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(57) ABSTRACT 

An ink jet printer uses an actuator and an oscillating pres 
sured ink supply. Ashutter is located betWeen the ink supply 
and an ink ejection port, normally blocking the ink ejection 
port. An actuator is provided for moving the shutter mecha 
nism on demand aWay from the ink ejection port so as to 
alloW for the ejection of ink on demand from the ink ejection 
port. The actuator includes a thermal actuator in a coiled 
form constructed primarily from polytetra?uorethylene. The 
coil is uncoiled upon heating. The actuator includes a 
serpentine heater element encased in a material having a 
high coef?cient of thermal expansion. The serpentine heater 
takes a Concertina form upon heating and a thick return trace 
returns the actuator to its original position upon cooling. 
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INK .I ET WITH COILED ACTUATOR 

[0001] The present invention further relates to the ?eld of 
drop on demand ink jet printing. 

BACKGROUND OF THE INVENTION 

[0002] Many different types of printing have been 
invented, a large number of Which are presently in use. The 
known forms of print have a variety of methods for marking 
the print media With a relevant marking media. Commonly 
used forms of printing include offset printing, laser printing 
and copying devices, dot matrix type impact printers, ther 
mal paper printers, ?lm recorders, thermal Wax printers, dye 
sublimation printers and ink jet printers both of the drop on 
demand and continuous ?oW type. Each type of printer has 
its oWn advantages and problems When considering cost, 
speed, quality, reliability, simplicity of construction and 
operation etc. 

[0003] In recent years, the ?eld of ink jet printing, Wherein 
each individual pixel of ink is derived from one or more ink 
noZZles has become increasingly popular primarily due to its 
inexpensive and versatile nature. 

[0004] Many different techniques on ink jet printing have 
been invented. For a survey of the ?eld, reference is made 
to an article by J Moore, “Non-Impact Printing: Introduction 
and Historical Perspective”, Output Hard Copy Devices, 
Editors R Dubeck and S Sherr, pages 207-220 (1988). 

[0005] Ink Jet printers themselves come in many different 
types. The utilisation of a continuous stream ink in ink jet 
printing appears to date back to at least 1929 Wherein US. 
Pat. No. 1,941,001 by Hansell discloses a simple form of 
continuous stream electrostatic ink jet printing. 

[0006] US. Pat. No. 3,596,275 by SWeet also discloses a 
process of a continuous ink jet printing including the step 
Wherein the ink jet stream is modulated by a high frequency 
electrostatic ?eld so as to cause drop separation. This 
technique is still used by several manufacturers including 
Elmjet and Scitex (see also US. Pat. No. 3,373,437 by 
SWeet et al) 

[0007] Piezoelectric ink jet printers are also one form of 
commonly used ink jet printing device. PieZoelectric sys 
tems are disclosed by Kyser et. al. in US. Pat. No. 3,946,398 
(1970) Which discloses a diaphragm mode of operation, by 
Zolten in US. Pat. No. 3,683,212 (1970) Which discloses a 
squeeZe mode of operation of a pieZoelectric crystal, 
Stemme in US. Pat. No. 3,747,120 (1972) Which discloses 
a bend mode of pieZoelectric operation, HoWkins in US. 
Pat. No. 4,459,601 Which discloses a pieZoelectric push 
mode actuation of the ink jet stream and Fischbeck in US. 
Pat. No. 4,584,590 Which discloses a shear mode type of 
pieZoelectric transducer element. 

[0008] Recently, thermal ink jet printing has become an 
extremely popular form of ink jet printing. The ink jet 
printing techniques include those disclosed by Endo et al in 
GB 2007162 (1979) and Vaught et al in US. Pat. No. 
4,490,728. Both the aforementioned references disclose ink 
jet printing techniques rely upon the activation of an elec 
trothermal actuator Which results in the creation of a bubble 
in a constricted space, such as a noZZle, Which thereby 
causes the ejection of ink from an aperture connected to the 
con?ned space onto a relevant print media. Printing devices 
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using the electro-thermal actuator are manufactured by 
manufacturers such as Canon and HeWlett Packard. 

[0009] As can be seen from the foregoing, many different 
types of printing technologies are available. Ideally, a print 
ing technology should have a number of desirable attributes. 
These include inexpensive construction and operation, high 
speed operation, safe and continuous long term operation 
etc. Each technology may have its oWn advantages and 
disadvantages in the areas of cost, speed, quality, reliability, 
poWer usage, simplicity of construction operation, durability 
and consumables. 

SUMMARY OF THE INVENTION 

[0010] It is an object of the present invention to provide an 
alternative form of ink jet printing using an actuator and a 
shuttered oscillating pressured ink supply. 

[0011] In accordance With the ?rst aspect of the present 
invention, there is provided an ink jet noZZle comprising an 
ink ejection port for the ejection of ink, an ink supply With 
an oscillating ink pressure interconnected to the ink ejection 
port, a shutter mechanism interconnected betWeen the ink 
supply and the ink ejection port, Which blocks the ink 
ejection port, and an actuator mechanism for moving the 
shutter mechanism on demand aWay from the ink ejection 
port so as to alloW for the ejection of ink on demand from 
the ink ejection port. 

[0012] Further, the actuator comprises a thermal actuator 
Which is activated by the heating of one side of the actuator. 
Preferably the actuator has a coiled form and is uncoiled 
upon heating. The actuator includes a serpentine heater 
element encased in a material having a high coef?cient of 
thermal expansion. The serpentine heater concertinas upon 
heating. Advantageously, the actuator includes a thick return 
trace for the serpentine heater element. The material in 
Which the serpentine heater element is encased comprises 
polytetra?uoroethylene. The actuator is formed Within a 
noZZle chamber Which is formed on a silicon Wafer and ink 
is supplied to the ejection port through channels etched 
through the silicon Wafer. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] NotWithstanding any other forms Which may fall 
Within the scope of the present invention, preferred forms of 
the invention Will noW be described, by Way of example 
only, With reference to the accompanying draWings in 
Which: 

[0014] FIG. 1 is an exploded perspective vieW illustrating 
the construction of a single ink jet noZZle in accordance With 
the preferred embodiment; 

[0015] FIG. 2 is a perspective vieW, partly in section, of 
a single ink jet noZZle constructed in accordance With the 
preferred embodiment; 
[0016] FIG. 3 provides a legend of the materials indicated 
in FIGS. 4 to 16; and 

[0017] FIG. 4 to FIG. 16 illustrate sectional vieWs of the 
manufacturing steps in one form of construction of an ink jet 
printhead noZZle. 

DESCRIPTION OF PREFERRED AND OTHER 
EMBODIMENTS 

[0018] In the preferred embodiment, an oscillating ink 
reservoir pressure is used to eject ink from ejection noZZles. 
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Each nozzle has an associated shutter Which normally blocks 
the nozzle. The shutter is moved aWay from the nozzle by an 
actuator Whenever an ink drop is to be ?red. 

[0019] Turning initially to FIG. 1, there is illustrated in 
exploded perspective a single ink jet nozzle 10 as con 
structed in accordance With the principles of the present 
invention. The exploded perspective illustrates a single ink 
jet nozzle 10. Ideally, the nozzles are formed as an array on 
a silicon Wafer 12. The silicon Wafer 12 is processed so as 
to have tWo level metal CMOS circuitry Which includes 
metal layers and glass layers 13 and Which are planarised 
after construction. The CMOS metal layer has a reduced 
aperture 14 for the access of ink from the back of silicon 
Wafer 12 via an ink supply channel 15. 

[0020] A bottom nitride layer 16 is constructed on top of 
the CMOS layer 13 so as to cover, protect and passivate the 
CMOS layer 13 from subsequent etching processes. Subse 
quently, there is provided a copper heater layer 18 Which is 
sandWiched betWeen tWo polytetra?uoroethylene (PTFE) 
layers 19,20. The copper layer 18 is connected to loWer 
CMOS layer 13 through vias 25,26. The copper layer 18 and 
PTFE layers 19,20 are encapsulated Within nitride borders 
eg 28 and nitride top layer 29 Which includes an ink 
ejection port 30 in addition to a number of sacri?cial etched 
access holes 32 Which are of a smaller dimension than the 
ejection port 30 and are provided for alloWing access of a 
etchant to loWer sacri?cial layers thereby alloWing the use of 
the etchant in the construction of layers, 18,19,20 and 28. 

[0021] Turning noW to FIG. 2, there is shoWn a cutaWay 
perspective vieW of a fully constructed ink jet nozzle 10. The 
ink jet nozzle uses an oscillating ink pressure to eject ink 
from ejection port 30. Each nozzle has an associated shutter 
31 Which normally blocks it. The shutter 31 is moved aWay 
from the ejection port 30 by an actuator 35 Whenever an ink 
drop is to be ?red. 

[0022] The ports 30 are in communication With ink cham 
bers Which contain the actuators 35. These chambers are 
connected to ink supply channels 15 Which are etched 
through the silicon Wafer. The ink supply channels 15 are 
substantially Wider than the ports 30, to reduce the ?uidic 
resistance to the ink pressure Wave. The ink channels 15 are 
connected to an ink reservoir. An ultrasonic transducer (for 
example, a piezoelectric transducer) is positioned in the 
reservoir. The transducer oscillates the ink pressure at 
approximately 100 KHz. The ink pressure oscillation is 
sufficient that ink drops Would be ejected from the nozzle 
Were it not blocked by the shutter 31. 

[0023] The shutters are moved by a thermoelastic actuator 
35. The actuators are formed as a coiled serpentine copper 
heater 23 embedded in polytetra?uoroethylene (PTFE) 
19/20. PTFE has a very high coef?cient of thermal expan 
sion (approximately 770x10_6). The current return trace 22 
from the heater 23 is also embedded in the PTFE actuator 35, 
the current return trace 22 is made Wider than the heater 
trace 23 and is not serpentine. Therefore, it does not heat the 
PTFE as much as the serpentine heater 23 does. The 
serpentine heater 23 is positioned along the inside edge of 
the PTFE coil, and the return trace is positioned on the 
outside edge. When actuated, the inside edge becomes hotter 
than the outside edge, and expands more. This results in the 
actuator 35 uncoiling. 

[0024] The heater layer 23 is etched in a serpentine 
manner both to increase its resistance, and to reduce its 
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effective tensile strength along the length of the actuator. 
This is so that the loW thermal expansion of the copper does 
not prevent the actuator from expanding according to the 
high thermal expansion characteristics of the PTFE. 

[0025] By varying the poWer applied to the actuator 35, 
the shutter 31 can be positioned betWeen the fully on and 
fully off positions. This may be used to vary the volume of 
the ejected drop. Drop volume control may be used either to 
implement a degree of continuous tone operation, to regulate 
the drop volume, or both. 

[0026] When data signals distributed on the printhead 
indicate that a particular nozzle is turned on, the actuator 35 
is energized, Which moves the shutter 31 so that it is not 
blocking the ink chamber. The peak of the ink pressure 
variation causes the ink to be squirted out of the nozzle 30. 
As the ink pressure goes negative, ink is draWn back into the 
nozzle, causing drop break-off. The shutter 31 is kept open 
until the nozzle is re?lled on the next positive pressure cycle. 
It is then shut to prevent the ink from being WithdraWn from 
the nozzle on the next negative pressure cycle. 

[0027] Each drop ejection takes tWo ink pressure cycles. 
Preferably half of the nozzles 10 should eject drops in one 
phase, and the other half of the nozzles should eject drops in 
the other phase. This minimises the pressure variations 
Which occur due to a large number of nozzles being actuated. 

[0028] The amplitude of the ultrasonic transducer can be 
altered in response to the viscosity of the ink (Which is 
typically affected by temperature), and the number of drops 
Which are to be ejected in the current cycle. This amplitude 
adjustment can be used to maintain consistent drop size in 
varying environmental conditions. 

[0029] The drop ?ring rate can be around 50 KHz. The ink 
jet head is suitable for fabrication as a monolithic page Wide 
printhead. FIG. 2 shoWs a single nozzle of a 1600 dpi 
printhead in “up shooter” con?guration. 

[0030] Returning again to FIG. 1, one method of con 
struction of the ink jet print nozzles 10 Will noW be 
described. Starting With the bottom Wafer layer 12, the Wafer 
is processed so as to add CMOS layers 13 With an aperture 
14 being inserted. The nitride layer 16 is laid doWn on top 
of the CMOS layers so as to protect them from subsequent 
etchings. 
[0031] A thin sacri?cial glass layer is then laid doWn on 
top of nitride layers 16 folloWed by a ?rst PTFE layer 19, the 
copper layer 18 and a second PTFE layer 20. Then a 
sacri?cial glass layer is formed on top of the PTFE layer and 
etched to a depth of a feW microns to form the nitride border 
regions 28. Next the top layer 29 is laid doWn over the 
sacri?cial layer using the mask for forming the various holes 
including the processing step of forming the rim 40 on 
nozzle 30. The sacri?cial glass is then dissolved aWay and 
the channel 15 formed through the Wafer by means of 
utilisation of high density loW pressure plasma etching such 
as that available from Surface Technology Systems. 

[0032] One form of detailed manufacturing process Which 
can be used to fabricate monolithic ink jet printheads 
operating in accordance With the principles taught by the 
present embodiment can proceed using the folloWing steps: 

[0033] 1. Using a double sided polished Wafer 12, 
complete drive transistors, data distribution, and 
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timing circuits using a 0.5 micron, one poly, 2 metal 
CMOS process 13. The Wafer is passivated With 0.1 
microns of silicon nitride 16. This step is shoWn in 
FIG. 4. For clarity, these diagrams may not be to 
scale, and may not represent a cross section though 
any single plane of the noZZle. FIG. 3 is a key to 
representations of various materials in these manu 
facturing diagrams, and those of other cross refer 
enced ink jet con?gurations. 

[0034] 2. Etch nitride and oXide doWn to silicon using 
Mask 1. This mask de?nes the noZZle inlet beloW the 
shutter. This step is shoWn in FIG. 5. 

[0035] 3. Deposit 3 microns of sacri?cial material 50 
(eg aluminum or photosensitive polyimide) 

[0036] 4. PlanariZe the sacri?cial layer to a thickness 
of 1 micron over nitride. This step is shoWn in FIG. 
6. 

[0037] 5. Etch the sacri?cial layer using Mask 2. This 
mask de?nes the actuator anchor point 51. This step 
is shoWn in FIG. 7. 

[0038] 6. Deposit 1 micron of PTFE 52. 

[0039] 7. Etch the PTFE, nitride, and oXide doWn to 
second level metal using Mask 3. This mask de?nes 
the heater vias 25,26. This step is shoWn in FIG. 8. 

[0040] 8. Deposit the heater 53, Which is a 1 micron 
layer of a conductor With a loW Young’s modulus, for 
example aluminum or gold. 

[0041] 9. Pattern the conductor using Mask 4. This 
step is shoWn in FIG. 9. 

[0042] 10. Deposit 1 micron of PTFE 54. 

[0043] 11. Etch the PTFE doWn to the sacri?cial layer 
using Mask 5. This mask de?nes the actuator and 
shutter This step is shoWn in FIG. 10. 

[0044] 12. Wafer probe. All electrical connections are 
complete at this point, bond pads are accessible, and 
the chips are not yet separated. 

[0045] 13. Deposit 3 microns of sacri?cial material 
55. PlanariZe using CMP 

[0046] 14. Etch the sacri?cial material using Mask 6. 
This mask de?nes the noZZle chamber Wall 28. This 
step is shoWn in FIG. 11. 

[0047] 15 . Deposit 3 microns of PECVD glass 56. 

[0048] 16. Etch to a depth of (approX.) 1 micron 
using Mask 7. This mask de?nes the noZZle rim 40. 
This step is shoWn in FIG. 12. 

[0049] 17. Etch doWn to the sacri?cial layer using 
Mask 6. This mask de?nes the roof of the noZZle 
chamber, the noZZle 30, and the sacri?cial etch 
access holes 32. This step is shoWn in FIG. 13. 

[0050] 18. Back-etch completely through the silicon 
Wafer (With, for eXample, an ASE Advanced Silicon 
Etcher from Surface Technology Systems) using 
Mask 7. This mask de?nes the ink inlets 15 Which are 
etched through the Wafer. The Wafer is also diced by 
this etch. This step is shoWn in FIG. 14. 
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[0051] 19. Etch the sacri?cial material. The noZZle 
chambers are cleared, the actuators freed, and the 
chips are separated by this etch. This step is shoWn 
in FIG. 15. 

[0052] 20. Mount the printheads in their packaging, 
Which may be a molded plastic former incorporating 
ink channels Which supply the appropriate color ink 
to the ink inlets at the back of the Wafer. The package 
also includes a pieZoelectric actuator attached to the 
rear of the ink channels. The pieZoelectric actuator 
provides the oscillating ink pressure required for the 
ink jet operation. 

[0053] 21. Connect the printheads to their intercon 
nect systems. For a loW pro?le connection With 
minimum disruption of air?oW, TAB may be used. 
Wire bonding may also be used if the printer is to be 
operated With suf?cient clearance to the paper. 

[0054] 22. HydrophobiZe the front surface of the 
printheads. 

[0055] 23. Fill the completed printheads With ink 57 
and test them. A ?lled noZZle is shoWn in FIG. 16. 

[0056] It Would be appreciated by a person skilled in the 
art that numerous variations and/or modi?cations may be 
made to the present invention as shoWn in the preferred 
embodiment Without departing from the spirit or scope of 
the invention as broadly described. The present embodiment 
is, therefore, to be considered in all respects to be illustrative 
and not restrictive. 

[0057] The presently disclosed ink jet printing technology 
is potentially suited to a Wide range of printing systems 
including: colour and monochrome of?ce printers, short run 
digital printers, high speed digital printers, offset press 
supplemental printers, loW cost scanning printers, high 
speed pageWidth printers, notebook computers With inbuilt 
pageWidth printers, portable colour and monochrome print 
ers, colour and monochrome copiers, colour and mono 
chrome facsimile machines, combined printer, facsimile and 
copying machines, label printers, large format plotters, pho 
tograph copiers, printers for digital photographic ‘minilabs’, 
video printers, PhotoCD printers, portable printers for 
PDAs, Wallpaper printers, indoor sign printers, billboard 
printers, fabric printers, camera printers and fault tolerant 
commercial printer arrays. 

[0058] Ink Jet Technologies 

[0059] The embodiments of the invention use an ink jet 
printer type device. Of course many different devices could 
be used. HoWever presently popular ink jet printing tech 
nologies are unlikely to be suitable. 

[0060] The most signi?cant problem With thermal ink jet 
is poWer consumption. This is approximately 100 times that 
required for high speed, and stems from the energy-inef? 
cient means of drop ejection. This involves the rapid boiling 
of Water to produce a vapor bubble Which eXpels the ink. 
Water has a very high heat capacity, and must be superheated 
in thermal ink jet applications. This leads to an ef?ciency of 
around 0.02%, from electricity input to drop momentum 
(and increased surface area) out. 

[0061] The most signi?cant problem With pieZoelectric 
ink jet is siZe and cost. Piezoelectric crystals have a very 
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small de?ection at reasonable drive voltages, and therefore 
require a large area for each noZZle. Also, each piezoelectric 
actuator must be connected to its drive circuit on a separate 
substrate. This is not a signi?cant problem at the current 
limit of around 300 noZZles per printhead, but is a major 
impediment to the fabrication of pageWidth printheads With 
19,200 noZZles. 

[0062] Ideally, the ink jet technologies used meet the 
stringent requirements of in-camera digital color printing 
and other high quality, high speed, loW cost printing appli 
cations. To meet the requirements of digital photography, 
neW ink jet technologies have been created. The target 
features include: 

[0063] 
[0064] 
[0065] 
[0066] 
[0067] small siZe (pageWidth times minimum cross 

section) 

loW poWer (less than 10 Watts) 

high resolution capability (1,600 dpi or more) 

photographic quality output 
loW manufacturing cost 

[0068] high speed (<2 seconds per page). 
[0069] All of these features can be met or exceeded by the 
ink jet systems described beloW With differing levels of 
dif?culty. Forty-?ve different ink jet technologies have been 
developed by the Assignee to give a Wide range of choices 
for high volume manufacture. These technologies form part 
of separate applications assigned to the present Assignee as 
set out in the table under the heading Cross References to 
Related Applications. 

[0070] The ink jet designs shoWn here are suitable for a 
Wide range of digital printing systems, from battery poWered 
one-time use digital cameras, through to desktop and net 
Work printers, and through to commercial printing systems. 

[0071] For ease of manufacture using standard process 
equipment, the printhead is designed to be a monolithic 0.5 
micron CMOS chip With MEMS post processing. For color 
photographic applications, the printhead is 100 mm long, 
With a Width Which depends upon the ink jet type. The 
smallest printhead designed is I] 38, Which is 0.35 mm Wide, 
giving a chip area of 35 square mm. The printheads each 
contain 19,200 noZZles plus data and control circuitry. 

[0072] Ink is supplied to the back of the printhead by 
injection molded plastic ink channels. The molding requires 
50 micron features, Which can be created using a litho 
graphically micromachined insert in a standard injection 
molding tool. Ink ?oWs through holes etched through the 
Wafer to the noZZle chambers fabricated on the front surface 
of the Wafer. The printhead is connected to the camera 
circuitry by tape automated bonding. 

[0073] Tables of Drop-on-Demand Ink Jets 

[0074] Eleven important characteristics of the fundamen 
tal operation of individual ink jet noZZles have been iden 
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ti?ed. These characteristics are largely orthogonal, and so 
can be elucidated as an eleven dimensional matrix. Most of 
the eleven axes of this matrix include entries developed by 
the present assignee. 

[0075] The folloWing tables form the axes of an eleven 
dimensional table of ink jet types. 

[0076] Actuator mechanism (18 types) 
[0077] Basic operation mode (7 types) 
[0078] Auxiliary mechanism (8 types) 
[0079] Actuator 

method (17 types) 
[0080] Actuator motion (19 types) 
[0081] NoZZle re?ll method (4 types) 
[0082] Method of restricting back-?oW through inlet 

(10 types) 
[0083] NoZZle clearing method (9 types) 
[0084] NoZZle plate construction (9 types) 
[0085] Drop ejection direction (5 types) 
[0086] 

[0087] The complete eleven dimensional table represented 
by these axes contains 36.9 billion possible con?gurations of 
ink jet noZZle. While not all of the possible combinations 
result in a viable ink jet technology, many million con?gu 
rations are viable. It is clearly impractical to elucidate all of 
the possible con?gurations. Instead, certain ink jet types 
have been investigated in detail. These are designated IJ01 
to I] 45 above Which matches the docket numbers in the table 
under the heading Cross References to Related Applications. 

ampli?cation or modi?cation 

Ink type (7 types) 

[0088] Other ink jet con?gurations can readily be derived 
from these forty-?ve examples by substituting alternative 
con?gurations along one or more of the 11 axes. Most of the 
IJ01 to IJ45 examples can be made into ink jet printheads 
With characteristics superior to any currently available ink 
jet technology. 
[0089] Where there are prior art examples knoWn to the 
inventor, one or more of these examples are listed in the 
examples column of the tables beloW. The I] 01 to IJ45 series 
are also listed in the examples column. In some cases, a print 
technology may be listed more than once in a table, Where 
it shares characteristics With more than one entry. 

[0090] Suitable applications for the ink jet technologies 
include: Home printers, Of?ce netWork printers, Short run 
digital printers, Commercial print systems, Fabric printers, 
Pocket printers, Internet WVW printers, Video printers, 
Medical imaging, Wide format printers, Notebook PC print 
ers, Fax machines, Industrial printing systems, Photocopi 
ers, Photographic minilabs etc. 

[0091] The information associated With the aforemen 
tioned 11 dimensional matrix are set out in the folloWing 
tables. 

Description Advantages Disadvantages Examples 

ACTUATOR MECHANISM (APPLIED ONLY TO SELECTED INK DROPS) 

Thermal 
bubble 

An electrothermal 
heater heats the ink to generated 

Large force High poWer 
Ink carrier 

Canon Bubblejet 
1979 Endo et al GB 
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Piezo 
electric 

Electro 
strictive 

Ferro 
electric 

Electro 
static plates 

-c0ntinued 

Description Advantages Disadvantages Examples 

above boiling point, Simple limited to Water patent 2,007,162 
transferring signi?cant construction LoW e?iciency Xerox heater-in 
heat to the aqueous 
ink. A bubble 
nucleates and quickly 
forms, expelling the 
ink. 
The efficiency of the 
process is loW, With 
typically less than 
0.05% of the electrical 
energy being 
transformed into 
kinetic energy of the 
drop. 

A piezoelectric crystal 
such as lead 
lanthanum zirconate 
(PZT) is electrically 
activated, and either 
expands, shears, or 
bends to apply 
pressure to the ink, 
ejecting drops. 

An electric ?eld is 
used to activate 
electrostriction in 
relaxor materials such 
as lead lanthanum 
zirconate titanate 

(PLZT) or lead 
magnesium niobate 
(PMN). 

An electric ?eld is 
used to induce a phase 
transition betWeen the 
antiferroelectric (AFE) 

and ferroelectric phase. Perovskite 

materials such as tin 
modi?ed lead 
lanthanum zirconate 
titanate (PLZSnT) 
exhibit large strains of 
up to 1% associated 
With the AFE to FE 
phase transition. 
Conductive plates are 
separated by a 
compressible or ?uid 
dielectric (usually air). 
Upon application of a 
voltage, the plates 
attract each other and 
displace ink, causing 
drop ejection. The 
conductive plates may 

No moving parts 
Fast operation 
Small chip area 
required for actuator 

LoW poWer 
consumption 
Many ink types 
can be used 

Fast operation 
High efficiency 

LoW poWer 
consumption 
Many ink types 
can be used 
LoW thermal 
expansion 
Electric ?eld 
strength required 
(approx. 3.5 V/Mm) 
can be generated 
without difficulty 
Does not require 
electrical poling 

LoW poWer 
consumption 
Many ink types 
can be used 

Fast operation 

Relatively high 
longitudinal strain 
High efficiency 
Electric ?eld 
strength of around 3 
V/,um can be readily 
provided 

LoW poWer 
consumption 
Many ink types 
can be used 

Fast operation 

High 
temperatures 
required 
High mechanical 
stress 

Unusual 
materials required 
Large drive 
transistors 
Cavitation causes 

actuator failure 
Kogation reduces 
bubble formation 
Large print heads 
are di?icult to 

fabricate 
Very large area 
required for actuator 
Di?icult to 
integrate With 
electronics 
High voltage 
drive transistors 
required 
Full pageWidth 
print heads 
impractical due to 
actuator size 
Requires 
electrical poling in 
high ?eld strengths 
during manufacture 
LoW maximum 
strain (approx. 
0.01%) 
Large area 
required for actuator 
due to lOW strain 
Response speed 
is marginal (~10 
#5) 
High voltage 
drive transistors 
required 
Full pageWidth 
print heads 
impractical due to 
actuator size 
Di?icult to 
integrate With 
electronics 
Unusual 
materials such as 
PLZSnT are 

required 
Actuators require 
a large area 

operate electrostatic 
devices in an 

aqueous 
environment 
The electrostatic 
actuator Will 
normally need to be 
separated from the 
ink 

pit 1990 HaWkins et 
al US. Pat. 4,899,181 
Hewlett-Packard 
TH 1982 Vaught et 
al US. Pat. 4,490,728 

Kyser et al US. Pat. 
3,946,398 
Zoltan US. Pat. 

3,683,212 
1973 Stemme 

US. Pat. 3,747,120 
Epson Stylus 
Tektronix 

Seiko Epson, 
Usui et all JP 

253401/96 
U04 
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Electro 
static pull 
on ink 

Permanent 

magnet 
electro 
magnetic 

Soft 
magnetic 
core electro 

magnetic 

Lorenz 
force 

be in a comb or 

honeycomb structure, 
or stacked to increase 

the surface area and 
therefore the force. 

A strong electric ?eld 
is applied to the ink, 
Whereupon 
electrostatic attraction 
accelerates the ink 
toWards the print 
medium. 

An electromagnet 
directly attracts a 
permanent magnet, 
displacing ink and 
causing drop ejection. 
Rare earth magnets 
With a ?eld strength 
around 1 Tesla can be 
used. Examples are: 
Samarium Cobalt 
(SaCo) and magnetic 
materials in the 
neodymium iron boron 
family (NdFeB, 
NdDyFeBNb, 
NdDyFeB, etc) 

A solenoid induced a 

magnetic ?eld in a soft 
magnetic core or yoke 
fabricated from a 
ferrous material such 
as electroplated iron 
alloys such as CoNiFe 
[1], CoFe, or NiFe 
alloys. Typically, the 
soft magnetic material 
is in tWo parts, Which 
are normally held 
apart by a spring. 
When the solenoid is 
actuated, the tWo parts 
attract, displacing the 
ink. 

The Lorenz force 
acting on a current 

carrying Wire in a 
magnetic ?eld is 
utilized. 

LoW current 

consumption 
LoW temperature 

LoW poWer 
consumption 
Many ink types 
can be used 

Fast operation 
High efficiency 
Easy extension 
from single nozzles 
to pageWidth print 
heads 

LoW poWer 
consumption 
Many ink types 
can be used 

Fast operation 
High efficiency 
Easy extension 
from single nozzles 
to pageWidth print 
heads 

LoW poWer 
consumption 
Many ink types 
can be used 

Fast operation 

Very large area 
required to achieve 
high forces 
High voltage 
drive transistors 
may be required 
Full pageWidth 
print heads are not 
competitive due to 
actuator size 
High voltage 
required 
May be damaged 
by sparks due to air 
breakdoWn 
Required ?eld 
strength increases as 
the drop size 
decreases 
High voltage 
drive transistors 
required 
Electrostatic ?eld 
attracts dust 
Complex 
fabrication 
Permanent 
magnetic material 
such as Neodymium 
Iron Boron (NdFeB) 
required. 
High local 
currents required 
Copper 
metalization should 
be used for long 
electromigration 
lifetime and loW 
resistivity 
Pigmented inks 
are usually 
infeasible 
Operating 
temperature limited 
to the Curie 

temperature (around 
540 
Complex 
fabrication 
Materials not 
usually present in a 
CMOS fab such as 

NiFe, CoNiFe, or 
CoFe are required 
High local 
currents required 
Copper 
metalization should 
be used for long 
electromigration 
lifetime and loW 
resistivity 
Electroplating is 
required 
High saturation 
flux density is 
required (2.0-2.1 T 
is achievable With 
CoNiFe 
Force acts as a 

tWisting motion 
Typically, only a 
quarter of the 
solenoid length 

1989 Saito et al, 
U.S. Pat. No. 4,799,068 
1989 Miura et al, 
U.S. Pat. No. 4,810,954 
Tone-jet 

U07, [1 10 

U01, I105, U08, 
U10, I112, U14, 
U15, U17 

U06, I111, I113, 
IJ16 
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Description Advantages Disadvantages Examples 

This alloWs the High efficiency provides force in a 
magnetic ?eld to be Easy extension useful direction 
supplied externally to from single nozzles High local 
the print head, for to pageWidth print currents required 
example With rare heads Copper 
earth permanent metalization should 
magnets. be used for long 
Only the current electromigration 
carrying Wire need be lifetime and loW 
fabricated on the print- resistivity 
head, simplifying Pigmented inks 
materials are usually 
requirements. infeasible 

Magneto- The actuator uses the Many ink types Force acts as a Fischenbeck, 
striction giant magnetostrictive can be used tWisting motion U.S. Pat. No. 4,032,929 

effect of materials Fast operation Unusual I125 
such as Terfenol-D (an Easy extension materials such as 
alloy of terbium, from single nozzles Terfenol-D are 
dysprosium and iron to pageWidth print required 
developed at the Naval heads High local 
Ordnance Laboratory, High force is currents required 
hence Ter-Fe-NOL). available Copper 
For best efficiency, the metalization should 
actuator should be pre- be used for long 
stressed to approx. 8 electromigration 
MPa. lifetime and loW 

resistivity 
Pre-stressing 
may be required 

Surface Ink under positive LoW poWer Requires Silverbrook, EP 
tension pressure is held in a consumption supplementary force 0771 658 A2 and 
reduction nozzle by surface Simple to effect drop related patent 

tension. The surface construction separation applications 
tension of the ink is No unusual Requires special 
reduced beloW the materials required in ink surfactants 
bubble threshold, fabrication Speed may be 
causing the ink to High efficiency limited by surfactant 
egress from the Easy extension properties 
nozzle. from single nozzles 

to pageWidth print 
heads 

Viscosity The ink viscosity is Simple Requires Silverbrook, EP 
reduction locally reduced to construction supplementary force 0771 658 A2 and 

select Which drops are No unusual to effect drop related patent 
to be ejected. A materials required in separation applications 
viscosity reduction can fabrication Requires special 
be achieved Easy extension ink viscosity 
electrothermally With from single nozzles properties 
most inks, but special to pageWidth print High speed is 
inks can be engineered heads difficult to achieve 
for a 100:1 viscosity Requires 
reduction. oscillating ink 

pressure 
A high 
temperature 
difference (typically 
80 degrees) is 
required 

Acoustic An acoustic Wave is Can operate Complex drive 1993 Hadimioglu 
generated and Without a nozzle circuitry et al, EUP 550,192 
focussed upon the plate Complex 1993 Elrod et al, 
drop ejection region. fabrication EUP 572,220 

LoW ef?ciency 
Poor control of 
drop position 
Poor control of 
drop volume 

Thermo- An actuator Which LoW poWer Efficient aqueous I103, I109, I117, 
elastic bend relies upon differential consumption operation requires a I118, I119, I120, 
actuator thermal expansion Many ink types thermal insulator on I121, I122, I123, 

upon Joule heating is can be used the hot side I124, I127, I128, 
used. Simple planar Corrosion I129, I130, I131, 

fabrication prevention can be I132, I133, I134, 
Small chip area difficult I135, I136, I137, 
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Description Advantages Disadvantages Examples 

High CT E 
thermo 
elastic 
actuator 

Conduct-ive 
polymer 
thermo 
elastic 
actuator 

Shape 
memory 
alloy 

A material With a very 
high coefficient of 
thermal expansion 
(CTE) such as 
polytetrafluoroethylene 
(PTFE) is used. As 
high CTE materials 
are usually non 

conductive, a heater 
fabricated from a 
conductive material is 
incorporated. A 50 ,um 
long PTFE bend 
actuator With 
polysilicon heater and 
15 mW poWer input 
can provide 180 ,uN 
force and 10 [um 
de?ection. Actuator 
motions include: 
Bend 
Push 
Buckle 
Rotate 

A polymer With a high 
coef?cient of thermal 
expansion (such as 
PTFE) is doped With 
conducting substances 
to increase its 
conductivity to about 3 
orders of magnitude 
beloW that of copper. 
The conducting 
polymer expands 
When resistively 
heated. 
Examples of 
conducting dopants 
include: 
Carbon nanotubes 
Metal ?bers 
Conductive polymers 
such as doped 
polythiophene 
Carbon granules 

A shape memory alloy 
such as TiNi (also 
knoWn as Nitinol — 

Nickel Titanium alloy 
developed at the Naval 

required for each 
actuator 

Fast operation 
High efficiency 
CMOS 
compatible voltages 
and currents 
Standard MEMS 
processes can be 
used 
Easy extension 
from single nozzles 
to pageWidth print 
heads 
High force can 
be generated 
Three methods of 
PTFE deposition are 
under development: 
chemical vapor 
deposition (CVD), 
spin coating, and 
evaporation 
PTFE is a 

candidate for lOW 
dielectric constant 
insulation in ULSI 
Very lOW poWer 
consumption 
Many ink types 
can be used 

Simple planar 
fabrication 
Small chip area 
required for each 
actuator 

Fast operation 
High efficiency 
CMOS 
compatible voltages 
and currents 
Easy extension 
from single nozzles 
to pageWidth print 
heads 
High force can 
be generated 
Very lOW poWer 
consumption 
Many ink types 
can be used 

Simple planar 
fabrication 
Small chip area 
required for each 
actuator 

Fast operation 
High efficiency 
CMOS 
compatible voltages 
and currents 
Easy extension 
from single nozzles 
to pageWidth print 
heads 

High force is 
available (stresses 
of hundreds of MPa) 
Large strain is 
available (more than 

Pigmented inks 
may be infeasible, 
as pigment particles 
may jam the bend 
actuator 

Requires special 
material (eg PTFE) 
Requires a PTFE 
deposition process, 
Which is not yet 
standard in ULSI 
fabs 
PTFE deposition 
cannot be folloWed 
With high 
temperature (above 
3500 C.) processing 
Pigmented inks 
may be infeasible, 
as pigment particles 
may jam the bend 
actuator 

Requires special 
materials 
development (High 
CT E conductive 
polymer) 
Requires a PTFE 
deposition process, 
Which is not yet 
standard in ULSI 
fabs 
PTFE deposition 
cannot be folloWed 
With high 
temperature (above 
3500 C.) processing 
Evaporation and 
CVD deposition 
techniques cannot 
be used 
Pigmented inks 
may be infeasible, 
as pigment particles 
may jam the bend 
actuator 

Fatigue limits 
maximum number 
of cycles 
LoW strain (1%) 
is required to extend 

U38, I139, U40, 
U41 

U09, I117, U18, 
U20, 1121, U22, 
U23, 1124, U27, 
U28, 1129, U30, 
U31, 1142, I143, 
U44 

U24 
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Ordnance Laboratory) 3%) fatigue resistance 
is thermally sWitched High corrosion Cycle rate 
betWeen its Weak resistance limited by heat 
martensitic state and Simple removal 
its high stiffness construction Requires unusual 
austenic state. The Easy eXtension materials (TiNi) 
shape of the actuator from single nozzles The latent heat of 
in its martensitic state to pageWidth print transformation must 
is deformed relative to heads be provided 
the austenic shape. LoW voltage High current 
The shape change operation operation 
causes ejection of a Requires pre 
drop. stressing to distort 

the martensitic state 
Linear Linear magnetic Linear Magnetic Requires unusual I112 
Magnetic actuators include the actuators can be semiconductor 
Actuator Linear Induction constructed With materials such as 

Actuator (LIA), Linear high thrust, long soft magnetic alloys 
Permanent Magnet travel, and high (e.g. CoNiFe) 
Synchronous Actuator e?iciency using Some varieties 
(LPMSA), Linear planar also require 
Reluctance semiconductor permanent magnetic 
Synchronous Actuator fabrication materials such as 
(LRSA), Linear techniques Neodymium iron 
SWitched Reluctance Long actuator boron (NdFeB) 
Actuator (LSRA), and travel is available Requires 
the Linear Stepper Medium force is compleX multi 
Actuator (LSA). available phase drive circuitly 

LoW voltage High current 
operation operation 

BASIC OPERATION MODE 

Actuator This is the simplest Simple operation Drop repetition Thermal ink jet 
directly mode of operation: the No eXternal rate is usually Piezoelectric ink 
pushes ink actuator directly ?elds required limited to around 10 jet 

supplies su?icient Satellite drops kHz. HoWever, this I101, I102, I103, 
kinetic energy to eXpel can be avoided if is not fundamental I104, I105, I106, 
the drop. The drop drop velocity is less to the method, but is I107, I109, I111, 
must have a suf?cient than 4 m/s related to the re?ll I112, I114, I116, 
velocity to overcome Can be e?icient, method normally I120, I122, I123, 
the surface tension. depending upon the used I124, I125, I126, 

actuator used All of the drop I127, I128, I129, 
kinetic energy must I130, I131, I132, 
be provided by the I133, I134, I135, 
actuator I136, I137, I138, 
Satellite drops I139, I140, I141, 
usually form if drop I142, I143, I144 
velocity is greatere 
than 4.5 m/s 

ProXimity The drops to be Very simple print Requires close Silverbrook, EP 
printed are selected by head fabrication can proXimity betWeen 0771 658 A2 and 
some manner (eg be used the print head and related patent 
thermally induced The drop the print media or applications 
surface tension selection means transfer roller 
reduction of does not need to May require tWo 
pressurized ink), provide the energy print heads printing 
Selected drops are required to separate alternate roWs of the 
separated from the ink the drop from the image 
in the nozzle by nozzle Monolithic color 
contact With the print print heads are 
medium or a transfer di?icult 

roller. 
Electro- The drops to be Very simple print Requires very Silverbrook, EP 
static pull printed are selected by head fabrication can high electrostatic 0771 658 A2 and 
on ink some manner (eg be used ?eld related patent 

thermally induced 
surface tension 
reduction of 

pressurized ink), 
Selected drops are 
separated from the ink 
in the nozzle by a 
strong electric ?eld. 

The drop 
selection means 

does not need to 

provide the energy 
required to separate 
the drop from the 
nozzle 

Electrostatic ?eld 
for small nozzle 
sizes is above air 
breakdoWn 
Electrostatic ?eld 
may attract dust 

applications 
Tone-1et 

Nov. 22, 2001 
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Magnetic 
pull on ink 

Shutter 

Shuttered 
grill 

Pulsed 
magnetic 
pull on ink 
pusher 

Electro 
static 

Direct 
magnetic 
?eld 

Cross 
magnetic 
?eld 

Pulsed 
magnetic 
?eld 

No ne 

The drops to be 
printed are selected by 
some manner (eg 
thermally induced 
surface tension 
reduction of 
pressurized ink), 
Selected drops are 
separated from the ink 
in the nozzle by a 
strong magnetic ?eld 
acting on the magnetic 
ink. 
The actuator moves a 

shutter to block ink 
floW to the nozzle. The 
ink pressure is pulsed 
at a multiple of the 
drop ejection 
frequency. 

The actuator moves a 

shutter to block ink 
floW through a grill to 
the nozzle. The shutter 
movement need only 
be equal to the Width 
of the grill holes. 

A pulsed magnetic 
?eld attracts an ‘ink 
pusher’ at the drop 
ejection frequency. An 
actuator controls a 

catch, Which prevents 
the ink pusher from 
moving When a drop is 
not to be ejected. 

Very simple print 
head fabrication can 

be used 
The drop 
selection means 

does not need to 

provide the energy 
required to separate 
the drop from the 
nozzle 

High speed (>50 
kHz) operation can 
be achieved due to 
reduced re?ll time 
Drop timing can 
be very accurate 
The actuator 

energy can be very 
lOW 
Actuators With 
small travel can be 
used 
Actuators With 
small force can be 
used 
High speed (>50 
kHz) operation can 
be achieved 
Extremely lOW 
energy operation is 
possible 
No heat 
dissipation 
problems 

Requires 
magnetic ink 
Ink colors other 
than black are 
difficult 
Requires very 
high magnetic ?elds 

Silverbrook, EP 
0771 658 A2 and 
related patent 
applications 

Moving parts are 
required 
Requires ink 
pressure modulator 
Friction and Wear 
must be considered 
Stiction is 
possible 

U13, I117, [J21 

Moving parts are 
required 
Requires ink 
pressure modulator 
Friction and Wear 
must be considered 
Stiction is 
possible 

U08, I115, U18, 
U19 

Requires an IJ10 
external pulsed 
magnetic ?eld 
Requires special 
materials for both 
the actuator and the 
ink pusher 
Complex 
construction 

AUXILIARY MECHANISM (APPLIED TO ALL NOZZLES) 

An electric ?eld is 
used to accelerate 
selected drops toWards 
the print medium. 

A magnetic ?eld is 
used to accelerate 
selected drops of 
magnetic ink toWards 
the print medium. 
The print head is 
placed in a constant 
magnetic ?eld. The 
Lorenz force in a 
current carrying Wire 
is used to move the 
actuator. 

A pulsed magnetic 
?eld is used to 
cyclically attract a 
paddle, Which pushes 
on the ink. A small 
actuator moves a 

catch, Which 
selectively prevents 
the paddle from 
moving. 

LoW poWer 
Simple print head 
construction 

LoW poWer 
Simple print head 
construction 

Does not require 
magnetic materials 
to be integrated in 
the print head 
manufacturing 
process 

Very lOW poWer 
operation is possible 
Small print head 
size 

Field strength 
required for 
separation of small 

Silverbrook, EP 
0771 658 A2 and 
related patent 

drops is near or applications 
above air Tone-Jet 
breakdoWn 
Requires Silverbrook, EP 

0771 658 A2 and 
related patent 
applications 

magnetic ink 
Requires strong 
magnetic ?eld 

Requires external 
magnet 
Current densities 
may be high, 
resulting in 
electromigration 
problems 
Complex print 
head construction 
Magnetic 
materials required in 
print head 

ACTUATOR AMPLIFICATION OR MODIFICATION METHOD 

No actuator 
mechanical 

Operational 
simplicity 

Thermal Bubble 
Ink et 

Many actuator 
mechanisms have 
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Differential 
expansion 
bend 
actuator 

Transient 
bend 
actuator 

Reverse 
spring 

Actuator 
stack 

Multiple 
actuators 

Linear 
Spring 

Coiled 
actuator 

Flexure 
bend 
actuator 

ampli?cation is used. 
The actuator directly 
drives the drop 
ejection process. 

An actuator material 
expands more on one 

side than on the other. 
The expansion may be 
thermal, piezoelectric, 
magnetostrictive, or 
other mechanism. The 
bend actuator converts 

a high force lOW travel 
actuator mechanism to 

high travel, loWer 
force mechanism. 
A trilayer bend 
actuator Where the tWo 
outside layers are 
identical. This cancels 
bend due to ambient 
temperature and 
residual stress. The 
actuator only responds 
to transient heating of 
one side or the other. 

The actuator loads a 

spring. When the 
actuator is turned off, 
the spring releases. 
This can reverse the 

force/distance curve of 
the actuator to make it 
compatible With the 
force/time 
requirements of the 
drop ejection. 
A series of thin 
actuators are stacked. 

This can be 

appropriate Where 
actuators require high 
electric ?eld strength, 
such as electrostatic 

and piezoelectric 
actuators. 

Multiple smaller 
actuators are used 

simultaneously to 
move the ink. Each 
actuator need provide 
only a portion of the 
force required. 
A linear spring is used 
to transform a motion 

With small travel and 
high force into a 
longer travel, loWer 
force motion. 

A bend actuator is 
coiled to provide 
greater travel in a 
reduced chip area. 

A bend actuator has a 
small region near the 
fixture point, Which 
?exes much more 

readily than the 
remainder of the 

Provides greater 
travel in a reduced 
print head area 

Very good 
temperature stability 
High speed, as a 
neW drop can be 
?red before heat 
dissipates 
Cancels residual 
stress of formation 

Better coupling 
to the ink 

Increased travel 
Reduced drive 
voltage 

Increases the 
force available from 
an actuator 

Multiple 
actuators can be 

positioned to control 
ink ?oW accurately 
Matches lOW 
travel actuator With 
higher travel 
requirements 
Non-contact 
method of motion 
transformation 
Increases travel 
Reduces chip 
area 

Planar 
implementations are 
relatively easy to 
fabricate. 
Simple means of 
increasing travel of 
a bend actuator 

insu?icient travel, 
or insufficient force, 
to e?iciently drive 
the drop ejection 
process 
High stresses are 
involved 
Care must be 
taken that the 
materials do not 
delaminate 
Residual bend 
resulting from high 
temperature or high 
stress during 
formation 

High stresses are 
involved 
Care must be 
taken that the 
materials do not 
delaminate 

Fabrication 
complexity 
High stress in the 
spring 

Increased 
fabrication 
complexity 
Increased 
possibility of short 
circuits due to 
pinholes 

Actuator forces 
may not add 
linearly, reducing 
e?iciency 

Requires print 
head area for the 

spring 

Generally 
restricted to planar 
implementations 
due to extreme 
fabrication di?iculty 
in other orientations. 

Care must be 
taken not to exceed 
the elastic limit in 
the ?exure area 
Stress 
distribution is very 

I101, I102, I106, 
I107, I116, I125, 
I126 

Piezoelectric 

I103, I109, I117, 
I118, I119, I120, 
I121, I122, I123, 
I124, I127, I129, 
I130, I131, I132, 
I133, I134, I135, 
I136, I137, I138, 
I139, I142, I143, 
I144 

I140, I141 

I105, I111 

Some 
piezoelectric ink ets 
I104 

I112, I113, I118, 
I120, I122, I128, 
I142, I143 

I115 

I117, I121, I134, 
I135 

I110, I119, I133 
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actuator. The actuator uneven 

?exing is effectively Di?icult to 
converted from an accurately model 
even coiling to an With ?nite element 

angular bend, resulting analysis 
in greater travel of the 
actuator tip. 

Catch The actuator controls a Very lOW Complex IJ1O 
small catch. The catch actuator energy construction 
either enables or Very small Requires external 
disables movement of actuator size force 
an ink pusher that is Unsuitable for 
controlled in a bulk pigmented inks 
manner. 

Gears Gears can be used to LoW force, lOW Moving parts are IJ13 

Buckle plate 

Tapered 
magnetic 
pole 

Lever 

Rotary 
impeller 

Acoustic 
lens 

Sharp 
conductive 

point 

travel actuators can 

be used 
Can be fabricated 
using standard 
surface MEMS 

processes 

increase travel at the 
expense of duration. 
Circular gears, rack 
and pinion, ratchets, 
and other gearing 
methods can be used. 

A buckle plate can be Very fast 
used to change a sloW movement 
actuator into a fast achievable 

motion. It can also 

convert a high force, 
lOW travel actuator 
into a high travel, 
medium force motion. 
A tapered magnetic 
pole can increase 
travel at the expense 
of force. 
A lever and fulcrum is 
used to transform a 

Linearizes the 
magnetic 
force/distance curve 

Matches lOW 
travel actuator With 

higher travel 
requirements 
Fulcrum area has 

no linear movement, 
and can be used for 
a ?uid seal 

motion With small 
travel and high force 
into a motion With 

longer travel and 
loWer force. The lever 
can also reverse the 

direction of travel. 
The actuator is 
connected to a rotary 

impeller. A small 
angular de?ection of 
the actuator results in 

High mechanical 
advantage 
The ratio of force 
to travel of the 
actuator can be 

matched to the 
nozzle requirements 
by varying the 
number of impeller 
vanes 

No moving parts 

a rotation of the 

impeller vanes, Which 
push the ink against 
stationary vanes and 
out of the nozzle. 
A refractive or 

diffractive (e.g. zone 
plate) acoustic lens is 
used to concentrate 

sound Waves. 

A sharp point is used 
to concentrate an 

electrostatic ?eld. 

Simple 
construction 

required 
Several actuator 

cycles are required 
More complex 
drive electronics 
Complex 
construction 

Friction, friction, 
and Wear are 

possible 
Must stay Within 
elastic limits of the 
materials for long 
device life 
High stresses 
involved 
Generally high 
poWer requirement 
Complex 
construction 

High stress 
around the fulcrum 

Complex 
construction 
Unsuitable for 
pigmented inks 

Large area 
required 
Only relevant for 
acoustic ink jets 

fabricate using 
standard VLSI 

processes for a 

surface ejecting ink 
jet 
Only relevant for 
electrostatic ink jets 
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