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Abstract: An in-depth review on a new ultrasonic micro-droplet generator which utilizes megahertz
(MHz) Faraday waves excited by silicon-based multiple Fourier horn ultrasonic nozzles (MFHUNs)
and its potential applications is presented. The new droplet generator has demonstrated capability
for producing micro droplets of controllable size and size distribution and desirable throughput
at very low electrical drive power. For comparison, the serious deficiencies of current commercial
droplet generators (nebulizers) and the other ultrasonic droplet generators explored in recent years
are first discussed. The architecture, working principle, simulation, and design of the multiple Fourier
horns (MFH) in resonance aimed at the amplified longitudinal vibration amplitude on the end face
of nozzle tip, and the fabrication and characterization of the nozzles are then described in detail.
Subsequently, a linear theory on the temporal instability of Faraday waves on a liquid layer resting
on the planar end face of the MFHUN and the detailed experimental verifications are presented.
The linear theory serves to elucidate the dynamics of droplet ejection from the free liquid surface
and predict the vibration amplitude onset threshold for droplet ejection and the droplet diameters.
A battery-run pocket-size clogging-free integrated micro droplet generator realized using the MFHUN
is then described. The subsequent report on the successful nebulization of a variety of commercial
pulmonary medicines against common diseases and on the experimental antidote solutions to cyanide
poisoning using the new droplet generator serves to support its imminent application to inhalation
drug delivery.
Keywords: Faraday waves; Faraday instability; multiple Fourier horns (MFH); MFH ultrasonic
nozzle; ultrasonic micro droplet generator; integrated ultrasonic nebulizer; ultrasonic nebulizer;
onset threshold for droplet ejection; clogging free; monodisperse; polydisperse; pulmonary
(inhalation) drug delivery
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1. Introduction
Techniques for the generation of micro droplets have continued to be of great interest as the
resultant droplet generators will facilitate various important applications. Current commercial
ultrasonic droplet generators for inhalation drug delivery (nebulizers) utilize either a vibrating
piezoelectric transducer together with an active vibrating mesh (Figure 1a) or a passive screening mesh
(Figure 1b) [1,2] to produce micro droplets. However, since various undesirable mechanisms such
as jetting, impinging, and cavitation, in addition to capillary wave mechanisms, are also associated
with the droplet ejection, the size distributions of the droplets (aerosols) produced by such commercial
droplet generators are very broad (polydisperse) and uncontrollable. Furthermore, although the mesh
helps to select droplets of smaller diameters, it not only wastes expensive drugs but also causes clogging
of the device by the viscous medicines. In addition to the Faraday waves-based multiple Fourier horn
ultrasonic nozzles to be reviewed in detail in this paper, nozzleless droplet ejectors utilizing acoustic
lens [3], liquid horn structure [4], PZT/tapered glass capillary [5], micro-machined transducers with
annular piezoelectric disk [6–8], droplet generators using focused surface acoustic waves (SAW) [9],
and planar SAW [10] were explored in recent years. Note that, since the basic ejector element of
the first three droplet generators [3–5] produces only one droplet at a time, two-dimensional (2-D)
array elements and electrical drivers are required to obtain desirable droplet throughput. The fourth
droplet generator [6–8] suffers from the same deficiencies as the current commercial droplet generators.
While the focused SAW-based droplet generator [9] suffers from low droplet throughput, the planar
SAW-based droplet generator [10] has yet to demonstrate a capability for producing narrow and
controllable droplet size distribution.

Figure 1.
Figure 1. Basic architectures of advanced commercial ultrasonic nebulizers: (a) active vibrating mesh
with ring transducer; (b) passive screening mesh with disk transducer.

The new clogging-free micro-droplet generator presented here utilizes MHz Faraday waves
excited by ultrasound with MHz silicon-based multiple Fourier horns (MFHs) in cascade and in
resonance to generate micro droplets of controllable size and narrow size distribution. The enhanced
vibration amplitude at the tip of the MFH ultrasonic nozzle (MFHUN) facilitates the onset threshold
for Faraday wave formation, amplification, and subsequent ejection of such desirable droplets.
Faraday waves were first observed as the wavy surface of a water layer resting on a planar elastic
Figure 2.
solid surface subjected to perpendicular mechanical vibration, as depicted in Figure 2a, at a very
low drive (or forcing) frequency of 5 Hz by Faraday in 1831 [11] and were subsequently analyzed
by Rayleigh (1883) and many others [12,13]. Faraday instability, the underlying physical mechanism
for Faraday wave formation and amplification, has been studied extensively based on Faraday’s
planar geometry since but mostly at low drive frequencies ranging from tens to thousands of Hz.
See, for examples, the references cited in [14]. At such low drive frequencies, various standing-wave
patterns were observed on the free liquid surface when the vibration amplitude (displacement) on
the solid surface reached the onset threshold for Faraday wave formation. However, in the few
reports on experiments at such low drive frequencies, droplet ejection was found to take place only
when the vibration amplitude on the solid surface was much higher than the onset threshold for
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Faraday wave formation [15]. In stark contrast, our recent theoretical and experimental findings have
shown that at the much higher drive frequency of MHz, the vibration amplitude onset threshold
Micromachines 2017, 8, 56
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The only essential characterization for the fabricated nozzles prior to atomization (droplet
The only essential characterization for the fabricated nozzles prior to atomization (droplet ejection)
ejection) experiments is to measure the impedance curve with and without a liquid layer on the end
experiments is to measure the impedance curve with and without a liquid layer on the end face of the
face of the nozzle tip using Agilent impedance analyzer model 4294A [19,21], from which the drive
nozzle tip using Agilent impedance analyzer model 4294A [19,21], from which the drive frequency
frequency and the electrical drive power are determined. A typical impedance curve for a 2 MHz
and the electrical drive power are determined. A typical impedance curve for a 2 MHz 4-Fourier
4-Fourier horn nozzle (Figure 4) in absence of a liquid layer shows clearly the resonance and
horn nozzle (Figure 4) in absence of a liquid layer shows clearly the resonance and anti-resonance
anti-resonance frequencies (1.9531 and 1.9548 MHz) at minimum and maximum impedances of 44 Ω
frequencies (1.9531 and 1.9548 MHz) at minimum and maximum impedances of 44 Ω and 2 kΩ,
and 2 kΩ, respectively; the separation between these two frequencies (called half-power bandwidth,
respectively; the separation between these two frequencies (called half-power bandwidth, HW) is
HW) is 1.7 ± 0.1 kHz. The curve clearly shows no other modes of vibration within the frequency
1.7 ± 0.1 kHz. The curve clearly shows no other modes of vibration within the frequency range from
range from 1.9 to 2.0 MHz because, as mentioned in Section 2.1, any unwanted modes are
1.9 to 2.0 MHz because, as mentioned in Section 2.1, any unwanted modes are suppressed by the
suppressed by the multiple Fourier horns in resonance. As a layer of liquid such as water was
multiple Fourier horns in resonance. As a layer of liquid such as water was accumulated on the nozzle
accumulated on the nozzle end face prior to atomization, the resonance frequency was lowered as a
end face prior to atomization, the resonance frequency was lowered as a result of increased loading.
result of increased loading. For example, for a water layer 56 µm thick, the measured resonance
For example, for a water layer 56 µm thick, the measured resonance frequency down shift was 7.1 kHz.
frequency down shift was 7.1 kHz.
The simulated longitudinal vibration amplitude on the nozzle tip determined by the electrical
The simulated longitudinal vibration amplitude on the nozzle tip determined by the electrical
impedance analysis (at electrode voltage of 1.0 V) is then used to determine the threshold voltage
impedance analysis (at electrode voltage of 1.0 V) is then used to determine the threshold voltage
required to generate the onset threshold or critical vibration amplitude (h ) for the Faraday wave
required to generate the onset threshold or critical vibration amplitude (hcr
cr) for the Faraday wave
formation and subsequent amplification to be presented in Section 3. Finally, the threshold voltage
formation and subsequent amplification to be presented in Section 3. Finally, the threshold voltage
thus obtained, together with the resistive part of the impedance found, is then used to determine the
thus obtained, together with the resistive part of the impedance found, is then used to determine the
electrical drive power required for droplet ejection. In short, the greatly enhanced peak vibration
electrical drive power required for droplet ejection. In short, the greatly enhanced peak vibration
amplitude (h) on the nozzle end face of the MFHUN due to resonance readily facilitates the onset
amplitude (h) on the nozzle end face of the MFHUN due to resonance readily facilitates the onset
threshold required for initiation of temporal instability of the Faraday waves on the liquid layer and
subsequent ejection of micro droplets at very low electrical drive power.
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Figure 4. Typical impedance curve of 2 MHz 4-Fourier horn nozzles.
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3.1. Linear Theory
The enhanced longitudinal vibration amplitude (h) on the tip (end face of the distal Fourier horn)
of the MFHUN, as treated in Section 2, exerts a periodic pressure on the planar liquid layer (thickness d)
depicted in the inset of Figures 2b and 5. Faraday waves are formed on the free surface of the liquid
layer when the peak longitudinal vibration amplitude reaches the onset threshold or the critical
amplitude (hcr ). For convenience, the free surface of the liquid layer at rest is designated as the origin
→
of the rectangular coordinate system. Thus, the amplitude of the Faraday wave ξ ( x , t) represents
→
the time-dependence displacement of the free liquid surface from z = 0, where x designates the two
horizontal coordinates (x, y) parallel to the end face. The following theoretical treatment of the Faraday
waves is based on mass-conservation and linearized Navier-Stokes equations for incompressible
Newtonian liquids such as water, with density ρ, surface tension σ, and kinematic viscosity υ [13,14,16].
The three resulting equations are as follows:
→

∇2 Φ( x , z, t) = 0,

(1)

∂t Φ ( x , z, t) = − ∆ p(t)/ρ + z ge (t),

(2)

→

2 → →

(∂t − υ ∇ ) u ( x , z, t) = 0,

(3)

where Φ designates the velocity potential, ∆p(t) the pressure difference between the liquid side and
the air side of the wavy liquid surface, zge (t) is the potential energy in which ge (t) ≡ h(2πf )2 cos(2πft),
→ →
and u ( x , z, t) is the particle diffusive velocity that represents the rotational part of particle velocity
→ →
υ ( x , z, t) . Again, h and f designate the longitudinal vibration displacement on the planar nozzle end
face and the ultrasonic drive frequency, respectively. The kinematic condition on the liquid free surface
→

is υz ( x , z, t)

→

z= 0
→

→

= ∂t ξ ( x , t) and on the interface with the nozzle end face is υz ( x , z, t)
→ →

z= − d

= 0,

in which υz ( x , z, t) is the z-component of particle velocity υ ( x , z, t). The other boundary conditions
to be satisfied on the liquid free surface are (i) the tangential stress vanishes and (ii) the normal stress
satisfies the Laplace capillarity formula. Since the dimensions of the liquid layer on the nozzle end
face are much larger than the wavelength (λ) of the standing Faraday waves (see Equation (9)) excited
on its free surface, the liquid layer is assumed to be laterally unbounded.
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The four major steps involved in the theoretical treatment are as follows:
The four major steps involved in the theoretical treatment are as follows:
→
(1) Perform a Fourier transformation in the horizontal coordinates
x for all the physical
(1) Perform a Fourier transformation in the horizontal coordinates x for all the physical quantities
quantities and solve the Laplace Equation (1) for the velocity potential Φk of the k-th-mode Faraday
and solve the Laplace Equation (1) for the velocity potential Φk of the k-th-mode Faraday waves
→ ξ ( x, t ) ,
ξwaves
k ( x , t ), k
→
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governing
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particlevelocity
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governing
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for thefor
z-component
of particleofdiffusive
uz ( xvelocity
, z, t) in
→
terms
),
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(3) Obtain the following equation for the temporal evolution of the amplitude ξk (t) of the k-th
(3) Obtain the following
equation for the temporal evolution of the amplitude ξk(t) of the k-th
→
mode Faraday waves ξk ( x , t):
mode Faraday waves ξ k ( x , t ) :





∂2 ξ (t) + 4υk2 ∂ ξ (t) + (ω2 + kg (t) )ξk

t2t ξ kk (t ) 4 k 2 tt ξkk (t )  (ωk2k  kgee  t  )ξ(kt)(t )  0
=0

(4)
(4)

where the wave number is (k), the wavelength λ = 2π/k, ω2k ≡2 σ k3 /ρ,3 and the external acceleration ge (t)
where the wave number is (k), the wavelength λ = 2π/k, ω  σk /ρ, and the external acceleration
is equal to h(2πf )2 cos(2πft) in which f is the drive frequency. kNote that the second term in Equation (4)
ge(t) is equal
h(2πf)2cos(2πft)
in whichand
f is the drive frequency. Note that the second term in
represents
the to
damping
effect of viscosity,
Equation
(4) represents
theEquation
damping(4)
effect
and
(4) Finally,
transform
intoofa viscosity,
Mathieu Equation
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(4)
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for
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mode)
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excitation amplitude h and drive frequency f. The resulting tongue-like plots of h vs. k are
called
excitation
amplitude
h
and
drive
frequency
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The
resulting
tongue-like
plots
of
h
vs.
k
are
called
stability (characteristic) charts [16,19]. Faraday waves grow unboundedly within the tongue-like
stability
(characteristic)
charts
[16,19].
Faraday
waves
grow
unboundedly
within
the
tongue-like
regions of the charts. Only the first (most unstable) regions, bounded between the two characteristic
regionsacof and
the charts.
Only the by
firstMathieu
(most unstable)
bounded
betweenofthe
curves
as1 , represented
functions,regions,
for the drive
frequencies
1.0,two
1.5, characteristic
and 2.0 MHz
1
curves
ac
1 and as1, represented by Mathieu functions, for the drive frequencies of 1.0, 1.5, and
are calculated and shown in Figure 6 [16]. The corresponding fastest-growing Faraday wave amplitude
MHz are calculated and shown in Figure 6 [16]. The corresponding fastest-growing Faraday
ξ2.0
k (t) is thus given as follows [17]:
wave amplitude ξk(t) is thus given as follows [17]:
ξ (t) = ξ eπ k f (h−hcr ) t sin (2π( f /2) t − π/4) ,

k
ξ k (t ) 
ξ 0eπ0k f ( h hcr ) t sin  2π( f / 2)t  π 4  ,

(5)
(5)

where ξ0 designates the initial wave amplitude of the Faraday wave at half of the drive frequency (f /2)
where ξ0 designates the initial wave amplitude of the Faraday wave at half of the drive frequency
with the onset threshold or critical vibration amplitude (hcr ) given as follows:
(f/2) with the onset threshold or critical vibration amplitude (hcr) given as follows:
1/3
1/3
1/3 f −
hcrh =2υk/
)−1/3
2 k (/π(πf )f=
) 2υρ
2 ρ1/3(πσ
(πσ)
f 1/3 ..
cr

(6)
(6)

Equation (6) shows the specific dependence of the onset threshold on the drive frequency (f)
and the liquid properties (ρ, σ, and υ). It is important to emphasize that hcr decreases with the drive
frequency in accordance with f−1/3, and that the wave amplitude in Equation (5) grows exponentially
in time when h > hcr; namely, when the longitudinal vibration amplitude exceeds the critical
vibration amplitude.
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Figure 6.

Figure 6. Stability charts and vibration amplitude thresholds (critical displacement) for Faraday wave
instability in the most unstable region (bounded by the two characteristic curves designated as ac1 and
as1 in the legend) at the drive frequencies of 1.0, 1.5, and 2.0 MHz.

Equation (6) shows the specific dependence of the onset threshold on the drive frequency (f )
and the liquid properties (ρ, σ, and υ). It is important to emphasize that hcr decreases with the
drive frequency in accordance with f −1/3 , and that the wave amplitude in Equation (5) grows
exponentially in time when h > hcr ; namely, when the longitudinal vibration amplitude exceeds
the critical vibration amplitude.
The characteristics charts of Figure 6 show that, as the drive frequency increases from 1.0 to 1.5
Figure 7.
and to 2.0 MHz, the corresponding hcr not only falls within the most unstable region but also decreases
from 0.33 µm to 0.29 µm and to 0.26 µm, respectively. The corresponding Faraday wavelengths are 12.2,
9.2, and 7.6 µm, and the respective wave numbers are 5204, 6862, and 8262 cm−1 (see Equation (9)).
While hcr decreases with the drive frequency in accordance with f −1/3 , the exponent πkf (h–hcr )t in
the exponential factor of ξk (t) increases with the drive frequency in accordance with f 4/3 . Thus, the
temporal growth of the single-mode MHz Faraday wave excited at the fundamental subharmonic
frequency (f /2) is very rapid once the nozzle tip (end face of the distal Fourier horn) excitation
displacement h exceeds the critical value hcr .
Figure 8.

3.2. Dynamics of Droplet Ejection and Droplet Diameter

As an example, take the Faraday waves at the 2.0 MHz drive frequency with the corresponding
wavelength of 7.6 µm and hcr of 0.26 µm in water and the periodic external acceleration
hcr (2πf )2 cos(2πft) of 4.19 × 106 g, in which g is the gravitational acceleration, the dynamics of droplet
ejection are elucidated as follows:
When h exceeds the predicted hcr of 0.26 µm by as little as 0.01 µm (h − 0.26 µm = 0.01 µm),
the growth rate factor eπk f (h−hcr ) t of the Faraday wave amplitude in Equation (5) after a short time
increment of 0.4 ms is 109 times that with (h − hcr ) as large as 100 µm at 200 Hz drive frequency
with a corresponding low periodic acceleration of 16 g and a high hcr of 100 µm [15] at the same time
increment (0.4 ms). The amplitude growth rate factor at 2.0 MHz with (h − hcr ) of 0.01 µm in a time
increment of 0.4 ms is still greater (by 6%) than that at 200 Hz with (h − hcr ) of 100 µm after a much
longer time increment of 187 ms. Thus, the wave amplitude at 2 MHz drive frequency grows very
rapidly, and, when it becomes too great to maintain wave stability, the Faraday waves break up to
result in the ejection of droplets from the free surface of the liquid layer.
The ejected spherical droplets, with radius a and at the lowest oscillation mode frequency ω
given by Equation (7) with l = 2, in which l designates the oscillation mode number [22], are dispersed
in air and free from external acceleration (ge = 0). Thus, by setting the frequency of the droplet’s
lowest oscillation mode equal to the nozzle drive frequency, the following theoretical droplet diameter
(Dp ≡ 2a) in terms of Faraday wavelength (λ) is obtained [16,22]:
ω2 = l (l − 1) (l + 2)σ/(ρ a3 )

(7)
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D p = 2 (2/π2 )

1/3

(σ/ρ)1/3 f −2/3 = 0.40 λ

where
λ = 2π/ k = 2π(ρω2k /σ)

−1/3

= (8πσ/ρ)1/3 f −2/3 .

(8)
(9)

Clearly, for a given liquid with known surface tension (σ) and density (ρ) to be atomized,
the desired
size of
the8, droplets
be controlled by the drive frequency (f ) of the MFHUN in accordance
Micromachines
2017,
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2/3
with f
; the higher the nozzle drive frequency, the smaller the droplet diameter.
4. Droplet Ejection Experiments and Verifications
All the droplet ejection (atomization) experiments were conducted using either the
established bench-scale setup [18,19] or the battery-run pocket-size integrated droplet generator.
Major components of the former are: (1) a MHz ultrasonic nozzle; (2) a tunable signal generator
together with an amplifier to provide a MHz electrical drive to the ultrasonic nozzle; (3) a Syringe
Pump Model #101 (KD Scientific Inc., Holliston, MA, USA) or a micro pump to provide a controlled
flow rate of liquid to be atomized; (4) a charge-coupled device (CCD) camera to take pictures or movies
of the droplet streams produced; and (5) a Malvern/Spraytec System Model #STP 5311 (Malvern
Instruments Inc., Westborough, MA, USA) for measurement and analysis of the diameter and size
distribution of the droplets generated. For the battery-run pocket-size integrated droplet generator the
first three components are integrated in a module to be detailed in Section 5.
4.1. Critical Vibration Amplitude (hcr ) for Droplet Ejection
The calculated hcr values of 0.33 and 0.29 µmFigure
using5.Equation (6) for the formation of Faraday waves
on water at 1.0 and 1.5 MHz drive frequencies, respectively, are slightly lower than the measured peak
vibration displacements of 0.34 and 0.32 µm under droplet ejection using a laser Doppler vibrometer
Model #PSV 400 (Polytech GmbH, Irvine, CA, USA) and are, thus, in excellent agreement with the
theoretical prediction [16,22]. Thus, the very low electrical drive power requirement of subwatts for
droplet ejection at MHz drive frequency presented in the following subsection is scientifically verified.
4.2. Droplet Diameter/Size Distribution and Electrical Drive Power
As an example, Figure 7 shows a stream of micro droplets (aerosols) issuing from the tip (end face)
of a 4-Fourier horn 2 MHz nozzle recently fabricated at an atomization frequency of 1.948 MHz,
a throughput of 200 µL/min, and an electrical drive power of 0.15 W. Note that the liquid (water)
was transported to the nozzle tip through a silica tube [23], and a 60 µm-water layer was maintained
during atomization.
Figure 6.

7. the end face (743 µm × 800 µm) of a 2.0 MHz
Figure 7. Droplet ejection from a 60 µm-water Figure
layer on
4-Fourier horn nozzle at 200 µL/min output rate and 0.15 W electrical drive power.

The diameter and size distribution of the droplets (aerosols) produced by the 2.0 MHz nozzle were
measured using a Malvern/Spraytec size analyzer (Model #STP 5311), and the data obtained is shown
in Figure 8a. The measured droplet diameter (mass median diameter MMD) of 3.4 ± 0.2 µm is in very

Figure 8.
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good agreement with the predicted value of 3.2 µm, based on Equation (8), and the corresponding
Figure 7.
GSD is 1.34.
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mass median aerodynamic diameter (MMAD) of 4.7 µ m and a GSD of 1.70. Note that GSD stands for
geometrical standard deviation. Droplets with a GSD of 1.0 are single sized and become more
polydisperse with a larger GSD. Figure 8b clearly shows a much wider size distribution (GSD
1.70 vs. 1.34) and much smaller (<70% vs. ~100%) fine aerosol (particle) fractions (droplets smaller
than 6 µ m in diameter) than Figure 8a. Finally, at the typical throughput of 200 µ L/min with 3.4 µ m
diameter droplets, which equals 1.5 × 108 droplets per second, the required electrical drive power of
0.15 W corresponds to an energy requirement Figure
as low as 1 nano joule per droplet. Finally, a detailed
Figure 8. Diameter and size distribution of (a) water 8.
droplets produced by a 2 MHz 4-Fourier horn
analysis of the measured size distribution of the droplets produced showed no significant amounts
nozzle; and (b) aerosols produced by an advanced commercial ultrasonic nebulizer operating at
of droplets with diameters that correspond to Faraday waves at frequencies higher than the
180 kHz (Omron NE-U22V).
fundamental (f/2) sub-harmonic frequency, such as 2(f/2) and 3(f/2) [13,19,22]. This finding suggested
that the wave amplitude-related nonlinear effect was insignificant at the ultrasonic amplitudes
For easy comparison, Figure 8b was constructed in the same format as Figure 8a for the aerosols
involved in all actual droplet ejection experiments conducted thus far.
produced by an advanced commercial ultrasonic nebulizer at the drive frequency of 180 kHz with
mass median aerodynamic diameter (MMAD) of 4.7 µm and a GSD of 1.70. Note that GSD stands
for geometrical standard deviation. Droplets with a GSD of 1.0 are single sized and become
more polydisperse with a larger GSD. Figure 8b clearly shows a much wider size distribution
(GSD 1.70 vs. 1.34) and much smaller (<70% vs. ~100%) fine aerosol (particle) fractions (droplets
smaller than 6 µm in diameter) than Figure 8a. Finally, at the typical throughput of 200 µL/min
with 3.4 µm diameter droplets, which equals 1.5 × 108 droplets per second, the required electrical
drive power of 0.15 W corresponds to an energy requirement as low as 1 nano joule per droplet.
Finally, a detailed analysis of the measured size distribution of the droplets produced showed no
significant amounts of droplets with diameters that correspond to Faraday waves at frequencies
Figure 8. Diameter and size distribution of (a) water droplets produced by a 2 MHz 4-Fourier horn
higher than the fundamental (f /2) sub-harmonic frequency, such as 2(f /2) and 3(f /2) [13,19,22].
nozzle; and (b) aerosols produced by an advanced commercial ultrasonic nebulizer operating at
This finding suggested that the wave amplitude-related nonlinear effect was insignificant at the
180kHz (Omron NE-U22V).
ultrasonic amplitudes involved in all actual droplet ejection experiments conducted thus far.
During
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five
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five
nozzle
drive
frequencies
[17,22].

5

Figure 9. Comparison between the measured droplet diameters and the theoretical predictions vs.
Figure 9. Comparison between the measured droplet diameters and the theoretical predictions vs.
drive frequency.
drive frequency.

In summary, all the experimental results obtained, including the critical vibration amplitude for
droplet ejection, the controllable micrometer-size droplet diameter, narrow size distribution, and
very low electrical drive power requirement, are in excellent agreement with the predictions of the
linear theory on the temporal instability of MHz Faraday waves detailed in Section 3.
5. Battery-Run Pocket-Size Clogging-Free Integrated Ultrasonic Micro Droplet Generator

Micromachines 2017, 8, 56

10 of 14

In summary, all the experimental results obtained, including the critical vibration amplitude for
droplet ejection, the controllable micrometer-size droplet diameter, narrow size distribution, and very
low electrical drive power requirement, are in excellent agreement with the predictions of the linear
theory on the temporal instability of MHz Faraday waves detailed in Section 3.
5. Battery-Run Pocket-Size Clogging-Free Integrated Ultrasonic Micro Droplet Generator
Micromachines 2017, 8, x FOR PEER REVIEW
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The centimeter-size nozzles with low electrical power requirements have enabled recent
realization of battery-run pocketsize clogging-free integrated ultrasonic micro droplet generators.
Figure 10a shows the 2 MHz unit with the pocketsize of 11.3 × 6.2 × 3.0 cm3 . The integrated
droplet generator module contains a single or a pair of 2 MHz 4-Fourier horn nozzles, an IC
electronic driver, a cell-phone battery, a micro air pump, a liquid reservoir, and a liquid feed tube.
Atomization (nebulization) rapidly reaches steady-state; i.e., the droplet ejection rate equals the liquid
pumping rate (throughput) controlled by the pressure drop (the pressure differential between the
liquid reservoir and the atmosphere) via the air pump. A typical throughput of 250 µL/min requires
only sub-watt electrical drive power. The atomization ON/OFF times were varied electronically.
Figure 10b,c depicts the ON/OFF throughput capability of the module, which is desirable in a variety
of applications. The ON/OFF times of 4/2 s demonstrated in Figure 10d are compatible with adaptive
therapy in inhalation drug delivery. As shown in the figure, it takes about 12 -second for the liquid flow
rate to decrease to zero and, thus, may lead to an error up to 12.5% in droplet ejection rate with the
4/2 s operation.
Figure 9

Figure 10. micro droplet generator with electronically
Figure 10. Battery-run pocket-size integrated ultrasonic
controlled ON/OFF capability: (a) the stand-alone unit; (b) nebulization turned ON; (c) nebulization
turned OFF; and (d) nebulization ON/OFF time scales.

6. Applications
6.1. Imminent Application to Inhalation Drug Delivery
Inhalation is an important route for non-invasive drug delivery [24]. Drugs designed to
treat pulmonary diseases or for systemic absorption through the lung require optimum particle
(aerosol) size (2 to 6 µm), as shown in Figure 11, to target delivery [25]. Therefore, the control of
aerosol size plays a critical role in the efficient and effective delivery of inhaled medications [26].
The minimization of upper airway depositionFigure
under11.
different breathing conditions was correlated
to Respirable Mass (RM), which is equal to Inhaled Mass (IM) multiplied by respirable fraction (RF),
defined as fraction of diameters less than 2.5 µm [27]; the upper airway deposition decreased as the
RM increased. As mentioned in the Introduction, even the advanced commercial inhalers/nebulizers
using vibrating mesh technology still suffer from broad aerosol size (polydisperse) distributions
and lack of size-control capability and are also plagued by the clogging of the orifices (diameter

Figure 9
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2.5–5 µm) of the mesh used. In contrast, the MFHUNs do not require any mesh. Specifically, the liquid
medicine flows from the outlet of the reservoir via a fused silica tube directly onto the vibrating
nozzle end face and is atomized into aerosols. The preliminary version of a battery-run pocketsize
nebulizer realized earlier using a single MFHUN had already been used successfully to aerosolize
a variety of common pulmonary drugs (see Table 1), and its imminent application to inhalation
drug delivery has been highlighted recently [17]. The controllability of particle (aerosol) size range
(2.5 to 6 µm) and the much narrower size distribution demonstrated will improve the targeting of
treatment within the respiratory tract and improve delivery efficiency. A recent in vitro experiment
with Technetium (Tc )-tagged saline solution has demonstrated higher delivery efficiency than the
existing commercial nebulizers. Therefore, the MHz Faraday waves-based ultrasonic nebulizer would
be a desirable device for inhalation delivery ofFigure
expensive
10. medicines such as gamma interferon [28].

Figure 11.
Figure 11. Particle deposition efficiency
in human airways and lungs [25].
Table 1. Summary of drugs nebulized using 2 MHz multiple Fourier horn ultrasonic nozzles
except specified.
Medicine

Medicine
Concentration

Nebulizer
Unit

Droplet
MMD (µm)

Output Rate
(µL/min)

Disease

Albuterol *
Humulin, U100 *
Cobinamide
Magnesium thiosulfate
Interferon-γ
Budesonide suspension

25 mg/mL
100 units/mL
100 mM
1.0 M
100 µg/0.5 mL
0.5 mg/2.0 mL

Bench-scale
Bench-scale
Pocket-size
Pocket-size
Pocket-size
Pocket-size

4.5
4.5
3.7
3.8
2.9
3.1

150
100
150
150
100
350

Asthma
Diabetes
Cyanide poisoning
Sulfide poisoning
Pulmonary fibrosis
Asthma

* Ultrasonic drive frequency at 1 MHz; all medicines listed in the table are aqueous solutions (except budesonide
suspension) with viscosities similar to water (~1 cP) except 1.3 cP for Cobinamide. In an earlier study [23], liquids
with viscosity up to 4.5 cP were successfully nebulized.

Figure 12

In addition, short treatment time is a critical requirement in acute situations such as massive
cyanide poisoning [29,30]. Clearly, the treatment time can be shortened by increased aerosol output
rate produced by an array of MFHUNs. Furthermore, nozzle arrays with individual nozzles operating
at identical or different drive frequencies will provide the unique capability for the formation and
subsequent mixing of aerosols of the same or different medicines at identical or different aerosol sizes.
Note that such strategy is essential in order to avoid instability of mixed drug solutions prior
to aerosolization. Figure 12 shows the battery-run pocket-size nebulizer with twin-nozzles which
was constructed recently for simultaneous nebulization of cobinamide and magnesium thiosulfate
antidotes for the detoxification of cyanide and sulfide poisoning [31]. The twin nozzles were designed
with identical or separate specifications for the aerosol size (or drive frequency) and were driven by
a pair of independent electronic drivers with controllable frequency and power, together with separate
fused silica tubes for the transport of antidote solutions to the nozzle end faces. The twin-nozzle
ultrasonic nebulizer has successfully demonstrated the capability for doubling the aerosol output
of same antidote solution and the simultaneous aerosolization of different antidote solutions [31].
Specifically, for 100 mM cobinamide and 1 M magnesium thiosulfate antidote solutions, simultaneous
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and continuous aerosolization at the respective flow rates of 200 µL/min and 250 µL/min for 7 min.
delivered 430 mg thiosulfate and 152 mg cobinamide, which would be sufficient antidote dosages for
the effective detoxification of cyanide poisoning.
Figure 11.

Figure 12. Battery-run pocket-size ultrasonic twin-nozzle nebulizer and twin-nozzle platform.

Figure 12

6.2. Other Potential Applications
The high-throughput micron-size monodisperse droplets produced by the MHz Faraday wave-based
ultrasonic droplet generator reported here may find a wide range of attractive applications other than
inhalation drug delivery [32]. Examples of such applications include the synthesis of nano particles via
spray pyrolysis, sample injection in chemical analysis (e.g., mass spectroscopy), high-quality thin-film
coating, 3-D photoresist coating of micro- and nano-structures in fabrication of nano-electronic and
-photonic devices, acoustic deposition for matrix-assisted laser desorption/ionization (MALDI) sample
preparation [33], fuel injection in micro combustors [34], delivery of lipid-based micro-encapsulated
biological entities or genes [35,36], integration with microfluidic platforms for pharmaceutical
preparations such as double emulsion [37,38], rapid heat removal in laser surgery, and the rapid
administration of cosmetics.
7. Conclusions
The instability of Faraday waves at 0.5 to 2.5 MHz drive frequencies and silicon-based MHz
multiple Fourier horn ultrasonic nozzles (MFHUNs) together have enabled the generation of narrowly
sized droplets of controllable micron-size diameter (2.5–6.0 µm) at desirable throughput and subwatt
electrical drive power. The resultant pocketsize battery-run clogging-free integrated droplet generator
has established the potential for imminent application to inhalation (pulmonary) drug delivery.
Acknowledgments: Support from the National Institute of Health (NIH), USA (NIBIB Grant #5R21EB006366,
Counter ACT Program U54-NS063718 and AMRMC W81XWH-12-2-0114) is gratefully acknowledged.
Author Contributions: Chen S. Tsai initiated, acquired funding for and supervised the study, and wrote the paper.
Shirley C. Tsai and Chen S. Tsai co-invented the device and developed the theory. Shirley C. Tsai also analyzed the
experimental data and compared them with the theoretical predictions. Rong W. Mao made major contributions to
the fabrication and construction of the device and obtained the experimental data with the assistance of Shih K. Lin,
Kaveh Shahverdi, and Yun Zhu. Gerry Boss, Matt Brenner, and Sari Mahon led the cyanide detoxification project,
Gerald C. Smaldone collaborated in inhalation drug delivery, and Yu-Hsiang Hsu provided technical assistance.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.

Ghazanfari, T.; Elhissi, A.M.A.; Ding, Z.; Taylor, K.M.G. The influence of fluid physicochemical properties on
vibrating-mesh nebulization. Int. J. Pharm. 2007, 339, 103–111. [CrossRef] [PubMed]
Rottier, B.L.; van Erp, C.J.P.; Sluter, T.S.; Heijerman, H.G.M.; Frijlink, H.W.; de Boer, A.H. Changes in
performance of the Pari eFlow Rapid and Pari LC Plus during 6 months use by CF patients. J. Aerosol Med.
Pulm. Drug Deliv. 2009, 22, 263–269. [CrossRef] [PubMed]

Micromachines 2017, 8, 56

3.
4.
5.
6.
7.

8.
9.
10.
11.
12.
13.
14.
15.
16.

17.
18.

19.

20.
21.
22.
23.
24.
25.
26.
27.

13 of 14

Elrod, S.A.; Hadimioglu, B.; Khuri-Yakub, B.T.; Rawson, E.G.; Richley, E.; Quate, C.F. Nozzless droplet
formation with focused acoustic beams. J. Appl. Phys. 1989, 65, 3441–3447. [CrossRef]
Meacham, J.M.; Ejimofor, C.; Kumar, S.; Degertekin, A.G.; Fedorov, F.L. Micromachined ultrasonic droplet
generator based on a liquid horn structure. Rev. Sci. Instrum. 2004, 75, 1347–1352. [CrossRef]
Lee, C.H.; Lal, A. Single microdroplet ejection using an ultrasonic longitudinal mode with a PZT/Tapered
glass capillary. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2004, 51, 1514–1522. [PubMed]
Perçin, G.; Khuri-Yakub, B.T. Piezoelectrically actuated flextensional micromachined ultrasound transducers.
I: Theory. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2002, 49, 573–584. [CrossRef] [PubMed]
Perçin, G.; Khuri-Yakub, B.T. Piezoelectrically actuated flextensional micromachined ultrasound transducers.
II: Fabrication and experiments. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2002, 49, 585–595. [CrossRef]
[PubMed]
Kwon, J.W.; Yu, H.; Zou, Q.; Kim, E.S. Directional droplet ejection by nozzleless acoustic ejectors built on
ZnO and PZT. J. Micromech. Microeng. 2006, 16, 2697–2704. [CrossRef]
Ai, Y.; Marrone, B.L. Droplet translocation by focused acoustic waves. Microfluid. Nanofluid. 2012, 13, 715–722.
[CrossRef]
Qi, A.; Friend, J.M.; Yeo, L.Y.; Morton, A.V.; McIntosh, M.P.; Spiccin, L. Miniature inhalation therapy using
surface acoustic wave microfluidic atomization. Lab Chip 2009, 9, 2184–2193. [CrossRef] [PubMed]
Faraday, M. On a peculiar class of acoustical figures and on certain forms assumed by groups of particles
upon vibrating elastic surfaces. Philos. Trans. R. Soc. Lond. 1831, 121, 299–340. [CrossRef]
Rayleigh, B. On the crispation of fluid resting upon a vibrating support. Philos. Mag. 1883, 16, 50–58.
[CrossRef]
Benjamin, T.B.; Ursell, F. The Stability of the Plane Free Surface of a Liquid in Vertical Periodic Motion.
Proc. R. Soc. Lond. A 1954, 225, 505–515. [CrossRef]
Cerda, E.A.; Tirapegui, E.L. Faraday’s instability for viscous liquids. Phys. Rev. Lett. 1997, 78, 859–862.
[CrossRef]
Yule, A.J.; Al-Suleimani, Y. On droplet formation from capillary waves on a vibrating surface. Proc. R. Soc.
Lond. A 2000, 456, 1069–1085. [CrossRef]
Tsai, S.C.; Tsai, C.S. Linear theory of temporal instability of megahertz Faraday waves for monodisperse
microdroplet ejection. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2013, 60, 1746–1754. [CrossRef]
[PubMed]
Tsai, C.S.; Mao, R.W.; Lin, S.K.; Zhu, Y.; Tsai, S.C. Faraday instability-based micro droplet ejection for
inhalation drug delivery. Technology 2014, 2, 75–81. [CrossRef] [PubMed]
Tsai, S.C.; Song, Y.L.; Tseng, T.K.; Chou, Y.F.; Chen, W.J.; Tsai, C.S. High-frequency silicon-based ultrasonic
nozzles using multiple Fourier horns. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2004, 51, 277–285.
[CrossRef] [PubMed]
Tsai, S.C.; Cheng, C.H.; Wang, N.; Song, Y.L.; Lee, C.T.; Tsai, C.S. Silicon-based Megahertz ultrasonic nozzles
for production of monodisperse micrometer-sized droplets. IEEE Trans. Ultrason. Ferroelectr. Freq. Control
2009, 56, 1968–1979. [CrossRef] [PubMed]
McAuley, S.A.; Ashraf, H.; Atabo, L.; Chambers, A.; Hall, S.; Hopkins, J.; Nicholls, G. Silicon micromachining
using a high-density plasma source. J. Phys. D 2001, 34, 2769–2774. [CrossRef]
Tsai, S.C.; Song, Y.L.; Tsai, C.S.; Chou, Y.F.; Cheng, C.H. Ultrasonic atomization using MHz silicon-based
multiple-Fourier horn nozzles. Appl. Phys. Lett. 2006, 88, 014102. [CrossRef]
Tsai, S.C.; Lin, S.K.; Mao, R.W.; Tsai, C.S. Ejection of uniform micrometer-sized droplets from Faraday waves
on a millimeter-sized water drop. Phys. Rev. Lett. 2012, 108, 154501. [CrossRef] [PubMed]
Tsai, C.S.; Mao, R.W.; Lin, S.K.; Wang, N.; Tsai, S.C. Miniaturized multiple Fourier-horn ultrasonic droplet
generators for biomedical applications. Lab Chip 2010, 10, 2733–2740. [CrossRef] [PubMed]
Langer, R. Perspectives: Drug delivery—Drugs on target. Science 2001, 293, 58–59. [CrossRef] [PubMed]
Patton, J.S.; Byron, P.R. Inhaling medicines: Delivering drugs to the body through the lungs. Nat. Rev.
Drug Discov. 2007, 6, 67–74. [CrossRef] [PubMed]
Sangwan, S.; Condos, R.; Smaldone, G.C. Lung deposition and respirable mass during wet nebulization.
J. Aerosol Med. 2003, 16, 379–386. [CrossRef] [PubMed]
Sagalla, R.B.; Smaldone, G.C. Capturing the efficiency of vibrating mesh nebulizers: Minimizing upper
airway deposition. J. Aerosol Med. Pulm. Drug Deliv. 2014, 27, 341–348. [CrossRef] [PubMed]

Micromachines 2017, 8, 56

28.

29.

30.

31.

32.

33.
34.
35.
36.
37.

38.

14 of 14

Diaz, K.T.; Skaria, S.; Harris, S.K.; Solomita, M.; Lau, S.; Bauer, K.; Smaldone, G.C.; Condos, R. Delivery and
safety of inhaled interferon-γ in idiopathic pulmonary fibrosis. J. Aerosol Med. Pulm. Drug Deliv. 2012, 25,
79–87. [CrossRef] [PubMed]
Tsai, S.C.; Mao, R.W.; Zhu, Y.; Chien, E.; Maduzia, J.; Tsai, C.S.; Brenner, M.; Mahon, S.; Mukai, D.;
Boss, G.; et al. Hand-Held High-Throughput Ultrasonic Monodisperse Aerosol Inhalers for Detoxification of
Massive Cyanide Poisoning. In Proceedings of the 2012 IEEE International Ultrasonics Symposium (IUS-2012),
Dresden, Germany, 7–10 October 2012; pp. 1632–1634.
Tsai, C.S.; Lin, S.K.; Mao, R.W.; Tsai, S.C.; Brenner, M.; Mahon, S.; Mukai, D.; Boss, G. Pocket-Sized
Ultrasonic Nebulizer for Inhalation Drug Delivery. In Proceedings of the 2013 IEEE International Ultrasonics
Symposium (IUS-2013), Prague, Czech Republic, 21–25 July 2013; pp. 1190–1192.
Mao, R.W.; Lin, S.K.; Tsai, S.C.; Brenner, M.; Mahon, S.; Boss, G.; Smaldone, G.C.; Tsai, C.S. MEMS-Based
Silicon Ultrasonic Twin-Nozzle Nebulizer for Inhalation Drug Delivery. In Proceedings of the 2014 IEEE
International Ultrasonics Symposium (IUS-2014), Chicago, IL, USA, 3–6 September 2014; pp. 742–744.
Tsai, C.S.; Mao, R.W.; Lin, S.K.; Tsai, S.C.; Boss, G.; Brenner, M.; Smaldone, G.C.; Mahon, S.; Shahverdi, K.;
Zhu, Y. Ultrasound-driven megahertz Faraday waves for generation of monodisperse micro droplets
and applications. In Proceedings of the 2015 International Congress on Ultrasonics, Metz, France,
10–14 May 2015.
Aerni, H.R.; Cornett, D.S.; Caprioli, R.M. Automated acoustic matrix deposition for MALDI sample preparation.
Anal. Chem. 2006, 78, 827–834. [CrossRef] [PubMed]
Lal, A.; White, R.M. Micromachined silicon ultrasonic atomizer. In Proceedings of the IEEE International
Ultrasonics Symposium, San Antonio, TX, USA, 3–6 November 1996; Volume 1, pp. 339–342.
Dang, J.M.; Leong, K.W. Natural polymers for gene delivery and tissue engineering. Adv. Drug Deliv. Rev.
2006, 58, 487–499. [CrossRef] [PubMed]
Zarnitsyn, V.G.; Meacham, J.M.; Varady, M.J.; Hao, C.H.; Degertekin, F.L.; Fedorov, A.G. Electrosonic ejector
microarray for drug and gene delivery. Biomed. Microdevices 2008, 10, 299–308. [CrossRef] [PubMed]
Garstecki, P.M.; Fuerstman, J.; Stone, H.A.; Whitesides, G.M. Formation of droplets and bubbles in
a microfluidic T-junction—Scaling and mechanism of break-up. Lab Chip 2006, 6, 437–446. [CrossRef]
[PubMed]
Tan, Y.-C.; Hettiarachchi, K.; Siu, M.; Pan, Y.-R.; Lee, A.P. Controlled Microfluidic Encapsulation of Cells,
Proteins, and Microbeads in Lipid Vesicles. J. Am. Chem. Soc. 2006, 128, 5656–5658. [CrossRef] [PubMed]
© 2017 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

