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Abstract. Knitted fabrics can be made to vibrate as a speaker by laminating it with Polyvinylidene fluoride 
(PVDF) strips to form curved arch laminated at the ends. The PVDF strip would vibrate due to the piezo 
electric effect when a 200 Vrms voltage is applied.A two-dimensional analytical prediction model is created 
based on the principles of stress and strain behaviour of a curved laminated arch. The model predicts the 
radial displacement of the arch with respect to the frequency of the excitation voltage of the PVDF strips. 
The Sound Propagation Level (SPL) at a particular point from the arch surface is modelled as a simple sound 
source in an infinite baffle. The acoustic pressure is linked with the radial displacement in the model. 
Simulation is carried out on structural properties of the fabric to discern the resonance region of the speaker 
vital for Active Noise Control to reduce automotive interior noise. 

1. Introduction 
Automotive interior noise may be undesirable for both the passengers and the driver and may make a 

long journey quite uncomfortable. Moreover noise contributes to driver fatigue which is a major cause of 
road accidents and thus reducing it is a valuable contribution to road safety [1]. Automotive interior noise is 
generally in the range between 100 to 4000 Hz and is more predominant between 100 to 600 Hz. This 
particular region can be reduced using Active Noise Control. This technique creates an 1800 shifted version 
of the original noise source through a Noise Controller in real time. When this secondary source combines 
with the original version, reduction of noise is achieved in that particular space which is known as the quiet 
zone [2]. 

Thereby in this context, this work analyses and simulates the acoustic response of a curved 
Polyvinyldihyde (PVDF) based paper/knitted fabric speaker which can be used as the secondary source in an 
ANC system and can be used with the automotive upholstery.  

2. Dynamic Displacement Model 
 

 
Figure 1 PVDF strip on knitted fabric modelled as a curved laminated shell. 

This section presents the dynamic radial displacement of a curved PVDF strip laminated onto a fabric 
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substrate. Subsequently the radial displacement is utilised to analyse the acoustic response of the structure. A 
PVDF strip on a knitted fabric can be modelled as a curved shell, laminated on to the surface of the fabric, 
Figure 1. The laminated structure is set in a curve with a subtended angle of 2θs.  

The dimensions of the structure can be given as in Figure 1as, hp the PVDF strip thickness, hf the fabric 
thickness, l the length of the arc, b the width of the shell and R is the radius of curvature of the shell (to the 
mid plane) 

2.1. Force and moments of the shell 
The force and moment resultants are the integrals of the stresses over the shell thickness. Considering 

there are two laminates comprising the shell this can be written as [3]  
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where Yk  is the Young’s Modulus of the k th layer, zk the distance to the surface of the kth layer from the 
mid plane and ε: the strain which is given as, from [3] as, 
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where the mid plane strain (  ) and curvature (0ε κ ) are given as, 
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and v and w are the tangential and radial displacements of the segment respectively. 
Substituting equation  (2) into (1), neglecting the z/R term and carrying out the integration over the 

thickness of the shell from layer to layer, yields the following result for the force and moment. 
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2.2. The equations of motion of the curved shell 
Consider a differential element of the shell of mid surface of unit length dx (Figure 2). 

 
Figure 2 Differential curved element of shell. 
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The equation of motion may be obtained by considering the external and internal forces in the radial and 
tangential directions of the section. Only in-plane loading by the piezoelectric effect on the thickness 
direction and vibrations are considered here, as it is this motion that generates sound pressure [4],[5].The 
external force may be considered as periodic.  
 

The equations of motion therefore become [3]:  
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where, N is the normal force, Q   the shear force, M the bending moment, m the mass per unit length of the 
segment,ω  the angular frequency,  the external force due to the piezoelectric action, which is given as, wF

EAdYF pw 31=                                                                               (7) 

where,  the Young’s modulus of the PVDF strip,pY A  the cross sectional area of the PVDF strip given 

as ,  the piezoelectric coefficient in the thickness direction,bhp 31d E  is the applied RMS electric field in the 

thickness direction of the strip with ( ) p
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h
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electrical signal. 
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Solving equation (6c) for Q and substituting this into equation (6a) and (6b) yields, 
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Equation (8) is then multiplyed by –1 to which , equations (3) and (4) into (8) is substituted. The 

resultant equation is then arranged with the use of the D operator for 
x∂
∂

, the equations of motion of the 

tangential and radial midplane displacements of the shell may be expressed as follows: 
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The solution is obtained using the undetermined coefficient method. For this purpose the particular 

solution for v and w is considered as: 
( )tWw ωsin=  and ( )tVv ωsin=                         (10) 

Replacing them in equation (9) and arranging them in matrix form yields:  
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where, 
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The solution for W can  then  be given as [6] , 
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From Figure 3 and equation (5) the value for A can be given as,  
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Figure 3. Thickness dimensions of the fabric and PVDF layers of the shell 

)ffpp hbYhbYA +=                                                                       (13) 
 
Substituting (13) in (12) and using (11) gives the radial displacements of the mid plane of the fabric-PVDF 
curved shell as, 
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Considering the mass per unit length of the segment in terms of the respective densities of the individual 
layers comprising the shell, m can can be expressed in terms of the layer height and width (b) as, 

bhbhm ppff ρρ +=                                            (15) 

where, fρ  the fabric density,  the fabric thickness,fh pρ  the PVDF layer density,  the PVDF layer 
thickness. 

ph

Substituting equations (15) equation (14), the radial displacements in terms of layer heights and densities 
and in its’ complex form gives, 
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3. Acoustic Response Model 
To depict the on-axis acoustic pressure, a simple source model is considered in this section [6]. 
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3.1. Complex acoustic strength of the arch 
The dimensions of the vibrating surface are small compared to the wavelengths generated. 100 Hz is 

equal to 3.42 m and 1000 Hz is equal to 342 cm. The fabric vibrating area considered is in the region of 
 m31084.6 −⋅ 2; thus the vibrating region of the fabric can be considered as a simple source [5]. 

The arc formed by the shell can be defined by, n infinitesimal segments, as shown in Figure 4.  

 
Figure 4 Arc of shell depicted as segments of infinitesimal length 

Thus the length of each segment is 
n

Rθ
 and the width is b. Assuming that each segment is vibrating in 

phase to each other, the instantaneous velocity at any i segment of the vibrating surface can be shown as 
follows, 
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This would yield from (16), 
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This vibration causes the a radial displacement of a volume of fluid (air) at the rate of [5]. 
udsQi =                                (19) 

where, ds is the surface area of the segment and Qi is the complex source strength of the segment. Therefore, 
the total source strength of the arch can be shown to be the integral of the source strength of a single segment 
over the surface area of the arch. 

∫=
S

udsQ                                                      (20) 

where, S is the surface area of the arch which yields, 
bRjQ θω=                                                                    (21) 
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Figure 5 acoustic pressure from the vibrating arch 

Therefore the complex acoustic pressure at point A, which is a distance r from the surface of the arch 
along its axis, as seen in Figure 5 may be expressed (omitting the time harmonic component) as [5]. 

r
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4
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where, 0ρ  the density of air,Q    the  strength of the hemispherical source and r   is the distance from the 
acoustic source to point A. 

Substituting (21) into (22) and replacing u by (18), the modulus of the pressure at point A can be 
approximated as, 
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Thus, the Sound Propagation Level (SPL) at point A may be given as, 
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The reference standard for airborne sounds is 10-12 W/m2, which is approximately the intensity of a 
1000 Hz pure tone (sine wave) that is barely audible to a person with unimpaired hearing. This value gives a 
pressure of 20 μPa [5]. This value is often used as a reference for sound pressure levels in air. 

4. Mathematical Simulation of the Sound Propagation Level (SPL) of the 
PVDF-fabric arch  
In this section a simulation has been done on the effect of the SPL of the arch by the mechanical 

properties of the base fabric, based on the equation (24) .The PVDF –fabric arch length and width were 
considered as 95 mm and 40 mm respectively. 

For the simulation the mechanical properties of the rest of the layers of the arch has been considered 
from Table 1. The arch was kept at a subtended angle of 800. 

Table 1. Mechanical Details of the layers used in the PVDF-Fabric arch 

Layer Young’s Modulus (MPa) Density (kgm-3) Thickness (m) 
PVDF 5900 1780 28e-6 

Adhesive Layer 549.4573 872 0.2e-3 

4.1.  
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4.2. Effect of base layer stiffness on SPL of PVDF-fabric arch 

 
Figure 6. The simulation of the SPL of the PVDF-fabric arch with the reduction of the stiffness of its base layer whilst 

keeping the thickness and density of that layer constant 

In this section the effect on the on the SPL of the arch by reducing the stiffness of the base layer whilst 
keeping its thickness and density constant, is simulated. The simulated result is shown in Figure 6. The 
thickness of the fabric was taken as 1.5 mm and its density as 800 kgm-3. 

It can be seen that till 10 MPa the reduction of the base layer stiffness shifts the resonant peak towards 
the lower frequency region of the spectrum. Further this accompanies an increase in the SPL towards the 
resonant peak. However below 10 MPa there is no change in the SPL and the result remains the same.  

4.3. Effect of base layer thickness on the SPL of the arch 
The SPL of the PVDF-fabric arch is simulated in this section by increasing the thickness of the base 

layer whilst keeping its density and stiffness constant. The stiffness of the base layer has been considered as 
10 MPa and density 800 kgm-3. The simulated result is shown in Figure 7. 

 
Figure 7. The simulation of the SPL of the PVDF-fabric arch with the increase thickness of its base layer whilst keeping 

its stiffness and density constant 

It can be observed from Figure 7 that as the thickness of the base layer increases the resonant region 
progresses towards the lower frequency end of the spectrum. However there is an overall reduction in the 
total SPL of the arch. 
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4.4. Effect of base layer density on the SPL of the PVDF-fabric arch 
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Figure 8. The simulation of the SPL of the PVDF-fabric arch with the increase of density in its base layer whilst 

keeping its stiffness and stiffness constant 

The SPL of the PVDF –fabric arch has been simulated in this section with increased density of the base 
layer of the arch whilst keeping its thickness and stiffness constant. The stiffness of the base layer has been 
considered at 10 MPa and thickness of 1.0 mm. The simulated results are shown in Figure 8. 

It can be observed from Figure 8 that as the density of the base layer increases there is progression of the 
resonant region of the SPL of the arch towards the lower end of the spectrum. However this shift is less than 
the preceding parameters. Thus the effect of this parameter on the SPL of the arch is less than the preceding 
parameters. 

5. Conclusion 
The simulation of the acoustic response of a PVDF –fabric laminated curved shell presents that with the 

following points. 
a.  Reduction of the fabric stiffness till 10 Mpa shifts the resonant frequency of the acoustic response 

towards the lower frequency region. 
b. Increase of fabric thickness shifts the resonant frequency of the acoustic response towards the lower 

frequency region. However this further results in a reduction of acoustic pressure. 
c. Increase of fabric density shifts the resonant frequency of the acoustic response towards the lower 

frequency region. However this variation is lesser than the preceding parameters. 
The base layer of the PVDF arch is considered as a membrane without any perforation in this analysis. 

However when it comes to the use of fabrics in the base layer, due to its inherent porous nature, deviates it 
from an ideal membrane structure. The use of covered elastomeric yarn in a tightly knitted fabric causes the 
pores in the knitted structure to be closed. This is due to the nylon cover of the yarn. Thus future work to 
validate the simulation hypothesis will be conducted with the use of knitted fabrics from elastomeric yarn as 
the base fabric.  
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