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Abstract: A concept of hybrid local piezoelectric and electrical conductive functions for improving 

airborne sound absorption is proposed, and demonstrated in composite foam made of porous polar 

polyvinylidene fluoride (PVDF) mixed with conductive single-walled carbon nanotube (SWCNT). 

According to our hybrid material function design, the local piezoelectric effect in the PVDF matrix 

with polar structure and the electrical resistive loss of SWCNT enhanced sound energy conversion 

to electrical and subsequently to thermal energy, respectively, in addition to the other known sound 

absorption mechanisms in a porous material. It is found that the overall energy conversion and 

hence the sound absorption performance are maximized when the concentration of the SWCNT is 

around conductivity percolation threshold. For the optimal composition of PVDF/5 wt% SWCNT, 

sound reduction coefficient of larger than 0.58 has been obtained, with high sound absorption 
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coefficient higher than 50% at 600 Hz, showing their great values for passive noise mitigation 

even at low frequency. 

Nowadays noise is one of vitally important factors affecting the living quality of people in many 

developed urban areas. Although people have been aware of the acoustic peculiarities of rooms 

long long time ago, the systematic study on sound absorbing properties of materials was first begun 

by W. C. Sabine around 1895.1 Passive and active noise mitigations are two types of general 

approaches for reducing noise. The passive noise mitigation is realized by using noise-isolating or 

sound absorbing materials, which is easy to implement without complicated control algorithm or 

energy consumption as required in the active method. The sound absorbing materials typically 

facilitate the dissipation of the acoustic vibration, typically through conversion of the acoustic 

energy into heat.2-7 Acoustic mechanical energy can be converted into thermal energy through a 

number of mechanisms such as viscous effect, thermal effect and material damping. Viscous 

stresses caused by vibration of the fluid can convert fluid kinetic energy into heat. Thermal effect 

due to the friction at the interface between the fluid and solid also produces heat. Moreover, impact 

of an acoustic pressure wave on a solid structure can dissipate energy through flexible motion of 

the solid structure due to the material damping effect. In order to achieve effective energy exchange 

between the fluid and solid, the pressure wave must penetrate deeply enough into the material. 

Therefore, open-cell porous materials are favourable sound absorbing material with many 

interfaces for the interactions.8 As illustrated in Figure 1, when airborne acoustic waves strike the 

porous material, the air at the surface of the material and within the pores of the material are forced 

to vibrate and partially lose its original energy, through the conversion into heat due to the viscous 

and thermal losses at the walls of the pores and within the tunnels of the porous material in addition 

to the material damping or structural damping of the solid.9,10 
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FIG. 1. Illustration for common sound energy dissipation mechanisms in porous sound-

absorbing material. 

Commercial porous sound absorbing materials include polyurethane foam, melamine, mineral 

wool, textiles, cotton, and special acoustic plaster. The efficiency of these porous materials is often 

insufficient, especially at low frequency range below 2 kHz, which is the main noise in urban 

ambient, such as from traffic and construction.11-18 

 When a piezoelectric material is subjected to stress or force, it generates an electrical potential 

or voltage proportional to the magnitude of the force; this property makes the material useful for 

converting mechanical energy into electric potential and heat. Structural vibration damping based 

on the piezoelectric effect has been investigated for vibration control of solid structure. There has 

been several structural vibration damping technologies based on the piezoelectric effect such as 

active damping design, hybrid damping control, piezoelectric shunt damping and piezoelectric 

damping composites.19-21 However, the piezoelectric effect has not been successfully explored as 

a passive approach for airborne acoustic control.     

In this work, outstanding airborne sound absorption performance is achieved by introducing 

combined mechano-electrical and electro-thermal conversion mechanism in piezo-conductor 
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hybrid with dedicatedly designed composition and open-cell porous structure. In this porous piezo-

conductor hybrid, polymer such as polyvinylidene fluoride (PVDF) with polar structure is utilized 

as the piezoelectric element that converts sound mechanical energy to electrical energy and single-

walled carbon nanotube (SWCNT) is utilized as conductive element with resistive loss that 

converts electrical energy to thermal energy. Usually it is thought that piezoelectric effect does not 

exist in conductive media. Therefore, the concept of local piezoelectric effect is introduced and 

used in this paper.  

Experimental details of foam preparation and characterization are presented in the 

supplementary material. 

 Figure 2 presents the sound absorption coefficient at low frequency range 100-1600 Hz of the 

open-cell PVDF/SWCNT piezo-conductor hybrid foams with different SWCNT concentrations, 

in contrast of several porous materials commonly used as sound absorber. 

 

FIG. 2. Sound absorption coefficients of the PVDF/SWCNT piezo-conductor hybrid foams with 

different SWCNT concentrations, in comparison with several common commercial sound 

absorbers. 
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With all the porous samples having the same thickness of 25 mm, it was found that sound 

absorption coefficients of PVDF/SWCNT piezo-conductor hybrid foams are significantly higher 

than those of commercial Rockwool, polyurethane acoustic foam and cotton fibre. It should be 

noted that PVDF is a highly electrically polar polymer with piezoelectric effect. Even if the 

piezoelectric effect cannot be tested apparently over the macro-scale due to the high leakage and 

difficulty in electrical poling in the highly porous material, local piezoelectric effect in micro-scale 

still exists in the polar regions, as analyzed later. In contrast, Rockwool, polyurethane foam, and 

cotton fibre do not have the as strong polarity and not substantial piezoelectric effect. It was further 

noted that sound absorption coefficient of the PVDF/SWCNT porous hybrid foams depended on 

the amount of SWCNT. Sound absorption coefficient of porous PVDF/5 wt% SWCNT hybrid 

foam is substantially higher than that of porous PVDF and the hybrid foams, with 3 wt% and 10 

wt% SWCNT, for which the reason will be discussed later. 

Figures S1(a) and S1(b) show the morphology of the PVDF foam and hybrid foam of PVDF 

with 5 wt% SWCNT. Both are highly porous with similar open cells, and the pore sizes are both 

around 500 µm and below. Adding 5 wt% SWCNT does not apparently affect the pore size of the 

PVDF. Pore size is mainly determined by the size of the sugar particles (200-400 µm) used in the 

foam fabrication process, which are the same for both materials. 

The porosities can be calculated using ethanol saturation method: 

∅ = [𝜌𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒 − 𝜌𝑑𝑟𝑦]/𝜌𝐸𝑡ℎ𝑎𝑛𝑜𝑙 

where 𝜌𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒, 𝜌𝑑𝑟𝑦 and 𝜌𝐸𝑡ℎ𝑎𝑛𝑜𝑙  are the densities of the ethanol-saturated porous material, dry 

porous material, and ethanol, respectively. The porosity of the PVDF foam and PVDF/SWCNT 

hybrid foam are both ~87 %. The porosity is mainly determined by the ratio between 

PVDF/SWCNT and sugar. 
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TEM micrographs of PVDF/SWCNT hybrid foams with 5 and 10 wt% SWCNT are presented 

in Figures S2(a) and S2(b), respectively, where the SWCNTs well dispersed in the PVDF matrix 

are observed. It is evident that with increasing SWCNT from 5 to 10 wt%, the individual SWCNTs 

become to contact with one another. 

There are mainly five crystalline phases with different conformations in PVDF, and they are 

designated as all trans (TTT) for the β-phase, TGTG for the α- and δ-phases, and T3GT3G for the 

γ- and ε-phases. Among them, the β-phase has the highest electrical polarity. The unique 

transmittance of the α-phase in PVDF are 766 cm−1, and 976 cm−1, while the β-phase corresponds 

to 840 cm−1 and 1275 cm−1.22-26 

As shown in FTIR spectra of PVDF/SWCNT hybrid forms (Figure S3 supplementary material), 

α-phase and β-phase co-exist in pure PVDF foam. For the PVDF-SWCNT hybrid foams 

comprising 3 to 10 wt% SWCNT, β-phase is dominant. It should be further noted that the amount 

of β-phase increases with the amount of SWCNT. Which is in good agreement with reports about 

formation of β-phase in dense PVDF/CNT composite films.27,28 Therefore PVDF/SWCNT hybrid 

foam with more polar β-phase should possess stronger local piezoelectric effect than pure PVDF 

foam. However, it is interesting that the acoustic absorption does not continue to increase with the 

amount of SWCNT, which indicates that there is other factor significantly affecting the sound 

absorption as analyzed below. 

Electrical resistivity of the PVDF/SWCNT hybrid foam dramatically changes with the content 

of the SWCNT conductor, as shown in Figure 3. The PVDF/SWCNT hybrid foam show a 

percolation behaviour in electrical conductivity with increasing SWCNT conductor loading, which 

is consistent with many conductive composites well reported in the literature. Resistivity in Figure 
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3 shows that the concentration of 5 wt% is around conductivity percolation threshold of 

PVDF/SWCNT hybrid foam. 

 

FIG. 3. Volume resistivity and noise reduction coefficient of the PVDF/SWCNT piezo-

conductor hybrid foams. 

Around the percolation threshold composition, individual SWCNTs just start to get in touch with 

each other, leading to the formation of the electric conductive networks 29-31, with evidence in 

Figure S2(a). We believe the formation of electric network with optimum resistance near the 

conductivity percolation threshold is crucial to achieve the highest sound absorption coefficient in 

PVDF/5 wt% SWCNT. In such an optimum amount of SWCNT conductor, the electrical 

conductivity of the hybrid foam is neither too high to completely destroy the local piezoelectric 

effect, nor too low for poor charge dissipation. To show the effect of conductivity on sound 

absorption, a presentation of the relationship between noise reduction coefficient and 

concentration of SWCNT is helpful. Noise reduction coefficient is an average rating of how much 

sound an acoustic absorber can absorb, which is defined as Equation (2): 

𝑁𝑅𝐶 = 𝛼250+𝛼500+𝛼1000+𝛼2000
4

                                                                            (2) 

Figure 3 also summarizes NRC of the piezo-conductor hybrid foams as a function of SWCTN 

loading. Increasing the concentration of SWCNT from 0 to 5 wt% improves NRC. However, NRC 
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drops with further increasing concentration of SWCNT larger than 5 wt%, which is attributed to 

the degradation of the local piezoelectric effect of the piezo-conductor hybrid foams when the 

conductivity is higher than the electrical percolation threshold. 

The open-cell structure with the high porosity (~87%) render the sound wave to penetrate deeply 

enough into the PVDF/SWCNT piezo-conductor hybrid foams, similar to the cases of other 

commonly used sound absorbing foams, such as Rockwool, polyurethane foam and cotton fiber. 

What is particularly interesting here is why the PVDF foams exhibited significantly improved 

noise absorption effect. It should be noted that in addition to the well-known noise absorption 

mechanisms, such as, viscous effect, thermal loss and material damping which commonly exist in 

all the foams, PVDF molecules are highly polar and the polar β-phase PVDF possess strong 

piezoelectric effect. The electromechanical coupling coefficient, k31 and k33, and piezoelectric 

voltage coefficient, g31 and g33, for β-phase PVDF can reach 0.12, 0.27, 216 mV∙m/N and -330 

mV∙m/N respectively, the highest among the well-established piezoelectric polymer materials.32 

Without electrical poling, the β-phase PVDF does not apparently exhibit the piezoelectric behavior 

because the local polarization is randomly aligned and the local piezoelectric effect cannot 

constructively contribute to macroscopic piezoelectric property over the entire material. Thus the 

piezoelectric effect cannot be utilized for most of piezoelectric device applications, such as 

sensors, actuators, ultrasonic transducers or energy harvesters. However, the local piezoelectric 

effect can still be utilized for sound absorption. The vibration of thin pore walls containing the 

highly polar molecular structure and β-phase PVDF excited by the sound wave can convert the 

sound mechanical energy to electrical energy, as an additional mechanism for enhancing noise 

absorption as we observed.  
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If the electrical energy converted from the sound excited vibration cannot be discharged, the 

continuous electromechanical energy conversion through the local piezoelectric effect will be 

limited. That is why introducing the conductive SWCNT in the PVDF matrix to discharge the 

electric energy, as illustrated in Figure 4, further improves the acoustic absorption. However, 

excessive SWCNT (~10 wt%) degrades the sound absorption performance, probably because of 

two reasons: (1) excessively conductivity weakens the local piezoelectric effect as piezoelectric 

effect only exists in dielectric media; and (2) highly conductive network formation reduces the 

resistive loss and hence the energy dissipation into heat, which is in analogy to the impedance 

mismatch between a resistive load and its electric driver. Thus, conductivity around percolation 

threshold as illustrated in Figure 4b (2) and Figure 4c leads to the largest sound absorption, as 

shown in Figure 2 and Figure 3. In contrast, with too small or too large amount of SWCNT as 

illustrated in Figures 4b (1) and (3), respectively, the overall energy conversion process from 

mechanical to electrical, and then to thermal is not optimized. As shown in Figure 3, the optimal 

composition of piezo-conductor hybrid foam is PVDF/SWCNT 5 wt%, corresponding to the 

percolation threshold resistivity and the maximum acoustic absorption. 
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FIG. 4. Schematic illustration of (a) and (b) the piezo-conductor hybrid foams with (b 1, 2, 3) 

different concentrations of SWCNT, and (c) mechanisms of sound energy conversion to 

electricity (generation of electrical charges) with local piezoelectric effect and conversion of 

electrical energy to thermal energy from resistive loss. 

In an earlier report,33 it was proposed that the optimized piezo-damping effect for mechanical 

structural vibration can be obtained if the resistance of the conductive phase R meets the condition 

of R ~ 1/(ωC). Connecting Figures 3 resistivity and NRC, we can see that frequency matching rule 

can be applied for sound absorbing porous piezo-conductor hybrid foam. In this case, R denotes 

the electric resistance of the porous piezo-conductor hybrid foam, C denotes the capacitance of 

piezoelectric part, and ω denotes the vibration frequency. When the content of the SWCNT is 

between 3 and 5 wt%, noise reduction coefficient is maximum. Under this circumstance, the 

matching mass resistivity of the piezo-hybrid foam is 104–106 Ω.cm. In one word, by introducing 

local piezoelectricity in porous piezo-conductor hybrid foam and tuning the concentration of 

SWCNT to near conductivity percolation threshold, maximum sound mechanical energy 

conversion to electric energy and to thermal energy can be achieved.  

A comparison between PVDF/SWCNT hybrid foam and other acoustic absorbing materials is 

provided in Table S1 in supplementary material. Together with many other advantages including 

material stability, health friendliness, the outstanding acoustic absorption performance suggest that 

PVDF/SWCNT hybrid foam has a great potential for airborne acoustic absorbing applications. As 

an application example, PVDF/5 wt% SWCNT hybrid foam was installed inside a double layer 

window for passive noise mitigation purpose. Our measurement results at a location of 1 meter 

from the window show that the introduction of PVDF/5 wt% SWCNT hybrid foam significantly 



  

Revised version published: Mojtaba Rahimabady, Eleftherios Christos Statharas, Kui Yao, 

Meysam Sharifzadeh Mirshekarloo, Shuting Chen, and Francis Eng Hock Tay, “Hybrid local 

piezoelectric and conductive functions for high performance airborne sound absorption,” Applied 

Physics Letters, Vol. 111, No. 24, 241601, 2017, DOI: 10.1063/1.5010743. 

 11 

reduced the noise level over a wide range of frequency (Figure S4). The noise pressure level can 

be remarkably reduced by 15-35 dB at most of the frequencies in the range of 250 Hz-2500 Hz. 

In summary, open-cell porous polyvinylidene fluoride (PVDF) mixed with single-walled carbon 

nanotube (SWCNT) was proposed and fabricated for airborne sound absorbing purpose in this 

work. According to our hybrid function design, the local piezoelectric effect in the PVDF matrix 

with polar structure and the electrical resistive loss of conductive SWCNT enhanced sound 

mechanical energy conversion to electrical and subsequently to thermal energy, respectively, in 

addition to the well-known conventional sound absorption mechanisms. FTIR analyses showed 

that adding SWCNT to PVDF foam improved the β-phase with strong polarization and local 

piezoelectric effect. The overall energy conversions and hence the sound absorption performance 

were maximized when the concentration of the SWCNT was around conductivity percolation 

threshold. For the optimal composition of PVDF/5 wt% SWCNT, with porosity of ~ 87% and the 

pore size of 200-300 µm, sound reduction coefficient of larger than 0.58 was achieved, with high 

sound absorption coefficient higher than 50% at 600 Hz. The outstanding high sound absorption 

performance at low frequencies, together with other material advantages including safety and 

durability, make the conceptual design of piezo-conductor hybrid foam valuable for passive 

airborne noise mitigation. As we demonstrated in a window application example, the noise 

pressure level can be remarkably reduced by 15-35 dB at most of the frequencies in the range of 

250 Hz-2500 Hz.  

  

See supplementary material for experimental details of foam preparation and characterization, 

FTIR spectra, comparison between PVDF/SWCNT hybrid foam and other acoustic absorbing and 
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efficiency of PVDF/5 wt% SWCNT hybrid foam for improving noise mitigation of a double layer 

window.  
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