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©  A  process  for  producing  successive  droplets  of  ink  of  different  sizes. 

©  The  volume  of  a  droplet  (44)  ejected  from  a 
thermal  ink  jet  printer  is  controlled  by  the  application 
of  a  low  level  of  energy  to  an  ink  volume  in  an  ink 
container  (24)  prior  to  application  of  a  high  energy 
pulse  which  vaporizes  an  ink  bubble  to  eject  ink 
from  an  orifice  (26)  of  the  print  head.  The  energy  is 
preferably  applied  to  the  ink  by  passing  current 
through  a  resistor  (30)  in  the  wall  of  the  ink  container 
(24)  in  close  proximity  to  the  orifice  (26).  The  initial 
low  energy  level  or  precursor  signal  warms,  but  does 
not  vaporize,  the  ink  adjacent  the  resistor  (30)  so 
that  a  larger  volume  of  ink  may  be  vaporized  by  the 
high  energy  pulse,  increasing  the  ejected  droplet 

C^size.  Increasing  the  energy  in  the  low  energy  heating 
GO  increases  the  ejected  droplet  size.  The  low  energy 

heating  may  be  applied  in  various  manners,  such  as 
*3"a  single  long  duration  pulse,  multiple  short  duration 
Impulses,  or  the  like.  Variations  in  the  energy  of  the 

precursor  pulse  for  succeeding  droplets  cause  cor- 
O  responding  variations  in  the  sizes  of  the  ejected 
ft  droplets. 
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a  t-HUWfcSS.  t-UH  HHUUUUNG  SUCCESSIVE  DROPLETS  OF  INK  OF  DIFFERENT  SIZES 
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i  ins  invention  relaxes  ro  tnermai  inK  jet  printers, 
and,  more  particularly,  to  the  manner  in  which 
energy  is  introduced  into  the  ink  within  the  printer 
head  to  eject  droplets. 

Thermal  ink  jet  print  heads  operate  by  rapidly 
heating  a  small  volume  of  ink,  causing  it  to  vapor- 
ize  and  expand,  thence  ejecting  a  droplet  of  ink 
through  an  orifice  to  strike  a  printing  medium  such 
as  a  piece  of  paper.  When  a  number  of  orifices  are 
properly  arranged,  they  form  a  dot  matrix  pattern. 
The  properly  sequenced  operation  of  each  orifice 
causes  a  pattern  of  characters  or  images  to  be 
printed  upon  the  paper  as  the  print  head  is  moved 
past  the  paper.  The  thermal  ink  jet  printer  is  fast 
but  quiet,  because  only  the  ink  strikes  the  paper, 
oroduces  high  quality  characters  and  images,  and 
;an  be  made  compact  and  portable. 

In  one  design,  the  print  head  includes  an  ink 
-eservoir  and  channels  to  supply  the  ink  to  the 
Doint  of  vaporization,  an  orifice  plate  in  which  the 
ndividual  orifices  are  formed  in  the  required  pat- 
:ern,  a  series  of  thin  film  heaters,  one  near  each 
orifice,  and  a  substrate  which  forms  the  back  wall 
3f  the  ink  channel  and  upon  which  the  heaters  are 
supported.  Each  heater  includes  thin  film  resistors 
and  appropriate  current  leads.  To  print  a  single  dot 
)f  ink,  electrical  current  from  an  external  power 
supply  is  passed  through  a  selected  heater.  The 
leater  is  ohmicaily  heated,  in  turn  heating  the 
adjacent  ink,  vaporizing  a  small  volume  of  the  ink, 
ind  causing  a  droplet  of  ink  to  be  ejected  through 
he  adjacent  orifice  to  the  paper  as  the  vaporized 
volume  expands. 

An  important  characteristic  of  the  print  head  is 
he  size  and  volume  of  the  droplet  ejected.  The 
arger  the  size  of  the  droplet,  the  more  intense  the 
Jot  on  the  paper  appears  to  the  eye.  A  large  dot 
ilso  increases  the  amount  of  bleed  between  adja- 
:ent  dots,  impairing  image  quality.  It  would  be 
iesirable,  therefore,  to  be  able  to  actively  control 
he  volume  of  the  droplet  ejected  to  optimize  the 
nage  intensity  and  quality  in  a  variety  of  applica- 
ions. 

Several  approaches  have  been  proposed  to 
:ontrol  the  size  of  the  ink  droplet  ejected.  Increas- 
ig  the  size  of  the  ejection  orifice  permits  formation 
if  larger  ejected  droplets.  Increasing  the  tempera- 
jre  of  the  print  head  increases  the  ejection  pres- 
ure,  and  thence  the  size  of  the  droplet.  Increasing 
ie  resistor  size  increases  the  energy  transmitted 
d  the  ink,  and  thence  the  droplet  size.  None  of 
nese  approaches  is  operable,  however,  to  achieve 

dynamic,  essentially  instantaneous  control  of  the 
droplet  size  with  a  high  degree  of  precision.  Dy- 
namic  control  is  the  ability  to  alter  the  size  of 
individual  droplets  in  a  succession  of  droplets.  An 

5  increased  orifice  size  permits  production  of  large 
droplets  only.  The  temperature  of  the  print  head 
cannot  be  changed  fast  enough  to  effectively  con- 
trol  droplet  size  in  a  series  of  droplets.  Resistor 
size  is  essentially  fixed  in  any  one  device. 

w  Another  approach  has  been  proposed  for  con- 
trolling  the  droplet  size.  It  is  said  that  the  size  of 
the  droplet  can  be  changed  by  increasing  the  in- 
tensity  or  duration  of  the  energy  pulse.  Although  a 
small  range  of  control  may  be  possible  with  this 

rs  approach,  the  vapor  barrier  created  upon  vaporiza- 
tion  of  the  ink  to  form  a  bubble  prevents  effective 
control  of  droplet  size  by  this  technique.  Erratic 
vapor  bubble  growth  occurs,  with  the  result  that  the 
individual  droplets  in  a  succession  of  droplets  are 

20  observed  to  have  uncontrollable  and  irregular  vari- 
ations  in  size. 

There  exists  a  need  for  a  means  for  dynam- 
ically  controlling  the  size  of  the  droplet  volume 
ejected  from  the  print  head.  This  approach  should 

>5  permit  alteration  of  droplet  volume  over  wide 
ranges,  with  the  ability  to  change  conditions  quickly 
so  as  to  produce  different  droplet  volumes  in  a 
succession  of  rapidly  produced  droplets.  The 
present  invention  fulfills  this  need,  and  further  pro- 

io  vides  related  advantages. 

SUMMARY  OF  THE  INVENTION 

The  present  invention  provides  a  process  for 
controllably  varying  the  size  of  individual  droplets 
in  a  series  ejected  from  a  thermal  ink  jet  printer 
head.  By  controlling  droplet  volume,  the  print  inten- 

o  sity  and  quality  can  be  optimized.  This  approach 
permits  the  printing  of  improved  half-tone  black- 
and-white  images  and  improved  color  images.  The 
quality  of  the  images  can  also  be  readily  altered  to 
adjust  for  particular  types  of  inks  and  print  media.. 

5  The  process  of  the  invention  can  be  practiced 
without  changing  the  print  head  hardware  of  the 
thermal  ink  jet  printer,  and  requires  at  most  only  a 
change  in  the  electronics  of  the  power  supply. 

In  accordance  with  the  invention,  a  process  for 
o  producing  successive  droplets  of  ink  of  different 

sizes  comprises  the  steps  of  supplying  a  thermal 
ink  jet  drop  ejector  including  a  container  holding  a 
volume  of  ink,  an  orifice  in  one  wall  of  the  con- 
tainer,  an  electrical  resistance  heater  in  a  wall  of 
the  container  in  proximity  to  the  orifice,  and  a 
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power  supply  connected  to  the  electrical  resistance 
heater;  applying  a  first  electrical  precursor  signal  to 
the  resistance  heater  from  the  power  supply  to 
preheat  the  ink  adjacent  the  resistance  heater,  the 
precursor  signal  having  insufficient  energy  to  cause  5 
vaporization  of  the  ink  in  the  container;  applying  a 
first  electrical  ejector  signal  to  the  resistance  heater 
from  the  power  supply  to  eject  a  droplet  of  ink,  the 
ejector  signal  having  sufficient  energy  to  vaporize 
ink  adjacent  the  resistance  heater,  the  ejector  sig-  w 
nal  being  applied  while  the  ink  adjacent  the  resis- 
tance  heater  is  still  heated  from  application  of  the 
precursor  signal;  applying  a  second  electrical  pre- 
cursor  signal  to  the  resistance  heater  from  the 
power  supply  to  preheat  the  ink  adjacent  the  resis-  75 
tance  heater,  the  precursor  signal  having  insuffi- 
cient  energy  to  cause  vaporization  of  the  ink  in  the 
container,  the  second  electrical  precursor  signal 
being  different  from  the  first  electrical  precursor 
signal;  and  applying  a  second  electrical  ejector  20 
signal  to  the  resistance  heater  from  the  power 
supply  to  eject  a  droplet  of  ink,  the  ejector  signal 
having  sufficient  energy  to  vaporize  ink  adjacent 
the  resistance  heater,  the  ejector  signal  being  ap- 
plied  while  the  ink  adjacent  the  resistance  heater  is  25 
still  heated  from  application  of  the  precursor  signal. 

The  resistance  heater  is  a  heat  source,  and  the 
invention  may  be  more  generally  described  in 
terms  of  introduction  of  heat  into  the  ink.  In  accor- 
dance  with  this  concept,  a  process  for  producing  30 
successive  droplets  of  ink  of  different  sizes  com- 
prises  the  steps  of  supplying  a  thermal  ink  jet  drop 
ejector  including  a  container  holding  a  volume  of 
ink,  an  orifice  in  one  wall  of  the  container,  and  a 
heat  source  in  the  container;  ejecting  a  first  droplet  35 
of  ink  by  heating  the  ink  with  the  heat  source 
operated  under  two  different  conditions  of  heat 
production,  a  first  condition  of  heat  production 
wherein  the  heat  output  of  the  heat  source  is  less 
than  that  required  to  vaporize  any  ink,  and  there-  40 
after  a  second  condition  of  heat  production  wherein 
the  heat  output  of  the  heat  source  is  greater  than 
that  required  to  vaporize  a  volume  of  the  ink, 
thereby  ejecting  a  first  droplet  of  ink  through  the 
orifice;  and  ejecting  a  second  droplet  of  ink  by  45 
heating  the  ink  with  the  heat  source  operated  under 
two  different  conditions  of  heat  production,  a  first 
condition  of  heat  production  wherein  the  heat  out- 
put  of  the  heat  source  is  less  than  that  required  to 
vaporize  any  ink,  and  the  heating  of  the  ink  is  50 
different  from  the  heating  of  the  ink  during  the  first 
condition  of  heat  production  in  the  step  of  ejecting 
a  first  droplet  of  ink,  and  thereafter  a  second  con- 
dition  of  heat  production  wherein  the  heat  output  of 
the  heat  source  is  greater  than  that  required  to  55 
vaporize  a  volume  of  the  ink,  thereby  ejecting  a 
second  droplet  of  ink  through  the  orifice.  As  used 
herein,  the  "conditions"  of  heat  production  are  the 

combination  of  circumstances  under  which  heat  is 
produced,  including  the  heating  rate,  duration  of 
heating,  number  and  type  of  heating  events,  and 
delay  between  heating  events,  and  any  other  rel- 
evant  considerations. 

The  invention  may  also  be  thought  of  in  terms 
of  heating  the  ink  to  different  temperatures  in  the 
successive  precursor  steps.  In  accordance  with  this 
aspect  of  the  invention,  a  process  for  producing 
successive  droplets  of  ink  of  different  sizes  com- 
prises  the  steps  of  supplying  a  thermal  ink  jet  drop 
ejector  including  a  container  holding  a  volume  of 
ink,  an  orifice  in  one  wall  of  the  container,  and 
means  for  heating  the  ink;  ejecting  a  first  droplet  of 
ink  by  heating  the  ink.with  the  means  for  heating  to 
a  first  temperature  insufficient  to  nucleate  a  vapor 
bubble  in  the  ink;  and  thereafter  heating  the  ink 
with  the  means  for  heating  to  a  second  tempera- 
ture  sufficient  to  nucleate  a  vapor  bubble  in  the  ink 
and  drive  a  droplet  of  ink  through  the  orifice,  the 
heating  to  the  second  temperature  to  occur  at  a 
time  sufficiently  shortly  after  the  heating  to  the  first 
temperature  that  the  ink  has  not  cooled  to  its  initial 
temperature;  ejecting  a  second  droplet  of  ink  by 
heating  the  ink  with  the  means  for  heating  to  a  first 
temperature  insufficient  to  nucleate  a  vapor  bubble 
in  the  ink,  the  first  temperature  in  the  step  of 
ejecting  a  second  droplet  being  different  from  the 
first  temperature  in  the  step  of  ejecting  a  first 
droplet;  and  thereafter  heating  the  ink  with  the 
means  for  heating  to  a  second  temperature  suffi- 
cient  to  nucleate  a  vapor  bubble  in  the  ink  and 
drive  a  droplet  of  ink  through  the  orifice,  the  heat- 
ing  to  the  second  temperature  to  occur  at  a  time 
sufficiently  shortly  after  the  heating  to  the  first 
temperature  that  the  ink  has  not  cooled  to  its  initial 
temperature. 

The  present  invention  provides  for  controlling 
the  ejected  droplet  size  by  first  heating  the  ink  with 
a  low  level  of  introduced  energy,  and  then  vaporiz- 
ing  a  volume  of  ink  to  eject  a  droplet  with  a  high 
level  of  introduced  energy.  The  initial  low  level  of 
applied  energy  is  conveniently  discussed  as  a  pre- 
cursor  signal  or  pulse,  and  the  subsequent  high 
level  of  applied  energy  is  conveniently  discussed 
as  an  ejector  signal  or  pulse.  The  term  "pulse",  as 
used  herein,  means  a  single  pulse  or  a  succession 
of  pulses  coordinated  to  achieve  the  desired  low  or 
high  level  of  introduced  energy. 

The  precursor  pulse  heats  the  ink  adjacent  the 
heat  source,  but  does  not  cause  vaporization  of  the 
ink.  The  temperature  of  a  volume  of  ink  near  the 
heat  source  is  raised,  but  not  to  the  vaporization 
temperature.  The  duration  of  the  precursor  pulse  is 
on  the  order  of  microseconds,  and  the  time  be- 
tween  completion  of  the  precursor  pulse  and  the 
initiation  of  the  ejection  pulse  ranges  from  zero  to 
microseconds.  The  volume  of  the  ink  whose  tem- 

3 
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peraiure  is  raisea  dv  tne  precursor  pulse  is  there- 
fore  small,  because  the  heat  from  the  source  can- 
not  diffuse  a  great  distance  into  the  ink  prior  to  the 
initiation  of  the  ejector  pulse.  Nevertheless,  the 
raising  of  the  temperature  of  that  small  volume  of 
ink,  with  the  precursor  pulse,  permits  the  ejector 
pulse  to  vaporize  a  greater  volume  of  ink,  which  in 
turn  provides  a  greater  expansive  force  that  ejects 
a  greater  volume  of  ink.  The  volume  of  successive 
ejected  droplets  is  controlled  by  altering  the 
amount  of  energy  introduced  into  the  ink  during  the 
precursor  pulse. 

The  precursor  pulse  and  the  ejector  pulse  are 
distinguishable  in  that  the  precursor  pulse  intro- 
duces  energy  into  the  ink  at  a  rate  insufficient  to 
cause  vaporization,  while  the  ejector  pulse  intro- 
duces  energy  into  the  ink  at  a  rate  sufficient  to 
cause  vaporization.  Within  this  constraint,  the  pre- 
cursor  pulse  can  have  a  wide  variety  of  forms.  The 
precursor  pulse  can  be  a  single  sustained  pulse,  or 
multiple  pulses,  that  terminate  prior  to  initiation  of 
the  ejector  pulse.  The  precursor  pulse  can  also  be 
a  single  sustained  pulse  that  does  not  terminate 
prior  to  the  initiation  of  the  ejector  pulse,  but  is 
continuous  with  the  ejector  pulse.  The  precursor 
pulse  can  be  multiple  distinct  pulses,  the  last  of 
which  is  continuous  with  the  ejector  pulse. 

The  present  approach  is  thus  distinguished 
Prom  simply  changing  the  energy  level  or  duration 
of  a  single  ejector  pulse.  Decreasing  the  energy  or 
duration  of  the  single  ejector  pulse  below  a  minimal 
evel  eventually  results  in  an  inability  to  eject  a 
droplet.  Increasing  the  energy  or  duration  of  the 
single  ejector  pulse  above  that  required  to  eject  a 
droplet  has  very  little  effect  on  drop  volume,  be- 
:ause  the  ink  vaporized  acts  as  an  effective  ther- 
nal  diffusion  barrier  to  the  introduction  of  more 
snergy  that  would  vaporize  a  greater  volume  of  ink. 
rhe  additional  energy  is  directed  downwardly  into 
he  substrate,  resulting  in  undesirable  side  effects, 
ather  than  into  the  ink. 

The  present  approach  is  also  distinguishable 
rom  the  approaches  of  changing  the  resistor  size, 
jriftce  size  and  the  print  head  temperature.  Al- 
hough  conceptually  any  or  all  of  these  factors  may 
)e  changed,  they  may  not  be  changed  rapidly 
jnough  to  permit  control  of  the  volume  of  a  suc- 
:ession  of  droplets  that  are  ejected  tens  of  mil- 
iseconds  apart. 

The  present  invention  tailors  the  energy  used 
o  form  each  droplet  to  that  appropriate  to  a  se- 
scted  size,  so  that  the  volume  of  each  ink  droplet 
nay  be  selected.  Since  each  ejection  sequence 
emoves  the  heated  ink  from  the  container,  the 
iharacter  of  a  droplet  is  not  influenced  by  that  of 
irior  or  subsequent  droplets,  nor  does  it  influence 
trior  or  subsequent  droplets,  once  an  equilibrium 
iperating  temperature  is  reached. 

The  volume  of  the  ejected  droplet  can  be  var- 
ied  over  at  least  about  40  percent  by  controlling 
the  character  of  the  precursor  pulse,  which  has 
been  shown  to  be  sufficient  for  many  applications 

5  in  optimization  of  quality  and  appearance  of  the 
image.  Increasing  the  volume  of  each  droplet  in- 
creases  the  intensity  of  the  resulting  ink  dot  on  the 
print  medium,  so  that  regions  of  the  image  can  be 
made  to  appear  darker  without  changing  the  num- 

w  ber  of  dots  per  unit  area.  The  volume  control  of  the 
present  invention  also  permits  the  character  of  the 
dot  to  be  adjusted  for  the  nature  of  the  print 
medium.  For  example,  some  papers  are  more  po- 
rous  than  others,  so  that  large  dots  tend  to  bleed 

75  into  adjacent  dots.  The  sharpness  of  the  image  can 
be  improved  by  reducing  the  drop  volume  for  such 
media. 

The  present  invention  has  important  advan- 
tages  in  color  printing.  Intermediate  colors  can  be 

so  produced  by  the  drop-on-drop  (DOD)  technique, 
wherein  dots  of  different  primary  colors  are  over- 
printed  to  produce  an  intermediate  color.  Control  of 
the  drop  volume  permits  improved  precision  in  the 
selection  of  the  intermediate  color,  as  well  as  pre- 

ss  vention  of  bleeding  of  one  color  into  another. 
Other  features  and  advantages  of  the  present 

invention  will  be  apparent  from  the  following  more 
detailed  description  of  the  preferred  embodiment, 
taken  in  conjunction  with  the  accompanying  draw- 

30  ings,  which  illustrate,  by  way  of  example,  the  prin- 
ciples  of  the  invention. 

BRIEF  DESCRIPTION  OF  THE  DRAWINGS 
35 

Figure  1  is  a  side  elevational  view  of  a 
portion  of  a  print  head  for  a  thermal  ink  jet  printer; 

Figure  2  is  a  pictorial  circuit  diagram  for  the 
to  thermal  ink  jet  printer; 

Figure  3  is  a  graph  of  voltage  versus  time  for 
a  first  combination  of  precursor  and  ejector  pulses; 

Figure  4  is  a  graph  of  voltage  versus  time  for 
a  second  combination  of  precursor  and  ejector 

'5  pulses; 
Figure  5  is  a  graph  of  voltage  versus  time  for 

a  third  combination  of  precursor  and  ejector  pulses; 
Figure  6  is  a  graph  of  droplet  volume  versus 

voltage  for  the  combination  of  Figure  3; 
o  Figure  7  is  a  graph  of  droplet  volume  versus 

delay  time  for  the  combination  of  Figure  5;  and 
Figure  8  is  an  enlargement  of  a  matrix  of 

dots  of  ink  deposited  upon  a  sheet  of  paper,  pro- 
duced  without  a  precursor  pulse;  and 

5  Figure  9  is  an  enlargement  of  a  matrix  of 
dots  of  ink  deposited  upon  a  sheet  of  paper,  pro- 
duced  with  a  precursor  pulse. 
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DE  TAILED  DESCRIPTION  OF  THE  PREFERRED 
EMBODIMENT 

A  portion  of  a  preferred  thermal  ink  jet  printer 
head  is  presented  in  Figure  1  ,  showing  the  relation 
of  the  major  components.  Referring  to  Figure  1,  a 
thermal  ink  jet  printer  head  20  includes  an  orifice 
plate  22  having  an  ink  container  24  therein.  The  ink 
container  24  is  in  the  form  of  a  channel  elongated 
perpendicular  to  the  plane  of  the  illustration.  The 
orifice  plate  22  has  a  number  of  orifices,  including 
the  illustrated  orifice  26.  Ink  is  drawn  from  a  reser- 
voir  (not  shown)  to  the  region  of  the  orifice  26  and 
the  ink  container  24,  by  capillary  action. 

Opposite  the  opening  of  the  orifice  26  is  a 
heater  28.  The  heater  28  is  a  thin  film  resistor 
including  a  tantalum-aluminum  planar  resistor  ele- 
ment  30  and  aluminum  or  gold  leads  32  connecting 
to  the  resistor  element  30.  A  voltage  is  applied  to 
the  leads  32,  which  causes  a  current  to  flow 
through  the  portion  of  the  resistor  element  30  be- 
tween  the  ends  of  the  leads  32,  rapidly  heating  the 
resistor  element  30.  A  small  volume  of  ink  adjacent 
the  heater  28  is  thereby  heated.  A  passivation  layer 
34  overlies  the  heater  28,  to  protect  it  from  corro- 
sion  by  the  ink.  The  passivation  layer  34  typically 
includes  a  silicon  carbide  layer  36  immediately 
overlying  the  heater  28,  and  a  tantalum  layer  38 
overlying  the  silicon  carbide  layer  36.  The  heater 
28  is  supported  on  a  substrate  39,  which  includes  a 
silicon  or  glass  base  40,  with  an  overlying  layer  of 
silicon  dioxide  42. 

By  way  of  illustration  of  the  types  of  materials 
and  dimensions  of  the  printer  head  20  and  not  by 
way  of  limitation,  in  a  preferred  printer  head  20  the 
base  40  is  a  polycrystalline  silicon  wafer  about  500 
micrometers  thick,  and  the  silicon  dioxide  layer  42 
is  about  1.7  micrometers  thick.  The  resistor  ele- 
ment  30  is  an  alloy  of  tantalum  and  aluminum 
containing  about  40  percent  by  weight  aluminum. 
The  resistor  element  30  is  about  50  micrometers 
long,  about  50  micrometers  wide,  and  about  0.6 
micrometers  thick.  The  leads  32  are  aluminum  and 
about  0.5  micrometers  thick.  The  silicon  carbide 
layer  36  is  about  0.75  micrometers  thick,  and  the 
tantalum  layer  38  is  about  0.6  micrometers  thick. 
The  orifice  plate  22  is  electroformed  nickel,  with 
tie  diameter  of  the  orifice  26  being  from  about  10 
:o  about  60  micrometers  in  diameter.  The  present 
nvention  is  operable  with  such  a  preferred  printer 
lead  20,  and  with  other  printer  heads  that  operate 
n  a  similar  fashion,  such  as  printer  heads  wherein 
tie  droplet  is  ejected  from  a  tubular  structure  and 
tie  heater  is  separated  from  the  point  of  ejection. 

A  voltage  is  applied  between  the  leads  32, 
/vhich  in  turn  causes  a  current  to  pass  through  the 
esistor  element  30  to  heat  the  heater  28  by  ohmic 

heating.  Figure  2  depicts  the  circuit  for  providing  a 
voltage  across  the  leads  32.  One  of  the  leads  32  is 
grounded  to  the  frame  of  the  printer,  and  the  other 
is  connected  to  a  power  supply  50  having  the 

5  necessary  voltage  and  current  capacity  to  supply 
the  energy  required.  The  signal  output  of  the  power 
supply  50  is  controlled  by  a  digital  or  analog  func- 
tion  generator  52.  A  digital  function  generator  is 
preferred,  as  it  can  be  readily  programmed  with 

10  particular  waveforms.  In  a  general  form,  a  micro- 
processor  54  controls  the  function  generator  52  to 
select  particular  waveforms.  The  waveforms  pro- 
duced  by  the  function  generator  52  are  translated 
into  the  applied  voltages  in  the  power  supply  50, 

15  and  supplied  to  the  leads  32. 
Figures  3-5  illustrate  three  sets  of  operable 

precursor  and  ejector  pulse  forms.  In  each  case,  an 
ejector  pulse  60  is  a  square  wave,  with  a  rapidly 
rising  leading  edge.  The  energy  produced  when 

20  the  ejector  pulse  60  passes  through  the  resistor 
element  is  sufficient  to  vaporize  a  volume  of  ink  in 
the  container  24  adjacent  the  resistor  element  30. 
The  vaporized  volume  of  ink  expands,  forcing  a 
droplet  44  of  ink  out  of  the  orifice  26  to  impact 

25  against  a  print  medium  46.  For  a  typical  printer 
head  20  as  described  above,  the  voltage  of  the 
ejector  pulse  60  is  about  15  volts,  and  the  duration 
of  the  pulse  is  from  about  2  to  about  4  micro- 
seconds. 

30  Three  types  of  precursor  pulses  62  are  illus- 
trated  in  Figures  3-5,  respectively,  as  exemplary  of 
the  types  of  pulses  that  are  operable.  The  illus- 
trated  precursor  pulses  62  are  preferred,  but  any 
other  type  of  pulse  structure  is  acceptable  as  long 

35  as  it  does  not  cause  vaporization  of  the  ink  adja- 
cent  the  resistor  element  30. 

The  precursor  pulse  62  of  Figure  3  is  a  con- 
tinuous  pulse  of  low  voltage,  which  is  contiguous  in 
time  with  the  initiation  of  the  leading  edge  of  the 

40  ejector  pulse  60.  For  a  typical  printer  head  20  as 
described  above,  the  voltage  of  the  precursor  pulse 
62  is  about  4  volts,  and  its  duration  is  from  about  1 
to  about  80  microseconds.  Both  the  voltage  and 
the  duration  can  be  varied,  as  long  as  the  energy 

ts  transfer  into  the  ink  adjacent  the  resistor  element 
30  is  not  sufficiently  rapid  to  cause  vaporization  or 
boiling  of  the  ink  by  raising  its  temperature  to  the 
vaporization  temperature. 

Two  sets  of  pulses  are  illustrated  in  Figure  3, 
so  each  having  a  precursor  pulse  62  and  an  ejector 

pulse  60.  The  first  precursor  pulse  62  is  longer 
than  the  second  precursor  pulse  62',  so  that  more 
energy  is  introduced  into  the  ink  and  the  ink  is 
raised  to  a  different  temperature  by  the  first  precur- 

>5  sor  pulse  62.  The  droplet  ejected  by  the  first  ejec- 
tor  pulse  60  will  therefore  be  of  a  different  (greater) 
size  that  that  ejected  by  the  second  ejector  pulse 
60'. 

3 
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ine  precursor  puise  >oz  or  r-igure  4  is  a  dis- 
continuous  pulse  of  higher  voltage,  comprising 
three  individual  subpulses  64.  For  a  typical  printer 
head  20  as  described  above,  the  voltage  of  each  of 
the  three  precursor  subpulses  64  is  about  12  volts, 
the  same  as  the  voltage  of  the  ejector  pulse  60, 
each  subpulse  64  has  a  duration  of  about  1-2 
microseconds,  and  the  separation  time  between  the 
end  of  the  last  subpulse  64  and  the  initiation  of  the 
ejector  pulse  60  is  about  3-6  microseconds.  The 
second  group  of  precursor  pulses  62'  is  similar  to 
the  group  of  pulses  62,  as  is  the  second  ejector 
pulse  60'  similar  to  the  first  ejector  pulse  60.  The 
difference  between  the  set  of  pulses  60,  62  and  the 
set  60  ,  62  is  the  delay  time  tde,ay  between  the 
precursor  pulses  and  the  ejector  pulse.  The  tdeiay 
between  the  pulses  62  and  60  is  less  than  the 
l  delay  between  the  pulses  62  and  60  ,  and  the  ink 
has  longer  to  cool  between  the  pulses  62'  and  60'. 
The  droplet  second  droplet  ejected  therefore  is 
smaller  than  the  first  droplet  ejected. 

The  precursor  pulse  62  of  Figure  5  is  similar  to 
that  of  Figure  4,  but  involves  only  a  single  subpulse 
36.  In  the  illustrated  form,  the  voltage  of  the  precur- 
sor  pulse  62  is  the  same  as  the  voltage  of  the 
3jector  pulse  60,  and  the  duration  of  each  of  the 
oulses  60  and  62  is  constant.  As  will  be  seen,  the 
/olume  of  the  ejected  droplet  is  controlled  by  the 
jelay  time  tdeiay  between  the  end  of  the  precursor 
Dulse  and  the  initiation  of  the  ejector  puise. 

Each  of  the  approaches  illustrated  in  Figures  3- 
5  has  particular  advantages.  The  precursor  pulse 
52  of  Figure  3  is  readily  generated  by  inexpensive 
unction  generators,  and  is  controllable  through  ma- 
lipulation  of  two  variables,  the  voltage  and  duration 
)f  the  precursor  pulse  62.  The  precursor  pulse  62 
3f  Figure  4  provides  greater  flexibility  due  to  the 
greater  number  of  controllable  variables.  The  pre- 
cursor  pulse  62  of  Figure  5  is  simple,  and  permits 
;ontrol  of  drop  volume  by  manipulation  of  a  single 
variable,  tdeiay  At  the  present  time,  the  less  com- 
)lex  approach  of  Figure  3  has  been  found  to  pro- 
Juce  a  linear,  readily  predictable  relationship  be- 
ween  drop  volume  and  precursor  energy,  and  is 
he  most  preferred  embodiment  of  the  invention. 

The  different  waveforms  of  Figures  3-5  are 
llustrative  of  the  flexibility  of  the  approach  of  the 
nvention  to  selecting  a  variety  of  waveforms.  What- 
iver  its  precise  form,  the  precursor  pulse  may  not 
ie  such  that  it  causes  vaporization  of  the  ink  adja- 
:ent  the  resistor  element  30.  Such  vaporization 
/ould  create  a  vapor  barrier  between  the  resistor 
ind  the  remainder  of  the  ink  volume,  causing  er- 
atic  vaporization  and  irregular  droplets.  Within  that 
onstraint,  any  suitable  waveform  and  combination 
if  parameters  may  be  utilized. 

Figures  6  and  7  show  the  effects  of  adjusting 
iperating  variables  of  the  precursor  pulses  utilized 

in  Figures  3  and  5,  respectively.  In  each  case,  the 
preferred  print  head  20  described  earlier  was  uti- 
lized,  with  an  ejector  pulse  in  the  form  of  a  square 
wave  of  about  12  volts  and  duration  about  4  micro- 

5  seconds,  and  the  droplet  volume  produced  by  the 
print  head  was  measured. 

Figure  6  illustrates  the  volume  of  the  droplet 
(normalized  relative  to  the  volume  of  the  droplet 
when  no  precursor  pulse  is  applied)  as  a  function 

70  of  the  duration  of  the  applied  precursor  pulse  62  in 
the  waveform  of  Figure  3,  with  a  constant  voltage 
of  the  precursor  pulse  62  of  about  3-4  volts.  The 
volume  of  the  droplet  increases  approximately  lin- 
early  with  increasing  duration  of  the  precursor 

75  pulse  62. 
Figure  7  illustrates  the  volume  of  the  droplet 

(normalized  relative  to  the  volume  of  the  droplet 
when  no  precursor  pulse  is  applied)  as  a  function 
of  the  separation  time  tdeiay  between  the  end  of  the 

20  subpulse  66  of  Figure  5,  and  the  initiation  of  the 
ejector  pulse  60.  The  voltage  of  the  subpulse  66 
was  the  same  as  the  voltage  of  the  ejector  pulse 
60,  about  12-13  volts,  the  duration  of  the  subpulse 
66  was  1  microsecond,  and  the  separation  tdS|ay 

?5  between  the  subpulse  66  and  the  ejector  pulse  60 
was  variable.  The  droplet  volume  first  increases 
with  increasing  tdeiay,  as  the  thermal  pulse  of  the 
precursor  subpulse  66  spreads  outwardly  from  the 
resistor  element  30,  reaches  a  maximum,  and  then 

jo  decreases  as  the  pulses  66  and  60  become  so  far 
apart  that  the  benefits  of  the  precursor  heating  are 
lost  by  thermal  diffusion.  The  optimum  separation 
for  maximum  droplet  increase  (the  maximum  point 
of  the  curve  of  Figure  7)  is  about  3-6  micro- 

is  seconds,  for  this  particular  geometry  and  waveform 
configuration. 

The  shape  of  Figure  7  demonstrates  the  ability 
to  control  the  droplet  size  and  volume  accurately 
by  controlling  the  separation  time,  particularly  on 

to  the  negatively  sloped  portion  of  the  curve  (in  this 
case  that  portion  above  about  4  microseconds).  On 
this  slowly  varying  portion  of  the  curve,  increasing 
the  separation  time  slowly  decreases  the  droplet 
size  and  volume,  between  the  limits  of  the  maxi- 

s  mum  size  and  the  size  produced  by  the  unaided 
ejector  pulse. 

Figures  8  and  9  illustrate  the  effect  of  changing 
the  droplet  volume  on  the  image  produced  by  the 
impact  of  the  droplet  on  the  print  medium.  The 

o  dots  of  Figures  8  and  9  are  equally  enlarged  re- 
productions  of  a  series  of  actual  dot  images.  The 
dot  image  of  Figure  8  was  produced  by  an  unaided 
ejector  pulse  60  (that  is,  with  no  precursor  pulse). 
The  dot  image  of  Figure  9  was  produced  by  a 

5  droplet  that  was  about  20  percent  larger  than  the 
droplet  producing  the  dot  image  of  Figure  8,  under 
conditions  at  the  maximum  point  of  4  micro- 
seconds  separation  time  illustrated  in  Figure  7. 
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The  present  approach  permits  dynamic  control 
of  the  droplet  volume,  and  hence  printed  dot  size, 
of  an  inkjet  printer.  Control  is  achieved  by  varying 
precursor  heating,  and  is  readily  accomplished  us- 
ing  existing  print  heads  in  conjunction  with  properly 
controlled  function  generators.  Although  a  particular 
embodiment  of  the  invention  has  been  described  in 
detail  for  purposes  of  illustration,  various  modifica- 
tions  may  be  made  without  departing  from  the 
spirit  and  scope  of  the  invention.  Accordingly,  the 
invention  is  not  to  be  limited  except  as  by  the 
appended  claims. 

Claims 

1  .  A  process  for  producing  successive  droplets 
of  ink  of  different  sizes,  comprising  the  steps  of 
supplying  a  thermal  ink  jet  drop  ejector  including  a 
container  (24)  holding  a  volume  of  ink,  an  orifice 
(26)  in  one  wall  (22)  of  the  container,  and  a  heat 
source  (30)  for  heating  the  ink,  characterized  by 
ejecting  a  first  droplet  of  ink  by  heating  the  ink  with 
the  heat  source  (30)  operated  under  two  different 
conditions  of  heat  production,  a  first  condition  of 
heat  production  wherein  the  heat  output  of  the  heat 
source  is  less  than  that  required  to  vaporize  any 
ink,  and  thereafter  a  second  condition  of  heat  pro- 
duction  wherein  the  heat  output  of  the  heat  source 
is  greater  than  that  required  to  vaporize  a  volume 
of  the  ink,  thereby  ejecting  a  first  droplet  of  ink 
through  the  orifice;  and 
ejecting  a  second  droplet  of  ink  by  heating  the  ink 
with  the  heat  source  operated  under  two  different 
conditions  of  heat  production,  a  first  condition  of 
heat  production  wherein  the  heat  output  of  the  heat 
source  is  less  than  that  required  to  vaporize  any 
ink,  and  the  heating  of  the  ink  is  different  from  the 
heating  of  the  ink  during  the  first  condition  of  heat 
production  in  the  step  of  ejecting  a  first  droplet  of 
ink,  and  thereafter 
a  second  condition  of  heat  production  wherein  the 
heat  output  of  the  heat  source  is  greater  than  that 
required  to  vaporize  a  volume  of  the  ink,  thereby 
ejecting  a  second  droplet  of  ink  through  the  orifice 
(26). 

2.  The  process  of  claim  1,  characterized  in 
that  the  time  duration  of  heating  ink  during  the  first 
condition  of  heat  production  in  the  step  of  ejecting 
a  second  droplet  is  greater  than  the  time  duration 
of  heating  ink  during  the  first  condition  of  heat 
production  in  the  step  of  ejecting  a  first  droplet. 

3  The  process  of  claim  1  or  2,  characterized 
in  that  the  rate  of  introducing  heat  into  the  ink 
during  the  first  condition  of  heat  production  portion 
of  the  step  of  ejecting  a  second  droplet  is  greater 
than  the  rate  of  introducing  heat  into  the  ink  during 
the  first  condition  of  heat  production  portion  of  the 

step  of  ejecting  a  first  droplet. 
4.  The  process  of  one  of  claims  1  to  3,  char- 

acterized  in  that  the  total  heat  introduced  into  the 
ink  under  the  first  condition  of  heat  production 

5  portion  of  the  step  of  ejecting  a  second  droplet  is 
greater  than  the  total  heat  introduced  into  the  ink 
under  the  first  condition  of  heat  production  portion 
of  the  step  of  ejecting  a  first  droplet. 

5.  The  process  of  one  of  claims  1  to  4,  char- 
w  acterized  in  that  the  first  condition  of  heat  produc- 

tion  portion  of  the  step  of  ejecting  a  first  droplet 
involves  a  single  pulse  of  heat. 

6.  The  process  of  claim  5,  characterized  in 
that  the  single  pulse  is  continuous  with  a  pulse  of 

75  heating  in  the  second  condition  of  heat  production 
of  the  step  of  ejecting  a  first  droplet. 

7.  The  process  of  one  of  claims  1  to  6,  char- 
acterized  in  that  the  second  condition  of  heat 
production  in  the  step  of  ejecting  a  first  droplet  is 

20  the  same  as  the  second  condition  of  heat  produc- 
tion  in  the  step  of  ejecting  a  second  droplet. 

8.  A  process  according  to  the  precharacterizing 
part  of  claim  1  ,  characterized  in  that  for  ejecting  a 
first  droplet  of  ink  the  ink  is  heated  to  a  first 

25  temperature  insufficient  to  nucleate  a  vapor  bubble 
in  the  ink:  and  thereafter  the  ink  is  heated  to  a 
second  temperature  sufficient  to  nucleate  a  vapor 
bubble  in  the  ink  and  drive  a  droplet  of  ink  through 
the  orifice,  the  heating  to  the  second  temperature 

30  to  occur  at  a  time  sufficiently  shortly  after  the 
heating  to  the  first  temperature  that  the  ink  has  not 
cooled  to  its  initial  temperature;  and  for  ejecting  a 
second  droplet  of  ink  the  ink  is  heated  to  a  first 
temperature  insufficient  to  nucleate  a  vapor  bubble 

35  in  the  ink,  the  first  temperature  in  the  step  of 
ejecting  a  second  droplet  being  different  from  the 
first  temperature  in  the  step  of  ejecting  a  first 
droplet;  and  thereafter  the  ink  is  heated  to  a  sec- 
ond  temperature  sufficient  to  nucleate  a  vapor  bub- 

40  ble  in  the  ink  and  drive  a  droplet  of  ink  through  the 
orifice,  the  heating  to  the  second  temperature  to 
occur  at  a  time  sufficiently  shortly  after  the  heating 
to  the  first  temperature  that  the  ink  has  not  cooled 
to  its  initial  temperature. 

45  9.  A  process  according  to  the  precharacterizing 
part  of  claim  1  ,  characterized  by 
ejecting  a  first  droplet  of  ink  by  heating  the  ink  with 
the  heat  source  operating  at  a  heat  output  greater  " 
than  that  required  to  vaporize  a  volume  of  the  ink; 

so  and 
ejecting  a  second  droplet  of  ink  by  heating  the  ink 
with  the  heat  source  operated  under  two  different 
conditions  of  heat  production,  a  first  condition  of 
heat  production  wherein  the  heat  output  of  the  heat 

55  source  is  less  than  that  required  to  vaporize  any 
ink;  and  thereafter  a  second  condition  of  heat  pro- 
duction  wherein  the  heat  output  of  the  heat  source 
is  greater  than  that  required  to  vaporize  a  volume 

7 
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ui  me  irm,  mereDy  ejecimg  a  secona  droplet  or  inK 
through  the  orifice. 

10.  The  process  of  claim  9,  including  the  addi- 
tional  step,  after  the  step  of  supplying  and  before 
the  step  of  ejecting  a  first  droplet,  of  heating  the  5 
ink  with  the  heat  source  operated  so  that  the  heat 
output  is  less  than  that  required  to  vaporize  any 
ink. 

11.  The  process  of  one  of  claims  1  to  10, 
characterzed  in  that  the  heat  source  is  an  elec-  10 
trical  resistance  heater  (30)  located  in  the  wall  (38) 
of  the  container  (24). 

12.  A  process  according  to  one  of  claims  1  to 
10,  characterized  in  that  the  heat  source  is  an 
electrical  resistance  heater  (28)  located  in  the  wall  75 
of  the  container  in  proximity  to  the  orifice  (26), 
that  a  power  supply  (50)  is  connected  to  the  elec- 
trical  resistance  heater  (30),  that  a  first  electrical 
precursor  signal  (62)  is  applied  to  the  resistance 
heater  (30)  from  the  power  supply  (50)  to  preheat  20 
the  ink  adjacent  the  resistance  heater,  the  precur- 
sor  signal  having  insufficient  energy  to  cause 
vaporization  of  the  ink  in  the  container, 
applying  a  first  electrical  ejector  signal  (60)  to  the 
resistance  heater  (30)  from  the  power  supply  (50)  25 
to  eject  a  droplet  of  ink,  the  ejector  signal  having 
sufficient  energy  to  vaporize  ink  adjacent  the  resis- 
tance  heater,  the  ejector  signal  being  applied  while 
tie  ink  adjacent  the  resistance  heater  is  still  heated 
rom  application  of  the  precursor  signal;  „  30 
applying  a  second  electrical  precursor  signal  (62') 
:o  the  resistance  heater  from  the  power  supply  to 
Dreheat  the  ink  adjacent  the  resistance  heater,  the 
:recursor  signal  having  insufficient  energy  to  cause 
/aporization  of  the  ink  in  the  container,  the  second  35 
jlectrical  precursor  signal  being  different  from  the 
irst  electrical  precursor  signal,  and 
applying  a  second  electrical  ejector  signal  (60')  to 
he  resistance  heater  from  the  power  supply  to 
3ject  a  droplet  of  ink,  the  ejector  signal  having  40 
sufficient  energy  to  vaporize  ink  adjacent  the  resis- 
ance  heater,  the  ejector  signal  being  applied  while 
he  ink  adjacent  the  resistance  heater  is  still  heated 
rom  application  of  the  precursor  signal. 

13.  The  process  of  claim  12,  characterized  in  45 
hat  each  precursor  signal  (62,62')  is  applied  as  a 
.ingle  pulse,  and  each  ejector  signal  (60,60')  is 
ipplied  immediately  upon  completion  of  the  pre- 
:ursor  signal  (Fig.  3). 

14.  The  process  of  claim  12,  characterized  in  so 
hat  each  precursor  signal  (62,62')  is  applied  as  a 
iuccession  of  pulses  (64)  (Fig.  4). 

15.  The  process  of  claim  12  or  14,  character- 
zed  in  that  each  ejector  signal  (60,60')  is  applied 
is  a  single  pulse  having  a  square  leading  edge  55 
Fig.  4,5): 
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