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Abstract

The flexibility and perfomance of inkjet technoloyg as

of our experimentation. Also describd is our prototype
printer and a discussion of our results.
Ink jet printing depends ondtsuccessfuintegration of

used for paper printing has long been a goal for textilénary dissimilar technologies. Drop generationweb

printing. In the past there have beemary attampts to
develop a conmercially viable inkjet textile printer. Dato
technoloyg limitations and market expectations none of
these eayl implementations have enyed significantmarket
placenent Advancenentsin ink jet printing technolog and
changes in the textile printingarket canbine tomake ink
jet printing of textilesnore feasibé and attractiwe than ever
before.

We have investigated injet printing for textiles and
have mplemented a protgpe full width ink jet textile
printer. This pape discussesame d the paths chosen in the
developnent process and describes the results oar
experimentation.

Introduction

Ink jet printing of textiles has been a gerdb of researh for
same time [1,2,3,4,5,6,7]. Over thgears there have been
mary attempts to develop a eomercial irk jet printer for
textiles. Due to technolgg limitations and market
expectations none of thesearly implementations have
enjoyed significantmarket placenent Advancenens in ink
jet printing technolog and changein the textile printing
marke are combining to make inkjet printing of textiles
more feasible and attractive than ever before. Mése
investigated ink jet printing of textils and have
implemented aprototype full width, sevent two inches, ink
jet textile printer. This paper discussesre of the paths
chosen in the develoment processard describeghe results

handling, colorant chmistry, image processingglectro-
mechanics, andhore. The ink je printing problen has been
well studied andnary successful ammercial implementa-
tions exist for paper printing. Inket printing for textiles
relies onmary of the sane technologie and commercially
available paper printing technokpgan beadaptedo ink jet
printing of textiles if appropriate modifications are
introduced.

Textile Printing Market [1]

The textile printing indusyr prints approximately twenty
billion lineal meters of textiles eacyear The three largest
supplies of printedtextiles are the Far East at fgrseven
percent North America at thirteen percent, and Western
Europe atwelve percent. Rotgrand flat bed screen printing
account for ahost niney percent ofall printing. The
averagewidth for rotay and fla bedprintedtextiles is sixty
ore ard fifty four inchesThe average maber d colors in a
screen printed textile is seven. Omendredpercet cotton
substrate accountfor approximately forty five percent of
the market cotton polyeste blends wenty percent, viscose
thirteen percent, and pasters welve percent Woven
substrates account for neariinely percen of the market,
knits almog ten percent, and others thenal remaining
fraction.

The avera@ run lengh for rotaly printers has fallen
from forty five hundred meters in nineteen eightnine to
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less than thist five hundredmeters in nineteen ninefour.
Personh correspondenceavith commercial screen printers
indicate run lengths are beingnopressed evenfurther and
are approaching the poiathere rotay screen printingwill
no longer be cost effectiv@ he avera@ run lengthfor flat
bed printershas fallen from twenty three hundredneters in
nineteen eiglyt nine to less than seventeen hundmnezters
in nineteenninety four. As run length shrinks thedown
time for screen change over beoes an increasing fraction
of potential machine utilization.

Pigmert printing accouns for fifty percent of the
market, reactive yes tventy seven percentdispersd dyes
fourteen percent, and vat dyes less than ten percent.

The world wide average printing seconds and rejects
almog eight percent or one point six billiometers.Primary
causes of rejects in decreasing ordercéoth faults startup
losses, repeat faults, padaults screa faults smearing,
paste shortagemaintenance, and fixatio faults. Ink jet
printing alleviates mary of these faults as an inherent by
product of the technolgg Cloth faults are a function dlie
substra¢ ard are unaffected B the printing technolog
Startup losses, repeat faults, andnearirg virtually
disappeamwith ink jet printing. Screen faultwill probably
be replaced Y printhead faults. Paste shortage fawiis
remain but will probably be lessened since injkt printing
relies on a waller set of but dyes and the probability of
running out of ge is less tharwhen each prinpase is

custan mixed for a screen printing run. Maintenance and

fixation faults are likgl to remain independenof the
printing technoloy. The three areawhere inkjet printing

canmake a significantmpact, startup losses, repeat faults,

and snearing, total over fivehundred and fifty million
meters of reject cloth each year.

Giventhesemarket numberswe chose to concentrate on
a printer capabé of printing sevent two inch wide woven
substrates. Due tonfitations of ink jet's ability to jet
pigmentswe chose to focus oreactiwe dyes for cellulosic
materials, primarily cotton and silk.

Colorants

Ink jet printing technolog has received significant attention
as a possible successor to screen printing dtleetability
of ink jet to deliver liquid gle to the substratd.he primary
contende to ink jet for on-denand printing of textiles is
themal transfer Themal transfer has the significant
advantage over ink jet in the area of reduced paxessing
but also hasthe undesirable quajitof delivering a poor
handto the finished goods. In anarketwhere qualy and
hand & the finished products of primary concerndyed
goods are clearly superior to transfer printed goods.
Unmodified canmercial textile ¢es suitabk for
printing of textile substrates are imopatible with ink jet
printing technology. Properties such as viscogitsurface
tension, dying, crusting, particulates, and chieal
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compatibility are issues. Gomercial inkjet inks suitable for
ink jet printing are chaically unsuited for gleing of textile
substrates. Guomercially available textile yes can be
modified to be compatiblewith ink jet printing technology
[7,8,9].

Drop Generation

Previous papershave described ffierent types of ink jet
drop generation technologies and discussed their relative
merits [2,3,4,5,6]. We believe continuous ifé& to betoo
expensie andtoo bulky to meet the long ten commercial
needs of the textile printing indugtrContinuous inket has
the advantage of significagthigher drop rates caparad to
drop a1 demand ink jet. The higher drop rate potgially
allows amuch higher throughput per nozz{eontinuots ink
jet has the dishvantages of requiring conductidyes,dye
recirculation and filtering, and largenore expensie print
heads compared to drop on demand ink jet.

We believe themmal ink jet provides significant potential
for long tem commercial and technologitasuccessLow
cost per nozzle and high nozzle dendieing the primary
benefits. Future inket textile printerswill require massive
arrays to achieve awmpetitive throughput. A dromlelivery
mechanism which is compact and cost effective is required.

Our prototype printer utilizes conmercially available
drop on denand themal ink jet printheadsWe havefound
the T1J printheads to be werforgiving in tems of colorant
fluid properties and to be resistant to el danagewhen
jetting reactive and acid yds. We have noticed
susceptibiliy to minor crusting which interrupts drop
generation [9].

Our prototype printer uses a raster printhead built up as
an arrg from multiple TIJ printheadsWe do not use the
print cartridge nomally associatedvith the printhead. We
array the printheads to give theninimum footprint while
allowing access to the printhead electrical connectibisd
connections are through the back of the printhead and are
machined into a custom printhead carrier.

High resolution requinments for paper printing are
driving newer TI1J printheads to finer features anchadler
drop sizes.Textile printing requireents are different than
paper andfiner drop sizes can eban advantag or
disadvantage depending on the goalgheftextile printer.
Textile printing requires saturation of the substrate and
usually requiresmuchmore dre per pixel conpared to paper
printing. Smaller drop sizes canbe an advantage in that spot
modulation can be perfolred resultig in greate tone
gradation.The disadvantagef smaller drop sizes is that a
larger number d drops are required per pix& achieve
substrate saturatioffhis is a proble due to the finite and
relatively short lifespan of T1J printheads.

We investigated TIJ printheads frm Canon and
Hewlett-Packard We found both to be acceptable innter
of jetting modified textile ¢es and tobe of similar
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longevity. Our early experiments focused on the HP
ThinkJet and DeskJet printheadghe ThinkJe printhead
was availabe unmounted for OEM use, this alled us to
experiment with building larg arrays of printheads The
ThinkJet has larger nozzles, drop vois, ad electrical
connections than the DeskJ€he larger feature sizes tife
ThinkJ¢ makes it anenable to expementation. The
significant disadvantage of thEhinkJet conparel to the
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DeskJe is the much lover nozzle to footprint ratioThe
DeskJet finpledments fify two nozzles cmpared to the
ThinkJet's twelve nozzles in a area approsately one
quarter the size.

Repeated expearmients with ThinkJé cartridges to
measue drop sizeyielded results siilar to those shon in
Figure 1.
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Figure 1 ThinkJet Drop Average Size

The averageThinkJet drop siz&vas consistenglaround one
hundred and siytpico liters per dropPrinting on a range of
materials fran light weight silks tomedium weight cottons

failures are catastrophic failures of at least one naglzieh
can ony be correctedyoreplacenent of the printhead. Once
thefluid properties anfluid pressuregare propery adjusted

requirad from one to eight drops to achieve acceptablethe printheadswill usually print continuoust to printhead

substrate saturation. Noted during our expenitswas that
if a single nozzlavas exercisgto failure without exercising
surroundingnozzles during the expement then the nozzles
immediatey adjacent to the failed nozzivere negatively
impacted.The nozzles adjacent to the failed nezabould
experiene an increase in resistance ofd to a thousand
fold. We are unsure as to the causéhifailure. Exercising
all nozzles in sequence during the exmerit seans to
alleviate the problem.

Fault Tolerance

In orderto competewith the throughput of industrial screen
printers ink jet printerswill require a large nmber of
nozzles. Depending on the desired thoughput and inkjet
cycle frequeng the number d nozzles required could reach
into the hundreds of thousands [6]. Given the largaber
of nozzles required the probabjliof an infan failure is
high.

We have divided print failures intdwo classes;
restartald failures and printhead failures. Restartable
failures are thosghich can be correctedithout requiring
replacenent printheads. Restartable failsirare primarily
causedby fluid flow interruptions. Restartable failures can
usualy be renediated kg priming the printheadsPrinthead
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failure.

Experimental results indicate the pwuy failure modes
for TIJ printheads are resistor open failuresd agsistance
increae failures In our expeninents themajority of failures,
greate than ninety five percent, have been resistor open
failures Resistane increase failuresnanifest as an increase
in printhead resistance frothe naninal sixty five ohms for
the ThinkJet to aiywhere fran ninet five ohms to millions
of ohms.

The voltage drop across the printhead resistor can be
monitored in real time to detect printhead failures.
Restartable failurewiill not be detectedout our experience
indicates restartable failure are the minority.

Process color printing relies onmall se of dye colors
which aremixed on the substrate to produceide rangeof
colors Ink jet printing of textilewill require a large nonber
of drop generators per color to progidacceptable
throughput.If a raster printhead is used the nozzles can be
arrayed suchthat mary nozzles of the sae color e pass
ove evew printedpixel. If multiple nozzles pass over each
pixel and all failed nozzles are identified thensipossible
to map failed nozzles out of the printing sequeand shift
the printing load to functioning nozzles. If failed nozzee
sensed in real riie theword ca® print failure is asingle
pixel failure. The worst case print failure oploccurs if the
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failed nozzle is the last nozzle in the grta pas over the
printed pixel.

Our expeninents indicate that aftenfant failures the
greater percentage of printheads print to an exgdde
within plus orminus ten percentThe HP ThinkJet heads
yielded an average of one hundred sixtedtio n dropsper
nozzlewith a high of one hundred thjrthreemillio n drops
andalow of ninety sevenmillion drops. Most of the nozzles
failed between one hundred ten and one hundre&eerity
million drops Remapping failed nozzles is probgbmost
beneficial for increasingyield in large arrgs by
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from the printhead arga We consideredvire bonding but
for our protoype the cost and inflexibilit were too great.
We detemined that anisotropic conducting rfil (ACF) is
capabé of handling the currents and voltages at the duty
cycles used forypical TIJ printheads.A flexible mylar
circuit boardwasmanuactured and bondeo the printhead
array with ACF. Themylar circuit had a fine pitch connector
soldered to one endor connection d ouwr custom
electronics.

A variely of manufacturesproduce high power high
voltage seiiconductor arrgs suitable for driving inkjet

compensating for infant failureé\s the nozzles reach end of printheads. We found Allegro Micrgstems Inc. [10] to

lif e the probability of massive failure rises dmaatically and
the value 6 remapping nozzlessireduced Remapping of
failed nozzles can correct for single nozzle fadudaring
the useful life of the printhead ayrdn practie single pixel
failures are ypically indiscerniblewhen printing textiles.

Wicking, dye spread, substrate surface features, and lo
resolution imagey used in textile printing provide effective

concealment for many minor printing defects.

A less conplicated first line of defense against nozzle

failure can be provideybarrgying the nozzleswithin the
raster printhead as in Figure 2.

Black

Yellow

Magenta Cyan

have a large selection of suitable drivers.
Fluid Handling

We found the HPThinkJet and Desbet printhead will

Yinction with a large variation in fluid pressurdhe HP

printheadswere able to print reliaplwith a headvariation
betwveen positive one quarter inch anehinus four point five
inches. We found the greatesnsisteng in dropgeneration
with a negative head between one and two inches.

Web Handling

Knits and elastmer fabrics account fdess thantenpercent
of the printed textilanarket but ypically hawe highe profit

Figure 2 Print Nozzle Arrangement for Passive Faultmargins. Inkjet printing of textiles is stillri the protoype

Tolerance

As the printhead passes over the substmaittiple nozzles
of each color pass over each pixel. & gubstrag is heavy
enoudn to requiremultiple drops of ge per pixel then the
printing load can be assigned staticglto multiple nozzles

within a rav. For exanple if a substrate requires four drops
of dye per image pixel then each of the four nozzles in a row,

for that color can be assigned to place one dfaly®at the

image pixel. As randon nozzles fail other nozzles in the

same row will still place sane dye at the inage pixel.The
correct anount of dre will not be placed biuwe havefound
textiles to be ver forgiving substrates taork with. In one
expermen we printed with severny percent failed nozzles
using the passive fault tolerance stkedescribe herwith
image quality only marginaly worse thanwhat might be
expected fro a draftmode. When printingvith less than
ten percent failed pixels using passive fault toleramee
found the qualit of the prirt to be indiscernibé compared
to a fully functioning printhead array.

Electrical Interfaces

A major stumbling blockwe facedwhen implementing our
prototype printerwas bringing the electrical connectiomst
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stage and is significanty more expensive per printegard
than conventional screen printinbhe ability to handé non
rigid fabricswould make the cost of ijet printing more
attractive. Unfortunatgl handling non rigid fabricssia
significanty more difficult problen than handlig rigid
fabrics. Mawy rigid fabrics can be fed through a printer
without any backing or support.
The problem of handling flexiblewebs has been around
for along time and a varigtof solutions exist to transport
websrigidly underzero tensionTypical solutions involve
backirg the flexible web with a rigid web. Canmercial
screen printers use a stickeinforced rubbe belt which
holds the cloth rigid while it is under the printing screens. A
variety of flexible substrates have bebackel with paper
for feeding through standard wide format paper plotters.
Both of these solutions haveignificart dravbacks.
Sticky rubberwebs ypically need soe form of continuous
surface maintenance. Stigk wels in commercid screen
printers arewashed and dried continuoysto presemh a
cleansticky surfae to the incaning textile. Adapting the
sticky web solution to a reasongblsmall form factor
without the conplexity of washirg anddrying may prove to
be challenging. Kenebo afiagmin [11] of Japan havefiled
aUs patent regarding the use of a stidielt in a sall form
factor ink jet printer for textiles. Backing the fabrigvith
paper works vey well during the printing process.The
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fabricis held rigid and the printed goods ca be rolledup
immediatey without fear d markdf. The davnside of
backed fabrics is the significant cost of convertiting
material.

Substrate Pre Treatment
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Software

Many commercially successful textile desigpackage are
available All of the packageswve investigated have the
ability to output the finalmage in arlFF format. Wechose
to perfom all image preprocessing off line éifiocus our
efforts on developing the custosdtware to drive our

The use of reactiwe dyeswith cellulosic substrates requires prototype printer. After receiving the rastermage the

the use of an activator to help progress thenthal reaction

protoype sdtware peforms ary necessar conversionto

betwveenthe dye and the substrate [9]. When screen printingproduce afour color binay image. The binay image is

the activator is ypically added to the print past. Longevis
a concernwhen using inkjet printing technolog. Ink jet
printhead hawe afinite lifespanwhich is relativey short
when canpared to the maber d drops required to print a
run of textiles. Given the mited lifespan of inkjet
printhead it is desirabé to use the printhead to gntleliver
the concentrated colorant to the substrate. Rhkmicals

convertel to printheadfiring sequences and waloaded to
the print head motion control and firing circuitr. The
motion contrd system advances the printhead areb as
necessar while monitoring for end oftravd or home
conditions. The printhead firing softare load the high
power driver arrgs and triggers a hangre timing circuti to
generate a precise, short duration, firing puldee duration

which must be applied to all locations on the substrate canf the pulse is crystal controlled and progmamable betveen
be applied prior to the printing process using an appropriate0.1 and 5000 microsecondsThe magnitude & the pulse is

less expensive delivery mechanism.

In our protoype ystem we prepad tle cloth with an
alkalinesolution using ahand sprger and dy the cloth prior
tointroducing it into the printer. Amechanical sprger could
be used to applthe pre-pad solution during dlprinting
process.The pre-padded textile needs todrg before it is
printed or sigrficant wicking and blurring 6 the printed
image occursAn inline heater could be ubdo dry the
substrateprior to printing. We have noted that non-uniform
prepadding produces afiticts in the printe image A
mechanich spraying ard drying systan could provide a
more consistent pre-padding and drying of the substrate.

Effective resolution

set in the power supply hardware and is adjustable off line.

The four color planes are processedrsitaneous). A
number of mage ravs equal tothe number of printer
nozzles perpendicular to the print path processe prior to
printing each passAt this stage the firing data could be
remapped to account for wrknown faults in the printhead
array.

Conclusions

Ink jet printing of textiles is a technolpgpoised to
revolutioniz the textile printing indusyr The textile
printing industy is clamoring for an on deand printing
solution for textiles. The largest section of the textile
printing market is pignent printirg of woven cotton fabrics.

Consideringthe wicking and bleed characteristics of cloth The secondarges sectionis reactive gle printing ofwoven

ard the range ofweight and densgjtof availableweaves the
effective resolutiorwhen printing textiles isnuch smaller
thanwhat is possible for pape typicd screenprinter has
a resolution of fify lines per inch.To expandbeyond the

presemtextile nom of spot color into continuous tone color,

a resolution of three hundred dig appropriate.Higher

cotton. The textile printing indusyr loses ahos one point
six billion meters of cloth eachiear as secomscandrejects.
Almog ore third of the rejects can be preventgith ink jet
printing technoloy. We believe future printsmwil| require
massive arrgs of print nozzles to providehroughput
competitive with screen printing technolgg Passive and

printer resolutions contribute to tonal resolution rather thamctive fault tolerance can overowe infant failures and

spatial resolution or image clarity.

Smooth flat light weight substrates allo finer
resolution mages but requirensaller drops and lessyd to
avoid exces wicking amd image blurring. We have
experimentedwith a variey of textile weaves andveights.
We have focused on tight closea&avelight weight fabrics
which are optimal for image presentation. Heawveight
fabrics requite more dse which results in greateryd spread.
Coare weawe fabrics introduce visible artifacts into the
image The fines weaveswe have expementedwith have
an effective upper resolution of two hundred dpi.
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increase printhead asrayields. Reliable handling of
continuous flexibleweb in a form suitabk for on demand
printing is an unsolved probfe Reactie textiles dyes
require a chmical activator to bemixed with the dye to
insure the dye reaction copletes on the fabric.The
activator can benixed with the d/e befor it is deliveredto
the substrate or it can be applied to the substrateebisfer
printing. If the activator is applied before printing then the
substrate should be alled to dy to prevert excessive
wicking and blurring of thenmhage The wicking ard surface
features of textiles prevent high resolatioutpu but hide
almost all point defects in the printed output.
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We haveshown that themal ink jet printing technolog 8.
when coupledwith propery modified textile des, can
produce output qualjit competitive with screa printed
textiles. If a propey formulated textile gle is usedthen
print heads developetbr ink jet printing & paper can be 9.
used umodified for printing textiles Commercially
availabk printers and plotterfor paper can benodified to
print on textiles if the textile substrate is bonded rigid

web to cary it through the printeror if the textile is  10.

inherently rigid.

Other groups are investigatingon demand ink jet 11

printing of textiles Major players in the textile and paper
printing markets either have introduced oregyoised to
introduce near production rate ijdt textile printers.Canon
has announceda one point sixmeter wide ink jet textile
printerwith a throughput ofmore than oneneterperminute.
Stork’s TrueColo has been on thmarket for over telyears
and has met with valying success. Scitex, the parent
compary of Iris Graphics, has also producsainple textiles
printed with their proprietay continuous inkjet paper
printing technology.
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