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FOREWORD 

1 )  The  I n ternati onal  E lectrotechn i cal  Commiss ion  ( I EC)  i s  a  worl dwide  organ ization  for standard ization  compris i ng  
a l l  n ational  e l ectrotechn ical  commi ttees  ( I EC National  Comm i ttees).  The  object  of I EC i s  to  promote  
i n ternati ona l  co-operation  on  a l l  q uestions  concern i ng  standard i zati on  i n  the  e l ectri cal  and  e l ectron ic fi e l ds.  To  
th i s  end  and  i n  add i ti on  to  other acti vi ti es,  I EC  publ i shes  I n ternational  Standards,  Techn ical  Speci fi cati ons,  
Techn ical  Reports ,  Publ i cl y Avai l abl e  Speci fi cati ons  (PAS)  and  Gu ides  (hereafter referred  to  as  “ I EC  
Publ i cation (s )” ) .  Thei r preparation  i s  en trusted  to  techn ical  commi ttees;  any I EC  Nati onal  Commi ttee  i n terested  
i n  the  subj ect  deal t  wi th  may parti ci pate  i n  th i s  preparatory work.  I n ternational ,  governmental  and  non -
governmental  organ izations  l i a i s i ng  wi th  the  I EC a l so  parti cipate  i n  th i s  preparation .  I EC col l aborates  cl osel y 
wi th  the  I n ternational  Organ i zation  for Standard ization  ( I SO)  i n  accordance  wi th  cond i t i ons  determ ined  by 
agreement between  the  two  organ i zati ons.  

2)  The  formal  decis ions  or ag reements  of I EC on  techn ical  matters  express,  as  nearl y  as  possib le,  an  i n ternati onal  
consensus  of opi n ion  on  the  rel evant sub jects  s i nce  each  techn ical  commi ttee  has  representati on  from  a l l  
i n terested  I EC National  Committees.   

3)  I EC Publ i cations  have  the  form  of recommendations  for i n ternational  use  and  are  accepted  by  I EC National  
Commi ttees  i n  that  sense.  Whi l e  a l l  reasonable  efforts  are  made  to  ensure  that  the  techn ical  content  of I EC  
Publ i cations  i s  accu rate,  I EC  cannot  be  hel d  responsi ble  for the  way i n  wh ich  they are  used  or for any 
m i s i n terpretation  by any end  u ser.  

4)  I n  order to  promote  i n ternational  u n i form i ty,  I EC National  Commi ttees  undertake  to  app ly I EC Pub l i cations  
transparentl y to  the  maximum  extent  poss ible  i n  the i r national  and  reg i onal  publ i cati ons.  Any d i vergence  
between  any I EC Pub l i cation  and  the  correspond i ng  national  or reg i onal  publ i cati on  shal l  be  cl earl y i n d icated  i n  
the  l atter.  

5)  I EC i tsel f d oes  not  provi de  any attestation  of conform i ty.  I n dependent  certi fi cati on  bod ies  provi de  conform i ty 
assessment  services  and ,  i n  some  areas,  access  to  I EC marks  of conform i ty.  I EC i s  not  responsi ble  for any 
services  carri ed  ou t  by i ndependent certi fi cation  bod i es .  

6)  Al l  u sers  shou ld  ensure  that  they have  the  l atest  ed i ti on  of th i s  publ i cati on .  

7)  No  l i abi l i ty shal l  attach  to  I EC  or i ts  d i rectors,  employees,  servants  or agen ts  i ncl ud ing  i n d ivi dual  experts  and  
members  of i ts  techn ical  comm i ttees  and  I EC  Nati onal  Commi ttees  for any personal  i n j u ry,  property  damage  or 
other damage  of any natu re  whatsoever,  whether d i rect  or i nd i rect,  or for costs  ( i ncl ud i ng  l egal  fees)  and  
expenses  ari s i ng  ou t  of the  publ i cation ,  use  of,  or re l i ance  upon ,  th i s  I EC Publ i cati on  or any other I EC  
Publ i cations.   

8)  Atten tion  i s  d rawn  to  the  Normative  references  ci ted  i n  th i s  publ i cation .  Use  of the  referenced  publ i cations  i s  
i nd i spensable  for the  correct appl i cati on  of th i s  publ i cation .  

9)  Atten tion  i s  d rawn  to  the  poss ib i l i ty that  some of the  e l ements  of th i s  I EC Publ i cation  may be  the  subject  of 
paten t ri gh ts.  I EC shal l  not  be  hel d  respons ibl e  for i denti fyi ng  any or a l l  such  paten t ri gh ts .  

I n ternational  Standard  I EC 62899-302-2  has  been  prepared  by I EC techn ical  committee  1 1 9:  
Pri n ted  E lectron ics .  

The  text of th is  I n ternational  Standard  i s  based  on  the  fol lowing  documents:  

FDIS  Report  on  voti ng  

1 1 9/204/FDIS  1 1 9/21 6/RVD  

 
Fu l l  i n formation  on  the  voting  for the  approval  of th is  I n ternational  Standard  can  be  found  in  
the  report  on  voti ng  i nd icated  i n  the  above  table.  

Th is  document has  been  drafted  i n  accordance  wi th  the  I SO/IEC  D irecti ves,  Part 2 .  
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A l i st  of a l l  parts  i n  the  I EC 62899  series,  publ ished  under the  general  t i t le  Printed electronics ,  

can  be  found  on  the  I EC websi te.  

The  committee  has  decided  that the  con ten ts  of th is  document wi l l  remain  unchanged  un ti l  the  
stabi l i ty date  i nd icated  on  the  I EC  websi te  under "h ttp: //webstore. iec.ch "  i n  the  data  re lated  to  
the  speci fic document.  At  th is  date,  the  document wi l l  be   

•  reconfi rmed ,  

•  wi thdrawn ,  

•  replaced  by a  revised  ed i ti on ,  or 

•  amended .  

A b i l ingual  vers ion  of th is  publ ication  may be  issued  at  a  l ater date.  
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1  Scope 

This  part of I EC 62899  speci fies  the  method  for determ in ing  accurate  i nkjet d roplet volume 
based  on  images  obta ined  by d rop- in-fl i gh t measurement systems.  I t  does  not appl y to  
imag ing  systems  us ing  i n terference fringes,  such  as  holography or phase  d oppler 
anemometry.  Th is  document i s  not l im i ted  to  d rop-on-demand  i nkjet systems,  bu t m igh t not be  
appl icable  to  con tinuous  i nkjet or l i qu id  d ispens ing  systems.  Th is  document i ncludes  a  
description  of the  i ssues  concern ing  such  measurements  and  consideration  of the  l im i ts  to  
measurement accuracy.  

2  Normati ve references  

There  are  no  normative  references  i n  th is  document.  

3 Terms and  defin i tions  

For the  purposes  of th is  document,  the  fo l l owing  terms  and  defin i ti ons  apply.  

I SO and  I EC main tain  term inolog ica l  databases  for use  i n  standard ization  at the  fol l owing  
addresses:  

•  I EC E lectroped ia:  avai lable  at  h ttp : //www.electroped ia.org /  

•  I SO  On l ine  browsing  p latform :  avai l able  at h ttp: //www. iso. org/obp  

3. 1   
droplet volume  

amount of j etted  flu id  from  an  i nkjet prin t-head  nozzle  measured  by s ing le  even t imag ing  

Note  1  to  en try:  For a  s i ng l e  event  d ri ve  pu l se  designed  to  produce  sub-drops  that  are  i n tended  to  merge  i n -fl i gh t  
to  form  a  l arger d ropl et,  for example  to  form  a  speci fi c  g reyscale  image  value  on  deposi ti on ,  d roplet  vol ume  refers  
to  the  l arge  merged  d ropl et  and  not  to  smal l er component sub-d rops.  

3.2   
native drop volume 
amoun t of fl u i d  wi th in  the  smal l est sub-drop  j etted  from  a  greyscale  i nkjet  prin t-head  used  to  
create  images  wi th  d roplets  formed  by mu l ti p le  sub-d rops  wi th in  a  s i ng le  even t  

Note  1  to  en try:  Nati ve  d rops  (or th reads  or satel l i te  d rops)  m igh t  be  too  smal l  for accurate  measurements  by 
fl ash  imag ing ,  bu t  sate l l i te  d rops  that  have  merged  i n -fl i gh t  m igh t  be  l arge  enough  for d rop  anal ys i s  systems.  (See  
F igu re  1  for a  representati on  of the  rel ati ve  s i zes  for g reyscal e  d ropl ets  i n -fl i gh t. )  

 

Figu re 1  – Representation  of greyscale  drop  si ze  1  
(“native drop” )  to  size  7  
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4 Droplet volume measurement 

4.1  General  

4. 1 . 1  Overview 

This  document concerns  accurate  determ ination  of i nkjet d roplet vo lume from  h igh  speed  
flash  images  of i nkjet d roplets  travel l i ng  i n -fl i gh t from  inkjet prin t-head  nozzles.  Accurate  
re lati ve  (rather than  absolu te)  d roplet volumes  are  usefu l  for i ndustria l  i nkjet-prin ted  
e lectron ics  appl ications.  Short fl ash  durations  avoid  s ign i ficant motion  b lu rri ng  i n  d roplet  
images.  Two widel y used  scenarios,  for fl ash  imag ing  as  appl ied  to  measurement of i nkjet  
drop  speed ,  are  considered  in  th is  document because  they produce  s l i ghtl y d i fferent  
i n formation  abou t d roplet volumes.  Images  that con tain  superposed  nom inal l y i den tica l  and  
s im i l arl y p l aced  droplets  can  provide  an  average  s i ze  for volume measurements,  whereas  the  
s ing le  event  images  g ive  measures  of the  s i ze  and  variations  of the  s i ze  and  centroid  location  
produced  during  volume measurements .  C lause  A. 1  g i ves  further i n formation  abou t speci fic  
i nstrumentation  l im i ts .  

Shadowgraph  imag ing  can  read i l y determ ine  i nd ividual  i nkjet d roplet s i zes  i f the  fl u id  bod ies  
appear dark against a  l i gh t background  [1 1 ] .  However,  d roplets  shou ld  be  wel l -focused ,  and  
the  optical  images  have  a  su i table  p ixel  resolu tion  and  background  i n tensi ty wi th  low in tens i ty 
variations,  and  image b lu r due  to  d roplet  motion  during  the  fl ash  shou ld  have  m in imal  effect 
on  d roplet s i ze  determ ination .  For l iqu id  d roplets ,  background  i n tens i ty l evel ,  refraction  and  
d i ffraction  can  a l ter apparen t image  s ize,  and  i f the  l i qu id  i s  not opaque  refraction  often  
produces  a  brigh t central  spot.  As  spherical  d roplet shapes  are  preferred  for the  most 
accurate  and  rapid  on l i ne  image anal ys is  and  conversion  to  volume,  a l l  i n -fl i ght 
measurements  shou ld  be  made on l y where  any sub-d rops  (and  satel l i tes)  from  the  same 
si ng le  even t pu lse  have  merged ,  and  a lso  any droplet  shape osci l l ations  have  fu l l y damped  
ou t.  Droplet volume is  then  in ferred  from  the  d iameter (p ixels)  or area  (number of p ixels  
covered)  of the  dark reg ion  by assum ing  spherical  geometry and  image symmetry abou t the  
focal  p lane  and  l i near cal i bration  of the  optical  system  ( in  µm/pixel ) .  Accurate  fi tti ng  
a lgori thms determ ine  droplet s ize  to  sub-pixel  l evels,  bu t a lso  depend  on  an  assumption  about 
where  the  d roplet boundary i s  l ocated  in  an  image.  Th is  can  provide  an  absolu te  d roplet 
vo lume i f ca l ibrated  us ing  a  su i table  traceable  method .  For example,  the  measured  weigh t of 
a  known  number of d rops  of known  dens i ty g i ves  the  average  drop  volume wh ich  may be  
compared  wi th  that deduced  by the  d rop  measurement system  [2] .  

More  commonl y,  reference objects  of known  d imension(s)  p laced  i n  the  d rop  measurement 
system  are  imaged  and  anal ysed  us ing  the  same optica l  cond i ti ons  as  for the  i nkjet  d roplets .  
Relati ve  volume comparisons  can  be  made  between  d roplets  wi thou t an  absolu te  cal ibration .  

4. 1 .2  Volume measurement  and  droplet shape equal ization  processes  

I n  princip le ,  once  droplets  have  been  ej ected  from  an  inkjet prin t-head  nozzle,  thei r volume 
does  not change  i f evaporation  l osses  or d rop  merg ing  are  neg l ig ib le.  However the  resu l tant  
d roplet  shapes  can  a l ter marked l y from  their j etted  shapes  un ti l  they re lax towards  the ir fi nal  
shapes  (see  F igure  A. 5).  Accurate  i n -fl i gh t measurements  a lways  anal yse  spherical  shapes,  
avoid ing  l ong  th in  j et  shapes  [1 ]  (or spinn ing  non-spherica l  b l obs  of l i qu id )  that  m ight not 
actual l y l i e  symmetrical l y i n  the  (2D)  image focal  p lane  and  hence  m igh t not be  convertib le  
i n to  volume.  Some i nkjet fl u ids  used  i n  pri n ted  e lectron ics  and  other appl ications  do  not 
a lways  form  fu l l y smooth  or spherical  d roplets  under a l l  j etting  cond i ti ons  [3 ]  and  i n  such  
cases  the  d rop  analys is  system  provides  l ess  accurate  (or even  m is lead ing)  resu l ts.  Examples  
are  h igh l y shear-th inn ing  h i gh  viscos i ty fl u ids,  ge ls  and  flu i ds  wi th  large  particles .  Accurate  
d roplet volume measurement systems us ing  mu l tip le  event  imag ing  a lso  requ ire  very stable  
j etti ng  by the  i nkjet prin t-head  and  avoidance of fi rst d rop let and  burst prin ti ng  effects  i n  inkjet  
prin ting  [4 ,  5 ] .  

___________ 

1   Numbers  i n  square  brackets  refer to  the  B i b l i ography.  
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4. 1 .3  Imaging  optics  

Drop-on -demand  i nkjet d rops  move at  5  m /s  to  1 0  m /s  and  typical l y need  sub-m icrosecond  
h igh  power fl ash  i l l um ination  and  a lso  h igh  resolu tion  d i g i ta l  cameras  wi th  1 0X magn i fication  
(or more)  for i n -fl igh t  measurement of d roplet volume us ing  shadowgraph  imag ing .  
Tele-centric  optical  designs  and  h igh  power LED fl ash  can  del i ver (background)  i l l um ination  
and  imag ing  cond i ti ons  wi th  a  depth  of focus  sufficient for accurate  i nkjet d roplet vo lume 
measurements  us ing  d rop  anal ysis  systems.  Appropriate  fl ash  delay times  can  l ocate  d roplets  
near the  cen tre  of the  optica l  fie l d  of view for accurate  d roplet vo lume determ ination .  Optical  
fie l d  of view i s  determ ined  by the  magn i fication  and  camera  sensor area  and  spans  typical l y a  
few hundred  m icrometers.  Mu l ti p le-event imag ing  i ncreases  the  background  image level  
where  the  s i ng le  event flash  i n tensi ty i s  l im i ted ,  at the  cost of ach ievable  d roplet vo lume 
accuracy.  Background  in tensi ty l evels,  expressed  as  a  greyscale  i n tens i ty l evel ,  are  i deal l y 
speci fied  for the  d rop  anal ysis  system ,  as  i s  apparen t from  recent stud ies  of image anal ys is  
errors  [6] .  Proper focus ing  of d rop  anal ys is  systems  can  reduce unwanted  b l urring  of d roplet  
images,  wh ich  can  otherwise  cause  inaccurate  anal ys is  of the  d roplet shape,  s ize  and  
volume.  

4. 1 .4  Image shape processing  

One or more  reg ions  of i n terest,  wi th in  the  tota l  fi e ld  of view of the  d rop  imag ing  system ,  may 
be  set (by a  user or au tomatica l l y)  to  contain  the  particu lar d roplet  images  for anal ys is .  Th is  
ass ists  au tomatic i den ti fi cation  of d roplets  and  speeds  up  the  anal ysis  and  presentation  of 
resu l ts.  E i ther axial  or spherical  symmetry of d roplet images  shou ld  be  assumed  by the  d rop  
anal ys is  system  so  that d roplet  volumes  can  be  computed  from  i nd ividual  shadowgraph  
images.  The  image shape process ing  used  by the  d rop  anal ys is  system  may i nvolve  
threshold ing ,  edge  detection ,  boundary l ocation ,  ci rcles,  e l l ipses,  equ ivalent  ci rcu lar 
d iameters,  maximum  leng ths  and  wid ths ,  area,  s l iced  drums or cones,  or even  evolving  
shapes  [6,  7 ,  8 ,  9] .  Accurate  determ ination  of d roplet volume requ ires  sub-pixel  techn iques,  
as  shown  i n  C lause  A. 1 .  

4. 1 .5  Cal ibration  

The l i near cal i bration  of the  optical  fie l d  of vi ew shou ld  be  establ ished  wi th  gri ds,  l i nes  or 
obj ects  of su i table  known  s i ze  and  spacing  under s im i l ar l i gh t cond i ti ons  and  fl ash  duration ;  
the  threshold  value  used  for such  ca l ibrations  shou ld  equal  that used  for d rop  measurements .  
Cal i bration  factors  of 1 , 00  µm/pixel  or l ess  are  typ ical  for d rop  anal ys is  systems accurate l y 
measuring  d rop-on-demand  inkjet  d roplet volumes,  using  camera  p ixel  s i zes  of 1 0  µm  or l ess.  
An  approximate  (~1  %)  cal ibration  factor can  be  conven ientl y found  for some measurements  
by imag ing  several  i nkjet nozzles  or emerg ing  j ets  wi th in  the  same fiel d  of view 
( i . e .  >  1 00  µm)  and  comparing  the  (nom inal )  nozzle  p i tch  wi th  the  apparent p ixel  separation .  
However th is  i s  often  not  feas ib le  for i ndustrial  i nkjet pri n t-heads  because  they have  a  
sh ie l ded  nozzle  p lane.  

4. 1 .6  Uncertainties  

Imag ing-based  measurements  of d roplet volume depend  on  the  cube  of the  l i near cal i bration  
factor,  so  that d roplet volume uncertain ty is  three  times  that of the  cal i bration  factor 
uncertain ty.  Thus  the  m in imum  uncerta in ty i n  accurate  d roplet volume measurements  is  ±  3  %  
for a  l i near cal ibration  factor known  to  ±  1  % .  As  a  typica l  example,  the  ca l i bration  factor of 
1 , 00  µm/pixel  i n  4 . 1 . 5  has  no  error shown,  so  that the  m in imum  assumed  l i near uncerta in ty is  
±  0 , 01  µm ,  i .e.  ≥  ±  1  % ,  and  therefore  the  m in imum  assumed  absolu te  volume uncertain ty is  
≥  ±3  %.  Traceable  standards  shou ld  normal l y have  an  absolu te  uncertain ty more  than  ten  
times  l ower than  th is .  Uncerta in ties  in  d roplet vo lumes  appropriate  to  re lative  comparisons  of 
images  recorded  wi th  a  d rop  analys is  system  are  g i ven  i n  C lause  A.2 .  
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4.2  Processes  for measurement of inkjet  droplet volume  

4.2. 1  General  

I nkjet  d roplet vo lume shal l  be  measured  by us ing  one  of the  two fol l owing  methods,  un less  
there  is  an  a l ternative  user  and  suppl ier agreement.  These  two  methods  pri ncipal l y d i ffer in  
the  use  of s ing le-  or mu l ti ple-event-mode images  to  determ ine  droplet d iameter,  bu t may a lso  
d i ffer i n  ca l ibration  procedures:  s ing le-event mode  is  appropriate  for h ighest accuracy and  
absolu te  measurements  wh i le  mu l ti p le-event mode provides  smeared  “d roplet s i ze”  measures  
often  used  for relati ve  comparisons.  

4.2.2  Process  for measurement of inkjet  droplet volume – Method  1  

This  process  describes  the  in -fl i ght  method  for i nkjet d roplet  vo lume measurements  us ing  the  
s i ng le-event mode:  i nd ividual  d roplet images  are  recorded  for anal ysis  wi thout any 
superposi tion  of other d roplets .  

1 )  Commence inkjet prin ti ng  wi th  the  desi red  speci fications  (frequency,  i nk selection ,  
waveform ,  etc) .  I t  i s  recommended  to  record  j etting  cond i tions,  i nclud ing  these  
speci fications  and  other re levant  deta i l s,  as  described  i n  C lause  A. 3.  

2)  Ensure  that the  desi red  j ets  and  merged  droplets  are  “ i n  focus”  at the  focal  p l ane  of the  
imag ing  optics,  ad j usting  the  delay time of the  s ing le  even t l i ght flash  such  that fu l l y 
merged  and  equal i zed  d roplet shapes  are  l ocated  i n  the  anal ys is  reg ion  of in terest.  Th is  
process  may be  performed  automatical l y or manual l y,  and  i t  may be  combined  wi th  a  
measurement of i nstan taneous  d rop let speed  us ing  double  fl ash ,  as  described  by 
I EC 62899-302-1  (anal ys is  method  4)  [1 3] .  The  du ration  of the  fl ash  shou ld  not be  greater 
than  a  few hundred  nanoseconds  to  avoid  image b l ur of the  d roplet.  The  (double)  fl ash  
i n tens i ty shou ld  be  sufficien t to  a l l ow d iscrim ination  between  the  d rop  edge  and  the  
background ,  wi thout  satu rating  the  image.  

3)  Extract the  s i ng le  even t mode  droplet d iameter D  (p ixel )  by su i table  anal ys is  of the 
recorded  image.  The  average  and  s tatistical  variance  of repeated  s i ng le-event-mode 
droplet d iameters  are  used  to  represent the  average  droplet  d iameter wi th  a  standard  
error free  from  smearing  by any veloci ty and  tim ing  variations.  Th is  process  may be  
performed  au tomatical l y or manual l y,  and  i t  i s  recommended  that th is  and  the  number of 
d rops  used  i n  the  average a lso  be  recorded ,  as  described  i n  C lause  A. 3 .  

4)  The  cal ibration  factor F (μm/pixel )  shou ld  be  determ ined  at the  optical  magn i fication  used  
by the  d rop  anal ys is  system  to  determ ine  droplet volume (p icol i tre).  Th is  ca l i bration  is  
preferabl y made  us ing  traceable  standards  p laced  i n  the  focal  p l ane,  or us ing  the  average  
p i tch  of i nkjet nozzles  i n  array pri n t-heads.  I t  i s  recommended  that a l l  deta i l s  of the  
ca l i brations  used  be  recorded ,  as  described  i n  Clause  A. 3.  

4.2.3  Process  for measurement of inkjet  d roplet volume – Method  2  

This  process  describes  the  in -fl i ght  method  for i nkjet d roplet  vo lume measurements  us ing  the  
mu l tip le-event mode:  d i fferen t d roplets  are  recorded  as  a  s ing le  image and  anal ysed  as  i f they 
were a  s i ng le  d roplet.  

1 )  Commence inkjet prin ti ng  wi th  the  des ired  speci fications  (frequency,  i nk selection ,  
waveform ,  etc) .  I t  i s  recommended  to  record  j etting  cond i tions,  i nclud ing  these  
speci fications  and  other re levant detai ls ,  as  described  i n  C lause  A. 3.  

2)  Ensure  that the  des ired  j ets  and  merged  droplets  are  “ i n  focus”  at the  focal  p l ane  of the  
imag ing  optics,  ad j usti ng  the  delay time of the  s i ng le  even t l i ght flash  such  that fu l l y 
merged  and  equal i zed  d roplet shapes  are  l ocated  i n  the  anal ys is  reg ion  of i n terest.  Th is  
process  may be  performed  automatical l y or manual l y,  and  i t  may be  combined  wi th  a  
measurement of d rop  speed ,  as  described  i n  I EC  62899-302-1  (methods  1  to  3)  [1 3] .  The  
duration  of the  fl ash  shou ld  not be  greater than  a  few hundred  nanoseconds  to  avoid  
image b l ur of the  d roplet.  The  flash  in tens i ty shou ld  be  sufficient to  a l low d iscrim ination  
between  the  d rop  edge  and  the  background ,  wi thout saturating  the  superposed  image.  
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3)  Extract the  mu l tip le-event-mode  d roplet d iameter (p ixel )  by su i table  anal ys is  of the  
recorded  image.  Th is  g ives  an  average  droplet  d iameter (potentia l l y)  smeared  by any 
veloci ty and  tim ing  variations.  Th is  process  may be  performed  automatica l l y or manual l y,  
and  i t  i s  recommended  that th is  and  the  number of d rops  used  in  the  average  i s  a lso  
recorded ,  as  described  i n  C lause  A. 3.  

4)  The  cal ibration  factor F (μm/pixel )  shou ld  be  determ ined  at the  optica l  magn i fication  used  
by the  d rop  anal ys is  system  to  determ ine  d roplet volume (p icol i tre).  Th is  cal i bration  is  
preferabl y made  us ing  traceable  standards  p laced  i n  the  focal  p l ane,  or us ing  the  average  
p i tch  of i nkjet nozzles  i n  array pri n t-heads.  I t  i s  recommended  that a l l  detai l s  of the  
cal i brations  used  be  recorded ,  as  described  i n  C lause  A. 3.  
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Annex A 
(informative)  

 
Key considerations  for in-fl ight droplet volume measurement 

A.1  Jetted  droplet volume in  printed  electronics  

A.1 . 1  General  

Accurate  measurement of j etted  d roplet volume  is  an  importan t i ssue  i n  pri n ted  electron ics  
appl ications  because  the  amoun t of materia l  deposi ted  on  the  substrate  i s  d i rectl y re lated  to  
device  performance.  The  j etted  d roplet amoun t shou ld  be  consisten t (un i form)  for a l l  nozzles  
i n  a  mu l ti -nozzle  head  to  ensure  device  un i form i ty.  Th is  requ i res  re l i able  measurements  of the  
d roplet volume at a l l  t imes  and  for a l l  nozzles  for use  i n  prin ted  e lectron ics  appl ications.  
Reported  i nkjet d roplet  volumes  may not be  re l iable  or traceable  to  any national  standard .  
Droplet vo lume measurement i ssues  identi fied  for d rop  anal ys is  systems  are  d iscussed  below.  

A.1 .2  Image resolution  

There  has  been  strong  demand  for the  generation  of smal ler d roplets  wi th  h igher prin ting  
frequencies.  Un less  the  d ig i ta l  camera  used  to  record  the  image of a  smal ler d roplet has  
correspond ing l y improved  p ixel  resolu tion  there  is  i ncreas ing  d i fficu l ty to  measure  d roplet  
volume accuratel y.  As  an  example,  for an  i nkjet pri n t-head  generating  20  μm  d iameter 

d roplets ,  the  typ ical  image resolu tion  setting  of 1 μm/pixel  impl ies  the  d roplet g rey image wi l l  

be  on l y 20  p ixels  across.  F i gure  A. 1  (for a  d roplet  wi th  a  d iameter of 28  pixels)  i l l ustrates  how 
a  one-pixel  uncertain ty due  to  image  resolu tion  l im i ts  the  determ ination  of d roplet  d iameter.  

 

Figure A. 1  – Magn ified  droplet grey image  
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A one-pixel  resolu tion  l im i t  for twen ty p ixel  d roplet  d iameters  wou ld  i tsel f imply a  m in imum  of 
±  5  %  d iameter error and  ±  1 5  %  volume errors;  these  are  complete l y unacceptable  
uncertain ties  i n  i nkjet d roplet vo lume determ ination  for use  i n  prin ted  e lectron ics .  Even  for 
comparison  purposes  i nkjet d roplet images  shou ld  have  more  pixe ls/d iameter ( i . e.  h i gher 
resolu tion  and/or h igher optical  magn i fication)  and  a  h i gher raw background  greyscale  l evel  
( i . e .  h igher i n tensi ty or longer fl ash  duration  or l ower optical  magn i fication)  than  for  
F i gure  A. 1 ,  wh ich  clearly shows i nd ividual  square  pixels .  Accurate  d rop  anal ys is  systems 
shou ld  a lso  use  sub-pixel  techn iques  rather than  one-pixel  techn iques  to  extract accurate  
droplet  d iameters.  

To  reduce  measurement errors,  h i gher zoom  magn i fication  wi th  an  optica l  l ens  may be  used .  
I f the  one-pixel  s i ze  is  s i gn i ficantl y smal l  compared  to  the  d roplet,  the  p ixel -re lated  error can  
be  m in im ized .  H igh  magn i fication  (M)  m igh t not be  beneficia l  for d rop  volume measurements  
because  image i n tensi ty i s  proportional  to  1 /M2  and  the  image  noise  i s  i ncreased  wi th  
magn i fication ,  thereby chang ing  the  cond i ti ons  for determ in ing  the  boundary.  More  sensi ti ve  
h igher-resolu tion  cameras  can  be  used  to  reduce  the  p ixel  errors .  Nonetheless,  there  are  cost 
i ssues,  and  the  image  acqu is i ti on  rate  (frames  per second)  m ight decl ine  when  us ing  such  
cameras.  Comprom ises  between  a l l  these  factors  are  often  necessary.  

The  apparen t d iameter of an  imaged  drop  i s  a l so affected  by other physical  effects  on  the  
l i gh t rays  used  to  i l l um inate  typ ical l y 20  μm  d iameter d roplets  i n -fl i gh t,  principal l y aris ing  from  

optical  d i ffraction  effects  [1 2 ]  around  (and  refraction  through  a  sem i -transparent)  l i q u id  body.  
Such  effects  are  (usual l y)  i gnored  i n  i ndustria l  appl ications  us ing  re lati ve  s i ze  ca l i brations.  

A.1 .3  Greyscale-to-binary image conversion  

I nkjet pri n ti ng  wi th  greyscale  d roplet s i zes  ( represen ted  i n  F igure  1 )  can  ach ieve  a  targeted  
materia l  deposi ti on  profi l e  on  the  substrate  bu t i n  i nkjet d roplet image process ing  terms,  even  
wi th  nom inal l y i dentical  d roplet  s i zes ,  greyscale-to-binary image convers ions  (from  say 
F igures  A. 1  to  A. 2)  are  a l so  re levant  for accurate  d roplet  volume determ ination .  

Each  image pixe l  of an  8-b i t  g reyscale  image has  a  value  rang ing  from  0  to  255  accord ing  to  
the  bri gh tness  of the  image.  The  greyscale  image  can  be  converted  in to  a  b inary one  where  
the  p ixels  hold  values  of 0  or 1 .  The  b inary image can  be  obtained  by setting  an  appropriate  
threshold  value  where  va lues  h i gher than  the  th reshold  are  mapped  to  one  (or zero)  and  
those  l ower than  the  threshold  are  mapped  to  zero  (or one)  [7 ] .  By us ing  the  b inary image,  the  
i nk d roplet can  be  extracted  and  anal ysed  based  on  particle  anal ys is  or other methods.  Here,  
by appropriate l y setti ng  a  threshold  for d iscretization ,  the  i nk d roplet’s  p ixels  have  a  value  of 
zero  (or one) ,  and  the  background  can  be  one  (or zero) .  When  us ing  a  b i nary image  to  
measure  the  d roplet  volume,  the  measured  d roplet s i ze  can  be  s ign i ficantl y affected  i n  the  
greyscale-to-b inary image conversion  process.  As  shown  in  F igure  A. 1 ,  there  is  a  re lati vel y 
smooth  transi ti on  of image value  near the  boundary between  the  d roplet image  and  the  l i gh ter 
background .  The  smooth  transi tion  of image  va lue  depends  on  various  cond i ti ons  such  as  
l i gh ti ng  brigh tness  and  l ens  focus.  As  a  resu l t,  the  i den ti fi ed  d roplet s i ze  (and  droplet vo lume)  
d i ffers  accord ing  to  the  threshold  value  for b i nary conversion .  F i gure  A. 2  shows binary images  
converted  from  a  s im i l ar d rop,  where  two very d i fferen t threshold  va lues  are  compared .  
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Figu re  A. 2  – Th resh old  valu e  influence  on  bi nary i mage:   
on  th e  l eft,  a  th reshol d  of 25;  on  th e  right,  a  threshol d  of 75  

The measured  droplet volume may conta in  errors  because  the  measured  resu l ts  d i ffer 
accord ing  to  the  threshold  value  needed  for b i nary image conversion  and  fl ash  l i gh t i n tensi ty.  
When  a  threshold  value  of 25  i s  used  for b inary convers ion ,  the  d iameter of the  d roplet can  be  
i denti fied  as  20  p ixels .  On  the  other hand ,  a  threshold  va lue  of 75  can  resu l t i n  a  d iameter of 
24  p ixels ;  hence  the  d i ffi cu l ty in  measuring  an  accurate  i nkjet d roplet volume (or s ize)  from  
the  images.  As  shown  i n  F igure  A. 2,  the  errors  re lated  to  b i nary convers ion  are  much  l arger 
than  the  one-pixel  resolu tion  of the  CCD camera,  wh ich  produces  volume uncertain ties  
exceed ing  ±  1 5  % .  Other techn iques  for determ in ing  the  “edges”  and  hence  droplet volumes  
correspond ing  to  the  images  have  been  compared  and  appl ied  to  s imu lations  of d roplets  
imaged  wi th  various  numbers  of pixels  i n  the  d rop  shape and  d i fferen t l evels  of background  
noise  and  i n tens i ty in  order to  understand  the  possible  percentage  variations.  I n  many cases,  
provided  there  are  su fficien t pixe ls,  the  s implest threshold  method  i s  the  most effective  i n  
terms  of computation  speed  at  provid ing  a  reasonabl y accurate  d roplet vo lume [6] .  

Focusing  and  magn i fication  d istortion  can  a lso  i n fl uence the  apparent s i ze  of imaged  d roplets.  
Where  con trol  of the  i l l um ination ,  avai lable  resolu tion  and  image process ing  reduces  
particu lar uncerta in ties  to  a  l ow l evel ,  approximatel y <  ±  1  %  in  vo lume,  d roplet image 
focusing  and  other optical  effects  may dom inate  the  volume uncertain ty.  Poor d rop  focus  i s  
usual l y the  most s i gn i fican t i ssue  for inkjet d rop  anal ys is  systems,  i f the  optical  magn i fication  
varies  wi th in  and  beyond  the  depth  of focus ,  s ince  inkjet d roplet  d iameters  cannot a lways  be  
l ocated  exactl y wi th in  the  focal  pl ane.  F i gure  A. 3  g ives  a  schematic for the  effects  on  ou t-of-
focus  objects  aris ing  from  image height  magn i fication  using  a  conventional  l ens .  

 

Figu re A. 3  – Apparent i mage  heigh t of objects  imag ed  
near th e  focal  plane  (FP)  using  a  convention al  l en s  
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Such  an  optical  system ’s  depth  of focus  can  be  improved  by us ing  a  smal l er aperture  (as  i n  a  
“p inhole  camera”  where  everyth ing  i n  view appears  wel l -focused),  bu t  on l y wi th  reduced  
image in tens i ty (background  grey level ) .  Modern  te lecentric l enses  are  compound  l enses  wi th  
a  constan t magn i fication  i ns ide  and  symmetric b lu rring  of edges  beyond  the  depth  of focus,  
and  are  very usefu l  for accurate  mach ine  vis ion  purposes  wi th in  i nkjet  d rop  watchers.  

For re lative  measurements ,  i f d roplets  appear at the  same location  i n  the  fi e ld  of view,  
magn i fication  d istortion  errors  are  usual l y neg l i g ib le.  For absolu te  measurements,  the  central  
reg ion  of the  optica l  system ’s  fie ld  of view shou ld  provide  the  lowest magn i fication  d is tortion .  
F igure  A. 4  provides  an  extreme example  of magn i fication  d istortion  for conven tional  optics.  

 

Figure A.4  – Example of percentage  size  d istortion  
in  image plane for a  conventional  l ens  

As an  example,  i f a  +2  %  magn i fication  d istortion  appl ies  for an  off-cen tre  image,  a  volume 
d iscrepancy of +6  %  occurs  for d roplets  imaged  there  rather than  i n  the  (0  %)  central  reg ion .  
Again ,  te lecentric  l enses  usual l y have  lower d istortion  than  s ing le  fixed  focal  l eng th  lenses.  

A.1 .4  Absolute  d roplet  volume 

The droplet image shape  is  used  to  determ ine  the  d roplet volume by assum ing  axia l  symmetry 
about the  j etting  axis  [6,  7 ,  8 ,  9 ] .  As  a  resu l t  of the  cri tical  optical  cond i tions,  resu l ts  for i nkjet  
droplet vo lume measurement may be  d rop-anal ys is  system-dependent.  As  absolu te  
standard ization  for measuring  d roplet vo lume is  complex,  and  s ince  a  measurement error 
range  is  inevi table,  i t  shou ld  be  s tated  together wi th  the  measured  d roplet volume to  ensure  
re l iable  absolu te  comparisons  between  d i fferent d rop  anal ys is  systems.  The  absolu te  
accuracy of i nkjet d roplet volume measurements  by d i rect weigh ing  is  reported  as  
approximatel y ±  0 , 1  p l  (p i col i tre)  [2 ] .  

By weigh ing  the  col lected  l i qu id  correspond ing  to  known  (counted  or compu ted)  numbers  of 
i nkjet d roplets  (or trigger pu lses),  an  average  j etted  d rop  volume can  be  deduced  by assum ing  
the  densi ty of the  ink is  wel l  known  at the  re levant temperatures  (of j ett ing  and  weigh ing).  Any 
evaporation  occurring  during  the  col lection  period  wi l l  adversel y affect th is  ca l i bration  [1 0] .  
National  l aboratories  are  research ing  new m icro-balance  weigh ing  techn iques  for i nd ividual  
i nkjet d roplets,  and  have  deduced  that i nkjet d rop  volumes  may be  traceable  to  ±  0 , 1  p l ,  i . e .  
±  3  %  for 3, 3  pl  d roplets  [2] .  The  most accurate  s i ze  measurements  requ i re  spherical  d roplets.  
Holograph ic  measurements  are  accurate  to  rad i i  <  1 00  nm  [1 ,  1 1 ] .  
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Relati ve  d roplet d iameters  (pixels)  can  be  cal ibrated  for many purposes  by measuring  the  
horizon ta l  separation  between  focused  droplets  correspond ing  to  d i fferent nozzles  of vertica l l y 
j etti ng  prin t-heads  using  the  known  separation  of these  nozzles.  Such  l i near ca l ibration  
factors ,  even  in  the  absence  of aerodynam ic and  optical  effects ,  have  uncertain ties  of 
typica l l y >  1  %  and  the  d roplet  volume is  thus  uncertain  to  >  3  %.  

F igure  A. 5  i s  part of a  shadowgraph  of i nkjet-prin ted  droplets ,  l i gaments  and  satel l i tes  j etted  
at 5  m /s  from  an  i ndustria l  i nkjet prin t-head .  For l ow magn i fication  d istortions,  an  approximate  
l inear cal ibration  of the  image p ixel  s i ze  can  be  found  from  the  average  horizontal  separation  
of the  d rops  and  the  nom inal  nozzle  p i tch .  I n  th is  example  the  presence  of tra i l i ng  l i gaments  
and  satel l i tes  preven ted  the  accurate  determ ination  of j etted  d roplet  vo lume because  the  
sate l l i tes  do  not merge  wi th  the  l ead ing  d rop  i n to  a  s ing le  d roplet as  requ i red  in  th is  
document;  furthermore  the  p ixel  wid th  of even  the  l argest d rop  vis ib le  i s  not  su fficien t for h igh  
accuracy.  

 

Figure A.5  – Shadowgraph  of i nkjet-printed  droplets ,  
l igaments  and  satel l i tes  in -fl ight  

A.2  Formulae for inkjet droplet volume 

Given  droplet d iameter D  i n  p ixe ls  and  cal ibration  convers ion  factor k  to  convert p ixels  to  
m icron  (1 0 -6  m ),  d roplet volume V =  π(kD)3/6  000  p l  (1 0 -9  l  =  1 0 -1 2

 
m 3) .  For d roplet vo lume 

determ ination  us ing  image-based  d rop  analys is  systems,  sub-pixel  analysis  of a  d rop  image  
d iameter is  requ i red  for reach ing  volume accuracies  better than  ±  3  %.  

One-pixel  anal ys is  techn iques  i n troduce fu rther uncerta in ties  i n  d roplet  centroid  l ocations.  
Droplet d iameter D  shou ld  exceed  approximatel y 30  p ixels  to  reduce tota l  volume error below 

±  5  % .  

The  formu lae  g i ven  below for images  i n  one-pixel  he igh t s l ices  can  be  mod i fied  for other 
he ights .  An  impl ici t  assumption  i n  volume determ ination  is  that the  boundary shou ld  be  
axisymmetric.  

G iven  the  anal ysed  boundary,  the  d roplet volume (V)  may be  computed  from  the  summation  of 

the  p ixe l  vo lumes  for a l l  the  consecutive  con ica l  s l ices  wi th  one-pixel  he igh t contain ing  the  
d roplet boundary.  For N s l ices,  wi th  the  jth  s l i ce  between  the  ne ighbouring  d iameters  of Dj  and  
Dj+1  p ixels:  

 ( )
3

2 2

1 1

1
12

N

j j j j

j

πk
V D D D D+ +

=

= + +∑   
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Th is  con ical  s l ice  summation  usual l y improves  on  the  more  commonl y used  ci rcu lar d rum  s l ice  
resu l ting  i n :  

 ( )
3

2

1
4

N

j

j

πk
V D

=

= ∑   

A.3  Resul ts  

Resu l ts  shou ld  i nclude,  bu t  are  not  restricted  to:  

– the  manufacturer,  model  type  and  seria l  number of the  d rop  measurement system ;  

– wh ich  optical  cal ibration  reference standard  has  been  used ,  i nclud ing  i ts  traceabi l i ty ( i f 
any) ;  

– wh ich  image  types  are  anal ysed  for the  d rop  volume quoted  (s i ng le  or mu l ti -event) ;  

– the  number of d roplets  used  in  evaluating  the  average  droplet volume quoted ;  

– the  average  droplet  volume and  uncertain ties  at the  speci fi ed  pri n t  frequency;   

– the  nom inal  d roplet  speed  at  the  speci fied  pri n t  frequency;   

– the  i nk type  used  and  relevant operati ng  cond i tions  for the  i nkjet  pri n t-head  used ;   

– the  manufacturer,  model  type  and  seria l  numbers  of the  i nkjet prin t-head  used ;  

– the  nozzle  p i tch  a long  a  nozzle  row,  number of nozzle  rows  and  row spacing ;  and  

– the  nozzle  row and  array l ocation  i den ti fi er(s)  for the  d roplet volume measurement.  
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