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ABSTRACT

Three Dimensional Printing (3DP) is a rapid prototyping technology with the ability
to fabricate functional parts one layer at a time, directly from CAD files. Powder is spread
in a thin layer, and then a printhead selectively joins the powder with a binder. This printed
section forms a cross section of the part. After several successive layers, the part is
completed and removed from the powderbed for post processing. Currently parts can be
made directly from metal, ceramic or metal-ceramic mixtures.

An accurate, reliable, and fast printhead is the bedrock of a successful 3DP
machine. A multiple nozzle continuous jet electrestatic printhead was developed for use on
the current MIT Alpha 3DP machine. This technology involves exciting a fluid jet with a
piezo, causing it to break up into uniform droplets. These droplets are selectively charged
and deflected by a strong electric field. Design goals for this device included reliability,
high build rate, and accuracy. This printhead also incorporates proportional deflection for
increased part resolution. In addition, an entire fluid support system was constructed to
supply the printhead with many fluids continuously. Multiple fluids are recirculated and
reused to prevent wasted binder or cleaner solutions.

A methodology was also developed to aid in future efforts to construct useful print
heads for 3DP applications. A detailed process is outlined as a guideline for development
of a variety of different printheads. A detailed qualitative description of jet breakup is also
presented for furthering future printhead and binder development efforts.

To date, a effort to construct a multiple nozzle printhead has been successful.
Currently if the printhead is running well, catcher buildup is the limiting reliability factor.
Both ceramic and metal parts have been printed with a longest run to date of 8 Lours
without intervention. Still some work needs to be done to reach surface finish quality and
reliability of the original single jet printhead. The Alpha machine cycle time has in the mean
been greatly reduced. The largest part (6" x 12" x 12") possible on the MIT 3DP machine
could be printed in approximately 30 hours using eight jets.

Thesis Supervisor: Emanuel Sachs

Title: Associate Professor of Mechanical Engineering
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Chapter 1: Introduction

1.1 Motivation

Three Dimensional Printing is a process for rapid prototyping or flexible production
of parts or tooling. This process creates functional parts directly from CAD models in a
variety of materials, including metals and ceramics. A major factor in the success of this
process meeting the needs of shorter product development and quicker tooling construction
is the functionality of the 3DP machine itself.

A useful 3DP machine must deliver and spread powder as well as selectively join it
to form a part based on CAD information. The printhead, the heart of the 3DP machire,
applies binder quickly, accurately, and reliably. A major advantage of 3DP over other
rapid prototyping technologies is the ability to more accurately build parts with scale able
increases in rate. To prove this superiority, development of a multiple (vs. single) nozzle
printhead was essential.

Specifically, this motivation was the genesis of many anticipated future needs in the
3DP process development. It was essential to print large (6"x6"x12") parts in hours. High
build rate had to be achieved without sacrificing machine accuracy, reliability, or flexibility.
Another facet of this motivation was to develop a procedure for the future design of
printheads specifically for 3DP applications. This thesis describes a detailed methodology
for building future electrostatic printheads for 3DP uses as well as development of the
current 3DP multijet printhead.

1.2 Three Dimensional Printing - The Current Work

Three Dimensional Printing is a manufacturing process for the production of
complex three-dimensional parts directly from a computer model of the part, without
tooling. Three Dimensional Printing creates parts by a layered printing process. The
information for each layer is obtained by applying a slicing algorithm t0 a computer model
of the part. Parts are created inside a piston containing a powder bed. The piston is
dropped several thousandths of an inch and a new layer of powder is spread across the top.
The new layer is selectively joined where the part is to be formed by "ink-jet printing”
binder into the powder. This is done by raster-scanning a modulating printhead over the
powder bed (Figure 1.1).
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Powder and piston

Figure 1-1: Three Dimensional Printing machine.

The printhead holds a nozzle which dispenses pressurized binder and uses a
piezoelectric element to break the stream into a regular series of droplets. It then selectively
deflects droplets into a "catcher” using electrostatic deflection. Deflected droplets are
collected and later recycled; undeflected droplets are printed into the part being formed.
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The piston is lowered and a new layer of powder is spread out and selectively
joined. The layering process is repeated until the part is completely printed (Figure 1.2).
Following a heat treatment, the unbound powder is removed, leaving the fabricated part.
A printed part is shown in Figures 1-3 and 1-4.

7 VA
Spread Powder Print Layer Drop Piston

Repeat Cycle

Z L 2 7 |\ d ,
Intermediate Stage Last Layer Printed Finished Part

Figure 1.2: Sequence of operations in the Three Dimensional
Printing process.
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Figure 1-4: A metal part created using Three Dimensional Printing.
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Three Dimensional Printing can be used to fabricate parts from a wide variety of
materials, including ceramic, metal, metal-ceramic composite and polymeric materials. The
objective of 3DP's work is to produce paits that will be used directly as prototype parts
(both functional and aesthetic), and to produce parts that will be used directly as tooling.

1.3 Multijet Development

This thesis documents the development of a multijet printhead for use on the MIT
Alpha 3DP machine. The physics of the printhead were well established in previous work
at MIT (William's Masters' thesis 1990 and Brancazio Masters' thesis 1991) and the
commercial inkjet printer industry. The focus of this project was to combine as much of
this knowledge as possible with additional development work to produce a reliable,
accurate, high speed printhead.

An existing commercial printhead could not be used for several reasons. Existing
printheads generally run at higher jet velocities and flow rates. Commercial printheads
have longer droplet flight paths, making them in most circumstances not precise enough for
3DP applications. Jetted fluids in 3DP printheads may also adversely affect some wetted
materials in commercial devices. Finally, this new printhead had to be light weight to ailow
high accelerations for the machine's fast axis.

The focus of this work was to build the entire printhead to be as light and compact
as possible. With the exception of the droplet generator, every component was speciaily
designed for 3DP applications. Three commercial droplet generators were each tested with
water, colloidal silica binder, and water glycol mixtures. Droplet breakup behavior and jet
position ‘'wander’ were studied. None of these units were suitable for use in their current
condition. Minor modifications were made to the most promising droplet generator to
allow continuous reliable operation. Droplet positioning electrodes were designed and
constructed from lightweight plated plastic. A droplet catcher was also constructed after
extensive testing. These assemblies were then carefully packaged and installed on the MIT
Alpha 3DP machine.
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Chapter 2: Types Of Print heads

2.1 Types of Ink Jet Printheads

Continuous-jet and drop-on-demand (DOD) print heads currently make up two
major market segments of ink jet printing. Drop-on-demand printheads are more common
in desktop computer printers. A typical DOD printhead will run 40 to 100 jets with ink
flow rates of 1.5 to 3 cc/min for all the jets. These print heads typically rely on a small
fluid chamber and a piezo excited to push a small amount of fluid from an orifice to form an
ink droplet. Three Dimensional Printing requires higher flow rates than possible from
current DOD technology. Because the fluid jet in a DOD head is not continuous, it is prone
to clogging with 3DP binders. For these reasons, development work has been centered on
electrostatically deflected, continuous-jet print heads.

2.2 Continuous-Jet

Current cortinuous-jet print heads have many applications in the printing industry.
These printers are used for scribing serial numbers in manufacturing plants, labeling
pouitry in food service, silk screening, printing wall paper, and photograph quality original
prints. Flow rates range from 0.2 cc/min per jet to 7cc/min. Droplet production rates range
from 50 kHz to IMHz. This versatile technology poses many technical challenges in the
development of robust, reliable, and accurate print heads.

In continuous-jet printing, a pressurized fluid is jetted through a restrictive orifice.
This jet is stimulated with a piezo to break it up into uniform droplets. This breakup occurs
in a narrow gap or ring raised to a voltage. This gap or ring inductively charges the
droplets prior to break-off. The charged droplets then fly through a strong electric field
formed by two high voltage parallel plates. While in the deflection cell, charged droplets
are accelerated perpendicular to their flight path, causing deflection. Uncharged droplets
fly through unaffected. Thus, by simply applying a voltage to the charging cell, the stream
position can be continucusly varied. This control over droplet position can be used to catch
droplets when printing is not desired, or to carefully create images on the print plane. The
printhead can be thought of as a voltage to 'jet position' transducer. Uncharged droplets
are caught (as opposed to Figure 2-1 below) while charged droplets are printed. Typically
the substrate is moved while the printhead is stationary. Print heads run both vertically and
horizontally.
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Figure 2-1 : A schematic representation of an elecirostaticly deflected
continuous-jet printhead.

Unfortunately, the design requirements of the printhead for 3DP were such that an
entire commercial unit could not be purchased and implemented. A multiple nozzle print
head for the Alpha machine had to have low mass, approximately a 1" flight path,
proportional deflection, low (0.9-1.2cc/min) flowrate, compatibility with a variety of
binders, and robustness to high accelerations. In addition, the printhead had to be reliable
and easy to service under the fast axis of the machine. The 3DP printhead also had to have
a higher resolution and higher accuracy than commercial designs. After an extensive search
of the printing industry, a complete printhead to meet these needs could not be found. The
subject of this thesis is the construction of this printhead as well as a general design

philosophy for building future print heads.
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Chapter 3: General Printhead Design

3.1 Relating Functional Requirements to Design Specifications

To fully satisfy every intended use of the printhead, it is important to first define its
functional requircments. These requirements are based on the designer's perceived needs
of the printhead. Macroscopically, these needs can be broken down into droplet
positioning, print quality, reliability, maintainability, and multiple material requirements.
Each of these functional requirements can then be further broken down into more specific
needs.

Specific Needs
[ Placement Accurac y
Functional Requirements Resolution
Deflection Distance
o . Balistic Ejection
Droplet Positioning Print Rate
and Print Quality —
Catcher Buildup
Reliability ———] i‘r%?génglspﬂl
Maintainability [Cleanability
; ; Ease of Assembly
Multiple Funds\ | _Machine Compatible
‘_Simultaneously Between Nozzles
__Individually

Figure 3-1: Functional Requirements and Specific Needs for a Printhead.

It is essential to transiate these needs into engineering specifications. These specifications
can simply be thought of as performance goals for the hardware. Using the engineering
specifications, the printhead geometry can be designed. Figure 3-3 uses a house of quality
(Clausing p62) approach to relate functional requirements to printhead geometry.
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Specific Needs Specifications

Placement Accuracy microns

Resolution drops/mm
Deflection Distance mm

Balistic Ejection line depth mm
Print Rate layers/hour
Catcher Buildup mg/hour
Flooding/Spill failure/hour
Arcing failure/hour
Cleanability time to clean
Ease of Assembly assembly time
Machine Compatible mass (kg), size(mm3)
Simultaneously yes/no
Individually yes/no

Figure 3-2: Needs and Performance Specifications.

Design Parameters
gc °v= g
S2,9928% 2 &
o Positive Relationshipf= =5 8 8 3§ £, 5
© Negative OBScce228D 5}
Relationship W _>SSS g B>
SRR EEEE RS
R g Heoe = = Q'Q'E.EPQ
Functional SXE 222209 5| Positive&
Requirements OEO & ARBABAA L2 Negative
Placement Accuracy e[0] Qi OC| } Correlations
oo Resolution . ®
2‘:3%?3‘;‘;{;‘;3 Deflection Distance [€] | [0]®]0jo[0[0 € 8]®]
Balistic Ejection 00|
Print Rate o|
. Catcher Buildup O )
Reliability  Fjo0ding/Spill o¢/ [ [® @
_Axcing 9 |0
Cleanability o] |0 [O (o,
Maintainability Ease of Assembly (o][e) X
Machine Compatible 8| [X
Multiple Simultaneously v
Fluids Individually

Figure 3-3: Design goals related to printhead geometry.

This matrix style approach is not only useful to relate design parameters to functional
requirements, but also to recognize valuable tradeoffs between functional requirements
early in the design. This information is conveyed ir the triangular portion at the right of
Figure 3-3. The positives and negatives are used to show if increasing a functional
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requirement increases a neighboring requirement. These increases are considered
quantitative regardless of whether the change is detrimental to printhead performance. For
example, increasing deflection distance decreases catcher buildup. This correlation would
receive a negative symbol although reducing catcher buildup is beneficial.

The square section of Figure 3-3 is used for positive and negative correlations
between the functional requirements and the design parameters. Deflection distance is an
interesting functional requirement to examine. Virtually every design parameter has an
effect on the droplet deflection distance in an electrostatic printhead. The body of this
thesis explains the positive and negative correlations between design parameters and
functional requirements and how to design using them. This matrix may be worth
reviewing after the main discussion of this thesis is read. Some typical numbers for design
parameters are listed below for 3DP printheads.

3DP Printhead Specifications

Plaoemqm Accuracy +/- 20 microns
Resolution 40 drops/mm
Deflection Distance 1-1.5 mm
Print Rate 100 cc/hr
Droplet size 75 microns
Droplet Velocity i0-15 m/s
Flight Path Length 24-30 mm
Orifice Diameter 35-60 microns
Droplet Frequency 50-80 kHz

3.2 Printhead Subassemblies

The components within a printhead can be organized into five subassemblies.
Breaking the entire system down simplifies the presentation of the design process. It is
very important when constructing each assembly to keep in the mind positive and negative
relationships shown in the center of Figure 3-3.
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Figure 3-4: Printhead Subassemblies.

The follcwing is a brief description of each subsystem:

Droplet Generation- Generator must produce uniform consistent breakup with
minimum phase drift and jet position wander at the required flow rate. Orifice must be
robust to wear and compatible with the jetted fluid. Droplet generator must also be easy to
disassemble and clean for maintenance. Reliable droplet generation is the most important
part of any successful printhead.

Charging and Deflection Electrodes- Electrodes must be robust to cleaning, prevent
arcing, flooding, and disturbing the jet. Charging and deflection cells must be accurately
placed around the droplet stream while it is jetting to prevent flooding.

Catcher- Droplets must be caught and cleared easily without buildup.

Fluid System Support- Fluid system must be able to supply well filtered fluids to
the printhead as well as recirculate them for reuse. The fluid system must provide a stable
pressure to the printhead regardless of fast axis accelerations. A means for unclogging jets
to minimize down time and facilitate startup is a necessity. The entire fluid system must be
compatible with all jetted fluids.

Electrical/Control- This must control the charge and high voltage as well as fault
identification and protection.

20



The flow chart shown below illustrates a reasonable timing of events in the design process.
This flow chart also shows the organization of the rest of this document. Arrows to the left

reiterate inter-subsystem influences.
DESIGN BEGINS

Fluid Properties, Flow rate, Jet velocity, # of chsl

\ 2
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Figure 3-5: Printhead design flowchart/procedure.
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Chapter 4: Uniform Droplet Breakup and Jet Stability

4.1 Break-up Frequency

A reliable droplet generator is crucial to a dependable printhead. Droplet generators
are simple in principle, but extremely difficult to build in practice. This is an area of
intensive research in the ink jet industry and the heart of many trade secrets involved in
printhead design and construction. The best way to achieve uniform droplet breakoff is to

/\/\/\/ Piezo Voltage

Orifice Diameter

use an existing commercial droplet generator.

Filiraion |

Break off length

l‘_

*‘._

Compressed air Jet wave Length

E"\ Droplet Diameter
®
L

Figure 4-1: Uniform jet breakup.

Fluid jets have a natural frequency of breakup. This frequency, referred to as the
Rayleigh number or frequency is dependent on jet velocity, v, and the exiting orifice

diameter, d. These parameters are related as follows:
A\

f=
4.51(d)
It is important to note the true meaning of excitation of a fluid jet at its Rayleigh frequency,

4.1.1

fr. Because a cylindrical fluid jet is inherently unstable, it will naturally break up into
droplets. This natural breakup is the result of infinitesimal disturbances that grow
exponentially within the jet. As disturbances grow, they eventually lead to droplet
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breakup. The Rayleigh frequency is the frequency at which the disturbances grow the
fastest. Thus for clean breakup at 2 dominant frequency, it pays to run at this frequency.
Remarkably, the Rayleigh frequency for a jet is independent of fluid properties and
completely dependent on its mechanical characteristics. Substituting A=V/f into Equation
4.1.1, simplifies to:

A =4.51(d) 4.1.2
Thus at a jet's Rayleigh frequency the ratio of droplet spacing to orifice diameter is 4.51.
This is an extremely important run parameter for all commercial droplet generators. When
a fluid jet is running at its Rayleigh frequency, the droplet diameter is related to the orifice
diameter in the following manner:

ddmp = 1'89(doriﬂce) 4.1.3

A<4.51d  A=451d A>4.51d
> f=fy f<fe

Figure 4-2: Droplet spacing with respect to changes in breakoff frequency.

Figure 4-2 shows three equivalent jets breaking up at different frequencies. Jet 1,
running above the Rayleigh frequency, is characteristically unstable, with exiting droplets
closer than 4.51 orifice diameters. Not only is uniform jet breakup harder to achieve, but
induced charge effects are severely magnified. Because the electric field produced by a
droplet spacing as 1/A2 (A is spacing between drops in flight) between droplets, induced
charge effects are very significant for droplet generation higher than the jet's droplet
frequency. Prior to the installation of the multijet head and the alpha machine, the printhead
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was a single jet Diconix resonator running at 1.2cc/min at 77kHz. Because the resonator
ran at a frequency higher than the Rayleigh frequency, the droplets were 20% closer
together (160 pm droplet spacing verses 207 pm at Rayleigh) at breakoff, seriously

affecting the induced charge between droplets at breakoff.
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Figure 4-3: Break off length as a function of Piezo drive. T is the breakup distance
divided by the orifice diameter. (Curry and Portig, IBM Journal, pi3)

The breakoff length of the jet car be varied by changing the stimulation amplitude.
The breakoff steadily decreases as the input stimulation amplitude is increased until
reaching a minimum. Beyond this minimum, as the piezo voltage increases, the jet is
overdriven and consequently the breakoff length increases. Still further increases in
amplitude cause severe instability in the jet and vaporization occurs at the exit of the orifice.
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Figure 4-4: Breakoff length vs. peak-to-peak Piezo amplitude. Orifice diameter 35
microns, flowrate .85 cc/min, frequency 64.4 kHz, and jetted material is Acrysol.

4.2 Jet Breakup in Real Life: Satellites

Satellites are small (compared to printed) drops which can form during breakoff.
These droplets form from either under or over stimulation of the fluid jet at breakoff.
Satellites are composed of the fluid in the thin neck connecting droplets prior to breakoff.
If the neck breaks from both droplets at approximately the same time, a satellite will be
formed and fly between the two adjacent droplets. The breakoff timing required to cause
satellites is such that when one end of the neck breaks, the other must break before surface
tension can bring the neck into the neighboring droplet.

Fluid necks _—"

at same inslan\ O\

satellite

Figure 4-5: Formation of a satellite during jet breakoff.
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Satellite formation can occur in three specific regimes. When balanced by both
necks breaking at the same instant, satellite droplets will travel long distances, perhaps even
to the print plane, without merging into neighboring droplets. The longer the merge time,
the greater the chance of the satellites entering the electric field of the deflection cell and
flooding the printhead. Satellites can merge to the droplet behind the sateltite or forward to
the droplet ahead of the satellite. These regimes are referred to as fast and slow satellites.
Good satellite contrcl is essential for printhead reliability. Most commercial printhead
manufacturers run in a no satellite or forward merging satellite condition.

Figure 4-6: A close-up view of an actual jet breakup with two
rearward merging satellites.

A broad range of stimulation regimes, from very low stimulation amplitude up to
moderate levels, constitutes a jet with rearward merging satellites. This run point has the
virtue of being rather broad in stimulation range. A low but broad piezo voltage range can
be chosen and the satellite behavior will not change significantly. This run point is
insensitive to drifts in piezo frequency and stimulation amplitude. IRIS Graphics is the
only commercial ink jet manufacturer that chooses to run with rearward merging satellites.

Most manufacturer’s run at higher stimulation levels, causing fast satellites or none
at all. This run point is slightly more sensitive to fluctuations in piezo amplitude, and
frequency, if the system is highly resonant. Due to higher stimulation levels required,
careful design of the droplet generator is essential. This run point has many advantages,
leading to efficient, reliable operation. Figure 4-7 below is based on observations with
colloidal silica and Acrysol binders, and is well documented by Pimbley pp 24-5.
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Figure 4-7: Changes in breakoff length correlated with satellite regimes
(Pimbley p24, Figure 5).

Forward merging satellites are preferred for several reasons. Because fast satellites
are created at shorter breakoff lengths where the fluid necks joining droplets have a larger
diameter, they are greater in size than slow satellites and therefore have a lower charge to
mass ratio. For this reason, they behave more like actual droplets and are less likely to
collide with the deflection plates. Charging errors that are non-existent with forward
merging satellites can result from rearward merging satellites. Forward merging satellites
are produced and charged at the same instant as the droplet with which they merge. When
the satellite merges, the net charge on the entire droplet corresponds closely with the
intended charge on the droplet. With rearward merging satellites, the satellite merges to the
droplet produced one piezo period later, causing a small error in the charge to mass ratio of
the final droplet if a change in charge voltage occurred between breakofts. The fluid neck
during breakoff is smaller for slow satellites. This thin neck acts as a resistor slowing
charging by resisting current flow through the jet. This effect is usually insignificant, but
for resistive fluids could present dynamic charging errors. A final important benefit of
forward merging satellites is phase drift stability. This topic is explained in detail in the
following section. Figures 4-7 and 4-8 show satellite behavior as a function of breakoff
length and jet stimulation.

27



7
Transitional
Breakoft & 10 A
Increasl|
Stkmlat'l'ogn
Ampitude

15 A

SaieMes

Figure 4-8: Satellite formation as a function of breakoff in nodal lengths.
Numbers are typical, and not exact for all droplet generators (Pimpley p29).

4.3 Breakoff Phase Drift and Stability

Breakoff phase refers to the time delay between the exciiation pulse and the time for
a droplet to break off from the fluid jet. This time delay is typically measured in degrees of
piezo oscillation period. Phase drifts occur due to changes in the disturbance propagation
rate from the orifice to the point of breakoff. For this reason if the breakoff length is
shorter for a given change in propagation rate the change in propagation time will be less.
This propagation time when compared to the piezo period is identical to the breakoff phase.
This phase is essential for precise charging of the droplets. Figure 4-9 shows a timing
diagram of piezo, breakoff, and charge voltage. The :nstant of droplet breakoff must be
known to prevent the generation of mischarged droplets. Changing charge voltage a few
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Figure 4-9: Droplet breakoff phase is critical for accurately charged droplets.

hundred volts between droplets with high speed op amps could take as long as 4 ps. The
charging cell must have sufficient set up time to establish the proper voltage.

Several scenarios exist for measuring the breakoff phase. Currently on the Alpha
machine a triangle wave is sent to the charging cell at half the piezo frequency. This charge
sequence produces a stream of dropiets of alternating positive and negative charge. A
bifurcated stream is the result, until the phase of the triangle wave is adjusted to produce a
single jet. When a single jet is produced, the timing of zero crossing of the triangle wave is
correlated with that of the piezo signal and a phase is determined. Figure 4-10 summarizes
this process. Commercial Irkjet systems measure phase as frequently as two to three times
a second.
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Figure 4-10: Setting the synchronization on the Alpha 3D printer.

It is difficult to determine a quantity for acceptable breakoff phase drift in
degrees/hour. If the synchronization measurement is automated, it could be performed
frequently making large phase drifts acceptable. Op amp rise time is not the only timing
restriction during a piezo period. The current controller has a DAC on the output to the
charging cell which requires 1j1s for conversion. Also the fluid neck connecting the jet to
the droplet breaking off has a time constant associated with the resistance of the fluid neck
and the capacitance between the jet and the charging cell walls. The resistance can be
calculated using the resistuivity of binder (approxitely 10 ohm-cm) and the size of the fluid
neck joining the droplet being charged. Assuming the neck is 1/5 a droplet diameter and
the droplet spacing is 4.51 times orifice diameter (the neck is then 3.51d,), the resistanec
can be approximated as follows:

R = p = 10Qcm| 221501, 16000 ™ < 200k02 4.3.1
A n(SOum/S) cm
2
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The time constant for this can then be calculated:
7 =RC =(200kQ)1pF) = 0.2us 4.3.2

The total rise time for this first order system (31=95%) is then approximately 0.6pus. It can
therfore be assumed that the time required for the droplet io fully charge from an ideal step
input to the charge cell o a given voltage, is less than 1ps.

Synchronization measurement is not currently automated on the Alpha machine, so
a phase drift during a part build must not exceed a certain amount. Figure 4-11 shows the
approximate amount of operating room for breakoff drift. Given there may be some error
in measuring the breakoff phase, the safe operating window is slightly iess than 7us, and
probably around S.5ps. For a 10 hour run this translates into about 10 degrees/hour or

droplet droplet
breakoff breakoff

4us Ius  2us .6us S5us
window for opamp time remaining
accepting : for piezo drift
new charge settling
voltage data time \
Induced charging
DAC time: R=200k
conversion C= IpF
n i5 15 t= 0.61s -
Piezo period

Figure 4-11: Timing of a droplet charging cycle showing room for phase drift.

about 0.5 ps/hour to prevent resynchronization during a run. If all the jets in the Domino
droplet generator are clean, phase drift is small, and a particular jet will be stable to within
10-20 degrees for days at a time. On the Alpha machine the 15 us piezo period is broken
up into 16 sections, each slightly less than 1 ps. The test shown in Figure 4-10 determines
which of these sections breakoff will occur. Once this phase is established, a safe
operating window is established 180 degrees away from the lus breakoff window.
Ramping of charge voltage is only allowed in the 4 j1s wide safe operating window .
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4.4 Effects of Fluid Properties on Jet Breakoff Performance

Fluid properties do effect jet dynamics, but not the patterns of satellite behavior.
Changes in viscosity and surface tension will simply change the operating window with
respect to a particuliar satellite regime. Thus, fluid properties play a significant role in jet
reliability. Typical commercial inks range in viscosity from 2-6 cps and in surface tension
from 54-65 dynes/cm. In addition, there is no ‘anti satellite’ fluid additive, but an anti
satellite run point whose width depends on fluid properties.

A measurement parameter when characterizing satellite behavior is satellite
interaction time (Pimbley p.24). This parameter is the elapsed time between the first and
second fluid neck separations. The longer this interval, the greater momentum transfer to
the satellite, causing it to collide faster into a neighboring droplet. Net momentum transfer
is zero when a nonmerging satellite is formed. Higher viscosity fluids have longer
interaction times lending to a greater robustness to satellite production (Pimbley p.24).
Unfortunately at very high viscosities, fluid feed pressures can prohibitively high.

4.5 Jet Position Stability

For printhead alignment and high print quality, static jet position stability over long
periods of time is essential. Alignment in multijet printheads is very critical. If changes in
jet position are excessive, alignment will not be guaranteed and jets will fail to catch or print
properly. Unlike single jet systems, small changes in alignment will be detrimental to
multijet operation. Proper orifice geometry leads to long term jet stability as well as
minimal external orifice buildup. Jet stability will be dependent on air in the droplet
generator, orifice geometry, buildup on the orifice, and wear of the orifice.

Domino Orifice Scitex Orifice
Material: Sapphire Material: Nickel

Figure 4-12: Two orifice geometries used by commercial ink jet manufacturers.

When jetting silica binder long term orifice buildup occurs, causing changes in jet position.
A drawing of orifice buildup is shown in Figure 4-14. Solving the issue of orifice buildup
is essential for accurate low maintenance printhead operation. Two simple tests can be

performed to test for orifice buildup. If build up is present, slight changes in flowrate will
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change jet position significantly. Also, large changes in piezo drive may result in changes
in jet position. Partially clogged jets will, in general, require more modulation to achieve
proper breakoff. When the Alpha machine is not printing, an alkaline solution of anmonia
pH 11.5 is jetted to soften and remove orifice buildup. Soligen also runs a similar
printhead cleaner at night to solve buildup problems. A major drawback of this solution is
complications in fluid system operation. This will be discussed in detail is chapter 9.
Figure 4-13 below shows two fluid jets and their relative position at the print plane. Each
jet is measured in two directions; X and Y, which are 90 degrees apart. Appendix E
contains typical jet position and flowrate fluctuation data over long periods of time.

Jet Position Variation for Two Domino Jets
on Silica Binder 1.045 inches from Orifice
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Figure 4-13: Jet position data for two of eight jets running silica binder.
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Figure 4-14: Orifice buildup causing jet movement.
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Figure 4-15: Top view of a fluid jet and printhead catcher. Crosshaiched circle shows
typical jet wander with respect to catcher position.

It is critical to know how much jet wander is tolerable to sustain reliable printhead
operation. The amount of tolerable jet wander is a function of printhead clearances and
maximum deflection required for catching. Normal jet wander is a few thousands of an
inch at the print plane for 3DP. This is easily tolerable for the current printhead. If a jet
wanders over time more than this, part quality will be severely affected and would not be
acceptable, even if the printhead could tolerate these large jumps in position. For
proportionally deflectable printheads, jet wander area is overshadowed by the amount of
maximum desired proportional deflection. Jet clearances to the catcher and deflection
electrodes should be designed to withstand all possible jet positions- into catch, statically
shifted, or proportionally deflected. Typically proportional deflection and caich positions
dominate static shift, and therefore should be used to determine electrode configurations
(see section 5.1.2).
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Figure 4-16: Proportional deflection window typically overshadows static jet wander.
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Figure 4-17: Statically defiected jet hindering Printhead performance.
Effects are an uncatchable jet or fluid buildup.

A trade-off exists between printhead performance and reliability. Longer flight
paths allow greater catcher clearances, but reduces print accuracy. A critical dimension D
shown in Figure 4-15 is important in reducing catcher build from the jet brushing along the
catcher edge. Given a finite deflection for a given jet, this distance D must be sufficient to

reduce buildup, but also allow the jet to reach the catcher. Calculations and good design
parameters for these dimensions are outlined in Chapter 5.4.
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4.6 Droplet Generator Qualification for Alpha Muliijet
Three multijet droplet generators were rigorously tested for use as the first multijet
printhead on the Alpha 3D printer. A brief summary of these tests is described below.

The Toxot: Manufacturer Imaje Incorporated

The Toxot droplet generator is an eight jet unit with two piezo towers. Jet diameter
is 50 microns, intended flowrate is 2 cc/min and resonant frequency is 83.33 kHz. Fluid
entry is from the back of the head and piezo hookups are on top of the unit. The orifice
plate is made of nickel and connects with six Imm bolts and sealed with a reusable Teflon
gasket.

The Toxot is a beautifully designed unit, particularly from a maintenance
standpoint. Although it is an extremely compact design, it is very easy to service and
clean. Figure 4-18 shows a cutaway of the Toxot design. All eight breakoffs are designed
to occur within one wavelength. This was true at the intended Toxot flowrates, but
unfortunately not at lower flowrates required for 3DP.

316 ss Chasis —a

2 Fluid

B~ Resonant

Teflon gasket Drive rods
Fluid jets — T T T T T 1 I\Oriﬁceplalc

Figure 4-18: A schematic view of the ToxotL

The Toxot breakoff stability was a serious problem. Jets 1,4,5, and 8 had significantly
longer breakoffs, presumably due to edge effects form the stainless steel cavity. These
effects were severely magnified when the unit was run at lower flow rates. Jet position
was very stable, and the Toxot was very easy to operate. It was a difficult decision to
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abandon this droplet generator. Long term wear of the nickel orifice plate was also a
consideration with potentially abrasive jetied fluids.

128 jet (used by Soligen): Manufacturer Scitex

A second, desperate attempt to find a suitable droplet generator was the Scitex 128
(4 guard jets) jet unit. Scitex uses a resonant cavity approach to produce uriform dropiet
breakup. The entire fluid cavity vibrates at a resonant frequency. This vibration causes a
small change in volume, resulting in extremely vniform droplet breakup from jet to jet.
Scitex is known for very uniform break up between hundreds of jets at a time.
Unfortunately this resonator had many drawbacks.

Piezo strips

Resonant
cavity

Excitation mode

Figure 4-19: Schematic view of the Scitex droplet generator.

First, the orifice plate had to be modified to allow only eight jets to flow from it.
This involved carefully plugging 124 jets without disturbing the flow characteristics of the
remaining eight jets. The final procedure involved pulling a vacuum under the orifice plate
and carefully placing 80 micron PMMA balls over the holes desired to be plugged. The
vacuurn held the balls in place as the procedure was painfully performed under a
microscope. The orifice plate was then slowly heated, allowing the balis to melt and fuse
the orifices shut. After many attempts, crooked streams resulted for the remaining eight
jets. The system could not be ultra-sonicated to clean the orifice plate without removing
pieces of PMMA.

Thz Scitex printhead had many other drawbacks. The orifice plate was nickel and
had x very finite lifetime. Soligen currently runs the droplet generator for 200-300 hours
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before replacement. Normal operation with Scitex inks yield better results at about 1000
hours. Finally, the orifice plate was glued to the resonator, making removal and
replacement very difficult.

Jet Array: Manufacturer Domino Amjet

The final droplet generaior chosen was the Jet Array manufactured by Domino.
This aged design is very much like eight separate droplet generators fused together into a
monolithic stainless steel block. This droplet generator has many great features useful for
3D printing.

Piezo

Resonant drive rod
Polyproplene
fluid seal

Ball and socket with oring seal
Jet positioning screws

Fluid —

Orifice plate

C-springs

Sapphire orifice -
Figure 4-20: An end view cf the Jet Armay showing the mechanics required for one jet.

The Jet Array has eight separate piezos, ailowing each jet to be tuned
independently, with the exception of mechanical cross talk. The stainless steel-sapphire
orifice plates are individually replaceable. These rugged orifices last a long time regardless
of abrasives in the jetted fluids. Each of these replaceable orifice plates can be individually
aimed, allowing continuous, precise jet alignment. This ability to adjust jets individually
has two distinct disadvantages. First, it is difficult to align the entire printhead due to lack
of a vertical reference position. This problem can be eliminated by locating the catcher with
dowel pins insuring a good jet aiming reference. Secondly, a partially crooked jet may be
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adjusted back into the jet plane causing problems later on if the clog shifts or becomes
dislodged. It is difficult to tell if a jet is partially clogged, or simply needs adjustment.

Resonant drive
rod
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Figure 4-21: Position of the drive rod is critical for peak performance.

Before the Jet array could be used, a few modifications were required. First, the
drive rod resonance was at 64 kHz, much higher than the 55 kHz Rayleigh frequency of a
10m/s 50 micron 3DP jet. Operation was attempted off resonance closer to the jet Rayleigh
frequency with marginal success. To solve this problem the orifices were replaced with 35
micron jewels to raise the Rayleigh frequency to the drive rod resonance. A major
drawback is higher jet velocities, causing ballistic powder ejection, and high fluid working
pressures. Current maximum flow rate with these orifices is 1cc/min per jet.

Further tuning of the dropiet generator would require a repositioning of the drive
rod with respect to the orifice position. As presently designed, the unfixed end of the drive
rod is half a wave length away from the orifice (given the sound speed of Domino's inks
and the droplet generator running at 64kHz). This induces a standing wave with a nodal
point half the distance between the drive rod and the orifice, efficiently transferring
modulation to the jet as it exits from the orifice. It is important to establish this length to
transmit maximum energy to the orifice plate and to reduce phase drift. Due to differences
in sound speed of various fluids, this spacing has not been tuned for different binder uses.
Because a 35 micron jet requires much less energy to breakup than a 75 micron jet,
inefficiencies due to the drive rod out of pesition are unimportant. One drawback from not
tuning these drive rods is the possibility of increased phase drift.
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Other modifications were made to the Jet Array besides jet breakup tuning. The
original orifice seals were inadequate. The material of choice from Domino is a elastomer
called Flourosint. This seal is favorable because of its stiff modulous, allowing high
modulation transfer to the fluid jet. A new design within Domino, but under scrutiny, is a
small Viton o-ring seal. This design, although more compliant, is more resistant to damage
from silica binder. Because 3DP jets are so much smaller than OEM Domino jets, this loss
in modulation is not important. Currently, drive piezos run at 20-30% of their intended
voltage rating. At this voltage, the droplet generator runs at resonance, driven from a
crystal oscillator, with one or no forward merging satellites.

Other slight modifications includes machining .050" off the c-springs to fit a larger
charging cell between the jet and the end of the spring, reducing the size of the load rod
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Figure 4-22: C-spring removal for charge cell clearance.

strip Delrin cover, and shortening and changing the connector used for the piezo signals.
Lastly, because of problems with galling, accelerated by a caustic printing envircnment, all
stainless steel bolts were coated with lithium grease. A better long term solution would be
silver plating of the bolts to preserve cleanliness.



4.7 Procuring a Droplet Generator: A summary

It is important to review the process of qualifying a droplet generator. Design
inputs for this procedure are typically flow rate and jet velocity. Using these parameters,
one can then calculate the jet breakup frequency. If an existing system is chosen with a
fixed mechanical resonance, this will specify the drive frequency, and the orifice diameter
must be chosen to meet the system' s flowrate requirements. If droplet velocity is more
critical to the system performance, it can be used to directly calculate the required orifice
diameter. Sufficient modulation must then be achieved to run with a 5-8A breakoff with
fast or no satellites present. Given this procedure, the droplet generator will be successful
if phase drift and jet position requirements are met.
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Chapter S: Droplet Deflection Electrode Design

Once uniform droplet breakup is attained, reliable droplet deflection can be
achieved. The goal is to deflect the droplets reliably in as short an overall flight path as
possible. Any reduction of the droplet flight path dramatically increases printhead
accuracy. However, increasing the flight path aliows for greater jet clearances and a more
deflectable jet, enhancing reliability. Deflection calculations can be performed to determine
printhead flight path geometry based on droplet cize and velocity. Maximum charge
voltage (catch wvoltage) is also critical to have determined before calculations can be
performed. With these criteria and information in this chapter the following dimensions

can be determined:
v
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Figure 5-1: Printhead electrode and catcher layout.

5.1 General Layout Guidelines
Before deflection calculations, some general design practices are given which are

essential for proper printhead operation.
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5.1.1 Charging Cell

For 3D Printing with jet sizes from 35 to 50 microns, a suitable charging cell width
is .018-.020". If a larger jet is used, the cell width should be increased to prevent
flooding. This demands excellent alignment of the charging cell when placed into the fluid
stream. To withstand error from wear and tolerance stacking, this alignment should be
adjustable. A wider charging cell will lower the charge to mass ratio of the droplets (for a
given charge voltage), significantly reducing deflection. The charging cell should be three
times as long as it is wide. This ensures an even electric ficld for repeatable chaige
induced on the droplets. If the charging cell is shorter, changes in jet capacitance will result
from breakoff length fluctuations in a non-uniform electric field. The jet breakoff should
be somewhere in the top third of the charging cell. This ensures a uniform field at breakup
and some satellite merge distance before the deflection electric ficld. The cell depth was
chosen to be 4.5mm. This value is less critical, but should also be approximately three
times the cell width. Figure 5-2 shows the dramatic effect of varying cell width, and
therefore jet capacitance, assuming a perfectly centered jet in the charging cell. If the jet is
slightly off center, the charge to mass ratio of the droplets will be significartly increased.
This effect will alsc cause static charging errors, producing jet deflection without deflection
voltage. Appendix C derives the effects of an off-center jet on its capacitance. Further
derivations of jet capacitance and deflection will be covered in Chapter 5-4.
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Figure 5-2: Effects of Charging cell width on deflection. Simulation run with
Alpha machine parameters Vc=150v; Vd=2200v.
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When using nickel orifice plates it is important to positively charge the droplets by
applying a negative voltage to the charging cell. If the fluid is negatively charged, the
induced flow of electrons is from the orifice plate into the fluid. The resulting electric
current is in the opposite direction, out of the fluid into the nickel plate. Positive nickel
ions then combine with negative ions in the jetted fluid. The resuli is accelerated orifice
wear from reverse plating of the nickel into the stream of fluid. During positive dropiet
charging, a current is passed in the opposite direction eliminating this problem.
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Figure 5-3: A close up of the final Alpha charging cell with dimensions.

5.1.2 Deflection Cell

One of the most problematic areas of any continuous jet printhead is the deflection
cell. Arcing is typically the failure mode as a result of fluid buildup. Satellites (non
merging for many A), due to their large charge to mass ratio, always land in the deflection
cell. Several points are worth mentioning about the deflection cell to extend the reliability
of the printhead.

Radiusing sharp comers of the electrodes is critical. This reduces the focusing of
the electric field, and hence arcing. A satisfactory radius for this application is .020".
Deflection cells can run at many kilovolts- close to the air permeability break down of 3 x
106 volts/meter. This maximum electric field between parallel plates in air is an ideal
breakdown, assuming no sharp localizations of field strength. On the Alpha printer the
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