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Abstract

 

Ink jet waveform design is a challenge requiring knowl-
edge of ink jet internal dynamics as well as surface dynam-
ics of the aperture and mensicus. Waveforms generally are
designed to excite the main driving frequency of the jet,
while reducing energy at undesirable resonance frequen-
cies, in order to reliably produce a single drop size. By ex-
citing higher order modes of surface oscillation, drops of
several sizes have been produced. Fundamental analysis,
computational fluid dynamics simulations and laboratory
experimentation have been used to provide a better under-
standing and demonstration of the drop size modulation
process. Application of multiple drop size modulation in-
cludes variable resolution and gray scaling printing.

 

Introduction

 

Typical drop-on-demand ink jet printers are designed to
provide specific print quality at specific speed with a single
drop size. Improved print quality can be obtained by in-
creasing resolution while utilizing a smaller drop size.
However, this negatively impacts the print speed. With the
option of two drop sizes, the user can chose between higher
print quality or higher speed as desired. If the drop size can
be modulated during a print, grey scale printing can be
achieved thus allowing for greater apparent printing reso-
lution without impacting print speed.

Multiple drop sizes can be obtained by appropriate
waveform design. In addition to enhanced print modes,
waveform design can remove the requirement for particu-
larly small aperture sizes, thus existing production orifice
manufacturing technology may be used for higher resolu-
tion drop sizes.  Eliminating the need for smaller apertures
also reduces the susceptibility to contamination.

Whether multiple drop sizes are implemented as two
distinct print quality modes or as gray scale printing, the
techniques for designing a waveform are the same. The dot
size modulation techniques discussed in the paper have
been applied successfully for both multiple resolution as
implemented in the Tektronix Phaser

 

®

 

340 printer and in
laboratory demonstrations of 4-level gray scale printing.
Both theoretical and experimental results are discussed.
The Tektronix Phaser

 

®

 

 300 phase change ink jet print head
was used as the platform for developing multiple drop sizes
and will be discussed for the remainder of this paper.

 

Jet Design Background

 

Jet design is a complex and iterative process which at-
tempts to satisfy many constraints.  However, most basic
individual jet design issues can be addressed, at least qual-
itatively, in terms of the lumped parameter model, and it
will be used for this jet design background discussion. Fig-
ure 1 is a cross-section of the Phaser

 

®

 

 300 jet stack.  Figure
2 shows a corresponding lumped parameter model.  

The basic design requirements are drop size and veloc-
ity.  For the Phaser 300

 

®

 

, the size and velocity were 200 ng

 

Figure 1. Jet Stack Cross-Section

 

Note: Resistances in mega (M) and capacitance in femto (f).

 

Figure 2. Lumped Parameter Mode 
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and 5 m/s, respectively. To estimate the required aperture
size, it was assumed that during drop formation the menis-
cus formed a hemisphere and that after drop formation, half
the volume of the aperture was removed (see Figure 3).
Based on the drop formation process, described in more de-
tail below, the aperture is generally sized for a volume equal
to one drop (200 ng). The aperture diameter for the Phaser

 

®

 

300 is approximately 75 

 

µ

 

m with a length-to-diameter ratio
near unity.  Once the aperture size has been selected, an inlet
size is selected that provides several times larger impedance
(Li) than that of the aperture (La) (Figure 2).

Three fundamental modes are considered in ink jet
waveform design:  (1) the main or Helmholtz mode (2) the
meniscus refill mode and (3) the parasitic standing wave
modes. The main mode is directly related to both the drop
ejection velocity as well as the maximum repetition rate.
It’s frequency can be estimated by considering the jet im-
pedance as the inlet inductance (L

 

i

 

) in parallel with the out-
let and aperture inductances (L

 

o

 

 and L

 

a

 

) and jet capacitance
as the combined body fluid (C

 

b

 

), mechanical (C

 

d

 

) and out-
let (C

 

o

 

) capacitance (Figure  2).
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The Phaser

 

®

 

 300 has an estimated main driving fre-
quency of approximately 25 kHz.  Figure 4 is an experi-
mental impedance measurement of an actual jet which
confirms the 25 kHz main mode frequency. 

A natural frequency of 25 kHz implies that the total
length of the waveform must be around 40 

 

µ

 

s in order to
concentrate energy near the resonance for maximum oper-
ating efficiency (Figure 5). Figure 6 is a power spectral
density function of the waveform of Figure 5 and shows the
energy concentration near, but slightly lower than, the main
resonance frequency.  

Drop ejection occurs during the high-to-low voltage
transition in the center of the waveform of Figure 5. The
time of ejection is about one quarter of the total waveform
duration (t

 

e 

 

= 10 

 

µ

 

s).  Drop velocity can be estimated from
the drop mass, aperture area, ink density and ejection time
and is confirmed to be near the desired value of 5 m/s.

An estimate of the natural meniscus refill time (the
time required to refill the aperture after drop ejection) can

 

Figure 3. Bulk Mode Drop Ejection
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Figure 4. Individual Jet Conductance

Figure 5. Bulk Mode Drop Waveform
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be made using the combined resistance of the jet inlet, out-
let and aperture and the meniscus capacitance. The mensi-
cus capacitance is estimated based on a the pressure and
volume of an hemispherical mensicus after drop ejection
(Figure 3).  The refill time was estimated to be on the order
of 150 

 

µ

 

s. 
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As the natural meniscus refill time is slow compared to
the speed of drop formation, the driving waveform is used
to enhance the process. The first rising transition in Figure
5 is used to prefill the jet and the final rising transition is
used to aid the natural refill process.

Reduction of energy near unwanted resonant mode
frequencies is as important as the concentration of energy
near the main jet mode frequency for robust, efficient jet
performance. Several of these resonances are seen in the
experimental impedance measurement of Figure 4.  In this
figure, the main Helmholtz frequency is at 25 kHz and the
unwanted parasitic standing waves are above 30 kHz. Fig-
ure 7 shows the corresponding a transmission line model
(e.g., Kinsler et al., 1982):

 

2

 

where Z

 

o

 

 is the inlet impedance of the segment under con-
sideration, Z

 

L

 

 is the termination impedance of the segment,
which is of cross-sectional area A and length L. The model
is used to associate these modes with the inlet and outlet
channel standing acoustic waves.

Ideally, these channels would be made very short so
that any standing wave frequencies would be much greater
than the normal operating frequencies of the jet. This is of-
ten not practical when packaging many jets of different col-
or ink into a single print head.  Consequently, it is
important to choose waveform shapes which minimize the
spectral energy near these modes, while still properly excit-

ing the main mode and the desired aperture and mensicus
surface wave modes discussed below.

 

Figure 7. Individual Jet Transmission Line Model

Figure 8. Simplified Aperature Geometry Schematic

 

Drop Size Modulation Theory

 

Vibration analysis of a circular membrane provides moti-
vation to attempt to create a higher order mode in the ink
jet aperture in order to produce smaller drops. In the analy-
sis, several radial modes of vibration can be excited. These
modes can be described with Bessel functions of the first
kind. If a meniscus could be excited in a similar way such
that flow was moving forward in a reduced portion of the
orifice, smaller drop masses could be obtained.

The flow pattern in the aperture is governed by a com-
bination of internal flow (inertial and viscous effects) and
meniscus surface dynamics. The orifices considered in the
following theoretical description are assumed to be cylin-
drical. The following analysis of the flow has been separat-
ed into three regions as shown in Figure 8. We will describe
each region in the following order: (1) surface dynamics,
(2) internal flow and (3) driving pressure profile.

 

Surface Dynamics

 

To better understand the basic surface dynamics, a po-
tential flow analysis of the orifice flow was performed

 

Figure 6. Bulk Mode Waveform Energy Spectrum
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(Burr et.al, 1996).
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 The governing fluid dynamic equations
and boundary conditions are shown below.

Governing equation:

Boundary conditions:
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The boundary conditions are applied at the aperture
centerline (r = 0), wall at radius R, base of the aperture (z =
0) and free surface at z = h. 

A solution is obtained by taking a Laplace transform in
time and by separation of variables in the two space dimen-
sions (z and r).  The solution in the radial direction takes the
form of a Bessel function of the first kind while the axial
direction takes the form of  hyperbolic functions. Time de-
pendence is assumed to be trigonometric.   

(11)

Applying radial boundary conditions and the boundary
condition at the aperture base determines the radial mode
shapes and the form of the axial variation.  

Applying the free surface boundary condition deter-
mines allowable frequencies of oscillation (modes):

For aspect ratios (h/R) greater than approximately one
quarter, the frequency (

 

ω

 

n

 

) is dependent only on the fluid
properties and the aperture diameter:

The hyperbolic function confines the surface wave ef-
fects to the surface region. The radial mode shape corre-
sponding to the first, second and third modes are shown in
Figure 9. For the Phaser

 

®

 

 300 geometry, the first three sur-
face mode frequencies are 35, 55 and 120 kHz, respectively. 

 

Internal Flow Dynamics

 

To determine whether the viscosity effects were im-
portant on the time scale of drop formation, the viscosity
effect was estimated for oscillating flow in a pipe with di-
mensionless time.

 

3

 

For time scales from waveforms which concentrate en-
ergy near the 25 kHz main mode frequency and phase
change ink properties, this ratio was found to be approxi-
mately unity. Thus, the viscous boundary layer effects are
significant with the boundary layer profile becoming rea-
sonably fully developed during each cycle of the drop for-
mation process. 

A simple model of the inertial-viscous effect was cre-
ated by considering axially fully-developed flow in a circu-
lar duct due to an oscillating pressure gradient:

Using the above governing equations in the frequency
domain, with appropriate no slip boundary conditions at
the outer wall, the velocity profile at any input frequency is
predicted.

Figures 10 and 11 show the resulting profiles for low
and high frequency cases respectively.  At lower frequen-
cies (Figure 10) the viscosity causes a parabolic profile
which negatively impacts the ability to excite high order
surface wave modes. However, at the higher frequencies
(Figure 11) viscous effects flatten the velocity profile in the
center of the aperture, allowing for surface tension effects
to provide surface waves.  In fact, the viscous effects cause
a slight velocity profile overshoot near the wall at high fre-
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Figure 9. Surface Wave Mode Shapes
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quencies which can aid in generating higher order surface
modes.

 

Figure 10. Low Frequency Inertial Viscous Mode

 

Driving Pressure Profile and Experimental Validation

 

Once the frequency input required to excite higher or-
der modes  is known, the pressure input must be applied be-
hind the jet aperture. However, the dynamics of the jets can
dramatically change the input pressure profile shape from
that of the input voltage profile.  Therefore, before proceed-
ing to the design and demonstration of actual ink jet opera-
tion, the fundamental meniscus mode phenomena was
demonstrated experimentally using a simple periodic sine
wave voltage profile.  Sine wave pressure profiles of vary-
ing frequency were applied to the jet piezoelectric driver.
Figure 12 shows a typical surface wave photograph with a
frequency input of approximately 25 kHz.  The desired
higher order mode shape is clearly evident.  

Due to the dynamic complexity of the ink jet itself, it
was not possible to quantitatively separate the response due
to amplification by the jet resonances from those of the sur-
face resonances.  In particular, the maximum surface dis-
placement occurred near the main (Helmholtz) mode
resonance frequency of 25 kHz because of the large under-
damped amplification factor between the input voltage and
the outlet chamber pressure which drives the aperture and
meniscus surface flow. In actual ink jet operation, the sur-
face mode excitation must be carefully implemented along
with other ink jet and waveform design requirements to
provide the desired ink jet performance characteristics.

 

Application and Results

 

The above design algorithm was demonstrated by creating
a gray scale print from a Phaser

 

®

 

 300 print head and printer.
For this demonstration, the existing jet stack geometry was
assumed to be fixed. Thus, the only design variable was the
driving waveform. To illustrate the ink jet design method,

only the smallest and most difficult drop size will be con-
sidered here.  Extension to include a drop size between this
small drop and the original large drop was straight forward.

The lower order mode, in which ink jets normally op-
erate, corresponds to a bulk displacement of the orifice flu-
id forward. Because of surface tension and viscous bound-
ary layer effects, the drop will have the characteristic
rounded shape and higher order surface modes will not be
present.  The natural frequency of this mode is largely de-
termined by the interaction of the bulk motion of a fluid
mass with the compression of the fluid internal to the jet
(

 

i.e.

 

, the main or Helmholtz mode previously discussed).
Baseline (standard mode) ink jet design and drive wave-
form design is based on this mode of operation.  

Selection of waveforms to modulate drop size requires
additional insight into the natural frequencies of the orifice/
meniscus system beyond knowledge of the internal modes
of oscillaiton. Analagous to the lower order mode, a wave-
form is designed to concentrate energy near the natural fre-
quency of the surface mode desired and remove energy
from the natural frequencies of competing modes. Follow-
ing these design guidelines results in efficient and stable jet
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Figure 11. High Frequency Inertial Viscous Mode

Figure 12. Experimental  Meniscus Surface Excitation
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operation. Energy near a harmonic of the main mode pro-
vides for efficient jet operatrion in terms of being able to
excite the desired mode without excessive voltage input.
Reducing enery in competing modes, such as interal stand-
ing waves or non-axisymmetric menisucs surface modes
reduces non-robust performance and off-axis drop flight. 

Following the above guidelines, a waveform was de-
signed which maintained the prefill-eject-refill cycle of jet
operation, yet concentrated the energy near the higher or-
der surface mode (i.e. 55 kHz).  The selected waveform is
shown in Figure 13. The corresponding power design spec-
trum is shown in Figure 14. Energy is concentrated near 55
kHz as well as at low frequencies below the main mode
(i.e., below 20-25 kHz).  This low frequency energy aids
the meniscus refill mode. Energy has clearly been avoided
in the main mode band where it would be amplified by the
underdamped main resonance mode.

 

Figure 13. Second Mode Waveform

Figure 14. Second Mode Waveform Energy Spectrum

 

FLOW3D computational fluid dynamics (CFD) soft-
ware has been instrumental in providing better insight into
the design of variable dot size waveforms by modeling the
compl.x non-linear flow in the aperture and drop forma-
tion. The electronic waveform designed above was applied
to the piezoelectric driver in a lumped parameter model of
the jet.  A simplified version of the aperture pressure profile

obtained from the lumped parameter analysis (shown in
Figure 15) was used as input to the FLOW3D simulation.

The FLOW3D simulation used an axisymmetric mod-
el of the aperture and a portion of the outlet channel just up-
stream of the aperture along with a free surface for the
meniscus and drop formation.  The results are shown in
Figure 16 from two time steps jet prior to drop release.  A
small higher order drop of significantly smaller diameter
than the aperture  is clearly evident.  Drop velocities (as in-
dicated by the velocity vectors) were also found to be con-
sistent with the desired velocity (same as the large basic
drop to provide convergence at the media surface).

The final step of demonstration is to apply the wave-
form to the jet in the laboratory.  The resulting drop forma-
tion was recorded using a strobe and microscope test stand.
Figure 17 shows the resulting drop at two delay times ap-
proximately corresponding to the drop emergence process
shown for the FLOW3D simulation. Figure 17 clearly
shows a drop of significantly smaller than the aperture di-
ameter has been created.  After adjusting the drive voltage
to provide the same flight time as the baseline drop, drop
mass was measured at 35 ng, approximately one quarter the
baseline. 

Once the jetting performance had been demonstrated
for all three drop sizes, the printhead was used to create 4-
level gray scale image quality prints using a modified
phase change printer.  Image improvements due to the gray
scale capability were readily apparent.  Another direct ap-
plication of the modulation capability is to provide select-
able resolution modes in a single printer (e.g., without
changing aperture size). 

 

Conclusions

 

A method for creating multiple dot size modulation from
piezoelectric ink jet has been presented.  Several theoreti-
cal models based on simplified linear potential flow and
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Figure 15. Lumped Parameter Output and Flow 3D Simulation
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laminar duct flow provided insight and design guidance,
when combined with existing design procedures (e.g.,
lumped parameter models).  Computational fluid dynamics
simulation and laboratory experimentation have provided
visualization and validation of the technique for practical
multiple mode and gray scale printing devices.  However,
at the present time a consolidated design or analysis tool
does not exist.  Such an analysis tool would enhance the
ability to understands exploit this phenomena to provide
improved ink jet printhead designs.
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Figure 17. Drop Ejection
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