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ABSTRACT

Three Dimensicnal Printing is a process for the manufacture of tooling and prototype
parts directly from computer models. It functions by the deposition of powdered material in
layers followed by the selective binding of the powder by “inkjet” printing of a liquid
binder. An x-y positioning system is used to raster-scan a modulated nozzle over a powder
bed. Following the sequential application of layers, the unbound powder is removed,
resulting in a complex three-dimensional part. The process may be applied to the
production of metal, ceramic, and metal-ceramic composite parts.

A printhead that selectively prints binder was developed for a prototype machine that
prints parts up to three inchies on a side. A continuous jet of binder is broken up into a
regular sequence of droplets using piezoelectric excitation. An amplified computer signal is
used to capacitively charge selected droplets as they pass through a set of closely spaced
charging plates. Droplets then pass through an electric field which causes charged droplets
to deflect into a droplet catcher, while uncharged droplets pass straight through to the
powder bed. By synchronizing droplet charging to nozzle motion, the proper part cross-
sections can be printed.

The printhead applies continuous-jet printing technology used by several companies in
the ink-jet printing industry. However, to date, no industrially available printheads have
been found that are suitable for Three Dimensional Printing. This results primarily from
incompatibility with properties of the binder material, specifically its tendency to deposit
solid residue on printhead components.

Reliability is limited chiefly by the existence of "satellite” droplets which tend to
obstruct the jet, requiring that the printhead be cleaned occasionally. Techniques for the
elimination of these droplets are being investigated. The design is robust to variations in the
jet produced by the commercially avaiable wire-bonding tools used as nozzles. For future
machines which will use up to one hundred nozzies simultaneously, this variability will
need to be greatly minimized. Electroformed nickel orifice plates are being investigated as
nozzles and tested for greater repeatability. Alternate piezoelectric transducer configurations
are also being investigated.

Thesis Supervisor:  Dr. Emanuel Sachs

Title: Rockwell International Associate Professor of
Mechanical Engineering
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Introduction

Motivation

Two needs which are key to industrial productivity and competitiveness are the
reduction in time to market for new products and the flexible manufacture of products in
small quantities. Three Dimensional Printing targets a critical subset of the problems that
must be overcome in order to achieve shorter product development cycles and flexible
manufacturing for mechanical parts. The problems addressed are rapid prototyping, rapid

fabrication of tooling, and the low cost manufacture of tooling.

A major contributor to the time to market for new products is the time required to
fabricate prototypes. Rapid prototyping can shorten the product development cycle and
improve the design process by providing rapid and effective feedback to the designer.
Some applications require rapid prototyping of non-functional parts for use in assessing the
aesthetic aspect of a design or the fit and assembly of a design. Other applications require
functional parts. Often, it is advantageous if the functional part is fabricated by the same

process that will be used in production.

A second major contributor to the time to market is the time required to develop
tooling, such as molds and dies. For some types of tooling, such as injection molding
dies, the turnaround time for the design and fabrication of a tool routinely extends to
several months. The long lead times are due to the fact that tooling is generally one of a

kind and can be extremely complex, requiring a great deal of human attention to detail.

In present practice, tooling is a gating item not only in lead time, but in manufacturing

cost as well. In fact, tooling costs often determine the minimum economic batch size for a

given process.



The three issues of prototyping requirements, tooling lead time, and wooling cost are
related in that it is the combination of long lead times and high cost which make it
impractical to fabricate preproduction prototypes by the same process that will be used in

production.

As an example of the difficulties with todays technologies, consider the use of lost
wax casting to produce a batch of 100 parts of a high temperature alloy in a geometry not
suitable for machining. The first step is the rabrication of an aluminum die to make the wax
positives. In a typical part, the tooling cost dominates the manufacturing cost, accounting
for 90% of the total part cost. In addition, it would commonly take 4-10 vveeks to procure

the aluminum tool for the wax positives.

Current options do not provide u satisfactory solution to the demands for rapid and
flexible manufacturing. The goal of Three Dimensional Printing is to produce complex
three dimensional parts directly from computer models of the parts, with no part specific
tooling required. This process will be used tc produce both functional parts and tooling.for

prototypes and small batch production.

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, with no tooling
required. Three Dimensional Printing creates parts by a layered printing process. The
information for each layer is obtained by applying a slicing algorithm to the 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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Binder

Powder and piston

~7

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.

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 figure 1.3.
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, Wy %
Spread Powder Print Layer Drop Piston

Repeat Cycle

ZARVIK .
Intermediate Stage Last Layer Printed Finished Part

Figure 1.2. Sequence of operations in the Three Dimensional Printing
process.
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Figure 1.3: A part created using Three Dimensional Printing.

‘Three Dimensional Printing can be used to fabricate parts in a wide varicty of
materials, including ceramic, metal, metal-ceramic composite and polymeric materials. The
objective of our work is to produce parts 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 Printhead Development

This thesis documents the development of an eiectrostatically deflecting printhead
for Three-Dimensional Printi . The concept of electrostatically modulating the flow of
droplets from a continuous fluid jet is not new; a small number of companies have

developed printheads that use this technique for high quality or high-speed ink-jet printing

applications [Williams, pp 63-701.



Two such companies were initially contacted to see what was required to apply this
existing technology to Three Dimensional Printing. Based on what was learned, it was
decided to develop and build a prototype rather than modify existing ones. The primary
rcason was the existing designs' incompatibility with the binder, a colloidal silica
suspension in water, which leaves a solid residue upon evaporating and has higher
viscosity than water-based inks. A design with new techniques for binder handling and

removing solids buildup was required.

Other difficulties were caused by the binder, which is printed through an alumina
nozzle .0018" in diameter. This material tends to gel inside the conical nozzle tip, causing
either a cl'ogged nozzle, reduced flow, or a crooked stream. The resulting variability in the
system exceeds that of typical commercial systems using water-based inks. Making the

printhead robust to this variability required substantial development time.

A "next generation" machine will use up to one hundred nozzles in parallel to
greatly increase the vertical build rate of printed parts. However, such a machine will not
tolerate the variability present in the current system. For example, when starting to print a
part on the current machine, a crooked stream is compensated for by pivoting the nozzle
assembly, and the binder pressure is empirically tweaked to produce the correct flow rate.
This process, which takes several minutes, would have to be repeated for each nozzle on a
multiple-nozzle printhead. At this rate, setting up the machine could take longer than

actually printing a typical part! These problems are addressed in chapter 5.
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2. Continuous-jet Printing of Binder

This chapter provides an overview of continuous-jet printhead operation. A more
thorough description and analysis of associated phenomena is presented in Williams'

masters thesis (1990).
2.1 Basic printhead layout and operation

The printhead used in Three Dimensional Printing operates on the same principles
as coniinuous ink-jet printing. Unlike drop-on demand printers, where droplets are forced
out of a reservoir when required, continuous-jet printers produce a constant stream of

liquid that either is printed or deflected into a droplet catcher.

In our application, electrostatic deflection is used to deflect charged droplets intc a
catcher for collection, and to allow uncharged droplets to pass undisturbed into the powder
bed (figure 2.1). Selective printing is accomplished by charging certain droplets using a

computer signal synchronized to the nozzle traverse.

This technique is used to selectively bind powder together in each cross-section of a

3-D printed part. The technology relies upon several principles which are discussed below.

15
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Figure 2.1: Schematic of continuous-jet printhead.

2.2 Formation of discrete droplets
Continuous-jet orinters rely on the tendency of a fluid jet to break up into a train of
droplets some distance away from the nozzle tip. Both the frequency of droplet formation
and the distance from the nozzle tip at which individual droplets appear (breakoff length)

can be predicted using formulae derived by Rayleigh [Williams, pp. 52-54].

Droplet formation is caused by infinitesimal disturbances in the stream which grow

exponentially until spheres are formed. Since these disturbances are random in nature, the

16



resulting droplet train is irregular. However, a repeatable pattern of droplets can be
produced by supplying a periodic disturbance near the nozzle tip. Piezoelectric transducers
are ideal for this application because of their ability to induce vibrations at high frequencies.
When a piezoelectric element is mounted on or inside the nozzle and excited at a frequency
near the "Rayleigh” frequency, droplet formation can be synchronized to this frequency.

These devices are discussed in detail in Appendix 1.

The formation of droplets may be accompanied by the appearance of "satellite
droplets," which are approximately one-fifth the diameter of larger droplets. They typically
will merge to adjacent droplets within a few wavelengths of their formation, but often
interfere with printhead operation. These droplets can be eliminated under certain
conditions by supplying enough piezo energy to prevent their formation. Satellite droplets

are discussed in greater depth in Appendix 4.

2.2 Capacitive charging of droplets
Capacitive droplet charging is a technique for controlling the path of individual
droplets. The stream is aimed through a "charging cell,” a conductive tunnel that can be
raised to some potential relative to the stream. This tunnel can be a cylindrical hole or a pair
of parallel plates. In either case, the stream effectively becomes one of the two conductors
of a capacitor while the tunnel serves as the other (figure 2.2). The stream accumulates a

charge proportional to the potential difference between the two.

17
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Figure 2.2: Droplet charging with parallel plates.

In order to place a charge on individual droplets, the charging tunnel is positioned so
that droplet breakoff occurs near its center. This way, a2 newly detached droplet will carry
the same charge density as the stream in its vicinity. Once a droplet has detached, its
charge cannot be changed. The charge placed on each droplet is controlled by modulating
the voltage to the charging tunnel. In order to control the path of individual droplets, the
time constant of the charging process must be significantly less than the period of droplet

generation. If this is not the case, some droplets will be partially charged and deflect less.

2.3 Droplet deflection

After passing through the charging cell, all droplets pass between a pair of parallel
plates which establish an electric field transverse to the motion of the droplet. In this
"deﬂectio.n cell," droplets which were charged previously experience an acceleration due to
elecp‘ostatic repulsion and are deflected into a droplet catcher which prevents them from
reaching the powder bed. Uncharged droplets, on the other hand, are unaffected by the
electric field and pass directly through to the powder. Typically, one plate is at some high

positive or negative voltage and the other is at ground.
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The trajectory of droplets can be changed by varying either the electric field or charge
on the droplets. However, any change in electric field will affect all charged droplets inside
the deflection cell at that time. In order to control droplets independently, their charges
must be changed individually by modulating the signal to the charging cell rather than the
deflection cell. Droplet acceleration can be predicted as a function of its mass, charge, and

the deflection field. This is discussed at greater length in Appendix 2.
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3. Printhead Design

3.1 Goals

This chapter describes the details of the printhead as of April 1991. This design is the
result of lessons learned from several previous prototypes built over the previous months.
Problems with clogging, shorting, poor visibility, and the lack ef flexibility caused these
devices to be extremely difficult to use. See Appendix 5 for a more thorough discussion

of previous printhead designs and the evolution of the current design.

A list of criteria for an improved printhead, based on experiences from these previous
attempts, is presented below. The prototype printhead was designed to satisfy this set of

criteria. Bulletized items represent primary goals.

Performance:
*Maximized mean time between failures
*Operation without manual intervention
»No shorting, sparking, clogging
«Crisp printing
+Clean, effective binder removal
Accurate droplet placement (+/- .0005")
Capable of deflecting individual droplets (must switch up to 30khz.)

Convenience of use:

*Easy to clean

+Easy to operate; quick startup and shutdown
Easy to see inside (facilitates strobe studies)

Design;
*Easy to machine and assemble
*Easy to modify/upgrade
*Robust to noises:

binder flow rate

printhead traverse speed

20



airflow across printhead

crooked jet exiting nozzle

variation in charging or deflection voltage
Size/weight kept to a minimum
Minimized distance from nozzle tip to part
Supports proportional deflection
As simple as possible

The goals of this printhead development were twofold: to assess the feasibility of
using electrostatic deflection of binder for Three Dimensional Printing, and to get the
machine up and running with a working printhead as soon as possible so the team could
start making complex parts. These dual goals forced a tradeoff between an extended
research effort and a more brute-force approach. However, every attempt was made to
achieve an understanding of various observed phenomenon. This lowered the number of

design modifications and ultimately shortened the development time.

Since printed parts at that time typically required up to six hours of print time,
reliability and operation without intervention were of the utmost importance. Other factors,
such as size, weight, produceability, and distance between nozzle tip and the powder bed,

were secondary issues that were considered but not optimized.

At the onset of testing, the desired goal was loosely defined as a raean failure rate of
once every ten hours. {A "failure" is any condition which impairs the operation of the Three
Dimensional Printing machine in such a way that an acceptable part will not be produced.)
However, it was recognized that this was a short-term goal and that greater reliability
would ultimately be required. It was also accepted that a certain level of human
intervention might be required, for example, pausing the machine every so often to clean
printhead parts. While this relaxation currently does not pose much of a problem, it is not

compatible with the long-term goal of a completely automated machine.

21



3.2 Overall design'

The printhead in its current form is shown in exploded view in figure 3.1 and
assembled in figure 3.2. Working drawings are shown in Appendix 6. The body is
aluminum and bolts to a Themson ball slide, which is in turn connected through a flexible

coupling to a Normag linear motor. The key features of this design are discussed below.

sModularity. The charging cell, high-voltage plate, ground plate / droplet catcher, and
nozzle assembly are all easily removable. All of these except the droplet catcher can be
removed without any tools, and electrical connections are automatically made when
components are inserted. This allows components to be casily cleaned or inspected, and

facilitates design modifications.

+Visibility. All deflected and undeflected droplets are visible from one side of the
printhead. This allows the observation of several phenomena related to continuous-jet
printing. Using a tele-microscope and a video camera, the behavior of individual droplets

can be observed. This feature has led to a much greater understanding of the process.

*Minimized clogging and shorting. The design minimizes the occurrence of clogs and

short-circuit conditions due to fluid collecting on components, and allows the printhead to
recover quickly from such a condition with manual intervention. This was achieved by
keeping tl.1e bedy and electrical connections far away from areas where fluid would tend to

collect in the event that the printhead "floods."

-Suitability for printing over long time intervals. The design permits the printing of
parts requiring several hours by eliminating sources of printhead failure, such as binder

accumulation on components, and by minimizing maintenance during printing.

22



Nozzle Assembly

NozzleFixtureand Pivot
Assembly

ChargingAssembly \\\\

Ground Plate Assembly

Figure 3.1: Exploded view of printhead.
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Figure 3.2: Assembled printhead.

Flooding typically occurs when the angle at which the jet leaves the nozzle (stream

angle) causes droplets to collect on the walls of the charging celi. Since these walls are

24



closely spaced, fluid soon bridges the gap and collects there instead of shooting through.
Once this failure is detected (visually or by an electronic current sensor), it is a simple

matter of removing and cleaning the charging and deflection components.

3.3 Design details

3.3.1 Nozzle assembly and mounting components
The nozzle assembly consists of the following components (see figure 3.3):

5 micron syringe filter (Gelman Sciences, Ann Arbor, MI)
«26 gauge, 3/8" syringe needles (MIT lab supplies)

+.188" O.D. x .040" I.D. x .020" thick piezoceramic disk (Piezo Kinetics,
Inc., Bellafonte, PA)

*Wire-wrap wire leads to piezo and to syringe needle

*Wire-bonding nozzle, .0018" Dia., P.N. 1572-18-375P (Gaiser Tool Co.,
Ventura, CA)

*Aluminum and teflon mounting bracket and pivot arm.

25
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Figure 3.3: Nozzle assembly components.

Working in a laminar flow hood, the syringe needle is mounted to the syringe filter, a
wire is wound around the needle if a non-conducting nozzle is to be used, and the piezo
and nozzle are slipped over the needle. The assembly is placed in a jig and epoxy is

applied to make a seal and fix components in place.

The compieted nozzie drops into the mounting bracket, which pivots on a dowel pin
inside the printhead body. This allows the nozzle to compensate for errors in stream angle,
so the stream can be centered between the charging plates. Construction in the jig places

the nozzleé's exact tip very close to the center of rotation.

3.3.2 Piezo excitation
The piezo disk transfers its energy to the nozzle tip through the epoxy it is encased in.
It is energized using a function generator (Leader model LFG-1300S) connected to an

amplifier (Krohn-Hite model 7500). Generally a sine wave signal at up to 200 volts peak-
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to peak, in the range of 40 to 65 kilohertz, is applied to the piezo. This results in a breakoff

distance of around .090", which places it close to the vertical center of the charging plates.

3.3.3 Droplet charging assembly

The c;harging assembly consists of an aluminum part with a .025" wide slot connected
to a teflon handle and fixture (figure 3.1). This slot effectively creates a set of charging
plates. These charge plates receive a signal which is either at ground or at some fixed
potential between 24 and 120 volts. The expected charge/mass ratio with this design is

discussed in Appendix 2.

The slot design allows the charging assembly to be removed or installed without
disturbing the binder stream. This way, the stream can be centered before the plates are in
place, thereby preventing charging cell flooding. This eliminates a common cause of

startup failure with previous prototypes.

3.3.4 Deflection cell

The deflection cell is the printhead region where charged droplets enter an electric field
and are deflected towards a catcher which prevents them from being printed into the part.
The cell consists of a high-voltage plate, which is typically charged to a potential of -1000
to -3000 voits, and a plate which is at earth potential (see figure 3.4). The spacing between
this plates is approximately .05", which creates an electric field as high as minus 2 x 10°
volts/meter. (Air breaks down at 3 x 105 volts/meter). The deflection voltage is varied
during startup to accelerate charged droplets in a trajectory which causes them to land in the
proper location on the catcher. Predicted droplet accelerations for this design and the

choice of plate spacing is discussed in Appendix 2.

The high-voltage plate assembly is a thin stainless steel plate cast into an epoxy block
which is -shaped to slide in and out of the printhead body. An electrical contact is

automatically made when the plate is slid inte position.
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3.3.5 Droplet catching and removal

Two successful droplet catching and removal arrangements were built. The first,
shown in figure 3.4a, is a stainless steel plate which curves away at the bottom. This part
serves a 6ual function as both a ground plate and a droplet catcher. Deflected droplets
strike the plate at a shallow angle, follow the plate's curve, and collect underneath. When
the printhead is stationary, binder drips from the plate into a collection trough. When the
printhead is moving, drops are flung off the plate as the printhead accelerates at the end of
each traverse. These drops collect in troughs at either end of printhead travel and travel

down tubes to collection bottles. Binder which collects in these bottles can then be

recycled.

The second configuration, which is currently being used on the machine, is shown in
figure 3.4b. Here, the ground plate and droplet catcher are two separate components.
Deflected droplets curve past the ground plate and strike the catcher directly. They collect
there until gravity or inertial forces cause a drop of binder to fall into the collection trough.
While this design functions basically the same way, it has the advantage of a ground plate
which never becomes wet with binder. This minimizes the chance of buildup occurring in
the deflection cell. The drawback of this design is that it is less compact and has more

parts.

3.3.6 Drive elecironics

Computer control of the printhead during a typical part requires rapidly switching a
signal between ground and up to 120 volts. This was accomplished using the circuit
shown in figure 3.5. The computer supplies a TTL signal which is high for printed
(undeflected) droplets and low for unprinted (deflected) droplets. This signal is the input to
the circuit box. The TTL signal is transmitted by an opto-isolator with Schmidt-trigger

outputs. This device protects the computer from high voltage and minimizes the effects of
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Figure 3.4a: Catcher configuration with combined ground plate/catcher.

Figure 3.4b: Catcher configuration with independent catcher.
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line noise. This output is fed to the base of a switching transistor with the supply voltage

(120 volts) or its collector. The output is measured between the collector and ground.

+5v

SWITCHING HCPL-2212

SIGNAL (5V) Vee |2
2 7

- .
JE N

[y o— -
.‘ !—C-2=.lpF

R1=1KQ

Figure 3.5: Drive electronics for electrostatic switching.

When the signal goes high, the transistor switches on and the collector voltage drops
to zero. This causes the charging plates to see a ground potential, and droplets are
undeflected. When the signal goes low, the transistor shuts off and there is no current

between the collector and emitter. Since there is also no current through resistor R3, the

output is at the supply voltage, and droplets passing through the charging plates become
charged.

The Schottky diodes and capacitor C1 were required to improve the switching
characteristics in order to produce an acceptable signal at the required voltages and
freqﬁenci'es (discussed in greater detail in Appendix 3). The diodes prevent transistor
saturation by reducing the base current when the trénsistox_' nears saturation, reducing the

delay time in transistor shut-off. Capacitor Cl1 is a "speedup” capacitor which increases
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base drive current during turn-on transitions, and provides a current pulse to remove base

charge at turnoff, resulting in faster rise and fali times [Horowitz, Hill p 908].

3.4 Discussion

‘The greatest challenge in this design task was to develop a printhead that was robust to
the noises associated with the nozzle and the binder. Crooked streams, which could mean
deviations in any direction of up to 20 degrees, forced tﬁe abandonment of a charging
cylinder and required conservative spacing between charging and deflection plates, the
inclusion of a nozzle pivot and a mechanism for easily removing the charging plates.
Nozzles that produced straighter streams would permit 2 much simpler and more efficient
printhead. Closer charging plate spacings would require less voltage, leading to several
positive benefits including faster switching time, simpler electronics, and cheaper power
supplies. A more efficient printhead would require a smaller charge on each droplet for fuil

deflection, resulting in reduced electrostatic interactions between charged droplets.

The colloidal silica binder has created a host of problems including clogged nozzles
and crooked streams. This was alleviated through the addition of a binder/water switch just
upstream of the nozzle and establishing the practice of running water through nozzles

before and after printing parts.

Solidified binder caused printhead components to bind in place and forced a strong
emphasis on préventing flooding. With the combined ground plate/catcher configuration of
figure 3.4a, binder tends to dry up and eventually either build up or flake off the ground
plate in the vicinity of the spot where the stream hits the plate. This solid binder could
potentially interfere with the deflection field or the stream. These binder characteristics

forced conservative spacing between the high voltage and ground plates.

Throughout the design and testing process, an emphasis was placed on understanding

and solving problems rather than eluding them. For example, a previous catcher design
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was collecting buildup on a knife-edge for no apparent reason. It was recognized that the
printhead could be made to work in spite of this by adding a stationary "scraper" that
would remove this buildup with each pass of the printhead. Instead of implementing this,
however, a microscope was used to identify the source of the buildup as partially charged
droplets (artifacts of the electronic circuitry). As a result, the electronics were improved,
and new catcher design with no knife-edge was tested and implemented. This eliminated

the need for a scraper and resulted in a simpler, more elegant design.
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4. Performance of Prototype

As of late February, 1991, the printhead was operating successfully for the

" construction of parts requiring up to twelve hours of print time. During some runs,
intervention was required every few hours tc remove buildup caused by satellite droplets
collecting on the ground plate, or buildup on the high-voltage plate caused by airborne
binder. On other runs, the printhead ran with no intervention. Overall, its performance is
satisfactory at this point. Given the progression from a prototype that had to be coaxed into
working for a few minutes at a time to a device which runs unattended for Hours, this has
personally been extremely rewarding. However, the printhead is by no means optimized
and there are several issues related to accuracy, reliability, and practicality that warrant

further discussion.

4.1 Effects of satellite droplets

‘Satellite droplets are created when the binder stream first breaks up into droplets under
piezo excitation. Their occurrence can be minimized but they are difficult to prevent.
These droplets are deflected more than the larger droplets.lbccause they receive the same
charge but have less mass. Figure 3.6 shows a "stalagmite" created by satellite droplets
collecting on top of each other near the top of the ground plate. This eventually causes
printhead failure as this stalagmite continues to grow until it interferes with the stream.
Currently, their formation is minimized by empiricaily choosing a piezo frequency that

causes the slowest buildup. Satellites are discussed at length in Appendix 4.
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Figure 4.1: Buildup due to satellite droplets (worst case).

4.2 Buildup on printhead components

Even when satellite droplets do not seem to be forming, binder slowly accumulates on
the edge of the droplet catcher, requiring that the printhead be inspected and this buildup be
removed every two hours or so. It is possible that this proeblem is caused by partially

charged droplets, a result of a droplet breakoff occurring while the charging signal has not

risen fully (see Appendix 3).

4.3 Droplet placement error

Printhead performance can be measured by the accuracy of droplet placement in the

powder bed in the direction of travel and the transverse direction. Placement error in the
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direction of travel results from aerodynamic noise and delays in the electronic hardware,
while sources of error in the transverse direction include aerodynamic noise, play in the

Thomson linear bearing, and unwanted charge on "uncharged" droplets. In general,
placement error does not appear significant compared to other parameters affecting overall
part dimensions, specifically the powder-binder interaction. However, individual droplets
at the beginning of each line segment are generally very misplaced. This results from
several known phenomena which are discussed below.
Aerodynamic drag

In any droplet train, aerodynamic forces will be greatest on the first droplet, which
creates a slip stream for the droplets behind it. This will cause the leading droplet to
decelerate more than trailing droplets, causing it to strike the powder later than" it should.
Partial droplet charging

Ideally, the charging cell is driven by a square signal. However, due to limitations in
the speed of the electronic circuitry, voltage transitions require several microseconds.
Droplets which form during these transitions will receive an incorrect charge, and will be
deflected incorrectly. See Appendix 3 for a more detailed explanation.
Merged droplets

The first droplet of any undeflected droplet train was observed to be slightly misplaced
and somewhat larger than the droplets trailing it. Closer observation using a strobe and a
square wave charging signal revealed that this droplet is actually the union of the trailing
charged drop and the leading uncharged drop of two adjacent droplet trains (figure 4.2).
Electrostatic repulsion among the charged drops displaces the trailing charged droplet far
enough to come in contact with the leading uncharged droplet, which is normally one full

wavelength away. The two merge to form one larger droplet with a normal charge. Since

it only has half the nominal charge to mass ratio, it is only partially deflected.
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Figure 4.2: Observed merging of charged and uncharged droplets.

In order to print very short line segments, the printhead must have the ability to
produce accurate droplet trains containing very few droplets. For reasons discussed
above, several of the leading droplets of any droplet train will be misplaced. The effects of
these errors have not been studied, but they may resuit in poor surface finish. For very
short pulses, the number of misplaced droplets will be on the same order as the number of

correctly placed droplets. This limits the minimum feature size.
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4.4 Set-up time, startup/shutdown

There are three major components of set-up:
Producing an acceptable flow rate.
This is done by tweaking the pressure in the binder tank and taking readings until the
desired flow rate is obtained. This task will ultimately be automated using a closed loop
pressure regulator.

Compensating for a crooked stream.
This can be done either by pivoting or rotating the nozzle in its housing.
Minimizing satellites.
This step is often the most time consuming. Different frequencies are tried until the
rate of satellite buildup appears to be minimized. A difference of 1KHz. can mean the

difference between cleaning the printhead once every hour or once every minute.

In order to reach the ultimate goal of a machine which starts up automatically and

prints a part without intervention, more reliable nozzles are needed and the satellite

problem must be elimated.

4.5 Suggested improvements

Goals for improvement include improving reliability, minimizing intervention,
reducing set-up time, and improving resolution and accuracy. The current wire-bonding
nozzles cause uncertainty in stream angle and flow rate which in turn affect reliability and
set-up time. Therefore, orifice plates with electroformed holes are being investigated to

replace the current nozzles (see chapter 5).

Improved resolution requires speeding up the switching electronics, which should

be achievable with further research. Improved accuracy will result from using a more
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accurate slide, improved electronics, and a reduced charging voltage to minimize interaction

between droplets.

The implementation of reliable nozzles would have significant effects upon
printhead performance. If stream error never exceeded one degree, given the current plate
dimensions, the stream could never strike the charging plate. The pivot assembly would
therefore no longer be necessary, reducing weight and size. The charging plates could be
placed closer together, requiring less charging voltage for a given charge/droplet, which in
turn would make the electronics simpler and faster. If breakoff occured closer to the nozzle
tip than it currently does, the charging plates could be shortened. The deflection cell could
also be made more efficient and shortened. This would result in a smaller and lighter

printhead, and accuracy would improve since the nozzle tip could be brought closer to the

powder bed.

The difficulty in eliminating satellite droplets has been the major impediment to
improving reliability. Appendix 4 suggests enough possibilities to warrant extensive
experimentation on this subject; it is likely that some subset of these experiments will be

performed in the future. To date, one easily implemented experiment has been performed.

Satellites result, at least in part, from insufficient piezo energy being delivered to the
stream, which suggests either increasing energy input or improving the efficiency of the
configuration. Since we are operating at the limits of our equipment, the latter approach

must be taken.

Two proposed solutions are currently being tested. First, since all energy must be
transferred to the stream through the epoxy encasing the piezo disk, nozzlcs are now
assembled using an alumina-impregnated epoxy to reduce compliance and losses.
Secondly, nozzles are currently being assembled with two disks wired either in series or

parallel.
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Figure 4.2 compares the performance of three configurations using alumina-
impregnated epoxy. Satellite droplets seem to be minimized at frequencies that produce the
shortest breakoff length, which is easily measurec using a strobe and microscope. This
graph was created for a particular nozzle/piezo assembly by changing the wiring for each
set of data points. This rather bizarre response is a "fingerprint” for the assembly; each
particular one has different sets of mechanical resonances which cause the shortest breakoff
lengths at a given flowrate. The shortest breakoff length is obtained by driving one piezo at
50 KHz.; however, any slight deviation in frequency will cause a sharp change in the
rcsponse.. Driving two piezos in parallel produces a response which is most robust to

changes in frequency or flowrate.

39



—o——  Two piezos in parallel
——— Two piezos in series
—®—  One piezo

200

Breakoff Length (thousandths of an inch)

20 40 60 80 100

Piezo Frequency, KiloHertz.

Figure 4.3: Breakoff length vs. stimulation frequency for several piezo configurations.

40



5 Towards a Multiple-Nozzle Printhead

5.1 Requirements

The ability to print parts using many nozzles in parallel will be crucial to the
commercial viability of Three Dimensional Printing. A new 100 nozzle machine is
currently being designed that will be capable of building a 2' x 1' x 1' part in under 12
hours. The streams will be spaced one tenth of an inch apart, resulting in a ten inch long
printhead assembly. This will require 100 identical printhead cells, each one tenth of an
inch across. The cells will function basically the same way as the current printhead,
however, the following issues must be addressed before this technology can succeed.

The nozzles must produce straighter jets.

The 1/10" envelope will require much tighter charging and deflection plate spacings
than on the current printhead, and devices to compensate for crooked jets are undesirable.
Additionally, inaccurate printing will occur if adjacent streams do not strike the powder the
same distance apart. Assuming a distance of 1/2 inch from nozzle to powder and a desired
accuracy of £.001" in the direction transverse to printhead motion, the allowable stream

error would be

+ apc:anaﬂgl =+.11° = + 2 milliradians.

Since it is not clear that error can be kept this small, stream errors in both the
transverse and high-speed axes will be measured using line array cameras and compensated
in the software. Fast-axis errors will be compensated using a time delay, while transverse
errors wili be compensated using proportional deflection. In the latter case, error correction

will be limited to about £.010," so the maximum allowable error will be

+ arctanaosl =% 1.15°.
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The nozzles must be far more reliable.

. Given the number of nozzles, their failure rate must be substantially decreased. The
nozzles should produce consistent flow rates since pressure will be the same for all
nozzles.

A single "nozzle block" is desired.

Fér fabrication and assembly reasons, a single plate with a set of nozzle orifices
built into a pressurized body is superior to a set of individual nozzle assemblies. The
current configuration couid not be squeezed into the desired spacing.

A new piezo configuration will be required.

A different excitation technique will be required since the nozzle geometry will be
completely different. Some possible configurations are discussed later in this chapter. It
should produce consistent droplet breakoff lengths for all nozzles (.020" to .050") and

minimize satellite droplet formation.

To address these requriements, current research is mvestlgatmg the use of thin
plates with multiple orifices, rather than conical nozzles, in conjunctlon with some form of
piezo stimulation. This configuration, which is used by related industries, is promising
because the orifice geometry is less prone to interference from internal buildup and could
potentially be manufactured more accurately than the current wire-bonding tools, resulting

in greater reliability, accuracy and uniformity in the stream.
5.2 Orifice plate configurations and experiments
§.2.1 Sources

Thin plates with .0018" (46 micron) holes are available from a number of vendors.

They use several techniques which are summarized below for selected vendors.
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Process Vendors Quoted Materials
tolerance
Laser drilling Precision Laser Services (IN) | £.0001" Stainless steel
Etching Towne Labs (NJ) +.0003 Stainless steel
+.0002 Ni, Cu
bimetal
ﬁwmfoﬂng Buckbee Mears (MN) 1.0001 Nickel, gold
Veco Perforated Products (MA) | £.0002 Nickel - T
Punching/pre- | Ladd Rescarch Industries (V1) | Z.00005 atnum,
cision drilling molybdenum

Stock items were obtained from some of the above companies for experimentation.
Some vendors produce aperture plates for use in electron microscope; others use artwork
masks to produce a complex shape. Disks were obtained since they were more readily
available. At this stage, laser drilled holes have been investigated and eloctroformed holes
are being investigated. Thorough research into other possibilities has not yet been

performed.

5.2.2_ Laser-drilled orifices
.0018" holes in .005" thick disks with a .250" O.D. were tested in a fixture which
allowed pressure to be built up in a small reservoir of filtered fluid on one side of the disk.
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Nylon insert

Orifice plate

Piezo disk

Figure 5.1: Fixture for testing orifice plate

Clogs occurred frequently, but light could still be seen through “clogged" plates after
their removal, suggesting that the orifice was obstructed by a large particle which was held
against it by pressure upstream. Since the components are assembled in a dirty

environment, it is easy for particles to enter the fixture prior to assembly.

Straight streams were never observed using these plates. Under the microscope,
the hole appears very irregular and jagged (see figure 5.2). Laser-drilled holes have

therefore been ruled out as a possibility.



Figure 5.2: A laser-drilled hole in a .005" thick stainless steel plate..

5.2.3 Electroformed orifices
To create electroformed holes, nickel is plated over a photoresist dot to create the cross

section shown below.

Y7777 777773

Figure 5.3: Cross-section of an electroformed hole used as a nozzle.

Materia! can flow either way through this hole. The optimum direction will depend on
the binder interaction with the plate (binder sometimes gels on internal surfaces) and the

stream characteristics for a rounded or a sharp-edged orifice.

Binder was successfully printed through a .0018" electroformed hole but no
straightness error measurements have been made to date. Disks .001" thick and .1"-in
diameter will be tested for straightness and reliability. The holes in these plates appear very

regular and smooth.

45



5.3 Possible piezv configurations

Future research will investigate efficent piezo stimulation of a multiple nozzle system.

This can be handled several ways, as outlined below:

One transducer can be used to stimulate each nozzle.

Since a linear array of orifices in a single plate is likely to be used, each piezo would be
bonded directly to the orifice plate in the vicinity of each nozzle. Alternatively, orifices
could potentially be constructed from piezoclectric material, with electrodes patterned onto
the material.

One transducer can be used to stimulate all nozzles.

An example is the Diconix model 2800 high-speed printer, which has 1600 jets in two
rows along a 13 inch long orificc plate. One end of the plate is vibrated using a piezo, and
vibrations travel along the plate. Because of the travelling wave, it is difficult to
synchronize droplet formation.

Several transducers can be used to stimulate sets of nozzles.

This alternative might permit "plane wave" excitation, which is achievable with shorter
orifice plates. In this case, all orifices would receive a signal with the same phase, which
allows synchronous droplet formation. A piezo might be mounted along the entire length
of each assembly, or could supply its energy at one point of the assembly. The orifice

assembly might be tuned to resonate at the piezo driving frequency.

5.3.1 Mechanisms for causing droplet formation

_The piezo supplies periodic disturbances to the stream which cause droplet formation.
However, it is unclear whether these disturbances are transmitted by pressure waves within
the fluid_or by direct vibration of the orifice. The nozzle assembly shown in figure 3.3
could potentiaily function by either mechanism: energy could be transferred thrbugh the

evoxy to the syringe, where vibrations would set up a pressure wave in the fluid.
pPOXy yring P
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Alternatively, energy could be transferred to the nozzle, causing vibrations at the tip.
Perhaﬁs there is a combination of effects. The pressure-wave effect was tested using the
setup in figure 5.3. A piezo is suspended in the fluid, requiring that all its energy be
transmittcﬂ through the fluid. This device created uniform droplets with a .080" breakoff
lcnglth at 1.5 cc/minute. This is comparable with the performance of the configuration

currently in use.

Filter

Housing
Piezo

Nozzle

Figure 5.4: Device to test pressure-wave stimulation of fluid jet.

Efficiency of piezo stimulation can be optimized by taking advantage of mechanical
resonances in the orifice mounting block. The configuration shown in figure 5.4 provides
an example. This device consists of three piezo transducers, a solid metal block with a
narrow flow cavity, and a thin orifice plate epoxied on to the resonator body. Two of the

piezos supply energy; the third is used as a pickup to measure the amplitude of vibration.
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Piezo wires

Pickuppiezo wire

Figure 5.5: A resonator assembly.

This device will only produce reliable droplet breakoff when piezos are energized with
a signal within a few hundred kiloHertz of the body's resonant frequency. However, it is
far more efficient than the piezo disks we are currently using, producing droplet breakoff
20 mils from the orifice with a 5 volt sine wave (as compared to 90-120 qi_ils using over a

100 volt sine wave.

5.4 Steps to Prevent Clogging

Due to the increasing complexity of assembling orifice plate fixtures, and the
impracticality of using sterile components, it is becoming more difficult to prevent foreign
material from entering regions inside the assembly that could cause clogging. There are at
least two steps that can be taken to alleviate this problem:

Keep all components super-clean prior to and during assembly.

‘Machined parts, for example, could be placed in a filtering bath and/or ultrasonicated
to remove pai'ticles, and kept inside a laminar flow hood throughout the assembly process.
Implement cross-flushing to remove particles in the assembled system.

Instead of pumping all binder through the orifice nozzles, the majority of the binder
would be recirculated back to a storage tank for refilering. This way, if particles were
introduced during assembly, it is likely that they would be flushed out instead of causing a

clog. Two possible configurations are shown below. Eachr system contains a large binder
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storage tank, a peristaltic pump (constant flow) leading to a smaller reservoir, filter units,

and a printhead assembly with a return line for recirculating binder.

In figure 5.5a, 2 pressure source is used to pus'h fluid through the filters and the
printhead. Fluid exits through a side passage into a small reservoir with a free surface (this
guarantees that exiting fluid does not affect pressure inside the printhead). Another

peristaltic pump then pulls this fluid back into the reservoir.

In figure 5.5b, a peristaltic pump drives fluid through the filter, and accumulator, and
the printhead. Recirculating fluid returns directly to the reservoir, through a resistive tube.
The advantage of this configuration is that it requires only two pumps, one of which does
very little work refilling the reservoir, and is a low pressure system. Its disadvantage is
that the action of a peristaltic pump may not be smooth, and it may be more difficult to

regulate printhead pressure.

Check valve

| Recirculating
reservoir '

u Flow restrictor

@

. Vented reservoir
Storage Tank

Figure 5.6a: Cross-flushing system using two flow sources and one pressure source.
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Accumulator

Filter

Recirculating Flow restrictor
reservoir

Storage Tank

Figure 5.6b: Cross-flushing system using two flow sources.
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Appendix 1: Piezo Operation

Al.1 Introduction

This Appendix is intended to provide a basic understanding of piezo function and to
apply this information to the design of a piezo configuration for use with Three-

Dimensional Printing.

Piezoelectricity is defined as "electric polarization produced by mechanical strain in
crystals bglonging to certain classes; the polarization being proportiona.l. t'ov ’the strain anq
changing.with it [Heartling]. Two main phenomena are observed: the ;'diréct éffcct“
whereby electric charge, or polarization, is generated from a mechanical stress, and the
“inverse effect,” in which an applied electric field can generate mechanical movement.

Therefore, these materials can be used either as generators or motors. We will only concem

ourselves with the inverse effect.

Piezoelectricity can only occur in ceramic materials with crystallographic structures
lacking a center of symmetry (a necessary condition for the formation of electric dipoles).
A mechanical stress, which causes relative motion between positive and negative ions,
produces an electric dipole. Likewise, creating an electric dipole will cause relative motion

between ions.

Since crystallites are randomly oriented in a ceramic material, no piezoelectric effects
will be observed unless the material is "poled" under an electric field. This process orients
dipoles within individual crystallites roughly in the direction of the electric field. After
poling, the ceramic behaves much like a single crystal. Wg shall see that the direction of

poling directly effects the behavior of the piezoelectric material (“piezo” for short).

53



Al.2 Quantifying piezo behavior

The state equations describing generator and motor behavior, respectively, are
D= dT+eTE (1)
S=sET+dE (2)

Where:

*D is polarization,

«S is the strain,

*E is electric field strength,

*T is stress,

«d is a piezoelectric coefficient,

*s is the material compliance, and
s¢ is the dielectric constant.

Directional properties are specified using subscripts as indicated in figure Al.1.

Figure A1.1: Subscript conventions for piezo materials.
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The 3 direction is parallel to the poling direction, while directions 1 and 2 are
orthogonal and the 4,5, and 6 subscripts are used to represent shear. The polarization
vector "P" points from the positive to the negative poling electrode. Coefficients have two
subscripts; the first indicates the direction of the electric field relative to the poling axis; the
second relates to mechanical stress or strain. A superscript indicates a boundary condition.
These are:

*T: constant stress; not mechanically constrained.
*S: constant strain; mechanically clamped.

* oE: constant field; short-circuit.
«D: constant electrical polarization; open-circuit.

There are several important coefficients which are described below.

Charge coefficients
The coefficients d31, d33, and di5 are proportionality constants between strain and

electric field, or between polarization and stress, according to the relationship

d=3 =

E (meters per volt).

=1\,

d33 applies when strain is measured in the same direction as the electric field. d31 refers to
strain measured orthogonal to the electric field, and d15 indicates shear produced about the

2 axis when an electric field is applied in the 1 axis.

Materials with a large dij will have relatively large mechanical displacements for a given
voltage, generally a desirable characteristic for motor applications.
Voltage coefficients
The 8ij coefficients measure the ratio of electric field to mechanical stress, and is

related to the d coefficient via the dielectric constant according to

g=d -E_S
Kegp T D
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d= Kc()*g is essentially the formula Q=CV, reflecting the fact that below their natural
frequency, piezos behave like capacitors. High g coefficients are desirable where high
voltage outputs are desired as a result of mechanical stress, such as phonograph pickups.

Coupling coefficients

The kij coupling coefficient measures the ability of a piezoceramic to convert one form
of energy to another. It is defined as the square root of the ratio of available mechanical
energy per electrical energy input. Since this is a measure of -ificiency, values are always
less than unity. The coefficient kp refers to Planar. » _un disk (radial) energy conversions

(.72 is typical for the PZT material), while K refers to thickness coupling.

Al1.3 Mechanical deformations

Typically, deformations are on the order of a few microns in piezo motors. This can
be increased several orders of magnitude by using a "bimorph," whereby two piezo plates
are glued together in such a way that when stimulated, one will contract while the other
expands. The unit then assumes the surface of a sphere, but for many applications can be

treated as a beam in bending. Typical configurations are shown in figure A.2.
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Figure A1.2: Stitmulation modes for piezo moiors [Piezo Systems].

For example, let us calculate the movement of a thin disk .51 mm thick and 4.78 mm

in diameter (the outside dimensions of the piezo disk currently used on the nozzle

assembly).

=S =_At _At
B=E=0vRH -V

At =di3V.

Note that movement is independent of disk/plate thickness. Taking d33 = 300 x 10-12, a
100 volt signal produces a change of
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At=300x 1012 m/Vx 100 V =.03 um = 1.1 pin.

In the radial direction, we have

Taking d31 =-125 x 10"12 m/V and using a 100 volt signal, we compute

. 3
Ar =125 x 16"12 myV x 478 x 10" m x 100V = .12 pm = 4.6 pin.

5.1x10%m

Here we see that radial motion is dependent on plate dimensions.

58



Appendix 2: Charging Characteristics of Printhead
and Nominal Parameters

A2.1 Charged droplet behavior in an electrostatic field

Inside the charging cell, a droplet accumulates a charge'per unit mass of

m  [Bredt].

Here, V1 is the charging cell voltage, u is stream velocity, and m is mass flow rate. C'
is the capacitance per unit length of the parallel-plate arrangement with a fluid stream acting

as a central terminal, given by

C= ﬁo— = Capacitance per unit plate length.
In—L +k

A charged droplet is acted on by a force F =qE =max where E is the electric field

inside the deflection cell. Then

Since the acceleration on a droplet is determined by its charge/mass ratio and the electric
field it experiences, the characteristics of the charging and deflection cells play an equal role

in determining the path of a charged droplet. The following equation can be derived [Bredt]

for the horizontal distance xq that the stream can be expected to deflect at a distance 13 away

from the bottom of the deflection cell (see figure A2.1):

Xd‘u [ 122+1213]

From the above equations, we see that acceleration increases with V1 and V2, and
decreases with distance between deflection plates d2 and the log of d1, The following

characteristics are desired:
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*Minimized charge on each droplet.
Highly charged droplets tend to repel each other, interfere with uncharged droplets, and, at
an extreme, atomize. Additionally, higher voltages are more difficult to modulate.
| *Maximized distance between charging plates.
This makes the printhead more robust to stream error and eases setup.
Deflection plates held some minimum distance apart.
This prevents buildup from bridging the gap and sparking.
«Low deflection voltage.

Sparking becomes more commen as this voltage approaches 3000 volts.

Since the optimal values of these four factors (which have been listed in order of
importance) are fighting each other, some compromise must be made. The easiest
compromise is simply to accept a lower acceleration force. This results in milder curvature
for droplets and effectively lengthens the printhead, which in turn increases the distance
- between the nozzle tip and the part. While one would expect this to result in poorer part
accuracy due to aerodynamic noise, the visible effects of even a one inch increase are small
(although this has not been studied at any length). Therefore, at this stage this is a logical

relaxation in the printhead constraints, and results in improved reliability.



A2.2 Nominal parameter values

Piezo frequency f

_ 1

V1
. dl 11 Charging ceil
—4|||—/;|§
i
H ———--|||||||!1 -
12 4 a
- ,‘._.._dz = ¢
- l :: Deflection cell
! :

Figure A2.1: Physical representation of parameters.

Charging Cell
V1 =120 volts (causes droplets to be negatively charged)
dy = .026" (spacing between charging plates)
11 =.250" (length of charging cell)
Deflection Cell
V2 =-1000 to -3000 volts, 2500 volts nominal (Voltage on high-voltage
plate)
dz = .050" (distance between deflection plates)
12 =.320" (length of high-voltage plate)
13 =.240" (distance from base of high-voltage plate to catcher)
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Fluid Jet
u = 10-14 m/sec, 12.4 m/sec nominal (jet velocity)
(m/sec) = 10.16 vp (ml/min) (flow rate)
f = 30-100 kHz., 50 kHz. nominal (droplet generation frequency)
d = .003" nominal (droplet diameter- a function of f and u)

Derived Quantities for nominal operating conditions

C' = 25 pF/m
~g/m = 1.5 x 10 3 coulombs/kg
xd=1.28 x 105 m/V * V| = 1.5 x 10-3 meter @ 120 volts.
Va/d; (max) = 2 x 106 V/m (observed dielectric breakdown of air)
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Appendix 3: Partial Droplet Charging

The electronic circuit responsible for modulating a signal to the charging cell must

convert a square wave TTL signal into a square wave signal switching from 0 to up to 120

volts. This output (V1) is applied to the charging plates.

The charge on each droplet is determined by the charging cell voltage at the instant in
which breakoff occurs. Ideally, V1 will always be either 0 or 120 volts, so droplets will

either be fully charged or completely uncharged However, due to unwanted capacitances,

a square wave input will not produce a square wave output. V] will therefore have

Output V1 to
charging cell
00— —— .
~—" at— Delay time
5V = e — g —— e e e ———— . — e e o ——
Input signal l
. A

Figure A3 I: Response of V1 to a 40 kHz square wave input signal

Figure A3.1 shows how the signal would respond to a square wave at approximately

40 kHz. The square wave is simuiating the computer output during part production; in
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actuality the signal would be neither this fast nor this regular. Typically the 95% rise time is
on the order of 5 ps,and the 95% fall time is far higher (around 50 pus). The 99% fall time

is up around 200ps!

If a droplet breaks off while V] is at an intermediate value, it will receive a charge
pro;iortional to that voltage. There are two possible cases, both of which may result in a
misplaced droplet.

Incomplete deflection.

Note that when dropiet generation is driven at 50 kHz., a droplet is produced every 20
us. Consequently, depending on the relationship between the input signal and the piezo
frequency, the occurrence of incompletely charged droplets is likely. V1 must only pass
some threshold in order for droplets to be charged enough to deflect onto the catcher plate.
However, the time it takes to rise to this threshold must be reduced to decrease the
likelihood of incomplete charging. The piezo signal fréquency and phase could potentially
be synchronized to the input signal in such a way that incomplete charging can be avoided.
Unwanted deflection. |

- The opposite situation, in which V1 falls exponentially towards zero volts, is of
greater concern since any nonzero voltage can cause proportional deflection. V] appears to
fall very quickly (< 1ps) to within a few volts of zero, ﬁowevcr it takes the output far
longer, up to several hundred microseconds, to drop to within one volt. This situation is

acceptable for now but the "next generation" circuitry should force this voltage to go to zero.

The current circuit design (figure 3.5) attempts to minimize rise and fall time through
the choice of a (supposedly) fast transistor, appropriate values of resistance and capacitors
to minimize RC constants, and Schottky diodes which are meant to prevent transistor
saturation and have the effect of reducing the delay time (figure A3.1). The rise ime of V|,
which coﬁesponds to the time it takes to shut off the transistor, is very dependent on

capacitances in the circuit and external wiring. Disconnecting the wires leading to the
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charging cell, for example, decreases the 98% rise time from Sus to 2ps. (Our goal for the

next circuit is under 1 ps.)

The easiest way to improve circuit performance is to design the printhead to function
with a lower charging voltage! This will decrease rise and fall times and permit the use of

faster components.
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Appendix 4: Satellite Droplets

A4.1 Introduction

The difficulties associated with satellite droplet forration are not unique to Three
Dimensional Printing. Researchers in the ink-jet printing field have written numerous
papers on the subject of understanding and controlling this phenomenon, indicating that this
industry suffers from these problems as well. In spite of this, however, no satisfactory
solution seems to have yet been reached. Authors propose techniques or a set of conditions
in which satellites will not form or are unlikely to form, but none of them are robust to
changes in parameters that would be varied during normal operation‘_[Curry. Portig;
Pimbley; Pimbley, Lee; Rezanka,Crowley]. One research effort has founa an interesting
solution to this problem - they print using only the satellite droplets! [Yamada et al.]
Although the literature does not present any clear solutions, it aids in understanding satellite
formation and suggests several directions for study and experimentation with binder. This

work is summarized below.

A4.2 Studies of satellite droplet formation

Attempts to model satellite behavior have at best provided a qualitative feel. Linear
models of unstable jets do not predict satellite formation and most non-linear models predict
satellites all the time, although the elimination of these droplets is observed under certain
conditions [Pimbley, Lee]. Pimbley and Lee, however, developed a second order
nonlinear model using spatial instability which predicted several modes of satellite formation
over a certain domain. This model gives good qualitative results, but requires still higher

order terms for a more quantitative description of the process.

Satellite droplets are formed between the main droplets as an unwanted side-effect of

periodic perturbation of the jet. Typically, the jet will develop a narrow neck between
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growing droplets just prior to breakoff (figure A4.1, A4.2). This neck develops into a
satellite droplet as it detaches from adjacent droplets at points A and B and snaps back to
form a sphere. This interaction is critical because momentum transfer can occur during the
time that only one breakoff has occurred, resulting in a relative velocity between the satellite
and the main drops. There are at least five possible cases:

‘(1) Breakoff occurs at point B before it occurs at point A. While the necked region is still

attached at A, surface tension begins pulling it towards the trailing droplet. Breakoff then
occurs at A, resulting in a satellite droplet which is moving towards the trailing droplet.
The two droplets merge a short distance downstream. This "rearward merge” condition is
the most common.

(2) Breakoff occurs at point A before it occurs at point B. While the necked region is still
attached at B, surface tension pulls it towards the leading droplet. Breakoff then occurs at
A, resulting in a satellite which moves toward the leading droplet and "forward merges”
downstream.

(3) Breakoff occurs nearly simultaneously at points A and B. As a result, no mementum is
transferred, and the satellite never merges.

(4) Breakoff occurs only at point B. Surface tension pulls the necked region into the
trailing droplet before breakoff can occur at A. As a result, a satellite is never formed.

(5) Breakoff occurs only at point A, and the necked region is sucked into the leading
droplet before breakoff can occur at A. Again, no satellites are formed.

satellite
-already
Jet with growing drops detached “""“’

-9 — 0= O

main drop main . atellite rejoins
still atiached drop r'naéin dropp'
to the rear

motlion of the jet

Figure A4.1: Typical rearward merging satellite di'oplct behavior.
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Figure A4.2: Photograph of satellite droplet formation in a binder jet.

The ratio of droplet wavelength to jet diameter (A/d) is also important in determining
satellite formation. When A/d is between 5 and 7, it is claimed that cases (4) and (5) from
above can be achieved [Pimbley, Lee]. If this ratio is too high, larger main droplets and
long necked regions will make cases (1) through (3) more likely. At a low ratio, drop

spacings are small and separation occurs rapidly at both erds.

Authors agreed that satellite formation is influenced by combinations of driving
frequencies or harmonics of the fundamental frequency. According to Pimbley's nonlinear

theory, an initially sinusoidal perturbation waveform would develop into a wave which
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included the harmonic frequencies. Resonant waves at these different frequencies would
form a beat frequency envelope on the stream. The characteristics of drop formation would
depend on how the beat frequency envelope matched the travelling waves at the drop
separation point. The formation of satellite drops would be either suppressed or enhanced

by this interaction [Pimbley].

Rezanka and Crowley have achieved control over satellite formation by exciting a
stream using independent control over the amplitude and phase of several harmenics. The
proper combinations can produce regimes for a given flow rate and fquamgntal.frequengy
where no satellites will occur. However, These regimes change substantially as frequency
is varied, and it is unclear how phase and amplitude parameters for satellite-free operation

can be predicted. Typically, stream velocity must be held to +/- 3% to remain in this range.

In another study, a 50:1 scale model was used to study droplet brea!(gff behavior on a
large scale [Curry, Portig]. A number of parameters were varied to establish operating
conditions for a "orint window" for satellite-free printing. The following results were
obtained over a limited range of operating conditions (and should therefore be considered

cautiously):

«Satellite-free conditions exist oniy between a minimum and a
maximum piezo excitation voltage (the "print window").

« The print window always occurred at A/d ratios between 4 and 7.

« The print window was increased at lower Reynolds and Weber
numbers. This corresponds to fewer satellites at reduced density
and increased surface tension and viscosity.

* A square wave with a 40% high duty cycle had a much greater print
window than a sinusoidal signal at one set of conditions.

« The print window shifted upwards at low temperatures (16 degrees
'C) and downwards a: high temperatures (38 degrees C), suggesting
that less energy was transferred from the piezo to the stream at low
temperatures.

« Sharp-edged orifices had poorer performance thar rounded orifices
under certain conditions.
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A4.2 Implications for Three Dimensional Printing

The behavior of satellite droplets from a binder jet and their dependence on
parameters such as piezo configuration, amplitude, frequency, flow rate, and viscosity are
not well understood. From our observations, their existence is most strongly dependent on
frequency, and satellites are observed to nearly vanish at certain frequencies using certain

“efficient” nozzles (nozzles which transmit the most piezo energy to the stream).

With a 46}t nozzle at typical parameters of a 1.25 cc/min binder flow rate and a piezo
frcqﬁcncy of 70 kHz., the printhead may be "tuned" by slightly varying this frequency to
run with very few satellites at a A/d ratio of only 3.8. The discrepancy between this value

and the recommended ratio of 5 to 7 may be a result of the different properties of binder.

Most of the experimental results presented above would be fairly easy to reproduce for
the binder stream. Adding harmonics to the excitation signal and experimenting with
different binder properties (viscosity, surface tension, density) and temperature might yield
some interesting results. Additives, such as a visco-elastic material that would alter droplet

breakoff, could be tried.
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Appendix 5: Printhead Evoiution

Printhead design occurred over several months, and could be described as "rocky.” At
first, the goal was "it should switch the stream on and off" but it soon became clear that
those words are synonymous with "it can't short, clog, spark, sputter, ilood, or destroy

expensive equipment,” to name only a few speciai requirements.

The major impediment to this early research is that the designs weren't robust to the
many things that could go wrong. The development process consisted of taking on these

problems one by one and steadily increasing robustness and reliability.

AS.1: Overall concept development

‘The initial apparatus was very simple and consisted of a nozzle holder, a ground plate, a
graphite plate with a hole drilled thru to serve as a charging cylinder, and a high voltage plate.
At best, some 50 percent of the time it could be made to deflect a binder stream on to the
ground plate at least once. Flooding, shorting, and clogging nozzles were the most pervasive
problems. The hole was very small, at .015" diameter, and the stream error was frequently
large enough to cause the stream to intercept the graphite. Shorting occurred frequently
because there were many locations where collecting fluid could cause a current path. There

was no mechanism for removing deflected binder.

A set of modifications were made which included drilling the hole out to .022," carving
out material around the high voltage plate to impede shorting, and adding an "irrigation”
system, shown in figure A5.1. A new ground plate was built with a narrow slot, a water
sup;;ly line, and a suction line. Water was directed down through the slot and sucked away
at the bottom. Deflected droplets landed in the groove and were whisked away by the stream.

Suction was provided by an aspirator pump.
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binder and
water out \

water entry

containment
= groove

binder/water
removal orifice

Figure AS.1: Droplet removal system for prototype printhead.

The droplet removal system worked fairly well, but the aspirator worked marginally well
and the suction line repeatedly clogged with binder. Shofting and sparking still occurred,
and liquid buildup was collecting on the high-v plate. The printhead was still very difficult
to run. A new apparatus, shown in figure A5.2, was built with the following characteristics:-

«isolated charging cylinder to minimize possibility of shorting

«casy removal or modification of charging ring

*made provisions for neat electrical connections

«added view-ports to study stream defiection

«added suction ports for two major flooding locations to recover from floods.
emountable to machine
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Figure A5.2: Former printhead design
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This was the first modular design, s it allowed the charging cylinder and nozzle
holder/locator to be removed from the printhead body. This allowed experimentation with
different lengths and diameters for the charging cell, and varying distances between the
nozzle tip and the charging cell. The design of the plexiglas body made shorting less likely,
since "live" components were better shielded from each other. A BNC connector eliminated
much of the cluttersome wiring, and a functional switching circuit was built at this point, so
this desigp could conceivably be used to print parts. The printhead succeeded in deflecting
binder and appeared to function successfully with a 10 KHz. square wave input. However, it

was still not nearly reliable enough.

While the suction ports did significantly aid nozzle startup, they could not effect
recovery from all floods, the suction lines clogged from thé binder, and they did nothing to
eliminate the cause of the flooding. Shorting still occasionaily occurred, and stream angle

error was still causing floods.

To contend with the stream error, the nozzle tip was mounted in a drilled out teflon ball
and a pivot arm was built onto the printhead support. This allowed the user to adjust the
nozzle angle with a set screw to compensate for error. This made the printhead more
complicated but was a step forward in reliability. The aluminum high voltage plate was
replaced By a thin copper piate mounted in a teflon holder to further minimize the possibility
of shorting. In recognition of the fact that starting nozzles with binder was a bad thing to do
sincé it almost guaranteed to make a mess out of the printhead, a binder/water switch was
added upstream of the nozzle and it was made common practice to run for several minutes

with water before switching to binder.

With these modifications, a "tic-tac-toe" board was successfully printed. The part took
about two hours to print. This was a crucial stepping stone, as it was the first demonstration

of the ability to print parts using a switching printhead, and an important measure of the
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ultimate success of the 3-D Printing process. Overcoming this obstacle allowed some

breathing room, and time to think about a new, more reliabie design.

The current prototype is intended to satisfy the criteria listed in section 3.1. One
significant improvement is an “external frame" configuration, where the aluminum body is
far removed from the stream path, compared to a solid block with internal components
which became a disaster when it flooded. In the event of a flood, the wet components can

simply be removed, cleaned, and replaced to eliminate the problem.

Another significant change is the use of charging plates rather than a charging cylinder.
While charging plates charge somewhat less efficiently than a cylinder, they are far more
robust to errors in stream angle, since sensitivity to errors in one axis are relaxed

completely.

Furthermore, the "slot" design of the charging assembly permits nozzle startup without
any danger of flooding. During startup, the narrow slot is removed completely until the
stream has been stabilized and centered. Startup failures, a serious problem with previous

models, are very rare with the current design.

AS5.2: Droplet catcher design- the continuing story.

While the "irrigated channel” ground plate and droplet catcher was functional, it was
suboptimal because:

«it requires a suction pump and a water supply
othe suction line becomes clogged with binder
eunprinted binder cannot be recycled

sspray causes fluid buildup on the high-v plate.

A simpler mechanism was sought for droplet catching and removal. The criteria are

as follows:

scatches deflected droplets cleanly
scliminates collected drops cleanly
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erequires minimum deflection of droplets

e¢asy to clean

ereasonably simple and easy to construct

erobust to: stream error
varying droplet deflection angle
flow rate
cycle time for traverse

‘emninimizes distance from nozzle to part

It was realized that the printhead could be simplified if droplet removal was
accomplished using a stationary system rather than something which moved with the
printhead. Therefore the idea of a "service station,” which would sit at one end of printhead
travel and collect droplets at the end of each pass, was developed. This service station could
potentially clean the printhead as well, or provide vending machines and roadmaps.

A new ground plate/catcher configuration used a "knife edge" to direct deflected droplets ‘,
towards a horizontal area where a drop of binder would form. At the end of each pass, the
printhead would "dock" with a fixed structure which used capillary action to collect the drop
from the catcher plate. The collected drop then drained down a tube into a bottle. Binder that
collected in this bottle could be recycled for later use.

This configuration worked fairly well. However, there were two problems. The first
was that the collection structure, which used a brush or "moustache” to collect fluid,
eventually became clogged up with dried binder. However; with the printhead in its current
orientation, it was realized that the inertia of the binder drop on the moving printhead was
enough to fling it off the catcher at the end of each stroke, where accelerations are highest.
Thus, the moustache was eliminated and a nylon "bathtub" was placed at each end of travel
into which drops would be tossed and then drain into a recollection tank. This configuration

was successful and is used on the current machine.

The second problem was that during use, the knife edge would collect a blob of binder
buiidup which would grow in size until it interfered with printhead operation, usually causing
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itto flood. This problem was caused by partially charged droplets which could not deflect

far enough to clear the knife edge and instead accumulated on it (due to slow transistor

- response- see Appendix 3).

While one logical approach to tackling this problem was to improve the elecironic
circuitry that is causing the problem, another approach was to design a droplet catcher that
was robust to the problem. Both approaches were taken, but the second approach resulted
in two new configurations in which the knife edge was eliminated altogether. These are
shown in figure 3.4 and discussed in section 3.3.5. In both designs, partially charged
droplets cannot interfere with printhead operation, as they print into the powder rather than

the printhead. Since these errant droplets are relatively few, they have very minor effects on

a typical printed part.
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Appendix 6: Parts Drawings

PRINTHEAD PARTS LIST

(0104 PART OR DRAWING - MATERIAL

1 PRINTHEAD BODY ALUMINUM
1 NOZZLE PIVOT ARM ALUMINUM
1 TEFLON NOZZLE CLAMP NYLON

1 3/16" x 3/4" DOWEL PIN STEEL

1 CHARGING CELL HOLDER DELRIN
1 CHARGING CELL ALUMINUM
1 HIGH VOLTAGE ASSEMBLY EPOXY, STEEL ELECTRODES

1 GROUND PLATE HOLDER ALUMINUM
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DRAWN BY DAVE BRANCA/ZIO
253-2606 (DAY)
253-5028 (MESSSAGE) SCALE 2:1

864-3214 (HOME)
MATERIAL: 6061-T6 ALUMINUM
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NOT ALL HIDDEN LINES SHOWN
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3/8-32 UNC-2B x .38 DP.

/— @ 203 x 1.0 DP.
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NOT ALL HIDDEN LINES SHOWN- SEE SECTION VIEWS
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SLOT DETAIL
R .188

[N
R.062 —

=
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\

250 —ra>

USE 388 x .125 WOODRUFF CUTTER
TO MAKE SLOT

/——— @.1870 REAMED
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+
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HIDDEN LINES NOT SHOWN- SEE SECTION VIEWS
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—| f®— 125
{ "‘r—' 313
|
B 2-56 TAP THRU
1.625 i
500
Y Ld '
I ' 375 f
.344 125
d.110
‘ i
. -
jm—a}— 438 *
L— 1.125 ‘—l 188
GROUND PLATE HOLDER fNL%NDCl}TEEgSIONS
DRAWN BY BRANCAZIO 4/7/91 o
SCALE 1:1 TOLERANCES:
' X XXX = £.001
XXX =+.005
XX = +02
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C-BORE FOR 4-40

@155

lt——— | 63 ——

NOZZLE ASSEMBLY CLAMP
DRAWN BY BRANCAZIO 4/7/91

SCALE 1:1
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ALL DIMENSIONS
IN INCHES.
TOLERANCES:
XXXX =:.001
XXX =:.005
XX = :02




1.
4-40 TAP .38 DP. 000

8

(2 PLACES)
‘ 875 ——l @.0625 THRU
1
375 g -—i
tt -
s ]
187
094 — 375 375
T i
U
1.563 T
{ /— @ .187 REAMED THRU
L
|
L T#’J ] l K
1] = 281 ’ =]
b !
469
18
188 —m -

NOZZLEASSEMBLY PIVOT MOUNT
DRAWN BY BRANCAZIO 4/7/91
SCALE 1:1
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ALL DIMENSIONS
IN INCHES.
TOLERANCES:
XXXX =2+001
XXX =005
XX = *02
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En—f @\— 2-56 TAP

250
CHARGING CELL ASSEMBLY Ak IENSIONS
DRAWN BY BRANCAZIO 4/7/9 | ToLReHES. o
SCALE 11 Y '

X XXX = £.00
XXX =1:.005
XX = :02
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NEW CHARGING CELL HOLDER lANL'TNDC'SEEgSIONS
DRAWN BY BRANCAZIO 4/7/91 TOLERANC‘ES-
SCALE I:1 :
XXXX =001
XXX =1:.005
XX = 3202
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