








part manufacturing. The realized ejector microarray consists of a rectangular fluid reservoir

sandwiched between a lead zirconate titanate (PZT-8) piezoelectric ceramic (P880, American
Piezo Ceramics, Inc.) and a silicon cover plate
into  which the ejector nozzles are
micromachined. The pyramidal shape of the
nozzles, which is suitable for focusing acoustic
waves, 1s readily fabricated via anisotropic
potassium hydroxide (KOH) wet etching of
lithographically patterned [100]-oriented single
crystal silicon.

3 Methodology

3.1 Microarray fabrication

A detailed description of ejector microarray

fabrication in silicon (Si) is provided by

Meacham et al. [26]. A simplified version of that

process was used to create pyramidal nozzles in

Si microarrays for use in the experiments

described herein. In brief, the process consisted of

four steps: (1) silicon nitride (Si3Ng) was

deposited over the front and back sides of a

[100]-oriented single crystal Si wafer, (2) an array

of squares was etched through the SizN4 on one

side of the wafer using a reactive ion etch (RIE)

Figure 2. Scanning electron microscope (SEM) ~ (SLR Series Dual ICP, Plasma-Therm), (3) a

images of silicon (Si) microarrays used in the potassium hydroxide (KOH) solution (45 weight-

ejection experiments, with 45 (im square percent at 75 °C) (VWR, Westchester, PA) was

orifices. used to anisotropically etch pyramidal nozzles

into the Si wafer, and (4) the remaining Si3N4 was

removed using buffered oxide etchant (BOE) (VWR, Westchester, PA). The SizNy layer served

as a protective mask during the anisotropic wet etch of the Si, and the square pattern controlled

the size of the resulting pyramids. The fabrication process parameters were adjusted such that
each nozzle terminated in a microscopic square orifice.

Figure 2 provides scanning electron microscope (SEM) images of a realized ejector microarray.
The shape of the nozzles was dictated directly by the KOH wet etch, which yielded 45 pm side
length square orifices on the opposite side of the wafer. The cross-section of the nozzle clearly
illustrates the geometry of the slanted sidewalls, which lie at an angle of 54.74° to the (100)
surface of the Si wafer. The silicon plate measures 24 mm on a side with 400 nozzles located in a
20%20 array on an approximately 0.75 mm pitch.

3.2 Experimental setup

Evaluation of the AMMD technique was performed using an experimental setup similar to that
previously reported for high-resolution visualization of the ejection process [25, 26]. A
schematic of the fully-assembled test fixture is shown in Fig. 3a-b. The silicon ejector microarray
was bonded to a plastic support plate with epoxy. The plastic plate was created in Renshape SL-
7510 resin (Huntsman Advanced Materials Americas, Los Angeles, CA) using a
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stereolithography process (Viper Si* SLA Machine, 3D Systems, Valencia, CA). The 2 mm thick
piezoelectric transducer (P880, APC International, Mackeyville, PA) was likewise affixed to an
aluminum support block, which allowed for efficient heat removal during high-power-input
operation. A circular Teflon® gasket was placed between the plastic plate and aluminum block
to define the sample reservoir between the microarray and piezoelectric transducer. For all
experiments, the height of the reservoir was between 1 and 2 mm. A large barrel syringe was
used to fill the reservoir prior to operation. The piezoelectric transducer was driven by a
sinusoidal AC voltage signal that was supplied by a function generator (Model DS345, Stanford
Research Systems, Sunnyvale, CA). The signal was amplified using an RF amplifier (Model
AG1020, T&C Power Conversion, Rochester, NY). The function generator provided control of
the frequency f and amplitude VJ, of the driving signal, as well as the number of pulses n and
pulse frequency (period) f;. (Ps.) when operating at less than 100% duty cycle. Signal gain
amp. was set using the amplifier. A type T thermocouple (Omega, Stamford, CT) was used to
continuously monitor the temperature on the back surface of the transducer.

Successful ejection of high-viscosity liquids (e.g., glycerol-water mixtures and photopolymer
resins) required significant power input to the piezoelectric transducer. Under these conditions,
high electrical current and physical displacement of the piezoelectric transducer led to increased
resistive and frictional losses. During ejection of photopolymer resins, the entire test fixture was
lowered into a temperature-controlled water bath to avoid excessive heating and maintain the
desired operating temperature within the sample reservoir.

3.3 Sample preparation and property determination

Although many fluids have been ejected using our printing system, we will focus on aqueous
glycerol mixtures and a representative photopolymer resin with urethane oligomers (Albany
International Corporation, Albany, NY) for this paper. Aqueous glycerol mixtures with a range
of fluid properties (e.g., surface tension and viscosity), as well as a photopolymer resin that is
representative of materials of interest in AM, were used as operating fluids. Because glycerol is
completely miscible with water, it is well-suited to investigation of viscous effects in fluid flow
problems. Glycerol-water mixtures of 0, 65, 85, 90, 92, 96 and 100 weight-percent were prepared
from water and 99.7% pure glycerol (Fisher Scientific, Fair Lawn, NJ). Although surface tension
o plays an important role in the ejection process, its variation (~25—-73 mN/m) was small relative
to that of the dynamic viscosity u (~0.7-3000 mN-s/m?) for these mixtures over the range of
experimental conditions (i.e., temperature 7 < 60 °C). Finally, the fluid compositions that were
required to achieve a good spread in viscosity and surface tension data also exhibited a range of
sound transmission speed ¢ (~1400-1950 m/s), which plays a significant role in the optimal
operating frequency of a print-head loaded with a given fluid.

Glycerol-water mixtures have been thoroughly characterized in the literature; therefore, the
properties of the above mixture compositions were taken from tabulated data (surface tension
and speed of sound) and an empirical formula derived from multiple property databases
(viscosity). Viscosities at temperature varied from 15 to 625 mPa-s. At printing temperature of
40 °C the viscosity of pure glycerin was 326 mPa-s.
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Figure 3. Experimental setup: a) schematic of the test fixture highlighting integral components and b)
detail providing nominal dimensions of the microarray assembly. Jettability: the still photographs define a
qualitative assessment tool for evaluating ejection capability. Scale bars are 10 cm.

Because no information is available in the literature, the fluid properties (e.g., surface tension,
speed of sound and viscosity) of the urethane photopolymer were measured experimentally, as
functions of temperature when possible. A modified version of the drop-weight-volume method
originally introduced by Harkins and Brown [36, 37] was used to estimate the surface tension.
Estimated surface tension values produced by this method included water (o = 1000 kg/m3 )0 =
70.1 mN/m, glycerol (p = 1260 kg/m’) 6 = 58.7 mN/m, and polydimethylsiloxane (PDMS) (p
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=970 kg/m3) was ¢ = 21.6 mN/m. Considering the error associated with the determination of the
average droplet volume, these values are extremely accurate. The surface tension of the
photopolymer resin was found to be 29 mN/m. Although, measurements were only conducted at
room temperature, the results provide an estimate of the photopolymer resin surface tension,
which lies within a range bounded by the other reference fluids.

The speed of sound within the photopolymer resin was also determined using an in-house
experimental setup. A plastic container that measured 11 mm on a side was filled with the
sample liquid. The plastic container was then placed in a temperature controlled water bath. An
ultrasonic transducer was driven at 7.5 MHz by a pulser-receiver (Panametrics 5072PR,
Olympus NDT, Waltham, MA), which generated a sound wave that travelled through the liquid
perpendicular to the container. The echo times for reflections from the front and back faces of
the container were recorded by the receiver. The distance traveled (22 mm) was then divided by
the time difference to obtain the speed of sound within the photopolymer resin. The speed of
sound as a function of temperature 7 varied almost linearly from 1525 at 25 °C to 1390 at 65 °C.

A cone-plate theometer (Physica MCR300, Anton-Paar GmbH, Graz, Germany) was used to
evaluate the viscosity of the photopolymer resin. In order to confirm that the high-viscosity
liquid was a Newtonian fluid, the
viscosity was monitored while varying the

a)

shear rate y at a constant temperature of NE f'g MR B BN I
50 °C. The shear rate was increased from i 1:6 a ]
0.01 to 100s™ in 20 steps and brought R > =
back to 0.01 s in 10 steps. As indicated 2 L -
in Fig. 4a, the fluid retained its Newtonian S 1ol vl v vnl il i
< 0.01 0.1 1.0 10 100

character throughout the range of shear
rates that were investigated. Note that the
deviation from Newtonian behavior ~_

observed at low shear rates was due to b) ~

limitations of the rheometer and not to the 10000 pr—
fluid itself. The viscosity was also

measured as a function of increasing and 8000

Shear rate,y (s™)

polynomial that was fit to the data is also
shown in Fig. 4b. The reported viscosity ol vt v v v b 1
for all subsequent experimental conditions 30 40 50 60

was determined using this relationship. Temperature, T (*C)
u= 0.000005T*- 0.0011T*+ 0.0897T?- 3.4789T + 54.332

3.4 Assessment of printing R?=0.9998
capability

We evaluated the ability of the AMMD

technique to print a particular fluid by

decreasing temperature between 25 and Ng [ ]
65 °C. Figure 4b is a plot of the average L 6000 | ]
viscosity of four data sets (two increasing £ [ i
and two decreasing) over the temperature = - 1

: . 2 4000 [~ -
range of interest. Note that the maximum 2 X 1
error for all  average  viscosity 2 X ]
measurements was 1.5%. A 4"-order = 2000 |- .

N
o
~N
o

Figure 4. Viscosity u for the urethane photopolymer
resin: a) Viscosity as a function of shear rate yand b)
temperature 7.
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making a qualitative assessment of fluid atomization and comparing the observed performance to
a reference scale. The still photographs shown in Fig. 3 were taken during water ejection under a
range of operating conditions, which are provided below each photograph. The measured height
of the plume and an estimate of the number of active nozzles were used to evaluate ejection
quality on a scale of 1 to 10. The camera was unable to capture operation at the low end of the
scale with steady, but weak, ejection from only 3 to 5 orifices; however, at peak performance, the
device demonstrated jet ejection from more than 200 nozzles generating a large plume
approximately 50 cm in height (see Fig. 3).

4 Results and Discussion

4.1 Jettability as a function of frequency

The acoustic responses of water and fuel-loaded ejector microarrays have previously been
investigated using the harmonic analysis package of the commercial finite element analysis code
ANSYS [38, 39]. These simulations indicated which frequencies corresponded to optimal device
operation from both an efficiency standpoint and to achieve maximum power transfer from the
piezoelectric transducer to generated droplets; however, the increase in operating temperature
associated with operation at high electrical current and physical displacement of the piezoelectric
transducer near resonance was not addressed. This phenomenon is particularly important for
printing of high-viscosity fluids, which exhibit large changes in viscosity with only a slight
increase in temperature.

In order to determine the relationship between operating frequency and ejection quality for high-
viscosity fluids, the ‘jettability’ J,, of glycerol-water mixtures with increasing weight-percent
glycerol was evaluated. Figure 5 provides plots of J,; as a function of frequency for 65, 85, 90,
92, 96 and 100 weight-percent glycerol. For all cases, the device was operated at less than 100%
duty cycle with a pulse frequency f; .. of 500 Hz and a pulse count n of 200. The signal gain amp.
was set to 100%, and the amplitude V/, of the driving signal was adjusted in order to achieve an
observable increase in ‘jettability’ at the optimal ejection frequency. For example, Vi, =1V was
adequate to achieve J,, =9 for 65% glycerol at f = 950 kHz; whereas, Vi, = 10 V was necessary
to achieve only J,, = 7.5 for 100% glycerol at the same operating frequency.

In general, the results shown in Fig. 5 follow the rough guideline for device design previously
reported by Meacham et al. [39]. Fluid cavity resonances f. are approximately related to the
reservoir centerline height 4. and the speed of sound ¢ within the ejection fluid as f, = m ¢/(2x h.)
where m is the particular resonant mode. The reservoir height must be adjusted by the factor xto
account for the actual path length between the face of the piezoelectric transducer and the
pressure wave focal point. For the first and second cavity resonant modes, the correction factors
were reported as 0.77 and 0.93, respectively [39]. For 65% glycerol (¢ = 1800 m/s), peaks in
‘jettability’ are found at frequencies of 550 and 950 kHz, which are very near the predicted
resonant frequencies of 580 and 970 kHz (note height / is 2 mm). As the weight-percent glycerol
increases, only a slight shift of the resonant frequencies to to higher frequencies is seen.
Although the speed of sound in pure glycerol is 10% greater than that in 65 weight-percent
glycerol in water at room temperature (approximately 1950 vs. 1800 m/s), it is possible that the
observed increase in operating temperature with glycerol concentration mitigates this effect
somewhat.
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Figure 5. Jettability J,, as a function of operating frequency f for glycerol-water mixtures with increasing
weight-percent glycerol. For all cases, the device was operated at less than 100% duty cycle with a pulse
frequency f; . of 500 Hz and a pulse count n of 200.
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It is clear from Fig. 5 that increasing the viscosity of the operating fluid is detrimental to the
quality of ejection. As the glycerol concentration is increased from 65 to 100%, with a
corresponding increase in viscosity from 10 to 326 mN-s/m’, ‘jettability’ at the first resonant
frequency decreases quickly until all activity ceases at above 96 weight-percent glycerol.
Although ‘jettability’ does not vanish entirely at the second resonance, the frequency envelope
over which ejection can be achieved is significantly reduced for higher-viscosity mixtures. It is
possible that the decrease in surface tension from 67 to 61.5 mN/m corresponding to the change
in conditions represented by the data in Fig. 5 contributes to the drop in device performance;
however, it is not likely that this has as significant an impact as the greater than one order-of-
magnitude increase in viscosity.

4.2 Jettability as a function of duty cycle

Jettability was also investigated while varying the pulse count n of the signal driving the
piezoelectric at a constant operating frequency f of 950 kHz and pulse frequency f;.. of 500 Hz.
Figure 6 is a summary of results for mixtures with 65, 85, 90, 92, 96 and 100 weight-percent
glycerol. As before, the signal gain amp. was set to 100%, and the amplitude Vj, of the driving
signal was adjusted in order to achieve observable changes in ‘jettability’ as the pulse count was
decreased from 100 (duty cycle = ~0.05) to zero. As expected, the general trend displayed in Fig.
6 is a gradual increase in ‘jettability’, which appears to approach a maximum value beyond n
= 100. More interesting is the ejection behavior as the pulse count approaches zero; even at duty
cycles as low as 0.0025 (n =35), faint

ejection was observed. This result 10

X K R i T T T I T T T I T T T I T T T I T T T
indicates that a small number of cycles is i
required to establish a favorable pressure s L
field for ejection within the fluid ‘2 s
reservoir. > [
2 5|
The present system represents a driven, <
damped harmonic oscillator for which ;“ .
the quality factor Q of a resonance is ;—i; ‘r
expressed as [ i
g LF
0= 0, IPS
2 (1 [
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where T is the rise time for pressure 0 20 40 60 80 100
wave amplitude to reach 1 — 1/e =0.63 Pulse count, n
of its steady state value and @, is the ® 65% glycerol (V= 1V,T = 24°C, = 13 mN-s/m?)
angular frequency at resonance [40]. For
. . @ 85% glycerol (Vi =1V, T=24°C, u =85 mN-s/m?)
high-Q systems, the quality factor can 9
also be defined in terms of the full-width A 90% glycerol (Vg =4V, T =32°C,u= 99 mN-s/m?)
at half-maximum of the amplitude V' 92% glycerol (Vg = 10V,T = 35°C, u = 108 mN-s/m?)
0= o, B 96% glycerol (Vi = 10V,T =40°C, u = 143 mN-s/m?)
Aw (2) 100% glycerol (V; = 10V, T = 36°C, = 377 mN-s/m?)

Wher e Aw is the angulalT frequ.ency Figure 6. Jettability J,;, as a function of pulse count n for
difference at half of the maximum signal glycerol-water mixtures with increasing weight-percent
glycerol. For all cases, the operating frequency f was
950 kHz, and the pulse frequency f; . was 500 Hz.
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amplitude at resonance. Solving for T in terms of frequency

-
v 3)

Based on Fig. 5 and results reported earlier by Meacham et al. [39], the frequency difference at
half-maximum for a resonant frequency of 950 kHz is between 50 and 100 kHz. Substituting into
equation (3), the rise time should be approximately 5 s, which corresponds to five pulses of the
signal driving the piezoelectric. This simple analysis provides an upper limit on the minimum
number of pulses required to initiate ejection and indicates that the conclusions drawn from Fig.
6 are realistic.

T

4.3 Maximum and sustained jettability

In order to obtain the results shown in Figs. 5 and 6, the device was only operated for 5-10 s to
evaluate the printing potential under the reported experimental conditions. Incorporating the
microarray into a commercial print-head will require both demonstration of a high deposition
rate, which is related to maximum achievable ‘jettability’, and continuous operation. As before,
glycerol-water mixtures with 65, 85, 90, 92, 96 and 100 weight-percent glycerol were evaluated.
Sustained ejection was only observed at the first resonance for 65% glycerol. At an operating
frequency of 550 kHz (amp. = 100%, Vy, =1V, n =100 and f,. =500 Hz), ejection at J,, = 6 was
achieved for 90 s at an operating temperature 7" of 35 C. For all other mixtures at the first
resonant frequency (~550 kHz), either sustained ejection was not possible, or the rise in
operating temperature associated with prolonged operation was unacceptable.

Devices driven at the second resonant frequency (~950 kHz) exhibited more stable operation.
The ‘jettability’ of 65% glycerol remained steady at J,, = 8 for 86 s at T =35 °C (amp. = 100%,
Vi =1V, n =100 and f;. =500 Hz). As the weight-percent glycerol was gradually increased
from 85 to 90, 92, 96 and 100%, it was necessary to increase the amplitude Vj, of the signal
driving the piezoelectric transducer from 1 to 5 V to achieve a reasonable ‘jettability’. Over this
range of mixture compositions, the ‘jettability’ slowly dropped from 8 to 4.5. For all but one of
these cases, ejection was sustained for more than 70 s. The decrease in performance is attributed
in part to a corresponding reduction in pulse count, which was necessary to control the
temperature; however, even at n = 40, the steady state operating temperature rose to as high as
50 °C for the mixtures under investigation. Based on these results (mixture compositions and
operating temperatures), the maximum viscosity for sustained ejection was approximately
150 mN-s/m®. Finally, note that a ‘jettability’ of 10 (or the scale maximum from Fig. 3) was
achieved for 65, 85, 90, 92, 96 and 100 weight-percent glycerol at operating temperatures of 35,
40, 56, 54, 63 and 70 °C, respectively, and a frequency of 950 kHz.

4.4 Ejection of photopolymer resin

The potential of AMMD for 3D inkjet printing was evaluated using the urethane photopolymer
resin. Based upon the measured speed of sound (between 1400 and 1450 m/s over the range of
operating temperatures, 40—60 °C) and using the same geometry as before, the first two resonant
frequencies were estimated to be 500 and 900 kHz. Stable ejection was not possible at either
frequency; however, sustained ‘activity’ was observed over 50 kHz windows at approximately
510 and 920 kHz (see Fig. 7c). In order to achieve observable jet ejection, it was necessary to
clean the front face of the ejector microarray with methanol, which was allowed to evaporate
before switching on the amplifier. Ejection was short-lived (~0.5 s) as fluid would quickly begin
to weep from the nozzle orifices and form a thin layer, which would continue to oscillate. Figure
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7 provides images of the experimental setup after cleaning, immediately after turning on the
device, and after a period of weeping (10—15 s). The inability to sustain ejection is not thought to
result from the increase in fluid viscosity, but from the decrease in surface tension reported in the
Methodology section above. Similar behavior has been reported for atomization of hydrocarbon
fuels (e.g., kerosene and methanol) [39]. Deposition of pink fluid onto a white cloth was used to
confirm that the short burst of ejection was indeed photopolymer resin (and not methanol).
Although not particularly remarkable, these results are encouraging, and represent the first
successful attempt to print a photopolymer resin with such a high viscosity (~3000 mN -s/m?).

4.5 Printing Indicator (p.i.)

Several investigators have identified a - Ejector microarray
dimensionless parameter termed the ; y
‘printing indicator’ (p.i.) that can be used
to predict the printing potential of a
given fluid [41]. The p.i. is defined as the
ratio of the Reynolds number to the
square root of the Weber number [p.i. =
Re/We'? = (pr 0')1/2/,u] and is really just
the inverse of the better known
Ohnesorge number Oh. For successful
printing, it is recommended that the p.i.
be kept within a range of 1 to 10 [18];
however, as shown in Fig. 8, the proof-
of-concept AMMD experiments
conducted with glycerol-water mixtures
and the representative photopolymer
resin fall outside of this range. Aside
from a small number of data points taken
while operating at relatively high
temperature (> 60 °C) or at low glycerol
concentration, the demonstrated ejection
of glycerol-water mixtures occurred for
fluid viscosities of greater than 80 mN-
s/m”. The fluid properties of the urethane
photopolymer resin (low surface tension
and high viscosity) suggest that it is
impossible to print, yet short-lived
droplet generation was achieved at
surface tensions below 30 mN/m and

Figure 7. Operation using urethane photopolymer resin:
a) Picture of the ejector microarray after cleaning the
. . front f. ith methanol, b) the mi i diatel
viscosities up to 3 N _s/m? (note the lower ront face with methanol, ) the microarray tmmediately
bound he surf ) . ) after turning on the device (a short burst of ejection was
ound on the surtace tension envelope in observed lasting approximately 0.5 s), and c) the

Fig. 8 is estimated based on the behavior microarray after a period (~10-15 s) of weeping. Note
of other fluids; surface tension of the that in (c) the liquid is very active.

photopolymer resin was not measured as
a function of temperature). These preliminary results indicate that the ejector microarray is
capable of printing fluids with much higher viscosities than conventional print-heads.
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Figure 8. Printing indicator for successfully ejected fluids. Open circles indicate glycerol-water mixtures

for which the operating temperature was above 60 °C. All other operating conditions were below 45 °C.

Glycerol-water mixtures fall in a surface tension envelope between ~58 and 67 mN/m, while the surface
tension of the photopolymer resin is only known to lie below 30 mN/m.

5 Conclusions

We have demonstrated a MEMS-enabled printing technique, which relies on ultrasonic
actuation, resonant operation and acoustic wave focusing to produce micro-scale (~50 um)
droplets from a parallel array of pyramidal nozzles. Bulk piezoelectric actuation was used to
drive ejection at between 0.5 and 1.0 MHz in order to characterize the acoustic response (and
thus resonant behavior) of a 20x20 array of 45 um side length square orifices etched in a 500 um
thick silicon plate and placed above a 1.5 mm high fluid reservoir. Peaks in the ejection quality
were found close to predicted values at frequencies of 550 and 950 kHz. Glycerol-water mixtures
and a urethane-based photopolymer resin with a range of properties (surface tensions of ~25—
73 mN/m and viscosities of 0.7-3000 mN-s/m”) were successfully ejected, and the printing
capability was evaluated using a qualitative judgment termed ‘jettability’.
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The combination of operating parameters realized by the ejector microarray makes possible the
deposition of high-viscosity materials that currently cannot be used in printing-based additive
manufacturing processes. Because the fundamental physical limits on ejection of high-viscosity
fluids are not well understood, the performance envelope of printing such fluids is only loosely
defined; thus, development of appropriate ejection technologies has been impeded. Our future
efforts will focus on improving device consistency and achieving sustained operation with high-
viscosity (> 1000 mN-s/m?) materials. We will also characterize device operation for fluids with
properties that lie between the extremes (low surface tension, high viscosity and high surface
tension, low viscosity) presented here.
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