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Helmholtz Resonance Based Micro Electrostatic Actuators
for Compressible Gas Control: A Microjet Generator and a
Gas Micro Pump
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Abstract�This paper reports Helmholtz-resonance based micro
electrostatic actuators to control compressible gaseous fluids in the
micro scale. Particularly, it discusses design, fabrication, and test-
ing results of two electrostatic actuators: a micro jet generator and
an integrated peristaltic multistage micro pump. These electro-
static actuators vibrate a micro membrane in a micro chamber at
a high frequency (>10 kHz), and easily induce the resonant behav-
ior of compressible gases in the chamber. Such resonant behavior,
often called the Helmholtz resonance, can repeatedly create instan-
taneous pressure in equilibrium between the inside and outside of
the chamber and cause gas to rapidly exit the chamber, forming a
collimated jet. The developed micro jet generator consists of multi-
ple acoustic chambers in parallel; produces directional gas momen-
tum from each chamber by utilizing the Helmholtz resonance; and
collectively entrains nearby gas molecules to form a gas stream.
The fabricated micro jet generator has a footprint of 1.6 3
1.6 cm2 and contains 25 acoustic micro thrusters. It operates using
a 140 V and 70 kHz sinusoidal signal and produces a thrust of
55.6 mN, a maximum air velocity of 1.2 m/s, and consumes power
of 3.11 mW. The developed micro pump consists of multiple acous-
tic chambers in series and produces a high total pressure by
accumulating pressures across the multiple chambers, while
maintaining high flow rates utilizing the fluidic resonance of each
pumping chamber. The fabricated 18-stage pump produces the
maximum air flow rate of 4.0 sccm and maximum pressure differ-
entials of 17.5 kPa with total power consumptions of only 57 mW.
Its total package volume is 25.1 3 19.1 3 1 mm3. It is notable that
these electrostatic actuators, with their actuation membranes,
acoustic chambers, fluidic channels, and micro valves, are fabri-
cated into a single silicon chip by developing low temperature
wafer bonding techniques to protect the polymer structures inside.

Keywords�Micro actuator, electrostatic actuation, Helmholtz re-
sonance, microjet generator, gas micro pump, gas compressibility

INTRODUCTION

Recent electronic devices have increasingly incorporated
interfacing capability with nonelectrical environments to

enhance information collection, decision-making, and even
environmental stimulation abilities. Such interface allows
once-computation-limited electronic devices to interact with

physical environments, augment their decision-making process
with direct monitoring of physical surroundings, and thus eas-
ily bridge multiple information domains, such as mechanical,
thermal, optical, and fluidic to electrical. For example, the
interface to human nerve systems, such as EMG (electromyo-
gram of the muscle), ECG (electrocardiogram of the heart),
ERG (electroretinogram of the retina), EOG (electrooculogram
of the eye), and EEG (electroencephalogram of the brain), has
allowed numerous streams of nonelectrical bio-information
to be in situ monitored by computing systems [1]. The recent
revolutionary Nitendo Wii game consoles have included
motion sensors to react to delicate movements of users and
enabled responsive interaction of computing-based software.

Among several domains, an interface with fluids has been
increasingly pursued, particularly in the microscale, due to the
emerging interests and demands in accessing numerous
unknown phenomena in biology, physiology, and environ-
ments in the micro and nano scale [2]. Since all living and
nonliving objects are always surrounded by a fluid, either
gases or liquids, they can be better accessed through the media
surrounding them, and thus it is critical to establish an efficient
fluidic interface. A microfluidic interface enables precisely
controlled sensing and manipulation of fluids and objects, es-
pecially in the micro/nano scale, providing several advantages,
such as reduced sample volumes, reaction time, device sizes,
cost, power, and parallel experiments for redundancy. Its appli-
cations cover various areas, including implantable drug deliv-
ery devices [3], biochemical sensing and analysis [4], flow
sensor [5], metabolomics [6], crystal formation [7], fuel cell
[8], and cooling for integrated circuits [9].

The microfluidic interface has been enabled by the develop-
ment of microelectromechanical systems (MEMS) technology
that can construct tiny micro structures using microelectronics
fabrication technology and actuate them with precision.
MEMS functions can be mainly realized by two groups of
fluidic interface devices: micro sensors and micro actuators.
Micro sensors passively collect data from fluids or subjects
in them, while micro actuators actively manipulate fluid
flows or target samples in the fluids. To handle fluids with a
certain volume and mass, micro actuators in particular need to
acquire sufficient force, pressure, and deflection from a mov-
able micro structure, which is not a trivial problem in the micro
domain where only limited amounts of such requirements are
available.
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Fluidic manipulation utilizing micro actuators can be per-
formed either in liquids or in gases; however, the pumping of
gases is much more challenging, mainly because of gas com-
pressibility. Liquid is an incompressible fluid, and thus its
pumping is predictably controlled by manipulating the speed
and the stroke volume of the pumping actuation. On the other
hand, gas is compressible and thus its pumping is not the exact
function of pumping actuation. For example, a certain stroke
volume of a micro actuator may not result in the transfer of the
same volume of gases, unlike liquids; it might not be able to
pump gases out at all since gases can be instantly compressed
without being physically moved out.

Despite significant research effort on microactuators for flu-
idic control [10-26], the development of pumping technologies
for compressible gases have still remained unexplored, indeed
lagging behind compared with the development of liquid micro
pumps [27]. This is because gas pumping is much more com-
plicated than liquid pumping due to gases’ compressibility,
sealing challenges, and limited force and stroke volume avail-
able in the micro domain. Until recently, there have been only
a little more than 40 conference and journal papers on gas
micropumps fabricated using MEMS technology. This is a
small number compared with more than 400 archival papers
published on liquid micropumps.

Controllable pumping of compressible gases can be
achieved by utilizing the Helmholtz resonance, as reported
in our previous studies [28]. The Helmholtz resonance can
repeatedly create instant pressure gradients in the chamber
and provide the needed momentum to produce gas flows. Here
we present our research efforts on gaseous fluidic manipula-
tion techniques in the microscale utilizing microactuators
based on MEMS technologies [29, 30]. Particularly, we report
the two examples of gas microactuators that utilize the Helm-
holtz resonance of compressible gases to produce high-speed
micro gas streams. First, we will discuss the micro jet genera-
tor for gas flow control and report the operation principle,
structure, microfabrication, and testing results. Then, we will
report the gas micro pump for high gas pressure generation as
well as their operation principles, microfabrication, packaging,
and performance.

A. Characteristic of Gas in Microfluidic Channels

The main differences between gases and liquids are the
density and the atomic interactions between the molecules.
The densities of two states of matter can be estimated on the
order of 1 kg/m3 and 103 kg/m3 for gas and liquid, respec-
tively. In the case of a simple molecule in unionized state,
the molecules are thought to be separated by 3�4 nm (d0),
typically at equilibrium. The average distance of gas at room
temperature and pressure is considered of the order of 10 d0,
and the distance in liquid on the order of d0 [31]. The large
atomic distance in the gas state is the explanation of the
compressibility of gas [32]. The mechanical properties of
gases and liquids greatly depend on the compressibility, and
gases can be compressed to a much greater extent than
liquid. Due to the large compressibility, larger volumetric
changes in the gas state will be expected compared to the
liquid state, under significant changes in pressure. Thus, the
amount of gas pumped will not be the same as the volumet-

ric displacement of the membrane in the pumping stage. The
gas compression ratio is defined as the volumetric ratio of
the stroke of an actuator over the original chamber, and is
not the function of gas properties. Typically, a high compres-
sion ratio has been adopted to generate high volume dis-
placement and thus flow rates for liquid pumping; however,
such a strategy simply does not apply to gas pumping due to
the compressibility [33]. This is the main difficulty for
designing and operating the gas pump. In order to increase
the pump performance with the determined volume dis-
placement, a high operating frequency is usually expected to
increase volume displacement per unit time [28]. However,
according to the operating frequency, the pump can undergo
a pressure drop or even flow reversal, and meanwhile, this
phenomena was used for a bidirectional micro pump reported
by R. Zengerle et al. [34]. Forward flow was prepared at a
lower operating frequency (0.1�800 Hz), and a reversal of
flow at higher frequency (2�6 KHz). This was explained by a
phase shift between the actuator’s response and the inertia of
the gas mass [30, 35].

B. Helmholtz-Resonance for Gas Pumping

Helmholtz resonance is the resonance phenomenon of com-
pressible gases in a chamber with a narrow entrance. The
Helmholtz resonance phenomenon takes place as gases are
driven into a chamber to increase the pressure inside by an
external force. As the external force is removed, the inertia of
the gas plugs at the entrance can be established because the
increased pressure inside forces the gases out of the chamber
through the narrow entrance. Depending on the inertia of the
gas in the narrow entrance, the gases flowing out of the cham-
ber could be overdriven and evacuate the chamber that will be
left at a lower pressure inside than the outside of the chamber.
Such a lowered pressure in the chamber causes gases to be
reinhaled into the chamber. This process repeats until the
momentum of gases is exhausted as the pressure differences
decrease, like underdamped oscillators.

The Helmholtz resonance phenomenon can be established in
the microdomain by constructing microchambers with an actu-
ating wall, and can be utilized to efficiently generate com-
pressible gas flow and pressure, despite small displacement
and limited force available in the microscale [36-38]. The
basic physical concept of our approach to produce controllable
gas flows in the micro domain is described in Fig. 1 [29]. Our
micro Helmholtz resonator actuates the movable membrane to
apply external pressure to gases by expanding and compressing
the chamber in a two-cycle process. In the first cycle, the
membrane compresses the gas in the chamber, and ejects it
through the narrow entrance, thus forming a collimated jet. In
the second cycle, it expands the chamber, and draws gas back
into the chamber, but in this cycle, gas does not form a colli-
mated jet, since gas flows in from all directions around the
entrance. Therefore, during each cycle, a nonzero momentum
difference is produced while the same amount of gases comes
in and out of the chamber. The resultant momentum difference
is utilized to induce gas flows over the repeated cycles. The
momentum peaks that appear at the fluidic resonance fre-
quency at each cycle are dependent on the dimensions of the
chamber and the entrance.
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Gas pumping utilizing the Helmholtz resonance phenomenon
can be understood through an analogy to an equivalent electrical
LCR oscillator system that is damped and periodically driven. In
the Helmholtz resonator, the closed pumping chamber induces
the counter-resistance against gas plug’s movement into and out
of it, which corresponds to a spring (k) in a mechanical system.
The gas plug at the chamber entrance provides a mass (m) of the
moving object. The resultant gas resistance could represent
damping (b). Each component is corresponding to electrical
components of a capacitor (C), an inductor (L), and a resistor
(R), respectively. Similar to the sharp peak of current that the
electrical LCR system produces at the resonance frequency, the
fluidic Helmholtz resonator also produces a peak of air flow at
its resonance frequency, and the maximum gas flow rate and
transfer occurs at resonance. Since this is a second-order system
and the deflection is a function of the density, thickness, dimen-
sion, and residual stress of the membrane, when the flexural
rigidity is neglected, the resonant frequency for the fundamental
mode can be given as:

o ¼ p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2tm
rmtmAm

s

ð1Þ

where tm is the tension force, rm is the density, tm is the
thickness, and Am is the area of the membrane [39]. This

equation provides a useful insight that we can generate a sharp
peak of high-speed gas flows at a resonant frequency that can
be controlled by the geometry of the resonator.

C. Micro Actuators for Compressible Gas Flows

By utilizing the concept of the Helmholtz-resonance-based
gas pumping, we developed micro actuators, a micro jet gen-
erator, and an integrated peristaltic micro pump, based on
conventional planar microfabrication technology. These micro
actuators, in common, contain the main components to realize
the concept, which consist of a recessed wide cavity, a lateral
entrance, and a thin membrane that covers and moves the gas
in the cavity. These components are easily fabricated in 3D by
utilizing conventional bulk silicon etching, DRIE technique,
membrane-transfer technology, and wafer bonding. Since the
micro actuators, as described in eq. (1), usually operate in a
frequency range of more than tens’ of KHz, they require a
high-speed actuation mechanism to be capable of inducing the
gas resonance at high frequency ranges. Among several poten-
tial micro actuation mechanisms, the electrostatic actuation
mechanism has been chosen due to its distinct advantages of
well-developed microfabrication processes, high-speed opera-
tion, material compatibility, and low power consumption, as
compared in Table I.

The following sections describe the details of the two exem-
plary actuators for gas flow control: (1) a micro jet generator to
achieve high-speed and high-flow rate gas flows (jets) and (2)
a micro gas pump to achieve high gas pressure as well as high
mass flow rates specifically for a micro gas chromatography
application [36].

A MICRO JET GENERATOR

Micro jets have numerous potential applications, including
chip cooling, gas pumping, and air-breathing micro thrusters
for propulsion. For those applications, it is desirable to achieve
high air velocity (and therefore high thrust), which can be
produced by high-frequency and large-volume displacement
of an actuation membrane at Helmholtz resonance [29, 40].

As shown in Fig. 1, the operation of the developed
Helmholtz-resonance micro jet generator depends on repeated
membrane movements in gas resonance. The membrane

Fig. 1. Operation principle of the Helmholtz-resonance-based electrostatic
micro jet generator.

Table I
Different operation principles for gas micro pumps

Electrostatic Piezoelectric Electromagnetic (Thermo)pneumatic Knudsen Motor

Control
-Multi-ctrl Easy Difficult* Difficult** Easy Easy Easy
-Uniform High Medium Medium Medium High High
-Speed High High High Low NA High
Fabrication Easy Difficult Difficult Easy Easy Difficult
Power Low Low High High High High
Force Low High High High NA Very high
Deflection Medium Medium Large Large NA Very large
Volume Small Small Large Small Small Large
Material compatibility High Low Low Low High High
Temperature/humidity sensitivity Low High Low Medium Low Low

*Piezoelectric material should be identically fabricated in individual stages.
**Neighboring membranes should be protected from fringing magnetic field.

Kim et al.: Helmholtz Resonance Based Micro Electrostatic Actuators for Compressible Gas Control 3

D
ow

nloaded from
 http://m

eridian.allenpress.com
/jm

ep/article-pdf/7/1/1/2247311/1551-4897-7_1_1.pdf by guest on 01 N
ovem

ber 2022



compresses and expands gases in the chamber to produce
directional and unidirectional air flow at each phase of a cycle,
resulting in net momentum per cycle. Each cycle repeats at a
high frequency, resulting in a large net momentum generated
and zero mass transfer per unit time. The operation frequency
is determined by the geometry of the cavity.

A. Structures

The micro jets with 25 individual micro jet generators have
been designed in a chessboard array, as shown in Fig. 2. In
each individual micro jet generator, an actuation membrane is
placed at the center and eight throats are distributed on four
sides, two throats on each side. Under the membrane, a perfo-
rated curved electrode is located over a Helmholtz-resonance
cavity. The curved electrode always maintains a small gap
around the periphery between a membrane and a diaphragm
and thus keeps the operation voltage low. Thus, it gradually
deflects the membrane down from the edges toward the center,
and thus maximizes the volume displacement of a membrane
at a given low power consumption.

B. Fabrication

A simplified microfabrication process flow is shown in
Fig. 3. First, layers of a compressively stressed thermally
grown silicon oxide (0.5 mm) and LPCVD polysilicon
(3.8 mm) were deposited. Then, boron doping was performed
to the polysilicon layer, which provides a high resistance
against the TMAH wet etching during cavity formation. On
top of the doped polysilicon, a layer of tensile silicon nitride
(0.1 mm) was deposited to bend the electrode downward by
utilizing the stress gradient of the composite layers [29, 41].
Perforation holes were constructed in the composite layers by
DRIE etching so that TMAH etchant can flow in through the
holes to etch out the undoped silicon substrate part under the
composite membrane. The holes can be used to reduce
damping during membrane actuation as well. After the silicon
substrate under the membrane was etched, the composite
layers were buckled due to the intrinsic compressive stress.
The buckled electrode provides a smooth curvature for low-
voltage operation as well as high structural strength to prevent
the unwanted bending of electrodes during electrostatic attrac-
tion [29, 41]. Then, a second wafer deposited with several
films forming a movable diaphragm was bonded using BCB
[39, 40]. Finally, the second wafer was DRIE-etched to release
the movable diaphragm, and to form micro jet throats (holes).

C. Testing Results

First, the acoustic resonance frequency of the fabricated
micro jet generators (Fig. 4) were measured by using a micro-
phone located 2 cm above the chip. The acoustic resonant
frequency is defined as the frequency where peaks appear in
the acoustic spectrum, and provides an insight where the
flow resonant frequency could be located. Note that the acous-
tic resonant frequency does not necessarily match the flow

Fig. 2. (Top) A photo of the fabricated micro thruster array that is mounted
on top of a PCB board. Please note that the thruster array contains 25 individ-
ual thrusters. (Middle) A 3D schematic diagram of the microfabricated micro
thruster array. (Bottom) Close-up view of a single microthurster showing the
components of a movable (actuating) membrane, a curved electrode, and a
Helmholtz resonator cavity.

Fig. 3. Simplified wafer-level microfabrication process for a micro thruster
array.
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resonant frequency, possibly due to the delayed momentum
transfer of gas amounts with mass. Next, to measure the air
flow velocity produced by the micro thrusters, a hot-wire ane-
mometer was placed on various locations across an individual
micro jet generator, while its resistance variation was moni-
tored. A hot-wire anemometer (TSI model 1210 T1.5) was
located utilizing a three-axis micromanipulator, while the spe-
cific hot-wire test setup was calibrated through a series of wind
tunnel tests to attune the relationship between resistance varia-
tion and air velocity. The anemometer was placed at various
heights above the chip and at various locations across the
whole chip so that it can evaluate the variation in flow velocity
according to the various positions, while the variation in resis-
tance was evaluated. The hot-wire test was also performed
under various operation voltages. Ethanol vapor obtained by a
commercial nebulizer was utilized for the visualization of jet
flow from the micro jet generators. The thrust was also mea-
sured directly using a pendulum balance.
Test results of the air velocity created by each micro jet

generator (Fig. 5) were obtained at 1 mm above the throat. The
maximum air velocity was 1.2 m/s, and the average velocity
over the entire device was found at around 1.0 m/s. The maxi-
mized air velocity was observed at a resonance frequency of
72 kHz, a voltage of 140 V, and a location close to the throat
(1 mm high). Fig. 6 shows the jetting performance of the micro
jet generator using an ethanol cloud. The ethanol cloud was
obtained by a commercial nebulizer, and located under the
micro jet generator array. When it was initiated, the cloud was
jetted through the generator. The test of the jetting performance
showed that the micro jet generators can pump an ethanol aero-
sol into a column up to 12 cm. Thrust performance of the micro
jet generator was also assessed by attaching it to a 1.8 m long
string balance. The micro jet generator array had 2.0 g of total
mass including the mounts, and was operated at 70 kHz with a
140 V sinusoidal driving signal. Then, the thrust created by the
micro jet generator was evaluated by measuring the moving
distance of the balance. The results of the thrust performance

showed that the micro jet array composed of 25 individual micro
jet generators traveled over a distance of 4.5 mm, which corre-
sponds to a thrust of 55.6 mN. This measured thrust value corre-
sponds to 2.2 mN per micro jet generator.

Fig. 4. SEM view of a fabricated micro thruster array, showing the actuation
membrane and the underneath exposed electrode. Individual units contain two
holes per side for gas flows (for a total of eight thrust holes per device).

Fig. 5. (Top) Air velocity measurements across an individual micro thruster
(refer to the 3D drawing) at different frequencies. Thrust values are highest
over the thrust holes (throats). Thrust generation shows a maximum value at a
resonance frequency of 70 kHz. (Bottom) Air velocity measurements across an
individual micro thruster at different heights and voltages.

Fig. 6. Visualization of thrust generation (video clips): Ethanol jetting test
results show that an ethanol column was generated vertically more than 12 cm
above the chip and ethanol clouds.
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D. An Integrated Peristaltic Gas Micro Pump with
Active Valves

Micro-scale compressible gas pumping with high-pressure
capacity is the key obstacle to various miniaturized micro-
fluidic systems, such as laboratory-on-a-chip, because a micro
device has limited force and deflection available and could not
provide the needed capacity. Its development would obviate
the need for bulk pumping systems, such as for large gas tanks
or syringe pumps.

The Helmholtz resonator itself cannot provide sufficient
pressure for most micro analytical systems, such as a micro
gas chromatography (mGC) system [42]. One solution is to
serially connect micro Helmholtz resonators and accumulate
small pressures at each stage up to the needed high pressure
across the multiple stages [30]. Note that the pressure accumu-
lation can be achieved only by designing individual stages with
a certain proper compression ratio, because individual stages
experience and need to overcome exponentially distributed
pressure across the multiple stages. For example, the last few
stages experience much higher pressure loads than the earlier
stages and must overcome the pressure for operation to pre-
vent the overall performance degradation. We have performed
theoretical studies that have shown a compression ratio of less
than 7% would result in a pressure of more than 50 kPa
through 18 stages [28].

We developed a peristaltic micro pump that achieves high
pressure by such pressure accumulation as well as high
flow rates from the fluidic resonance utilizing the high-speed
volume displacement of an electrostatically actuated mem-
brane. Fig. 7 shows the peristaltic operation of the 18 stage
micropump. In this peristaltic pump, the gas pumping is
accomplished by gas drift from one chamber to the next cham-
ber due to the pressure change. When the pumping membrane

moves upward, it expands the bottom chamber, lowering the
pressure in the bottom chamber with all the remaining valves
closed [Fig. 7(a)]. When the pressure in the bottom chamber is
dropped low enough to inhale the gas into the chamber and the
inlet micro valve opens by a separate control signal, gas can be
injected to the chamber [Fig. 7(b)]. After the pumping mem-
brane reaches the top, all the valves are closed and the
pumping membrane begins to move downward. It compresses
the bottom chamber and increases the pressure in the chamber
[Fig. 7(c)]. As the pressure in the bottom chamber reaches a
level high enough for gas to transfer to the top chamber, the
outlet valves are opened and the gas can be injected into
the top chamber [Fig. 7(d)]. The same process repeats through
the rest of the stages at the resonant frequency.

E. Structure

Nine two-stage units are serially connected to each other in
the 18 stage pump, and each two-stage unit consists of two
(dual) pumping chambers realized by bonding two wafers and
inlet and outlet (transfer) micro valves formed between the
bonded wafers. This dual pump configuration has the advan-
tage of reducing the overall size of the pump by two pumping
chambers sharing a single pumping membrane. Inlet and outlet
micro valves consist of one polymer valve membrane and two
silicon electrodes, all of which contain a checkerboard-type
array of holes. The open or close of gas flow by the micro
valves can be controlled by the match or mismatch of the holes
between the valve membrane and one of the dual electrodes.

F. Fabrication

The microfabrication process for the multistage micro
pump is described in Fig. 8 [43]. The main microfabrication

Fig. 7. Operation principle of the reported multi-stage micropump. This figure shows only two stages for simplicity. (Left) The membrane moving sequences in
four phases of top compression, gas induction, bottom compression, and gas ejection. (Right) the detailed status of each valve and pumping membrane as well as
pressure and flow information in top and bottom chambers.
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processes are wafer bonding and membrane transfer among
three wafers. A carrier wafer was used for the transfer of
Parylene membrane onto the device wafer, which contains
pumping chambers, fluidic channels, and electrostatic elec-
trodes. By this wafer level transfer, 1.5 mm thickness of the
membrane was constructed with a 5 mm of gap between the
membrane and the perforated electrode (2,000 mm) [44]. After
the membrane transfer, the second device wafer was bonded to
the top of the first device wafer at a relatively low temperature
(�230�C) [45]. By this bonding process, the completed pump
structure was realized, sandwiching the pump and micro valve
membranes between two electrodes and closing off the pump
chamber.

G. Testing Results

The pumping performance of 18 stage, four stage, and two
stage micro pumps operated at different voltages, frequencies,
and micro valve opening duration time was evaluated by elec-
tronic mass flow meters and pressure transducers. The opera-
tion performance of the 18 stage pump at different frequencies
was evaluated using a square wave voltage signal of�100 V to
determine the fluidic resonant frequency where the highest
flow rate or high pressure is generated. Then, the flow versus
pressure performance plot was collected with the operation of
the micropumps at each resonance frequency under different
load conditions. Finally, they were used to pump air to move
liquid droplets and columns in order to visualize and quantify
performance.
The resonance frequency peak of the 18-stage micro pump

appeared at 17 kHz, and four-stage and two-stage pumps have
resonance peaks at 14 kHz. The highest air flow rates of 4.0,
3.0, and 2.1 sccm were obtained with the fabricated 18-, four-,
and two-stage micro pumps, respectively, as shown in Fig. 9.

The energy consumed by 18-, four-, and two-stage micro pumps
was measured as 57.0, 15.1, and 9.1 mW, respectively. Because
the dimension of the actuating membrane for the achieved
flow rates was only 2 · 2 mm2, as a pumping efficiency is
defined by the flow rate to the membrane stroke volume, this
result shows the highest efficiency by any membrane-based
MEMS micropump.

Fig. 10 shows the maximum pressure difference for the
fabricated 18-, four-, and two-stage micropumps. The differ-
ences obtained at an operating frequency of �15 kHz were
found to be �17.5, 7.0, and 2.5 kPa, respectively. It is worth
noting that the operation frequencies for the maximum pres-
sure difference were found to be different from the frequencies
for the highest flow rate. Also, the maximum pressure differ-
ence increased with an increasing number of stages in the
micro pump. The measured maximum pressure of 17.5 kPa is
the highest pressure generated by any electrostatic MEMS
micro gas pump.

Fig. 8. (Top) Microfabrication process flow. (Bottom) The fabricated 18-
stage peristaltic micro pump.

Fig. 9. Mass(gas) flow rate result measured using electronic flow meters
(Omega FM1600 series) over a wide range of frequencies. An 18-stage micro
pump has a resonance frequency of 17 kHz, while four-stage and two-stage
pumps have resonant peaks at 14 kHz [30].

Fig. 10. Measured pressure difference over a wide range of operation fre-
quency. The pressure was measured using electronic pressure transducers
(Validyne DP-45) [30].
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The gas pumping capability of the fabricated micropumps
were visualized by using liquid vapor, which was driven from
one end to the other end of a tube by pumping. The liquid
vapor used was ethanol, and the diameter of the tube was
1.56 mm. Fig. 11 shows a sequence of photos illustrating the
movement of a liquid droplet by air being pumped behind the
droplet by a four-stage pump.

CONCLUSION

We discussed microactuators for compressible gas flow con-
trol by taking the two examples of a microject generator and an
integrated peristaltic 18-stage micro pump. These actuators
utilized Helmholtz resonance to overcome the compressibility
of gases and produced controllable high-speed gas flows from
the microscale devices. The approaches based on the Helm-
holtz resonance phenomena produce a sudden peak of gas
flows at the resonant frequency that is determined by the
geometry and induced by a movable membrane. In order to
support the resonance at a high frequency range, an electro-
static mechanism was selected.

The developed microject generator with a buckled electrode
demonstrated that Helmholtz-resonance pumping can produce
controllable high-speed gas flows. The fabricated micro jet
generator has a footprint of 1.6 · 1.6 cm2 and contains 25
acoustic microthrusters. It produces a thrust of 55.6 mN, a
maximum air velocity of 1.2 m/s under 140V and 70 kHz input
signal, and consumes power of 3.11 mW.

We have also developed fully integrated 18-, four-, and two-
stage peristaltic electrostatic microgas pumps that (1) achieve
high pressure (17.5 kPa) by accumulating pressure differences
across multiple stages, (2) obtain high flow rate (4.0 sccm) by
operating at a high fluidic resonance frequency (�15 kHz)
despite a small membrane size (2 · 2 mm2), while consuming
only small power (�57 mW).

We conclude that a Helmholtz resonance can be induced in
the microscale by utilizing high-speed microactuators and that

such resonance can be utilized to produce high-capacity gas
flows under precise control in the micro domain.
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