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In this Issue
Likemostof ourissues,thisonedealswiththedesignof HPproducts-in
this case, HP's ThinkJetfamilyol portablethermalink-jetprinters.The
ThinkJetPrinterwasan instantmarketsuccess.lt hasthespeed,reliability,
andlowcostof a conventional
dot matrixprinter,butis quieterandsmaller,
has betterprintquality,and is batterypoweredand easilyportable.Unlike
mostdesignstories,however,the ThinkJetstoryhas an importantextra
element:a new technology
was involved.Thermalink-jetprintin5boiling
ink to makeit spitout of a holeand makedotson paper-was,so far as
anyoneat HP knewat thetime,theoriginalideaof JohnVaughtof HewlettPackardLaboratories.The great potentialof this new idea infusedthe projectwith an excitement
that carried through the many months of researchand developmentthat were needed to take
the idea from primitiveprototypesto a commerciallysuccessfulproduct.There was a midcourse
shockin the suddendiscoverythat Canon,Inc.had had the thermalink-jetidea earlier,a dilemma
resolvedby the signingof a technologyexchangeagreementbetweenthe two companies.In the
articleon page 4, NielsNielsenrecallssome of the milestonesin the developmentprocess,giving
us an idea of what it was like to be there. Early on, knowledgehad to be acquiredabout the
physics of thermal ink jets so the design could be based on a thorough understandingof the
phenomenon.This researchis the subjectof the report on page 21.The thin-filmstructureand
the orifice plate of the ThinkJet printheadare described in the articles on pages 27 and 33,
includingthe ingeniousmethodof makingthe orificeplatesby platingmetal onto a mandreland
then peelingoff the ultrathinfinishedplates.The articleon page 11 describesthe ThinkJetPrinter
family and the design of the inexpensiveprinting mechanismthat carries the thermal ink-jet
printhead.In his Viewpointsarticleon page 38, FrankCloutiergives us a managementperspective
on the ThinkJetproject,providinginsightinto the guidanceand controlthat are neededto keep
another"breakthroughtechnology"from becomingjust anothercommercialfailure.Our cover is
a closeupview of the orificeplate.
Creditfor pullingthis issuetogethergoes to AssociateEditorKen Shaw,who did an outstanding
job of coordinatingthe effortsof authorsat HP Laboratoriesin Palo Alto, Californiaand the HP
Divisionsat Vancouver,Washington,Corvallis,Oregon,and San Diego,California.
-R. P. Dolan

What's Ahead
In theJuneissue,nativelanguage
support
fortheHP3000Computer
willbethesubject
of

one article, and six articleswill cover the mechanicaland electricaldesign of the HP 25694,
2565A, and 2566A Line Printers,a family of dot matrix impact printerswith speedsof 300, 600,
and 900 lines per minute.
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Historyof ThinkJetPrinthead
Development
Theprinciplewas simple:eiectinga minutedropletof ink
boilingtheink.Applyingittothedesignof
by momentarily
a commerciallyviabledisposab/eink-ietprintheadrequired
ng.
cleverand persistentengineeri
by NielsJ. Nielsen
SING THERMAL EXCITATION to eject droplets of
ink through tiny orifices to print text was first proposed within Hewlett-Packard by John Vaught of
HP Laboratories." The first embodiment of this simple concept at HP's Corvallis Division (seebox on page 7) marked
the beginning of the development of a high-quality ink-jet
printhead that could be manufactured in quantities large
enough to support the projected demand. This deviceconstructed shortly after a new portable thermal printer
product investigation began-featured an orifice plate
made from a piece of thin brass shim stock in which a
single orifice was punched by hand, using a sewing
machine needle borrowed from an engineer's wife. This
orifice plate was aligned by hand over a conventional thermal printhead substrate and fastened in place with a thin
sheet of solid epoxy preform adhesive, which also served
to define the gap between the substrate and the orifice
plate. This simple printhead shot fountain pen ink several
inches through the air, much to the delight of all concerned,
and proved itself capable of eventually delivering enough
ink to black out the obiectivelens of the microscopeused
to observe it in action.
Punching orifices in brass plates by hand was a hit-ormiss proposition and so was quickly replacedby laserdrilling the orifices in thin sheetsof ceramic material. A printhead of this type, manipulated by a gpaphicsplotter as if
it were a plotter pen, produced the first text printed by a
Thinklet printhead (Fie. 1). The letters were formed by
ejecting a continuous stream of droplets through the head's
single nozzle as the plotter moved the head to "draw" the
letters.

and high dot density difficult to achieve simultaneously.
This is becausethe combination of printhead scan speed
and resistor duty cycle must be juggled to ensure that
enough heat getstransferred from the printhead to the paper
to make the paper change color. Turning up the power
input to the printhead resistors to transfer this energy to
the paper faster (thereby permitting faster printing) causes
the spots "printed" by the resistors to be elongated in the
direction of the printhead scan, limiting horizontal dot
density. To an extent, this "streaking" can be decreased
by cutting back the power input to the resistors as the head
warms up during a print scan,but this necessitateseither
a complex power supply and perhaps a printhead thermometer to generatea control signal or a number of assumptions on resistor duty cycle to permit the system to run
open-loop without overheating. Slowing down the printhead scan speed eliminates streaking but compromises
throughput.
Vertical dot density (fixed by the resistor spacing on the
printhead substrate)is limited by the size of the resistor
required to transfer the appropriate amount of heat to the
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Why lnk-let Printing?
What advantagesdoes ink-jet printing offer to the print
mechanism designer and ultimately to the end user?
Ink-jet printing is inherently quiet, since nothing strikes
the paper except the ink. Conventional thermal printing
technology-in which a thin-film resistor array is dragged
acrossheat-sensitivepaper that darkensin responseto minute bursts of heat from the resistors-is just as quiet, but
the application of conventional thermal technology to highspeed, high-quality printing is limited by several factors'
The thermal mass of the printhead makes high print speed
'Unknown to HP at this time, Canon, Inc. was independentlydeveloping this technology,
refetredto by them as "Bubblejet." For details,see the article,"Coping with PriorInvention,"
by Donald L. Hammond in the Hewlett-PackardJournal, March 1984.
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Fig. 1. Flrst text printed by a ThinkJetprinthead. A printhead
was mounted on an X-Y plofter in place of the normal pen
and fired on the fly as the plotter moved the printhead to write
letters.

paper. The exotic chemistry of thermal paper limits the
print color to blue or black only, causes premature printhead failure if an unapproved grade of paper is substituted
by the user, ruins the printed output if it is exposed to
strong light, heat, or chemical vapors, and drives up the
manufacturing cost of the paper. Ink-jet technology, while
not without its own drawbacks, is not affected by these
limitations to the extent that conventional thermal printing
is. This gives it a number of customer satisfaction advantages.
Since ink-jet printing, unlike impact printing, does not
involve striking the paper with a powerful array of electrornagnetically driven hammers, the printer chassis and
printhead scan carriage can be made substantially lighter
and smaller since they no longer need to maintain close
tolerances in the face of constant pounding action and vibration loads. This simplifies the printer mechanism design
and decreases its cost by allowing a lightweight plastic
chassis to be used, in addition to decreasingthe torque and
robustness requirements of the head scanning mechanism.
This means that an ink-jet printer mechanism can, in principle, be made smaller, lighter, simpler, and less expensive
than an impact printer of similar print quality. And this,
in turn, means that ink-jet technology is a natural choice
for a compact, low-cost printer product, provided, of
course, that the printhead design goals can be met.
Why Portable?
If ink-jet technology is compact, lightweight, and lowcost, why not portable as well? Portability traditionally
implies battery operation in the calculator and computer
marketplace. But battery operation places severe constraints upon printing technology; for a printing method
to be considered portable, it must be energy-efficient
enough that the battery power pack needed to operate the
printer for a reasonable time is not so large as to render
the product nonportable. In this way, battery mass considerations eliminate impact mechanisms from portable applicatio4s because of their power-hungry electromagnetic
hammers and large carriage drive motors. Even conventional thermal printheads are only marginally applicable
to portable printing. Ideally, the printhead in a portable
printer should consume no more power than the electronics
in the printer, which is another way of saying that a portable
printer's energy budget is dominated by its motor drives
and precious little remains for other functions (such as
putting readable marks on paper, ironic as that may seem),
lest the battery pack turn the product into something better
used as a boat anchor.
To put one mark on a piece of paper, a full-sized impact
printer, such as the HP 2934, consumes 6 millijoules of
energy. A smaller, but still not portable impact printer, the
HP 829054, consumes 4 mJ per dot. The portable, thermal
HP 82162A Printer does only slightly better at 3.4 mJ per
dot. But thermal ink-jet technology requires only -9.64 mt
to print one dot. This enormous improvement in energy
efficiency means that a portable, BO-column, page printer
capable of several hundred pages of output per battery
charge became feasible for the first time.
For these reasons, the thermal ink-jet technology looked
like a novel way of addressing a market need-almost good

enough to bet on. So the conventional portable thermal
printer project mentioned earlier and already in the preliminary investigative phase at HP was studied as a possible
first application of the still undesigned thermal ink-jet
printhead. In essence, this involved retrofitting a partially
designed printer mechanism with a wholly new type of
printhead, which at the time was only slightly more than
a laboratory curiosity. This represented an enormous gamble: could the printhead be designed and built in time for
the printer to use it? Could the printhead really be made
cheaply enough to justify itself as a consumable? Would
the printhead even fit in the mechanism?
Initial Development
Having demonstrated that the basic concept would work,
the engineers started work on some refinements. Laserpunched orifices in glass or ceramic substrates were rough
and irregular in the punched condition and were not easy
to clean up. So a switch was made to laser-punched stainless-steelshim stock which could be chemically polished
after punching to yield a smoother bore.
Meanwhile, we had problems with ink oozing out of the
orifices and accumulating on the outside of the orifice plate.
Antiwetting coatings as tried by at least one other ink-jet
printer manufacturer were too hard to apply and too easy
to remove, so we took a hint from one manufacturer's technical data sheet on their piezoelectric printhead and prevented the ink drooling by drawing a negative hydrostatic
head on the fluid circuit feeding ink to the head. A small
f-tube manometer using gravity to draw a one-inch vacuum
inside the ink reservoir cured the drooling problem and
allowed us to excite more than one orifice at a time without
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Fig. 2. (a) Prototype prrnthead using a stanless steel plate
withsevenlaser-drtlled
orifices.AJ-tubemanometerprovrded
a negative hydrostatic head for the hortzontal ink feed. (b)
Textpilnted with this prototype ejecting ink droplets at a rate
of 50 dropslsecondfor each orifice.
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clogging adjacent orifices. As a result, we were then able
to produce our first dot-matrix text with a thermal ink-jet
printhead using a prototype shooting plotter pen ink out
of seven orifices at what seemed to be a blinding speed of
10 characters per second (Fig. 2).
We cautiously pushed the speed up and improved the
orifice plate cleanliness as time went by, and then we
shrunk the center-to-center spacing of the resistor elements
to 0.25 mm by using developed photoresist walls to hold
back crosstalk. This gave us our first reasonably sized
characters (Fig. 3). The next step was to machine some
less-clumsy substrate carriers and try the printhead in a
printer to get some idea of how it might behave as a real
printhead. This was done with a modified HP 829054 DotMatrix Printer (Fig. q).
One of the engineers at the Corvallis Division had an
idea at this time for electroforming the orifice plates to get
smooth and accurately positioned bores more easily (see
article on page 33). So we went back to a center-to-center
spacing of 0.5 mm to test out this idea. At this point the
droplet size was getting close to being the right value and
the ejection velocity was approaching its eventual value.

PrintQuality
One of the most fundamental initial design criteria for
the proposed thermal ink-jet printhead was that it provide
better print quality than that provided by the HP 829054
Dot-Matrix Printer it was intended to replace in HP's product line. This was achieved by increasing the number of
vertical dots in the font beyond the nine dots used in the
HP 829054, thereby making the characters more fully
formed, and by exploiting the ink droplets' tendency to
bleed together once on the paper, thereby masking the normally jagged appearance of dot-matrix text. Rough estimates of printer cost and desired printing speed indicated
that a 12-dot head was not unreasonable and that it could
be supported by the custom processor under consideration
for the printer at a maximum printing rate of about 150
characters per second.
The orifice plate fabricated by the electroforming process
in use at the time featured a nozzle spacing of about 0.25
mm, which was felt to be close to the minimum spacing
that the process would permit without having to split a
single column of nozzles into two staggered vertical arrays
for greater vertical dot density. The two-column approach
was ruled out because it would allow small head velocity
variations in the printer to introduce visible dot placement
errors during printing. While a closed-loop printhead position control system could, in principle, prevent this, stringent cost restraints on the printer mechanism prohibited
this approach and thereby limited printhead resolution to
about 100 dots per inch vertically basedon 0.25-mm spacing.
Twelve nozzles on 0.25-mm centers yielded a print zone
3 mm tall, which for a font with three descenders gave the
r!{ts nt5.5tl6E
9R9PillIEo gIIt{ R 5I iltLifr5 ltff,DRT 8t0l{Z (1.5
It 3 f,ILs 0UI5tDtfltD { illL5 llslDf&lFLRIE Tl{Ilf;f{EssI$ 4.7
Fig. 3. Flrst text with reduced resistor-lo-resistorspacing.
Orificeplate had eightoilfices eiecting ink droplets at800 Hz.
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Fig. 4. Prototype printhead modified for use in HP 809054
Dot-Matrix Printer.
product group an uppercase character 2 mm tall (excluding
ink spread on the paper). This size the printer designers
considered small, but acceptable (see Fig. 5).
The Next Stage
By this time, the printhead development team was fabricating heads with 12 orifices on 0.25-mm centers using
orifice plates electroformed out of nickel and featuring
built-in separator walls to prevent crosstalk. We had shrunk
the resistor size to the point where preheating the resistors
before firing was no longer necessary to vaporize the ink
quickly, which simplified the drive scheme. Experimentation found that a six-microsecond firing pulse offered the
best compromise between minimal power consumption
and voltage sensitivity.
Up to then, ink had been fed around the edge of the glass
substrate and underneath the orifice plate. Core drilling
was proposed as way of getting a more direct ink feed and
allowing a simpler glue line for assembly. Soon thereafter
we got prototype molded plastic parts on line and then
had something that started looking and printing like a
reasonable printhead (see Fig. 6), especially when we got
our first pressure-contact flexible circuits to hook it up to
a breadboard system.
At that point we had demonstrated that the printhead
might be made small enough to fit into a portable printer,
that it could print fast enough to beat a compefitor's printer,
that with 12 nozzles 0.25 mm apart it could beat the same
printer for print quality, and that ganged assembly would
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Fig. 5. fe{ produced with 12-nozzleorifice plate. Nozzles
are spaced on 0.25-mm centers in a single column.

Fig. 6. Prototype injection-moldedhead assembly.
work. We then shifted our focus from blue-sky engineering
to concentrating on hammering the printhead into something we could build for use in the new portable printer
being defined at that time.

Why Disposable?
Early ink-jet printers used permanentprinthead assemblies in which, with one exception, ink was plumbed
out to the printhead carriage through a system of flexible
hoses leading from a remote ink bottle. These plumbing
systems were generally quite complex and delicate, since
they were forced to include priming pumps, tiny shutoff

valves, pressure regulators, filter screens, bubble traps, and
the like to isolate the dynamics of droplet ejection from
inertially generated pressure surges in the moving hoses
and to keep the printhead from choking on dirt or air bubbles introduced into the feed lines by refilling the remote
ink reservoir. The cost, complexity, and reliability problems associated with these ink plumbing systems slowed
consumer acceptance of ink-jet technology and limited its
use to large system printer applications and other
specialized markets until Siemens introduced its PtB0i inkjet printing mechanism in 1979, which eliminated many
of the plumbing problems by putting the ink supply (in
the form of a user-replaceable cartridge) on the carriage.
The printhead itself was of the piezoelectric drop-on-demand type, still fairly expensive and complex in its own
right, although free of plumbing. This was partly because
of the intricacies of its piezoelectric pump array (which
does not lend itself easily to the economies of high-volume
mass production), and partly because the ink cartridge exchange mechanism still required filtration, pressure priming, spill catching, and electrical out-of-ink sensing systems
in addition to a needle-and-septum arrangement for piercing the ink cartridge and establishing ink flow to the nozzle
array. These factors kept the cost too high and the physical
size of the printhead too large to permit exploitation of

Mass-Producing Thermal Ink-|et Printheads
The originalembodimentof the thermalink-jetconcept proposed by JohnVaughtof HP Laboratories
was an inkJilledconduit with one end connectedto an ink reservoirand the other
end opento the outsideworld.A tiny planarresistorwas located
on an insidewall of the conduitand bathedin ink.A shortpulse
of electricalpowerappliedto this resistorcaused it to heat up
veryquicklyto a temperature
far in excessof the nominalboiling
temperature
of the ink fluid.The boundarylayerof ink covering
the hot resistorpromptlyexplodedintovapor,forminga bubble
that coveredthe resistorsuriace.The bubble surfaceadvanced
into the surroundingfluid so vigorouslythat it could be thought
of as a tinypiston,displacingfluidawayfromthe resistorsurface.
Heattransferout of the bubblecausedthe vaoorwithinto condense with equal violence,and microsecondsafterits sudden
appearanceit collapsedback ontothe resistorsurface.The piston actiondisplacedlluid out of both ends of the conduit,but
the resistoralongthe lengthof the conduit,
by cleverlypositioning
most of the displacementcould be directedout the open end
of the conduit ratherthan back into the reservoir.The resultwas
that a tiny dropletof ink fluid was shot out the conduitby the
pumpingactionof the vapor bubble.The surfacetensionof the
fluidat the exitend of the conduitcontractedthe meniscusoresto be drawninto
ent there,whichcausedfluidfromthe reservoir
the conduitto replacethe volumeof fluidjust ejected.A piece
of paper held closeto the open end of the conduitduringthis
process ended up with a spot of ink on it. Hence, an array of
these resistor-drivennozzlescould be used to orint dotmatrix
text or raster-scangraphics.
How to producethe conduit?The methodinvestigated
during
the early days of thermal ink-jet research at HP Laboratories
used a plate with a groove etched into its surfaceto form three
of the conduitwalls.This plate was then alignedover another
platethat bore a thinJilmresistoron its surface,therebyforming
a square-cross-section
tube with a resistoron one of its walls.

Ink was fed in one end of the tube and the otherend aimedat
a piece of paper. A row of resistorson the base plate, when
properlyalignedwithan upperplatebearinga seriesof grooves,
tormeda row of nozzlesshoulder-to-shoulder,
whichcouldthen
be used to orintdot-matrixtext.
After seeing a demonstration
of this device firing a single
stream of dots out of a single nozzle,Frank Cloutierof HP's
CorvallisDivisiondeviseda new devicestructurewhich eliminatedthe needfor a platewithchannelsetchedintoit (a difficult
beastto fabricate)and which led naturallyto a high-volume
assemblytechnique.In this new embodiment,the plate bearing
the resistorarrayis toppedwitha platecontainingholesaligned
over the resistors.Ink fluid flows out to the resistorsthrougha
thin space betweenthe two platesand is shot straightout the
holeswhenthe resistorsunderthemare energized.One advantage of this layoutis that it is easierto make accuratelyformed
holes than channels.More important,however,is the idea of
formingthe platewith holes(theorificeplate)as a smallpiece
of a much largerplatecontainingmanyindividualorificeplates,
each with its own array of holes.This master plate can then be
alignedwith and attachedto anothermasterplate(the resistor
substrate)bearingmany resistorarrays.The resultingmassassemblyis then cut up into individualpieces,each a complete
orificeplate and resistorsubstrateassembly.In this way, only
one alignmentstep is necessaryto alignmany individualparts,
and the orificeplate is attachedonly once ior any one master
plate pair, with the adhesivebeing screenedor photodefined
onto the resistorplate beforeassembly.The key to this processing conceptis,of course,thateachprocessstepgetsperformed
on a large numberof partsall at one time,and it was this that
would give thermalink-jettechnologya chanceat meetingthe
cost goal necessaryto make the ThinkJetprintheadwork as a
consumableitem.
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piezoelectric drop-on-demand ink-jet technology in the
low end of the printer market, already dominated by wirehammer impact machines like the Epson MX-80.
To serve this portion of the printer marketplace
adequately and for the resulting printer product to be costcompetitive with existing low-end thermal and impact
printers, an ink-jet technology was required in which the
cost of the printhead was roughly two orders of magnitude
less than the state-of-the-art piezoelectric systems available. Accomplishing this goal requires that the cost of the
printhead's droplet-generating mechanism be of roughly
the same order as the cost of its expendable ink supply.
This in turn presents the possibility of manufacturing the
printhead assembly as a disposable unit, thrown away
when its self-contained ink supply has run dry-no hoses,
plumbing, or valves to add complexity and drive up cost
or size. However, this approach can make other size and
ink constraints more difficult to comply with.

Sizeand Ink Constraints
Size constraints on the proposed Thinkfet printing mechanism were severe. Only one cubic inch was available for
the printhead and no space at all for an off-the-paper "service station" to house the printhead when not printing. To
meet the printer design team's longevity needs, the printhead had to be able to print at least 500,000 (preferably
750,000) characters. Since the font under development by
the printer team averaged about 17 dots per character, this
implied that the printhead contain between 8,500,000 and
1,2,750,OO0
droplets in a reservoir within the allowed cubicinch volume, only part of which would actually be available for ink storage. Since each droplet weighs about
3 x 10 7 gram and has a density of about one gram/cm3,
the head would have to carry a worst-case usable ink volume of about 3.8 cmt or about 23% of the total available
volume. For these droplets to yield acceptable print quality
at a density of r0o dots per inch, it is necessary for each
of them to spread out on the paper to a final diameter of
0.01 in and preferably 0.012 in. This would guarantee an
amount of dot overlap and bleeding sufficient to reduce
cusping to an unobjectionable level, yielding smooth-looking characters with a minimum of the graininess ordinarily
inherent in dot-matrix print. It was also assumed likely
that the printer's output would be handled almost immediately after printing, making ink absorption and drying
times of less than one second essential.
The absorption speed specification could be met with a
simple ink composed entirely of water and a small amount
of soluble dye, but such an ink would evaporate so quickly
from the printhead nozzles as to clog them with crusts of
precipitated dye after brief exposure to air. To prevent this,
a capping station would be required for the printhead when
it was not in use and there was no space available for such
a station. In addition, because of its low viscosity, an allwater ink would create substantial amounts of mist and
stray dots during operation, seriously degrading print quality. When such an ink was used in our printhead, the dots
produced on the paper were less than half the required
diameter, yielding text impossible to read. This problem
could have been solved by drastically increasing the size
of the ejected droplet, but this would have meant increasing
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the reservoir volume beyond the printhead size constraints
(or decreasing the number of characters that the head could
print) in addition to violating the mechanism size constraint by requiring a capping station.
Traditionally, the evaporation rate of common felt-tip
and roller-ball pen inks is reduced by replacing at least
part of the water in the ink vehicle with a water-miscible
fluid of low volatility such as glycerin or ethylene glycol.
However, such a glycol/water ink mixture is absorbed very
slowly by most common printing papers when applied to
them by an ink-jet printhead, causing freshly printed text
to smear if touched within ten minutes after printing.
The conflicting requirements of quick absorption time
and freedom from nozzle clogging could both be met only
if a paper specifically designed for ink-jet printing was
used with the water/glycol ink solvent system. Hence, an
ink-jet paper was chosen for use in the new printer, since
at this time no ink system existed that was capable of producing 0.02S-mm diameter dots from droplets weighing
less than 3 x 10 7 gram without asymmetrical spreading or
long absorption times on plain papers. (See box on page
32 for more details about the ink-paper system.)
Printhead Design Refinement
The plastic parts we were using at this time had nothing
to prevent the ink from spurting out of the air return vent
when a printhead cartridge was dropped. So a collapsible
ink reservoir using a polyethylene membrane was tried.
These new heads still needed gravity to work, however,
and when dropped, could still be made to empty themselves-in this case through their orifices. The polyethylene
also turned out to act like a screen door for gas transmission,
causing the reservoir to accumulate air bubbles. To solve
these problems, one of the engineers had the idea of using
a rubber thimble of some sort to hold the ink. This thimble
would be impervious to gas and so would have to deform
as the ink was drained from it. This would tend to "suck
back" the ink in the orifices, thereby preventing any drooling even in the absence of gravity. This new bladder-style
ink reservoir had to be shoehorned into the printhead size
constraint.
At this time, the glues used to assemble the printhead
cartridge were not yet defined, with RTV silicone rubber
being only a temporary candidate. A team of engineers hit
the road to visit major glue manufacturers and eventually
settled on the use of a UV-curable adhesive for attaching
the substrate to the reservoir cartridge.
The means for connecting the printhead electrically to
the printer mechanism had been solved by using a flexible
printed circuit with dimpled contact pads pressed against
the printhead substrate by an elastomeric backing (see box
on page 14). All that seemed to remain to be done was to
conduct reliability and life tests and to refine the fabrication
process for production volumes.
Some Stumbling Blocks
The design team was now building printheads that contained airtight, rubber thimble, collapsible ink reservoirs.
Electrical connector reliability had been tested and found
satisfactory. The assembly adhesives were in the process
of being life tested, shipping package samples were coming

Preventing Hydraulic Crosstalk
Hydrauliccrosstalkin multiple-orifice
ink-jetprintheadsis the
phenomenon
in whichinkis ejectedfromorificesotherthanthose
desired.A problemariseswhen enoughink has been ejected
out of theseundesiredorificesthat it breaksfree from the printhead and landson the paper.A lineof text printedby an ink-1et
printheadwith this problemwill exhibita randomsprinklingof
ink dropletssuperimposed
on the text,seriouslydegradingprint
oualitv.
A relatedproblemis orifice{o-orifice
consistency,
as indicated
by horizontal
banding(a printdensityvariation)
in densegraphics
outputwhen all orificesare beingaskedto ejectdropletssimultaneously.The characterof such banding is a functionof the
orderof dropletejectionfromeach orificeand is causedby fluid
flow patternsin the printheadinterfering
eitherconstructively
or
jn such a way as to alterthe volumeof ink ejected
destructively
by a particularorificein a systematicmanner.Thiseftectcould
be minimizedby prudentselection
of ejectionorderand repetition
rate,but would not be completelyeliminated.
The primarycause of these two problemsis noncompliant
coupllngof the fluid in any one orifice(nozzle)with the fluid in
all of the otherorificesin the printheadby the basic rulesof fluid
mechanics.lt is thereforehighly desirableto decouple the
dynamicsof fluid motionin and neareach orificeso that,in the
caseof theThinkJetprinthead,
the bubblegeneration,
explosion,
and collapseand orificerefillprocessesoccurringat one orifice
will not perturbthoseprocessesat the otherorifices.
Earlier Solutions
Other ink-jetprintheadmanufacturershave dealt wjth the decouplingproblemby using clevermanifolddesignsto supply
isolationbetweenneighboringorificesfed from a commonfluid
source.Thesemethodsgenerallyrequireeach drivingelement
(piezoelectric
or thermal)in the printheadto be suppliedfluid
throughits own individualfeed tube connectedto the common
supply reservoir,
The lengthof thesetubes is carefulrycnosen
so that the inertiaof the fluid entrainedin a tube is sufficientto
preventlarge-scalefluid displacementsback into the supply
reservoir(and henceto othertubes)causedby dropletejection.
This is analogousto the use of seriesinductorsin the supply
linesto variouselectroniccircuitsfed by a commonpowersupply
to preventtransients
fromone circuitf rommodulating
the supply
voltagesentto othercircuits.
Inertially
isolatingthe orificesin thismannerhas.twodisadvantages.One,the extrafeed tube lengthrequiredintroduces
extra
fluid drag intothe fluid supplyto the orifices,slowingdown the
rate at whichthay can refillafterdropletejection.This is analogous to the dc resistance
of the seriesinductorsin the electrical
circuitmodel.Thisextrafluiddragsetsa limiton printingspeed.
The second disadvantageis the fact that the inertia of the
entrainedfluidin the feedtube,whilesuppressing
crosstalk,
also
must be overcometo fill the orificesafterdropleteiection.This

in, the in-house ink mix facility and process were designed,
and the printhead engineering release specifications were
completed.
Then a major stumbling block was discovered-the ink
dye tended to bake on the substrate resistors in layers thick
enough to affect printhead performance. This process was
called kogation from the Japanese word "koga" for biscuit,
so named for the appearance of the lumps of precipitated
dye deposited on the resistors. This problem had to be

hencedegradesprintingspeedevenmore.Thisbehavioris analogous to the seriesinductorsinhibitinglargecurrentsurgesin
the electricalcircuitmodel,starvingthe isolatedcircuitswhen
theirneed for powersuddenlyincreases.
Forthe abovereasons,electricpowersupplycircuitsgenerally
do not relyuponseriesinductorisolation.
Instead,theyuse parallel capacitorsfor compliantisolation.
HP's Solution
Insertingcompliantelementsin parallelwith the fluid circuit
connectingthe orificesto the supply reservoiris analogousto
placinga capacitorfrom the electricsupply line to ground,in
parallelwiththe circuitconnectedto the supplyline.In thiselectricalanalogy,the shuntcapacitorsadd no seriesresistance
to
the supplylinesfeedingthe individualcircuits.Theyalso permit
an individualcircuitto draw a brief,largesurgeof currentfrom
the supply withoutdisturbingthe supply voltageseen by the
othercircuitsconnectedto the same supply.
The fluidmechanicequivalentof the shuntcapacitoris a narrow slot in the orificeplate (see articleon page 33) of a ThinkJet
printheadbetweenthe ink supplyand the outsideatmosphere.
The meniscusof fluid wellingup in this slot representsa compliance,sinceworkwouldbe requiredto enlargethe meniscus,
as wouldbe necessary
to pushfluidoutof theslot.Thisis because
the surfacetensionof the fluid at the fluid/airinterfaceacts to
minimizethe areaof the meniscus.Therefore,
the menrscusrntegratesthe fluidflow intothe slotagainstthe nonlinearopposing
forcesuppliedby surfacetensionand storeswork as a function
of meniscusdisplacement.
Whenthe pressuredrivingfluid out
of the slot,enlargingthe meniscus,is removed,surfacetension
retractsthe meniscusto its zero-displacement
oositionand
therebypumps fluid back into the supplyline leadingfrom the
fluid reservoirto the orifice
By placingsuch a slot acrossthe feed line leadingfrom the
commonink supplyto each of the orificesin the ThinkJetprinthead,fluid surgesfrom each nozzleare preventedfrom propagatingbackto the commonsupplyand affectingothernozzles.
Thisallowsthe use of very shortfeed lineswithoutriskingcrosstalkor ejection-order-dependent
horizontal
banding.Theshorter
feed linelengthreducesfluiddrag, allowingan increasein printIng speed.
Althougha roundhole could be used in place of the slot,a
slot is preferablesinceit is lesslikelyto emit a dropletof ink for
a givensurfacearea.In addition,the quantityof storedwork in
themeniscuscan be variedby merelylengthening
theslotwithout
increasingslotwidth.Thisis importantin the designof an ink-1et
printheadsincethe tendencyfor the printheadto deprimewhen
mechanically
shockedincreasesas the diameterof its orifices
Increases.
Thissolutionwas incorporated
easilyin the ThinkJetprinthead
becausethe slot can be formed with the same electroplating
and photoresist
steps used to form the orifices.
solved and was addressed by changing the composition of
the ink (see box on page 32 for further detailsl.
The printhead team began buying and installing production tooling and machinery and several months later started
shakedown runs through the new facility. Last-minute engineering tweaks to the process and to the tooling were
done to eliminate the inevitable bugs and the new ink
process to cure kogation was developed.
However, two months away from the Thinkfet printer's
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introduction date, one stumbling block remained that stubcrossbornly resisted all attempts at a solution-hydraulic
talk! It appeared that the better the job we did of firmly
affixing the orifice plates to the resistor substrates, the
greater was the printhead's tendency to eject droplets of
ink from orifices adjacent to the orifice being excited. This,
of course, caused unacceptably poor print quality. Operating on the assumption that some form of liquid compliance
was necessary to offset the increased hydrodynamic stiffness of our preproduction printhead assemblies, one of the
engineers finally saved the day by proposing a change to
the orifice plate design that dampened the fluid surges in
the ink supply caused by the resistor firings. (See box on
page I for a detailed explanation of this problem and its
eventual solution.I With this last-minute fix in place, the
printhead (Fie. z) and the ThinkJet Printer (see next articleJ
were announced to the world in April of r0e+.
A Backward Glance
From the beginning, the printhead development lagged
the printer development and therefore, was schedule-driven throughout its history' This meant that the printhead
design and manufacturing teams were often required to
make engineering decisions that contained substantial
amounts of schedule-driven compromises' Because this
type of work had not been done before, there obviously
were no roadmaps indicating appropriate paths and no
cookbooks spelling out the necessary process recipes'
Some may attribute the successful completion of such a
project in only a few years to luck and persistence, but
there were other important reasons for this success. First,
in the early days of the program, the various design teams
were able to adiust to each other's requirements dynamically and were able to negotiate what could be done and
what could not as the printhead and process technologies
were being invented. Later, of course, as the printer and
printhead designs became better defined and therefore less
flexible, conflicts popped up. But none of these conflicts
was so maior as to reset the whole program; we resolved

them and then went back to work on our original goals'
Second, the performance goals for the printhead were
not altered after we demonstrated breadboard feasibility.
This allowed timely investigation of how to meet those
goals, eliminating the "moving target" effect' Recall at the
time of the breadboard demonstration we had electroformed orifice plates with walls built in, our dot size
on the paper was correct, we had our ink vehicle defined,
we knew how many resistors the head was going to have
and how they would be arranged, we knew what to make
the substrate out of, and we had the size and appearance
of the head defined. After that, we still had a massive
amount of engineering work to do turn the breadboard head
into a real, live product, but we did not have to redefine
the product after the breadboard stage. That is, there were
no technology-driven hard resets after that point.
Finally, we did not start leapfrogging product descriptions at any time during the history of the project. (Leapfrogging is defined here as a nontechnology-driven redefinition
of the product in midstream to account for things other
than whether it will or will not work.) It is true that we
were fortunate to have demonstrated a breadboard device
that stood the test of time and thereby represented a
technological contribution later when it was introduced,
but the best way to succeed at achieving a specific engineering goal of turning a technology into a product is to drive
the process with engineering alone. This way, the designers
burn midnight oil, not blueprints.
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Fig. 7. The disposab/e ThinkJet
printhead cartridge contains
enough ink for 500 pages of nor'
mal textand can be easiiyreqlaced
when its ink supply is exhausfed.
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An Inexpensive,
PortableInk-JetPrinter
Family
Usinga disposableink cartildgeand printhead,thislowcostfamily
of printers
offerspersonalcomputer
usershighqualityprintingin a portablepackage.FourcommonllO
interfacesaresupportedby variousmembersof thefamily.
by GherylV. Katenand ThomasR. Braun
HE DEVELOPMENTOF THE THINKIET technology
provided Hewlett-Packardwith the opportunity to
make a significant contribution to the utility printer
marketplace.The challengewas to produce a printer with
the speed,reliability, and low cost of a conventional dotmatrix printer, and the technologicaladvantagesof quietness, better print quality, small size, and portability. To
achievethis, we had to design a printing mechanism that
took full advantageof the Think]et thermal ink-jet technology and could be manufacturedinexpensively.
It is critical that such a printer offer completecompatibility with major brands of personal computers, and more
important, be operableby the software run on these PCs.
The challenge of using the disposableThinkJet cartridge
conceptefficiently imposedadditional objectivesof simplifying the printhead insertion and removal procedure,providing a reliable printhead-to-printer interface, and optimizing the paperiink systemfor maximum print quality.
At the time of this undertaking,there were no truly portable printers in the marketplace.Hence, the initial thrust
of the project to develop the HP 2225 ThinkJet family of
printers (Fig. 1) was to design the battery-powered,HP-IL

interfaceversion. This would be a significant contribution
and would allow HP to offer a printing solution for the
emerging portable and transportablesegment of the personal computing market.
Features
Four major input/output (I/O) interfaces are currently
supported by the different models of the ThinkJet family:
HP-IB (IEEE4BB),HP-IL, RS-2sz-CN.24,and the standard
parallel B-bit printer interface used by many PCs.Within
the HP 2225 flamily, different ac line voltagesare supported
and one model, the HP 22258,is availablefor rechargeable
battery operation. The family supports HP's standard
Printer Command Language(PCL)control codesfor printers and an alternatecontrol mode commonly used by nonHP systems.
The HP 2225 prinls text at 150 charactersper second(at
a density of 12 charactersper inch) and enhancesits overall
throughput by employing both bidirectional printing and
true-logic seeking; these techniques minimize the nonprinting distance traveled by the printhead to print the
next line of text. To improve speedfurther, a 1K-character

Fig. 1. Thelow-cost HP 2225 family of ThinkJet Printers provides
fast, quiet, high-quality printing in
a portable package. Four interface optionsand ac or batteryoperation are available.

rvrAy198s HEWLETT-PACKAHD
JOURNAL1 1

F c . i u r p r ' i r rt p r t * h e s
finpresr*d
i112ih,rr-autrrsr']:ne)
l',lcrrn,:I t,?.& r:heir-acl, er-z 1 1 i"r-re)
Ixpnnded
cmrtpre*sed
{ 7 1 r : h s r a * t e r . $ r , ' f . j . . n c r}
q : :f n L l r - € c
E-lp-r*rrrded
{ 4m
t er-s,/

l

j_r-le=

0n'=:ee._1e_'r:rder]1_rlea rld oile- Fass bol d ( ns_EJ_S_htine*{pld-tl_
)
buffer is used to capture data from the I/O interface quickly.
Think)et print quality is enhanced over that of many common dot-matrix printers by using a high-resolution 12x11
character cell, which supports rounded and eye-pleasing
character fonts. Characters for eleven different languages
are available.
The HP 2225 lamily has a comprehensive set of print
features, including four character pitches (6, 10.7, 12, and
21..3characters per inch) and underline, boldface, and overstrike capabilities, all of which may be intermixed on a
single line of text (Fig. 2). To manage the appearance and
position of a printout on a page better, the family supports
line spacing of 6 or B lines per inch, variable text length,
variable page length, perforation skipping, and automatic
wraparound of excess characters onto a following added
line of print.
For graphics printing, the Thinkfet Printers have two
basic output densities: 96x96 dots per inch and 192x96
dots per inch (Fig. 3). In lower-density mode, up to 640
dots per row can be printed, and in higher-density mode,
up to 1280 dots per row can be printed. Because of the
sensitivity of the human eye to any minute misalignment
in graphics images, all graphics output on the ThinkJet
Printers is printed unidirectionally. All HP 2225 models
accept graphics information in raster format (row by row).
In addition, the HP 2225C and the HP 2225D accept

(.)

Fig.2. Example of text (full size)
printed by the HP 2225 Printers.

graphics data in block format (character cell patterns, line
by line). A full graphics screen dump from a typical personal computer takes less than one minute to print.
The ThinkJet Printers accept single sheets of paper either
8.5 in wide or 21 cm wide and tractor-feed (fanfold) paper
either 9.5 in wide or 24 cm wide. Paper loading is manual,
but simple. While the printers can print on any kind of
paper, a paper designed for ink-jet printing gives the best
print quality.
Three classes of physical controls and indicators are
available to the ThinkJet user: the power switch and its
indicator, the paper advance switches, and the attention
light and blue pushbutton. The power switch is located on
the back panel and is monitored by an LED indicator on
the front keypad. On the battery-powered HP 22258,Ihls
indicator flashes to warn of a low-battery-charge condition.
The paper advance switches allow the user to accomplish
a form feed with a single keystroke and to advance the
paper a dot row [%o inch) at a time, a line (either ls or la
inch) at a time, or continuously. The attention light indicates an out-of-paper condition with a steady light or an
error condition with a flashing light. To recover from an
out-of-paper condition, the user simply loads and correctly
positions the fresh paper, and then presses the blue
pushbutton to indicate to the printer that the paper is ready
and that any suspended printing job may now continue.

(b)

Fig.3.

Graphics output examples (full size). (a) 96x96
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Alignment of Bidirectional Text
It is desirablewhen printingbidirectionally
to have the text
printedin oppositedirectionsaligned.In reality,this is generally
not the case.Foran idealmechanism,each printpositioncorrespondsdirectlyand preciselyto the positioncontrolsignalsgiven
to the printheadcarriagestep motor.But,mechanicaland electricaldifferencesin real carriagedrivesystemscause the print
regionto shiftfrom the ideal.We call this shift in bidirectlonal
print"backlasherror."In the ThinkJetPrinterwe wantedto provide a meansof compensatingfor backlasherrorthat did not
requireadjustments
on the assemblylineand thatwouldbe valid
over the life of the product.We decided to measurethe factors
contributing
to backlasherrorusingthe printermechanismitself
as the measurementtool.
Althoughthe servosystemsemployedin the ThinkJetPrinter
are open-loopin design,there is one channelof feedbackthat
can provide the mechanism'scarriage position-the home
switch.The homeswitchis an optoelectricaldevicewhoseoptical
path is interruptedby a blade extendingfrom the pen carriage,
Initially,
the homeswitchwas added to the designto providea
meansof determining
the positionof the carriageat turn-on.After
the carriagepositionhas been determined,the carriageservo
is runopen-loopwithonlyoccasionalchecksof the homeswitch
to verifythat the carriageis movingand not stalled.
Sincewe had the feedbackof the homeswitch,we wondered
if it could be used to help determinethe backlasherror.Our
conclusionwas that it could be usedwith sutficientaccuracyto
precludethe needfor anyothermeasurement
scheme.By closely
monitoringthe output state changes of the home switch as the
carriageis driventhroughit bidirectionally,
we can determine
the actual positionof the carriagein relationto the motorcontrol
signals.This measurementis then used to make corrections
printing.The text printedin one directionis
duringbidirectional
shiftedby the magnitudeof the measuredbacklasherrorso that
it is lined up with the text printedin the oppositedirection.This
measurementis made each time the printeris turned on and
each time the printer'sblue pushbuttonis pressedto correct
error conditions.In this mannerthe backlasherror adjustment
can be updatedand remainaccurateoverthe lifeof the product.
(Seebox on page 18 for detailsof the home switch.)
Dave Lowe
Development
Engineer
Robert P. Callaway
Development
Engineer
VancouverDivision

Wheneverthe printer detectsan error associatedwith printing, such as a printhead carriagejam, printing halts and
the attention light is flashedto requestthe user's intervention. Oncethe userhas correctedthe error condition, pressing the blue pushbuttonreturns the printer to its functional
state. During its power-up sequence,the ThinkJet Printer
performs a nonprinting self-test.If this self-testfails, the
attention light flashes to warn the user that a failure has
occurred.
The two versions of the HP 2225C alsohave a set of eight
switcheson the back panel to allow easyselectionof default
conditions necessaryto support a wide range of personal
computer systemswhich communicate in different ways
with their peripheral printers over the B-bit parallel interface. The HP 2225Dhas five additional switches to select

the serial I/O protocol (baud rate, handshake, etc.).
An additional feature of the Thinkfet Printers useful for
debugging of system problems is display function mode.
In this mode, the ThinkJet Printer does not execute any
control codes it receives, but instead just prints the control
codes as they are received (with the exception of carriage
return and disable display function mode, which are first
displayed and then executed). Any printable data such as
a line of text is printed normally. Thus, display function
mode permits exact logging and monitoring of data and
control codes transmitted to the printer.
How ThinkJet Printers Print
The HP 2225 is a nonimpact dot-matrix printer, which
means that characters are formed on the paper by correctly
positioning groups of individual ink dots to form the visual
representations of different characters. A dot-matrix printer
is characterized by its dot size and the shape of the character
cell. The ThinkJet Printers have a 0.015-inch dot diameter
and a character cell 12 dots high by 11 dots wide. This
combination of dot size and character cell yields high print
quality.
The dots are formed on the paper by ejecting individually
controlled droplets of liquid ink from the disposable
ThinkJet printhead. There are no reservoirs to fill and virtually no mess. Each printhead cartridge is good for about
500 pages of normal printing and can be replaced easily
when it is exhausted. For more details about the ThinkJet
technology and printhead, see the other articles in this
issue.
The printhead sits in a carriage which is driven horizontally back and forth by a step motor, gear train, and cable
system. This motion is tightly controlled by the HP 2225's
custom microprocessor (see box on page 16), which also
controls the spraying of the twelve individual vertical nozzles on the printhead. To print a text character, the microprocessor translates the character's ASCII representation
into the proper dot pattern. Once the printhead is located
in the correct horizontal position to begin printing a character, the microprocessor outputs a series of pulses to the
twelve resistor-nozzle combinations as the printhead is
swept horizontally across the width of the desired character. For example, a pitch of twelve characters per inch
requires the output of eleven vertical 12-doI patterns per
character at a spacing of tgZ patterns per inch. Different
character pitches are achieved by varying the number of
vertical dot patterns per character cell. Hence, the character
cells are always twelve dots high, but can vary in width
depending on the pitch.
To print the next line, the microprocessor moves the
paper upward using a second independent step motor, gear
train, and drive system. Consistent with the low-productcost objective, this system only moves the paper upward.

GraphicsOutput
Graphics printing is accomplished in a manner similar
to text printing, except that the custom microprocessor
receives the graphics data as a series of on or off dots
(bit-mapped representation) in either a row-by-row (raster)
manner or a column-by-column (cell patternl manner. The
microprocessor does not perform any translation of this
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Printhead Interconnect
The develoomentoi a productthat contributesin the areas of
cost,function,and qualityis alwaysa challengewithbroadramifications.One area in which achievingthese objectivesfor the
ThinkJetPrinterwas importantis the electricalinterconnectto
system
wereto minimizethe
Thedesignobjectives
the printhead.
cost per contactand maximizecontact reliabilitywith special
attentionto the areasof printheadcontactfragility,contaminants,
and userabusewhile not adverselyaffectingthe easewithwhich
the printheadcould be replaced.
The designfinallychosen is one in which the contactarray
(Fig.1) is lntegratedwith the flexibleprintedcircuitthat carries
the electricaldrivepulsesto the printhead.Connectormatingis
pins
achievedby aligningthe printheadcartridgeregistration
assemblyand
withthe matingholesin the carriage/interconnect
then rotatinga cam latch upward.This allowselectricalcontact
to be made without lateralmotion betweenthe contact halves.
This minimizesdamageto the thin{ilmmetalson the printhead
contacts. The contact areas are backed with silicone-rubber
pressurepads (Fig.2), whichallowelectricalcontactto be mainconditionsand provide
tained over a range o1 environmental
sufficientlatitudefor the designto workover a rangeof manufacturingtolerances.
Electricalcontactis enhancedby dimplingthe flexiblecircuit
to paperdust
pads.Thisallowsa greaterdegreeof insensitivity
and ink contaminationand also makes the contact area easier
do becomea problem.The dimplesare
to cleanif contaminants

Fig. 1. The flexible circuit connecting the ThinkJetprinthead
to the printer electronics is made using standard industry
technioueswith the exceptionof the circular raised area (dimple) on each conductor pad. This dimple is created by plasticatlydeformingthe copper sheetand the plastic basedielectric before the contact pads are plated with a nickel barrier
layerfoltowedby ahard (Knoop180-200)gold contactlayer.

data. Instead, the Thinkfet Printer simply prints the appropriate pattern of on and off dots represented by the graphics
data in a way similar to the printing of individual column
patterns during text printing. To print graphics at a density
of 96 x 96 dots per inch, only one pass across a given line
on the page is required. Two passes across a given line are
'l.g2x
96 dots per inch.
required for the graphics density of
In general, the HP 2225's buffer accumulates the maximum
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Compressive Forces

\

rtexible circuir

Fig.2. The contact area of the flexible circuit is backed with
an elastomermaterialand the whole assemblyls compressed
against the printheadcontacts using a lever-activatedcam.
The elastomerprovides a continuous force pushing the flexible circuit dimples against the mating printhead pads.
formedon the flexiblecircuitbeforethe platingis applied.This
resultsin the platingextendlngdownoverthe edge of the etched
copper pads and eliminatessharp etchededges which could
snag cottonswabs,tissue,or othermaterialsused to cleanthe
contactarea, Platingafterformingalso preventsthe brittlenickel
barrierlayerfrom crackingduringthe formingoperation,
printer,the flexible
Because|he HP 2225 is a scanning-head
circuittracesmustbe ableto withstanda highnumberof flexures
largebend radiusand
withoutfailure.By selectinga sufficiently
by positioningthe copper traces at the midpointof the cross
section,the requiredreliabilityis obtained.
Verificationof any designcan be a complexmixtureof standard
testsand specialtestsaimedat uncoveringweakenvironmental
nessesthat could translateinto qualityproblems.To make the
most effectiveuse of resources.a test seouencethat makesuse
of fractionalfactorialexperimentdesign was chosento test contact reliability.
Thisallowsa smallernumberof prototypesamples
to be usedto eliminatevariableswhoseeffectsare insignificant.
A morethoroughstatistical
studywasthendoneon the remaining
variablesto determinetheirtrue significance.
In thiscase,it was
unnecessary
to do a mathematical
analysissincethesignificance
wasobviousf romexamining
thetabulated
of thevariousvariables
data. The only variablethat proved significantduring the test
and paper dust.
was the combinationof body oil (fingerprints)
These are readily removedfrom the product by using a dry or
alcohol-damoened
cottonswab.

Roy T. Buck
Development
Engineer
Vancouver
Division

amount of graphics data it can hold before beginning printing of the graphics. This maximizes speed and throughput
by allowing the printhead to print up to 1.2 rows of dots
during one pass across the paper for a graphics density of
96 x 96 dots per inch.

HardwareDesign
Theelectricaldesignof the ThinkJetfamilyfollowedthe

design team's tactics of designing for low cost, maximum
subassembly leverage, and high performance. The electrical block diagram in Fig. 4 represents the general internal
structure of all ThinkJet Printers.
The power supply system must deliver various currents
and voltages at different tolerances to the printhead, step
motors, and digital logic. To achieve compatibility with
the worldwide range of ac line voltages, the HP 2225A, the
international HP 2225C, and the HP 2225D versions have
a four-level, user-selectable input line voltage switch to
permit operation using 110, "12O,220, or 24O Vac. The HP
2225C U.S.A.-only version eliminates this switch and operates only on 120 Vac. The ac power supply system consists of a 50/60-Hz transformer, different linear regulators
for each output voltage, and reset circuitry that guarantees
the proper voltage levels during the transients associated
with turning the product on or off.
In the battery-operated version, worldwide compatibility
is achieved by recharging the HP 22258's batteries with
the same group of rechargers already supporting other HP
battery-operated products such as the HP 82161,\ Cassette
Drive and the HP 821,62A Printer/Plotter. To minimize cost,
the two step motors are driven directly from the battery
pack without any additional regulation. To achieve the
voltage level and accuracy required by the printhead, a
step-up switching power supply is used. To maximize the
number of printable lines on one battery charge, the printhead power supply is turned off during long periods of
nonprinting, eliminating the standby current drain associated with switching supplies. A linear regulator controls the logic supply and a group of comparators generate
the correct low-battery-charge signals and prevent operation at an extremely low charge level while maintaining
all I/O functions.
The brain of the Thinklet family is the custom HP microprocessor mentioned earlier. This microprocessor controls
all of the functions including data communications, printing, and keypad activity. The microprocessor chip also
contains the operating system ROM and RAM, timers, and

other special circuits to minimize the number of electrical
components. Except for minor modifications to the operating system firmware and the custom I/O circuits on the
chip, the same microprocessor chip is used in all members
of the ThinkJet family.
The character ROM and the buffer RAM are both HP
custom parts chosen because of their availability from the
development of an earlier HP product and their minimum
number of interface lines. The character ROM is structured
in +-bit nibbles, an efficient match for the 12-dot-high printhead column and its column-by-column character font representation. The buffer RAM is also structured in nibbles,
which is useful during the accumulation and printing of
bit-mapped graphics data. The same character ROM (but
with different fonts) and buffer RAM are used in all models
of the Thinklet family.
High-current transistors are used to drive the printhead
and step motors, because the custom microprocessor does
not have the capability to drive the printhead or the step
motors directly. The precise printhead timing is generated
with the microprocessor and the precise printhead power
is maintained by the printhead supply. The step motor
phases are conectly sequenced by the microprocessor. The
step motor drivers have additional circuitry that suppresses
transients during motor phase changes and hence improves
the overall position control of these open-loop systems.
Two electrical components are closely associated with
the mechanism-the
home switch and the out-of-paper
switch. The home switch serves as an initial print position
reference point, acts as a detector during the process of
checking for any printhead carriage stalls, and provides for
a clever measurement of the mechanical system's backlash
during the HP 2225's tllln-on cycle (see box on page 1B).
The out-of-paper switch prevents printing without paper
and permits recovery from an out-of-paper condition in a
friendly manner that does not destroy data.

l/O Options
The ThinkJetPrinterssupportfour differentdatacom-

Mechanlsm

]:]'.:i].

Fig.4. Electricalblock diagram of
basic ThinkJetPrinter.
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Custom VLSI Microprocessor System
TheThinkJetPrinterelectronicsare basedon a customHP integrated circuitthat is a single-chipmicroprocessor
systemwith
timers,and l/O in one 48-pinpacka CPU,RAM,ROM,interiace,
age. Integratingthese components saves power, cost, and
printedcircuitboard space.Pin count is minimizedby usinga
4-bit bus for testing,which allowsthe microprocessorbus to be
with externalRAM and ROM is
entirelyinternal.Communication
accomplishedthrougha custom 6-bit interfaceoriginallydesignedfor the HP-71HandheldComputer.
This lC was initiallydesignedfor HP'sCMOS-Cprocessand
the first workingparts were produced in this process.To reduce
cost and increaseprocessorbandwidth,it was later redesigned
for HP'sCMOS-Gprocess.The redesignconsistedmainlyof a
25/" linearshrinkof the layout,which reduced its size by almost
50o/".The die sizeof 7.85 by 9.78 mm in CMOS-Cwas reduced
to 5.94 by 7.39 mm (Fig.1) in CMOS-G.

eral-purposel/O pads. However,as microprocessorbandwidth
became limited,some functionswere olfloadedto hardware.
A dot sequencerstatemachinewas added to controlthe ejection of the ink dots from the ThinkJetprinthead.The software
for a specific
loads a 12-bit registerwith the dot information
column. On a timer interrupt,the softwareinitiatesthe dot sequencer,whichenergizesthe resistorsin the printheadto eject
the ink dots at the requiredtime and in the propersequence.
An externalmemoryinterfacewas added to communicatewith
the externalcharacter ROM and the externalRAM buffer.This
interfacepasses the nibble-widedata to or from the external
memorywhile the softwareis eithergettingthe next nibble or
storingthe last nibble.
The motorcontrolfunctions,the front-panelkeys and lights,
and oufof-paper
the home switch, and the low-battery-charge
conditionsare controlledusingGP-lOcells.

Architecture
This custom chip uses a control-orientedmicroprocessorarchitecture.This architectureuses predesignedmacrocellscombinedwithspecializedcircuitryfor specialapplications.Themac8-bit CPU,a conrocellsincludea high-speedcontrol-oriented
ROM,a configurableRAM,a profigurablemask-programmed
a 4-bit
grammabletimer,an HP-lLinterface,a crystaloscillator,
l/O(GP-lO)pad cells.TheThinkJet
testbus,and general-purpose
lC uses two timers, 160 bytes of RAM, lOK bytes of ROM,one
CPU, a test bus, an oscillator,and an HP-ILinterface.These
cirbuildingblocksare combinedwithadditionalprinter-specific
cuitry for the ThinkJetproducts.

Mask Plogrammability
optionswere includedin the liO
Severalmask-programmable
sectionsto allow reconligurationof the l/O any time the ROM
code was changed.All of the specialprinterhardwaremay be
reconfigured
as GP-lOcellsand all GP-lOcellsmay be reconfigdata paths.Other
ured as eitherinput,output,or bidirectional
maskoptionsallowchangesin the dot sequencerstatemachine
to conformto changes in the ThinkJetprintheadspecifications,
These mask options allowed early developmentof this custom
lC withoutrequiringexpensivefull mask-setturnarounds,and
made it possibleto add interfacessuch as standardparallel,
HP-lB,and RS-232-Cto the ThinkJetPrinterlaterwithoutaddi
tional mask-setturnarounds.
Ray L. Pickup
Development
Engineer
VancouverDivision

Hardware/Software Trade-Offs
At first it was believedthat all of the l/O functionsneededfor
the ThinkJetPrintercould be performedin softwareusing gen-

Fig. 1. Photomicrograph of custom microprocessorsysfem lntegrated circuit used to control HP
2225 Printers.Chip size is 5.94x
7.38mm.
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munications interfaces. The HP 2225A has an additional
processor dedicated to data communications and two interface,/bus driver ICs. An HP-IB transceiver IC receives and
holds data from the HP-IB and the I/O processor interprets
the HP-IB commands and protocol and transmits any data
intended for the printer to the custom Thinklet microprocessor by way of another custom IC.
The HP 22258's data communications interface is HP-IL,
a serial, low-cost, four-wire, multidevice interface loop patterned after the HP-IB. To minimize power consumption
and cost, the analog and digital circuitry associated with
the HPIL interface is integrated directly on the ThinkJet
microprocessor chip.
Since the standard parallel printer interface is a one-device (typically printer-only), eleven-wire interface, the HP
2225C can assume that all data strobed in is intended for
the printer. With this simple interface, the data is latched
by hardware and then read by the custom microprocessor.
The HP 2225C multiplexes the latched data lines with the
step motor signal lines since the number of available connections to the microprocessor chip is limited and the designers did not want to have to develop an additional IC.
The HP 2225D has a second processor and a UART (universal asynchronous receiver-transmitter) IC dedicated to
data communications. The UART receives the serial data
from the RS-232-C I/O and converts the data to an B-bit
parallel format. The added I/O processor buffers this parallel data and transmits it to the custom ThinkJet microprocessor when appropriate.

Firmware
The firmwareof the ThinkJetPrintershas threemaior
performance objectives: communicating with the printer's
controller at as high a data rate as possible, implementing
a full feature set of printer capabilities, and printing at the
highest possible print speed with the best visual appearance possible. In general, the printer's firmware must ensure the proper data flow from the hardware I/O interface
to the actual printing on the paper. The firmware must also
ensure that the proper control and actions are achieved in
a timely and orderly manner.
The firmware is of modular construction (see Fig. b) and
is primarily a prioritized interrupt-driven system. Since
printing is done by a scanning printhead method, any activity associated with marking the paper is given highest
priority, (i.e., printhead carriage motion and ink-dot ejection). Other actions, such as interfacing with the I/O or
polling the product's keypad, are done on a time-available

basis. Fortunately, these other actions can be time multiplexed with the printing of characters or graphics.
The background and master control module directs the
activities for the other firmware modules. Without ever
directly handling any data, the background and master control module passes control between all other modules in
an orderly manner. This module monitors the status of the
printer during its idle nonprinting time and determines
when to initiate a line of printing based on whether or not
the RAM buffer contains a complete line of printable data.
When a byte from the hardware I/O is presented to the
printer, the interface module generates a low-priority interrupt to the background and master control module. When
the background and master control module permits, control
is passed to the interface module which, in the HP 222iA
or HP 22258, separates the interface commands from the
printable data, acts on the interface commands, and passes
the printable data to the input module. In the HP 2225C
and the HP 2225D, all the bytes received by the printer are
transmitted to the input module. The interface module also
passes control to the input module.
After receiving data and control from the interface module, the input module performs one of four functions: storing any text data in the RAM buffer for future printing,
processing and storing any graphics data in the RAM buffer
for future printing, processing any control codes such as
line feed or carriage return and storing them in the RAM
buffer, or parsing other control codes such as escape sequences and either acting upon or storing them in the RAM
buffer. Once the input module completes its task, it passes
control back to the interface module which in turn passes
control back to the background and master control module.
During this interface and input process, a higher-level
priority such as the ejection of ink dots can interrupt, take
control, and after execution, return control to the interrupted interface or input function.
The RAM buffer is a hardware function. This 1024-byte
buffer allows for the gathering of multiple lines of data,
even while printing, thus increasing overall throughput.
When the background and master control module determines that a printable line is resident in the RAM buffer,
the output moduie receives control. The output module is
responsible for processing the four types of information
stored in the RAM buffer by the input module. For example,
the ASCII text characters stored in the RAM buffer are
converted into the correct dot pattern based on the current
print mode (bold, underline, etc.), the current print pitch,
and the current print direction (right to left or left to right).
(continuedon page 19)

Firmwars

Carriage
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Printhead
Paper
Advance
Drive
Data Flow
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)

control Flow

Fig.5. Block diagram of modular
firmware system used in the HP
2225 Printer family.

I\,4AY
1985HEWLETTPACKARDJOUBNAL17

Home Switch Design
The ThinkJetPrintermechanismincludesan optoelectronic
pair)that servestwo important
homeswitch(LED-phototransistor
First,the switchis the onlyabsolutemethodof sensing
functions.
where the printheadcarriageis in its rangeof travel.Second,
the printer's firmware uses the home switch to measure the
amountof backlasherrorpresentin the carriagedrivesystem.
the homeswitchsysoptically,and electrically,
Mechanically,
tem appearssimple,but it presentedtoughdesignchallenges.
of variousopticalswitcheswere
First,the vendorspecifications
sketchyat best.The few specificationsavailablehad been measuredat differenttest conditionsselectedto makethe numbers
data to select
look good. This providedinsufficient
individually
a reliableoperatingpointfor the device.Second,the proposed
backlashmeasurementscheme demandedaccurate,rellable
Otherconcernswerethe unknownefswitchingcharacteristics.
fects of processvariations,deterioratlonof the optical parts as
conditions.
in extremeenvironmental
theyage, and periormance
Finally,
the solutionhad to meetthe primaryproductdesigngoals
and low cost.
of high reliability
of backlashmeaThe modelingand accuratemeasurement
challenge.An idealhomeswitch
surementerrorwas a particular
togglesits outputat the exact instantthat the carriagereaches
a certainfixed position,regardlessol the directionor speed of
carriagetravel.Of course,a real sensorhas an unavoidable
the firmware
delay beforeit respondsto a change.Unfortunately,
only knowsthe signalsbeing sent to the carriagedrive motor
and the signalreturnedfromthe homeswitch,and cannotseparate home switch sensingerror from the mechanismposition
error il seeksto measure,Hysteresisin the home switchsystem
has the same effect as backlash in the motor and gears, and
the switchingtime of the home switch has the same effectas
the responsetime of the motor.The designgoal was to make
the error contributedby the home swttchas predictableas possible,so that the firmwarecould compensatefor this errorafter
makingthe measurement.
To measurethe homeswitcherrordirectlywouldrequirevery
accurate measurementof carriage position and home switch
statusas the carriagemovesat full speed.To avoidusingsuch
ledto simplermeaassumptions
simplifying
complexequipment,
surementmethods.
The most accuratesimplemethodassumedthat the response
time of the LED was much less than the swltchingtime of the
specifiphototransistor,
whichwas confirmedby manufacturer's
cations.A ramp functionof forwardcurrent11in the LED simu-

lated the passageof the edge of an object throughthe light
Eachpartwas individubeamfromthe LEDto the phototransistor.
the Alt requiredto causea certain
allyevaluatedby determining
collectorvoltage,AV.. Thisinfor
changein the phototranslstor's
mation,combinedwiththe knownspeedof the carriage,yielded
the desiredslopeof the currentramp.Then,Ir was adjustedto
find l,n,which causedV" to equalV,6,the thresholdvoltagefor
changingstates.Finally,when the currentramp was applied,
the delayfrom when l1:1,6to when V":V16 was measured,first
and thenlor the other,Thesetwo delaysadded
for onetransitron,
errorcontributed
togetherrepresentthe backlashmeasurement
by the home switchsystem.
'1
Fig. shows the design of the home switch circuitry.The
used to switch the LED on
Darlingtontransistorconfiguration
arrayalready
and off employsan unusedelementin a Darlington
used for drivingthe printhead,Using this componentnot only
eliminatesthe need for an extra transistor,but also provides a
handy referencevoltagefor the comparator.Since the LED requiresonly 10 mA, this voltageis steadyat slightlymore than
one diode drop above ground. The comparatorserves to
errorby tightlycontrollingthe
minimizebacklashmeasurement
hysteresisin the system.
The home switchsystemwith the comparatormeetsits design
goal wlth a backlashmeasurement
errorpredictedto be within
a rangeof 960 ps, duringwhich time the carriagecould travel
0.00404inch,roughly40% of the width of a printeddot.
Test Design
Selectingtest valuesfor It and load resistanceRs (see Fig. 1)
was a particularproblem.Good testingis "bold" testing,with
the test limitsset far apart, but not so far that the systemwill not
function,WhenIt and Rl were both set very low,the phototransisdepended
tor couldnotpullV" lowenough.Manymeasurements
on V" going low, and thus could not be completed.As a result
of missingdata,the test resultswere difficultto analyze,and any
drawnwouldhavebeensuspect.Raisingthe lower
conclusions
limitsfor either11or R, or both was not a satisfactoryalternative,
as this would removefrom the factor space other areas where
informationwas needed.The solutionto this problemwas a factor

To
CPU

o
Phoiotransistorwould
not turn on here

Fig. 1. Home switch circuit for ThinkJetprrnthead carriage
positionsensing and backlasherror measurement.
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Fig.2, An unconventionalchoice of test conditionsavoidsa
region where the home switch would not function.

(see Fig. 2), which avoided
space shapedlike a parallelogram
the problemarea and kept the otherareasof interestin the factor
space, Data gatheredwith this test design,when analyzedby a
computer,yielded all factor eflects and interactions.
An aging test evaluated a sample of units operated at the
cornersof this parallelogram-shaped
factorspace.All unitswere
testedwhen new,and then periodically
duringa test that lasted
longer than twice the worst-caseexpected lifetimeof the optoelectronic
switch.The resultsof thistestshowedno significant
deterioration
with age, and no reliabilityproblemsat any point
in the factorsDace.
Duringthe development
of this design,properlydesignedexperimentsprovidedstatistically
significant
data to supportmany
desiondecisions:

The output module passes the dot election information and
control to the mechanism module.
The mechanism module controls the ejection of the ink
dots, the printhead carriage motion, and the paper motion
in the proper sequence to produce the desired printed output. The mechanism module has the highest priority in
the system. If, during printing, the mechanism module has
any spare time, it permits other functions such as interfacing to occur, but the mechanism module always reserves
the right to interrupt any such activities. This interplay of
the mechanism module with the other firmware modules
permits the highest data communications rate consistent
with scanning printing and a single microprocessor system.
Once printing is completed, the mechanism module passes
control back to the output module, which in turn passes
control to the background and master control module, thus
returning the system to the idle state.
The last firmware module is the diagnostic module,
which is partially dependent on the other modules. The
diagnostic module checks the printer's ability to function
by testing the performance of the RAM buffer, the character
ROM, and the microprocessor during the power-on selftest. If the user invokes the printable self-test, the diagnostic
module acts as a pseudo input module and generates the
pattern to be printed. The diagnostic module also generates
the printer's signature analysis patterns when invoked by
a service technician.
Packaging
The top case has an integrally molded paper guide to
ensure that single sheets of paper are loaded straight and
that the print region is positioned correctly on the paper.
A plastic paper separator designed to lock into the mainframe separates the incoming and exiting paper when fanfold paper is used. This piece is removable; it is primarily
intended to prevent friction between the edge perforations
of fanfold paper. When not needed, it can be set aside.
Another significant objective was the elimination of a
cooling fan. By venting the case in appropriate locations
and by optimizing the distribution of heat-emitting components on the printed circuit board, the design team was
able to dissipate enough of the heat build-up during operation to eliminate the need for a noisy, power-consuming
fan.

'1
. Earlytesting eliminatedone potentialvendor.
2. The opticalswitchesevaluatedwere optionallyavailablewith
narrow aperturesover the emitter and detector.Contraryto
expectations,testingrevealedthat the partswith narrowapertureswerelessaccurate,withmuch moreunpredictablebacklashmeasurement
error.
3. Analysisof test resultspredictedthat for midrangevaluesof
R., changes in I, did not affect the system responsesignificantly.This conclusionled to simplification
of the designby
eliminating
components
designedto regulateI,moretightly.
Andrew D. Sleeper
Reliability
Engineer
PortableComouterDivision

Mechanism
The mechanism design approach was to integrate as
much detail as possible into one piece. The final design
consists of an injection-molded mainframe onto which the
paper feed system and head drive system are mounted.
The mounting is accomplished with screws or snap rings
to simplify assembly. This approach also allows excellent
control of tolerances by keeping the parts count low and
integrating on one piece functions that must be positioned
accurately with respect to each other.
The decision to mount the printhead drive separately
was made because of the tight tolerance required to accommodate head position accuracy. Since the printhead carriage motor is the most used motor and it steps rapidly
(1200 steps/s), this area was also the focus for noise minimization. The system consists of a step motor that, through
a 5:1 gear drive, moves a drive drum and cable system to
which the caniage is attached. The velocity of the carriage
in the print region is constant enough to allow for interpolation of its position between the motor steps. As such, the
mechanism is able to resolve horizontal movements as fine
as a half dot position (0.005 in). The carriage rides on a
single rod and is guided by a track molded into the mainframe. To the left of the home switch, the track is curved
to cause the carriage to tilt back away from the paper for
paper loading or printhead replacement.
The paper feed system uses a step motor directly
mounted to the mainframe and driving, through a 6:1 gear
train, a combination grit/pin-wheel drive. Each step of the
motor moves the paper one vertical dot position (0.0104
in) and 16 steps are required to advance the paper one line
(at 6 lines per inch).
Fanfold paper is pulled through the mechanism using
pin wheels with pins of 0.5-inch pitch to engage the edge
perforations. The right pin-wheel assembly is horizontally
adjustable to allow for variations between metric and English paper widths.
A grit-wheel system feeds single sheets through the
mechanism. Since the grit drive is engaged even when
fanfold, pin-fed paper is in use, it is necessary to ensure
that both drives work in harmony. Some slippage occurs
when feeding fanfold paper because the pins on the pin
wheel tend to elongate the holes in the edges of the paper.
Hence, to maintain proper line spacing, the pin-wheel diameter is increased slightly above the theoretical diameter
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to compensate for this slippage. However, the grit-wheel
drive has very little slippage and its diameter does not
need to be increased to maintain proper line spacing. This
overcomes any feed problems that would otherwise occur
when fanfold paper is in use.

Manufacturing
The utility printer marketdemandsa quality product
that can be manufacturedin high volume. To achievethis,
it was imperative that manufacturability be an important
design objective.The ThinkJet Printer is designedfor fabrication in a continuous assemblyline and use of just-intime materials flow. The assembly flow consists of two
primary lines; one for the mechanism and one for the
printed circuit board. These lines feed into a third line
where final assemblyand customizedpackagingtakeplace'
Eachline has dedicatedtest stationsto ensurefunctionality
before the unit is passedon. Any rework that is needed
takes place immediately and the line pacesto a "quality"
output rather than to quantity. For instance, if testing or
visual inspection shows a problem on the mechanism,the
whole line is halted while repair is made. This ensures
that quality problems get maximum attention, workmanship defects are clearly identified, and associatedprocedures are changedimmediately. This method of manufacture requiresthat the designersincorporatesuitablechecks
or tests, and that routine adjustmentsbe avoided.
During the designphase,a significant effort was required
to ensure that all significant parameterswere thoroughly
evaluatedand the correspondingcritical dimensionswere
documentedand verified for high-volume producibility at
the part vendor's facilities and within HP manufacturing.
The product also underwent extensivelife testing. The
goal was to withstand 3.5 million print lines and t00,oo0
page movements without print quality deterioration.If a
malfunction occurred, it was to be minimal and totally
recoverable.In addition to HP's standard environmental
testing, several special environments were devised' We
were concernedthat dry, low-temperatureair would cause
the paper to build a large electrostaticchargeas it passed
over the plastic platen of the mechanism.This condition
was testedand it was determinedthat the bestresultscould
be obtained through the use of a conductive polymer in
the platen, which eliminates the need for a tinsel strip or
wire cageas required on some utility printers. Becauseof
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limitations of conventional environmental chamber capabilities, the testing was done in the local mountains and
was an extremely popular assignmentduring ski season.
One of the objectives for the project team was to
maximize the flexibility of the manufacturing line. This
means that necessarymodel changesand production volume changesmustbe easilyaccommodated.To accomplish
this, we choseto assemblethe mechanismusing only simple tools. Some of the special design featuresused to accomplish this objective include several plastic-to-plastic
snap details-the platen-to-mainframe assembly,the drive
drum assembly, and the flexible-circuit-to-head-carriage
assembly.All the rods are held in place with simple Eshaped snap rings and screws are used only where rigid
joining of heavy or tensioned parts is required.
Inquisitive readers owning anHP 2225 Printer may also
wonder why we use the "funny" screwheadsthat aremaking it difficult for you to disassembleyour printer' The
screw drive schemewas chosento minimize the strain on
operatorswho do the sameaction for eight hours per day'
In this case, Torx'* drive heads have been found to
minimize the possibility of repetitive motion injuries and
operator fatigue.
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Thermodynamicsand Hydrodynamicsof
ThermalInk Jets
by Ross R. Allen,John D. Meyer,and WilliamR. Knight
ANY OF THE SPECIAL FEATURES of HewlettPackard'sThinkJet technology depend on the formation, growth, and collapseof a microscopicbubble of vaporized ink. This compact energy source can be
placed in the ideal location for a drop-on-demandink jetright at the nozzle. This allows the design of a compact,
disposable,multinozzle printhead that is very energy-efficient and can be used in portable and battery-powered
printers.
The components of the ThinkJet printhead are shown in
Fig. 1. The assemblyconsistsof a molded plastic case,ink
bladder, front plate with ink filter and capillary, and thinfilm subassembly.The elegant simplicity of this device
beliesthe underlying complexity of the thermo- and hydrodynamics of the ThinkJet printing process'
In other drop-on-demandtechnologies,such as piezoelectric drive, the pressurepulse ejecting an ink droplet
may be modulated in amplitude and duration to some degree by the electrical drive pulse. Similarly, a range of
bubble impulses can be obtained in a thermal ink jet by
choosing different voltage/pulse-width combinations. In
eachcase,the operatingpoint must producevery high fluid
superheatto achieverepeatableand reliable vaporization'
The pressure-time characteristicsof the thermal ink-jet
drive are further influenced by the selectionof the ink, the
thermal behavior of the substrate, and the geometry of the

Fig. 1. ThinkJetprinthead. The assembledprinthead (top) is
composed of a plastichousing (left),a rubber bladder to hold
the ink(center),and athin-filmsubstraleassemblycontaining
the ink-jet array (right).

heater and nozzle. Successfulimplementation of thermal
ink-jet technologyrequirescontrol of the bubble formation
and droplet ejection processesthrough sophisticatedthermal and hydrodynamic design.
Bubble Nucleation and Growth
Generationof thermal ink-jet vapor bubbles does not lie
within the regime of conventional boiling' When a substancechangesinto the vapor phaseunder reversibleheat
addition, the processoccurs at a well-defined temperature
for a specified ambient pressure.Largethermal gradients,
inertial limitations on vapor bubble formation, and the unavailability of nucleation sites produce nonequilibrium
conditions allowing superheatingof the ink. The amount
of superheatis measuredby the number of degreesabove
the boiling point required for vapor bubble formation, and
superheatis only a few degreesfor conventional boiling.
A thermal ink-jet vapor bubble that ejectsink droplets
with repeatablevelocity and volume is obtainedonly when
the fluid/heaterinterfacetemperatureapproachesthe ink's
superheatlimit. This is approximately 90% of the fluid's
critical temperature(i.e.,the point beyond which a liquid
phase no longer exists).The critical temperaturedepends
solely on the physical propertiesof the fluid, whereasthe
superheat limit depends on ambient pressure and fluid
properties.For ThinkJet inks, the superheatIimit is about
330'C at atmosphericpressure.
Bubble nucleationand the behaviorof the ink fluid under
superheatedconditions determinesthe stability of bubble
generationand droplet ejection. Three nucleation mechanisms are possible in a superheatedfluid. Nucleation at
surface sites occurs on a heated surface where vapor is
trapped in minute cracks or pits. This can occur over a
wide range of superheat conditions and depends on the
size of the site, temperaturegradientsin the fluid near the
heated surface,and whether vapor is present.
At fluid temperaturesclose to the critical point, both
homogeneousand heterogeneousnucleation are possible.
Thesetwo mechanismsinvolve the creation of bubble nuclei from fluctuations in molecular density occurring at
elevated temperatures.Homogeneousnucleation occurs
within the fluid and is characterizedby the temperature
at the superheatlimit. Heterogeneousnucleation occursat
a liquid/solid interface and its characteristictemperature
depends on the properties of this interface.
For a thermal ink jet, homogeneousnucleation with its
independencefrom heatersurfacepropertiesis a desirable
mechanismfor producing repeatablevapor bubbles.Unfortunately, it is difficult to createand maintain surfacesof
sufficient perfection to eliminate surfacesites.When present, thesesitesinitiate nucleationbeforethe superheatlimit
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Fig,2. Snallirregularities
in a heatedsurfacecreatelow-tempercturenucleationsltesfol bubblesin the heatedfluid.
is reached and the bubble nuclei thus created dominate
the nucleation sequenceby suppressingmore energetic,
higher-temperaturenucleation mechanisms.Under these
conditions, the release of energy is highly random and
results in unstable droplet ejection.Much of the development of the ThinkJet technology involved understanding
bubble formation and selectingconditions that inhibit lowtemperaturenucleation sites.
Low-temperaturenucleation sites can be suppressedby
high heatingrates that quickly bring the fluid close to the
superheatlimit. Typical thermal ink-jet heatersgenerate
power densities of S0Omegawatts per square meter for
periods of three to six microseconds.Since it would take
about 100 million typical thermal ink-jet heatersto cover
a squaremeter, the actual power is more manageable-S
watts.
Fig. 2 showsa vapor forming at a surfacesite. Conditions
for bubble growth can be predicted from the isotherms in
the fluid near the heater surface.These isotherms can be
obtained analytically or from computer simulations. A
model of the vapor bubble includes surfacetension and
the Clausius-Clapeyronrelation between saturatedvapor
pressureand temperature.Resultsfrom this analysisrelate
heatingratesand pulse widths to the quality of nucleation.
Fig. 3 showstemperatureprofiles in the fluid eachmicro-

second during a six-microsecond heating pulse. Superimposed on these profiles is a curve representing conditions
for surface site nucleation called the "activation curve."
When a temperature profile crosses this curve, nucleation
will occur at the site whose temperature and characteristic
size are determined by the point of intersection. For the
heating rate used in this analysis, Fig. 3 shows that no
nucleation can occur before 4.5 microseconds, and the first
sites activated have a dimension oI O.ZS pm when the
superheat temperature is 1.70'C. There is no guarantee that
surface sites are available for bubble nucleation when activation conditions are met, because the surface may not
have features at this roughness scale and existing features
may not be primed with vapor.
Vaporization will not occur across the entire heater surface if only a few random sites are activated at the end of
the heating pulse, because these isolated bubbles cannot
grow large enough before the fluid temperature relaxes
below that required to sustain vaporization. Under practical operating conditions, nucleation will initiate at a few
discrete sites and additional heating will quickly activate
higher-temperature sites until nucleation occurs over the
whole surface. Under these conditions, it is possible to
obtain heterogeneous nucleation approaching the quality
of homogeneous nucleation.
This model successfully interprets a wide variety of bubble behavior and explains qualitatively why high heating
rates and short pulse widths produce more stable nucleation and droplet ejection. Under these conditions, bubble
vaporization time after nucleation occurs is on the order
of one microsecond and peak pressures approach 14 atmospheres, depending on the choice of fluid.
Thermodynamics of the Fluid and Thin Films
A cross-sectional view of a ThinkJet printhead's thin-film
structures is shown in Fig. 4. It consists of a substrate of
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glass, an underlayer beneath the heater, a thin-film resistor
heater, metallic electrical conductors, and a passivation
layer. The substrate provides structural support for the
thin-film structure, whose total thickness is less than 3 pm.
The underlayer controls heat diffusion into the base from
the heaters. A heater is formed by etching away portions
of the conductor material, thus exposing the underlying
resistor layer. The surface is covered with a passivation
layer protecting the heaters and conductors from chemical
attack.
Control of bubble nucleation requires precise thermal
design of the substrate and thin films, but experimental
temperature measurement is complicated by the short
times and small dimensions of the heating process. A typical thermal ink-iet heater is 50 to 100 /.rm square and 100
nm thick, and can reach 400'C within five microseconds'
Consequently, computer simulations have been an essential tool for prediction of temperature distributions within
the substrate, thin films, and ink.
During a practical heating pulse, whose duration is two
to six microseconds, heat can diffuse only a small distance
into the fluid and substrate-2 to 3 pm. For heaters 50 to
100 pm square, the temperature field will be highly uniform
across the resistor surface (away from the connections to
the metallic conductorsl. Because printing requires many
repeated pulses, and in actual operation heat diffuses into
the substrate, ink, and nozzle plate, a temperature field can
be predicted accurately only with a three-dimensional
analysis. A three-dimensional model gives operating temperatures and can evaluate heat dissipation mechanisms,
but is time-consuming to construct and evaluate and requires characterization of many physical processes. These
processes, involving transient conditions and many materials, may have parameters that are unknown or difficult
to measure. Fortunately, over the time scale of bubble
lifetime (about 20 microseconds), a one-dimensional model
adequately predicts the thermal environment over most of
the heater surface and can be used to develop rules for
substrate thermal desisn.

Fig. 4. Cross section of the thinfilm structure for a ThinkJetprint
head. The close-up view on the
/eft shows the conductor-heater
inbrtace.

Fig. 5 shows the temperature profiles calculated from a
one-dimensional model at two, four, and six microseconds
after the start of a six-microsecond heating pulse. The onedimensional model can simulate uniform, instantaneous
nucleation over the entire heater surface. Choosing the temperature of bubble formation to be the superheat limit gives
good agreement between analytical models of bubble
growth and experimental results. But using this as a criterion for nucleation overestimates the initial pressure and
bubble energy because the nucleation process is strongly
time dependent.
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Fig. 5. Temperatureprofilesfor structure in Fig. 4 calculated
from a one-dimensionalmodel for a 6-ys heatingpulse.
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Fig.6. Temperatureprofrles after bubble nucleation at 6 ps
calculated from one-dimensionalmodel. The bubble forms
on top of the passivationlayer and grows to the right.
This model assumes nucleation at six microseconds
when the fluid reaches its superheat limit-330'C.
This is
not inconsistent with the analysis of surface site activation
presented in Fig. 3, because that model predicts only the
minimum conditions for activation of the first site.
Fig. 6 shows the temperature field afterbubble nucleation
at six microseconds. Notice that the fluid temperature relaxes very quickly. The large temperature gradients near
the bubble surface come from heat conduction to the vaporizing fluid and to the ink. The cool fluid ahead of the
bubble removes energy available for vaporization at the
advancing bubble wall. The decay time to ambient of the
thermal profile from its initial state at bubble nucleation
is several microseconds, and the high-pressure phase of
bubble growth, which acceleratesfluid in the ink-jet nozzle,
is expected to be of this order. Experiments measuring
bubble acoustic energy with high-frequency hydrophones
verify that the pressure pulse has this short-lived character.
The thermal effects of the passivation layer are effectively
analyzed with a one-dimensional model. Fig. 7 relates effective pulse energy to pulse width for no passivation and
three thicknesses of passivation: 0.5, 1.0, and 1.5 pm. The
heating pulse energy required for bubble nucleation decreases with pulse width but increases with passivation
thickness. Obviously, short pulse widths and thin layers
are more desirable to minimize input energy and printhead
heating.
A thicker passivation layer causes more heat to diffuse
into the substrate. For continuous operation, the temperature of the entire structure increases, and this can affect
bubble nucleation and degrade print quality. Furthermore,
the temperature gradient across the passivation increases
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with decreasingpulse widths. This means higher heater
temperaturesand greaterthermal stresses,which affectreliability and useful life. It is possibleto control heat dissipation and thermal efficiency through careful selectionof
the base material and use of an underlayer beneath the
heater.
A basematerialsuch asglasshasa low thermal diffusivity
and heat builds up locally near the heaters.Since the ejection of warm ink representsabout 50% of the printhead
heat dissipation, efficient heat transfer between the substrate and the ink is an important design objective.This
requires conducting thermal energyaway from the heaters
into a large wetted area.
A silicon base with a layer of silicon dioxide between
the baseand the heatergreatlyimprovesprinthead cooling.
Comparedto glass,the higher thermal diffusivity of silicon
promotesthe lateral flow of heat along the fluid-substrate
interface.The substrateis thereforeat a more uniform temperatureand more heatis transferredto the ink. The silicondioxide layer must be thick enough to insulate the heater
from the silicon while the pulse is on, but thin enough to
allow rapid relaxation of the temperature field between
pulses. This ensuresthat the bubble collapseson a cool
surface,preventing a secondaryvaporization cycle. Typically, r to 3 pm of silicon dioxide satisfy both criteria for
pulse widths up to six microsecondsand repetition rates
to B kHz.
Fluid Mechanicsof the Bubble and Ink Droplet
Much of the experimental evaluation of drop ejection
from thermal ink-jet printheads is done by microscopic
PassivationLayer
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Fig.7. Graph of effective pulse energy versus pulse width
for no passivation and three different passivation layer
thlcknesses.

observation of droplets under flashtube illumination. Controlling the delay between the heating and illumination
pulses allows observation of single or multiple drops at
different times in the ejection cycle. Fig. B shows a drop
20 microseconds after the rising edge of the electrical input
to the heater.
Measurement of drop velocity and shape are made with
calibrated optics and photographic or video recording.
Other important behavior such as refill time and drop stability (and quality) can also be studied optically. Special
printheads with glass walls and nozzle plates have been
fabricated to observe bubble expansion and collapse, drop
breakoff , and refill within operating nozzles. But, even with
these experimental tools, it is difficult to correlate observed
effects with underlying physical processes.
A computer simulation of the thermal ink jet was developed to gain a fundamental understanding of the physics
of drop ejection. The model was used to study the effects
ol nozzle geometry and bubble dynamics on drop formation. Fluid dynamics were modeled by the two-dimensional Navier-Stokes equations in cylindrical coordinates
finite-difference
using a classical "marker-and-cell"
scheme. This method is used for fluid flows with liquid/
vapor interfaces called "free surfaces." The evolving free
surface is defined by marker particles that move according
to fluid velocities near the surface.
Viscosity and surface tension are important effects at free
surfaces of ink drops and vapor bubbles. For this study,
new numerical techniques were developed for complete
treatment of free-surface boundary conditions which include viscous normal and tangential stresses, surface tension, and continuity. Multiple sets of differencing schemes
are used to compute these boundary conditions even when
the surface becomes highly distorted. The model can simulate arbitrarily complex but axisymmetric nozzle shapes
using a library of solid-wall boundary conditions for wall

Fig.8. Photomicrographof the ejection of an rnk droplet 20
ps after the application of the electrical pulse to the heater.

geometries near a computational cell.
The simulation code was written in Fortran and a typical
simulation using a 4-pm grid and a time step of 10
nanoseconds required about 70 CPU hours on a super minicomputer to model 50 microseconds of the drop ejection
cycle.
In the simulations, the fluid is initially at rest and the
nozzle meniscus is deformed by the subatmospheric pressure in the ink reservoir. (This pressure is generated by the
deformed ink bladder and is necessary to prevent ink from
flowing freely out of the pen.) Surface tension of the meniscus in each nozzle supports this subatmospheric pressure.
The vapor bubble is given an initial pressure and volume
and then expands as its surface moves with the local fluid
velocities. The bubble pressure is computed from its volume using the perfect gas law. Velocities in the fluid are
produced by the pressure gradients between the vapor bubble and the atmosphere and are affected by boundary conditions at the nozzle walls and free surfaces.
Fig. 9 shows graphical output from the simulation of a
converging nozzle. The smooth nozzle contour is approximated piecewise along grid boundaries. The refill channel
is simulated by an annular restriction and boundary conditions derived for radially symmetric, unsteady flow between two flat plates. The two-dimensional flow field is
axisymmetric, and its graphical representation has been
split into the velocity field (left half) and the pressure field
(right half). The velocity field is described by streamers
fixed at the cell centers. The length and direction of each
streamer gives the local velocity. A streamer of one cell
length represents a velocity of t0 m/s. The pressure field
is filled with symbols whose size is proportional to pressure.
Fig. 9a shows the drop emerging five microseconds after
formation of the vapor bubble. The bubble has expanded
off the resistor. Its pressure is 0.43 atmosphere and its
volume is 49 picoliters. Bubble surface velocities are now
about 4 m/s. The pressure is close to atmospheric near the
nozzle exit and within the drop (note the size of the pressure symbols). As the nozzle cross-sectional area decreases,
continuity causes the fluid to accelerate against an adverse
pressure gradient. The centerline velocity at the nozzle exit
is 10 m/s and at the head of the drop is 16 m/s. Velocities
in the nozzle are low except in a cylindrical region extending back from the exit. This nozzle is efficient because low
velocities and gradients near the walls (except in the exit
region) reduce viscous losses. Flow is seen out the refill
channel in the lower left corner of the figure.
Fig. 9b shows the drop at 15 microseconds when the
bubble begins to collapse. The bubble pressure is 0.22 atmosphere and its volume is 77 picoliters. The meniscus is
reentering the nozzle at B m/s. A large velocity gradient is
seen along the drop between the head (13.3 m/s) and the
region of fluid behind the meniscus ( - B m/s). Outside the
nozzle, some fluid is seen to have no axial velocity. Nearby,
the drop diameter is decreasing as fluid flows back into
the nozzle. Pressure within the drop is typically 1.06 atmospheres and increases to 1.1 atmospheres at the head and
minimum-diameter region because of surface tension and
the small radii of curvature. Although surface tension has
an effect, drop breakoff is primarily driven by velocity gradients in the region near the nozzle exit plane, and these
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arise from bubble collapse.
The nozzle meniscus moves back into the nozzle during
bubble collapse. This "reflow" has a significant effect on
breakoff, droplet shape, and distribution offluid velocities.
During bubble expansion, the nozzle throat is filled with
fluid and its impedance is comparable to the refill channel's. Nozzle impedance decreases substantially when air
enters the nozzle during bubble collapse. Because the refill
channel is always filled, its impedance remains high while
reflow provides most of the volume flow for bubble collapse. High velocities develop at the meniscus surface
when little fluid mass supports a large pressure gradient.
At 24 microseconds, the drop has broken off and Fig. 9c
shows the meniscus retracting into the nozzle as the bubble
is in the final stage of collapse. [The free ink droplet was

not simulated in this particular study.) The bubble pressure
is 1.3 atmospheres and its surface velocity is 10 m/s. (Numbers in the pressure field are pressure to the nearest atmosphere). Nozzle reflow produced by bubble collapse is seen
clearly inthe velocityfield. Stability of the meniscus during
bubble collapse is important to prevent trapping air in the
nozzle.
The volume and curvature of the nozzle meniscus determine refill time (and maximum ejection frequency) because
surface tension provides the pressure differential to draw
ink from the reservoir. The volume of ink required is equal
to the volume of air drawn in by the reentrant meniscus
and this volume is larger than that of the ejected droplet
by the volume of fluid forced down the refill channel during
bubble lifetime. This fluid is stored temporarily in the per-
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Fig, 9. Stmu/ationof ink droplet ejection through a converging nozzle. Streamerlength in left
half of each plot indicatesmagnitudeand directionof fluid velocity(one cell length:10 mls).
The right half of each plot indicates pressure with symbols whose size corresponds to the
pressure. (a) Five microseconds after bubble formation.(b) Fifteenmicroseconds. The bubble
is beginnrng to collapse. (c) Twentyiour microseconds. The droplet has been ejected upward
(not shown)and the bubble is in the final stage of collapse.
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turbed menisci of neighboring nozzles, and may create
crosstalk problems unless consideration is given to ejection
order, timing, and layout of the nozzle pattern.

was essential to bring the thermal
to a practical technology.

jet from invention
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of the Thin-FilmStructurefor
Development
the ThinkJetPrinthead
by Eldurkar V. Bhaskar and J. Stephen Aden

HE DISPOSABLEPRINTHEAD (Fig. 1) used in the
Thinkfet Printer consists of a glass substrate
sandwichedwith a nickel manifold containingtwelve
microscopic nozzlesand mounted on a plastic body, which
carriesthe ink supply. Each nozzle can supply ink on demand from the printer as the printhead scans across the
paper. The droplets of ink are ejectedby instantaneously
vaporizing a tiny volume of ink. The vapor bubble grows
rapidly and gives momentum to the ink abovethe bubble,
which in turn is propelled through the nozzle onto the
paper. Ink is refilled automatically to the nozzle area by
capillary action.
An enlargedcross-sectionalview of the ThinkJet printhead through a single nozzleis shown in Fig. 2. The printhead resistor structure for thermally exciting the ink eiection is fabricated on a glass substrateusing standard IC
processingtechniques. Fig. 3 shows a flow chart of the
processingsteps.A dielectric material such as sputtered
silicon dioxide is deposited first on the glasssubstrateas
a barrier film to prevent leaching of impurities from the
glass into the resistor and conductor films. The resistor
film is tantalum-aluminum and is magnetronsputterdeposited. Aluminum doped with a small percentageof copper
is depositednext by magnetronsputteringto form the conductor film. The resistor-conductorfilms are photolithographically patternedto form a singlecolumn of 12 resistors
connectedby a common conductor on one end and terminatedby 12 individual pads (terminals)on their other ends'
The resistors are covered with ink-resistant passivation
films. A polyimide coatingfurther protectsthe passivation
and the underlying thin films from degradationby the ink.
To improve contact reliability, the aluminum pads are
coatedwith nickel and gold films.
An electroformed nickel plate with twelve nozzles is
attached to the thin-film substratesuch that the orifices
are aligned with respect to the resistors and a capillary

cavity exists between each orifice and resistor. To print a
dot, the selected resistor is energized by a suitable electrical
pulse and heated to several hundred degrees Celsius in a
few microseconds. The ink-vapor bubble formed adjacent
to the resistor propels an ink droplet out of the nozzle Io
form a dot on the paper. After the electrical pulse is turned
off, the vapor bubble collapses, subjecting the thin-film
passivation to severe hydraulic forces. During the operation
and life of the printhead, the passivation experiences severe
electrical, thermal, mechanical, and chemical stresses.Developing a passivation film for these exacting requirements
presented some interesting challenges.
Material Selection
Several different materials were tried out as the passiva-

Oritice Plate
with
NozzleArray

Fig. 1. fhe disposab/e ThinkJetprinthead cartridge contains
12 thin-film resistors and mating ink-jet nozzles arranged in
a vertical column and supplied by a rubber bladder filled with
tnk.
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acceptableyields and reliability. The PECVD process is
used for the following reasons:
r Silicon carbide and silicon nitride films of any desired
composition can be deposited by suitably varying the
deposition conditions
r Higher throughput than the magnetron sputtering proPolyimide

Passivation
AI
Conductor
TaAl
SiO, Barrier Resistor

GlassSubstrate
Fig. 2. Crosssectionof a singleThinkJetpilntheadnozzle
and thin-filmresistorstructure.
tion layer for the Thinkfet printhead. Sputteredaluminum
oxide was the first material tried, based on HP's previous
thermal printhead experience.But the resistorswould open
up and fail within a few hundred thousand cyclesof operation. The resistorfailures were mainly causedby the large
number of pinholes in the passivationand poor stepcoverageover the aluminum conductoredge.Also, over the long
term the aluminum oxide was prone to chemical attack
from the ink. A thin metallic coating over the aluminum
oxide increasedthe life of some of the printheads to tens
of millions of cycles of operation. But the repeatability of
the processwas poor becauseof the excessivenumber of
pinholes (30 to 100/cm2)inherent in a sputtered-down
dielectric suchasthe aluminum oxide film. Silicon carbide,
being mechanically hard and chemically inert, was the
next choice.l'2In view of the inherent problemsmentioned
above for RF sputtered-down processing, a plasma enhancedchemicalvapor deposition(PECVD)process,which
is a potentially low-particulate process,was explored for
depositingthe silicon-carbidefilms.
The resistivity of the semiconducting silicon-carbide
films depositedby the PECVDprocessis low comparedto
that of dielectricfilms. Hence,at the high operatingtemperature of the ThinkJet printhead, silicon-carbide films could
provide a parallel path for the electrical current. This indeed occurred on heads passivatedonly with silicon-carbide film; this was determined by observing anodization
of the film in the presenceof ink and voltageon the resistor.
Therefore,a double-layerpassivationschemeconsistingof
insulating films such as silicon dioxide, silicon nitride,
silicon oxynitride, and chemically inert films such as silicon carbide, each deposited by various techniques, was
investigated.As a result of this experiment,a PECVDsilicon nitride and silicon carbide combination was found to
be optimal in terms of low operatingvoltage and long life
of the printhead.
Process Characterization
Having found the optimum combination of thin films for
passivation,the depositionprocessneededto be optimized
for manufacturing printheads on a production scale with
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I Demonstratedlow pinhole count and conformalcoatings
as an IC passivationprocess
r Only low-terhperatureprocess suitable for glass substratesand availablefor depositingsilicon-carbidefilms
of desirableproperties.
In the beginning, some processrefinement was necessary. Although the PECVD process has been widely accepted in the IC industry for depositing passivation and
intermediate dielectric layers, it has been used only on
silicon substrates.3
Substantialchangesin the processand
hardwarewere required for the ThinkJetprinthead because
of the use of glasssubstrates.
It was observedthat silicon carbide films deposited at
higher temperatureswere superior to those deposited at
lower temperaturesin thermal and mechanicalproperties.
This may be explained by the fact that the films deposited
at a lower temperatureinclude more hydrogen.The deposition temperaturewas fixed, and the other deposition parameterssuch as power, total flow, and flow ratio of reactant gaseswere then optimized using factorial designexperiment techniques.a
After optimizing the depositionprocessfor the two films,
a full factorial experimentwith starand centerpoints using
silicon-carbide and silicon-nitride thicknessesas the two
variableswas performedto identify the thicknessratio and
total thicknessof the two films. The dependentparameters

Fig. 3, F/ow chart of basic printhead fabrication process.

Fig. a. SEMphotomicrograph of cross sectionof the thinJilm
resi stor-cond uctor structure.
examined were operating voltage, life, pinhole density and
step coverage of the films.
The operating voltage and life were measured on finished
printheads fabricated from the different runs of this experiment. Printheads from the center of the substrate were
precision cross-sectioned, examined, and photographed in
a scanning electron microscope (SEM). A typical SEM picture, as shown in Fig. 4, indicates good step coverage and
conformal silicon-nitride and silicon-carbide films over the
aluminum conductor edge. Pinhole density was measured
on the substrates and is plotted in Fig. 5 versus passivation
thickness. As one would expect, the pinhole density falls
off rather dramatically with increasing passivation thickness. Operating life was determined by testing a sample of
ten printheads from each run at 1,2\oh of the operating
voltage until a certain number of failures occurred. Weibull
analysisa of the failure data gave a probability of survival
up to 2 million cycles of operation, which is the required
life of the printhead. Fig. 6 shows plots of probability of
survival at 2 million cycles versus silicon-nitride thickness
with silicon-carbide thickness as the third parameter.

printhead. Perhapsone of the more formidable problems
is providing reliable passivation of the thin-film resistor
array which must operatewhile in direct contact with liquid ink. The dyes used in the ink contribute ionic contaminants that make the ink an effective electrolyte. As mentioned earlier, the thin-film circuit must be physically'
chemically,and electricallyisolatedfrom the ink to provide
processing flexibility without imposing too many constraints on the thin-film materials set.
Proper ink bubble and droplet formation require very
specific, well-controlled thermal characteristicsas well as
cavitationresistanceand chemicalinertness.The two-layer
structure of silicon nitride and silicon carbide discussed
abovewas developedto meet theserequirements'Unfortunately, this structure has a small but finite defect density.
Therefore, an additional redundant passivation process
was addedto enhanceprintheadprocessyield and lifetime.
Processyield is a direct function of the probability of a
given printhead having zero defectsin the ink-wetted area.
This yield is an inverseexponentialfunction of both defect
density and ink-wetted area (seeFig. 7)' As the plot illustrates, the yield is a very strong function of both factors.
That is,
% Yield : 100 exp(-DA)
where D : defect density and A : ink-wetted area'
The strategy used for the ThinkJet printhead was to
minimize both the ink-wetted surface area of the circuit
and the effective defect density over the resistors themselves.Both conceptsareuseful in reducingthe probability
of thin-film failure.
Preciselycontrolled thermal characteristicsare only required of the passivationover the resistors.The rest of the
ink-wetted area is covered with a redundant polyimide
passivation,effectivelyreducing the wetted areaby a factor
of forty.
Polyimide has a number of very useful propertiesfor this
application. It hasbeenproven to be an excellentconformal

Thin-FilmPassivationEnhancement
Thermalink-jettechnology
imposesa seriesof veryharsh
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constraints on the choice of materials throughout the ink-jet
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Fig.6. Probability of printhead survival to two million cycles
with 90ok confidence as a function of silicon-carbide and
silicon-nitride film thicknesses./Ihicknesses are normalized
to nominalvalues.)
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Fig.7. ThinJilmpassivation reliabilityyield as related to inkwettedarea A and effectivedefect densityD (#lcm2).
coating, giving good coverage over particles, metal steps,
and voids. Since the material can be spin-coated in a wide
variety of thicknesses up to 10 prm, it offers the fundamental
advantage of being relatively insensitive to the defects that
cause pinholes in the more conventional plasma-deposited
films. The material is quite inert chemically and is both
resilient and strong, giving good mechanical protection.
Polyimide is also a stable dielectric under a variety of environmental conditions. One of the most important properties
is that the material can be readily applied and processed
with normal microelectronic photoresist techniques.
The primary process design goals were to build an effective redundant passivation process that would fit into the
existing fabrication process in the simplest way possible.
The initial process was therefore set up as a wet-etch, positive-photoresist process.
Early experiments showed that an organosilane adhesion
promoter is required before spin-coating the polyimide to
achieve reliable adhesion to silicon carbide. Positive photoresist is then applied and selectively exposed on top of the
partially cured polyimide. The photoresist developing and

Fig. 8. SEM photomicrograph of thinJilm reslslor exposed
through opening in the polymide redundant passivation.
polyimide etching are done simultaneously in the photoresist developer. The resist is then removed in a simple,
room-temperature solvent process. Finally, the film is
cured in a high-temperature nitrogen bake.
The lateral dimensional constraints of rt0 pm for this
level are so loose that they allow considerable overetching
to minimize residues while avoiding endpoint detection
difficulties common to wet processing. This conveniently
provides smooth radiused corners without sharp discontinuities that could retain small gas bubbles near the resistors (see Fig. B).
Considerably improved dimensional control has been
obtained by using Iess overetching, but this usually requires
an extra cleaning process, such as low-pressure oxygen
plasma, to remove residues from the vias. Plasma etching
of fully cured polyimide was also effective, but not required
for this application.
The effective defect density includes a variety of defect
types. Any type of defect that might allow ink to reach the
thin-film metalization is considered to be a fatal defect.
This includes pinholes intrinsic to the passivation, particulate inclusions, microcracks along conductor edges, and
others. Optimization of the deposition process described
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Fig. 9. SFM photomicrographof
passivationmicrocrack over the
aluminum conductor.
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Fig. 10. (a)Beveledatuminumconductoredgebeforepasslvatlon.(b)Crosssectionofbeveled
aluminumconductoredge after passivation.Note absence of cusp formationat sfep.
above must address the first two types of defect, and to
some extent, the third. It is interesting to note that, in spite
of the large lateral dimensions involved, the film thicknesses required for rapid heat transfer make printhead reliability very sensitive to submicrometer particulate contamination.
The third type of passivation defect, microcracks along
conductor edges, is of particular concern in this technology'
The high-temperature thermal cycling of the resistors results in large temperature gradients and stress buildup
along the resistor conductor boundaries. Any abrupt slope
discontinuity in the passivation at this edge is likely to
cause a failure (see Fig. 9). To avoid this, the aluminum

conductor edges are beveled to improve the subsequent
step coverage (see Fig. 10).
This beveling is difficult to control, and is very sensitive
to surface quality, materials, and process variations. The
greater the beveling effect desired, the more difficult critical
dimension control becomes. Fortunately, with lateral dimensions in the 100-pm range, the control requirements
still allow the use of this technique in a wet-chemical etching process.
Using a redundant passivation coating to reduce the inkwetted area to a minimum and beveling conductor edges
to reduce effective defect densities are both done to provide
process latitude. Reliability is a statistical concept that de(continuedon page 33)
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Where the Ink Hits the Paper...
To operatein the ThinkJetprinthead,the ink must be able to
withstanda ratherextremetemperature
excursionof well over
300 degreesCelsius.Anotherrequirement
is completelack of
cloggingof the ink-jetorificesfor the entirelifetimeof the printhead cartridge.Next,the systemmust print legible,dark print
over the entireoperatingtemperatureof the printer.To avoid
decomposition
of the materialsof the cartridgeduringlong{erm
storage,analysisand reductionof the ink'scorrosiveness
and
chemicalreactivitiy
to theprintheadcomponents
wasnecessary.
Initially,
it was expectedthatsomecommercially
availableinks
wouldbe acceptabe. Aftersometesting,however,it was determined that a key to the successof this producl would be to
developan ink internally.
Along with the above-menlioned
requirements,experimentation
determinedthat variationsin the
surfacetensionand viscosityof the ink playeda great role in
the ink dropletvolumeand velocity.Muchof the initialtestingof
the ink-jettechnologyhad been performedwith standardfountain-penink.Thisprovideda startingpointfor inkdevelopment.
In a fountainpen,thetip is coatedwitha veryhard,noncorroding substance.
Thisallowsthe inkto be corrosiveand notdestroy
the printquality.In addition,the cap of a fountainpen provides
retentionof a solvent-saturated
atmosphere
that inhibitsdrying
of the ink betweenuses.Becauseof space limitations,
this approachis not availableto the ThinkJetprintheadcartridge.
Anaiysisof thecorrosivenatureof inksledtheteamto conclude
that by decreasingthe electrochemical
activityof the ink, one
could increasethe lifetimeof the printhead.The activityof any
solvenl-solute
systemis determinedby the ionic strength,the
mobilityof the ions, and their reactivity.Each of these three
chemicalmechanisms
prodwas alteredto allowa less-reactive
uct. To decreasethe activity,all unneededionicmaterias were
removed.The mobiity issuewas addressedby increasingthe
sizeof the ionsas wellas changingthe solventto a moreviscous
material.Reactivitywas decreasedby choosingless reactive
chemicalions.
Theseconditempursuedwas minimizing
the drying-outproblem.Precipitation
of the ink colorantin the printheadorificeswas
determinedto be the causeof the cloggingproblemseenin the
use of fountain-pen
ink.By addinga low-vapor-pressure
solvent
in whichthe colorantis stillsolubleto the basic ink solvent,the
ink in the orificebecomesa differentchemicalcomoositlon
from
thatin the mainchamber.Thisadditivehas a very highviscosity
in its pure state,which reducesthe rate of evaporationof the
basiclower-boiiing-point
solventas itsconcentration
decreases.
Sincethe colorantis soluble,and eventually
no moreof the basic
solventescapes,a "liquid plug" formsin the orifice.Upon the
firstprintingaftera longspanof rest,the printheadeasilyejects
t h i sl i q u i dp i u g .
Anotherrequirement
is to passthe solutionthrougha 1-micrometerfilterto removematerialthat mighteasilyclog the orifices.
In the chemicalmakeupof the ink, filteringis done quite frequently,and considerable
care is used to avoid contamination
furtheralong in the productionof the printheadcartridge.
Kogationis definedas the plaquebuildupfoundon the resistors of a thermalink-jethead afterseveralfiringsof the system
( s e eF i g .1 ) .l t c a nc a u s e t h eh e a d t o f a ibl y i n s u l a t i ntgh er e s i s t o r
fromthe inksupply,whichreducesbubblegeneration.
Themajor
sourceof kogationis the ink. By modifyingthe ink materialappropriately,
kogationcan be variedfrom rapidbuildupto excessiveerosion.In the ThinkJetink,formulashave been optimized
to providea very slow buildupof plaque.
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Conductor

Resistor
Fig-1. Microphotographof kogatton the buildupof decomposed ink on the reststorsurface.

Volume
Duringthe initialprototypeera of ink manufacture
at HP, volumesof 1 to 10literswere producedat a time.At the onsetol
production,
to fillthe needsof the manyThinkJetprintheadcartridges,we now manufactureink in 500-literbatches.Analysis
of the componentsof the ink by UV-visiblespectrophotometry
with an HP 8450ASpectrophotometer
allowsthe directstorage
o f t h e s p e c t r ao n m a g n e t i cd i s c m e d i a .A n H P 1 0 B l B L i q u i d
Chromatograph
is used to monitorthe specificconcentrations
of the multicomponent
ink.Finally,
viscosity,
conductivity,
surface
tension,specificion concentration,
and pH are all recordedand
checkedfor control.From every batch,an archivedsampleis
parametersto allow
retainedin addltionto the computer-stored
completetraceability
of the inkfromany printheadcartridgeproduced by HP by notingthe serialnumberembossedon it.
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pends on many factors. High-reliability ink-jet heads can
be built without these enhancements, but high-volume,
low-cost production inevitably involves variation of many
parameters. It is very useful to build process latitude into
the fundamental design of any device. In a very real sense,
latitude is reliability.
Sustaining the passivation process through production
brought out the importance of regular cleaning of the process chamber and hardware, proper precleaning of substrates,and operating a "clean" process, and the need for process monitors such as pinhole monitors and the thickness
monitor to yield a reliable Thinklet printhead. A life test
is performed on a regular basis on a sample of twenty
printheads drawn from production assembly. A typical
Weibull plot of failures from such a life test to 200 million
cycles is shown in Fig. 11. It can be seen from this Weibull
plot that the predicted life of this lot with 95% probability
of survival with 90% confidence is 25 million cycles, which
is much greater than 2 million cycles-the required life of
the pen to print 500 pages. Said another way, the predicted
reliability with 90% confidence at 2 million cycles is 99.2%.
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The ThinkJetOrificePlate:A Part With
ManyFunctions
by Gary L. Siewell, William R. Boucher, and Paul H. McClelland

HEN THE SUPERHEATED INK over the energized thin-film resistorin the ThinkJetprinthead
explodes into a vapor bubble, ink is forced outward in all directions. The orifice plate has the task of
directing this fluid flow into a drop traveling toward an
exact spot on a sheet of paper.
The orifice plate controls drop size and trajectory. It has
a strong influence on drop velocity. It facilitates the flow
of ink from the reservoir to the nozzle (refill). It contains
the turbulent fluid flow and inhibits ejection from adjacent
nozzles (crosstalk). The orifice plate (Fig. 1) is special in
that it achieves all of this in a single nickel electroforming
step (see box on page 35 for brief description of electroforming).
The nozzles are formed around a pillar of photoresist
with a very carefully controlled overplating process, which
helps determine the appropriate nozzle diameter to control
drop size and velocity. On each side of each nozzle are
barriers (see Fig. 2) that, when the orifice plate is bonded
to the thin-film substrate, form walls down to the surface
of the substrate. These barriers help inhibit adjacent nozzles from ejecting spurious drops of ink when a nozzle is

energized by preventing direct fluid flow from one nozzle
area to another.
A manifold shaped like the outline of a grand piano rises
above the ink fill hole in the underlying thin-film substrate
and extends to the nozzles, allowing ink to flow easily for
maximum print rate. Slots are positioned just outside the
ends of the barriers to act as fluid flow shock absorbers.
preventing fluid flow pulses from ejecting ink from other
nozzles and venting any gas bubbles that might be ingested
during collapse of the main vapor bubble. Standoffs drop
down to the substrate surface at several points and, along
with the barriers, establish the critical capillary spacing.
These features must be achieved with near semiconductor
precision and they are done with multicelled mandrels,
which allow the high volume and low costs necessary for
a disposable printhead.
Engineering Challenges
What were the challenges? The design, of course, was a
challenge since most of the design evolved as painstaking
solutions to problems of print quality. As always, the first
law of development, the conservation of problems, was
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the specifieddepth. The challengehere is to etch the entire
surfaceuniformly so that the subsequentbarrier etch can
be done precisely.
The resist is removed and the mandrel is burnished and
cleaned again. A new coat of photoresist is spun on and
patterned to define the barriers and standoffs,which are
then etched.Each mandrel measures7x 7 inches and contains 3300barriersand 2400standoffsto make 240potential
printheads per electroformedsheet.
The surface finish of the orifice plate is controlled by
the mechanicalburnishing operationsbetweenthe mandrel
etch steps.This mechanical surfacefinishing is important
for a smooth barrier etch, adhesionof the electroformduring plating, and adhesion of the photoresist used for the
nozzlesand parts separation.Etched and burnished mandrels have been used over 100 times and it appearsthat
mode of failure will be mishandling rather than
*;::tr

,

Fig. 1. Layout of the ThinkJetprinthead's orifice plate. This
electroformedpiece is bonded to a thinJilm resistorsubstrate
to form a high-pertormance ink-jet printing unit that can be
made inexpensively enough lo be dlsposable after printing
the equivalent of 500 pages of text.
present. It seemed that just as one problem was nearly
solved another was discovered. We also experienced the
paradox to this law which can be stated, "If N more engineers are assigned to the project, they will unearth problems that would have not otherwise have been discovered,
at a rate proportional to N + 1, such that the schedule will
not be significantly impacted."
However, the real challenges were making parts that met
the critical dimension tolerances, making parts that met
the volume requirements, and making parts at reasonable
yields (low cost).
Mandrel
Following the process flow, the raw material for the mandrel must be:
r Capable of being etched with precision
r Capable of being plated with nickel with the exact adhesion so that delamination during electroforming is prevented, but the finished electroform is released without
deformation when desired
r Durable enough to maintain shape and finish through
at least fifty platings
r Readily available.
The material chosen is thin stainless steel, which can be
pulled flat on a vacuum chuckfor precise photolithography.
The preparation of the stainless steel mandrel is outlined
in Fig. 3. After the mandrel plate is deburred, burnished,
and cleaned, a layer of photoresist is spun on the surface
and patterned to form protected areas where the manifolds
are desired. Then, the exposed surface area is etched to
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Orifice Plate
The electroforming processfor the orifice plate is outlined in Fig. 4. The steps are:
I The stainlesssteel mandrel is laminated with dry film
photoresist.
I The resist is exposed and developed so that circular
pads, or pillars, are left where the orifices, or nozzles,
are desired.
r The mandrel is electroplated with nickel. The photoresist servesas a mask for the plating and nickel is depositedonly on the exposedstainlesssteelareas,including the insides of the groovesetched into the mandrel
to define the barrier walls and standoffs.
I The plating is peeled from the mandrel. Since stainless
steel has an oxide surface,plated metals only weakly
adhereto it. Thus, the electroplatedfilm can be removed
easily without damage.
r The photoresistis stripped from the nickel foil.
The nickel foil (seeFig. 5), or electroform,now has openings wherever the resist was on the mandrel. The resist is
also used to define the edgesof an orifice plate, including
break tabs. This allows a large number of orifice plates to

Fig.2. Scanningelectronmicroscopephotomicrographof
nozzle and barrier wall section of orifice olate.
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Fig. 3, Mandrel fabrication process. (a) Round corners and deburr edges of the starn/essstee/
plate. (b) Burnish the surface. (c)
Cleansurfaceand spinon positive
photoreslst. (d) Expose and develop photoresist to define manifold areas. (e) Etch surface of exposed stainless slee/. (f) Strip
photoreslst.(g) Burnishsurtace to
round edges of raised manifold
areas.(h) Cleansurfaceand spin
on a new coat of positive photoresist. (i) Expose and develop
photoresist to define barrier wall
and standoff etch areas.(j) Etch
barrier wall and standoff trenches.
(k) Strip photoresist. Mandrel is
now ready for electroforming
orifice plates.
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Electroforming
Electroformingis more commonlyknown as an adaptationof
electroplating.Most of us are familiarwith electroplateditems
such as jewelry,car bumpers,plumbingfixtures,and the printed
radios,etc. The electrocircuitboards used in our televisions.
platingis accomplishedby placingthe part to be plated in a
tank that containsthe platingsolutionand an anode (see Fig.
1). The platingsolutioncontainsionsof the metalto be plated
on the part and the anode is a piece of that same metal. The
part being plated is calledthe cathode.Directcurrentis then
appliedbetweenthe anodeand cathode,whichcausesthemetal
ions in the solutionto movetowardthe cathodeand depositon
it. The anode dissolvesat the same rate that the metal is being
depositedon the cathode.Thissystemis calledan electroplating
cell.
At the anode, the metal atoms lose electronsand go into the
platingsolutionas cations.At the cathode,the reversehappens,
the metalions in the platingsolutionpick up electronsfrom the
cathodeand depositthemselves
thereas a metalliccoating.The
chemical reactionsat the anode and cathode,where M represents the metal being plated,are:
Anode:M*M* +e
Cathode:M* + e- -

mandreland, in fact, exactlyreplicatesit on the side that contacted the mandrel.Examplesof electroformeditemsare electric
razor screens and stamping dies for records. Even the rocket
nozzleson NASA'sspace shuttleare manufacturedin thisway.
The advantagesthat electroformingoffers are:
I The accuratereproductionof fine details(recordstamping
dies)
r The abilityto form complexshapesout of a singlepiece of
material(rocket nozzles,intakescoops for jet aircraft)
I Significantly
reducedmanufacturing
costs becausethe effort
put intothe finelydetailedmandrelcan be amortizedoverthe
many partsthat can be formedwith a singlemandrel.

M

Electroforming
is similarto electroplating,
but there is a twist.
An object is electroplated
with a metal,but the platingis then
separatedf romthe object.The platingitselfis the finishedproduct and in most cases,the object,or mandrel,can be reused
many times.The removedplating retainsthe basic shape of the

r'r

M+
M+

M*

Fig. 1. Basic electroplatrngcell.
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be formed on one mandrel, removed in a single piece, and
then separated into individual printheads later after the
piece is bonded to a mating array of thin-film substrates.
As mentioned above, the nozzles, the shock absorber
slots, the corner vents, and the break tabs are all defined
by photoresist images developed on the etched stainless
steel mandrels. The mandrels are currently electroplated,
six at a time, in a modified Watts' type (sulfate-chloride)
mixed anion bath nickel-plating process. The most critical
parameter for the electroform is the nozzle exit (bore) diameter. This follows another oft observed development law:
"The difficulty of achieving a dimension in a component
is an exponential function of its importance to performance." The nozzle is formed by allowing the nickel to
plate up partially over the top of the photoresist pillar that
defines the nozzle so that the exit diameter is 10 to 2O pm
smaller than the pillar diameter. The trick is to get all of
the pillars in an electroforming batch (six mandrels) to
overplate the same precise amount at the same time and
to know when this moment occurs. This requires balancing
resist thickness, pillar diameter, plating thickness, and
overplate ratio.
Other significant parameters for the orifice plate are ductility, internal stress, and corrosion resistance. Internal
stress and ductility affect the manufacturing process more
than the performance factors since the parts are attached
(a)

to the thin-film substrate in strips. If the ductility is too
low the parts will fall apart before assembly, and if it is
too high, the strips will not separate with a simple bend
in the automated equipment. Internal stress affects the
length of the strip, which in turn affects resistor-to-nozzle
alignment across the assembly, and can affect the capillary
space if allowed to get out of the control band. Fortunately,
several parameters of the plating cell can be monitored and
adjusted to control overplate ratio, ductility, surface finish
on the solution side of the electroform, and internal stress.
The corrosion resistance of the orifice plate as demonstrated in the production printhead is dependent upon
two parameters: ink chemistry (see box on page 32) and the
building of a hydrated oxide layer on the nickel surface.
In the present process, it is the soft mandrel (resist) stripping steps that build this oxide layer. At room temperature
with production inks, it has been demonstrated that the
nickel corrosion is less than 1 pm per year---quite acceptable for a structure intended for use in a disposable printhead.

ProcessControl
As productionpasses
printheads
permonth
the 100,000
level, the crucial step proves over and over again to be
process control. No matter if it is a simple design or a
sophisticated design, production implementation without
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Fig. 4, Orifice plate electroformrng process. (a) Laminate dry
pholoreslsf film onto mandrel. (b)
Expose and develop resist to define areas where orifices and s/ots
are required in the orifice plate.
(c) Electroplate the mandrel with
nickelto a thicknesswherea small
amount of nickel overlaps the
edges of the photoresistpattern.
(d) Separateelectroformednickel
layer from mandrel. (e) Strip
photoresist. Orifice plate is ready
for bonding to thin-film reslstor
substrates.
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Fig. 5. Scannlng electron microscope photomicrographs of front surface (a) and back surface
(b) of orifice plate.
process control is a disaster waiting to happen. In fact, the
orifice plate process as described should not and will not
yield adequately if one only looks at the variation in the
raw materials plus the variation in the processes. However,
with the concept of precontrol operating in the process
cycle (see Fig. 6), production demonstrably operates in a
predictable and cost-effective manner. Inspection and
rapid closed-loop feedback are only part of the good practices that account for predictability. Besides the automated
sampling and usage-defined "bleed-and-feed" solution
makeup, production monitors and reacts to exposure light

intensity, developerbreakpoint,developertiter, weight per
orifice sheet,strip length,and bath analysison a daily basis.

Daily Feedback

Fig. 6. Process flow with controls for fabricating ThinkJet
orifice plates.
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Managingthe Developmentof a New
Technology
by FrankL. Cloutier
N OUR MODERN, HIGH-TECHNOLOGY ERA, we have become
I
accustomed to announcements of "breakthrough" technologies.
I
I So much so in fact, that the absence of such announcements on
a regular basis has signaled the maturity of a technology to virtually
the point of obsolescence. Hewlett-Packard has played a crucial
role in the initial development of several such technologies. One
of the hard realities that HP learned in its pioneering efforts is
that the invention and/or initial development of one of these
"marvels of modern science" does not guarantee long-term
commercial success in that arena. In fact, it is not clear that being
first is even a major component in the long-term competitive
viability of a high-technology endeavor.
These lessons have not been easily or cheaply learned, and they
still are not universally understood or accepted. But, it was
certainly with these lessons prevalent in our minds that we first
viewed the opportunity that we had with what we have come to
cail HP's Thinkfet printer technology.
The fundamental idea of using a thin-film resistor to heat
microscopic amounts of fluid to generate steam bubbles that would
propel the fluid through a small channel came from lohn Vaught
at HP Laboratories. It was almost immediately recognized as a
very promising idea for advanced printing systems, because of the
inherent fine resolutions that could be achieved with thin-film
technologies. It seemed possible that several other performance
problems that conventional ink-iet printing systems suffered from,
like speed for a drop-on-demand system, total number of active
nozzles, etc., might be alleviated, if not ultimately solved with
this new approach.
The state of the technology had barely reached the point where
single crudely built nozzles were firing discrete dots on business
cards when a number of HP product divisions saw the potential
of the investigation by HP Labs. Encouraged by a number of rapid
early successes, we established considerable momentum toward
developing the technology as a commercial reality.
It was about at that point when the expensive lessons of the
past started to drive our entire development philosophy. We
realized that even if we were extremely successful in squeezing
adequate performance out of the new devices, we still would not
have a sustainable competitive
edge over others who have
repeatedly demonstrated the ability to undercut the price of any
technology dramatically, independent of its complexity.
There were other problems as well. Ink-jet devices had been
poorly received until that time because of the messy nature of
refilling bags, tubes, priming pumps, etc. We were determined to
build what we called an invisible ink system-invisible
not to the
eye, but to the hand, shirt, etc.
potential
problem
Another
was recognized
early
and
subsequently verified. To make a device last long enough to be
used for the life of a product, a considerable number of other
performance parameters may have to be sacrificed. Indeed, many
a would-be new technology has never made it out of the
development lab because of reliability problems.
Finally, to achieve the economies of scale that we deemed necessary for appropriate manufacturing methodology and automation,
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we would have to produce an enormous volume of devices. This
was a key element in our ability to compete with outside sources.
With this mindset fully established, our options narrowed considerably. Someone came up with the radical idea of actually
making the entire printhead unit self-contained and disposable.
It was one of those ideas that was at first laughed away, but remained and incubated in the backs of our minds. The incumbent
manufacturing cost dictated by the idea seemed at first to be absurd. After aII, this was an entirely new concept that was not
necessarily destined for low-cost manufacturing. The turning point
was the realization that we really did not have a choice in terms
of the long-term competitive nature of the industry. This single
decision forced us into several others, all of which mandated that
we be extremely competitive-or
else fail altogether.
With this new resolve (and our now tentative careers) in hand,
we embarked on building not only a revolutionary new printing
technology, but also an automated manufacturing center that
would be second to none in the industry.
The emerging beauty of the disposable concept was evident also
in its impact on the aforementioned problems. Now we had the
promise of what would look to the customer as a solid-state device----as close to an invisible ink system as we could probably
get. Ink exchange was now done by replacing the entire print
engine. The product interface was now only electrical and not
fluidic. Head life, nozzle clogging, etc. did not pose the catastrophic threat to reliability that they did with conventional approaches. Head performance could be optimized without sacrificing extremely long product life. Manufacturing volumes would
be proportional to the total installed product base, rather than one
to one with the product. Significant advances in the technology
ard inks would not only enable enhancement of new products,
but possibly could even be extended to give early customers better
performance with new printheads.
HP was naturally eager to turn the new technology into a commercially viable product as soon as possible. Usually, given that
the normal gestation time for a new technology like this is roughly
five to ten years, products are not considered until the technological performance and manufacturing promise are well established.
Another harsh lesson that we have learned is that product development cycles have to be shortened to remain competitive in a marketplace where the average halfJife for a high-technology product
is eighteen months. Given HP's uncompromising
commitment to
quality and performance, it was clear that an entirely new management and scheduling approach would have to be developed to
meet our timing desires.
Within a few months of our initial investigation of the technology, we staffed a product effort. The risks were enormous, since
at that time the simple viability of the technology had not been
rigorously demonstrated! Our ability to manage an effort like this
with traditional well-defined and unchangeable objective sets was
clearly incompatible with the dynamic nature of the simultaneous
invention and development of the technology that would be required.
Two major techniques evolved that proved absolutely crucial

to the successof the project. One was unrivaled communications
between the product and the technology groups. The other was
an extremely strong commitment to a true team approach, where
the whole was clearly equal to more than the sum of the parts.
The phrase "that's not my job" was sufficient grounds lor termination from the project. With new and unanticipated problems and
forced changesoccurring on almost a daily basis, the entire group
had to be ready to respond to "resets" on a moment's notice. The
byword becameflexibility. Decisionshad to leaveseveralalternative paths. As resets happened, we had to respond as a single
force, with no internal "finger-pointing."
A delicate balance had to be struck between overpromising what
the technologywould be able to do and being ovetconservative.
The latter approach would lead to a product that had a weak
feature set, and the former would lead to no product at all.
Fortunately for HP, aII of this philosophy of running a technology development as a business evolved very early in the Thinkfet
development cycle. The manufacturing centet was never built as
a prototype facility and then scaled up for production. Most
technologies go through several early phasesbefore commitments
are made for the enormous cost of outfitting clean rooms and
ordering equipment and automated tooling. The risks were not
quite as ominous as all this would normally imply. Since we had
to make thesedecisionsearly, we also determinedto be as opportunistic as possible by using existing expertise and resoutces
within HP. In many cases,the fundamental design of potential
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alternative processes was driven by existing equipment or expertise at HP's IC, Iiquid-crystal
display, or thermal printhead
facilities in Corvallis, Oregon.
Previously, we referred to a time in the early phases when "...encouraged by a number of rapid early successes, we established
considerable momentum...." Murphy's Law always seems to be
suspended at the beginning of a project, only to crop up with
greater vigor once commitments have been made. This has never
been more apparent than in this effort. Someone has said that the
"ThinkJet technology is deceptively simple." That is the single
biggest understatement since Noah said "It looks like rain."
In spite of these obstacles, the program was completed in one
third to one half the time traditionally required for new technology
and product development.
In summary, I have tried to give a glimpse into the birth pangs
of developing a new technology as well as into the evolution of
a new way of thinking about high technology as a long-term competitive business. HP is as committed to being a technology and
performance leader as we have ever been-probably more so. But
we have recognized that technology for the sake of technology
does not impress our nonengineering customer base. Those customers are interested only in how a new technology allows them
to do their tasks better and/or less expensively. That translates
into bringing advances to them faster, at considerably less cost, and
with the long-term commitment behind those technological advances that ensures continuing support and increased performance.
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A lifelongresidentof
/
d.:
California,he was educatedat the University
of Californiaat Davis,f rom
.1969,
which he receiveda BSMEdegree in
an
MSMEdegreein 1971and a PhDdegreein 1975.
He has published 16 articleson dynamicsystem
analysis,modeling,and simulation.He is married
and lives in Ramona,California.He enjoysEuropean travel,speakingFrenchand Japanese,
w i n e m a k i n ga,n d b u n g e e . j u m p i n g .
John D. Meyer
Born in Timaru,New Zealand,Johnlvleyerreceived
a BS degree from the Universityol Canterburyin
1964 and a PhD degree
from the Universityof
SouthernCaliforniain 1979.
He joined HP Laboratories
the same year and has
since worked in the areas
of printingtechnologies,color reproduction,and
computersimulation.Now a projectmanagerin
printingtechnologies,he has also investigated
thermalink-jetphysicsand analyzednovelprinting
technologies.He is namedlhe inventoron two
patentapplicationson ink-jettechnologies.John
livesin MountainView,Californiawithhiswife.His
outsideinterestsincludegardening,music,military
history,and philosophy.
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Eldurkar V. Bhaskal
Born in Madras,India,Eldurkar Bhaskarwas
awardeda bachelor'sdegreein electricalengineeringfromMysoreUniversity
in 1963.He also received
a masler'sdegree in highvoltageengineeringfrom
the Indian Instituteol Sciencein 1965 and an MSEE

degreefromOregonStateUniversityin 1970.Belore comingto HPin 1981, he workedin Indiaon
the development
of semiconduclorprocessesand
on solarcellsystems.In addition,he was an MOS
designerfor a U.S.semiconductorcompany.At
HP, he has been responsiblefor thinjilm developmentandlor reliability
testing.Bhaskaris married
hastwo children,and livesin Corvallis,Oregon.His
hobbiesincludewoodworkingand lennis.

J. Stephen Aden
SteveAden was born in
OregonCity,Oregon,and
completeda BS degree in
chemicalengineeringin
1981 at OregonState University.He joined HP the
same year ano nas
specializedin thinjilm process engineering,working
on thermalprintheadproductsas wellas on theThinkJetPrinter.StevecurrentlyIivesin Corvallis,Oregonand is activein the
BeyondWareducationaleffort.He is a windsurfer,
a pilotof hangglidersand otherairplanes,and is
"fascinatedwith wings of any kind."
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Paul H. McClelland
Paul McClellandwas born
in Des Moines,lowa but
haslivedin Oregonmostol
his life. He receiveda BS
degree in chemistryfrom
PortlandStateCollegein
1965and an MSdegreein
chemistrylrom the University of Arizonain 1970.At
H P s i n c e1 9 7 7 ,h e s u p e r visedtheCorvallischemicalmixinglaboratoryand
the SEMlaboratoryand providedengineeringsupportlor chemicalpurchasingand disposalbefore
joiningthe R&Dteam that was workingon ink-jet
technologies.He has publishedor presentedpaperson theanalysisof heavymetalsin waterand
propertiesof fluoride-doped
the electrochemical
tin oxldes.He is alsonamedas oneof the coinventorson severalpalentson ink-Jet
technology.Paul,
his wile and two childrenlive in Pedee,Oregon
wheretheyoperatea smallcattleand sheepranch.
They enjoytraveland camping.

Hewlett-Packard
Company 3000 Hanover
Street,PaloAlto,California
94304

William R. Boucher
BillBoucherreceiveda BS
degree in chemistryfrom
SanJoseStateUniversityin
1976 and workedfor a
manufacturerof magnetic
discsbeforecomingto HP
in 1979.He hasbeena process engineerin printed
circuitfabricationand an
R&Dengineerand production processengineerfor the ThinkJetPrinter.Bill
was bornin Tucson,Arizonaand nowlivesin Corvallis,Oregon.He is a computerhobbyistand enjoys playingacousticguitar.

GaryL. Siewell
Gary Siewellis a naliveol
Coquille,Oregonand
earned a BS degree in
applied science in 1969
lrom PortlandStateUniversity. After completinghis
educationhe lirst worked
for a Northwestelectronics
firmand joinedHPin 1972.
His responsibilities
at HP
haveincludedworkoncathoderaytube manufacturing,thermalprintheadmanufacturing,and
ThinkJetPrinterdesign.Garylivesin Albany,Oregon withhiswifeand ten children.Outsideof work
he enjoysphotography,archery,and white water
rafting.
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Frank L. Cloutier
FrankCloutierwas born in
reLosAngeles,California,
ceived a BS degree in
physicsfrom Northeast
LouisianaUniversityin
1973,and came to HP the
same year. He has managed work elfortsfor a
numberof areas,including
a printhead,thin-filmprinting devicesand magneticread/writeheads,and
lC packaging.He is nowR&Dmanagerforthermal
ink-jettechnologiesand devicesfor HP's lnkJet
ComponentsOperation.Franklives in Corvallis,
Oregon,is married,and haslwo sons.He is an educaliondirectorand a deaconin hischurchand enjoyscomputers,woodworking,and playingwithhis
boys.
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