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This paper studies an acoustic source with a relatively small thickness and a high bending
stiffness. The acoustic source operates in the low frequency, quasi-static regime. The focus
of the current study is on the actuation part in order to design an appropriate excitation
mechanism. A ﬂexural mechanism is modeled in combination with a piezoelectric actuator
to convert an in-plane displacement of the actuator to the out-of-plane direction. First, an
optimization simulation is used to determine the size of the required piezoelectric actuator.
An equivalent electrical circuit of the lumped acoustic source is used for the optimization. A
coupled 3D numerical ﬁnite element (FE) analysis is carried out using COMSOL Multiphysics
software package. The fully-coupled analysis combines the suggested ﬂexural mechanism,
the piezoelectric stack actuator, and the thin acoustic source. Finally, the sound pressure ﬁeld
that is generated by the thin acoustic source is investigated and compared using both the
ﬁnite element analysis and the lumped model.
© 2020 Elsevier Ltd. All rights reserved.
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1. Introduction
Stiff and light sandwich structures with high bending stiffness can be used to obtain piston-like motion of the radiating
surface of acoustic sources [1]. Light-weight sandwich structures have been used in active control techniques for a reduction in
the transmitted sound [2,3]. Sandwich structures have been studied widely in vibro-acoustic applications in recent years [4–6].
The vibro-acoustics characteristics of sandwich structures with honeycomb cores are examined in Ref. [7]. A reduced thickness
can be achieved by perforating the interior face of the sandwich plate in order to be able to use the air volume inside the
honeycomb cells. Perforation of thin structures in some applications leads to a reduction in the radiated sound [8]. The radiation
eﬃciency of the perforated panels is examined in Refs. [8,9].
Only acoustic sources that are suﬃciently larger than the wavelength are able to emit sound in the form of propagating
waves [10]. In some applications, the limited build space restricts the size of acoustic sources. Thin acoustic sources with a
thickness that is relatively smaller than the characteristic length of the surface can be useful in applications with limited build
space, especially at low frequencies. They can be employed in active sound absorption, active noise control, ﬂat loudspeakers,
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and in ducts [11]. However, the eﬃciency of the thin sources is restricted by the size of the enclosure [12]. Both limited build
space and low radiation eﬃciency contribute to the complexity of the design of thin acoustic sources at low frequencies.
A few thin acoustic sources with a thin enclosure thickness, and a large enclosure’s surface area have been designed and
studied recently [13,14]. A double-layer sandwich panel is made of two face sheets that are separated from each other by an air
aperture, and is investigated in Ref. [15] to be used in a thin acoustic source. Although ﬂat acoustic sources are investigated in a
few studies, there seem to be not so many currently used thin sandwich acoustic sources in practice that fulﬁll all the following
characteristics:

• Structures that are exclusively designed to generate good quality sound at low frequencies rather than eliminating sound
transmission,

• Acoustic sources that are thin and light-weight using sandwich structures,
• Acoustic sources that are energy-eﬃcient with minimum energy loss, especially at low frequencies.
One available thin sandwich acoustic source that focuses on the generation of sound at low frequencies is described by
Berkhoff [13]. However, due to the use of voice coil actuators, the suggested acoustic source in Ref. [13] dissipates a large
portion of the input electrical energy and is not considered energy-eﬃcient.
In the current research, the thin acoustic source that is introduced in Refs. [13,14] is studied to achieve a uniform, rigid body
motion. Various actuators including voice coil actuators [13] and piezoelectric patch actuators [14] are studied as the excitation
units of this thin acoustic source. The use of voice coil actuators as the driver of the suggested thin acoustic source is examined
in Ref. [14]. However, as mentioned earlier, voice coil actuators dissipate a large portion of the input electric power due to
Joule heating 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 mechanical power to excite the thin acoustic source. As a result, a disadvantage of the acoustic
source in Refs. [13,14] is that 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 stored power in the capacitive part. Therefore, piezoelectric actuators
are eﬃcient choices to ensure an energy eﬃcient operation of the thin acoustic source. The possibility of using piezoelectric stack
actuators has been investigated when a lumped model of the thin acoustic source is used [10].
The main contribution of the present paper is to obtain an optimum actuation unit for the thin sandwich acoustic source
that can lead to an energy-eﬃcient light-weight source with maximum acoustical radiation power, especially when operating
at low frequencies (below 1000 Hz). The optimum actuation unit has to be designed in such a way that it can be employed
in the limited build space of the thin acoustic source. Optimization methods have been widely used in source localization and
microphone arrays applications [16–18], and in active treatments of acoustic sources [19]. In the current paper, an optimization
method is employed to obtain a maximum acoustical radiation power of the thin sandwich acoustic source. The possibility of
using piezoelectric stack actuators in the design of the thin acoustic source is investigated. As a result of the optimization study,
however, it is concluded that due to limited space, piezoelectric stack actuators cannot directly be used as the excitation part of
the thin acoustic source. Therefore, the design of a displacement-converter mechanism is crucial. With the aid of a displacementconverter mechanism, piezoelectric stack actuators can be used while their displacement in one direction is converted to a
displacement in a desired direction. The investigated actuation unit is mainly a displacement-converter mechanism. Therefore,
an ampliﬁcation in the amplitude of the input motion is not of high importance in the present study.
Flexures are elastically deforming parts that provide a precise range of motion in the desired degrees of freedom. The produced motion is predictable and repeatable [20]. These compliant mechanisms have a relatively high stiffness in the constrained
directions [21]. Due to the fact that ﬂexures are both frictionless and maintenance-free [21], they can be used in the design of
the required motion-converter mechanism in the current research. The required motion-converter has to fulﬁll the following
conditions:

• The required motion-converter can convert the direction of an initial motion to an out-of-plane ﬁnal motion that is perpendicular to the initial motion,

• The required motion-converter has an operating frequency in the low frequency range below 1000 Hz.
• The required motion-converter can deliver the needed stroke and force to the thin acoustic source,
• The required motion-converter is thin in the direction of the ﬁnal motion, so that it can be employed in the limited build
space of the thin acoustic source.
Several ﬂexural designs are already designed and manufactured. Commercial designs are widely used in industry [22,23].
However, they are only manufactured in speciﬁc dimensions and in limited aspect ratios. On the other hand, the available commercial designs are not capable of delivering the required stroke and force to our acoustic source. Flexural mechanisms are
investigated in several studies to amplify the displacement of stacked piezoelectric devices. Some suggested designs that use
piezoelectric devices are shown in Fig. 1. In a bridge-type mechanism that is shown in Fig. 1(a) the input and output displacements are in the same direction [24]. As seen in Fig. 1(b), a ﬂexure hinge model uses four similar piezoelectric stack actuators
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Fig. 1. Available ﬂexural mechanism designs in literature that use piezoelectric stack actuators: (a) bridge-type [24]; (b) ﬂexure hinge [25]; (c) honey-comb [26]; (d)
ovel-shape [27].

that are located in a symmetric conﬁguration [25]. However, the resulting displacement is in the same plane. A honey-comb
ﬂexural design (see Fig. 1(c)) can translate an input displacement into an out-of-plane displacement [26]. The suggested ovalshaped design shown in Fig. 1(d), can generate an out-of-plane output displacement [27]. However, both honeycomb and oval
designs only perform at high frequencies and require high applied voltages. The available designs deliver either an in-plane
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Fig. 2. A cross section view of the thin acoustic source [10].

output displacement or in the case of an out-of-plane displacement, the operating frequency range is not applicable to our thin
acoustic source (frequencies below 1000 Hz are the frequencies of interest in the present work).
Limited build space of the thin acoustic source motivates the authors to investigate a new design for the actuation unit.
In the current research, a thin ﬂexural mechanism is proposed that can be used as a displacement-converter mechanism. The
thin mechanism can convert the displacement of a piezoelectric stack actuator to a desired motion. A lumped model of the
acoustic source is studied to obtain the required dimensions of the piezoelectric device. Based on the obtained results, a new
ﬂexural mechanism for the actuation part of the acoustic source is designed. A subsequent ﬁnite element (FE) simulation is
carried out to predict the mechanical behavior of the proposed design. The fully-coupled 3D numerical model investigates the
effectiveness of the proposed ﬂexural mechanism as the excitation part of the ﬂat acoustic source. Fluid-structural interaction is
also taken into account to have an accurate prediction of the acoustical behavior of the coupled system. The lumped model of the
acoustic source, which is used to obtain the optimum dimensions of the piezoelectric actuator, is also used as a ﬁrst estimation
to obtain the near-ﬁeld sound pressure. Finally, a comparison between the numerical ﬁnite element analysis and the lumped
model approach is investigated.
2. Methodology
2.1. Acoustic source
A high bending stiffness of the thin acoustic source, which is introduced in Ref. [13], is obtained by attaching the source to a
sandwich structure. The thin acoustic source has a relatively small thickness and a high bending stiffness and operates in the low
frequency, quasi-static regime below 1000 Hz. The structure of the acoustic source is shown in Fig. 2. It consists of a radiating
surface, a honey-comb structure, a perforated surface, an air cavity, and actuators. The face of the sandwich structure internal
to the source is perforated to increase the acoustic compliance. The importance of the air cavity is to reduce the required power
by storing elastic energy of the air cavity. The actuation unit of the thin source receives the electric power from a connected
electrical ampliﬁer, and drives the sandwich structure. The thin acoustic source fulﬁlls the following requirements 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 resulting acoustic source 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 plate as the 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.
The details of this acoustic source are described in Refs. [10,13].
2.2. Piezoelectric actuator
Piezoelectric actuators provide the driving force to the acoustic source [10]. They are able to convert an input electric power
to a mechanical power [10]. They consist of single piezoelectric layers that are typically mounted electrically in parallel and
mechanically in series to achieve a larger stroke compared with the individual layers [10]. Piezoelectric actuators are energy
eﬃcient devices with minimum power loss. It is common to use either equivalent electrical circuits to model piezoelectric actu-
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Fig. 3. The equivalent electrical circuit: (a) lumped piezoelectric stack actuator; (b) lumped acoustic source.

ators or directly solving the piezoelectric constitutive equations (see Ref. [28] for more details). In this research, an equivalent
electrical circuit is used to model a lumped piezoelectric actuator.
2.3. Equivalent electrical circuit
The equivalent electrical circuit of piezoelectric stack actuators is shown in Fig. 3(a). Vactuator shows the applied voltage to the
piezoelectric element. Parameters i and e represent the output current and voltage of electrical domain, respectively. 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 device. Mp , Cp ,
and Rp are the effective mass, the compliance, and the mechanical damping of the piezoelectric actuator, respectively. According
to Fig. 3(a), and using electrical analogy, the following equations can be obtained:
Fin = Factuator + u(j𝜔Mp +

e = vactuator + i

j
j𝜔C0
j
RE +
j𝜔C0

RE

,

1
+ Rp ),
j𝜔Cp

(1)

(2)

where 𝜔 is the angular frequency, and j is the imaginary unit.
An equivalent electrical circuit of a lumped model of the thin acoustic source is constructed according to the electrical analogy
[14]. The resulting circuit is shown in Fig. 3(b), where u and Factuator are the velocity and the applied force from the actuator to
the acoustic source, respectively. 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, compliance and
mechanical damping of the acoustic source. U1 and U2 are the volume velocities along the cavity and hollows of the honeycomb
core, respectively. The conversion 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
,
𝜌0 c02

(3)
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Fig. 4. The equivalent radiation impedance of the thin acoustic source using an electrical circuit in series [30].

𝜈h.c
,
𝜌0 c02

Zhollows =

(4)

in which the parameters 𝜈 cavity and 𝜈 h.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 =

𝜌0 c0 𝜁screen
A

,

(5)

where 𝜁 screen can be obtained using the following equation (see Ref. [14] for details):

√

𝜁screen =

2

𝜎

2𝜇k
𝜌0 c0

(

tp
dh

)

+1−𝜎

+j

k

𝜎

(
tp + 0.85dh (1 −

√

)

𝜎
) .
𝜋

(6)

According to this equation, 𝜁 screen is a function of the thickness of the perforated plate, tp , and the distance between any two
neighboring holes, dh . One can obtain the radiation impedance, Zrad (see Fig. 3(b)) considering the radiation impedance of a
circular rigid piston radiator which is mounted in an inﬁnite baﬄe, and has the same surface area as the rectangular acoustic
source [29]. Therefore, Zrad can be obtained using the resulting equation from the Helmholtz integral [29]:
Zrad =

𝜌0 c0
A

Rrad = 1 −
Mrad =

(Rrad + j𝜔Mrad ),

(7)

2J1 (2ka)
,
2ka

1 2K1 (2ka)
.
2ka

(8)

𝜔

where a is the radius of the equivalent circular piston, k is the wave number, and J1 and K1 are Bessel and Struve functions of the
ﬁrst kind, respectively. This expression can be described using an equivalent electrical circuit shown in Fig. 4 [30]. Acoustical
mass, Mrad , and resistance, Rrad , are arranged as the electrical elements in series in the equivalent circuit [30]. Using the electrical
analogy, the following equation can be concluded from the electrical circuit of the lumped acoustic source in Fig. 3(b):
Factuator = u(j𝜔Ms +

1
+ Rs ) + A2 u
j𝜔Cs

(

Zcavity (Zhollow + Zscreen )
Zcavity + Zhollow + Zscreen

)

+ A2 uZrad .

(9)

Factuator and u in Eqs. (1) and (2) can be substituted in Eq. (9), and subsequently, the fully-lumped model can be solved using the
electrical analogy.
As mentioned in Sec. 1, the main objective in the present work is to design the actuation unit of the thin acoustic source in
such a way that it contributes to the maximum radiation power of the complete acoustic source system. Therefore, using the
electrical analogy in Fig. 3, the radiation power of the complete lumped acoustic source is deﬁned as the power that is generated
in the component Zrad . This power generation occurs when Ud passes through the radiation impedance, Zrad , in the circuit. Prad
can be evaluated using the following equation:
∗
),
Prad = 0.5ℜ(Ud2 Zrad

(10)

∗ is the complex conjugate of the radiation impedance. Since the current in the acoustical domain, U , is a function of
where Zrad
d
all the electrical elements in the circuit, the resulting radiation power is also a function of those elements. Therefore, Prad is a
function of ipiezo and Vpiezo . That implies that Prad is a function of the characteristics of the piezoelectric device, i.e. the dimensions
of the piezoelectric device. Considering Eq. (10) and the relation between Prad and the dimensions of the piezoelectric actuator,
an optimization study can determine the optimum size of the actuator that results in a maximum radiation power of the thin
acoustic source.

2.4. Optimization
The equivalent lumped electrical circuit of the thin acoustic source is used in combination with MATLAB R2015b version 8.6
optimization toolbox [31]. Due to having a nonlinear objective function, the Sequential Quadratic Programming algorithm [32]
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Table 1
Material properties of the piezoelectric stack actuator that is used in the optimization study
[33].

Parameters

Symbol

Value

SI unit

Material
Charge coeﬃcient

–
d33

PSt150
640

–
10−12 C.N−1

Relative permittivity
Elastic compliance
Density
Dielectric loss factor
Mechanical quality factor

𝜖T
𝜖0

5400

–

𝜌piezo
tan𝛿

18.1
8000
200 × 10−4
70

10−12 m2 N−1
kg.m−3
–
–

sE

Qm

(SQP) is employed. Solving the optimization problem, the optimum dimensions of the required piezoelectric stack actuator are
obtained. The following optimization problem is deﬁned:
maximize

Prad (rp , lp )

subject to

mpiezo = constant,

r p ,l p

(11)

where rp and lp are the radius and the length of the piezoelectric stack actuator, respectively. According to Eq. (11), the only
constraint is the mass of the piezoelectric stack actuator, which is a linear function of the dimensions of the actuator. The mass
of the piezoelectric stack actuator is considered to be equal to the mass of the voice coil actuator that was used in a previous
study in Ref. [14] in the design of the same acoustic source (mpiezo = 43.7g). The objective is maximizing the radiation power
(Prad ) of the acoustic source at a low frequency below 1000 Hz, when it is excited by a piezoelectric stack actuator with a constant
mass. The radiation power in Eq. (11) is calculated according to the electrical analogy, and can be determined using Eq. (10).
According to Eq. (10) and the electrical analogy (see Fig. 3), the objective function in the optimization problem is a function of the
current in the acoustical domain, Ud . The current in the acoustical domain is a function of the impedance of all the components
in the equivalent electrical circuit, including the electrical capacitance of the piezoelectric actuator. The electrical capacitance
of the actuator, C0 , is a function of the dimensions of the actuator, rp and lp . Therefore, according to the electrical analogy, the
relation between the objective function is a nonlinear complex function (see Ref. [10] for more details). The material properties
of the piezoelectric stack actuator that is used in the optimization study is listed in Table 1. Therefore, the optimization problem
is solved for a speciﬁc piezoelectric material, where the only design variables are the dimensions of the actuator. Note that both
mass and density of the piezoelectric stack actuator are deﬁned as constant parameters. Hence, the volume of the optimum
actuator is constant. It can be concluded that the design variables (rp and lp ) are dependent. Therefore, the study can be simpliﬁed
as a single-variable optimization problem with the deﬁned upper and lower bounds for the radius and the length of the optimum
actuator. The deﬁned upper and lower bounds for the dimensions of the optimum actuators ensure that the aspect ratio between
the radius and the length of the actuator remains within an allowable range. In the present study, the optimization problem is
solved for the optimum radius of the actuator, which 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.
The result of optimization is shown in Fig. 5. According to the ﬁgure, the maximum radiation power of the acoustic source
corresponds to the optimum radius of 4 mm. This radius corresponds to the length of 100 mm for the piezoelectric stack actuator
(which is equal to the upper bound length in solving the optimization problem). Due to the constant volume of the optimum
piezoelectric stack actuator, the longer the length of the actuator, the smaller the radius.
The introduced upper and lower bounds result in an optimum actuator with an aspect ratio that is the closest to unity. The
maximum radiation impedance is obtained at frequencies below 1000 Hz. The optimum value of the radiation impedance in the
ﬁgure is evaluated at 100 Hz.

2.5. Requirements and limitations
According to the outcome of the optimization, a piezoelectric stack actuator with a length of 100 mm is needed. This optimum
lp is obtained for the speciﬁc piezoelectric material with the deﬁned mass and density of the actuator (see Table 1). The length
and the radius of the optimum actuator are chosen in such a way that the aspect ratio remains close to unity. However, the
available space for the actuator in the structure of the thin acoustic source is limited to the cavity gap with the thickness of only
10 mm. Since the optimum piezoelectric element with lp = 100 mm is not ﬁtted in the available gap, the use of a displacementconverter mechanism is crucial. With the aid of a displacement-converter mechanism, the optimum actuator can be used while
it is mounted in the horizontal plane. Therefore, the displacement of the piezoelectric device in a direction without any space
constraint (in the horizontal plane) can be converted to the desired vertical displacement (in the out-of-plane z-axis direction).
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Fig. 5. The result of the optimization study that shows the optimum radius and length of the piezoelectric stack actuator to achieve maximum radiation power of the thin
acoustic source.

3. Numerical modeling
3.1. Flexures, the actuation part of the acoustic source
Using a ﬂexural displacement-converter mechanism, it is possible to use piezoelectric devices in a horizontal xy-plane and
obtain the converted out-of-plane displacement in the direction of the z-axis. In the present paper, a 3D numerical ﬁnite element
simulation in COMSOL Multiphysics 5.3a software package is performed [34]. The designed mechanism has only one degree of
freedom for the displacement in the vertical direction (in the direction of the z-axis).
The schematic of the suggested ﬂexural mechanism is shown in Fig. 6(a). As seen in this ﬁgure, a single piezoelectric stack
actuator is 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. Both ends of
the ﬂexural mechanism are ﬁxed to resemble ﬁxed joints. The horizontal deformation of the piezoelectric stack actuator in the
direction of the x-axis is translated to the output motion in the direction of the z-axis (see Fig. 6(b)). Due to the symmetric design,
the central part of the mechanism only experiences a vertical displacement. The dimension of the designed mechanism in the
direction of the z-axis is only 10 mm. Therefore, it can be ﬁtted in the air cavity of the thin acoustic source. The out-of-plane
dimension of the ﬂexural mechanism in the direction of the y-axis is 20 mm to ensure that the mechanism is stiff enough in that
direction.
3.2. Coupled model of the ﬂexural design and the thin acoustic source
A 3D ﬁnite element model (FEM) of the thin acoustic source is used to analyze the suggested ﬂexural mechanism. The numerical study in COMSOL Multiphysics predicts the near-ﬁeld sound pressure that is radiated from the ﬂat acoustic source. A piezoelectric stack actuator is modeled numerically according to the special electrical and mechanical interfaces available in the
software. A voltage of 150 V is applied to the piezoelectric element. The fully-coupled ﬁnite element problem is solved by
considering the electrical, mechanical and acoustical interfaces. Fig. 7 shows the ﬁrst bending mode of the sandwich plate in
the fully-coupled model. The fully-coupled ﬁnite element model takes into account the ﬂuid-structural interaction. The fullycoupled model considers identical normal velocities for both the radiating plate of the acoustic source, vn,Structure , and the nearﬁeld air particles on the surface, vn,Fluid :
vn,Structure = vn,Fluid .

(12)

Moreover, the applied normal force from the sandwich plate to the acoustical domain, Fn,Structure, has the same value but an
opposite direction as the force applied from the acoustical domain to the radiating plate, Fn,Fluid :
Fn,Structure = −Fn,Fluid .

(13)

As a result of the ﬁnite element analysis, the generated sound by the radiating surface of the acoustic source is calculated
and is shown in Fig. 8. As seen in this ﬁgure, the near-ﬁeld sound pressure level of the thin acoustic source is predicted by the
ﬁnite element model at 50 Hz, 200 Hz, and at resonance (436 Hz). The acoustic source can reach 70 dB, 95 dB and 120 dB at
50 Hz, 200 Hz, and at resonance, respectively. According to the Equal-loudness-level contours [35], the obtained sound pressure
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Fig. 6. The suggested displacement-converter mechanism: (a) the schematic of the proposed mechanism; (b) the deformed mechanism during operation.

Fig. 7. The mechanical and acoustical mode shapes of the fully-coupled acoustic source system that are obtained at the ﬁrst resonance frequency (bending mode at 436 Hz).

values are within the audible range. The reference sound pressure of 20 × 10−6 Pa is considered in the simulation for obtaining
the sound pressure level in the near-ﬁeld and far-ﬁeld calculations.
4. Results and discussions
A fully-coupled 3D ﬁnite element analysis in COMSOL Multiphysics predicts the acoustical behavior of the thin acoustic
source that is actuated by the proposed ﬂexural mechanism. Fig. 9 shows that the proposed ﬂexural mechanism is useful in the
structure of the thin acoustic source. This is due to the successful conversion of the in-plane input motion into a perpendicular
out-of-plane motion that has a relatively similar magnitude as the input. According to the ﬁnite element analysis, a rigid-body
motion of the actuation part of the thin acoustic source is achieved below 200 Hz (see Fig. 9). The rigid-body motion of the source
ensures a ﬂat frequency response in the low frequency range. Fig. 9 shows a comparison between the input and output motions
of the suggested ﬂexural mechanism. Below the ﬁrst resonance of the coupled system (at 436 Hz), the horizontal displacement of

10

F. Tajdari et al. / Journal of Sound and Vibration 473 (2020) 115229

Fig. 8. Sound pressure level of the air in the cavity, the near-ﬁeld air, and the far-ﬁeld air of the thin acoustic source; the results are evaluated using a reference pressure of
20 × 10−6 Pa at various frequencies: (a) 50 Hz; (b) 200 Hz; (c) 436 Hz.

Fig. 9. A comparison between the input and output displacements of the proposed motion-converter mechanism; the results are obtained from the FE analysis over the
operating frequency range below 1000 Hz.

the piezoelectric actuator in the direction of the x-axis is approximately 1.2 × 10−5 m. In the same frequency range, the output
displacement of the actuation mechanism in the direction of the z-axis is 1.8 × 10−5 m. One can determine the ampliﬁcation
ratio of the ﬂexural mechanism as the ratio between the output and input motions to be 1.5. Fig. 10 shows the relation between
the input and output motions of the proposed motion-converter mechanism. The relation between the input and output motions
in the ﬁgure is linear. This linear relation ensures that the proposed motion-converter mechanism is a linear system.
The acoustical behavior of the thin acoustic source that is actuated by the suggested ﬂexural mechanism is shown in Fig. 11.
The sound pressure level on a point that is located in the center of the radiating plate is investigated in the ﬁgure. The ﬁrst
resonance of the coupled system occurs at 436 Hz. This ﬁrst resonance corresponds to the ﬁrst bending mode of the sandwich
source. As seen in the ﬁgure, above 30 Hz, the sound pressure level on the surface of the acoustic source is within the audible
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Fig. 10. The linear relation between the input and output motions of the proposed motion-converter mechanism that is obtained from the FE analysis.

Fig. 11. A comparison between the obtained sound pressure level at a point in the center of the radiating surface of the thin acoustic source; the results are obtained using
both the fully-FEM model and the lumped model (the reference sound pressure is equal to 20 × 10− 6 Pa).

range (according to the Equal-loudness-level contours [35]). The ﬁgure shows a good agreement between the FEM and the
lumped model of the thin acoustic source, especially, below the ﬁrst bending mode of the thin sandwich structure at 436 Hz.
Therefore, the result of the lumped model in the ﬁgure can be used to validate the FEM analysis, especially below the ﬁrst
resonance of the coupled acoustic source system. It can be concluded from the ﬁgure that below the ﬁrst resonance, using the
lumped model is suﬃcient and computationally less expensive to obtain the SPL of the acoustic source than using the ﬁnite
element model.
The relation between the applied voltage to the piezoelectric stack actuator and the generated sound pressure level of the
thin acoustic source is shown in Fig. 12. The applied DC voltage to the actuator is 75 V, and the peak value of the applied AC
voltage varies from 5 V to 75 V. The SPL is obtained on a point that is located in the middle of the vibrating surface of the thin
acoustic source. As seen in the ﬁgure, increasing the applied AC voltage to the piezoelectric stack actuator results in an increase
in the generated sound pressure level of the thin acoustic source. The ﬁgure is obtained at 100 Hz.
The directivity of the thin acoustic source is shown in Fig. 13. As seen in the ﬁgure, the directivity of the generated sound
pressure level is dependent on the operating frequency. The directivity pattern in the ﬁgure is normalized with respect to the
angle 0◦ . The associated sound pressure level at various frequencies in half space is shown in the ﬁgure. The angle 0◦ corresponds
to the normal line to the vibrating surface of the thin acoustic source, which is in the direction of the z-axis (see Fig. 8). As
seen in the ﬁgure, the radiation pattern, especially, along the normal line with the angle 0◦ , has a relatively similar pattern
for the frequencies below 550 Hz. Fig. 14 shows an overview of the far-ﬁeld directivity pattern in the xz-plane. With the angle
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Fig. 12. The relation between the peak value of the input AC voltage to the piezoelectric stack actuator and the output sound pressure level of the proposed motion-converter
mechanism (the reference sound pressure is equal to 20 × 10−6 Pa).

Fig. 13. The normalized far-ﬁeld directivity of the generated sound pressure level of the thin acoustic source (the angle 0◦ corresponds to the normal line to the vibrating
surface in the positive direction of the z-axis).

0◦ pointing at the direction of the z-axis, the polar directivity plot is shown for multiple frequencies. The ﬁgure is obtained for
various distance ranges from the vibrating surface of the thin acoustic source in the far-ﬁeld. As seen in the ﬁgure, the directivity
of the thin acoustic source is dependent on the studied frequencies.
As seen in the ﬁgure, the directivity pattern of the thin acoustic source has the biggest beam lobe in the direction of angle 0◦ ,
especially below the fundamental resonance of the coupled acoustic source system (436 Hz). According to the ﬁgure, below the
fundamental resonance frequency, the directivity pattern is a single-lobe beam pointing at angle 0◦ .
5. Summary
In the present research, the optimization study shows that the required length for the piezoelectric stack device as the
excitation part of a thin acoustic source is approximately 100 mm. However, due to limited build space, it is not possible to
use a piezoelectric stack actuator with a length larger than 10 mm. Therefore, a ﬂexural mechanism is designed to be used as
a displacement-converter mechanism. The ﬂexural mechanism is simulated numerically using COMSOL Multiphysics software
package. The acoustical behavior of the thin acoustic source is numerically investigated when the proposed mechanism is used
as the actuation part. The suggested ﬂexural motion-converter mechanism makes it possible to use a thin piezoelectric actuator.
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Fig. 14. The polar far-ﬁeld directivity pattern of the thin acoustic source at multiple frequencies when the reference angle of 0◦ corresponds to the positive direction of the
z-axis in the xz-plane.

The proposed thin actuation design can successfully convert a motion of the piezoelectric stack actuator in the direction of the
x-axis to an out-of-plane motion in the direction of the z-axis. A lumped model of the thin acoustic source is compared with the
results of a 3D numerical ﬁnite element simulation. The obtained sound pressure level on the surface of the sandwich plate of
the source is identical in both the numerical FEM and the lumped models. A comparison between the SPL obtained from both
the lumped model and the numerical FE analysis shows that the numerical model can successfully predict the behavior of the
acoustic source and the proposed actuation unit up to the fundamental resonance of the acoustic source system. The directivity
of the generated sound pressure of the thin acoustic source is obtained in the far-ﬁeld space to investigate the frequencydependency of the directivity.
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