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a b s t r a c t

This paper investigates the acoustic properties of a duct resonator tuned by an electro-
active membrane. The resonator takes the form of a side-branch cavity which is attached
to a rigid duct and covered by a pre-stretched Dielectric Elastomer (DE) in the neck area. A
three-dimensional, analytical model based on the sub-structuring approach is developed
to characterize the complex structure-acoustic coupling between the DE membrane and
its surrounding acoustic media. We show that such resonator provides sound attenuation
in the medium frequency range mainly by means of sound reflection, as a result of the
membrane vibration. The prediction accuracy of the proposed model is validated against
experimental test. The pre-stretched DE membrane with fixed edges responds to applied
voltage change with a varying inner stress and, by the same token, its natural frequency
and vibrational response can be tuned to suit particular frequencies of interest. The peaks
in the transmission loss (TL) curves can be shifted towards lower frequencies when the
voltage applied to the DE membrane is increased. Through simulations on the effect of
increasing the voltage level, the TL shifting mechanism and its possible tuning range are
analyzed. This paves the way for applying such resonator device for adaptive-passive noise
control.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Design of acoustic resonators for sound control inside ducts is an important topic for industrial applications. Passive
devices such as Helmholtz resonators and quarter-wave tubes have been extensively investigated and implemented [1]. The
geometry and the component of a passive resonator are usually fixed for the purpose of structural simplicity and easy
maintenance, which however limits its acoustic performance to single or very narrow frequency band. Adaptive or tunable
devices with adjustable physical parameters offer an attractive alternative. For example, Zhao and Morgans [2] proposed a
Helmholtz resonator design to control the combustion instabilities, where neck area of the resonator can be altered to
provide damping effect for multiple unstable modes at different frequencies. Nagaya et al. [3] presented a two-stage
Helmholtz resonator with auto-tuning mechanism to control the noise peaks of a blower. Howard and Craig [4] developed
an adaptive quarter-wave tube with a variable length to tune the effective TL position, and assessed its effectiveness as a
petrol engine silencer.
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Fig. 1. a) Cross-section of a DE membrane, pre-stretched and fixed onto a rigid frame. b) Fabricated sample of a pre-stretched DE membrane coated with
electrodes. (c) A tunable acoustic resonator being attached to a rigid duct. The opening at the neck area is covered by a DE membrane.
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Introducing smart materials to acoustic systems offers some potential applications for designing adaptive devices [5].
Among the existing categories of electro-active polymers, dielectric elastomer (DE) shows promising features such as low-
cost, lightweight, and fast response to electrical field [6]. The electrical-mechanical coupling between DE and the applied
electrical field have been extensively investigated [7,8]. As shown in Fig. 1(a) & (b), a typical DE film takes the form of a pre-
stretched membrane fixed onto a rigid frame, where compliant electrodes are coated on both sides of the membrane surface
for applying voltage. Technologies such as metal sputtering process [9] and ion implantation [10] have been developed to
fabricate lightweight electrodes, which well maintains the flexibility of the DE film. When a sufficiently high voltage is
applied, the electric force squeezes the DE membrane between the electrodes and causes an in-plane elongation in the
surface. Consequently, an increasing applied voltage level results in a decrease in the membrane internal stress [10]. Al-
though a number of studies in the literature have analyzed the resonance frequency shift and large deformation behavior of
the membrane itself [6,7,9–11], the use of dielectric elastomer for acoustic applications has been fairly limited, except for
only a few reports on using DE as loudspeakers [9,12,13].

Recently, Lu et al. [14] demonstrated experimentally that, the use of a DE membrane with voltage control can actively
tune the TL characteristics of an acoustic resonator. The basic configuration of the system is shown in Fig. 1(c), where a
rectangular side-branch resonator is attached to a rigid duct, with its opening at the neck area covered by a DE membrane.
The duct has a height of hd and the pre-stretched membrane being mounted onto the rigid frame has a cross-section area of

×L Lx y. The height of the backing side-branch cavity is hsc. Inside the rigid duct, the incoming sound wave pi is scattered by
the resonator into the reflected (pr) and transmitted (pt) sound waves, leading to a reduction in the transmitted sound
power as a result of the destructive acoustic interference. Therefore, an effective sound attenuation of such device requires a
strong membrane vibration and an efficient sound radiation back to duct upstream.

Physically speaking, the system shown in Fig. 1(c) involves the complex structure-acoustic coupling between acoustic
fields inside the duct and side-branch cavity, as a result of the induced membrane vibration. This resembles the passive
drum silencer configuration proposed by Huang et al. for low-frequency sound attenuation, which has received careful and
systematic investigations [15–19]. Among Huang's studies, a modal analysis was originally conducted on a two-dimensional
system [16] to reveal the detailed modal coupling mechanism, and later a three-dimensional formulation [19] was presented
to address the counterproductive effect of membrane lateral tension. It is, however, worthy noting that the present con-
figuration differs from Huang's system in two aspects. First, Huang's silencer is characterized by a high aspect ratio
( =L L/ 5x y ) such that the membrane response is highly one-dimensional, essentially like a string. Second, the membrane
material and the tension force cannot be adjusted once the silencer is designed. The proposed acoustic resonator, in con-
trast, has an aspect ratio close to unity, and the utilized DE membrane can be actively tuned with a varying voltage to
produce the desired inner stress and natural frequency. This further changes the coupled response of the vibrating mem-
brane and thus the silencing performance provided by the resonator.

In terms of numerical modeling, Huang et al. [15–19] used a mode-matching method to couple the acoustic fields on both
sides of the membrane. A more rigorous mathematical formulation was later supplemented by Lawrie and Guled [20]. The
mode-matching method involves extensive integrations over the boundaries to couple different modal spaces; further
extension to more complex configuration may quickly become cumbersome. Alternatively, finite element method (FEM) can
be used [21]. With FEM, non-linear effects such as large membrane deformation or buckling could be considered. However,
FEM simulation for such structure-acoustic interaction problem can be highly computational demanding, which in turn
limits its ability in performing a systematic parametric analysis and optimization study.

Based on the above discussions, this paper aims at developing a three-dimensional, fully coupled vibroacoustic model to



facilitate the prediction, analysis and design of the acoustic resonator incorporating tunable DE membranes. To this end, a
sub-structuring formulation [22,23] is implemented, which solves the structure-acoustic interactions by assembling the
subsystem transfer functions predetermined at the coupling interfaces. The modeling framework is inspired by the Patch
Transfer Function (PTF) approach proposed by Ouisse et al. [24,25] . These transfer functions are calculated on averaged
patches in order to reduce the numbers of degrees of freedom (n-DOF) involved in each subsystem, and to enable a con-
venient interface matching treatment. The subsystem modules for constructing the configuration shown in Fig. 1(c), which



Fig. 3. Division of patches at the three interfaces.
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1 and 2 with a cross-section area of ×L hy d are segmented into ×N Ny z patches, and the interface 3 with a cross-section area
of ×L Lx y has ×N Nx y patches. By doing so, the force and velocity vectors for describing the k-th interface with a total
number of N patches are written as:

⎡⎣ ⎤⎦ ⎡⎣ ⎤⎦= ⋯ = ⋯ = ( )F F F U U U kF U; ; ; ; ; 1, 2, 3 1k k k kN k k k kN1 2 1 2

According to Fig. 2(b), the DE membrane at interface 3 vibrates under a given excitation force, which can be described by:
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where U3 is the vector of normal vibrating velocity of the membrane; F3 is the excitation force vector with each element
Δ Δ= ×F p sN , where Δp is the pressure difference acting on the membrane at each patch and Δs is the patch surface area; Ym

is referred to as the mobility of the DE membrane, whose expression will be derived in Section 2.2.
At interfaces 1 and 2, the incident sound wave introduces an exciting force Fi to the system, and the reflected and

transmitted sound waves are described using a semi-infinite duct radiation model. The coupling forces through the acoustic
cavity between the inlet and outlet ducts are first denoted as Fc

1 and Fc
2. Continuity of pressure (force) and normal velocity

gives:
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where U1 and U2 are the normal velocities of interface 1 and 2. Zd is the acoustic radiation impedance of a semi-infinite duct,
so that the radiation loading force can be calculated as =F Z Ud d d. The DE membrane at interface 3 vibrates under the
acoustic excitation force and acoustic loading exerted on its bottom and top surfaces:

( − ) = ( )Y F Z U U , 4m
c

sc3 3 3

where U3 is the vibrating velocity of interface 3; Fc
3 is the acoustic excitation from the main duct; Z Usc 3 is the acoustic loading

from the side-branch cavity, with Zsc being the cavity impedance.
The coupling forces F F F, ,c c c

1 2 3 acting on the boundaries of the cavity in Fig. 2(b), induced by the vibrating boundary
velocities themselves, can be expressed as:
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or, in a compact matrix form as:
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where ⎡⎣ ⎤⎦=Z Z Z Z Z Z Z Z Z Z, , ; , , ; , ,c
c c c c c c c c c
11 12 13 21 22 23 31 32 33 are the acoustic impedances between the corresponding interfaces of

the rectangular acoustic cavity.
By substituting Eq. (5) into Eqs. (3) and (4), the coupled system response can be solved by numerically inversing the

following matrix:



X. Yu et al. / Journal of Sound and Vibration 387 (2017) 114–126118
⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥

⎡

⎣
⎢
⎢
⎢

⎤

⎦
⎥
⎥
⎥

⎡

⎣
⎢
⎢⎢

⎤

⎦
⎥
⎥⎥

+
−

( − ) −
=

( )

Z Z Z Z

Z Z Z Z

Y Z Y Z Y Z Z I

U
U
U

F
0
0

,

7

c
d

c c

c c
d

c

m
c

m
c

m
c

sc

i11 12 13

21 22 23

31 32 33

1

2

3

where I is an identity matrix whose size equals to the number of divided patches at interface 3.
As depicted in Fig. 2(a), the principle of energy conservation requires that the power being injected to the system equals

to the power being reflected, transmitted and dissipated. The injected power Π i
1 corresponding to a plane wave excitation

with pressure amplitude pi is:

Π ρ= ( ) ( )p S c/ 2 , 8i
i1

2
1 0 0

where S1 is the surface area of interface 1. The air density ρ0 is taken as m1.213 kg/ 3, and sound speed in air =c s340 m/0 . At
interface 2, the transmitted power to the downstream of the duct is calculated as:
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where S2 is the surface area of interface 2; the asterisk denotes the complex conjugate of the velocity. The TL of the system is
then:

Π Π= ( ) ( )TL 10 log / . 10i t
1 2

Similarly, the sound power transmitted into the cavity between the inlet and outlet ducts, from interface 1, is:
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The reflected power Πr
1 back to the upstream from interface 1, and the absorbed power Πα by the resonator between

interface 1 and 2, are then:
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After the reflected and absorbed sound powers have been separated, the reflection and absorption coefficients of the
system, i.e., R and α, can be calculated as:
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This forms a complete description and characterization of the system by determining the velocity responses at the
interfaces, the system TL and the relative strength of sound reflection and absorption. The detailed subsystem treatments
constituting the remaining modeling work are demonstrated in the following subsections.

2.2. Membrane modeling

Analytical modeling of the two-dimensional DE membrane is presented. As shown in Fig. 1, a rectangular, pre-stretched
membrane is fixed along the four edges, covering the opening between the main duct and side-branch cavity with a cross-
section area of ×L Lx y. The initial, stress-free state of the elastomer has a side length of Lx

0 and Ly
0, so that the pre-stretch

ratios in the x and y directions are defined as:

δ δ= = ( )L L L L/ ; / . 14x x x y y y
0 0

Here, for the sake of simplicity, the experiment [14] and the following theoretical analyses consider an identical pre-
stretch ratio, i.e., δ δ δ= =x y. Assuming a constant total volume of the DE membrane, the thickness of the membrane in the
stretched state tm is:

δ= ( )t t / , 15m m
0 2

where tm
0 is the elastomer thickness in the initial state before stretching. The distributed tensile force per unit length being

applied to the pre-stretched membrane in both the axial and lateral directions is:

σ= ( )T t , 16m

where σ is the inner stress of the membrane in the x and y plane.
Assuming that no buckling or bending occurs when an actuation voltage V is applied, the electrostatic force results in a

decrease in the membrane stress, whose relation is theoretically characterized by [9,10]:
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σ σ ε′ = − ( )V t/ , 17m
2

where σ′ is the altered membrane stress due to the introduced voltage control; ε is the permittivity of the elastomer.
When a harmonic excitation of pressure difference Δ ωpej t is added onto the membrane, its flexural vibration is governed

by:

ω ρ Δ∇ ( ) + ( ) = − ( )ωT w x y t t w x y t pe, , , , , 18m m
j t2 2

where ( )w x y t, , is the membrane displacement in the z direction; T is the tensile force in Eq. (16); ρm is the DE material

density; ρ=c T t/m m m . The damping effect can be accounted by using a complex angular frequency ω ω η* = + j/ 1 m , where
ηm is the equivalent damping loss factor of the membrane.

On omitting the time dependent term ωej t and using the modal expansion approach, the membrane displacement can be
expressed as a summation of the in-vacuo structural modes as:

∑ Φ( ) = ( )
( )

w x y a x y, , ,
19n

n n

where an is the modal amplitude of the n-th eigenmode and Φ ( )x y,n is the corresponding mode shape function. The ex-
pression of Φ ( )x y,n satisfying the fixed boundary conditions is given by [19]:
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where nx and nx are the modal indices in the x and y directions, respectively.
The mobility of the DE membrane in Eq. (2) is obtained by deriving the transfer function between the exciting patch and

receiving patch. Given an averaged excitation force Δ Δ= ( ) ×F p x y s,q q q at an exciting patch q, where Δp is the averaged
pressure difference provided that the patch size is sufficiently small, on substituting Eq. (19) into Eq. (18) and making use of
the modal orthogonality property, the membrane response can be calculated as:
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where ωn and Mn are the natural frequencies and modal masses of the membrane, given by:
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The velocity response for the points located within a receiving patch p is:
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and a surface average ∫ Δ= ( )U U x y dS s, /p s p p p p can be used to account for the effective patch velocity. The transfer function Ym

between the averaged force Fq and averaged velocity Up yields:
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Numerically, the above equation is truncated with a sufficient number of structural modes. Denoting the integration of
eigenfunction Φn over the N-th patch as ∫ Φ=X dSN s n N so that a column vector ⎡⎣ ⎤⎦= ⋯X X XX , , N1 2 , the membrane mobility Ym

in Eq. (2) eventually becomes:
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where β ω ω ω Δ= [( − ) ]j M s/n n n
2 2 2 .

2.3. Cavity and duct modeling

The formulation procedures for the two acoustic cavities and semi-infinite radiation ducts are briefly presented. Consider
the three-dimensional acoustic cavities below and above the DE membrane, the sound pressure field can be expressed as an
expansion of the acoustic eigenmodes as:
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∑ φ( ) = ( )
( )

p x y z a x y z, , , , ,
26r

r r

where ar is the modal amplitude of the r-th mode and φr is the acoustic mode shape function.
Using Green's identity to account for the cavity boundary conditions gives:
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where Vc and Sc are the volume and boundary surface of the cavity.
For the rectangular cavities shown in Fig. 2(a), rigid-walled acoustic modes with standard Fourier cosine series can be

assumed to calculate the induced sound pressure field by a vibrating boundary. Consider a boundary segment is vibrating
with an averaged velocity Uq , the Helmholtz equation and boundary conditions are:
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where ω π= =k c f c/ 2 /r r r0 0, fr is the cavity natural frequency.
Substituting Eq. (28) into Eq. (27) yields the modal response of the cavity:
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.
The cavity impedance Zc is defined as the transfer function between averaged velocity Up and averaged force Fq as:
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Similar to Eq. (25), the above equation is truncated numerically with a sufficient number of acoustic modes to calculate
the impedance matrices Zc and Zsc for the two cavities below and above the membrane, respectively.

As to the two semi-infinite ducts constituting the inlet and outlet domain, sound radiation is constrained by the rigid
duct walls and the sound pressure can be expressed as:

∑ ψ( ) = ( )
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−p x y z a y z e, , , ,
31s

s s
jk xx

where as and ψs are the modal amplitude and planner eigenfunction in the rectangular duct cross-section. x is the direction

for radiated waves, with positive being away from the duct end. The corresponding wavenumber is ω= ( ) −k c k/x s0
2 2 .

When an exciting patch q is vibrating at the duct end (x¼0) with an averaged normal velocity Uq ,

∑ ψ ρ ω∂ ∂ = − ( ) = −
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p x jk a y z j U/ , .
32s

x s s q0

Multiplying the above equation by ψs and integrating over the cross-section area, the model amplitude is calculated as:

∫ρ ω
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where ∫ ψ ψ= ′N dSs s s s . The duct radiation impedance eventually becomes:

∫ ∫∑ ρ ω
ψ ψ= =

( )
Z

F
U N k

dS dS .
34

d
q

p s s x s
s p

s
s q

0

The cavity and duct impedances determined by Eqs. (30) and (34), together with the membrane mobility by Eq. (24), are
assembled in Eq. (7) to solve the ensemble response of the resonator system. It is worth mentioning that the proposed
modal formulation allows the use of both standard trigonometric series and the numerical outputs (e.g., from FEM) as the
subsystem eigenfunctions. The analyses in this article adopt the former analytical roots for describing regular-shaped
subsystems in Fig. 2(a). Nevertheless, the effects of electrodes’ mass (either uniformly or non-uniformly distributed on the
membrane), irregular shaped subsystems, or large/non-linear membrane deformation can be taken into account by using
numerical solutions.
3. Validation

Before employing the developed numerical model to study the acoustic performance of the proposed resonator with
voltage control, a model validation was carried out first. The first case considers the drum silencer configuration proposed by



Fig. 4. (a) Transmission loss of the drum silencer, in agreement with Ref. [19]; (b) The membrane responses at the three distinct peaks, P1¼0.0625;
(c) P2¼0.085; (d) P3¼0.117.
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Huang et al. [15–19], which deals with an expansion chamber with high aspect ratio and an aluminum membrane under
high tension. The parameters input to the simulation model are the same as those used in Huang's three-dimensional study
[19]. The non-dimensional variables given by Huang and Choy [19] are reverted to dimensional ones as:

ρ

ρ

= = = = =

= = =

= ( ) = = ( )

h h L L L

m t

T c h m T T

0.17m; 5 0.85 m;

2700 kg/ ; 0.000077 m 0.077mm

0.475 1900 N/ ; 0.08 35

d sc y x y

x d y x

m
3

m

0 0
2

where Tx and Ty are the tensile forces in the x and y directions, respectively.
The dimensional frequency range of interest is chosen from 50 to 400 Hz, corresponding to a non-dimensional frequency

(defined as fh c/d 0) from 0.025 to 0.2. In the simulation, the modal truncation was enabled by an automatic algorithm to
include enough structural and acoustic modes. The segmentation of patches in Fig. 3 was made in accordance with the
embedded wavelength of interest to ensure a valid assumption of the averaged force and velocity. Here, a criterion of
Δ =l c f/2 c as proposed by Ouisse et al. [25] was adopted, with Δl being the allowed maximum patch side-length and fc being
the upper frequency limit. For the membrane with ρ= ≈c T t s/ 95 m/x x m m , ≈c s27 m/y , the patch dimension in the axial and
lateral directions is required to be smaller than Δ =l 0.12mx and Δ =l 0.034my , respectively. The interface 3 with a surface
area of ×0.85 0.17m is therefore divided into × =10 10 100 patches, satisfying the above convergence criteria.

In Fig. 4(a), the system TL calculated using the proposed formulation in Section 2 is plotted, where an excellent
agreement can be seen between the present result and the reference one [19]. The membrane responses, i.e., the real part of
the membrane velocity at the three distinct peaks located at P1¼0.0625, P2¼0.085, P3¼0.117 are given in Fig. 4(b)–(d),
which also in agreement with the modal analyses presented in Ref. [16]. Defining an acoustic stop-band with a criterion
value of 10 dB, it is noted that the stop-band provided by such silencer is typically in the low frequency range, roughly from
120 Hz to 180 Hz in dimensional frequencies.

For the acoustic resonator configuration shown in Fig. 1(c), experiments were conducted to validate the numerical
prediction using the proposed formulation. A piece of dielectric elastomer (VHB4910) manufactured by 3 M was stretched
and attached to the neck area between the duct and side-branch. The system parameters were chosen as

= = =h h L 0.16md sc y , =L 0.135mx , ρ = m1000 kg/m
3, =t 1mmm

0 , and two membrane pre-stretch ratios δ = 4 and δ = 3 were
tested in two separate experiments. The experimental test-rigs based on the well-established four-microphone, two-load
method [14,22] were used for TL measurement. A loudspeaker driven by white noise signal in the interested frequency



Fig. 5. Experimental validation of the numerical predictions using the proposed approach, for two pre-stretched membranes with (a) δ = 4; (b) δ = 3.
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range is implemented as the sound source at the duct inlet. Two pairs of PCB microphones are used at the duct upstream
and downstream to measure the sound pressures for determining the TL of the resonator.

For the first case with δ = 4, the thickness of the stretched membrane calculated by Eq. (15) is =t 0.0625mmm . In order to
determine the tensile force T applied to the membrane, a structural FEM model using commercial software Abaqus was
developed to calculate the membrane inner stress. By assuming a Neo-Hookean hyperplastic material model with a shear
modulus of 25 kPa [8], simulation yields an inner stress of σ = 398kPa for the pre-stretched membrane, and the distributed
tensile force is σ= =T t m25 N/m . For an interested frequency up to 600 Hz, ρ= =c T t s/ 20 m/m m m requires the patch size to
be smaller than Δ =l 0.017m. The DE membrane at interface 3 is then divided into × = ×N N 12 10x y patches. In the cal-
culation, the membrane damping loss factor ηm is set as 0.03. In terms of computational time, the proposed model takes only
about 20 s to run the simulation for a frequency range from 100 Hz to 600 Hz with a step-size of 3 Hz, benefiting from the
averaged patch nature and the modal based subsystem treatments.

In Fig. 5(a), the predicted and measured TLs for δ = 4 are compared. It can be seen that the prediction agrees reasonably
well with experimental curve in terms of general tendency as well as peak locations, thus validating the proposed model.
The noticeable discrepancies may come from the imperfections when fabricating the DE sample and also the experimental
errors. A similar comparison is conducted for another case with pre-stretch ratio δ = 3. The structural FEM analysis for
determining the membrane inner stress gives σ = 220.5kPa, and the tensile force T¼24.4 N/m. As shown in Fig. 5(b), a very
good agreement between the prediction and experiment is again observed. It can be seen from Fig. 5 that the present
resonator provides sound attenuation bands typically in the medium frequency range from 250 to 450 Hz. The produced TL
peaks are strong but in relatively narrow bandwidth.

Using the proposed approach, the reflection and absorption coefficients calculated via Eq. (13) are used to analyze the
attenuation mechanism of the resonator. For both resonators with δ = 4 and δ = 3, the theoretical R and α curves versus
frequency are plotted in Fig. 6. It can be seen that the attention is mainly attributed to the sound reflection mechanism, as a
result of the induced membrane vibration and its radiation back to the duct upstream. The absorption mechanism is also
significant at the system resonances, which plays an important role in determining the relative level and bandwidth of the
TL peaks. It is also noted that the effective TL peaks of the resonator are generated by the structure-acoustic coupling
through higher-order membrane modes. For example when δ = 4, the natural frequency of the fundamental membrane
mode, calculated by Eq. (22) with nx¼ny¼1, is located at =( )f 971,1 Hz. This also means that the effective TL region at around
350 Hz in Fig. 5(a) has embraced at least the combined behavior of the first 17 structural modes. Thus, conducting a detailed
modal analysis as previously done by Huang [16] is not pursued in this study.
4. Effect of applying voltage control

The effect of introducing voltage control to the DE membrane, in seeking a possible tuning of the resonator TL, is in-
vestigated in this section. As expressed in Eq. (17), when the electrodes on both sides of the membrane is subjected to an
electrical potential, the Maxwell stress squeezes the membrane and enlarges its surface, causing a decrease in the mem-
brane inner stress σ . Here, this relation was quantitatively determined by using the developed Abaqus FEM program. The
variations of the membrane stress σ with applied voltage ranging from 0 kV to 6 kV are tabulated in Fig. 7, for both pre-
stretch conditions with δ = 4 and δ = 3. In utilizing these FEM data as the input to the membrane tensile force in Eq. (18), a
linear regression analysis was performed to find the relation between σ and V, which gives:



Fig. 6. Reflection and absorption coefficients of the resonator calculated using the proposed approach: (a) δ = 4; (b) δ = 3.
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Note that the units for σ and V used in the above relation are kilopascal (kPa) and kilovolt (kV), respectively. In Fig. 7, an
excellent agreement between the FEM data and regression curve can be observed.

Embedding Eq. (36) into the proposed model, the silencing performance of the resonator with an increasing voltage
applied to the DE membrane is studied. The membrane damping loss factor ηm is reduced to 0.01 to better identify the TL
peak locations. For δ = 4, the TLs corresponding to three different voltage levels are presented in Fig. 8. The benchmark case
with =V 0kV, σ = 398.1kPa shows acoustic stop-bands in the vicinity of the four peaks located at 331 Hz, 385 Hz, 403 Hz and
430 Hz, respectively. These peaks are shifted to 316 Hz, 367 Hz, 385 Hz and 412 Hz when the applied voltage is raised to
2 kV with σ = 360.9kPa. To explain this, it can be seen from Eq. (22) that when the dimension of the membrane is fixed, the
natural frequencies of the in-vacuo structural modes are proportional to σ ρ=c /m m . This indicates that a factor of
γ →0 2¼ σ σ/2 0 ¼ 360.9/398.1 ¼0.952 may be suggested to correct the frequency shift when increasing voltage from 0 kV to
2 kV, assuming that the structural modes dominate the TL positions. In Table1, these TL peak positions and the corrected
values by using γ →0 2 are tabulated, which are in good agreement. When the applied voltage is adjusted to 4 kV, the cor-
rection factor yields γ →0 4¼ σ σ/4 0 ¼ 250.5/398.1 ¼0.794, suggesting that the four peaks may be relocated to 263 Hz, 303 Hz,
320 Hz and 342 Hz. From the TL plot with V¼4 kV in Fig. 8, the first, third and fourth TL peaks are shifted down to 265 Hz,
327 Hz and 350 Hz, which can be well accounted by γ →0 4. The second peak appears at the expected location but with a lower
TL level. Overall speaking, the TL tuning mechanism is seen to be controlled by the membrane resonance shift which is
triggered by the change in its inner stress. The effect of voltage control can be estimated by the proposed correction formula.

The above analyses show the potential of using the proposed resonator for adaptive-passive noise control. One example
may be the control of fan noise, which is usually restricted to a narrow frequency band and dwells in the frequency range
from 100 Hz to 500 Hz [20]. The tuning ability and the achievable tuning range of the proposed resonator are further
investigated through parametric studies. With δ = 4, Fig. 9 illustrates the TL variations against continuous voltage change, in
Fig. 7. Variation of membrane stress σ with altering applied voltage V.



Fig. 8. TLs of the resonator with increasing applied voltage from 0 kV to 4 kV, pre-stretch ratio δ = 4.

Table 1
Increasing the voltage control from 0 kV to 2 kV and 4 kV, the shifting of TL peak positions and the corrected values using γ →0 2 and γ →0 4.

Voltage 0 kV 2 kV
(by γ →0 2)

2 kV 4 kV
(by γ →0 4)

4 kV

1st peak 331 Hz 315 Hz 316 Hz 263 Hz 265 Hz
2nd peak 385 Hz 367 Hz 367 Hz 303 Hz 310 Hz
3rd peak 403 Hz 384 Hz 385 Hz 320 Hz 327 Hz
4th peak 430 Hz 410 Hz 412 Hz 342 Hz 350 Hz
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which a total of 50 voltages are linearly sampled from 0 kV to 6 kV. Beyond 6 kV, the DE membrane may fail due to electric
breakdown. The gradual shifting behavior of the TL peaks shows the appealing feature of the proposed device in that it can
provide a controllable and roughly predictable attenuation performance. The achievable tuning range, as an important
constraint to be input to the control algorithm, is illustrated in Fig. 10, showing that the major TL peaks fall into the
frequency range between 300 Hz and 450 Hz. Similar analyses for δ = 3 are presented in Figs. 11 and 12, where the gradual
TL shifting is again clearly observed. The possible tuning range for acoustic stop-bands is primarily changed to 250–400 Hz.
Within such region, adaptive algorithm can be developed to adjust the applied voltage and to tune the system TL, so that the
resonator can catch some of the discrete noise peaks at the fundamental frequencies and their harmonics. Having said that,
the proposed device cannot address the attenuation of broadband noise based on its current geometry and configuration, as
a major limitation. The material and geometrical effects on the TL response also need to be clarified before its actual
implementation.

Finally, it should be mentioned that the results presented herein are based on linear assumption of structure-acoustic
interactions, where the mass effects of the electrodes, possible internal flow and non-linear membrane deformation are
neglected. The proposed modelling framework can be extended to include multiple resonators, being cascaded into a duct
silencer [26] or periodically arranged into an acoustic metasurface [27]. The extension should be straightforward due to the
modular and sub-structuring nature of the method. With various parameters involved, resonators can be individually tuned
to meet different specifications to achieve a desired overall acoustic performance.
5. Conclusions

The acoustic property of a resonator comprising a side-branch cavity covered by an electro-active membrane has been
Fig. 9. TL variations against continuous voltage change, pre-stretch ratio δ = 4.



Fig. 10. The achievable tuning frequency range of the acoustic stop-bands, δ = 4.

Fig. 11. TL variations against continuous voltage change, pre-stretch ratio δ = 3.

Fig. 12. The achievable tuning frequency range of the acoustic stop-bands, δ = 3.

X. Yu et al. / Journal of Sound and Vibration 387 (2017) 114–126 125
investigated. A pre-stretched DE film with electrodes coated on both surfaces for voltage control was considered. The re-
sonator provides sound attenuation in the medium frequency range mainly through membrane vibration and its radiation
back to the duct upstream. The transmitted sound power to the duct downstream is therefore reduced due to destructive
acoustic interference.

A fully coupled, three-dimensional vibroacoustic model was developed. The coupling framework was enabled by a sub-
structuring treatment based on the transfer function relations determined at the interfaces. Subsystems including the DE
membrane, duct and acoustic cavity were formulated using a modal expansion approach. Experimental validations were
conducted, showing a generally good agreement between the simulation and measurement.

It has been shown that the TL response of the system can be controlled through altering the control voltage applied to
the DE membrane. Physically, the applied voltage causes an elongation in the membrane surface and a decrease in its inner
stress, which subsequently changes the in-vacuo modes of the membrane and the structure-acoustic coupling response. The
shifting mechanism of TL peaks was clearly observed with the help of numerical simulations, and a correction factor was
suggested for the estimation of this frequency shift.

In views of possible use of the proposed resonator as an adaptive-passive device for noise control, the tunable and
achievable frequency range of the device was investigated. Under the current system parameters, a DE membrane with a
pre-stretch ratio δ = 4 can tune the effective resonator TL in the region of 300–450 Hz, by adjusting the voltage up to 6 kV.
With a lower pre-stretch ratio of δ = 3, the frequency range can be lower down to 250–400 Hz. Through the presented
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results and analyses, the proposed resonator shows considerable potential for applications such as silencer or absorber
design for acoustic ducts or ventilation systems.
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