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Abstract: Sound absorption performance of porous poly(vinylidene fluoride) (PVDF) foams was 

investigated using a finite element model. Analyses with acoustic modelling and numerical 

simulation on a hollow PVDF cylinder showed the combination of piezoelectric and conductive 

effects substantially contributed to airborne sound absorption. The piezoelectric effect did not take 

any effect on the sound absorption when the piezoelectric cylinder was an ideal dielectric without 

any conductivity to dissipate the charges generated from the piezoelectric effect. The maximum 

noise mitigation effect occurred when the resistive and capacitive impedances match. The 

agreement between the simulation results and previous experimental observations indicated that 

the high performance airborne sound absorption in semi-conductive foams was achieved due to 

hybrid local piezoelectric effect for converting sound to electricity and appropriate internal 

conductive function to dissipate the electrical charges. 
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I. Introduction 

Porous sound absorbing materials have been extensively used for airborne noise mitigation 

applications where medium and high frequency noise is a problem [1-3]. In certain applications 

such as in aviation or automotive industry, the foams need to be effective as sound absorbers and 

at the same time as light and thin as possible [4]. For these applications, high performance foams 

are particularly demanded. Measures like tailoring porosity, morphology, or introducing additives 

to change the mechanical properties including create mechanical resonances in the foams are often 

taken to improve the sound absorption [5-7]. It is rare that the electrical properties of the material 

are explored in order to improve the sound absorption performance of foams. Poly(vinylidene 

fluoride) (PVDF) composite foams with superior sound absorption performance have recently 

been reported, which is attributed to local piezoelectric effect of the foam [8,9]. It is very 

interesting to further explore the effect of piezoelectricity on sound absorption since it adds an 

extra sound absorption mechanism to the well explored mechanical factors.  

Experimental results as reported in the literature have indicated that piezoelectric PVDF foams 

showed the maximum sound absorption coefficient when the concentration of the conductive 

filament was close to the percolation threshold [9]. However, the addition of the conductive 

filaments changes both the mechanical and electrical properties of the foams. While the 

mechanical properties strongly affect the sound absorption performance, it is challenging to isolate 

the contributions of local piezoelectric effect to the observed sound absorption improvement. A 

theoretical analysis is desired to understand and even quantify the contributions from the local 
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piezoelectric effect in foams. In order to explain in detail the effect of the piezoelectric property, 

an analytical approach can be adopted to describe the propagation of acoustic waves in a porous 

piezoelectric medium. However, this is a challenging work, since a full description of the waves 

propagating in a porous medium using Biot theory is quite complex [10,11]. In this work, finite 

element analysis is performed to investigate the hybrid local piezoelectric and conductive effects 

on sound absorption performance of PVDF foams.  

II. Description of the model 

To identify and evaluate hybrid local piezoelectric and conductive effects on sound absorption 

performance of PVDF foams, the theoretical analysis is intended to include: (1) evaluating the 

sound absorption property of a porous polymer unit with the presence and the absence of the 

piezoelectric effect in the unit; and (2) for the case with piezoelectric effect present, measuring the 

relationship between sound absorption property and the resistivity of the polymer unit, and further 

identifying the optimal resistivity that maximizes the sound absorption. 

In our model, the porous polymer unit is a hollow polymer cylinder tube with open ends, with the 

geometry and fluid structure interaction (FSI) system for harmonic analysis illustrated in Figure 1.  

 

Figure 1. Illustration of a hollow polymer cylinder and the fluid structure interaction (FSI) 

system to be modeled using finite element model (FEM) 
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Taking into account the morphology, porosity, and structure of the actual PVDF foam samples, 

the hollow polymer cylinder in Figure 1 has an inner diameter of 400 μm, wall thickness of 20 μm, 

and length of 1 mm, and thus having a porosity of 82.6%. The cylinder is made of PVDF with the 

polarization direction for the piezoelectric effect is chosen to align with the Z axis. The pore is 

filled with air. Both the material parameters for the PVDF and the air are given in Tables I and II, 

respectively [12,13]. 

Table I. Material parameters for PVDF polymer. 

Young’s modulus (MPa) 2.67 

Poisson’s ratio 0.42 

Piezoelectric e31 (A s /m2) 1.04  10-2 

Piezoelectric e33 (A s /m2) -6.50 10-2 

Piezoelectric e15 (A s /m2) -3.88 10-2 

Dielectric constant εik 9.3 

 

Table II. Parameters for air. 

Dynamic viscosity (Pa s) 1.983 10-5 

Sound velocity (m/sec) 344 

Thermal conductivity (W/mK) 0.024 

Specific heat under constant pressure Cp (kJ/kg) 1.00 

Specific heat under constant volume Cv (kJ/kg) 0.718 
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The polymer cylinder was meshed with the 20-node coupled field SOLID226 element of ANSYS 

and the acoustic fluid (air) using the 10-node acoustic tetrahedral FLUID221 element, as presented 

in Figure 2. Given that the highest frequency of the audible sound to be analyzed was 20 kHz, 

corresponding to the wavelength of 0.017m, the mesh size was set to be 10-4 m, to ensure the 

accuracy of the model. 

 

Figure 2. Mesh used for the FEM model with SOLID226 elements for the PVDF and FLUID221 

for the air 

III. Boundary Conditions 

After the mesh was generated, the appropriate boundary conditions for the analysis were applied. 

Firstly, a harmonic analysis was held for a frequency range of 20 - 20000 Hz with 1 Pa excitation 

provided at the opposite side of the pore, as illustrated in Figure 3(a). Secondly, the normal and 

viscous interactions of the acoustic wave with the pore were considered by the FSI boundary 

condition and the thermo-viscous boundary layer impedance (BLI) boundary condition, 

respectively, at the inner surface of the cylinder, as illustrated in Figure 3(b).  

The coupled equation for acoustic fluid-structural system with symmetric matrix for full harmonic 

analysis is: [14] 
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where ω is the angular frequency, MS,F are the mass matrices of the solid and fluid, CS,F are the 

damping matrices of solid and fluid, KS,F are the stiffness matrices of solid and fluid, SF is the 

sloshing matrix, R is the fluid boundary matrix, ue is the nodal displacement, qe is the nodal 

pressure, fS,F are the load vector for the solid and fluid, ρ0 is the fluid density. 

Lastly, an elastic support of stiffness 5.1 kN/m on the outside surfaces of the cylinder was applied, 

as illustrated in Figure 3(b). The stiffness was chosen after dynamic mechanical analysis 

measurements were conducted for real PVDF foam samples.  

 

Figure 3. Boundary conditions set for the FEM. (a) 1 Pa excitation is provided at the surface of 

air opposite to the PVDF cylinder, and (b) surfaces of the PVDF cylinder with elastic support at 

the outer surface, and acoustic fluid-structure interactions at inner surface  

 

As shown in Figure 1, two positions at 10 cm and 20 cm from the front surface of the polymer 

were chosen as microphone outputs in order to calculate the sound absorption coefficient of the 

hollow cylinder. The pressure and phase from those two positions were used during post 

processing to calculate the sound absorption coefficient. Taking the outputs at the two positions, 

we can calculate the reflection coefficient Ra and the sound absorption coefficient α as below: [15] 



The revised version has been published:  Eleftherios Christos Statharas, Kui Yao, Lei Zhang, Rogerio 
Salloum, Ayman Mahmoud Mohamed, and Francis Eng Hock Tay, “Theoretical analysis on hybrid local 
piezoelectric and conductive effect on sound absorption performance of porous poly(vinylidene 
fluoride),” Materials Research Express,   Vol. 6, 086204, 2019. 

7 
 

𝑅𝑎 =
𝑒−𝑗𝑘𝑥2 − 𝐻12𝑒

−𝑗𝑘𝑥1

𝐻12𝑒
−𝑗𝑘𝑥1−𝑒−𝑗𝑘𝑥2

 (1) 

𝑎 = 1 − |𝑅𝑎|
2 (2) 

where x1 and x2 are the microphone positions, H12 is the ratio of the pressure amplitude in the two 

positions, and k is the wavenumber. 

IV. Results and Discussion 

A modal acoustic analysis was conducted, modelling both the air and the polymer in order to 

determine resonances of the structure that affect the sound absorption results. Figure 4(a) presents 

a longitudinal resonance at 9283 Hz and Figure 4(b) presents a radial resonance mode at 16121 Hz. 

Very close to the longitudinal resonance, there are actually more modes orthogonal to the one 

presented in Figure 4(a). It is expected that at the resonance frequencies the sound absorption will 

increase with increasing vibration and loss.  

 

Figure 4. Results from the modal acoustic analysis for the hollow polymer cylinder structure. (a) 

the longitudinal resonance at 9283 Hz and (b) the radial resonance at 16212 Hz 

 



The revised version has been published:  Eleftherios Christos Statharas, Kui Yao, Lei Zhang, Rogerio 
Salloum, Ayman Mahmoud Mohamed, and Francis Eng Hock Tay, “Theoretical analysis on hybrid local 
piezoelectric and conductive effect on sound absorption performance of porous poly(vinylidene 
fluoride),” Materials Research Express,   Vol. 6, 086204, 2019. 

8 
 

In Figure 5(a) the sound absorption coefficients of the hollow PVDF cylinder structure are 

presented, with and without piezoelectric effect. The results show there was no difference at least 

for the frequency range of 20 Hz to 20 kHz. We believe the underlying reason is that the charges 

generated from the piezoelectric effect cannot dissipate and thus the energy conversion from 

mechanical to electrical cannot be sustained in the acoustic wave when the PVDF polymer is 

treated as an ideal dielectric medium. Thus, a conventional piezoelectric material with ideal 

dielectric characteristic cannot contribute to sound absorption. Additionally, the distinct peaks in 

the sound absorption performance around 9200 Hz and 16500 Hz were close to the resonance 

frequencies identified from the acoustic modal analysis.  

Figure 5(b) presents the sound absorption coefficient results for the PVDF cylinder structure when 

the resistance of the PVDF cylinder varies from 1 μΩ to 10 GΩ. The results show that the presence 

of the piezoelectric property together with the limited resistance, i.e., conductance, can 

significantly enhance the sound absorption performance of the structure. For example, at 5000 Hz, 

the sound absorption coefficient increases from 0.02 for the dielectric and piezoelectric PVDF 

cylinder without any conductivity to 0.08 with a combined presence of piezoelectric effect and 

optimal resistance of 100 MΩ.  
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Figure 5. Sound absorption coefficient of the PVDF hollow cylinder when the PVDF (a) is an 

ideal dielectric medium with and without piezoelectric effect, and (b) has a combination of 

presences of piezoelectric effect and varying resistance values 

 

In the literature,[16,17] it is known that the optimized piezoelectric-damping effect for mechanical 

structural vibration can be obtained when the external load R matches the condition of R ~ 1/ωC, 

where C denotes the capacitance of the piezoelectric, and ω denotes the vibration frequency. With 

the data in the frequency range of 18-20 kHz as the example, the capacitive impedance 1/ωC is in 

the order of magnitude of 108-109 Ω, corresponding to the optimal resistance value around 100 

MΩ for the maximum sound absorption coefficient. Here the resistance could come from the 

certain internal material resistivity connected with local piezoelectric effect, rather than external 

resistance connected in the conventional shunt circuit.  In both cases, the electric charges from the 

piezoelectric effect are dissipated through the resistive loss, with the potential maximum effect 

occurring with match of impedances.     

For the comparison between the simulation and experimental results, the simulated sound 

absorption coefficient of the semi-conductive piezoelectric PVDF cylinder and the experimentally 
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measured noise reduction coefficient for the PVDF/SWCNT (single-walled carbon nanotube) 

composite foam as previously reported, are presented versus resistivity in Figure 6 [9]. The 

corresponding resistivity values for the PVDF cylinder were calculated from the resistances as 

used in Figure 5 and the physical dimensions in Figure 1. The simulation results show a similar 

relationship between the sound absorption coefficient and resistivity for the PVDF cylinder, to the 

experimental results of PVDF/SWCNT composite foam.  

 

Figure 6. Comparison between the simulation and experimental results for sound absorption 

property of piezoelectric porous PVDF with different resistivity values 

 

In Figure 6, both the sound absorption coefficient calculated from the simulation and the 

experimental noise reduction coefficient show an optimal value in the range of 105 - 106 Ω.cm 

corresponding to the maximum sound absorption. In the experiments, the addition of SWCNT 

could also change the morphology and mechanical properties of the foam, and thus factors other 

than resistivity to change sound absorption could not be excluded. With the theoretical analysis 

here, we could further verify that the increase in sound absorption with addition of SWCNT in 

PVDF foam was mainly attributed to the combination of local piezoelectric effect of PVDF and 
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conductive function of SWCNT. The good match of the numerical simulation results with the 

experimental observations indicated that the local piezoelectric effect can have a substantial 

contribution to sound absorption performance if the material has appropriate electrical 

conductivity for the electrical charges generated through the local piezoelectric effect to dissipate 

as heat. For the case of PVDF/SWCNT composite foam, SWCNT provided the function of the 

electrical conductance to improve the airborne sound absorption performance. 

V. Conclusion 

In conclusion, theoretical analyses with acoustic modelling and numerical simulation on a hollow 

PVDF cylinder showed that the combination of piezoelectric and conductive effects substantially 

contributed to airborne sound absorption. The piezoelectric effect did not cause any effect on the 

sound absorption when the piezoelectric cylinder was an ideal dielectric without any conductivity 

to dissipate the charges generated from the piezoelectric effect, and the maximum noise mitigation 

effect occurred when the resistive and capacitive impedances matched. The agreement between 

the simulation results and previous experimental observations indicated that the high performance 

airborne sound absorption in semi-conductive foams was achieved due to a hybrid local 

piezoelectric effect for converting sound to electricity and appropriate internal conductive function 

to dissipate the electrical charges.  
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