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Abstract countel basel on the print mode and the printhead
architecture. The output & spatid mgp of area coverage
This pape describesa modelthat can be used to assessfor each color. This data is next transformed into time
the productivity of an ink-jet printer from the customer's doman (duty cycle) by mixing in the printer idle times.
viewpoint based on specific systems-level design choiceginally, this information is fed t@ therma mode| which
Many considerationgo into the design of an ink-jet printer. simulates the transient response of the printheads.
Foremostamoryg the® is the speed of the printer, or the Viewed as a black-box, the usspecifiesany sequence
time it takes to print a page. Simplistically, the timgtmt  and number of documents, and the systemosiel “runs”
a page is determined by the number of jets of each color this print job as fast as possible without exceeding the
the printhead, the firing frequency of the jets, and thdgherma limits tha would cause printing failure or quality
number of passes the printhead mustewler the papeto  degradation. To achieve this,ettimodel slows down or
complet apage. In reality, however, the actual time to printspeedaip the operation based on the printhead temperature.
a page is strongly dependent on a number of designThe end result is printing speed versus number of pages
parameters and systems-level trade-offs. For exartipde printed.
natue of the document itself may make it possible to
quickly skip white spaces due to either large margins or Background
breaks in the document content. Additionally, many ink-jet
printersoffer a variety of printing modes to suit the type of The thermalink-jet marking process is based on super-
document being printed. This may include single-pass dneating a small amount of liquid until a vapoubbk is
draft modes for text, odifferent levels of multi-pass formed which subsequently ejects a drop of ink fieojet or
printing for graphics or pictorials. channel.Although sone of the generated heat is ejected
Mechanica efficiency of TIJ printheads is very poor. along with the drops, about half it remainsbehird in the
The printhead temperature depends the operating printhead. This excess heat will lead to a rise in temperature
environment of the printer and the area coverafythe of the printhead. As the temperauof the printhead
images within a particular job mix. Thermal bursts, idle increasesthe volume of the ejected drop (and thus the
times arnd temperature-dependent changes in operatingiameter of the printt spo) increases In addition,
conditionsare all parts of the thermal equation. Excessiveoperation at elevated temperatures can lead to outgasfsin
temperatue swingscan lead to print quality degradation by air from the flowing ink, which can subsequently choke off
changiry the drop volume, by interfering with the the flow of fresh ink to the nozzles. At still higher
nucleatimm process, etc. For a reliable operation, the temperaturesingestionmay occur, and no drops will be
printheadtemperatue mud be maintained within a certain fired from the jets. Thus, in order to continproducing
operating window. This could reqeira reduction in good print quality and prevent failureg, i essentih to
printing speed: a direct hit on productivitfherefore a  maintain the temperature of the printhead betwesntain
successful printhead design musaddress thermal operating limits.

managementnd image processing issues in an integral The design/architectuta specifications of the drop
framework. The development of g$uca systems-level ejectors and printer will ultimately determine the operating
approach is discussed in this paper. boundsof the printer, and the temperatures generated inside
) the printhead. The degree to whithes operatirg bounds
Overview and temperature conditions are stressed will then be

determined by the nature of the images to be printedel

A systems-level heat management model has beeas the mix of print jobs sent to the printer. Thusdhsign

developed to simulate customer-like use of ak jat  of an effective heat management strategust take into
printer. The model is udeto preventover-engineerig of  accountnot only factors such as the efficiency of the drop

thermal systems and to reduce their coste @pproach ejectors, design of the heat sink or otheat dissipating
stars with the selection of an image portfolio to representmechanism firing frequency and number of jets in the

customer applications. Each image is then processed befgranthead, volume of the ejected dropsmperatue of the

it goes into the re-shuffling stage where the pixels areincoming ink, etc., but also the duty cycle deterrdibg the
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image data, provisions for white space skigpover the
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from the imaging model to the heat management model

printed area, and the time-dependent printing history of thbased on the image content, print mode dpedmulated,
printer. In fact, this paper illustrates the crucial role that thenechanical timings, and other spécidite-spae skipping
images and job mix can play on the customer’s perception or slow down algorithms. The steps to be followed include:

of printing speed and throughput.
There are severhapproaches to dealing with the build-
up of excess heat in printheads. These include:

1. Use of heat sinks - A heaink in direct contact
with the printhead can be used to absekces heat
from the printhead. The surface area of the heat sink
can also be designed to dissipatery to the ambient
environment.This approach is used in current Xerox
products.

2. No heat sink - With this concept,etherma mass
of the printhead is made to be small, and atnadisof
the heat generated during the ejection process is
dissipated to the ink and expelled withe ejected
drops. In order for this to worka goad thermalcontact
between the ink and the printhead is required.

3. Hybrid approaches These approaches use a good
thermal contact between the ink and the printhead in
order to expel as much of the heath the ejectal drop
as possible, but also use a heaik to cope with
residual heat at higher duty cycles.

4. Slow down - The printer may be made gtow
down or even stop printing for a time if heat cannot be
dissipatel away from the printhead quickly enough and
the temperature of the printhead becomes excessive.

Thus, there are a variety of ways to ldeidh hed build
up in the printhead. This paper describegeneralpurpose
systems-level model that was developed to ascehain
well a particular design meetise custome requirementsn
terms of throughput and operating latitudestfe expected
mix of images.

The unique feature of this model is that it takes into
accountthe print mode of the printer (i.e., single pass, two-
pass, etc.) along with the real image data mhight be sent
by a customer’s application. The final outputsiee model
are print time for a particular document (based on the print
mode and arrangement of jets), and the throughput as a
function of page number printed (i.én a long job run).
This datamakesit possible to assess the throughput of the
printer as seen from the customer’s viewpoint under various
printing conditions. In this waythe desigh ard operating
trade-of decisions can be realistically assessed for their
acceptance in the marketplace.

Systems-Level Model

The aim of the systems-levekatmanagemeniodel
is to simulate the working & Therma Ink-J& printer from

1. Image Source - The original image(s) should be
representative of the interdleustomer’sapplications,
and can come from:
a) PC-based applications.
b) Scanners.
c) Other image sources.
2. Image-Processing - The original imagaéndered
into a bit-mappel representatio as it would be in the
intended product. This includes:
a) Image decomposition (if required).
b) Color correction.
c) Halftoning.
d) Specialized image-processing (contrast and
edge enhancement, etc.).
3. Re-Shuffling of Image Data The bit-mapped
image data is re-shuffled to account for:
a) The number and locations of the colored jets.
b) The layout of the printheads.
c) The print mode being simulated (j.esingle
pass, two pass checker-boarding, etc.).
4. Interface Between Image and Thermal Models -
The re-shuffled image data is read in, and the duty
cycle for the printhead as a function of tingeoutput
based on:
a) The firing frequency and scanning speed of
the printhead (i.e., number of pixels printed per
unit time).
b) Acceleration and deceleratiof the printhead
during turn-around times at the end of scan lines.
c) White space skipping (i.e., sha@can lines for
blank parts of image).
5. ThermalModel - A unidirectional thermal model
describes the time history of the temperatunéthin
the printhead and associated heat dissipating
mechanism. This includes:
a) A mechanism to vary the energy per pulse
basel on readings from a sensor within the
printhead or heat sink.
b) Custom algorithms to slow down or stop
printing when temperatures at givéocationsin
the system exceed pre-determined limits.
c) Theinteraction between heat transfer and fluid
flow within the printhead.
d) Therma elements whose properties are
determined from detailed R-and 3-D numerical
models and based on the hedlissipating
mechanism being studied.

Following the steps above, almost any image (or

the user'sperspective There are two major components to consecutie images) can be “printed” with the model. In
the model. The first component simulates the image patladdition to the complete temperature higttiiroughoutthe
ard the second component models the time-dependestystem the model also outputs the time required to print
temperatue distribution within the system. The two each document in a given job mix. Thimr sone high area
componentof the modelare tied together by an interface coverage documents, the build up of heudthin the
that passeshe number of pixels to be printed per unit time printhead may become excessive after printingyntapies
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of the document, and printing may be slowed. Alternatelythis way, the thermal portion of the model can react to real
some documents may not stresse theat dissipation image data as it would be presented in an actual printer.
mechanisms, and will print at “full speerkgardles of how
many copies of the document are printed. Thermal Model

The modelrelieson experimental data to determine the
temperature range and operating bounds within vhic ~ Approach
failures will occur. Relevant failures may be caused by  Thereare anumber of time scales involved in printhead
ingestion or the accumulationf @ir bubbleswithin the  operation. The shortest one is associated withpower
printhea when operaté at elevated temperatures. This cangeneration in individual heaters and ittypically several
lead to deletionsin prints due to missing drops. Since the microseconds. The heater temperature can reach SDTE60
ejected drop volume (and thus the prihngpot diameter) during this period This is followed by the drop generation
varies with the temperature of the printhead, additionalprocess, which usually takes terisydicrosecondsrThe final
constraintsmay be required in order to maintain optimal step in the drop generation process is the ink refitl inzst
print quality. In either case, the model can be used to teste completed before it is time for the next firing. Naturally
various designs, trade-offs, and strategies dinat  thistime scale is characterized by the operating frequency;
eliminating failures and extending performance latitudes. it is about 80 microseconds for 12 kHz.

These results can then be used to agbesffectivenes of The energy input to generate an individuhlbp is
the printing system in meeting customer requirements. normally very small £ 15 pJ). The reason for the heater
temperatue to reach such high values is that the heat is
Image-Processing Path applied within a very small region over a very short period

of time. Indeed, by the end of the drop generatimcess
Images to be printed can cenirom a variety of  this local heat build-up diffuses out into the heater plate
sources including PC applications, facsimile devices, owhere the mean increasn temperatue is unmeasurably
scannersin order to generate the final print, each jet withinsmall. Therefore, the detailed thermal calculatiémsthe
ead printhea of the ink-jet printer must be told when to nucleatiommn process can be essentially decoupled from the
fire a drop as it scans over the pa® asto produce overall heating of the printhead.

printed spotsat the appropriate locations. For the purposes  The exact three-dimensional thermal analysis of a

of the model, this process should follow that which is to beprinthead in the continuum senseasrery comple« and

employed in the actual printer being studied. formidable task. The reason is thle spatid andtemporal
The following steps outline the procedures used. resolutionmeal to be fine enough to describe the individual
channels and the complete drop generation prandbgm.

1. Generatio of original image - This can be done using aThis means a micron-size megkneratio throughoutthe
PC-based application, scanner,using a pre-existing array lengh (typically 10 mm long) and a fraction of a
electronic image. microsecond for the computational time step. Thidais

2. Image Processing — This may include image beyond our state-of-the-art computational capabitir all
decomposition (to transform from a PDL to an 8gat  practical purposes.
pixel format), color correction, image enhancements, or  However many thermal problems are not associated

other specialized techniques. with the drop formation time scales described above. They
3. Halftoning - The 8-bit per pixel image must be are rathe cause by the cumulative build-up of heat as a
halftoned into a 1-bit per pixel representation. result of repeatd firing at high frequency and high area

4. Re-shuffling of image data The bit-mappe& image coverageUnde these circumstances, these very short time
daa mug be re-arranged in accordance with thescales do not need to be resolvetstead time-averaged
configuration of the printhead(s) within the printer, andvalues over many drop cycles can be usedh®heatinput
the location of colored jets within each printhead as and the ink flow rate in therrhanodeling. For the time
each swath of the image is printed. Re-shufflafithe  scalesof interest, individual channels do not need to be
image data must also be performed to enable thdreated in detail, as the distance between themather
various multi-pass print modes commordgsociated small compared to the diffusion length scales and to the
with ink-jet printers. othe geometricalimensions. In simulations, therefore, it is

justified to represent the heaters and the channels as locally
The abowe process represents what occurs in a reaP-dimensional that maintain their cross-sectiog@ometry
printing situation from when the user gives the command t@long the length of the die. In this picture, the individual
print up to the time when the printer begm®ducirg the  heatersare replacel by one continuous stripe of heater
final output. The procedures can be modified to simulatelement and the nozzles are replaced by a slit along the die.
variousproposeé image-processing methods and/or printer ~ The validity of this modeling approchas been
architectures. confirmed by extensie testing against experiments over the
A software module was written to re-shuffle the bit- past several years. For example, R. Berg [1] who used
mapped image appropriately and count the number of pixelafrared thermography reported thaethgreemenin the
pe unit time fired from each printhead. This module transient respone between this model and the
provides an interface to the thermal portion of the model. Imeasurements were within several percente € of the
results is given in Table 1.
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Table 1. Comparison betwee modeling and experiment  would be the productivity, i.e., printing spmkeversus
for a printhead fired at 9 W. The temperature was number of pages printed.

measured near the die. Technicallyspeaking, two or three-dimensional models
Time Temperature°C) could be directly used to carry out the design iterations
(s) Simulation Experiments described above. However, the labor and the computational
1 49.7 46.2 resourcesequired would make this unfeasible. The design
5 575 57.2 process is just too demanding. Therefarene-dimensional
10 62.9 63.1 numericalmodelhasbeen developed as a design tool to do
16 68 679 thes simulations ef_fiqient!y. Thi_s _is a_conservation moqlel
0 706 202 composed of a unidirectional finite-difference conduction
: : part and a lumped-maspart The unidirectional part
25 74.6 73.7 assumes that the heat transport taldace along a

centerline connecting different subsections &f ghinthead
. . . . .. from the die to the heat sink and that the tempezgnafile
In light of the foregoing discussions, the distinctiony any plane normal to the centerline is uniform. The cross-
betwes 2-D and 3-D models is realized if only a section Ofsectipnalarea is allowed to change with distance along the
the die is fired or if there is an asymmetry associated with canterline The printhead is made up of many building
the heat sink. In relation to the former case, there reay b |5cks (subsections) each of whithas a user-defined
duality between area coverage and frequeacy0% area  ympe of elements, element size distribution, and a
coverage distributed uniformly along the die (s&ing  prescribed set of material properties. Itaiso possibe to
every other channel) at 12 kHz would effectively represenélssign an arbitrary distribution of hegeneratio to these
the same thermal loading as a 100% area coverage at 6 kigiiiding blocks. For example, the natural air cooling is
This is due to the lack dfpatid and tempora resolutions  tayen into account by prescrilgirconvection heattransfer
discussed earlier leading to the specificatb the thermal  qefficient to those elements that repreésie hed sink,
load over a single stripe of heatoelement The duality \yhereaghe pixel power input is directly applied to a block
would be lost, however, if the 50% areoverag in the  that represents the corresponding portion @f die. The
abowe example was obtained by firing all consecutive jetsjynami behavior of the ink involves convective transport
on one half of the die. and cannotbe described by conduction alone. This part of
_In mary casesa 2-D model can be used successfully the printhead is modeled by a lumped-mass model and
without a significant loss of accuracy in the thermalinpicitly coupled to the unidirectional part through
response. This is partly due teetlengh of the die being effective thermal resistances and masdé® amount of
much longe than its other dimensions. For example, if all ¢o0jing (or heating by the ejected ink is taken into account
the jets were fired in one third of the die, the peak i this way.
temperatfue rise above the heat sink would essentially be = The thermal interaction between the ink and the die is a
the same as if all the jets were fired in the die. The therma&omplex one that depends on the defilthe die geometry
response in this case could be determined accurately by a£sq the associated fluid dynarraspectsTwo and three-

D simulation. dimensional numerical models were made using
L commercially available computational programs: finite-
Unidirectional Model volume models by FLUENT [2] and finite-element models

For a successfulprinthead design, it is essential t0 py FIDAP [3]. Steady-state and transient thermal responses
recogniz thatmost print documents require duty cycles faryt yarious printhead were studied in detail with these
lessthan 100 percent. The reasons are a) documents usualfodels to explore the effectof geometrich features
contan alot of white space; for example, the area coveragenaterial properties, lateral conduction,daso on. It was
for a typical text document is about §%) continuous foynd from these simulations that the effeetiesistances
printing is not possible due to printhead turnaround and,gqy by the lumped-mass model could be obtained from the
pape change and c) printing speed may be low (multiple steady-state response of the printhead. The simulaisos
passesjor high-area-coveragdocuments such as graphics. jngicate that there can be large tempergpadiens across
A typical print job, therefore, can be described by aine die. Studies showed that scalirg law base on
relatively small DC component with a ramisequene of  ormglization with the input power cae bstablishe from
superimposed bursts. All current Xerox desigmploy heat  gieady-state analysis. Extensive numerical testing revealed
sinks to smooth out these transients and to depipate  ihat transient response of the 1-D model develogethis

some of the thermal energy. _ _ approach gives an excellent agreement with the full
A budget-conscious thermal design shouldetaito  ymerical models. An example of this is given in Table 2.
account factors such as idle times, thermal bursts, Among many capabilities of the 1-D model are the

temperature-dependep_hanges in drop voI_ume and pixel temperature-dependenpixel energy control, and the
energy efc. In addition, over-engineering should begyependeneof drop volume and air cooling resistance of the
avoided. For a typical desktop applicatiéor examplethe  npeatsink on the printhead temperature. In addition, one can
printer may be slowed down after a certain number of high- gescripe the initial, inlet, and ehambien temperatures
coverage documents without disappoigtithe customer.  separately The effect of front face heating due to the
Therefore a key variable in the thermal design process presence of a dryer can also be taken into account.
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Table 2. Comparison between 1-D and Finite-Element Table 3. A typical image set fo the productivity

Modeling for a printhead fired at 28 W. analysis.

Time Heater Temperaturé@) image area coverage (%] average thermal

(s) 1-D FEM duty cycle (%)

0 0 0 text 6.5 7.6
0.05 33 32 color pictorial 41 7.9
0.25 40 44 photo 91 4.3

0.5 44 48 .

1.0 48 51 Application

;g ggg 55?5'5 In this section, we consider ghapplication of the
55 545 565 systems-_level mod_el to the documents in €abl For a

given printer architecture, these documewtsre passed

3.0 5.8 o8 through the image-processing path, and then through the
3.5 S/ 59.5 printing-time model. As it is shown iffable 3, the area
4.0 58.5 60.5 covera@ can be totally different from the average thermal
4.5 59.5 61 duty cycle dependig on the printer architecture and the

printing mode. Next, these documemtsre passd through
the thermal model. The resslfor the printing speed
The model offers the user a numbémaysto describe  (normalizedby the maximum or initial printing speed) are
the thermal load, one of which is by interfacimdatabase. shown in Table 4 against the number of pages printed
The database includes information on different documents(normalizel by the total number of pages for this specific
such as maximum printing speedk type, printing mode, job). A speed value of less thane mears tha this
thermal duty cycle, etc. The user can then spexqifrint job  particula printer had to slow down to keep the printhead
where a number of documents are printed rinagbitrary ~ temperatue within design specifications. This chart is then
sequence. used for negotiation between marketing and engineering.
The model has a built-in thertneontrd schemethat
runs the printer at maximum speed initially and sldtv = Table 4. A typical productivity chart for the images of
down as the printhead gets hot and then increases the speEable 3 at an ambient temperature of 35C.

if the printhead cools. When a change of speed takes place, | job completed (%)| text | pictorial | photo
the model automatically adjustsrfdhe new operating 10 1 1 1
frequency and duty cycle. The thermal controbése on 20 1 1 1
the reading of the heater temperature and the mean heat 30 1 1 1
sink temperature for which the cutofalues are specified 40 1 1 1
by the user. The model will reduce the printing speed if =) 1 1 1
eithe of the temperature readings exceeds its own cutoff 60 1 1 1
value. The heater temperature cutcdfdetermine from 20 1 076 1
experimerg as the limit for ingestion, interference, etc. .
There may be other failure modes, whibawe been 80 1 0.75 1
conventionally characterized by the heatksiemperature. 90 1 0.67 1
An example of this would be the air bubble growth in the 100 1 0.71 1
die reservoir. This limit is represented by the heat sink .

Conclusions

cutoff temperature.

As discussed previously, a document first goes through ) )
the image-processing path. The output from this step is  This paper describes a systems-level imeatagement
spatial map of area coverage to be printed. From therm&todé that simulates qustomer-llke use of an ink jet printer.
considerations however this information needs to be TO prevent over-engineering of thermal systems and to
convertd into the time domain, that is, the thermal loadredu@ their cost, a successful design must address thermal

should be specified in terms of duty cycle. A separaténanagementind image processing issues in an integral
printer model has been developed accompli® this  framework. The unique feature of this model is thaakes
transformation. Based on the printhead configurationinto account the print mode of the printer (i.e., single pass,
speed, and the print mode, this model reads in the outpb¥o-passetc.) along with the real image data that might be
from the image processor, adds in the apprapitithe times ~ sentby a cus'gomer’sapphcanon. The_ final outputs of the
(e.g, white space skipping, printhead turnaround), andmodel are printing speed for a particular qlocument (based
preparesthe input data for the thermal model. This data On the print mode and arrangement of jets), and the
includes the time history of the duty cycle within that throughputasa function of page number printed (i.e., in a
document as well as the time-avezaipty cycle and the  long job run). This data makes it possible to assess the

total print time to be recorded in the database. throughputof the printer as seen from the customer’s
viewpoint under various printing conditions. In this way, the
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design and operating trade-off decisions ba realistically
assessed for their acceptance in the marketplace.
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