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Summary

There is a need for compact acoustic sources that operate at low frequencies. These
acoustic sources can be employed to produce good quality sound in the low frequency
range, for instance in the limited space that is available in the flat-screen televisions
and in airplane cabin walls. Additionally, low-frequency acoustic sources can be ap-
plied to eliminate transmission of unwanted noise using active noise control techniques,
for example, in homes, hotel rooms or airplane cabins.

A problem arising when the acoustic sources operate at low frequencies is that the
acoustical power is not always enough to allow for sound to be emitted in the form
of propagating waves. As a rule of thumb, in the low frequency range the larger
the enclosure volume of acoustic sources, the greater the radiated acoustical power.
Therefore, in the applications with limited build space it is difficult to compensate
for the sufficient acoustic power of the radiators.

A thin sandwich acoustic source with a large surface area and a relatively small
thickness that is integrated with an internal cavity can fulfill the need for both large
enclosure volume and limited build space. The sandwich structure makes the thin
acoustic source light-weight and stiff. Therefore, the resulting acoustic source has a
reasonably high fundamental resonance frequency.

The use of voice coil actuators as the driver of the thin acoustic source results in
dissipation of a large portion of the input electric power due to Joule heating of the
coil. This makes the thin acoustic source system inefficient. An inefficient acoustic
source consumes extra input electric energy, which causes energy loss and high en-
ergy expenses. Piezoelectric actuators are efficient replacements to ensure an energy-
efficient operation of the thin acoustic source. However, due to the capacitive nature
of the piezoelectric devices, they cannot result in a higher efficiency of the acoustic
source alone, especially at low frequencies. The existence of an appropriate electri-
cal amplifier in combination with the piezoelectric devices is crucial to achieving an
energy-efficient thin acoustic source. An appropriate combination of the actuators
and amplifiers is investigated in this research. Taking the electrical considerations
into account, the appropriate combination results in an energy-efficient operation of
the thin acoustic source.

Due to the limited build space in the low-frequency applications, a need for a compact
design of the piezoelectric stack actuators arises. An appropriate auxiliary flexural
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mechanism is investigated for use as an appropriate driver in the limited space of the
thin acoustic source. The resulting acoustic source is thin and energy-efficient and
can be used in the low frequency operations. The motivation of the present research is
to design a compact energy-efficient actuation mechanism for the thin acoustic source
that operates in the low-frequency range.

In this research, the combined electrical, mechanical and acoustical aspects of the
thin acoustic source are investigated. An energy-efficient performance of the thin
acoustic source is evaluated when it is connected to multiple amplifiers and actuators.
A flexural mechanism is proposed to be integrated with piezoelectric stack actuators
and to be used as the driver of the thin acoustic source. A fully-coupled multiphysics
Finite Element model is developed to analyze the thin acoustic source system that is
actuated by the integrated flexural mechanism. The resulting acoustic source system
is manufactured and studied experimentally to validate the FE analysis. The study
shows that the developed FE model of the thin acoustic source is in very good agree-
ment with the experimental result. As a result of this research, an energy-efficient
thin acoustic source is successfully designed and manufactured. It is excited by a flex-
ural mechanism that is integrated with energy-efficient piezoelectric actuators. The
constructed energy-efficient acoustic source meets the requirements and is an excel-
lent choice to be employed in the low-frequency applications. It is sufficiently thin to
be employed in applications with limited build space. Its sandwich structure is com-
bined with its large surface area to provide sufficient enclosure volume to generate
propagating sound waves in the low frequency range.



Samenvatting

Er is een behoefte aan compacte laag frequente geluidsbronnen. Deze geluidsbronnen
kunnen gebruikt worden om geluid van goede kwaliteit in het lage frequentiebereik
te produceren, bijvoorbeeld in de beperkte ruimte die beschikbaar is in flat-screen
televisies en cabinewanden van vliegtuigen. Daarnaast kunnen laagfrequente geluids-
bronnen toegepast worden om lawaai veroorzaakt door ventilatiesystemen actief te
elimineren, bijvoorbeeld in huizen, hotelkamers of vliegtuig cabines.

Een probleem dat ontstaat wanneer geluidsbronnen op lage frequenties werken, is
dat het akoestisch vermogen in het lage frequentiebereik niet altijd voldoende is om
geluid te kunnen uitzenden in de vorm van lopende golven. Als vuistregel geldt in het
lage frequentiebereik dat hoe groter het omsloten volume van geluidsbronnen, groter
het afgestraalde akoestische vermogen is. In toepassingen met beperkte ruimte is het
daarom moeilijk om laag frequente bronnen met voldoend akoestisch vermogen te
bouwen.

Een dunne geluidsbron bestaand uit een sandwich plaat met een groot oppervlak en
een relatief kleine dikte die is gëıntegreerd met een interne holte kan aan de behoefte
voldoen van zowel een groot behuizingsvolume als een beperkte bouwruimte. De
sandwich constructie maakt de dunne geluidsbron licht en stijf. Daarom heeft de
geluidsbron een redelijk hoge fundamentele resonantiefrequentie.

Het gebruik van voice coil actuatoren voor de aandrijving van een dunne geluidsbron
resulteert in de dissipatie van een groot deel van het ingevoerde elektrische vermo-
gen als gevolg van Joule-verwarming van de spoel. Dit leidt tot een inefficiënt dun
akoestisch bronsysteem. Een inefficiënte geluidsbron verbruikt extra elektrische en-
ergie als input, dat zorgt voor energieverlies en hoge energiekosten. Piëzo-elektrische
actuatoren zijn een efficiënte vervanging om een energiezuinige werking van de dunne
geluidsbron te garanderen. Vanwege het capacitieve karakter van p̈ıezo-elektrische
actuatoren kunnen ze afzonderlijk niet leiden tot een hoger rendement van de gelu-
idsbron, met name niet bij lage frequenties. Het combineren van een geschikte elek-
trische versterker met de piëzo-elektrische actuatoren is cruciaal voor het bereiken
van een energiezuinige dunne geluidsbron. In dit onderzoek wordt daarom gezocht
naar een geschikte combinatie van actuatoren en versterkers. Rekening houdend met
de elektrische afwegingen, zal de geschikte combinatie resulteren in een energiezuinige
werking van de dunne geluidsbron.
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Vanwege de beperkte bouwruimte in de laagfrequente toepassing, is er een behoefte
aan een compact ontwerp van gestapelde piëzo-elektrische actuatoren. Een geschikt
bladveer mechanisme wordt onderzocht voor gebruik als aandrijving in de beperkte
ruimte van de dunne geluidsbron. De resulterende geluidsbron is dun en energiezuinig
en kan gebruikt worden in het laagfrequente gebied. De motivatie achter het huidige
onderzoek is het ontwerpen van een compact energiezuinig actuator mechanisme voor
dunne geluidsbronnen in het lage frequentie gebied.

In dit onderzoek worden de gecombineerde elektrische, mechanische en akoestische as-
pecten van de dunne geluidsbron onderzocht. De energie efficiëntie van de dunne gelu-
idsbron wordt geëvalueerd wanneer deze is aangesloten op verschillende versterkers en
actuatoren. Een bladveer mechanisme met geintegreerde gestapelde piëzo-elektrische
actuatoren wordt voorgesteld te gebruiken als aandrijving van de dunne geluidsbron.
Een volledig gekoppeld multi-physisch eindig-elementenmodel is ontwikkeld om het
dunne geluidsbronsysteem te analyseren dat door het gëıntegreerde bladveer mech-
anisme aangedreven wordt. Het resulterende geluidsbronsysteem is vervaardigd en
experimenteel onderzocht om het eindig-elementenmodel te valideren. Het onderzoek
toont aan dat het eindig-elementenmodel van de dunne geluidsbron in zeer goede
overeenstemming is met de experimentele resultaten.

Als resultaat van dit onderzoek is een energiezuinige dunne geluidsbron succesvol ont-
worpen en vervaardigd. De bron wordt aangedreven door een bladveer mechanisme
dat is gëıntegreerd met energiezuinige piëzo-elektrische actuatoren. De geconstrueerde
energiezuinige geluidsbron voldoet aan de gestelde eisen en is een uitstekende keuze om
te gebruiken in laagfrequente toepassingen. De bron is voldoende dun voor toepassin-
gen met beperkte bouwruimte. De sandwich constructie gecombineerd met het grote
oppervlak biedt voldoende volume om geluidsgolven in het lage frequentiebereik te
genereren.
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Introduction

This thesis concerns the design, construction and experimental study of a thin acoustic
source. This thin acoustic source is aimed at operating at low frequencies. The
challenge arises when acoustic sources operate at low frequencies. The reason is that
at low frequencies, the radiated acoustical power is low. Therefore, a lot of power is
needed to radiate powerful propagating waves. However, acoustic sources are needed
for some applications at low frequencies, such as noise cancellation applications. For
example, there is a need for flat thin acoustic sources for active noise control in walls
of homes or of hotel rooms. Moreover, low-frequency acoustic sources can be applied
to produce good quality sound in the low frequency range, for instance in flat screens
of big TVs and in airplane cabin walls. In the following, an introduction to acoustic
sources and their applications at low frequencies is provided.

1.1 Acoustic sources

Sound is a small propagating perturbation in a medium, which can be a fluid or a
solid. The commonest example of sound is the small perturbation in the atmospheric
air pressure when we talk that travels in the air from the speaker to the listener’s ear.
An acoustic source is any device that can produce this small pressure perturbation.
In the air, the small perturbation may be produced using an oscillating object. The
oscillating object can push and pull the air particles back and forth. The produced
sound has to have enough power to push and pull multiple air particles, so that it
can propagate as a wave in the medium. When the sound power is not sufficient,
the perturbation cannot push the air particles and therefore does not propagate,
remaining locally near the acoustic source.

One of the commonest types of commercial acoustic sources is a loudspeaker [1].
Figure 1.1 shows several parts of a loudspeaker. A connected electrical amplifier is
used as a source to supply the electric power to the loudspeaker’s ports [1]. A driver
is the actuation unit that is fed by the source. The driver uses the electric power
supplied by the source and converts it into a mechanical vibration [1]. A common
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Figure 1.1: The schematic of a loudspeaker system actuated by a voice coil device.

driver that is widely used in the industry is a voice coil actuator [1], which is shown
in Fig. 1.1. An object with enough surface area, for example a diaphragm, oscillates
as a result of the mechanical power that is delivered by the driver. If the mechanical
power is sufficient, this oscillation provides the required perturbation in the pressure
of the surrounding air to produce sound. An enclosure surrounds the driver and
the oscillating object in a closed box [1]. The existence of both an enclosure and a
sufficient volume of air in the enclosure are crucial in the design of an acoustic source.
If the sound that is produced in the rare of the vibrating object reaches the produced
sound in the front, it cancels the sound in the front. The rigid walls of the enclosure
ensure that no sound propagates from the rare of the acoustic source to the front.
The air volume in the enclosure eliminates the negative effect of the produced sound
in the rare of the vibrating object on the oscillating diaphragm. The greater the air
volume, the better the elimination. The combination of the driver, the oscillating
object and the enclosure form a loudspeaker system [1].

1.2 Acoustic sources at low frequencies

At low frequencies, the generated sound has lower power than the sound generated
at high frequencies. Therefore, at low frequencies the acoustical power of an acoustic
source is not always enough to emit propagating sound waves in the air. At these
frequencies, only acoustic sources with sufficient acoustical power can generate propa-
gating sound. In the low frequency range, the larger the enclosure volume of acoustic
sources, the greater the radiated acoustical power [2]. Therefore, acoustic sources
operating at low frequencies often have large enclosure volumes.

At low frequencies, the small signal parameters may be sufficient to determine the
properties of the loudspeaker systems in the so called “piston range” frequencies [1].
A piston range is a range of low frequencies for which the wavelength of the generated
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Figure 1.2: A thin acoustic source that is actuated by multiple voice coil devices [3].

sound is larger than the dimensions of the acoustic source [1]. Therefore, a pistonic
motion of the vibrating diaphragm is fulfilled in the piston range frequencies. Lumped
models can be implemented in the piston range frequencies to describe the acoustic
source systems.

1.3 Thin acoustic sources at low frequencies

In some applications in the low frequency range, the available space to the enclosure
of acoustic sources is limited. The space limitation may be a result of the surrounding
mechanical structures, or a result of a small-scale application by its nature. Due to
this spatial constraint, acoustic sources with small enclosure dimensions are required,
especially at low frequencies [2]. However, as mentioned in Sections 1.1 and 1.2,
acoustic sources with sufficiently large enclosure volume are required to emit sound,
and to eliminate the negative effect of the produced sound in the rear part of the
vibrating object on the produced sound in the front.

A few thin acoustic sources with a thin enclosure thickness and a large enclosure’s
surface area have been designed and studied recently [2, 3] (see Fig. 1.2). A double-
layer structure is made of two face sheets that are separated from each other by an air
aperture and is investigated in Ref. [4] for use in a thin acoustic source. These double-
layer structures can be employed in applications in the low frequency range. The air
aperture results in less coupling between the two faces, which leads to low sound
transmission [4]. For example, double-layer structures can be used in active sound
absorption or active noise control applications to cancel a noise coming from another
source. Due to small dimensions, the double-layer acoustic sources are interesting in
applications with spatial constraints and in particular, at low frequencies.
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1.4 The thin acoustic source in this study

In this thesis, we study a thin acoustic source that is suggested in Ref. [2]. Control
techniques have been used in Ref. [3] to reach a uniform sound generation of the
thin source. The suggested acoustic source operates at low frequencies and has a
sufficiently thin dimension. Therefore, it can be employed in applications with limited
space.

The thin acoustic source that is studied in this thesis is shown schematically in Fig. 1.3.
A comparison between the thin acoustic source in Fig. 1.3 and the conventional loud-
speaker in Fig. 1.1 reveals the resemblance between the two acoustic sources. The
actuation unit of the thin source receives the electric power from a connected electri-
cal amplifier and drives a vibrating object. In the design of the thin acoustic source,
the vibrating diaphragm of the conventional loudspeaker is replaced with a sandwich
structure. The sandwich structure has a honeycomb core and two thin faces. As seen
in Fig. 1.3, the faces of the sandwich structure are not equal. The top skin is a closed
surface made of aluminum, while the bottom structural steel skin is perforated. The
resulting sandwich structure is light-weight due to the existence of the honeycomb
core and the thin faces. It also has high bending stiffness. The combination of high
bending stiffness and light weight results in relatively high bending frequency of the
structure. Therefore, the sandwich structure behaves as a piston in a relatively broad
low frequency range.

The large surface area of the sandwich structure fulfills the requirement of having
a large surface for the vibrating object, as mentioned in section 1.1. Due to the
perforation of the bottom face of the sandwich structure, the air cavity in the aperture
between the sandwich structure and the enclosure can flow in the core of the sandwich
structure. As a result of the interaction between the air in the cavity and the air in
the honeycomb core, the available volume of the air in the enclosure is approximately
equal to the volume of the enclosure. In the case where the sandwich structure is a
solid structure, the volume of the solid is reduced from the volume of the enclosure,
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and therefore the available volume of the air decreases. On the one hand, large air
volume is required to eliminate the negative effect of the produced sound in the rare of
the sandwich structure on the vibration of the structure, especially at low frequencies.
On the other hand, in the applications with spatial constraints, an acoustic source
with limited dimensions is needed. The thin acoustic source with a large surface area
and a small thickness can fulfill both the large volume requirement and the limited
dimension requirement. As seen in Fig. 1.3, the rubber suspension is used to connect
the vibrating sandwich structure to the enclosure and to close the air volume in the
enclosure.

In summary, the thin acoustic source shown in Fig. 1.3 fulfills the following require-
ments for acoustic sources at low frequencies:

1. Due to the sufficiently large surface area of the sandwich structure, the suggested
thin acoustic source has a large enclosure volume to generate sufficient acoustical
power to emit sound at low frequencies,

2. Due to the small thickness, the thin acoustic source is interesting for applications
with limited space,

3. Due to the existence of the sandwich structure, the vibrating object is light-
weight and stiff, and therefore has a reasonably high fundamental resonance
frequency for bending compared with a solid source with a similar volume,

4. Due to the existence of the perforated bottom skin of the sandwich structure, the
air in the hollows of the honeycomb core adds to the air in the cavity aperture
of the acoustic source. This forms a larger volume of air in the enclosure.

1.5 Problem statement and objective of the thesis

Although the design principles of the thin acoustic source is well defined by Berkhoff [2],
an appropriate driver unit that is exclusively designed for the proposed thin source
has not yet been investigated. The use of voice coil actuators as the driver of the
suggested thin acoustic source is examined in Ref. [3] (see Fig. 1.2). However, voice
coil actuators dissipate a large portion of the input electric power due to Joule heat-
ing of the coil. In particular, in the low-frequency applications, the majority of the
electric power that is delivered by the connected electrical amplifier to the driver is
dissipated in the voice coil device. Therefore, a small portion of the input electric
power is converted to a mechanical power to excite the sandwich structure of the
acoustic source. As a result, extra input electric power is needed to feed the voice coil
driver. Consequently, using a voice coil actuator leads to an inefficient thin acoustic
source system. An inefficient acoustic source consumes extra input electric energy,
which causes energy loss and high energy expenses.

A piezoelectric stack actuator may be used as an alternative driver in the design of the
thin source. Piezoelectric devices are energy-efficient structures due to their capacitive
nature. The power loss in a piezoelectric actuator is negligible in comparison with the
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stored power in the capacitive part. Therefore, piezoelectric actuators are efficient
choices to ensure an energy-efficient operation of the thin acoustic source. On the one
hand, in the low frequency range, the capacitive nature of the piezoelectric devices
eliminates the active portion of the input electric power to the thin acoustic source.
On the other hand, the majority of the power delivered to the piezoelectric driver is
stored in the reactive parts of the driver and the acoustic source. A need arises for an
appropriate electrical amplifier that can recover and reuse the stored power in both
the driver and the thin source. An appropriate connected amplifier can lead to saving
a large portion of the input electric power. Therefore, a combination of piezoelectric
actuators and an appropriate electrical amplifier is needed.

Another challenge in the thin acoustic source is the need for a compact design. Due
to the limited available space in the low-frequency applications, the design of the
piezoelectric stack actuators needs to be compact. As will be discussed in Chapter 3
of this thesis, auxiliary compliant mechanisms may be used to ensure the use of long
piezoelectric stack actuators in the design of the thin acoustic source. Appropriate
auxiliary compliant mechanisms concern a precise design geometry that is easy to
manufacture, and that is qualified to be employed in the limited space of the thin
acoustic source in practice. The proposed compliant design should have a fundamental
resonance frequency that is higher than the fundamental resonance frequency of the
thin acoustic source.

In brief, the voice coil actuators, which have been used as the driver of the thin acoustic
source, dissipate a large portion of the delivered input electric power to the driver.
Piezoelectric stack actuators may be used instead to eliminate the energy loss and
to increase the efficiency of the thin acoustic source. However, due to the capacitive
nature of the piezoelectric devices, they cannot lead to a greater efficiency of the
acoustic source alone, especially at low frequencies. The existence of an appropriate
electrical amplifier in combination with the piezoelectric devices is crucial to achieving
an energy-efficient thin acoustic source. In addition to the electrical consideration,
the mechanical requirement associated with the size of an appropriate driver should
be fulfilled. To solve the limited space problem in the thin acoustic source, the
design of a compliant mechanism is crucial. Using the compliant mechanism, the
resulting acoustic source is thin and energy-efficient and can be used in the practical
low-frequency operations. This was the motivation behind conducting the present
research.

Following the research motivation, the goal of this PhD study is:
To design and manufacture a thin acoustic source as an energy-efficient
structure.
The resulting thin acoustic source has to fulfill the following requirements:

• It has to operate at low frequencies, for example, in active sound radiation
control applications (acoustical consideration),

• It has to be sufficiently thin to be used as a source with severe space constraints
(mechanical consideration),

• The driver of this acoustic source should be designed in such a way that leads to
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reducing the energy loss and to increasing the overall efficiency (electrical and
mechanical considerations),

• The driver of this acoustic source has to be sufficiently thin to be fitted in the
thin acoustic source (mechanical consideration),

• Fully-coupled multiphysics knowledge has to be used to design, manufacture
and study the thin acoustic source system in practice (electrical-mechanical-
acoustical consideration).

1.6 Outline of the thesis

This thesis is divided into three main parts. In Part I, an introduction is followed by
an overview of the various physics involved in the design of the thin acoustic source,
and by a discussion and conclusions. In Part II, three articles are appended to provide
in-depth information with regard to physical aspects of the multiphysics model of the
thin acoustic source that are described in Part I. Part III includes two appendices.
The first one describes the derivation of the equation that is used in Chapter 4 of
Part I to obtain the radiation impedance of a Finite Element model of the acoustic
source. The second appendix shows the measured time-dependent pressure signals
of multiple microphones that are used in Chapter 5 of Part I. An overview of the
Papers in Part II and their relation with Part I are shown in Fig. 1.4. In each article,
experimental results are provided to validate the numerical model.

In Part I, Chapter 2 describes the electrical considerations about various actuators and
amplifiers. Using the electrical analogy, Chapter 2 also investigates a fully-lumped ap-
proach to model the thin acoustic source. Moreover, control techniques and actuator-
amplifier configurations are examined to improve the efficiency of the thin acoustic
source. Chapter 3 provides a mechanical insight into the design principles of the re-
quired compliant actuation mechanism. In Chapter 4, the acoustical aspects in the
design and manufacturing of the thin source are discussed. Chapter 5 combines all
physical aspects in the previous chapters to analyze and evaluate a fully-coupled Fi-
nite Element model of the thin acoustic source. The main conclusions of the present
work and some recommendations for future studies are presented in Chapter 6.

In Part II, Paper A investigates the effect of the combinations of actuators and am-
plifiers on the Overall Efficiency of acoustic sources using the lumped model that is
introduced in Chapter 2. Paper B gives a complimentary overview of the suggested
flexural actuation mechanism. In Paper C, numerical and experimental studies are
presented on the fully-coupled FE model of the thin acoustic source system that is
actuated by the suggested driver unit in Paper B.
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Electrical aspects

When it comes to designing an energy-efficient acoustic source, the connected elec-
trical components play an important role. The quality of energy conversion in both
the electrical amplifier and the electromechanical driver unit can lead to an energy-
efficient operation of acoustic sources. In this chapter, various methods of increasing
the Overall Efficiency of a lumped model of the thin acoustic source are investigated.

2.1 Electrical components of the thin acoustic source
system

The electrical amplifier and the electromechanical driver unit are the electrical com-
ponents of the thin acoustic source. An insight into these electrical components can
lead to an improvement in the efficient operation of acoustic sources. Therefore, in
the following, various amplifier classes and actuators are investigated.

2.1.1 Amplifiers

Electrical amplifiers can be divided into two main categories: analogue and switching.
An analogue amplifier conducts the current through at least one transistor at a given
time. In a switching amplifier, on the other hand, the current in all transistors is
zero when the switches are open. This difference between the analogue and switching
amplifiers matters in particular when the efficiency of the amplifier is of high impor-
tance. As seen in Fig. 2.1, amplifiers are classified in different classes. Each amplifier
class belongs to either an analogue category or a switching one. In the following, the
amplifier classes in each category are introduced. In particular, the quality of the
output signal, the effect of signal distortion on efficiency, and the power dissipation
of various amplifiers are compared in the following section.

It should be noted that the efficiencies that are introduced in the following section are
the maximum values that amplifiers can reach in theory. These maximum efficiencies

13
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Figure 2.1: A comparison between various amplifier classes in terms of efficiency,
conduction angle and quality of the output signal, Google image [1].

are obtained at a full load of the amplifier, i.e., when the maximum allowable external
load is connected to each amplifier. If the amplifiers are connected to smaller loads
than the maximum allowable load, the efficiency of the amplifiers is lower than the
maximum efficiency that is mentioned in the following section. The power dissipation
in the wires and other electrical components of an amplifier can often be negligible
when compared with the dissipated power in the transistors. Therefore, in this section
only the portion of the input power that is dissipated in transistors of amplifiers is
used for comparison.

Analogue amplifiers

In analogue amplifiers, there is always current passing through at least one transis-
tor [2]. This ensures a continuous output signal of the amplifier. On the one hand,
the continuous current conduction in the amplifier leads to a high quality of the gen-
erated output signal. On the other hand, it causes power dissipation in the amplifier,
resulting in low efficiency. The trade-off between the quality of the generated output
signal and the efficiency leads to the design of various classes of amplifiers [2]. The
difference in the classes of analogue amplifiers is related to the fraction of a time pe-
riod in which amplifiers conduct the current in the transistors [2]. This time fraction
in a period is defined as a phase angle per full wavelength of 360◦.

• Class A

As seen in Fig. 2.1, in a class A amplifier the current conduction in the transistors
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occurs at a full angle of 360◦ of the input signal [2]. It means that power loss
occurs in a full cycle of operation in a class A amplifier. This full current
conduction leads to the highest quality of the output signal of the amplifier
due to the absence of any distortion in the output signal. This results in a
linear relation between the input and output signals of a class A amplifier. On
the other hand, the full conduction angle of the transistors causes a large power
dissipation in the amplifier. The high power dissipation results in a low efficiency
of 30%.

• Class B

A class B amplifier uses two complimentary transistors, each of which operates
in a half cycle with the conduction angle of 180◦ [2] (see Fig. 2.1). The two
transistors operate in a “push-pull” configuration. In a “push-pull” configura-
tion, one transistor conducts during the first half cycle for the positive part of
the input signal, while the other transistor is off. In the second half cycle when
the input signal is negative, the first transistor is off, and the second transistor
conducts the current back to the amplifier. Consequently, in each cycle the
power dissipation in each transistor occurs only in a half cycle. The power loss
in a class B amplifier is lower than the power loss in a class A amplifier. This
leads to an improvement in the efficiency of class B amplifiers compared with
class A amplifiers. The efficiency in a class B amplifier can reach 55% to 60%.
However, due to the “push-pull” configuration, some distortion occurs in the
output signal at the zero-crossing point, which is when one transistor becomes
off and the other one becomes on. Therefore, the quality of the output signal is
lower than the quality in a class A amplifier.

• Class AB

A class AB amplifier is the commonest class of amplifiers, in particular, in audio
applications. This amplifier is fairly similar to a class B amplifier. However,
in a class AB amplifier each transistor operates for more than a half cycle.
Therefore, at the crossover time, when one transistor becomes on, the other one
still continues to operate for a short time before it becomes off. This overlapping
in the operation of the two transistors leads to the generation of an output signal
with less distortion than in a class B amplifier. Figure 2.1 shows that in a class
AB amplifier, the conduction angle of the input signal for each transistor is
between 180◦ to 200◦ in each cycle [2, 3]. Less distortion leads to an output
signal with a higher quality than the output signal of a class B amplifier. On the
other hand, due to longer conduction time for transistors, the power dissipation
of a class AB amplifier in a cycle is larger than the power loss in a class B
amplifier. Therefore, the efficiency of a class AB amplifier can barely reach
50%. This results in the efficiency of a class AB amplifier being lower than that
of a class B amplifier.

• Class C

The operation of a class C amplifier is different from the operation of classes
A, B and AB. This is due to high distortion in the output signal. In a class



16

C amplifier, the conduction angle is less than 180◦, typically between 100◦ to
150◦ [2] (see Fig. 2.1). Therefore, the output current is zero for more than a half
cycle. This results in huge distortion in the output signal of a class C amplifier.
The efficiency of a class C amplifier can reach 70%. However, due to the low
quality of the output signal, this amplifier is not used in audio applications [2].

Switching amplifiers

Unlike the conventional analogue amplifiers, in switch-mode amplifiers, the transistors
operate as switches rather than as conductors [2]. Due to the very short conduction
time of the switches, the power dissipation in the switches is in theory zero [2]. There-
fore, in theory, the switching amplifiers can reach an efficiency of 100% [2].

• Class D

A class D amplifier is a non-linear switch-mode amplifier that consists of two
switching transistors [2]. During the operation of the amplifier, the two switches
are either in the on- or off-state. The frequency with which the switches change
state is very high. Due to the high switching frequency, the conducting time
of the switches is close to zero [4–6] (see Fig. 2.1). A comparator is used to
generate a Pulse Width Modulation (PWM) from an input sinusoidal signal.
An LC low-pass filter after the PWM node of the amplifier filters out the high
frequency components of the PWM signal [2]. Consequently, the sinusoidal
signal is reconstructed in the output stage.

Due to rapid switching, the power dissipation in switches is very low. The
inductance in the output stage makes the power recovery possible in a class D
amplifier by releasing the discharged power back to the amplifier [4–6].

• Other switching amplifiers

Like class D amplifiers, other amplifier classes such as E, F, G, S and T are
switching amplifiers. The operational principles of these amplifier classes are
similar to the principles of a class D amplifier. However, in these amplifiers
control techniques and IC components are used to control and optimize the
switching mechanism [3].

2.1.2 Actuators

The driver unit of the thin acoustic source is an electromechanical unit that converts
the electric input power to a mechanical power. The driver provides the driving force
and actuates the connected mechanical structure. A suitable actuation unit has to
fulfill the following two requirements:

• It is able to provide sufficient mechanical output power compared with the
consumption of the input electric power,
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Figure 2.2: The schematic of a voice coil actuator.

• It does not contribute to the fundamental resonance frequency of the connected
mechanical structure. In other words, its eigenfrequency is higher than the
lowest eigenfrequency of the connected structure.

Voice coil devices have already been used in the structure of a similar thin acoustic
source in Ref. [7]. Alternatively, using piezoelectric actuators may lead to a more
energy-efficient thin acoustic source design, especially, at low frequencies. In the
following, therefore, these two actuators are investigated in detail so as to compare
the conventional voice coil actuators in the design of the thin acoustic source with
the piezoelectric devices.

Voice coil actuator

A voice coil actuator is shown schematically in Fig. 2.2. As seen in this figure, a
permanent magnet produces a uniform magnetic flux density, B, along the air gap in
the direction of the x -axis. A coil with a length l carries current i and is mounted in
the air gap perpendicular to the direction of the magnetic flux density, in the direction
of the y-axis. The current i is an alternate current that changes its direction in the
positive and negative direction of the y-axis in each half cycle. The coil is free to
move in the direction of the z -axis. According to the Lorentz Principle, a force, f , is
generated that acts upon the current-carrying coil in the direction of the z -axis and
changes the direction with the change in the direction of the alternate current [8].
The amplitude of the generated force is obtained using the following equation [8]:

f = il ×B , (2.1)

in which × is the cross product of i and B. If the voice coil oscillates with a velocity
v, a voltage e is induced in the coil due to the static flux density B [8]:

e = v ×Bl . (2.2)

The generated motion of the coil is linear and is proportional to the voltage across
the coil. Due to the continuous current conduction in the coil, the power dissipation
in the coil is very high. Moreover, the temperature in the coil increases due to Joule
heating. A high temperature eliminates the operation of the voice coil actuator or
can damage it.
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(a) (b) (c)

Figure 2.3: Orientation of dipoles in a non-symmetric piezoelectric ceramic crystal:
(a) before poling process, (b) during poling process and (c) after poling process.
Google image [9].

Piezoelectric actuator

Piezoelectric materials are smart structures that respond significantly to various in-
puts, such as a change in the external force, voltage and temperature [8]. As seen in
Fig. 2.3(a), by nature these materials have no symmetry in the crystal structure [8].
Alternatively, some ceramics can be manipulated to present piezoelectric behavior [8].
Below the “Curie temperature” and in the absence of any electrical field, the dipoles
in the ceramic crystal are nonuniform and randomly distributed (see Fig. 2.3(a)) [8].
Applying a high electrical field aligns the dipoles in the ceramic crystals in a poling
process (see Fig. 2.3(b)) [8]. After the poling process, the high electrical field is re-
moved and the dipoles tend to return to their initial position. However, the dipoles
are polarized and still remain relatively aligned in the absence of the high electrical
field (see Fig. 2.3(c)) [8]. Therefore, the ceramic crystal becomes permanently po-
larized. This way, a piezoelectric ceramic material is constructed. After poling and
below the Curie temperature, whenever the piezoelectric ceramic is subjected to an
external electrical field that is in the poling direction, the dipoles move uniformly and
the material expands [8]. If the external electrical field is in the opposite direction of
the poling, the piezoelectric material shrinks in that direction [8].

The commonest type of piezoelectric materials in the industry is Lead Zirconate Ti-
tanate (PZT). PZTs are manipulated ceramics that exhibit piezoelectric behavior [10].
Another piezoelectric material is a single crystal Lead Zirconate Niobate-Lead Ti-
tanate material (PZN-PT) [10]. Single crystals have higher specific energy density
than the manipulated ceramics [8]. Single crystal piezoelectric materials also have
larger electromechanical coupling factors than the piezoelectric ceramics. This leads
to higher quality of conversion of electrical energy to mechanical energy in these ma-
terials. However, they are more difficult to manufacture and are costlier than the
piezoelectric ceramic materials.

Among various electrical amplifiers and electromechanical actuators that have been
introduced in this section, a class AB analogue amplifier and a class D switching
amplifier are selected to be examined in the following sections. A class AB is a linear
amplifier with high signal quality but low efficiency, while a class D amplifier has
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Figure 2.4: The equivalent electrical circuit of a lumped voice coil actuator.

high efficiency and is capable of energy recovery, but is more difficult to design for
low distortion. The trade-off between the requirements can lead to an appropriate
electrical amplifier for the thin acoustic source. Moreover, later in this chapter, the
combinations of these two amplifiers with stacked piezoelectric actuators and voice
coil devices are investigated using an electrical analogy.

2.2 Electrical analogy: Lumped electrical circuits

As mentioned in Section. 1.2, lumped models can be implemented in the piston range
frequencies to describe acoustic sources. A lumped model of an acoustic source is valid
in the low frequency range for which the wavelength is larger than the dimensions
of the source. Using a lumped model is justified when the frequency response of
an acoustic source in the low frequency range is investigated. The reason is that in
the low frequency piston range, the vibrating object of an acoustic source has rigid
pistonic motion without undergoing bending. Therefore, a lumped model is faster and
less computationally expensive than the Finite Element (FE) analysis of the acoustic
source.

A lumped model can be presented as an equivalent electrical circuit in which any mass,
stiffness or damping can be expressed as a nodal property; any electrical resistance,
capacitance or inductance can be considered as a nodal component; and any acous-
tical mass, damping or compliance can be simplified as a nodal element. Equivalent
electrical elements of the lumped components and the resulting electrical circuits are
well described in Ref. [11]. Using the electrical analogy, our thin acoustic source that
operates in the piston range frequencies is modeled as an equivalent lumped electrical
circuit in the following sections.

2.2.1 Lumped models of the selected electrical components

Voice coil actuators

The equivalent electrical circuit of a voice coil actuator is shown in Fig. 2.4. As seen in
this figure, the Lorentz Principle that was discussed in Section. 2.1.2 can be obtained
using the electrical analogy. RE is the electrical resistance of the voice coil device,
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Figure 2.5: The equivalent electrical circuit of a lumped piezoelectric stack actuator.

and the mass of the actuator is considered as Mvoice,coil. The parameter BL in the
figure is the force factor of the voice coil device.

Piezoelectric stack actuators

It is common to use equivalent electrical circuits to model piezoelectric actuators
instead of directly solving the piezoelectric constitutive equations (see Ref. [12]).
The equivalent electrical circuit of piezoelectric stack actuators is shown in Fig. 2.5.
As seen in the figure, the applied voltage to the piezoelectric element is shown by
Vactuator. Quantities i and e represent respectively the output current and voltage
of the electrical domain. RE is used to take the electrical loss of the piezoelectric
actuator into account. Parameter α is the conversion coefficient between electrical
and mechanical domains and is calculated based on the material properties of the
piezoelectric actuator. u and Fin show respectively the velocity and input force to
the mechanical domain. C0 shows the electrical capacitance of the piezoelectric de-
vice. Mp, Cp and Rp are respectively the effective mass, the compliance and the
mechanical damping of the piezoelectric actuator.

According to Fig. 2.5, and using electrical analogy, the following equations can be
obtained:

Fin = Factuator + u(jωMp +
1

jωCp
+Rp) , (2.3)

e = vactuator + i
RE

j
jωC0

RE + j
jωC0

, (2.4)

where ω is the angular frequency and j is the imaginary unit, assuming a time-
dependence e(jωt) which is omitted.

To examine the accuracy of the lumped model of the piezoelectric actuator in the
piston range, a Finite Element model of a piezoelectric stack actuator is analyzed in
COMSOL Multiphysics software [13]. In the FE model, the piezoelectric device is
studied under free, blocked and semi-blocked boundary conditions and the results are
compared with those of the lumped model. The piezoelectric device that is used in
the FE simulation is shown in Fig. 2.6. As seen in the figure, one end of the actuator
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External force

Fixed

Piezoelectric
stack actuator

Figure 2.6: A piezoelectric stack actuator that is modeled in Finite Element software
package with one end clamped and one end subjected to an external force. Blocked,
semi-blocked and free boundary conditions can be achieved by tuning the amplitude
of the external force [14].

is clamped and the other end is subjected to an external force. In the simulation,
the applied external force is defined in a wide range to take into account the free,
semi-blocked and blocked boundary conditions. The applied force starts from zero
and increases up to the maximum allowable force (blocked force of the actuator).

A comparison is made between the results of the lumped model and FE analysis. The
results of simulation for the free boundary condition are shown in Figs. 2.7 to 2.9. As
seen in these figures, similar to the FE model, the lumped model can predict electrical
and mechanical behavior of the piezoelectric device. The mechanical characteristics
of the piezoelectric device such as displacement and velocity show that before the
fundamental resonance frequency of the actuator, there is good agreement between
the results of lumped and FE models. The electrical characteristics of the piezoelectric
actuator also show good agreement between the two models (see Figs. 2.8 and 2.9).
The Bode diagram of the electrical impedance of the actuator is seen in Fig. 2.8.
As seen in the Bode diagram, both lumped and numerical models can predict fairy
similar electrical impedance for the actuator. The semi-blocked boundary condition
is achieved by increasing the external load from zero to the blocked force of the
piezoelectric device. Figure 2.10(a) shows the relation between the applied force
and the displacement of the top end of the actuator. When no load is applied,
the actuator reaches the maximum displacement (free stroke). The blocked force is
achieved when the actuators are completely stopped to oscillate by the external force.
The effect of the supplied voltage on the free stroke of the piezoelectric device is
examined in Fig. 2.10(b). According to Fig. 2.10, there is a deviation in the obtained
electromechanical characteristics of the piezoelectric device between the lumped model
and FE analysis. This deviation is due mainly to the use of a negative capacitance in
the electrical circuit of the piezoelectric device in the lumped model which does not
have a physical meaning (see Fig. 2.5).
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(a) (b)

Figure 2.7: Comparison between the result of FE model and lumped model to
analyze a single piezoelectric stack actuator for the free vibration: (a) displacement,
(b) velocity.

(a) (b)

Figure 2.8: Bode diagram of the electrical impedance of a single piezoelectric stack
actuator: (a) amplitude, (b) phase.
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(a) (b)

Figure 2.9: Comparison between the electrical characteristics of a single piezoelectric
stack actuator: (a) electric power, (b) current.

(a) (b)

Figure 2.10: The characteristics diagrams of a single piezoelectric stack actuator:
(a) force-displacement in semi-blocked boundary condition, (b) displacement-voltage
in free vibration.
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Figure 2.11: The electrical circuit of a class AB amplifier.
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Figure 2.12: The electrical circuit of a class D amplifier.

Amplifiers

The electrical circuit of class AB and class D amplifiers are shown in Figs. 2.11
and 2.12. As seen in these two figures, the transistors are used for conduction in
a class AB amplifier, while in a class D amplifier the transistors operate in switch-
modes. The comparator shown in Fig. 2.12 compares the input sinusoidal signal with
a triangular waveform and generates a PWM signal. The existence of the inductance
L and the capacitance C in the PWM node is crucial to reconstructing the sinusoidal
signal in the output stage of a class D amplifier. Later in this chapter, the electrical
circuits of the two amplifiers are used in the LTspice IV software package in combi-
nation with the electrical circuits of the actuators and a lumped model of the thin
acoustic source.

2.2.2 Lumped model of the thin acoustic source system

An equivalent electrical circuit of a lumped model of the thin acoustic source is con-
structed according to the electrical analogy [7]. The resulting circuit is shown in
Fig. 2.13, where u and Factuator are respectively the velocity and the applied force
from the actuator to the acoustic source. Fout is the output mechanical force of the
acoustic source. The volume velocity and input pressure of the acoustic source are
shown using Ud and Pin respectively. Ms, Cs and Rs are respectively the mass, com-
pliance and mechanical damping of the acoustic source. U1 and U2 are the volume
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Figure 2.13: The equivalent electrical circuit of the lumped acoustic source.

velocities along the cavity and hollows of the honeycomb core respectively. The con-
version coefficient, A, is the surface area of the acoustic source. Parameters Zcavity,
Zhollow, Zscreen and Zrad represent the equivalent acoustical impedance of the air in
the cavity, the air in the hollows of the honeycomb structure, the perforated plate and
the radiation impedance of the acoustic source. The acoustical impedances of the air
in the cavity and air in the hollows of the honeycomb core are defined as follows:

Zcavity =
νcavity
ρ0c20

, (2.5)

Zhollows =
νh.c
ρ0c20

, (2.6)

in which the parameters νcavity and νh.c are the volume of air in the cavity and in the
hollows of the honeycomb structure respectively, and ρ0 and c0 are respectively the
density and speed of sound in the air. The acoustical impedance of the perforated
panel is evaluated as:

Zscreen =
ρ0c0ζscreen

A
, (2.7)

where ζscreen can be obtained using the following equation [7]:

ζscreen =
2

σ

√
2µk

ρ0c0

( tp
dh

+ 1− σ
)

+ j
k

σ

(
tp + 0.85dh(1−

√
σ

π
)
)
. (2.8)

According to this equation, ζscreen is a function of the thickness of the perforated
plate, tp, and the distance between any two neighboring holes, dh. For more infor-
mation on parameters in Eq. (2.8) see Paper A in Part II. The radiation impedance,
Zrad, in Fig. 2.13 can be in general obtained using the resulting equation from the
Helmholtz integral:

Zrad =
ρ0c0
A

(Rrad + jωMrad) , (2.9)

Rrad = 1− 2J1(2ka)

2ka
,

Mrad =
1

ω

2K1(2ka)

2ka
, (2.10)
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where a is the radius of the equivalent circular piston, k is the wave number and J1
and K1 are respectively the Bessel and Struve functions of the first kind. More details
on this topic and approaches to evaluating less computationally expensive expressions
for Zrad will be investigated in Chapter 4 of this thesis.

Using the electrical analogy, the following equation can be concluded from the elec-
trical circuit of the lumped acoustic source in Fig. 2.13:

Factuator = u(jωMs +
1

jωCs
+Rs) + A2u

( Zcavity(Zhollow + Zscreen)

Zcavity + Zhollow + Zscreen

)
+ A2uZrad . (2.11)

Factuator and u in Eqs. (2.3) and (2.4) can be substituted in Eq. (2.11), and subse-
quently the fully-lumped model can be solved using the electrical analogy. Therefore,
the equivalent electrical circuit of the thin acoustic source in Fig. 2.13 can be con-
nected to the equivalent electrical circuits of the two actuators in Figs. 2.4 and 2.5
and to the electrical circuits of the two amplifiers in Figs. 2.11 and 2.12. Using the
electrical analogy, control techniques may be employed to improve the radiated sound
of the lumped acoustic source. The effect of the connected actuators and the response
of the acoustic source system to the applied control techniques are examined in the
following section.

2.2.3 Control approach

The electrical circuit interface in COMSOL Multiphysics is used in combination with a
mathematical interface available in the software to apply the control technique to the
lumped model. Using active damping control, the control of the structural resonance
in the acoustic source is achieved to obtain a smooth frequency response.

Control techniques are applied to the acoustic source that is actuated by a piezoelectric
device. The result of the control methods is compared with the uncontrolled acoustic
source that is actuated by a voice coil actuator. In this study, the control methods
are not applied to the voice coil actuator. The reason is that the aim in this study
is to examine the possibilities to improve the performance of the thin acoustic source
by replacing the voice coil actuators with piezoelectric stack devices. Therefore, all
the improvement methods are applied only to the case in which a piezoelectric device
is employed (see Ref. [7] for a control study on an acoustic source that is actuated by
multiple voice coil actuators).

Control methods

Figure 2.14 shows the control diagram used in this study, which includes input signal
vactuator, transfer response G, actuator input signal u, sensor signal Ud, feedback
controller K and feedforward controller Fc [15]. The feedback controller (block K in
Fig. 2.14) is considered first to actively dampen the sharp resonance peak. Then the
feedforward controller Fc is added to correct the low frequency response.
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Figure 2.14: Block diagram of the control method.

Figure 2.15: The Nyquist diagram of the control method [16].

The thin cavity in the structure of the acoustic source results in a relatively high
stiffness and an un-damped response at the fundamental mass-air resonance. Fur-
thermore, bending modes in the panel may lead to further deviations from the ideal
smooth response. The fundamental resonance frequency is determined by the mass
of the plate and the stiffness of the suspension including the air cavity. The Sound
pressure level (SPL) of the lumped acoustic source can be controlled by a volume
velocity feedback controller such that the fundamental mass-air resonance is effec-
tively controlled [15]. The corresponding Nyquist diagram is shown in Fig. 2.15. To
guarantee the stability, the locus of the Nyquist plot should not cross or encircle the
point (-1,0). It can be seen that the locus of the Nyquist diagram is almost entirely
in the right half plane which allows relatively high feedback gains and good control
performance. The feedforward controller can then be used to control the damping at
the fundamental resonance frequency that is determined by the mass-air resonance.

Control results

The volume velocity of the acoustic source, Ud, is used in the controller. The resulting
SPL of the lumped acoustic source is shown in Fig. 2.16. The control techniques are
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Figure 2.16: Frequency response of the lumped acoustic source using feedback and
feedforward control compensations [16].

applied only to the acoustic source that is actuated by a piezoelectric stack device.
The effect of the controller on the generated sound pressure level of the acoustic
source is investigated in this section. As seen in Fig. 2.16, the fundamental mass-air
resonance can be damped by applying feedback control. In fact, the feedback control
system is able to reduce deviations from the ideal flat frequency response. However,
the acoustic source that is actuated by a voice coil actuator still has a higher low
frequency response than the feedback-controlled acoustic source that is actuated by a
piezoelectric device. This is due to the unchanged frequency response of the acoustic
source that is actuated by the piezoelectric device in the low-frequency range.

A simple second-order correction filter is found to compensate the low-frequency re-
sponse [16]. To improve the low-frequency response of the lumped acoustic source,
the following feedforward compensation scheme is used [15]:

Fc =
T 2
c1T

2
c2s

2 + Tc1

Qc1
T 2
c2s+ T 2

c2

T 2
c1T

2
c2s

2 + T 2
c1
Tc2

Qc2
s+ T 2

c1

, (2.12)

where Qc1 and Qc2 are 0.1 and 0.2, respectively. The corner frequencies in the cor-
rection scheme are fc2 = 20 Hz and fc1 = 100 Hz that are related to Tc2 = 1/(2πfc2)
and Tc1 = 1/(2πfc1), respectively [15]. Figure 2.16 shows the resulting frequency
response. It can be seen that the combination of feedforward control and feedback
control leads to higher SPL of the acoustic source that is actuated by the piezoelectric
stack device in the low frequency range below 100 Hz. As seen in Fig. 2.16, at 20 Hz,
the combination of feedback and feedforward controllers scheme can reach approxi-
mately 70 dB. In the case where no control is applied, the SPL of the acoustic source
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Figure 2.17: Electric power that is needed when various control schemes are
used [16].

that is actuated by a piezoelectric device can barely reach 50 dB. It should be noted
that the acoustic source that is actuated by a voice coil device shows higher SPL in
the small region near the resonance peak.

It can be concluded form Fig. 2.16 that using a piezoelectric actuator in combination
with feedback and feedforward controllers can lead to a flat frequency response of
the acoustic source. The resulting low-frequency response is higher than the response
of the source that is actuated by a voice coil device. Figure 2.17 shows the required
electric power for controlled and uncontrolled acoustic sources that are actuated by the
two actuators. In the low-frequency range below 100 Hz, the electric power required
for the acoustic source that is actuated by a voice coil device is higher than the power
that is required for the controlled and un-controlled schemes. It can be concluded from
Fig. 2.17 that in the piston range frequencies for which the lumped model is valid,
using a voice coil actuator leads to high electric power consumption. The feedforward
correction scheme also results in higher electric power consumption, especially in
the low frequency range. Therefore, control techniques can be used to improve the
frequency response of the acoustic source, but they do not change the efficiency. The
efficiency of the thin acoustic source system has also to be taken into account to
have better improvement in both the radiated power of the acoustic source and the
energy consumption. In the following section, the effect of the connected amplifiers
are also investigated. Therefore, the effect of energy recovery in the thin acoustic
source system is taken into account.
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2.2.4 Energy recovery

In the current research, achieving a smooth frequency response of the generated sound
pressure of the acoustic source is the main goal. As seen in Figs. 2.16 and 2.17,
this goal can be achieved using the compensation scheme discussed in Section 2.2.3.
However, the feedforward compensation scheme generally leads to amplification of
the lower frequencies and may result in a significant electric input power. Some
of the input power is stored in mechanical and acoustical elements of the acoustic
source. The possibility of power recovery to improve the electro-acoustic efficiency
of the acoustic source is investigated in this section. At low frequencies, reactive
energy is stored in the mechanical and acoustical elements of the thin acoustic source.
The effectiveness of energy recovery from the reactive components of the acoustic
source can be evaluated to improve the electro-acoustic performance. The combined
configurations of the two actuators and the two amplifiers are investigated to examine
the effect of energy recovery on the low-frequency performance of the lumped acoustic
source. The Overall Efficiency is defined in the following section and is compared for
the configurations of the amplifiers and actuators that are connected to the lumped
acoustic source.

Overall Efficiency

The Overall Efficiency (OE), ηOE , of acoustic sources is defined as:

ηOE =
Radiated acoustic power

Active input electric power
. (2.13)

According to the electrical analogy in Fig. 2.13, the radiation of the acoustic power,
Prad, occurs when Ud passes through the real part of the radiation impedance, Zrad.
Therefore, the radiation power is evaluated using the following equation:

Prad = 0.5<(Zrad) |U2
d | , (2.14)

where Ud is the volume velocity of the air, Zrad is the radiation impedance that is
computed using Eq. (2.9) and < shows the real part of the radiation impedance. The
active input electric power is defined as the real part of the electric power that is
supplied by Vsupply to the connected amplifiers (see Figs. 2.11 and 2.12).

According to the definition, the Overall Efficiency can be increased by either increasing
Prad or decreasing the active input electric power that is fed to the connected amplifier.
The control techniques, that were used in Section 2.2.3, increase Prad, especially at
low frequencies. This results in an increase in the OE. Using energy recovery decreases
the active input electric power, which also results in an increase in the OE. In the
following section, the effect of energy recovery on the Overall Efficiency of the lumped
acoustic source is investigated.

LTspice IV model

The electrical circuits of the two amplifiers that were shown in Fig. 2.11 and 2.12, can-
not directly be modeled in COMSOL Multiphysics. The reason is that some electrical
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Figure 2.18: The obtained Overall Efficiency of the lumped acoustic source in LT-
spice IV when the source is connected to the combined configurations of the two
actuators and two amplifiers.

components such as the comparator and the control units cannot be implemented in
COMSOL. Therefore, LTspice IV [17], which is an electrical open source software
package, is used to numerically model the fully-lumped electrical circuit of the acous-
tic source system, including the connected amplifier and the actuation unit. The
fully-lumped electrical circuit is solved in the time domain in LTspice IV software
for each fixed operating frequency of the input sinusoidal signal. LTspice IV is run
through MATLAB 2015b [18] to solve for frequencies from 20 Hz to 1000 Hz. The
result obtained in each frequency is post-processed in MATLAB to evaluate the input
electric power to the amplifiers, the dissipated power in the amplifiers and actuators
and the acoustical radiated power of the acoustic source. A time integration is used
to obtain the average input and output powers in MATLAB. More details of the sim-
ulation of the fully-lumped acoustic source in LTspice IV can be found in Paper A of
Part II.

LTspice IV results

The combined configurations of the two actuators and two amplifiers with the lumped
model of the acoustic source are modeled in LTspice IV, using the electrical analogy.
The resulting Overall Efficiency for the four lumped electrical circuits is shown in
Fig. 2.18. As seen in the figure, for the acoustic source that is actuated by a voice
coil device it does not matter which amplifier is used; the Overall Efficiency remains
fairly similar in both amplifier cases. This is due to high power loss in the voice coil
actuator. In fact, when a class AB amplifier is used, a large portion of the input
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electric power is dissipated in the voice coil device itself. In the case where a class D
amplifier is used, in addition to the dissipated power in the voice coil device in the
first half cycle, the recovered power has to pass through the voice coil actuator again.
Therefore, the power loss occurs twice and eventually no power is left to be recovered.

As seen in Fig. 2.18, using a class D amplifier in combination with a piezoelectric
stack actuator can lead to an increase in the Overall Efficiency of the acoustic source
compared with the case where a class AB amplifier is used. The reason for this
increase is the reactive nature of the piezoelectric device, especially at low frequencies.
Therefore, the stored electric power in the piezoelectric device is not dissipated but is
stored in the actuator. Using a class D amplifier, the stored power in the piezoelectric
device can be recovered. This results in an increase in the Overall Efficiency of the
acoustic source in this case. As seen in Fig. 2.18, when a class D amplifier is connected
to both actuators, some fluctuations are seen in the results obtained from LTspice IV.
These fluctuations are caused by the nonlinear output signal in a class D amplifier and
the resulting time integration to obtain the average input and output electric power
in the post-processing. More details on obtaining the OE of the acoustic source can
be found in Paper A in Part II.

2.3 Discussions

In this chapter, the effect of both the connected amplifier and the actuator units on
the efficiency of the thin acoustic source is investigated. The Overall Efficiency of the
acoustic source is defined and is used to compare the configurations of the amplifiers
and actuators that are connected to the lumped acoustic source. It is concluded that
both applying a control technique and using energy recovery can increase the Overall
Efficiency of the lumped acoustic source. Paper A in Part II exclusively investigates
the effect of the connected amplifiers and actuators on the OE of the lumped acoustic
source in greater detail. LTspice IV analysis and experimental validation are also
provided in paper A.
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Mechanical aspects

This chapter concerns the design of a mechanical compliant mechanism. The compli-
ant mechanism can be integrated with piezoelectric stack actuators. Therefore, the
integrated actuator can be used as the driver of the thin acoustic source. As men-
tioned earlier in Chapter 1, the design of an integrated actuator is crucial to tackling
the limited space challenge in the aperture of the thin acoustic source.

3.1 Motivation to design a motion-converter mech-
anism

It is concluded from Chapter 2 that a combination of piezoelectric stack actuators and
class D amplifiers results in an energy-efficient operation of the thin acoustic source.
Therefore, in this chapter, piezoelectric stack actuators are investigated for use in the
design of the thin acoustic source. In the following section, an optimization problem
is defined and is solved for the maximum radiated power of the thin acoustic source.
The corresponding dimensions of the required piezoelectric stacked device that leads
to the maximum radiated power of the acoustic source are also obtained.

3.1.1 Optimization

An equivalent electrical circuit of a lumped model of the thin acoustic source is shown
in Fig. 2.13. (see Section 2.2.2 of this thesis for detailed information of the equivalent
electrical circuit). To include the equivalent electrical circuit in the optimization,
the circuit in Fig. 2.13 is programmed in MATLAB R2015b version 8.6 optimization
toolbox [1]. The optimum dimensions of the required piezoelectric stack actuator
can be obtained by solving the optimization problem. The optimization problem is
defined as follows:

maximize
rp,lp

Prad(rp, lp) ,

subject to mpiezo = constant ,
(3.1)

35
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where rp and lp are the radius and length of the piezoelectric stack actuator re-
spectively. The radiated power of the acoustic source, Prad, can be obtained using
Eq. (2.14). According to the electrical analogy in Chapter 2, Prad is the electric
power that is dissipated when Ud passes through the radiation impedance, Zrad (see
Fig. 2.13). Since the current in the acoustical domain, Ud, is a function of all the
electrical elements in the circuit, the resulting radiated power is also a function of
those elements (see Fig. 2.13). Therefore, Prad is a function of iactuator and vactuator.
That implies that Prad is a function of the characteristics of the piezoelectric device,
i.e. the dimensions of the piezoelectric element. According to Eq. (3.1), the only
constraint in the optimization problem is the mass of the piezoelectric stack actua-
tor, mpiezo. The objective is maximizing the radiated power, Prad, of the acoustic
source below 1000 Hz (defined as the frequency range of interest in this thesis) when
it is excited by a piezoelectric stack actuator. The optimization problem is solved for
various piezoelectric materials. In the current section, only the result of the material
that corresponds to the maximum radiated power is shown (see Fig. 3.1). The details
of obtaining the radiated power in Eq. (3.1), and the results of other piezoelectric
materials can be found in paper A of Part II.

The result of the optimization is shown in Fig. 3.1. As seen in the figure, the maximum
radiated power of the acoustic source corresponds to the optimum radius of 4.8 mm
and length of 73.3 mm for the piezoelectric stack actuator. Due to the assumption of
a constant mass for the piezoelectric device in the optimization problem, if a specific
piezoelectric material is used, parameters rp and lp are related to each other. The
optimum dimensions are chosen in such a way that the aspect ratio between rp and
lp is within an allowable range. The optimum radius of the actuator has to be in the
range of 3 mm < rp < 5 mm and the length of the actuator is considered to be in the
range of 20 mm < lp < 100 mm. In the optimization result that is shown in Fig. 3.1, a
PZT piezoelectric ceramic material is used. A detailed discussion on the optimization
problem for multiple piezoelectric materials is addressed in Paper A in Part II.

3.1.2 Requirements and limitations

The outcome of the optimization analysis shows that a PZT piezoelectric stack actua-
tor with a length of 73.3 mm is needed. However, the available space for the actuator
in the structure of the thin acoustic source is limited to the cavity aperture, which
has a thickness of 10 mm. The optimum piezoelectric element cannot be fitted in
the limited space of the cavity aperture. Therefore, the existence of a displacement-
translator mechanism is crucial. With the aid of a displacement-converter mechanism,
an in-plane displacement of a piezoelectric device in a direction without any space
constraint can be converted to an out-of-plane desired displacement. A compliant
mechanism may be used as the required motion-converter.
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Figure 3.1: Optimization result showing the radius and length of the optimum
piezoelectric stack actuator that corresponds to a maximum radiated power of the
acoustic source.

3.2 Flexures

Flexures are mechanical structures made of rigid links that are connected to each other
using narrow compliant components [2]. Flexural mechanisms are manufactured from
a single piece [2]. For applications with a small range of motion, the basic elasticity
theory can explain the behavior of flexures [2]. They can produce a continuous motion
that is repeatable and predictable [2]. Due to the absence of any joints in the design
of flexural mechanisms, they are friction-free and maintenance-free [3]. A relative
motion of the linkages in a compliant geometry of a design can lead to a precise
output motion in the desired degrees of freedom (DOFs) [2]. Due to the compact
design, flexures can be applicable in small-dimension applications [3]. Therefore, they
are used in the design of our thin acoustic source.
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Piezoelectric stack actuator

Fixed boundaryFixed boundary
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z
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Figure 3.2: The schematic of an initial motion-converter design that uses one piezo-
electric stack actuator [4].

3.3 Design guidelines

A design of a flexural mechanism is application-oriented; an application determines
the geometrical properties of a flexural design. To design a flexure for a specific
application, some guidelines have to be satisfied. In the design of our thin acoustic
source, the following requirements have to be fulfilled:

• It is sufficiently small in the direction of the cavity thickness to be fitted in the
air aperture of the thin acoustic source.

• It is light-weight, so that it does not contribute significantly to the fundamental
resonance of the thin acoustic source.

• It has a single DOF in the direction of the z -axis. Therefore, it has only a
translational motion in the direction perpendicular to the xy-plane, which is the
plane where the piezoelectric actuators are mounted. Other rotational motions
are constrained.

• It is sufficiently stiff in two other translational directions of motion and three
rotational motions. Therefore, two translations of the output motion of the
mechanism in the direction of the x - and y-axis are constrained, and all three
rotations in the output motion are constrained.

• It is easy to manufacture.

• It can be integrated with the piezoelectric stack actuators.

• It can convert a planar motion of the piezoelectric stack actuators to a perpen-
dicular out-of-plane motion.

3.4 Example 1

An initial design of a motion-converter flexural mechanism leads to the initial geome-
try shown in Fig. 3.2 [4]. As seen in this figure, a single piezoelectric stack actuator is
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Figure 3.3: The schematic of the final motion-converter design that uses two piezo-
electric stack actuators.

used to provide the driving force to the flexural mechanism. The flexural mechanism
is made of a single piece and has two fixed boundaries. Two ends of the piezoelectric
device are attached to the flexural design. Using flexural notch hinges at the two ends
of the piezoelectric device ensures that only axial loads are applied to the piezoelectric
device. The motion-converter mechanism that is shown in Fig. 3.2 is symmetric and
uses compliant notch hinges to transfer the motion of the piezoelectric actuator in
the direction of the x -axis to an out-of-plane motion in the direction of the z -axis.

3.5 Example 2: Final motion-converter design

The motion-converter proposed in Fig. 3.2 is an initial design of the required flexural
mechanism that can be employed in the design of the thin acoustic source. Although
this initial design fulfills the requirements and design guidelines (see Section. 3.3),
the length of the flexural mechanism in the direction of the x -axis is determined by
the length of the piezoelectric stack device. If a longer piezoelectric device is needed,
a longer flexural mechanism has to be designed. In this section, a motion-converter
design is suggested that uses two piezoelectric stack actuators. The dimension of the
proposed mechanism in the direction of the x -axis can be modified. Therefore, a wide
range of piezoelectric stack actuators with various dimensions can be employed in this
design.

3.5.1 Geometry of the final design

The schematic of the final design for the motion-converter mechanism is shown in
Fig. 3.3. As seen in this figure, the proposed design uses two piezoelectric stack
actuators that are located in the xy-plane with the poling in the direction of the x -axis.
One end of each actuator is connected to a fixed block. The fixed block is not directly
connected to the core mechanism. Therefore, a longer piezoelectric actuator can be
implemented in the design. The other end of the actuator is connected to the core
part of the flexural mechanism. The core mechanism is made of a single piece and has
a dimension of 10.5 mm in the direction of the z -axis. The core part of the suggested
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Figure 3.4: The geometry of the final motion-converter design that is used in the
FE model.

flexural mechanism has two fixed surfaces shown in Fig. 3.3. Applying electrical
voltage to the piezoelectric devices results in an elongation of the two actuators in the
direction of the x -axis. Due to symmetry, the final motion of the flexural mechanism
is in the direction of the z -axis. To convert the input motion in the direction of the
x -axis to the output motion in the direction of the z -axis, flexural notch hinges are
used. More details on the design of the proposed flexural mechanism can be found in
Paper B of Part II.

3.5.2 Finite Element analysis of the final design

The proposed motion-converter mechanism is analyzed in COMSOL Multiphysics
5.3a. Due to the symmetric design of the mechanism, only half of the mechanism is
modeled in 3D space to avoid large computation time. The geometry that is used
in the Finite Element (FE) analysis is shown in Fig. 3.4. As seen in this figure, the
input and output motions of the flexural mechanism are in the direction of the x - and
the z -axis respectively. To model the motion-converter mechanism in FE software
package, fixed and symmetry boundary conditions are applied to the boundary-a and
boundary-b respectively (see Fig. 3.4). A voltage signal of 9.75 V AC with a DC
offset of 10.8 V is applied to the actuators using the electrical circuit interface in the
software. The poling direction of the piezoelectric stack actuators is corrected in
the software since the default poling direction in COMSOL is along the z -axis. PZT
piezoelectric material and structural steel material are used to model the piezoelectric
actuator and the flexural mechanism respectively. Frequency domain analysis is used
in the solver to solve for the frequencies from 20 Hz to 1000 Hz.

3.5.3 Results of FE analysis

The result of the FE analysis is shown in Fig. 3.5 As seen in this figure, the motion-
converter mechanism also amplifies the input motion. The amplification ratio of the
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Figure 3.5: The input and output motions of the final motion-converter mechanism.

motion-converter mechanism is defined as the ratio between the input and the output
motions. At low frequencies below 500 Hz, the input and output motions remain rela-
tively constant. The relatively constant amplification ratio of the flexural mechanism
for the frequency range below 500 Hz is 1.28, with input and output deformations
of 1.6× 10−6 m and 2.06× 10−6 m respectively. Figure 3.5 shows that the resonance
in the input and output motions occurs at frequencies above 1000 Hz, which is not
within the frequency range of interest in this study. Therefore, the flexural mech-
anism can provide a rigid pistonic motion in the direction of the z -axis in the low
frequency range below 500 Hz (which also covers the piston range frequencies of the
thin acoustic source).

The output displacement of the proposed flexural mechanism is measured using a
3D scanning laser camera vibrometer (model Polytec PSV-500 [5]). A comparison
between the experimental and FE results is shown in Fig. 3.6. As seen in this figure,
the measured displacement of the suggested motion-converter mechanism in the di-
rection of the z -axis remains approximately 1.79× 10−6 m below 500 Hz. Therefore,
the relative error between the results of measurement and numerical FE model is
approximately 15%.

3.6 Discussions

As discussed in this chapter, a motion-converter can be used in combination with two
piezoelectric stack actuators as the actuation part of the thin acoustic source. The
dimension of the proposed mechanism in the direction of the z -axis is only 10.5 mm.
Therefore, it can be fitted in the cavity aperture of the thin acoustic source (see
Fig. 1.3). The numerical FE model shows a relative error of approximately 15%
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Figure 3.6: A comparison between the experimental and the numerical FEM results
showing the output displacement of the proposed flexural mechanism in the direction
of the z -axis. The applied voltage to the piezoelectric actuators is 9.75 V AC with a
DC offset of 10.8 V.

compared with the measured result. Paper B in Part II examines the suggested final
motion-converter mechanism in greater detail.



REFERENCES 43

References

[1] MATLAB Optimization Toolbox, Documentation. https://www.mathworks.

com/help/optim/. [Online; accessed 25 May 2019].

[2] S.T. Smith. Flexures, Elements of Elastic Mechanisms. CRC Press, University of
North Carolina, USA, 2000.

[3] H. Soemers. Design Principles for precision mechanisms. T-Pointprint, University
of Twente, The Netherlands, 2011.

[4] F. Tajdari, A.P. Berkhoff, and A. de Boer. Numerical modeling of a flexural
displacement-converter mechanism to excite a flat acoustic source driven by piezo-
electric stack actuators. In Proceedings of the International Conference on Noise
and Vibration Engineering ISMA 2018, Leuven, Belgium, 2018. KULeuven.

[5] PSV-500-3D scanning vibrometer, Datasheet. https://www.polytec.com/

fileadmin/d/Vibrometrie/OM_DS_PSV-500-3D_E_42447.pdf. [Online; accessed
21 May 2019].

https://www.mathworks.com/help/optim/
https://www.mathworks.com/help/optim/
https://www.polytec.com/fileadmin/d/Vibrometrie/OM_DS_PSV-500-3D_E_42447.pdf
https://www.polytec.com/fileadmin/d/Vibrometrie/OM_DS_PSV-500-3D_E_42447.pdf




4

Acoustical aspects

This chapter investigates the analysis of the acoustical components of the thin acous-
tic source. A lumped model is suggested to represent the radiation impedance, Zrad,
of the flat acoustic source in the piston range. The suggested radiation impedance can
be directly implemented in the equivalent electrical circuit of the lumped source that
was shown in Fig. 2.13 in Chapter 2. A Finite Element (FE) model of the sandwich
acoustic source is developed in this chapter to obtain the radiation impedance numer-
ically. A comparison between the radiation impedance obtained from both lumped
model and the FE analysis is also investigated in this chapter. The result of this com-
parison contributes to the fully-lumped electrical circuit of the thin acoustic source
used in Paper A of Part II.

4.1 Radiation impedance

The result of the Helmholtz integral was used in Chapter 2 (see Eq. (2.9) in Sec-
tion 2.2.2) to determine the equivalent radiation impedance of the lumped acoustic
source. In this section, less computationally expensive alternatives than the Helmholtz
integral are introduced to obtain Zrad in a lumped model. An FE model of the sand-
wich acoustic source is also examined when it is actuated using a lumped model
of the connected piezoelectric stack actuator. In the following, these methods are
investigated.

4.1.1 Lumped model

In this section, an equivalent electrical element is investigated to represent the ra-
diation impedance of the lumped model of the flat acoustic source. The suggested
radiation impedance in this section is used in Paper A to complete the lumped model
of the thin acoustic source. The lumped radiation impedance in this section is valid in
the piston range frequencies for which the thin acoustic source has a pistonic motion.
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Mrad Rrad 
Ud 

(a)

Mrad 

Rrad 

Ud 

(b)

Figure 4.1: Electrical analogy that is used to estimate the equivalent radiation
impedance of the lumped acoustic source using two arrangements: (a) series, (b)
parallel.

The radiation impedance, Zrad, is evaluated at a point on the surface of the flat
acoustic source. The studied point is located on the center line normal to the radi-
ating surface. Various methods are used to estimate the on-the-plate sound pressure
level of radiating surfaces. These methods are introduced in the following section by
considering an equivalent circular surface area for the rectangular radiating surface of
the thin acoustic source. The equivalent radius of the circular radiator is determined
by assuming an identical surface area for both geometries.

Helmholtz Integral

The Helmholtz integral [1] results in the following equations for the radiation impedance
of a radiating circular piston mounted in an infinite baffle:

Zrad =
ρ0c0
A

(Rrad + jωMrad) , (4.1)

Rrad = 1− 2J1(2ka)

2ka
,

Mrad =
1

ω

2K1(2ka)

2ka
, (4.2)

where a is the equivalent radius of the circular piston, k and ω are the wave number
and angular frequency respectively, and J1 and K1 are Bessel and Struve functions of
the first kind respectively. ρ0 and c0 represent respectively the density and speed of
sound in the medium and A is the facing surface of the piston that is in interaction
with the medium. The components of the radiation impedance that are shown in
Eq. (4.2), correspond to the equivalent electrical elements in Fig. 4.1(a) [2]. As seen
in Fig. 4.1(a), the acoustical mass, Mrad, and resistance, Rrad, are arranged as the
electrical elements in series. Ud in this figure is the volume velocity of the air in
the acoustical domain that is shown as the current that passes along the radiation
impedance (see Section 2.2.2 for more details on the electrical components in the
equivalent electrical circuit of the lumped acoustic source).
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Approximation method

The Struve function, K1, which is used in Eq. (4.2), is not available as a pre-defined
function in commercial software packages. Obtaining the value of the Struve function
is computationally expensive. An approximation to estimate the Struve function is
proposed in Ref. [3] using the following equation:

K1(2ka) ≈ 2

π
− J0(2ka) + (

16

π
− 5)

sin(2ka)

2ka
+ (12− 36

π
)
1− cos(2ka)

(2ka)
2 , (4.3)

where J0 is the Bessel function of the zero kind. Substitution of Eq. (4.3) in Eq. (4.2)
results in an approximation to obtain the radiation impedance of a lumped flat source.
Similar electrical elements as those shown in Fig. 4.1(a) can be used in the approxi-
mation method.

Parallel method

Evaluation of Bessel functions in Eqs. (4.2) and (4.3) may be computationally ex-
pensive in some software packages, in particular when the LTspice IV electrical soft-
ware package [4] is used to model the equivalent electrical circuits (this software is
used in Paper A to study a fully-lumped model of the acoustic source). In the LT-
spice IV software package, no pre-defined function is available to obtain Bessel func-
tions. Therefore, the approximation method in Section. 4.1.1 cannot be implemented
in the LTspice IV software. When there is a need for a straightforward method, a
parallel configuration in Fig. 4.1(b) can be used to obtain the radiation impedance [5].
As seen in this figure, Mrad and Rrad are the equivalent electrical components rep-
resenting the radiation impedance and form a parallel electrical configuration. The
parallel method is less accurate than the series method [2]. However, the computation
is less expensive. In the parallel method, the radiation impedance of a baffled equiv-
alent circular piston can be obtained using the radiation impedance of a pulsating
sphere. In this method, the radius of the circular piston is assumed to be 0.7 times
the radius of a sphere (apiston = 0.7asphere) [5]. The following equations may be used
to determine Mrad and Rrad in the parallel configuration that is shown in Fig. 4.1(b):

1

Zrad
=

1

Rrad
+

1

jωMrad
, (4.4)

Rrad =
ρ0c0

4πa2sphere
= 0.51

ρ0c0
πa2piston

,

Mrad =
ρ0

4πasphere
=

ρ0
2.8πapiston

. (4.5)

4.1.2 Finite Element model

A 3D FE model of the flat acoustic source is used to numerically simulate the gener-
ated sound pressure in the COMSOL Multiphysics software package. An equivalent
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electrical circuit is used to represent a lumped model of the piezoelectric stack actu-
ator. The optimum piezoelectric stack actuator that was obtained in Section 3.1.1
is used in the lumped electrical circuit that was shown in Fig. 2.5. This equivalent
electrical circuit is combined with the 3D FE model of the thin acoustic source in the
software.

The FE model of the thin acoustic source contains the sandwich structure that is
suspended using a foil of Ethylene Propylene Diene Monomer (EPDM). As seen in
Fig. 4.2, the sandwich structure is modeled as a solid plate with identical dimensions.
Equivalent parameters are used in modeling the sandwich structure as a solid plate
in the FEM. An experimental study on the sandwich structure is used to obtain the
equivalent values of the solid plate in the FE model (see Paper C for more explana-
tions on obtaining the equivalent parameters of the sandwich structure). Equivalent
parameters such as the equivalent Young’s modulus of Eeq = 2.06 GPa, the equiv-
alent density of ρeq = 138 Kg m−3 and the Poisson ratio of 0.3 are assumed in the
simulation.

The rubber suspension shown in fig. 4.2(a) is modeled as a spring boundary condition.
Therefore, the suspension is not directly modeled in the FE software, but an equivalent
stiffness of the rubber is assumed as a spring boundary condition acting on the top
edges of the equivalent solid plate in the analysis. The equivalent stiffness of the spring
boundary condition is also evaluated using the measurement to obtain the tensile
stiffness of the rubber. The stiffness along the short and long edges are evaluated to
be respectively Ks = 92.286 N m−1 and Kl = 65.253 N m−1. The experimental study
that is used to obtain the stiffness of the rubber is discussed in Paper C in Part II of
this thesis.

The air in the cavity aperture of the thin acoustic source is modeled as a box of air
with rigid walls on the sides and bottom surfaces (see Fig. 4.2(b)). The air thickness
in the cavity is 10.5 mm in the direction of the z -axis. Fluid structural interaction is
considered between the solid plate and the air in the cavity on the shared boundaries.
The external air in the surrounding is modeled in the half space using a half sphere.
A Perfectly Matched Layer (PML) is used to model the far-field sound pressure by
taking account of the waves going to infinity.

The air in the hollows of the honeycomb core is not considered in the equivalent solid
plate. As seen in Fig. 4.2(b), to take the air in the honeycomb structure into account,
an extra air layer with a thickness of 20 mm is added to the air in the cavity aperture.
To find the thickness of the required extra air layer, the measured piston mode shape
of the complete acoustic sources are used. A detailed explanation on the measurement
is addressed in Paper C of Part II.

The integrated flexure-based mechanism, which is actuated by two piezoelectric stack
actuators, is not considered in the FE model that is used in this chapter. Alternatively,
the equivalent electrical circuit of the lumped model of the optimum piezoelectric stack
actuator (obtained in Section 3.1.1) is analyzed using the electrical circuit interface
in COMSOL Multiphysics. To relate the electrical circuit interface to the structural
FE model, a two-way coupling shown in Fig. 4.3 is considered in the software. Initial
values are considered for the velocity and force in the two-way coupling. The force



Acoustical aspects 49

Spring boundary condition

EnclosureCavity

Solid plate

Interior 
wall

x

y
z

(a)
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PML
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Rigid wall
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Factuator

Rigid wallRigid wall
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Figure 4.2: The geometry and boundary conditions to model the thin acoustic source
in the FE analysis, when it is actuated by a lumped model of a piezoelectric stack
actuator: (a) trimetric view of the thin acoustic source, (b) full model in the xz -plane
including the external air domain.
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Figure 4.3: The two-way coupling between the FE model and the electrical circuit
interface in COMSOL.

applied to the bottom surface of the solid plate is evaluated and is implemented
in the electrical circuit of the actuator as an external voltage source with opposite
polarization as the main circuit (it is implemented as Factuator in Fig. 4.3). To obtain
the amplitude of the force, the normal stress that is applied to the bottom surface
of the solid plate is integrated over a small boundary with a surface area of Ap (see
Fig. 4.3). Ap is the same area as the surface area of the optimum piezoelectric stack
actuator that was obtained in Section 3.1.1. The following equation is used to obtain
the amplitude of the applied normal force to the bottom surface of the solid plate:

Factuator =

∮
Ap

(σxxnx + σyyny + σzznz) dAp , (4.6)

where Ap is the surface area of the optimum piezoelectric stack actuators with a
radius of rp (see Section 3.1.1), and σxxnx, σyyny, and σzznz are the applied normal
stresses to Ap that are projected respectively in the direction of the x -, the y- and the
z -axis. The current in the electrical circuit (u in Fig. 4.3) corresponds to the velocity
of the small surface area on the bottom skin of the solid plate in the FE model of the
acoustic source. Therefore, a prescribed velocity boundary condition that is available
in COMSOL Multiphysics is used to prescribe a normal velocity (with the magnitude
of the current in the electrical circuit) to the bottom surface of the solid plate. This
two-way coupling ensures that the equations in electrical and mechanical interfaces
in COMSOL are coupled and are solved at the same time.

Figure 4.4 shows the resulting sound pressure level on the radiating surface of the
acoustic source that is obtained using FEM. As seen in this figure, the near-field
sound pressure level of the flat acoustic source can reach 120 dB at point B at 400 Hz.

Using the FEM model, the velocity of the vibrating surface, v, and the acoustical
pressure on the surface of the vibrating plane, p, can be evaluated. However, the
radiation impedance of the flat acoustic source cannot be obtained directly using the
FE model in COMSOL software. To determine the radiation impedance of the thin
acoustic source, the following two approaches are used in the post-processing. These
two approaches are shown schematically in Fig. 4.5. Note that the two suggested
approaches are valid only for the piston mode vibration of the sandwich acoustic
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B

Figure 4.4: Sound pressure level of the thin acoustic source at 400 Hz that is
obtained from the FE model when the source is actuated by a lumped model of the
piezoelectric stack actuator.

(a) (b)

Figure 4.5: Two approaches to determining the radiation impedance of the thin
source using the result of the FE model in the post-processor: (a) FEM average, (b)
FEM integration [2].
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source. If the vibration mode is different, the resulting radiation impedance has to
be corrected accordingly.

FEM average

To estimate the radiation impedance of the flat acoustic source on the center point
located on the surface of the vibrating structure, the average method shown in
Fig. 4.5(a) is used. According to this method, both the average velocity, v, of the
radiating surface with a surface area of A and the acoustical pressure, p, on the center
point are used to obtain the radiation impedance using the following equation:

Zrad =
p

Av
. (4.7)

FEM integration

The integration method uses a surface integral over the entire radiating surface.
Therefore, the velocity, v, and sound pressure, p, of all the nodes on the vibrat-
ing surface are taken into account in this method. In the integration approach, it is
assumed that the thin acoustic source has a pistonic motion. The configuration is
shown in Fig. 4.5(b). The radiation impedance can be derived using the following
equation (see Appendix A for detailed information on derivation of the equation):

Zrad =
1

A

∫∫
A

(pv∗) dA∫∫
A

(vv∗) dA
, (4.8)

where v∗ is the complex conjugate of the velocity at each node on the radiating surface
of the thin acoustic source.

In the following section, the results of the FE model are compared with the results
of the fully-lumped model to evaluate the radiation impedance of the thin acoustic
source.

4.1.3 Comparison

The three lumped approaches introduced in Section. 4.1.1 to estimate the radiation
impedance of the lumped acoustic source are used in this section for comparison.
These three electrical elements are implemented as Zrad and are connected to the
fully-lumped equivalent electrical circuit of the thin source (see Fig. 2.13) that is
combined with the equivalent electrical circuit of the optimum piezoelectric actuator
(see Section 3.1.1 and Fig. 2.5). The FE model of the sandwich acoustic source is
connected to the same equivalent electrical circuit of the optimum piezoelectric stack
actuator. As it is mentioned in Section. 4.1.2, in the FE analysis, the sandwich
structure is modeled as a solid plate with equivalent mechanical properties.

The mode shapes of the equivalent solid plate are obtained from the FE analysis and
are shown in Fig. 4.6. It should be noted that the first six rigid body modes of the
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(a) (b) (c) (d)

Figure 4.6: The mode shapes of the equivalent solid plate representing the sandwich
structure in the thin acoustic source, which is obtained from the FE analysis when it
is coupled with the equivalent electrical circuit of the optimum piezoelectric actuator
(six rigid body modes are excluded from the figure) at: (a) 616 Hz, (b) 836 Hz, (c)
1404 Hz, (d) 1970 Hz.

solid plate are not shown in this figure. As seen in the figure, the first bending mode
of the plate occurs at 616 Hz. In the average approach, the radiation impedance of the
plate is evaluated using only the velocity and sound pressure of the center node of the
plate. Therefore, it is expected that near the resonances of the plate, the radiation
impedance obtained from the average approach shows sharp peaks. On the other
hand, the integration method considers all the nodes on the radiating surface (note
that the integration method is valid only for the piston mode vibration and other
methods have to be used to evaluate the radiation of sound for higher-order radiation
modes [6]). Therefore, it is expected that the obtained radiation impedance from this
method has smooth peaks near the resonances of the plate. In the following, the three
lumped approaches are compared with the two methods in the FE analysis (average
and integration methods) to obtain the radiation impedance of the flat acoustic source.

Figure 4.7 shows the Bode diagram of the radiation impedance that is obtained using
the methods introduced in Sections. 4.1.1 and 4.1.2. As seen in Fig. 4.7, at low fre-
quencies below 200 Hz all lumped methods show approximately similar results. On the
other hand, between 200 Hz and 800 Hz the parallel method shows a slight deviation
from the other two lumped methods; this deviation is considerable at above 800 Hz.
Based on the assumptions mentioned in Section. 4.1.1 this deviation is expected to
make the computation less expensive. The results of the FE model show that the
integration approach can predict smoother resonance frequencies above 500 Hz than
the average approach. As seen in Fig. 4.7, sharp resonance peaks are present in the
result of the average approach, especially in the phase diagram of the Bode plot.
These sharp resonances suggest that the average method is not an appropriate ap-
proach to obtain the radiation impedance of the flat acoustic source for the pistonic
motion of the vibrating structure. Therefore, considering the results of simulations
in Fig. 4.7, the two series methods that were described in Section. 4.1.1 are better
lumped approaches. Taking also the computational costs into account, it can be con-
cluded that the approximation method is the best choice for obtaining the radiation
impedance from a lumped model. The series approaches can be implemented in the
fully-lumped model of the flat acoustic source, especially at frequencies below 500 Hz
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(a)

(b)

Figure 4.7: Bode diagram of the radiation impedance of the thin acoustic source:
(a) amplitude, (b) phase.
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Figure 4.8: Sound pressure level that is evaluated on the center point located on
the vibrating surface of the acoustic source using various methods, including lumped
approaches and the FE model.

(at frequencies in the piston range for which the lumped model is valid). On the
other hand, the FEM integration method can predict higher resonance peaks and
is suitable for obtaining the radiation impedance of the thin acoustic source using
numerical analysis.

The Sound Pressure Level (SPL) on a point in the center of the vibrating surface of
the acoustic source is evaluated using the three lumped methods that were introduced
in Section. 4.1.1. These three lumped models are implemented in the equivalent
electrical circuit of the lumped acoustic source and are compared with the result of
the numerical FEM simulation. The FE model evaluates the SPL in a point located in
the center of the radiating surface. Figure 4.8 reveals that at lower frequencies lumped
methods are in good agreement with the FE result. However, above 300 Hz there is
a deviation between the result of the numerical simulation and the results obtained
from the lumped models. The resonance peaks in the result of FE analysis are related
to the resonances of the solid plate that are shown in Fig. 4.6. For instance, according
to Fig. 4.6, the first bending mode of the plate occurs at 616 Hz. Therefore, the SPL
obtained from the FE model in Fig. 4.8 shows a gradual increase near this frequency
(between 300 Hz and 700 Hz). The three fully-lumped models are not able to predict
multiple resonances and anti-resonances of the acoustic source at higher frequencies.
Figure 4.8 also shows that at frequencies above 600 Hz the lumped parallel approach
gives a slightly larger deviation from the FEM result compared with the two series
methods.
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4.2 Discussions

In this chapter, three lumped methods and two FE post-processing approaches are
used to obtain the radiation impedance of the thin acoustic source. All these five
approaches are connected to the same equivalent electric circuit of the optimum piezo-
electric stack actuator, and are modeled in COMSOL Multiphysics. Therefore, the
Bessel functions (that are used in the approximation method in Section 4.1.1) can also
be used in the simulation. It is concluded that at low frequencies, and in particular at
below 300 Hz, a fully-lumped model can predict the electrical-mechanical-acoustical
behavior of the acoustic source. Therefore, the lumped methods are only valid in
the piston range frequencies below 300 Hz in which the radiating plate has pistonic
motion. The result of simulation shows that the lumped approximation method is a
cost-efficient method that can be implemented in the fully-lumped model of the thin
source. Therefore, this method is used in Paper A in Part II of this thesis.

The obtained numerical FE model of the thin acoustic source in this chapter can
be used in a fully-coupled FEM analysis. The fully-coupled model also includes the
FE model of the piezoelectric actuators and the suggested flexural mechanism that
is proposed in Section 3.5. Paper C in Part II investigates the analysis of the fully-
coupled FE model and the construction and experimental studies on the thin acoustic
source that is actuated by a flexure-based mechanism. In Chapter 5, the fully-FE
model is analyzed.
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5

Analysis and validation of the
coupled Finite Element model

This chapter of Part I combines the Finite Element (FE) models of the components of
the thin acoustic source that were examined in the previous chapters. An FE model
of the piezoelectric stack actuators (developed in Chapter 2) is combined with the FE
model of the proposed flexural mechanism (analyzed in Chapter 3). The FE model of
the thin acoustic source (investigated in Chapter 4) is combined with the integrated
flexure-based actuator to form a fully-coupled multiphysics FE model. In this chapter,
the coupled FE model is analyzed and experimental studies are performed to validate
the FE analysis.

5.1 Fully-coupled multiphysics Finite Element anal-
ysis

A fully-coupled FE analysis of the thin acoustic source system is performed in COM-
SOL Multiphysics 5.3a in which no symmetry is considered. A 3D coupled full model
of the geometry shown in Fig. 5.1 is used in the FE model. The analysis is performed
in the frequency domain for the frequencies in the range of 20 Hz to 1000 Hz.

The available piezoelectric interface in COMSOL is used to model the piezoelectric
stack devices. The two actuators are located on the xy-plane (see Fig. 5.1(a)) with
opposite poling directions along the x -axis. However, the default poling direction in
the piezoelectric interface of the software is in the direction of the z -axis. The poling
orientation of the two actuators is corrected by defining two rotated coordinate sub-
systems available in the software.

The piezoelectric interface of the software is valid for a single layer of piezoelectric
material. To analyze n stacked layers in a piezoelectric stack actuator, equivalent
material properties are considered. The equivalent properties of the piezoelectric
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Figure 5.1: The schematic of the geometry and boundary conditions in the fully-
coupled FE model of the thin acoustic source that is actuated by the integrated
motion-converter mechanism: (a) full model in the xz -plane, (b) the cut line view.
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stack device are implemented in the software in such a way that instead of modeling
n single layers of thickness t, one layer with a thickness of l = nt is considered. The
equivalent material properties of the piezoelectric stack device is corrected using the
following two equations [1]:

εTeq = n2εT , (5.1)

d33,eq = nd33 , (5.2)

where εT is dielectric permittivity at constant stress and d33 is piezoelectric constant.
No correction is needed for the elastic compliance at constant electric field, sE . The
dimensions of the piezoelectric devices in the direction of the x - ,the y- and the z -axis
are 30 mm, 5 mm and 5 mm, respectively. The applied voltage to the piezoelectric
devices is a sinusoidal signal with a peak value of 9.75 V and a DC offset of 10.8 V.
The DC offset in the input voltage signal ensures that no negative voltage is applied
to the actuators and, therefore, no tensile force acts on the piezoelectric devices. A
pre-stressed mechanism is designed and discussed in details in Paper B of Part II to
ensure that the piezoelectric devices are always under compressive forces.

A symmetric FE model of the suggested flexural mechanism was developed in Sec-
tion 3.5.2 to take only half of the mechanism into account. In the fully-coupled
FE analysis in this chapter, a full geometry is considered. Therefore, no symmetry
boundary condition is needed. Figure 5.1(b) shows the output surface of the motion-
converter mechanism that is directly connected to the equivalent solid plate, which
represents the sandwich structure (see Section 4.1.2). Two fixed boundaries of the
mechanism are considered constraint boundary conditions in the structural mechan-
ics interface in COMSOL (see boundary-a and boundary-c in Fig. 5.1(b)). Two fixed
blocks are also shown in Fig. 5.1(b).

The FE model of the air in the thin acoustic source was developed in Section 4.1.2. In
the fully-coupled FE analysis in this chapter, the same model is used for the air in the
cavity and in the honeycomb core, and the external air in the surrounding. However, a
correction is needed in the Fluid Structural Interaction (FSI) boundaries to also take
the flexural mechanism into consideration for this coupling. The FSI boundaries are
shown in Fig. 5.1(b). In addition to the top surface of the solid plate (that is in inter-
action with the external air), all the surfaces of the integrated flexural mechanism are
in interaction with the internal air in the enclosure (see Fig. 5.1(b)). Figure 5.1(b) also
shows the interior wall boundaries to separate the internal and external air domains
in the software. As discussed in Section 4.1.2, the rubber suspension is equivalently
modeled using a spring boundary condition. The spring boundary condition is ap-
plied to the edges of the top surface of the solid plate to connect the plate to the
enclosure. The spring boundary condition is not shown in Fig. 5.1 (see Section 4.1.2
for more details). The same PML that was developed in Section 4.1.2 is considered
in the coupled FE model in this chapter to take the far-field air domain into account.

The most challenging part in building the fully-coupled FE model of the thin acoustic
source system is generating the mesh for the entire model. A diverse mesh density
shown in Fig. 5.2 is considered in the fully-coupled model. As seen in the figure,
fine element size is needed to capture small deformation of the flexural mechanism
in the structural mechanics interface and the resulting perturbation in the air cavity
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Figure 5.2: The diverse mesh density that is used to analyze the fully-coupled FE
model.

near the surface of the mechanism in the acoustics interface. Coarse element size is
sufficient to mesh the external air domain to avoid large computation time, which is
costly. This requires a smooth transition from high mesh density to low mesh density
to avoid an abrupt change in the size of the elements. To have a smooth change from
fine elements to coarse elements while keeping the number of elements sufficiently low,
a local mesh refinement is used. An auxiliary box containing the flexural mechanism
and the near-field surrounding air in the cavity is defined. A finer mesh is used for the
elements in the box. Elements outside the box are meshed coarser to have a uniform
growth rate. Therefore, a minimum element size of hmin = 4.02× 10−5 m is achieved
to mesh the elements in the box, while the maximum element size that is used in the
entire model is hmax = 0.103 m. Using a second-order quadratic shape function for
all elements ensures that the error in the numerical multiphysics analysis is minimal.

5.2 Validation

To validate the generated FE model, a measurement is performed on the constructed
thin acoustic source. The radiating surface of the thin acoustic source has the same
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Figure 5.3: The top view of the microphones’ locations on the frame in the mea-
surement.

surface area as a sheet of A4 paper, and the dimension of the enclosure in the direction
of the z -axis is 33.85 mm. Two PZT piezoelectric stack actuators (NAC2013-H30 [2])
are used that have the dimensions of 30 mm× 5 mm× 5 mm (see Section 5.1). A 3D
scanning laser camera vibrometer (model Polytec PSV-500 [3]) is used to measure
the velocity of the radiating surface of the thin acoustic source in the direction of
the z -axis. Seven microphones manufactured by Microtech Gefell GmbH (model MG
M370 [4]) are mounted on a frame. The frame is located 17 mm above the acoustic
source to measure the near-field sound pressure near the radiating surface of the thin
acoustic source. Figure 5.3 shows that the microphones are not evenly distributed
on the frame. Therefore, they can capture coupled resonances and anti-resonances of
the vibrating sandwich structure. The measurement is performed for the frequencies
between 20 Hz and 1000 Hz. See Paper C in part II for more information about
the additional experimental study to measure the near-field sound pressure near the
radiating surface of the thin acoustic source.

5.3 Results

The obtained FE result is compared with the result of measurement in Fig. 5.4. As
seen in Fig. 5.4(a), the measured velocity of the radiating surface of the thin acoustic
source is compared with the result of the numerical FE model in COMSOL Mul-
tiphysics 5.3a. Both the experimental and the numerical studies are in very good
agreement at the fundamental resonance of the thin acoustic source. The first reso-
nance of the thin source is a piston mode that occurs at 370 Hz in the measurement.
This resonance is predicted at 388 Hz by the FE model. The numerical study over-
estimates the vibration of the thin acoustic source. This overestimation is due to
non-linearity in the proposed flexural mechanism that has been imposed during the
construction process [5]. A study on the suggested flexural mechanism reveals that
if the applied voltage to the actuators is close to 55 V, the deviation between the
numerical and the experimental results becomes small. There is a comprehensive
explanation on this topic in Ref. [5]. The error between the FE model and the ex-
perimental velocity shown in Fig. 5.4(a) is less than 23%, when the applied voltage
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(a)

(b)

Figure 5.4: A comparison between the FE and the experimental results, when the
applied voltage to the actuators is 9.75 VAC and 10.8 VDC: (a) the velocity of the
radiating surface; (b) the sound pressure level measured by Mic1 on a point in the
center of the vibrating surface mounted 17 mm above the surface (using the reference
pressure of 20× 10−6 Pa).
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to the actuators is 9.75 VAC and 10.8 VDC. The offset between the numerical and
the measured results in this figure remains over the entire frequency range of study.
This relatively constant offset could be caused by the way that the rubber stiffness
is included in the FE analysis. By changing the stiffness of the rubber in the FE
model, this offset could be removed. Therefore, the stiffness of the rubber in the FE
model can be corrected in such a way that it results in a smaller offset between the
two studies.

The FE model used in Fig. 5.4 can predict the fundamental resonance of the acoustic
source very well and is less accurate for the higher resonances in comparison with
the measurement results. This deviation in the higher resonance modes is due to the
assumptions that are made in both the modeling of the equivalent sandwich structure
during the FE analysis and the construction of the source. In the constructed acoustic
source the flexural mechanism is connected to the top face of the sandwich structure
using fixture screws. However, in the FE model it is assumed that the flexural mech-
anism is directly connected to the bottom skin of the sandwich structure. This, in
particular, influences the bending of the sandwich mechanism in the coupled acoustic
source system. Moreover, a uniform plate with homogeneous material properties is
considered in the equivalent FE model of the sandwich structure. Single values for the
Young’s modulus and the Poisson ratio are used in the equivalent plate model. A sin-
gle Poisson ratio results in a single shear modulus, G, for the equivalent homogeneous
plate. A single value for the shear modulus in the FE model leads to a uniform shear
load distribution in the equivalent sandwich plate. However, in practice, the shear
modulus is not equal in the core and in the faces of the sandwich structure. The shear
loads are mostly carried by the honeycomb core. The difference in the shear modulus
between the core and the faces changes the stiffness matrix of the sandwich structure.
The change in the stiffness matrix leads to deviations in the resonance frequencies of
the thin acoustic source. In particular, this deviation between the results in Fig. 5.4
is seen above the fundamental resonance, since this mode is kept intentionally equal
for both the FE model and the measurement. The main focus of the current research
is on the frequencies below the fundamental resonance of the thin acoustic source. As
a result, the homogeneous FE model is sufficient to model the thin acoustic source
below the fundamental resonance of the source (370 Hz).

The velocity of the vibrating surface of the thin acoustic source is measured using a
scanning laser camera vibrometer (which only can measure the vibration perpendic-
ular to the direction of motion of the vibrating structure in this experiment). The
measured result is shown in Fig. 5.4(a). The near-field SPL is measured using Mic1
and is shown in Fig. 5.4(b). As seen in Figs. 5.4(a) and 5.4(b), there is good agree-
ment between the FE model and the measurement results in the low frequency range
below 370 Hz. This low-frequency range is the main focus of the current research.

Figure 5.4(b) shows a comparison between the measured sound pressure level of the
thin acoustic source at Mic1 and the same variable obtained from the numerical
model. The first peak in the SPL result is caused by the piston mode resonance of
the vibrating sandwich structure at 370 Hz. Therefore, this peak in the SPL is a result
of a structural mode. The second peak in the measured SPL occurs at approximately
480 Hz. This resonance peak is neither present in the SPL result of the FE model
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Figure 5.5: The velocity of the points on the sandwich plate at 480 Hz, which is the
summation of the piston mode of the sandwich plate and resulting rotation of the
flexure mode.

shown in Fig. 5.4(b), nor in the measured velocity (see Fig. 5.4(a)). Therefore, this
mode is not a structural mode associated with the vibration of the sandwich structure.
At this frequency (480 Hz), the sandwich structure still vibrates in the piston mode.
However, as seen in Fig. 5.4(a), the piston mode is at its minimum. The second peak
in the SPL is caused by a flexure mode that occurs at 480 Hz. As a result of this
flexure-related mode, the sandwich plate rotates around the y-axis. Consequently, the
flexure-related mode is combined with the piston mode of the sandwich structure (see
Fig. 5.5). Therefore, the velocity of the points on the plate that are associated with
the microphones varies (see Appendix B for more details). The points on the plate
that are associated with Mic5 and Mic6 have higher velocities than the points on the
plate that are related to Mic2 and Mic3 (see Fig. 5.3 for the location of microphones on
a frame that is mounted 17 mm above the vibrating sandwich structure). The points
that are located near the axis of rotation (y-axis in Fig. 5.5) do not see the flexure
mode (points that are associated with Mic1, Mic4 and Mic7). Therefore, the flexure
mode is not seen in the results of the laser measurement at 480 Hz (see Fig. 5.4(a)).
The measured SPL by Mic1 is a function of the summation of the velocity of all the
points on the plate. As seen in Fig. 5.5, the velocity summation of the points on the
plate is affected by the flexure mode. Therefore, at 480 Hz, Mic1 measures an increase
in the SPL in the form of a local maximum. However, in the numerical FE model
this peak does not exist in the SPL of the source (see Fig. 5.4(b)). Below the first
resonance at 370 Hz, both the numerical and the experimental studies are in good
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agreement. Since the low frequency range below the fundamental resonance of the
coupled acoustic source is the target frequency range in this study, the numerical FE
model can successfully be used to predict the acoustic source system in that range.
Therefore, attention is not paid to the resonance peaks above the target frequency
range in the present research.

5.4 Discussions

In this chapter, the coupled FE model of the thin acoustic source is provided to include
electrical, mechanical and acoustical aspects that were mentioned in the previous
chapters. The assumptions in the analysis and the challenges to build the fully-
coupled model are discussed. The measurement result shows that the FE model can
predict the vibration of the thin acoustic source in the piston range and up to the
first resonance with an error less than 23%. More details on the assumptions in the
FE model and the experimental studies are discussed in Paper C in Part II of this
thesis.
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6

Summary, conclusions and
recommendations

6.1 Summary

This thesis investigates the design, numerical analysis, construction, and experimental
study of an energy-efficient thin acoustic source. The analysis of the thin source is a
multiphysics study that requires knowledge of the electrical, mechanical and acoustical
physical aspects. As mentioned in Section 2.1.2, piezoelectric actuators are used in
the design of the thin acoustic source. An appropriate electrical amplifier that is
capable of energy recovery leads to an energy-efficient design of the acoustic source.
Chapter 2 of part I and Paper A in Part II address the electrical considerations to
achieve an energy-efficient acoustic source. The acoustic source is thin. Therefore,
it is interesting in low-frequency applications. To reach a thin acoustic source, the
actuation unit has to be thin. A thin flexural mechanism that is integrated with
the piezoelectric actuators is investigated in Chapter 3 of part I, and is suggested,
designed, constructed and numerically and experimentally examined in Paper B of
Part II of this thesis. A Finite Element model of the acoustical parts of the thin
acoustic source is developed in Chapter 4. The result of the FE analysis is compared
with lumped models to obtain the radiation impedance of the thin acoustic source. A
fully-coupled multiphysics FE analysis of the energy-efficient thin acoustic source is
performed in Chapter 5. Detailed numerical FE analysis, construction considerations
and experimental studies on the thin source are provided in Paper C of Part II of this
thesis.

6.2 Conclusions

The design, analysis, construction and measurement studies of the thin acoustic source
result in the following conclusions:
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• The combination of piezoelectric stack actuators and class D amplifiers results
in recovering the stored electric power in the actuators. Therefore, the stored
power in the piezoelectric devices is not dissipated; it is sent back to the amplifier
and is reused in the next cycle.

• The Overall Efficiency criterion discussed in Chapter 2 is an appropriate crite-
rion for comparing the loudspeaker systems. The reason is that this criterion
takes into account the effect of power loss in both the connected amplifiers and
actuators and can give an overview of the consumption of the input electric
power in a loudspeaker system.

• A fully-lumped model is sufficient to model the fully-coupled thin acoustic source
in the piston range. The piston range is determined by the first bending fre-
quency of the coupled system. Therefore, the coupled acoustic source system
can be designed in such a way that this resonance peak shifts to higher frequen-
cies.

• The flexural motion-converter mechanism proposed in Chapter 3 is designed to
change the direction of input motion. The fundamental resonance frequency of
the flexure-based mechanism is successfully higher than 1000 Hz. Therefore, no
resonance peak of the flexural mechanism is present in the operating frequency
range of the thin acoustic source.

• The numerical and experimental studies on the complete thin acoustic source
that is actuated by the integrated flexure-based mechanism show that the thin
source has its fundamental frequency at frequencies above 1000 Hz. The fre-
quency response of the displacement of the thin source is relatively flat at fre-
quencies below 200 Hz. This flat frequency response results in a pistonic motion
of the sandwich structure in this low-frequency range and corresponds to the
validity range of the fully-lumped model.

• The fully-FE model that is developed and analyzed in this work is in very good
agreement with the experimental study. This fully-coupled FE model can be
used later to optimize the acoustic source system.

6.3 Recommendations

The following improvements are recommended in designing the energy-efficient thin
acoustic source in the future:

• In Chapter 2, a classical class D amplifier is considered in the analysis as a
switching amplifier that is capable of energy recovery. According to Ref. [1], a
hybrid amplifier can be used to achieve the high efficiency of a class D amplifier
together with the high quality of the output signal. The effect of including a
hybrid amplifier can be investigated in future work.
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• During the measurements in this study and especially in the experimental study
in Paper A, the effect of connected amplifiers is taken into account. However,
the amplifiers are not connected to their full loads. Therefore, they cannot reach
their full efficiency. As a future improvement, it is recommended to design the
experimental studies in such a way that the amplifiers operate at their full
power.

• In Chapter 3 of this thesis, a flexure-based mechanism is proposed to convert the
direction of motion of two piezoelectric stack actuators. Active control is not
considered in the analysis of the two actuators to achieve a similar deformation
of the two actuators. Adding controllers to the piezoelectric devices ensures a
symmetrical operation of the two actuators.

• In designing the flexural mechanism in Chapter 3, no motion amplification is
considered for the motion-converter mechanism. An amplification of the con-
verted motion can lead to employing shorter piezoelectric stack actuators and
can result in a thinner design of the flexural mechanism. However, the converted
output force has to be examined to remain in an allowable range. Therefore,
applying a sufficient driving force to the thin acoustic source can be ensured.

• An extensive optimization approach together with a parametric study can lead
to an optimum design with minimum material and sufficient stiffness in the
constraint directions. Using the optimization, an optimum flexural mechanism
can be designed.

• An optimization study on the perforation pattern of the bottom skin of the
sandwich structure can lead to a maximum perforation to ensure the maximum
air interaction between the cavity aperture and hollows of the honeycomb core.
The optimization can examine a thinner bottom face for the sandwich struc-
ture to ensure a light-weight structure. Therefore, the fundamental resonance
frequency of the thin acoustic source, which was mentioned in Chapter 5, can
shift to higher frequencies.

• The sandwich structure is equivalently modeled in FE analysis using a homo-
geneous solid plate with material properties that is valid in the entire sandwich
structure. The measurement in Chapter 5 shows that the shear modulus of
the core and of the faces are not identical. Therefore, a single value of shear
modulus for the equivalent solid plate results in an inaccurate FE model that
cannot predict the resonance peaks higher than the fundamental resonance of
the coupled system. It is recommended to use a more detailed FE model to take
a nonuniform shear modulus in the sandwich structure into account.

• The piezoelectric actuators can be located in the corners of the thin acoustic
source below the rubber suspension. Therefore, more space can be provided for
the actuators. This allows for an actuation design with larger dimension in the
direction of the z -axis. When a single actuation unit is used, the excitation is
on one corner, which does not allow for a symmetric excitation. In the case
where multiple actuation units are employed, attention should be paid to the
connection points to the sandwich structures to avoid bending of the structure.
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Paper A

The influence of energy recovery on the

Overall Efficiency of acoustic sources at

low frequencies

This chapter is based on the paper ‘The influence of energy recovery on
the Overall Efficiency of acoustic sources at low frequencies’, submitted
to ‘Journal of Sound and Vibration’ (2019).
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Abstract

This paper defines a criterion called the Overall Efficiency (OE) for evaluating the
efficiency of acoustic sources. In practice, the Conventional Efficiency (CE), which
is defined based on the nominal powers, is not capable of giving a comprehensive
overview of the energy consumption, especially in the connected amplifier drivers.
With the aid of the OE criterion, the effect of energy loss in the connected amplifier
units is taken into account. In particular, the application of the OE is crucial for
acoustic sources that operate in a low frequency range. This is due to the reactive
nature of energy in both actuators and connected amplifiers. In the current paper,
various combinations of amplifiers and actuators are studied. In particular, voice coil
actuators and piezoelectric stack elements including both Lead Zirconate Titanate
(PZT) ceramics and single crystal Lead Zirconate Niobate-Lead Titanate (PZN-PT)
piezoelectric materials are investigated. In addition, the effect of a connected power
driver is investigated by studying a class AB and a class D amplifier as analogue and
switching amplifiers, respectively. Unlike a class AB amplifier, a class D amplifier
is capable of energy recovery. A perforated flat acoustic source is examined in this
paper as a practical example to verify the OE criterion. The numerical simulation
on a thin acoustic source shows that for a single actuator, thanks to energy recovery,
the OE is higher in a class D amplifier than that in a class AB amplifier. This study
reveals that if a class D amplifier is the driver, using piezoelectric actuators results in
a higher OE compared to using a voice coil actuator. Measurements on the sample
acoustic source verify the numerical results presented in the current study.
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1 Introduction

Thin acoustic sources can have advantages for active noise control [1], and for audio
reproduction [2] in application with severe space constraints. Various combinations
of loudspeaker drivers and structural radiation aids can be used in the acoustic source
designs [3]. The loudspeaker driver is the actuation unit that converts electrical input
power to a mechanical vibration, and the mechanical vibration generates sound [3].
Structural radiation aid units such as horns, baffles, or enclosures support the quality
of power conversion from the driver to the radiated sound [3]. Conventional moving
coil loudspeakers are designed to produce an ideal rigid piston-like motion of moving
panels. According to the ideal moving coil loudspeaker, all points on the panel vi-
brate in phase [3]. However, in practice, the frequency response of the moving coil
loudspeakers is uneven due to unwanted bending mode shapes [3]. Distributed mode
loudspeakers (DMLs) operate according to the concept of uniformly distributed, free
bending wave vibration in a stiff, light panel [4]. Unlike the conventional piston-like
moving coil loudspeakers, DMLs benefit from the random vibration of the points on
the radiating panel to generate sound with uniform directivity [4–6]. Although DMLs
are quite promising at high frequencies, they lead to complicated numerical compu-
tations and less accurate responses at low frequencies [4–6]. Electroactive polymers
(EAPs) [7, 8] act like piezoelectric materials. According to a review in Ref. [9], dielec-
tric elastomer (DE) loudspeakers are lightweight structures made of EAPs with appli-
cations in acoustic transmission loss, sound reproduction systems, adaptive acoustic
absorption for noise control, and sound generation. Heuss et al. [10] investigate the
use of EAPs in a double-glazed window with an air cavity in between, to reduce
sound transmission and sound radiation. They apply both semi-passive (by using
Helmholtz resonators) and active (by using Electroactive Polymers as the acoustic
actuators) treatments for acoustic transmission reduction. Although DEs are quite
promising in sound transmission loss, they have a low coupling factor up to 0.3 that
leads to a low efficiency of electro-mechanical coupling. Perforated panels have been
studied in passive treatments for acoustic insulation and sound transmission [11–15],
and for sound absorption [16–19], especially at low frequencies. In [20], active con-
trol techniques are used to reduce sound radiation from a honey-comb flat panel to
control sound transmission. Although flat perforated panels are investigated in a few
studies, there seem to be not so many currently used sandwich acoustic sources in
practice. One available actively-controlled compact acoustic source that focuses on
realizing a thin device at low frequencies is described by Berkhoff [21]. Berkhoff uses
a sandwich panel in the structure of a thin acoustic source. Ho et al. [22, 23] inves-
tigate techniques to control the vibration of the suggested honey-comb structure in
Ref. [21] as a compact acoustic source. Ho et al. use five uniformly distributed voice
coil actuators. This model has some advantages compared to other acoustic sources.
For instance, the authors apply active control techniques to the honey-comb plate to
damp the bending mode shapes of the acoustic source.

In most acoustic source systems, the Conventional Efficiency (CE) parameter is ac-
ceptably used as a common criterion to compare acoustic sources [3]. The CE is an
expression that relates the output radiated power to the required electrical power of
the loudspeaker systems [3]. The effect of connected source driver, i.e. the connected
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amplifier, is neglected in this definition [3]. However, in practice, a large amount of
input electrical power to acoustic source drivers is dissipated in the energy supply
unit. This inevitable power dissipation occurs in both connected amplifier driver and
actuator units, especially at low frequencies. Due to power loss in the driver unit, a
major part of the supplied electrical power is lost before being delivered to the acous-
tic source. In the current paper, a criterion for acoustic sources is introduced: the
Overall Efficiency (OE). This criterion is applicable to all loudspeaker systems. The
OE takes the power dissipation in the connected driver unit into account in addition
to the power loss in the actuators. Therefore, it can give a fair comparison for a wide
range of driver-source combinations of acoustic sources.

Voice coil actuators are the most common ones among the acoustic source systems [3].
However, due to electrical resistance of voice coil actuators, a major part of the
supplied energy is lost before being delivered to moving coil loudspeakers. Moreover,
at low frequencies, a major part of the delivered energy to acoustic sources is stored
in the reactive components. As a result of energy dissipation and storage in both
the energy supply unit and the acoustic source, a small amount of active energy is
delivered to the radiating part of the acoustic source. Therefore, the existence of an
energy recovery unit is crucial in order to decrease the demand for extra electrical
input energy. On the other hand, in the case an appropriate amplifier is used, the
recovered energy from the acoustic source has to pass along the resistors of voice
coil actuators again. As a result, the recovered energy is dissipated again in the
actuator unit, and eventually, not so much energy can be reused. Therefore, the
energy supply unit has to be modified in such a way that the connected amplifier
not only is compatible with the actuators, but is able to recover the stored energy by
operating in the inverse direction.

To increase the OE of acoustic sources that operate at low frequencies, one possibil-
ity is to use piezoelectric actuators as the excitation units. The reason is that these
actuators do not have large dissipation compared to voice coil actuators, in particu-
lar in quasi-static conditions. At low frequencies, piezoelectric elements are mainly
electrical capacitive loads. Therefore, a wide range of studies have been dedicated to
investigating the proper power amplifiers to drive these actuators. For example, some
studies [24, 25] have investigated bidirectional class B amplifiers as the power driver
for the piezoelectric stack actuators. As a result, they achieve up to 50% improvement
in the efficiency of the actuators by combining a class B amplifier with a switching
circuit. In addition, amplifiers with current control techniques have been used to
drive a piezoelectric element. For instance, in Ref. [26], a suggested high-voltage
amplifier leads to a ripple-free actuation while using a current feedback control unit.
The authors in Ref. [27], use an equivalent electrical circuit to model piezoelectric
actuators. With the use of a feedback control technique, up to 80% of the input
energy is recovered. In Ref. [28], designing a power driver capable of charge recovery
results in generating a quasi-square signal as an input for the actuators. Chao et
al. [29] suggest a power driver circuit to drive a low-voltage piezoelectric actuator
in a micro-pump device using a differential amplifier. A variety of studies address
the switching techniques to drive the piezoelectric actuators by varying the number
of switches in the circuit configuration [30–34]. Furthermore, Edamana et al. [35]
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suggest an optimum circuit to drive a piezoelectric actuator in a precise positioning
application. By applying control techniques, they succeed to optimize the amount of
charge recovery while using the maximum voltage across the piezoelectric element in
the simulation. A power amplifier is designed in a research performed by Stiebel and
Janocha [36–38]. They suggest a time detection technique to control the performance
of the switches. Moreover, they introduce a so called “hybrid amplifier” to optimize
the power recovery. Their suggested circuit combines the high efficiency of a class D
amplifier with the high signal quality of a class AB amplifier. The result shows that
the suggested model converts the input DC signal into an AC signal. In addition, by
using their circuit, which is based on an intelligent switching technique, the amount
of recovered power is optimized.

Equivalent electrical circuits are simple solutions to modeling complicated systems.
For instance, in Ref. [39] various lumped models of the piezoelectric elements are rep-
resented as equivalent electrical circuits. A lumped model of a synthetic jet actuator
is investigated in Ref. [40] to include the electroacoustical parts such as cavity. In
Ref. [41], an electromechanical Helmholtz resonator is designed using an equivalent
lumped model. Prasad et al. [42] use a two-port lumped electrical network to an-
alytically model a piezoelectric composite transducer. A comprehensive review on
the available studies is addressed in Ref. [43] to investigate energy harvesting from a
cavity using the electrical circuits.

Here, we investigate the possible options to increase the OE of acoustic sources oper-
ating at low frequencies. In this research, the frequencies between 20 Hz and 1000 Hz
are assumed as low frequencies. The focus of this study is to find the most effi-
cient amplifier-actuator combination for acoustic sources in a low frequency range.
In particular, the most commonly used actuators, i.e. voice coil actuators, and the
capacitive piezoelectric stack actuators are studied in the current research. The thin
acoustic source designed by Ho et al. [22] is investigated to verify the proposed OE cri-
terion using the amplifier-actuator configurations. A lumped model of the suggested
acoustic source is used to investigate the performance of the compact lumped system.
To improve the power supply unit, two major classes of amplifiers are investigated
with the focus on the energy recovery possibilities. In addition, to improve the OE of
the sample acoustic source, the performance of both voice coil and piezoelectric stack
actuators are numerically and experimentally investigated.

The contribution of the current study is to propose another efficiency criterion ap-
plicable to all acoustic source systems with any amplifier-actuator configuration. To
verify the proposed criterion, a thin perforated acoustic source is examined. An equiv-
alent electrical circuit of a piezoelectric actuator is combined with a lumped model of
the thin acoustic source. Using the OE criterion, it is concluded that the combina-
tion of a class D amplifier and an appropriate actuator leads to recovering the stored
energy in the acoustic source system. This energy recovery leads to maximizing the
OE of such a flat sandwich acoustic source, especially for frequencies between 20 Hz
and 1000 Hz.
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Figure 1: Power input-output scheme that is used for efficiency definition.

2 Part I: A general approach

2.1 Definition of efficiency

Conventional Efficiency is commonly used to compare loudspeaker systems [3]. It is
defined as the ratio of the nominal values of the acoustic source output power to the
actuators’ input electrical power. As seen in Fig. 1, the CE is expressed as:

ηCE =
Pacoustics
Pamp,act

. (1)

The effect of connected electrical amplifier driver is neglected in Eq. (1). In practice,
the delivered power to the actuation unit, Pamp,act, is a fraction of the total electrical
power that is supplied to the amplifier (Pin,amp in Fig. 1). At low frequencies (between
20 Hz and 1000 Hz), a limited active power is available to the acoustic sources. The
reason is that a major portion of the supplied power is stored in reactive elements of
the acoustic sources [44]. If an appropriate amplifier unit is present, the stored reactive
power has the capability of being reused. Using the OE criterion, the capability of
an acoustic source system to reuse the stored reactive power is examined. The OE is
defined as:

ηOE =
Pacoustics
Pin,amp

. (2)

Using the definition of the OE in Eq. (2), the energy loss in an amplifier unit can
be identified. A proper combination of amplifier-actuator can lead to the highest
OE for any acoustic source. Using the OE criterion, the most common actuators
and amplifiers are investigated in details in the following, to find the most efficient
combination.

2.2 Actuators

An actuator provides the driving force for the acoustic source. One of the most
commonly used actuators in loudspeaker systems is the voice coil actuator. Voice
coil actuators have a resistive nature. Another actuator type that is studied in this
paper is a piezoelectric actuator. Piezoelectric transducers have a capacitive nature,
especially at low frequencies. Due to their capacitive nature, piezoelectric devices can
be interesting when they are connected to appropriate amplifiers.
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Figure 2: Equivalent electrical circuit of a voice coil actuator.

Table 1: Parameters of the equivalent electrical circuit of piezoelectric and voice coil
actuators.

Parameter Symbol SI Unit
Input current in the electrical domain i A
Velocity u m s−1

Input voltage to actuator vactuator V
Output voltage in the electrical domain e V
Input force to the mechanical domain Fin N
Output force of the actuator Factuator N

Voice coil actuators

One can find the equivalent electrical circuit of a voice coil actuator in both Fig. 2 and
Table 1, where Bl, Mv.c and RE show the voice coil coefficient, mass and electrical
resistance, respectively. According to this figure, the only resistive element in the
equivalent electrical circuit of a voice coil actuator is the electrical resistor, RE . RE
dissipates the majority of the electrical input energy in the actuator unit.

Piezoelectric actuators

The equivalent electrical circuit of a piezoelectric stack actuator is shown in Fig. 3.
Electrical elements Mp, Cp and Rp, in the equivalent electrical circuit represent the
mass, mechanical compliance and mechanical damping of the piezoelectric actuator,
respectively. α is the bidirectional conversion coefficient between the electrical and
mechanical domains, and C0 shows the electrical capacitive load of the piezoelectric
device. The negative capacitor shows a coupling between the electrical and mechanical
domains and has the same value of C0. One can distinguish the electrical (C0) and
mechanical (Cp) capacitors. C0 stores the main portion of the input electrical energy
during the charge cycle, while Cp shows the spring nature of a piezoelectric device
from mechanical point of view. The electrical energy dissipation in the electrical
resistor RE is small compared to the same energy dissipation in the voice coil actuator.
The coupling factor of the piezoelectric actuator shows the amount of electrical input
energy that is not stored in the electrical capacitor, but is transfered to the mechanical
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Figure 3: Equivalent electrical circuit of a piezoelectric stack actuator.

domain. The description of the electrical circuit of a piezoelectric stack actuator is
listed in Table 1. For more details the reader is referred to Ref. [44].

Both the dissipated energy in the voice coil actuator and the capacitive energy stored
in the piezoelectric actuator lower the actual energy that is transferred from the ac-
tuator unit to the acoustic source. As a result, the existence of an appropriate power
driver capable of recovering the stored energy is crucial to increasing the transferred
energy to the acoustic source while decreasing the required total electrical input en-
ergy.

2.3 Amplifiers

The power driver unit supplies the electrical energy to the actuators. In this study, two
different classes of power amplifiers are investigated; class AB and class D amplifiers.
The latter is capable of energy recovery and can be interesting when it is combined
with various actuators.

Class AB amplifiers

A class AB power driver is shown in Fig. 4. This amplifier has a high quality output
signal, and is interesting for precise positioning applications when a feedback loop is
added. Therefore, when the energy cost is not the first priority, but the quality is, a
class AB amplifier is an appropriate option. However, a class AB amplifier is unable
to recover the stored energy in the actuator during the discharge cycle. Therefore, all
the stored energy is dissipated eventually. In addition, since the output transistors
have a voltage drop across them when delivering current, they also dissipate when
delivering energy to the load. This energy dissipation causes a class AB amplifier to
be inefficient and costly in general applications, where the efficiency is a significant
design factor.
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Figure 5: Electrical circuit of a class D amplifier.

Class D amplifiers

A class D amplifier, on the other hand, is more energy-efficient compared to a class
AB amplifier. The schematic of a class D amplifier is shown in Fig. 5. As seen in the
figure, switches SW1 and SW2, and a comparator lead to generation of a Pulse-Width
Modulation (PWM) signal, and Vsupply is a DC voltage source. The details of a class D
amplifier are described in Ref. [38]. A class D amplifier is able to recover the reactive
energy stored in both the acoustic source and the actuator during discharge [38].
Since it is a switching amplifier, the dissipated energy in the driver unit is very small
compared to that in a class AB amplifier. A low pass filter is used in the output port
of a class D amplifier to filter out the switching frequency and harmonics that have
very high energy. However, the output signal is not always of high quality. This is
due to the difficulties of applying feedback in the presence of a second order low pass
filter in the loop.

2.4 A general analytical approach

An analytical study in Fig. 6 reveals the amount of energy flow in an arbitrary acoustic
source [44]. In this study, it is assumed that the acoustic source is excited by a
piezoelectric actuator that is connected to class AB and class D amplifiers. Figure 6
is obtained at the fundamental resonance frequency of the source [44]. The reason is
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Figure 6: The power flow through an arbitrary acoustic source that is actuated by a
piezoelectric transducer. The values in the figure are scaled with respect to the input
power to the acoustic source as the reference (100%) [44]: (a) class AB amplifier; (b)
class D amplifier.
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that the maximum power flow in the acoustic source occurs at the resonance. In this
analytical analysis, the input power to the actuation unit of the acoustic source is
considered as the reference level (100%). Therefore, other power flows are scaled with
respect to this reference power. As seen in Fig. 6, when a class D amplifier is used, only
38.9% of the actual demand of the acoustic source is required for the power supply
unit. Furthermore, approximately 66% of the energy demand of the acoustic source
can be recovered and reused. A class AB amplifier, however, has to deliver twice the
energy that the acoustic source requires. As a result, (200− 38.9)/200×100 = 80.55%
of the input electrical power is saved when using a class D amplifier instead of a class
AB amplifier.

The analytical approach shows that using a class D amplifier connected to a piezo-
electric actuator improves the performance of any arbitrary acoustic source operating
at low frequencies in terms of the required input electrical power. To verify the an-
alytical approach, in the remainder of this paper, a small sample of a thin acoustic
source, which is used in Ref. [22, 44], is investigated.

3 Part II: A case study

The schematic of the sample flat acoustic source, which is studied by Ho et al. [22], is
shown in Fig. 7. It consists of a thin radiating surface with a thickness of 0.125 mm.
At low frequencies (between 20 Hz and 1000 Hz), the efficiency of an acoustic source
is proportional to the enclosure volume [3]. Because of the small dimension in the
direction of the z -axis, the surface area of the source has to be relatively large in order
to get a reasonable efficiency [21]. The surface area of the thin acoustic source in this
study is the same size as a standard A4 paper, i.e. 297 mm × 210 mm. The upper
vibrating surface is attached to the top surface of a honey-comb structure, so that the
resulted sandwich panel has higher bending stiffness compared to a single thin panel.
The lower surface of the honey-comb structure is perforated and is in interaction with
the air inside an air cavity (see Fig. 7). During the operation of the acoustic source,
the air inside the cavity is compressed and expanded while entering and leaving the
hollows of the honey-comb structure through the holes of the perforated plate. In
the actuation unit, the driving force of the actuators moves the acoustic source in
the out-of-plane direction (in the direction of the z -axis). The suggested sandwich
panel has a thickness of approximately 22 mm in the direction of the z -axis, while it
is stiff enough to reduce the modal complexity of the active control analysis [21]. The
perforated panel combines the low density with the high bending stiffness. The low
density and the high stiffness lead to a fundamental resonance at high frequencies.
Therefore, a uniform displacement of the suggested flat acoustic source is ensured in
a wide range of frequencies in this research [21].

Although the frequency response of the suggested acoustic source by Ho et al. [22] is
relatively flat, a large amount of the input energy to the sandwich acoustic source is
dissipated in the energy supply unit. The energy dissipation occurs in the connected
voice coil actuators and the amplifier driver, especially at low frequencies.

In this study, a lumped model of the thin acoustic source is developed. The lumped
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Figure 7: The thin acoustic source with A–A cross section view that is studied in
this paper [44].

model is connected to the actuator-amplifier combinations that are introduced earlier
in this paper. The OE of the combined systems of actuator-source-amplifier is nu-
merically evaluated. Experimental results are used for verification of the numerical
analysis.

3.1 Lumped model

A lumped model of the thin acoustic source is considered in this study. This as-
sumption is valid in the frequency range in which the wave length of the radiated
sound is large enough compared to the largest dimension of the acoustic source [40].
In the current acoustic source, the largest dimension is in the direction of the y-axis
(297 mm). This assumption holds for the frequency range of interest in this study.
The reason is that the largest dimension of the acoustic source is smaller than the
wave length for frequencies between 20 Hz and 1000 Hz.

Radiation impedance of the rectangular lumped acoustic source is modeled as the
radiation impedance for a rigid circular piston. In this research, due to the complex-
ity of the functions used in the Helmholtz integral [45], such as Bessel and Hankel
functions, an approximation method is used to evaluate the radiation impedance of a
circular piston. This approximation is valid for spherical sources [46]. The equivalent
radius of the circular piston, a [m], is obtained considering the same surface area for
both the equivalent circle and the primary rectangle. This equivalent circular piston
vibrates in an infinite rigid baffle and radiates into half space. According to [46], a
correction coefficient of 0.7 is used to convert the radius of a pulsating sphere (a′)
into the radius of an equivalent baffled pulsating piston. Therefore, at low frequencies
(from 20 Hz to 1000 Hz), the radiation impedance of a baffled pulsating piston in half
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Table 2: Parameters of the equivalent electrical circuit of the thin acoustic source
used in this research.

Parameter Symbol SI Unit
Output force of the mechanical domain Fout N
Input pressure of the acoustical domain pin Pa
Volume velocity Ud m3 s−1

Volume velocity trough the air cavity U1 m3 s−1

Volume velocity trough the hollows and the perforated plate U2 m3 s−1

space is defined by the following two equations assuming a′ = 0.7a:

1

Zrad
=

1

Rrad
+

1

jωMrad
, (3)

Rrad =
ρairc

4πa′2
,

Mrad =
ρair
4πa′

, (4)

where ρair [kg m−3] and c [m s−1] represent the density and speed of sound in air,
respectively, and ω [rad s−1] is the angular frequency. The total radiation impedance
(Zrad) is modeled as a resistor (Rrad) in parallel with an inductor (Mrad) from the
electrical point of view.

The equivalent electrical circuit of the complete lumped acoustic source is shown in
Fig. 8. Various parts of the acoustic source are simplified as their equivalent electrical
elements, and are attached to the electrical circuit of the actuator. The mechanical
mass, compliance and damping of the suspensions of the flat acoustic source are
represented by Ms, Cs and Rs, respectively. The parameters in Fig. 8 are introduced
in Tables 1 and 2. The acoustical impedances of the air in the lumped circuit are as
follows:

Zcavity =
νcavity
ρairc2

, (5)

Zhollows =
νh.c
ρairc2

, (6)
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Table 3: Parameters of the equivalent electrical circuit of the lumped acoustic
source [22].

Parameter Symbol SI Unit Value
Speed of sound in air c m s−1 343
Density of air ρair kg m−3 1.21
Dimensionless area porosity σ – 0.5
Dynamic viscosity µ kg m−1 s−1 1.864× 10−5

Wave number k rad m−1 ω
c

Plate thickness tp m 1× 10−3

Distance between the holes dh m 5× 10−3

Table 4: Properties of the A4-sized honey-comb acoustic source.

Parameter Symbol SI Unit Value
Thickness lz mm 22
Density ρh.c kg m−3 201
Compliance of the suspensions Cs m N−1 1.2× 10−3

Mechanical loss Rs N s m−1 7.45

in which the parameters νcavity and νh.c are the volume of air in the cavity and in the
hollows of the honeycomb structure in [m3], respectively. The acoustical impedance
of the perforated panel is stated as:

Zscreen =
ρaircζscreen

A
, (7)

where A [m2] is the surface area of the perforated panel and ζscreen is formulated as
follows:

ζscreen =
2

σ

√
2µk

ρairc

( tp
dh

+ 1− σ
)

+ j
k

σ

(
tp + 0.85dh(1−

√
σ

π
)
)
. (8)

According to Eq. (8), ζscreen is a function of the dimensions of the holes in the
perforated panel and the distance between two neighboring holes. The reader is
referred to [47] for more details on derivation of Eq. (8). Parameters of this equation
are defined in detail in Tables 1 to 3.

3.2 Numerical analysis

The properties of the thin acoustic source are shown in Table 4. To have a fair
comparison, in the numerical model, the mass of both voice coil and piezoelectric
stack actuators is identical. The voice coil actuator used in this study is of type LA18-
12-000A manufactured by BEI Kimco Magnetics [48], and its material properties are
given in Table 5.
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Table 5: Properties of the voice coil actuator [48].

Parameter Symbol SI Unit Value
Voice coil constant Bl T m 13.2
DC resistance of the coil Re Ω 8.85
Mass Mv.c g 43.7

optimization

MATLAB R2015b optimization toolbox [49] is used to select the appropriate stack
piezoelectric actuator in the structure of the A4-sized thin acoustic source. As a
result, the optimum dimensions (radius and length) of the cylindrical piezoelectric
stack actuator for various already available piezoelectric materials are obtained. The
following optimization problem is defined:

maximize
f,rp,lp

Prad(f, rp, lp) ,

subject to mp = mv.c ,
(9)

where f is the operating frequency in [Hz], and rp and lp are the radius and length of
the piezoelectric stack actuator, respectively. According to Eq. 9, the only constraint
is the mass of the piezoelectric stack actuator, mp, that has to be equal to the mass of
the voice coil actuator, mv.c, to ensure a fair comparison. The objective is maximizing
the radiation power (Prad) of the acoustic source when it is excited by a piezoelectric
stack actuator. The radiation power in Eq. (9) is defined as follows and using the
electrical analogy shown in Fig. 8:

Prad = Rrad U
2
d , (10)

where Rrad is obtained using Eq. 4 and Ud is defined in Table 1. Prad and Ud in
Eq. (10) are time-domain quantities that represent respectively the instantaneous
power and the instantaneous volume velocity. As seen in Fig. 8, Ud, which is the cur-
rent along the acoustical elements, is a function of the force applied by the piezoelectric
element. This applied force is directly related to the properties of the piezoelectric
actuator, particularly, to the dimensions of the piezoelectric device.

The optimization result is shown in Fig. 9. This figure shows the radiation power of
the lumped acoustic source at different frequencies. Twenty nine different piezoelectric
stack actuators with various types of material are used in the performed optimization.
Materials are shown in the bar graph in Fig. 9 and are sorted according to their
coupling factors. Some of the materials’ names are written in Fig. 9. As seen in
the figure, the higher the coupling factor of the piezoelectric material, the higher the
radiated power of the lumped acoustic source. Values of coupling factor above 0.9 in
this figure, belong to single crystal piezoelectric materials.

Based on Fig. 9, one single crystal PZN-PT material with a coupling factor of 0.95
(MICROFINE Materials Technologies PTE LTD type: P001-6-7-ED) [50], and one
ceramic PZT material with a coupling factor of 0.78 (Noliac type: NAC2013-HXX
with material NCE51) [51] are chosen to be studied in detail in the remainder of this
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Figure 9: The radiated power of the lumped acoustic source obtained for 29 different
piezoelectric materials. The bar graph is sorted based on the materials’ coupling
factors. Materials NCE51 and P001-6-7-ED are chosen for evaluation in the numerical
simulation as PZT and PZN-PT materials, respectively.

paper. The obtained optimized dimensions of these two piezoelectric stack actuators
are lp = 73.3 mm and rp = 4.87 mm for PZT material, and lp = 71.1 mm and rp =
4.81 mm for single crystal PZN-PT material. The material properties of both PZT
and PZN-PT piezoelectric elements are shown in Table 6.

LTspice IV analysis

After determining the optimum dimensions of the piezoelectric elements, the OE of
the lumped acoustic source, ηOE , is investigated considering the effect of connected
amplifiers. The OE gives the amount of radiated power, Prad, of the lumped acoustic

Table 6: Material properties of piezoelectric actuators.

Parameters Symbol Value SI unit
PZT [51] PZN-PT [50]

Material – NCE51 P001-6-7-ED –
Charge coefficient d33 443 2000 10−12 C N−1

Relative permittivity εT

ε0
1900 5200 –

Elastic compliance sE 19 108 10−12 m2 N−1

Density ρpiezo 7850 8350 kg m−3

Dielectric loss factor tan δ 150× 10−4 1× 10−6 –
Mechanical quality factor Qm 80 No data –
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source with respect to the real part of the total required electrical input power Pin,real,
and is formulated as follows:

ηOE =
Prad
Pin,real

, (11)

where Prad is obtained from Eq. 10, and Pin,real is directly obtained by measuring the
total power that the energy supply unit delivers to the circuit. The energy dissipation
in both amplifier and actuator units is taken into account in the OE criterion. In
this study, the combined actuator-amplifier configurations of three actuators and two
amplifiers are investigated; the actuation unit includes the two chosen piezoelectric
stack devices and a voice coil device, and the amplifier driver unit includes a class AB
and a class D amplifier.

To simulate the three complete electrical circuits of the lumped acoustic source, ampli-
fiers, and actuators in time domain, an open access electrical software package called
LTspice IV is used [52]. The peak values of the supplied sinusoidal voltage signals
are 2 V and 9.75 V, respectively, for voice coil and piezoelectric elements. For the
piezoelectric element, a DC offset of 10.8 V is added to the AC signal. For the voice
coil actuator, on the other hand, no offset is required in the supplied input signal. For
the case where a voice coil device is the actuator, a large resistor (Ra = 500×Rrad)
is used in parallel with the element that represents the cavity. The reason is to avoid
an unloaded acoustic source at very low frequencies around 20 Hz. In the electrical
circuit of a class D amplifier, which is shown in Fig. 5, both diodes and switches are
ideal. It is of high importance to model the class D amplifier close to reality. To make
a realistic class D amplifier, a parasitic capacitor with the value of Cparasitic = 100 pF
is used between the PWM node and the ground. The on and off resistances of the
switches are Ron = 1 Ω and Roff = 1 MΩ, respectively. To avoid spikes caused by
numerical artifacts during the simulation in LTspice IV, two small auxiliary inductors
with a value of Lauxiliary = 4 nH are connected in series to the two switches. For the
realistic class D amplifier, the output signal enters an inductor that is used to recover
the reactive power. The values of the inductors are L = 50µH and L = 146.67 µH,
respectively for voice coil and piezoelectric actuators. A low-pass filter is used in the
output port of the class D amplifier to obtain a smooth voltage signal with low ripple.
This filter includes a capacitor of C = 1µF. For the piezoelectric device, a resistor of
R = 10 Ω is considered in series with C.

3.3 Experimental study

The measurements are performed on the thin acoustic source with various actuator-
amplifier combinations. The thin acoustic source is schematically shown in Fig. 10
(see Table 4 for details on properties of the source). Voice coil and PZT piezoelectric
actuators, with specifications shown in Tables 5 and 6, are used in the measurements.
The single crystal PZN-PT piezoelectric actuator modeled in the numerical simula-
tion is not used in the measurements. The reason is that PZT piezoelectric device
with the optimum length of lp = 73.3 mm does not fit in the air cavity. A motion-
converter auxiliary mechanism is used in combination with the piezoelectric actuator
in the measurement (see Ref. [53]). The stiffness of the added auxiliary mechanism
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Figure 10: The thin acoustic source that is used in the measurements: (a) top view;
(b) bottom view; (c) side view.

affects the overall stiffness of the actuation unit and the associated resonance frequen-
cies. The applied voltages to the actuators are the same values used in LTspice IV
simulation. Detailed information related to the amplifiers used in the measurements
are shown in Fig. 11 and Table 7.

To measure the output radiated power of the thin acoustic source, the microphone
array shown in Fig. 12 is used. The microphone manufactured by Microtech Gefell
GmbH (model MG M370) [58], is located in the center of the radiating surface and
is mounted 17 mm above the surface of the source on a line perpendicular to the
surface. The measured near-field sound pressure by the central microphone (prad),
the velocity of the vibrating surface (u), and the phase difference between them,
are used to evaluate the radiated power of the acoustic source. Using the electrical

Table 7: Properties of the amplifiers used in the measurements.

Name Type Compatible with Pout,max
Falco Systems WMA-300 [54] Class AB PZT 22.5 W
Piezo Systems Inc-model ESA-208 [55] Class D PZT 45 W
ILP Direct LTD model HY2001 [56] Class AB Voice coil 30 W
Hypex NC400 mono kit [57] Class D Voice coil 200 W
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Figure 11: Class AB and class D amplifiers used in the measurements.

Figure 12: The measured data from the microphone located in the center is used to
obtain the radiated power of the thin acoustic source.

analogy shown in Fig. 8, the volume velocity can be obtained as:

Ud = Au , (12)

and one can evaluate the acoustical radiated power using the following equation:

Prad = prad Ud , (13)

where Prad is the measured near-field radiated power of the source on a center point
mounted 20 mm above the surface of the source. Prad, prad and Ud in Eq. (13) are
time-domain quantities that represent respectively the instantaneous power, the sound
pressure and the instantaneous volume velocity.

3.4 Results and Discussion

The results of numerical simulation in LTspice IV and measurements are shown in
Figs. 13(a) and 13(b), respectively. The obtained OE from both numerical simulations
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Figure 13: The Overall Efficiency of the thin acoustic source that is connected to
various combined configurations of amplifier-actuator: (a) numerical; (b) experimen-
tal.
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and measurements show similar behavior in the frequency range of study in this paper.
However, it is not possible to compare the absolute values in these two studies. This
is due to the assumption made in the numerical simulation. This assumption is that
amplifiers are connected to their full load. The analytical efficiencies of the amplifiers
are evaluated for the case in which the amplifiers are operating at their full power. In
the measurements, on the other hand, it was not possible to apply full loads to the
amplifiers. Therefore, the obtained values from the numerical simulations may not be
compared to those from the measurements. But the behavior in the two studies can
be compared. The fluctuations seen in Fig. 13(a) are due to averaging the obtained
results from time domain analysis in LTspice IV. Therefore, these fluctuations do not
have a physical meaning.

As seen in both numerical and experimental results, an acoustic source connected to
a piezoelectric actuator has a fundamental resonance at higher frequencies compared
to that for an acoustic source that is connected to a voice coil actuator. The nu-
merical simulation in Fig. 13(a) predicts the first resonance frequency of the acoustic
source that is connected to piezoelectric actuators to be above 1000 Hz, which is not
within frequency range of interest in this paper (between 20 Hz and 1000 Hz). The
measurement, on the other hand, shows that the first resonance frequency of the
same acoustic source actuated by a PZT piezoelectric device occurs at approximately
370 Hz (see Fig. 13(b)). This difference between the numerical and the experimental
results is due to the usage of the auxiliary mechanism that is connected to the PZT in
the measurement. The connected auxiliary mechanism changes the overall stiffness of
the actuator and results in a different resonance frequency of the acoustic source [53].
According to Fig. 13, in both numerical and experimental studies, the first resonance
frequency of the voice coil actuator occurs approximately at 170 Hz, that is within the
frequency range of study. Figure 13 shows that in both numerical and experimental
studies, at higher frequencies (above 800 Hz) and without considering the effect of
connected amplifiers, using the two piezoelectric actuators leads to a higher OE of
the acoustic source than using a voice coil actuator. However, below 800 Hz, piezo-
electric actuators that are connected to a class AB amplifier have the lowest OE. The
reason is that in this frequency range, the majority of the input power is stored in the
piezoelectric actuators, while no energy recovery is possible in a class AB amplifier.

According to Figs. 13(a) and 13(b), the acoustic source actuated by a voice coil device
has its fundamental resonance at 170 Hz. This resonance corresponds to the maximum
OE of the acoustic source that is actuated by a voice coil device in the frequency range
of study. At frequencies near 170 Hz, the OE of the acoustic source actuated by a
voice coil actuator is affected by this resonance. Figure 13 shows that when a class D
amplifier is the driver, except for a small range of frequencies near resonance of the
voice coil, the OE of a PZT device is higher than a voice coil element. The location
of the resonance mainly depends on the size and geometry of the voice coil element.
Since the mass of the voice coil element that is used in this study, is the reference
for the fair comparison, the resonance occurs near 170 Hz. However, by choosing the
voice coil actuator and its mechanical damping appropriately, the sharp resonance in
this frequency range can be damped.

The numerical study shows that the combination of a PZN-PT piezoelectric actuator
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and a class D amplifier results in the highest OE of the acoustic source over the
entire frequency range of study (see Fig. 13(a)). According to both numerical and
experimental studies (see Figs. 13(a) and 13(b)), for the case of a PZT piezoelectric
device that is connected to a class D amplifier, a higher OE than a voice coil device is
seen almost in the entire frequency range of study. As it is mentioned earlier, near the
resonance frequency of the acoustic source that is actuated by the voice coil actuator,
the OE of the voice coil source is slightly higher. Both numerical and measurement
results show that the higher efficiency of the piezoelectric elements, particularly at
frequencies below 100 Hz, is due to recovering the reactive energy stored in the acoustic
source using a class D amplifier. This energy recovery leads to an increase in the OE
of the acoustic source. As it was mentioned earlier, even when a voice coil actuator,
which is off the resonance, is driven by a class D amplifier, not so much energy can
be recovered. The reason is that in this case, high energy dissipation occurs twice in
the voice coil element; both during charge and recovery cycles. Consequently, not so
much energy can be recovered and reused eventually, especially in the low frequency
rang below 100 Hz.

As seen in both numerical and experimental results (Fig. 13), when a voice coil device
is the actuator, the two classes AB and D amplifiers have similar influence on the
performance of the acoustic source. The reason is that in this case, prior to the
immediate energy dissipation peak in the actuator unit during the charge cycle, a
part of the energy is dissipated in the amplifier unit. In a class AB amplifier, energy
dissipation occurs due to the continuous voltage drop across the transistors during
the charge cycle. In a class D amplifier, on the other hand, energy dissipation related
to switching cycles is negligible during charge. Depending on the connected amplifier,
the energy dissipation in the discharge cycle occurs either immediately in a class AB
amplifier or in the case of a class D amplifier, again in the actuator unit during the
energy recovery cycle. Therefore, the overall energy dissipation in both amplifiers is
relatively similar. This leads to a relatively similar OE for the two amplifiers.

According to Fig. 13, both numerical and experimental studies predict that an acoustic
source actuated by a voice coil device can hardly reach the OE of 0.4% over the entire
frequency range of interest. In fact, the highest OE for the voice coil actuator occurs
at the resonance frequency (170 Hz). On the other hand, the numerical simulation
shows that the configuration of a single crystal piezoelectric device connected to a
class D power driver reaches the highest OE with a maximum of 18% over the entire
frequency range (see Fig. 13(a)). According to both numerical and experimental
studies in Fig. 13, a PZT piezoelectric actuator connected to a class D amplifier can
achieve higher OEs of the acoustic source with a maximum of 8% compared to a voice
coil device.

The CE, on the other hand, neglects the power flow in the amplifier unit. According
to the experimental result in Fig. 14, the CE of the acoustic source is independent of
the amplifiers’ type. According to the measurement result, the acoustic source that
is actuated by a voice coil device has a higher CE than the source that is actuated by
a PZT piezoelectric device. Figure 14 shows the importance of taking the amplifier
unit into account in order to have a fair comparison between the actuation units of
the acoustic source. The experimental results in Figs. 13(b) and 14 show that an OE
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Figure 14: The Conventional Efficiency of the thin acoustic source that is connected
to various combined configurations of amplifier-actuator. The graph is derived from
experiment.

is a more reliable criterion than a CE to define the performance of an acoustic source.

4 Conclusion

In the present research, a criterion called Overall Efficiency (OE) is defined that is
in particular interesting in application of acoustic sources at low frequencies (from
20 Hz to 1000 Hz). Since the OE criterion takes the effect of connected amplifiers
and actuators units into account, it gives an overview of the energy loss and the en-
ergy storage in the loudspeaker systems. Experimental results reveal that the OE
is a more reliable criterion to compare the performance of acoustic sources. In the
case study, a flat acoustic source, which is the same size as a standard A4 paper
(297 mm × 210 mm) is numerically and experimentally studied. The flat source is
connected to various actuator-amplifier configurations, and in particular is examined
in a low frequency range between 200 Hz and 1000 Hz. Piezoelectric and voice coil
actuators are compared. It is numerically shown that a single crystal piezoelectric
element driven by a class D amplifier results in the highest OE for the acoustic source
in the entire frequency range of study. Moreover, both numerical and experimental
studies show that a PZT piezoelectric device connected to a class D amplifier can
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lead to higher OEs than an off-the-resonance voice coil actuator, especially at fre-
quencies below 100 Hz. Among the actuator-amplifier configurations that are taken
into account in the numerical study, a single crystal piezoelectric actuator reaches the
highest OE of 18%, while the PZT actuator can lead to an OE of 8%. On the other
hand, the lowest OE of the acoustic source is obtained when piezoelectric actuators
are connected to a class AB amplifier. This low OE is due to the capacitive nature
of the piezoelectric element at low frequencies. Therefore, the large amount of reac-
tive energy stored in the piezoelectric devices cannot be recovered when a class AB
amplifier is used. In addition, it is shown that for a voice coil actuator, it does not
really matter which amplifier is the driver. A similar OE for the acoustic source is
obtained using both amplifiers. The numerical simulation results are in a good agree-
ment with those obtained from the measurements to successfully predict the behavior
of combined amplifier-actuator-acoustic source systems.
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Abstract

A thin flexural mechanism is proposed that is useful in applications with limited
build space. The proposed mechanism converts the initial in-plane motion of two
piezoelectric stack actuators to an out-of-plane translational motion. The symmetric
design of the suggested mechanism ensures a single-degree-of-freedom output motion.
A Finite Element (FE) model is used to analyze the rigid multibody model of the
proposed mechanism. The rigid multibody model is used to design the desired flexural
mechanism in a three-dimensional space. The proposed design is then manufactured
and is subjected to an experimental study. Measurements validate the performance
of the proposed design with an error of less than 15%. A parametric study on the
effect of the applied voltage to the actuators of the proposed mechanism reveals good
agreement between the numerical model and the manufactured mechanism.
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1 Introduction

Piezoelectric stack actuators can be conveniently used in applications where a high
structural force is needed [1]. These actuators can provide a driving force as high as
two kilonewtons to a mechanical structure [2]. Piezoelectric stack elements are linear
actuators that can undergo large compressive loads before reaching their blocked
force [2]. However, they cannot bear tensile forces [3]. The total displacement of
piezoelectric stack elements is the summation of the displacement of each individual
layer [3]. Therefore, a longer actuator has a larger output displacement. In practice,
multiple layers of piezoelectric elements are mounted on top of each other to achieve a
large output displacement [3]. These stacked layers are typically mechanically in series
and electrically in parallel [3]. Piezo-stepper motors consist of multiple piezoelectric
actuators that both expand and bend sideways. Although each pair of actuators
moves just a few microns per cycle, piezo-stepper motors can allow for very long travel
lengths at high speeds. However, large disturbances and vibrations are inevitable in
the operation of piezo-steppers. Therefore, control schemes are needed to reduce the
unwanted disturbances [4]. High operating frequency and large thickness make the
piezo-steppers inappropriate for low frequency applications with limited build space.

In applications with limited build space, the placement of piezoelectric stack actuators
may be restricted by the surrounding mechanical parts. A limited build space does
not allow for the application of relatively large piezoelectric stack actuators. How-
ever, a large piezoelectric element is required when a large structural displacement is
desired [3]. In particular, one practical application for piezoelectric stack actuators
in the low frequency range (from 20 Hz to 500 Hz) would be in the excitation part
of a thin acoustic source. An optimization study in earlier research revealed that a
long piezoelectric stack actuator with a length of approximately 73 mm was needed
to obtain the maximum acoustical radiated power [5]. The optimum piezoelectric
actuator can provide a combination of both a displacement and a force to the con-
nected acoustic source with magnitudes of respectively 14 µm and 100 N. However,
the limited build space of the thin acoustic source does not allow for a direct use of
the optimum piezoelectric device.

One option to employ large piezoelectric devices in applications with limited build
space in the direction of motion, is to use auxiliary mechanical structures. The
auxiliary structure can be used in combination with the piezoelectric elements as
a motion-converter mechanism, and can be fitted in a space with a limited dimen-
sion. The motion of the long piezoelectric actuators can be converted into another
direction of motion using the motion-converter mechanism. Flexures may be used in
the design of the auxiliary mechanical structure. Flexures are elastically deforming
parts that provide repeatable motion in the desired degrees of freedom [6, 7]. Due to
the absence of friction, backlash and wear, the mechanism generates predictable and
maintenance-free motion with low hysteresis.

Amplified piezoelectric actuators (APAs) are piezoelectric actuators integrated with
flexural mechanisms to either amplify the displacement of the actuators or to change
their direction of motion. In this research, a flexural mechanism is desired to change
the direction of motion of the actuators. The desired flexural mechanism in the cur-
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rent study has to have a sufficiently small dimension in the final direction of motion
with the limited build space. A dimension as small as approximately 10 mm is con-
sidered in this work. The small dimension has to be comparable to the thickness of
the piezoelectric actuators. Piezoelectric stack devices with a thickness up to 6 mm
are required in this research to be employed in the limited build space. The funda-
mental resonance frequency of the desired mechanism has to be higher than 1000 Hz.
This ensures that the fundamental resonance of the desired mechanism is not within
the resonance frequency of the connected mechanical structure. An output displace-
ment that is approximately equal to the displacement of the actuators (approximately
14 µm) is sufficient in this work. Therefore, the suggested flexural mechanism in this
research is a motion-converter mechanism, and the amplification of the motion is not
an initial design factor. A higher amplification ratio between the input and output
motions results in using smaller piezoelectric actuators, and leads to a more cost-
efficient design. However, in this research, the main focus is on the conversion of
the direction of motion to keep the output displacement and force close to the input
values. Therefore, an output force that is approximately equal to the applied force
by the actuators is required in the final design (approximately 100 N).

In the majority of the proposed APA designs, the spatial constraint is not of high
importance while the high amplification ratio is [8, 9]. Using amplifying mechanisms
in flexural designs is an approach to increase either the output force or the resulting
displacement of piezoelectric elements [8]. APAs are useful in optical applications,
nano- and micro-scale positioning [10–13], vibration isolation [14], and energy har-
vesting [15, 16]. Depending on the required amplification ratio and the desired degrees
of freedom, various mechanisms have been designed. A lever is a known mechanism
that is used to translate the displacement of piezoelectric actuators [14]. However,
due to a parasitic rotational motion, a pure vertical displacement is not achieved
(see Fig. 1(a)). The mechanism shown in Fig. 1(b) is used as an energy-harvester
that translates a single-degree-of-freedom (single-DOF) motion to a piezoelectric de-
vice [16]. However, the suggested energy harvester is not thin compared with the
thickness of the piezoelectric device. Although the mechanism shown in Fig. 1(c)
reaches an amplification ratio as high as 10, the existence of a parasitic motion is
inevitable [17]. If a parasitic motion is present, the output motion is not a single-
DOF. A symmetric displacement-converter mechanism is shown in Fig. 1(d) [18]. This
mechanism has a pure single-DOF output displacement. The fundamental resonance
frequency of this design is above 1000 Hz. On the other hand, the dimension in the
direction of the final motion is as large as approximately three times the thickness
of the piezoelectric actuator. In another design, a “honeycomb” mechanism is pro-
posed that can generate an output displacement that is up to 7 times larger than the
displacement of the piezoelectric actuator [19]. However, this mechanism has a reso-
nance at 400 Hz (see Fig. 1(e)). The mechanism shown in Fig. 1(f), has a resonance
frequency above 1000 Hz [20]. However, the output motion is in the same direction as
the input. The suggested flexural mechanisms shown in Figs. 1(g) [21] and 1(h) [22],
are not thin relative to the thickness of the piezoelectric actuators. Therefore, they
cannot be used in applications with limited build space. The designs shown in Fig. 1
are either not suitable for applications at low frequencies, or they are unable to deliver
the required force or displacement that is required in this research. Although a larger
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Figure 1: Available designs of amplified piezoelectric actuators: (a) lever [14]; (b)
energy-harvester [16]; (c) 3D bridge [17]; (d) 3D rhombic [18]; (e) honeycomb [19]; (f)
in-plane [20]; (g) 2D bridge [21]; (h) 2D rhombic [22].
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scale of the designs shown in Figs. 1(b), 1(d), 1(g) and 1(h) may provide the required
force or displacement in the present work, they are not fitted in the small build space
of 10 mm in this study. However, the kinematic principles used in these designs can
be developed to propose an appropriate flexural motion-converter mechanism.

Available commercial APAs are easy to manufacture, and can be produced in a wide
range of output displacements (see Refs. [23, 24]). However, due to the fact that they
are produced with specific dimensions and fixed aspect ratios, they are either not
suitable for applications with limited build space, or they cannot provide the required
output force in this research.

In the present paper, a flexural mechanism is proposed. The suggested mechanism is
thinner than the available designs. It measures only 10.5 mm in the desired direction
of motion (see Fig. 1 for comparison). Therefore, it can be employed for applica-
tions with spatial constraints. The proposed compliant model aims at translating an
in-plane displacement of two piezoelectric stack actuators to an out-of-plane motion
perpendicular to the reference plane. The symmetric design of the proposed APA en-
sures a single-DOF output motion without the presence of any parasitic motion. The
fundamental resonance frequency of the suggested mechanism occurs at frequencies
above 1000 Hz. This high resonance frequency ensures that in the frequency range
of interest in the current study (frequencies between 20 Hz and 1000 Hz) no modes
of the connected mechanical structure are excited. Therefore, the proposed motion-
converter mechanism in this research can be used in applications with limited build
space, when a pistonic motion is required.

In this research, design principles of the proposed flexural motion-converter mech-
anism are described. A numerical Finite Element (FE) model is used to analyze a
multibody model of the proposed design, which consists of rigid bodies and hinge
joints. The relative rotation of the joints, the applied forces to the joints, and the
stress distribution in the linkages of the motion-converter mechanism are analyzed
in the multibody model. A flexural mechanism is designed using the result of this
multibody analysis. A FE model of the flexural mechanism is analyzed to obtain
the output motion of the suggested motion-converter mechanism. A prototype of the
proposed design is manufactured, and an experimental study is provided to validate
the suggested thin design. A parametric FE study investigates the effect of the ap-
plied electrical voltage to the actuators on the output motion of the proposed flexural
mechanism.

2 Design approach

The proposed thin motion-converter mechanism is schematically shown in Fig. 2. The
deflected motion-converter mechanism will be shown in Fig. 10, and the numerical
analysis will be described in more details in Section 3. A rigid multibody model of the
motion-converter mechanism is shown in Fig. 2(a), which will be used in Section 3.1
to design the required dimensions of the motion-converter mechanism. The rigid
multibody model in Fig. 2(a) has four fixed hinge joints, and can be converted to a
flexural counterpart in Fig. 2(b). The core part of the suggested flexural mechanism
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Figure 2: The suggested motion-converter mechanism: (a) the rigid multibody dy-
namics mechanism; (b) the complete assembly of the flexural mechanism.

is a monolithic mechanism, and is shown in Fig. 3. The reason for designing the
proposed mechanism in a single piece is to make it friction-free without any external
connections. Two piezoelectric stack actuators are mounted in the xy-plane and along
the x -axis. Using two actuators to produce a single-DOF output motion ensures that
no parasitic motion is present in the output. The two piezoelectric actuators are fixed
on one side using flexural notch hinges. The actuators apply axial loads to linkage
1 and linkage 7 in the direction of the x -axis (see Fig. 3(b)). The mechanism is
connected to the fixed world through linkages 8. The applied loads rotate linkage 2
counter-clockwise and linkage 6 clockwise around the fixed centers of rotations j2 and
j7, respectively. The two mirrored rotations trigger linkage 3 and linkage 5 to move
vertically in the positive direction of the z -axis. The upward motion of linkage 3 and
linkage 5 pulls linkage 4 upward. The pure vertical motion of linkage 4 is achieved
thanks to the symmetric design of the flexural mechanism. This upward motion of
linkage 4 is the output displacement of the motion-translator.

The suggested design has a depth of 21.5 mm in the direction of the y-axis. It is
sufficiently stiff in that direction, therefore, no parasitic motion is present. Due to
symmetry, no parasitic motion is present in the direction of the x -axis. Therefore, the
only possible motion is in the direction of the z -axis. The dimensions of the proposed
flexural mechanism are shown in Fig. 3(c). The dimension of the mechanism in
the direction of motion is 10.5 mm. This dimension is relatively small compared to
the dimension of the mechanism in the direction of the x -axis (77 mm). It has to
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Figure 3: The monolithic core part of the suggested flexural mechanism: (a) the
input and output directions of motion in the mechanism; (b) linkages and joints of
the mechanism; (c) dimensions of the mechanism in millimeter.

be mentioned that no parasitic motion occurs if both actuators displace the same
amount. However, in practice, similar displacement of the two actuators cannot be
fully achieved. This is due to the small tolerance that occurs during the manufacturing
process of the actuators.

2.1 Design requirements and considerations

An important design parameter in this research is the dimension of the displacement-
converter mechanism in the direction of the output motion (z -axis). The proposed
motion-converter mechanism is designed in such a way that its dimension in the
direction of the z -axis is considerably smaller than that in the direction of the x -axis.

The 3D geometry of the proposed mechanism can be easily projected into the xz -
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plane. Therefore, the suggested mechanism is easily manufacturable using structural
steel and the wire EDM (Electrical Discharge Machining) technique [25].

Another important factor is the number of degrees of freedom (DOF). According to
Fig. 3(b), the flexural mechanism is a seven-bar linkage. Considering the ground as an
extra linkage, there are in total 8 linkages in the mechanism (N = 8). The mechanism
contains 8 hinge joints as connections between the linkages (j2 to j9 in Fig. 3(b)).
Moreover, two prismatic pairs are used for the linkages that are connected to the
actuators to follow the actuators’ elongation paths (j1 and j10 in Fig. 3(b)). Therefore,
the number of single-DOF joints, m, is 10 in total. Using Grübler’s formula [7], one
can determine the planar degrees of freedom of the kinematic chain as:

DOF = 3N − 2m− 3 = 1 . (1)

According to Eq. (1), the mechanism has only one planar degree of freedom. The
mechanism is designed in 3D space such that the two translations in the direction
of the x - and the y-axis are constrained. In addition, due to symmetry, all three
rotational degrees of freedom have to be constrained. Therefore, the proposed design
has a pure vertical translation in the direction of the z -axis. A symmetric mechanism
is required to ensure this pure single-DOF output motion.

2.2 Piezoelectric stack actuators

Multilayer piezoelectric actuators are commonly modeled using either constitutive
equations [26], or equivalent electrical circuits [27]. In the current study, a three-port
equivalent electrical circuit, which is introduced in [28], is rearranged to model linear
piezoelectric devices. The proposed equivalent electrical circuit in Ref. [28] is shown
in Fig. 4. The equivalent circuit is called the three-port circuit since there are in total
three external terminals. One port accounts for the applied electrical voltage and
the resulting current, and two ports take the external mechanical forces into account.
Let FR and FL be the applied structural forces to the piezoelectric actuator through
the right and left boundaries, respectively; then vR and vL are the velocity of the
right and left boundaries of the piezoelectric device, respectively. Vin and Iin are the
applied electrical voltage and current to the piezoelectric actuator, respectively.

According to Fig. 4, the parameter CE is the electrical capacitance of the piezoelectric
actuator, which can be formulated as:

CE =
nέA

l
, (2)

where l, A, and n are the total length, surface area, and the number of stacked layers
of the piezoelectric device, respectively, and έ is defined as:

έ = n2εT − (nd33)
2

sE
, (3)

in which εT , d33 and sE are dielectric permittivity at constant stress, piezoelectric
constant and elastic compliance at constant electric field, respectively. Assuming a
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Figure 4: A three-port equivalent electrical circuit of piezoelectric stack actuators.

time-dependence e(jωt), one can derive the mechanical impedances of the piezoelectric
device, Z0 and ZM , using the following two equations:

Z0 =
ćaA

jω sin(al)
, (4)

ZM = Z0(cos(al)− 1) , (5)

where ω is the angular frequency. Parameters ć, έ and é are piezoelectric coefficients
and can be defined as:

ć =
1

sE
, (6)

é =
nd33
sE

. (7)

The parameter a in Eqs. (4) and (5) can be defined as:

a =
√
ρsE , (8)

where ρ denotes the density of the piezoelectric device. The conversion coefficient,
K, is formulated as:

K =
Aé

l
. (9)

K is the conversion ratio between the electrical and the mechanical domains. Accord-
ing to Eqs. (2) to (9), the three-port equivalent circuit can be written in matrix form
as:

FR

FL

Vin

 =


−(ZM + Z0 + K2

jωCE
) Z0 + K2

jωCE

K
jωCE

−(Z0 + K2

jωCE
) ZM + Z0 + K2

jωCE

K
jωCE

− K
jωCE

K
jωCE

1
jωCE



vR

vL

Iin

 . (10)



116

Piezoelectric

stack actuator

Pre-stressed

mechanism

Figure 5: Pre-stressing mechanism that uses similar design as the suggested design
by Cedrat Technologies [30].

Using either the equivalent electrical circuit shown in Fig. 4, or the equivalent equa-
tions in matrix form shown in Eq. (10), one can determine the applied forces to the
piezoelectric multilayer actuator. For a comprehensive explanation on the derived
expressions see Ref. [28].

2.3 Pre-stressing mechanism

As mentioned earlier, piezoelectric stack devices cannot bear tensile forces. With the
aid of a pre-stressing mechanism, tensile forces are avoided during the dynamic oper-
ation of the actuator. It is recommended to have approximately 10 MPa to 20 MPa
as an initial compression [29]. Commercial pre-stressing mechanisms are produced
as integrated pre-stressed piezoelectric devices [30]. Therefore, a single pre-stressing
mechanism is not available as a separate unit. In the present work, a compliant
mechanism is designed in accordance with the design principles used by Cedrat Tech-
nologies [30]. The designed mechanism applies a pre-stress of 4 MPa to the piezoelec-
tric stack actuator. Although the applied pre-stress is not within the recommended
range, it is sufficient in the current study. The reason is that the applied voltage to
the piezoelectric actuators in the experiment is low and remains between zero and a
positive value, and therefore, no tensile force is present. The pre-stressing mechanism
is schematically shown in Fig. 5. As seen in the figure, the pre-stressing mechanism
resembles a spring that is mounted in parallel with the piezoelectric stack actuator.
Since the pre-stressing mechanism is initially shorter than the piezoelectric element,
a tensile stress of approximately 4 MPa is needed to fit the piezoelectric actuator in
place.
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Figure 6: Elbow-lever motion-converters: (a) single; (b) double.

2.4 Design procedures

As mentioned earlier, the proposed compliant mechanism has a single-DOF in the
direction of the z -axis. Due to the limited build space in the direction of the z -axis, a
lever-like mechanism can be useful. An elbow-lever mechanism is suitable for changing
the direction of motion. As shown in Fig. 6(a), the elbow-lever pivots the horizontal
deformation of the actuator 90 degrees on the final vertical direction. However, the
rotary motion of the elbow-lever causes an unwanted parasitic motion of the output
stage in the direction of the x -axis. One contact point between the single elbow-
lever and the connected mechanical structure is present. Therefore, using a single
elbow-lever is not sufficient in the design of the motion-converter mechanism.

A symmetric design with two elbow-levers can eliminate the final parasitic motion.
According to Fig. 6(b), two symmetric 90-degree elbow-levers can be used to produce
a pure vertical motion. Using two mirrored elbow-levers results in two contact points
between the levers and the connected mechanical structure. Since the elbow-levers are
ideally glued to the external mechanical structure, no relative rotation exists in the
contact points. Although using two symmetric elbow-levers eliminates the parasitic
motions in the direction of the x -axis, horizontal shear loads and moments are applied
to the connected mechanical structure through the glued contact points. As a result
of the applied moment, the mechanical structure undergoes bending. A single contact
point is desired to eliminate the transmission of the moments to the external mechan-
ical structure and ensure an accurate output with no parasitic motion. In this work,
a design is proposed that suggests a single contact point as the connection between
the elbow-lever and the mechanical structure. The symmetric design proposed in this
study can translate two horizontal input motions of the actuators to a single-DOF
vertical output motion.
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Rigid multibody model

Rigid linkages are used in a preliminary model of the suggested mechanism. According
to Eq. (1) and Fig. 3(b), the proposed mechanism is a seven-bar linkage. Considering
each linkage as a rigid bar, a rigid multibody counterpart of the proposed flexural
model is obtained and is shown in Fig. 7. As seen in the figure, two fixed hinge joints
are used as the connection points of the rigid linkages to the ground (see linkages 2
and 6 in Fig. 7). A free body diagram of each part of the rigid mechanism is shown
in Fig. 8. The applied forces to linkage 4 have an angle of 16◦ with respect to the
x -axis.

Flexural model

The rigid multibody model of the suggested mechanism is useful in designing its
flexural counterpart. The amplitude and the direction of reaction forces between the
linkages restrict the design space. The direction of the applied forces states the exact
direction of the axis of notch hinges with respect to the x -axis [6]. As seen in Fig. 9, θ
is the angle between the axis of the equivalent notch hinge and the x -axis. Angle θ is
obtained using the direction of the applied forces to the rigid body model of the hinge
(see the direction of the applied forces to the linkage 4 in Fig. 8). The thickness of
the notch hinge, h, is smaller than the size of the connected linkages. In the current
research, the diameter D is assigned to the two circular holes of the equivalent notch
hinges, and angle θ = 16◦ is used. The elastic hinge parameter, β can be obtained
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using the following equation [6]:

β =
h

D
. (11)

It is recommended to keep the value of β in the range 0.01 < β < 0.5 [6]. One
can estimate β using flexural notch hinge reference plots (see Ref. [7] for a detailed
explanation). According to the normalized reference stiffness plot in Ref. [7], the
normalized rotation angle is defined as σψψ/(ψE), where σψψ is the maximum allow-
able bending stress in the notch hinge, ψ is the rotation angle, and E is the Young’s
modulus of the hinge. Using the reference plot in Ref. [7], one can obtain β for small
notch hinges (j2, j3, j5, j6, j7, and j8) and for large notch hinges (j4 and j9) to be
β = 0.294 and β = 0.0294, respectively. In the current research, the parameters for
small hinges are selected to be h = 0.23 mm and D = 0.78 mm, and for large hinges
to be h = 0.27 mm and D = 2.92 mm.

3 Numerical study

Two numerical Finite Element models of the proposed flexural mechanism are ex-
amined in the present research: a rigid multibody model, and a flexible model. The
rigid multibody model is used to find both the maximum relative rotation in the
joints and the applied forces to the joints. The results of the rigid multibody model is
used to find the flexural counterpart mechanism of the rigid mechanism. The flexible
numerical model is used to evaluate the output displacement of the designed flexural
mechanism. COMSOL Multiphysics 5.3a software package [31] is used to solve the
coupled physics involved in the two numerical models, including the electrical and
mechanical interfaces. In the numerical models, two piezoelectric stack actuators of
type NAC2013-H30 manufactured by Noliac [32], are mounted in the xy-plane and
along the x -axis (see Fig. 3). The actuators are connected to fixed hinges on one side.
The other ends of the actuators are connected to linkages 1 and 7 (see Fig. 3). The
material properties of the actuators are listed in Table 1. According to the manu-
facturer’s data, the maximum allowable applied voltage to the piezoelectric actuators
is 150 V [32]. In both numerical simulations, a sinusoidal voltage signal with a peak
value of 75 V and a DC offset of 75 V is applied to the piezoelectric actuators to avoid a
negative voltage. The applied voltage can be directly implemented in COMSOL Mul-
tiphysics to have a fully-coupled analysis. Therefore, the effect of the applied voltage
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Table 1: Material properties of the piezoelectric actuators used in the simulation [32].

Parameters Symbol Value SI unit
Material – NCE51 –
Charge coefficient d33 443 10−12 C N−1

Relative permittivity εT

ε0
1900 –

Elastic compliance sE 19 10−12 m2 N−1

Density ρpiezo 7850 kg m−3

Dielectric loss factor tan δ 150× 10−4 –
Mechanical quality factor Qm 80 –

Table 2: Relative rotation in the hinges of the rigid multibody model of the suggested
motion-converter mechanism.

j2 j3 j4 j5 j6 j7 j8 j9
0.121◦ −0.098◦ 0.049◦ 0.002◦ 0.098◦ −0.121◦ −0.002◦ −0.049◦

to the actuators on the output motion of the suggested motion-converter mechanism
can be investigated.

3.1 Rigid multibody analysis

The rigid multibody model of the proposed motion-converter mechanism is analyzed
in COMSOL Multiphysics and is shown in Fig. 10(a) (see Fig. 2(a) for the schematic
of the mechanism). The total displacement of the rigid multibody model is evaluated
when the maximum voltage signal of 75 V AC with a DC offset of 75 V is applied
to the actuators. At a low frequency, for example at 20 Hz, the output displacement
of the suggested mechanism is evaluated at point A using the FE analysis. A defor-
mation factor of 150 is used in the figure to magnify the deformed geometry in the
post-processing. The output displacement of the rigid multibody design at point A
reaches 14µm at 20 Hz. This value is approximately equal to the displacement of the
piezoelectric actuators. Therefore, the amplification ratio of the suggested mechanism
is approximately 1. The obtained output motion is relatively close to the required
output motion of the suggested mechanism (see specifications in Section 1). As seen
in the figure, a full geometry of the rigid multibody model of the motion-converter
mechanism is analyzed in this research. The result of the rigid multibody analysis
shows that the deformation of the two actuators are equal. The analysis of half of the
geometry would be sufficient. Therefore, a half geometry of the flexural mechanism
counterpart is used in the FE analysis in the following section to save computation
time.

The applied forces to the hinge joints in the rigid multibody analysis and the resulting
relative rotations are respectively shown in Fig. 11 and Table 2. The applied forces
to hinges j4 and j9 reach a maximum value of 85 N. The forces in hinges j4 and
j9 are applied by piezoelectric actuators. This maximum force in the hinges of the
mechanism can be used as a design criterion.
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Figure 10: Vertical displacement of the proposed motion-converter mechanism ob-
tained from the numerical analysis; the displacements of the two models are shown
at 20 Hz with an applied voltage of 75 V AC and 75 V DC offset: (a) rigid multibody
model; (b) flexural model.
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Figure 11: Hinge force in the rigid multibody model of the suggested motion-
converter mechanism.

The relative rotation of the hinge joints is listed in Table 2. The rotation in the
hinges is constant over the frequency range of study in this research. The maximum
rotation occurs in hinges j2 and j7. The reason is that these two hinges transfer the
output motion of the actuators to the rigid multibody mechanism (see Fig. 3). The
maximum rotation in this study is smaller than the maximum allowable rotation for
small notch hinges (0.2◦ in this case [6]). This allows for the use of flexural notch
hinges as the equivalent substitute [7].

The multibody model in COMSOL Multiphysics 5.3a software contains 54012 volume
elements, and the number of degrees of freedom solved in the model is 74660. The ac-
curacy of the FE model is ensured using mesh refinement in the solver. Therefore, the
relative error in the converged final result is investigated to find a sufficient accuracy
which is not computationally expensive.

3.2 Flexural analysis

The rigid multibody model leads to finding the design parameters of its flexural coun-
terpart. Hinge joints in the rigid multibody model are converted to their equivalent
notch hinges. See Section 2.4 for the value of β for small and large notch hinges.

The maximum stress occurs in the hinges j3, j5, j6, and j8, with the value of 85 MPa
at 1000 Hz. This maximum stress in both the rigid multibody model and the flexural
mechanism is far below the yield stress of the structural steel (σyield = 300 MPa).

The equivalent flexural mechanism is modeled in a 3D space using a symmetry bound-
ary condition to avoid large computation time. It is modeled in 3D space instead of
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2D space to take into account the analysis of the pre-stressing mechanism. The total
displacement of the proposed flexural mechanism is shown in Fig. 10(b). As seen in
the figure, the flexural model is in good agreement with its rigid counterpart. Similar
to the rigid model, the output displacement of the flexural mechanism reaches 14µm
on the surface with the symmetry boundary condition. The use of flexural notch
hinges at the two ends of the piezoelectric stack actuator ensures that axial loads are
applied to the actuator.

The FE model of the flexural mechanism has 61640 volume elements. The mesh in-
cludes 333008 degrees of freedom. Similar to the rigid multibody model, the accuracy
of the FE flexural model is ensured using mesh refinement in the solver.

4 Experiment

The measurement setup is shown in Fig. 12. The proposed flexural mechanism was
built using structural steel and a wire eroding technique. As seen in Fig. 12(a), two
piezoelectric stack actuators (model NAC2013-H30) are fitted in the designed pre-
stressing flexural mechanism (see Section 2.3). Figure. 12(a) shows the constructed
flexural mechanism that is actuated by two piezoelectric stack actuators. Figure 12(b)
shows the complete flexural mechanism that is used in the measurements. Auxiliary
mechanisms (L-shape linkages shown in Fig. 12(b)) are used in the measurements to
connect the flexural mechanism to the fixed world using fixture screws. A high voltage
amplifier manufactured by Falco Systems (model WMA-300 [33]) is used to drive the
piezoelectric actuators. Figure 12(c) shows a 3D scanning laser camera vibrometer
(model Polytec PSV-500 [34]) that is used to measure the output displacement of the
flexural mechanism. Using the laser vibrometer camera, the output displacement of
the motion-converter mechanism is measured in the direction of the x -, the y-, and
the z -axis to ensure a single-DOF motion in the output. The measurement can verify
the pure translational motion in the direction of the z -axis as the output displacement
of the flexural mechanism.

5 Results and discussions

To validate the performance of the designed mechanism, the results of the numerical
simulation are compared with those obtained from the manufactured mechanism. To
ensure that the connected amplifier is not overloaded during the measurement, espe-
cially at higher frequencies around 1000 Hz, the applied voltage to the piezoelectric
actuators is kept as low as 9.75 V AC with a 10.8 V DC offset. A similar applied
voltage is used in the numerical simulation to have a fair comparison.

5.1 Pre-stressing mechanism

Figure 13 shows the displacement of a single pre-stressed piezoelectric mechanism at
20 Hz that is obtained from the numerical model. As seen in Fig. 13(a), one end of
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Figure 12: The measurement setup: (a) the proposed flexural mechanism (top view)
(b) the flexural mechanism (front view) that is connected to the auxiliary mechanism
and is used in the measurement; (c) 3D scanning laser camera (model Polytec PSV-
500).
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Figure 13: Numerical result showing the displacement of a single pre-stressed piezo-
electric mechanism with one end fixed and one end free at 20 Hz at an applied voltage
of 9.75 V AC with a DC offset of 10.8 V: (a) isometric view; (b) top view.

the pre-stressing mechanism is connected to a flexural notch hinge. To resemble a
fixed hinge joint used in the rigid multibody counterpart (see Fig. 10(a)), the flexural
notch hinge is connected to the fixed world through a fixed block. Figure 13(b) shows
that the other end of the pre-stressed piezoelectric mechanism is free to move.

Using the laser vibrometer scanning camera, the displacement of the free end of
the pre-stressing mechanism in the direction of the x -axis is measured. During the
measurement, the operating frequency changes from 20 Hz to 1000 Hz. Figure 14
shows that the experimental and the numerical results are in good agreement. As
seen in the figure, both numerical and experimental studies predict the resonance
of the single pre-stressing mechanism at approximately 174 Hz. The vibration mode
of the mechanism at the first resonance frequency is shown in the figure. Due to
using an underestimated damping factor in the numerical model, a sharper resonance
peak is seen in the numerical results when compared with those obtained from the
measurements. This comparison between the numerical analysis and experimental
study shows that the FE model is able to simulate the pre-stressed piezoelectric
mechanism. The vibration mode in this figure is constrained in the complete flexural
mechanism design, and therefore, does not occur. However, the FE model that is
developed in this section can be useful in designing the complete FE model of the
flexural mechanism in the following section.

5.2 Flexural mechanism

It was mentioned in Section 3.2 that a symmetry boundary condition was used in the
FE analysis to avoid a computationally expensive 3D analysis in COSMOL Multi-
physics. The first four mode shapes of the 3D symmetric model are predicted by the
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Figure 14: A comparison between the experimental and the numerical FEM re-
sults showing the displacement of the free end of the pre-stressing mechanism in the
direction of the x -axis, when the applied voltage is 9.75 V AC with a DC offset of
10.8 V.

FEM and are shown in Fig. 15. As seen in the figure, all four mode shapes of the
flexural mechanism occur at frequencies above 1000 Hz. Therefore, no resonance is
seen in the frequency range of interest in this paper. This fulfills the requirement of
having a rigid pistonic motion at the frequencies below 1000 Hz.

The output displacement of the proposed flexural mechanism is measured using the
test setup shown in Fig. 12. Figure 16 shows a comparison between the numerical
and the measurement results. As seen in the figure, both the numerical and the ex-
perimental studies show that in a wide range of frequencies below 500 Hz, the output
displacement of the flexural mechanism increases only slightly. This low frequency
range is the main focus of this research in which the output motion of the flexural
motion-converter mechanism increases relatively slowly. Above 500 Hz, the output
displacement increases gradually as the frequency is closer to the fundamental reso-
nance of the mechanism. The figure shows that the numerical and the experimental
results are in very good agreement and the relative error is less than 15%. There-
fore, the measurement validates the numerical FE model of the suggested flexural
mechanism.

A Bode diagram of the applied force to the actuators is shown in Fig. 17, when the
applied voltage to the actuators is the maximum allowable value (75 VAC with an
offset of 75 V). The evaluated applied force to the actuators is relatively constant
in the low frequency range below 500 Hz. The FE model of the suggested flexural
mechanism shows an applied force of approximately 95 N to the actuators. This
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(a) (b)

(c) (d)

Figure 15: Mode shapes of the complete proposed flexural mechanism simulated
using COMSOL. Due to symmetry, only half of the mechanism is numerically modeled:
(a) mode 1 at 1041 Hz; (b) mode 2 at 2321 Hz; (c) mode 3 at 3195 Hz; (d) mode 4 at
3215 Hz.

obtained force is in accordance with the specifications in Section 1 and the obtained
result in Section 3.1.

A parametric study reveals the accuracy of the numerical simulation at various ap-
plied voltages. The relation between the output of the integrated motion-converter
mechanism (output displacement) and the input of the mechanism (the input applied
voltage to the actuators) is investigated. In the parametric study, the peak value of
the applied AC voltage is increased from 1 V to 75 V, while the frequency remains
constant. The DC offset in the applied voltage remains at 75 V in both the numerical
and the experimental studies. To avoid overloading during the measurement of the
connected amplifier, the experimental study is performed at low frequencies. The



128

Figure 16: A comparison between the experimental and the numerical FEM results
showing the output displacement of the proposed flexural mechanism in the direction
of the z -axis. The applied voltage to the piezoelectric actuators is 9.75 V AC with a
DC offset of 10.8 V.

measurement is repeated for the two low frequencies of 10 Hz and 25 Hz to investigate
the effect of a change in the frequency on the result of the parametric study. The
numerical simulation is performed at the same frequencies. A comparison between
the numerical and the experimental results is shown in Fig. 18. As seen in the figure,
the results of the FE analysis at the two frequencies are almost identical. However,
in practice, due to the presence of tolerance in both the piezoelectric stack actuators
and the flexural mechanism, which is imposed during the construction process, the
measured displacement slightly deviates at the two frequencies. Figure 18 shows that
the variation between the measured displacement and the numerical one is minimal
at the peak applied voltage of approximately 55 V. For applied peak voltages lower
than 55 V, the numerical analysis overestimates the output displacement of the flex-
ural mechanism. On the other hand, at voltages higher than 55 V, the FE study
underestimates this parameter. Figure 18 also explains the deviation between the nu-
merical and the experimental results which was earlier shown in Fig. 16. The reason
for this deviation is that the applied peak voltage in the measurement is 9.75 V. Since
the applied peak voltage is below 55 V, the FE model predicts a displacement higher
than the measurement does. Figures 16 and 18 reveal that the numerical model can
accurately predict the mechanical behavior of the proposed flexural mechanism. The
accuracy of the symmetry boundary condition that is used in the numerical model
is validated by measuring the output displacement of the flexural mechanism in the
direction of the x - and the y-axis to be respectively 1× 10−10 m and 1× 10−11 m.
The measurement results show that the output motion of the proposed flexural mech-
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(a) (b)

Figure 17: Bode diagram of the applied force to the piezoelectric stack actuators in
the motion-converter mechanism that is obtained from FE analysis, when the applied
voltage to the actuators is a sinusoidal signal with an amplitude of 75 V and an offset
of 75 V: (a) amplitude; (b) phase.

Figure 18: A comparison between the experimental and the numerical FEM results
showing the output displacement of the proposed flexural mechanism in the direction
of the z -axis and as a function of the peak of the applied AC voltage. Studies are
repeated for the two frequencies of 10 Hz and 25 Hz.
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anism can be reasonably considered as a single-DOF displacement in the direction of
the z -axis. Therefore, considering a symmetry boundary condition in the FE model
is a reasonable assumption.

6 Summary and conclusions

In this paper, a thin flexural mechanism is proposed as a motion-converter. The
proposed mechanism is useful in applications where the available space in the direction
of the output motion is limited, and long piezoelectric stack actuators are needed to
enable sufficient displacement. The dimension of the mechanism in the direction of
the final motion is 10.5 mm, and the length of the core mechanism is approximately
77 mm. The proposed mechanism can translate the displacements of two piezoelectric
stack actuators in the direction of the x -axis to a single-DOF output motion in the
direction of the z -axis. A desired design in this research does not have any resonance
peaks at frequencies below 1000 Hz. The numerical and the experimental studies show
that the proposed mechanism has a first resonance outside the frequency range of
interest in this research. According to both studies, the displacement of the proposed
mechanism remains relatively constant in a wide range of frequencies below 500 Hz
in this research. The numerical and the experimental results show that the output
displacement of the flexural mechanism can be reasonably considered as a single-DOF
translational motion in the direction of the z -axis. The measured displacement of the
proposed flexural mechanism in the output stage and in the direction of the x and the
y-axis is negligible. The pure translational output motion is due to the symmetric
design of the proposed mechanism. The symmetric design eliminates the presence of
any parasitic motion in other directions. The measurement results verify the accuracy
of the numerical simulation with an error of less than 15%. A parametric study shows
that the variation between numerical and experimental results is due to the existence
of tolerance in both the piezoelectric stack actuators and the proposed flexural design
which is imposed during the manufacturing process. Therefore, both numerical and
experimental studies are in good agreement. According to the measurement results,
depending on the applied peak voltage to the actuators and the operating frequency,
the error between the FEM and the experimental results can vary but not more than
15%.
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Abstract

This research focuses on a thin sandwich acoustic source that is actuated by an inte-
grated actuation mechanism. Earlier studies resulted in energy inefficient actuation
designs for the sandwich sources. When it comes to smart actuators, piezoelectric
stack devices are considered as an appropriate choice. In the design of the proposed
mechanism in this research, long piezoelectric stack actuators are integrated with an
auxiliary flexural mechanism. The proposed flexure-based mechanism enables a con-
version in the direction of motion of the long piezoelectric actuators to a perpendicular
motion in the direction of the thin dimension of the acoustic source. In this way, the
integrated actuation unit is fitted in the limited space of the thin acoustic source’s
aperture. A numerical Finite Element (FE) model is used to model the fully-coupled
physics involved in the thin acoustic source. An experimental investigation validates
the FE model. The results of both studies show that the thin acoustic source has a
higher resonance than an acoustic source that is actuated by a conventional voice coil
actuator. Conventional loudspeaker systems are typically used in the frequency range
above the fundamental resonance frequency to achieve a smooth frequency response.
On the other hand, the thin acoustic source in this research is designed to operate in
a wider range of low frequencies before the fundamental resonance occurs.
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1 Introduction

Acoustic sources come in various sizes and have various applications in common audio
engineering [1]. At low frequencies, only acoustic sources that are sufficiently larger
than the wavelength are able to emit sound in the form of propagating waves [1].
In thin acoustic sources, the thickness is relatively smaller than the surface area.
Thin sources are useful in applications with limited space, especially at low frequen-
cies. They can be employed in active sound absorption, active noise control, flat
loudspeakers, and in ducts [2].

In the low frequency range, active control methods are mainly used to control the
vibration of the acoustic sources. The reason is that at low frequencies, passive tech-
niques often seem to be less effective to fully damp the vibration in this frequency
range [3]. In active control treatments, a secondary acoustic source is employed to
actively eliminate the noise coming from a primary source [2]. However, active con-
trol techniques are not widely used due to the complexity of sound generation in a
limited environment at low frequencies and the expensive computations compared
with passive treatments [2]. At low frequencies, thin, stiff, and low weight sand-
wich structures may be used in active control applications as sources with limited
space. Light-weight sandwich structures have been used in active control techniques
for reduction of transmitted sound [4, 5].

Thin sandwich structures have been studied widely in vibro-acoustics applications in
recent years. Vibrating double-layer panels with various mechanical boundary condi-
tions are investigated in Refs. [6–8]. The vibro-acoustics characteristics of sandwich
structures with honeycomb cores are examined in Ref. [9]. Honeycomb sandwich
structures are investigated in sound radiation applications in a few studies. As a
practical engineering noise control treatment, perforation of thin structures leads to a
reduction in the radiated sound [10]. The radiation efficiency of the perforated panels
is examined in Refs. [10, 11].

Although flat acoustic sources are investigated in a few studies, there seem to be not
so many currently used sandwich acoustic sources in practice. One available thin
sandwich acoustic source that focuses on the sound generation at low frequencies is
described by Berkhoff [12]. The suggested honeycomb acoustic source is examined for
active vibration control and acoustic resonances control using voice coil actuators [13].
A lumped model of the source verifies that the voice coil actuators used in the design
of the thin acoustic source dissipate a large portion of the input energy that is supplied
to the acoustic source [14]. To eliminate the energy loss in the suggested flat sand-
wich acoustic source, the usage of piezoelectric stack actuators is investigated [14].
Piezoelectric actuators are interesting in active control applications and whenever a
precise motion is required [14]. The numerical research on a lumped model shows
that using these actuators in the design of the thin acoustic source results in less en-
ergy dissipation and recovery of the unused stored energy in the acoustic source [14].
In practice, due to the compact size of the thin sandwich acoustic source, limited
space is available to place the actuators. This limited space restricts the use of the
piezoelectric stack actuators in the thin acoustic source. An auxiliary flexure-based
mechanism is suggested to eliminate the effect of the spatial constraint in the design
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of the thin acoustic source [15]. Recent studies with a focus on the lumped model
of the thin acoustic source did examine the possibility of using piezoelectric stack
actuators [15]. However, more extensive numerical and experimental study is needed
on the vibro-acoustics characteristics of the thin sandwich source that is actuated by
the integrated flexure-based piezoelectric stack devices.

The contribution of the current paper is to investigate the vibro-acoustic behavior of
the thin acoustic source actuated by the suggested auxiliary flexural mechanism that
is integrated with the piezoelectric stack actuators. A complementary measurement
is performed to examine the thin acoustic source in practice, and to validate the
fully-coupled numerical Finite Element (FE) analysis.

In the present paper, the flat acoustic source that is suggested by Berkhoff is studied
for further improvements. Piezoelectric stack actuators are employed as replacements
for the voice coil actuators to achieve less energy dissipation and a higher efficiency
of the thin acoustic source. A proposed flexural mechanism is constructed to inte-
grate piezoelectric stack actuators in the limited space of the thin acoustic source.
A complete numerical FE model of the thin acoustic source that is actuated by the
integrated flexure-based piezoelectric mechanism is investigated. Frequencies in the
range between 20 Hz and 1000 Hz are studied. In particular, the main focus in this
study is on the frequencies below the first piston mode of the source in which the
sandwich acoustic source has a pistonic motion. To validate the numerical model, an
experimental study is performed on the constructed flat acoustic source.

2 Thin acoustic source

The thin acoustic source is schematically shown in Fig. 1. As seen in Fig. 1(a), a
thin radiating surface is suspended from the top edges of an enclosure using a rubber
suspension along the edges. Figure 1(b) shows a cross section of the front view of the
acoustic source. As seen in this figure, the thin radiating surface is the upper skin of a
sandwich structure with a honeycomb core. The lower skin of the sandwich structure
is a perforated surface. The rubber suspension shown in Fig. 1(a), only connects the
upper skin of the sandwich structure to the enclosure, while the sandwich structure
is suspended. Using the sandwich structure with the closed upper skin and the open
lower skin increases the bending stiffness of the resulting structure compared with
a single radiating surface. The resulting sandwich structure is light, and therefore,
the fundamental resonance of the structure occurs at a higher frequency than the
resonance of a single solid plate with similar dimensions. The enclosed air between
the enclosure and the sandwich structure can freely enter the cavity and the hollows of
the honeycomb core. Due to the existence of the perforated surface, a larger volume of
air is available in the acoustic source. The available volume to the air is approximately
the same volume if a single radiating surface is used. A large volume of air reduces the
stiffness of the back cavity and is therefore beneficial for the efficiency of the acoustic
source [1].

The actuation part of the thin acoustic source is a flexure-based mechanism that
is integrated with two piezoelectric stack actuators (see Fig. 2(a)). The resulting
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Figure 1: The thin acoustic source actuated by the integrated flexure-based piezo-
electric mechanism: (a) trimetric view; (b) front view (section A–A).

integrated actuation unit is sufficiently compact to be fitted in the thin aperture of
the cavity. The flexural mechanism enables a translation in the direction of motion
of the two stack actuators (see Ref. [15] for more details of the flexural mechanism).
The output motion of the flexural mechanism drives the sandwich structure to vibrate
and to emit sound in the upper half space of the source (see Figs. 1 and 2(b)).

2.1 Piezoelectric stack actuators

Piezoelectric actuators are capable of converting the electrical energy to mechanical
energy in the form of an output vibration, or an output force, or a combination of
the two [16]. These devices can actively be controlled to deform precisely to reach a
desired range of motions [16].

In most applications, the output displacement of the piezoelectric stack actuators
remains linear. Therefore, the piezoelectric constitutive equations can be used to
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express the behavior of piezoelectric stack devices [17] as follows:

Sij = sEijklTkl + dkijEk ,

Di = diklTkl + εTikEk .
(1)

Sij , Tkl, Di, and Ek denote the strain tensors, stress tensors, electric displacement
field, and electric field components in the piezoelectric devices, respectively, with
i, j, k, l = 1, 2, 3, the direction of applied tensors and fields. Let dkij , s

E
ijkl, and

εTik represent the piezoelectric constant, elastic compliance constant, and dielectric
permittivity, respectively. The superscripts E and T indicate that these constants are
evaluated at a constant electric field and at constant stress, respectively. According to
Eq. (1), the strain field in the piezoelectric materials is a function of both the electric
field and the stress field. The electrical displacement field is related to both the stress
tensor and the applied electrical field.

2.2 Flexural mechanism

Long piezoelectric stack actuators are needed in the thin acoustic source to achieve
large displacement. However, long actuators cannot be fitted in the air cavity aperture
of the source [15] (see Fig. 1(b)). An auxiliary compliant mechanism is suggested and
designed to convert the direction of motion of the two piezoelectric stack actuators
to a perpendicular output motion [15]. The suggested flexure-based mechanism is
schematically shown in Fig. 2. As seen in this figure, two ends of the two piezoelectric
devices are fixed. These fixed ends are connected to the enclosure of the thin acoustic
source (see Fig. 1(b)). The other two ends of the actuators are glued to the flexural
mechanism. Using flexural notch hinges, the horizontal motion of the two piezoelectric
actuators in the xy-plane is translated to a single vertical motion of the flexural
mechanism in the direction of the z -axis. The big advantage of the proposed flexural
mechanism is that it is made of a single piece without including any joints. Therefore,
there is no play, stick slip or friction. This results in reduced energy loss in the
suggested mechanism. More detailed information on the designed flexural mechanism
can be found in Ref. [15].

2.3 Sandwich structures

A sandwich structure consists of three main parts: a thin top face, a thin bottom
face, and a thick core. The two thin and stiff faces are kept separated by the thick
and light core [18]. The thin faces are connected to the core using strong adhesive
materials [18]. A honeycomb structure is a common core geometry that is used in the
industry [18]. In most honeycomb-core sandwich structures, it can be assumed that
all the in-plane loads and the bending moments are carried by the faces, while the
core resists transverse shear loads [18].

A sandwich structure with different top and bottom faces is shown schematically in
Fig. 3. Eft and Efb in the figure are the Young’s modulus of the top and the bottom
faces, respectively, and Ec is the Young’s modulus of the honeycomb core. The two
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Figure 2: The thin flexural mechanism that uses two piezoelectric stack actua-
tors, and converts the actuators’ motion to a perpendicular output motion [15]: (a)
schematic of the mechanism; (b) direction of input motion of the piezoelectric stack
actuators and the output motion of the flexural mechanism.
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Figure 3: A sandwich structure that consists of a thin top face, a thin bottom face,
and a thick honeycomb core.
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faces have thicknesses of tft and tfb, and tc is the thickness of the core. Parameter d
in Fig. 3 is the distance between the centroid of the two faces, and e is the distance
of the neutral axis of the sandwich structure from the centroid of the bottom face.
Parameters d and e can be expressed as [19]:

d =
tft
2

+ tc +
tfb
2
, (2)

e =
Efttftd+ Ectc(

tc
2 +

tfb

2 )

Efttft + Ectc + Efbtfb
. (3)

The flexural rigidity of a thin sandwich beam, D, can be obtained using the following
equation [19]:

D =
Eftt

3
ft

12
+
Efbt

3
fb

12
+
EfttftEfbtfbd

2

Efttft + Efbtfb
. (4)

According to this equation, the larger the distance between the two faces, d, the
greater the flexural rigidity of the resulting sandwich structure.

Face surfaces

A sandwich structure is considered sufficiently thin if [20]:

d

tft
> 5.7 ,

d

tfb
> 5.7 .

(5)

In this research, two different faces with different material properties and different
thicknesses are used. The top face is an aluminum sheet with a thickness of tft =
0.125 mm [21]. The bottom face is a perforated stainless steel sheet with a thickness
of tfb = 0.2 mm [22]. The perforation pattern is shown in Fig. 4(a). With d =
20.1625 mm, Eq. (5) confirms that the faces of the sandwich structure are thin. A
maximum perforation factor, σ, in the range of 0.4 < σ < 0.5 is desired for the bottom
face. This perforation ensures relatively high rate of air flow interaction between the
hollows of the honeycomb core and the cavity (see Figs. 1 and 3).

The perforation pattern of the bottom skin of the sandwich structure is designed in
such a way that the in-plane stiffness of the two faces, or the effective stiffness in
case of perforation, becomes equal, i.e., Efttft = Efbtfb. This occurs when the two
expressions in the denominator of the last term in the right hand side of Eq. 4 become
equal.

Honeycomb core

The core of the honeycomb structure in this study is made of aluminum [23] and is
shown in Fig. 4(b). The thickness of the honeycomb core is 20 mm, and the cell size
and cell wall dimensions are 13 mm and 0.1 mm, respectively. The top and bottom
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Figure 4: The dimensions of the perforation pattern and the honeycomb cells in
millimeters: (a) perforation pattern; (b) honeycomb core’s cells.

skins of the honeycomb sandwich structure are bonded to the honeycomb core using
Araldite 2011 Epoxy adhesive [24]. According to Eq. (4), the resulting sandwich
structure is stiffer than the single faces.

2.4 Enclosure

As seen in Fig. 1(b), the enclosure closes the thin acoustic source. The integrated
flexural mechanism is connected internally to the enclosure. The output surface of
the flexure-based mechanism is bonded to the sandwich structure using Araldite 2011
Epoxy adhesive. The output motion of the flexural mechanism excites the sandwich
structure to vibrate. The sandwich structure is suspended from the enclosure using
rubber on the top edges (see Fig. 1). The enclosure is made of Polymethyl methacry-
late (PMMA) [25] with a thickness of 8 mm. The enclosed air in the thin aperture
between the bottom skin of the sandwich structure and the enclosure is internally
connected to the air in the hollows of the honeycomb core through the holes in the
perforated face (see Fig. 1(b)). Therefore, the air in the enclosure has almost the same
volume as the enclosure. Without an enclosure, the produced sound in the back side
of the sandwich structure cancels the produced sound in the front. The rigid walls
of the enclosure ensure that no sound propagates from the back side of the acoustic
source to the front side.

3 Numerical model

A fully-coupled numerical FE model of the thin acoustic source is investigated in this
work. COMSOL Multiphysics 5.3a Finite Element software package [26] is used to
simulate the thin acoustic source. To model the piezoelectric actuators, the flexural
mechanism, and the sandwich acoustic source, various physical phenomena are needed
to be involved in the coupled numerical simulation, such as electrostatics, structural
mechanics, piezoelectric interface, and acoustics.
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Table 1: Equivalent parameters of the thin acoustic source that are obtained using
measurements, and are used in the FE model.

Parameters Symbol Value
Solid plate Young’s modulus Eeq 2.06 Gpa
Solid plate density ρeq 138 kg m−3

Solid plate mass m 175 g
Solid plate Poisson ratio ν 0.33
Rubber stiffness, short edge Ks 92.286 N m−1

Rubber stiffness, long edge Kl 65.253 N m−1

Extra air layer of core hextra 20 mm

3.1 FE analysis

Due to the complex modeling of the thin sandwich acoustic source, some components
are approximated with simplified but sufficiently accurate FE models. Equivalent
parameters can be determined for the sandwich plate, the rubber sealing and the air
in the honeycomb core using the results of measurements. The obtained equivalent
parameters in the FE model are discussed in the following sections and are listed in
Table 1.

Honeycomb sandwich structure

It is computationally very expensive and time consuming to numerically model the
sandwich structure in detail. In particular, the honeycomb core and the perforated
bottom skin have complex geometries and require simplifications before being used
in the FE model. Alternatively, a simple model of a homogeneous structure may be
used to model the sandwich structure. Measured data on the sandwich structure can
be used to wisely choose the essential parameters of the uniform model, such as the
equivalent Young’s modulus and the equivalent density.

To find the equivalent properties of the sandwich structure, one rope is connected
to the two upper corners of the sandwich structure, and the middle of the rope is
connected to the rigid world. Using a shaker [27], the free sandwich structure is ex-
cited in a frequency sweep in the range of 20 Hz to 2000 Hz. Using a 3D scanning
laser camera vibrometer (model Polytec PSV-500 [28]), the mode shapes of the sand-
wich structure between 20 Hz to 2000 Hz and the corresponding eigenfrequencies are
obtained. Therefore, rigid body modes below 20 Hz are not measured by the laser
camera. The four mode shapes of the sandwich structure in the range of 20 Hz to
2000 Hz are shown in Fig. 5. As seen in this figure, the first two mode shapes at
100 Hz and 295 Hz, are the rigid body modes of the sandwich structure. The first
bending mode occurs at 901 Hz (see Fig. 5(c)). COMSOL Multiphysics 5.3a FE soft-
ware package is used to numerically model an alternative homogeneous thick plate
with the same dimensions as the sandwich structure. The Young’s modulus of the
uniform plate is chosen in such a way that the first bending mode of the free-free plate
occurs at approximately 901 Hz. Using the result of the measurement, the equivalent
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(a) (b) (c) (d)

Figure 5: Measured mode shapes of the sandwich structure that is suspended from
a thin rope in a free-free boundary condition: (a) 100 Hz; (b) 295 Hz; (c) 901 Hz; (d)
1893 Hz.
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Figure 6: The measurement configuration to obtain the equivalent stiffness of the
rubber suspension.

Young’s modulus of the modeled homogeneous plate is selected to be Eeq = 2.06 GPa.
The equivalent density of the solid plate is determined using the weight and volume
of the sandwich structure (ρeq = 138 kgm−3).

Rubber stiffness

The rubber suspension shown in Figs. 1 and 3, is modeled as a stiffness boundary
condition on the edges of the vibrating surface. The equivalent stiffness of the rubber
is needed as the initial input to the FE model. The measurement configuration shown
in Fig. 6 is used to measure the tensile deformation of the rubber strip specimens.
The rubber specimens used in the measurement have the same length as the short
and the long edges of the enclosure. One end of the rubber strips is clamped. Using
a Linear Variable Differential Transducer, LVDT (SENSOREX model SX20MD010-
U [29]), the deformation of the free end of the rubber specimen is measured when it is
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Figure 7: The measured stiffness of the rubber suspension along: (a) short edge; (b)
long edge.

subjected to static loads. The results of the measurement for the long and the short
edges of the sandwich structure are shown in Fig. 7. The slope of the fitted line to the
measurement results shows the stiffness of the rubber specimen in each measurement
(see Fig. 7). The width and the thickness of the rubber are respectively 5 mm and
1.14 mm. Using the elasticity basic principle, one can obtain the Young’s Modulus,
E, of the rubber suspension:

E =
Kl

A
, (6)

where K is the measured stiffness of each specimen, and A and l are the surface area
and the length of each rubber strip, respectively. The length of the rubber suspen-
sion along the long and the short edges is considered to be respectively 297 mm and
210 mm. Using Eq. (6) and obtained stiffness values from Fig. 7, the Young’s Modu-
lus of the rubber suspension is estimated to be E = 3.4 MPa for all specimens. The
equivalent stiffness of the rubber suspension along the short and long edges are shown
in Table 1. It has to be mentioned that the obtained stiffness from the measurement
is approximated with a linear value of the rubber suspension. In practice, the rubber
stiffness is not linear. This approximation may introduce an error in the numerical
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Figure 8: The measured mode shapes of the thin acoustic source at: (a) 190 Hz; (b)
290 Hz; (c) 370 Hz; (d) 480 Hz; (e) 680 Hz; (f) 870 Hz.

FE analysis.

Air in the honeycomb core

The equivalent homogeneous plate, which is designed in Section 3.1, does not take the
acoustical characteristics of the air in the hollows of the honeycomb core into account.
To include the effect of the air in the hollows of the core in the FE model, an extra air
layer is added to the air in the cavity aperture. In practice, the resulting acoustical
load of the honeycomb core is applied to the top face of the sandwich structure. In
the FE analysis, on the other hand, the equivalent extra air layer representing the air
in the honeycomb core is positioned below the bottom face of the sandwich structure
in the cavity. The reason is that in the low frequency range, both top and bottom
faces of the sandwich structure vibrate almost similarly. Therefore, the change in
the position of the applied acoustical load from the air in the honeycomb core to the
sandwich structure can be neglected. The equivalent height of the extra air layer
is evaluated using the measured mode shapes of the complete thin acoustic source
that is actuated by the integrated flexure-based mechanism. It has to be mentioned
that in the FE model, the output surface of the flexural mechanism is attached to
the bottom face of the sandwich structure. In the constructed thin acoustic source,
on the other hand, the output surface of the flexural mechanism is connected to
the top skin of the sandwich structure using fixture screws. This difference in the
connecting mechanism that connects the flexural mechanism to the sandwich structure
may introduce unwanted mode shapes to the numerical analysis. The mode shapes of
the thin acoustic source are measured using the 3D scanning laser camera vibrometer
(model Polytec PSV-500), and are shown in Fig. 8. The full scan of the vibrometer
is done over frequencies between 20 Hz and 1000 Hz. The laser vibrometer can only
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measure the out-of-plane deformation along the z -axis. Therefore, the laser cannot
measure three modes out of the six rigid body modes in 3D space. These unmeasured
rigid body modes are two translations along the x - and the y-axis, and one rotation
around the z -axis. Other three rigid body modes can be measured using the laser
vibrometer camera only if they are in the frequency range in which the laser is used
in the experimental study in this research (modes occurring at 190 Hz and 290 Hz).
The fundamental resonance occurs at 370 Hz. The modes shown in Figs. 8(d), 8(e),
and 8(f) are coupled modes and are influenced by the coupled physics involved in
the acoustic source. A numerical FE model of the thin acoustic source (including
the FE model of the flexural mechanism and the two piezoelectric stack actuators) is
used to obtain the equivalent thickness of the extra air layer to take the air in the
honeycomb core into account. The dimension of the extra air layer is determined in
such a way that the fundamental resonance mode of the coupled FE model occurs
at approximately the same frequency as in the experimental result (see Fig. 8(c)).
The reason to choose only the fundamental resonance for this correction is due to
the frequency range of interest. The frequencies of interest are low frequencies up to
the fundamental resonance frequency of the acoustic source, also higher frequencies
if the response is damped. The FE model shows that an extra air layer of 20 mm is
required to include the acoustical effect of the air in the hollows of the honeycomb
core. This value is approximately equal to the thickness of the sandwich structure,
d = 20.1625 mm. This proves that almost all actual space in the honeycomb core is
used. The extra layer of air is added to the cavity aperture of the acoustic source with
a height of 10.5 mm. Therefore, in the FE model, the total dimension of the cavity in
the direction of the z -axis is 30.5 mm.

3.2 Complete coupled model

The fully-coupled FE model of the flexural mechanism is integrated with the piezo-
electric stack actuators (see Ref. [15]) and is combined with the FE model of the
honeycomb sandwich structure using the equivalent parameters that are obtained in
Section 3.1. The fully-coupled FE model is shown in Fig. 9. The FE model in Sec-
tion 3.1 describes the full model of the thin acoustic source. In the current section,
the equivalent extra air layer to include the air in the honeycomb core is also taken
into account. The equivalent parameters that are listed in Table 1 are used in this
section.

As seen in Fig. 9(a), the acoustical Fluid-Structure-Interaction (FSI) takes into ac-
count two couplings: the external coupling between the radiating surface of the acous-
tic source and the surrounding air, and the internal coupling between the internal air
in the cavity and both the sandwich structure, and the flexural mechanism. In the
FSI, the normal velocities on a shared boundary between the fluid and the mechanical
structure are equal, thus:

n̂.v̄F = n̂.v̄S , (7)

where v̄F and v̄S are the velocity vectors of the fluid and the structure, respectively,
and n̂ projects these velocities on the normal direction to the shared boundary. More-
over, the applied normal forces from both the fluid and the vibrating structure to the
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Figure 9: The schematic of the fully-coupled FE model of the thin acoustic source:
(a) full FE model in the xz -plane, including the flexural mechanism, and the internal
and external air domains; (b) a trimetric view of the sandwich acoustic source and
the spring boundary conditions.



Paper C 151

Table 2: Material properties of the piezoelectric stack actuator that is used in the
numerical and experimental studies.

Parameters Symbol Value
Mechanical quality factor Qm 80

Relative permittivity εT

ε0
1900

Charge coefficient d33 443× 10−12 C N−1

Elastic compliance sE 19× 10−12 m2 N−1

Density ρpiezo 7850 kg m−3

Dielectric loss factor tan δ 150× 10−4

shared boundary have the same amplitude but the opposite directions:

n̂.F̄F = −n̂.F̄S , (8)

where F̄F and F̄S are respectively the applied forces from the fluid and the structure
to the shared boundary.

Two Lead Zirconate Titanate (PZT) ceramics piezoelectric stack actuators manu-
factured by Noliac (NAC2013-H30 [30]) with the length of 30 mm are used in the
numerical FE model. The material properties of the actuators are listed in Table 2.
The applied voltage to the piezoelectric stack actuators is a sinusoidal signal with a
peak value of 9.75 V that is combined with a DC offset of 10.8 V. Each piezoelectric
actuator is fixed at one side, while the other side excites the flexure-based mechanism
(see Fig. 2(a)).

As discussed in Section 3.1, the honeycomb sandwich structure with a perforated
bottom skin is modeled using an equivalent uniform solid plate. The uniform solid
plate has a thickness of 20.325 mm and a surface area of 297×210 mm2. The equivalent
Young’s modulus and the equivalent density of the uniform plate are evaluated in
Section 3.1. The equivalent stiffness of the rubber suspension is obtained in Section 3.1
and is used as an external stiffness boundary condition that is added to the top edges
of the vibrating surface (see Fig. 9(b)). The thickness of the cavity aperture in the
thin acoustic source is 10.5 mm.

The flexural mechanism shown in Fig. 2 is made of structural steel and has the di-
mensions of 77 mm, 21.5 mm, and 10.5 mm in the direction of the x -, the y-, and the
z -axis, respectively (see Ref. [15] for more details). Therefore, it is fitted in the air
cavity of the acoustic source. The frequency range of interest in this study is be-
tween 20 Hz and 1000 Hz, and in particular, at the frequencies below the fundamental
resonance of the thin sandwich acoustic source.

An FE model of the complete acoustic source includes the models of the two piezo-
electric stack actuators, the flexural mechanism, the sandwich structure, the air in
the hollows of the honeycomb core, the air in the cavity, and the air in the surround-
ing. The dimensions and properties of the thin acoustic source are summarized in
Table. 3. The coupled combined FE model contains 711585 volume elements includ-
ing 703751 tetrahedral elements and 7834 prism elements. The prism elements are
used to mesh the Perfectly Matched Layer [32] (PML). The PML is used to model the
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Table 3: Properties of the components used in the thin sandwich acoustic source.

Component Material Dimension (mm3)
Sandwich top face Aluminum 297× 210× 0.125
Sandwich core Aluminum 297× 210× 20
Sandwich bottom face Stainless steel 297× 210× 0.2
Piezoelectric actuator NCE51F [30] 30× 5× 5
Rubber suspension EPDM [31] 2× (297 + 210)× 50
Enclosure air capacity PMMA [25] 311× 241× 33.85

propagating waves going to infinity, and to ensure that the waves are not reflecting
back from infinity to the computational domain. The number of degrees of freedom
solved in the FE model is 2216524. The accuracy of the FE model is ensured using
mesh refinement in the solver. The complete FE model consists of 399055 acoustical
elements, 311330 structural elements, and 1200 piezoelectric elements.

4 Experimental study

An experimental study is performed to examine the accuracy of the numerical FE
model. In the measurement, a thin acoustic source is actuated by the two piezoelectric
stack actuators that are connected to the flexural mechanism. The applied voltage to
the actuators is similar to that used in the numerical FE model (see Section 3.2). A
power amplifier Falco Systems (model WMA-300 [33]) with a current limit of 300 mA
is used to feed the actuators. The measurement is performed in an anechoic room
to ensure that no sound reflections occur from the walls of the room back to the
measuring domain. The experimental study is repeated to measure the vibration of
the radiating surface using the 3D scanning laser camera vibrometer (model Polytec
PSV-500 [28]). The measurement is performed for the frequencies between 20 Hz and
1000 Hz. The experimental study that was performed in Section 3.1 uses a multi-tone
signal to find the mode shapes of the coupled acoustic source. The experimental study
in this section is carried out using monitored applied voltage to the actuators at each
operating frequency. Therefore, in this section, a single tone sinusoidal input voltage
signal is supplied to the two actuators. As a result, the amplitude of velocity and
displacement of the radiating surface can directly be measured.

The acoustic measurement setup is shown in Fig. 10. As seen in this figure, the first
microphone, Mic1, is located in the center of the radiating surface, and the six other
microphones are mounted in a nonuniform pattern around it. A nonuniform micro-
phone pattern ensures that all acoustical mode shapes are captured. As seen in this
figure, a frame holding a nonuniform array of seven microphones is mounted 17 mm
above the radiating surface of the thin source. The microphones are manufactured by
Microtech Gefell GmbH (model MG M370 [34]) and are used to measure the sound
pressure near the radiating surface of the thin acoustic source. Absorbing materials
are attached to the frame to eliminate any sound reflection from the frame to the
microphones (see Fig. 10(a)). The nonuniform pattern of the microphones’ array is
shown in Fig. 10(b).
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(a) (b)

Figure 10: The measurement setup: (a) a frame holding an array of seven micro-
phones mounted on top of the thin acoustic source in a distance of 17 mm from the
surface; (b) top view of the microphones’ locations on the frame.

5 Results and discussions

The results of the measured Sound Pressure Level (SPL) by the microphones are
shown in Fig. 11. The SPL in this figure is obtained with respect to the reference
pressure of 20× 10−6 Pa, and is measured at a distance of 17 mm from the radiating
surface of the acoustic source.

Figure 11(a) shows the measured SPL by the seven microphones, when the applied
voltage to the piezoelectric stack actuators is a sinusoidal signal with an amplitude of
9.75 V and an offset of 10.8 VDC. As seen in this figure, the microphones see equally
the first and the second resonances of the coupled vibro-acoustic system , respectively
at 370 Hz and 480 Hz. Therefore, in the first and the second modes of the coupled
system, all microphones measure maximum values of SPLs over the entire vibrating
surface. On the other hand, the third mode is seen differently by the microphones.
Microphones Mic1, Mic4, and Mic7 measure sharper local minima compared to other
microphones.

Figure 11(b) shows the measured SPL by microphone Mic1 that is located in the
center of the radiating surface (see Fig. 10). As seen in this figure, the peak value
of the applied voltage to the piezoelectric stack actuators is swept from 10 V to 75 V
while the DC voltage is kept at 75 V. As mentioned in Section 4, the current in
the connected amplifier should not exceed the limit of 300 mA. The current in the
amplifier increases with increasing frequency. The current is proportional to the
applied voltage. Therefore, with high voltages, at high frequencies, the amplifier
exceeds the current limit. When the applied voltage to the actuators is as low as
10 V, the frequency can be increased up to 1000 Hz. However, at the applied peak
voltage of 75 V, the maximum frequency that the amplifier can reach before exceeding
the current limit is 180 Hz. As seen in Fig. 11(b), the greater the applied peak voltage
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Figure 11: The sound pressure level of the acoustic source measured by multiple
microphones located on a nonuniform array frame that is 17 mm above the radiating
surface of the acoustic source, when the reference pressure is 20× 10−6 Pa: (a) the
measured SPL of all seven microphones when the applied voltage to the actuators is
9.75 VAC with an offset of 10.8 VDC; (b) the measured SPL by Mic1 at multiple peak
values for the AC voltage.
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to the actuators, the higher the measured sound pressure level at Mic1.

A comparison between the numerical FE model and the measurement result is shown
in Fig. 12. As seen in Figs. 12(a) and 12(b), the measured velocity and the displace-
ment of the radiating surface of the thin acoustic source are compared with the results
of the numerical FE model in COMSOL Multiphysics 5.3a. Both the experimental
and the numerical studies are in very good agreement at the fundamental resonance of
the thin acoustic source. The first resonance of the thin source is a piston mode that
occurs at 370 Hz in the measurement. This resonance is predicted at 388 Hz by the FE
model. The numerical study overestimates the vibration of the thin acoustic source.
This overestimation is due to non-linearity in the proposed flexural mechanism that
has been imposed during the construction process [15]. A study on the suggested flex-
ural mechanism reveals that if the applied voltage to the actuators is close to 55 V, the
deviation between the numerical and the experimental results becomes small. There
is a comprehensive explanation on this topic in Ref. [15]. The error between the FE
model and the experimental displacement shown in Fig. 12(b) is less than 23%, when
the applied voltage to the actuators is 9.75 VAC and 10.8 VDC. The offset between
the numerical and the measured results in this figure remains relatively constant over
the entire frequency range of study. This relatively constant offset could be caused
by the way that the rubber stiffness is included in the FE analysis. By changing the
stiffness of the rubber in the FE model, this offset could be removed. Therefore, the
stiffness of the rubber in the FE model can be corrected in such a way that it results
in a smaller offset between the two studies.

The FE model used in Fig. 12 can predict the fundamental resonance of the acoustic
source very well, and is less accurate for the higher resonances in comparison with the
measurement results. The reason for this deviation in the higher resonance modes is
due the assumptions that are made in both the modeling of the equivalent sandwich
structure during the FE analysis and the construction of the source. In the constructed
acoustic source, the flexural mechanism is connected to the top face of the sandwich
structure using fixture screws. However, in the FE model, it is assumed that the
flexural mechanism is directly connected to the bottom skin of the sandwich structure.
This, in particular, influences the bending of the sandwich mechanism in the coupled
acoustic source system. Moreover, as discussed in Section 3.1, a uniform plate with
homogeneous material properties is considered in the equivalent FE model of the
sandwich structure. Single values for the Young’s modulus and the Poisson ratio
are used in the equivalent plate model. A single Poisson ratio results in a single
shear modulus, G, for the equivalent homogeneous plate. A single value for the shear
modulus in the FE model leads to a uniform shear load distribution in the equivalent
sandwich plate. However, in practice, the shear modulus is not equal in the core
and in the faces of the sandwich structure. The shear loads are mostly carried by
the honeycomb core (see Section 2.3). The difference in the shear modulus between
the core and the faces, changes the stiffness matrix of the sandwich structure. The
change in the stiffness matrix leads to deviations in the resonance frequencies of the
thin acoustic source. In particular, this deviation between the results in Fig. 12 is
seen above the fundamental resonance, since this mode is kept intentionally equal for
both the FE model and the measurement (see Section 3.1). The main focus of the
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(a)

(b) (c)

Figure 12: A comparison between the FE and the experimental results, when the
applied voltage to the actuators is 9.75 VAC and 10.8 VDC: (a) the velocity of the
radiating surface; (b) the displacement of the radiating surface; (c) the sound pressure
level measured by Mic1 on a point in the center of the vibrating surface mounted
17 mm above the surface (using the reference pressure of 20× 10−6 Pa).
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current research is on the frequencies below the fundamental resonance of the thin
acoustic source. As a result, the homogeneous FE model is sufficient to model the
thin acoustic source below the fundamental resonance of the source (370 Hz).

The velocity and displacement of the vibrating surface of the thin acoustic source
are measured using a scanning laser camera vibrometer (which only can measure the
vibration perpendicular to the direction of motion of the vibrating structure in this
experiment). The measured results are shown in Figs. 12(a) and 12(b), respectively.
The near-field SPL is measured using Mic1 and is shown in Fig. 12(c). As seen in
Figs. 12(a), 12(b), and 12(c), there is a good agreement between the FE model and
the measurement results in the low frequency range below 370 Hz. This low frequency
range is the main focus of the current research.

Figure 12(c) shows a comparison between the measured sound pressure level of the
thin acoustic source at Mic1, and the same variable obtained from the numerical
model. The first peak in the SPL result is caused by the piston mode resonance of
the vibrating sandwich structure at 370 Hz. Therefore, this peak in the SPL is a result
of a structural mode. The second peak in the measured SPL occurs at approximately
480 Hz. This resonance peak is neither present in the SPL result of FE model shown
in Fig. 12(c)), nor in the measured velocity and displacement which are shown in
Figs. 12(a) and 12(b). Therefore, this mode is not a structural mode associated with
the vibration of the sandwich structure. At this frequency (480 Hz), the sandwich
structure still vibrates in the piston mode. However, as seen in Figs. 12(a) and 12(b),
the piston mode is at its minimum. The second peak in the SPL is caused by a flexure
mode that occurs at 480 Hz. As a result of this flexure-related mode, the sandwich
plate rotates around the y-axis. Therefore, the flexure-related mode is combined with
the piston mode of the sandwich structure (see Fig. 13). Therefore, the velocity of the
points on the plate that are associated with the microphones varies. The points on
the plate that are associated with Mic5 and Mic6 have higher velocities compared to
the points on the plate that are related to Mic2 and Mic3 (see Fig. 10(b)). The points
that are located near the axis of rotation (y-axis in Fig. 13), do not see the flexure
mode (points that are associated with Mic1, Mic4 and Mic7). Therefore, the flexure
mode is not seen in the results of the laser measurement at 480 Hz (see Figs. 12(a)
and 12(b)). The measured SPL by Mic1 is a function of the summation of the velocity
of all the points on the plate. As seen in Fig. 13, the velocity summation of the points
on the plate is affected by the flexure mode. Therefore, at 480 Hz, Mic1 measures an
increase in the SPL in the form of a local maximum. However, in the numerical FE
model, this peak does not exist in the SPL of the source (see Fig. 12(c)). Below the
first resonance at 370 Hz, both the numerical and the experimental studies are in a
good agreement. Since the low frequency range below the fundamental resonance of
the coupled acoustic source is the target frequency range in this study, the numerical
FE model can successfully be used to predict the acoustic source system in that range.
Therefore, attention is not paid to the resonance peaks above the target frequency
range in the present research.
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Figure 13: The velocity of the points on the sandwich plate at 480 Hz, that is the
summation of the piston mode of the sandwich plate and the resulting rotation of the
flexure mode.

6 Summary and conclusions

In this research, a thin acoustic source is numerically and experimentally studied.
The source is actuated using two piezoelectric stack actuators in combination with a
thin flexural mechanism. The dimension of the integrated piezoelectric-flexural mech-
anism is sufficiently small to be fitted in the air cavity aperture of the thin acoustic
source. Using the piezoelectric actuators as smart materials from which energy can
be recovered, the thin source becomes an energy efficient thin acoustic source. A
numerical FE model is used to analyze the fully-coupled physics involved in the thin
acoustic source. The FE model of the thin source is complicated and computation-
ally expensive due to the large number of degrees of freedom in the coupled model.
Equivalent parameters are obtained to model the honeycomb sandwich structure of
the source as a homogeneous plate. Using the equivalent parameters, the resulting
FE model is less computationally expensive than the full model of the sandwich struc-
ture. The thin acoustic source actuated by the integrated flexure-based mechanism
is constructed for a complimentary experimental study. A comparison between the
numerical FE and the measurement results shows good agreement for frequencies be-
low the fundamental resonance frequency of the thin source at 370 Hz. The deviation
between the experimental and the numerical results in the low frequency range below
370 Hz is related to multiple factors. For instance, the deviation is a result of the tol-
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erance in the construction process of the integrated piezoelectric-flexural mechanism.
The relatively constant offset between the measured result and the numerical result
can be due to the underestimation of the stiffness of the rubber suspension in the
FE model. The effect of the connection point of flexural mechanism to the sandwich
structure also influences this deviation. Another factor that causes this deviation be-
tween the numerical and experimental results is the applied low peak voltage to the
actuators. These deviations lead to an error less than 23% in the displacement of the
coupled acoustic source system below the fundamental resonance frequency. There-
fore, there is good agreement between the FE model and the measurement results in
the frequency range of interest in this work.
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A

Radiation impedance:
FEM integration

An integration approach is used in Chapter 4 to obtain the radiation impedance of the
thin acoustic source in the post-processing phase of the FE analysis. The resulting
radiation impedance is shown in Eq. (4.8) which is valid in the piston range of the thin
acoustic source. In this chapter, the assumptions in the derivation of this equation
are discussed.

Total radiated acoustic power, Prad, of an acoustic source with a surface area of A
can be obtained using the following equation:

Prad =
1

2

∫∫
A

pv∗ dA , (1)

where p is the sound pressure and v is the velocity of the particles in a medium.
Specific acoustic impedance, z, is defined as the ratio between the sound pressure and
velocity:

z =
p

v
. (2)

Solving Eq. (2) for p, one can obtain:

p = zv . (3)

Substitution of Eq. (3) in Eq. (1) results in:

Prad =
1

2

∫∫
A

zvv∗ dA . (4)

If z is constant, Eq. (4) can be written as:

Prad =
1

2
z

∫∫
A

vv∗ dA . (5)
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A comparison between Eq. (1) and Eq. (5) results in:

1

2

∫∫
A

pv∗ dA =
1

2
z

∫∫
A

vv∗ dA , (6)

and therefore, the specific acoustic impedance is evaluated as:

z =

∫∫
A
pv∗ dA∫∫

A
vv∗ dA

. (7)

The acoustical impedance, Za, is defined as:

Za =
p

Av
=
z

A
. (8)

Substitution of Eq. (7) in Eq. (8) results in the following equation:

Za =
1

A

∫∫
A
pv∗ dA∫∫

A
vv∗ dA

. (9)

The obtained Za is the effective acoustical impedance of the acoustic source, which
is valid when z is constant over the surface area. Note that in the piston range the
velocity v is constant over the surface, therefore U = Av is constant. But even at very
low frequencies, the pressure is not entirely constant over the surface [1]. However,
a constant pressure is needed to be consistent with the definition of the radiation
impedance Za = p /U . A single value of the pressure as an averaged pressure value
over the surface is consistent with the use of an average specific acoustic impedance
z in the piston range.
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B

Measured time-dependent
pressure signals

The sound pressure of the thin acoustic source is measured using seven microphones
(see Fig. 5.3 in Part I). In the following, the measured time signals of the sound
pressure are shown in multiple frequencies:
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Figure 1: 370 Hz.
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Figure 2: 440 Hz.
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Figure 3: 480 Hz.
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Figure 4: 680 Hz.
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Figure 5: 700 Hz.





Nomenclature

Abbreviations

SPL
PZT
PZN-PT
PWM
PMMA
PML
OE
LVDT
FSI
FEM
FE
EPDM
EDM
EAP
DOF
DML
CE
APA

Sound Pressure Level
Lead Zirconate Titanate
Lead Zirconate Niobate-Lead Titanate
Pulse Width Modulation
Polymethyl Methacrylate
Perfectly Matched Layer
Overall Efficiency
Linear Variable Differential Transducer
Fluid Structural Interaction
Finite Element Method
Finite Element
Ethylene Propylene Diene Monomer
Electrical Discharge Machining
Electroactive Polymer
Degree of Freedom
Distributed Mode Loudspeaker
Conventional Efficiency
Amplified Piezoelectric Actuator
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Roman symbol

K1

K
K
k
J1

J0

j
iactuator

i
h
G
G
FS

FR

Fout

FL

Fin

FF

Fc

fc

Factuator

f
Ek

Eft

Efb

Ec

E
e
d33

dh

Di

D
D
Cs

Cp

C0

c0

C
B
Ap

A
a

Struve function of the first kind
Feedback controller
Rubber stiffness
Wave number
Bessel function of the first kind
Bessel function of the zero kind
Imaginary unit
Input current to the actuator
Current
Thickness of the notch hinge
Shear modulus
Transfer function
Applied force from the structure to the shared boundary
Applied force to the piezoelectric actuator through the right boundary
Output mechanical force to the acoustic source
Applied force to the piezoelectric actuator through the left boundary
Input force to the mechanical domain
Applied force from the fluid to the shared boundary
Feedforward controller
Corner frequency
Output force from the actuator to the acoustic source
Lorentz force
Electric field
Young’s modulus of the top face of the sandwich structure
Young’s modulus of the bottom face of the sandwich structure
Young’s modulus of the core of the sandwich structure
Young’s modulus
Voltage
Piezoelectric constant
Distance between any two neighboring holes in the perforated plate
Electric displacement field
Diameter of the notch hinge
Diode
Compliance of the acoustic source
Compliance of the piezoelectric actuator
Electrical capacitance of the piezoelectric actuator
Speed of sound in the air
Capacitance
Magnetic flux density
Surface area of the optimum piezoelectric actuator
Surface area of the acoustic source
Radius of the equivalent circular piston
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Zscreen

Zrad

Zhollow

Zcavity

Za

z
Vsupply

vS

vR

vL

vF

vactuator

v
U2

U1

U
u
tp

Skl

tft

tfb

Tc

tc

SW
sE

Sij

Rs

Rrad

Rp

rp

RE

Prad

Pin

p
n
Ms

Mrad

mpiezo

Mp

Mvoice,coil

lp

L
l

Equivalent acoustical impedance of the perforated panel
Radiation impedance of the thin acoustic source
Equivalent acoustical impedance of the air in the hollows
Equivalent acoustical impedance of the air in the cavity
Acoustical impedance
Specific acoustic impedance
Applied voltage to the amplifier
Velocity of the structural component
Velocity of the right boundary of the piezoelectric actuator
Velocity of the left boundary of the piezoelectric actuator
Velocity of the fluid component
Applied voltage to the actuator
Velocity of a current-carrying coil
Volume velocity along the hollows of the honeycomb structure
Volume velocity along the cavity
Volume velocity in the acoustical domain
Velocity in the mechanical domain
Thickness of the perforated plate
Stress tensor
Thickness of the top face of the sandwich structure
Thickness of the bottom face of the sandwich structure
Corner period
Thickness of the core of the sandwich structure
Switch
Elastic compliance at constant electric field
Strain tensor
Mechanical damping of the acoustic source
Acoustical resistance
Mechanical damping of the piezoelectric actuator
Radius of the piezoelectric actuator
Electrical resistance
Radiation power
Input pressure to the acoustical domain
Acoustical pressure
Number of stacked layers
Mass of the acoustic source
Acoustical mass
Mass of the piezoelectric actuator
Mass of the piezoelectric actuator
Mass of the voice coil actuator
Length of the piezoelectric actuator
Inductance
Length of a current-carrying coil
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Greek symbol

θ
σψψ

ψ
η
ρ0

ω
µ
νh.c

νcavity

ν
εT
β
α

Angle
Maximum allowable bending stress in the notch hinge
Rotation angle
Efficiency
Air density
Angular frequency
Dynamic viscosity
Volume of air in the hollows of the honeycomb structure
Volume of air in the cavity
Poisson ratio
Dielectric permittivity at constant stress
Elastic hinge parameter
Conversion coefficient
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