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Abstract—This paper presents the design, simulation,
and characterization of microfabricated 0.5 MHz, silicon-
based, ultrasonic nozzles. Each nozzle is made of a piezo-
electric drive section and a silicon resonator consisting of
multiple Fourier horns, each with half wavelength design
and twice amplitude magnification. Results of finite element
three-dimensional (3-D) simulation using a commercial pro-
gram predicted existence of one resonant frequency of pure
longitudinal vibration. Both impedance analysis and mea-
surement of longitudinal vibration confirmed the simulation
results with one pure longitudinal vibration mode at the
resonant frequency in excellent agreement with the design
value. Furthermore, at the resonant frequency, the mea-
sured longitudinal vibration amplitude at the nozzle tip in-
creases as the number of Fourier horns (n) increases in good
agreement with the theoretical values of 2". Using this de-
sign, very high vibration amplitude gain at the nozzle tip
can be achieved with no reduction in the tip cross-sectional
area for contact of liquid to be atomized. Therefore, the re-
quired electric drive power should be drastically reduced,
decreasing the likelihood of transducer failure in ultrasonic
atomization.

I. INTRODUCTION

ILICON-BASED ultrasonic nozzles have a number of ad-
Svantages over conventional, metal-based, bulk-type ul-
trasonic nozzles [1]. Such a silicon-based ultrasonic noz-
zle at 72 kHz was constructed previously [1]. Silicon pos-
sesses a relatively large electromechanical coupling coef-
ficient, a high-acoustic velocity, and a high potential for
mass production of any resonator profile by micro electro
mechanical system (MEMS)-based fabrication technology.
These advantages enable silicon-based ultrasonic nozzles
to overcome the 120-kHz frequency limitation of conven-
tional, metal-based, bulk-type ultrasonic nozzles [2]. To-
gether with ultrasound-modulated, twin-fluid (UMTF) at-
omization (spray) technique [3], [4] that uses air to assist
ultrasonic atomization, further advantages can be realized.
Specifically, UMTF atomization has been demonstrated to
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produce much smaller and more uniform drops than the
conventional ultrasonic atomization at the same funda-
mental frequency [3]-[5]. In fact, the peak drop diameter
(the diameter in which the peak of a drop-size distribu-
tion occurs) obtained by UMTF atomization was found
equal to the wavelength of the capillary waves generated
by the third harmonic frequency [3]-[5]. In other words, an
UMTF atomizer operating at 0.8 MHz fundamental should
produce uniform drops the same size as those produced by
a conventional, ultrasonic nozzle operating at 2.5 MHz.

Ultrasonic nebulizers are commercially available at fre-
quencies as high as 2.5 MHz; however, they require very
high electric drive power, which severely limits atomiza-
tion rates in order to avoid transducer failure. Moreover,
because the transducer must be in direct contact with
the precursor solution, performance degrades quickly over
time. In contrast, an UMTF atomizer is made of an an-
nulus for airflow and an ultrasonic nozzle with a central
channel for liquid flow. Its piezoelectric transducers are
not in direct contact with the precursor liquids and, thus,
avoid interference with transducer operation as in the case
of conventional ultrasonic atomization using a nebulizer. In
addition, an UMTF atomizer consisting of a 0.8 MHz ultra-
sonic nozzle will generate the same drop sizes (5-8 pum in
diameter) as a 2.5 MHz ultrasonic nebulizer as mentioned
previously. Arrays of such high-frequency silicon ultrasonic
nozzles can be fabricated using the MEMS-based technol-
ogy and used for mass production of nanoparticles of ad-
vanced functional materials by spray pyrolysis. In fact, uni-
form spherical particles of yttria stabilized zirconia 68 nm
in diameter have been produced by spray pyrolysis of 5—
8 pum precursor drops, generated by an ultrasonic nebulizer
at 2.5 MHz [6].

This paper reports on the design, simulation, measure-
ment, and characterization of 0.5 MHz ultrasonic nozzles
fabricated using MEMS technology in (001) silicon wafers.
To the best of our knowledge, no ultrasonic nozzle at such a
high frequency has ever been reported. As shown in Fig. 1,
the nozzle is composed of a transducer drive section and a
silicon resonator with a central channel for liquid flow. The
drive section consists of a pair of piezoelectric transducer
(PZT) plates with a rectangular section of silicon bonded
in between. The silicon resonator is made of one or mul-
tiple Fourier horns in cascade, each with half-wavelength
design and vibration amplitude magnification of two. The
nozzle is geometrically configured such that excitation of
the PZT plates creates a standing wave through the noz-
zle with maximum longitudinal vibration at the nozzle tip.
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Fig. 1. A silicon-based, Fourier-horn, ultrasonic nozzle with 0.5 MHz
ultrasonic frequency and magnification of five.

As the liquid issues from the nozzle tip, a capillary wave is
generated on the liquid surface [7] with initial amplitude
proportional to the amplitude of the longitudinal vibra-
tion of the nozzle tip. Traveling in the direction of lig-
uid flow (X-axis), this temporally unstable liquid capillary
wave eventually collapses into drops with a diameter in-
versely proportional to the ultrasonic frequency [5], [8]. A
unique advantage of the multiple-horn nozzle is that the
longitudinal vibration amplitude gain at the nozzle tip can
be increased considerably without a reduction in tip cross-
sectional area. This cannot be achieved with a single-horn
nozzle.

II. THEORETICAL BASIS FOR DESIGN OF FOURIER
HorN

The novel feature of the high-frequency (megahertz) ul-
trasonic nozzle presented here is the cascade design of mul-
tiple Fourier horns that vibrate longitudinally at the same
resonant frequency as a single Fourier horn, and the vibra-
tion amplitude at the nozzle tip is greatly amplified. Fig. 1
shows the rectangular global coordinate system for design
and simulation of the Fourier horn profile. The X-axis,
parallel to the central channel for liquid flow, is in the di-
rection of (110), the primary flat on the silicon wafer. The
Z-axis, perpendicular to the wafer plane, is the direction
of polarization of the PZT (or the direction of the elec-
tric field). The governing 1-D equations for simulation of
each Fourier horn are written with abbreviated notation
in which 1, 2, 3, 4, 5, and 6 refer to xx, yy, zz, yz, xz, and
xy, respectively.

The 1-D model for longitudinal particle displacement
(or vibration amplitude) u, of the horn with varying cross-
sectional area A(z) at coordinate x is:

2
g = Vg (A0 )

where the acoustic velocity V, is equal to 1/Y/p, in which
Y and p are the Young’s modulus and the density of sili-
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con, respectively. Eq. (1) can be rewritten in the following
nondimensional form:

d
U"(X)+ U’(X)ﬁ(ln AX)+QPUX)=0, (2)
where U = u, /1, X = x/l, Q = 2nl/A. l and X are the horn
length and the acoustic wavelength, respectively. From (2),
the following basic equation for design is obtained:
d _U”(X)—FQQU(X)

(I A(X)) = s o NG

The boundary conditions for the Fourier horn [9] are:

e The two ends of the horn are stress free, namely,
U'(0)=0and U'(1) =0.

o The ratio of the amplitude of vibration at the two ends
is =M, namely, U(0) = Uy and U(1) = —MUj.

« The slope of the lateral surface is finite and continuous
everywhere, and U’(X) has no zeros in the range 0 <
X < 1, except the essential first-order zeros at X =0
and X = 1. This condition combined with (2) gives
rise to two necessary conditions: U”(0) = —Q2Up, and
U"(1) = —MQ2Up.

o The surface slope at the low amplitude end is set to be
zero, namely, % (In 4) — 0 as X — 0. Thus, U"(0) =
0; and U"’(1) is also set to zero for symmetry.

The above boundary conditions are used to determine the
coefficients «y’s of the normalized particle displacement
U(X) that is expressed as a series:

UX) = Z ay cos(krX). (4)
k=0

Once U(X) and its derivatives are determined, the
cross-sectional area A(X) can be obtained by integration
of (3). Because the thickness of the silicon wafer is fixed,
the profile of the horn is thus obtained. Note that the
coefficient a4 of cos(4nX) is the only free parameter in
the fourth order Fourier horn once M and Q (or length
I of the vibrator) are specified. With the definitions of
a = [32/(M — 1)](asa/Up) and v = Q/7 (the horn length
normalized to half wavelength), the range of the normal-
ized horn length ~ for a given a in which the maximum
and minimum cross-sectional areas occur at the ends of the
Fourier horn is shown in Fig. 2 for the case with M = 2.
Note that only in the region encircled by ABCD of the
figure, the aforementioned condition that U’(X) has no
zeros in the range 0 < X < 1 required of a Fourier horn is
satisfied. The flexural compliance increases with increasing
ratio (Ra) of the maximum-to-minimum cross-sectional ar-
eas of the horn, and the maximum cross-sectional dimen-
sion must be small compared to the wavelength, say, less
than A/4 [9]. Therefore, the length of the Fourier horn
should be on the order of A\/2 based on Fig. 2. A nor-
malized horn length + of 1.10 and the corresponding « of
—0.19 that gave rise to the smallest Ra (see Fig. 2) were
found to give the best mode shape by simulation for the
0.5 MHz Fourier horn reported in this article.
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Fig. 2. The ratio of maximum to minimum cross-sectional areas as
functions of normalized horn length for magnification of 2.

III. CONSTITUTIVE EQUATIONS

For simplicity, the constitutive equations of the 1-D
model used in the simulation are given here for the case of
longitudinal vibration along the X-axis. For nonpiezoelec-
tric materials, such as silicon, the constitutive equations
consist of the strain S; — stress T3 terms only. For piezo-
electric materials such as PZT-5H used in the transducer
drive section, the constitutive equations consist of the elec-
trical displacement D3 — electric field E'3 terms in addition
to the S; — T1 terms. They are given as follows:

S = SﬁTl =+ d13E3, (5)
D3 = eXaFs + dy3Th. (6)

Rearrangements of these equations yield:

1 dy3
T\ =— — —+Fs, (7)
st st
d? d
Dy = (ggg - %> B+ D3, ®)
511€33 S11

where the strain S; = %, s11 and dy3 are components
of elastic compliance matrix [s] and piezoelectric strain
matrix [d], respectively. The elastic compliance matrix is
the inverse of the elastic stiffness matrix [¢] [10], [11],
namely, [s] = [¢]7!. The Young’s modulus Y, shear
modulus G, and Poisson ratio vy, are equal to sr;}n,
soh, and —spm/Smm, respectively [10]. Length-clamped
(ie., S1 = 0) permittivity €55, and constant-stress per-

mittivity el; are related by ey’ = %, — %. The electrical
11

condition is % = 0 for electroded thin plates, and the
mechanical boundary condition for the transducer plate is
also stress-free at both ends, namely, 77 = 0 at x = tw/2,
where w is the length of the transducer plate. In other
words, the strain at the two ends is equal to d135V /b, where
V is the applied voltage and b is the thickness of the trans-
ducer plate.
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TABLE I
MATERIAL PROPERTIES OF SILICON (SI).

X Y Z
(110) (110) (001)
Density (kg/m3) 2329
Young’s modulus Y Yi1 Yoo Y33

(10%° N/m?) 16.91 16.91  13.013
Poisson’s ratio V12 23 V31
v 0.0622 0.3617 0.2783
Shear modulus G G2 Gas G31
(101 N/m?) 5.09 7.96 7.96
TABLE II

MATERIAL PROPERTIES OF PIEZOELECTRIC TRANSDUCER PZT-5H.

X- Y- Z-
Density (kg/m?) 7500
Permittivity e
(1078 C2J-'m™1) 1.505  1.505  1.302
c11 c12 €13
[emn] Elastic stiffness 12.6 7.95 8.41
constant €22 23 €33
(1010 N /m?) 126 841  11.7
C44 C55 C66
2.3 2.3 2.35
. . . d13 da3 ds3s
[dnin] Plz‘z)(l)lic—;c;:c strain o974 _o74 503
_ d42 ds1
10
(1o C/N) 7.41 7.41
Young’s modulus Y Yi1 Yoo Y33
(1019 N/m?) 5.988 5988  4.808
Poisson’s ratio V12 V23 V31
v 0.287  0.509  0.409
Shear modulus G G2 Gas G31
(10%° N/m?) 2.347 2299  2.299

The material properties of silicon and PZT-5H used in
simulation are given in Tables I and II [10], [11], respec-
tively. Note that in Table II subscripts M and N in the
elastic stiffness matrix [cmn] and the piezoelectric strain
constants [duy] refer to 1 to 6 in the abbreviation notation.
The Young’s modulus, shear modulus, and Poisson’s ratio
calculated from the elastic stiffness constants for PZT-5H
also are listed in Table II for comparison.

IV. SIMULATION PROCEDURES AND
CHARACTERIZATION METHODS

The 3-D simulation was first carried out using the finite-
element method (FEM) with the commercial ANSYS (AN-
SYS Inc., Canonsburg, PA) program for the resonator horn
block to determine the resonant frequency with maximum
longitudinal vibration at the horn tip. Subsequently, the
lengths of the silicon and the PZT plates in the transducer
drive section were adjusted to obtain a resonant frequency
that matched the value of the horn block. The transducer
drive block and the resonator block, each with a central
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channel, then were glued together to form the nozzle. Sim-
ulation subsequently was carried out for the nozzle to de-
termine its resonant frequencies. Note that the very thin
bonding layers that glued the PZT plates to the silicon
blocks were found to have no significant effects on the
simulation results reported here. A brief description of the
major simulation steps now follows.

A 1-D profile of the Fourier horn resonator was first
obtained by integration of (3) using a FORTRAN pro-
gram based on Gauss-Kronrod rules [12], [13]. From the
1-D Fourier horn profile, a 3-D resonator block was con-
structed using the ANSY'S program. In the simulation, ele-
ment solid 64 and coupled field /scalar brick 5 were selected
for the silicon and PZT plates, respectively. Provided with
an adequate number of modes and the materials properties
given in Tables I and II, the “modal” type of analysis in
the ANSYS program with “block lanczos” mode extraction
method was able to identify a series of resonant frequen-
cies and the corresponding vibration mode shapes for the
nozzle [13].

The aforementioned Fourier horn profile also was used
in the layout of the mask for fabrication of 1-, 3-, and
5-Fourier horn nozzles. Major fabrication steps for the sil-
icon resonator halves (including the base sections where
PZT plates are to be bonded) using MEMS techniques are
illustrated in Fig. 3. For simplicity, the horn profile is not
shown in Fig. 3. Inductive coupled plasma (ICP) etching,
instead of wet etching, was used because of its capabil-
ity to produce a smooth and precision finish in cutting
through the 530-um thick wafer to make resonator halves
with a rectangular trough 70 ym deep and 200 pum wide.
Subsequently, two resonator halves were glued together to
form a central rectangular channel (140 pm x 200 pm)
for liquid flow. Two PZT plates, one on each side, then
were bonded to the resonator at the base section using sil-
ver paste; the central line of the PZT plates was aligned
with the nodes of the resonator base section. The PZT
plates were connected electrically to a radio frequency sig-
nal generator using coated copper wires 50 pm in diame-
ter. An illustration of such micro fabricated, 5-horn nozzle
with 0.5 MHz design frequency is shown in Fig. 4. The
impedance of the microfabricated nozzles was measured
using an Agilent Impedance Analyzer Model 4294A (Agi-
lent, Palo Alto, CA).

A schematic diagram of the setup for measuring the
longitudinal vibration at the nozzle tip is shown in Fig. 5.
The pair of PZTs of the silicon-based, ultrasonic nozzle
is driven by the alternating current (AC) electrical signal
from an Agilent Function Generator Model 33120A after
amplification by Amplifier Research Model 75A250 (Am-
plifier Research, Souderton, PA). An Agilent 2-channel
Oscilloscope 54621A monitors the AC drive signal and
provides an external triggering of the Polytec Ultrasonics
Vibrometer Controller Model OFV2700 (Polytech GmbH,
Waldbronn, Germany). The controller is part of the Poly-
tec laser Doppler vibrometer (LDV) that also contains a
Polytec Fiber Interferometer Model OFV 511. A He-Ne
laser at 632.8 nm wavelength in the interferometer is di-
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Fig. 3. Microfabrication steps for manufacture of the silicon-based,
ultrasonic nozzles.
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Fig. 4. Simulation results of a 5-Fourier horn, ultrasonic nozzle with
0.5 MHz design frequency.
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Fig. 5. Schematic diagram for measurement of longitudinal vibration
at the nozzle tip.

vided into a reference beam and a probe beam. The probe
beam traveling in a single fiber optic cable is focused and
directed to the vibrating nozzle tip surface at normal in-
cidence. The photo detector measures the time dependent
intensity of the mixed light of the probe and the reference
beams. The resulting (beat) frequency of the mixed light
is just the Doppler frequency shift that is proportional to
the tip vibration velocity along the axis of the probe beam.
The Polytec Ultrasonics Vibrometer Controller converts
the resulting frequency response into time-dependent volt-
age output with a conversion factor of 125 mm/s/V. The
maximum output voltage of the instrument is 30 V peak-
to-peak corresponding to a peak-to-peak displacement of
7.5 uym at 0.5 MHz.

Longitudinal vibration at the nozzle base also was mea-
sured to provide a reference for experimental determina-
tion of the vibration amplitude magnification (or gain) at
the nozzle tip.

281

TABLE III
COMPARISON OF RESONANT FREQUENCIES OF THE
MICROFABRICATED, 5-HORN NOZZLE MEASURED BY IMPEDANCE
ANALYSIS WITH SIMULATION RESULTS.

Resonant frequency

Measured groups from simulation (kHz)

5-horn 1-horn
328 kHz 334 kHz 310 330
496 kHz 496 kHz 479 491 497
534 kHz 530 kHz 514 539
582 kHz 604 kHz 588

V. RESULTS AND DISCUSSION
A. Simulation Results

As shown in Fig. 4, simulation for a 5-Fourier horn noz-
zle with a design frequency of 0.5 MHz and vibration am-
plitude magnification of two for each horn produced a pure
longitudinal vibration at a resonant frequency of 491 kHz.
Animation using the ANSYS program showed that, at this
frequency, the horns in the cascade vibrate as individual
units with no flexural or lateral motion. Furthermore, the
maximum magnitude of the longitudinal vibration at the
horn tip increased progressively in the forward direction.
An amplitude gain of 27 (theoretical design 2° = 32) was
obtained as shown in Fig. 4 at the tip of the 5-horn nozzle.

It should be stressed that the 5-horn nozzle achieved
such a high amplitude gain without reduction in the tip
width. A comparison of Fig. 4 to Fig. 1 shows that the
tip of the 5-horn nozzle is actually much wider (1.25 ver-
sus 0.44 mm) than that of the single horn nozzle with a
much smaller gain (4.7 in Fig. 1 versus 27 in Fig. 4). The
larger tip size facilitates fabrication of the nozzle with a
140 pm x 200 pm central channel for liquid flow. It also
provides a larger contact area in which the issuing lig-
uid experiences the maximum longitudinal vibration and,
thus, sets up capillary waves on the liquid surface, which
eventually collapse into drops or sprays [5], [8].

The resonant frequency of 491 kHz with the desired
longitudinal vibration mode varied only by +1 kHz as the
number of Fourier horns in the cascade (n) decreased from
five to one. At this resonant frequency, the vibration am-
plitude magnification (or gain, equal to the longitudinal
vibration at the tip divided by that at the base) of the
n-horn nozzle increased proportionally to 2".

Two more pure longitudinal modes at the resonant fre-
quencies of 310 and 330 kHz also were obtained in the
ANSYS simulation; but the longitudinal vibration resulted
from four horns as a vibrating unit. The simulation also
yielded many theoretically possible flexural modes, but not
all were experimentally detected by impedance analysis.
Therefore, only the resonant frequencies identified by the
impedance analysis are listed in Table III with the longi-
tudinal modes underlined.
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Fig. 6. Measured plots of electrical impedance and phase angle versus
frequency for silicon-based, ultrasonic nozzles with design frequency
of 0.5 MHz for (a) 5-horn and (b) 1-horn.

B. Experimental Verifications

The theoretically predicted pure longitudinal vibration
at 491 £ 1 kHz is clearly present, namely, group in the
frequency spectra measured by impedance analysis sum-
marized in Table III. Its frequency is slightly shifted to
496 kHz for both the 5-horn and the 1-horn nozzles based
on the frequency spectra as shown in Figs. 6(a) and (b),
respectively. Note that all resonant frequencies of the fre-
quency spectra in these figures are divided into four groups
in Table ITI. The other pure longitudinal modes are in-
cluded in groups |1 |at 328 kHz and 334 kHz for the 5-horn

IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 51, NO. 3, MARCH 2004

16 J T T T v T 4
(a) E V,,p=5-3
8 4
S 4
= 0 .
S
n ~ -8 -
©
c
=l
7p)
L 4
>
Q.
whd
=)
@)
>
(]
-l
(c
4
g ]
~— 0+
=
> -4
-8 - ' T ¥ T ' T v
0 2 4 6 8
Time (o)

Fig. 7. Output signals of longitudinal vibration at the ultrasonic noz-
zle tip measured by LDV: (a) 5-Fourier horn, (b) 3-Fourier horn, and
(¢) 1-Fourier horn nozzles at respective peak-to-peak drive voltages
of 5.3, 11.4, and 13.7 V and respective resonant frequencies of 505,
498, and 496 kHz. (Note: LDV output signal 1 V = 0.25 um longi-
tudinal displacement.)

and 1-horn nozzles, respectively. Groups and were
identified as flexural modes.

To further verify the longitudinal mode of vibration, the
vibration velocity at the nozzle tip along the nozzle axis
(longitudinal vibration) was measured using the Polytec
LDV at carefully tuned drive frequencies based on Ta-
ble ITI. A strong, time-dependent voltage output as shown
in Fig. 7(a) was detected only at the drive frequency of
505 kHz for the 5-horn nozzle. The voltage output was re-
duced to half when the drive frequency varied by +1 kHz.
No signal was detected at other frequencies, including the
resonant frequencies of 310 and 330 kHz in which longi-
tudinal vibration was predicted by the simulation. Thus,
the longitudinal vibration measurement has unequivocally
verified the simulation result of longitudinal vibration at
the design frequency.

The output signal decreases as the electrode drive volt-
age decreases as shown in Fig. 8(a). Also shown in Fig. 8(a)
are the measured output signals from the base of the 5-
horn nozzle. Dividing the output signal from the tip by
that from the base yields an overall amplitude gain of 24
as shown in Fig. 8(a). The measured amplitude gain is in
very good agreement with the respective predictions of 27
and 2° by the simulation and the design.
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A comparison of Figs. 6(a) and (b) reveals that the
frequency spectrum for the 5-horn nozzle is only slightly
more complex than that of the 1-horn nozzle. The flex-
ural modes of vibration at frequencies higher than the
longitudinal mode in the 5-horn nozzle appear to shift to
lower frequency than that in the 1-horn nozzle (582 ver-
sus 604 kHz). Nevertheless, because the frequencies of the
neighboring flexural vibrations are far from those of the
desired longitudinal vibration, no interference is expected.
This expectation was indeed confirmed by the experimen-
tal results. Specifically, only a single frequency at 505 kHz
was obtained by the LDV measurement of longitudinal vi-
bration from the tip of the 5-horn nozzle. Likewise, only
one resonant frequency each was observed: 498 kHz and
496 kHz for the 3-horn and 1-horn nozzles, respectively.
The corresponding time-dependent, LDV output signals
are shown in Figs. 7(b) and (c). As in the 5-horn noz-
zle, the output voltage signal was reduced to half when
the drive frequency varied by +1 kHz. No signal was de-
tected at other frequencies, including group | 1 | frequencies
in which longitudinal vibration was predicted by the sim-
ulation.

As shown in Figs. 7(a) and (b), the LDV output signal
of the 5-horn nozzle saturates (30 V peak-to-peak equiva-
lent to 7.5 pm peak-to-peak displacement at 500 kHz) at
a drive voltage of only 5.3 V peak-to-peak; and that of
the 3-horn nozzle is only 18 V peak-to-peak (equivalent
to 4.5 pm peak-to-peak displacement) at a higher drive
voltage (11.4 V peak-to-peak). The output signal of 18 V
peak-to-peak from the 3-horn nozzle is also significantly
higher than the 11 V peak-to-peak output signal (equiva-
lent to 2.8 um peak-to-peak displacement) from the single
horn nozzle at 13.7 V peak-to-peak drive voltage as shown
in Fig. 7(c).

The output signals from the LDV measurements of the
longitudinal vibrations of the 5-horn, 3-horn, and 1-horn
nozzles at various drive voltages are shown in Figs. 8(a)—
(c¢), respectively. Solid and open data points are for mea-
surements at the tip and the base of the nozzles, respec-
tively. These figures show that all measurements are within
the linear range of the instrument and, thus, the slope of
each line also is shown in the figures next to the line. Fig. 8
shows that the measured amplitude magnifications of 24
and 8 for the 5-horn and 3-horn are in good agreement with
the respective simulation results (27 and 8.5) and the de-
sign values (2° and 23). The measured amplitude gain for
the 1-horn nozzle is unexpectedly high (4 versus 2), pos-
sibly due to experimental errors. Coupled with the small
slope as shown in Fig. 8(c), the 1-horn nozzle is more likely
to have transducer failure when large longitudinal vibra-
tion amplitude is required as in ultrasonic atomization. In
contrast, the much larger slope as shown in Fig. 8(a) and
the much larger amplitude magnification associated with
the 5-horn nozzle provide its unique advantages for use in
ultrasonic atomization.

In short, the detailed measurements of longitudinal vi-
bration at the resonant frequency close to the design value
have verified the simulation results that the amplitude gain
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at the nozzle tip increases as the number of Fourier horns
(n) in cascade increases. The findings are direct evidence
of the resonance principle based on which the amplitude
gain at the nozzle tip increases proportionally to 2".

VI. CONCLUSIONS

The 3-D simulation has shown that silicon-based, mega-
hertz, ultrasonic nozzles using multiple Fourier horns are
capable of achieving much larger amplitude gain at the
nozzle tip with no reduction in the tip cross-sectional area
compared with single horn nozzles at the same resonant
frequency. The vibration mode is longitudinal with in-
significant lateral motion or bending. These theoretical
predictions have been confirmed by both impedance anal-
ysis and longitudinal vibration measurement. Therefore,
the required electric drive power and the risk of transducer
failure of a 5-horn ultrasonic nozzle should be drastically
reduced compared with a conventional megahertz ultra-
sonic nebulizer.
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