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Abstract — Mathematical models are utilised in nearly all
areas of electronics to represent various devices.
Mathematical modelling allows for the study of electrical
device properties without the need for physical hardware. A
mathematical model is frequently employed as a surrogate for
a physical equipment that has to be evaluated, resulting in a
substantial reduction in measurement expenses. Like other
electrical devices, a loudspeaker can also be characterised
using equations that define its performance and
characteristics. The mathematical representation of a
dynamic speaker is derived from its equivalent circuit. The
paper outlines a mathematical approach for mimicking
distortions in loudspeakers employed in alarm systems. It is
feasible to simulate the standard parameters of loudspeakers
using an electrical equivalent circuit and a mathematical
model.

Keywords: Dynamic Speaker, Mathematical Model

. INTRODUCTION

In the past decade, the global audio industry has shown a
rising inclination towards smaller devices that consume less
power and offer improved performance, owing to the fast
progress in consumer electronics. Speakers are essential
components of mobile electronic devices including laptops,
cellphones, wireless earbuds, and human-machine interfaces.
There is a strong desire for speakers to be smaller, lighter, and
more energy-efficient. At now, conventional speakers with
large moving coils are the primary kind of speakers used in
mobile electronic devices. However, these speakers are
difficult to mass-produce since they need the assembly of
voice coils and permanent magnets [1]. The reduction in size
of these traditional speakers also adversely affects the sound
quality and is limited by the materials and manufacturing
methods used [2]. For instance, the plastic or polymer
diaphragms often found in traditional speakers lack the
necessary rigidity to function as radiator surfaces of superior
quality [3]. Reducing the size of mechanical suspensions and
electromagnetic elements would result in lower bandwidths
and higher nonlinearities, which would negatively impact the
sound quality [2,4]. Conventional production processes
struggle to attain precise dimensions and consistent quality
when it comes to miniaturising speakers.

In  contrast, microelectromechanical systems
(MEMS) speakers, also known as microspeakers, have been
gaining increasing interest because of their inherent benefits,
such as their tiny size, low energy consumption, ability to be
produced in large quantities, and potential for integration with
electrical circuits on a single chip. Several researchers have
created MEMS speakers using different transduction
processes and have obtained encouraging outcomes. These
include electrodynamic MEMS speakers [5-7], electrostatic
MEMS speakers [8,9], piezoelectric MEMS speakers [10—
12], and thermoacoustic MEMS speakers [13,14].
Researchers have also investigated other materials and
methods for creating MEMS speakers [15-17].

The performance of MEMS speakers has been
assessed and contrasted with traditional speakers based on
many important criteria, including device size, output sound
pressure level (SPL), power use, bandwidth, and total
harmonic distortion (THD) [2,9,10,17]. The SPL (Sound
Pressure Level) and bandwidth are often employed criteria
for assessing the acoustic capabilities of MEMS speakers.
overall Harmonic Distortion (THD) is a crucial measure for
assessing the sound quality of MEMS speakers. It refers to
the combined power emitted at frequencies other than the
fundamental frequency, compared to the overall sound power
emitted [9].

So far, MEMS speakers have mostly been created
for in-ear uses such as hearing aids and headphones [15,18].
Both MEMS speakers and traditional electrodynamic
microspeakers have difficulties in achieving high sound
pressure level (SPL) output and a flat audio frequency
response. This is because the diaphragm's vibration mode
complexity and limited area for actuation pose challenges.
Hence, the technique of activating, the structure, and the
design of the electrode pattern of the diaphragm, along with
the design of the enclosure, play a vital role in determining
the overall response and performance of a MEMS speaker.
Both finite element analysis (FEA) and lumped element
modelling (LEM) are commonly used to examine the impacts
of different design parameters and enhance the overall
performance of MEMS speakers [19,20]. Various methods,
such as choosing certain materials [12], implementing unique
structural designs [21,22], and configuring the electrodes
[23,24], have been shown to improve the acoustic capabilities
of MEMS speakers. Considerable research has been
dedicated to the advancement of MEMS speakers, resulting
in significant progress as indicated by the substantial body of
literature generated.

The investigation of MEMS speakers started in the
latter part of the 1990s. Subsequent to that, substantial
advancements have been achieved in the development of
MEMS speakers utilising various transduction methods,
including piezoelectric, electrodynamic, and electrostatic
transduction. In order to attain compact dimensions, a
substantial sound pressure level, and a uniform frequency
response, a range of materials, structural configurations, and
manufacturing methods have been utilised. This study will
examine the progress of MEMS speakers, focusing on their
transduction processes.

Il. PIEZOELECTRIC MEMS SPEAKERS

Piezoelectric actuation, known for its low driving voltage and
high actuation force, is extensively employed in many MEMS
devices such as ink-jet printer heads [25], MEMS scanning
mirrors [26], ultrasonic motors [27], RF resonators [28], and
acoustic generators [29]. Piezoelectric MEMS speakers are
significant applications that are increasingly capturing
attention. Piezoelectric MEMS speakers utilising several
piezoelectric materials, including zinc oxide (ZnO),
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aluminium nitride (AIN), and lead zirconate titanate (PZT),
have been introduced for the purpose of hearing aid or
earphone applications [30]. Piezoelectric MEMS speakers
primarily comprise a piezoelectric vibrating diaphragm and
an acoustic cavity. Vibration diaphragms may be developed

in three different configurations: beam-like piezoelectric
actuators (Figure 1a) [31], fully clamped diaphragms with
embedded piezoelectric layers (Figure 1b), or partially
clamped diaphragms surrounded by piezoelectric actuators
(Figure 1c).
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Fig. 1: Schematics of typical structures of piezoelectric MEMS speakers in top view

I1l.. ELECTRODYNAMIC MEMES SPEAKERS

Electrodynamic MEMS speakers have been created using
electromagnetic actuation, which is the predominant method
of actuation in traditional speakers. Electrodynamic MEMS
speakers offer the benefits of a high power density, low
operating voltage, and linear responses. Considerable efforts
have been focused on creating electrodynamic MEMS
speakers that include magnetic materials and have compact
designs at a cheap cost, all while enhancing their sound
quality. Nevertheless, achieving complete incorporation of
magnetic materials for the purpose of implementing
electrodynamic MEMS speakers remains a difficult task.

In 2004, Cheng et al. introduced an electrodynamic
MEMS speaker designed specifically for hearing devices.
The device was created utilising a low temperature technique
that involved electroplating a Ni/Fe soft magnet. This method
is compatible with post-CMOS processing and allows for
possible integration with electronic circuitry [5]. Figure 2a
displays a diagram of the MEMS speaker design. The speaker
has a chip size of 5 mm x 5 mm and is composed of a
micromachined polymer diaphragm on a silicon wafer, a
single-curve copper coil, an electroplated nickel/iron soft
magnet, and a permanent magnet attached to the backside.
When a driving power of 1.5 V was applied, the MEMS
speaker produced a maximum sound pressure level (SPL) of
93 dB at a frequency of 5 kHz within a volume of 2 cubic
centimetres. This study presented a theoretical framework
and methodology for the fabrication of electrodynamic
MEMS speakers using micromachining techniques.

Subsequently, a number of electrodynamic MEMS speakers
have been documented for their reduced energy usage,
advanced integration process, and enhanced sound pressure
level (SPL) and audio quality.

In 2009, Chen et al. introduced an electrodynamic
MEMS speaker that achieved enhanced power efficiency by
integrating Ni nano-composites with Cu to create the voice
coil [32]. Figure 2b provides a cross-sectional depiction of the
construction of the MEMS speaker. In this structure, the coil
is composed of a Cu—Ni composite, which is created by
combining Ni nano-particles with an alkaline copper-plating
solution that does not include cyanide, in a colloidal bath. The
testing findings shown that the MEMS speaker equipped with
a Cu—Ni composite coil achieves an average power
reduction of around 40% compared to the one with a Cu coil,
while maintaining the same sound pressure level (SPL)
output at 70 dB.

IV. ELECTROSTATIC MEMES SPEAKERS

Electrostatic actuation-based MEMS speakers have been
suggested as well, usually comprising of parallel or lateral
plate actuators. The benefits of these speakers encompass
convenient manufacturing, increased electromechanical
efficiency, and a comparatively uniform frequency response.
This section will first introduce the current designs of
electrostatic MEMS speakers that are based on various
diaphragm materials. Next, a thorough examination will be
conducted on the methods to enhance sound pressure levels
(SPLs) of electrostatic MEMS speakers while simultaneously
considering the limitations of the design.
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Various diaphragm materials have been used to
demonstrate electrostatic MEMS speakers [8]. In 2005, Kim
etal. published a study on an electrostatic MEMS speaker that
utilised a Parylene thin diaphragm. The speaker depicted in
Figure 3al, as observed in the cross-sectional SEM picture,
consists of two distinct chambers positioned at the top and
bottom. These chambers allow for bi-directional actuation
through the use of electrostatic forces [33]. Figure 3a2
displays the recorded frequency response of the speaker. The
device that was created had a diaphragm size of 2 x 2 mm2.
It produced high sound pressure levels (SPLs) of 113.4 dB at
7.68 kHz and 98.8 dB at 13.81 kHz. These measurements
were taken at a distance of 1 cm and with a driving voltage of
150 V. under 2007, Roberts et al. introduced a touch-mode
MEMS speaker that utilised polySiC diaphragms with a
diameter of 800 pm. This speaker was powered by
electrostatic forces and demonstrated resilience and

¢ MEMS speakers

functionality even under challenging conditions [8]. The
SEM picture in Figure 3bl displays the suspended poly-SiC
diaphragm of the device that was created. At a distance of 1
cm, the sound pressure level (SPL) reached its highest value
of 73 dB at a frequency of 16.59 kHz when a driving voltage
of 200 V was applied (Figure 3b2). Graphene, a different
material, has also been studied for creating high-quality
speakers that can produce a wide range of audio frequencies.
This is because graphene has a very low mass density and is
highly mechanically strong. In 2013, Zhou et al. introduced a
compact electrostatic speaker that utilised a graphene
diaphragm of just 30 nm in thickness. They successfully
showcased its ability to produce a wide range of frequencies,
from 20 Hz to 20 kHz, and established that its performance
was on par with or even superior to that of a commercially
available magnetic coil speaker [34].
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Fig. 3: Electrostatic MEMS speakers based on different diaphragm materials
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The majority of electrostatic MEMS speakers utilise
traditional parallel plate architectures and exhibit low sound
pressure levels (SPLs) as a result of the limited deflection of
their diaphragms. This limited deflection is a consequence of
the equilibrium between the electrostatic force and the
mechanical restoring force. To address the constraint of low
sound pressure levels (SPLs), it is necessary to create
substantial electrostatic forces. As mentioned in Section 2.2
and demonstrated in Equation (7), substantial electrostatic
forces necessitate elevated driving voltages and reduced
separation gaps. Nevertheless, the narrow space between the
components will restrict the range of movement of the
diaphragm and result in significant air damping caused by the
squeeze film effect [35]. Additionally, it is necessary for the
driving voltage to be significantly lower than the pull-in
voltage of the parallel plates in order to guarantee reliable
performance. Hence, in order to enhance the sound pressure
levels (SPLs) of electrostatic MEMS speakers, it is necessary
to make compromises between the electrostatic force, the
separation gap between the parallel plates, and the driving
voltage.

V. THERMOACOUSTIC MEMES SPEAKERS

Furthermore, thermoacoustic transduction shows promise for
use in the production of MEMS speakers, in addition to the
three transduction methods mentioned above. Researchers
have constructed many thermoacoustic loudspeakers using
carbon nanotube or graphene materials. Their main focus has
been on boosting the sound pressure production and
decreasing power consumption. This research is supported by
references [13,14]. In 2008, Xiao et al. discovered that thin
carbon nanotube films produced sound when an audio
frequency current was applied. This phenomenon was
identified as the thermoacoustic effect [36]. Using this
discovery, they effectively created thermoacoustic speakers
in the shape of cylinders with a diameter of 9 cm and a height
of 8.5 cm, using thin films of carbon nanotubes that were
either one layer or four layers thick. These speakers were able
to produce sound pressure levels (SPLs) exceeding 70 dB at
a distance of 5 cm from the source, starting from a frequency
of 1 kHz, with an input power of 3 Watts. Figure 5a depicts
an image of a constructed thermoacoustic speaker that has the
dimensions of an A4 paper. This study proved the practicality
of creating thermoacoustic speakers by using carbon
nanotube sheets. Nevertheless, achieving high sound pressure
levels (SPLs) necessitated the use of a bulky apparatus and
significant power usage.
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Fig. 4: Thermoacoustic speakers
approaches such as incorporating unique architectures,
VI. CONCLUSION utilising novel materials, optimising electrode topologies, and

This article provides a comprehensive examination of the
development history of MEMS speakers. The text discusses
the introduction of four types of MEMS speakers that operate
via piezoelectric, electrodynamic, electrostatic actuation, and
the thermoacoustic effect. It also covers their development
milestones, performances, benefits, and limits. This article
focuses on several methods to enhance the sound pressure
levels (SPLs) of MEMS speakers, with particular emphasis
on piezoelectric MEMS speakers. It highlights and discusses

implementing speaker arrays.
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