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ABSTRACT 

High amplitude ultrasound, generated by a micromachined sili­
con resonant transducer, was used to atomize and pump liquids. 
The needle-shaped device made by bonding two silicon horns, is 
driven by lead zirconate titanate (PZ.T) piezoelectric plates. Water 
was atomized continuously at feed rates of 2.4 ml/min into a mist 
with mean drop siz.e of 25 µm at a 72 kHz resonance frequency. An 
isopropanol mist was ignited to produce a spray combustion flame. 
When the vibrating tip is immersed in fluids, streaming forces 
cause the fluid to be pumped at rates of 10 ml/min and generate 
pressure as high as 0.75 psi (5200 Pa.) 

INTRODUCTION 

In this paper, we present further results on using a microma­
chined silicon ultrasonic resonant transducer which can generate 
high amplitude ultrasound ( ultrasonic tip velocities as high as 23 m/ 
s = 51 miles/hour= 83 km/hour). Earlier [1,2] we used this silicon 
transducer to perform ultrasonic surgery on a human cataractous 
eye lens. While performing surgery, we noticed pumping and atom­
izing surrounding the tissue. A literature survey revealed that high 
strength titanium-alloy based ultrasonic transducers have been used 
before to pump and atomize liquids[l 3,14]. In particular, fuel atom­
ization has been of practical significance for fuel combustion sys­
tems [12.13 ]. 

Silicon based micro-fluidic systems are predicted to have appli­
cations in chemistry, biology and medicine. Examples include drug 
delivery, analysis and processing. Many of these structures consist 
of silicon wafer sandwiches, where fluids have to be delivered and 
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Figure 1. The silicon ultrasonic needle used both as a 
pump and an atomizer. 
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Figure 2. Conventional metal transducer and the 
silicon transducer 

removed from micrometer size orifices. The pump presented in this 
paper can be made small enough to remove, deliver and atomize 
fluids from micro-fiuidic systems (Figure 1.) 

A conventional metal-based resonance transducer (Figure 2, top) 
is assembled by sandwiching PZT plates between a high strength 
titanium alloy horn amplifying section and a back reflecting mass. 
The PZT plates drive the structure in its longitudinal resonance 
mode. The resonators are designed such that some multiple number 
(usually 1-3) of half-wavelengths of acoustic wave fit along the 
length of the transducer. The horn focuses the ultrasonic energy to 
amplify the longitudinal motion of the tip. The PZT plates are 
placed at the displacement node of the resonator. 

The silicon resonator tool (Figure 2, bottom) consists of two 
bonded silic9n horn shaped plates. A channel is formed by V­
grooves on each plate. A PZT plate is bonded at the nodal point of 
the structure on one or both sides of the device. The d31 coefficient 
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Table 1. Ultrasonic properties of selected ultrasonic materials [5,6,7,15] 

Property y Strength 

Carbon steel 200 2.1 

PZT4 85 0.024 

PZTS 67.5 0.0276 

causes the P'ZT to stretch and contract in the longitudinal direction 
when the applied electric field is in the thickness direction. 

Silicon transducers have several significant over their metal 
counterparts: The tip displacements can be higher, and the losses 
and costs can be lower. The maximum tip velocity or displacement 
in an ultrasonic resonator is proportional to Smc [4]. Here Sm is the 
fracture strain and c is the speed of sound in the resonator material. 
Smc for silicon is times higher than titanium alloy (Table 1, high­
lighted sections). Silicon can be driven eight time higher in ampli­
tude than titanium alloys before failure. Since effects like pumping 
and atomization are due to high acoustic intensity, which is propor­
tional to the square of the ultrasonic amplitude, silicon transducers 
can have 64 times higher pumping/atomization rates. 

A problem experienced with the conventional metal transducers 
is heating at high ultrasonic amplitudes. Since silicon's dislocation 
density is very low (1 dislocation/cm3), its internal Q is an order of 

magnitude higher than metal alloys. Hence, a silicon transducer 
will generate much less heat and have a higher device quality factor. 

The conventional metal transducers are also costly (>$3000) 
because each is machined serially using expensive hard-alloy 
machining techniques. Micromachined silicon transducer can be 
inexpensively batch-fabricated to tighter tolerances. Furthermore, 
any strength reducing surface flaws can be eliminated by oxidation 
to recover high fracture strength of 7 GPa [15). Low cost, due to 
batch processing, will allow parallel operation of several silicon 
transducers for a fault tolerant system. Integrating stress, flow, and 

Figure 3. Silicon horns of various shapes 
(with a 10 cent coin) 
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temperature sensors in the silicon device will permit operation with 
closed-loop control. 

FABRICATION 

The fabrication of the silicon transducer starts with a silicon 
nitride (0.3 µm thick) coated four-inch silicon wafer (<100> orien­
tation, 0.55 mm thick). Using photolithography and front-back 
alignment, the V-groove and the horn shapes are defined in a spun­
on photoresist. A standard nitride plasma etch was used to remove 
nitride from exposed areas. KOH anisotropic etch is used to etch 
silicon from front and back simultaneously, until the horn structures 
are suspended in the wafer by the thin silicon nitride membrane 
alone. The silicon horns (Figure 3) are broken free by a gentle push 
as the membranes are quite weak. After piranha and HF oxide 
removal, these horns are thermally oxidized (0.5 µm oxide) to pas­
sivate the silicon surface. Then a 1 µm thick LPCVD deposited 
low-stress nitride is deposited conformably on all the horn surfaces 
to increase impact resistance of the final needle structure. Figure 
Sshows the different shapes of horns fabricated. 

Cyano-acrylate ("Super glue") 

Figure 4. Assembly of the silicon 
ultrasonic device 

To form the structure 
(Figure 4), a thin layer 
of epoxy is screen 
printed on a set of 
horns. They are then 
aligned together on 
top of each other by 
using a piano wire 
inserted in the conduit 
formed by the two V­
grooves. The structure 
is then heat treated at 
70

° 
C for 1 hour for

best epoxy strength. A 
brass grommet is also epoxy glued at the shank side of the needle 
structure for the tubing connection. In the future, the two silicon 
horns will be joined with stronger bonding techniques like fusion, 
anodic or silicon-gold eutectic bonding. The ultimate strength of 
the bond will also determine the ultimate peak displacement ampli­
tudes achievable with the silicon resonator. 

P'ZT-4 plate (1 mm thick) is bonded at the nodal point of the 
ultrasonic resonator. Both super-glue (cyano-acrylate) and epoxy 
were tried. The former permitted obtaining a thinner bond and bet-
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Figure 5. Numerically computed relative longitudinal 
displacement along the length of the silicon device. 

ter acoustic coupling. After bonding, lead wires are soldered to the 
two faces of the PZT plate. 

DEVICE MODEL 

The usual balance between elastic and inertial forces on each 
infinitesimal section of the structure was used to model the steady 
state resonance of the silicon resonator. Because the thickness and 
width are much less than the length of the transducer, a one­
dimensional longitudinal wave propagation model can be used. 
Webster's horn equation [2] was solved numerically in the horn 
section as the cross-sectional areas varies along the length. Stress­
free boundary conditions were applied to the PZf/silicon compos­
ite horn. The elastic effects of the "super glue" and the epoxy were 
not included in the model because of their negligible thicknesses 
compared to those of the silicon and PZT. An amplitude enhance­
ment factor of 10 was measured under an optical microscope. This 
is in good agreement with the ratio of 9.6 obtained from the 
numerically computed displacement profile shown in Figure 5. 

MEASURED RESPONSE 

Figure 6 shows the electrical impedance measured using a HP 
4195 impedance analyzer. The plot reveals a predicted transverse 
mode at 55 kHz and the desired U2 mode at 72 kHz.The full 
wavelength resonance is 95 kHz. followed by the first PZT half­
wavelength resonance at 123 kHz. The impedance of the device 
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Figure 6. Electrical impedance vs. frequency 

vs. frequency can be used to ascertain the quality factors, coupling 
coefficients. and the electrical model parameters for the device at a 
particular resonance [1]. The smaller in phase at resonance for the 
'A/2 mode as compared to PZf mode indicates that coupling 
between the silicon and the PZT can be further improved by better 
bonding methods. 

The maximum longitudinal displacement measured in air, when 
the transducer held at the nodal point by a X-acto blade holder was 
100 µm at a 200 Vpp drive at 72 kHz (The amplitude achieved was 
limited by the obtainable amplifier output). This vibration ampli­
tude implies a tip velocity of 23 m/s. In the future, we want to 
drive silicon to near its theoretical Smc velocity of 335 m/s by 
using better coupling and multiple horn amplifying sections. 

ATOMIZATION 

Figure 7. Droplets 
observed optically 

The high longitudinal vibration 
amplitude was used to atomize and 
pump fluids through the channel of 
the device. A fluid mist cone, one to 
five inches in length and one inch in 
diameter, was generated by the sili­
con atomizer. This ultrasonic atomi-
zation occurs in a two-stage process. 

Fust, capillary waves form which are ejected once their amplitude 
becomes high enough [8]. Figure 7 shows droplets collected from 
the atomized mist on a hydrophobic plastic plate. Drop sizes were 
measured by measuring the drop size optically and multiplying by 
0.70 [16). The drop sizes measured were 20-35 µm. This range 
agrees with a mean diameter of 25 µm obtained from an semi­
empirical expression [17). 

Here T is the fluid surface tension, p is the 
fluid density and f is the acoustical fre­
quency. 

APPLICATION TO FUEL INJECTION 

Figure 8a. Alcohol atomization 

Figure 8b. Flamethrower. 

The rate at which fuel 
burns can be greatly 
enhanced by combust­
ing the fuel in drop size 
from 30-60 µm [8] due 
to optimal mixing of 
air and fuel possible. 
Furthermore, more 
complete combustion 
and hence higher fuel 
burning efficiencies are 
possible. Most conven­
tional fuel spray atom­
izers accelerate the fuel 
into turbulence, forcing 
it to break into drops. 
This requires high 
power pumps and mov­
ing equipment. Ultra­
sonic atomization
eliminates needs for 
these pumps and inher­

ently produces a low-velocity mist [11] that results in less wear. In 
order to investigate ultrasonic fuel combustion, we atomized iso­
propanol into a mist with the silicon device (Figure 8a.) Then we 
ignited the mist to measure the rate of combustion (Figure 8b.) 
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Figure 9. Evidence of pumping water against gravity 
Continuous combustion at fuel feed rates of 2.4 ml/min wasobserved. The evidence of complete combustion was the absence ofalcohol droplets leaving the flame. 

PUMPING 

The driven silicon device pumped water (Figure 9) when it wasinserted in a petri-dish containing the water. Pumping is caused byforces generated by vortices induced by acoustic streaming (Figure10.) The outward vortices are formed due to shear coupling at theoutside walls of the device. The direction of these vortices is deter­
mined by the gradient of the motion along the horns and the stress­
free boundary condition on the liquid surface. The outward flowing
vortices induce a flow into the orifice. Zero-flow pump pressures as
high as 0. 75 psi was measured. Flow rate for a pressure differential
of five inches of water was 10 ml/min.

Using acoustic streaming theory, Jackson [9,10] calculated thesiz.e and shape of streaming vortices generated by a solid bar vibrat­ing longitudinally in a liquid. It was shown that the vortex sizes scale with the dimensions of the vibrating bar unless the dimen­
sions approach that of the shear viscous layer. Below this dimen­sion, streaming inside the shear viscous layer becomes important.
This length is �
Here V is the 1anrmatic vis­
cosity of the fluid and ro is
the radial frequency ofoperation. This layer is 2µm thick for water at 72
kHz.Hence, this pumping
mechanism will work for
needle orifice diameters
two or three times this length. Using microme­
chanical techniques, it is possible to make a silicon
pump whose outer diameter is 10 µm. 

Ftgure_ 10. _Vortex flow pattern at
vzbratmg tzp. 

CONCLUSIONS 

Silicon's material properties make it superior to titanium alloysas an ultrasonic transducer material. It's high ultimate particlevelocity, Smc, and low acoustic loss make it ideal for high-ampli­
tude ultrasonic applications. Silicon devices made by micromachin­
ing techniques, creates a new regime of high amplitude miniature
ultrasound actuators. Batch fabrication, tight tolerances, and inte­gration of sensors will increase the utility of the ultrasonic device. 

We have used the silicon ultrasonic resonator to atomize andpump liquids such as water and isopropanol. The atomization at 72kHz produced drop sizes varying from 25-35 um with fluid rates as
high as 2.5 ml/min. We atomized isopropanol and ignited the mistto produce a sustained butane-torch like flame. This device could beused as a fuel injector in a small aircraft combustion engine. Arrays
of these devices could be used to produce higher feed rates and fault-tolerant systems. The same device has been used to pump flu­
ids via acoustic streaming. Zero-flow pump pressure of 0.75 psi was
measured. Flow of lOml/min was obtained at a pressure differential
of 5 inches of water.

In the future, we will integrate stress, displacement, temperature
and flow sensors to actively control the rate of pumping and atomi­
zation. Better electrical-to-mechanical energy transduction is
expected from better bonding of PZT to silicon horns, and PZTbonded on both top and bottom of device. Our goal is to develop atechnology to remove, deliver and atomize fluids from micro-fluidicsystems. 
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