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MEMS-Based Design for Single-Pulsed High-
Pressure Ultrasound System via Acoustic
Amplification Through Acoustic Energy Storage
and Release: Theory and Simulation
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Abstract— Emerging biomedical ultrasound applications such
as pulsed neurostimulation and shear-wave imaging demand
single-pulse focused ultrasound waves with MPa-range acoustic
pressures. Achieving high pressures typically involves driving
transducers with high voltages, necessitating bulky power
amplifiers. Recently, phased arrays have emerged to
miniaturize these focused transducers. However, they often
exhibit poor power efficiency and heat dissipation. To address
this, we explore acoustic amplification through acoustic energy
storage and release, where, with minimal voltage, high-
amplitude ultrasound waves are produced. Prior work has
shown the principle using bulky apparatus with limited
applicability. In this work, we explore the theory and perform
finite element modeling (FEM) to investigate this mechanism
with miniaturized and micro-electro-mechanical systems
(MEMS)-compatible materials and geometries.

Keywords — single pulse, acoustic amplification, acoustic resonant
cavity, high acoustic pressure, ultrasound neuromodulation,
ultrasound imaging

I. INTRODUCTION

Advances in biomedical ultrasound applications like
transcranial pulse neurostimulation (TPS) [1] and shear wave
imaging [2] demand high-pressure single-pulse focused
ultrasound waves. Particularly, TPS often requires acoustic
pressures in the MPa range and ultra-short single-pulses,
which are generated by bulky commercially available
focused ultrasound transducers that are driven with large
voltages and bulky power amplifiers. To miniaturize these
devices, miniaturized 2D phased arrays have emerged, with
ultrasound transducers directly integrated on top of
complementary metal-oxide-semiconductor (CMOS)
circuits. This integration lowers parasitic capacitance and
improves power efficiency. However, these systems still face
trade-offs. In [3], capacitive micromachined ultrasound
transducers (CMUTSs) integrated on CMOS, were driven at
60 V, which resulted in extreme heating up to 141 °C peak
temperature. In [4], integrated bulk piezoelectric transducers
(PZT) on top of CMOS circuits were proposed; however, the
device was limited to a power supply of 5 V, which limited
the generated acoustic peak pressure to 100 kPa. As a result,
current systems fail to deliver the ideal combination of high-
acoustic output pressure and low driving voltage. This
becomes more important when wearable, battery-powered
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Fig. 1. Concept illustration of acoustic amplification through acoustic energy
storage and release; (a) An acoustic source emitting continuous planar
sinusoidal waves; (b) Acoustic energy emitted from the source is getting
stored in an acoustic resonant cavity with time in presence of ultrasound
reflector and releases with high-amplitude when the reflector is taken off at
tswitch- Figures not drawn to scale.

ultrasound devices are considered, where generating tens of
volts from small batteries is challenging [5], [6], [7]. To
address this, we explore acoustic amplification through
acoustic energy storage and release, aiming to enable
miniaturized, energy-efficient generation of high-pressure
single pulses. Prior work in industrial applications has
demonstrated a similar concept for amplifying airborne
ultrasound pulses [8]. The system used an acoustic cavity, to
which was attached a rotating shutter with a small-aperture
opening, facilitating the storage and release of acoustic
energy. Although results showed 2.5 times pressure
amplification, the bulky design made it unsuitable for
miniaturized focused ultrasound devices.

This work introduces the theoretical and modeling
framework for a miniaturized MEMS-compatible single-
pulse ultrasound system that explores the above-mentioned
principle by accumulating acoustic energy in a resonant
cavity and releasing it in ultra-short, high-intensity pulses by
means of a MEMS shutter.

This paper is organized as follows: Section II introduces the
theoretical framework of acoustic amplification. Section III
describes its finite element modeling approach, simulation
results, and discussion. Section IV proposes the MEMS-
based electrostatic actuator design as the MEMS shutter.
Finally, Section V concludes the paper
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II. THEORY
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Fig. 2. Illustrations of an acoustic pressure source attached to a cavity of
thickness L bounded by an acoustic reflective wall at x=L. Multiple
transmissions and reflections of ultrasound waves inside the cavity lead to
constructive interference and eventually acoustic energy amplification.

Acoustic amplification can be achieved by storing acoustic
energy emitted from the ultrasound transducers in an acoustic
resonant cavity over time, and releasing it in the form of ultra-
short, high-intensity pulses. The resonant cavity is driven by
an ultrasound transducer (acoustic resonator). The cavity is
initially enclosed by a high acoustically reflective medium.
The system can be made analogous to the resonance of a pipe
with one end closed and the other driven by a source.

Due to the high acoustic impedance mismatch between the
resonant cavity and the reflective medium, the stored acoustic
energy undergoes multiple internal reflections inside the
cavity (as illustrated in Fig. 1), leading to acoustic energy
build-up over time. Once sufficient acoustic energy is stored,
the reflective boundary is switched within a very short time
to an acoustic transparent medium and the energy is released
in the form of a single pulse. This process can be analyzed as
follows [9]. Consider a cavity of thickness L, closed at
boundary edges x=L [mm] by a reflective wall and at x=0
[mm] by a transducer emitting sinusoidal planar acoustic
pressure waves (Fig. 2), given by:

p(t) = poCoupE(t) (D

where, p, is the density of the cavity medium, ¢, is the speed
of sound in the cavity medium, u, is the particle velocity in
the cavity medium, and E(t) is approximately given by:
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Fig. 3. COMSOL model comprising a substrate, an acoustic pressure source,
Psource indicated by a line, a resonant cavity where pressure waves are stored
and measured within the cavity at a point, Pyorg and the switchable medium
where pressure waves would be released and measured at the point, Prejease;
(b) Switchable medium consists of medium switching from acoustic
reflective (air) to transparent (water).

E(t) ~ ellkx—wt) 2)

where k is the wave number, x is the position in the acoustic
cavity, w is the angular frequency, and t is the elapsed time.
Due to the superposition of the transmitted (Tx) and reflected
(Rx) waves from the boundary edges (Fig. 2) we can
generalize the superposed waves as (3). On summation, we
obtain a geometric series, which is given by (4) for kL # ml.
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and by (5) for kL = nl:
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where N;, N, and / are given by (6), (7), (8), respectively
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The resulting expression reduces to (9) for kL # mnl,
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and is given by (10) for kL = ml.
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For kL # ml, and assuming small damping w (considering
small negative imaginary part), p converges towards a finite
value, which is the steady state limit, which is given by (9).
However, it can be seen from equation (10) that the pressure

the resonant frequency as f, = %lco /L. It should also be

noted that the total acoustic pressure is inversely proportional
to the thickness of the cavity L.

III. PROOF-OF-CONCEPT SIMULATION

To observe the effect of acoustic amplification, a finite
element model (FEM) of the acoustic stack was developed in
COMSOL Multiphysics 6.2 as shown in Fig. 3a. Studies were
performed to analyze the effect of acoustic pressure variation
with time inside the resonant cavity as well as outside the
cavity when the adjacent medium switches from ultrasound-
reflective to ultrasound-transmissive.

A. Geometry
A simplified acoustic source, considered as the pressure
source, generating planar mechanical waves is given by (11):

Poource = Posin(wt) (11)

The pressure source operates at a resonant frequency (f;) of
4 MHz. A resonant cavity is placed above the source, which
is of Polydimethylsiloxane (PDMS). PDMS is chosen as an
example material owing to its low acoustic losses,
compatibility with microfabrication processes, and broad
accessibility. The cavity thickness is designed as half a
wavelength in PDMS (Appms/2 = 132.5 um). Adjacent to this
resonant cavity is a switchable medium which can be
switched at multiple periods of time between two states — a
high acoustic impedance mismatch (reflective) and a low
acoustic impedance mismatch (transparent). Air, with its
large acoustic impedance mismatch relative to PDMS, serves
as the reflective medium, while water, with its relatively close
impedance match, acts as the transparent medium (Fig. 3b).
The medium remains as air when acoustic energy is to be
stored within the PDMS cavity for amplification, and
switches to water at user-defined integer multiples of the
acoustic period (nTy), also called fuwien, to release the
amplified energy into the surrounding medium. Here T, is the
acoustic wave period given by 1/f.

B.  Material Properties and Parameters

A non-linear fluid model incorporating general dissipation
effects, including sound diffusivity within each material
layer, was considered. A Pressure Acoustics, Transient (actd)
study was implemented to verify the phenomena of acoustic
amplification. For modeling the switchable medium, a step
function step(t) was employed, where density and speed of
sound in the medium transition from air to water (1 to 0) at a
certain integer multiples of the acoustic time period (nTy).
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Fig. 4 (a) Acoustic amplification with time inside acoustic resonant cavity
when medium switch is air; (b) Released amplified single-pulse of 1 TO (=
0.25 ps) wide to the medium.

The medium switch for change in density and speed of sound
is given by (12) and (13), respectively:

Pwater(1 = step(t)) + pair-step(t) (12)

Cwater(l - step(t)) + CairStep(t) (13)

The transition zone was defined with a temporal width of
To/50. A time sweep of range from t=0 to 50 T, was
performed to observe the effect of acoustic amplification at
various Zuwircn. The parameters used for P, is of 100 kPa. The
material properties of PDMS, water, air and substrate, which
is of Silicon (Si), were taken from COMSOL’s built-in
material library.

C. Results

Fig. 4a shows the pressure stored over time in the PDMS
resonant cavity at point Pgrqge. The results show that standing
waves are established due to the constructive interference
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Fig. 5. Acoustic pressure variation with the thickness of resonant-cavity at a
certain nTy (=5 To) and when there was no switch, i.e., continuous emission
of planar ultrasound waves.
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Fig. 6(a) Single-pulse emitted due to acoustic amplification at #;c, = 3 To;
(b) FFT of the single-pulse emphasizing on its wide-bandwidth (BW).

between incident waves and reflected waves, as predicted by
(10). The ratio of the acoustic pressure at Pgrqge normalized
to the pressure at Pyource (Pstorage/ Psource), gradually increases
over time as long as the adjacent medium is air (t<tswitch), and
this increase is directly proportional to the number of wave-
periods in ficn. For reference, the same pressure ratio is
shown for the condition when the adjacent medium is always
water (no switch), where no pressure increase is observed.
Immediately after the adjacent medium is switched to water
(t>tswircn) (Fig. 4b), the stored ultrasound energy is released,
and the pressure at Pyoqge highly decreases to a value close to
the reference pressure level. On the other hand, after the
medium switches to water, the pressure in Pjejeqse normalized
to pressure at Psource (Pretease/ Psource) has the form of a single-
pulsed ultrasound wave of approximately one-time period
wide, whose pressure magnitude is tens of magnitude higher
than the initial input pressure amplitude (t>tswiwcn). Thus, each
single pulse emitted at #icn increases linearly with s, in
agreement with (10).

To determine the influence of the resonant cavity thickness
on the amplitude of the released pressure wave, the thickness
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Fig. 7. Illustrations of the MEMS-based shutter for single-pulse high-
pressure ultrasound system.

was set to multiples of /2, with the results shown in Fig.
5. These results show that the pressure amplitude of the
released pressure wave is inversely proportional to the
thickness of the resonant cavity, consistent with (10). It
should also be noticed that multiple high-pressure single
pulses are emitted when the cavity thickness is increased by
multiples of A/2.

Fig. 6a further presents the waveform of the single-pulsed,
high-pressure ultrasound wave for a particular Zyiren. TO
analyze its frequency spectrum, obtained by means of Fast-
Fourier transform (FFT), it can be seen that, not only the
pressure of the released wave is amplified, but the obtained
fractional bandwidth is also high, in this example, 125% (Fig.
6b). This highlights the potential of this approach in
ultrasound imaging applications.

IV. FEM OF MEMS-SHUTTER

To realize a fast switchable medium (shutter) in practice, a
flexible PDMS-based electrostatic actuator has been
envisioned, which can be processed using microfabrication
techniques. As shown in Fig. 7, a thin air cavity enclosed by
a PDMS membrane supported by a Polyimide (PI) structure
or anchor is integrated on top of the PDMS resonant cavity.
On applying a bias voltage at #wics across the membrane, the
resulting electrostatic force creates a displacement of the
suspended PDMS membrane, which is balanced by the
mechanical restoring force exerted by the PDMS membrane
structure. By controlling the bias voltage (7}) greater than the
collapse voltage, V., the membrane starts collapsing onto the
PDMS-resonant cavity as the electrostatic force overwhelms
the mechanical restoring force (Fig. 7). Once the PDMS
membrane fully collapses onto the bottom resonant cavity,
the stored acoustic energy in the cavity is released to the
adjacent medium. Thus, the acoustic energy storage and
release can be controlled electrically through the PDMS-
electrostatic actuator, allowing user-defined operation.
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Fig. 8. FEM of the displacement of the suspended PDMS membrane
clamped at the edges with polyimide anchors for an electrode diameter of
the PDMS membrane and a fixed air-gap.

Fig. 8 shows the FEM of a PDMS-based electrostatic actuator
that has a large diameter of 8§ mm and a thickness of 50 um,
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which is separated from the resonant cavity by a very thin
layer of air (20 pm), the collapse voltage decreases
significantly, for instance, to below 5 V. Such low-voltage
operation may enable the entire device to be powered by a
battery while maintaining its compact form factor compared
to the bulkiness of commercial transducers.

V. CONCLUSION

This work introduced a MEMS-based concept for generating
single, high-pressure ultrasound pulses through acoustic
energy storage and release. Finite element simulations
confirmed that resonant cavities can accumulate acoustic
energy and release it on demand as amplified, wide-band
pulses. The released waveforms exhibit high peak pressures
and broad fractional bandwidths, highlighting potential for
both neuromodulation and imaging. Theoretical analysis
demonstrated that amplification scales with storage time and
inversely with cavity thickness, consistent with the FEM
results. A proof-of-concept MEMS-shutter design for the
medium-switch based on a PDMS electrostatic actuator was
also proposed. Simulations suggest collapse voltages are
below 5 V, paving the way for battery-powered operation.
Together, these results point to a promising route toward
compact, energy-efficient ultrasound systems capable of
meeting the demands of next-generation biomedical
applications. Future work will focus on microfabrication and
experimental validation of the proposed design.
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