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RICHARD H. I 

Multiple-Nozzle Ink Jet Printing Experiment 

An experimental printer is described which utilizes a densely packed array of ink  jets operated in a binary, pressurized, asynchronous 
mode. The printer  conjguration, the  ink  jet head structure, the operating point, and the maintenance approach are all discussed. 

introduction 
Nozzle-per-spot ink jet printing utilizes an array of  nozzles 
(and associated charging electrodes) operated in a binary 
mode. Charged drops from each jet are deflected and inter- 
cepted by a common electrode and “drop catcher,” whereas 
uncharged drops pass undisturbed to the paper. The binary 
mode obviates the need  for sophisticated drop-placement 
algorithms and circuits required for analog ink  jet print 
schemes [l]. These correction schemes become too compli- 
cated and costly  when arrays of ink  jet heads are required for 
high-throughput applications. The reduction of the burden on 
the electronic control is achieved by using more complicated 
structures. In fact, these structures are practical mainly be- 
cause ofdevelopments in electronic semiconductor fabrication 
and packaging  technology. Unlike previously  described  ap- 
proaches, the nozzle-per-spot mode of printing described here 
is characterized by complete asynchronism between the  drop 
formation process and the charging process. This is advanta- 
geous  because  of the relaxation of requirements on drop- 
formation characteristics, and is made possible  because  of the 
use  of multiple drops per pel (picture element or spot). This 
paper focuses on the selection  of the operating point for 
optimization of print quality, on the fabrication techniques, 
and on novel start-up and maintenance concepts. Underlying 
themes of the work are the use  of planar batch fabrication 

Figure 1 shows one side  of the print head, illustrating the 
basic binary ink jet configuration. There are a variety of 
possible printer configurations, which are strongly influenced 
by the print speed and paper path. For instance, for cut sheets, 
a useful approach is the extension of the classical  facsimile 
geometry to  an array of sources creating a set of interleaved 
helices on a rotating drum. Assuming that batch fabrication 
techniques are used, the  jets could be packaged as close to 
each other as possible  with the printing rate increased by 
extending the length of the array until it ultimately spanned 
the page.  An alternative approach for  high-speed printing is 
stationary, staggered arrays spanning the page. This is the 
approach pioneered by the Mead Corp. [ 2 ] .  In general, two to 
four rows  of  nozzles are required because of the geometric 
factors associated  with the charging electrode, which require 
an adjacent-jet distance of at least one pel. Printing rates as 
high as a thousand pages per minute  are possible. Of course, 
the paper path in this case could be either cut sheet or 
continuous. In order to print at more modest rates (perhaps 
50 to 100 pages per minute)  on  continuous paper (fanfold) as 
required for computer-output system printers, the configura- 
tion of Figure 2 is most appropriate. The head is transported 
across the paper, filling in a complete band of  image. The 
head prints in both directions and the paper is advanced 

techniques to minimize the incremental cost of adding more during the head turnaround. 
nozzles to  the system and the choice of an operating point 
that minimizes sensitivity to structural nonuniformities rather The latter approach has  been the focus of this study. Some 
than trying to get maximum printed throughput from each  of the  unique requirements associated  with this approach are 
nozzle. the small mass and size  of the ink jet print head  for  ease  of 
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Figure 1 Array  of binary nozzles and the pattern formed by unde- 
flected drops reaching the paper. 

transport;  printing  during acceleration to optimize  through- 
put; low voltages to facilitate  integration  of  drive  electronics 
onto  the moving  head,  thereby minimizing cabling  complex- 
ity; and  printing a fully filled band  on each pass. 

The transportability  of the head makes it possible to  put 
certain operations in a “maintenance  station” off to  one side 
of the paper. The  maintenance  station  can perform  a variety 
of  functions,  such as start-up aid,  contamination cleansing, 
and drop-velocity sensing. These are discussed below. 

Printer  system  consideration 
Some of the basic concepts of the nozzle-per-spot operating- 
point selection can be understood and verified experimentally 
by consideration  of  a single nozzle (Figure 3). The deflection 
of the individual drops  can be approximated by 

A =  
4ev, Vd L2 

d2~n(4s /ad )  G v 2 ’  
. - . -  

where e = permittivity of air, v = drop velocity, v, = charge 
voltage, and Vd = deflection voltage. 

Other physical dimensions  are defined  in Figure 3. This 
equation gives a ?5% accuracy, which is accurate enough  for 
our application,  since the charged drops will be recycled 
through  the ink  system. 

A primary consideration  in the operating-point selection is 
to  make  the  drop size and velocity as low as possible to 
minimize both the distance from  the nozzle to  the paper 
(throw  length) and charge voltages. Drop size and velocity are 

Figure 2 Nozzle-per-spot printing configuration with  head trans- 
ported and continuous paper path. 
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Figure 3 Single-nozzle, binary-ink-jet schematic to define operating 
parameters. 

not completely independent of  each  other. In order  to  ensure 
stable operation of the  jet, it has been found  that  the kinetic 
energy of the  jet  as  it emerges from  the nozzle must be much 
greater than  the potential energy associated with capillary 
(surface tension) forces at  the nozzle exit face on  the  mean 
time  the velocity of the  drop has to be kept low to avoid  mist 
generation [3]. 

For a  particular drop  diameter there is a band of useful 
velocities bounded  on  the  bottom by directional stability 
criteria and  at  the  top by misting. In practice,  for jets with 
diameters  in  the 20- to 25-micrometer range, the useful veloc- 
ity range is approximately 1000 to 1500 cm/s. 
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Figure 4 Induced charge vs. A/d ratio with  geometry as a parameter. 

It is  necessary at this point to consider how these operating 
parameters relate to the volume of ink required for  image 
formation. Experience  with an experimental water-based ink 
indicates that ink should be deposited at a rate equivalent to 
a total deposition of about 8 micrometers ink-film  thickness 
on paper.  Assume a print resolution of 240 pels  per inch, 
corresponding to mm3 per  pel.  When  two drops are 
selected  per spot, the required drop volume  is 5 X mm3. 
The selection of a jet diameter, velocity, drop-formation rate, 
and separation is constrained by the well-known  Rayleigh 
dispersion relationship [4], namely,  for drop formation forced 
at the condition for maximum capillary  growth rate, 

X = 4.5d, 
D - 2d, and 
X f  = v, 

where X is the drop separation, d is the jet diameter, D is the 
drop diameter, and f is the drop formation rate. 

If the jet diameter is  selected as 25 micrometers and with a 
velocity at 1000 cm/s, the drop-generation frequency is 95 
kHz. For a relative  velocity  between the head and paper of 
250 cm/s, there are four drop-formation periods  associated 
with  each pel printed, but as stated earlier,  only  two drops are 
used. Under these conditions, a useful  deflection  for  unwanted 
print drops of about 0.1 cm  can be obtained with  charge 
voltages on the order of 25 volts at a distance between the 

302 nozzle and the paper of about 1 cm. 

Let us consider the consequences of the discussion thus far. 
By using  small and slow-moving drops it is  possible to achieve 
low-voltage operation and short throw. The correct amount 
of ink is  delivered to the paper by using more than one drop 
per spot but not all of the available drops. Now consider the 
question of synchronization of the charge  voltage  relative to 
the  drop formation. In  general, if there is no synchronization 
there will always  be an uncertainty of 1 in the number of 
drops that will be selected to strike the paper. This would  be 
intolerable if the design point were  precisely one drop gener- 
ated per spot. For larger numbers of drops generated  per spot, 
the deviations from  average  might not be significant as far as 
discernible print quality. On the average, the percentage of 
available drops per spot that is actually allowed to reach the 
paper will  be the percentage of available time during a one- 
pel period in which the charge electrode voltage  is  off.  In the 
asynchronous mode, it is  straightforward to print while the 
head  is  slowing down and speeding up. A fixed print-pulse 
width  is  chosen to give the correct volume of ink for each pel. 
The print pulse is synchronized by a signal from a head- 
positioning sensor. If the head happens to be moving  slowly, 
the percentage  of  available drops per pel actually used  will be 
smaller, with no perceptible  change in the actual printed 
output. 

Drop-placement  accuracy 
Now  consider the potential sources of drop misregistration in 
a binary, asynchronous printer. The most  obvious ones are 
the partial charging of a drop and differential transit time to 
the paper associated  with pattern-dependent aerodynamic 
drag. The effect  of partial charging of print droplets is to cause 
them to deviate from the trajectory of uncharged drops. The 
amount of deviation is  given by 

aP = AQJQT, 

where Ap = deflection of a partially  charged drop, A = deflec- 
tion of a fully  charged drop, QT = charge camed on a fully 
charged drop, and Qp = charge camed on a partially  charged 
drop. 

There are three sources of partial charging. The first  is  an 
induced charge [ l ]  which  is opposite in polarity to the pur- 
poseful  charge  on nonprint drops. This charge depends 
strongly on the charge-electrode  geometry and the X/d ratio, 
as indicated by the results  from measurements presented  in 
Figure 4. For typical parameters used in this study, the induced 
charge is about -7% of the charge camed on the previous 
drop. A second source of partial charging  results  from the 
rearward  merging  of a charged  satellite droplet (Figure 5).  
Experiments indicate that the fractional partial charge of 
satellite drop is proportional to the diameter ratio of the 
satellite to the main drop. The proportional constant is about 
0.4. Fig. 5 shows photographs of satellite formation and indi- 
cates that by choosing the wavelength-diameter ratio close to 
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the range  of maximum instability, one can ensure that the 
partial charge is  held to less than 10%. This is to be contrasted 
with synchronous ink jet operation (binary or analog) where, 
typically, a larger  wavelength is chosen along with other 
constraints to ensure that there are  no satellites (this is the 
print window concept [ 5 ] ) .  The final source of partial charging 
is related to the finite transition time of the voltage on the 
charge electrode from one state to the other. Printing experi- 
ments with and without synchronization between the  drop 
formation and the charging process indicated that less than 
5% of the printed drop was  affected. The degradation in print 
quality was  negligible. 

Aerodynamic distortions of the printed pattern of a single 
binary-operated jet are negligible  if the deflection  of the gut- 
tered drop stream is small enough so that  the deflected and 
undeflected drops travel in the same entrained air flow. How- 
ever, there are significant aerodynamic problems associated 
with retardation of jets at each end of the array, which will  be 
discussed  below. 

We  now turn to some of the sources of spot misregistration 
that relate to the performance of an array of jets. Most 
generally, these result from directional, velocity, and drop- 
formation-distance nonuniformities aIong the array. 

The effects of directional nonuniformity are rather straight- 
forward, with the spot misregistration given  simply by the 
product of the throw length and  the jet directional deviation 
in radians. The principal defense against directional errors is 
to keep the throw length from the nozzle to the paper as short 
as possible. The situation is not quite as simple as it might 
seem; if the throw length is shortened by decreasing the  jet 
velocity in order to get the necessary  deflection  within the 
shorter throw, a point is reached (as discussed above) where 
the  jet directional accuracy is degraded. In general, above the 
critical velocity, the improvement in  deflection sensitivity is 
greater than the loss in directional accuracy of the jets. 

Figure 6 illustrates the effect  of  velocity nonuniformity on 
drop registration. The drop misregistration is  related to the 
velocity nonuniformity by 

Spot misregistration 

= vh X drop velocity variationJv2, (4) 

where vh is the head velocity and e is the distance traveled by 
the drop. 

The sources of drop-velocity nonuniformity can be varia- 
tion in the nozzle  efficiency (assuming uniform pressure  in 
the manifold behind it) or differential aerodynamic drag. In 
general, the edge jets tend to be aerodynamically retarded 
relative to the central jets. Two approaches to this problem 

Smaller satellite 

Main drop diameter ‘.- -. ” 

Figure 5 Photomicrograph of satellite drop formation. 

s” 
Figure 6 Key factors affecting dropplacement accuracy. 

are to have “guard” jets on the ends of the array or to create 
a more uniform flow  by forcing air through the channel the 
jets travel. Variations in  nozzle  efficiency are to be avoided, 
first  by selection of the physical shape (design) of the nozzle, 
and then by control and perfection  of the fabrication process. 

The jet break-off distance (BOD) nonuniformity along the 
array is related to  the relative drop misregistration by 

spot misregistration = BOD nonungormity X 5.  ( 5 )  303 
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mm give a  root mean square  value of the drop-registration 
error of k0.05  mm for the  operating  point described above. 

Head  design,  fabrication,  and  performance 

Weak perturbation  Strong perturbation 

Figure 7 Jet  break-off  distance  uniformity  vs.  vibration  mode  shape. 

i 

Figure 8 Head-assembly  schematic. 

: Charge plate 

The  primary source  of the BOD variation  is the  nonuniform 
vibrational perturbation  on  the nozzle  plate  along the array. 
This is avoided by designing the head so that  no nodal line 
cuts across the  jet  array  at  the drop-generating  frequency 
(Figure 7). 

Our experience  with  two  25.4-mm (1-in.)-long arrays of 
240 nozzles is that directional uniformity < k 3  milliradians, 

304 velocity uniformity < k 1 %, and  jet BOD variation < k0. I 

Drop generator 
The nozzle array is etched into a silicon chip  that is bonded 
to a glass block containing  the ink  manifolds. A thin piezo- 
electric  ceramic  disk bonded  to  the opposite face of the glass 
block  provides the mechanical perturbation required  for  uni- 
form periodic drop  formation of the jets. An input filter serves 
to  guard against clogging. The  drop generator is shown in 
Figure 8 [6]. 

The nozzles are holes  with the  shape of a truncated pyramid 
etched into a silicon substrate [ 7 ,8 ] .  Figure 9 shows a  scanning 
electron  micrograph  of both  an individual nozzle and a seg- 
ment of an array. The shape of the hole is determined by the 
anisotropic characteristics of the silicon etch. By using thin 
silicon substrates  it is possible to place the nozzles on 0.2032- 
mm (0.0083-in.) centers as required for a two-row 240-pel- 
per-inch print head. 

The  unusual  shape of the holes has some  important fluid 
dynamic consequences. As might be expected, the convergent 
shape of the nozzles makes  them very efficient (low-pressure 
drop)  and insensitive to  area variations. Figure 9 shows the 
velocity sensitivity factor with respect to  the nozzle size as a 
function of ink viscosity and nozzle size. In  order  to  maintain 
velocity uniformity of k 1 % it is necessary to  control  the orifice 
area  to k6% for an  ink with viscosity of  2 C.S. (2 X m'/ 
s). This corresponds to a  linear  photolithographic  tolerance of 
k0.6 micrometer, a  stringent requirement.  Another property 
of this nozzle geometry is the difficulty of  achieving satellite- 
free operation.  Hence  our  nominal  print  condition was with 
rear-merged satellites, as  shown  in Fig. 5. This  may be a 
consequence of both  the high efficiency and  the square  shape. 
The  jet relaxes from  the square shape  at  the nozzle exit to  the 
cylinder  in a time  that is short  compared  to  drop-formation 
time [9 ] .  

The glass block is carefully designed to  ensure  that over  a 
band of  frequencies  centered on  the operating  frequency  the 
piezoelectric driver will cause  a  uniform  displacement  of the 
entire nozzle array. The resulting velocity perturbation causes 
capillary  instability  of the  jet  and  controls  the rate of drop 
formation. It is to be contrasted with the  complementary 
approach of pressure perturbation  [lo]. Although drop-for- 
mation-length  uniformity is not of fundamental  importance 
in asynchronous printing,  good results have been achieved 
(Figure 10). 

Charge electrode 
The charge  electrode array is composed  of slots formed  in the 
edge of a  ceramic plate. The slots are metallized and isolated 
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from each other and connected to a cable by printed-circuit 
conductive lines on  the flat  surface of the plate. A plate is 
bonded over the flat surface to passivate it against electrochem- 
ical corrosion. Figure 11 is a schematic of the electrode array. 
Two such pieces  face each other, as indicated in Fig. 8, each 
with slots on 0.2 13-mm centers and displaced from each other 
along the array axis by 0.106 mm. 

Deflection and guttering 
The deflection and guttering structure is  shown schematically 
in Fig. 8. A high-voltage plate is positioned between the two 
linear arrays of jets, which are deflected  in opposite directions 
into porous catchers that serve as the ground electrodes. 
Careful attention must be paid to the selection  of the porous 
material and the design  of the manifold behind the material 
to ensure that there is no excessive air flow due  to the vacuum 
applied to  the drop catchers. The goal  of the design  has  been 
to have  fluid to block transverse air flow that could degrade 
the image. Another consideration in the design  was to mini- 
mize misting from drop impacts. The key factor in that respect 
is to optimize the angle of impact. Experiments indicate that 
if the normal component of the drop velocity  is too small, the 
drop can be bounced off the porous surface like a ping-pong 
ball. On the other hand, mist  will  be generated if the normal 
component becomes too large. The  optimum impact angle we 
selected  for our system  was 9”. 

Start-up and maintenance 
The head components are assembled  with  gaskets, ducts, and 
channels to facilitate a novel start-up and cleaning approach, 
which  was part of the study. The assembly  is schematized in 
Figure 12. During start-up the head is positioned at a main- 
tenance station located along the head-transport mechanism 
beyond the edge  of the paper path. The head is completely 
flooded  with ink supplied by the nozzles. When the head 
cavities are full, a vacuum is applied to the main channel 
opening (where the jets emerge) and air is  allowed to flow 
through the ducts to clear fluid from the charge-electrode 
constrictions. Typically, it takes about one minute for an 
electrically nominal “dry” condition to be reached. Periodi- 
cally, the head  is returned to  the maintenance station to be 
flushed clear of any paper fibers or other debris that may have. 
accumulated. 

Materials considerations 
The drop generator contains some of the most significant 
challenges  from a materials-technology viewpoint. All  of the 
materials in contact with the ink must be carefully  selected so 
as to be compatible with the ink and with one another. The 
entire assembly, including the filter, must be  very carefully 
assembled under controlled conditions to ensure that there 
are  no  contaminants in the head capable of migrating to the 
orifices. The conductors in the charge-electrode slots must be 
uncoated to achieve correct electrical operation (no surface 
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Figure 9 Jet  velocity  sensitivity for silicon nozzle and  scanning 
electron  micrograph. 

HEAD NUMBER 185 BOX NUMBER 9 
P R I N T I N G   I S  SOMETHING  WHICH  CAN BE SEEN.  PERCEIVED  WITH OUR EYES. 
REGARDLESS OF THE MANY POSSIBLE  DIFFERENCESI ALL PRINTED PRODUCTS 
HAVE ONE THING I N  COMMON-THE RESULT I S  ALWAYS A V I S I B L E  IMAGE 
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MAN’S EARLIEST KNOWN ATTEMPT AT A VISUAL RECORD OF HIS LIFE AND 
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TIMES  DATES BACK 30,000 YEARS.  THESE WERE WALL DRAWINGS  CALLED 
PICTOGRAPHS,  SUPERSEDED  BY MORE COMPLEX ILLUSTRATIONS  CALLED 
IDEOGRAPHS.  THEY I N  TURN WERE SUCCEEDED  BY  THE PERSIANS. 

Figure 10 Print  sample  from 25.4-mm (1-in.) head  printing experi- 
ment. 

Rhodium 

Figure 11 Schematic of charge  electrode  array. 305 
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Figure 12 Head assembly  with start-up fluid and air flows indicated. 

charge build-up). They are operated under conditions which 
create susceptibility to electrochemical corrosion. Materials 
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Printing  experiments 
Printing experiments were camed out  on  a prototype device. 
The head  was transported across a 36-cm-wide  fanfold paper 
path printing a 25.4-mm (1-in.) swath. The peak transport 
velocity  was 250 cm/s. The paper was moved in precise 25.4- 
mm (1-in.) increments during the 50-ms  period  of turnaround 
and  no printing. The print sample is reproduced in Fig.  10. 
The background is very clean and the overall print quality is 
acceptable for many system-printer applications. 

Discussion 
Some of the highlights  of the asynchronous, multiple-drop 
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Areas that have  shown  positive evaluation results but need 
significant further work in order to ensure a successful  high- 
reliability product are 1)  sensitivity of the head to paper-fiber 
(dust) contamination, 2) wet start-up reliability, and 3) elec- 
trochemical corrosion on  the charge-electrode array. 
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