosa.	
  

Then	
   the	
   components	
   and	
   modules	
   used	
   will	
   be	
   described.	
   The	
   choice	
   of	
  

microcontroller,	
   data	
   acquisition	
   and	
   storage	
   method	
   is	
   then	
   explained.	
   Finally,	
  

casing	
  and	
  software	
  design	
  for	
  the	
  portable	
  device	
  is	
  discussed.	
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6.2 Design	
  and	
  Specification	
  
	
  

	
  Figure	
  6.1	
  illustrates	
  the	
  complete	
  flow	
  of	
  vapour	
  through	
  the	
  portable	
  instrument.	
  

As	
   seen	
   here,	
   the	
   overall	
   system	
   is	
   similar	
   to	
   previously	
   described	
   principles	
   for	
  

generating	
   spatio-­‐temporal	
   responses,	
   but	
   in	
   this	
   design	
   we	
   have	
   added	
   a	
  

preconcentrator.	
   In	
   this	
   design,	
   a	
   sample	
   first	
   passes	
   over	
   a	
   pre-­‐concentrator	
  

employing	
  a	
  carbon	
  black	
   layer	
  as	
   the	
  absorbent	
  coating.	
   In	
  a	
  measurement	
  mode	
  

the	
  sample	
  is	
  released	
  through	
  a	
  thermal	
  desorption	
  process.	
  	
  

	
  

Figure	
  6.1:	
  Portable	
  e-­‐Mucosa	
  concept	
  diagram	
  with	
  built	
  in	
  preconcentrator	
  

	
  

This	
  is	
  connected	
  to	
  an	
  initial	
  sensor	
  array	
  of	
  200	
  chemoresistive	
  sensors	
  that	
  gives	
  a	
  

traditional	
  e-­‐nose	
  output.	
  The	
  sample	
  flow	
  is	
  then	
  divided	
  (controlled	
  via	
  two	
  valves)	
  

and	
  passed	
   through	
   two	
  micro	
   retentive	
   channels	
   coated	
  with	
  Carbowax	
  20M	
  and	
  

OV-­‐1	
  (polar	
  and	
  non-­‐polar	
  compounds)	
  with	
  channel	
  dimensions	
  of	
  0.25	
  mm	
  ×	
  0.38	
  

mm	
  ×	
  1	
  m.	
  As	
  the	
  odours	
  are	
  emitted	
  from	
  the	
  channels	
  they	
  pass	
  over	
  additional	
  

sensor	
  arrays,	
  (also	
  with	
  200	
  sensors),	
  producing	
  spatio-­‐temporal	
  data. 
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Figure	
  6.2:	
  Block	
  Diagram	
  of	
  complete	
  portable	
  e-­‐Mucosa	
  

	
  

The	
   instrument	
   is	
   fully	
   contained	
   with	
   integrated	
   electronics	
   and	
   micro	
   fluidic	
  

components.	
  The	
  system	
  is	
  divided	
  into	
  2	
  sections,	
  which	
  are	
  the	
  control,	
  and	
  data	
  

acquisition,	
   as	
   illustrated	
   in	
   Figure	
   6.2.	
   Two	
   separate	
   microcontrollers	
   from	
  

Microchip	
  Technology	
  are	
  used	
  for	
  each	
  system.	
  	
  

The	
   PIC18F8722	
   can	
   control	
   and	
  measure	
   the	
   heater,	
   valves,	
   temperature,	
  

humidity,	
   LCD,	
   Keypad	
   and	
   timer	
   control.	
   While	
   the	
   PIC18f4550	
   will	
   do	
   the	
   data	
  

acquisition,	
  storage	
  through	
  MMC	
  Card	
  with	
  FAT16	
  files	
  system	
  and	
  USB.	
  	
  

The	
   reason	
   two	
   microcontrollers	
   are	
   used	
   is	
   because	
   data	
   acquisition	
   and	
  

storage	
  needs	
  to	
  be	
  as	
  fast	
  as	
  possible	
  in	
  order	
  to	
  record	
  usable	
  data	
  from	
  the	
  600	
  

sensors	
  in	
  the	
  array.	
  Furthermore,	
  separate	
  control	
  and	
  acquisition	
  systems	
  provide	
  

the	
   option	
   of	
   simple	
   re-­‐configuration.	
   This	
   provides	
   the	
   ability	
   to	
   upgrade	
   the	
  

instrument,	
   either	
   improving	
   the	
   data	
   acquisition	
   system	
   to	
   make	
   it	
   faster	
   or	
   by	
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improving	
   odour	
   delivery	
   system	
  by	
   adding	
  more	
   complex	
  modules.	
   These	
   can	
   be	
  

done	
  without	
  affecting	
   the	
  other	
   separated	
   sub-­‐systems.	
  The	
   list	
  below	
  shows	
   the	
  

specification	
  and/or	
  the	
  summary	
  of	
  the	
  PeM.	
  

6.2.1  Specifications	
  
Weight                 700g 
Dimensions    11 x 20 x 11 cm 
Sensor Array Module                 600 polymer carbon black 24 Different Tunings 
Retentive Column Module 2 x Retentive Column (2m x 0.25 mm x 0.38 mm)  

- Coated with 0.01 mm OV-1 
- Coated with 0.01 mm Carbowax 20M 

Preconcentrator Module             (0 – 150°C) 
Temperature Sensor  SHT15, TC77 and PT100 
Data Acquisition Module 24 bit Sigma Delta ADC 
Current Source Module              4 Programmable Current Source 
Battery Type                               6 x AA battery pack 
Processor   PIC18F8722 (32Mhz) and PIC18F4550(96Mhz) 
Universal Power Adapter           110-240 V 12V 5A external power adapter 
    5V USB Port – with reduced functionality 
Display    128 x 128 Nokia Color Graphic LCD 
Inlet Probe    One 2” needle interchangeable: Luer Lock Compatible 
Keypad    4x3 Character Keypad, RUN and ESC 
Warm up time                (at room temperature) < 1 minutes 
Data Storage   MMC/SD Card Up to 4GB 
Communication   USB 
Sampling Pump   200 ml/minute 
Operating Temperature               0 to 40°C (32 to 104°F) 

6.3 System	
  Modules	
  

6.3.1 Large	
  Sensor	
  Array	
  
	
  

 

Figure	
  6.3:	
  Coating	
  Arrangement	
  based	
  on	
  Table	
  3.2 



Chapter	
  6:	
  Portable	
  Electronic	
  Mucosa	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  122	
  

	
  

	
  

Chapter	
  3	
  describes	
  the	
  design	
  and	
  fabrication	
  of	
  a	
  300	
  sensors	
  array.	
  Here,	
  we	
  are	
  

utilizing	
   the	
   same	
   sensor	
   array,	
   however	
   only	
   200	
   sensors	
   out	
   of	
   300	
   were	
   used	
  

(coated/connected).	
  The	
  portable	
  e-­‐mucosa	
  utilizes	
  three	
  200	
  chemosensors	
  arrays	
  

providing	
   a	
   total	
   of	
   600	
   sensors.	
   These	
   sensors	
   were	
   deposited	
   with	
   24	
   different	
  

carbon	
   black	
   polymer	
   composite	
   films,	
   similar	
   to	
   Table	
   3.2.	
   Figure	
   6.3	
   shows	
   the	
  

coating	
   arrangement	
   of	
   the	
   sensor	
   array	
   with	
   a	
   24	
   rows	
   ×	
   8	
   columns	
   of	
   sensors	
  

coated	
  with	
  gas	
  sensitive	
  film	
  as	
  in	
  Table	
  3.2.	
  

 

Figure	
  6.4:	
  a)	
  Bottom	
  view	
  of	
  the	
  peM	
  with	
  three	
  200	
  sensors	
  array	
  b)	
  Retentive	
  column	
  
with	
  connection	
  adapter 

Figure	
  6.4a	
   shows	
   the	
  bottom	
  view	
  of	
   the	
  PeM	
  with	
  a	
   total	
  600	
   sensors.	
  A	
   similar	
  

micro	
   sensor	
   chamber	
   was	
   used	
   to	
   that	
   described	
   in	
   Chapter	
   4.	
   However,	
   in	
   this	
  

arrangement,	
   to	
   be	
   able	
   to	
   keep	
   the	
   size	
   down,	
   the	
   chamber	
   was	
   not	
   attached	
  

directly	
   to	
   the	
   column.	
   Instead	
   a	
   converter	
   was	
   developed	
   as	
   in	
   Figure	
   6.4b	
   to	
  

decrease	
   the	
   size	
   of	
   the	
   connector	
   to	
  match	
   the	
   standard	
   tubing	
   size	
   used	
   in	
   the	
  

instrument.	
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6.3.2 Retentive	
  Column	
  
	
  

 

Figure	
  6.5:	
  Retentive	
  column	
  and	
  sensor	
  chamber	
  formed	
  of	
  three	
  sections 

 

Two	
  retentive	
  columns	
  (coated	
  with	
  different	
  polarity	
  materials	
  (OV-­‐1	
  and	
  Carbowax	
  

20M)	
  were	
  used	
  to	
  create	
  the	
  ‘nasal	
  chromatograph’	
  effect.	
  Each	
  channel	
  was	
  built	
  

(using	
  an	
  Envisiontec	
  Perfactory	
  Mini	
  machine)	
  with	
  dimensions	
  0.25	
  mm	
  ×	
  0.38	
  mm	
  

×	
  512	
  mm	
  each	
  column.	
  The	
  column	
  was	
  built	
  so	
  that	
  it	
  can	
  be	
  stacked	
  together,	
  to	
  

create	
  a	
   longer	
  column,	
  as	
  described	
   in	
  detail	
   in	
  Chapter	
  4.	
  For	
  the	
  purpose	
  of	
   the	
  

Portable	
   E-­‐Mucosa,	
   we	
   are	
   utilizing	
   only	
   one	
   column	
   to	
   optimize	
   the	
   flow	
   rate	
  

through	
  out	
   the	
   instrument.	
  Although	
   the	
   temporal	
   delay	
  produced	
  with	
  only	
  one	
  

column	
  is	
  less	
  compared	
  to	
  more	
  columns,	
  it	
  is	
  enough	
  to	
  generate	
  spatio-­‐temporal	
  

information	
  that	
  is	
  usable.	
  

6.3.3 Preconcentrator	
  
	
  

	
  

Figure	
  6.6:	
  Preconcentrator	
  Uncoated	
  and	
  coated	
  with	
  Carbon	
  Black 
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Figure	
  6.6	
  shows	
  the	
  preconcentrator	
  PCB	
  board	
  with	
  absorbent	
  layer	
  (carbon	
  black)	
  

coated	
  on	
  top	
  of	
  a	
  heater.	
  The	
  preconcentrator	
  used	
  here,	
  is	
  essentially	
  a	
  PCB	
  heater	
  

with	
  an	
  absorbent	
  material	
  coated	
  on	
  top.	
  The	
  preconcentrator	
  works	
  by	
  absorbing	
  

the	
  vapour	
  molecules	
  at	
  lower	
  temperature	
  in	
  a	
  sampling	
  period.	
  The	
  vapour	
  is	
  then	
  

released	
  and	
  channelled	
  to	
  the	
  chemical	
  sensors,	
  through	
  a	
  rapid	
  thermal	
  desorption	
  

process.	
   At	
   a	
   temperature	
   of	
   150	
   oC,	
   the	
   absorbent	
   material	
   will	
   release	
   the	
  

concentrated	
  odour	
  in	
  a	
  short	
  pulse	
  to	
  the	
  sensor.	
  The	
  absorbent	
  material	
  used	
  for	
  

this	
  device	
  was	
  carbon	
  black	
  (a	
  similar	
  material	
  to	
  that	
  used	
  is	
  a	
  large	
  number	
  of	
  pre-­‐

concentrators).	
  The	
  chamber	
  to	
  house	
  the	
  preconcentrator	
  was	
  built	
  using	
  the	
  same	
  

Envisiontec	
  Perfactory	
  Mini	
  Machine.	
  

6.4 PeM	
  Electronics	
  	
  
	
  

The	
  complete	
  instrument	
  consists	
  of	
  three	
  boards:	
  a)	
  Main	
  Control	
  System	
  (Board	
  A),	
  

b)	
   Data	
   Acquisition	
   System	
   (Board	
   B)	
   and	
   c)	
   Power	
   Supply	
   Board	
   (Board	
   E).	
   As	
  

mentioned	
  before,	
  two	
  microcontrollers	
  are	
  used	
  as	
  the	
  core-­‐processing	
  unit	
  in	
  this	
  

device	
  located	
  on	
  Board	
  A	
  and	
  Board	
  B.	
  The	
  main	
  advantage	
  is	
  the	
  ability	
  to	
  separate	
  

the	
   instrument	
   into	
   two-­‐sub	
   system,	
   namely	
   control	
   system	
   and	
   data	
   acquisition	
  

system.	
   In	
   the	
   odour	
   delivery	
   subsystem,	
   the	
   microcontroller	
   controls	
   the	
   timer,	
  

pump,	
  valve	
  and	
  micro	
  heater.	
  The	
  data	
  acquisition	
  system’s	
  function	
  is	
  to	
  read	
  600	
  

sensors	
  and	
  record	
   it	
   to	
  a	
  MMC	
  card	
  continuously.	
  Here	
  we	
  describe	
  both	
  systems	
  

with	
  all	
  electronic	
  modules	
  within	
  each	
  system.	
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6.4.1 Main	
  Control	
  System	
  :	
  Board	
  A	
  
	
  

	
  
Figure	
  6.7:	
  View	
  of	
  Font	
  and	
  back	
  of	
  Board	
  A	
  

	
  

The	
   main	
   microcontroller	
   controlling	
   Board	
   A,	
   as	
   in	
   Figure	
   6.7,is	
   a	
   Microchip	
  

PIC18F8722	
  8-­‐bit	
  processor	
  with	
  128kB	
  of	
  program	
  memory	
  and	
  3936	
  bytes	
  of	
  RAM.	
  

This	
   is	
  the	
  main	
  processor	
  that	
  controls	
  timing	
  period,	
  temperature	
  sensor,	
  heater,	
  

pump	
  and	
  valve.	
  It	
  also	
  triggers	
  the	
  data	
  acquisition	
  microcontroller	
  to	
  start	
  or	
  stop	
  

acquiring	
  data.	
  	
  

6.4.1.1 Timer	
  Control	
  
	
  

On-­‐board	
   real	
   time	
   clock	
   (RTC)	
   is	
   used	
   to	
   control	
   the	
   timing	
   period	
   during	
   test	
   to	
  

ensure	
   proper	
   timing.	
   There	
   are	
   four	
   timing	
   periods	
   used	
   in	
   the	
   system;	
   pre-­‐

concentrating	
   period,	
   reference	
   period,	
   testing	
   period	
   and	
   flushing	
   period.	
   These	
  

periods	
  can	
  be	
  set	
  under	
  Settings	
  menu.	
  The	
  RTC	
  interrupt	
  is	
  called	
  every	
  second	
  and	
  

valve	
  position	
  is	
  switched	
  on	
  every	
  time	
  the	
  counter	
  reaches	
  each	
  a	
  timing	
  period.	
  	
  

6.4.1.2 Temperature	
  Sensor	
  
	
  

There	
  are	
  five	
  temperature	
  sensors	
  in	
  total	
  in	
  this	
  device:	
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1. One	
  on	
  the	
  pre-­‐concentrator,	
  	
  

2. One	
  on	
  the	
  temperature/humidity	
  sensor	
  on	
  the	
  input	
  to	
  the	
  instrument	
  

3. 	
  	
  One	
  of	
  each	
  sensor	
  board	
  

	
  

A	
  Microchip	
  TC77	
  is	
  used	
  to	
  measure	
  the	
  temperature	
  on	
  the	
  pre-­‐concentrator	
  as	
  it	
  

ramps	
   from	
   30	
   to	
   150	
   oC.	
   The	
   TC77	
   was	
   placed	
   in	
   the	
   middle	
   of	
   the	
   heater	
   to	
  

measure	
  the	
  temperature.	
  As	
  for	
  the	
  input	
  odour,	
  a	
  SHT15	
  (Sensirion)	
  will	
  measure	
  

the	
   temperature	
   and	
   humidity	
   simultaneously.	
   A	
   small	
   chamber	
   housing	
   for	
   the	
  

SHT15	
  was	
   built	
   to	
   ensure	
   that	
   the	
   inlet	
   temperature/humidity	
  measurement	
  was	
  

valid.	
   A	
   PT100	
   temperature	
   sensor	
   was	
   used	
   for	
   the	
   sensor	
   array	
   to	
  monitor	
   the	
  

sensor	
  temperature.	
  The	
  running	
  temperature	
  can	
  be	
  selected	
  in	
  the	
  Settings	
  menu	
  

with	
   a	
   maximum	
   of	
   50	
   C.	
   A	
   high	
   operating	
   temperature	
   is	
   not	
   required	
   as	
   the	
  

magnitude	
  of	
   the	
   response	
  of	
   a	
   composite	
  polymer	
   sensor	
   falls	
   exponentially	
  with	
  

temperature.	
  

6.4.1.3 Pump	
  Control	
  
	
  

The	
   pump	
   is	
   controlled	
   using	
   a	
   digital	
   to	
   analogue	
   converter	
   using	
   SPI	
  

communication.	
   The	
   user	
   is	
   able	
   to	
   select	
   three	
   pump	
   voltage	
   levels,	
   from	
   the	
  

settings	
  menu,	
   to	
  control	
   the	
   flow	
  rate	
  of	
   the	
  system.	
  The	
  user	
  can	
  also	
  check	
   the	
  

pump	
  power	
  by	
  going	
  to	
  the	
  Diagnostics	
  menu.	
  

6.4.1.4 Valve	
  Control	
  
	
  

The	
  valve	
  used	
  in	
  the	
  PeM	
  instrument	
  is	
  the	
  x-­‐series	
  miniature	
  three-­‐way	
  valve	
  from	
  

Sensor	
  Technics.	
  The	
  valve	
  is	
  controlled	
  using	
  a	
  standard	
  MOSFET	
  switch.	
  The	
  valve	
  

control	
   is	
  an	
  ON/OFF	
   function	
   to	
  select	
  which	
   inlet	
   is	
  connected	
  to	
   the	
  outlet.	
  The	
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user	
   can	
  diagnose	
   the	
  valve	
   function	
   from	
   the	
  Diagnostic	
  Menu	
   in	
   the	
   instrument.	
  

Two	
  LED	
  indicators	
  were	
  placed	
  on	
  the	
  PCB	
  for	
  indication	
  of	
  the	
  valve	
  status.	
  

6.4.1.5 Heater	
  Control	
  
	
  

There	
  is	
  a	
  total	
  of	
  4	
  heaters	
  on	
  this	
  instrument.	
  One	
  of	
  the	
  pre-­‐concentrator	
  and	
  one	
  

for	
  each	
  of	
   the	
   three	
   sensors	
  arrays.	
   The	
  pre-­‐concentrator	
   requires	
  a	
   temperature	
  

range	
  of	
  0-­‐150oC	
  to	
   function,	
  while	
   the	
  sensor	
  heater	
  needs	
   to	
  be	
  maintained	
  at	
  a	
  

running	
   temperature	
   lower	
   than	
   30oC.	
   The	
   heater	
   for	
   the	
   pre-­‐concentrator	
   is	
  

controlled	
   via	
   a	
   feedback	
   mirrored	
   current	
   source	
   while	
   the	
   sensor	
   heater	
   is	
  

controlled	
  via	
  software	
  through	
  a	
  buck	
  converter.	
  

6.4.1.6 User	
  Interface	
  Unit	
  
	
  

The	
  display	
  unit	
  consists	
  of	
  a	
  128	
  ×	
  128	
  colour	
  graphic	
  LCD	
  control	
  via	
  SPI.	
  User	
  Input	
  

is	
  realized	
  using	
  2	
  buttons	
  (RUN	
  and	
  ESC)	
  and	
  a	
  4	
  ×	
  3	
  keypad.	
  	
  

6.4.2 Data	
  Acquisition	
  System	
  –	
  Board	
  B	
  
 

 

 

Figure	
  6.8:	
  View	
  of	
  Front	
  and	
  Back	
  of	
  Board	
  B 
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The	
  data	
  acquisition	
  processor	
  (Microchip	
  PIC18f4550)	
  controls	
  Board	
  B	
  as	
  in	
  Figure	
  

6.8.	
   This	
   controls	
   the	
   ADC	
   sigma	
   delta	
   converter;	
   current	
   sources	
   and	
  MMC	
   card	
  

storage.	
  Data	
   acquisition	
   is	
   achieved	
  using	
   a	
   24-­‐bit	
   sigma	
  delta	
   converter	
  AD7738.	
  

The	
   converter	
   has	
   8	
   analogue	
   input	
   channels,	
   corresponding	
   to	
   the	
   8	
   columns	
   of	
  

sensor	
  array.	
  Each	
  column	
  is	
  sampled	
  25	
  times	
  to	
  make	
  a	
  total	
  of	
  200	
  sensors	
  (note,	
  

the	
   ground	
   of	
   each	
   sensor	
   (thus	
   row)	
   is	
   multiplexed,	
   so	
   that	
   the	
   channel	
   current	
  

source	
  is	
  only	
  connected	
  to	
  one	
  sensor	
  at	
  a	
  time).	
  The	
  microcontroller	
  for	
  the	
  data	
  

acquisition	
  system	
  waits	
   for	
  the	
  trigger	
  from	
  the	
  main	
  control	
  system	
  before	
  starts	
  

acquiring	
  data.	
  	
  Data	
  is	
  ranged	
  from	
  0-­‐2.5V	
  and	
  is	
  converted	
  to	
  a	
  digital	
  value	
  (of	
  the	
  

voltage)	
  before	
  saving	
  it	
  in	
  RAM.	
  Once	
  the	
  RAM	
  reaches	
  the	
  limit	
  (360	
  bytes),	
  all	
  the	
  

values	
  will	
  be	
  transferred	
  onto	
  the	
  memory	
  card.	
  

6.4.2.1 Current	
  Sources	
  
	
  

There	
  are	
  a	
  total	
  of	
  24	
  current	
  sources	
  on	
  board	
  this	
  device,	
  8	
   for	
  each	
  column.	
   In	
  

order	
  to	
  acquire	
  data	
  faster,	
  we	
  opted	
  for	
  using	
  8	
  current	
  sources	
  instead	
  of	
  one	
  and	
  

performing	
   further	
   multiplexing.	
   This	
   eliminates	
   the	
   need	
   to	
   wait	
   for	
   the	
   current	
  

source	
  to	
  stabilise	
  before	
  taking	
  measurements.	
  

Each	
   current	
   source	
   can	
   supply	
   four	
   different	
   current	
   values.	
   These	
   are	
  

selected	
  by	
  the	
  user	
  (by	
  multiplexing	
  four	
  resistors	
  within	
  the	
  current	
  source	
  circuit),	
  

with	
  values	
  ranging	
  from	
  10	
  µA	
  to	
  500µA.	
  The	
  current	
  can	
  be	
  selected	
  by	
  the	
  user	
  via	
  

the	
  settings	
  menu.	
  Information	
  regarding	
  the	
  current	
  source	
  selection	
  is	
  saved	
  in	
  the	
  

XML	
  file	
  for	
  reference.	
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6.4.2.2 Data	
  Storage	
  	
  
	
  

Data	
  is	
  stored	
  in	
  the	
  MMC/SD	
  Card	
  using	
  SPI	
  communication.	
  The	
  main	
  advantage	
  of	
  

using	
  an	
  MMC	
  card	
  for	
  storage	
   is	
  that	
   it	
  allows	
  for	
  a	
  truly	
  portable	
  system	
  without	
  

the	
   need	
   of	
   a	
   PC,	
   Laptop	
   or	
   PDA	
   during	
   data	
   acquisition.	
   FAT16	
   format	
   was	
  

implemented	
   to	
   enable	
   the	
   file	
   created	
  with	
   this	
   instrument	
   is	
   compatible	
  with	
   a	
  

Windows	
   or	
  Mac	
   environment.	
   The	
   file	
   created	
   can	
   be	
   read	
   directly	
   using	
   a	
   card	
  

reader,	
  with	
  a	
  MAC	
  or	
  PC,	
  for	
  further	
  data	
  post	
  processing.	
  The	
  system	
  is	
  capable	
  of	
  

using	
  an	
  MMC	
  Card	
  with	
  up	
  to	
  4GB	
  of	
  storage.	
  Data	
  is	
  stored	
  using	
  standard,	
  comma	
  

separated,	
  values	
  .txt	
  format	
  and	
  can	
  be	
  converted	
  into	
  Nose	
  II	
  XML	
  data	
  format	
  for	
  

further	
   processing	
   using	
   Matlab	
   2008	
   or	
   Multisens	
   Analyzer.	
   Currently,	
   the	
  

electronics	
  circuitry	
  for	
  the	
  board	
  includes	
  a	
  USB	
  port,	
  which	
  enables	
  the	
  possibility	
  

of	
  measuring	
  and	
  viewing	
  real	
  time	
  data	
  using	
  a	
  PC	
  or	
  Laptop.	
  However,	
  this	
  function	
  

has	
   not	
   been	
   implemented	
   yet	
   since	
   the	
  MMC	
   card	
   is	
   already	
   able	
   to	
   collect	
   the	
  

response	
  for	
  processing.	
  

6.5 Odour	
  Delivery	
  System	
  

	
  
Figure	
  6.9:	
  Block	
  diagram	
  of	
  odour	
  flow	
  in	
  the	
  system	
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  Figure	
  6.9	
   shows	
   the	
  block	
  diagram	
  of	
   the	
  odour	
  delivery	
   system	
   for	
   the	
  portable	
  

instrument.	
   The	
   odour	
   delivery	
   system	
   is	
   different	
   from	
   the	
   concept	
   showed	
   in	
  

previous	
   chapter	
  as	
   this	
  device	
  uses	
   the	
  pump	
  vacuum	
  to	
  pull	
   the	
  odour	
   from	
   the	
  

inlet	
  instead	
  of	
  pushing	
  the	
  odour,	
  as	
  used	
  before.	
  Since	
  a	
  vacuum	
  is	
  used,	
  the	
  whole	
  

delivery	
  system	
  is	
  changed	
  to	
  fit	
  the	
  device	
  functionality.	
  	
  

	
   The	
  odour	
  delivery	
   is	
  divided	
   into	
  4	
  steps,	
  similar	
   to	
  the	
  timing	
  period;	
  pre-­‐

concentrator	
   period,	
   reference	
   period,	
   test	
   period	
   and	
   flush	
   period.	
   Before	
   the	
  

instrument	
  starts	
  taking	
  measurements,	
   the	
  sensor	
  heater	
  and	
  temperature	
  sensor	
  

will	
   maintain	
   the	
   temperature	
   at	
   the	
   selected	
   value	
   to	
   eliminate	
   the	
   effect	
   of	
  

temperature	
   change	
   to	
   the	
   sensor	
   response.	
   The	
   user	
   can	
   select	
   the	
   temperature	
  

value	
  up	
  to	
  50	
  oC	
  in	
  the	
  Settings	
  menu.	
  

After	
   the	
   temperature	
  of	
   the	
  sensor	
   is	
   stabilised,	
   the	
  vapour	
  will	
  be	
  passed	
  

through	
  the	
  preconcentrator	
  and	
  out	
  the	
  exhaust.	
  This	
  is	
  to	
  trap	
  the	
  odour	
  inside	
  the	
  

preconcentrator.	
   During	
   this	
   period,	
   the	
   micro	
   heater	
   underneath	
   the	
  

preconcentrator	
  is	
  turned	
  off	
  to	
  ensure	
  maximum	
  absorption	
  of	
  odour	
  by	
  the	
  carbon	
  

black	
   layer.	
   To	
   further	
   ensure	
   the	
   odour	
   remains	
   in	
   the	
   pre-­‐concentrator,	
   a	
   check	
  

valve	
  is	
  placed	
  on	
  the	
  inlet	
  before	
  the	
  temperature	
  and	
  humidity	
  sensor.	
  	
  

	
   After	
   the	
  pre-­‐concentration	
  period	
   is	
   finished,	
  a	
   reference	
  baseline	
  of	
   air	
   is	
  

pulled	
   through	
   V2	
   into	
   the	
   sensor	
   array.	
   An	
   air	
   filter	
   is	
   placed	
   on	
   the	
   inlet	
   of	
   the	
  

reference	
   air	
   to	
   filter	
   big	
   particles	
   from	
   going	
   into	
   the	
   instrument.	
   Ten	
   seconds	
  

before	
   the	
   reference	
  period	
  end,	
   the	
  pre-­‐concentrator	
  heater	
   is	
   turned	
  on	
   to	
  start	
  

heating	
   the	
   carbon	
   black	
   layer	
   releasing	
   the	
   odour	
   attached	
   to	
   it.	
   Although	
   this	
   is	
  

done	
  during	
  the	
  reference	
  air	
  period,	
  the	
  odour	
  released	
  will	
  just	
  accumulate	
  inside	
  

the	
  pre-­‐concentrator	
  chamber	
  waiting	
  to	
  be	
  released	
  to	
  the	
  sensor.	
  The	
  reason	
  this	
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step	
  is	
  done,	
  during	
  reference	
  period,	
   is	
  because	
  it	
  will	
  take	
  around	
  10	
  seconds	
  for	
  

the	
  pre-­‐concentrator	
  heater	
  to	
  heat	
  up	
  to	
  the	
  maximum	
  temperature	
  to	
  ensure	
  full	
  

desorption	
  of	
  the	
  odour.	
  	
  

Then	
   during	
   test	
   period,	
   V2	
   will	
   be	
   switched	
   on	
   to	
   pull	
   the	
   concentrated	
  

odour	
   from	
   the	
   pre-­‐concentrator.	
   During	
   this	
   time,	
   the	
   pre-­‐concentrator	
   heater	
  

remains	
   high.	
   Finally,	
   the	
   sensor	
   array	
   is	
   flushed	
  with	
   air	
   to	
   recover	
   the	
   response	
  

back	
   to	
   the	
   reference	
   baseline.	
   The	
   sensors	
   temperature	
   is	
   maintained	
   at	
   the	
  

selected	
   temperature	
   during	
   the	
  whole	
   test.	
   Table	
   6.1	
   shows	
   the	
   valves	
   condition	
  

and	
  heater	
  condition	
  during	
  each	
  period.	
  

Table	
  6.1:	
  Valves	
  and	
  heater	
  condition	
  at	
  certain	
  period	
  

	
   	
  Valve1	
   Valve2	
   Pre-­‐concentration	
  Temp	
  

Precon	
  Period	
   NO	
   NC	
   OFF	
  

Reference	
  

Period	
  

NC	
   NC	
   ON	
  10s	
  before	
  period	
  end	
  

Test	
  Period	
   NC	
   NO	
   ON	
  

Flush	
  Period	
   NC	
   NC	
   OFF	
  

NC=normally	
  closed;	
  NO=normally	
  open	
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6.6 Casing	
  Design	
  and	
  Fabrication	
  

 

 

 

 

 

 

 

 

 
Figure	
  6.10:	
  a)	
  Three	
  layer	
  PCB	
  of	
  Portable	
  e-­‐Mucosa	
  b)	
  CAD	
  Design	
  of	
  PeM	
  casing	
  c)	
  Casing	
  

for	
  PeM	
  created	
  with	
  deposition 

 
A	
  custom	
  casing	
  for	
  the	
  PeM	
  was	
  designed	
  and	
  fabricated	
  here,	
  at	
  the	
  University	
  of	
  

Warwick.	
  A	
  CAD	
  design	
  of	
  the	
  casing	
  is	
  shown	
  in	
  Figure	
  6.10b.	
  This	
  was	
  produced	
  in	
  

Solidworks	
   2009	
   and	
   the	
   casing	
   itself	
   was	
   fabricated	
   using	
   a	
   fused	
   deposition	
  

modeller	
  (FDM)	
  technique,	
  using	
  Dimension	
  from	
  Stratasys.	
  

Figure	
   6.10a	
   shows	
   the	
   PeM	
   PCB	
   boards	
   connected	
   together,	
   forming	
   an	
  

instrument	
   with	
   dimensions	
   of	
   96	
  mm	
   x	
   180	
  mm	
   x	
   86	
  mm.	
   The	
   casing	
   itself	
   was	
  

designed	
  to	
  be	
  slightly	
  bigger	
  at	
  110	
  mm	
  x	
  200	
  mm	
  x	
  100	
  mm	
  so	
  that	
  the	
  board	
  can	
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fit	
  in	
  properly.	
  The	
  casing	
  was	
  designed	
  in	
  3	
  pieces;	
  main	
  body,	
  top	
  cover	
  and	
  bottom	
  

cover.	
  

The	
  three	
  boards	
  are	
  screwed	
  onto	
  the	
  main	
  body	
  with	
  all	
  the	
  pipefittings.	
  The	
  

odour	
  inlet,	
  air	
   inlet	
  and	
  exhaust	
  are	
  placed	
  on	
  different	
  sides	
  of	
  the	
  instrument	
  to	
  

avoid	
   contamination	
   between	
   the	
   inlet	
   and	
   the	
   exhaust.	
   A	
   luer	
   lock	
   connector	
   is	
  

fitted	
  on	
  the	
  inlet	
  to	
  allow	
  different	
  sample	
  collection	
  methods	
  to	
  be	
  deployed.	
  The	
  

LCD,	
   keypad	
   and	
   buttons	
   are	
   fitted	
   onto	
   the	
   top	
   cover.	
   The	
   bottom	
   cover,	
   as	
   in	
  

Figure	
   6.6d,	
   is	
   accessible	
   separately	
   to	
   allow	
   the	
   sensor	
   arrays	
   or	
   columns	
   to	
   be	
  

easily	
  changed	
  without	
  the	
  need	
  to	
  disassemble	
  the	
  whole	
  casing.	
  	
  

6.7 Software	
  Development	
  
	
  

	
   For	
  the	
  microcontrollers,	
  several	
  languages	
  are	
  available	
  including	
  assembly,	
  

c,	
  basic	
  and	
  pascal.	
  There	
  are	
  various	
  factors	
  that	
  should	
  be	
  taken	
  into	
  consideration	
  

when	
  choosing	
  a	
  language	
  to	
  write	
  the	
  firmware	
  code.	
  Assembly	
  language	
  is	
  usually	
  

used	
  when	
   speed	
   and	
   efficiency	
   of	
   firmware	
   is	
   important.	
   However,	
   development	
  

time	
  using	
  assembly	
  language	
  is	
  slower	
  compared	
  to	
  c	
  since	
  the	
  code	
  written	
  is	
  low	
  

level	
   machine	
   code	
   that	
   requires	
   manual	
   management	
   of	
   memory.	
   Development	
  

using	
  the	
  C	
   language	
   is	
  preferable	
  since	
   it	
   is	
  more	
  widely	
  used	
  and	
  shared	
   libraries	
  

are	
  available,	
  making	
  code	
  development	
  much	
  easier	
  and	
  faster.	
  	
  

Here	
   we	
   have	
   chosen	
   C	
   as	
   the	
   main	
   language	
   for	
   the	
   PeM.	
   However,	
  

assembly	
  language	
  is	
  used	
  for	
  certain	
  routines	
  to	
  improve	
  the	
  efficiency.	
  The	
  code	
  is	
  

compiled	
  with	
  MikroElektronika	
  MicroC	
  for	
  PIC	
  compiler	
  and	
  is	
  then	
  burnt	
  onto	
  the	
  

microcontroller	
   through	
   the	
   In	
   Circuit	
   Serial	
   Programming	
   (ICSP),	
   using	
   Microchip	
  

ICD2	
  Debugger.	
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6.7.1 Board	
  A	
  Firmware	
  
	
  

The	
  firmware	
  on	
  Board	
  A	
  controls	
  components	
  on	
  the	
  main	
  control	
  system,	
  including	
  

temperature	
  control	
   (heater	
  and	
   temperature	
  measurement),	
   LCD	
  display,	
  Keypad,	
  

Buttons,	
  Timer	
  control,	
  valve	
  and	
  pump.	
  	
  

	
   Heater	
   power	
   to	
   the	
   sensor	
   is	
   controlled	
   using	
   a	
   digital	
   potentiometer	
  

(AD8400)	
   that	
   sets	
   the	
   output	
   voltage	
   of	
   the	
   dc-­‐to-­‐dc	
   converter	
   connected	
   to	
   the	
  

sensor	
  heater.	
  A	
  digital	
  potentiometer	
   is	
  also	
  used	
   to	
  control	
   the	
  pre-­‐concentrator	
  

power.	
  The	
  10-­‐bit	
  potentiometer	
  value	
  is	
  defined	
  using	
  a	
  Software	
  Serial	
  Peripheral	
  

Interface	
  (SPI).	
  SPI	
  is	
  also	
  used	
  to	
  control	
  the	
  pump	
  voltage	
  through	
  a	
  12-­‐bit	
  digital	
  to	
  

analogue	
   converter	
   (DAC).	
   The	
   display	
   used	
   was	
   a	
   128	
   x	
   128	
   pixel,	
   4096	
   colour	
  

graphic	
  LCD	
  communicating	
  using	
  SPI.	
  The	
  temperature	
  module	
  for	
  pre-­‐concentrator	
  

and	
   sensor	
   arrays	
   also	
   utilizes	
   an	
   ADC	
  with	
   SPI	
   communication.	
   Each	
  module	
   that	
  

uses	
  SPI	
  has	
  its	
  own	
  chip	
  select	
  pin	
  to	
  ensure	
  correct	
  data	
  is	
  sent	
  to	
  the	
  correct	
  chip.	
  

	
   The	
   temperature	
   and	
   humidity	
   sensor	
   used	
   to	
   measure	
   the	
   inlet	
  

environmental	
   conditions,	
   is	
   the	
   SHT15	
   from	
   Sensirion.	
   Communication	
   with	
   the	
  

sensor	
  is	
  done	
  with	
  two	
  lines,	
  using	
  Sensirion	
  propriety	
  communication	
  protocol[11].	
  	
  

	
   Real	
  Time	
  Clock	
  (RTC)	
  on	
  board	
  the	
  micro	
  controller	
  was	
  used	
  to	
  implement	
  

the	
  period	
  counter	
  to	
  control	
  timing	
  when	
  the	
  valves	
  and	
  heater	
  should	
  be	
  turned	
  on	
  

or	
  off	
  as	
  shown	
  in	
  Table	
  6.1.	
  Finally,	
  the	
  valve	
  was	
  controlled	
  digitally	
  with	
  a	
  MOSFET	
  

ON/OFF	
  switch.	
  	
  

	
   Three	
   pins	
   were	
   used	
   to	
   communicate	
   with	
   the	
   data	
   acquisition	
   system	
  

microcontroller	
   from	
   the	
   main	
   controller	
   board.	
   These	
   pins	
   are	
   used	
   to	
   send	
   the	
  

constant	
   current	
   source	
   selection	
   and	
   to	
   trigger	
   the	
   data	
   acquisition	
   to	
   start	
  

acquiring	
  and	
  saving	
  the	
  sensor	
  response	
  to	
  the	
  MMC	
  card.	
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Figure	
  6.11:	
  Sample	
  Menu	
  Item	
  in	
  the	
  Portable	
  e-­‐Mucosa	
  

	
  

Figure	
  6.11	
  shows	
  several	
  of	
  the	
  menu	
  items	
  from	
  the	
  PeM	
  display.	
  A	
  complete	
  flow	
  

of	
  the	
  software	
  system	
  is	
  shown	
  in	
  the	
  flow	
  chart	
  in	
  Appendix	
  B.	
  	
   	
  

6.7.2 Board	
  B	
  Firmware	
  
	
  

The	
  board	
  B	
  firmware	
  controls	
  modules	
  on	
  the	
  data	
  acquisition	
  system	
  including	
  the	
  

Sigma	
   Delta	
   Analogue	
   Digital	
   Converter	
   (ADC),	
   MMC	
   Card,	
   USB	
   Connection	
   and	
  

constant	
  current	
  source.	
  Both	
  the	
  MMC	
  card	
  and	
  sigma	
  delta	
  converter	
  use	
  the	
  SPI	
  

protocol	
   to	
   communicate	
   with	
   the	
   microcontroller.	
   In	
   order	
   to	
   optimize	
   the	
  

measurement	
  of	
  the	
  large	
  sensor	
  array,	
  the	
  SPI	
  protocol	
  is	
  implemented	
  in	
  assembly	
  

language	
  instead	
  of	
  C.	
  	
  

	
   Each	
  of	
  the	
  three	
  sensor	
  arrays	
  have	
  their	
  own	
  25	
  to	
  1	
  multiplexer,	
  8	
  channel	
  

Sigma	
  Delta	
  ADC	
  chip	
  and	
  8	
  constant	
  current	
  sources.	
  This	
  is	
  to	
  improve	
  speed	
  and	
  

efficiency	
  of	
  the	
  measurement.	
  The	
  constant	
  current	
  source	
  is	
  selected	
  by	
  changing	
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the	
  resistor	
  value	
  connected	
  to	
  the	
  circuit.	
  The	
  selection	
  resistor	
  is	
  multiplexed	
  using	
  

a	
  4	
  to	
  1	
  multiplexer.	
  

The	
   system	
   works	
   by	
   first	
   setting	
   the	
   constant	
   current	
   source	
   multiplexed	
  

resistor	
  depending	
  on	
   the	
  data	
   sent	
  by	
   the	
  main	
   controller,	
   via	
  pin	
  Bac1	
  and	
  Bac2	
  

(see	
  Appendix	
  C	
  for	
  schematics).	
  Then,	
  after	
  receiving	
  a	
  trigger	
  on	
  pin	
  StartAq	
  from	
  

the	
  main	
  microcontroller,	
  the	
  system	
  selects	
  the	
  first	
  row	
  of	
  sensors	
  by	
  switching	
  the	
  

25	
   to	
   1	
   multiplexer.	
   The	
   microcontroller	
   then	
   starts	
   reading	
   the	
   voltages	
   of	
   the	
  

sensors	
  on	
  each	
   channel	
   (8	
   channels	
   –	
  one	
   column)	
  one	
   after	
   another.	
   The	
  digital	
  

voltage	
  value	
   is	
   then	
   converted	
   to	
  analogue	
   representation	
  before	
   saving	
   it	
   to	
   the	
  

microcontroller	
  RAM.	
  Then,	
  the	
  system	
  continues	
  by	
  reading	
  the	
  next	
  8	
  channels	
  of	
  

the	
  following	
  row.	
  The	
  system	
  transfers	
  the	
  data	
  from	
  RAM	
  to	
  the	
  MMC	
  card	
  after	
  

reading	
   5	
   rows	
   of	
   sensor	
   voltages.	
   This	
   is	
   repeated	
   five	
   times	
   to	
   acquire	
   all	
   the	
  

voltages	
  from	
  the	
  200	
  sensor	
  in	
  the	
  array.	
  This	
  process	
  is	
  then	
  repeated	
  for	
  the	
  two	
  

other	
   arrays.	
   The	
   data	
   acquisition	
   system	
   keeps	
   acquiring	
   data	
   until	
   the	
   main	
  

microcontroller	
  sends	
  a	
  stop	
  signal	
  through	
  the	
  StartAq	
  pin.	
  

6.8 Data	
  Viewer	
  and	
  XML	
  Converter.	
  
	
  

As	
  mentioned	
  before,	
  at	
  this	
  point	
  in	
  time	
  there	
  is	
  no	
  on	
  board	
  pattern	
  recognition	
  

implemented	
  in	
  the	
  PeM.	
  Similar	
  to	
  the	
  previously	
  described	
  software	
  in	
  Chapter	
  5,	
  a	
  

data	
  viewer	
  and	
  XML	
  converter	
  have	
  been	
  created	
  for	
  the	
  portable	
  device.	
  File	
  saved	
  

as	
  XML	
  will	
   be	
  processed	
   further	
  using	
   the	
  Multisens	
  Analyzer	
   software.	
  Matlab	
   is	
  

also	
  used	
  for	
  processing	
  data.	
  Figure	
  6.12	
  shows	
  the	
  response	
  viewer	
  and	
  file	
  format	
  

converter	
  software	
  interface.	
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Figure	
  6.12:	
  Response	
  Viewer	
  and	
  Format	
  Converter	
  

	
  

6.9 Conclusions	
  	
  	
  	
  	
  
	
  

Here	
   we	
   have	
   described	
   the	
   design	
   and	
   fabrication	
   of	
   the	
   Portable	
   e-­‐Mucosa	
  

instrument.	
  The	
  design	
  was	
  based	
  on	
  previously	
  described	
  concepts,	
  except	
  for	
  the	
  

addition	
  of	
  a	
  preconcentrator	
  and	
  a	
  heater	
  for	
  each	
  sensor	
  array.	
  	
  Another	
  change	
  to	
  

the	
  previous	
  design	
  was	
  that	
  the	
  number	
  of	
  sensors	
  was	
  reduced	
  from	
  300	
  to	
  200	
  to	
  

decrease	
  the	
  complexity	
  and	
  increase	
  the	
  speed	
  of	
  the	
  instrument.	
  

	
   A	
   pre-­‐concentrator	
  was	
   added	
   to	
   so	
   that	
   a	
   higher	
   concentration	
   of	
   sample	
  

vapour	
  could	
  be	
  passed	
  over	
  the	
  sensor	
  array	
   in	
  a	
  test	
  cycle.	
  The	
  pre-­‐concentrator	
  

operates	
   by	
   having	
   sample	
   air	
   passed	
   over	
   it	
   for	
   an	
   extended	
   period	
   of	
   time	
  

(minutes)	
   to	
  trap	
  odour	
  molecules	
  on,	
  what	
   is	
  effectively,	
  a	
  sticky	
  pad	
  –	
   formed	
  of	
  

carbon.	
   These	
   odour	
  molecules	
   are	
   rapidly	
   desorbed	
   by	
   a	
   step	
   change	
   in	
   the	
   pre-­‐

concentrator	
  temperature.	
  The	
  temperature	
  of	
  the	
  sensor	
  arrays	
  are	
  controlled	
  by	
  a	
  

heater	
   beneath	
   the	
   array.	
   This	
   is	
   used	
   to	
   stabilise/maintain	
   the	
   sensor	
   array	
  

temperature	
  to	
  improve	
  the	
  repeatability	
  of	
  the	
  sensors.	
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   The	
  odour	
  delivery	
  system	
  was	
  also	
  compressed,	
  from	
  the	
  system	
  described	
  

in	
  chapter	
  4,	
   to	
   fit	
   into	
   the	
  portable	
   instrument.	
   Instead	
  of	
  using	
  pressure	
   to	
  push	
  

two	
  samples	
  into	
  the	
  system,	
  the	
  instrument	
  uses	
  a	
  vacuum	
  to	
  pull	
  only	
  one	
  sample	
  

through	
  the	
  inlet.	
  Only	
  two	
  valves	
  are	
  needed	
  to	
  implement	
  this	
  method.	
  

	
   The	
  casing	
  was	
  designed	
  and	
  fabricated	
  with	
  a	
  Dimension	
  (Strassys)	
  to	
  fit	
  the	
  

three	
  PCB	
  board	
   inside.	
  An	
  opening	
  was	
  made	
  at	
   the	
  bottom	
  of	
   the	
  boards	
  where	
  

the	
  sensor	
  and	
  column	
  is	
  located.	
  This	
  is	
  to	
  allow	
  easy	
  access	
  to	
  the	
  sensor	
  array	
  for	
  

modification	
  and	
  changes.	
  

	
   Figure	
   6.13	
   shows	
   the	
   comparison	
   shot	
   with	
   Cyranose	
   320.	
   The	
   PeM	
   is	
  

slightly	
   shorter	
   than	
   the	
   Cyranose	
   but	
   significantly	
   thicker.	
   It	
   is	
   important	
   to	
  

recognise	
   that	
   this	
   thickness	
   is	
   required	
   to	
   fit	
   the	
   600	
   sensors	
   and	
   the	
   two	
  micro	
  

retentive	
   columns,	
   instead	
   of	
   the	
   32	
   sensors	
   used	
   in	
   the	
   Cyranose.	
   Both	
   are	
  

handheld	
  but	
  the	
  Cyranose	
  have	
  a	
  built	
  in	
  pattern	
  recognition	
  system	
  (though	
  it	
  will	
  

be	
  possible	
  to	
  integrate	
  this	
  function	
  into	
  the	
  instrument	
  in	
  the	
  future).	
  	
  

The	
  instrument	
  is	
  fully	
  contained	
  with	
  integrated	
  electronics	
  and	
  micro	
  fluidic	
  

components.	
   The	
   instrument	
   has	
   been	
   designed	
   with	
   separate	
   control	
   and	
  

acquisition	
  systems	
  offering	
  simple	
  re-­‐configuration.	
  Upgrading	
  the	
  system	
  would	
  be	
  

easier	
  with	
  this	
  separate	
  microcontroller	
  configuration.	
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Figure	
  6.13:	
  Comparion	
  shot	
  between	
  PeM	
  and	
  Cyranose	
  320	
  

	
  

Firmware	
   for	
   both	
   boards	
   was	
   written	
   in	
   C	
   and	
   compiled	
   using	
   Mikroelektronika	
  

MicroC	
  for	
  PIC.	
  Some	
  of	
  the	
  codes	
  were	
  written	
  in	
  assembly	
  to	
  optimize	
  the	
  system	
  

for	
  speed	
  especially	
  the	
  data	
  acquisition	
  system	
  board.	
  Results	
  and	
  characterisation	
  

of	
   the	
   PeM	
   instrument	
   and	
   those	
   described	
   in	
   chapter	
   5	
   is	
   given	
   in	
   the	
   following	
  

chapter.	
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CHAPTER	
  7 	
  
	
  

	
  

Microsystems	
  characterisation	
  and	
  
experimental	
  results	
  	
  	
  	
  	
  

7.1 Introduction	
  	
  	
  	
  	
  
	
  

	
  A	
  major	
   objective	
   of	
   this	
   research	
   is	
   to	
   obtain	
  multi-­‐dimensional	
   spatio-­‐temporal	
  

data,	
  in	
  order	
  to	
  improve	
  the	
  discrimination	
  and	
  classification	
  ability	
  over	
  traditional	
  

electronic	
  noses.	
  Several	
  other	
  researches	
  have	
  already	
  suggested	
  the	
  use	
  of	
  spatio	
  

temporal	
   data	
   to	
   improve	
   e-­‐nose	
   instruments	
   [1,	
   2].	
   These	
   researches	
   suggested	
  

that	
   spatio	
   temporal	
   data	
   does	
   improve	
   the	
   overall	
   recognition.	
   However,	
   these	
  

researches	
   only	
   focused	
   on	
   one-­‐dimensional	
   temporal	
   information,	
   instead	
   of	
   the	
  

two	
  dimensions	
  proposed	
  here.	
  Research	
  by	
  the	
  Sandia	
  Laboratory,	
  developing	
  a	
  full	
  

GC	
   analysis	
   instrument	
   has	
   shown	
   the	
   possibilities	
   of	
   using	
   two	
   dimensional	
   GC	
  

combined	
  with	
  SAW	
  sensors	
  in	
  a	
  portable	
  instrument	
  [3].	
  Our	
  concept	
  is	
  similar	
  but	
  

we	
  are	
  focusing	
  on	
  using	
  dual	
  dimensional	
  retentive	
  column	
  to	
  improve	
  conventional	
  

e-­‐noses.	
  	
  

As	
  discussed	
  in	
  previous	
  design	
  chapters,	
  here	
  three	
  large	
  sensor	
  arrays	
  have	
  

been	
   combined	
   with	
   two	
   micro-­‐retentive	
   columns.	
   Furthermore,	
   a	
   portable	
  

instrument	
  has	
  been	
  designed	
  and	
  fabricated	
  to	
  make	
  the	
  instrument	
  easier	
  to	
  use.	
  

In	
   this	
   chapter,	
   we	
  will	
   discuss	
   the	
   experimental	
   results	
   obtained	
   throughout	
   this	
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study,	
   including	
   the	
   portable	
   instrument,	
   followed	
   by	
   some	
   discussion	
   of	
   pattern	
  

recognition	
  techniques	
  proposed	
  for	
  this	
  instrument.	
  	
  	
  	
  	
  

7.2 Large	
  Sensor	
  Array	
  Characterisation	
  
	
  

The	
   large	
   sensor	
   array	
   system	
   was	
   characterized	
   both	
   in	
   terms	
   of	
   electrical	
  

characteristics	
   of	
   the	
  measurement	
   circuit/sensor	
   (in	
   a	
   static	
   environment)	
   and	
   to	
  

different	
   test	
   sample	
   conditions	
   –	
   be	
   in	
   sample	
   concentration,	
   environmental	
  

changes	
  or	
  flow	
  rate.	
  This	
  evaluation	
  is	
  described	
  within	
  this	
  section.	
  

7.2.1 Stability	
  test	
  	
  	
  	
  	
  	
  	
  
	
  

Before	
  performing	
  further	
  chemical	
  characterisation,	
  sensor	
  drift	
  and	
  noise	
  needs	
  to	
  

be	
   identified	
   to	
   ensure	
   the	
   response	
   acquired	
   from	
   the	
   sensors	
   are	
   valid.	
   This	
  

experiment	
   was	
   performed	
   by	
   keeping	
   the	
   sensor	
   running	
   for	
   5	
   hours	
   under	
  

constant	
   laboratory	
  air,	
   temperature	
  (	
  21	
  C)	
  and	
  humidity	
   (30	
  %	
  r.h.).	
  Here	
  we	
  can	
  

see	
  that	
  the	
  maximum	
  noise	
  generated	
  by	
  the	
  circuit	
  is	
  around	
  5	
  mV	
  and	
  drifted	
  by	
  8	
  

mV	
  in	
  5	
  hours.	
  	
  

	
  

	
  

Figure	
  7.1:	
  Drift	
  and	
  Noise	
  for	
  sensor	
  expose	
  to	
  laboratory	
  air	
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There	
  are	
  many	
  factors	
  that	
  can	
  contribute	
  to	
  a	
  noisy	
  system	
  such	
  as	
  circuitry	
  noise,	
  

sensing	
  film	
  noise,	
  ADC	
  noise	
  and	
  contamination	
  noise.	
  However	
  in	
  this	
  test,	
  we	
  have	
  

shown	
   that	
   the	
   signal	
   to	
   noise	
   ratio	
   is	
   significantly	
   high	
   compared	
   to	
   the	
  

accumulated	
  noise	
  generated	
  by	
  the	
  system.	
  

	
  

7.2.2 Large	
  Sensor	
  Array	
  Representation	
  
	
  

Firstly,	
  we	
  will	
   look	
   at	
   how	
   the	
   large	
   sensor	
   array	
  will	
   be	
   presented	
   in	
   this	
   thesis.	
  

Since	
   there	
   are	
   300	
   sensor	
   on	
   one	
   sensor	
   array	
   as	
   described	
   in	
   Chapter	
   3,	
   is	
   it	
  

difficult	
  to	
  present	
  all	
  300	
  sensor	
  at	
  once	
  in	
  the	
  same	
  graph.	
  For	
  easier	
  explanation,	
  

some	
  of	
  the	
  large	
  sensor	
  array	
  responses	
  are	
  represented	
  in	
  a	
  colour	
  map	
  form	
  as	
  in	
  

Figure	
  7.2.	
  	
  

	
  

Figure	
  7.2:	
  Large	
  Sensor	
  Array	
  Representation	
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Several	
   large	
   sensor	
   array	
   colour	
   plots	
   will	
   be	
   presented	
   throughout	
   this	
   chapter.	
  

This	
   colour	
   map	
   is	
   generated	
   by	
   Matlab	
   2006a	
   by	
   finding	
   the	
   normalised	
   signal	
  

maximum	
  magnitude	
  and	
   subtracting	
   it	
  with	
   the	
  minimum	
  magnitude	
  of	
   response	
  

(Rmax-­‐Rmin)	
  as	
  shown	
  in	
  Figure	
  7.2.	
  These	
  values	
  are	
  then	
  converted	
  to	
  colour,	
  based	
  

on	
  a	
  colour	
  standard	
  in	
  Matlab	
  2006a.	
  This	
  is	
  performed	
  using	
  ‘pcolor’	
  instruction.	
  

7.2.3 Wide	
  Sensor	
  Diversity	
  	
  and	
  Redundant	
  Sensor	
  Tunings	
  
	
  

The	
  large	
  sensor	
  array	
  provides	
  a	
  wide,	
  diverse	
  and	
  significant	
  level	
  of	
   information.	
  

First,	
  the	
  24	
  different	
  tunings	
  are	
  providing	
  24	
  different	
  responses	
  to	
  the	
  same	
  test	
  

analyte.	
  Furthermore,	
  the	
  first	
  sensor	
  array	
  in	
  the	
  system	
  is	
  going	
  to	
  provide	
  a	
  larger	
  

magnitude	
   of	
   response	
   compared	
   to	
   the	
   end	
   array.	
   This	
   in	
   itself	
   is	
   valuable	
  

information	
   that	
   can	
   be	
   used	
   during	
   data	
   processing	
   to	
   enhance	
   system	
  

performance	
   (for	
   identification).	
   Figure	
  7.3	
   shows	
   the	
  diversity	
  of	
   the	
   sensor	
  array	
  

with	
  9	
  different	
  tunings	
  within	
  the	
  system.	
  

	
  

Figure	
  7.3:	
  Sensor	
  Response	
  to	
  Ethanol	
  and	
  Toluene	
  with	
  9	
  polymer	
  coating	
  shown	
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As	
  mentioned	
  before,	
  12	
  sensors	
  in	
  the	
  array	
  are	
  going	
  to	
  be	
  coated	
  with	
  the	
  same	
  

material.	
   Although	
   it	
   is	
   desirable	
   to	
   have	
   300	
   different	
   tunings,	
   it	
   is	
   difficult	
   to	
  

practically	
   achieve.	
   Figure	
  7.4	
   shows	
   the	
  24	
  different	
   tunings	
   in	
   a	
   colour	
  plot.	
   This	
  

shows	
  group	
  of	
  12	
  sensors	
  each,	
  with	
  24	
  different	
  tunings.	
  However,	
  there	
  are	
  some	
  

sensors	
  that	
  show	
  a	
  larger	
  response	
  magnitude	
  over	
  others	
  in	
  the	
  repeated	
  group	
  of	
  

12	
  sensors.	
  This	
  is	
  due	
  to	
  the	
  fact	
  that	
  the	
  sensors	
  are	
  deposited/sprayed	
  in	
  batches	
  

and	
  that	
  there	
   is	
  some	
  variation	
   in	
  sensing	
  film	
  thickness.	
  Furthermore,	
  due	
  to	
  the	
  

small	
   gap	
  of	
  200	
  µm	
  between	
   the	
   sensors,	
   some	
  of	
   the	
  polymer	
   sensing	
  materials	
  

may	
  overlap	
  with	
  each	
  other	
  causing	
  the	
  sensor	
  to	
  respond	
  differently.	
  This	
  is	
  one	
  of	
  

the	
  reasons	
  why	
  sensor	
  redundancy	
  is	
  required,	
  where	
  such	
  outliers	
  can	
  be	
  removed	
  

before	
  the	
  data	
  is	
  used	
  for	
  identification.	
  

	
   As	
   illustrated	
   in	
   Figure	
   7.4,	
   a	
   group	
   of	
   sensors	
   can	
   have	
   a	
   very	
   similar	
  

magnitude	
   of	
   response.	
   However,	
   there	
   are	
   sensors	
   that	
   produce	
   very	
   different	
  

magnitudes.	
  This	
  is	
  due	
  to	
  the	
  fact	
  that	
  the	
  coatings	
  are	
  done	
  in	
  batches	
  and	
  some	
  of	
  

the	
   sensors	
   are	
   not	
   coated	
   properly	
   or	
   coating	
   is	
   not	
   uniformed.	
   It	
   is	
   also	
   worth	
  

noting	
  that	
  there	
  are	
  a	
  few	
  faulty	
  sensors	
  within	
  the	
  array	
  shown	
  in	
  dark	
  blue.	
  This	
  

colour	
  plot	
  makes	
   it	
   easy	
   to	
   select	
   the	
  best	
   sensor	
   and	
   reject	
   faulty	
   sensor	
  during	
  

data	
  processing.	
  

	
  



Chapter	
  7:	
  Microsystem	
  Characterization	
  and	
  Experimental	
  Results	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  145	
  

	
  

	
   	
  

Figure	
  7.4:	
  Group	
  of	
  redundant	
  sensor	
  with	
  uncoated	
  and	
  faulty	
  sensor	
  

	
  

7.2.4 Temperature	
  effects	
  
	
  

The	
   temperature	
  dependence	
  of	
   the	
  sensor	
  array	
  was	
  characterised	
  between	
  26°C	
  

to	
  35°C	
  using	
  the	
  portable	
  e-­‐Mucosa.	
  These	
  measurements	
  help	
  select	
  the	
  optimum	
  

temperature	
  to	
  operate	
  the	
  sensor	
  array.	
  

	
  

Figure	
  7.5:	
  Sensor	
  response	
  to	
  ethanol	
  vapour	
  in	
  air	
  at	
  different	
  temperatures	
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It	
   can	
   be	
   seen	
   from	
   Figure	
   7.5b,	
   that	
   as	
   the	
   temperature	
   increases	
   (26-­‐35°C)	
   the	
  

magnitude	
  of	
  the	
  response	
  reduces.	
  At	
  35°C,	
  there	
  is	
  hardly	
  any	
  response	
  from	
  the	
  

sensor.	
  This	
  experiment	
  is	
  similar	
  to	
  other	
  research	
  [4],	
  confirming	
  that	
  carbon	
  black	
  

composite	
   sensor	
   give	
   larger	
   responses	
   at	
   lower	
   temperatures.	
   Thus	
   the	
   optimum	
  

temperature	
   will	
   be	
   just	
   above	
   room	
   temperature,	
   as	
   this	
   will	
   reduce	
   effects	
   in	
  

ambient	
  variations.	
  

7.2.5 Flow	
  velocity	
  effects	
  
	
  

The	
   flow	
   rate	
   across	
   the	
   sensor	
   has	
   a	
   significant	
   effect	
   on	
   the	
   response	
   of	
   that	
  

sensor.	
   As	
   discussed	
   before	
   in	
   Chapter	
   3,	
   the	
   sensor	
   chamber	
   was	
   intentionally	
  

designed	
   to	
   generate	
   higher	
   flow	
   velocity	
   above	
   the	
   sensor	
   to	
   optimize	
   sensor	
  

response.	
  Here	
  we	
  demonstrate	
   the	
  effect	
   of	
   flow	
  velocity	
   towards	
   response	
   time	
  

and	
  magnitude.	
  In	
  this	
  experiment,	
  the	
  flow	
  velocity	
  was	
  varied	
  by	
  changing	
  the	
  flow	
  

rates	
   while	
   other	
   variable	
   such	
   as	
   temperature	
   and	
   humidity	
   remained	
   constant.	
  

Figure	
   7.6a	
   shows	
   the	
   sensor	
   response	
  magnitude	
   versus	
   flow	
   velocity	
   and	
   figure	
  

7.6b	
  shows	
  the	
  sensor	
  response	
  time	
  versus	
  flow	
  velocity.	
  	
  

	
  

	
  
Figure	
  7.6:	
  a)	
  Response	
  Magnitude	
  vs	
  Flow	
  Rates	
  b)	
  Response	
  Time	
  vs	
  Flow	
  Rates	
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As	
  shown	
  in	
  the	
  graph,	
  higher	
  flow	
  velocity	
  contributes	
  to	
  faster	
  response	
  times	
  and	
  

large	
   response	
   magnitudes.	
   However,	
   in	
   the	
   proposed	
   portable	
   system,	
   the	
   flow	
  

rates	
  can	
  only	
  be	
  maintained	
  at	
  around	
  50	
  ml/m	
  due	
  to	
  complex	
  odour	
  flow	
  across	
  

the	
  system.	
  

	
   At	
   50ml/m,	
   the	
   lower	
   response	
   magnitude	
   and	
   slower	
   response	
   time	
   is	
  

expected.	
  However,	
  this	
  problem	
  is	
  compensated	
  for	
  by	
  using	
  a	
  preconcentrator	
  that	
  

will	
  be	
  discussed	
  later.	
  Preconcentrators	
  increase	
  the	
  odour	
  components	
  in	
  a	
  sample	
  

to	
   be	
   analysed,	
   before	
   the	
   sample	
   goes	
   to	
   the	
   sensors.	
   The	
   preconcentrator	
   will	
  

significantly	
   improve	
  the	
  response	
  time	
  and	
  magnitude	
  and	
  thus	
  will	
  provide	
  more	
  

informative	
  spatio	
  temporal	
  data	
  for	
  processing.	
  

	
   The	
  significance	
  of	
  this	
  ‘flow	
  velocity’	
   in	
  this	
  research	
  is	
  that	
  it	
  emulates	
  the	
  

stereo	
   olfaction	
   feature	
   of	
   a	
   biological	
   olfactory	
   system.	
   In	
   stereo	
   olfaction,	
   each	
  

nostril	
   sniffed	
   at	
   different	
   flow	
   rates	
   at	
   a	
   certain	
   time	
   and	
   these	
   different	
   rates	
  

rotate	
  between	
  the	
  two	
  nostrils	
  at	
  certain	
  interval.	
  Higher	
  flow	
  rates	
  clearly	
  will	
  give	
  

higher	
  response	
  and	
  vice	
  versa.	
  In	
  this	
  research,	
  we	
  can	
  mimic	
  this	
  feature	
  by	
  having	
  

two	
   retentive	
   columns	
   with	
   an	
   array	
   at	
   each	
   end	
   to	
   simulate	
   the	
   two	
   biological	
  

nostrils.	
  The	
  flow	
  rates	
  through	
  these	
  two	
  end	
  arrays	
  can	
  be	
  varied	
  by	
  changing	
  the	
  

length	
  of	
  the	
  retentive	
  column	
  or	
  by	
  using	
  a	
  bleed	
  valve	
  to	
  alter	
  the	
  balance	
  of	
  flow	
  

rate	
  between	
  the	
  two	
  sensor	
  chambers.	
  

7.2.6 Large	
  sensor	
  array	
  Classification	
  	
  
	
  

	
  
To	
   demonstrate	
   the	
   large	
   sensor	
   array	
   classification	
   power,	
   we	
   have	
   run	
  

experiments	
  with	
  simple	
  odours	
  and	
  complex	
  odours.	
  Simple	
  odours	
  consist	
  of	
  one	
  

molecule.	
   Those	
   used	
   here	
   were	
   ethanol,	
   toluene	
   and	
   ethyl	
   acetate	
   vapour.	
   For	
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more	
   complex	
   odours,	
   four	
   different	
   essential	
   oils	
   were	
   used	
   to	
   demonstrate	
   the	
  

ability	
  of	
  the	
  large	
  sensor	
  array	
  to	
  discriminate	
  between	
  odours.	
  Figure	
  7.7	
  shows	
  a	
  

PCA	
  plot	
   separating	
   these	
   simple	
  odours	
   (room	
   temperature	
  of	
   22	
  C,	
   flow	
   rate	
  60	
  

ml/m	
  ,	
  	
  20	
  s	
  test	
  time	
  and	
  three	
  measurement	
  each).	
  	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  
Figure	
  7.7:	
  Simple	
  PCA	
  with	
  three	
  simple	
  odour	
  with	
  sensor	
  response	
  

	
  

	
  This	
   experiment	
   shows	
   that	
   simple	
   odours	
   can	
   easily	
   be	
   classified	
   using	
   the	
   large	
  

sensor	
  array.	
  Principal	
  component	
  1	
  (PC1)	
  in	
  the	
  PCA	
  plot	
  suggests	
  that	
  the	
  PC1	
  axis	
  

PC
2:
	
  1
5.
6%

	
  	
  

PC1:	
  76.6%	
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"extracted"	
  76.6%	
  of	
  the	
  variation	
  in	
  the	
  entire	
  data	
  set,	
  and	
  the	
  second	
  axis	
  (PC2)	
  

explained	
  another	
   15.6%.	
   Further	
  data	
  processing	
   identified	
   that	
   actually	
   only	
  one	
  

sensor	
  was	
  required	
  to	
  discriminate	
  between	
  these	
  three	
  simple	
  chemical.	
  However,	
  

for	
  more	
  complex	
  odours	
  with	
  multiple	
  molecules,	
  several	
  sensors	
  would	
  be	
  needed	
  

to	
  achieve	
  significant	
  discrimination.	
  Figure	
  7.8	
  shows	
  the	
  PCA	
  plot	
  of	
  four	
  essential	
  

oil;	
  lavender,	
  lemon	
  oil,	
  cinnamon	
  and	
  ylang	
  ylang.	
  	
  

	
  
Figure	
  7.8:	
  Simple	
  PCA	
  of	
  Four	
  Essential	
  oil	
  data	
  

	
  

These	
  experiment	
  shows	
  that	
   large	
  sensor	
  array	
  have	
  the	
  diversity	
  to	
  classify	
  many	
  

different	
   simple	
   analytes	
   but	
   on	
   complex	
   analytes,	
   it	
   struggle	
   to	
   classify	
   them,	
  

especially	
  with	
  a	
  not	
  perfectly	
  uniformed	
  film	
  sensor	
  array	
  (though	
  it	
  maybe	
  due	
  to	
  

the	
   base	
   chemicals/solvent	
   of	
   these	
   oils	
   being	
   common).	
   Only	
   51.7%	
   of	
   the	
   data	
  

variation	
   is	
   explained	
   by	
   axis	
   PC1	
   and	
   19.4%	
   with	
   PC2.	
   Although	
   with	
   some	
   post	
  

processing	
   it	
   is	
  possible	
  to	
  separate	
  the	
  four	
  essential	
  oil,	
  here	
   in	
  this	
  research,	
  we	
  

are	
   focusing	
   on	
   using	
   spatio-­‐temporal	
   information	
   for	
   classification.	
   So	
   to	
  

complement	
  the	
  large	
  sensor	
  array,	
  temporal	
  information	
  will	
  be	
  generated	
  by	
  using	
  

the	
   micro	
   retentive	
   column	
   in	
   order	
   to	
   improve	
   the	
   overall	
   performance	
   of	
   the	
  

system.	
  

PC
2:
	
  1
9.
4%

	
  	
  

PC1:	
  51.7%	
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7.3 Micro	
  retentive	
  Column	
  characterisation	
  	
  	
  	
  	
  

	
  
Here	
  the	
  micro	
  retentive	
  column	
  characterization	
  is	
  presented.	
  Diversity	
  information	
  

from	
  a	
  one-­‐dimensional	
  retentive	
  column	
  is	
  compared	
  to	
  a	
  two-­‐dimensional	
  system.	
  

Next,	
  the	
  effect	
  of	
  column	
  dimension	
  and	
  the	
  polarity	
  of	
  the	
  coating	
  are	
  evaluated	
  in	
  

terms	
  of	
   its	
   ability	
   to	
  discriminate	
   complex	
  odours.	
  A	
   comparison	
  of	
   the	
   complete	
  

instrument	
  to	
  a	
  conventional	
  e-­‐nose	
  is	
  performed	
  to	
  demonstrate	
  the	
  improvements	
  

that	
  a	
  dual-­‐dimensional	
  spatio-­‐temporal	
  instrument	
  gives.	
  

7.3.1 Temporal	
  Information	
  	
  
	
  

The	
  measurement	
  of	
  the	
  temporal	
  delay	
  (thus	
  temporal	
  information)	
  at	
  first	
  glance	
  

would	
  seem	
  a	
  simple	
  process,	
  but	
  there	
  are	
  in	
  fact	
  a	
  number	
  of	
  ways	
  of	
  processing	
  

this.	
   	
  Here,	
   temporal	
   information	
   is	
   taken	
  by	
   the	
   retention	
   time	
  between	
   the	
   first	
  

sensor	
  array	
  response	
  and	
  the	
  second	
  or	
  third	
  sensor	
  array	
  response	
  (taken	
  at	
  50%	
  

response	
   of	
   the	
   total	
   magnitude).	
   Figure	
   7.9	
   shows	
   a	
   sample	
   of	
   temporal	
   data	
  

determination.	
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Figure	
  7.9:	
  Temporal	
  Information	
  determination	
  

	
  

As	
   shown	
   in	
   figure	
   7.9,	
   the	
   temporal	
   information	
   is	
   taken	
   at	
   50%	
   of	
   the	
   total	
  

response.	
   Before	
   processing	
   the	
   sensors	
   response	
   in	
   normalized,	
   removing	
   the	
  

spatial	
  information	
  to	
  focus	
  on	
  the	
  temporal	
  information.	
  Here	
  the	
  retention	
  time	
  of	
  

ethanol	
  after	
  a	
  1.5m	
  OV-­‐1	
  column	
  is	
  28	
  s	
  and	
  	
  is	
  measured	
  between	
  sensor	
  S100	
  in	
  

the	
  first	
  sensor	
  array	
  and	
  end	
  array.	
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Figure	
  7.10:	
  Temporal	
  information	
  for	
  dual	
  dimensional	
  column	
  setup	
  

	
  

Another	
  way	
  to	
  determine	
  the	
  temporal	
  information	
  is	
  to	
  compare	
  the	
  response	
  of	
  

two	
   different	
   analytes	
   before	
   and	
   after	
   the	
   retentive	
   column,	
   as	
   shown	
   in	
   Figure	
  

7.10.	
  Here,	
  ethanol	
  and	
  toluene	
  vapour	
  (in	
  air)	
  is	
  pushed	
  through	
  a	
  one	
  dimensional	
  

setup	
  with	
   two	
   sensor	
   arrays	
   and	
   one	
  micro	
   channel	
   coated	
  with	
   Carbowax	
   20M.	
  

The	
  retention	
  time	
  here	
  is	
  taken	
  by	
  comparing	
  the	
  end	
  sensor	
  array	
  output	
  between	
  

the	
   two	
   readings.	
  Here	
   it	
   is	
   clear	
   that	
   the	
   same	
   column	
  produced	
  different	
  delays	
  

that	
   are	
   dependent	
   on	
   the	
   analyte.	
   Ethanol	
   is	
   delayed	
  more	
   than	
   toluene	
   by	
   18s.	
  

Matlab	
   2008a	
   was	
   used	
   to	
   measure	
   and	
   calculate	
   the	
   retention	
   time	
   for	
   further	
  

processing.	
  

7.3.2 Comparison	
  between	
  uncoated	
  and	
  coated	
  microchannel	
  
	
  

In	
  order	
  to	
  confirm	
  the	
  validity	
  of	
  the	
  spatio	
  temporal	
  data,	
  a	
  comparison	
  of	
  coated	
  

and	
  uncoated	
  columns	
  was	
  performed.	
  This	
  will	
  demonstrate	
  that	
  the	
  delay	
  caused	
  

by	
  the	
  column	
  was	
  generated	
  by	
  the	
  polar/non-­‐polar	
  stationary	
  phase	
  coated	
  inside	
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the	
   column.	
   The	
  experiment	
  was	
  done	
  using	
   two	
   columns	
  with	
   similar	
  dimensions	
  

(0.025	
  x	
  0.038	
  x	
  0.5	
  m),	
  one	
  left	
  uncoated	
  and	
  the	
  other	
  one	
  coated	
  with	
  non-­‐polar	
  

OV-­‐1.	
  The	
  test	
  was	
  done	
  at	
  room	
  temperature	
  with	
  flow	
  rates	
  30	
  ml/m.	
  Two	
  simple	
  

analytes	
  (toluene	
  and	
  ethanol	
  vapour)	
  was	
  used	
  in	
  this	
  experiment.	
  	
  

	
  

Figure	
  7.11:	
  a)	
  Response	
  after	
  uncoated	
  channel	
  b)	
  Response	
  after	
  carbowax	
  coated	
  channel	
  

	
  

Figure	
  7.11(a)	
   shows	
   the	
   sensor	
   response	
   to	
  both	
  analytes	
  before	
   the	
   column	
  and	
  

the	
   Figure	
   7.11(b)	
   shows	
   the	
   sensor	
   response	
   after	
   the	
   column.	
   The	
   response	
   has	
  

been	
  normalized	
  to	
  focus	
  only	
  on	
  temporal	
  information.	
  As	
  the	
  analytes	
  pulse	
  travel	
  

along	
  the	
  column,	
  it	
  became	
  obvious	
  that	
  with	
  the	
  coated	
  column,	
  the	
  toluene	
  and	
  

ethanol	
  pulse	
   is	
  separated	
  by	
  3	
  seconds	
  (in	
  a	
  10	
  second	
  test	
  pulse),	
  while	
  with	
  the	
  

uncoated	
   column;	
   both	
   analyte	
   pulses	
   arrived	
   at	
   the	
   sensor	
   at	
   approximately	
   the	
  

16	
  s	
  

19	
  s	
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same	
  time.	
  This	
  clearly	
  shows	
  the	
  retentive	
  nature	
  of	
  the	
  column	
  that	
  can	
  be	
  use	
  to	
  

generate	
   the	
   spatio	
   temporal	
   information	
   needed	
   in	
   the	
   system.	
   Here,	
   toluene	
   is	
  

delayed	
  more	
   than	
  ethanol	
   due	
   to	
   the	
   fact	
   that	
   the	
   column	
  used	
  was	
   a	
  non-­‐polar	
  

column,	
  which	
  reacts	
  with	
  non-­‐polar	
  molecules	
  more	
  than	
  polar	
  molecules.	
  

7.3.3 Effect	
  of	
  various	
  dimension	
  micro	
  retentive	
  column	
  
	
  

As	
  mentioned	
  in	
  the	
  design	
  chapter,	
  the	
  micro	
  retentive	
  column	
  was	
  designed	
  with	
  

several	
  different	
  dimensions	
  to	
  test	
  their	
  performance	
  and	
  thus	
  select	
  the	
  best	
  one	
  

for	
  the	
  instrument.	
  Here,	
  different	
  columns	
  were	
  tested	
  under	
  similar	
  test	
  conditions	
  

to	
  evaluate	
  the	
  performance	
  of	
  each	
  column.	
  In	
  the	
  test,	
  similar	
  length	
  columns	
  was	
  

used	
  to	
  determine	
  the	
  performance	
  of	
  the	
  column	
  height	
  and	
  width.	
  These	
  different	
  

columns	
  were	
  assessed	
  under	
  two	
  criteria,	
  a)	
  response	
  magnitude	
  and	
  b)	
  retentive	
  

delay.	
  Three	
  tests	
  were	
  done	
  using	
  different	
  column	
  dimensions	
  with	
  similar	
  length	
  

of	
  0.5	
  m	
  (one	
  block	
  of	
  spiral	
  column)	
  at	
  20	
  C	
  and	
  20	
  ml/m	
  flow.	
  Figure	
  7.12	
  shows	
  

the	
  sensor	
  response	
  using	
  the	
  three	
  different	
  columns.	
  Column	
  with	
  size	
  0.50	
  x	
  0.25	
  

mm	
  seems	
  to	
  provide	
  a	
  greater	
  response	
  magnitude	
  with	
  no	
  significant	
  difference	
  in	
  

retention	
  time.	
  Hence,	
  for	
  the	
  final	
  portable	
  instrument,	
  column	
  dimensions	
  of	
  0.50	
  

x	
   0.25	
  was	
   used.	
   Furthermore,	
   better	
   flow	
   rate	
   is	
   achievable	
   with	
   0.5	
   x	
   0.25	
  mm	
  

column	
  compared	
  to	
  other	
  column.	
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Figure	
  7.12:	
  Sensor	
  response	
  with	
  three	
  different	
  size	
  columns	
  	
  

	
  

Further	
   tests	
   were	
   performed	
   to	
   determine	
   the	
   effect	
   of	
   column	
   length	
   towards	
  

column	
  performance.	
  Here,	
  a	
  column	
  with	
  the	
  same	
  cross-­‐section	
  (0.25	
  x	
  0.38	
  mm)	
  

was	
  used	
  with	
  various	
  lengths,	
  as	
  showed	
  in	
  Figure	
  7.13.	
  The	
  sensor	
  response	
  shows	
  

that	
   a	
   column	
  with	
   a	
   longer	
   length	
   provides	
  more	
   retention	
   time	
   but	
   significantly	
  

reduces	
   the	
  magnitude	
   of	
   the	
   response.	
   Here	
   we	
   can	
   see	
   that	
   increase	
   of	
   length	
  

from	
   0.5m	
   to	
   3m,	
   the	
   sensor	
   response	
   decreases	
   from	
   0.18V	
   to	
   0.06V	
   while	
   the	
  

retention	
  time	
  increases	
  by	
  20s.	
  

	
  

Figure	
  7.13:	
  Effect	
  of	
  column	
  length	
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7.3.4 Effect	
  of	
  Flow	
  Rates	
  
	
  

In	
  the	
  human	
  olfactory	
  system,	
  the	
  flow	
  rate	
  in	
  each	
  nostril	
  is	
  slightly	
  different	
  –	
  due	
  

to	
   natural	
   variations.	
   This	
   results	
   in	
   ‘stereo	
   olfaction’	
   as	
   discussed	
   earlier,	
   which	
  

provides	
   additional	
   information	
   to	
   indentify	
   aromas.	
   Here,	
   we	
   demonstrate	
   the	
  

stereo	
  olfaction	
   effect	
   by	
   varying	
   the	
   flow	
   rates	
   through	
   the	
  micro	
   columns.	
   Tests	
  

were	
   performed	
  with	
   similar	
   conditions	
   (20	
   C,	
  MSL	
   105	
  with	
   3m	
   length)	
   and	
  with	
  

various	
   flow	
   rates,	
   controlled	
   using	
   a	
   needle	
   valve.	
   Figure	
   7.14	
   shows	
   the	
   sensor	
  

response	
  after	
  the	
  column	
  at	
  several	
  flow	
  rates.	
  This	
  experiment	
  shows	
  that	
  as	
  the	
  

flow	
  rate	
   is	
   reduced,	
   the	
   longer	
  the	
  retention	
  time	
  produced	
  by	
  the	
  column,	
  but	
   it	
  

also	
  decreases	
  the	
  magnitude	
  of	
  response	
  of	
  the	
  sensor.	
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Figure	
  7.14:	
  Sensor	
  responses	
  to	
  ethyl	
  acetate	
  at	
  different	
  flow	
  rate	
  with	
  OV1	
  column	
  

	
  

As	
   the	
   flow	
   rate	
   is	
   increased	
   from	
   10ml/m	
   to	
   43	
   ml/m,	
   the	
   sensor	
   response	
  

decreases	
   from	
   0.18V	
   to	
   0.02V	
   but	
   the	
   retention	
   time	
   increases	
   from	
   10s	
   to	
   45s.	
  

Note	
   that	
   the	
   maximum	
   flow	
   rate	
   tested	
   is	
   only	
   43	
   ml/m	
   because	
   that	
   is	
   the	
  

maximum	
  flow	
  achievable	
  with	
  a	
  3m	
  long	
  column.	
  This	
  result	
  confirms	
  that	
  we	
  are	
  

able	
  to	
  mimicked	
  the	
  ‘stereo	
  olfaction’	
  features	
  of	
  a	
  biological	
  nose,	
  by	
  varying	
  the	
  

flow	
  rates	
  between	
  the	
  two	
  columns	
  either	
  by	
  controlling	
  the	
  flow	
  rate	
  or	
  choosing	
  a	
  

different	
  length	
  for	
  the	
  column.	
  	
  

	
  

7.4 One	
  Dimensional	
  Column	
  Performance	
  

	
  

	
  
Figure	
  7.15:	
  One	
  dimensional	
  setup	
  for	
  generating	
  spatio	
  temporal	
  response	
  

	
  

There	
   are	
   several	
   ways	
   to	
   use	
   the	
   micro	
   retentive	
   column,	
   to	
   generate	
   a	
   spatio	
  

temporal	
  signal.	
   In	
  a	
  one	
  dimensional	
  setup,	
  as	
   in	
  Figure	
  7.15,	
  one	
  micro	
  retentive	
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column	
   is	
   used	
   to	
   delay	
   the	
   odour	
   going	
   from	
   the	
   first	
   sensor	
   array,	
   producing	
   a	
  

delayed	
  response	
  on	
  the	
  output.	
  	
  

	
   	
  

Figure	
  7.16:	
  Ethyl	
  acetate	
  and	
  Ethanol	
  responses	
  in	
  one	
  dimensional	
  setup	
  

	
  

Figure	
  7.16	
  shows	
  two	
  experiments	
  performed	
  using	
  a	
  one	
  dimensional	
  setup	
  using	
  

two	
   different	
  micro	
   retentive	
   columns;	
   one	
   coated	
  with	
   OV-­‐1	
   and	
   the	
   other	
   with	
  

Carbowax	
   20M.	
   The	
   purpose	
   of	
   this	
   experiment	
   is	
   to	
   demonstrate	
   the	
   difference	
  

between	
   the	
   separation	
   power	
   of	
   polar	
   (Carbowax	
   20M)	
   and	
   non-­‐polar	
   (OV-­‐1)	
  

stationary	
  phase	
  coating.	
  In	
  general,	
  it	
  is	
  expected	
  that	
  ethanol	
  vapour,	
  being	
  more	
  

polar	
   than	
   ethyl	
   acetate,	
   to	
   be	
   delayed	
   more	
   through	
   a	
   polar	
   column	
   (Carbowax	
  

20M)	
   and	
   vice	
   versa.	
   In	
   figure	
   7.16,	
   it	
   shows	
   that	
   ethanol	
   is	
   delayed	
   further	
   than	
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ethyl	
   acetate	
   on	
   the	
   Carbowax20M,	
  while	
   ethyl	
   acetate	
   is	
   delayed	
  more	
   after	
   the	
  

OV-­‐1	
  column	
  –	
  as	
  expected.	
  	
  

	
   Furthermore,	
  we	
  can	
  roughly	
  estimate	
  the	
  retention	
  caused	
  by	
  the	
  stationary	
  

phase	
   by	
   calculating	
   the	
   partition	
   coefficient	
   between	
   the	
   mobile	
   and	
   stationary	
  

phase	
  compounds.	
  This	
  can	
  be	
  done	
  using	
  the	
  Linear	
  Solvation	
  Energy	
  Relationship	
  

(LSER)	
  equation.	
  	
  

Using	
  constant	
  and	
  variables	
  obtained	
   in	
  another	
  research	
   [5],	
   the	
  partition	
  

coefficient	
  for	
  ethyl	
  acetate,	
  acetone	
  and	
  ethanol	
  towards	
  SE-­‐30	
  and	
  Carbowax	
  20M	
  

can	
  be	
  calculated	
  and	
  plotted,	
  as	
   is	
  Figure	
  7.17.	
  Here,	
  SE-­‐30	
  was	
  used	
  because	
  the	
  

constant	
   values	
   are	
   available	
   and	
   it	
   has	
   the	
   same	
   content	
   as	
   OV-­‐1	
  which	
   is	
   100%	
  

PDMS.	
  

	
  

Figure	
  7.17:	
  Partition	
  Coefficient	
  for	
  three	
  different	
  chemicals	
  with	
  two	
  stationary	
  phase	
  

	
  

This	
   plot	
   clearly	
   shows	
   that	
   Ethyl	
   acetate	
   and	
   Ethanol	
   vapours	
   have	
   contradictory	
  

reactions	
   towards	
   SE-­‐30	
   and	
   Carbowax	
   20M.	
   This	
   supports	
   the	
   results	
   we	
   gained	
  

from	
  our	
  experiment,	
  shown	
  in	
  Figure	
  7.18,	
  where	
  we	
  can	
  see	
  that	
  ethanol	
  vapour	
  is	
  

delayed	
   more	
   with	
   a	
   Carbowax	
   20M	
   coated	
   column	
   and	
   ethyl	
   acetate	
   vapour	
   is	
  

delayed	
  more	
  with	
  an	
  OV-­‐1	
  column.	
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Figure	
  7.18:	
  Sensor	
  response	
  towards	
  ethanol	
  and	
  ethyl	
  acetate	
  vapour	
  before	
  and	
  after	
  the	
  
retentive	
  column	
  

	
  

It	
   is	
   worth	
   noting	
   that	
   the	
   first	
   sensor	
   array	
   provides	
   a	
   larger	
   sensor	
   response	
  

compared	
   to	
   the	
  end	
  sensor,	
  even	
   though	
   the	
   flow	
  rate	
   through	
   the	
  system	
   is	
   the	
  

same.	
  One	
  reason	
  for	
  this	
   is	
  that	
  there	
  is	
  a	
  band	
  broadening	
  effect	
  when	
  the	
  pulse	
  

travels	
   through	
   the	
   column	
  at	
   low	
   flow	
   rates.	
   	
   These	
   graphs	
  prove	
   the	
   concept	
   of	
  

spatio	
  temporal	
  data	
  generation	
  using	
  the	
  micro	
  retentive	
  column.	
  Furthermore,	
  we	
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have	
  also	
  demonstrated	
   that	
  each	
  polar	
  and	
  non-­‐polar	
   stationary	
  phase	
  produce	
  a	
  

different	
  delay	
  towards	
  a	
  similar	
  odour.	
  

One	
  downside	
  of	
  this	
  setup	
  is	
  that,	
  since	
  only	
  one	
  retentive	
  column	
  was	
  used,	
  

if	
   it	
   was	
   coated	
   with	
   polar	
   stationary	
   phase,	
   it’s	
   going	
   to	
   react	
   and	
   delay	
   polar	
  

molecules	
  more	
   than	
   non	
   polar.	
   Similarly,	
   a	
   non-­‐polar	
   stationary	
   phase	
   will	
   delay	
  

non-­‐polar	
  molecules	
  more.	
  These	
  issues	
  resulted	
  in	
  an	
  evolution	
  of	
  our	
  design	
  where	
  

we	
  employ	
  two	
  columns	
  with	
  different	
  phase	
  materials.	
  	
  	
  

	
   	
  	
  

7.5 Dual	
  Dimensional	
  Column	
  Performance	
  
	
  

	
  
Figure	
  7.19:	
  Dual	
  Dimensioanal	
  e-­‐Mucosa	
  setup	
  

	
  

To	
   further	
   improve	
   the	
  spatio	
   temporal	
   information,	
  a	
  dual	
  dimensional	
   setup	
  was	
  

designed,	
  as	
  in	
  figure	
  7.19,	
  consisting	
  of	
  two	
  columns	
  with	
  different	
  stationary	
  phase	
  

coatings	
  and	
  column	
  dimensions.	
  	
  

First	
  thing	
  to	
  note	
  is	
  that	
  the	
  flow	
  rate	
  between	
  the	
  first	
  sensor	
  array	
  and	
  the	
  

end	
  sensor	
  arrays	
  are	
  different	
  (divided	
  by	
  2).	
  This	
  will	
  cause	
  a	
  significant	
  difference	
  

in	
   the	
   magnitude	
   of	
   response	
   and	
   response	
   time	
   of	
   the	
   sensors.	
   A	
   larger	
   sensor	
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magnitude	
   improves	
   the	
   spatial	
   information,	
   while	
   faster	
   response	
   times	
   increase	
  

the	
  temporal	
  information	
  of	
  the	
  system.	
  

With	
   this	
   arrangement,	
   a	
   stereo	
   olfaction	
   effect	
   can	
   be	
   produced	
   by	
   using	
  

two	
  columns	
  with	
  different	
   length,	
  creating	
  different	
   flow	
  profile	
  between	
  the	
  two	
  

retentive	
  column.	
  Another	
  way	
  to	
  mimic	
  the	
  stereo	
  olfaction	
  effect	
  is	
  to	
  use	
  a	
  micro	
  

valve	
  to	
  control	
  the	
  flow	
  rate	
  through	
  each	
  column	
  while	
  using	
  two	
  similar	
  columns.	
  	
  

Apart	
   from	
   simulating	
   the	
   stereo	
   olfaction	
   feature,	
   this	
   dual	
   dimensional	
  

setup	
   is	
   superior	
   to	
   the	
   one	
   dimensional	
   setup,	
  mainly	
   because	
   it	
   produces	
  much	
  

more	
  data	
  that	
  can	
  be	
  used	
  for	
  identification.	
  The	
  two	
  differently	
  coated	
  columns	
  in	
  

itself	
  will	
  produce	
  two	
  different	
  sets	
  of	
   temporal	
   information.	
  The	
   large	
  number	
  of	
  

sensors	
   and	
   sensors	
   tunings	
   will	
   also	
   contribute	
   to	
   the	
   wide	
   diversity	
   of	
   data	
  

available	
  from	
  the	
  instrument.	
  Furthermore,	
  only	
  one	
  cycle	
  of	
  test	
  is	
  required	
  to	
  gain	
  

all	
   this	
   information	
   compared	
   to	
   several	
   repeat	
   tests	
   with	
   the	
   one-­‐dimensional	
  

setup.	
  

	
  



Chapter	
  7:	
  Microsystem	
  Characterization	
  and	
  Experimental	
  Results	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  163	
  

	
  

	
  

Figure	
  7.20:	
  Temporal	
  information	
  with	
  dual	
  dimensional	
  setup	
  

	
  

In	
  case	
  of	
  dual	
  dimensional	
  retentive	
  column	
  setup,	
  another	
  way	
  to	
  generate	
  spatio	
  

temporal	
   information	
   is	
   by	
  measuring	
   the	
   time	
   difference	
   between	
   the	
   responses	
  

after	
   the	
   polar	
   column	
   and	
   non-­‐polar	
   column.	
   	
   Figure	
   7.20	
   demonstrates	
   this	
  

information	
  comparing	
  response	
  from	
  Sensor	
  Array	
  2	
  and	
  Sensor	
  Array	
  3.	
  Note	
  that	
  

with	
  one	
  dimensional	
  setup,	
  two	
  runs	
  would	
  be	
  needed	
  to	
  produce	
  this	
  data.	
  	
  

This	
  delay	
  is	
  a	
  good	
  indication	
  of	
  separation	
  created	
  by	
  the	
  differently	
  coated	
  

columns	
   (polar	
   and	
   non-­‐polar).	
   Here	
   a	
   retention	
   time	
   of	
   17	
   s	
   was	
   achieved	
  

comparing	
   similar	
   sensor	
   from	
   second	
   and	
   third	
   sensor	
   array	
   between	
   the	
   two	
  

columns.	
  

Comparing	
   this	
   graph	
  with	
   the	
   similarly	
   plotted	
   graph	
   in	
   Figure	
   7.18,	
   there	
  

are	
  two	
  main	
  differences.	
  Since	
  the	
  flow	
  rate	
  of	
  the	
  first	
  sensor	
  array	
  is	
  now	
  doubled	
  

the	
  flow	
  in	
  the	
  two	
  end	
  arrays,	
  response	
  magnitude	
  of	
  the	
  first	
  sensor	
  is	
  significantly	
  

larger	
   and	
   faster	
   compared	
   to	
   one	
   dimensional	
   setup.	
   Here,	
   we	
   can	
   see	
   the	
  

maximum	
  magnitude	
  of	
  response	
  is	
  0.6	
  V	
  compared	
  to	
  0.25	
  V	
  in	
  the	
  one	
  dimensional	
  

setup.	
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   Another	
  major	
  advantage	
  of	
  this	
  setup	
  is	
  the	
  faster	
  sensor	
  responses	
  (effect	
  

of	
  flow	
  velocity)	
  contribute	
  to	
  a	
  higher	
  retention	
  time	
  (comparing	
  between	
  the	
  first	
  

array	
  to	
  the	
  second	
  or	
  third	
  array)	
  produced	
  by	
  the	
  system.	
  Here,	
  a	
  retention	
  time	
  of	
  

40	
   s	
   is	
   achieved	
   with	
   ethyl	
   acetate	
   through	
   OV-­‐1	
   column,	
   while	
   with	
   the	
   one	
  

dimensional	
  setup	
  in	
  Figure	
  7.18,	
  only	
  25	
  s	
  is	
  achieved.	
  

7.6 Simple	
  Spatio-­Temporal	
  Classification	
  
	
  

Using	
   data	
   from	
   the	
   previous	
   experiment,	
   a	
   simple	
   PCA	
   classification	
   has	
   been	
  

performed	
   to	
   show	
   the	
   resolving	
   power	
   of	
   the	
   temporal	
   information.	
   Figure	
   7.21	
  

shows	
  a	
  PCA	
  plot	
  of	
  acetone,	
  ethanol	
  and	
  ethyl	
  acetate	
  using	
  spatial	
  information	
  and	
  

temporal	
  information.	
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Figure	
  7.21:	
  PCA	
  Plot	
  for	
  three	
  chemical	
  using	
  a)	
  Spatial	
  information	
  only	
  b)	
  Temporal	
  
information	
  only	
  c)	
  Combined	
  Spatio-­‐Temporal	
  information	
  	
  

The	
   experiment	
   was	
   performed	
   with	
   the	
   one	
   dimensional	
   setup	
   using	
   2	
   m	
   OV-­‐1	
  

column	
   under	
   room	
   temperature	
   (20oC)	
   with	
   three	
   randomize	
   repeats.	
   This	
  

experiment	
  is	
  done	
  at	
  lower	
  concentration	
  compare	
  to	
  the	
  one	
  in	
  Figure	
  7.7	
  to	
  show	
  

the	
  ability	
  of	
  spatio-­‐temporal	
  information.	
  This	
  experiment	
  is	
  done	
  at	
  concentrations	
  

of	
  100	
  ppm	
  for	
  ethanol,	
  200	
  ppm	
  for	
  ethyl	
  acetate	
  and	
  500	
  ppm	
  for	
  acetone.	
  We	
  can	
  

see	
  from	
  the	
  plot	
  that	
  temporal	
  information	
  does	
  contain	
  significant	
  information	
  to	
  

separate	
   the	
   chemicals.	
   Figure7.8	
   (a)	
   shows	
   that	
   spatial	
   information	
   separates	
  

acetone	
  vapour	
  far	
  better	
  than	
  for	
  ethanol	
  and	
  ethyl	
  acetate	
  vapour.	
  On	
  the	
  other	
  

hand,	
   with	
   temporal	
   information	
   (Figure	
   7.8(b)),	
   ethyl	
   acetate	
   is	
   separated	
   easier	
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than	
   ethanol	
   and	
   acetone	
   vapours.	
   Combining	
   these	
   two	
   sets	
   of	
   information,	
   by	
  

multiplying	
  the	
  spatial	
   information	
  directly	
  with	
  the	
  temporal	
  counterpart,	
  another	
  

PCA	
  is	
  plotted	
  as	
  in	
  Figure	
  7.8(c)	
  showing	
  better	
  separation	
  of	
  all	
  three	
  components.	
  

Thus,	
  it	
  is	
  clear	
  that	
  temporal	
  information	
  can	
  be	
  combined	
  with	
  spatial	
  information	
  

to	
   improve	
   the	
  classification	
  of	
   the	
  system.	
  A	
  more	
  advanced	
   technique	
   is	
  used	
   to	
  

process	
  both	
  spatio-­‐temporal	
  information	
  and	
  will	
  be	
  discussed	
  later	
  in	
  this	
  chapter.	
  	
  

7.7 Portable	
  e-­Mucosa	
  System	
  Optimization	
  
	
  
The	
  portable	
  e-­‐mucosa	
  instrument	
  is	
  composed	
  of	
  parts	
  described	
  and	
  tested	
  in	
  this	
  

chapter,	
   and	
   thus	
   further	
   descriptions	
   are	
   not	
   required.	
  However,	
   there	
   are	
   some	
  

changes	
  made	
  to	
  the	
  portable	
  e-­‐mucosa	
  to	
  enable	
  the	
  device	
  to	
  remain	
  as	
  small	
  as	
  

possible,	
  but	
  still	
  retain	
  the	
  wide	
  diversity	
  of	
  data.	
  As	
  mentioned	
  before,	
  200	
  sensors	
  

were	
   used	
   instead	
   of	
   300	
   contained	
   in	
   the	
   sensor	
   array.	
   This	
   is	
   to	
   reduce	
   the	
  

complexity	
   of	
   the	
   interface	
   circuitry	
   and	
   improve	
   the	
  overall	
   speed	
  of	
   the	
   system.	
  

Furthermore,	
  the	
  number	
  of	
  different	
  sensing	
  layers	
  remains	
  the	
  same	
  at	
  24	
  tunings.	
  	
  

Since	
  the	
  portable	
  e-­‐Mucosa	
  is	
  designed	
  to	
  work	
  in	
  a	
  normal	
  ambient	
  environment,	
  a	
  

pre-­‐concentrator	
   is	
   designed	
   to	
   help	
   improve	
   the	
   overall	
   system	
   sensitivity	
   by	
  

concentrating	
  the	
  odour	
  being	
  tested	
  before	
  it	
  is	
  pushed	
  over	
  the	
  sensors.	
  

	
  
Figure	
  7.22:	
  Sensor	
  response	
  with	
  preconcentrator	
  to	
  ethyl	
  acetate	
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Figure	
   7.22	
   shows	
   Sensor	
   225	
   response	
   to	
   ethyl	
   acetate	
   odour	
   that	
   has	
   been	
  

concentrated	
   in	
   the	
   preconcentrator	
   chamber	
   for	
   2	
   minutes	
   before	
   thermally	
  

releasing	
  it	
  through	
  to	
  the	
  sensor	
  at	
  100°C.	
  Here,	
  no	
  continuous	
  flow	
  of	
  ethyl	
  acetate	
  

is	
   given	
   to	
   the	
   sensor,	
   only	
   the	
   preconcentrated	
   odour	
   from	
   the	
   preconcentrator	
  

chamber.	
  We	
   can	
   see	
   from	
   the	
   graph,	
   a	
   very	
   fast	
   sensor	
   response,	
   which	
   quickly	
  

recovers	
  to	
  the	
  baseline	
  even	
  during	
  the	
  test	
  period	
  (due	
  to	
  no	
  continuous	
  flow	
  of	
  

ethyl	
  acetate	
  –	
  thus	
  the	
  pre-­‐concentrator	
  has	
  been	
  ‘emptied’	
  of	
  test	
  sample).	
  This	
  is	
  

to	
  show	
  that	
  the	
  pre-­‐concentrator	
  itself	
  does	
  collect	
  a	
  significant	
  amount	
  of	
  odour	
  to	
  

be	
  useful.	
  	
  	
  

Figure	
  7.23	
  shows	
  the	
  sensor	
  response	
  to	
  ethyl	
  acetate	
  with	
  and	
  without	
  pre-­‐

concentrator	
   in	
   a	
   continuous	
   odour	
   flow	
   of	
   20s	
   during	
   test	
   with	
   150s	
   pre-­‐

concentration	
  time.	
  This	
  clearly	
  shows	
  that	
  the	
  pre-­‐concentrator	
  improves	
  the	
  initial	
  

response	
  of	
  the	
  sensor.	
  	
  

	
  

Figure	
  7.23:	
  Sensor	
  225	
  response	
  to	
  ethyl	
  acetate	
  with	
  and	
  without	
  preconcentrator	
  

	
  

In	
   addition,	
   the	
   magnitude	
   of	
   response	
   increased	
   by	
   almost	
   40%	
   with	
   the	
   pre-­‐

concentrator.	
   Furthermore,	
   the	
   sensor	
   response	
   is	
   about	
   10	
   s	
   faster	
  with	
   the	
  pre-­‐



Chapter	
  7:	
  Microsystem	
  Characterization	
  and	
  Experimental	
  Results	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  168	
  

	
  

concentrator.	
  This	
  feature	
  significantly	
  improves	
  the	
  instrument,	
  as	
  it	
  enhances	
  both	
  

the	
  spatial	
  and	
  temporal	
  information.	
  	
  

	
   	
  	
  

7.8 Advanced	
  Spatio-­Temporal	
  Odour	
  Classification	
  

	
  
In	
  order	
  to	
  evaluate	
  the	
  artificial	
  olfactory	
  mucosa	
  spatio-­‐temporal	
  response,	
  a	
  more	
  

advance	
  technique	
  has	
  been	
  utilized.	
  Here,	
  the	
  odour	
  headspace	
  from	
  essentials	
  oils	
  

was	
  pumped	
   through	
   the	
   first	
   chamber	
  containing	
   the	
   first	
   sensor	
  array,	
   then	
   into	
  

the	
  two	
  differently	
  coated	
  micro-­‐fluidic	
  retentive	
  channels	
  that	
  are	
  connected	
  to	
  the	
  

second	
  and	
  third	
  sensor	
  arrays.	
  During	
  this	
   time,	
  a	
  software	
  control	
  program	
  takes	
  

readings	
   from	
   all	
   three	
   arrays	
   continuously.	
   The	
   flow	
   rate	
   was	
   controlled	
   using	
   a	
  

mass	
   flow	
  controller,	
   set	
   to	
  300	
  ml/min,	
   in	
  order	
   to	
  maintain	
   the	
  concentration	
  of	
  

the	
   odour	
   throughout	
   the	
   test.	
   The	
   carrier	
   gas	
   used	
   for	
   all	
   the	
   experiments	
   was	
  

laboratory	
   air.	
   It	
   is	
   important	
   to	
   remember	
   that	
   the	
   biological	
   system	
   functions	
  

without	
   needing	
   specialised	
   carrier	
   gases	
   or	
   humidity	
   control.	
   Here	
   we	
   are	
  

developing	
  an	
  instrument	
  to	
  mimic	
  the	
  biological	
  system,	
  thus	
  we	
  have	
  used	
  real	
  life	
  

conditions.	
   	
   The	
   laboratory	
   air	
   was	
   passed	
   through	
   a	
   filter	
   to	
   remove	
   any	
   large	
  

particles	
   that	
   might	
   affect	
   the	
   system	
   (similar	
   to	
   the	
   function	
   of	
   the	
   hairs	
   in	
   the	
  

nostrils).	
  Although	
  humidity	
  was	
  not	
  controlled,	
  it	
  is	
  monitored	
  on	
  the	
  inlet	
  as	
  well	
  as	
  

the	
   temperature	
   using	
   temperature/humidity	
   sensor	
   SHT15	
   from	
   Sensirion	
  

(Switzerland).	
   	
   The	
   system	
   was	
   tested	
   with	
   300	
   s	
   pulses	
   of	
   essential	
   oil	
   vapour	
   at	
  

temperature	
  22°C	
  (±	
  1oC).	
  The	
  essential	
  oils	
  used	
  in	
  these	
  experiments	
  were	
  lemon	
  

grass,	
   ylang	
   ylang,	
   cinnamon	
   and	
   lavender.	
   Such	
   oils	
   are	
   formed	
   out	
   of	
   several	
  

chemical	
   components,	
   and	
   so	
   again	
   relate	
  more	
   closely	
   to	
   real-­‐world	
   applications.	
  

For	
   example,	
   ‘lemon	
   grass’	
   is	
   formed	
   from	
   myrcene,	
   citronellal,	
   geranyl	
   acetate,	
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nerol,	
   geraniol,	
   neral	
   and	
   traces	
   of	
   limonene	
   and	
   citral.	
   Thus	
   calculating	
   the	
   exact	
  

headspace	
  concentrations	
  for	
  each	
  oil	
  and	
  its	
  components	
  is	
  difficult.	
  It	
  is	
  important	
  

to	
   remember	
   the	
   biological	
   system	
   is	
   poor	
   at	
   providing	
   odour	
   concentration	
  

information,	
   but	
   is	
   very	
   good	
   at	
   identifying	
   odour	
   class.	
   These	
   odours	
   were	
  

introduced	
   for	
   60	
   s	
  with	
   100	
   s	
   pre-­‐test	
   air	
   as	
   a	
   reference.	
   Five	
   repetition	
   of	
   each	
  

odour	
  was	
  done.	
  

The	
  spatio-­‐temporal	
  data,	
  produced	
  by	
  the	
  instrument,	
  was	
  processed	
  using	
  

the	
   convolution	
   method	
   reported	
   in	
   [6].	
   The	
   three	
   chemoresistor	
   arrays	
   make	
  

available	
  several	
  options	
  when	
  processing	
  the	
  two	
  signals	
  to	
  be	
  convolved;	
  the	
  front-­‐

end	
  array	
   can	
  be	
   combined	
  with	
  either	
   the	
  polar	
  or	
  non-­‐polar	
  arrays,	
  or	
   the	
  polar	
  

and	
  non-­‐polar	
  arrays	
  can	
  be	
  combined	
  with	
  each	
  other.	
  Also,	
  the	
   large	
  numbers	
  of	
  

sensors	
   provide	
   a	
   level	
   of	
   redundancy	
   not	
   encountered	
   before,	
   and	
   needed	
   to	
   be	
  

considered	
  during	
  the	
  processing	
  phase.	
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Figure	
  7.24:	
  Spatial	
  information	
  representation	
  of	
  three	
  sensor	
  array	
  with	
  four	
  essential	
  
oil[7]	
  

	
  

	
   First,	
  valid	
  sensors	
  within	
  each	
  array	
  were	
  identified	
  and	
  selected,	
  illustrated	
  

in	
   Figure	
   7.24.	
   It	
   can	
   be	
   seen	
   that	
   there	
   is	
   much	
   correlation	
   between	
   the	
   sensor	
  

arrays	
   at	
   this	
   stage.	
   These	
   sensors	
   were	
   then	
   normalized	
   and	
   a	
   convolution	
  

performed	
   between	
   corresponding	
   sensor	
   pairs	
   in	
   each	
   array	
   to	
   produce	
   a	
   new	
  

characteristic	
  time-­‐series	
  signal.	
  The	
  area	
  of	
  the	
  convolution	
  integral	
  signal	
  was	
  then	
  

computed,	
  and	
  the	
  resulting	
  feature	
  set	
  is	
  illustrated	
  in	
  Figure	
  7.25.	
  The	
  convolution	
  

process	
  produces	
  a	
  set	
  of	
  data	
  with	
  much	
  more	
  pronounced	
  differences.	
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Figure	
  7.25:	
  Convolution	
  results	
  of	
  four	
  essential	
  oil	
  [7]	
   	
  

The	
  feature	
  sets	
  produced	
  were	
  then	
  classified	
  using	
  a	
  probabilistic	
  neural	
  network	
  

(PNN)	
  classifier.	
  	
  Table	
  7.1	
  shows	
  the	
  accuracy	
  of	
  the	
  classification	
  on	
  this	
  optimum	
  

sensor	
  subset.	
  

Table	
  7.1:	
  Accuracy	
  matrix	
  for	
  PNN	
  classifier	
  utilizing	
  an	
  optimum	
  sensor	
  subset	
  [7]	
  

Array	
  Pair	
   	
   Omit	
  1st	
  
Group	
  

Omit	
  2nd	
  
Group	
  

Omit	
  3rd	
  
Group	
  

Omit	
  4th	
  
Group	
  

Omit	
  5th	
  
Group	
  

Overall	
  
Accuracy	
  

Front	
  Array	
  *	
  Carbowax	
  Array	
   100%	
   100%	
   100%	
   75%	
   50%	
   85%	
  
Front	
  Array	
  *	
  PDMS	
  Array	
   50%	
   75%	
   75%	
   75%	
   100%	
   75%	
  
PDMS	
  Array	
  *	
  Carbowax	
  Array	
   75%	
   75%	
   75%	
   75%	
   25%	
   65%	
  

	
  

The	
  best	
  accuracy	
  is	
  achieved	
  by	
  a	
  convolution	
  of	
  sensors	
  in	
  the	
  front	
  array	
  and	
  the	
  

corresponding	
   sensors	
   following	
   the	
   Carbowax	
   20M	
   channel.	
  We	
   believe	
   that	
   this	
  

was	
  because	
  the	
  chemical	
  nature	
  of	
  the	
  oils	
  was	
  more	
  diverse	
  in	
  terms	
  of	
  their	
  polar	
  

interactions	
   than	
   differences	
   in	
   their	
   boiling	
   points.	
   Other	
   array	
   combinations	
  

produced	
  poorer	
  results,	
  but	
  still	
  produced	
  an	
  improvement	
  in	
  accuracy.	
  This	
  shows	
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that	
  the	
  flexibility	
  within	
  the	
  layout	
  and	
  redundancy	
  of	
  the	
  system	
  allows	
  selection	
  of	
  

a	
  problem	
  appropriate	
  processing	
  scheme.	
  

7.9 Conclusions	
  	
  	
  	
  	
  
	
  

In	
  this	
  chapter,	
  we	
  have	
  discussed	
  the	
  characterization	
  of	
  both	
  the	
  large	
  sensor	
  array	
  

and	
  micro	
  retentive	
  column	
  with	
  several	
  experiments.	
  It	
  is	
  very	
  clear	
  that	
  there	
  is	
  a	
  

substantial	
  diversity,	
  in	
  terms	
  of	
  sensors,	
  columns	
  and	
  configurations,	
  which	
  can	
  be	
  

used	
   to	
   aid	
   odour	
   recognition	
   during	
   classification.	
   However,	
   a	
   more	
   complex	
  

pattern	
  recognition	
  technique	
  is	
  needed	
  to	
  process	
  this	
  huge	
  diversity	
  of	
  data.	
  Here	
  

we	
  have	
  only	
  presented	
  simple	
  processing	
  techniques,	
  such	
  as	
  PCA,	
  to	
  process	
  each	
  

spatial	
  and	
  temporal	
  data	
  individually.	
  This	
  is	
  to	
  prove	
  the	
  concept	
  of	
  dual	
  dimension	
  

spatio	
   temporal	
   information.	
   Comparing	
   this	
   with	
   conventional	
   spatial	
   response	
  

data,	
   we	
   can	
   conclude	
   that	
   the	
   temporal	
   information	
   can	
   be	
   used	
   to	
   aid	
   odour	
  

classification	
   during	
   data	
   processing.	
   We	
   also	
   proposed	
   another	
   processing	
  

technique	
  that	
  utilize	
  all	
  this	
  information	
  in	
  other	
  research	
  [6].	
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CHAPTER	
  8 	
  
 

Conclusions	
  and	
  further	
  work	
  
	
  

8.1 Overview	
  	
  	
  	
  	
  
	
  

Although	
  electronic	
  nose	
  technology	
  has	
  been	
  an	
  active	
  area	
  of	
  research	
  for	
  over	
  25	
  

years,	
   it	
   is	
   still	
   far	
   behind	
   compared	
   to	
   the	
   biological	
   olfactory	
   system	
   in	
   term	
   of	
  

selectivity	
  and	
  sensitivity.	
  However,	
  it	
  is	
  still	
  being	
  used	
  in	
  wide	
  range	
  of	
  applications	
  

in	
   several	
   industries	
   such	
   as	
   environmental,	
   food	
   industry	
   and	
   medical	
   field.	
   The	
  

main	
  reason	
  is	
  the	
  ability	
  of	
  an	
  electronic	
  nose	
  to	
  solve	
  specific	
  problem	
  at	
  a	
  lower	
  

cost	
  within	
  a	
  short	
  period	
  of	
  time.	
  	
  

	
   E-­‐nose	
  system	
  provides	
  an	
  alternative	
  to	
  the	
  use	
  of	
  organoleptics	
  panels	
  and	
  

is	
  better	
   in	
   several	
   areas.	
  Using	
  humans	
   to	
  evaluate	
   the	
   smell	
   of	
  products	
   such	
  as	
  

perfumes,	
  foods	
  and	
  beverages	
  is	
  a	
  costly	
  process,	
  because	
  trained	
  panels	
  of	
  experts	
  

are	
   required	
   and	
   they	
   can	
   only	
   work	
   for	
   relatively	
   short	
   periods	
   of	
   time.	
  

Furthermore,	
   in	
  areas	
  such	
  as	
  explosive	
  detection	
  and	
  several	
  medical	
  applications,	
  

it	
   is	
   impossible	
   to	
   use	
   human	
  organoleptics	
   panels	
   to	
   classify	
   toxic	
   and	
  dangerous	
  

odorants.	
  

	
   However,	
   most	
   existing	
   commercial	
   e-­‐nose	
   instruments	
   are	
   bulky	
   desktop	
  

units,	
  requiring	
  a	
  PC	
  to	
  operate,	
  and	
  is	
  expensive.	
  In	
  addition,	
  these	
  systems	
  usually	
  

require	
   a	
   trained	
   operator	
   to	
   gather	
   and	
   analyse	
   the	
   data.	
   Furthermore,	
   most	
   of	
  

these	
   systems	
   need	
   a	
   controlled	
   environment	
   to	
   work	
   properly	
   compared	
   to	
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biological	
   olfactory	
   systems	
   that	
   are	
   mobile	
   and	
   capable	
   of	
   adapting	
   to	
  

environmental	
  changes.	
  	
  

	
   Motivated	
  to	
  improve	
  the	
  performance,	
  size	
  and	
  cost	
  of	
  e-­‐nose	
  instruments,	
  

this	
   research	
   is	
   aimed	
   at	
   mimicking	
   the	
   biological	
   olfactory	
   system	
   in	
   order	
   to	
  

improve	
   current	
   state	
   of	
   electronic	
   nose	
   technology.	
   In	
   an	
   attempt	
   to	
   extract	
   the	
  

features	
   that	
   contribute	
   to	
   the	
   superiority	
   of	
   the	
   biological	
   olfactory	
   system,	
   this	
  

study	
  has	
  focused	
  on	
  several	
  key	
  features	
  such	
  as	
  large	
  olfactory	
  receptor	
  count,	
  the	
  

nasal	
   chromatograph	
   effect,	
   stereo	
   olfaction,	
   sniff	
   rate	
   and	
   odour	
   conditioning.	
  

Based	
   on	
   these	
   features,	
   a	
   portable,	
   cost	
   effective	
   instrument	
   called	
   Portable	
   e-­‐

Mucosa	
  (PeM)	
  have	
  been	
  designed,	
  fabricated	
  and	
  tested.	
   	
  The	
  term	
  ‘e-­‐mucosa’	
  or	
  

‘electronic	
   mucosa’	
   refers	
   to	
   the	
   ability	
   of	
   the	
   instrument	
   to	
   generate	
   spatio-­‐

temporal	
   response	
   similar	
   to	
   the	
   function	
  of	
  human	
  mucus	
   that	
   creates	
   the	
   ‘nasal	
  

chromatograph’	
  effects.	
  

8.2 Project	
  objectives	
  	
  	
  	
  	
  
	
  

Objectives,	
   discussed	
   in	
   chapter	
   1,	
   have	
   been	
   mainly	
   realized	
   in	
   this	
   study,	
   is	
  

summarized	
  as	
  follows:	
  	
  

⇒ Extracting	
  biological	
  olfactory	
  system	
  functionality	
  and	
  implementing	
  it	
  in	
  an	
  

e-­‐nose	
  to	
  improve	
  overall	
  odour	
  discrimination.	
  

⇒ Large	
  Micro	
  chemo	
  sensor	
  arrays	
  have	
  been	
  designed,	
  fabricated	
  and	
  tested	
  

in	
   order	
   to	
  mimic	
   the	
   large	
   number	
   of	
   olfactory	
   receptors	
   in	
   the	
   olfactory	
  

epithelium	
  

⇒ 3	
  Dimensional	
  micro	
   retentive	
   columns	
   have	
   been	
   designed	
   and	
   fabricated	
  

using	
  an	
  Envisiontec	
  Perfactory	
  Mini	
  MSL	
  machine	
  and	
  coated	
  with	
  a	
  range	
  of	
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retentive	
  materials.	
   The	
  channel	
  has	
  been	
  characterized	
  and	
  used	
   to	
  mimic	
  

the	
  ‘nasal	
  chromatograph’	
  effect	
  of	
  the	
  biological	
  olfactory	
  system.	
  

⇒ Other	
   biological	
   olfactory	
   operations,	
   such	
   as	
   temperature	
   control	
   by	
   the	
  

nasal	
   cavity	
   and	
   stereo	
   olfaction	
   (different	
   flow	
   rates	
   in	
   two	
   nostrils)	
   have	
  

been	
  investigated.	
  

⇒ Finally,	
   a	
   bio-­‐inspired	
   portable	
   Instrument	
   called	
   Portable	
   e-­‐Mucosa	
  

mimicking	
  these	
  principles	
  has	
  been	
  designed,	
  fabricated	
  and	
  tested.	
  

8.3 Development	
  of	
  an	
  artificial	
  bio	
  inspired	
  olfactory	
  
systems	
  	
  	
  	
  	
  

	
  

The	
  main	
  focus	
  of	
  this	
  research	
  was	
  to	
  extract	
  key	
  biological	
  features	
  from	
  the	
  

human	
  olfactory	
  system	
  and	
  develop	
  a	
  bio	
  inspired	
  artificial	
  nose	
  instrument	
  based	
  

on	
   these	
  extracted	
   features.	
  Although	
  many	
   features	
   are	
  being	
   imitated,	
   the	
  main	
  

features	
   that	
   will	
   enhanced	
   current	
   e-­‐nose	
   instrumentation	
   is	
   the	
   ‘nasal	
  

chromatograph’	
   effect	
   combined	
   with	
   large	
   number	
   of	
   sensors	
   in	
   the	
   system[2].	
  

Utilizing	
   dual	
   GC	
   column	
   in	
   a	
   gas	
   sensing	
   system	
   has	
   already	
   been	
   develop	
   and	
  

proven	
   by	
   Sandia	
   Lab	
  when	
   they	
   produce	
   µChem	
   Lab	
   consisting	
   of	
   two	
  micro	
   GC	
  

column	
  coated	
  with	
  two	
  different	
  stationary	
  phase	
  [3].	
  However,	
  in	
  their	
  system,	
  the	
  

function	
  of	
  the	
  GC	
  is	
  to	
  separate	
  the	
  tested	
  vapours	
  completely	
  before	
  detecting	
  the	
  

peaks	
  of	
  each	
  vapour	
  molecule	
  using	
  a	
  SAW	
  sensor.	
  Our	
  approach	
  in	
  the	
  portable	
  e-­‐

mucosa	
   is	
   different.	
   In	
   our	
   instrument	
  we	
   have	
   used	
   three	
   large	
   sensor	
   arrays	
   to	
  

provide	
   a	
   huge,	
   diverse	
   dataset	
   on	
   a	
   tested	
   odour.	
   Furthermore,	
   the	
   retentive	
  

column	
  used	
  here	
  does	
  not	
  produce	
  perfect	
  separation,	
  instead	
  just	
  enough	
  relative	
  

difference	
  between	
  the	
  two	
  columns	
  to	
  produce	
  spatio-­‐temporal	
  information	
  at	
  the	
  

end	
  sensor	
  arrays.	
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Other	
  features	
  that	
  have	
  been	
  developed	
  in	
  this	
  research,	
  is	
  the	
  ideas	
  of	
  stereo	
  

olfaction,	
   odour	
   conditioning	
   and	
   sniffing	
   rate.	
   These	
   extracted	
   were	
   tested	
   and	
  

optimised	
   before	
   miniaturizing	
   the	
   system	
   producing	
   a	
   portable	
   e-­‐mucosa	
  

instrument	
  containing	
  600	
  sensors	
  in	
  total	
  with	
  two	
  micro	
  retentive	
  columns.	
  	
  

The	
   large	
   sensor	
   array	
   was	
   designed	
   to	
   have	
   fewer	
   electrode	
   pads	
   for	
  

connection	
  compared	
  to	
  normal	
  (if	
  2	
  pads	
  where	
  given	
  over	
  to	
  each	
  sensor	
  then	
  600	
  

pads	
  would	
  be	
  required	
  to	
  connect	
  to	
  300	
  sensors).	
  The	
  ‘pad	
  stack’	
  design	
  reduces	
  

the	
   number	
   of	
   sensor	
   pads	
   from	
   600	
   to	
   only	
   37	
   thus	
   simplifying	
   the	
   interface	
  

circuitry	
  to	
  the	
  sensors.	
  This	
  is	
  an	
  important	
  feature	
  in	
  order	
  to	
  create	
  a	
  small,	
  cost	
  

effective,	
  and	
  portable	
  instrument.	
  	
  The	
  large	
  sensor	
  number	
  is	
  mimicking	
  the	
  large	
  

number	
   of	
   olfactory	
   receptor	
   in	
   human	
   olfactory	
   system.	
   Unfortunately,	
   having	
   a	
  

large	
  sensor	
  count	
  creates	
  several	
  problems	
  during	
  deposition.	
  	
  

Firstly,	
   depositing	
   the	
   300	
   sensors	
   individually	
   would	
   be	
   time	
   consuming,	
  

especially	
   in	
   an	
   instrument	
   with	
   a	
   total	
   of	
   1200	
   sensors.	
   Furthermore,	
   although	
  

having	
  300	
  sensors	
  coated	
  with	
  300	
  different	
  polymer	
  composite	
  films	
  is	
  desirable,	
  it	
  

is	
  not	
  practical	
  and	
  would	
  consume	
  too	
  much	
  time	
  in	
  chemical	
  preparation.	
  Here	
  we	
  

deployed	
  a	
  spray	
  coating	
  method	
  (for	
  ease)	
  to	
  produce	
  multiple	
  sensors,	
  of	
  the	
  same	
  

type,	
  at	
  one	
  time.	
  In	
  our	
  instrument,	
  24	
  different	
  polymers	
  composite	
  coatings	
  were	
  

used	
  to	
  make	
  sensor	
  development	
  faster.	
  The	
  sensor	
  array	
  is	
  coated	
  in	
  batches	
  of	
  12	
  

each,	
   to	
   create	
   redundancy	
   that	
   will	
   be	
   useful	
   during	
   data	
   processing.	
   Another	
  

challenge,	
   faced	
   during	
   deposition,	
   is	
   to	
  maintain	
   the	
   deposition	
   features	
   such	
   as	
  

thickness,	
  baseline	
   resistivity	
  and	
  uniformity	
  of	
   the	
   film.	
  This	
  was	
  solved	
  by	
  closely	
  

monitoring	
  the	
  baseline	
  resistivity	
  during	
  deposition.	
  Although	
  all	
  precautions	
  were	
  	
  

taken	
  to	
  reduce	
  the	
  dissimilarity	
  between	
  the	
  coated	
  films,	
  there	
  will	
  clearly	
  be	
  some	
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variations	
  across	
  a	
  batch	
  (due	
  to	
  uneven	
  deposition).	
  The	
  three	
  sensor	
  arrays	
  used	
  in	
  

the	
   instrument	
  were	
   coated	
  with	
   similar	
   polymer	
   composite	
   films	
   to	
   compare	
   the	
  

response	
  before	
  and	
  after	
  the	
  retentive	
  column.	
  	
  

The	
   retentive	
   column	
   is	
   used	
   to	
   create	
   a	
   temporal	
   delay	
   from	
   an	
   incoming	
  

sample,	
  mimicking	
  the	
  ‘nasal	
  chromatograph’	
  effect.	
  This	
  was	
  achieved	
  by	
  designing	
  

a	
   simple	
  GC	
   like	
   column.	
  Although	
   in	
  gas	
   chromatography,	
   complete	
   separation	
  of	
  

the	
   test	
   sample	
   is	
  desirable,	
   in	
   this	
   study,	
  we	
  only	
  aim	
   to	
  gain	
  a	
   relative	
   temporal	
  

difference	
  between	
  the	
  two	
  differently	
  coated	
  columns.	
  This	
  temporal	
  difference	
  can	
  

be	
   used	
   as	
   complementary	
   information	
   to	
   the	
   spatial	
   response	
   to	
   aid	
   sample	
  

identification.	
  	
  

The	
   complete	
   instrument	
  was	
   created	
   by	
   combining	
   the	
   three	
   sensor	
   arrays	
  

and	
  two	
  retentive	
  columns,	
  where	
  the	
  first	
  array	
  provides	
  spatial	
  information	
  (due	
  to	
  

the	
  significant	
  response	
  magnitude).	
  The	
  two	
  end	
  sensor	
  arrays	
  respond	
  slower	
  due	
  

to	
   lower	
   flow	
  rates,	
  and	
  are	
  affected	
  by	
  sample	
  band	
  broadening	
   (so	
  contain	
  poor	
  

spatial	
   information),	
   but	
   provide	
   temporal	
   information	
   through	
   the	
   interaction	
  

between	
  the	
  sample	
  and	
  the	
  column	
  coating.	
  	
  	
  	
  

8.4 Portable	
  e-­Mucosa	
  	
  
	
  

Based	
  on	
  the	
  study	
  on	
  key	
  biological	
  features	
  of	
  biological	
  olfactory	
  system,	
  a	
  

portable	
   instrument	
   is	
   developed.	
   This	
   instrument	
   tries	
   to	
   mimic	
   many	
   of	
   the	
  

features	
   extracted	
   from	
   the	
   biological	
   olfactory	
   system.	
   Table	
   8.1	
   lists	
   the	
  

comparison	
   of	
   features	
   in	
   the	
   artificial	
   olfactory	
   system	
   compared	
   to	
   biological	
  

olfactory	
  system.	
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Table	
  8.1:	
  List	
  of	
  Components	
  with	
  comparable	
  function	
  to	
  biological	
  olfactory	
  system	
  

Biological	
  Olfactory	
   Artificial	
  Olfactory	
   Comments	
  

Nose	
  Hair	
   Air	
  Filter	
   To	
   Filter	
   dust	
   and	
   big	
  

particles	
  from	
  entering	
  the	
  

system	
  

Olfactory	
  Receptor	
   Large	
  Sensor	
  Array	
   Total	
  of	
  600	
  sensors	
  array	
  

with	
  24	
  different	
  tunings.	
  

Nasal	
  Cavity	
   Preconcentrator	
   Temperature	
  Control	
  

Nasal	
  Mucous	
   Stationary	
   phase	
   on	
  

Retentive	
  Column	
  

Generate	
  Spatio	
  Temporal	
  

response	
   from	
   the	
   ‘nasal	
  

chromatograph’	
  effect.	
  

Stereo	
   Olfaction	
   and	
   Sniff	
  

Rate	
  

Two	
   Micro	
   Retentive	
  

column	
  with	
  different	
  flow	
  

rates	
  

Different	
   flow	
   rates	
   on	
  

two	
  nostril.	
  

	
  

The	
   aim	
   of	
   this	
   study	
  was	
   to	
   obtain	
   a	
   significant	
   level	
   of	
   information,	
   from	
   a	
   test	
  

sample,	
   in	
   order	
   to	
   increase	
   the	
   possibility	
   of	
   identification.	
   The	
  main	
   information	
  

generated	
  by	
  this	
  instrument	
  is	
  the	
  multi	
  dimensional	
  spatio-­‐temporal	
  information.	
  

8.5 Characterisation	
  and	
  performance	
  of	
  the	
  e-­mucosa	
  
system	
  	
  

	
  

Various	
   experiments	
   have	
   been	
   performed	
   to	
   characterise	
   the	
   e-­‐mucosa	
  

instrument.	
  The	
  effect	
  of	
  changes	
  in	
  temperature,	
  flow	
  velocity	
  and	
  sample	
  analyte	
  

on	
  the	
  large	
  sensor	
  array	
  has	
  been	
  tested	
  and	
  analysed.	
  For	
  the	
  carbon	
  black	
  sensors	
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used	
  in	
  this	
  study,	
  we	
  see	
  similar	
  characteristics	
  that	
  have	
  been	
  reported	
  before,	
  i.e.	
  

room	
   temperature	
   operation	
   and	
   than	
   an	
   increase	
   in	
   temperature	
   decreases	
   the	
  

magnitude	
  of	
  response	
  [4,	
  5].	
  However,	
  an	
  increase	
  in	
  flow	
  velocity,	
  did	
  increase	
  the	
  

response	
  time	
  and	
  the	
  response	
  magnitude,	
  as	
  suggested	
  by	
  Tan	
  [6].	
  PCA	
  analysis	
  on	
  

simple	
  analytes,	
   (toluene	
  and	
  ethanol	
  vapour),	
  show	
  that	
  carbon	
  black	
  sensors	
  can	
  

easily	
  separate	
  these	
  analytes.	
  However,	
  on	
  more	
  complex	
  odours,	
  such	
  as	
  essential	
  

oil,	
  it	
  is	
  more	
  difficult	
  to	
  divide.	
  	
  

	
   A	
   comparison	
   between	
   a	
   coated	
   and	
   an	
   uncoated	
   column	
   proved	
   that	
   the	
  

stationary	
   phase	
   coating	
   did	
   delay	
   a	
   sample	
   as	
   it	
   travelled	
   through	
   it.	
   Comparing	
  

polar	
  and	
  non-­‐polar	
  columns	
  indicated	
  that	
  the	
  polar	
  column	
  delay	
  polar	
  compounds	
  

(in	
  this	
  case	
  ethanol)	
  more	
  than	
  non	
  polar	
  compound	
  (ethyl	
  acetate)	
  and	
  vice	
  versa.	
  

A	
  simple	
  PCA	
  using	
  temporal	
  information	
  alone,	
  showed	
  the	
  ability	
  of	
  the	
  temporal	
  

information	
   to	
   separate	
   simple	
   chemicals.	
   Furthermore,	
  using	
   the	
   final	
   system,	
  we	
  

are	
   able	
   to	
   separate	
   essential	
   oil	
   data,	
   which	
   is	
   difficult	
   to	
   do	
   using	
   only	
   spatial	
  

information.	
  	
  

8.6 Further	
  Works	
  
	
  

There	
  are	
  a	
  few	
  areas	
  in	
  this	
  research	
  that	
  are	
  still	
  open	
  to	
  exploration.	
  Many	
  

features	
   that	
   have	
   been	
  mimicked	
   are	
   in	
   the	
   ‘front-­‐end’	
   of	
   the	
   biological	
   system.	
  

However,	
   there	
   are	
   still	
   features	
   that	
   can	
   be	
   researched	
   to	
   further	
   improve	
  

instruments.	
   Features,	
   such	
   as	
   flow	
   direction	
   (including	
   turbulence)	
   and	
   receptor	
  

location	
  in	
  the	
  nasal	
  cavity,	
  have	
  still	
  to	
  be	
  explored.	
  	
  

Pattern	
  recognition	
  techniques	
  that	
  utilize	
  all	
  this	
   information	
  still	
  need	
  to	
  be	
  

developed,	
  especially	
  how	
  the	
  human	
  olfactory	
  system	
  processes	
  the	
  large	
  quantity	
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of	
   information.	
  One	
  possibility	
   is	
  using	
  neural	
  networks	
  based	
  on	
  integrate	
  and	
  fire	
  

neurons,	
  as	
  in	
  the	
  biological	
  system.	
  

There	
  is	
  also	
  room	
  for	
  improvement	
  in	
  the	
  portable	
  e-­‐mucosa	
  design.	
  Currently	
  

the	
  instrument	
  is	
  able	
  to	
  store	
  data	
  on	
  MMD/SD	
  card	
  for	
  further	
  processing	
  on	
  a	
  PC.	
  

However,	
  a	
  direct	
  connection	
  through	
  USB	
  will	
  enable	
  user	
  to	
  view	
  the	
  response	
  in	
  

real	
   time	
   while	
   recording	
   it.	
   The	
   system	
   has	
   been	
   designed	
   with	
   a	
   USB	
   module	
  

including	
   the	
   required	
   circuitry	
   and	
   the	
   USB	
   connection	
   has	
   been	
   tested	
   to	
   be	
  

working	
   properly.	
   However,	
   software	
   needs	
   to	
   be	
   developed	
   to	
   interact	
   with	
   the	
  

instrument	
  in	
  order	
  to	
  read	
  the	
  response	
  from	
  the	
  sensors.	
  

The	
  portable	
  instrument	
  still	
  lacks	
  built-­‐in	
  pattern	
  recognition	
  methods.	
  A	
  nice	
  

addition	
   to	
   the	
   instrument	
   would	
   be	
   a	
   built	
   in	
   pattern	
   recognition	
   method	
   that	
  

mimicked	
  the	
  human	
  olfactory	
  processing	
  technique,	
  which	
  is	
  the	
  ‘integrate	
  and	
  fire’	
  

neuronal	
  model.	
  During	
  this	
  research,	
  we	
  have	
  also	
  studied	
  the	
  possibility	
  of	
  using	
  a	
  

hardware	
   ‘integrate	
   and	
   fire’	
  model	
   that	
   could	
   be	
   integrated	
   into	
   the	
   instrument.	
  

The	
   aVLSI	
   neuromorphic	
   olfactory	
   chip	
  was	
   designed	
   and	
   developed	
   by	
   ourselves,	
  

the	
  University	
  of	
  Leicester	
  and	
  the	
  University	
  of	
  Edinburgh.	
  Here,	
  we	
  have	
  designed	
  

the	
  circuitry	
  for	
  this	
  chips	
  and	
  run	
  initial	
  tests	
  to	
  check	
  its	
  functionality.	
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Figure	
  8.1:	
  Neuromorphic	
  Olfactory	
  chip	
  responding	
  to	
  e-­‐nose	
  sensor	
  response	
  

	
  

Figure	
  8.1	
   shows	
   the	
  ability	
  of	
   this	
   chip	
   to	
   integrate	
  and	
   fire	
   at	
   a	
   certain	
   set	
  

threshold.	
   Here	
  we	
   can	
   see	
   that	
   the	
   spike	
   only	
   occurs	
   when	
   the	
   sensor	
   response	
  

reach	
  a	
  certain	
  threshold.	
  	
  Further	
  work	
  on	
  this	
  system	
  would	
  include	
  miniaturizing	
  

and	
   integrating	
   this	
   into	
   the	
   instrument	
   to	
  produce	
  a	
   truly	
  portable	
  bio-­‐inspired	
  e-­‐

nose	
  instrument.	
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Appendix	
  A	
  :	
  Sample	
  XML	
  e-­‐nose	
  file	
  

<?xml version="1.0" encoding="UTF-8" ?> 
<!DOCTYPE enose SYSTEM "enose.dtd"> 
<enose distribute="CONFIDENTIAL" shortform="no"> 
  <owner name="Fauzan Khairi Che Harun" email="apauaie@gmail.com"/> 
  <sample name="Portable E-Mucosa Data"> 
    <acquired> 
      <measurement name="Data01" date="20090609T103631"> 
        <device name="Portable e-Mucosa" Manufacturer="University of Warwick" 
serial="PeM001"> 
          <parameter value="YES" name="TimeControl" format="BOOL"/> 
          <parameter_2 value="27" name="Temperature" format="INT" unit="dC"/> 
          <parameter_3 value="2.4E+0" name="TimeInterval" format="INT" unit="spS"/> 
          <parameter_4 value="CB" name="PreCon Coating" format="STRING"/> 
          <parameter_5 value="10" name="Precon Period" format="INT" unit="s"/> 
          <parameter_6 value="5" name="Reference Period" format="INT" unit="s"/> 
          <parameter_7 value="5" name="Test Period" format="INT" unit="s"/> 
          <parameter_8 value="30" name="Flush Period" format="INT" unit="s"/> 
          <parameter_9 value="1" name="PumpPower" format="INT"/> 
          <parameter_10 value="3" name="Constant Current" format="INT"/> 
          <device name="Sensor1"> 
            
<values>2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.4990
00;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.
499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.49900
0;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.4
99000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000
;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.49
9000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;
2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499
000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2
.499000;2.499000;2.499000;2.499000;2.499000 
</values> 
          </device> 
          <device name="Sensor2"> 
            
<values>2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.4990
00;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.
499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.49900
0;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.4
99000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000
;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.49
9000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;
2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499
000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2
.499000;2.499000;2.499000;2.499000;2.499000 
</values> 
          </device> 
          <device name="Sensor3"> 
            
<values>2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.4990
00;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.
499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.49900
0;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.4
99000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000
;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.49
9000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;
2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499
000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2
.499000;2.499000;2.499000;2.499000;2.499000 
</values> 
          </device> 
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          <device name="Sensor4"> 
            
<values>2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.4990
00;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.
499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.49900
0;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.4
99000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000
;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.49
9000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;
2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499
000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2
.499000;2.499000;2.499000;2.499000;2.499000 
</values> 
          </device> 
          <device name="Sensor5"> 
            
<values>2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.4990
00;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.
499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.49900
0;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.4
99000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000
;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.49
9000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;
2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499
000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2
.499000;2.499000;2.499000;2.499000;2.499000 
</values> 
          </device> 
          <device name="Sensor6"> 
            
<values>0.000000;0.000000;0.000000;0.000000;0.000000;0.000000;0.000000;0.000111;0.0000
00;0.000000;0.000008;0.000000;0.000000;0.000000;0.000000;0.000000;0.000000;0.000000;0.
000000;0.000000;0.000049;0.000000;0.000000;0.000176;0.000341;0.000253;0.000243;0.00001
3;0.000000;0.000000;0.000000;0.000000;0.000000;0.000000;0.000267;0.000000;0.000000;0.0
00000;0.000000;0.000000;0.000000;0.000080;0.000229;0.000321;0.000000;0.000000;0.000000
;0.000000;0.000000;0.000000;0.000347;0.000000;0.000000;0.000000;0.000000;0.000000;0.00
0000;0.000000;0.000336;0.000156;0.000030;0.000000;0.000000;0.000000;0.000000;0.000000;
0.000000;0.000000;0.000339;0.000000;0.000000;0.000000;0.000000;0.000120;0.000232;0.000
000;0.000000;0.000000;0.000000;0.000188;0.000028;0.000000;0.000000;0.000000;0.000000;0
.000059;0.000000;0.000000;0.000000;0.000288 
</values> 
          </device> 
          <device name="Sensor7"> 
            
<values>2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.4990
00;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.
499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.49900
0;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.4
99000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000
;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.49
9000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;
2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499
000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2
.499000;2.499000;2.499000;2.499000;2.499000 
</values> 
          </device> 
          <device name="Sensor8"> 
            
<values>0.146000;0.136500;0.137700;0.129100;0.132400;0.132100;0.135300;0.145000;0.1325
00;0.139100;0.156600;0.156400;0.151500;0.146400;0.129900;0.139800;0.128700;0.134100;0.
134200;0.133900;0.143900;0.138700;0.141600;0.157000;0.151800;0.154100;0.154900;0.15790
0;0.152400;0.144900;0.129300;0.133900;0.135700;0.133600;0.148200;0.156100;0.148300;0.1
29100;0.131000;0.132700;0.130700;0.142900;0.146100;0.152300;0.155400;0.131200;0.129700
;0.132400;0.140000;0.141300;0.151100;0.150500;0.148000;0.139900;0.127900;0.134600;0.13
7500;0.139500;0.150000;0.155600;0.158200;0.139300;0.130000;0.133800;0.132800;0.129300;
0.131800;0.132600;0.152100;0.146600;0.132200;0.128500;0.136700;0.145000;0.156600;0.139
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700;0.130100;0.127200;0.136300;0.155500;0.158500;0.147800;0.127800;0.132200;0.137400;0
.157200;0.134900;0.127900;0.130700;0.148000 
</values> 
          </device> 
          <device name="Sensor9"> 
            
<values>2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.4990
00;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.
499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.49900
0;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.4
99000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000
;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.49
9000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;
2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499
000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2
.499000;2.499000;2.499000;2.499000;2.499000 
</values> 
          </device> 
          <device name="Sensor10"> 
            
<values>2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.4990
00;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.
499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.49900
0;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.4
99000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000
;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.49
9000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;
2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499
000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2.499000;2
.499000;2.499000;2.499000;2.499000;2.499000 
</values> 

</device> 
      </measurement> 
    </acquired> 
  </sample> 
</enose>	
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