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In this Issue
This issueof the HP Journalpresentsthe designof the HP PaintJetColor
GraphicsPrinter,HP's first color inkjet printer.Producedby a marriageof
thermal inkjet printingtechnologyand a customer-focusedproductdesign,
the PaintJet printer provides excellent color and print characteristicsfor
personalcomputerusers at an affordableprice.
The PaintJetprinter is the second major product based on the thermal
inkjet technologyHP has developedover the last decade.The disposable
printcartridges,or pens,providedby this technologymake possiblelow-cost,
printers.A third HP inkjetproduct,the
reliable,high-quality,intervention-free
DeskJetprinter,will be describedin the next issueof the HP Journal(October1988).The DeskJet
printerproduceshigh-qualityblack print for office correspondence.
The first HP inkjetproduct,the ThinkJetprinter,was introducedin 1984. lt has g6-dot-per-inch
resolution,comparableto Z4-wireimpact printers,but it is quiet and nearly maintenance-free.
The DeskJet printer, introducedin 1988, provides 300-dot-per-inchresolutionon a variety of
"plain" papers and has print characteristicsapproachingthose of more expensivelaser printers.
Its print qualityfar exceedsthat of 24-wireprintersfor about the same price.
The developmentof a product like the PaintJetprinter incorporatescontributionsfrom many
areas.The thermalinkjettechnologywas pioneeredby HP Laboratoriesand eldendedby several
HP Divisionsincludingthose at San Diego,California,Corvallis,Oregon,Vancouver,Washington,
and Boise, ldaho.Today, most of the appliedtechnologyeffortsare concentratedin the Thermal
lnkjet Operationsin San Diego, Corvallis,and Boise, and pioneeringwork continues at HP
Laboratories.The San DiegoTechnologyCenter designedand manufacturesthe PaintJetpens
and ink, developedmany of the manufacturingtechnologies,codevelopedspecial papers,and
worked with the San Diego Divisionto meet customerneeds in the design.The CorvallisInkjet
ComponentsOperationdevelopedmany of the fabricationtechniquesand manufacturesthe pen
orificearraysand substrates.The San DiegoDivision,knownfor its engineeringplotters,developed
the productconcept.This requireddetailedunderstandingof real customerneeds and priorities
to allow informedengineeringdecisionsthat preservedvalue and maintainedcost objectives.
Eight articles in this issue cover the design of the HP PaintJetColor Graphics Printer.The
developmentof the color print cartridgeis discussedin the article on page 6, and the overall
printerdesignis treatedin the articleon page 16.The second-generation
TIJ structureis described
beginningon page 28. Pen manufacturing,filling,and packagingare discussedin the articleson
pages 32 and 41. Mechanicaland electricaldesignsare the subjectsof the articleson pages 21
and51. Detailsof the ink,paper,andtransparency
filmdesignsarepresentedbeginningon page45.
In the future,we can expectmore productsin the traditionof the PaintJetand DeskJetprinters,
furtherextending
the boundsof printingcapabilities,quality,throughput,cost,and userlriendliness.
Walter T. Haswell, lll
OperationsManager
CorvallisInkjetComponentsOperation
Allen D. Johnson
Researchand DevelopmentManager
San DiegoDivision
Neal J. Martini
OperationsManager
San Diego InkjetTechnologyCenter
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Also In this Issue
The first light-emittingdiodes (LEDs) were made of gallium arsenide phosphide.Structural
efficiency
advances,combinedwith zinc oxide or nitrogendoping,improvedthe light-generating
significantly.More recently,furtherimprovementshave been obtainedwith the aluminumgallium
arsenide (AlGaAs)materialssystem. As the paper on page 84 explains,one type of AlGaAs
absorbingsubstratetype,is morethantwiceas brightas previous
diode,the doubleheterostructure
LEDs, but its complicatedstructuremakes it much harderto manufacture.As a resultof a new
HP-developedmanufacturingtechnology,these high-intensityred LEDs can now be producedin
high volume, and we may soon see LEDs taking over from light bulbs in automotivetail lights,
airportmarkers,and traffic signals.
For many years,the Hewlett-PackardRepresentationLanguage,HP-RL,was the languagefor
artificialintelligenceresearchat HP Laboratories.lt providedtools for the study of knowledge
representationand reasoningtechniques,and a variety of experimentalexpert systems were
constructedusingit. Now,thereare commerciallyavailablelanguagesthatoffersimilarcapabilities,
and work on HP-RL has come to an end. In the paper on page 57, Steven Rosenbergpresents
a retrospectivelook at this research effort.
One of the expertsystemsoriginallywrittenin HP-RLis MicroScope,an expertprogramanalysis
system,which is describedby a group of HP Laboratoriesresearchersin the paper on page 71.
The current MicroScopeprototypeanalyzesand monitorsprogramswritten in Common Lisp, a
languagewidelyused in artificialintelligenceapplications,butthe techniquesit usesare applicable
to any language.Today's large, complex computerprogramsare so difficultto understandthat
and error-prone.Micromaintainingthem usingtraditionalmethodsis inefficient,time-consuming,
Scopeis an attemptto give programmersa powerfulnew set of toolsfor dealingwith the problems
of softwaremaintenance.
-R. P. Dolan

Cover
The inset shows print cartridgesfor the HP PaintJetColor GraphicsPrinter.The background
scene shows a photographthat has been scannedelectronicallyand reproducedby the PaintJet
printer(photo by DonaldJ. Palmer).

What's Ahead
In the Octoberissue,we'll continueour coverageof HP thermalinkjetprinterswith articleson
the designof the DeskJetprinter,a personalprinterthat produceslaser-qualitytext on plainoffice
papers.Anothergroup of articleswill delve into the HP-UX 6.0 operatingsystem,which allows
several discless workstationsto share a central disc. We'll also have the design story of the
opticalshaftencoderusedin the DeskJetprinter,whichis alsoavailableas a separateproduct.
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Designand Developmentof a Color
ThermalInkjet Print Cartridge
The p rinthead has to toIeratebubbIes, nucleation defecfs,
andlocalizedinkpropertychanges./tmustalsohavelong
print qualitylife and be manufacturable
in high volume.
Testingto verifyreliabilityand manufacturability
covered
fhousandsof pens.
by Jeffrey P. Baker,DavidA. Johnson,VyomeshJoshi, and StephenJ. Nigro
HE USE OF COLOR MONITORS in business and
engineeringapplicationsof personalcomputersand
engineeringworkstations is growing rapidly. Software application packagesareavailableto createcolor text,
graphics,and imageson computer displays, often for the
ultimate purpose of producing color hard-copy versions
of the computer screensfor various office and technical
applications.
The selection of a technology to generatea color hard
copy hinges on the user's needs.The major customer requirements are print quality, speed,available colors, low
cost,reliable hardware,multiple media, and excellentsoftware support. Thermal inkjet printing has severaladvantagescompared to other technologiesto meet these needs
in a cost-effectiveway. This technology uses heat energy
to vaporize a small amount of ink to expel a drop through
an orifice. The first product implementationof this concept
was the monochrome HP Thinkfet printer introduced in
1984.'
The HP Paintjet Color GraphicsPrinter (Fig. r) usesthermal inkjet technology to produce vivid color graphics for
overheadtransparenciesand reports.Intendedfor personal
computer applications,it producestext and graphicswith
18O-dots-per-inch
resolution and near-letter-quality[NLe)
text at a speedof 167 charactersper second.It can produce
a typical page of text in about 35 seconds,mergetext and
graphics(seeFig. 2), and print a full pageof color graphics
in about four minutes (Fig. 3).
The PaintJetprinter usestwo disposableprint cartridges,
which contain all of the elementsnecessaryto produce a
dot on the media. The black printhead has thirty nozzles
and the color printhead has cyan, magenta,and yellow
inks with ten nozzlesper color. The printheadshave builtin liquid ink supplies and drop propulsion systems.This
technology works on the principle of drop on demand.
Each nozzle can supply a drop of ink on demand from the
printer as the printhead scansacrossthe media. The drops
are ejected by electrical heating of a thin-film resistor to
vaporizesa small amount of ink.
The Paintfet print cartridge has the following specifications:
r Resolution: 180 dots per inch
I Drop volume: 100 picoliters
I Drop velocity: 12 meters per second
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Maximum drop rate: 3 kHz
Energy per drop: 1.7microjoules
Typical drive voltage: 11.5 volts
Typical pulse width: b microseconds.

Thermal Inkjet Advantages
This technology has severalkey advantagesin meeting
users' needsfor a color printer.
Print Quality. Becausethis technology uses conventional
photolithography and thin-film processingto fabricatethe
printhead, higher resolutions can be achieved. This con-

3

Fig.1. TheHP PaintJetcolor-graphicsprinter combines color
grcphics with near-letter-qualitytext. lt is designed to serve
as a peripheralfor personalcomputers.

cept also helps tremendouslyin designingthe color printheadwith its multiple chambers.Remarkablecolor-to-color
alignment is achieved, resulting in high-quality color
graphics and images.
Reliability. Before disposable thermal inkjet technology,
inkjet printing had always been plagued by nozzle clogs
and other reliability issues.The disposableconcept made
it possible to develop an extremely reliable system and
move away from pumps and hoses.However, to maintain
an acceptablecost per color hard-copypage,the disposable
printhead must be inexpensive.It must also be producible
in high volume, and this requiresa mature and stablemanufacturing processto keep yields up and fabrication costs
down. Consequently,the process engineershave had to
understandfully all of the detailsof production and perfect
the technology. The result is a cost-effectiveand reliable
printing system solution.
Speed.The printhead architectureand fluid geometricsare
designed so the printer can operate at high speeds (167
charactersper second) while producing exceptional text
and color graphics.
Multiple Media. Customers want to produce the hard
copies on both paper and overheadtransparencies.Thermal inkjet technology can print on both types of media
with the same printhead.
The remainder of this article deals with three aspectsof
the developmentof the print cartridge:first, the design of
the drop generator portion of the cartridge, second, the
design of the ink reservoir, and third, the testing of the
combined systemto ensurereliable operation.
Drop Generator Design
The architecture of the nozzlelheater region is shown in
Fig. 4. This designis the result of trade-offsin manufacturablity and performanceissues.
A design goal for the PaintJetprinter was to bridge the
gap between plotters and printers. To accomplishthis, the
product needed to have eight primary colors with greater
than a thousand dithered colors, resolution greaterthan
150 dots per inch, near-letter-qualitytext, and text speed
greaterthan 150 charactersper second.Early in the printhead development,the trade-offsamongresolution, speed,
reliability, and dot quality were madeto meetthesegoals.
Drop Volume Selection
A key decision was the selectionof drop volume, since
this influences the media and printhead designs. Printheadswith drop volumes above140 pl did not refill quickly
enough to meet the goal of 150 charactersper second.A
printhead with drop volume below 60 pl was deemeddifficult to manufacture.
Image resolution and drop volume were traded off to
satisfy media ink capacity (seearticle, page 45). A drop
volume of 100 pl at 180 dots per inch fell within the range
of acceptableink volume per unit area for the media set,
appearedto be manufacturable,and met print quality goals.
Reliable Drop Ejection
Spray, or misdirected ink, was a concern. A nominal
drop velocity of 12 meters per second results in a drop
with a long thin tail in flight (seeFig. 5). This tail breaks

up into very small, slow-moving drops of ink which sometimes land outside of the the main spot of ink on the paper.
We found that the spray did not degradeprint quality, and
that the high-velocitymode eliminatedother problems(discussedlater).Therefore,we chosethe high-velocitymode.
Consistentmisplacementof dots is a causeof banding.
During solid or shadedareafill, this is manifestedas light
stripes at the spatial frequency of the paper swath advance.
Since ink drop directionality contributes to banding, it
has to be controlled. There are two sourcesof directionality
problems in an inkjet printhead. The first is manufacturing
tolerances.If the orifice does not line up with the heater
resistor,the drop's flight path is not normal to the orifice
plate. Since the manufacturing processmust have toleranceson nozzle-to-resistoralignment, it was important to
minimize the sensitivity of drop directionality to alignment. The key parameteraffecting this sensitivity is the
ratio of orifice diameter to heater size. The smaller this
ratio the Iesssensitivedirectionality is to orifice misalignment. The Paintjet printhead has a ratio of 0.67. Fig. 6
shows the resulting relationship between drop angle and
misalignment.
The second source of misdirection is the deflection of
an ink droplet by a puddle of ink in contactwith the orifice.
A drop of ink canbe deflectedseveraldegreesby the surface
tension of the puddle acting on the drop during ejection.
The presenceof this puddle is determinedby exterior nozzle plate wetting characteristics,drop breakoff dynamics,
ink meniscusrefill dynamics, and frequencyof operation.
During nozzle refill (after drop ejection), the meniscus of
the ink in the nozzle tends to overshoot its equilibrium
position, and can spill over the lip of the nozzle onto the
exterior of the nozzle plate. The drop ejection mechanism
can also contribute ink to the puddle. In low-frequency
operation this puddle does not remain, since it contacts
the nozzle and has sufficient time to be drawn back into
the nozzleby surfacetensionbeforethe next drop is ejected.
In high-frequencyoperation there is not enough time between nozzle firings to allow the ink to be drawn back into
the nozzle. It is important to maintain sufficient fluidic
damping to keepthe ink mensiscusfrom greatlyovershooting the equilibrium position. This minimizes the puddling.
The largestchallengein designingthe Paintlet printhead
was making it reliable.The designmust be tolerant to bubbles, nucleation defectson the resistor surface,and localized ink property changesin the orifices, and must maintain print quality over a long lifetime.
The orifice region of the PaintJetprinthead consistsof a
three-sidedfluid barrier with a convergentorifice (seeFig.
7). The three-sidedbarrier and the convergentorifice each
have multiple functions that enhancereliability.
Bubbles
Bubbles in the ink are a continuous source of problems
to the operation of the printhead. Depending on the size
and location, bubbles have different effects.Large static
bubblescan causethe whole printhead to stopby interrupting the ink path from the reservoir to the orifice. A static
bubble next to the heatercan shut down an orifice or misdirect ink drops until the bubble is purged.In this casethe
bubble acts as a compliant source,absorbingenergy and
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Fig. 2. An example of merged text and graphics from the
PaintJetprinter.

inhibiting drop ejection. Even bubbles much smaller than
the heater change ejected volume by acting as low-temperature nucleation sites if they are near the heater surface at
the time of nucleation.
Three-sided barriers allow static bubbles to be purged
during priming. During operation, thdrefilling flow continuously sweeps outgassed and small static bubbles into
the firing chamber. Here they are ejected with the drop,
preventing accumulation of large static bubbles.
A convergent orifice eliminates the gulping of air into
the heater region. After drop ejection the meniscus is retracted deep within the orifice (see Fig. 4). With a convergent orifice the retracted meniscus is nearly spherical,
which is the lowest-energy state and therefore the least
likely to gulp air. The retracted meniscus of a straight-bore
nozzle tends to pinch off and gulp in an air bubble, which
shuts down any further drop ejection.

CrossTalk
Hydrauliccrosstalk betweenadjacentnozzles
cancause
banding when multiple nozzles are firing by changing the
volume of ink ejected from nozzles. Localized high pressure
generated during nucleation creates a pressure gradient
between active and inactive orifices, which causes perturbations in the mensicus position of the inactive orifice. If
this nozzle is now fired, its drop volume will be different
from normal. In previous thermal inkjet devices a compliant source in the form of a slot was used to reduce cross
talk. In the PaintJet printhead, hydraulic cross talk is minimized by increasing the impedance between nozzles by
means of the three-sided fluid barrier, and by placing the
ink feedslot close to the nozzles (see Fig. B). The feedslot
acts as a constant-pressure source or a large capacitor to
absorb most of the fluid backflow from the active orifices.

Fig. 3. An example of color
graphics printing from the PaintJet
printer. A full page takes about
four minutesto print.

8 HewLerr-pecxeRD
JoURNAL
AUGUST
1988

Equilibrium Meniscus)

/
Retracted
Meniscus

(
Flow

#:?$, ""j,",
Substrate

Feedslot
Fig. 4. Cross-sectionalview of the PaintJetprinthead nozzle
region showing the ink path, fluid barriers, heating res/sfor,
and nozzle shape.
As mentioned earlier, a high-velocity mode of operation
was chosen for the PaintJet printhead. When a nozzle is
not active, water evaporates from this region. This causes
a local increase in dye and diethylene glycol concentration,
which results in higher viscosity. The high-velocity drop
mode is able to clear these viscous plugs, eliminating the
need for capping. Low-velocity drop ejection modes do not
have sufficient power to overcome the effect of high-viscosity ink, and the nozzle will not eject drops after several
minutes of inactivity. Fig. 9 is a plot of drop velocity versus
drop number. This data is typical for a pen that hasn't
operated for several minutes. The first drops out are low-velocity, but velocity quickly rises to normal as the viscous
fluid is cleared. In the PaintJet printer, these slow drops
are cleared from the nozzle before printing begins by ejecting the drops into an absorptive "spittoon" near the edge
of the paper.

High-Frequency Operation
From the beginning of the PaintJetprinter project it was
obvious that the maximum carriagespeed of the product
would be determinedby the maximum drop rate of the printhead. One of the main limitations to the speedof printing

Fig. 5. Photographof drop ejection.The lengthof the tail
dependson the ejectionvelocity.
is the frequency of operation of individual nozzles. The
faster individual nozzles can eject drops, the faster the
printer can print.
Nozzle speed limitations can be thermal (heat buildup
in the printhead) or fluidic (how fast anozzle will refill).
After initial experimentation,it appearedthat the problem
oI nozzle refill dominated, and that the maximum frequency of operationof a PaintJetprinthead would be about
3000 drops per second per nozzle.
After a drop is ejected from a nozzle, it is possible to
eject another drop as soon as ink again coversthe resistor.
However, the second drop may be much smaller and misdirected. Since all drops should look the same,this is unacceptable.It was decided that a second drop should not
be ejecteduntil the ink meniscusis near the rest position.
The refill dynamics behave like a nonlinear damped second-order system,so the meniscus position goesthrough
a series of overshootsand undershoots (seeFig. 10). It is
not practical to try to eject exactly when the meniscus
crossesthe rest position, so we wait until the meniscusis
sufficiently damped, so meniscus position variation produces only small variations in drop volume. This is any
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Fig,6. Directionalitydata for several printheads, showing drop
ejection angle as afunction of misalignmentbetween the nozzleand
the heater res/stor.
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slowed enough to causethe drop ejection to be on top of
the first overshoot in some situations. To compensate for
this, it was decided to increase the barrier height, which
decreasesthe fluid drag in the channel, resulting in faster
refill.
Reservoir Design
The primary requirement of the reservoir system is to
deliver ink to the thermal inkjet printhead at the optimal
head operating pressure.This pressure is below atmospheric pressure to prevent leaking from the nozzles. The
drop generator(heater,barrier, and nozzleJis designedto
eject the correct volume of ink to match the dot resolution
and the media (paper or transparency)in use. This local
geometry and the ink surfacetension determine the pulling
force of the drop generatorrefilling process.If the reservoir
resisting force is too large, the drop generator will refill
too slowly and will not be ready to eject the next drop.
Therefore, the design of the reservoir system dictates that
the ink should be contained to prevent free flow but not
slow down the drop generatorrefill processdrastically.
In addition to the ink delivery pressure,there are numerous other design goals for the reservoir system. These include some musts-items that cannot be compromisedand wants-items that can be considered trade-offs for
yield and cost considerations.Among the must items are
that materials be compatible and that the reservoir be inexpensive,robust, clean,manufacturable,and able to supply
bubble-free ink to the printhead under all operating conditions. Desirablebut negotiablegoalsfor the reservoirsystem
include that it be lightweight, space efficient, and usable
in a three-colorpen.

Fig.7. Cutawayviewof thePaintJetprintheadorificeregion,
showingthe three-sidedfluidbarrier.
time after the secondcrossing.
As ink is used up in the reservior,the negativepressure
(suction) increases.This causesthe nozzle to refill more
slowly and movesthe meniscusrest position slighly deeper
into the nozzle.Fig. l L showsthe effectof negativepressure
on the peak time, or time to the highest point of the first
overshoot.The nominal drop volume decreasesslightly as
a result of the changein meniscus rest position.
Many factors affect the shape of the refill curve. The two
major factors, ink properties and nozzle geometries,were
also subject to severemanufacturing and performance constraints, leaving little room for refining the design to increasefrequencyresponse.Becauseofthis, the refill characteristics were tracked during development to ensure that
changesto the pen design for other reasonsdid not result
in slow refill.
As the design progressed and manufacturing issues
caused larger than expected fluid drag terms, the refill

Initial Pen Prototypes
Basically, three different methods were examined: a gravity system,mechanical pressureregulation, and capillary
ink containment.
The gravity approach, which stores the ink below the
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Fig.8. Diagram showing three nozzles, the ink feedslot,and
the fluid barriers. Hydraulic cross falk conslsts of ink flow
back down the barriers to the feedslot and to neighboring
nozzles.
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DropNumber
Fig. 9. Startupplot for a pen that hasbeen inactive for several
minutes. Drop velocity ncreases as high-vlscosity ink is
purged from the nozzle. ln the PaintJet printer, these slow
drops are purged before printing begins.
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Fig. 10. Oscillationsof the meniscus position during refill. The xs
are measured data and the solid
line is a curve fitted to the data.

nozzle position and "hangs" the ink from the orifice, is
difficult to implement. The mechanicalpressureregulator,
a collapsiblebladder like the Thinkfet printer's, contained
too little ink (scalingup this designwas risky). Also, if two
or three of thesebladderswere placed inside a single small
pen to make a multicolor pen, it would be difficult to avoid
interaction between the bladders.
Most of the liquid-ink pens on the market today use a
capillary ink containment system.Fiber-tippedand rollerball pens hold the ink supply within a capillary matrix or
tube. The reason for this is simple: fibers are cheap and
capillary forces are reliable and naturally balanced. The
reservoir can have any shape desired; only a continuous
path is neededbetween the supply and the pen tip. If the
body of a capillary pen breaks,the ink remains contained
within the matrix and will not run out freely.

a capillary system could be used for thermal inkjet technology. They did not, however, meet all of the design goals.
Weight, volumetric inefficiency, and material concerns
convinced us that further exploration was desired.
Thicker fibers would reduce the capillary force, but they
are nonstandard and therefore expensive, and their efficiency is marginal (around 40%). Other methods were
explored such as rolled-up plastic film or long plastic tubing, but none met all of the requirements. The thin textile
fibers would be a perfect design if a method could be found
to maintain a G-fiber-diameter spacing between the strands
to give a proper capillary pressure with high volumetric
efficiency. Microphotographs showed that open-celled
polyurethane foam looked Iike the solution that we had
been searching for (see Fig. 12).

Ether-TypePolyurethaneFoam
Capillary Reservoir Thermal Inkjet Pens
Our first try at using a capillary reservoir on thermal
inklet pens employed standardfelt pen fibers.The pen nib
has very small ink channels and therefore a strong ink
pulling force. To oppose this force and to provide design
margin againstleakage,the reservoir of the felt-tipped pen
has a capillary pressureof approximatelytwo feet of water.
That is, the bundle of fibers can pull water up two feet
above its surface by capillary force. The corresponding
pressurecreatedby the meniscusat the orifice in our thermal inkjet head is approximately g inches of water. The
felt pen type reservoir was just too powerful and emptied
the drop generatorregion as soon as it was installed.
Glassbeadscan provide a capillary force becauseof the
interstitial space between the spheres.The advantageof
beads is that they come in a variety of sizes, so the force
can be adjusted accurately and easily. Inkjet pens made
with a glassbead reservoir worked well and showed that

Polyurethane resin is made using two different base
molecules: ester and ether. The ester has the advantage of
better process control during foaming, but is not very stable
in a water-based-ink environment. Ether-based polyurethane
is more resistant to hydrolysis but does not have the process
control. The ether foam is made only one way-approximately 70 PPI (pores per inch). This pore count is too low
for the thermal inkjet pen reservoir, so the foam is crushed
under heat (felting) to compress the matrix. This technique
can give us any capillary force required. It also allows
testing of head operation at various back pressures.
When the foam is "blown," the air spaces are created by
large quantities of gas generated during setting or resin
cure. After the foam is cooled and finished, many of these
gas bubbles still exist inside the matrix. Thin walls of
polyurethane between the fibers still contain the foaming
process gas. This would cause no concern except that the
inkjet pen requires ink mobility, or the ability of the ink
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Capillary Forces in a Foam Matrix
Capillaryforce is classicallydemonstrated
by placinga thin
glass tube into a pond of water and observingthe water level
rise insidethe tube. This phenomenonoccurs becausethe water
moleculesare attractedto the glass tube wall more than they
are attractedto other water molecules.As the water wets the
glass and spreadsup the wall, it pullsthe fluid up. The height
reached by the column is relatedto the surfacetensionof the
fluid (a measureof the water molecule'sattractionto itself),the
wettingangle on the tube wall (a measureof the attractionof the
waterto the glass),and the diameterof the tube (pullingcircumference),and is inverselyrelatedto fluidweight(load).Modeling
the capillarypressureis simplelor a roundtube but becomes
difficultwhen using beads, fibers, or foam.
To modelthe more complexcapillaryreservoirs,a few partially
scientificassumptionscan be made about the energy requirementsfor raisingthe fluid. lf a capillaryreservoiris injectedwith
a fluid, there is a relationshipbetweenthe additionalreservoir
surface wetted and the volume of ink injected.In other words,
the energy requiredto raisethe fluid is balancedby the energy
availablefromwettlngthe surface.Forcomplexcapillarysystems
with small features,that is.
Characteristicdistance < \/ t/N ,
where o is the surfacetensionof the fluid in ai, p is the density
of the liquid, and g is the accelerationof gravity,the effective
capillarypressurecan be estimatedby:
P"up : o

Incremental
wettedsurface
Fluidvolumereouiredto wetthissurface

where d is the equilibriumwettingangle,

to travel easily from one portion of the reservoirto another
(from the middle of the reservoirto the filter area).Therefore, these walls of polyurethane resin must be removed,
leaving the fibers behind. This process,called reticulation,
consistsof filling the foam with hydrogen and burning out
the walls from one end of the loaf to the other. This works
well except that a great quantity of residue consisting of
wall portions and burnt resin is left behind. This requires
the foam to be cleaned, a difficult process becausethe
contamination is inside the matrix and cannot be flushed
out quickly.
Preparation of the Foam Reservoir
Freon'* is used as a solventto removecontaminantsfrom
the foam cubes.The Freon is regeneratedin a distillation
column that is part of the cleaning tool, thus providing a
closed systemwith minimal solvent loss.This systemprovides a safeand healthful work area.minimal environmental emissions,and low solvent replacementcosts.
Two tests are used to determine the cleanlinessof the
foam. One test involves extracting the residue remaining
in the cleanfoam and expressingthis asa weight percentage
of nonvolatile residue. This verifies that the cleaning was
effective and that the majority of the contaminants have
been removed. It also provides a sample for chemical
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To estimatethe capillarypressureof the foam matrix,the densityof the basicresinis determined,
and by measuring
thedensity
of the foam, the void ratio is calculated.Using the approximate
pore size of the foam (inverseof the pores-perinch count),the
capillarypressureis estimatedby:
Pcap :

o

! (12r(1 - Voidratio)
Poresizex Voidratio

This model assumesthat the number of fibers wetted is large
and the angle at which they meet the fluid is constantas the
fluid levelchanges.Also, withinthe foam matrix,the pressureis
governed locallyby the smallestfeaturebecauseof the equalization flow from a larger feature to a smallerfeature higher in
the matrix.Thatis, if a smallemptycapillarycell is above(higher
than)a full largercell,the fluid may wick intothe smallerhigher
position.
The amount of ink delivery requrredgoverns the size of the
reservoirsystem.For all orientationsof the pen, the reservoirhas
to hold the ink up, not allowingleakageor vent coverage.lf the
operationof the head requiresa very narrow range of supply
pressure,the size of the reservoirmust be kept small and the
relativesizes of the capillarycells kept constantthroughoutthe
matrix . lf not, the deliverypressurewill vary considerablyover
the life of the pen as the fluid level changes.
Whenthe reservoirmaterialhas beenselected,thetotalvolume
of availableink can be calculatedby multiplyingthe difference
between the total volume and the capillarymaterialvolume by
the etficiencyof the system.The efficiencyis determinedby the
amountof fluid left behind on the capillarysurfaces.A reservoir
with many microfeatureswill retaina greateramountof ink than
a systemwith smoothcapillarysurfaces.

analysis if more information on the specific nature of the
contaminantsis desired.The secondtest involves exposing
the cleanfoam to ink vehicle (ink without dye) and measuring the decreasein the surfacetension of the ink vehicle.
This test indirectly monitors the concentrationof any surfactant-type contaminants that could lower the surfacetension of the ink in the pen. Lowered surface tension can
causethe ink to leak out of the pen or affectprint quality.
Testing Program
The key to the success of the PaintJet printhead is
thorough testing of the design to ensure supreme print
quality and reliability. Major emphasiswas placed on developing a test strategyto addresstheseissues.The product
specifications derived from user needs and a use model
were the starting points for defining realistic and concrete
goalsfor reliability and print quality. At each phaseof the
development,test plans were generatedto characterizethe
technologyto determinehow well the goalswere achieved
in terms of confidencelevels (50%confidenceat laboratory
phaseand 90% confidence at introduction). This goal setting processallowed us to look at the development cycle
with customersin mind.

Refill Time vs. Ink Supply Pressure
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Print Ouality Testing
Print quality is a very subjective but extremely important
specification for printers. Print quality is influenced by
inks, media, printing mechanism,and customers.A process
was developed to set the design specificationsand tolerancesfor dot size,dot location, color range,and other attributes that determine print quality so that inks, media, and
a printing mechanism could be developed to meet user
needsfor their applications.
There were two major efforts for print quality evaluation
during the design phase, one in engineeringand one in
marketing. The marketing group identified the key market
segments,applications, and competition for the Paint)et
printer. The engineeringgroup developeda list of approximately thirty measurableprint quality attributesand a set
of diagnostic print samples to simulate errors (see box,
page14).The two groupsalsocollectedapplication specific
print samples that representactual customer needs. The
printing technology was characterizedto understand and
determine the bounds for the critical attributesand a print
quality survey was designedto derive design centers.
Sampleswere collected for three major application segments: word processing,merged text and graphics, and
presentations.The word processingsample was generated
in black only to evaluate text quality, while merged text
and graphicsand presentationsampleswere printed in full
color. For each sample some specific print quality attribute
was tested to determine the design center and associated
tolerances on the basis of the acceptability of the print
quality for that application. The survey also included samples generatedon other similar products on the market.

Fig. 11. Effectof negativehead
on refilltime.
capable of high reliability. The Paintfet printer reliability
testing program has been a major effort to ensure that its
performance satisfies both business and engineering customers. The marketing group worked with the engineering
team to set realistic and concretereliability goalsbasedon
user needsand the use model. The printer will be used in
an office environment [15 to 32.5'C and 20 to B0%relative
humidity) and will have to perform with minimal customer
attendance.The print cartridge can be shipped anywhere
in the world without any shipping or storagerestrictions

Reliability Testing
The disposableprinthead concept makesinkjet printing
Fig. 12. Unreticuatedfoam.
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Print Quality and Pen Development
Print quality characterizationplayed a crucial role in the developmentof the HP PaintJetprinter.This effort began with attempts to understandprint quality.A visionsystemwas assembled to characterizespot size and shape on paper and study
media/inkinteractions.This tool was vitalto earlyunderstanding
of drop characteristicsand media characterization.
Later machinevisiontools looked at plottererrors(paper advance errors,servoerrors,carriagealignmenterrors)and pen
errors(dot size,dot placement,and satellites),
as shownin Fig.
1. Althoughthe systemswere ultimatelytoo slow for assembly
line inspection,they were used to characterizepen and plotter
printqualityperformance.
From the data gained from these and other instuments,we
created a customersurvey to establishcustomersensitivityto
error types. Using selected pens and a special PaintJetprinter
withprogrammable
dot placement,
a numberof errorsimulations
pen{owere produced,showingbanding,spot size variations,
pen alignmentvariations,
satellites,
and othererrors.The results
of the surveywere vital in establishingpen and product performance specifications.
The customersurveyestablisheda print
qualityinspectioncriterionfor the pen productionline,where
performanceis judged on pen functionality,
consistentarea fill,
and stablelineweight.
Third-Party Testing
Becauseof the riskand uncertaintyinherentin the development
of a new technology,a vigorousstrategyof third-partytestingof
the pen and productdesign began nearlythree years before
product introduction,and continuestoday.The goal is to identify
and observeoperationalproblemsand printqualitychangesthat
may occur for a typical customerunder specifiedenvironmental
extremes.
PaintJetprintersare subjectedto continuoustestingin vanous
environmentalconditions.The tests identifypaper dust, user interface effectiveness(priming, wiping, pen insertionsuccess
rate,deprimesduring operation,start-updeprimes,interconnect
reliability),print quality degradation,materialsintegrity,and
MPBF(meanpagesbetweenfailures).
Besidesnormalprintquality testing,some pens go throughstorageand shippingtests to
make sure that the pens can survivesuch conditions,
Becausefailuremode is veryoftendependenton usermode,
marketingfeedbackis usedto makesurethatthe testingrepresents what a typicalcustomermay encounterwhen using the
printerand printhead.Each failurethat occurs is analyzedto
identifythe cause. The resultsof the testing are translatedinto
MPBFsothattherelativeseverityof eachproblemcan be assessed.
The engineerswhoown each probleminvestigate
the fundamental
cause of failure and propose possible solutions.Very often, a
failureis causedby interaction
of the printerand printhead,requiringchangesto both systems.
2500 pens have been tested. As a result,five months after
oroduct introduction.there have been no returnsfrom customers
becauseoi pen failure.
Third-party
testingis now used for qualifyingany changesin
processesto improve pen performance.The strategywill continueon to the next-generation
inkjetprintheaddevelopment,
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Fig. 1. Quanlitativeprint quality measurementsused in development and production of the HP PaintJetprinter.
Audit Testing
Audit testingconsistsof a seriesof standardizedteststo verify
the pen performanceon a daily basis.The tests are used both
to guaranteethe qualityof pens produced and to qualifydesign
and process changes. Most of the tests and equipmentwere
developed in the early R&D phase to verify printhead design
and performance.Later,the testsand equipmentbecamequality
assurancemonitorsfor printheadmanufacturing,
Someof thesetestsare: drop velocity,drop volume,operating
energy, print test, Iife test, altitudetest, and simulatedstorage
test. Each test has a documentedoperatingprocedureand expected results.These proceduresform a library,which is referenced by the dailyaudittest plan.
Withthe audittestswrittenin this modularform,the dailytesting
can be adapted to check more rigorouslyfor suspect failure
modes aftervarioustoolingchanges.The test libraryalso allows
engineersworkingon processor designchangesto usestandard
tests and compare their resultsagainsthistoricalresults.
Dan Beamer
Mike Borer
May Fong Ho
Don Bergstedt
Development
Engineers
San DiegoDivision

and should have at least two years shelf life. The print
cartridgeshould print a minimum of a million characters.
These requirements drove the reliability goals for three
major testing categories:shipping and storage,shelf life,
and system operationaltesting.
Shipping and Storage. The goal here was to be able to ship
the printhead anywhere in the world without any restrictions. When customersreceive these printheads,they are
assured of 99% reliability with 90% confidence that the
printer will operate after the activation process(priming
and wiping). At each development phase the reliability
was tested against the goal by simulating shipping and
storageconditions for temperature(high and low), shock,
vibration, and altitude.
Shelf Life. The 30-month shelf life specification is based
on the use model and the deliverable ink volume for the
printhead. Requirements are that the materials used for the
printhead (ink, foam, orifice plate, filter, pen body, etc.J
be compatible and that no major corrosion or performance
problems surface during that time. Printheads are stored
at 65'C for sevenweeks and then testedfor proper system
operation. During development, other printheads were
stored and periodically tested to confirm the validity of
the acceleratedtests.
System Operational Testing
Three major categoriesof system failures can be observed.A soft failure is a failure that fixes by itself during
printing. A nozzle that is turned off for some reason and
comes back on after some time is an example of this kind
of failure. A print cartridge can print 600 pages,with a
typical pagehaving 1500 characterson it. Our goal for soft
failures was for mean pagesbetween failures (MPBF) to
exceed600 pages.
Medium failures are failures that need customer intervention by priming and wiping the printhead. Our goal for
medium failures was aiso set at an MPBF of 600 pages.
Depriming, nozzleclogs,and the like aregenerallymedium
failures.
Hard failures are failures that require printhead replacement. Resistorfailure, out of ink, and the like are examples
of hard failure. Two goals were set for hard failures. First,
one million characterscan be printed before running out
of ink. Second,there should be 99% probability with 90%

confidence that the printhead will run out of ink before
any other hard failure will occur.
To meet the goal of 99% reliability with 90% confidence,
thousandsof penshad to be made,and in fact, a yearbefore
introduction, we were building thousands of pens per
month for the engineers to characterize designs through
the necessarytesting.This multithousand-penproduction
line also gave the process engineersand manufacturing
engineersampleopportunity to improve and iterateprocess
designsin parallel with part designto achievethe reliability
goals.
All of this led to a very stable,reliable product with a
very smooth startup. In fact, at introduction, the PaintJet
pen production line was in its third generation.As a result
of the initial investment in manufacturability, the black
and color pens are built on entirely the sametools on the
same production line and all assemblyconsistsof singleaxis motions.
It is unfortunate that, since most of the processesthat
were developedare consideredproprietary, only a cursory
discussion of those processesis possible in this publication.
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Developmentof a Color GraphicsPrinter
Full-colorgraphics,reliability,and softwaresupport
receivedhigh priorifiesrn the developmentof the HP
PaintJetColorGraphicsPrinter.
by James C. Smith, David C. Tribolet, Hatem E. Mostafa, and Emil Maghakian

T THE BEGINNING of the HP Paintfet printer project, an assessmentwas made of our technological
capability, our customers'needs,and what our competitors were doing. At that time, the HP San Diego Division's product line and expertiserevolved around vector
pen plotters.Vector plotters, in general,produce superiorquality line graphics,so they are ideal for high-quality line
charts, pie charts, bar charts, text charts, and presentation
graphics. On the other hand, vector plotters are less than
ideal for text and images.Plot time is roughly proportional
to the number of vectors, so plots containing a large number
of vectors take a long time to produce.
Rasterprinters are more versatilethan vector machines.
They are able to produce text, images,and graphics.The
perceivedquality of rasteroutput is very much dependent
on the resolution (Fig. 1). Output time with raster devices
increaseswith resolution simply becausemore dots are
placed on the writing media at higher resolutions. Also,
cost generally escalateswith increasing resolution. So
balancing quality, throughput, and cost by selecting a resolution becomesa key engineeringtrade-off in the design
of a raster product.
In looking at our customers'needs,it didn't take us long
to realize that the main output requirement was for text.
Everyone had a printer. Most people didn't want both a
printer and a plotter, so they would often make do with
just a printer. We saw customerscreating graphics using
the period of their daisy-wheelprinter. It was obvious to
us that we had to add printing to our graphicsbecauseour
competitorswould certainly add graphicsto their printers.
So we contemplated the ideal output device for our customers,It should be versatile.Our customershave a broad

90 dpi

18Odpi

range of output requirements such as reports, memos,
graphics, images,and presentations.It should be quiet, a
clear advantagein an office environment. Color is increasingly important becauseof color monitors, new applications software,growing useof color copiers,and color scanners. So color capability was a must. The quality should
be high and the cost should not be significantly more than
a monochromeprinter. In addition, the throughput should
be high.
Raster technology was clearly the best fit for a versatile
product. But which rastertechnology?Within HP, significant progresshad beenmade on the evolvingthermal inkjet
technology. This drop-on-demand technology showed
great promise and was chosenfor the color raster product
that came to be known as the HP PaintJet Color Graphics
Printer.
PaintJet Printer Features
The Paintfet printer offers seven colors at 180-dots-perinch (dpi) resolution: cyan, yellow, magenta,red, green,
blue, and black. At g0 pixels per inch the user can select
from a palette of 330 colors (Fig. 2). Throughput on color
graphics depends on the number of swaths made by the
carriage.On a full pageof graphics the carriagemakesabout
200 swaths,which takesfour minutes. The PaintJetprinter
has a transparency mode in which the caniage doublepassesthe image so that each dot position has two drops
of ink to improve color density. Color transparenciestake
eight minutes, or less for imagesthat occupy less than the
full length of the transparency.Burst speedon text is 167
charactersper secondat ten charactersper inch and a typical page of text takes about 35 seconds.

300 dpi

Fig. 1. Vectorplottingmakesthe srnoolhesllines.Thequalityof rasterlinesdependson the
resolution.
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Fig. 2. The HP PaintJet printer
produces colot graphics for overhead transparencies and reports
and near-letter-quality high-speed
text. It offers seven colors at 180
dots per inch or 330 colors at g0
pixelsper inch.

The PaintJetprinter is compatible with nearly every leading personal computer. It is supported by a wide variety
of softwareincluding businessgraphics,word processing,
personal computer CAD, spreadsheet,productivity, and
utility software.Available interfacesareparallel,RS-232-C,
and HP-IB (IEEE4BB/IEC625).
A clear benefit of the thermal inkjet technology is its
inherently quiet operation. Other technologies, such as
multiwire impact printing, are very noisy. During the
PaintJetprinter's development we found that the writing
systemwas so quiet that other noisesin the product became
noticeable.Noise producedduring carriageturnaround and
a snapping sound caused by the paper popping off the
sprocketpins were someof the areasattackedby the design
team. The ultimate result of this effort is a sound Dressure
level below 50 dBA.
Architecture Overview
The heart of the PaintJetprinter's writing systemconsists
of two disposableprint cartridges:one black and one color.
Each cartridge has a total of 30 nozzles.In the caseof the
black print cartridgeall 30 nozzlesare dedicatedto black,
while for the color cartridge 10 nozzles are dedicated to
each of the subtractive primary colors: cyan, yellow, and
magenta.The two print cartridgesare held side-by-sidein
the carriage, which is driven by a dc motor as it scans
acrossthe paper (Fig. 3). A single-channellinear encoder
is used to closethe loop around the dc motor. The 90-lineper-inch linear encoder, in concert with a hardware extrapolator in a customintegratedcircuit, alsoprovidesthe edges
used to fire the nozzlesat 180 dpi.
The paper axis consists of a platen with sprockets
mounted at either end. The sprocketshave sprocket pins

that retract to avoid interfering with the carriage. The carriage rides on a thin metal shim that presses the media
against the platen. This arrangement allows the distance
between the printhead and the media to be minimized
without any adjustments. The paper axis handles Z-fold
paper, cut-sheet paper, and transparency film.
The electronics required to control the carriage and paper
axis motion and to control and pulse the print cartridges
are contained in two highly integrated boards: the main
board and the carriage board. The main board includes the
power supplies, motor drivers, memory, I/O, microcontroller, and custom IC (see article, page 51). This board provides
all motion and dot firing control. The carriage board includes the optics for the single-channel encoder plus two
identical custom ICs that translate the digital dot firing
control signals into the proper voltages and currents required to fire the print cartridges. These fire pulses are
carried from the carriage board via a flex circuit to the
beryllium copper interconnect fingers that make electrical
contact to the print cartridges. The extensive level of integration and component minimization on these boards was
achieved by optimizing the partitioning of the firmware
and hardware functions to make full use of the capabilities
of each component on the boards.
Recipe for Reliability
Our goal was to produce the most reliable product ever
to come out of our Division. We took a two-pronged approach to achieve this lofty objective. First, we devoted
much time up-front in designing the product for reliability.
Second, we subjected the PaintJet printer to more test hours
than any other product we had ever produced.
To design in reliability, we strove to minimize the com-
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Color Communication Standard
How can a computer(CPU)communicatecolorto a peripheral
device (e.9., a color printer/plotter,
scanner,CRT,film recorder,
etc.)?Typically,a color image is input into the CPU from a software program,scanner,data file, or other source.The CPU outputs this image to a peripheraldevice such as a color monitor
or hard-copy printer/plotter.In most cases, the image is first
displayedon the monitorand the user modifiesthe imageuntil
the desired appearanceis achieved,The image can then be
printed with a color printersuch as the PaintJetprinter.
To match color betweendevices,it is essentialthat the color
intormationsent from the CPU be eitherprecorrectedto the specific device's characteristicsor specifiedusing a standardthat
can be interpretedand correctlyrenderedby the device. Presently,each color peripheralhas its own way of specifyingcolor,
and standardizationdoes not exist, For example,the color displayedon a CRTmonitoris fairlyarbitrary.The basic requirement
is that it representan approximationof the color that the user
desires, since the human eye very easily adapts to the CBT
image, compensatingmost color distortions.This makes it a
problemto producea color-matchedhard copy, sincethe printer
has no knowledgeof how the user is interpretingthe CRT color
and the eye will not go throughthe same kind of adaptationwhen
looking at the hard copy. Furthermore,differencesin the color
gamut obtainablefrom each devicemay limitthe gamut of colors
that can be used.Regardlessof the physicallimitations,however,
it is accurateto say that withoutstandardizingcolor communication, it is highlyimprobablethat an accuratecolormatch between
peripheralswill ever be achievedoutsideof the laboratory.
In an attemptto improvethis limitation,the PaintJetprinterhas
been designedto use a standardizedmethodfor colorcommunication. While no industrystandard has been fully endorsed as
the preferred method for color communication,the PaintJet
printer implementsa method for color communicationthat is
compatiblewith the well-establishedstandardsof the past and
can also be easilytranslatedinto any futurestandard.
The PaintJetcolor communicationstandard was selectedto
meet the followingrequirements:
I Thecolorcommunicationsystemmustbe deviceindependent.
This infersthat it should representa color coordinatespace
that can be obtained from standardizedcolor measurement
methods.
I The colorsystemshouldbe well-characterized
and its inherent
limitationsunderstoodand recognized.
I The color communicationsystemshouldbe capable of representingthe full colorgamutof currentand futurecolorperipheral devices.
Since the computer industry is already familiarwith various
RGB(red-green-blue)
colorcoordinatesystems,it was decided
that the PaintJetprinterwould use a coordinatespace standardized to the NTSC phosphorsand illuminantC as described in
the followingtable.t

ponent count. Therefore,we consistentlyopted for simple,
straightforward designs, and for extensive integration of
mechanical and electrical functions. Two tests that we
specifically focused on to verify reliability were the environmental strife test and the BEST (board electronics
strife test). Strife, which has become a standard HP test,
subjectsthe product to seesawingtemperatureextremesof
- 20'C to 75"Cat the rate of 2.5'C/minute.This cycling of
temperature helps expose marginal designs and compo-
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NTSCStandardValues
CIE1931Chromaticity
Coordinates
x
Red
0.670
o.210
Green
Blue
0 . 14 0
llluminan
Ct
0.310

v
0.330
0.710
0 080
0.316

(Alignment
white)
The adoption of a standard such as this has the lollowing
advantages:
r lt providesa universally
understood
colorcommunication
language for all peripheraldevices.
I lt providesa device independentcolor communication
language for all softwarepackages.
! lt allowsthe specification
of all visualcolors,therebyallowing
for future expansionto large color gamuts.
r lt is upwardscompatiblewith any futurecolor imagestandard
based on the principlesof colorimetry.
The color communicationmethodused by the PaintJetprinter
is a first attemptto direct the industrytowards a universallyaccepted colorcommunicationstandard.lt is of the greatestimportance to evolve this standard to one that is suitable for all
peripheraldevicesthroughoutthe industry.
Futurecolor standardsshouldsupplementthis currentstandard by providinga more robust and compact coding of color
data, making it easierto compressand process a color image
with littledistortion.
Theyshouldalso provideexplicitblack and
white compatibilityand controlover the basic color appearance
variablesso that image enhancementand user interfacecan be
carried out in a portable and standard way. For instance,the
uniformcolor space called L-a.b., standardizedby the CIE in
1976,is a good candidatefor such a colorcommunication
standard. lt offerssomeof the advantagesjust mentionedby describing color data with variablesthat are well correlatedwith the
color's perceptualattributes.The adoption of such a standard
for colorcommunication
will bringto the user of HP peripherals
a level of functionalitythat has never been available.
iNTSC is the NationalTelevisionSystemsCommittee.CIE is the CommissionInternationalede l'Eclairage.
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nents in the product. Once exposed and understood the
problem is fixed with a permanentsolution.
Field data over the past few years has shown that although strife is an excellent tool for finding mechanical
weaknesses
in the product,it hasbeena lesseffectivescreen
for electronics problems. Therefore,for the PaintJetprinter
we developedBEST, which focusessolely on testing the
electrical systemand its components.In this test the electronics, which have been separatedfrom the product, are

Manufacturability of the
Paintfet Printer

extreme effectiveness,BEST has nowbeen added to the repertoire of testing that all new products are subjected to at San
Diego Division.

Designfor Low Manufacturing
Cost
Five monthsafter introduction,the PaintJetprinterassembles
in less than 20 minutes,has a 90% turn-on rate in the factory
and has had lessthanten fieldfailures.The productsuccessfully
met its introductionfinished goods inventoryrequirementsand
continuesto meet its productiongoals. Key elementsleadingto
this success were early manufacturinginvolvement,extensive
use of vendorand expertinputs,and a teamapproachto problem
solvrng.
Earlymanufacturinginvolvementwas ensuredby staffingthe
projectwithtwo manufacturingengineersduringthe investigation
phase. This early presence allowed manufacturingto make
numerousinputs beforedesignswere put on paper. Receptivity
inputsis highwhenthedesignis in a conceptual
to manufacturing
phase,manphasewith littlemomentum.Duringthe investigation
ufacturingengineersworked with the R&D team in definingthe
mechanicalarchitectureof the product, reviewingconceptual
designs,and investigatingmanufacturingprocessfeasibilityand
processselectionissues.Followingprocessselection,manufacturing engineerssupplieddesign guidelinesto the R&D team
whotailoreddesignsto the limitationsof the specificprocesses.
Expert and vendor inputs were solicited extensivelyduring
componentdesign reviewsthat occurredduringthe productdevelopmentcycle. Toolingrequirements,manufacturingprocess
requirements,
tolerances,inspectionstrategy,materialselection,
and ease of assemblywere all reviewedbeforetoolingand part
releases.These reviewsby vendors,in-housetooling, plastics,
and inspectiongroups exposed numerouspotentialproblems.
Design iterationssolved many of these issuesand otherswere
resolvedthroughtoolingand processfeasibilitystudies.
A team approachatmospherewas in place duringthe project.
Manufacturingtried to avoid solelygeneratrnglistsof manufacturing issues to be addressed by the R&D team. lnstead,the
manufacturingteam identifiedpotentialmanufacturingproblems
and then worked with R&D to find improvementsor alternative
solutions.This team approach helped create a more positive
working relationshipbetvveenmanufacturingand R&D and resulted in an increasedlevel of manuiacturinginfluenceon the
product.
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exercisedwhile being subjectedto temperatureslew rates of
10'C/minute. The circuit boards are then vibrated to a level
that is four times higher than what our overall product is
exposedto. Using BEST,we were able to identify and resolve
six failure modes that were undetectedby normal strife testing. The elimination of these six modes should markedly
enhancethe reliability of the overall product. Becauseof its

SanDiegoDivision'sfirst attemptto designa very low-cost
productwasthe HP 7 47OA,a two-penX-Y plotter.l Although
the PaintJetwriting system, paper handling mechanism,
and electronics are very different, many of the low-cost
design conceptsused in the HP 7470A are also employed
in the PaintJet printer:
r Minimize part count by simple design and integration
I Eliminate adjustments
r Use injection molded parts extensively
I Avoid painting and machining operations
r Use snap fits rather than screws.
Of course, in the time since the HP 7470A, we have
moved farther along the low-cost learning curve. We now
believe the following items also belong on the list of best
practicesfor low cost:
I Use standard, well-understood processes.Historically,
when we have strayed from this concept we have suffered low yields, cost increases,and many engineer
hours of processsupport and characterization.
r Minimize the number of parts that have cosmeticrequirements. Cosmetic parts have lower yields and require
special handling and packaging.A corollary to this is to
avoid parts that have cosmetic requirementsand tight
tolerances.The process window that produces a part
that meets both sets of requirementsis usually narrow.
I Don't overintegrate.A part with too many specifications
has a low probability of meeting all of its specifications.
This translatesinto unsatisfactoryyield and high cost.
r Get close enoughto your vendors and their processesto
understand cost sensitivities.This has severalbenefits.
First, parts can be designed that avoid expensive or
poorly controlled processes.Also, when a vendor asks
for a price increase,it is easy to assesswhether the increaseis justified.
Software Support
For an application program to support a peripheral it is
necessaryfor that application to have a specific driver for
the peripheral. The Paintfet printer is a completely new
kind of product for the San Diego Division. It is not a
plotter, and it requiresspecialsoftwaresupport.To address
the needs of this product, existing programs were
strengthenedto develop relationships with new software
vendors, and a product software integration group was
formed in the R&D laboratoryto addressthe technical challenges of software support. This group's objective was to
develop the necessarytools and algorithmsfor proper support of the Paintlet printer.
It was deemed necessarythat all of the key graphics
packagesthat support HP plotters also support the Paintlet
printer. Few of those packagessupportedrasterprinters at
that time, and those that did support them did a very poor
job. For example,somegraphicspackagestookten minutes
to output an Bx10-inch graph on an HP Laserletprinter at
75 pixels per inch. To get a more realistic view of PaintJet
software support, a driver for one of the popular business
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graphics packages was commissioned. The first driver took
45 minutes to output a full-page business graph on an IBM
PC class machine. This clearly was not acceptable. Our
goal was to be able to output a full page of graphics to the
PaintJet printer at 180 dpi in 3.5 to 4.5 minutes. This meant
the software support had to improve by an order of magnitude.
Because the Paintfet printer is a raster device, its driver
must first convert graphical obiects using a vector-to-raster
converter. It must then format the data for the PaintJet
printer, attach the proper escape sequences to the data, and
finally, transmit the data. An B x 1O-inch graph requires
949.2K bytes of data. Our analysis of the commissioned
driver identified the following bottlenecks:
n Vector-to-raster conversion. The most efficient means of
raster conversion is a bit map. This is the technique used
by IBM PC class machines for supporting screens. To
use this method for the Paintlet printer, the driver would
need g50K bytes of RAM space. This is an unreasonable
amount of memory (the operating system can only address 640K or 655,360 bytes). As a result, the commissioned driver windowed the image and drew it in six
pieces, each producing a 1.66-inch band of the graph.
e; Data transmission. On an IBM PC class computer, data
rates are very slow. At the operating system level one
can expect a data rate of zsO bytes per second. At the
interrupt 17 level, one can get about 1000 bytes per second. Our driver transmitted the data using the interrupt
17 calls. As a result, 950 seconds or 15.83 minutes were
needed for data transmission.
g
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Because software vendors did not want to spend their
resources to solve these problems, a software toolkit was
developed, and data compaction was implemented in the
PaintJet printer. The toolkit contains code for a high-speed
vector-to-raster converter, a data compactor, and fast I/O
routines. The toolkit can convert an B x 1O-inch image and
send the data to the PaintJet printer in 45 seconds, running
on a HP Vectra computer. The data compaction scheme
compresses the data 4.5 times, on the average.

The Toolkit
Theprimaryobjectiveof thetoolkitis to solvethevectorto-rasterand I/O transmission
bottlenecks.
The secondary
objective is to serve as an example that software vendors
can tailor to their needs or use only parts of. It is written
in Intel 80BB assembly language, the program is fully
documented, and source code is included.
As mentioned above, the toolkit consists of three segments: a converter, a compactor, and I/O routines.
VPRC. The vector-and-polygon-to-raster converter first
converts vectors and polygons to a compacted form that
has all of the transformations applied to it, that is, all scaling, clipping, rotating, and so on. It then rasterizes the
compacted objects. The compacted data form has a fixed
byte format, which means it is very easy to find the next
object in the list. Unlike most vector-to-raster converters,
this converter directly rasterizes polygons. This not only
improves the process, but also makes it possible to fill
polygons with raster fill patterns (binary patterns made by
turning bits on and off).
The converter uses a memory swath as wide as the printhead (10 rows). This minimizes the memory requirements
of the VPRC to 12K bytes. It also allows overlapping of
rasterization with printing. While the printer is printing
swath i, the driver is rasterizing swath i*1. As a result,
there is no waiting for the VPRC.
Data Compactor. To facilitate the use of the printer's compacted data transmission mode, a packing routine is provided. The packing scheme is run-length encoding in frequency and pattern byte pairs. (The pattern byte contains
the raster information and the frequency byte indicates the
number of times the pattern is repeated in uncompacted
form.) Like any encoding process, run-length encoding can
produce an encoded line longer than the original, the worst
case being twice as long. To avoid this problem, an abandon
clause has been added to the compactor, which transmits
the unpacked data whenever the compaction process produces a longer data string.
Fast I/O. A hardware dependent I/O routine has been developed for IBM PC class machines and the Centronics
interface. Data can be transmitted at a rate of 30,000 bytes
per second on an IBM PC and 100,000 bytes per second
on an HP Vectra computer.
The toolkit is provided to software vendors under a nocost license. At introduction, more than 45 application
programs had drivers for the PaintJet printer.
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Fig.3. Exploded view of the PaintJetprinter
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MechanicalDesignof a Color
GraphicsPrinter
Amongtheissueswereensuringproperinsertionof theprint
cartridge,makingreliableelectricalconnectionsto it,
movingthe paper or film accurately,and designinga
primer.
by ChuongCamTa, LawrenceW. Chan,P. JeffreyWield,and RubenNevarez
ROM THE MECHANICAL DESIGNVIEWPOINT, thE
PaintJetColor GraphicsPrinter offered severalchallenges.Among the more interesting ones were the
development of the print cartridge latching mechanism,
the electricalinterconnectto the print cartridge,the media
drive design,and the primer design.
Cartridge Latching
There were severalobjectivesfor the design of the cartridge latching mechanism. Since there are two print cartridges (also called pens),one black (Fig.1)and one threecolor (Fig.2),there has to be a way to identify the correct
placement of each type of cartridge in the print cartridge
carrier (Fig. 3), which is called the carriage.The latching
mechanism must be robust so that it won't be broken. and
more important, so that it won't damagethe print cartridge
even if wrong placement of the cartrige occurs. The print
cartridgeloading and unloading procedureshould be simple and obvious to the user.
Since the repeatability of print cartridge registrationto
the carriage directly affects the print quality, it must be
controlled as tightly as possible.The 3o repeatabilitygoal
is 112 micrometers.When the mechanism is latched, the
print cartridges should not lose registration with respect
to the carriageafter a shock or other disturbance. This made
it mandatory to design with stability in mind and choose
registration surfaces carefully.
Finally, the latching mechanism must be manufactura-

ble. This means a simple design, a reliable process, low
part count, and low cost.

lmplementation
Everyoneknowsoneshouldreadthe instructionsbefore
attempting to operate a new product. However, many users
skip this step and are frustrated if their attempt isn't a

Fig. 1. Black print cartridge
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success.More seriously,the user may blame the product's
design if something breaks during the attempt.
To help the user find the correct place for each print
cartridge, color coding is used. After priming and wiping
a new pen, the user turns to the carriage.The obviousplace
to put the print cartridge must be one of the two openings
on the carriage.The questionis which one.Color matching
the colored dots on the pen label with thoseon the carriage
lid lable (Fig.a)will lead the user to the right place. Even
if the cartridgeis placed incorrectly, there will be no damage to either the pen or the carriage.The mechanismwill
refuse to latch to let the user know there is something
wrong. Try again.
Loading and unloading the print cartridgeis simple, as
illustrated in Fig. 4. First, load the print cartridge to the
correct opening on the carriage.Gravity will hold the cartridge in the right position to be clamped. Next, pull the
green latch up to clamp the cartridgein place. To unload,
reversethe procedure.
The keys to satisfying the repeatability and stability objectives are picking the best set of plastics for the print
cartridgebody, the carriage,and the latch to minimize the
coefficient of friction between them, and picking the right
locations for loading points and reaction points to
minimize problems with frictional moments that would
prevent the cartridge from moving freely to where it is
supposedto be. We were faced with a narrow set of plastic
options for the print cartridgebody becauseof constraints
including compatibility with the ink and dimensional stability after molding and after trigger curing (a processfor
quickly bonding the printhead to the pen bodyJ. Nor did
we have a great variety of plastics to choosefrom for the
carriage,becausethat plastic, asidefrom being a bestmatch
with the cartridgebody plastic, should be a good bushing
material, have high dimensional stability after molding,
and be conductive to protect the electronicsfrom electrostatic discharge.The easiestmaterial to choose was the
latch material, which needs to match the cartridge body
material and have low wear characteristics.We picked 20%
glassfiber filled Noryl (modified polyphenyleneoxide) for
the print cartridge body, polycarbonatewith 10% glass,
10% carbon,and 15% Teflon for the carriage,and polycarbonatewith 20% glassand r5% Teflon for the latch. Picking
the right locationsfor loading and reaction points required
some careful judgments and verification of the chosen set
of locationsby a free-body-diagramcomputer model of the
print cartridge body.
The print cartridgebody has someuncertainty in dimension. This is partly becauseof material shrinkageafter coming out of the mold and partly becausethe body tends to
deform after the trigger cure process,which allows the
stressresiduein the plasticto relax evenmore.To minimize
this effect, the x and y registration surfacesare chosen as
close to the printhead as possible.For the most positional
stability, the z registrationsurfacesare chosenas far from
the printhead as possible.Of course,theseobjectiveshave
to be balancedwith the physical size constraints.
Final Design
Fig. 5 shows the final latching mechanism design. The
stainlesssteel spring A applies a load to the bottom of the
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latch B, which transfers the load to the two ears on the
sides of the print cartridge C. These loads keep the pen
cartridgeagainstthe x, y, and z registrationsurfacesD. The
eirs on the sides of the print cartridge are not identical.
One ear has a beveled surface,which provides a side load
to keep the print cartridge registered in the y direction. In
addition to the beveled surfaceon the ear, a plastic spring
E, which is part of the carriage,provides an additional side
load to keep the print cartridge against the y registration
surfacein worst-casefrictional conditions.
The assemblyprocedure for the mechanism is simple.
Well-known processesare used for part making. The
number of parts is minimized without risking design
simplicity and design margin. Worst-caseanalysis of the
final designwas followed by exhaustiveteststo guarantee
high reliability.
Electrical lnterconnect to the Print Gartridge
The main objectivesin designingtheinterconnectsystem
were high contactreliability, minimum head-to-paperdistance to maintain acceptableprint quality, and low cost.
The designconceptis basedon a direct electricalconnection with the pen substrateusing a set of spring-loaded
metal contacts.The leadframe,which makescontact with
the pen substrate,is electrically connectedto the carriage
printed circuit board through a flexible circuit. The leadframe has four groups of contacts,each group consisting
of 16 contactswith a 1.1-mm center-to-centerspacing.Fig.
6 shows a leadframewith its four groups of contacts.The
leadframe is gold-plated and is laminated on both sides
with Kapton, a polyimide film made by DuPont.The Kapton helps maintain the position alignment of the contacts
and increasesthe rigidity of the system.The three holes
are for alignment with the registration features in the carriage.
Fig. 7 shows a leadframein contact with the color and
black print cartridges.As the cartridge is latched into the
carriage,the substrateon the cartridgepushesthe leadframe
contactsup to their final positions. The contact force between the leadframe and the substratehelps establish a

Fag.2, Three-colorprint cartildge

reliable contact. Fig. B is a side view of a leadframe in
contact with a print cartridge, showing that one side of the
leadframe is in contact with the substrate pad and the opposite side is soldered to a flexible circuit.
The relative motion between a leadframe contact and a
substrate pad during latching helps dig through or remove
any contamination on the pad, thereby improving contact
reliability. The height of a leadframe contact tip is only 0.4
mm, which keeps the paper-to-printhead clearance to a
minimum. Furthermore, becausethe spacing between leadframe contacts is very close, the surface area of the expensive gold pads in the substrate is reduced.
The leadframe is made of 0.008-inch beryllium copper
and is laminated with Kapton on both sides. Beryllium
copper is chosen because of its good formability and
mechanical properties. It is plated with nickel and gold;
the former serves as a diffusion barrier between beryllium
copper and gold, and the latter has excellent corrosion
resistance and high electrical conductivity. The flexible
cable is made of 1-oz copper and is laminated with Kapton
on both sides.
Fabrication Process
The flat leadframe is first chemically etched from 0.008inch beryllium copper sheets. The Kapton base coat and
cover coat are prepunched and then laminated onto the
leadframe under heat and pressure. The part is then formed
to its final shape. Finally, the leadframe is plated with
nickel and gold.
The flexible circuit is first chemically etched and then
laminated with a prepunched Kapton layer. Finally, solder
is applied onto the solder joint areas by a silk-screening
process.
The leadframe, the flexible circuit, and the carriage
printed circuit board are soldered together using a reflow
soldering process. The three parts are placed in a fixture
that has alignment pins to define the parts' relative locations. The parts in the fixture are placed on a conveyor
belt which passes through several reflow stations. At each
station, a spring-loaded clamp is applied to ensure that the
solder points are in physical contact. Then, a high-intensity
infrared lamp is turned on to solder the parts together.
Problems and Solutions
The goal of the interconnect system is to have a mean
time between failures (MTBF) of 20 months or more. The
interconnect system contains 32 contacts between the leadframe and each of the two pen substrates. If one or more
of the contacts is blocked electrically by contamination
during operation, the system is considered to have failed.
Because of the proximity of the substrate to the nozzle
plate, wet ink can easily be spread to the substrate area.
When the ink dries, the residue forms a thick nonconductive crust which could block the electrical connection between the leadframe tip and the pen substrate. Furthermore, the leadframe tips are very close to the paper. During
printing, coating flakes and fibers from the paper can fall
into the contact areas, and occasionally block the connection between the leadframe tips and the substrate.
To overcome these problems, each leadframe tip is
shaped so that it can.dig through the ink crust on the pen

substrate during latching of the print cartridge into the
carriage. The width of the tips was reduced to 0.2b mm
from the original 0.40 mm so that it is less likely that a tip
will trap any contamination underneath it. A plastic shield
is placed in front of the carriage facing the paper to block
any paper particles from making contact with the leadframe
tips. These features of the design help the system to exceed
the MTBF goal with some margin.
Another goal was to prevent corrosion of the leadframe
tips for at least five years. Corrosion can be caused by poor
plating or excessivewear between the contact and the pen
substrate during latching. Higher contact force helps dig
through any contamination layers on the substrate and thus
increases the contact reliability, but it also increaseswear
on the surfaces. If the gold plating on the leadframe tip is
worn through, causing the nickel layer to be exposed, the
nickel can react with atmospheric pollutants and conode.
Also, poor plating can leave minute pores on the gold layer,
which may allow atmospheric pollutants to attack the unprotected nickel layer. Therefore, the gold layer has to withstand all the latching and remain intact at the end of five
years.
The solution is to select the optimal gold thickness and
hardness for the leadframe based on a series of wear tests.
The integrity of the gold plating is demonstrated by subjecting the leadframes to an accelerated corrosion test. By exposing the parts in an enclosed chamber to some concentrated pollutants, the reactivity of the atmospheric pollutants on the gold plating over a long period of time can be
simulated. Ten days in the test environment is equivalent
to five years of normal service.

Tolerances
The amount of deflection in each leadframe tip is based
on three components:
r The height of the substrate relative to the leadframe z-axis
datum after latching. This tolerance is relatively small
and easy to control.
e The height of the leadframe tip relative to its z-axis

i

Fig.3. PaintJetprinter pen carriage, showing the openings
for the two pens.
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error Ae of a gear is related to the instantaneous error in
pitch radius AR by the following expression for small rotations O of the gear:

AO:

EAR
R+AR

Latch
(B)

Fig.4. Matchingthe color-codedlabels on the pen and the
carriageopening ensuresproper placement.
Stainless-Steel

datum. The higherthe leadframe tip, the less it deflects.
r The height variation between adjacent leadframe tips.
The variation makes it more difficult for the higher tip
to make contact with the pen substrate. When the substrate touches the lower tip, the Kapton between the two
tips acts like a compression spring which pushes the
higher tip even higher until the deflection force of the
higher tip equals the Kapton force. This mechanism is
the largest tolerance in this group.
Manufacturing tolerances on all of these dimensrons are
chosen to guarantee that every tip makes contact with the
pen substrate after latching.
Other critical tolerances on x-axis and y-axis alignment
prevent situations in which certain leadframe tips make
contact with the wrong substrate pads or snagging occurs
between certain leadframe tips and the pen substrate or
nozzle plate.
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Media Drive
The PaintJet printer sprays a swath of color precisely
1/18 inch wide. The print media (paper or film) must then
advance to match. An advance slightly more than the swath
width will result in a gap between adjacent swaths, and
falling short of the required move will overlap swaths. The
challenge is to design the media drive to accommodate this
very specialized movement. Modeling, measurement, and
simulation were all involved in the solution. The design
uses a step motor and a two-stage gear reduction (seeFig. 9).
Modeling
The difference between the two extremes of pitch radius
in a gear is the total composite error (TCE), a measurable
quantity. The contribution of a particular gear to the total
drive inaccuracy is related to this parameter. An effective
analysis of this relationship can be made by modeling the
system using eccentric nonslipping discs, where the instantaneous radius of the disc is equal to the instantaneous
pitch radius of the gear. A larger disc will rotate an adjacent
disc more than a smaller one. The ansular transmission
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Fig.5. Latchingmechanismdesign

When the worst-case angular transmission error is required, the largest error in pitch radius can be approximated as AR : TCE/2. Then:

AO-or

:

o(rcE)
2R + TCE

Notice that the angular transmission error is dependent
on the amount of rotation (O) and is less for a large radius
(R). Therefore, higher step accuracies can be achieved
through smaller movements such as the 1/18-inch swath
width, and gears contributing the most to media drive inaccuracies will be small-radius gears.
Using injection molding technology, small parts can be
made more accurately than large parts. Thus the requirements lend themselves to an injection molding process
provided that the concentricity of the gear teeth and the
center mount is set in the mold very accurately. Through
inspections and iterations, the gear molds for the PaintJet
printer were adjusted to near perfection. The inherent repeatability and accuracy of the injection molding process
for small parts allows these gears to fit well within their
error budget.
Measurement and Simulation
Visual appearance of the graphics output shows how
well the media drive advances paper, but to analyze and
improve the system, a measurement technique was developed using a 50,800-count encoder coupled to the drive
roller. Measurement accuracy of 1/100 degree is possible.
This measurement was used to confirm the gear model,
but it also revealed another source of error in the motor.
Step motors have a step accuracy specification, and the
effect of this error was easily predicted as it was attenuated
through the gear train. The measured error was something
else. A strong every-other-swath event was observed. Its
cause was found by Fourier analysis of the drive roller
position output. The Fourier analysis converted the encoder signal into a frequency-versus-magnitude map of the
drive roller's angular position. Each gear showed a peak at
its predictable frequency. The only component matching
the frequency of the every-other-swath error was the alternating phases of the step motor. Each phase exerted a different torque and the dynamic effect of this difference resulted in alternating overshoot and undershoot of the correct step size. Implementation of a motor deceleration algorithm solved the problem by minimizing the "kick"
applied to the drive roller at the last step. The torque dif-

ference between phases then became insignificant.
How much step accuracy is required? Simulation of various inaccuracies involving the frequency and magnitude
of each error was done by a combination of modeling and
measurement. With the encoder mounted to the drive
roller, the angular position of the roller could be measured
very accurately. With the appropriate high-resolution input
we could rotate the drive roller to any desired position,
perfect or not. A step motor with a 1000-to-1 gear ratio was
set in motion to drive the roller. When the right position
was reached the step motor was turned off and a graphics
swath was printed. Although slow, L0 to 12 hours per page,
the process produced a well-defined typical graphics output that could be evaluated by a panel of judges for its
appearance.
Using the model, worst-case errors caused by individual
mechanism components were analyzed to assess their effect on the printed page. This ensured high-quality output
in even a worst-case scenario. Exhaustive testing then
proved we had a cost-effective, highly accurate media
drive.

PrimerDesign
Wheneverthe PaintJetprinter'soutputis unacceptable,
the user needs a quick and easy way to correct the problem.
Also, when a user opens a new cartridge, it needs to be
serviced to begin printing. The primer (Fig. 10) and wiper
have been designed for these situations.
Typical examples of degradation are missing drops and
missing colors, which can be caused by trapped air bubbles,
contaminants in and on the nozzles, and shock to the cartridge. To correct these problems, the user can take the
cartridge out of the carriage, open the primer lid by rotating
it 1B0 degrees,and insert the pen into the primer lid. The
next step is to rotate the lid g0 degrees so that the pen
cartridge stands up and the primer lid windows are facing
upward. The primer lid is then pushed down against a
spring and held down until the windows are filled with
ink. This should take a few seconds. Once the windows
are filled with ink, the lid can be allowed to come up and
the pen can be taken out and wiped with a wiper located
under the carriage lid. The problem should now be corrected and the cartridge ready for printing. However, it
may occasionally be necessary to repeat the procedure to
solve all of the printing problems.
When the user pushes the primer lid down, the cartridge
is pushed against a rubber bladder, which causes a seal to
form. As the lid is pushed farther down, the bladder is
compressed, forcing air into the cartridge and pushing the
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Fig. 6. Ihe leadframe has 64 contacts tn four groups.

Fig.7. A leadframein contact with print cartildges.

AUGUST1988 HEWLETTPACKARDIOUNNET25

ink out towards the nozzles. Air in front of the ink in the
nozzles is pushed out. Once the ink reaches the nozzles,
the capillary force holds the ink in the nozzles.
In designingthe primer, the objectiveswere to minimize
the cost and to make the primer reliable and user-friendly.
To meet the objectives,a number of cost reduction approaches were taken. For example, most of the parts are
made of plastic, which allows integrationof many features
into a single part, thereby reducing the number of parts.
Plastic also makesit possibleto snap fit the parts together,
simplifying the assemblyprocess.The primer lid is a good
example. It holds the cartridge for priming, holds the absorber pad that capturesthe ink that is ejected,holds the
chamois that draws ink away from the absorberpad, covers
the primer unit when not in use,and snapsinto the primer
unit.
Having the user do the priming eliminates the need for
hardware and software to run the primer. As a result, the
challenge in the design was to make the primer reliable
and friendly while maintaining user control of the priming.
To make the primer user-friendly, the first step was to
develop a single procedure for the user to use whenever
there is a printing problem and when the cartridgeis first
used.The procedureneededto be simple so the userwould
have a short learning curve and remember it easily.
User Tests
Beginning with the first prototype, and continuing with
each successiveiteration, a user test was conductedto determine the friendlinessof the primer. The testresultswere
analyzed and used to design the next iteration. The tests
were conductedby non-R&Dpersonneland videotaped.In
eachtest,nontechnicalpeople unfamiliar with the PaintJet
printer were asked to unpack a print cartridgeand follow
a set of directions, which included priming and wiping.
The user tests were invaluable. Our first iteration, for
example, did not have windows in the lid. The user was
simply instructed to push the lid down for three seconds
and then allow the lid to spring up. The videotapesshowed
userspushing down slowly and only part way down, holding the primer lid down too long, and pushing down too
many times. It became obvious that some feedback was
neededto let the user know how long and how far to push

Fig. 8. Side view of a leadframe in contact with a print cartridge.
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Fig.9. Mediadilve geat train.
down. A number of ideas were considered. The ideas
ranged from controlling the effective priming time to visual,
tactile. and audio feedbackmethods.Visual feedback-ink
filling the windows in the lid-was chosen.The advantages
of this feedbackmethod are that the solution required simple tools, and most important, that it clearly shows the
user what is going on during priming. This is significant
since the hold-down time varies somewhat with how fast
the primer lid is pushed down and how much ink is in
the cartridge. Another advantageis that the amount of ink
wasted is diminished, since the cartridge is pumped only
until it is primed and no more.
Another lesson learned from the user tests was that if
there is an opportunity for the ink to get on the user, it
will happen. One of the problems faced while designing
the primer was what to do with the ink that is ejected out
of the print cartridge. The initial solution was to have a
small absorberpad that would soak up the ink as it was
being ejected.According to our user model at that time,
the absorberpad would becomesaturatedat about the time
that one of the ink cartridgeswould need replacement.The
idea was to send a clean absorberpad with each print
cartridge so the user could replacethe used one. However,
the test results showed increasedrisk of ink transferto the
user. The design was then changedto eliminate the need
for the user to replacethe absorber.The solution is to have
a permanent absorberpad that soaks up the ink as it is
being ejected,and to have a chamois in contact with the
absorber pad to pull the ink away from the pad. The
chamois has a large capacity for ink, and becausethe user
only needsto prime the cartridge approximately once per
month, there is sufficient time for the ink in the chamois
to evaporatebetween uses. The permanent absorberalso
eliminates the need for the user to learn and remember
how and when to changethe absorber.
Single Procedure
It is not always necessaryto prime and wipe the pen to
solve a particular printing problem, some problemscan be
eliminated simply by wiping the pen. However, the tests
clearly showed that the more of a thermal inkjet expert a
user was askedto become,the more likely it was that something would go wrong. What we found to work best was
to provide a single procedure that would be reinforced
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again and again. The procedure is included twice in the
user guide, once in the beginning to guide the user when
a new cartridge is used, and a second time in the troubleshootingportion of the guide. For further reinforcement
and to serveas a quick reminder, a pull-out self-help card
is provided, and icons are placed on both the primer lid
and the front cover.The icons referthe userto the instructions
and give the order of the priming and wiping operations.
Besides being user-friendly, it is imperative that the
primer be effective at solving the problems that the user
may encounter.Problemscan be causedby paper dust getting on a nozzle or on the substrate, a small air bubble
depriming a single nozzle, or large air bubbles depriming
an entire color section. The whole cartridge can be deprimed becauseit has been dropped,for example,or some
unknown contaminant has cloggedthe nozzles.
The different types of failures can be solved with the
prime and wipe procedurebecausethey fall into two kinds
of failure modes. Contaminantson the substratepads or
on the nozzles can be removed by wiping the nozzle plate

against the wiper, and the deprimes (from single nozzles
to completedeprimes)and contaminantscaughtin the nozzle can be fixed by priming and wiping (in this case the
wiping servesto clean off the ink left on the nozzle plate
after priming). Combining the two procedures yields a
single procedure that will solve just about any type of printing problem that is user-correctable.
An important reasonfor visual feedbackto tell the user
when priming is finished is that the print cartridge will
withstand only a limited number of primes. The more the
pen is primed and the higher the priming pressure,the
larger is the likelihood that the cartridge will develop air
paths through the foam that holds the ink. The pumped
air pushesthe ink in the path of least resistance.In time,
a path can be created in which there is no ink, giving the
air a path to the nozzle plate. However, if the cartridge is
not primed for very long and the ink is allowed to reach a
state of equilibrium, the chances of creating an air path are
diminished. Once an air path is established,the pen cannot
be primed any longer. Visual feedbackhelps the user see
when priming is completed, reducing the tendency to
prime longer than necessary.
The higher the priming pressure,the lesstime is required
to prime the cartridge and the easier it is to dislodge air
bubbles around the nozzles. The lower the pressure,the
more times the cartridge can be primed without creating
an air path. The pressurehad to be carefully chosento give
high reliability and long life with the user in control of the
priming. The cartridge design team also made improvements to the foam insertion procedure,which lessenedthe
likelihood of air paths forming and causeda marked improvement in the robustnessof the cartridge.
Another area of concern in the primer was the absorber
pad which wicks the ink away from the nozzle plate. The
concern was that the absorber pad material would leave
some contaminantson the substratepads or nozzles.The
absorberpad needs to have a very fast absorptionrate, so
that when the color pen is primed, the three different inks
are absorbedinto the pad and do not mix with each other
and contaminate the primary colors. The pad's capacity
has to be sufficient to hold ink for approximatelyfour consecutiveprimes. The logical choicesare fibrous materials.
Unfortunately, most fibrous materials tend to lose fibers,
expecially as they become wet. After a large number of
different materials were tried, a treated polyester was found
that left an acceptablysmall number of fibers on the cartridge.
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ThermalInkJet
The Second-Generation
Structure
Changesin materialsand processesincreaseresolution
lifefrom
from96to180dotsperinchandextendprinthead
2 million dropsto 7 milliondrops.
by RonaldA. Askeland,WinthropD. Childers,and WilliamR. Sperry
HE PRINCIPLESOF OPERATION of the HP Paintfet
print cartridge are identical to those of the HP
ThinkJet print cartridge.' Ink is channeledto specified chamberscontaining a thin-film resistor on the floor
and a small orifice on the ceiling. The thin-film resistors
are rapidly heated to temperaturesexceeding400"C.The
ink directly over an excited resistor is vaporized and a
bubble is formed. As this vapor bubble grows, momentum
is transferredto the ink above the bubble, which causes
this ink to be propelled through the orifice onto the paper.
Ink is refilled automaticallyto the resistorareaby capillary
action.
The performance specifications of the PaintJetprinter
required a second-generationmaterial set rather than
further tuning of what had been developedfor the Thinkfet
program. Print resolution is increased from 96 dots per
inch to 180 dots per incir. This requirementincreasedthe
resistorcount from 1,2to 3Oresistorsper printhead. Usable
ink volume is increased from 3.5 ml to 12 ml. The ink
volume for each drop is reduced fuom22Opicoliters to 100
pl. Thesechangesrequirea 3.5-foldincreasein resistorlife.
The most striking performanceimprovement offered by
the PaintJetprinter is its ability to generateover 330 different colors. This is achieved by combining patterns of
magenta,yellow, and cyan droplets, all generatedfronr a
single cartridge. This requires significantly different ink
managementschemes.
Material Selection
A cross-sectionalview of the PaintJetprinthead is shown

in Fig. 1. Silicon has replaced glassas the substratematerial. Although substantially more expensive, it offers performance improvements in the areasof defect density and
thermal capacity. Thin-film parameters and photolithography parametersarealsomore easilycontrolled on silicon.
A thermal capacitor is required so that the heat generated
by the thin-film resistor is transferred to the ink. This heat
pulse lasts less than 5 ps and createsa vapor bubble. The
capacitor thickness is selected so that excessheat is removed after bubble formation. Excess heat can cause unwanted secondarynucleationand drop performancedegradation. The main sourcesfor heat removal are the silicon
substrateand the ejected ink. Severalthermal barrier materials were tested, including Al2O3, SiO2, Si3N4,and SiC.
The optimum barrier was found to be a thin layer of SiOr.
This material was found superior for thickness uniformity,
defect density, and etch resistanceto the chemicals used
to define the various thin-film materials.
The resistor film is TaAl and the conductor film is Al
doped with a small percentageof copper.Thesefilms have
been used in severalprinthead applicationsat HP over the
years.The resistor material is less than 0.1 pm thick and
therefore does not substantially contribute to the thermal
capacitance.
Next come Si3N4,SiC, and tantalum passivationlayers.
These layers protect the resistor and conductor materials
from chemical attack by the ink. In addition, protection
from severe hydraulic forces induced by the collapsing
vapor bubble is provided. It is desirable to keep these
layers as thin and uniform as possible becausethey can
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Fig. 1. Cross-sectionalview of the
PaintJetprinthead.
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Fig. 2. Contact pads on the printhead arc connected to conducting traces by multiple interconnect vias.
negatively affect thermal response. The design thicknesses
are optimized for step coverage and pinhole density factors.
Contact between the print cartridge and the PaintJet electronics was a major challenge. The interconnect design was
driven by the requirements that contact be made directly
to the silicon substrate and that the cartridge be inserted
easily by the customer several times throughout its life.
Each time, a low-resistance contact to each of 30 resistors
must be achieved. In addition, this contact scheme had to
have an extremely low profile so that the minimum printhead-to-paper spacing of less than 1 mm could be maintained. Durable, low-resistance contact pads are designed
along the periphery of the silicon substrate. Each pad has

a contact area of 1 x 1.4 mm and consists of a sandwich of
Ta and Au. The pad is electrically connected to a conductor
trace by a series of small vias etched through the Si.Nn and
SiC layers (see Fig. 2). The Ta film offers a very tough,
scratch-resistant base, and the Au film ensures a chemically
inert, low-contact-resistance surface. The multiple-via concept offers some basic design advantages. Multiple parallel,
low-contact-resistance paths are formed. High reliability is
achieved since a failure at any of these independent sites
will not affect the overall performance of a trace. Interconnect insertion tests have shown that cartridges can survive
more than L5 insertions and environments such as 65"C at
90% relative humidity without performance degradation.
Ink management was a major design consideration in the
Paintlet print cartridge. In the color cartridge each group
of ten resistors requires an isolated ink supply system (see
Fig. 3). The material selection constraints for the printhead
were driven by performance issues. To achieve 180 dpi
and conserve silicon real estate, the spacing between resistors is 200 trr.m.The plated metal wall design used in the
Thinklet printhead cannot meet this spacing requirement.
To deliver a 100-pl drop, a channel thickness of approximately 50 plm is required. Fig. 4 is a micrograph showing
the resistor area and ink channel geometry. Channel features of less than 100 pm are also required to achieve both
drop volume control and fluidic impedance balance. The
adhesion of the channel material to the silicon substrate
is very important. Finally, this material must be relatively
chemically inert since it will be in contact with the various
inks for periods as long as 2lz years.
A photoimageable polymer was identified and special
imaging and developing techniques were engineered to
meet these specifications. The 2lz-year storage life was
confirmed using an accelerated test procedure in which
cartridges were hermetically sealed and stored at 65'C for
seven weeks. The performance parameters for more than
500 cartridges were measured before and after storage and
found not to deteriorate.
To supply ink from the reservoir of the cartridge to the
channels, feedholes through the silicon are required. The
challenges associated with feedhole drilling include the

Resistor Area

Laser Drilled Hole

Fig. 3. /n the PaintJet color cartridge, each group of ten
reslstors is supplied with ink through a laser-drilled hole.

Fig. 4. C/oseup view of the resislor and ink channel area.
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diameter required (300 pm through 5OO-pm-thicksilicon),
the fragility of the thin films, and the manufacturing
throughput requirements (2 seconds/hole).A number of
alternative methods were investigated, including contact
drilling, chemical etching, and noncontact drilling.
The first two alternatives had serious disadvantages.
Contactdrilling requiredfrequent,costly tool replacement.
Chemical etching tended to damage the thin films. Laser
drilling was found to be the most cost-effective of the feasible alternatives.Laser drilling is achieved by focusing a
high-poweredQ-switchedYAG laserwith a beam spot size
of 150 pm. The beam is trepanned around the desiredcircumferenceto createa hole. Molten silicon residue (drill
slag) is minimized by strict control of all the laser cutting
parameters.
orifice Plate Propertaes
The orifice plate controls both drop volume and direction. This plate contains30 preciselyplacedholes lessthan
50 pm in diameter. The dimensional tolerancesrequired
by this part necessitatedadvancesin plating technology.
In addition, new measurementtechniqueswere developed
to ensure diameter accuracy.
The orifice plate,composedof gold-platednickel, is manufactured by electroforming. This process is illustrated in
Fig. 5. A sheet of stainless steel is coated with a thin,
electrically insulating layer. This layer is patterned and
subsequentlydefinesthe outline of the orifice plate as well
as the inkjet nozzles. The patterned sheet fmandrel) is
placed in a nickel-plating tank and brought to a negative
potential. Nickel electrodepositsonto the conductive surfaces.Electrodepositioncannot occur directly onto the insulation layer, so the insulating discs result in circular
orifices. As electrodepositioncontinues, the nickel overplates the edge of the disc as shown in step 3 of Fig. 5.
The nozzle diameter decreasesas the nickel thickness increases.Once the electroforming is complete, the nickel
sheet is separatedfrom the mandrel, cleaned, and goldplated.
There are a number of critical orifice plate properties.
Some of the most notable are corrosionresistance,surface
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Fig. 6. System for measuring oilfice plate nozzle diameters
to an accuracy of !0.5 pm.
finish, sheet dimensions, and orifice diameter. The typical
nickel-plating chemistry required some modification for
this application. An organic brightener is added to improve
the electroform surface finish. This helps eliminate corrosion site defects and allows the use of a thinner protective
gold layer. Delamination of the electroform from the mandrel because of tensile stress is eliminated by the addition
of saccharin, a commonly used stress reducer. This additive
produces a sheet with a controlled level of compressive
stress. The magnitude of this stress is critical to the control
of the overall sheet dimensions.
The most critical property is the orifice diameter. Micrometer variations in orifice diameter cause large drop volume changes, which have a dramatic impact on print quality. The final inkjet nozzle diameter is approximately equal
to the starting insulating disc diameter minus twice the
plated nickel thickness. Controlling the diameter of the
insulating disc is straightforward because semiconductor
photoimaging techniques are used. More difficult is control
of the amount of overplating. The tolerance control required is beyond normal plating industry standards. A very
precise plating current and plating tank geometry are re-
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Fig. 5. Orifice plate electrofarm
ing process.

quired to achieve the tolerances demanded.
Measuring individual nozzle diameters to an accuracy
greater than 10.5 pm presented a challenge. This is accomplished using the Fraunhofer diffraction principle (Fig.
6). Laser Iight is directed through the nozzle orifice, producing a diffraction pattern which is detected by a point photodiode. This diffraction pattern is scanned to determine the
diffraction ring diameter. The nozzle diameter is a monotonically decreasing function of the ring diameter.

Resistor Reliability
The PaintJetprinthead reliability goal is for cartridges
to run out of ink before resistor failures occur. Black cartridges can print more than 1100 pagesof text using an ink
volume of t2 ml supplied to 30 nozzles.Since the drop
volume is 100 pl, there is enough ink for 4 million drops
per nozzleif all resistorsare fired equally. In normal printing, resistorsnearthe centerof the printhead areused more
often than thoseon the edges;thereforethe resistorreliability goal was set at 7 million drops. The comparablegoal
for the first-generationThinkJet printhead was 2 million
drops (500 pagesof text).
The printhead thin-film resistor and passivation layer
are subjectedto chemical,mechanical,and thermal stresses
during operation. When a resistor is energized,a vapor
bubble is formed which causesan ink droplet to be ejected
through the nozzle.As the vapor bubble collapses,the passivation layer over the resistor is subjectedto extremely
Iargefluid cavitation forces.The mechanicalpounding induces cracksand cratersin the passivationlayer and thinfilm resistorand even damagesthe underlying SiO, layer.
This resistor damageleads to a constriction in the current
path across across the resistor and subsequent current
crowding resistorfailures (seeFig. 7).
The high temperaturesreached during operation result
in thermal stressto the resistor and overlying thin films.
While thermal stressalone doesnot causeresistorfailures,
it does make the resistor more vulnerable to cavitation
damageand chemical attack.
Resistorlife testsof more than 1000 cartridgeswere con-

E
g

s5.o

.g
E
G

98.0

Millions
of DropsEiected
Fig.8. Weibullplot for printheads.
ducted to ten times normal printheadlife using continuousink printing life testers.The life testerswere built from HP
747oA Plotters modified to hold PaintJetprint cartridges.
The duty cycle, pulse width, and voltage supplied to the
printheads were precisely controlled. All testswere run at
worst-caseproduct overpowerconditions.Resistorfailures
were detectedby monitoring resistancevalues during the
test. Autopsies of failed resistorsprovided valuable feedback for printhead thin-film design.
Resistorlife data was analyzedusing the Weibull distribution. This method allows us to estimate resistor life at
a given reliability with a specifiedconfidencelevel. PaintJet printhead resistor life exceedsour goal of z million
drops at 99% reliability and 90% confidenceat worst-case
overenergyconditions (Fig. B).
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High-VolumeMicroassemblyof Golor
ThermalInkjet Printheadsand Gartridges
Miniaturepartsand micrometermechanicaltolerances
makehigh-volumeassemblychallenging.Adhesive
selectionwasthefirsfsfep.Specialfixtures,fools,
automatic
machines withvision, in strumentation, and systemshad to
be developed.
by CherylA. Boeller,TimothyJ. Carlin,PeterM. Roessler,and StevenW. Steinfield
I THEN A NEW TECHNOLOGYslatedforvery highvolume production is being developed,manufacUU
r t
turing engineeringconcernshave to be addressed
early. In the case of the HP PaintJet print cartridges, the
R&D lab had its charter to invent designsand processesthat
would satisfy performanceand life objectives.In parallel,
manufacturing engineering had to ensure that the design
and processeswould meet the objectivesof high volume,
high reliability, and cost-effectiveness.
I

Manulacturing Constraints
The miniature sizes of the parts and the mechanical tolerancesrequired to assemblea functional printhead proved
to be one of the more challenging aspectsof this development. While those working with electronic circuit manufacturing and photolithographic processesare accustomed to dealingwith dimensionsmeasuredin single-digit
micrometers, mechanical engineersare most comfortable
thinking in terms of sheet metal, machining, or plastic
molding tolerances,where on a good day one can hold
tolerancesof 100 micrometers.

Early testsshowedthat to obtain a printhead with acceptable drop directionality characteristics,the orifice plate
needs to be aligned to the substratewith an emor no greater
than 10 pm. Furthermore, the alignment accuracy of the
printhead to the plastic ink reservoir had to be less than
50 pm to maintain black-to-color print registration and
electrical interconnections.Theserequirementsseemedto
border on the limits of feasibility, especially if the the assembly processesincorporatethermal cure adhesives.Fig.
L shows a representationof the relative distancesinvolved.
Observe that the differential thermal expansions between
the mating parts considerably exceed the alignment requirements for both orifice-plate-to-substrateand substrate-to-pen-bodyassemblies.
Assembling the Printhead
To meet the extremely tight alignment specification
necessaryfor successfulfunctioning of the printhead, careful conceptual analysis of the assemblyalgorithm was required. At the time manufacturing engineering became involved, the processthat was in place consistedof placing
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Fig.2. To align the substrate to the orifice plate, translation
and rotation stages are moved to align thinJilm targets on
lhe substrale with target holes in the orifice plate.
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Fig.3. Drop velocity analysisplotsfor good and bad pens.
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a film of thermal cure adhesive between the substrate and
the orifice plate and then aligning the assembly under a
microscope in a fixture that clamped the head with over
100 pounds of force. (Today we use roughly one pound of
force.) Next the entire fixture was placed in a 200'C oven
for one hour and then removedand allowed to cool before
removing the head from the fixture. Although the adhesive
bonded the orifice plate to the substrateadequatelyin the
short term. it was known to fail in the corrosive ink environment after a fairly mild exposure. Furthermore, the system as a whole did not meet the specifiedalignment tolerance. This was becauseof the mechanical clamping required as well as the high-temperaturecure cycle (i.e.,the
differential thermal expansion of the material set as depicted by the chart in Fig. 1). Finally, the practicalmanufacturing feasibility of mechanically fixturing each printhead
for over an hour was virtually zero. Clearly, this assembly
processwas at best a temporary one.
We immediately beganto investigate alternative systems
for building the printheads.For our new assemblyscheme
to be successful,the bond between the orifice plate and
the substrate had to perform three functions: a tack function, a gasketfunction, and a structural function. We knew
that we had to bring the parts into alignment to within t10
pm, hold them together within the time constraints of highvolume production (tack function), and then have that bond
resist continuous exposure to the highly corrosive ink en-

vironment for a projected 2.5 years without allowing any
leaksbetweencolor chambersor outsideof the ink delivery
path (gasketfunction). Also, the bond would have to withstand various forces in handling and operation,as well as
temperature cycling excursions that typically cause adhesive joints to fail as a result of fatigue, embrittlement,
and thermal stress effects (structural function),
We brainstormedmany alternatives,including pressure
sensitivetapes,ultraviolet (UV) radiation activated cures,
two-part epoxies, and surface activated and dual-curemechanism adhesives, in various combinations with
mechanical,magnetic,and other processes.
We did a formal
decision analysis that looked at such performancefactors
as handling time, cure time, dispensability, processcontrollability, curetemperature,and number of processsteps.
Twenty-eight different adhesion schemeswere analyzed
and ranked in order of desirability. The result was that the
alternatives involving a thermal cure fell to the bottom of
the stack. So we set off looking for a UV/surface activated
adhesive that would give rapid holding strength with UV
exposure and then continue to cure at room temperature
once the surfaces had been brought into contact. Other
alternatives included various pressure sensitive tapes and
frozen, premixed two-part epoxies in preformed sheetsthat
cure rapidly when brought to room temperature.
However, we soon discoveredin one test or anotherthat
all of these convenient solutions didn't meet one or more

Automatic Alignment Machines
One of the first challengesconfrontingthe PaintJetprinterpen
manufacturingteam was performing orifice-plateto-substrate
and head{o-bodyalignmentand attachmentin high-volumeproduction.Volumeforecastsjustifieda fullyautomatic,high-speed
productionmachine.Since HP engineeringresourceswere not
availableto develop the system in-house,we contractedwith
two companies.One specializesin machinevisionand the other
in high-precision
materialhandling.
Scheduleconstraintsmandatedthat design of the pen alignment machine(PAM)begin beforethe assemblyprocesseswere
fully developed.Because of this, a major reset occurred when
the processwas changedto requireadditionalstepsafterorifice/
substrateattachment.Because these steos didn't lend themselves to in-line production,PAM was solit into two machines
(Fig.1):HAM(headalignmentmachine)and SAM(skeleton
alignment machine).HAM performsorifice/substrateassemblyand
SAM performshead/body assembly,allowingthe extra operations to occur off-line.The initialdesign of both machineswas
done by our contractors,but majorHPeffortswentintooptimizing
the design,improvingreliability,developingthe controlsoftware,
and integratingthe componentsinto reliable,fully operational
productionmachines.
Mechanics
The mechanicaldesign of the machineswas driven by many
constraints
such as tight alignmenttolerances,
highthroughput,
reliability,and cleanliness.The basic process steps, such as
singulatingorifice plates,dispensingadhesive,and aligning
parts, are performed in modular stations. Substrates,orifice
plates, heads, and pen bodies are fed into the machines in
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stackablepart carriersand are conveyedfrom stalionto station
using vacuum to minimizehandlingdamage. Feedbackfrom a
varietyof sensorsinformsthe controlcomputersof any machine
malfunctions,which might include jams, misplaced parts, and
mechanicalfailureof a machinecomoonent.
A significantmechanicalchallengeis to positionparts repeatably usingrotaryarmsup to 10 incheslong.Motorswith high-resolutionencoders(4000 counts per revolution)are used in combinationwith hard stops to meet the positioningrequirements.A
carouselwith eight high-precisionpen body holding fixturesis
used on SAM to transferpen bodies to each workstation.Each

Substrates

Pen
Bodies

OriticePlates
Oritice
Plates

Skeletons

Fig. 1. Thepen alignmentmachrneconslstsof thehead alignment machine and the skeletonalignment machine.

fixtureaccuratelylocatespen bodies for successiveoperations
such as: applicationof three adhesives,alignmentof heads to
pen bodies,and adhesivecuring.
To simplifythe design and maintenanceof HAM and SAM, a
concerted effofi was made to replicate componentsand use
common parts.Many componentssuch as dc servomotorsand
coordinatedmotioncontrollerswere selectedbecausethey are
used for other purposesat San Diego Division.This allowseasy
access to hardwarewith a historyof good performance.
Machine Vision
Machinevisionenables HAM and SAM to align the pen components automaticallyto micrometertolerances.HAM finds an
alignment hole at each end of the orifice plate and a square
target at each end of the substrate.The visionsystemviews the
targets through the alignmentholes and informsthe controller
to rotateand translatethe substratesuch that the targets align
to within9 pm of the centersof their respectivealignmentholes.
After alignment,the parts are attachedand become an assembled head. Similarly,SAM rotatesand translatesa head untilthe
orificeplate alignmentholes are within 15 prmof their ideal locations on a pen body.
While machine vision is fast and accurate,there are several
elementsthat make human vlsion difficultto reolace. Dirt and
other surface imperfections,easily ignored by the human observer,can make alignmentfeaturesimpossiblefor the machine
to find. The machineis also sensitiveto changes in light levels,
makingperiodiccalibrationnecessary.The smallfield of view of
the camera and the proximityof other potentiallyconfusingfeatures make part misplacementa problem. A major effort was
requiredto developcomplexmachinevisionalgorithmsand optics to handlethesesituationsand to minimizescraooinoof functionallyacceptableparts.
Control Systems
HAM and SAM have independentelectroniccontrolsystems
with similardesigns.The componentscontrolledinclude 53
motors, 64 pneumaticvalves, and 165 sensors. Each control
systemhas three major parts:
I A mastercontrolprocessor,an HP Vectra computer
r A visionsystem,consistingof a PDP-11 computer,an image
processor,and a TV camerawith split-fieldoptics
r Local controlprocessors,which areZSO CPU boards.

of the "must" requirements. Surface curing adhesives and
epoxies either cured too slowly or did not survive in the
ink environment, tapes did not guaranteea consistent seal
and did not have long-term dimensional stability, and other
schemeswere either not dispensable or not available as an
off-the-shelfproduct. The adhesive testing processis described in detail later in this article.
In the tests, the only alternatives that met the performance "musts" were thermally cured. So we needed to
rethink our alternatives given the additional constraint that
a thermal cycle of up to one hour would be required on
the printheads. In a high-volume environment it would be
impractical to hold one hour's worth of production in
traveling alignment fixtures. We had to develop a tacking
scheme that would allow quick removal of the assembly
from the alignment station and maintain the relative position of the orifice plate to the substrateuntil after the thermal cycle was complete.
We chose an ultraviolet-curing tack scheme once it was

The localcontrolprocessorscontrolthe use of motor,pneumatic controller,and analog-to-digital
convertercards.All communication is via RS-232-C,and all majorcards are offthe-sheltSTD
BUS comoonents.
Softwarefor HAM and SAM consistsof extensivemastercontroller code and 280 assembly code. Severaltechniquesare
used to keep this large amountof softwaremaintainable.Master
controllercode is split into control code and menu code. An
emulatorwas writtento enableeach part to be debuggedwithout
the need for the other.
Both the mastercontrollercode and the ZB0 code run under
VRTX,a multitaskingoperating system. Reentrancyis used to
reduce programsize. Programchangesare minimizedby allowing commonly changed parametersto be downloadedto the
Z80s from the Vectracomputerat run time.One of the difficulties
inherentin a projectof this natureis thatto developthe mechanics
the softwareis required,and to developthe softwarethe mechanics are required.Thedevelopmentof both mechanicsand master
controllersoftwaresimultaneouslywas greatly acceleratedby
making the 280 code capable of communicatingwith either a
Vectra computeror a dumb terminal.
Results and Lessons Learned
HAM and SAM do the job of ten operatorsand five manual
machines.Throughputand alignmentqualityhaveboth improved
substantially
sincetheirimplementation.
As in all major developmentundertakings,we learnedsome
importantlessonsfrom the PAM project.First,developmenttime
can be reduced by ensuringthat the assemblyprocessesare
stable and well-characterized
on manualtooling beforedesigning automatedequipment.Automatedequipmentshould be designedin-houseor contractedto experiencedassemblymachine
builders.Specialties,such as machine vision, can then be
broughtin as needed.In no case shouldspecialistsbe the primary system designers.
Jeff Beemer
ProjectLeader
Mitch Levinson
Glen Oldenburg
Mick Trego
Ed Wiesmeier
Manufacturing
Engineers
San Diego Division

shown to be possibleto cure some UV adhesivesin under
one second if radiation of the proper wavelength and intensity is used.Originally, we usedscreenprinting to dispense
a layer of adhesiveapproximately 75 pm thick. The effort
to.make it work was abandonedfollowing the realization
that the processescould not be made reliable enough for
our manufacturing environment. Later, precision dot dispensing using an air-pulsed syringe was found to be
superior for our application. In the present process,one
dot of a UV curable tack adhesiveis placed in each of the
four corners of the substrate before the alignment station.
This is done with an HP-designeddispensingtool that uses
a special optical sensingschemeto locatethe syringerelative to the parts and thus ensure accurate dot placement.
The volume of each dot dispensedin this way is typically
25 nanoliters.To put this in perspective,if you placed one
dot per second into a one-galloncontainer, it would take
over five years to fill it up. Becauseof this miniscule use,
adhesivevendorswere not interestedin developingcustom
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formulations for our application. Therefore,we were limited to off-the-shelfproducts.
Once the adhesiveis dispensedonto the substrate,the
problem of aligning the orifice plate to the substrateremains. Very early in the development of the manufacturing
plan, an automaticpen alignment machine (PAM, seebox,
page34)was contracted.In the meantime,severaliterations
of HP-designedmanual tools were designedand built. The
original assemblyline incorporatedthree of thesemanual
tools, which facilitate production cycle times of around 15
secondsper printhead. Both the manual tools and the new
automaticmachine PAM are basedupon closed-loopalignment of the substrateto the orifice plate, with translation
and rotation stagesbeing moved to align thin-film targets
on the substratesto target holes on the orifice plates (Fig.
2). Once aligned, each tool drives an orifice plate onto a
substrateunder a specific load to ensure intimate contact
between the parts. Once the proper load is achieved.UV
light sourcesflood the printhead componentsto cure the
tack adhesive.
The Gap Problem
After we had developed the processand tools to build
the printheads,we beganto notice variations in their performance. Fig. 3 shows a representationof the printhead
where the vertical vectors correspondto parametersmeasured on the IULIO system (see box, page 37). To have
good print quality it is critical that the drops of ink travel
from the printhead to the paper at a controlled speed,and
that the drop volume is held within an acceptablewindow.
The plots in Fig. 3 show an example of IULIO data from a
good pen and a bad pen. In the bad case,the nozzle-Io-nozzle drop velocity variation is unacceptablyhigh.
We discoveredthat this unhealthy drop velocity characteristic was associatedwith small gapsbetweenthe orifice
plate and the substrate,as representedin Fig. 4. Thesegaps
could be on the order of a couple of micrometersand still
have a drastic effect on drop velocity. With a gap present,
some of the energy from the thermal pulse of the resistor
is lost in the crevices,and the resultant drop ejection rate
is decreasedand highly irregular. The creviceswere also
ideal locations for air bubbles to accumulate,further degrading drop formulation and ejection.
This problem was complicated by the interaction of the
ink with the printhead materials over time. The barrier
material would swell and changeshapeafter severaldays

Resislor

Fig. 4. Sma//gaps betweentheorifice plateand the substrate
caused reduced and irregular drop velocities.A new process
eliminates them. (Not drawn to scale.)
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Fig.5. Theprintheadhasto be alignedwithmoldedfeatures
on thepen body,shownin black on thisdrawing.
or weeks of contact with the ink, and this would affect the
shape of the firing chamber and the occurrenceof gaps.
We neededto develop a processthat would eliminate the
gapsand ensureintimate contactbetweenthe orifice plate
and the barrier material for the life of the pen. This is
exactly what we did. Unfortunately, the processis proprietary and cannot be divulged here.
Making the Print Cartridge
In parallel with solving the problem of printhead assembly, we were developinga strategyfor bonding the finished
printhead to the ink reservoir.This problem had many of
the sameconstraintsthat we had beenfacingwith the printhead,namely extremelytight alignmenttolerancesand part
handling difficulties. Also, the same cycle time, environmental, and ink exposureresistancerequirementswould
have to be met.
There were some fundamental differencesas well. Instead of adhering the orifice plate to the barrier and thinfilm materials,this problem was one of adhering the silicon-backed printhead to the polyphenylene oxide pen
body. The thermal expansiondifferencebetweenthe mating parts (i.e.,silicon and polyphenyleneoxide) was much
greaterthan in the orifice/substratecase(seeFig. 1), making
thermal cure adhesivesystemsevenlessattractive.Furthermore, in the head/body system, the printhead has to be
aligned with respectto molded featureson the pen body
(see Fig. 5), rather than the much friendlier concentric
targets simultaneously visible when aligning the orifice
plate to the substrate.
Our initial approachto head/bodyalignmentrelied upon
closed-loopoptical positioning of the printhead in a fixture
that held the body in a presumably known position. An
operatorwould adjustthe printhead'sposition with respect
to a template representingthe proper location. We soon
encountereddifficulties with this system.First, the creation of a template that satisfiedour specificationswas dif-

JULIO
Eadyin the developmentstagesof the PaintJetprintcartridge,
head architectsidentifiedthe needfor a measurementinstrument
to quantifythe drops being ejected by the printhead.The first
is calledJULIO,for "jets(of ink)underlaboratory
suchinstrument
"
intensiveobservation.
JULIOcan controlheadtemperature,
ink back pressure,resistor drive voltage, pulse width, and frequency. lt can measure
drop velocity,drop trajectory,and drop volume.Drop velocityis
measuredwith an optical systemconsistingprimarilyof a laser
beam and a pair of photodetectors(Fig. 1). When the drop flies
through the beam, the signals at the photodetectorsare interruptedconsecutively,
signalingthe event.JULIOthencalculates
the velocityusing the known distance and the measuredflight
time betweenthe detectors.
Drop trajectoryis measuredby locatingthe drop in two planes
parallelto the nozzleplate.A strobelight illumiapproximately
nates the drop from two orthogonaldirectionsparallel to the
nozzleplate,and a cameraand framegrabber capturethe drop
images.The printheadis then moved up a specifieddistance,
the nozzle is fired again, and two new views of the drop are
captured. These four images of the drop are digitized and the
centroidsof the drop imagesare calculated.Knowingwherethe
drop is in both planes,the angle of the drop can be calculated.
The drop's trajectoryrelativeto lhe nozzle plate is determined
by probing the surface of the nozzle plate with a sensor that
determinesits angle relativeto JULIO'scoordinatesystem.
Drop volumeis measuredby firingdrops into a cup which is
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Fig,2, Typical result of an operating window test of a printhead.
then weighed on a precisionbalance to determinethe average
drop weight.Volumeis calculatedusingthe knownink density.
JULIOverifiesthat the drops are fired usingthe laserand detectors to ensure that the weight measuredrepresentsthe correcl
numberof drops fired.
An applicationof the drop velocitymeasurmenton JULIO is
the operatingwindowtest (Fig. 2). In this test, the velocityis
measuredas a functionof the resistordrivevoltageto determine
the correct drive pulse for the pen. In the start-uptest, the velocitiesof a specifiednumberof drops are measuredand plotted
againstorder fired to observethe variationoJdrop velocityover
time.
The tests on JULIO were invaluablein evaluatingthe performance of the printhead during its development.They are still
used daily to monitorthe qualityof printheadsmade on the productionline.
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Fig. 1. Top view of the optical pathof the J ULIO measurement
syslem.
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Load Cell

Fig. 6. Peeltesterusedrn the adhesivefests.
ficult at best.Also, operatorshad a difficult time doing the
alignment. Parallax, depth of field, and cycle time were
some of the major obstacles.
A major breakthroughoccuredwhen one of the engineers
suggesteda simple open-loop alignment scheme.Historically, the relatively loosetoleranceson the substrateedges
made this approachseem impractical. To get around this,
the schemetakes advantageof the near perfect photolithographic dimensions of the orifice plate. A vacuum chuck
was designed which has three pins that protrude only
0.003-+0.0005inch. The pins are wired to LEDs which
illuminate when in contactwith the electricallyconductive
orifice plate. When the operator seesthe three LEDs light
up, the printhead is fixtured in the right place. Our model
shop quickly fabricated the extremely delicate vacuum
chuck. Using the same pen body holding fixture and UV
sensitivetack adhesiveas before,along with a built-in UV
light source, the new open-loop aligner proved not only
feasible,but superior to the optical method in every way.
We improved our initial alignment, yield, and cycle time
considerably.
Adhesive Testing Process Details
Adhesives were the obvious means of fastening the
Paintlet printhead together and attaching it to the pen body.
However, selecting from existing products was more difficult than initially anticipated and problems with these
products continue to occur occasionallyin production. Unlike mechanical fasteners, adhesives are unruly and
plagued with endlessunknowns. They also appear to be
endless in variety and potential as technology improves.
Thusthe adhesiveselectionprocesscanalsobecomeendless.
An iterative trial-and-error mechanical testing approach
was used to find a working adhesiveset. A generalunderstanding of adhesive chemistry was useful in controlling

variables.Greaterexpertisein the field of polymer science
would have streamlined the selection process,but would
not have eliminated the necessityof trial-and-errorselection. Most adhesivecompositions are proprietary and the
compatibility of various adhesiveswith substratesand ink
was unknown. Vendors were relied upon to supply products that they felt were appropriate and these products
were tested to determine their feasibility.
Reliance on chemical analysis was heavy in the later
stagesof adhesive screening.Those in-house with chemical
expertisesupplied information on optimal cure conditions,
analysis of contaminants, batch-to-batchvariations, and
quality control methods and measurements.
Problem Definition
The selection processbegan with a definition of bond
requirements, which were determined from:
I Physical requirementsfor a functional pen, such as pen
geometry, pen material set, and alignment tolerances
necessaryfor proper pen operation.
I Desired life and environment of product, including the
handling loads the bond might see and the environment
the bond must survive during the product's life.
r Production requirements, such as tacking time, cure
time, open time, shelf life margins, and safety requirements.
Requirements were easily quantified in some cases.In
other cases,we relied on engineeringjudgment. For example, handling loads that the bond might seeduring the life
of the product were determined by assumptions regarding
the worst-caseloading that the product might be subjected
to by its users.Along with the list of requirementswas a
long list of desiresthat would simplify assemblyor somehow reduce cost.
Vendors were then queried as to which adhesivesthey
would recommendto satisfy requirements.Many vendors
generouslysupplied samplesof any product they felt had
the potential to perform acceptably. As with all design
processes,flexibility was important. Requirementswere in
a constant state of change.Priorities often needed to be
reordered,which meant that previous adhesivecandidates
had to be reevaluated in terms of the new priorities and
vendorshad to be recontactedwith revisedrequirements.
Sample Preparation
For initial screening,test specimenswere used instead
of real parts. These had some advantages:they simplified
Oritice
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Fig.7. Typical data from a peel test
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Weight

Fig.8. Creep shear tesler used in the adheslve tests.

Factory Systems
aligner.Thiswas reinInformation System
by a malfunctioning
orificeplate/substrate
forced by reject Paretocharts for that time period, and the afForeseeing
the difficultengineering
challengesahead,one of
fected pens were immediatelyrecalledand reworked.The systhe key manufacturingobjectivesfor the PaintJetprinter pen
tem has provento be an indispensable
time and moneysaver.
assemblylinewas to havean information
systemwiththe ability
to reconstructthe manufacturingenvironmentexperienced by
Factory Design
any particularpen and to detect trends and problems in the
A primarymanufacturingobjectivefor the PaintJetpen was to
process.
The
manufacturing
inmanufacturing
environment
(JlT)or demand-pullphilosophyin the facfollow
the just-in-time
cludesper-pendata such as componentlot numbers,important
tory and pen line design.Followingthe JIT philosophywas not
process parameters,and quality decision data. Objectivesfor
an easy task during the productionstart-upphase, but the imthe informationsystemincludeddata accuracygreaterthan97%,
provementsseen in yields and uptime have proven its worth.
minimumoperatorinteraction,easy accessto the informationby
problemsoccur with particulartools, processes,or parts,
When
fromprocess
engineersand managers,completeindependence
the entireline is quicklyforced to shut down by low work-in-proto
to
or materialmovementcontrolsystems,ability adapt changcess levels. This approach focuses engineeringattentionon
ing data needs, and convergencewith systemsused for other
problem situations,and encouragesprocess improvementsininkjet
lines.
HP thermal
stead
of temporaryfixes.
An HP 9000 Model 550 Computeris used as the data base
Severalprocessesin the head assemblysectionof the PaintJet
machine and informationsystem controller.At the first step of
pen line requirecontamination,
temperature,
and humidityconthe assemblyline,each pen body is labeledwitha high-density
Therefore,an availableclean room was modified to meet
trol.
pen's
bar
code
to
serve
as
the
identification
number.
code-39
these environmentalrequirements.With the increasein producprocesssteps,the bar code is scannedalongwith
At significant
environprocess informationto record portionsof that pen's manufactur- tion levels,the clean room became a less-than-optimal
ment, and steps are being taken to move the environmentsening environment.Partcarriersare also bar-codedto map compositiveprocessesout of the cleanroomand intoa normalmanufacnent lot numbersto each pen identificationnumber.Rejecttrackturing
environment.The installationof laminarllow benchesfor
ing is handledon-linewith a bar-codemenu system.
processesthat require environmentalcontrolwas a ma.jorstep
An easy-to-usemenu system helps engineers and system
towardsthisobjective.Thisapproachhas majoradvantagessuch
userscreate their own reports.Throughthe use of Informix4GL
as: high flexibility,improvedwork environment,leverageto future
pick
users
easily
specific
data
elements
irom
the
software,
can
processes, relativelylow cost, and reusable equipment. The
data base and configureit accordingto their needs.Ad hoc
cleanlinessof the work area and the pen performanceare monanalysisis performedby downloadingthe datato a localpersonal
itoredfor any changesresultingfrom environmentalcontrol.The
computer.The systemcan also reportgrouped data to produce
plan is to provideas muchoperator,engineering,
and manufacstandardmanagementreportsand graphs.
turing
f reedomas possiblewithinthelimitsof the processrequireThe informationsystem'scapabilitieshave proven to be exments.
tremely important in problem-solvingsituationsas well as for
engineeringand managementdecisionmaking.By using the
Stan Eyans
potentially
system'sabilityto trackeach pen individually,
elusive
Manufacturing
Engineering
Manager
and costly productionproblemscan be identifiedand analyzed,
Carol Beamer
and a courseof action recommendedsoon after realizingthat a
Mary Ann Beyster
problemexists.Forexample,engineerswerefacedwiththe probDiane Fisher
lem of orificeplates peelingofi the substratewhen the tape was
Manufacturing
Engineers
removed. Engineers used the informationsystem to identify
Diane Armstrong
exactlywhenand howthosepenswere made,what if any unusual
SystemsAdministrator
eventswereoccurringduringthe timethe pensweremade,and
San DiegoDivision
what common elementswere shared among the reject pens.
Theywerethen able to determinethatthe problemwas caused

the design of the strenghtesters,they were less costly to
fabricatethan real samples,they were tangible subtratesof
appropriate size and material that could be shown to vendors, and their uniformity could be controlled. They had
the disadvantagethat any deviation from the actual product
implied the introduction of known and unknown variables.
Many extraneousvariablessneakinto testsas a result of
sample fabrication.In an attempt to control them, samples
neededto be carefully prepared.Substratesurfacepreparation for bonding needed to be consistentfrom sample to
sample and accuratelyreflect the eventualreal part preparation. Adhesives needed to be handled carefully. Some
adhesiveswere sensitive to even short open times before
cure. Many adhesiveswere refrigeratedto maintain their

reaction potential. Physical bond geometry also needed to
be maintained from sample to sample. Bond shape, thickness, and area affected the strength test results.

TestingApparatus
PeelTests.Bondscan be subjectedto peel stresses
from
user handling and product wiper operation. Since bonds
aretypically weak in peel,this is a vulnerablefailure mode.
A peel tester was used to determine the relative peel
strength of adhesive bonds. The silicon substrate,representing the circuit, was clamped to the stationary fixture
of the tester. The orifice plate substratewas pulled at 90
degreesfrom the axis of the silicon substrateat a constant
rate of 0.002inch per secondfseeFig. 6).
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Fig.9. Typicalcreep shearfesfresu/t.
The resulting data was a load-versus-deflectioncurve
(Fig. z). Initial peel strengthis the load required to initiate
peel. Notch peel strength is the load required to sustain
peel. Peel resistanceis proportional to the width of the
bond.
CreepShearTests.Although most systemshavelittle creep
in their fully cured state, creep was a consideration for
partially cured tack bondsand for testingbonds madeusing
double-sidedtape.
Bonds were tested by clamping the silicon subtrateto a
static fixture and clamping the orifice plate (or pen body)
to a moving fixture which also held a mirror (Fig. 8). Onepound and two-pound weights were applied for ten seconds to simulate handling loads. A laserwas used to measure the changingdistanceto the mirror. Displacementwas
plotted versus time (Fig. 9).
Peel and creep sheartests were run on bonds subjected
to different conditions:
r Initial handling strength tests were performed shortly
after cure or on partially cured tack bonds.
r Full-property tests were performed on bonds that had
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acquired full strength.
r Post-environmental tests were performed after bonds
were subjected to fifty thermal cycles between - 40oC
and 75'C.
I Post-reflux tests were performed on bonds after immersion in ink for 10 or 30 days at 65'C.
I Post-bag tests were performed on bonds that had been
placed in an air-tight chamber with ink for 10 or 30 days
at 65"C.
Ink resistance was the most difficult criterion to meet.
Most bonds subjected to ink degraded significantly. Failure
was typically in adhesion to one of the substrates when
bond surface sites were displaced by moisture.
Adhesives that best met the requirements included ultraviolet cure tack adhesives and low thermal cure one-part
epoxies. The ultraviolet cure mechanism allows infinite
open time before cure and tack strength in one second
following exposure to UV light. The disadvantage of UV
curing adhesives is that they are typically acrylic-based
systems with limited long-term ink resistance. They are
not employed for structural bonding but lor fixturing substrates following alignment. They are required only to survive long-term exposure to ink without coming off and
potentially disturbing pen function. Some of the low thermal cure one-part epoxies proved to have high bond
strength and good long-term resistance to degradation in
ink.
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Ink Retentionin a GolorThermalInkjetPen
Keepingthe ink in the pen and off the user is a nontrivial
engineeringproblem.
by Erol Erturk,Brian D. Gragg,Mary E. Haviland,W. Wistar Rhoads,Jim L. Ruder,and Joseph E.
Scheffelin
HE DEVELOPMENT OF THE PAINTJET PEN and
its assemblyprocesseswas recognizedas being one
of the toughest projects undertaken by HP's San
DiegoDivision. Our objectivewas to supply our customers
with a high-quality pen that could be massproduced. The
primary job of the final assemblyprocessesis to get ink
into the pen and ensurethat it staysthere until the pen is
used by the customer.
Fig. 1 showsspecialclear-bodiedempty and full Paintlet
pens. Inserting the foam (ink reservoir),filling it with ink,
and sealing the pen are very complex tasks. Aside from
the inherent problemsencounteredwhen using a low-tech
material in a high-tech application, the foam is required
to fit precisely into the pen cavity. Once saturatedwith
ink it must retain the ink over a wide rangeof environmental conditions throughout the pen's life. The plug must
hermetically seal to the pen and allow it to vent to the
outside atmosphere.The packagingmust provide a physical barrier to ink leakageat the nozzles, and must limit the
pressuredrop and water loss that the pen may experience
during shipping and storage.
Foam Insertion
The processused to insert the foam reservoir into the
pen cavity has a major impact on the pen's ability to retain
ink. The foam must be compressedon the filter, it must
remain in contact with the internal walls and corners of
the pen, and it must be inserted to a controlled depth. If
any of thesethreeconditions is not met,the pen may leak.
If the foam does not contact the filter, the negative pressure in the pen is lost. Foam compression on the filter
prevents the ink leakagethat would otherwise result if a
column of unsupported ink contactedthe filter. This column of ink can include both the ink betweenthe filter and
the nozzles and the ink in the void spacenear the filter.
The ink in the spacearound the filter is eventualy absorbed
into the foam as it becomesless saturatedduring printing.
Without the negative pressure provided by the foam, ink
leakagewill occur.
A second and less obvious benefit of compressingthe
foam againstthe filter is improved ink extraction efficiency.
A region of locally higher-density foam is created when
the foam is compressedon the filter. The resultantincrease
in density (poresper inch) tendsto provide a slightly higher
capillary force in that region of foam. This attracts ink from
other lower-foam-densityregions,which resultsin lessink
left in the foam toward the end of the pen's life. Thus the
user gets more printed pagesper pen.
Several steps are used to insert foam into the pen cavity.
A vibratory bowl feeds the foam to a mechanical compres-

sor station. The compressor station uses a compress-release-compresssequenceto compressthe foam, which is
initially larger than the pen cavity. The compressedfoam
is then pushed out of the low-friction compressorblocks
into a thin-walled square tube. The tube is inserted into
the pen cavity, and the foam is extruded into the cavity by
pushing from behind as the tube is withdrawn.
lnk Fill
Tightly coupled to foam insertion is the ink fill process.
A very denseink fill is required for two reasons:it allows
more ink to be put in the pen, and it minimizes trapped
air. Any air trapped in the pen will expand at high temperaturesor altitudes,forcing ink out of the foam. Ink not held
by the foam can lead to leakage.
Achieving a dense ink fill is particularly challenging.
Initially, the foam is hydrophobic, so ink must be forced
into it. The fill is accomplishedby placing the pen in a
vacuum environment and injecting ink using hypodermic
needles.Evacuatingthe pen cavity in the presenceof a gas
that is more soluble than ambient air in ink tends to
minimize the volume of gasleft in the foam. Furthermore,
degassingthe ink beforeinjecting it into the foam decreases
the volume of gasinitially injected into the foam. The proprietary processused to fill the Paintlet print cartridge with
ink requirestight control of evacuationrate,vacuum levels,
needle location, ink injection rate, vacuum releaserate,
and a host of other variables.This process,complemented
by a precise and repeatablefoam insertion before ink fill,
producesthe ink delivery systemnecessaryfor a drip-free

Full
Pen

Empty
Pen

Unsaturated
Band

Air
Pockel

Fig. 1. Clear-bodied full and empty PaintJetprinter pens
(print cartridges), showing foam ink reservoir.
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pen.

Foam/lnkInteractions
Fig. 2 showscritical foam insertionand ink fill features
and their failuremodes.
Foam/ink process interactions were prevalent throughout the development of the ink delivery system. Only after
uniform compressionof the foam on the filter was achieved
could a repeatableink fill processbe developed. As the
ink fill processevolved and higher quantitiesof pens were
manufactured,the more subtle problems becameevident.
Among these were foam tilting in the cavity and foam gaps
in the corners,both of which eventually could lead to ink
leakage.
Foam tilting occurredduring the foam insertion process.
The foam was slightly tilted as it was compressedand
transferred into the square tube. The foam remained
slightly tilted after it was transferred from the tube to the
pen cavity. If the foam tilted toward the filter, it resulted
in a local high-capillarity region, which improved ink extraction efficiency. If the foam tilted away from the filter,
it resultedin the oppositephenomenon.The extremecases
of tilting resultedin gapsalong the foam-to-pen-wallinterface. The gaps complicated ink fill by allowing ink to
bypassthe foam and flow randomly on top of the foam and
into the tooling as it was injected. Tilting was virtually
eliminated afterextensiveredesignof the foam compression
mechanism.
The last major hurdle encounteredafterfoam tilting was
eliminated was ink "spouting." Spouting was caused by
insufficient contact between the corners of the foam and
the internal corners of the pen cavity. Inadequate contact
let ink spout along the corner gap during the fill operation

and end up on either the ink fill tooling or on the top of
the foam (seeFig. 2). Becausethe ink is rapidlyforced into
the hydrophobic foam, any areaswhere the foam does not
make intimate contact with the pen walls form low-resistance paths for the ink to havel along. Ink ends up where
it wants to. insteadof where it should be.Thb most difficult
areain which to achieve good contact during foam insertion
is the corners of the cavity.
Spouting can contribute to ink leakage through several
different mechanisms. First, an unsupported column of ink
remains in the gap in which the spouting initiated. A net
positive head can occur if the foam is saturated (as it is
early in the pen life) and ink leakageout of either the vent
or the nozzlescan occur. Second,the spoutingink is deposited on the intentionally dry band of foam located on the
plug end of the pen. The vent is not designedto handle
large volumes of ink coming into contact with the plug.
Therefore, any ink that is not absorbed into the foam may
leak through the vent holes.Finally, the low-resistanceink
paths along the corners alter the fluid front formed as the
pen is filled. This results in dry pockets in the foam. The
air in these pockets expands at high temperatures or high
altitudes, forcing ink out of the pen.
A foam design changeand severalinsertion processmodifications eventually eliminated the spouting issue. The
physical dimensionsof the foam were changedto increase
the forces it exerts on the cavity walls. Although this makes
insertion more difficult, it results in more repeatable and
robust processes,both at foam insertion and at ink fill. The
thin-walled squaretube used to insert the foam was refined
by modifying corner radii, improving its position relative
to the pen cavity, and reducing friction between the tube
and the foam. The improved design greatly enhances our

lnk Fill Needle
No Free Ink

I

Free Ink

Inkspoutins
{
Nonuniform Fluid
Front during
lnk Fill

Dry Foam
Unsaturated Foam

Uniform Fluid Front
During Ink Fill

Air Trapped in Foam

6
6

Ink Leakage

Poor Foam Insertion/lnk Fill

Void Space Filled with Ink

Good Foam Insertion/lnk Fill
with Plug Inserted

Fig.2. Critical foam insertion and ink fill features and their failure modes
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Activating the Pen
Whethera pen is in a packageor being builton the production
line, it requiresan activationstep before it can be used. The
activationprocess must provide a continuous,air-freeink path
betweenthe filter and the meniscusin each nozzle.To get ink
flowing from the filter to the nozzles,a differentialpressure is
appliedto the pen. This processis calledpriming.
The priming process consistsof injectingair throughthe vent
holeson the back of the pen,therebymovingthe inkfrontthrough
the pen. The purged ink is drawn off lrom the nozzles.The pressure profileappliedto the pen is definedby a pressure-drop/flowresistancemodelof the ink pathf romthe f ilterthroughthe nozzles.
The model assumesthat pressuredrops are inverselyproportional to the cross-sectionalarea of the airlinkinterfaceand are
heavilydependenton geometricalconstrictions.
When pressurizedink comes out of the foam, it flows through
the filter.Untiltheairlinkinterfacereachesthe nozzles,the crosssectionalareafor fluidflow remainsrelativelylarge.The pressure
requiredto get ink up to the nozzlesis typicallyaround0.75psi.
The airlinkinterfacerequiresmuch more pressurein the area of
the orifice plate and substrate,where channelsare small and
constrictionsare abundant. Since it takes more work to move
the airlink interfacethroughthe smallerchannels,the pressure
requiredis increasedto around6 psi. Under ideal conditions,
firstapplying0.75 psi and then applying6 psi wouldresultin an
air-freepen every time.
Actual conditionsare lessthan idealbecauseof imoerfections
of the parts and capillaryforces that cause air bubbles to be
trappedin the ink path. lf the bubblesare largethey will most
likely be around the filter area, and if they are small they are
most likelyto be under the orifice plate. Large bubbles are dislodged from the walls by mechanicalshockingand are flushed
to the substratearea.The bubblesthen get forcedthroughsmaller channelswhere their leading edges take on the curvature
defined by that geometry.lt takes work to deform a bubble and
force it through the constrictionagainst capillary resistance.
Goingthroughsuch a constriction,a bubble'slength-to-diameter
ratiobecomesunstableand the bubble breaksintomanysmaller
bubbles.To purge out the smallerbubbles,a high pressure
differentialis appliedto the pen to overcomecapillaryresistances
and geometricalconstrictions.The pressure is limited by how
quickly the foam can replenishthe purged ink and the requirement that no air go throughthe filter.
For the reasonsmentionedabove, the priming process that
gives the best resultsis one where low pressureis applied first,
followed by higher pressure,with mechanicalshocks applied
throughoutthe process.The optimallow and high pressurelevels
and durationswere defined empirically.
The PaintJetprinter prime stationused by the customerhas
only a single pressuresource. lt is designedto solve the most
common failuremode, small bubbles under the orrficeplate.
Since the prime stationcannot clear all bubble failures,it is
necessaryto ensure that all pens are virtuallyfree of bubbles
before they are shipped.This is done by dedicated production
machinerycapable of deliveringboth low and high pressures
and mechanicalshocks,and by carefullyhandlingthe pen until
it is taped. The tape keeps the pen primed by maintainingan
airtightseal until the pen is ready for use.

Erol Erturk
Manufacturing
Engineer
SanDiegoDivision

ability to inject ink to a known location and keepit there.
The final requirements of the foam insertion and ink fill
processesfor a drip-free pen are to control the foam insertion depth and to avoid forcing ink out of the foam as the
plug is attached.During the ultrasonic welding of the plug
to the pen cavity, the plug is positionedto a depth at which
it contacts the foam. Contact is necessaryto prevent the
foam from moving away from the filter if the pen is mechanically shocked. Foam inserted too deeply into the cavity
eliminates the foam-to-plug contact, resulting in possible
shock failures or leaky pens.
If the foam is above the desired level in the cavity, the
plug overcompressesthe foam as it is welded. This can
force ink out of the pen or causelocalized ink stranding.
The free ink may move to locations within the cavity that
can causeleakage.Although the foam depth is tightly controlled at the insertion process,additional margin is obtained by providing a band of unsaturatedfoam on the plug
end of the pen. Besideseliminating the possibility of free
ink after the plug is attached,this band of foam provides
an overflow safety zone for any ink that is displaced at
extreme environmental conditions by small amounts of gas
that remain trapped in the ink reservoir.

(a)

(b)

Pressure

Fig. 3. fhe molded plastic plug is designed to seal the pen
and allow it to vent without losino ink.
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Plug and Vent
The molded plastic plug is also critical to keeping ink
in the pen. It must hold the foam in place againstthe filters,
hermetically sealthe pen, sealbetweenchamberson a color
cartridge, and allow the pen to vent without allowing ink
to escape.
Fins are designed into the plug to press againstthe foam.
This keeps the foam away from the vent, which is critical
to vent performance and keeps the foam in place even
during mechanical shocks.
A hermetic seal between the plug and the pen body is
essential to both retaining ink and priming the pen. Ultrasonic welding was chosen from several bonding processesfor this application. The welding processproved to
be dependent on many things, including the mass and
geometry of the plug and the foam height. Although this
interdependenceof parts made processdevelopmenta real
challenge, welding the plug has proven itself extremely
reliable.
The most challenging design aspectof the plug was the
vent. Bidirectional air flow is required for pressureequalization as ink is removed through printing or if environmental conditions change,but the ink must stay inside the pen.
The design met with serious stumbling blocks until breakthroughs in foam insertion and ink filling guaranteedonly
small amounts of free ink, if any, around the plug under
worst-caseconditions. This allowed a vent designthat can
be molded as part of the plug. The vent begins with a
volcano-shapedprojection into the pen (Figs. 3a and ab),
which allows the pen to breathe as long as the ink level
does not cover the peak in any pen orientation. If ink gets
between the volcano and the walls, the geometry draws
the ink toward the base of the volcano regardless of the
orientation of the plug (Fig. 3c).
At the base of the volcano and around the inside of the
plug are small channels,which draw in the ink and spread
it throughout the channel system. The capillary force is
strong enoughto hold this ink independentof pen orientation. In this manner the capillary system can keep ink away
from the vent regardlessof pen orientation.
If ink manages to get into the vent, a second capillary
system takes over. The tube's small size makesit a capillary
trap. Once ink gets into the tube (Fig. 3d) no more ink can
enter. The capillary force is large enough to keep more ink
from entering the vent, since the new ink would have to
eject the ink currently in the tube. However, the force is
small enough that during normal operation, as ink is depleted during printing, the vent will clear itself (seeFig.
3e) without the pen's exhibiting any print quality problems.
On the other hand, if a positive pressureout of the pen is
experiencedbecauseof an increasein temperatureor altitude, the small amount of ink in the tube clearsas shown
in Fig. 3f. The small outer volcano shapeacts like the large
volcano shape by drawing the ink to its base,where the
ink will dry (Fig. 3g).
This system, all part of the one-pieceinjection molded
plastic plug, keeps ink in the pen and allows air to flow
freely through the vent.

age.Tape provides a physical barrier to nozzle ink leakage.
A sealedcanister provides a physical barrier to ink evaporative loss and isolates the pen from pressurechangesat high
altitude. The requirements are no visible free ink and <t%
evaporativeink loss over 1.5 years.
Pressureand temperature extremescan causeink leakage
by disturbing the force between the foam and the nozzle
capillary pressures.At high temperature, ink viscosity decreasesand surface wettability increases,allowing ink to
flow more easily. Low pressure (high altitude) and high
temperature causeair bubbles to expand. Thesetwo factors
tip the balance in favor of ink leakage,not retention.
The tape consistsof adhesiveon a polyestercarrier.The
nozzle plate is wiped with deionized water to remove ink
residue. Then the tape is pressedonto the nozzle plate.
The process is done quickly to prevent ink from being
wicked through the nozzles before the adhesive produces
a seal.After customerremovalno adhesiveresidueremains.
Fig. 4 shows an exploded view of the pen package.The
canister consists of a PVC-coated aluminum deep-drawn
flanged cup and a peelable PVC-coatedaluminum lid, heatsealed together. The seal must be hermetic and survive
altitude-induced stresses,yet be easily peeled apart by the
customer.
Aluminum is nearly impermeableto water vapor, satisfying the water loss requirement. Unfortunately, only very
thin gaugescan be deep-drawnor peeled,so the resulting
canister is not puncture-resistant.Drop-in plastic liners
add the necessarypuncture resistance.
The canister works as a pressurevessel at high altitudes
by restricting the expansion of the trapped air surrounding
the pen. The canister limits this air volume expansion (and
thus the pressuredrop) to about 5%.
The single most important lesson learned from the thermal inkjet pen development project is that many of the
processesinvolved in this technology are intenelated. The
successfuldevelopment of a drip-free pen could only be
achieved by developing all of the assembly processes
simultaneously, from foam insertion to packaging.
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Fig.4. Exploded view of the pen package
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Ink and MediaDevelopmentfor the
HP PaintJetPrinter
film,andprinthead
Theink,paper,overheadtransparency
for the HP PaintJetColorGraphicsPrinterhad to be
designedas a sysfembecauseof thecomplexinteractions
betweentheseelements.
and Mark
by DonaldJ. Palmer,JohnStoffel,RonaldJ. Selensky,PeterC.Morris,M.BethHeffernan,
S. Hickman
HE DESIGN OF INK, paper and overhead transparency film for the PaintJet Color Graphics Printer
required substantial interaction between the ink,
media, print cartridge,and product teams.Throughout the
program, design issues were approached from a system
perspectiveso that the best overall performanceand reliability could be achieved.
Ink Design
The PaintJetprinter combines black, magenta,yellow,
and cyan ink drops in a 2 x 2-pixel cell to generatea palette
of 3go different colors.The inks are composedof a solvent
carrier (vehicle)and a colorant (dye).The vehicle functions
to provide the essentialthermodynamic,kinetic, and fluid
propertiesrequired to generatea superheatedvapor bubble
and eject a drop. Additionally, the vehicle acts as a carrier
for the dye, bonding it onto the surface media (paper or
film) with the necessaryspot diameterand permanenceto
meet user needsfor print quality
The vehicle is a combination of water and hydroxylated
alkyl ethers and the dyes are organic compounds that have
been solubilized in the vehicle using sulfonatesand monovalent species such as Li* and Na*, or cationic organic
amines.

The inks have many chemical and physical requirements. They must withstand changesin pH, suppressbacterial and fungal growth, resist decomposition,and have
chemical compatibility with the material set used in the
print cartridge. Additionally, the ink must exhibit little
changein its physical propertiesas a result of evaporation
of the vehicle solvent,which can affectviscosity,wettability, and surfacetension.This is important to maintain drops
that are ejectedwith controllable volumes, velocities,and
shapes.
During the firing of a drop, the layer of ink coveringthe
surfaceof the heating element can reach a temperatureof
about 340'C.At this temperature,the decompositionof ink
can deposit residue on the surfaceof the heating element,
a processknown as kogation.Kogationaffectsthe volume,
shape,and velocity of the ejecteddrop, causingthe quality
of the printed output to vary. Consequently,it is essential
to design an ink that resistssuch decompositionover the
useful life of the print cartridge.
The residue from kogation was found to be largely carbonaceouswith varying amountsof dye and inorganicsalts
included in the carbon matrix. In the Paintfet printer, kogation was eliminated by careful selection of vehicle solvents, dyes, and electrical drive characteristics.
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Impurities introduced into the ink from the vehicle components, dyes, or other additives can also cause kogation.
Therefore, all of the constituents used in the PaintJet ink
are purified.
Prevention of Clogging
Traditionally, clogging of the pen has been the biggest
complaint of the the inkjet printer user. With closer inspection, the types of clogging can be divided into two
categories. First, a soft plug can occur, causing the initial
droplets to be missing. Second, a hard plug can form, requiring the customer to clear an obstructed nozzle.
The root of the clogging problem lies in the exposure of
the ink to air. In a roller-ball or felt-tip pen, the ink is
protected against exposure to air by a tight cap. A tight cap
could not be used in the PaintJet printer because of the
position of the interconnect and the potential problem of
forcing air into the nozzle. Therefore, the ink is exposed
to air and the water component of the vehicle does evaporate. Consequently, the concentration of dye and cosolvent
(nonvolatile component of the vehicle) can increase
dramatically at the inkJair interface.

This rise in dye and cosolvent concentration causes the
customer to experience clogging by two different mechanisms. First, the viscosity increase in the orifice, caused
by increased dye and cosolvent concentration, can prevent
the ink droplet from being ejected. This soft plug can usually be cleared by repeated firing of the pen, but the initial
characters printed would be misformed or missing (Fig 1).
This condition is especially prevalent under cold and lowhumidity conditions. Evaporation of water from the orifice
can also cause a hard plug to develop at the inkJair interface
and prevent the ink droplet from being ejected. This hard
plug (crusting) forms as the dye crystallizes out of solution
because of the increased dye concentration and the change
in the vehicle composition (less water and more cosolvent)
at the ink/air interface (see Figs. 2 and 3).
In the development of the Paintlet inks, a hard plugging
problem was experienced with the black ink. Lowering the
dye concentration would solve this problem, but the
printed image would suffer a loss in optical density. Increasing the initial cosolvent concentration would reduce
the increase in dye concentration near the orifice, but
would increase the viscosity of the ink, which could actually increase the amount of viscous plugging, force a design
change in the pen, or create problems in media development. Still another solution to the crusting problem would
be to increase the solubility of the black dye. Increased
solubility would keep the dye in solution as its concentration increased as a result of water evaporation.
Alternate cations were used in the hope of increasing
the solubility of the dye. Increasing solubility (or the solubility product constant K"o) by exchanging cations looked
promising because the solubility product for the black dye
is proportional to the fourth power of the cation concentration:
K"o a [dye][cation]a
Thus, the K"o (and therefore the solubility) can be increased greatly by replacing one cation (sodium) with
another (lithium, potassium, TMA, etc.).
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Fig. 1. Misinformed character (bottom) resulting from soft
plug formatron.Thetop photo showsthe character as it should
tooK.
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Fig.2. Hard plug formation (crusting) on an orifice plate.

in the amount of time beforethe viscous plug forms, combined with the elimination of crusting, makes TMA the
most desirablecation for use.
Strong correlation was found between the time it takes
for viscousplugs to form and the increasein effectiveionic
radius due to hydration. The effective radius actually decreasesgoing down the column in group I of the periodic
table (seeTable II). This decreasein effective radius of the
larger ions results from a lesser amount of hydration becauseof a more dispersedcharge.
Table ll
Approximate Effective Ionic Radii
inAqueous Solutionsat 25oC
Ion
Li+
Na*
K*g

Fig. 3. Scanningelectronmicrographof crustingon the
orificeplate.
Selecting a cation that would increase solubility of the
dye in the ink vehicle followed two different theories. First,
it was thought that increasing the solvation of the cation
would increase the stability of the dye in solution (make
it more favorable energetically). The second pathway to
increasedsolubility involved increasingthe size of the cation. It was thought that increasing the the size of the cation
would destabilize the crystal structure of the dye. Thus,
increasing the solubility could be obtained by two methods:
increasing the stability of the solvated state or decreasing
the stability of the crystal structure.
Lithium, potassium, TMA (tetramethylammonium), and
other organic cations were then substituted for the sodium
cation in the black ink. Results showed that the solubility
of the dye increased dramatically when using Li or TMA
as the cation for the black dye. Crusting was also eliminated
by using these cations. Thus, both methods of increasing
solubility seem to work, Increasing the solvation of the
cation by using lithium (Table I) and decreasingthe crystal
stability (TMA) both eliminate crusting in the pen.

a(A)
6
4

In conclusion, the TMA ion reduces both the crusting
(hard plugging) and the viscous plugging (soft plugging) of
the black ink to such a large extent that the amount of dye
in the ink can be increased.Thus, both the start-up performanceand the optical density of the black ink areimproved.
Paper
The paper designed for the PaintJet printer has a coated
surface so that the optimum print quality can be achieved.
The coating serves two basic functions. First, it interacts
with the ink and localizes the dye to the coating surface.
This surface localization provides maximum optical absorption, since the dye is not hidden in the fibrous paper
structure. Second, the coating interacts with the vehicle to
generate the required spot diameter and shape. The optimum spot diameter is a function of dot resolution and
differs between graphics and text printing. Optimizing spot
diameter for text requires a knowledge of the desired font
designs. Spots that are too small will not sufficiently overlap adjoining spots,resulting in scallopededgesand poor

Table I
Enthalpy and FreeEnergy of Hydration
Ion

Li*
Na+
K+
Rb+
Cs*

Enthalpyof
Hydration
dH(kJ/mole)

FreeEnergyof
Hydration
dG(k/moleJ

-544
- 435
-352
- 326
-293

- 506
- 406
- 330
- 310
-276

With the substitution of cations, the rate of viscous plugging at room and low temperature is affected dramatically.
The lithium ion decreasesthe amount of time before the
viscous plug forms while the TMA ion increases the
amount of time before the viscous plug forms. This increase
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Fig. 4. Spot diameter as a function of drop volume for the
PaintJetprinter inklpaper system,with otherpapers shown for
comparison.
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optical density. Spots that are too large will suffer a loss
of characterresolution and edgeacuity. In graphics applications,spotsthat are too small result in the loss of optical
density (becauseof the admixing of the white paper between spots)and dot placementpatterns (banding).Spots
that are too large degenerateresolution and increasethe
minimum line width. A plot of spot diameterversus drop
volume servesas a useful tool for developingand characterizing paper (Fig.4). It is necessaryto establishthe allowable spot diameter rangefor both text and graphics applications. The drop volume range is also plotted in Fig. 4;
the minimum volume representsthe black, magenta,yellow, or cyan drops and the maximum drop volume reflects
the double dotting of the subtractiveprimaries to generate
red, blue and green. The minimum and maximum spot
diametersand the minimum and maximum drop volumes
define the box in Fig. 4. Paperssuitable for use with the
Paintjet printer must not exceed the spot diameter range
over the given drop volume. Hewlett Packard'sThinkJet
paper and an office bond paper are shown for comparative
purposes.
Converting PaintJet Paper
Fanfolded paper is presently used in a variety of HP
inkjet printers. While the printed image is of key importance in the paper design, the ability to produce a final
form of the highest quality is also vital.
To produce the fanfolded PaintJet product, bulk roll
paper is converted. Paper in very large rolls is slit into
smaller rolls that can be used on the converting press.On
the press,the smaller rolls are fed and tensioned through
a seriesof stationsthat vacuum the paper,print key information alongthe sprocketstrips, punch sprocketholes,cut
cross perforations, cut side perforations, and perform a
final vacuuming before the paper is folded and separated
into discretestacks (seeFig. 5). Proper control of the perforation strength must be maintained to ensure product
reliability.
Many factors affect the perforation strength,including
coating abrasiveness,web tension on the press,sharpness
and alignment of the blades,depth of cut, precisematching
of web speedto perforation drum rotation, thicknessvariation of the paper, nature of the fibers in the base paper,
tooth geometry,number of teeth per inch, and the direction
the sheetis folded at the end of the press.
PaintJetpaper is converted using blades having tooth
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Folding

Fig. 5. PaintJetpilnter paper converslonpress s ch ematic diagram.

densities great enough to produce microperforations.Microperforationsproduce a nearly clean edgewhen separation occurs; they result from using blades having 40 or
more teeth per inch. As the number of teeth increases,the
distance between teeth remains constant from one blade
to the next but the width of the tooth decreases.Therefore,
the cumulative cutting length varies inversely with the
number of teeth per inch. The result is an increasein the
strengthof the perforationswith increasingnumber of teeth
(seeTable III and Fig. 6).
Table lll
Cumulative Cutting Length as a
Function of Teeth oer Inch
Teeth/
Inch

Distance
between
Teeth

Tooth
Width

40
50
60
72

0.006in
0.006
0.006
0.006

0.019in
0.014
0.010
0.008

Cumulative Perforation
Cutting
Strength
Length
0.760
0.700
0.600
0.576

a.0lb/in
5.4
7.o
9.5

Many of the factors affecting perforation strength are
strictly functions of the press used in the conversion. Other
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Fig.6. Cumulativecutting length decreases and perforation
strengthincreasesas thenurnber of teethper inch increases.

factors are more easily adjusted and controlled. Blade alignments and tooth geometries are optimized for the thickness
and abrasiveness of the coating while penetration of the
blade is controlled by correctblade alignment. Figs. 7a and
7c show the tooth geometry of two widely available blade
types. The resultant blade impressions in the paper are
shown in Figs. zb and zd.
The underlying source of perforation strength is the base
paper on which the coating is applied. Depending on the
depth of cut and the direction of folding, fibers in the base
sheet can be completely separated and broken (see Fig. B).
The result is a reduction in perforation strength. Papers
with greater fiber resilency show smaller variation in perforation strength.

OverheadTransparencyFilm
Overhead transparency film differs from paper. It is constructed from an optically clear polyester substrate, which
is nonabsorbent. Therefore it is essential to apply an inkreceptive coating to the film. The same rules regarding
print quality and spot diameter that apply to paper also
apply to overhead transparency film.
Post-printing "development" of film images is part of

the Paintfet solution to providing high-quality inkjet transparencies. Image protection and development control are
provided by specially designed protective sleeves supplied
with each sheetof film.
We needed to establish a coating or treatment for clear
polyester film that would absorb ink quickly and spread
the drops by a factor of 3% until optimal overlap of adjacent
dots is achieved. This is required to obtain high image
density and bright colors. Handling flexibility was considered crucial. This includes the ability to operate at elevated humidity and to store the film in the protective plastic
sleeves typically used with three-ring binders.
Characteristics of paper and film differ greatly. Porosity,
and therefore ink absorptivity, can be much greater in
paper. Film porosity is restricted because of transparency
requirements. The portion of film contributing to ink absorptivity is limited to a smooth surface coating a few micrometers thick. The result of lower porosity is that ink
penetration at the film surface is slower than for paper,
allowing ink drops to coalesce if touching while on the
surface. This coalescence causes images to appear blotchy,
or "puddled." To avoid this, initial dot diameters must be
less than the dot spacing. The dot size must then grow

Fig.7. Two blade types and the lmpressionsthey make tn the papel
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Fig.8. Dependingon the paper and other factors,fibersin
the paper can be separated in the perforation process,
considerably, after the drops have penetrated the surface
of the film, to reach the optimal dot size.
Coating design is further complicated by the fact that
hydrophilic coatings, required to accept our water-based
ink, have a tendency to absorb environmental moisture and
become tacky at high humidity. Fingerprinting, printer
feed, and drying speed are all significantly affected by this
tendency.
The handling robustness requirement turned out to be
our most challenging design constraint. In particular, being
able to store freshly imaged film in protective sleeves without damaging the image was a difficult goal to achieve.
Evaporation of the ink vehicle from the film is critical to
the stabilization of the images created using our post-printing dot-spread mechanism, yet many commercially available sleeves have virtually no water vapor transmission.
To implement the principle of post-printing development, the film coating is matched to the inks to achieve a
dye transport mechanism similar to thin-layer chromatog-
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raphy. The dot growth is controlled by evaporation and
absorption of the ink vehicle after imaging. Once the ink
vehicle concentration in the coating falls below a critical
level, the transport of the dyes through the coating is halted.
To use a protective sleeve with the film, yet allow it to
dry as if it were in air, a sleeve was designed from a breathable, clear plastic. This plastic absorbs and transmits moisture, and acts as a barrier to environmental changes, leading to more uniform image development across a wider
range of conditions than we would get from film dried in
air alone.
Because a special sleeve is required for this film, we
decided to provide a sleeve with each sheet of film, as part
of our commitment to providing the customer with a complete solution. This does not meet our initial aim of being
able to store the film in any commercially available protective sleeve, but it has allowed us to provide film that has
both high image quality and good handling robustness,
which was our primary goal.

Acknowledgments
We gratefully acknowledge the members of the ink,
media, pen and product design teams for their many contributions to the development of the Paintfet printer. We
would like to acknowledge the work of Ron Askeland and
Bill Kappele who were key members of the team working
on the crusting problem, Dave Johnson, Karen Brinkman,
and Brian Keefe for their work on measuring the start-up
properties of the different cations and developing a start-up
routine that would enable the ink to work at Iow temperature, and Adrienne Meuter for helping us to examine the
potential problems and test the viability of our changes.
Andrea Ongstadt and Irene Kling deserve thanks for the
Iarge amount of lab work that was needed in this proiect.
We would like to thank Norm Pawlowski for his cation
suggestions, and especially Young Lauw for her work in
methods development. Her response to our needs made it
possible for us to make the cation changes without delaying
the project. Special thanks to Pete Tauriello for his contributions to this article and for the extensive work in making PaintJet paper a product.

GolorThermalInkjet PrinterElectronics
Thedesignobjectiveswereto minimizepart countwhile
maximizing costlperformance.
by Jennie L. Hollis, Philip C. Schultz, and William J. Walsh

HE PAINTJETPRINTERPRO]ECThad to develop a
Iow-cost, high-volume product on an aggressive
schedule.It was important that the product have a
low part count and be easy to manufacture. For the electronics, we needed a high level of integration, and wanted
to select the cheapest parts that could do the job. Flexibility
was required, however, to fix the inevitable development
and production problems. We also needed to respond to
changes in the product as more was learned about customer
needs. Such changes could occur at any pointbefore product introduction.
When weighing design trade-offs, these were our main
constraints. We would like to show how our constraints
affected one particular area of the Paintfet electronics and
firmware design, namely, some circuitry that was added
to the PaintJet printer's custom chip to alleviate weaknesses
in the microprocessor we chose.

cnlp.

FirmwareSupport
One firmware support feature of the Diaper is a three-byte
barrel shifter.
The first step in printing is to construct a RAM image of
the swath of dots to be fired on the next pass of the carriage.
At a resolution of 180 dpi and a width of B inches, this
image is 1440 dots wide. Text (or black-and-white graphics)
uses only the black printhead, which is thirty nozzles high.
For color printing, forty nozzles are active, as explained
earlier. So the swath buffer is thirty nozzles by 1440 dots
per nozzle for black and white, or forty nozzles by M4o
dots per nozzle for color.
To print text at 12 characters per inch [cpi) requires a
character bit map 15 dots wide and 30 dots tall. To build

Firmware Aids

PerformanceRequirements
The PaintJetprinterwas designedfor a very high target
production volume and there was a maximum cost target
for the electronics. These two constraints suggested a very
simple design, a minimal part count, and automated assembly. Since low part count would not only aid design and
assembly but also enhance reliability, eliminating parts
became a primary focus.
On the performance side, the printhead had to fire at 3
kHz. To achieve 180 dots per inch (dpi) across the printer's
eight-inch width, firing forty nozzles (ten nozzles each in
cyan, magenta, yellow, and black), 57,600 fire pulses must
be sent to the pens each half-second. The commands being
sent to the printer need to be converted to fire pulses with
little or no delay in carriage motion.

Processor Intertace

Pulse width
Modulatol
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DesignAlternatives
Selection of a microprocessor became another focus of
the design team. Using a general-purpose microprocessor
can vastly reduce the quantity of discrete electronics required. Because of the cost constraint, however, higher-performance processors (such as the Motorola 68000) were
eliminated early on.
We knew that the carriage servo would require some
custom electronics for modulating the motor-drive signal
(see "Low-Cost Servo Design," page 54J. We also knew that
a low-cost processor couldn't send each fire pulse to the
head drivers at exactly the right microsecond. So adding
a custom-designed VLSI chip to work with the microprocessor seemed to be the best way to meet our objectives.
The main areas of this'custom chip were defined to be:
servo motor support, dot-firing control, I/O support, and
firmware support. The custom chip was named the Diaper
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Fig. 1. Block diagram of the custom CMOS lC in the HP
PaintJet Color Graohics Printer.
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up the swath buffer, each of the 30 bit rows of a character
needs to be "pasted" to the previous characters in the buffer. Since our RAM is organized in bytes, a bit-map row
may have to be shifted before pasting, to maintain byte
alignment. The worst case is a seven-dot shift, requiring a
three-byte (fifteen dots plus seven dots) shifter.
Only one of the low-cost processors being evaluated had
accumulators wider than eight bits. For the others, shifting
would have to be done in three parts, with bits passing
from one byte to the next through the carry bit. And these
bytes would have to be continually swapped in and out of
the accumulator. This scheme resulted in unacceptable performance, so a shifter was added to the Diaper. This shifter
is also used in preparation for dot firing.
There was a finite cost per gate in the design of the
Diaper, and the number of input and output pads was limited, so there had to be some value judgments concerning
cost, number of gates, and performance. Based on a generic
eight-bit processor, a preliminary interface between the
Diaper and the processor was roughed out.
Two firmware tasks were chosen as being probable performance bottlenecks: sending fire data to the thermal inkjet head drivers, and copying a character bit map from ROM
to the RAM swath buffer. Assembly code for these tasks
was written for each processor under consideration. Standard benchmarks were of little use since the tasks were so
specialized, and because the Diaper chip could be counted
on to fix specific problems. This code was hand-assembled,
and the speed and size of the code were entered into the
processor decision matrix along with the increased cost of
the Diaper (because of firmware support), interfacing components required, availability of development tools, and
vendor reliability.

The Choices
The combination chosen was an Intel 8032 microprocessor,an BK-byteROM, BK bytes of RAM for the swath
buffer, and the following circuits in the Diaper:
I A three-byte shifter
I A byte doubler
r A pixeller for 2 x 2 superpixelsand RcB-to-blackmapping
r Dot-firing support
I Servo motor support.
The servosupport circuit is describedin the box on page
54. This article will only touch on the dot-firing circuitry
and the shifter.
There were two main contenders for the custom chip
technology:standardcell and full custom.Full custom designs are more flexible and have a lower per-pieceprice.
But standard cell designshave a shorter lead time. So we
did it both ways.
The Diaper chip is a 5000-gatestandard cell device. It
was used in our prototype developmentsince we couldn't
wait for a full custom design.Oncethe Diaper was debugged,
a full custom chip design (called the Spider) was begun.
This is our production chip. Both chips are made by HP's
Integrated Circuits Division using HP's CMOS-H process
technology.Fig. 1 showsablock diagramofthe Spiderchip.
The Intel 8032 was chosen for several reasons.It was
being used in the HP ColorPro plotter (HP 7440,4,),under
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development at the sametime. Some coding tools existed
for the HP 64000 Logic Development System. It was an
easy chip to interface to the main board, requiring only
+ 5V and an oscillator/resonator.
Our 8032bottleneckbenchmarks were the secondfastestin performance.Finally, the
chip was the leastcostly by far, especiallywhen purchased
in volume with the ColorProplotter.
For contrast, another chip in the matrix was the NEC
7809. The 7809 was unsupported on standard code development sy,stems,and it cost twice what the 8032 did.
But it won the performancetests hands down, especially
before adding the shifter. (It has two accumulators,one of
16 bits and one of a bits. Thus, three bytes can be shifted
around in two parts with no accumulator-to-RAM swapping.) Adding a shifter to the Diaper diminished the 7809's
performance advantage.The aggressiveschedule (under
two years) precluded developing our own code development tools, and cost was the final straw.
The 8032 is the ROM-lessversion of the 8052.While our
projectedcode size was under the 8052's8K-bytelimit, we
chose to use the 8032, despite adding a ROM to the part
count. Why? There was no EPROMversion of the 8052, so
prototype development would be difficult. We wanted to
avoid retooling the processorjust to changethe code. (Retooling a processoris more expensiveand takeslongerthan
changing a ROM or EPROM.)Also, we wanted to use the
same part as the ColorPro plotter.
We decidedto add just enoughfunctionality to the Diaper
to allow the 8032 to run at around S0% of its bandwidth
while firing dots at the paper. This allowed 20% for servo
and I/O interrupts and future code fixes. While 20% margin
may seem large, the servo interrupt was projected to take
5%. To put this in perspective,no San DiegoDivision plotter servohad ever run at lessthan 25% bandwidth per axis.
And this design was agreedto before a breadboardeven
existed.
Changes
Over the course of development, the flexibility of the
design was tested many times. Becauseof the lead time
and tooling cost of changesto the Spider, its design was
frozen about a year and a half into the project. After that,
our flexibility was limited to codeand main-boardchanges.
It should alsobe noted that all codewas written in assembly language.No highJevel languageswere supported at the
time we started, and the tight performance margins made
size and speedscarcecommodities from the beginning.
New Character Fonts
About a year before introduction, some of the character
sets were changedfrom 15-dot-wide elite fonts to 1B-dotwide pica fonts (seeFig. 2). It was mentioned earlier that
the Spider's shifter is only three bytes wide. Shifting an
l8-dot character seven bits would favor a 25-bit shifter.
But the Spider design was frozen.
In addition, the ROM storagerequired for pica character
bit maps is 50% higher than for elite fonts, unless the
charactersare packed.Of course,unpacking slows the performance while printing.
The compromiseadopted was to pack only the bit rows
that exceed15 dots, to shift piecewiseonly if the character

bit row is 18 dots wide, and to limit downloadedcharacters
to the original 1S-dotwidth. (Increasingthe width of downloadablecharacterswould haverequiredmore RAM, which
cost too much.) The design was flexible enough to allow
this changewith only small cost and performancechanges.
The development effort was nontrivial, but firmware was
far from the critical path.
ROM and RAM Expansion
The original design assumedcode (ROM) requirements
of 8K bytes, and BK of RAM beyond what was internal to
the 8032. It was decided that performance could be increasedby having an BK I/O buffer in addition to the BK
swath buffer. Particularly for full-page graphics, adding
this buffer could dramatically increasethroughput. This
RAM is also used for implementing downloadablecharacters, which was not on the original feature list.
As development problems arose,we always attempted
to fix them with firmware. Code added little or nothing to
the final production cost, and didn't require any tooling
changes.And as more was learned about cristomerneeds,
product features were added. So the final product has a
64K-byteEPROM,with 34K bytes of charactersets alone.
Increasingcode size beyond 64K bytes would have required a paging schemebecauseof the 8032's addressing
limits. Since the Spider was frozen,this would have added
new parts to the main board. So the PaintJetprinter's code
limit was 64K bytes.
EPROMscome in fixed sizes,and the sizes increaseby
powers of two. So if you have 9K of code, you jump from
an BK EPROMto a 16K chip. And then 32K, 64K, 128K,
and so on.

In general, the code was squeezedto stay within the
current EPROM size. Then some "must have" feature
would come along and justify the cost of doubling the
ROM. The extra room would quickly fill up, since features
and fixes could be added at no cost. Then it was time to
squeezeagain.
Since there was so little performance margin, the
slightestaddition could visibly affectthroughput. Our general philosophy was to make the new feature pay the performancepenalty.For example,if downloadablecharacters
are used, the I/O buffer shrinks and the throughput goes
down slightly. But if you don't activate downloadable
characters,the full BK buffer and the top speed are available.
Having a flexible design made the expansion of RAM
and ROM relatively straightforward. Changesto the Spider
were not necessary.Implementing the new features increasedcodedevelopmenttime, but the time was available,
and substantialfunctionalitv was added.
Additional l/O Options
In the original design, the only I/O interface to be offered
was Centronics.Just before freezing the Spider design,it
was decided to add an HP-IB option. This had been anticipated, so only minor changeswere required.
The 8032 has a built-in UART (universal asynchronous
which is usedfor RS-232-DinpuUoutreceiver/transmitter),
put. But the UART output pins can be used for other purposes,and we were short of input/output pins. It was felt
that the UART might be useful in setting up an internal
monitor for debugging in the environmental chambers,
where we couldn't put all of our developmenttools. So we
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Fig. 2. During development,some
of the fonts changed from 1S-dotwide characters to l]-dot-wide
characters.
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As a rasteroutput device, the PaintJetprinterdiffersfrom its
plotterpredecessors
in a numberof ways,One unusualfeature
is the opticalencoderon the carriageaxis.This linear,singlechannelencoderprovidescarriagepositiondata that is used
bothto controlthe firingof dropsfromthe inkletprintcartridges
and as feedbackfor the servocontrollingthe carriagemotion.
Its designmeetsobjectivesof high accuracyand low cost,but
introducedproblemsfor servo design and development.
The
encoderand itsimpacton the PaintJet
servoaredescribedhere.
ThePaintJet
encoderis designedto deliverhighmeasurement
accuracyand low hardwarecost.lt consistsof an encoderunit,
a linearscale,and a specialcircuitcalledthe extrapolator.
The
plasticparts which
encoderunit is a pair of injection-molded
hold an infrareddetector,an apertureplate,and an emitter.The
scale,shown in Fig. 1, is made of clear polyesterfilm with a
photographically
producedpatternof opaquebands.Thescale
mountsto the PaintJetchassisparallelto the caniageaxisand
passesbetweenthe emitterand detectorin the encoderunit,
whichrideson the carriage.Carriagemotionis encodedby the
detectoras a logicsignalrepresenting
the presenceor absence
of an opaqueband betweenit and the emitter.Only the falling
edges,or Iight-to-dark
transitions,
aredecoded.Theextrapolator
is a circuitthat operateson the detectoroutput in a way that
multipliesthe effectivescale resolution.
lt keeps track of time
betweenthe last two encoder transitionsand uses this valueto
insertup to threeadditional
transitions
followingthe mostrecent
one.lf the carriagespeedis heldconstantthe extrapolated
data
is verycloseto thatof a scalewithfourtimesthe resolution.
This
allowsthe use of a low-resolution
scale,whichin turn allowsthe
use of lower-performance,
less expensiveoptoelectronicparts.
Accuratephotographicproductionof the scale and direct measurementof the carriagepositionalsocontribute
to low costand
high accuracy.
In servoarchitecture,
the PaintJetprintershowssomesimilarity
with its plottercousins.The carriageis drivenby a dc motorvia
a pulleyand a timingbelt.The PaintJetprinter'scustomlC (see
accompanying article) extrapolatesthe encoder data as describedabove and decodesit intoa positionword.Thisis read
by the printefs processor,in which the loop is closed and a
controlword is generated.The processorwritesthis back to the
customlC wherea pulsewidthmodulatorconvertsit to a signal
controllinga motordriverlC, which forcesthe dc motorwith a
voltage.Themaindiflerence
fromplottersisthe PaintJet
encoder.
Itssingle-channel
outputlimitsdecodingto simplycountingtransitions,with no measurement
of the directionof motionas in a
quadratureencoder.As a result,the positionof a velocitysign
change is uncertainand a positionmeasurement
error results.
Potentially,
this createsa problemeach time the carriagereverses its direction at the end of a sweep. To overcomethis,
opaque bands widerthan the normalscale patternare added
to the encoderscale (see Fig. 1)to serveas absoluteposition
references.
Thesereferencebandsmarkthe limitsof the printing
area and the carriagesweep area, and can be detected in the
encodersignalwithfirmware.
Theprintlimitbandis alsodetected
by a circuitin the customlC, whichin turnsignalsthe drop firing
hardware
to beginprintingon thenextvalidencodertransition.
These encoder limitationscomplicatethe servo that controls
carriagemotion.The primarycontrolobjectivesare regulationof
carriagespeed whileprintingand adequatetransientresponse
whilereversingaftera sweep.Whileprinting,speedis regulated
by a positioncontrollerwith velocityfeedback.The controllaw
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can be expressedin the form:
Un : Kp(Rn- X.) - Ku(X.- X, ,)/T,
where

Un :
Rn:
Xn :
(XnKe :
Ku =

motorvoltage
at timetn
position
reference
measuredposltion
Xn 1)/T: estimatedvelocity
positiongain
velocitygain.

A referencespeed is set by rampingthe referencepositionat
a constant rate. The position loop guaranteesa steady-state
speed errorof zero.Thiscontrollaw is alsoused in partto reverse
carriagevelocityby profilingthe positionreference.The print
errorsinto
and sweeplimitbandscomplicatethisby lntroducing
the feedbacksignal.To compensatefor this,algorithmsin the
servofirmwaredetectthe limitbands and open the loop.Additionalalgorithms
adjustcontrolparameters
dependingon which
gap is involvedand whetherit isthe beginningor end of a sweep.
The loop is reclosedupon exitinga limitband.
Designof the carriageservocontainingthesealgorithmsrequiredexplicitsolutlonof the velocityresponse.Rootlocusdesignwas usedto determinegain valuesin the abovecontrollaw
that would providedesiredresponsecharacteristics
away from
followingthe
the effectsof the limitbands.In and immediately
limitbands the responseis best characterized
throughexplicit
solutionbecauseof interaction
of the open-loopcompensations
with the control law. A simulatorwas written to compute the
servo'sresponsenumericallyunder these conditionsto aid in
algorithmdesign.lmplementedin BASICon an HP 9000 Model
216 Computer,the simulatoris builtarounda dynamicmodelof
the carriageaxis. This model is a matrixdifferenceequation
forcedwith voltageand Coulombfrictionand havingmotorcurrentand carriagevelocityand positionas states.Modelsof the
PaintJetencoder,extrapolator.
and pulse width modulatorare
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Fag.1. PaintJetprinter /ow-cost encoder scale

added to this.The resultis a block that accepts a digitalcontrol
word and returnsa oositionword as in the hardwarearchitecture
described above. A second block contains a software state
generation,
machinein whichthe controllaw,reference
and limit
band compensationsare implemented.This block readsthe positionword from the first block and writesa controlword back,
whichis alsoanalogousto the hardwarearchitecture.Confidence
in simulatedresponsesis gained by verificationof the carriage
axis model againstmeasuredresponsesin prototypehardware
and by numericalequivalencebetween servo software in the
simulatorand firmware in the product. As a design tool the
simulatorallowstrackingof a largenumberof variablesover a
wide range of model parameters.This was very helpful in the
developmentand worst-caseverificationof the carriage servo,
in particularthe limitband algorithms.
Testingof the carriageservo was also affected by the limitationsof the PaintJetencoder.Compensation
for the limitbands
increasedfirmwarecomplexityboth in the numberof algorithms
and in the potentialfor interaction.Someservofailuresoccurreo
only aftereffectshad rippledthroughseveralalgorithms.In these
cases,tools providingtraceabilityback to the initialcause were
needed.Thiswas obtainedwith two tools.One is calledthe servo
snapshot.At each servo interruptit writes values of the servo
firmwarestate pointer,the positionerror, and the last position
change into a circularbufferin the printer'sRAM. lf a failure
occurs, the servo interruptsstop and the data is frozen. lt can
be read out throughthe l/O or printedout by the PaintJetprinter

decided to reservethose pins as long as we could.
Eighteen months before introduction, an RS-232-Doption was requested.The Spider's design had been frozen
long before.Fortunately,we still had the UART pins available, so no changeto the Spider was necessary.The design
of the RS-232-Dmain board was straightforward.We were
able to keep the three main boards the same, except for
one corner dedicated to the I/O connector and support
chips. This also allows the use of a single board tester.
The main problem was performance.Reception of data
at'1.9.2kilobaud while firing the headswould result in the
loss of either bytes or dots. Since the processorjust didn't
have any spare cycles, 19.2 kilobaud was impossible.
Even at 9600 baud, interrupts couldn't be locked out for
more than a millisecond or bytes could be lost. This had
been one of our main speedboosters.Therefore,a substantial amount of code had to be reworked, in addition to
adding the RS-2gz-Dcode.
There is only one version of firmware, eventhough there
are multiple main boards. The code checks to see which
board it has beenpluggedinto, and actsappropriately.This
aids in assembly, purchasing, and version control. Of
course, it made pin allocation during the design phase a
little more difficult.
Nozzle Heating and Spitting
As mentioned in other articles,nozzleclogs can develop
at low temperaturesor when a nozzle has been idle for
some time. Viscous plugs can form becauseof evaporation
or low-temperaturethickening of the dye-carrying agent.
Somemeansof automaticallydetectingand removingthese
plugs was desired.
The dot-firing mechanism of the Spider is designedto
be flexible. We had no idea what the final parametersof

if the failurewas soft, and providesa pictureof the servos oehaviorleading up to the failure.The second tool is the encoder
monitor,which is an externalboard that times the periodof successivefallingedgesin the encodersignal.Thestorageof these
valuesintoa circularbufferis drivenby encodertransitionswhich
stop in a failure.In this case the data can be read and reduced
to a plot of carriagespeed versusposition,Becausethese two
toolssampleat differentpointsin the hardwareand one is internal
while the other is external,they complementedone anothervery
well. They were very useful in determining if a failure was
hardwareor firmwaredriven and where the problemstarted.
In summary,servo hardwarecost in the PaintJetprinterwas
lowered at the expense of additionalcomplexity in the servo
firmwareand the custom lC. The simulatorand debug toolswere
essentialingredientsin developinga servo around the PaintJet
encoder.The servo has very been reliablein production.
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the firing pulse would be. So most of these parameters
(pulse on time and off time, for example) are set by the
device on
microprocessor.There is a temperature-sensing
the carriage so we can determine whether the temperature
is aboveor below somethreshold value. Adding this capability required only a minor changeto the main board.
Much work was done by the pen group to profile nozzle
performanceat various temperatures,idle times, and ratios
of dye to carrier.We wished to incorporateas much of this
knowledge into the code as we could. While it would have
been nice to log the use of each nozzle,we had neither the

Fig. 3. Ihe firmware tracks idle time and fires each nozzle
intoa eube of absorbentpulp called a spittoonto clear viscous
plugs before printing begins.
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processor power nor the RAM for keeping track of everything. We had no way of detecting plugs, either. What
emerged was a scheme that tracks carriage idle time and
temperature, and uses a spittoon.
A cube of absorbent pulp is glued to the chassis near the
right sprocket assembly. This cube functions as a spittoon
(see Fig. 3). Printing is interrupted every five minutes by
firing each nozzle into the spittoon. This prevents viscous
plugs from forming. And if the machine is ever idle for
over half an hour, the idle time and cunent temperature
are used to determine whether the nozzles need to be heated
and how many drops will be required to clear plugged
nozzles. (The PaintJet printer has a "soft" power button.
As long as the machine is plugged in, the processor is
running. Thus, idle time can be tracked, even when the
machine is off.)
Pens are heated by defining a firing pulse width so small
that it doesn't create enough force to eject a drop from the
nozzle. Several thousand of these pulses can be fired in a
second, heating the ink in the nozzle considerably. This
loosens viscous plugs. Heating can be done without moving
the carriage, since the Spider provides a manual fire mode.
(Spitting uses the encoder-based fire mode and normal
pulse widths.J
This is perhaps the best example of how the design was
altered to fix an unanticipated problem. The electronics
didn't change, the spittoon itself was cheap, and the ROM
required was small. The development and implementation
of the antiplug model took a fair amount of development
effort, but the schedule was not affected.
In Hindsight...
What would we do differently now? When designing the
Diaper (standard cell), we had no idea how many gates
would fit into the Spider (full custom). So anything that
could save a gate or two looked good. One gate-saving
shortcut was to mix synchronous and asynchronous circuits in the chip. This was a debugging nightmare. Any
time a problem showed up, the timing of the circuit in
question had to be checked laboriously. Even if it checked
out, we were never quite sure we'd thought of all the possible races. Adding Iogic to the chip to aid design verification would have helped, too.
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The main headache,though,was the acknowledgetiming
for the dot-firing portion of the Spider. As stated earlier,
the Spider takes care of firing forty nozzles at a time. So
the 8032 preparesa forty-nozzle batch and hands it off to
the Spider for firing.
There are three timing constraints in communicating
with the Spider's firing circuits. Every nibble of dot data
(four dots) must be prepared within 24OO1tsfor all forty
nozzles.(The pixeller works with nibbles, and is used in
the preparationof dot data.)Dot interrupts from the Spider
must be acknowledgedby the 8032 within 300 ps. These
interrupts occur every 600 ps, worst case.And dot data
must be loaded into the Spider every 600 ps. If any of these
windows is missed,somedotswon't show up on the paper.
While the 300-g.sand 2400-ps windows are tight, we
never really bumped into thoselimits. The dot loading was
anothermatter.Although the servointerrupt only takes5%
of the processor'stime, it is a 220-psinterrupt every 5 ms.
The I/O interrupt can interfere, since its priority is equal
to the dot interrupt's. The worst-caseI/O interrupt is the
and the code to prepare
RS-232-Droutine, at around 90 trr.s,
and load the dots needs around soo ps. These routines
were constantly being modified for more speed,resulting
in some loss of code elegance.Adding gatesto buffer dot
pairs (or quads)would have been helpful, since we could
have loadedlessfrequently,but this is a significantnumber
of gates.
The Bottom Line
While parts of the design are not elegant,it meets the
objectiveswe set for it. The final electronicscost is within
acceptablelimits, the main board is assembledon an automated line, and the performancemeets our design goals.
Flexibility/cost trade-offspresentsometruly challenging
choices to an engineer.We hope that we have illustrated
one way of tackling such a design.
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HP-RL:An ExpertSystemsLanguage
HP-RLis an integrated set o/ artificialintelligence
programmingtoolsthat hasbeen used at HP for many types
of expertsysfems experiments.
by StevenT. Rosenberg
OR SEVERAL YEARS, the expert systems department of HP Laboratoriesinvestigatedknowledgerepresentation and reasoning techniques in artificial
intelligence (AI). One of the ways we approached this was
through the consbuction of an expert systems language
called HP-RL (Hewlett-Packard Representation Language).
Our goal has been to create a powerful and integrated collection of tools that is usable over a wide range of application domains.
FIP-RL is now a mature experiment, and work on it has
come to an errd. Much of the research involving applications has already been published. This paper complements
previous articles describing applications in whose development HP-RL played a part and presents a retrospective look
at the HP-RL research effort.
HP-RL has been supported in the past for experimental
use by interested projects within HP, and has been distributed to selected participants in HP's U.S.950,000,000University Strategic Grants program, where it has been used
in teaching graduate students and as an aid in research.
Over the years, groups at HP Laboratories and HP divisions
have used HP-RL to construct a variety of applications
including smart software tools,l intelligent instrumentation,2 and natural language processing.3 Fig. 1 shows a
partial list of the types of HP-RL-based expert systems experiments conducted at HP. We have used the feedback
from these experiments to evolve the language to its final
state. In addition, through the University Strategic Grants
program, we received feedback from external users over a
different range of uses. The result of this engineering loop
has been the evolution of a robust and powerful expert
systems technology that has been applied to a wide range
of problem areas of interest to HP. Although HP-RL is a completed experiment, the increased availability of third-party
tools and HP Prolog on the HP 9000 Series 300 Computers
provides a variety of commercially available tools for those
who wish to experiment with expert systems technology.
Expert systems languages such as HP-RL are part of an
evolution in computer science to increasingly higher-level
programming languages. Expert systems programming is
characterized by the attempt to take maximum advantage
of the knowledge and problem-solving skills of human experts. Consequently, expert systems programming languages are designed to simplify the task of translating an
expert's knowledge into computer-usable form. The goal
is to raise the level of description possible in languages
such as C or Pascal through the use of various constructs
for knowledge representation and reasoning.

HP-RL is an example of a modern high-end, frame-based
integrated expert systems tool. Commercial products with
similar functionality include ART, KEE, KnowledgeCraft,
and GoldWorks. Today, integrated knowledge representation and reasoning tools are the predominant paradigm for
expert systems applications. Frame-based solutions to providing this integration have been the most favored and
widely used approach. HP-RL is one of many expert systems languages that have emerged in recent years as useful
tools for supporting the development of expert systems
applications.
HP-RL contains a frame-based component to support
knowledge representation, a rule-based component to support reasoning, and a powerful query language. It supports
a range of functionality and a variety of programming styles.
For example, frames (the basic unit used in knowledge
representation) support message passing that is consistent
with object-oriented programming in Common Lisp, and
the rule-based inference engine supports both backward
chaining and forward chaining reasoning paradigms. In
addition, a great deal of customization and modularization
is possible. The frame-based knowledge representation
component can be loaded and used without the rule-based
inference engine. The user has the ability to declare away
functionality to customize a simpler, more convenient system. On the other hand. the user can also customize a more
sophisticated solution. For instance, the user can define
an individual algorithm for inheritance to control the use
of abstraction hierarchies in the knowledge representation
component, and can also define an individual strategy for
controlling reasoning.
A part of our philosophy has been that an experienced
programmer needs a variety of programming tools, some
of which are expert systems tools, while others are more
conventional programming tools. Like a craftsman, the programmer needs the flexiblity of choosing which tools to
use for a particular task. While HP-RL can function as an
expert systems programming shell, we prefer the toolbox
metaphor, in which various tools from the expert systems
drawer can be readily intermixed with Common Lisp, object-oriented programming in Common Lisp, or convenHP-RLApplications
a
a
I
O
a

SmartInstruments
FaultDiagnosis
NaluralLanguageProcessing
SoftwareAnalysis
Integrated
CircuitDesignand Manutacturing

Fig. 1. Partial I ist of the types of expert systems experiments
based on HP-RLthat have been conductedat HP.
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tional programming languages. Historically, most of the
applications built using HP-RL have been heterogeneous
in nature, so our toolbox approach has proven to be fruitful.
History
Frame representation languages were first developed in
the mid-1970s in response to attempts to apply expert systems techniques to areas where knowledge is richly structured. Previous research had often focused on tasks that
emphasized reasoning strategies, which in turn used simpler types of knowledge bases. HP-RL is a third-generation
expert systems language. It is based on the notion of frames
as the fundamental data structure for knowledge representation. Frames were first described in a paper by Marvin
Minsky in 1975.4 HP-RL and other frame-based languages
are the result of over a decade of development.
Minsky's theory of frames was first embodied in languageslike FRL,5 a precursor frame representation language
developed at MIT in 7977. Two major developments that
distinguish FRL from HP-RL are that FRL did not support
reasoning, and that FRL was built around a straightforward
and simple implementation model. A simple implementation allowed users to experiment readily with the language,
modifying features to suit their needs with a minimum of
effort. The cost, however, was a relatively inefficient language. In the early 1980s, while working at the Lawrence
Berkeley Laboratory, Douglas Lanam and I extended FRL
to include simple tools to support reasoning.6 The earliest
version of HP-RL7 was created at HP Laboratories in 198283 from the preceding FRL version. In this implementation,
attention was paid to improving efficiency and increasing
the power of the reasoning component so that the knowledge representation and reasoning components were of
equal levels of utility.
This version of HP-RL was successfully used within HP
Laboratories and HP divisions for a variety of projects.
Among other examples, it served as the vehicle for prototyping systems known internally as PLATO and AIDA.
PLATO'z is an expert system that interprets low-resolution
mass spectra, infrared spectra, and other user-supplied information, and produces a list of the functional groups
present in an unknown organic compound. AIDAB is a
prototype of an intelligent HP 3000 core dump analyzer.
This early version of HP-RL was also used to support several of the demonstration applications that were shown at
the ninth International foint Conference on Artificial Intelligence in 1985 to launch HP's AI Workstation product.e
In addition, it was delivered to several universities. At the
University of California at Berkeley, it was used in two
master's theses on CAD.1o'11
In 1984-86 we created the next generation of HP-RL. The
language was reimplemented to allow for greater space and
run-time efficiency. The syntax was redefined for greater
clarity and elegance of expression, and the knowledge representation component was refined and extended, based
on feedback from previous applications. The power of the
reasoning component was also refined and extended
further. Support for the merger of frames and objects was
added by providing message passing for frames. The user
was given more control over the trade-offs betv,reen efficiency and functionality, allowing a range of choices from
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a rich but slow prototyping environment to a faster, leaner
run-time environment. This version has supported the development of the Photolithography Advisor and MicroScope, among other applications. The Photolithography
Advisorl2 is an expert system that diagnoses process errors
causing defects in the manufacturing of integrated circuits.
MicroScopet is a knowledge-based tool designed to assist
programmers in developing an understanding of the design
and structure of Iarge software programs.

An Example
To givethe flavorof HP-RL,it is worthwhileto look at
an extended example. HP-RL consists of three main components. These are a frame system for representing knowledge, a query language for asking questions, and an inference engine for reasoning over the knowledge base. The
following example briefly illustrates some of the features
of each of these components to provide a feel for their
usefulness. The example shows how software can be described with a frame system, how this description can then
be used to generate answers to questions, how questions
can be embodied in rules so that they can be reused, and
how the use of rules allows us to deduce the answers to
more complex questions.
The example is patterned after our intelligent software
analysis tool, MicroScope,l but is deliberately simplified.
While it is illustrative of how MicroScope works, it is not
drawn from actual code. A knowledge base of a program's
structure and components is created using frames. Fig. 2
shows how information about a typical function is represented as a frame. The frame is a cluster of information
about a single software component, in this case, Procedure1. Various features of the function, such as which variables
it sets, which functions call it, which module it belongs
to, or whether it is good-quality code, are all combined in
the frame. Thus frames provide the basic mechanism for
representing and describing code.
Besides describing individual entities, the task of knowledge representation often involves representing relations
among entities. This may involve representing organizational or structural relationships. For instance, MicroScope
creates descriptions of programs. These descriptions are

Fig. 2. A single function, Procedure-1, represented a s a
frame. with its relationshils to other frames.

About HP-RL
HP-RLis an expertsystemsconstructiontool, intendedfor use
on a personalworkstation,such as the HP 9000Series300 workstations.Expertsystemsare gaining increasingpopularityas a
methodof automatingtechnicaland white-collarskills.They are
a means of extending a scarce resource,namely human skill
and expertise,by "cloning" it in a computerprogram-an expert
system. Among the major areas for which commercialexpert
systemsapplicationsare being developedare: fault diagnosis,
intelligentsignalinterpretation,
computer-aidedwork,computeraided design, and financialapplications.
Expert systems languages are tools designed to make the
constructionof expert systemsapplicationseasier,throughthe
use of constructsfor organizingknowledgeand reasoningabout
it. Typical high-endtools, such as HP-RL,consistof three components(Fig.1):
I A knowledge representationcomponent for organizing a
knowledgebase of information
I A reasoningcomponent, which solves problems using the
informationin the knowledgebase
1 A query languagefor accessinginformationin that knowledge
base.
In HP-RLthe knowledgerepresentationcomponentis framebased. A frame is similar to a record in Pascal. lt allows the
clusteringof informationcommon to a concept in a single data
structurethroughthe use of a structureddescription.Framesgo
beyondsimplerecordsby providingadvancedfeaturessuch as
abstractionhierarchiesand lnheritance.In addition,framescan
have active proceduralcomponentsfor computingvalues and
achievingside effects.The collectionof framesusedto represent
the knowledgeconcerningthe task we are applyingthe expert
systemto is referredto as the knowledgebase.
The reasoningcomponent in HP-RLconsistsof a data base
of rules (called the rule base), togetherwith a rule interpreter,
which appliesthese rulesto the knowledgebase to deduce new
facts. Rulesin HP-RLare modularitthen slatements,which express logicalimplications(e.9., "lf Socratesis a man, then Socratesis mortal.").The ruleinterpreterusesthe rulesin conjunction
with known facts from the knowledgebase, and deduces new
facts. The query language is used to extracl informationfrom
the knowledgebase. These queriescan also be used to invoke
reasoning,causingthe deductionof new facts neededto answer
questions.A rich query language allows us to ask interesting'
questlons.

representedas a set of relations amongthe framesdescribing the individual proceduresand other componentsof the
program. For example,in Fig. 2, we can also seehow Procedure-L is linked to other functions and to the program
variables.Procedure-1uses Procedure-10.We also record
that Procedure-10is used by Procedure-l..Links also exist
to the variablesthat are set. We exploit the frame descriptions we have created of the individual program componentsto createa descriptionof the structureof the program.
Framesare organizedin an abstractionhierarchy. Abstraction hierarchies are one of the principal means used to
achieve economy of description and conceptual clarity in
a frame system for knowledge representation. An abstraction hierarchy allows us to representinformation common
to many entities in a single location. This means that the
values associatedwith frame descriptionsare storedat the
highest level of generality. These values can then be inherited. For example,Fig. 3 shows a hypothetical abstraction
hierarchy for MicroScope concepts. We can see that
routines arebroken down into types,methods,procedures,
and so on. Information common to routines in generalis
stored on the routine frame. Thus information common to
a class or conceptual categoryis stored just once, on the
frame representingthat class. Information specific to the
various subframes,such as the procedureframe, is stored
there. The frame describingProcedure-1can now be seen
as a specific instanceof the procedureclass,which in turn
is a subclassof the routine class.
Through the mechanism of inheritance, values and procedures common to a class are made available to appropriate subentities.Abstraction hierarchiesprovide an elegant way to share common information. For many applications they provide a very natural way to group knowledge
and organize concepts. HP-RL supports powerful extensions to simple inheritance of single values. For instance,
HP-RL supports the inheritance of multiple values associatedwith a featureof a class,aswell as multiple inheritance (i.e., an abstractionhierarchy in which a class can
have multiple parents).HP-RL also supports higher-order
classes,which allow more complex descriptionsto be constructed. Higher-order classesallow the user to describe
the abstractionhierarchyitself throughhigher-orderclasses

Query Language
"ls Socrates mortal?"
Knowledge
Base

Rule Base

He,g

Flg. 1. HP-RL consists of a knowledge representationcomponent ot knowledge base, a reasoning component or rule
base,and a query language.

Fig. 3. A hypothetical abstraction hierarchy for an expert
svstem called MicroScope
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whose members are the classes of the abstraction hierarchy.
Frame languages contain mechanisms that allow frames
to be more than records. For instance, they can contain
active values that compute a current value with each request. In particular, HP-RL provides several kinds of procedural attachments for frames, such as methods and different types of daemons. These can be used to do side-effect
programming, maintain consistency in the knowledge base,
and determine values dynamically. Procedural attachments can also be inherited.
Fig. 4 shows how one kind of attachment, a daemon, can
be used to maintain consistency in a MicroScope knowledge base by automatically calculating and recording inverse links. Here we see two procedures, Procedure-12 and
Procedure-S4. A daemon watches the Uses slot of these
procedures. If a value is added to the Usesslot of Procedure12, namely that Procedure-12 uses Procedure-54, the
daemon will recognize this fact. The daemon then finishes
the job by calculating that the correct value for Procedure54's Used-byslot is Procedure-12. This value is automatically added by the daemon. Daemons can be inherited. The
daemon illustrated in this example would be stored on the
frame defining a routine. It will then be available to all
types of routines we have defined, such as methods and
procedures, through inheritance. The actual daemon exists
in only a single copy, but is made available to all appropriate entities and applied when relevant.
Knowledge representation can be difficult. Depending
on the task, it is not always easy to decide on the right
organization and description of knowledge. We can think
of this task as analogous to designing a data base. Constructing the knowledge base is then similar to depositing data
in a data base. However. once this is done. how do we
make effective use of our knowledge base? For instance,
once we have created descriptions of code in MicroScope,
how do we use them? We can, of course, programmatically
access the information stored on particular frames. Within
an expert systems language such as HP-RL, another way
we can make use of our knowledge base is by using a query
language. If we think of a knowledge base as analogous to

Two frames describe
Procedures-12and -54

Procedure-12uses
Procedure-54 is
asserted

Daemon automaiically
adds the fact that
Procedure-54 is
used by Procedure-12

Fig. 4. A daemonis one kind of attachmentfor frames.This
exampleshowshow a daemoncan be used to matntatnconsrsfency in a knowledge base.
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Knowledge Base Queries
Simple Queries
Find all procedures used by Procedure-1.
(Solve-All({Procedure-l} Uses ?x))
Find all Variableswhose data type is Vector.
(Solve-All(?Vai Type Vector))
Find all relationships between any procedure and the
variable var-45.
(Solve-All(?Procedure?Relation {Var-a5}))
Complex Ouery
Example Ouery to Find Dead Code:
Find all internal procedures that are not called by any
other procedures.
(Solve-All
(AND
(Nor (Some ?Caller)
(?f Called-by ?Caller))
(?f Exported NIL)))
Fig. 5. Examples of questions that can be asked using the
HP-RL query language.
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A problem with queries, however, is that they must be
regenerated each time we need the information. The questions are not reusable. Of course, if we have embedded a
query in some code it can be reused, but then its use may
be restricted to just the routine that executes that query.
We can make queries more useful by turning them into
rules. As rules they can be used in answering questions
posed by users, by programs, or by other rules. For example,
Fig. 6 shows how our earlier query would look as a rule
for finding dead code.
A rule is represented as a piece of knowledge in the
knowledge base. HP-RL contains a rule interpreter, which
understands how to use rules to answer questions. Because
rules-are stored in the knowledge base, they are not ephemeral, and can be used whenever necessary. This rule is an
example of a backward chaining rule. If the premise of the
rule is true, namely that "An internal procedure is not
called by any other procedure," then we are able to conclude that the "then" portion of the rule, "It is a piece of
dead code," is also true.
Individual rules work to determine answers to questions
that are not directly answerable by the lookup of values.

Thus our rule answeredthe question,"Is there deadcode?,"
for which no answer was directly recorded.It did this by
asking a question for which the answer could be found,
namely, "Are therp internal proceduresthat are not called
by any other procedure?" Notice that our rules use variables.This allows us to answer a wide rangeof questions
using the samerule. For instance:"Is procedureX dead?,"
or "Is there a procedure that is dead?," or "What are all
the proceduresthat are dead?" are all questionsthat this
rule might be invoked to help answer.
Suppose there were many different kinds of bad code.
We could have severaldifferent rules that each knew one
answer to the question.By giving a single query, we could
get all the answers,without having to ask all the specific
questions embodied in the rules. Fig. 7 illustrates this.
Queries are able to invoke rules. Rules are able to work
together, in a process called backward chaining, so that
one rule asks questions that another rule is able to help
answer.
A query can invoke all rules that match its pattern. This
is how a single query can cause several rules to provide
answers.For example,in Fig. 7, the single query "Is there
bad code?" matchesagainstthe conclusions of Rules 1, 2,
and +. Individual rules can invoke other rules through the
processof backward chaining. This essentiallymeansthat
if a rule's premiseis unknown, then that premiseis turned
into a query in the hope that other rules are availablethat
can provide the answer.For instance,Rule 2 needsto know
whether a bug is minor or not. Rule 3 provides the answer
to this question.
HP-RL also provides a host of other featuresfor reasoning.
For instance, forward chaining rules add new facts
whenever their premises are true. These rules are useful
in data-driven programming. For example, rule 5 in Fig. 7
is a forward chaining rule. It will succeed whenever data
is added to the knowledge baseconcerninga code module
whose quality is bad. When this casehappens,rule 5 prints
out the name of the module containing the bad code. This
meansthat whenever rules 1-,2, or 4 succeedand add new
information about bad code modules to the knowledge
base,rule 5 will print out the name of the module.
The Language
Our goal in developing the final generation of HP-RL
was to create an industrial-strengthtool for constructing
expert systems.The term "industrial-strength" meansthat
we wish to maximize the range of suitable applications
Knowledge Base Inferencing
Example Rule to Infer Dead Code:
It an internal procedure is not called by any other
procedure,then conclude that it is a piece of dead code.
(Define-Backward-RuleDead-Code
(Premise
(AND
(NoT(Some ?Caller)
(?f Called-by-?Calle|)
(?f Exported NIL)))
(Conclusion
(?f Attribute Dead-Code)))
Fig. 6. Queries can be turned into rules. Here is how the
complex query of Fig. 5 looks as a rule for f inding dead code.

while minimizing the cost of developingand running these
applications.Thesegoalscan be achievedthrough satisfying a corresponding set of design constraints. We will
maximize the rangeof suitableapplicationsby maximizing
the expressivepower of the language.We will minimize
development costs by maximizing the usability of HP-RL.
Finally, we will minimize run-time costs by maximizing
the efficiency of the language.
The expressibility of a language determines what it is
possibleto say in that language,and as a result, what problems can be solved. For example, without the expressive
power of arithmetic, problems involving numeric calculations could not be attempted.For an expert systemslanguage,questionsof expressivepower involve the scopeof
the knowledge representation and reasoning tools. For
example,first-orderlogic provides considerableexpressive
power for symbolic reasoning.
Usability refers to how easythe languageis to use. Are
there good tools for debugging,or browsing knowledge?Is
the syntax easy to understand?Can design decisions be
easily undone?
Efficiency refers to how convenient it is to build large
applications. Do they run fast enough?Can they be delivered in a small, cost-effectivemachine?We would like an
application to be able to run efficiently enough for its intended use.
These goals are to some degreemutually incompatible.
That is, maximizing any one goal can result in minimizing
the others.For instance,first-orderlogic is a highly expressive language.It is, however,not highly usable,unlessyou
are an experiencedlogic programmer.We also know that
it is possiblein first-order logic to have theoremsthat take
extremely long times to prove. On the other hand, there
are very simple syntaxesthat are easy to learn and easyto
use. Becausethey are simple, they can be made to run
quickly and efficiently. However, they are not very useful
becausethe limited expressivepower reducesthe rangeof
applications they are relevant to. A good expert systems
languagestrikesa balancebetweenthesegoals.HP-RLtries
to achieve a balance of these goals that provides the best
all-around utility.
HP-RL is an integratedset of artificial intelligence proKnowledge InferenceUsing Rules
"Find all bad quality code."
R u l e1 .
lf a module's author is John Doe.
then the code quality is bad.
Rule 2.
lf a module's number of minor bugs is greater than 5,
then the code quality is bad.
Rule 3.
lf the severity level of a bug is less than 3,
then it is a minor bug.
R u l e4 .
It a module's number of serious bugs is greater than 2,
then the code quality is bad.
R u l e5 .
When lhe code quality is bad, then print the module name.
Fig. 7. Rules can work together, resulting in reasoning.
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gramming tools that form an extension of the HP Common
Lisp Development Environment,e as Fig. B shows. Thus
the first feature offered by HP-RL is Common Lisp itself.
HP-RL allows the user to escapeinto Common Lisp from
a rule or frame, and to call HP-RL from Common Lisp. An
application developer can program the procedural components of an application in Common Lisp without being
forced to emulate procedural programming consbucts
within an expert systems shell. HP-RL is similarly integrated with object-oriented programming, allowing frames
to receive messagesin the same syntax as is used for CommonObjects.lt This allows the programmer to intermix
frame and CommonObject code as needed.
An objective in designing HP-RL has been to use a declarative syntax throughout. Declarative representations
are easier to formulate and understand than procedural
representations.
By using a uniform syntaxforboth reasoning knowledge and domain knowledge, the expressionand
understandingof code are simplified. Knowledgebecomes
easier to examine and understand in this form. It also becomes easierto change.For example, in editing a frame,
we merely replace one piece of data with another. In editing
a procedure,we must be aware of how argumentsare passed
and of the flow of control.
Using a declarativerepresentation,uniformity of description is achievedby describingall kinds of information as
frames.Economyof descriptionis achievedthrough inheritance,which allows attributesand processescommon to a
classof entities to be representedjust once, and sharedby
all relevant instances. Finally, power of description is
achievedthrough attachedprocedures,constraints,default
values, and methods.Many other featuresexist, of course,
and can be found in the manual.ls
Within HP-RL, frames are used as the single vehicle for
representingrules as well as domain knowledge. As a result, rules, which expressreasoningknowledge, share in
the usefulness of a declarative representation. Rules can
be annotatedwith belief metrics,print strings,or whatever
the programmerfinds useful. Rules can be related to one
another or to other frames. Segmentingrules into different
classescan be used to focus search.The spaceof rules can
be accessedvia the query language,resulting in a powerful
method of extracting information concerning the rules
themselves.In short,all the advantagesof framesfor knowledge representationare available for rules. The syntactic
burden is simplified, and the accessibility of rules is en-

Fag. 8. HP-RL is an integrated set of artificial intelligenge
prcgramming tools forming an extension of the HP Common
Lisp DeveIopment Environm ent.
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hanced in the development environment.
The reasoning component provides facilities for both
backward chaining (goal-directed reasoning) and forward
chaining (opportunisticreasoning).The defined semantics
allow interaction between the two modes in which forward
chaining can interrupt backward chaining, and vice versa.
This is very useful in constructing expert systems that interact with the user, as many diagnostic applications do.
Various mechanismsfor the control of searchareprovided.
These include hooks for agendacontrol and mechanisms
for doing a type of reasoningcalled metareasoning.Finally,
multiple rule domains allow the partitioning of problems
into more compact subsets.To complete the picture, the
rule interpreter itself can be represented as a frame, allowing users to examine and change the features of the rule
interpretationprocess.This is useful in metareasoning,
and
in the control of search during reasoning through agenda
control. (Metareasoningallows a program to reason about
its own decision processes.Agendacontrol allows the programmer to control search,in caseswhere enough is known
to improve on the default strategy.)These and other tools
for tackling more complex reasoning tasks are described
in more detail in the manual.1s
The Development Environment
HP-RL's development environment is an extension of
the Hewlett-PackardCommon Lisp DevelopmentEnvironment. In particular, we use the notion of browsing as a way
to accessinformation. The environment for using frames
provides various mechanisms for browsing frame data
structures.Since frames are the single representationdevice for both knowledge and rules, these knowledge
browser capabilities are also available for examining
reasoningknowledge. This provides a uniform metaphor
for accessingknowledge,and reducesthe cognitiveburden
on the programmer. A uniform set of tools for creating,
modifying, and examining frames provides the user with
a rich environment of debuggingand development tools.
Thesetools allow the user to create,examine,and modify
knowledge at an appropriate level of abstraction.
We require of our expert systemstool that it be efficient.
Efficient in this case means that it minimizes the effort
required to prototype an application, locate defects in a
running program,modify the programto correctthe defect,
and deliver as small and fast a final program as possible.
Thus efficiency here means development-timeefficiency
as well as run-time efficiency. Achieving these goals requires an expert systems development environment that
facilitates fast prototyping as well as the development of
a fast delivery vehicle. The HP-RL development environment facilitatesfast prototyping.Methodsarealso available
in HP-RLthat help turn the initial prototypeinto a smaller,
faster run-time program. However, achieving an optimal
run-time version of IIP-RL is still an open issue.
A specializedenvironment is necessaryto exploit fully
the power of HP-RL.HP-RL containscomplex tools to represent knowledge and control reasoning.Effective use of
these tools can become difficult, for a variety of reasons.
As the size of a knowledgeor rule basegrows,it can become
hard to keep track of the interrelations and constraints.
Syntactic details can causeproblems.Debuggingbecomes
correspondinglymore complex as the chains of reasoning

grow. HP-RL's development environment is intended to
aid in the rapid prototyping of expert systems software by
providing three features.
First, it allows the user to create and modify code at the
descriptive level embodied in HP-RL's constructs. Thus a
programmer need not be overly concerned with syntactic
issues as opposed to semantic ones. Through the use of
various templates and menus, a programmer can focus on
the task of writing rules and representing knowledge,
largely insulated from details of syntax. The use of various
browsers allows code to be examined at this level of abstraction. and modified as needed.
The HP-RL user environment also allows the user to
follow the execution of a program at this level of abstraction. A variety of tracing and stepping tools can be used
to understand program execution without needing to drop
down to the level of Common Lisp. To gain further insight
into the behavior of a program, the user can examine decision trees, ask for justifications of inferences, or examine
the consequences of alternative choices on the program's
behavior.
Finally, the environment allows the user to control the
execution of a program dynamically, again at this higher
level of abstraction. The user can dynamically take control
of various rule and goal agendas, and by so doing select
execution choices different from those built into the application. This allows the user to experiment with alternatives
without having to modify code.
Since all knowledge, including reasoning knowledge, is
represented declaratively as frames, at any moment in time
an HP-RL program can be considered a structured data
base, which can be browsed and queried. As a structured
data base, an HP-RL program can be accessed by various
kinds of browsers. Browsers provide the unifying metaphor
for accessing information in the HP-RL user environment.
For example, a frame browser allows the user to browse,
filter, and organize collections of frames. A stepper browser
allows the user to follow the execution of rules and to
change the sequence dynamically. Reasoning is typically
annotated with traces and dependencies that the user can
browse to understand why reasoning followed the path
that it did.
Program developers typically want an environment that
supports fast prototyping. Yet, when delivering a program,
considerations of speed and size become important. HP-RL
tries to give the application developer some control over
the trade-off between functionality and efficiency through
the use of declarations. These declarations allow a developer to declare away functionality on either a global or
local basis. When this is done, speed is improved and space
is saved. An application developer will typically start with
a fully functional version of HP-RL to ensure maximum
flexibility. As an application takes shape and the developer
becomes aware of which language features are used in the
application, the other features can be successively dropped
from the language, creating a smaller, more efficient version
for use with the run-time program.

Conclusions
It hasbeena successHP-RLis now a matureexperiment.
ful vehiclefor supportingthedevelopment
of expertsystem
applications within HP. Along the way, we have been able

to extend our understanding of the needs of application
builders and gain valuable experience in constructing this
class of expert systems tool. There are currently no plans
to turn HP-RL into a supported product. HP-RL's role has
been as an experimental tool for fast prototyping of expert
systems applications.
Once an application has been prototyped, the developer
has several choices. The application can be transformed
into one built in a more conventional programming language. For instance, both our natural language parsing project and our MicroScope project were able to produce runtime versions where frames are replaced by CommonObjects, resulting in a program that is built entirely in the
Common Lisp product supported code. Of course, this
transformation may require some care. Conversion to Prolog, C, or Pascal may be possible as well. For example, the
Photolithography Advisorl2 has recently been converted
to run in HP Prolog.
Often when starting an application, a developer does not
know what functionality will be required. This makes the
choice of a commercially available expert systems tool difficult. If an inexpensive tool is purchased, it may lack essential features. On the other hand, an expensive tool requires a large initial investment. By prototyping in HP-RL,
an application developer can determine what the real needs
are, and even whether the project is feasible, before investing large sums of money in software tools. By understanding what functionality the application requires, the developer may be in a better position to determine which, if
any, low-end tools can satisfy the needs of the application.
The use of an internal tool such as HP-RL also gives the
developer access to the source code. This can be very useful. It is often the case that an application developer wishes
to use only a part of HP-RL in an application. For instance,
only the knowledge representation component may be required. In some cases, it is necessary to augment or modify
the features of HP-RL for an application. For example,
PLATO'z required a special solution for the propagation
and combination of negative and positive evidence associated with various possible partial solutions. In other
cases, such as the Photolithography Advisor,l2 a handcrafted interface is necessary for success with end users.
This requires the ability to access and modify the source
code as needed.
For these and other reasons, HP-RL has proved useful as
an experimental prototyping tool for the construction of
expert system applications within HP. HP-RL is a prototype, and not a product. Thus it lacks some important
aspects of commercially available products. HP-RL is an
average-size expert systems development tool compared to
the commercially available high-end shells. However,
HP-RL lacks a sophisticated graphics-based development
interface of the type usually available on commercial products. This has made HP-RL harder to use, especially for
less experienced programmers, than the comparable commercial products. As a delivery vehicle, HP-RL may be
slower than some tools. Little time has been spent optimizing the implementation. In addition, a performance cost
was paid for the flexible implementation we chose to use.
Many commercial tools now provide C-based (rather than
Lisp-based) delivery environments, which may offer
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further benefits in terms of size, speed, portability, and
maintainability.
Commercial Systems Similar to HP-RL
HP-RL, as a completed lab prototype, is no longer available for general use within HP. However, there are a variety
of third-party expert systems tools available on both the
HP S000 Series 300 Computers and the HP Vectra personal
computer. The commercial expert systems offerings typically contain reasoning and/or knowledge representation
tools embedded within a programming environment that
provides a uniform shell for application development. The
products can be divided into the high-end shells, which
run on the HP 9000 Series 300 machines, and the low-end
shells, which run on the Vectra. Some of these products
offer functionality similar to that of HP-RL.
Evaluating third-party products is a complicated task.
An excellent recent review articlel6 provides a framework
for assessing commercial expert system tools. The article
also contains valuable references to the literature on
evaluating expert systems tools.
The high-end shells are suitable for developing large or
complex expert system applications. Both Intellicorp's KEE
and Inference's ART have features similar to HP-RL's. and
will be available on the HP S000 Series 300 workstations.
The PC-based shells offer less power, but are relatively
cheap and easy to learn. These shells can be used to construct smaller applications. Since these tools typically have
a much smaller and more restricted set of features than the
large tools, it is more important that there is a good match
between the features of the particular tool and the requirements of the application. However, since these tools are
not expensive and can be learned quickly, it is easier to
experiment with them. There are numerous vendors of PCbased shells. GURU and Nexpert are two Vectra-based tools
that have been used within HP. While no PC-based tool
has the full functionality of the HP 9000-based shells, some
do provide similar (although simpler) functionality to HPRL. One that does is Texas Instruments'Personal Consultant Plus.
Another alternative is a product that falls between the
large tools and the small tools. This is Gold Hill's
Goldworks. Goldworks provides frames for knowledge representation and an inference engine for backward and forward chaining. Goldworks requires an add-on board for
the Vectra, but provides significantly more power than
most other PC-based tools. Finally, for some users, HP Prolog may provide a a useful alternative. For instance, the
Photolithography Advisor has recently been converted
from HP-RL to HP Prolog.
Expert systems shells in their present form, while useful,
still lack certain features that can restrict their use in some
cases. Currently, there may not be an acceptable way to
deliver applications to end users. These shells are just beginning to tackle the problem of delivering applications in
conventional programming environments. The high-end
shells can be large and sometimes slow. Depending on the
application, this may present problems. Finally, these
shells do not provide access to conventional data in an
easy fashion, nor do they provide convenient ways to create
large data bases of knowledge, which require the support
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that a data base management system provides.
Current technology trends are addressing all of these
issues. The expert systems shell vendors are developing
ways to deliver applications in standard computing environments, and in conventional languages. They are making their shells smaller and more efficient, porting them
to C in many cases. Both the shell developers and the data
base community are working on solutions to the problem
of large, heterogeneous knowledge bases.
The low-end shells may lack functionality that is important in a particular application. Restrictions on the number
of rules and the amount of data can similarly restrict their
range of applicability, and require care on the user's part
in matching the tool to the task. However, the marketplace
is changing at a rapid rate. Expert systems technology is
becoming more generic, while PC-class machines grow in
power. As a result, low-end shells are adopting more of
the features and capabilities ofhigh-end shells. This should
result in cheaper and more powerful tools in the near future.
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r o l ei n t h e d e s i g no f t h e
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1of Californiaat SantaBar
, n d a nM S E E
. b a r a i n1 9 8 2 a
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A t H P ' sS a nD i e g oD i v i s i o n
since 1979,JeffreyBaker
has had prolectresponthatincludedinkjet
sibilities
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PalntJetcartridge,his design effortsconcentrated
o n f l u i dc h a n n e l sa n d t h e
ink reservoir,and a patent
is pendingon one of his ideas.Jeff was involved
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He
engineeringis fromColoradoStateUniversity.
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James C. Smith
Beforebecomingproject
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projeci,jim Smiih heid a
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Emil Maghakian
As a projectmanagerfor
PaintJetsoftwaresupport
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drew from his experience
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Hisprofessional
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toolkitsfor futureproducts.Born in Tehran,lran,
Emil is activein variousArmenian-American
organizations
and the BoyScoutsof America.He is
m a r r i e dh, a s t w o c h i l d r e na, n d r e s i d e si n E s c o n dido, California.Among his variedavocations
a r e s o c c e r ,c a m p i n g ,h i s t o r ym
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speaking.
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P. Jeffrey Wield

A d e s i g ne n g i n e e a
r t HP's
San Diego Dlvision,Jeff
Wield was responsiblelor
mechanicaldevelopment
of the paper axis for the
PaintJetprinter.Beforethis
a s s i g n m e n th, e d e v e l o p e d
processmicroelectronics
e s . H i s e d u c a t i o n abl a c k groundis in bothchemistry
a n d m e c h a n t c ael n g i n e e r i n gw, i t h a B A d e g r e e
f romthe University
of Californiaat SanDiego(i 927)
and a master'sdegree from the San Diego State
. h l sd i v e r s eb a c k g r o u n di s r e U n i v e r s i t(y1 9 8 0 )T
flectedinJeff's earlieractivitiesas a stable-isotope
chemistfor the U.S.GeologicalSurvey.A patent
applicationis pendingfor a methodhe developed
for moldingplasticgears.He is a registeredprofess onal engineerand resideswith his wite in San
D i e g o ,C a l i f o r n i a .

Chuong Cam Ta
A projectleaderat the San
D i e g oD i v i s j o nC, h u o n g
CamTa hasbeeninvolved
with the design of printers
a n dp l o t t e r s i n c eh ej o i n e d
H Pi n 1 9 7 9 A
. m o n gh i sp r o j /
r e c t s a s a d e s i g ne n g i n e e r
F . j w e r el h e H P 7 4 7 0 4 .H P
"
a n dH P3 6 3 0 4P t o t .
firtssoA.
-Ilfl ters. Presently,Chuong
headsthedesignof a newcolorgraphicsprinter.
H ew a sb o r ni n H a n o iV
, i e t n a ma, n dc o m p l e t e dh i s
i nS a i g o nw
education
, h e r eh e r e c e i v e dh i sB S M E
degreefromthe NatronalTechnicalCenterin 1974.
He alsoholdsa BSMEdegreef romthe University
( 1 S 7 9 )a n d a n M S M Ed e g r e ef r o m
of Minnesota
CaliforniaStateUniversityat SanDiego(1984).Bef o r ec o m i n gt o H P , C h u o n gw a s a p l a n n i n ge n gineer at The NestleCompanyin Vietnam.He is
marriedand liveswithhiswifeand two childrenin
SanDiego,California.
His recreationalactivities
inc l u d ec a m p i n g w
, a t e r s k l i n ga,n d d o w n h i lsl k i i n g .
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As a prolectmanagerat
H P ' sS a n D i e g oD i v i s i o n ,
Dave Tr boletwas respons i b l ef o r t h e d e s i g no f t h e
P a i n t J emt e c h a n i s mI n. t h e
past,he hasbeeninvolved
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i nt h ed e v e l o p m e notf o t h e r
HP plottersas both engineer and prolectleader.
Two patentsresultedfrom
hiswork,onefor a switchlesspen sensor,theother
pen changer.Dave'sBSMEdefor a bidirectional
gree is {rom the Universityof Arrzona(1978),an
MSMEdegree(1979)and an MSEEdegree(1982)
are bothfromStanfordUniversity.
He was bornin
Tucson,Arizona.Now a residento{ San Diego,
C a l i f o r n i aD, a v el i k e st o s p e n dh i s l e i s u r et i m e
bicycling.
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The focus of Lawrence
Chan's professionalinterestsis mechanicaldes i g n .H i sB Sd e g r e e( 1 9 7 9 )
and his master'sdegree
( 1 9 8 0 )a r e i n m e c h a n i c a l
engineeringand are lrom
the Massachusetts
Institute
of Technology.When he
cameto HP'sSanDiegoDivisionin 1985,Larrywas assignedto the PaintJet
developmentteam,wherehe workedon the design
of theelectricalinterconnect
system.Wjththe project completed,he has now redirectedhis efforts
to the designof a newplotter.Beforecomingto HP,
Larryworked in the paper industry,where he designeda patentedtestapparatus.Hewas bornin
Hong Kong and now resideswith his wife in San
Diego,California.Larryenjoystravelingand
photography.
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W i t ha b a c h e l o r 'dse g r e ei n
physicsfrom the Colorado
Schoolof Mines(1982)and
an MS in physicsfrom the
Universityo{ Californiaat
, in
S a n D i e g o( 1 9 8 3 ) W
C h i l d e r sj o i n e dt h e S a n
D i e g oD i v i s i o no f H P i n
1 9 8 3 .A s a d e v e l o p m e n t
engineeron the PaintJet
p r o J e c th, i s r e s p o n s i b i l i t i e
i nsc l u d e dt h e o r i f i c e
plate,barriers,printheadassembly,and cartridge
s o s i t i o nW
, i nh a sw o r k e d
a s s e m b l yI.na p r e v i o u p
on materialsscienceresearchfor a largechemical
concern.He was born in Princeton,New Jersey,
is married,and makes his home in San Dieoo.
California.

Ronald A. Askeland
Hatem E. Mostafa
An R&Dprojectmanagerat
the San Diego Divisionof
HP,HatemMostafawasinvolved in the development
of firmwareand electronacs
usedin the PaintJetprinter.
S i n c eh e c a m e t o H P i n
1979,Hatemhas worked
on other printer/plotter
de,- " :i
srgns.In particular,he contributedto theelectronicsfor the HP75804Draltino
Plotterand to the electronicsand servofortheHp
75504 Plotter.Hatem earned his BSEEdegree at
the universityof Minnesotain 1g7g and holds an
MSEEdegree( 1982)f romStanfordUniversity.
He
hascoauthoredarticlesfor the HPJournalon some
of hispreviousprojects.Hatemwasbornin Cairo,
Egypt,is married,and livesin SanDiego,Californ i a . R u n n i n gs, c u b a d i v i n g ,a n d b o d y s u r f i n a
gre
his favoriteoastimes.
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Ruben Nevarez
After receivinghis BSME
degree from the University
of Californiaat SantaBarbara, Ruben Nevarez
joined the San Diego Divisionof HP in 1982.As a des i g ne n g i n e e o
r n the
PaintJetColor Graphics
Printerproject,Ruben
workedon lhe interconnect
systemand the primer.His ideascontributedto two
PaintJetpatentapplications.Rubenwas born in
Durango,Mexico,and is active in the Societyof
HispanicProfessional
Engineers.He is married
and livesin SanDiego,Cali{ornia.
In hisofthours,
Rubenenloysrunning,soccer,and participatingin
groups.
b i b l ed i s c u s s i o n

L#

As an R&D projectleader,
Ron Askeland'sspecific
area of interestln the
PaintJetprinterwasthe reliabilityand failureanalysis
of the thinjilm resislorsin
the printhead.Roncameto
H P i n 1 9 8 4w i t ha B S d e gree in biologyfrom Mani
kato StateUniversity
(1976),and an IMSdegreein microbiology(1980)
and a PhD degree in chemistry(1983)from Colorado State University.His previousprofessional
activitiesincludeworkwithenvironmental
chemistryat the U.S.NavalOceanSystemsCenter.He has
publishedthreearticleson subjectsclosesttohis
interests.Ronis a memberof theAmericanChemicalSociety.Bornin Madelia,Minnesota,
he is marriedand hasa daughter.ln hisofthours,he likes
racing model sailboats,tending his bonsaitrees,
and playingtennisand golf.

WilliamR. Sperry
J o i n i n gH Pi n 1 9 7 3a s a p r o d u c t i o ne n g i n e e rB
, ill
Sperryhas worked on a
but
varietyof assignments,
the manyperformanceand
manufacturingaspectsof
printheaddesign have
been centralto his career.
He has been a production
e n g i n e e ra, n R & D e n gineer,and a projectleader.A projectmanagerIor
the PaintJetprinterduringthe pastseveralyears,
i nsc l u d e dt h e d e v e l o p m e not f
hisresponsibilitie
thin-filmcomponents,the barrier,and the nozzle
plate,andthe prototypeassemblyof the printhead.
B i l l ' s1 9 6 8B Sd e g r e ei n p h y s i c si s f r o mC a l i f o r n i a
StateUniversityat SanDiego.Hisseveralpublicationsareon the subjectof microwavedelaylinedesignandlhe fabricationol TaAlresistors.He is marr i e d a n d l i v e sw i t h h i s w i f e a n d t h r e ec h i l d r e ni n
r l t h eN a t i o n a l
P o w a yC
, a l i f o r n i aB.i l l i sa m e m b e o
SkiPatroland coachesyouthsocceractivities.He
e n j o y ss k i i n g ,s o c c e r .a n d g o l f .

, as. l t h o u g hb o r ni n C h e l s e aM
n l aa t S a nD i e g oA
sachusetts,he considershimselfa nativeol San
D e g o . S t e v el s a m u s i c i a na n d e n j o y sp l a y i n g
k e y b o a r d sg,u i t a r sa, n dd r u m s .I nh l sh o m er e c o r d l n g s t u d i o ,h e l s c u r r e n t l yp r o d u c i n gh i s s e c o n d
c o l l e c t i oonf o r i g i n a l j a zazn dr o c ks o n g s .H ea l s o
l ,n d p h o t o g r a p h yl s, a
l i k e sb i c y c l i n gv, o l l e y b a l a
c o n n o i s s e uorf b e e r sf r o m a r o u n dt h e w o r l d ,a n d
food.
enloyscooking |\.ilexican

i s m a r r i e da, n d l i v e si n S a n D i e g o ,C a l i f o r n i aH. t s
varied avocatlonslncludephotography,comp u t e r s ,g a r d e n i n gb, l c y c l i n ga, n d f l y l n gr a d i o gliders.
controlled

Jim L. Ruder

Beforecoming to HP on a
p e r m a n e nbt a s i s ,J i m
Ruderhad worked two
summersat the SanDiego
dD i v i s i o nw, h i l ea t t e n d i n g
KansasState University.
Cheryl A. Boellel
I n t h e d e v e l o p m e notf t h e
H e r e c e l v e dh i s B S M Ed e g r e e i n 1 9 8 3 .A s a m a n PaintJetprinter,Cheryl
B o e l l e r 'rse s p o n s i b i l i t iiensufacturing
e n g i n e e rJ, i m
c l u d e ds e l e c t i o no f t h e
belongedto a team worka d h e s i v eas n de s t a b l i s h i n g i n g o n d e s i g no f t h e P a i n t J ept e n . H i s r e s p o n
t h e u l t r a v i o l ectu r i n gp r o s i b i l i t i eisn c l u d e dt h em e t h o do t { o a mi n s e r t i o na,n d
p r l m i n gt e c h n i q u e sN. o wa m a n u f a c t u r cessesused. At present,
inkfilland
her professionalinterests
i n ge n g i n e e r i nsgu p e r v i s oJr ,i mc o n t i n u e s tboe i n volvedwithplotterpen assembly.He ls a member
Engineers.
of the AmericanSocietyof lvlechanical
u c t s .A d e v e l o p m e netn g i n e ear t t h eS a nD i e g oD i B o r ni n S a l i n aK, a n s a sh, e n o wr e s i d e sw i t hh i sw i f e
. e rB Sd e g r e e
v i s i o nC
, h e r ycl a m et o H Pi n 1 9 8 0 H
L i s ai n E s c o n d i d oC, a l i f o r n i aJ.i m ' ss p a r et i m e i s
in mechanicalengineeringis f romCaliforniaState
s h a r e db y c h u r c ha c t i v i t i e sl a, n d s c a p l nagn do t h e r
Universityat Long Beach.
homeimprovementprolects,and "enjoyng SouthernCalifornia."
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Timothy J. Carlin
Developingprocessesand
designsthat satis{yboth
performanceand high-volume manulacturingrequirementswere Tim Car'
l i n ' sr e s D o n s i b i l rotnv t h e
I Puint.t"iproject.He is a
m a n u f a c t u r i negn g i n e e r i n g
m a n a g e ra t t h e s a n D i e g o
D i v i s i o nw, h i c hh ej o i n e di n
1984.Beforecomingto HP,Tim'sprofessional
act i v i t i e isn c l u d e dR & Di ne n e r g yf,l u i dm o d e l i n ga, u t o m a t i o nr,o b o t , c sa. n d m a c h i n ed e s i g n .H e
e a r n e dh i sB Sd e g r e ei n e n g i n e e r i nsgc i e n c ea tt h e
. asU n i v e r s i toyf C a l i f o r n iaat S a nD r e g o( 1 9 7 2 )M
ter's and engineer'sdegreesin mechanicaleng i n e e r i n g( 1 9 7 4a n d 1 9 7 5 )a r e f r o mt h e M a s sachusettslnstituteof Technology.Tm is a
memberof the AmericanSocietyof MechanicalEngineersand the Societyof ManufacturingEng i n e e r sH
. e ' sm a r r i e dh, a sf o u rc h i l d r e na, n d l i v e s
i n S a nD i e g o C
, a l i f o r n i aH.ee n j o y sp l a y i n gs o c c e r
and coaches a youth soccer team.

Peter M. Roessler
Erol Erturk
Theareasof manufacturing
processoevelopmenl,
m a n u f a c t u r i nagn d d e s i g n
integration,
and automation
are Erol Erturk'sprofess i o n a ls p e c i a l t i e sl n. t h e
developmento{ the
PaintJetprinthead,he was
r e s p o n s i b lfeo r t h e p l u g ,
, i p e r ,a n d
v e n t ,p r i m e r w
tape processesand their manutacturinglmplementation
H.i s B S d e g r e el n m e c h a n i c ael n g i n e e r i n gi s f r o mt h e U n r v e r s i toyf W i s c o n s i n
( 1 9 8 5 )a. n dh e s p l a n n i n gt o b e g i na m a s t e rs d e greeprogramin fall.Erolwasbornin Ankara,Turk e y ,a n d j o i n e dt h e S a n D i e g oD i v i s i o no f H P i n
1985.He is a memberof theAmerlcanSocietyof
MechanicalEngineersand the Socletyof Manufac
turing Engineers.His favoritesport is soccer.

!
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lishingprocessesthat would ensureboth perforof the
mance requlrementsand manufacturability
printcartridge.He hasworkedas a projectleader
and was recentlypromotedto proiectmanagerfor
printheadassembly.Pete was born in Torrance,
C a l i { o r n i a ,n dn o wl i v e si n D e lD i o s .H es p e n d sh i s
l e r s u r tei m ep l a y i n gb a s k e t b aal ln dg o l l ,s k i i n ga, n d
c o l l e c t i n gc o m p a c td l s c s .

Brian D. Gragg
..eSteven W. Steintield
Beforejoiningthe PaintJet
developmentteamand becoming an F&D project
leader,SteveSteinfieldwas
a m a n u f a c t u r i negn g i n e e r
workingon the media-moving and autocalibration
systemsol the HP 75804
and HP 75854 Drafting
P l o t t e r sH. e c a m e t o H P i n
1981. As parto{ an engineeringrotationprogram,
h e i s p r e s e n t ldy e s i g n i n g
a na u t o m a t ep
d r i n tq u a l ity evaluationsystemat HP's InkJetComponents
Operationin Corvallis,Oregon.Steve'sBSdegree
of Califorin appliedscienceis {romthe University

A s a s t u d e n tB
. r i a nG r a g g

MaryE.

€h3ffii*;#*r:rn

As a manufacturingeng i n e e r i n gm a n a g e r M
, ary
Havilandheaded a team
workingon the PaintJetpen
a s s e m b l yS. h e h a s s i n c e
directedher effortstoward
processesfor materials
a n d m e d i af o r t h e p r i n t e r .
Beforecoming to the San
D i e g oD i v i s i o no f H P i n
1 9 7 9 ,M a r y ' sw o r ki n c l u d e d e v e l o p i n m
g easurem e n tt e c h n i q u efso rm a t e r i a luss e di nT i t a nl l a n d
T i t a nl l l r o c k e t sH. e rb a c h e l o r 'dse g r e ei nc h e m i s try is f romCaliforniaStateUniversity
at Sacramento
( 1 9 7 7 )S. h ei s a m e m b e ro ft h eA m e r i c a n
Chemical
and the
Society,theSocietyof WomenEngineers,

:'j;l:""":;"'"n
r t lT"J:],l?l
'i,s-'
/f
nrY
nlim:flil'J:""':f,"
H s B S d e g r e e( ' 9 8 4 ) i s
A.
f
to f romthesameinstitulon.A
r n the
m a n u f a c t u r i ndge v e l o p m e net n g i n e e o
, i s r e s p o n s i b i l i t r ensc l u d e dd e P a i n t J ept r o j e c t h
s i g no f t h ep l u g ,h e r m e t i sc e a l ,a n dv e n t ,a n dt h e
i n k f i l l p r o c e s s f, o a m i n s e r t i o na, n d t a p e p r o c e s s
development.Hisworkon theventresultedin a pa
Brian'seffortsfocuson
tentapplication.Presently,
developmentof an automatedassemblyllnefor the
P a i n t J epte n .H ew a sb o r ni n G r o t o nC
, onnecticut,
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AmericanAssociation
of Womenin Science.Mary
w a sb o r ni nS a c r a m e n t o
C,a l i f o r n i aI n. h e rt i m eo f f,
she is restoringa 1965 Mustangconvertible,but
a l s o l i k e sw a t e rs k i i n g ,b i c y l i n ga, n d p l a y i n gv o l leyball.

i n 1 9 7 7 .H i s M S d e g r e ei n p h y s i c acl h e m i s t r y
( 1 9 8 1 ) i sf r o mW a s h i n g t o S
n t a t eU n i v e r s i t yR. o n
currentlyliveswith his wife Margo and their three
childrenin Poway,California.He uses his woodworkingskillsin home remodelingand likesgolf
andfishing.

Joseph E. Scheftelin
T h ep a c k a g i n gw, i p e r ,a n d
tape cap tor the PaintJet
p n n t c a r t r i d g ew e r eJ o e
Scheffelin'sfocal projects.
As a manufacturingengineer,he was involvedin
developingwaysto makea
h i g h - q u a l i tpye n m a s s manulacturable.
Joe'scurrent assignment,the developmentof automatedproductionlines,buildson
hispastexperience.Joe.cameto HPin 1981, joining the InkjetComponentsOperationin Corvallis,
O r e g o nH
. i sB Sd e g r e ei n m e c h a n i c a l e n g i n e e r i n g
i s l r o m t h eU n i v e r s i t y o
Cfa l i f o r n l a aDt a v i sH
. ewas
b o r ni n R a n t o u l l,l i n o i sJ.o ei s m a r r i e da n dl i v e si n
L a J o l l a ,C a l i f o r n i aH. e p l a y st h e p i a n oa n d l i k e s
runnjng lor recreation.

to be the main focus of his developmentwork. In
pastprojects,Johnhasworkedon thin-filmstructure,passivation,
and conductor/resistor
f ilm.A patent relatedto thinJilmstructureand two otherson
inkdesignareattributable
to hiswork.He remains
mainlyinterestedin physicalchemistryand is a
memberof the AmericanChemicalSociety.Born
i n F u l l e ( o nC
, a l i f o r n i ah ,e l i k e ss c u b ad i v i n gt,e n n i s ,a n d p l a y i n gc h e s s .

Peter C. Morris
Peterlvorrisdevelopedthe
for the PaintJetprinter.As
a developmentengjneerin
H P ' sS a n D i e o oD i v i s i o n ,
I i n t a n o m e d i i d e s i g nf o r
r thermalinkjetprintershas
been Peter'sprimaryres p o n s i b i l i tP
y .r e s e n t l yh ,e i s
workingon a polyesterf ilm
mediumfor a newprinter.Hischemistrydegreeis
from the Universityof Californiaat San Diego
(1979).Previously,Peterworked as a research
chemistlor a cosmeticsmanufacturer,
where his
developmentsresultedin patentsfor polymerizationand a softcontactlens.Peteris a memberof
the AmericanChemicalSociety.He and his wife
Cheryllivein ElCajon,Calilornia.Peterhasan identical twin brother.

M. Beth Heffernan
Just alter joiningHP in
.1981,
Beth Heffernanbelongedto a team concerned with plant safety
$ a n d i n d u s t r i ahl y g i e n ea t
the San Diego Dtvision.
Later,as a manufacturing
. e n g i n e e rs, h e w a s a s srgnedto the group res p o n s i b l ef o r d e v e l o p m e n t
of the PaintJetpen. Her work resultedin a patent
lor a foam cleaningprocess.Beth was born in
P e o r i al,l i i n o i sa,n dn o wl i v e sa t E n c i n i t a sC,a l i f o r nia.In heroff-hours,she likesbuyingand trading
c a r s ,s n o ws k i i n g ,t r a v e l i n ga, n d w i n e { a s t i n g .

W. Wistar Rhoads
Shortlyafter receivinghis
BSN/Edegree from Lehigh
U n i v e r s i tiyn 1 9 8 0 ,W i s t a r
Rhoadsjoinedthe San
D i e g oD i v i s i o no f H P .A s a
manufacturingdevelopment engineer,he was involvedin the designof the
pen assemblyfor the
PaintJetprinter.Presently,
h e r sr e s p o n s i b lfeo ra d h e s i v e
d l s p e n s i nagn d u l travroletcuring on an automatedprintheadalignmentmachine.Muchof Wistar'spastprolectswere
associatedwiththin-filmengineering.Hewas born
in Rochester,
Minnesota,but raisedin Philadelphia,
Pennsylvania.
In his spare lirne, he enJoysbicycllng,horsebackriding,and workingon hishouse
i n E s c o n d i d oC, a l i f o r n i a .
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Ink and Media

Ronald J. Selensky

A s a S a n D i e g oD i v i s i o n

developmentengineer,
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RonSelenskywas involved
in developingPaintJet

lft-

Mark S. Hickman
Donald J. Palmer
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graduateschoolat Oregon
S t a t eU n i v e r s i t(y1 9 7 8 ,
chemistry)and Stanford
*s
U n i v e r s i t(y1 9 7 9 .e l e c t r i c a l
4
e n g i n e e r i n gH
) .e j o i n e d
f*
H P ' sS a nD i e g oD i v i s i o n
i n 1 9 7 9a n dc o n s e c u t i v e l y
servedas an R&D engineer,projectleader,and
projectmanagerof inkjetproducts.Don was responsiblefor severaldevelopmentsassociated
withthe PaintJetprinter:pen cartridge,ink,paper,
overheadtransparencymedium,and color communications
standards.Hisworkon inkdesignand
manufacturing
processesresultedin a patent.Don
is a memberof theAmericanChemicalSocietyand
the Societylor lmagingScienceand Technology.
He was bornin SanLuisObispo,California,
is married,and livesin SanDiego,California.
His recrea t i o n ailn t e r e s tisn c l u d er u n n i n gp, u b l i cs p e a k i n g ,
landscaping,and racquetball.

of Inkjettechnoll.Egr -4I ohases
among
themmaterials
d 'l, - '€;{ :sY
-'-:rrievelonmenl anrl testinn
development

and testing,
and thedevelopmentof dye,ink,and printmedia.
Ron now worksas a manufacturingdevelopmenl
engineer.Ina previousposition,Ronwas a quality
controlchemistlora largefood manufacturer.
His
primaryprolessionalinterestlies in ultrafastlaser
techniques.Ron was raised in Great Falls,Montana,wherehe alsoearrtedhis bachelor'sdegree
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As a memberof the
PaintJetprinterdevelopment team, I/ark Hickman
w a sr e s p o n s i b lfeo rd e s i g n
o f t h et r a n s p a r e n cf yi l m .H e
is now a developmenteng i n e e rw o r k i n go n s p e c i a l
media for futureHP printers.Markloinedthe HPSan
D i e g oD i v i s i o innt h ef a l lo f
1986,shortlyafter he earned his BS degree in
mechanicalengineeringfrom WashingtonState
He alsoholdsan earlierbachelor'sdeUniversity.
g r e e( 1 9 7 9 )i nv o c a lm u s i ce d u c a t i o fnr o mt h eU n i versityof Wisconsin,a trainingbackgroundhe
usedin hispreviousvocationas a singerand voice
teacher.Currently,Marksingsfor recreationin the
EscondidoOratorioand the PalomarChorale.He
also likes rock climbingand racquetball.He was
b o r ni n M i l w a u k e eW. i s c o n s i ni s. m a r r i e da n dh a s
a one-year-otoson.
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Printer Electronics

Jennie L. Hollis

p"p", rnostranger
to Ink-
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DonJ. Palmerreceivedhis
BS degree in chemistry
' S.-:
l r o m C a l i f o r n iS
a t a t eU n i
? v e r s i t ya t S a n D i e g or n

Jennie Hollisloined HP's

Effie

With BS degrees in both
chemistryand biologyfrom
the Universityof California
a t l r v i n e( 1 9 8 4 )J, o h n
Stoffeljoined
the SanDiego
D i v i s i o no f H P i n 1 9 8 4 .H e
was responsiblefor for
m u l a l i n gt h e i n k c h e m i s t r y
usedin the PaintJetprinter.
This technologycontinues
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Californiaat SanDiego.Her
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(1s76)
is

,nstitution.
She became a memberof
6ft,
^&'
the team developingthe
"
PaintJetColor GraphicsPrinter,workingon the
firmware.Beforecomingto HP,Jennieworkedon
the developmentof an automatedtracer gas

monitorand a PCBanalyzer.Bornin SantaMonica,
California
sh
, en o wr e s i d e sw i t hh e rh u s b a n da n d
t w o c h i l d r e ni n O l i v e n h a i nC, a l i J o r n i a
I n. h e r o f f hours,Jennieenjoyshorsebackriding,backpacki n g , a n d b i c y c l et o u r i n g .

PhalipC. Schultz

#'

Whenhe cameto HP'sSan
, hil
D i e g oD i v i s i o inn 1 9 8 4 P
Schultzwas assignedto
the PaintJetproject,and tor
the ensuingyearswas res p o n s i b l ef o r d e s i g n ,t e s t \s,
{*
_.-_
i n g , a n d s u p p o r to f t h e
p r i n t e a si n p u t / o u t p uatn d
m a i ne l e c t r o n i c sH. e h a s
sincemovedto a new proiect involvinga semicustomintegratedcircuit.Phil
receivedhrsBSEEdegreef romthe University
of lll i n o i si n 1 9 8 4 .H ew a sb o r ni n M o u n tP r o s p e c tl ,l l i n o i sa
, n d n o w l i v e sw i t h h i s w i f e i n E s c o n d i d o ,
C a l i f o r n i aH.ei s i n t e r e s t eidnC h i n e s ec o o k i n oa n d
likesto play tennis.

\*.ffi

BeforeBill Walshwas assrgnedto the PaintJetpro
ject,he had workedon the
HP7580/85familyof Drafting Plotters.His respons i b i l i t i ea
s s a P a i n t J edt e s i g ne n g i n e eirn c l u d e dt h e
servof irmware,f rontpanel
code, and the prototype
PCLcode and stepper.His
work contributedto two patent applications.Bill
c a m e t o H P i n 1 9 8 1w i t h B S a n d M S d e g r e e sn
computersciencefrom MichiganState University
( 1 9 7 81
, 9 7 9 )H
s r o f e s s i o ne
a xl p e r i e n c e
. i sp r e v i o u p
Inciudesa poston the teachingstaffof the Universityof Californiaat Berkeley.Afterhours,Billworks
a s a v o l u n t e ear i d e i n h i s d a u q h t e r ' sf t r s f g r a d e
m a t h / s 6 m p y 1 lsa1b . H e i s a l s oa c o m p e t i t i v e
swimmer.

Steven T. Rosenberg
Currentlya memberof the
technacalplanningstaff,
StevenRosenberghas
been workingat HP
Laboratoriessince he
j o i n e dH P i n 1 9 8 1 .H e h a s
servedas head of the
expertsystemsdepartment
and as managerof the HPRL and photolithography
advisorprojects.[/ost recently,he has been involved in settingup researchcollaborationswith
universities
lor HP Laboratories.
Stevenearnedhis
bachelor'sdegreeat McGillUniversityin 1969and
his master'sand PhD degreesin psychologyat
Carnegie[/ellonUniversity.
Betorecomingto HP,
he wasa researchscientistinvolvedin artificial-intelligencedevelopmentat the University
of Califor

nia LawrenceBerkeleyLaboratory,and a member
of the researchstaffat the artificialintelligence
laboratoryof the MassachusettsInstituteof Technology.At MlT,Stevenalsohelda positionas a special
lecturerin the Divisionfor Study and Researchin
Education.He hasauthoredor coauthoredovera
dozen paperson the subjectsof artificialintelligenceand humaninformation
processjng.He belongsto the IEEE,the AmericanAssociationforArt i f i c i aIl n t e l l i g e n c ea ,n d t h e C a n a d i a nI n f o r m a t i o n
ProcessingSociety.

. i s B A d e g r e ei n c o m p u t e ra n d
B e r k e l e y( 1 9 7 4 ) H
informationsciencesis from the Universityof
C a l i f o r n iaatS a n t aC r u z( 1 9 8 3 )B. e f o r ej o i n i n gH P ' s
lnformationNetworksDivision,he held a post as
assistantprofessorof Englishat the CalilorniaInstitute of Technology.In a previousHP project,
Randy'sassignmentsincludedwritinga reference
manuallor HP-RL,a knowledgerepresentation
and
reasoninglanguage.He was bornin KewGardens,
N.Y.Randyis married,hastwodaughters,and lives
i n A o t o s .C a l i f o r n i a .

Mark L. Chiarelli
Alan L. Fostel
As a memberof thetechnical stafffor the Microscope
project,Alan Fosterdevelopedthe static analysrs
component,a templatebased cross-reference
t o o l ,a n d a n e x e c u t i o nh i s tory browser.Beforecorni n S t o H P I n 1 9 8 4 ,h e w a s
::A
W
a soflwareengrneerat the
Lisp Company,where he contributedto an implementationof LOGO for personalcomputers.
AlanreceivedhisBA degreein mathematics
f rom
t h eC a l i f o r n iSat a t eU n i v e r s i tayt S a nJ o s ei n 1 9 8 2 .
H i s f a v o r i t ep a s t i m e si n c l u d es k i i n ga n d s o f t b a l l

Thestaticanalysiscomponent was l\,4ark
Chiarelli's
assignmentin the development of the Microscope
sottware.Since he joined
,e
H PL a b o r a t o r i ei ns1 9 8 5 h
hasspentmostof hisefforts
on CommonLisp developm e n ta n d i n t e l l i g e nptr o g r a m m r n ge n v i r o n m e n t s .
Markhassincefocusedhisinterestson the markef
ing aspectsof engineering,with particularemphasison academlcinstitutions.
HisBS degreein
e n g i n e e r i nagn d m a s t e r sd' e g r e ei n c o m m u n i t y
p l a n n i n ga r e f r o mt h e U n i v e r s i toyf C i n c i n n a t i .

3

M. Berlin
S i n c ej o i n i n gH P i n 1 9 7 8 ,
' ssrgnments
Jim Ambrasa
have focusedon o{lice
automationapplication
softwareand Lisp technology. As projectmanager
forthe Microscopeproject,
J i mh a do v e r a lrle s p o n s i b i l ity for the developmento{
this software.He
coauthoreda paper on MicroScope,deliveredat
the International
Conferenceon SystemSciences,
and a journalarticleon the samesubject.Jim'sBS
degreein computerscienceis fromSyracuseUni) .e i s a m e m b e o
v e r s i t y( . 1 9 7 7H
r f t h eI E E Ea n dt h e
AmericanAssociation
for ArtificialIntelligence.
He
was bornin NewYorkCityand livesin Cupertino,
C a l i f o r n i aJ.i m ' sh o b b i e si n c l u d em o u n t a i nb i c V c l i n g ,w i n d s u r f i n ga,n d s k i i n g .

As a memberof the team
developingI/icroscope,
RandySplitter'srespons i b i l i t i e isn c l u d e dt h e
execulionmonitorlngimplementationand user interfaceof thetoolset.He is
nowa partol a groupworking on an object-based
programmrngenvrronment
R a n d yh o l d sa b a c h e l o r ' sd e g r e ei n E n g l i s hf r o m
H a m i l t oC
n o l l e g eN, . Y .( 1 9 6 8 )a, n da P h Dd e g r e e
in Englishfrom the Universityof Californiaat

An R&Dengineeratthe HP
Laboratoriessince 1984,
Lucy Berlinwas responsi b l ef o r t h e d e s i g na n d i m plementationof the MicroScope user interface.She
h a s b e e ni n s t r u m e n t a
i nl
oeveroprng
manyprogramm i n ga i d s ,i n c l u d i n g
t h eH P
CommonLisp Development Environment.
Her professionalinterestsinclude humanfactorsin user interfaces,programming environments,
and help systems.She is a
m e m b e ro f t h e I E E Ea n d a s p e c i a l - i n t e r egsrto u p
of ACM on computersand human interaction.
L u c y ' sB A d e g r e ei n p h y s i c sa n d c o m p u t e rs c i e n c e i s f r o mQ u e e n sC o l l e g e N
, e w Y o r k( 1 9 8 1 ) ,
and herlvlAdegreein computersciencefromStantord University(1983).She was born in Prague,
Czechoslovakia.
Forrecreation,
Lucylikeshiking,
racquetball,and table tennis.She also enloys
keepingup to date in physics,biology,and
medrcrne.

Vicki O'Day

ir""

S i n c ej o i n i n gH P
Laboratoriesin 1984,Vicki
O'Dayhas beena member
of a teamworkingon a prog r a m m r n ge n v r r o n m e n t
project.Inthe development
of the Microscopeprogram, she participatedin
designingthe execution
monitorang
component.

JOURNAL69
AUGUSI 1988 HEWLETT,PACKARD

Microscopealsohasbeenthe subjectof two publicationsVickihascoauthored,a papergivenat the
International
Conferenceon SystemSciencesin
Hawaiiand a journalarticle.Sheis a memberof the
IEEE,the Associationfor ComputingMachinery,
and the AmericanAssociationlor ArtificialIntelligence. Vicki'sBA degree in mathematicsis from
M i l l sC o l l e g e( 1 9 7 9 )a n d h e r m a s t e r ' sd e g r e ei n
computerscienceis trom the Universityof Californiaat Berkeley(1984).She was born in
Albuquerque,NewMexico,and livesin MenloPark,
California.

84

-

Red AlGaAs LEDS

Michael D. Camras
I/ike Camrasstudiedelectrical engineeringat the
Universityof lllinoisat
U r b a n a - C h a m p a i (gBnS E E
1 9 8 0 ,M S E E1 9 8 1 ,P h D
1 9 8 4 ) .H e j o i n e dH P i n
1 9 8 4 .A s a d e v e l o p m e n t
engineeron the redAlGaAs
, isactivities
\ 1 4 t L E Dp r o i e c th
i Ff€- encomoassedbothabsoroing-substrateand transparent-substrate
red
AlGaAsLEDs.Mikeis theauthoror coauthorof over
2 5 p a p e r so n l l l - Vs e m i c o n d u c t ol ar s e r sa n d L E D s ,
and is a memberof theAmericanPhvsicalSocietv.

"..Hi'-

Seroe L. Rudaz
Serge Rudazwas born in
Vevey,Switzerland,and
studied physicsat the
Swisslnstituteof Technology at Lausanne,wherehe
receiveda Diplome
(lvlS
D'lngenieur-Physicien
p h y s i c s )i n 1 9 2 5 .H e
served in the Swissarmy,
servingas a radiooperator
in themountainartillerytroop.Sergecontinuedhis
studiesin physicsat the Universityof lllinoisat
([/S Physics1976,PhD1983).
Urbana-Champaign
HejoinedHP'sOptoelectronics
Divisionin 1985 as
a developmentengineer.Heworkedon theAlGaAs
LEDprojectin the areasol melallization
and metalsemiconductorinterfaces,wafer fabricationdevelopment,and characterization.
Sergeis theaul h o r o r c o a u t h o r o2f1 p a p e r s o nn u c l e a r m a g n e t i c
resonanceand Mu spin resonance,and the
coauthorol two paperson AlGaAsLEDs.His professionalinterestsincludenuclearmagneticresonance,chaosandlractals,and metalsemiconductor interlaces.He is a member of the American
PhysicalSocietyand the SwissSocietyof
Architectsand Engineers.Serge is marriedand
lives in Sunnwale.California.

Chin-Wang Tu
Ching-WangTu is currently
an engineeringsection
managerat HP'sOptoelect r o n i c sD i v i s i o nH
. ejoined
HPin 1984,afterreceiving
a PhD degree from Colorado State University.
Ching-Wangwas responsible for the development
. : and the lranslerof a oroduclion-scalewalerlabricationand die fabrication
processforthe redAIGaAsLEDsto manufacturing.
He is the coauthorol seven publishedpaperson
epitaxialgrowthand materialpropertiesof comp o u n ds e m i c o n d u c t omr a t e r i a l sC. h i n g - W a n g ' s
prolessionalinterestsincludeepitaxialgrowthof
l l l - Vm a t e r i a luss i n gc h e m i c avl a p o rd e p o s i t i o nl i,q uid-phaseepitaxy,and molecular-beamepltaxy.
He is alsointerestedin deviceprocessingof LEDs
and laserdiodes.Hisoutsideinterestsincludethe
g a m e G o , h i k i n g t, e n n i s v, o l l e y b a l a
l ,n d w a t c h i n g
footballgames.Ching-Wangis a nativeof Taiwan.
He currentlylivesin Cupertinowithhiswifeand two
children.

70 newlrrr-pncKARDJoUBNAL
AUGUST
1988

A n a t i v eo f H e n r y ,l l l i n o i s ,
Louis Cook attendedthe
Universityof lllinois,earni n ga B S E Ed e g r e ei n 1 9 7 8 ,
a n M S E Ed e g r e ei n 1 9 8 1 ,
and a PhDdegreein 1982.
H e j o i n e dH P i n 1 9 8 2a n d
worked as a development
engineeron the largechamberGaAsP(N)vapor
phase epitaxyproject.He is currentlyworkingon
transparenfsubstrate
red AlGaAs LEDS.Lou has
authoredover 30 papers on compoundsemiconductors.He has submittedtwo patentdisclosures
redAlGaAsLEDs.Louis
forlransparentsubstrate
singleand livesin SantaClara,California.Hishobb i e sa n di n t e r e s tisn c l u d eh i k i n gc, a m p i n gp. h o t o graphy,and geology.

Dennis C. DeFevere
Born in Phoenix,Arizona,
DennisDeFevereworked
as an R&Dengineerat Fairchild Semiconductorfor
sevenyears beforejoining
H Pi n 1 9 7 3 O
. n eo f h i se a r lierassignments
at HPwas
the developmentof an
epitaxyprocessfor GaAs
+- field eflect transistors.On
the redAlGaAsproject,Denniswas responsiblefor
the design and constructionof a liquid-phase
epitaxyreactorand thedevelopmentof an epitaxy
processlor productionof the red AlGaAs LEDS.
Afterservingfouryearsin the U.S.Air Force,Dennis
attendedthe Universityof Arizonafrom 1957 to
196.1to study engineeringscience.Dennishas
threepatents,two on an apparatusfor liquid-phase
epitaxyandoneon gas-dischargedisplays.He is
alsothecoauthorol two paperson high-efficiency
red LEDs.Hisprofessional
interestsincludecrystal
growthand epitaxy,and he is a memberof the
NorthernCaliforniaCrystalGrowers.His hobbies
and outsideinterestsincludegolfing,skiing,opera,
and radio-controlled
modelairplanes,and he is a
memberol theSanFranciscoOperaGuild.Dennis
is married,hastwo children,and livesin PaloAlto,
Calilornia.

Wayne L. Snyder
WithHPsince 1970,Wayne
Snyderis currentlyan R&D
projectmanagerat the
OptoelectronicsDivision.
He was project leaderfor
the red AlGaAs LED project.Waynestudiedelectric a le n g i n e e r i nagt t h eU n i versityof Pennsylvania
(BSEE1965)and at Stanlord University(MSEE1966,PhD 1970).He has
worked on the developmentof VPE,LPE,and
MOCVDepitaxialprocesses,and on variousvlsible
and infraredLEDS.He is the authorof 10 technical
articlesand conferenceproceedingson LEDsand
LEDmaterials.
Waynewas bornin Easton,Pennsylvania,and currentlylivesin PaloAlto,California.
He
is marriedand hastwo children.In hissparetime,
he enjoysbasketball,skiing,and volleyball.

David K. McElfresh
David McElfreshattended
the Universityol California
at Daviswhere he earned
a BS degree in electrical
engineeringand material
science in 1980,and MS

iti-t'

4

worked on developingthe AlGaAs processrng
technologyand transferring
the processesintoproductionfortheredAlGaAsLEDproject.Currently
he is doing the same for transparent-substrate
AlGaAsprocessing.David has publishedalmost
20 papers coveringsuch subjectsas nuclear
waste,diffusionin glasses,lhe structureof glasses,
the thermodynamicsof glasses,and AlGaAsdevices. He is a memberof the NorthernCalifornia
CrystalGrowers.David is a nativeof Savannah,
Georgia,and currentlyresideswith his wife in
UnionCity,California.

Frank M. Steranka
A nativeof Pittsburgh,
Pennsylvania,
Frank
Sterankastudiedelectrical
engineeringand physicsat
the universityof Pittsburgh,
earningbothBSEEand BS
degrees in 1978.He continuedhisstudyof physics
at the Universityof lllinois,
earningan MSdegreeand
a PhD in 1980 and 1984 respectively.He Joined
HP'sOptoelectronics
Divisionin 1984.Heworked
on characterization
and reliabilitystudiesof the red
AlGaAsLEDSand on the developmentof an apparatuslor semiconductor
Frank
characterization.
is theauthoror coauthorof six paperson excitons
liquidin siliconand germanium,
and electron-hole
and the coauthorof two oaoerson red AlGaAs
LEDs.He is a memberofthe AmericanPhysicalSociety,and his professional
interestsincludesolidstate physics,semiconductors,and optoelectronics.Frankis married,hasone child,and lives
in SanJose,California.
His leisureinterestsinclude
basketball,camplng,and photography.

MicroScope:An IntegratedProgram
AnalysisToolset
MicroScopesupportsevolutionary
softwaredevelopment
by helpingprogrammersunderstandcomplexprograms
writtenin CommonLisp.
by JamesP. Ambras,Lucy M. Berlin,MarkL. Chiarelli,Alan L. Foster,Vicki O'Day,
and RandolphN. Splitter
ROGRAMMERSOFTEN NEED TO MODIFY existing
programsfor the purpose of fixing bugs,adding features, or integrating these programsinto new hardware or software environments. Since this task is time-consuming and error-prone, the maintenance (evolution) of
existing software is one of the most inefficient activities in
the software life cycle.
The main reason for this inefficiency is the difficulty
programmers have in understanding the increasingly large
and complex programs made possible by advances in computer hardware. Such programs may evolve over a long
period of time, during which programmers may forget the
details of code they wrote earlier. They may also forget the
higher-level design decisions behind the code. The difficulty is compounded when the person who is trying to
understand the program didn't make the original design
decisions or didn't write the original code.
Most programmers today approach the task of program
understanding as they have for the last twenty years-by
analyzing source code listings, reading documentation, and
asking questions of local experts. These techniques are insufficient for large and complex programs. Programming
environments that support evolutionary software development must include tools that help programmers understand
complex programs.
MicroScope, an experimental program analysis system
developed at HP Laboratories, tries to provide such tools.
But MicroScope is not a loosely coupled collection of unrelated utilities. It is designed to be an integrated set of
tools that share common data and a uniform user interface.
The fact that information is shared means that the user
does not have to transfer data manually from one tool to
another. The uniform interface makes it easier for the user
to switch from task to task. Moreover, this interface is
graphical and interactive. The visually oriented, twodimensional way in which information is presented makes
such information easier to retrieve and easier to assimilate.
The mouse-based style in which users point at the items
they want to select simplifies the task of entering commands and queries.
The information MicroScope uses is stored in a memoryresident data base composed of record-like complex data
structures with named components (attributes). Such complex data structures are usually called objects.* Objects
with the same attributes are created as instances (members)
of the same type or class. This layer of abstraction makes

it easier to deal with complex information.
Since MicroScope is a research prototype, it does not try
to provide a complete set of program analysis tools. The
current system includes a static component that analyzes
the cross-reference structure of a program and a dynamic
component that lets users monitor the run-time behavior
of the program. Together, these components can help a
programmer understand the relationships between differ:nt parts of a program, see how those parts interact during
the running of the program, and locate the sources of bugs
in a program that doesn't work as expected. Both components maintain a rich representation of data that allows
them to respond to a wide range of complex user queries
and requests. The dynamic component aiso employs rulebased reasoning so that it can more easily monitor complex
execution events while enabling the user to specify these
events in a simple, high-level way.
The current MicroScope prototype analyzes and monitors programs written in Common Lisp. It also provides
some support for CommonObjects, an object-oriented extension to Common Lisp.z The code examples presented
in this article are given in Lisp, but most of the features of
MicroScope are applicable to conventional languages.
The next section of this paper discusses some related
work. The section after that describes the graphical interface, at the same time giving an overview of the capabilities
MicroScope provides. The subsequent section discusses
MicroScope's cross-referenceanalysis component in greater
detail, including representation and implementation issues.
The final section does the same for MicroScope's execution
monitoring component.

Relaterl Work
Graphical (mouse-based and window-based) interfaces
are now becoming common. These interfaces originated in
programming environments such as those created for
Smalltalk3 and Interlisp-D.4'5 The Smalltalk environment
introduced the concept of browsers, two-dimensional presentations of a collection of items that let one zoom in on
the contents of individual items. The browser construction
toolkit used by MicroScope provides the ability to display
'ln the cutrentMicroscopeprototype,
staticinformation
and dynamicinformation
arestored
in two ditlerentkinds of object-likedata structures,as explainedlater in this paper.For
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various kinds of collections in a variety of ways.
MicroScope's table-driven approach to static analysis,
similar to the approach taken by Masterscopes'Gfor the
Xerox Interlisp environment, separates semantic information from the control structure of the code analyzer. This
separation makes it easier to adapt the analyzer for use on
other dialects or languages.
Existing debugging tools generally allow users to trace
function calls, monitor variables, and set breakpoints.
Some tie debugging actions to user-specifiedevents or conditions.T-11MicroScope differs from these in allowing the
user to specify event combinations and conditions in a
declarative (higher-level) way. It also lets the user make
use of cross-reference information derived by the static
analysis component.
MicroScope stores program analysis data in object-like
data structures that are accessible by different components
of the system. The idea of storing program information in
a shared (and persistent) data base of complex objects,
rather than in text files, underlies the design of many current experimental programming environments, including
Garden,15-17
the Common Lisp Framework system(CLF),12-14
and others.lB
MicroScope itself is based on a prototype developed by

fed Krohnfeldt at the University of Utah.ls

{ i r i r l l h i r . a lL l s e rI n t e r l ; r c + . r
MicroScope's graphical user interface is built upon the
X Window system, the XRLIB user interface toolkit library,20
and an experimental software development environment
called Ivo.
In this environment, multiple windows, some overlapping others, can be visible on the screen simultaneously,
Iike documents on a desk. Fig. 1 shows a sample screen.
The narrow rectangle at the top of most of the windows is
a titlebor, which identifies the window's contents. Many
windows also have narrow rectangles containing scroilbors
along their right and/or bottom edges. Scrollbars allow a
user to see parts of a buffer not currently visible in the
window.
A user of this graphical interface can type characters into
editing buffers and can issue some keyboard-based commands. But most of the work of switching between windows and issuing commands in general is done by means
of a device called a mouse. Moving the mouse moves a
special mouse cursor on the screen; clicking a mouse button
applies some operation to whatever item the mouse (i.e.,
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the cursor) is pointing to. Actually, mice may have more
than one button; in the current MicroScope system, they
have three. You can click one of the mouse buttons (pressing and releasing the button while the mouse and the mouse
cursor are stationary) or drog the mouse (holding a button
down while moving the mouse). Which command is invoked depends on the item the mouse is pointing to, which
mouse button is pressed, and whether the mouse is clicked
or dragged. For example, clicking the left button when the
cursor is on a window's titlebar brings that window to the
"top" of the display "above" other windows (or pushes it
to the bottom if it's already fully exposed). Clicking the
right button in a scrollbar region scrolls the window forvi'ard, making the next "page" visible.
The sample screen in Fig. 1 shows four types of windows:
buffer windows, icons, panels (dialogue boxes), and browsers. The window labeled with the Iong file name and the
one labeled Transcriptare buffer windows. They contain text
that can be edited. The tiny window in the lower-right
corner (lvoterm)is an icon, which is the shrunken counterpart of some other, full-sized window, usually one that is
hidden from view. Clicking with the mouse over an icon
restores the full-sized window to the screen, making it
appear as if the icon were expanding to its normal size.
The windows labeled Programmer's
MicroScopeand Static
QueriesPanelare XRLIB ponels. Like menus, panels enable
a user to make a selection from a list of items or commands.
But panels allow more complex interaction. They let the
user make selections from multiple sets of items, not just
one. They Iet the user select more than one item from a
given set of choices. They let the user enter and edit text
for the cases in which a complete set of possible choices
is not known. Unlike pop-up or pull-down menus, panels
remain visible on the screen, letting the user make multiple
choices, edit text, and make changes in the selections that
have already been made. Like menus, panels can be "cascaded": selecting certain commands can bring up additional panels.
The terms menu and pone.l [i.e., control panel) imply
somewhat different kinds of interaction models. In the
menu model, the user selects one item from a vertical list
of text items on the screen. In the control panel model, the
user pushes buttons to make choices and give commands.
For example, the rectangular/elliptical "buttons" with
rounded corners are called pushbuttons. The labels inside
these buttons represent commands. Clicking the physical
Ieft button of the mouse when the mouse cursor is over a
graphical pushbutton causes the specified command to be
executed immediately. The small, circular buttons with
adjacent labels are called rodiobuttons. Clicking the mouse
when the cursor is on a radiobutton (in the circle) causes
the associateditem to be selected (the circle is "filled in").
The item may represent a command, but the command is
not immediately executed. Selecting one radiobutton item,
like pushing a button on a car radio, causes the last selection
to be deactivated; only one item in a set of radiobuttons
can be active at any one time. A third kind of graphical
button, consisting of a small square and an adjacent label
of text, is known as a checkbox. Clicking on the square
selects the associated item but doesn't deactivate the previous selections; all checkboxes selected remain filled in.

The long, horizontal rectangle in the StaticQueriespanel
is a single-line text-editing buffer, in which the user can
enter or edit a line of text. Multiple-line buffers are also
available.
The remaining windows contain browsers, which display collections of graphical or textual items in different
ways. Browsers permit various operations to be performed
upon the individual items or upon the collection as a
whole. One such operation is the action of browsing into
a given browser item, which shows the contents of that
item or displays more information about it, possibly in
another browser. For more information about browsers. see
the box on page 76.

ExploringStaticStructure
MicroScope provides both static and dynamic information about a program. The static information, which is independent of the program's execution, consists of crossreference relations among the program's functions and
variables.
To initiate static analysis of a set of files and retrieve the
cross-reference information that has been acquired, a MicroScope user may either call special Lisp functions or use
the interactive, graphical interface described here. f'he
programmatic interface provides more options, but the
graphical interface is generally more convenient to use and
displays information in ways that make the information
easier to assimilate.
MicroScope's top-level control panel contains several
pushbuttons (see Fig. 1). Clicking on the pushbutton
labeled Static AnalysisDatabasebrings up another panel.
Selecting the appropriate radiobutton and entering the file
name(s) in the editing buffer causes MicroScope to analyze
the source code contained in those files. After the files are
analyzed, an AnalyzedFunctionsCall Graphbrowser, showing
the static call relationships among the functions, appears
automatically (Figs. 1 and Z). Lines going from left to right
connect each function with the functions it calls. Each
function appears wherever it is called, so that a given function may appear several times. A screen-dump program
can be used to generate a hard copy of the graph. (The
screen images used in this article were generated in this
way.J The graph can be very large, but one can scoll the
graph by clicking on the horizontal or vertical scrollbar to
show information not currently visible.
Pop-up menu commands associated with the Call Graph
browser allow a user to get more information about the
functions listed in the graph. One of these commands,
BrowseCall Tree, creates a new browser that displays fon a
larger scaleJ a call graph starting at the currently selected
pops up a new window
function. Similarly, BrowseDefinition
showing the appropriate source file and positions the cur'I'he
sor at the beginning of the function definition.
cornmand HighlightSetfshows all the places in the graph where
the function appears. Other commands result in the function node being "decorated" by its formal parameter list
or the name of the file in which it is defined.
Additional radiobutton selections on the StaticAnalysis
Databasepanel make available textual browsers that contain
indexes of the analyzed files, functions, and variables in
the data base. These browsers also have pop-up merrus
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associated with them.
If one wants to ask specific questions about the program's
cross-reference relationships, one can return to the toplevel panel and click on the pushbutton labeled Static
Queries.In the StaticQueriespanel (Fig. 1), one can name a
function or variable and select a particular command or
query. The available commands and queries include Show
definition,Who calls,Who binds,and so on. One can specify an
item by typing the name into the editor or by copying a
name that has been selected in an existing buffer or browser
(e.g., a source code buffer or call graph browser).* Copying
the item saves typing, avoids typing mistakes, and makes
it unnecessary to switch back and forth between the
keyboard and the mouse.
Since the item specified in the editor remains selected
until it is replaced, the user can ask a follow-up question
about the current item simply by clicking on another
radiobutton and then pushing the Confirmbutton.
The scrollable Transcriptwindow (Fig. 1) records each
query and its answer.
'Dragging the mouse cursor over a region of text while the left button is down selectsthat
preceof text.Clickinglhe right buttonwhen the cursoris over a panel editorcopiesthe
selectedtext to the edilor.The wholeprocessis likephysicalcuttingand pasting,but not
as messy

\-

MonitoringExecutionEvents
Besides providing static cross-reference information
about a program, MicroScope allows one to monitor the
program's execution. One can specify source-level events
one wishes to monitor and actions one would like performed when these events occur.
Pushing the DynamicAnalysisbutton on MicroScope's toplevel panel causes the ExecutionMonitorRequestpanel (Fig.
3) to appear. By clicking on the appropriate radiobutton in
this panel, the user can select whether a single event or a
combination of events should be monitored. Pressing the
EventMenu pushbutton causes a new, ExecutionMonitorEvent
panel to appear on the screen. A set of radiobuttons on this
panel enables users to specify the kind of event they want
to monitor (function invocation, variable reference, etc.).
They can list the name(s) of the functions or variables
explicitly by typing them into the text editor or by copying
them, via the mouse, from existing buffers or browsers.
They carr also specify a static cross-reference relation which
MicroScope can use to determine the functions or variables
it needs to monitor.
The way to specify a static relation is to click on the
pushbutton marked Staticcondition.Another panel will pop
up, offset from the first two panels. This panel allows the
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A FunctionCaltcraph browser
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Fig. 3. (Top) An execution monitoring request with the monitored item specified by a static
condition. (Bottom) The result of the static condition.
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The Browser Constru"tt"" T;lktt

l

The browsertoolkit(part of the lvo softwaredevelopmentenvironment)providesa frameworkfor constructingbrowser-style
interfaces.This toolkit assumes a three-layeredmodel of a
browserand its contents.The bottom (semantic)layer consists
whateverdata the browseris "viewing."The semanticlayers
of'MicroScope's
browserscorrespondto objectscontainingstatof
ic or dynamicinformation
abouta program.
The middle (manipulation)layer consists of ob.iects that
mediate between the semanticdata and the view of the data
that is presentedin the browser.The objectsin the manipulation
layer do not know how to draw themselveson the screen;they
simply contain informationthat has been extracted lrom the
semanticlayer.Manipulationobjectsare createdduringthe constructionof the browser.
The highestof the three layersis the presentationlayer,which
insuppliesvariousbuildingblocksfor displayinginformation,
cludingtext,tree diagrams,collectionsarrangedin variousways,
and buttonsof variouskinds.Thesebuildingblocks(views)are
combinedaccordingto layoutrulesthat prescribehow particular
kindsof objectsshouldbe displayed.One set of rulesmay state,
for example, that a "function" manipulationobject, when displayed as a node in a tree, should be representedby its name
(a text string).
Thus the browsertoolkitseparatespresentationfrom semantics, making it possible to display differentinformationvia the
samebasic viewsand to displaythe same informationin a variety
oi differentways. By providingstandardviews,a way of linking
them to the objects that containthe needed information,and a
way of combining them, the toolkit makes it easier to present
information
in a meaningfuland consistentway.

user to select the appropriate static attribute and to indicate
a related function or variable. In the example illustrated
in the Event
in Fig. 3, selecting the event type function-invoked
panel, selecting the cross-reference relation references,and
specifying the variable *c-numbers*asks MicroScope to
monitor invocations of all functions that reference the variable 'c-numbers-.The data base of static information is accessible during the formulation of execution monitoring requests; MicroScope's static and dynamic components can
share information without special intervention by the user.
Similarly, a MicroScope user can call up a DynamicEvent
Conditionpanel to specify a condition that will be checked
at run time (such as the value of the variable being referencedl. Dynamic conditions do not determine which functions or variables should be monitored. Rather, they determine whether the event that occurred should trigger the
corresponding action.
Another pushbutton on the top ExecutionMonitorRequest
panel, marked ActionMenu,triggers the appearance of a panel
that allows one to specify an action to be performed when
the indicated event occurs. One can specify multiple events
or actions by selecting the Event Menu and Action Menu
pushbuttons as many times as one wants.
The panels needed to specify an execution monitoring
request are cascaded: pushing a button on one panel causes
another one to pop up. Pushing a Returnbutton on the child
panel hides that panel and moves the mouse cursor back
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to the parent panel. Because selections are distributed over
several panels and panels are displayed and hidden as
needed, a user can make many choices without becoming
overwhelmed by the number of possible combinations. Indeed, the graphical interface enables one to specify complex combinations of events and conditions without having
to use a complicated command language.
Each parent panel shows information from its child
panels in summary form. In particular, if you ask MicroScope to use a static condition to determine which functions or variables should be monitored, the resu.ltsof querying the cross-reference data base are displayed in the Execution MonitorRequestpanel. In Fig. 3, the one function that
references the variable 'c-numbers*is listed: c-math.
Besides providing the ability to spawn new child panels,
various pushbuttons on a parent panel enable a user to
remove an existing child panel, thereby removing an event,
condition, or action from the monitoring request, or to redisplay the panel to see the information in fuller detail or
modify it. Other pushbuttons on the ExecutionMonitorBequest
panel enable the user to change the order of multiple events
or actions.
The monitoring request isn't translated into its internal,
rule-based representation until the user pushes the Confirm
pushbutton on the Requestpanel. Delayed confirmation permits users to compose complex requests as they go along,
possibly changing their minds along the way, rather than
forcing them to specify the information conectly all at once.
Waiting for confirmation also avoids needless computation.
Confirming a request hides the Requestpanel and brings
one back to MicroScope's top-level control panel. A
pushbutton on this panel lets one initiate the execution
and monitoring of a program. Clicking on this button brings
up another panel containing a multiline editing buffer. As
usual, one can type in the Lisp expression to be executed
or copy it from another buffer by cutting and pasting.
During execution, a graphical ExecutionHistorybrowser
(Fig. a) appears automatically and is dynamically updated
as the program runs. This browser displays a tree whose
nodes are the monitored events that actually occurred. (The
parent of a variable event node always represents the function call that set, bound, or referenced the variable, whether
or not there was an explicit request to monitor that function
call.) As in the case of the static call craph browser, the tree
of events can be very large, but one can use the horizontal
or vertical scrollbars to move around the tree as needed.
A pop-up menu associated with the browser provides other
options, letting one see the information associated with a
given event (e.g., variable value, function arguments, function return value).
The actions specified in a monitoring request may cause
additional information to appear on the screen. For example, the contents of variables may be displayed (dynamically) in separate windows. The user can examine this
information or explore the ExecutionHistorybrowser when
the program has finished executing. But one can also suspend the program during its execution by letting the suspend action be triggered by an execution event or, interactively, by clicking on a pushbutton attached to the Execution
Historybrowser. After examining the information available
when the program is suspended, the user can click the abort
or continuepushbutton.

Using Templates in
Cross-ReferenceAnalvsis
The following piece of code uses the Common Lisp special
form case:
(casesequence-type
(list(createlist)
(notify-user))
(array(create-array)))
The caseform evaluatesits first argument(sequence-type)
and
matchesthe resultagainsta seriesof constant"keys" (the first
elementsof the followingsublists-in this case, tistand array).
The keys are not evaluated.lf any key matchesthe originaltest
result,the remainingexpressionsin the sublistare executed.
When trying to find a templatethat matchesthis expression,
the patternmatchernoticesthat the expressionis an unquoted
list.The matcherchecksthe f irstelementof the listto see whether
that elementis the name of a special form or macro that has a
correspondingtemplate.lt is,so the matcherappliesthe following
templateto the expression.
(useeval(repeat(constant
(repeateval))))
The template symbol usecorrespondsto the invocationo1 a
function,macro, or special form. The special symbol evalcorresponds to a recursivecall on the patternmatcher.The matcher,
finding that sequence-type
is an unquoted symbol, will match it
with the templatesymbol test,meaninga variable reference.
The special operatorrepeatrepeatedlymatchesits arguments
againstthe remainingsubexpressions
in the expressionbeing
analyzed. In this case, the first repeathas one argument,the
This template
template list beginning with the symbol constant.
list is matched againsteach sublistof the caseform in turn. The
symbol constant
correspondsto the unevaluatedkey. The next
repeattemplatecorrespondsto the rest of each sublist.
The effect of this second repeatoperator is to match its one
argument,the symbol eval,against each subexpressionin the
list-in other words, to search for a template matching each
subexpression.In this exampleeach subexpressionis a function
call form (not a macro or special form with its own special
template),so that the defaultfunctioncall templateis appliedto
each such form.

Static Program Analysis
MicroScope's static analysis component collects crossreference information about functions and variables. The
graphical interface greatly simplifies the interaction between MicroScope and the user, but the programmaticinterface-a set of Lisp functions with various keyword options----offersa somewhat wider range of capabilities, including the possibility of combining predefined functions
into a more specialized,user-definedquery function. The
programmatic interface also allows the user to work in a
basic Lisp environment, without X-Windows-based
graphics.
Queries
Programmatic and panel-basedqueries let the MicroScope user retrieve cross-referenceinformation from an

existing data base. The StaticQueriespanel in Fig. 1 shows
an example of a panel-based query.
The names of program components, including the names
of source files, often provide clues to their purpose. For
this reason MicroScope includes a query that returns a list
of the names of all components of a particular type (files,
functions, or variables). The query Where defined returns
the full pathname of the file in which a given function is
defined.
Like most cross-reference systems, MicroScope can provide a list of the functions called by a given function (Who
is calledby). In addition, the query Who calls lets one obtain
the names of all the functions that call a particular function.
One can also see the whole tree of functions that are called,
directly or indirectly, by a root function.
In Common Lisp, local variables have lexical scope: they
can be referenced only within the lexical (textual) construct
in which they were introduced. Because it is usually easy
to track such references down, MicroScope's default behavior is not to collect cross-reference information for local
variables. (That option is available, however.J Global (speciol) variables can appear anywhere in the program. In the
case of these variables. the cross-reference information that
MicroScope collects helps one to locate the places, often
scattered in the program's text, where their values are accessed or modified.
MicroScope keeps track of three cross-reference relations
involving variables: which functions set them (assign a
value to them via a Lisp assignment form), which functions
bind them (give them a value in some other way), and
which functions
reference them (access their current
value). Besides asking which functions refer to a given
variable, the user can find out which variables are set,
bound, or referenced by a given function.
The query Describereturns all the cross-reference information that MicroScope has about a particular program item.
For example, the Transcriptwindow in Fig. 1 shows the
result of invoking the Describequery on the function c-math.

Data Representation
prototype,cross-reference
In the currentMicroScope
information is storedin a memory-residentdatabaseof structured objects.*Each kind of programitem (including functions, variables, and files) is representedby a particular
objecttype. The slots (componentsJof theseobjects,representing attributesof the programitem, contain cross-reference information. For example,a function object contains
such slots as file,arguments,
binds,references,
sets,uses(i.e.,
calls), and used-by(called bV). A variable object contains
referenced-by,
such slots as bound-by,
and set-by.
Notice that a function object has slots containing the
names of both the functions it calls and the functions it is
called by. Having both of these slots is redundant since
the relationsareinversesof eachother,but this redundancy
makes accessto the information quicker. Instead of figuring
out all the functions that call function fooby checking the
usesslot of all analyzedfunctions in the data base,MicroScopecan simply check the used-by
slot of function foo.
The values of slots that representinverse relations must
remain consistent.MicroScope uses daemons-pieces of
'These objects are Common Lisp structuresthat have been augmented in certain ways.
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code attached to a slot and executed when the slot is acmaintain this consistency. If the
cessed or modified-to
reference to function b on the uses slot of function a is
deleted, a daemon attached to this slot will remove function
a from the used-byslot of function b.

Analyzer
lmplementation
of the Cross-Reference
MicroScope determines relationships among program
items by using a table-driven codewalker that matches
templates against the source code. Since all language-dependent semantic information is isolated in the table, the
templates could be replaced or modified without changing
the overall architecture of the analyzer. Using modified
templates, one could analyze a different dialect of Lisp or
even a language other than Lisp. Since the cross-reference
analyzer is not tied to a particular compiler or preprocessor,
it is not implementation dependent.
In general, the templates MicroScope uses are lists of
symbols. Each symbol in this list matches an element in
the Lisp expression (list) being analyzed. The correspondence between the template symbol and the program item
establishes what kind of item it is or what kind of semantic
action is being applied to it. For example, the symbol variable
means that the corresponding variable is a new lexical
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(local) variable. The symbol set means that the corresponding variable is being assigned a new value. The symbol test
means that the corresponding variable is being referenced.
The symbol use means that the corresponding function (or
macro or special form) is being called.
In addition to these symbols, which match program items
directly, the first symbol in a template {or subtemplate) list
may be a special pattern-matching operator that applies
the rest of the list (its orguments) to the corresponding
source code expression in some way. For example, iepeat
repeatedly matches its arguments against the elements of
a Lisp list. Other operators apply a particular function to
the Lisp expression, either to extract some information from
the expression or to transform it so that another template
can be matched against it. Another special symbol, eval,
searches for the right template to match against the Lisp
expression.
How is the right template found? If the Lisp expression
being analyzed has the form of a function application (i.e.,
an unquoted list), MicroScope checks whether the function
is actually a macro or special form; if so, it applies the
appropriate template to the expression. There are individual templates for some Common Lisp macros and all
special forms. If MicroScope doesn't recognize the function
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Rule-BasedExecution Monitoring
In this exampleall the argumentsof functionfooare intended
to be numbers.To checkwhetherthisfunctionis evercalledwith
argument,the usertellsMicroScopeto monitor
a non-numerical
all applications
of the functionand suspendthe programif any
argumentis not a number.In Flg. 1, the user has checkedthe
and has specified the name ot the
box labeled function-applied
function,foo.

The userhas alsospecifieda dynamiccondition,to be tested
at runtime,whichcheckswhetherthe listof evaluatedarguments
which the
(arg-value-list)
satisfiesthe predicatenon-numeric-arg-p,
user has defined.This predicatechecks each argumentand
returnstrue if any argumentis not a number.
the program.The Execution
The action specified is to suspend
displayingnodescorHistory
browserwill appearautomatically,

An execution monitoring request

as a macro or special form, it applies the generic function/
macro application template to the expression. The form of
this template is:
(use (repeateval))
The symbol use, meaning function call, is matched
against the function name, and the pattern-matcher is
applied recursively to the remaining elements of the list
(the function's arguments).
If the expression being analyzed is a quoted expression,
a keyword, or some other constant, the expression is
matched against the template symbol constant.Otherwise

the expressionis treated as a symbol to be evaluated,that
is, a variable reference(matched againstthe symbol test).
Templatesfor such special forms as setqand letdetermine
when a variable is being set or bound.
More information about templates can be found in the
box on page77.
[ , x c r ; r I Ii o n h , fs l r r i t o r i n . ]
Events and Actions
Besides providing static cross-referenceinformation
about a program,MicroScopeallows one to monitor events
that occur while a program is running. Monitoring these
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respondingto each applicationof the monitoredfunction,but
the programwill not be suspendedunlessthe conditionassociatedwith the monitoredevent is also met.
transWhenthe user confirmsthis request,it is automatically
ruleof this kind:
latedintoan HP-RLforward-chaining
IF:

THEN:

(AND (?eventlAPPLIED?seq-number2)
(?eventlNAMEFOO)
(?eventlARG-VALUE-LIST
?value3))
(MONITOR.SUSPEND)

Althoughthe requestspecifieda singleevent,the premiseof
(logicalnruo)of clauses.Thethreeterms
the ruleis a conjunction
in each clause (constantor variable)correspondto an event
frame,the nameof a sloton the frame,and the valueof thatslot;
terms beginningwith a questionmark are variables.The first
(theactual
clauseensuresthatthe eventis a functionapplication
slot value,a sequencenumberthat is uniquefor each event,
doesn'tmatter).The secondclauseensuresthatthe nameof the
to the dynamic
functionis correct.The lastclausecorresponds
conditionon the function'sarguments.
A type restrictionon the variable?eventlensuresthat the rule
is invokedfor the correct kind of event frame.A type restriction
on the variable?value3
causesthe predicatethat checkswhether
the function'sargumentsare numericto be applied.
lf, duringthe executionof the program,functionfoois called,

events can help one trace the dynamic behavior of the
program and locate the sources of bugs.
The kinds of events MicroScope is currently able to
monitor are function calls (either before or after the function's arguments are evaluated) and variable references,
bindings, and assignments. As indicated earlier, one can
list the specific functions or variables to be monitored by
naming them explicitly, but one can also make use of existing cross-reference information to indicate a set of functions or variables that meet a certain statically determined
condition. Given that condition, MicroScope determines
(at request time) which functions or variables it needs to
monitor.
The user can also set dynamic conditions on events-for
example, that the function being monitored must have certain arguments or that the variable being monitored must
have a certain value. In this case another level of indirection
is possible, Instead of specifying arguments or values that
the actual run-time values must match, the user can supply
a Lisp predicate that the actual values must satisfy. Any
value satisfying that predicate satisfies the dynamic condition. The actions associated with an event will not be performed unless the dynamic conditions on the event are
met at run time.
Besides specifying individual events, one can also ask
MicroScope to watch for a logical or temporal combination
of events. In these cases the specified actions will be taken
when and if all the events occur (Rt,tD),if any of the events
occurs (OR), or if all of the events occur in the order
specified (SEOUENoE).The AND and oB combinations are
not concerned with the order in which events occur. while
SEOUENCEs
are. The ability to specify the order of eventsfor example, that a given function sets a variable o/ter it is
called by another function-allows
the user to zero in on
critical moments in the program's execution.
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a MicroScoperoutineattachedto the Lisp interpretercreatesan
to thiseventand storesinformation
HP-RLframecorresponding
about the event on the frame'sslots:
'l}
Frame:
{function-callClass:{ FUNCTION-CALL}
NAME:
FOO
1
APPLIED:
(123)
ARG-VALUE-LIST:
Forwardchainingrulesare triggeredby changesin the frame
data base. The assertion(storing)of a slot value on the event
frame,in this case when the frameis created,triggersany rule
To
with a premiseclause matchingthat piece of information.
avoid triggeringthe same rule multipletimes,only one such
assertionis allowedto triggera rule (namely,the assertionthat
recordsthe sequencenumber).
Since this assertiondoes match a clause in the rule given
above,the ruleis triggeredwiththe framevariableboundto the
new eventframe.The HP-RLrule systemthen matchesthe other
clausesagainstthe informationon the event frame.The system
checks whetherthe value of the nameslot matchesthe one in
the rule;it does. The systemlooksup the valueof the arg-valuelist
slot and appliesthe specifiedpredicateto it. lf the predicateis
satisfied,the entirepremisesucceeds,and the actionspecified
programissuspended.
inthe rule'sconclusion
is performed:the

Source-level debugging allows programmers to think
about bugsat the sameconceptuallevel as they think about
the code they write. But MicroScope does more than this;
it gives the programmer the ability to specify events declaratively,in terms of high-level combinationsand conditions. Given these declarativespecifications,MicroScope
determineswhat functions and variablesto monitor and,
during the program'sexecution,whether a given combination of events and conditions has in fact occurred.
A graph of the program'sexecutionhistory, showing the
monitored events, is displayed automatically as the program is running. In addition, users can specify various
other actionsthat should be taken when the specifiedevent
occurs. They can monitor the value of a variable (or the
contentsof a complex data structure)as the value changes.
They can have the program suspendedat an event-determined breakpoint. They can provide an arbitrary Lisp expression to be executed when an event occurs. And, as
with events,they can specify a group of actionsthat should
be performed together.
Internal Representation and lmplementation
When a monitoring requestis made, MicroScope translates the request into one or more forward chaining (i.e.,
data-driven.condition-actionlrules. A rule is a conditional

Fig, 5. Mlcroscope's platform

relation between a premise (the condition) and a conclusion. In a forward chaining rule, the conclusion contains
an action that is performed when the condition represented
in the premise becomes true. MicroScope's execution
monitoring rules are currently written in HP-RL, a highlevel, Lisp-based representation and inferencing language
developed at HP Laboratories.l
In general,an executionmonitoring rule's premisecorresponds to the event(s)specified in a request,and its conclusion correspondsto the specified action(s).Logical combinationsof eventsand (dynamic)conditions arerepresented
by compound premises.Static conditions, which rely on
cross-reference information known at request time, are
evaluated before the rule is formulated. and the results are
incorporated into the rule explicitly.
Temporal sequencesof events are translated into multiple rules, one for eachevent in the sequence.Initially, only
the rule corresponding to the first event in the sequence
is active. (Only active rules can be triggered.)The conclusion of the rule corresponding to the last event in the sequence contains the action(s) to be taken when and if the
whole sequenceoccurs. The conclusions of the other rules
contain an action that will activate the rule corresponding
to the next event in the sequence.This representation ensures that the actions associatedwith the sequencewill be
taken only if the events occur in the order specified.
The Lisp interpreterhas built-in hooks that allow one to
alter the interpreter's behavior when it evaluatesa form or
applies a function. Taking advantageof this capability,
MicroScopeensuresthat when a monitored event such as
a function call or variablereferenceoccurs,an HP-RLfrome
correspondingto the event is created.(A frame is an objectlike complex data structure.) Information relevant to the
event,such as a function's argumentsor a variable'svalue,
is stored on the frame at this time, and the frame is updated
with additional information. such as a function's return
value, when it becomesavailable.
The collection of event frames servesas a memory-resident data base of dynamic information about the program.
The Execution
Historybrowser allows the user to perusethis
information. In addition, the act of recording event information on a frame triggers any rule whose premise contains
a clausethat correspondsto that event.If the combination
of eventsand conditions in the rule's premise is satisfied
accordingto information in the database,the rule succeeds
and the actions specifiedin the conclusion are performed.
If the conditions are not met. the rule fails and the actions
are not performed. But the rule may be triggeredagain by
another event. In the case of a sequence,of course, the
successof one rule may activateanother,which may itself
be triggeredat a later time. In the current implementation,
rules do not trigger other rules directly.
Why doesMicroScopeuse forward chaining rules to representexecution monitoring requests?First of all, the ability to specify execution events declarativelyfreesthe user
from having to worry about how information is retrieved
and combined,and the internal rule representationis close
to the user's declarativespecification.
The argument could be made that the user's high-level
specification should be translated into low-level procedural code. One strategywould be to insert a seriesof
conditional testsin the Lisp codeattachedto the interpreter

hooks. But the modularity of independent rules makes
them easierto assembleand modify than a monolithic piece
of code. Besides,the matching of events and rules limits
the number of tests that need to be performed. An alternative strategy would be to attach daemons to the event
frames. But rules make it easier to combine information
about different events.Multiple daemonsassociatedwith
multiple events would be harder to control. In general,
procedural code, whether distributed in daemonsor centralized in a routine attached to the interpreter, needs to
use specializedproceduresto find and combine the necessary information. A rule-basedsystem, by contrast, can
employ pattern matching and backtracking to determine
whether complex combinations (specified declaratively)
have been satisfied. It is easier to translate a high-level
specification into rules and let the system do the work of
finding and combining information automatically.*
Gonclusion
To maintain a program over a time-to make it workable
under new conditions and in new environments-a programmer must have some understanding of the way the
programworks. MicroScopeprovidestools that help a programmer understand the structure and behavior of large,
complex programs.MicroScope is not a single tool; it is
an integrated set of tools that share common data and a
uniform user interface. The combination of a graphical,
interactiveinterface,object-baseddata representation,and
rule-based reasoning make MicroScope easy to use but
powerful in its capabilities.Fig. 5 showsa schematicmodel
of the platform on which MicroScoperests.
The currentMicroScopeprototypehasbeendemonstrated
within Hewlett-Packardand at artificial intelligence conferencesin the U.S,A. and Europe. These demonstrations
have generatedinterest among software developersboth
inside and outside of Hewlett-Packard,in companiesthat
are customersof HP and in universities.The static component of this prototype has been distributed to selectedtest
sites.
A discussion of MicroScope's long-term goals appears
in reference21.
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.The rules themselvescould be
compiled into proceduralcode, but this featureis not
cutrentlyavailablein the rule systemused by Microscope.
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ReaderForum
The HP Journalencouragestechnicaldiscussionof the topics presented
in recentarticlesand will publishlettersexpected
to be ol interestto our readers.
Lettersmust be briel and are subiect to editing.
Lettersshouldbe addressedto:
Editor,HewletfPackardJournal,3200 HillviewAvenue,
PaloAlto,CA 94304,U.S.A.

Editor:
This is in responseto Mr. David Martin's article on "Software
Quality Assurance on the HP Printed Circuit Design System
Project" in the February 1988 issue.
We feel that Mr. Martin's article and ones like it continue to
make the job of being a software quality assuranceengineer a
difficult one. It is tough enough dealing with softwareengineers
and managerswho expressthe ideas containedin this article,
but when it is printed under the banner of "software quality
assurance" by someone who should know better, it just adds
fuel to the fire.

1988
AUGUST
82 rewlerr-plcxARD JoURNAL

Here are some specific rebuttals to points made in Mr. Martin's article. The article constantly referred to the "QA phase."
In none of the software development life cycle models that we
are aware of is there a "QA phase." QA is not a phase but is
an activity directly overlaying the entire development and
maintenance cycles. After software is developed it cannot enter
into a "QA phase," be magically processed and come out as
"quality" software. No product (hardware or software) can have
quality inspected or tested into it.
Mr. Martin's statement that "Focusing on quality alone has

the inherent danger of never releasing the product because it
is not perfect" is misleading. It might be true if an organization
had unlimited resources,but in the real world this never happens. Quality usually takes a back seat to cost and schedule,
both of which are adversely affectedby poor quality. The industry as a whole, and managementin particular, needs to understand this relationship if they ever hope to develop cost effective, quality software.
The QA plan Mr. Martin described seemsto focus solely on
the software testing activities. A QA plan should define the
software quality activities that are performed throughout the
software development process.Most QA plans detail the activities performed by a separateQA organization. A software quality organization should provide an independent technical
evaluation of all the software products, along with monitoring
software engineering's performance of their QA tasks.
The statement "The confidence in the product's quality is
in direct proportion to the amount of testing that has been
performed on the product" is incorrect. Testing a software product provides confidence in the functions and execution of the
software, not in its quality. Software quality consists of several
factors, some of which are maintainability, reusability, and
flexibility. These listed factors cannot as yet be determined by
testing methods, but require human evaluation of the software
and the documentation.
We do like the software testing activities described in the
article. Independent testing teams are necessary in order to
ensure that there is no bias in the software testing activities.
We would like to have seena bit more detail in the description
of the actual test activities performed by the independent testing team. Unfortunately, this was not provided in the article.
In summary, then, it is our collective impression that the
title of Mr. Martin's article, and his uses of the term ,.quality
assurance" are misleading. A more appropriate title for his
article should have been "software Testing and Error Tracking
on the FIPPrinted Circuit Design System Project." The number
of articles published eachyear that specifically addressor relate
to the field of software quality assurance is relatively small.
Fewer still provide more than a cursory exposition of the subiect, with little or no discussionof new techniques,methodology, or tools. For this reason then, the information oublished
should make the best possibleuse of the limited opplrtunities
for exposure. A point may be made of the limited space available for such articles, and thus the necessary brevity of the
discussion. However, this in no way sustains the misapplication of terms or techniques. The understanding on the part of
program managersasto the role of the software quality engineer
can only be further confounded by such misleading information
as was presented in your February issue.
The undersigned represent a group of software quality engineers working in Huntsville, Alabama.

Kevin Preston
SfeveRobi'hson
Tony Peterc
Kelly Ford

In response to the concerns obout my orticle, I would like
to point out {os wos mentioned in Eloine Regelson'sintroductory article "Developing o Printed Circuit Boord Design System"J thot we were in the situotion of ottempting to meet the
chollenge of quickly turning code purchosed from on outside
sourcejnto on HP product. The purchosedcode wos alreody
running, ond for us to ochieve the benefits of reuse of the code
it did not moke senseto return to the eorly stogesof the troditionol softwarc life cycle model. My orticle oddressed the
Iessonsleorned ond the techniquestried when we opplied the
"textbook" ideol situotion models to this reol-world problem.
I do not disogree with mony of the comments os they apply to
troditional models of softwarcdevelopment.Hoving soid thot,
I would like to respond to some specific points.
I heortily ogreethot QA is a set of octivities sponning the
entire softwore life cycle. The phrose "QA phose" used in the
orticle does not imply thot oll QA octivities ore confined to
one phose,ond I did mention such octivities in other phoses
in the orticle. In our environment, "QA phose" refers to the
stoge in our product development cycle where the product
obout to be releosed is oudited ond tested for quality. In some
orgonizotionswithin ond outside of HP this phose is colled
the "system test phose" or the 'functionol test phose."
My stotementthot "Focusingon quolity olone hos the inherent donger of never releosing the product becouseit is not
perfect" wos meont to point out the differences between the
ideql ond reol worlds. In the ideal world everyonewould produce perfect software. Given thot this does not hoppen, the
chollenge is to produce qudlity softwarc on a timely bosis.
Poorquolity certoinly hos odverseeffectson costond schedule.
I do not believe thot my stotement is o controdiction of this
concept. I ogreethot on independent technicol evoluotion provided by o seporote QA organizotion is the preferred mode of
operotion. Unfortunately, such o luxury is often unovailoble.
In such coses,the softwore development engineerossumeseven
more responsibility. My orticle deqlt with o QA plon thot
specified octivities throughout the life cycle performed by the
deve.lopmentengineer,the so/twore QA engineer,ond others.
It wos osserted thot the stotement "The confidence in the
product'squolity is in direct proportionto the omount of testing
thot hos been performed on the product" is incorrect. I ogree
thot o product's quolity connot be determinedstrictly by test
execution.In HP we evoluote o product's quolity based upon
/ocfors including functionolity, usobility, reliability, performonce, ond supportobility. Toiudge productquolity bosed on
thesefoctors requires both extensive test execution ond humon
evoluotion. For instance, we use our human foctors group to
evoluotethe usobility of the product, ond regressiontest suites
to evoluate reliobility ond performonce. Determinotion of the
reliobility and supportability ospects o/ o product is bosed
upon the evolu ation of the defectdatacollected during testing.
Regordlessof which terms ore employed to describeoctivities
reloting to QA, what is poromount is the customer. We strive
ot HP to perform octivities during oll phoses of the life cycle
thot wiil ensurethot the customerreceiveso quolity product.
David Martin
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Red AlGaAsLight-EmittingDiodes
HP hasrecentlyreleasedindicatorand displayproducts
diode (LED)
containinga new type of red light-emitting
baseclenthealuminumgalliumarsenide(AlGaAs)materials
system.Ihese LEDsoffera significantimprovementin
efficiencyover the red LEDsthat havepreviouslybeen
availahlebuf cobtonly slightlymore.
by FrankM. Steranka,DennisC. DeFevere,MichaelD. Camras,Chin-WangTu, David K. McElfresh,
Serge L. Rudaz,Louis W. Gook,and WayneL. Snyder
NTIL RECENTLY,all commercially availablevisihle I.EDs were homostructures.That is, they consistedof pn irrnctionsformed in one type of material
(seeFig. 1). Over the past few years, new types of LEDs
made of several layers of materials having different
handgaps(heterostructures)have appearedon the market.
HeternstructureLEDs have several advantagesover the
standardhomostructures,and LEDs made with them offer
significant improvements in light output efficiency. The
increasein efficiency is the result of the single-sidedinjection and reduced internal absorptionthat heterostructures
can provide.
In homostructuresunder forward bias, electronsare inlected into the p-type material and holes are injected into
the n-type material.Somefractionof theseminority carriers
then recnmtrineswith the majority caniers on the p and n
sides of the iunction and emits the near-bandgaplight
chara.cteristicof the LED. The radiative efficiency on the
p and n sidesis usually quite different and more light could
be generated if minority-carrier injection into the lessradiatively-efficientmaterial could be eliminated'
One way clf achieving this is to have the pn junction
occur at the interface tretween two materials of different
bandgap. One can change the bandgap by changing the
alloy composition in the AlGaAs system.This is done by
changing the ratio of aluminum to gallium in the compound. The energy diagram for such a situation is shown
in Fig. 2b with the homojunction casein Fig. 2afor comparisnn. The discontinuity in the valance band adds much
more to the hole potential barrierthan the conduction band
discontinuity aeldsto the electron potential barrier. The
band configuration depicted in Fig. 2b is that of a single
heterostnrcture(SH) device, and it effectively eliminates
hole injection into the wide-gap n-type material under forward bias and thus provides single-sidedinjection. The
second advantageof this structure is that the wide-gap
material is transparentto the light generatedon the narrowgap side of the junction. Hence,thereis much lessreabsorption inside the material than in the homostructurecase.
The reabsorption can be further reduced by putting a
secondwide-gap layer on the other side of the narrow-gap
layer as shown in Fig. 2c. This is called a double heterostructure(DH) device.The secondheterointerfaceprevents
the injected electronsfrom diffusing out of the narrow-gap
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active layer and gives the light that is generated a better
chance to escape. A problem with making such devices,
however, is that the wide-gap and narrow-gap materials
must have nearly the same lattice constant to avoid dislocations at the material interfaces, which severely reduce
the light-generation efficiency. In the AlGaAs system, the
lattice constant changes very little with alloy composition,
and this makes it a near-ideal system for making such devices. It has been used extensively for the last 15 years or
so to fabricate high-efficiency infared LEDs and lowthreshold lasers.
The AlGaAs system can also be used to fabricate efficient
diodes that emit in the red portion of the spectrum. However, it is quite difficult to grow the high-aluminum-content
layers that are required. Liquid phase epitaxy (LPE) is the
only technology that can provide material quality comparable to that of the infared devices. It has taken many years
of development to create LPE reactors capable of growing
large volumes of high-quality multilayer devices. Many of
these problems have now been solved and devices of this
type are now available. This paper provides an overview
of the different types of AlGaAs devices that are available
and compares their performance to that of the other red

Diffused p-Type Region

n-Type GaAs_"oP.oo
Epitaxial Layer

n-Type GaAs
Substrate

Au Contact

Fig. 1. Strucfureof a typical homoiunction GaAsP LED. The
pn junction is formed by a Zn diffusioninto an nlype GaAsP
epitaxial layer. Light is generated on both sides of the pn
junction and escapes primarily from the top surface.

LED technologies.

Types of Red AlGaAs LEDs
There are three versionsof commerciallyavailablered
AlGaAsLEDsand schematicsof all threeareshownin Fig.
3. The device shown in Fig. 3a is an SH LED and consists
of at least two layers of AlGaAs on a GaAs substrate. The
first layer is the active layer made of Al..rGa.uuAs.The top
layer is a "window" layer made of AlGaAs with an Al mole
fraction greaterthan -0.6. The light generatedin the active
layer can escapeout the top and sides of the epitaxial
material, but virtually all of the light that hits the substrate
is absorbedthere.
The SH device is the easiestto grow becauseit has the
fewest layers and good thickness control is not essential.
It is also the dimmest type of red AlGaAs chip that is
available and is only marginally brighter than the best nitrogen-dopedGaAsP (GaAsP:N)devices that will be described in the next section. Since it is the simplest to fabricate, it has been commercially availablethe longest.
A DH chip is shown in Fig. 3b. It consists of at least
three AlGaAs layers on a GaAs substrate.The first layer is
a wide-gapinjecting layer and the secondis a :Z-l.r.m-thick
active layer. Above the active layer is a thick wide-gap
confining layer. As is the casefor the SH device, most of
the internally generatedlight in the DH chip depicted in
Fig. 3b is absorbedby the substrate,so it has been labeled
DH-AS for double heterostructure absorbing substrate.
However,it is still twice asbright asthe SH version because
of reduced absorptionin the epitaxial material.
To manufacture this structure requires much greater
thickness control than is necessaryfor the SH device, in
addition to at least one extra layer of epitaxial material. At
HP, we have developed a manufacturing technology that
allows us to reproduce this complicated structure in very
high volumes. Our chip design incorporatestwo features
to improve manufacturability. One is a very simple post-

(b)

epitaxial-growth wafer process that requires no photolithography. The other feature is an aluminurn top contact
for good bondability. The HP technologyis capableof producing DH-AS LEDs for only a small increasein cost over
the previous-generationSH devices.
The relative efficiency curves as a function of forward
current for the SH and DH-AS structures are shown in Fig.
4 along with the curve for GaAsP:Nwhich currently dominates the high-perforrnance,high-volume market. Only the
DH-AS AlGaAs chips are significantly more efficierrt than
GaAsP:N. The increase in performance is particularly
dramatic at forward currerrts less than 2 mA where the
DH-AS AlGaAs chips are more than five times as bright.
Becauseof this, they are expectedto open up rnany ne1{'
low-current applications for red LEDs.
The last structure shown in Fig. 3 is that of a DH transparent substrate(DH-TS)device.It is similar to the I-rH-AS
chip in that it consistsof at least two wide-bandgaplayers
on either side of a thin active layer. However, one or both
of the wide-gap layers will be grown severalthousandths
of an inch thick and the entire GaAs substrateetched away.
This eliminates the absorption in the substrateand pruduces the highest-efficiency AlGaAs LEDs-more than a
factor of two brighter than the DH-AS LEDs.Unfortunately,
growth of the thick AlGaAs layer is technically very difficult and quite costly.Thus, the DH-TSversionis presently
only used in special low-volume applications.
Comparison to Other Red LEDs
To see the advantagesthat red AlGaAs LEIJs provide.
we will summarizehere some of the perforrnancecharacteristics of the other types of red LEDs that are available.
Most of the LEDs now on the market are based on the
GaAsP alloy system. GaAsP LEDs come in two versions:
non-nitrogen doped and nitrogen doped. The structure of
the non-nitrogen doped version (which we label here as
just GaAsP) is shown in Fig. 1. The first commercially

(c)

Fig.2. Typical energy diagrams for (a) a pn homojunctionwhere the bandgap Eo1is the sante
on both sides of the junction, (b) a single heterojunction(SH) where the bandgap on the nlype
side (Es) is greater than that on the p-type side (Est), and (c) a double heterojunction(DH)
where a second wide-gap layer has been added to the SH in (b). For AlGaAsmateid in the
composition range necessary to obtain visible red emrsslon,the discontinuity in the valance
band (LE") far exceeds that in the conduction band (AE") which gives rise to electron-only
iniection in the SH and DH structures under forward bias. The second wide-gap layer in the
DH configurationproduces a barrier that confinesthe injected electrons in a thin active layer.
Thisreduces much of the internal absorptionand is the reasonthat a DH LEDis the nost efficient.
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(a) sH

(c) DH-TS

(b) oH-AS

Fig. 3. Ihe three types of red AlGaAs LEDs that are commercially available

availablered LEDswere madewith this material,and since
it is inexpensive to manufacture, it still holds a fair share
of the world market. GaAsP is also the dimmest of the red
LEDs available.
An order of magnitude increasein photometric efficiency
can be obtained by growing GaAsP epitaxial material with
a slightly larger bandgapon a GaPsubstrate(which is transparent to the light generated)and by doping both sides of
the pn junction with nitrogen. The nitrogen dramatically
increases the radiative efficiency of this material' LEDs
made this way are labeledGaAsP:Nand now dominatethe
high-volume, high-performance market. Both versions of
GaAsPLEDs are grown by vapor phaseepitaxy (VPE)which
is amenableto large-scaleproduction.
Between GaAsP and GaAsP:Nin photometric efficiency
is ZnO-dopedGaP(GaP:ZnO)which is grown by a two-step
LPE process.First, an n-type layer 10 to 20 pm thick is
grown on a GaP substrate.Then a p-type ZnO-doped layer
is grown on top. All of the red light emission from this
material comes from recombination at the ZnO centers on
the p side of the junction. Although this material can be
quite radiometrically efficient (>10% external quantum efficiency for an encapsulated chip), the peak emission
wavelength is at -700 nm where the human eye response
is fairly weak. A second drawback to this material is that
the ZnO centersare quickly saturatedasthe forward current

through the junction is increased. This causesthe overall
efficiency to fall rapidly at currents gteater than a few
milliamperes.
In Fig. 5 we have plotted for comparison the photometric
efficiency rangesat a forward current of 20 mA for currently
available lamps made using all of the different red LED
technologies. They cover almost two orders of magnitude
in efficiency with GaAsPat the low end and DH-TS AlGaAs
at the high end.
A comparison of growth method, speed,peak emission
wavelength, typical forward voltage at 20 mA, and estimated chip production is given in Table I. AlGaAs LEDs
have a speed advantageover GaP:ZnO and GaAsP:NLEDs
and can emit near 655 nm. Becauseof their efficiency and
these two characteristics,they are excellent candidates for
emitters in plastic fiber systems. There is a minimum in
fiber attenuation at 655 nm, and the shorter fall time increasesthe maximum transmission rate.In terms of forward
voltage, SH and DH AlGaAs lamps operate at significantly
lower voltagesthan GaAsP:Nand GaP:ZnOlamps. This is
becauseof lower substrate and contact resistances,as well
as a slightly smaller bandgap,and it gives these lamps an
edgein multilamp applicationswhere power consumption
is an important consideration.

E a.o
o
o
E
lrJ

.9 c.o

AlGaAs DH-TS

t-{

ar

-

E
o
2 2.0
o.

AlGaAs DH-AS

r-r
t-.

0.0

l-r

100.0

0.1

-

ForwardCurrent(mA)
Fig.4. Photometricefficiency in lumenslampere versus forward current for typical SH and DH-AS AlGaAs LED lamps.
Alsoshown for comparisonis the curve for atypical GaAsP:N
lamp. GaAsP:Nnow dominates the high-performance,high'
volume market.
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Fig.5. Photometricefficiency ranges for plastic lamps made
withthe differentred LEDchipsataforward currentof 20 mA.

Table I
Gomparison of Red LED Technologies
Speed:
90o/oto 10O7o

Material
GaAsP
GaP:ZnO
GaAsP:N
SHAIGaAs
DH.AS
AlGaAs
DH-TS
AlGaAs

Growth
Method

FallTime
(ns)

Peak
Emission

Typical
Forward

Wavelength
(nm)

Voltage
@20mA

LED Ratings
% of Red
LEDChip
Production

VPE
LPE
VPE
LPE
LPE

30
600
350
80
80

655
700
645
660
645-660

1.6V
2.2V
2.2V
1.8V
1.8V

75-20
35-40
40-45
4-5
New

LPE

80

645-660

z.OV

0.2-0.3

The last column in Table I shows an estimate of the
breakdown of total rcd LED chip production by technology.
At the present time, AlGaAs LEDs hold a very small part
of the overall market even though they have been available
for severalyears.This is primarily becauseof the expense
of the DH-TS version and the fact that the SH devices are
only marginally brighter than GaAsP:N LEDs.
An interesting difference between AlGaAs and the other
red LED materials is in its degradation performance. The
degradation characteristics of GaAsP, GaAsP:N, and
GaP:ZnOdiodes are generallyquite good.The photometric
efficiency of these diodes decreasesslowly as they are operated, falling typically by -tSo/" after 1000 hours at the
maximum drive current. Well-made AlGaAs LEDs, on the
other hand, actually increase in photometric efficiency as
they are used. Data from acceleratedaging studies of HP's
DH-AS AlGaAs LEDs is presentedin Fig. 6, showing that
after stress, the averageLED increases in efficiency by almost 10%. Such performance,however, requiresexcellent
understandingand control of the fabricationprocess.Some
AlGaAs products on the market have exhibited severedegradation. The increase in efficiency appears to be related
to the movement of zinc in the device during operation,
since LEDs grown with magnesium instead of zinc as a
p-type dopant do not exhibit this behavior.

Most LEDs are rated in terms of their on-axis intensityat a
given drive current.The unit of measurefor this parameteris the
(mcd).This number,however,can be misleading
millicandella
when comparingdifferentlamps because it is package dependent. Thereis a trade-offbetweenon-axisintensityand radiation
pattern;lamps made using chips that have the same efficiency
can have dramaticallydifferentaxial intensity(mcd) ratingsdependingupon the viewingangle.For example,a plasticlamp
made using a typical HP DH-ASchip can have any of the mcd/
viewinganglecombinations
listedin the table.Fora givenapplication,care must be taken to choose a lamp that has both the
on-axisintensityand the viewingangle required.
On-Axis lntensity vs. Viewing Angle
HP DH-AS LED

Intensity
On-Axis
(mcd)
1000
500
250
200
100
60

60

r High-BrightnessLamps
HLMP-K105
HLMP-K101
HLMP-D105
HLMP-D101
HLMP-Q101

6.0

T-1, Undiffused,Untinted
T-1, Diffused,Tinted
T-1%, Undiffused,Untinted
T-17a,Diffused,Tinted
Subminiature,Diffused,Tinted

ODH-AS AlGaAs

6
G

Fzo

J

o

E20

6

e_

o
?
o
o

16

E

4.0

E
o
E
o
aO

8
4

O GaAsP:N
aSH AlcaAs

F z.o

2p

0
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HP DH.AS AIGaAS Products
HP has introduced lamps, seven segmentdisplays, and
light bars containing DH-AS AlGaAs chips. The part numbers and product descriptionsare:
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Fig. 6. Histogram of the percent change in photometilc efficiency for 215 HP DH-AS AlGaAslamps subjected to 1000
hours of 30-mA dc. 55'C stress.

Fig,7. Typicalperformancelo-cost rctio in mcd per unit cost
versus relativelamp cost for all of the red LED technologies.
Lamps with a viewing angle of 24 degrees measured at 20
mA were used to generate the mcd values.
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r Low-Current (1 mA) Lamps
HLMP-K155 T-l,Undiffused,Untinted
HLMP-KI50 T-l,Diffused,Tinted
HLMP-D155 T-1%, Undiffused,Untinted
HLMP-D150 T-17e,Diffused,Tinted
HLMP-Q150 Subminiature,Diffused,Tinted
1 Very High-Intensity Lamps (750, 1000 mcd)
HLMP-4100 T-1%, Undiffused,Untinted, zso mcd
HLMP-4101 T-1%, Undiffused,Untinted, 1000mcd
Displays
1 High-BrightnessSeven-Segment
(Sunlight Viewable)
HDSP-A15X
HDSP-E15X
HDSP-H15X
HDSP-N15X

0.3in.Mini
0.43in.
0.56in.
0.Bin.

r Low-Current (1 mA/segment) Seven-SegmentDisplays
HDSP-A10X
HDSP-EI0X
HDSP-HI0X
HDSP-N10X

0.3 in. Mini
0.43in.
0.56in.
0.Bin.

I Low-Current Light Bars (3 mA) and Bar Graph Arrays
(1 mA)
HLCP-A100 Eight Light Barsof Different Sizes
toH100
HLCP-J100 Ten-ElementBar GraphArray
Conclusions
In this paper, we have describedthe three types of red
AlGaAs LEDs based on the AlGaAs material svstem that

are now commercially available. We compared their performance relative to each other and to that of the competing
red LED material systems.The DH-AS and DH-TS versions
of AlGaAs LEDs are significantly brighter than the GaAsP:N
LEDs that now dominate the high-volume, high-performance market.
The cost-performancecharacteristics of the different red
LED technologiesare summarized in Fig. 7. The DH-AS
version of AlGaAs LEDs is comparable in cost with many
GaAsP:Ndevicesand has the highest performance-to-cost
ratio of any red LED. Becauseof this, it is expected to
become the dominant technology for many high-performance applications. SH AlGaAs and GaAsP:Nwill share
the midrange, with GaP:ZnOand GaAsP sharing the low
end. DH-TS AIGaAs is the highest-performancematerial,
but until production technologiescan be improved, it will
berestrictedto specialtyapplicationsby costconsiderations.
In the near future, we can expect to see new types of
"power-signaling" products that will use the efficient
DH-AS AlGaAs chips for applications that were previously
unthinkable for LEDs.Theseinclude automotive tail lights,
airport marker beacons,stop lights, and other applications
that require an intense source of red light.
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