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Here we report micro-electro-mechanical system (MEMS)-based miniaturized silicon ultrasonic
droplet generators of a new and simple nozzle architecture with multiple Fourier horns in resonance but
without a central channel. The centimetre-sized nozzles operate at one to two MHz and a single
vibration mode which readily facilitates temporal instability of Faraday waves to produce
monodisperse droplets. Droplets with diameter range 2.2-4.6 um are produced at high throughput of
420 pl min~' and very low electrical drive power of 80 mW. We also report the first theoretical
prediction of the droplet diameter. The resulting MHz ultrasonic devices possess important advantages
and demonstrate superior performance over earlier devices with a central channel and thus have high
potential for biomedical applications such as efficient and effective delivery of inhaled medications and

encapsulated therapy to the lung.

I. Introduction

A variety of droplet (or drop) generation devices based on
acoustic techniques have been realized for various potential
applications in recent years. For example, nozzleless droplet
ejectors that utilize 5-300 MHz focused acoustic beams to eject
300-5 um water droplets,' and that utilize 300-900 MHz focused
acoustic waves via micro-machined self-focusing transducer to
eject 80-5 um water droplets,” one drop at a time, are applicable
to high-resolution ink-jet printing. Micro-machined flextensional
2-D droplet ejector arrays with 4 and 10 pm orifices at 3.45 and
2.15 MHz, respectively, produce water droplets® for potential
applications to biomedicine and biotechnology. A micro-
machined 2-D droplet ejector array using a liquid horn struc-
ture*® is capable of ejecting 7.2 um droplets from a 5.9 pm orifice
at a resonant frequency of 0.95 MHz,>¢ and has been shown
applicable to drug and gene delivery.” Based on the reported
data, the 5-7 pm-diameter droplet throughputs of the afore-
mentioned devices are in the order of 12 pl min~' or lower per
ejector. Clearly, a much higher droplet throughput can be ach-
ieved by the aforementioned 2-D array ejectors. The droplet
generator using surface acoustic waves at 20 MHz produced
droplets with a broad size distribution at a throughput up to
200 ul min~! and was employed to study the twin-stage impinger
model for inhalation drug delivery.® Finally, ultrasonic nebu-
lizers™'® that utilize a micron-sized vibrating mesh sieve produce
droplets with throughput ranging from 160 to 400 ul min—' over
a large size range (1 to >10 um) because various atomization
mechanisms are involved.

Here we show the new MEMS-based miniaturized ultrasonic
droplet generators (also called nozzles interchangeably for
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convenience) that utilize the temporal instability of MHz
Faraday waves and multiple Fourier horns in resonance to
produce 2.2-4.6 um monodisperse droplets at a high throughput
of 420 pl min~! and very low electrical drive power of 80 mW.
Specifically, Section II presents a summary of the physical
mechanism, iLe. temporal instability of Faraday waves, for
generation of monodisperse droplets, theoretical predictions of
droplet diameter, and the relevant design rules of the droplet
generators. Section III describes the new architecture of the
silicon-based ultrasonic droplet generators, their design, simu-
lation, and fabrication. Section IV presents detailed results of
atomization experiments, following a brief description of the
experimental setup and methods, and compares them to the
theoretical predictions and the performance of most advanced
commercial nebulizers. Section V discusses the imminent appli-
cations of the MHz droplet generators to inhalation drug
delivery and describes the preliminary experiments with isopro-
terenol aerosol deposition and human recombinant insulin
bioactivity evaluation. Finally, Section VI provides conclusions
and suggestions for some potential applications of the MHz
ultrasonic droplet generators.

II. Physical mechanism for generation of
monodisperse droplets—temporal instability of
Faraday waves

Faraday waves, also called standing capillary waves, were first
observed forming on the free surface of water on a horizontal
support subjected to vertical mechanical vibration by Lord
Faraday'' in 1831 and subsequently analyzed by Lord Rayleigh'?
in 1883. Faraday instability, the underlying physical mechanism
for Faraday wave formation and amplification, was studied
extensively during the 1990s, but only at very low drive frequency
ranging from 6 Hz to 50 kHz.»*'® Furthermore, no definitive
relationship between Faraday instability and atomization (or
droplet generation) was reported in these earlier studies.
Recently, we studied Faraday instability at MHz drive
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frequencies for atomization and generation of monodisperse
droplets using silicon-based ultrasonic nozzles with a central
channel for liquid feeding.'®* In this recent work, the temporal
instability of MHz Faraday waves was investigated®® based on
the liquid layer resting on the endface of the nozzle tip.

Faraday waves are generated on the free surface of the liquid
layer resting on the planar endface of the nozzle tip as shown in
Fig. 1A when the peak longitudinal excitation displacement (/)
of the endface (at the drive frequency f) reaches a critical value
he,. Since the excitation is a periodic function, the Floquet theory
and the Fourier method are applied in the theoretical treatment.
Furthermore, for low-viscosity liquids and low vibration ampli-
tudes used in this study, the time-dependent portion of the
governing equation is simplified to the Mathieu differential
equation. The amplitude &(x,7) of the resulting Faraday waves
with initial amplitude &, is as follows:?°

E(x,1) = E ™~ henigin(2me(f12)t — Te/4)cos kx (1)

where ¢ designates time and k = 27t/ is the wave number of the
Faraday waves. The frequency of the Faraday waves is seen as
equal to one half of the drive frequency, and the corresponding
Faraday wavelength 2 is determined by the following equation:*!

= 8malph® + 64> p?A* (2a)
A = (8walp)' 23 (2b)

where o, p and pu are the surface tension, mass density, and
dynamic viscosity of the liquid, respectively. Note that for low
viscosity liquids such as water, eqn (2a) reduces to the Kelvin
equation, eqn (2b).*> The Faraday wavelengths at the 1.0-
2.0 MHz frequencies of interest here range from 5.7 to 12.2 pm as
shown in Table 1.
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Fig. 1 (A) Geometry of the nozzle endface for initiation of the temporal
instability of Faraday waves on the free surface of the liquid layer, and
(B) 3-D architecture of the new MHz ultrasonic nozzle with three Fourier
horns but without a central channel.

Clearly, the Faraday waves generated become temporally
unstable when the peak excitation displacement / exceeds the
critical value A, for Faraday wave formation given as follows:*®

hee = 2u(mcp’a) 17 (3)

In other words, the amplitude of the Faraday waves increases
exponentially with time as shown in eqn (1). Note that while /.,
decreases with increasing drive frequency, the exponent wkf(h —
hep)t of the exponential factor in eqn (1) is proportional to 4/3
power of the drive frequency, namely, f*?. Therefore, at the MHz
drive frequencies, the amplitude of the Faraday waves grows
rapidly once the excitation displacement / exceeds the critical
value A, and the Faraday waves become unstable, resulting in
atomization and production of monodisperse droplets.

Finally, a theoretical formula for the diameter of the droplets
produced was established for the first time based on the Rayleigh
oscillation.?®* In terms of the Faraday wavelength A given by
eqn (2b), the diameter of the droplet D, is given as follows:

D, = 22/ (alp)""f " = 0.402 )

Namely, the droplet diameter equals four tenths of the
Faraday wavelength.

In short, eqn (2), (3), and (4) for the key physical quantities
provide the design specification for the ultrasonic nozzles fabri-
cated and studied.

III. Nozzle architecture, design, simulation, and
fabrication

Nozzle architecture

Fig. 1B shows the three-dimensional (3-D) architecture of a basic
ultrasonic droplet generator or nozzle that is composed of a lead
zirconate titanate (PZT) transducer drive section and a resonator
section with multiple (3 in the example) Fourier horns in a silicon
substrate.'®?® Each Fourier horn is one half-wavelength long
with a longitudinal vibration amplitude (displacement) gain of
two.2** Two versions of the nozzle architecture have been
devised to construct a variety of droplet generators. The earlier
version consists of a bonded pair of basic nozzles each with an
etched trough to form a 200 pm x 200 pm central channel along
the nozzle axis for flow of the liquid to be atomized.?® The new
version reported here (Fig. 2A and 2B) consists of one such basic
nozzle (without an etched trough) alone; the liquid to be atom-
ized is externally transported to the nozzle endface. Since the
droplet size depends solely on the nozzle design frequency in
accordance with eqn (4), both versions of the nozzle architecture
produce the same droplet size at the same nozzle drive frequency.
However, as the nozzle drive frequency increases beyond
1.0 MHz, it becomes increasingly difficult to fabricate a central
channel of sufficient cross sectional area because of the corre-
sponding decrease in nozzle dimensions. Thus, the new version
without a central channel has the following important advan-
tages over the earlier version with a central channel: fewer micro
fabrication steps, higher drive frequency capability to produce
smaller droplets, higher flow rate and droplet throughput, lower
electrical drive power for atomization, and less prone to clogging
of medicinal solutions. Except for the effects of the number of
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Table 1 Measured droplet diameters are in agreement with predicted values of D;, = 0.402

Drive frequency Surface tension

Droplet diameter D,/pum

fIMHz (nominal) Liquid o (dyncm™) Density p/g cm™? Faraday wavelength A“/pum Predicted 0.404 Measured”
1.0 Water 72 1.00 12.2 4.88 4.64
1.0 Glycerol (aq.)* 72 1.11 11.7 4.71 4.51
1.0 Alcohol 23 0.79 9.0 3.60 347
1.5 Water 72 1.00 9.3 3.72 3.66
L.5 Glycerol (aq.)* 72 1.10 9.0 3.59 3.73
1.5 Alcohol 23 0.79 6.9 2.76 2.49
2.0 Water 72 1.00 7.7 3.08 2.89
2. Alcohol 23 0.79 5.7 2.27 2.24

“ Faraday wavelength 1 = (87a/p)"?f~2* except with aqueous glycerol where viscosity is taken into account based on eqn (2a) of the text. * Experimental
errors: £0.04 for 1.0 and 1.5 MHz; £0.08 for 2.0 MHz nozzles. © Aqueous solution of 40-44 wt% glycerol with viscosity up to 4.5 cP.
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Fig. 2 Simulation results of new nozzles without a central channel: (A)
1.5 MHz and (B) 2.0 MHz. Note the locations of the four vibration nodes
to which silicon strips for mechanical support are attached; the mesh lines
of the un-deformed nozzles but only the edges of the deformed nozzles are
shown; the first and third horns extend while the drive section and the
second horn contract during deformation; and the resonance frequencies,
determined by ANSYS 3-D simulation for the design (nominal)
frequencies of 1.5 and 2.0 MHz, are 1.445 and 1.944 MHz, respectively.

Fourier horns on the electrical drive power measured using the
1.0 MHz nozzle with a central channel, the results reported here
were all obtained with nozzles of the new architecture. Notably
as depicted in Fig. 1A the endface-liquid configuration with this
new nozzle architecture mimics the classical geometry modeled in
all theoretical studies of Faraday wave formation and Faraday
instability summarized in Section II, namely, a liquid layer of
depth d resting on a planar solid support that is subjected to
mechanical vibration perpendicular to the free liquid surface."'®

Design and simulation

The nozzle was designed to vibrate in a single longitudinal mode
in the direction perpendicular to the endface (Y-axis in Fig. 2A
and 2B) at the single resonance frequency of the three Fourier
horns. The longitudinal axis of the nozzle (Y-axis) is in the
direction of the primary flat, namely, <110> of the silicon wafer
with the highest acoustic velocity. A 3-D finite element method
(FEM) simulation was carried out using the commercial ANSYS
(ANSYS Inc., Canonsburg, PA) Program first for vibration
mode shape analysis®® and then for impedance analysis.?® The
mode shape analysis determines the nozzle resonance frequency
of the pure longitudinal vibration mode; the impedance analysis
determines the longitudinal vibration displacement on the nozzle
endface (tip) and the impedance at the nozzle resonance
frequency. Except for application of an alternating current (AC)
voltage of 1.0 V to the PZT transducer electrode at the nozzle
resonance frequency, the impedance analysis follows procedures
similar to those for mode shape analysis.?® The resulting longi-
tudinal vibration displacement on the nozzle endface is used to
determine the voltage required to produce the critical excitation
displacement /., given by eqn (3). The threshold voltage thus
obtained together with the resistive part of the impedance is then
used to calculate the minimum electrical drive power required for
atomization.

The material properties of silicon were taken from the litera-
ture,?*> and the material properties of the PZT-5H transducer
were slightly adjusted based on the published data in the litera-
ture and those provided by the PZT manufacturer so that the
simulated impedance curve of PZT would match the measured
impedance curve.?® As shown in Fig. 2 for both 1.5 and 2.0 MHz
nozzles with three Fourier horns at resonance, the base plane of
the down-stream Fourier horn undergoes the same displacement
as the tip plane of the neighboring up-stream Fourier horn. As
a result, the maximum longitudinal displacement at each suc-
ceeding horn tip increases progressively by a factor of 2, resulting
in a total gain of 8 (= 2°) on the endface of the nozzle. The greatly
enhanced peak vibration displacement on the nozzle endface at
low drive power facilitates the critical vibration displacement
required to initiate the temporal instability of the Faraday waves
and, thus, atomization.

Both the simulation results with the acoustical and electrical
losses taken into account and the experimental results show that
the optimum number of Fourier horns in terms of electrical drive
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power requirement is 3 or 4. Both 3- and 4-Fourier horn nozzles
were fabricated and studied. Their atomization performances were
found to be very similar, and the 3-Fourier horn nozzle is used here
as an example. For a loss-free 3-Fourier horn nozzle as shown in
Fig. 2, the total gain of vibration displacement on the nozzle
endface is 8 as mentioned previously. As presented later in Section
1V, 1.0 MHz nozzles with one, two, and four Fourier horns with
respective total gains of vibration displacement on the endface of
2, 4, and 16 were also fabricated to verify the effect of multiple
Fourier horns on the aforementioned essential requirement of
peak vibration displacement for initiation of temporal instability
of Faraday waves and atomization. It should be emphasized that
the single longitudinal-vibration mode at the single resonance
frequency of multiple Fourier horns ensures single-mode capillary
wave atomization and production of monodisperse droplets. This
isin stark contrast to other ultrasonic devices such as conventional
ultrasonic nebulizers that involve various atomization mecha-
nisms such as cavitation, impinging, and jetting in addition to
capillary wave mechanism with multiple oscillation modes.*!827-28
Simultaneous involvement of multiple atomization mechanisms
and/or oscillation modes not only increases the critical vibration
amplitude and, thus, the electrical drive power required for
atomization, but also drastically broadens the size distribution of
the resulting droplets.*®

In short, the specifications of the new 3-Fourier horn nozzles
at 1.0, 1.5, and 2.0 MHz are, respectively: nozzle resonance
frequency (in MHz) of 0.971, 1.445, and 1.944; physical dimen-
sions (in cm x cm x cm) of 1.79 x 0.21 x 0.05, 1.20 x 0.15 x
0.05, and 0.85 x 0.11 x 0.05; and droplet diameter (D, in um) of
4.88, 3.72, and 3.08 for water.

Fabrication

The silicon-based nozzle was fabricated using MEMS tech-
nology.?*?¢ The drive and resonator sections of the nozzle were

A
B
|0 cm 1 2
|!II|I_.lLl’.III_J_|IIIl I
= — 1.0 MHz
- 1.5 MHz
— 2.0 MHz

Fig. 3 (A) Layout of different nozzle designs on a half 10 cm-silicon
wafer, and (B) a photograph of the new 1.0, 1.5 and 2.0 MHz 3-Fourier
horn nozzles fabricated.

formed in a single-fabrication step using an inductive coupled
plasma (ICP) process.?** Note that a large number of nozzles
with similar or different design specifications can be fabricated in
one batch on a common silicon wafer. Fig. 3A shows such an
example. Nozzles at three operating frequencies of interest (1.0,
1.5 and 2.0 MHz) have been realized to produce 2.2-4.6 um
monodisperse droplets. The detailed dimensions and simulation
results of the 1.5 MHz and 2.0 MHz nozzles are shown in Fig. 2A
and 2B, respectively. Fig. 3B shows a photograph of the nozzles
fabricated and studied.

IV. Atomization experiments and results, and
comparison with theoretical predictions

Experimental setup, methods and materials

All the atomization experiments presented below were conducted
using the setup shown in Fig. 4. Major components of the setup
are: (i) a PZT transducer drive system to provide a MHz elec-
trical drive to the ultrasonic nozzle, (ii) a syringe pump (kd
Scientific Model #101) to provide a controlled flow rate of liquid,
(iii)) a CCD camera to take pictures or movies of the spray
produced, and (iv) a Malvern/Spraytec System (Model #STP

Function Generator/
wi/o Amplifier

Multiple-

Fouri‘;r Horn Forward Power to nozzle
Ultrasonic «| Directional Dual-Channel
Nozzle Coupler Oscilloscope

Reverse Power from nozzle
- cch H Computer

Fig. 4 Schematics of atomization setup.
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Fig. 5 Comparison of measured droplet sizes and size distributions in
logarithmic scale, with MMD/GSD in parentheses for (a) to (d), and
MMAD/GSD for (e) and (f): (a) 1.0 MHz nozzle with water (4.6 pm/
1.18), (b) 1.5 MHz nozzle with water (3.7 pm/1.16), (c) 2.0 MHz nozzle
with water (2.9 um/1.18), (d) 2.0 MHz nozzle with alcohol (2.2 um/1.18),
(e) Omron NE-U22V (4.2 um/1.85), and (f) Pari eFlow (3.9 pm/1.51).
Note: MMD and MMAD are mass median diameter and mass median
aerodynamic diameter, respectively. MMD was obtained in ambient air
using the Malvern/Spraytec System while MMAD was obtained in the
presence of high-velocity air using a commercial cascade impactor for
plots (e) and (f).
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5311) for analysis of droplet size and droplet-size distribution
(not shown in the figure). The Malvern/Spraytec System is a non-
invasive particle sizing instrument based on laser light diffrac-
tion. Since the laser beam has a cross sectional area (1 cm in
diameter) much larger than the column (spray) of droplets
(~0.07 cm x 0.1 cm) produced by the miniaturized nozzle, the
data reported in this study were obtained from the entire cross
section of the droplet stream. The data include mass median
diameter (MMD) and geometrical standard deviation (GSD).
GSD and geometric mean of a data set with a log-normal
distribution are, respectively, equivalent to the standard devia-
tion and arithmetic mean of a data set with normal distribution.
GSD is simply calculated by the geometric mean of quotients
(ratios) Dg4/Dsy and Dso/Dig, wWhere Dgq, Dso, and D¢ are,
respectively, the droplet diameters at 84.1%, 50.0%, and 15.9% of
the cumulative undersize percent of the droplet size distribution
as shown in Fig. 5. Note that the GSD was obtained by least
square fit (R*> = 0.9999 as shown in Fig. 5) of the cumulative
undersize percentage curve obtained using the Malvern/Spraytec
System.

Water and alcohol were used in most of the experiments since
they are among the most common solvents used in inhaled drug
delivery. In order to study the effect of viscosity, atomization of
aqueous solutions of glycerol and lactose with dynamic viscosity
up to 4.5 centipoise (cP) were carried out. Aqueous solutions of
isoproterenol (B,-agonist), recombinant human insulin R-100
(molecular weight of 6000 Dalton),? and an aqueous dispersion
of gold nanoparticles (23-26 nm in diameter)*® were also
successfully atomized. As depicted in Fig. 6, the liquid (water) to
be atomized at the drive frequency of 1.445 MHz (Fig. 6A for the

Nozzle Tip 525 pm in width

l Li_quid layer 25 um in depth at center, x=0

S
'

v ¢—Iv Y-axis
X

Spray of droplets

<+— Liquid feed tubing

Nozzle Nozzle Tip 450 pm in width

l Liquid layer 20 um in depth at center, x=0

rb\’-axla

§ X

Spray of droplets

+— Liquid feed tubing

Fig. 6 Water atomization using the MHz 3-Fourier horn ultrasonic
nozzles without a central channel but with external feeding onto the
nozzle endface: (A) 1.5 MHz at droplet throughput of 350 ul min~' and
electrical drive power of 55 mW, and (B) 2.0 MHz at droplet throughput
of 420 ul min~"' and electrical drive power of 80 mW.

1.5 MHz nozzle) or 1.950 MHz (Fig. 6B for the 2.0 MHz nozzle)
was brought to the nozzle endface using a piece of tubing. The
water flow rate was varied using the electronically controlled
syringe pump. Continuous atomization of water at 1.950 MHz
drive frequency using the 2.0 MHz nozzle and external water
feeding is shown in Video 1.1 Both the video and Fig. 6 show that
the fine spray of water droplets produced has low momentum.
Furthermore, both the profile and the 20-25 pum depth (d in
Fig. 1A) of the water layer formed on the nozzle endface
remained constant while stable atomization continued for
a period of many hours with throughput as high as 420 pl min™!
until the electrical drive was turned off. As shown in Fig. 5, the
2.2 to 4.6 um droplets produced were found to be monodisperse;
the corresponding droplet volumes are 6 to 50 femtolitres.
Successful production of monodisperse droplets from the model
endface geometry of the new nozzle (see Fig. 1A) with various
liquids unequivocally verifies the temporal instability of Faraday
waves as the mechanism for atomization and generation of
monodisperse droplets. It also suggests the potential to produce
monodisperse droplets of even smaller sizes by using the same
nozzle endface geometry at increased nozzle resonance
frequency.

Diameter of droplets and droplet size distribution

Fig. 5 shows the measured size distributions of the droplets
produced by atomization with the 1.0, 1.5 and 2.0 MHz nozzles
(plots (a), (b), (c), and (d)). The corresponding geometric stan-
dard deviations (GSD) of the droplets are shown to be as small as
1.18, 1.16, 1.18, and 1.18, respectively. Note that a GSD of 1.0
corresponds to a single size and that aerosols with a GSD up to
1.22 are commonly accepted as monodisperse in aerosol medi-
cine.?! For comparison, the size distributions of polydisperse
droplets with GSDs of 1.85 (Omron published data sheet) and
1.51 (Pari eFlow)* generated by the two most advanced
commercial nebulizers are also shown in Fig. 5, plots (e) and (f),
respectively. Note that the throughput of such commercial
devices ranges from 160 to 400 pul min~!, but with very broad
droplet size distributions as described. The Pari eFlow, which
utilizes vibrating mesh technology, is capable of high throughput
but also suffers from broad droplet size distribution (GSD > 1.5)
and clogging of the orifices that are considerably smaller in
diameter than the droplets produced.??

The validity of the theoretical formula, eqn (4), is confirmed by
its close agreement with the measured droplet diameters listed in
Table 1. For example, the diameters of water and alcohol droplets
produced by the 2.0 MHz nozzle measure 2.89 and 2.24 pm,
respectively, while the corresponding theoretical diameters are
3.08 and 2.27 um. Also, the effect of viscosity on the droplet
diameter was found to be less than 3% for aqueous solutions of
glycerol and lactose with viscosity up to 4.5cP as predicted by the
lack of viscosity term in the theoretical formula of eqn (2). These
findings establish the first theoretical formula for the diameter of
droplets generated by single-mode capillary wave atomization.

FElectrical drive power required for atomization

As shown in Fig. 4, the PZT drive system consists of a MHz
function generator with or without an amplifier and a —50 dB
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directional coupler that taps 10~° of the input power to the
oscilloscope for measurement.?*** The MHz voltage is applied to
the PZT transducer to activate the ultrasonic nozzle. The direc-
tional coupler has two taps: the forward power tap for moni-
toring the incident power from the generator and the reverse
power tap for monitoring the reflected power from the nozzle.
The tapped or coupled voltage is connected via a 50 Q coaxial
cable to a dual-channel oscilloscope for measuring the peak-to-
peak voltage (V},p) of the corresponding incident voltage to the
nozzle and the corresponding reflected voltage from the nozzle,
respectively. The power measured at each tap is equal to V},,7/8Z,
where Z (= 50 Q) is the impedance of the coaxial cable. Note that
the directional coupler incurs negligible power loss at the
frequency range of interest. The actual power consumed by the
nozzle during atomization is equal to the power measured at
the forward power tap subtracted by that measured at the reverse
power tap caused by mismatch between the nozzle impedance
and the 50 Q of the coaxial cable, and then multiplied by the
factor of 10° which corresponds to the 10~° tapping of the —50 dB
(107°) directional coupler used.

The measured electrical drive power versus droplet throughput
curves for the 1.5 and 2.0 MHz nozzles are shown in Fig. 7. The
figure shows a threshold drive power as low as 20 mW at low
throughput and increasing moderately to 55 mW at high
throughput of 350 pl min~!' for the 1.5 MHz nozzle. Similar
characteristics are also provided in Fig. 7 for the 2.0 MHz nozzle
but at the higher drive power of 73 mW at a throughput of 350 ul
min~'. For the 1.0 MHz nozzle, although the measured threshold
drive power was comparable, the drive power of 120 mW at the
throughput of 350 ul min~' was much higher. The measured
threshold drive powers of 20 mW for the 1.5 MHz nozzle and
50 mW for the 2.0 MHz nozzle at low droplet throughput are in
reasonable agreement with the respective simulated minimum
powers of 16 and 26 mW required for atomization. As described
previously in the specific simulation procedures employed, the
simulated minimum drive power is calculated in accordance with
eqn (3), but does not take into account the power loss due to the
bonding layer between the PZT transducer and the silicon base of
the drive section in the fabricated nozzles.

Furthermore, the critical vibration displacement /., of 0.33,
0.29 and 0.26 pm predicted by eqn (3) for water at 1.0, 1.5, and
2.0 MHz drive frequencies, respectively, are to be compared to the
measured peak excitation displacements 0f0.34,0.32,and 0.31 pm
required for atomization using a laser Doppler vibrometer

90
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Delivered Power (mW)

Fig.7 Measured electrical drive power delivered to the 1.5 and 2.0 MHz
3-Fourier horn nozzles during atomization of water for production of
monodisperse droplets.

Table 2 Simulation results of minimum (threshold) electrical drive
power required for atomization versus PZT transducer thickness and
number of Fourier horns”

Drive frequency/MHz 1.0° 1.5b¢ 2.0¢
PZT thickness/um 400 200 200 200 200
Number of Fourier horns Electrical drive power/mW

1 315 66 120° 60¢ 143
2 100 30 47° 23¢ 49
3 36 22 30° 16¢ 26
4 28 21 28° 15¢ 22

“ Effect of bonding layer between PZT and silicon not included. * With
a central channel. © Without a central channel.

(Polytech GmbH, Model PSV 400). The fact that the measured
peak excitation displacements are only slightly higher than the
predicted /., values verifies the conclusion made earlier in Section
IT that the MHz Faraday waves rapidly become unstable and
result in atomization once the excitation displacement exceeds the
critical vibration displacement. Thus, the low peak excitation
displacements required for atomization support the low electrical
drive power measured for atomization, namely, 73, 55, and
120 mW at throughput of 350 ul min~' with the 2.0, 1.5, and
1.0 MHz nozzles, respectively. Note that the power required for
the 1.0 MHz nozzle is significantly higher than those for the
1.5 and 2.0 MHz nozzles because a PZT transducer thickness of
400 pm was used for the former while a transducer thickness of
200 pm was used for the latter. Simulation results presented in
Table 2 clearly show that the electrical loss associated with the
lossy PZT transducer increases with its thickness. Table 2 also
shows that the nozzles with a central channel require higher drive
power for atomization. The higher drive power is attributable to
the requirement of a pair of PZT transducers (one each for the pair
of basic nozzle) for their activation. Also note that the range of
drive power measured is at least two orders of magnitude lower
than that required in conventional ultrasonic atomization using
MHz disk transducers.3* This very low drive power requirement is
attributable to the resonance effect of the three Fourier horns used
in the nozzles, since only a minute amount of power is needed to
excite a nearly loss-free resonant system.

The major sources of power losses that must be furnished by the
electrical generator are the vibration of the nozzle endface, the
lossy PZT transducer, and the bonding between the PZT trans-
ducer and the silicon base in the drive section. As presented in
Table 2, the required power associated with the first source is
calculated to be 16 mW at a peak excitation displacement of
0.29 um for the 1.5 MHz nozzle, while the power required to
account for the surface energy of 2.5 um droplets at throughput of
350 wl min~' is negligible (<1 mW). Thus, the much lower power
requirements of all the new nozzles reported here in comparison to
those of the earlier nozzles are largely attributed to the new nozzle
architecture requiring only a single basic nozzle without a central
channel and, thus, a single PZT transducer for activation.

Effect of multiple Fourier horns on drive power requirement

Simulation results presented in Table 2 clearly show the dramatic
effect of multiple Fourier horns on the electrical drive power
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required for atomization. Clearly, in terms of electrical drive
power, the optimum number of Fourier horns is 3 or 4. As
mentioned previously, both 3- and 4-Fourier horn nozzles were
fabricated and studied, and their atomization performances were
found to be very similar. Since there is no advantage in further
increase in the number of Fourier horns, new nozzles with 5 or
more Fourier horns were not fabricated. Only the 1.0 MHz
nozzles with a central channel consisting of one, two, three, and
four Fourier horns were fabricated earlier in the study to verify
the essential requirement of peak vibration displacement on the
nozzle endface for initiation of temporal instability of Faraday
waves and atomization. The dramatic effect of multiple Fourier
horns on the electrical drive power required for initiation of
atomization was clearly demonstrated by comparing the
measured drive power required for nozzles with one to four
Fourier horns. We found that while the 3- and 4-Fourier horn
nozzles readily produced atomization with electrical drive power
significantly below 0.1 W at throughput of 100 pl min~', the
2-Fourier horn nozzle required a drive power of 0.6 W to initiate
atomization. In contrast, no atomization could be initiated with
the 1-Fourier horn nozzle even at a drive power as high as 0.8 W.

V. Ideal device for inhalation drug delivery

Monodisperse droplets <10 pum in diameter are highly desirable
in many biomedical and pharmaceutical applications.**¢ For
pulmonary microcirculation-related applications, the droplets
must be smaller than 7 pm in diameter to safely pass through the
micro vessels of the lung without causing obstruction.?” Mono-
disperse droplets 3 to 5 um are ideal to efficiently target medi-
cations to the respiratory system depending on the disease and its
site.*® 1-3 um droplets (optimal at 2 pm) are ideal for delivery of
medications to the alveolar capillary bed for maximum systemic
absorption.?®3? Inhalation is an attractive route for non-invasive
delivery of drugs,*** especially peptides and proteins that are
easily broken down by enzymes in the stomach when taken
orally.**** Current commercial devices (i.e., nebulizers, metered
dose and dry powder inhalers) suffer from broad droplet size
distributions and low throughput, which make it difficult to
deliver sufficient dosages of drugs precisely and rapidly to tar-
geted sites. Even piezoelectric-driven membrane systems, the
most efficient devices presently available, provide only moderate
throughput ranging from 160 to 400 ul min~' of polydisperse
droplets or aerosols. Recent in vivo studies have indicated that in
both children and adults, when inhaling typical aerosols from
current commercial devices, the upper airways,* ventilator, and
endotracheal tubes are significant barriers to lung deposition.*®
As a direct result of polydisperse droplet size distributions, drugs
are delivered to non-targeted sites, resulting in harmful side
effects in the pharynx and losses in the ventilator/endotracheal
tubes. Thus, there is a need for a miniaturized device that
produces monodisperse droplets of the optimum size range of 1—
5 um. Ideally, such a device must also have high throughput to
reduce treatment time, minimal ballistic effect to reduce depo-
sition on the pharynx, small physical size, and low electrical drive
power that can be supplied by a battery. Devices based on the
new ultrasonic nozzle architecture and design reported here may
fill this important biomedical need.

To test applicability of the ultrasonic droplet generators to
pulmonary drug delivery, two preliminary experiments were
carried out earlier using a 1.0 MHz nozzle with a central
channel.?® In the first experiment, a silastic reproduction of the
human upper airway (mouth, pharynx, and larynx)*¢ was used as
the upper airway model in the deposition of isoproterenol
monodisperse aerosols under simulated conditions of 3-litre tidal
volume of ambient air in one breath. The total drug recovery
measured ranges from 90 to 95%, and 70% of the administered
dose was delivered to the lower airways.” The percentage
delivered to the lower airways increased by 10% as the droplet
diameter was reduced from 4.5 um to 3.5 um. In the second
experiment, human recombinant insulin R-100 (diluted with
equal amount of a buffer solution)*” was atomized. The atomized
insulin was found to retain its biological activity.?® Thus, a higher
efficiency of delivery to the lower airways can be expected using
the monodisperse medicinal droplets or aerosols of smaller
diameter produced by the new ultrasonic droplet generators at
frequency higher than 1.0 MHz.

VI. Conclusions and remarks

Using the classical model geometry facilitated by the simple
architecture of silicon-based multiple-Fourier horn ultrasonic
nozzles, we verified unequivocally temporal instability of
Faraday waves at MHz frequency as the mechanism for atom-
ization and generation of micrometre monodisperse droplets.
The new MHz nozzles employ external liquid feeding and
produce fine sprays of 2.2 to 4.6 um monodisperse droplets with
minimal ballistic effect at high throughput (420 pl min—') and
very low electrical drive power (80 mW). The measured droplet
diameters and drive power are verified by the theoretical formula
based on Rayleigh oscillation and the critical vibration
displacements predicted with the temporal instability of Faraday
waves, respectively. These centimetre-sized new nozzles require
much simpler fabrication steps and significantly lower electrical
drive power than earlier nozzles with a central channel.
Furthermore, a large number of nozzles with similar or different
design specifications can be readily fabricated in one batch on
a common silicon wafer. This will drastically reduce the costs of
fabrication. Thus, these miniaturized MHz ultrasonic droplet
generators, when further integrated and packaged using existing
microelectronics technology, should provide the basis for viable
devices for inhalation drug delivery.

Other potential applications of the high-throughput droplet
generators include delivery of lipid-based micro-encapsulated
biological entities*® or therapy,* nanoparticles synthesis,*® 3-D
coating, and nano-electronic and -photonic device processing.
For the last application, spray coating of soft micrometre mono-
disperse droplets of processing materials such as photoresists using
the droplet generator may be employed to replace the present
spin-coating technique to alleviate agglomeration of photoresist
over 3-D nanostructures due to spinning of the device substrate.
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