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a b s t r a c t

This paper focuses on extensive numerical and experimental investigations of a thin sand-

wich acoustic source. Due to an energy inefficient actuation design, a thin sandwich acoustic

source that was proposed in an early study is redesigned and reconstructed in the current

research. The thin acoustic source in the present paper is actuated by long piezoelectric stack

actuators that are integrated with an auxiliary flexural mechanism. With the aid of the pro-

posed actuation mechanism, the acoustic source is sufficiently thin and can be employed in

applications with limited build space. Simplified equivalent parameters are used in a fully-

coupled Finite Element (FE) model of the complete thin acoustic source to numerically model

the involved physics. An experimental investigation validates the fully-coupled FE model. The

obtained results show that there is good agreement between the numerical and experimental

studies with an overall error of less than 23%. In particular, the investigation shows that there

is very good agreement between the numerical model and the measurement results in the

low frequency range up to the fundamental resonance of the thin acoustic source.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

1.1. Low frequency acoustic sources

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 frequencies. 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 techniques 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 control 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 frequen-

∗
Corresponding author.

E-mail addresses: f.tajdari@alumnus.utwente.nl (F. Tajdari), a.p.berkhoff@utwente.nl (A.P. Berkhoff), a.deboer@utwente.nl (A. de Boer).

https://doi.org/10.1016/j.jsv.2020.115435

0022-460X/© 2020 Elsevier Ltd. All rights reserved.

https://doi.org/10.1016/j.jsv.2020.115435
http://www.sciencedirect.com/science/journal/
http://www.elsevier.com/locate/jsvi
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jsv.2020.115435&domain=pdf
mailto:f.tajdari@alumnus.utwente.nl
mailto:a.p.berkhoff@utwente.nl
mailto:a.deboer@utwente.nl
https://doi.org/10.1016/j.jsv.2020.115435


F. Tajdari et al. / Journal of Sound and Vibration 482 (2020) 1154352

cies, thin, stiff, and low weight sandwich 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 [4–6].

Thin sandwich structures have been studied widely in vibro-acoustics applications in recent years. Vibrating double-layer

panels with various mechanical boundary conditions are investigated in Ref. [7–9]. The vibro-acoustics characteristics of sand-

wich structures with honeycomb cores are examined in Ref. [10]. 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 [11]. The radiation efficiency of the perforated panels is examined in Ref. [11,12].

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 [13]. The suggested honeycomb acoustic source is examined for active vibration control and acoustic

resonances control using voice coil actuators [14]. 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

[15]. To eliminate the energy loss in the suggested flat sandwich acoustic source, the usage of piezoelectric stack actuators is

investigated [15]. Piezoelectric actuators are interesting in active control applications and whenever a precise motion is required

[15]. The numerical research on a lumped model shows that using these actuators in the design of the thin acoustic source

results in less energy dissipation and recovery of the unused stored energy in the acoustic source [15]. 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 of the thin acoustic source [16]. Recent studies with a focus on the

lumped model of the thin acoustic source did examine the possibility of using piezoelectric stack actuators [16]. However, more

extensive numerical and experimental studies are needed on the vibro-acoustics characteristics of the thin sandwich source

that is actuated by the integrated flexure-based piezoelectric stack devices.

1.2. Objective of the current paper

The contribution of the current paper is to numerically and experimentally investigate the vibro-acoustic behavior of the

thin acoustic source proposed by Berkhoff [13]. The redesigned and manufactured sandwich acoustic source is actuated by the

suggested auxiliary flexural mechanism that is integrated with the piezoelectric stack actuators. The complementary measure-

ment is performed to examine the thin acoustic source in practice, and to validate the fully-coupled numerical Finite Element

(FE) analysis. 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.

In the current paper, Section 2 investigates the features of various components of the redesigned sandwich acoustic source.

Numerical considerations and simplified equivalent models of the sandwich acoustic source are determined in Section 3 to be

used in the fully-coupled finite element analysis. The details of the experimental investigation are addressed in Section 4. Finally,

the results of the numerical analysis are discussed in Section 5 and are compared with the measured results.

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. Fig. 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 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. [16] 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 [17]. These devices can actively be controlled to deform precisely to reach a
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Fig. 1. The thin acoustic source actuated by the integrated flexure-based piezoelectric mechanism: (a) trimetric view; (b) front view (section A–A).

desired range of motions [17].

In most applications, the output displacement of the piezoelectric stack actuators remains linear. Therefore, the piezoelectric

constitutive equations can be used to express the behavior of piezoelectric stack devices [18] as follows:

Sij = sE
ijkl

Tkl + dkijEk,

Di = diklTkl + 𝜖T
ik

Ek.
(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, sE
ijkl

, and 𝜖T
ik

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 actu-

ators cannot be fitted in the air cavity aperture of the source [16] (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 [16].

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. [16].
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Fig. 2. The thin flexural mechanism that uses two piezoelectric stack actuators, and converts the actuators’ motion to a perpendicular output motion [16]: (a) schematic of

the mechanism; (b) direction of input motion of the piezoelectric stack actuators and the output motion of the flexural mechanism.

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 [19]. The thin faces are connected to the core using strong adhesive materials

[19]. A honeycomb structure is a common core geometry that is used in the industry [19]. 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 [19].

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

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 [20]:

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 [20]:

D =
Eftt

3
ft

12
+

Efbt3
fb

12
+

EfttftEfbtfbd2

Efttft + Efbtfb

. (4)

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

sandwich structure.

2.3.1. Face surfaces

A sandwich structure is considered sufficiently thin if [21]:

d

tft

> 5.7,

d

tfb

> 5.7.

(5)
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Fig. 3. A sandwich structure that consists of a thin top face, a thin bottom face, and a thick honeycomb core.

Fig. 4. The dimensions of the perforation pattern and the honeycomb cells in millimeters: (a) perforation pattern; (b) honeycomb core’s cells.

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 [22]. The bottom face is a perforated stainless steel sheet with a thickness

of tfb = 0.2 mm [23]. 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.

2.3.2. Honeycomb core

The core of the honeycomb structure in this study is made of aluminum [24] 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 skins of the honeycomb sandwich structure are bonded to the honeycomb core using Araldite 2011 Epoxy adhesive

[25]. 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 methacrylate

(PMMA) [26] 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.
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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 kgm−3

Solid plate mass m 175 g

Solid plate Poisson ratio 𝜈 0.33

Rubber stiffness, short edge Ks 92.286 Nm−1

Rubber stiffness, long edge Kl 65.253 Nm−1

Extra air layer of core hextra 20 mm

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 [27] 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.

In the numerical model, the sandwich panel is modeled as a homogeneous plate, the rubber suspension as a stiffness bound-

ary condition and the air in the hollows of the honeycomb core as an extra air layer added to the cavity. In Section 3.1, simplified

equivalent parameters representing the components of the sandwich acoustic source are discussed. The simplified equivalent

parameters are determined based on experiments and are included in the fully-coupled numerical FE model in Section 3.3. The

details of the FE models of the piezoelectric actuators and the flexural mechanism are discussed in Section 3.2 and are included

in the fully-coupled FE analysis in Section 3.3.

3.1. Equivalent simplified parameters of the sandwich acoustic source

Due to the complex modeling of the thin sandwich acoustic source, some components are approximated with simplified

but sufficiently accurate equivalent parameters to be used in the FE model of the fully-coupled acoustic source. Equivalent

parameters can be determined for the sandwich plate, the rubber sealing and the air in the honeycomb core. The equivalent

parameters are evaluated using the results of measurements in comparison with the alternative simplified FE models. The

obtained simplified equivalent parameters are discussed in the following sections and are listed in Table 1.

3.1.1. 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 fully-coupled 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 [28], the free sandwich structure is excited

in a frequency sweep in the range of 20 Hz–2000 Hz. Using a 3D scanning laser camera vibrometer (model Polytec PSV-500 [29]),

the mode shapes of the sandwich structure between 20 Hz and 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–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 software 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 Young’s modulus of the

modeled homogeneous plate is selected to be 2.06 GPa. The equivalent density of the solid plate is determined using the weight

and volume of the sandwich structure (138 kgm−3).

3.1.2. 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 [30]), the deformation of the free end of

the rubber specimen is measured when it is 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
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Fig. 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.

Fig. 6. The measurement configuration to obtain the equivalent stiffness of the rubber suspension.

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, respec-

tively. The length of the rubber suspension 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 Modulus 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 fully-coupled

numerical FE analysis.

3.1.3. Air in the honeycomb core

The equivalent homogeneous plate, which is designed in Section 3.1.1, 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 alternative simplified FE analysis, on the other hand, the equivalent
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Fig. 7. The measured stiffness of the rubber suspension along: (a) short edge; (b) long edge.

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

alternative simplified 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 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 Fig. 8(d)–(f) are coupled modes and are influenced

by the coupled physics involved in the acoustic source. A simplified numerical FE model of the thin acoustic source (including

only the FE model of the flexural mechanism and the two piezoelectric stack actuators and without considering the acoustical

effect of the external air in the surrounding) 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

vibration resonance mode of the simplified 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 simplified 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
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Fig. 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.

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 m2N−1

Density 𝜌piezo 7850 kgm−3

Dielectric loss factor tan𝛿 150 × 10−4

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 simplified FE model, the

total dimension of the cavity in the direction of the z-axis is 30.5 mm.

3.2. Flexural piezoelectric mechanism

The FE model of the flexural mechanism is integrated with the piezoelectric stack actuators (see Ref. [16]). Two Lead Zirconate

Titanate (PZT) ceramics piezoelectric stack actuators manufactured by Noliac (NAC2013-H30 [31]) 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)).

The flexural mechanism shown in Fig. 2 is made of structural steel and has the dimensions 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. [16] for more details). With these dimensions, the actuation

mechanism can be fitted in the air cavity of the acoustic source.
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Fig. 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.

3.3. Fully-coupled finite element model of the complete acoustic source

The FE model of the flexural mechanism and the piezoelectric stack actuators (see Section 3.2) is combined with the equiv-

alent FE model of the simplified honeycomb sandwich structure (see Section 3.1). The fully-coupled FE model is shown in Fig. 9

and the equivalent parameters are listed in Table 1.

As seen in Fig. 9(a), the acoustical Fluid-Structure-Interaction (FSI) takes into account two couplings: the external coupling

between the radiating surface of the acoustic 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.vF = n̂.vS, (7)
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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 [31] 30 × 5 × 5

Rubber suspension EPDM [32] 2 × (297 + 210) × 50

Enclosure air capacity PMMA [26] 311 × 241 × 33.85

where vF and vS are the velocity vectors of the fluid and the structure, respectively, and n̂ projects these velocities on the normal

direction to the shared boundary. Moreover, the applied normal forces from both the fluid and the vibrating structure to the

shared boundary have the same amplitude but the opposite directions:

n̂.FF = −n̂.FS, (8)

where FF and FS are respectively the applied forces from the fluid and the structure to the shared boundary.

As discussed in Section 3.1.1, the honeycomb sandwich structure with a perforated bottom skin is modeled using an equiv-

alent 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 3.1.1. The equivalent

stiffness of the rubber suspension is obtained in Section 3.1.2 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.An FE model of the fully-coupled complete acoustic source includes the models of the two piezoelectric stack actu-

ators, 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 surrounding. The frequency range of interest in this study is between 20 Hz and 1000 Hz, and in particular, at the

frequencies below the fundamental resonance of the thin sandwich acoustic source. The dimensions and properties of the thin

acoustic source are summarized in Table 3. The coupled combined FE model contains 711585 vol elements including 703751

tetrahedral elements and 7834 prism elements. The prism elements are used to mesh the Perfectly Matched Layer [33] (PML).

The PML is used to model the 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 fully-coupled numerical FE model. In the measure-

ment, a thin acoustic source is actuated by 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 3.3). A power amplifier Falco

Systems (model WMA-300 [34]) 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 reflection occurs 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 [29]). The measurement is performed for the frequencies between 20 Hz and 1000 Hz. The experimental

study that was performed in Section 3.1.3 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 [35]) 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).

5. Results and discussions

Sound radiation properties of the proposed acoustic source are measured and compared with the numerical fully-coupled

FE model. To verify the performance of the fully-coupled acoustic source, principle physical features of the sandwich acoustic

source are measured, including the near-field Sound Pressure Level (SPL), the velocity and displacement of the vibrating surface,

and the applied electrical input voltage. The effect of the applied voltage to the actuators on the SPL of the sandwich acoustic

source is investigated in this section. The fundamental resonance peak and other vibro-acoustic modes of the proposed acoustic
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Fig. 10. The measurement setup: (a) a frame holding an array of seven microphones 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.

source are measured and compared with the fully-coupled FE model.

5.1. Measured features of the proposed sandwich acoustic source

The results of the measured (SPL) by the microphones are shown in Fig. 11. The SPL in this figure is obtained with respect

to the reference pressure of 20 × 10−6Pa, and is measured at a distance of 17 mm from the radiating surface of the acoustic

source.

Fig. 11(a) shows the measured SPL by 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 (see Section 5.3 for an explanation).

Fig. 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 higher

the applied peak voltage to the actuators, the higher the measured sound pressure level at Mic1.

5.2. Finite element simulation versus experimental results

A comparison between the numerical FE model and the measurement result is shown in Fig. 12. As seen in Fig. 12(a) and (b),

the measured velocity and the displacement 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 [16]. 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. [16]. 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
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Fig. 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 × 10−6Pa: (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.

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.

5.3. Discussions

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 3.1.1, 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
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Fig. 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 × 10−6Pa).

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 3.1.3). 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 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 Fig. 12(a) and (b), respectively. The near-field SPL is measured using Mic1 and

is shown in Fig. 12(c). As seen in Fig. 12(a)–(c), there is a good agreement between the FE model and the measurement results
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Fig. 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.

in the low frequency range below 370 Hz. This low frequency range is the main focus of the current research.

Fig. 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 Fig. 12(a) and (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 Fig. 12(a) and (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 Fig. 12(a) and (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 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.

6. Summary and conclusions

In this research, a thin acoustic source is numerically and experimentally studied. The source is actuated using two piezo-

electric stack actuators in combination with a thin flexural mechanism. The dimension of the integrated piezoelectric-flexural

mechanism is sufficiently small to be fitted in the air cavity aperture of the thin acoustic source. Using the piezoelectric actua-

tors 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
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thin source is complicated and computationally 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 simplified FE model is less computationally expensive than the full model of the sand-

wich structure. The thin acoustic source actuated by the integrated flexure-based mechanism is constructed for a complimen-

tary experimental study. A comparison between the numerical FE and the measurement results shows a good agreement for

frequencies below 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 hysteresis in the construction process of the integrated piezoelectric-flexural mechanism. The relatively con-

stant offset between the measured result and the numerical result can be due to the underestimation of the stiffness of the

rubber suspension in the simplified FE model. The effect of the connection point of flexural mechanism to the sandwich struc-

ture also influences this deviation. Another factor that causes this deviation between 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 cou-

pled acoustic source system below the fundamental resonance frequency. Therefore, there is a good agreement between the FE

model and the measurement results in the frequency range of interest in this work.

CRediT authorship contribution statement

F. Tajdari: Conceptualization, Methodology, Software, Validation, Formal analysis, Investigation, Writing - original draft. A.P.

Berkhoff: Supervision. A. de Boer: Writing - review & editing, Supervision.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have

appeared to influence the work reported in this paper.

Acknowledgement

The authors gratefully acknowledge the European Commission for its support of the Marie Skłodowska Curie program

through the ITN ANTARES project (GA 606817). The experimental development is supported by Axel Z.A.J. Lok and Leo

Tiemersma of the Faculty of Engineering Technology, University of Twente.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.jsv.2020.115435.

References

[1] L. Beranek, T. Mello, Acoustics: Sound Fields and Transducers, Academic Press, 2012, https://doi.org/10.1016/C2011-0-05897-0, https://www.
sciencedirect.com/book/9780123914217/acoustics-sound-fields-and-transducers.

[2] S. Elliott, P. Nelson, Active noise control, IEEE Signal Process. Mag. 10 (4) (1993) 12–35, https://doi.org/10.1109/79.248551, https://ieeexplore.ieee.org/

document/248551.
[3] C. Fuller, S. Elliott, P. Nelson, Active Control of Vibration, Academic Press, 1997, https://www.sciencedirect.com/book/9780122694400/active-control-of-

vibration.
[4] B. Petitjean, I. Legrain, F. Simon, S. Pauzin, Ac tive control experiments for acoustic radiation reduction of a sandwich panel: feedback and feedforward

investigations, J. Sound Vib. 252 (1) (2002) 19–36, https://doi.org/10.1006/jsvi.2001.4022.

[5] J. Rohlfing, P. Gardonio, D. Thompson, Comparison of decentralized velocity feedback control for thin homogeneous and stiff sandwich panels using
electrodynamic proof-mass actuators, J. Sound Vib. 330 (5) (2011) 843–867, https://doi.org/10.1016/j.jsv.2010.09.013.

[6] Y. Luo, S. Xie, X. Zhang, The actuated performance of multi-layer piezoelectric actuator in active vibration control of honeycomb sandwich panel, J. Sound
Vib. 317 (3) (2008) 496–513, https://doi.org/10.1016/j.jsv.2008.03.047.

[7] T. Lok, Q. Cheng, Fr ee vibration of clamped orthotropic sandwich panel, J. Sound Vib. 229 (2) (2000) 311–327, https://doi.org/10.1006/jsvi.1999.2485.
[8] T. Lok, Q. Cheng, Fr ee and forced vibration of simply supported, orthotropic sandwich panel, Comput. Struct. 79 (3) (2001) 301–312, https://doi.org/10.

1016/S0045-7949(00)00136-X.

[9] E. Nilsson, A. Nilsson, Prediction and measurement of some dynamic properties of sandwich structures with honeycomb and foam cores, J. Sound Vib. 251
(3) (2002) 409–430, https://doi.org/10.1006/jsvi.2001.4007.

[10] M. Vivolo, B. Poluymers, D. Vandepitte, W. Desmet, An experimental-numerical study on the vibro-acoustic characterization of honeycomb lightweight
panels, in: Proceedings of the International Conference on Noise and Vibration Engineering ISMA 2010, Leuven, Belgium, 2010, pp. 2197–2211. http://past.
isma-isaac.be/downloads/isma2010/papers/isma2010_0486.pdf.

[11] A. Putra, D. Thompson, So und radiation from perforated plates, J. Sound Vib. 329 (20) (2010) 4227–4250, https://doi.org/10.1016/j.jsv.2010.04.020.
[12] A. Putra, D. Thompson, Radiation efficiency of unbaffled and perforated plates near a rigid reflecting surface, J. Sound Vib. 330 (22) (2011) 5443–5459,

https://doi.org/10.1016/j.jsv.2011.05.033.
[13] A. Berkhoff, Sound generator, US Patent, US20 100 111 351 A2 (2010). URL https://nl.espacenet.com/publicationDetails/originalDocument?DBEPO

DOC&localenl_nl&FTD&date20100506&CCUS&NR2010111351A1&KCA1#.
[14] J. Ho, A. Berkhoff, Flat acoustic sources with frequency response correction based on feedback and feed-forward distributed control, J. Acoust. Soc. Am. 137

(4) (2015) 2080–2088, https://doi.org/10.1121/1.4914997, https://asa.scitation.org/doi/abs/10.1121/1.4914997.

[15] F. Tajdari, A. Berkhoff, A. de Boer, Numerical modeling of electrical-mechanical-acoustical behavior of a lumped acoustic source driven by a piezoelectric
stack actuator, in: Proceedings of the International Conference on Noise and Vibration Engineering ISMA 2016, KULeuven, Leuven, Belgium, 2016, pp.

1261–1275. http://doc.utwente.nl/102767/.

https://doi.org/10.1016/j.jsv.2020.115435
https://doi.org/10.1016/C2011-0-05897-0
https://www.sciencedirect.com/book/9780123914217/acoustics-sound-fields-and-transducers
https://www.sciencedirect.com/book/9780123914217/acoustics-sound-fields-and-transducers
https://doi.org/10.1109/79.248551
https://ieeexplore.ieee.org/document/248551
https://ieeexplore.ieee.org/document/248551
https://www.sciencedirect.com/book/9780122694400/active-control-of-vibration
https://www.sciencedirect.com/book/9780122694400/active-control-of-vibration
https://doi.org/10.1006/jsvi.2001.4022
https://doi.org/10.1016/j.jsv.2010.09.013
https://doi.org/10.1016/j.jsv.2008.03.047
https://doi.org/10.1006/jsvi.1999.2485
https://doi.org/10.1016/S0045-7949(00)00136-X
https://doi.org/10.1016/S0045-7949(00)00136-X
https://doi.org/10.1006/jsvi.2001.4007
http://past.isma-isaac.be/downloads/isma2010/papers/isma2010_0486.pdf
http://past.isma-isaac.be/downloads/isma2010/papers/isma2010_0486.pdf
https://doi.org/10.1016/j.jsv.2010.04.020
https://doi.org/10.1016/j.jsv.2011.05.033
https://nl.espacenet.com/publicationDetails/originalDocument?DB=EPODOC&amp;locale=nl_nl&amp;FT=D&amp;date=20100506&amp;CC=US&amp;NR=2010111351A1&amp;KC=A1
https://doi.org/10.1121/1.4914997
https://asa.scitation.org/doi/abs/10.1121/1.4914997
http://doc.utwente.nl/102767/


17F. Tajdari et al. / Journal of Sound and Vibration 482 (2020) 115435

[16] F. Tajdari, A. Berkhoff, 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, KULeuven, Leuven, Belgium, 2018,
https://research.utwente.nl/en/publications/numerical-modeling-of-a-flexural-displacement-converter-mechanism.

[17] J. Holterman, P. Groen, An Introduction to Piezoelectric Materials and Applications, Stichting Applied Piezo, 2013, http://applied-piezo.com/books/

piezoelectric-materials-and-applications/.
[18] IEEE standard on piezoelectricity. https://ieeexplore.ieee.org/document/26560.

[19] Sandwich structures. https://global-stl.mst.edu/media/extendedlearning/eec/documents/birmansamples/samplechapters/AE-ME484_Fall_2010_
chapter_7.pdf, (Accessed 20 June 2019).

[20] D. Zenkert, Introduction to Sandwich Construction, Engineering Materials Advisory Services Ltd., 1995.
[21] H. Allen, Chapter 10 - formulae for analysis, in: H. Allen (Ed.), Analysis and Design of Structural Sandwich Panels, the Commonwealth and International

Library: Structures and Solid Body Mechanics Division, Pergamon, 1969, pp. 217–234, https://doi.org/10.1016/B978-0-08-012870-2.50014-6.

[22] Goodfellow, aluminum sheet. http://www.goodfellow.com/catalogue/GFCat4I.php?ewd_tokent8NQ9xGLlrSEfsjNtQNSDsXCthl2iy&nltBsczCVC6RdPom
8dyE7ArjF0WVeAi&ewd_urlNoGFCatSeaReb6&CatiteAL000592&CatSearNum2, (Accessed 21 June 2019).

[23] Goodfellow, Stainless steel sheet. http://www.goodfellow.com/catalogue/GFCat4I.php?ewd_tokenyxOsM16AkR1aXn4CaGTvju5rBJJgJcnEScgaf6ibVCvVP
MPSHmwjvgRUUR7Tt&ewd_urlNoGFCat411&CatiteFE200297&CatSearNum1, (Accessed 21 June 2019).

[24] Goodfellow, aluminum honeycomb. http://www.goodfellow.com/catalogue/GFCat4I.php?ewd_tokeniJyAhIfBjU2ga5DAZqC4WVRw59DyjH&noaGRLYI

7VATGsw2xguof7gQdy9570s, (Accessed 21 June 2019).
[25] Araldite 2011 Epoxy adhesive. Data sheet, https://nl.rs-online.com/web/p/epoxy-resins-epoxy-adhesives/3149704/, (Accessed 21 June 2019).

[26] Polymethyl methacrylate. https://en.wikipedia.org/wiki/Poly(methyl_methacrylate), (Accessed 0 September 2019).
[27] COMSOL Multiphysics 5.3a, release notes. https://cdn.comsol.com/documentation/5.3.1.348/COMSOL_ReleaseNotes.pdf, (Accessed 20 May 2019).

[28] Brel & Kjr, vibration exciter type 4809. https://bksv.com/en/products/shakers-and-exciters/measurement-exciters/vibration-exciter-type-4809,
(Accessed 7 July 2019).

[29] PSV-500-3D scanning vibrometer. Datasheet, https://www.polytec.com/fileadmin/d/Vibrometrie/OM_DS_PSV-500-3D_E_42447.pdf, (Accessed 21 May

2019).
[30] SENSOREX, SX20MD010-U. https://www.sensorex.fr/meggitt/en/portfolio/sx20mexr-series/, (Accessed 7 July 2019).

[31] Specifications, NAC2013-HXX, noliac. http://www.noliac.com/products/actuators/plate-stacks/show/nac2013-hxx/, (Accessed 16 May 2019).
[32] EPDM foil. https://www.epdmtotaal.nl/epdm-folie-366-cm-breed-114-dik, (Accessed 15 August 2019).
[33] COMSOL blog, using perfectly matched layers and scattering boundary conditions for wave electromagnetics problems. https://www.comsol.com/blogs/

using-perfectly-matched-layers-and-scattering-boundary-conditions-for-wave-electromagnetics-problems/, (Accessed 2 July 2019).
[34] Falco Systems, WMA-300 High speed high voltage amplifier. http://www.falco-systems.com/High_voltage_amplifier_WMA-300.html, (Accessed 16 May

2019).
[35] Microtech Gefell GmbH, MG M370. https://www.instrumentation.it/gallery/5601/id_M_370_eng.pdf, (Accessed 7 July 2019).

https://research.utwente.nl/en/publications/numerical-modeling-of-a-flexural-displacement-converter-mechanism
http://applied-piezo.com/books/piezoelectric-materials-and-applications/
http://applied-piezo.com/books/piezoelectric-materials-and-applications/
https://ieeexplore.ieee.org/document/26560
https://global-stl.mst.edu/media/extendedlearning/eec/documents/birmansamples/samplechapters/AE-ME484_Fall_2010_chapter_7.pdf
https://global-stl.mst.edu/media/extendedlearning/eec/documents/birmansamples/samplechapters/AE-ME484_Fall_2010_chapter_7.pdf
http://refhub.elsevier.com/S0022-460X(20)30267-4/sref20
https://doi.org/10.1016/B978-0-08-012870-2.50014-6
http://www.goodfellow.com/catalogue/GFCat4I.php?ewd_token=t8NQ9xGLlrSEfsjNtQNSDsXCthl2iy&amp;n=ltBsczCVC6RdPom8dyE7ArjF0WVeAi&amp;ewd_urlNo=GFCatSeaReb6&amp;Catite=AL000592&amp;CatSearNum=2
http://www.goodfellow.com/catalogue/GFCat4I.php?ewd_token=yxOsM16AkR1aXn4CaGTvju5rBJJgJc&amp;n=EScgaf6ibVCvVPMPSHmwjvgRUUR7Tt&amp;ewd_urlNo=GFCat411&amp;Catite=FE200297&amp;CatSearNum=1
http://www.goodfellow.com/catalogue/GFCat4I.php?ewd_token=iJyAhIfBjU2ga5DAZqC4WVRw59DyjH&amp;n=oaGRLYI7VATGsw2xguof7gQdy9570s
https://nl.rs-online.com/web/p/epoxy-resins-epoxy-adhesives/3149704/
https://en.wikipedia.org/wiki/Poly(methyl_methacrylate)
https://cdn.comsol.com/documentation/5.3.1.348/COMSOL_ReleaseNotes.pdf
https://bksv.com/en/products/shakers-and-exciters/measurement-exciters/vibration-exciter-type-4809
https://www.polytec.com/fileadmin/d/Vibrometrie/OM_DS_PSV-500-3D_E_42447.pdf
https://www.sensorex.fr/meggitt/en/portfolio/sx20mexr-series/
http://www.noliac.com/products/actuators/plate-stacks/show/nac2013-hxx/
https://www.epdmtotaal.nl/epdm-folie-366-cm-breed-114-dik
https://www.comsol.com/blogs/using-perfectly-matched-layers-and-scattering-boundary-conditions-for-wave-electromagnetics-problems/
https://www.comsol.com/blogs/using-perfectly-matched-layers-and-scattering-boundary-conditions-for-wave-electromagnetics-problems/
http://www.falco-systems.com/High_voltage_amplifier_WMA-300.html
https://www.instrumentation.it/gallery/5601/id_M_370_eng.pdf

	Numerical and experimental studies of a flat acoustic source that is actuated by an integrated flexure-based piezoelectric mechanism
	1. Introduction
	1.1. Low frequency acoustic sources
	1.2. Objective of the current paper

	2. Thin acoustic source
	2.1. Piezoelectric stack actuators
	2.2. Flexural mechanism
	2.3. Sandwich structures
	2.3.1. Face surfaces
	2.3.2. Honeycomb core

	2.4. Enclosure

	3. Numerical model
	3.1. Equivalent simplified parameters of the sandwich acoustic source
	3.1.1. Honeycomb sandwich structure
	3.1.2. Rubber stiffness
	3.1.3. Air in the honeycomb core

	3.2. Flexural piezoelectric mechanism
	3.3. Fully-coupled finite element model of the complete acoustic source

	4. Experimental study
	5. Results and discussions
	5.1. Measured features of the proposed sandwich acoustic source
	5.2. Finite element simulation versus experimental results
	5.3. Discussions

	6. Summary and conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgement
	Supplementary data
	References


